Chapter 7

Forward Detectors
7.1 Overview
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The central detector of the CMS experiment has an acceptance in pseudorapidity η, of roughly
|η| < 2.5 for tracking information and |η| < 5 for calorimeter information. Figure 7.1[209,
210] shows the expected pseudorapidity distribution of the charged particles and of the energy flow at the LHC, demonstrating that with an acceptance limited to |η| < 5 most of the
energy in the collision will not be detected.

LHC, inelastic collisions

η

Figure 7.1: Pseudorapidity distribution of the charged particles and of the energy flow at the
LHC, taken from [209, 210]. The energy is in units of TeV.
Presently there are 2 proposals to extend the coverage in the forward region:
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Figure 7.2: The LHC beamline and the Roman Pots of TOTEM at 3 different locations. Distances are measured in meters. The detectors at 180 m are optional.
• Add 2 calorimeters on either side of the interaction region which will cover higher
|η| values, called CASTOR (5.1 < |η| < 6.5) and the Zero Degree Calorimeter
(ZDC). Both have an electromagnetic and hadronic section. These calorimeters
are of interest for measurements in pp, pA and AA collisions (where A is a heavy
ion).
• Capitalize on the opportunity to have common runs with the TOTEM experiment,
which uses the same interaction region as CMS (IP5). This common physics programme is presently under discussion within the 2 Collaborations and is investigated by CMS/TOTEM working groups.
The TOTEM experiment [198, 211] is an approved experiment which will measure the pp
elastic cross section as a function of t, the square of the exchanged four-momentum, the total
√
cross section with a precision of approximately 1%, and diffractive dissociation at s = 14
TeV. The TOTEM experimental set-up consists of 2 tracking telescopes T1 and T2, as well as
Roman Pot (RP) stations, 1 on either side of IP5. The T1 and T2 telescopes consist of CSC
(Cathode Strip Chambers) and GEM (Gas Electron Multipliers) chambers respectively, and
will detect charged particles in the η regions 3.2 < |η| < 5 and 5 < |η| < 6.6 .

The TOTEM RP stations will be placed at a distance of ±147 m and ±220 m from IP5 (Fig.7.2).
Each station will consist of 2 units, 2.5 m and 4 m apart, each with 1 horizontally and 2
vertically movable pots equipped with silicon strip detectors. These stations can measure
protons with a momentum loss ξ = ∆p/p in the range 0.02 < ξ < 0.2 for the nominal
collision optics. For other optics with larger β ∗ , and hence lower luminosity, much smaller
values of ξ can be reached.
Detectors at a distance of 420 m, in the cryogenic region of the LHC ring, are currently being
considered by the FP420 project [212]. They would provide a coverage of 0.002 < ξ < 0.02,
complementary to that of the TOTEM detectors, for the high luminosity, low β∗ optics.
The TOTEM detectors can provide input data to the Global Trigger of the CMS Level-1 trigger. Track finding in T1 and T2 (combined coverage 3.2 < |η| < 6.6) for triggering purposes
is optimized to select beam-beam events with charged tracks that point back to the IP and
reject beam-gas and beam-halo events which have tracks that do not.
The Roman Pot detectors of TOTEM aim to detect the protons in diffractive interactions of
the type pp → p + X and pp → p + X + p. When used in conjunction with the central CMS
detector interesting phenomena such as hard diffractive scattering can be studied, where the
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system X can consist of jets, W , Z bosons, high ET photons, top quark pairs or even the
Higgs particle, as discussed recently in [213, 214].
The combination of T2 and CASTOR will allow the study of phenomena at lower Bjorken-x
than otherwise reachable. Drell-Yan measurements will enable the parton distributions to
be probed down to x ≈ 10−6 . The energy and particle flows in the forward region are also
of prime interest for tuning Monte Carlo simulation programs used in cosmic ray studies.
CASTOR is designed especially to hunt for “strangelets” in AA collisions, which are characterized by very atypical fluctuations in hadronic showers.
The prime goal of the ZDC is to measure the centrality in AA collisions. The so-called ultraperipheral events can also be tagged. In pp interactions it will allow the study of events with
charge exchange and consequently a forward high energy neutron. Its ability to see low
energy (≈ 50 GeV) photons is important for exclusive diffractive studies.
The full physics program with these detectors will be outlined in a forthcoming Report. In
the present document, we will only discuss the forward detectors of CMS, and refer the
reader to the TOTEM TDR for the detailed description of the detectors of the TOTEM experiment.

7.2 The Castor Calorimeter
7.2.1
7.2.1.1

Description of the calorimeter
Mechanical sesign

CASTOR is an electromagnetic/hadronic calorimeter, azimuthally symmetric around the
beam and divided into 16 sectors (φ = 22.5◦ ). It is also longitudinally segmented into 12
slices, the so called Reading Units (RU), in order to observe and measure the propagation of
hadronic cascades (showers) along its depth. This characteristic is particularly necessary for
detecting penetrating cascade particles.
The calorimeter is a Cherenkov-light device, consisting of successive layers of tungsten plates,
as absorber, and fused silica (quartz) plates, as active medium. The plates are inclined at 45◦
with respect to the impinging particles in order to maximize the Cherenkov light collected.
The light is produced by the passage of the charged particles in the shower (primarily e+ ,
e− ) through the quartz. The light reaching the top of the quartz plates by internal reflection is collected in the RUs along the depth of the calorimeter and transmitted by aircore
lightguides onto the radiation-hard photomultiplier tubes (PMTs).
The Castor calorimeter comprises 2 electromagnetic samplings with 5 mm W plates sandwiching 2 mm quartz plates and a hadronic part that has up to 10 samplings with 10 mm
W plates sandwiching 4 mm quartz plates. The total depth of the EM section is about 22
radiation lengths (X0 ) and the total depth is 10.3 interaction lengths (λI ). It is situated in the
collar shielding at the very forward region of CMS, starting at 1437 cm from the interaction
point, as shown in Figure 7.3.
The pseudorapidity range covered is 5.3 < |η| < 6.5 for the EM-section and 5.15 < |η| < 6.4
for the hadronic section. This η-coverage closes hermetically the CMS pseudorapidity range
over almost 13 units.
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Figure 7.3: Schematics of the CMS forward region.
The current plan is to build the calorimeter in 2 stages:
• Stage I is for pp physics and will consist of the EM and (6) RUs of the hadronic
section, leading to a total of ≈ 6.6λI . The aim is to complete and install stage I for
the pilot run or at the latest by the first physics run.
• Stage II is for heavy-ion physics and will have the additional (4) RUs of the hadronic
section. The stage should be completed in 2008-09.
Figures 7.4 and 7.5 show views of the mechanical design of the calorimeter.
7.2.1.2 Calibration and simulation
The 16×12 RUs of the calorimeter are calibrated using the blue-light laser from the HF calorimeter. The light reaches the top of the light guide of each RU via quartz fiber and shines
light onto the top of the quartz plates. The reflected light is read by the PMT. For monitoring radiation damage of the quartz plates, red light will also be used in comparison, since it
remains unaffected.
The CASTOR calorimeter is implemented in the GEANT 4 simulation program of CMS. The
calorimeter geometry, as used in the Monte Carlo simulations for this report, is however
somewhat different from the one described above. Its depth is of 10.2 λI and is divided
into 18 RUs. All other characteristics are the same. Figure 7.6 shows a general view of
the CASTOR geometry, implemented in the simulation and visualized with the I GUANA
visualization package (Section 2.10).

7.2.2

Beam test results
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Figure 7.4: View of the mechanical design of the calorimeter showing the 2 stages.

Figure 7.5: View of the mechanical design of the calorimeter showing the 2 stages.
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Figure 7.6: General view of CASTOR as visualized with I GUANA.
7.2.2.1

Prototype I

The first prototype was an electromagnetic calorimeter with 4 octant-shaped sectors (Fig. 7.7).
It was built to study several aspects of the design: the type of quartz medium (fibres vs.
plate), the reflecting medium in the air-core light guide (glass mirror vs multilayer stack),
the reading device (avalanche photodiodes, APDs, vs. PMTs). In addition, we studied the
energy response and the energy resolution for these different options.

Figure 7.7: Photo of the active volume (tungsten and quartz media) of CASTOR Prototype I.
Each of the 4 azimuthal sectors (octants) consisted of 10 pairs of tungsten/quartz planes,
totaling 23.7 radiation lengths, or 0.83 interaction lengths.
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7.2.2.2

Beam test of Prototype I

The beam tests of prototype I took place in June 2003 at the beam line H4 of the SPS accelerator at CERN. The prototype was positioned on a moving table with horizontal (left-right)
and vertical degrees of freedom with respect to the electron beam. Electron beams of several energies were used. A pair of wire chambers, positioned upstream, defined the incident
position of the beam particles.
Several combinations were tested involving quartz plates or quartz fibres, two different reflectors in the light guides, and different types of light-reading devices . These are illustrated
in Figure 7.8.

Figure 7.8: Different options investigated in the beam test of Prototype I.

7.2.2.2.1 Energy response
To study the linearity of response with energy and the relative energy resolution, electrons were fired at the central points C (Fig. 7.8) in the different
azimuthal sectors. Electron beams of energy 20, 40, 80, 100, 150 and 200 GeV (Fig. 7.9) were
used. The distributions of the signal amplitudes are well fitted by a Gaussian function.
7.2.2.2.2 Energy resolution
For the relative energy resolution of the calorimeter, the
ratio σ/E vs. E was fitted to 2 different expressions [215, 216]:
σ
p1
= p0 + √
E
E
σ
p1
p2
= p0 ⊕ √ ⊕
E
E
E
where ⊕ denotes sum in quadrature.

(7.1)
(7.2)
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Figure 7.9: Response Linearity in sectors: S1-(Philips PMT or APD2), S2-(Philips PMT), J2(APD1). Calorimeter response in ADC channels vs. electron energy in GeV.
The energy resolution for the various options studied is shown in Figure 7.10. Generally, both
formulae fit the data satisfactorily. The constant term p0 is close to zero for all options. Also
the stochastic term p1 , being less than 38% for the S1 sector, seems to be reasonable, when
compared to p1 = (36.2 ± 0.2)%, obtained in [217] for a calorimeter prototype of similar
geometry and technology. The readout by photodiodes requires the p2 term in the fit due to
the sizable electronics noise, measured to be 1.25 GeV and 4.5 GeV for Advanced Photonic
APD and Hamamatsu APD, respectively. It should be noted that the APDs are very sensitive
to both voltage and temperature changes, but in this test there was no such stabilization.
7.2.2.2.3 Uniformity of response
The uniformity of the calorimeter response was studied using 80 GeV electrons incident of sectors J1, J2 and S1 with Hamamatsu PMT readout.
Also studied was energy sharing between neighboring sectors. The response at points A-E
in the middle of the sectors and at the border of S1 was also studied. The energy resolution
for these sectors is compared in Figure 7.11. The light output is highest in the S1 sector, and
it is practically the same for the central and for the border points. It depends weakly on
the position of the impact point: for S1 (J1, J2) a weak decrease (increase) of the calorimeter
response with distance R from the calorimeter center is observed.
7.2.2.3

Prototype II

The results of the beam test analysis of prototype I prompted the construction of a second
prototype using quartz plates, large area APDs as well as PMTs, and Dupont reflective foil.
A new geometry of the semi-octant was tested.

7.2. The Castor Calorimeter
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√
Figure 7.10: Energy resolution
√ in different sectors. Two fits are shown: σ/E = p0 + p1 / E
(black line); σ/E = p0 ⊕ p1 / E ⊕ p2 /E (red dotted line).

Prototype II comprised electromagnetic and hadronic sections, with 1 octant equipped. The
EM section was further divided into 2 semi-octant sectors and was longitudinally segmented
into 2 samplings. The hadronic section was longitudinally segmented into 4 samplings.
The calorimeter was constructed from layers of tungsten plates as absorber and fused silica quartz plates as active medium. The light was collected in sections along the length of
the calorimeter and focused by air-core light guides onto APDs and PMTs. In the EM section,
the tungsten/quartz plate thickness was 3 mm/1.5 mm and each of the 2 samplings had a
thickness of 13.4 X0 (0.536 λI ). In the hadronic section, the tungsten/quartz plate thickness
was 5 mm/2 mm and each sampling has a thickness of 0.796 λI . The plates are inclined at 45
degrees.
The photodetectors were arranged in a matrix of 4 or 6 APDs and PMTs. Figure 7.12 shows
a picture of the fully assembled prototype II positioned on the moving table at the H2 beam
line of the SPS at CERN.
7.2.2.4

Beam test of Prototype II

The beam test of prototype II took place in October 2004 at the H2 beam line of the SPS at
CERN. Electron, hadron (π − ) and muon beams at several energies were used. A telescope
of scintillator detectors and wire chambers were upstream of the prototype, giving precise
information on the position of each particle hitting the calorimeter.
Electron beams of energy 20–200 GeV were used in the test. Together with electrons, muons
were also detected, as shown in a typical spectrum, Figure 7.13. The electron peak is almost
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Figure 7.11: Resolution vs. distance from the calorimeter center for 80 GeV electrons in
several points (AE) of J2, J1 and S1 sectors, all connected to Hamamatsu PMTs.

Figure 7.12: Assembled prototype II on the moving table in the H2 beam line.
always well fitted with a Gaussian curve.
7.2.2.4.1 Linearity of response
Figure 7.14 shows the linearity of the energy response
using an electron beam for different photo-devices: groups of 4 and 6 APDs and the Hamamatsu PMT.
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Figure 7.13: Typical energy spectrum with 100 GeV electron beam.

Figure 7.14: Linearity of the energy response with electrons at several energies and for different readout devices.
7.2.2.4.2 Energy resolution
The energy resolution was obtained for the 3 readout devices – 4 and 6 APDs, and the PMT. Figure 7.15 shows the comparison of the resolution for 4
APDs and the PMT.
7.2.2.4.3 Uniformity of response and position resolution
The response for different
points of impact of electrons was studied using an 100 GeV electron beam and 4 APDs as
photodetectors. Figure 7.16a shows the result of this scan and the characteristic energy response of the 2 channels, as the beam moves from one to the other. The derivative of the
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Figure 7.15: Comparison of the energy resolution with the PMT and 4 APDs as the readout.
sigmoid response curve gives the width of the EM shower transverse size (Fig.7.16b). We
obtain a FWHM of ≈2 mm, in agreement with Monte Carlo simulations. This means that
95% of the EM energy is contained within a cylinder of a radius of approximately 5 mm.

Figure 7.16: Spatial response (a) and resolution (b) of the EM section for 100 GeV electrons.

7.3 The Zero Degree Calorimeter

7.3. The Zero Degree Calorimeter

7.3.1
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Description of the calorimeter

The ZDCs need to be compact, fast, highly radiation resistant and with good energy and
time resolution. To accomplish this it is planned to use tungsten as an absorber and collect
the signal from Cherenkov light emitted by relativistic charged particles in quartz fibres. This
is the basis of the hadronic forward calorimeter in CMS. A similar design has proved very
robust at RHIC.
The design requirements for the ZDC are:
1. width < 9.6 cm, length < 100 cm;
2. energy resolution sufficient to resolve the 1 neutron peak;
3. very high radiation tolerance;
4. low sensitivity to induced radioactivity;
5. rate capability above 50 kHz (for Ar-Ar);
6. vertex resolution through timing of few cm, i.e. σt ≈ 100 ps.
The zero degree calorimeters for CMS will follow closely the successful RHIC design [218,
219]. Figure 7.17 shows the design of the RHIC ZDC modules. These are Cherenkov calorimeters which sample only the high energy core of the induced showers. The use of tungsten
provides sufficient density to contain the transverse spread of the signal to within a few cm
of the initial trajectory. Quartz fibres provide high radiation tolerance. To accommodate the
higher energy of LHC, we plan to increase the depth of the calorimeter from 6 to 8 interaction lengths. Cherenkov calorimeters are almost immune to induced radiation since they are
only sensitive to high velocity charged particles. Since the typical energies will be 25 times
larger at the LHC than at RHIC, a large amount of Cherenkov light is produced. Therefore
the calorimeter can be made more compact, by using 1 cm or 1.5 cm plates instead of the
0.5 cm plates used at RHIC and still have adequate photostatistics. The proposed layout of
the detector is shown in Figure 7.18.
A GEANT 4 based simulation of the ZDC is available. Figure 7.19 shows a simulation of the
ZDC response to 1 TeV neutrons. The peak has a width of ≈ 12%. Figure 7.20 shows the
shower simulation of a single neutron with energy of a 1 TeV in the ZDC.
The location and configuration of the zero degree calorimeters for CMS follows closely the
successful RHIC design [218, 219] adapted to accommodate the different accelerator geometry. To measure forward going neutrons the calorimeter needs to be located at the end of
the straight section surrounding the interaction point between the 2 pipes containing the
counter-circulating beams. In CMS this occurs 140 m from the vertex at the so-called “pair
of pants.” This area is inside the Neutral Beam Absorber device (TAN) which shields the
superconducting magnets from synchrotron radiation produced by the beams. Figure 7.21
shows a picture of the TAN.
The TAN surrounds the beam splitting area with copper absorbers. To allow measurement
of the forward going energy, the design of the TAN includes a detector cavity precisely at
zero degrees. During pp runs part of the cavity will be filled with a shower maximum gas
detector for measuring luminosity and to help with tuning the accelerator [220]. We propose
to use the vacant space within the TAN for the ZDC.
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Figure 7.17: Mechanical design of the RHIC ZDC modules. Dimensions shown are in mm.
We propose to use 3 such modules for the hadronic section and 1 smaller module with vertical plates for the electromagnetic section.
The detector cavity inside the TAN is 9.6 cm wide and 100 cm long. The strongest constraint
on the design of the ZDC is that it must fit inside the TAN. A large space is available above the
beam center line but only 6.7 cm is available below. The short length of the cavity precludes
our copying the ALICE design [221] which has a total length of 140 cm. Therefore we propose
to follow the design of the RHIC ZDCs [219] and read out the calorimeter from the top. The
geometry of the TAN precludes the measurement of the spectator protons since they will
be bent into the absorber. However our experience at RHIC shows that measurements of
the spectator neutrons and charged particles at mid-rapidity will allow us to measure the
number of participant nucleons, Npart , to within 5% for Npart ≈ 80, dropping to 3% for the
most central collisions [222].
As mentioned above, the TAN will also house an instantaneous pp luminosity monitor, similar to that used at HERA. The luminosity monitor will have a depth of 10 cm along the z
axis and will need to have an absorber in front of it to convert high energy photons into electrons. This absorber will be the electromagnetic section of the ZDC. With a depth of 10 cm
it should be possible to make this 22 radiation lengths deep. The remaining 80 cm behind
the ZDC will be used for the hadronic section. This will consist of 3 modules each 1.6 interaction lengths thick. The tungsten plates will be tilted at 45o in order to equalize, as best as
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Figure 7.18: Side view of the ZDC showing the electromagnetic and hadronic sections with
the luminosity monitor in between.
possible, the response of the detector to electromagnetic and hadronic energy. For the electromagnetic section the plates will be oriented vertically. The pp monitor is not expected to
significantly degrade the energy resolution of the ZDC and may well enhance it by serving
as a shower maximum detector. The ZDC and luminosity detectors are now included in the
CMS software framework.
There has been considerable interest within the HCAL group on using the ZDCs and CASTOR to improve the missing energy resolution of CMS. For this reason we have decided to
use the ZDCs for the first 2 low luminosity pp runs. This will require the use of quartz/quartz
fibres.
The radiation load of 300 kGy/year of Pb-Pb runs for the ZDCs is about 1/3 of that expected
for the forward hadron calorimeter, HF, in the region 4.5 < η < 5.0. During the pp runs the
power dissipated in the TAN will reach a maximum of 10 W/Kg, i.e. 10 Gy/s [220]. Thus
in a year of pp run we would expect a dose of about 180 MGy or 18 GRad. Hence it should
be possible to use the same fibres as used in the HF. These are so called “Quartz-Plastic” or
QP fibres which have a quartz core and a plastic cladding. However one of the advantages
of CMS is the ability of the DAQ to take the full luminosity for pA and light ion collisions.
For these systems the radiation load could be much higher and so it seems prudent to use
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Figure 7.19: Monte Carlo simulation of the ZDC response to 1 TeV neutrons.

Figure 7.20: Visualization of the ZDC response to one 1 TeV neutron shower.
fibres that have the maximum possible radiation hardness. This would imply using the more
expensive “Quartz-Quartz” fibres.
To minimize risks we plan to use the 8 stage Hamamatsu R7525HA, the same tubes as for
the HF. These have been studied very extensively in high radiation environments. They are
optimized to match with the CMS readout system. A large dynamic range is accomplished
through a multi-range technique.

7.3. The Zero Degree Calorimeter
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Figure 7.21: Close up of the TAN showing the cavity which will hold the ZDC.

7.3.2

Calibration

The best way to calibrate the ZDCs is by observation of the 1 and 2 neutron peaks from the
heavy ion physics runs. Figure 7.22 shows these peaks in a spectrum of AuAu collisions at
RHIC [218]. At RHIC the stability of the system is also monitored by using LEDs to inject
a known amount of light into the ZDC photomultipliers. It should be possible to get some
information about the radiation damage to the fibres by injecting light into the bottom of the
fibres themselves.

7.3.3

Trigger and DAQ

The plan is to copy the HF readout chain, but the high radiation levels and the large dynamic
range required cause some complications. To avoid damaging the electronics we will transfer
the signal along fast hard core cables to the counting room. There the signal will be split 3ways for timing and low and high gain energy measurements. The ZDCs can then provide
the following information to the trigger system:
1. Vertex Position: c(Tleft − Tright );
2. Timing: (Tleft + Tright )/2;
3. Hadronic Interaction Trigger: (Eleft ≈ Eright );
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Figure 7.22: ZDC spectrum for electromagnetic Au-Au collisions with

√

Snn =130 GeV.

4. Electromagnetic Interaction Trigger: (Eleft & Eright ) or (Eright & Eleft ).
Initial discussions [223] indicate that it should be possible to use the ZDCs at Level 1.

7.3.4

Heat dissipation

We might expect a heat load from radiation of ≈ 200 W. We plan to remove this heat by
bonding the tungsten to copper side plates. Figure 7.23 shows results of a test in which
heat was injected into an insulated steel plate, with similar conductivity as tungsten. The
temperature was then measured as a function of time at 12 points around the plate. The only
cooling for the plate was provided by 2 copper strips that extended outside the insulation
into the air. From these tests we expect a maximum temperature rise of 20◦ C.

7.3.5

Performance

We expect the ZDC hadronic section to have a resolution of 10% for 2.7 TeV neutrons. The
electromagnetic section is designed to reconstruct 50 GeV photons. At this energy the resolution is 11%. As the photon energy increases to 100 GeV, the shower penetrates deeper into
the calorimeter causing some leakage into the luminosity monitor. Since the showers are
very narrow and the electromagnetic section is divided into 5 sections horizontally we can
get position resolution of ≈ 6 mm. This will be very useful for measuring the beam crossing
angle. Finally, given the timing resolution of order 100 ps we can make vertex selection with
a resolution of 3 cm. This can be done in the level 1 trigger.

7.4 Trigger for common CMS/TOTEM runs
The trigger is a key component in capitalizing on the physics potential provided by combining data from CMS and TOTEM1 . The feasibility of a special forward-detectors trigger
1

This section gives a brief overview of results from a common study performed by CMS and TOTEM
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Figure 7.23: Temperature as a function of time for points at various distances along the x-axis
of the heated plate. The plate is cooler near the copper strips at the side.
stream, with Level-1 and HLT output target rates of O(1) kHz and O(1) Hz respectively, will
be discussed in detail in the Volume 2 of the Physics TDR, along with the potential of the
already foreseen CMS Level-1 trigger streams. The aim is to be able to select events in which
the interaction is mediated by the exchange of the vacuum quantum numbers – yielding
large rapidity gaps in the final-state hadron activity as well as final-state protons carrying a
large fraction of the incoming beam momentum.
The forward-detectors trigger stream combines the information of the central CMS detector
with that from detectors further downstream of the CMS interaction point (IP), notably the
TOTEM T1 and T2 tracker telescopes as well as the TOTEM Roman Pot detectors up to 220 m
downstream of CMS [211]. Information from TOTEM will be available to the CMS Level-1
trigger. We also consider the detectors at a distance of 420 m, in the cryogenic region of the
LHC ring, currently being studied by the FP420 project [212]. Additional information from
detectors in the forward region will be available from CMS, namely CASTOR and the ZDC,
discussed in the previous sections, but this information was not used here.
The advantages of a trigger stream that combines CMS and TOTEM quantities include:
• Thresholds can be used for the quantities measured by the central CMS detector
that are substantially lower than in conditions based on CMS alone. This is crucial
for retaining central exclusive and diffractive events in the Level-1 trigger, since
these events typically have energy depositions below the standard Level-1 trigger
thresholds.
• The TOTEM T1 and T2 tracker telescopes can be used to veto events with activity
within their rapidity range; this is important to implement a large-rapidity gap
selection in the trigger.
• At the HLT, a powerful selection condition for central exclusive events is provided
by the kinematic correlation between the missing mass evaluated from the protons
momenta and the mass measured in the central CMS detector.
• The TOTEM tracker telescopes T1 and T2 can also be used in a minimum bias
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trigger. This trigger would be fully independent of the central CMS detector and
hence would be ideal for cross-calibration purposes. In addition, since T1 and T2
provide track information, they could trigger events that depose too little transverse energy in the CMS calorimeters to pass the calorimeter noise thresholds.
Central exclusive production of a Higgs with mass close to the current exclusion limit is a
prime example of a reaction that the forward trigger stream can retain: a Standard Model
Higgs with 120 GeV/c2 mass decays preferably into two b-quarks. The relatively low transverse momenta of the resulting 2 jets necessitate Level-1 jet ET thresholds as low as 40 GeV.
Thresholds that low would result in a Level-1 trigger rate of more than 50 kHz, due to the
QCD background, essentially saturating the available output bandwidth.
The output rate of a dijet Level-1 trigger condition with thresholds of 40 GeV per jet can
be kept at an acceptable level of order 1 kHz, in the absence of pile-up, by either using the
TOTEM T1 and T2 detectors as vetoes or by requiring that a proton be seen in the TOTEM
RP detectors at 220 m on one side of the IP. This gives a sufficient reduction of the QCD
background event rate. At higher luminosities, up to L = 2 × 1033 cm−2 s−1 , where pile-up
is present, it is necessary to combine the single-sided 220 m condition with conditions based
on event topology and on HT , the scalar sum of all Level-1 jet ET values; it is also necessary
to impose a ξ cut at Level-1 — an option actively being pursued by the TOTEM collaboration
at the time of writing. For a detailed discussion, the reader is referred to [224]. These Level1 trigger conditions result in signal efficiencies of about 15%. This is a substantial increase
with respect to the approximatley 10% efficiency achievable by selecting events with a muon
in the final state (i.e. exploiting the relatively muon-rich final state of b decays), the only
condition possible within the given bandwidth limits if using CMS alone.

