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Introduction

e Fundamental open question: Baryon asymmetry of the universe

o Not explained by SM
e Three Sakharov conditions (1967): to explain it
o Baryon number violation
Charge-Parity symmetry violation
o Thermal equilibrium

Standard Model
e (P violation: from a complex phase in the quark mixing

matrix
o  Too small fo explain observed value of baryon
asymmetry

2

e SM Higgs boson - scalar particle
o  CP violation still allowed in
Higgs interaction with SM

particles

Motivation for searching new sources of CP violation

Search for CP violation in:
e Higgs interaction with EW bosons
e Higgs interaction with Fermions

o The results are in backup
slides

M.Kholodenko EPS-HEP 2025 July 7-11, 2025

July 10,2025 /18




Overview

Search for CP-violation in Higgs interaction with vector bosons

e H-ZZ 48 (JHEP 05 (2024) 105)

e VBF Hoyy (Phys. Rev. Lett. 131 (2023) 061802)

e HoWW vy (arXiv:2504.07686) - NEW _results
e WH (H—bb) (ATL-PHYS-PUB-2025-022) - NEW results
e VBF H—1r (arXiv:2506.19395) - NEW results

All presented analyses are based on the full Run 2 dataset (139 fb?)
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https://link.springer.com/article/10.1007/JHEP05(2024)105
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
https://arxiv.org/abs/2504.07686
https://cds.cern.ch/record/2932420/files/ATL-PHYS-PUB-2025-022.pdf
https://arxiv.org/abs/2506.19395

Effective Field Theory

Operator Structure Coupling

Warsaw Basis
faow! vi

D'OW,,, W C v

Wilson coefficients

N D Nag b; ® OQ)W
L =Lsm+ ) 0% ) —0; +..., f i
SMEFT = LsM ZAZ i ;A“ i Oowa (D'TI‘DW,IIVBW CHWB
Ows O DB, BH” Sy
Scale of new physics (1 TeV) Dimension-6 operators describing new physics Higgs Basis
Onzz hZyuy 21 Czz
% CP-odd 04y hZ, A1 Cay
c2 Onai hA,, AR A
C. — —
HW * HW 2
MP? =lIm 2+—2‘R(M M )+—M _ .
IM|” =|I1Msum| A2 Opiw’ SM )| T 774 Mo, | HISZ basis
A? o
“HW = °HB T d, ¢y =0
CP-even TR i
CP-odd contribution parameterized

All the analysis assumed A = 1 TeV through one parameter: d
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H->ZZ —49 JHEP 05 (2024) 105

VBF production vertex H—-ZZ- decay vertex EFT interpretation:
ot e HISZ basis and Warsaw basis

q q
e Z H---- ¢ CP-odd optimal observables (OO)
W, Z T

q q 2R (MSMMBSM)

00 =
- Optimal observable distributions d|s1'r'|bu1'|on |MSM|
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2 & e T e Any asymmetry - direct sign of CP-violation
:: e " o Two types:
ppmemmtel e LT, : o Production-level OO
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- B ~andt I - S o Decay-level OO

a Gk Tl TBE o — . ;
Yoo e | ok bt £ e Analysis used VBF, ggF and VH productions
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https://link.springer.com/article/10.1007/JHEP05(2024)105

H-ZZ —4% JHEP 05 (2024) 105

2D contours of pairing Wilson coefficients CP-odd Wilson coefficients limits 68% and 95% CLs

B e e R RN RAARE B e e R
= 5;ATLA + Obs Best Fit B I FATLA + Obs BestFit 1
oF E S o et ] © 4 S o Osemet = Expected: Stat+Sys
4L H-ZZ >4 — Epemcl FHoZZ 4 =T - ATLAS
F \s=13Tev, 139 10" * SM ] 3FVs=13Tev, 139 10" * SM 3 H— ZZ* — 4] #—"Obsstvad: Stat+Sys
3 p-value su: 88% 3 F p-value sm: 89% ] VS 13 TeV. 139 fb™ [m] Observed: Stat-Only
E E F s= ev,
2 2 SMEFT CP-odd couplings
1 L E BestFit  95%CL
0 o = x : X
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E . T eeer B 4 T emerer E ¢ : 0.0083 [-0.99,0.93]
E ?—> 2z 4 e [HoZz o —epme vy . ; [ . : ;
[-Vs=13TeV, 139 fb * 3 3 Vs=13Tev, 139 b * 3
p-value SM: 87% ] E pvalue sm: 24% E —05 O 05 1 1 5 2 25
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Parameter value

o N » o)) (o]
LI B

i — :
o »7 e  Shape only fit
: (’; ; o  Signal normalization floated in the fit

o CP-odd sensitivity only
e Linear + quadratic ferms
8 6 4 2 0 2 4 6 B e The results are consistent with SM expectations
® _No sign of CP-violation
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https://link.springer.com/article/10.1007/JHEP05(2024)105

Phys. Rev, Lett. 131 (2023) 061802

Optimal Observable distribution
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Interpretation - R T—
o In’rzr*ference only term _g_'4 ‘6

o Interference + quadratic 00
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

VBF H—-yy

Negative log-likelihood scans

Phys. Rev, Lett. 131 (2023) 061802
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-0.15 -01 -0.05 O 0.05 0.1 0.15 -1 -0.5 0 0.5 1
5’ Cuw

95% CL, Interference only term

e d:[-0.032,0.059]
e ¢, [-0.53,1.02]

Shape only fit
o  Signal normalization
float in the fit

NLL scans for various c,,; and
d hypotheses.

Inter only and Inter+quad fit

e The results compatible with SM

e Precision is limited by statistical uncertainty

e No sign of CP violation

e Small difference between Inter only and Inter+quad
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

H—-WW — vy arXiv:2504.07686 NEW

Direct pr'obes Higgs boson couplings to W/Z Simplified Template Cross-Section (STXS) scheme
bosons in VBF mode
|
v
:}3 1"_[: g { C'j [ J( ] o )
[ s 350,0]
& =)
ggF production VBF production @
CP-sensitive angular observable: Ag*;, [ - 1 llvﬂ?vwl ]0 (iw‘] [[“""sz’will B:»%'fwmllo
c,,c,c,,é cneyCus [ cawicay Ot [
e Signed azimuthal difference between two - T [ B
:f“di”él Jets [ ] [ N == = =
® our‘ lns: Same as STXS analysis eHE: Che ,:cc i c,,..fc,,“- Cmrimr ‘Hﬂ -
o Lom,-1/2), [-2120), [0, +/2), ler/2.1) | | N N —
EFT interpretation: Categorization:
e Warsaw basis e Njets, Higgs transverse momentum p_"
O €y Cpyy - CP-even e Di-jet invariant mass m;
O Cyg €y - CP-0dd o Ag*
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https://arxiv.org/abs/2504.07686

H—-WW —fviv arXiv:2504.07686 NEW

° Deep Neural Network (DNN) Signal strength in STXS bins normalised to SM predictions
o To identify signal topology

N Z 6~ggHi 9gH 1-jet ' 9g9H I ggH '22-jets‘
® Shape Only l it 2 :0-]et: D ogets Pt < 200GeV

ATLAS

Vs =13TeV, 140fb"
H- WW* - ¢fvbv

9gH '2 2-|'ets‘
Pt 2200GeV

o  Signal normalization floated in the fit U T 0 oomared =913
. . . r i -+ === SM prediction
e No signs of CP violation of | 4= ca”001 (-1 T80

e The correlation between different Wilson .
coefficients is less than 5%
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: 4l i i i 1o pre‘ﬁf)f’ﬂ TeV)
[ — “0. 0. » - — omw=-2(A=1Te
CHG [X1O+2] —_— 0.00548»gég 0-000—3883 r i i i ] ¢:g= ~1(A=1TeV)
1 » 1 1 1 i
; [ P | | =
ona| ! i 0.02:9% 00288 : : . b ]
L= = = ey e [PREE) NN (R o - ol ] i el e e O |
: e * L*—r O S SR 1 41T
+ i d +1. O—¢ ! ! ! —
CHw ' . -0.7:55  0.0%35 1 i | .
1 L 1 1 1 1 1 L L L 1 1 ]
1
i Mt o2g oo B 2 o B, g 2 T G, P 2 T 2, Py
_3 _'2 _'1 (') 1 é é )’\/@ 9 = "2 a\/@ K72 "2y P’\/@ g 2
Value of Wilson coefficient A9j lrad]

M .Kholodenko EPS-HEP 2025 July 7-11, 2025 July 10,2025  10/18


https://arxiv.org/abs/2504.07686

WH (H_)bb) ATL-PHYS-PUB-2025-022 NEW

Measured WH production

¢ Observables: cross sections times branching ratios
B Angular': QeCOSB+ S B B B B B '1
_ . w ATLAS Preliminary WH, H— bb Vs=13 TeV, 140 fb’
Ener‘gy r‘ela‘l’ed ' pT e Obs. —Tot. unc. — Stat. unc. Theo. unc.
b ( ) Tot. ( Stat., Syst.)
3 QgCOSS"' —) [ XPw ) WH, 75 < p!"' < 150 GeV, Q cosd" <0 b—i—e———i 156 19 (1018, 122
|p{J | IpH X pWI WH, 75 < "t < 150 GeV, Q cosd" >0 | F—®—T—1 0.03 1% (i, w13
WH, 150 < p?*' < 250 GeV, Q,cos8" <0 F—e—=4 024 0% (Zom + o5 )
® STXS measurements WH, 150 < p!"* < 250 GeV, Q,cosd" >0 F—e—H 181 08 (Zo » 640 )
@) pTW X Q€C056+ CGT@gOf‘iZGTion WH, 250 < p"* < 400 GeV, Q cos8" <0 j—o—1 160 0% (Lo% » Zo%0 )
EFT . . WH, 250 < p!* < 400 GeV, Q,cos" >0 =er=1 0.80 0% (“ox + 2o7)
. : 0.68 0.63 0.26
lnTerPreTGTlon WH, p!** > 400 GeV, Q cos8’ <0 = 003 ;5 (Zos » 2o )
o  Warsaw basis: ¢,
HW WH, p* > 400 GeV, Q,cos8” > 0 ==l 047 g6 (o5 » Zom )
o SM-SMEFT interference term only S N L
0 - Bnormalised to SM
Analysis strategy from: e The results are in agreement with the
e ATLAS VH (H—bb/cc) arxiv:2410.19611 SM expectations
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https://cds.cern.ch/record/2932420/files/ATL-PHYS-PUB-2025-022.pdf
https://arxiv.org/abs/2410.19611

WH (H—bb)
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ATLAS Preliminary
s =13 TeV, 140 fo™'

WH, H— bb, A=1TeV

95%CL intervals:

Observed: [-0.62, 0.85]
- -Expected: [-0.58, 0.59]

~

_\—I-III|IIII|IIII|IIII|IIII|IIII|IIII|IIIITT‘LIJ—

(@)
=

ATL-PHYS-PUB-2025-022 NE

95% CL c,,;+ [-0.62,0.85]

e Shape only fit
o  Signal normalization float in the fit
e Inagreement with SM expectation
e No CP violation observed
e Among the most stringent results

o Fewer assumptions on other
coefficients
o Sensitivity only to ¢
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https://cds.cern.ch/record/2932420/files/ATL-PHYS-PUB-2025-022.pdf

VBF H—1t arXiv:2506.19395 NEW

EFT interpretation: CP-odd optimal observables
) e HISZ basis: d (cH vy’ CHzZ SHwwr CHyZ) T )
. sm’ ¥ 'CP-odd
o Warsaw basis: €, €. Cruia 00 = >
. Mswml
Optimal observable distribution
590-4: L0 LB A LN AL AN R R BN ALY LA AL
) ) © (.35E ATLAS Simulation —SMVBFH(@d=0) ]
Three combination of z-lepton decay: g ° 13 TeV, 140 10" cd=0 e
: c 03F - g = - -
® 1, .4 - fully hadronic s %% d=-0.02 5
. : g 025- =
® T, Thd - semileptonic (z,, —>€w) 3 o2 E
= E ]
TiepTlep - leptonic (evv, uvv) £ 015 E
. . Z 01 =
o  Same-flavours leptonic decays rejected - :
—1_5J —iOH—SI - IOI - |5 i".'-.-----10 ------ 1—5
00
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https://arxiv.org/abs/2506.19395

VBF H—rx

Neural Network is used to construct SR

Events / 0.07

Data / pred.

Separate for each channel

Trained on VBF Higgs SM

Tested for different CP-odd hypothesis

o Consistent with SM, no biases

T
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NN signal score

arXiv:2506.19395

Z(—tr)+jets

Main backgrounds:

NEW

o Estimated using object-level embedding

misidentified r candidates,

top-quark processes, multi-boson production

- VBF inclusive 7,7,

[ J
[ J
[ J
T T T T T T T T T
ATLAS ¢ Data [ VBF H (d=0.014)
Vs = 13 TeV, 140 fb” Wzon [l Others
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VBF H — 11 0=-0.15  ---d=0.15
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o
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: f 77/ Uncertainty
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https://arxiv.org/abs/2506.19395

VBF H—rx

e Negative log likelihood scan (NLL) to get
sensitivity to CP-odd coupling

e SRs are binned in OO

e Shape only fit
o  Signal normalization float in the fit

e Expected results from OO fit also compared
with fits using other observables:
o 5% stronger than using

2pT+pT_Sin(A¢Si9njj)
o 30% stronger than using A¢5‘9”J.J.
e Adding quadratic term gives small difference
e The results are consistent with SM expectation

e No sign of CP-violation

arXiv:2506.19395

d (lin. + quad.)
d (lin. only)
cw (lin. + quad.)

¢y (lin. only)

NE

Wilson coefficients limits

ATLAS Fei  Observed 95 % CL interval
Vs =13TeV, 140 fo~!
VBF H — 17
A=1TeV
Best Fit
—o (x 10) 0.014
[ - (x 10) 0.011
— 0.26
————! 0.21

Expected 95 % CL interval

95% CL interval
[-0.012,0.044]

[-0.012,0.034]

[-0.24,0.83]

[-0.23,0.70]

) - 0 i 2 3

4 5

Parameter value
Among the most stringent limits

95% CL lin+quad:

d: [-0.012,0.044]
¢, [-0.24,0.83]
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https://arxiv.org/abs/2506.19395

Summary plot: ¢ limits

N=1TeV
95% confidence level

ATLAS Preliminary
Vs =13 TeV, 139-140 b~

e 95%CL c,,; comparison, A =1 TeV

Expected e Observed

e Linear only interpretation
Best Fit 95% CL

VBF H - 17 (prod.) — 021  [-0.23,0.70] © EXCCPf H—ZZ —4¢: ‘negligible
arXiv:2506.19395 [-0.41, 0.44] ] impact from quadratic term
WH, H - bb (prod.) ——— 010  [-0.62,0.85] e H->WW: simultaneous fit to
ATL-PHYS-PUB-2025-022 [-0.58, 0.59] | Cue’ CHe: Chwe CHw
] . .
[ J <
s A el . 020 [1.00,0.60]] Correlations < 5%

arXiv:2504.07686

F090,090 1 bifferent measurements affected by

different assumptions

> 024  [-053,1.02]—
[-0.94,0.94]

H - yy (prod.)
Phys. Rev. Lett. 131 (2023) 061802

0.60  [-0.81, 1.54]
[-1.26, 1.28] ]
9 0 1 2 3 4

H—ZZ" (prod.+decay)
JHEP 05 (2024) 105

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
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Summary

e Five ATLAS searches for CP-violation in Higgs interactions with vector bosons using the Run 2
dataset presented

o New results are reported for the channels:
m VBF H-wr, WH (H—bb), H-WW —{v{vy
o No evidence for CP-violation was observed in any channel
o Limits on the relevant Wilson coefficients were set within the EFT framework

o The combined measurements of the CP properties of Higgs boson to vector bosons are
ongoing

e Extensive CP-measurements program from the ATLAS experiment in Run 2 in many different
production channels and final states

e (CP-measurements using Run 3 dataset are ongoing
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Thank you
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Back up
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Summary 95% CL limits on A

ATLAS Internal . e The limits are derived using the results
Vs =13TeV, 140fo™"! 1

B cyiy=(4m)? R cny=1 EEE ci=0.01

from 5 analysis presented above.

e Asymmetric uncertainties are symmetrised
using the root mean square.

N=

10! —

VBF H - 17 (prod.) WH,H — bb (prod.) H - WW* (prod.) H - yy (prod.) H - ZZ* (prod.+decay)
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Optimal observable

2% (MgMMBSM)

00 = ;
| Mswm]|

e Combines the information from different kinematic variables
e Higher sensitivity

e Defined by the ratio of the interference term in the matrix element (ME) to the SM
contribution

e The mean value of the Optimal Observable can be experimentally measured

e In SM the distribution is symmetric witm mean value equal zero
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H—-ZZ —4¢

Three different fits:

Events

Data/MC

e Decay-only, production-only, combined

Dominant background: non-resonant ZZ"

L T T T
6
10°E" ATLAS Dat .
. —e-Data 99
10° 5= H>ZZ" -4l ) VBF+VH [ ttH,tH
- Vs=13TeV, 139 fb mzZz M Zjet tt WZ
Pre-fit ttV,vvv Uncertainty

s /‘//’P////y////
e s

o

3
2 ST US——
1 Boisiini st mrgye S 7 ,i,', ‘
0 1 1 1 1 1
" 7 V V Vi Vi Vi
2 o MClusiy & B, - 5F 5 BF s BF 5 BF sp,
N 9ion

JHEP 05 (2024) 10

Event categorization:
e Side band ZZ" CR

e Inclusive SR - for decay-only fit
e VBF SRs - for production-only fit

o NN discrimination between VBF, VH, ggF

o 2 VBF high purity SRs

o 2 SRs with large ggF admixture

my [GeV]
A
160 T

ATLAS

130

Inclusive SR

VBF-depleted VBF
Region SR 1-4

1151

105 t {

0, 1 jet(s) or 22 jets and Jet
m;< 120 GeV

m;2120 GeV  Selection
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https://link.springer.com/article/10.1007/JHEP05(2024)105

H-ZZ —4% JHEP 05 (2024) 105

Morphing method

4
o= A= A, with &= (l,c,%c%c!) and A= (Ao, A1, 49,43, Ay)
k=0

e The cross-section in each phase space bin is a polynomial function of the EFT coupling

oc==¢c- f_l‘= c- (C_"il : &simulated) = Z (C_;J_l ’ E) a4
w; ()
e The cross-section is expressed as a linear combination of the existing, simulated cross-sections
e The weights to be applied to each of the simulated samples to obtain the signal prediction.
e The number of samples is determined by the number of unique coupling combinations for three
BSM couplings and two (production and decay) HVV vertices
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H-ZZ —49 THEP 05 (2024) 105

Differential cross-section measurements
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e  Model-independent result e All measurements are consistent with the SM

e Sensitive to possible BSM effects on both the yields and e No significant CP-odd component is observed
the shape

e Fiducial phase space unfolding
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VBF H—-vyy

Interpretation
e Reweighting method

HISZ basis:
e 2 weights
e HAWK program
wy = 2Re(%§M:/”Cli-odd)/ | Asul*

Wo = | Mcp.oad|? /| Msml|?

Phys. Rev. Lett. 131 (2023) 061802

Warsaw basis:

do

~ do NLO y do MGS/ do
doo ~\doo doo doo

CHW

|

MGS

CHW=0

prediction from MadGraph using SMEFTSim

NLO SM VBF signal sample
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VBF H—-yy

Phys. Rev. Lett. 131 (2023) 061802

68% (exp.)

95% (exp.)

68% (obs.)

95% (obs.)

d (inter. only)

[-0.027, 0.027]

[—-0.055, 0.055]

[-0.011, 0.036]

[-0.032, 0.059]

d (inter.+quad.)

[-0.028, 0.028]

[-0.061, 0.060]

[-0.010, 0.040]

[-0.034, 0.071]

dfromH — 11

[-0.038, 0.036]

[-0.090, 0.035]

Combined d [-0.022, 0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [-0.034, 0.057]
¢ w (inter. only) [—-0.48, 0.48] [—0.94, 0.94] [-0.16, 0.64] [-0.53, 1.02]
cyw (inter.+quad.) | [-0.48, 0.48] [-0.95, 0.95] [-0.15, 0.67] [-0.55, 1.07]
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VBF H—-vyy

BDT trees

Phys. Rev. Lett. 131 (2023) 061802

Event categorization

e To separate VBF signal from ggF e PRI S
'g B ATLAS g g . é E=13TeV,139 & :irmgiﬁ:umbackgmund é
e To distinguish signal from continuum SO [5-13Tev, 139" |.c: g § U T
> B e ] c 0.3 -
background B E 14 € ) j
. 0.2 - g % E
o Prompt di-photon events 1 % of ;
I ] 3 _
- — okt Ca. L il
o Misidentified jets as photons o "-| 7 -l
g gi;i‘ AITLASl BDT, g/ ¢ l0OSE _E
-0.2— | DData sideband % 0012: $=13TeV, 139 fo" ’ :
. . L HeSSeEEEE | DSMVBF %0"65 | LT :
e T (tight)/L(loose) BDT regions | " L
-0.4f 3 P 3
0.08F -
° i 1 i Ll L |..||..|.. 0.08F P
VBF signal / ggF about 10 for tight B P R S o
region BDT g /gor o e
BDTVBF/Conlinuum
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H-WW —fvfv arXiv:2504,07686 NEW

ATLAS

=== SM prediction . .
V5 =13TeV, 1401t i Oosenved. The asymmetry between the lower and upper uncertainties for
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the observed value of ¢, :
e Floating the signal NFs significantly broadens the likelihood curve
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H-WW —fvfv arXiv:2504,07686 NEW

é% 6 ggH i ggH I1-jet I ! ggH i ggH > 2-jetsl I ! ggH > 2-jetsl I ] ATLAS 4
5 - Ojet! I 2jets 1 pH(200GeV I pH3200GeV 1 V's=13TeV, 140fb
i : ] ! ! 1 H-> WW* - ¢vév
4 - i : i : ? - ¢ Observed (p-value = 91%)
B : ! : 1 - === SM prediction
sl i ! : ] — ¢cug=001(A=1TeV)
1 | + + I ! | ] cHa =-0.4 (A =1TeV)
o | L BN A (PR (I, IO [ =y oo e B ] s
C : } t | k—*: ]
o | .
B 1 I ¢ I 7
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2L | | | J
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e The measured ggH »2-jets STXSCP POIs exhibit opposite trends below and above pHT = 200 GeV
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H-WW — fviv arXiv:2504.07686
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WH (H—bb) ATL-PHYS-PUB-2025-022 NEW

Angular observable distribution pt(,W) - (P X Pw)

cosd’ =
5. : py"| - Ipa X pwl
071 : '
0.6 - Q,Cosd"

e Symmetric for SM
e asymmetric for c ;20

o
n

Normalized distribution
o
H

0.3
0.2 A Srf
- Cyw = 1.150

01 | ***°" C;;w = - 1.035

—-= Backgrounds (SM)
0.0 v 1 v

-0.5 0.0 0.5
Q,cosé*
JHEP04(2024)014
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WH (H—bb)

Higgs candidate reconstruction : Resolved and

v leptons
\/
.
. j'! -

b-tagged

b-tagging

’ b-tagged

Boosted VH(bb

vV leptons
V
.
. J-.l - :

b-tagged
Large R jet

>

75 GeV 150 GeV

250 GeV

400 GeV

600 GeV

prY

ATL-PHYS-PUB-2025-022

NEW

Signal WH process:

Isolated lepton

Missing transverse energy from the
neutrino

2 b-jets in the final state

Dominant backgrounds:

Top quark (ttbar, Wt)
W+jets (mainly heavy flavoured)

Minor backgrounds:

Event categorization in SR and CRs .
Flavour tagging [ ]
1 c-tag
1 b-tag
(BT tag)
Resolved Boosted )
2jet 3jet 2jet 3jet 2 jet 3jet
Low AR CR Low AR CR Low ARCR Low AR CR Low AR CR Low AR CR Y
(MVACRLow) (MVACRLow) (MVACRLow) (MVACRLow) (MVACRLow) (MVACRLow) Top CR
2 b-tag
(BB tag) High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR (my) ®
®¥) ®¥) ®¥) ®¥) @r) ®¥) °
Q;cos8* Q,cos8" | Q,cos8* Q,cos8" | Q,cos8* Q,cos8"  Q,cos8* Q,cos8" | Q,cos8" Qycos8*  Qcos8* Qycos8* o Qcos &t Q, cos &
<0 >0 <0 >0 <0 >0 <0 >0 <0 >0 <0 >0 175 <0 >0
(BDTy) | (BDTyy) | (BDTy) | (BDTw) | (BDTy) | (BDTy) | (BDTy) | (BDTw) | (BDT,y) | (BDTu) | (BDTy) & (BDTy) (BDTyy) (BDTy)
T
75 GeV 150 GeV 250 GeV 400 GeV P

Single top s/t-channels
Diboson

Z+jets

Multijets
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VBF H—1x arXiv:2506.19395

HISZ basis: CP-odd for the vertex HVV

6H'y7 = ﬁ(&sinz Ow + d~B COS2 ew) 6H'yZ = ﬁ sin20W(J— JB)

CHZZ = ﬁ((fcos2 Ow +dpsin’0w)  Caww = %d,

Warsaw basis: CP-odd for the vertex HVV
Caw = CHB ~ CHWB =
S HW L, W R B, B, EEE H H W, B

e The two representations are not
independent, and it is possible to
transform one into the other

NEW

ll
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=

VBF H—1t arXiv:2506.19395 NE

Signal sample production with non-vanishing values of CP violation in the HVV vertex

e Reweighting procedure based on EFT interpretation
e HISZ basis:
o HAWK: the ratio of the squared ME value of the VBF process associated with a specific
amount of CP mixing to that obtained from the SM
e Warsaw basis:
o based on the OO distribution at different values of the Warsaw basis operator considered
o  MADGRAPH samples (MG5) for c.20 obtained at A=1 TeV fixing all other Wilson
coefficients to zero

do ~ do NLO y do MGS5 do MGS5
doo \doo d0O doo) ..

Ci
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VBF H—)‘l:‘l: arXiv:2506.19395 NEW

Background estimation:
o Z(—rr)+jets
o Embedding procedure ( arXiv: 1506.05623)
o Relies on assumption that Z—22 (£=eu) and Z—tr kinematically identical
o Z(—tR)+jets enriched templates
m  Momentum of reconstructed leptons scaled
e Misidentified r candidates:
o Estimated using data-driven method: Matrix method and fak-factor method (arXiv: 2211,16178)

: : ‘ : - - - : - : P : - ‘ : -
ATLAS ¢ Data VBF H (=0 ATLAS ¢ Data VBF H (6=0 S ATLAS ¢ Data VBF H (=0
Vs = 13 TeV, 140 fb! n (@0 Vs = 13 TeV, 140 fb" n (=0} QL800F {5_ 13 Tev, 140 fb" n (@-0)
Post-fit Bz Top Post-fit Bz Bothers i} Post-fit Bz-w B others
VBFH =1t Pothers Misidentified VBFH - 1t Misidentified 7/ Uncertainty 700F VBFH — 1t Misidentified 7/ Uncertainty
2 . LowNN LowNN
eeeeeee 7/ Uncertainty VR‘uanaa s00r VR; "

5 0 ' ; ; ' : 5 ° : : : : ; 5 0 ' ; ‘ ; '

Bt Dlobpbpoton Dlodordiiogbondon

@ O @ O @ O

g 0§15 -10 -5 0 5 10 15 g 09‘5 -10 -5 0 5 10 15 g 0‘—"‘15 -10 -5 0 5 10 15
(e]6) (0]6] (e]6)
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VBF H—tr: post-fit OO, NLL scan
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VBF H—>ﬂ arXiv:2506.19395 NEW

e Expected results from OO fit also compared with fit NLL scans for fits with different observables
from other observables:

: . i - e L B B B B ™
o b% stronger than using 2pT+pT_Sm(A¢S'9”..) =2  ,E ATLAS Simulation —— 00Expected E
) < 185 s=13 TeV, 140 fb™ . 3
. . < VBFH_s vt  =mee- A¢°°" Expected —
o  30% stronger than using A¢s'".. 2 : E
JJ 16 . =
F pT+pT-sm(A¢ji ) Expected -
14:— =
12f= =
Other CP-odd observables "3 o
; . = =
. sign s1gn E =
2p1+pT-SIn(AP".3) Ag .S 5E E
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@ 0-4:‘“‘\““\““\““\““““““I“"I""I""— @ 0-4:""I""l""\""T""l"": |:|68|°°|C!'|‘| — IIT'?\NM{/?’":Illi —t—— ..:1
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g 0'3? VBF H- 11 ___a=_0.02 g 0'3;_ VBF H— 1t ---E=—o,02 _: a
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Introduction

Higgs interactions with fermions — Yukawa couplings

[
e CP-odd contribution to Yukawa couplings
o Can be present at tree level
o  CP-odd component of HVV coupling suppressed by A
Top-Higgs Yukawa coupling in 57 7. ~EZ

Higgs interaction with z-leptons

Phys. Lett. B 849 (2024) 138469
July 10,2025  41/18
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CP-sensitive observables:
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SM extension:
= l’)’5 sin a')t//t

Ltt_H =

¢¢_t(COS

. = "
CP-mixing angle

SM Yukawa

Coupling modifier
coupling strength

SM case:

The analysis optimised for
Considered as signal
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Simultaneous fit to define:
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+tH/tH (H—bb)

* normalised to data yield
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Phys. Lett. B 849 (2024) 138469

Post-fit distributions in SRs

- free parameters in the fit

Red solid histogram - best fit signal
with 7 2 b

Dashed/dotted lines - predictions for
pure CP-even and CP-odd hypothesis
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ttH/tH (H—bb) Phys. Lett, B 849 (2024) 138469

Dilepton I +jets
g [ ' ' ' ' ‘ ' ‘ E .
g | '3_.”-'43 ) [ Other W fi+1b W Bkgd+[fH+tH] (x/=0.84,ar=11°) e Post-Fit PIOT
L B s=13TeV, 139 fb- 1 fi+light 777 Unc. === [fiH+tH]T(a=0°) ] .
: 3 f+21c ¢ Dam .. [fH+ tH] (a1 = 90°) : L4 EXPQCTed YIe|dS for
-  normalised to total data yield pur.e CP-even and
10t B CP-odd signals (dashed
- lines)
P B
10 o
102 =
o = 4
! 3
; !
S F | i
2 12 B Bkgd+[ftH + tH] (k[ =0.84, o= 11°) i -
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5 L. i
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+tH/tH (H—bb)

Event categorization

Phys. Lett. B 849 (2024) 138469

Channel (TR) Final SRs and CRs | Classification BDT selection | Fitted observable
4j,>4b
CRnZo—{.e(?o . - Anf 4
Dilepton (TR=4/>24" ) CR=-= BDTZ%]’Z% & [—~1, —-0.086) by
SR;H=40 BDT>%/-24 ¢ [-0.086,0.186) b4
SR; =4 BDT>%-240 ¢ [0.186, 1] by
CR; /=4 BDT26/:240 ¢ [-1,-0.128) bs
(+jets (TR=07-240) CR, /=% BDT2%/-24 ¢ [-0.128, 0.249) b
SREa-=AE BDT=%-2% ¢ [0.249, 1] b
£+ jets (TRpoosted ) SRssssted BDT™d ¢ [-0.05, 1] BDTP0osted
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ttH/tH (H—bb) Phys. Lett, B 849 (2024) 138469

c """"""""""" =40
c [ ATLAS 1l
» L Vs =13TeV, 139 fo-' 4 - O 84+O 30 a = 11°+52
X2 - . —0.46
- 1130 e The results are consistent with SM
e A
- 1] e First probe of the CP properties of the
. 14 < Higgs-top Yukawa coupling in this channel
o 4 £
- 120 .
- 1 4 ﬁl e The pure CP-odd hypothesis disfavoured at 1.26
-
‘2__ % Bestfit a=11",k,=0.84 -]
- % SMCP-even: a=0",k}=1 -
B CP-0dd: ar=90", k! =1 i
I L B B
K; COS O
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H—zr Eur. Phys. J. C 83 (2023) 563

Decay mode combinations of the z-lepton pair and the corresponding methods to construct the ¢, observable

Decay channel Decay mode combination Method Fraction in all T-lepton-pair decays

{—1pOn IP 8.1%

Tlep Thad {—1pln IP—p 18.3%
{—1pXn IP—p 7.6%

{-3p0On [P-a, 6.9%

1pOn—1pOn [P 1.3%

1pOn—1pln IP—p 6.0%

Ipln—Ipln Je 6.7%

Thachad 1pOn—1pXn IP—p 2.5%
IpIn—-1pXn 0 5.6%

Ipln-3pOn p—ai 5.1%
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H—tr

q m
T

LHrr=——
v

q Yukawa coupling
strength

/

CP-sensitive angular observable ¢~
e Signed acoplanarity angle between the z-lepton decay

planes
e Different reconstruction methods for different r-decays

The analysis targets:
®  Tp, Tpeg ~ONC leptonic and one hadronic z-decays

® 7,4 Thq  TWo hadronically decaying z-leptons

Eur. Phys. J. C 83 (2023) 563

(cos ¢ TT + sind4T

-
<0.12
0.1
0.08
0.06
0.04

0.02

CP-mixing angle

— ATLAS Simulation

- H— 1t — vy~ Scalar

pro > 30 GeV, p: >20 GeV e CP-mix (¢:=45°)'

Y
$
K
I
[ ]
|

v b b P b b
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H—tr ur. Phys. J. C 83 (2023) 563

-lepton decay planes for constructing ¢, observable

%
Yop
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H—tr

Combined post-fit distribution

Eur. Phys. J. C 83 (2023) 563

Two VBF and two gluon-gluon Higgs production SRs
e High, Medium, Low SRs

£ AoFT T T T T T T T o Based on r-decay mode
) - ATLAS —e— Data - Bkg. i . L
° o 13 TeV, 505 Moo 99 o Different levels of sensitivity
3 35— All SRs 7 Uncertainty ]
= C — Ho1t (0, =09 i .
s 80F —Hom@ =009 ] Dominant backgrounds:
. y 1 e  Z(—tr)+jets
@ 5P 7 / o ] ] o Normalisation determined in dedicated CR
= FA 7 - £ i i
S ) //// e Jets misidentified as hadronically decaying 7-leptons
- — i o Determined by data-driven approach using fake
15F E factors
S I P d  Simultaneous likelihood fit as function of mixing angle
040 80 120 160 200 240 280 320 3o - n-ianeous fix f . .fu f mixing angle ¢,
¢"_ [degrees] e Free floating normalization on Z—7r
e Higgs boson signal strength u__left unconstrained
o  Only shape of ¢, exploited
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H—zr Eur. Phys. J. C 83 (2023) 563

Event categorization VBF Boost
e VBF production p,{.z > 30 GeV
o BDT based VBF -
tagger gy = S0 SPY Not VBF
99 |An;i| > 3.0
i 4 prt > 100 GeV
e Gluon-gluon fusion nj, - Nj, <0 1
Central 7-leptons

Signal region (110 < mMMC < 150 GeV)

TT

VBF_.1 | VBF0O | Boost.l |  Boost0

AR+ <15and | AR+ >1.50r
pr’ > 140 GeV | p1" < 140 GeV

BDT(VBF) > 0 ‘ BDT(VBF) <0 ‘

Z — 77 control region (60 < mMMC < 110 GeV)

VBF_1ZCR | VBF_OZCR | Boost_1ZCR | Boost_0Z CR
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H—tr

cted -Aln(L) scans in¢_68% CL: .
=
=i

S e B L B B B BB BB LB I
T 7L ATLAS —— Observed: ¢ = 9+16° (68% CL)
< 65 Vs=13TeV, 139" ...... Expected: ¢ = 028° (68% CL) |
50 =

ar =

| -
25‘""- _____________________________________________________________ 2 g';:

o e N L o
O.:.I.\.\...I...W'*.w.. A T

0 60 40 -20 0O 20 40 60 80
¢_[degrees]
o Pure CP-odd hypothesis disfavored at 3.4¢ level .

e The results are compatible with SM expectations
e The total uncertainty is dominated by the statistical
uncertainties of the data sample

Eur. Phys. J. C 83 (2023) 563

2_I|IIIIIII|IIIII|I|III!|I||II!|I_

1.8 + Bestfit —1o
16 ¥ SM 20
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No strong correlation between u__and
¢_observed

The measurements are compatible with
SM predictions
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