High P+ Physics at Hadron Colliders

Dan Green



Table of Contents
Acknowledgments
Introduction
Overview
Scope
Units
Tools

1. The Standard Model and Electroweak Symmetry Breaking..........ccccceeeeeiiiieieeeeeeeeeeveeeeiiiinnns 10
1.1 The ENEIrgY FrONTEL... ... ittt e e e e e e e e ees 10
1.2  The Particles of the Standard MOGEl............uuuiiiiiiiiiiiiiii e 11
1.3 Gauge Boson Coupling tO FEIrMIQNS.......cooiiiiiiiiiiiiieeeeiieiiiiire e eeeeeeeeennnees 15
1.4  Gauge Boson Self COUPINGS.......cccoiiiiiiiiiieeiiese s e e e e e e e e aees 17
1.5 The Higgs Mechanism for Bosons and FErmiQns...............ceerieeeeeeeeeeeeeeeeeeiiiiinnnnns 22
1.6  Higgs Interactions and DECAYS.........cceeeeeiiiiiiiieeeeiiiiieee e e e e e e e e e e e e e e as 25
Questions

Exercises
General References for the Standard Model
Specific references for the Standard Model

30

2. Detector Basics 34
2.1  SM Particles - Mapping into Detector SUDSYSIEMS...........cooviiiiiiiiiiiiiiii e 34
P2 2 I - Vo1 (] o = 1 To I o T = Vo PP 40
2.3 EM CalOrimetry - € @NQ....ooeiiiiieiiiiiii et 44
2.4  Hadron Calorimetry - Jets of g and g and neutrino (missing.Et)...........cccccccvvunees 49
2.5 IMUON SYSEBIMIS ..ottt ettt e e e ettt e e e e et eta e e e e eesta e e e aeennan e aaeeenes 64
2.6 Typical INEIAaStIC EVENLS.........ccoiiiiieeeeieeei s e e et s e s e e e e e e e e e e e eeeeennnnnes 68
2.7 Complex Event Topologies in DO and CDE..........ccooiiiiiiiiiiiiiiiiiie e 71
= (oK L PP PPPPPPPPPPPPPR 74
General References for DeteCtor BASICS ... ... i 75
Specifiic References for DeteCtOr BASICS............uuuuriiiiiiiiiiieeeeeeee e e e e e e e e e eeees 75

3. (O] 110 =T gl o S [ F PR TURT 76
3.1 Phase space and rapidity - the “plateaur’..............coovrrrririiiiiiiiiiii e 76
3.2 Source FuNnctions — protons t0 PartONS..........cooiviiiiiiiuuiiiiiineae e e e e e e e eeeeeeeeeran 79
3.3 2 body formation KINEMALICS............uuuuuriiiiiiiie e e e e e e e e e e e e e eeeeeeaennees 86
3.4  Point-like scattering of PartONS............uuuuiiiiiiiiie e e e e e e e e 88
3.5 2L Drell-Yan PrOCESSES....cccuuuiuuuiiiiiaaee e e e e e e e et e eeeeeeeetaati e s e e e e e e e e e e e e e e eeeeeesernnnnnas 90
3.6 222 decay kinematics - “back to back’.............ccoorriiiii 99
3.7 Jet Fragmentation.......coooiii ittt e et e e e e e e e e eeeraarrnaaaa 106
=T (oK PP PPPPPPPPPPPPR 111
General References for Collider PRYSICS...........uuuuiiiiiiii e 113
Specific References for Collider PRYSICS..........uvuiiiiiiiiiie e e e 113

N == L (o] I )V (o TSRS 114
o R © 1O B B = (S o o I 1= 114
4.2 Lo B T=] (=T 0 01T 4T 1 0] o R 119



G T e (0] 0 ] o 0 = 0o (] 1= TR 121

4.4 b Production at Fermilab............cccouuiiiiiiiii 124
4.5 tProduction at Fermilab...........oooui 128
4.6 DY and Lepton COMPOSILES........ccevvuuuiiiiiiiiieieeeeeeeeeeeeeeeeeiaatuaasas e e e e aeaeaaeeareesennnnnnes 133
o A A VYA o (o To (8 T £ [ o PSRRI 136
4.7.1 W MASS and WIAth ...t 136
4.7.2 0 ) PP EPUPUUPPRRRRR 141
4.7.3 W ASYIMIMEBITY . e e e et e e et e e e et e e e e e e eenn s 142
4.7.4 b Pair Decays Of Z, Jet SPECIIOSCOPY ...cevvrrrrrrrrruiiiiaaeeeeeeeeeeeeeeeeiierriaaa e e e e e eeaens 144
4.8 Higgs Mass from Precision EW MeasurementsS...........cccovvvvvveevvreeiiiiiiiienneeeeeeeenen 145
=] (0] 1T SRR SPPPPPPP 150
General References for Tevatron PhYSICS.........ccooviiiiiiiiiiiiiiieie e 152
Specific References for Tevatron PRYSICS.........cooiiiiiiiiiiiiii e 152
HIQQS SEArCh Strategy .....cceveiiiiiiiiiiiii i e e e e e e e e e e e e e e e aeaeaees 154
5.1 Cross Sections at the LHC. ..o 154
5.2  Higgs Direct and “LOOP” COUPIINGS ...uuuuuueiiiiiieeieeeeeeeeeeeeeetiiiees s s s e e e e e e e e aaeeeeaennnnn 157
5.3  Higgs ProducCtion RAES...........uuuuiiuiiiiieie ettt e e s 158
S0 700 R o T N 1 1= [ o PSR 158
5.3.2 WW FUSION and “Tag” JETS......uuuuuiiiiiiiie ettt e e e e e eeeeeeneennnees 161
5.3.3  Associated Production — HW,HZ, Htt............cooooiiiiiiiiiiiiiiieeeee e 165
5.34 Pair Production Of HIQOS . ..uuuuueiaiieeee ettt 168
5.3.5  Triple Gauge BoSON ProduCtiON...........cccoeiiieeiiiiiiiiiieiiiiiiese s e e e e e e e e e e eeeeeeenneens 170
5.4  Higgs Branching Ratios and Search Strategy............ceeeenneeeeeeiiiiieeeeeeiiiiiiieeneenn 171
Bl D sttt 176
5.4.2 A SRR 177
ST PSP PPPPPPPR 180
5414 WW-3 (LV)( £V) eeiiiiiii ettt e e et e e e e e et e e e e e e et eeeeaane 182
5L ZZ 5 AU et 184
BUAB  ZZ 5 20 4 20 e 190
BUAT  ZZ 5 2V F 20t a e e e e e e e e e e e 191
5.5  Luminosity and DIiSCOVEIrY LIMIES........uuuuuiiiiieeieeeiiieeieiieiiiiiieee s e e e e e e e eeeeeeeaeeennnns 192
5.6  Lower Limit 0N HigQS MaSS.......uuuuuiiiiiiiieeeeeee ettt s s e e e e e e e e e e e e e eeeeeanennannn s 194
=] (0] 1= RSP TUPPPUPPT 197
General References For LHC Higgs SearCh:...........uuiiiiiiiiii e 198
Specific References For LHC Higgs Search
SUSY and Open QUESEIONS IN HEP .......uuiiiiiiiiccc e 199
G R C =T =T = o] LTSRN 200
6.2  Parameters fOr MiXiNG ... . ... oo e e e e e e e e e e e e e e e e ee e e e e e aeaaaees 202
6.3 IMASS SCAIES......coiiiiiiieiiit et aaaaaaaeaees 204
6.4  Grand UNIfICATION..........ooiiiiiiiie et r e e e e e e e e e e e e e e e e e e nans 205
6.5 SUSY - p Stability and Coupling Constants............coevviiiiiiiiiiiinneeee e 214
6.6 SUSY - Cross Sections at the LHEC. ... 217
6.7  SUSY Signatures and SPECIIOSCONY.....ccuuerurrrruuiiiiaieeeeeeeeeeeeeeeeeeiiinria e e e eaaeaaeas 219
6.8  Cosmological Constants (and SUSY.2)......ccovveiiiiiiiiiiiiiie e 226
6.9  SUSY @NA GraVity. ... oiiieeee et e e et e et ee et e e e e e e e e e e e e e aeeeeeesennees 227
Summary for Hadron Collider PRYSICS.......ccooiiiiiiiiiiiiciie e e e e e e e 230



General References for SUSY and Open Questions inNNHEPR.............ccoviviiiiiiii 232

Specific References for SUSY and Open Questions in.HEP...................cooiiiiin, 232
Appendix A - The Standard MOEI .............oooeiiiiiiiie e e e e e e e e e e e e e eeaeaaannae 233
Appendix B — A Worked Example in COMPHEP ... 244
APPENIX C — KINEMALICS ....cceeeeeeeeeiieiiiiiie s e e e e e e e e e et e et s s e e e e e e e e e e e eeeeeeassessnn e e e e aaeeeaaaaees 255
Appendix D - RUNNING COUPIINGS....coiiiiiiiiiiiiiieieee ettt e e e e e e e e e e e eeaeeeaeaan s 260



Acknowledgments

This text began as a series of lectures given to graduatetstuildBrazil and then later
in expanded form to students at Fermilab. The comments and questitres sitidents have
proved to be invaluable in improving this book. The secretarial work of MGrdzis has made
it possible to go smoothly from chaotic lecture notes to a coenplet polished text. Finally, the
many high energy physicists working on DO and CMS as collaboraenre shared their
knowledge and insights countless times.

“Science is an integral part of culture. It's not this foreipind, done by an arcane
priesthood. It's one of the glories of the human intellectual toaditi— Stephen Jay Gould
(1990)

“...some of our thinking should reveal the true structure of atoms andugn@enovements
of the stars. Nature, in the form on Man, begins to recognize itself.” — VictasWégf (1962)



Introduction

Overview

The Standard Model (SM) of high energy physics has been one of tiesgntheses of
the human intellect. It began about a century ago with the discoveng eldctron, which was
the first fundamental point like particle to be discovered. Inasiedecade, the elusive top quark
and ther neutrino have been observed. The sole remaining undiscovered particteplréxyi
the SM is the Higgs particle, whose vacuum field is believedv® mass to all the particles in
the Universe. This text concentrates on the search for the plagtisle at proton — (anti)proton
colliders, those accelerators which collide protons and (anti)prbiees on. Indeed, there are
complementary efforts at electron — positron colliders, but theyuatside the scope of this
book.

In outline, Chapter 1 concerns itself with a summary of the Stardadel (SM), giving
the particles comprising the SM and their interactions. Matheahatietail is relegated to
Appendix A. Chapter 1 closes with twelve questions which are unargswetiee SM but which
appear to be of fundamental importance. The next four Chapteromrerced with the two
initial questions that refer to electroweak symmetry breaking and the Hagpn.

In Chapter 2 we explore a “generic” general purpose detector, whiepresentative of
those in use at proton — (anti)proton colliders. Specifically, wenmeathe extent to which the
SM particles introduced in Chapter 1 can be cleanly identifiecveeabured. The accuracy with
which the vector momentum and position of a SM particle can beunegbis very important, as
it will influence search strategies for the Higgs.

Chapter 3 is concerned with the specific issue of particle praduati a proton — (anti)
proton collider. The relevant formulae are given that will enablestilngent to estimate reaction
rates for any process. In addition, the COMPHEP program casdzkto then refine the initial
estimates. However, students are strongly encouraged tovgtarthe ‘back of the envelope”
estimate before invoking COMPHEP or any other Monte Carlo arogrCOMPHEP is
explained in Appendix B and is readily available to the student, assdisd in the section on
tools below. Kinematic details are placed in Appendix C.

Chapter 4 follows up with a discussion of how recent data takenliaiecelinforms on the
predictions of the SM. This section is a snapshot of the presembs$tiite art in the physics of
high transverse momentum phenomena as explored at proton — (anti)proton colliders.



In Chapter 5 we start to venture beyond the bounds of current dataenifingschapter is
devoted to the upcoming search for the elusive Higgs boson. Much of tlkeatptEs concerns
itself with the Large Hadron Collider (LHC) at the Europeamt€e for Nuclear Research
(CERN) because this facility, slated to become operational in ¥/ specifically designed to
search for, and discover the Higgs scalar (spin zero). Nevedheleswill see that the search
may be long and arduous.

Finally, in the last Chapter, we return to the remaining ten fuedéal questions raised in
the first Chapter. Some hint of theories beyond the SM and their qpasees is given. In
particular, the possibility that a new symmetry of Nature, a&isapmmetry (SUSY) relating
space-time and particle spin, might be discovered in the near future is discusse

Scope

The mathematical complexity used here is no more than calcubugevdr, the concepts
used require a good knowledge of quantum mechanics, special relatyisome acquaintance
with field theory. Knowledge of Feynman diagrams will be esdeinigpart because examples
of Feynman diagrams are given in the text and also because CERBUpplies diagrams for
any process which is specified. The intended audience is thencadvgraduate students or
research workers in particle physics. Full theoretical riggs, however, been sacrificed in an
attempt to reach as wide and as young a group of students as possible.

Units

In this text, we will use units that are common in high enphysics. The Planck constant,
h, has the dimensions of momentum (P) times length (x) or energy (E) times¢)ti(Re¢all the
Heisenberg uncertainty relatiodsxAP, 27 AFAt=#%). Thus # ¢ has the dimension energy
times length and numerically is 0.2 GeV*fm. The energy unit Usein is the electron volt
(eV), the energy gained by an electron in dropping through a potehtial/olt, and 1 GeV =
10° eV. The unit of length which is most commonly used is 1 fm 23Xn which is the
approximate size of a proton.

Other quantities with energy units are proportional to massrfnf),and momentum, cP.
We adopt units withz= ¢ = 1. In these units mass is in given in GeV, as is momentom. F
example, the proton mass is 0.938 GeV. Length, x, and ct have the dimarisiesse energy,
using z ¢ . We will use the notation [ ] to indicate the dimensions of a dyaittt should be
easy for the reader to restore units by replacing P with cP, m witandeso forth



Recall that the coupling constants indicate the strength of thacatiten and characterize a
particular force. For example, electromagnetism has a couptingtant which is the electron
charge, e and a “fine structure” constart € /47:c that is dimensionless. The electromagnetic
potential energy isU(r)=eV(r)=€e*/r and V(r) is the electromagnetic potential. The
dimensions of 2are then energy times length, the same as thoge .oThus, in the units we
adopt,7=c=1, e is also dimensionless. With~ 1/137, we find e ~ 0.303. Coupling constants
for the two other forces, the strong and the weak, will be iretichy g and the corresponding
fine structure constants loy with i = s, W.

The units for cross sectioa, which we will use in this text are barns (1 barn Z4n¥).
Note that(%c)? =0.4 GeV* mt wherel mb=107 cnf. The units used in COMPHEP are pb =
10*2b for cross section and GeV for energy units. As an examplecentar of mass, C.M.,
energy,\/g, of 1 TeV = 1000 GeV, in the absence of dynamics and coupling constantss
section scale o ~1/s ~ 400 pb is expected simply by dimensional arguments.

Tools

In this book we have used a single computational tool, COMPHEP, exignisoth in the
examples given in the text proper, and in the exercises. The asntovexpand the range of the
text from a slightly formal academic presentation to a naeractive mode for the student,
giving “hands on” experience. The plan was that the student wouldtiverexamples given in
the text and the exercises and then be fully enabled to do problemes own. COMPHEP runs
on the Windows platform, which was why it was chosen. The aimtwagve it maximum
applicability.

The COMPHEP program is freeware. We have taken the approach texthef first
working through the algebra. That way, the reader can make a “b#uok efivelope” calculation
of the desired quantity. Then she can use COMPHEP for a moréedetaamination of the
question. The use and description of COMPHEP is explained in de#aggendix B, where a
fully worked out example is given. A web address where the esd@eutode (zipped) and a
users manual are available is also shown in Appendix B. These @&mmalso posted by the
author at: http://uscms.fnal.gov/uscms/dgreenFreeware to unzip files can be found at
http://www.winzip.com/andhttp://www.pkware.com/




A word now about the availability of references. The use of Intearghives is rather
advanced in high energy physics, and we have attempted to make sibnaealable to the
reader. The reader with Web access will have very immedaess to the research literature.
One of the best places to search is at the Los Alamoshsibel/xxx.lanl.gov Looking under
“Physics” to “High Energy Physics — Experiment” (hep-ekpves us to search on author,
explore new preprints, recent preprints, or abstracts or searopi@s bf our choice using the
“find” feature. Many of the references cited at the endamhechapter of the text refer to this
site, making the papers then directly available to the student.

Free programs to read the file formats used in archivingetbearch papers, .ps and .pdf,
is also available on the web. For example, “pdf’ files are remdireeware available at
http://www.adobe.com/. “Postscript”, or .ps, files can be read using the download from

http://www.wisc.edu/~ghost/

Another useful site, which is extensively quoted in the refererectse Fermilab preprint
library, http://fnalpubs.fnal.gowhere the Fermilab references can be downloaded. Clicking on
“preprints” and then on “search” you can look for authors and or titldsttten download the
full paper. An exercise is included in Chapter 1 that gives therdtydactice in accessing the
literature.

A compendium of data in high energy physics can be found at thel@&réta Group site,
http://pdg.lbl.gov. Finally, available ahttp://www.AnnualReviews.orgare full review articles,
which allow the student to explore some of the longer review articles given iefélnences.

Our aim is obviously to make the information more immediate fordhder. In addition,
some of the references given at the end of the six sectiohs dé€xt are actual books. They, in
turn, are rich sources of knowledge within themselves and sourceslddfonal primary
references.



1. The Standard Model and Electroweak Symmetry Brelang
“It is better to know some of the questions than all of the answers” — James Thurber

“No theory is good except on condition that one use it to go on beyond.” - André Gide

1.1 The Energy Frontier

High energy physics concerns itself with the study of fureddat particles and the
interactions among them. Progress in high energy physics ipasiewas often due to an
increase in the available energy for the production of massivelpartSince colliding two
objects head on maximizes the total center of mass (C.M.) eardjlyence the energy available
for new patrticle production, we specialize in this text to coliides opposed to beams striking
“fixed” targets at rest in the laboratory. We are also istecein high mass phenomena, which
typically lead to particles at high momentum transverse to xfeed the colliding particles.
Thus, we concentrate on the very rare high transverse momentugy/éReor E;) reactions at
colliders.

In Fig. 1.1 we show the available energy for making particlea asiction of the year
when an accelerator began operation for the last ~ 30 years of high engsigg pésearch. Note
the exponential increase in energy as a function of time. Thedase has driven the rapid
progress in the field. There are two distinct curves, one for pro{@mtjproton colliders and
one for electron - positron colliders. In this text we must, in therésts of brevity, confine
ourselves to the former. Also in Fig. 1.1 we show the madstse aquarks and force carriers
(gauge bosons) with masses > 0.1 GeV and a schematic repiesenitdhe range of possible
Higgs boson masses.

Note particularly that there has been a steady streatiscdveries of new fundamental
particles of ever-heavier mass. This progression culminateshttg in the discovery of the top
quark, of mass 175 GeV, at Fermilab in 1996. Looking into the future, the Large Hadron Collider
(LHC) at the European Center for Nuclear Research (CERN)yde&s designed to fully cover
the mass range where the Higgs boson is thought to exist. Thenefamdimely to briefly
summarize the great accomplishment of particle physics, whitte iStandard Model (SM) of
fundamental processes. Following that, we can look ahead to the smathb Higgs boson,
which will be made possible by yet another advance in the erfevgtier. Note that the
constituent C.M. energy of Fig.1.1 is less than the proton- (anti)pfofdn energy for reasons
we will explain in Chapter 4 and Appendix C.
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Figure 1.1: The available C.M. energy as a functibthe year of the start of operations of an aegbr. Note the
two parallel exponential trajectories for hadronpmton — (anti)proton, and lepton, or electropositron, colliders.
The masses of the quarks and gauge bosons arsghals.

1.2 The Particles of the Standard Model

In the last century, relativity and quantum mechanics werebiced together to create
guantum field theory. This has lead to many insights. For examgle peaticle is required to
have an anti-particle. The first antiparticle to be discoverasl the positron, the partner of the
electron. In what follows we implicitly assume that each garthas an antiparticle partner
indicated as, for exampl@, being the antiquark partner of the quark, g.

The other great advance of the last century, general reJatias resisted inclusion within
the SM framework. Thus, at present the SM of high energy physissndb&ontain gravity as a
fundamental quantum theory. Clearly, then the SM is not a complete theory of Nature.

All three of the Standard Model forces are renormalizablening that calculations in
guantum field theory give finite results, while gravity does ndhis can be anticipated by
observing that classically the “fine structure” constant fovigraa,, , increases as the square of
the mass scale. This follows from noting that the gravitationahtiat energy, J(r) = G\M?/r,
depends on mass in comparison to the electrical eneggyr)l= €/r. The quantity @ is
Newton’s gravitational constant. The fine structure constants dbtbes appearing in the SM,
such as electromagnetism, where =e®/47mc~1/137, are dimensionless and mass
independent. The gravitational analogog, = G, M?/4shic, is not.

11



The SM particles consist of the spin % (i.e. J = intrinsic amgalomentum =#/2)
fermions (obeying Fermi-Dirac statistics) which are th&tter particles and the spin 1 bosons
(obeying Bose-Einstein statistics), which are the force erarrihat communicate the forces
between the fermions. A listing of these particles as understolay is given in Fig. 1.2. The
strongly interacting fermions are called quarks. They are orgdrag “doublets” with electric
charge Ql/e, in units of the electron charge, e, of 2/3 and —1/3. Timéorier with only
electroweak interactions are called leptons. The uncharged leptioich, tven have only weak
interactions, are called neutrinos.

J=1 d.y, W,Z°,W- Force Carriers
¢ t 23 Quarks
d s b -1/3
J=1/2 Qle=
€ K ¢ L Leptons
Ve " v, 0

Figure 1.2: The fundamental particles of the SMe Térce carriers are spin 1 bosons. The partidesatter are
spin ¥ fermions. The spin is indicated by the vaifi@, while Q/e is the electric charge in uniteof

Let us first consider the fermions, beginning with the quarks. The lightest querks {u)
and down (d) quarks, combine to form familiar bound states like the ngutidh and proton
(uud) which are held together by the strong force. The quarkdelreved to be bound
permanently in the proton, say, by the strong force. Ordinary matteade up of the u and d
quarks, which comprise the first “generation”. The heavier quarks lnayer masses, see Fig.
1.1, but otherwise respond universally to the strong force. They diregdished by a “flavor”
guantum number, which is the weak interaction analogue of “elettiacge”. These heavier
quarks comprise the second and third generation. particles contanmsingestjuarks were seen
in cosmic ray events in the 1950’s. The charm quark (c) was discbwred 974, the bottom (b)
quark in 1977 and the top quark (t) in 1996.

The leptons are the fermions that do not have the strong “ch@aégd “color”) as the
qguarks do. The lightest charged lepton, the electron, has been known fahaeroeecentury. It
was discovered by J. J. Thompson in 1896. The leptons in Fig.1.2 are negaielgd; the
electron is defined to be a patrticle, the positron an antiparticteoiher charged leptons appear
to be simply heavier “copies” of the electron all having the semteeactions. (“who ordered

12



that?”, as I.I. Rabi was heard to say when the muon was discovEnedjharged lepton masses
for e, u,andr are 0.5 MeV, 0.105 GeV, and 1.78 GeV respectively. As with the quarks, the
leptons comprise pairs of three recurring generations. The tau lepton was disao&Zsl |

The uncharged leptons are called neutrinos and they interact oakjywbaving neither
“color” nor electric charge. The radioactive “beta decayho€lei has also been known for a
century. These decays were the first evidence for the pgestef a “weak force” which caused
the conversion of a proton into a neutron and a positron. Neutrinos wethésiged to also be
emitted in these weak decayp,—» n+ € +u,, but their very low interaction probability made
their direct experimental detection a fairly recent phenomenon. eléwron neutrino was
observed in 1953 near a reactor, which supplied a copious source of neliin@ésu neutrino
was just now seen at Fermilab in 2000. The masses of the neutinoseasured to be very
small and for our present purposes are assigned a zero masfdseaiso have “flavor” and
come in three distinct varieties, paired to the charged leptons, as seen in Fig. 1.2.

We now turn to the force carriers of the SM. The forces améedaby vector (J = 1)
bosons. The massless quantum of the electromagnetic field, the photon, has also beas known
fundamental particle for almost a century following the explanaii the photoelectric effect by
Einstein in 1905. The strong force is carried by massless “glugnshat carry “color”, the
strong force analogue of the charge of electromagnetism. Theoelagnetic force is carried by
the neutral photory), and the weak force by the "V¥° and W, which carry “flavor”, the weak
force analogue of electric charge.

The strong force is needed to explain why the Rutherford nuckusound, since
electrostatic repulsion of the protons in the nucleus would othernesd it apart. Gluons were
first seen experimentally in the 1970’s when they were redliet electron - positron collisions
yielding a quark-antiquark pair and a gluon in the final state; € — g+ q+ c. There are
eight gluons, each with a distinct color combination.

The weak force is responsible for radioactive decay, wheredbkear charge changes
accompanied by the emission of an electron and an antineutrinop+ € +0,. The force was
initially thought to be weak because the decay rates for lieita“decay” were very slow with
respect to those of electromagnetic decays. A complete temttiregy of the dynamics of weak
interactions awaited the discovery of the W and Z bosons at CERN83. The masses of the
W and Z are ~ 80 and 91 GeV respectively. The mechanism by WadW and Z obtain this
mass is called the Higgs mechanism. The search for the Higgs is the temralof this book.

13



The electromagnetic quantum, or photon, couples to charge, the gluons cougtd “
charge and the W and Z bosons couple to weak “flavor” charge. Gluotftagsoeblind”, so all
quarks interact with gluons with the same forces up to theteféédheir different masses. The
“flavor” quantum number is therefore conserved in the strong interactidrnish means that
heavy flavors must be strongly produced in particle-antipanigies. The weak interactions are
“colorblind” so that the three colors of quark all have the same weak interactions.

At this time the only undiscovered particle known to be required in kheésShe Higgs
boson. This is a hypothesized to be a fundamental spin O field quanturhabdeds not appear
in Fig. 1.2. It is invented to be responsible for giving mass not onlyetdt and Z bosons but
also to the fermions of the SM. This brief introduction completesntrentory of the “periodic
table” of the SM of high energy physics, indicating all the known fundamentatiparti

There are many experimental facts that are simply put &M “by hand” because the
fundamental reason for them is not yet understood. For example, cluanmfezation is imposed,;
all electric charges, Q, appear in 1/3 units of the electrorget& Proton stability is put in by
hand; there is no fundamental dynamical reason known why protons docagt da contrast,
“color” and charge are associated with an exact symmetrihéoistrong and electromagnetic
interactions. Thus we expect charge and “color” to be conserved rigorously.

There are observed to be three “generations” of quarks and leptonsdieated
schematically in Fig. 1.2. The reason for the existence of tm@eoaly three “generations”,
distinguished only by a “flavor” quantum number such as strang&esharm (c), beauty (b),
or top (t) is unknown.

The charge changing (beta decay) weak interactions, mediatibe lsprarged W bosons,
do not conserve flavor. Thus, the heavy quarks and leptons ultimately ttiethe u, d and e
familiar to us as the constituents of ordinary matter. The filady charge changing quark
transitions are contained within a generation; u -> d% &> s + W and t=> b + W'. The
strength of these charge changing quark transitions is némalgame as the strength of the
charge changing lepton transitions, - v, +W, ¢~ - v, +W, 7" - v, + W embodied in
the universal Fermi decay constant G. The favotedkgand lepton transitions can be viewed as
a downward transition in Fig.1.2 with accompanyldgmission.

As discovered in the 1970’s, there are also newteslk interactions mediated by thé& Z
There are no flavor changing neutral weak inteoastiby construction; they are required to be
“diagonal” in flavor. For example, there are nedcu + 2. The Z boson decays into flavor pairs
of quarks and leptons, but, for examp, - cu is not allowed nor arg’+€ decays. In Fig.1.2
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there are no “horizontal” neutral weak transition&nother example iy -+ €y which is not
allowed because flavor is not conserved and chdogs not change. The experimental upper
limit of the muon decay probability into this finstate is 2 x 18", which is indeed small.

1.3 Gauge Boson Coupling to Fermions

So far, the SM particles have been given more 8 &s static objects lodged in the high
energy physics “table of the elements”. To bringnthto life we need to explore their dynamics.
There is a great organizing principle for interact in the SM called “gauge symmetry”. We
will not proceed from this first principle, but wibke a short cut and move ahead by exploiting
the analogy to the very successful field theory ebéctromagnetism. Therefore, as with
electromagnetism, we expect massless vector basamajuniversally coupled to the fermions.

Another force that is very familiar to us is grgviGeneral relativity asserts that Physics is
the same in any general coordinate system. Thairmrequires the existence of a metric tensor
or spin 2 massless “graviton” quantum coupled usay to mass with Newton’s coupling
constant = (.

Therefore we again, by analogy, might expect massiector quanta with universal
coupling. What, precisely, specifies the interactal the bosons with the fermions? We again
appeal to electromagnetism. In classical mechanitkse Hamiltonian formulation, the student
has presumably seen that the free particle Hanmltois converted to one describing fermions
interacting with photons by the replacement of nhementumP by P -eA where A is the
vector potential of the electromagnetic field.

The formulation of interactions in non-relativisiloantum mechanics is the same, where
P - i#0 is the classical to quantum replacement, as shalstal be familiar to the student. To
describe quantum fields we will ugefor fermion (J = %) fields¢ for scalar (J = 0) fields, and
¢ for vector (J = 1) gauge fields in this text. Faoasses, m is used for fermions, M for bosons.
Therefore to describe electromagnetic interacttbesordinary derivativeéd , is replaced by the
“covariant” derivative D, in the free particle Lagrangian. The Greek subsgtriis used for
indices running from 1 to 4 as is standard notafttomelativistic equations.

d,-D,=0,-ieA, 1.1
The photon couples to all the charged pairs thaster the SM. The fundamental

interaction vertices, which appear in the Feynmiagrdms, contain 2 fermions and a boson with

a coupling strength of e in the reaction amplitutiee strength of the coupling is universal and

is, aQ? in the reaction rate where the charge, Q, of tialqor lepton was shown in Fig. 1.2.
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yg, L0 1.2
The strong interactions have a very similar cogpnheme of the massless colored gluons
to the colored quarks. The strong coupling constagy, with strong fine structure constaat,
which has a value ~ 0.1, about 14 times larger tharelectromagnetic coupling, as befits the
strong force. The Feynman vertices for the stranwgd have the gluon, g, coupling to quark-
antiquark pairs. The amplitude is proportional §o g

goqq 1.3

For the weak force, there are charge changing, tetay, interactions caused by the
charged W bosons and neutral weak interactions atextliby the neutral Z. In fact, we now
realize that the “weak” interactions are not irgrgally weak. They are, indeed, unified with
electromagnetism and have the roughly the samagitreTherefore, we speak of the unified
“electroweak” force. In fact, the fine structurenstant for the weak force g, ~ 1/80d the
unification of the forces is embodied in the reaship,e= g, sing,, a,, = g, /4, defined by
the Weinberg angle, , a quantity whose magnitude is of order one. Talaesof the Weinberg
angle is not predicted by the SM and must be medsekperimentally. It has the observed
value,sing,, = 0.47¢.

The interaction vertices for the charged and neuteak interactions are:
Wqq,W (v, Zqq, 2070, Zv,p, 1.4
In general, the W can couple to all charged quarkspqd . However, as stated before, the

most probable pairs ar#y ud, W™, andW tb . The coupling of the Z is to flavorless pairs of
guarks and leptons, as mentioned above.

The W boson must have a large mass in order to riekenteraction appear to be weak
and short ranged. The Yukawa form of the interacpotential of a massive vector boson of
mass M ~ I (A is the Compton wavelength) is, V(r) ~ [exp{)ff] which is weak at large r due
to the exponential factor but is roughly Coulonke)iV(r) ~ 1/r for r <<A. The effective range
of the force ish ~ 0.0025 fm for an 80 GeV W mass. At an energylesch 1 GeV, the
exponential reduction factor is about*0""" explains why nuclear beta decay appears to be
weak (long lifetimes, small decay rates). It regdithe advent of accelerators of sufficient
energy, comparable to the W mass, for us to redhiaeelectromagnetism and weak interactions
were aspects of the same force, exhibiting the satmmasic strength.

In non-relativistic quantum mechanics the reactroatrix element is the interaction
potential bracketed by free plane wave initial dindl states in the Born approximation. The
amplitude is thus the Fourier transform of theriatéion potential. We appeal again to the case
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of electromagnetism because it should already indifa to the student. The Coulomb potential,
V(r) ~ 1/r, and the photon “propagator”, V(q) ~ 4fqr the massless photon should be familiar
where ¢ is the magnitude of the difference of @ecbtomentum between the initial and final
fermion states, the “momentum transfer”. For examputherford scattering has a reaction
amplitude ~ V(q), or a cross section with charastierbehavior, 4/q".

For a particle of mass M, the Fourier transformiraggves the transition matrix element,
A, in momentum transfer, or q, space. The raigs ~ 1/M so that heavy quanta are localized
in space and have small reaction rafes| Af~V(q)> ~1/M*, for g << M.

V(r)~e™ I, V(q) ~1/(F + M?) 1.5

1.4  Gauge Boson Self Couplings

We assume in what follows that all ordinary deliwed that appear in the free particle
Lagrangian are to be replaced by “covariant dekreat which contain the coupling constants
and the fields of the gauge bosons. This proceiduitene in analogy to electromagnetism. There
is an immediate implication of the gauge presariptior replacement of an ordinary derivative
by a covariant derivative in the Lagrangian. Thentén the Lagrangian representing the free
particle kinetic energy for a boson field is qudidran the field and the derivative. This follows
from the relativistic relationship of energy, morhen, and mass (see Appendix C) ;
E=VP*+M?* P,P“=M?, and the quantum mechanical operator replacentent,id which
then vyields the Klein-Gordon Lagrangian density rappate to bosons{ = (0¢)"0¢— M g,
which has a “kinetic energy” term and a mass term.

Therefore, for a vector gauge fiel@,, with coupling constant g, the free kinetic energy
under gauge replacemerd =0 —-ig¢ ,¢ =W,Z,qg, yields trilinear and quartic couplings, as
shown schematically in Eq.1.6. For the familiareca$ electromagnetism, since the photon has
no electric charge, these self-couplings are abs¢émwever, for the gluons, which carry color
charge, and the weak bosons, which possess fldnavge, these couplings are predicted in the
SM and lead to measurable cross sections due taaheinteraction terms in the Lagrangian
density for interactions(, .

(0¢) (0¢) — (D¢) (Dg) 1.6
t,~g (09)P9, 9°PPP¢
Although self-coupling is absent for photons, teitiation is not completely novel in
classical physics. An example, which should be liamto the student, appears in general
relativity. The binding energy of gravity must haveass by the equivalence principle, since all
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energy is equivalent to mass. Thus the gravitatifield itself gravitates; it has gravitational
“charge” = mass. In general relativity this resuft€lassical non-linear field equations.

In the case of W, Z, and g, by analogy with grgvihe fact that they carry “charges”
means that they self-couple. These interactionwdmat the gauge bosons exist, even in the
absence of matter (fermions). They are indicammatically in Eq.1.7, which represent the
fundamental vertices that can occur in a Feynmagrdm.

ggc¢, gg9c¢
W*'W™y, W'W~Z 1.7
W'W™py,WW~)Z WW ZZ, W'W W'W"~

We have just completed a whirlwind summary of thé 8 is at this point that we can start
to join current research in high energy physicsthis text we will use the computer code
COMPHEP, developed at Moscow State University,gbrgimerical results for SM processes.
The code can be used to evaluate both decays #od2 collisions into any number of final
states. It is available in a Win98 or higher vemsibat will run on any personal computer using
this most common of operating systems, Windows. Sthident is very strongly encouraged to
download the code, read the users manual, do tbecisgs of Appendix B, and from then on
follow and reproduce the examples shown in the fExé student can, in this way, get a “hands
on” experience of up to date research in high gnphysics and enhance the utility of the text
per se.

There is recent strong experimental evidence fer d¢Ristence of triple gauge boson
couplings from electron-positron collider experirteenin the particular case of WW pair
production in electron — positron annihilations ffreynman diagrams (available in COMPHEP)
are shown in Fig. 1.3. Triple W'y and WWZ couplings, of the photon and the Z to W pairs,
are involved.

91>_ﬂ_{,\y,~w+ 91—>F-<--w— -f.'1>>_z_4‘;r’w+
E1 e | ——L e oy

Figure 1.3: Diagrams for electron — positron aratfon into W pairs in COMPHEP.

The cross section given by COMPHEP is shown bel®wa function of the available C.M.
energy. Note the rise from threshold at ~ twice\Whenass. Since the W is unstable under weak
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decay, it has a finite lifetime and hence a finite mass width~# /7. This width makes for a
slow rise of the cross section from the threshotd/¥ pair production.

COMPHEP g+s- - W/

5 . . . . . . . .
160 170 180 120 200 210 220 230 240 280
cm energy (Gev)

Figure 1.4: Monte Carlo program results for the Veky'ss section as a function of C.M. energy in ebecpositron
annihilations.

Experimental data from the CERN Large Electron-fPasicollider (LEP) are shown in
Fig. 1.5. The agreement with the COMPHEP predict{brg. 1.4) is good, indicating the
experimental confirmation of the predicted tripleuge boson couplings. We also see that the
cross section for simple neutrino exchange is latiggn the full SM cross section. Therefore, a
quantum mechanical destructive interference betwaraplitudes is required to describe the
experimental data. The COMPHEP tool has thus lejuiskly get up to speed in examining
current results in high energy physics.
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Figure 1.5: Data [ ref.1, with permission] from th& experiment at LEP on the cross section for W¥ir p
production in electron-positron annihilations. Ténés a ZWW coupling (Fig.1.3) which is requireddescribe the

data properly.

What about the predicted quartic couplings? The &ty at CERN has an energy that
is insufficient to produce three heavy gauge bossosve have, as yet, no data to check against
the predicted quartic couplings except in the aalsere the third boson is a photon. The triple
gauge boson final states are produced by way gfahas some of which contain quartic gauge
boson couplings. The student should verify thaediss by looking at the Feynman diagrams
for electron + positror> WWZ in COMPHEP.

The observation of these processes at the predictss$ section would be an important
confirmation of the SM. However, the data takingadva decision to build a new energy frontier
accelerator to extend the electron-positron calli@eVl. energy range shown in Fig.1.1. The
proposed device is called the Linear Collider (LE)X.M. energy of > 251 = 80 + 80 + 91 GeV
is needed to make ZWW, as seen in Fig.1.6.
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Figure 1.6: Cross sections [ref. 2, with permiskionfb, = 0.001 pb, for various processes as ation of C.M.
energy in electron-positron annihilations. WWZ &#¥Z have quartic gauge boson contributions andscsestion
of ~ 100 fb and 1 fb respectively. The shaded medias already been explored by the LEP experiments.

Meanwhile, there is data from the final data-tgkperiod at the LEP machine on the
cross section for the production of té"W~) final state as a function of C.M. energy. The
expected cross section of ~ 0.3 pb compared tadb2@mpWW is indicated in Fig. 1.6. The fact
that the data shown in Fig. 1.7 is in agreemertt e Standard Model prediction indicates that
this specific quartic gauge boson coupling apptaexist and have the predicted strength. That
fact gives added support to the prediction thatwhak gauge bosons are themselves carriers of
weak charge.
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Figure 1.7: Cross section at LEP [ref 3, with pessian] for the production of the WAifinal state as a function of
C.M. energy.

1.5  The Higgs Mechanism for Bosons and Fermions

We now turn to the Higgs boson as the last undmseals SM particle. First we need to
further discuss the weak interactions. They wenarmpaterized by Fermi in the 1930’s as an
effective 4 fermion interaction with a universalupting, G ~ 10 GeVZ. The parameter G is not
dimensionless, so we expect that it is not a furetdal quantity. The muon decay widtj is,
by dimensional argument (G defined so that the ylemt® is proportional to G[G?] = 1/M?, [']
= M) proportional to the fifth power of the muon ssal’, ~ szus, which yields an estimate for
the decay width of 1/(6.6 x 10°° sec) or 0.66 nsec for the lifetime, The decay width has units
of mass, while the lifetime has units of time orarse masg,['] = M,[r] =1/M . Since a strong
process lifetime could be estimated to be;#/T" ~(7/ajm,) ~ 10% sec, the decays are indeed
slow with respect to strong interaction rates.

The Fermi four fermion effective theory is not remalizable. A first attempt at
modification is to replace the four fermion “corttamteraction with a “propagator” which
spreads the interaction out in space-time and thalkes the interaction less singular. This is
shown schematically in Fig. 1.8. We need to asaitprge mass to the weak W boson in order
to ensure that the interaction is weak at low erergEffectively, thenG - g,°/M?Z .The
fundamental strength of the weak interactionsy then becomes comparable to the
electromagnetic coupling e. Assumirgy, ~e=0. 308e then find thatl//G = 296GeV or
M,, ~ gy, /~/G =89.7 GeV.
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9w’ /M,

Figure 1.8: Schematic representation of the decaitipn of the effective Fermi coupling constant ®oi a
dimensionless couplingygand a propagator for a vector boson of mags M

This improves things but does not solve them. Tleakmess of the weak interactions at
low energies requires that the W and Z acquire esass100 GeV. However, we also need the
theory to be a renormalizable one. That requires gpplication of the weak gauge theory
described in Appendix A with mass given to the W arbosons.

It turns out that simply adding a term to the fumeatal Lagrangian with an explicit W
mass term destroys the renormalizability of thetheTherefore, it is necessary, in the simplest
case, to hypothesize the existence of a fundamscdiddr field which has an interaction potential
V(@) shown in EQ.1.9. The interactions representedhisy potential induce the masses of the
vector gauge bosons. The potential representstheaipling of the Higgs bosons and contains
two arbitrary parameters. The parameteris dimensionless (see Appendix A), while the
parameteru has the dimension of mass.

V(p) = 1* ol +A 1ol 1.8
The minimum of the Lagrangiam@V /d@=0, which we identify as the vacuum state,
occurs not at zero field but at a non-zero “vacwaxpectation value”, ¢ >.

<@>*=-17 122 1.9

In most other cases in physics the vacuum is & stdah zero average field. However, a
classical situation with similar phenomenology ascin superconductivity, which may be
familiar to the reader. The free massless photgniegs a mass inside a superconductor and thus
the electromagnetic field is excluded from a supedcictor (recall the exponential suppression
of the potential for a massive boson) except famall “skin depth” near the surface in the
Landau-Ginzburg theory of superconductivity. Welwée, by analogy, that it is the interaction
of this vacuum Higgs field with all other fermioaad bosons that endows them with a mass. A
plot of Eq.1.8 for a particular choice pfandA is shown in Fig. 1.9.
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Figure 1.9: Plot of the Higgs potential for a pautar choice of the two parameters that define lthggs
interactions.

The alert reader will note that the Lagrangian dgng ~ (0¢) 0@ +V (¢), does not vanish
in the vacuum state. There is a “cosmological teM(< ¢>) ~ A < @>* which we will discuss
in Chapter 6. This term implies that the vacuumesfassesses an energy density due to the
Higgs vacuum expectation value of its field.

Recall that the covariant derivative contains ikl W and Z. Suppose an additional field
@ exists and has a vacuum expectation value. Tadigeouplings we described already for the
vector gauge bosons then give mass to the W arithi&. is called “spontaneous electroweak
symmetry breaking” because the masses are notcikplassigned initially but appear
spontaneously by way of interaction with the Higgsuum field. The gauge replacement for the
kinetic energy of the hypothesized scalar fieldlget a weak boson massg, < @>, since the
W mass term in the Lagrange density+sM °@, ¢,,, Where g, is the vector gauge field of the
W boson.

(D9) (DY) ~ gy < @>"18ud\, 1.10
The weak gauge bosons,”VZ° W, acquire a mass by interacting with the "vacuum
expectation value" of the Higgs boson field, wiile photony, remains massless. The coupling
gw can be connected to G by noting that the 4 ferrmtaraction can be related to the effective
propagator, G ~f/Mw? gw = esirBw. Thus, from G, e and si) we can predict M. The
Weinberg angle in turn can be determined from ¢wrrent weak neutrino interactions (see
Appendix A). The resulting prediction, W~ 80 GeV was confirmed in the early 1980’s at
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CERN in the proton - antiproton collider experingerdt/Al and UA2. The vacuum Higgs field
thus has the experimentally determined valy, <174 GeV.

M, =g, <@>/+/2,M, =M,, /cos,, 1.11
The ratio of the W and Z masses is predicteld, = M,, /cosg,, (see Appendix A). This
prediction of the SM has also been experimentaitgldished to high precision.

The W and Z masses are fixed by the Higgs mechanisth specify one of the two
parameters of the Higgs potential. Let us turn movermions. The masses of the leptons and
guarks range over 5 orders of magnitude from theten, 0.5 MeV to the top quark, 175 GeV
(see Fig.1.1)In the interest of simplicity, we again use the wan expectation value of the
Higgs field to create the mass. A fermion massmamnduced using the Yukawa couplings of
fermion pairs to the Higgs boson. These couplimgsat specified by the gauge symmetry; they
are simply put in by hand. This is convenient aadchpact, but does not lead to new predictions.

The Yukawa coupling, ;g of the Higgs field to the fermions is postulatead be,
(~g.[@# @y ]. A vacuum expectation value for the Higgs field; g, < @>[@y] =m, [Fy],
then induces a mass term; .nfsee Appendix A). The coupling of the Higgs to light quarks is
rather weak with respect to coupling to W — in the ratit.

m, =g, <g>=g,[V2M, /g,]
gr = (M, /M,)/2
We have not gained anything in predictive power, thiet Higgs field can generate the

masses of all the fermions just as it does forgdnege bosons. The difference is that there is no
prediction for fermions. For each mass we have axgld our ignorance of a mass for an
unknown coupling constant;. gHowever, there is still the prediction that thégd$ boson
couples to fermions with strength proportionallie tnass of that fermion. Confirmation of that
SM prediction is very important and will be lookied in future.

1.12

1.6 Higgs Interactions and Decays

In the previous section we saw how the vacuum da&pien value of the Higgs field could
give a mass to all the particles in the SM. Theatakons, ¢, , of the Higgs fieldgp <@>+q,,
imply the existence of field quanta just as theitatons of the electromagnetic field are
identified as the photon. The couplings of the Higgcitation to the bosons and fermions are
indicated schematically in Fig. 1.10.
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Figure 1.10: Schematic representation of the iotemas of the Higgs boson with both fermions anddis in the
trilinear case.

There are interactions of the H particle both wi#tuge bosons and self-interactions, as was
the case when we looked at the vector gauge c@#lirooking at the kinetic energy term for
the Higgs field/ ~ (0¢) 0 and making the gauge replacement of the derivgtiveigg , there
are triple and quartic couplings of the Higgs gadotthe electroweak gauge bosons. Therefore
we expect,@,,@,,@.,, ¢.9 @@, couplings in analogy to Eq.1.8. The gluons andqimdo not
carry flavor. Hence they are “flavorblind”, and dot couple directly to the Higgs.

We will defer any discussion of Higgs self-interaos that are specified in Eq.1.8. Suffice
it to say that, as gauge couplings, they are spedify the gauge principle, just as those of the W
and Z are. Therefore, they are a clear predictibthe SM and should be experimentally
challenged.

The triple coupling is to the mass of the W and Zdms, ¢ ~ gu° <@>[ P, P?.] ~ IWMw
[#.,9w®.]. The existence of this interaction means that kiggs scalar, if it is energetically
possible, preferentially decays into W and Z painsesthose couplings are much stronger than
the couplings to the fermions.

The decay width into W pairs is shown beldwhe rate depends on the weak fine structure
constant and ofd, wheref is the L = 0 ( L is the WW angular momentum) thmdHactor =v1
— (2 Mw/Mp)? which is the velocity of the W in the Higgs C.M.tivrespect to c. The centrifugal
suppression fact@®-*! is due to the fact that larger angular momenturarmséarger centrifugal
force, pushing the Ws away from the Higgs and redutihhe decay probability. This factor is
familiar from the study of the central force prablen quantum mechanics, for example the
hydrogen atom.

Thus the partial decay width depends strongly erHiggs mass, as the third power.

F(H = WW)/My ~ @w/16)(Ma/Mw)*B 1.13
Unfortunately, there were two parameters definfrglliggs potential, Eg.1.8, and we have
fixed only one by experimentally finding the vacuusmpectation value of the field (see
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Appendix A, G ~a,, /M, ~1/ <@>%). Thus the Higgs mass is an unknown parametehef t
SM, which must be determined experimentally. Usheg Higgs potential, \4f), and expanding
about the minimum ap=<g¢> , we find that the mass i, :<¢J>\/§:246GeV\/I
Since the remaining parameter is an arbitrary dgioemess coupling, there is no prediction for
the Higgs mass in the SM.

A rough upper limit for the mass can be inferrecewlthe Higgs excitation ceases to be a
recognizable resonant state, which is when the weakactions become strong.

FH - WW)/My ~ 1 if My ~ My (4Naw) ~ 1.7 TeV 1.1¢4

We move now to the coupling of the Higgs to fermjonkich is defined by the Yukawa
coupling with a fermion coupling constant;. g herefore the Higgs couples to fermions
proportional to their mass, Eq.1.12. The very loass) ~ 4 MeV, of the u and d quarks which
make up the proton which is the particle we willide with itself or its’ antiparticle, means that
the Higgs boson couples very weakly to ordinarytemafThe coupling is g~ 0.000023, very
weak compared to e = 0.303y & 0.65 and g= 1.12. Gluons are not directly coupled either.
This weak coupling makes discovering and measuhagoroperties of the Higgs scalar a great
experimental challenge. In contrast, the heaviestrlq the top, is strongly coupled, § gy
(mdMw)/vV2 ~ 0.99.

The Higgs decay width into quarks is shown in Ep1For leptons the same result holds
save that the color factor of three should be @uwitis we no longer sum over all final state
colors. The decay is into a fermion — anti-fermjmair which has the quantum numbers, P =
parity, L = orbital angular momentum, S = spin dagumomentum and J = total angular
momentum. The pair has charge conjugation C aritypa; C = (-1Y*°, P = (-1¥*. The Higgs
is a scalar, ¥ = 0", so that the pair must have L = 1, because thiaéit parity of a quark and
an anti-quark are opposite. The threshold factartioeed above is, for L = B3.

F(H - qa)/ My, ~ (3, /8)(m, / M, ¥ 5° '1.15

The total Higgs decay width as a function of Higgsss is given in Fig. 1.11. Note thé M
behavior at high masses, as expected due to thandooe of the WW and ZZ decay modes. At
low masses, a linear dependence on Higgs masg ofettay width into quarks is expected, from
Eg.1.15 and is seen as a steep drop in width vethedsing Higgs mass. The experimental mass
resolution expected in LHC experiments (ChapteisGhuch larger than the intrinsic width of
the Higgs at low mass. Thus, the total width is ohated by the experimental mass resolution
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and the intrinsic width will be unobservable. Clgaif the Higgs is a relatively low mass object,
optimizing the detector resolution will be of ocal importance.

3 Higgs Width
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Figure 1.11: Higgs decay width as a function of sr@emmed over all fermion and boson final states.

The ZZ and WW widths can be computed in COMPHEP @mdpared to Fig. 1.11. The
student is encouraged to see if the results caduipdicated. The COMPHEP program also
allows us to evaluate the “off shell” decays of id$ into ZZ = Z¢*¢” which can occur at a
mass below R1, because of the spread in mass of the Z resonaracactérized by the Breit-
Wigner width (see Appendix A).

The ZZ and WW widths from COMPHEP are included ig.A.11. Note the threshold
behavior at Higgs mass equal twice the W masslandltimate, high mass cubic dependence on
the mass. Note also that a 1 TeV mass Higgs haB.a *eV decay width into ZZ + WW pairs,
so that the width to mass ratio is already 30%. Hilggys branching ratio into top pairs is smaller
than that into W or Z pairs, and is ignored in #ssimate.

We will return to the subject of finding the HiggsChapter 5 after we arm ourselves with
the tools we need in the next three Chapters.
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1.7 Questions Unanswered by the SM

We have tried in this first Chapter to give an @@ of our accumulated wisdom in high
energy physics obtained over the last 40 years arenThe treatment has been brief and the
mathematics has been simplified. Nevertheless, ape lthat the basic insights of the Standard
Model have been presented and partially explais also assume that the student has by now
acquired some facility with the COMPHEP program anlll reproduce the examples given in
the text as the exposition unfolds.

There are many arbitrary parameters contained enSttandard Model. For example, the
three fine structure constants g, a,, , the six masses of the quarks, and the threeema$she
leptons (six if neutrinos are allowed to have smakses). Many of these parameters have to do
with the replication of the pattern in the Standi&rddel into three generations. We do not yet
understand why they take the values we measureaimgrgally.

We list below some of the unresolved fundamentaistjans that are not answered in the
context of the SM. It would be the height of preption to imagine that we can do more than
explain the experimental program, which is now gemounted to explore the second question,
to which we devote Chapters 2-5 of this text. Wd, vmowever, very briefly return to these
qguestions in Chapter 6. Our aim here is to brikgéhquestions forward to the student so that she
is aware that the SM, although a wonderful edifidech explains all our present experimental
data, appears to be incomplete and therefore shgat. Clearly, there remains a lot of work for
the next generation of high energy physicists to do
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Questions

1.

2
3
4.
5

© 0o N o

11.

12.

How do the Z and W acquire mass and not thegpi?ofChapter 1)

What is My and how do we measure it? (Chapters 4,5)

Why are there 3 and only 3 light “generation&hapter 6)

What explains the pattern of quark and leptosses and mixing?

Why are the known mass scales so differégis ~ 0.2 GeV (strong interaction field)
<< ¢ >~ 174 GeV (electroweak scale)

<<Mgut ~ 10° GeV (Grand Unified scale)

<<Mp_ ~ 10" GeV (Planck mass scale where gravity becomesgjtron

Why is charge quantized?

Why do neutrinos have such small masses?

Why is matter (protons) ~ stable?

Why is the Universe made wholly of matter? (@hation)

What is “dark matter” made of? There is no pilble SM candidate particle. What is
“dark energy”?

Why is the cosmological constant so small? Vd=ium Higgs field leads to a constant
which is 16° times the closure density of the Universe.

How does gravity fit in with the strong, eleetragnetic and weak forces?
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Exercises

1.
2.

Download the COMPHEP code and read the UsersiMa

Read the worked example in Appendix B. Finel ¢tross section for electron — positron

production of W pairs at 200 GeV and compare thoresult quoted in the text, Fig. 1.4.

3.
4.

10.
11.

12.

13

14.

15.

16.

Download the .pdf reader from the Adobe giioted in the introduction.

Use your web browser to find the Fermilablations sitehttp://fnalpubs.fnal.gov Then
click on preprints and search. Look for author "Nggmery” and find “The Physics of
Jets”. Download the paper as a .pdf file. Themogihe site,
http://fnalpubs.fnal.gov/archive/1998/conf/Conf-388.pdf. Compare to reference 7
guoted in Chapter 2, H. Montgomery, Fermilab —C@84398 (1998).

Evaluate the Fourier transform of the Yukawgeptal and verify that it has the form of a
“propagator” with mass as indicated in Eq.1.6

Use COMPHERP to find the cross section for etect positron production of ZWW and
compare the result, at 1 TeV C.M. energy to thatwhin Fig.1.6.

Find the minimum of the Higgs potential, EqQLté confirm Eqg.1.11.

Evaluate the Higgs width into W pairs for adVTHiggs boson.

Evaluate the Higgs width into b quark pairsddr20 GeV Higgs boson.

Use COMPHEP to evaluate the widths given iarEises 8 and 9 and compare the results.

If the proton had a lifetime of ¥0years, how many decays would occur in your body in
1-year period?

If the neutrino to proton ratio in the Unise is ~ 18and if the mass density of the

Universe is ~ 1 p/f estimate the neutrino mass needed if they abe tesponsible for the
entire mass density.

. Use COMPHEP to look at electron — positron potion of H + Z. Check the Feynman

diagrams. For Higgs mass of 130 GeV find the ceesdion at C.M. energy of 250 GeV.
What is the cross section for H + H + Z at ener§yp@ GeV? Look at the Feynman
diagram to confirm that triple H and quartic H cbngs contribute to this latter process.

Look at the COMPHEP model parameters for gaark lepton masses and compare to
the Figure given in this Chapter

Use COMPHEP in the SM and compare the list aftigles to that given in the
corresponding Figure in this Chapter.

Find the W and Z decay width and brancliragtions in COMPHEP, W -> 2*x, Z ->
2*x. Compare to the data shown in Chapter 4.
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17.

18.

19.

Use COMPHEP to look at electron-positron W pgaiduction. How many Feynman
diagrams are there? Turn all but 1 off and evaleath in turn. Which is largest? What is
the full cross section? Are there destructive fetences? Look at the energy dependence
of each diagram too. In particular show that witllyothe neutrino exchange diagram
active the cross section at C.M. energy of 200 GeV43 pb.

Use COMPHERP to find the cross section at 1 T=M. energy for electron-positron
production of WWZ. Check the Feynman diagrams #tkat this process probes quartic
gauge boson self-couplings.

Use COMPHERP to explore the vertices in the &agian of the SM and compare to the
results quoted in this Chapter and “derived” in Apgix A.
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D. Green, Lectures in Particle Physics, World Sdien1994.
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2. Detector Basics

“Facts are stubborn things; and whatever may emshes, our inclinations, or the dictates of
our passions, they cannot alter the state of fauntisevidence.” - John Adams

“When you can measure what you are speaking alamgt,express it in humbers, you know
something about it.” William Thomson

2.1 SM Particles - Mapping into Detector Subsystems

Chapter 1 served to define the particle content iateractions of the Standard Model
(SM). The discussion of the Higgs boson width iraftier 1 also showed that detector resolution
would determine the sensitivity of searches for loass Higgs particles. Our plan is to discuss
in this chapter how the fundamental particles ¢ ®M are detected and their kinematic
properties measured. Specifically we want to disdhe accuracy that we can expect to achieve
in measuring the vector position and momentum @he8M particle that is produced in a
collision.

We also wish to do “particle identification”, tha to identify a produced particle
unambiguously as a unique element of the “periadide” of the SM, which was shown in
Figure 1.2. We will use that information in theelaichapters because it will inform on the
optimal search strategies for new particles.

The discussion of detection principles that is givere will be very schematic. Several
references are given at the end of this chaptechadupply many details of potential interest to
the student. We assume that the reader is familtarmagnetic fields, ionization energy deposit
in materials, and the electromagnetic interactmfnsharged particles.

A schematic view of a typical general purpose deteused in high energy physics
experiments is shown in Figure 2.1. The detectselfitis logically broken into distinct
subsystems. A solenoid electro-magnet coil prodacksge volume of axial magnetic field, in
this example of strength 4T (1 T = 1 Tesla = 10G@@Qiss). The purpose of this magnetic field is
to bend all of the charged patrticles, which arettenhi from the production point, or production
vertex, by an amount that depends on the momentdhsi@gn of the charge of the produced
particles. A measurement of the trajectories of tharged particles then results in the
determination of their position and momentum vet@ihe ionization energy loss in the tracking
detector elements is small. Therefore, this deteatevice is not “destructive” of the properties
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of the patrticle. In turn, that means we can malkessguent redundant measurements of, say, the
particle energy as it escapes from the productestex.

FORWARD MUCNCHAMBERS TPRACKER CRYSTAL ECAL
CALORMETER 7Y

I § Zemma
g Ty
By

Total welg ht : 2
Ovenalldlameter: 15.00m

Overalllength : 21.60m

Magneticfleld  : 4 Tesha CME-FARA-DD1-11/07/97 JLELFP

Figure 2.1: A general purpose detector used iropret(anti)proton collider experiments. The submys used are:
a tracking system, a hermetic calorimeter systenciwiis subdivided into an electromagnetic (ECAL)daa

hadronic (HCAL) section, a large solenoid magnéittooprovide a large volume filled with magnetielfl, and the
iron needed to supply the magnetic flux returntf@ magnet. The flux return is itself instrumentédth chambers
to measure the trajectories of the muons [refCIMS, with permission].

Working our way out from the interaction point atieasing distances we exit the tracker
and next encounter electromagnetic calorimetryofedld by hadronic calorimetry. The purpose
of the calorimetric detectors is to measure theggnef both the charged and neutral particles,
which are incident upon it. These detector systertend down to angles of about 0.8 degree to
the incident beam directions. They are the two nlamgitudinally, or depth segmented,
“compartments” of the calorimetry.

The electromagnetic calorimeter initiates the gt@on of photons and electrons. Recall
that these fundamental particles have only elecmmatic and weak interactions. The hadronic
calorimeter elements initiate the interactions bftlae strongly interacting particles, such as
guarks and gluons, or, more accurately, their “geépaoducts. By totally absorbing the energy
of the incident particles and by sampling that atbsd energy, the calorimetry makes a
measurement of the energy of almost all the pradipegticles.
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Finally, the muons, which have only electromagnatid weak interactions, are detected
and identified in tracking chambers embedded inniagnetic return yoke of the magnet. The
muons have the same interactions as electrons (‘avtlered that?”), but they are about 200
times heavier. Therefore, they do not radiateiggmtly at the energies considered here and
only lose energy by ionization. When all other jgéets have been absorbed what remains are the
muons.

Comparing the initial energy transverse to thetgr and (anti) proton beams (ks
approximately zero) and the detected transverseygré all particles in the final state, we can
look for a mismatch. Any missing energy impliesher a mis-measurement, incomplete
detector coverage, or that neutrinos, which intecady weakly, were produced and escaped
detection. We consider only transverse energy ianza because energy can escape undetected
near to the vacuum pipe containing the beams, whieans that the final state total longitudinal
energy is poorly measured.

The accuracy of the measurement of the momentummr, €jergy, E, of single particles is
defined by the resolution of the tracking detectorghe magnetic field or the calorimetric
energy resolution. In both cases the resolutiorepesented by expressions containing two
terms for the fractional error, which are “folded quadrature” (that mearsO b =+/a” +b*).
The resolution for tracking, dP/P, has a term theteases with momentum, while the resolution
for calorimetry, dE/E, has a term, which decreasi#l energy. If the b and d factors can be
ignored, this different behavior of the energy reBon makes calorimetry the detector of choice
at very high energies.

dP/P=cPOd

dE/E=a/JEDOb
The tracking resolution has a term due to thedimitcuracy of the measurements of the
deflection angle of the particle in the magnetaldj c, and a term due to multiple scattering, d.
The calorimetric terms are due to stochastic flattuns in the sampled energy, a, and non-
uniformity of the medium, b. Examples will be giveater in this Chapter in order to set the
numerical scale.

2.1

In Chapter 1 we provided a table (Figure 1.2), Wwidefined all the fundamental particles
of the Standard Model except the Higgs boson. kgogses of detection, we will now separate
them into strongly interacting particles, electrgmetically interacting particles and weakly
interacting particles.
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The strongly interacting particles are gluons (gdl guarks (u, c, t, d, s, b). The particles
with electromagnetic interactions are photons ahdrged leptonsy( e, |, T). The weakly
interacting particles are the EW gauge bosons, WZand the neutrinoss, v, V:. Strictly
speaking the neutrinos are not directly detectéeirTpresence in the final state is inferred from
the existence of “missing” transverse energy, wimgans that the sum of all transverse energy
in the final state is substantially different fra®ro.

This separation, which is made according to thengiest force felt by the SM patrticle, is
the first part of particle identification.

Table 2.1
Fundamental elementary particles in the Standarddl/dheir detection
in particular detector subsystems and a signatloeing for particle identification
in those subsystems.

PARTICLE SIGNATURE DETECTOR
uct - WL Jet of Hadrons Calorimeter
d,s, b
(4.)
g
e, y Electromagnetic Calorimeter
Shower, (X,) (ECAL)
V,V,,V “Missing” Calorimeter
YV Vr
Transverse
Energy
U, T - ,UVT/ Only lonization Muon Absorber
7 Interactions,
R
HH dE/dx
cbl Decay with Silicon Tracking
cr 2100um

Basically, the calorimetry does a large part of énergy measurement of all the particles
as seen in Table 2.1. The electromagnetic compattofehe calorimetry gives us electron and
photon energies and positions (specified by indeéeetly recorded polar and azimuthal angular
“pixels”), while the hadronic compartment givesthg position and energy of the quarks and
gluons. The particle identification allowing us $eparate hadrons and electrons is achieved
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because of the large difference in mean free patlelectromagnetic interaction, the radiation
length X, and that for hadronic interactiod,. For lead, the ratio is about 1:30.

Any missing transverse energy, defined to be thesirerse energy difference between the
initial and final state, is inferred from the cafoetric energy measurements. Its’ existence
indicates the emission of neutrinos or other ndaracting particles in the collision.

The muons are uniquely identified as those chapgeticles, which have only ionization
interactions and thus penetrate deeply into thel ségurn yoke. The detectors in the yoke serve
the purpose of doing muon particle identification.

The last row in Table 2.1 requires further explanmatSilicon detectors can now easily be
constructed with a separation between detectiomexiés, or “pitch”, of about 5Qum.
Therefore, particles which are produced at the amymnteraction vertex and subsequently
weakly decay at a secondary vertex point can bectiet and identified if the distance between
the primary and the secondary vertices exceedstal®dO@um. SM particles of this type
include the ¢ quark, the b quark, and the tau tepto

Let us estimate the decay width of a ¢ quark tosaguark in the specific reaction,
c - s+ € +v,. This is a decay within a generation, so we exfiettthe mixing matrix element
is ~ 1. The decay can be visualized as first thesgon of a virtual W, Q> g + W, which then
virtually decays into a | . The two distinct vertices mean that the Feynmiaapléude is
proportional to the weak fine structure constartjlevthe decay width is proportional to the
square. The virtual W propagator leadslid,, behavior. Thus, by dimensional argument we
expect scaling as the fifth power of the parentsndsis argument is only used to give us a
rough order of magnitude for the decay width.

r~ai(m/M,)*'m
[ ~2x10"°GeV
Taking the charm quark’s mass to be equal to 1.9 ()5¢g. 1.1), we can very roughly

2.2

estimate the charmed quark lifetimgand decay width. The proper decay distance,, ¢s
estimated to be ~ 1j0m.

T=hlT
cr~1um
Therefore, we now understand why only the charnriquae b quark, and the tau lepton
appear in the last row of Table 2.1. The heavylkgiand leptons can be identified by resolvable
decay vertices made available in a tracking volextending over distances ~ 1m. The decays

2.3
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shown in Table 2.1 for the top quark, the W and Zhkappen very rapidly with unresolved
production and decay vertices.

The lighter unstable quarks and leptons (e.g. skguanuons) can be considered to be
guasi-stable in that they have typical decay d#anwhich are larger then the detectors
themselves. For example, the muon is unstable dmia2.qusec (660 m) lifetime, so that it is
very unlikely to decay before it exits the “genéuetector shown in Fig. 2.1. Therefore, we
have SM particles that decay almost immediatelst trecay within the tracker, and that decay
outside the detector.

Particle identification at a more incisive levehaaften be accomplished by combining the
information available from different subsystemsaofieneral purpose detector. The principal is
illustrated in Table 2.2. For example electrons phdtons both give energy deposits localized in
the electromagnetic calorimeter. However, the afdrglectron has an associated track in the
tracking subsystems while the neutral photon dagsianize and leaves no track. Combining
tracking and calorimetry therefore allows us totidguish between electrons and photons.
Muons, quark and gluon jets, and neutrinos all hanigue signatures in a general purpose
detector as seen in Table 2.2. Heavy quarks antbriep b, ¢ andt have, in addition,
distinguishable secondary decay vertices.

Table 2.2

Particle identification in a general purpose detect

Particle | Tracking | ECAL HCAL Muon
type

' <

—
Jet _t | —
\K

Et
miss

Combining the information from the detector subsyst is not only useful in particle
identification but also in forming “triggers”. Trgring, or pre-selecting events of interest prior
to storing them on some permanent medium such gsetia tape, is of primary importance in
data taking at proton - (anti) proton colliderseNolume of data generated by a contemporary
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detector is enormous. There are millions of indépaih electronic channels recording data about
an interaction and there are a billion interactipas second. Clearly, only a miniscule fraction
of this information can be stored permanently. fdgst must be discarded for all time. Given that
perhaps only 100 interactions per second can lbedstor later study, we must quickly pick out
one interaction in every 10 million. Therefore weshbe extremely careful and very sure that
we choose the desired needle in the enormous lchy&iaen so the remaining volume of saved
data is very large.

2.2 Tracking and “b Tags”

We now look in a bit more detail at the main detectubsystems. The tracking detectors
may consist conceptually of a series of concemtylmders for a typical collider detector. This
geometry is often chosen with solenoid magnet dbidg create axial magnetic fields, because
then the particle trajectories are circles in tlzmathal or (r) plane. At the very high
luminosities which will be required to search ftwetHiggs particle, detectors with the best
possible rate capability will be needed. An exampiesuch a detector, consisting of silicon
pixels followed by silicon strips, is shown in Frgu2.2. As we can see from the figure, the
detectors are in fact built up by approximatingyincler using small planar detectors oriented
appropriately.

Figure 2.2: A photo of the mechanical prototypeaotracking system constructed entirely of plaricom
detectors. Concentric cylinders of detecting elet:mare built up out of identical rectangular sulassemblies
[CMS photo, with permission].

A major issue for the tracking detector subsystemhe efficient detection of the ionization
energy left by charged particles, with a good digoanoise ratio so that spurious signals due to
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noise pulses are rejected. Spatial accuracy iablyj of the highest importance. Also important
is the relative alignment of all of the planar edsts making up the complete detector. A
sufficient number of measurements of the positibthe trajectory of the particle at different
radii is needed to “pattern recognize” the heligath taken by a particle in the magnetic field
and then “reconstruct” the track in space. The ltesfuthe tracker measurements is ideally a
fully efficient determination of the vector posiiaand momentum of all the charged particles
emitted in the interaction but with no spuriousks“found”.

For each track we are measuring the bend anglewhich is the angle the momentum
vector is rotated by, or “bent”, in the magneteldi. The sense of the rotation tells us the sign of
the charge of the particle. This angle is inverggitgportional to the particle momentum,
a ~1/P. Thus, the fractional momentum error has a term wuangular errora which is
proportional to the momentum (see Eq.2.1).

da~dP/ P 2.4
dP/ P~ (da) P= cF
The additional term, which is folded in quadraturd=q.2.1, is due to multiple scattering,
which is only important at low momentum. Since we mostly interested in high transverse
momentum physics, this term will be ignored fromvran.

The bend angle increases with increasing magnietdt, &t ~ B, and the error on the bend
angle decreases with improved spatial resolutidmerdfore, there are basically two distinct
strategies that can be employed to improve the mume measurement made by a tracking
detector. Increase the field or improve the spatisblution. At the present time a 4 T field and a
spatial resolution of a fewm, as afforded by silicon detectors, is at the ietdgical limit.
These precision tracking detectors operated in figlds have good momentum resolution.
Typically a 100 GeV patrticle will have its momentuneasured at the one percent level.

Another important task performed by a tracking gstem is the identification and
measurement of secondary vertices. As we saw ipt€ha, the Higgs is constructed to couple
to mass. Therefore, detection of heavy quark aptbtedecays is an important ingredient in
Higgs searches. These heavy objects are unstablelecay weakly into lighter quarks and
leptons respectively.

The lifetime in the particle rest frame, in distanmits, of the charm quark, the b quark,
and the tau lepton is;
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cr ~(124-320um cquarks
~(468-495m bquarks 2.5
~871m T leptons
The quoted range of lifetimes for ¢ and b quarks teado with the fact that the decays of

qguark — antiquark bound states with large bindingrgy corrections due to the strong force are,
in fact, what are measured and not the “bare” hegsayk decays. Recall that an isolated colored
guark cannot exist, so that it is the colorlessnobstates of quarks, which are measured. The
lifetime spread decreases for the b quark singe + three times heavier than the ¢ quark and
higher mass means weaker strong interaction carrect

We saw in Chapter 1 that the weak interaction \eapansible for the decay of the second
and third generation quarks and leptons. The deadty for typical decay modes as a function
of the available center of mass (C.M.) energy iggiin Figure 2.3 as is the spin correlation
induced by the V-A nature of the weak interactiseg( Chapter 4, 5). The thick arrow indicates
spin direction here while the thin arrow shows thementum direction. We simply assert that
particles have negative helicity, or spin anti-flatao momentum, while anti-particles have
positive helicity. The “generic” decay is of a hgayuark Q to a light quark g, lepton and anti-
neutrino,Q - q+/( +V,.

Entries to Fig.2.2 include the transitions betwaprand down quarks in free neutron beta
decay and in charged pion decay. Other entriethargansitions between strange and up quarks,
charm and strange quarks, and bottom and charnkgjuafhere relevant, the legend in Figure
2.2 shows the approximate square of the mixingimatement for the particular quark decay,
V;,, in terms of powers of the Cabibbo an@lgsee Chapter 6). The line given in the figure
represents the fact that the decay width is clogedportional to the fifth power of the available
energy over about fifteen orders of magnitude endbcay width.
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Weak Decay Width of Leptons and Quarks, Divided by CR?
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Figure 2.2: a. The weak interaction decay widttadanction of the available center of mass energie up and
down quarks, the strange quark, the charm quatkftenb quark follow a single curve (the fifth poved m), as do
the muon and the tau leptons. The strange and ik geaay widths are adjusted by the square of ttekgmixing
matrix elements (see Chapter 6). b. Helicity stmesof Q(—1/3) — q(2/3)+ (" +V, decays induced by the
V-A weak interactions that make particles left heshdnegative helicity) and anti-particles right ded (positive
helicity). The direction of the momentum is indiedtby the arrow, the spin direction by the thicloar

In the rest frame of an unstable particle, wheeeptoper time is labeled d5, there is a
characteristic lifetimea, as seen in Eq.2.6. The time observed by thedatmy clocks is t, and
N(t) is the number of particles that survive atditn

N(t)=N(0)e™"'"

t=p'=R/v 2.6

N(t)~e—t/yr ~ g R/ Per

We use the relationships found in special relatithiat the energy E and the rest mass m

are related byE = ym, wherey =1/4/1- . The momentum P and energy E are related to the
velocity, v, with respect to cf =v/c=P/E.(see Appendix C). The total distance traveled
before decay is R, so that R = vt. In the detefttone, the measured time t is dilated. Therefore,
in the detection of heavy quarks and leptons witamdecay distances of, <ct>czy, since
y >1 silicon detectors with a strip pitch of ~ gfh or smaller are sufficient.
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In Figure 2.4 we see an example from the CDF detecperating at the Fermilab
accelerator complex. Note the ability of a trackohgector using silicon to resolve secondary
vertices. At a distance scale of 1 mm or 1084 the separation between the primary production
vertex and the secondary decay vertices of theyhgaarks is very evident.

The identification of heavy quarks in the finaltstégs very important in many studies of
collider physics processes. For example, top qudeksy almost exclusively into b + W. If we
can identify a b quark using secondary vertex ifieation, (this is called “b tagging”) then we
have taken a big step toward identifying the topriu
& \5 cﬁltimaters —_

_““H\\ .~ Tevatron
beam pipe

——=3W¥X tags
e
»
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Figure 2.4: An axial view of a multi- jet eventtile CDF detector. At a scale of 1 mm, the veftem which the
particles are emanating is resolved into a primarnyex and two secondary decay vertices [CDF - péthmission].

2.3 EM Calorimetry - e ang/

The next detection subsystem which a particle emeons in exiting from the production
point is the electromagnetic calorimeter. The tvasic characteristic radiative processes, which
create an electromagnetic “shower”, are Bremssirghtadiation by the electrons and electron-
positron pair production by the photons. Therea isharacteristic length scale for radiative
processes in the material of the calorimeter caledradiation length, X For example, Xis
0.56 cm in lead. Since an electromagnetic showénmitimted and runs its course in about 20
radiation lengths, or 11.2 cm in lead, an electrgmesic calorimeter can be quite compact.

There is a characteristic energy, which defines tdrenination of the electromagnetic
shower multiplication processes. This is the aitienergy, which is the energy below which
radiative processes largely cease and particléseirshower lose energy only by ionization or
other non-radiative processes. At this depth in shewer, called “shower maximum”, the
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number of particles in the shower is a maximumahbave approximately the same energy, the
critical energy. Given the absence of further péetproduction, the particles in the shower then
lose energy and eventually come to rest.

For typical materials used in electromagnetic caleters, the critical energy,cEis
approximately 2.5 MeV. Assuming that all particlasthe shower share the energy equally, a
one GeV electron incident on the calorimeter besyratethe shower maximum, a shower of 400
particles, N ~ E/E The stochastic fluctuation on the number of pbasi in the shower, N, then
leads to an estimate for the fractional energyrefe- 5 %, @E/E ~1/+/N ).

A picture of a shower developing in sequential Igdates is shown in Figure 2.5. The
shower begins in the first two plates, reaches xiitmam and then begins to die off.

Figure 2.5: A photograph of the development of leeteomagnetic shower in Pb plates. The numbgadicles in
the shower builds up geometrically. After reachinghaximum the shower then slowly dies off dueottization
loss [ref.2 — with permission].

There is a characteristic transverse size of a shoalso roughly X This means that
photons and electrons can be well-localized tranisgvéo the incident point of impact on the
calorimeter by the calorimetric measurement. Thhe, calorimetric techniqgue measures both
energy and position, although the position measantms crude compared to tracking data.
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There are several types of calorimetric signal oeadn Figure 2.5 we saw the “sampling”
type of calorimeter where the shower develops isspa heavy element plates and is then
sampled in gaseous or other low atomic weight edetector layers. Another type of readout is
shown in Figure 2.6. In this case the entire males fully active. Typically transparent
scintillating crystals are used which incorporagavy elements. The light which is produced is
then read-out by a photon transducer of some Isoprinciple, this is the most precise method of
calorimetric energy measurement because there aieactive materials with their attendant
fluctuating unsampled energy deposits.

2 [Crystal 2070 0)
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Figure 2.6: a. A photograph of a fully active catstlectromagnetic detector. The emitted lightrfrinese crystals
is detected in semiconductor elements, b., andertew to an electrical signal, which is then reedcd This device
is extremely accurate in its measurement of enerdyzMS photo - with permission].

As seen in Figure 2.6, at an energy of 280 Ge\aetifrnal energy measurement of 0.4% is
possible. Thus, electromagnetic calorimetry carehahigh precision, comparable even to that
afforded by the tracking at energies above aboOtGéV.

In Equation 2.1 we defined the two parameters gaimg a calorimetric energy
measurement. There was a “stochastic term” whicluésto statistical fluctuations in the shower
and a “constant term”, due to inhomogeneties iratet construction, which both contribute to
the fractional energy error. For electromagnetiori@etry, a stochastic coefficient of 2 percent,

if the energy is expressed in GeV, and a constamh tof 0.25 percent are at the present
technological limit.
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As we will discuss below, calorimeters are normattlgmented in both polar and azimuthal
angle. Each segment functions independently amdaid-out as a distinct piece of information
characterizing the interaction of interest. Thealale used for equal spatial segmentation is not
the polar angle but a quantity called the pseudditgp . As we will see later, (Chapter 3,
Appendix C), this variable, for light particles, jisst single particle longitudinal phase space.
Therefore, in the absence of some overall dynamies,expect particles to be uniformly
distributed in pseudorapidity. Since spin and poédion effects are known to be small in proton
— (anti)proton collisions, we also expect partictesbe produced uniformly in azimuth. The
calorimeter segments are typically constructed rafependent elements, or “pixels”, with
roughly constant area im ) space, wher® is the polar angle of the particle in sphericdbpo
coordinates with the beam direction along the z.axi

n =-In[tan(@/2)] 2.7

In Figure 2.7 we show the display of an event oigdiin the CDF detector containing a
single produced W gauge boson, which decays in&eatron and neutrino. The horizontal axes
of the plot are azimuthal angle and pseudorapaliy the vertical axis is transverse energy. The
“pixels” correspond to independently read out etedt channels each giving an independent
energy measurement. The W gauge bosons can detayquark-antiquark pairs, e.g.
W* - u+d, c+s, orinto lepton pairs,’e+ ve, U + vy, T + vy For these 2 body decays; E
Mw/2 ~ 40 GeV for symmetric decays as is observddgrR.7.

B,z 410GV E- = 32 GV w

Figure 2.7: Schematic display of two events whesingle W boson is produced and decays into atrefeand a
neutrino. The “pixels” or calorimetric segments the plane are defined to be the azimuthal angt the
pseudorapidity. The vertical axis is the transs@sergy [CDF - with permission].

Approximately all the energy is deposited in a Engegment, or “pixel”, of the
electromagnetic calorimeter. This fact, and thestexice of an associated track give us electron
particle identification. Note also that the existerof a neutrino in the final state is inferred by
the failure to balance transverse energy.

Electromagnetic calorimeters may be calibrated nergy by exposing them to well-
prepared particle beams and recording the enenggsite They may also be calibrated “in situ”.
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In Figure 2.8 we show the calibration of an elemiagnetic calorimeter using the two-photon
decay of the neutral pion. The data comes fromDBeexperiment, which operates at the
Fermilab Tevatron collider facility, along with ti@&DF experiment. In Figure 2.9 we show the
CDF calibration using the tracker for the chargemhpand calorimetry for the neutral pion in
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Figure 2.8: Distribution of the invariant mass @fot photons in data taken with the DO calorimet®&tote the
resonant peak at the mass of the neutral pion,0ii4 GeV, and the experimental width. The smootivearises
when uncorrelated photons from different eventsuaea [ref 3, DO- with permission].
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Figure 2.9: Distribution of the invariant mass wbtpions in data taken with the CDF calorimeterté\the resonant
peak at the mass of tipemeson, M = 0.769 GeV. [ ref.4, CDF — with permoss]
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2.4 Hadron Calorimetry - Jets of g and g and neutrino (missing) E

The outer longitudinal compartment of the calorimén a general purpose detector serves
to detect and measure “hadrons”, or strongly icterg particles. We must be careful in
discussing the strong interaction and to definehiddrons, because we have been imprecise so
far. We have thus far defined the strong forceddHhe long range (massless gluons) interaction
between colored quarks mediated by colored glublmsvever, colored objects appear to be
absolutely confined, e.g. no free quarks are fowadthat isolated quarks and gluons do not
exist, only the colorless combinations of quarki-gotark or three quark bound states.

There are residual forces between these “hadratéstwhich are responsible for binding
protons (uud bound state) and neutrons (ddu botatd) dogether in the nucleus. That force is
observed to be strong (it overcomes the Coulomhblsgm of the protons in the nucleus) and
short ranged. An analogous situation exists in atgrhysics. The long range electromagnetic
force exists between electrons and protons caussngral atoms to be formed. A residual Van
der Waals force between these uncharged atomsoi$ singed ( ~ 1% and results in the
formation of molecules, bound states of neutrahmatoTypically, we will concentrate on the
guark and gluon interactions, as the complex hadmntsractions are really “quark molecular
chemistry” and we aim to study the fundamental raxtBons. However, in discussing
calorimetry we need to refer to the hadrons thevesel

A typical hadronic interaction is shown in Figurel@ Note the limited transverse
momentum, or small emission angle, of the secongarticles. Note also the high number of
secondary particles produced in a single interactithe large final state multiplicity is in
contrast to electromagnetic processes where therendy two particles per incident particle.
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Figure 2.10: Photograph of a 200 GeV pion intececti[ref.5 —with permission].

There is a characteristic transverse momentum etastic hadronic collisions, which is
about 0.4 GeV. Crudely speaking, the secondaryicpestthat are produced are all pions and
pions with charge plus, minus and zero are all igpaoduced. Pions are the lightest hadrons,
quark — antiquark bound states’(= ud, 77° = uu, dd,77~ = du). The neutral pions decay rapidly
into two photons, which are then detected as showea fashion similar to that discussed above
in the section on electromagnetic calorimetry. Tharged pions decay weakly, with decay
distances much larger than the detectors we deslkeie, so we consider them to be stable.

However, the pions do continue to interact. Thera icharacteristic length over which a
hadronic interaction occurs, the interaction lengthwhich is the mean free path of the pion to
suffer a strong interaction. In iron this lengtlalscis 16.8 cm. In order to completely absorb, and
hence measure, the energy a total path length lefaat 10 interaction lengths is needed, or a
calorimetric “depth” of ~ 1.7 m. In Figure 2.11 shown the absorber structure for a typical
hadronic calorimeter. The structures are cleartyasacompact as electromagnetic calorimeters.
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Figure 2.11: Photograph of the absorber of the Gid&onic calorimeter (HCAL). Note the slots infassed in
the brass absorber structure for the insertionrcti¥@ detection (sampling) elements. Note also tie total depth
of the absorber is about 1 m [Fermilab - with pesiadn].

In analogy to the critical energy in electromagsmeti there is a threshold enerdy,,,
below which new particles cannot be produced. Tthee$hold” energy for a pion to produce
another pion by way of the reaction+ p -~ n+7n+ p is E;, ~ 2m_~ 0.28 GeV. This energy is
much larger than the electromagnetic critical epergherefore, the number of particles
produced in an hadronic shower at “shower maximush* E/E+, will always be smaller than
the number produced in an electromagnetic showeceShe energy resolution of a calorimeter
is at least partially defined by the stochastictihation in the number of particles in the shower,
we also expect that the ultimate energy resolutortadronic calorimetry will not be as precise
as that for electromagnetic calorimetry.

dE/E~ dN/ N~1// N~/ E, / E 2.8

For example, using EQ.2.8 to estimate the “stoahasiefficient” in Eq.2.1, we find a ~
53% when E is given in GeV units. That value iseagected, much larger than the coefficient
guoted for electromagnetic calorimetry.

Sometimes the hadronic compartment is itself lamtyitally segmented. In Figure 2.12 we
show the energy deposit in an initial seven absmrgength compartment vs. the energy deposit
in the subsequent four absorption lengths. In soases substantial energy is deposited in the
rear compartment. This implies that, were the daleter truncated so as not to include the back
compartment, the energy resolution would be selyouegraded by fluctuations in the
longitudinal shower development and subsequentudiions in the energy loss due to leakage
out the back of the calorimeter.
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Figure 2.12: Scatter plot of the energy depositedhie first seven absorption lengths of the CMSrdwid
calorimeter (x axis) vs. the deposited energy arbxt four absorption lengths (y axis). The lindicates a total
300 GeV deposited in summing both compartments.

There is an intrinsic limit to the depth. It makes sense to construct a device, which is
very thick because an emitted gluon can virtuatlgcay”, or split into a heavy quark, Q, pair
with a probability ~a,/m. Subsequent decays of the typ®,- g+ € +V, occur with a
branching ratio ~ 10%. Therefore, a gluon jet Wlidak” ~ 1/6 of its energy due to escaping
neutrinos roughly ~ 0.3 % of the time.

The calorimeter shown in the photo of Figure 2.41of the sampling variety. Active
detection elements are inserted in the slots tleainderspersed in the absorber. An example of a
possible active element is shown in Figure 2.13his case optically independent “scintillating”
tiles are read-out by “wavelength shifting” optidébers. This type of layout allows us to
produce a hadronic calorimeter that has active kmmmwvering almost all the solid angle. An
“hermetic” construction is needed if the missinger®y is to be accurately measured. Clearly,
“dead” regions in the calorimetry are to be avoidette particles lost in them would mimic the
emission of undetected neutrinos.
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Figure 2.13: Photograph of a calorimeter scintiidtile” showing the “tile” and its “wavelength #ting” fiber.
The optical signal is converted from blue lightle “tile” to green light in the fiber and then tayed and taken out
through the small fiber [Fermilab - with permisgion

All calorimeter detection elements must be manufact to achieve a good uniformity.
Otherwise, variations of the shower locations impteor in different “pixels” will lead to
variations in the reported energy for a monoenérgetcident particle. For example, in a
hadronic calorimeter a variation in light outputtbé tiles shown in Fig. 2.13 with a standard
deviation of 10% leads to a fractional energy e(toe factor b in Eq.2.1) of about 3%. Similar,
but much more exacting, uniformity is needed foe thigh precision electromagnetic
calorimetry.

Calorimeters are often calibrated using prepareamiseat accelerators with well-defined
momentum. In addition, we can use cosmic ray msamse they deposit a well-defined energy
(minimum ionizing particle) in each tile. As we ntemed above, a muon traversing the
sampling layers of a calorimeter will deposit ordgization energy. In Figure 2.14 we show the
output signal due to passage of a muon. This perlell resolved from the “pedestal” peak that
corresponds to zero energy deposit, broadened Ise no the electronics readout. Clearly,
calorimetry can also be used in muon “particle idieation”.
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Figure 2.14: Distribution of the deposited energyai calorimeter tile. Note the “ pedestal “ duez&o energy
deposit and the ionization peak due to the passbgenuon [ref 5, CMS — with permission].

What about the required extent of angular coveraye’now that we want to detect all
particles that are emitted in an event, so as fer ithe vector momentum of an emitted, and
undetected, neutrino. However, technically we canachieve total coverage due to the
necessary existence of vacuum pipes containingrtbten — (anti) proton beams or the obstacles
due to the magnetic focusing elements of the axatele for example. How small an angle do we
need to cover? In Figure 2.15 is shown the pseyidity distribution of particles that we wish
to detect after they emit a virtual W or Z gaugesdig for example, by way of a “radiative”
process, where a d quark bound into the initidegpaoton radiates a Vend turns into a u quark,

d - u+W™. These processes are very important in Higgs Besyso that calorimetry should
extend tor}| ~ 5, or to a polar angle of about 0.8 degreethieak HC experiments.
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Figure 2.15:a) Distribution in pseudorapidity ofthecoil or “tag” jets produced in the WW fusiornopess b)
Feynman diagram for the WW fusion procéss d — d+ u+ H

Previously, Fig.2.7, we saw the electron signahimevent where a produced W boson
decayed into an electron and a neutrino. The cadédry information was shown as the
transverse energy deposited in independgg) (‘pixels”. What sort of angular size is needed?
In Figure 2.16 we see a choice with pixel widithg ~Ag@ ~ 0.087 ( is dimensionless and the
units for @ are radians so that there are five degree pixel§,2 segments in azimuth). This
choice of segments implies that we can resolveggdiof 1 TeV mass decaying into ZZ that in
turn decay into 4 quarks.

A 1 TeV Higgs decays at rest into a ZZ pair, eaéth @ momentum ~ 500 GeV. The
subsequent decay of a Z into quark pairs, for reasgjuarks, has a total transverse momentum
between the quark and anti-quark equal to the Zmas~ 91 GeV for symmetric decays. The
decay opening angle between the quarks is ~ 0ianadThese quarks then go into separate
calorimetric segments of full width 0.087 and canrésolved as two distinct objects. Since there
are theoretical upper limits on the Higgs massooighly 1 TeV, this choice of pixel size for
HCAL is acceptable.
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Figure 2.16: Schematic layout of the CMS calorimefEhe segments or “pixels” are separated by atem step in
pseudorapidity and in azimuthal angle. The pseymdity of the pixel boundary is also given [CMS -Atlwv
permission].

We have so far discussed hadrons and evaded tlstiaquef how we detect quarks and
gluons. These latter objects have color, and dsltrought to be completely confined. We assert
that the color force is weak at small distancessirehg at large distances (see Appendix D). As
a result colored objects cannot be separated beyaoligtance set by a QCD parameter which has
a characteristic length ~ 1 fm ~/4.,. Therefore, the quark or gluon must shed the cojor
becoming an ensemble of colorless hadrons, for pbanuark — antiquark pions in colorless
combinations likeRR GG BE.

Suffice it to say that “hadronization”, as illuged in Fig. 2.17, occurs when the mass scale
of a process is such that QCD is strong/A\g., ~ 02GeV. The complete reaction can be
factorized into different energy regimes correspogdo different distance scales. At very high
mass scales the elementary process occurs whicheg@erturbatively calculated because the
color interaction is weak. At moderate masses,ramsverse momentum scales A,
perturbative QCD can still be used, and the colagedrks and gluons radiate in a QCD
“shower”.

When the strong interactions become strong, theleeer! objects become “bleached” and
evolve into an ensemble, or “jet” of colorless lady. The quark or gluon “jet” is expected to
look something like Figure 2.10. The “jet” of hadsothat emerges has the approximate
direction and momentum of the parent quark or gluon.
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Figure 2.17: Schematic representation of the emlutf quarks produced in the final state of aeiattion. In the
high energy regime the quarks are almost free gbestiand the process is calculable. In the intdiate energy
range we can again use perturbative QCD. At arggnange where the scale factor for QCD is thécglenergy,
0.2 GeV, hadronization and strong decays of hadeeanances occurs, which must be treated phenoaggoaly

because the coupling is strong [ref. 7 - with psegiain].

Unstable particles like the W, Z and top quarkhaVe decay widths ~ 1 GeV. Therefore
they decay in a distance 0.2 fm, before they “haided at a distance scale of ~ 1 fm. This is
why there is no “toponium” — the QCD bound stateabp and anti-top quark. It decays before
the bound state can forrh,~ b+W".

The scattering of the quarks that we, for now, $yrgssume to exist inside the proton
leads to a "jet" of particles traveling in the diien of, and taking the momentum of, the parent
quark. We assume that the proton and (anti)protortain quarks and gluons, which have a
limited transverse momentum’\z,. A “dijet”, or two jet, event is shown in Fig. B1There is
energy in both the electromagnetic (lower — lighading) and hadronic (higher — darker
shading) compartments now, as opposed to the dasensin Fig. 2.7, when the electron
deposited all its energy in the electromagnetic gamment. Note also that the “jets” are spread
over several pixels. The two jets are, howevegsoaably well collimated and are
approximately “back-to-back” in azimuthal anglg,- @ ~ 77.
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Figure 2.18: a) Schematic representation of a av@yent at CDF. The vertical axis is the transvensergy in the
calorimeters. The horizontal plane consists of ‘thi@els” in azimuthal angle and pseudorapidity tbdcking
detector data for the dijet event [CDF - with pession].

The tracking detector azimuthal-radial plot fortteaent is also shown in Fig. 2.18. Recall
that large momentum corresponds to small "bendleamgthe magnetic field. Clearly the jet has
an internal particle structure. There is a “corefanly high momentum particles near to the axis
of the jet, with lower momentum particles assodatéth the jet but emitted at larger angles to
the jet axis. The magnetic field also has the efdécsweeping” the lower momentum patrticles
away from the jet axis, as can be seen in Fig.l2.18

A polar angle projection of a DO “dijet” event isasvn in Fig 2.19. Again the jets are fairly
well collimated in solid angle, deposit energy wthb compartments of the calorimeter, and are
roughly back-to-back in polar angle.
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Figure 2.19: Schematic representation of a tweyent at DO. The shading represents the scaleavfg deposited
in the calorimeters. The first compartment is thectomagnetic calorimeter followed by two hadronic
compartments. This is a projection in polar afigté8 - DO - with permission].

The description of “hadronization” has recourseexperimental data on the momentum
distribution of hadrons found in jets (e.g. Figl&®. Representative data are shown in Fig.2.20.
We simply define a distribution of the hadronicaiments” of the quark or gluon in z, D(z),
where z is defined to be the fractional jet momentaken off by the hadronic fragment, z =
PhadrodPiet. The distribution D(z) is roughly of the formD(z) = (1- 2)°.
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Figure 2.20: Distribution D(z) of the fractional exgy of a hadronic jet fragment. Note the steepoffalvith
increasing z [ref.9 - with permission].

The efficiency to “tag” a jet as having originatéedm a heavy flavor parent (b quark)
depends on the momentum of the jet. Higher enextgyljave longer decay lengths (relativistic
time dilation). However, the existence of many fmemts means that the ability to find the
secondary vertices is not perfect. Therefore, ifwigh to suppress the large background of light
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(u, d) quark or gluon jets to an acceptable letted, efficiency to tag the b jet is reduced.
Multiple scattering error also makes the rejectisore difficult for a low jet momentum. Monte

Carlo predictions from the CDF experiment at thentikab Tevatron are shown in Fig. 2.21.
Note the rise of the efficiency with transverse neotum to a level of ~ 50% for jet transverse
momentum > 50 GeV.

Detection and measurement of jets is by way ofroakdtric determination of the energy of a
localized ensemble of hadrons. We need to know &surately we can detect and measure the
jets given that we know the single particle resolubf a calorimeter. We assume we know the
numerical value of the constants a and b in Eq&irigle particle data are available by utilizing
test beams supplied at accelerators, for example.
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Figure 2.21: Efficiency for tagging a heavy flayjet as a function of the transverse momentum ofj¢iheThe
efficiency for false tagging of light quark or glugets is small under these conditions at all mamé¢mf. 10 -with
permission].

dE? = dE? + dE? +dE? + 2.9
~aE +aE,+aE,+ =aE
The ensemble energy is the sum of the single paeicergiesE =E +E, + E; +. If the
stochastic term dominates in the error on the nreasent of individual hadrons, we find that the
energy resolution of the ensemble is the sameeasitigle particle resolutioldE/E ~alE.
Therefore, if we have, for hadrons typical valuiks,la ~ 50%/GeV and b = 3%, we expect to
measure the energy of a 100 GeV quark or gluowijetan accuracy of ~ 5%.
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In the very high energy case where only the congtam is important, the ensemble is
measured more accurately than the single parfities serves to justify ignoring the constant
term in EqQ.2.9.

z=E/E

2.10
dE/E=b\Z’ +Z +Z} +

If the energies of the jet fragments are equi-paned, then there are n terms of equal
magnitudez =1/n.

dE/E~ b//n 2.11

For a jet-jet mass, M, measurement, we assumehbaingular error is not the dominant
error. This will be the case for objects whose mioton@ is less than their mass because then the
angle between the jets is large. Note that the twwdy mass s
M?=(R+PR), R+ R)*~2R, B =2(EE- ROP For massless jets “decaying”
approximately at rest the error on dijet mass duéhé energy errors on the two jets can be
calculated assumingosg,, ~-LE, ~E,~E~M [ZFor a 100 GeV mass, a 5% measurement
of the mass is expected.

M? = 2EE,(L- cosb,,) = 4E,E, ~ 4E?
dM /M ~a/~2E ~alM
The reconstructed mass of a W boson decaying waoquark jets is shown in Fig. 2.22.
The resonant W mass is measured with a standaifdtidevof ~ 3 GeV. Thus the fractional
mass error is ~ 3.75 % which is of the expecte@mood magnitude. In addition, precise energy
information on individual hadrons from the trackisighsystem can also be used for the charged
hadrons. This technique will allow us to improve thinematic measurements of the jets beyond
the accuracy available by purely calorimetric mdgo

2.12
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Figure 2.22: Distribution of the dijet mass recomsted from energy measured in a calorimeter. Nueresonant
peak at the W mass and the experimental width nlgpait to the errors in the energy measurememés.11 — with
permission].

The neutrinos are “measured” indirectly by lookiagthe “missing transverse energy”,
assuming that the initial state has zero transversergy. This measurement involves a
“collective” variable, as all the transverse eneigan interaction must be measured in order to
find out how much is missing. There are errors tlughe limited angular coverage of the
detectors, finite energy resolution of the calotieng, and failure of low momentum particles to
even reach the calorimeters if there is a strotensad magnetic field.

In the simplified case of an interaction containiogly two jets with no longitudinal
momentum the jet energies aig,~ E, ~M . /®/e assume that the stochastic term dominates
the energy resolution. The missing transverse gniergenoted by, . The missing transverse
energy due to simple jet energy mis-measuremeheis, ~ E - E,. The error on the missing
energy is:

dE; ~a/M ~ a/y E 2.13

Therefore an event containing a dijet of mass 1680 Gas a total transverse momentum of
~ 5 GeV due to jet energy mis-measurement, if 80% fsee Fig. 2.7). We assert that the
generalization to the case of many jets in thel fatate is as shown in Eq.2.13 where we sum
over the transverse momentum of all particles @nitieraction.

62



We now have approximate expressions for the exgaxkrimetric energy error expected
for jet energy, dijet mass, and missing transvareenentum. We will use these estimates in our
discussions of search strategies for the Higgsrboso

An event with a single W boson produced which dsdato an electron and a neutrino is
shown for the DO detector in Fig. 2.23. The elattrenergy goes entirely into the
electromagnetic compartment (in the +y directiomeheThe missing energy measured in the
calorimetry is also shown, (in ~ the —y directiamjlicating the 2-body nature of the W decay.
This is another example of using the energy depdsit all the calorimeter “pixels” to infer the
transverse energy that is missing.

CALTES DID VIEW Z-DEC-1957 10:09[Run 66130 Event 4618[ze-1OY-19%¢ 15:30

oG

Figure 2.23: Schematic azimuthal — radial view @®event with a single W in the final state. Thissing energy
in the event is close to being back-to-back withdleposited electron energy [DO — with permission].

Another event with missing energy in the final st&t shown in Fig. 2.24. In this case a W
and Z boson are produced, where the W decays #vtpvehile the Z decays into arie pair.
Note the back-to-back nature of both the Z and \tage indicating that the W and the Z are
both produced with little transverse energy, arat the missing energy roughly balances the
transverse energy of the electron from the W decay.
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Figure 2.24: Schematic azimuthal — radial view d@& event with a W and Z produced in the final estthe W
decays into an electron ( ~ -y) and a neutrinoy{~while the Z decays into an electron-positrorr jfai+x and — x)
[ref.11 - DO — with permission].

Transverse momentum balance can also be usedrfositti” detector calibration. The
transverse energies are simply assumed to balanewerage, and this assumption is used to
extend the calibration of the mean from a calilitagixel to an uncelebrated one. This procedure
is illustrated in Fig. 2.25.
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Figure 2.25: Distribution of the fractional jet iverse energy difference in dijet events. Nogestharp peak at O
and the steep falloff of the distribution, whichpajrs to be almost a pure Gaussian. The line sussEan fit to the
data. [ref.8 -DO — with permission]

2.5 Muon Systems

The muons exiting from the vertex are charged gagj and thus have their vector position
and momentum measured accurately first in the imgckubsystem. However, muons are rarely
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produced, and our job is to pick out which trackaisnuon in order to trigger on it. Particle
identification is achieved by exploiting the falsat muons (of energy < 300 GeV) do not radiate
appreciably, nor do they have strong interactidierefore, they pass through the calorimetry
depositing only ionization energy (see Fig. 2.18.they pass through the return yoke of the
magnet, all the other particles have been absdolgdtie calorimetry, see Fig. 2.11. Therefore
particles which are observed in the muon systemassemed to be muons, and the issue is to
trigger cleanly on these seldom produced partidiés. most accurate momentum measurement
of the muon comes from the tracking subsystem,eshitedundant momentum crosscheck and
particle identification comes from the muon trackithambers. The two distinct measurements
are illustrated schematically in Fig. 2.26.

C.M.S.
A Compact Solenoidal Detector for L.H.C.

Transverse View

Figure 2.26: Schematic azimuthal-radial layout afom detection in the CMS experiment. The muondiesebent
in the central magnetic field and detected/measimrédlde tracking subsystem. After traversing ta®dmetry and
magnet coil the muon is subsequently bent in tleelsteturn yoke and re - measured in the muon chemnb
embedded in the steel [ref.1, CMS — with permigsion

The main function of the muon system is to perfganticle identification on the muons
and to provide a muon trigger. The trigger is deca#liy simplified because almost the only
particles that survive to enter the muon detectoes muons. Therefore, the first task is to

“pattern recognize” a clean trajectory in the mustectors in an environment which is quite
sparsely populated with particles.
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What is required of the trigger is a reasonablyuest®e measurement of the muon
transverse momentum. A good measurement is neestslide there are many low transverse
momentum muons, which are of little interest. Thegens arise from heavy quark, Q , decays,
Q - g+ u +v,where the Q may arise from a virtual gluon “decay”- QQ . These muons
are copiously produced (Fig. 2.27) and must bectegein the trigger lest they swamp the higher
momentum muons of interest that are due to theydechW and Z bosons and other rarely
produced objects.

The task becomes clear when we explore the sourgauons at proton-(anti)proton
colliders. Muons from the produced b particles duate at low transverse momentum, where the
scale is set by the b quark mass, ~ 5 GeV, as showig. 2.27. At higher momenta, where the
scale is given as % the gauge boson W or Z masshody decay) or ~ 40 - 45 GeV, the main
source of muons is the decay of gauge bosons (gkke R.1). There are no mass scales yet
known above this, so searches for new heavy pestanle made in the tails of the distributions of

2
10 T T T T

UA1

pp—=p + X
/s = 630 GeV

b il L] Data ]
bb, cc, W, Z, DY, Jiy, T

——— W-pv, Z

do/ dp!; (nb/GeVrc) (Inyl <1.5)

0 20 40 60 80 100
p# (GeV/c)

muons from W and Z decay.

Figure 2.27: Distribution of the transverse momentif muons measured in the UA1 collider experinsr€ERN.
The two main sources of muons are the decay ofyhgaarks at low transverse momentum and the defcdy and
Z gauge bosons at high transverse momentum [reflA4,— with permission].

The invariant mass distribution of dimuon eventfrDO is shown in Fig. 2.28. The two
body decayy—-> " 11~ with a ¢y resonant mass of ~ 3.1 GeV is observed. Jhés a narrow
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bound state of a charm — anti-charm quark pairs Tesonant peak can be used to check the
calibration and alignment of the muon chamberstin s

Number of events / 0.3 GeV/c®
B 8 F B

g

0 1 2 * 3 4 5 6 7 8 '“9
Dimuon invariant mass (GeV/c?)

Figure 2.28: Distribution of the mass of dimuonmgan the DO detector. Note the resonpmeak, which is used
for calibration of the momentum scale of the muatedtors. Note also that the width is set by thdtipie
scattering of the muons in the steel and is not tduthe intrinsic accuracy of the chambers [ref.DB, — with
permission].

The mass resolution shown here is rather poor. ifHecause the momentum used in this
plot was determined solely from the muon chambsmw@uld be required in the crudest trigger,
which is the first of several trigger decisionsn& the chambers are interspersed in an iron
return yoke, the momentum measurement is limitednojtiple scattering (see Eqg.2.1) to a
~15% error. The momentum impulse, or change instrarse momentum, due to the magnetic
field B existing over a distance L is ~ BL. The tiple scattering impulse in traversing that
same region is-+/L where the square root is characteristic of ststahdoehavior. Thus the
ratio, which determines the fractional momentunoheson, scales as-1/B+/L . The magnetic
field is limited by iron saturation to ~ 2 T. Thength of steel is limited by financial and
mechanical considerations to ~ 1 m. Hence, thetdohimomentum resolution for muons
measured in steel. The multiple scattering impids@Fr; ),,s,» while the magnetic field impulse
is (AR ); .

dP/P ~ (AR.),s (AR.), ~ 015 2.14

In order to obtain a better measurement, we woalke o supply tracking chambers in a
volume with magnetic field and without multiple gesing. If this is done after the calorimetry
the tracking is clean because there are almostraalyns that survive. However, it makes for a
large, and hence expensive, detector. If we insteiadd to use the inner tracking system, we
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must extrapolate the track from the muon systerk o the tracking chambers and attempt to
match tracks in vector position and momentum. Tingching procedure is, in turn, limited by
the multiple scattering errors induced by passdgth® muons through the calorimetry that
separates the two tracking systems. Different exymnts have made different choices. There is
no “correct” decision in this matter in any evdptecision mass measurements will always come
from the inner tracking system while particle idécation will come from the muon detection
system.

2.6 Typical Inelastic Events

The vast majority of interactions in a proton —t{jgmmoton collider are uninteresting. They
occur at low mass scales/v,., where the dynamics is strong, and hence diffituitompute.
The secondary particles in such a collision have ttansverse momentun, ~A,,. We are
interested in high mass states, which implies fis&te particles with a large transverse
momentum.

Many of the interesting physics processes that Wedigcuss in the later Chapters have pb
(1 pb = 10%%n) cross sections, while the total inelastic crassien, making “minimum bias”,
or inclusive inelastic events, is ~ 100 mb whicH @ billion times larger. Obviously, we are
looking for rare processes and we need to triggasively, as noted previously.

It also must be remembered that, even though we &avinteresting” process occurring at
large R in an interaction, there are also all the sofgrinants of the remaining quarks and gluons
that hadronize and form the “underlying event”.dad, most of the particles in an “interesting”
event are themselves uninteresting. Furthermbeegétectors we use may not be fast enough to
resolve individual interactions. In that case weeha “pileup” of “minimum bias” events within
the resolving time of the detector. Therefore, wedto understand some of the basic features of
these events as they form an irreducible backgraumebp of which resides the interesting high
Pr fundamental interaction wherein new discoveries li

In Fig. 2.29 we display a plot of the mean transganomentum of all produced charged
particles in “minimum bias” events or typical ingfi@ interactions. This quantity, <P is a
weak function of the total available C.M. energy.1@ TeV, it is perhaps 0.5 GeV.
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Figure 2.29: Mean transverse momentum of prodwbedged particles as a function of the center cdsnemergy
in p - (anti)p collisions. Note the logarithmicpgsdence on center of mass energy [ref.15, CDRh-peirmission].

The scale for the mean transverse momentum is @i2 §gale, which is not unexpected.

<P >~ANgep 2.15
We assert thatr', 77°, 1 are produced in roughly equal numbers and areldmeinant
type of hadrons produced in inelastic collisionsonB are produced ~ uniformly in
pseudorapidity. The density of charged particlasypé of pseudorapidity is shown in Fig. 2.30.
It is a weak function of the C.M. energy. At 10 T&é\é density is expected to be ~ 6 charged
particles per unit of rapidity, or ~ 9 pions pertwf n.
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Figure 2.30: Mean number of produced charged pestiger unit of pseudorapidity as a function ofteeof mass

energy in p — (anti) p collisions. Note the rolggarithmic dependence of particle density on aeotenass energy
[ref.16, CDF — with permission].

Therefore, each “minimum bias” interaction in ae¢dr which operates at the 14 TeV
C.M. energy of the LHC and fully covers angles with< 5, creates 90 = 10 x (6+3) charged
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and neutral pions with a total scalar transversrg@ndeposit of 45 GeV. We assert that the
“underlying event” in a “hard” or high transverseomentum collision also has a similar
transverse momentum deposit for the particles prediun addition to the high transverse
momentum ones.

If we are operating at high interaction rates, sashare expected at the Large Hadron
Collider (LHC) at CERN, there may be 20 "minimumadievents” in a beam-beam bunch
crossing which cannot be temporally resolved. Tikishe minimum “pileup” because two
bunched beam crossings are separated by only 25angewe need to use very fast detectors if
we are to have “only” 20 overlapping events. Thaimum “pileup” is a beam bunch containing
1800 particles with 900 GeV of deposited transvensergy. If we blindly apply Eq.2.13, we
expect ~ 15 GeV of missing transverse energy, ena@e, simply due to the calorimetric energy
error made in measuring all the particles in thedbucrossing.

A jet is typically defined to be an ensemble oftjgégs possessing a large transverse
energy deposited in a small circular region of uadR, in(77,¢) phase space, R < 0.7. A finite
jet size in R is required if we are to record h# fet energy, as seen in Fig. 2.17 and 2.18. Since
there is a substantial “pileup” of transverse eperfglse jets may be detected at low jet
transverse energies ~ 30 GeV, while at highernetgies the extra pileup energy must also be
accounted for and the jet energy corrected.

Triggers and reconstruction algorithms need to labkansverse flow within the jet cone
to select real jets, which have a “core” as opposed uniformly distributed pileup. For
example, a cone of radius R ~ 0.7 contains > 1@6élIpiof the size shown in Fig.2.16. That
granularity is sufficient to resolve the detailseofergy flow within the cone defining the total jet
energy. Jets have a limited momentum transverskeet@arent direction,kand a distribution
D(z) of the momentum of the hadronic fragments witleading” hadronic fragment taking off,
on average, a fraction, sz > ~ 0.2, of the parent jet energy - see Fig.2.20.

The “pileup” transverse energy found on averagang “cone” of radius R ~ 0.7 is 20
events x 0.5 GeV/particle x 9 particles/areai®?j / 2rm~ 22 GeV. We must use the additional
information on the structure of the energy flowhit the jet to reduce the number of false jets
due to pileup

As seen in Fig. 2.31, a cut on the transverse gn#agv within a cone is a good
discriminant between jets with transverse ener@30~GeV and “fake jets”. The signal in Fig
2.31 consists of “tag jets” from the WW fusion peses (Fig. 2.14), while the background is due
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to pileup of <n> = 17.3 minimum bias events, onrage. Clearly, asking for a “leading jet
fragment” with a large fraction of the total jeamisverse energy works fairly well.

sfficiency

blnick — min,?hins <1 ',?.3} pp1r|itar

_qllllillllillllilll
19 ¢ 25 5 7.5 10125 15 17.5 20 22.5 25
cut on max trigger tower Et in HF, GeV

Figure 2.31: Efficiency for the rejection of faketg with respect to the efficiency for finding tggs at high
luminosity in the CMS detector. The cut is on teading pixel transverse energy for events with rrecenergy of

40 GeV [CMS — with permission].
2.7 Complex Event Topologies in DO and CDF

Clearly, several different fundamental particleshef SM can occur in a complicated event.
An example is the CDF event shown in Fig. 2.32. Ol&F detector has three main detector
systems; tracking - Silicon + ionization in a magndield, scintillator sampling calorimetry,
(EM - e,y and HAD - h), and ionization tracking for muon ree@ments.

This event contains four jets as recognized bytitlémg localized energy deposits in the
calorimeter pixels. In addition there is an elegtraecognized as energy deposit in the
electromagnetic compartment of the calorimetryhvetmatching charged track in the tracking
detector. There is also a neutrino, as identifigdhe existence of missing transverse energy in
the calorimetry. In addition, two of the jets haserondary vertices in the tracking subsystem,
which makes them possible b quark candidates.
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Figure 2.32: A complicated event in the CDF detectd@his event contains an electron, four jets, amdsing
energy due to neutrinos. Note also that there ezerslary vertices in the event indicating that sofnihe jets are
the decay products of heavy quarks [CDF — with pesion].

A complex event from DO is shown in Fig. 2.33. Th@ detector has three main detector
systems; ionization tracking, liquid argon calorirgg EM, e, and HAD, jets,), and magnetized
steel + ionization tracking muop, detection/ identification.

This event, shown in a polar view, has jets in lkb#hcompartments of the calorimetry. It
also has a muon candidate (~ +y), which is conftrtog the presence of small ionization energy
in the calorimetry and an associated track. Intewhd there is an electron candidate with energy
deposit only in the electromagnetic compartmenta(snadius) with an associated track (~ -y).
Finally, there is a neutrino candidate in the eyvefierred from the missing transverse energy.
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Figure 2.33: A complicated event in the DO detectdhis event contains jets, a muon, an electrad, rissing
energy [DO — with permission].

The examples given here indicate the complexitythef events that can be studied in
general purpose detectors. We conclude that adesifgned general purpose detector can use
specialized subsystems to identify and measureopbptlectrons, muons, jets of quarks and
gluons, and neutrinos. Heavy quarks and leptonfuaiteer identified by searching in the tracker
for separated secondary vertices. The W and Z gbhagens decay rapidly and are identified as
resonant peaks in the mass of their decay products.

Particle tracking affords very accurate measurementelectrons and muons. Precision
electromagnetic calorimetry provides energy measargs of order 1 % (100 GeV energy) for
photons and electrons. Gluon and quark jets aresuned somewhat more poorly in the hadronic
calorimetry, perhaps at the 5 % level (100 GeV gylerNeutrinos are also “measured” in the
calorimetry, to a similar precision, but the longiinal component of the neutrino momentum is
not well measured due to the necessarily (e.g. uracbeam pipes) incomplete polar angle
coverage of the detectors.
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Exercises

1. How far, on average, will a b quark with lifeenar = 475um and energy 60 GeV travel
before decaying?

2. Evaluate the estimated muon lifetime, E4.@ith muon mass = 0.105 GeV.

3. Use COMPHERP to find the muon lifetime, e2-2l,n2. Check the diagram(s). Are they
what you expected?

4. Use COMPHERP to find all 2 body decays efZh Z->2*x. Evaluate the branching ratios.

5. Suppose a charged particle with 1 GeV momensubeint by 1 radian in traversing 1 m of
tracking detectors. What is the expected momentuar &r a 1 TeV momentum particle
if the angular error iglg ~100urad ?

6. What is the relationship between the differénbiathe pseudorapidity (Eq.2.7) and the
polar angle?

7. For a 100 GeV pion, estimate the total numbeshafwer particles produced (Eq.2.8) and
the implied fractional energy error.

8. Estimate the pseudorapidity (see Fig.2.14)1fleV u quark in the incident 7 TeV proton
emits a W with a transverse momentum of 40 GeV.

9. Estimate the emission angle, with respectegeahaxis, of a z = 0.1 fragment of a 100 GeV
jet if the fragment transverse momentum is ~ 1 GeV.

10. Work out explicitly the result given in Eqg.2t8at the stochastic error on an ensemble of
particles is the same as that for a single particle

11. Work out explicitly the result given in Eq.Q,1hat the constant error for an ensemble of
particles is less than that for a single patrticle.

12. What is the dimuon opening angle for a 10 @edécay ( mass 3.1 GeV)?

13. Use COMPHEP to find the decay width of the.t€ompare to the width quoted in
Chapter 2, e3->n3, 2*x. Evaluate the 6 sub prosessdind branching fraction and total
width.

14. Use COMPHERP to find the total decay widthtfoe heavy quarks and leptons discussed in
this Chapter, e3->3*x, c->3*x, b->3*x. Compare e tdata plotted in this Chapter.

15. Explicitly work out the threshold for piongaluction in pion — proton interactions. The
energy threshold occurs when the reaction usethalenergy to produce mass and none to
give the reaction products kinetic energy. Thus,palticles are at rest in the C.M. at
threshold.

16. Use COMPHEP to look at “tag jets” in d,u->tidPlot the distribution of u rapidity and
compare to the result given in the text.
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3. Collider Physics

“It is of the highest importance in the art of dztien to be able to recognize out of a number of
facts which are incidental and which are vital...l.would call your attention to the curious
incident of the dog in the nighttime. The dog dathing in the nighttime. That was the curious
incident.” - Sir Arthur Conan Doyle

“Science is the refusal to believe on the bastsopie” — C.P. Snow

In the previous two chapters we first defined tinediamental particles of the SM and their
interaction and then discussed how they can beeteand their properties measured. We now
know roughly the quality of the measurements we gake. Finally we have given some
examples of COMPHEP calculations and this toolalable to us.

Now we turn to the question of how particles aredpiced in proton — (anti)proton,
(p—p, p—p) collisions. We will deal only with high transversnomentum, or high mass
interactions. There are several reasons for tihitse first is that the QCD is weak at high mass
scales, and therefore high mass processes canldudated perturbatively. Secondly, the vast
majority of interactions produce particles at lovansverse momentum. Thus, the high
transverse momentum interactions are the rare thia¢stand out above the background. New
phenomena can be expected to have a favorablel smmmise ratio in events with particles
having a high transverse momentum. Third, if wel eétln high mass fundamental interactions,
the strong interactions can be “factored out” @f pinoblem, as we will see.

We can define the distribution of quarks and gluamghe initial state proton using
experimental data. The dynamics is non-perturbativieh therefore is not calculable at present.
However, the basic interaction of the SM particdas be predicted for a given process since it is
a fundamental process consisting of a point-likeraction between fundamental particles. We
will argue that, at high transverse momenta, thscharoton - (anti)proton interaction factorizes
into an experimental description of the source h&d fundamental particles in the proton, a
calculable fundamental process and (perhaps) andeexperimental description of the
hadronization of the final state fundamental pleticnto asymptotic, colorless final states.

3.1 Phase space and rapidity - the “plateau”

We begin by looking at the kinematics of the pramtcor “secondary” particles. The
rapidity variable, vy, is defined in Appendix C, adpwith other kinematic variables and details
which are used in this chapter. The magnitudéefgarticle momentum is P while energy is E.
The momentum component parallel to the beam islddbby B, while the perpendicular
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component is defined to bB,. The solid angle element Q. The rest mass is m, and the
azimuthal angle ig.
E = m, cosh
T 6OSh Y 3.1
m? =m?® + P}
If the transverse momentum is limited by dynamwes,expect (Appendix C) a particle at
small y will have a uniform distribution in y. Inegeral all produced particles are uniformly
distributed in rapidity, at least at wide anglessmall rapidity.

As shown in Appendix C, the rapidity, y is approaied by the pseudorapidity variaktg,
defined in Chapter 2 if the particle masses ardllsmth respect to the transverse momentum.
Therefore, the detector shown in Chapter 2 was eatgd into “pixels” of equal one particle
phase space; A7Ag@, by design.

As a numerical example, the rapidity of an incidenbton in a proton — (anti)proton
collision is given below for the Fermilab Tevatrand the CERN LHC. The maximum value of
y at fixed E occurs at{P?= 0, coshy,,, = E /m=y.

PL@ 2, 14TeV
Yoax = -1, 96
We now give an example of the rapidity “plateaur’,region of uniformly distributed y

centered on y = 0. In this Chapter and in laterpgidra, Monte Carlo results are either the result
of “homebuilt” programs written by the author orisar from using the COMPHEP code -
running under Windows2000. More details for COMPHEE given in Appendix B. Thus, the
exposition given in the text is designed to be cemgntary to a ‘hands on” exploration by the
student using the COMPHEP code.

3.2

COMPHEP provides a display of the Feynman diagrdratscontribute to the process that
is defined by the user, and we will often displagm as they help very much in visualizing the
nature of the particular problem. A Feynman diagishows the space-time evolution of the
fundamental particles of the SM, which scatterhesy texchange the force carriers we discussed
in Chapter 1. Space is vertical and time is hariabin the diagrams given in this text. We show
in Figure 3.1 the fundamental gluon scattering iag provided by COMPHEP, where two
gluons existing in the two incident protons eittmihilate to form a single virtual gluon
(trilinear coupling) or exchange a virtual gluonaimalogy to Rutherford scattering.

77



Figure 3.1: The COMPHEP Feynman diagrams for gkaattering.

Proton — (anti)proton scattering has this fundamdgmtocess as a sub-process, as we will
explain later. For now, we will simply accept thesults of the COMPHEP Monte Carlo
program, which are given in Fig. 3.2, and note ¢hiéstence of a rapidity “plateau” which
indicates that the produced patrticles follow sireticle phase space at wide angles.
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Figure 3.2: Rapidity distribution for produced ghsoat the LHC (14 TeV p-p C.M. energy). The smaitbwas
indicate the limits of the angular coverage of die¢ector shown in Chapter 2. The larger arrowscatéi the initial
proton beam rapidity in the C.M.

Note that the “error bars” shown in the figure previded by COMPHEP as an estimate of
the error in a given data point due to the limitagnber of Monte Carlo events which are
generated. The interested student can run COMPIeEStans with a variable number of trials,
plot the results, and see how the error bars shvittkthe longer computations.

The kinematic limit is at rapidity ~ 9.6 (final staparticle energy cannot exceed the initial
particle energy). The region around y = 0 (90 degii@ polar angle) has a ~ flat “plateau” with
width Ay ~ 6 for the LHC. Recall the detector coverage toupseudorapidity of +5 and -5
discussed in Chapter 2. That is, indeed, a goodhatthe distribution shown in Fig. 3.2. The
width of the “plateau” depends on the produced igartmass and transverse momentum,
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(Eq.3.1) but only logarithmically. Therefore, thiaggau width at the LHC will be of order ~ 6
independent of the dynamics or of the productiomcess, at least for mass scales small with
respect to the C.M. energy.

There are two general purpose experiments in pssge the Fermilab Tevatron
accelerator complex, called DO and CDF. We havweadly shown examples of events from DO
and CDF in Chapter 2. We will now use data fronséhexperiments to illustrate production. For
example, data from the Tevatron experiment DO hosva in Fig. 3.3. The cross-section for the
production of “jets” arising from the fragmentatiohquarks and gluons is shown as a function
of the jet transverse energy for different rapediti We will use energy and momentum of a jet
interchangeably because we assume that jets hgligible masses.
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Figure 3.3: DO data for the jet cross section ffedént pseudorapidity ranges as a function ofdvanse energy of
the jet [ref.1 — with permission].

We can easily see that for Emall with respect to the C.M. energy of 2 Te\f (E100
GeV) there is a rapidity “plateau” at the Tevatmwith Ay ~ +-2, total width ~ 4. Comparing
LHC (Fig. 3.2) Monte Carlo model predictions andvaion data (Fig. 3.3) we see that the
plateau width increases with C.M. energy incred¥e. can also see that the plateau width
shrinks at fixed C.M. energy as transverse enangseases, as expected from the definition of
rapidity given in EqQ.3.1.

3.2 Source Functions — protons to partons

We assume that the proton is the incoherent sungaatum phases of the wave function)
of “valence” u and d quarks, radiated gluons, affdem” of quark and anti-quark pairs. The
proton quantum numbers are satisfied if the pragothought to be a bound state of u + u + d
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“valence” quarks. The “sea” gluons can arise fraadiation by the valence quarks and the
antiquarks can arise from subsequent gluon “spittior virtual decay into quark-antiquark
pairs.

The lack of interference in quantum amplitudes corftem the fact that there are two
fundamental scales to the reaction, the bindingggnscale, or the size of the proton, and the
“hard” or fundamental collision scale. We will ope at “hard” or large transverse momentum,
P, scales well above the binding energy scéle>>A\,. A proton will disassociate into a
virtual state of “partons”, or fundamental parteclef the SM. This state has a lifetimé/A .,
which is long with respect to the collision timatlis set by 17 . During the hard collision, the
partons can be considered to be free. Thereforpdhtens scatter incoherently and the proton
cross section is simply the sum of the individuaitpn cross sections.

In this limit, the quarks and gluons inside thetpnocan be represented by classical
probability distribution functions. The probability observe a given constituent of the proton is
described by a distribution function, f(x), (seg.F3.4) where x is defined to be the fraction of
the proton momentum carried by the parton. Thesgilgluitions are necessarily determined by
experiment because they describe the proton bingi@ghanism at mass scales where QCD is
not perturbatively calculable. In this text we vaiinply accept them as a known input. We assert
that the distribution functions are universally bqggble to all fundamental processes as are the
fragmentation functions (see Chapter 2) descriligtransition from the final state partons to
the asymptotic hadron states.

)

L f(ﬂ)\\ |

Figure 3.4: Schematic representation of the partores proton (A) - (anti)proton (B) collision. Thaistribution
functions for the initial state partons are showlgng with the kinematic definitions of the partomo body
scattering and coupling constants.

The C.M. energy of the p — (anti)p state A + Bris. The fundamental “parton” (or
point-like particle) reaction is 1 +2 X > 3 + 4. The fundamental parton dynamics is given a
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schematic representation as the product of two loguponstants. The first refers to the initial
state, 1 + 2 forces, while the second refers tofite state, 3 + 4. The two body parton
scattering occurs at C.M. energy (or mass of theposite state X) ofs. The process is
factorized into the distribution of partons in timéial state, the subsequent scattering of those
partons, and the final fragmentation of the firtates partons into hadrons, if that is applicable.

In what follows we will sequentially examine thdfeient factor from left to right. First we
look at the “underlying event” which results frolretfragmentation of the fractured proton and
(anti) proton after the hard emission of the ihistate partons. Then we will consider the
distribution functions. In Section 3.3 the initehte 1 + 2 is explored, followed by the point like
scattering, 1 + 2> 3 + 4 in Section 3.4. The one and two body finales are then discussed in
Section 3.5 and 3.6 respectively. Fragmentatiah®final state partons is considered in Section
3.7, which completes this chapter.

The residual fragments of the fractured p and Ygntvolve into “soft”, R ~ 0.4 GeV,
pions with a charged particle density ~ 6 per ohitapidity and equal numbers of, 10, and
. We have already mentioned the “underlying eventThapter 2. We expect that every
interaction will contain a similar distribution tdoft”, or low transverse momentum patrticles. In
Fig. 3.5 we show the transverse momentum spectngritee pseudorapidity distribution for the
particles produced at low transverse momentum atopr- (anti)proton collisions with no
restriction on the final state. The jargon for #hesvents is — “minimum bias” events or
“inclusive” inelastic interactions, those which acdf no selection, or trigger, on the final state
imposed.

There is clearly a plateau in pseudorapidity withagticle density, which rises slowly with
C.M. energy. The plateau width also increases Witkl. energy, as expected. The transverse
momentum distribution is tightly localized to vatug 0.5 GeV. In general, the C.M. energy
dependence for{P< 1 GeV is small. The transverse momentum behaaarbe fit to a power
law at low transverse momenta.

do/ mydg ~ Al(p; +p,)"
A~ 450mb/GeV?, p, ~1.3 GeV,n~ 82
The coefficient A is of order 100 mb. Since 100 mb isghty the total inelastic cross
section, the low Pparticles make up the bulk of those produced in alagtic interaction in p —
p collisions. The falloff of the cross section at transvensenenta above ~ 2 GeV goes as a
power of the transverse momentum.

3.3
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Figure 3.5: a) Data at different C.M. energies ba tross section of charged particles produced n(gnti)p
collisions as a function of their transverse momenfref. 2 — with permission]. b) Data at differéhM. energies
on the cross section of produced charged partades function of C.M. pseudorapidity of the paeticef. 3 — with
permission].

The fragments of hadrons A and B at lowrfferge smoothly with fragmentation products
of “minijets” or jets at “low” B for transverse momenta higher than ~ 10 GeV. Theugtimh
of gluon jets has a cross section of ~ 1 mb at a temesvmomentum ~ 10 GeV. The boundary
between the “soft” physics shown in Fig. 3.5 and therdrscattering” shown in Fig. 3.6 is not
very definite. The Monte Carlo prediction shown in Fig. i3.6¢ COMPHEP result for gluon —
gluon scattering in 14 TeV p — p collisions (LHC).

Jet PT Distribution at LHC - "minijets”

10 10 10
PT(GeY)

Figure 3.6: COMPHEP Monte Carlo results for thessreection for gluon “jet” production at the LHC latv
transverse momentum. The additional line indicatesoss section, which decreases with transverseemia as the
inverse cubedo /dR. ~ 1/ P,
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There is an approximate power law falloff (straight linetlos log-log plot of Fig. 3.6) of
the low transverse momentum jets. This characteristicviilmhia ultimately due to the point like
nature of the fundamental particles and their interactiotiserStandard Model, as we will see
explicitly later in this Chapter.

Leaving the breakup of the fractured p — (anti)p we nook lat the parton distribution
functions. We will try to gain a qualitative understanding ledirt simplest characteristics.
Suppose first that there was very weak binding of theuut+d “valence” quarks in the proton.
These quarks are the ones which give the proton itdwumamumbers, such as charge = e = e(2/3
+ 2/3 — 1/3). For weak binding, all three quarks wowddehthe same velocity, as shown in Fig.
3.7.

Figure 3.7: Schematic representation of the mommerfitaction of the three valence quarks in a profdre binding
is assumed to be very weak.

We expect that the valence quark distribution function), fik a very sharply peaked
function centered at x = 1/3 in this case. The variab&tke fraction of the momentum of the
proton carried by the fundamental particle, or partorw@ier, the u and d quark masses are ~ 5
MeV (see Fig.1.1) and the proton mass is 940 Me\erdfore the quark motion inside the
proton must be relativistic since the effective mass of tta¢ $ystem is much greater than the
sum of the masses of the constitue@mce the quarks are bound together in a proton of slze ~
fm, we expect,AXAP ~ 7, Ax ~ 1 fm, P ~AP ~ 0.2 GeV Aqcp), that they have momenta ~ 200
MeV.

Since the bound quarks are in relativistic motion, they easily radiate gluons. This
means that the gluons are distributed, for very small sadfiex, such that xg(x) ~ constant,
where g(x) is the distribution function for gluons. Gluorentiselves can then virtually “split” or
“decay” into quark — antiquark pairs which implies that xs{xconstant, where s(x) is the
strange quark distribution function. For this reason andistin is made between the valence
guarks and the “sea” of radiated gluons and quarkpaank pairs (see Fig. 3.9).

We now justify the assertion that [xg(x)] is constant. Threerkatic definitions for the
emission of a massless boson of momentum k, ergrgy a relativistic fermion of momentum
P are given in Fig. 3.8. The quantity x is defined tothee fraction of the parent momentum
carried off by the boson.
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P (1-x)P

Figure 3.8: Schematic representation of the raahiadf a massless particle of enexgymomentum k by a particle
of momentum P. The final state fermion has a foexctl-x, of the initial fermion momentum.

In perturbation theory the reaction amplitude, A, in np@ativistic quantum mechanics
goes as the inverse of the energy difference betweernnitial and final states (no bosons
included) A ~1/AE =1/(E,; — E). Therefore, the amplitude for the radiation of laog of
momentum fraction x goes as ~ 1/x, and the emigkon will be “soft”. We use the
approximation that a high energy particle has; \/? +m*=P+m*/2P~P.

AE~P-(1-x)P
A ~1/x
Using the conservation of both enerdy= E' + « , and momentumpP = P’ + k, we assert
that, after some considerable algebra, we find riflation w=kcosfd =k;. Therefore, the
massless radiated gluon will be ~ collinear wite garentf ~ 0. Radiated gluons are both soft
and collinear.

3.4

The experimentally determined distribution functiohvalence quarks, gluons, and sea
anti-quark — quarks is shown in Fig. 3.9. Thera i®sidual “memory” of the x ~ 1/3 value for
the valence quarks, but the mean x value is redbeeduse of radiation. The gluons and sea
antiquarks have the characteristic xf(x) ~ corediative behavior at small values of x. They are
the dominant “partons” at low x values. At largevalues they are highly suppressed and the
valence quarks dominate for x > 0.2.

Let us briefly mention the reason why the distiititftunctions depend on the mass scale,
Q, at which they are probed, as shown in Fig 3.8.Réep in mind that the variation with mass is
slow — logarithmic. To lowest order we could igndines variation, and we do so for the rest of
this Chapter. COMPHEP, however, has the appropbel@vior built into the program.

The “running” or variation of basic quantities witlass scale, conventionally called Q, is
due to quantum corrections that contain additiguuavers of the coupling constants. Details are
given in Appendix D. The root cause of the “runriibbghavior in the case of the distribution
functions is the radiation by the colored quarksl @uons. For example, a quark with
momentum fraction x in the distribution functionncéde produced by a quark at a higher
momentum fraction which has subsequently radiatgid@n and thus lost energy (see Fig.3.8).
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Figure 3.9: a) Distribution of the momentum frantiof the valence up quarks in a proton. b) Momentu
distribution of the radiated anti - quarks in atpro ¢) Momentum distribution of the gluons whictoyide the

binding force in a proton [ref. 4 — with permisgion

QCD perturbation theory provides us with the dggmn of the emission of a quark plus
gluon by a quark. In principle we could now “evditke distribution functions, q(x,€), from
one mass scale, Q, to any other mass scale bingavset of equations describing all the
radiative processes that quarks and gluons undé@tgmresult, see Fig.3.9, is that as the mass
scale increases the importance of radiative presegsows which enhances all the distribution

functions at lower x, depleting them at high x. Thgon distribution grows rapidly at low x as Q
increases. This behavior is seen in Fig. 3.10 f010x02, where g(x) grows faster than 1/x.

COMPHEP has two sets (MRS and CTEQ) of distribufiorctions available. Therefore, it
is advisable for the student to run the programttiersame process but using the two different
distribution functions. If they are well measuredthe region of x probed by the process in
guestion, the results should be insensitive tocti@ice of distribution function set. If they are
not, then there is a “theoretical” uncertainty ine tpredicted cross section because the

distribution functions have been extrapolated tpaes of x (or Q) beyond where they have been
well measured.
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Gluons are observed in other experiments to capgroximately half the proton
momentum. That fact can be used to normalize thengtlistribution. A power law suppression
of high x values is accomplished by assumir(@-ax)° factor in the xg(x) distribution.

xg(x) = 7/2(1— x)°
_[xg(x)dx =1/2
Some fits representing the measured gluon distabdtinction are shown in Fig.3.10. The
discrete points are representative values of EgsB®wing that this simple parameterization is a

reasonable first approximation to the gluon disiiiiin. Therefore, for gluon induced reactions
we can also have confidence in our ability to makKeack of the envelope” calculation.

3.5

xG(x.0Q)

xg(x)

Q=50GeVic

e b b b b b 1y
0 0.1 0.2 0.3 0.4 0.5 0.6 07

-3
10

X

Figure 3.10: Gluon distribution functions takennfrdits to experimental data. The dots are a fewsdrom Eq.3.7
[ref. 5 — with permission].
3.3 2 body formation kinematics

The parton distribution functions give us the jgnobability of finding a parton of type i
at momentum fraction ;xemitted by hadron A and parton of type j atfsom hadron B,
fiA(x) % (xz). In what follows we will drop some of the indicdsyt the context should be
clear. The partons are assumed to have ~ no tramesr@mentum, since we argue that the scale
for binding energy contributions to transverse motm is ~ Ay,. The partons have
longitudinal momentump, =xP and p, =x,P respectively, where P is the momentum of

the proton in the p—p C.M.
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Figure 3.11: Schematic representation of the inéti@e in parton — parton scattering initiatedaby-p collision.

The mass, M, and momentum fraction, x, of the caiipal + 2 initial state is then
found, by conservation of relativistic energy anementum, in terms of the momentum
fractions of the initial state partons and the @-pl. energy squared, s. The details are given in
Appendix C, butx = x, — %, should be obvious.

XX =M?IS=1, X=X —X, 3.6
A typical value, <x> for the momentum fraction betparton producing a state of mass M
(at x = 0) at p — p C.M. energys is then7 =M /+/s.

The width of the rapidity plateaudy, can be roughly estimated by finding the
kinematic limit when the momentum fraction, x, diet system approaches 1. We use
the definition of rapidity (see Appendix Cf, = m; coshy, B =m; sinhy and the definition of x,
x=p,/ P=msinh y/ P= 2m sinh yA/ . The width depends only logarithmically on the mas
of the produced state and the C.M. energy. Notiextkal implies y = paxandAy =2y, ..

X=(2m sinhyA/s)~(MA/ s)é

3.7
Ay ~2In(/s/ M)

A system of mass M is formed by a parton witHrem proton A and a parton with, from
(anti)proton B. The joint probability, P, to form a system of mass M moving with momentum
fraction x assumes independent emission of thepavtons. The variable C in Eq.3.8 is a color
factor having to do with normalization of the distition functions, which we will explain later,
as needed. The fundamental parton scattering isrided by the cross sectiofi while the
proton — (anti)proton cross sectiorois

do=P,Rdi= Cf(x) dx f( ¥ dxd(1+2 - 3+ 4) 3.8
We make a change of variables in order to exptessrbss section in terms of observables
in the final state, M and y, converting fromand %, dx,dx, = dtdx. Once we measure M and y
in the detector, we can infer the values efaxd %, at least for two body scattering (see
Appendix C). Assuming a plateau of widily we can estimate the full cross section as follows
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do = Cf*(x) °(x) dr dydi(1+2 — 3+ 4) 3.9
(do/drdy) = CP(Jr) (1) d(1+2 - 3+ 4)

Ac ~ (do/dy),_,Ay. The value oAy varies only slowly with mass (see Eq.3.7), @ |
number of order 4 - 10 at the LHC.

The last line of EQ.3.9 shows that the differentiedss section is a function of a single
dimensionless variabla, This is an immediate prediction of the model,ependent of any
particular dynamical assumptions. This “scalingh#&eéor is confirmed in a wide variety of
hadron collider data. An example using jet datawat different C.M. energies is shown later in
this chapter. We see also that in order to makibadumprogress we must know the fundamental
scattering processlg(1+2 - 3+ 4)Ne know this scattering cross section since viev®we
understand the dynamics of the fundamental pastmi¢he Standard Model.

3.4 Point-like scattering of partons

We are now, moving left to right in Fig. 3.4, aetphoint of considering the fundamental
parton scattering process. In non-relativistic quanmechanics, the Born approximation to the
amplitude, A, for a process is the interaction Heamian sandwiched between initial and final
plane wave (free particle) states |i> and |fex< f |H, |i> ~_|'e"”\/I (r)df, which is just the
Fourier transform of the interaction potential(r¥whereq=k; — k ,q ~k is the momentum
transfer in the reaction. A familiar example is the 1/r Coulgotential, which yields a Born
amplitude ~ 1/§describing how the virtual exchanged photon propagates in momentum space.
In turn this leads to a cross section (Rutherford scatterimighwgoes as the square of the
amplitude ~ 1/& 18*, which should be familiar.

We use the relativistic parton variablés the C.M. energy squared, arid the four-
dimensional momentum transfer (9, - p,),, [{p;— p)*. The variabled is defined such that
S+t +0=0, ignoring the small masses of the partons. Thatgdike cross section we use has
an overall factor which contains the coupling cantt at the 2 vertices in Fig. 3.4 called out
explicitly as well as the general point like enedippendence.

G~ mayay) | A 13 310
The remaining factors depend on the specific peesl are given in Table 3.1. These

entries are all numbers of order unity at largdtedag anglesé =71/2. The 1/t behavior, t ~
o, expected in Rutherford scattering is also in eni. Therefore, the expression for a general
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point like cross section given in Eq.3.10 is a ukéfst approximation to the cross section. We
will adopt it in making our back of the envelopdccdations. These estimates should be made as
a “reality check” before jumping into the COMPHERgram.

Process M _ §=7/2
9¢ — qq' 3-32 :;uz 2.22
99 — 4q 45(32:;“2 sﬂ;:’)_%z_‘; 3.26
@ —d7 ﬁ;-tz ’:2"2 0.22
97 — ¢ g(sz;uz tz:,uz)—%g 2.50
97 — 99 g%tz :;uz - gtz ;uz 1.04
99 =44 %tz :;uz - gta "_:,"2 0.15
99— 99 ﬂgsz;:"z “2:; s 6.11
99 = 99 2(3—%‘—%—:—:) 30.4

Process S IMJ?

- 812 4 u?

99— 9 "

1% +u?
99— 19 -

Table 3.1: Point-like cross sections for partonaftgn scattering. The entries have the generic rdbpee of
Eq.3.10 already factored out. At large transvergementa, or scattering angles near 90 degrees @), the
remaining factors are dimensionless numbers ofrarde [ref. 4 — with permission].

We define the luminosity, L, such that the lumihpsmes the cross sectioa, gives the
observed interaction rate in reactions per secdwsl.an example, the LHC has a design
luminosity leading to a total inelastic interacti@te of ~ 1 GHz. Since the accelerator has radio
frequency (r.f.) bunched beams crossing every 2f,nthere are ~ 25 inelastic interactions
contained in each bunch crossing. This leads tteupl' in a detector since events within a
bunch crossing cannot be temporally resolved.
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o ~100mb
L ~10*/(cnv sec) 3.11
oL ~10°Hz

As a quick “reality check”, we revisit the low tarerse momentum jet rates. Because the
process occurs at low mass and hence small x,ltlo®-ggluon cross section dominates. The
probability to find a small Pjet, or “minijet”, in an LHC crossing is not smallVe estimate in
Eq.3.12 the cross section for producing gluon pabdeve a mass Mrom Eq.3.9 and Eq.3.10.

M3(d0/dey)y:0 =2[xd ¥]° ©€ & X n ¥
Aog(M >M,) ~ Ay[xg( R m?| A®1 M]
The differential cross section falls with masslesthird power. This power law behavior is

characteristic of point like fundamental process®¥¢e can use the gluon distribution
normalization, the rapidity full width and the sig coupling constants to estimate the jet-jet
cross section for masses > 10 GeV. For small Xx)¥g 7/2. The rapidity width is ~ 10, while
a,~0.1. Using, JA(@+g> g + 0)f from Table 3.1, we find a cross section ~ 0.4 thbva a
mass of 10 GeV.

3.12

It is a gratifying “reality check” of Fig.3.6 witM/2 ~ Pr — Appendix C, that the simple
estimate of the cross section is a number of atdab. We took C ~ 1 which means we ignored
the color matching of the gluon from hadron A tattfrom hadron B. We are then assuming that
any color mismatch can be radiated away by very glabns with probability ~ 1 which does
not alter the reaction rate.

3.5 221 Drell-Yan processes

We are now going to look at resonant formation sfragle particle in the final state. For
historical reasons this is called “Drell-Yan” pration. We first recall that in quantum
mechanics a resonance describes an unstable stlatae mass, M, and a distribution, the Breit-
Wigner distribution, of masses having a finite widt. The decaying state then has a finite
lifetime 1 ~ A/l. The cross section for producing a state of spis mited by unitarity,

G <41k (2] + 1), where the deBroglie wavelength,,,, is related to the C.M. momentum,
P*, and hence the mass 8, ~7# /P ~ 21 /M .

We will assume that the width is small with respicthe mass, and then integrate the
C.M. energy over a mass range roughly equal towtickh of the resonance. In this way, we
integrate EqQ.3.9 over the final state mass to fir@cross section for resonance production as a
function of rapidity. The partial width for formati of the state in the reaction 1 + 2 is defined to
berl,,.
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[(@)ds= 23+ 1),/ M)
M?(da/dy) = Cl xA( Y xf( x]x: ﬁ[nzl'lz(Z 1)/ M

3.13

In order to obtain a rough estimate of the crosgi@® we note in the absence of any
dynamics the ratio of the resonant width to the sriasdefined by the strength of the relevant
coupling constanta,,. The cross section on the plateau times the sqofatee mass also
“scales”. It is a function only of the dimensiordegriablet. This predicted behavior has been
observed in, for example, the production of W anblagons at different C.M. energies. As a
rough estimate we expect the cross section ta,pe I,/M® ~a,,/ M?.

3.14
M,/M~"a."

Let us look at the kinematic correlation betweee tvo partons in the initial state. A
simple Monte Carlo program has been written whidkgx, from xg(x) and x out of xg(x),
weighting by the dynamics, ~ 1/Msee Eq.3.13) The final state mass is fixed at 200 GeV and
the C.M. energy is 2 TeV. The scatter plot of theepted x values is shown in Fig. 3.12. There
is a kinematic boundary, where <x> ~ 0.1, whictithe y = 0 value occurring when % X.
Because we produce a fixed mass the kinematic @oyne, x, = M?/ s=0.01, is quite sharp.
The minimum value of the momentum fraction of oetgn occurs when the other parton has
an x value of 1x . =7 =M?/s. In this case the minimum value is x = 0.01.

Hy -y Tor M =200 Ge, 2 TeV om Energy, x,x, = Wfs

07

Figure 3.12: Scatter plot of the momentum fractiéhe gluons in a proton — (anti)proton collisionhe produced
mass is fixed at 200 GeV and the overall C.M. epés@ TeV.
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Now let us look at the production of single W andydiige bosons as a function of the
available C. M. energy. The W and Z couple toulend d quarks in the proton, since the gluon
has no flavor or weak charge. Therefore, the pribolmenechanism arises from quarks and anti-
quarks in the initial state. There is no sharpégold” energy for W production because the
guarks have a wide distribution of momenta witliia proton. We can think of the proton as a
beam of quarks and gluons with a broad momentugeran

The COMPHEP Feynman diagrams for these  productionrocegses
are shown in Figure 3.13. The W and Z are formed ihe reactions
U+u-2Z- €+¢€, w dv W eti,. Incidentally, COMPHEP does not allow single
particles in the final state, which is why we chaggarticular W and Z decay mode. We will use
here, and later, the up quarks alone as a rough dstimate of the cross section, because
electromagnetic cross sections go as the squdhe gfuark charges. Thus the up dominates over
down quarks in the cross section sum by a factet. dihe student should try different quark —
antiquark pairs in the initial state in COMPHEP forproduction to verify this assertion. In
principle we should use COMPHEP for each possiblitial state and add the results

incoherently.
u E2
u U+ N2
> - <
d e2

Figure 3.13: Feynman diagrams given in COMPHERPtHerproduction of W and Z gauge bosons. In COMPHEP
upper case indicates an antiparticle (see AppeBilixThe initial state contains a quark-antiquark,pahile the

final state has a lepton and an anti-lepton. Thgliag of quarks and leptons to gauge bosons andifa from the
discussion in Chapter 1 and Appendix A.

At a fixed resonant mass, M, we expect that ther® iapid rise of the cross section with
increase in the C.M. energy due to the rapid irggaa the quark distribution functions with a
decrease in the average x value of the distribufioctions, <x> ~ Mys. The COMPHEP
results are shown in Fig. 3.14. The cross sect®rsubstantial,o,, ~ 30 nb (we used
B(W - e +1,)~1/9 - see Chapter 4) at the LHC. The “absolute” the&shwhen both
partons have x ~ 1,/s = M,, =80GeV, is very suppressed because the source distnitsutio
vanish there.
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W and Z Drell-¥an Production Cross Section as a function of sgri(s)
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Figure 3.14: COMPHEP results for the cross sediimes electron branching ratio in the productioréfand Z
gauge bosons as a function of the proton — protdh €nergy for the fundamental processes showrign313.

The cross section rises by a factor of ten goiegnfthe Fermilab Tevatron to the LHC.
Even at the LHC the W cross section is only oné paB million of the total inelastic cross
section. Clearly there is a premium on efficientl amcisive triggering of the detector prior to
storage of a candidate event to permanent media.

In Appendix A, we showed how the coupling of thédson to fermions depended on the
Weinberg angle. We also commented that this angle experimentally determined from data
taken in “neutral current” or Z mediated neutrimteractions. The possibility also exists to
determine this angle from examining Drell-Yan prolon of lepton pairs at proton-antiproton
colliders such as the Tevatron. In this way, thendss and the top mass and the Weinberg angle
can all be measured in a single experiment, thdacieg possible systematic effects which
might arise in combining data taken by differenpexments at different accelerators.

The forward-backward angular asymmetry in quarkntigaark annihilations to electron-
positron pairs is shown in Fig. 3.15. The studemt easily check these results using COMPHEP.
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Figure 3.15: Decay angular asymmetry in quark igaatk annihilations. Interference effects ariseduse there

are two amplitudes with different phases, one wittintermediate photon and one with a Z boson frefwith
permission].
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Asymmetry, App

To date the Tevatron luminosity has been insufficte acquire enough Z events to make a
precise measurement of the Weinberg angle. In dufevatron data taking the expected
statistics will be sufficient. Present data fromfén the asymmetry is shown in Fig. 3.16. The
large value of the asymmetry at the Z mass is dubée different V-A coupling of the L and R
guark components to the Z, as discussed in AppeAdikhe possible existence of new higher
mass Z bosons not present in the SM might be settreiappearance of a similar structure in the
asymmetry at high mass.
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Figure 3.16: CDF data on the angular asymmetryrgllfYan production of electron-positron pairs afiaction of
the mass of the pairs. The variation of the asymmatar the Z mass is determined by the value eWWeinberg
angle [ref. 6 — with permission].

There are other processes leading to the producfiarsingle resonant state. The charmed
quarks introduced in Chapter 1 can form charm 4clatm bound states before the charmed
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quarks decay. These states are called charmonidimaarexample was shown in Chapter 2
where a charmonium resonance was used in caligratuon detectors. These resonances have
extremely narrow natural widths because they dégamultiple gluon emission, rather like the
slow multi-photon decays of ortho and para positnam which is the electron — positron bound
state.

The charmonium states are readily formed in p ellistons using the gluons contained in
the protons. These states are usually detected tis#ir two-lepton decay modes since leptons
are rare and thus are easily triggered on. Datashosvn in Fig. 3.17 on the transverse
momentum of the produced charmonium states.
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Figure 3.17: Transverse momentum distribution Fa production of charmonium states at the UA1 (ClERN
CDF (Tevatron) experiments [ref. 7 — with permis$io

The scale set by the transverse momentum disiibati the charmonium system is only a
few GeV. As we already argued, the initial state &avery limited transverse momentum set by
the characteristic QCD energy scale. The data statre serve to validate the assumption that
the transverse momentum of the initial state islisma

At higher order in the coupling constants this dempicture becomes more complex. The
process called “initial state radiation”, see RdL8, where a gluon radiates a gluon prior to the
charmoniumW, formation also gives transverse momentum to tianaonium in the final state.
Finite values of Parise from both initial state radiation and theringic parton transverse
momentum.
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Figure 3.18: Schematic representation of the glu@huon formation of charmonium. The emission ofaalditional
gluon leads to a small transverse momentum forebeiling charmonium.

Let us try to roughly estimate the cross sectiat the observe in Figure 3.14 and 3.17.
The parton level cross section has previously lipeted in Equation 3.16. We estimate a W
cross section @ ~ 1 (2J+1)/M3, using a “generic” width ~ 2 GeV (ewM), and obtaing =
47 nb. This is in good agreement with the full CONEP calculation, Fig.3.14. For
charmonium, whose width is only 0.000087 GeV, vaittnass of 3.1 GeV, we similarly estimate
the cross sectio@ to be 34 nb, which is also in rough agreement Withdata, Fig.3.17. The
formulae given in this chapter for Drell-Yan protlon are therefore validated as a useful first
approximation. Note that COMPHEP is incapable ofidiag charmonium because it only

calculates fundamental processes.

We can expand the discussion to look at the pramluct pairs of particles. In Fig. 3.19 we
show the cross section for the production of Z bgsairs as a function of the C.M. energy. The
COMPHEP results show a steep rise with C.M. energy.
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Figure 3.19: COMPHERP results for the productioragfair of Z gauge bosons in proton -- proton dolfis as a
function of C.M. energy for u quark annihilationthre initial state.

There is a twenty-fold rise in cross section frdra Tevatron to the LHC. Nevertheless,
the cross section for ZZ is still only ~ 2 pb a ttHC. Therefore, a high luminosity is necessary
even at the high C.M. energy available at the LIH@d wish to study gauge boson pairs with
high statistics.

The COMPHEP Feynman diagram for the production giaidge pairs with a + Tinitial
state is shown in Figure 3.20. As stated previqualg assume the dominance of u quark
annihilation due to the larger charge coupling.

- -2
u
u———L---2

Figure 3.20: COMPHEP Feynman diagram for the prbdmcof Z gauge bosons pairs in quark — antiquark
annihilation.

This Feynman diagram would seem to imply a largess section for Z pair production in
proton -antiproton interactions rather than in pHgractions since in the former case there are
valence anti-quarks available. However, this is/dnle if the typical x value of the distribution
functions is large, favoring valence partons. Faneple, at a C.M. hadron - hadron energy of
0.4 TeV, the average X is\:x>~2Mz/\/§or ~ 0.46 where the partons are dominated by
valence sources. A COMPHEP comparison of Z paidyecton in proton - proton and proton
antiproton interactions as a function of C.M. eyasgshown in Fig. 3.21.
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Figure 3.21; Cross section for the production gbadrs as a function of C.M. energy for proton-pro{@) and
proton-antiproton (*) colliding beams of hadrons.

There is a large difference in cross section at @M. energies (high x values where
valence partons dominate), which decreases as.Medbergy increases. At LHC energies we
expect a factor of less than two difference, whgchhore than compensated for by the ability to
produce high luminosity beams in the p-p case.dadlyj if we are in the “sea” a proton is as
good as an anti-proton for the production of newiglas.

Gauge pairs will be discussed further in Chaptierthe context of the search for the Higgs
boson. The gauge bosons are predicted to have thptet and quartic self-couplings (see
Appendix A). Therefore, we also expect the productf three gauge bosons. The COMPHEP
Feynman diagrams appropriate to the productiorhidet gauge bosons, W+W+Z, in u quark
annihilations are shown in Fig.3.22.

A 7 u " u AL u A .-t
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T -M- "= g—e—1---2 U—s>" - -u-

Figure 3.22: COMPHEP Feynman diagrams for the prtidon of three gauge bosons, W+W+Z.
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The diagrams contain vertices with both triple amaartic couplings. Clearly, it is
important to explore the production of both gaugedm pairs and three gauge bosons in order to
understand if the couplings are measured to be thibaStandard Model predicts. This study will
be an active part of the LHC research program. issent, the achieved luminosities at the
Tevatron have not been sufficient to study gaug®bgairs in any detail.

3.6 22> 2 decay kinematics - “back to back”

We now turn explicitly to the production of tworpeles in the final state. This is the
general case of “two to two” scattering. The geneesults are shown in equation 3.15. On the
rapidity plateau, y ~ 0, we again expect a scatligribution; the cross section for two body
scattering depends on a single variable,

M?(do/ dydM) =2q x*( ) xP( x]xzﬁ( ¢
do=ma,ls 3.15
M*(do/ dydM?),, ~ q xP'( ¥ xP( X _ - (rma)

In Figure 3.23 data taken by DO on the productibmdusive jets and prompt photons at
two different energies is compared to the scalirgeetation. The single jet variable used is
X =2R /s ~M /s which is approximately the scaling variablgr . Indeed, the data is
roughly only a function of that single scaling \adnie, thus confirming the prediction. However,
exact scaling cannot be true due to the evolutibrthe source distribution functions with
changes in mass scale Q ~ M. Therefore, the Tavalxta on jets and photons serves, in its fine
details, as a confirmation of the expectation @aflisg behavior, modified by corrections due to
evolution, which amount to factors ~ 1.5 -1.7.
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Figure 3.23: PT3dJ/ Rdy, the scaling cross section, is compared as a i@amctof the
X = 2PT/ S~ M /+/s variable at low x for a) inclusive jets [ref. 8 — with permissioahd b) inclusive
photons [ref. 9 — with permission] at the Tevatiothe DO experiment.

We expect 1/M behavior of the cross section as a function ofsndg /dM , at low mass
where the parton distribution functions have a slawation with x. This behavior is a reflection
of the power law two body behavior of the gener&@t@n — parton scattering cross section.
When MNs becomes substantial, the source effects will ineclarge. As a numerical example,
for M = 400 GeV, at the Tevatron, M§ = 0.2, and the factor (1-M)‘’, approximating the
product of the two gluon distributionss,~ 0.07. We want to see if we can estimate alieff of
M°do/ dM accurately because this quantity reflects theitigiion functions.

In Fig. 3.24 we show COMPHEP Monte Carlo model mtézhs for the distributions of jet
— jet mass at a center of mass energy of 2 TeVhave already removed the expected behavior
of the parton — parton cross section by multiplyihg cross section by the cube of the mass —

100



Eq.3.16. Note that the COMPHEP prediction is roygtdnstant for M < 200 GeV. The line
shown indicates the approximate effect of the soudlistribution x dependencél- M /\/5)12,
which is seen to be a roughly adequate approximatiahe full COMPHEP calculation.
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Figure 3.24: COMPHEP results, o, for gluon -- giievo body scattering at 2 TeV C.M. energy in pHeiactions.
The line indicates the approximate effect of glgonrce distributions, as explained in the text.

In Figure 3.25 we show Monte Carlo COMPHEP predidi for the distribution of jet
transverse energy and jet - jet mass at 2 TeV @mérgy, with jet rapidity less than 2. As
mentioned above, we have the approximate kinemalationship, R~ M/2, for large scattering
angles. Thus the value of the cross section atengnass is ~ the value at a transverse energy
one half that value, as indicated by the scaleamas the two figures. As before, we observe an
approximate [1/I\7ﬂ [1-M/\/s]12 behavior of the mass distribution.
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Figure 3.25: COMPHEP results for two body gluoglton scattering at 2 TeV C.M. energy in p — pisahs.

a) gluon (jet) transverse momentum distribution b) gluon — gluon (jet-jet = dijetlpss distribution

We can look at interactions other than simple gfnaroduction. For example, we can look
at the production of photons in proton — (anti)protollisions. The basic COMPHEP Feynman
diagrams for this process are shown in Figure 3/6.must have a quark in the initial state
because photons couple to the charge of the quaile the gluons have no electric charge. We
also want a gluon in the initial state, as it i8 thost probable parton at low x.

Uu———-7---A u u u
u -

Figure 3.26: COMPHEP Feynman diagrams for singleqmproduction due to quark - gluon scattering.

We can compare the value of the cross sectiorgatem mass for this final state, shown in
Fig. 3.27, to that for the two gluon (we assumdumig can be experimentally observed as a jet
and therefore use gluon and jet interchangeahbhgl tate shown above. For example, at 300
GeV mass the photon differential cross sectiob@ia2 pb/GeV, while the jet - jet cross section
is about 100 pb/GeV or about fifty times larger. \Bpect a similar shape for the mass
distribution because all the point-like differehtiaoss sections have similar behavior, see Table
3.1. This similarity is at least qualitatively obsed.
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Figure 3.27: Mass distribution obtained by COMPHfeIP the photon - quark final state in prompt photon
production for p — p collisions at 2 TeV C.M. eper

The rate for prompt photons is expected to be rediwdgth respect to the jet — jet rate by
the ratio of the coupling constants (electromagnetistrong) and by the differences in the u and
g source functions. Those two factors are rougfitys ~ 14 and u/g ~ 6 at x ~ 0 (see Fig. 3.9)
leading to a net factor of 64. Thus we can crudelgerstand the ratio of the cross sections.

We now turn to the scattering and the detectiotheftwo body final state. The kinematic
details are explained in Appendix C. Suffice isay that using the measured values of the two
final state jet kinematic quantities, rapidity, y, and E allows us to solve for x, M, and the
C.M. scattering angléd. Further, we can relate Mzyand y to the initial state momentum
fractions % and % thus completely specifying the kinematics for the body process.

X =[M/sle’,y=(y, +y,)/2
X, =[M /+/s]e”
Data from CDF on the Drell- Yan production of leptpairs at 2 TeV C.M. energy are
shown below in Fig. 3.28. The values of the ihistate parton x values are also given in the
figure. Note also the nice illustration of the iipr plateau in this process.

3.16

103



0.05 0.084 0.138 0.227 0.374 0.617 1.0

sot 0.031 _0.019 _0.011__0.007 _0.004 X
- X2
/U: < + X, =M£e""'$“1a
£ H_Tt x,=M_e¥s'?
__60F 2
= - . 66<M,,, <116 GeV/c
. 50F
g
S ok +3; (@)
T | e CDF 1992-95e%¢
30 2
F x Indof
ook~ LO(CTEQSL), 33.3/27
© .. NLO(MRST99), 23.1/27
10E — NLO(CTEQSM-1), 24.3/27
U: " " 1 " " L L 1 " " " " 1 " " " " 1 " " " " L "
(@) 0.5 7 1.5 Z 25 3
Yy

Figure 3.28: CDF data on the Drell-Yan productidrelectron — positron pairs with a mass ~ the Zsnase two
body final state variables are used to find the mottm fractions of the two partons in the inititdte [ref. 10 —
with permission]

A simple Monte Carlo program was written to simelawo body gluon - gluon scattering
at a fixed mass of 200 GeV at the Tevatron. Residiltee model are shown in Figure 3.29. We
see that the X, X =1x X, distribution for the composite state of mass Mslsrply peaked
around the value of zero. Values for x are limitedbe ~ zero by the falloff of the parton
distribution functions at large x. The plateau tfee “decay” products exists and is limited/p
~ 3 at the Tevatron for this mass. This is a kingnaot a dynamic, effect.

wforg+g-»g+g,M=200GeV, cm Energy = 2 TeY

70

y3farg +g->g+g M=200 GeV, cm Energy = 2 TeV

events

8 Rils} 04 02 0 0z 04 06 08
X

Figure 3.29: Simple Monte Carlo results for two Yafuon - gluon scattering at a mass of 200 GeV ar@ZiM.
energy of 2 TeV. a) Distribution of the momenturaction, x, of the produced state. b) Distributidrrapidity, Vs,
of one of the final states gluons.

As another example of a two body decay angulariligton we look at the production of
both a W boson and a photon. The COMPHEP Feynnegrains for this process are shown in
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Fig.3.30. This is another specific example of gneduction of a pair of electroweak gauge
bosons. These processes depend on the tripleilgugdl gauge bosons, in this case the WW
vertex.

l——--- po A ——
u >~<-ﬂ d
——L < R d——L--h

Figure 3.30: COMPHEP Feynman diagrams for the prtidini of a pair of gauge bosons, a photon and a¥di.

The angular distribution for the W plus photon proiibn process at the parton level is
shown in Fig. 3.31. Note the strong forward - lveaid peaking of the angular distribution. This
is due to the virtual exchange of the u and d quaiknilar to that observed in Rutherford
scattering with the exchange of a photon. In addjtthe angular distribution has a zero. This
very distinctive SM prediction could be confirmedtiwa large enough event sample. Such a
sample is not yet available at the Tevatron, alghaine process itself has been detected.

U, d->nA, ¥
Diff. cross section [pb]

do/dcosf ! T
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Figure 3.31: Distribution of the W angle with respé the initial u quark generated by COMPHEP tfoe final
state W boson produced in association with a photon

The scattering angle can be found using the measunts of the rapidities of the two
partons in the final stategyand y, as we show in Appendix C. The correlation betwten
rapidity of the final state particles in a simpleoiMe Carlo program with a fixed mass of 200
GeV for 2 TeV C.M. energy p — p collisions is shownFig. 3.32 below. Note the boundary
illustrating the kinematic limit at large rapidityhere is, in addition, a strong forward-backward
peaking, as noted previously, so that y is largeaddition, the two body scattering correlation

implies y, ~-vy,.
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Figure 3.32: Simple Monte Carlo results for theduretion of a gluon pair of mass 200 GeV at a C.hergy of 2
TeV in p — p collisions. The scatter plot showsdberelation between the rapidities of the two ffistate gluons.

3.7  Jet Fragmentation

We have now almost worked our way from left to tigitross the physical processes
schematically shown in Fig. 3.4. So far we havel sathing about the distinction between
partons and the detected particles, and the pretesgn in Fig. 3.4 cuts off with partons exiting
the collision. For fundamental, approximately staliinal state particles like electrons, photons,
and muons there is really no distinction as themssigles themselves are detected. For the
guarks, gluons, and neutrinos we really need tk &idhe jets and not the partons. We have thus
far simply used quark and gluon interchangeabli yeit.

The Monte Carlo modeling of the parton to jet “ira@ntation” is done in a series of
complex programs which are available to researcherthis specialized area. For this text,
COMPHEP evaluates the distribution functions, f(properly, and the Standard Model
dynamics, but not the fragmentation. We can aldtevaur own simple Monte Carlo programs
to crudely simulate the fragmentation of quarksighiinto jets, and this has been done for the
purposes of this text. In general, we will not fean these experimental details here but will
rather stick to the fundamental physics. Interesteaders can find and execute PYTHIA,
HERWIG, ISAJET, or some other of these complex aat@pcodes. For example PYTHIA, a
very popular program in high energy physics circleslescribed in ref. 11.
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Some experimental data on fragmentation from blgiti®n — positron annihilations and p
— (anti)p collisions is shown in Fig. 3.33. For tphmn fragments of jets there is shown a
distribution in the momentum fraction, z, of therggg momentum P taken off by the pion of
momentum k. It is roughly independent of the enesfithe parent for z > 0.1 and falls rapidly
with increasing z. In addition, the multiplicity oharged fragments grows, on average, as the
logarithm of the C.M. energy.
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Figure 3.33: Fragmentation of a jet in electronosipon annihilations into an ensemble of finatesthadrons. a)
Momentum fraction of the produced pions with respedhe initial electron momentum. b) Multiplicitf charged
hadrons as a function of the energy of &i@", p — (P) p, epinitial states [ref.3 — with permission].

The fragmentation of quarks and gluons has alrdaelgn introduced in Chapter 2.
Fragmentation properties are assumed to “factospethat the way in which a parent quark or
gluon fragments is independent of the mechanisiwligh the parent is created. Therefore we
need only a single unified description of the fragwation or “hadronization” process.

We assume for simplicity that all fragments arenpioNe also assume that the transverse
momentum acquired in the fragmentation processm#ted with the fragment momentum
transverse to the parent jet axig, Kmited to a value- Aocp. The fragmentation function, D(z),
describes the distribution in z = k/P of those picdd where z is the momentum fraction of the
parent, momentum P, carried off by the fragmentn@atum k, zin< z < 1, %in = myP. It has
a “radiative form” similar to that already assunfed the parton distribution functions. This
assumed form leads to a jet multiplicity, n, whisHogarithmic in P in agreement with the data
shown in Fig.3.33.
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zD(z) =a(@dl- 2)°
! 3.17
<n>= jD(z)dz~ a jdz/z ~aln(P/m,)

m/P
The fragmentation process implies that we observgetd of particles, which move

approximately along the direction of the parentrgua gluon. We expect a “core” within the
jet and which is localized at small cone radiusjrR),@) space with respect to the jet axis that
carries most of the momentum. The core is surrodiatiéarger R by many low energy patrticles.

Data from CDF on the jet charged multiplicity isosm in Fig. 3.34 as a function of the
mass of the jet-jet (or dijet) system. Note theested logarithmic dependence of the mean
charged particle multiplicity on the dijet mass.eTdxistence of a sharply peaked distribution of
particles about the jet axis is also very evidertduse data is presented for different “cone” half

angles.
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Figure 3.34: CDF data on the mean multiplicity barmed particles within a jet as a function of th&ss of the jet-
jet system. Note the semi-logarithmic scale. Datalffferent cone sizes about the jet axis are shjpef. 12 — with
permission].

More detailed information on the energy flow witlgiet as a function of the cone radius R
with respect to the jet axis is shown in Fig. 3.85.we can see, 40% of the energy of the jet is
contained in a cone of radius R = 0.1 (Chapter flhéle R as the radius in pseudorapidity —

azimuthal angle spac® = /An® + A¢’), while 80% is contained in a cone with radius B.4

This data can be compared to that derived fronmglsi Monte Carlo program which was
written to model jet fragmentation. In the modealesies of massless fragments is picked out of a
simple D(z) distribution and they are then assigadthnsverse momentum from a distribution
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similar to that shown in Fig. 3.5. This particutandel uses zD(z) ~ (12) and <k> ~ 0.72
GeV. The “leading fragment” is expected in this mlo have <z,> ~ 0.23. Hence, on average
the highest energy pion in a jet takes ~ 1/4 ofjgtemomentum in this model. Results are
shown in Fig. 3.36.
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Figure 3.35: CDF data on the distribution of thargied energy fraction of a jet of 100 GeV transvansergy as a
function of a radius of the cone, R, surroundirgjt axis [ref. 7 — with permission].
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Figure 3.36: Simple Monte Carlo model correspondmthe data shown in Fig. 3.35 for comparison.e €hergy
fraction of the jet fragments found within a corievariable radius R centered on the jet axis istptbvs. R.

We must resort to experimental data because fragtem is soft and thus non-
perturbative, as was the case for the distribufiomctions of partons found in the proton.
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Clearly, the simple model and the data are in soowgh agreement. However, a serious

comparison with data requires a much more sophistictreatment including final state parton

showers and final state gluon radiation. We witll,general, evade these complications and
assume that an understanding of the physics gbribeesses is of more interest than a detailed,
but purely phenomenological treatment of fragmeéorat

Now we are armed with the ability to first estimated then calculate all processes that
exist in the Standard Model using simple formulad then COMPHEP. We will apply our tools
in Chapter 4 to data taken at the Tevatron. Thia geesently defines the “state of the art” for
physics results in proton — (anti)proton collisionghat is of crucial importance is that the
student has the necessary tools. She can theicabepinost of the material given in this text.
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Exercises

1
2
3.
4
5

o

10.
11.

12.

13.

14.

15.

16.

17.

18.

Use Eq.C.2 to show that= sinh‘l(P”/\/PTZ+ M?).

Show that y is additive under Lorentz transfdroma

Show that y is approximated by pseudorapidityzBro mass particles.
Use the result of exercise 1 to derive Eq.3.1.

Run COMPHEP for g + g -> g + g at 2 TeV. Pla tapidity and transverse momentum
distributions and compare to Fig. 3.2 and Fig. 3.3.

Work out the derivation of Eq.3.4 in detail.

Show that the “Cerenkov” relationship, = kcosd, follows from energy-momentum
conservation.

For b quark pair production at the LHC, estinjfatgx)] using EQ.3.7.
Derive EQq.3.8 in detalil.
Show that the Jacobean is as stadeglx, = drdy.

Assuming that the decay width of the charmonium state is 13 MeV find the Drell — Yan
cross section for M ~ 3 GeV, J = 0.

Establish the relationship between the ingi@te x values and the final state two body
rapidities given in Eq.3.17 (see Appendix C first).

For a pion mass of 0.14 GeV, estimate the maatiplicity of pions at a C.M. energy of 1
TeV fora~3in EQq.3.18

What is the average emission angle of the hgg@it fragment for a 100 GeV jet?

Use COMPHEP to study g + g -> g + g at 100 @M. energy. Is the result stable? If
not, why? Try a cut on the final gluon transversemmanta of > 10 GeV. Is this more
stable? (see Appendix B)

Use COMPHEP to compate+il — Z andd +d — Z at the same C.M. energy. Can you
explain the ratio of the cross section?

Use COMPHEP to study radiated photons. Congideprocess of electron positron elastic
scattering with a radiated photon at C.M. energ.@ GeV. Look at the energy of the
photon and the angle with respect to the inciddatten. Are the photons soft and
collinear?

Use COMPHEP to study the angular distributiom,lU->e1,E1. Look at the cosine of the
angle between particle 1 and 3 ( u quark and eleqgtiat 50, 90, and 150 GeV. How does
the asymmetry change with C.M. energy?
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19. Do the same for proton — anti-proton scatteaador partons in Exercise 19. Compare to
the Monte Carlo results presented in the text.
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4. Tevatron Physics
“True science teaches, above all, to doubt, afetignorant” — Miguel de Unamuno

“Rules and Models destroy genius and art” — Willibawlitt

We have now obtained the tools we need to exarhm@toduction of SM particles in p —
(anti)p collisions. In this Chapter, our aim isste where the frontier of this knowledge presently
is, in the middle of 2003. The Tevatron acceleraimmplex operated at the Fermi National
Accelerator Laboratory (Fermilab or FNAL) has thghest available C.M. energy of 1.8 TeV.
Subsequently, the energy has been raised to 1.96 There are two general purpose
experiments taking data at Fermilab, CDF and DOn&data taken by these experiments has
already been shown in previous Chapters. We wdh@ne more of the published data. It will
define, for high transverse momentum processest whaow know and how we know it.

The statistical power of this data will be improviedcause CDF and DO resumed data
taking in 2001. The rate increase should allowistidf gauge boson pairs and searches for low
mass Higgs particles at the Tevatron. In 2007 tegé Hadron Collider (LHC) operated at the
European high energy facilities at CERN will begperations at a C.M. energy of 14 TeV.

4.1  QCD - Jets and Dijets

One of the processes with the largest cross-seidiget production because it is a strong
interaction process and because the gluons amdotheant parton in the proton at low x values.
The simplest measurement is the distribution ohsvarse energy for any produced jet or
“inclusive jet” E; . A jet is defined experimentally as localized gyen a cone of radius R, with
R ~ 0.5. Data from DO for this process is showrFigure 4.1. Note the rapid falloff with
increasing transverse momentum. Clearly, the Qdry works well and fits the data over
many orders of magnitude.
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Figure 4.1 Jet production at the Tevatron in D{.[fe — with permission]. a) distribution of the nsverse
momentum of a single jet. b) limits on the enercgies for quark “compositeness”.

The data extend out to a substantial fraction efkimematic limit which occurs when the
dijet massM =/s, E; =/s/2~900 GeV. Historically, particle scattering at wide angless
led to the discovery of substructure. The most wabwn example is in Rutherford scattering,
where the existence of large angle scattering evedtto the hypothesis of an atomic structure
with widely distributed electrons and the very laed nucleus as a substructure. More recently,
wide-angle scatters of leptons from protons havewshthat there are point like quarks and
gluons (“partons”) within the extended proton.

In a similar fashion, we now look for wide angle \{@&ve - isotropic) scattering, which
would be an indication of composite substructuretled quarks or gluons themselves. The
present limits on a mass scale for such substreicue approximately 2 TeV, Fig. 4.1. The
magnitude of the limit is set by the largest acitésgransverse momentum, which, in turn, is a
function of the available luminosity and energy.efiéfore, we expect that the limits on a
possible composite mass scale will increase raputiign the LHC begins operation due both to
increased C.M. energy and increased luminosity.

The next most complicated jet measurement condamsorrelation between two jets in
the final state. Data from CDF are shown in Figliu2 The transverse momentum distribution
of 1 jet is shown as a function of the pseudorapidli the second jet found in the event.
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Figure 4.2: Distribution of the transverse enerfg get as a function of the pseudorapidity of seeond jet in dijet
events from CDF [ref. 2 — with permission].

Clearly, asrjs - n4| increases W increases (see Chapter 3) and the cross secteades
at least as rapidly as a power of the mass. Asanesee, QCD also describes the dijet data very
well over a wide range of cross section values.

Next we look at the mass distribution of the dijeBata from the DO experiment is shown
in Figure 4.3. We expect that the distributiondallith a 1/M behavior due to the underlying
point like parton scattering and contains a sedawtbr ~ (1- M;(/s)12 due to the gluon initial
state distribution functions. As with the transeermomentum distribution, we can look for
anomalous production of high mass dijets as passiidence for quark or gluon compositeness.
However, as seen in Fig. 4.3, QCD appears to expes data well out to jet — jet masses of ~
0.8 TeV.
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Figure 4.3: Distribution of the mass of dijets fr@® for jets produced at low rapidities [ref. 3 #hwpermission].

The limit that we can place on the resonant pradoaif possible excited quarks is shown
in Figure 4.4. A schematic representation of thecess of producing excited quark states
indicates that quarks and gluons would form a raspstate at the mass of the excited quark
similar to the Drell-Yan mechanism we studied inapter3. The absence of such resonant
structure in the mass distribution allows DO toaétnit on the mass of such states of 725 GeV
and above. Up to this mass the quarks act like gomaahtal point like particles containing no
internal states that can be excited.
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Figure 4.4: The cross-section for the productiomdfited quarks as a function of the mass of tlo#texk quark. The
lack of resonant structure in the mass distribyti6g. 4.3, leads to a limit on the mass of thatedoquark of > 725
GeV which is the mass where the cross section Bipitals the production cross section for exciteatkpi[ref. 3 —
with permission]
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The dijet angular distribution has also been ptblis Data from the DO experiment is
shown in Figure 4.5 for different dijet mass intdss
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Figure 4.5: Distribution of the scattering angleiable x for different values of the jet — jet invariant ssaobtained
by the DO experiment. The curves represent thegirens of QCD perturbation theory [ref. 2 — wighrmission] .

If gluon exchange describes the dynamics of jettpjoduction (see Chapter 3 for the g —
g Feynman diagrams), then the distribution of thgableX, where y = (1+ cosd)/(1- cosd),
is flat, dg/dy ~ constant, as it is in the familiar case of Rutbeetfscattering. Recall that the
scattering angle can be determined from measursnwnthe transverse momentum and the
rapidity of the two jets in the final state. Therihle { is the square of the parton momentum
transfer, which in the reaction 1 + 2 -> 3 + 4 (g, - p;),, U p—- p)* = -2 (1- codb ) for
massless partons. The exchange propagator beludtioe differential cross section is removed
by the change of variablé,— .

dy/dt~1/t? 4.1
The results for small angles are particularly senpt — 4/62,t — (p8)?, x - (2p) /1.
We expect that point like scattering describesftimelamental 2 -> 2 process. Therefore, we
expect that thex distribution is uniform. There are small higheder corrections to the
distributions that are evident in Fig. 4.5 and vkhare calculable. Since there are no deviations
in Fig. 4.5 from the QCD theoretical distributioaslarge scattering angles, we conclude that
there is no evidence for the existence of compagiteks at this time.
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4.2 as Determination

In quantum field theory the coupling “constants’tibé three SM forces that appear in the
Lagrangian have “effective” values, which are fuma$ of the mass scale at which they are
examined. This effect is due to quantum correctioassed by higher order diagrams as
discussed in some detail in Appendix D. We can agsting jet data to validate the QCD
prediction for the change af with the mass scale Q.

In QCD the gluons mutually interact because thégmniselves, carry “color”. This is
illustrated very schematically in Fig. 4.6. Rougklyeaking, the ratio of 3 jets to 2 jets in the
final state is given by the strength of the strangpling constant (see Fig.4.6). That ratio can
then be studied experimentally as a function ofrttaess scale of the jet events. In that way we
can measure experimentally how the coupling cotstann” with mass scale.

Figure 4.6: Schematic representation of the saagter due to the mutual interaction of
gluons,g+ g - g+ g g+ g+ c. Note the triple gluon fundamental vertex thasexin QCD.

The mutual self-coupling of gluons leads to theatasion that the strong coupling strength
actually decreases as the mass increases, opfmo#ie behavior of electromagnetic charge. The
anti-screening effect of the colored gluons overestime screening effects of the colored quarks.
On the other hand the coupling becomes very stabteyge distance scales. For QCD we define
an energy scalé\,., where the interactions become stromgas(/\fm) = . AD high energies
the coupling becomes weak,(Q* - «) - 0.

a,(Q%) =[12/(33- 2n, )]/ In(QF //\QCD2 )] 4.2
In Eq.4.2 nis the number of fermion generations that areivatt or have a mass below
Q, at the mass scale Q. For example, we give noaleralues at a few mass scales. We take the

QCD mass scale to bé)y, ~02GeV~1fm. At the Z mass, the strong interactions are
appreciably weaker than at the ~ GeV mass scale.
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a.((1 GeV)’)=0.55
a<((10 GeVy)=0.2¢ 4.3
as(M;?)=0.15
Experimental data on the strong coupling constara fnction of mass scale are shown in
Fig. 4.7. Note the rapid falloff from the 0.2 Getate where the strong interactions are strong.
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Figure 4.7: Strong coupling constant as a funotibtine mass scale Q. The data decrease with ircgeasmss [ref.
4 — with permission].

A collection of precision measurements of the gjrooupling constant extrapolated to the
Z mass is given in Figure 4.8. Many of these measents come from data on the production of
jets, either at proton — (anti)proton collidersabelectron - positron colliders. The data appear t
have converged to a value for the strong couplongtant of roughly 0.12 at the Z mass.
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Figure 4.8: Precision measurements of the strongplow constant evaluated at the Z mass. Data cdmes
measurements of lepton — p scattering, electrarsitnon production of jets, and proton — (anti)projet production
as well as other reactions [ref. 5 — with permispio

4.3 Prompt Photons

Now let us generalize slightly from gluon jets be tstudy of reactions with a single photon
or two photons in the final state. Data from CDied éhe CERN experiment UA2 are shown in
Figure 4.9. The distribution of transverse momentoira final state photon is shown. The
smaller value of the cross section with respeget® limits the statistical power of the data, and
hence the transverse momenta are limited to feoviyvalues. However, the data is in reasonably
good agreement with the SM prediction except peshatpvery low transverse momentum. It
may be true that an “intrinsic” parton transversemmntum of ~ 3 GeV is necessary to explain
the data. As we noted before, the quarks are baurttle proton, so that some transverse
momentum ~ 0.2 GeV is expected.
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Figure 4.9: Data on the transverse momentum digtoib of , a), single photon and b), di - photoadhrction [ref. 6
— with permission] at CDF and UA2 (the UA1 and U&2periments were operated at a proton-antiprotdiiteo
located at CERN with collisions of 0.63 TeV enengyhe C.M.).

As already mentioned in Chapter 3, these at® 2 processes with kinematic relationships
similar to those found in jet production. The dymesnof the fundamental point like parton
scattering are also similar. The cross sectionl lev@educed with respect to gluon — gluon
scattering by coupling strengths and initial stgiarton source factors. A schematic
representation of the lowest order diagrams foglsimnd double photon production is given in
Figure 4.10. Clearly, two-photon production in tBern approximation shown here is just
another generic 2 -> 2 process.
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Figure 4.10: Schematic representation of the Feynadiegrams in the Born approximation for the prdiuncof a),
single photons and b), di - photons.

These data for single photons plus jets are use@titalancing for the calibration of
hadron calorimeters, as we mentioned in Chaptin®easier to balance a photon — jet than a jet
— jet event because precision electromagnetic ioadbry (see Chapter 2) can be used to
accurately measure the photon and then predicjethenergy while jet energy measurements
have intrinsic fluctuations (see Chapter 2).

The two-photon process constitutes an important dkground in Higgs searches.
Therefore, it is important to insure that we hawgoad understanding of this background so that
we can extrapolate to the LHC. COMPHEP Monte Catedictions for the transverse
momentum distribution of the photon are shown iguFé 4.11. New data from CDF and DO at
higher photon transverse momenta will be importantcomparing to the Monte Carlo
predictions. The COMPHEP program does not includgdr level processes such as internal
“loops” or “box” diagrams, which may be importanttwo-photon production. The COMPHEP
user must be aware of the limitations of this pangiin comparing to real data.

The data from CDF, Fig 4.9, are ~ an order of mage above the COMPHEP predictions
at photon transverse momenta ~ 10 GeV, where CD#& & cross section ~ 20 pb/GeV.
“Intrinsic” parton momentum is one mechanism thed been postulated in order to improve the
agreement of the model with the data. More dataeisded before a firm conclusion on the
existence of “intrinsic” momenta of a ~ few GeV d@made.
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Figure 4.11: COMPHEP results for the cross-sectisna function of the transverse momentum of on¢hef
photons in di - photon production in p — p colligoat 2 TeV C.M. energy.

4.4 b Production at FNAL

In this book, we will say little about the prodwestiof ¢ and b quarks and their subsequent
use in the study of the basic properties of weaaye of quarks. We are interested in physics at
the energy frontier, which means we are concerngd the highest available mass scales.
Indeed, there are many fine textbooks written gadlout B physics. There are accelerators and
associated detectors dedicated to B physics stogiesting in Japan, at SLAC and at Cornell in
the U.S. Clearly, this is a field of study whichlineserves a volume by itself.

Nevertheless, we briefly show here some Tevatrota @m the production of states
containing b quarks. We do this because many ofHHilggs and new phenomena search
strategies rely on the identification of hadronataming b quarks in the final state. Therefore,
the background processes must be well understaad itficisive search is to be made. In Figure
4.12 we show the transverse momentum distributioln guarks produced in the CDF and DO
experiments. The natural mass scale for the ptamuis that of the quark mass itself. Because
the b mass is about 5 GeV, we expect that periveb&®CD should work properly, since
m, >> A, Which impliesa (m,) <<1 (see Fig.4.7).
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Figure 4.12: Data from CDF and DO on the crossimedor the production of b quarks as a functionttod
minimum transverse momentum of the b quarK)"P The line is drawn to indicate the expected bihanf the
cross-section [ref. 7 — with permission].

The expected Rutherford like behavior for two badpttering is d/dP; ~ 1/I3'T3 so that
o(R. >R ..)~1/P’. . This behavior roughly corresponds to the dataloat transverse
momenta where the effects of the falloff of thetpardistribution functions with x are not
expected to be important.

In Figure 4.13 we show DO data on the rapidityribstion of muons arising from the
decays of B mesons. There is an evident rapiditgt&au” which extends tonyx ~ 2.5 as
expected at this low mass, ~ 2stale. These data are in rough agreement forhidyeesof the
rapidity distribution with the Monte Carlo prediatis available to the researchers which are the
curves shown in Fig. 4.12 and 4.13. However, theeagent is not good, which means that
background calculations for new phenomena seasii@sdd also be assumed not to be terribly
reliable.

The CDF experiment has taken high quality datahenlifetimes of states containing b
qguarks. As mentioned in Chapter 2, a silicon wettacker is used to find decay vertices and the
production vertex. The decay distance and the mamewf the reconstructed B particle decay
allow CDF to make precision lifetime measuremeitse B particles are typically bound states
of quarks and antiquarks, which contain b quarks.
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Prior to the advent of high quality silicon verteacking detectors, the study of B decays
was hampered in p — (anti)p colliders by the mamyfusing background tracks that exist in the
“underlying event”. Thus, silicon detectors were #nabling technology for p — (anti)p colliders
in the study of the decays of heavy quarks. Datashown from these analyses in Fig. 4.14. The
A, is a three quark bound state (bud) like the neufdad).
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Figure 4.14: Measurements of the lifetimes of Brbad, or those colorless states containing b quiaoks CDF

[ref. 1 — with permission].
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Obviously, p-p collider experiments can make andotmn b physics research even though
many competing B “factories” are operating at elmtt positron colliders. The mean value for
the lifetimes of all the states studied that contaib quark is roughly 1.5 psec. The distance
associated with that lifetime is about 43®, as quoted in Chapter 2. The exception shown in
Figure 4.14 has to do with the bound state of aiarlqand a b anti- quarkg =cb. Since
either heavy quark can decay weakly, the lifetimshorter than the lifetime of states containing
only b quarks and light quarks.

The mass scale for b quark production ig,2rh0 GeV, so the cross section is large at the
LHC, ~ (0.1 — 1.0) mb, and the Tevatron. Therefagh statistics data can be obtained at hadron
collider experiments as well as deemachines such as Belle (Japan) and BaBar (SLAG. T
large value of the b cross-section opens up thsilpiby of high statistics studies of b quarks
and searches for rare b decays. In addition, &l dtates shown in Fig. 4.14 are produced
simultaneously, which is not the case in electrositpon colliders where the initial state C.M.
energy is the same as the parton — parton C. Mggrsince leptons are fundamental particles,
while protons are not.

In the SM all CP violation is due to a single coexpbhase in the quark mixing matrix
qu, . A vigorous current area of research is to explanether this SM assumption is found to be
true in Nature. In Figure 4.15 we show a schemeggresentation of one of the unitarity
relationships for the weak mixing matri¥,,,, governing quarks decays which we defined in
Appendix A. Unitarity guarantees that the gaugeptiag is of universal strength and implies
that there are three and only three light generataf quarks and leptons. Initial results from
BaBar and Belle indicate that the relationship shaw Fig. 4.15 is satisfied to the present
experimental accuracy. Therefore, there is no atio as yet for additional CP violation effects
due to, for example, SUSY (see also Chapter 6)r Exv@e precise data taken concerning B and
K decays continue to refine the over constrainathrity relations.
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Three-generation unitarity:
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Figure 4.15: Triangular relationship for the comxppmrameters making up one row of the quark miximagrix
unitarity conditions [ref. 8 — with permission].
4.5  tProduction at Fermilab

The top quark has a mass of 175 GeV, as deternfipatirect measurement at Fermilab.
Because the mass is so high, top quark events twalyebeen produced and studied at the
Tevatron.

Of all the quarks and leptons, only the top quak kinematically allowed two body weak
decays where a real W boson is produced rather ahartual W. The decay is t -> W b.
Schematic diagrams for muon three body weak deasgsshown in Fig. 4.16. At low mass
scales, weak decays can be viewed as an effectivddrmion interaction, characterized by the
Fermi coupling constant, G, which can be determibgdneasuring the rate for muon decay,
H - € +p,+v, since the decay amplitude is proportional to GcdBse the decay width goes
as the square of the amplitude (Fermi's Golden Ruteexpect” ~ G?. Since [G] = M?and []
= M, there should be five powers of the muon massidke the dimensionally correct estimate,
r~G’m.

At a more fundamental viewing (see Appendix A) mutatay can be thought of as the
virtual emission of a W boson and a muon neutrinith strengtha,, in the decay width,
followed by a propagator at low momentum transfentdbuting a factorl/M;; in the
amplitude (see Eq.1.6), and ending with the subm®quirtual decay of the W into an electron
and an electron anti- neutrino, contributing anottiactor of a, to the decay rate;
U -V, *W" v +(e+r,). The lifetime of the muon can again be estimated b
dimensional arguments. It contains coupling factdue to the 2 weak vertices and the W
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propagator, as we mentioned in Chapter 2. Howehliesr method gives a poor estimate because
there is a large, dimensionless, purely numeraetoi, 1/[192/7 ].

) e-
e _
) O(W |
| ,_
. e Ve
. Vu
a) b)

Figure 4.16: Schematic representation of the detalye muon. a) representation of the muon decanasffective
four fermion interaction described by the Fermipmmg constant G. b) The same decay viewed as ittteal
emission of a W gauge boson followed by its virtwad body decay into a lepton pair.

The correct expression for the muon lifetime isegivn Eq.4.4, along with the expression
derived using dimensional arguments.

r,=G’m;, /1927
, . 4.4
~a,(m, /M) "m,

For the top quark, we have available a direct twdybdecay with a single weak vertex,
t - b+W". In fact, the decay width of the top quark istguiomparable to the width of the W
boson itself that is also a direct two body deddye decays occur so rapidly,(>> Ayp) that
no strong top-antitop bound states are formed &y tare for ¢ (charmonium) and b
(bottomonium) quark-antiquark pairs. The express$arthe top width, Eq.4.5, is first order in
the Fermi constant G due to the single vertex ie thecay amplitude. Thus, since

[F1=M, [G = M7, we expect”, ~Gnf or, alternatively, witha,, ~GM, .

r, =Gnf/8m/2
~[a,, 116](m / M,,)’m ~1.76 GeV
Data from the DO experiment on the spectroscopppiquarks are shown in Figure 4.17.

Each produced top in the top pair final state atmabsays decays into a W boson and a b quark.
In turn, the W can decay into a charged leptonandutrino or a quark - antiquark pair. The DO
data shown here uses the lepton + jets final stateV + b, W-->J + J, | +, where one W
decays into a lepton - neutrino while the otheragisanto a quark — antiquark pair. Because of
the neutrino in the final state the top mass isganticularly accurately reconstructed.

4.5
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Figure 4.17: Data from the DO experiment on the srdistribution of top quark candidates and theliliked
derived from fitting to the top quark mass [ref With permission].

The final state is therefore a complex four jeeptbn + missing transverse energy event.
In fact, early top candidate events for both CDE &0 were already shown at the end of
Chapter 2. As expected from our discussion in Givapton the accuracy of calorimetric mass
reconstruction and missing transverse energy, dpequark experimental mass error is quite
large. Nevertheless, although the experimental messgution is greater than the intrinsic width
of the top, the mean value, or mass of the topstlribe determined very accurately.

Data from the CDF experiment on top productionhisven in Fig. 4.18. The CDF detector
was capable of b tagging (see Chapter 2) usingriasion silicon inner “vertex” tracking. The
data shown here has either one or two jets “tag@asdtikely to be a heavy flavor jet as a
requirement to accept potential candidates.
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Figure 4.18: Data from the CDF experiment on tlemmnstructed mass distribution of top quark canésland the
fitting minima for fits to the top mass. Expectedtdbutions of both the top signal and residuatdggiounds are
indicated [ref. 1 — with permission].

There are two b quarks in each top pair event, &gging capability is very important in
reducing backgrounds from W+W+jet+jet events. TiiGlata shown here are for lepton + jets
with silicon or b decay “lepton tags” (from b ->+d + v decays). The mass reconstruction of the
top is again calorimetric. Therefore the intringp width is again swamped by the instrumental
resolution.

The data from CDF and DO can be combined to foren world average for direct
measurements at the Tevatron. A summary is showigare 4.19 for different final states
corresponding to different decay modes of the Woho3 he final state can be two b jets + two
leptons + missing energy, four jets + one leptanissing energy, or six jets. The combined data
have an error on the top mass of about 5 GeV fta @&en during the twentieth century. Future
data taking beginning in 2001 with substantiallgreased luminosity will considerably reduce
this error. This improvement will, in turn, have ampact on the limits we can place on the
Higgs mass (see Fig. 4.39).
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Tevatron Top Quark Moss Measurements

P 188.4 + 128 Cev/c' D Dilepton
- 173.3 = 7.8 GaV/c" DY Lepton+jets

e 1720 = 7.1 Ge¥/c* D@ Combined

P 167.4 = 11.4 Gev,/c COF Dilepton
N 178.9 = 7.1 GeW/c® COF Lepton+jets
L e |186.0% 11.5 cev/c’ CDF All—Hadronic

e 176.0 = 6.5 GeV/c® CDF Combined

—— 174.3 = 5.1 Ge¥/c® Tev. Combined

150 160 170 1820 1920 200

My, {CeV/c")

Figure 4.19: Data from both the DO and CDF expenisi@n the measurement of the mass of the top qrefrk —
with permission].

The mass of the top quark is so large that we éxpaturbative QCD to give a very good
description of the production dynamics. Shown iguFe 4.20 is the cross-section for top pair

production as a function of the top quark mass.erédhs good agreement with the measured

production cross-section at the measured top naas.vSo far, there seems to be no mystery in
the description of top production.
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Figure 4.20: The predicted cross-section for ttoelpction of the top quark as a function of the gojark mass at
the Tevatron. Also shown is the top cross sectieasured by DO [ref. 9 — with permission].

132



In Fig. 4.21 we show the COMPHEP Monte Carlo prigaiicfor the gluon — gluon initiated
cross-section for top pair production as a functbrthe C.M. energy in p — p collisions. The
gluon — gluon fundamental cross sectignt g — t+ t rises by a factor ~ 600 in going from the
Tevatron to the LHC. However, there are valencégaatks available at the Tevatron, which
softens this behavior somewhat, eugt U - t +f, but still a factor ~ 100 rise in the cross
section exists. That rise implies that strong topdpction is copious at the LHC. The resulting
W pairs from top decay constitute a major backgdoumsome of the new particle searches in
addition to the rarer background from electroweak&W production.

0+ COMPHER p-p Production of Top Pairs ws C.M.energy
10 T T

10 F E

ofph}
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Figure 4.21: Cross-section from COMPHEP for thedpimtion of top quark pairs as a function of the Celergy in
p — p collisions (g — g). The dot indicates the atesn measurement in 1.8 Tely — P collisions.

4.6 DY and Lepton Composites

The cross-section obtained by CDF for the prodactibdi - leptons as a function of their
invariant mass is shown in Figure 4.22. The fundaaigrocess is the annihilation of quark and
antiquark into a Z bosom+q — Z° (or a photon).
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Figure 4.22: a) Data from CDF on the productioepton pairs at high mass. The Z mass is a prorhieature.
The curves show the predicted anomalous produciites for composite leptons [ref. 10 — with perioisk b) The
basic quark level diagram for D-Y production.

The annihilation of a quark and an antiquark in thiéal state is called Drell - Yan
production for historical reasons. The cross sactals rapidly as the mass increases. For a
U +d initial state the Wis a prominent feature of the spectrum, whiledor u initial states the
Z is the main high mass feature. There is also atimaum from the reaction
U+t - y - (" +( due to virtual photon production. Above the makshe gauge bosons
there is no known SM signal and searches for natestbeyond the SM such as “composite”
leptons or heavy “sequential gauge bosons” reagatrhigher masses are made by exploring the
high mass part of thé” +v,, (" + (" distributions. There is an observed “continuum”hwé

featureless background.

The data shown in Fig.4.22 show no unusual produaaif lepton - antilepton pairs at high
mass. This allows CDF to place a limit on the nsxsde for lepton “compositeness” of roughly
2 TeV. This limit is comparable to that assignedjtark compositeness mass scales set by the
lack of anomalous jet production at high mass.

The data on the “transverse mass” distributibh,, of leptons and neutrinos are shown in
Fig.4.23. The transverse mass associated withtarlend missing energy is defined in Eq.4.6.
Because the longitudinal component of missing enégvery poorly measured due to small
angle energy disappearing unobserved (recall teeudsion in Chapter 2) we are limited to
measuring the mass in the transverse plane. Exangplendividual events with produced W
bosons have already been displayed in Chapteg22F and Fig. 2.23.
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M7 = 2R, E (1-cosg ) 4.6

The variableR,, is the lepton transverse momentul,is the magnitude of the missing
transverse momentum amgg}  is the azimuthal angle between them.

There is no known SM state that contributes to high transverseatnags the W peak. In
the absence of any signal, the lack of events can be translatedlimit on the mass of particles
predicted in SM extensions containing gauge bosons which are &ecas’ of the known W

and Z bosons. The present data allow us to rule out sequential gaogs ah a mass less
than 650 GeV.
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Figure 4.23: CDF data on the transverse mass dbrieplus neutrino events at high mass. The specisum

dominated by the W boson signal at a mass ~ 80 Gk¥ .predicted signal for a 650 GeV “sequential Md5on is
also shown [ref. 11 — with permission].

The transverse momentum of the dilepton pair in the dilepton mags ok (66,116) GeV,
encompassing Z boson production, is shown in Fig.4.24. It is strongtedirnto low values,
because it is due either to intrinsic parton transverse momaenttorinitial state radiation (ISR)
of, say, a gluon by the quark or anti-quark. In the latter casexpect a cross section that falls

as the third power of the dilepton transverse momentum. The obsestglution is at least
gualitatively in agreement with that expectation.
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Figure 4.24: CDF data on the transverse momentsinilition of the dilepton system in the dileptoass range
from 66 to 116 GeV. The dots indicate a two bo#g inverse cube dependence of the distributiorheriransverse
momentum [ref. 11 — with permission].

4.7 EW Production

In the previous section we looked at the continuum production of leptos Basonant
production of the W gauge boson and the Z boson are prominent featurespédtram. This
large sample of singly produced gauge bosons can be used to egtrecto$ their basic
properties such as mass, decay width, and their different brarfcaatipns. In turn, because
these quantities are accurately predicted in the SM, we sarthe2e SM to a high degree of
precision.

47.1 W Mass and Width

The mass of the W and Z bosons is predicted in the electrowealy,thsodiscussed in
Appendix A. The vacuum expectation value of the Higgs field is detednby the Fermi
coupling constang ¢ >=1/+/ 2G\/2 = 174 GeV. The weak coupling constaugy, is related to the
electromagnetic coupling constant e and the Weinberg anglé, ,
G/2= a;, /8MZ , g, Sind,, = €. These two numbers3, 4, , allow us to predict the W and Z
masses. In fact, these predictions were available to the experimerdets fire data taking runs
where the W and Z were discovered at CERN in the early 1980's.

M =2m,, < ¢ >* M,, ~80GeV 4.7
We also saw in Appendix A that the gauge bosons have couplingsgodties and leptons
specified by the gauge principle. The coupling of the W to quaksomplicated by the
existence of the weak quark mixing mamq>g, . However, in first approximation we can treat the
mixing matrix as diagonal. Thus the W couples to all lepton — neutrinios, pa
e +V, 4 +V,, T +V, and theu+d, T+ s quark pairs with equal (universal) strength. We
must remember to count all three possible quarkrsoh making a colorless final state (the W is
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a color singlet because color is a strong intevacdttribute). These considerations lead to nine
distinct dilepton or diquark final states with etjpartial decay rates. The total decay rate is
proportional to the weak fine structure constaptand the W mass.

rw - e+v,)=(a,/12)M,, ~0.21 GeV
FTw ~M W - e+v,)
The total W decay width is predicted to be aboQt@eV. The width to mass ratio for the
W boson is about 2.5 percent, which makes the iy fsharp resonance. A schematic
representation of the W two body decays into leptoth quark pairs is shown in Figure 4.25.
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Figure 4.25: Schematic representation of the twdybadecays of the W boson into lepton and quarkspa®nly
“diagonal” quark pairs in the quark weak mixing matre shown. The quark pairs each have 3 identiciar —
anticolor entries in the sum over final stattRR, BB GQ .

4.8

The coupling of the Z bosons to quark and leptarspa also specified in the electroweak
theory as sketched out in Appendix A. For examgégays into neutrino — antineutrino pairs
have a partial width, which is also proportionalthe weak fine structure constant, and the Z
mass. This dependence is clear from simple diagetiorand dimensional considerations.

r(z - vv)=[a,/24][M,/cos’ 8,]~0.16 GeV 4.9
Data from both the DO and CDF experiments are shavigure 4.26 for the production
cross-section, branching ratio, and decay widtlganfge bosons. We expect to find a value ~
T (FIMI(2I +1)(B~2/9)~9nb for the W cross section formed im+d and d+u
annihilations, where the leptonic branching rato électrons or muons is, B ~ 1/9 = 0.11, and
~2.0 GeV from Eq.4.8The data shown confirm these approximate expeosatio
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Figure 4.26 Data from the LEPDO and CDF experiments on the production crossesgdhe branching ratio, and
the decay width for both W and Z gauge bosons. vErgcal lines indicate the rough predictions madéhe text
for the total decay width and the electronic bramgtiraction [ref. 12 — with permission]

The Z mass has been measured to extremely highaagcat electron — positron colliders
located at CERN (LEP) and the Stanford Linear Ae@dbr Center = SLAC (SLD). Therefore,
we will assume we know it to arbitrary accuracye™ mass is more difficult to measure. As
we mentioned in Chpt.1, at LEP2 the production op&ifs has been measured. The shape of the
cross section as a function of LEP C.M. energyhasWW energy above “threshold” at C.M.
energy ~ 2N is crossed then allows for a measurement of then&¥s. At the Tevatron, a
direct measure of the invariant mass of the W decagiucts is used to determine the mass.

In the leptonic decay mode the neutrino is onlglfivmeasured in the transverse plane. In
the quark decay mode, the accuracy of calorimetass measurements is not very good (see
Chapter 2).

Therefore, CDF and DO have concentrated on theohé@ptdecay mode using precisely
measured muons (using the tracking — Chapter Zlextrons (precision calorimetry and/or
tracking). The Z can be used as a control samptelalge transverse mass the shape is
dominated by the Breit - Wigner width, since theomant falloff with mass is much slower
(power law,[[ /(M —M_)]?) than the Gaussian falloff due to the error inrtess measurement.
Therefore, the transverse mass distribution cansed both to measure the W mass and, using
the high mass tail, the decay width (Fig. 4.26)Fig. 4.27 data from both the CDF and the DO
experiments on the transverse mass of W gauge beserdisplayed.
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A good knowledge of the W transverse momentum syects also needed to measure the
mass accurately, because it influences the trassvwenss distribution of the W. It is here that
the Z, used as a control sample, is very usefwdvimuating, and thus controlling, systematic
errors.

Figure 4.27: Data from the DO and CDF experimemighe transverse mass of W bosons in lepton plugrine
final states. The long resonant tail at high masdisplayed in the data, which allows for a simédiaus
measurement of the W decay width [ref. 13 — witmpssion].

The collider data on direct measurement of the Wssnare shown in Fig. 4.28. The
measurements from CDF and DO are combined withetlfimsn WW production at LEP (see
Chapter 1).

Finally, the current world data on the mass of Wies shown in Fig. 4.29. Data from
proton-antiproton colliders is combined with theedt data from WW production in electron —
positron machines as shown in Fig. 4.28. Then @atlimeasurements using data which depends
on virtual W exchange is combined with the direcasurements. These give the combined
result quoted below. As we will see later in thisyter, precision data on the top and W masses
can be used along with electroweak calculationthefradiative mass shift due to higher order
“loop” processes to set limits on the Higgs mass.
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Figure 4.28: Determinations of the W mass from th&2 (CERN), CDF and the DO experiments and LEP
experiments directly producing W gauge boson feéfs 13 — with permission].
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Figure 4.29: Data on the W mass from direct measents at CDF, DO and LEP and from indirect measargs
using lepton scattering data [ref. 13 — with pegiois].

The dependence of the distribution of transverassnon the W decay width is shown in
Fig. 4.30. The fractional differences arising fralifferent decay widths are most apparent at
high transverse mass, as expected. Clearly, wiluficient number of events, an accurate
measurement of the W width is possible (see Fi§)4.2
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Figure 4.30: Monte Carlo results for the W transeemass. The different curves correspond to W deddips of
1.5t0 2.5 GeV [ref. 14 — with permission].

47.2 RofWw

The Drell — Yan production of a single W is a 21-process, with essentially no transverse
momentum in the final state. As we saw with charimon(Chapter 3) and lepton pairs (Chapter
4), this is true to lowest order, but initial stagdiation will cause the W to have a finite
transverse momentum. In fact, we will see in Chaptehat one important mode for Higgs
production arises from the radiation of a Higgsablighly virtual W or Z gauge boson (Higgs
bremsstrahlung ).

Data for single W production taken at the Tevat@os shown in Fig. 4.31. The transverse
momentum of the W peaks at very low values. Althotlte data is for any event with a found
W, there are very often jets found which accompdwey\W. One of the Feynman diagrams used
in the COMPHEP Monte Carlo program for initial stadiation by the colored quarks is also
shown in Fig. 4.31. Topologically these diagrame arst our basic two body scattering.
Therefore, we expect that the transverse momentuitmedV gauge boson is distributed as the
inverse cube of the transverse momentum as weaahd Z in Fig.4.24. The line shown in Fig.
4.32 has this behavior, and we can see that iréasonable representation of the results of the
full Monte Carlo model, at least at high transvergementa.
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Figure 4.32: The COMPHEP _distribution of W transeemomentum for the production of W gauge bosoms an
gluons in the final stateu+d — W" + 0. The line shows typical two body scattering bebgvivhere the
transverse momentum is distributed as the invarbe,d./ PT3W

4.7.3 W Asymmetry

There is an asymmetry in the production of W bosornsoton-antiproton collisions which
is due to a combination of two effects; the V-Auratof the weak interactions (see Appendix A)
and the dynamics of W production. In the exam@dlé\8 production from valence quarks

shown in Fig. 4.33, the positrons are preferentiathitted in the direction of the antiproton. The
similar reactionu+d - W - € +/, sends electrons in the direction of the proton.
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Figure 4.33: Schematic representation of the spireations in proton - antiproton production afigle W gauge
bosons. Momenta are indicated as arrows, spintairecas thick arrows. Positrons are preferentiaithjtted in the
direction of the incident antiproton.

The V-A, parity violating, nature of the weak irdetions makes light quarks and leptons,
(u,d,e,v, in the first generation) left handed (negativdicity, where helicity is the
projection of spin on the direction of the momentuand the corresponding anti-
particlesf, d, € ,v,, right handed (positive helicity).

The lepton charge asymmetry can be used to stedglitference in the up and down quark
distribution functions of quarks in the proton. Theal lepton charge asymmetry is clearly
dependent both on the V-A dynamics and on theiligton of u and d quarks in the proton.
Assuming that we fully understand the fundamenta body weak production and decay
dynamics, we can use the data to constrain thet implues for the u(x) and d(x) quark
distribution functions.

The CDF data on the lepton charge asymmetry asdidun of the lepton rapidity is shown
in Fig. 4.34. Subsequently, that data has been tesednstrain the quark distribution functions.
At large x, the value of u(x) is larger than d(xee though both are valence quarks with equal
binding (color). That is seemingly just an experiaéfact we need to remember.
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Figure 4.34: Data from CDF on the lepton chargerasgtry as a function of the lepton rapidity in greduction of
single W bosons [ref. 16 — with permission].

4.7.4 b Pair Decays of Z, Jet Spectroscopy

The calorimetric resolution for dijet masses is amant in searches for the Higgs boson.
Data from CDF are shown in Fig. 4.35. These dateesto indicate the mass resolution that can
be obtained in jet spectroscopyhe data come from a sample difets with two decay
vertices identified (“b tags”, see Chapter 2). Thserved mass resolution is roughly dM ~ 12
GeV. The error due to energy measurement can baatstl (roughly) to be 7 GeV (a = 60%,
see Chapter 2). Clearly, there are other contobstio the mass error that arise in defining jet
energy which lead to the total mass error. Thisr@se is essential practice and serves as a
control sample for searches in dijet mass spedawill use these estimates to extrapolate to
the mass resolution expected in calorimetric Hgggrches in our discussions in Chapter 5.

We can note that ~ 20% improvements are being seenass resolution if tracking
information is used in conjunction with calorimetrmeasurements. This is called “energy flow”
in the literature. The idea is simple. Tracking swwaments of charged pion momenta are much
better than calorimetric measurements at “low” motae( < 100 GeV ). Much larger
improvements are expected for detectors used atrete— positron machines because there is no
confusion from an underlying event.
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Figure 4.35: Data from CDF [ref. 3 — with permisgion the dijet mass distribution reconstructedchbiorimetry.
The jets have both been tagged as b quark candidsiteg the silicon tracking detectors (see Chafjter

2 — What is My and how do we measure it ? [ this refers to the secondhefdozen questions
raised in section 1.7. We will repeat them as we get to the point of trying to addesg.t

4.8 Higgs Mass from Precision EW Measurements

At this point we can finally begin to address tkeeand unanswered question first posed at
the end of Chapter 1. “What isyvand how do we measure it?” First, however, welree
digress a bit and look at the effects of higheeouantum “loops” on observable quantities. As
with charge, the operational mass of a particldirfdd by the behavior of the “propagator”) is
not a fixed constant but is an effective constarguantum field theory with a value that depends
on higher order quantum processes as discussepdpendlix D. The experimental exploration of
the SM has now progressed in accuracy to the pdiere we can test its’ predictions at “one
loop” in the perturbation expansion in powers & teak coupling constant.

In Fig. 4.36 we show a schematic representationthef fermion and boson loops
contributing to a propagator. Since the propagast@itered by these loops and since it has the
form, V(q) =1/(g* + M?), to lowest order (see Eg.1.6), we can expect ttatmass will be
altered by the loop contributions. Indeed, thigasrect. Conversely, measuring the mass very
precisely, we learn about the particles which exigtially in the quantum loops. In fact, we can
constrain the mass of the Higgs boson since imésad the particles in the loop.
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Figure 4.36: Schematic representation of the ‘irdecay, p —» (P—Q) +(, and subsequent absorption,
(p—q)+qg - p,ofa pairin a “loop diagram”.

A particle propagates virtually with momentum p ahdn virtually decays into a pair of
fermions or bosons which are reabsorbed to refdweninitial particle. This is a higher order
“loop” diagram. The “running” of the coupling “caiats” is also due to higher order quantum
loop corrections and has already been discusssekciion 4.2 and Appendix D.

We assert that the propagators for fermions andor®osare different,1/q, 1/¢f
respectively, for massless quanta. We have alreashtioned, Eq.1.6, that the propagator for
massless bosons can be thought of as the Fowaresform of the Coulomb interaction potential.
The propagator for fermions follows from a studytbé massless Dirac equation (see the
references given at the end of Chapter 1 and Appéex)d

The expressions for the modification to the pr@pag(or mass squared) of particle p due
to fermions and bosons in the loop come after natégy over all possible virtual loop momenta.

faaia’~ [@dq G~ ] ad-
4.10

[dal(c)*~ [a’dd ¢ ~ [ dd a-In( M

We see that for fermions the integral goes asdtjuare of the fermion mass, m, while for
bosons it has a much weaker dependence, going ésgrithm of the boson mass, M.

The Higgs mass is a free parameter in the cur@tantard Model” (SM). There are two
parameters in the Higgs potential, and one is fikgdthe measurement of the vacuum
expectation value of the Higgs field using G. Thigeo can be taken to be the Higgs mass, and it
is also not determined by theory and must be détexnfrom experiment. Precision data taken
on the Z resonance does, however, constrain thgsHgass. The Z mass is known very well.
The top and W masses are determined as we discunstiesl chapter, p= 176+ 6 GeV, My =
80.41 + 0.09 GeV. Both measurements are statistics limgeghresent, so we can expect
improvements in the near future as CDF and DO gatioge data.
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The SM at lowest order predicts that; M My/co®9y as we showed in Appendix A.
Radiative corrections due to loops will modify tinedationship because for Z loops there are top
pairs of fermions, while for Wloops the pair is a+b . Therefore the mass in the loop differs,
causing a differential shift of the Z mass withpest to the W mass.

A schematic representation of the important lo@gihms for W gauge bosons is shown
in Fig. 4.37. The best determined parameters inStlefor the electroweak interaction are G
(muon decay), the Z mass (LEP), the fine structumestant,a, and the Weinberg angky
(neutral current neutrino interactions, Z leptoul guark decay asymmetries). These parameters
are sufficient to predict the W mass up to radaterrections due to top loops and Higgs loops.
The program is then to precisely measure the W rmadsthe top mass and thus constrain the
Higgs mass.

W W

b
WO
t
~O-

W

Figure 4.37: Loop diagrams for the virtual W decaysch contribute to the W boson mass. There atk guarks,
b and t, and gauge bosons, W and H, in the inteateedtates. The couplings are Wtb and WWH.

The expression for the shift of the squared W naassto the fermion and boson loops is
given in equation 4.11. We see the expected gtiaanass dependence for the fermions and the
logarithmic mass dependence for the bosons. Ther®@posite signs for the contributions to
mass from fermion and boson loops. This sign difiee will be crucial in our discussion of
SUSY in Chapter 6. As the top mass increases thmaas increases (fermions) while the W
mass decreases as the Higgs mass increases (bosons)

MZ =MZcos’8,, (1+9)
3, ~[3a,, (m,/ M, )2]/167 4.11
3, = [11a, tart 6, /247]InM ,, M, )
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The explicit sensitivity of the W boson mass to tihyg mass is;

dM,, = (3a,, /167m)(m / M, )dm 4.12

For example, the present top uncertainty of ~ ¥ (@emass leads to a 22 MeV shift in the
W mass. The dependence on the Higgs mass is muakewe For a Higgs mass between 100
and 1,000 GeV, the W mass shifts by only 130 Me\e $tudent is strongly encouraged to put
some numbers into equation 4.11 in order to geehfbr the sensitivity involved. The result of
plugging in the numbers is shown in Fig. 4.38. @lean accuracy of 25 MeV on the W mass
(~ 0.3 %) or better is needed to define the Higgssio 100 GeV in the context of the SM.

80.5

80.45 H

Mw(GeV) 504 /

80.35}

80.3}.

80.25

802 1 1 1
165 170 175 180 185

my(GeV)

Figure 4.38: Data from the Tevatron expe:uncinawmasuh the direct top quark mass measurementsttand
precision W mass measurements to constrain thesHigss.

A more comprehensive compilation of all the prelyeavailable precision data is shown in
Fig. 4.39. The direct measurements of the top &edW masses appear as a circular area.
Indirect measurements of electroweak parametershen@n as a separate allowed region. These
two sets of independent measurements are not ylartic consistent. Therefore combining data
and thereby reducing the errors is perhaps nobd giea because of systematic uncertainties.
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Figure 4.39: Constraints on the Higgs mass due é¢asorements of the W mass, the top mass, and hiee ot
precision electroweak data [ref. 17 — with pernugki

In addition, the contours plotted only include cstandard deviation (68% confidence
level) instead of the more conventional two staddiviation contours. In any case, it appears
that a light Higgs mass is “favored” by the exigtialectroweak data if the SM is a correct
theory. Clearly more data with higher statistiafich will eventually be available from CDF
and DO, will tell us whether the prediction of avlenass Higgs boson persists and is made

sharper.

Note, however, that this analysis assumes thasthredard Model is a fundamental theory,
while it is felt by many, because of the unanswegegstions posed in Chapter 1, to be
incomplete and thus only an effective field theoryherefore, the derived constraints on the
Higgs mass are not logically self consistent. Arengeneral analysis makes for much less
restrictive Higgs mass constraints. We must befeghte avoid making glib arguments when
looking into unknown phenomena. Clearly, a strotagesnent about the Higgs mass is not
possible at present.
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Exercises

10.

11.

12.

13.

14.

15.

Use the formulae developed in Chapter 3 to eséirthe cross section in p - p collisions at
2 TeV C.M. energy for g — g scattering at a mas®6f GeV. Compare the result to the
data shown in Fig. 4.3. (ugfey=4,C=1)

Show thatdy / df ~1/t2.
Plota,(Q%), Agep = 02GeVfrom 1 GeV to 1 TeV. Compare to Figure 4.7.

Look at the plot of the strong coupling consianfEOMPHEP. Compare it to Figure 4.7.
Use Table 3.1 to estimate b quark pair prodoatith respect to jet production

Evaluate the muon lifetime in Eg.4.4 and compaithe experimental value of ~ 3i8ec.
(n.b. 7 =6.6x10%°GeV se)).

Find the muon decay width in COMPHEP and comfmatke result of Exercise 6.
Evaluate the top decay width using Eq.4.5.

Use COMPHEP to evaluate the top decay width,cantpare to Exercise 8.
Make the numerical calculation shown in Eq.4ralie W decay width.

Evaluate the loop contribution of the Higgshte W mass, Eq.4.10, for Higgs masses of
100, 300, and 1000 GeV and compare to Fig. 4.36.

Differentiate the expression for the W ntasshow that

dM,, / My, =[-11a,, tar? 6, /48710M ,, /M ,,).

Evaluate the expression derived in exercis® Ehow thatdM,, ~57 MeV(dM,, /M, )

For Higgs mass from 100 to 1000 GeV take the foaeti Higgs mass variation to be ~ 3
with respect to the mean of ~ 300 GeV and commaFegure 4.36.

Use COMPHERP to evaluatge+ g — t+ t in proton-antiproton collisions at 900 GeV +

900 GeV C.M. energy. Compare to the data givenisy@hapter. Tryu+u quark
annihilation into top pairs. Is the cross sectianmgér? Why?

Use COMPHEP to evaluate the radiative widtthefw, W-->E1, n1 and V\.->E1,n1,A.
What fraction of 2 body W decays have a photontechiby the electron?
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16. Evaluate the Drell-Yan process, u,U->el,EIpfoton-antiproton collisions at 2 TeV C.M.
energy for masses > 50 GeV. Compare to the da&ngivthis Chapter
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5. Higgs Search Strategy

“You may seek it with thimbles--and seek it witare; ..... you may charm it with smiles and
soap” -- The Hunting of the Snark -- Lewis Carroll

“Come Watson, the game is afoot” — Sherlock Holmes

We are now ready to examine the experimental sestrakegies for first discovering the
Higgs boson and then finding out whether the prigeare what we expect if the SM is correct.
For example, is the coupling to W and Z bosonsradigted? Does the coupling to fermions and
leptons go as the fermion mass? Are the self-cogpliof the Higgs as predicted? New
experiments being prepared for the LHC at CERNeapdicitly designed to attempt to answer as
many of those questions as possible.

The expected properties of the Higgs boson werg finentioned in Chapter 1 and
Appendix A. The accuracy of the measurements oSteparticles into which the Higgs decays
was explored in Chapter 2. The formulae neededatoutate p — (anti)p production cross
sections were given in Chapter 3 and the hadrdideoktate of the art was presented in Chapter
4. We now put all of this information together irder to look at the production and decay of the
Higgs boson, the last undiscovered particle inSNe“periodic table”. We want to find the mass,
width, couplings to fermions and gauge bosons,satfecouplings of the Higgs boson.

51 Cross Sections at the LHC

We first mention the “minimum bias” rates for “inslive” or unselected inelastic events at
the LHC. The expected total inelastic cross secison, ~ 100 mb, of which ~ 50 mb is not
“diffractive” in character. Diffractive events seadscattered proton at small angles to one or the
other or both of the incident proton beams. We ragshere that these scattered protons exit at
angles less than those covered by our detectoese e specialized experiments that will run at
the LHC, which will detect the low transverse motoem protons in order to study the elastic
and diffractive interactions. In what follows weesgalize to non-diffractive high transverse
momentum reactions.

In Chapter 3 we first mentioned 2 -> 1 resonancedyction. In the narrow width
approximation, these processes have fundamentsd sextions as shown in Eq.5.1.

6 ~ n?(20+1r/m3 5.1
For example, the Drell-Yan production of W bosoas be estimated, with M =) J=1,
andl =Ty, to beg,, ~47nb.
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For any fundamental two body scattering a roughr@pmation for the cross section for
production of pair of particles of mass,M

AG ~To005 /(2M )2 5.2
For two body scattering, the point - like scattgrohynamics leads to a mass distribution,
dé/dM which goes as the inverse cube of the mass. htiagrthat distribution above a
threshold at 2 we are lead to Eq.5.2. For example, WW produci®restimated to be,
AG,,, ~m5,I(2M )’ =50 pb.

In comparison to the inelastic non-diffractive @asection the Higgs production cross
section is very small, &, ~5@tnb g, (12GeV )~ 20t), in the ratio of 4 x 18°. Because
the Higgs cross section is so small, we must hagle luminosity and that, in turn, means an
enormous rate of particles from uninteresting ‘mmam bias” or inelastic, non-diffractive
events.

The last quark discovered in the SM was the topkguaund at the Tevatron. The CDF
and DO experiments successfully found the top quahich has a cross section ~%0of the
total cross section.

The cross section for various processes in p #gaotllisions is shown as a function of
C.M. energy in Fig. 5.1. The cross section for Higgssses other than 500 GeV can be extracted
from Fig. 5.3. For the LHC we will assume a dedigminosity of 10** /(cn? sec) For one year
of running we put in an efficiency of ~ 1/3 or atalaaking time ofl0’ secThis means a
sensitivity of 10" /cnfyr or 100 fb™/ yr . In one year at design luminosity 100,000 (1,000)0
Higgs particles of 500 GeV (100 GeV) mass will lbeduced. Note that the cross section for top
at the Tevatron is about the same magnitude af0aGBY Higgs at the LHC. Nevertheless,
because the Higgs mass is unknown and could be Lig €V, the LHC accelerator and detectors
must prepare to explore cross sections much Idvear those probed at the Tevatron.
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Figure 5.1: Cross section for all, b quark, W, t quarld, 800 GeV Higgs particles as a function of the C.M. energy.
The dot indicates the LHC cross section for a 100 GeV Higgsrb The triangle indicates top production at the
Tevatron [ref 1 — with permission].

A 500 GeV mass Higgs has a production cross se@f®0 times smaller at the Tevatron
than at the LHC, but the inelastic cross sectiomughly the same at the two energies. Even at
the LHC, a 500 (100) GeV Higgs has a cross seatitimrespect to the inelastic cross section of
only ~ 1011(10'10), which requires great rejection power against gemknds and a high
luminosity. This rejection must exceed what has@ndy been achieved for the top quark. As
we noted in Chapter 2, multiple redundant measunésna the SM patrticles will be required if
the needed rejection power is to be achieved inH@ experiments.

We also see that the cross section for the stromgution of top pairs, each decaying into
W + b, rises very rapidly from the Tevatron to tdC, as we mentioned in Chapter 4. These
top pairs will make a background of W pairs, whialh complicate our Higgs searches when we
are trying to measure the Higgs WW branching rafioe top cross section exceeds that for a
500 (100) GeV Higgs boson by a factor ~ 300 (10).
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5.2 Higgs Direct and “Loop” Couplings

In Appendix A we derived the coupling of the Higgsld to the gauge bosons. We also
postulated the Yukawa coupling of the Higgs to feemions, and found that the coupling
constants were proportional to the masses of theidas. These couplings then imply calculable
decay widths of the Higgs boson into quarks antblep which were first given in Chapter 1 and
are repeated here. The quark decay width is thmeestthe lepton width due to the final state
sum over colors.

MH - qg)=3r(H - 1) 5.3
(H - qa) =] (3, /8)(m,/ M, ¥ | M,
The decay width to quarks and leptons is lineathn Higgs mass and quadratic in the
qguark or lepton mass. Since we will be interestedHiggs decays into large branching ratio
decay modes, we will consider decays to b quarkspait lepton pairs. The top quark is so

heavy that top quark pairs are above ZZ threshmitithe stronger gauge boson couplings still
dominate (see Fig. 5.15).

FH - ZZ)=T(H - WW)/2
F(H ~ WW) =[ (a, /16)(M, / M, Y | M,
The coupling of the Higgs to gauge bosons goebasube of the Higgs mass. This means
that the Higgs state ceases to be recognizablerasoaant peak when the weak interactions

become strong, at high Higgs masses. The effettiig I, ~ M, on the observable Higgs
mass is then ~ (1.0-2.0) TeV.

5.4

There is no direct Higgs coupling to photons oroghi since the Higgs has no electric
charge or color. Since the Higgs couples to masstla® photon and gluons are massless, that
decoupling is natural. However, there are highdeoncouplings. We use as intermediate states
the heaviest object that carries both color or ghand weak charge, the top quark. The decay
widths are given in Eq.5.5, where the symbol {jaates a loop integral defined such that it is a
number of order one.

F(H - 99) ~[ (@ /8) (M, IM Y | [ @ /7)1, F 19]M,

F(H - ) ~[ (@ /9M, IM, Y] [ @7y I F19M,

These results are approximate and only refer totdpecontributions to the loop while
several other particles, e.g. W for photons, camtrdmute. Explicit dependence on the top quark

mass, which is expected from our previous discassidermion loop contributions to the W and
Z mass, is contained in the loop integrals andtshown here.

5.5
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These loop decay widths look like allowed decayg.5H, but with an additional factor
given in the right most brackets containing theplagegral |I| and the strong or electromagnetic
fine structure constant squared. That latter factimes from the two added vertices shown
schematically in Fig. 5.2. Clearly, we can thinktbése decay modes as being due to a Higgs
decaying virtually into a top pair followed by quaradiation of two photons (two gluons),
leading to thex® (a?) factor in the decay width.

Figure 5.2: Schematic representation of the top loop dedhyg ¢tiggs boson into two photons.

Numerically, for a Higgs boson of 150 GeV mass, gh®n-gluon decay width is ~ 0.25
MeV and the two photon width is ~ 1.16 keV if we aga the lop integral, |l|. In comparison the
b pair direct decay width, Eq.5.3, using 4.5 Gewthe b quark mass, is ~ 6 MeV.

The effective Higgs gluon coupling constant ig,, ~ (@, 19)@. /Y. Note that
COMPHEP does not contain loop diagrams, so thaetimekrect decay modes are not present in
COMPHEP. However, an effective ggHwH interaction may be added to the Standard Model
vertices by editing the COMPHEP file. The interegedlent is encouraged to attempt this feat.

We saw in Chapter 3 that the proton consists afdicaquarks and gluons. The masses of
the u and d quarks are both ~ MeV (see Fig.1.2)refbee, given the quadratic dependence of
the Higgs width on quark masses, Eq.5.3, the cogpdf the Higgs to ordinary matter is very
weak. Likewise, the coupling to the massless glusmsgher order in the coupling constants and
correspondingly weak. The major production mecharas the LHC is the higher order process
with Hgg coupling because the gluons are copioasbilable in the proton at low x. Thus the
most important production mechanism involves plsi¢gluons) which do not even couple to
the Higgs at lowest order in the coupling constants

5.3 Higgs Production Rates

5.3.1 gg Fusion
In Chapter 3 we derived formulae for the crossigadbr 2 -> 1 processes. We recall the
kinematics, xx, = My?/s, and for production at rest in the C.M. systep® X, = <x> = My/Vs.
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For a light Higgs mass at the LHC with C.M. energyl4 TeV the x values are small. For
example, a 150 GeV Higgs is produced by gluons wix» ~ 0.011.

The formation cross section isg/dy ~ T¢I (H-->gg)/(8M3)[xg(X)]xa[Xg(X)]x> . The 1/8
color factor has been applied because the proddHaoggk is colorless and there are 8 colored
gluons subsumed in the distribution function g(Xf the 8 x 8 combinations of a gluon from
one proton and a gluon from the other, only eigatelorless, e.gRG x RG.

Using Eqg.5.5 forl (H-->gg), using the gluon distribution mentionedeally, [xg(x)] =
(7/2)(1-xf, and taking ¥x;=Mu/Vs, d/dy ~ 4GP (H-->gg)/(32MI)][(1 - MuVs)q ~
A97eT (H-->gg)/(32My°), assuming a light Higgs where <x> << 1. The*Mehavior ofl (H-
>gg) roughly cancels the 1/Mbehavior of d/dy, resulting in a Higgs cross section which is
approximately independent of Higgs mass, for lighygs, a/dy ~ 49|fasZow/[2304Ma7.

Numerically, ab/dy ~ 443 fb on the rapidity “plateau” where y ~ifQlj| ~ 1, orc ~ 2.2 pb
(Ay ~ 5) for a light Higgs at CMS. This agrees verygboly with the complete results shown in
Fig. 5.3. Note that we do not expect good agreerhenause the residual loop integral |l| has
some dependence on the Higgs mass. For a designokity of 13“/cm’sec or ~ 100 fiyyr,
CMS will produce ~ 200,000 light Higgs/yr. The hilgiminosity is required for a statistically
convincing discovery once the effects of detectffitiency and decay branching fraction to a
particular final state are taken into account.

Suppose we look at the experimentally clean sigeatd—> ZZ > four leptons. There will
be two narrow dilepton mass peaks at the Z mass.€ekperimental resolution for the Higgs
mass is also quite good, since accurate trackingsarements of the lepton momenta are
available. Using Eq.5.4, the branching fractiom idtpairs is ~ 1/3. Since the branching fraction
of Z into electron or muon pairs is 7% (the studsant verify this using COMPHEP, Z->2*x), if
we assume fully efficient triggering, detectiondaeconstruction efficiency, we find that in one
year of data taking at design luminosity the nunmdifesignal events, = S, is 327 Higgs decays
into the four lepton final state. If there werelmackground, B = 0, the signal would be an 18, =
V327=/S, standard deviation effect, which is a “convigéidiscovery. A one standard deviation
fluctuation, for Gaussian errors, is 68% likely.t¥o-sigma effect is 90%, and a three-sigma
effect is 95% probable. Most physicists “believe’ddfect of five standard deviations or larger if
the systematic errors appear to be under coneel kg3. 5.35).
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We show complete Monte Carlo results for the Higg&lpction cross section as a function
of Higgs boson mass in Fig. 5.3. The dominant meishais gluon — gluon fusion as expected.
In our approximate order of magnitude estimatesmi@bove for a light Higgs we have ignored
the |I| dependence on the Higgs mass (n.b. therpesk in the cross section shown in Fig. 5.3 at
~ twice the top mass where the loop integral besomenaximum). We also ignored the
additional contributions of particles in the Hggpo Finally, we ignored the falloff of the gluon
distribution functions at larger x and the rise [®§(x)] at low X, which was mentioned in
Chapter 3. All these effects contribute to the naegsendence exhibited in Fig. 5.3.
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Figure 5.3: Cross section for the production at the LH@ d¢figgs boson as a function of its mass. The main
production process is gg fusion, but rarer processes armdisated [ref. 2 — with permission].

We will adopt representative masses for the Higgé20, 150, 300 and 600 GeV, with g-g
fusion cross sections of ~ 30, 20, 10, and 2 ppes/ely in what follows. For these masses we
estimate the total Higgs width to be 3/2 times\W\&/ decay width or ~ 0.0, 1.6, 13.2, and 105
GeV. At ~ 120 GeV the total Higgs decay width isywsmall because the Higgs mass is below
the WW threshold ~ 2M ~ 160 GeV. It should be clear that the final stdiggs decay mode
used and the expected rates are very dependenteoiidijgs mass. Because this mass is
unknown over a rather wide mass range, we musteceefiexible search strategy in order to be
moderately sure to be successful.

There are 4,000,000 to 200,000 Higgs events praldyear for masses from 120 to 600
GeV according to Fig. 5.3. Using the experimentallyan ZZ decay mode, for Higgs bosons
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above ZZ threshold, with masses from 180 to 600 Gle&te are, foH - ZZ - 4( decays, ~
8000 to 800 four lepton Higgs signal events perr yaull LHC luminosity. This leads to a
resonant signal, which is detectable with a higlellef statistical significance, as we will see
below. In the extreme case of no backgrouv@,ranges from 89 to 28 standard deviations.

Even at 1/10 of design luminosity, the LHC provideseral discovery possibilities, as
shown in Table 5.1. For example, the enormous nwiifeproduced b quarks makes the LHC a
true “b factory”. Higgs particles are discoverainia single year even at this reduced luminosity
if they are sufficiently light, roughly 700 GeV bghter.

Table 5.1 LHC event rates for “low luminosity” operationlat 10*%/cnt sec

Process o(pb) Events/Second Events/Year
W_e 1.5 x 10 15 16
Z . ¢ee 1.5 x 16 1.5 10
tt 800 0.8 10
bb 5x 1¢ 5x 10 10'
H (my = 700 GeV) 1 18 10

5.3.2 WW Fusion and “Tag” Jets

Before looking at possible Higgs final states wdl @xplore production mechanisms that
are not dominant. We do this because ultimatelywaat to measure the Higgs coupling to as
many quarks, leptons and gauge bosons as posSine.g-g fusion production mechanism
basically measures the Htt coupling. That couplini§ be convoluted with whatever couplings
lead to the final state we study. The g — g medmanis also sometimes not sufficiently
distinctive to allow us to extract a Higgs decaynsil into a particular final state because of the
large backgrounds.

In that case, we use other, more distinctive, pcoda mechanisms, which are biased
toward rarer electroweak production processes. thuidil rejection power against background
can sometimes be obtained by using the charaatsridt Higgs bosons; preferential coupling to
gauge bosons and to high mass quarks and leptansviNsee that, for example, use of the WW
fusion process with detected ‘tag jets” allows csess to Higgs decays into W pairs angirs,
which are buried in large backgrounds if only ggiém production is considered.

Thus, by using different production mechanisms,epthiggs decay modes can be
measured in addition to the rates to Z pairs aeddé into four charged leptons or the rate into
photon pairs. These are the only decay modes alailssing the dominant Higgs production
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process, gg fusion. Obviously, improvements arerofial importance because we aim not just
to discover the Higgs boson, but also to measureaay of its properties as we can.

The “WW fusion” mechanism refers to the virtual esion of a W boson by a quark, e.g. u
-> W'+ d, from both incident protons, followed by theénse decay, or fusion, of the Higgs to a
W pair. This mechanism is illustrated in Fig. S33early, this is a useful process to measure on
its’ own right as it depends on the HWW couplingmpared to the gluon fusion which depends
on the Htt coupling. The recaoil jets are emittédmall angles to the proton direction and are
called “tag” jets because they are an indicationiag, that a virtual W was emitted.

u X d
W+

b----H
W+

d ' u

Figure 5.4: COMPHEP diagram for the production of thegsligoson in association with recoil jets from virtual W
emission.

The “WW fusion” mechanism is very similar to theabogous process where electrons or
positrons emit photons, replacing the electromagnetdiation of photons with the charge
changing weak reaction. The final state is anyestiaat can be formed from two photons. The
process is “tagged” by the existence of two reetgktrons in the final state emitted at small
angles with respect to the incident beam. The predstate has the quantum numbers of two
photons, C = 1 andJ"™ ~0**,2"". By the same reasoning, if a Higgs weak decay nivide
two photons is established, then we will know tiat Higgs spin cannot be = 1.

Some LEP data for two-photon production is showRig 5.5. The resonant states, which
are produced, are “filtered” by the production neubm to have only the quantum numbers
available to diphotons.
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Figure 5.5: Feynman diagram for two-photon productibfinal states in electron — positron collisions. The gnas
spectrum of the two pion final state is also shown indigasignificant resonant production [ref. 4 — with
permission].

In Chapter 3 we argued that radiation is soft asitinear. Thus, we expect that the tag jets
in WW fusion have low transverse momentum, ~ orléthea W mass, and large longitudinal
momentum. The pseudorapidity distribution of thgpjets was already shown in Chapter 2 in the
discussion of the required angular coverage fgpal detector operating at the LHC.

The distribution function, f_,,(x), for W emission by a quark g is calculable in
perturbation theoryxf,,,(X] ~ (a,/4m), where the basic radiative behavior, [xf(x)] ~ stamt
is evident. For a WW mass of M and a quark pair €pr mass of+/s, the kinematics is
familiar from the similar situation worked out irppendix C,r =M?/§, x,x, =7 . The integral
representing the joint probability to emit a W frame proton and another W from the other
proton at a WW mass M is given &g, in Eq.5.6.

IWW = ffqlw(xl) fq/W(Tlxl)Xmlxl 5.6
~ (ay, 14m)* @/ 1)In(L/ 1)

The resulting fundamental cross section, using W& Higgs decay width given in
Eqg.5.4, is similar in form to the estimate we mdolethe gluon — gluon formation of Higgs
bosons.

6(q0 - GGWW— aaH~167 07/ M) 4, 5.1

~[(a,)*In@/7)]/16M2
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In electron-positron collisions the two photon areection,e” +€ - € + X+ & exceeds
the one photon cross section, e+ € - g+ @, for C.M. energy in the few GeV range and
above. The ratio of the cross sections for the amalogous processes in p-p collisions is
proportional to the ratio of the strong to weakefistructure constant squared, times factors of
order one. Since the rati¢g,, /a)?, is only ~ 1/9, the WW fusion process is expedtete a
substantial fraction of the full Higgs productiammss section.

0(99 - H)~mT(H - g9)/ M*=[a,aZ| IF]/(72M;,) 5.8
o(99 - H)/a(dqq- qaH ~[(a ./ a,)?| IF1/4In(/r)

Indeed, as seen in Fig. 5.3, the WW fusion crestian is always more than ~ 10% of the
gluon - gluon fusion cross section. Therefore, expental search strategies using the tag jets are
useful at the LHC.

The COMPHEP Feynman diagrams for production of agsligia WW fusion with
subsequent decay into WW or WW* (Higgs with magssew WW threshold which decay have
one of the W “off mass shell” or virtual, whichirgdicated at W*) are shown in Figure 5.6. The
transverse mass of the WW* system where the W dettay into a lepton plus neutrino is
shown in Figure 5.7 for a Higgs mass of 115 GeVicls the final LEP Il upper mass range.
For masses greater than this but less than ~ 280tks situation in regards to the signal to
background and size of the cross section is evar fagorable. Indeed, the WW fusion process,
with detected tag jets, is an important discoveogdenfor the Higgs search. It is also important to
notice that this process depends only on the Higgpling to the gauge bosons, HWW, so that
this coupling can be isolated and measured expatattg

Figure 5.6 COMPHEP diagrams for WW fusion productibMbpairs. Note that there are irreducible background
processes. In particular, note the quartic W coupling.
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Figure 5.7: Transverse mass of the dilepton + missing teassenergy system in events with two detected tag jets.
The Higgs resonant peak is evident above the continuum WwWthadbackgrounds, even for the “worst” case of a
Higgs boson with 115 GeV mass [ref. 5 — with permigsion

Just as an amusement, let us consider protonsussesoof photons. First we can use
Eq.5.7 to roughly estimate the cross section por- ppyy — ppHusing Eq.5.5 for the width
of yy - H . However, it is clear that the proton, becausge itot a fundamental particle, has a
“form factor” describing the reduced probabilityemit a hard photon and still hold together as a
proton. We ignore that factor, and still arriveaavery small cross section for the two-photon
production of a light Higgs boson.

A more careful analysis leads to a revised estirftatthe cross section for a light Higgs of
~10* cn? which approaches viability at the LHC. These evewsuld be spectacular,
containing two final state protons with very smadinsverse momentum and, say, two b quark
jets from the Higgs decay emitted at wide anglath w 60 GeV transverse momentum each.
There are no other final state particles, givingsth events an absolutely clean and unique
character. In addition, there may be other stdtashiave a large two-photon formation width,
which have larger cross sections.

5.3.3 Associated Production — HW,HZ, Htt

Another possible production mechanism resultshiggs, H, produced in association with
a gauge boson. As we can see from the COMPHEP Faydilagrams, Fig. 5.8, the production
mechanism involves Drell-Yan formation of a virtu®/ or Z with subsequent Higgs
bremsstrahlung. A measurement of this process wadahtly probe the Higgs coupling to gauge
bosons. The cross section is, however, 10 to D0@stiess than the main production mechanism,
gluon — gluon fusion (see Figure 5.3).
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Figure 5.8: Feynman diagrams from COMPHEP on the assdgmibduction of Higgs particles and gauge bosons.
The process is Drell-Yan production where the off shell \X subsequently radiates a Higgs boson.

The Higgs + gauge boson production process is adgeaus because it improves the
signal to background in the case of a low mass #iggson. However, the cross section falls
rapidly with Higgs mass limiting the utility of thimechanism to low Higgs masses. Production
by quarks is also more advantageous at lower Cildrgges. The favored Higgs search strategy
at CDF and DO will be to use associated productith Higgs decay into b quark pairs. The
results of a Monte Carlo simulation for Higgs sigaad backgrounds due to the continuum
production of W + b pairs and other processesasvaehn Fig. 5.9.
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Figure 5.9: Mass distribution for b quark pairs due td,\WWZ, top pairs decaying into W + b, and continuum W +
b pair production. The model is for 2 TeV C.M. energy,t@mo- antiproton collisions at the Fermilab Tevatron
where the production of WH by quarks is enhanced with regpegitionic production. The expected integrated
luminosity is ~ 20 . [ref.6 — with permission]

At the LHC, the greater importance of gluons fghti Higgs masses makes this strategy
rather more difficult, and it will not be considdriurther here.

Another process that has great promise to redudegbaunds is the production of a Higgs
boson in conjunction with a pair of top quarks, evhexploits the strong coupling of the Higgs to
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the top quark. The COMPHEP Feynman diagrams fargligluon production of that final state
are shown in Fig. 5.10. The cross section is rdtrege (see Fig. 5.3) because the couplings are
Htt, and the large top mass means that this cogidirquite strong. A measurement of the rate
for this process will help us probe the SM predictior the top quark couplings to the Higgs.
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Figure 5.10: a) COMPHEP Feynman diagrams for the prpcgss g - H + t+t. The relevant Higgs
couplings are to the top —antitop quark pair. b) Diagriamshe similar process where the H is replaced by a Z
gauge boson are also shown.

The Z+t+1 final state gives us a “control” sample because Reynman diagrams are
identical for the two final states and the cleated&on of the Z in the di-lepton decay mode is
well established. The cross section for the QCDkgamind process is shown in Fig. 5.11 as
given by COMPHEP.
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Figure 5.11: Cross section f@ + g — t+T + b+ b at the LHC as a function of the b pair mass, M, as dyen
the COMPHEP Monte Carlo program. The expected Higgs signtidd pair decay mode and a 120 GeV Higgs is
also shown as a dot.
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The cross section for the production of Htt with2® GeV Higgs mass is ~ 0.3 pb (see Fig.
5.3). Assume all light Higgs decay solely into ladupairs. The calorimetric mass resolution for
reconstruction of the resonance from measuremetiteofwo b jets is expected to be dM/M ~
0.06 (see Chapter 2). Assuming the entire signebmgained in 3 x dM or ~ 22 GeV, (ignoring
the effect of the very small natural width), thgrsl is a resonant “bump” of height ~ 0.014
pb/GeV. The signal to background ratio, lookindrgt 5.11, is then reasonably favorable, S/B ~
1/6.

As we will see, the QCD background for gluon — glywoduction of a Higgs boson, which
then decays into b quark pairs, is insurmountab#eng the much-improved signal/background
ratio available in the Htt production process cdirack this difficulty and thus the Higgs
branching fraction into b quark pairs can be deteech Clearly, that is a crucial measurement
since it tests the SM prediction for the Yukawapdog of the Higgs boson to fermion mass. We
need to test the SM prediction that the decay witithfermions are proportional to the square of
the fermion mass.

5.3.4 Pair Production of Higgs

The assumed interaction potential energy for thggslifield isV(¢) = 1/°¢” + A¢f*, which we
showed in Chapter 1 and Appendix A. The parameteas the dimensions of mass, whilés
dimensionless. The vacuum exists at the minimum tlms potential with vacuum
field< ¢>=/-1*/2A . Expanding around the minimunp, <@>+ @, , we collect terms with
the same powers of the fields. The terms quadeatet higher in the Higgs excitatiog, are
(ignoring numerical coefficients);

V(g,)~Al<e>’ g’ +<p>9°+q, 5.9

The first term is easily identified, see Appendix & an effective mass term, with
M, :\/ﬂ(< @>). Thus, the Higgs acquires a mass, but the nunheradae is not predicted
because it depends on the unknown parametdfor this reason, we need to adopt a wide
ranging and flexible search strategy, one whichahgseod chance of success and covers a mass
range from the lowest experimentally allowed vadetby existing LEP searches, ~ 115 GeV, to
the highest values, set by the point at which teaknnteractions become strong, ~ 1.7 TeV.

The other terms correspond to self-couplings ofHiggs. The triplet term has an effective
coupling ~A<g@>~ \/7MH , While the quartic term has, as expected, a diroeless coupling
~ A. Therefore the Higgs couplings in the SM are; aoige bosons -¢,M,,, to fermions,
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~0y(m, /M,,), triple self-couplings~ \/7MH , and quatrtic self-couplings A . Once the Higgs
mass is measured we kndwand the self-couplings are completely specifiethd SM is the
correct description of Nature. Therefore, a measarg of these self-couplings would be a very
useful check of the SM.

The most important Feynman diagrams for Higgs pesduction are shown in Fig. 5.12.
The cross section depends on the triple couplirtheHiggs. This situation is similar to the case
of gauge boson pair production, which dependsipletgauge couplings.

g , H oo0N+—w—p---- H
t --:-‘: A |
H \
g “H QQQQ —- ---- H
a) b)

Figure 5.12: Feynman diagrams, a) triple Higgs couplirdy@n‘box” diagram with top quarks radiating a Higgs
boson twice, which are the most important for the pair yecton of Higgs bosons at the LHC [ref. 6 — with
permission].

The cross section at the LHC for Higgs pairs iswehan Fig. 5.13 as a function of the
Higgs mass. The cross section level is quite low.light Higgs masses, the cross section is ~ 20
fb. At design luminosity this means 2000 Higgs gpg@iroduced in 1 year at the LHC.
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Figure 5.13: Cross section for the production of Higgisspat the LHC as a function of the mass of the Higgsrboso
[ref. 7 — with permission].
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Experimentally clean signatures with a high enobginching ratio so that the HH signal
can be observed at the LHC seem to be very difftouhrrange. For example, at low Higgs mass
the decay into b quark pairs dominates. Thus thexe- 2000 Higgs pairs decaying into four b
quarks. However, the background of four b eventemfrQCD sources appears to be
overwhelming. If we use one Higgs decay to b pamnd the other decay into W*W we must pay
for the branching ratio into W*W and the subsequdecay branching fractions.

At present, there is no good search strategy wookedor Higgs pairs at the LHC. This is
a serious shortcoming, since the SM makes an ummobs prediction about Higgs self-
couplings, which must be checked. Work to findratsgy to measure this process continues. In
particular, an upgrade of the LHC with ten timesrentuminosity is being contemplated. This
increase in luminosity might allow us to exploigtgerable decay modes of a light Higgs, such
as H>W*W with subsequent leptonic decay of one W andrkjuantiquark decay of the other
W, such asVv* - u+d.

5.3.5 Triple Gauge Boson Production

Although not strictly part of the Higgs search, @&asurement of triple gauge boson
production is a probe of the predicted SM quartapgings of gauge bosons. As we saw in
Chapter 4, the presently available data from CDdF @@ contain only a small number of gauge
boson pairs and the LEP data contain only a few y\&¥%ents (Chapter 1). The increased
luminosity and C.M. energy of the LHC will make tipeoduction of three gauge bosons
experimentally accessible.

Figure 5.14: COMPHEP Feynman diagrams for the prooictif three gauge bosons. Only those diagrams
containing quartic couplings are shown.

At the LHC the cross section to weakly produce Wspdirectly is ~ 100 pb. The strong
production of top pairs (thus W pairs) has a csmsdgion of ~ 800 pb. The cross section for the
production of the WWZ final state is ~ 3 pb, naduweed too greatly, &, , below the weak W
pair cross section because the C.M. energy is sthrauger than the sum of the masses in the
final state. Therefore, at the LHC the SM predictior quartic couplings can be confronted very
directly. For example for WWZ with both W decayingo leptons and Z decaying also into
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electrons or muon pai¢§” +v, + (" +,+ (" + ("), in one year there are ~ 1000 events assuming
full efficiency for triggering and reconstruction.

5.4 Higgs Branching Ratios and Search Strategy

We now put together what we have learned aboutcthgpling of the Higgs boson to
quarks, leptons, and gauge bosons and what we leaveed about the cross section for
production of the Higgs by means of different prctthn mechanisms. Depending on the rarity
of the final state with respect to the specifickgaounds existing for that particular final state,
different production mechanisms may be needed ocasa-by-case basis if we are to fashion a
successful search strategy. That strategy is vepembent on the unknown Higgs mass. For
example, a basic issue is whether the Higgs massuficient to use the relatively
straightforward ZZ final state or not. Our goaltesfashion a search strategy which both can
discover the Higgs and also learn about its’ cawgpto leptons, quarks, and bosons independent
of what the Higgs mass turns out to be.

Let us look at the branching fractions of a Hidgson into different final states as a
function of the Higgs mass. If the decay widthatbnal state i isl";, then the total decay width
Iis ZI’i and the branching ratio i =T, /I" . The branching ratios for the Higgs boson as a
function of Higgs mass are shown in Fig. 5.15. Tdm@d variation with Higgs mass indicates the
need to fashion a comprehensive search plan.

102

1 A 1 1 Fl 1 1 Ll
100 160 200 260 300 350 400

Higgs mass (GeV)

Figure 5.15: Branching fractions of the Higgs boson awmrection of the Higgs boson mass. [ref.8 — with
permission].
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The Higgs width is very small below the WW “threklio The widths into quarks scale as
the square of the quark mass. Hence the heavieiialale quark pair,bb, dominates below
WW “threshold” at a mass of ~ 160 GeV. The chamr pranching ratio is estimated to be
B(cc) ~ (m/ m)* B bbh ~ (1.2 GeV/4.5 GeV~ 0.1. The heaviest accessible lepton maihas
a width reduced by ~ 9 relative to the b pair widétause of the coupling to mass squared, (1.74
GeV/4.5 GeVd, and by a 1/3 color factor, leading to a rouglineste of the branching fraction
of 1/27 = 0.037.

Our previous estimates of 6 MeV for the b quarkttviand 1.16 keV for the photon width,
lead to a light Higgs two photon branching ratitireate of 0.00019. The gg width estimate was
0.25 MeV or a gg branching ratio of 0.04. Compatimgse “back of the envelope” estimates to
the exact results shown in Fig. 5.15 we concluaé we roughly understand the most important
decay modes for a low mass Higgs boson.

Decay widths generated by COMPHEP are shown irbHif.for the most important quark
and lepton modes. Note the linear behavior withgdignass, and the fact that a 6 MeV decay
width into b pairs for a 150 GeV Higgs mass is aoméd. The width ta pairs at 150 GeV is ~
0.35 MeV. The top pair width is included for contpieess. Note the threshold behavpt,,
which is explained in section 5.4.1. The top paidthj because the mass is so large, can be
substantial (see Fig. 5.15). However, there isvarsestrongly produced, or “QCD background”
of top pairs, as illustrated in the cross sectistim&tes given in Chapter 4. Therefore top pairs as
a way to detect the Higgs will not be considerethier.

Representative decay widths for a Higgs mass of@5@ are given below.

M(H - bb)=95MeV
M(H - 77) = 05MeV 5.10

What about “below threshold” decays? As we mentome Chapter 1, below ZZ
“threshold” there is aZl*l~ mode with an “off shell Z", conventionally calle#Z*. The decay
width, I, ~ 25 GeV and the Breit-Wigner resonant mass bigion,
do/dM ~ (T /2¥ [[(M - M,)*+ (I /2)’] means that the ZZ* decay rate is suppressed by a
factor of ~ [(I',/2)/(M —M,)]* with respect to ZZ decays as th&8~ mass goes off the
resonant mass from Mo M. Therefore, going from a ZZ decay mode at G&Y¥/, with a decay
width of 0.3 GeV (see Fig.5.17), to a decay ratel®® GeV for ZZ*, we can expect an
approximate decay width of 300 MeV(1.25 GeV/30 GeVvp.5 MeV and a WW* width ~ 600
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MeV(1.0 GeV/10 Ge\A) = 6 MeV which is ~ the b pair width. Indeed, theldw threshold
branching fractions for WW* and ZZ* shown in Figl5 are roughly of that magnitude.

H->b,B H->e3,E3
Width [Geu] Width [Eey]
0. 6806
102
0. 6805
0. 088~
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Figure 5.16: Decay width generated by COMPHEP as a functibtiggs mass for a) b pairs, b) t pairs, and c)
pairs.

The widths above WW and ZZ threshold generated@MEHEP are shown in Fig. 5.17.
Note that the ZZ width is half that for WW as exjgetcfrom Eq.5.4.
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Figure 5.17: Decay widths generated by COMPHEP as a furattidiggs mass for a) W and b) Z boson pairs.
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After a steep rise from threshold, tHe~M?® behavior we expect is clearly seen in
Fig.5.17. Widths into W, Z, and top pairs at 600/G4#iggs mass are presented in Eq.5.11. The
width to mass ratio at 600 GeV is quite largg,/ M,, ~ 0.21. It extrapolates t6 /My ~ 1 when
My~ 1.7 TeV.

rH - WW) =70GeV

NH - Z2Z) =35GeV 5.11

NH - tf) =20GeV

Of the decay modes mentioned so far, the iy decay modeis a clean method to search

for low mass Higgs. The b pair and tau pair decagles are also accessible at low mass if the
ttH (associated production) and qgH (WW fusion widly jets) production mechanisms are
employed respectively. Above an effective threstiotdZzZ* at ~ 150 GeV Higgs mass the four
lepton mode is clean and is the process of chdibe. WW decay to two leptons and two
neutrinos does not have a sharp transverse magsdoeato loss of information about the
longitudinal momentum of the neutrinos (Fig.5.7gwdrtheless with the use of tag jets to signal
WW fusion production, theH - W+W* - (I"+v,) +(I" +7,) decay is a major “discovery
mode” for Higgs particles with mass < 200 GeV. Wpezxt the branching fraction of W*W will
be the largest Higgs mode for Higgs mass abovetdixluGeV (see Fig.5.15).

The production cross section (Fig. 5.3) times ddwayching ratio (Fig. 5.15) is shown in
Fig. 5.18 for WW, ZZ angy decay modes assuming g-g production and leptagays of the
W and Z bosons. For Higgs masses from 100 to 400 the detected cross section times
branching ratio into the two photon or four chardggaton final state is always > 10 fb. This
means that at least 1000 Higgs events are produwediecay into a clean, detectable final state
in one year of LHC data taking at design luminas8ince the four charged lepton final state is
well measured by tracking detectors, the Z rescemnwill appear as prominent features,
allowing us to cleanly extract the ZZ final statemh other backgrounds. Since the ZZ continuum
final state is only produced with a cross section-@b, (see Chapter 3) we expect that for
masses above about 150 GeV the Higgs can be rehsigvered in the ZZ to four lepton final
state.
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Figure 5.18: Cross section times decay branching ratio asciidn of Higgs mass. The present LEPII limit is
indicated by an arrow [ref. 1 — with permission].

Data from electron — positron colliders presendguire the Higgs mass to be above about
110 GeV. They mode is the cleanest decay mode for masses betheeP limit of 110 GeV
and about 150 GeV where the ZZ and ZZ* modes dfiedt. Above 150 GeV, ZZ* or ZZ is
the mode of choice.

The WW* or WW mode can also be used from ~ 120 Ge¥ 200 GeV, where the large
branching ratio into WW makes this mode attractiVee (I" +v,)+ (1~ +7,) final state rate
exceeds the two photon rate for Higgs masses abb26 GeV even though we are forced to
require the qqH production mechanism with a raig10 the rate shown in Fig.5.18 in order to
achieve sufficient cleanliness of the signal. Tinisde is, therefore, also a potential “discovery
mode” in the low mass Higgs region.

At high masses, greater than around 600 GeV, tggsross section falls so much that
we run out of the statistics we need for a compegltliscovery. The somewhat dirtier but more
copious decay modes of Z into neutrino pairs amggés are required at high mass because
their higher branching fraction compensates forrduiced cross section. The addition of those
decay modes extends the discovery “reach” of theCLip to ~ 1 TeV in Higgs mass.
Theoretical arguments tend to require that the sliggss not exceed 1 TeV although they are
not particularly crisp. Therefore, we can coveréhére mass range allowed to the Higgs boson.
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This introduction is sufficient to sketch out th@im elements of the strategy to discover
the Higgs, whatever its’ mass. We now begin a na@tailed discussion of the search strategy
for particular decay modes and explain why a gisteategy applies only over a limited range of
Higgs mass.

5.4.1bb

In general a quark - antiquark pair in a stateotdltspin S and angular momentum L has a
parity, P, and charge conjugation quantum numbewl@re P = (-1}, C = (-1}*°. Therefore,
the J°= 0™ Higgs boson decays into P wave, L = 1 pairs. Tihigurn, leads to -V = *
threshold behavior for the decay width.

We assume that the dijet invariant mass is caldrioadly reconstructed. For a Higgs mass
of 120 GeV, the cross section is 30 pb. with seBdard deviation¥ 1.50) signal region obb
mass,AM = 22 GeV set by the experimental resolution of ttalorimetry. Thus the signal
appears as @/AM = 30 pb/22 GeV = 1.4 pb/GeV, resonant “bump” abtive continuum cross
section for the QCD production of b quark pairs @ssume that the 120 GeV Higgs b pair
branching fraction is 1).

The COMPHEP Feynman diagrams for the QCD produatiocontinuum b quark pairs
are shown in Fig 5.19. The predicted cross seetidghe LHC is shown in Fig. 5.20.

G- g b G- B G------- b

S T

[ B G------- b G------- B

Figure 5.19: COMPHEP Feynman diagrams for the proge$sg — +b+ b.
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Figure 5.20: COMPHEP prediction for the production afuark pairs at the LHC as a function of the quark pair
mass. The dot represents the Higgs signal level for a #20ni&ss Higgs.

The signal is also indicated in Fig. 5.20. It isaswped by a factor ~ 1000. It is for this
reason that we were forced to consider Htt prodnotiith subsequenid — b+ b decay, where
the signal to background ratio is much more favieraff-ig. 5.11). Using the associated
production mechanism, we can extract the crossosetiinesbb branching ratio for light Higgs
bosons and thus measure the Higgs coupling to tksjua

542 7'

Another experimentally accessible decay mode fiayrd Higgs is that inta lepton pairs.
The COMPHEP Feynman diagrams for the productiothefbackground continuum ofpairs
are displayed in Fig 5.21. Basically this backgwwomes from Drell -Yan production of a
virtual Z or photon which then decays into tau pair

U> a <E3 U> 7 <E‘3
u E3 U E3
Figure 5.21: Feynman diagrams from COMPHEP for the Dtefi-production of lepton pairs.

The estimate we make for the Higgs signal in tatspa similar to that which we made for
b pairs. At 120 GeV, assuming a branching ratid/@7 (see Fig. 5.15 ), we expect a resonant
signal of 0.052 pb/GeV in a mass range of ~ 22 Gd#dut the central Higgs mass. The
COMPHEP prediction for the background continuumsydistribution is given in Fig 5.22.

177



u, U -> ed, E3
Diff. cross section [pb/Gel]

-

Ly
o wog M
((jptg(/jc?eV) 96_3: i 1#‘*1 t j+ LW‘ H ‘ 1
1“— +W“++1++ JMW W T
E s * |
19 '5—§ - * *I | .ﬁ ;Hh Htﬁ Mﬂ #jﬁ
200 MEeV) 600 Mass{p3+9|?:l]}[[;9u]

Figure 5.22: COMPHEP prediction for the productiort gfairs at the LHC as a function of the mass of the pair.
The expected resonant signal for a 120 GeV Higgs is alsonshow

Clearly, the signal to background, S/B, ratio imsthase is of order one which is quite
favorable. That improvement with respect to b pacsurs because the coupling for the
background process is electroweak and not stroddaoause the initial state partons are quarks
rather than the more copious gluons. We expettitbhaan extract the Higgs branching fraction
into T pairs if the Higgs mass is low, near the minimuasmwhich is not already ruled out by
LEP. That result can then be compared to the bmagdhaction into b pairs from Htt associated
production. In the Standard Model all branchingosatare predicted once the Higgs mass is
specified.

However, the discussion of background so far appiely to direct tau pair production.
There is also a large electroweak background du& foair production with subsequent tau +
neutrino decays,W~ - 7~ +¥,, of both bosons. This electroweak background iso al
“irreducible”, and differs from the signal procesdy in the presence of additional unobservable
neutrinos in the final state.

In addition there are tertiary sources of backgdurhe QCD, or strong production of top
pairs leads to W and b pairs in the final statee W pairs can then decay into tau + neutrino.
This source of background can be reduced by “vgtpior rejecting, events with extra jets. It
turns out that the WW fusion mechanism, with visilbhg jets, is needed to supply enough
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background rejection so that the tau pair in tmalfistate from Higgs decay is visible above
background. Thus, the tau pair branching ratioatan be observed for a low mass Higgs.

We have so far assumed that “tau jets” can be teelecith no background. This is not the
case. A reducible background from QCD jets (e.gog$) exists which can also swamp the
signal. We need a way to distinguish between QCa&rlgand gluon jets and tau jets. In order to
understand how to do that, we look at the decayasad thet lepton. Since it is coupled to the
W, the first step in tau decay is a virtual deagayp ia tau neutrino and a W. The W then virtually

decays into quark and lepton pairs. The leptonicage 7~ - v, +u~ +v,,v, +e +V,, have

small branching fractions. For the quark decaythefvirtual W, the particles in the final state
are U +d which has the quark content of/a or p~ meson. Since the tau mass is only 1.74
GeV, it has a rather limited final state pion mulltity. The tau hadronic decays are illustrated in

Fig. 5.23.

Vr

T w TP

Figure 5.23: Schematic representation of the decaytofepton. The final state contains a neutrino and a small
number of charged particles, one in the case shown. The coragliccay” of the virtual W into a quark pair and
the subsequent quark “decay” into a pion or rho mesortlisdted by a large dot.

The T hadronic final state is, therefore, characterizganissing energy and a “narrow” jet
normally containing only a single charged particléis is rather different from a gluon jet,
where the charged multiplicity is high and no newis are emitted. Using these fundamental
differences, the background from the strong QCLrgsees can be reduced sufficiently that the
search strategy usingpairs is a valid one.

As an example, in Fig. 5.24 we show the resula dflonte Carlo simulation of an LHC
experimental study of the rejection power againGDQets as a function of the efficiency for
jets. The tau jet is simply defined to be a “nartgst in (n,¢@) space (see Chapter 2). Tracking
multiplicity is not used at this early stage of tinigger. Nevertheless, a 60% efficiency for tau
jets is retained while a thirty-fold rejection agsti QCD jets is achieved.
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Figure 5.24: Plot of the tau efficiency as a functiorihef QCD background trigger rate. The background rate is a
function of the “narrowness” of the jet that forms the ®igfCMS figure — with permission].

543 w

The final branching mode of current experimentdénast specific to low mass Higgs
bosons is that into two photons. Basically, it hasmall branching ratio but is experimentally
quite clean. Recall that in Chapter 4 we lookedthet experimental data on two-photon

production and compared it to a COMPHEP Born apprakon prediction arising from the
reactionu+u - y+y.

The resulting COMPHEP prediction for the continubatkground of photon pairs at the
LHC is shown in Fig. 5.25.

180



u, U ->n, n
Diff. cross section [pb/GeU]

+

+

s

do/dM
(pb/GeV)

1 IIIIII%L

10724

10”3 tH ++HJ[H J[
Pty ﬁﬁ g |
T Jrl#Hﬂ.fﬁﬁl

T T T T T T T
308 688 o88

Hass{p3+ph}[Gel
M(GeV) p3+ph}[Cev]

I'{- | R

Figure 5.25: Cross section for photon pairs at the LHE& fasction of the pair mass.

We expect thgy mode background to be more favorable thanbihedecay mode because
the initial state probability is smaller, g u, and the strong production (QCD) is reduced to
electromagnetic (QED) coupling strength, similathe situation with tau pairs. In addition, the
mass resolution for electromagnetic calorimetrytan times better than fdib or tau pairs (see
Chapter 2). Therefore, in the two-photon case aveexploit the full rate of gluon-gluon fusion
Higgs production and not be forced to use someroate form of associated Higgs production.

Taking a 120 GeV Higgs mass, a 2 GeV mass “windand a branching ratio of 0.002
(Fig. 5.15), we expect a resonant signal in the plvoton mass spectrum of (30 pb) ( 0.002)/2
GeV = 0.03 pb/GeV. The signal is still buried bjaator ~ 30 in the background, so there is a
premium on obtaining the best possible calorimegriergy resolution. Nevertheless, the signal
has a clean signature, and in the mass range oseahe present experimental Higgs mass
limit, it will be a primary search strategy to uke two photon final state. A spin one patrticle
cannot decay into two photons. That is a significgastriction on the quantum numbers, since
fundamental bosons in the SM with spin > 1 arethotght to exist.

There is also a reducible strong QCD backgrouathfneutral pions that decay into two
photons. If these are not resolved, the stronglydypeced pion will be an additional large
background to the photon. For a ~ 100 GeV Higgssmtdse symmetric decay to a pair of
photons implies that the photons have ~ 50 GeVswttarse momentum. These photons are
mimicked by 50 GeV neutral pions (mas&4, = 0.14 GeV), which subsequently decay into
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photon — photon pairs with opening angle of ab@m , /M,,) ~ 0.003 rad. If the calorimeter is
placed at a transverse distance r ~ 2 m from ttegaation point, the photons are separated by ~
0.6 cm at the point of impact on the calorimetdrerEfore, the “pixels” of the calorimetry (see
Chapter 2) need to resolve clusters of electrontagmmergy with this scale of transverse
segmentation. The LHC experiments have preparedthisr challenge by employing small
“pixels” in their electromagnetic calorimeters.

544 WW> (Lv)( LV)

The production of top pairs proceeds by way of sene Feynman diagrams as the
production of b pairs (same QCD dynamics becausgquarks have the same color charge).
Therefore, aside from kinematic effects due todifference in mass both processes should have
the same cross section. The COMPHEP predictiotofipair production at the LHC is shown
in Fig. 5.26 as a function of the quark pair ma3se cross section is indeed the same as that
shown in Fig. 5.20 at high pair masses, above abiGeV.
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Figure 5.26: Cross section prediction by COMPHEP fordihect production of top pairs at the LHC as a function
of the pair mass.

These strongly produced top pairs lead to a latgeber of W pairs, since the top decays
almost totally to W + b. These W pairs are a paoderitackground if Higgs searches are
performed searching in the WW or W*W final states e mentioned previously, the WW
fusion mechanism with detected tag jets is usedake the Higgs decay to W pairs accessible to
experiment by increasing the signal to backgroualdies The existence of extra b jets in the
QCD produced top pair background is exploited bpasing a “veto” on additional jets in the
event. Using this veto cut, the W pairs from top pacays can be strongly suppressed.
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There are also weakly produced W pairs (see Chdptavhich have a somewhat smaller
cross section. However, they are irreducible aminfa continuum background for Higgs
searches in WW final states (see Fig. 5.7). Thessection as a function of the W pair mass at
the LHC is shown in Fig. 5.27. In Fig. 5.26 thess®ection is 1 pb/GeV at a top pair mass of
600 GeV. This crudely compares to the 0.04 pb/Gegsrdistribution for a WW mass of 300
GeV in Fig. 5.27. Therefore, if we can reduce tbp pair background by a factor > 25 by
vetoing on extra jet activity, we can concentratetioe weakly produced irreducible W pair
background.
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Figure 5.27: Cross section as a function of W pair n@asé/iV production in 14 TeV p — p collisions at the LHC.

Clearly it is of interest in itself to measure thduction of W pairs. The cross section
depends on thavVWy and WWZ couplings, which are specified in the SMheTimproved
Tevatron experiments currently taking data willMewer, make these measurements well before
the LHC starts taking data.

The W*W and WW decays into two charged leptons amal neutrinos can be used to
discover the Higgs boson after the reducible Wspaiising from top pair production have been
removed, because the irreducible continuum of edeetakly produced W pairs is sufficiently
small that the Higgs signal can be extracted (3ge 37). As with many of the other decay
modes, the WW fusion mechanism must be used wigticttky detected tag jets in order to
reduce backgrounds to acceptable levels.
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There is also information contained in the corfelabetween the directions of the charged
leptons. In the Higgs rest frame, angular momentanservation for a spin zero Higgs requires
the two W to be either both left handed, WX , or right handed as shown in Fig. 5.28. The
convention is that the spin vector (thick arrowpears below the momentum vector (thin arrow)
for each particle.

Ve «— < @ > — e+
< < > —
3 - +
€ G W H W <
| ——— V e

Figure 5.28: Spin correlations infM/r Higgs decays. The momentum direction is indicated by tigdesarrows,
while the spin direction is shown by the double arrows.

The decays of the polarized W follow from the (V-#gture of the weak interactions. For
leptons, the particles are left-handed while thgarticles are right handed. The overall effect is
to make the charged leptons travel in the sametdire A vector resonance weakly decaying to
W pairs would clearly not have the same chargetbieporrelations. Therefore, a measurement
of the momentum correlation of the charged leptain pields information on the spin of any
observed resonance and may be used to enhandedhéress of the signal.

545 7Z7Z - 41

The experimentally cleanest decay mode for theodety of the Higgs boson is the decay
to Z pairs with subsequent charged lepton decaythefZ. The ZZ-> 4 ( branching ratio
exceeds the two photon branching ratio for Higgssma150 GeV (see Fig. 5.18). The signal to
background ratio in the ZZ final state is also mbdtter. Therefore, for a Higgs mass > 150
GeV the final state of choice contains four chartggadons from ZZ or ZZ*. The leptons are
well measured in the tracker (see Chapter 2) anah f@ resonant state that is quite narrow
(M Mz ~ 2.5 GeV/91 GeV = 0.027). The Z pairs in turndvan excellent mass resolution. This
decay mode is therefore called the “gold plated efidar the Higgs search.
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A schematic view of four electron and four muonrdggan the proposed CMS detector at
the LHC is shown in Fig. 5. 29. When low transvarsamentum particles are not shown, as in
the electron case, the event looks quite cleartagung only the four electrons and a recoil jet.
In the muon case, the muon chambers themselves\age only the four isolated muons, again
leading to a clean analysis.

CMS

H-> ZZ* -> 4 electrons

CMS full GEANT simulation of
H(150 GeV) > ZZ*-> de

N. Neumeister & N. Sinanis

a) b)

Figure 5.29: Plot of a a) four electron and a b) four monte Carlo event arising from a Higgs decay into Z pairs
in the CMS detector at the LHC. In thegjryiew only high R particles are plotted. [ref.9 — with permission].

For masses of 150, 300 and 600 GeV, the branchiiyinto ZZ* or ZZ is ~ 0.1, 1/3, and
1/3. The Higgs mass window due to the error on ttheking measurements of the lepton
momenta is 2, 4, and 8 GeV while the Higgs natwidth is 1.6, 13, and 105 GeV. The natural
width dominates at high mass as expected. Thislead total, three standard deviation, Higgs
mass window of 8, 45, and 330 GeV, or a cross@eenhancement ofi/AM, of 0.025, 0.074,
0.002 pb/GeV in the ZZ mass spectrum.
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The ZZ continuum background is due to Drell — Yatectroweak production of gauge
pairs, similar to the WW electroweak backgroundhe €ross section for ZZ production is shown
in Fig. 5.30 as calculated by COMPHEP for p — pdpiation at 14 TeV. The expected signal is
shown schematically for a 300 and 600 GeV Higg®ho€learly, the signal to background ratio
is quite favorable in the four lepton final statechuse the background is due to a weak
interaction production process. At higher masdas,search will become rather more difficult,
simply because the Higgs becomes rather broadnenctdvss section falls rapidly with mass.
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Figure 5.30: Cross section for ZZ production at the LH@ &mction of the ZZ invariant mass. Also indicated are
the signals expected for 300 GeV and 600 GeV Higgs bosmayidg into Z pairs.

The integrated luminosity at design operation i6 ff)'per year. The cross section times
branching ratio for a 600 GeV Higgs decaying int i€ ~ 0.7 pb. The decay rate for Z into
electron or muon pairs is 6.7 %, or a 44 fb crosstign into four leptons. Thus, with no
background and perfect detection efficiency, we 4400 signal events or a 66 standard
deviation signal.

CMS and ATLAS have made detailed studies and wél & ten standard deviation resonant
signal in one year of operation for most of the sna@sge where ZZ or ZZ* measurements are
relevant. A complete Monte Carlo study of the CMSedtor yields the mass plots, which are
similar to that given in Fig. 5.30, shown in Fig35. The Higgs masses, which were studied,
were 300, 400, 500, and 600 GeV. The plots aréiftarent total integrated luminosities but for
500 and 600 GeV the design luminosity for one “Lifgar” was assumed. Clearly, in all cases a
distinct and highly significant resonant peak isatvable.
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Figure 5.31: Monte Carlo predictions for the number of deteevents in the ZZ to four lepton decay channel for
Higgs masses of 300, 400, 500, and 600 GeV in the CMS$tdefref. 8 — with permission].

For Higgs masses < 200 GeV, we expect to be aldgttact resonant signals into several
final states, as we have demonstrated above. Homaat mass of the Higgs boson will be well
measured at low mass where the natural width isirlied by detector resolutions. However,
the natural width will not be well measured, beeatle experimental spectrum is not strongly
dependent on the very narrow natural width. At highss the natural width dominates over
instrumental resolutions and can be well measuréekes% level.

A Monte Carlo study by the ATLAS collaborationtbe expected error on the total Higgs
decay width and some selected partial widths isvehia Fig. 5.32 for Higgs masses below 200
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GeV. The gluon partial width comes from measuresieftthe gluon fusion production, while
they, andt partial widths are determined by using final stateth those particle pairs. The
partial width into b pairs is not shown because ghlgnal extraction is limited to rather low
values of the Higgs mass. The WW fusion producbbidiggs followed by the WW* decay
depends only on the HWW coupling, which allowsasleanly extract the W partial width.
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Figure 5.32: Expected error on the Higgs decay width antk quartial widths after three years of LHC design
luminosity delivered to two experiments. At high masaes% determination is expected, while below ~ 200 GeV
the errors are > 10% [ref. 10 — with permission].

We see how the mass, total width, and some pavitihs can be determined. What about
guantum numbers? We can get some additional intowman the spin, J, and parity, P,
gquantum numbers of the Higgs state from an anabfstbe correlations among the ZZ decay
products. It's amusing that, early in the studyigh energy physics there was a “classic” pion
parity experiment where the neutral spinless pias wbserved to decay electromagnetically into
two vector photons which then decay (rarely) intdece&on — positron pairs,
m° - y+y e +e+ é+ é. The analogy is to a neutral Higgs decaying ebeatiakly into
two vector Z bosons and thence to four chargeaieypt
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For spin zero and positive parity the polarizati@etors, £, of the photons are positively
correlated and this is reflected in the alignmdrihe decay planes of the electrons. The opposite
is true for the case of negative parity. The degalaye is that plane defined by the electron and
positron momentum vectors. The parity is determibgdooking at the correlation between the
two decay planes. For spin zero P= +, the decays thee decay planes aligned, while for P = -,
the decay planes are orthogonal.

5.12

The correlation of the lepton decay planes for ggro and positive and negative parity is
shown in Fig. 5.33 for a 280 GeV Higgs mass, whieeeanglegis the azimuthal angle between
the decay planes. Clearly, for positive parity filanes are preferentially aligned, while for
negative parity, they are orthogonal.
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Figure 5.33: Distribution of the azimuthal angle between ép&ohic decay planes of the two Z bosons in the
decay, H -> ZZ of a 280 GeV Higgs in the case of scaler (o) and pseudoscaler (dotted line) bosons.
[ref.11 — with permission]

For a light Higgs mass, assume we have observe-photon decay, so that the spin is
known to be zero. A scalar decaying into two vegauge bosons is allowed in an S wave, or
zero orbital angular momentum state. The Z polddmacan be longitudinal (L) or transverse
(T), since the Z has mass while the massless phetoansverse. The decay distribution of the Z
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is, ‘Ylor ~ 1+cogé, ‘Yll‘z ~ sif@ , for transverse and longitudinal Z polarization,
respectively, where the spherical harmoni;i% which allows us to fit the distribution for the
fraction of Z and % in the decays. There is a SM prediction for thiatree amount of

transverse and longitudinal polarization of the Z.

FH - Z,Z)IT(H - Z,Z2,)~(8°12)I(1-512)?
o0=(2M,, /M ,)?

The two-lepton decay of the Z serves as the analyzéhe Z polarization just as in the
case of the two-lepton decay of the photons. Atditthe decay angular distribution will
determine the longitudinal and transverse compaenehthe Z spin and thus test whether the
Higgs quantum numbers are as predicted by the SMmall Higgs massM,, -\, the T to
L ratio is ~ 2, while at large Higgs mass, the A & completely longitudinally polarized.

5.13

546 Z7Z-2(+2]

For masses > 600 GeV, larger branching ratio denayles are needed due to rate
limitations. We simply will not get enough evemtsa few years to be able to have a statistically
compelling discovery. One possibility is to use tiigark decays of the Z. The signal then
appears in the two leptort,, + two jet final state. The signal to backgrountdoras worse
because the background from Z + dijets due to Q&iation in single Z processes is an added
continuum contribution. The two-jet mass resolutiandow for the other Z decay is also rather
larger than the leptonic Z decay mass window. Bsedhis final state is used at large Higgs
masses where the natural width dominates overatectbr resolution, using calorimetric mass
determination is not very costly in terms of sanit.

A Monte Carlo model of such a signal event is shmaw Fig. 5.34 for a typical LHC
detector. Suffice it to say that a Higgs signal stlh be observed at large Higgs masses even
with the enhanced background. Note the small ogeairgle for the jet pair due 8 —» g+
decay. As discussed in Chapter 2 the angular sdgtien of the hadronic calorimeter was
chosen to resolve the Z decay into two distin jet Higgs masses up to 1 TeV. The event
shown here illustrates why that choice of “pixafeswas made.
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Figure 5.34: Monte Carlo representation of an 800 GeV Higgay into Z pairs, where one Z decays into an
electron — positron pair and the other decays into a quarkguark pair appearing as two jets in the CMS detector.
Note the “noise” in the calorimeters and tracker due to minimias tpileup” events [CMS figure — with
permission].
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A still larger branching ratio final state occurd\em one Z decays into a neutrino —
antineutrino pair and the other decays into a quaaktiquark pair. In that case, we do not have
the constraint that both pairs must be measurddve the resonant Z mass as we had for four
leptons and, at rather worse mass resolutionworléptons and two jets. Nevertheless, we can
require a substantial missing energy and a lasgesterse mass for the first Z and a dijet mass ~
the Z mass for the jets. Also, there is no invdrimass peak for the Higgs, but only a broad
transverse mass enhancement. Therefore, the massohation is not very good. Nevertheless,
at these high masses the state is very broad angméthe signal to noise ratio is still favorable
since the backgrounds fall rapidly with increasingss.

At some point we simply run out of events, everhwiite very high luminosity available at
the LHC accelerator. The four jet final state isibally swamped by QCD strong production,
and cannot be used in a Higgs search. Therefadalimg cross section at high mass eventually
makes the Higgs unobservable. This problem is ekated by the fact that the Higgs width is
also rapidly increasing with mass. The result & thhe Higgs search terminates at a mass ~ 1
TeV for the LHC operating at design luminosity.hifjher luminosities become available with
“upgrades” to the LHC accelerator and to the detsctthe mass” reach” for the Higgs search
will be extended beyond 1 TeV.
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5.5 Luminosity and Discovery Limits

We have seen that the Higgs decay into b quarls psidifficult to extract without the
added background suppression achieved by usingias=h production with top pairs. This is
not always the case. In the case that supersymrf®@tt8Y) is a valid symmetry of Nature (see
Chapter 6) a SUSY Higgs can have enhanced decalgsnitto b quark pairs. In some cases WH
associated production can then be used to suppeedsyrounds, allowing us to extract a
resonant signal. The calorimetric energy resolutiarst be minimized as it directly defines the
signal to background ratio. The results of a Mddéelo study in this situation are shown in Fig.
5.35. The predicted experimental mass spectrunignékplus background is shown for different
SUSY parameter values, which, in turn, influence thquark branching fraction and decay
width.
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Figure 5.35: Mass distribution for b quark pairs fothbbackground events and Higgs signal events for SUSY
Higgs and for different values of the SUSY parameters Wiggs masses of a) 90, b) 100, c¢) 120, d) 120 GeV [ref
12 — with permission].

The width of 22 GeV, which is needed to contain glgnal within the experimental mass
resolution, is ~ five bins in Fig. 5.35. Hence, wk& used in our previous estimations of
calorimetric resolution is, if anything, an undéi@ste since there are other errors entering into
the contribution of the mass resolution of a jéil, & is a good starting point.
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The subject of how to search through the full pat@mspace of even some simple SUSY
theories has a very extensive literature. The Higgson is no longer the simple object that we
have assumed in the case of the SM. We continoweVer, to concentrate on the simpler
guestion of how we design a search for the SM Higgson using our accumulated knowledge
obtained in Chapters 1-4. Some comments on seafchexplicitly supersymmetric particles
will follow in Chapter 6.

The figure of merit which is quoted in Fig. 5.35%h® significance or the number of signal
events ( = S) divided by the square root of the Imemof background events = B, &7/+/B. In
the limit of large numbers of events and small &Bo, this indicates the number of standard
deviations by which the signal exceeds a statisficatuation of the background. The one
standard deviation probability is 68% , two is 9@fd three is 95%. What is plotted in Fig. 5.36
is the significance, 06/+/S+B, as a function of the Higgs boson mass for measeants using
different final states during one year of operatarone third of design luminosity at the CMS
and ATLAS detectors. If the background is much darthan the signal than the significance
becomesS/+/B as in Fig. 5.35. If there is no background thbke &xpression in this limit
becomesy'S which we have already quoted.

A summary for the Higgs search that we have cedlimabove is shown in Fig. 5.36.
Basically, the CMS and ATLAS detectors are desigmediscover the SM Higgs for all masses
<1 TeV in four months of full luminosity operatiohhis is assumed to occur if a significance of
about five standard deviations is achieved.

Clearly, the main final state which is used for gigliscovery over a wide range of Higgs
masses is ZZ or ZZ* 4/ . At high masses larger branching ratio decay modes are naeded
two leptons + two jets or two charged leptons + two neutrino finesstae used. At low masses
the two photon final state is used. The W*W final state (in qqHgrevboth W decay into a
lepton plus a neutrino, provides the largest sensitivity for Higgsesas M,, . Also at low
mass, we have shown the bb final state (in ttH). The electronitrgoosollider LEP Il has
already set a mass limit ~ 110 GeV.
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Figure 5.36: Expected significance at the CMS andlAS experiments as a function of the Higgs masslfgear
of data taking at 1/3 of design luminosity. The LEERmit is indicated by the arrows. [ref.1 — Wipermission]

The LHC experiments and the LHC accelerator itself have besgngel specifically to
discover the Higgs boson that is hypothesized to exist in the SMexXpaxt that experiments at
the LHC will discover the SM Higgs if it exists with a ssa< 1 TeV in the first year of data
taking. Depending on the mass of the Higgs boson, the width will aldeteemined, as will the
branching fractions into a few final states. This information shbelg us to determine the
interactions of the Higgs boson with quarks, leptons, and gauge bosons andecih@pato the
predictions of the SM. Once the Higgs mass is known, everythingdsécped in the SM, so that
any deviations would allow us to conclude that new physics is mpakirappearance at this new
high mass scale.

5.6 Lower Limit on Higgs Mass

We have argued that at high masses the Higgs boson ceasis$ &3 @ distinct resonant
state because the width is ~ the mass at a mass of ~ 1.7Tfeié exists another argument,
which indicates a still lower mass limit for the Higgs boson.

Recall from our discussion in Appendix A that the Higgs potenti{q = p ¢ +A ¢,
There is a minimum at@> which is nonzero causing “spontaneous symmetry breaking”. We
then expand about the potential energy minimupws <@>+¢,in order to examine the
behavior of the field excitations — the Higgs quanta. The curvafutieeopotential gives the
Higgs mass, since the mass term in the Lagrangian density reappsa—-M?¢* and

(1/2)0% 107 = -M 2.
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The parametek defines the dimensionless quartic Higgs coupling. As shown in Appendix
D, the couplings that appear in the fundamental Lagrangian “ruti’ twé mass scale due to
higher order quantum corrections. Thus the paraméteoo is a function of mass scale and
varies logarithmically just as the SM coupling constants dosiwgly assert that the behavior
of A(Q?) has the same behavior with mass scale as the fine streonstants (see Appendix

D), a(Q?).

AQ%) =A< > 1 -(3A(<p>%)/87")InQ*/2< p>7)]
1/AQ%) = A< p>*) - (3/87°)[InQ*/2< p>?)]
The effective parametet(Q?), increases with & If we require thah(Q?) be well behaved
from <@> = 176 GeV up to a scalg where 1A(A?) = 0 (strong Higgs self coupling at the mass
scale/), then 1A (<@>?) ~ 3/&FIn(AY2<@>?).

5.14

Relating the paramet@rto the Higgs mass (see Appendix A),, =+24 <@>, we then
have a constraint on the maximum value of the Higgss as a function of the mass scale where
the Higgs quartic coupling constant diverges.

(M) e ~ 47T< @>1/3IN(N? 12 < @>?) 5.15
This constraint has no content unless we know att wbale the quartic couplings become
strong. We show the scale dependence of the maxikhiggs mass in Fig 5.37. If the scale is ~
1 TeV then there is little new added to the 1.7 Tievt we already have. On the other hand, if
the scale is ~ 10 GeV (see Chapter 6, the SUSY grand unified sc#ie))imit is reduced to ~
160 GeV. Numerically(M ;) ,ax ~ 126TeV/\/In(/\2 [2<@>?) . If there is no new physics up to
the scale of grand unification, then a light Higgass is favored.
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Figure 5.37: Maximum Higgs mass as a function efdbale where the Higgs self-coupling become stréhg
dot indicates the approximate GUT scale (see Chépte

Remember that at this mass the Higgs is narrowahassonably large cross section, and
has several accessible decay modes - b pairsH)ntttpairs (in ggH), photon pairs, WW* (in
ggH) and ZZ*. Thus, if we accept that the grandfiadimass scale is relevant we expect the
Higgs search to be very successful at the LHC antgps be accessible to CDF and DO at the
Fermilab Tevatron. Recall that a low mass Higgsalso favored by the present precision
electroweak data (see Chapter 4).
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Exercises:

1. Estimate the top pair cross section using EqGaipare to the COMPHEP results shown
in Chapter 4.

2. For a luminosity ofl0* /cm?®sec, and a time interval for 1 year 6f10°  sexstimate the
number of 120 GeV Higgs, the number of W, and ttal thumber of produced inelastic
events at the LHC.

3. Show that the ratio of Higgs decay widths for WWhd quark pairs is
Fow /T g ~H6(M /mq)2. Therefore, above threshold for WW the gauge baserays
dominate.

4.  Explicitly evaluate the widths into gluon paiis,pairs and photon pairs for a 150 GeV
Higgs.

Find (do/dy),., numerically assuming gluon-gluon fusion production
Explicitly evaluate the WW decay width for a ggyof 150, 600, and 1200 GeV.

Work out the ratio of WW fusion to direct prodgioa of Higgs bosons.

© N o O

Find the triple and quartic couplings of Hdxplicitly expanding the Higgs potential about
the vacuum expectation value of the Higgs field.

9. Reproduce the distribution displayed in Fig0su8ing COMPHEP.

10. Reproduce the estimates of the signal showikign5.10. Add a point for a 1000 GeV
Higgs. Is it harder to find a 1 TeV Higgs from theint of view of S/B compared to a 300
GeV Higgs?

11. Evaluate Eq.5.15 for two mass scales, oneopppte to electroweak symmetry breaking
and one appropriate to grand unified theories (@1e§), A ~10°,10"° GeV

12. Use COMPHEP to look at the “tag jet” procag$>d,u,H. Check the diagrams. Find the
cross section for a 200 GeV Higgs mass and contpdhe predictions given in Fig.5.3.

13. Use COMPHERP to display the rapidity distribatof tag jets. Compare to the plot shown in
Chapter 2.

14. Use COMPHEP to examine the process u,U->Z k4 lthe cross section large enough to be
observable at the LHC?

15. Use COMPHEP to explore the Higgs decays, H->Fird the total width and branching
fractions for several different masses. RemembeviEBEP has only “direct” decays.
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6. SUSY and Open Questions in HEP

“Something is happening and you don’t know whad,ilo you Mr. Jones” - Bob Dylan

“Toto, I've a feelings we’re not in Kansas anymorgludy Garland

In the first five chapters we have focused ratlngnty on the first two questions of the
dozen raised at the end of Chapter 1. Those quedtiad to do with the spontaneous breaking of
electroweak symmetry, which is assumed to be dtieeteacuum expectation value of the Higgs
field. That field gives the W and Z (and photongmecified massM, =M,, /cosg,,. It also
gives masses to all the fermions of the SM via Ykaouplings, but with unspecified values.

In addition, the SM predicts all the interactiorighee Higgs once the mass is known. Since
the mass is limited from below by experimental cees at LEP Il to be > 110 GeV, and from
above by general considerations to be < 1 TeV,oudcmap out a search strategy for the Higgs
which almost guaranteed success at the LHC, asguttmat this particle actually exists. Indeed
the LHC and its’ experimental facilities are besanstructed precisely for this purpose.

For a known Higgs mass, the width is predicted eam be compared with experimental
data. We need to also measure the production @eson, both single and associated (H
produced in association with W, Z, top pair ). Thalt inform on the couplings of the Higgs to
gluons, top quarks, and gauge pairs. We need tsureas many decay branching fractions as
possible. Those data will tell us if the Higgs claspto the fermion mass as predicted in the SM.
If the Higgs is heavier, the predicted couplinggmge boson pairs must also be verified.

If it is a possible measurement, Higgs boson peodpction will tell us about the triple
self-coupling of the Higgs bosons. Observationhef dlecay to two photons would rule out a J =
1 Higgs state. The angular distribution of the gapairs in Higgs decays, if kinematically
available, allows us to determine the quantum nusbgthe Higgs parent near the threshold for
gauge pair decays. All this systematic study wlihva experimenters at the LHC to determine
whether a newly discovered resonant state at angmass has some or all the predicted
properties of the Higgs boson specified in the SM.

In this Chapter we will briefly mention the remangiten questions raised at the end of
Chapter 1. As we look into the outstanding questifum high energy physics, we will see that
their explication might lead to additional experimted signatures that will also be closely
examined at the LHC. These issues clearly go begftem&M. Most high energy physicists think
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it unlikely that the search for the Higgs outlinedChapter 5 will result in the discovery of a

single resonant state at the LHC with all the probpe of a fundamental scalar field. That

judgment can only be tested experimentally. Howeklds based on taste rather than opinion.
The plethora of arbitrary parameters which exighm SM and the fact that the SM is not stable
under quantum radiative corrections arising from ¢listence of a large Grand Unified Theory
(GUT) or Planck mass scale argue that the SM isfiohdamental theory but an incomplete and
therefore effective one.

3 - Why are there 3 and only 3 light “generations”?

6.1 Generations

The SM is widely felt to be incomplete because, magnother difficulties, there are many
arbitrary parameters with regularities among thdmat tare not explained. Of the many
parameters, most are related to fermion massegjaadk weak mixing matrix elements. The
fermion masses have no explanation in the SM. miqodar, the weak doublets of quarks and
leptons of the same generation have comparableesaBses that indicate a deep relationship
between quarks and leptons and hence the stronglaciioweak interactions? The existence of
a GUT scale, as we discuss later in this Chaptieerevthe interaction strengths of the strong and
electroweak interactions are the same is additienaence for this view.

The quark and lepton weak doublets of the SM, sgd B2, are replicated three times with
particles identical save for their mass. Why ddes happen? Clearly we are not looking at a
typical excitation spectrum, e.g. the hydrogen aaimer series. The dynamics must be quite
unusual to have a spectroscopic series with onetherms. We also do not understand what
forces are responsible for this mass splitting betwgenerations, having exhausted the known
forces (ignoring gravity) with the SM.

What is the evidence for a limited number of ligkherations? The primordial abundance
of deuterium is related to the number of generatiohneutrinos when nucleosynthesis models
are used in the standard Big Bang cosmological leodée data indicate that there are three
generations of light neutrinos. There is also aipren measurement available from the LEP
collider. The Z decay width has been measureddh precision (see Chapter 4). The Z boson
decays into quark and lepton pairs, with no flastmeinging modes allowed.

Z - gl v 6.1
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The neutrinos are not detected. Measuring the Sible” Z decay rate and dividing by the
rate into neutrino pairs (see Chapter 4), we obtiaennumber of light neutrino species. The
conclusion is that there are three and only thigde kpecies of neutrinos (below Z threshold).
This finding is consistent with the one made frdm prior but weaker measurement derived
from the primordial deuterium abundance.

Ny =3 6.2

These experimental facts have little or no knowplaxation. The dynamics, which leads
to the existence of three generations, is somethingre we have almost no clue. Therefore, this
guestion has no answer at present, and the pafcitints indicates we are unlikely to find an
explanation in the near future. The answer to thestion put by I. I. Rabi when the muon was
discovered, “who ordered that?”, continues to elusleven after many years.

The quarks and charged leptons display a similanégation” structure. There are three
"generations” of quarks and leptons that have idainihteractions and different masses. Note in
Fig. 6.1 that there are 5 orders of magnitude issvieom the electron to the top quark (see Fig.
1.1 also). In fact what we mean by a generatiosirigply the replication of the lowest mass
electron, electron neutrino and up quark, down kjedectroweak doublets of ordinary matter
that recur at a higher mass. Our “ordinary” worfch@atter consists of bound states of the first
generation quarks, held together by gluons.
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Figure 6.1: Plot of the masses of the charge 2d3cliarge —1/3 quarks and the charge 1 leptonsthiplot the
neutrinos are assumed to be massless and areavat.shlso shown are the Z mass, and the Higgs vadirld to
set the electroweak scale.

We see that the notion of generations is ratheueadhe mass of the top is 175 GeV
which is widely split from its doublet partner the quark, at ~ 4.5 GeV mass. The third
generation lepton partner, thdepton at 1.78 GeV is separated by a factor ofir Biass from
the b quark (see Appendix D) and a factor ~ 10fnftbe top quark. As we can see in Fig. 6.1
the splits in mass within generations one and t@aaéso considerable.

The “dynamics” of generations is rather unusualt didy is the series of “ spectral lines”
terminated at three, but also the dependence of orasgeneration quantum number” (Fig. 6.1)
is, very approximately, exponential. There musalyather singular force in order to cause such
an odd spectroscopy.

4 - What explains the pattern of quark and lepton masses and mixing?

6.2 Parameters for Mixing

As we will mention later, there must be CP violatior the Universe to consist largely of
matter without significant antimatter. Within thentext of the SM the smallest number of
generations allowing for a complex weak mixing rxat¥/,, - see Appendix A, (CKM Matrix)
is three. Thus, the most economical number of gegioes which is complex enough to admit of
CP violation — i.e. a complex mixing matrix — iret®&M also agrees with,N However, it now
seems that, in detail, the SM, in concert with Bigng cosmology does not have sufficiently
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strong CP violation to account for the observed/twarto photon ratio of-10°. The condition
of CP violation is necessary, but the SM is noficigit.

In the strong interaction the colored quarks anigé are flavorless. Therefore, the weak
flavor quantum numbers must be produced in pairsesquark flavors are conserved in strong
interactions. The flavors change in charge chanpgieak decays, the most familiar being beta
decay, which at the quark levelis— d+W" - d+ é +v,

Over many years experiments have been performedtésmine the elements of the matrix
Vy characterizing the strength of the couplings ie teak decays of quarks. The matrix is
completely phenomenological, since we are agaiaramt of the dynamics that differentiates the
weak eigenstates from the strong eigenstates. likés knowing the D and E vectors in
electromagnetism without having some fundamentaletstanding of the polarization of the
medium. The CKM matrixV,, is shown approximately;

1 6, AG2p |[u
Vg ~| -6, 1 A8? |lc| ,p=p+in 6.3
AB>(1-p) - Ab’ 1 |t
[d s b]

This matrix defines the strength of the weak detagsitions between the strong quark
eigenstates. The matrix is unitary, which implieattthe strength of coupling is universal, as is
appropriate in a gauge theory (see Appendix A). dbraplex parameter p g + in is not yet
well measured (see Fig. 6.2). Numerically the patans have values 6f ~ 0.2 and A ~ 1.

The decay amplitude is proportional to the quarkimg matrix, the decay rate to the
square. Clearly, the & d + W', c> s + W and t> b+ W' “diagonal” transitions are the
strongest (the jargon is “Cabibbo favored”). Whyispproximately diagonal? Why is the-b
c + W off diagonal transition so slow; (q - q) ~ti. ~ 6’04, with respect to the off diagonal
transition s» u + W, I ~6?02? Is V complex? Unitary? Does Im(p) "explain” CBlation?
What is the dynamics of weak decays between geoes& How can we compute the elements
of V? Why is6. ~ 0.2? There is clearly a pattern here, but we lgitngve no clue yet as to how
to answer any of the questions that we can soyaasie.
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The measurements of the complex elements of thagatyntriangle” are of an accuracy
indicated in Fig. 6.2. At the present level of psean, the triangle is closed, indicating no need
for new physics beyond the SM. Clearly, with a maggperimental effort mounted at several
accelerators, the data will improve significanttythe near future. Just now, we cannot draw a
definitive conclusion about CP violation.

Figure 6.2: Experimental data on the elements ef @M matrix contributing to the “unitary triangleThe
elements plotted are defined to be, w=+1/7, where p is defined in Eq. 6.3 [ref. 1 — with pesion].

There is a major experimental effort to study wdakays at electron — positron colliders.
The aim of this research is to map out the complexents of the mixing matrix much more
accurately than they are presently known in ordestart to answer some of these questions. The
current point of attack is to determine the p patem and therefore see if the decays of
composite hadrons containing b quarks have CP tingleeffects that can be consistently
explained solely by the mixing matri¥,,, , of the SM without any new Physics contributions.

5 - Why are the known mass scales so differentgp ~ 0.2 GeV < > ~ 174 GeV << Myt ~
10" GeV < M. ~ 10 GeV

6.3 Mass Scales

The QCD scale is that mass when strong forces beabrong. It is of the same order as
the meson g bound states) masses, as might be expected bebausadrons are states bound
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by the strong force. We know that the strong f@ets stronger as the mass decreases, leading to
complete quark and gluon confinement.

The next scale up in mass is the Higgs electroWe®) vacuum expectation value, which
is ~ the W and Z mass scale. The final “well e&thbd” energy scale which characterizes a
“known” force is gravity, which has an energy,c(t) = GyM?r, to be compared to
electromagnetism, &4(r) = - &/r. Gravity becomes strong when the “fine struceoastant” for
gravity, GyM?/hc ~ 1, at the “Planck massM,,_ =+/hc/Gy, where G is Newton’s universal
gravitational constant. We should be aware thatesive do not have a renormalizable quantum
theory of gravity, we cannot reliably extrapolatassical Newtonian gravity up to the Planck
mass.

Gravity is not incorporated in the SM. lts inclusiwould exhaust the known basic forces
that we have observed so far. What explains thenemas “desert” - a factor 10between the
electroweak scale and the Planck scale? It is,aat, fvery difficult to maintain such vast
difference in scales in a quantum field theory leezof radiative corrections.

How, indeed, can the scales remain stable in thegpice of quantum loop corrections?
This is called the “hierarchy problem”. A dimensarargument shows that, without some
tinkering, the Higgs mass suffers an enormous shiftagnitude due to graviton (the postulated
spin 2 quantum of gravity) loopgIM?2 ~ (a/m)(M7,). It is clearly necessary to explore the
connection between the “low” mass scales for stramgd) electroweak interactions and the high
mass scale characteristic of gravity. The SM isprotected against large radiative corrections
feeding down from this high mass scale. Many phstsdeel that this problem by itself shows
that the SM is not a consistent and complete theory

6.4 Grand Unification

Only recently we found out that the weak interatsiare not fundamentally weak, but had
the same intrinsic strength as the electromagi@cactions. They appear to be weak because
they are confined to short distancés, #c~M,/, by the large masses of their force carriers.
Therefore, beta decays, which have energy releasesdMeV, occur with very slow reaction
rates.

The electroweak unification left us with only twasic forces within the Standard Model,
the strong “color” force and the electroweak “flavdorce, although the unification is not
complete because the Weinberg angle is not prediate the SM but is determined
experimentally. Perhaps the strong and electrovieaes are related and hence all SM forces
are unified. In that case leptons and quarks dedexk and there would be transitions between
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them. The proton would then be unstable, in cleatradiction to experiment (and our continued
personal existence).

The unification mass scale,dMr, of a Grand Unified Theory (GUT) must be large wgto
so that the decay rate for protoris, ~1/ MZ,,, is less than the rate limit set by experiment.
There is no fundamental symmetry imposing a cordienv law that we know of which requires
proton stability. “Baryon conservation” is simplytgn by hand. What mass scale is there where
the strong, weak, and electromagnetic forces areqofal strength? In order to answer that

guestion we need to first explore how the stredth force depends on mass scale.

The coupling constants "run” in quantum field thesrdue to vacuum fluctuations. The
mathematical detail for “running” the couplings Hasen deferred to Appendix D. We assert
here that we know how to “evolve” or “run” the cdimg strengths with mass scale. We start at
the Z mass. Let us see where the running of thplitms of the three forces in the SM leads us.
There are three and not two because there are distect gauge groups, SU(2) of the weak
interactions, U(1) of the electromagnetic, and SWf3the strong, and each gauge group has a
universal coupling constant. The Weinberg angle setermined experimentally, not as part of
unification.

In general, the strength of the interaction depatdse distance probed in quantum field
theories. We expect that a fine structure constants “generically” with mass scale Q as,
1/a(Q%) = 1la(m?®) + b[IN(QYmA)]. A particular theory, SU(3) - strong, SU(2) - ake U(1) —
electromagnetic, defines the b parameters, whigtesent the effects of specific quantum loops
of bosons and fermions comprising that theory ésictcouplings.

In electromagnetism the’@& vacuum pairs shield the “bare” charge which metag
electromagnetism gets stronger at shorter distatces- 2n, /12, where nis the number of
fermions that can make virtual pairs at a scalénGBU(3) the strong interactions become weak
at short distances. This is because the gluonsstlgss carry a color charge whereas the photon
is uncharged. Likewise the W and Z, SU(2), selfgtelthaving triplet vertices in the absence of
fermions such ag,9,,0..,. 9.0 .# . - because they carry weak “charge”. Thus we exjpettthe
SU(2) coupling strength also gets weaker with iasieg mass scale due to an anti-screening of
the weak charge.

We use precision data at a mass td look for possible unification of the strong,
electromagnetic, and weak forces. A representatata set is quoted in Eq.6.4. The labels for
the couplings are the SU(N) number N. The stromg) @ectromagnetic values were already
given in Chapter 4. For technical reasons we msstaf5 of the inverse of the electromagnetic
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coupling constantl/a(M,)=128.5, minus the weak coupling. The weak coupling cartsis
a,, ~1/30 = a,, as quoted in Appendix A.

ast (Mz)=8.40 = 1/0.119

a,~ (Mz)= 29.67 6.4

art (Mz)= (@™ (Mz) —a,™)(3/5) = 59.2

We then “run” the constants with b values,#(33 — 2r)/12n, b, = (22 - 2R— Y%)/12n,

and h = -2n /12n (see Appendix D). The fermion loops contribute teme negative
(screening) constant for all three coefficientseT¢trong and weak b coefficients have, in
addition, anti-screening terms due to the “chardembons, which dominate the overall behavior.
A factor which is sometimes omitted in textbooks ladéso been added for a Higgs boson loop
contribution to the weak interaction coefficient, The reader is most strongly urged to use the
information provided here and “run” the constamtsHerself. The experience that is derived for
the sensitivity of the couplings to large masses#d well worth the effort.

Keeping track of the number of “active” fermionsrthions with masses less than the mass
scale Q), n we arrive at the coupling constant behavior fagation of mass given in Fig. 6.3.
The 3 forces approximately converge to a valg,, ~1 , &2 mass oM, ~10" GeV.

This is a very non-trivial result. The forces appeabe unified at a very high mass scale, which
is not terribly far from the Planck mass.
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Figure 6.3: Running of the inverse of the SM cauplconstants as a function of the mass scale rajaati the Z
mass. We run both up and down in mass from theughly between limits o(/\QCD’M L) -
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The result of following where the run leads us seaond implication that there is no new
physics that intervenes strongly over an enormange in masses, from the Z mass to the GUT
mass scale. That is another extremely non-trivoactusion.

6 - Why is charge quantized?

There appears to be approximate unification ofctgplings at a mass scales ~ 104
GeV. The forces which we observe to be distinctthe SM at energies < 1 TeV are
manifestations of the same GUT force. Since thengtrforce is what distinguishes between
quarks and leptons that must mean that quarks eptoris are in some real sense the same
particles. Therefore, we should combine quarks laptbns into GUT multiplets, where the
simplest possibility for a GUT symmetry group, SU(Ih some way, with dynamics yet
unknown to us, the SU(5) group breaks down into33USU(2) and U(1) subgroups at our
present day mass scales.

A possible SU(5) fundamental representation far finst generation is shown below.
Remember the three colors possessed by quarksh wine@ans that the d quark appears three
distinct times in the multiplet.

[dr 05 dg € Ve 1 3(-1/3) +1+0=0 6.5

This seemingly innocuous statement has far reactwmgequences. Since the sum of the
projections of a group generator in a group mudtipd = 0. For example, in quantum mechanics
the angular momentum projection sum of m is zero domultiplet labeled by angular
momentum,*z”mzo. Charge, Q/e, (it being the GUT coupling), maesiguantized in units of

£

the electron charge. In addition, we see that quarlist have 1/3 fractional charge because there
are three colors of quarks - SU(3). We now undadstahy charge must be quantized and why
guarks have 1/3 integral charge. It is becausekguamd electrons are related in SU(5). In the
SM we recall that charge quantization was simplyipiy hand.

In addition, the unification of the three couplimgpnstants allows us to predict the
relationship between the electromagnetic and weallings. Recall that we simply introduced
the Weinberg angle and were obliged to take itsuevdrom experiment. Nowhowever, we
know that the GUT has a single gauge coupling emisiThusa andayw must be related. The
SU(5) prediction is thasing,, =e/g,, =./3/8, sirf By = 0.375. This prediction clearly only
applies at the GUT mass scaleg M
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However, we now have learned how to run the cogptionstants. Thus, we can take the
GUT prediction back down to the Z mass where thenérg angle has been very accurately
measured. When we run down in mass the EM couplegyeases and the weak coupling
increases (Fig. 6.3). Hence the Weinberg anglesdses. The prediction, which we give without
proof, is that sifBw(Mz%) ~ (3/8)/[1 + b[IN(M*/Mgyur)], with b = 550 (M2,,)/187. The
numerical result, that siw(Mz?) = 0.206, is in approximate agreement with thesuesment of
Bw , sifbw = 0.231, although the agreement is well outsideetiner on the experimental data.
Clearly, this is a very significant prediction of @UT model. The interested student is
encouraged to derive this result and then to nuwraklyievaluate the expression for the Weinberg
angle.

In addition to the prediction for the coupling ctargs there are GUT mass relations. Since
guarks and leptons of the same generation areeisdime GUT multiplets, see Eq.6.5, they have
the same mass. The prediction, at the GUT mas®,slin only rough agreement with
experiment at the GeV mass scale.

mg=me (3-9) MeV = 0.5 MeV

ms=m, (60 - 170) MeV = 105 MeV 6.6
my=m; (4.1-4.8)GeV =1.78 GeV

It is difficult to precisely define the masses lo¢ permanently confined quarks, as they are
not an observable of an asymptotically defined twanstate. Therefore, in Eq.6.6 a range of
possible masses is indicated. Still, these relatime not well satisfied. They simply validate
what we mean by “generations” - a pair of quarks archarged lepton of “similar” mass.

There is some progress that can be made by takengrediction to be valid at the GUT
scale and then evolving the masses down to cuyrautlilable energies. This procedure leads to
generally improved agreement. We note in Fig. Bat typically the quarks are heavier than the
leptons. That fact can be roughly understood becthes quarks have strong interactions, so that
the quark masses, “run” from the GUT scale to tled/Gcale, evolve more rapidly than the
lepton masses, rather as the coupling constant§ luerefore, the quarks are expected to be
heavier than the corresponding charged leptons.ekkample, the successful prediction that,
m, ~ 2.9m, follows from SU(5) after running the masses txale ~ 1 GeV (see Appendix D).

However, until the GUT gauge group is experimaptahown and until the assumed GUT
breaking mechanism is understood the question afkfepton mass relations will not yield
much in the way of precise predictions.

7 - Why do neutrinos have such small masses?
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The neutrinos in the SM were taken to be exactlgstess, whereas we only know for sure
that their masses are quite small on the scalembh and quark masses. This assumption is
largely a question of economy, because there igyamege condition requiring a massless
neutrino. In contrast, the gluon and photon areggdabsons and are required to be massless by
the exact and unbroken gauge symmetry of SU(3) Kyl

There is, therefore, no surprise if neutrinos pessmass and no problem absorbing a
massive neutrino into the SM, just as massive gquarid charged leptons are basic particles in
the SM. At worst, there are another three massnpetexrs and another four parameters
characterizing another weak mixing matkix. Note, however, that if neutrino mass exists there
can be flavor changing leptonic reactions, just there are for quarks. For example,
U > €e+y - e+e+eare then allowed. At present, no such muon decagesidave been
observed. However, GUTs theories naturally posdepton number and baryon number
violation.

Direct kinematic measurements of neutrino massad yesults consistent with zero. There
is, however, an experimental reason for imaginheg & small neutrino mass might exist. The
critical mass density for the Universe is ~ 1 p/ Below that density the Universe will continue
to expand forever. At that density the Universéflet”. Experiment, for example the cosmic
microwave background temperature anisotropy, indgghat the Universe is flat. Because the
observed density of ordinary matter is very snvedl,need a candidate to supply the mass needed
to make the Universe flat.

The photon ( ~ equal to the neutrino) to baryotioras known from the cosmic
background blackbody radiation measurements to b€’ ~Therefore, if neutrino masses of ~
100 eV existed, they would supply the missing caitimass density required for a flat geometry
for the Universe. We will see that the mass diffiees recently observed for neutrinos are much
less than 100 eV, so that this explanation fomtiesing mass density is probably not viable.

The GUT hypothesis allows us to make a statememitaibhy the neutrino masses might
naturally be light. There are two widely separatedss scales, the QCD/EW and the GUT.
Assuming there are both active light neutrinos amactive heavy neutrinos with masses
comparable to the GUT scale, we state withoubifp(the “seesaw” mechanism) that it is
natural to have neutrinos with “small” charactécishasses, which means small on the quark
scale. Using typical values for the masses of #reet quark generations, we expect a
generational hierarchy for neutrino masses.
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my, ~ my/Mgur~ 10'%-10° -10° eV 6.7

There is thus an assumed natural “generation” stredor the neutrinos, which follows
from the quark mass regularities gathered underctiteept of generations. Recent neutrino
oscillation results indicate a non-zero neutrincssndifference of ~ 0.1 eV. The neutrinos then
“mix” or change “flavor” with time, much as neutflor K mesons “mix”. For a neutral particle
with a fixed momentum, different neutrinos would véa different energies,
E=vP?>+m? ~P+m?/2P. As time goes forward after production, the stateild oscillate in
flavor since the states would have different fremies, E =« , and the “beat frequency”
between two statedyw ~ Am* /2P%, depends on the difference in energy betweentbestates
of different mass. There is an extensive worldwak@erimental program in place to study
neutrino oscillations at present. Unfortunately tapic is beyond the scope of this text and we
just indicate some of the highlights of the resaftthis program.

Data on neutrino oscillations are shown in Fig.. @Hle mass differences between weak
eigenstates are comparable to the estimate mdelp @n7 for the third generation neutrinos. The
atmospheric neutrino oscillation resultig,, ~ (0.03 — 0.1) eV. The other generation neutrinos
are expected to be lighter. Indeed, the solar meuttata set indicates a substantially smaller
mass difference is responsibfeng,,~ 0.01 eV.
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Figure 6.4: Experimental data on the mixing of neos which oscillate in flavor with time. The alled areas of
mixing angle and mass difference squared are shiomaifferent experiments and different flavor adutrino [ref.
2 — with permission], a) refers to atmospheric riras, while b) refers to solar neutrinos.
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We note that, in the case of neutrinos the mixipgears to be ~ maximasin® 28 ~ 1,
while for quarks the mixing was small and the mgximatrix was almost diagonal. We really
have no clue yet as to why the quark and leptonngsxare so different.

It is not our purpose to expound on neutrino ostidhs, merely to note that such
oscillations require a non zero mass for the neaitriThe GUT hypothesis explains why the
masses are very small with respect to the massdbeobther SM particles. It is not yet
experimentally determined how we go from mass dkfiees and mixing parameters to the
masses of the weak eigenstates themselves. Reamisipn data on the cosmic microwave
background implies the limit m< 0.24 eV. One solution among many is shown m Bi5
where the masses of the weak eigenstates and tkiireniof the leptonic flavors in that
eigenstate are indicated.

Mass (eV)
A

6x 1072

m(eV)
Fx 1

Figure 6.5: A possible scheme of neutrino weakm®statesy; , and their associated masses. Also indicatechare t
fractions of the flavor eigenstatelze,l/y,vr which make up the weak eigenstates. The mixirgjaigs is large [ref.
3 — with permission].

From the cosmic microwave background we know tlesemt neutrino temperature is ~ 1.9
degrees K and the number density is ~ 308/cffherefore, with the mass quoted above, the
neutrinos cannot be the candidate for the “darkteriatvhich we discuss below because they
would contribute only ~ 0.001 of the critical magnsity of the Universe.

8 - Why is matter (protons) ~ stable?
There is no gauge motivated conservation law magnogpns stable. Baryon conservation
is simply imposed in the SM by requiring, ad hdée absence of quark to lepton transitions. The
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GUT hypothesis leads us to a more incisive reasothe apparent absolute stability of matter.
The proton is indeed unstable, but possesses doregyifetime.

Since quarks and leptons have the same GUT cougplamgl exist in the same GUT
multiplets, we expect transitions between themeédj in SU(5) and other GUT models there
are “leptoquarks” with masses of order the GUT srexsle, which possess both flavor and color
and induce quark- lepton transitions. What the GUT hypothesis britagshe discussion is a
well-motivated high mass scale that makes the prisfietime quite long.

Thus we expect protons (uud bound states) to d@eathe leptoquark mediated reactions
u+u —e"+d andu+d - v+d. Hence p-e" + 1€ orv + T since the pi mesons are quark-
antiquark bound states® = ur, dd and 77* = ud . The pion mass is ~ 0.14 GeV while the proton
mass is ~ 0.94 GeV which means the reaction ishexatic, or energetically allowed.

On dimensional grounds, i.e. decay width propo#gida the virtual leptoquark propagator
squared ~M 3, the proton lifetime should g, = 1/, ~ acur(My/Mgur) M, or T, ~ 4 x 16*
yr. The estimate is in direct analogy to the estanae previously made for the muon lifetime.
The expected lifetime is very long time since tige af the Universe is “only” 40" yr. Thus
matter is operationally, not absolutely, stabléhis view.

The easiest final state to use in searching fortopradecay is e+1°. The current
experimental limit on the proton lifetime is ~*@r The limit is in disagreement with a much
more careful estimate of the p decay lifetime m@e SU(5) GUT models. Thus we need to
look a bit harder at the grand unification schelve. have gained some insights about the open
guestions we had, but the unification is not atyua$ good as we might have hoped. We will
seek improvements.

9 - Why is the Universe made of matter?

The present state of the Universe is very mattérratter asymmetric. Basically, there is
no evidence for any primordial antimatter in theiiénse. For many years we have known that
the necessary conditions for such an asymmetryhateCP is violated, that baryon number is
not conserved, and that the Universe went througbhase where it was out of thermal
equilibrium. Now, we have already discussed the faat the existence of three generations
allows for CP violation and the initial data on thmitarity triangle” (see Fig.6.2) indicate that
the CKM matrix has complex elements. CP violatias been observed in both K and B meson
decays.
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The GUT has, of necessity, baryon non-conserviagtiens due to the transitions induced
by the lepto-quarks. We have already assumed hiegtdre heavy, in order to explain the quasi
stability of the proton. Thus the chance to exptam matter asymmetry of the Universe exists in
GUTs, although agreement of the data on the batgophoton ratio, NN, ~ 10°, with a
detailed calculation is probably not plausible.l@dst we have made some progress in that the
dominance of matter arises naturally in a GUT madel is not simply an ad hoc assumption.
Unfortunately, the SM does not contain sufficiedélgge CP violation.

6.5  SUSY - p Stability and Coupling Constants

We know that there are some problems (see Fig. \Bi8) precise unification of the
coupling constants and the detailed limits on tteégm lifetime. These problems, and others like
the Weinberg angle, can be solved by invoking a hgpothesized symmetry of Nature, called
supersymmetry (SUSY). This is a symmetry, whiclated fermions and bosons, something that
we have no indication of or hint of in the SM.

The generators of this symmetry contain both tmeilfar Poincare space-time generators
and a spinor connecting spin J states to J-1/@sstitaturally, the realization of this symmetry in
Nature would mean that there are super partneadl tfie SM particles that differ by %2 unit of
spin. There is no experimental evidence for anghe$e partners, so the symmetry must be badly
broken so as to give a large mass, at present imgrally inaccessible, to all the
supersymmetric particles. Present limits on thesntsSUSY partners of quarks is ~ 200 GeV.
So far we have made no progress, at the expensmuddling the number of fundamental
particles. Why would we embark on this daft seemaxperimentally unmotivated, enterprise?

Recall that in a quantum loop calculation the femmsiand bosons contribute with opposite
signs (see Chapter 4 where top increases the WwiakesHiggs contributions decreases the W
mass). Since each fermion now has a boson supeeparth the same mass, unbroken SUSY is
very stable under radiative corrections since tlog Ilcontributions of the partners cancel. Recall
that the loop integral also depends on the matsegbarticles in the loop (see Chapter 4).

Therefore, “broken” SUSY will help solve the “hiecay problem” — the radiative stability
of the two widely different mass scales (EW and GUdnly as long as the masses of the super
partners are not too large. We have traded radiattability from the GUT mass scale for a
proliferation of new and unobserved particles. Wgua that the masses of broken SUSY must
appear in the mass range ~ (100, 1000) GeV if SiSt6 solve the hierarchy problem. This
mass range is accessible at the LHC, so that SUBYoevvery actively looked for in LHC
experiments.
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This is fine, but is there presently any “evidénfr a “SUSY - GUT"? Alas, we have
only rather indirect indications. Let us returntbe issue of grand unification. We add SUSY
particles to the spectrum and look again at tmming of the couplings. The detailed running
behavior is altered by these new particles in tagp$. The evidence for unification is now
stronger, with Myr = 2 x 16° GeV and Idgur ~ 24. The graphical representation of the
situation is shown in Fig. 6.6. Note the “kink”tine behavior of the running couplings when the
SUSY partners become “active” at ~ 1 TeV in mass.
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Figure 6.6: Running of the inverse of the SM couplconstants as a function of the mass scale vptrtaer SUSY
spectrum added at a mass of 1 TeV.

Clearly, the case for unification is much improwacer the SM results. In particular, the
increased GUT mass, and the strong dependence gir¢iton lifetime on that mas$/M &, ,
solves the problem we had with the experimentaitliom the proton lifetime. Given the
logarithmic dependence of the couplings, it isidlifit to impossible to conclude that the SUSY
“kinks” occur at a particular mass. In the casepldiged, 1 TeV is used, but there is little

sensitivity to that mass.

The prediction for sif®y at the Z mass is also altered because the evoldtwan from the
gauge coupling value of 3/8 at the GUT mass ssathanged. The starting point GUT mass has
been increased and there are now additional SUStitlea in the loops for Q > 1 TeV. The
prediction goes from 0.206 to 0.23, significanttyproving the agreement with experiment,
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which obtains the value of 0.231. This agreemengxgferiment and theory for the Weinberg
angle to a few percent with SUSY included is stromtirect evidence for SUSY.

The hierarchy problem has to do with the existesicevo mass scales that are radically
different. It is difficult to maintain the lower ass scale, say for the Higgs boson mass, in the
presence of radiative corrections for loops comagimparticles with the higher mass scale. We
have already mentioned this in the context of thedk mass. Now we hypothesize that there is
a somewhat lower GUT mass scale, which intervendsasically erases information about the
Planck scale if we are at lower masses than the &tdlle. The loop corrections to the Higgs
mass are quadratically divergent. Going from GUTssnBtyr to the electroweak scale, the
Higgs mass shift is huge.

d\/l,i - (aGUT/ﬂ)(MGUTZ) 6.8
To maintain the Higgs mass in the absence of SU&Y rnumbers of order M,r must
subtract to yield a small numberyMwhich is very “fine tuning”. In a SUSY GUT sinegual
mass bosons and fermions contribute to these lotggrals with opposite signs, the large
radiative corrections are canceled to very higheordrhus SUSY solves the “hierarchy
problem”. With SUSY masses at a much lower mas¢esthe Higgs mass gets radiative
corrections due to the differences of the mass#seo8USY ,M ¢ .,, and SM, M, partners.

d\/l,i ~(aGUT/n)(M§USY -M?) 6.9

There are two predictions that are very relevantlidC experimentation. First, SUSY
only solves the hierarchy problem ifsiky is < 1 TeV, and hence these states will mostyikel
accessible at the LHC.

Second, we assert without proof that some SUSY feamstrain the parameter,n the
guartic Higgs potential. This parameter definesHiggs mass but it is unspecified in the SM.
The masses of the Higgs bosons are related toatlgegooson massesyM Mz in some SUSY
models. Radiative loop corrections then imply tinat Higgs mass is increased from the Z mass
by top and other patrticles in the radiative looprections, Eq.6.10. An upper limit, v 130
GeV is then approximately derived which is somewhate stringent than the limit we have
already quoted in Chapter 4.

2 2 2 2 2 61(
M, ~3ay, 12rr(m [ M, )" 7 [IN(M gys/ MY)]

Thus if SUSY is true, a light Higgs is expectedy maquired, which is very accessible at
the LHC (Chapter 5). This prediction of SUSY wik lverifiable in the very near future. In
addition, we know that the parametem the Higgs potential “runs” (see Chapter 5) &mat it
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must be positive for there to be a non-zero vali¢ghe vacuum field (vacuum expectation
value). We assert without proof that a heavy toarkjumass is needed in SUSY models if the
Higgs mechanism is to be preserved. The obserwvege @wp mass (Fig. 6.1) can be seen as
another successful prediction of SUSY. It is als® that large CP violations occur naturally in
SUSY models. Therefore, SUSY would improve thedleficy of CP violation strength that is
present in the SM.

6.6 SUSY - Cross Sections at the LHC

SUSY patrticles have already been carefully seartbreat the Tevatron and we could have
introduced them in our discussion of Tevatron ptg/sén Chapter 4. We do so now, as this fits
the flow of the narrative. Normally it is assumédittthere is a quantum number associated with
SUSY, which, like flavor, requires pairs of pantisito be produced in the interactions of SM
particles. Unlike flavor, the symmetry is assumedbé exact, so that the lightest SUSY particle
(LSP) is absolutely stable. Therefore, assumingL®ie is neutral and weakly interacting, most
SUSY searches use jets (from cascade decays dotke 10SP) and missing transverse energy
(taken off by the LSP) in setting limits on SUSYide masses. There is no evidence yet at the
Tevatron collider for a SUSY signal. A typical spem is shown in Fig. 6.7.
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Figure 6.7: Missing transverse energy distribufemevents with a photon and at least 2 jets infitned state. Also
shown are the signals expected for SUSY quark$0fahd 300 GeV [ref. 4 — with permission].
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The “background” from SM processes falls off rapifargely missing energy due to mis-
measurement of the jet energies), leaving the gpacat large missing energy dominated by
possible signals from the SUSY partners of the kpia€learly, SUSY quarks of 150 GeV mass
are excluded, while 300 GeV mass is not totallyileded by this data set. Higher statistics data
from the upgraded Tevatron will push out the masgd. The present limits on SUSY masses,
in the context of a particular SUSY model chosemfia plethora of possible models, are shown

in Fig. 6.8.
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Figure 6.8: Excluded contours for SUSY partnershef quarks (squarks) and gluons (gluinos) from Trewaand
CERN collider experiments in a minimal SUGRA SUSYdual [ref. 5 — with permission].

Clearly, masses of ~200 GeV and below are exclu@ace we argued that SUSY
particles must have masses less than 1000 Ge\éyfdhe to solve the hierarchy problem, this
level of exclusion is already very significant. Qrtlinately, the 1 TeV upper limit is not very
crisp (see Fig.6.6), so that we should be prepareithe LHC, to search well above it if we are to
definitively exclude SUSY as a hypothesis, whiclves the hierarchy problem.

Let us imagine how to continue this search at tHELThe cross sections for squarks and
gluinos (SUSY partners of quarks and gluons) aigel#®ecause they have strong couplings. The
couplings of the SUSY partners are the same astbbsheir SM partners except for the
kinematic effects of mass. The equality of the ésrés needed for loop cancellations, and is
intrinsic to SUSY. Dimensionally, the cross seatfor strong production of a pair of mass M
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particles is,0 ~ GSZ/(ZM)Z or ~ 1 pb for M = 1 TeV. This level of cross senti®s quite
observable at the high luminosity available at Leéperiments (100,000 plyr.).

A complete calculation of the cross section asrection of SUSY mass is shown in Fig.
6.9. The cross section for SUSY quarks and glusnmdeed, approximately 1 pb, fora 1 TeV
mass.
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Figure 6.9: Cross section for the production ofirgds as a function of their mass at the LHC. Alkoven is the
cross section for production of neutral gauge b&d8Y partners (neutralinos). These particles Areo 1100 times
more weakly produced [ref. 6 — with permission].

For a 500 GeV SUSY gluino, the cross section is @i®0Thus, running only a month at 1
% of the design luminosity, 10,000 SUSY gluino paare created. Clearly, searching for
strongly produced SUSY patrticles will be a majort d the very early LHC physics program.
The experimenters must be prepared for incisiveckea as soon as the LHC begins to function.

6.7 SUSY Signatures and Spectroscopy

We know that the cross section, at least for stsoingeracting SUSY partners, is large
enough for discovery at the LHC. The question ibatvare the signatures for triggering the
apparatus (see Chapter 2) on SUSY particle prashietiFor squarks and gluinos a
straightforward method is to look at jets and nmgsenergy. A possible set of decay modes is
shown in Fig. 6.10. Multi-jets, leptons and missiegergy in coincidence supply a rather
spectacular and unique signature on which to trigge then search for signals.
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Figure 6.10: Schematic representation of gluin@ peaduction and sequential decays. The end ofldway chain
comes with the emission of two LSP neutralinos. @&scade decays result in a final state with faarkjets + two
leptons (same sign) + missing transverse energy fhe LSP,T(f, and the neutrinos [ref. 7 — with permission].

For SUSY gauge partners there are also very ursgunatures. A schematic representation
is shown in Fig. 6.11. The Drell-Yan productionawt off mass shell W results in the decay to a
gaugino pair. The subsequent cascade decays td&SPeeutral gaugino then results in no jets
(we can even veto on jets in the trigger if neegdtee leptons, and missing transverse energy.
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Figure 6.11: Schematic representation of Drell- Yamduction of a highly off mass shell W, W*, whigfrtually
decays into a gaugino pair. The subsequent detayeptons, neutrinos and LSP leads to a finakstdth no jets,
missing transverse energy and three leptons whiahvery clean SUSY signature [ref. 7 — with pesinis].

Fundamentally, the SUSY searches are fairly stteighard at the LHC. There are, of
course, other decay modes and other signaturese¥swas long as pair production of SUSY
particles is assumed, then the existence of a L&8Resnmissing energy a powerful tool for
triggering the detector and selecting the SUSY &vdthowever, a caveat is that there are always
small regions of parameter space in more comple¥Shhodels where the experimental search
is difficult.
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The results of a detailed Monte Carlo study of mpuproduction at the LHC are shown in
Fig. 6.12. The trigger is on missing transversergn@lus jets. The SM “background” from
QCD jet production with a missing transverse energysed by mis-measurement of the jet
energies (see Chapter 2) falls rapidly with trans¥esnergy. Processes with W/Z + jets, for
example top pairs, contain real missing But occur at a lower cross section than the QCD
production of jets with a subsequent experimente-measurement inducing a missing. E
Clearly, above a missingrf ~ 100 GeV the signal from a 250 GeV gluino doates over all
the SM backgrounds.

- - SUSY — Missing E; + Jets
""" - SUSY (250 GeV gluino)
QCD background:

1088 =
3 e Test Beam performance

-------- Technical Proposal performance

I v I \/Z background

Events/20 GeV (arbitrary scale)

0 50 100 150 200 250 300 350 x 400
Missing Transverse Energy (GeV)

Figure 6.12: Missing transverse energy spectrumef@nts at the LHC containing jets and missing svarse
energy. Spectra for a 250 GeV gluino, for QCD prgs, and for W/Z plus jet events are shown. Abawaissing
transverse energy of 100 GeV the SUSY signal dawéidne cross section [ref. 8 — with permission].

Therefore, we can search for masses above 250 G&Mwe run out of events due to the
falling of the SUSY cross sections with mass. TB8 eV mass scale was explored for the
LHC experiments since it roughly corresponds to ¢heent SUSY mass reach of Tevatron
collider experiments (see Fig 6.8) and at the LHE eéxperimenters want to pick up the search
with no mass range remaining inaccessible. The lei@eriments will therefore pick up the
SUSY search seamlessly from the CDF and DO expatsrand carry it up to ~ 2 TeV in mass.
The upper limit is important, because if SUSY is teeavy then it is not the solution to the
“hierarchy problem”.
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In SUSY, there is a series of cascade decays dowhetLSP. That decay topology allows
us to determine some of the mass differences ofYShiticles at the LHC. In particular, there
are spectacularly sharp spectral edges in spemfses. This gives us another handle on the
spectroscopy of SUSY particles. An example is showiig. 6.13. The distribution of dilepton
masses is shown, where the events were selecthdvi® leptons above a cut on transverse
momentum and all jets were vetoed on. As one eantlere is expected to be a sharp kinematic
edge corresponding to the neutral chargino masterelifce (see also Fig. 6.11 with
Xo - X.+("+ (. Therefore, we can go beyond the mere discovenSWSY and learn

something about the complex SUSY spectroscopy whiaahld become experimentally available
should SUSY be realized in Nature.
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Figure 6.13: Dilepton mass spectrum for events withtiple leptons and no jets. The luminosity cepends to 1
year at 1% of design luminosity. The sharp edgeesponds to the mass difference between the twérateu

charginos [ref. 9 — with permission].
The COMPHEP program has a SUSY model availableséoi evaluating cross sections.

For example in the “MMSM” the process+ g — g + g with SUSY gluons of 200 GeV mass
has a LHC cross section of 3.4 nb, consistent thighcross sections shown in Figure 6.9.

There are many complications in using the SUSY ehod COMPHEP, as the number of

particles is rather large. Nevertheless, SUSY ddwapnching fractions and SUSY production
cross sections can be studied as desired.

As an example, the particle content in the MMSMnimial) SUSY model is shown in Fig.
6.14. This rather long table has been truncatékeatirst generation of quarks. In addition to the
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SM particles, which are the first entries, there mow four Higgs particles because the Higgs
“sector” proliferates in SUSY. There are also twwarginos, four neutralinos and one gluino.
That completes the list of SUSY partners of theggabosons. The remaining entries are the
SUSY partners of the SM leptons and quarks. Given added complexity of the particle
content, we do not typically invoke SUSY modelstims text. The interested student can,
however, profitably spend some time looking at ithelications of SUSY dynamics using the
tools provided by COMPHEP.

Full name | P | af|2sspin] pass |[width joolor
praton ___[LESNTE 1 | I
Z Doson 12 & |2 I1HZ |we |1
W boson | W= |2 |Hy | whd [
qluon |6 |6 |2 L L |8
neyutring |m1 R |1 ia | & 1
rlectran |e1 |E1 |1 In L 11
Au-nputeing |2 K2 |1 1n 1B i1
Auan |e2 |EZ |1 |Hn | & |1
tau-neutrine [n3 K3 |1 | | i1
tau-leplon |ed |JE2 |1 jH | & j1
u-guark Jlu Ju |1 L] | & |3
d-quark |d |0 |1 (L] |& |3
coquark e ¢ |1 IHe L |3
s-quark Is |5 |1 IHs L] |3
r-quark TR [HEtop  |wtop [ 8
h-quark b B |1 | Hh | [k
Light Higgs |h |h |@ | Hh | it 11
Heawy higys |[H [H @ | HHH wHh |1
CP-odd Higgs |H3 |[H2 |@ [Hi3 wHE |1
Charged Higgs|Hs [H- |@ [Hiic LS j1
chargine 1 =1 fHEA w1 |1
charging 2 s |TE= |1 IHE2 sz |1
newtraling 1 |™o1|™01(|1 [HHET | B 1
newtralinn 2 |™oZ|™oZ|1 [HHEZ  |wHE? |1
newtralinn 2 |™oZ|™aZ|1 |HHEZ  |wHER |1
newtralino 4 |~ol|™a4|1 JHHEL  |mHEL |1
gluinog g |™g |1 [HEL wilk |8
15t selectron|™e1|"E1|@ [HSe1  |wEed 1
Znd selectron|™ed|~E4|d [HEe2  |wEe? |1
15L semon ~el|CZ|@ [HEmi1 |wEpul |1
2nd sEon ek |“EF| @ IHEmuZ |wipu2 |1
15t skau |™ed|™~EF| @ [Hskaud |witaud |1
2nd skau |™es|~E&| A [HEEaE? | wEtauz [1
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t-snrutring “mE|"HE| @ HEntaw | winkaa |1
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d-squark 2 L [HEd2  |wid2 |3

Figure 6.14: COMPHEP particle table (truncated $&SY quarks at the first generation) showing theiga
content of the MMSM model.
10 - What is “Dark Matter” Made Of? What is “Dark Energy”

First we need to explain what we mean by “dark eratfThe Universe appears to have a
critical (or closure ) energy density. The energygity of the Universe defines whether it has
positive curvature, is flat, or has negative cumgatin general relativity. There are many reasons,
both theoretical and now experimental, in cosmolimgfavor a flat solution, e.g. “inflation”, and
thus a “critical” energy density, which defines tinensition from a closed (positive) and open
(negative) geometry.

We can try to identify this energy density with tmatter that we can see. If we simply
count stars, there is only ~ 0.01 of the closurasdg which we can account for. Yet the
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Universe appears experimentally to be approximdlafysupernovae as “standard candles”, and
a roughly linear velocity (Doppler shift) — distang¢observed brightness) relationship for
example]. What is it made of? Parenthetically, #&ynseem odd, but we have no idea what form
most of the energy in the Universe takes. This mi@bling statement as we begin the twenty
first century.

Instead of counting visible mass, we can try to sueathe mass of an object dynamically
by using Newtonian mechanics. This method has dvardage that it measures non-luminous
matter too. When we try to measure the mass oflaxgaynamically, we want to look at the
orbital velocity (measured by using the Dopplerftshi as a function of radius. Newtonian
energy conservation tells us that, GM(r)/r5where M(r) is the mass found within a radiugf
we have a uniform central mass density, M(r)>and v ~ r. Beyond the central luminous
region, if all the mass is distributed as is thmilwous mass, then M(r) ~ constant, and the falloff
of velocity with distance is expected to be, v ¥rl1This situation is familiar from our own solar
system and is embodied in Keplers’ Laws. The sqahtke orbital period is proportional to the
orbit radius.

Some data on v(r) as a function of r for differgataxies is shown in Fig. 6.15. In fact, we
do observe the expected linear rise of v(r) witht small values of r. However, no falloff is
observed in velocity out to a radius of ~ 60 kpellvbeyond the luminous region of typical
galaxies. Rather we see v(r) ~ constant, whichcatds M(r) ~ r for the “dark matter”, or non-
luminous, contribution to galactic dynamics.
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Figure 6.15: Orbital velocity of matter within gailas as a function of the radius from the galactater. The
velocity is observed to be constant out well beythedluminous core of the galaxies [ref. 10 — vadimission].
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Is this evidence for the SUSY partners - the staldlf relics of the Big Bang? The SM
does not contain a candidate particle for the “dadtter”, and the newly discovered neutrino
mass differences which are seen in the oscillagqeriments (< 0.1 eV) are probably too small
to reach the critical density (~ 100 eV for neudsh SUSY on the other hand certainly provides
a dark matter candidate. In fact the fairly healySS8 particles, the LSP neutralinos, also have
the expected weak cross sections, which are ndedsve the “dark matter” problem.

The argument goes as follows. Dark matter existbatit one third the closure density of
the Universe. The neutralino “decouples” from otlpanrticles participating in the cosmic
expansion when the annihilation rate of neutralifats below the cosmic expansion rate.
Annihilation cross sections for weakly interactisignass M are genericallyr, ~ a, /[[M .

Thus the relic LSP abundance depends on the meutalass, M. A larger cross section
means a longer coupling time, which means, in tlesser present abundance. A limit on the
LSP density at the critical density places a “coegically interesting” mass limit as shown in
Fig. 6.16. Numerically, it is a strong clue thaparticle of mass ~ 1 TeV must have a weak
interaction cross section if it is to be the souwtelark matter. SUSY therefore “naturally” has
the weakly interacting neutralino as a dark matserdidate.

Squark and gluino isomass curves
SUGRA MSSM; tg B= 2, Ag= 0,0 <0

My GeV

Figure 6.16: Contours in SUSY — SUGRA mass paransgtace that can be excluded by LHC experimentsl |
year of running at full LHC luminosity, squarks agidinos (see Fig. 6.11) will be excluded if thegvh masses < 2
TeV. In this model, that search sensitivity thesilgaexcludes a LSP that would be a dark mattedickte. Such
candidates are shown as being inside@fe? =1 contour [ref. 6 — with permission].
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Experiments at the LHC can quickly set limits onSU(in a particular model incarnation
of SUSY called SUGRA) particles such that < 2 Te\éxcluded as seen in Fig. 6.16. Therefore,
at the LHC we can probably either discover SUSYdecisively remove it as a model put
forward to solve the hierarchy problem. LHC expenms can also set limits on the LSP mass
that span the cosmologically interesting rangedfok matter.

Recently, evidence has been given that the enaerggity of the Universe is dominated ( ~
70 % as of today) by “dark energy”. This stuff heegative pressure, as does a cosmological
constant, and accelerates the expansion of theetssv There appears to be a cosmological
constant which is not zero, as had been assumé&ghiiein. It is fair to say that, if the evidence
holds up, we will not have a clue what the stuff is

11 - Why is the cosmological constant small?

6.8  Cosmological Constants (and SUSY?)

The vacuum expectation value of the Higgs field 7é GeV, corresponding to a mass
density (a proton has 0.94 GeV mass) of ~ 174 @015 fmj~ 130 p/(0.001 fm)~ 1.3 x
10°° p/n?. This vacuum field appears to exist, in that thealld Z masses have been observed
and measured precisely. On the other hand the wa&nergy density of the Universe (“dark
energy”) is known to be near the critical value-af p/nt. The electroweak vacuum expectation
value of the Higgs field is therefore ~°f@imes larger, which presents us with a monumental
mismatch.

Recent observations, e.g. the supernovae measuremierelocity versus distance that
deviate from Hubble’s linear law and indicate cokigiwal acceleration, support a non-zero
cosmological constant with a magnitude near thathef critical density. That in itself is
enormously interesting because it indicates thacum energy density, such as is needed for
inflation, indeed exists and is small on the scédldhe SM vacuum energy density.

However, this fact does not address the enorma@adty in the two values of the vacuum
energy. We assert that a vacuum virtual loop widlken different signed contributions to the
vacuum energy for fermions and bosons as it do#s ether loops. If the couplings are SUSY
related, the contribution to the cosmological cansmight be reduced. Still the discrepancy is
“astronomical”, and we truly cannot now make angugible scenario wherein the vacuum
energy can be made to agree with experiment iSie SUSY GUT context.
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However, if SUSY is made a local symmetry, as heedther gauge symmetries in the SM,
then many interesting conclusions ensue. Local SW&¥ries, which are called generically
“supergravity” have both positive and negative dbntions to the vacuum energy. That, in turn,
means that perhaps we can have a cosmologicalacregtnsistent with observations. However,
we are very, very, far away from being able to mideecalculation.

12 - How does gravity fit in with the strong, electromagnetic and weak forces?

6.9  SUSY and Gravity

Since SUSY is an attractive theory, solving therdrighy problem, solving the proton
decay limit, improving coupling constant unificatiamproving the prediction for the Weinberg
angle, and supplying a dark matter candidate, emsenatural to try to make SUSY a local
symmetry by analogy to the known SM gauge symneetri& local SUSY theory, since SUSY
has both spin and Poincare generators, will beearyhof general coordinate transformations.
Therefore, a local SUSY theory, in the classiaaltl contains General Relativity very naturally.
As we have so far been unable to incorporate gramib the SM, this fact is of extraordinary
interest. Note, however, that the theory is cladgsitis not a renormalizable quantum theory.

A Planck scale and a SUSY breaking scale-M0" GeV can be invented which interact
similarly to the neutrino “seesaw” to give massethe SUSY partners of the SM with masses ~
MsMp, ~ 1000 GeV. However, a local SUSY model of poiattigles, although it contains
classical gravity, still is not a renormalizableagtum field theory.

Why can’t we incorporate gravity? Let us look ae thrunning” of the gravitational
coupling constant. We make the most naive extrépolaf Newtonian classical gravity to
assign a fine structure constant for gravity. Bseagravity alters the very fabric of space-time,
we cannot expect such an extrapolation to the regoh strong gravity to be valid, only
indicative.

Recall that the Planck scale occurs when the gtamital fine structure constant becomes
strong,a¢ = GyM?2/Ac ~ 1, at a mass scalesM=+/7c/Gy = 1.2 x 18° GeV. For amusement
we compare the “running” of the renormalizable gaugeories of the SM to this naive
extrapolation in Fig. 6.17. It is clear that theadratic energy dependence of gravity on mass is
much stronger than the logarithmic variation of 8 forces. This bad high energy behavior of
gravity is what makes it not renormalizable.

It is clear that there is a weak indication that thgh mass scale of SM unification (the
GUT scale) is not too distant from intersecting itinening of gravity. Considering that we do not
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have a complete quantum theory of gravity, thid facprovocative. Perhaps with a correct
quantum theory of gravity a complete unificatioratifthe known forces is possible. Indeed, in a
“string theory” —or candidate quantum theory ofwna- calculation, the appropriate scale is
less than the Planck scale, thus reducing theepaacy.

100 Standard Model Forces and Gravity, Running Coupliamstants
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Figure 6.17: The running of the coupling constaotsthe SM forces having logarithmic mass dependesied
gravity, thought classically to go as the squar¢hefmass scale. There is a very approximate atific at a very
high mass scale.

A renormalizable theory of gravity appears to beassible with point particles. Using
particles extended in one dimension (“strings”)ths fundamental entities, a well-behaved
theory of gravity is possible but only in a spaééigh dimensionality. Not only does gravity
appear naturally in this string formulation, but &YJ does also. These other dimensions are
usually assumed to be “compactified” at length esaif order the Planck length, so that we are
unaware of their existence. In fact, the Standaadl®l gauge symmetries appear to arise, almost
naturally, in some string theories with a compadispace. More speculatively, the number of
generations might be related to the topology oftiapact space.
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Recently, the possibility of “large” extra dimensshas been raised as an alternative
solution to the hierarchy problem. These extra disiens may also throw light on the
unification of the gravitational coupling and théa&dard Model gauge couplings. If gravity
exists in all the extra dimensions while all thdest SM gauge forces are confined to 4
dimensional space — time then the scale wheretgrbgcomes strong might be the electroweak
scale of ~ 1 TeV rather than the Planck mass sGakeuity is known to have a 1/r potential only
for distances > about 1 mm. In low energy labosaexperiments, the Newtonian potential is
altered by a factor ~ 1 + d/where d may be such that the deviation is meakurahboratory
experiments are now in train to study deviationg@vity from an inverse square law at mm
length scales.

Gravity with large extra dimensions is thoughbtweak because it “leaks” into the other
dimensions while the SM forces do not. This is ratiecause string theory is only well
behaved in spaces with a large number of dimensiblage extra dimensions were the solution
of the hierarchy problem, then of necessity, ttereuld be effects of graviton exchange, which
might be accessible at the new generation of elidhat probe the electroweak mass scale. One
obvious signature is missing energy caused by witgraescaping into the extra dimensions.
These new phenomena will be searched for at the &riCelsewhere. The key signatures will
be reactions, like gravity, with spin 2 Lorentz @wer (e.g. angular distributions) and which
couple to mass/energy without regard to other béega(flavor blind and color blind).

These “theories of everything” are, so far, almiasvoid of testable predictions and are
perhaps in the province of philosophy or metaptsyaitd not Physics. Time will tell.
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Summary for Hadron Collider Physics

e The LHC will explore the full (100 - 1000 GeV) aled region of Higgs masses. Precision
data indicates that the Higgs is light. If the Higg, in fact, light then its’ couplings can be
explored by observing decays intb, yy, 77", WW ,andZ'Z .

* There appears to be a GUT scale that indicatesdyaamics. The GUT explains charge
guantization, predicts the rough valuebgf allows for the matter dominance of the Universe
and explains the small values of the neutrino nsaddewever it fails in p decay, precise
Weinberg angle prediction and quadratic radiatigerections to Higgs mass scales — the
hierarchy problem.

* Preserving the scales (hierarchy problem) can kbemaglished in SUSY. SUSY raises the
GUT scale, making the p quasi-stable. The Weinlaergle SUSY prediction is in accord
with the precision data. The SUSY LSP provides #&nah candidate to explain the
observation of galactic “dark matter”. A local SUSWUT can incorporate gravity. It can also
reduce the cosmological constant problem. A com@aT coupling and preservation of
loop cancellations requires SUSY mass < 1 TeV. THE will fully explore this SUSY
mass range either definitively proving or dispraythis attractive hypothesis.

» If there are extra dimensions, then the LHC is wekitioned to study the TeV mass scale
where their effects should appear if they are phttie solution of the hierarchy problem.

* The generational regularities in mass and CKM magélements will probably not be
informed by data taken at the LHC. We still havendiue “who ordered that”.
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Exercises:

1. Combine the decay width scaling ad &md aquZq. to estimate the decay width of2 s
with respect to that of B c. Are they comparable?

2. Evaluate the shift it/ a,(Q*/m* {(Appendix D) from Q = m to Q = 1000 m.
3. Evaluateg;', = 59.2 at the scale of the Z mass, at the GUTsmas

4. Evaluatea;'= 8.40 at the scale of the Z mass, at the GUT niggsclose to the coupling
constant evaluated in Ex. 3?

5. Evaluate the Weinberg angle going frem® 4, = 0.375 at the GUT scale to the Z mass
scale.

6. Suppose that the neutron is a bound state afjudrks. Show that the fundamental decay
modesd +d - e +d,u+d - v +d conserve electric charge and lead to the obsexvabl
decaysn - e +77°,n > v+7°.

7. Explicitly work out the estimate for the protlifietime for a GUT mass of 1HGeV. How
does it change if the GUT scale goes t& TaeV?

8. Assume that SUSY particles have the same auy@als their SM partners. Evaluate the
point like cross section for a SUSY mass of 2 TeéWs ai/(2M Y’and compare to the
Monte Carlo model. Does the gluon source facfbr,M /\/5)12, improve the agreement?

9. Make a complete calculation of the gravitatiopedblem of orbits around a distributed
mass. Show that the velocity inside a uniform thstron goes as r, while the velocity
outside the distribution goes &&Vr .

10. Show explicitly that the vacuum expectatiorueabf the Higgs field contributes an energy
density ~ 16 times the closure density of the Universe.

11. Show that the closure density of the Univeifsascribed to a vacuum field, has a vacuum
expectation value,@ ~ 0.001 eV.

12. Use COMPHEP to evaluate the Z decay width aaddhing fraction (Z -> 2*x). Compare
to the data shown in Chapter 4. What are the imeuitranching fractions?

13. Look in COMPHEP at the Standard Model parametad find the quark mixing matrix
elements.
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Appendix A - The Standard Model

“Science cannot solve the ultimate mystery of ratdind that is because, in the last analysis, we
ourselves are part of nature and therefore pathe@fmystery that we are trying to solve.” —
Max Planck

“There ain’t no answer, the ain’t going to be amswer. There never has been an answer.
That's the answer.” — Gertrude Stein

We have put some of the calculational details fog SM in this Appendix. For a
dimensionless action, S, the Lagrangian, L, andrdrmgjan density,/, are defined to be,
S= J'Ldt: Iﬂd“ X L= J'f d>. The dimension of the density is thefy] =M*[g =1. The
dimensions of the scalar field are those of magb=M . For example, a coupling g to a
“potential” term quadratic in the field is dimensless, ! ~ g¢*,[g] =1.

We begin with the SM couplings of fermions to gaugesons by examining the free
particle Dirac equation. The free particle Lagtiangdensity, /, for a fermion with wave
function ¢, described by the Dirac equation, with Dirac neasiy, can be used to find the
interaction of the fermion with the photon field, , by making the gauge replacement,
0 - D =0-ieA, for the derivative which contains the field A atheé® charge e. We will use
 for the fermion fieldsg for the scalar fields, and for the vector gauge fields. For masses, m
is used for fermions, M for bosons. This replacetshould already be familiar, as it appears
both in classical mechanics and in non-relativigtiantum mechanics.

(= (io-myy,d=0,y" N

The gauge replacement leads to an interaction itetime Lagrangian which has universal
coupling of the fermion current] ,, to the gauge fieldA,, with a strength e. Thus, the gauge
replacement specifies electrodynamics.

(, =epy N
=J ﬂA"
We now proceed by analogy to explore the otherefoin the SM. Strong interactions are
assumed to be mediated by massless “gluons” umilersoupled to the “color charge” of

A2
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quarks, which are arbitrarily called red, green ahe (R,G,B), with a coupling constant s g
Roughly speaking the strong fine structure constant, = g2 /47kc ~ 0.1, which is ~ 14 times
larger than the electromagnetic fine structure @omsa ~1/137. The coupling is not really
constant with mass due to quantum loop correctibnaddition the strong coupling constant is
only well defined for distances smaller than ~ 1, fmlere it is < 1 indicating weak coupling.
This means we cannot define the coupling at larggamces as we can for electromagnetism. The
converse is that the coupling becomes weak at sligtences. Therefore, in reactions with high
transverse momentum, or short distances, with wirMehconcern ourselves exclusively in this
text, we can treat the strong interactions pertively. This behavior of the strong force is
another reason why we specialize to high massighr thansverse momentum reactions, in this
text.

The labels for the color quantum number, (R,GJ/Bye no intrinsic meaning. In the
interest of brevity we cannot explore in any detiad reasons why we believe there are 3 colors
for quarks. Suffice it to say that the observedrsity interacting particles, such as protons, are
colorless because color is “confined” by the stréomge that becomes strong at large distances.
Therefore, free quarks cannot be observed. In iaddia particle like the uuu bound state (the
nucleon resonancA™ , J = 3/2z, L = 0) must be overall antisymmetric under exchange since it
is a fermion, while it is clearly flavor (uuu), space (L=0), apth (31717 ) symmetric. The thick
arrows represent the u quark spin directions in the symmetri8/d spin state. An additional
degree of freedom, color, must exist and the state must be angsyonm color, if uuu is to
represent a fermion. That there are three colors comes frorpacoi the cross section for
electron-positron annihilations to muons and quark pairs. In the casemqfaties all color pairs
in the final state must be summed over, yielding three timesrtiss section one expects in the
absence of color as is experimentally confirmed.

The covariant derivative of the fermions (colored quarks) to the vietds requires the
existence of the vector gauge field itself and specifies the nsaivimteraction just as it did for
electrodynamics. We assert that the special unitary group dimensions, SU(N) , has’N.
generators. Thus, the color SU(3), (3 for R, G, B) , group has eabted gluons as its
generators. The student need not be knowledgeable with group theogerstand the majority
of the material that follows.

The triple vertex of a quark pair and a gluon preserves the colorg&hdor example a
RG gluon could be emitted by a R quark that then turns into a G qusrKlustrated
schematically in Fig. A.1.
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Figure A.1: Schematic representation of a quarlogluertex where a red quark emits a red-anti-ggdean and
changes into a green quark.

The eight massless gluong,, ¢ = 1,8, couple to the color triplet (R,G,B) quarks with a
universal couplingg, up to constants which are specified by the SU(3) group properties. We
will not explore the SU(3) group constants any further in this #xtthey are not required.
Consult the references at the end of Chapter 1 for more advanced reading.

The strong force is developed in very close analogy to the electromagnesic for

u@ - SUP A3
—-ie- g,
D =0-i(g,)9.

Wait just a moment, you may say. The strong intevas are hypothesized to be mediated
by massless gluons. Therefore, just as with graanty electromagnetism, we expect the force to
be long ranged, with forces going as the invergh@kquare of the distance. However, we know
that the nuclear force is very short ranged.

It is far beyond the scope of this text to expltre complete theory of the strong force,
guantum chromo-dynamics (QCD). Suffice it to sagttthis paradox is resolved by realizing
that colored objects like quarks are required tododined to spatial regions defined by the QCD
“cutoff” parameter/A,, ~ 0.2 GeV or ~ 1 fm. At this distance and largeg strong force
becomes very strong. This great strength leadsetongnent confinement of quarks inside
colorless hadrons (like protons, neutrons) and #éke observed strong force effectively short
ranged even though the gluons are massless.
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Let us now turn to the weak force. The first theofyweak interactions was proposed by
Fermi in the 1930's. It concerned itself with fd@rmions interacting at a single point with a
strength defined by an effective coupling cons@ntThis theory is not “renormalizable”, by
which we mean that calculations of higher ordercpsses result in infinities, indicating
profound difficulties with the theory. A more fundantal theory was needed and it evolved in
the late 1960’s and early 1970’s. In this theoglase analogy was again made to the successful
theory of electrodynamics, which is the prototype successful, renormalizable, quantum field
theory.

The weak flavor group, with quark and lepton dotgbes basic representations is asserted
to be SU(2). Therefore, it has three W boson geéoerawhile the U(1) group of
electromagnetism has a single force carrier, theVBeak interactions are mediated by vector
bosons W = (W', W°, W), universally coupled to the weak doublets of §aand leptons, via
weak “charge”, or flavor. The electric charge Qerdlated to the weak isospig, | projection of
the quark or lepton and the “hyperchargei, ¥vhich is put in “by hand”Q=(1,+Y /2),,.
Hypercharge is therefore defined to bg ¥ -1 for the doublet ofy = % leptons and 1/3 for
quarks.

The U(1) group has 1 generator 2 Bith coupling g, while the SU(2) group has three
generatordV with universal coupling g TheW is a weak isotriplet, so that it clearly carries
weak charge. In this Appendix we adopt the simgadifibut conventional, notation of W for the
field @,,, Z for ¢, and A for the photon fielg,. The covariant derivative is constructed to be a
scalar in the group space because it appears sctiar Lagrangian. The covariant derivative of
the combinedSU(2) OU (1) theory is:

D=09-i[g,(% /2)B + g 1,0V] A4

The combined SU(2) and U(1) theory contains twotmna¢ubosons. The Weinberg
electroweak mixing angleg,, exists because the physical vector bosons acthernweak
eigenstates and not the strong eigenstates (quditks$ the two neutral gauge bosons quantum
mechanically mix. We need to write the covariantivdgive in terms of the observable
electroweak eigenstates, called A and Z.
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A\ (cos8, sing,\ B°

(ZJ_ _SinaNCOSQN W°

D =il (Y /2C0S8, +,15iNg, ) A+ g, (I'W™ +1°W") A
+(0,l,cosf, —g,Y /2sing,)Z

The coupling to charge is then fixed to be Qe bsedhat is known for the photon.

0,(Q — 1) cosg,, +g,l;sing, =Qe
g,cosg, =g,sing, =e A6

0.0, =€/0; +0;

We now see that there is a unification of the wealt electromagnetic force into the
“electroweak” force. The charge e is required to retated to the SU(2) coupling as,
e=g,sing, . The parametedy has been measured and turns out to be a number of lorde
Therefore, at this fundamental Lagrangian level tleete@magnetic coupling e has strength
comparable to the “weak” coupling strength. The wiegdractions are not intrinsically weak.

Having identified A with the physical photon fielddhaving fixed the photon coupling to

be the charge, Qe, we gather up the remaining terthe icovariant derivative which contain the
new W and Z bosons.

D=0-ileQA+g,(I"'W™ +1W*)+CZ]
C=-0,(Q-1,)sing, +g,l;cosb,
:\/gTZ+ g§(—Qsin26(N +1,sin’ g, +1,cos 6(N)
=40 +9;(1,-Qsin"4,)

A7

The W couples to weak isospin raising and loweringaipes, so that the W is responsible
for the “beta decay” processes where charge changescolipling of the Z to fermions is more
complicated than that of the W, and depends on trek uwsstopic spin projectiong,land the
charge Q of the fermion. Nevertheless, the Z couingngth to quarks and leptons is also of
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order e. In what follows we will replace the notatig by gy to indicate the weak, SU(2),
coupling constant.

9; = Ow
D =0 -i[eQA+ g,(I'W™ +1"W") +/g; + g; (1,-Qsin® §,)Z] A8
0-i[eQA+g, (I'W™ +1 W") +g, /cosd, (I /~Qsin’ §,)Z]

The relation of the coupling constants is shown beloWwig. A.2. This figure should serve
as an aid to memory for the couplings, which are réldtg the rotation specified by the
Weinberg angle.

Wo
BO
A
82
Figure A.2: Graphical relationship of the electeak couplings and the Weinberg angle.

The Weinberg angle specifies the relationship of W weak coupling constants; gnd
0, to the electromagnetic coupling constant, e.

cosf, =el g, =9,//9; +9;

sin@, =e/g,=0,//9; +9; A.9
tané, = 9,/9,
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The above description for the weak interaction haly applied to the “left handed”
component of the quark and lepton wave functions daduby the V-A (vector minus axial
vector) nature of the weak interactions. The faet thoth charged leptons and quarks have a
mass means that there must also be a right-handed compdnénair wave functions. We
assume that the right-handed component is a weak sargledssign a hypercharge ¥ 2Q = -

2 for leptons and ¥ = 2Q, = 4/3 and — 2/3 for the “up” and “down” quarks hetweak singlets.
This assignment is consistent with the relationship éyresssumed for the weak left handed
doublets,Y, =2(Q- 1,).

We should also note the general coupling of the @uiarks and leptons shown in Eq. A.8.
Because the weak singlets haye D, by definition, the L and R couplings of quaskal leptons
to the Z differ. Therefore, we expect parity violgt effects in reactions where Z bosons couple
to either leptons or quarks. The mix of L and R caowgdiis different for leptons, “up”, and
“down” quarks, due to their differing charge. Intiatie Weinberg angle itself can be determined
from measuring these parity-violating effects (Eq.A.7).

The couplings of the vector bosons to the quarks gptrie for the three basic forces
found in the SM are specified by the gauge replacenteawing heavily on the analogy to
electromagnetism. The photon couples as a Lorentz wetttouniversal strength Qe.

0"y, qqy - coupling A.10
Qey,

The weak charge changing coupling of the W to leptis a Lorentz vector minus axial
vector (V — A, parity violating left handed coing ) with a universal strengtb,,= e/sing,, .

(VW™ - coupling
Owy, (1= ¥5)
gq'W- coupling
WA\

A.ll

The coupling to quarks (strong eigenstates) has asditioadl vertex factor which is a
unitary 3 x 3 mixing matrix,qu, which specifies the relationship of the strong andkwea
eigenstates and preserves the universal weak couplemgst. The mixing matrix of quarks for
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three generations has in all generality, 2 real paema@nd 1 complex number (a total of 4
parameters) which define it. Therefore, since the matements are not purely real, CP
(combined operation of charge conjugation and pamigrsion) violation is allowed in the SM
for these charge changing weak interactions. In fagt,violation has been observed both in
strange quark and bottom quark decays.

For weak neutral currents the coupling is of simileerggth, depends on quark and lepton
guantum numbers and is flavor diagonal (by construction)

ggZ - coupling
g, (1, -Qsin*4,,)/cod,, A.12

For the strong interactions, the gluons couple as tonectors to the colored quarks with
a universal strength.g

qqg-coupling A.13
9V,

So far we have simply asserted that the weak bosons asvmavhile the gluons and
photons are massless. However, we are not allowed to saddlya vector mass term into the
Lagrangian, because it violates the gauge symmetiyis Jituation is perhaps familiar from
classical electrodynamics. A massive photon cannot preieevgauge freedom to redefine the
electromagnetic potential. Hence, we must indirecithuce a mass for the W and Z.

The weak bosons must have a mass, because the weak imsraot observed to be weak
at long distances. The situation is salvaged by intiodua new fundamental scalar field, the
Higgs field. The Higgs is chosen to be an electrowealblét. That is necessary if the boson
mass and the fermion mass terms induced by the Higgs feetd &e a singlet in the Lagrangian
density. It is assumed that the fie¢d possesses a vacuum state where the field is not zero,
< ¢ >. The kinetic energy term for this field in the Lagyamn density is/ ~ (0¢) (0¢ )

For the neutral member of the Higgs doublet, the cantderivative, Eq.A.8, with Q = 0
is, schematicallyD ~ 0 —ig,,[W + Z/cosf,, Jnvolving the W and Z but not the photon.
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0¢) (9¢) - (DY) (Dg)

A.l4
|0
¢ <@>

(D@)' (Dg) ~[02 < p>2 12JWW +[(g2 + g2) < p>? 12|77 + & () AA

The result of the gauge replacement in the Higgs lnagma is that new quartic terms in
the Lagrangian containing the vacuum Higgs field segiare generated. Recall that an explicit
mass term for the vector bosons in the Lagrangian densityd be of the form,/~-M?¢?,

using the relativistic “length” of the momentum vecton the Lagrangian density,
(=@(P,P"-M*)g=5(0,0" - M*)p , (see also Chapter 1).

Therefore the quartic terms generate specific nsaesehe W and Z. These masses depend
on measurable SM parameters.

M, =0
My =g, <@>/+2
M, =<@>,/g? +g2/\2 =M,, /cosh,

A.15

The numerical values for the masses can now baia@eal. The muon Iifetimeﬂ :1/Fﬂ,
is determined by the Fermi constant G, =G’m;, /19277, In turn G is an effective coupling,

related to the fundamental coupling consta@t and the boson propagator, which at low
momentum transfer is just the boson mass squared.

G/V2=¢; 18M2, G=10°GeV?
MW/gW:<¢>/\/§
<@>?=2/4G, < p>=174 GeV

A.16

The boson mass is induced by the vacuum valueeofithgs field< ¢>=174 GeV. The
Weinberg angle can be measured in weak “neutraéctiprocesses” mediated by the exchange
of virtual Z bosons such ag, +e - v, +e (see Eg.A.12) in addition to the measurements of
parity violating effects with lepton and quark gain Z mediated interactions. It is important to
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check that the results of all these measuremengstge same result as a test of the SM. Using
the value ofa and g, we can find the weak fine structure constar),

sin?@, ~0.231,8, ~28.9 ,sid, = 0.481 A7
a~1/137,a, =a Isitd, ~1/31.6g9, ~0.6

Then from the vacuum value for the field and thekveoupling constant, the W and Z
masses are predicted. These predictions were pwdirin the 1980’s with the experimental
discovery of both the W and Z particles at CERM joroton-antiproton collider.

M,, = g <@>/~/2 ~80 GeV

M, =M,,/cosb,, ~91GeV AL8

Finally, there are excitations of the Higgs fieldoat the vacuum state. They are to be
interpreted as the field quanta and are, for ttogsifield, labeled ag), . The interactions of the
Higgs field with the bosons of the SM are also dixey the gauge principle. To see that, we
expand the field about the vacuum. In additionhi® quartic terms inducing the boson masses
there are triplet,g, WW and ¢, ZZ, and quartic,, ¢, WW, @, @, ZZ, interactions of the
Higgs quantag, with the weak gauge bosons.

0
]

(D@) (D@) = 05 (< 9> +@,’WW/ 2+ (¢ + §)(<p>+@,)* 222

Clearly there are triplet couplings of the Higgsitation to W and Z pairs due to the terms
in Eq.A.19 which go agg;, < ¢>)gWW+[( §, < ¢>)/cosB,,p, ZZ. SinceM,, /g, ~<@>,
these terms are proportional ¢g,M,, and g,, M, respectively. Thus the Higgs scalar couples to
the mass of the gauge vector bosons with weakaictien strength. These terms imply that the
Higgs will decay into W and Z pairs, if it is enetgally possible. The quartic terms go like

02O, WW+ d,/cosbZ @, Z2.
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The coupling of the Higgs to fermions is algebriycaimple, and is given in Chapter 1 of
the text. The mass term identification ¢g&@> with the fermion mass follows simply from the
assumed form of the Yukawa coupling,Z@y , and the Dirac Lagrangian density mass term,
m @Y (Eq.A.1). The SM does not specify the fermion dmgs to the Higgs, so that no mass
prediction is made. However, the Yukawa interagtiwhich is, hypothesized means that the
Higgs quantum couples to fermions with strengttpprtonal to their mass.

243



Appendix B — A Worked Example in COMPHEP

“Man is a tool using animal ... without tools he @timng, with tools he is all” — Thomas Carlyle
“Learning is a kind of natural food for the mindCicero

The COMPHEP program is freeware available fronaitghors at Moscow State University
at the site, http://theory.npi.msu.su/~kryukov/comphep.htiihere is an online users manual
that is included at the site in addition to thepzaig program file that you will download from that
site. See also the references at the end of thieiglix. You are urged to read the users manual
before going further in this Appendix.

The COMPHEP program allows us to make Monte Carédcutations of some
sophistication. However, only distributions arecc#ted and only “tree level” diagrams are
included. Thus, we cannot compute individual evarding the COMPHEP package alone. In
addition, for example, we cannot compute highereorguantum “loops” with this software
package. Likewise, decays following production ao¢ directly encompassed in COMPHEP.
Finally, the calculations are only made at the Amdntal particle level, so that hadronization of
the outgoing patrticles, e.g. quarks and gluonsptdreated in COMPHEP. There are choices for
the distribution functions for the initial stateopsn. Nevertheless, COMPHEP is a complete
stand-alone package that we can use to gain ceabldansight before attempting to use more
complex computer codes.

Help is available using the F1 key. Control is neimed using the Enter, Escape, Delete
keys and the up/down/left/right arrows, as is comnmoa DOS program.

In the first menu a model is specified. Pick thangard Model (SM) unless you have a
very good reason not to. The next menu has subiaskuding “edit model”. The lower level
tasks are “parameters”, “constraints”, “particleafhid “Lagrangian”. The parameters table is
shown in Fig. B.1. It is in this table that theghs mass is defined, and you can edit it as you

wish.
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{<=>>-T—8B 1—

Hame | Ualue |> Comment
3| 2 -31333 |Electromagnetic coupling constant (<->1/128)
GG |1-117 |Strong coupling constant {Z point) (PDG-94)
su |8.4748 |sin of the Weinberg angle {PDG-94, 'on-shell')
c12 |8.221 |Parameter of C-K-H matrix {PDG-94)
523 | 0. 040 |Farameter of G-K-H matrix (PDG-94)
s13 | 8. 8835 |Parameter of C-K-H matrix {(PDG-94)
Me |8.0888511 |electron mass
Mm |8.1857 |muon mass
Mt 11-777 |tau-lepton mass {PDG-94)
Mc |1-388 |c-quark mass
Hs |8.2d88 |s—-quark mass
Mb |4.388 |b-quark mass
Mtop |175 |t-quark mass
Mz |91.187 |Z-boson mass (PDG-94)
MH |u08 |higgs mass
wtop |1.442 | t-quark width {(tree level 1->2x)
we |12.582 |Z-boson width {tree level 1-3>2x)
wy |2.0894 |W-boson width {(tree level 1-32x)
wH |1-461 |Higgs width {tree level 1-32x)

Figure B.1: COMPHEP parameter table for the SM. fiits¢ entries specify the 3 coupling constantthatZ mass.
The next 3 specify elements of the CKM matrix. Tokowing masses define the arbitrary parameterthefSM
(see Chapter 6)

The “constraints” table specifies the W mass imteiof the Z mass and the Weinberg
angle (see Appendix A). The remainder of the talgines the CKM matrixV,, , in terms of
the parameters shown in Fig. B.1. The “particledileé is shown in Fig. B.2, and specifies the
particles available for COMPHEP calculations. Yoancedit the SM by changing the
“parameters” or “particles” table entries. There &JSY (see Chapter 6) options in COMPHEP
with a much extended patrticle table, which we dbsimw here in the interest of brevity. They

appear in conjunction with choosing the “MMSM” SU&odel.

<{=>>-T—8 17 —
Full name | A | A+|2=%spin| mass |width |color|aux
photon | A |2 |8 |8 11 |
gluon |6 |6 |2 |8 |8 |8 |G
electron le1 JE1 |1 |8 |8 11 |
e-neutrino In1 |H1 |1 |8 |8 11 |L
muon |e2 |E2 |1 | Mm |8 11 |
m-neutrino |n2 |H2 |1 |8 |8 11 |L
tau-lepton |e3 |E3 |1 | ME |8 11 |
t-neutrino |n3 |H2 |1 |8 |8 |1 |L
u-quark Ju Ju |1 |8 |8 |3
d-quark |d D |1 |8 |8 |3
c—quark lc ¢ |1 | Mc |8 |3 |
s—quark Is |5 |1 | Ms |8 |3 |
t-quark 1t |T 1 |Mtop |Jwtop |3 |
b-quark |Ib B |1 | b |8 |3 |
Higgs I[H |H |8 | HH | wH |1 |
W-boson |W+ W= |2 | My | wid 11 |

12 12 |2 | M2 | we |1 |

-

Figure B.2: Particles in the SM and their symbalames. Anti-particles are given, by conventionyper case.
The spins are 0, 2, and 1 and the color represaméadre singlet, triplet (quarks) and octet (gk)afsee Chapter 1).
The neutrinos are defined to be massless, anthblesparticles have a zero width assigned to them.

245



The “Lagrangian” shows the explicit Lagrangian tisaised in COMPHEP to calculate the
matrix elements for all reactions. You can defioeryown model in the first menu by changing
any of the tables discussed so far.

The menu task “enter process” appears next. Fenitbhrked example, we choose to study
the gluon — gluon production of a b quark pair @.kl. energy of 100 GeV. The dialogue screen
is shown in Fig. B.3.

List of particles {antiparticles}

A{A )- photon G{G }- gluon e1{E1 )- electron
n1{H1 )- e-neutrino e2{E2 )- muon n2{H2 )- m-neutrino
e3{E3 )- tau-lepton n3{N3 )- t-neutrino u{ll })- u-quark

d{D })- d-quark c{C }- c-quark s{5 )- s—quark

E{T )- t-quark b{B }- b-quark H{H )- Higgs

W+{W- )- W-boson Z2{(Z 3- Z-boson

nter process: E,G—)h,B

Figure B.3: Screen capture for the user-enteredgsof gluon — gluon production of a b quark pdate the table
given with the particle symbolic names for easeisd. A C.M. energy of 100 GeV is later specifiede Dption to
exclude a set of SM particles from all Feynman diats is also available. In this case none are dgdu

The next menu has a “view diagrams” subtask. Theltréor the worked example is shown
in Fig. B.4. What is shown is the set of all SM Reyan diagrams for the process the user has
specified. There are options in the menu to dedete set of the produced Feynman diagrams.
However, we must remember that COMPHEP makes actiutiplex square of the sums of
amplitudes representing the diagrams to get tharedureaction amplitude. Therefore, if any
part is excluded, the result for the cross secti@my not be positive. If you obtain a negative
cross section later on you should make sure diagemnot excluded inadvertently.
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G- _ G b G------- ——B G------- ——b
:>———< b b
G-~ B G------- —>—b G------- B

Figure B.4: Feynman diagrams for the process ajrgld gluon production of a b quark pair. Time gladisto right
and space goes top to bottom by convention. Theetliagrams are gluon — gluon annihilation, andubrk
exchange.

After we are satisfied with the diagrams we invoke menu “squaring” that squares the
matrix elements associated with the Feynman diagyrdimen invoke the “symbolic calculations”
menu, which does the spin sum and average appt@foiaunpolarized cross sections. We will
use COMPHEP as a stand-alone package. Therefomrd wet write out any intermediate results
to be used by other Monte Carlo packages. Our sitm have the student very quickly be able to
make a self — contained set of calculations thHamihate the subject matter of the text.
Therefore, we only invoke the “numerical interprétaenu task.

We start by looking at the partonic level for thess section. To do that we invoke
“Vegas” in the next menu. That means performing antd Carlo evaluation of the matrix
elements and phase space for the quantities irtignas order to obtain the cross section. For
simple cases the suggested 5 iterations and 10@d@e Carlo trials will go quickly. In other
cases the user can appropriately choose the numibérials and number of iterations.
Convergence is indicated by a small value of tispldiyed chi squared per degree of freedom.

First we do “set distributions”. In this example we&k the scattering angle, the angle
between the incoming gluon and the outgoing b quatka fixed C.M. energy, for two body
scattering there is only one free variable and Wweose the scattering angle. A list of the
available kinematic variables whose distributioas @e displayed and which can be cut on is
shown in Fig. B.5. Given that a set of severaliplad can be specified, many different cuts can
be implemented. Particles are labeled sequentilyhis case the incident gluons are 1 and 2
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while the outgoing particles are 3 and 4, as wesei later. You can check the numbering in the
process by examining the "subprocess”

This table provides the user a possibility to apply cuts for
calculated squared matrix element.

The physical parameter of a cut must be described in the second
column. It is defined by a key character and a particle set following
this character without separators. For example, "C13" means cosine of
angle between the first and the third particles.

The following key characters are available:

- Angle in degree unit =)

- Cosine of angle *)

Jet cone angle *®) *xx)

Energy of the particle set

Mass of the particle set =)

Cosine in the rest frame of particles. *) xx) xxxx)
Transverse momentum P_t of the particle set =x)
Squared mass

1]
[H
J
E
H
P
T
5
¥ Rapidity of particle.

Comments
*) The following particle set must consist of two elements.
**)The following particle set must consist of out-particles

Nl

Figure B.5: Variables available in COMPHEP whicmdae cut on and whose distributions can be displaye
Options include angle, energy, mass, transverseantum, or rapidity of a user specified set of ptes.

In the worked example the chi squared value is,Gréicating good convergence. The
cross section, integrated over all angles, is B5with a small displayed error on the cross
section. The angular distribution is shown in Fg6. It is produced by invoking the “display
distributions” task and working through the menasthe number of bins in the histogram, the
linear/log choice and other menu items. The grahwindow in COMPHEP is very
straightforward, and we leave it to the readenq@a@e all the options.

G, G->b, B
Diff. cross section [pb] _
1[1"!&:
do/dco® - -
1ﬂ“3t . .
n -~ -
: -+ -+
| -+ -+
-+ -
- + —+
-+ +
+++ +++
| it .
T St
T T T | T T T T | T T T T | T T T |
-1.8 -8.% 6.8 6.5 1
Cosine(p1,p3)
cOs

Figure B.6: Angular distribution for the processs@ = b + b at C.M. energy of 100 GeV. Note the forward
backward symmetry due to the fact that the ingtate consists of 2 identical particles. COMPHERsware pb for
cross section and GeV for energy/mass.
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Now we know that we are looking at the physicsroftgn — (anti) proton colliders, and we
need to specify how we define the initial state esmat better. We are in the “Vegas” menu, so
hit “Escape” and go to the “IN state” menu. Useage to back up the menu tree in general. In
that menu select proton on proton at 14 TeV. Th&due is shown in Fig. B.7.

IN state

S.F.1: MRS ( A" , Proton )
S.F.2: HRS {( A" , Proton )
Energy in C.H.5. [GeU] = 1.4E+884
Rapidity of C.H. a

Figure B.7: Selection of protons in the “IN StatBalogue. There are two options for the parameddridistribution
functions that are available. Each in turn has ¢Woices of fitted functions. . The MRS A data §itchosen for all
calculations in this text, although you may wantripthe other, CTEQ, fit in order to convince yseif that the
result is insensitive to the choice of distributfonctions.

Setting up for proton — proton collisions at 14 TeMergy in the C.M., return to “Vegas”
and calculate the cross section using 5 iteratodri),000 trials each. The chi-squared value is
quite large and the cross section is also subatniarger than the partonic cross section we had
found. The problem is that the scattering amplithde a singularity when the scattering angle
approaches zero. This is a general feature of ‘®tdald” scattering. We avoid it by setting
“cuts” in the menu before starting the “Vegas” griaion. Possible cuts are explained in Fig.
B.8.

Subprocess
It is possible to introduce cuts for IN state
1. squared sum of arbitrary set of Lorentz Model parameters
momenta of in- and out-particles. Kinematics
2. summary energy, transverse momentum, and Cuts
mass for any set of outgoing particles. Regularization
3. angle between any couple of particle as in Widths
laboratory frame, as in rest frame. QCD scale
4. jet 77 Uegas
5. Rapidity of any particle. Simpson

Figure B.8: The menu to set up cuts in the materent before doing the phase space integration.

The cuts chosen in this particular example are tihattransverse momentum of both b
quarks is greater than 5 GeV. Those cuts exclud&aily small scattering angles because zero
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angle means zero transverse momentum. The “Kinegiautput is shown in Fig. B.9, while
the “cuts” table set by user input is shown in BdLO.

G, 6 ->b, B

Kinematics

in= 12 -> out1= 2 out2 =4

Figure B.9: Kinematics labels for particles in therked example. Particles are numbered sequentiadiginning
with the initial state particles.

*—<{{—>>-T—B— 1 —
Min bound <£| Parameter |»> Max bound <
5. | Th 1

5. |T3 | 14888,

Figure B.10: User defined cuts for the worked exi@riphe transverse momentum of both b quarks maustiove 5
GeV. The defined cuts are the logical “AND” of timgut lines.

The resulting cut “Vegas” output is shown in FiglB The value of the chi-square is still
very large. That indicates that better-chosen euts be needed to obtain a well-behaved
solution. The reader should notice that the us€e @MPHEP is not just plugging into a “black
box” and waiting for a result. As with most thinigslife, taste and judgment are called for. As
we see in Chapter 4 and Chapter 5, the b cros®sestindeed, quite large at the LHC.

Itmz = 5

ntall = 168888
Cross section [pb] Error % ntall [IFELxi| Clear statistic
1552E+885 .B2E+801 o458
. 7501E+B87 - BBE+A81 ousn Set Distributions
-911BE+007 -83E+0081 o459 Display Disrtibutions
. B285E+B87 .39E+861 o458
-4883E+807 .90E+@88 o458
G782E+B05 -45E+A81 47258
-4161E+887 17E+@088 o458
-3L8LE+BO7 -33E-881 o458
.2333E+887 .52E-881 ousn
.3236E+887 .3BE-881 o458
-3324E+B87 -GBE-881 o458
.366B8E+B06 .B2E+@88 UYL 9337.89
1765E+887 12E-881 o458
.2215E+887 H2E-861 o458
-2635E+887 -B2E-881 ousn
.2292E+887 -4Z2E-881 o458
.2817E+ 887 G4E-881 o458
G413E+ 887 .93E-881 141758 11782 .48
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Figure B.11: “Vegas” dialogue for proton — protoreation of a b quark pair with cuts made on theulark
transverse momentum. Note the large cross sedfomicrobarns and the large value of chi squared.

250



The angular distribution for the b quark in 14 TV p collisions at the LHC when each b
of the pair has a transverse momentum > 5 GeVawshn Fig. B.12. Note the characteristic
Rutherford scattering forward and backward scattepeaks. This feature persists from the
gluon — gluon sub process to the overall p — pgascNote also that the cross section near 90
degree scattering is ~ 1fimes the g — g rate at 100 GeV sub energy. Tiisates that much of
the cross section arises from gluon scatteringuathniower sub energies than 100 GeV, because
of the strong energy dependence of the gluon ®eston, and the strong x dependence of the
gluon structure functions (see Chapter 3).

G, G ->b, B
Diff. cross section [pb]

do/dcos

Cosine(p1,p3)

COSse

Figure B.12: p — p scattering at the LHC, showimg angular distribution of the outgoing b quarkpir p=> b + b.

This completes the worked example. The reader eéewgaged to try one or more of her
own choosing. For processes without free varialjasameter variation and associated graphics
are available. The fundamental particle subprocassbe studied in the “Simpson” menu of
“Vegas”. The “model parameters” menu also letshenge parts of the model. For example, we
can vary the Higgs mass. There are useful optionstéidying decays too. Branching ratios can
be found by invoking the “x”, or inclusive, pargclFor example entering the process H -> 2*x
gives the decay rates of all two body Higgs decdigsved in the COMPHEP model.

The results can also be written out as .txt fildsiclv can then be imported to other
programs, and, for example, the results plottededd, this is the method be which many of the
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plots shown in the body of the text were made. &ample, in H>b + b there are no free
variables, and COMPHEP allows you to vary seveaahmeters. User supplied input varying
the Higgs mass is shown in Fig. B.13. The resuliaaph of the b pair decay width as a function
of Higgs mass appears in Chapter 5.

Parameter dependence

min= 108

max= 688
Total width : B.814949 Gel Humber of points= S1Jj
Hodes and fractions : b B - 1668 a8%

Figure B.13: “Numerical interpreter” options in tbase of H->b,B. The result is a COMPHEP grapthefdecay
width to b pairs as a function of the Higgs mass.

The User’'s Manual appears in the references. Ehig comprehensive document. Two
figures from that document are shown in Fig. B.td &ig.B.15. They show the general flow of
the menus in the symbolic and numeric phases @BIRHEP session.

It is very difficult to fully appreciate the matalipresented in this text without gaining
some facility with COMPHEP, or a comparable progrdiine reader is strongly encouraged to
get the most out of this text by gaining a mastaryhis program. Some “fiddling around” is
very useful to get a feeling for the limits and pgover of the COMPHEP program.
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Figure B.14: Menu entries for the numerical phas€ @MPHEP.
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Figure B.15: Menu entries for the symbolic secodCOMPHEP
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References for COMPHEP:

Nuclear Instruments and Methods in Physics researdb. Kovalenko and A Pukhov, A 389
(2997)

http://xxx.lanl.gov/format/hep-ph/990828#%\. Pukhov et al., archive for COMPHEP Users
Manual

User’s Manual, COMPHEP V33, A. Pukhov et al., PigNP-MSU 98-41/542
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Appendix C — Kinematics

“Everything is energy in motion” — Pir Vilayay Khan

“In Nature things move violently to their place azaimly in their place” — Francis Bacon

The units we have adopted in this text set ¢ =He Kinematics of a single particle are
specified by the vector momentur®,, and the rest mass, m, of the particle. The ket
momentum vector has four component@;,,:(E,l3 , Where E is the particle energy. The
relationship between P,E and m is defined by thdocity with respect to c,
LB =vlc, y=1/{1- B?. The relationshipsE = ym, P = Bym, E> = P> + m?, can be visualized
as a right triangle having sides m and P, with bgpase E, or sides and hypotents8y and y
respectively.

E X

PBY)

Figure C.1: The relationship of the rest mass h@m,homentum, P, and the energy, E.

Now we move on to the phase space for a singteclga The non - relativistic phase
space, Eq.C.1, for a single particle is familiamfrclassical Maxwell- Boltzmann statistics. The
magnitude of the particle momentum is P. The momrantomponent parallel to the beam is
labeled byR,, while the perpendicular component is defineded?. The solid angle element is
dQ and the azimuthal anglegs

dP = P’dPdQ = dRP,dR dg C.1
The relativistic generalization of classical onelypphase space is given in Eq.C.2, where y
is a kinematic variable called the rapidity. Theegparticle phase space is simply the four-
dimensional momentum volume with a constraint that particle has a fixed mass set by the
sharply peaked Dirac delta functiol, The rapidity is the relativistic analogue of landinal
velocity. Particle energy is E, so as’Em, dy-> dv; and Eq.C.1 is recovered in the limit.
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d*PS(E*-P?-m?)=dP/E= R.d P.d ¢dy
dy=dR/E
If the transverse momentum is limited by dynamwes,expect a uniform distribution in y
for a particle produced in an inelastic collisidrthe momentum carried off by the produced
particle is small. In general, we will see that a#nall produced particles are uniformly
distributed in rapidity, at least at wide anglassmall rapidity, with respect to the beam.

C.2

We assert that rapidity adds under Lorentz transétion. Thus, rapidity is the relativistic
generalization of velocity. Note also that the queaticle phase space in @) space is
uniformly distributed for small y. The rapidity deéd above is approximated by the
pseudorapidity variable defined in Chapter 2 if flagticle masses are small with respect to the
transverse momentum. Therefore, the detector si@mapter 2 is segmented into “pixels” of
equal one particle phase space by design. Thisfsatserves as a belated justification of the use
of (n, ¢) coordinates in the plots shown in Chapter 2 atet in the body of the text.

We can integrate the expression given in Eq.C.Bintb the relationship between energy
and rapidity, where the particle mass is m.
E= h
m; cosh y c3
m? =m? + P?

We can also derive this relationship using thetieiahip between E, P, and m. The
identity is, E’-R’=PR’+m’=m;. Comparing that to the hyperbolic identity,
cosif y-sinty=1, we can easily confirm Eg.C.3 and, in addition,ndfi that
sinhy=PR /m , tanhy= P /E.

Therefore, for massless single particles, or gadigvith mass much less than transverse
momentum,m;, ~ B, whereR = Esing,

coshy =1/siné
sinhy =1/tané
tanhy = cosf

C4

In this particular limiting case, we can find a pimrelationship between polar angle and
rapidity. Using Eq.C.4 we can easily show that;

C.5
e’ =tan@/2)

256



Therefore, in this limit we are justified in usinige equality of the rapidity, y, and the
pseudorapidityr).

Now let us move from single particle kinematicghe kinematics of two particle systems.
We specialize to the case of two partons contaméain the proton and (anti)proton defining
the initial state. We further assume that the fraveeuse is the proton-(anti)proton C.M. frame.
The partons have longitudinal momentyn=xP and p, = x,P respectively, where P is the
momentum of the proton in the p — p C.M. The quanti is the fraction of the proton
momentum carried by the “parton” or fundamentalstibment which exists within the proton.

P = P

P1 >4 P2

Figure C.2: Schematic representation of the ingtate in parton — parton scattering starting frpm collisions in
the p-p C.M. system.

The mass, M, and momentum fraction, x, of the caitpd. + 2 initial state is then found
by conservation of relativistic energy and momentuhme four dimensional momentum
P, = (E,P) has an invariant “length” ofP,P* =M . We simply assert that these relationships
carry over to systems of particles. For exampletha initial p — p state in the C.M.,
(R+PR),=(E+ E,0)~(2P,0). The C.M. energy squared, s, is
s=(R+R),[{R+ B =(E+ E)’~4 P. The mass of the two-parton system, M, follows,
assuming that the partons are massless and hdvansgerse momentum.

M?=(p+p,), (Rt )" ~(g+ & -(p+ B*~ Pl ¥ P-( ¥ ¥ e
X = 29|/\/—s~ R/ P '

A bit more algebra allows us to find M and x foethitial state in terms ofi;xand x.
X% =M?/s=1, x- %= > A typical value, <x> for the momentum fraction thfe parton
producing a state of mass M atp — p C.M. ene@y)ccurs when x= X, or when <x> is equal
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to \/7 . For example, top quark pairs at the Tevatronh Wt~ 2m ~ 350 GeV are produced at
rest in the C.M by partons with momentum fractior >~ M /s = 350/1800 ~ 0.2.

Having produced the initial state, we assume itcays” into a two body final state.
Schematically, the reaction is 1 + 2 -> 3 + 4. Timsl state is what is actually observed in the
event. In a two body “decay” the transverse momantil each massless final state parton is a
function of the mass of the decaying state andl#vay anglep,, = p;, = E; =(M /2)sing.

The measured values of the two parton kinematiatifies, 4, y, and E allow us to solve
for the variables x, M, ané . Using results given above we can relate M armithé initial state
X, and % thus completely specifying the kinematics for theotbody process. These
relationships follow from the conservation of enemnd momentum and the definition of
rapidity given above. It is left as an exercise tloe reader to flesh out the derivation shown
below.

Some kinematic definitions for the two body fintdte are shown in Figure C.3. We note
that the initial two body state is not the partoparton center of momentum system in general,
although it is, on average. Therefore, the compaosiate, x and M, is moving in the overall
proton — (anti)proton C.M. system. Thus, in thetpn — (anti)proton frame the two body final
state “decay” is not to back to back in polar angteit is in the two body final state C.M. frame.

Formation System Decay CM Decay

X1 X3 x,y,M Y3 Ya y, 6

Figure C.3: Schematic representation of two bodyopascattering. The initial state partons are tbimthe proton
and (anti)proton. They form an intermediate stdtmass = M moving with momentum fraction x, rapjdjt This
state then “decays” into a two body final statehwiteasured transverse momentg,dhd rapidities yand y in the
p — p C.M. frame.

Briefly, in the parton — parton C.M. (starred) refece frame,y; =V, y, =—¥ and, since
rapidity is additive under Lorentz transformatiom the proton — proton C.M. |,
Y.=Y+VY,y,=y-V where y is the rapidity of the two body statelie p-p C.M. Thus the
system rapidity y and the parton-parton C.M. jgiiddy y can be found in term of,,y,,
Y=(Ys+Y,) /2 y=(Y;~Y,) /2.
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The decay kinematics requires that each masslegmgzas an energy/momentum of half
the system mass, M, and transverse momenBim E; = (M /2)sind. We can also find the
parton-parton C.M. scattering angle in terms§otanh§/:cosé (see Eqg.C.4). Thus withtE
measured for the partons agdound in terms of yand y we can solve for M and . Finally y
and M give us x and M that can be used to solvehferinitial state parton momenta,, x, by
way of x=(2M //s)sinhy= M A/s[é- &= x ;.

X =[M /\s]e’
X, =[M /+/s]e”
Thus, from measurements on the two body final staecan infer the x values of both
initial state partons, and measure the scattengtpa

C.7
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Appendix D - Running Couplings
“Everything changes, nothing remains without chdnrgBuddha

“You can run but you can’t hide” - anonymous

In quantum field theory the coupling “constants”tbé three SM forces are put into the
theory explicitly in the covariant derivative, whi@nters the basic Lagrangian (Appendix A).
These couplings are found to have “effective” valughich are functions of the mass scale at
which they are examined. This effect is due to ¢wancorrections caused by higher order
diagrams.

This effect was first derived in Quantum Electroayncs, QED, where it was found that
the electron charge increases as we look at snsédintes. This is understood in physical terms
as due to the existence of virtual electron- posifpairs in the vacuum due to the virtual decays
of virtual photons emitted and then reabsorbedhsy dharge. This is charge screening. In a
polarizable dielectric medium an induced dipole meamreduces the applied field, which
effectively reduces the squared charge by the dreteconstantg. Thus, the effect is called
“vacuum polarization”.

A schematic representation of an electron — pasitop is shown in Fig. D.1.

Figure D.1: A photon virtually decays into an eteat— positron pair with that pair subsequentlyihitetting into
the original photon.

The electron charge is shielded by virtyéluctuations into &+ € pairs on a distance scale
set by the electron Compton wavelengih, ~ #c/me ~ 400 fm. Thusx increases as the mass
scale decreases and electromagnetism gets slowly strontfer amss increases. Conceptually
the “bare” charge is surrounded by pairs. One particle of thealidair is attracted to the
oppositely charged main charge, thus polarizing the vacuum. Therefoobsarver at a given
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distance from the charge will see the charge reduced, ordstigelby an amount that decreases
with distance.

We assert that the “renormalized’charge at first order itugmation theorye,(Q’ ) is
given in Eq.D.1, where m is the electron mass and Q is the walssas which the charge is
measured.

e (Q) ~ €[l+a/12rIn(Q / nf)] D.1

This preliminary look gives us an initial feeling for the effdt is first order in the fine
structure constant and depends logarithmically on the mass sadleasfation Q. Let us now
go ahead with a bit more mathematical detail to see ifameunderstand that dependence. The
schematic representation for the charge of a very heavyesawrcone suffering no recoil in
emitting a photon, is shown in Fig. D.2. The photon interacts with aderriihe lowest order
correction occurs when the photon makes and then reabsorbs a virtuahfgair prior to
interacting with the external fermion.

q ¢k ¢
____________ 0O <
Lk
a) b)

Figure D.2: Kinematic definitions for a very heasgurce of photons interacting with a fermion of smasin a)
lowest order and in b) with a virtual electron -sip@n loop in the next highest order.

To lowest order, the charge, e, is the “bare” charge that epjpethe Lagrangian, and the
propagator is the Fourier transform of the Coulomb interaction patteli(r). In the Born
approximation we take the initial |i> and final states |f> tdrbe particle plane wave states
leading to the amplitude AA~< f [V(r)]i >~ J'eiEf'FV(r)e‘iRi'FdF ~ Ie‘q'FV(r)dF =V(q). The
momentum transfer q isg® =|GF, §= k — k. In the case of electromagnetisny,(r) ~a/r ,
V(q) ~a/qg®. Thus the reaction amplitude in lowest ordei s a /g’ (Rutherford amplitude).

The loop integral is indicated in Eg.D.2 and it can be roughly readoofif &xamining Fig.
D.2. The factors of are Dirac matrices that refer to the vector nature ofrtezaction vertex
(see Appendix A) and the “slash” notation is defined todea y*. Knowledge of the Dirac
matrices is not needed to roughly understand the running of the charges.
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The change in the amplitude due to the existence of the term shown in Fig.D.2.b is;

OA~a? Idl(‘(l/qz)[ll(k+ ML B+ i/ B D.2

The two terms in square brackets represent the two fermion gatops,
1/(k+m)=(k+ m)/( K- m), of the particles in the loop, and all loop momenta, k,
integrated over. We can work through the integral, which we find thveegent. The divergent
behavior is due to the tern®A ~ [dk*(m/k?) (m/k?)~ [k3dk/k* ~In(k) .

However, we can still extract the behavior with mass scale of the ampAitbge
imposing a cutoff parametek, on the loop momentum. We can then define a “ renormalized” or
effective coupling constanty,, such that the total amplitudé& ~ A + A, to first order is of the
same form as the lowest order amplitude at a given momentum trafsfer,(q°)/g*, with
ax(q°) = ax(M?)[1+ ax(m?)/127Tin(—g*/ m?)] . Screening by the electron — positron pair makes
a, < a.Comparing to Eq.D.1 we see that we have reproduced the lowest order expression for
the behavior of the electric charge, with mass s@@le —¢f.

D.3
A~ald*{1-a A2rIn(A?/m?) +In(-g*/ m*)]}

A~ a,(m?)/ g*[1+ ax(m?) /[127In(-¢? / m?)]

It is plausible that when the calculation is done to all orders ritunpation theory the
renormalized coupling constant is also calculable [1/(1-x) = X+ 2 + ...] and retains the
same logarithmic dependence on the mass or momentum transéemseéich the reaction
proceeds that it did in lowest order.

It is most natural to see how the inverse of the fine structumstant “evolves”, as quoted
in Eq.D.4. The difference in the inverse of the renormalized dtnecture constant depends
logarithmically on the ratio of the squares of the masses, Q and m, at whichetiobgarved.

ax(Q%) = ax(n) /L= (ag(n)/12m)In(Q / )]

110, (Q%) = a (m?)- 1/127 In@@ /nf) D4
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For electromagnetism, we can take the charge g¢e ldistances as a way to operationally
definea. Conventionally, the fine structure constant ifrokl at large distances, or low masses,
to bea = a(0) ~ 1/137. Experimentally, at the Z masgM;) = 1/129. The coupling only
becomes strondl/a(/%.,) =0, at an enormous energi,c, ~Me*”? (see Chapter 6 on the
GUT scale). Thus, the running coupling constantesuh can be used for all mass scales of

practical interest.

In QCD a similar effect occurs, but with the adadednplication that the gluons mutually
interact whereas the photons are uncharged. Theamself-coupling of gluons leads to the
result that the strong coupling strength actuadlgrdases as the mass increases, opposite to the
behavior of electromagnetic charge. The anti-séngenf the colored gluons overcomes the
screening effects of the colored quarks. As sedpjendix A (Fig.A.1) the virtual emission of
colored gluons will remove quark color from theirity of the “source” quark, and that results
in color anti-screening. The “running” of the coimgl constant in QCD means that ag &> oo,

ag(Q2) --> 0.

1a (Q?)=1/a,(m’) +[(33- 2n,)/127]In(F /ni) D.5
In Eq.D.5 nis the number of fermion generations that is \e€ti or above threshold to
occur in the quantum loops at the mass scale Quéstgppn. The fermion term is negative
(screening) with a magnitude familiar from QED (Bdl). The gluons appear as the positive
factor 33 indicating that they anti-screen the calwarge. Clearly the gluon effect dominates and
the overall effect is anti-screening.

This has profound implications for quarks. As ttlistance increases the force gets
stronger, ultimately causing permanent confinemanquarks within the hadrons, such as
protons, which are themselves colorless. Converdbéy strong interaction becomes weak at
high mass scales. Indeed, that is why we focusiginthansverse momentum phenomena in this
text. The strong interactions are simple and pleatively calculable in this region of phase
space.

For the strong interactions, we therefore cannptusde the charges since the coupling is
strong at large distances (low energies). Instesidlg Eq.D.5, we define an energy,., where
the interactions become strong,(Aocp) ~®,1/a(Noep) =0, Agep ~ 0.2 GeV, The strong
coupling is observed to run (Chapter 4) and has baen to the Z mass;, (M ,?) ~ 0.13. Thus
the strong fine structure constant is well defif@mdmass scales > 0.2 GeV.
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a,(Q*) =12 /[(33- :n, ) In(@ //\QCD2 )] D.6
The situation for the weak interactions is analmyto the strong interactions. The weak

bosons are themselves carriers of the electrowbakge, and they anti-screen. The fermions
screen, but the net effect is again anti-screeriihg.result is that,

1/a, Q%) =1/a, (M) +[(22- 2n, - 1/2)/12r [In@ /nf D.7

The factor of 22 comes from anti-screening ofwviteakly “charged” W and Z, while the
fermion term is now familiar. The new term of —lif2due to the existence of Higgs in the
electroweak loop. Note that, as with strong inteoas, there is a mass scale where they become
strong. However, it is so low as to be operatignatiinteresting.

These three coupling constants are used in Chéptalong with their supersymmetric
generalizations. In addition, we quote the evohubd the W and Z mass due to quantum loops
in Chapter 4, the running of the strong couplin@€hapter 4 and the evolution of the Higgs mass
with mass scale in Chapter 5. Clearly, the “rughiof constants appearing in the Lagrangian is
a basic effect of quantum field theory. It is atgav part of the precision measurements available
in high energy physics.

An example in the grand unified theories is thening of the masses with the scale. The
mass of a state can be defined by the behaviohefptopagator. For example the massless
photon has a propagatdr/g>. However, the propagator is modified by quanturopi
Therefore the mass itself runs. Assuming the StHlion that the tau lepton and b quark have
equal mass at the GUT scale, the mass ratio atex lecale Q is:

(M(Q/ m(Q =L @ g™ af @ g D8

This relationship predicts fairly well the observedss ratio at ~ GeV mass scales. The
student is encouraged to plot Eq.D.8 and examiee&whning behavior of the masses. Note that
the weak interaction does not contribute to EqlieBause the Dirac mass term, or self-energy
Feynman diagram, connects left and right handeadapinors and the weak interaction is
solely left handed, by construction. Note also thatreason that quarks are heavier than charged
leptons at GeV mass scales is that quarks havegsinteractions and the strong interactions are
strong at low mass scales.
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