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Introduction: Run 2 achievements

» The Higgs boson couplings have been measured by ATLAS and CMS experiments
- Generally agree with the SM predictions
- Precision: ~5% vector bosons (W,Z), ~7-12% heavier fermions (t, b, t) and ~20% p
- Still room for new physics

Nature 607, 52-59 (2022) CMS Nature 607, 60-68 (2022) 138 fo-' (13 TeV)
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Higgs couplings agree with SM over 3 orders of magnitude in mass!
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Introduction: CP violation in the Higgs sector?

» The Higgs boson couplings have been measured by ATLAS and CMS experiments
- Generally agree with the SM predictions
- Precision: ~5% vector bosons (W,Z), ~7-12% heavier fermions (t, b, t) and ~20% p
- Still room for new physics
* In the SM, the Higgs boson is predicted as CP-even
 Exploring CP-odd contributions in the Higgs sector
- Pure CP-odd Higgs boson already ruled out during Run 1
- Mixture of CP-even and CP-odd still allowed - New sources of CP violation ?
- Check all couplings individually - Yukawa and gauge couplings can have different structure

g5 T : : —
v : CP-odd contributions
o HVY T i --H e Hgg = HVV: sUppressed with a 1/42

- Hff: at tree-level

Av—'
|—|
an:

How to look for CPV in the Higgs sector?

* Rate measurements - can not distinguish CP-even / CP-odd |
» Measure shape effects on CP-sensitive observables:
angles, optimal observables, matrix elements, and others

Studied in production and/or decay | = -
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CP parametrisations to probe HVV, Hgg and Hff couplings

Anomalous couplings: me - B
A(HE) = — 1 (8 + i%ers) v,

A(HVV) = 1 B . 0% q | kY (v +4ve)? 2 e el
v |- AVV s 2 VISV 2
(AYY) (A‘Q’V)

1 * * 1 * [

Effective Lagrangians:
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CP parameters measured

BSM affecting only rates

C}.;.EI"T = O’Ing L J;'nr = O;_EESM \

2 2 2
o~ | M|"=|Mgy|"+2ReM gy M cp_oaq + | H cp—odal
f Pure CPV effects appear

Pure CP-odd, causing shape changes to only in interference terms

CP sensitive observables only

Parameters
& |? |a;|*0;

Htt . - . ai
. ' - ions: = — sign(&,/x,)  fai= sign (—)
Ratios of cross-sections: Jcr AL SN Ke /Ky W Y 0. |4i[P a

. Ky = k; cos «
« CP-mixing angle o 3 .
K = ke sina Operator Structure Coupling

1 g Warsaw Basis
«d parameter gyaia=8Hzz = igwa = ﬁd Opw o'W, wH! e
w Oows @ TTOWLBY  cuwg
O o' @B, B* T s

o Higgs Basis
« SMEFT coefficients 0,5 hZ, 21 A
Oz hzuvﬁ'uv Cay
Onai hA#VAW Cyy

just some examples
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LHC Run2 results testing the CP nature of the Higgs boson

ATLAS

CMS

Coupling
HVV

H->4l (all prod. modes), full Run2
Eur. Phys. J. C 80 (2020) 957

VBF with H>1t, 36 fb, using OO
Phys. Lett. B 805 (2020) 135426

VBF with H->yy, full Run2, using OO
Phys. Rev. Lett. 131 (2023) 061802 NEW

VBF with H>ZZ*->4¢, full Run2, using OO
arXiv:2304.09612 NEW

VBF with H>WW?¥, full Run2, using signed Ag);
arXiv:2304.03053 NEW

H->tt, 36 fbl, using MELA disc.
PRD100,112002(2019)

H->4l (all prod. modes), combined with H->yy, full Run2
Phys. Rev. D 104 (2021) 052004

H->1t (also combined with H->4l+yy), full Run2
Phys. Rev. D 108 (2023) 032013 NEW

Off-shell studies with H>ZZ->41+2I2v, full Run2
Nature Phys. 18(2022)1329 NEW

Hgg

H->4l (all prod. modes), full Run2

Eur. Phys. J. C 80 (2020) 957

ggH+2j with H>WW*->evpv, 36 fb'?, signed Ag;
Eur. Phys. J. C 82 (2022) 622

H->4l (all prod. modes), combined with H-=>yy, full Run2
Phys. Rev. D 104 (2021) 052004

H->1t (also combined with H>4l+yy), full Run2
Pure CP-odd coupling excluded with 2.4c
Phys. Rev. D 108 (2023) 032013 NEW

Hzt

H->tt (all prod. modes), full Run2, using ¢p
Pure CP-odd coupling excluded >3c; a=9+16°
Eur. Phys. J. C 83 (2023) 563 NEW

H->tr, full Run2, using ¢¢p
Pure CP-odd coupling excluded >3c; a=-1£19°
JHEP 06 (2022) 012

Htt

ttH with H->vy, full Run2
Pure CP-odd coupling excluded >3c; |a]<43° @95%CL
PRL125,061802(2020)

H->4l (all prod. modes), full Run2
Eur. Phys. J. C 80 (2020) 957

ttH with H->Dbb, full Run2
arXiv:2303.05974 NEW

ttH with H->vyy, full Run2, using MELA disc.
Pure CP-odd coupling excluded >3o; |<55° @95%CL
PRL125,061801(2020)

H->4l (all prod. modes), combined with H=>vy, full Run2
Phys. Rev. D 104 (2021) 052004

H->1t (also combined with H->4l+yy), full Run2
Phys. Rev. D 108 (2023) 032013 NEW

ttH with H>ML
JHEP 07 (2023) 092 NEW

ttH with H->bb
CMS-PAS-HIG-19-011 NEW
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HVV coupling: VBF HOWW* (ATLAS)

q’ arXiv:2304.03053

* leptonic W decays (trigger), select 1 DF OS pair
» 2 BDTs to enhance S/B: select VBF, reject top+VV W
- exploit VBF topology using m; and Ay; ‘g“\{ Ad.
: : . we i
- bin SRs in both classifier outputs q
- independent ggF CR using third BDT 7
« profile LH to unfold data to particle-level for 13 observables, among which “signed A¢;” is sensitive to CP

» measure 3 CP-odd operators: cHB™, cHW™B and cHW~ (Warsaw basis)
- no deviation wrt. SM found

T | L I T T I LI ' E & % & l | N ) l =% 3 B I T
= 1_| LA R R L L B L B B L L ATLAS |:|Exp. lin. DExp. lin.+quad.
£ _ ATLAS ¢ Daa 4
e B Data Total Unc. | E - 13 Tev 139 fb-1
T | (s =13 TeV, 139 fb” m  SM (Powheg+Pythia8) i - ! -~ Obs. lin. -*- Obs. lin.+quad.
= R . ——em ¢, -=-0.63(lin.) N
_g 08 | VBF H— WW* — evuy — cl_é=-0.63(lin.+quad.) i i
-3:5‘ L = c - =-1.17(lin.) N c x10™! -
8 B —_— c$:=-1.1?(lin.+quad.) _ o ] :
| ———— ¢, - =-1.09(lin.) | - e
0.6 — — ¢ =-1.09(lin.+quad.) i Gy [ %107 -
_._ 1
D . Oy ¥10"] -
s I - c e
r"‘:=:“‘”=:”="::=LE=:=:=:::'::==::==:==—I premeam M= iramiremid Wi '—.-:_
R = 3 :
e T Cg[x107] 4
[ = CHR [ x1 0-1 ] —.1_
n _ - :
ol I L I | I I Coin [x107] 1—
LI - —0—‘—-
g TSI T i [ X10") s
g 15t e E - :
~ c srrresrr i b Cr—yr— “nrenren 3 i
3 e e e e e e .
& osE " W|omm —_— e e e e HW
[ - | A | | | '
—3 _2 _1 0 1 2 3 1 I T - ) I ; [T I ) i - S - l Lkl l Lisldask I Ll
49, [rad] 3 =2 4 0 1 2 8
Parameter value
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HVV coupling: VBF H>yy (ATLAYS)

Phys. Rev. Lett. 131 (2023) 061802
* CP-admixture in HVV couplings probed using

matrix element-based optimal observables (OO) i M A A R R R AR RS
% oL ATLAS Simulation SM E
'E T Vs=13 TeV, 139 fb-1 ---- SM+ BSM (inter. only) .
0 g C — — - SM+BSM (quad. only) 7
@ . 2 m(ﬂSM%CP_Odd) reco mH]_] in » E 50j }d_{BFOZO_) YY SM + BSM (ﬁ'lter.+q:ad.)_,
—_— xl 7 = e JJ 5] E =u. E
| |2 ’ Vs T a0F -
SM ‘© r ]
= 30F A FL E
- NEisl. ]
- calculated event-by-event in HAWK using reco. jets and Higgs decay products 208 g B
- captures full phase space information, independent of decay mode 100 ! i E
. . . . . . . - r 1 - .
- symmetric and centered at zero in SM, while asymmetric in case of CP violation | T ey .
] o Erers S st el e Rrarire S ol s
-0 8 6 -4 -2 0 2 4 6 8 10

Selection and strategy £ F g ' l g
*2 tlght identified & isolated photons + 2 jets with I.njjl > 2 E 04 (5 - 13 TeV, 139 f5" ::;5 P
* Train 2 BDTs to separate VBF/ggF and VBF/continuum & | _3;} S 5
background (yy, yj and jj) “ ozF e | g
* Define 3 SRs (TT, LT, TL) with plane of both BDT scores —— — — = ;;5- 8
o L L.
: a
-0.2— | D Data sideband
. | [ smver
o l

1 11 1 I 1 1 Ly
-0.4 -0.2 0 0.2 0.4

BDT

VBF/ggF
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HVV coupling: VBF H>yy (ATLAYS)

i . . . Phys. Rev. Lett. 131 (2023) 061802
* Signal extracted by combined maximum LH fit of the m  spectrum

in each OO bin (6 bins per SR - 18 bins)

- =L DL AL L LA LA AL DL L L L e
— - u
» CP sensitivity using the shape of the observable (VBF Z 250 :‘;TL?:T e Fxp. Comb == Obs. Gomb.
. . . . X L Is= ev, - -« Exp.H— = Obs. H— 7
normalisation free floated in the fit) © 208 Ex: - —obs. 4 o
* Derive constraints for d” and 1 CP-odd op. cHW™ (Warsaw basis) ]
(d” combined with H>11) 15k ™
* Results compatible with SM; limited by data statistics b .
S g — E
S E ATLAS 5
£ ! E Vs=13Tev, 13910 957 CL oo U 7 s
Qg0 m,e[118, 132] GeV 68% Ol Fm— e N e
g E TT+TL+LT 0"" B e A N
S 50— 4 pata -0.15 -0.1 -0.05 O 0.05 0.1 0.5
= 4o | VBF (sMW) ) ~
g | WTotabi uses interference + quad. terms ¢
& 30— 0 Syst. Uncer.
»
£ o=
< 103—
j 9:_ 'I"“I""""I"_:
9 10:_ VBF (SM) E % ; ATLAS é
5 © VBF @-008) + ] x  8F Vs =13 TeV, 139 fb’ E
I = = e = 4 Y % VBF Ho yy ;
o E 2 ; — e
H H —(_3—.—'4 ---------- — 2 0 2 ----------- 4 “-6 6? -------- EXp. stat. + Syst. ;
most stringent constraints 00 5t T Obs, stat, + syst E
68% (exp.) 95% (exp.) 68% (obs.) 05% (obs) %O 4o ----- =
d (inter. only) [-0.027, 0.027) [-0.055, 0.055] [-0.011,0.036] [-0.032,0.059] 3? k C . E
a (inter. + quad.) [—0.028, 0.028] [—0.061, 0.060] [—0.010, 0.040] [0.034,0.071] 2- HW E
d from H — 11 [—0.038, 0.036] [=0.090, 0.035] R . o =
| Combined d [0.022,0.021] [—0.046, 0.045] [0.012,0.030] [0.034, 0.057] O .4)5.'. : A E
| cyy (inter. only) [-0.48,0.48] [—0.94,0.94] [—0.16,0.64] [—0.53,1.02] ' . .
cyy (inter. + quad.) [-0.48,0.48] [—0.95,0.95] [—0.15,0.67] [—0.55,1.07] only interference term HW
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HVV coupling: VBF H>ZZ*>48 (ATLAYS)

arXiv:2304.09612
* 4 loose identified & isolated leptons (pairing by flavour and mass)

* Main bkg.: VV
* Define two OOs to probe CP-odd component: for production (VBF enriched) and for decay (inclusive)

« 3-class NN trained to enhance the VBF purity - 4 VBF SRs defined with NN output g ATLAS
160"_
OOs are constructed using matrix-elements calculated from: 130 —
- the 4-momentum of the reconstructed Higgs candidate and the two leading jets (for production) VBF-depleted veF
; Region SR 1-4
- the 4-momenta of the four decay leptons (in case of decay)
1154
v L I T T jets and JSetI' .
3 my< 120 GeV m;2120 GeV  Selection
Production 00;; Decay 00, _»____ HVY
8 oo S 018 j— J2! RS TrrrrT Trro Tt Trr Tt TrrrrT Trrr ot TrrroT TrrrrT n
= E o "TE 5 B D F ]
o = ATLAS Simulation S - ATLAS Simulation 2 - ATLAS V:llf VH -gg* 7]
€ TN o T === VBFsVH, &, =50 z 018 . eeeggF.c . =15 W 25— H-zz 4l ot ]
S B T 3 - HeZZ'-dl 99" S5 C Vs=13Tev, 1391’ EMZettWZ  BEZUncertainty ]
g ’ E WE= 13 TeV VBF+VH S~M ge] 0 M:_ Vs =13 TeV ggF SM C Inclusive SR ggF CHE =-1.5:u: ggF CHE: 1.5 7
‘uu, o.s;— 115GeV <m, <130GeV VBF+VH, C,, =-5.0 E 012 115 GeV < m, < 130 GeV -eeo ggF, c..= 1.5 20 Data Mean: -0.06+0.11 ]
T o5 N, =2,m >120 GeV s F B ':
E E et I E 0. e K :
2 o4 S s : ( ' 15[~ #
: ppeet (OOCHW | = 0l 00 : - i
0.3 i | . . o i1 T— . b Y
E i i | JJ 006 . oonna . . PITTITEEROPE 10-_:_ ikn
02— i i 1 - . : =
E | il I 0.04— i : :
0.1 aad bovarat = :
E_ Rp—— o wa 'r'lr!"'“‘_-_h‘.‘ 0-02__ ..------.l ‘.&-r,.:- ............. 5
0.__. | | | | i | | 1 |- O:— . | | A
= -k 0
g 20 "-i"l'-'i.. 3 E r 5 L] LELLELELEEET . i O 3 . . T
2 O — g — — = ol gk [
O ke S Py SUUUT bl ek N B S| = WM;
-10 -8 -6 -4 -2 0 2 4 6 8 510 0 ; ; ¥ A X ; : . . . . ‘ .
Oojju - - * - 0 ! 2 SOOCH§ —4%.000 -0.278 -0.082 -0.022 0.000 0.022 0.082  0.278 40.000
4/ OOCH§
4/
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HVV coupling: VBF H>ZZ*>48 (ATLAYS)

arXiv:2304.09612

« Maximum LH fit performed for 3 CP-odd couplings in Warsaw and Higgs basis, and for d~
« Different CP-odd hypothesis are tested - 3 types of fits:
- Production — CR(ZZ, VBF-dep)+SR(VBF1-4)
- Decay — CR(ZZ)+SR(inclusive)
- Combined — CR(Z2)+SR(VBF-dep, VBF1-4)

» Coupling parameters are scanned individually and in 2D

m _IIIllIIIIIIlIIIII|IIIIIIIIIIIIIlIIII
23 r + Obs Best Fit
T —~ATLAS ... Obs 68% CL.
Q - —— Obs 95% CL.
C * -« Exp 68% CL.
_—H — 272" — 4l —— Exp 95% CL.
- Vs=13TeV, 139 fb * SM

5
4
3 p-value Sm: 88%
2
1
0

Expected: Stat+Sys E— ?

A TLAS —— Observed: Stat+Sys - this result - —

H— ZZ* — 4] —4— Observed: STXS - .

Vs =13 TeV, 139 fb" —¥— Observed: Hyy -~ 3

SMEFT CP-odd couplings —sk— Observed: Hyy + Htt - =

®— Observed: CMS —1 — ]

................................................................................................. BestFit  88%CL .. _oF -

—.‘:r_ 0.08 [-0.42,0.31] decay E E

C.5 - 0.00  [-0.37,0.37] -3F =

! :I I Y | | | I | I Y | | O o | | A | | | T | | T S | | 111 I:
. 006 [-0.22,0.09]

........................................................... v ool decay 2 15 -1 05 0 05 1 15 2

CLive A 0.00  [-0.69,0.69] C,.z
P 025  [-0.82,0.31]

......v....v...v....v..."..............E, ........................................................... 6.66 ......... [v-.0:0.7;i..(v)év] ............ prod+decay
c - A ; A +0.60  [-1.50,1.50]
HW —_— 026  [-0.15,0.67]
° 023  [-0.75,0.28]
N . oo losoo N |
d ine 10 ool [001,008] * Results competitive with
'_1””0” '1”"2””3”"4' H%TT/yy,SszandCMS
Parameter value
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HVV coupling from on- and off-shell events with ZZ (CMS)

. . -1
« H>ZZ*->4l events used to study several AC, including f,; CMS o DD Tel) .
using matrix elements discriminants Observed. fix others ~ °n-shell | 8
y A
10°} 83
: ---- Expected, fix others g\
g9 Z
Ll — Observed, float others §
0900 .. - Expected, float others S
g Z X —
(@]
>
(O]
a q ad
; n
w P 2 2
q @ o
[ T T | T T T | T T T [ T T T E
1 [ fs= [ ] H(125)+bkg+l §
E o [fet ... bkg gg—2e2t' 33
B f..=1 ) = PP PP SN T F e B MFIPY Y P PR
S 10'E LIt LHC, 13 Tev  gg—202L @ 21 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1
[0)) o ,"‘==__ MCFM+JHUGen+HNNLO % f
(D .I.‘ o) a3
S 1021 : 5
= 107
E; I & < Off-shell production rate in SM: ~10% of total cross-section
-3 .
% 107k 1S« Recently, both ATLAS and CMS have reported first
r o . . . .
° | @  evidence of off-shell Higgs production in ZZ channel
. |
10 e
E X . . .. . . . .
¥ s * CP-odd contributions - distinct kinematics in off-shell region
10, » More significant in VBF production mode
200 400 600 800
m,, [GeV]
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HVV coupling from off-shell events with ZZ->41+2[2v (CMS)

-2 AlnL

)
=
w

<140 fo' (13 TeV)

Observed — I'y=4.1 MeV
Expected — I'y, (u)
—— On-shell 4l

16

14

12

!|III|III|III|III|I_

I

T
7
’

\

Nature Phys. 18(2022)1329

Ml by

107}

137 b (13 TeV)

BLELAIE B N B N B B I SR BN |

on-shell

— Observed, fix others

- Expected, fix others

— QObserved, float others

- Expected, float others

Phys. Rev. D 104 (2021) 052004

6 -
4 IR S N | W 4 2F A —— S \ /

- IR N T 27/ S~ = b (N O I I SHERS [ £ R SRR i

~ ) 1 L 1 L ;ﬁ\v-_. " PRI R "EUECE ITAVA S ATAUATE VAN A
2 -1-08-06-0402 —002 0 0.02 02040608 1

fr— c— — — — — — _\.r _______ f
0 n | 1 ] ; a3

—0.005 0 0.005

fa3
Parameter Condition _ Observed Expected
Bestfit 68% CL 95% CL  68% CL 95% CL
Off-shell bri ry=IgM 22 [-6.4,32] [-46,107] [-55,55] [-198,198]
-shell events bring Ty (u) 04  [-6.2,33] [-46,110] [-58,58] [-225,225]

~10-50% improvement on limits !

Stringest CP violation test using off-shell data

21/09/23
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HVV coupling in VBF/ggH/VH with H=>tt (CMS)

* Using 4 most sensitive tt final states: t,,4Thads €Thadr LThag @Nd €p

Phys. Rev. D 108 (2023) 032013

« CP only studied in ggH and VBF+VH production _ CMs 138f(3TeV)
(assuming SM kinematics in Higgs decay) @ 40000]- VBF Category o Ot o]
. .. . L out - * ]
* Use NN to separate S/B and matrix elements as CP-sensitive disc. g b UL A
- complementary measurement using “signed Ag;” i 60003_ — b ’_"‘S"D _
 Similar strategy as in H>ZZ*->4l analysis, but larger stats. thanks to BR - neerany ]
CMS VBF, 1,7, 138 b (13 TeV) 4000 .
i= - - - ' —4— Observati . ;
g D‘Z%Fe[o.o,o.ﬂ ) D\E"JEEE[OJ,LO] ) -H_f';wa o 2000;—1 E
5 2 S E ks .S i eeoia | ——
w ~ | gw, | % | > | % | % (] jet—r, mis-ID g 1.2 ]
10§ . +: 5 :D% .!_,_-—0—"32 * ‘—-—! & :D% ] Otver _ I:u‘ oe *‘w&ﬂ**i*—* *+++f#++¢
. - ; Stat. uncertainty Qo8- e o T o -
102 ] - — quA)’CT (fa3=0) o U 02 04 06 08 D 1
10 | ¢ — qgH-tr (f =1) "
1 CMS 138 b (13 TeV)
RN L U R R RRTER
g 208 ™, Approach E
LIXJ 15 e - 18:— '—Obse ad ': _:
E R T ZECEL SRR SRR PR B R e T""""'"""‘ ..... gl + ..... + *+++++- T>] S Expected - _:
O 05 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 <
(aV]
|
« Combination with limits from previous
H->ZZ*->4l results: improvement up to 40% ]
ix107®
. -5 2
f3 <110
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Hgg and Htt in VBF/ggH/VH with H>tt (CMS)

Phys. Rev. D 108 (2023) 032013

CMS 138 o' (13 TeV) CMS 138 b (13 TeV)
4 W 4o WO T S
c = MELA method, 1t < oF Aq)ij method, Tt E
< E —— Observed E < E —— Observed ]
C\Il 8? ------ Expected * o B* - Expected *
| * o - Hag
5f sk 1 <+ Compatible limits between MELA and Agjj
: apemee 4 < Significant improvement in sensitivity using
g { MELA
_ e « Combination with H->ZZ* and H->yy results:
0080604050 02 040808 1 0080604020 05040608 1 Improvement 30%
f09H f99H
a3 a3
» CMS 138 b (13 TeV) . CMS 138 fb™ (13 TeV)
Y e T
92- t+4l E A tt+ 4l + vy Observed
3 —— Observed ] 141 —— Observed
8 e Expected = 12: Parameter 68% CL 95% CL
7k ] .
A ggH +0.32 [_
Lo & aek 7% 0.07:032 [~0.15,0.89)
F - Htt 0.17 -
i 5; i 8 N fCP 0-034__0.03 [ 0-075 0-51]
SN = o s
| : I 6F
3F - =
z qf=9smeL .
2 |fg£f|=(1+2.38[| H|]) = sin? o
i . _ e %
OE"-I...I...I...I.“."n. S SR T T A B o"..l...l...l...[..":--"'.1...1...1...1...'
-1 -0.8-0.6-04-02 0 02 04 06 0.8 1 1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1
fggH tht
a3 cP

Pure CP-odd Hgg coupling excluded with 2.4c

most stringent constraints in Hgg
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Htt coupling: H>1t (ATLAS)

. _ _ N Eur. Phys. J. C 83 (2023) 563
The CP-mixing angle is parametrized to be sensitive to the angle between

the two tau planes from the Higgs boson in the Higgs boson CM frame (¢p):

2
T
k
drH—>T+T_ ~ 1 - b(E+)b(E—)E COS(()OCP ~\ 2¢‘r)
CP-mixing
DNN used to identify 5 classes of 1,4 decays
- necessary to reconstruct spin-sensitive observables

. 1 l l [ D. _I T 17T | T 1T i | T T T I.I | T T T T
g ATLAS Simulation  Diagonal efficiency: 81.7% <0.1 2f ATLAS Simulation a
£ Preliminary Medium 1, identification - H —e— Scalar -

— 1T — AAVV
> Vs =13TeV B 01 - ) -m-- Pseudoscalar
é 3pXn| 0.0 0.6 0.7 4.2 65.1 1 py>30GeV,p>20GeV .. CP-mix (¢ =45°)-
T
° - B I i
4] N -m]
~ 3pOn| 0.4 0.2 0.1 - 25.6 0'08-_'-"1-‘ ..... LAk g e g -
z L - [ L . - = ]
O8] L e -o- - 4
Cg_ ipXn| 0.5 6.3 59.3 0.1 2.2 0.0614 = e _|
(0] | | L - . i
g i o~ ol
pin| 9.4 38.8 1.4 6.5 - - ® U S
] 0.04_ - - E' - ]
o - s - e ]
pOn 6.6 1.1 2.0 0.6 A == A 7
| | | - —
1p0n 1pin 1pXn  3p0On  3pXn 0'02- | | | | | 4
Truth tau decay mode 0 60 120 180 240 300 360

*

¢* [degrees]
CcP
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Htt coupling: H>1t (ATLAS)

_ Eur. Phys. J. C 83 (2023) 563
* US€ TjgpThag @Nd ThagThag final states,

2 VBF-enriched (with BDTs) and 2 ggH-enriched regions (cut-based) § | amas PO e o ]
L 103k fs=13TeV, 139" Misidentified T~ —— H—stz (¢ = 909 =
« SRs and Z CR defined by m_MM¢ = Tuagfrag High Ot backgrounds 7 Uncerainty

Boost 1 VBF_0 VBF_1

Boost 0

* Define high, medium, low regions depending 102
on properties of decay products

» Generate different CP-mixed templates using TauSpinner

* Maximum LH fit performed for all regions to extract:

-0

_
o
I

¢, = 9£16° (0£28° exp.) 10
Pure Htt CP-odd excluded @ 3.4c  Auite similar to CMS results

Data / Pred
[[[[_L [III\I)III
*
-+
¢¢
%
\\IIIIII

« Statistically limited, main systematic uncertainties from jets

% 5 10 15 20 25 30
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2 40 T l||||I|\\lII\\|||||||I\\||I||||I“‘_ j ﬁ\ I L I LI I L I T T 7T I T 1T 7T I L I T T 7T I L I T:L i“j 2:" | ‘ I I | ‘ ]
§ C ATLAS —e— Data - Bkg. 1 £ 75 ATLAS — Observed: ¢ = 9:16° (68% CL) 1.8 + Bestfit —1o
] L Vs=13TeV, 139 fb" Hote (9, = 9°) 19 F 5o13Tev. 139 fo" b _ . oge (rao : - ¥ SM 26 ]
8 35 All SRs %/ Uncertainty -] 6= 3=13TeV, 12067 ..... Expected: ¢, ™ =028 (BSACL)_’ 16:_ T B
% - A . F 7 145 A
‘D 30~ — H—te (¢, = 90°) . 5 i L I,‘ AN h
g L , 1 af E : :
2% L h 1" I ' I
1 20 L 3F 4 o8- y ; 3
C ] 7 25; ................................................................. 2 ‘:";f 06F T -~
15— — E_ _E 0.4 i
E 1 |, E 1: ,,,,,,,,,,,,,,,,,,,,,, NG s 1 o 7 0 2: ATLAS
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¢’ ., [degrees] 0806040 -20 0 20 40 60 80

¢ [degrees]
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Htt coupling: ttH using several decay modes (CMS)

JHEP 07 (2023) 092

* Results exploring ttH with H->vyy, H->multilepton (WW* and tt: 2ISS+0rt, 2ISS+11, 31+01) and H->bb decays

* MVAs used to separate CP-even/odd states , CMSsmumn  13Tey
L% 0161 —Pure CP-even |
50.14 —Pure CP-odd
CcMS 138107 (13 Tev) 8912
ﬂ 50 ' ! ! ! | ' ! ! ! | ! ' ! ! | ' ! ! ! | ! ! ! ! | — v 0.1
£ Best Fit: «,=0.9, §=1.0 = '
¢ 45 + Data [ tHW (CP-even) [ ttw Nonprompt — 0.08
L 40 Bl ttH (CP-even) [ tHq (CP-odd) [JttZ E= Charge mism. =
[JttH (CP-odd) [ JtHW (CP-odd) [ Diboson & Total unc. = 0.06¢
35 Bl tHg (CP-even) [ VH [ Rares — 0.04f
30 BDTC'D <013 0.13 < BDTCP <017 017 < BDTC‘D <0.22 BDTC.D >0.22 _i 0.02f
— 0
25 E 0051152 25 3 35 4 45 5
20 —= Moo 1
= CMS 138 b’ (13 TeV)

l C— T . T T | T T T T | T T T T 1 T T T T ‘ T
151 [ JH — Multilepton
- IH - yy/zz
1~ [JH — Multilepton/yy/ZZ

= 05
o
o
8
o 0
[m)]

The ttH node in 2Iss+0t, category g5

IIII|I\II|II{I|II\I|III\IIIII|

IIII|ITII|IIII|IITI|III

[C168% CL
[fcpHt|< 0.55 at 68%CL L 9% O
Pure Htt CP-odd coupling excluded @ 3.7c ¢ SMexpected
K,
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Htt coupling: ttH with H>bb (ATLAS)

) _ _ o arXiv:2303.05974
» Explore 1¢+jets (also boosted region) and 2¢ channels with 4b in final state
* Main bkgs.: tt+bb
 Train MVAs to reconstruct Higgs/top from jets and to categorize events
* Define CP-sensitive observables per region: S8 00 pp @ (5= 137ev @H A tibb
. . . MadGraph5_aMC@NLO  K-Stest(ttH,ftA) = 0.213
- dedicated CP-observables for 1¢ (resolved) and 2¢ defined with o] G trn-match
top quark kinematic information: b, and b, g'“":..\h
- ~ - ~ Z..Z oozft "‘\.\
(p1 X 7) - (p2 X 7) PP, : g -
b2 - p - - ’ a—nd b4 - — — " ~'Inﬂ"-ﬂpﬂl“', -
. |P1llp2] \P1llp2| oo .
-Ang in 2¢
- BDT for boosted region for CP-even/odd separation & 05 0 05 1
.. b,
» Extract mixing angle ¢, (@) and k; )
» Results limited by syst. unc. Pure Htt CP-odd disfavoured at 1.2c
S B T T T _——40
. . . _ | fnormaliéedtOdawVielf . fr}orn:alis'edtlodalttay‘ield \% zzﬁgfﬁss‘rev,wsfb“a — 11+520 _730: :
— ATLAS [ Other 777 Une. (Total)  —] = B o UnetTo . S L (i
:g 2500: V§=13TeV, 139 b1 [ fi+ight —= r'gHH(Hfl(Oz) ] -g B ﬂ{fﬁev 139 fb-' E gih:;m - gmg*t;;lz; e i 1l 1
= B f+]‘§t6324b E g::; . ngHH*(Qﬂ“) . c 200 piepton T fis2c ftH+ tH' (90°) ] - 11— 30
g 2000 SR> i - E f'g - SRj4 R S i 1 1
[ 1§ eop - : ]l
= 1500 — > ~
L . i} - 1 - Hl 4
.......... ] i s 20 5
1000 fmmmss N 00~ SSEESSS - ol
E ................. _1 -—_ _—
500 | — - 7
0 0 ‘2:_ % Bestfit: a=11", k;=0.84 _:
L] 15— B sro 1-5F = - % SMCP-even: a=0",k =1 g
Sl 1.0 Eé%%‘%%’z%‘%ﬂ%ﬂﬂﬁ%ﬁ/ﬁ;6/7‘/:////‘/7‘/4%’;‘/9‘/é//%‘%—%//%éé EE 1.0 ?yﬂf}/ﬁ/fyﬁwwwﬁ,wymwm:.wy//,«,w///*,wﬁé B CP-odd: or=90",k; = 1 ]
9350 05 0.0 0.5 1.0 0% =05 o0 05 10 22 =1 0 1' 2
b2 by K; COS Of
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- Understanding the Higgs boson’s CP properties is a crucial aspect in particle physics today

- ATLAS and CMS have looked for BSM contributions and set limits on CP anomalous couplings
in the Higgs boson interactions with vector bosons (HVV), gluons (Hgg), and fermions (Hff)

- Results are limited by statistical unc., and consistent with SM so far

- Purely CP-odd fermionic and bosonic Higgs couplings already excluded, but admixtures still
possible

- Need to keep exploring CP violation in Higgs couplings
- A huge improvement is expected with more data from upcoming future LHC runs ©
- For the moment, neglecting effect of operators on backgrounds...

| don't feel Discussions between theorists and
very ODD today experimentalists are very much appreciated !

TERM WORKNG

2 usm ciT S R

o 15 = SHILLS m-m%'-“Eﬂ"*“"'“"""'“'l%'ﬂm WL

‘SUCEESSKNOWLEDEE lEARNINESEBTIﬂNBASE"m

e BINIE’EITESR ! m
SIJCE zsﬁ‘&f‘ﬂﬁs
THEﬂI“ =

MANAG"E"METWGR(]IJPS WORK PROLECT s
l“"“éﬂfﬂ’ﬁ‘&?&ﬁ&lﬂ%‘;i::éi."&“;,f{[‘,{ﬁg 2t

WL SCOMMUNTIES €3

“E _gmsmnnammmusIMPRﬂVE CITATIUNS< SOCIAL=seE

N g msnmmc;lllﬂlllﬂ[ Rﬂl bl IIEMBERS =R

(image: DESY/designdoppel)

21/09/23 Maria Moreno Llacer - Higgs CP studies at ATLAS+CMS 19



THANKS FOR YOUR ATTENTION

maria.moreno.llacer@cern.ch

Work produced with the support of ASFAE/2022/010 project (Generalitat Valenciana)
and LEO22-1-603 Leonardo Grant for Researchers in Physics (BBVA Foundation)

21/09/23 Maria Moreno Llacer - Higgs CP studies at ATLAS+CMS 20



Indirect probes from EDMs

Aleks Smolkovic @ TOP2022
J. Brod et al. 2203.03736

Indirect probes

Interplay of LHC and EDM constraints:
2D t-scan (A=1TeV)

1 L] 1 I I

Translates to
|| < 0.5(HC),
|| < 0.01 (EDM)

_6 _3 0 3 6 _10: 1 . 1 1 N 1
ImC,y T4 -2 0 2 4

Im X102 7
ODDOD! 4, W ., R d, Cir
[ LHC s EDMs+LHC e d. E 1LHC

s EDMs+LHC

However, relaxing the assumption of SM y,, y, evades the EDM bounds K

> &
q,¢€ g,¢€

Another interesting interplay: allowing for K, allows for some (but not total) cancelation
between K, and &,, in line with i — bb

A. Smolkovic: CP of the top quark Yukawa
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Operator Structure Coupling
Warsaw Basis
Opw  ®OW[ WHT ¢, o
Ogwp Q@ T'OW,,B*  cuwg
O O DB, B1” o
Higgs Basis

O0rr5  hZyyZH 7
Onzi hzﬂvﬁyv Czy

O i hA.wﬁw Ew
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Htt coupling: ttH with H>bb (ATLAS)

Nt{I—I( ;;, a) = k?cgzNCP-even‘F k? S%NCP-odd

CP interference tH

Neg (K, @) = AK2: + BK2s% + Ckjca + DK,sa + EK2cosq + F

CP interference tH and WH WH
Dilepton I+ jets
m F T T T T T T T T T T T T T =
c C _ _ =
o ATLAS 1 Other BN ff+>1b B Bkgd+[fiH + tH] (k)= 0.84, 0= 11°) -
w 105 \/§=13Tevl139 fo~! 1 tf+|ight Unc. —-_—— [fEH+fH]T(a=O°) N
- 1 ft+21¢c * Daa . [ftH + tH] (ot = 90°) E
C | * normalised to total data yield
- l —
10%- i =
- ! e s U
108
<
N~
d o
L0
10? = o
E ™
3 o
J o
1 N
L 1 1 1 1 1 1 : 1 1 1 1 1 = E
ge] : ©
2 1oL : ! ’
o 12 B Bkgd-[ftH + tH] (k= 0.84, o= 11°) { ! .
o - _
O 1.ops . .
[y r 1
o : I
I
0.2__ T T T T T T : T T T T T __
o [ e AH(k=1,0=07) e tH (=1,a=0) i .
B 0.1 mem fiH (kj=1,0=90") WM (H (k=1 0=90 i =
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Substructure of hadronic t-lepton decays

Generated h*
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Htt coupling structure: methodology

CP discriminant: ¢
(angle between the t decay planes in the Higgs rest frame)
- The mixing angle ¢ .. can be extracted by fitting this function:

_dLl’_ x cos(pcp — 2¢++)

décp

Event reconstruction:

Dedicated algorithms and MVAs to reconstruct 1,, and distinguish its decay mode
Several channels (u,m,p,a,",a,3")x(m,p, a,*",a,%"")

T planes can’t be reconstructed exactly - use approximations

T, — I vv (35%) } Impact parameter method: define planes using charged particle direction and its IP vector

Th— T[ v (12%) pcpt ¢cp?
— p" v — % (26%) | )
_ al+v N n+n°nov (10%) ] Neutral pion method

+
— a o om pov Sy (10%) — PO —
a7 P \ ™
- “'l"‘l
k ’ ™ At ! at 0

P |

+‘ Impact parameter method used for both taus (left),
70 method used for both taus (right)
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Htt coupling structure

0 Higgs decay probability (4, = 1):

Dhosrrt ~ 1 = 8787 + cos(2p) (57 877) — sin(204)[ (57 x 877) - ifT_]

4~ -~

CP even CP odd
o 5% - longitudinal, transverse vectors of 7% spin in its rest frame with
respect to k™~ = &,
o Higgs CP information encoded in the transverse component

1 dl'(h — 7r7n~ + 2v) 1 w2

° T ot = 5o |1 = 15 coslecp — 20n)

o 2¢;, can be determined 03 ppoho T o D
from the shift of the fitted 3 . CP=-17
wcp distribution with 025 _ /’ _
respect to the red curve 02F,” ' 3
for which ¢ = 0. Y A S GO _4_

1/o - do/dedp
o
o
~

o Precision on ¢ depends on
the number of events and
the size of the amplitude

0.1

my, =126 GeV,LHC 14

11111111 I 1111111 I 11111111 I L i1 1111 I_

0 g T iz 21
2
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Higgs CP

@ With all final state particles reconstructed, we can perform a Matrix
Element based analysis of the underlying Higgs CP mixing angle ®. The
Higgs decay amplitude can be expressed as

|IM|?* o A+ Bcos(2¢) + C'sin(2¢).
o I cos®(¢) + I sin(o) cos(¢) + I5 sin?(¢)

@ Two observables can be reconstructed per event for the CP test

*

% Optimal Observable (M. Davier et. al, Phys. Lett. B306,1993, 411): OO = L,/I,

*

“ ME angle A®, ., defined as

IM|? oc A+ B2+ C?cos(Adne — 20)

Xin Chen @ Americas Workshop on Linear Colliders 2017

B . C
COS(A@L’M’E) — \/mv Sln(A¢ME) — \/m

At low mixing angle values, the two perform similarly, while in high
values of @, A®, . is better

21/09/23
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CP test in H—1t decay

@ CP-odd Yukawa coupling can enter the Lagrangian at dim-4, thus sensitive
at tree-level rather than with the dim-6 operators in HVV

— = @ is the mixing angle. ®=0 vy
—o _(cos¢pTT +sin¢pTiy.T)h _ ;
g (cos¢ ¥TiysT) (®=1/2) means SM (CP odd) T o
< —@
@ CP of Hrtt coupling can be distinguished by the : e
transverse tau spin correlations t
5 4
P(HA 57 77) o L—gl 60" & &7 .sf T
| . !
Sensitive to CP (H vs A) l | st
@ For example, with the t—nv decay, one can look at vr

the angle between tau decay planes to extract @: /
dI‘(h—>1:1:%:rc+n‘+2v) 2 - e

T Pcp -
«]——cos -2
. " cos(dcr ~20)

@ It is experimentally challenging because the
neutrinos are not reconstructed

77 ZMF

~

Xin Chen @ Americas Workshop on Linear Colliders 2017
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CP test in H—1t1 decay

@ There are two methods to extract CP from H—1tt decay:

Impact Parameter (IP) method:

Approximately reconstruct the tau decay
plane from its leading track and IP

Best for the t—nv decay. The analyzing
power is compromised for other tau decays

Using the t—pv—n*n’v decay:

@ In order to use the two methods, the tau
decay modes (substructure) need to be
well differenciated (next few slides)

The tau decay plane can be

approximately reconstructed by the

track and neutral pion

However, the relative energy of =, n°

need to be classified in order to
maximize the analyzing power

A few extra references:

EPJC 74 (2014) 3164, Phys. Rev. D88 0760009,
Phys. Lett. B579 (2004) 157, Phys. Lett. B543 (2002) 227

1/0 - doldesp

0.25;

0.20¢

0.10¢

0.05

Phys. Rev. D92, 096012

T

21T o= CPs CP=-1.
< .

0.15}

'-/ ’ «
-, ~ N
/ * / . \
/ \ \ R
.2 . Ny
.‘/ N
/‘o‘ h) .o.\
VAR '\ SN ,/
. \
’, o\ e \ ./
e . 2~
< e e ~ ., = .
y'>0 pp > pT O+ V.V,
1 2 3 4 5 6
@cp [rad]

Xin Chen @ Americas Workshop on Linear Colliders 2017
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Is the top-Higgs coupling a pure scalar interaction ?

JCP =0+ ? Phys.Rev.Lett.125(2020)061802
No deviations found in CP properties of the Higgs couplings to gauge bosons

Caveat: in those, CP-odd contributions enter only via higher-order operators
NEW: pseudoscalar admixture directly tested in top-Higgs interaction using ttH/tH events with H2>yy
Ky = k; COS

me, - .. -
L = ——t(littt + iRkityst)H SM: (ky, ;) = (1,0)

v 0 R, = k, sin @

e

Rate variation vs. CP mixing angle «
L L L L L L L L L LI B
. ATLAS Simulation (s=13TeV,139 " _

CP mixing angle: &

—1ttH inc.

10
—tHjbinc. -

—tWH inc.

LI

et
- -
- -
-

CP-odd contributions would alter:
> rates and kinematics of ttH and tH processes
> tH also sensitive to the sign of y,

Prediction normalized to SM

> loop-induced Higgs couplings to gluons and photons

-150 -100 -50 0 50 100 150
CP mixing angle o [deg.]
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Is the top-Higgs coupling a pure scalar interaction ?

JCP =+ ?

No deviations found in CP properties of the Higgs couplings to gauge bosons
Caveat: in those, CP-odd contributions enter only via higher-order operators

Phys.Rev.Lett.125(2020)061802

NEW: pseudoscalar admixture directly tested in top-Higgs interaction using ttH/tH events with H2>yy

i — L =
Li = ——(kett + ikityst)H SM: (ky, ;) = (1,0)
(V) k} — kt Slnaf
1D fit: CP mixing angle «

Ky = k; COS

ATLAS . . sign (&, /%)
2D fit; k: COS @ vs k; sina
Expected event yields in each analysis region
e ST T T T T T T T T T T IEr T T 11T 710 3 T T T T T T I T T I T T T 1T T T 1T 1
5 sECP-even (SM) & 4 Amas 5 s CP-odd 4  amas
3 L 1 Vs=13Tev 2 7_ 3 Vs=13Tev
g f 1 1391 g8 f 139 fo”
1} 65— - =1 X eF oo
5 = 5
- Hoof —— WooF
4 OJvsF 4 [JvBF
C JvH = [vH
3k OJtHo=0° 3F [DttH o = 90°
E BtHb o =0 F B tHjb o = 90°
28 BtWHao = 0° 2F WtwWHo = 90°
1f 15
0 1234567839 101112131415161718192(; 0
Category Category
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Is the top-Higgs coupling a pure scalar interaction ?

JCP =0+ ? Phys.Rev.Lett.125(2020)061802

No deviations found in CP properties of the Higgs couplings to gauge bosons
Caveat: in those, CP-odd contributions enter only via higher-order operators
NEW: pseudoscalar admixture directly tested in top-Higgs interaction using ttH/tH events with H2>yy

Ky = k; COS

me, - .. -
L = ——t(n;ttt + iRkityst)H SM: (k¢, 7¢) = (1,0)

(Y k} — kt Sln o
1D fit: CP mixing angle « A
ATLAS 1D fit; tht = ‘ Sigﬂ(fé /%)
;;;;;;;;;; - . == . P — = t/ M
2D fit: k; cos @ vs k, sin @ = c 1 |> + |&¢ |2
: signal yields parametrised as function of (k,, @) or (i fcp™) CP parameters
Signal ,
o AL AR B B LU B BLELELELES LA BUNLMLE NS o - T T T T T T T T T -
parametrisation 2k ATLAS Simulation 1 2 ggE  ATLAS Simulation —o—
405 (s=13TeV, 139 0" i, = = {5=13TeV, 1391b" 3
'-% E Inclusive, 2 p-value = 18.4 % E E 303_ Inclusive, y2 p-value = 63.7 % tH _E
— — 25 —
35 - . = JAcos’(0) + Bsin®(a) + Ccos(o) + Dsin(a) + Esin(a)cos(a) + F =
Models used - ttH - 20 . —
30~ —4— tHMC (= 1) ] 15E- —4— tHibMC E
ATLAS: - - . = i ——e— 3
ttH, tHjb & tWH @NLO 25[ - 10E E
Higgs Characterisation E Acos?(at) + Bsin(a) + Ecos(or)sin(cr) E 5 E_ _E
0 —— ‘ , , , - , =
CMS: S 10055 A e 3 T E
e * ........... = 102:_ E
ttH @LO = 09951§+ ¢ * '# +7_ LE) 098152 ...... + ..... .+ ......+. ..... + ..... + ............ + ..... * ...... +. ..... + -—_g
JHUGEN with MELA e : : : : ' : ‘ R 0.96E ' ‘ ‘ , , , ‘ , .5
0 10 20 30 40 50 60 70 80 20 (0° 7 (15? 7 (30:: 7 (45:: Y (6‘0? 7 (75? 7 (90? 7 (0 0.5)(O°n?) (453 2 (Té’oa. ”

CP mixing angle o [deg ] (CP mixing angle a, coupling strength K’t)

21/09/23 Maria Moreno Llacer - Higgs CP studies at ATLAS+CMS 32



