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Large Hadron Collider (LHC)
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The CERN—LHC complex
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The CMS experiment 
central and forward sub-detectors
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Compact Muon Solenoid (CMS)
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Total weight: 
Total diameter: 

Length: 
Magnetic field:

14 000 t 
15.0 m 
28.7 m 
3.8 T
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Forward detectors
๏ The CMS experiment has forward sub-detectors to enhance its 

pseudorapidity coverage: 

๏ Hadronic Forward (HF):
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Sercan Sen, Hacettepe University 17-29 Aug, ICNFP2017, Greece

Detector upgrade during Long Shutdown 1. 
Upgrade of forward calorimeters with new photomultiplier tubes.
Measurements in the forward region require low pile-up runs.

Analyses use early 2015 data with special LHC beam conditions. 
<μ> ≈ 0.05 - 1.5. 

pile-up: average number of pp interactions per bunch crossing.

June 2015: LHC experiments back in 
business at record energy of 13 TeV

2.8 fb-1 @ B = 3.8 T

https://twiki.cern.ch/twiki/bin/view/CMSPublic/
LumiPublicResults 

CMS Detector

beam line detectors such as FSC (Forward Shower Counters), ZDC (Zero Degree Calorimeter) 
and instruments (T2 and TOTEM RPs) from TOTEM experiment are not shown in this picture.

CMS average pile-up 
in 2015; <μ> = 14
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Forward detectors
๏ The CMS experiment has forward sub-detectors to enhance its 

pseudorapidity coverage: 

๏ Hadronic Forward (HF): 

– Long and short quartz fibers  
(~2k channels); 

– Electromagnetic and Hadronic 
sections.
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<latexit sha1_base64="x1xvgmGdddviy0f43jaBlZf0luA="></latexit><latexit sha1_base64="x1xvgmGdddviy0f43jaBlZf0luA="></latexit><latexit sha1_base64="x1xvgmGdddviy0f43jaBlZf0luA="></latexit><latexit sha1_base64="x1xvgmGdddviy0f43jaBlZf0luA="></latexit>



Gustavo Silveira (UFRGS | UERJ, Brazil) LISHEP 2018, Sept 9—14, Salvador, Brazil

Forward detectors
๏ The CMS experiment has forward sub-detectors to enhance its 

pseudorapidity coverage: 

๏ Hadronic Forward (HF): 

๏ CASTOR:
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Forward detectors
๏ The CMS experiment has forward sub-detectors to enhance its 

pseudorapidity coverage: 

๏ Hadronic Forward (HF): 

๏ CASTOR: 

– Tungsten and quartz plates as 
a sampling calorimeter; 

– Only at minus side of CMS;
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Forward Physics 
Kinematical range for forward proton scattering
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Phase-space region
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Jet-Gap-Jet 
Study of dijet events with a large rapidity gap between the two leading jets in 
pp collisions at √s = 7 TeV
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Jet-Gap-Jet events
๏ There is a probability to have an interaction with large momentum transfer 

to produce a pair of jets with large rapidity gap in pseudorapidity η; 

๏ GAP: no QCD radiation fills the gap, 
i.e., a color-singlet exchange (CSE) 
(a.k.a. diffractive event); 

๏ Dijet production is in general well 
described by the DGLAP equation; !14

EPJC 78 (2018) 242 
CMS-FSQ-12-001
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Jet-Gap-Jet events
๏ There is a probability to have an interaction with large momentum transfer 

to produce a pair of jets with large rapidity gap in pseudorapidity η; 

๏ GAP: no QCD radiation fills the gap, 
i.e., a color-singlet exchange (CSE) 
(a.k.a. diffractive event); 

๏ Dijet production is in general well 
described by the DGLAP equation; 

๏ The presence of a large interval in 
pseudorapidity [Δη(jj)] is better 
described by the BFKL equation.
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LHC data
๏ Dijet production has been seen at Tevatron and HERA; 

๏ CMS reports the first observation of such event at the LHC at 7 TeV; 

๏ The fraction of events is measured in 8/pb of data for 2 leading jets with: 

– reconstructed at opposite ends of CMS. 

๏ The data are collected with 3 different triggers: 

– Threshold on uncorrected pT(j) of 15, 30, and 70 GeV. 

๏ Single- or zero-vertex requirement rejects most of the events with pileup 
interactions.
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pjetT > 40 GeV
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Observables
๏ Determine the CSE fraction as function of: 

1. Pseudorapidity separation in Δη(jj); 

2.              of the 2nd leading jet. 

๏ Jets are reconstructed with infrared- and collinear-safe anti-kT algorithm; 

๏ Ranges of pT,2(j): 40—60, 60—100, and 100—200 GeV; 

– Pileup corresponds to 1.16, 1.17, and 1.60. 

๏ To ensure pseudorapidity gaps, additional conditions required: 

1. two leading jets with 1.5 < |η(j)| < 4.7; 

2. two leading jets in opposite hemispheres: η(j1)η(j2) < 0.
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Observables
๏ Determine the CSE fraction by: 

1. Pseudorapidity separation Δη(jj); 

2.              of the 2nd leading jet. 

๏ Jets are reconstructed infrared- and collinear-safe anti-kT algorithm; 

๏ Ranges of pT,2(j): 40—60, 60—100, and 100—200 GeV; 

– Pileup corresponds to 1.16, 1.17, and 1.60. 

๏ To ensure pseudorapidity gaps, additional conditions required: 

1. two leading jets with 1.5 < |η(j)| < 4.7; 

2. two leading jets in opposite hemispheres: η(j1)η(j2) < 0.
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Ntracks distribution
๏ The Ntracks is obtained from a distribution of charged-particle multiplicity, 

Ntracks, with |η(all)| < 1 for pT(all) > 0.2 GeV, between the 2 jets; 

– Contamination from secondary interaction reduced with 

– Jet axes separated by |Δη(jj)| > 3, typical for diffractive studies. 
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Ntracks distribution
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Fig. 3 Distribution, uncorrected for detector effects, of the number of
central tracks between the two leading jets in events with pjet2

T = 40–60
(top left), 60–100 (top right), and 100–200 (bottom) GeV, compared
to the predictions of pythia 6 (inclusive dijets) and herwig 6 (CSE
jet-gap-jet events). The pythia 6 and herwig 6 samples are normal-

ized to the number of events measured for Ntracks > 3 and Ntracks = 0,
respectively. Beneath each plot the ratio of the data yield to the sum
of the normalized herwig 6 and pythia 6 predictions is shown. The
vertical error bars indicate the statistical uncertainties

√
s = 546 GeV. Later, it was observed that the NBD fit

reproduces less well the tails of the particle multiplicity at
higher center-of-mass energies (deviations were reported at√
s = 900 GeV by UA5, and later at Tevatron and LHC

energies [26,52,53]). This issue is largely avoided when one
restricts the NBD fit to the region around the mean of the
distribution. The fit used in this analysis starts at Ntracks = 3,
where the CSE signal to background ratio is expected to be
negligible, and ends at Ntracks = 35, slightly above the max-
imum of the distribution. The extrapolation of the fit to the
first multiplicity bins provides an estimate of the non-CSE

background. The results of the NBD fits are shown in Fig. 6
(right). To check the performance of the method, the fit is
repeated on the SS sample in the range 3 ≤ Ntracks ≤ 35.
The extrapolation of the fit to the Ntracks < 3 region agrees
with the number of events observed in the SS sample data,
which confirms the validity of this approach.

The numbers of background events obtained with the two
methods described above agree within statistical uncertain-
ties, with the results of the NBD fit being slightly lower. Since
the SS method cannot be used to estimate the background in
bins of ∆ηjj between the jets (because of the smaller ∆ηjj
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jet-gap-jet events). The pythia 6 and herwig 6 samples are normal-

ized to the number of events measured for Ntracks > 3 and Ntracks = 0,
respectively. Beneath each plot the ratio of the data yield to the sum
of the normalized herwig 6 and pythia 6 predictions is shown. The
vertical error bars indicate the statistical uncertainties

√
s = 546 GeV. Later, it was observed that the NBD fit

reproduces less well the tails of the particle multiplicity at
higher center-of-mass energies (deviations were reported at√
s = 900 GeV by UA5, and later at Tevatron and LHC

energies [26,52,53]). This issue is largely avoided when one
restricts the NBD fit to the region around the mean of the
distribution. The fit used in this analysis starts at Ntracks = 3,
where the CSE signal to background ratio is expected to be
negligible, and ends at Ntracks = 35, slightly above the max-
imum of the distribution. The extrapolation of the fit to the
first multiplicity bins provides an estimate of the non-CSE

background. The results of the NBD fits are shown in Fig. 6
(right). To check the performance of the method, the fit is
repeated on the SS sample in the range 3 ≤ Ntracks ≤ 35.
The extrapolation of the fit to the Ntracks < 3 region agrees
with the number of events observed in the SS sample data,
which confirms the validity of this approach.

The numbers of background events obtained with the two
methods described above agree within statistical uncertain-
ties, with the results of the NBD fit being slightly lower. Since
the SS method cannot be used to estimate the background in
bins of ∆ηjj between the jets (because of the smaller ∆ηjj
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Fig. 3 Distribution, uncorrected for detector effects, of the number of
central tracks between the two leading jets in events with pjet2

T = 40–60
(top left), 60–100 (top right), and 100–200 (bottom) GeV, compared
to the predictions of pythia 6 (inclusive dijets) and herwig 6 (CSE
jet-gap-jet events). The pythia 6 and herwig 6 samples are normal-

ized to the number of events measured for Ntracks > 3 and Ntracks = 0,
respectively. Beneath each plot the ratio of the data yield to the sum
of the normalized herwig 6 and pythia 6 predictions is shown. The
vertical error bars indicate the statistical uncertainties

√
s = 546 GeV. Later, it was observed that the NBD fit

reproduces less well the tails of the particle multiplicity at
higher center-of-mass energies (deviations were reported at√
s = 900 GeV by UA5, and later at Tevatron and LHC

energies [26,52,53]). This issue is largely avoided when one
restricts the NBD fit to the region around the mean of the
distribution. The fit used in this analysis starts at Ntracks = 3,
where the CSE signal to background ratio is expected to be
negligible, and ends at Ntracks = 35, slightly above the max-
imum of the distribution. The extrapolation of the fit to the
first multiplicity bins provides an estimate of the non-CSE

background. The results of the NBD fits are shown in Fig. 6
(right). To check the performance of the method, the fit is
repeated on the SS sample in the range 3 ≤ Ntracks ≤ 35.
The extrapolation of the fit to the Ntracks < 3 region agrees
with the number of events observed in the SS sample data,
which confirms the validity of this approach.

The numbers of background events obtained with the two
methods described above agree within statistical uncertain-
ties, with the results of the NBD fit being slightly lower. Since
the SS method cannot be used to estimate the background in
bins of ∆ηjj between the jets (because of the smaller ∆ηjj
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๏ The Ntracks is obtained from a distribution of charged-particle multiplicity, 
Ntracks, with |η(all)| < 1 for pT(all) > 0.2 GeV, between the 2 jets; 

– Contamination from secondary interaction reduced with 

– Jet axes separated by |Δη(jj)| > 3, typical for diffractive studies. 
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pT
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Jets distributions (full pT range)
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Fig. 5 Distributions, uncorrected for detector effects, of the azimuthal
angle ∆ϕjet1,2 between the two leading jets (left) and the ratio p jet2

T / p jet1
T

of the second-leading jet p T to the leading jet p T (right) for events after
all selections, with no tracks (Ntracks = 0, full circles) or more than three

tracks (Ntracks > 3, open circles) reconstructed in the |η| < 1 region,
compared with the MC predictions. The distributions are summed over
the three p jet2

T bins used in the analysis and normalized to unity for
shape comparison

values than in the OS sample), the NBD fit is chosen as
the main background determination method in this analysis.
The method involving the SS sample is used as a systematic
check, as discussed in the next section. The non-CSE back-
ground contributes about 10–15% of the events in the 0th
bin of the multiplicity distribution, about 25–35% in the first
two multiplicity bins, and about 40–60% when the signal is
integrated over the first three multiplicity bins.

Figure 7 shows the track multiplicity distribution in the
three bins of p jet2

T after subtracting the non-CSE background.
A clear excess in the lowest bins is observed over a flat con-
tinuum, in agreement with the normalized predictions from
a herwig 6 subsample with jet-gap-jet events only (no addi-
tional MPI); the jet-gap-jet events with additional MPI pro-
ducing tracks in the rapidity gap are part of the background
subtracted from the track multiplicity distributions, and are
not included in the figure. In the region of the excess (CSE sig-
nal region), most events are in the 0th bin, with smaller con-
tributions from events with one or two tracks reconstructed
in the gap region. These tracks originate from the jets but
are reconstructed outside of the jet cone, and their contribu-
tion is larger in the highest p jet2

T bin, for which jets tend to
have a higher multiplicity and to be produced more centrally
(closer to the gap). We use the Ntracks < 2 region to extract
the CSE signal in the lowest and medium p jet2

T bins, and the
Ntracks < 3 region to extract the CSE signal in the highest
p jet2

T bin.
The CSE fractions are obtained from the data using Eq. (1),

with the different terms in this formula uncorrected for detec-
tor effects. No unfolding of the data is necessary since the

effects of resolution and migration of the dijet variables can-
cel in the fCSE ratio. In addition, the number of jet–gap–jet
events extracted in the numerator of Eq. (1) does not depend
on the track reconstruction efficiency; the latter only influ-
ences the non-CSE background count, which is subtracted
from the data. Studies with simulated events show that the
results do not change, within uncertainties, if the hadron-
level variables are used. For the latter, stable particles (with
lifetime τ such that cτ > 10 mm) are used both for the jet
reconstruction and for the extraction of the Ntracks variable.

6 Systematic uncertainties

The systematic uncertainties in the fCSE extraction are esti-
mated by modifying the selection criteria and the analysis
procedure. The following sources of systematic uncertainty
are taken into account:

– Jet energy scale (JES) The p T of each jet in an event is
varied up and down according to the formula p jet, new

T =
p jet

T ± u( p jet
T , ηjet), where u( p jet

T , ηjet) is the JES uncer-
tainty, which increases at lower (higher) values of p jet

T
(ηjet) [49]. After changing the p T of the jets, they are
reordered in p jet, new

T , and the analysis is repeated using
the two highest p jet, new

T jets. The average difference of
the results obtained for the positive and negative varia-
tions relative to the nominal result is taken as an estimate
of the uncertainty associated with the JES.
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Fig. 5 Distributions, uncorrected for detector effects, of the azimuthal
angle ∆ϕjet1,2 between the two leading jets (left) and the ratio p jet2

T / p jet1
T

of the second-leading jet p T to the leading jet p T (right) for events after
all selections, with no tracks (Ntracks = 0, full circles) or more than three

tracks (Ntracks > 3, open circles) reconstructed in the |η| < 1 region,
compared with the MC predictions. The distributions are summed over
the three p jet2

T bins used in the analysis and normalized to unity for
shape comparison

values than in the OS sample), the NBD fit is chosen as
the main background determination method in this analysis.
The method involving the SS sample is used as a systematic
check, as discussed in the next section. The non-CSE back-
ground contributes about 10–15% of the events in the 0th
bin of the multiplicity distribution, about 25–35% in the first
two multiplicity bins, and about 40–60% when the signal is
integrated over the first three multiplicity bins.

Figure 7 shows the track multiplicity distribution in the
three bins of p jet2

T after subtracting the non-CSE background.
A clear excess in the lowest bins is observed over a flat con-
tinuum, in agreement with the normalized predictions from
a herwig 6 subsample with jet-gap-jet events only (no addi-
tional MPI); the jet-gap-jet events with additional MPI pro-
ducing tracks in the rapidity gap are part of the background
subtracted from the track multiplicity distributions, and are
not included in the figure. In the region of the excess (CSE sig-
nal region), most events are in the 0th bin, with smaller con-
tributions from events with one or two tracks reconstructed
in the gap region. These tracks originate from the jets but
are reconstructed outside of the jet cone, and their contribu-
tion is larger in the highest p jet2

T bin, for which jets tend to
have a higher multiplicity and to be produced more centrally
(closer to the gap). We use the Ntracks < 2 region to extract
the CSE signal in the lowest and medium p jet2

T bins, and the
Ntracks < 3 region to extract the CSE signal in the highest
p jet2

T bin.
The CSE fractions are obtained from the data using Eq. (1),

with the different terms in this formula uncorrected for detec-
tor effects. No unfolding of the data is necessary since the

effects of resolution and migration of the dijet variables can-
cel in the fCSE ratio. In addition, the number of jet–gap–jet
events extracted in the numerator of Eq. (1) does not depend
on the track reconstruction efficiency; the latter only influ-
ences the non-CSE background count, which is subtracted
from the data. Studies with simulated events show that the
results do not change, within uncertainties, if the hadron-
level variables are used. For the latter, stable particles (with
lifetime τ such that cτ > 10 mm) are used both for the jet
reconstruction and for the extraction of the Ntracks variable.

6 Systematic uncertainties

The systematic uncertainties in the fCSE extraction are esti-
mated by modifying the selection criteria and the analysis
procedure. The following sources of systematic uncertainty
are taken into account:

– Jet energy scale (JES) The p T of each jet in an event is
varied up and down according to the formula p jet, new

T =
p jet

T ± u( p jet
T , ηjet), where u( p jet

T , ηjet) is the JES uncer-
tainty, which increases at lower (higher) values of p jet

T
(ηjet) [49]. After changing the p T of the jets, they are
reordered in p jet, new

T , and the analysis is repeated using
the two highest p jet, new

T jets. The average difference of
the results obtained for the positive and negative varia-
tions relative to the nominal result is taken as an estimate
of the uncertainty associated with the JES.

123

Narrow peak == clean GAP 
typical for CSE events

EPJC 78 (2018) 242 
CMS-FSQ-12-001



Gustavo Silveira (UFRGS | UERJ, Brazil) LISHEP 2018, Sept 9—14, Salvador, Brazil

CSE fraction (I)
๏ The fraction of diffractive events is defined as: 

–  Insensitive to trigger eff. and jet reconstruction uncertainty. 

๏ Similar selection as D0 and CDF results, with minimal effect of gap sizes;
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Table 2 Measured values of fCSE as a function of p jet2
T . The first and

second uncertainties correspond to the statistical and systematic com-
ponents, respectively. The mean values of p jet2

T in the bin are also given

p jet2
T range (GeV) ⟨ p jet2

T ⟩ (GeV) fCSE (%)

40–60 46.6 0.57 ± 0.13 ± 0.09

60–100 71.2 0.54 ± 0.12 ± 0.04

100–200 120.1 0.97 ± 0.15 ± 0.03

 (GeV)
T
jet2p

0 20 40 60 80 100 120 140 160 180

CS
E 

fra
ct

io
n 

(%
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 < 1 η < 0, gap region -1 < jet2η * jet1η

 = 0.63 TeV)sD0 (
| < 4.1, Cone (R = 0.7)jet1,2η1.9 < |

 = 0.63 TeV)sCDF (
| < 3.5, Cone (R = 0.7)jet1,2η1.8 < |

 = 1.8 TeV)sD0 (
| < 4.1, Cone (R = 0.7)jet1,2η1.9 < |

 = 1.8 TeV)sCDF (
| < 3.5, Cone (R = 0.7)jet1,2η1.8 < |

 = 7 TeV)sCMS (
 (R = 0.5)

 t
| < 5.2, anti-kjet1,2η1.5 < |

Fig. 8 Fraction of dijet events with a central gap ( fCSE) as a function of
p jet2

T at
√
s = 7 TeV, compared to the D0 [27] and CDF [29,30] results

at
√
s = 0.63 and 1.8 TeV. The details of the jet selections are given in

the legend. The results are plotted at the mean value of p jet2
T in the bin.

The inner and outer error bars represent the statistical, and the statistical
and systematic uncertainties added in quadrature, respectively

pidity range for the gap region, but differ in the selection of
jets. D0 and CDF use the cone jet reconstruction algorithm
with size parameter R = 0.7, and select jets in the regions
1.9 < |ηjet| < 4.1, and 1.8 < |ηjet| < 3.5, respectively.
The latter difference only minimally affects the compari-
son with the CMS results, as the measured fCSE fractions
at 0.63 and 1.8 TeV depend only weakly on the gap size.
At all the three collision energies fCSE increases with p jet2

T .
This reflects the fact that the cross section for dijet events
with a gap decreases with p jet2

T less rapidly than the inclu-
sive dijet cross section does. In addition, a decrease of the
gap fraction with increasing

√
s is observed. The value of

fCSE measured for 40 < p jet2
T < 60 GeV at

√
s = 7 TeV

is about a factor of two lower than those measured for the
same p jet2

T at
√
s = 1.8 TeV. This behavior is in agreement

with observations by D0 and CDF, which reported that the
jet-gap-jet fraction decreases by a factor of 2.5± 0.9 [27] and
3.4 ± 1.2 [30], respectively, when

√
s increases from 0.63

to 1.8 TeV. The decrease of fCSE with increasing energy can
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Fig. 9 Fraction of dijet events with a central gap ( fCSE) as a function
of p jet2

T at
√
s = 7 TeV, compared to the predictions of the Mueller

and Tang (MT) model [21], and of the Ekstedt, Enberg, and Ingelman
(EEI) model [22,23] with three different treatments of the gap survival
probability factor |S|2, as described in the text. The results are plotted
at the mean value of p jet2

T in the bin. The inner and outer error bars
represent the statistical, and the statistical and systematic uncertainties
added in quadrature, respectively

be ascribed to a stronger contribution from rescattering pro-
cesses, in which the interactions between spectator partons
destroy the rapidity gap [19,54]. As a consequence, the gap
survival probability factor |S|2 is expected to decrease with
collision energy. Although no explicit predictions for |S|2
currently exist for jet-gap-jet production at

√
s = 7 TeV, a

suppression factor of about 2, for
√
s increasing from 1.8 to

7 TeV, is predicted for central exclusive production [55,56].
Figure 9 shows the comparison of the present results with

the BFKL-based theoretical calculations of the Mueller and
Tang (MT), and Ekstedt, Enberg and Ingelman (EEI) models.
The gap fractions are plotted relative to the standard LO QCD
dijet production rates, calculated with pythia 6 (using tune
Z2* for MT, and the default settings with color reconnection
features turned off for EEI). The MT model [21] prediction
is based on the LL BFKL evolution in the asymptotic limit of
large rapidity separations between the jets, and is obtained
with herwig 6 (as described in Sect. 3, without reweight-
ing of the p jet2

T dependence) for pure jet-gap-jet events (no
simulation of MPI). The MT prediction does not reproduce
the increase of fCSE with p jet2

T , as already observed for the
1.8 TeV data [22]; it also underestimates the fCSE fractions
measured at 7 TeV. The EEI predictions [23] are based on
the model of Ref. [22] extended to the present energy. The
model includes the dominant next-to-LL corrections to the
BFKL evolution of the parton-level cross section, as well
as the effect of rescattering processes. For the latter, three
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CSE fraction (I)
๏ The fraction of diffractive events is defined as: 

–  Insensitive to trigger eff. and jet reconstruction uncertainty. 

๏ Similar selection as D0 and CDF results, with minimal effect of gap sizes;
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Table 3 Measured values of the fraction of dijet events with a central
gap ( fCSE) as a function of the pseudorapidity separation between the
jets (∆ηjj) in bins of p jet2

T . The columns in the table correspond to p jet2
T

bins and the rows to ∆ηjj bins. The first and second errors correspond
to the statistical and systematic uncertainties, respectively. The mean
values of ∆ηjj in the bin are also given

p jet2
T (GeV) 40–60 60–100 100–200

∆ηjj range ⟨∆ηjj⟩ fCSE (%) ⟨∆ηjj⟩ fCSE (%) ⟨∆ηjj⟩ fCSE (%)

3–4 3.63 0.25 ± 0.20 ± 0.04 3.62 0.47 ± 0.19 ± 0.05 3.61 0.78 ± 0.21 ± 0.06

4–5 4.46 0.41 ± 0.16 ± 0.14 4.45 0.47 ± 0.16 ± 0.08 4.41 0.99 ± 0.23 ± 0.06

5–7 5.60 1.24 ± 0.32 ± 0.10 5.49 0.91 ± 0.32 ± 0.21 5.37 1.95 ± 0.69 ± 0.44

approaches are considered, in which gap survival probabil-
ity is either assumed to be a constant factor, or is partially
or fully simulated using Monte Carlo models, to take into
account its dependence on the variables p jet2

T and ∆ηjj. In the
first approach, the BFKL cross section is scaled by a con-
stant factor corresponding to a gap survival probability value
of |S|2 = 0.7% (magenta long-dashed curve in Fig. 9), in
order to match the data. Alternatively, the activity originating
from perturbative gluons is modeled in terms of initial- and
final-state parton showers, MPI and hadronization processes,
as implemented in pythia 6. The remaining nonperturbative
interactions are simulated either by an additional gap sur-
vival probability factor of |S|2 = 1.5% (green dotted line in
Fig. 9), or by soft color interactions (SCI, red dashed line in
Fig. 9) where a color exchange with negligible momentum
transfer occurs between parton clusters [23].

As can be seen in Fig. 9, the EEI model with |S|2 =
0.7%, and that with MPI and |S|2 = 1.5% reproduce the
p jet2

T dependence of the fCSE fraction in the data. The EEI
model with MPI and SCI correctly predicts the amount of
jet-gap-jet events in the first two p jet2

T bins, but tends to be
lower than the data at higher p jet2

T . The dip in the prediction
around p jet2

T = 80 GeV is a result of using the SCI model in
conjunction with final state showering, and is a feature of the
model rather than a statistical fluctuation.

The dependence of the fCSE fraction on the size of ∆ηjj

is studied for each p jet2
T sample in three bins of ∆ηjj = 3–

4, 4–5, and 5–7. The measured values of the fCSE fractions
are listed in Table 3, and plotted in Fig. 10. The fraction of
jet-gap-jet events increases with ∆ηjj, and varies from 0.3
to 1.2%, and from 0.8 to 2%, in the lowest and the highest
p jet2

T bins, respectively. Figure 10 also shows the comparison
of the data with the predictions of the MT and EEI models.
The MT model predicts a flat dependence of fCSE with ∆ηjj,
and underestimates the measured jet-gap-jet fractions except
for the lowest ( p jet2

T , ∆ηjj) bin for which the agreement is
good. The EEI model with the |S|2 = 0.7% factor, as well as
that with MPI plus |S|2 = 1.5% predict a decrease of fCSE
with ∆ηjj, and are at variance with the data. Conversely, the
EEI model with MPI plus soft color interactions satisfactorily
reproduces the rise of fCSE with ∆ηjj in all p jet2

T bins.

8 Summary

Events with a large rapidity gap between the two leading jets
have been measured for the first time at the LHC, for jets
with transverse momentum p jet

T > 40 GeV and pseudorapid-
ity 1.5 < |ηjet| < 4.7, reconstructed in opposite ends of the
detector. The number of dijet events with no particles with
p T > 0.2 GeV in the region |η| < 1 is severely underesti-
mated by pythia 6 (tune Z2*). herwig 6 predictions, which
include a contribution from color singlet exchange (CSE),
based on the leading logarithmic Balitsky–Fadin–Kuraev–
Lipatov (BFKL) evolution equations, are needed to repro-
duce the type of dijet topologies selected in our analysis.
The fraction of selected dijet events with such a rapidity gap
has been measured as a function of the second-leading jet
transverse momentum ( p jet2

T ) and as a function of the size
of the pseudorapidity interval between the jets, ∆ηjj. The
fCSE fraction rises with p jet2

T (from 0.6 to 1%) and with ∆ηjj

(from 0.3 to 1.2% for 40 < p jet2
T < 60 GeV, from 0.5 to

0.9% for 60 < p jet2
T < 100 GeV, and from 0.8 to 2% for

100 < p jet2
T < 200 GeV).

The measured CSE fractions have been compared to the
results of the D0 and CDF experiments at a center-of-mass
energies of 0.63 and 1.8 TeV. A factor of two decrease of
the CSE fraction measured at

√
s = 7 TeV with respect

to that at
√
s = 1.8 TeV is observed. Such a behavior is

consistent with the decrease seen in the Tevatron data when√
s rises from 0.63 to 1.8 TeV, and with theoretical expec-

tations for the
√
s dependence of the rapidity gap survival

probability.
The data are also compared to theoretical perturbative

quantum chromodynamics calculations based on the BFKL
evolution equations complemented with different estimates
of the non-perturbative gap survival probability. The next-to-
leading-logarithmic BFKL calculations of Ekstedt, Enberg
and Ingelman, with three different implementations of the
soft rescattering processes, describe many features of the
data, but none of the implementations is able to simultane-
ously describe all the features of the measurement.
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CSE fraction (II)

!25

๏ Results show that the fraction increases with             ; 

– This confirms that the diffractive cross section decreases less rapidly 
than the inclusive cross section does. 

๏ Fraction also decreases with 
increasing colliding energy; 

– More MPI results in smaller 
gap survival probability.

pjet2
T (j)
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Table 2 Measured values of fCSE as a function of p jet2
T . The first and

second uncertainties correspond to the statistical and systematic com-
ponents, respectively. The mean values of p jet2

T in the bin are also given

p jet2
T range (GeV) ⟨ p jet2

T ⟩ (GeV) fCSE (%)

40–60 46.6 0.57 ± 0.13 ± 0.09

60–100 71.2 0.54 ± 0.12 ± 0.04

100–200 120.1 0.97 ± 0.15 ± 0.03
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Fig. 8 Fraction of dijet events with a central gap ( fCSE) as a function of
p jet2

T at
√
s = 7 TeV, compared to the D0 [27] and CDF [29,30] results

at
√
s = 0.63 and 1.8 TeV. The details of the jet selections are given in

the legend. The results are plotted at the mean value of p jet2
T in the bin.

The inner and outer error bars represent the statistical, and the statistical
and systematic uncertainties added in quadrature, respectively

pidity range for the gap region, but differ in the selection of
jets. D0 and CDF use the cone jet reconstruction algorithm
with size parameter R = 0.7, and select jets in the regions
1.9 < |ηjet| < 4.1, and 1.8 < |ηjet| < 3.5, respectively.
The latter difference only minimally affects the compari-
son with the CMS results, as the measured fCSE fractions
at 0.63 and 1.8 TeV depend only weakly on the gap size.
At all the three collision energies fCSE increases with p jet2

T .
This reflects the fact that the cross section for dijet events
with a gap decreases with p jet2

T less rapidly than the inclu-
sive dijet cross section does. In addition, a decrease of the
gap fraction with increasing

√
s is observed. The value of

fCSE measured for 40 < p jet2
T < 60 GeV at

√
s = 7 TeV

is about a factor of two lower than those measured for the
same p jet2

T at
√
s = 1.8 TeV. This behavior is in agreement

with observations by D0 and CDF, which reported that the
jet-gap-jet fraction decreases by a factor of 2.5± 0.9 [27] and
3.4 ± 1.2 [30], respectively, when

√
s increases from 0.63

to 1.8 TeV. The decrease of fCSE with increasing energy can
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Fig. 9 Fraction of dijet events with a central gap ( fCSE) as a function
of p jet2

T at
√
s = 7 TeV, compared to the predictions of the Mueller

and Tang (MT) model [21], and of the Ekstedt, Enberg, and Ingelman
(EEI) model [22,23] with three different treatments of the gap survival
probability factor |S|2, as described in the text. The results are plotted
at the mean value of p jet2

T in the bin. The inner and outer error bars
represent the statistical, and the statistical and systematic uncertainties
added in quadrature, respectively

be ascribed to a stronger contribution from rescattering pro-
cesses, in which the interactions between spectator partons
destroy the rapidity gap [19,54]. As a consequence, the gap
survival probability factor |S|2 is expected to decrease with
collision energy. Although no explicit predictions for |S|2
currently exist for jet-gap-jet production at

√
s = 7 TeV, a

suppression factor of about 2, for
√
s increasing from 1.8 to

7 TeV, is predicted for central exclusive production [55,56].
Figure 9 shows the comparison of the present results with

the BFKL-based theoretical calculations of the Mueller and
Tang (MT), and Ekstedt, Enberg and Ingelman (EEI) models.
The gap fractions are plotted relative to the standard LO QCD
dijet production rates, calculated with pythia 6 (using tune
Z2* for MT, and the default settings with color reconnection
features turned off for EEI). The MT model [21] prediction
is based on the LL BFKL evolution in the asymptotic limit of
large rapidity separations between the jets, and is obtained
with herwig 6 (as described in Sect. 3, without reweight-
ing of the p jet2

T dependence) for pure jet-gap-jet events (no
simulation of MPI). The MT prediction does not reproduce
the increase of fCSE with p jet2

T , as already observed for the
1.8 TeV data [22]; it also underestimates the fCSE fractions
measured at 7 TeV. The EEI predictions [23] are based on
the model of Ref. [22] extended to the present energy. The
model includes the dominant next-to-LL corrections to the
BFKL evolution of the parton-level cross section, as well
as the effect of rescattering processes. For the latter, three
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inclusive Jets 
Very forward inclusive jet cross sections in p+Pb collisions at √sNN = 5.02 TeV
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Gluon recombination
๏ Studies in proton-Nucleus collisions are suitable for searchers of signals of 

gluon saturation; 

๏ This goal leads to the 
investigation of nonlinear 
effects and alternatives for 
the description of parton 
evolution equations;
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Will  

21st Century Nuclear Science: Probing nuclear matter in all Its forms & 
exploring their potential for applications 

How are the nuclear 
building blocks 

manifested in the 
internal structure of 

compact stellar 
objects, like neutron 

stars? 

How are the properties of protons and neutrons, 
and the force between them, built up from quarks, 
antiquarks and gluons?  What is the mechanism 
by which these fundamental particles materialize 

as hadrons? 

How can the properties of nuclei be                 
used to reveal the fundamental              

processes that produced an 
imbalance     between matter and 

antimatter in our universe? 

How can technologies 
developed for basic 

nuclear physics research 
be adapted to address 

society’s needs? 

Where in the  universe, and how, were 
the heavy elements formed?  How do 
supernovae explode? 

Where are the limits of nuclear 
existence, and what is the 

structure of nuclei near those 
limits? 

What is the nature of the 
different phases of nuclear 
matter through which the 

universe has evolved? 

Do nucleons and all nuclei, 
viewed at near light speed, 
appear as walls of gluons 
with universal properties? 

Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity

�!"##""$

�!"%"$

&'!()*

!+,-.+,/01

21")

21
"&
'

101345.,-.6+,/75".58/01

9

pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate

7/18/16 EIC Lecture 1 at NNPSS 2016 at MIT   2 
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Gluon recombination
๏ Studies in proton-Nucleus collisions are suitable for searchers of signals of 

gluon saturation; 

๏ This goal leads to the 
investigation of nonlinear 
effects and alternatives for 
the description of parton 
evolution equations; 

๏ Nonlinear effects can be 
studied with low x partons 
by measuring low pT jets 
in p-Pb collisions.

!28

2.2 Models for the nucleus wave function

Here we briefly review how the models for e+p collisions described above are geometrically ex-
tended to build models for the nuclear wave function. We also indicate their relation to some of
the most popular models to describe multi particle production in heavy ion collisions discussed
later.

homogenous nucleus

mean field approach

Monte-Carlo fluctuations

PROTON NUCLEUS

B
b

Figure 8: Geometric extension
of proton models to the nuclear
case.

With the exception of the b-CGC model, in CGC ap-
proaches one normally relates the b-dependence of the nu-
clear saturation scale to the proton saturation scale and the
local nuclear density: Q

2
sA(B, x)=TA(B) Q

2
s,N(x). This can

be done at di↵erent levels of refinement: assuming a ho-
mogeneous nucleus, a nucleus with a Woods-Saxon density
distribution TA(B) without fluctuations, or, finally, also ac-
counting for geometry fluctuations, as illustrated in Fig. 2.2.
One popular phenomenological approach, first proposed in
ref.88 and recently used in ref.,83 consists in the use of the
optical Glauber model to generalize our dipole-proton am-
plitude (or cross-section) to dipole-nucleus scattering:

N
A(x, r,B) = 1 � exp


�

1

2
ATA(B) �

e+p
dip (x, r)

�
(38)

This form is an average of the dipole cross section over the
fluctuating positions of the nucleons in the nucleus. In models that explictely accounting for
geometry fluctuations, the position of nucleons in the transverse plane is sampled stochastically
through Monte Carlo methods in strict analogy with the Monte Carlo Glauber model. The
longitudinal position of the nucleons are integrated out and, in some cases a hard-core nucleon-
nucleon repulsive potential to avoid full overlap between nucleons is assumed. Then, for each
transverse configuration of the nucleons the local saturation scale of the nucleus is taken to be
proportional to the number of overlapping nucleons in that transverse location B. Below we
provide some more details on how some popular models for multi particle production in nuclear
reactions

• KLN and MC-KLN:89–91 The works of Kharzeev, Levin and Nardi pioneered the saturation
based modelling of heavy ion collisions. The KLN model assumes a homogeneous nucleus
of constant density in the transverse plane. The relation between the nucleon and nuclear
saturation scale is taken to be QsA(x)2 ⇠ Npart Q

2
sN(x), with the proton saturation scale

given by the GBW parametrization Eq. (32) and Npart the number of participants in
a nucleus-nucleus collision. In a pA collision Npart ⇠ A

1/3 but, in general it is not an
intrinsic property of the nuclear wave function. Rather, it depends on the colliding object,
i.e the other nucleus. In turn, the functional form of the nuclear UGD (equivalently, the
dipole-nucleus cross section) is not taken from the GBW model but rather inspired in the
expected generic features of saturation e↵ects:

�KLN(x, k?) ⇠
1

Q
2
sA(x)

Q
2
sA(x)

max {Q
2
sA(x), k2

?}
(39)
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Measuring jets
๏ CMS makes use of CASTOR to measure low pT jets at a pseudorapidity 

range of −6.6 < η < −5.2 in non-diffractive events; 

– This analysis extends previous 
CMS results in proton-proton 
collisions at 7 and 13 TeV. 

๏ Jets selected with pT ≳ 4 GeV in 
p-Pb (3.13/nb) and Pb-p runs 
(6.71/nb); 

– Minimally one tower deposit 
above 4 GeV in HF.

!29

5

the deviations are smaller than in p+Pb. EPOS-LHC describes the Pb+p data best, followed by
HIJING and QGSJETII-04. The ratio p+Pb/Pb+p is not described by any of the models. The devi-
ation of HIJING is clearly due to the deviation in Pb+p, while the progressive underestimation
of EPOS-LHC and QGSJETII-04 of the data with increasing jet energy is due to the poor p+Pb
description.
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Figure 2: The energy spectrum of CASTOR jets in p+Pb collisions, normalised to the cross
section. Model predictions are included for EPOS-LHC, HIJING, and QGSJETII-04.

6 Unfolding the inclusive CASTOR jet spectrum

In this section is described how the detector level CASTOR jet spectrum is corrected to a gen-
erator level jet spectrum, for generator level events that obey the criteria defined in section 3.
To correct the measured CASTOR jet spectrum to a generator level spectrum, the response of
the detector to the generator jets, and the miss and fake rates must be obtained. We will refer
to the response matrix, miss and fake spectra collectively as the response object.
For all events, a collection of detector and generator level jets is defined. For both collections,
only jets above an energy cutoff are considered for the response object. A generator jet is ac-
cepted if its axis lies in the CASTOR h acceptance. Since CASTOR has no h resolution the jets
are only matched in f.
The fake and miss spectra are minimal when the distance Df between the jets obeys Df  0.5.
The energy cutoff was fixed simultaneously for p+Pb and Pb+p to 150 GeV to achieve an op-
timal balance between the miss and fake jets. This allows the unfolding procedure to only
migrate jets instead of adding or destructing jets; the latter would add to the model uncer-
tainty. The response matrices are depicted in fig. 5 and are normalised to the total number
of matched jet pairs. The unfolding is performed by the d’Agostini iterative procedure [29].
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Measuring jets
๏ CMS makes use of CASTOR to measure low pT jets at a pseudorapidity 

range of −6.6 < η < −5.2 in non-diffractive events; 

– This analysis extends previous 
CMS results in proton-proton 
collisions at 7 and 13 TeV. 

๏ Jets selected with pT ≳ 4 GeV in 
p-Pb (3.13/nb) and Pb-p runs 
(6.71/nb); 

– Minimally one tower deposit 
above 4 GeV in HF.
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6 6 Unfolding the inclusive CASTOR jet spectrum
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Figure 3: The energy spectrum of CASTOR jets in Pb+p collisions, normalised to the cross
section. Model predictions are included for EPOS-LHC, HIJING, and QGSJETII-04.
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Ratio of jet spectra (unfolded)
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Figure 4: The energy spectrum of CASTOR jets for the p+Pb/Pb+p ratio, normalised to the
cross section. Model predictions are included for EPOS-LHC, HIJING, and QGSJETII-04.

HIJING 
shape ✓  
norm ✘ 

EPOS-LHC 
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shape ✓
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inclusive spectra 
Measurement of the inclusive energy spectrum in the very forward direction  

in proton-proton collisions at √s = 13 TeV
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Very forward production
๏ The production of particles at large rapidities (typically |η| > 5) are used to 

investigate: 

1. multiparton interactions (MPI); 

2. initial- and final-state radiation; 

3. fragmentation of beam remnants; and 

4. diffraction.

!33
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Very forward production
๏ The production of particles at large rapidities (typically |η| > 5) are used to 

investigate: 

1. multiparton interactions (MPI); 

2. initial- and final-state radiation; 

3. fragmentation of beam remnants; and 

4. diffraction.
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Very forward production
๏ The production of particles at large rapidities (typically |η| > 5) are used to 

investigate: 

1. multiparton interactions (MPI); 

2. initial- and final-state radiation; 

3. fragmentation of beam remnants; and 

4. diffraction.
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Very forward production
๏ The production of particles at large rapidities (typically |η| > 5) are used to 

investigate: 

1. multiparton interactions (MPI); 

2. initial- and final-state radiation; 

3. fragmentation of beam remnants; and 

4. diffraction. 

๏ CASTOR data at 13 TeV is used in this analysis given its sensitivity to MPI; 

– Few reports on proton-proton collisions at 0.9, 2.76, 7 and 8 TeV. 

– This report focus on electrons, photons (π0 decays), hadrons (π±).
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Event selection

X Y
GAP

๏ Particles are selected in both sides of the gap with invariant masses MX 
and MY; 

– The momentum loss of the proton is variable used to select the 
events, which is a common variable in diffractive physics: 

๏ Events with ξ > 10-6 are selected: 

– 97.3% eff. and 99.5% purity w.r.t. the detector-level event selection.
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⇠X,Y =
M2

X,Y

s
, ⇠ = max(⇠X , ⇠Y )
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Energy spectra (unfolded)
๏ Data is compared with Monte Carlo models at particle-level spectra; 

๏ Best results with EPOC and QGSJET; PYTHIA tunes overestimate the data.
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Figure 3. Differential cross section as a function of the total energy in the region −6.6 < η < −5.2
for events with ξ > 10−6. The left panel shows the data compared to MC event generators mostly
developed for cosmic ray induced air showers, and the right panel to different pythia 8 tunes.
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Figure 4. Differential cross section as a function of the electromagnetic energy in the region
−6.6 < η < −5.2 for events with ξ > 10−6. The left panel shows the data compared to MC event
generators mostly developed for cosmic ray induced air showers, and the right panel to different
pythia 8 tunes.

to the predictions of various Monte Carlo event generators commonly used in high en-

ergy cosmic ray physics (EPOS, QGSJetII, and Sibyll), and those of different tunes of

pythia 8. None of the generators considered describe all features seen in the data.

The present measurements are particularly sensitive to the modeling of multiparton

interactions (MPI) that dominate particle production in the underlying event at forward

rapidities in pp collisions. pythia 8 CUETP8M1 without MPI is ruled out by the data,

which exhibit much harder spectra than predicted by the model. The shape of the spectra

are significantly influenced by the MPI-related settings in pythia 8. The present results

can therefore contribute to improvements in future Monte Carlo parameter tunes.
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Dijets with leading proton 
Measurement of dijet production with a leading proton in proton-proton  
collisions at 8 TeV with the CMS and TOTEM detectors at the LHC
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Proton detection
๏ Both CMS and TOTEM detectors are employed to detect a scattered 

proton from a diffractive event; 

๏ In a diffractive interaction, the intact proton is scattered at small angles; 

– TOTEM Roman Pots are used to collect this information; 

– TOTEM acceptance increases the CMS pseudorapidity coverage.
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Overview

๏ Measurement of hard diffraction with a leading proton using 
the CMS and TOTEM detectors. 

๏ Diffractive dijet production is characterized by the presence of 
a high momentum proton, with only a small energy loss and 
with a large rapidity gap (LRG) adjacent to the scattered proton 

๏ As the acceptance in pseudorapidity at CMS is limited, the 
measurement of the scattered proton is not possible. This is 
however achieved with the coverage in the forward direction 
by the TOTEM experiment.
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๏ It is possible to measure ξ and t using the RP. This 
allows the suppression of the contribution from 
proton-dissociative events.

t = (pi � pf )
2

⇠ = 1� |pf |
|pi|
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๏ Measurement of hard diffraction with a leading proton using 
the CMS and TOTEM detectors. 

๏ Diffractive dijet production is characterized by the presence of 
a high momentum proton, with only a small energy loss and 
with a large rapidity gap (LRG) adjacent to the scattered proton 

๏ As the acceptance in pseudorapidity at CMS is limited, the 
measurement of the scattered proton is not possible. This is 
however achieved with the coverage in the forward direction 
by the TOTEM experiment.
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Event selection
๏ The usual variables for diffractive interactions related the momentum loss 

by the proton: 

๏ An amount of 37.5/nb of data is analyzed to measure the single-
diffractive cross section in terms of t and ξ;
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pT (jj) > 40 GeV, |⌘(jj)| < 4.4
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Cross section (unfolded)
๏ The cross section are determined as 

– Njj: #dijets in i-th bin; 

– L: luminosity 
– A: acceptance 
– Δt, Δξ: bin widths 

– U: unfolding corrections 
based on Monte Carlo 
studies.
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MC comparison: 
POMWIG 
PYTHIA8 4C 
PYTHIA8 CUETP8M1 
PYTHIA8 Dynamic Gap 

Gap survival probability: 
⟨S2⟩ = 7.4% 
(from Data/MC ratio)
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Results
๏ The cross section measurement by CMS: 

๏ In agreement with PYTHIA8 Dynamic Gap model: σ = 23.7 nb.

!43
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and L is the integrated luminosity. The factors A
i include the effects of the geometrical ac-378

ceptance of the apparatus. Unfolding corrections, represented by the symbol U in Eq. (5), are379

applied to account for the finite resolution of the reconstructed variables used in the analysis.380

They are evaluated with POMWIG, PYTHIA8 4C and PYTHIA8 CUETP8M1. The average be-381

tween the results is taken as the nominal value in the analysis. The measured cross sections382

were obtained by unfolding the data using the D’Agostini method with early stopping [38].383

In this method the regularisation parameter is the number of iterations used, which was opti-384

mized to obtain a relative c2 variation between iterations lower than 5%.385

Figure 4 shows the differential cross section as a function of t and x, integrated over the con-386

jugate variable. The results from events in which the proton is detected in either side of the387

interaction point are averaged.388
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Figure 4: Differential cross section as a function of t (left) and as a function of x (right) for single-
diffractive dijet production, compared to the predictions from POMWIG, PYTHIA8 4C, PYTHIA8
CUETP8M1 and PYTHIA8 Dynamic Gap (DG). POMWIG is shown with no correction for the
rapidity gap survival probability (

⌦
S

2↵ = 1) and with a correction of
⌦
S

2↵ = 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 in either side
of the interaction point is shown.

The data are compared to POMWIG, PYTHIA8 4C, PYTHIA8 CUETP8M1 and PYTHIA8 Dy-389

namic Gap (DG). POMWIG is shown for two values of the suppression of the diffractive cross390

section, i.e. the rapidity gap survival probability, represented by
⌦
S

2↵. When
⌦
S

2↵ = 1, no cor-391

rection is applied. The resulting cross sections are higher than the data by roughly an order of392

magnitude, in agreement with the Tevatron results [5–7]. POMWIG is also shown with the cor-393

rection of
⌦
S

2↵ = 7.4%, calculated from the ratio of the measured diffractive cross section and394

the MC prediction, as discussed below. After this correction, POMWIG gives a good description395

of the data. POMWIG is shown in Fig. 4 as the sum of the Pomeron (pIP), Reggeon (pIR) and396

Pomeron-Pomeron (IPIP) exchange contributions while PYTHIA8 includes only the Pomeron397

(pIP) contribution. PYTHIA8 4C and PYTHIA8 CUETP8M1 show cross sections higher than398

the data by up to a factor of two. The PYTHIA8 Dynamic Gap model shows overall a good399

agreement with the data. No correction is applied to the normalisation of the PYTHIA8 sam-400

ples.401
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Ratio to inclusive jets

!44

Public 
CMS-FSQ-12-033

17

x
10

log
2.8− 2.6− 2.4− 2.2− 2− 1.8−

jj
σ

ξ
Δ/

pX jj
σ

2−10

1−10

1

 = 8 TeVsCMS 
 > 40 GeVj1j2

T
p

 < 4.4 j1j2|η|
 < 0.1ξ

20.03 < |t| < 1.0 GeV

 = 1.96 TeVsCDF 
2 = 100 GeV2Q

 < 0.09ξ0.03 < 

 (8 TeV)-137.5 nbCMS+TOTEM Preliminary

Figure 6: Ratio per unit of x of the single-diffractive and inclusive dijet cross sections in the
kinematic region given by x < 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
points represent the results obtained by CDF at

p
s = 1.96 TeV for jets with Q

2 ⇡ 100 GeV2 and
|h| < 2.5, with 0.03 < x < 0.09.

R =
(�pX

jj /�⇠)

�jj
= 0.025± 0.001 (stat.)± 0.003 (syst.)

<latexit sha1_base64="9k70mideQFlDy21xSZa+uATDTC4="></latexit><latexit sha1_base64="9k70mideQFlDy21xSZa+uATDTC4="></latexit><latexit sha1_base64="9k70mideQFlDy21xSZa+uATDTC4="></latexit><latexit sha1_base64="9k70mideQFlDy21xSZa+uATDTC4="></latexit>

16 9 Summary

Table 3: Individual contributions of the main systematic uncertainties to the measurement of
the ratio of single-diffractive to inclusive dijet yields in the kinematic region pT > 40 GeV,
|h| < 4.4, x < 0.1, 0.03 < |t| < 1 GeV2 and �2.9  log10 x  �1.6. The total uncertainty is the
quadratic sum of the individual contributions.

Uncertainty source DR/R

Calorimeter energy scale +1/-2 %
Jet energy scale and resolution ±2 %
Background ±1 %
Resolution ±2 %
Horizontal dispersion +9/-11 %
Acceptance and unfolding ±2 %
Unfolding bias ±3 %
Total +10/-13 %
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Figure 5: Ratio per unit of x of the single-diffractive and inclusive dijet cross sections in the
region given by x < 0.1 and 0.03 < |t| < 1 GeV2, compared to the predictions from the different
models for the ratio between the single-diffractive and non-diffractive cross sections. POMWIG
is shown with no correction for the rapidity gap survival probability (
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2↵ = 1) (left) and with
a correction of
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2↵ = 7.4% (right). 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 in either side of the interaction point is shown.
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2-photon dilepton production 
Observation of proton-tagged, central (semi)exclusive production of high-
mass lepton pairs in pp collisions at 13 TeV with the CMS-TOTEM precision 
proton spectrometer
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Experimental setup of PPS
๏ The PPS detector makes use of TOTEM Roman Pots (RP) to allocate 

tracking and timing detectors (sectors 45 and 56): 

๏ Scattered protons with 84—97% of the incoming 
beam momentum are detected; 

๏ 2016 configuration: tracking detectors are silicon 
sensors with 512 strips. 

– In 2017, PPS moved to 3D pixel detectors.
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Figure 2. Schematic layout (not to scale) of the beam line as seen from above between the
interaction point (IP5) and the region where the RPs are located in LHC sector 56. Dipole magnets
(D1, D2) of single- (MBXW) and twin-aperture, quadrupoles (Q1–Q6), collimators (TCL4–TCL6),
absorbers (TAS, TAN), and quadrupole feedboxes (DFBX) are shown. The 210 near and 210 far
units are indicated, along with the timing RPs not used here. The 220 near and 220 far units (not
used here) are also shown. The RPs indicated in red are the horizontal CT-PPS ones; those in blue
are part of the TOTEM experiment. The red (blue) arrow indicates the outgoing (incoming) beam.
In the CMS coordinate system, the z axis points to the left. The arm in the opposite LHC sector
45 (not shown) is symmetric with respect to the IP.

contains 512 individual strips, with a pitch of 66 µm. A schematic diagram of the silicon

strip sensors, indicating their orientation relative to the LHC beam, is shown in figure 3

The hit efficiency per plane is estimated to be >97% before the effect of radiation dam-

age to the sensors. The signal from the silicon detectors is contained within one 25 ns bunch

crossing of the LHC. The data are read out using a digital VFAT chip [18], and recorded

through the standard CMS data acquisition system. The pots as well as the sensors have

been extensively used by the TOTEM experiment and are described in refs. [16, 19]. The

TOTEM silicon strip sensors were not designed to sustain exposure to the high radiation

doses of the standard high-luminosity LHC fills. As expected, a first set of such planes suf-

fered severe radiation damage after about 10 fb−1, and was replaced by a set of spares. In

order to operate at high instantaneous luminosity, the RPs have been equipped with special

ferrite shielding, so as to reduce their electromagnetic impedance, and hence limit their

impact on the LHC beams. The timing detectors are housed in low-impedance, cylindrical

RPs specially built for CT-PPS, located at 215.7m from the IP. They were equipped with

diamond detectors for the last part of the run to complement the tracking silicon strip

detectors. They are not used for the analysis discussed here. In its final configuration,

CT-PPS will use 3D silicon pixel sensors for tracking and diamond sensors for timing.

The data analyzed for this paper were collected with the RPs at a distance of about

15 σ from the beam, where σ is the standard deviation of the spatial distribution of the

beam in the transverse direction pointing to the RP; the values of σ range from 0.245mm

for the 210N RP to 0.14mm for the timing RP.

3 Alignment of the CT-PPS tracking detectors

Alignment of CT-PPS is required in order to determine the position of the sensors with

respect to each other inside a RP, the relative position of the RPs, and the overall position
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Figure 3. Schematic layout of the silicon strip detectors in one RP station. Both the horizontal
RP and the vertical RPs, which are used only for special low-luminosity calibration fills, are shown.
In the top RP, the silicon strips oriented at +45◦ and −45◦ angles are indicated by the diagonal
lines. Tracks in the overlap region, indicated by the shaded area, are used to perform a relative
alignment of the RPs in the calibration fills.

of the spectrometer with respect to the beam. An overview of the procedure is given here;

more details are available in ref. [20].

The alignment procedure consists of two conceptually distinct parts:

• Alignment in a special, low-luminosity calibration fill (“alignment fill”), where RPs

are inserted very close to the beam (about 5 σ).

• Transfer of the alignment information to the standard, high-luminosity physics fills.

3.1 Alignment fill

The first step is the beam-based alignment, the purpose of which is to establish the position

of the RPs with respect to the LHC collimators and the beam. It takes place only once per

LHC optics setting. In this procedure, the TOTEM vertical RPs [19] (cf. figure 3) are used

together with the horizontal CT-PPS RPs. The beam is first scraped with the collimators

so that it develops a sharp edge. Then each RP is moved in small (approximately 10 µm)

steps until it is in contact with the edge of the beam, which generates a rapid increase in

the rate observed in the beam-loss monitors close to CT-PPS. At this point, each RP is at

the same distance (in units of σ) as the collimator, i.e. the RP is at the edge of the shadow

cast by the collimator. The necessity to get very close to the beam stems from the need

– 5 –
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Two-photon production
๏ Apart of diffractive production, the two-photon interaction is also an elastic 

collision with intact protons scattered at small angles; 

๏ The Precision Proton Spectrometer is meant to measure the forward 
protons of the elastic interaction at a high-luminosity regime; 

– Acceptance for protons detected in both arms start at M(ll) ≳ 400 GeV; 

– Adding semi-exclusive events can increase data sample. 

!48

 JHEP 07 (2018) 153 
CMS-PPS-17-001

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

γ

γ

p

p

p

ℓ−

ℓ+

p

γ

γ

p

p

p

ℓ−

ℓ+

p∗

γ

γ

p

p

p∗

ℓ−

ℓ+

p∗

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 → pℓ+ℓ−p, and semiexclusive, pp → pℓ+ℓ−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 → pℓ+ℓ−p events (the left diagram) starts only above

m(ℓ+ℓ−) ≈ 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 → pℓ+ℓ−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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Event selection
๏ The analysis considers 9.4/fb of 2016 data to search for (semi-)exclusive 

dilepton production; 

๏ The strategy follows the approaches employed in previous CMS analyses; 

1. Leptons are selected with pT > 50 GeV with opposite charge; 

2. No tracks from the vertice given a veto distance; 

3. Consistent back-to-back leptons based on acoplanarity; 

4. Dileptons with invariant mass above 110 GeV. !49
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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 → pℓ+ℓ−p, and semiexclusive, pp → pℓ+ℓ−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 → pℓ+ℓ−p events (the left diagram) starts only above

m(ℓ+ℓ−) ≈ 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 → pℓ+ℓ−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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Event selection
๏ The analysis considers 9.4/fb of 2016 data to search for (semi-)exclusive 

dilepton production; 

๏ The strategy follows the approaches employed in previous CMS analyses;
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Central detector

!51
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Figure 9. Dimuon (left) and dielectron (right) invariant mass (top) and rapidity (bottom), after all
central-detector criteria are applied, in pp collisions at 13TeV. Points with error bars indicate the
measured data (with statistical uncertainties only), and the stacked histograms show the different
simulated contributions for signal and backgrounds (with statistical uncertainty of similar size as
the data). The lower panel in each plot shows the ratio of the data to the sum of all signal and
background predictions.

is estimated from the leptons as:

ξ(ℓ+ℓ−) =
1√
s

[
pT(ℓ

+)e±η(ℓ+) + pT(ℓ
−)e±η(ℓ−)

]
, (6.1)

where the two solutions for ±η correspond to the protons moving in the ±z direction.

The formula is exact for exclusive events, but holds also for the single-dissociation case,

as illustrated with lpair simulated events in figure 10; in this case only one of the two

possible solutions will correspond to the direction of the intact proton. Studies with lpair

indicate that a mass of the dissociating system larger than about 400GeV is needed in

order to produce a deviation comparable to the expected ξ(ℓ+ℓ−) resolution of about 3%

(4%) for dimuons (dielectrons). The latter is obtained from simulation, with an additional

smearing to account for residual data-simulation differences. The lpair simulation also

indicates that the minimum mass of the dissociating system required to generate activity

in the CMS tracker is about 50GeV; the fraction of dissociative events above this threshold

is of a few percent.
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Matching
๏ Signal events in the central detector are directly related to the scattered 

protons measured with PPS; 

๏ Proton momentum loss is matched with that of the dileptons: 

๏ Different acceptances depend on 
stations and beamline positions: !52
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Figure 9. Dimuon (left) and dielectron (right) invariant mass (top) and rapidity (bottom), after all
central-detector criteria are applied, in pp collisions at 13TeV. Points with error bars indicate the
measured data (with statistical uncertainties only), and the stacked histograms show the different
simulated contributions for signal and backgrounds (with statistical uncertainty of similar size as
the data). The lower panel in each plot shows the ratio of the data to the sum of all signal and
background predictions.

is estimated from the leptons as:

ξ(ℓ+ℓ−) =
1√
s

[
pT(ℓ

+)e±η(ℓ+) + pT(ℓ
−)e±η(ℓ−)

]
, (6.1)

where the two solutions for ±η correspond to the protons moving in the ±z direction.

The formula is exact for exclusive events, but holds also for the single-dissociation case,

as illustrated with lpair simulated events in figure 10; in this case only one of the two

possible solutions will correspond to the direction of the intact proton. Studies with lpair

indicate that a mass of the dissociating system larger than about 400GeV is needed in

order to produce a deviation comparable to the expected ξ(ℓ+ℓ−) resolution of about 3%

(4%) for dimuons (dielectrons). The latter is obtained from simulation, with an additional

smearing to account for residual data-simulation differences. The lpair simulation also

indicates that the minimum mass of the dissociating system required to generate activity

in the CMS tracker is about 50GeV; the fraction of dissociative events above this threshold

is of a few percent.
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Figure 10. Generator-level relative difference (ξ(ℓ+ℓ−)−ξ(p))/(ξ(ℓ+ℓ−)) vs. ξ(ℓ+ℓ−) for simulated
single dissociative γγ → ℓ+ℓ− events. Of the two possible solutions for ξ(ℓ+ℓ−), 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(ℓ+ℓ−) 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(ℓ+ℓ−) and the corresponding

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

ξ(ℓ+ℓ−) and Dx.
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Figure 10. Generator-level relative difference (ξ(ℓ+ℓ−)−ξ(p))/(ξ(ℓ+ℓ−)) vs. ξ(ℓ+ℓ−) for simulated
single dissociative γγ → ℓ+ℓ− events. Of the two possible solutions for ξ(ℓ+ℓ−), 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(ℓ+ℓ−) 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(ℓ+ℓ−) and the corresponding

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

ξ(ℓ+ℓ−) and Dx.
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Results
๏ A total of 12 events (μ+μ−) and 8 events (e+e−) are observed; 

– Significances are 4.3σ (μ+μ−) and 2.6σ (e+e−):      combined >5σ 

– Consistent with MC predictions within acceptance and overall efficiency.

!53
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Figure 11. Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, ξ(ℓ+ℓ−), 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(ℓ+ℓ−). The events
labeled “out of acceptance” are those in which ξ(ℓ+ℓ−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.

The correlation of ξ(ℓ+ℓ−) 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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Figure 11. Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, ξ(ℓ+ℓ−), 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(ℓ+ℓ−). The events
labeled “out of acceptance” are those in which ξ(ℓ+ℓ−) corresponds to a signal proton outside the
RP acceptance; in these events a background proton is detected with nonmatching kinematics.

The correlation of ξ(ℓ+ℓ−) 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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Acceptance
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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 → pℓ+ℓ−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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Summary
๏ The CMS detector has shown its capability for measuring forward tracks 

with high efficiency; 

๏ These reports cover important physics aspects like: 

– Detailed study of underlying events at 7 TeV; 

– Saturations effects at high-gluon density; 

– Central diffractive production of jets; and 

– First results of the new forward detector PPS. 

๏ More interesting reports to come in 2018 with additional data from RunII.
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๏ Both sides of CMS: HF+ | HF−; 

๏ Long and short quartz fibers (~2k ch); 

– Electromagnetic and Hadronic parts 

๏ Specialized to measure: 

1. Elastic/Diffractive xsec; 

2. Forward energy flow; 

3. Jet spectra and correlations.

Hadronic Forward
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๏ Tungsten and quartz plates as a sampling calorimeter; 

๏ Only at minus side of CMS; 

๏ No segmentation on η — energy spectra instead of pT; 

๏ CASTOR measures: 

1. Inelastic/Diffractive xsec; 

2. Forward energy and UE; 

3. jet spectra.

CASTOR

!58
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Hadronic
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Jet-Gap-Jet
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Fig. 7 Background-subtracted central track multiplicity distributions,
uncorrected for detector effects, in the three bins of p jet2

T , compared
to the herwig 6 predictions without underlying event simulation (“no
MPI”), normalized as in Fig. 3. The background is estimated from the
NBD fit to the data in the 3 ≤ Ntracks ≤ 35 range, extrapolated to the
lowest multiplicity bins

Table 1 Percent systematic (individual, and total) and statistical uncer-
tainties of the CSE fraction in the three bins of p jet2

T

Source 40–60 GeV 60–100 GeV 100–200 GeV

Jet energy scale ±5.1 ±6.7 ±2.1

Tracks quality ±0.3 ±1.3 ±0.4

Background subtraction ±14.1 ±0.9 ±1.9

Total systematic ±15.0 ±6.9 ±2.8

Statistical ±23 ±22 ±15

Sect. 5. The symmetrized difference of the results with
respect to those found with the nominal method, based on
the NBD fit, is taken as an estimate of the corresponding
uncertainty. For the measurement of fCSE as a function
of ∆ηjj in bins of p jet2

T , the average uncertainty in the
p jet2

T bin is used in each ∆ηjj bin.

The total systematic uncertainty is calculated as the
quadratic sum of the individual contributions. The effect of
each systematic source and the total systematic uncertainty
are also given in Table 1, for each of the p jet2

T bins. In this
analysis, the systematic uncertainties are smaller than the
statistical ones.

As a check of the sensitivity of the results to the definition
of the hadronic activity in the gap region, the track multiplic-
ity distributions are redetermined after increasing the lower
limit of the track p T from 0.2 to 0.25 GeV. The results agree
within a few percent with the nominal ones, implying no
strong dependence on the hadronic activity definition. This
observation is in accordance with the results of the D0 exper-
iment [27] using calorimeter towers, in which consistent val-
ues of the fCSE fraction were obtained for tower transverse
energy thresholds of 0.15, 0.2 and 0.25 GeV. Likewise, in the
CDF analysis [29] consistent results were obtained based on
track multiplicities ( p T > 0.3 GeV) and calorimeter tower
multiplicities (ET > 0.2 GeV). In the present analysis, neu-
tral particles are not included in the multiplicity calculation
because of the relatively high transverse energy thresholds
required above calorimeter noise, about 0.5 GeV for photons
and 2 GeV for neutral hadrons, compared to the much lower
0.2 GeV value for charged tracks.

7 Results

The values of the fCSE fraction, measured as explained in
Sect. 5 in three bins of p jet2

T , are given in Table 2. Figure 8
presents the extracted fCSE values as a function of p jet2

T , com-
pared to the results of the D0 [27] and CDF [29,30] experi-
ments obtained in similar pp analyses at

√
s = 0.63 and 1.8

TeV. All the measurements are based on the same pseudora-

123
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Inclusive jets

!60

10 9 Summary

Table 3: The contribution of various sources to the systematic uncertainty in the highest and
lowest common energy bin for the p+Pb, Pb+p, and (p+Pb)/(Pb+p) spectra. The overall num-
ber is also quoted.

Source uncertainty p+Pb Pb+p p+Pb/Pb+p
600 GeV 2.5 TeV 600 GeV 2.5 TeV 600 GeV 2.5 TeV

Energy scale +2%
�2%

+145%
�71%

+6%
�6%

+170%
�82%

+5%
�7%

+57%
�9%

Model dependence +14%
�14%

+37%
�37%

+13%
�13%

+46%
�46%

+24%
�24%

+48%
�48%

Alignment +3%
�3%

+24%
�24%

+3%
�6%

+49%
�24%

+10%
�6%

+4%
�6%

Jet indentification +1%
�1%

+22%
�22%

<1%
<1%

<1%
<1%

+1%
�1%

+21%
�21%

Total +15%
�14%

+153%
�87%

+15%
�16%

+177%
�98%

+26%
�26%

+77%
�54%

energy scale uncertainty. For p+Pb/p+Pb, this uncertainty largely cancels out and the model
uncertainty is dominant instead.
For p+Pb the predictions of the models differ strongly, by more than two orders of magnitude
at 2.5 TeV. HIJING describes the data very well, while EPOS-LHC and QGSJETII-04 fail progres-
sively to describe the data with increasing jet energies.
For Pb+p we observe for a few lower energy bins that all models underestimate the data. From
approx. 1.2 TeV onwards, all models are in agreement with the data within the systematic un-
certainty.
For p+Pb/Pb+p, none of the models are able to describe the data on the whole range. HIJING
describes the shape well but is off in normalisation (due to the poor Pb+p description). It can
be seen that for the ratio the high energy behaviour of HIJING does not describe the data due
to the underestimation of the Pb+p data, while this could not be resolved for p+Pb or Pb+p in-
dividually; this is a clear virtue of the uncertainty cancellation. EPOS-LHC manages to describe
the lower energy part of the ratio, but significantly fails to describe the shape of the ratio at high
energies (due to the severe underestimation of p+Pb). QGSJETII-04 describes the shape of the
data better than EPOS-LHC but describes the data overall worse, which can also be attributed
to the predictions for p+Pb.
All conclusions for the spectra on the particle level also hold qualitatively for the comparison
of the spectra on detector level (see plot 2, 3, and 4), but the systematical uncertainties are sub-
stantially reduced since no model uncertainty needs to be introduced. In particular the low
energy behaviour of the models for Pb+p collisions can be more clearly distinguished from the
data. Especially for the ratio p+Pb/Pb+p the deviations between the data and the models are
more pronounced due to the absence of the model uncertainty, which is dominant for the ratio
on particle level. Also the lower energy behaviour of EPOS-LHC and QGSJETII-04 can be seen
in this plot not to describe the data well.

9 Summary

Forward jet energy spectra have been presented for p+Pb, Pb+p, and p+Pb/Pb+p collisions on
particle and detector level. None of the models investigated are capable of describing all the
spectra. The p+Pb spectrum is well described by HIJING, while for this spectrum the deviations
with data are the largest and more than two orders of magnitude for QGSJETII-04. Further
it was shown that the cancellation of systematic uncertainties for the p+Pb/Pb+p spectrum
increased the discriminative power of the results.
EPOS-LHC and QGSJETII-04 largely underestimate the p+Pb jet cross sections, but it should be
noted these generators were developed to model soft interactions. On the other hand, since the
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Energy deposits in CASTOR
๏ A total of 0.34/μb of data is analyzed for CASTOR calibration; 

– Beam halo muons and responde to pions/electrons are employed; 

– The total energy deposited in CASTOR is measured and compared to 
model predictions.
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Figure 1. Spectra of the energy reconstructed in CASTOR, normalized to the number of events
that pass the offline event selection, compared to the detector-level predictions of various event
generators. The total energy spectrum is shown in the left panel, the electromagnetic in the
middle, and the hadronic in the right. Statistical (systematic) uncertainties are shown with error
bars (yellow band, discussed in section 4).
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Figure 2. Distributions of reconstructed energy as a function of the particle-level energy for
pythia 8 CUETP8M1 for the total (left), electromagnetic (middle), and hadronic (right) energy
in CASTOR. The color indicates the number of events. The selection ξ > 10−6 is explained in
the text.

97.3% and a purity of about 99.5% with respect to the detector-level event selection. The

total energy at particle level is calculated by summing up the energies of all particles,

except muons and neutrinos, within the acceptance of CASTOR. Muons and neutrinos are

excluded since they do not deposit relevant energies in the detector. For the electromagnetic

spectrum, only electrons and photons are used; the latter are excluded for the hadronic

energy spectrum. The decay photons of neutral pions constitute the dominant contribution

to the electromagnetic spectrum.

4 Experimental uncertainties and results

The experimental uncertainties of the present results are mainly of systematic nature, with

the CASTOR energy scale uncertainty being the most significant contribution. In the data-

driven calibration method, uncertainties on the energy scale arise from the HF energy scale

uncertainty, the extrapolation uncertainty, and the noncompensating calorimetric response

of CASTOR. Furthermore, the energy measured by CASTOR depends on its exact location

– 4 –
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Inclusive spectra
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Total Electromagnetic Hadronic

300GeV 3000GeV 300GeV 1200GeV 300GeV 2000GeV

Energy Scale +17%
−14%

+94%
−77%

+5.9%
−2.1%

+93%
−65%

+11%
−10%

+169%
−80%

Unfolding ±5.8% ±6.4% ±5.2% ±4.1% ±6.9% ±17%

Event selection ±0.5% <0.01% ±0.14% <0.01% ±0.06% <0.01%

Luminosity ±2.6%

Statistical ±1.2% ±4.3% ±1.5% ±5.9% ±1.0% ±4.2%

Table 1. Uncertainties on the differential cross sections at a few selected values of the total,
electromagnetic, and hadronic energies.

but the bump at about 300GeV is visible in all of them. The spectrum is best described by

epos LHC and QGSJetII.4. The pythia 8 tunes tend to overestimate the contribution

of the soft part of the spectrum and so does Sibyll 2.3. The high energy tail is well

described by pythia 8 and Sibyll, whereas epos LHC and QGSJetII.4 overestimate

the region between 1 and 2.5TeV. The predictions are also very sensitive to the scaling

parameter prefT,0 of pythia 8, which parameterizes the dampening of the partonic cross

sections for pT → 0 at the nominal reference energy of 7TeV [18]. Large deviations from

the CUETP8M1 prefT,0 default value of 2.4024GeV modify the simulation of MPI and lead to

predictions inconsistent with the data; the PDF choice (NNPDF2.3 in CUETP8M1 versus

CTEQ6L1 in 4C) and/or the diffraction model used (MBR or default pythia 8 model)

also play a role in some regions of phase space.

The electromagnetic spectrum is shown in figure 4; it is relatively well described by

most of the models within uncertainties. Only pythia 8 4C+MBR and Sibyll 2.3 do

not correctly model the shape of the soft part of the spectrum up to about 500GeV.

The comparison of the data to the predictions of various pythia 8 tunes indicates that

the electromagnetic energy distribution is also very sensitive to the underlying modeling

of MPI.

Figure 5 shows the hadronic energy distribution. While epos LHC and QGSJetII

perform well at lower energies, they predict too large a cross section in the range of 600

to 1800GeV. This feature is also observed in the total energy spectrum, suggesting that

the excess originates from the production of hadrons. Sibyll 2.3 reproduces the slope of

the spectrum over a larger energy range, but significantly overestimates the cross section

at very low energy, while Sibyll 2.1 shows a large excess at around 500GeV, similar to

that observed in the total energy spectrum.

5 Summary

The electromagnetic, hadronic, and total energy spectra of particles produced at very

forward pseudorapidities (−6.6 < η < −5.2) have been measured with the CASTOR cal-

orimeter of the CMS experiment in proton-proton collisions at a center-of-mass energy of

13TeV. The experimental distributions, fully corrected for detector effects, are compared

– 6 –
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Dijets with tagged proton
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8.2 Extraction of the cross section as a function of t and x 13

The ratio of the data yields and the POMWIG predictions is shown in the bottom of the left402

and right panels of Fig. 4. No correction is applied for the rapidity gap survival probability403

(
⌦
S

2↵ = 1). Within the uncertainties, no significant dependence on t and x is observed.404

The value of the cross section for single-diffractive dijet production calculated in the kinematic405

region given by pT > 40 GeV, |h| < 4.4, x < 0.1 and 0.03 < |t| < 1 GeV2 is:406

s
pX
jj = 21.7 ± 0.9 (stat) +3.0

�3.3 (syst) ± 0.9 (lumi) nb. (6)

Table 2 summarizes the main systematic uncertainties to the measured cross section. The cross407

section was calculated independently for events in which the proton scatters towards the pos-408

itive and negative z directions, that is the processes pp ! pX and pp ! Xp, and the results409

were averaged. They are compatible within the uncertainties. The PYTHIA8 Dynamic Gap410

cross section in the same kinematic region is given by 23.7 nb, consistent with the measured411

cross section.412

Table 2: Individual contributions of the main systematic uncertainties to the measurement of
the single-diffractive dijet production cross section in the kinematic region pT > 40 GeV, |h| <
4.4, x < 0.1 and 0.03 < |t| < 1 GeV2. The total uncertainty is the quadratic sum of the individual
contributions.

Uncertainty source Ds/s
Trigger efficiency ±2 %
Calorimeter energy scale +1/-2 %
Jet energy scale and resolution +9/-8 %
Background ±2 %
Resolution ±2 %
Horizontal dispersion +9/-12 %
Acceptance and unfolding ±2 %
Unfolding bias ±3 %
Total +14/-15 %

The differential cross section as a function of t is well described by an exponential function for413

|t| values up to about 0.4 GeV2. A fit is performed with the function ds/dt µ exp�b|t| for t414

values in the range 0.03 < |t| < 0.45 GeV2.415

The resulting exponential slope is:416

b = 6.6 ± 0.6 (stat) +1.0
�0.8 (syst) GeV�2, (7)

where the systematic uncertainties include the contributions discussed in Section 8.1. The re-417

sults for the exponential slope of the cross section calculated independently for events in which418

the proton scatters towards the positive and negative z directions are compatible within the un-419

certainties.420

The parametrisation obtained from the fit is shown in Fig. 4. In the fit range (0.03 < |t| <421

0.45 GeV2), the horizontal position of the data points is calculated as the value for which the422

parametrised function equals its average over the bin width. The data points in the larger-t423

region outside the fit range (|t| > 0.45 GeV2) are shown in the centre of the bins.424
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Alignment
๏ It is required to determine the position of: 

1. the sensors inside the Roman Pots, 

2. the relative position of the RPs; and 

3. overall PPS position. 

๏ Alignment fill is used to set the position of 
the RPs w.r.t. the LHC collimators; 

๏ Physics fills are needed to position of PPS for each fill. 

– The horizontal alignment is based on the kinematic distribution of 
scattered protons in all fill.
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Figure 4. Distribution of the track impact points as a function of the horizontal coordinate for the
alignment fill (black points), a physics fill before alignment (blue points), and after alignment (red
points). The beam center is at x = 0 for the black and red points; the x axis origin is undefined for
the blue points. In the alignment procedure the overall normalization of the histogram is irrelevant;
the histograms from different fills are therefore rescaled to compare their shapes.

4 Proton reconstruction

4.1 The LHC beam optics

The reconstruction of the scattered proton momentum from the tracks measured in the

RPs requires precise knowledge of the magnetic fields traversed by the proton from the IP

to the RPs [21]. This is normally parametrized in terms of the “beam optics”, in which the

elements of the beam line are treated as optical lenses. The proton trajectory is described by

means of transport matrices, which transform the kinematics of protons scattered at the IP

to the kinematics measured at the RP position. The trajectory of protons produced at the

IP (denoted by the superscript ‘∗’) with transverse vertex position (x∗, y∗) and horizontal

and vertical components of scattering angle (Θ∗
x,Θ

∗
y) is described approximately by:

d(s) = T (s, ξ)d∗, (4.1)

where s indicates the distance from the IP along the nominal beam orbit, and d =

(x,Θx, y,Θy, ξ), with ξ = ∆p/p, and p and ∆p the nominal beam momentum and the

proton longitudinal momentum loss, respectively. The symbol T (s, ξ) denotes the single-

pass transport matrix, whose elements are the optical functions. The leading term in the

horizontal plane is:

x = Dx(ξ)ξ, (4.2)

where the dispersion Dx has a mild dependence on ξ. In the vertical plane, the leading

term reads:

y = Ly(ξ)Θ
∗
y, (4.3)
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Proton reconstruction
๏ The trajectory of the protons in the RPs is a straight line given the 

absence of magnetic fields; 

๏ Hits are studied in each strips with at least 3 hits at 15σ from the beam line; 

๏ Inefficiency depends on 
the pileup and ranges 
from 15% to 40% in 
2016 data. !65
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Figure 7. Example of track impact point distribution (in the x, y plane) measured in RP 210F,
sector 45, at 15σ from the beam in the x direction. The beam center is at x = y = 0. The
track selection includes a matching requirement with RP 210N, which suppresses noise and beam
backgrounds, but slightly reduces the acceptance for low values of the position x, given the different
acceptance of the near and far RPs.

The main uncertainties are:

• dispersion calibration: relative uncertainty in Dx of about 5.5%;

• horizontal alignment: approximately 150 µm;

• neglected terms in eq. (4.2).

For values of ξ ! 0.04, the leading uncertainty comes from the dispersion, and from

the neglected terms related to Θ∗
x in eq. (2).

Having reconstructed ξ, eq. (4.3) can then be used to determine the vertical scattering

angle from the curves presented in figure 5. The scattering angle can, in turn, be related

to the vertical component of the proton transverse momentum.

5 Data sets and Monte Carlo samples

The CT-PPS data analyzed here were collected during the period May–September 2016;

they correspond to an integrated luminosity of 9.4 fb−1. In the same period, CMS collected

a total of 15.6 fb−1. For the present data, the beam amplitude function β∗ at the IP was

0.4m and the crossing angle αx of the beams was 370µrad. After about a month, the

silicon strip detectors suffered heavy radiation damage. After new silicon strip detectors

were installed in September, the LHC implemented a smaller crossing angle for collisions

at the CMS IP, which resulted in different optics parameters and therefore changed the

CT-PPS acceptance. These later data are therefore not used in the present analysis.

Simulated signal samples of exclusive (pp → pℓ+ℓ−p) and single proton dissociative

(pp → pℓ+ℓ−p∗) events proceeding via photon fusion γγ → ℓ+ℓ− are generated with the

– 10 –
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PPS
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Arm and background source Full 2 σ

Left Drell-Yan 6.24 ± 0.13 1.07 ± 0.06

Right Drell-Yan 6.09 ± 0.14 1.23 ± 0.06

Total Drell-Yan 12.33 ± 0.19 2.30 ± 0.09

Left double dissociation 0.31 ± 0.01 0.035 ± 0.002

Right double dissociation 0.25 ± 0.01 0.032 ± 0.002

Total double dissociation 0.56 ± 0.01 0.067 ± 0.003

Total background 12.89 ± 0.19 2.36 ± 0.09

Table 2. Estimated backgrounds from Drell-Yan and double-dissociation e+e− production, within
the acceptance of at least one of the RPs of a given arm, and in the subsample with proton
kinematics matching within 2 σ. The bottom row indicates the total background from the sum of
Drell-Yan and double dissociation events.

µ+µ− e+e−

Sources of uncertainty Drell-Yan Double diss. Drell-Yan Double diss.

Statistics of Z sample 5% 5% 4% 4%

ξ(ℓ+ℓ−) reweighting 25% — 11% —

Track multiplicity modeling 28% — 14% —

Survival probability — 100% — 100%

Luminosity — 2.5% — 2.5%

Table 3. Sources of systematic uncertainties in the estimates of Drell-Yan and double-dissociation
backgrounds in the dimuon and dielectron channels.

low-multiplicity region, with 1–5 additional tracks near the dilepton vertex, resulting in 28

and 14% relative uncertainties for the dimuon and dielectron channels, respectively. The

double-dissociation process has never been measured directly, and therefore the background

estimate for this process also includes a 100% relative uncertainty on the rapidity gap

survival probability. Finally, the double-dissociation background includes a 2.5% integrated

luminosity uncertainty [40] applied to the normalization of the simulated samples.

As a further check of the pileup background estimate, a set of pseudo-experiments

is performed in which the measured values of ξ(ℓ+ℓ−) within the CT-PPS acceptance are

randomly coupled with ξ(p) values from events without any offline selection imposed on the

central variables. The dilepton system and the proton originate from different events and

are thus uncorrelated. Such a procedure is repeated 104 times, and the average number of

events in which ξ(ℓ+ℓ−) and ξ(p) match within 2 σ is determined. The result is consistent

with the background estimates of 1.49± 0.07 (stat) and 2.36± 0.09 (stat) events discussed

above for the dimuon and dielectron channels, respectively.
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