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Events where the two leading jets are separated by a pseudorapidity interval devoid of particle activity,
known as jet-gap-jet events, are studied in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV. The signature is
expected from hard color-singlet exchange. Each of the highest transverse momentum (pT) jets must have

pjet
T > 40 GeV and pseudorapidity 1.4 < jηjetj < 4.7, with ηjet1ηjet2 < 0, where jet1 and jet2 are the leading

and subleading jets in pT, respectively. The analysis is based on data collected by the CMS and TOTEM
experiments during a low luminosity, high-β� run at the CERN LHC in 2015, with an integrated luminosity
of 0.66 pb−1. Events with a low number of charged particles with pT > 0.2 GeV in the interval jηj < 1

between the jets are observed in excess of calculations that assume only color-exchange. The fraction of

events produced via color-singlet exchange, fCSE, is measured as a function of pjet2
T , the pseudorapidity

difference between the two leading jets, and the azimuthal angular separation between the two leading jets.
The fraction fCSE has values of 0.4–1.0%. The results are compared with previous measurements and with
predictions from perturbative quantum chromodynamics. In addition, the first study of jet-gap-jet events
detected in association with an intact proton using a subsample of events with an integrated luminosity of
0.40 pb−1 is presented. The intact protons are detected with the Roman pot detectors of the TOTEM
experiment. The fCSE in this sample is 2.91� 0.70ðstatÞþ1.08

−1.01 ðsystÞ times larger than that for inclusive dijet
production in dijets with similar kinematics.

DOI: 10.1103/PhysRevD.104.032009

I. INTRODUCTION

Quantum chromodynamics (QCD) is the established
theory of strong interactions and it is especially successful
at very short distances, where physical observables can be
computed in a perturbative expansion in powers of the strong
coupling, αS. However, there remain corners of phase space
where predictions from perturbative QCD (pQCD) have yet
to be confirmed. One such kinematic region is the high-
energy limit of strong interactions, which is particularly
important for better understanding the initial state in hadronic
collisions and for studies of high-energy scattering [1,2].
In 2 → 2 parton scattering, the high-energy limit of QCD

is mathematically represented by ŝ ≫ −t̂ ≫ Λ2
QCD, where ŝ

is the square of the partonic center-of-mass energy, t̂ is the
square of the partonic four-momentum transfer, andΛQCD is

the energy scale below which QCD becomes strongly
coupled. In this limit, some powers of αS are multiplied
by a large logarithm of ŝ in the perturbative expansion,
compensating for the smallness of αS ≪ 1 such that
αS lnðŝ=jt̂jÞ≲ 1. Thus, the fixed-order perturbation theory
approach is no longer valid. These logarithmically enhanced
terms correspond to multiple-parton splittings that are
strongly ordered in rapidity. The Balitsky–Fadin–Kuraev–
Lipatov (BFKL) evolution equation resums these terms to
all orders in αS in the perturbative expansion [3–5], and its
solutions are known up to next-to-leading logarithmic
(NLL) accuracy [6,7]. In dijet production, the expected
onset of BFKL dynamics is reached in configurations where
the two jets are separated by a large rapidity interval. The
BFKL radiation pattern is also expected to be important in
the study of parton distribution functions (PDFs) of hadrons
[3–5]. In this context, the high-energy limit of QCD
corresponds to the regime of very small values of the
parton momentum fraction x at low momentum transfer.
The resummation of lnð1=xÞ terms to all orders in αS
predicts a power-law growth of gluon densities at small x.
At the CERN LHC, dedicated studies of BFKL dynam-

ics include measurements of azimuthal angular (ϕ)

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 104, 032009 (2021)

2470-0010=2021=104(3)=032009(35) 032009-1 © 2021 CERN, for the CMS and TOTEM Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.032009&domain=pdf&date_stamp=2021-08-26
https://doi.org/10.1103/PhysRevD.104.032009
https://doi.org/10.1103/PhysRevD.104.032009
https://doi.org/10.1103/PhysRevD.104.032009
https://doi.org/10.1103/PhysRevD.104.032009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


decorrelations between jets in forward-backward dijet
configurations [8] and cross section measurements at large
values of the rapidity difference between the jets [9,10].
Exclusive vector meson production at the LHC [11–17] can
be treated within the BFKL framework, as discussed in
Refs. [18,19]. Measurements of inclusive jet or multijet
cross sections at different center-of-mass energies show
no significant deviations from predictions based on
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP)
evolution equations [20–22], where parton emissions are
strongly ordered in transverse momentum (pT), distinct
from the BFKL ordering in rapidity, over a large region
of phase space [9,10,23–36]. State-of-the-art global PDF
fits highlight the importance of including resummation of
small x terms to all orders in αS to describe inclusive deep
inelastic scattering data collected by the DESY HERA
experiments [37]. A lesson from these studies is that BFKL
dynamical effects associated with multiple parton splittings
are very difficult to separate from other effects predicted by
higher-order corrections in pQCD. More restrictive final-
state studies, where other effects expected from pQCD
are suppressed, may provide clearer indications of BFKL
dynamics.
A study of events is presented in proton-proton (pp)

collisions with two jets separated by a large pseudorapidity
(η) interval devoid of particle activity. These are known as
Mueller–Tang jets [38] or jet-gap-jet events. The jet-gap-jet
events in this study are observed with the CMS detector.
Previous studies of jet-gap-jet events have been carried out
by the H1 and ZEUS Collaborations in dijet photoproduc-
tion in electron-proton collisions at the DESY HERA
[39,40], by the CDF and D0 Collaborations in pp colli-
sions at center-of-mass energies

ffiffiffi
s

p ¼ 0.63 and 1.8 TeV at
the Fermilab Tevatron [41–46], and by CMS at 7 TeV in pp
collisions at the CERN LHC [47]. The pseudorapidity gap
is indicative of an underlying t-channel hard color-singlet
exchange [48–51]. In the BFKL framework, hard color-
singlet exchange is described by t-channel two-gluon
ladder exchange between the interacting partons, as shown
in Fig. 1, where the color charge carried by the exchanged

gluons cancel, leading to a suppression of particle pro-
duction between the final-state jets. This is known as
perturbative pomeron exchange [3–5]. Color-singlet
exchange can occur in quark-quark, quark-gluon, and
gluon-gluon scattering. Of these, gluon-gluon scattering
is expected to be substantially favored as a result of the
larger color charge of gluons [49–51]. In contrast, in most
collisions that lead to dijet production, the net color charge
exchange between partons results in final-state particle
production over wide intervals of rapidity between the jets.
These color-exchange dijet events are referred to in this
paper as “background” events. Dynamical effects predicted
by the DGLAP evolution equations are largely suppressed
in events with pseudorapidity gaps, since the predicted dijet
production rate is strongly reduced by way of a Sudakov
form factor [48–51]. This factor, which accounts for the
probability of having no additional parton emissions
between the hard partons, is not necessary for BFKL
pomeron exchange [38]. The ratio of jet-gap-jet yields to
inclusive dijet yields is sensitive to dynamical effects
predicted by the BFKL evolution equations, as first
suggested in Ref. [38] and further studied in Refs. [52–56].
The presence of soft rescattering effects between partons

and the proton remnants modify the visible cross section of
jet-gap-jet events. These soft interactions can induce the
production of particles in the η interval that would other-
wise be devoid of particles. This results in a reduction of the
number of events identified as having a jet-gap-jet signa-
ture. This reduction is parametrized using a multiplicative
factor known as the rapidity gap survival probability, jSj2.
The survival probability is a process-dependent, nonper-
turbative quantity [48,57–61] that is expected to have
values of the order of jSj2 ¼ 1–10% at LHC energies.
This factor is often assumed to be largely independent of
the dijet event kinematics [48], although some nonpertur-
bative models, such as the soft color interactions (SCI)
model [53,56], suggest that this is not always the case. In
particular, multiple-parton interactions (MPI) can further
reduce the survival probability in dijet events with a central
gap, as discussed in Refs. [53,56,62].

FIG. 1. Left: schematic diagram of a jet-gap-jet event by hard color-singlet exchange in pp collisions. The lines following the protons
represent the proton breakup. Right: jet-gap-jet event signature in the η-ϕ plane. The filled circles represent final-state particles.
The shaded rectangular area between the jets denotes the interval jηj < 1 devoid of charged particles.
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Soft rescattering effects can be suppressed in processes
where one or both of the colliding protons remain intact
after the interaction, such as in single- or central-diffractive
dijet processes or in dijet photoproduction. These can be
used to better separate events with a central gap between
the jets, as discussed in Ref. [63]. Hence, parallel to the
study of jet-gap-jet events in inclusive dijet production, a
study of jet-gap-jet events with an intact proton, as shown
in Fig. 2, is also presented. Although no forward rapidity
gap is required in the analysis, these events are referred to
as “proton-gap-jet-gap-jet” throughout the paper, where the
forward rapidity gap signature is inferred from the detec-
tion of the intact proton. This part of the analysis uses a
subset of dijet events that, in addition, have intact protons
detected with the forward proton spectrometers of the
TOTEM experiment [64]. This diffractive event topology
has not been previously measured.
The present study is based on low instantaneous lumi-

nosity data collected in pp collisions at
ffiffiffi
s

p ¼ 13 TeV by
the CMS and TOTEM experiments at the CERN LHC.
These data were recorded with special LHC optics settings,
β� ¼ 90m, where β� is the betatron amplitude function at
the interaction point [65]. Data were recorded by CMS with
an integrated luminosity of 0.66 pb−1; a subset of the data
with 0.40 pb−1 was collected jointly with the TOTEM
experiment. The present analysis uses a similar event
selection and central gap definition as the previous meas-
urement by CMS at 7 TeV [47]. Each of the two highest pT

jets must have pjet
T > 40 GeV and 1.4 < jηjetj < 4.7, and

they must be in opposite hemispheres of the detector
ηjet1ηjet2 < 0, where jet1 and jet2 denote the leading and
subleading jets in pT, respectively. The charged particle
multiplicity (Ntracks) in the interval jηj < 1 between the two
leading jets, where each charged particle must have
pT > 200 MeV, is used to isolate color-singlet exchange
dijet events from color-exchange dijet events. Jet-gap-jet

events due to color-singlet exchange are characterized by a
sharp excess at the lowest Ntracks values above the expected
contribution of color-exchange dijet events. The increase inffiffiffi
s

p
to 13 TeV provides improved conditions to study the

hard color-singlet exchange process in an unexplored
region of phase space. The increased sample size relative
to the previous analysis at 7 TeVallows finer binning in the
kinematic variables of interest and an improved precision in
the determination of the fraction of dijet events produced
via hard color-singlet exchange. Furthermore, the analysis
based on CMS and TOTEM data provides a first inves-
tigation of dijet events with a central gap and an intact
proton. This analysis can elucidate the role of soft parton
exchanges in the creation and destruction mechanisms of
pseudorapidity gaps in strong interactions [63]. The intact
protons in the analysis have a fractional momentum loss (ξ)
of up to 20%, with values of the square of the four-
momentum transfer at the proton vertex (t) in the range
between −4 and −0.025 GeV2.
The paper is organized as follows. The CMS and

TOTEM detectors are introduced in Sec. II. The data
sample used in the analysis is described in Sec. III. The
event selection requirements are presented in Sec. IV. The
central pseudorapidity gap and observable definitions are
discussed in Secs. Vand VI, respectively. Section VII gives
a description of the background treatment used in the
analysis. The systematic uncertainties are detailed in
Sec. VIII. The results of the paper are shown in Sec. IX.
A summary of the paper is found in Sec. X.

II. THE CMS AND TOTEM DETECTORS

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and

FIG. 2. Left: schematic diagram of a jet-gap-jet event by hard color-singlet exchange with an intact proton in pp collisions. The jet-
gap-jet is reconstructed in the CMS detector, while the intact proton is detected with one of the forward proton spectrometers of the
TOTEM experiment. Right: proton-gap-jet-gap-jet event signature in the η-ϕ plane. The filled circles represent final-state particles. The
shaded rectangular areas denote the central gap region jηj < 1 devoid of charged particles and the forward gap that is inferred from
the forward proton detection.
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the color-singlet exchange signal events into the neighbor-
ing multiplicity counts. Therefore, the jet-gap-jet contri-
butions are extracted for multiplicities up to Ntracks ¼ 2.
The integration interval Ntracks < 3 is optimized based on
the background studies described in Sec. VII, where the
excess of events over the expected number of color-
exchange dijet events at low multiplicities is observed to
stabilize, within the statistical uncertainties, at Ntracks < 3.
The number of dijet events withNtracks < 3 is denoted by

NF, the number of dijet events with no underlying color-
singlet exchange with Ntracks < 3 by NF

non−CSE, and the total
number of dijet events by N. The yields NF and N are
extracted directly via event counting, whereas NF

non−CSE
requires modeling of color-exchange dijet events, which is
discussed in Section VII.
The fraction of color-singlet exchange dijet events is

given by

fCSE ¼ NF − NF
non−CSE
N

; ð1Þ

and is measured as a function of kinematic variables of
interest. Because fCSE is a ratio of yields, jet reconstruction
uncertainties approximately cancel. The fCSE fraction can
be measured as a function of:

(i) The pseudorapidity separation of the two leading
jets, Δηjj ≡ jηjet1 − ηjet2j.

(ii) The subleading jet transverse momentum, pjet2
T .

(iii) The azimuthal angular separation between the two
leading jets, Δϕjj ≡ jϕjet1 − ϕjet2j.

The fraction fCSE, measured as a function of Δηjj, is
particularly sensitive to predictions based on perturbative
calculations within the BFKL framework [52–56], since it
is directly related with the resummation of large logarithms
of energy. The fraction fCSE, as a function of pjet2

T , can be
compared with phenomenology studies that predict a weak
dependence of this fraction on pjet2

T based on BFKL
calculations [52–55]. This pjet2

T dependence also compares
better with previous measurements by D0 [42,43] and CMS
[47]. The fraction fCSE, as a function of Δϕjj, is sensitive to
deviations from the back-to-back topology of jet-gap-jet
events caused by higher-order perturbative QCD correc-
tions, e.g., those induced by higher order corrections to the
impact factors, which are related to the coupling of the
perturbative pomeron to quarks and gluons [78,79]. The
fCSE is extracted in bins of the kinematic variables of
interest with ranges specified in Tables II–IV of Sec. IX.
For the measurement with intact protons, fCSE is the ratio

of the number of proton-gap-jet-gap-jet events to the
number of standard diffractive dijet events. In this case,
signal events are extracted in the first two multiplicity bins,
Ntracks < 2. The integration region of Ntracks < 2 is opti-
mized based on the background studies described in
Sec. VII B, where an excess of events over background

expectations is observed up to Ntracks < 2, and on the lower
mean multiplicity found in data in events with intact
protons. Because of the limited sample size, a measurement
as a function of kinematic variables is not possible. Thus,
the respective fCSE is extracted using the entire sample of
events with the intact proton.

VII. BACKGROUND TREATMENT

Two independent, data-based techniques are used to
describe the contribution of color-exchange dijet events in
the lowest multiplicity bins. The first method relies on a
data sample independent of the nominal sample, whereas
the second method relies on a parametrization of particle
multiplicity distributions in hadronic collisions. These
techniques avoid model-dependent treatment of the under-
lying event activity, hadronization effects, and other effects
that impact the description of particle activity between the
jets that are embedded in Monte Carlo events.

A. Background for jet-gap-jet events

In the first approach, a separate Ntracks distribution is
obtained from a sample of events where the two leading jets
are reconstructed on the same side of the CMS detector
(ηjet1ηjet2 > 0) with jets satisfying the requirements 1.4 <
jηjetj < 4.7 and pjet

T > 40 GeV. The independent sample of
events where jets are produced on the same side is referred
to as “SS dijet sample.” The nominal sample, where jets
are reconstructed on opposite sides of the detector
(ηjet1ηjet2 < 0), is denoted by “OS dijet sample.” To sup-
press single-diffractive dijet contributions in the SS sample
(dijet production with a forward pseudorapidity gap),
which could affect the shape of the multiplicity distribution
at very low multiplicities, at least one calorimeter tower
with a minimum energy of 5 GeV above the calorimeter
noise level in the forward region opposite to the dijet
system within 3 < jηj < 5.2 is required. This SS method
for estimating the color-exchange contributions in jet-
gap-jet analyses has been used by the CDF and CMS
Collaborations [44–47].
Although the multiplicity distribution of charged par-

ticles in jηj < 1 has a similar shape in the SS and the OS
dijet samples, the SS dijet sample has a lower mean Ntracks
than the OS sample. To compensate for this difference and
obtain a better superposition of the Ntracks distributions of
the SS and the OS dijet samples for multiplicities of
Ntracks > 2, the η region for the SS dijet sample is adjusted.
The adjustment is estimated by matching the mean multi-
plicity of the distributions of the SS and OS samples by
varying the pseudorapidity gap width in the SS sample.
The optimal η interval for the SS dijet sample is jηj < 1.2,
consistent with findings by the CDF and CMS
Collaborations at lower

ffiffiffi
s

p
[44–47]. The multiplicity

distribution in the SS sample is then normalized to the
one of the OS dijet sample in an interval dominated by
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color-exchange dijet events, 3 ≤ Ntracks ≤ 40. The number
of events of the SS sample in the first multiplicity bins
Ntracks < 3 becomes the estimated number of color-
exchange events contributing in the color-singlet exchange
signal region. This is illustrated in the left panel of Fig. 5 for
one of the bins in the region 40 < pjet2

T < 50 GeV used in
the analysis. An excess of OS dijet events at low multi-
plicities above the expected color-exchange events is
observed, which is interpreted as the contribution of hard
color-singlet exchange dijet events. The fCSE fraction is
observed to stabilize up to Ntracks ¼ 2 with the SS method,
within the statistical uncertainties, and thus this is the
integration region used for the fCSE extraction in the
analysis. For events at low nonzero Ntracks, strong corre-
lations in η-ϕ between the charged particles and the jets are
observed. This suggests that events with low nonzero
Ntracks are due to charged particle constituents of the jet
falling into the jηj < 1 region.

The second method used to estimate the color-exchange
background relies on a fit to the Ntracks distribution with a
negative binomial distribution (NBD) function. This dis-
tribution is used to describe Ntracks distributions with
underlying color charge exchanges in hadronic collisions
[80,81], as first reported by the UA5 Collaboration [82,83]
at

ffiffiffi
s

p ¼ 540 GeV. The NBD functional form has also been
used to describe pp collision data at several

ffiffiffi
s

p
values by

the ALICE Collaboration [84]. The NBD function is less
successful in describing the high multiplicity tails of Ntracks

distributions for
ffiffiffi
s

p
larger than 900 GeV [83,84], and

requires the use of more complex phenomenological para-
metrizations necessary for very wide multiplicity intervals.
For the study of jet-gap-jet events, a single NBD function
fit is sufficient, since the main focus is at low Ntracks. The
NBD method for estimating the color-exchange contribu-
tions in jet-gap-jet analyses has been used by the D0 and
CMS Collaborations [41–43,47].
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FIG. 5. Charged particle multiplicity distribution Ntracks in the jηj < 1 region for charged particle tracks with pT > 200 MeV for
opposite side (OS) dijet events satisfying ηjet1ηjet2 < 0 with 40 < pjet2

T < 50 GeV. The vertical bars, which represent statistical
uncertainties, are smaller than the markers for most data points. Results from color-exchange dijet background estimation based on the
same side (SS) dijet events and the negative binomial distribution (NBD) function fit are shown on the left and right panels, respectively.
The NBD function is fit in the interval 3 ≤ Ntracks ≤ 35, and extrapolated to Ntracks ¼ 0. The dashed-line arrow represents the jet-gap-jet
signal region used in the analysis, Ntracks ≤ 2. The vertical bars of the NBD extrapolation points, which are smaller than the markers,
represent the uncertainty in the extrapolation based on the fit parameter uncertainties extracted in the 3 ≤ Ntracks ≤ 35 interval. The
fraction fCSE corresponds to the ratio of the excess of events at low multiplicities relative to the integrated number of events, as described
in the text.
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The NBD function is fit in the interval 3 ≤ Ntracks ≤ 35,
which is expected to be dominated by color-exchange dijet
events. The range of 3 ≤ Ntracks ≤ 35 also compares better
to the 7 TeV analysis, since the shape of the Ntracks
distribution is similar. The NBD function is extrapolated
to Ntracks ¼ 0 to estimate the contribution of color-
exchange dijet background counts. This is illustrated
in the right panel of Fig. 5 for one of the bins,
40 < pjet2

T < 50 GeV, used in the analysis. As with the
SS method, an excess at low Ntracks over the NBD
extrapolation is observed. The fraction fCSE is observed
to stabilize by integrating the excess up to Ntracks ¼ 2 with
the NBD method, within the statistical uncertainties, and
hence this is the integration region used to extract fCSE. The
estimated color-exchange dijet yield in the signal region is
stable with respect to variations of the starting and ending
points of the fit region, as verified explicitly by changing
the fit interval to 3 ≤ Ntracks ≤ 25, 3 ≤ Ntracks ≤ 45, or
4 ≤ Ntracks ≤ 35. The shape of the Ntracks distribution is
very similar for events with low Δηjj (more central dijets)
compared with those with large Δηjj (very forward-back-
ward dijet configurations). This is because, for the majority
of the events, the gap region is far from the edges of the jets
due to the jηjetj > 1.4 requirement, which reduces the
contamination of soft radiation from the jet.
The NBD method is used to extract the main results in

the analysis, since it computes the fraction fCSE as a
function of the kinematic variables of interest. It also
provides for a more direct comparison with the previous
measurement by CMS at

ffiffiffi
s

p ¼ 7 TeV [47], where the main
results are extracted with an NBD function fit in similar
Ntracks intervals. The SS method is used for systematic
checks in the analysis. The SS method overestimates the
contribution of color-exchange dijet events by about 15%
relative to the results extracted with the NBD method in
40 < pjet2

T < 50 GeV, and by about 1–5% for larger values
of pjet2

T > 50 GeV. These differences are taken as a
systematic uncertainty.
The performance of the NBD method is tested on the

Ntracks distribution of the SS dijet sample by performing the
NBD fit in the range 3 ≤ Ntracks ≤ 35. The extrapolation of
the fit results to Ntracks ¼ 0 agrees with the SS data. As an
additional check, a subset of the OS dijet sample charac-
terized by the presence of a third leading jet with pT

jet3 >
15 GeV and jηjet3j < 1 is analyzed. This selection yields a
trijet sample enriched in color-exchange events. The NBD
function fit describes correctly the Ntracks distribution of
this trijet sample, further confirming the validity of the
NBD approach.
The fCSE fractions are extracted from the data using dijet

yields uncorrected for detector effects. No unfolding of the
data is necessary, since reconstruction, resolution, and
migration effects cancel in the ratio of yields in fCSE.
The number of color-singlet exchange dijet events in the

numerator of Eq. (1) does not depend on track
reconstruction inefficiencies; the latter only influence the
color-exchange dijet events in the denominator of Eq. (1),
which are subtracted in the analysis. Simulation events
show that the results do not change within the statistical
uncertainties if hadron-level or detector-level variables are
used. This was also true for the 7 TeV CMS paper [47].
For these simulation studies, inclusive dijet events (with

no hard color-singlet exchange contributions) were simu-
lated using the leading order (LO) PYTHIA8 Monte Carlo
event generator [85] (version 8.212) with the PDF set
NNPDF2.3LO [86,87]. The PYTHIA8 generator relies on a
parton showering algorithm for resummation of soft and
collinear gluon emissions at leading-logarithm accuracy,
and on the Lund string fragmentation model for hadroni-
zation effects [88]. The underlying event tune CUETP8M1
[89] is used, together with initial- and final-state radiation
effects. Hard color-singlet exchange events are simulated
with the HERWIG6 Monte Carlo event generator [90]
(version 6.520) with the PDF set CTEQ6L1 [91]. The
HERWIG6 generator simulates events with hard color-singlet
exchange between two partons following predictions based
on simplified leading-logarithm BFKL calculations.
Hadronization effects in HERWIG6 are based on the cluster
fragmentation model [92]. The JIMMY package [93] is used
to supplement MPI. A detailed simulation of the CMS
detector response is performed with the GEANT4 toolkit
[94]. The reconstruction of these simulated events uses the
same algorithms as the data. Stable particles, whose decay
length is greater than 20 mm, are used for jet reconstruction
and measurement of the charged particle multiplicity
distribution between the jets in these studies. The
hadron-level results on fCSE are compared with those
obtained when considering the detector response, and
agree within the statistical uncertainties, provided that
the signal extraction is performed at most at Ntracks < 3.
The fCSE values in simulation are matched to those in data
for these studies. For a check of the background subtraction
methods used in the analysis, the fCSE values calculated
with PYTHIA8 (color-exchange dijet events, no jet-gap-jet
signal) are compared, and found consistent with those
extracted using the SS or NBD methods, within the
statistical uncertainties.

B. Background for proton-gap-jet-gap-jet events

In the sample with intact protons, the contribution of
protons from pileup interactions and beam halo activity
must be subtracted. The residual contamination that sur-
vives the selection requirement ξpðPFÞ − ξpðRPÞ < 0, as
noted in Sec. IV B, is estimated using an event mixing
procedure that mimics the beam background contribution
in the nominal sample, as described below.
Events from the inclusive dijet sample are paired with

uncorrelated protons from events in the zero-bias data
sample. The dijet events should satisfy the same event
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selection requirement described in Sec. IV. The number of
events from this event mixing procedure is normalized to
data with ξpðPFÞ − ξpðRPÞ > 0, which is dominated by
beam background events. Then, the number of events with
ξpðPFÞ − ξpðRPÞ < 0 is the estimated number of beam
background events present in the nominal sample. The
results of this procedure are presented in Fig. 6. Beam
background contamination constitutes 18.6 and 21.5% of
the sample in sectors 45 and 56, respectively. Similar
procedures have been used in Refs. [75,95–100]. The
distribution of Ntracks from beam background, shown in
Fig. 7, is determined from the event mixing procedure.
A larger number of events in the ξpðPFÞ − ξpðRPÞ > 0

region is observed for intact protons detected in sector 56.
This is indicative of a larger beam background contami-
nation in sector 56 in comparison to sector 45. A higher
beam background activity in sector 56 has been previously
observed by CMS and TOTEM in the 8 TeV single-
diffractive dijet measurement [75].
Standard single-diffractive dijet events can yield a central

gap between the jets by fluctuations in Ntracks, analogous to
the fluctuations of color-exchange dijet events in inclusive
dijet production. The methods introduced in Sec. VII A are
used to estimate these contributions with modifications that
account for differences in the sample with intact protons.
Generally, the Ntracks is lower in events with an intact
proton than in inclusive dijet production events. For events
passing the dijet and forward proton selection require-
ments, the mean multiplicity in the jηj < 1 region is
hNtracksi ≈ 17, compared to the larger hNtracksi ≈ 28 in
inclusive dijet production. This is consistent with the
overall suppression of spectator parton interactions and
lower energy available for production of particles in single-
diffractive events. Since the Ntracks distributions in sectors
45 and 56 are similar in shape, the Ntracks values from the
two sectors are summed for the analysis.
The first approach is the SS method. For the analysis

with intact protons, the definition of the SS dijet sample
introduced in Sec. VII A cannot be used. The mean η of the
jets is not centered at zero in single-diffractive events. This
is because single-diffractive dijet events are intrinsically
boosted along the beam direction, in a direction opposite to
the scattered proton. Thus, in considering single-diffractive
dijet events located in the same hemisphere of the CMS
detector, the Ntracks in the jηj < 1.2 region is directly
influenced by the intrinsic boost effects. To account for
this, the Ntracks distribution of the SS dijet sample is instead
measured in intervals of −2.0 < η < 0.4 or −0.4 < η < 2.0
for protons detected in sector 45 or 56, respectively. These
intervals are determined based on the mean jet η in the data
for events with an intact proton in sectors 45 and 56, which
corresponds to boosts of about 0.8 units in negative and
positive η, respectively. The two leading jets are located on
the same side relative to these η intervals, i.e., ηjet < −2.2 or
ηjet > 0.6 for intact protons in sector 45 and ηjet < −0.6 or

ηjet > 2.2 for protons in sector 56. The location of the jet
axes is 0.2 units away from the η interval, as in the
construction of the SS dijet sample of Sec. VII A. The
resulting Ntracks distribution of the SS dijet sample matches
that of the OS sample at moderate multiplicities after these
adjustments. The Ntracks distribution of the SS dijet sample
is normalized to that of the nominal sample in the range
2 ≤ Ntracks ≤ 40. The number of events of the SS dijet
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FIG. 6. Distribution of ξpðPFÞ − ξpðRPÞ in sectors 45 (Upper)
and 56 (Lower) in data, where ξpðPFÞ and ξpðRPÞ denote the
fractional momentum loss of the proton reconstructed with the
particle-flow (PF) candidates of CMS and the Roman pots (RP)
of TOTEM, respectively. The vertical bars indicate statistical
uncertainties only. The estimated background contamination
(beam background events) is represented by the filled histogram,
and is estimated from the data, as described in the text. The
statistical uncertainties of the beam background histograms are
smaller than the histogram lines. No central gap is required for
this plot. The dashed-line arrow represents the requirement
applied in the analysis to remove most of the beam background
contribution.
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L. Perniè,192,† D. Rathjens,192,† A. Safonov,192,† J. Sturdy,192,† N. Akchurin,193,† J. Damgov,193,† V. Hegde,193,† S. Kunori,193,†

K. Lamichhane,193,† S.W. Lee,193,† T. Mengke,193,† S. Muthumuni,193,† T. Peltola,193,† S. Undleeb,193,† I. Volobouev,193,†

Z. Wang,193,† A. Whitbeck,193,† E. Appelt,194,† S. Greene,194,† A. Gurrola,194,† R. Janjam,194,† W. Johns,194,† C. Maguire,194,†

A. Melo,194,† H. Ni,194,† K. Padeken,194,† F. Romeo,194,† P. Sheldon,194,† S. Tuo,194,† J. Velkovska,194,† M. Verweij,194,†

L. Ang,195,† M.W. Arenton,195,† B. Cox,195,† G. Cummings,195,† J. Hakala,195,† R. Hirosky,195,† M. Joyce,195,†

A. Ledovskoy,195,† C. Neu,195,† B. Tannenwald,195,† Y. Wang,195,† E. Wolfe,195,† F. Xia,195,† P. E. Karchin,196,†

N. Poudyal,196,† P. Thapa,196,† K. Black,197,† T. Bose,197,† J. Buchanan,197,† C. Caillol,197,† S. Dasu,197,† I. De Bruyn,197,†
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72bUniversità di Firenze, Firenze, Italy

73INFN Laboratori Nazionali di Frascati, Frascati, Italy
74aINFN Sezione di Genova, Genova, Italy
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