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Introduction

« CP violation: one of key conditions in baryon asymmetry.
* Existing CPV in SM: CKM, PMNS matrices, but NOT sufficient.
 Where is the other CP-violation source?

* 11 years after Higgs discovery:

* Significant achievements from ATLAS & CMS: Higgs mass, width,
coupling strength...

* Worth to search the CPV in Higgs coupling. /q J WA\
- Any evidence might be a road to NEW PHYSICS! W.z § - W. 2
" W7Z " h AN
qa q ~H
* In this talk: anomalous Higgs couplings in H-V interaction \_ H-V in Higgs production J
* Fiducial differential cross section in: e ™
* H-vyy,H—-> WW" channels. W, Z
* Dedicated CP analysis: —[fﬂ H-V in Higgs decay
* VBF H — 71, H = Yy channels. W.Z
* VBF+VH H — ZZ channel. - /
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Introduction

+ Dimension-6 effective field theory: SMEFT framework
* No tree-level CPV in SM H-V interaction mm) Lgrr = Loy + Zk;—';(?k
* Focus on CP-odd H-V operators: 3 independent ¢;

Warsaw basis Higgs basis
Operator Structure Coupling Operator Structure Coupling
Oww O T O, WH! CHW Linear Onzz hZ 2 Czz
Owowp ot W), BHY CHWB Onza hZ,, AW Czy
Ovp &t By, B Chr combination Opaz hA,, AR &,

* A simplified assumption: HISZ basis.

* Motivated by the indistinguishable contributions from vector bosons and the absence of couplings.

A% - 5
Cyw = Cyg = ;d, Cywg = 0. d is the only CPV parameter.

* Used only in some CP-dedicated VBF Higgs analyses.
2 _ 2 Ci * CiCj * *
o M| = |Msyl” + 22 A_;RQ(MSM Mesui) + Lk ﬁRe(MBSM,iMBSM,j)

CP-odd inter. term CP-even quad. term
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CP sensitive observables

¢ SIgﬂEd A¢]]
* Angular information in production process.
* Used in early spin/CP and differential fiducial cross section analysis.

* Optimal observable

2Re(MpMcp—odd) signed

. More sensitive than Ag;

* Matrix element based observable: 00 =

| M sml? JJ
* In SM, (00) = 0. CP-odd effects introduce asymmetry shape in 00.

0,008 Phys.Rev.D 74 (2006) 095001 Phys. Lett. B 805 (2020) 135426
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https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.095001

leferentlal fiducial XSin H - yy/WW™

s JHEP 08 (2022) 027
. leferentlal fiducial XS measurements can probe CP properties Phys. Rev. D 108, 072003
(try to be) Model independent, minimize the physics assumptions in extrapolation.
* Flexible to be interpreted to theory models, e.g. SMEFT.
* Measurements on observables:
 H — yy:diphoton kinematics (e.g. p%y), jet multiplicities (e.g. Njets), = 1-jet observables (e.g. p )

YY.jet veto . .
, 2-jet observables (e.g. A, - hed phase space observables.
T JjT
* Sensiti C
c HoWW* > eviy: nggs related (e.g. p¥), jet-related (e g. A} —»Sensitive to CP
= 0.05 T = = 0.04 T 5 T
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E: : . 9g—H default MC + XH \g . gg—H default MC + XH IQ_'_ O.OSLVBF H— WW* - evuy Data Total Unc. ¥ VBFNLO@LO+PythiaB_: _% O'S?VBF Ho WW* - evpy Data Total Unc. ¥ VBFNLO@LO+Pythia8E
S [} 2 E ¢ VBFNLO@NLO = ¢ VBFNLO@NLO
\g Vv g9—H Sherpa+MCFM+OpenLoops + XH o Vv gg—H Sherpa+MCFM+OpenLoops + XH “_'g 0. 025:_ ¥ MaS+Herwig? 3 ‘g ¥ MGS:Horwig?
g 0.03F E XH = VBF+VH+ttH+bbH+tH ] 3r &= XH = VBF+VH+ttH+bbH+tH ] E ]
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https://link.springer.com/article/10.1007/JHEP08(2022)027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003
https://indico.ihep.ac.cn/event/18025/timetable/?view=standard

Differential fiducial XSin H - yy/WW~

JHEP 08 (2022) 027
* EFT interpretation in SMEFT Warsaw basis

M1 = My |? + 23 5 Re( Mgy Mgy ) + 2%
Observable shape (e.g. Agjj)

CiCj * *
2 Re(Mpsy,i Mpsu, ;)

Normalized yields

* H — yy:simultaneous fit to 5 observables & correlations: (p’T/y, Niets,mjj, Adjj, p{} ).

* For a global sets of CP-even coefficients cyy ywp np ne and CP-odd ¢y yiwp HE HE-

ATLAS

———
- [ Observed 68% CL L ATLAS [ Observed 68% CL
Hoyy, Vs =13 TeV, 139 1b™ Observed 95% CL Hoyy, Vs = 13 TeV, 139 fb™ Observed 95% CL
[~ SMEFT (interference only), A = 1 TeV —— Expected 68% CL ~ SMEFT (interference+quadratic), A = 1 Tev ~ == Expected 68% CL
----- Expected 95% CL E F t --+-- Expected 95% CL
= = normous events
(o) = 79 el —
[ o107 — |:>/Stringent constrain 0,5 1107 | — |
[ o 1107 - |« from normalization = | oo B Y
o Br(H — : o )
Cowt] — TIw, Coor.vem BIUH=VYD- b poa| —_— _
1 10 I — - v 1107
| HB - L % HB i | } i |
| st - i Limited constrain 0 1071 L ]
| Crws [10-2] "—- T.Jl/ frOm A¢j]' Shape Crws [10_2] | I l |
w — s 10°
[ uie 10| . ) . uiva 101 | . ___ e
-6 -4 -2 0 2 4 =20 =10 0 10 20 30

Parameter value Parameter value
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https://link.springer.com/article/10.1007/JHEP08(2022)027

Differential fiducial XSin H - yy/WW~

« EFT interpretation in SMEFT Warsaw basis Phys. Rev. D 108, 072003

MIZ = [ My |® + 22 5 Re(Miy Mpsu) + 22
Observable shape (e.g. Agjj)

CiCj * *
2 Re(Mpsy,i Mpsu, ;)

Normalized yields

« H - WW?¥:fit to the most sensitive observables (p%1 orAgj;).

e — | ,
ATLAS |:|Exp lin DEXP lin.+quad 95% Confidence interval [TeV~2]
Wilson coefficients Operator structure Fit distr Paramater order Expected Observed
_ 1
Vs=13TeV, 139 b - Obs. lin. —=- Obs. lin.+quad. caw HTHW,',‘,,W"’"‘ Apj; lin [-1.7, 1.6] [-2.6, 0.60]
: lin + quad [-14, 14] [-1.8, 0.61]
Cog [ X107 ; cup H'HB,,B"™ Adj; lin [-5.9, 6.4] [-6.7, 4.6]
) : lin + quad [-0.59, 0.66] [-0.60, 0.66]
Cpy, [X107] - caws H'7"HW!,B* Ag;; lin [-10, 9] [-14, 5.9]
-1 . lin + quad [-1.2, 1.1] [-1.2, 1.1]
Chigt [x107] o . ) .
. : CHgl (HfiD”H)(qy"q) p.’rl lin [—12, 15] [-6.9, 22] .
- = lin + quad (19, 1.7] 22,200  EXcellent constrain on
- : on 1 lin -0.56, 0.47 —0.74, 0.30] 4. .
0 [¥107] ; H' D)@ty T [ bt " lin+quad c; from yield.
[x107] ; lin + quad [-0.43, 1.2] [-0.56, 0.43] l
Cn [ X10° —_—tr—— - : .
* i CHu (H'iD,H) iy ) Py lin [-8.3, 6.9] [-11, 4.2]
c . [x10M] - lin + quad [-2.0, 2.6] [-2.5, 3.1] I
HWB - ’ g
5 cma P i tin 21, 23] L Oensitivities to cyy
Come [x107] —0—.,'_— (H'iD,H)(dy*d) T
; lin + quad [(-3.0,27) 3734 and ¢y from VBF and
C ~ ; ~ .
HW , cui HIHW?, W™ Ag;; lin [-1.7, 1.7] [-1.8, 1.3] N *
Cr : lin + quad [-14, 1.4] [-1.1, 1.4] H - WW" (better than
: 5 cui HYHB,, B A lin [-28, 28] [-32, 22] H - yy)
| | | | | | | lin 4 quad [-0.62, 0.62] [-0.63, 0.63]
_3 ._2\ L ._1\ L .o. L 1. L .2. L .3. | Chwg HTT"HW,’,‘,,B"" A¢jj lin [-15, 15] [-17, 12]
lin + quad [-12, 1.1] [-1.2, 1.1]

Parameter value
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003

Differential fiducial XSin H - yy/WW~

Phys. Rev. D 108, 072003
cl ]
Re (MBSM iMpsu 1)

Normalized yields

+ EFT interpretation in SMEFT Warsaw basis
M2 = Mgy |2 + 22 - Re (M5 Mipsr) + 3,3
Observable shape (e.g. Ag;))

- H- WW* fit to the most sensitive observables (p or Agjj).

A TLAS

|:| Exp. lin. D Exp. lin.+quad.

95% Confidence interval [TeV~2]

Wilson coefficients Operator structure Fit distr Paramater order Expected Observed
_ —1
Vs =13 TeV, 139 fb ~—Obs. lin. —e- Obs. lin.+quad. Cuw HTHW!, W A, lin [-1.7, 1.6] [~2.6, 0.60]
: lin + quad [-1.4, 14] [-1.8, 0.61]
Cog [ X107 ; cup H'HB,,B"™ Adj; lin [-5.9, 6.4] [-6.7, 4.6]
; lin + quad [-0.59, 0.66] [-0.60, 0.66]
.  ———
C,, [ x107] - CHw Hit"HW",B» Adj; lin [-10, 9] [-14, 5.9]
. ; lin + quad [-12, 1.1] [-12, 1.1]
c, [x107] :
Hqt —te < j1 i — —
. ! CHgl (H'iD,H) @) pl! lin [-12, 15] [-6.9, 22] .
Had — lin + quad [-19, 17 22200  Excellent constrain on
-1 c NN n J1 lin [-0.56, 0.47] [-0.74, 0.30] 4= .
%5 (X107 ' (HD ) arra) P lin+quad c; from yield.

YAV
cg;[bdb

5 for yielc

1-constra

lin + quad

+ quad

[-0.43, 12]

[-0.56, 043]

i Not a pare-CP test'for H-¥ ‘interaction.

Sensitivities to cyy

N M—eP— ) .Cmr b [ 21 25] [ 13 33]
@rthe r BS even opeérators catralso confripute,;” 7. and ¢y from VBF and
Con S — c HIHW, W™ A, lin =17, 1.7] [-1.8, 13] *
) HW i lin + quad [—14, 1.4] [—1.1, 1.4] H - WW (better than
HW —-——E Cui H'HB,, B" A lin [-28, 28] [-32, 22] H - yy)
| | | | | | | lin + quad [-0.62, 0.62] [~0.63, 0.63]
e e Cori Hi"HW", B™ A lin [-15, 15] [-17, 12]
= 2 A 0 1 2 3 " ’ g lin + quad [-12, 1.1] =12, 1.1]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003

H-V CP property in VBF H — 1T

« Probe HVV interaction in VBF enriched region Phys. Lett. B 805 (2020) 135426
« Dedicated pure CP analysis in HISZ basis ().
* Shape-only fit on CP-sensitive observable: optimal observable 00
* 4 analysis channels depending on 7 decay: TyeyTiep SF, TiepTiep DF, TiepThad aNd ThadThad

» BDT-based classification + mMM¢ packground estimation.
x10°
o- T T T | T T T I T T T | T T I T E % T I T T | T T T T | T T T | T T -
T {of ATLAS © Daa E S 8o o 2 ATLAS N
2 12 5iTaTev, 6.4t e 5001 ] S UL D Medonified e VS=13TeV, 361767
& 10F %oyt VBF =Zzoer - £ [ = Other bkg fopThag OW-BDTCR ]
Lﬁ ) Misidentified 7 - g) 60— 77 Uncertainty . |
Il Other bkg ] LIJ - i
-+++ VBF H x40 . - .
- 2 iy 40~ .
_qo; 1 23_\ T T I/ | I, T T T T T | T _ao-; 1.1 : \I : i | ; ; ; T | T T T T | T T T I_
s 1W //// / 5 1 //////%////W//W%//WW%
8 0.8 . S 009 ' -
[0 R E A R N N A I 4] h o e b
- -0.5 0 0.5 1 o 0 50 100 150 200
BDTscore m'XITMC [GeV]
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https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub

H-V CP property in VBF H — 1T

+ Maximum likelihood fit in binned 00
* A template fit with d hypotheses. Result: d € [—0.090,0.035] @ 68% C.L.

2023/11/29

Events/1.0

Data/pred.

Events/1.0
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Phys. Lett. B 805 (2020) 135426
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https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub

H-V CP property in VBF H — yy

* Similar strategy with H — 77
* 2 EFT basis: d in HISZ basis and ¢, in Warsaw basis.
* Shape-only fit on CP-sensitive observable: optimal observable 00.
* 2 BDTs for pure VBF events: BDTygr /497 BDTygF /continuum:

2023/11/29

* Extract signal and background yield from m,,, distributi

BI:)TVBF/Continuum

0.4

0.2

S L L A BN B B s R
- ATLAS : :

[ Vs=13TeV, 139 6" |.a

B DTVBF/ggF
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100 x fraction of events

Fraction of events

raction of events

1 1 1 1
5 ATLAS e SM VBF =
E {s=13Tev, 139! = ="SMooF ]

[ BDTygrqqr tight

= Continuum background J

TL ! T

2.1 1 1 ad ]
0.1 0.2 0.3 0.4 0.5

T T T T T T
ATLAS BDT,gp/qqr l00SE
Ys=13TeV, 139 b’

-0.4

Reeitil Il 1 1 ]
-03 -02 -01 0 01 02 03

B DTVBF/Continuum

Phys. Rev. Lett. 131 (2023) 061802

on: better background estimation.

In(1+S/B) weighted events / 1.0

Data - bkg.

80

70

60

50

40

30

20

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

L I L L I -
ATLAS g =
fs =13 TeV, 139 fi5" =
m, € [118, 132] GeV oo =
TT+TL+LT - oF 3
—4- Data ; oF =

VBF (SM) I

I Total bkg. .
20 Syst. Uncer. \—*TT+W |

\\\\\\

i " VBF (0=0.06) B
i"TiVBF (0=-0.06) ,-nfemn__ + _:
'I. -



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

H -V CP property in VBF H — yy

° Flt in 3 categorles and 6 OO bins Phys. Rev. Lett. 131 (2023) 061802

* Float the VBF normalization for shape-only fit.
* Results are combined with H — 7.
Stringent pure CPV constraint on cyyp: [-0.55, 1.07] @ 95% C.L. (inter + quad.)

j T I T T T T | T T T T T T T T | T T T T | T T T T | T T T T | T :ll : T T T T I T T T T | T T T T | T T T T T T :

% o5 ATLAS -« Exp. Comb = Obs. Comb _| % 9;_ ATLAS _;

X B \{§=13TeV, 36-1391‘51 -« Exp.H->yy == Obs.H—vyy ] X 8;_ \/§=13 TeV, 139 fb1 _;

Al n | (qV] C ]

20 = Exp.H> 1t =—=Obs. H—> 1t | 7'_‘_ VBF H%’Y’Y 7

E 62_ -------- Exp. stat. + syst. ;

158 - 5F —— Obs. stat. + syst. =

e 95%CL 4 N =

105 ", ™ C ] :

3F E

2F =

95% CL5 C ]

----------------------------------------- 68% CL P e e N\t

68% CL e TN e - 7

0 “ 0_ b e e L1
-0.15 -0.1 005 O 0.05 0.1 0.15 -1 -0.5 0 0.5 1

a CHW
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

H-V CP propertiesin H - ZZ" — 41

« Constrain H-V CP-odd effects from both production and decay. .
* In all 3 representations: d in HISZ basis, Warsaw basis and Higgs basis.

2023/11/29

* (00 for each coefficients and vertices: OOJ-C]? and OOZ
VBF+VH production 00;

Normalized to unit area

BSM/SM

0.9
wsE. ATLAS Simulation
' g HesZZ*—54| = = = VBF+VH, ¢,, = 5.0
0.7 E_ Vs =13 TeV = \/BF+VH SM
06~ 115GeV <m, <130GeV " VBFVH ¢ =50
05— N, >2,m >120 GeV
= Jet i
0.4
03F- "i"
= i
021 e
0.1 R i
OE_ - -HH.JI-'I'H"_ ‘E.-.-.!‘"“‘_-.‘-'_.I
C | | P I | oy by by by
20k T .‘-;'_'-'_'i,‘-‘_‘i'-':"':"-"
10 . ,'.':'.-.‘.-E"'"‘""""“:' .......................
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Normalized to unit area

BSM/SM
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0.02

20

arXiv:2304.09612

H — ZZ" decay 00,

ATLAS Simulation
H—ZZ*—4l

(s =13 TeV

115 GeV <m, < 130 GeV

|III|III|III|IIII

===ggF, €= 1.5
= ggF SM

10 i n



https://arxiv.org/abs/2304.09612

H-V CP propertiesin H - ZZ" — 41

. Analysis strategy: for 2 targets
* 3-class NN classification to distinguish VBF, VH and ggF.
* 4 VVBF SRs for VBF production, 1 VBF-depleted region for H —» ZZ decay (ggF dominant).

arXiv:2304.09612

m4I[AGeV] ATLAS 3 200 I | I I I ]
160 OE' 180 ATLAS —
s F ) WggF VBF+VH 3
@ 160:_ I_Ilé_izé T_e>fr/| 139 fo'! WuHtH - Wz E
S 1401 ! WZiet tWZ| ttV,ywW
130 . 8 120 - Production + decay fit
Inclusive SR ’ 005 Production o:nly fit
VBF =
SR 1-4 80 E
60 =
1154 40 =
20 =
105 : ’ SF Sk
0, 1 jet(s) or 2 2 jets and Jet
m;< 120 GeV m;2120 GeV  Selection
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https://arxiv.org/abs/2304.09612

H-V CP propertiesin H - ZZ" — 41

* Results: 1D and 2D constraints
* Full set of H-V CP-odd coefficients. Compatible with SM.

arXiv:2304.09612

@ e e e e
' S5FATLAS Ao Gebmcl. A of 4f ATLAS Aooemol
© F H— 7Z* — 4] e Sf;ggg/fgf ] FH—ZZ* = 4l e stgg:/fglf ]
4E {Fm 13 ToV. 100 " — EmoswcL ] 3f—V§=1aTeV, o - EpeicL —f A TLAS Expected: Stat+Sys
3:—p~value SM: 88% _: [ p-value SM: 89% B —— .
: ] A: ] H N ZZ % N 4| Observed: Stat+Sys
2 3 g 4 Cm] Observed: Stat-Only
3 ; ): Vs=13TeV, 139 fb
F g SMEFT CP-odd couplings
(0= = OF
s E I BestFit  95%CL
—2F E : i .
3; -2 Cus ] -0.078  [-0.61,0.54] Decay fit
_:_lwll‘lw\||||\\|\||\|\\ll‘l\\l‘ll\\‘\\l\_: _0: ] :
-2 15 -1-050 05 1 15 2 15 . . . Covs E 8 1 0017 [-0.97,0.98] Decay fit
Cub Cub 0
e am e Cow : = 3 06  [-0.81,154] Combined fit
oF o ATLAS 2oOkene. ] @ FATLAS oomemeL ] !
8 —— Obs 95% CL. ] 4+ —— Obs 95% CL. ] ~ ! .
FH-ZZ >4 oo EmgCL FH—>ZZr 4 ol d = x10 -0.003  [-0.026, 0.025] Decay fit
B Vs=13Tev, 139 b * SM ] 3 Vs=13TeV, 139 fo” * SM . '
[ p-value SM: 87% ] [ p-value SM: 24% i ~ : . .
af ; oF ] C,, : E = 3 078 [12175] Production fit
2 ] 3 E C,, E - 3 0.083  [-0.84,0.83] Decay fit
oF ] oF E . 5
i k £ E c,, E . 3 0.0083 [-0.99,0.93] Decay fit
I E L1 R P B B B
—4r 1 2 ] —0.5 0.5 1 1.5 2 2.5
_61‘.'\”uluu\qulwu.\.u.\uu\u.f _3:\\I‘\I\‘Il\ll\ll\ll‘\\ll\ll‘ll\:
4 -3 -2 -1 0 1 2 3 4 -8 6 4 2 0 2 4 6 8 Parameter value
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https://arxiv.org/abs/2304.09612

Summary

* We are looking for new CP-violation sources beyond SM

* |s well-motivated by the baryon asymmetry puzzle.

* H-Vinteraction is a precious window to study EW and search the new physics.

* A series of analyses targeting H-V CP properties are performed
* From both production mode and decay mode, covers many possibilities.

Provide stringent limits on CP-violation, with Warsaw and Higgs basis.

Optimal observable is commonly used and shows great sensitivity.

All results are compatible with the SM.

Mostly are statistical dominant.

* More results are on the way, please stay tuned!
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Differential fiducial XSin H - yy/WW*

ﬁ:‘lEffect on the 5 distributions from CP-even and CP-odd coefficients in H — yy
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H-V CP propertiesin H - ZZ" — 41

« Expected sensitivities on coefficients from production and decay.

* Comparison with other results.
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