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Overview

Introduction on double-parton scattering

DPS experiments at CMS

= Study of DPS using W + 2-jet events in proton-proton collisions at Vs = 7 TeV
= Measurement of four-jet production in proton-proton collisions at sV =7 TeV

= Studies of inclusive four-jet production with two b-tagged jets in proton-proton
collisions at 7 TeV

= Evidence for WW production from double-parton interactions in proton-proton
collisions at Vs = 13 TeV

Conclusion




Double Parton Scattering

DPS cross section: factorisation formula

Cross section = parton level cross sections x double parton distributions
dopps

dXAdedxAdxl’; = MIa0p .[ dzy F(xA’xB’y)F(x;l'xJ,B:y)

= g4and G parton level cross sections
= m is a combinatorial factor, % if processes are —
identical
= F(xy4,xp,y) is the double parton distribution o
function \
= yis the transverse distance between the
partons or impact parameter ’@
Assume that F (s, X5,¥) = £(x)f (x5)G(3) e
and where

= f(x) is the standard single parton distribution func
= G(y) is the transverse part of the double parton distribution and the same for all partons

The differential cross section becomes

d
ODPs =m-Gaf (xa)f (x4) - Gpf (xp)f (xp) - .[ #y 6

dx,dxgdx,dxg




Double Parton Scattering

Where 6f (x)f (x") is the differential cross section for a single parton scattering event,

which results in the pocket formula for DPS

dopps m doq doy
dxidx,dxidx)  0orf dxqdx) dxydxh
1
Where = [d?yG(y)
Oeff

In this approach the parameter g, is independent
of the final state and measurement of effective

area parameter g, ¢r gives insight in hadron structure
in the transversal plane!

—Pp-Examine variables that exhibit distinctive
behaviour for SPS and DPS processes

Different final states in DPS measurements
at CMS

= W+ 2jets
= y+3jets

= 4 jets
= 2b+2jets

= Same-sign WW

AFS, 4 jets, pp, Vs = 63 GeV, (no errors)
UA2, 4 jets, pp, Vs = 630 GeV, (lower limit)

>
CDF, 4 jets, pp, Vs = 1.8 TeV
[ =i CDF, y/n° + 3 jets, pp, Vs = 1.8 TeV

- DO, y+3 jets, pp, VS = 1.8 TeV
—H—e—+— ATLAS, W+2 jets, pp, VS =7 TeV
f—————t®t————1 CMS, W+2 jets, pp, VS =T7TeV

HoH LHCb, J/D°, pp Vs =7 TeV

HoH LHCb, J/yD", pp Vs =7 TeV

H—0—H LHCb, /4Dy, pp Vs =7 TeV

Bt LHCb, J/pA;, ppVs=TTeV
L — LHCb, Y'(1S)D°, pp, V5 =7 TeV
] LHCb, Y'(1S)D", pp, VS = 7 TeV
it LHCb, Y(1S)D*, pp, V5= 7 TeV
U t H LHCb, Y'(1S)D°, pp, VS = 8 TeV

+ s 2 {
e LHCb, Y'(1S)D", pp, VS =8 TeV
a LHCb, Y'(18)D**, pp, Vs = 8 TeV
LHCb, Y'(1S)D*", pp, V5 = 7&8 TeV
| | | |
Oeft (mb)



Study of DPS using W + 2-jet events in proton-
proton collisions at Vs =7 TeV

Measure DPS sensitive variable g

q v( V)
v(V)

Ap%:el _ l?T(.jl)-i_ 23_)T(1.2)|
DT GOl+DpT(2)]
- Jets back-to-back in DPS, variable expected to
be small (= 0)
AS = arccos( ﬁT(ﬂ:ET,miss)'ﬁT(jl;jz) ) g
|ﬁT(/w‘;ET,miss)|'|ﬁT(j1;j2)|

— No correlation between particle pairs for DPS,
distribution will be flat

(1)

Template method used to determine the DPS £ e [is-cw B e R
. s 530'12:_ DPS Signal ?—%/5 E DPS Signal
fract|0n and O-eff ,_‘:g 0_13_ Il SPS Background = 1; Il SPS Background
. o . . 0.083 —1_
= Fully corrected variables fitted with signal | .. N

—
=
o

and background template by using a binned L
likelihood method oozt

10°
-[% }g;: — Dala/(fDPS* Signal + (1 ’fnps) * Background):: % 2'5 — Data/(fDFS* Signal + (1 - 'DFS) * Background)z:
. O {354, - Dala/Background E s }g --- Data/Background E
120 "y - 3 ]
Extracted values of DPS faction and o, I : b, E
9 R T Ephrigyat et
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= fpps = 0.055 + 0.002 (stat.) + 0.014 (syst.) ' O 08 ] 3
" Oopr = 20.7 £ 0.8 (stat.) + 6.6 (syst.) mb




Measurement of four-jet production in proton-
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MC/Data

oo s

Differential cross section determined o
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Measurement of four-jet production in proton-
proton collisions at Vs =7 TeV

New method for extraction of g, ¢ applied :

Tuning method (doi:10,1140/epjc/s10052-016-3988-x): | Normaled 85inppr o S=r T Nomliaed aSinpp iy 3=
DPS sensitive variables fitted directly and o, ¢ kL o 5L —oasm i
determined from the models - T £ T
CMS Tune Guf(b) at 7TeV  vog(mb) at 13 TeV o
CUETP8S1-CTEQ6L1 27.8712 29.9728 T T
CUETP8S1-HERAPDF1.5LO 29.1+22 31.0+38 -3
CUETPSM1 26.09¢ 27.9797 g,
CUETHppS1 152702 152702 MSE
CDPSTP8S1-4 21.3712 21.8749
CDPSTP8S2-4 19.0+37 22.7+100
TransAVE Ny, density, /s = 7 TeV
2 DPS tunes: g, T 1%
- CDPSTP8S1-4j: only MPI:expPow varied
: {7 ool gy 4
= CDPSTP8S2-4j: MPl:pTORef, MPl:ecmPow and al Ll — QU TR,
. oy e o4 | ] [e —— CUETPSM: i ]
ColourReconnection:range additionally s R’ T e —,
Varied ]3; R RRSRENENE R 24J\|HI‘\IL:
DPS and UE tunes not completely compatible: gk §
—P> DPS sensitive observables not quite as B B e e S IR LREURRNY LT

4 [} 8 10 12 14 16 18 20
Pr (leafi‘mg track) [GeV]

12 1. 16 18 20
71 (leading track) [Gev]

good described by UE tunes

—>Difficulty of describing soft and hard MPI
within the current frameworks




Studies of inclusive four-jet production with two b-
tagged jets in proton-proton collisions at Vs = 7 TeV

3pb’ (7 Tev), pp—>2b+2j+ X 3pb™ (7 TeV), pp—>2b+2j+X
T F ig F
I H @ [ CMS ¢ Daa @ [ coms * o
Measure DPS sensitive variable S e SO [
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T |pr(light,)|+|pT(light>)| T [hi<er 7] = e

1

_ pr(bottomq,bottom, )-pr(lightq,light,) ) 5 o R e
AS = arccos (|ﬁT(bottom1,bottom2)|-|ﬁT(light1,light2)| O ]

o
<
T
.
.
|
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Differential cross section determined 51 ' ;1g+ + N
204 9,4 EEEERR X
=0.8 =08 E
O2p+2j = 69 + 3 (stat.) & 24 (syst.) pb 42 g%
B T T R V- BTy 005 115 2 55 3
AS (rad) AS (rad)
. . . . 3pb™ (7 TeV), ppo2b+2j+X 3pb'1(7TeV), pp—=>2b+2j+X
Normalised differential cross section o fos 4 I o Fos 4w
will be compared to different MC wu e WH reenesne
models B |l —owewesme | g omes ,
=L omi<47 I:.: = L mi<e7 ]
= Good agreement between MC models e e e T SN L S
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= Differences in description in DPS sensitive o 10,1;_

areas 1. ] e
120, B 3 812,
. . . .. -’:21’++***+*+"
= First sign of DPS sensitivity in multi-jet 08 - S08
: . 04 ] o
final state with heavy-quarks "070.10.2050.40506070803 1 0 0.10.20.5040.5060.70.80.9 1
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CMS PAS SMP-18-015

Evidence for WW production from
double-parton interactions in proton-
proton collisions at Vs = 13 TeV
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Motivation

W boson production: benchmark process at
LHC and golden channel for DPS production

Quark initiated
—P-Sensitive to longitudinal quark
polarizations

Not sensitive to pileup effects and clean final
state

DPS WW process constitutes a background in
new physics at LHC

Previous study at Vs = 8 TeV
(doi:10.1007/JHEP02(2018)032)

= First search for same-sign WW production
through DPS

= No significant excess of events observed above
the expected SPS yield

= 95% confidence level lower limit of 12.2 mb on

Oeff OF an upper constraint of 0,32 pb on the

cross section

[7
q(pl)

q(i—'l)

ﬁ" (p2)

q-'(p2)

CMS 19.7 b (8 TeV)
_|_:l T T T T T [ LI .} LI B B | T T 7T | T T T
] = Observed Limit
H e Expected Limit
— - Expected + 1 s.d.

Expected + 2 s.d.
..... PYTHIA 8 prediction
----- Factorization approach

Bl.l.—i g e —

Combinedfé .. —

w3 Lo b b b L
0 0.5 1 1.5 2 2.5 3

95% CL Limit on oBFS . [pb]




Signal and Background Processes

Signal
= Same-sign lepton pairs (eu, ppu) coming from W boson pairs
= MET from decay of W bosons

Background
= Diboson processes = Production of fake leptons
= WZ as dominant background = QCD multijet and W+jets:
= Wy, Wy*, Zy, ZZ and WWW as misidentification of jets as
additional processes leptons
= One of the leptons escapes = Top pair+jets: leptonic decay of
detector acceptance top quarks
= Estimation is MC driven = Data driven estimation through

= Electron charge flips fake rate method

= 7 - 1t with letponic decay t

= Data driven estimation




Event Selection and Multi-Variate Analysis using
a Boosted Decision Tree (BDT) Training

Variables: two leptons: e* ™ or p=u™
4 4y
. nll 12 pr > 25GeV, pi > 20GeV
pT and pT u A(p(ll, lz) ‘17€| < 25/ |77]/l| < 24
= E7USS = Ap(l EmiSS) pt > 15GeV
I T Niets < 2 (pr > 30GeV and || < 2.5)
. MTZ " A(P(ll lz; lz) Np.taggedjets = 0 (pT > 25GeV and 7| < 24)
= my(ly, 1) = 1NNy veto on additional e, i, and 7,
miss

. mT (ll, ET ) " |T]1 + T]Z | CMS _Preliminary 41.4 7 (13 TeV) CMS _Preliminary 414" (13 TeV)
o 200 T T T 1! BRI RAARS RARAR RRAAS LAALY LARAY AALAS RAARN LARMY
§ 1gof *+ Data Wors Ewy § ‘20:+Data WoPs wy

MVA based on BDT technique to Tt BE e WE R Heeve Bz

140F

enhance signal sensitivity
= 2 BDTs trained
= WZ background
= Fake lepton background

[ stat. bkg. unc. [ total bkg. unc.

» Same variables used in both BDTs
= The BDTs determine a 2D distribution .

T 03 0T 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 1
BDT Fakes(uu*) BDT WZ ()

Data/pred.
Data/pred.




Constructing the Final Classifier

2D BDT distribution mapped into 1D classifier

Determination of bins through iterative process
—» Make discrimination between signal and background as large as possible

P ZOG_CMS| Preli‘minalyl . : |41.4Ifb"(1:|iTe'V) P 1205Ms‘ Prelr‘mmaryl : : . ‘414|fh"(1’]%TeV) AT ESS 15
S [ -4 Data loPs Cwy S L+ Data HopPs Cwy
i F@wz CrareMC WzZ ] oo EWZ Oraremc W2z

F [ ]non-prompt
O

sof

[ [ Jnon-prompt

60|

40; It _-. pahe=s _}

==

20 [ stat. bkg. unc. [T total bkg. unc. E|

1:§++ 4+ 4

0 0102 03 04 05 06 0.7 08 09 -1
BDT WZ (1*1:%)

Data/pred
5 i
R
4
—+
-+
Data/pred

. ||||ln|A|||||A||A|||||A|l ...l“.. ' W, 0

0~6.1 02 03 04 05 06 0.7 0.8 0.9
DTfakes(uu)

0.1 02 03 04 05 06 07 08 09 1
BDT Fakes(uu*)

Pre-fit results (2016 left, 2017 right)

aﬁmh ¢11TV| CMS me.m, asnmuaw—v: CMS _Preiiminary Mdlb (117 ev) uumuarv
» ‘ @ 350 r @ 180 T @
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o g g £

s & & ., R e & 13 + 43

= ::] == g PSS j*_—r T -+ g 10

o [ © ]

a 1 o + + +H 4 gsb {4 o o8 E
2 4 [ a 10 12 14 2 4 6 a 10 12 14 1 2 a ] B 10 12 14 2 4 [] 8 10 12 14 1

Bin Number{u#u®) Bin Number{e*u*) Bin Number(p-u*) Bin Number(e*u®)




Resulting Distributions (post-fit)

CMS Preliminary 77 b~ (13 TeV) CMS Preliminary 77 b (13 TeV)
% .ZZ .DPS ww DNonprompt *: ‘% 200;— Bz W ors ww [ INonprompt _;
g o A 1 S e e B 1 Maximum likelihood fit
1 o 31 performed to final classifier
4 100f E . . :
1w 1 Different final states fit

60

40 separately

20

0 0 - Better signal sensitivity
2 ] 5% [total background uncertainty + ] 2 F [Mtotal background uncertainty E .
0 S _ —] e ; _ -
F I TR R ST SRS = BB —ons {  due to W production
a8 ooty e L - N s B S :
s 1 “os 1 asymmetry
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Bin number (u) Rin numbear firtu™
CMS Preliminary 77 fo! (13 TeV) " CMS Preliminary 77 b7 (13 TeV)
2 f Bz Worsww [ ImMonprompt ] % ss0F Hzz Worsww [ INonprompt E
2 psof- Ww: Drae Hwr 1 2% Wz [eae Ewr ]
L ¢ Data | |chargemisid.  [llwizy ] 300;_ ¢ Data [ |Charge misio.  [lwzy —;
200l 1 E
150E 1 200 =
i 1 150 =
100[2 = ! 1
] 100

0
E’ 2: [total background uncertainty E g E [total background uncerlainty E
o 15F —DPS WW 4 3 1.5F —DPS WW ]
8 F 1 £ [ SE— . N Sy
FER £ S .;.L&a.__¢.il—*—:m1,.,,.;.,+,+ E
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Extraction of o, ¢

After training two multivariate

e L. . CMS Preliminary 77 b (13 TeV)
classifiers and combining their results a —
. . —#- Observed Predictions:
first measurement of DPS same sign Wstat e PYTHIA 8 (CP5)
WW is achieved | syst — — Factorization approach
Model predictions:
. | : total  stat syst
= Pythia 8 (CP5) upep : : f;ﬁ | 1.96 £ 0.74 (+ 0.54 , + 0.51) pb
= Factorized approach by using pocket | s
formula with: wutrent Hee—H 1.36 + 0.46 (£ 0.33 , + 0.32) pb
= Inclusive W production cross section |
wrptsetyt | HEe 1.41+0.40 (+ 0.28 , + 0.28) pb
- eff=20.7i6.6mb II|II\Illlllli‘\III|II\I|IIII‘\III|I
_ 0 1 2 3 4 5 6
Cross sections have been deducted for Inclusive 6BRS (pb)

both the lepton pair configurations and
their combination

— The deducted value of g, ¢ is 12,675’:8% mb




Conclusion

= Multiple studies of different DPS processes have been performed for
different final states at the CMS experiment

= Within these final states a proper choice of the many DPS sensitive
variables needs to be made
= Proper understanding of the background processes is needed to
obtain a value for g, ¢, multiple
techniques exist
= Template method
= Tuning method
= MVA using BDT
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