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e For the uninitiated...
ATLAS H—ZZ* — 4]
e Basic properties of the (SM?) Higgs boson —e— Observed ls=7TeV, 45’
------- Expected /s =8TeV, 20.3 fb'

o Measured mass = o oM 12 H— WW* — evuv
125.07 + 0.09 (stat) = 0.10 (syst) GeV(CMS), 10 sMz30 5=8TeV, 20315
similar from ATLAS — Howm

[ 1J°+306 ST rTERASE
o Expected (measured) width ‘" a0p "S_STGV; S -
= 322 _MeV: CMS, 30f | f
Nat. Phys 18, 1329-1334 (2022), 20f \ | r I
similar from ATLAS 10 rl._ I— l—
m Expect4.1 MeV o_. ‘ = l
10F . l I . I _
o Spin 0, CP even -20F ‘ ]
m Already determined in Run 1 -30F ]

What is already known about the Higgs?

2+JF’2+ JP2+JP2+

Kq= Kq= Kq= Kq™
P < <300 GeV p< <125 GeV p < SOOGV p< 1256V

JP=0 JP=0" JP 2+ JP=

source
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https://cds.cern.ch/record/2957193/files/HIG-24-007-pas.pdf
https://www.nature.com/articles/s41567-022-01682-0
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/

Why look for CP violation in the Higgs sector?

e Baryon asymmetry needs new CP violation
e The Higgs sector is a well-motivated place to look
e LHC precision measurements provide the test bed
e CP violation searches generally build upon previous work
SE—— S — CmMs 13810 (13 TeV)
E>|§ - ATLAS Rl 2 ) E>|§> 1_ m,=125.38 GeV - zta—
S I : < rd
S B T % k,is afree parameter N \> ’
é‘|§ 10 SM prediction E 5 107'F 3
< F : £l
1072 y = v b .
E T Leptons Quarks 3 102 T .8 4
i L o i - Sl |
107, EIEIH_E Vector bosons ‘
E Force carriers Higgs boson E 10_3_ 3¢ generation fermions J
10“‘5'—‘ | o EI = l;_ ¢ 2" generation fermions
o 14T L I A B T e SM Higgs boson
< 1.2:— l 1 = 1?_1_.| N Ll T | yel E
kl i{ ] . T i R | T T T T ]
1F Iz % i . % 1.2F i 1.05F E
N3 UL TVLE B & Se— P S PR
107 1 10 102 g 0:6“' il il R ]
Particle mass [GeV] 107 1 10 102
source Particle mass (GeV) source
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/fig_05.png
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/CMS-HIG-22-001_Figure_003-b.png

Interpretations

e ATLAS
o Interprets its results in terms of three CP-odd SMEFT operators,

generally in the Warsaw basis

gEF T — =7 SM =+ Z _@(6) Operator Structure Coupling
Warsaw Basis
Opw  @OW, WHT ¢, &
|'%| |‘%SM| + ZZ_RC‘(/%SM BSM.i )+ Z Z—Re(./%BSM .%BSM ) oW py HW
a Ogwp O@T'OW[,B*  cuwp
Ogs  ©'®B,,B" CxE
Higgs Basis
[ ) CMS OhZZ hZ#yZ”V Ezz
o Starts from an amplitude decomposition for HVV interactions, with Ovzi hZ,., AR Ty
terms like a, for the CP-odd piece Opai hA i AR Cyy

o Reports results in terms of e.g. f_,, the fraction of the observed Higgs
interaction strength that behaves like the CP-odd a, tensor structure

az|?o a
B

la1 %01 + |az|?09 + |as|?03 + - - - ai
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CP-sensitive Observables

° Agbjj and related individual kinematic variables

e Matrix Element Likelihood Analysis (MELA)
o Uses matrix elements to construct per-event probabilities or discriminants for different hypotheses
o Can target signal vs background and/or CP-even vs CP-odd or mixed states

e Optimal observables
o Built from the interference term between the SM CP-even amplitude and a CP-odd BSM amplitude

2 Re(MgMMBsm)
| Msn |2

00 =

o CP-odd by construction: it is symmetric with vanishing mean for a purely CP-even Higgs, and
becomes asymmetric when CP-odd contributions are present
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CP Violation in ffH Couplings

Sensitive to tzH Sensitive to ttH
e CMS Run2H-—1r (new) ATLAS Run 2 ttH—multilepton
e ATLAS Run2 H-rtr CMS Run 2 ttH—multilepton

CMS Run 2 ttH—yy

ATLAS Run 2 ttH—yvy

ATLAS Run 2 ttH—bb

q
Partial Run 2 results are unlisted

Will focus on new measurements of the CP properties of HVV interactions
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-08/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/

ATLAS ttH ML

BDT to distinguish CP-even and CP-odd signals

|a|>62° excluded at 68% CL

Events
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CP Violation in VVH Couplings

Sensitive to VVH

(new) ATLAS HVV Combination
(new) ATLAS Run 2 VBF H—1r
CMS Run 2 VBF/VH H—1z

(new) ATLAS Run 2 W(Iv)H(bb)
CMS Run 2 VH(bb)

(new) ATLAS Run 2+3 VBF H—yy
CMS Run 2 H-»ZZ v
CMS Run 2 H—yy L

ATLAS Run 2 VBF H-yy

ATLAS Run 2 H->WW v
ATLAS Run 2 H—~»ZZ

Partial Run 2 results are unlisted

Will focus on new measurements of the CP properties of HVV interactions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-09/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-022/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/

ATLAS VBF H—t7, NN categories + optimal observable fit

Define regions based on number of hadronic/leptonic r and
signal vs. background NN

Fit OO in each region to extract signal: CP-odd contributions
induce an asymmetry / distortion in the OO distribution

'\ 106 T T T T ] T I I T T T T T T T T T T T T T T T T T T L T T T T T
g ATLAS  Data Bl VBF H (d=0.014) -'g 0'45 | | | |~ 3
=l (= 13Tev, 1400" Wzow  WOters Q .35 ATLAS Simulation —SMVBFH(d=0)
J2) Misidentified - d=0 [0 ) = r_1 3 TeV. 140 fb-1 ~ n
= VBFH > 1t G015  +--0=0.15 5 E s=1s lev, ---d=0.1 3
10t VBF inclusive Thadrhady// Uneeriainy S 0'3:_ VBF R --d=-0.02 =
S o0.25F =
10° . £ - =
® 0.2 =
10°¢ 2 E .
© - 7
e 015 3
..... ] o C ]
" T Z 01 3
e aapageeeenandS Fesd C ]
] e A | | | | | C 7
B125! 0.05 3
E_ 1WWWWM ”/MM/W/& E . ' '-.--I.-- q==1"" r-l RTINS S T s . l--"l =
m075¢ . . . ‘ . . . . . -15 -10 -5 0 5 10 15
8 0'50 01 02 03 04 05 06 07 08 09 1
NN signal score 00

Matt Klein Search for CP Violation in the Higgs Sector, March 16, 2026 Moriond EW 9



AT

_AS VBF H—17, Results

Observed limits consistent
with SM; no evidence for
CP-odd VVH admixture.
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ey (lin. only) e 0.21 [-0.23,0.70]
=3 7‘1 i é

3 A‘t 5
Parameter value

Matt Klein

Search for CP Violation in the Higgs Sector, March 16, 2026

Moriond EW

10



ATLAS WH(bb), Method

Selection/categorization similar to WH(bb) measurement, with NN fit to extract signal

ATLAS Simulation Preliminary

Extra categorization based Ve = 13Tev, 10 e e
on CP-sensitive observable:| .| 7s<p¥<isocev | 150<p¥ <250 Gev
. p" - (pu xpw) 12]
coso = W) T T I E
o, |- Py X Pwl e e s O . IO
0.81 _
§ 0.6 1
g 1.4] 250<py <400 Gev | p¥>400 GeV
P e e e e~
12 1 r
| |
T |
0.61
-1 0 1 -1 0 1
Q; cos d* Q; cos d*
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/

rrrrrrrTTTrrTTTTT
ATLAS Preliminary

T
—e— Data

&
Lofmern 25 | | ATLAS WH(bb), Results
g L 1 lepton, 2 jets, 2 b-tag I Other N J
& - 250GeV <p! <400 Gev -ﬁj‘;'bf,f" .
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ATLAS VBF H—y, Method

Categorize events with NN : 7
----- t
. ¢
Fit to OO distributions to extract signal
q q
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ATLAS VBF H—yy, Results
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ATLAS VVH Combination

Simultaneous fit of all three parameters

m 5 T L E— T | — T T L — T | — T T | — T T ] [0 [T T 7T | ]
3 | ATLAS 1 — - Observed68%CL | 'S [ ATLAS | — — Oibserved EELOL
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15 = 21~ -
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ATLAS VVH Combination

Similar results for linear vs. linear+quadratic terms

H—ZZ" (prod.+decay)
H-Www’ (prod.)f
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= —_— 0.29 [-0.57,1.2]
r [-0.99, 0.98] ]
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CMS VH(bb)

A
X Beam axis
)
Include 0, 1, or 2L and boosted and resolved i —
1 -
. - 4
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CMS VH(bb)

Example regions shown (resolved and boosted 2L)

No large deviations observed with respect to SM
138 fb~! (13 TeV)

Events
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il AL
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CHg | [x1] . —— [-0.65,0.35] [-1.3,0.80]
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g [x0.1] S [-1.6,5.3] [-5.1,9.0]
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CMS H—-ZZ

Production and decay each carry CP information

Angles in the Higgs rest frame capture it

MELA compresses this into discriminants
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CMS H—-ZZ

CMms

HVV,H-> 4¢
{ data

MELA-based fit constrains CP-odd
admixture; results remain consistent
with the SM.

CMS 137 b (13 TeV) o0 CMS 137 b (13 TeV)
T T T T T T ‘ T T T I T T T | T T T T T T T T T ‘ T T T | T T T | T T T
L HVV, H—>4I dijet events, D g>07 J r HVV, H—>4I dijet events, D g>07
I —Total ----VBF i L —Total --VH
10— 7 15

Events / bin
Events / bin

T
i

0 02 04, 06, 08 1 % 02 04 08 . 08 1
5 | 5 | , |
max( Dyjet ) max< Dyt D2jet >

10?

137 o' (13 TeV)

\.  Expected, float others

T 2N L L LR AN RS RN R
— Observed, fix others
---- Expected, fix others

— QObserved, float others

Ol ; s | IR NI PPN R PP I
-1-0.8-0.6-0.4-0.2 -0.02 0 002 02040608 1

fa3
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CMS VBF/VH H—1r
Sensitive to VVH through VBF/VH production

Also constrains anomalous ggH couplings

CP-odd observables built from production angles

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
.E : 1 T | T I T T T T I 1 T T T I T T T T : .E T | T T | T T 1 § T | T T T | | 1 T T T é
@ 4500f VBF category ~ —+— Observation ] @ VBF category ~ —+— Observation E
- F 11T +ut +et +ep — 99H SMH (125)x50 - 7.1 +ut +et, +ep — 99H SMH (125)x50
L 4000E "M M —— VBF SMH (125)x50 @ 4P hh TR ___ VBFSMH (125)x50
GC) : [ ©t bkg. E 0C> [ e bkg. E
= 3500F 1 jet—>t, mis-ID = > [ jet—>t, mis-ID
L E [ tt+jets ] L 4 [ tt+jets ]
3000 = [ Other E 10 [ Other 3
- Stat. uncertainty ] Stat. uncertainty
2500 :
2000 3
1500F —
1000} -
500F- 3
L ——;ﬂ-l-"h— - = FEs eSS eTe e e Es 8 =8, -
gO 100 150 200 250 300 400 500
H
mec (GeV) Pl (GeV)

Matt Klein Search for CP Violation in the Higgs Sector, March 16, 2026 Moriond EW 21



CM S VB F/VH H > l—T CMS 138 b (13 TeV)
= T UAARERANES RARRE RRRRNRRREE
< F Approach 2, 1t E
. . . . < 18| —— Observed ]
MVA and MELA used to discriminate signal and R Expected
. 143 .
background and SM vs. BSM signals of
1o§
J
Results also combined with H—4l of
4L
CMS VBF, 1,1, 138 1o (13 TeV) b LTI
£ : Y T : T T J —¢— Observation 2 -15 -1 -05 0
= 10 Dy €[0.0,0.7] Dy €[0.7,1.0] 1w
] !; !'c\i !S; [ ]t bkg.
> 4o '+ '< ' - . ,
. T :% :% EJ;‘_’% Rl CMS 138 b (13 TeV)
z z z th - T T T T T T T
10° a a = L o ter oy c 20F Approach 2, 1t + 4l E
i 3 al.uncertainty < 18k — Observed E
102 5 | — qaH-t (fa3=0) (\ll 16:— ------ Expected "]
10 — (QqH—TT (fa3=1) 14F
E 12F
1 10;
: 8
5 et ettt eeeaea e neeas - oF
u . $ g
8 T = SR T SR, *..........’..‘.... ..... P i + *+++++- ghosect N
O 05 oo + """"""""""" R R b 2F egmoL ; 1. 5
AT T, Ax10
ScscsssosscciscscissscssszaDg 2
S d B d S d BSOS A YRS Y B S Y DS Y B
o o o o o o o o o o o o o o o o o o o o o o o o

Matt Klein Search for CP Violation in the Higgs Sector, March 16, 2026 Moriond EW 22



Conclusion

e No evidence for CP violation in Higgs couplings yet, but sensitivity is
improving rapidly.

e Analyses use complementary strategies: kinematic angles, MELA,
optimal observables, ML classifiers”

e Current results constrain CP-odd HVV effects; future Run 3 and HL-LHC
data will significantly improve reach
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