FERMILAB-PUB-10-718-CMS

Available on CMS information server CMS NOTE -2010/015
m\s The Compact Muon Solenoid Experiment
—~—  CMS Note
S \
S 7
A\ | T Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland
19 July 2010

Physics and Beam Monitoring with Forward
Shower Counters (FSC) in CMS

Alan J. Bell, David d’Enterria, Richard Hall-Wilton ®, Gabor Veres

CERN, Geneva, Switzerland
Valery Khoze
Institute for Particle Physics Phenomenology, Durham University, U.K.
Michael Albrow ®, Nikolai Mokhov, Igor Rakhno
Fermi National Accelerator Laboratory, USA
Erik Briicken, Jerry Lamsa b) Rauno Lauhakangas, Risto Orava
Dept.of Physical Sciences, University of Helsinki and Helsinki Institute of Physics, Finland
Paul Debbins, Edwin Norbeck, Yasar Onel, Ionos Schmidt
University of lowa, USA
Oleg Grachov, Michael Murray
Kansas University, USA
Jeff Gronberg
Lawrence Livermore National Laboratory, USA
Jonathan Hollar
U.C.Louvain, Belgium
Greg Snow
University of Nebraska, USA
Andrei Sobol, Vladimir Samoylenko

IHEP. Protvino, Russia

Aldo Penzo

INFN Trieste, Italy



Abstract

We propose to add forward shower counters, FSC, to CMS along the beam pipes, with 59 m < z <
140 m. These will detect showers from very forward particles with 7 < n < 11 interacting in the beam
pipe and surrounding material. They increase the total rapidity coverage of CMS to nearly AQ = 4,
thus detecting most of the inelastic cross section 0;y,.;, including low mass diffraction. They will help
increase our understanding of all high cross section processes, which is important for understanding
the “underlying event” backgrounds to most physics searches. To the extent that the luminosity is well
known, they may (together with all of CMS) provide the best measurement of o;,,.; at the LHC. They
are most useful when the luminosity per bunch crossing is still low enough to provide single (no pile-
up) collisions. They will allow measurements of single diffraction: p + p — p @ X (where & means
a rapidity gap) for lower masses than otherwise possible, and double diffraction: p+p — X & X
with a large central rapidity gap. They can also be used as rapidity gap detectors for double pomeron
exchange and central exclusive processes. Studies of exclusive processes such as vy — p*pu~ (for
luminosity calibration and eventually momentum calibration of forward spectrometers) can be made
more cleanly requiring gaps in the FSC counters.

Models of forward particle production can be tested indirectly through simulations of hit patterns in
the counters. This may reduce the uncertainty on very high energy (£ ~ 10'7 eV) cosmic ray shower
parameters. For heavy ion collisions, the counters act as crude forward calorimeters detecting nuclear
fragments (supplementing the ZDC), as well as enabling the study of coherent quasi-elastic scattering
e.g. Pb + Pb — Pb @ X @ Pb via two-photon interactions.

The counters can also be used for real-time monitoring, and if desired for vetoing in the level 1
trigger,both incoming and outgoing beam halo-generated backgrounds (separated by timing) and beam
conditions generally. These counters represent a significant enhancement of the beam monitoring, and
will make an invaluable contribution to the understanding of the background environment and its
topology. They can also provide an additional luminosity monitor, up to luminosities such that the
number of interactions per bunch crossing is (nx) ~ 5.

This note discusses mainly the physics issues; more technical details will be presented in another note.
Basically we propose a set of scintillation counters at several locations between 59 m and 140 m along
the beam pipes (on both sides), and read out by DAQ electronics identical to that of the HF, with some
inputs to the level 1 trigger. Bunch-by-bunch information on rates etc. will be provided for LHC
operations. The cost is very modest, given the added value to many physics studies in CMS and to our
knowledge of beam conditions generally.
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1 Introduction and summary of physics goals

We propose to add very forward scintillation counters dipseirrounding the beam pipes with 59 m
< |zl £ 140 m from IP5 on both plus (+) and minus (-) sides. These iogatare upstream of the TAN and the
ZDC, and where both incoming and outgoing beams are in a conmipe, which is warm and accessible in some
places. We call these counters Forward Shower Counters, th8Zdo not detect primary particles directly from
thepp collisions, but showers produced by small angle and higihggne- TeV) particles that hit the beam pipes
and surrounding material.

This note gives an outline of the physics that will be madesjids, or much improved, with a simple set
of scintillation counter paddles. The baseline designtierdounters is to have two at each of severalcations,
one above and one below the beam pipe, with elliptical ougrccut-outs fitting closely around the beam pipe.
Refs. [1] and [2] present some of the physics case, includeglfor completeness. An accompanying note [3] will

cover the technical aspects. The counters will coveg7n| < 11, wheren = —In tang is the pseudorapidity,
depending on the particle type apgd. By nearly completing the rapidity coverage of CMS, theltstdid angle

approached() ~ 47, and almost all inelastic collisions will be detected. Ie tiext section we discuss possible
locations.

In addition to their giving added value to the CMS physicsgpamme, they will be important for under-
standing beam-related backgrounds (beam-gas, beam ip&pepc.), complementing other monitors such as the
BSC [4]. For this purpose we also propose to add a few (pertwapsen each side of CMS) directional Cherenkov
counters (DCC) [5]. These are simply cylindrical rods oft@sylic plastic, about 5 cm in diameter and 12 cm
long, closely adjacent and parallel to the beam pipe. WitthMd Rt each end, incoming and outgoing particles
(or showers) can easily be distinguished by the pulse heiginnmetry. Placed close to a scintillator that can
distinguish incoming and outgoing showers by timing, eaahmonitor the performance of the other.

The primary physics use of the FSC is for diffractive physiaxth as rapidity gap detectors and to measure
very forward showers in low mass diffractive excitationbioth cases when the luminosity per bunch crossing is
low enough to have some events without pile-up. They can bd affectively as a pile-up veto in the level 1
trigger for single diffraction, especially for hard diffrtion (W, Z, dijets) and central exclusive production (tje
etc.) resulting from pomeroiP or photony exchanges [6, 7]. Hard single diffraction physics can ordydone
cleanly with a single interaction in the bunch crossingh#re is more than one (a) there is no rapidity gap and (b)
even if the forward proton were to be detected it is usuallypossible to match the proton with the correct central
event. We use the symbel to mean a large rapidity gap, with no hadrons. Central exeysroduction [6], e.g.

p+p—=p@LTi— ®p,p®JJEp(J=jet)andp ® vy D p, can be studied without forward proton detection by
selecting large rapidity gaps. Forward coverage by the F8®evessential for these studies. Feynmamefined

asrr = p./Dveam = 2p1/+/S IS very close tacr(p) = 1.0 for the protons in these reactions. With= 1 — xp, in
the central exclusive cager p — 1® X @2 we haveM (X) ~ /&;.&2 X /s. In single diffractiorp+p — p& X
we haveM (X) ~ /€.4/5.
This proposal is independent of the proposal to install ¥emyard (z = 240 m and 420 m) High Precision
Spectrometers (HPS) [8], although there is some overlapdmersonnel, and the physics is related. However we

expect that they will be useful in combination (FSC+HPShére are still some bunch crossings with no pile-up
when both are operational.

As this physics program requires no pile-up, it requiresteothigh luminosityper bunch crossingl / X .
But the average number of inelastic collisions per buncBgirg,(n;,.; /X ), need not be as low as 1. We have:

(Ninet/X) = (L X 0inet)/(Np X f), (1.1)

where L is the luminosity,o;,.; the inelastic cross sectiody, the number of bunches andis the revolution
frequency  ~ 1.1 x 10%*/sec.). The probability of an event of interest having nceotpile-up interactions is
P(0) = e~ {mina/X) Even atL = 10%® cm~2s7!, if 6;,.,, = 80 mb and with 50 ns between bunch crossings,
(ninet/ X)) =5, there will still be~ 5 x 105 crossings/second with exactly one inelastic interactidrerefore the
part of the physics program with 2 1ub, which is much of this general diffraction physics prograe; will still

be possible. The physics processes motivating this propasa high cross sections, typicallyo, so even with
small efficiency (due to pile-up) they can be studied. As lag@;,..;/ X) is notalways>~ 5, even at the end of

a store, data can be still be collected with useful stafistic
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Figure 1: Efficiency (fronDPMJET) of detecting different particles producedpat = 0.5 GeV/c vs;. Protons and
neutrons are the most abundant particles at such largetsapid

As most of the pile-up events will have forward particlesgigshowers in the FSC, they can be effectively
vetoed at the level 1 trigger. For single diffractive extida one would require (in addition to other criteria, such
as HF gaps) all the counters on one side (in logical OR) to Ibsistent with noise. Showers will usually give a
large pulse height, many times that of a minimum ionizingipkr (MIP), and are easily discriminated from noise.
Off-line, multiple events in a bunch crossing also usuallyegnore than one primary vertex, as reconstructed
from the excellent central tracking capabilities of CMS wéwer low mass diffractive excitation events can have
all the produced particles at small polar angles, and thermage measured tracks, and/or they will not form a
reconstructable primary vertex.

Another physics channel that will be made possible by the IES@~ mass double pomeron exchange.
Ideally this requires detection of both coherently scatgrrotons, but that is not possible in CMS (even in combi-
nation with TOTEM, except in special highfunning). However we can allow both protons to dissociate fiow

mass states (e.g.— pr ™7~ ornm ) which give hits only in the FSC or ZDC, and can provide a teégdPomeron
exchange is then selected as having large rapidity gapsbketthose forward showers and a central state, which

may have low mass (a few GeVjc

Simulations of very high energyi( > 10'7 eV) cosmic ray showers differ in important parameters such
as the height of shower maximunX,,,.., from which one attempts to distinguish proton from ironnparies.
The various Monte Carlo simulations (e.gIBYLL, DPMJET, EPOS andQCSJETY embody extrapolations from
much lower energies; in fact there are no measurements afetidhadron spectra with.05 < xp < 0.85
at energies higher thay's = 63 GeV (ISR). The FSC cannot directly measure forward ahfgadron spectra.
However forward particle simulations (in general inelastllisions) can be passed through beam line and detector
simulations and the results compared with data. Even ththagimformation is limited, there are no other detectors
at the LHC that cover this region. For example the FSC carctlate™ with pr = 0.5 GeV/c andvr = 0.3 at/s
=14 TeV; these have = 9, and their detection efficiency is shown in Fig. 1 for a jgaittr counter configuration
(see Section 6).

The FSC can also give added value to the heavy ion prograr,iyomeasuring forward nuclear frag-
ments (including protons, and complementing the ZDC whietects only neutrongs?, and photons), and by
selecting coherent nuclear scatters with rapidity gags €ey collisions).

The earlier the FSC are installed, the greater will be theirdiit to the diffractive physics program and
to beam background monitoring. Furthermore, if the FSC gerational in time for physics afs = 7 TeV, and

continue into thg/s = 10 TeV-14 TeV periods, we will be able to measure {edependence of diffractive cross
sections. Therefore an approval in time for an installatiaring the Winter 2010-2011 shut down is important.



2 Locations in LHC tunnel

A discussion of the possible locations @hof FSC counters is presented in the accompanying note [3].
Here we briefly mention seven positions shown in Table 1 (oched the + and - directions) in front of and behind
the MBX magnets, where the warm elliptical beam pipe is agibés see Fig??, and detectors can be placed.
Beyond those locations there are further places out to 14Gererthe vacuum pipe flares and the TAN is located,
but the (circular) beam pipe there has larger diameter, 25 There are 3 m concrete shielding blocks at
107.2,118.2 and 131.2 m, and their front face, as well agtine face of the TAN, may be good locations, shielded
from incoming particles. Some locations are best placedgtinduish incoming and outgoing beam halo using
timing; with 50 ns between bunches the maximum time diffeeahit is 25 ns, is easily distinguishable. We will
show somevARS simulations of coverage for counters in these MBX locatidhgther simulations are now being
done to choose-locations that maximise the forward coverage (e.g. fortthal inelastic cross section, and for
low mass diffraction). Also, some-positions may be more useful than others for beam backgroumitoring.
A location closer to the interaction point, e.g. betweengbadrupole triplet and the TAS, will also be considered,
mainly for background tagging.

Location z(mm) At (ns)

1 59426 3.8
2 63751 0.0
3 68026 3.5
4 72301 7.0
5 76576 10.5
6 80851 11.0
7 85126 7.5

Table 1: Possible locations of counters on each (+ and -) q@penaround the MBX magnets, as used in the
simulations, and the time differenc® between incoming and outgoing bunch passes for 25 ns buraaingp
Additional locations beyond the MBX magnets with 12.5 nsdjuseparation are available.

Figure 2: Example of a region between MBX magnetSigure 3: Example of the region in the LSS be-
where FSC counters can be placed. yond the MBX magnets where FSC counters could
be placed.

The FSC counter locations are close enough (closer thanDi@ r their signals to be included in level
1 triggers. The minimal (and probably sufficient) triggegrsil is a logical-OR of all the FSC on each arm. These
will be used both in a positive requirement and as a veto,ttegenith a central signal”, whereY = central
> Er, di-leptons, jets, etc., sometimes in combination with or £ sums from the HF (again, either positive or
in veto). The possibility to use simple logical combinasasf these counters is kept open at this time. It is also
foreseen to provide a background tag for incoming backgiddtem the LHC tunnel to the CMS detector, using
hit timing as a discriminant and to be used as a backgrourmdsheiuld it be required.



3 Towards 4r coverage for CMS, ando;,,;

At present there is no detector at the LHC that has very clmsermplete coverage for inelastic collisions.
Experiments cover a large fraction of the dolid angle but not the small polar angléswhere the particle density
is high, as are their typical energies. At the highest enatgyhich these cross sections have been measured, the
Tevatron with,/s = 1800 GeV,g,; = 72 — 80 mb, ando.stic = 16-20 mb, implying (although it has not been
directly measuredy;,.; = 52-64 mb. At,/s = 10 - 14 TeV we may expect (approximateby),; ~ 110 mb,
Oelastic ~ 30 mb, ant;,,; ~ 80 mb. Althougho,,; ando.;.stic are important, when it comes to understanding
cosmic ray interactions (for example),.; is at least as important. We believe that the combinatioh@gkisting
CMS detectors (including CASTOR, T2 and the ZDC) with the FB€sents a unique opportunity to measure this.

The existing detectors of CMS from = 0 to the forward edge of the HF calorimeter|af; » (mazx)]
= 5.2, are essentially free of cracks and have good efficiédoicgetecting all events that have particles in that
region. Beyond that, CASTOR (on one side only) with < n < 6.4 is a deep electromagnetic and hadronic
calorimeter. Diffractive events with particles only mowward, on one or both sides, will not be detected, unless
they happen to have a neutral particte K9 or n/n) very close to = 0° which are detected in the ZDC. The

beam (true) rapidity a{/s = 7 (10) (14) TeV is 8.9 (9.3) (9.6). A diffractively scattérproton withpr ~ 1 GeV/c
hasn ~ yueqm @and we will ignore the distinction betweerandy in this discussion. Then a rapidity regidyy =
3.7 (4.1) (4.4) in the forward region at these three eneligiest covered (apart from by the ZDC for neutrals) on
one side (1.2 units less on the CASTOR side). As a rule of thandiffractive mass\/x covers a rapidity region

Ay ~ In(M%/so) with s ~ 1 GeV?, thus diffractive masses/x < 6.4 (7.8) (9.0) GeV/E are not detected.
The diffractive highz» peak in the proton spectrum has the behavigifs oc (1/M?)+¢, wherel + ¢ ~ 1.1

is the intercept of the pomeron trajectoryp (t) = 1 + € + ot. So the missing low mass diffraction region is a
significant part of the total single diffractive cross seatiwhich iso ;s ~ 10 mb at the Tevatron and rises with

\/s. It should be included in a measurementgf,;.

By including a set of counters in this important forwardegion we considerably increase the fraction
finer Of inelastic collisions that are detected. The missed ifsact — f;,.; corresponds to events wheaé the
produced particles either went through remaining cracksdy(elastic scattering events hawme particles outside
the beam pipes at this distance) or are not detected throetgbtdr inefficiencies. Very lowr charged particles,
even if they do not leave a track stub in the silicon trackpirad in the solenoidal field and can hit the forward
calorimeters. The overall inefficiency,— fi,.;, which we expect to be< 1% if we have the FSC, can be
estimated by simulation of all inelastic events (with piags such aBHOJETandMARS, tuned to reproduce the
data after detector simulation). Then if P(0) is the proligtthat a bunch crossing is found to have no detected

particles,o;,.; follows from Eqn. 1.1, withP(0) = e~ {"n<t/X) Knowledge of the bunch-by-bunch luminosity
may be the biggest uncertainty, but improvements in Van deecanning [9] and other techniques (e.g. the
QED process + v — p+ 1) should reduce this to a few percent or better. It is necggsanonitor therelative
luminosities of all the bunch crossings in this process,@sedy the HF and PLT luminosity monitors. Then a
systematic uncertainty on the procedure can be derived fhendependence, if any, of the measusgd,; on the
bunch luminosity.

The main uncertainty in the;,.; measurement, apart from the luminosity, is likely to be dateter
detector noise, rather than inefficiency. This can be welisneed in crossings at low luminosity (with a zero-bias
trigger) with no tracks and (e.g.) with the FSC on both sidepty. Nearly every event (and certainly almost
every detector region) is then only showing noise. Thereottner ways of measuring the noise spectrum in the
FSC themselves, such as the luminosity dependence of aagshort single beam runs. One could also make the
noise in the FSC negligible by doubling the counters:fimnd demanding a coincidence, but this is probably not
necessary. In the similar CDF counters, described nexgétfound that of the two counters at the sanfbut not
overlapping), when one detected a shower it was nearly aaiso seen in the other. We expect a measurement
of o;ne; at the few % level after these studies.

Similar forward shower counters have been used in ZEUS [ti@]edsewhere. The Collider Detector at
Fermilab, CDF, included a similar set of counters (calledBeShower Counters, BSC) used in veto at level 1 for
some physics (central exclusive production). These weirs pé scintillation counters, closely surrounding the
beam pipe, at locations up to 56.4 m from the intersectiontpdihe closest counters had acceptance for primary
particles with5.4 < |n| < 5.9, and were preceded by two radiation lengths of lead to copyertons. The other



counters were behind quadrupoles, electrostatic separamal (for the last counter) a dipole magnet. These only
detected showers produced by particles in the beam pipe w@mousding material. Together they covered 5.4

< |n| < 7.4 (the Tevatron beam has$p) = 7.65, where rapidity/(p) = In % They were used effectively to

veto pile-up and trigger on rapidity gaps in level 1 triggexsd to tag events with proton dissociation. CDF also
had a set of Roman pot detectors, with tracking, to meastfractively scattered antiprotons. It was found that
high mass single diffraction studies of dijel®,, andZ with ap track are dominated by pile-up (tipeand the hard
central state being from different collisions) even whep,.;) < 1, unless a forward rapidity gap is required. The
requirement of a rapidity gap is usually necessary (andcseiffi) to select events dominated by diffraction. Note
however that in centraxclusiveproduction withboth protons measuregp p — p & X @ p) four-momentum
conservation and precision (relative) timing of the praenable physics to be done with no gap requirement even
with (n/X) 2 25[11].

CDF published papers on exclusiwg&e™ [12,13], ut ™~ [14] and~y [15] production that would not
have been possible without their BSC. See Ref. [16] for audision of exclusive lepton pairs and photoproduction
in CMS.

4 Single and double diffractive excitation

A major goal of the early programme of forward physics is theasurement of the main characteristics of
diffractive interactions. These processes are very siganifiin their own right to better understand QCD in the non-
perturbative regime, and they form a large fraction of thaltoross section. In addition, they are valuable because
of their intimate connection to the rapidity gap survivabpability 52, which determines the rate of suppression
of central exclusive processes caused by additional pamteractions and rescattering effects. These detectors
will allow the measurement of low mass single diffractivesticiationp + p — p + p* — p ® X, whereX is
a system of particles with typically/ (X ) ~ few GeV/&. This physics is not possible with the central detectors,
as the hadrons coming from the fragmentatioXofiave forward (longitudinal) momenta TeV/c and transverse
momentgpr < 1 GeV/c. The FSC cannogconstructthese very forward primary hadrons, but the patterns of
their signals can be compared with simulations of soft diffion to test the models. Such data are important, as
they will strongly constrain existing models of diffractiyprocesses.

Different behaviours of the diffractive cross sections predicted for different asymptotic behaviours
of the total cross sectiosy,;. It is therefore important to study diffractive dissoctatiprocesses at the LHC.
The experimental results available at present are fragamgraind of course at lowey’s. To further constrain
the parameters of the models of soft diffraction one needsdke measurements at LHC energies of the single

diffractive dissociation cross section for low masses, afrckntral diffractive productiondn‘f—;m, wheren; andn,
define the pseudorapidity range of the central system.

None of the major LHC detectors (ALICE, ATLAS, CMS, and LHOigve the coverage necessary to
measure forward rapidity gaps. We have performed simulataf several reactions to establish the efficiency of
an example FSC detector arrangement. The results predesrtedorrespond to seven locations around the MBX
dipole magnets, with 59 mt z < 85 m. Largerz locations are possible up to 140 m, but the beam pipe diameter
are larger (22.5 cm). The actual optimal locationg iof the counters will be established in conjunction with the
technical issues, but the physics arguments in this notgeareral.

4.1 Single diffraction, SDE:p+p —p® X

The FSCs cover a key rapidity region between the zero degiledmeters, ZDC, in CMS (which detect

neutral particles produced closefte= 0°), CASTOR, and the TOTEM detectors T2. Single diffractiveigation,

SDE, is the process+ p — p ® X. The dependence dff (X) on rapidity gap sizé\y is %X) ~ e~ which

can be used to estimate the mass spectrum, after correotitigef more detailed relationship using Monte Carlo
expectations. Strictly, true rapidity should be used, but for practical reasons usually considered to be an
acceptable approximation, especially in the central regila the very forward region of the FSC the difference
diverges, and a& — 0°,n — oo, while ypeqm — 8.6 aty/s = 10 TeV. Furthermore the FSC are beyond the MBX
bending magnets, so the angular coverage of a detector dbesmespond exactly to apregion, and is different

8
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Figure 4: The detection efficiencies for single diffractieents simulated bypYyTHIA6.2 as a function of the
diffractive mass. We required at least five hits in any of theviard shower counters, or at least one track imthe
region covered by T1/HF or T2/CASTOR, or a minimum energyadifin the ZDC (see text).

for charge = +1 and@ = -1 particles. So the coverage is a functior( €, y, pr). While these distinctions are
taken into account in our simulations, for the purpose ofalsion we sometimes ignore them.

Fig 4 shows results of a simulation, usirgTHIA6.2, of the efficiency of detecting low masi/(X) <
10 GeV/@&) single diffractive excitation with different combinatie of detectors. The ZDC are quite efficient for
detecting the~ 50% of dissociations with a small angle neutron. The othen&y especially with/(X) < 4
GeV/&, require the FSC to be detected.

At present, without detecting diffractively scatteredtois and without the possibility of detecting very
forward rapidity gaps (oveAy ~ ypeqam — 3) We are unable to distinguish events dominated by diffeactiom
non-diffractive events. The FSC, perhaps in combinatiotihn WIASTOR and the HF, will allow us to address
questions such as the heavy flavour, jet &/igdZ content of events with large forward rapidity gaps and those
with no such gaps. Such hard diffractive processes have tleserved at the Tevatron, and in a model where
the exchanged pomeron has a quark/gluon content, togéteptobe its composition. Although even with full
A} = 4w coverage one can only classify inelastic events as diffracir non-diffractive in a model-dependent

way, all would agree that an event with a rapidity gap®f 5 units is dominated by diffraction and one with no
gap exceeding 2 units is certainly not. But without detegtip > 0.95 protons or théd\y > 3 gaps adjacentto
them (as at present) it is not possible to distinguish betvdiéraction-dominated and non-diffraction-dominated

events®.

4.2 The odderon

The odderon is, at leading order, triple-gluon colour-&hgxchange with charge-parity C = -1, which
distinguishes it from the pomeron with C = +1, and which isaading order a pair of gluons. There is no clear
evidence for the odderon yet, although it is possible thaiitbe discovered in CMS or TOTEM. The FSC could in
principle make that possible. A central exclusi#8” = 1~ state such as thg J /v or Y between large rapidity
gaps (say\n = 4) cannot result fromy~y exchange oiP IP exchange in thé-channel, which give only = even
andPC = ++ states. They normally result from photoproductioi;, as measured at HERA and recently at the

*) When we publish a result classifying events as “diffractive“non-diffractive” it is important to state the criteriased, as
in Nature there is no absolute distinction.



Tevatron [14] and RHIC [17]. However they could be producgdtderon + pomeron exchang@ ), which
results in a different cross section from that expected yt@broduction as measured at HERA, where there is no
odderon exchange. There is a spread in the predictions, tputSzymanowski [18] quotes a “central value” for
exclusiveY production at the LHC (at 14 TeV) of 31 pb fatlP production and 5 pb fo© P production. The
processes could in principle be distinguished byttugstribution of the scattered proton, but in CMS we cannot
detect that. What weando is trigger on hits from showers produced by proton diffiedissociation products

on both sides, withn| = 5, and an empty detector with5 < n < +5 apart from the vector mesoW (e.g.
¢ — KTK~—,T — ptu~). Evidence for odderon exchange would then be a higher thpeoted cross section,
together with a higher than expectég- (1)), because on average(O) ~ pr(IP) > pr(vy). This is clearly

marginal, and not a main objective for the FSC, but apart ftbenodderon search, photoproducéd— p*pu~
should be observable.

4.3 Double diffractive excitation, DDE:p + p — X @ X and double pomeron exchange
p+p—=XOY DX

We can compare the forward detector informatiop it p — p + X events, e.g. detectors with| > 3
on one side having hits when the rest of CMS is empty, with #meesinformationirp+p — X + G + X events,
having hits on both sides, but no particlesi < n < +3, to testfactorisationin single and double diffraction.
Making the comparisons also when the central gap covdrs< n < +4 and—5 < n < +5 gives the mass
dependence. Note that the SDE-DDE comparison can be dohewviull reconstruction of the states; simply
the information in the FSC hit/energy distributions can bepared.

Selecting events with hits in FSC- and FSC+ correspondirigwtomass diffractive excitations also can
enable the study of low mass double pomeron exchdhiiy. Rather than requiringo particles in the central
Ay = 8 (or similar) units, we can select events with rapidity gapg = 3 on each side of a central state:
p+p— X®Y @ X,whereX are hits in the FSC’s anHl is a central state with all particles in2 < |n| < +2
or so (which can be of low mass; GeV/). ThePIP — X cross section is of course much higher than the
~v and~IP cross sections (unless purely leptonic(dr -1 central states are selected). Ideally double pomeron
processes should be studied with detection of both forwestbps, and thus measuring th€ie= 1 — zp, t, and
¢. While we cannot do this (except possibly in combinatiohWiOTEM detectors)P IP studies are still possible
with proton dissociation. One can study the central staia terms of its mass distribution, charged and neutral
multiplicity distribution and their mass dependence, igltcorrelations (including Bose-Einstein), particlpés
e.g. K/ ratios, K, andA /A (which should be identical), event shapes (spherisignd thrustl’ etc.) and jet
content to probe parton scattering in these events. In facganeric high cross-section studies already dongin
andpp collisions can be redone in thefelP interactions or, if that terminology is not considered aygprate, in
between two large rapidity gaps in hadron-hadron collisi(probably the type of colliding hadron is irrelevant).
A start at such a study was done using the UA1 [19] and UAS8 [28dctors at the CERNppS collider.

4.4 Elastic and inelasticrtp and 7" 7t scattering

As discussed in Ref. [21], very forward, high- neutrons result from (virtual, or Regge) pion exchange,
and the “tagged” pions can interact inelastically or etadly on the other proton. If a high# neutron is detected

on both sidesr 7 scattering can be studied. In the case of (quasi-teah)™ elastic scattering, the outgoing
pions typically haverr(7) ~ 100’s of GeV and smalbr, and can give signals in the FSC. This improves the
study of pion interactions compared with what is possibléahe ZDC alone.

5 Central exclusive production: jets, lepton pairs,yvy, T, xs, etc.

Central exclusivé) production processes, CEP, are specificallyp — p ® X @ p whereX is a simple
state completely measured, and the protons have high Feynmand smalpr < 1 GeV/c, and therefore remain
in the beam pipe for hundreds of metres. They may only be tiatdxy special “edgeless” detectors, such as those

) Exclusive means no other particles are produced.
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in TOTEM or the proposed HPS (High Precision Spectrome{&is)It has been shown, especially by CDF at
the Tevatron, that even without detecting the scatteretbpsoa valuable physics programme can be done using
forward rapidity gap detectors. Thg, = 1 — £ (€ is the fractional momentum loss) of a scattered proton iklkig

correlated with the size of an adjacent rapidity g&ap, by the approximate relatioAy = 1n(%). Thus a gap\y

=3 (4) implies a leading proton withz 2> 0.95 (0.98). Of course measuring the forward protons woubdipe
more information, but much physics can be done integratiugy these variables by simply requiring large gaps.

Four-momentum exchanges from coherently scattered psatoer rapidity gapa\y = 3 units can only
be due to photory, or pomeron,JP exchange), so we only considet + v,y + IP and IP + IP interactions.
A review of central exclusive production processeg@atndpp-colliders is given in Ref. [6]. Two reactions of
particular interestarg +p — p®& vy @ p[22]andp +p — p ® utu~ @ p. The former is a valuable test of the
calculations of exclusive Higgs boson production, as th®Q@agrams are identical, exchanging-bop with a
g-loop andH with v. It can probably only be studied with no other inelastic iat¢ions in the bunch crossirig
hence at low luminosity. The forward protons are at too shatl be detected (in low# running). The level 1

trigger is basically two central EM showers at larfye, with no forward activity. Requiring FSC in veto (on both
sides) reduces pile-up and cleans up the exclusivity reqents in the analysis. CDF have recently done such
a study [15] and report three candidate events comparecetthéoretical prediction [22] dI.Sf});g events. The
predicted cross section at the LHC fB¥(v) > 5 GeV and|n(v)| < 2.0 is 600 fb. Even though thteffective
single interaction luminosity™ through the LHC luminosity growth period will probably onthe a few hundred

pb~1, this still allows a statistically useful measurementided we have FSC-veto in the trigger.

Thep+p — p® utu~ @ p reaction [14, 16] can be used even in the presence of pilehapks to there
being no other tracks on the™ .~ vertex,pr(u™ 1~ ) being very small, andh¢(u* =) ~ 7. This is an important
method of calibrating the forward proton spectrometers exghe HPS [11] (the proton momenta are both well
known from the measurement of the two central muoffs)- u* .~ is not likely to be useful for this, because an
unknown fraction are the products pf radiative decays, and also thg andA¢ constraints are weaker. A level 1
trigger, based on two muons and vetoing on the FSC countBS, Z1 and T2 detectors and the HF calorimeters,
will select interactions with very large rapidity gaps anal pile-up. The rate of such events will be acceptable

even with a low & 4 GeVic) pr threshold for muons, thus includii — p*p~ (for low pr Y). The CDF
observations of exclusive lepton pairs and charmoniunestgt4] have been made possible thanks to their beam
shower counters (BSCs). Having a “superclean” subsamplena pile-up is very useful to show experimentally
what thepr(u™ ) distribution is for truly exclusive events. The experiemeeéCDF on both these reactions is
that beam shower counters, equivalent to our proposed F8@geay important.

The physics programme may include a search for the produofimesonic states, such as heavy quarko-
nia x. [14], andx; in double pomeronjP P, reactions as well as photoproduction°? — J/1,(25) [14],
T [16]. Low mass states iWIPE are interesting for glueball and hybrid meson searchesAGfigger based on
energy in both FSC+ and FSC-, adjacent to rapidity gaps in&érieneters together with some energy deposition
in the central region could be used for this study. Simulat&sults with the existing CMS detectors exist [23] for
T photoproduction.

In addition to low mass exclusive central states (with attipkes reconstructed, and mass(X) < 10
GeV/&), the same trigger will collect high mass double pomeromesjewith M/ (X) up to above 100 GeVic
The jet content of such events, and in particular the subdstausive di-jets, is important as a probe of partons
in the pomeron. Most such jets should be gluon jets. One carpacePIP collisions atM (X) with pp and
ete™ collisions at/s = M (X). Some differences may be a larger contenty@ndn’ mesons, and a smaller
baryon fraction from the higher gluon content. Pomeronsighbave a smaller transverse size than protons, and
this may manifest itself in an increase in double partontedag @ x (g9 — JJ)) and perhaps in different (than

¥ Neglecting the odderon.

9 Using a tightA¢(yy) = « andpr(y1) = pr(y2) it might be possible to include events with one or two addiio
collisions.

9 I.e. the integrated luminosity when only no-pile-up inttians can be used.
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Figure 5: Transversex(y) view of deposited energy at a luminosity of*#6m~—2s~!. Electrons and photons (left)
and pions and kaons (right).

pp) Bose-Einstein correlations, which measure the size optbie emission region. Double parton scattering, seen
in 4-jet events having two pair-wise balancing dijets, is@be of the unintegrated two-gluon densiy(z;, z;).

6 Simulations (MARS)

We have used th®ARS simulation [24] for the generation of forward particlesyip collisions, as well
as of beam halo and beam losses in the region, with a detaitedagion of particle showering in all materials
(beam pipe, collimators, magnets etc.). This enables useiiqi particle fluxes in the FSC detectors from both
incoming and outgoing beam-generated showers, and tolasdbie probability that non-diffractive and diffractive
pp collisions have counts in this region, i.e. their efficieratyrejecting pile-up and their efficiency at detecting
rapidity gaps.

The dimensions of the counters used in the simulation wek2.5 cm horizontally £) and £+ 25 cm
vertically (y) centred on the beam pipe, and at thecations given in Table 1, around the MBX magnets.

Figure 5 shows (colour) a map of energy deposition in fluxes (') for electrons (left) and hadrons
(right) in showers. Figure 6 shows the average depositedjgperpp-collision for the seven locations; it is higher
above and below the beam because of the elliptical pipehegetith a strong dependence on the distance from
the beams. The spectra of different particle types in theve®is shown in Figure 7 on the inside of the LHC ring
(i.e. towards the LHC centre; up and down and outside ardaimi

The radiation levels are calculated to be about 1750 Gy/flor the left and right detectors, and about
730 Gy/fb-! for the up and down detectors. However the absorbed dosaisa@ £ 25 higher close to the beam
pipe than at the outer edges, as shown in Figure 5. Radiasimhdtintillators can survive up to about*18y, so
they may need replacing after a fewth However these detectors are probably not very useful ¢ngé > 5
even at the end of a store.

6.1 Particles from collisions, non-diffractive and diffractive

DPMJET simulations have been done of particles created in nomagdiff/e (ND) collisions, defined for
this purpose as having no particle with- > 0.95, for nominal lowg conditions. Forward particles were tracked
through the magnetic fields until they hit the beam pipe aindomaterial and shower, and the probability of
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Figure 6: Average deposited energy, in MeV percollision, at the seven locations simulated and separéel
the inside (L) and outside (R) of the ring, and up and downrgyed).
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Figure 7: (Colour) Rate of different particles above 1 ke\¢lmowers generated by different particles at location 1,
on the inside of the ring.

having hits in the FSC was determined. Figure 1 shows thetieteefficiency for primary particles withy = 0.5
GeV/c as a function of. For thisp; we haverp = +-2I—.e" = 0.29 aty = 9 and 0.79 af = 10. Studying the

Pveam

distributions of hits in these counters for single no-pifeinteractions will provide an approximate (but unique)
test of forward particle production inPmJETand other generators.

For pile-up vetoing at level 1 for diffractive collisionsne is more interested in the probability that a
non-diffractive event is detected by one or more primanytipkes interacting. The simulation shows that a ND
event has a probability e 0.68 of being detected on either side. Neglecting long-earggrelations between the
sides, we have the following probabilities per ND collisidf{00] = 0.325, P[10] = P[01] = 0.245, and P[11] =
0.185. (P[00] is the probability of having no signal in botima, etc.) These numbers can probably be improved
by adding counters between= 85 m and 140 m. They are also quite sensitive to the generatoare in the
process of studying other generators, which will give araidéthe systematic uncertainty on these predictions.
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Figure 8: The efficiency (%) of the forward shower counterSCl for registering particle showers induced by
primaryr® andz® as a function of their pseudorapidity(low 5* conditions).

Thus if the diffractive proton is accompanied by 1 (2,3,ather inelastic collisions the probability of it passing
a level 1 trigger which includes a FSC-veto (the OR of botlesjds 0.32 (0.10,0.03, ...). Additional counters at
largerz will increase these efficiencies.

6.2 Tests of the simulations and refining production models

Data on very forward particle production at hadron collideergies is sparse, despite its intrinsic impor-
tance and value for understanding very high energy cosryisliawers, for example. Small-angle spectrometers
at the ISR measured, K, p, A, etc. spectra for the full range < zr < 1 up to+/s = 63 GeV, but this was not
done at any higher energy hadron-hadron collider. The sitiaris we have usedpPMJIETandMARS, and other
simulation programs opp collisions or the interactions and showering of particlesg the beam line, have of
course never been tested with collisions or forward patsielt LHC energies (or even at thpgS or Tevatron).
Measuring rates and pulse height distributions and there&ations in the different FSC counters can provide tests
of these models, uniquely in this very forward region (tdgetwith the ZDC for neutrals). The counters will be
calibrated before installation to know the signals for oné’M

These studies can make an invaluable and unique contribigtionderstand the magnitude and structure
of the LHC machine backgrounds, which is essential if the inailuminosity is to be achieved. Studies can also
give an insight into the relative contributions (p-p, p-GCpetc.) to the beam gas background rates [25], which
may be important if the beam gas background becomes lardie maicuum is degraded.

7 Efficiencies
7.1 Efficiency for detecting rapidity gaps and for rejectingbackground

Together with the FSC we have included in our efficiency edlahs the T1, T2, HF, CASTOR (one side
only) and ZDC detectors. The TOTEM tracker T1 and the forwadrimeter HF span the regigh< |n| < 5.
Tracker T2 and the CASTOR calorimeter codek |n| < 7. The Zero Degree Calorimeter, ZDC, is between
the two beam pipes just beyond their separation, and databtneutral particles (mainly and neutrons) with
|n| > 8.5. The progranGEANT [26] has been used to simulate the beam line, including tlaenbgipes, beam
screens, and magnetic elements. The running conditiorr ihéostandard lows configuration,G* = 0.55 m at
/s =14 TeV. Simulations are being done fgk =7 TeV and 10 TeV.
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Figure 9: The detection efficiency for single diffractiveeews withN *(1440) — p+ 7 as a function of diffractive
mass. We required at least five hits in any of the forward sh@oanters, or at least one track in thaegion
covered by T1/HF or T2/CASTOR, or a minimum energy deposihaZDC (see text).

7.2 Single particle efficiency of FSCs

The FSC detection efficiency for incident particles™(7°) was calculated as a function of pseudora-
pidity n. The requirement was at least one hit (alternatively attléas hits) in any of the FSC counters. A
transverse momentunp£) distribution of the forme*“PQT.dp% was assumed for the incident primary particles,
corresponding to that obtained fromyTHIA 6.2 [27]. The efficiency of the FSCs for detecting chargedigias
from showers induced by the primany* and=® is shown in Figure 8. For charged pions the efficiency #%
for |n| > 9.5, and it is nearly independent of the number of hits, fobhits per detector plane. Faf between 8
< |n| < 9.3 the efficiency exceeds 65% (50%) when at least 1 (5) hétsemuired. From the results presented in
the following sections, this is sufficient for most antidipé physics studies.

7.3 Single diffraction detection efficiency

The detection efficiencies for single diffractive excitatj as simulated witRYTHIA 6.2, were calculated
as a function of the diffractive mass. They were also catedlavithPH0OJET1.1 [28] and found to approximately

agree with those fromYTHIA. We required at least five hits in any FSC counter, or a trac&igmal in the|n|
region covered by T1, T2, HF, CASTOR or the ZDC. A “signal” ifrldr CASTOR is defined as an energy deposit
above 15 GeV, or above 500 GeV in the ZDC. The 500 GeV is nomiate data are obtained at low luminosity
with a zero-bias (bunch crossing) trigger, it will be possito optimise the cuts, for each detector, that provide
the best separation between events with a true gap (no leajtend with particles. As in the CDF analysis, one
can divide the zero-bias events into two classes: thoserapihyaempty (no tracks and no large electromagnetic
clusters) and those with interactions. For such studiesvery important to have zero-bias data recorded. The
efficiency with FSC included is-90% for the lower mass region, and approximately 100% forsasgbove 10
GeV. Approximately 25% of the single diffractive cross sectis for masses below 10 GeV (gfs = 14 TeV, and

scaling as\/ (X) o /s).

Simulations have also been made for exclusive diffractasydn resonance production, suchpas p —
p + N*(1440) with N* — p + 7% n + 7+, or At+ + 7=, The efficiencies for detecting these final states are
shown as functions of the diffractive mass in the followirgufies. ForN* — p + 7V the average efficiency is
70% (Figure 9), forN* — n + 7t it is close to 100% (Figure 10), and fo&F* — AT + 7~ it is about 70%
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Figure 10: As Figure 9 folN*(1440) — n + 7. The neutrons are detected in the ZDC andsttieon the FSC.

(Figure 11).

An approximate calculation of the diffractive mass can balenthrough its relation to the size of the
rapidity gap adjacent to the scattered proton, although lths some model dependance. The relation depends

on thepy distribution (and hencépr)) of the produced particles. The “adjacent rapidity gap”ésinked as the
gap between the scattered proton (close to the beam rapidity, = 9.6 at /s = 14 TeV) and the nearest
neighbour particle in rapidity. Larger rapidity gaps capend to smaller diffractive masses. The approximate
correspondence between the diffractive magéX) and the pseudorapidity gafyn is M (X) ~ e 47, lItis
instructive to consider the distributioi%, where