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Abstract

The feasibility is discussed of rediscovering hard diffiaic at the
LHC with the first 10-100 pb' collected by the CMS detector. Studies
are presented of single-diffractive di-jet productionpimcollisions at
Vs = 14 TeV, single-diffractivel’ boson production, and exclusiye
photoproduction. The prospects of assessing the rapidipysurvival
probability are discussed.

1 Introduction

A substantial fraction of the total proton-proton crosstisecis due to diffractive reactions of the
typepp — XY, whereX, Y are either protons or low-mass states which may be a resenanc
or a continuum state. In all cases, the energy of the outgpiotpns or the stateX, Y is
approximately equal to that of the incoming beam partidesyithin a few per cent. The two
(groups of) final-state particles are well separated in elsgsice and have a large gap in rapidity
between them (“large rapidity gap”, LRG). Diffractive hadrhadron scattering can be described
within Regge theory (see e.qg. [1]). In this framework, difftion is characterised by the exchange
of a specific trajectory, the “Pomeron”, which has the quantwmbers of the vacuum and
notably no colour (hence the LRG).

The effort to understand diffraction in QCD has received eatjboost from the seminal
studies of diffractivepp collisions with the UA8 experiment at CERN [2] and more rabefrom
studies of diffractive events igp collisions at HERA angp collisions at Fermilab (see e.g. [3-9]
and references therein). A key to this success are factiomstneorems foep diffractive scatter-
ing, which allow to express the cross section in terms ofalifive parton distribution functions
and generalised parton distributions. These functionsbeaextracted from measurements and
contain information about smail-partons that can only be obtained in diffractive processes.
To describe hard diffractive hadron-hadron collisions isrenchallenging since factorisation is
broken by rescattering between spectator partons. Thesattering effects, often quantified in
terms of the so-called “rapidity-gap survival probabilifd0, 11], are of interest in their own
right because of their relation with multiple parton scaiig.

This paper summarises some recent feasibility studiesedaout by the CMS Collabora-
tion, aiming at “rediscovering” hard-diffraction with thearly LHC data and at quantifying the
rapidity-gap survival probability at LHC energies by meahthe single-diffractive (SD) reaction
pp — Xp, in which X includes either &/ boson or a di-jet system. This reaction is sensitive
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to the diffractive structure function (dPDF) of the prot@pecifically its gluon component (see
e.g. [3]). Itis also sensitive to the rapidity-gap survigadbability, (|.S?|); to first approximation,
the cross section is directly proportional {&?|), independent of kinematics. This process has
been studied at the Tevatron, where the ratio of the yieldSEand inclusive di-jet production
has been measured to be approximately 1% [8, 12, 13]. Thealrexpectations for LHC are
at the level of a fraction of a per cent [11, 14-18]. There hmyever, significant uncertainties
in the predictions, notably due to the uncertainty([sf?|). While there is some consensus that
(|S?]) ~ 0.05 [16, 17] for hard diffractive processes at LHC energiesugalof(|S?|) as low
as 0.004 and as high as 0.23 have been proposed [18]. Exeplsdtoproduction off mesons,
pp — pYpis also briefly discussed. This reaction is sensitive to thecgire of the proton, no-
tably the generalised (or skewed) gluon density, but thalitgpgap survival probability should
in this case be close to unity [19].

The CMS apparatus is described in detail elsewhere [20]. @waerimental scenarios
are considered here. In the first, no forward detectors bdyloa CMS forward calorimeter HF
are assumed. In this case the pseudo-rapidity coveragmiiedi to|n| < 5. In the second,
additional coverage at6.6 < n < —5.2 is assumed by means of the CASTOR calorimeter. HF
and CASTOR are briefly discussed in the next section.

For more details on the analyses presented here, the reagdeired to [21-23].

2 TheHF and CASTOR calorimeters

The forward part of the hadron calorimeter, HF, is located?1h from the interaction point.

It consists of steel absorbers and embedded radiation hadzdfibers, which provide a fast
collection of Cherenkov light. Each HF module is constrdabé 18 wedges in a nonprojective
geometry with the quartz fibers running parallel to the beais 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 detectoa@ntkad out separately with
phototubes.

CASTOR is a sampling calorimeter located~at14 m from the interaction point, with
tungsten plates as absorbers and fused silica quartz @atestive medium. The plates are
inclined by45° with respect to the beam axis. The calorimeter has the shiape octagonal
cylinder. Particles passing through the quartz emit Chererphotons which are transmitted
to photomultiplier tubes through air-core light-guidesheTelectromagnetic section is 22 radi-
ation length deep with 2 tungsten-quartz sandwiches, amdaduronic section consists of 12
tungsten-quartz sandwiches. The total depth is 10.3 ictieralengths. The calorimeter read-
out has azimuthal and longitudinal segmentation (16 andeg@rents, respectively). There is no
segmentation im.

3 SD W and di-jet production

The analyses described here are planned for the first LHC dathcan be carried out on data
samples with integrated luminosities of 10-100-ptand with negligible pile-up. A centre-of-
mass energy of 14 TeV is used. No near-beam proton taggesusnasl, and the selection of
diffractive events has therefore to rely on the observatiba rapidity gap.



The single diffractive signals were simulated with themwIG Monte Carlo genera-
tor [14]. Non-diffractive events were simulated with THIA [24] or MADGRAPH [25].

3.1 Event sdlection
311 W — pw production

The selection of the events with a candid&e decaying tour is the same as that used for
inclusiveW — uv production [26]. Events with a candidate muon in the psenaghadity range

In| > 2.0 and transverse momentupr < 25 GeV were rejected, as were events with at least
two muons withpr > 20 GeV. Muon isolation was imposed by requiriddpr < 3 GeVin a
cone withAR < 0.3. The transverse mass was required ta\be > 50 GeV. The contribution
from top events containing muons was reduced by rejectimgptswvith more than 3 jets with
Ep > 40 GeV (selected with a cone algorithm with radius of 0.5) aneineés with acoplanarity

(¢ = ™ — Ag) between the muon and the direction associateliXs® greater than 1 rad.

3.1.2 Di-jet production

At the trigger level, events were selected by requiring asie? jets with average uncorrected
transverse energy greater then 30 GeV. Offline, jets wemnstructed with the SiSCone5 [27] al-
gorithm and jet-energy scale (JES) corrections were agpheleast two jets withr > 55 GeV
were required. All plots shown in this paper are for energyected jets.

3.1.3 Diffractive selection

The left panel of Fig. 1 shows the generated energy-weightdgtribution for stable particles
in single-diffractive and non-diffractivé)’ production events; only diffractive events with the
scattered proton at positive rapidities (the pealyat0) are included in the plot. Diffractive
events have, on average, lower multiplicity both in the rdregion and in the hemisphere that
contains the scattered proton, the so-called “gap sideh tion-diffractive events. The right
panel of Fig. 1 shows the multiplicity distribution in thenteal tracker forn| < 2 after the di-jet
selection cuts. Diffractive events have a multiplicitytdizution that peaks at low values, unlike
that of non-diffractive events. Diffractive event candiemwere therefore selected on the basis
of the multiplicity distribution in the central tracker, the HF as well as in CASTOR.

The gap side was selected as that with lower energy sum in Ead kis selection was
made for all events though the concept is relevant only fifragitive events.

In addition, for the di-jet analysis, the two leading jetsrevezquired to be betweend <
n < 1 for events with the gap side at positive rapidities antd < n < 4 for events with the
gap side at negative rapidities. When CASTOR is used, oréptswvith the gap on the negative
side are considered, since CASTOR will be installed on tlts Brst. The rapidity separation
between the two leading jets was required tabe< 3.

Finally, a cut was applied on the track multiplicity in thent®l tracker. The plots shown
in this paper were obtained with maximum multiplicity ferf < 2, N5, of 1, 5 and no cut at

all. Forthe events passing this cut, multiplicity disttibas in the HF and CASTOR calorimeters
were studied, from which a diffractive sample can be exéact
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Fig. 1: Left panel: Generated energy-weightgdistribution for stable particles (excluding neutrinos)diffractive
(POMWIG, continuous line) and non-diffractiveYTHIA, dashed line)¥/ production events. The HF coverage and
that of the CASTOR calorimeter are also shown. The diffi@otivents were generated with the gap side in the positive
7 hemisphere. The peaka&10 is due to the scattered proton. The area under the histogsamesmalised to unity.
Right panel: Track multiplicity distribution in the centtaacker after thé¥ selection cuts for diffractiveHoOMWIG,
continuous line) and non-diffractivee{THIA, dashed line) events. The track corresponding tostteandidate is
excluded. The area under the histograms is normalised tg. uni

4 Results
41 SD W — uw production

Figure 2 shows the HF tower multiplicity for the low{“central slice”,2.9 < n < 4.0) and
high-n HF (“forward slice”,4.0 < n < 5.2) regions for events with central tracker multiplicity
Niuack < 5. In the figure, the top left and top right plots show the disttions expected for the
diffractive W events with generated gap in the positive and negafitirection, respectively,
they exhibit a clear peak at zero multiplicity. Conversehg non-diffractivel” events have on
average higher multiplicities, as shown in the bottom |édt;pthis distribution is interesting in
its own right as it is sensitive to the underlying event in 1tiffractive interactions. Finally, the
bottom right plot shows the sum of tlr@MWIG andPYTHIA distributions — this is the type of
distribution expected from the data. The diffractive sigatalow multiplicities is visible. The
significance is highest when thé.. cut is most strict (see [21]).

The HF tower multiplicity vs CASTOR sector multiplicity was also studied for the gap
side. Since CASTOR will be installed at first on the negatide f the interaction point, only
events with the gap on that side (as determined with the druoeadiscussed above) were consid-
ered. The CMS software chain available for this study didinciude simulation/reconstruction
code for CASTOR; therefore, the multiplicity of generatetitons with energy above a 10 GeV
threshold in each of the CASTOR azimuthal sectors was usiggird=3 shows plots analogous
to those of Fig. 2 for the combination of HF and CASTOR. Theptmts show theeomw!G dis-
tributions; the few events in the top left plot are those fdnat the gap-side determination was
incorrect. The signal to background ratio improves greailt respect to the HF only case since

1The Z axis is along the beam direction.
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Fig. 2: Low- (“central slice”) vs highy (“forward slice”) HF tower multiplicity distributions foevents with track
multiplicity in the central trackeNV:,.c. < 5. Top left: POMWIG events with gap generated in the positielirection.
Top right: POMWIG events with gap generated in the negativdirection. Bottom leftPYTHIA events. Bottom right:
Sum of thepYTHIA andPoMWIG distributions.

a widern coverage suppresses non-diffractive events, where thésghye to statistical fluctu-
ations in the rapidity distribution of the hadronic finak®. Here as well, the significance is
highest for small central tracker multiplicity cuts butlisticceptable even when no cut is applied
(see [22]). The plots also indicate that if only the CASTORItiplicity is used, the diffrac-

tive signal is further enhanced. The accepted events with mailtiplicity in both the HF and
CASTOR, i.e. the events with a candidate rapidity gap extendver HF and CASTOR and
Nuack < 5, typically haveé<0.01, and thus populate the region where Pomeron exchange is
expected to dominate over sub-leading exchanges. Heardicates the fractional momentum
loss of the proton. Thé coverage for differentV,,,. cuts is similar and so is that of the HF only
case.

A sample of diffractive events can be obtained by using the-gaultiplicity bins, where
the diffractive events cluster and the non-diffractive kground is small. As an example, when
an integrated effective luminosity for single interactonf 100 pb'! becomes available, SOV
production can then be observed wift100) signal events if CASTOR is used.

4.2 SD di-jet production

Figure 4 shows the HF-only and HF vs CASTOR gap-side mutitgldistributions for different
cuts on the central tracker; these plots are the equivafehedoottom right ones of Figs. 2 and 3.
The size of the enhancement in the zero-multiplicity binatiee to the rest of the distribution
increases monotonically when th&?2% cut is tightened — the opposite of what would happen if
the enhancement were a statistical fluctuation. The relatze of the enhancement also increases
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Fig. 3: HF tower multiplicity vs CASTOR sector multiplicitglistribution for events with track multiplicity in the
central trackeVi,ack < 5. Top left: POMWIG events with gap generated in the positivedirection (opposite side
to CASTOR). Top right:POMWIG events with gap generated in the negatielirection (same side as CASTOR).
Bottom left: PYTHIA events. Bottom right: Sum of theyTHIA andPoOMWIG distributions.

when going from the HF-only coverage to the HF plus CASTORecage: again, a widey
coverage suppresses non-diffractive events, where thesghye to statistical fluctuations in the
rapidity distribution of the hadronic final-state. Plotstbfs type, along with others presented
in [22], can be used to demonstrate the existence of a SO digeal in a data-driven, model-
independent way.

Once the existence of the signal is established, here agaample of diffractive events
can be obtained by using the zero-multiplicity bins, whéwe diffractive events cluster and the
non-diffractive background is small. For example, whenrgedrated effective luminosity for

single interactions of 10 pld becomes available, SD di-jet production can then be obdamith
O(300) signal events.

4.2.1 Senditivity to the value of the rapidity-gap survival probability

Table 1 gives the expected SD di-jet sighal and backgroueldlsiin the zero-multiplicity bins
also for values of the rapidity-gap survival probabilifys|?) = 0.004 and(|S|?) = 0.23. In the
former case, the observable signal becomes marginal, eitbrihe widest possible coverage

(HF+CASTOR). Conversely(|S|?) = 0.23 gives rise to a very prominent signal, also in the
HF-only case.

In order to assess the significance of these yields, a praimyi conservative estimate of
the systematic uncertainties was obtained by summing idrqtizre the contributions due to
the sensitivity to the HF threshold-(5%), the jet-energy scalet30%), the use of different jet
algorithms (20%) and a+30% contribution due to proton dissociation (see [22]), yiellia



NMax _ 5 CMS preliminary

max _ Nmax _ q CMS preliminary
racl

track =

N events (10 pb™)
-
8

Nmax _ g5 CMS preliminary

CMS preliminary
track

N2 =1

track

a o 250
S 1000 S
) o 200 =B
T 800 Z e ~ J/jg:‘ <
2 600 ] ,—_a\‘)(".l.%
] g 100 NN A
o : =t
i e
%.‘/‘l BN ;‘ S
1d x 1§ S e
9 9 ~—=L K NS U T o W
n R ’ | ESes
N 7 > EN
: | T e
] 6 T owe O 43 6 ers
T 2 nHF 1 2 n

Fig. 4: HF-only (top row) and HF vs CASTOR (bottom row) mulidjity distributions for signal plus background
events with no cut on the track multiplicity in the centradker (left column),N;;:5. = 5 (central column) and

rack —
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track = 1 (right column).

+209% systematic uncertainty.

Observation of an event yield @86 + 15(stat.) " g2 (syst.) (cf. Table 1,N2% = 1 and

HF+CASTOR) 01094 20(stat.) 7230 (syst.) (cf. Table 1,N22% = 5 and HF+CASTOR) would
exclude(|S|?) = 0.004, for which no signal is visible.

5 7Y photoproduction

An important term of comparison for the early determinatidrthe rapidity-gap survival proba-
bility is exclusiveY photoproductionpp — pYp, in which one of the protons radiates a quasi-
real photon which interacts, via colour-singlet exchang#) the other proton. This reaction has
been studied at HERA, and can be investigated at CMS withdhg EHC data [23]. A few
hundred events events are expected in 100! plhis process is interesting in its own right as a
window on the generalised parton distribution functionshef proton. In addition, the rapidity-
gap survival probability in this case is expected to be ctosmity [19]. The yield of exclusiv&
photoproduction should thus be essentially unsuppresseti-€an be used to further constrain
the understanding of the rapidity-gap survival probaypilit

6 A look at thefuture: near-beam proton taggers

CMS (and ATLAS [28]) will be able to carry out a forward andfdiictive physics program also
at the highest LHC instantaneous luminosities if the FP42@nam [29] is approved. FP420
at CMS aims at instrumenting the420 m region. This addition will allow measuring forward



Table 1: Diffractive and non-diffractive di-jet event yilsl expected with (1) zero HF multiplicity, (2) zero HF and
CASTOR multiplicity, as a function oN22% . The signal yields are given fd}S|?) = 0.05 (nominal) as well as
(|S*) = 0.004 and(|S|*) = 0.23. The uncertainties are computed-daV.

Npr =0 NI2% Naig Naig Naigr | Nnon—dift
(|S]?) = 0.05 | {|S|?) = 0.004 | (|S|?) = 0.23

no cut 1047 £+ 32 84 +9 4816 £ 69 | 1719 £ 41

5 803 £+ 28 64 +8 3694 £ 61| 943 £ 31

1 362 £+ 19 29+£5 1665 41| 276 £ 16

Nur = 0, Ncastor = 0

no cut 504 £ 22 4046 2318 £48 678

5 409 4+ 20 33+4 1881 + 43 31+6

1 236 + 15 19+4 1086 + 33 8+3

protons with values of the fractional momentum loss of thetqr0.002<5£<0.02.

An articulate joint CMS-TOTEM research program is also f&en [5, 30], with coverage
in the region0.02<5£50.2, complementary to that of FP420.

7 Summary and outlook

In summary, CMS has detailed, quantitative plans to reesischard diffraction with the early
data by means of the rapidity-gap signature. The simple uneagent of event yields may give
early information on the rapidity-gap survival probalilitAlso, the shape of the background is
sensitive to the underlying event in non-diffractive itetions. Once a hard-diffractive signal is
established, the plan is to move on to the measurement dadtilbeof diffractive to inclusive yields
a la CDF and DO. Significant improvements are expected as asdorward proton coverage
becomes available via TOTEM and FP420.
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