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Observation of a diffractive contribution to dijet production in
proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV

S. Chatrchyan et al.*
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(Received 9 September 2012; published 8 January 2013)

The cross section for dijet production in proton-proton collisions at
ffiffiffi
s

p ¼ 7 TeV is presented as a

function of ~�, a variable that approximates the fractional momentum loss of the scattered proton in single-

diffractive events. The analysis is based on an integrated luminosity of 2:7 nb�1 collected with the CMS

detector at the LHC at low instantaneous luminosities, and uses events with jet transverse momentum of at

least 20 GeV. The dijet cross section results are compared to the predictions of diffractive and non-

diffractive models. The low-~� data show a significant contribution from diffractive dijet production,

observed for the first time at the LHC. The associated rapidity gap survival probability is estimated.

DOI: 10.1103/PhysRevD.87.012006 PACS numbers: 13.87.Ce, 12.38.Qk, 12.40.Nn

I. INTRODUCTION

A significant fraction of the total inelastic proton-proton
cross section at high energies is attributed to diffractive
processes, characterized by the presence of a large rapidity
region �y with no hadrons, usually called ‘‘rapidity gap’’
[rapidity is defined as y ¼ ð1=2Þ ln½ðEþ pZÞ=ðE� pZÞ�,
where E and pZ are the energy and longitudinal momen-
tum of the final-state particle, respectively]. Diffractive
scattering is described in the framework of Regge theory
as mediated by a strongly interacting color-singlet ex-
change with the vacuum quantum numbers, the so-called
‘‘pomeron trajectory’’ [1]. Diffractive events with a hard
parton-parton scattering are especially interesting because
they can be studied in terms of perturbative quantum
chromodynamics (pQCD). In diffractive events the proton
emitting the pomeron either remains intact, losing only a
few percent of its momentum, or is found in a low mass
excited state. In addition, since the vacuum quantum
numbers are exchanged, no particles are produced in a
large rapidity range adjacent to the scattered proton
(or its dissociation products).

Diffraction with a hard scale has been studied in proton-
antiproton (p�p) and electron-proton (ep) collisions at
CERN [2], Fermilab [3–6], and DESY [7–10]. Such hard
diffractive processes can be described in terms of the
convolution of diffractive parton distribution functions
(dPDFs) and hard scattering cross sections, which are
calculable in pQCD. In this approach, the pomeron is
treated as a color-singlet combination of partons with the
vacuum quantum numbers. The dPDFs have been deter-
mined by the HERA experiments [7,9] by means of QCD

fits to inclusive diffractive deep inelastic scattering data,
and have been successfully used to describe different hard
diffractive processes in ep collisions. This success is based
on the factorization theorem for diffractive electron-proton
interactions, and on the validity of the QCD evolution
equations for the dPDFs [11–13]. However, in hard dif-
fractive hadron-hadron collisions factorization does not
hold because of soft scatterings between the spectator
partons, leading to the suppression of the observed diffrac-
tive cross section. The suppression is quantified by the so-
called ‘‘rapidity gap survival probability’’ [14], which is a
nonperturbative quantity with large theoretical uncertain-
ties [15–18]. It was measured to be about 10% in diffrac-
tive dijet production in p�p collisions at the Tevatron [5].
This paper presents a study of dijet production in

proton-proton (pp) collisions at a center-of-mass energy
of

ffiffiffi
s

p ¼ 7 TeV. The data were collected with the Compact
Muon Solenoid (CMS) detector at the LHC in 2010 and
correspond to an integrated luminosity of 2:7 nb�1. The
cross section for production of dijets is presented as a

function of ~�, a variable that approximates the fractional
momentum loss of the proton, for events in which both jets

have transverse momenta p
j1;j2
T > 20 GeV and jet axes in

the pseudorapidity range j�j1;j2j< 4:4. Pseudorapidity is
defined as � ¼ � ln½tanð�=2Þ�, where � is the polar angle
relative to the anticlockwise proton beam direction, and is
equal to the rapidity in the limit of a massless particle. The
measurements are compared to the predictions of nondif-
fractive (ND) and diffractive models, and the rapidity gap
survival probability is estimated.
The paper is organized as follows: in Sec. II a brief

description of the CMS detector is provided. The defini-
tions of the kinematic variables are introduced in Sec. III.
The event selection is explained in Sec. IV. Section V
describes the main features of the Monte Carlo (MC)
generators used in this analysis. The cross section deter-

mination for dijets as a function of ~� and the systematic
uncertainties of the measurements are discussed in Sec. VI.

*Full author list given at the end of the article.
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The results are presented in Sec. VII, and the summary is
given in Sec. VIII.

II. EXPERIMENTAL SETUP

A detailed description of the CMS detector can be found
elsewhere [19]. The central feature of the CMS apparatus is
a superconducting solenoid, of 6 m internal diameter.
Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter (ECAL)
and the brass-scintillator hadronic calorimeter (HCAL).
The tracker measures charged particles within the pseudor-
apidity range jnj< 2:4. ECAL and HCAL provide cover-
age in pseudorapidity up to jnj< 3 in the barrel region and
two endcap regions. The HCAL, when combined with the

ECAL, measures jets with an energy resolution �E=E �
100%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðGeVÞp � 5%. The calorimeter cells are grouped

in projective towers, of granularity ��� �� ¼ 0:087�
0:087 at central rapidities and 0:175� 0:175 at forward
rapidities, where � is the azimuthal angle in radians. In
addition to the barrel and endcap detectors, CMS has
extensive forward calorimetry. The forward part of the
hadron calorimeter, HF, consists of steel absorbers and
embedded radiation-hard quartz fibers, which provide a
fast collection of Cherenkov light. The pseudorapidity
coverage of the HF is 2:9< j�j< 5:2. In the current
analysis only the range 3:0< j�j< 4:9 was used, thus
restricting the data to a region of well-understood recon-
struction efficiency. The first level of the CMS trigger
system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select the most interesting events in a fixed time interval of
less than 4 �s. The High Level Trigger processor farm
further decreases the event rate from around 100 kHz to
around 300 Hz, before data storage.

III. KINEMATICS AND CROSS SECTIONS

Diffractive dijet production (Fig. 1) is characterized by
the presence of a high-momentum proton (or a system Y
with the same quantum numbers as the proton) with frac-
tional momentum loss smaller than a few percent and a
system X, which contains high-pT jets and is separated
from the proton by a large rapidity gap, with �y � 3 or 4
units. The kinematics of this reaction is described by the
masses of the systems X and Y, MX and MY , and the
squared four-momentum transfer t at the proton vertex.
For the events selected in this analysis both MX and MY

are much smaller than
ffiffiffi
s

p
.

The cross section for single-diffractive (SD) dijet pro-
duction (i.e. when the forward-going system Y is a proton)
is usually expressed in terms of the variable � ¼ M2

X=s,
which approximates the fractional momentum loss of the
scattered proton. Under the assumption of QCD factoriza-
tion, the cross section can be written as

d�

d�dt
¼ XZ

dx1dx2dt̂fð�; tÞfPðx1; �Þfpðx2; �Þd�̂ðŝ; t̂Þ
dt̂

;

(1)

where the sum is over all parton flavors. The variables x1;2
are the parton momentum fractions in the pomeron and
proton, the scale at which the PDFs are evaluated is indi-
cated with �, and �̂ðŝ; t̂Þ is the hard-scattering subprocess
cross section, which is a function of the partonic center-of-
mass energy squared ŝ and momentum transfer squared t̂.
The function fpðx2; �Þ is the inclusive PDF of the proton

that breaks up, while the dPDF of the surviving proton is
written as fdiffð�; t; x1; �Þ ¼ fð�; tÞfPðx1; �Þ, where
fð�; tÞ is the so-called pomeron flux and fPðx1; �Þ is the
pomeron structure function. The cross section dependence
on � and t is driven by the pomeron flux, usually parame-
trized according to Regge theory as

fð�; tÞ ¼ eBt

�2�PðtÞ�1
; (2)

where �PðtÞ is the pomeron trajectory and B is the slope
parameter. This ansatz is consistent with the HERA ep data
[7–9], but is known not to hold between the ep and the
Tevatron (p�p) data [3–6], where an extra suppression (gap
survival probability) factor is needed.

In this analysis � is approximated by the variables ~�þ

(system X going in the �z direction) and ~�� (system X
going in the þz direction) defined at the level of stable
particles as

~�� ¼
PðEi � pi

zÞffiffiffi
s

p ; (3)

where Ei and pi
z are the energy and longitudinal momen-

tum of the ith final-state particle with �1<�< 4:9 for
~�þ and �4:9<�<þ1 for ~��. In the region of low ~��,
this variable is a good approximation of � for single-
diffractive events. This is illustrated for single-diffractive
dijet events simulated by PYTHIA8 [20] in Fig. 2, where the

correlations between the values of � and ~�þ, determined at

p

p

t

jet

jet

Y

X

IP

FIG. 1. Schematic diagram of diffractive dijet production. The
diagram shows the example of the gg ! jet process; the qq and
gq initial states also contribute.
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generated and reconstructed (see Sec. IV) levels, are
shown. The mass of the forward-going system Y, which
includes all particles with �> 4:9 (or �<�4:9), was also
estimated with the PYTHIA8 generator; the mass is limited
by the pseudorapidity range and is typically smaller than
30–40 GeV, with average �5 GeV.

IV. EVENT SELECTION

The data were collected with the CMS detector in 2010
at low luminosities. The average number of extra pp inter-
actions for any given event (the so-called pileup interac-
tions) in the data is 0.09. The low number of pileup
interactions simplified the extraction of the diffractive
signal, since the particles produced in such interactions
may fill the rapidity gap and hence reduce the visible
diffractive cross section. However, the requirement of
low pileup limits the available data sample since only a
small amount of low-luminosity runs was collected.

At the trigger level events were selected by requiring at
least one jet with uncorrected transverse-momentum
greater than 6 GeV. The efficiency of the trigger, estimated
using a minimum-bias data sample, was found to be greater
than 95% for the dijet events considered in this analysis.
Offline, the jets were reconstructed with the anti-kT

inclusive jet finding algorithm [21] with a distance parame-
ter of 0.5. The jet clustering algorithm was used to recon-
struct jets from particle-flow (PF) objects [22], which are
particle candidates obtained by combining the information
of the tracking system and of the calorimeters in an optimal
way. The reconstructed jet momenta were fully corrected
to the level of stable particles (with lifetime � such that
c� > 10 mm, hereafter referred to as ‘‘particle level’’), by
means of a procedure partially based on MC simulation
and partially on data [23].

The quantities ~�þ and ~�� were reconstructed using
Eq. (3) from the energies and longitudinal momenta of
all PF objects measured in the j�j< 4:9 range. For charged
PF objects (j�j< 2:4, the region covered by the tracker)
a minimum transverse momentum of 0.2 GeV was
required. In the forward region, 3:0< j�j< 4:9, particu-
larly relevant for this analysis, PF candidates were selected
with energy greater than 4 GeV. A constant scale factor
C ¼ 1:45� 0:04, determined from the MC simulation by

comparing the generated and reconstructed values of ~��, is
applied to the measured ~��. The error on the correction
factor C is estimated by changing the MC models used to
evaluate it. The value of C reflects the fact that not all final-
state particles are detected because of the limited accep-
tance and imperfect response of the detector. It also takes
into account the inefficiency of PF object reconstruction. In

practice, C acts as a scale calibration for ~��; it depends
only slightly on the value of ~�� and on the MC generator
used. This dependence, of the order of a few percent, is
included in the systematic uncertainty. The resolution of
~��, in the region of the present measurement, is �25%,

and practically independent of ~��.
Events were selected offline by applying the following

requirements:
(i) the jets should pass the standard CMS quality criteria

[23];
(ii) events should have at least two jets, each with

transverse momentum, corrected to particle level,
greater than 20 GeV. This requirement ensures high
trigger efficiency;

(iii) the axes of the two leading jets (jets were ordered
in pT with the first, leading jet having the highest
pT) should be in the pseudorapidity region
j�j1;j2j< 4:4 so that the reconstructed jets are fully
contained in the detector;

(iv) a primary vertex should be within a longitudinal
distance jzj< 24 cm of the center of CMS;

(v) beam-scraping events, in which long horizontal sec-
tions of the pixel tracker are hit by charged particles
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FIG. 2 (color online). The generated � versus generated
(top panel) and reconstructed (bottom panel) ~�þ correlations
for single-diffractive dijet events simulated by PYTHIA8; events
in the bottom panel are those passing the selection described in
Sec. IV.
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traveling parallel to the beam, were rejected with a
special algorithm [24];

(vi) to enhance the diffractive contribution, the require-
ments �max < 3 (�min >�3) were also applied.
Here �max (�min) is the pseudorapidity of the
most forward (backward) PF object. The �max

(�min) selection together with the pseudorapidity
coverage of the detector, j�j< 4:9, is equivalent to
imposing a pseudorapidity gap of at least 1.9 units,
with no PF objects with energy greater than 4 GeV
in the HF calorimeter.

The number of selected events before the �max (�min)
requirement is 277 953. The number of events passing also
the �max < 3 (�min >�3) selection is 804 (774); of these,

222 (220) have ~�þ < 0:01 (~�� < 0:01). The differential
cross section for dijet production was calculated separately

as a function of ~�þ and ~��. The final results were aver-

aged, and the average is presented as a function of ~�.
The �max, �min requirements reject most pileup interac-

tions. The remaining pileup background was estimated with
minimum-bias MC samples (PYTHIA6 Z1 and PYTHIA8; see
next section) and was found to be less than 2%.

V. MONTE CARLO SIMULATION

The simulation of ND dijet events was performed with
the PYTHIA6 (version 6.422) [25] and PYTHIA8 (version
8.135) [20] generators; the events were generated in
PYTHIA6 with tunes Z2 [26] and D6T [27], and in

PYTHIA8 with tune 1 [20]. The more recent PYTHIA8 tune

4C [28] yields similar results as the tune 1 used here.
Minimum-bias events were generated with PYTHIA6 tune
Z1 [26] and with PYTHIA8 tune 1.

Diffractive dijet events were simulated with the POMPYT

[29], POMWIG [30], and PYTHIA8 generators. The PYTHIA8

generator can simulate inclusive, nondiffractive as well as
diffractive dijet events; separate samples were produced
for the two processes. The modeling of diffractive events in
these generators is based on the Ingelman and Schlein
approach [31], which considers the diffractive reaction as
a two-step process: one proton emits a pomeron with frac-
tional momentum � and then the pomeron interacts with
the other proton. All three diffractive generators were used
with dPDFs from the same fit to diffractive deep inelastic
scattering data (H1 fit B [7]). The parametrization of the
pomeron flux in POMPYT and POMWIG is also based on the

QCD fits to the HERA data [7], while it is different in

PYTHIA8 [32]. This leads to different predictions for the

diffractive cross sections calculated by PYTHIA8 and

POMPYT or POMWIG (notably in their normalization). The

effect of the rapidity gap survival probability is not simu-

lated in any of the three diffractive generators.
The main difference between POMPYT and POMWIG is

that POMPYT uses the PYTHIA framework while POMWIG is

based on HERWIG [33]. Both programs generate single-

diffractive dissociation. In PYTHIA8 double-diffractive dis-

sociation (DD), in which both protons dissociate, is also

included. The contribution from central diffractive disso-

ciation, in which both protons stay intact, was estimated

with POMWIG. It amounts to �1% of the diffractive con-

tribution in the ~� region used in the analysis and was

neglected. Only pomeron exchange was assumed; the

Reggeon exchange contribution in the region ~� < 0:01
was estimated with POMPYT and was found to be less

than 2%, and less than 1% in the lowest ~� bin used in the

analysis.
The diffractive component of the dijet cross section was

also computed at next-to-leading (NLO) accuracy with the
POWHEG [34] framework using the CTEQ6M PDF for the

proton that breaks up and H1 fit B for the dPDF. The parton
shower and hadronization were carried out with PYTHIA8

(tune 1).
The generators used are listed in Table I along with some

of their features. All generated events were processed
through the simulation of the CMS detector, based on
GEANT4 [35] and reconstructed in the same manner as the

data. All samples were generated without pileup. The mea-
surements were corrected for detector acceptance and reso-
lution with a suitable combination of nondiffractive (PYTHIA6
Z2) and diffractive (POMPYT) models (see Sec. VA).
Figure 3 shows the comparison between the uncorrected

data and detector-level MC simulations for the recon-
structed pT distributions of the leading and second-leading
jets with axes in the range j�j1;j2j< 4:4. The simulated
distributions are normalized to the number of events in the
corresponding distributions for the data. The data and MC
simulations are in agreement, for both PYTHIA6 Z2 and
PYTHIA8 tune 1.

Figure 4 presents the comparison between data and MC
simulations for the reconstructed (detector-level) pseudor-
apidity distributions of the leading and second-leading jets.

TABLE I. Monte Carlo generators used in this work with details on their model ingredients.

Model PDF dPDF Parameter tune Process

PYTHIA6 CTEQ6L1 none Z2, D6T Nondiffractive jets

PYTHIA8 CTEQ5L H1 fit B Tune 1 Diffractive plus nondiffractive jets

POMPYT CTEQ6L1 H1 fit B PYTHIA6 D6T Diffractive jets only

POMWIG CTEQ6L1 H1 fit B HERWIG Diffractive jets only

POWHEG CTEQ6M H1 fit B PYTHIA8 tune 1 Diffractive jets only

S. CHATRCHYAN et al. PHYSICAL REVIEW D 87, 012006 (2013)
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Also here, the MC distributions are normalized to the
number of events in the data. Data are better described
by PYTHIA6 tune Z2 than by PYTHIA8 tune 1.

The pseudorapidity distributions of the two leading
jets for events selected with the �max < 3 requirement
are presented in Fig. 5. Events with the �min >�3
condition are also included in Fig. 5 with �j1;j2 !
��j1;j2. The pseudorapidity gap condition enhances the
diffractive component in the data, and selects events with
the jets mainly in the hemisphere opposite to that of the
gap. A combination of PYTHIA6 Z2 and POMPYT events
reproduces the data reasonably well; the relative normal-
ization of the models is optimized with the procedure
described in Sec. VA.

A. Reconstructed ~� distributions and determination of
the relative POMPYT and PYTHIA6 normalization

The reconstructed ~� distribution is shown in Fig. 6
before the �max, �min selections. Here again, the shape of
the distribution can be described by the combination of
diffractive and nondiffractive MC models. The best com-
bination was obtained by minimizing the difference

between the ~� distributions of the data and of the sum of
nondiffractive and diffractive models. The relative contri-
bution of diffractive dijet production and the overall nor-
malization of the sum were found in this fit, and the
diffractive contribution was scaled accordingly. The over-
all normalization of the fit result is not relevant. The effect
of the calorimeter energy scale uncertainty, estimated by
varying by �10% the energy of all PF objects not associ-
ated with the leading jets, is shown by the band. The solid

line in Fig. 6(a) indicates the result of the fit, according to
which the diffractive dijet cross section predicted by
POMPYT should be multiplied by a factor ’ 0:23 to match

the data. The uncertainty of this correction factor was
estimated by changing the fitting procedure and was found
to be �20%. Figure 6(b) presents the same data compared
to PYTHIA6D6Tþ POMPYT; here the fit requires the
POMPYT normalization to be scaled by a factor of ’ 0:17.
Figure 6(c) compares the data to PYTHIA8 tune 1; both

the single-diffractive and the double-diffractive compo-
nents are added to the nondiffractive part, all simulated
by PYTHIA8. The result of the fit is very different from that
for POMWIG and PYTHIA6: the normalization of the diffrac-
tive components of PYTHIA8 needs to be multiplied by a
factor ’ 2:5 to match the data. This large difference is a
consequence of the different implementation of the pom-
eron flux in PYTHIA8 and POMPYT.
In all three cases, after normalization, the shape

of the reconstructed ~� distribution in the data is de-
scribed satisfactorily by the MC models (PYTHIA6 Z2þ
POMPYT resulting in the best description). However, the

predicted nondiffractive component in the lowest ~� bin
varies from about 0.1% for PYTHIA6 D6T to as much as
10%–20% for PYTHIA6 Z2 and PYTHIA8.
The effect of the �max < 3 (�min >�3) requirement is

illustrated in Fig. 7, where the reconstructed ~� distributions
with and without the �max < 3 (�min >�3) condition are
compared to MC simulations. These pseudorapidity gap

selections reject events at high values of ~�. The region of

low ~�, where the diffractive contribution dominates, is only
marginally affected. The data and MC simulations are in

ξ∼
d

N
/d

310

410

5
10

610

ξ
∼

-3
10 -210 -110

DATA
PYTHIA6 Z2 ND + POMPYT (x0.23) SD

PYTHIA6 Z2 ND

POMPYT (x0.23) SD

(a)

ξ
∼

-3
10 -210 -110

DATA
PYTHIA6 D6T ND + POMPYT (x0.17) SD

PYTHIA6 D6T ND

POMPYT (x0.17) SD

(b)

ξ
∼

-3
10 -210 -110

DATA
PYTHIA8 tune 1 ND + PYTHIA8 SD+DD (x2.5)

PYTHIA8 tune 1 ND

PYTHIA8 SD+DD (x2.5)

(c)

 > 20 GeV 
j1,j2

T
| < 4.4,  pj1,j2η,  |2 jet1jet→,  pp-1 = 7 TeV,  L = 2.7 nbsCMS,

FIG. 6 (color online). Reconstructed ~� distribution compared to detector-level MC predictions with and without diffractive dijet
production. The predictions of (a) PYTHIA6Z2þ POMPYT, (b) PYTHIA6D6Tþ POMPYT, and (c) PYTHIA8 tune 1 are shown (in all the
cases the relative diffractive contributions from the MC simulation are scaled by the values given in the legend). The error bars indicate
the statistical uncertainty; the band represents the calorimeter energy scale uncertainty. The sum of the predictions of the two MC
simulations is normalized to the number of events in the corresponding distributions for the data.
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agreement at low ~�. The relative normalization of PYTHIA6
Z2 and POMPYT in the figure is the same as in Fig. 6.

VI. CROSS SECTION DETERMINATION
AND SYSTEMATIC UNCERTAINTIES

The differential cross section for dijet production as a

function of ~� is evaluated as

d�jj

d~�
¼ Ni

jj

L 	 	 	 Ai 	�~�i
; (4)

where Ni
jj is the measured number of dijet events in the ith

~� bin, Ai is the correction factor defined as the number of
reconstructed MC events in that bin divided by the number

of generated events in the same bin,�~�i is the bin width, L
is the integrated luminosity, and 	 is the trigger efficiency.
The factors Ai include the effects of the geometrical ac-
ceptance of the apparatus, and that of all the selections
listed in Sec. IV, as well as the unfolding corrections to
account for the finite resolution of the reconstructed vari-
ables used in the analysis. Various unfolding techniques
(bin-by-bin, singular value decomposition [36] and
Bayesian [37]) yield consistent results and the bin-by-bin
correction was kept. In addition, the measured number of
events, Ni

jj, is corrected for the effect of pileup. This

correction takes into account the probability of single pp
interactions, evaluated on a run-by-run basis, as well as the
probability that pileup interactions do not destroy the
visible gap, estimated with the minimum-bias MC samples
(PYTHIA6 Z1 and PYTHIA8 tune 1); the average correction is

1.07. The cross section is measured for dijets with the axes

in the pseudorapidity range j�j1;j2j< 4:4 and pj1;j2
T >

20 GeV in the ~� bins 0:0003< ~� < 0:002, 0:002< ~� <

0:0045, and 0:0045< ~� < 0:01. The cross section results

for ~�þ and ~�� are averaged, yielding the cross section as a

function of ~�.
The systematic uncertainties are estimated by varying

the selection criteria and by modifying the analysis proce-
dure as follows:
(1) The uncertainty on the jet energy scale varies

between 2% and 9% depending on the jet pT and
� [23]. It decreases with the jet pT and is typically
higher at high �. The energy of the reconstructed
jets is varied accordingly.

(2) The effect of the uncertainty on the jet energy
resolution is studied by changing the resolution by
up to�10% in the central region (j�j< 2:3) and by
up to�20% in the forward regions (j�j> 2:3) [23].

(3) The systematic uncertainty related to the ~�
reconstruction is determined as follows: (i) the
effect of the calorimeter energy scale uncertainty
is estimated by varying the energy of all PF objects
not associated with the leading jets by �10%;
(ii) the pT threshold for tracks is increased from
200 to 250 MeV; (iii) the correction factor C is
varied by �3%, i.e. by its uncertainty (as discussed
in Sec. IV).

(4) The uncertainty on the correction factor Ai in Eq. (4)
is estimated by changing the MC models used to
evaluate it. In addition, the relative fraction of dif-
fraction is changed by�20%, i.e. by the uncertainty
of the scaling factors obtained in the fits discussed
in Sec. VA.

(5) The sensitivity to pileup is studied by restricting
the analysis to events with only one reconstructed
vertex.

(6) The sensitivity to the jet reconstruction procedure is
studied by repeating the analysis with jets recon-
structed only with calorimetric information instead
of particle-flow objects. This affects the results by
4% at most.

(7) The difference in the results obtained for the cross

section as a function of ~�þ and ~�� is found to be
less than 11% and is included in the systematic
uncertainty.

(8) The uncertainty on the trigger efficiency is esti-
mated from the comparison of the turn-on curves
as a function of the jet pT in the minimum-bias data
and the MC simulation. The resulting uncertainty
is 3%.

(9) The uncertainty on the integrated luminosity is esti-
mated to be 4% [38,39].

The total systematic uncertainty is calculated as the qua-
dratic sum of the individual contributions. The resulting
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| < 4.4, pj1,j2η, |2 jet1jet→, pp-1 = 7 TeV, L=2.7 nbsCMS,

FIG. 7 (color online). Reconstructed ~� distributions with
(open symbols) and without (closed symbols) the �max < 3
(or �min >�3) condition are compared to detector-level MC
predictions including diffractive dijet production (PYTHIA6 Z2þ
POMPYT). The error bars indicate the statistical uncertainty;
the band represents the calorimeter energy scale uncertainty.
The relative diffractive dijet contribution from the MC simula-
tion has been scaled by the factor 0.23. The sum of the pre-
dictions of the two MC simulations is normalized to the number
of events in the corresponding distributions for the data.
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uncertainty of the cross section measurement is �30%,
dominated by the jet energy scale. The effect of each
systematic check on the cross section uncertainty is given
in Table II.

VII. RESULTS

Table III and Fig. 8 present the differential cross section

for dijet production as a function of ~�. The data are com-
pared to the predictions of nondiffractive (PYTHIA6 Z2 and
PYTHIA8 tune 1) and diffractive (POMPYT SD, POMWIG SD,

PYTHIA8 SDþ DD, and POWHEG) models. The normaliza-

tion of the predictions is absolute, unlike in Fig. 6.
The following conclusions can be drawn from Fig. 8:
(i) The generators PYTHIA6 Z2 and PYTHIA8 tune 1,

without hard diffraction, cannot by themselves

describe the low-~� data, especially in the first bin,

0:0003< ~� < 0:002.
(ii) Itwas noted already inSec.VA that the contributionof

SD MC models, e.g. POMWIG and POMPYT, is needed

to describe the low-~� data, reflecting the presence of
hard diffractive events in this region. However, these
MCmodels predict more events than are observed, by

a factor of about 5 in the lowest ~� bin.
(iii) The ratio of the measured cross section to that

expected from the POMPYT and POMWIG simula-

tions is 0:21� 0:07 in the first ~� bin, where the
nondiffractive contribution is small. This ratio can

be taken as an upper limit of the rapidity gap
survival probability (not simulated by the event
generators considered). This is an upper limit
because the measured cross section includes a con-
tribution from proton-dissociative events in which
the scattered proton is excited into a low mass state,
which escapes undetected in the forward region;
the dPDFs also include a proton-dissociative con-
tribution. If the amount of proton-dissociative
events in the data is assumed to be 41%, as esti-
mated at particle level with PYTHIA8, and that in the
dPDFs is taken to be 23% [7], then this upper limit
can be turned into an estimate of the rapidity gap
survival probability of 0:12� 0:05.

(iv) POMPYT and POMWIG are LO MC generators. If
POWHEG is used to predict the diffractive cross

section at NLO in the first ~� bin and PYTHIA8 tune
1 is used for hadronization, the ratio between
data and predictions becomes 0:14� 0:05. With
the assumptions just discussed on the proton-
dissociative contribution, the rapidity gap survival
probability becomes 0:08� 0:04.

(v) Figure 8 also shows that the normalization of the
SDþ DD PYTHIA8 prediction disagrees with that of
POMPYT and POMWIG, and would have to be scaled

up by a factor of about 2 to match the data. This is a
consequence of the different modeling of diffraction
in these generators: while they all use the same H1
dPDFs, the parametrization of the pomeron flux in
PYTHIA8 is different—and, notably, not the one used

in the H1 fit. Because of this, PYTHIA8 (version
8.135) cannot be used to extract the rapidity gap
survival probability.

While the rapidity gap survival probability measured at
the Tevatron [5,6] is close to that found in the present
analysis, the two measurements cannot be directly com-
pared because of the different kinematic regions they

cover: 0:035< �< 0:095 for the CDF data and 0:0003<
~� < 0:002 for the present CMS data. This difference is

TABLE II. Contributions to the systematic uncertainty on the dijet cross section in the three lowest ~� bins considered. The total
systematic uncertainty calculated as the quadratic sum of the individual contributions is given in the last row.

Uncertainty source 0:0003< ~� < 0:002 0:002< ~� < 0:0045 0:0045< ~� < 0:01

1. Jet energy scale (þ 26;�19)% (þ 21;�20)% (þ 28;�16)%
2. Jet energy resolution (þ 6;�4)% (þ 4;�3)% (þ 3;�2)%
3. PF energy, pT threshold, C (þ 7;�15)% (þ 14;�8)% (þ 12;�11)%
4. MC model uncertainty (þ 5;�3)% (þ 2;�14)% (þ 3;�1)%
5. One-vertex selection (þ 6;�0)% (þ 0;�1)% (þ 1;�0)%
6. Jet objects (Calorimeter, PF) (þ 0;�4)% (þ 0;�4)% (þ 2;�4)%
7. ~�þ, ~�� difference �8% �8% �11%
8. Trigger efficiency �3% �3% �3%
9. Luminosity �4% �4% �4%

Total error (þ 30;�26)% (þ 27;�29)% (þ 33;�23)%

TABLE III. Differential cross section for inclusive dijet pro-

duction as a function of ~� for jets with p
j1;j2
T > 20 GeV and jet

axes in the pseudorapidity range j�j1;j2j< 4:4.

~� bin d�jj=d~� (�b)

0:0003< ~� < 0:002 5:0� 0:9ðstatÞþ1:5
�1:3ðsystÞ

0:002< ~� < 0:0045 8:2� 0:9ðstatÞþ2:2�2:4ðsystÞ
0:0045< ~� < 0:01 13:5� 0:9ðstatÞþ4:5

�3:1ðsystÞ
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relevant because the rapidity gap survival probability
depends on the parton momentum x and is expected to
increase with decreasing x (and hence �): from about 0.05
at x ¼ 10�1 to about 0.3 for x ¼ 10�3 according to
Ref. [40].

VIII. SUMMARY

The differential cross section for dijet production as a

function of ~�, a variable that approximates the fractional
momentum loss of the proton in single-diffractive pro-
cesses, has been measured with the CMS detector for

events with at least two jets with pj1;j2
T > 20 GeV in the

pseudorapidity region j�j1;j2j< 4:4. The results are com-
pared to diffractive (POMPYT, POMWIG, and PYTHIA8 SDþ
DD) and nondiffractive (PYTHIA6 Z2, D6T, and PYTHIA8

tune 1) MC models. The low-~� data show a significant
contribution from diffractive dijet production, observed for
the first time at the LHC. The associated rapidity gap
survival probability is estimated. Leading-order diffractive
generators (POMPYT and POMWIG), based on dPDFs from
the HERA experiments, overestimate the measured cross
section and their normalization needs to be scaled down by
a factor of �5. This factor can be interpreted as the effect

of the rapidity gap survival probability. The results are also
compared with NLO predictions. The rapidity gap survival
probability, estimated from the comparison of the cross

section measured in the first bin, 0:0003< ~� < 0:002, with
LO and NLO diffractive MC models, ranges from 0:08�
0:04 (NLO) to 0:12� 0:05 (LO).

ACKNOWLEDGMENTS

We would like to thank M. Diehl, M.G. Ryskin, and L.
Trentadue for their valuable suggestions. We congratulate
our colleagues in the CERN accelerator departments for
the excellent performance of the LHC machine. We thank
the technical and administrative staff at CERN and other
CMS institutes, and acknowledge support from BMWF
and FWF (Austria); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria);
CERN; CAS, MoST, and NSFC (China); COLCIENCIAS
(Colombia); MSES (Croatia); RPF (Cyprus); MoER,
SF0690030s09 and ERDF (Estonia); Academy of
Finland, MEC, and HIP (Finland); CEA and CNRS/
IN2P3 (France); BMBF, DFG, and HGF (Germany);
GSRT (Greece); OTKA and NKTH (Hungary); DAE and
DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF
and WCU (Korea); LAS (Lithuania); CINVESTAV,
CONACYT, SEP, and UASLP-FAI (Mexico); MSI (New
Zealand); PAEC (Pakistan); MSHE and NSC (Poland);
FCT (Portugal); JINR (Armenia, Belarus, Georgia,
Ukraine, Uzbekistan); MON, RosAtom, RAS and RFBR
(Russia); MSTD (Serbia); SEIDI and CPAN (Spain); Swiss
Funding Agencies (Switzerland); NSC (Taipei); ThEP,
IPST and NECTEC (Thailand); TUBITAK and TAEK
(Turkey); NASU (Ukraine); STFC (United Kingdom);
DOE and NSF (USA). Individuals have received support
from the Marie-Curie programme and the European
Research Council (European Union); the Leventis
Foundation; the A. P. Sloan Foundation; the Alexander
von Humboldt Foundation; the Austrian Science Fund
(FWF); the Belgian Federal Science Policy Office; the
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FIG. 8 (color online). The differential cross section for inclu-
sive dijet production as a function of ~� for jets with axes in the

range j�j1;j2j< 4:4 andp
j1;j2
T > 20 GeV. The points are plotted at

the center of the bins. The error bars indicate the statistical
uncertainty and the band represents the systematic uncertainties
added in quadrature. The predictions of nondiffractive (PYTHIA6
Z2 and PYTHIA8 tune 1) and diffractive (POMPYT SD, POMWIG SD
and PYTHIA8 SDþ DD) MC generators are also shown, along
with that of the NLO calculation based on POWHEG (first bin
only). The predictions of POMPYT and POMWIG in the first ~� bin
are identical.
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[28] R. Corke and T. Sjöstrand, J. High Energy Phys. 03 (2011)

032.
[29] P. Bruni and G. Ingelman, Report No. DESY 93-187,

1993; a modified version of POMPYT 2.6 was used.
[30] B. E. Cox and J. R. Forshaw, Comput. Phys. Commun.

144, 104 (2002).
[31] G. Ingelman and P. Schlein, Phys. Lett. 152B, 256 (1985).
[32] S. Navin, arXiv:1005.3894.
[33] G. Corcella, I. G. Knowles, G. Marchesini, S. Moretti, K.

Odagiri, P. Richardson, M.H. Seymour, and B. R. Webber,
J. High Energy Phys. 01 (2001) 010.

[34] S. Alioli, K. Hamilton, P. Nason, C. Oleari, and E. Re, J.
High Energy Phys. 04 (2011) 081.

[35] S. Agostinelli and others (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[36] A. Hoecker and W. Kartvelishvili, Nucl. Instrum. Methods
Phys. Res., Sect. A 372, 469 (1996).

[37] G. D’Agostini, Nucl. Instrum. Methods Phys. Res., Sect.
A 362, 487 (1995).

[38] CMS Collaboration, CMS Physics Analysis Summary
Report No. CMS-PAS-EWK-10-004, 2010.

[39] CMS Collaboration, CMS Detector Performance
Summary Report No. CERN-CMS-DP-2011-002, 2011.

[40] M. Klasen and G. Kramer, Phys. Rev. D 80, 074006
(2009).

S. Chatrchyan,1 V. Khachatryan,1 A.M. Sirunyan,1 A. Tumasyan,1 W. Adam,2 E. Aguilo,2 T. Bergauer,2

M. Dragicevic,2 J. Erö,2 C. Fabjan,2,b M. Friedl,2 R. Frühwirth,2,b V.M. Ghete,2 J. Hammer,2 N. Hörmann,2
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E. Schlieckau,38 A. Schmidt,38 M. Schröder,38 T. Schum,38 M. Seidel,38 V. Sola,38 H. Stadie,38 G. Steinbrück,38

J. Thomsen,38 L. Vanelderen,38 C. Barth,39 J. Berger,39 C. Böser,39 T. Chwalek,39 W. De Boer,39 A. Descroix,39
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9Université de Mons, Mons, Belgium

10Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
11Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

12Instituto de Fisica Teorica, Universidade Estadual Paulista, Sao Paulo, Brazil
13Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria

14University of Sofia, Sofia, Bulgaria
15Institute of High Energy Physics, Beijing, China

16State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
17Universidad de Los Andes, Bogota, Colombia
18Technical University of Split, Split, Croatia

S. CHATRCHYAN et al. PHYSICAL REVIEW D 87, 012006 (2013)

012006-16



19University of Split, Split, Croatia
20Institute Rudjer Boskovic, Zagreb, Croatia

21University of Cyprus, Nicosia, Cyprus
22Charles University, Prague, Czech Republic

23Academy of Scientific Research and Technology of the Arab Republic of Egypt,
Egyptian Network of High Energy Physics, Cairo, Egypt

24National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
25Department of Physics, University of Helsinki, Helsinki, Finland

26Helsinki Institute of Physics, Helsinki, Finland
27Lappeenranta University of Technology, Lappeenranta, Finland

28DSM/IRFU, CEA/Saclay, Gif-sur-Yvette, France
29Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

30Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, Université de Haute Alsace Mulhouse,
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