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Outline 

•  Description of proton – proton collisions 
 

•  QCD at the LHC 
 

•  Study of forward and/or low-pT jet final states 
 

•  Production of leading charged particles and jets at small pT  
 

•  Dijet production with a large rapidity gap between the jets 
 

•  Summary 



3 

•  Factorise the cross section as: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Successful in describing many inclusive processes 
 

•  However: 
 

•  Complemented with phenomenological models that add initial and final state 
radiation, and allow for multiple parton interactions 
 

Description of proton-proton collisions 

Process independent PDF’s:  
non-perturbative long distance  
interactions with high coupling 

26 Description of hadron collisions

(a) (b)

Figure 2.7.: (a) Lepton pair production in the Drell-Yan process through a hard scattering of
two partons (x1P1 and x2P2) from the incoming hadrons. (b) The parton model
description for a general hard scattering process (�̂ij(↵S)) [11]

DGLAP evolution equations with exactly the same splitting functions. The observation
of Drell-Yan lepton pairs with a net transverse momentum pT was in fact one of the first
pieces of evidence that the naive parton model was incomplete, and that the dynamics of
QCD had to be added. It indicated that the quarks in the hard scatter can emit gluons
with a significant transverse momentum.

The key point is that all the collinear divergencies appearing in the Drell-Yan
corrections can be factored into renormalised parton distributions, just as it was in DIS.
Factorisation theorems can show that this is a general feature of inclusive hard-scattering
processes in hadron-hadron collisions. This is one of the most important results of the
QCD parton model: the parton densities, including the renormalisation of the bare
parton densities, are the same in DIS lepton-proton scattering and in hadron-hadron
scattering. Hence in general one assumes the cross section for a hard scattering process
initiated by two hadrons, illustrated in figure 2.7b, can be written as:

�(P1, P2) =
X

i,j

Z
dx1dx2fi(x1, µ

2)fj(x2, µ
2)�̂ij(p1, p2,↵S(µ

2), Q2/µ2) (2.25)

in which p1 = x1P1 and p2 = x2P2 are the momenta of the partons that participate in
the hard interaction. The scale of the hard scattering is Q2, and �̂ij is the short distance
cross section for the scattering of partons i and j. For simplicity the factorisation and
renormalisation scales are set to a single scale µ = µF = µR. [11, 17]

2.3.3. Limitations

Although the collinear factorisation theorem is widely accepted and used, it is only
proven for a limited number of processes and significant approximations were made in

Hard scattering cross section:  
process dependent, short distance  
(high energy) interaction with  
small coupling, calculated with 
fixed order perturbation theory 

Collinear factorisation 
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x1P1 

x2P2 

P1 

P2 

è Valid for one hard momentum scale and not too low x (dilute hadron) 
è Treatment of initial transverse momenta of the partons neglected 

Evolution of PDF’s driven by DGLAP equations:  
f(x,Q2) determined by f(x0>x, Q0

2<Q2) 
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•  Need for kT dependent, unintegrated pdf’s? 
 

•  Will DGLAP break down and, e.g., BFKL take over? 
 

•  What is the role of multiple parton interactions (MPI) in all this? 
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•  What will happen in these new kinematic regions? 
Do the collinear approximations stay valid? 
 

•  Gluons dominate low-x region: 
saturation or recombination effects? 
 

[W.J. Stirling] 
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Study of forward and/or low-pT jet final states 

•  The low-x region can be probed with very forward and/or low-pT jets: 

19

10 Appendix

The combined differential inclusive jet cross sections, measured at low and high transverse
momenta [25], in comparison to NLO predictions using the NNPDF2.1 PDF set times the NP
correction factor is shown in Fig. 12.
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Figure 12: The combined differential inclusive jet cross sections in comparison to NLO predic-
tions using the NNPDF2.1 PDF set times the NP correction factor. Open markers represent the
measurement of low pT jets obtained with the integrated luminosity of 5.8 pb�1 of minimum
bias data for low pile-up conditions whereas the filled markers for high pT jets obtained with
integrated luminosity of 10.71 fb�1 of jet trigger data for high pileup [25].

Ratio of the combined CMS jet spectra, measured at low and high transverse momenta, over
the NLO predictions is shown in Figs. 13-17. In the transition between both measurements at
pT ⇡ 75 GeV/c, the systematic uncertainties of the low-pT measurements are smaller than the
high-pT ones because the former have been carried out with (much) smaller pileup than the
latter, except for the 2 < |y| < 3 region where the endcap response to low-pT jets results in
larger propagated systematics. A similar comparison but instead of the theoretical uncertainty
for each PDF set the ratios of the predictions with alternative PDF sets is shown in Figs. 18–22.

(FSQ-12-031) 

18 8 Results

Figure 13: Comparison between the cross sections for the three different scenarios. For further
description see caption of Fig. 4

è Inclusive jet cross sections described 
within exp. uncertainties, not sensitive to 
non-DGLAP effects 

è MPI have a clear effect on 
decorrelations between jets: might 
interfere with BFKL-like behaviour 

(FSQ-12-008) 
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10 7 Results
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Figure 8: On the left measured ratio C2/C1 as a function of rapidity difference Dy is compared
to LL DGLAP parton shower generators. On the right the ratio is compared to MC generator
SHERPA with parton matrix element matched to LL DGLAP parton shower, LL BFKL - inspired
generator CASCADE and analytic NLL BFKL calculations at the parton level.
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Figure 9: On the left measured ratio C3/C2 as a function of rapidity difference Dy is compared
to LL DGLAP parton shower generators. On the right the ratio is compared to MC generator
SHERPA with parton matrix element matched to LL DGLAP parton shower, LL BFKL - inspired
generator CASCADE and analytic NLL BFKL calculations at the parton level.
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Ratio of the combined CMS jet spectra, measured at low and high transverse momenta, over
the NLO predictions is shown in Figs. 13-17. In the transition between both measurements at
pT ⇡ 75 GeV/c, the systematic uncertainties of the low-pT measurements are smaller than the
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è current kinematical domain lies 
in transition between regions 
described by DGLAP and BFKL 
approaches 
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Leading charged particles & jets at small pT 

•  Study the production of leading charged particles and leading charged-
particle jets at small pT in pp collisions at √s = 8 TeV (arXiv:1507.00233v1): 
 
- Most particles originate from non-pQCD semi-hard interactions (pT ~ 1 - 3 GeV) 
- Partonic cross section diverges at low pT and exceeds total inelastic pp cross section:   
  needs to be tamed 
 
 
è sensitive to: momentum scale at which parton densities saturate, and MPI 
è probe transition from perturbative to non-perturbative region 
 
 

•  Look at per-event yield of leading charged particles, and charged-particle jets 
integrated above a given pT,min ( pT,min = 0.8 and 1.0 GeV resp.): 
 
 
 
 
Nevt: number of events with leading charged particle (pT > 0.4 GeV, |η| < 2.4) 
N: number of events with a leading charged particle (|η| < 2.4)  
    or leading jet (|η| < 1.9, anti-kT R=0.5) with pT,lead. 
 

1

1 Introduction

The production of jets with large transverse momenta pT � LQCD ⇡ 0.2 GeV in high-energy
proton-proton (pp) collisions originates from the scattering of partons, a process described by
perturbative quantum chromodynamics (pQCD), through the convolution of the parton-parton
cross section with the density of partons inside the protons. Jet production in pp collisions at
the LHC, at transverse momenta pT > 20 GeV and in the pseudorapidity range |h| < 3, is well
described by next-to-leading-order pQCD calculations [1–3]. However, most of the final-state
hadrons produced in pp collisions arise from the hadronisation of quarks and gluons scattered
through “semi-hard” interactions with exchanged momenta of O(1–3 GeV). At such low values
of pT, the theoretical partonic cross section, ds/dp2

T µ a2
S(pT)/p4

T, where aS is the strong cou-
pling, becomes very large, and the integrated cross section s(pmin

T ) =
R

pmin
T

dp2
Tds/dp2

T exceeds
the total inelastic pp cross section, sinel. At

p
s = 8 TeV, where sinel ⇡ 70 mb [4], this occurs at

pmin
T values of O(3 GeV), much larger than the QCD scale, LQCD, at which the strong coupling

diverges [5, 6].

Model calculations of hadronic collisions often regulate such an infrared divergence through
an effective parameter connected to the confinement scale of hadrons [7], such that the leading
particle or leading jet production cross sections do not exceed the value of sinel. Contrary to the
inclusive particle or jet production cross sections, the leading particle or leading jet production
cross sections must indeed approach the total inelastic cross section because only one particle
or one jet, the one with highest pT in this case, is considered per event. In addition, at small pT,
the parton densities are probed in a region where parton recombination, i.e. saturation (see e.g.
Ref. [8]), may occur.

Reference [9] proposes that the jet cross section integrated over pT > pmin
T can be used as a

probe of the transition from the perturbative (pmin
T � LQCD) to the non-perturbative region

(pmin
T ! LQCD). According to Ref. [9], this transition should also be visible for cross sections

defined in restricted ranges of pseudorapidity.

The results presented in this paper are based on measurements of single charged particles and
jets reconstructed from charged particles alone. The advantage of jets is that they include more
particles originating from the outgoing partons, while single charged hadrons carry only a
fraction of the parent parton momentum. On the other hand, jets are sensitive to the underlying
event (UE) activity, consisting of particles originating from multiple partonic interactions (MPI)
and initial and final state radiation, while single leading tracks are not. The measurements
based on leading particles and leading jets are therefore complementary. Throughout the text,
the term “track-jets” refers to detector-level jets, reconstructed from charged-particle tracks
observed in the detector, while “charged-particle jets” or just “jets” denote corrected, stable-
particle level jets, consisting of stable charged particles from the final state.

In this paper, the yields, r(pmin
T ), for pp collisions with a leading charged particle or a leading

jet are measured as a function of a minimum transverse momentum, pmin
T :

r(pmin
T ) =

1
Nevt

Z

pmin
T

dplead
T

 
dN

dplead
T

!
, (1)

where Nevt is the number of selected events with a leading charged particle with pT > 0.4 GeV
and |h| < 2.4, and N is the number of events with a leading charged particle or a leading jet
with transverse momentum plead

T within |h| < 2.4 or 1.9, respectively.
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Leading charged particles at small pT 

•  Regularisation of cross section turned off: order of magnitude discrepancy 
(Phenomenological approach in Pythia:                    ) 
 

•  Transition pert. to non-pert. region happens at pT ~ 1 GeV ≫ ΛQCD  
 

•  Effect of MPI small 
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Figure 1: The integrated yield, r(pmin
T ), of events with a leading charged particle within |h| <

2.4 (top) and with a leading jet within |h| < 1.9 (bottom), as a function of pmin
T . The data are

compared to predictions from several PYTHIA 6 tunes (left) and various other event generators
(right). The lower panels show the ratios of the MC and the data yields (MC/Data). The
error bars indicate the statistical uncertainty and the red shaded area (only visible in the ratio
plots) represents the systematic uncertainty. The predictions are scaled to the measured value
of r(plead

T > 9.0 GeV) (top) and 14.3 GeV (bottom). The prediction from PYTHIA 6 with MPI
off and no parton saturation is not shown in the MC/data ratio plot (left) because of the large
disagreement with the data.

Predictions scaled  
to measured  
value at 9 GeV 

Data best  
described  
by EPOS 

Testing QCD with jets measured by CMS down to very low-pT and into the forward phase space

Leading Charged Particle and Leading Jet Cross Sections at Small Transverse Momenta in pp Collisions at
p

s = 8 TeV

Phenomenological approach in Pythia

Cross section diverges for pT ! 0, but needs to be tamed. A sharp
cut o↵ is unnatural, use dampening factor in cross section which
transforms singularity into

1

p

4
T

! 1
⇣
p

2
T + p

2
T ,0

⌘2

p

2
T ,0 is phenomenologically introduced, energy dependent, free

parameter.
Interpretation: low pT ,0 related to a low scale probe, not able to
distinguish colour charge of individual partons. Scale expected to
be of ⇤QCD.

Ref: Phys. Rev. D 36 (1987) 2019
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Leading charged particle jets at small pT 

•  Regularisation of cross section turned off: order of magnitude discrepancy 
 

•  Transition pert. to non-pert. region happens at pT ~ 1 GeV ≫ ΛQCD  
 

•  Description at low pT,min worse for jets è influence of MPI in jet cone 
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Figure 1: The integrated yield, r(pmin
T ), of events with a leading charged particle within |h| <

2.4 (top) and with a leading jet within |h| < 1.9 (bottom), as a function of pmin
T . The data are

compared to predictions from several PYTHIA 6 tunes (left) and various other event generators
(right). The lower panels show the ratios of the MC and the data yields (MC/Data). The
error bars indicate the statistical uncertainty and the red shaded area (only visible in the ratio
plots) represents the systematic uncertainty. The predictions are scaled to the measured value
of r(plead

T > 9.0 GeV) (top) and 14.3 GeV (bottom). The prediction from PYTHIA 6 with MPI
off and no parton saturation is not shown in the MC/data ratio plot (left) because of the large
disagreement with the data.
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Dijet production with a large rapidity gap 

•  Dijet production with a large rapidity gap between the jets (FSQ-12-001): 
 
 
 
 
 
 
 
 
è diffractive process with large four-momentum squared transfer 
è parton scattering through hard colour singlet exchange (CSE) 
 
 
è study of these events may allow to disentangle  
    BFKL dynamics from DGLAP evolution 
 

 
•  Extract fraction of CSE events as function of  

pT,jet2 (3 bins) and Δη between two leading jets 
 
 
 
 
 

4 5 Jet–gap–jet events

• events, in which long horizontal sections of the pixel tracker are hit by charged par-
ticles travelling parallel to the beam (beam–scraping events), are rejected by using a
dedicated algorithm [29].

In order to allow sufficient space for the rapidity gap between the jets, the following conditions
are further imposed on the jets:

• the pseudorapidities of the two leading jets are required to be in the range |hjet1| >
1.5 and |hjet2| > 1.5;

• the two leading jets are required to be in different hemispheres: hjet1 · hjet2 < 0.

The single or zero vertex requirement rejects most of the events with additional pileup interac-
tions, which can spoil an existing rapidity gap. At the same time, it may reject dijet events in
which one true primary vertex is wrongly reconstructed as two or more; the probability of such
bad reconstructed vertices has been checked using the PYTHIA6-Z2* and HERWIG6 simulations
and found to be negligible. The zero vertex requirement retains signal events in which two
jets are produced outside of the tracker acceptance and there is a rapidity gap between them;
these events constitute 17%, 7%, and 7% of the CSE events (Section 5) in the 40–60 GeV, 60–100
GeV, and 100–200 GeV pjet2

T bins, respectively. According to the MC simulation the residual PU
effects in the sample are negligible.

There are 6196, 8197, and 9591 events that satisfy the above selection criteria in the 40–60 GeV,
60–100 GeV, and 100–200 GeV pjet2

T samples, respectively.

5 Jet–gap–jet events

The charged multiplicity distribution in the gap region between the two leading jets (the shaded
area in Fig. 2) is used to discriminate between CSE and non-CSE events. The charged multi-
plicity is defined as the number of reconstructed tracks with pT > 0.2 GeV in the fixed pseu-
dorapidity interval |h| < 1. Tracks are required to satisfy the spT /pT < 10% condition, which
reduces the contribution from tracks not associated with the primary vertex. The chosen pseu-
dorapidity range ensures a high track reconstruction efficiency and, at the same time, is large
enough to suppress most of the background events with gaps produced via non-CSE fluctua-
tions. The separation between the jet axes corresponds to at least three units of rapidity (for jets

Figure 2: Schematic picture of a jet-gap-jet event in the j vs. h plane. The circles indicate the
two jets reconstructed on each side of the detector, and the shaded area represents the region
of the potential rapidity gap, in which the charged multiplicity is measured.
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Figure 3: Charged multiplicity distributions for pjet2
T 40-60 GeV, 60-100 GeV and 100-200 GeV,

compared to predictions of PYTHIA6 and HERWIG6. The normalization of the MC distributions
in each pjet2

T bin is obtained from a fit to the data.

with |hjet1| > 1.5, |hjet2| > 1.5, and hjet1 · hjet2 < 0, see Section 4), which is the minimum gap
width typically used in studies of diffractive interactions. For the majority of the events the
gap region is far from the edges of jets, which reduces the contamination due to soft radiation
from the jet constituents.

Figure 3 shows the measured track multiplicity distribution in bins of pjet2
T . The data are satis-

factorily described by the PYTHIA6 simulation (LO DGLAP), with the exception of the lowest
multiplicity bins, in which a large excess of events is observed, indicating a contribution from
the CSE events. This excess is well described by the HERWIG6 MC (LL BFKL).

The comparison of the data with the MC predictions for events with no tracks reconstructed
in the rapidity gap region |h| < 1 is presented in Fig. 4, for the distributions of the leading
and the second-leading jet pT spectra. The data, shown in bins of pjet2

T , are well described by
the MC simulation, which is dominated by the HERWIG6 contribution. Figure 5 shows the
comparison of the data with the MC predictions for the distributions of the azimuthal angle
Dfjet1,2 between the jets and the ratio Rjet2,1 of the second-leading jet pT to the leading jet pT.
The data, shown separately for events with no tracks and with at least one track reconstructed
in the |h| < 1 region, are very well described by the MC simulations, which are dominated
by CSE (HERWIG6) and non-CSE (PYTHIA6), respectively. The peaks in the distributions at

Contribution from CSE, 
described by Herwig6  
(LL BFKL) 

Exclusive and diffraction production Leading charged particle/jet Double parton scattering Summary

Jet-gap-jet events (CMS-PAS-FSQ-12-001)

Event signature: two high E

t

jets, separated by a
large rapidity gap
Four-momentum squared transfer is much larger
than in a standard diffractive events
Can be understood in BFKL-inspired pQCD
approach to parton-parton scattering

Fraction of the color singlet exchange (CSE) events:

fCSE =
N events_ with_gap
Nall_dijet_events

as function of p

jet2
T and �⌘ between two leading jets.

6 / 16

2 jets, pT > 40 GeV, 1.5 < |η| < 4.5, 
opposite hemispheres 

Rapidity gap:  
fixed window inside |η| < 1 
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Dijet production with a large rapidity gap 

•  Modest increase with pT,jet2 
 

•  Suppression of the gap fraction with increasing √s:  
è for 40 < pT,jet2 < 60 GeV the value at 7 TeV is factor ~2 lower than at √s = 1.8 TeV 
è stronger contributions from rescattering processes 
 

•  Mueller and Tang model does not reproduce the rise with pT,jet2 and 
underestimates the fraction of CSE events 
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Figure 8: The fraction fCSE as a function of pjet2
T as measured by CMS for 40 < pjet2

T < 60 GeV,
60 < pjet2

T < 100 GeV, and 100 < pjet2
T < 200 GeV at

p
s = 7 TeV, and by D0 [14] and CDF [16]

at
p

s = 1.8 TeV. The details of the jet selections are given in the legend. The results are plotted
at the mean value of pjet2

T in the bin. The inner and outer error bars represent the statistical, and
the statistical and systematic uncertainties added in quadrature, respectively.
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Figure 9: The fraction fCSE as a function of pjet2
T measured for 40 < pjet2

T < 60 GeV, 60 < pjet2
T <

100 GeV, and 100 < pjet2
T < 200 GeV at

p
s = 7 TeV, compared to the predictions of the MT

model [9]. The results are plotted at the mean value of pjet2
T in the bin. The inner and outer

error bars represent the statistical, and the statistical and systematic uncertainties added in
quadrature, respectively.
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Figure 9: The fraction fCSE as a function of pjet2
T measured for 40 < pjet2

T < 60 GeV, 60 < pjet2
T <

100 GeV, and 100 < pjet2
T < 200 GeV at

p
s = 7 TeV, compared to the predictions of the MT

model [9]. The results are plotted at the mean value of pjet2
T in the bin. The inner and outer

error bars represent the statistical, and the statistical and systematic uncertainties added in
quadrature, respectively.

10 7 Results

• Track pT threshold: the track multiplicity distributions are redetermined after in-
creasing the lower limit of the track pT from 0.20 to 0.25 MeV;

• Track quality: the track multiplicity distributions are redetermined after relaxing
the track quality criteria.

• Background subtraction uncertainty: the number of background events in the first
S bins of the track multiplicity distribution in the gap region is estimated with the
data-driven method based on the SS sample (Section 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.

The total systematic uncertainty is calculated as the quadratic sum of the individual contri-
butions, separately for the positive and negative variations. In this analysis, the systematic
uncertainties are smaller than the statistical ones, and the dominant source is the background
subtraction uncertainty; in the first two pjet2

T bins, also the JES uncertainty contributes signifi-
cantly.

7 Results

The values of the fCSE fraction measured as explained in Section 5 in three bins of pjet2
T are

shown in Table 1. Figure 8 presents the fCSE vs. pjet2
T dependence, compared to the results of

the D0 [14] and CDF [16] collaborations obtained in similar analyses at
p

s = 1.8 TeV. At both
energies the fCSE fraction exhibits a modest increase with pjet2

T . In addition, a suppression of the
gap fraction with increasing

p
s is observed; the value of fCSE measured for 40 < pjet2

T < 60 GeV
at

p
s = 7 TeV is about a factor of 2 lower than those measured for the same pjet2

T at
p

s = 1.8
TeV. This behavior is in agreement with observations reported by D0 [14] and CDF [17]: the gap
fraction decreases by a factor of 2.5 ± 0.9 and 3.4 ± 1.2, respectively, when

p
s increases from

0.63 TeV to 1.8 TeV. The decrease of fCSE with increasing energy can be explained by a stronger
contribution from rescattering processes, in which the interactions between spectator partons
destroy the rapidity gap (see e.g. [8, 33] and references therein).

Figure 9 shows the comparison of the present results with the theoretical prediction of the
Mueller and Tang [9] model (MT, Section 3), calculated with HERWIG for pure jet–gap–jet events
(no simulation of MPI). The gap fractions are plotted relative to the standard LO QCD dijet pro-
duction rates, calculated with PYTHIA6-Z2*. The MT prediction does not reproduce the rising
behavior of fCSE with pjet2

T , as already observed for the 1.8 TeV data [10]. It also underestimates
the fCSE fractions measured at 7 TeV; the calculations need to be multiplied by a factor of 2.3 in
order to match the value of fCSE measured for 40 < pjet2

T < 60 GeV.

The dependence of the fCSE fraction on the size of the pseudorapidity separation Dhjj between

Table 1: Measured values of fCSE as a function of pjet2
T . The first and the second (asymmetric)

errors correspond to the statistical and the systematic uncertainties, respectively.

pjet2
T range (GeV) fCSE (%)

40-60 0.57 ± 0.13+0.09
�0.08

60-100 0.54 ± 0.12+0.04
�0.06

100-200 0.97 ± 0.15+0.04
�0.03
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Dijet production with a large rapidity gap 

•  Mueller and Tang model does not reproduce the rise with Δη and 
underestimates the fraction of CSE events 

12 7 Results
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Figure 10: The fraction fCSE as a function of Dhjj measured in the three bins of pjet2
T : 40-60 GeV,

60-100 GeV, and 100-200 GeV. The results are plotted at the center of the Dhjj bin. Inner and
outer error bars correspond to the statistical, and the statistical and systematic uncertainties
added in quadrature, respectively.

the tagging jets is studied for each pjet2
T sample in three bins of Dhjj, 3–4, 4–5 and 5–7, with the

same approach as for the fCSE vs. pjet2
T measurement. The measured values of the fCSE frac-

tions are shown in Table 2. The measurement is also presented in Fig. 10, which shows the
dependence of fCSE on Dhjj for each pjet2

T bin. The gap fraction increases with Dhjj, and varies
from 0.3% to 1.2% and from 0.8% to 2%, in the lowest and the highest pjet2

T bins, respectively.
Figure 10 also shows the comparison of the data with the prediction of the MT model, calcu-
lated as explained above. The MT model does not reproduce the growth of fCSE with Dhjj, and
underestimates the measured gap fractions, except for the lowest pjet2

T , Dhjj bin, for which the
agreement is good.

Table 2: Measured values of fCSE as a function of Dhjj in bins of pjet2
T . The columns in the table

correspond to pjet2
T bins, while the rows to Dhjj bins. The first and the second (asymmetric)

errors correspond to statistical and systematic uncertainties, respectively.

fCSE (%)
Dhjj range 40-60 GeV 60-100 GeV 100-200 GeV

3-4 0.25 ± 0.20+0.15
�0.05 0.47 ± 0.19+0.09

�0.02 0.78 ± 0.21+0.07
�0.12

4-5 0.41 ± 0.16+0.19
�0.13 0.47 ± 0.16+0.06

�0.14 0.99 ± 0.23+0.11
�0.05

5-7 1.24 ± 0.32+0.11
�0.12 0.91 ± 0.32+0.07

�0.30 1.95 ± 0.69+0.66
�0.29
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Figure 10: The fraction fCSE as a function of Dhjj measured in the three bins of pjet2
T : 40-60 GeV,

60-100 GeV, and 100-200 GeV. The results are plotted at the center of the Dhjj bin. Inner and
outer error bars correspond to the statistical, and the statistical and systematic uncertainties
added in quadrature, respectively.

the tagging jets is studied for each pjet2
T sample in three bins of Dhjj, 3–4, 4–5 and 5–7, with the

same approach as for the fCSE vs. pjet2
T measurement. The measured values of the fCSE frac-

tions are shown in Table 2. The measurement is also presented in Fig. 10, which shows the
dependence of fCSE on Dhjj for each pjet2

T bin. The gap fraction increases with Dhjj, and varies
from 0.3% to 1.2% and from 0.8% to 2%, in the lowest and the highest pjet2

T bins, respectively.
Figure 10 also shows the comparison of the data with the prediction of the MT model, calcu-
lated as explained above. The MT model does not reproduce the growth of fCSE with Dhjj, and
underestimates the measured gap fractions, except for the lowest pjet2

T , Dhjj bin, for which the
agreement is good.

Table 2: Measured values of fCSE as a function of Dhjj in bins of pjet2
T . The columns in the table

correspond to pjet2
T bins, while the rows to Dhjj bins. The first and the second (asymmetric)

errors correspond to statistical and systematic uncertainties, respectively.

fCSE (%)
Dhjj range 40-60 GeV 60-100 GeV 100-200 GeV

3-4 0.25 ± 0.20+0.15
�0.05 0.47 ± 0.19+0.09

�0.02 0.78 ± 0.21+0.07
�0.12

4-5 0.41 ± 0.16+0.19
�0.13 0.47 ± 0.16+0.06

�0.14 0.99 ± 0.23+0.11
�0.05

5-7 1.24 ± 0.32+0.11
�0.12 0.91 ± 0.32+0.07

�0.30 1.95 ± 0.69+0.66
�0.29

The fraction of CSE events 
increases with Δη 
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Summary 

•  CMS has studied the new kinematic regions of QCD extensively at the LHC:  
- with Run1 data at different centre-of-mass energies 
- using forward and/or low-pT jet final states to probe low-x region 
 

•  What we learned so far: 
 
è inclusive jet cross sections can be described within exp. uncertainties and are  
    currently not sensitive to non-DGLAP effects 
 
è MPI have a clear effect on decorrelations between jets and might interfere with  
    BFKL-like behaviour 
 
è current kinematical domain lies in transition between regions described by   
    DGLAP and BFKL approaches: data at higher energies needed 
 
è partonic cross section at low-pT: influence of phenomenological dampening 
    factor is clear at ~1 GeV ≫ ΛQCD . Sign of perturbative saturation? 
 
è first observation of colour singlet exchange events at LHC! 
    CSE fraction suppressed at 7 TeV wrt lower energies: consistent with Tevatron data 
 

 è We look forward to 13 TeV data! 


