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Introduction and outline

CMS detector:
excellent energy resolution

Particle Flow technique for
jet reconstruction

Soft MPI: role in the underlying event

Hard MPI: where and how to measure a direct evidence

W+dijet channel
4 light-jet channel

Summary and outlook

This is just a small selection of topics due to the speaker taste.
More information can be found in the backup slides.
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The underlying event at the LHC

A hard pp-collision at the LHC can be interpreted as a hard scattering between
partons accompanied by the underlying event (UE) consisting of:

Initial and final state radiation

Multiple Parton Interactions (MPIs)

Beam Remnants

In general the UE is a softer contribution but... some MPIs can be even hard!

Double Parton Scattering (DPS)
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The UE in different types of events
Measurement of the Underlying Event activity as a function of the scale of the hard process

MB as a function of the leading track-jet pT CMS-PAS-FSQ-12-020

Drell-Yan as a function of the di-lepton pT (81 < Mµµ < 120 GeV) CMS-PAS-QCD-11-012
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Observables: Nch, < ΣpT >:
→ Transverse region

MB events, two regimes:

rapid increase at low pT

due to MPI;

plateaux due to radiation;

DY events, different behaviour:

the MPI effect is already
saturated;

increase only due to the
radiative component.

Investigation of DPS direct
evidences (additional jets)
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Is the DPS signal accessible?

Several channels are available to extract the DPS signal

Large physics program → scan over 15 orders of magnitude for σ
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CMS strategy for the DPS measurement

1st step

Corrected
distributions

DPS-sensitive
variables

2nd step

Data interpretation
and unambigous

definition
of signal and

background templates

3rd step

Extraction of the DPS
fraction and study of

the process
dependence

Compare the data to your own favourite predictions!

4th (future) step: differential distributions with high luminosities..
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Measurement of
correlation observables
in the W+dijet channel

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 7



Phenomenology of a W+dijet final state

Two diagrams contribute.. SPS process: the momentum of the
W+jets system is overall balanced

DPS process: the jets balance each
other in the transverse plane

Different kinematical topology of the two types of processes
by using simple correlation observables, possibility to discriminate them
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Event selection

Data samples

Full 2011 collision data at
√

s = 7 TeV

Single muon datastreams:

integrated luminosity 5 fb−1

W selection

Request for exactly one muon:
with pT > 35 GeV in |η| < 2.1
isolated and passing tight selection
criteria

PF Missing Transverse
Energy (MET) > 30 GeV

Transverse mass between muon
and MET > 50 GeV

Jet selection

Particle Flow information Anti-kT jet cluster algorithm |η| < 2.5

Different categories of jet configurations in the final state:

exclusively two jets with pT > 20 GeV

the two leading jets with pT > 20 GeV

the two best-balanced jets with pT > 20 GeV

CMS-PAS-FSQ-12-028
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The correlation observables

Different categories of jet configurations in the final state:

difference in azimuthal angle between the two jets

∆φ = φjet1 − φjet2

normalized balance of the transverse momenta between the two jets

∆relpT =
| ~pT

jet1 + ~pT
jet2|

| ~pT
jet1|+ | ~pT

jet2|
balance in transverse momenta between the two jets

∆pT = | ~pT
jet1 + ~pT

jet2|

angular difference between the planes of the W- and dijet-systems

∆S = arccos

(
~pT

W · ~pT
dijet

| ~pT
W | · | ~pT

dijet |

)
Measurements of the cross section and the normalized

distributions for the three different jet scenarios

CMS-PAS-FSQ-12-028
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DPS Observables: exclusive 2-jet scenario
→ Fully corrected data with background already subtracted
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High-order diagrams with MG fill the phase space that PYTHIA8 assigns to MPI

Need to understand better the contribution of the SPS

CMS-PAS-FSQ-12-028 σ = 60.6 ± 8.7 pb
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Measurement of
correlation observables
in the 4-jet channel
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Physics of a 4-jet scenario

A 4-jet final state may arise from one or two chains:
the two additional jets may be produced via PS or a 2nd hard scattering

The different kinematical configuration can
be exploited to discriminate the two processes

through some observables:

∆φ(ji , jk ) = φi − φk

∆η(ji , jk ) = ηi − ηk

∆rel
pairpT =

|pT (ji , jk )|
|pT (ji )|+ |pT (jk )|

! Selection of jet pairs at different scales helps the jet association !
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Event selection

Measurement of cross sections and normalized distributions of
jet spectra and correlation observables

Data samples

pp collisions @ 7 TeV

2010 data (36 pb−1)

low pile-up conditions

single jet triggers

Request for at least one good reconstructed primary vertex
Particle Flow Jets clustered with the 0.5 anti-kT algorithm
Selection of exactly 4 jets in |η| < 2.5:

2 jets with pT > 50 GeV
2 jets with pT > 20 GeV

Tight selection applied for the selected jets

The jets are associated in pairs:
hard-jet pair: the two leading jets above 50 GeV
soft-jet pair: the other two selected jets above 20 GeV

CMS-PAS-FSQ-12-013
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Leading jet: cross section measurements (I)

A comparison between data and predictions from different generators is provided
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POWHEG fails in the low pT region but it performs very well from 150 GeV on

The best agreement is achieved by HERWIG++ and PYTHIA6

→ A NLO calculation does not perform necessarily well with the best tune at LO
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Soft jets: cross section measurements (II)

We can measure a final state with 4 jets down to 20 GeV!
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3rd and 4th jet
come from

hard radiation

POWHEG fails in the description of the high pT region

The best agreement is achieved by HERWIG++ and PYTHIA6

→ The LO event generators performs well even for the soft jets!
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Correlation observables: cross section measurements (III)

A look at the kinematical topology of the jets in the final state:

∆φ(ji , jk ) = φi − φk ∆rel
pairpT =

|pT (ji , jk )|
|pT (ji )|+ |pT (jk )|

i,k = soft jets
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Soft jets are
expected to be
produced also

by a 2nd

scattering

POWHEG interfaced with PYTHIA6 tune Z2 overshoots the data
PYTHIA6 and HERWIG++ describe the data quite well
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Correlation observables: normalized distributions
Normalized distributions of the correlation observables are more sensitive to the DPS

Very useful to constrain the systematics
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Herwig++ and Powheg succeed to describe reasonably well the data
The pT -based observables seem to show bigger differences between samples with
and w/o MPI
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Summary and conclusions

→ Soft Multiple Parton Interactions
..MPIs can explain the KNO scaling violation, the “ridge” effect and the large multiplicity tails...

The UE activity has been measured in hadronic and Drell-Yan events
Different behaviours as a function of the hard scale can be described
mainly by MPI and radiation models
Interesting is to measure hard scales produced by MPIs

→ Hard Multiple Parton Interactions
The 4-jet measurement is sensitive to the hard matrix element and
to the underlying event

tune dependence observed and need for tuning NLO generators
correlation observable measurements have been performed in the
W+dijet channel and in a 4-jet scenario

Need for a proper tune of POWHEG and MADGRAPH
Need for a 4-jet NLO calculation
Need to compare the W+2 jet with a NLO calculation

...many more analyses will come...
(γ+3jet, 2 b-+2 light-jets, Z+dijet, same-sign WW...)

THANKS FOR YOUR ATTENTION
Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 19
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DPS Observables: inclusive 2-jet scenario
→ Fully corrected data with background already subtracted
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MADGRAPH+PYTHIA6 with MPI provides a very good description of the data

MADGRAPH+PYTHIA6 w/o MPI undershoots the data of around 20%

PYTHIA8 is below the data of a factor 1.5-2

CMS-PAS-FSQ-12-028 σ = 79.4 ± 10.8 pb
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DPS Observables: inclusive 2-jet scenario
→ Best balanced jets are associated in the final state
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MADGRAPH+PYTHIA6 with MPI provides a very good description of the data

MADGRAPH+PYTHIA6 w/o MPI undershoots the data of around 20%

PYTHIA8 is below the data of a factor 1.5-2
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Correction to stable particle level and systematic effects

Unfolding technique

Bayes method in the RooUnfold package

Generator-detector level correction up to 40%

Systematic effects: total uncertainty ∼ 13-17%

Trigger: ∼ 1%

Muon ID: ∼ 2%

Luminosity: 2.2%

Pile-up: ∼ 2-3%

MET Resolution: ∼ 5-7%

Jet energy scale: ∼ 5-13%

The systematics have been re-calculated for the normalized distributions
and the total effect is around 2-6%
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FSQ-12-028: Control distributions at detector level (I)

→ Validation plots for the correlation observables in two scenarios
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MC: MADGRAPH 5 + PYTHIA 6 (scaled to NLO)
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MC: MADGRAPH 5 + PYTHIA 6 (scaled to NLO)
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MC: MADGRAPH 5 + PYTHIA 6 (scaled to NLO)

MADGRAPH+PYTHIA6 describes the data very well in all the scenarios
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FSQ-12-028: Control distributions at detector level (II)
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→ Validation plots for the
kinematical single jet distributions

MADGRAPH+PYTHIA6
describes the data very well
in all the scenarios
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FSQ-12-028: Number of selected events

Highest contribution from the top background

Very little contamination from QCD events
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FSQ-12-028: Systematic effects

Jet Energy scale and model
dependency affect the
measurements with the biggest
uncertainty

CMS-PAS-FSQ-12-028

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 27



FSQ-12-013: Control distributions at detector level (I)

→ Validation plots for the correlation observables
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FSQ-12-013: Control distributions at detector level (II)

→ Validation plots for the basic kinematical jet distributions
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FSQ-12-013: Number of selected events
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Correction to stable particle level and systematic effects

Unfolding technique

Different methods used for cross-check:

Bin-by-bin correction
Bayes unfolding

Low migration effects inside the phase space

Detector effects well under control

Systematic effects: total uncertainty ∼ 15-18%

Jet energy scale: ∼ 13-15%

Model dependence: ∼ 3-6%

Jet energy resolution: ∼ 2-3%

Pile-up reweighting: . 0.1%

Trigger efficiency: . 0.4%

Systematic uncertainties assigned to the normalized distributions: ∼ 5-8%
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FSQ-12-013: Systematic effects

Jet Energy scale affects the measurements with the biggest uncertainty
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FSQ-12-013: Corrected distributions at particle level (I)

→ Cross section measurements

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

' between pairs of jetsptS
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

Tp
dS

σd

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jets
T

 prel∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

T
 p

ha
rd

re
l

∆d
σd

310

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

' between pairs of jetsptS
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

Tp
dS

σd

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jets
T

 prel∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

T
 p

ha
rd

re
l

∆d
σd

310

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jets
T

 prel∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [p
b]

T
 p

so
ft

re
l

∆d
σd

310

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between pairs of jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

10

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

210

310

410

510

610

710

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsφ∆
0 0.5 1 1.5 2 2.5 3

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3

 [p
b]

φ∆d
σd

410

510

 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the hard jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

 between the soft jetsη∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
C

/d
at

a

0.4
0.6
0.8

1
1.2
1.4
1.6
1.80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [p
b]

η∆d
σd

210

310

410

510

610

710
 4j→ pp-1 = 7 TeV, L=36 pbsCMS Preliminary 2010,  

|<2.5η|

 > 20 GeV
T

 > 50 GeV + 2j: p
T

2j: p

PYTHIA6 Z2
POWHEG+PYTHIA6 Z2 NO MPI
POWHEG+PYTHIA6 Z2
HERWIG++ 3C
DATA

LO and NLO generators describe the data very well
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FSQ-12-013: Corrected distributions at particle level (II)

→ Cross section measurements
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FSQ-12-013: Corrected distributions at particle level (III)

→ Normalized shape measurements
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FSQ-12-013: Corrected distributions at particle level (IV)

→ Normalized shape measurements
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LO and NLO generators describe the data very well
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Definition of templates for signal and background

→ Using SHERPA for ∆φ and ∆pT of the jets in a W+dijet final state

By adding an increasing number of additional partons in SHERPA,
the background shape changes and it tends to fill the phase space of
the signal

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 40



Phenomenology of the DPS in a 4-jet scenario

Preliminary MC study
performed with PYTHIA8 4C

SPS: MPI switched off + PS switched on

DPS: MPI switched on + PS switched off

The two processes involve different regions of the phase space:

SPS is broad throughout the whole phase space

DPS populates high values of ∆φ and low values of ∆rel pT

This is indeed an idealistic picture but helps to identify the ”hot” regions
→ The PS in the DPS only smears the distribution but differences with SPS survive

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 41



Phenomenology of the DPS in a 4-jet scenario

Inclusive QCD sample production comparing:
Inclusive: nominal PYTHIA8 sample

NO MPI: MPI switched off + PS switched on

Signal: two hard scatterings at the parton level

Discriminating power: The two processes exhibit different shapes and specific regions of the
phase space can be exploited to extract the DPS contribution

BUT..little difference between MPI switched on and off

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 42



Formalism of the double parton scattering

A bit of (simplified) theory of the double parton scattering..

The cross section for a generic process that involve DPS can be written:

σAB = m
2
σAσB

σeff
where σeff is the effective area parameter for the DPS

σeff ≈ 15 mb

How to measure it?

Evaluating the fraction of DPS events
that occur in a given physics channel

wrt the single chain processes

Theory says that it’s independent on the
collision energy and the process type

a high energy phase for the LHC extends the study of the energy dependence

with increasing energy, partons with lower x start to be relevant and detectable

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 43



The UE in different types of events
Measurement of the Underlying Event activity as a function of the scale of the hard process

MB as a function of the leading track-jet pT CMS-PAS-FSQ-12-020

Drell-Yan as a function of the di-lepton pT (81 < Mµµ < 120 GeV) CMS-PAS-FSQ-11-012

→

The differences in spectrum at scales above 10 GeV are due to the hadronic

radiation of the two processes:
Hadronic events have ISR and FSR from gluons
DY events have only ISR initiated by quarks

→ The UE (and the MPI) depends on the first hard scattering

→ Investigation of direct evidence of double hard scatterings (additional jets)
Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013 44


