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Cluster counting: 

eliminate short clusters at large 

Tracklets: 

Estimate bg from sidebands

All measurements in agreement with

other experiments, however densities are

higher than most MC models (see later).Correlate the two

• Separation between soft and hard events, clearly 

indicates that not everything is explained by 

perturbative jet production 

• The scaling with energy is remarkable, especially for 

the soft events

• Very sensitive to details of MPI modeling: gg vs qq
9

CDF Coll., Phys. Rev. D65 (2002) 072005

CMS Coll., Submitted to JHEP (2010), arXiV

T. Sjostrand and M Van Zijl, PLB188 (1987) 149
<Nch>

nojet

jet

UA1 900 GeV

?

Energy dependence of 
single particle spectra

Most event generators are not able to describe simultaneously both 

energy evolution in (0) and <pT>

Why do these quantities rise and why faster than ln(s) ?

CMS Coll, JHEP02(2010)041

CMS Coll., Phys. Rev. Lett. 105 (2010) 022002

Most models are not able 
to describe 
simultaneously both 
energy evolution in 
ρ(0) and <pT>

Why do these quantities 
rise faster than ln(s) ?
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Pseudorapidity and pT distribution

Solu%on:	  Mul%ple	  Parton	  Interac%ons	  
[T.	  Sjöstrand	  et	  al.	  PRD	  36	  (1987)	  2019]	  

Introduce	  IP	  correla%ons	  in	  MPI	  
Turn	  off	  of	  the	  cross	  sec%on	  at	  PT	  cut-‐off

< NMPI > = σparton-parton /σproton-proton 
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QCD radiation violates Feynman 
scaling at high energies

even when assuming Feynman 
scaling, the possibility of creating 
more strings in MPI gives rise of   
ρ(0) stronger than ln(s) 

Pseudorapidity and pT distribution

< pT> is energy independent for soft 
processes, raise in hard processes:

– production of jets in hard 
scatters

– and MPI

12 References
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Figure 8: Normalised pT-distribution (left) and normalised integrated pT-distribution (right)
of the leading charged particle in |�| < 2.4. Data are compared to predictions by different
event generators. The error bars indicate the statistical uncertainty and the shaded area the
systematic uncertainty.

PYTHIA6 Z2* and QGSJETII-04, while all models overestimate the data for the NSD-enhanced
event sample. For pT > 1 GeV, the inclusive measurement is best described by PYTHIA6 Z2*
and EPOS LHC while none of the models considered succeeds to describe the data for the NSD-
enhanced sample. At

�
s = 8 TeV, the average value of dNch/d�|�=0 for the NSD-enhanced

sample was found to follow the power-like centre-of-mass energy dependence indicated by
previous NSD measurements at different energies. The measured charged-particle distribu-
tions can help constrain the modeling of semi-hard (multi)parton scatterings in pp collisions at
the LHC over a large phase space in pT and �.

The distribution of the leading pT of charged particles is also presented for pT > 0.8 GeV. The
same distribution integrated over the leading charged particle transverse momentum, above
a pT,min value, shows a transition from a steeply falling distribution at large pT (perturbative
region) to a flat distribution at small pT (non-perturbative region) in the range of pT,min of a few
GeV. This region is not well described by theoretical predictions obtained from various Monte
Carlo event generators. The shape of the measured integrated pT distribution is best described
by EPOS LHC.

References
[1] A. Grebenyuk et al., “Jet production and the inelastic pp cross section at the LHC”, Phys.

Rev. D 86 (2012) 117501.

[2] CMS Collaboration, “Transverse momentum and pseudorapidity distributions of
charged hadrons in pp collisions at

�
s= 0.9 and 2.36 TeV”, JHEP 02 (2010) 041,

doi:10.1007/JHEP02(2010)041.

8 TeV - NSD Enhanced 

Z-generation pythia, tuned 
on MPI observables, does 
the best job in central 
region but fails forward

Eur.Phys.J. C74 (2014) 10, 3053

+ TOTEM
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KNO (Koba-Nielsen-Olesen) Scaling is not a consequence of Feynman scaling, but of hadrons 
produced by the self-similar branching of a single string 

Strong KNO scaling violation in intermediate-range of pseudorapidity intervals is an indication 
of MPI

Interpretation of UA5 540 GeV data:
T. Sjostrand and M. van Zijl, 
Phys. Rev. D36(1987) 2019

CMS Coll., Submitted to JHEP (2010), arXiV

Multiplicities and KNO scaling

Increase with s indicates
KNO scaling violation

KNO scaling holds for small 
rapidity intervals 

|η|<0.5

|η|<2.4
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Figure 7: Mean transverse momentum of intrajet charged tracks with pT > 0.25 GeV/c versus
charged-particle multiplicity (Nch within |�| < 2.4) in p-p collisions at 7 TeV.

8.1 General properties of charged particles from jets and from UE 13

 = 7TeVsCMS Preliminary, pp >0.25GeV/c tracks, UE
T

|<2.4, ptracks!|

chN20 40 60 80 100 120

>(
G

eV
/c

)
tra

ck
s,

 U
E

T
<p

0.6

0.7

0.8

0.9

1
data
PYTHIA8 MPI-off
PYTHIA8 4C
PYTHIA6 Z2*
Herwig++ 2.5  UE_EE_3M

chN
20 40 60 80 100 120

M
C

/d
at

a

0.8

0.9

1

1.1

1.2 PYTHIA8 MPI-off/data
PYTHIA8 4C/data
PYTHIA6 Z2*/data
Herwig++ 2.5 UE_EE_3M/data
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7

charged energy in/out track-jet definition

good agreement with MPI (pQCD model) 
prediction (especially Z-generation tunes) for 
charged inside and outside jet

Intra-jet flow turns out to be well described by 
pQCD MPI models (start diverging at large Nch)

After removing all intra-jet particles from the 
event, the remaining particles are considered as 
belonging to the underlying event. 

for high-multiplicity events, PYTHIA predicts 
higher jet rates and harder pT spectra whereas 
HERWIG shows the opposite trend

Eur.Phys.J. C73 (2013) 2674

110<Nch<140
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FIG. 5. Normalized distributions of transverse sphericity using at least six charged particles with pT > 0.5 GeV and |�| < 2.5
for di�erent requirements on the transverse momentum of the leading charged particle, pleadT . The error bars show the statistical
uncertainty while the shaded area shows the combined statistical and systematic uncertainty. Where not visible, the statistical
error is smaller than the marker size.
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FIG. 3. Normalized distributions of the complement of transverse thrust using at least six charged particles with pT > 0.5 GeV
and |�| < 2.5 for di�erent requirements on the transverse momentum of the leading charged particle, pleadT . The error bars show
the statistical uncertainty while the shaded area shows the combined statistical and systematic uncertainty. Where not visible,
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Event Shapes

2

transverse momenta, which are Lorentz-invariant under
such boosts. Di�erent formulations of event shape ob-
servables are possible; the most intuitive is to calculate
the event shape from all particles in an event. These
are denoted by directly global event shapes [1, 2]. In
hadron collider experiments, it is not usually possible to
detect all particles in an event due to the finite detec-
tor acceptance, limited at small scattering angles by the
presence of the beam pipe. Event shapes which include
only particles from a restricted phase space in pseudora-
pidity �, are called central event shapes: in this analysis
charged particles within the range |�| < 2.5 are used.
These central event shapes are nevertheless sensitive to
non-perturbative e�ects at low momentum transfer and
provide useful information about the event structure for
development of models of proton–proton collisions. The
thrust is one of the most widely used event shape vari-
ables. The transverse thrust for a given event is defined
as:

T� = max
n̂

X

i

|⌃pT,i · n̂|
X

i

|⌃pT,i |
(1)

where the sum is performed over the transverse momenta
⌃pT,i of all charged particles in the event. The thrust axis
n̂T is the unit vector n̂ that maximizes the ratio in Eq. (1).
The transverse thrust ranges from T� = 1 for a perfectly
balanced, pencil-like, dijet topology to T� = ⌅| cos⇧|⇧ =
2/⇤ for a circularly symmetric distribution of particles
in the transverse plane, where ⇧ is the azimuthal angle
between the thrust axis and each respective particle. It is
convenient to define the complement of T�, ⌅� = 1� T�,
to match the behavior of many event shape variables,
which vanish in a balanced dijet topology.

The thrust axis n̂T and the beam axis ẑ define the
event plane. The transverse thrust minor measures the
out-of-event-plane energy flow:

TM =

X

i

|⌃pT,i · n̂m|
X

i

|⌃pT,i|
, n̂m = n̂T ⇥ ẑ .

The transverse thrust minor is 0 for a pencil-like event in
azimuth and 2/⇤ for an isotropic event.

Another widely used event shape variable is the spheric-
ity, S, which describes the event energy flow based on the
momentum tensor,

S�⇥ =

X

i

p�i p
⇥
i

X

i

|⌃pi|2
,

where the Greek indices represent the x, y, and z compo-
nents of the momentum of the particle i. The sphericity

of the event is defined in terms of the two smallest eigen-
values of this tensor, ⇥2 and ⇥3:

S =
3

2
(⇥2 + ⇥3).

The sphericity has values between 0 and 1, where a bal-
anced dijet event corresponds to S = 0 and an isotropic
event to S = 1. Sphericity is essentially a measure of
the summed p2T with respect to the event axis [27, 28],
where the event axis is defined as the line passing through
the interaction point and oriented along the eigenvector
associated with the largest eigenvalue, ⇥1. Similarly to
transverse thrust, the transverse sphericity, S�, is defined
in terms of the transverse components only:

S xy =
X

i

1

|⌃pT,i|2


p2x,i px,i py,i

px,i py,i p2y,i

�

and

S� =
2⇥xy

2

⇥xy
1 + ⇥xy

2

,

where ⇥xy
2 < ⇥xy

1 are the two eigenvalues of Sxy.
The following distributions are measured:

• Normalized distributions: (1/Nev)dNev/d⌅ ch� ,
(1/Nev)dNev/dT ch

M , (1/Nev)dNev/dSch
� ;

• Average values: ⌅⌅ ch� ⇧, ⌅T ch
M ⇧ and ⌅Sch

� ⇧ as functions
of Nch and

P
pT;

where Nev is the number of events with six or more
charged particles within the selected kinematic range;
Nch is the number of charged particles in an event;

P
pT

is the scalar sum of the transverse momenta of the charged
particles in the event. The event shape observables ⌅ ch� ,
T ch
M and Sch

� are defined as above, with the superscript
indicating that they are constructed from charged par-
ticles.The three normalized di�erential distributions are
studied separately for:

• 0.5 GeV < pleadT ⇤ 2.5 GeV

• 2.5 GeV < pleadT ⇤ 5.0 GeV

• 5.0 GeV < pleadT ⇤ 7.5 GeV

• 7.5 GeV < pleadT ⇤ 10.0 GeV

• pleadT > 10 GeV

where pleadT is the transverse momentum of the highest
pT (leading) charged particle.

III. THE ATLAS DETECTOR

The ATLAS detector [3] covers almost the full solid
angle around the collision point with layers of tracking
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• 0.5 GeV < pleadT ⇤ 2.5 GeV

• 2.5 GeV < pleadT ⇤ 5.0 GeV

• 5.0 GeV < pleadT ⇤ 7.5 GeV

• 7.5 GeV < pleadT ⇤ 10.0 GeV

• pleadT > 10 GeV

where pleadT is the transverse momentum of the highest
pT (leading) charged particle.

III. THE ATLAS DETECTOR

The ATLAS detector [3] covers almost the full solid
angle around the collision point with layers of tracking

isotropic

isotropic

prevalence of spherical events

Z-generation Pythia Tune provide the best 
description

all  models fail in reproducing shapes at 
high pTsum (and high multiplicity events 
- next slide)
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FIG. 6. Mean values of the complement of transverse thrust, transverse thrust minor and transverse sphericity (top to bottom)
using at least six charged particles with pT > 0.5 GeV and |�| < 2.5 versus charged particle multiplicity of the event (left) and
versus charged particle transverse momentum scalar sum of the event (right). The error bars show the statistical uncertainty
while the shaded area shows the combined statistical and systematic uncertainty. Where not visible, the statistical error is
smaller than the marker size.

ATLAS, Phys. Rev. D 88, 032004 (2013)

1-Transverse Thrust Transverse Sphericity
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Transverse Sphericity

3<Nch<10	  
|η|<.8	  pT>0.5	  GeV 10<Nch<20

20<Nch<30 30<Nch

ST ≈ 0 jetty events
ST ≈ 1 isotropic events

Additional evidence that large 
multiplicity events are less jetty 
than expected: no model reproduces 
the ALICE observations for Nch > 30

Average Transverse Sphericity grows 
with Nch   (as expected)

Sphericity observables very 
correlated to NMPI 
may provide additional handles to 
study large multiplicity features.

ALICE, Eur.Phys.J. C72 (2012) 2124
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Energy evolution in ρ(0) and <pT> as well as KNO violation, modeled by MPI

< pT > vs Nch is also very well described in both the intra-jet and the UE:  <pT> of jet 
constituents decrease with Nch while it smoothly rises in UE constituents.

High multiplicity events turn out to be much less jetty than predicted by Pythia. 
In the context of the pQCD MPI models they can be regarded as the result of several MPI.
 

The high multiplicity events are not driven by the leading interaction, they 
are rather due to large MPI multiplicities

Herwig++ provides additional proofs that dNch/dη shapes and <pT> vs Nch normalization 
favor implementation of color reconnections in MPI models

Barion/meson ratios vs pT in pp interactions are know to scale with vs √s.  A first look to their 
Nch dependence in the context of pQCD MPI reveal sensitivity to color reconnections with 
qualitative flow-like patterns.

Section 1 - multiplicities
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Section 1 - multiplicities

Strong indication of the role played by MPI 
 a focussed investigations is needed

The MPI@LHC forum is a consequence of a series of  WS 
[Perugia 2008, Glasgow 2010, DESY 2011, CERN 2012, Antwerpen 2013, Krakow 2014] 
aiming to:

Bring Exp and Theo communities on the same topic
Setup a characterization program for LHC

Soft MPI phenomenology → Underlying Event  
Hard MPI phenomenology → Double Parton Scattering
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Section 1 - multiplicities

Strong indication of the role played by MPI 
 a focussed investigations is needed

The MPI@LHC forum is a consequence of a series of  WS 
[Perugia 2008, Glasgow 2010, DESY 2011, CERN 2012, Antwerpen 2013, Krakow 2014] 
aiming to:

Bring Exp and Theo communities on the same topic
Setup a characterization program for LHC

Soft MPI phenomenology → Underlying Event  
Hard MPI phenomenology → Double Parton Scattering

Multi-Parton Interactions at the LHC - 2015 (MPI@LHC)  
will take place at the ICTP, Trieste, Italy  

November 23 to 27, 2015. 



The$leading$track$or$leading$track0jet$provide$
a$scale$and$define$a$direction$in$the$� plane.

Measuring$
����������		��
��s =$900$GeV and$7$TeV

Unavoidable$road$to$CMS$MC$Tuning.
Part$of$a$much$more$ambitious$program$to$

study$Multiple$Parton$Interactions$at$the$LHC.

Observables$built$from$charged(tracks:
+$d2Nch/d�d�multiplicity$density

+$d2�pT/d�d��, pT density.

The$transverse$region$is$expected$to$be
particularly$sensitive$to$the$UE.

toward

transverse

away

7/24/2010 P.Bartalini - ICHEP 2010 2

[PAS(QCD8108001(and(QCD8108010]

TRADITIONAL(UE(DISTRIBUTIONS(& BRAND(NEW(ONES!(
However(UNCORRECTED for(detector(effects

SUMMARY(PAPER(WITH(CORRECTIONS(VERY(SOON!

UE$Measurements$among$the$foundation$of$the$
LHC$Physics$program:$Isolation,$vertices,$etc.

Also$very$interesting$per$se$�MPIs,$BBR.
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T
charged particles (p

Traditional approach (R. Field) 
Leading Track or Leading Track-
Jet define a direction in the phi 
plane for the Hard Scatter
Track or Track-jet pT provide an 
energy scale

Observables are built from tracks:
d2Nch/dηdϕ -  
multiplicity density
d2ΣpT/dηdϕ -  
energy density

Observables can be defined using Δφ correlations relative to main activity 
Transverse region is expected to be sensitive to the UE 

} }

toward

awayaway

transverse transverse

Section 2 - Underlying Event 

900 GeV - Eur.Phys.J.C70:555-572,2010
7 TeV - JHEP09 (2011) 109



The transverse region - jet events

3.3
⇧

s dependence 9

It is not a surprise that in the region dominated by relatively soft physics, with leading track-jet228

pT >3 GeV/c (upper plots in Fig. 3.), the description of the data is not so good. In this domain,229

all tunes overestimate the contributions of events with very low multiplicity and ⇥ pT (Nch ⇤<4,230

⇥ pT ⇤<4 GeV/c); the discrepancies are largest for D6T. For larger values of the observables, the231

predictions of Z1, Z2 and PYTHIA-8 are reasonably close to the data, the weak points being the232

description by Z1 of multiplicities between 10 and 20, and the description by all tunes of the233

pT spectrum in the region 3 � 8 GeV/c. For D6T, as well as for DW and CW, the descriptions of234

the ⇥ pT distribution and of the particle pT spectrum are poor.235
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Figure 5: Fully corrected measurements of charged particles with pT > 0.5 GeV/c and |⇥|< 2
in the transverse region, 60⇥ < |��| < 120⇥: (left plots) average multiplicity, and (right plots)
average scalar ⇥ pT, per unit of pseudorapidity and per radian, as a function of the leading
track-jet pT, for (upper row) data at

⇧
s = 0.9 TeV and

⇧
s = 7 TeV; (lower row) ratio of the

average values at 7 TeV to the average values at 0.9 TeV. The inner error bars indicate the statis-
tical uncertainties affecting the measurements; the outer error bars represent the statistical and
systematic uncertainties added in quadrature; for the ratio plots in the lower row, the system-
atic uncertainties at 0.9 and 7 TeV were conservatively combined quadratically, thus neglecting
cancellation effects; statistical errors dominate at large values of the scale. Predictions of three
PYTHIA tunes are compared to the data.

The centre-of-mass energy dependence of the hadronic activity in the transverse region is pre-237

sented in Fig. 5 (upper plots) as a function of the leading track-jet pT, for
⇧

s = 0.9 and 7 TeV.238

The large increase with
⇧

s of the hadronic activity in the transverse region and its scale depen-239

dence is shown in the lower plots of Fig. 5, in the form of the ratio of the 7 TeV to the 0.9 TeV240

results. The ratios, which are close to 1 for leading track-jet pT = 1.5 GeV/c, reach a factor 2 for241

pT ⇤>6 � 8 GeV/c.242

Fast rise for pT< 4-8 GeV/c due to 
the increase of the MPI activity

Plateau region with ~constant 
charged density and slow increase 
of pT_sum in a saturation regime

Increase of the activity with √S 
→ more MPI 

Fast rise: 
peripheral collision 
weakly dependent on √s

Plateau:
mainly central collisions 
The ratio reflects the ratio of 
the sizes of the central, high 
parton density regions for the 
two √s domains

7 TeV
900 GeV

7 TeV
900 GeV

7/0.9 ratio7/0.9 ratio

JHEP09 (2011) 109 - PAS FSQ-12-025 (JHEP)



The transverse region - Drell-Yan events

+ Hard energy scale ( 81 < Mμμ < 101 GeV/c2): 
no sharply rising part only the slow growth due to the ISR

+ For pTμμ and leading pTleading jet > 10 GeV/c DY events have a smaller particle density with a 
harder pT due to the presence of only ISR initiated by quarks
[Hadronic events have both initial and final state radiation predominantly initiated by gluons]

Eur. Phys. J. C 72 (2012) 2080



M. Strikman et al. - “Transverse nucleon structure and diagnostics of hard parton-parton processes at LHC” 

helpful to explain:

+ general UE feature

+ <ρ2>g  < <ρ2>q 

UE in DY < UE in Jets

Transverse activity interpretation

gluon transverse size decreases with 
increasing x

pT_crit, indicates the critical value of 
pT above which particle production is 
dominated by hard parton–parton 
processes
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t-dependence only from GPD’s

f(x, �) ⌘
Z

d2⇥�ei
⇥�?�f(x, x, t), �t = �2

ρ - transverse distance 
from the c.m. of proton �c.m. =

X

i

�ixi

Studies of the diffraction at HERA stimulated derivation of 
new QCD factorization theorems. for exclusive 
processes.  In difference from derivation in the  inclusive 
case which  used closure, main ingredient is the color 
transparency property of QCD

GPD

x
ρ

xP

longitudinal

tra
ns

ve
rs

e
transverse spatial 

distribution of partons

Impact parameter distributions of inelastic pp collisions 
at √s = 7TeV. Solid (dashed) line: Distribution of events 
with a dijet trigger at zero rapidity, y1,2 = 0, c, for pT = 
100 (10) GeV . Dotted line: Distribution of minimum–
bias inelastic events (which includes diffraction).

Median impact parameter b(median) of events with 
a dijet trigger, as a function of the transverse 
momentum pT , cf. left plot. Solid line: Dijet at zero 
rapidity y1,2 = 0. Dashed line: Dijet with rapidities 
y1,2 = ±2.5. The arrow indicates the median b for 
minimum–bias inelastic events.
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2 scale picture

Much smaller impact parameters for hard dijet trigger
Impact parameters for hard dijet triggers with 
different rapidities, pt’s are practically the same

Universal underlying event for dijet triggers with much higher 
activity  than for minimal bias events

ATLAS : MB, UE and MC tuning Emily Nurse 

UE distributions 

•! Select events with !1 charged particles, pT > 1 GeV 

•! Direction of hard scatter  =  leading charged particle 

•! Define a region transverse to the hard scatter  

•! Study charged particle and pT density as a function of 

the lead pT in different regions. 

6 

!s lumi. Nev  

0.9 TeV 9 µb-1 202,285 

7 TeV 6.8 µb-1 265,622 

Pythia (v6.4.21) tune to diffraction suppressed MB and UE data 

Start with MC09c (ATLAS tune to CDF minbias+UE data and D0 dijet angular 

correlations with LO* PDFs [PHYS-PUB-2010-002]).  

6

to DGLAP evolution would change the results in Fig. 5
by less than ∼ 5%. Also shown is the median b with a
trigger on a jets at non-zero rapidity y1 = −y2 = 2.5,
which amounts to an effective increase of x1,2 by a factor
cosh y ≈ 6, cf. Eq. (16) and the discussion in Sec. V. In
all cases, the median impact parameter in jet events is
far smaller than that in minimum–bias collisions, which
is given by b(median) = 1.32

√
B for the parametrization

of Eq. (13).
To conclude this discussion, a comment is in order con-

cerning the interpretation of the impact parameter dis-
tributions in pp events with hard processes. Our analysis
based on Eq. (10) shows that pp events with at least one
hard process (and no other requirements) are on average
more central than minimum–bias inelastic events. This
statement concerns the relative distribution of impact pa-
rameters in a collective of inelastic pp events and how it
is changed by imposing the requirement of a hard pro-
cess. One should not confuse this with statements about
the absolute probability for a hard process (in a certain
rapidity interval) in a pp collision at certain impact pa-
rameters. In fact, the analysis of Refs. [21, 22] shows
that there can be a substantial absolute probability for
a hard process in pp collisions at large b, and that uni-
tarity places non–trivial restrictions on the dynamics of
hard interactions in peripheral collisions.

IV. TRANSVERSE MULTIPLICITY AS AN

INDICATOR OF HARD DYNAMICS

The estimates of the previous section show that pp
events with a hard parton–parton collision are much more
central than minimum–bias events, and that the average
impact parameters change only very little for pT above
∼ 2GeV. At the same time, it is known that the overall
event characteristics, such as the average multiplicity, de-
pend strongly on the centrality of the underlying pp col-
lision. Combining these two observations, we can devise
a practical method to determine down to which values
of pT mid–rapidity particle production is predominantly
due to hard parton–parton collisions. The observable of
interest is the transverse multiplicity, measured in the
direction perpendicular to the transverse momentum of
the trigger particle or jet. It is not directly affected by
the multiplicity associated with the trigger or balancing
jets, but is indirectly correlated with the presence of a
hard process because of its dependence on the centrality.
Based on the results of Figs. 4 and 5 we predict that the

transverse multiplicity should be practically independent
of pT of the trigger as long as the trigger particle orig-
inates from a hard parton–parton collision which “cen-
ters” the pp collision. Furthermore, the transverse multi-
plicity in such events should be significantly higher than
in minimal–bias inelastic events, since the known mecha-
nisms of particle production — minijet interactions, mul-
tiple soft interactions, etc. — are much more effective in
central collisions. When measuring the transverse multi-

pT

p critT,
pT

(N )

trigger particle
from soft int.

trigger particle
from hard process

min.
bias

FIG. 6. Schematic illustration of the expected dependence of
the transverse multiplicity, N(pT ), on the pT of the trigger.

plicity as a function of pT of the trigger, we thus expect
it to increase from its minimum–bias value at low pT and
become approximately constant at pT ∼ few GeV (see
Fig. 6). The point where the transition happens, pT,crit,
indicates the critical value of pT above which particle pro-
duction is dominated by hard parton–parton processes.

Interestingly, the predicted increase and eventual flat-
tening of the transverse multiplicity agrees well with the
pattern observed in the existing data. At

√
s = 0.9TeV

the transition occurs approximately at pT,crit ≈ 4GeV
[6], at

√
s = 1.8TeV at pT,crit ≈ 5GeV [4], and the pre-

liminary data at 7TeV indicate somewhat larger values
of pT,crit = 6 − 8GeV [5, 7]. We thus conclude that the
minimum pT for hard particle production increases with
the collision energy. Note that we consider here an inclu-
sive trigger; the procedure adopted in the experimental
analysis (selection of the fastest particle in the measured
rapidity interval) somewhat enhances the contribution of
soft mechanisms in particle production.

It is worth noting that the overall pattern described
here is reproduced by the tunes of current MC models;
cf. the comparisons in Refs. [4–7]. This is because these
models effectively include the key feature used in our
analysis — the narrow impact parameter distribution of
dijet events (although ⟨b2⟩ in these models is too small by
a factor ∼ 2), and impose a cutoff on the minimal pT of
the minijets. Our point here is that the observed pattern
can be explained naturally on the basis of the transverse
geometry of pp collisions with hard processes, without in-
volving detailed models. This allows one to determine in
a model–independent way where the dominant dynamics
in particle production changes from soft interactions to
hard parton–parton processes.

For pT lower than pT,crit the relative contribution of
hard processes to particle production starts to decrease.
In terms of the transverse geometry, this means that the
observed trigger particle can, with some probability, orig-
inate from either peripheral or central collisions in the
sense of Fig. 1. We can estimate the fraction of particles
produced by hard interactions in this “mixed” region in a

Schematic illustration of the expected dependence of
the transverse multiplicity, N (pT ), on the pT of the trigger.
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N(pT ) = �
hard

(pT )Nhard

+ [1� �
hard

(pT )]Nsoft

large b 
softish

Warning 1: experimental procedure - 
selection of particle with maximal pt 

is not exactly inclusive 

 Warning II - when determining 
enhancement factor for smaller √s ~ 1 
÷2 TeV  -  underlying event  one should 
subtract jet contribution in the away 
region more carefully - use smaller 
angular range.

[Phys. Rev. D83 (2011) 054012]

Impact parameter distributions of inelastic pp collisions 
at √s = 7TeV. Solid (dashed) line: Distribution of events 
with a dijet trigger at zero rapidity, y1,2 = 0, c, for pT = 
100 (10) GeV . Dotted line: Distribution of minimum–
bias inelastic events (which includes diffraction).

Median impact parameter b(median) of events with 
a dijet trigger, as a function of the transverse 
momentum pT , cf. left plot. Solid line: Dijet at zero 
rapidity y1,2 = 0. Dashed line: Dijet with rapidities 
y1,2 = ±2.5. The arrow indicates the median b for 
minimum–bias inelastic events.
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Two scale picture in the case of jet events: rise at low pT + plateau at a rather 
modest energy dependent pT (O(few GeV))

Interpretation: high pT jets select central collisions hence larger MPI 
multiplicity.

Single scale picture (plateau) in the case of DY
Interpretation: DY events always select central collisions hence large MPI 
multiplicity.
Connection to <ρ2>g  / <ρ2>q 
no FSR    lower multiplicity, harder fragmentation 

Section 2 - soft MPI
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Section 3 - Double Parton Scattering

Double high PT interactions observed 30 years ago by AFS, UA2 in 4jets topologies
20-10 years ago CDF and D0 used also 3jet + γ

σ(A+B) = m * σ(A) * σ(B) / σeff     
(m = ½ for identical interactions, m = 1 otherwise) - P(B|A) = P(B) * (σNon-Diffractive/σeff)

naïve prediction: σeff ≈ 1/πREM
2 ≈ 60 mb 

σeff ≈ (process,) scale and √s independent [D. Treleani et al., very rich bibliography]
σeff mostly depends on geometry

σeff  ≈ 34 mb considering 4 ➔ 4 processes [M. Strikman et al.]

3 in 4 processes give significant contributions, rising with xBjorken [B.Blok, MPI@LHC 2013]

Pythia 6 and Pythia 8: σeff = σNon-Diffractive / <fimpact> ~ 20-30 mb
where <fimpact> is tune dependent ➔ soft MPI tunes: σeff ≈ 20÷30 mb
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CMS	  Coll.	  -‐	  JHEP	  03	  (2014)	  032

Experiments - Double Parton Scattering 

σeff ≈ 10÷20 mb (Tevatron+LHC) 
lowest figures at Tevatron (3jet+γ) 
higher figures from LHC (W+2jet)

from previous slide, prediction on σeff ≈ 20÷60 mb

DPS underestimated in the models tuned on Soft 
QCD phenomenology? 

What are the relationships between “soft” and “hard” 
MPI measurements?
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Measured	  di-‐jet	  x-‐sec/on

Measured	  Ra/o	  between	  
W+2jets	  and	  W+0jets	  x-‐sec/ons

W+2j - Double Parton Scattering (ATLAS and CMS) 

σeff = 20.7 ± 0.8 (stat) ± 6.5 (syst) mb (CMS)

Measured value is consistent (within uncertainties) with 
the previous resuls by ATLAS, CDF and D0

Large uncertainties: can not conclude dependance on 
collision energy

Consistent with value obtained for Herwig++ by fitting 
UE data from LHC and Tevatron

Main systematics from SPS background modeling
ATLAS	  Coll.	  -‐	  New	  J.Phys.	  15	  (2013)	  033038	  	  
CMS	  Coll.	  -‐	  JHEP	  03	  (2014)	  032
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hadronic: 
σDPS (4jets@100 GeV) = ½ * (σ (2jets))2/σeff= ½ * (1μb)2/σ

eff
 = 5 10-5 μb = 50 pb

σDPS (2γ+2jets@20 GeV) = ½ * (σ (γ+jet))2/σeff = ½ * (0.1μb)2/σ
eff

 = 5 10-7 μb = 0.5 pb 

hadronic - incoming/future: 
σDPS (W

± ➔μν, W±➔μν) = ½ * (σ (W±➔μν))2/σeff = ½ * (20nb)2/σ
eff 

 = 2 10-5 nb = 20 fb

σDPS (Z➔μμ, Z➔μμ) = ½ * (σ (Z➔μμ))2/σeff = ½ * (2nb)2/σ
eff 

 = 2 10-7 nb = 0.2 fb 

heavy flavor final-state: 
σJ/ψJ/ψ = 5.1 +- 1.0 (stat) +- 1.1 (syst) nb 
(20% higher than the SPS predictions. contribution from DPS? SPS contribution suppressed at 
large Δy)

heavy flavor final-state - incoming/future:
[W+prompt J/ψ - hint for DPS contribution higher than assumption]

[Z+D - DPS higher than SPS]

Double Parton Scattering - what else ?
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same sign WW - Double Parton Scattering 

DPS$
process:$

�$[pb]$$LO$
a$7$TeV$

�$[pb]$LO$
a$8$TeV$

WW(++)$ 0.0640% 0.092%
WW(:$:)$ 0.0317% 0.048%

6%

�	�
�
��������������������	��� �����
������	��
� 

Stima eventi di DPS (1) 

very low stat available from 
run-I, only lower limit on σeff

2) Additional information on MPI correlations  
(talk from Daniele Treleani)
Salvini,Treleani, Calucci - Phys.Rev. D89 (2014) 1, 016020 

p-Pb 8.8 TeV  configuration 

1) DPS/SPS separation increased 
(D’Enterria & Snigirev, 
Phys.Lett. B718 (2013) 1395-1400)

DPS~300 pb
SPS~100 pb

Different production
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Section 3 - Double Hard Scattering

Measurements for several DPS-sensitive observables 
Achieved for 4jets, W+2jets, W+J/Ψ, Z+D, double J/Ψ, double open charm, other channels in progress.

Interpretation, consistency checks 
In progress, still no striking DPS evidence at hadron colliders
Model dependency - Large systematics on σeff

Including more processes: study process dependency 
In progress, precision of the measurements still doesn’t allow to compare σeff  in q-initiated and g-
initiated processes, comparing with corresponding UE ratios.

Differential distributions 
More integrated luminosity required: probably Run-2 (, HL-LHC…)

Extension of the DPS measurements to p-Pb 
Nice/promising TH predictions and feasibility studies - Run-2
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Observation of a Long-Range, Near-Side angular correlations at high multiplicity in 
pp events at intermediate pT (Ridge at Δϕ~0)

not reproduced by actual models

Section 4 - High multiplicity correlations
CMS Coll., JHEP 1009 (2010) 091 
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This is the first observation of such a long-range, near-side feature 

in two-particle correlation functions in pp or pp collisions.

It is a small effect, however, very interesting. Although there are also differences, it

resembles a similar feature observed at RHIC that was interpreted as being due to the

hot and dense matter formed in relativistic heavy ion collisions

25

A similar feature observed at RHIC that was interpreted as being due to 
the hot and dense matter formed in relativistic heavy ion collisions

High multiplicity correlations

This is a subtle effect in a complex environment careful work is needed to establish physical origin
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ALICE and CMS: reported same 
structure in p-Pb collisions (5.02 TeV) 

Correlation profile for lower 
multiplicity (60-100%) is 

subtracted from the one for 
higher (20% highest)

Phys.Lett. B719 (2013) 29-41 
Phys.Lett. B718 (2013) 795-814
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MPI model does not take into account angular momentum conservation

The number of MPI is regularized by the IP, but the azimuth of the scattering plane is chosen 
randomly for each MPI → no long-range near-side angular correlations in PYTHIA

With a impact-parameter dependent smearing:

A

6��
��������@�	����	�

�	<	'4	<	�	��6�	���	� �	<	'4	<	�	��6�	�	;	��

���#	���	���	������	#���+�$��	�$���	�''����	��	�����	�(��$'�$�$�5�	����	���	�	<		'4	<	�	��6	

Such a correlation can be 
naturally explained in a physical 
picture based on the impact 
parameter between the protons 

Warnings: 
Azimuthal correlation of MPIs 
was studied experimentally at 
Tevatron but no evidence was 
observed

Introduction Using MPIs Tuning Results Conclusions

Ridge plot: modified Pythia6

Ridge plot: modified Monte Carlo (1)

Modified Monte Carlo, Z2R tune (� = 4.15):
large amount of statistics needed

high-multiplicity, moderate-pT : near-side ridge is visible, as in data

moderate-multiplicity, moderate-pT : near-side ridge is visible but too strong

minimum bias: ridge disappears (not shown)

high-multiplicity, all pT : near-side ridge is not there, same as in data
! away-side ridge changes shape

(a)
N (|�| < 2.4, pT > 0.4) > 110

1.0 < pT < 3.0 GeV

(b)
�N (|�| < 2.4, pT > 0.4)⇥ = 78

1.0 < pT < 3.0 GeV

(c)
N (|�| < 2.4, pT > 0.4) > 110

0.1 < pT < 10.0 GeV

Sara Alderweireldt (UA) CMS Ridge with MPI 21 November 2011 18 / 20

Possible interpretations (beyond elliptic flow)
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Significant ridge structures are observed in high multiplicity pp  (√s = 2.76 and 7 TeV), p-Pb 
(√sNN = 5.02 TeV) and Pb-Pb (√sNN = 2.76 TeV)  collisions

Expected a strong mechanism to produce particles in a plane

Pb-Pb - expected from the elliptic flow

pp (and p-Pb) - still miss an agreed interpretation

MPI Interpretation: large multiplicities without pronounced jetty structures point to an 
important role played by Multiple Parton Interactions
Angular momentum conservation?

Next: 

Explore the full potential (“3D correlations” from p-N collisions)
(see contribution from D. Treleani)

Can one analyze double-PDFs @ LHC kinematics (very low x, high momentum scale)
within relativistic quark models ? 

(see contribution from S. Scopetta)

Section 4 - Correlations



Multiple Parton Interactions solve the unitarity problem generated by the fast raise of the inclusive 
hard cross sections at small x

MPI are an instruments to probe proton matter distribution, understand the collision dynamics and 
define at the best unexpected background to new physics search

Past experiments indicating Double Parton Scattering suggested the extension of the same 
perturbative picture to the soft regime, giving rise to the first implementation of the MPI 
processes in a pQCD Monte Carlo model (T.Sjöstrand and M.van Zijl). Such model turned out to 
be successful in reproducing the charged multiplicity distributions and KNO scaling violation

Several observations don’t have a straightforward interpretation with independent interactions, 
i.e. increasing <pT> vs Nch.  A large amount of colour reconnections recover, but is this the 
correct interpretation? To what extent can colour reconnection affect observables like the 
meson/barion ratios that can be attributed to effects dealing with transport in dense matter?

Conclusions/Highlights



The status of the art of Multiple Parton Interactions needs to be reviewed in the light of the recent 
LHC measurements on both hard and soft MPI

The MPI@LHC workshop is providing a common theo/exp platform for MPI understanding

Hard-MPI measurement still don’t provide a crystal clear DPS evidence (strong model-dependence)

From the observation of high-multiplicity final state (jets structure, sphericity, ridge-like structure,…): 
these events are less jetty than predicted by the models 
 
What should be considered to be the most striking evidence of MPI via DPS? 

And what are the features of large multiplicity production? 

To what extent we can trust the general-purpose pQCD MPI models? 

Explore scaling properties: observables in pp, pPb and PbPb driven by charged multiplicity?

What role is played by correlations ?

Conclusions/Highlights

Higher Energies...higher luminosities...

1) DPS/SPS Heavy Flavors production is expected to increase with √S (experimental challenging ?)

2) Rare productions with top and heavy bosons, unavoidable BGs to new physics searches

3) proton-Nuclei interactions, DPS enhanced, longitudinal correlations, help the 3D definition of σeff 



BU



32

Color Reconnection

<pT>	  vs	  Νch

Color reconnection unavoidable to describes the shapes of 
pseudo-rapidity and <pT> vs Nch.  

[M.	  Seymour,	  MPI@LHC	  2013,	  Antwerpen]

flow-like patterns in pppp PbPb

[G.Paic,	  MPI@LHC	  2013,	  Antwerpen]	  
See	  also	  arXiv:1404.2372

pp interaction simulated with Pythia 8 Tune 4C don’t know about flow

Λ/KS
0 ratio in different Nch ranges evolve as the Λ/KS

0 ratio in 
different centrality ranges in Pb-Pb interactions (measured by ALICE)

Color reconnection matter. Flat shapes otherwise.
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Transverse Energy Flow

10 

ATLAS Coll., JHEP 11 (2012) 033!
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•  measured also in dijet events (transverse region), sensitive to underlying event  

changing proportion of  diffractive events in MC has little affect on 
shape; some sensitivity to choice of  proton PDFs observed  

charged and neutral components included (using 
the full acceptance of ATLAS calorimeter) 
important complementary measurement to 
charged particle distributions

MCs underestimate the forward activity  

sensitivity to diffractive component is small

sensitivity to choice of proton PDFs and 
Underlying Event tune is observed

ATLAS, JHEP 11 (2012) 033
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•  measured also in dijet events (transverse region), sensitive to underlying event  

changing proportion of  diffractive events in MC has little affect on 
shape; some sensitivity to choice of  proton PDFs observed  
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Figure 4: Fully corrected average multiplicity per unit of pseudorapidity and per radian in the
transverse region (|⇥| < 2, 60� < |��| < 120�), as a function of the pT of the leading charged-
particle jet: (left) K0

S with pT > 0.6 GeV/c; (right) ⇥ with pT > 1.5 GeV/c. Predictions of PYTHIA
tunes are compared to the data and the ratios of simulations to data are shown in the bottom
panels. For the data, the statistical uncertainties (error bars) and the quadratic sum of statistical
and systematic uncertainties (error band) are shown, while for simulations the uncertainty is
only shown for PYTHIA 6 tune Z2*, for clarity.

Same pattern observed for standard UE measurement, compatible with the IP interpretation

PYTHIA underestimate the data by 15–30% for KS mesons and by about 50% for Λ baryons

Deficit similar to that observed for the inclusive strange particle production in pp collisions

CERN-PH-EP-2013-086

The transverse region - identified particles


