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1. Introduction

Diffractive interactions can be characterized by the presence of at least one non-exponentially
suppressed large rapidity gap (LRG) in the final state, defined as a region in pseudorapidity devoid
of particles. The origin of LRGs can be attributed to a color-singlet exchange carrying vacuum
quantum numbers, commonly referred to as Pomeron (/P) exchange.

Soft! diffractive interactions cannot be calculated within perturbative quantum chromodynam-
ics (pQCD), and traditionally have been described by models based on Regge theory. The predic-
tions of these models generally differ when extrapolated from pre-LHC center-of-mass energies
(v/s < 1.96 TeV) to 7 TeV at LHC. Thus, measurements of diffractive cross sections at the LHC
provide a valuable input for understanding diffraction and improving the modeling of diffraction
in current event generators. Diffractive processes involving a hard parton-parton scattering are
characterized by the presence of high-pr jets in the final state in addition to the rapidity gap.
Such processes can be calculated within pQCD, however experimental data are sensitive to soft
rescattering between spectator partons, which significantly suppresses the formation of the rapidity
gap. Measurements of hard diffraction at the LHC, in addition to testing the pQCD description of
diffractive exchanges, provide also important information on gap survival probability.

This paper reviews recent results on diffractive processes obtained by the CMS experiment
at the LHC. The first CMS measurements of single-diffractive (SD), double-diffractive (DD), and
forward rapidity gap cross sections, as well as diffractive production of dijets at /s = 7 TeV are
presented. Results are based on 2010 data when the LHC was running in a low pile-up scenario,
most suitable for event selection based on the LRG signature. In addition, event displays of dijet
candidates with two leading protons at /s = 8 TeV, obtained from a combined CMS/TOTEM
analysis performed on a common data collected in low-pileup runs in 2012, are presented.

2. Inclusive diffractive cross sections

Diffractive cross sections have been mea- » P v
sured [1] based on a minimum-bias sample % . h :ﬁ
at /s =7 TeV. The SD and DD events (Fig. 1) %
were separated using the CASTOR calorime- *

ter, which covers the very forward region of Figure 1: Schematic diagrams of (a) non-diffractive,

the experiment, -6.6 < 1 < -5.2. Minimum- PP — X, and diffractive processes with (b) single-
dissiociation, pp — pX, and (c) double-dissociation,

bias events were selected by requiring a sig- e
pp — XY. The X(Y) represents a dissociated-proton.

nal in any of the BSC (Beam Scintillator
Counter) devices and the presence of at least
two energy deposits in the central detector (|n| < 4.7). No vertex requirement was imposed.
Diffractive events were selected by requiring the presence of a forward rapidity gap reconstructed
at the edge of the central detector or central gap. The forward gap on the positive (negative)
side was reconstructed in terms of the variable 1,4 (Mmin) defined as the highest (lowest) 1 of a
particle reconstructed in the detector. The central gap was reconstructed as An® =n%, — nr%in,
with 70, (n2,,) defined as the closest-to-zero 1] of a particle reconstructed on the positive (neg-
ative) n-side of the central detector, with an additional requirement of activity on both sides of

with no hard scale, which is needed for perturbative calculations.
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Figure 2: Distributions of (a) Myuax, (b) Min and (¢) AR® =nd — nf,)”-n, compared to predictions of a
PYTHIAS8-MBR simulation normalized to the luminosity of the data. Contributions from each of the generated
processes are shown separately. The DD MC events are additionally scaled downwards by 15 %.

the detector. Figure 2 shows the distributions of 14y, Mmin and Ano compared to predictions of
PYTHIAS8-MBR [2, 3]. Diffractive events appear as a flattening of the exponentially falling distribu-
tions (non-diffractive events, ND, with rapidity gaps due to random multiplicity fluctuations), and
dominate the regions of low 1,4y, high 1., or high Ano.

The event sample after the 1,,;, > —1 selection (Fig. 2, middle) was used to extract SD
and DD cross sections. The sample consists of approximatelly equal numbers of SD and DD
events for which one of the dissociated masses is low and escapes detection in the central de-
tector. Subsamples enhanced in SD and DD events were selected by requiring an absence or a
presence of an energy deposit (above threshold) in the CASTOR calorimeter. The SD/DD sep-
aration with CASTOR is presented in Fig. 3, showing the distribution of the variable & calcu-
lated from all energy deposits in the detector. For SD events, & approximates the incoming-
proton momentum loss. These distributions were used to measure the differential SD cross sec-
tion as a function of &, and the differential DD cross section as a function of & = M3 /s for
0.5 < logi1o(My/GeV) < 1.1 (CASTOR acceptance), after subtracting the background contribu-
tion to the signal (DD to SD and ND to DD). Results are compared to MC models in Figs. 5
(left) and (middle), respectively. The predictions of PYTHIA8-MBR are shown for two values of
the & parameter of the Pomeron trajectory (a(f) = 1+ €+ a't), € = 0.08 and € = 0.104. Both
values describe the measured SD cross section within uncertainties, while the DD data favor the
smaller value of €. The predictions of PYTHIA8-4C and PYTHIAG describe well the measured DD
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Figure 3: Detector-level distributions of & for (a) the events after the 1,,;, > —1 selection, and its subsam-
ples corresponding to (b) the absence and (c) the presence of an energy deposit in CASTOR. The data are
compared to predictions of the PYTHIA8-MBR simulation.
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Figure 4: The SD (left) and DD (middle) cross sections as a function of £, and the DD cross section as a

function of An (right), compared to PYTHIA6, PYTHIA8-4C and PYTHIA8-MBR MC. Error bars are domi-
nated by systematic uncertainties (HF calorimeter energy scale, and hadronization and diffraction model).

cross section, but fail to describe the falling behavior of the data. The total SD cross cross sec-
tion integrated over the region —5.5 < log;y & < —2.5 (12 < Mx < 394 GeV) was measured to be
03P = 4.27+£0.04(stat.) 3% (syst.) mb (dissociation of either proton).

The event sample after the An® > 3 selection (Fig. 2, right) was used to extract the differential
DD cross section as a function of the central-gap width, An). The cross section for An > 3, My >
10 GeV and My > 10 GeV is presented in Fig. 4 (right), showing a reasonable agreement with
MC predictions. The total DD cross cross section integrated over this region was measured to be
oPP =0.9340.01(stat.) 525 (syst.) mb.

The inclusive differential cross section for events with a forward rapidity gap, do /dAn’, was
measured as well [1], with a method originally proposed in Ref. [4] and used in the ATLAS mea-
surement [5]. The forward rapidity gap was defined as the larger of gaps on both sides of the
CMS detector, AnF = max(4.7 — Nmax,4.7+ Nmin)- A Bayesian-unfolded and fully corrected cross
section for particles with pr > 200 MeV and |n| < 4.7 was extracted and compared to PYTHIA6-
72%, PYTHIA8-4C and PYTHIA8-MBR (¢ = 0.08 and 0.104) predictions. Figure5 (left) shows
the comparison to the PYTHIA8-MBR (€ = 0.08) simulation which desribes the data best. A com-
parison to the ATLAS measurement [5] is shown in Fig. 5 (right). The CMS measurement extends
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Figure 5: Differential cross section for events with a forward rapidity gap , do/dAn’, for stable particles
with pr > 200 MeV and || < 4.7, compared with: (left) the hadron level prediction of PYTHIA8-MBR
(¢ =0.08), and (right) the ATLAS measurement [5] (pr > 200 MeV, || < 4.9).
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the ATLAS result by 0.4 unit of gap width. Although a different hadron level definition and dif-
ferent MC samples were used for unfolding, both results agree within uncertainties (dominated by
HF energy scale, and hadronization and diffraction model uncertainties in the CMS measurement).

3. Diffractive dijet production

Diffraction with a hard scale has been studied using events p
dominated by a contribution from diffractive dijet production [6] jet }x
(Fig. 6). An inclusive dijet sample at /s =7 TeV has been selected Jet
by requiring at least two jets with pr>20 GeV and |n| < 4.4, re-
constructed using the anti-ky algorithm with a radius R=0.5. Dijet
events have been studied as a function of the variable E , calculated

p Y

Figure 6: Schematic diagram
from all energy deposits in the detector (above threshold). Diffrac-  of giffractive dijet production.

tive events populate the region of low values of &, which for the SD
process approximates the fractional momentum loss of the incoming proton.

The relation between E and a LRG, defined by requiring no individual energy deposits above
4 GeV in one of the two HF calorimeters (3 < || < 5), is illustrated in Fig. 7 (left), showing the
distribution of events as a function of é before (full dots) and after (open dots) applying the LRG
condition. The data are well described by a combination of SD (POMPYT) and ND (PYTHIAG-
72) MC samples, whose relative yields were obtained from a fit to the E distribution in the inclusive
dijet sample. Cross sections for inclusive dijet production, corrected to the stable-particle level, are
shown in Fig. 7(right) for 3; <0.01 in three bins of 5 Results are compared to ND (PYTHIAG6 and
PYTHIARS) and diffractive (POMPYT SD, POMWIG SD and PYTHIAS8 SD+DD) MC models,
as well as to NLO calculations of the SD cross section from POWHEG. An excess of events in the
low-g region w.r.t. non-diffractive samples is clearly seen. In the lowest E bin (0.0003 < E <0.002)
the diffractive PYTHIAS prediction is a factor of ~2 below the data. The LO predictions from
POMPYT and POMWIG, and NLO predictions from POWHEG (all three based on dPDFs ex-
tracted from HERA experiments) overestimate the data by a factor of ~5 and ~10, respectively.
After correcting for the DD contribution, these factors can be converted into an estimate of the gap
survival probability, which ranges from ~ 0.08 £ 0.04 (NLO) to ~ 0.12 +0.05 (LO).

CMS, 15 = 7 TeV, L=2.7 nb", pp—sietijetz, hi'"¥| < 4.4, p ¥ > 20 Gev CMS, f5=7 TeV, L= 2.7 nb’, pp—sjety jetp, i <4.4, p|* > 20 GeV
z‘o 0
S =1 O s
Z ~
10° Y w0 .
¢ ¢
- | P
" BT —
10 : ¢ DATA
¢ DATA ia., —— PYTHIA6 Z2 ND
: --- PYTHIAB tune1 ND
¢ DATAn,<8(orm  >-3) o 10 —— POMPYT GTEQ6L1 & H1 Fit B
10° f — PYTHIA6 Z2ND + POMPY‘[ (x0.23) SD 57 «+=+ POMWIG CTEQ6L1 & H1 Fit B
wuis PYTHIAB SD+DD
. PYTHIAG Z2 ND + POMPYT (xoza)snn w<3rn -3 - POWHEGAPYTHIAS CTEGEM & H1 Fi B
10° 102 101 10° 10%

g g
Figure 7: The distribution of events as a function of E obtained before and after the LRG requirement (left),
and the differential cross section as a function of & (right) for dijet production compared to MC predictions.
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4. CMS+TOTEM event displays of high-pr jets with two leading protons

During the 2012 low-pileup 90m B* LHC operation CMS and » P

TOTEM participated in a common data taking. Each experiment

took data separately with a bi-directional exchange of CMS and

TOTEM trigger information. Offline, events were synchronised in

p P

terms of orbit and bunch number matching. A preliminary analy-

sis of high-pT jet production with the proton tags, pp — pp + jets
(Fig. 9 for dijets), has been performed. Event selection in CMS

Figure 8: Schematic diagram
of exclusive dijet production.

required at least two jets with pr>20 GeV and |n| < 4.4, recon-

structed using the anti-k7 algorithm with a radius R=0.5. In addition, reconstructed proton tracks

in the TOTEM Roman Pot detectors on both sides of the interaction point were required, in coinci-
dence with no activity present in the CMS Forward Shower Counters (FSC, 6 < || < 8, installed
in 2012). Event displays of dijet and multi-jet events which passed the selection criteria can be
found in Ref. [7]. An example of such an event, with three jets of pr = 65, 45 and 27 GeV, and a
hadronic mass of 244 GeV (TOTEM) or 219 GeV (CMS), is shown in Fig. 9.

Leading three jets Ex = 63, 45,27 GeV. R
proton Ap/p =001 (z+) __CMS
proton Ap/p =-0.1 (z-)

M(pp, TOTEM) = 2.
M(CMS) =
S pr(CMS)
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L s N
5032012 BRST
h sides
ECAL/HCAL E > 200 MeV. ¢
Track pr > 1 GeV
i

Leading three jets Ex = 65,45, 27 GeV’ . ‘
proten Ap/p = -0.01 (z+) . /\
proton Ap/p =-0.1 (z-) T

Mpp. TOTEM) = 244 GeV/

M(CMS) =219 GeV
Zpr(CMS) =34 GeV
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ECAL/HCAL Er > 200 MeV

Track pr > 1 GeV.

Figure 9: An event desplay of high-pr jets with leading protons detected in the TOTEM RPs.
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