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•  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
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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:
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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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•  Monte Carlo models tuned with data  
up until centre-of-mass energies of 7 TeV 
  
è performance at 13 TeV? 
 

•  Need to measure fundamental properties  
of proton-proton collisions at 13 TeV 
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QCD at the LHC 

•  What will happen at 13 TeV? 
Do the collinear approximations stay valid? 
 

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

[W.J. Stirling] 
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Pseudorapidity distribution of charged hadrons 

•  First measurement with proton-proton collisions at √s = 13 TeV 
 

•  Inclusive production of charged hadrons driven by combination of 
perturbative and non-perturbative QCD phenomena 
(saturation of parton densities, MPI, hadronisation, soft diffractive scattering) 
 

•  Measurement necessary to tune the modeling of these contributions 
•  Important to control pile-up backgrounds 

4

Pseudorapidity at 0T

Juan Manuel Grados Luyando                  MPI@LHC Trieste, Italy              November 2015
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Phys. Lett. B 751 (2015) 143–163

• Measurement of pseudorapidity distribution of charged hadrons in proton-proton 
collisions at √s = 13 TeV

• Presented for inelastic events
• No minimum transverse momentum requirement (measurement done at 0T)
• Corrected to primary long-lived charged hadrons (no leptons)

•  Study yield of charged hadrons  
in |η| < 2 for inelastic events 
 

•  No minimum transverse momentum  
requirement (è B = 0 T data) 
 

•  Corrected to primary long-lived  
charged hadrons (no leptons) 
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Pseudorapidity distribution of charged hadrons 

•  First measurement with proton-proton collisions at √s = 13 TeV 
 

•  Study yield of charged hadrons in |η| < 2 for inelastic events 
•  No minimum transverse momentum requirement (è B = 0 T data) 
•  Corrected to primary long-lived charged hadrons (no leptons) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  For |η| < 0.5: dNch/dη = 5.49 ± 0.01 (stat) ± 0.17 (syst) 

6

Pseudorapidity at 0T

Juan Manuel Grados Luyando                  MPI@LHC Trieste, Italy              November 2015

PHYTHIA8 (CUETP8M1 and CUETP8S1) and EPOS LHC 
agree with the measurement within the error bands Phys. Lett. B 751 (2015) 143–163

• Measurement of pseudorapidity distribution of charged hadrons in proton-proton 
collisions at √s = 13 TeV

• Presented for inelastic events
• No minimum transverse momentum requirement (measurement done at 0T)
• Corrected to primary long-lived charged hadrons (no leptons)
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The underlying event at √s = 13 TeV 
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•  The underlying event (UE) is everything except the hard scattering (ME) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Understanding the UE is crucial for precision measurements of the SM and for 
the search for new physics, but its dynamics are not well understood 
è soft & semi-hard interactions can not be fully described with perturbative QCD  
è phenomenological models involve parameters that must be tuned to data 

Jets 
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The underlying event at √s = 13 TeV 

•  Study the UE activity in proton-proton collisions as a function of the 
hard scale of the event, and at different centre-of-mass energies (√s) 
 

MPI@LHC ICTP                              
Trieste, November 23, 2015

Rick Field – Florida/CDF/CMS Page 91

UE@CMS 13 UE@CMS 13 TeVTeV

 ChgJet#1 Direction 
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“Toward” 

“TransMAX” “TransMIN” 

“Away” 

!Measure the “Underlying Event” at 13 TeV at CMS

UE@13TeV
Livio Fano' (University of Perugia)

Diego Ciangottini (University of Perugia)
Rick Field (University of Florida)
Doug Rank (University of Florida)

Sunil Bansal (Panjab University Chandigarh)
Wei Yang Wang (National University of Singapore)
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as defined by the leading 
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Livio & Rick were part of the 
CMS Run 1 UE&MB team!

ISR/FSR  
+ MPI/BR è ç MPI/BR 

Direction of the leading object: 
e.g. leading charged particle/jet 

Towards region: |Δϕ| < 60° 
Away region: |Δϕ| > 120° 
Transverse region: 60° < |Δϕ| < 120° 

Observables: 
 
TransMAX (TransMIN): side of transverse region with highest (lowest) activity 
TransAVE: (TransMAX + TransMIN) / 2 
TransDIF: TransMAX – TransMIN   è only sensitive to ISR/FSR 

Underlying Event 
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 Towards region: Δ𝜙 < 60° 
 Away region: Δ𝜙 > 120° 
 Transverse region: 60° < Δ𝜙 < 120° 
  
 UE observable:  
 𝑁𝑐ℎ / Δ𝜂Δ Δ𝜙 , Σ𝑝𝑇 / Δ𝜂Δ Δ𝜙  
 TransMAX(TransMIN): activity in 
maximum(minimum) activity side of 
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 TransDIF: (TransMAX-TransMIN) activity 
◦ Sensitive to ISR/FSR 
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[R. Field] 
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The underlying event at √s = 13 TeV 

•  <Nch> as function of leading charged particle pT  
(pT > 1 GeV and |η| < 2) 

•  Sum particles in transverse region with pT > 0.5 GeV and |η| < 2 
•  Data: B = 3.8T; pile-up ~1.3; ZeroBias trigger; exactly 1 good primary vertex 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Good description of existing tuned models 
•  Pythia8 Monash and CMS tune CUETP8M1 perform best 
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The underlying event at √s = 13 TeV 

•  <Nch> as function of leading charged-particle jet pT  
(pT > 1 GeV and |η| < 2; SisCone R = 0.5) 

•  Sum particles in transverse region with pT > 0.5 GeV and |η| < 2 
•  Data: B = 3.8T; pile-up ~1.3; ZeroBias trigger; exactly 1 good primary vertex 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Good description of existing tuned models 
•  Pythia8 Monash and CMS tune CUETP8M1 perform best 
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The underlying event at √s = 13 TeV 

•  <Nch> as function of leading charged-particle jet pT  
(pT > 1 GeV and |η| < 2; SisCone R = 0.5) 

•  Sum particles in transverse region with pT > 0.5 GeV and |η| < 2 
•  Data: B = 3.8T; pile-up ~1.3; ZeroBias trigger; exactly 1 good primary vertex 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Pythia8 Monash tune predicts better centre-of-mass energy dependence 
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Long-range near-side two-particle correlations 

•  Well known in heavy ion collisions: used to probe hydrodynamics 
 

•  Two particle correlations produce double ridge structure in (Δη,Δϕ) plane 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Long-range near-side ridge structure: 
 è reflects hydrodynamic properties of the medium 

A. Moraes  26th November 2015 3

What is two-particle correlation used for?
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in(pPb(collisions(with(iden/fied(par/cles(at(CMS(
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Long-range near-side two-particle correlations 

•  First observation by CMS of near-side long-range correlations in high 
multiplicity proton-proton collisions at √s = 7 TeV during LHC Run I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Unexpected in pp collisions 
 è origin remains unknown! 

 
•  P-Pb origin similar to Pb-Pb: hydrodynamics can describe data 

 

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

[JHEP 09 (2010) 091] 

Later also seen in proton-lead collisions: 

CMS Collaboration / Physics Letters B 718 (2013) 795–814 797

in approximately the same direction and thus having full pair ac-
ceptance (with a bin width of 0.3 in !η and π/16 in !φ). There-
fore, the ratio B(0,0)/B(!η,!φ) is the pair-acceptance correction
factor used to derive the corrected per-trigger-particle associated
yield distribution. The signal and background distributions are first
calculated for each event, and then averaged over all the events
within the track multiplicity class.

Each reconstructed track is weighted by the inverse of an effi-
ciency factor, which accounts for the detector acceptance, the re-
construction efficiency, and the fraction of misreconstructed tracks.
Detailed studies of tracking efficiencies using MC simulations and
data-based methods can be found in [23]. The combined geometri-
cal acceptance and efficiency for track reconstruction exceeds 50%
for pT ≈ 0.1 GeV/c and |η| < 2.4. The efficiency is greater than 90%
in the |η| < 1 region for pT > 0.6 GeV/c. For the multiplicity range
studied here, little or no dependence of the tracking efficiency on
multiplicity is found and the rate of misreconstructed tracks re-
mains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the
pythia, hijing and hydjet event generators, respectively, yield ef-
ficiency correction factors that vary due to the different kinematic
and mass distributions for the particles produced in these gen-
erators. Applying the resulting correction factors from one of the
generators to simulated data from one of the others gives asso-
ciated yield distributions that agree within 5%. Systematic uncer-
tainties due to track quality cuts and potential contributions from
secondary particles (including those from weak decays) are exam-
ined by loosening or tightening the track selections on dz/σ (dz)
and dT /σ (dT ) from 2 to 5. The associated yields are found to be
insensitive to these track selections within 2%.

5. Results

Fig. 1 compares 2-D two-particle correlation functions for
events with low (a) and high (b) multiplicity, for pairs of charged
particles with 1 < pT < 3 GeV/c. For the low-multiplicity selec-
tion (Noffline

trk < 35), the dominant features are the correlation peak
near (!η,!φ) = (0,0) for pairs of particles originating from the
same jet and the elongated structure at !φ ≈ π for pairs of parti-
cles from back-to-back jets. To better illustrate the full correlation
structure, the jet peak has been truncated. High-multiplicity events
(Noffline

trk ! 110) also show the same-side jet peak and back-to-
back correlation structures. However, in addition, a pronounced
“ridge”-like structure emerges at !φ ≈ 0 extending to |!η| of at
least 4 units. This observed structure is similar to that seen in
high-multiplicity pp collision data at

√
s = 7 TeV [17] and in AA

collisions over a wide range of energies [3–10].
As a cross-check, correlation functions were also generated for

tracks paired with ECAL photons, which originate primarily from
decays of π0s, and for pairs of ECAL photons. These distributions
showed similar features as those seen in Fig. 1, in particular the
ridge-like correlation for high multiplicity events.

To investigate the long-range, near-side correlations in finer
detail, and to provide a quantitative comparison to pp results,
one-dimensional (1-D) distributions in !φ are found by averag-
ing the signal and background two-dimensional (2-D) distributions
over 2 < |!η| < 4 [7,8,17]. In the presence of multiple sources of
correlations, the yield for the correlation of interest is commonly
estimated using an implementation of the zero-yield-at-minimum
(ZYAM) method [26]. A second-order polynomial is first fitted to
the 1-D !φ correlation function in the region 0.1 < |!φ| < 2. The
minimum value of the polynomial, CZYAM, is then subtracted from
the 1-D !φ correlation function as a constant background (con-
taining no information about correlations) to shift its minimum
to be at zero associated yield. The statistical uncertainty on the

Fig. 1. 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of
charged particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity
events (Noffline

trk < 35) and (b) for a high-multiplicity selection (Noffline
trk ! 110). The

sharp near-side peaks from jet correlations have been truncated to better illustrate
the structure outside that region.

minimum level of 1
Ntrig

dNpair

d!φ obtained by the ZYAM procedure as
well as the deviations found by varying the fit range in !φ give
an absolute uncertainty of ±0.0015 on the associated yield, inde-
pendent of multiplicity and pT.

Fig. 2 shows the results for pPb data (solid circles) for various
selections in pT and multiplicity Noffline

trk , with pT increasing from
left to right and multiplicity increasing from top to bottom. The
results for pp data at

√
s = 7 TeV, obtained using the same proce-

dure [17], are also plotted (open circles).
A clear evolution of the !φ correlation function as a function

of both pT and Noffline
trk is observed. For the lowest multiplicity se-

lection in pp and pPb the correlation functions have a minimum
at !φ = 0 and a maximum at !φ = π , reflecting the correla-
tions from momentum conservation and the increasing contribu-
tion from back-to-back jet-like correlations at higher pT. Results
from the hijing [24] model (version 1.383), shown as dashed lines,
qualitatively reproduce the shape of the correlation function for
low Noffline

trk .
For multiplicities Noffline

trk ! 35, a second local maximum near
|!φ| ≈ 0 emerges in the pPb data, corresponding to the near-side,
long-range ridge-like structure. In pp data, this second maximum
is clearly visible only for Noffline

trk > 90. For both pp and pPb col-
lisions, this near-side correlated yield is largest in the 1 < pT <
2 GeV/c range and increases with increasing multiplicity. While
the evolution of the correlation function is qualitatively similar in
pp and pPb data, the absolute near-side correlated yield is signifi-
cantly larger in the pPb case.

In contrast to the data, the hijing calculations show a correlated
yield of zero at !φ = 0 for all multiplicity and pT selections. The

[PLB 718 (2013) 795-814] 
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Long-range near-side two-particle correlations 

•  Does the ridge magnitude depend on √s? 
 

•  Observation of long-range near-side correlations in high multiplicity  
proton-proton collisions at √s = 13 TeV during LHC Run II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Data collected at B = 3.8 T; L = 270 nb-1; pile-up ~1.3 

4

is the pair-acceptance correction factor used to derive the corrected per-trigger-particle associ-
ated yield distribution. The signal and background distributions are first calculated for each
event, and then averaged over all the events within the track multiplicity class for each pT
range. The definition of the two-particle correlation function in this Letter is the same as that
used for pPb and PbPb data [14], and is somewhat different from that used in Ref. [10] for pp
collisions at

p
s = 7 TeV. This explains the discrepancy in correlation data between the two

collision energies in the low-multiplicity and high-pT region, as discussed later.

Each reconstructed track is weighted by the inverse of an efficiency factor, which accounts
for the detector acceptance, the reconstruction efficiency, and the fraction of misreconstructed
tracks (the same factor as used for correcting the average multiplicity in Table 1).
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Figure 1: The 2D (Dh, Df) two-particle correlation functions in pp collisions at
p

s = 13 TeV for
pairs of charged particles both in the range 1 < pT < 3 GeV/c. Results are shown for (a) low-
multiplicity events (Noffline

trk < 35) and for (b) a high-multiplicity sample (Noffline
trk � 105). The

sharp peaks from jet correlations around (Dh, Df) = (0, 0) are truncated to better illustrate the
long-range correlations.

The two-dimensional (2D) Dh–Df two-particle correlation functions for events with low and
high multiplicities are shown in Fig. 1, for pairs of charged particles both in the range 1 <
pT < 3 GeV/c. For the low-multiplicity sample (Noffline

trk < 35), the dominant features are the
peak near (Dh, Df) = (0, 0) (truncated for better illustration of the long-range structures) for
pairs of particles originating from the same jet. The elongated structure at Df ⇡ p corresponds
to pairs of particles from back-to-back jets. In high-multiplicity pp events (Noffline

trk � 105), in
addition to these jet-like correlation structures, a “ridge”-like structure emerges at Df ⇡ 0,
extending over a range of at least 4 units in |Dh|. No such long-range correlations are predicted
by PYTHIA.

To quantitatively investigate these long-range near-side correlations, and to provide a direct
comparison to pp results at lower collision energy, one-dimensional (1D) distributions in Df
are constructed by averaging the signal and background 2D distributions over 2 < |Dh| < 4,
as done in Refs. [10, 36, 37]. The correlated portion of the associated yield is estimated by
using an implementation of the zero-yield-at-minimum (ZYAM) procedure [38]. The 1D Df
correlation function is fitted with a truncated Fourier series up to the fifth term. The minimum
value of the fit function, CZYAM, is then subtracted from the 1D Df correlation function as a
constant background (containing no information about correlations) so that the minimum of
the correlation function is zero. The location of the minimum of the function in this region is

Jet peak 
(truncated) 

Away-side 
back to back 
jet correlation Near-side 

long-range ridge 
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Long-range near-side two-particle correlations 

•  Calculation of associated yield as function of pT and Ntrk: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Low multiplicity: no ridge-like correlations 
•  High multiplicity: ridge-like correlations with linear increase 

                         yield reaches maximum in pT = 1 – 2 GeV/c range 
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Figure 3: Associated yield for the near side of the correlation function averaged over 2 <
|Dh| < 4 and integrated over the region |Df| < DfZYAM for pp data at

p
s = 13 TeV (filled

circles) and 7 TeV (open circles). Panel (a) shows the associated yield as a function of pT for
events with Noffline

trk � 105. The pT value for each pT bin is the average pT value. In panel (b) the
associated yield for 1 < pT < 2 GeV/c is shown as a function of multiplicity Noffline

trk . The Noffline
trk

value for each Noffline
trk bin is the average Noffline

trk value. The pT selection applies to both particles
in each pair. The error bars correspond to the statistical uncertainties, while the shaded areas
and boxes denote the systematic uncertainties. Curves represent calculations from the gluon
saturation model [39].

tent with zero. This indicates that ridge-like correlations are absent or smaller than the negative
correlations expected because of, for example, momentum conservation. At higher multiplic-
ity the ridge-like correlation emerges, with an approximately linear rise of the associated yield
with multiplicity for Noffline

trk & 40.

In the framework of gluon saturation models, a long-range correlation structure is predicted
to arise from initial collimated gluon emissions [39–41]. The associated yields as well as their
energy dependence are qualitatively in agreement with this model, as shown in Fig. 3 (b),
although the increase of yields as a function of multiplicity is predicted to be faster than that
observed in the data for the very high-multiplicity region. A similar conclusion on the energy
dependence may be drawn in hydrodynamic models, since the collective flow effect in heavy-
ion collisions is nearly unchanged from the RHIC to the LHC center-of-mass energies, which
differ by more than an order of magnitude [42–44]. However, it remains to be seen whether
hydrodynamic models can quantitatively describe the exact observables presented here.

Long-range near-side yields have also been measured for pPb and PbPb collisions by CMS [14].
Figure 4 compares the associated yields in pp, pPb, and PbPb collisions for 1 < pT < 2 GeV/c
as a function of the track multiplicity. The various data sets were collected at different center-
of-mass energies, but this should have negligible effect on the results, as discussed above. In
all three systems, the ridge-like correlations become significant at a multiplicity value of about
40, and exhibit a nearly linear increase for higher values. For a given track multiplicity, the
associated yield in pp collisions is roughly 10% and 25% of those observed in PbPb and pPb

4

is the pair-acceptance correction factor used to derive the corrected per-trigger-particle associ-
ated yield distribution. The signal and background distributions are first calculated for each
event, and then averaged over all the events within the track multiplicity class for each pT
range. The definition of the two-particle correlation function in this Letter is the same as that
used for pPb and PbPb data [14], and is somewhat different from that used in Ref. [10] for pp
collisions at

p
s = 7 TeV. This explains the discrepancy in correlation data between the two

collision energies in the low-multiplicity and high-pT region, as discussed later.

Each reconstructed track is weighted by the inverse of an efficiency factor, which accounts
for the detector acceptance, the reconstruction efficiency, and the fraction of misreconstructed
tracks (the same factor as used for correcting the average multiplicity in Table 1).
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Figure 1: The 2D (Dh, Df) two-particle correlation functions in pp collisions at
p

s = 13 TeV for
pairs of charged particles both in the range 1 < pT < 3 GeV/c. Results are shown for (a) low-
multiplicity events (Noffline

trk < 35) and for (b) a high-multiplicity sample (Noffline
trk � 105). The

sharp peaks from jet correlations around (Dh, Df) = (0, 0) are truncated to better illustrate the
long-range correlations.

The two-dimensional (2D) Dh–Df two-particle correlation functions for events with low and
high multiplicities are shown in Fig. 1, for pairs of charged particles both in the range 1 <
pT < 3 GeV/c. For the low-multiplicity sample (Noffline

trk < 35), the dominant features are the
peak near (Dh, Df) = (0, 0) (truncated for better illustration of the long-range structures) for
pairs of particles originating from the same jet. The elongated structure at Df ⇡ p corresponds
to pairs of particles from back-to-back jets. In high-multiplicity pp events (Noffline

trk � 105), in
addition to these jet-like correlation structures, a “ridge”-like structure emerges at Df ⇡ 0,
extending over a range of at least 4 units in |Dh|. No such long-range correlations are predicted
by PYTHIA.

To quantitatively investigate these long-range near-side correlations, and to provide a direct
comparison to pp results at lower collision energy, one-dimensional (1D) distributions in Df
are constructed by averaging the signal and background 2D distributions over 2 < |Dh| < 4,
as done in Refs. [10, 36, 37]. The correlated portion of the associated yield is estimated by
using an implementation of the zero-yield-at-minimum (ZYAM) procedure [38]. The 1D Df
correlation function is fitted with a truncated Fourier series up to the fifth term. The minimum
value of the fit function, CZYAM, is then subtracted from the 1D Df correlation function as a
constant background (containing no information about correlations) so that the minimum of
the correlation function is zero. The location of the minimum of the function in this region is
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Long-range near-side two-particle correlations 

•  Comparison of different systems: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Ridge yield starts to increase linearly from Ntrk ~ 40 in all 3 systems 
 

•  Strong system size dependence  
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Figure 4: Associated yield of long-range near-side two-particle correlations for 1 < pT <
2 GeV/c in pp collisions at

p
s = 13 and 7 TeV, pPb collisions at psNN = 5.02 TeV, and PbPb

collisions at psNN = 2.76 TeV. Associated yield for the near-side of the correlation function is
averaged over 2 < |Dh| < 4 and integrated over the region |Df| < DfZYAM. The Noffline

trk value
for each Noffline

trk bin is the average Noffline
trk value. The error bars correspond to the statistical

uncertainties, while the shaded areas denote the systematic uncertainties. Note that there are
PbPb points above the upper vertical scale, which are not shown for clarity.

collisions, respectively. Clearly, there is a strong collision system size dependence of the long-
range near-side correlations.

In summary, two-particle angular correlations in pp collisions at
p

s = 13 TeV have been mea-
sured by the CMS experiment at the LHC. The amount of data recorded corresponds to an in-
tegrated luminosity of about 270 nb�1. As it was first observed in pp collisions at

p
s = 7 TeV,

two-particle azimuthal correlations in high-multiplicity pp collisions exhibit a long-range struc-
ture in the near side (Df ⇡ 0) extending over at least 4 units in pseudorapidity separation. The
effect is most evident in the intermediate transverse momentum region between 1 and 2 GeV/c.
The near-side long-range yield obtained with the ZYAM procedure is found to be consistent
with zero in the low-multiplicity region, with an approximately linear increase with multiplic-
ity for Noffline

trk & 40. A strong collision system size dependence is observed when comparing
data from pp, pPb, and PbPb collisions. Comparing the pp data at

p
s = 7 TeV and 13 TeV, no

collision energy dependence of the near-side associated yields is observed over the overlapping
event multiplicity and pT ranges.
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Summary 

•  The CMS forward physics and small-x QCD program had a good start in 
LHC Run II, with low pile-up data available at B = 0T and 3.8T 
 

•  3 measurements public, many more to come in the next months 
(inelastic cross section, dE/dη, dN/dpT spectra, Bose-Einstein correlations,…) 
 

•  Pseudorapidity distribution of charged hadrons at √s =  13 TeV: 
 è first crucial test of our available phenomenological models 
 è LHC tuned Monte Carlo generators can describe data well 

 
•  Underlying event measurements at √s = 13 TeV: 

 è important to understand contributions of MPI, ISR/FSR, BR 
 è fundamental to constrain and tune existing models 
 è LHC tuned Monte Carlo generators perform well 

  
•  Measurement of two particle correlations in pp collisions at √s = 13 TeV:  

 è observation of long-range near-side ridge structure  
             in high multiplicity events 

 è no centre-of-mass energy dependence observed 
 è origin remains unknown 


