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WWYy BRIEF INTRODUCTION

* « CMS in 2014 at Vs = 8 TeV with 19.3/fb |
" » Focus on WWYy semileptonic channel

« Atlas in 2014 at Vs = 8 TeV with 20.2/fb
» Focus on WWYy eu channel

« Atlas in 2014 at Vs = 8 TeV with 20.2/fb
» Focus on WWYy semi-leptonic channel

WWy Representative Feynman Diagrams

- Direct measurement of gauge boson self-couplings and precision test of SM

- CMS studied semi-leptonic WWy and anomalous quartic gauge couplings at Vs = 8 TeV with 19.3/fb in 2014 [1]
- ATLAS studied eu and semi-leptonic channel at Vs = 8 TeV with 20.2/fb and significance is 1.4(1.6)c [2]
- NOW: at CMS, e channel at Vs = 13 TeV with 138/fb is under study.

- Beyond SM study

- CMS studied WWYy anomalous quartic gauge couplings at Vs = 8 TeV in 2014

- ATLAS studied WWy anomalous quartic gauge couplings at Vs = 8 TeV with 20.2/fb in 2017
- NOW: at CMS,
based on SM WWYy study, rare Hy process and/or anomalous coupling between Higgs and quarks can be studied

[1] Eur. Phys. J. C, 2017, 77(9): 646 *
[2] Phys. Rev. D, 2014, 90(3): 032008 4



PREVIOUS WWy STUDY AT CMS/ATLAS
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ATLAS epu channel

ATLAS semileptonic channel

CMS

ATLAS

ATLAS

semileptonic

leptonic(emu)

semileptonic

1 electron (pT > 30 GeV, |n| < 2.5)
or 1 muon (pT > 25 GeV, |n| < 2.1)
No additional leptons pT > 10 (20) GeV
for mu(ele)

1 electron and 1 muon
pT > 20 GeV
no 3rd lepton (pT > 7 GeV)
Inl<25
opposite charge leptons
AR(I1,12) > 0.1

1 electron or 1 muon
pT > 25 GeV
no 2nd lepton (pT > 7 GeV)
Inl <25

photon ET > 30 GeV and |n| <

1.44.

2 1 isolated photon
ET > 15 GeV
Inl <2.37
isolation fraction < 0.5
AR(l,y) > 0.5

2 1 isolated photon
ET > 15 GeV
In| <2.37
isolation fraction < 0.5
AR(l,y) > 0.5

At least two jet pT > 30 GeV and

E_missT > 35 GeV
In| <2.4
70 < mjj < 100 GeV
[Anjj| < 1.4

Njets =0
pT > 25 GeV
AR(jet, y) > 0.5
yl < 4.4
AR(jet, 1)> 0.3

E_missT, rel > 15 GeV
M_ep > 50 GeV

Njets 2 2 and Nb-jets = 0
pT > 25 GeV
Inl < 2.5 |Anjj| < 1.2 ARjj < 3.0
70 GeV < mjj< 100 GeV
AR(jet, y) > 0.5
AR(jet, 1) > 0.3

E miss T > 30 GeV
mT > 30 GeV




PROBING HIGGS BOSON COUPLINGS IN H+y PRODUCTION AT THE LHC,,

Mass basis Gauge basis
Ghyy GH — 85:;‘? Cy
o oot (Caw — CHB + 85§ Cy)
90, W (cyw —CHp — CB + tw)
Yu Yu[l — %EH En %Eu]
Ud ya[l — 55 + 5¢4)
9;(,,?,)““ %‘%ilyu [CuB + Cuw]
gﬁ{m %ﬁﬂyd [€aB — Caw]

Higgs mass coupling and gauge basis relation

E30’“”'\”"HH"H"HH""
~ T Leading order cross section at \s = 14 Te a1
T oot =
? C ]
a, C C 4
S 20 o Y
© N ]
15[~ =
101 ~
CRPIPTN PP, PR S I P

0 0.005 0.01 0.015 0.02 0.025

The LO cross section in H+y versus the coefficients

* Focus on the operators which are relevant to Higgs+y process according to
the strongly interacting light Higgs (SILH)

- There is a significant sensitivity to operator C, C gw, C i 5.

» Consider y+jets, tjy + tty, Wy + Zy and SM (Hy) as background.

e Cuts:

One photon and lepton veto

Only 2 b-jets, AR(i,j) > 0.4

90 < my3< 160 GeV and AR(H, y) > 2.4

myp, >250and Pry,>400 GeV (decreases fake photon)
With an integrated luminosity of 3000 fb—1:

C,,Chyw, Cyp can be down to 102and 10-2

Lj=y, b

arXiv:1702.05753

Events a.u.

E .1 ! | | i § i 1 b
100 200 300 400 500 600 700 800
p,, [GeV]

Events a.u.

10°E .

100 200

N L1
300 400

The distributions with the corresponding coefficients

Coefficient | £ =300 fb~1 £ = 3000 fb~T
Cy [—0.013, 0.023] | [—0.0042, 0.0075]

CHB [—0.038, 0.050] | [—0.012, 0.016]

EHw [—0.053, 0.038] | [—0.017, 0.012]

The predicted constraints at 95% CL
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INTRODUCTION

Goal : probe quartic gauge couplings and triple gauge couplings
Final states: evyjj and uvyjj.
Signature : large dijet mass and large n separation between the jets,the vector boson

scattering topology
Main results:

Previous analysis: SMP-19-008 . .
- Signal strength and significance

- Fiducial and differential cross-section
measurements

- Limits on dimension 8 EFT coefficients




OBJECT DEFINITION

- Jet selection
- AK4CHS jet

- Muon selection

- Cut-based tight ID

- Relative PF isolation with cone size = 0.4, 5@ pileup correction < 0.15 : Muon veto

- pT>20GeV, |n|<24

- Cut-based loose ID

- pT>10GeV and |n| <2.4

- Electron selection - Relative PF isolation with

- Cut-based tlght ID E cone size =04
- pT>20GeV, |n|<2.5,|n| <1.4442 or 1.566 < |n|< 2.5 - 0P pileup correction < 0.25

- Phot lecti i
oton selection . - Electron veto

- Cut-based medium ID | . Cut-based veto ID
- Conversion-safe electron veto - pT>20 GeV

T > 25 GeV and |n| < 1.4442 or 1.566 < |n|< 2.5 - Inl<2.5,|n| <1.4442 or
- p eV and |n| : or 1. In|< 2. 1,566 < |n|< 2.5



DATA AND SIMULATED SAMPLES

- Data

- “SingleMuon” and “SingleElectron” collected from 2016 to 2018 with integrated luminosity: 138 /fb.
- MC Signal
- Electroweak production of Wyjj : signal for VBS Wy, Generated by MADGRAPHS aMC@NLO
(MG5), simulated at leading order.

- process syntax

define lep = e+ e- mu+ mu- ta+ ta-
define nu = ve ve~ vm vm~ vt vt~
definep=p b b~

define j=jb b~

generatepp >lepnuajj$$tt~ QCD=0

- Signature : large dijet mass and large n separation between the jets

10



DATA AND SIMULATED SAMPLES

- MC Background
- Wy plus QCD jets : Main backbround for VBS Wy, Generated by MG5 using FxFx jet merging
scheme(0, 1 jets).
- process syntax
- define lep = e+ mu+ ta+ e- mu- ta-
- define nu = ve vm vt ve~ vm~ vt~

- generate p p > lep nu a [QCD] @0

- add processpp>lepnuja[QCD] @1 g g

- There are Top, tty, Zy, and VV background. All of them have the same or very similar final states to

the signal. They are simulated by madgraph, pythia, and powheg.
- Nonprompt background estimation
- Including the nonprompt photon, nonprompt lepton, and double nonprompt
- They are estimated by data-driven methods and will be introduced in next few slides.

11



NONPROMPT PHOTON

- Where is the Nonprompt photon from?
- Mainly 1r%s mis-reconstructed as photons
- How to estimate it?

- Template method

- Make 'TRUE’, ‘FAKE’, and ‘DATA templates

. h .
- Weightfake photon = Sata x fraction
Plj

TEMPLATE
SAMPLE

TRUE FAKE
QCD Wy Data

BASIC SELECTION lepton and photon cut

INDIVIDUAL photon CHISO < 1.141 photon CHISO inverted
SELECTION (4 to 10)
FIT fit on O inin

Sig wo__ietaieta
DATE
Data

photon CHISO < 1.141

12



NONPROMPT LEPTON

MUON

- Nonprompt Lepton

Mainly real electrons and muons inside of jets

tight-loose method

Subtract real lepton contamination using W+jets
and Z+jets MC samples

_ tight
fake—rate "~ tight + loose
. fake rate E
B Welghtfake_lepton = 1—fake rate ELECTRON

III|II[|III|III|II||

- Double nonprompt

- Contain both a nonprompt photon and a
nonprompt lepton




SELECTION DEFINITIONS

- Basic selection

- one muon(electron) in muon(electron) channel, second lepton veto

two reconstructed jets, p:}l >50GeV,|n/t1<4.7, p;{rz >50GeV,n/?| < 4.7

E?iss > 30GeV, M+ (W) > 30GeV, p‘,} > 35GeV,|n*| < 2.4/2.5(muon/electron)

pr. >25GeV,|n¥| < 1.4442(barrel), 1.556 < |n¥| < 2.5(endcap), |M,, — M 7| >
10GeV (electron)

B-tagged jets veto, AR, > 0.5, ARy, > 0.5,ARp > 0.5,|1A@j met| > 0.5

- Control region

- 200GeV < M ;; <500GeV
- Signal region
- M;; >500GeV, My, >100GeV,|An;;| > 2.5

Extract signal from 2D fit of M ;; — M,
- zepp<1.2, dphi>2.0

Significance : 6.0(6.8) standard deviations

14



UNCERTAINTIES

Factorization and renormalization scale uncertainty —

- Calculated bin-by-bin, correlated across bins, channels, and years
PDF uncertainty

- Standard deviation of the NNPDF3.0 set variations

- Calculated bin-by-bin, correlated across bins, channels, and years
Fake photon uncertainty

- 3 sources of uncertainty are added in quadrature
Uncertainty due to charged isolation sideband selection
- Uncertainty due to non-closure of MC closure test

- Uncertainty due to fit error

- Calculated bin-by-bin, correlated across bins, channels, and years
Fake lepton uncertainty

- 30% normalization uncertainty for each lepton flavor
Jet energy scale and resolution(JES and JER)

- Choose the largest deviation of up/down to the central

- Calculated bin-by-bin, correlated across bins, channels, and years

* JES is the largest uncertainty and is broken into 12 sub-uncertainties.
Other systematic uncertainties

— THEORETICAL

—  SYSTEMATIC

- Pileup, L1 prefiring for 2016-2017, luminosity, lepton and photon scale factors—



COMPARISON PLOT IN CONTROL REGION

138 b (13 TeV) 13867 (13 TeV)
= T | T T 1 T & 15 Lo o 4 L = — | I T T 1 T T T T T =
‘5 7000 — o 2000— =
5 - CMS .VBS W'r .Top WV, Zy acowy 3 : CMS .VBS w«,- .Top Vv, Z'y QcD Wy :
g - - MisID phot : MisID lepion ] g 18001~ - MisID phot i MisID lepton
3 6000 _Pre,"fmmary . 151D photon . Double MislD 181D lepton 7 3 - Pri e,i‘;mmary . islL photon . Double MisID islD lepton -
| Barrel photons —— Data % Stat ® Syst ] 1600—gp ndcap photons —e— Data % Stat @ Syst ]
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] 1000f -
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% Pre-fit plot for photon pT in control region. The left is for barrel and the right for edcap.
% Data and MC have good agreement within uncertainties(stat + syst).
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FIDUCIAL CROSS SECTION

- The fiducial region is defined at “particle level” ( “generator level”) .

- The component of the signal that doesn’t pass the fiducial region is treated as a

background.

% FIDUCIAL REGION SELECTIONS :

Jet pT > 50 GeV and |n| < 4.7

Photon pT> 25 GeV

Photon |n| < 1.4442 or 1.566 < |n|< 2.5
Lepton pT > 35 GeV and |n| < 2.4

mjj > 500 GeV, |njj|> 2.5

ARjj, ARjy, ARjl, ARly > 0.5

Signa\l Pegion _ _ Seluicial Fe,ﬁion

A

S '/ /-
-
/ /

in Biducial loou“'t

Leptons are dressed with photons within AR = 0.1

17



Events / bin

FIDUCIAL CROSS SECTION

800

700

600

500

400

300

138 fo' (13 TeV)
. VBS Wy infiducial . VBS Wy aut fiducial . Top, W, Zy E
Preliminary . Qco wy . MisiD photon . Double MisiD 7

= 7
Barrel photons | MelDkepton —— Data % Stat ® Syst

I»!hr = [130, inf) GeV _:

o
=
7

M, =[30, 80) GeV M, <[80, 130) GeV

200

100 =

1.5 T - - - - - T -

11
[15:]
07
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Data/Exp.
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L i
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M, [GeV]

Events / bin

300

250

200
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100

50

Data/Exp.

- CMS

| Endcap photons

M, <[30, 80) GeV

1II|IIII|IIII

. VBS Wy in fidueial . VBS Wy out fiducial . Top, WV, Zy

_Preliminary . QcD Wy . MisiD photon . Double MisID
-  MisiD lepton —&— Data % Stat ® Syst
rd

M, <=[80, 130) GeV

138 16" (13 TeV)

M, [130, inf) GeV

...........................................

A
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FIDUCIAL CROSS SECTION

Ofiducial. XS = O *H*€
- 0O is the cross section of the Monte Carlo signal sample.

- is the signal strength from fitting.

- € is the fracation of the generated signal events passing the fiducial region selection

*Fiducial cross section
- EW
- Acceptance = 0.034

fid _ 4.0 2.3 2.9
- Op = 19f39 19+ (stat)Jr (theo)J_fz.S(syst)fb

- EW +QCD
- Acceptance = 4.6e-4

fid _ 11 1.6 10
0E1W+QCD 9Of10 O+ (stat)+ (theo)flo(syst)fb

19



DIFFERENTIAL CROSS SECTION

The full run2 data collected on CMS has larger statistic.
Perform ‘unfolding’ to revert the ‘detector smearing’ on the data to get the ‘True’ distribution.
Same uncertainties with fiducial cross section measurement.

Differential cross section are measured :
- EW and EW+QCD 1100w GV

1 y j1
= Pps Py DL myy, myj, Anj;

).0~110.0 GeV

55.0~80.0 GeV

30.0~55.0 GeV

30.0~55.0 GeV 55.0~80.0 GeV 80.0~110.0 GeV 110.0~= eep\é
Gen p : [GeV]
Y4V,



DIFFERENTIAL CROSS SECTION

138 fb” (13 TeV) 138 b (13 TeV)
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LIMITS ON DIMENSION 8 EFT COEFFICIENTS

Powerful portal test to BSM effects in a model independent approach, usually

parametrized as Effective Field Theory (EFT)
Dimention 8 EFT model

Effective field theory with cutoff energy scale A

C=Csm+Y; 40

Operators : LMO-7, LTO-2, LT5-7

events

——

BsM

new particle

!

\

AN

Mass

e
—

22



Events / bin

LIMITS ON DIMENSION 8 EFT COEFFICIENTS

Powerful portal test to BSM effects in a model independent The yield ratio between SM and AQGC
approach, usually parametrized as Effective Field Theory
(EFT)

Dimention 8 EFT model

following the quadratic £ unc’(ion!*

Effective field theory with cutoff energy scale A QUADRATIC FITTING
Operators : LMO- 7, LTo- 2, LT5-7 P O ) e sn i TR BB 000
138 b (13 TeV) i : 50 = 0424083
104 CMS Ivasw«, ITop,\N‘Zy Qco Wy - i
Preﬁmjna”/ .MisID pholonl Double MisID| MisID lepton p1 = 0.005920

y
Muon events -e- Data % Stat @ Syst — F, /A" = 8 Tev*

600

3,

400
102
200
10
[150,400] [400,600] [600,800] [800,1000]  [1000,1500] -60 &0
My, [GeV] M2/A* (x 10 GeV)
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LIMITS ON DIMENSION 8 EFT COEFFICIENTS

Dimention 8 EFT model

Effective field theory with cutoff energy scale A

Operators : LMO-7, LTO-2, LT5-7

i10p

—
Sof

8

~

o

[¢)]

IS

o —_ N w
T

CMS Preliminary

138 fb ' (13 TeV)

\

Observed 2eNLL

[

Observed 95% CL interval

Fus/ A" [TeV?]

World'’s

best limits

Coef Exp Low(TeV~%) | Exp High(TeV~%) | Obs Low(T eV ~%) | Obs High(TeV %)

Fumo/A* -5.1

Fuyi/A? -7 7.4 -7.8 8.1
Fua/A* -1.8 1.8 -1.9 1.9
Fumz/A* -2.5 2.5 -2.7 2.7
Fua/A? -3.3 3.3 -3.7 3.6
Fus/A? -3.4 3.6 -3.9 3.9
Fu7/A% -13 13 -14 14
Fro/A* -0.43 -.91 -0.47 0.51
Fri/A* -0.27 0.31 -0.31 0.34
Fra/A% -0.72 0.92 -0.85 1.0
Frs/A% -0.29 0.31 -0.31 0.33
Fre/A* -0.23 0.25 -0.25 0.27
Fr7/A* -0.60 0.68 -0.67 0.73
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SUMMARY

Significance
- First observation of VBS Wy process based on only run2 data
- 6.03 o observed, 6.79 o expected

Fiducial cross section measurements:
- opa=19%20=19%2-3(stat)*] % (theo)*22 (syst)fb

EW 3.9~
fid _ 11 1.6 10
- 0E1W+QCD 9OJ_r10 90+ (stat)+ (theo)flo(syst)fb

Differential cross section measurements:

- EW and EW+QCD
1 14 j1
- Pps Pp, Py, My, My, Any;
Anomalous coupling limits
- We set limits for dimention 8 EFT coeffients

- We can get world’s best limits for FM2-5, FT5-7)




BACK UP



PROMPT PILEUP PHOTON
ESTIMATION

O Record the event and luminosity block numbers of the
selected events in the W+jets sample

O Using a DAS query, find the corresponding
MINIAODSIM W+jets files

O Access each of the MINIAODSIM files, and record the
event and luminosity block numbers of the minimum
bias events that are mixed into the Oth bunch crossing
of the W+jet sevent

O Using a DAS query, find the GENSIM minimum bias
file that contains each of the minimum bias events

O Match the generator photons in the minimum bias files
to the selected reconstructed photons in the W+jets
events

O If there is a matched generator photon, determine
whether it is prompt based on its

Selected | Matched gen particles in pileup events

W+jets | that are mixed into the W+jet events
events

Evti Num ID p; AR(gen part,recoy) Moth ID

1 22 12.5 0.002753 111
1 22 15.0 0.010083 111
2 22287 0.0091 111
3 -211 5.5 0.146365 -213
3 22 24.9 0.065286 111
4 22 6.4 0.024246 111
4 22 18.6 0.019501




Z?XS win; — ﬁﬁxﬁjz
Z?xj Wi
w0, if E; > 0.9% of Egyg

Ji.l'lri.i‘,l =

i

in
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WWy OBJECT DEFINATION

® Good Electron: ® Good Muon:

v mvaFall17V2iso_WP80 v Cut-Based Medium ID

v pr>25GeV,|n<2.5, v mvalTH>-0.2 [1]

v miniPFRellso_all < 0.4 [1]
v

> 20 GeV, [n|< 2.4
8 Good Photon: Pr nl

v Cut-based Medium ID
¥ Pass pixel veto

v Pr>20GeV,|n|< 2.5, |n|< 1.4442 or 1.566 <|n|< 2.5

B Jets ® MET

v  PFtightID .

v  AK4CHS v PuppiMET

v  JEC correction v JES/JER correction

B Veto and Fake Electron:

8 Veto Muon:
v Cut-based Veto ID v Cut-Based loose ID
v pr>10(25) GeV, |n|< 2.5, ¥ miniPFRellso_all < 0.4
v |nl< 1.4442 or 1.566 or |n|< 2.5 v pr>10GeV,|nj< 2.4
B Fake Muon:
v Cut-Based Medium ID
v mvalTH<-0.2
v miniPFRellso_all < 0.4
v Ppr>20GeV,|n<25
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