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The setting:CMS@LHC &)

= High energy and high luminosity

Allows high statistics precision
measurements, and sensitivity to “rare”
processes (hard diffraction, exclusive
production)

But high luminosity comes with high
“pileup” — average 2-8in 2010/2011, 24 in
2016

Low pileup needed for some analysis
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B Overview

= Studying the Underlying Event and DPS at the LHC
= DPS using

= Same sign W pair production
= Events with 2 b jets + 2 light jets

= Many other interesting results not covered here

» http://cms-results.web.cern.ch/cms-results/public-
results/publications/FSQ/index.html
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Study of the underlying
event and DPS at the LHC



%UnderLying Event and DPS 12

= Studying the UE is crucial for understanding
background for BSM searches

= UE has several components:
Initial and final state radiation
Beam - Beam remnants

Multiple Parton Interactions (MPI)
Some MPI can be hard
Double Parton Scattering (DPS)

O effective area parameter
m = 1 for same type processes
m = 2 otherwise
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& DPS Measurements =)

= DPS has been measured at several energies (from 63 GeV up to 7 TeV)

Results for o4 are mostly compatible —e— CMS (W + 2jets)

—w— ATLAS (W + 2 jets)
CDF (4 jets)
= CMS published results using —v-CDF(y+3jets)

—&— Corrected CDF (y + 3 jets)

W+2jet events —=— DO [y + 3 jets)

i —+— UA2 (4 jets - lower limit)
4 Jet events AFS (4 jets - no errors given)

= New studies using
2 bjets + 2 light jets
Same sign W pair production
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DPS in 2b jets + 2 jets Y

CMS-PAS-FSQ-13-010 HRIE

7T eV Low pileup data (2010) 3.03 pb™
4jets p;>20GeV

2 jets b-tagged (tracker |n| < 2.4)

2 jets [Nl < 4.7
Discriminating variables
Ad = ¢jet1 } ¢jetzi ¢jet3 } ¢jet4
59 =V (Adjers) + (Adyers)?

Al i+ = py balance of pairs

— Total Uncertanty
3pb~' (7 TeV), pp— 2b+2j+X

o2
=
2
g,

bottom

el [ (A, pr)? + (A pr)2

MC/Data
- NP

AT] Ijets; An bjets
AS = pair azimuthal angle

MC/Data
o - boe

= MCsamples PYTHIA6.426, PYTHIA8.185, HERWIG++2.5.0 (w and w/o MPI)
= POWHEG+PYTHIA6Z2*, MADGRAPH5+PYTHIA6Z2*
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/I

MDPS in 2b jets + 2 jets

Sample PDF Cross section (nb)
PYTHIA 6 Tune Z2* CTEQe6L1 76.84
PYTHIA 6 Tune CUETP651 CTEQe6L1 76.66
HERWIG ++ Tune UE-EE-3 MRST2008** 43.78
HERWIG ++ Tune UE-EE-5-CTEQ6L1 CTEQe6L1 47.39

PYTHIA 8 Tune CUETPS8S1-CTEQ6L1 CTEQ6L1 05.58

POWHEG +PYTHIA 6 Tune Z2*% CT10 77.96

POWHEG +PYTHIA 6 Tune 22’ CT10 54.91

MADGRAPH +PYTHIA 6 Tune Z2% CTEQ6L1 39.33
DATA - 64.6 £ 2.4 (stat.) + 21.6 (syst.)

Cross section predictions vary between models

PYTHIA8 overestimate

MADGRAPH & HERWIG++ underestimate

Others do a reasonable job

Data systematics dominated by unfolding and jet energy
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3pb” (7TeV), pp+2D+2|+ X
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DPS not well described by all models ( :'{:
HERWIG++ and PYTHIA8+MPI agree in some regions ey
Models w/ MPI-off completely fail at most sensitive region (small AS)

Better DPS implementations are needed
3pb ' (7TeV), pp—>2b+2j+X
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CTR

@‘Same sign W pair pr'oductwn 2

CMS PAS FSQ 16- oogE.E_FF
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%@ Same sign W pair production [;w

= Data Samples:
= 13TeV data (2016) 35.9 fb* (previous 8 TeV CMS-PAS-FSQ-13-001)
= Same sign leptons pp and ep
= Trigger on two leptons p; > 17 GeV (8 GeV subleading)

= Basicselection: I leptons t?ilh':t or juijui
pi > 25GeV, p¥? 20 GeV
17e| < 2.5, || < 2.4
ERiss > 15 GeV
N]-HE < 2 (30 GeV)
NHE,:_E =0 (25 GeV)
veto on additional leptons

veto on hadronic T lepmns

= Backgrounds:
= Fake leptons (W+jets, tt, QCD) data driven
= Irreducible backgrounds (WZ, ZZ, WWW, Wy*) derived from MC
= MADGRAPH5_aMC®@NLO, POWHEGV2 + PYTHIA8-CUETP8M1
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DPS signal kinematics close to irreducible background: f‘l"'
= Use BDT discriminant CERF

CMS Preliminary 129 fb' (13 TeV)

—DPS
rare MC
WZ
Fakes
Wy *

= WZ mostly flat
= Training for different flavors

and charges

density/bin

Set of 11 variables

. p%l and p’Tl, the transverse momenta of the leptons,
miss
. ET ,
- 1j1 % 12, the product of the two lepton 5's,
- |1 + 12|, the absolute sum of the two lepton 5’s,
5, the so-called “s-transverse mass” where the leptons serve as the two visible
systems [31, 32], briefly described below,

s, pmiss, the transverse mass between the leading lepton and the E%“SS;
r =

(£,,7,) the transverse mass between the leptons,
the azimuthal separation between the leptons,

s |, the azimuthal separation between the subleading lepton and the Eil'!"isf,

0.102030405060.7080.9 1
the azimuthal separation between the di-lepton system and the sublead- BDT d| Scri minator

3/30/2017 13



. Fit simultaneously four flavor/charge combinations:

= Good agreement with BDT classifier

[ Fosti, w1 [ ostit, u=1
anl toma o [rare e E foam Pors Qe
[ ez @we v

xﬁ [ aes

Data/prad.
Data/prad

y 01 02 0.2 04 05 06 0.7 08 e 1 01 [ 05 E 07 DB .!'| 4 of 02 03 08 05 DE OF OB 09 1 L a1 02 0.3 04 05 06 OF 08 08 1
BOT {uu?) _ BOT (8w BOT (s u)

most sensitive » least sensitive
Wt W ety € u

fakes 1511+ 26,6 13271234 4127 1472 341441 39.0
WZ 2772+ 281 1645+16.7 3559 +36.1 228.1 + 23.2
zZ7 248+70 187+53 578+ 164 558+ 158
Wy 859+275 73.1+234 1428 +457 127.7 + 409
other rare 39.7+150 202477  B3.7+317 494+ 188
charge flips — — 204 £ 0.0 215 £ 0.0
background 578.6 +50.3 40924382 1073.3 +£83.0 824.01 65.8
DPS WW 41.1+1.0 206 = 0.5 487 + 1.2 241 £ 0.6
observed 604
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Systematic uncertainties: _
= WZ and signal shapes from different generators GEFF
normalization shape

DPS WW 2.6% alternative
fakes M :
fakes ep

other rare

charge-flips eu

m Shapes 1) alternative shape: the background/signal is allowed to float freely
between the central and alternative

2) percentage: shape of the BDT classifier is allowed to float linearly
and quadratically by that amount

alternative shapes for signal and Wz
WZ: get alternative shape from different generator
signal: smear MET and re-evaluate BDT
we tested different pythia tunes, showing no kinematic dependence




Constrained fit to four BDT classifiers
=  Upper limits on signal strength and cross section
= Expected Significance based on:

» Pythia 8 CUETP8Ma

= Simplified factorization

Likelihood scan of Tops

= Most precise measurement to date ' /

— obsenved

—---- expactad pythiad
expactad tactorized

0,y = 20.7

expected observed (T mb)

{Tpg.-rni.:

" DPSWW 1.09 1050 b

‘ factorized {49 P

TOPSWW

]_'I'r hl'l

DPFSWW

significance for pjasorzed

significance for o,

UL in the absence of signal
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Y Conclusions

Presented Recent results on DPS at CMS/LHC

= Double Parton Scattering in same sign W pairs
= Large data sample at 13 TeV
= Most precise to date

= 2bjets+2lightjets
= Need better model for DPS on MC generators

=  CMS results provide new constraints for non-perturbative and semi-hard
QCD dynamics on MCs




Extra




otivation: DPS is important for understanding
he partonic correlations and backgrounds for
new physics. ,. DPSSignal

ViV
=  W+2jets advantages . u 4

Clean tag from W->muon decay

Large dijet cross section

= Measurement of o 4- effective area parameter,
input to theoretical models

!
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Teff = ~TFrpe
Zctt 'DPS
T 1 .1'___-'_].'
i 4. SPS Background
. . . v( V)
" fops - fraction of (W+2j)pe to all (W+2j)

“‘.

From simultaneous fit to discr. variables .

wh S

e A A AR A s
VAW
\\

= R-fraction of W+ojto W+2j events (from data)

- G'ZJ-_di-jet cross section at particle level (data)
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%Luminosity and Pile-up 8y

* The integrated luminosity (L) is based on the Van der
Meer scans

* The uncertainty of the luminosity is 4%: dominates the
systematic uncertainties of this analysis

= Number of collisions per bunch crossing follows Poisson
- Average A (pile-up)

r XX iP(i, M) €inelA
pileur — (1 - ‘:uwl):J (i,A) M XX (1 —(1—epe))P(i,A)

il':

—A€inel + ‘1“ 2 1+ O(A)

(1
Ll
T2

= Correction factor — accounts for multiple collisions being
counted as one.
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® LHC can access lowest x values

)!

-

* for central W/Z production at
7 TeV: Z (01 o
14 TeV: x ~ 0.005

o at forward rapidities (7 ~ 9):
7 TeV z~6-107°
14TeV  ©~3-107°

» for central jets with p, > 20 Ge\o

107

107

10°

GeV:)

10

7 TeV z ~ 0.006
14 TeV : z ~ 0.003

* at forward rapidities (7 ~92): 10

J. M. Campbell, J. W. Huston, and W. J. Stirling.
Hard Interactions of Quarks and Gluons: A Primer for LHC Physics.
Rept. Prog. Phys., 70:89, 2007.

LHC parton Kinematics

X, , = (M/14 TeV) exp(ty)

, 4
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