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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?

* Higgs boson: a portal for BSM CPV source search.
* Higgs interactions in the SM: CP-even.

* Any observation of CP-violation indicates new physics! /q ;o WZ,\
W, Z§ - W, 7
* In this talk: CPV search in Higgs - EW boson couplings ¢ 7 7 N

Channel HVV interaction in \_ H-V in Higgs production -
H - ZZ* - 41 (JHEP05(2024)105) VBF production, H — ZZ decay e ~N
H - WW?* - lvlv (arxiv: 2504.07686) New VBF production W, 2
VBF H - yy (PhysRevlett.131.061802) VBF production A ﬂ\ H-Vin Higgs decay
VBF H — 77 (JHEP10(2025)092) New VBF production W,z
WH H — bb (ATL-PHYS-PUB-2025-022) New WH production N =
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Introduction

* Effective Field Theory: theoretical model for BSM search
* Consider commonly used interpretation SMEFT Warsaw basis

. . . Operator Structure Couplin
with dimension-6 operators: & A
. ~ Tl uvl ~
CHW CHB 4 SHWB Oow OTOW,,W CHW
Lsmerr = Lsy + -+ -7 Ogpp + =5 005 + Opwp + 5
é‘ Opwp  ®TT'OW,B*  cuwp
M |2 = | Mgy + 5 ZRe(]\/[ ]\/[ ) + L Mep_oqal? ‘
CP odd CP-even
* Other EFT interpretations (SMEFT Higgs basis, HISZ basis) and
other coefficients are considered in channels. ATASSIUSORPRITONY L oe0s —o ogre 03
 CP sensitive observable: . -
. SR (MEA M rp. SRS I —————— -
- Optimal Observable: 00 = 22¢Xsm cF odd)
| M sml [
(W) I‘_E 250 <p¥ <400 GeV W>400 GeV
p; -(PHXPW) A I
* Angular observable: A¢p+, Q, cos 8T = e I
g ¢U Ql Ql |pl |l >xPW| ol_ _____________ I
« Shape-only analysis to exclude the contribution from CP-even ., e -
BSM term. 71 i 1
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H-Z7Z7" - 4l

« Constrain H-V CP-odd effects from VBF production and H — ZZ decay.
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* 0O for each coefficients and vertices: 0(?;]? and OOZ;'

* Categorization design: 4 VBF SRs for VBF production, 1 VBF-depleted

region for H — ZZ decay (ggF dominant).
VBF+VH production 00;;

Normalized to unit area

BSM/SM

H — ZZ" decay 00y,

0.18
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https://link.springer.com/article/10.1007/JHEP05(2024)105

JHEPO5(2024)105

* Full set of H-V CP-odd coefficients (¢, Cy5, Cryyp)- Compatible with SM.

o e e
‘2 BEATLAS doomeme 3 o 4 ATLAS oomemet ]
© F H— ZZ* — 4] _gfsgg';fcc'f ] FH—ZZ = 4l _gfsgg';fcc'f ]
A - 1aTov, 129 E3 35— 1370V, 139" TE ATLAS Expected: Stat+Sys
3 prman: E 25 presE ] H 77* 4 —&— Observed: Stat+Sys
2= = : - = p Cm] Observed: Stat-Only
I3 E 1 {s=13TeV, 139 b
of 05 SMEFT CP-odd couplings
s E o BestFit  95%CL
—2- : o ; .
ot E Cus E———3 0078 [-0.61,054] Decay fit
P T P S D PR DTS B t :
25 1050 05 1 45 2 3 _ - .
° ° Coive E . 3 0017 [-0.97,088] Decay fit
Cus Cus !
e meaaas g Cow £ L] 3 06  [-0.81,1.54] Combined fit
T [ ATLAS * Qe em ol T [ATLAS @ = Win oysematics ]
o 8- ol 12 — hesenaE - | .
I |:|_ 77 4 gm0 12_—?_>zz*_>4| == Egsdcomtined d —m—] x10 -0.003  [-0.026, 0.025 ] Decay fit
-Ys=13Tev, 1390 * — F Vs=13Tev, 139"’ =+ Observed decay '
[ p-value SM: 87% 1 10__p~a|ueSM'ar% 2°bse’“5d°°mg;"ed n N 0
i ; E . : E = 3 078 [-12175] Production fit
L 8-
J [, ~ . .
2 : 4 C.y E - 3 0.083  [-0.84,0.83] Decay fit
0F > g i
- R 4. Cyy E # =| -0.0083  [-0.99,0.93] Decay fit
] F P B I RS S S SR
] 2 -0.5 0.5 1 1.5 2 2.5
! 96— Parameter value
HWB Cow
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https://link.springer.com/article/10.1007/JHEP05(2024)105

H- WW* - lvly

* STXS-based analysis with dedicated CP bins A ]i] R o T

* Signal region defined with Nj.., pH? and m;; bins 0l < 0GaY -
* ADNN is used to identify signals in each SR. e ook <oy

200 < pff < 300GeV

arxiv: 2504.07686 (accepted by EPJC)

Njots =0

* Only sensitive to VBF vertex. H - WV vertex is not exploited.

8 T T T T T T T T T pf = 300GeV . y
. . R el 71! 1-i¢t highest p}’
Eo L EW | EW qgH »2-jets ' EW ggH » 24ets | EW qgH » 2-jets ATLAS 1 ;
IS [ 99H | pf <200GeV I pH ¢ 200 GeV I pH'>200GeV Vs =13TeV, 140fb womes S ooy |
6 17et! 350 <m; < 700 GeV I m;>700GeV I m;>350GeV H— WW* - tvtv w22 sion NN ENEREE
- | |
- I I ¢ Observed (p-value = 91%) ) o > 200GeV . p—
- : : ——~- SM prediction . - !
41— : : — cuw=-2(A=1TeV) Ad bin
- : ! Cip = -1 (A =1TeV)
- | 1
ol : Biow =1 EW g 1-jet
_ I S e __l____i_ ]
B : + -+ + 350 < my; < 700 GeV
0 ! R D |
: : P < 200GeV a6 bin ﬁﬁﬁﬁ
L /b : ‘/;( Niots = 2 my; > 700 GeV ‘ IEw agll =2 jots
’ >, S lowsf highmy,
2 S aston (K 0 N N
(} x

& il
+ my; = 350 GeV
A¢ﬂ_ [rad] Agi; bin ﬁ ﬁ ﬁ ﬁ
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https://arxiv.org/abs/2504.07686

H - WW"* - lvlv

Vs =13TeV, 140fb!
H - WW* - fuby

~ EFT interpretation: interference order CP-even and CP-odd terms g™ "0 g
 Simultaneous constrain ¢y, Cyyr, Cg and ¢y from VBF and ggF. CH? +0.5 %
Correlations between different Wilson coefficients are less than 5%. el 0.0 §

* New physics scale A~1 — 10 TeV if ¢; = 1. T 05 g-*}
Compatible with SM. sl el | -

CHG CHG CHwW CHW

ATLAS

Vs =13TeV, 140fb1
H - WW* = ¢vév
N=1TeV

95% confidence level

—
o
'S

A TLAS

Vs =13TeV, 140fb‘ ]
H - WW* - ¢vév

N c=(4m)? EEE c=1 EEE c=0.01

——- SM prediction
M Observed
le1  Expected
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>
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cHG [x10%2] ' 0.00579919 0.000*3:992

(@] o L T T o T e e
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Cri : : 0.02:9%  0.0°08 - .
L A ] 1 00 E E
CHw : — : . -07%F  0.013 - s
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CHIW M -0.2:98  0.0+93 107 E 5
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. Explore HVV CP structure in VBF production Phys. Rev. Lett. 131 (2023) 061802
q__, .~ q
W, Z
* Shape-only fit on VBF 0O, yield from m,,,, fit for better background estimation. ---H

* Consider cyp and d in interference and interference + quadratic order.

W, Z
o . . H /! ) "
* 2 BDTs for signal - background separation: VBF vs ggF, VBF vs diphoton. q__, — g
Q 80— T T T T = T T T T T— % FT T T T T
= = T T |§ o L . I B £ U S NN B B S B B R T T u _.g % osk ATLAS e SM VBF E
:; 70:_ ATLAS ‘Nu; : igiag‘awkg —: -% B ATLAS N E 0>J k] F {s=13TeV, 13915" == SMocF
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- - TT+TL+LT P 14 5 I i ] s Tk :
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

VBFH - yy

* Results: constraints on ¢y and d
* Simultaneous fit to m,,, in each OO bin in all SRs, with p, gr floated.

* Combined with partial Run-2 H — 77 results in d.
 Compatible with SM.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

VBFH - TT

JHEP10(2025)092
. Slmllar strategy as H — yy but X20 larger branching ratio
/
* ¢y and d in interference and interference + quadratic order. ! Wzl !
* Compare 3 CP observables and OO is selected. . H
* 3 sub-channels with di-7 final state, NN for SR construction. ¢ _q"
§2) 04_ UL L L L DL L . .
c - ~ . Channel  Region NN signal score s/Vs+b
® o035 ATLAS Simulation —SMVBFH (d=0) - :
2 - s=13TeV, 140 fb” ~--d=0.1 - SRHiehNN > 0.91 3.50
(@] - _
c 03 VBTHew 4= -0.02 = TiepTlep  SREYWN 0,67 -0.91 1.98
-g 0_252_ _i VRLOWNN < 0.67 0.51
3 02k E SRHMighNN > 0.91 6.93
2 - - TlepThaa SR 0,63 -0.91 2.69
£ 015 E VRLOWNN < 0.63 0.30
< 0 E SRHighNN > 0.93 6.86
0.05 = ThaThad  SREY™N 0,60 -0.93 2.42
F T o e : VREOWRN < 0.60 0.34
15 0 15
00 Also in Antonio’s report
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https://link.springer.com/article/10.1007/JHEP10(2025)092
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JHEP10(2025)092

VBF H - tT

* Results:

* Set the most stringent constraint on ¢ from shape-only analysis. E
Constraints on ¢z and ¢y are also set. ;
. sign ]
* 00 has ~30% better constraint than Agbjjg , ~59% better than -
: sign -
pT+pT—Sm(A¢jj ).
* Compatible with SM. ;
Observed 95% CL interval N c; = 0.01 g
:q/?-:]s; TeV, 140 fo~! - Expected 95%CLinttervaI ATLAS — Ciilw-’- g
VBF H — 17 Vs =13 TeV, 140 fb ¢i= -
A=1TeV _ =
BestFit  95% CL interval Cray (lin. + quad) E
cyw (Iin. +quad.) — Ex 13; gz {gzgii Crw (lin. only) =
¢ (in- only) —— . o cui (lin. + quad) =
cyp (lin. + quad.) = 72 [-3.8,19.0] cw (lin. only) -
¢z (lin. only) | - 4.0 [-4.0,11.9] ]
cuis (lin. + quad) ]
__(lin. uad. N 4.0 [-2.1,10.4] o E
CHWC‘?H(WB (I-iFn(.]onIy; o 20 [2.2,65] onie {{n- only) o

. . ‘ s 102 10! 10° 107

—10 0 10 20 30 40 50 . . .

Parameter value Also in Antonio’s report N\ 95% CL exclusion [TeV]
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ATL-PHYS-PUB-2025-022

 First dedicated CP study in WH vertex:
* Pure probe to HWW vertex, only sensitive to ¢y

* STXS measurement on CP bins Q; cos 6" x p} basedon VH H —
bb /cc analysis.

* BDT for event selection and categorization.

ATLAS Simulation Preliminary

\/E=13TeV,140fb‘* — S === cyw=0.3 —-= cpyw=-0.3 Q L O B B |le|a T
. o —e— Da
S {0t ATLAS Preliminary BN WH, Ho b5 (1089 o
141 75<p¥<150 GeV 150 < p¥ < 250 GeV E - {s=13TeV, 140 1" [ Diboson 3
' < T 1lepton, 2 jets, 2 b-tag I Other -
°>’ r 0 t, s+t chan _
1.2 (L - 250 GeV <p! <400 GeV W Top(bb) =
e ] I T 10%L- O, cosd* > 0.0 Top(ba/qq) _
LRV e ——— o ——————————— 1 = SR Il W+ht 3
[ e r ] Uncertainty .
0.8 L === Pre-fit background .
_E‘J - -
g 06
5 10?
=l
2
T
§ 141 250<p¥ <400 Gev p¥ > 400 GeV
z e e
L }- 10
| i
ogf———————— e ——— e — ] | E 1.2
—————————————————————————— — D_ 1 & = o
06 E E ]
80_8—1\I‘Illl\l\lIlll\l\llll‘I\Illl\l\lllll)—
-1 -08-06-04-02 0 02 04 06 08 1
-1 0 1 -1 0 1
Q; cosd* Q; cosd* BDT,,, output
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WH H - bb

= : : ATL-PHYS-PUB-2025-027
» Results: constraint on interference order ¢y

* Shape-only fit on Q; cos§*.
 Compatible with SM.
* New physics scale A > 1.2 (14.6) TeV if ¢,y = 1 ((4m)?).

4.5

T T T T T T T T T T T T T T T T — T 1 1 T 1 T T T T T 1 1 T 1 1 T
T | | T T o - I I [ 4
- = = -1 5 = P A
ATLAS Preliminary WH, H— bb Vs=13 TeV, 140 fb 8 4 :_\\\ ATLAS Preliminary 7;
e Obs. —Tot. unc. — Stat. unc. Theo. unc. 4 - Vs =13 TeV. 140 fb™’ -
RN Vo -]
Tot.  (Stat, Syst.) . 3.5 WH, H— bb, A=1TeV Pl
— . . , 3
, vore a1 o N 95%CL intervals: ’ -
WH, 75 < p"* < 150 GeV, Q cos8’ <0 ——e——1 156 13 e v iz ) 3 ' )/ —
- . Observed: [-0.62, 0.85] ‘ -
e . ———t 003 1% o7 » Liat) - : ! Z
WH, 75 <p™* < 150 GeV, Q cosd" >0 -152 -0.79 ; 25 ' -- Expected: [-058, 059] ," —
X +0. + 0. [ \ .
WH, 150 < p!"* < 250 GeV, Q cosd" <0 L e 024 0% o4 v s ) ok * / T
L . ; =
WH, 150 < p** < 250 GeV, Q,cos8’ >0 F—e—H 181 08 0k 0 Lok ) 1 55 X /, ]
I \Y p—
+0. + 0. + 0. b — N ’ ]
WH, 250 < p** < 400 GeV, Q cosd” <0 f— 160 103 “o v om ) o X, / -
- N V4 7
0.54 +0. +0. 1__ 4 ]
WH, 250 < p"™* < 400 GeV, Q cos&" >0 =er=l 0.80 .7 st oxr ) = \\\ ) .
[ N ’ _]
+0. + 0. + 0. — ’ J—
WH, p"* > 400 GeV, Q cos3" <0 I—e—i 0.03 7% “oss 7 losr ) 0'5: AN e ]
| N s —
0.76 +0.69 +0.31 | Y 1 1 1 | 1 1 1 N Yol r . 1 1 1 | 1 1 1 1 N
WH, p' > 400 GeV, Q cosd" >0 I—e=1 0.47 +—o.ss ~059 7 -029 ) O
: . , | . | | 1 05 0 0.5 1
—2 0 2 4 6 8 10 C -
0 - Bnormalised to SM HW
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Summary

WSy

* Fruitful HVV CP analyses with ATLAS Run-2 data

* Including new results in 2025: H - WW™* - lvlv, VBF H — tt and WH H — bb.

* No evidence for CP-violation was observed, results are consistent between channels.
* Combined measurement and Run-3 analyses are on-going, please stay tuned!

.. F ' >
ATLAS Preliminary | A=1Tev Expected ® Observed | E | ATLAS Preliminary a2 . i
V5 =13 TeV. 139-140 fo-1| 95% confidence level 1 a VS =13TeV, 139 - 140fp-1 " Cri=(47)" NI Cri=1 NN C1iv=0.01
i BestFit 95%CL | <
I
VBF H - 17 (prod.) - ———— 021  [-0.23,0.70] S qorl i
arXiv:2506.19395 | [-0.41, 0.44] | <
WH, H — bb (prod.)— —_— 0.10  [-0.62, 0.85]
ATL-PHYS-PUB-2025-022 [-0.58, 0.59] |
H— WW" (prod.)~ . 020  [1.00,0.60] ol |
arXiv:2504.07686 | [-0.90, 0.90] | n
H - yy (prod.) - » 024  [-0.53,1.02]
Phys. Rev. Lett. 131 (2023) 061802 [-0.94, 0.94] |
H - ZZ" (prod.+decay)— 0.60 [-0.81, 1.54] —
JHEP 05 (2024) 105 | [-1.26, 1.28] ] 101 i
-1 0 1 2 3 4 |
CHW VBF H - 11 (prod.) WH, H - bb (prod) H - WW* (prod)  H - yy (prod.) H—ZZ" (prod.+decay)
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