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Overview

“ The observed Higgs boson at the LHC has been shown be
consistent with the SM Higgs boson with quantum numbers
JCP = 0** since 2013, where a pure CP-odd state has been ruled
out (refs: 1, 2, 3, 4)

® For spin, charge-conjugation and parity

“ However, the detection of a small CP-odd coupling of the observed
Higgs boson in its production or decay would be an indication of a
mixing of CP-even and CP-odd states, and be a sign of beyond-
the-Standard-Model (BSM) physics

“ This could be an indication of CP violation in the Higgs sector and
potentially have implications in the matter-antimatter asymmetry of
the Universe
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https://doi.org/10.1103/PhysRevLett.110.081803
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https://doi.org/10.1103/PhysRevD.92.012004

CP-odd couplings to vector bosons and fermions

< The earliest property measurements of the Higgs boson
have been done with vector bosons (y, Z, W), and have

since been studied with fermions (i, 1)
< The CP-odd coupling searches have largely been carried
out for the following production and decays:

® \ector boson fusion (VBF) production in final states: yy, ZZ, WW, t1

And as well, ggF + two jets and vector boson associated production
(VH)

® ttH, tH production in final states: yy, ZZ, WW, bb, 11

® Higgs boson decays: ZZ, 11
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CP-odd couplings to vector bosons and fermions (2)

“ The CP-odd BSM couplings to fermions and vector bosons are
different:

® For fermions, e.g. ttH coupling, the CP-odd coupling enters via an additional ;5
term in the Yukawa coupling
Liig = —K;y: Y (cos a + iys sin @)y,
u a = (0 is pure CP-even, a # 0 is mixing of even/odd CP states

® One should note that this coupling enters at leading order in BSM models, e.g. 2ZHDM

® For vector bosons, the couplings enter with dimension 6 operators, e.g. for

SMEFT:
LsmerT = Lsm + Z —0; (6)

" The c; include the BSM CP-odd couplings discussed here

= And note that the couplings are ‘suppressed’ by AZ, the scale of the new physics,
typically taken at 1 TeV
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Couplings for vector boson couplings

< For CP-odd couplings, there are two EFT bases being used:

® Higgs basis (“mass basis” after symmetry breaking):

~

Three couplings: ¢_, ¢, C,,

® Warsaw basis (before symmetry breaking):

Three couplings: ¢, 3. Cy 5 g
® Each basis is a linear combination of the other
< ATLAS results are primarily in the Warsaw basis (the standard for SMEFT analyses)

<+ CMS measurements use a more general anomalous couplings framework, but also
provides SMEFT results

~

e Their CP-odd coupling, as is proportional to Z’ZZ, and they assume Ezr =Cy, = 0

® So a direct comparison of limits between ATLAS and CMS are limited

< One might note that VBF is essentially aligned with EZZ

e sensitivity for 'Ezy ~ X2 worse, and much worse for 'EW
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List of analyses covered in this talk (all full Run2)

ATLAS Couplings: Yukawa or Vector bosons |Links

H->1r Yukawa 2022/12
ttH -> yy Yukawa 2020/04
ttH -> bb Yukawa 2023/03
H->vyy Vector boson 2022/08
H -> 7t differential Vector boson 2024/07
H->Z7" -> 4] Vector boson 2023/04
CMS Couplings: Yukawa or Vector bosons |Links

H->1r Yukawa 2021/10
ttH -> multileptons Yukawa 2022/08
ttH -> bb Yukawa 2024/07
H->1t Vector boson 2022/05
H-> WW* Vector boson 2023/09
H->ZZ* -> 4| Vector boson 2021/04
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
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-19-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html

List of analyses covered in this talk (all full Run2)

ATLAS Couplings: Yukawa or Vector bosons |Links
H->1t Yukawa 2022/12 |
ttH -> vy Yukawa 2020/04
ttH -> bb Yukawa 2023/03
H->vyy Vector boson 2022/08

H -> 1 differential Vector boson 2024/07
H->Z7* -> 4] Vector boson 2023/04
CMS Couplings: Yukawa or Vector bosons |Links
H->1t Yukawa 2021/10 |
ttH -> multileptons Yukawa 2022/08
ttH -> bb Yukawa 2024/07
H->1t Vector boson 2022/05
H-> WW* Vector boson 2023/09
H->ZZ* -> 4] Vector boson 2021/04
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
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-19-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html

CP-odd in H -> 7t decays (H to fermion)

L)

+ The CP-odd angle ¢, can be extracted from

the differential distribution of the signed

acoplanarity angle ¢ _ of tau decay planes
CP

in Higgs rest frame:

L = ——Kk7(COS ¢ TT +sin ¢ TiysT)H
U

71. *
dI'g+r- = 1 - b(E+)b(E—)E COS(SOCP —2¢+)
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where b(E.) are known spectral functions

The decay planes (in zero-momentum frame)

are defined with 7= and impact parameter for

single pion decays, and the other particles for
0

+
n—r'v, etc decays:
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Extraction of ¢, from H -> 1 decays

0‘0

Both ATLAS and CMS utilize several decay
modes for 7,7, and 7,7,

® ¢ = e, u, his hadron, 7,7, is more sensitive

%

ATLAS has four event categories:

® VBF (low/high MVA), boosted ggF (low: p; in
100-140 GeV or AR, > 1.5, and high: p;" > 140 GeV
and AR_.<1.5)

L)

CMS uses a multi-class MVA to categorize events

0’0

Backgrounds are mostly from Z — 71, and fake-t

e Statistical fluctuations are ‘symmetrized’ in the
background ¢7, distributions

cp red is CP-even

* .
cp - blue is CP-odd
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List of analyses covered in this talk (all full Run2)

ATLAS Couplings: Yukawa or Vector bosons |Links

H->11 Yukawa 2022/12
ttH -> vy Yukawa 2020/04
ttH -> bb Yukawa 2023/03
H->vyy Vector boson 2022/08
H -> 1 differential Vector boson 2024/07
H->Z7* -> 4] Vector boson 2023/04
CMS Couplings: Yukawa or Vector bosons |Links

H->1t Yukawa 2021/10
ttH -> multileptons Yukawa 2022/08
ttH -> bb Yukawa 2024/07
H->11 Vector boson 2022/05
H-> WW* Vector boson 2023/09
H->Z7" -> 4] Vector boson 2021/04
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html

CP-odd couplings in ttH, tH

+ As for the H — 77 decays, the Lagrangian can be
expressed as a coupling modifier and angle, or two m _
coupling modifiers Ly = - ¥ (¢ + 5K )P H

L = —K;yt(ﬁlﬁ_t(COSCL’ +iys sina)y,

< For ttH/tH analyses, there are two “handles” to extracting
CP-odd constraints: ‘ ¢

® For ttH, the spin correlations of the tt pair contain the ttH coupling

information of the CP content of the interaction, as for H — 77
= Use kinematics of tt + H system

® tH production in the SM is <20% of the ttH production due to
destructive interference of two diagrams of the t-channel (tHq)
production
= Non-zero CP-odd coupling leads to a strong increase in tH x-sec
O tH x-sec => x10 for pure CP-odd WWH coupling
® the tH rate is used to constrain CP-odd couplings

t-channel tHq production
q q

" tH normalization is sensitive to sign of k;
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ATLAS ttH, H — yy

“ The diphoton mass gives a clear signature for the Higgs decay
CP-odd CP-event

0‘0

Event selection: 2y (>35,25 GeV), 1 tagged b-jet p; > 25 GeV

data: had region
ngaasns

0
o

Two regions for the tt (or t) signature:

® “Lep” region (semi-leptonic W decay): muon or electron p; > 15 GeV
(medium ID, isolated)

® “Had” region (hadronic top decay, incl 7,): >2 jets, py > 25 GeV,
no lepton

Hadronic CP Discriminant

< Top reconstruction uses BDT:

® For Had: 7, is top-scoring jet triplet, CP

discriminant ,
® For Lep: lepton + MET + best scoring jet '

0.3

R/
0'0

For CP signal extraction 2 BDTs are used:

® Bkg rejection BDT: separate ttH events from backgrounds (y y+jets, 02

1ryy)
® CP BDT: separate CP-even from CP-odd

107

0.1
Ys =13 TeV, 139 i’

0
0 0102 03 04 05 06 07 08 09 1

Hadronic Bkg. Rej. Discriminant

background
22/10/24 RD Schaffer discriminant 13



ATLAS ttH, H — yy : Results
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ATLAS ttH, H — bb

B

* Event selection:
® isolated electron (tight ID), muon (medium ID), py> 27 (10) GeV 1st (2nd)

°® jet, pr> 25 GeV, variable levels of b-tag efficiency

DS

* Categorization:
® Boosted Higgs: large R jet, p; > 300 GeV, using DNN and variable b-tags
e Dilepton: training region TR > 4j, > 4b, 3 CRs

e /+jets: TR > 6j, > 4b, 2 CRs

o,
°e

2 sets of BDTs for each category
® Reconstruction: assign jets to Higgs or top decay

e (Classification: discriminate ttH from background

DS

* CP-sensitive observables: using top-top kinematics or just rate

® Boosted Higgs - yield is sensitive to tH, only use classification BDT

. Dilepton (b,) £ +jets where P , are the two tops
(P1-2)(P2-2)  (Fi1x2) (P2x2)
p111p2] 1p1llp2l
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ATLAS ttH, H — bb: Results

Bestfit: a=11° 1_3%: and Kt, = 0841_2(6) Ly = —K;yt(p(p_t (cos @ + iys sin @)Y,
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CMS ttH, H -> multleptons

< Multileptons concern H — W W and H — 77 decays

® | eptons come from both Higgs and top decays

< Event selection and background estimate:

® prompt leptons selected with BDT-classifier, extra leptons rejected with loose

requirements, and DNN used for z-leptons

e Channels: 2SS + 0t;,, 2£SS + 11, 37 + 07,
= 17 from top decay, others from 2nd top, W or 7,, SS - same sign

= 1sttwo: >3 jets, last: >2 jets
® require b-jets tagged with Deepdet discriminator

® DNN used to separate into ttH, tH and backgrounds (ttW, other)

= reducible bkgs: mis-ID leptons, conversions (¢7y), electron charge flips

+ CP discriminant for ttH (BDT ~p)

® Separate discriminant in each channel (based on 16 to 25 variables)

* Fit includes BDT p, and rates for tH, backgrounds and CRs

22/10/24 RD Schaffer
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CMS ttH, H -> multleptons: Results

Best fit: ¥,=0.9, £,=1.0

Small excess in CP-odd
enriched region

Compatible with SM w/in

68%CL

CMS

~—68% CL

4 SM expected

K, VS K,

22/10/24

fit: red - CP-even

2£'SS + 07 channel pink - CP-odd

CMS 138 fb (13 TeV)
o V77T
g Best Fit: «,=0.9, %= 1.0
> 45 ¢ Data [ tHW (CP-even) [ tW Z2 Nonprompt
w 40 [ ttH (CP-even) [ tHq (CP-odd) [tz E=] Charge mism.
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CMS ttH, H -> bb

colored lines - obs, black - exp

* Categories: 138fb~1 (13TeV)

. +— L I [ |
e 0-lepton (fully hadronic) : Ao :
1 T // l/ \\‘{ :‘| ]
® 1-lepton (includes tH) ; . ,l' \ ‘i
0 S b
® 2-leptons (ttH) : / Y f
- 1 —+ \\\ \\\\ ’,/ :,l —]
“ Use ANN to separate H — WW, 2=~
signal/bkg, and categorize | combined | |
into SR/ICR f + g
. ~ . . . of T -
* K; Vs K, is combined with : ¢ }

i 1t + O .
earlier CMS T combined fit =~
measurements SIS USRI [P SIS RSN RURTI N R

-1 0 1 -1 0 1
K
e WW/zt and }/7/4f ¢ SMexpected — 68% CL exp./obs. t
+ Dbest fit --- 95% CL exp./obs.
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List of analyses covered in this talk (all full Run2)

ATLAS Couplings: Yukawa or Vector bosons |Links

H->11 Yukawa 2022/12
ttH -> yy Yukawa 2020/04
ttH -> bb Yukawa 2023/03
H->vyy Vector boson 2022/08
H -> 7t differential Vector boson 2024/07
H->ZZ" -> 4] Vector boson 2023/04
CMS Couplings: Yukawa or Vector bosons |Links

H->11 Yukawa 2021/10
ttH -> multileptons Yukawa 2022/08
ttH -> bb Yukawa 2024/07
H->11 Vector boson 2022/05
H-> WW* Vector boson 2023/09
H->ZZ" -> 4] Vector boson 2021/04
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
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-19-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html

CP-odd measurements for Vector Bosons

<+ CMS has studied CP-odd couplings in the context of a more general anomalous
couplings analysis (see ref)

® Here we focus on CP-odd coupling, ¢5, and the effective cross-section ratio

|a3|203
Ja, =

2 2
la,|"0) + |az|" o3

= where a, is the SM avV assuming a?? = a"V, custodial symmetry, o; is cross section assuming a,=1,

a;=0.

e CMS measurements in VBF/VH using the dijet kinematics, and concern a3,ZZ, with a,j,Zy = a%”’ =0

L aSZZ is proportional to Z’ZZ of the Higgs basis

e CMS measurements are also performed for ggF + 2jets for a,fg (x ?gg)

< ATLAS has measurements of CP-odd couplings in the Warsaw basis:cHﬁ;, Cym CHWB

e These are performed for VBF using Agbjj (fiducial measurements), and optimal observables (see
next),

e As well as in the decay kinematics of H — 47 decays with optimal observables

22/10/24 RD Schaffer 21


http://www.arxiv.org/abs/1309.4819

Optimal Observables with SM/BSM matrix elements

(6)

* For the SMEFT Lagrangian: Lsmerr = LSM+Z Y
2
IMJ? = MSM"‘Z — Maswm,i

® This expands to terms linear and quadratic in Mg, which can be used to build two
optimal observables:

® The x-sec is proportional:

2R (MM, Mpsm
00, = < oM SSM> and 00, = Q M are LO matrix elements

| M| | M|

* Note that OO, is asymmetric for CP-odd couplings, and OO, is symmetric - i.e. only
changes the x-sec

+ ATLAS measurements primarily use OO to look for an asymmetry

% CMS uses both, reformulated, as discriminants (MELA):

P8 BsMm Pgy
OO0y Djpt = , 00, Dgg\y =

Ps\ + Pswm Ps\v + Pswm
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CMS H - WW: VBF, VH

< Two approaches (applies to all anomalous coupling measurements):
e 1) a3WW = a3ZZ,
° 2) aBWW = c%,afz, SMEFT equivalent, enforce SU(2)xU(1) (cyy is cosine of weak mixing angle)
® We will quote SMEFT results (see refs. for 1)

< Event categories
e HVV: VBF - 2 jets m;; > 120 GeV, VH - 2 jets m;; 60-120 GeV or boosted jet(s), ggH - 0,1 jet
e ggH: ggH - 2 jets m;; > 120 GeV
® CRsforzt, top, WW

+ Discriminants for a; VBF and ggH analyses:

o VBF: Dgjq(VBF vs Bkg), Dgsm: Dint, M., (for WW decay effects)

sig

e ggH: Dg;4(VBF vs Bkg), DBSM’ Dint

sig
® ggH 0,1-jet: D(mT,m,,) from SM analysis
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CMS H —- WW: VBF, VH: SMEFT Results

15CMS 138 fb' (13 TeV)
E —— Observed, fix others VBF Cat for Dint < O
14— .
LT Expected, fix others CMS VBF,D_,<0 138" (13 TeV)
12:»:::;‘-’.:\ — Observed, float others c Frr T T T IS =
N ) Expected, float others “__’__.:::;,..» ~ 200F 4 paa  [Jsyst D;;S‘:A"‘:’;;f‘ D:;S‘;V‘:sz?f" =
10~ o ..2 180~ M+ —ww [lmuttivoson [l DY [ Nonprompt _‘,pure CP-even
- o - and tt
E . Lﬁ 160:_ ww tW and tt CP dd
< 140F Dyge <Uo.75 Dyge > 0.75 Lpure -0
N6 = i
i 120 = m,<45GeV m,>45GeV | m,<45GeV E n X 2
sl N = oshoL 100 SM
C 80
2k 60
ffffffffffffff 68%CL _| -
‘ | 40
0 | | | | |
1 0.5 0 0.5 20
2 fa3 -
fa3 - shape: g~ larger for VBF than decay ¢ 2
10;:MS : 138!fb"(13TeV) u\z 0.51 E | ;
9? — Observed 8 0 g% > D
8? Expected o . B S M
7= ~ i
f C
a1 o T o= +0.42 +0.29 three floating parameters in fit
<l
YAl Ao i 95%CL | .
£ VBF:fa3 = ().8‘_"%2 (()()‘l‘(l);3 exp) x 1073 other parameters fixed
A3
g 68% OL . — +0.3 +1.0
. i/ ggH: f,, = —0.034%5 (0.0Z § exp)
(| I -
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CMS H — tt: ggH+2jets, and VBF, VH

% Channel with best sensitivity - uses 7,7,, 7,7, and 7,7,
+ Measure twofa3, in both ggH+2jets, and VBF/VH:

o fggH find similar sensitivity with A¢;; and MELA

® fa, (VBF/VH): use MELA (Ag;; less sensitive)

< 3 Event categories

e 0O-jet: ggH, VBF: 2 jets m;; > 300 GeV, | Az;|> 2.5 for both VBF and ggH+2jets, boosted:
rest

< Discriminants:
® NN for separating VBF/ggH+2jets from bkg

ng%},; for ggH to separate from VBF

2
e For both analyses: Dgg) - with ‘MBSM| term , Djnt - BSM/SM interference term
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CMS H — 77 production results

. H
MELA results for ggH + 2jets  Comparison of MELA and Agbjj forfgf

ggH: f, = —0.08*0:> (0.0 £ 0.36 exp) 2
Combined with H — 47 |
ggH: f;, = —O.O7J_r8:(3)% (0.0 £ 0.26 exp)

1

CMS 138 fb™! (13 TeV) 0 CMS 138 fb™ (13 TeV)
:\\\‘\\\‘\\\\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\: _l :\\\‘\\\‘\\\\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\:
- MELA method, tt E < oF A¢_method, Tt E
: —— Observed ] < B —L Observed
e Expected E C\Il 8 e Expected E
’ 7E g
MELA ] o Ag.. i
sf JJ -

S N T RN e <Al N PR ok [ T P N Ve

0—1 ‘—‘08—06—04—02 0 02 04 06 08 1 -1 ‘—‘08—06—04—0‘2‘ 0 0.2 04 06 08 1
P P
MELA results for VBF, VH
0,53 ., FromH - WW
VBF:f, = 0.40%93 (0.0 £ 0.08 exp) x 10
’ ' ggH: f;, = —0.034’:8:3 (0.0fi:8 exp)
Combined with H — 47
VBF:f, = 0.28*07 (0.0 = 0.08 exp) x 10~ VBF:f, = 08727 (0.0*11exp)x 1073
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ATLAS H — ZZ* — 4¢ production and decay

% Shape analysis: look for asymmetry in ) Oojj equal-size bins
¢ E Z:: ATLAS Simulation . o
2R (M&Mpsw) 5 UE eroray
001 — > 8 ook 115GeV <m, <130 Gev 7 VEFHVH G =50
[ E osE N, 22m >120GeV
| M|
% SMEFT: both Higgs and Warsaw bases oF L = B
+ Fits production (VBF) and/or 4¢ decay oo L =
* ¢, is only sensitive to VBF production SR

00, , equally populated bins

® v is sensitive to both production and decay

® c,7, Cvp IS Sensitive to only decay tails are “: et 0F, 0,5 =1.5
HB’ “HWB : T o0F S
Important E 012/~ Eséz\j:/m“asoeev """ 99F, ¢z =-1.5
“ NN discriminant used for VBF/ggH+2jet separation i R
< BDT discriminant for ggH - qqZZ background separation e e
0.02— ey ® e
[ [ 2 "~ o
+ Effects of ignoring the ‘MBSM‘ term are < 10% R
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ATLAS H — Z*/Z* — 4¢: Results

HWB

TTTT ‘ TTTT ‘ TTTT T T TT T T TT ‘ T T TT ‘ T \.\ T ‘ T T TT . -
5-ATLAS Aoomeme CP-odd coupling results in
E — Obs 95%CL. . .
4EH->ZZ 54 Copedmdh 3 Warsaw and Higgs bases
F Vs=13TeV, 139 fb™ % SM 3
3 } p-value SM: 88% {
C ] A TL A S Expected: Stat+Sys
2? ? % —&— QObserved: Stat+Sys
1; é 23321_%\/ 1_;94];:)_1 Cm] Observed: Stat-Only
0; E SMEFT CP-odd couplings
~ 1; E BestFit  95%CL
_2é j Cug - -0.078  [-0.61,0.54]
—3;— é Cows i 0017 [-0.97,0.98]
L1l ‘ L1l ‘ L1l ‘ L1 11 ‘ L1 11 ‘ L1 11 ‘ L1l ‘ L1l :
-2 -15 -1-05 0 05 1 15 2 C i - 06 [-081,154]
Cus '
q = x10 -0.003 [-0.026,0.025]
Cri VS Crirn 68% and 95% CL |
HB HWB g, E - 3 o078 [12175]
from decay i
Czy E = | 0.083  [-0.84,0.83]
EW E n 3 -0.0083 [-0.99,0.93]
-0.5 0 0.5 1 1.5 2 2.5

Parameter value
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ATLAS H — yy VBF production

% Same approach as for
H— 7Z7*% - 4¢

* Shape analysis for
2R (M Mpsu)

001 - 5
| Moy |
< Discriminants: 2 BDTs for
® \VVBF/ggF, and
® VBF/continuum bkg

® 10% Improved VBF
discrimination relative standard
analysis

e Loose VBF sel: | An;| <2,
n”P <5 (|n,, — (5, +np)/21)

22/10/24

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

80

70

60

50

40

30

20

10

ATLAS : '+ o =
Vs =13 TeV, 139 fi’ § —sre {3
m,, €[118, 132] GeV % 305 — Continuum bkg._; _f
TT+TL+LT o =
—+- Data g 10; =
- ¥3zl(§g) e .
. m, [GeV] ]

t&\\b SySt. Uncer. x*w+ , [GeV] _:
\\\\\\ <« VBF -
background3

2 g0 LIVEFEW) =
o) E ;__::EVBF(9=0.06) E
e sF [..iVBF(d=006) . E
© U SRRt S (L N N SRR 2
o E — -
-6 -4

00

Optimal observable
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ATLAS H — yy VBF production: Results

Table 1: Observed and expected 68% and 95% confidence intervals for d and ¢y, . Results for scenarios with the
interference-only (noted as ‘inter. only’) term and interference-plus-quadratic terms (noted as ‘inter.+quad.’) are both
presented. Combined results for d including the H — 77 analysis are shown. The expected results of H — 77 are
slightly different from Ref. due to the different correlation scheme between their signal region and control region.

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]
dfrom H — 17 [-0.038, 0.036] E [-0.090, 0.035] -
57 Combined d [-0.022, 0.021] | [-0.046, 0.045] || [-0.012, 0.030]}| [-0.034, 0.057]
Chi cyw (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]
quadratic term expected expected observed observed
has little effect 68% CL 95% CL 68% CL 95% CL

~25% improved sensitivity over H — ZZ* — 4¢

Also measure c?constraints (HISZ basis) to compare and combined with previous H — 77
measurement: A2 _

2 d=cyw= CyF Cywp =0
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ATLAS H — 77 VBF production: differential

<+ Unfolded Aquj VS pﬁ is used for CP-odd couplings fit

o my; > 300 GeV, | An; |> 3.4, pJTj > 30 GeV - better VBF/ggF separation

e results better than H — yy, expect improvements with OO

¥ quadratic term has little effect

22 F T
E ATLAS

1.8
1.6
1.4
1.2

do"/dA¢S™ [fbirad]

T T T T T
—— SM (Powheg+Pythia8) e Data, total unc.

E Vs=13 TeV, 140 fot ="'~ Cuwy = + 0.7 (in.+quad,)
E === Cy = — 0.7 (lin.+quad.)

p;' <200 GeV

Data stat. unc.

p:' > 200 GeV

82 """ * ------- — T

04 F ; t
S + .2
2 15F ' , """"""""""""""""
- -
e [ R
£ 05EF . . . .
o -m/2 0 wu/2 /2 0 w/2

Note: H — WW diff. meas. limits from Ag;:
Cyyw linear 95% CL: [-1.8, 1.3] obs, [-1.7, 1.7] exp

22/10/24

Aq)jsjigned [rad]

Aq)j?igned [rad]

T T 1T | T T 1771 | T 1T 1771 | T T 17T | T T 1771 | T 1T 17T
ATLAS
(s =13 TeV, 140fb”

signed
H—tt, A¢ "~ vspl -e-Ops. Lin. - Obs. Lin.+Quad.
95% confidence level

; linear-only —
95% CL iy [-0.31,0.88] obs
Cuw ™ [-0.60, 0.60] exp
_)

—~30% improved sensitivity over H

Exp. Lin. Exp. Lin.+Quad.

Yy

I—'o—l
: CPV SMEFT model

-15
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Results summary: 95% CL limits (ttH from 2d)

ATLAS CMS

obs exp obs exp
H—tt decay (deg) +34 [-70,75] | [-42, 40] +21
ttH/tH H=bb K, +1.2 +1.4 +17
ttH/tH H—=yy +1.1 +1.2 +1.3
ttH/tH H=WW 1z +1.7 +1.2
ttH/tH combined +1.1 +1.0
VBF Howw /. (10 ) [-7.659.] | [-3.44.3]
VBF H—tt [-0.01,1.9] | [-0.33,0.33]
VBF H—=1t, H—4¢ [-0.01,1.3] | [-0.30,0.30]
VBF H—4¢ “aw | [-0.81,15] | [-1.3,1.3]
VBF H-yy [-0.53,1.02] | [-0.9, 0.9]
VBF H—tt [-0.31,0.88] | [-0.6, 0.6]
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Summary

% Constraints on CP-odd couplings to the Higgs boson are now available for
most analyses of interest for full Run 2

® These cover both couplings to fermions and vector bosons

® Expect a few more results to complete Run 2
e Other fiducial differential (Agbjj) results are available for EFT analysis
“ Currently no evidence for a deviation from the SM

“ Measurements are largely statistics-dominated, leaving room for improved
constraints

< Limit combinations has largely been done within CMS and is on-going within
ATLAS

“ Would probably be good to combine ATLAS and CMS results

® Requires some discussions...
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Backup
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CMS H — 77 VBF production results

CMS 138 b (13 TeV) CMS 138 tb™' (13 TeV)
2 __I 1T L L | T T | L | L | T T | LI I__ J 2 __ LI | L L | T T | L | L | T T | 1T I__
0 - Approach 2, tt . = 0 - Approach 2, tt + 4l .
18 |- —— Observed - 1 18k —— Observed -
16 :T """ EXpeCted T; |d 16 :_ ------ Expected _:
141 = 14|~ -
121 - 121~ =
10~ = 10F -
8 = 8F =
6F = 6F =
4:—________ _______ : 4:—_951’%____ .
2 :_ 68% CL K _: 2 :_ 68% CL \ _:
O:Trlirl_llrrl“‘l"l _I_TI|ITTIT?X1O_3 o:iruiru_urru\lfu ||||TTT|T?X1O_3
2 -15 -1 -05 O 0.5 1 15 2 2 -15 -1 -05 O 0.5 1 1.5
H—- 17 fa3 H—-1tt+H - 4¢ fa3
. — +0.53 -3 . — +0.39 -3
VBF.fa3 = 0.40735 (0.0 £ 0.08 exp) x 10 VBF.fa3 = 0.287,75 (0.0 £ 0.08 exp) x 10
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