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Abstract

We describe several example analyses of the CMS forwardigshys
program: A feasibility study for observingy/ production in single
diffractive dissociation, the analysis of exclusiug production and
the measurement of very low-x parton distributions andcetor ev-
idence of BFKL dynamics with forward jets.

1 Introduction

The CMS Experiment has a rich and broad forward physics progrith measurements that
can be realized from the start of the LHC [1-6]. The CMS deiscin the forward region
allow an experimental program to be carried out that reabbgend the traditional forward gap
physics, such as soft and hard single diffraction and doBblaeron exchange physics, and also
includes the study of~ and~yp interactions, energy and particle flow measurements neléga
understanding multi-parton interactions for tuning of N Carlo event generators, jet-gap-jet
events to understand the origin of these event topolognesfaward jets and forward Drell-Yan
processes at 14 TeV center-of-mass energies. Topics ddustfihard diffraction include but are
not limited to:

1. Dependence of the diffractive cross sectiong adnand M, as fundamental quantities of
non-perturbative QCD.

Gap survival dynamics and multi-gap event topologies.

Production of jetsiV, J /1, b andt quarks, hard photons in hard diffraction.

Double Pomeron Exchange events as gluon factory.

Central exclusive Higgs boson production.

SUSY and other low mass exotics in exclusive processes.

. Proton light cone studies.

CMS shares its interaction point (IP) with the TOTEM expearith[7]. The two experiments

plan [8] to join their resources and use common trigger and aequisition systems to increase
their forward physics potential.

No o k~wd

The studies presented in the following assume no eventupilé-e. are analyses to be
carried out during the low pile-up, start-up phase of the LHCaddition, CMS is studying a
proposal to install tracking and time-of-flight detectot120 m from the IP [9], which has the



CMS: red & blue TOTEM: green

Fig. 1: Layout of the forward detectors around the CMS irtgoa point.

potential of adding discovery physics, notably centralégsiwe Higgs production, to the forward
physics program of CMS.

For space limitations, in this paper, we describe only thmeeesses as examples of the
CMS forward physics program. After a brief description af forward detector instrumentation
around the CMS IP, section Il covers a feasibility study dasserving production in single
diffractive dissociation. The analysis of exclusivg production is discussed in Section IV and
the possibility of measuring very low-parton distributions and of looking for evidence of BFKL
signatures with forward jets is described in Section V.

2 Forward detectors around the CM Sinteraction point

Forward physics at the LHC covers a wide range of diverseipfigsibjects that have in common
that particles produced at small polar anglesand hence large values of rapidity provide a defin-
ing characteristic. Atthe Large-Hadron-Collider (LHCY&re proton-proton collisions occur at
center-of-mass energies of 14 TeV, the maximal possiblgitgfs ;.. = In # ~ 11.5. The
central components of CMS are optimized for efficient dédecof processes ‘with large polar
angles and hence high transverse momengm;They extend down to abold| = 1° from the
beam axis ofn| = 5, wheren = — In [tan (6/2)] is the pseudorapidity. In the forward region, the
central CMS components are complemented by several CM&ftDTOTEM subdetectors with
coverage beyonfl)| = 5, see figure 1. TOTEM is an approved experiment at the LHC fer pr
cision measurements of the elastic and total cross sections. The combined CMS and TOTEM



apparatus comprises two suites of calorimeters with tracklietectors in front plus near-beam
proton taggers. The CMS Hadron Forward (HF) calorimetehwie TOTEM telescope T1 in
front covers the regiofl < |n| < 5, the CMS CASTOR calorimeter with the TOTEM telescope
T2 in front coverss.2 < |n| < 6.6. The CMS ZDC calorimeters are installed at the end of the
straight LHC beam-line section, at a distancetdfi0 m from the IP. Near-beam proton taggers
will be installed by TOTEM at-147 m and+220 m from the IP. The kinematic coverage of
the combined CMS and TOTEM apparatus is unprecedented alrarheollider. The CMS and
TOTEM collaborations have described the considerableiphymtential of joint data taking in

a report to the LHCC [8]. Further near-beam proton taggec®mbination with very fast timing
detectors to be installed &420 m from the IP (FP420) are in the proposal stage in CMS. FP420
would give access to possible discovery processes in fdmlaysics at the LHC [9].

2.1 TheCMSforward calorimeters HF, CASTOR, ZDC

The forward part of the hadron calorimeter, HF, is locate® It from the interaction point.

It consists of steel absorbers and embedded radiation hendzdfibers, which provide a fast
collection of Cherenkov light. Each HF module is constrdaté 18 wedges in a nonprojective
geometry with the quartz fibers running parallel to the bearm along the length of the iron

absorbers. Long (1.65 m) and short (1.43 m) quartz fiberslaceg alternately with a separation
of 5 mm. These fibers are bundled at the back of the detectoamnead out separately with
phototubes.

The CASTOR calorimeters are octagonal cylinders located & m from the IP. They
are sampling calorimeters with tungsten plates as absodoat fused silica quartz plates as
active medium. The plates are inclined 4% with respect to the beam axis. Particles pass-
ing through the quartz emit Cherenkov photons which arestratted to photomultiplier tubes
through aircore lightguides. The electromagnetic seasd?® radiation lengthsy deep with 2
tungsten-quartz sandwiches, the hadronic section cerdi¢P tungsten-quartz sandwiches. The
total depth is 10.3 interaction lengths. The calorimeters are read out segmented azimuthally
in 16 segments and logitudinally in 14 segments. They do ae¢ lany segmentation in The
CASTOR coverage d§.2 < |n| < 6.6 closes hermetically the CMS calorimetric pseudorapidity
range over 13 units. Currently, funding is available onlyddCASTOR calorimeter on one side
of the IP. Installation is foreseen for 2009.

The CMS Zero Degree Calorimeters, ZDC, are located insideT&N absorbers at the
ends of the straight section of the LHC beamline, betweeh H@ beampipes, at-140 m dis-
tance on each side of the IP. They are very radiation-hargkagncalorimeters with tungsten
plates as absorbers and as active medium quartz fibers read aircore light guides and photo-
multiplier tubes. The electromagnetic pdd,X, deep, is segmented into 5 units horizontally, the
hadronic part into 4 units in depth. The total depth is §.5The ZDC calorimeters have 100%
acceptance for neutral particles wjifi > 8.4 and can measure 50 GeV photons with an energy
resolution of about 10%. The ZDC calorimeters are alreadialled and will be operational in
20009.



22 TheTOTEM T1land T2 telescopes

The TOTEM T1 telescope consists of two arms symmetricabyaitted around the CMS IP in
the endcaps of the CMS magnet, right in front of the CMS HFromleters and withy coverage
similar to HF. Each arm consists of 5 planes of Cathod Strigratters (CSC) which measure 3
projections per plane, resulting in a spatial resolutiof.86 mm in the radial and 0.62 mm in the
azimuthal coordinate in test beam measurements. The twe@frthe TOTEM T2 telescope are
mounted right in front of the CASTOR calorimeters, with daniy coverage. Each arm consists
of 10 planes of 20 semi-circular modules of Gas Electron Miigtrs (GEMs). The detector
read-out is organized in strips and pads, a resolutiohl df:m for the radial coordinate and of
16 prad in azimuthal angle were reached in prototype test beaastmmements. A more detailed
description can be found in [11].

2.3 Near-beam proton taggers

The LHC beamline with its magnets is essentially a spectterria which protons slightly off
the beam momentum are bent sufficiently to be detectable ansnef detectors inserted into
the beam-pipe. At high luminosity at the LHC, proton taggisdghe only means of detecting
diffractive andy mediated processes because areas of low or no hadroniityaictithe detector
are filled in by particles from overlaid pile-up events.

The TOTEM proton taggers at220 m at nominal LHC optics have acceptance for scat-
tered protons from the IP fdr.02 < £ < 0.2. Smaller values of, 0.002 < ¢ < 0.02, can be
achieved with proton taggers @120 m. The FP420 proposal [9] foresees employing 3-D Sili-
con, an extremely radiation hard novel Silicon technoldgythe proton taggers, and additional
fast timing Cherenkov detectors for the rejection of pretémem pile-up events. The proposal is
currently under consideration in CMS. If approved, inst#tin could proceed in 2010, after the
LHC start-up.

Forward proton tagging capabilities enhance the physitsnpial of CMS. They would
render possible a precise measurement of the mass and nuaatabers of the Higgs boson
should it be discovered by traditional searches. They algpnant the CMS discovery reach
for Higgs production in the minimal supersymmetric extengiMSSM) of the Standard Model
(SM) and for physics beyond the SM4p and~~ interactions. The proposed FP420 detectors
and their physics potential are discussed in [12].

3 Observation of single-diffractive W production with CM S: a feasibility study

The single-diffractive (SD) reactigrp — X p, whereX includes dV boson (Fig. 2) is studied to
demonstrate the feasibility of observing $D production at CMS given an integrated effective
luminosity for single interactions of 100 pb. Only W — v decay mode is considered in this
analysis [2].

The analysis relies on the extended forward coverage of M8 €@rward calorimeters,
that cover the pseudo-rapidity range3ok || < 5. Additional coverage at6.6 < n < —5.2
is assumed by means of the CASTOR calorimeter.

Single diffractivel? production was simulated by using themwIG generator [13], ver-
sion v2.0 beta. For the diffractive PDFs and the Pomeron thexyesult of the NLO H1 2006



Fig. 2: Sketch of the single-diffractive reactipp — Xp in which X includes a4 boson. The symbaP indicates
the exchange with the vacuum quantum numbers (Pomeron)afderapidity gap (LRG) is also shown.

fit B [14] was used. A rapidity gap survival probability of 8,0as predicted in Ref. [15], is
assumed. For non-diffractivid” production, theeYTHIA generator [16] was used. With the as-
sumed numbers for the cross sections, the ratio of diffratt inclusive yields is around 0.3%.

3.1 Event Sdection and Observation of SD W Production
311 W — uv selection

The selection of the events with a candid#é decaying touv is the same as that used in
Ref. [17]. Events with a candidate muon in the pseudo-rgpiinge|n| > 2.0 and transverse
momentumpy < 25 GeV were rejected, as were events with at least two muons pwith-

20 GeV. Muon isolation was imposed by requiriddpr < 3 GeV inacone witlAR < 0.3. The
transverse mass was required tolde > 50 GeV. The contribution from top events containing
muons was reduced by rejecting events with more than 3 jéksAyi > 40 GeV (selected with
a cone algorithm with radius of 0.5) and requiring that thepdanarity ( = = — A¢) between
the muon and the direction associated#8'*s be less than 1 rad. Approximately 2,400 8D
events and 600,000 non-diffractiV& events per 100 pt are expected to pass these cuts.

3.1.2 Diffractive selection and Evidence for SD W Production

Diffractive events have, on average, lower multiplicitythban the central region (lower under-
lying event activity) and in the hemisphere that contairesdtattered proton, the so-called “gap
side”, than non-diffractive events.

The gap side was selected as that with lower energy sum infhé kut was then placed
on the multiplicity of tracks wittpr > 900 MeV and|n| < 2. For the events passing this cut,
multiplicity distributions in the HF and CASTOR calorimedgn the gap side were studied, from
which a diffractive sample can be extracted.

Figure 3 shows the HF tower multiplicity vs the CAST@Rector multiplicity for events
with central track multiplicity Ni;aac < 5. Since CASTOR will be installed at first on the
negative side of the interaction point, only events withghe on that side (as determined with
the procedure discussed above) were considered. The CM&asefchain available for this
study did not include simulation/reconstruction code f&xSTOR; therefore, the multiplicity
of generated hadrons with energy above a 10 GeV thresholakcim @f the CASTOR azimuthal



sectors was used.

The top left and top right plots show the distributions expddor the diffractivel} events
with generated gap in the positive and negafivdirection, respectively. The few events in the
top left plot are those for which the gap-side determinati@s incorrect. The non-diffractive
W events have on average higher multiplicities, as shownerbtittom left plot. Finally, the
bottom right plot shows the sum of t@MwIG andPYTHIA distributions — this is the type of
distribution expected from the data.

POMWIG SD W - pv (gap in n-plus side) POMWIG SD W - pv (gap in n-minus side)
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Fig. 3: HF tower multiplicity vs CASTOR sector multiplicitglistribution for events with track multiplicity in the
central trackeVi o < 5.

A simple way to isolate a sample of diffractive events frorasih plots is to use the zero-
multiplicity bins, where the diffractive events clusteidahe non-diffractive background is small.

The HF plus CASTOR combination yields the best signal to gemknd ratio. When
an integrated effective luminosity for single interactoof 100 pb' becomes available, SD
W — pv production can then be observed wi#i100) signal events. The situation is even more
favorable for SD dijet production where a recently complesteidy [3] arrives af?(300) SD dijet
events per 10 pb' of integrated effective luminosity for single interactsorWith an observation
of a number of signal events of this size, it should be posgiblexclude values of rapidity gap
survival probability at the lower end of the spectrum of tietical predictions. A method to
establish that the observed population of the zero-midiiplbins is indeed indicative of the
presence of SD events in the data is described in [3]. Theoddthbased on the observation

that the size of the SD signal in the zero-multiplicity bimsmde controlled in a predictable way
when the cuts for enhancing the SD signal are modified.

The main background other than non-diffracti#&production consists of SIV produc-
tion with proton-dissociationpp — X N, where X contains a/ boson andV is a low-mass
state into which the proton has diffractively dissociatAdstudy of proton-dissociation has been
carried out in Ref. [4], where it has been shown that about 60%e proton-dissociative back-
ground can be rejected by vetoing events with activity in @4S Zero Degree Calorimeter



(ZDC), which provides coverage for neutral particles|igr> 8.1. The net effect is to enhance
the diffractive signal in the zero multiplicity bin of Fig.l8/ about 30%.

4 Exclusiveyy — (¢~ andyp — YTp — L4 p

Exclusive dilepton production ipp collisions at CMS can occur through the procesges—
(¢~ andyp — Yp — £T4~p. The first is a QED process, making it an ideal sample for
luminosity calibration at the LHC. The second will allow gies of vector meson photoproduc-
tion at energies significantly higher than previous experits. Zero pileup is assumed for this
study [4]. Both signal processes are characterized by #sepre of two same-flavor opposite-
sign leptons back-to-back iA¢, and with equalpr|. In the no-pileup startup scenario assumed
here, the signal is also distinguished by having no caldemeactivity that is not associated with
the leptons, and no charged tracks in addition to the twoasitpptons. This exclusivity re-
quirement is implemented by requiring that there be no muae 6 “extra” calorimeter towers
with £ > 5 GeV, where extra towers are defined as those separated fthar ef the lepton
candidates byAR > 0.3 in then — ¢ plane. The track multiplicity is required to be 3. The
dominant inelastic photon-exchange background is redhgedquiring no activity in the CAS-
TOR calorimeter (covering.2 < n < 6.6) or the Zero Degree Calorimeter (coveripg > 8.2).
The residual background from non-photon exchange prosessstimated from an exponential
fit to the sideband of the extra calorimeter towers distidmytresulting in a background estimate
of approximately 39 events in 100 ph which is small compared to the inelastic background.
The expectedy — u*p~ signal yields in 100 pb' are Nejastic(yy — ptu~) = 709 +
27, and Niperastic(yy — pp~) = 223 £ 15 + 42(model). Without the ZDC and Castor
vetoes, the singly inelastic contribution would be sigaifitty larger: N ,ciastic(7y — pntp™) =
636+25+121(model). Intheyy — eTe™ channel, the expected yields are significantly smaller.
After all trigger and selection criteria are applied theeoted elastic signal yields in 100 pb
are: Nesiic(yy — ete™) = 67 £ 8, and Nyerastic(vy — ete”) = 31 £ 6 & 6(model).
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Without the ZDC and Castor vetoes, the singly inelastic romion would be:N;,ciastic(7y —
ete™) = 824+9+15(model). The elasticyy — p+p~ signal can be separated from the inelastic
background for luminosity measurements usingdheand Aps distributions (Figure 4), while
the T photoproduction signal can be further distinguished byiquering a fit to the dimuon
invariant mass distribution (Figure 5).
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Fig. 5: Dimuon invariant mass in the ran§e< m(u" ™) < 12 GeV. The lines show the result of a fit, where the
dashed line is th& component, the dotted line is the two-photon continuum,thadolid line is the sum of the two.

We conclude that witd00pb—! of integrated luminosity, a large sampleof — put ™
andyp — YTp — pp~p events can be triggered and reconstructed in the CMS detesto
ing a common selection for both samples. With minimal pilelgse events can be cleanly
distinguished from the dominant backgrounds. Theample will allow measurements of cross-
sections and production dynamics at significantly highesrgies than previous experiments,
while theyy — ¢T¢~ sample will serve as a calibration sample for luminosityl&s.

5 Forward jetsreconstruction in HF
5.1 Introduction

The parton distribution functions (PDFs) in the proton hé&esn studied in detail in deep-
inelastic-scattering (DIS9p collisions at HERA [18]. For decreasing parton momentunc-fra
tiON = = Pparion/ Prarons the gluon density is observed to grow rapidlyaagz, Q%) « 2@,
with A ~ 0.1-0.3 rising logarithmically wittQ?. As long as the densities are not too high,
this growth is described by the Dokshitzer-Gribov-Lipatsitarelli-Parisi (DGLAP) [19] or by
the Balitski-Fadin-Kuraev-Lipatov (BFKL) [20] evolutioequations which govern, respectively,
parton radiation inQ? andz. Experimentally, direct information on the parton struetand
evolution can be obtained in hadron-hadron collisions ftbmperturbative production of e.g.
jets or prompty’s, which are directly coupled to the parton-parton scattewertex. The mea-
surement of jets with transverse momentpns 20 GeV in the CMS forward calorimeters (HF,
3< |n] <5 and CASTOR, 5. || <6.6) will allow one to probe: values as low as; ~ 107°.



Figure 6 (right) shows the actual lag(2) distribution for two-parton scattering in p-p collisions
at 14 TeV producing at least one jet above 20 GeV in the HF an8 TWXR acceptances. Full
detector simulation and reconstruction packages wereinsgutaining these results.
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Fig. 6: Energy resolution as a function pf for the ICone, SISCone (with cone siz& = 0.5) and FastKt
(D = 0.4) algorithms for jets reconstructed in HB.(< |n| < 5.). The resolutions are fitted tf(pr) =
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\/(pgT%) + <\/%) + ¢2 with the parameters quoted in the legend (Left). bag() distribution of two par-
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tons producing at least one jet abgue = 20 GeV within HF 8 < |n| < 5) and CASTOR%.1 < |n| < 6.6) in p-p
collisions at\/s = 14 TeV (Right).

5.2 Forward jetsreconstruction in HF

Jets in CMS are reconstructed at the generator- and cakerit@®el using 3 different jet algo-
rithms [5]: iterative cone [10] with radius &® = 0.5 in (n, ¢), SISCone [22] R = 0.5), and
the Fastkr [23] (Fseeq = 3 GeV andEyy,,..s = 20 GeV). Thepr resolutions for the three differ-
ent algorithms are very similark-18% atpr ~20 GeV decreasing t812% forpr 2100 GeV
(Fig. 6, Left). The positionsf, ¢) resolutions (not shown here) for jets in HF are also verydgoo
o4, = 0.045 atpr = 20 GeV, improving tary ,, ~ 0.02 above 100 GeV.

5.3 Singleinclusivejet pr spectrum in HF

In this section, we present the reconstructed forward gtigias a function oy for 1 pb!
integrated luminosity. Figure 7 (left) shows reconstrdcfand corrected for energy resolution
smearing) single inclusive forward jet spectrum in HF in pgllisions at 14 TeV for a total
integrated luminosity of 1 pb' compared to fastNLO jet predictions [24] using various PDFs
(MRSTO03 and CTEQ®6.1M). Figure 7 (right) shows percent défifees between the reconstructed
forward jetpr spectrum and two fastNLO predictions (CTEQ6.1M and MRSTO®§). The
error bars include the statistical and the energy-resmiusimearing errors. The solid curves
indicate the propagated uncertainty due to the jet-enetgle {JES) error for “intermediate”
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to a constant 5% fopr > 50 GeV/c conditions.

(10% decreasing to a constant 5% fgr > 50 GeV/c) conditions. If the JES can be improved
below 10% (such as in the “intermediate” scenario consa)er@ur measurement will be more

sensitive to the underlying PDF. The main conclusion of gaig of the study is that the use of

the forward jet measurement in HF to constrain the protond$ibfhe lows range will require

careful studies of the HF jet calibration.
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