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Introduction: Run 2 achievements

AThe 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% m
- 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?

AThe 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% m
- Still room for new physics
A thenSM, the Higgs boson is predicted as CP-even
AExploring 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 A New sources of CP violation ?
- Check all couplings individually - Yukawa and gauge couplings can have different structure

g5 T : : —
v : CP-odd contributions
S HVV HEE @ el He Hgg = HVV sUppressed with a 1/L2

- Hff: at tree-level

Av—'
|—|
an:

How to look for CPV in the Higgs sector?

ARate measurements A can not distinguish CP-even / CP-odd |
AMeasure 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 :

['6 - _'ﬁr (CaKHngH:r + ISqK a8 an VS)'}l’t Xo
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1 1 Z,W _ - w +y—h
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~ 11 -
Tt Sakagg8age GiuGa’w] =Y [CaKsz ZuwZ"Y + sakazz Z;wz‘w]
1 nv A v 11 s
_Z[CQKHyngYY A#,UA + SQ‘KAyygAyy A’u,pA ] _EK [C(!KHWW W:vw—ﬁb‘l) + SuKAWW W’:—vw—_u.v]
1 ~ |
_E[Cakszgﬂzy Zuw A" + 54K a7, 842, Z,u,vA’Lw] }XO —Xco, [KHaz Z,,BP,,Z””—I—(KHBWWJB“ W_’“”—l—h.c.)]} Xo
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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

~ (2 2
Hitt || o |ai|“o; : i
: . = — sign (&, /x,) By= sign | —
A Ra't crossseatidns: fcp PR R 4 Yeis. 8]0, a,

A @mxinganglea '~ ke oS
K = ke sina Operator Structure Coupling
A . ) ) 1. g - Wars~aw Basis
deparameter gyap = 8uzz = S&HwwW = Fd Oow — ®OWL W™y
w Oows @ TTOWLBY  cuwg

O o' @B, B* T s
Higgs Basis

A S M E@fﬁCIentS OhZZ ”ZZ”VZ‘UV EZZ
hZ, A1 Ty
hA oy ARV Zyy

just some examples

thﬁ
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LHC Run2 results testing the CP nature of the Higgs boson

ATLAS

CMS

Coupling
HVV

HA 4l (all prod. modes), full Run2
Eur. Phys. J. C 80 (2020) 957
VBF with HA't t36 fb, using OO
Phys. Lett. B 805 (2020) 135426

VBF with HA g ,dull Run2, using OO
Phys. Rev. Lett. 131 (2023) 061802 NEW

VBFE with HA ZZ*A 4 3fyll Run2, using OO
arxiv:2304.09612 NEW

VBF with HA WW?*, full Run2, using signed D'
arXiv:2304.03053 NEW

HAt 136 fbl, using MELA disc.
PRD100,112002(2019)

HA 4l (all prod. modes), combined with HA g gull Run2
Phys. Rev. D 104 (2021) 052004

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

Off-shell studies with HA ZZA 41+2I2n, full Run2
Nature Phys. 18(2022)1329 NEW

Hgg

HA 4l (all prod. modes), full Run2

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

ggH+2j with HA WW*A e’ ¢’ , 36 fb™?, signed D'
Eur. Phys. J. C 82 (2022) 622

HA 4l (all prod. modes), combined with HA g gull Run2
Phys. Rev. D 104 (2021) 052004

HA t talso combined with HA 4l+yy), full Run2
Pure CP-odd coupling excluded with 2.4s
Phys. Rev. D 108 (2023) 032013 NEW

Ht t

HA t tall prod. modes), full Run2, using™ -p
Pure CP-odd coupling excluded >3s :a=9N16°
Eur. Phys. J. C 83 (2023) 563 NEW

HA t tfull Run2, using™ <p 3
Pure CP-odd coupling excluded >3s ;a=-1N19°
JHEP 06 (2022) 012

Htt

ttH with HA g dull Run2
Pure CP-odd coupling excluded >3s ]al<43° @95%CL
PRL125,061802(2020)

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

ttH with HA bb, full Run2
arXiv:2303.05974 NEW

ttH with HA g ,dull Run2, using MELA disc.
Pure CP-odd coupling excluded >3s ja|<55° @95%CL
PRL125,061801(2020)

HA 4l (all prod. modes), combined with HA g ,gull Run2
Phys. Rev. D 104 (2021) 052004

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

ttH with HA ML
JHEP 07 (2023) 092 NEW

ttH with HA bb
CMS-PAS-HIG-19-011 NEW
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HVV coupling: VBF HA WW* (ATLAS)

q’ arXiv:2304.03053

Aleptonic W decays (trigger), select 1 DF OS pair
A BDTs to enhance S/B: select VBF, reject top+VV w
- exploit VBF topology using m; and oy; ‘g"x{: oo i
- bin SRs in both classifier outputs q
- independent ggF CR using third BDT 7
Aprofile LH to unfold data to particle-level for 13 observables, among which fisigned o jjOis sensitive to CP

Ameasure 3 CP-odd operators: cHB& ¢HW& 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 HA g ¢ATLAS)

Phys. Rev. Lett. 131 (2023) 061802
A @émixture in HVV couplings probed using

matrix element-based optimal observables (OO) o L AL A AL L AR
; 60:— ATLAS Simulation SM E
T I {s=13TeV, 139 g’ ---- SM+BSM (inter.only)
0 g C — — - SM+BSM (quad. only) 7
@ . 2 m(%SM'%CP—Odd) reco mH]_] in . E 50j }alBlz()g{)_) YY SM + BSM (iiter.+q5ad.)_,
—_— xl 7 = e JJ D E =u. E
| Mgy’ SR IS —.
SM Ko C ]
= 30 N E
- NEisl. ]
- calculated event-by-event in HAWK using reco. jets and Higgs decay products  20F g =
- captures full phase space information, independent of decay mode 100 ! i E
. . . . . . . - I ! - —
- symmetric and centered at zero in SM, while asymmetric in case of CP violation | T ey .
(] S eraar S et i et B S i arararn
-0 8 6 -4 2 0 2 4 6 8 10

Selection and strategy £ F g ' ' g
A tight identified & isolated photons + 2 jets with |_qu'| > 2 s O S 13 TeV, 130 5" . R ti2 8
A Tr BDTsto $parate VBF/ggF and VBF/continuum =t e — 5
background (g g and jj) o2 i 18 g
A De f SRa@T, 13, TL) with plane of both BDT scores — — — — =l 5;5- S
o L L.
i i |
|
-0.2— | D Data sideband | 0.4
. | [ smver
_0.4—_ | 0.2
[ | | IR R NN ! | TS R
204 02 0 02 oa 0

B DTVBF/ggF
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HVV coupling: VBF HA g ¢ATLAS)

' i - - Phys. Rev. Lett. 131 (2023) 061802
Asignal extracted by combined maximum LH fit of the m, ;spectrum ys. Rev. Le (2023)

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

— FrfTrrrrrrrrr[rrrrrrrrrprrrrrrrrr
— - u
ACP sensitivity using the shape of the observable (VBF EE :‘;TL?:T e g e Exp. Comb == Obs. Comb
. . . . X L Is= ev, - ) ... Exp.H— = Obs. H— 7
normalisation free floated in the fit) Nk T
A D e comstragts for déand 1 CP-odd op. cHW&(Warsaw basis) ]
(décombined with HA't } 15g.. ]
AResults compatible with SM; limited by data statistics b .
S 80= N E
S E ATLAS 5
£ E Vs=13Tev, 13910 957 CL Lo N T
S S0E- My [118, 1321 GeV N IR |||
B 50— 4 oaa 015 -0.1 -005 0 005 0.1 015
= £ 0 VBF (SM) ) ~
2 % B Total by uses interference + quad. terms ¢
=~ g0 st. Uncer.
% E e
£ 2
< 103—
. — j 9:_ I L L UL '_:
9 10:_ VBF (SM) E % % ATLAS é
5 © VBF @-008) + ] x  8F Vs =13 TeV, 139 fb’ E
I = = e = 4 Y 5% VBF Hos 7y :
a E - —_— et
H H —g.—'4 ---------- — 2 0 2 ----------- 4 “-b 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] 2F HW E
d from H — 11 [—0.038, 0.036] [=0.090, 0.035] e . o =
| Combined d [—0.022, 0.021] [—0.046, 0.045] [0.012,0.030] [0.034,0.057] O .4)5.'. : T
| cug (oter. only) [-0.48,0.48] [—0.94,0.94] [—0.16,0.64] [—0.53,1.02] B ' . .
Cyp (inter. + quad.) [-0.48,0.48] [—0.95.0.95] [—0.15,0.67] [—0.55,1.07] HW

only interference term
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HVV coupling: VBF HA ZZ*A 4 JATLAS)

arXiv:2304.09612
A labse identified & isolated leptons (pairing by flavour and mass)

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

A -cBass NN trained to enhance the VBF purity A 4 VBF SRs defined with NN output ™" ATLAS
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
. Y 105 0 ijptsor T =2 jetsand  Jet
PrOdUC‘uon OC)” DECayOO4| L HVV my< 120 GeV m;z120 GeV  Selection
8 oo S 018 j— J2! RS TrrrrT Trro Tt |""E;| """ Trrr ot |"F"'| """ n
b = [ - [ L —eo— Dat i
_; 0_85_ ATLAS Simulation VR 50 g 0_163_ ATLAS Simulation |.%> 25—_':j’£;i4| Vglf+VH -giﬁ 7
S o HoZZ'od T LT 5 - HoZZ -4l “=-ggf.c =15 C 1 Il Zjettwz Uncertainty 7|
e O7E (s =13 TeV VBF+VH SM o 014 s TeV agF SM - I\fizgifeTSe:, 139 fb IF,cs e Z i ~7)"1 .
8 os 115GeV <m, <130 Gev " VBF+VH,E,, = 6.0 3 - s=13Te veiiggF. e =-1.5 o[ Data Mean: -0.06+0.11 997 Cug =71 997 Cup= 1 i
N O 4 § o012 115GeV <m, < 130 GeV 99F. €5 =1 C p
® o5 N >2m >120GeV g C B S
E 7 T E O, i E :
2 o4 S s F E Crria : 15[~ #
E — @@ HW 2 0.08 @@ HB : - i
0_3:— E : ! . 006 4f ________ ' tl': i .
- Lo JJ 06E= - e e : , R b i
0.2— i i ' - . : =
E | il I 0.04— i : :
0.1 aad bovarat = :
E. e e lr'lr!"'“‘_--h‘.‘ 0_02__ l.----...' "'_h,'-h.______; ............. 5
0.__. | | | | i | | 1 |- O:—
1 Ll | 1
= -k 0
g 20 "-i"l'-'i.. 3 E r 5 L] LELLELELEEET . i O 3 . . T
@a 10 eI g ; _!"'" = 1 ettt E """""" % o T S R e + ,
O ke S Py S L et 3 1= WM
086 4 2 0 2 4 & 8 0 i N s - - . 3
oojju - - * - 0 ! 2 SOOCH§ —4%.000 -0.278 -0.082 -0.022 0.000 0.022 0.082 0.278 40.000
41 Cus
00,"
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HVV coupling: VBF HA ZZ*A 4 JATLAS)

arXiv:2304.09612
AMaximum LH fit performed for 3 CP-odd couplings in Warsaw and Higgs basis, and for dé
ADifferent CP-odd hypothesis are tested A 3 types of fits:

- Production Y  C R4, VBF-dep)+SR(VBF1-4) K. 5:' LA ARRARRARAE RAARN RAREA RAARE AR
-Decay Y C RZA)+SR(inclusive) oI OpATLAS T Ghessr L :
. - C * ... Exp 68% CL. .
- Combined Y C RZA)+SR(VBF-dep, VBF1-4) 4"_«H-_1)32TZV 1—;;:) —Epeel
. . . . . - Vs= ev, 2l
ACoupling parameters are scanned individually and in 2D 3E- p-vaive su: 5% k
2 -
Expected: Stat+Sys - .
A TLAS —— Observed: Stat+Sys - this result 1‘_ _:
H— ZZ* — 4] —A— Observed: STXS - .
Vs =13 TeV, 139 fb" —¥— Observed: Hyy OF 3
SMEFT CP-odd couplings —sk— Observed: Hyy + Htt - =
®— Observed: CMS —1 — _:
................................................................................................. BestFit ~ 68%CL . _2:— 4
+ 008  [-0.42,0.31] decay - :
CHE} —h— 0.00 [-0.37,0.37] i | ]
! :I I Y | | | I | I Y | | O o | I A | | | T | | T S | | 111 I:
° 006 [-0.22,0.09]
........................................................... o T e decay 92 15 -1 05 0 05 1 15 2
CLive A 0.00  [-0.69,0.69] C,.z
o -0.25 [-0.82,0.31]
........................................................... e orod+decay
c - A : A +0.60  [-1.50,1.50]
HW —_ 026  [-0.15 0.67]
o 023  [-0.75,0.28]
~ - x 10 000  [-0.02,0.01] o ]
d| e oo (oonom] AResults competitive with
—1 0 1 2 3 4 HAt &y gSTXS and CMS

Parameter value
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HVV coupling from on- and off-shell events with ZZ (CMS)

A AHZZ*A 4l events used to study several AC, including f,,

using matrix elements discriminants

137 b (13 TeV)

LNLELELEN BN R N R R LR R B

— Observed, fix others on-shell

107
. ---- Expected, fix others

— QObserved, float others

o Expected, float others

Phys. Rev. D 104 (2021) 052004

L e
1 [ fs= [ ] H(125)+bkg+l §
E [t " bkgggo2tt 12
B _ 1 x R TPt TGP Bror ol Erita PRI NN PSS AT A A A
S 10'E Ef‘“_1 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 =g MCFM+JHUGen+HNNLO 7O f
O] "._‘ (IJ a3
B 10-25_ . E
E; i § A @fiefl production rate in SM: ~10% of total cross-section
-3 .
O 107 15 ARecently, both ATLAS and CMS have reported first
o} - o i . ) )
° | o  evidence of off-shell Higgs production in ZZ channel
104E ;
i % A @ contributions A distinct kinematics in off-shell region
10, A Mweigndicant in VBF production mode
200 400 600 800
m,, [GeV]
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HVV coupling from off-shell events with ZZA 4l+2|12n (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 HA't {CMS)

AUsing 4 most sensitive t ffinal states: t, . €thagy Mtag and em

Phys. Rev. D 108 (2023) 032013

A ©my studied in ggH and VBF+VH production _ CMs 138f(3TeV)
(assuming SM kinematics in Higgs decay) @ 40000]- VBF Category o Ot o]
. .. . L out - * ]
A Us e shpdraté S'B and matrix elements as CP-sensitive disc. g b UL A
- complementary measurement using fisigned o ;0 i 60003_ E’Lﬁ:;;:h'_"‘&'f’ _
A S striatégy as in HA ZZ*A 4l analysis, but larger stats. thanks to BR - neerany ]
CMS VBF, 1,7, 138 b (13 TeV) 4000 .
£ T ¥ ’ ¥ —4— Observation L ]
S D\Z%Fe[O.O,O.T] ) D;’J.EEE[OJJ.O] ) B e 20002—1 E
s 5 12 iz 5 12 Dwebie et i
R = is i S i 5 i iS Jietormis-D g 4,
100 b ers z Iz 2 2 Iz [ other - 1_*‘ﬂ*++,¢,++++
~ —1° e ﬁ . :O Stat. uncertainty _”Q’ o,sff- + \\\\\\\\ o # 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]
|
ACombination with limits from previous
HA ZZ*A 4l results: improvement up to 40% ]
1107
; -5 2
f3<1-10
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Hgg and Htt in VBF/ggH/VH with HA't {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 < b —— Observed ]
C\Il 8? ------ Expected * o B* - Expected *
i * i 1 Hog
f sh 1 A Co mp hmits betiveen MELA and g¥ jj
- afsmo 4 ASignificant improvement in sensitivity using
g { MELA
_ . ACombination with HA ZZ* and HA g gesults:
0087060402 0 02 0408 08 1 005 060402 0 0204 0808 1 Improvement 30%
f09H §99H
a3 a3
» CMS 138 b (13 TeV) . CMS 138 fb™' (13 TeV)
e e
gé_ tt+ 4l __ X tt+ 4l +yy Observed
3 —— Observed 3 141 —— Observed
8 e Expected = 12: Parameter 68% CL 95% CL
7k : %
A ggH +0.32 [_
g gk ., 10p fa 0.07% [-0.15,0.89]
s - Hrt 017 [_
i 5; i 8 N fCP 0-034__0.03 [ 0-075 0-51]
U = N s
| 2 [ 6
3F - o
g 4l=9s%Ct o .
2 |fg£f|=(1+2.38[| H|]) = sin? o
1 ; ; Fomat, " -
OE"-I...I...I...I.“."n. L R T T o"..l...l...l...[..":--"'.1...1...1...1...'
-1 -0.8-0.6-04-02 0 0.2 04 06 0.8 1 ~1 -0.8-0.6-0.4-02 0 0.2 0.4 06 0.8 1
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Ht ttoupling: HAt t{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 (%ep):

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 t, 4 decays
- necessary to reconstruct spin-sensitive observables
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Ht ttoupling: HAt t{ATLAS)

_ Eur. Phys. J. C 83 (2023) 563
AUSE t et ag @Nd ty 4t p,q final states,

2 VBF-enriched (with BDTs) and 2 ggH-enriched regions (cut-based) § s~ eom = e
L 493 fs=13TeV, 139 fb" -M|s|dem|f|ed‘r — Ho11 (07 = 90°) =
ASRs and Z CR defined by m, MMC = Tuagfrag High Ot backgrounds 7 Uncerainty

Boost 1 VBF_0 VBF_1

Boost 0

A D e High,medium, low regions depending 102
on properties of decay products

AGenerate different CP-mixed templates using TauSpinner

AMaximum LH fit performed for all regions to extract:
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_
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L = 9+16° (0+28° exp.) .
Pure Ht tCP-odd excluded @ 3.4s uite similar to CMS results
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Htt coupling: ttH using several decay modes (CMS)

JHEP 07 (2023) 092

AResults exploring ttH with HA g gHA multilepton (WW* and t 12ISS+0t 2ISS+1t 3I+0t) and HA bb decays

AMVASs used to separate CP-even/odd states , CMSsmumn  13Tey
L%OJG- —Pure CP-even |
50.14 —Pure CP-odd
, so°Sws . 13817(13TeV) § 012
|5 Best Fit: x, = 0.9, %= 1.0 = o1
¢ 45 + Data [ tHW (CP-even) [ ttw £773 Nonprompt — 0.08
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Htt coupling: ttH with HA bb (ATLAS)

arXiv:2303.05974
A E x p Ibjets @Isoboosted region) and 2/kchannels with 4b in final state
AMain bkgs.: tt+bb
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- Understanding the Higgs b o s o @Pgsoperties 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 J
- For the moment, neglecting effect of operators on backgrounds...

| don't feel Discussions between theorists and
very ODD today experimentalists are very much appreciated !
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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 HA 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
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Substructure of hadronic t-lepton decays
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Ht ttoupling structure: methodology

CP discriminant:®
(angle between the t decay planes in the Higgs rest frame)
A The mixing angle™ , ,can be extracted by fitting this function:

Event reconstruction:

Dedicated algorithms and MVAs to reconstruct t, and distinguish its decay mode
Several channels (  (&,a,'™,a,3")x( &, a,*,a,3")

t planes ¢ a nbé reconstructed exactly A use approximations

T 16 (35%) Impact parameter method: define planes using charged particle direction and its IP vector
G
T (12% }
Th . G) (. 13 (Ql

g 0 (26%)
.« Q00 (100)

0 Neutral pion method
. * Gl . 1] Gh 0O’ . “ QI Gu Q 0
W : (10%)

IP

Impact parameter method used for both taus (left),
“0 method used for both taus (right)
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