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The underlying event in p-p collisions 

•  The underlying event (UE) is everything except the hard scattering: 
   è Initial state radiation (ISR) 
   è Final state radiation (FSR)  
   è Multiple partonic interactions (MPI) 
   è Beam remnants 

•  Its understanding is crucial for 
   è precision measurements of the 
       Standard Model processes 
   è the search for new physics 

•  But its dynamics are not well understood  
   è soft & semi-hard interactions 
   è can not be fully described with  
       perturbative QCD  
   è phenomenological models in MC 
       involve parameters which 
       must be tuned using data 
 

•  Use LHC data to constrain the existing UE models 
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Phenomenology of multi-parton interactions 

•  The number of interactions depends on 
  
   è the pT scale of the event 
 
   è the centre-of-mass energy:  
       increase of particle densities 
 

•  Introduce a MPI model to describe the soft interactions:  
   extend hard scatter cross section to low pT 
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Fig. 1: Schematic figure illustrating one incoming hadron in an event with a hard interaction occurring at p⊥1

and three further interactions at successively lower p⊥ scales, each associated with (the potentiality of) initial-state
radiation, and further with the possibility of two interacting partons (2 and 3 here) having a common ancestor in
the parton showers. Full lines represent quarks and spirals gluons. The vertical p⊥ scale is chosen for clarity rather
than realism; most of the activity is concentrated to small p⊥ values.

Apart from this big colour issue, and the smaller ones of a complete interleaving/intertwining,
PYTHIA now contains a very consistent and complete picture of both minimum-bias and underlying-
event physics. It will be interesting to see how this framework fares in comparisons with data. However,
if the models appears complex, this complexity is driven by necessity: all of the issues already brought
up must be included in the “definitive” description, in one form or other, plus possibly some more not
yet brought to light.

2.2 JIMMY

The basic ideas of the eikonal model implemented in JIMMY are discussed elsewhere [10]. The model
derives from the observation that for partonic scatters above some minimum transverse momentum,
p̂min

T , the values of the hadronic momentum fraction x which are probed decrease as the centre-of-mass
energy, s, increases, and since the proton structure function rises rapidly at small x [4], high parton
densities are probed. Thus the perturbatively-calculated cross section grows rapidly with s. However, at
such high densities, the probability of more than one partonic scattering in a single hadron-hadron event
may become significant. Allowing such multiple scatters reduces the total cross section, and increases
the activity in the final state of the collisions.

2.2.1 Model Assumptions
The JIMMY model assumes some distribution of the matter inside the hadron in impact parameter (b)
space, which is independent of the momentum fraction, x. The multiparton interaction rate is then
calculated using the cross section for the hard subprocess, the conventional parton densities, and the area
overlap function, A(b). No assumption about the behaviour of the total cross section is used. For cross
sections other than QCD 2 → 2 scatters, JIMMY makes use of approximate formulae, valid when all
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I. INTRODUCTION

The first experimental results from LHC once again
raise the question at what transverse momenta particle
production in pp collisions is dominated by hard parton–
parton interactions. A quantitative understanding of the
relevant mechanisms is important not only for future
studies of QCD phenomena, but also for controlling the
strong interaction background in new particle searches.
The challenge lies in the fact that the growth of the av-
erage multiplicities makes it very difficult to observe jets
with moderate pT , while at the same time the properties
of non–perturbative semi–hard dynamics and its ability
to produce particles with pT ∼ few GeV are not well
understood.

In an earlier article [1], we demonstrated that the nu-
cleon’s transverse partonic structure plays an essential
role in the theoretical analysis of pp collisions with hard
processes. Experiments in hard exclusive electroproduc-
tion of vector mesons γ∗p → V + p and photoproduction
of heavy quarkonia γp → J/ψ + p have shown that the
gluons with 10−4 < x < 10−1 are localized at small trans-
verse distances of 0.4 − 0.5 fm (median, depending on x
and Q2), much smaller than the characteristic range of
soft interactions at high energies, see Fig. 1a. Qualita-
tively, this is explained by the fact that Gribov diffusion
in the partonic wave function, which causes the range
of soft interactions to grow with energy [2], is suppressed
for highly virtual constituents. In pp scattering this two–
scale picture implies that hard processes mostly occur in
central collisions, where the areas occupied by partons in
the relevant x–range overlap. Peripheral collisions con-
stitute the dominant part of the overall inelastic cross
section without contributing much to inclusive jet pro-

duction, see Fig. 1b. A trigger on a hard process thus, on
average, selects central pp collisions [1]. Numerical stud-
ies show that at a center–of–mass energy

√
s = 14TeV

a dijet trigger on pT ∼ few 10 GeV reduces the median
pp impact parameter b by a factor of ∼ 2 compared to
minimum–bias inelastic collisions; the reduction is nearly
as strong at the current LHC energy of 7TeV (see below).

Here we point out that these insights into the trans-
verse geometry of pp collisions can be used to address the
question at what transverse momenta particle production

b

Transverse area in

central collision

(a) soft interactions

Gluons with x > 10−4

peripheral collision(b)

FIG. 1. (a) The two–scale picture of transverse nucleon struc-
ture at high energies (transverse view). (b) Its implication
for pp collisions. Peripheral collisions constitute the domi-
nant part of the overall inelastic cross section. Hard processes
happen predominantly in central collisions, where the areas
occupied by large–x partons overlap.
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ture at high energies (transverse view). (b) Its implication
for pp collisions. Peripheral collisions constitute the domi-
nant part of the overall inelastic cross section. Hard processes
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p̂TMinimum bias Hard scale 

è But divergence:          if  
 
è Introduce regularization: 
 
 
è Which is energy dependent: 
 
 
è More MPI activity is predicted for  
    smaller values of       and ε 

1/ p̂T
4 p̂T → 0

1/ p̂T
4 →1/ ( p̂T

2 + p̂T ,0
2 )2

p̂T ,0 ( s ) = p̂T ,0 ( s0 ) ⋅ ( s / s0 )
ε

p̂T ,0

[arXiv:hep-ph/0601012] 

[Phys. Rev. D83 (2011) 054012 ] 



4 

Measurements of the UE 

•  Study the UE activity as a function of the hard scale of the event, 
   and at different centre-of-mass energies 

•  Different possibilities 
   è at central rapidities 
 
 
 
 
 
 
 
 
 
    at forward rapidities 
       UE observables separated with 
       large Δη from hard scatter 
       No division of φ phase space 
       Possible to study UE φ structure 
 

 è look at forward energy 
     densities as a function of 
     central leading jets  

!"#$%&'()&*(+,(
-.$&/*.01(

6q6q6q6q    

2304#$'5(

23$#167&$6&5( 23$#167&$6&5(

284#95(

Hard scatter & UE are contained in same η range 
è divide φ phase space to separate the UE from the hard scatter 
è look at particle densities, energies in the transverse region 
è As function of the hard scatter pT scale 
    leading jets, Drell-Yan 
 
è Use different observables: jet area/median 
    è no φ phase space division needed 

Central hard scatter 

Forward energy density 

[ JHEP 09 (2011) 109] 
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Measurements with CMS detector at LHC 

•  CMS has a very good pseudorapidity coverage: -6.6 < η < 5.2 

CASTOR 
calorimeter  
-6.6 < η < -5.2 
14m from IP 
tungsten/quartz 
Čerenkov detector 
16 φ segmentations 
14 modules in z 
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UE activity in the Drell-Yan process 

•  Complementary approach to existing central UE measurements 
   è clean separation of the hard interaction from the soft components 
   è Drell-Yan: experimentally clean, theory well understood 
   è absence of QCD FSR & low probability of photon brehmsstrahlung from muons 

•  Measure particle & energy densities in central region: 
   è average number of primary charged particles 
   è average of the scalar sum of pT of the particles 
   è central charged particles: pT > 0.5 GeV/c, |η| < 2 (muons from DY excluded) 
 
 
 
 
 
 
 

•  Study the UE activity as function of 
   è the di-muon pT: - to minimize background, study dependence in narrow mass window  
                 - energy scale sufficiently large to saturate MPI 
                   probes ISR spectrum 
   è the di-muon mass: - look at wide Mµµ range for di-muon pT < 5 GeV/c 
            verify MPI saturation 

!"#$%&'()&*(+,(
-.$&/*.01(

6q6q6q6q    

2304#$'5(

23$#167&$6&5( 23$#167&$6&5(

284#95(

Dominated by hardest ISR 
that balances the di-muon system 

Sensitive to soft emissions 
due to MPI 

(81 GeV/c2 < Mµµ < 101 GeV/c2) 

CMS-PAS-QCD-11-012 
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UE activity in the Drell-Yan process (II) 

•  Drell-Yan event selection: 
   è exactly 2 opposite charge isolated muons with pT > 20 GeV/c, |η| < 2.4 
       from vertex well centered around the beam-spot  
 
   è charged particles for UE: central high purity tracks from primary vertex 
       pT > 0.5 GeV/c, |η| < 2, σ(pT)/pT < 5% 
 

•  Study energy scale dependence of MPI as function of Mµµ: 
   è limit ISR: di-muon pT < 5 GeV/c 
 
 
 
 
 
 
 
 
 
 
 
   è no dependence on Mµµ è saturated MPI 

5
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Figure 1: The UE activity as function of invariant mass (Mµµ) for events with requirement of
pµµ

T < 5 GeV/c for the charged particles having Df < 120o: (left) particle density; (centre)
energy density; (right) ratio of the energy and particle density. Plots in bottom row show the
ratio of MC prediction and the measurement for the corresponding observables. Yellow band
shows the statistical uncertainity of data whereas green band represents the total uncertainty
(statistical and systematic uncertainties added in quadrature).

the hardest emission. In the towards and transverse regions there is a slow growth in the parti-173

cle density and energy density with increasing pµµ
T . The growth in energy density is stronger174

which implies a continuous increase in the average transverse momenta of the charged par-175

ticles with pµµ
T . This is reflected in the ratio of the energy density and particle density. The176

activity in the towards and the transverse regions are qualitatively similar. Quantitatively, the177

activity is higher in the transverse region than the towards regions, an effect which is caused by178

the spill-over contributions from the recoil activity in the away region which balances the di-179

muon system. This was verified (not shown) by reducing pµµ
T < 5 GeV/c, where the transverse180

activity coincides with the towards activity.181

182

The information on the quality of the data description by the different models is reported in183

Fig. 3, which presents the ratio of the MC predictions to the measurements for the observ-184

ables shown in Fig 2. Statistical fluctuations in the data induce correlated fluctuations for the185

various MC/data ratios. MADGRAPH in conjunction with PYTHIA tune Z2 describes the pµµ
T186

dependence of the UE activity very well, both qualitatively and quantitatively. Tune 4C of187

PYTHIA-8 fails to describe the pµµ
T dependence but gives a quantitative agreement with data188

as pµµ
T ! 0 and confirms the conclusion made earlier in Fig. 1. The combination of the Z2 tune189

with POWHEG fails to describe the energy density in the towards and transverse regions, but190

gives a reasonable description of the particle density, except at very low pµµ
T .191

Look at towards & transverse 
region: Δφ < 120° 
 
 
 
Pythia6 Z2 & Pythia8 4C 
describe the densities well 
 
Powheg Z2 underestimates 
by 10-15% 

CMS-PAS-QCD-11-012 



8 

UE activity in the Drell-Yan process (III) 
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Dependence of UE activity vs di-muon pT 
for 81 GeV/c2 < Mµµ < 101 GeV/c2 
 

At this energy scale è MPI saturated 
è pT dependence sensitive to ISR 
  
 
 
Towards & transverse region: 
è slow growth in particle & energy density 
    with increasing di-muon pT 
 
è Madgraph with tune Z2 describes the data well 
è Powheg Z2 & Pythia8 4C fail to describe the data 
    (but agree at low pT) 
 
 
Away region: 
mostly sensitive to spectrum of hardest emission 
è equally well described by all tunes & generators 

CMS-PAS-QCD-11-012 

6 5 Underlying Event in the Drell-Yan Process
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Figure 2: The UE activity in the towards (upper row), transverse (central row) and away (bottom
row) regions as function of pµµ

T for events with requirement of 81 < Mµµ < 101 GeV/c2: (left)
particle density; (centre) energy density; (right) the ratio of the energy density and the particle
density.

Fig. 4 shows the charge multiplicity (top row) and transverse momentum spectrum (bottom192

row), averaged in the towards and the transverse regions, for events having requirement of193

81 < Mµµ < 101 GeV/c2 and for events with pµµ
T < 5 GeV/c. The charged multiplicity is194

reduced and the pT spectrum is softer by requiring pµµ
T < 5 GeV/c due to the reduced contribu-195

tion of ISR. Detailed comparisons with models are provided in Fig. 5, which presents the ratio196

of the MC predictions to the measurements in Fig. 4. The charge multiplicity is described well197

by MADGRAPH Z2 and PYTHIA-8 4C within 10-15%. The pT spectrum is described by MAD-198

GRAPH Z2 with 10-15% for the events having invariant mass in the window 81 < Mµµ < 101199

GeV/c2, whereas PYTHIA-8 4C and POWHEG Z2 have softer pT spectra, regardless of the200

pµµ
T requirement.201
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UE activity with jet area/median 

•  Alternative method to study the UE activity at central rapidity 

•  Measure the soft hadronic activity by calculating the ratio of the jet pT  
   and the area covered by this jet in the (η,φ) plane for all jets in the event 

•  Introduce event variable:  
 
   è median: robust to outliers in the distribution, these can be hard interactions 
   è ρ thus naturally isolates UE contributions assuming that the majority 
       of the event is dominated by soft interactions 
   è no geometrical slicing of phase space needed 
  

•  Use track-jets reconstructed with kT algorithm, R = 0.6 within |η| < 1.8 
   è input tracks: pT > 0.3 GeV/c, |η| < 2.3 
   è on hadron level: stable charged particles with pT > 0.3 GeV/c, |η| < 2.3  
 

•  Basic event selection: minimum bias (inclusive) events 
   è study the jet area/median observable as a function of the leading track-jet 

CMS-PAS-QCD-10-021 
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UE activity with jet area/median (II) 

•  First look at the inclusive event distributions of the jet area/median  

At 0.9 and 7 TeV: 
è Pythia6 Z1 gives reasonable 
    description while other 
    tunes reveal substantial 
    differences with data 
 

CMS-PAS-QCD-10-021 
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UE activity with jet area/median (III) 

•  Event scale dependency: jet area/median distribution vs leading jet 
 
 
  è both peak values and widths  
       of the distributions change 
 
  è increase of UE activity with pT 
 
 

•  Characterize UE behavior by plotting the means as a function of leading jet pT 
 
  è amount of events with  
      very high activity is 
      underestimated 
 
  è implications on treatment 
      of jet energy corrections 
      using area-based methods 
 
  è Tune Z1, Z2, 4C are to low  
      at 7 TeV           
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Study of UE activity at forward rapidity 

•  Measure the Underlying Event (UE) activity by comparing 
   energy density in CASTOR (-6.6 < η < -5.2) for minimum bias events  
   w.r.t. events with a hard scale present 

Minimum bias (inclusive events)      
è energy density not much  
    affected by MPI 
è non-diffractive dominated  
    event sample    

Hard scale              
è energy flow strongly affected by MPI 
è use the central leading charged jet 
    with pT > 1 GeV/c and |η| < 2 

p̂T

Compute ratio of energy densities 
è independent of calibration 
è minimizes systematic uncertainties 

Look at behavior of ratio as function of pT scale 
and at relative energy flow as function of √s 

ar
X

iv
:1

00
9.

25
59

v1
  [

he
p-

ph
]  

14
 S

ep
 2

01
0

JLAB-THY-10-1228

Transverse nucleon structure and diagnostics of hard parton–parton processes at LHC

L. Frankfurt,1 M. Strikman,2 and C. Weiss3

1School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
2Department of Physics, Pennsylvania State University, University Park, PA 16802, USA

3Theory Center, Jefferson Lab, Newport News, VA 23606, USA
(Dated: September 13, 2010)

We propose a new method to determine at what transverse momenta particle production in
high–energy pp collisions is governed by hard parton–parton processes. Using information on the
transverse spatial distribution of partons obtained from hard exclusive processes in ep/γp scattering,
we evaluate the impact parameter distribution of pp collisions with a hard parton–parton process
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much smaller than those in minimum–bias inelastic collisions. The impact parameters in turn
govern the observable transverse multiplicity in such events (in the direction perpendicular to the
trigger particle or jet). Measuring the transverse multiplicity as a function of pT thus provides an
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hard parton–parton process. Additional tests of the proposed geometric correlations are possible by
measuring the dependence on the trigger rapidity. Various strategies for implementing this method
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I. INTRODUCTION

The first experimental results from LHC once again
raise the question at what transverse momenta particle
production in pp collisions is dominated by hard parton–
parton interactions. A quantitative understanding of the
relevant mechanisms is important not only for future
studies of QCD phenomena, but also for controlling the
strong interaction background in new particle searches.
The challenge lies in the fact that the growth of the av-
erage multiplicities makes it very difficult to observe jets
with moderate pT , while at the same time the properties
of non–perturbative semi–hard dynamics and its ability
to produce particles with pT ∼ few GeV are not well
understood.

In an earlier article [1], we demonstrated that the nu-
cleon’s transverse partonic structure plays an essential
role in the theoretical analysis of pp collisions with hard
processes. Experiments in hard exclusive electroproduc-
tion of vector mesons γ∗p → V + p and photoproduction
of heavy quarkonia γp → J/ψ + p have shown that the
gluons with 10−4 < x < 10−1 are localized at small trans-
verse distances of 0.4 − 0.5 fm (median, depending on x
and Q2), much smaller than the characteristic range of
soft interactions at high energies, see Fig. 1a. Qualita-
tively, this is explained by the fact that Gribov diffusion
in the partonic wave function, which causes the range
of soft interactions to grow with energy [2], is suppressed
for highly virtual constituents. In pp scattering this two–
scale picture implies that hard processes mostly occur in
central collisions, where the areas occupied by partons in
the relevant x–range overlap. Peripheral collisions con-
stitute the dominant part of the overall inelastic cross
section without contributing much to inclusive jet pro-

duction, see Fig. 1b. A trigger on a hard process thus, on
average, selects central pp collisions [1]. Numerical stud-
ies show that at a center–of–mass energy

√
s = 14TeV

a dijet trigger on pT ∼ few 10 GeV reduces the median
pp impact parameter b by a factor of ∼ 2 compared to
minimum–bias inelastic collisions; the reduction is nearly
as strong at the current LHC energy of 7TeV (see below).

Here we point out that these insights into the trans-
verse geometry of pp collisions can be used to address the
question at what transverse momenta particle production

b

Transverse area in

central collision

(a) soft interactions

Gluons with x > 10−4

peripheral collision(b)

FIG. 1. (a) The two–scale picture of transverse nucleon struc-
ture at high energies (transverse view). (b) Its implication
for pp collisions. Peripheral collisions constitute the domi-
nant part of the overall inelastic cross section. Hard processes
happen predominantly in central collisions, where the areas
occupied by large–x partons overlap.
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production in pp collisions is dominated by hard parton–
parton interactions. A quantitative understanding of the
relevant mechanisms is important not only for future
studies of QCD phenomena, but also for controlling the
strong interaction background in new particle searches.
The challenge lies in the fact that the growth of the av-
erage multiplicities makes it very difficult to observe jets
with moderate pT , while at the same time the properties
of non–perturbative semi–hard dynamics and its ability
to produce particles with pT ∼ few GeV are not well
understood.

In an earlier article [1], we demonstrated that the nu-
cleon’s transverse partonic structure plays an essential
role in the theoretical analysis of pp collisions with hard
processes. Experiments in hard exclusive electroproduc-
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gluons with 10−4 < x < 10−1 are localized at small trans-
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tively, this is explained by the fact that Gribov diffusion
in the partonic wave function, which causes the range
of soft interactions to grow with energy [2], is suppressed
for highly virtual constituents. In pp scattering this two–
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central collisions, where the areas occupied by partons in
the relevant x–range overlap. Peripheral collisions con-
stitute the dominant part of the overall inelastic cross
section without contributing much to inclusive jet pro-

duction, see Fig. 1b. A trigger on a hard process thus, on
average, selects central pp collisions [1]. Numerical stud-
ies show that at a center–of–mass energy
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s = 14TeV

a dijet trigger on pT ∼ few 10 GeV reduces the median
pp impact parameter b by a factor of ∼ 2 compared to
minimum–bias inelastic collisions; the reduction is nearly
as strong at the current LHC energy of 7TeV (see below).

Here we point out that these insights into the trans-
verse geometry of pp collisions can be used to address the
question at what transverse momenta particle production
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Figure 1: The energy density dE/dh at forward rapidity (5.2 < h < 6.6), as obtained from a
generator study using the D6T underlying event tune for the PYTHIA6 Monte Carlo model, is
plotted as a function of centre-of-mass energy

p
s for inclusive, non-diffractive events (top),

events with a central (|h| < 2) hard parton-parton scattering system with transverse momen-
tum transfer, p̂T, above a given threshold (middle) and the ratio of both (bottom).

calculable.45

It is important to realize that the requirement of jets in the final state selects, on average, colli-46

sions with a small impact parameter [17, 18]. Central collisions have a larger overlap between47

the matter distributions of the colliding hadrons and, the larger the overlap is, the more likely48

it is to have many partonic interactions. The comparison of particle and energy densities in49

events with hard jets in the final state to energy and particle densities in inclusive events thus50

yields information on underlying events with many, relative to few partonic interactions.51

Figure 1 shows the result of a generator study based on the D6T underlying event tune [19, 20]52

for the PYTHIA6 generator [21]. This pre-LHC tune is used here because it is known to yield a53

large number of MPI, even though it is not the best tune to describe earlier measurements of the54

underlying event activity at the LHC. The figure shows the energy density, dE/dh, in the pseu-55

dorapidity range 5.2 < h < 6.6 and as a function of
p

s for inclusive events (top), events with56

a central (|h| < 2) hard parton-parton scattering system with transverse momentum transfer,57

p̂T, above a given threshold (middle) and the ratio of both (bottom), henceforward called the58
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Study of UE activity at forward rapidity (II) 

•  Hard-to-inclusive ratio vs leading charged jet pT at √s = 0.9, 2.76, 7 TeV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   è Pythia tunes fitted to LHC (Z2*, 4C) & Herwig 2.5 describe data well 
   è Older tune Pythia6 D6T fails to describe the results 

At 0.9 TeV: ratio below 1 
production of central hard jets 
accompanied with higher UE 

activity depletes energy of the 
proton remnant which fragments 

in CASTOR 

At 7 TeV well known UE behaviour: fast increase at low 
pT followed by a plateau above pT=8 GeV/c 
 
At 2.76 TeV the increase of the ratio is much reduced 
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Figure 4: Ratio of the energy deposited in the pseudorapidity range 5.2 < |h| < 6.6 for events
with a charged particle jet with |hjet| < 2 with respect to the energy in inclusive events, as a
function of charged particle jet transverse momentum pT for

p
s = 0.9 (left), 2.76 (right) and

7 TeV (bottom). Corrected results are compared to the PYTHIA and HERWIG++ MC models.
Error bars indicate the statistical error on the data points, while the grey band around data
points represents the statistical and systematic uncertainties added in quadrature.
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Figure 4: Ratio of the energy deposited in the pseudorapidity range 5.2 < |h| < 6.6 for events
with a charged particle jet with |hjet| < 2 with respect to the energy in inclusive events, as a
function of charged particle jet transverse momentum pT for
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Error bars indicate the statistical error on the data points, while the grey band around data
points represents the statistical and systematic uncertainties added in quadrature.
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Study of UE activity at forward rapidity (III) 

•  Normalized energy density vs √s: 
   è normalized to 2.76 TeV (minimize systematic uncertainties) 
   è for both inclusive and hard scale (leading charged jet, pT > 10 GeV/c, |η| < 2) events 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Increase of the UE activity with centre-of-mass energy very challenging 
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(left) and in events with a charged particle jet in the range |hjet| < 2 (right) as a function ofp

s, normalized to the energy density at
p

s = 2.76 TeV. The pT threshold used for charged
particle jets is 10 GeV/c at all centre-of-mass energies. Corrected results are compared to MC
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in quadrature.
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Energy density increases much 
faster in events with a hard scale 
 
Inclusive events: 
è None of the Pythia & Herwig 
    models can describe the  
    relative increase at 7 TeV 
è QGSJET describes data, 
    other tunes underestimate 
 
Hard scale: 
è Pythia6 D6T & QGSJET01  
    close to the data, 
    other tunes underestimate 
    the increase 
   

CMS-PAS-FWD-11-003 
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Summary 

•  Study of the Underlying Event activity is done (ongoing) in many ways in CMS 
 
   è at central rapidity using leading jets and Drell-Yan as hard scales 
       to measure particle & energy densities, and novel observables as jet area/median 
   è at forward rapidity using leading jets to measure the relative energy densities 
   è at 3 different centre-of-mass energies: 0.9, 2.76 and 7 TeV 
 

•  Models tuned to LHC data can describe many aspects of the UE 
 
   è evolution of central & forward energy densities as function of the hard scale  
       of the event (central leading jets & Drell-Yan process) 
   è behavior of the jet area/median as a function of the central leading jet pT 

  universality of the UE description 
 

•  Notable discrepancies  
 
   è UE activity in the towards & transverse regions in Drell-Yan at high pT  
   è relative increase of forward energy density in inclusive and hard scale events 



16 

Backup slides 
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UE activity in the Drell-Yan process 
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UE activity in the Drell-Yan process 
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UE activity in the Drell-Yan process 
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UE activity in the Drell-Yan process 
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UE activity in the Drell-Yan process 
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UE activity with the jet area/median approach 
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Study of UE activity at forward rapidity 

•  Measure the Underlying Event (UE) activity by comparing 
   energy density in CASTOR (-6.6 < η < -5.2) for minimum bias events  
   w.r.t. events with a hard scale present 

Minimum bias (inclusive events)      
è energy density not much affected by MPI 
è non-diffractive dominated event  sample characterized by ξ cuts    

8 8 Systematic uncertainties

p
s (TeV) x

min
X x

min
Y x

min
DD

0.9 0.1 0.4 0.5
2.76 0.07 0.2 0.5

7 0.04 0.1 0.5

Table 1: Acceptance limits on xX, xY and xDD used to define the phase space domain for which
corrected results are presented. These limits at the particle level correspond to the phase space
selected by detector level conditions.

smaller correction of the data and thus also in a smaller model dependence of the correction217

factors.218

Similarly to reconstructed track-jets, jets at particle level are obtained by running an anti-kT jet219

algorithm with R = 0.5 on stable (t > 10�12s) charged particles with pT > 300 MeV/c and220

|h| < 2.5. Particle level jets are selected by requiring pjet
T > 1 GeV/c and |hjet| < 2.221

The trigger efficiency has been determined using a sample of “zero-bias” events. Zero-bias222

data is triggered by the requirement of having filled bunches crossing each other in the CMS223

interaction point. The trigger efficiency is determined as the fraction of offline selected zero-224

bias events that have been triggered. The overall efficiency for triggering on the coincidence of225

a hit in both BSCs is found to be 96.5% (98.4%) at
p

s = 0.9 (7) TeV. For
p

s = 2.76 TeV, where a226

trigger based on a hit in any BSC is used, the overall trigger efficiency is 99.9% and no further227

correction is applied. The efficiency at
p

s = 0.9 and 7 TeV is parametrized as a function of the228

energy measured by the HF calorimeters in the pseudorapidity range of the BSC. To correct for229

the small trigger inefficiency, a weight equal to the inverse of this parameterized efficiency is230

applied to each observed event.231

The results presented in Sec. 9 are all based on relative measurements of energy reconstructed in232

CASTOR. By measuring energy ratios, many systematic uncertainties, and in particular the ab-233

solute calibration uncertainty, cancel. Still, due to the non-compensating nature of the CASTOR234

calorimeter, the response may vary with changing particle composition and energy spectrum.235

The measured energy ratio is therefore corrected by a factor which depends on the measured236

central track-jet pT. This correction factor is obtained from the PYTHIA6 Z2 MC model, which237

is reweighted as a function of particle jet pT and as a function of the total energy in CASTOR238

in order to obtain a better description by MC of the track-jet pT and the CASTOR total energy239

distribution observed in data.240

A further bin-by-bin correction is applied to account for migrations in track-jet pT. The final
correction factor applied to the data is the product of the two above-mentioned factors defined
as follows:

dEtrue/dh(pT
true
jet )

dEdet/dh(pT
det
jet )

=
dEtrue/dh(pT

true
jet )

dEtrue/dh(pT
det
jet )

⇥
dEtrue/dh(pT

det
jet )

dEdet/dh(pT
det
jet )

(2)

with the superscripts “true” and “det” referring to variables estimated at particle level and241

detector level, respectively. The first ratio on the right-hand-side of Eq. (2) corresponds to the242

correction factor for migration in track-jet pT, while the second ratio represents the correction243

factor applied to the measured energy in CASTOR.244
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•  Hard-to-inclusive ratio vs leading charged jet pT at √s = 0.9, 2.76, 7 TeV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   è Cosmic ray models are not tuned to LHC 
   è None of the tunes can fully describe the data 

Study of UE activity at forward rapidity 

At 0.9 TeV: ratio below 1 
production of central hard jets 
accompanied with higher UE 

activity depletes energy of the 
proton remnant which 
fragments in CASTOR 

At 7 TeV well known UE behaviour: fast increase at low 
pT followed by a plateau above pT=8 GeV/c 
 
At 2.76 TeV the increase of the ratio is much reduced 
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