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 Introduction to DPS

 DPS measurements with CMS

2b + 2 jet production

4-jets

Photon + 3 jets

Same sign WW @ 8 TeV

Same sign WW @ 13 TeV 

 Summary

OutlineOutline
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 A hard p-p collision at LHC can be interpreted as a hard scattering between partons

    accompained by Underlying Event (UE) consisting of:

– Initial and fnal state radiation (ISR & FSR)

– Beam - Beam remnants (BR)

– Multiple (soft) Parton Interactions (MPI)

 Non-pertubative QCD – only models 

measurements important for tuning
 Many measurements: require hard object, split event into three regions

Toward: close to leading object
Away    : recoil of leading object 
Transverse: sensitive to UE

Introduction: Underlying Event Introduction: Underlying Event 

Hard  interaction

         ISR/FSR

         MPI
Everything+hadronistaion

 cannot be separated

experimentally

See S. Cerci's talk for “Minimum bias and underlying event measurements at CMS”
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 More than one parton-parton scatterings in a single proton-proton collision.

 At very high energy collisions, MPI matters more due to interactions at short distance scale.

 MPI is signifcant at LHC

contributes signifcantly to interesting single parton processes as background.

provide information on matter overlap & multi-parton correlation.

Multiple Parton InteractionsMultiple Parton Interactions

In general, UE is a softer contribution, but... some MPI's can be hard. DPS
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 Single Parton Scattering (SPS) 
one hard parton-parton scatter 
probe higher-order diagrams 
disentangle backgrounds at higher √s

Double Parton Scattering Double Parton Scattering 
 Double Parton Scattering (DPS)

two hard scatters within same protons
increasingly important at higher s
probe transverse profle of proton PDF
partonic correlations ?
color, favor interference, spin effects ?

   NLO SPS  
     σ 

SPS
 ~ (parton density)2                  

  
 

   LO DPS  
     σ 

DPS
 ~ (parton density)4                  

  
 

Szczurek and Maciuaa
arXiv: 1212.5427
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 The cross-section for a generic process that involves DPS:

Effective Cross SectionEffective Cross Section

m is number of “distinguishable partonic subprocesses”

m = 1 when  a = b,    m = 2 when a ≠ b  

  σeff, regarded as an important link to the theories.

 Measure of the matter overlap in hadron-hadron

interactions, input for theoretical models.

 DPS play important role 

– when several particles in fnal state (typically 4

or more)

– high-energy hadron collisions  (probing low-x)

 Before LHC: Results available for collision energy

from 63 GeV (AFS) to 1.96 TeV (Tevatron). 

– focus on photon+jets 

 LHC Measurements: from ATLAS and CMS

collaborations (7 TeV and 8 TeV).

– Focus on photon+3jets, +4jets, W+2j, same-

sign WW processes.

JHEP 03 (2014) 032
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DPS using 2b + 2-jet events @ 7 TeVDPS using 2b + 2-jet events @ 7 TeV
 The different kinematical confguration can be exploited to discriminate the two processes

using the observables: 

 

PRD 94 112005 (2016)

 Study of QCD evolution in a heavy favour scenario

 One of the two jet pairs is emitted by the hard scattering

 Hard radiation can produce softer jets
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Results: DPS using 2b + 2-jet events @ 7 TeVResults: DPS using 2b + 2-jet events @ 7 TeV
 Comparison with different MC models and test of their performance
 Study and separate the different topologies for events coming from single chain and double chain
processes
 Key observable: azimuthal angle between b-jets and light jets ΔS

MC cannot reproduce data (~60% low) when MPI off 
MC agrees with data with MPI

 

PRD 94 112005 (2016)
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Results: DPS using 2b + 2-jet events @ 7 TeVResults: DPS using 2b + 2-jet events @ 7 TeV

 Jets need to be associated in pairs: different favour can help 

 Equal scale of the 2  jet pairs should suppress the SPS

         contribution (at least 4 jets with p
T > 20 GeV)

 MADGRAPH, PYTHIA6 and POWHEG are able to reproduce

        quite well jet p
T spectra

 HERWIG++ tends to underestimate data at low p
T region

 

PRD 94 112005 (2016)
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  DPS using 4-jet events @ 7 TeVDPS using 4-jet events @ 7 TeV

 4-jet fnal state may arise from either parton shower or second

hard scattering.
 4 jets measurements are sensitive to hard matrix element and
underlying events:

 

PRD 89 092010 (2014)

 azimuthal angle between hard- and light-jet pairs

 MC cannot reproduce data (~50% low) when MPI is off
with MPI, MC still ~20% low (except Sherpa)
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  DPS using 4-jet events @ 7 TeVDPS using 4-jet events @ 7 TeV

 4-jet fnal state may arise from either parton shower or second

hard scattering.
 4 jets measurements are sensitive to hard matrix element and
underlying events:

 

PRD 89 092010 (2014)

 azimuthal angle between hard- and light-jet pairs

 MC cannot reproduce data (~50% low) when MPI is off
with MPI, MC still ~20% low (except Sherpa)

 some sensitivity via relative p
T balance between 2 softer

jets

 POWHEG + PYTHIA with MPI off underestimates the data

 4 jets less sensitive to DPS than 2 b-jets + 2 jets 
  needs more kinematic study of MPI with UE data

no σeff estimation
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 Three kinds of contributions : 3 jets +
direct photon 
fragmentation photon  
misidentifed (fake) photon

 Event selection:
gamma and one jet in the central region with  p

T
 > 75 GeV

two jets with  p
T
 > 20 GeV and |η| < 2.4

 Data:
well described by all MC
measurement not very sensitive to MPI

 Azimuthal angle between the p
T
 vectors of the photon-jet pair and

 the di-jet pair ΔS

DPS with photon + 3 jets DPS with photon + 3 jets 
CMS PAS-FSQ-12-017CMS PAS-FSQ-12-017
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 W Boson Production: a benchmark process at LHC
  Same-sign WW DPS to leptons is very promising theoretically

Opposite-sign WW production cross-section via DPS is smaller than that of via SPS.
production cross-section via DPS is comparable to the same via SPS

very clean fnal state: two leptons with some missing E
T
 

good process to track down correlations in proton’s pdf structure!

Same sign WW production @ 8 TeV Same sign WW production @ 8 TeV 
CMS PAS-FSQ-13-001CMS PAS-FSQ-13-001

DPS SPS
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Same sign WW production @ 8 TeV (cont'd) Same sign WW production @ 8 TeV (cont'd) 
CMS PAS-FSQ-13-001CMS PAS-FSQ-13-001

PFJets reconstructed with anti-k
T 
having R = 0.5

 Loose jet ID 

ME
T
 corrections applied with ME

T
 > 20 GeV

Global Muon & PF Muon with > 5 hits in tracker layers 

At-least one pixel hit, ndof < 20, dz < 0.1 cm, d0 < 0.02 cm

 PF based isolation with isolation variable,  (I) < 0.15

 |η(μ)| < 2.4

 Opposite sign leptons; leading lepton p
T

 > 20

GeV/c and sub-Leading lepton p
T 
> 10 GeV/c

 3rd  Lepton Veto; No third identifed and isolated

lepton within acceptance (p
T
 > 10 GeV/c) 

 To suppress WZ and ZZ backgrounds 

 M
inv

(dilepton) > 20 GeV/c (suppress low

mass resonances) 

 p
T
(lepton 1) + p

T
(lepton 2) > 45 GeV/c

(suppress W+Jets background) 

 For same favour fnal state: 75 > M
inv

 (di-

lepton) > 105 (suppress DY processes) 

 Muon Base Selection

 Jet-MET Base Selection
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Results : same sign WW production @ 8 TeVResults : same sign WW production @ 8 TeV
CMS PAS-FSQ-13-001CMS PAS-FSQ-13-001

 Boosted decision tree (BDT) algorithm
input variables: 

  Signal strength (ratio of observed to expected signal
events), r < 1.9 

 DPS/SPS contributions comparable

Observed value of r, corresponds to DPS < 1.12
pb. 

 W suffers from contamination 
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Limit Settings WW Limit Settings WW 
CMS PAS-FSQ-13-001CMS PAS-FSQ-13-001

 BDT input variables: 

  Signal strength (ratio of observed to expected signal
events), r < 1.9 

 DPS/SPS contributions comparable

Observed value of r, corresponds to DPS < 1.12 pb.

 W suffers from contamination 

  Considering the two scatterings to be independent and no
correlation between interacting partons, DPS can be used to
put a limit on  σ

eff 
> 5.91 mb 

 Currently, statistics quite low 
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DPS WW @ 13 TeVDPS WW @ 13 TeV
CMS PAS-FSQ-16-009

 Analysis performed in phase-space
– Moderate p

T of leptons and ME
T

– no jets at LO, no b-jets, no tails in any variable

 Various processes contribute to the background 
– same-sign leptons at the hard scattering, such as WZ,

Wγ*, ZZ, or multi-boson production. 

In order to optimize the discrimination between the signal process and the WZ

process, BDT is used

11 variables for BDT algorithm:

p
T
l1, p

T
l2, ME

T
, m

T(l1,MET)
, m

T(l1, l2)
, |Δφ

(l1,l2)
|,  |Δφ(l

2
,ME

T
)|,  Δφ

(ll,l2)

New variables : M
T2(l1,l2) = min(max(m

T,1
, m

T,2
), eta

1
* eta

2
, |eta

1
+ eta

2
|

opposite charge of the leptons were excluded for smaller fake background

 Kinematic event
selection
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Input variables to BDT Input variables to BDT 
CMS PAS-FSQ-16-009

Good  agreement in input variables

Perform binned maximum

 
likelihood for BDT algorithm in 4

categories: μ
+

μ
+

, μ
-
μ

-
, e

+
μ

+
, e

-
μ

-
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Results: DPS WW @ 13 TeVResults: DPS WW @ 13 TeV
CMS PAS-FSQ-16-009

Final BDT classifer output with all

background estimations 

Overall good agreement between the

background predictions is observed in the

low-BDT classifer region.

A s l i g h t o v e r - p r e d i c t i o n o f t h e

background plus signal is seen in the high-

BDT classifer region.

Expected background and signal yieldshigh sensitivity 

lower sensitivity
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Results: DPS WW @ 13 TeVResults: DPS WW @ 13 TeV
CMS PAS-FSQ-16-009

 Results obtained from a constrained ft to the BDT classifer. 

 This result presents the most precise measurement of the DPS WW process to date 
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  DPS needs better understanding for searches

Need for better MPI implementation on

models

Can give insight to partonic correlations

inside proton

  Effective cross-section is an important parameter

to study

provides the 'measure of the matter

overlap in hadron-hadron interactions'.

provides access to transverse PDFs,

gluon/quark separation?

SummarySummary

 Double parton scattering measurements using the CMS detector have been presented

 Important to study the sensitivity of considered observables

– Model dependence of predictions for backgrounds to DPS

 Achieving to higher centre-of-mass energies or higher luminosities can give exciting results! Stay tuned!
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Tank you for your atenton!
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BACKUP 
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