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1. The National Groupings

The CMS collaboration consists of more than 100 institutions located in more than 25 countries. A representation of the population of the collaboration sorted by country is shown in Fig.1. One can note that the US is the largest national grouping, followed by the Russia and Dubna Member States (RDMS) collection. Thus it seems natural that US groups and RDMS groups would join forces on common and major projects within CMS.
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Figure 1: The CMS collaboration showing the largest countries involved. Note the prominent place of the US and RDMS.

For the RDMS grouping there are about 300 members from 27 institutions. Beyond that list, there are many engineers and technicians who are not counted in this account of the RDMS members. The responsibilities taken up by the RDMS groups are shown in Fig.2. The stars indicate those areas where the US groups collaborated in CMS hadron calorimetry (HCAL) with the RDMS groups – the barrel (HB), the endcap (HE) and the forward calorimetry (HF).
The US groups are at about 50 universities and at the Fermi National Accelerator Laboratory (FNAL). There are about 450 physicists (professors, postdocs and graduate students) in US CMS. A map of the US showing the location of the US CMS institutions is shown in Fig.3.
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Figure 2: Breakdown of the RDMS responsibilities in CMS. The stars indicate areas of collaboration with the US groups in the CMS Hadron Calorimeter.
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Figure 3: Location of the 50 institutions collaborating on CMS in the US.
2. HCAL Management
Early in the development of CMS planning, the HCAL effort was organized as a “project” in CMS with a Project Manager and a managerial organization. The RDMS groups that were involved in the HE endcap and the HF forward calorimetry are shown in the list of Fig. 4.
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Figure 4: Groups within RDMS with chosen responsibilities for the HCAL endcap and forward calorimetry.

RDMS groups assumed many responsibilities in the HCAL project. Basically, they took complete responsibility for the mechanics and optics of the endcaps (HE) and for the mechanics of the forward calorimetry (HF). The bias voltages for the Hybrid Photodiode (HPD) photo transducers of HB and HE and the photomultiplier tubes were also a RDMS responsibility. Groups from RDMS also designed and built the laser monitoring system for the endcap calorimetry. In addition much of the calibration software for the entire HCAL system was developed by RDMS physicists.

These responsibilities were recognized in the HCAL management structure. The organization chart for the HCAL Project is shown in Fig. 5. The Institutional Board of the HCAL effort has a US Chair and a RDMS Deputy, Nikolai Shumeiko (Minsk). There was an overall US Project manager, Dan Green (Fermilab), with a RDMS Deputy, Igor Golutvin of Dubna. The barrel, HB, was the full responsibility of the US with a US Coordinator, Andris Skuja (Maryland) while the forward, HF, calorimeter had many contributions, and was coordinated by an Italian collaborator.
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Figure 5: Organization chart of the CMS HCAL Project as of June, 2005. Geographic responsibilities are shown in blue, while efforts common to HCAL are shown as light brown.
The endcap, HE, optics system effort was lead by the Protvino physicist, Victor Kryshkin. Mechanical responsibility of the RDMS was shown by the position of V. Kalagin (Dubna) within the management organization. The forward calorimetry, HF, also had major RDMS input, as reflected in the position of ITEP physicist, V. Gavrilov in the HF management. These positions reflect the “geographic” responsibilities of the US and RDMS groups for the HCAL Project. There are also several common responsibilities for devices used by all HCAL subprojects.

The readout and electronics was largely a US effort. However, the high voltages needed by the photon transducers had a Bulgarian physicist in charge, I. Vankov.  Much of the software for the controls system was implemented by S. Sergueev, a Dubna engineer. Other RDMS members took part in the installation and commissioning (I&C) of HCAL. The RDMS groups constructed a very strong team under the leadership of Vitalie Kaftonov (Moscow – ITEP), who sadly died during the installation period. Valerie was a man of culture and warmth and he is sorely missed by all his HCAL colleagues. His team included the engineer V. Smirnoff (Dubna) and the physicist A. Volkov (Protvino). Finally, O. Kodolova (Moscow – MSU) was responsible for leading the strong RDMS groups contributing to calibration and physics objects reconstruction. 
3. HE, HF, HB Mechanical Structures

The mechanical structures of HCAL were defined geographically, and were typically the responsibility of a national group. The RDMS group took the job of the HE and the HF, while the US designed and built the barrel HB. The HE and HB, in the 4T CMS magnetic field were of necessity made of cartridge brass. The initial horizontal stack of HE plates is shown in Fig. 6. Note the open slots where scintillator “trays’ can be installed.
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Figure 6: The HE mechanical structure showing the initial stacking in the horizontal position.
After the stacking was completed, the HE was swung to the vertical and cantilevered from the endcap magnetic yoke YE. The HE in the vertical position is shown in Fig.7. Clearly, suspending the 300 T HE was an engineering challenge that the RDMS team was able to completely master.
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Figure 7: The HE endcap in the vertical position hung off YE in the CMS assembly hall.

The RDMS group supplied a major fraction of the cartridge brass using naval shell, as shown in Fig. 8. The US collaborated with the RDMS group by supplying some of the materials for HE, the Japanese manufactured scintillator and WLS material and a fraction of the brass material, as agreed to in an Expression of Intent shown in Fig.9.

[image: image8.jpg]



Figure 8: Naval shell casing used by the RDMS groups as material for the HE structure.

Finally, the RDMS groups took responsibility for the design and fabrication of the HF mechanics. The wedges of HF were made out of steel, because HF is outside the CMS magnetic field.  The wedge assembly is shown in Fig. 10, where A. Herve, CMS Technical Coordinator has gone to Russia to inspect and approve the production of all the HF wedges. The assembled mechanical structure of the HF, consisting of 18 wedges, is shown in Fig. 11. The complete 300 T HF ends were assembled at CERN in a staging area and then later moved to the assembly hall.

The US groups designed to HB in wedges somewhat like the HF construction. Each wedge was about 25 T of brass, with slots for the insertion of scintillator detectors just as for the HE structure. A trial insertion of the first production wedge is shown in Fig. 12.

Expression of Intent

for the Construction of the

CMS Endcap Hadron Calorimeter Absorber Structure

October 20, 1999

This Expression of Intent (EOI) details a joint cooperation agreement for the construction of the CMS Endcap Hadron Calorimeter (HE) absorber structure. This agreement is made between the RDMS-CMS and US-CMS groups participating in the CMS Hadron Calorimeter (HCAL) Project, with the concurrence of CMS, for the purpose of ensuring delivery of this time-critical component.

A. The RDMS-CMS group agrees to provide the following goods and services for the construction of the HE absorber structure:

1) Management, design, fabrication, assembly, installation, inspection, testing, and QA/QC of the HE absorber structure. 

2) Procurement of brass and stainless steel plates, as specified in Table 1, for HE layers 28-36 and the back flange, and other necessary materials.

3) Transport of the plates and other materials to Minsk, Belarus.

4) Machining of all plates and assembly of the HE sectors.

5) All necessary assembly and installation tooling.

6) Transport of the HE absorber structure to CERN.

7) Assembly of the HE absorber structure on the magnet endcap.

B. The US-CMS group agrees to provide the following goods and services for the construction of the HE absorber structure:

1)
Procurement of approximately 551 T of brass plates, as specified in Table 2, for HE layers 1-27 and spacers A and B.

2)
Transport of the brass plates to Minsk, Belarus. Transport may be via CERN, depending on location of the vendor, for tax and inventory control purposes.

Figure 9: Copy of the EOI agreement between the US and RDMS for HE
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Figure 10: The first HF production wedge, manufactured in Russia.
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Figure 11: One of the 2 assembled HF calorimeters as seen in the CERN staging area.
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Figure 12:  Trial insertion of scintillator “trays” into the HB wedge.
The barrel wedges were shipped to CERN from Felguera, a Spanish manufacturer, where the scintillator was installed. The HB “trays” were manufactured in the US and then shipped to CERN. Final assembly of the complete HB structures was made in the CMS assembly hall. A completed 500 T half barrel is shown in Fig. 13.

[image: image12.emf]HB  HB 


Figure 13: An assembled ½ barrel of HB in the assembly hall of CMS. Note the barrel magnetic yoke and the outer cryostat wall of the CMS magnet. The HB is designed to sit inside the CMS magnet coil.
4. Optical Systems

The HCAL optical systems used the same physical principles for both HB and HE. Particles passing through plastic scintillator caused the emission of blue light. This light was, in turn, absorbed and re-emitted as green light in small diameter wavelength shifting (WLS) fibers inserted into the plates of scintillator. This design allows the detectors to have minimal inert regions where particles are not detected and do not cause a light signal to be emitted. A set of “tiles” of scintillator with associated WLS fibers is shown in Fig.14.
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Figure 14: Scintillator “tiles” and embedded WLS fibers shown for illustration. 
Both HB and HE use the same basic technology for their active elements.
The US and RDMS groups shared their expertise in optics in a collaborative fashion. The US procured the materials and constructed the HB optical systems. The RDMS groups machined the scintillator, grooved the tiles, embedded the WLS fibers, and did extensive quality control on the assembled tile “trays”. In Fig 15 the note setting up a joint collaborative meeting of US experts, Kharkov physicists (tile machining) and Protvino physicists (HE tray assembly and testing) is reproduced. There were several such visits, which maximized the commonality of the HB and HE optical systems and kept the collaboration synchronized.
Sent:
Tuesday, December 07, 1999 8:50 AM

To:
Alain Herve

Cc:
Paolo Cannarsa; Dan Green; Victor Kryshkin; Pawel de Barbaro; Mike Crisler

Subject:
Visit to Kharkov and Protvino

Hi Alain,

In discussions with Victor Kryshkin, it appears that the best time to visit the HE scintillator machining and assembly sites is around the beginning of Feb00.  At present, the US will send Pawel de Barbaro, Mike Crisler, and myself.  I believe that you expressed an interest in sending other members of international CMS (Paolo, and maybe others?).

We have scheduled to arrive in Kharkov late on 31Jan, visit Kharkov on 01Feb, visit Protvino on 02-03Feb, and leave Protvino on 04Feb.  I think it makes the most sense to have only one coordinated trip from all the visitors.
Figure 15: Note setting up a trip by US experts to visit the Kharkov and Protvino physicist responsible for the design and manufacture of the HE optical systems.

The resulting design for HE optics is shown in Fig. 16. The HE “tray” is a wedge inserted radially into the HE structure, shown previously. The tray has optically independent tiles with WLS. In addition there are fibers carrying laser light used for calibration and monitoring and thin hollow tubes, ”source tubes” used to carry a moving radioactive source, used for HE calibration.
[image: image34.emf]
Figure 16: Schematic diagram of a HF “tray” showing scintillator, WLS, laser fibers and radioactive source tubes.
Testing of the optics and electronics was performed using light emitting diodes (LEDs), Laser pulses, and by passing a radioactive source over each tile. The RDMS team took full responsibility for the HE laser system. A schematic of that system is shown in Fig. 17. The laser supplies timing pulses, can be used to check system stability, and also monitor possible damage of the tiles due to exposure to high radiation levels from the collisions themselves.
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Figure 17: Schematic of the HE laser monitoring system. Laser light is injected either into a tile of HE or directly into the HPD.

The US groups designed and built the radioactive source movers. These devices inject an absolute amount of energy into each tile in the HCAL system. In this way the light output of each tile can be monitored. In addition, since all HCAL wedges could not be placed in a test beam, calibration with particle beams had to be transferred from a few wedges so calibrated in relationship to the source response. In this fashion the HCAL was initially given a signal to absolute energy calibration. Note that the HE in particular weighed ~ 300 T each, so that placing it in a test beam was quite impractical.  Data from an HE tile is shown in Fig. 18.
[image: image15.emf]
Figure 18: Plot of the response of a tile to the source as a function of the source position.
The forward calorimetry presented technical challenges in regards to the active elements. The lifetime dose absorbed by HF from collisions alone is 1 billion rad. Note that a lethal does is about 1000 rad., so that HF is indeed in a very hostile environment. Because of that the HCAL collaboration adopted a quartz fiber as the active element. This fiber responds to fast ionizing particles with flashes of Cerenkov light. Some small fraction of that light is captured in the fiber and transmitted to a photomultiplier tube placed in a region of sharply reduced radiation where repairs and service can be made. The fiber routing is shown in Fig. 19.
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Figure 19: HF “wedges” shown prior to full assembly into disks. Note the quartz fibers being routed to plates where they will be coupled to photomultipliers.
The HB optical tiles were constructed in the US at Fermilab. Tiles were cut and grooved. They were optically isolated from one another using white paint. Then the WLS fibers were installed in the grooves and the fibers taken out to optical connectors.  Strict quality control was exercised at all sites.  A tile “tray” is shown in Fig. 20.

The US groups at Fermilab, the RDMS groups at Protvino and Kharkov and the Indian groups at Mumbai ( who took charge of the outer HCAL barrel – HO) all used basically the same scintillator, WLS, techniques and tests. This collaborative spirit made for a common product and a high level of quality for HB, HE and HO. In addition, HB, HE and HO used the same HPD transducer. For HF a photomultiplier was chosen. However, all of HCAL used the same electronics after the transducer, leading to a great simplification in the HCAL electronics. The low voltage and high voltage was also an area where a common product was used. Finally, the main calibration and monitoring tool, radioactive source and LED was also used in common throughout HCAL. This strong collaboration made the HCAL subsystem consist of a simple and coherent set of common devices. 
[image: image17.emf]
Figure 20: Inspection of an HB tile “tray” at Fermilab. Note the grooves where the WLS fibers are inserted.
5. Test Beam Data Taking
It was very important to check the HCAL design in controlled particle beams. For HCAL we used the H2 line in the North Area of CERN. Data was taken almost every year for several months from 1996 through 2007. These data included a full scale test where the HCAL prototype was placed in a 3 T magnet. The results are routinely published in professional journals, such as Nuclear Instruments and Methods. 
In order to make a comprehensive test the HCAL collaborators created a test “facility” in the H2 beam line. Particle beam identification was constructed consisting of beam defining counters, Cerenkov counters, veto counters for stray muons, and time of flight counters. In addition, full scale HB, HO, HF and HE structures were built and mounted in H2. These objects will stay for the life of the CMS experiment because it may become necessary to perform tests as yet unforeseen once data is being taken at the LHC. These full scale devices are mounted on a moving table which can be used to swing any chosen angle into the beam. The table and mounted devices is shown in Fig. 21.
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Figure 21: The HCAL test “facility” at CERN. The HE and HB wedges are prominent. Note the rails which allow any part of HCAL to be exposed to the particle beam. Not shown are the mounted HF and HO devices or the beam line particle identification instruments.
A full scale production wedge of the electromagnetic calorimetry, barrel EB and endcap EE was added in 2006 and 2007 respectively. These devices are crucial if the test beam is to properly mirror the CMS calorimetry.

Since calorimetry is primarily used to define energies of produced particles, much effort went into cleanly identifying the incident beam particles and measuring the HCAL response. Data from HB is shown in Fig. 22 for incident pions.  The fractional energy resolution falls with energy, which shows why calorimetry is a detector of choice in high energy applications.

Data from HE on the response to electrons and pions is shown in Fig.23.
[image: image19.emf]
Figure 22: Fractional energy resolution for EB+HB as a function of the incident pion energy as reconstructed in the combined CMS calorimetry.

[image: image20]
Figure 23: Fractional energy resolution for HE alone and for HE + EE (prototype) as a function of beam momentum for incident pions and electrons.
An alternative energy calibration check can be accomplished using cosmic rays (mostly muons at sea level) for elements of HB or HE which were not placed in a test beam and compare to muon data taken in the test beam. Data taken with incident test beam muons for HE are shown in Fig. 24.

[image: image21]
Figure 24:[image: image35.emf] Data taken with test beam muons incident on HE. Note that a cosmic ray muon can then be assumed to deposit ~ 3.0 GeV of ionization energy into any element of HE.
Data were also taken with HF in the particle beams of H2. In this case we also were unable to install all the wedges in the test beam, so a method to transfer the calibraion was needed. Two possibilities were studied. First, a strong radioactive source was passed near to the fibers for each independent element read out in HF. Using the relative response of HF to the source and the pion and electron beams, the initial calibration could be transferred to HF elements not placed in the beam. Muons are essnetially invisible in HF since it is designed for very high energy deposits, so this method (Fig. 24) cannot be used. Therefore, since the absolute photoelectron to energy deposit ratio is known from the test bea, a method to extract the single phototelectron signal was developed to act as a crosscheck of the radioactive source techn ique.

Data from HF are shown in Fig. 25a. and 25b. The HF response to both electrons and pions is shown respectively.
[image: image22.emf]
Figure 25: Energy response of HF to beams of electrons (a) and pions (b). as a function of the beam energy E.
Because the HCAL collaboration made extensive tests in particle beams, the initial calibration of independent elements of HCAL, about 10,000 in total is know to about 4%. This initial determination will be crucial if we are to accomplish and early understanding of the CMS calorimetry.

To that end several systems are put in place to maintain the calibration which was established either by test beam exposures \or by transfer of calibrations using sources or cosmic ray muons. RDMS teams have taken responsibility for creating and maintaining the database that holds and updates the HE calorimeter calibration. In addition, control and monitoring of the voltages on the HCAL devices is required to maintain the energy calibration. Physicists and software engineers are heavily involved in the Detector Control System (DCS) and the CMS database repositories.
6. Installation and Commissioning
After the mechanics and optics was built and installed, there remained a lot of electronics to design, build, test, install and commission. The electronics begins at the transducer. Because HB and HE are immersed in a 4 T field, a new transducer, the HPD, had to be developed. A photo of a cut away HPD is shown in Fig. 26, while a schematic is presented in Fig. 27.
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Figure 26: Cut away photo of the HPD showing the pins for the pixels and the input HV cable.
[image: image36.emf] 

 


Figure 27:  Schematic of the HPD indicating the 19 independent pixel readouts contained in the vacuum container.
The US groups took responsibility for the design, construction and initial testing of the transducers and electronics. A complete schematic is shown in Fig. 28. The small signal from the HPD is amplified, digitized and sent by optical cable from the calorimeter itself to a nearby counting house which is accessible to personnel during LHC operations. In that sheltered location, the data is optically received, calorimetric triggers are constructed (HTR boards) and the data is sent to the data acquisition system (DAQ) for data logging if the event is triggered and accepted for storage.

[image: image24.emf]
Figure 28: Schematic of the HCAL electronics. The front end (FE) electronics resides on the HCAL calorimeters. The electronics which is accessible during data taking is the digital data which is sent to the trigger system and the DAQ system.

Although the US groups had the initial responsibilities for electronics, the story was only begun. A fully integrated team of US and DRMS groups of physicists, engineers and technicians was formed in order to pool expertise on the many common aspects of the HCAL installation. Additional teams from India (HO) and Turkey (HF) were also active in the commissioning efforts. A photo of the installation team, headed by Valerie Kaftanov, is shown in Fig 29.
All this effort came together in the fall of 2006. By then the HB was installed with all electronics as was all of HE, with radioactive source data taken such as to establish the initial calibration, good to 4% tower to tower. All this was done in the CMS above ground assembly hall, the idea being everything is thoroughly tested before it is put into the final location, the CMS collision hall, 100 m underground.

[image: image25]
Figure 29: The HE installation team shown on the scaffolding which was used to install the scintillator tile trays and front end electronics on the HE periphery.

After the HB and HE (and HO) were installed in their respective mechanical structure, the CMS detector itself had to be constructed. The first step for HCAL was the insertion of HB into the magnet cryostat. That operation is shown in Fig. 30.

Having done that, the 2 parts of HE were nested with the HB ends, to form a seamless calorimetric volume. This was by design, and coincided with the closing of the magnetic circuit by the iron return yoke of the magnet. The barrel part of the yoke is seen in red in Fig. 30 (and Fig. 13). The mating endcap steel is also seen in red in Fig. 7. A crucial part of the above ground test was that for the magnet. This was the largest electromagnet ever built and exhaustive tests were called for. The magnet cooled down to cryogenic temperatures in about 3 weeks. Current was then injected into the coil and full 4T field was rapidly achieved.

Having proven the magnet for CMS the detectors were time synchronized and the detector data was examined for evidence of cosmic ray muons. Happily, events were quickly found where muons were seen in all of the participating CMS detector systems. A beautiful event is shown in Fig. 31, where a cosmic ray muon is seen to be detected in the muon system, the HCAL, the electromagnetic calorimeter and the tracking system. This was a great verification of the quality of the CMS design and showed that CMS could rapidly and reliably be brought into operation.
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Figure 30: Photo of the ½ HB module (500 T) being hydraulically inserted into the CMS magnet cryostat.
For the hadron calorimeter specifically this test showed that the HB and HE could function very well in the 4 T field, as designed. It also showed that the calorimeter itself functioned as it had in the particle test beams where the magnetic field was negligible. However, there were some caveats. Strange behavior was seen at low fields, which caused us to decide to keep the supply voltages off during times when the magnetic field will be ramped up. There was also a known behavior of plastic scintillator with organic fluors. The light output of such materials increases with magnetic field at low fields and then saturates at high fields. The HCAL groups had measured this effect in small samples, and now verified it for the complete calorimeters as constructed. The data is shown in Fig. 32.
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Figure 31: Overall event display of CMS. The trajectory of a cosmic ray muon is shown along with the detector elements participating in this particular event – the muon barrel (MB) the HCAL Barrel (HB – top and bottom), the silicon Tracker and the electromagnetic calorimeter (HB).


[image: image28]
Figure 32: Plot of the HE scintillator light output as a function of the magnitude of the CMS magnetic field.
7. Final Installation Underground
Having tested the HCAL devices in the full magnetic field and with the real timing and DAQ, it was time to install the HCAL underground. The plan was that the service, power, water and signal cables were on patch panels so that we could “simply” disconnect services upstairs, rig the object underground, and reconnect a tested set of cables and services, thus restoring operation and cosmic ray data taking very simply.
Of course, it never works out that way. Nevertheless, within a few months, HCAL objects were lowered underground and once again taking test pulse and cosmic ray data. The first object to be rigged underground was HF (300 T each). A photo of the operation done in Nov., 2006 is shown in Fig. 33.
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Figure 33: The lowering of HF into the underground CMS collision hall. This was the first detector to be rigged below ground in CMS.
After the holidays, other HCAL elements followed quickly. There is a strict order in which elements can be rigged underground due to the severely limited space in the collision hall. The 2 HF modules could be lowered and then moved out of the way. However, after that the order of lowering operations had no flexibility.  The next HCAL device was the “positive” side of the HE pair, HE+. A photo shows that operation in Fig. 34.
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Figure 34: Photo of the lowering operation of HE + (300 T) attached to the magnetic return yoke which is festooned with endcap muon chambers (ME) - 1000 T total.
As might be guessed the HB+ half of HB was then lowered into the collision hall. That operation is shown in Fig. 35. This picture is taken looking toward the “positive direction and shows the flat face of HB which will sit in the center of the magnet. It will mate with the flat face of HB- (500 T) which was rigged after the central barrel yoke was lowered. What is shown in Fig. 36 is the situation where all the HCAL except the HE- and HO- are in the collision hall. 
The next steps will be to install the electromagnetic calorimeters and the tracking systems of CMS. Only when that is complete can the negative elements of CMS be installed, in particular HE-.
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Figure 35: Operation of lowering the HB+ half (500 T) of HB. The barrel magnetic return yoke can also be seen behind HB+.
[image: image32.jpg]



Figure 36: The central magnetic yoke (YB0) is installed underground and both HB+ and HB- are inserted inside the magnet cryostat.
8. Summary
The HCAL project has been a great success in CMS. This happened in no small part because of the strong collaboration of the US and RDMS groups within the HCAL project. Having established a pleasant atmosphere of mutual trust, fostered by trips to visit one another at Fermilab, Protvino, Kharkov, and Dubna the HCAL collaboration could reap the benefits. Many efforts were in common across the HCAL detectors. This made it possible to build a simple, robust and maintainable system. Having done so, and having tested it, the HCAL community looks forward to the great Physics soon to come out of CMS when the LHC accelerator complex begins to operate.
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