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The CMS experiment has proven its capability of measuring exclusive and diffractive processes during 
the last years: 

1. Exclusive dilepton production 
[FWD-10-005 FWD-11-004 FSQ-12-010 FSQ-13-008 PPS-17-001 HIN-19-014] 

2. Exclusive production of dibosons [FWD-11-004 FSQ-12-010 FSQ-13-008 FSQ-16-012] 

3. Searches for New Physics [FSQ-12-010 FSQ-13-008 FSQ-16-012 EXO-18-014] 

4. Diffractive dijet production 
[FWD-10-004 FWD-10-014 FSQ-12-001 FSQ-12-002 FSQ-12-033 SMP-18-006] 

5. Photoproduction of vector mesons [FSQ-13-009 FSQ-16-007] 

6. Diffractive production of pions [FSQ-16-006] 

7. Pseudorapidity gaps [FWD-10-008] 

8. Diffraction cross section [FSQ-12-005]
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Jet-gap-Jet
Diffrative dijet production has been measured via pseudorapidity gaps as experimental signature 

Important measurement for testing pQCD and the BFKL dynamics at energy of 13 TeV 

Soft rescattering corrections are accounted by a survival probability of  

Measurements in CMS+TOTEM common data-taking at 13 TeV (2015) of 0.66/pb + 0.40/pb (TOTEM) 

Special run with  where  and  pileup/event 

Intact proton largely reduces the soft interactions and improves survivability of the gaps

|𝒮 |2 = 1 − 10 %

β* = 90 m −4 < t < − 0.025 GeV2 0.05 − 0.10
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PRD 104 (2021) 032009 
SMP-19-006

may not be 
entirely 

kinematic 
independent

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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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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Leading jet criteria for CMS: 360k+ events

Event selection for CMS data
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pjet
T > 40 GeV

1.4 < |ηjet | < 4.7

ηjet1ηjet2 < 0

by C. Baldenegro

PRD 104 (2021) 032009 
SMP-19-006

Ntracks( |η | < 1) : pT > 200 MeV

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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ηjet1ηjet2 < 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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Color-singlet exchange Fraction with CMS data
CSE events are accounted for  based on background studies: 

Full NLL calculation of BFKL + NLO impact factor in progress 

BFKL predictions strongly depends on the η gap definition

Ntracks < 3
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fCSE(Ntracks < 3) =
NF − NF

non−CSE

N

data within the uncertainties for medium angular separations
1 < Δϕjj < 3, but underestimate the experimental result by
about 10% near Δϕjj ¼ π. The model significantly under-
estimates the observed fCSE for small angular separations
with Δϕjj < 1. The EEIM model uses LO 2 → 2 hard
processes resulting in back-to-back hard jets, such that
Δϕjj ≈ π, with only small deviations due to the leading
logarithmic parton showers, but no hard next-to-LO (NLO)
2 → 3 processes causing larger deviations.
Present calculations include partial corrections at NLO in

αS within the BFKL framework, namely resummation of
large logarithms of energy at NLL accuracy using LO
impact factors. Higher-order corrections to impact factors
are known to have significant effects in the description of

similar processes, such as Mueller–Navelet jets [102].
Recently, major progress has been made in the calculation
of NLO impact factors for the jet-gap-jet process [78,79].
These corrections have yet to be included in the BFKL
theoretical calculations to complete the NLO analysis of the
jet-gap-jet process.
In Fig. 9, the current results are compared with previous

measurements of fCSE with a central gap in jηj < 1 by the
D0 and CDF Collaborations at the Tevatron in pp
collisions at

ffiffiffi
s

p
¼ 0.63 and 1.8 TeV [42,43,45,46], and

by the CMS Collaboration in pp collisions at 7 TeV [47].
There are differences in the phase space volumes populated
by the two leading jets, jet clustering algorithms, and
distance parameters, which are described in the next
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FIG. 8. Fraction of color-singlet exchange dijet events, fCSE, measured as a function of Δηjj, p
jet2
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jet2
T , and Δϕjj in the bin. For a given plot of fCSE versus a

kinematic variable of interest (pjet2
T , Δηjj, or Δϕjj), the other kinematic variables are integrated over their allowed range. The red solid

curve corresponds to theoretical predictions based on the RMK model [54,55] with gap survival probability of jSj2 ¼ 10%. The EEIM
model [53,56] predictions with MPI-only contributions and jSj2 ¼ 1.2% or MPIþ SCI are represented by the purple dashed and orange
dotted curves, respectively. The bands around the curves represent the associated theoretical uncertainties. The EEIM model has only
small contributions far from back-to-back jets since no hard NLO 2 → 3 processes are included, and thus predictions are not shown for
the lower panel of fCSE versus Δϕjj.
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estimates the observed fCSE for small angular separations
with Δϕjj < 1. The EEIM model uses LO 2 → 2 hard
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Δϕjj ≈ π, with only small deviations due to the leading
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2 → 3 processes causing larger deviations.
Present calculations include partial corrections at NLO in

αS within the BFKL framework, namely resummation of
large logarithms of energy at NLL accuracy using LO
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are known to have significant effects in the description of

similar processes, such as Mueller–Navelet jets [102].
Recently, major progress has been made in the calculation
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These corrections have yet to be included in the BFKL
theoretical calculations to complete the NLO analysis of the
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kinematic variable of interest (pjet2
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paragraphs. Simulation studies that rely on hadron-level
particle distributions, based on the samples described in
Section VII A, indicate that the choice of the jet
reconstruction algorithm (cone or anti-kT algorithms) has
a negligible effect on the shape of the charged particle
multiplicity distribution between the jets. The value of the
distance parameter R influences the charged particle
multiplicity distribution shape of jet-gap-jet signal events.
For large values of R, it is less likely for charged particle
constituents of the jet to populate the central jηj < 1 region
since the jet axes are further away from the edges of the gap
region. This yields a sharper jet-gap-jet signal excess at
Ntracks ¼ 0 for large jet distance parameter. At small
distance parameter R, there is more spillage of charged

particles into the gap region, since the jet axes can approach
the edge of the jηj < 1 interval more closely. The shape of
the multiplicity distribution of color-exchange dijet events
remains mostly unaffected by the size of R. In these

TABLE II. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the pseudorapidity difference
between the two leading jets Δηjj. The first column indicates the
Δηjj intervals and the last column represents the measured
fraction. The first and second uncertainties correspond to the
statistical and systematic components, respectively. The results
are integrated over the allowed pjet2

T and Δϕjj values. The mean
values of Δηjj in the bin are given in the middle column.

Δηjj hΔηjji fCSE [%]

3.0–3.5 3.24 0.41" 0.02þ0.11
−0.04

3.5–4.0 3.75 0.50" 0.02þ0.07
−0.07

4.0–4.5 4.25 0.68" 0.02þ0.07
−0.06

4.5–5.0 4.74 0.71" 0.03þ0.06
−0.06

5.0–5.5 5.24 0.86" 0.04þ0.06
−0.08

5.5–6.0 5.73 0.93" 0.04þ0.06
−0.09

6.0–6.5 6.22 0.92" 0.06þ0.11
−0.09

6.5–7.0 6.71 0.69" 0.07þ0.15
−0.05

7.0–7.5 7.22 0.99" 0.14þ0.07
−0.15

7.5–8.0 7.73 1.57" 0.27þ0.35
−0.56

TABLE III. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the subleading jet transverse
momentum pjet2

T . The first column indicates the pjet2
T bin intervals

and the last column represents the measured fraction. The first
and second uncertainties correspond to the statistical and sys-
tematic components, respectively. The results are integrated over
the allowed Δηjj and Δϕjj values. The mean values of pjet2

T in the
bin are given in the middle column.

pjet2
T [GeV] hpjet2

T i [GeV] fCSE [%]

40–50 44.3 0.64" 0.01þ0.11
−0.12

50–60 54.5 0.67" 0.02þ0.08
−0.10

60–70 64.6 0.77" 0.04þ0.08
−0.10

70–80 74.5 0.88" 0.06þ0.09
−0.09

80–100 88.6 0.72" 0.05þ0.04
−0.11

100–200 128.8 0.77" 0.07þ0.09
−0.10

TABLE IV. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the azimuthal angular difference
between the two leading jets Δϕjj. The first column indicates the
Δϕjj bin intervals and the last column represents the measured
fraction. The first and second uncertainties correspond to the
statistical and systematic components, respectively. The results
are integrated over the allowed pjet2

T and Δηjj values. The mean
values of Δϕjj in the bin are given in the middle column.

Δϕjj hΔϕjji fCSE [%]

0.00–1.00 0.60 0.54" 0.11þ0.09
−0.10

1.00–2.00 1.64 0.40" 0.04þ0.06
−0.06

2.00–2.25 2.14 0.41" 0.04þ0.08
−0.08

2.25–2.50 2.36 0.38" 0.03þ0.06
−0.07

2.50–2.75 2.62 0.40" 0.02þ0.05
−0.06

2.75–3.00 2.86 0.57" 0.02þ0.07
−0.09

3.00–π 3.06 1.03" 0.02þ0.14
−0.15
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FIG. 9. Fraction of color-singlet exchange dijet events, fCSE,
measured as a function of pjet2

T by the D0 and CDF Collaborations
[43,45,46] at

ffiffiffi
s

p
¼ 0.63 (red open symbols) and 1.8 TeV (green

open symbols), by the CMS Collaboration [47] at 7 TeV
(magenta open symbols), and the present results at 13 TeV
(filled circles). The vertical bars of the open symbols represent the
total experimental uncertainties. The vertical bars of the 13 TeV
measurement represent the statistical uncertainties, and boxes
represent the combination of statistical and systematic uncertain-
ties in quadrature. The central gap is defined by means of the
particle activity in the jηj < 1 interval in these measurements, as
described in the text. The jet pT and η requirements of the
previous measurements are specified in the legend of the plot. No
phase space extrapolations are made in plotting this figure.
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paragraphs. Simulation studies that rely on hadron-level
particle distributions, based on the samples described in
Section VII A, indicate that the choice of the jet
reconstruction algorithm (cone or anti-kT algorithms) has
a negligible effect on the shape of the charged particle
multiplicity distribution between the jets. The value of the
distance parameter R influences the charged particle
multiplicity distribution shape of jet-gap-jet signal events.
For large values of R, it is less likely for charged particle
constituents of the jet to populate the central jηj < 1 region
since the jet axes are further away from the edges of the gap
region. This yields a sharper jet-gap-jet signal excess at
Ntracks ¼ 0 for large jet distance parameter. At small
distance parameter R, there is more spillage of charged

particles into the gap region, since the jet axes can approach
the edge of the jηj < 1 interval more closely. The shape of
the multiplicity distribution of color-exchange dijet events
remains mostly unaffected by the size of R. In these

TABLE II. Measured values of the fraction of color-singlet
exchange events fCSE in bins of the pseudorapidity difference
between the two leading jets Δηjj. The first column indicates the
Δηjj intervals and the last column represents the measured
fraction. The first and second uncertainties correspond to the
statistical and systematic components, respectively. The results
are integrated over the allowed pjet2

T and Δϕjj values. The mean
values of Δηjj in the bin are given in the middle column.
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momentum pjet2

T . The first column indicates the pjet2
T bin intervals

and the last column represents the measured fraction. The first
and second uncertainties correspond to the statistical and sys-
tematic components, respectively. The results are integrated over
the allowed Δηjj and Δϕjj values. The mean values of pjet2

T in the
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¼ 0.63 (red open symbols) and 1.8 TeV (green

open symbols), by the CMS Collaboration [47] at 7 TeV
(magenta open symbols), and the present results at 13 TeV
(filled circles). The vertical bars of the open symbols represent the
total experimental uncertainties. The vertical bars of the 13 TeV
measurement represent the statistical uncertainties, and boxes
represent the combination of statistical and systematic uncertain-
ties in quadrature. The central gap is defined by means of the
particle activity in the jηj < 1 interval in these measurements, as
described in the text. The jet pT and η requirements of the
previous measurements are specified in the legend of the plot. No
phase space extrapolations are made in plotting this figure.
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simulation studies, these effects are negligible provided that
fCSE is extracted over the first multiplicity bins Ntracks < 3,
as is done in this measurement.
The study by the D0 Collaboration [43] uses the

calorimeter tower multiplicity distribution in jηj < 1,
where each calorimeter tower has transverse energy
ET > 200 MeV. The 0.63 and 1.8 TeV studies consider
jets with ET

jet > 12 GeV and 1.9 < jηjetj < 4.1. The CDF
Collaboration measured jet-gap-jet events at 0.63 and
1.8 TeV [45,46]. The Ntracks value in the region jηj < 1
with ET > 300 MeV is used in the CDF analyses. Each of
the two leading jets has 1.8 < jηjetj < 3.5, with ET

jet >
8 GeV and > 20 GeV for the 0.63 and 1.8 TeV studies,
respectively. The jets are clustered using the cone algorithm
with R ¼ 0.7 for both CDF and D0 studies. The measure-
ment by CMS at 7 TeV is done in three bins of
pjet2
T ¼ 40–60, 60–100, and 100–200 GeV [47]. The jets

are clustered with the anti-kT algorithm with R ¼ 0.5 in the
previous CMS study. Each of the two leading jets has
1.5 < jηjetj < 4.7, and the signal extraction is based on the
Ntracks distribution with pT > 200 MeV in jηj < 1.
In Fig. 9, the D0 and CDF Collaborations find that fCSE

decreases by a factor of 2.5" 0.9 [43] and 3.4" 1.2 [46],
respectively, when

ffiffiffi
s

p
increases from 0.63 to 1.8 TeV.

Similarly, the results by the CMS experiment at 7 TeV show
a fCSE that decreases by a factor of around 2 with respect to
the 1.8 TeV results at the Tevatron [47]. The observed
energy dependence of the previous measurements is gen-
erally attributed to a larger number of soft parton inter-
actions with increasing

ffiffiffi
s

p
, which enhances the probability

of the gap being destroyed. The 13 TeV results show there
is no further decrease of the fCSE values relative to the
7 TeV results, within the uncertainties. This could be an
indication that the rapidity gap survival probability stops
decreasing at the center-of-mass energies probed at the
LHC for the jet-gap-jet process.
The present measurement of fCSE expands the reach in

Δηjj covered in the earlier 7 TeV CMS measurement [47],
as seen in Fig. 10. The measurement of fCSE as a function
of Δηjj at 7 TeV is carried out in three bins of Δηjj ¼ 3–4,
4–5, and 5–7 units for each bin of pjet2

T . The dependence of
fCSE as a function of Δηjj at 13 TeV confirms the trend
observed by CMS at 7 TeV and extends the range
previously explored toward large values of 6.5 < Δηjj < 8.

B. Results for jet-gap-jet events
with an intact proton

The fraction fCSE in events with intact protons is fCSE ¼
½1.92" 0.46ðstatÞþ0.69

−0.62ðsystÞ'%: Although the dijet events
with an intact proton cover the same phase space as those in
the inclusive dijet analysis, most of the events used in the
study populate the regions 3.0 < Δηjj < 6.5 and 40 <
pjet2
T < 100 GeV because of the limited sample size of

events with intact protons. The fraction fCSE in events with
an intact proton is 2.91" 0.70ðstatÞþ1.08

−1.01ðsystÞ times larger
than that extracted for inclusive dijet production, where the
two leading jets have similar kinematics to events with an
intact proton, i.e., 40 < pjet2

T < 100 GeV and 3.0 < Δηjj <
6.5 for jet-gap-jet events considered in the aforementioned
double ratio calculation. The fCSE ratio in the latter
jet-gap-jet subsample has a value of fCSE ¼ ½0.66"
0.01ðstatÞþ0.06

−0.09ðsystÞ'%: Correlations of systematic uncer-
tainties associated with jet reconstruction and central gap
definition are included when evaluating the uncertainties in
the double ratios. Statistical and systematic uncertainties in
the double ratio are largely dominated by the uncertainties
in the CMS-TOTEM fCSE measurement. The CMS-
TOTEM results, when compared with the CMS results
extracted in inclusive dijet production, suggest that the
relative abundance of dijet events with a central gap is
larger in events with an intact proton. This is illustrated in
Fig. 11, where the results for fCSE are presented as a
function of Δηjj and pjet2

T .
The larger fCSE value in events with an intact proton may

reflect a reduced spectator parton activity in reactions with
an intact proton in comparison to the soft parton activity
present in interactions where the proton breaks up. In the
latter, there can be soft parton exchanges between the
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FIG. 10. Fraction of color-singlet exchange dijet events, fCSE,
measured as a function of Δηjj by CMS at 7 TeV [47] and the
present measurement at 13 TeV. The 7 TeV measurement was
performed in three bins of pjet2

T ¼ 40–60, 60–100, and 100–
200 GeV, which are represented by the open circle, open square,
and open cross symbols, respectively. The present 13 TeV results
are represented by the filled circles. The vertical bars of the 7 TeV
measurement represent the total experimental uncertainties. The
vertical bars of the 13 TeV measurement represent the statistical
uncertainties, and boxes represent the combination of statistical
and systematic uncertainties in quadrature.
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scintillator hadron calorimeter (HCAL), each composed of
a barrel and two endcap sections. Forward calorimeters
extend the η coverage provided by the barrel and endcap
detectors. Muons are detected in gas-ionization chambers
embedded in the steel flux-return yoke outside the solenoid.
The silicon tracker measures charged particles within the

range jηj < 2.5. It consists of 1440 silicon pixel and 15 148
silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and jηj < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 ð45–150Þ μm in the
transverse (longitudinal) impact parameter [66].
The particle-flow (PF) algorithm [67] aims to recon-

struct and identify each individual particle (physics-object)
in an event, with an optimized combination of information
from the various elements of the CMS detector. The
energy of photons is obtained from the ECAL measure-
ment. The energy of electrons is determined from a
combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy
of the corresponding ECAL cluster, and the energy sum of
all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons
is obtained from the curvature of the corresponding track.
The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker
and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to
hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and
HCAL energies.
Tracks are reconstructed with the standard iterative

algorithm of CMS [66]. To reduce the misidentification
rate, tracks are required to pass standard CMS quality
criteria, referred to as high-purity criteria. High-purity
tracks satisfy requirements on the number of hits and the
χ2 of the track-fit. The requirements are functions of the
charged particle track pT and η, as well as the number of
layers with a hit. A more detailed discussion of the
combinatorial track finding algorithm and the definition
of high-purity tracks is reported in Ref. [66]. The
reconstruction efficiency for high-purity tracks is about
75% with pT > 200 MeV. The candidate vertex with the

largest value of summed physics-object p2
T is taken to be

the primary pp interaction vertex. In the vertex fit, each
track is assigned a weight between 0 and 1, which reflects
the likelihood that it genuinely belongs to the vertex. The
number of degrees of freedom in the fit is strongly
correlated with the number of tracks arising from the
interaction region, as described in Ref. [66].
The jets are clustered using the infrared- and collinear-

safe anti-kT algorithm [68,69], with a distance parameter of
R ¼ 0.4. The clustering is performed with the FastJet

package [69]. The key feature of the anti-kT algorithm is
the resilience of the jet boundary with respect to soft
radiation. This leads to cone-shaped hard jets. The jet
momentum is determined as the vector sum of all particle
momenta in the jet. The simulations show the CMS detector
response is within 5–10% of the true hadron-level momen-
tum over a wide range of the jet pT and η. Jet energy
corrections are derived from simulation to bring, on
average, the measured jet energies to the known energies
at the generator level [70]. In situ measurements of the
momentum balance in dijet, photonþ jet, Z þ jet, and
multijet events are used to correct any residual differences
in the jet energy scale in data and simulation [70]. The jet
energy resolution typically amounts to 15% at 10 GeV, 8%
at 100 GeV, and 4% at 1 TeV. A more detailed description
of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, is described in Ref. [71].
The proton spectrometer of the TOTEM experiment

consists of two sets of telescopes, known as Roman pot
(RP) stations [64] that are located close to the beamline.
The arms are referred to as sectors 45 and 56 for positive
and negative η, respectively. An RP that contains silicon
strip detectors can approach the LHC beam to a distance of
a few millimeters without affecting the LHC operation [64].
The RPs are used to detect protons deflected at scattering
angles of only a few microradians relative to the beam.
During the 2015 special run, there were two RP stations
operating in each sector located at %210 m and %220 m
relative to the interaction point. The configuration during
2015 is depicted in Fig. 3. The station at 210m has one unit
of RPs, while the station at 220 m has two units of RPs.

FIG. 3. Profile schematic of the CMS-TOTEM detector configuration during the 2015 run. The horizontal dashed line represents the
beamline. The CMS detector is denoted by the filled circle in the center. The intact proton(s) are transported via the accelerator magnetic
fields (violet light rectangles), eventually passing through the silicon detectors housed in the Roman pots (black dark rectangles) of the
TOTEM experiment. Sectors 45 and 56 are located in the positive and negative η regions in the CMS coordinate system, respectively.
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Figure 1.1: The TOTEM forward trackers T1 and T2 embedded in the CMS detector together with
the planned CMS forward calorimeter CASTOR.

Figure 1.2: The LHC beam line on one side of interaction point IP5 and the TOTEM Roman
Pots at distances of about 147 m (RP147) and 220 m (RP220). RP180 at 180 m is another possible
location but presently not equipped.
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Fig. 1 Schematic diagram of single-diffractive dijet production. The
exchange of a virtual object with the vacuum quantum numbers (i.e. a
Pomeron) is indicated by the symbol IP. The diagram shows an example
of the gg → dijet hard scattering process; the qq and gq initial states
also contribute

towards the positive (negative) z direction. In this case, t
cannot be measured.

The combination of the limited CMS pseudorapidity cov-
erage (|η| < 5) and the detector inefficiency causes ξCMS to
be smaller than ξTOTEM in general, i.e. ξCMS − ξTOTEM ≤ 0.
However, the limited detector resolution may cause ξCMS to
be larger than ξTOTEM.

The momentum fraction of the partons initiating the hard
scattering, x+ and x−, can be estimated from the energies
and longitudinal momenta of the measured jets as:

x± =
∑

jets

(
E jet ± pjet

z

)

√
s

, (3)

where the sum is carried out over the two highest trans-
verse momentum jets in the event, and an additional third
jet, if present. The positive (negative) sign corresponds to
the incoming proton moving towards the positive (negative)
z direction.

Finally, the fraction β of the Pomeron momentum carried
by the interacting parton is measured from the values of x±

and ξTOTEM as β = x±/ξTOTEM.

4 Data samples

The data were collected in July 2012 during a dedicated run
with low probability (∼6–10%) of overlapping pp interac-
tions in the same bunch crossing (pileup) and a nonstandard
β∗ = 90 m beam optics configuration. These data corre-

spond to an integrated luminosity of L = 37.5 nb−1. Events
are selected by trigger signals that are delivered simultane-
ously to the CMS and TOTEM detectors. The first level of
the CMS trigger system (L1) is used. The L1 signal is prop-
agated to the TOTEM electronics to enable the simultaneous
readout of the CMS and TOTEM subdetectors. The CMS
orbit-counter reset signal, delivered to the TOTEM electron-
ics at the start of the run, assures the time synchronisation of
the two experiments. The CMS and the TOTEM events are
combined offline based on the LHC orbit and bunch numbers.

5 Monte Carlo simulation

The simulation of nondiffractive dijet events is performed
with the pythia6 (version 6.422) [30], pythia8 (version
8.153) [31], and herwig6 [32] Monte Carlo (MC) event
generators. The underlying event is simulated in pythia6
with tune Z2* [33] and in pythia8 with tunes 4C [34],
CUETP8M1, and CUETP8S1 [35].

Single-diffractive dijet events are simulated with the
pythia8 and pomwig (version 2.0) [36] generators. Hard
diffraction is simulated in pythia8 using an inclusive diffrac-
tion model, where both low- and high-mass systems are gen-
erated [37]. High-mass diffraction is simulated using a pertur-
bative description. Pomeron parton densities are introduced
and the diffractive process is modelled as a proton-Pomeron
scattering at a reduced centre-of-mass energy. The default
generator settings are used, including that for the proton-
Pomeron total cross section. Multiparton interactions (MPI)
are included within the proton-Pomeron system to provide
cross sections for parton-parton interactions. In this model,
the presence of secondary interactions does not lead to a sup-
pression of the visible diffractive cross section.

Additionally, pythia8 implements a model to simulate
hard-diffractive events based on a direct application of
dPDFs, and a dynamical description of the rapidity gap
survival probability in diffractive hadron-hadron interac-
tions [38]. In this model an event is classified as diffractive
only when no MPI are generated. We refer to this implemen-
tation as the dynamic gap (DG) model. Single-diffractive
dijet events using the inclusive diffraction model are simu-
lated with pythia8, tunes 4C and CUETP8M1. The sim-
ulation of diffractive dijet events using the DG model is
performed with pythia8 version 8.223 [38] with the under-
lying event tune CUETP8M1. These pythia8 tunes give a
fair description of the charged-particle pseudorapidity and
pT distributions in a sample with a large fraction of single-
diffractive inelastic events [35,39,40].

The pomwig generator is based on herwig6 and imple-
ments dPDFs to simulate hard-diffractive processes. The sim-
ulation uses dPDFs from a fit to deep inelastic scattering
data (H1 fit B [2]). The pomwig generator uses a next-
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Table 1 Number of events after
each selection

Selection Sector 45 Sector 56

At least 2 jets (pT > 40 GeV, |η| < 4.4) 427689

Elastic scattering veto 405112

Reconstructed proton 9530

RP and fiducial region 2137 3033

0.03 < |t | < 1.0 GeV2, 0 < ξTOTEM < 0.1 1393 1806

ξCMS − ξTOTEM ≤ 0 368 420
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Fig. 2 Distribution of ξCMS − ξTOTEM for events with a reconstructed
proton in sector 45 (left) and sector 56 (right). The data are indicated by
solid circles. The blue histogram is the mixture of pomwig or pythia6
and zero bias (ZB) data events described in the text. An event with a

proton measured in the RPs contributes to the open histogram (signal)
if the proton originates from the MC sample, or to the filled histogram
(background) if it originates from the ZB sample

The cross sections are calculated in the kinematic region
ξ < 0.1, 0.03 < |t | < 1 GeV2, with at least two jets at a
stable-particle level with pT > 40 GeV and |η| < 4.4. The
ratio R(x) is calculated for x values in the region −2.9 ≤
log10 x ≤ −1.6. In the following, the estimated background
is subtracted from the number of single-diffractive dijet can-
didates following the procedure described in the previous
section.

The differential cross sections for dijet production in bins
of t and ξ are evaluated as:

dσ
pX
jj

dt
= U





N pX

jj

LACMS−TOTEM$t




 ,

dσ
pX
jj

dξ
= U





N pX

jj

LACMS−TOTEM$ξ




 , (5)

where N pX
jj is the measured number of single-diffractive dijet

candidates per bin of the distribution after subtracting the
estimated background; $t and $ξ are the bin widths, and
L is the integrated luminosity. The factors ACMS−TOTEM
indicate the acceptance of CMS and TOTEM for single-
diffractive dijet events. Unfolding corrections, represented
by the symbol U in Eq. (5), are applied to account for the
finite resolution of the reconstructed variables used in the
analysis. They are evaluated with pomwig, pythia8 4C and
pythia8 CUETP8M1. The results presented are the average
of those obtained with the different unfolding corrections.
The measured cross sections are obtained by unfolding the
data using the D’Agostini method with early stopping [43].
In this method the regularisation parameter is the number of
iterations used, which is optimised to obtain a relative χ2

variation between iterations lower than 5%.
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Fig. 4 Differential cross section as a function of t (left) and as a func-
tion of ξ (right) for single-diffractive dijet production, compared to
the predictions from pomwig, pythia8 4C, pythia8 CUETP8M1, and
pythia8 DG. The pomwig prediction is shown with no correction for
the rapidity gap survival probability (〈S2〉 = 1) and with a correction of
〈S2〉 = 7.4%. The vertical bars indicate the statistical uncertainties and

the yellow band indicates the total systematic uncertainty. The average
of the results for events in which the proton is detected on either side
of the interaction point is shown. The ratio between the data and the
pomwig prediction, when no correction for the rapidity gap survival
probability is applied, is shown in the bottom

Table 2 Individual
contributions to the systematic
uncertainties in the
measurement of the
single-diffractive dijet
production cross section in the
kinematic region pT > 40 GeV,
|η| < 4.4, ξ < 0.1, and
0.03 < |t | < 1 GeV2. The
second column indicates the
relative uncertainties in the
integrated cross section. The
third and fourth columns
represent the minimum and
maximum relative uncertainties
in the differential cross sections
in bins of t and ξ , respectively.
The minimum relative
uncertainty is not shown when it
is below 1%. The total
uncertainty is the quadratic sum
of the individual contributions.
The uncertainty of the integrated
luminosity is not shown

Uncertainty source Relative uncertainty
σ

pX
jj dσ/dt dσ/dξ

Trigger efficiency ± 2 % 1–2% < 2.4%

Calorimeter energy scale + 1/− 2% < 7% < 7%

Jet energy scale and resolution + 9/− 8% 3–32% 7–16%

Background ± 3% 2–27% < 8%

RP acceptance < 1% < 21% < 2%

Resolution ± 2% 2–30% < 8%

Horizontal dispersion + 9/− 12% 8–71% 8–41%

t-slope < 1% < 16% < 1.3%

β-reweighting < 1% < 1% < 1%

Acceptance and unfolding ± 2% 2–50% 5–12%

Unfolding bias ± 3% 2–50% 5–11%

Unfolding regularization — < 8% < 1%

Total + 14/− 15 %

A similar result is obtained when the pythia8 unsuppressed
cross section is used as reference value.

The H1 fit B dPDFs used in this analysis include the con-
tribution from proton dissociation in ep collisions. They are
extracted from the process ep → eXY, where Y can be a
proton or a low-mass excitation with MY < 1.6 GeV [2].
The results found when the proton is detected are con-
sistent, apart from a different overall normalisation. The

ratio of the cross sections is σ (MY < 1.6 GeV)/σ (MY =
Mp) = 1.23 ± 0.03 (stat) ± 0.16 (syst) [2,3]. No depen-
dence on β, Q2, or ξ is observed. To account for the dif-
ferent normalisation, the ratio is used to correct 〈S2〉; this
yields 〈S2〉 = (9 ± 2)% when the pomwig cross section is
taken as the reference value. A similar result is obtained with
pythia8.
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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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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
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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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pjet
T > 40 GeV

1.4 < |ηjet | < 4.7

ηjet1ηjet2 < 0

proton at RP45 or RP56
ξp(RP) < 0.2

−4 < t < − 0.025 GeV2

vertical RPs
|y(RP) | < 25 mm

7 < x(RP) < 25 mm
8 < |y(RP) | < 30 mm

0 < x(RP) < 20 mm horizontal RPs

ξp(PF) − ξp(RP) < 0

ξp(PF) = ∑
i

Ei ± pi
z

s

|η(PF) | < 5.2

RP45 : 341 events
RP56 : 336 events

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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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

0.2− 0.1− 0 0.1 0.2 0.3 0.4

(RP)
p

ξ(PF) - 
p

ξ

0

10

20

30

40

50

60

70

80

90

100

E
ve

nt
s/

0.
02

 u
ni

ts

Data

Beam bkg

 > 40 GeVjet2

T
p

 < 0jet2ηjet1η
jet1,2η

CMS-TOTEM  (13 TeV)-10.40 pb

Sector 45

 > 40 GeVjet2

T
p

 < 0jet2ηjet1η
jet1,2η

0.2− 0.1− 0 0.1 0.2 0.3 0.4

(RP)
p

ξ(PF) - 
p

ξ

0

10

20

30

40

50

60

70

80

90

100

E
ve

nt
s/

0.
02

 u
ni

ts

Data

Beam bkg

 > 40 GeVjet2

T
p

 < 0jet2ηjet1η
jet1,2

CMS-TOTEM  (13 TeV)-10.40 pb

Sector 56

 > 40 GeVjet2

T
p

 < 0jet2jet1

jet1,2η

| < 4.71.4 < |

|  < 4.71.4 < |

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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The fraction of CSR show an increase if compared with the jet-gap-jet topology 

Larger number of events with a surviving pseudorapidity gap
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proton remnants and partons produced in the collision,
which can destroy the central gap signature between the
final-state jets. A similar effect has been observed in other
diffractive topologies in dijet events with two rapidity gaps
by the CDF Collaboration at

ffiffiffi
s

p
¼ 1.8 TeV [103]. In the

CDF measurement, comparisons are made of: (i) the ratio

of yields of single-diffractive dijet events to nondiffractive
dijet events, RSD

ND, and (ii) the ratio of double-pomeron
exchange dijet events to single-diffractive dijet events,
RDPE
SD . CDF finds that the double ratio has a value of

RSD
ND=R

DPE
SD ¼ 0.19" 0.07 [103]. An analogous double

ratio for the present measurement is fCSEðjet-gap-jetÞ=
fCSEðp-gap-jet-gap-jetÞ ¼ 0.34 " 0.08ðstatÞþ0.12

−0.13ðsystÞ,
which is similar to that for the double-pomeron exchange
dijet topology reported by CDF. The present results further
suggest that a gap is more likely to form or survive in the
presence of another gap.

X. SUMMARY

Events with two leading jets separated by a large
pseudorapidity (η) gap have been studied in proton-proton
(pp) collisions at

ffiffiffi
s

p
¼ 13 TeVwith the CMS and TOTEM

experiments at the CERNLHC in 2015. The pseudorapidity
gap is defined by the absence of charged particles with
transversemomentumpT > 200 MeV in the jηj < 1 region.
Each of the two leading pT jets has 1.4 < jηjetj < 4.7 and
pjet
T > 40 GeV, with ηjet1ηjet2 < 0, where jet1 and jet2 are

the leading and subleading jets in pT. The pseudorapidity
gap signature is assumed to be caused by hard color-singlet
exchange, which is described in terms of two-gluon
exchange in perturbative quantum chromodynamics.
Color-singlet exchange events appear as an excess of events
over the expected charged particle multiplicity contribution
from color-exchange dijet events at the lowest charged
particle multiplicity. The ratio of color-singlet exchange
events to all dijet events, fCSE, has been measured as a
function of pjet2

T , the η difference between the two leading
jets, Δηjj ≡ jηjet1 − ηjet2j, and the azimuthal angular sepa-
ration between the two leading jets, Δϕjj ≡ jϕjet1 − ϕjet2j.
The measured fCSE values are in the range of 0.4–1.0%.

The ratio fCSE increases with Δηjj, has a weak dependence
on pjet2

T , and increases as Δϕjj approaches π. No significant
difference in fCSE is observed between the 13 TeV results
and those presented by the CMS Collaboration at 7 TeV.
This is in contrast to the trend found at lower energies of
0.63 and 1.8 TeV by the D0 and CDF Collaborations,
where a significant decrease of fCSE with increasing

ffiffiffi
s

p

was observed, as illustrated in Fig. 9. The results are
compared with calculations based on the Balitsky–Fadin–
Kuraev–Lipatov framework [3–5] with resummation of
large logarithms of energy at next-to-leading logarithmic
accuracy using leading order impact factors, and various
treatments of gap survival probability effects. The imple-
mentation by Royon, Marquet, and Kepka [54,55]
describes some features of the data, but is not able to
simultaneously describe all aspects of the measurements.
The implementation by Ekstedt, Enberg, Ingelman, and
Motyka [53,56] gives a fair description of the data in Δηjj
and pjet2

T within the uncertainties only when considering
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FIG. 11. Fraction of hard color-singlet exchange dijet events
fCSE, measured as a function of Δηjj (upper) and pjet2

T (lower)
extracted in inclusive dijet event production (labeled CMS,
represented by the blue circle markers) and in dijet events with
an intact proton at 13 TeV (labeled CMS-TOTEM, represented by
the red cross marker). The vertical bars represent the statistical
uncertainties, and boxes represent the combination of statistical
and systematic uncertainties in quadrature. The CMS results are
plotted at the mean values of Δηjj and pjet2

T in the bin. Similarly,
the CMS-TOTEM result is plotted at the mean value of Δηjj and
pjet2
T in the CMS-TOTEM combined sample. The 40 < pjet2

T <
100 GeV and 3.0 < Δηjj < 6.5 ranges below the CMS-TOTEM
legend represent the dijet phase space covered by events with an
intact proton with the present sample size, rather than a selection
requirement, as described in the text.
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proton remnants and partons produced in the collision,
which can destroy the central gap signature between the
final-state jets. A similar effect has been observed in other
diffractive topologies in dijet events with two rapidity gaps
by the CDF Collaboration at

ffiffiffi
s

p
¼ 1.8 TeV [103]. In the

CDF measurement, comparisons are made of: (i) the ratio

of yields of single-diffractive dijet events to nondiffractive
dijet events, RSD

ND, and (ii) the ratio of double-pomeron
exchange dijet events to single-diffractive dijet events,
RDPE
SD . CDF finds that the double ratio has a value of

RSD
ND=R

DPE
SD ¼ 0.19" 0.07 [103]. An analogous double

ratio for the present measurement is fCSEðjet-gap-jetÞ=
fCSEðp-gap-jet-gap-jetÞ ¼ 0.34 " 0.08ðstatÞþ0.12

−0.13ðsystÞ,
which is similar to that for the double-pomeron exchange
dijet topology reported by CDF. The present results further
suggest that a gap is more likely to form or survive in the
presence of another gap.

X. SUMMARY

Events with two leading jets separated by a large
pseudorapidity (η) gap have been studied in proton-proton
(pp) collisions at

ffiffiffi
s

p
¼ 13 TeVwith the CMS and TOTEM

experiments at the CERNLHC in 2015. The pseudorapidity
gap is defined by the absence of charged particles with
transversemomentumpT > 200 MeV in the jηj < 1 region.
Each of the two leading pT jets has 1.4 < jηjetj < 4.7 and
pjet
T > 40 GeV, with ηjet1ηjet2 < 0, where jet1 and jet2 are

the leading and subleading jets in pT. The pseudorapidity
gap signature is assumed to be caused by hard color-singlet
exchange, which is described in terms of two-gluon
exchange in perturbative quantum chromodynamics.
Color-singlet exchange events appear as an excess of events
over the expected charged particle multiplicity contribution
from color-exchange dijet events at the lowest charged
particle multiplicity. The ratio of color-singlet exchange
events to all dijet events, fCSE, has been measured as a
function of pjet2

T , the η difference between the two leading
jets, Δηjj ≡ jηjet1 − ηjet2j, and the azimuthal angular sepa-
ration between the two leading jets, Δϕjj ≡ jϕjet1 − ϕjet2j.
The measured fCSE values are in the range of 0.4–1.0%.

The ratio fCSE increases with Δηjj, has a weak dependence
on pjet2

T , and increases as Δϕjj approaches π. No significant
difference in fCSE is observed between the 13 TeV results
and those presented by the CMS Collaboration at 7 TeV.
This is in contrast to the trend found at lower energies of
0.63 and 1.8 TeV by the D0 and CDF Collaborations,
where a significant decrease of fCSE with increasing

ffiffiffi
s

p

was observed, as illustrated in Fig. 9. The results are
compared with calculations based on the Balitsky–Fadin–
Kuraev–Lipatov framework [3–5] with resummation of
large logarithms of energy at next-to-leading logarithmic
accuracy using leading order impact factors, and various
treatments of gap survival probability effects. The imple-
mentation by Royon, Marquet, and Kepka [54,55]
describes some features of the data, but is not able to
simultaneously describe all aspects of the measurements.
The implementation by Ekstedt, Enberg, Ingelman, and
Motyka [53,56] gives a fair description of the data in Δηjj
and pjet2

T within the uncertainties only when considering
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FIG. 11. Fraction of hard color-singlet exchange dijet events
fCSE, measured as a function of Δηjj (upper) and pjet2

T (lower)
extracted in inclusive dijet event production (labeled CMS,
represented by the blue circle markers) and in dijet events with
an intact proton at 13 TeV (labeled CMS-TOTEM, represented by
the red cross marker). The vertical bars represent the statistical
uncertainties, and boxes represent the combination of statistical
and systematic uncertainties in quadrature. The CMS results are
plotted at the mean values of Δηjj and pjet2

T in the bin. Similarly,
the CMS-TOTEM result is plotted at the mean value of Δηjj and
pjet2
T in the CMS-TOTEM combined sample. The 40 < pjet2

T <
100 GeV and 3.0 < Δηjj < 6.5 ranges below the CMS-TOTEM
legend represent the dijet phase space covered by events with an
intact proton with the present sample size, rather than a selection
requirement, as described in the text.
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fCSE = [1.92 ± 0.46 (stat) +0.69
−0.62 (syst)] %
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Figure 2. Feynman diagrams predicted by the Standard Model leading to the exclusive production
of two photons and two intact protons in the final state at the lowest order of perturbation theory.
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Figure 3. Integrated cross sections of the different exclusive di-photon processes with intact protons
at the 13TeV LHC, plotted against the required minimum di-photon mass. Both photons are
required to have a transverse momentum above 10GeV.

Cut / Process QCD Exclusive (KMR) QED Fermion loop W loop

mγγ > 10GeV,pT1,2 > 5GeV 372.1 fb 4.71 fb 0.024 fb

mγγ > 10GeV,pT1,2 > 10GeV 24.2 fb 1.87 fb 0.023 fb

mγγ > 20GeV,pT1,2 > 10GeV 20.4 fb 0.75 fb 0.023 fb

mγγ > 50GeV,pT1,2 > 10GeV 0.87 fb 0.061 fb 0.022 fb

mγγ > 100GeV,pT1,2 > 10GeV 0.030 fb 0.015 fb 0.019 fb

mγγ > 200GeV,pT1,2 > 10GeV 7.4e-4 fb 1.5·10−3 fb 9.7e-3 fb

mγγ > 500GeV,pT1,2 > 10GeV 3.2e-6 fb < 5.0·10−4 fb 1.4e-3 fb

Table 1. Integrated cross sections of the different SM exclusive di-photon production processes
at the LHC at

√
s = 14TeV for various requirements on the di-photon mass (mγγ) and photon

transverse momenta (pT1,2).
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PPS operation during Run2
Designed to measure intact protons with a Physics program 
intended for Central Exclusive Production (CEP) 

Roman Pots house a set of sensors for measuring intact protons 
coming from the interaction point in CMS: 

Tracking detectors: used to determine the proton deviation from the beam in terms of ξ 

Timing detectors: measure the proton time-of-flight (ToF) and used for vertex matching
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Experimental challenge and apparatus in LHC-Run2
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➣ Roman Pots need to operate at few mm from the beam (~1.5 mm)
to maximize acceptance 
-> Detectors must tolerate high levels of non-uniform irradiation
• Proton fluence up to  ~ 5x1015 protons/cm2 for 100 fb-1 (Run2)

Dose:  ~ 1.61 Mrad/fb-1

➣ Spatial resolution goal: ~ 10-30 µm
➣ Timing resolution goal: ~ 20-30 ps
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Data taking in 2016, 2017 and 2018 with different detector configurations:

Very high stability in 
both 2017 and 2018

PPS integrated
luminosity in Run2:  
~ 115 fb-1

by A. Solano

Procedure

• Reconstruct events with exactly 1 track in the 210m 
and 220m PPS pixel tracking detectors 

• If pixel tracks match in x and y, interpolate to find 
expected position in diamond timing detectors 

• Search for matching activity with a valid time-over-
threshold measurement in the diamonds: 

• 1: Plane by plane 

• Also record the average time-over-
threshold, as a proxy for the signal 
amplitude 

• 2: By timing-tracks: a minimum of 2 out of 4 
planes on an arm is required to build a time-
track 

• Result is a 2-d map of the efficiency in x,y 
coordinates of the pixel detectors  

• Measures the total efficiency of sensors+front-
end electronics+digitization+reconstruction
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pixel tracking

Diamond  
timing  

detector

p

3

Head-on view of diamond  
timing detector, showing 4 diamonds on 

each plane and orientation of the LHC beam

beam
x

y

PPS total integrated luminosity so far: ~115/fb
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(Semi)exclusive dilepton observation
2016 data of PPS of 9.4/fb (CMS 15.6/fb)
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Figure 1. Production of lepton pairs by γγ fusion. The exclusive (left), single proton dissociation
or semiexclusive (middle), and double proton dissociation (right) topologies are shown. The left
and middle processes result in at least one intact final-state proton, and are considered signal in
this analysis. The rightmost diagram is considered to be a background process.

a low-mass state, indicated by the symbol p∗, and escapes undetected. Such a final state

receives contributions from exclusive, pp → p"+"−p, and semiexclusive, pp → p"+"−p∗,

processes (figure 1 left, and center). Central exclusive dilepton production is interesting

because deviations from the theoretically well-known cross section may be an indication of

new physics [6–8], whereas central semiexclusive processes constitute a background to the

exclusive reaction when the final-state protons are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Teva-

tron and at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this

paper, forward protons are reconstructed in CT-PPS, a near-beam magnetic spectrometer

that uses the LHC magnets between the CMS interaction point (IP) and detectors in the

TOTEM area about 210 m away on both sides of the IP [15]. Protons that have lost a

small fraction of their momentum are bent out of the beam envelope, and their trajectories

are measured.

Central dilepton production is dominated by the diagrams shown in figure 1, in which

both protons radiate quasi-real photons that interact and produce the two leptons in a

t-channel process. The left and center diagrams result in at least one intact final-state

proton, and are considered as signal in this analysis. The CT-PPS acceptance for detect-

ing both protons in “exclusive” pp → p"+"−p events (the left diagram) starts only above

m("+"−) ≈ 400GeV, where the standard model cross section is small. By selecting events

with only a single tagged proton, the sample contains a mixture of lower mass exclusive

and single-dissociation (pp → p"+"−p∗, “semiexclusive”) processes with higher cross sec-

tions. The right diagram of figure 1 is considered background, and contributes if a proton

from the diffractive dissociation is detected, or if a particle detected in CT-PPS from an-

other interaction in the same bunch crossing (pileup), or from beam-induced background

is wrongly associated with the dilepton system. A pair of leptons from a Drell-Yan process

can also mimic a signal event if detected in combination with a pileup proton.

In central (semi)exclusive events, the kinematics of the dilepton system can be used

to determine the momentum of the proton, and hence its fractional momentum loss ξ.

Comparison of this indirect measurement of ξ with the direct one obtained with CT-PPS

can be used to suppress backgrounds, as well as to provide proof of the correct functioning

of the spectrometer.

– 2 –

pp → pℓ+ℓ−p pp → pℓ+ℓ−p*
|𝒮 |2 = 0.89 |𝒮 |2 = 0.76m(ℓ+ℓ−) > 110 GeV
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Matching CMS and PPS
Events with one proton observed in one of the PPS arms are related to the central system:

24Results on diffraction and exclusive productionUERJ|UFRGS!Gustavo Gil da Silveira 12thMPI@LHC2021, 28 set 2021

J
H
E
P
0
7
(
2
0
1
8
)
1
5
3

(RP)ξ
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

)
− l

+ l(ξ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

No acceptance for any RP

No acceptance for near RP

 events
−
l

+
lMatching 

 events
−
l

+
lNon-matching 

 events
−
l

+
lOut of acceptance 

CT-PPS left arm

−µ+µRed: 
−e

+
Blue: e

 = 13 TeVs, -1CMS+TOTEM 2016, L = 9.4 fb

(RP)ξ
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

)
− l

+ l(ξ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

No acceptance for any RP

No acceptance for near RP

 events
−
l

+
lMatching 

 events
−
l

+
lNon-matching 

 events
−
l

+
lOut of acceptance 

CT-PPS right arm

−µ+µRed: 
−e

+
Blue: e

 = 13 TeVs, -1CMS+TOTEM 2016, L = 9.4 fb

Figure 11. Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, ξ("+"−), and in the RPs, ξ(RP), for both RPs in each arm combined.
The 45 (left) and 56 (right) arms are shown. The hatched region corresponds to the kinematical
region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a track
is detected in both, the ξ value measured at the near RP is plotted. The horizontal error bars
indicate the uncertainty of ξ(RP), and the vertical bars the uncertainty of ξ("+"−). The events
labeled “out of acceptance” are those in which ξ("+"−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.

The correlation of ξ("+"−) versus ξ(RP) and the mass versus rapidity distributions,

for the combined dimuon and dielectron results, are shown in figures 11 and 12. The

combined signal significance is estimated by performing pseudo-experiments according to a

joint distribution, including systematic uncertainties, and corresponds to an excess of 5.1σ

over the background. In the calculation, the uncertainty on the integrated luminosity and

that on the rapidity gap survival probability are assumed to be fully correlated between the

two channels. All other sources are taken as independent. Of the 20 total events selected,

13 have a track in both the near and far RPs. In these events, the two independent ξ

measurements agree within 4%.

The fractions of the exclusive and single proton dissociative contributions in the final

sample of matching events are estimated by comparing their acoplanarity distribution to

those expected for the two classes of events in lpair. This results in a contribution of

approximately 70% from single proton dissociation, consistent within large uncertainties

with the predictions of lpair weighted by the rapidity gap survival probabilities. The

dominance of single dissociation is also consistent with the lack of a second observed proton

in the two high-mass e+e− events.

The observed yields are consistent with those predicted by lpair modified by the

rapidity gap survival probabilities, assuming the fraction of single proton dissociation events

from the acoplanarity comparison just discussed. The full simulation of the CMS central

apparatus (section 5) is used. For the scattered protons, the prediction includes the effect

of the CT-PPS acceptance, that of radiation damage in the silicon strip sensors, and the
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region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a track
is detected in both, the ξ value measured at the near RP is plotted. The horizontal error bars
indicate the uncertainty of ξ(RP), and the vertical bars the uncertainty of ξ("+"−). The events
labeled “out of acceptance” are those in which ξ("+"−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.
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for the combined dimuon and dielectron results, are shown in figures 11 and 12. The

combined signal significance is estimated by performing pseudo-experiments according to a

joint distribution, including systematic uncertainties, and corresponds to an excess of 5.1σ

over the background. In the calculation, the uncertainty on the integrated luminosity and
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measurements agree within 4%.

The fractions of the exclusive and single proton dissociative contributions in the final

sample of matching events are estimated by comparing their acoplanarity distribution to

those expected for the two classes of events in lpair. This results in a contribution of

approximately 70% from single proton dissociation, consistent within large uncertainties

with the predictions of lpair weighted by the rapidity gap survival probabilities. The

dominance of single dissociation is also consistent with the lack of a second observed proton

in the two high-mass e+e− events.

The observed yields are consistent with those predicted by lpair modified by the

rapidity gap survival probabilities, assuming the fraction of single proton dissociation events

from the acoplanarity comparison just discussed. The full simulation of the CMS central

apparatus (section 5) is used. For the scattered protons, the prediction includes the effect

of the CT-PPS acceptance, that of radiation damage in the silicon strip sensors, and the
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Measurable kinematic variables of the leading protons: 
 
•  Fractional momentum losses (x1, x2) via proton tracking 
      , Reconstruction of mass and rapidity of central system 
 
 
 
•  Transverse momenta (pT,1, pT,2) via proton tracking 
, momentum balance with central system useful for event selection: 
 
 
•  Longitudinal vertex position via proton time of flight (ToF) 
, important for resolving pileup (up to m = 200 at the HL-LHC) 
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Dimuon-proton correlations: multi-RP reconstruction

The correlations between fractional momentum loss reconstructed from dimuon pair ⇠(µµ) and
proton fractional momentum loss ⇠(p) for two years of data taking (2017, 2018) is shown, for sector
45 (left) and sector 56 (right). Signal appears as an excess of events along the diagonal lines.
Shaded bands approximately show the region inconsistent with lower PPS acceptance limit,
populated by random combinations of µµ pairs with unrelated pileup protons.
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(Semi)exclusive dilepton observation
Early 2016 data of PPS with 9.4/fb (CMS 15.6/fb) 

Overall selection with one proton reconstructed in either 
arm of PPS above 110 GeV:
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Figure 12. Expected acceptance regions in the rapidity vs. invariant mass plane overlaid with
the observed dimuon (closed circles) and dielectron (open circles) signal candidate events. The
“double-arm acceptance” refers to exclusive events, pp → p!+!−p. Following the CMS convention,
the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

inefficiency due to multiple proton tracks. The comparison is performed in the region where

radiation damage is less severe, corresponding to ξ(RP) ≥ 0.05.

9 Summary

We have studied γγ → µ+µ− and γγ → e+e− production together with forward protons re-

constructed in the CMS-TOTEM precision proton spectrometer (CT-PPS), using a sample

of 9.4 fb−1 collected in proton-proton collisions at
√
s = 13TeV. The Roman Pot alignment

and LHC optics corrections have been determined using a high statistics sample of forward

protons. A total of 12 γγ → µ+µ− and 8 γγ → e+e− events are observed with dilep-

ton invariant mass larger than 110GeV, and a forward proton with consistent kinematics.

This corresponds to an excess larger than five standard deviations over the expected back-

ground from double-dissociative and Drell-Yan dilepton processes. The result represents

the first observation of proton-tagged γγ collisions at the electroweak scale. The present

data demonstrate the excellent performance of CT-PPS and its potential for high-mass

exclusive (proton-tagged) measurements. With its 2016 operation, CT-PPS has proven for

the first time the feasibility of continuously operating a near-beam proton spectrometer at

a high-luminosity hadron collider.
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Figure 1. Production of lepton pairs by γγ fusion. The exclusive (left), single proton dissociation
or semiexclusive (middle), and double proton dissociation (right) topologies are shown. The left
and middle processes result in at least one intact final-state proton, and are considered signal in
this analysis. The rightmost diagram is considered to be a background process.

a low-mass state, indicated by the symbol p∗, and escapes undetected. Such a final state

receives contributions from exclusive, pp → p"+"−p, and semiexclusive, pp → p"+"−p∗,

processes (figure 1 left, and center). Central exclusive dilepton production is interesting

because deviations from the theoretically well-known cross section may be an indication of

new physics [6–8], whereas central semiexclusive processes constitute a background to the

exclusive reaction when the final-state protons are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Teva-

tron and at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this

paper, forward protons are reconstructed in CT-PPS, a near-beam magnetic spectrometer

that uses the LHC magnets between the CMS interaction point (IP) and detectors in the

TOTEM area about 210 m away on both sides of the IP [15]. Protons that have lost a

small fraction of their momentum are bent out of the beam envelope, and their trajectories

are measured.

Central dilepton production is dominated by the diagrams shown in figure 1, in which

both protons radiate quasi-real photons that interact and produce the two leptons in a

t-channel process. The left and center diagrams result in at least one intact final-state

proton, and are considered as signal in this analysis. The CT-PPS acceptance for detect-

ing both protons in “exclusive” pp → p"+"−p events (the left diagram) starts only above

m("+"−) ≈ 400GeV, where the standard model cross section is small. By selecting events

with only a single tagged proton, the sample contains a mixture of lower mass exclusive

and single-dissociation (pp → p"+"−p∗, “semiexclusive”) processes with higher cross sec-

tions. The right diagram of figure 1 is considered background, and contributes if a proton

from the diffractive dissociation is detected, or if a particle detected in CT-PPS from an-

other interaction in the same bunch crossing (pileup), or from beam-induced background

is wrongly associated with the dilepton system. A pair of leptons from a Drell-Yan process

can also mimic a signal event if detected in combination with a pileup proton.

In central (semi)exclusive events, the kinematics of the dilepton system can be used

to determine the momentum of the proton, and hence its fractional momentum loss ξ.

Comparison of this indirect measurement of ξ with the direct one obtained with CT-PPS

can be used to suppress backgrounds, as well as to provide proof of the correct functioning

of the spectrometer.
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pp → pℓ+ℓ−p pp → pℓ+ℓ−p*
|𝒮 |2 = 0.89 |𝒮 |2 = 0.76

13 events with a track in both near/far RPs
two independent ξ measurements agree within 4%
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Exclusive diphoton production
PPS 2016 data with 9.4/fb (CMS 15.6/fb) 

A tighter  proton selection is applied for a 
reconstruction efficiency above 90%

ξ
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Figure 2: Number of simulated and observed events for the various selection regions described
in the text. The shaded bands show the statistical uncertainty on the MCs added in quadrature.
All selection regions are sequential from left to right except for the inclusive region which is a
background control region. The signal selection region is denoted as “Tight x±gg”.

selection, a tighter selection region is created requiring x±gg to be within the CT-PPS proton x

acceptance, where x±gg =
�

p
g1
T e

±hg1 + p
g2
T e

±hg2
�
/
p

s and the + and � denote the positive and
negative sides of CMS. Because of radiation damage observed for the detector areas closest to
the beam, a track reconstruction inefficiency varying with x (and hence x), and growing with
radiation accumulated over time is introduced. The signal search region for this analysis is
therefore defined requiring the x±gg values to pass a tighter cut corresponding to the most effi-
cient phase space of the CT-PPS detectors. In this region, the tracking efficiency in each RP is at
least 90%. One background control region is used in the analysis. This control region satisfies
the preselection criteria and highlights inclusive diphoton events by requiring photons to have
pT > 200 GeV and a > 0.025. The azimuthal angle selection provides a large suppression of
exclusive production that occurs at small acoplanarity. The data and Monte Carlo (MC) events
falling within the different selection regions can be seen in Fig. 2.

Several sources of non-exclusive backgrounds are considered for this search. The main inclu-
sive gg + jet source is simulated by MADGRAPH5 aMC@NLO [24] with the NNPDF3.0 [25]
set of parton distribution functions (PDFs) evaluated at the next-to-leading order (NLO). Sub-
leading backgrounds considered are the Wg, Zg, and tt + jet productions, also modeled by
MADGRAPH5 aMC@NLO with the NNPDF3.1 [26] set of PDF at next-to-next-to-leading (di-
boson) and leading (tt) orders. The high-pT electron and photon-enriched QCD, and g + jet

backgrounds are both generated using PYTHIA 8.205 [27]. The CUETP8M1 tune [28] of PYTHIA
is used to simulate the underlying event in the background samples. The exclusive SM LbyL
process is also considered as a background and events are simulated using the Forward Physics
Monte Carlo (FPMC)[29]. Furthermore, all samples considered in this search are produced with
a GEANT4 [30] simulation of the CMS detectors response.

Yield and differential modeling of the background contributions to the signal search region are
probed through the inclusive-enriched selection introduced above. A slight deficit (9.9%) ob-
served in this inclusive-enriched region is accounted for through the rescaling of the dominant
inclusive background.

1

Photons, having neither mass nor charge, lack self interactions at the leading order in the
perturbation series expansion of the four-photon transition amplitude. However, because of
the characteristics of the vacuum, photons with sufficient energy may fluctuate into particle-
antiparticle pairs, thus giving rise to photon-photon interactions. When two photons interact
in this way through an intermediate charged particle loop to create two different outgoing
photons, the process is known as light-by-light (LbyL) scattering. The observation of this phe-
nomenon has been sought after in laboratory experiments for decades [1–4], and has been stud-
ied indirectly by the measurement of the anomalous magnetic moment of the muon [5].

The CMS and ATLAS experiments at the LHC recently reported first measurements of LbyL
scattering [6–8] among the broad spectrum of gg production channels populated at LHC ener-
gies. Analyses based on both proton-proton and heavy-ion collision data find results consistent
with the standard model (SM) expectations. However, these analyses probe the production of
LbyL candidates in the diphoton mass range of a few GeV. Complementary to these previous
results, a high diphoton mass spectrum starting from 350 GeV is studied in this note for the
first time at a hadron-hadron collider.

The LbyL scattering process, which can be studied at the electroweak energy scale and higher
in proton-proton collisions at the LHC, is of great interest because of its sensitivity to many SM
extensions of quantum electrodynamics [9–13]. Among these, a purely effective extension of
the SM Lagrangian using charge-parity conserving operators, as used, e.g., in Refs. [14–16] for
the ggW+W� quartic coupling, leads to a minimum dimension-eight term for the four-photon
coupling. This term contains the two parameters z1,2 = a

gg
1,2/L4, where L is the scale for new

physics, generally at the order of a few TeVs:

L
gggg
8 = z1FµnF

µn
FrsF

rs + z2FµnF
µr

FrsF
sn.

In proton-proton collisions, LbyL scattering (pictured in Fig. 1) can lead to the observation of
two photons and two intact protons, using two separate detectors. In this note, a search for this
process is performed in pp collisions at a center-of-mass energy of 13 TeV using data collected
with the CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of
9.4 fb�1.
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Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop of a fermion
or a charged boson. The model can be extended with intermediate interactions of new physics
objects, such as a loop of a heavy charged particle or an s-channel exchange.

The CMS detector is built around the central feature of its 3.8 T magnetic field passing through
the core of a superconducting solenoid. Within this field are located a silicon pixel and strip
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Figure 3: Invariant mass distribution of the diphoton pairs for the elastic selection region with
events satisfying 1 � |Dfgg /p| < 0.005 as described in the text. The hatched bands indicate
the statistical uncertainty on simulated samples added in quadrature.

For all selection regions used in this study, the data are found to be consistent with the back-
ground prediction within statistical uncertainties. A total of 266 diphoton candidates are found
in the elastic search region to be compared with the expectation of 263.1 ± 4.1 (stat). The re-
sulting diphoton mass spectrum of events passing the elastic selection can be seen in Fig. 3.

Sensitivity to the LbyL signal is enhanced by measuring the resulting final state protons. In
exclusive events where the protons remain intact, momentum loss from the protons should
equal the invariant mass found for the diphoton system. Imposing conservation of momentum
by requiring a matching between the two systems (the forward protons and central photons)
on top of the selection criteria defined above, allows for the selection of signal candidates. The
kinematics of an opposite-arm, two-proton system is converted into missing mass and rapidity
of the central system kinematics through mpp =

p
sx+x�, and ypp = (1/2) log(x+/x�). In

the case of exclusive diphoton production, both systems are correlated through mpp = mgg

and ypp = ygg . In this search, a 2s resolution window is used in matching the difference,
both in mass and rapidity, between the central and two-proton systems within their combined
uncertainties.

As previously postulated in Ref. [31], performing a matching of mass and rapidity between
the diphoton system and by the scattered protons on an event-by-event basis may reduce sig-
nificantly the contribution of inclusive backgrounds. In fact, the large majority of such events
comes from the coincidence of an inclusively produced diphoton event with pileup protons
from unrelated events. The matching therefore almost completely ensures that the two sys-
tems are originating from the same vertex.

The CT-PPS silicon strips, by design, can only reconstruct one proton at a time. This causes an
inefficiency when multiple diffracted protons are observed in one bunch crossing. In this study,
the time variation of this inefficiency due to varying pileup conditions has been neglected and
a single-tracking CT-PPS silicon strip efficiency of 70% is assumed for the entire data taking
period for each arm.

In addition, radiation damage, as previously discussed, further reduces the efficiency in regions
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Photons, having neither mass nor charge, lack self interactions at the leading order in the
perturbation series expansion of the four-photon transition amplitude. However, because of
the characteristics of the vacuum, photons with sufficient energy may fluctuate into particle-
antiparticle pairs, thus giving rise to photon-photon interactions. When two photons interact
in this way through an intermediate charged particle loop to create two different outgoing
photons, the process is known as light-by-light (LbyL) scattering. The observation of this phe-
nomenon has been sought after in laboratory experiments for decades [1–4], and has been stud-
ied indirectly by the measurement of the anomalous magnetic moment of the muon [5].

The CMS and ATLAS experiments at the LHC recently reported first measurements of LbyL
scattering [6–8] among the broad spectrum of gg production channels populated at LHC ener-
gies. Analyses based on both proton-proton and heavy-ion collision data find results consistent
with the standard model (SM) expectations. However, these analyses probe the production of
LbyL candidates in the diphoton mass range of a few GeV. Complementary to these previous
results, a high diphoton mass spectrum starting from 350 GeV is studied in this note for the
first time at a hadron-hadron collider.

The LbyL scattering process, which can be studied at the electroweak energy scale and higher
in proton-proton collisions at the LHC, is of great interest because of its sensitivity to many SM
extensions of quantum electrodynamics [9–13]. Among these, a purely effective extension of
the SM Lagrangian using charge-parity conserving operators, as used, e.g., in Refs. [14–16] for
the ggW+W� quartic coupling, leads to a minimum dimension-eight term for the four-photon
coupling. This term contains the two parameters z1,2 = a
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1,2/L4, where L is the scale for new

physics, generally at the order of a few TeVs:
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In proton-proton collisions, LbyL scattering (pictured in Fig. 1) can lead to the observation of
two photons and two intact protons, using two separate detectors. In this note, a search for this
process is performed in pp collisions at a center-of-mass energy of 13 TeV using data collected
with the CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of
9.4 fb�1.
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Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop of a fermion
or a charged boson. The model can be extended with intermediate interactions of new physics
objects, such as a loop of a heavy charged particle or an s-channel exchange.

The CMS detector is built around the central feature of its 3.8 T magnetic field passing through
the core of a superconducting solenoid. Within this field are located a silicon pixel and strip
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Photons, having neither mass nor charge, lack self interactions at the leading order in the
perturbation series expansion of the four-photon transition amplitude. However, because of
the characteristics of the vacuum, photons with sufficient energy may fluctuate into particle-
antiparticle pairs, thus giving rise to photon-photon interactions. When two photons interact
in this way through an intermediate charged particle loop to create two different outgoing
photons, the process is known as light-by-light (LbyL) scattering. The observation of this phe-
nomenon has been sought after in laboratory experiments for decades [1–4], and has been stud-
ied indirectly by the measurement of the anomalous magnetic moment of the muon [5].

The CMS and ATLAS experiments at the LHC recently reported first measurements of LbyL
scattering [6–8] among the broad spectrum of gg production channels populated at LHC ener-
gies. Analyses based on both proton-proton and heavy-ion collision data find results consistent
with the standard model (SM) expectations. However, these analyses probe the production of
LbyL candidates in the diphoton mass range of a few GeV. Complementary to these previous
results, a high diphoton mass spectrum starting from 350 GeV is studied in this note for the
first time at a hadron-hadron collider.

The LbyL scattering process, which can be studied at the electroweak energy scale and higher
in proton-proton collisions at the LHC, is of great interest because of its sensitivity to many SM
extensions of quantum electrodynamics [9–13]. Among these, a purely effective extension of
the SM Lagrangian using charge-parity conserving operators, as used, e.g., in Refs. [14–16] for
the ggW+W� quartic coupling, leads to a minimum dimension-eight term for the four-photon
coupling. This term contains the two parameters z1,2 = a
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1,2/L4, where L is the scale for new

physics, generally at the order of a few TeVs:
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In proton-proton collisions, LbyL scattering (pictured in Fig. 1) can lead to the observation of
two photons and two intact protons, using two separate detectors. In this note, a search for this
process is performed in pp collisions at a center-of-mass energy of 13 TeV using data collected
with the CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of
9.4 fb�1.
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Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop of a fermion
or a charged boson. The model can be extended with intermediate interactions of new physics
objects, such as a loop of a heavy charged particle or an s-channel exchange.

The CMS detector is built around the central feature of its 3.8 T magnetic field passing through
the core of a superconducting solenoid. Within this field are located a silicon pixel and strip
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an overall signal efficiency of 6.7%, significantly smaller than for the anomalous four-photon
process.

For the anomalous quartic gauge coupling extension of the SM introduced earlier, an observed
upper limit of 2.08 fb can be compared with the expected limit of 2.49 fb using the background-
only hypothesis. This upper limit is used to place the first limits on the four-photon anomalous
quartic gauge couplings. The signal efficiency is observed to be approximately constant over a
wide range of the couplings parameters z1 and z2 in the search region. It is evaluated at 63.8%
for the central two-photon system and 22.7% for the forward proton system. Figure 4 shows
the region of the parameter phase space where the corresponding cross section is excluded by
this measurement. Consequently, when one of the model parameters is assumed to be null, the
other is limited to

|z1| < 2.88 ⇥ 10-13 GeV�4(z2 = 0),

|z2| < 6.02 ⇥ 10-13 GeV�4(z1 = 0).
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Figure 4: Two-dimensional limits on the anomalous four-photon couplings, derived from the
observed upper limit on the diphoton production cross section. The shaded area depicts the
excluded values of the coupling parameters z1 and z2.

To summarize, the CMS-TOTEM precision proton spectrometer has proven the feasibility of
continuously operating a near-beam proton spectrometer at a high-luminosity hadron collider.
The first search for the gg ! gg process with forward proton tags is presented. The search
uses an integrated luminosity of 9.4 fb�1 of proton-proton collisions collected at a 13 TeV center-
of-mass energy at the LHC during 2016. No events are observed with a pair of proton tracks
compatible with the diphoton kinematic properties with an expected background of 0.23 and
0.43 events for the 2 and 3 standard deviations windows, respectively. This provides the first
limit for the standard model light-by-light production cross section at a scale of hundreds of
GeV, and places limits on anomalous couplings for the four-photon interaction based on an
effective field theory extension of the standard model.
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Summary
The CMS and TOTEM Collaborations are performing precise measurements of QCD over 
the last years  

Kinematical region to explore extensions of the SM for evidences of New Physics 

The Jet-Gap-Jet results provide new insight on the BFKL dynamics by extending the 
kinematical region probed at high-energies 

First time jet-gep-jet events with proton tag are observed 

PPS has completed a full Run 2 data-taking period with the first observation of exclusive 
dilepton production with proton tagging 

PPS data has opened the searches at the high-mass region for exclusive processes 

First search for exclusive diphoton production at high masses and investigation of 
evidences of New Physics
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Color-exchange background estimation
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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.

HARD COLOR-SINGLET EXCHANGE IN DIJET EVENTS IN … PHYS. REV. D 104, 032009 (2021)

032009-9

no proton 
tagging



Color-exchange background estimation

33Results on diffraction and exclusive productionUERJ|UFRGS!Gustavo Gil da Silveira 12thMPI@LHC2021, 28 set 2021

sample in the lowest multiplicity bins is then used to
estimate the standard single-diffractive dijet production at
low multiplicities Ntracks ≤ 1, as shown in Fig. 7. An excess
of events over the expected background counts is observed,
which is attributed to the presence of proton-gap-jet-gap-jet
events.
The second approach is based on the NBD method

introduced in Sec. VII A. The NBD function is fit in the
interval 2 ≤ Ntracks ≤ 25, and is then extrapolated to
Ntracks ¼ 0 to estimate the contribution of standard dif-
fractive dijet events that feature a central gap, as seen in
Fig. 7. The upper bound at Ntracks ¼ 25 is chosen to include
the lower mean Ntracks of the dijet sample with intact
protons, and, at the same time, to avoid the contribution by
beam background contamination that dominates at high
multiplicities. The NBD is fit before beam background
subtraction. The result is the same if the fit is carried out
after the beam background subtraction, which has an effect
on the extracted fCSE of less than 2%. An excess over the
NBD extrapolation results is observed in the data, which
provides for an interpretation in terms of proton-gap-jet-
gap-jet events. The NBDmethod is used to extract the main
results in the analysis, which facilitates a comparison with

the jet-gap-jet results extracted in inclusive dijet produc-
tion. Because of the lower mean value of Ntracks and the
smaller width of the Ntracks distribution, the NBD fit
extrapolation is more sensitive in jet-gap-jet events with
an intact proton than in inclusive dijet events. This is
quantified as part of the systematic uncertainties in the fCSE
extraction.

VIII. SYSTEMATIC UNCERTAINTIES

A. Systematic uncertainties in the study
of jet-gap-jet events

The sources of systematic uncertainties for the fCSE
fraction measurement are
Jet energy scale: The pT of each jet is varied with

pT → pT " δpTðpT; ηÞ, where δpTðpT; ηÞ is the jet
energy scale uncertainty as a function of the jet pT and
η. The new jet collection is reordered in pT, and the
analysis is repeated. The difference in the extracted fraction
fCSE relative to the results found with the nominal jet
energy corrections is a measure of the associated system-
atic uncertainty. The resulting relative uncertainty is
0.5%–6.0%.

1

10

E
ve

nt
s

Data, OS

Data, SS

Beam bkg

CMS-TOTEM  (13 TeV)-10.40 pb

0 5 10 15 20 25

|<1)η (|tracksN

1−

0

1

D
at

a
D

at
a-

B
kg

1

10

E
ve

nt
s Data, OS

NBD fit [2,25]
NBD extrap. [0,1]
Beam bkg

CMS-TOTEM  (13 TeV)-10.40 pb

0 5 10 15 20 25

|<1)η (|tracksN

1−
0.5−

0

0.5

1

D
at

a
D

at
a-

B
kg

FIG. 7. Charged particle multiplicity distribution in the jηj < 1 region after the dijet and proton selection. Opposite side (OS) dijet
events satisfy ηjet1ηjet2 < 0. The vertical bars represent the statistical uncertainties. The filled histogram represents the residual beam
background contamination. The contribution of standard diffractive dijet events that feature a central gap is modeled with the same side
(SS) dijet events (left) and with the negative binomial distribution (NBD) function fit (right), as described in the text. The NBD function
is fit in the interval 2 ≤ Ntracks ≤ 25, and extrapolated to Ntracks ¼ 0. The dashed-line arrow represents the region Ntracks < 2 used for
signal extraction in the analysis. The vertical bars of the NBD extrapolation points represent the uncertainty in the extrapolation based on
the fit parameter uncertainties extracted in the 2 ≤ Ntracks ≤ 25 interval.
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Fig. 3 Distribution of ξTOTEM before (upper) and after (middle) the
ξCMS−ξTOTEM requirement and distribution of t after the ξCMS−ξTOTEM
requirement (lower) for events in which the proton is detected in sector
45 (left) and sector 56 (right). The data are indicated by solid circles.
The blue histogram is the mixture of pomwig or pythia6 and zero bias

(ZB) data events described in the text. An event with the proton mea-
sured in the RPs contributes to the open histogram (signal) if the proton
originates from the MC sample, or to the filled histogram (background)
if it originates from the ZB sample
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Fig. 3 Distribution of ξTOTEM before (upper) and after (middle) the
ξCMS−ξTOTEM requirement and distribution of t after the ξCMS−ξTOTEM
requirement (lower) for events in which the proton is detected in sector
45 (left) and sector 56 (right). The data are indicated by solid circles.
The blue histogram is the mixture of pomwig or pythia6 and zero bias

(ZB) data events described in the text. An event with the proton mea-
sured in the RPs contributes to the open histogram (signal) if the proton
originates from the MC sample, or to the filled histogram (background)
if it originates from the ZB sample
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Fig. 3 Distribution of ξTOTEM before (upper) and after (middle) the
ξCMS−ξTOTEM requirement and distribution of t after the ξCMS−ξTOTEM
requirement (lower) for events in which the proton is detected in sector
45 (left) and sector 56 (right). The data are indicated by solid circles.
The blue histogram is the mixture of pomwig or pythia6 and zero bias

(ZB) data events described in the text. An event with the proton mea-
sured in the RPs contributes to the open histogram (signal) if the proton
originates from the MC sample, or to the filled histogram (background)
if it originates from the ZB sample
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single dissociative γγ → "+"− events. Of the two possible solutions for ξ("+"−), only the one
corresponding to the side with the intact proton is shown.

To be considered as signal candidates, events are further required to have a value of

ξ("+"−) within the CT-PPS coverage. The minimum value of ξ observed in an inclusive

sample of dilepton-triggered events, with no selection to enhance γγ production, is used.

Numerically this corresponds to:

• sector 45, RP 210N: ξ > 0.033,

• sector 45, RP 210F: ξ > 0.024,

• sector 56, RP 210N: ξ > 0.042,

• sector 56, RP 210F: ξ > 0.032.

The difference between the ξ coverage in the sectors 45 and 56 is due to the asymmetric

beam optics.

Finally, the signal region is defined by requiring that ξ("+"−) and the corresponding

value measured with CT-PPS, ξ(RP), agree within 2 σ of the combined uncertainty on

ξ("+"−) and Dx.
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Table 3 Individual contributions to the systematic uncertainty in the
measurement of the single-diffractive to inclusive dijet yields ratio in
the kinematic region pT > 40 GeV, |η| < 4.4, ξ < 0.1, 0.03 < |t | <
1 GeV2, and −2.9 ≤ log10 x ≤ −1.6. The second and third columns
represent the relative uncertainties in the ratio in the full kinematic
region and in bins of log10 x , respectively. The minimum relative uncer-
tainty is not shown when it is below 1%. The total uncertainty is the
quadratic sum of the individual contributions

Uncertainty source Relative uncertainty
R R(x)

Trigger efficiency Negligible 2–3%

Calorimeter energy scale + 1/− 2% < 7%

Jet energy scale and resolution ± 2% 1–10%

Background ± 1% 1–17%

RP acceptance < 1% < 4%

Resolution ± 2% < 4%

Horizontal dispersion + 9/− 11 % 11–23%

t-slope < 1% < 3%

β-reweighting ± 1 % < 6%

Acceptance and unfolding ± 2 % 3–11%

Unfolding bias ± 3% 3–14%

Unfolding regularization — < 11%

Total + 10/− 13%

The present data are lower than the CDF results. A decrease
of the ratio of diffractive to inclusive cross sections with
centre-of-mass energy has also been observed by CDF by
comparing data at 630 and 1800 GeV [11].

9 Summary

The differential cross section for single-diffractive dijet pro-
duction in proton–proton (pp) collisions at

√
s = 8 TeV has

been measured as a function of the proton fractional momen-
tum loss ξ and the squared four momentum transfer t , using
the CMS and TOTEM detectors. The data, corresponding to
an integrated luminosity of 37.5 nb−1, were collected using a
nonstandard optics configuration with β∗ = 90 m. The pro-
cesses considered are pp → pX or pp → Xp, with X includ-
ing a system of two jets, in the kinematic region ξ < 0.1
and 0.03 < |t | < 1.0 GeV2. The two jets have transverse
momentum pT > 40 GeV and pseudorapidity |η| < 4.4.
The integrated cross section in this kinematic region is σ

pX
jj =

21.7±0.9 (stat) +3.0
−3.3 (syst)±0.9 (lumi) nb; it is the average of

the cross sections when the proton scatters to either side of the
interaction point. The exponential slope of the cross section
as a function of t is b = 6.5 ± 0.6 (stat) +1.0

−0.8 (syst) GeV−2.
This is the first measurement of hard diffraction with a mea-
sured proton at the LHC.
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Fig. 6 Ratio per unit of ξ of the single-diffractive and inclusive dijet
cross sections in the kinematic region given by ξ < 0.1 and 0.03 <
|t | < 1 GeV2. The vertical bars indicate the statistical uncertainties
and the yellow band indicates the total systematic uncertainty. The red
squares represent the results obtained by CDF at

√
s = 1.96 TeV for

jets with Q2 ≈ 100 GeV2 and |η| < 2.5, with 0.03 < ξ < 0.09

The data are compared with the predictions of different
models. After applying a normalisation shift ascribed to the
rapidity gap survival probability, pomwig agrees well with
the data. The pythia8 dynamic gap model describes the
data well, both in shape and normalisation. In this model
the effects of the rapidity gap survival probability are simu-
lated within the framework of multiparton interactions. The
pythia8 dynamic gap model is the only calculation that pre-
dicts the cross section normalisation without an additional
correction.

The ratios of the measured single-diffractive cross section
to those predicted by pomwig and pythia8 give estimates of
the rapidity gap survival probability. After accounting for the
correction of the dPDF normalisation due to proton dissoci-
ation, the value of 〈S2〉 is (9 ± 2)% when using pomwig as
the reference cross section value, with a similar result when
pythia8 is used.

The ratio of the single-diffractive to inclusive dijet cross
section has been measured as a function of the parton momen-
tum fraction x . The ratio is lower than that observed at
CDF at a smaller centre-of-mass energy. In the region pT >

40 GeV, |η| < 4.4, ξ < 0.1, 0.03 < |t | < 1.0 GeV2, and
−2.9 ≤ log10 x ≤ −1.6, the ratio, normalised per unit ξ , is
R = (σ

pX
jj /%ξ)/σjj = 0.025 ± 0.001 (stat) ± 0.003 (syst).
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