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CP studies using Introduction

What we know

Production Deecay
e Spin-parity quantum number of Higgs boson consistent with & Wﬂ” S
standard model (SM) expectation (i.e. JP=0"") X %
v
What we don’t know H_ .

e Does Higgs sector have a new source of charge conjugation parity (CP) violation?
o Any observed CP violation would indicate beyond standard model (BSM)

Basic idea 9 v H

e Different spin-parity assignments restrict the allowed types of interactions e f
manifesting in the kinematics of

-1

1) Particles produced in association with Higgs boson =~ — CP in production

2) Decay products of the Higgs boson — CPin decay 3y t %_\va O
- — H BL —-
T
3 QUL t
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Overview of CP studies
using vertices
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CP studies using Motivation

How to probe H-VV vertices?

q > > ?
g’
------ H
£
g —> - q
Second order VBF production VH production H—ZZ—4l decay

ggH production Where / is e or u

e Decay channels with clean signature (H—ZZ—4l, H->WW*—(evuv)jj) can easily employ
second order ggH production

e Using VBF production: H—7t is essential due to its high branching ratio

e Using H—-VV decay: H—ZZ—4l is the most sensitive decay channel due to its clean signature

e Contribution of VH production is small but non-negligible in H—ZZ—4/ analyses
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CP studies using Parametrization

tree-level CP-odd
SM-like anomalous coupling

Generic spin-0 H-VV
scattering amplitude

VV 2 VV 42
K + K -
aYV 1 1 2 4 2 62}16:}2 | a;/\/f;él)f*(Z)yv asvvf;lklgl)f*(Z)yv

A(HVV) ~ |

Where VV =77, WW, Zy, vy, gg

Considering gauge invariance, custodial symmetry
and additional assumptions (cMs-PAS-HIG-19-009)

Seven couplings remain: a,a,a,A ,A "  anda *", a "

(d)

SMEFT LEpT = ‘ESM n Z Ci O(d) ford > 4 Ci(d) : Wilson coefficients
> Ad-4) 1 /A :scale of new physics

Only dimension-six operators are considered ( ¢; = C14"¥/A? )
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https://cds.cern.ch/record/2725543?ln=en

Recent Analyses in CMS and ATLAS

Various choices of SMEFT bases are possible to probe CP properties of Higgs boson

e Warsaw basis - self consistent at one loop (the most standard basis)
e Mass basis - mass eigenstates after electroweak symmetry breaking
e Higgs basis - independent couplings include single Higgs boson couplings to V, and f
CMS ATLAS
Full Run2 (137.1 b [1] Full Run2 (139 fb!) [3]
H—77—4; | H-VV, H-ff anomalous .couplings & EFT coefficients H-VV, H-ff '
e Anomalous amplitude decomposition e SMEFT - Warsaw basis

e SMEFT - Higgs basis

2016 Run2 (35.9 tb1) [2] 2015+2016 Run2 (36.1 fb'!) [4]
H—-o1t H-VV anomalous couplings H-VV anomalous couplings (CP odd only, target VBF)
e Anomalous amplitude decomposition e SMEFT - Mass basis

2015+2016 Run2 (36.1 fb!) [8]
- H-VV anomalous couplings (CP odd only, target ggH)
e SMEFT - Mass basis

H—->WW
—(evw)jj

New wrt preceding analyses ([5] and [6])


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9

CP studies using Comprehensive Goals (Categorization)

N e

—
M i
—>| > 2-jet VBF cuts [
Goal #1 SV

Sig. vs Bkg. SM vs BSM

Further optimization
o STXS is designed to be sensitive
to ¢*> enhancement which is a
low pY. general fegture of higher-dim
operators, including CP-odd and

= 0-jet
high pY. —|:: CP-even ones
> 1-jet

very high p¥.
CERN report

Doyeong Kim, Kansas State University

Targets production modes

o(VH)



https://arxiv.org/abs/1610.07922

CP studies using

—_
N
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Goal #1
Sig. vs Bkg.

Eur. Phys. J. C 80 (2020) 957
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ATLAS ¢ Data
H— ZZ* — 4l *
- , [WggF+bbH ZzZ
Vs =13TeV, 139 fb VBE XX, VWV
% VH M Z+jets, 1t
BttH+tH 7 Uncertainty

%
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Comprehensive Goals (Observables)

Higgs VBF @ 13 TeV LHC

b 4zz=1, xpw=1, €2z =0, €zur =0,

F €241 =0, €zir =0, 6wz =0 e

—q° (GeV)

I 2.x1072

1.3x10™4

1.x10

1.6x1073

-5

pr (Jer) (GeV)

1500¢

1000}

Goal #2

Higgs VBF @ 13 TeV LHC

kzz=1, xpw=1, €z =0, ezr =0
EZdL ZO, €ZdR ZO_, EWuL =0.05

0 500

1000 1500

—q° (GeV)

e Goal #1: Higgs boson invariant mass, Higgs boson transverse momentum, Di-jet invariant mass, ...

e Goal #2: Kinematics of two jets, Higgs boson decay products, ...

e Many multivariable discriminants are employed to enhance the discriminating power

! 44072

25x1073

16x1074

1.x107°


https://arxiv.org/abs/1610.07922
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9
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Event Categorization (CMS)

Two jets that have
large invariant mass and
large pseudorapidity separation

VBF
1 0 jet Categor C in back d : :CMS 369" (13TeV) Boosted Category |
| 0J gory QN onstrain backgrounds g el e T gory ¢
! 2 L h Foh !
' ' ! g 80 - Observed [l H—1t . |
! . b B Z-11 Z—uplee ] !
: o0 = i 'gtchéi“inumjet ; Large reconstructed :
! 1 r +jets ers ] . !
- ° i Y el Higgs boson transverse |
! H ! ' N BSM VBF H-tt (0 =300 6,) ] !
A | 2‘: m . momentum ;
i g i i a 12 I i
| g R SM vs BSM |
¥ £ oo et BSM harder Higgs p,
i ggH + no jet 0:8y 700 200 300 !

| H (GeV !
(| SRl Prys. Rev. D 100, 112002 [T 0l

_______________________________________________________________________________________________________________________________________________________________________________


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002

Optimal Discriminants for VBF topology (ATLAS)

Phys. Lett. B 805 (2020) 135426 [IXIN) . DN

e Same kinematics for VBF category as in CMS analysis:
(at least 2 jets, large di-jet invariant mass, large pseudo rapidity separation)

e BDT score used to define signal regions

x103 x103

o. 8 | T T T | T T T T I T T T T I T T T | ] o' T T | T I T T 1 T I 1 T T 1 ] I 1 1 I :
Z [ ATLAS M I Z 3L ATLAS e oua =
_ g [Vs-stevaetn’ %] £ (5=13TeV, 36.1167 oo o o0r -
1) Slg VS Bkg g 6 Thad Thad VBF M Zorr o o M Z-orr =
T % [ Misidentified 7 N Lﬁ (=) Mlsidentlﬁed T =]
Mmrr s 8 Other bkg i 0ttt =
7 ==« VBF H x 40 7] Il Other bkg =
ARz 4 p=0.73, d=-0.01"] o VBF Hx 40
7 Uncertainty q #=0.73,d=-0.01
. i 77 Uncertainty 3

2) VBF topology _ g
mjj .qc; 1.5_| T T T | T T T T I * T T I I T T T l_ _o' 1 5_! T T | I I T 1 1 I 1 l‘ 1 Vl l I 1 1 l_
— b Z 9 ' [ 7
\Q_ ‘"__. ..... ¥ ’ ...... ‘ ...... ’ .............. + ‘* ...... ¥.*_- S_ 1._‘ ..... 7 | i { Y. ’ <‘ ...... + ..... + ...... + ...... ]
© i 7 (W] B -
..(-U' O '5 _I | 1 1 | l 1 1 | l 1 | l 1 | 1 1 1 l— ..(-U' 0‘5 [ 1 | 1 1 I | 1 1 | I 1 1 1 1 | 1 1 1 I—
(a -0.5 0 0.5 1 o -1 -0.5 0 0.5 1
BDT BDTscore
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https://www.sciencedirect.com/science/article/pii/S0370269320302306?via%3Dihub

Optimal Discriminants for CP (CMS)

Phys. Rev. D 100, 112002 CMS H—1t

MELA (Matrix Element Likelihood Approach)

e Use the full kinematics of the H-V'V to calculate likelihood based on the matrix element
e Designed to reduce the number of observables to minimum, while retaining all essential information

MELA discriminants v’ Easily constructed as the ratio of likelihoods
v Used to separate different hypothesis of signals or background

CMS 35.9 b (13 TeV)
< 4000__'I'II+(')bllcl|I-I:III'IIII'
o) = serve 1T
B 3500F Zo1 B Z-spplee All T
c - th+jets QCD multijet
°>'> 3000 = B W+jets Others
L 2500 = Total unc.
E: SMVBF H-tt(6=10 6_ )
2000 e — BSM VBF Ho>tt (5 =10 o.,) . SM vs BSM
1500 - P
1000 ——— D — SM
500 E [, SM BSM
0
a 1.2
HVYV in VBF A -
= 1 = s ®
qq — VV(qq) — 2 ool :
(@)
H(qq) — ZZ or 7z (qq) 0.87 0.2 0.4 0.6 0.8 1

Doy


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002

Optimal Discriminants for CP (ATLAS)

Phys. Lett. B 805 (2020) 135426 [IXIN) . DN

Optimal observable built using the matrix element

Using SMEFT represented in mass basis CP-odd ; 7
S . L L,cr=L L d)+ L
CP violation in H-VV coupling described eff sm T Lyyy(d) + Lose
by a single parameter
a DB
~ Ny - ATLAS Simulatio ~ 7
M = Mgy +d - Mcp.oad 2 023_\!§=13Tev _§M(d=0) -
. ¢ O2CVBFH—ow _004
IMI? = [Mgyl* + d - 2Re(MsyiMcpoaa) + d° - IMcp.oaal” E’ [ " =010 :
(o} = .
_5 0.15[— =
! I :
O = 2 Re(MsmMcp-oda) - ’
Opt - 2 0.05_— __
IMgml E ) .
015 15

< Oyp > 1= 0 would indicate CP-violation
Optimal Observable

Doyeong Kim, Kansas State University


https://www.sciencedirect.com/science/article/pii/S0370269320302306?via%3Dihub

CP studies using Constraint on CP-violating Parameters

Results from both experiments indicate no deviation from SM expectation

511" (7 TeV) + 19.7 ﬂ?-1 (8‘Te‘V) + 802 fb1(13 "T‘e\‘/')‘ 45 e -
s = [ ATLAS E
68% CL observed 42| . < "F (s=13TeV, 36.1 f E
[-0.27, 0.27] e e T 3.5F —eObserved _ E
---- Expected, H — 4 3:_ Expected (d =0, 1 = 1) e
95% CL observed \. — Observed, H — 11 E T EXp?.Cted e =il = 07 .
[_92’ 14] 4 ses EXDEGHEH, B 57 o 5F Pre-fit expected (d =0, u = 1) E
o S - .
< 10 ’ ) i AN, WO 0. dockis el ]
AN [ ]
' 1.5F E
N na 1 68% CL observed
e z 1 [-0.09, 0.035]
68% CL observed — 0.5 =
[-0.93, 0.43] " TN FYTTE. D e IS P =
-1-08-0.6-04-02 -0.02 0 002 0204 0608 1 06 -04 -0. 0.6

f43 COS(0,5) 2
d

Combination of H—tr (Run2 2016) and Confidence intervals extracted for different u

H—4/ (Runl 2011, 2012 and Run2 2015, 2016, 2017) where  p = 2 XBR) observed

(o x BR) expected

Phys. Rev. D 100, 112002 CMS H—1t Phys. Lett. B 805 (2020) 135426 J:NNW.NB:E274

Doyeong Kim, Kansas State University



https://www.sciencedirect.com/science/article/pii/S0370269320302306?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002
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CP studies using

Stage 1.2

[ [
| =o0get || =1

-jet |

CERN report
L)

= VBF+V (= qq)H

mj; [350, o]

| % [0,200] |
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..00
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Hjj
Pr

Bkg. isolated here

l

Untagged

VBF-1jet
tagged
VBF-2jet
tagged
VH-hadronic
tagged
VH-leptonic
tagged
ttH-hadronic
tagged
ttH-leptonic

tagged

CMS Simulation Preliminary

o0
lo 25
I BSM

137.1 tb™ (13 TeV)

183.95 exp. events
17.61 exp. events
13.80 exp. events

7.54 exp. events

1.73 exp. events

. events

0O 01 02 03 04 05 06

CMS-PAS-HIG-19-001

07 08 09 1
Signal fraction

STXS Based Event Categorization

Il ggH
B VBF
B WH, W—X
B WH, W—slv
ZH, Z—X
I ZH, Z—21
I ttH, tt—01+X
B ttH, tt—1+X
I ttH, tt—27+X
I bbH
tH

Reconstructed Event Category

Events are classified in categories targeting
different Higgs production modes

Some of bins in Simplified Template Cross Section
(STXS) BSM sensitive phase space

. . | 992H-0j -pH-Low Il gg2H-p*-High
) Bkg. ATLAS Simulation . gng-o/--pE-Hign qa2Hag-VBF
ot | 1oz e R
1/ -pH-Me E
Vs=13TeV, 139 fb = SZZH.J-.Z High ?,7“22
l B oo2H2 | B itH+tH
0j -p#‘-Low
Oj-p:'-Med
1j-p$'—Low
1j-p*-Med
1j-pé-High
1j-p#-BSM-like
2j
2j-BSM:-like
VH-Lep-enriched
0j-p-High

ttH-Had-enriched

0 01 02 03 04 05 06 07 08 09

1
Eur. Phys. J. C 80 (2020) 957

Expected Composition


https://arxiv.org/abs/1610.07922
https://cds.cern.ch/record/2668684?ln=en
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9

CP studies using Optimal Discriminant for STXS (ATLAS)
NS i

e Multivariate neural network discriminants used as observables to increase the sensitivity of XS measurement

2

e Measured XS in STXS bins are interpreted using

G C? . Wilson coefficients
. . o o [Msmerr|* = Msm + Y —M Lo
SMEFT represented in Warsaw basis Zl: e A :scale of new physics
VBF 2jet bin VH 2jet bin VBF 2jet BSM bin

f%) 25 [T T T T T T T T L o[ RN RN RRERS RERES REERS RERRY o 12
& [ATLAS o . 1§ ®lamas Sy . 1 & [ATLAS e o]
> rH—ZZ* - 4l ver  HZ 1 > H— ZZ* - 4l VH Wz S L H = ZZ* — 4 VBF  Mzz 1
L M Vs=13TeV, 139 fb! ggF+bbH  tXX, VVV L Vs=13 TeV, 139 fb’! ggF+bbH = tXX, VWV ] w 10+ Vs=13 TeV, 139 fb™ ggF+bbH  tXX, VWV —

20 [ 115 < m, < 130 GeV VH W Z+jets, tt | 20 |-115 < m, < 130 GeV VBF W Z+jets, tt [ 115 < m, <130 GeV VH W Z+jets, tt
L 2/ with NN, <0.2 WttH+tH % Uncertainty - 2j with NN, > 0.2 WttH+tH % Uncertainty ] | 2j-BSM-like WtH+H % Uncertainty |

i ] - 8-

15y, 7 // _ L ]
J 15 / i )
_ ] g : 6 ]
; IR | N /2{// | e |
i R i i Zl
5 /// ///// i L T 4
0 & il 0 B llIlllllllllllllllllllll_
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9

Optimal Discriminants for CP (CMS)

CMS-PAS-HIG-19-009 CMS H—-ZZ—4l

MELA discriminants are constructed using Higgs
boson production and decay kinematics

HVYV in decay
gg—>H—->VV >4l

CMS-HIG-19-001
()
1 . _
D o PBkg- DA — Pont (PSM + PPS)
Bkg. — CP —
Ppyg. + Psig. Pspp + Pps
. CMS Preliminary 137 fo™! (13 TeV) CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 fb™ (13 TeV)
LIS S R S S S B A NN SO N S B NN N B R —T T T T —T T T T T T T L T R U
—e—data [ HVV, H—4|, VH-leptonic, D >0.7 T o HVV, ,_'|%4|, Bo'osted - ol HVV, H—4l, VBF-2jet, Dbkg >0.2
i A ~ = I —Total | VBF+VH  f°r=05 B
D zzizy* _ - k * P :
[ Z+X i BSM : :
__% L tend to be c L £ L -
harder 2 10— - 10 -
S~ ~ S~
Total VBF+VH o o T T o o 1
....... c [ C
— - SM o [} )
Srsmmal T = =
== faa= S W et o W
cemmma-, - 1 _______________ | RFTEETT T T e gtk ey it il oyl i oyt
e fa2_1 Bt i —
— i f &1 T e
—_— f y: L ]
------- A1 o 0
0 100 20‘8 300 400 0 0.2 0.4 0.6 0.8 1
pT Dbkg
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CP studies using Constraint on CP-violating Parameters

Results from both experiments indicate no deviation from SM expectation

Best-fit : £0.010 Best-fit : -0.53 -0.47/+0.51
68% CL observed [-0.042, 0.034] 68% CL observed [-1, 1]
95% CL observed [-0.20, 0.20]
CMS profiminary 137" (13Tev) ,CMS Prefiminary 137 6 (13 TeV)
—lobserved L Expelcted ] ATLAS Expected: Stat+Sys
10t —— Observed, fix others H— ZZ* — 4l = Observed: Stat+Sys
---- Expected, fix others 3 — ggH(4l) §M=E3Tev’ 139 m| Observed: Stat-Only

— Observed, float others

\\. -~~~ Expected, float others .’ Bestfit  95% CL

-2AIn L

L L Y B B R

Cov . s £06  [2424]
Cs i ' 0.00 [-0.56,0.56] |
__Esﬁ SL___ Coiin | - 0.0 (1010 |
_______ Cs [ i 0 0000 [0.029,0.029]
ol o i o b PN e i e e - ‘ %H_ e 1 s -5-l1o-2¢21 I[-so,so] ._
~1-0.8-0.6-0.4-02 -0.02 0  0.02 02 0.4 0.6 08 1 1 ~ 0 3 y 5 5

Parameter Value

CMS-PAS-HIG-19-009 CMS H—-ZZ—4l S S VAR R NI PR LY ATLAS H-ZZ—4l

Doyeong Kim, Kansas State University
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Optimal Discriminants for CP (ATLAS)

ATLAS-CONF-2020-055 IS SR A AR n

e Optimal discriminants for ggH + 2jets topology
o Cuts applied on kinematics of di-lepton system, and ARjj
o Categorize defined using |A77jj| and BDTs score that trained using kinematics of di-lepton system

and angular distances between leptons and jets

[ C T T T ‘ T T T ‘ T T T n
-% ~ ATLAS Simulation Preliminary |
e Optimal discriminants for CP g [ Is=13TeV,ggF H - WW'—evuv -
% 0.15~ —CPeven --CPodd ---CP mixed—
o Signed azimuthal angle difference o [ anl>3.0
L |
1
. .1 . . 01— T |
¢ — ¢, itn; >nj, S ek BT e

AD;j = SR
7 herwi A s R U D
¢, — ¢j otherwise oos T [ el

]

< A(I)jj>!=Ow0uldindicateCP-mixedstate I B BN B

Doyeong Kim, Kansas State University



CP studies using Constraint on CP-violating Parameters

ATLAS-CONF-2020-055 IS SR A AR n

Using Higgs Characterisation model, CP violation in H-VV coupling via ggH loop described by

CP-even CP-odd
1 coupling strength scale factor coupling strength scale factor
loop a a,uv a ~a,uv
2 [ aAmas peliminay 1 T T
Z 6 Vs=13 TeV, 36.1 fo" — Expected ]
~ F H— WwW* = evuy — Observed 1
- 1VBF fixed .
S= =
4; _____________________________________________________________________ _f o5 Good News
- a First measurement of
3 — Best-fit : polarisation effects in
- ] 0.0 + 0.4(stat.) = 0.3(syst.) H-VV is also presented
2F E in this paper!
1:_ ____________________________________________________________________ _f 1o
- . Merijn’s slides (Oct 26)
"8 4 20 2 4 6 8
Kage/ Krigg

Results from both experiments indicate no deviation from SM expectation


https://indico.cern.ch/event/900384/timetable/?view=standard#7-precision-measurements-of-hi

Conclusions

Doyeong Kim, Kansas State University
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CP studies using Conclusions

e Search for the existence of anomalous H-VV couplings including CP-violation 1s performed
using three promising Higgs boson decay channels, H—-»ZZ—4/, H-WW—(evuv)jj, and
H—7r by CMS and ATLAS collaborations

e Better precision than previous results achieved by analysing full Run2 dataset in H—>ZZ—4/

e All measurements are consistent with the SM prediction so far, but we expect 20 times more
data with future LHC runs and still plenty to explore with Higgs boson
o Smaller statistical uncertainties
o Use of other H-VV signatures (VBF H—bb, H->WW, etc)
o Use of other vertices (H-ff)
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ATLAS HTT Selection & BDT Inputs

Channel TlepTlep SF TlepTlep DF TlepThad Thad Thad
Two isolated 7-lepton decay candidates with opposite electric charge
pr > 197/15" GeV (u/e) pt > 18 GeV p;h"d > 30GeV pr > 40GeV
p > 10/15" GeV (u/e) p‘; > 14 GeV pTle" > 21" GeV p;Z > 30GeV
- m" > my, — 25 GeV my < 70 GeV 0.8 <AR,, <2.5
30 < my, < 75 GeV 30 < myp < 100 GeV |An,.| < 1.5
E}mss > 55 GeV ET™ > 20GeV ET™ > 20GeV
ERE I 55GeV
Nb-jets =0
2
VBE topolozy Nigts 2 2, pJ > 30GeV, m;; > 300GeV, |An;;| >3
Pl > 40 Gev | P >70GeV, ;| <3.2
| | myr > myj, AR, C;(1y), Cj(1y), PY"
BDT input variables :1:’ m}‘ JEX ’ pJT3 C( ¢miss) /\/i |
. . V EmlSS
Abr, EPSp EFSIpT | om A | T A
Signal region BDT,. > 0.78 BDT,, > 0.86 | BDT,. . > 0.87

Doyeong Kim, Kansas State University



CP studies using ATLAS HZZ Neural Networks Summary

Eur. Phys. J. C 80 (2020) 957 [FNSTCY: v/,

Table 5: The input variables used to train the MLP, and the two RNNs for the four leptons and the jets (up to three).
For each category, the processes which are classified by an NN, their corresponding input variables and the observable
used are shown. For example, there are eight input variables for the Lepton RNN being trained if p{f and n, are listed.
Leptons and jets are denoted by ‘€’ and ‘j’. See the text for the definitions of the variables.

Category Processes MLP Lepton RNN Jet RNN Discriminant
0j-py’ -Low oeF. 27" Py, Dzz-, mp, m34, . NN
’ s Il¢ = ggF
Oj-pf-Med |cos 8*|, cos 01, pzz r
4 j
> D> M5 NN for NNzz < 0.25
lf-Pf-LOW ggF, VBF, ZZ* Pr > P ptT” ne ) VBF 27
ARy¢j, Dz z+ NNzz for NNzz > 0.25
a¢ J miss
s Dps Mjs Ep s NNvygr for NNzz < 0.25
1j-pff-Med ggF, VBF, ZZ* Pr s Pr ) E P, me i VBF zz
ARugj, Dzz+, nae NNzz for NNzz > 0.25
4 j
. . Pt Pips T
1j-p4’-High ggF, VBF o bl S ph. me - NNygF
ET"™, ARacj, nae
) o ; NNvgr for NNyg < 0.2
2j ggF, VBF, VH m;j, py P, me Pl )
NNVH for NNVH > 0.2
2j-BSM-like ggF, VBF il Pl e P NNvgp
N; ,N -j los
VH-Lep-enriched VH, ttH jets ‘b i P - NNyn
EmlSS HT
T b
*, myg, : NN,z for NN,xx < 0.4
1tH-Had-enriched ggF, ttH, tXX Pr - Mij ph.me Ph. mj G P
ARysj, Np.jets, 70%> NN,xx for NN,xx > 0.4



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9

ATLAS HWW Event Selection Summary

Table 3: Event selection criteria used to define the signal regions for the ggF + 2 jets and VBF event categories.

ggF + 2 jets VBF
Two isolated, different-flavour leptons (£ = e, u) with opposite charge
p]]?ad > 22 GeV, p%“b'ead > 15GeV
mee > 10 GeV
Niet = 2

N[)—jet,(pT>20 GeV) — 0
MrrZ 66 GeV

Preselection

AR 1.0

Background rejection M .

pt.ce > 20 GeV central jet veto

mee < 90 GeV outside lepton veto

mt < 150 GeV

_ - o AY , Ad/
BDT inputvaridbles | mee, mT., PT,{:{’, dee | mjj, AYjj, mee, mt, Adee

min AR (¢4, j;), min AR (5, j;) e Ce, Xg.jme,j, PT'

Doyeong Kim, Kansas State University



CP studies using

CMS H—ZZ—4] Categorization
YTz,

Table 3: The numbers of events expected in the SM for different H signal (sig.) and background
(bkg.) contributions and the observed number of events in each category defined in Scheme 2
targeting HVV anomalous couplings. The EW (VBF, WH, and ZH) signal expectation is quoted

for the SM and anomalous (a3/a,/%;/ Kf'y) scenarios, all generated with the same total EW

production cross section.

VBEF- VBEF- VH- VH-
Unfagged Boasted ljet 2jet leptonic ~ hadronic
ggH sig. 1752 6.7 14.6 9.5 0.4 5.7
VBF sig. 5.7 1.4 27 7.6 0.1 05 The VBF—ZjeF category requires exactly four leptons, either two or tl)ree jets of which
(a3/ay/ 0.3/0.4/ (1.0/0.8/ (0.1/0.1/ (5.5/4.4/ (0.0/0.0/ (0.3/0.2/ at most 3;1Feils b-quark'ﬂavc?r-tagged, or more if none are b-tagge.d jets, and ‘
K, /Kf’r) 0.1/0.1) 0.6/0.5) 0.0/0.1) 1.7/1.5) 0.0/0.0) 0.1/0.1) max (DZjet 4 ) > 0.5 using either the SM or any of the four BSM signal hypotheses (i)
WH si for the VBF production. See Fig. 1 (left) for illustration.
S1&: 2.3 0.5 0.5 0.2 Ll L The VH-hadronic category requires exactly four leptons, either two or three jets, or
(a3/a,/ 2.1/3.3/ 4.0/34/  (08/09/  (1.0/09/ (28/29/ (3.1/3.0/ . e O WHL T2 - 08 st ot e gt
Ky /K2T) 0.7/0.0) 6.4/0.0) 0.2/0.0) 1.7/0.0)  3.4/00)  2.6/0.0) more If none are b-tagged jets, and max ( det 7 ojet ) > U using either the SV or
any of the four BSM signal hypotheses (i) for the VH production. See Fig. 1 (right)
ZH sig. 24 0.4 0.2 0.2 0.3 0.9 for illustration.
(az/ay/ (1.3/2.4/ (24/2.1/ (0.4/04/ (0.6/0.6/ (0.5/0.6/ (1.6/1.7/ : ; : o s
7 The VH-leptonic category requires no more than three jets and no b-tagged jets in
K1/Ky ") 0.9/1.3) 5.1/13.5) 0.2/0.3) 1.4/3.8) 0.8/2.0) 2.0/4.6) the event, and exactly one additional lepton or one additional pair of opposite sign
bbH sig. 1.9 0.0 0.1 0.1 0.0 0.1 same flavor leptons. This category also includes events with no jets and at least one
ttH sig. 1.4 0.0 0.0 0.5 02 02 additionl leptan.
Signal expected 188.8 92 17.9 18.1 ) 8.6 The VBEF-1jet category requires exactly four leptons, exactly one jet and D};Ef > 0.7.
(a3/ay/ (182.1/184.5/ (14.3/13.0/ (16.1/16.2/ (173/16.0/ (4.0/42/ (11.1/11.0/ The Boosted catego‘ry requires exactly four leptons, three or fewer jets, or more if
K1 /Kfv) 180.2 /179_9) 18.9 /20.9) 15.1/ 15.1) 15.0/1 5_4) 49 /2_7) 10.8 /10_7) ngene z;rzeob(;ta;/gged jets, and the transverse momentum of the four-lepton system
_ Pr > ev.
94 :; 25 ll:llzg 2210208 gg ?g ?)g gi g? The Untagged category consists of the remaining events.
gg g. : ; ; : : :
Z + X bkg. 68.2 3.8 2.3 8.2 1.1 3.8
489.8 15.0 28.0 29.0 6.1 14.7
Total expected  (483.1/485.5/ (20.1/189/ (26.1/26.2/ (282/269/ (7.9/80/ (17.1/17.0/
481.1/480.9) 24.7/26.7) 25.2/25.1) 25.9/26.3) 8.8/6.6) 16.8/16.7)
Total observed 503 17 26 21 8 14

University


http://cds.cern.ch/record/2725543?ln=en

Category Selection Observables X for fitting
Untagged nz}ne below Distgr IDESC' Dgﬁﬁr, Pilec, D/Z\Y’dec, Ddee, Pidee
Boosted pTV > 120 GeV Dy, pTe

: BF 4
VBF-1jet Dijet > 0.7 Dyygs PT

. VBF VBF+d VBF-+d VBF-+d Z7y,VBF+dec yVBF yVBF
VBE-2jet Diiet > 0.5 Drig: Do~ T, Doy 75, Day 7%, Digq P E LS DAL
VH-leptonic  see Sec. 3 Dixgs PT

; VH VH-+dec VH+dec VH+dec ,~Zv,VH+dec VH VH

VH-hadronic DZjet > 0.5 Dbkg, D,_ » Do i Dpq i Dg4 +Dep » Dy

Doyeong Kim, Kansas State University



CP studies using

A TLAS Expected: Stat+Sys
H— ZZ* — 4l = Observed: Stat+Sys
Vs=13TeV, 139 fo’!
SMEFT (] Observed: Stat-Only
Best-fit 95% CL
- 05 [-3.4,2.1]
i 003  [-0.62,0.59]
- 0.1 [-1.1,1.0]
-§ 102 0001  [-0.008,0.007]
S E— 5.102 618  [-1830]
1 i 1
-2 0 4 6
Parameter Value
A TLA S Expected: Stat+Sys
H—ZZ* - 4l = Observed: Stat+Sys
Vs=13TeV, 139 fb
SMEFT ] Observed: Stat-Only
Best-fit  95% CL
P +06 [2424]
u 000  [-0.56,0.56]
' 0.0 [-1.0,1.0]
. 102 0.000  [-0.029,0.029]
R S — 5.102 £21  [-50,50]
i 1 1 1
-2 0 2 4 6 8

Parameter Value

Constraint on Wilson Coefficients

Eur. Phys. J. C 80 (2020) 957 [FNSTCY: v/,

e One Wilson coefficient fitted at a time

e Following the constraint on CHc the next-strongest constraints
are obtained on H-VV related coefficients
o Driving contribution is from ggH production decay to ZZ
o VBF and VH productions also give some sensitivity

Stage 1.1 gg—H Stage 1.1 EWggH | = VBF+V(—qq)H
I |
|
2 [0, 200] [P0 ] [ = odet |[ = 1-jet |
[ [
, o] e m
pTO ' | | mfé |
o | m;; [0, 350] | |mjj (350, o0] | . | | | pH [0 200] | [200 0] |
10 POT | | 35’5 60 1 | m,J |
[ EeEE” N.___ N1 &
| | | : | ~ 24et | [2 et : L p | 700 | I
] 120 1 | 1000 350 0 25 00 .?.2.-].ef. _,:,_3-1-61" 1000 | S—
| | | | b b 1500 piHii :
400 0 25 00 pHii o | 1500 N ? ------
L) 25 oo e 0o
pr” o 2% oo 0 25 oo

Doyeong Kim, Kansas State University


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8227-9

Stage 1.2 VH = V(— leptons) H
| I
qq¢’ - WH qq - ZH gg - ZH

Pr

75 |
150 1 [
250
400 [t oendeeey B R
55 : : : : _ : . : .

O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet

Doyeong Kim, Kansas State University



CP studies using Constraint on H-VV Couplings (CMS)
Coupling Amplitude SMEFT CMS H—ZZ—4l

Decomposition (Higgs basis)
CMS pramesy_____srwizren s S MMM . [ . Results are shown in ¢ ¢
o CSulls arec snown 1n terms o
il R — i Observed, float others 1 . . o

= - Expected, i ahers B p ; 1) Coupling amplitude decomposition
o] —— Observed, float others ) rN\ b i . . .
@ LN\ - Epedted foatoters oo . 2) SMEFT represented in Higgs basis
@ N L _ . :
> o o Uy S e e All anomalous couplings measured simultaneously
- N T 2:_ -

e e M s S

faS EZZ
CMS profiminary 137 b (13 TeV) CMS Preliminary 137 ™ (13 TeV)
g T 10 — ! —

P — Observed, fix others Observed, float others
: ---- Expected, fix others
g — Observed, float others I Expected, float others
? ---- Expected, float W 1
m T {'/‘/ | L= i
@) R S L
o
<

Oloitii { M S
-1-0.8-06-0.4-02 -0.02 0 002 02040608 1

fa2

Doyeong Kim, Kansas State University


http://cds.cern.ch/record/2725543?ln=en

Constraint on H-VV Couplings (CMS)

Phys. Rev. D 100, 112002 CMS H—-tr

CP studies using

51fb (7TeV)+197fb (8TeV)+802fb (13TeV)

CcMmS

5.1fb™ (7 Tev) + 19.7 o’ (8Tev) +80.2 o (13 TeV) 5.11b" (7 TeV) + 19.7 fb” (8 TeV) +80.2 fb (13 Tev)
T T T T T T

5.1 b1 (7 TeV) + 19.7 fb (8 TeV) + 80.2 i (13 TeV)
T T T T T T T T

—— Observed, H — 4¢
---- Expected, H — 4¢
N\ — Observed, H » 1t

"\, ---- Expected, H —» 1t

CMS

\
!

- Expected, H — 4¢
"\ —— Observed, H — 11
\---- Expected, H 51t

-2 AlnL

95% CL
68% CL

1 T | 1
0.2 04 06 08 1

L s L |
-1-0.8-0.6-0.4-0.2 -0.02 0 0.02
f13 COS(,5)

1 [l | 1
02 04 06 08 1

| Il | 1 P 1
-1-0.8-0.6-04-02 -002 0 0.02
f,, cos(d,,)

CcMmS

- Expected, H — 4¢
—— Observed, H - 11
---- Expected, H —» 11

CMS
—— Observed —— Observed —— Observed —— Observed
---- Expected 10% [#\ -~ Expected 107 ---- Expected 10% ---- Expected
Y\  —— Observed, H — 4{ —— Observed, H — 4¢ —— Observed, H — 4¢

- Expected, H — 4¢
—— Observed, H —» 11
- Expected, H —» 11

95% CL
68% CL

1 1 1 1

0
~1-08-06-04-02 002 0 002
fr1€08(0,)

1 1
0.2 04 06 08 1

0 N
-1-0.8-0.6-04-0.2 -0.02 0 O 02

fZ ! cos(q>

0204 0608 1

Combination of H—77 (Run2 2016) and H—4/ (Runl 2011, 2012 and Run2 2015, 2016, 2017)

Doyeong Kim, Kansas State University


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002

CP studies using Effective XS Fraction and Phase
Generic spin-0 HVV A(HVV) ~ (AVV)2 ] My1€91€v2 + a3 fuy  fH M @/n' Fr@m
° ° 1

scattering amplitude

tree level scalar (0+) higher order scalar (0+h) pseudoscalar (0°)
Coupling parameters P a5 205 _(n
| a2y + axPoy + |asPos + a0 / (Ag)F + Pus = 218 a )’
V f | ‘ﬂolztf >
a2 ’ 2 = ar
a ; g (l_l~l , (CP) 0 ‘”1‘2(71 + [ay 205 + |as203 + 051 / (M) + ... =k < M
AV s 11 a1/ (A )
1]] @ (( l)) - f/\] T 9 2 ! 2 : o~ 4 / (/)/\]1
a1 207 + |ay 205 + |az|?05 + Tpa1/ (M) + - ..
% ‘ 11701 2l o 3 TOAL 1
B, (CP) 521/ (A 4
Zy | ( ) Zy
AL T N 4 Pai
V |ay |20 +(T/(17/ (/\]"7> +...

e Advantage of measuring the effective cross-section ratios
o Many systematics can be canceled out
o Parameter range 1s conveniently confined from 0 to 1

e Value 0 <|f | <1 would indicate CP violation ~— BSM!

Doyeong Kim, Kansas State University



CP studies using

Generic spin-0 HVV
scattering amplitude

Parametrization of Scattering Amplitudes

tree-level
SM-like
VVqZ 5]
AMHVV) ~ |aYV + 17 2 =
vl
1
qZZ=g WW

Considering gauge invariance

1) When VV=27Z, WW, Zy

2) When VV =yy, gg

& |
|

N
F Qe efoy

——--H

1

(custodial symmetry)

4 couplings from each term ~
a'" (CP):SM, wherea * =0 >
32 1474 ( CP)

A" (CP)
7 (P

2 couplings from 3" and 4™ terms

2

a3VV (ij

a"”’ (CP):

SM

/

Doyeong Kim, Kansas State University

VvV (2
My 91692 + a3 fuv f W"‘% fpw f*( Jm

Where VV =77, WW, Zy, vy or gg

In total, 15 couplings

- 4 constraint

a.ZZ — a.WW , KZ.ZZ/(A ZZ)Z — IC.WW/(A WW)2
i i i 1 i 1
Hereafter WW and ZZ superscript will be omitted

- 4 uninteresting couplings

Earlier measurement indicates substantially
tighter limits on a %7, a /"%

2 SM-like couplings :

—a and a "

5 anomalous couplings are of our interest :
Zy ggH
—a,,a,, A, A" and a,



