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Introduction: Underlying Event

m 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 final state radiation (ISR & FSR)

— Beam - Beam remnants (BR) cannot be separated

— Multiple (SOft) Parton Interactions (MPI) experimenta"y
= 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
p  Transverse: sensitive to UE

e

p/D

See S. Cerci's talk for “Minimum bias and underlying event measurements at CMS"”

Proton beam
remnants
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Multiple Parton Interactions

m More than one parton-parton scatterings in a single proton-proton collision.

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

m MPI is significant at LHC

contributes significantly to interesting single parton processes as background.

provide information on matter overlap & multi-parton correlation.
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Double Parton Scattering

m Double Parton Scattering (DPS)

= Single Parton Scattering (SPS) » two hard scatters within same protons
» one hard parton-parton scatter

> robe hiaher-order diaarams » increasingly important at higher s
> (F; . gl back 3  hiah » probe transverse profile of proton PDF
isentangle backgrounds at higher Js » partonic correlations ?
» color, flavor interference, spin effects ?
pq
q B
i q i - q
q Szczurek and Maciuaa . q
arXiv: 1212.5427 & q
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Effective Cross Section

m The cross-section for a generic process that involves DPS: = Measure of the matter overlap in hadron-hadron

SPS _ _SPS interactions, input for theoretical models.

U_DPS _ ("7) (rt’hh’—ml (r[."rh’—)b]
2

(hh' —sab) —

m DPS play important role
Teff

- — . - — when several particles in final state (typically 4
» mis number of “distinguishable partonic subprocesses”

or more)
P m=1when a=b, m=2whena=b — high-energy hadron collisions (probing low-x)
O_¢¢, regarded as an important link to the theories. a F
b Ogff: reg P € 40 —o— CMS (W + 2 jets)
SPS SPS ._:1': - —w— ATLAS (W + 2 jets)
_ (M Othh’'>a) * O(hnh’-b) o 35[ CDF (4 jets)
Oeff = (?) DPS [ —— CDF (y + 3 jets)
O hh’—ab) - —&— Corrected CDF (y + 3 jets)
30: —=— DO (y + 3 jets)
- —+— UA2 (4 jets - lower limit)
ﬁefore LHC: Results available for collision energy\ 25:_ AFS (4 jets - no errors given)
from 63 GeV (AFS) to 1.96 TeV (Tevatron). 20
— focus on photon+jets 15:_
» LHC Measurements: from ATLAS and CMS - I
collaborations (7 TeV and 8 TeV). 10p
— Focus on photon+3jets, +4jets, W+2j, same- 5:—
SignWWprocesses° :IIII|I| 1 | ||||II| | | | II||||
0.04 0.1 0.2 1 2 345 10

JHEP 03 (2014) 032 Vs [TeV]
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DPS using 2b + 2-jet events @ 7 TeV

PRD 94 112005 (2016)

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

using the observables:

(AL =li—ad )

—sb . =sf
AS = arccos (%)
|PT|' P'r|
'l‘ ¢ll i
rel LAV/E
ﬁp;;.-PT= p (J Jk)\

pr(i)l + PGl )

m Study of QCD evolution in a heavy flavour 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 TeV

m Comparison with different MC models and test of their performance PRD 94 112005 (2016)
m Study and separate the different topologies for events coming from single chain and double chain
processes
m Key observable: azimuthal angle between b-jets and light jets AS
» MC cannot reproduce data (~60% low) when MPI off
» MC agrees with data with MPI

3pb? (7 TeV), pp—2b+2j+X

3pb (7 TeV), pp—2b+2j+X

—_ o= = 6 E E
& fcms § o : & [OMS ? Dis 1
e B . i = | 2Dbjets: MADGRAPH+P8 CUETM1_
T | 2bjets: POWHEG+P8 CUETS1 MPI off _| ~ 02 B E
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Results: DPS using 2b + 2-jet events @ 7 TeV

m Jets need to be associated in pairs: different flavour can help

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

contribution (at least 4 jets with p_ > 20 GeV)

m MADGRAPH, PYTHIA6 and POWHEG are able to reproduce

quite well jet p_ spectra

® HERWIG++ tends to underestimate data at low p_ region

MC/Data MC/Data

MC/Data

PRD 94 112005 (2016)

p, > 20 GeV [ ] Data

£ 2% b jet MADGRAPH+P8 CUETM1
’ ' POWHEG+P8 CUETSH1

i <2.4 —— P& CUETST

1, 2™ other jet: P8 CUETS1

Ml <4.7 — — HERWIG++ UE-EE-5C

3pb (7 TeV),pp>2b+2j+X

b jet CcMS
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DPS using 4-jet events @ 7 TeV

PRD 89 092010 (2014)

CMS,\s=7TeV,L=36 pb”, pp— 4j+X

m 4-jet final state may arise from either parton shower or second —
2 [l <4.7 ~——— SHERPA
hard scattering. ! -1 e i < POWHEG+PBZ2'
, . : = 1™, 2" jet: -~ MADGRAPH+P6 Z2
m 4 jets measurements are sensitive to hard matrix element and - 50 GV v PYTHIAB 4C
underlying events: 7)) 10§ Py e — — HERWIG++ UE-EE-3
< i ard 41h ot — — POWHEG+P6 22' MPI off
lprjet k) <. Sl —e— Data _
N (et 3) £ | p,>20Gev [ Total Uncertainty
Pt ) = | =
4 0 (———6 prijet 2) __Q‘ |
pr(jet i) pr(jet 4) Z 1t ™
] :'Flaal
®m azimuthal angle between hard- and light-jet pairs 107k ' —
gy iE—
AS = A¢ (¢r, Gr) AL
m MC cannot reproduce data (~50% low) when MPI is off
» with MPI, MC still ~20% low (except Sherpa)
© —
© 2 gﬂﬁipém P6 22
1.8 - MADGRAPH+P6 22*
()] - PYTHIAB 4C
p i B — — HERWIG++ UE-EE-3
O -I 4 — — POWHEG+P6 Z2' MPI off
E i 2 [ Total Uncertainty
1
0.8F i pmd=st = = e U g e
0.6
0.4

0 05 1 15 2 25 3
AS (rad)
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DPS using 4-jet events @ 7 TeV

PRD 89 092010 (2014)

CMS,\'s=7 TeV, L =36 pb™', pp— 4j+X

m 4-jet final state may arise from either parton shower or second

oL
a [m<47 —— SHERPA |
hard scattering. ° a:i:% * 2%jet: mrma rfq%gsfﬁﬁfggzz
® 4 jets measurements are sensitive to hard matrix element and 3 > 50 GeV v PYTHIAB 4C
underlying events: 5 pT — — HERWIG++ UE-EE-3
10F qd gthing. — — POWHEG+P6 Z2' MPI off
: = RSt e —e— Data
|§-r( et ki (et 3) -E _ pT =20 GeV [ Total Uncertainty
™

prijet I) i
9 € Q prjet - _
: prijet 4) L i“"‘]

|
L3 t:‘f#wi

®m azimuthal angle between hard- and light-jet pairs C

pr(jet i)

AS =A¢(qr, dr) e
®  MC cannot reproduce data (~50% low) when MPI is off o
» with MPI, MC still ~20% low (except Sherpa) c b g, ———
S 2F . POWHEGWPS 22
®m some sensitivity via relative P, balance between 2 softer 8 18 e AT AR 22
jets T T O 1.60 s Egm?(giCUE-EIE-a
- [P (™) + pr(§*™)| = 1.4f =i bl
ft 1.2F
= [5G [+ [pr6)] 2 .
0.8f C—
0.6
m POWHEG + PYTHIA with MPI off underestimates the data 0.4:_
m 4 jets less sensitive to DPS than 2 b-jets + 2 jets 0 0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 %9 1
m  needs more kinematic study of MPI with UE data soﬂpT_

p Nno Ogff estimation
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DPS with photon + 3 jets

CMS PAS-FSQ-12-017

B Three kinds of contributions : 3 jets +
» direct photon
» fragmentation photon

» misidentified (fake) photon CMS Frehmmary\l'_ 7 TeV,L=236 Db '-" pp— ‘r'+3J
3 Fyip .p »>75GeV  —@— DATA ]
£ - ——— MADGRAPH+PYg Z2*
= _21 Pr e Pron>20GeV MADGRAPH+PYS Z2* no MF‘I

78] 10 E o Inl<l 4442, 1 56B<ij=2.5 —— MADGRAPH+PY8 4C
Sl L — — MADGRAPH+PY8 4C no MPI ]
Ol [pletsinld — SHERPACTIO
s - -—-- SHERPA CT10 no MPI

1 Total Uncertainty

qg — q7 aq — g7

|
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Q
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Q
=]
o

= E
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B Event selection: < L E '
» gamma and one jet in the central region with p_> 75 GeV 5 16 3 ]
. . — 1.4
» two jets with p_> 20 GeV and |n| < 2.4 Q 1.21 ;i

=
m

» well described by all MC
P measurement not very sensitive to MPI
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Same sign WW production @ 8 TeV

m W Boson Production: a benchmark process at LHC CMS PAS-FSQ-13-001

m  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 final state: two leptons with some missing E_

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

pp — WEw* 4+ X
9@ - WE S h+u
9§ — W* = b+

pp — WEW=Ejji+ X
qg — WEWTjj = h+h+uv+w
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Same sign WW production @ 8 TeV (cont'd)

m Jet-MET Base Selection
» PFJets reconstructed with anti-k_having R = 0.5

» Loose jetID

» ME_ corrections applied with ME_ > 20 GeV

KMuon Base Selection

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

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

\» In(p)] < 2.4

\

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

CMS PAS-FSQ-13-001

%

» Opposite sign leptons; leading lepton p_ > 20

GeV/c and sub-Leading lepton p_> 10 GeV/c

» 3 Lepton Veto; No third identified and isolated

lepton within acceptance (p_ > 10 GeV/c)

» To suppress WZ and ZZ backgrounds

o M_(dilepton) > 20 GeV/c (suppress low

mass resonances)

o p/(lepton 1) + p.(lepton 2) > 45 GeV/c

(suppress W+Jets background)

® For same flavour final state: 75 > M (di-

lepton) > 105 (suppress DY processes)

D. Sunar Cerci
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Results : same sign WW production @ 8 TeV

CMS PAS-FSQ-13-001
/Boosted decision tree (BDT) algorithm \ CMS Preliminary, pp L= 19.7 " at {5 = 8 TeV
4 % F £ % & & |

input variables: N & & ] & W % J ° BEF
leading muon (1) pr % 10° — DATA [ |prompt-fake SPS
subleading muon (uz) pr "g bl [Mwz [ |fake-fake
E1r_|1|ss > E
. _— w L F Hzz
Mr(uq, p2) di-muon invariant transverse mass 10° g 5
Ag(p1, p2) . - 4_'_._'—|_|m_‘+|_._ i
A(ur, EP'sS) - cft. T
Ag(pz, EPS) 10 £ e = : : i
Ad(pq + pz, ETSS): where pq + pp is the vector sum of E 3
muon four-momenta 1e -
\nT(WUE) - \/2 - prhi/e . E_{piss . (1 . COS(Aqb(m/g, E'irpiss)y 10 B ]
-2 C 1 1 | 1 1 | 1 1 | 1 I E
m Signal strength (ratio of observed to expected signal 1071 -0.8 -0.6 -0.4 -0.2 0
events), r < 1.9 BDT
O 1A§§ " T T T T T E
m DPS/SPS contributions comparable % 18t + =
© 1-21 g : . vy E
T 08E . * -
» Observed value of r, corresponds to DPS < 1.12 8;25 + E
02F
pb. 03 08 06 04 02 0
BDT

m W suffers from contamination
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Limit Settings WW

CMS PAS-FSQ-13-001

KBDT input variables:

leading muon (1) pr

subleading muon (u2) pr

E1r!1iss

Mr(uq, p2) di-muon invariant transverse mass

Ad(p, pi2)

Ag(p1, EP'S)

Ap(pz, EP'S)

Ad(pq + pz, ETSS): where pq + pp is the vector sum of

~

muon four-momenta

95% CLs Limit Signal Strenght

102

10

m Signal strength (ratio of observed to expected signal 10"

events), r< 1.9

m DPS/SPS contributions comparable

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

m W suffers from contamination

m Considering the two scatterings to be independent and no
correlation between interacting partons, DPS can be used to

put alimiton o > 5.91 mb

m Currently, statistics quite low

Double Parton Scattering in CMS, Low-x 2017
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CMS Preliminary, pp L = 19.7 fb" at Vs = 8 TeV

L 1111T]

—&— QObserved limit
—a=— Signal strenght =1
r=%- Expected + 1o
--o- Expected + 20

'III|

Q
o
T
]

T
A=A

wWw
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DPS WW @ 13 TeV NEW!

CMS PAS-FSQ-16-009

se|ect|on m  Analysis performed in phase-space

two leptons: ety or ptut — Moderate p_ of leptons and ME_
p’? > 25 GeV, P? > 20 GeV — no jets at LO, no b-jets, no tails in any variable

25, 2.4
|’7¢-’| = WF‘| = m Various processes contribute to the background

ET™ > 15GeV — same-sign leptons at the hard scattering, such as WZ,
Niets < 2 (pr > 30 GeV) WY', ZZ, or multi-boson production.

Nb-}ets =0 (pT >25 GEV)
veto on additional leptons
veto on hadronic T lepton decays

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

process, BDT is used

» 11 variables for BDT algorithm:

> p,"rp,” ME:m g, |Ad(1,ME )| Ad, ,,

rar.men’ My, 12) (|1,|2)|

» New variables : M = min(max(mﬂ, m_.), eta * eta , |eta1+ eta2|

T2(11,12)

\} opposite charge of the leptons were excluded for smaller fake background /

Double Parton Scattering in CMS, Low-x 2017 D. Sunar Cerci



Input variables to BDT

CMS Preiimi 91’ ‘
©n Fr P're["mnlary' T T T T 'sslg"b (‘13‘1'3\':') CMS preiiminary 35.91" (13 TeV) CMS PAS'FSQ'1 6'009
=800 +Data T T T T rr T T Tt
g mEmDPS -+ Data
UzooE- [Jrare MC WDPS
mZZ [CJrare MC
600 mEWZ mzz
W .. .
500 %Faykes vaz » Good agreement in input variables
[ ]Fakes

400
300
»o0 » Perform binned maximum

100

II\II]IIIIII\[IHI}IIII[IIHMIIIIII[I'

0 0 ' - - ... 1| » likelihood for BDT algorithm in 4
E; 3; [stat. ka‘IUnC- [total I:;I\g. unc. g i? [stat. bkg‘. unc. Dlmal‘bkg. une. é . + + - - + + - -
g Lt g af E categories: y 4 ,MHM,€e M ,eM

8 i 8 2F =
o 1 — s o e B © S . . . E

(] h_’_ (] 15 - = E \ /
0% = 2 9 3 ) 6 0 1 2 3 4 5 6
nMm, abs(n +n,)
4000 CMSf'M{rmifar:f . —— ?5-?fb"‘(1l3TIEﬂ @ Cll\ﬂ'-l":fre{fm‘inalryl N ?ﬁ-ﬁfp"l(1§'ll'e\9
5 -+ Data . 5 C -+ Data 7]
Z mDPS ] Fesol- WDPS ]
800 CdrareMC C [CJrare MC ]
(Y4 7 C + mZzz ]
mwz ] 200 mwzZ, =
600 Wy — R Wy .
CFskes N A v | ClFakes -
400 - E

200
0 N | N N N 0 1 J——
: 5 - - 1.4r ; r .
he] El 9 F  Dstat. bkg. une, [total bkg. unc.
o 4 E D 1.2F
8 3 = %10;—+|£_+— L+—+—+\++|
E 2 é = Ok _+_+ ' ! T
o E @ o8f
a 1 £ o) 0.6k ‘ . ‘ )
00 20 40 60 80 100 120 0 0.5 1 15 2 2.5 3
ll
» (GeV) A¢" 12
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Results: DPS WW @ 13 TeV

imil CMSP i
CMS Preliminary 359 b (13 TeV) reliminary 397" (13 TeV) CMS PAS-FSQ-16-009

[%) = = |7 B S ARRRD AN RARE RAAAE RAREE RRARE RARMS RARRN RARES
£ 140 ' 3 2 1eof .
[ [ Postfit, u=1 1 (] I Post-fit, u=1 E
@ oF @ 140F =
1201~ +Data IDPS |:|rare MC ] L +Data IDF‘S Drare MC ]
r . lower sensitivit C . I
100t lzz  Bwz [Jwy vty 1200 0z fwz [wy ] . . .
- _ : 2 E » Final BDT classifier output with all
[ [ |Fakes | flips + ] 100 [ |Fakes [ |fips .
801~ E r 1
- 1 sof 1 B background estimations
601 . -
404 1 . » Overall good agreement between the
20 = background predictions is observed in the
g OFe e 5 18f —— low-BDT classifier region.
o 1.5% 1 Q 1 2 + E
s | 1 s ' * 1
g ] - . _ . .-
% Lo _1_+T+++++++#++{ % 1.0T : TTHr T+++ » A slight over-prediction of the
0O h n 08f +
0BT 03 04 05 0% D:TB(EI)BT c(,;g_ )1 08 background plus signal is seen in the high-
ew BDT (e'u*)
- , BDT classifier region.
- CMS Proliminary 3591 (13TeV) ® 1005!‘4?'?’.‘?""’.’.".’?9."..,.‘.. e 38 1 (18 TeV). 9
= F ] c = .
o [ Post-fit, u=1 b g_J | Postit, u =1 ] - -
Rt 605— opata Jops [rareMc : m sl +0ata [lloes [Jraremc (_high sensitivity Expected background and signal yields
sofF- lzz  [Bwz [wy - [ Hzz fwz (ws 7 prut T efp’t e
E [Fakes : - [JFakes 1 fakes 151.1£26.6 132.7 £234 412.7+472 3414+390
40F = g0 1 wz 2772 +281 1645+167 35594361 22814232
- ] d zz 248470 187453 5784164 5584158
- Wy 859 £275 7314234 14284457 1277 +409
: otherrare 3974150 202477 8374317 494 +188
charge flips = — 204400 215400
E background 578.6 +50.3 4092+ 382 1073.3+83.0 824.0+ 658
- S DPSWW 411+10 206+05  487+12 241406
R R i 5 18F : s lind  observed 604 411 1091 869
S 1S 4 ESEESE SN
ok L # + ] a  1of D o SRaN|
[ S S— Hmuﬂ g ‘+f++ 4 +*
o g e ] O ost .
0.5F o 3 L NORUTSS NI
0 01 02 03 04 0.5 06 0.7 0.8 0.9 1 0 0.1 0.2 0.3 04 05 06 DF’BDO_iB_ 0.? +1
BDT (W) (uu*)
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Results: DPS WW @ 13 TeV NEW!

CMS PAS-FSQ-16-009

® Results obtained from a constrained fit to the BDT classifier.

4 N

expected  observed

pythia
PDrsww FORPD pgr0z o
prtacd 0.87 pb Wi
significance for o5 327 r

B DPSWW 293 o
significance for gfastorized 1810
UL in the absence of signal < 097pb <194pb

\_ /

m This result presents the most precise measurement of the DPS WW process to date
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B Double parton scattering measurements using the CMS detector have been presented
B Important to study the sensitivity of considered observables

— Model dependence of predictions for backgrounds to DPS

0. extractions (vector boson final states)
B DPS needs better understanding for searches T

P Need for better MPl implementation on CDF y+3jets (1.8 TeV)
PAL 79 (1987) 584
models DO y+3jets (1.96 TeV) =
. . . . . PRD 89 (2014) 072006
P Can give insight to partonic correlations DO y-+blc+2jets (1.96 TeV)

PAD 89 (2014) 072006

inside proton DO 2y+2jets (1.96 TeV)

PAD 93 (2016) 052008

ATLAS W+2jets (7 TeV) —

New J. P. 15 (2013) 033038

CMS W+2jets (7 TeV) f O i

JHEF 03 (2014) 032

B Effective cross-section is an important parameter

to study

P provides the 'measure of the matter
ATLAS Z+Jhyp (8 TeV) —p

EPJC 75 (2015) 229
CMS W=W:* (8 TeV) —>
P provides access to transverse PDFs, PAS FSQ-13-001 (2015)

CMS W*W=* (13 TeV ' - |
gluon/quark separation? PAS FSO-16-009([201?1 ) ' '

overlap in hadron-hadron interactions'.

0 5 10 15 20 25 30 35
O (mb)

B Achieving to higher centre-of-mass energies or higher luminosities can give exciting results! Stay tuned!
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Thank you for Yyour attention!




BACKUP
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