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Introduction



Collisions at the LHC

• Hard scattering 
• Initial and final state radiation 
• Soft radiation 
• Hadronization 
• Multiparton interactions 
• Beam remnants
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Experimental Evidence for Underlying Event

• Consider transverse region in  
• Charged particle and energy density  

fairly independent of
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Jet ObservablesJet Observables
! “Toward” Charged Particle Density: Number of charged particles 

(pT > 0.5 GeV/c, |ηηηη| < 0.8) in the “toward” region (not including 
PTmax) as defined by the leading charged particle, PTmax, divided 
by the area in ηηηη-φφφφ space, 2ηηηηcut×2ππππ/3, averaged over all events with at 
least one particle with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

 PTmax Direction 

∆φ∆φ∆φ∆φ    

“Toward” 

“Transverse” “Transverse” 

“Away” 

! “Toward” Charged PTsum Density: Scalar pT sum of the charged 
particles (pT > 0.5 GeV/c, |ηηηη| < 0.8) in the “toward” region (not 
including PTmax) as defined by the leading charged particle, PTmax, 
divided by the area in ηηηη-φφφφ space, 2ηηηηcut×2ππππ/3, averaged over all events 
with at least one particle with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

! “Away” Charged Particle Density: Number of charged particles (pT > 0.5 
GeV/c, |ηηηη| < 0.8) in the “away” region as defined by the leading charged 
particle, PTmax, divided by the area in ηηηη-φφφφ space, 2ηηηηcut×2ππππ/3, averaged over 
all events with at least one particle with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

! “Away” Charged PTsum Density: Scalar pT sum of the charged particles (pT > 
0.5 GeV/c, |ηηηη| < 0.8) in the “away” region as defined by the leading charged 
particle, PTmax, divided by the area in ηηηη-φφφφ space, 2ηηηηcut×2ππππ/3, averaged over all 
events with at least one particle with pT > 0.5 GeV/c, |ηηηη| < ηηηηcut.

ηηηηcut = 0.8

(Rick Field et.al. 2002)
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Figure 3: Profiles of charged particle
P

pT (top row) and charged multiplicities (bottom row) against
plead

T , for the exclusive dijet event selection. The left column shows the result for the total transverse re-
gion and several MC models for comparison, with the data error bars indicating the statistical uncertainty
and the shaded area showing the combined statistical and systematic uncertainty. The right column plots
compare the trans-max/min/di↵ observables to each other and the Pythia 6 AUET2B CTEQ6L1 MC
model. The error bands on the top plots show the combined systematic and statistical uncertainty, while
the grey band in the ratio plots shows the maximum combined statistical and systematic uncertainty
among the three regions.
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Figure 4: Transverse region profiles of
P

ET of the neutral and charged particles for the inclusive (left)
and exclusive dijet (right) selection against plead

T for the central region (top row) and the full acceptance
region (bottom row). The error bars show the statistical uncertainty while the shaded area shows the
combined statistical and systematic uncertainty.
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Experimental Evidence: Double Parton Scattering

• Additional hard scatterings are suppressed by 
• Except for certain phase space regions (e.g.               )
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Figure 4: Comparison of �n
jets distribution in the data with expectations after �2 minimisation fits of the

templates to data to extract f R
DP. The result obtained using Sherpa for template A is shown in (a) and

the result obtained using Alpgen+Herwig+Jimmy (A+H+J) for template A is shown in (b). The physics
background (physics BG) is added to template A in the figure (dotted line). The fit region is the region
to the left of the dotted line. Data and the overall fit were normalised to unity, template A to 1 � f R

DP and
template B to f R

DP.

Template B, the model for W0 + 2jDPI kinematics, is constructed from dijet data using the selection
outlined in Section 4. The fractional di↵erence between the extracted value of f R

DP when using dijet MC
in place of dijet data was found to be negligible.

7.2 Fit results

The result of fitting the templates to the data is shown in Figure 4. The fraction of DPI events was found to
be f R

DP = 0.18, using the Sherpa prediction for template A. The associated quality of the fit was �2/Ndf =

1.4 (Ndf = 27). The fraction of DPI was observed to be f R
DP = 0.14 using the Alpgen+Herwig+Jimmy

prediction for template A, with a �2/Ndf of 0.9. The final value of f R
DP was taken to be the average of

these results ( f R
DP = 0.16). The statistical uncertainty was obtained by varying the �2 by one unit and

was found to be ' 0.07 f R
DP. The systematic uncertainties on the extracted value of f R

DP are discussed in
Section 7.4.

The value f R
DP extracted from the fit to �n

jets can be used to normalise appropriate templates for �jets.
Figure 5 shows the distribution obtained in data compared to these normalised templates.

7.3 Transition of results from detector to parton level

In this section, the relationship between the parton-level, f P
DP, and reconstruction level, f R

DP, quantities is
established. The fraction of events originating from double parton scattering is defined at parton-level by

f P
DP =

NP
W0+2jDPI

NP
W0+2jDPI

+ NP
W+2jD

. (16)

where NP
W0+2jDPI

is the number of events generated with the two partons originating from DPI and NP
W+2jD

is the number of events generated with the two partons produced directly from the W+2j matrix element.
The partons are required to pass the same selection criteria as the reconstructed jets, pT > 20 GeV and
|y| < 2.8. The value of f P

DP was evaluated to be 0.18 in the nominal Alpgen+Herwig+Jimmy settings.
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What is the Underlying Event?

Possible contributions: 
1. Primary soft radiation within factorization 
2. Multiparton interactions 
3. Beam remnants, factorization violation 

Monte Carlo programs use 2:  
• MI for small     produce underlying event 
• Tuned away from jets and extrapolated to jet regions
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What is the Underlying Event?

Possible contributions: 
1. Primary soft radiation within factorization 
2. Multiparton interactions 
3. Beam remnants, factorization violation 

Monte Carlo programs use 2:  
• MI for small     produce underlying event 
• Tuned away from jets and extrapolated to jet regions 

Option 1 can be studied in factorization. 
We explore how well using only option 1 works for jet mass.
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Underlying Event in Factorization

Hadronization and MI in Pythia describes UE data reasonably well  

We will compare the features of the UE in Pythia  
with our predictions from factorization



Jet Mass in Pythia vs. Factorization

Factorization expectations: 
• In the tail factorization predicts 

which agrees with Hadr.+MI
m2
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Factorization reproduces Pythia’s Underlying Event

Factorization expectations: 
• In the tail factorization predicts 

which agrees with Hadr.+MI 
• More general:

m2
J ! m2

J + 2pJT⌦

�10
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Properties of     in Pythia

• Hadr. and MI described by 
 

We find: 
•     independent of  
•          independent of     ,  

depends on part. channel 
•         depends on    , 

independent of channel

⌦
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• Hadr. and MI described by 
 

We also find: 
•                   for   
•  

Properties of     in Pythia

m2
J ! m2

J + 2pJT⌦

�12

⌦

Which properties (dis)agree if primary soft radiation accounts for UE?

⌦hadr ⇠ R R ⌧ 1

(Agrees with Dasgupta et.al. 0712.3014)
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• Soft function describes primary soft radiation: 
 
 

• Color indices are not written out 
• Factorization implies that     is independent of 

Factorization for Jet Mass

⌦ pJT
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•    ’s and thus     depend on quark vs. gluon (color config.)

Factorization for Jet Mass

YnYn̄

YJ(yJ)
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Factorization for Jet Mass

•    ’s and thus     depend on quark vs. gluon (color config.) 
• Boosting shows that      is independent of 

YnYn̄
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Dependence on Jet Radius 

Boost

Yn(0)

Yn̄(0)

YJ YJ

�16

Rotate  
coordinate 

system

jet boundary

Energy flow

Yn̄(ln
R
2 )

Yn(ln
R
2 )

nJ ·p̂J ! R

2
nJ ·p̂J

⌦ =
R

2

Z 1

0
dy e�yh0|Y †

J Y
†
n̄ (ln

R
2 ,⇡)Y

†
n (ln

R
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• For           , the beam Wilson lines fuse and 
• The universal      can be extracted from DIS event shapes

Jet Radius Dependence

Boost

Yn(0)

Yn̄(0)

YJ YJ

R ⌧ 1

(DIS     : Dasgupta, Salam; Kang, Liu, Mantry, Qiu; Kang, Lee, Stewart) �17

Rotate  
coordinate 

system

jet boundary

Energy flow

Yn̄(ln
R
2 )

Yn(ln
R
2 )

nJ ·p̂J ! R

2
nJ ·p̂J

⌦ =
R

2

Z 1

0
dy e�yh0|Y †

J Y
†
n̄ (ln

R
2 ,⇡)Y

†
n (ln

R
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“Underlying Event” Contribution

• No formal separation between hadronization and UE, 
but there are higher order in    contributions 

• Decompose the measurement using energy flow  
!

!

!

• Ignoring the jet Wilson line,                 is approx. constant        
!

• In the massless case (         ), we find 
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Perturbative Radiation

• There are perturbative and 
nonperturbative soft effects 
 
 

• Perturbative “UE” contribution 
 
 
 
 

• Parton channels have different 
color factor     and Sudakov

(Jouttenus et.al.)

C�19
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Conclusions

• The underlying event for jet mass is described by a single 
parameter and is consistent with multiple interactions (Pythia) 
but also with primary soft radiation in factorization 

!
!

!

!

!

!

• Factorization relates the coefficient of leading     term to 
hadronization effects in DIS event shapes

R

    ’s dependence Pythia (hadr, MI) Factorization

Partonic channel Yes, No Yes

No, No No

No, Yes No

pJT

yJ

R

⌦

R,R2, R4, . . .R+ . . . , R4 + . . .

�20
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Underlying Event from Higher Order Corrections

• Higher order effects significantly improve description of data 
• Part of “UE” can be from perturbative primary partons

Including LO matrix elements 
with more final state partons

Eur. Phys. J. C (2012) 72:2080 Page 7 of 24

Fig. 2 The UE activity in the towards (upper row), transverse (center
row), and away (bottom row) regions as functions of p

µµ
T for events

satisfying 81 < Mµµ < 101 GeV/c2: (left) particle density; (center)
energy density; (right) the ratio of the energy density and the particle

densities. Predictions of MADGRAPH Z2, POWHEG Z2, PYTHIA8 4C,
and HERWIG++ LHC-UE7-2 (with and without MPIs) are superim-
posed

The particle and energy densities in the away region rise
sharply with p

µµ
T and, because of momentum conservation

mainly sensitive to the spectrum of the hardest emission, are
equally well described by all tunes and generators consid-
ered. In the towards and transverse regions there is a slow
growth in the particle and energy densities with increasing

p
µµ
T . The energy density increases more than the particle

density, implying a continuous increase in the average trans-
verse momentum of the charged particles with p

µµ
T . This ef-

fect is also reflected in the ratio of the energy density to the
particle density. The activity in the towards region is qualita-
tively similar to that in the transverse region. Quantitatively,

�22
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Rapidity Dependence in LHC Data

Energy density going from central to full rapidity range: 
• Almost no change in data (agrees with factorization) 
• But reduced in multiple interaction models

210

> 
[G

eV
]

φdη
/d TE

∑2
<d

0

1
2

3

4

5

6

7 Data (2010)
PYTHIA6 AUET2B CTEQ6L1
PYTHIA6 DW
Pythia8 AU2 CT10
HERWIG/JIMMY AUET2 LO**
Herwig++ UE7-2 MRST LO**
Alpgen + HERWIG/JIMMY AUET1

| < 2.8)jet > 20 GeV, |y
T
jet 1 (p≥ jetN

| < 2.5ch,neuη > 500(200) MeV, |ch(neu)p
Transverse region

Inclusive jet

ATLAS Preliminary
 = 7 TeVs, -1 = 37 pbintL

 [GeV]
T
leadp

20 30 40 100 200 300

M
C

/D
at

a

0.8
0.9

1
1.1
1.2

210

> 
[G

eV
]

φdη
/d TE

∑2
<d

0

1

2

3

4

5

6 Data (2010)
PYTHIA6 AUET2B CTEQ6L1
PYTHIA6 DW
Pythia8 AU2 CT10
HERWIG/JIMMY AUET2 LO**
Herwig++ UE7-2 MRST LO**
Alpgen + HERWIG/JIMMY AUET1

| < 2.8)jet > 20 GeV, |y
T
jet = 2 (pjetN

| > 2.5
jet
φ∆/2, |lead > p

T
subp

| < 2.5ch,neuη > 500(200) MeV, |ch(neu)p
Transverse region

Exclusive dijet

ATLAS Preliminary
 = 7 TeVs, -1 = 37 pbintL

 [GeV]
T
leadp

20 30 40 100 200 300

M
C

/D
at

a

0.8
0.9

1
1.1
1.2

210

> 
[G

eV
]

φdη
/d TE

∑2
<d

0

1

2

3

4

5 Data (2010)
PYTHIA6 AUET2B CTEQ6L1
PYTHIA6 DW
Pythia8 AU2 CT10
HERWIG/JIMMY AUET2 LO**
Herwig++ UE7-2 MRST LO**
Alpgen + HERWIG/JIMMY AUET1

| < 2.8)jet > 20 GeV, |y
T
jet 1 (p≥ jetN

| < 4.8ch,neuη > 500(200) MeV, |ch(neu)p
Transverse region

Inclusive jet

ATLAS Preliminary
 = 7 TeVs, -1 = 37 pbintL

 [GeV]
T
leadp

20 30 40 100 200 300

M
C

/D
at

a

0.8
0.9

1
1.1
1.2

210

> 
[G

eV
]

φdη
/d TE

∑2
<d

0

1

2

3

4

5 Data (2010)
PYTHIA6 AUET2B CTEQ6L1
PYTHIA6 DW
Pythia8 AU2 CT10
HERWIG/JIMMY AUET2 LO**
Herwig++ UE7-2 MRST LO**
Alpgen + HERWIG/JIMMY AUET1

| < 2.8)jet > 20 GeV, |y
T
jet = 2 (pjetN

| > 2.5
jet
φ∆/2, |lead > p

T
subp

| < 4.8ch,neuη > 500(200) MeV, |ch(neu)p
Transverse region

Exclusive dijet

ATLAS Preliminary
 = 7 TeVs, -1 = 37 pbintL

 [GeV]
T
leadp

20 30 40 100 200 300

M
C

/D
at

a

0.8
0.9

1
1.1
1.2
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region (bottom row). The error bars show the statistical uncertainty while the shaded area shows the
combined statistical and systematic uncertainty.
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Multiparton Interactions in Pythia

• t-channel singularity of partonic  
cross section implies MI: 
 

• Relationship with Double Parton Scattering:

Poisson distribution

�DPS =
1

2

⇣�SPS

�ND

⌘2
�ND ⇥ �ND

�e↵
=

�2
SPS

2�e↵

Correction

average # of interactions =

�
partonic

�
ND

Non-Diffractive

The connection between the hard partonic cross section and the total cross sec-

tion is not one-to-one, however. There are certainly hadronic scatters in which no
hard jets are produced, and some non-perturbative scattering process must be added

to the perturbative jet contribution to model the total cross section. In addition,
at the high parton densities probed at recent, current and future colliders, simple
assumptions lead to the conclusion that the probability of multiple partonic scatters

in a single hadron-hadron collision is significant. In fact, Fig. 1 shows that for pmin
t

values below about 5 GeV, the total “hard” cross section calculated assuming one

parton-parton scatter per proton-proton collision exceeds the total cross section as
extrapolated using the non-perturbative fits, at LHC energies. This strongly implies
that the average number of partonic scatters in an inelastic collision must be greater

than one.

Introducing the possibility of
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p
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 [m
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210
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Figure 1: The inclusive hard cross section for three

different proton PDFs, compared to various extrap-

olations of the non-perturbative fits to the total pp

cross section at 14 TeV centre-of-mass energy.

such multiparton interactions also

seems to be required in order to
describe the hadronic final state [5–
7]. In general, softer additional

scatters occurring in a high-pt

event manifest themselves as ad-

ditional particles and energy-flow,
the so-called “underlying event”.

In this paper we examine the
predictions of the model that was

discussed, for example in [8], and
implemented in [9–12] including

the possibility of soft scatters. We
explore the consistency constraints
that would be imposed by compar-

ing a given value of the total cross
section to the predicted jet cross

section, and attempt to identify al-
lowed regions of parameter space

within which the model must lie if it is to be consistent with the measured cross
section at the LHC. We also discuss ways in which energy dependencies in the pa-
rameters could arise, and their impact upon these constraints. The studies are all

carried out using the new implementation in Herwig++ [11, 12]; however, they are
also relevant to the fortran implementation Jimmy [9], if the same hard cross section

is used.
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