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https://cern.zoom.us/j/63578363100?pwd=T2kwNko1WlFaZllpUXdvOTRaM2d1QT09

Testing the CP nature of the Higgs boson

Understanding the CP property of the Higgs boson is
one of the most important topics in particle physics today.

In the Standard Model:

e the only source of CP violation comes from CKM phase

e the Higgs boson has scalar (CP-even) couplings to SM patrticles
- Need to test these since any CP-odd contribution would
be a sign of BSM!

Probing couplings to bosons (HVV and HgQ):

e decay channels with clean signature (H—-ZZ*—4l,
H—-WW*—evpv) allow to study ggH production mode

e using VBF production: H—tt is essential due to its high BR

e using H—VV decay: H—ZZ*—4l is the most sensitive channel
due to its clean signature and absence of missing neutrinos

to fermions (Hff):
e Htt: using ttH production to probe top Yukawa
e Hrtt: recently studied in H— 1t decay

CP-odd contributions in HVV couplings (from dim-6
operators) are suppressed with a 1/A2.
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LHC Run?2 results testing the CP nature of the Higgs boson

Direct searches

ATLAS

CMS

H—4l {HVV, Hgg, Hitt} HVV, Hgg, Htt
(all prod. modes: | EFT coefficients (Warsaw basis) anomalous couplings & EFT coefficients
H+2j, VH, ttH) reinterpretation of cross-section measurements* | (Higgs and Warsaw basis) o
EPJC(2020)80:957, full Run2 using MELA disc. \2
arxXiv:2104.12152 (sub. to PRD), full Run2
H-WW*—evuv | Hgg Q
(prod. mode: anomalous couplings \2
H+2j) HC model (mass basis), using signed Ag;
ATLAS-CONF-2020-055, 36 fb!
H—-rtr HVV HVV
anomalous couplings anomalous couplings
using Ogpimal (CP-0dd only, targets VBF) using MELA disc.
PLB805 (2020)135426, 36 fb? PRD100,112002(2019), 36 fbt
Htt Htt “\eﬂ
ATL-PHYS-PUB-2019-008, HL-LHC prospects |9]<36° @95%CL, using ¢.p, VBF+ggH+VH
Pure CP-odd coupling excluded > 3c
CMS-PAS-HIG-20-006, full Run2
ttH (H—yy) Htt Htt
Higgs Charact. model, |¢|<43° @95%CL using MELA disc., |¢|<55° @95%CL
Pure CP-odd coupling excluded > 3c Pure CP-odd coupling excluded > 3c
PRL125,061802(2020), full Run2 PRL125,061801(2020), full Run2

*ATLAS-CONF-2019-029:

interpretations in H—yy decay mode

—> This talk will focus on the new results (since LHCP2020)
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https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://arxiv.org/abs/2104.12152
http://cds.cern.ch/record/2743624
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
https://cds.cern.ch/record/2665667?ln=ca
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002
https://cds.cern.ch/record/2725571?ln=ca
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801

MS ’=“e- iment at the LHC, CERN
Data ecorded: 2018-Jul-17 03:21:01.157638 GMT
Rurm//Event// LS: 319756 / 2934016220 / 1850 -
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Probing Higgs-fermion interactions

Parametrise Higgs fermionic couplings in the mass eigenstate basis: $
A(Hff) = _%'J;f (s +1Reys) ¥y moo
5
K¢ term is CP-even
Kf term is CP-odd @ —— Define mixing angle ¢, where tan(qb,) = %
Both are tree-level (unlike HVV) e pure CP-even state: ¢p=0°

e pure CP-odd state: ¢p=90°

EXPERIMENTAL RESULTS

Htt
H—rtr: first direct measurement of the CP nature of the tau Yukawa coupling, by CMS (next slides)

Htt
o ttH (H->vyy): first experimental results last year ATLAS & CMS
e Combination of H—4l (ggH & ttH) with ttH (H—yy), by CMS (next slides)
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Htt coupling structure: methodology

Using full Run 2 and exploiting 7,7, and 7, ch. (50% of the decay modes) CMS-PAS-HIG-20-006

CMS Simulation Preliminary 13 TeV
=} ARRAERRERRARRAR AR AR R RS
CP discriminant: ¢ © 0.1- 2 opoven —oR odd 4
(angle between the t decay planes in the Higgs rest frame) - -
.. L . . 0.08
- The mixing angle ¢, can be extracted by fitting this function: i
dr 0.06
Toon cos(pcp — 2¢++) :
0.04_
assuming CP-even (SM) HVV couplings 0.02!
. i T’C —> mc [ aaaev
Eve_nt recons_tructlon. S 050 100 150 200 250 300 350
Dedicated algorithms and MVAs to reconstruct t,, and distinguish its decay mode ¢.(degrees)

Several channels (y,1,p,a,'*",a,3°")x(1T,p, a,*,a,3")
T planes can’t be reconstructed exactly - use approximations

T, — H vv (17%) } Impact parameter method: define planes using charged particle direction and its IP vector

t+
Th - T[+ v (12%) ﬁf’u'? ﬂf’u';
—pV—oT 10y (26%) o 4
+ + i fT ’T
—a Vo “107% (10%) [1pr] Neutral pion method
+
— a o om pov — - v(10%) [3pr] — PO —
- o IP &
3
-———u fr_ “"l"‘l \
-> most sensitive: up, TTp, pp PO _::f’ (t | Pl‘* 7"\ o0
fr+""‘u._. Impact parameter method used for both taus (left),

70 method used for both taus (right)
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Htt coupling structure: analysis strategy

Main backgrounds: two genuine 1, and jets faking t,,
estimated with data-driven methods (embedding and fake factor, resp.)

Event categorisation:
e Signal vs background separation using multi-class BDT (DNN) for 1,7, (7,7,) ch.:
includes invariant masses, kinematic and angular variables (e.g. m;; py’s , My, Nigs, €tc.)

i’

e 3 categories: Higgs (VBF + ggH + VH), genuine 1, (Z—11 embedded) and fake 1,

e For events classified as Higgs, ¢p unrolled distribution in BDT/DNN score windows (for each decay mode)

used to extract CP information

CMS Preliminary (up) 137 tb~! (13 TeV)
MVA score ——> E (00,045 | 04500 | 0607 | 07,09 | 0809 1 0910 I
1 1 ]
103 : = [
@ ]
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10% 1 1 IZT[ 1 1 1 1 'I|TI 1 1 2'”’ l 1 1 1 1 I 1 1 1 IZT[ ¢CP
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ge oy LT : ﬁ —
15 5 : ! I ! Pt
§ %D ‘I!iiﬁu—_‘l--‘--iu_lmﬂgﬂﬂ. [Iﬂ"lu IIE'E

RRGLER N
40

20 30 50 60
Bin number '
[0,217]

Data

BestfitH — 17

u — 7 Embed.

jet — Ty

Others

PSH — vt CP-odd
Bestfit H — 171

PSH — Tt CP-0odd
Bestfit H — 17
Bkg. unc.
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Htt coupling structure: results

Results: simultaneous maximum likelihood fit of ¢p
unrolled dist. (and CRs) to extract CP state information

CMS Prelzmmary 137 fb (13 TeV)
| T I T T T

10 E —— Observed: cp°b5‘ =4+17° (68% CL) A

[99.790\" 2 Bxpected: §r” =0+23°(68%CL) /_ ]

N Hee =1 B

Q[ Hggr» Haqrevervh) free-floating ]
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[ 6870 2 N Y S .

0 i 1 1 1 1 1 1 ]
—90 —45 45 90

e ¢.. compatible with zero: ¢,,= (4+£17)° @68%CL

|9|<36° @95%CL
(NMSSM |¢|<27° = this result excludes a part of the
phase-space of this model @68%CL)

¢ (degrees)

e Measurement limited by data statistics

(main syst unc.: hadronic tau trigger, theory, tau enery scale...

L7, 1% ¢, 6)
ﬁ = (Vgng quH)

]/lTT

: H—1t BR modifier

< Ax S/(S+B) Weighted Events / bin

e A pure CP-odd Hrtt coupling excluded with 3.20 (2.30 exp.)
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EXPERIMENT

Run Number: 310341, Event Number: 2981345135

Date: 2016-10-11 02:32:13 CEST
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Probing Hgg coupling structure in H>WW*->evuv + 2 jets

: . . ATLAS-CONF-2020-055
Higgs boson produced through gluon fusion (+2 jets)

Constrain the properties of the effective Higgs-gluon interaction
Higgs Characterization model provides EFT framework

CP-even CP-odd
i coupling strength scale factor coupling strength scale factor
loo ~
L5 = =7 (Ki10811 06 Gy G + Kiga81100 Gl G | H
C!D dlscr!mlnant: Ag; _ _ assuming CP-even (SM) HVV couplings
(signed azimuthal angle difference of the two jets)
C [ I T T | I T T | I I T | ]
. = . ATLAS Simulation Preliminary
AD;; = { P = P jy > 1), 8 | Vs=13TeV, ggF H > WW' evuv -
¢j2 — ¢j1 otherwise ‘g 0.15 —CPeven --CPodd ---CP mixed -
= ~ 1An1>3.0 ]
< A¢;—n >1= 0 would indicate CP-mixed state ol : j
0.1; i 5..-: i - N
Event selection and categorisation: ] 5‘"", ' . ]
Preselection: 2 OS DF leptons, =2 jets
+ cuts on kinematics of di-lepton system, AR;;, veto b-jets 0.05,
BDTs to further separate signal from main bkgs. (top, Z—t7 & WW) -
- trained using kinematics of di-lepton system and angular PP P S
distances between leptons and jets 0 2 4 6
AD.,

- low BDT region used to constrain normalisation of main bkgs. i
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Probing Hgg coupling structure in H>WW*->evuv + 2 jets

Results: fit to Ag;; observable in 12 event cat (3 BDT x 4 |An;) ATLAS-CONF-2020-055

. . . . £ 10 ) JRIRE, ' —e— Observed
Bkgs. norm. constrained with dedicated CR & low BDT bins % | ATLAS Prosminery £ Tota v
S 10t H— WW* - evuv
i 1 EE gf\"i;nf'etss_ﬂ : : =gtBth Higgs
. L. . . . B [0.0,1.0) [1.0,2.0] [20,3.0] s [3.00) | R +.jets
shape+rate fit (constraining signal norm. to model predictions) ¢ : Wzt
[if signal norm. is free, data not sensitive enough to give 68%CL] ———
—— VBFx 50
1065 e 4 s ik
KAgg/KHgg = 0.0 i 0.4(Stato) i 0.3(Systo) B 1;5_ IIIIIIIIIIIIIIIIIII 3
Stat. limited (only a fraction of LHC Run 2 dataset used) ° °'6g_,‘=. Ssn :é. g'. S gi Ssn g'. 2% 3 ;'. é.
Dominant syst. unc: modelling of top & WW bkgs, and ggF signal 3 35 %:o; %g %2? 5 %’é %:% %é %ié 5 55 35 55 ; ; 5@ %a ; %é
8 [raras preiminary T e Observed R
P 15 Vs =13 TeV, 36.1 fi' — “ Total unc.
~ 2 [ Howw e | - gt 2 | amasprelimnay T
£ = - ggF + 2 jets SR 1—u < 6/ Vs=13TeV, 36.1 b — Expected -
> 7 i A o
- IXe N
+ 1B Z + jets 5=t E
N -| I Diboson C .
= Tt wt A NS - 2
z - ]
"8 L _
= | 3 B
B0 = - - Z
g s e by bev s bown s P b bvwwn bovws b v bo s by sna ba v aa by — —
3 V4E | E 2 E
s 1.2F = - 7
‘\g‘; 1_9*%,‘*cf/,;///*%//{/ﬁx//#//{ﬁ/if/yﬂ)//yﬁf//x*%/ft«/ L = To
o 0.8 —: B —
E = T 1 ‘ | — ‘ | I - ‘ L1 1 | | I - L1 | L1 ‘ L1 | L1 ‘ 1 T
085" P g6 T4 20 2 4 & s
AD, KAgg/KHgg

First measurement of polarisation effects in HVV also presented in this note (using VBF production)!
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H->4l to probe HVV, Hgg and Htt couplings

CMS Experiment at LHC, CERN

Data recorded: Wed May 23 21:03:32 2018 CEST
Run/Event: 316766 / 2911811990

Lumi section: 2092

Orbit/Crossing: 548313212 / 2608

= P Ut L—»
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H->4l to probe HVV, Hgg and Htt couplings

arxiv:2104.12152
All production modes of H—4l (2e2yu, 4u, 4e) assessed - test HVV, Hgg & Htt interactions

Dedicated measurement - MC simulation of new physics, including acceptance and efficiency effects
Amplitudes parametrised with anomalous couplings = translated to EFT coef. (Higgs and Warsaw bases)

Generic HV,V, scattering amplitude V.V, =2ZZWW, Zy, yy or gg

tree-level CP-even CP-odd
SM-like anomalous couplings anomalous coupling | SM: a,%Z, a, "W, a,99
w KWC]2+K¥VQE , R B s Others: anomalous couplings
1 1l BE etk o * v * Pab3 v
AHVVy) ~ |ag " + m— my1€v1€v2 + a2 " fuv ' f @1+ ay fuv ' f @
(A1)
Generic Hff scattering amplitude > coupling ratios can be defined: ! jay ¥ |22

FA
ai T W, e
Ljlaj P

fggH o |a§g|2 si agg
a3z T Es 88 e | 8' ) !
| |a5° % 4 437 |

me - .-
A(Hff) = —f”bf (¢ +1iReys) Py

Event categorisation S L n(l)

Using kinematic discriminants, calculated with matrix
element likelihood approach (MELA), sensitive to

distinguish each production mode (S-vs-B), > two type of discriminants:
and also other selection requirements (p;*)

Dy (Q) = Psig (@) to separate S-vs-B or
i ies: o Paig () +Paye () SM-vs-BSM couplings
—> two indep. sets of event categories: g pling
scheme 1: targets Hgg and Htt (7 gategorles) D, (Q) = Pint (1) to assess interference btw. two
scheme 2: targets HVV (6 categorles) 2 \/pﬂis (€2) P () model predictions (eg. CP-even/odd)
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H->4l to probe HVV, Hgg and Htt couplings

CP discriminants: kinematic dist. obtained with MELA arxivi2z104.12152

For each event cat., few observables D, (and D,,) are defined:

- the full kinematic information from each event (production, decay and
interference information) is exploited

- a complete set of mass and angular input observables Q used:

Qdec :7 {91,92, (I), 9*, <I>1,m1,m2, m4€}
P4 for the ggH, VBF, VH, and ttH production

0.02 0.018F = o E
0.018 0.016F —o 3
o —fu =405 1
0.016 0.014F _f%:_&s 3
0.014 0012t
0.012 :
0.01F
0.01 £
0.008 0.008¢
0.006 0.006
0.004 0.004F CMS 137 b (13 TeV) CMS 137 b (13 TeV)
0002 0.002: 15_\ T T | T T T ‘ T T T | T T T | T T \_ C T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
0 s 0_ i WY NS R P RS P P = L +data DggHSM Hgg,H—4l | r +data DggHSIVI Hagg,H—41 ]
0 010203040506070809 1 -1-0.8-0.6-0402 0 02040608 1 L ] 20 ]
D D! [zzzr [JogH =1 vBF-2jet - " []zzzr [ eoH1E"=05 VBF-2jet
c | ] c .r |
= 10l [ ZX H other Dyg>0-2 _| = Lzl |ZX H other Dyg>0-2
PRD102, 056022 (2020) Qo 10 . D - | Q 157 . D e 1
C cC L |
s - alt § o _int R
o TR |
5 = E !
I ' ' ] 5
L
% 02 04 06 08 1 o 05 0., 05 1
(e]e] (e]¢}
DO- DCP
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H->4l to probe HVV, Hgg and Htt couplings

Results: arXiv:2104.12152

- Perform maximum likelihood fitsto  [P,(¥) = Zyjpjs;g (f; (j_,}k,f}) 4 ZPE{kg (f; (ik)
to extract the coupling ratios f; (and ;) j i

- 3 types of scans: - Translate couplings ratios f; into EFT coefficients
e Single parameter scans with other couplings fixed
e Simultaneous scans of multiple anomalous couplings

e 2D scans
HVV couplings (within SU(2)xU(1) symmetry)
Coupling amplitude decomposition Higgs basis of SMEFT
e 13 TEY) cms 1e7io'(stey)  Channels VBF & VH & H — 4¢
—— Observed, fix others - SMtf't i| P
L pest 11 .
10% ---- Expected, fix others ] 68% CL| [ 1 Couplmg Observed
— Observed, float others 058 Ho /e s
---- Expected, float others 7 . N,
o ' y 0 ER ~0.0370%
c e TN 17119« z —8%?
S Y e " Czz 0.0175
. \ ~05 J +0.04
: 17° Cz0] —0.027 04
i I : | —a ~ _ +0.30
—_—— e 1 ‘i2 Czz 0'11_{]'31
TTﬁTﬁTT—.ﬁT. T T 03 02 4 0 o1 02 03 o040 Cge and G, couplings left unconstrained
-1 08060402 o002 O g0z 02040508 1 CZZ
fﬂﬂ

Results consistent with SM Higgs
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H->4l to probe HVV, Hgg and Htt couplings

arxiv:2104.12152

Hgg and Htt couplings %
o(ggH) > 2 3872
—_— = Kf + 2. Kf
. . Usm
Higgs basis of SMEFT
Channels Coupling Observed CMS 137 ' (13 TeV) ;o ; CMS 137 ' (13 TeV) ;0 E
. -~ et - = 8 (?l ............. ~_ 8 ai
Cog —0.0012 130027 FTNNN : s 7
n a +0.0160 _ e i o 3 B ak
tH &ttH &ggH Coo —0.0017 "5 310 i . i ! A% 5
T K 1.05+025 1 ; ! - :
(yy + 4) _ +0.69 o
Kt —0-01_[]67 : B 2 2
1 1
Cqq Cqg
2CMS 137 " (13 TeV) o 10 CMS 137165' (13TeV) e 10 CMS 137 b (13 TeV) o 10 _
2
9 % 9 % 9 %
8 o 8 Q 8 i
1 7 1 s S 4
6 B 6
1 0 —5 W 0 5 1z 5
4 4 4
» 8 3 3
2 1 2 2
1 B 1 1
2 1 0 1 0 -2
b % %

Results consistent with SM Higgs
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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, so far, they are consistent with SM.

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... :
/Zoom meeﬁl\

Discussions between theorists and
experimentalists are very much appreciated !
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THANKS FOR YOUR ATTENTION

maria.moreno.llacer@cern.ch
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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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Htt

B ackg rounds Table 3: The different sources of di-T backgrounds are depicted on the rows and columns. CMS-PAS-HIG-20-006

The entries in the table represent the possible di-T background contribution from different
processes and misidentifications and encapsulate the different experimental techniques that are
deployed to estimate the background contributions. Processes involving two prompt leptons,
ie. two electrons, muons, or and electron and a muon, are not considered in this analysis.

genuine T, jet—1y lepton— 1},
genuine T T-Embedding
jet—T Fake Factor  Fake Factor
lepton—1 Simulation  Fake Factor Simulation

prompt lepton Simulation Fake Factor Simulation

Table 4: Input variables to the MVA discriminants for the 7,7, and 7,7, channel. For all
variables only the visible decay products of the T leptons are implied, except for the T, T, and
T, T}, mass, for which the SVFIT algorithm is used.

~

N N N N N S NN

Input variables to MVAs Observable

pr of leading T, or T,

L : : py of (trailing) 7y, for 7, 7}, (7, 7}) channel
The training is performed inclusively py of visible di-T

for all the t decay modes. pr of di-T,, + pIiss
prof u+ Ty + P

Visible di-T mass

T, Ty, OF T, T, mass (using SVFIT)

Leading jet py

Trailing jet py

Jet multiplicity

Dijet invariant mass

Dijet pr

Dijet | A

PT

~
=

.-q
=
UX X AAX AN A XSS X §F
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CMS Preliminary 137 fb~ ! (13 TeV) CMS Preliminary 137 b ! (13 TeV)

o ¥ D.alma | I jet — rl,, | 10°F § Dalta | l u— rllzmhed. — HTT
10° —mmm BestfitH — 71 Others B Bestiit H — 7 Others
# — T Embed. — BestfitH — 771 jet — T — BestfitH —+ 11
= ) £ fake CMS-PAS-HIG-20-006
& qoep I T L —————
B . L] )
g g
B .3 L A 103 £ a .. ) ) )
10° | 1 Distributions are inclusive
in T decay mode.
1['[] 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 1':’[] 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
4 T T T T T T T T T T T T T T T 4 T T T T T T T T T T T T T T T
ﬁbé 5 i IBkg. l.mc.l —I IBeslﬁl H |—> T i o é ) i IEkg. u.r'u:.I —_— lB-e-sﬁit H l—r T i
= — T # - -
B T T » N UL B T
8 [sb | AL ] T i -
SL 4 * K 4 4R _ [ = =+ 7
=1 L L I 1 L L | L L L I 1 L L | L L | i | L L I L L L | L L L | L L L | L L L_—
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
NN score NN score
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Htt

CMS-PAS-HIG-20-006

Decay mode Expected sensitivity
Ty Th 1.47
e 1.16
UTT 0.71
uar’ 0.51
ua,"" 0.24
ThTh 1.8
0p 1.09
07T 1.04
pa:t" 0.64
TUTT 0.38
a" 0.46
aiprp and a}pra}p ' 0.30
naipr 0.23
ai’pra‘;’pr 0.13
ai’pra}pr 0.11
Combined 2.33

07/06/21 Maria Moreno Llacer - Higgs CP studies at ATLAS+CMS 21



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

07/06/21
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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

~ o~

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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Htt coupling structure: ¢.p plot

The results from the most sensitive channels are weighted and combined into a plot of ¢p

Each BDT/NN score window is weighted by A*S/(S+B), being A the “average asymmetry”:

A 1 %s Cpeven_ Cpodd‘
o even odd

Ny = |CP™"+CP*| CMS Preliminary 137 b (13 TeV)

-E T I I I I I T T T l T T T T T T T T T T I T I | T T I ‘ T T T T | _

O 1.2— _ _

Background is subtracted from data. pe- - PP+ TP+ Up ~+- Data - Bkg. ]
(Grey band: unc. on subtracted bkg.) =S .| Bkg. uncert. 7
g B —.———— — q) - Oo _

L s T R -

}]j_') 0.8:— —_— q)ﬂ =90 :

_-E) 0.6__ | | L — I

g » ? ’

= 04— ' l —— 1=

+ n ? ——

%) u S ]

= 02— —

%) - ]

<>E B il

H->tt decays consistent with SM. Y 1
CP-even case preferred over CP-odd anE | l 1 1 | l ]_3
case with 3.20 (2.30 expected). 0 B0 100 150 200 20 300 350

q)CP (degrees)
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ggH+2 jets with HH-WW*—evuv

Table 3: Event selection criteria used to define the signal regions for the ggF + 2 jets and VBF event categories.

aeF + 2 jets VBF
Two isolated, different-flavour leptons (£ = e, i) with opposite charge
lead sublead
Preselection pr = =22 GeV, py > 15 GeV
Mgy = 10 GeV
Njg[ = 2
Np—jet,(pr>20Gevy = 0
mrr < 66 GeV
AR;: > 1.0
Background rejection i ‘
pr.ee > 20 GeV central jet veto
myer < 90 GeV outside lepton veto
my < 150 GeV
s s s -ﬁ' T -&F' s - . -ﬁ'
BDT input variables _ mee mTL PT"?{ bee . Mije 22> Mee- T iﬂ:
min AR(€y, j;), min AR( &, j;) 26 Cew 2 jme jy Py
Control region eeF + 2 jets VBF
top CR Np—jet,(pr>30Gev) = 1 Np—jer,(pr=20Gev) = 1
— < 25 GeV
Z - 17 CR e —mz| <
pr,e¢ Tequirement is omitted mee < 80 GeV
90 GeV
WW CR mee = .
mT requirement is omitted
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ggH+2 jets with HH-WW*—evuv

Table 7: Breakdown of the main contributions to the total uncertainty on « 44, kg g¢ Dased on the fit that exploits both
shape and rate information. Individual sources of systematic uncertainty are grouped into either the theoretical or the

experimental uncertainty. The sum in quadrature of the individual components differs from the total uncertainty due
to correlations between the components.

Source A (Kagg /K gg)
Total data statistical uncertainty 0.4
SR statistical uncertainty 0.33
CR statistical uncertainty 0.10
MC statistical uncertainty 0.14
Total systematic uncertainty 0.28
Theoretical uncertainty 0.23
Top quark bkg. 0.15
eeF signal 0.14
WZ.ZZ, Wy, Zy bkg. 0.06
WW bkg. 0.06
Z[y* bkg. 0.016
VBF bkg. 0.015
Experimental uncertainty 0.21
b-tagging 0.16
Modelling of pile-up 0.10
Jets 0.07
Misidentified leptons 0.04
Luminosity 0.034
Total 0.5
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ggH+2 jets with HH-WW*—evuv

CP-even CP-odd
coupling strength scale factor coupling strength scale factor
loop a ~a,pv a ca,pv

_5{1]0"1’ =— (Kgg coS(@) 8¢ G G + Kgg sin(a)gHggGﬁvG“’”") H

1
4

Table 6: Post-fit event yields in the signal and control regions obtained from the study of the signal strength parameter
peeFTIES  The quoted uncertainties include the theoretical and experimental systematic sources and those due 1o
sample statistics.

Process Top CR WW CR L —= 1T CR SR
eoF + 2 jets 20+ 20 < 0.1 10+ 10 60 + 80
goF + 0/1 jets 4+1 < 0.1 3+l 40 £ 20

VBF B+1 < 0.1 T+1 70+ 10
Other Higgs 6.0+0.3 24+0.1 20+ 4 26+ 1
WZ,ZZ Wy,  Zy 40 + 30 100 + 30 120 + 50 240 + 8D

tf, Wt 17800+ 200 3100+500 390+60 2300+ 300

W + jets 600 + 200 140 + 30 90 + 20 390 + 80

wWw 180 + 80 1400 £ 500 200+ 70 1200 + 400
Z +jets 220+ 30 l6+3 1960 +70 1000 + 100
Observed 18886 4778 2800 5209
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VBF H-WW*—(evuv): polarisation measurement in HVV

Higgs boson produced through vector boson fusion (VBF) ATLAS-CONF-2020-055

- HVV vertex present in production and decay
- access to Higgs coupling to long. and transv. polarized W and Z bosons
- effective lagrangian given by: )

with Kyy = dL,

- B (2HWS, WY + HZ,, 21 + HA AR

2m? m>
&L 4KVV ( L HW W % —ZHZ,,Z“

v v 2y eyy =0.5- (ar —ar)
SM BSM ot = S o U
8HVV 8HVV
Optimal discriminant for CP: Ag; Analysis strategy SM:a =a =1
B el fer E e Veto central jets and Iepton_s W_lthln the rapidity
8 027 (s=13TeV, VBF H - WW*— evpy gap spanned by the two leading jets (VBF)
5 | :;g:f; fongniiace swbeell e Dedicated CRs to constrain norm. main bkgs (top, Z+jets)
el —at=1.0:aT=1.0(SM) ) |A{1H|T> 5.0 | e BDTs to further separate signal from background
§ ATLAS Preiiminéry ' —e— Observed - A R T
£ {5 = 13 TeV, 36.1 fo' 7772 Total unc. Z R ATLAS Preliminary
g H WW* evay ’ — e < [ {s=13TeV,36.1fb" ]
= VBF SR / =altrlej; Itliggs o 5;_ H_ _)E:VZQe; evuv =
7 e fo—Omsened  \N__ ] Z20
It wt F .
1 i 3 .
0 2 4 6 o mwm 2;_ _5
APy B //}W E : 3
% & ///'/ ; 1:— a ar=1 N N7 = °
a, = 0.90 £ 0.12 (stat) + 0.14 (syst.) * ulf [ VAP |oshaperrefier =0 AN/
ar = 1.18 £ 0.29 (stat.) + 0.15 (syst.) ’ ’ Wy e ’ " 1 a,
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CP parametrisations to probe HVV and Hgg couplings

ATLAS parametrisation

* Lagrangian in Higgs characterisation framework

12m$ i
Lefr = H{S caksm 2 Z,Z" + guww W, W

v

11 11 -
_ZKSaK'AZZZpuZ” - ixsaﬁAWWW:yW_ }

. 1 )
LDODP -4 (KHSSgHgsG.ﬂvGa’pv + "AgggHgngvGa’Fv) H,

*  kayy/kyyy or similar extracted from the fit

* Other parametrisation in VBF H — 17 which has CP-odd
contribution parametrised by d

CMS parametrisation
Scattering amplitude:

V2 V.2
Ki "Gy % "Gy,

(ay)*

v 2
A(HVV) = l [aYV+ k3" (qvi + qva) ] 2

* *
w2 My1€vi1€v2
(a)

1 . . 1 1) =
+E aﬁfpél),f (2),uv + 5 a\:}lvfm(ll)f*(Z),yv ,

faz parameter extracted from the fit (ratio of cross sections)

ggH _ |a5®|2 sign a3®
3 - -
. |a5®|2 + |a5® |2 ag®

Alessia Murrone slides SM@LHC 2021
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Maria Moreno Llacer - Higgs CP studies at ATLAS+CMS

30



H->4l to probe HVV, Hgg and Htt couplings

arxiv:2104.12152

Table 2: The numbers of events expected in the SM for different H signal (sig) and background
(bkg) contributions and the observed number of events in each category defined in Scheme
1 targeting Hff and Hgg anomalous couplings. The ttH signal expectation is quoted for the
SM and anomalous coupling (x; = 0, £ = 1.6) scenario, both generated with the same cross
section.

Untaceed VBE- VBEF- VH- VH- ttH- ttH-
ntags ljet 2jet  leptonic hadronic leptonic hadronic

ggH sig 182.98 1550 6.70 0.35 4 68 0.02 0.18
VBF sig 7.23 3.28 7.23 0.05 0.28 0.01 0.05
WH sig 2.68 0.22 0.22 1.07 1.17 0.03 0.03
ZH sig 2.20 0.14 0.15 0.26 0.78 0.02 0.05
bbH sig 1.90 0.13 0.08 0.03 0.07 0.00 0.01
ttH sig 0.43 0.00 0.08 0.14 0.15 0.68 0.86
(X, = 1.6) (0.45) (0.00) (0.12) (0.15) (0.15) (0.87) (1.18)
tH sig 0.14 0.01 0.10 0.04 0.03 0.04 0.03
Signal 197.89 1931 1457 2.00 7.40 0.80 1.23

qq — 4/ bkg 210.50 6.93 1.92 223 1.87 0.08 0.04
gg — 4/ bkg 19.79 1.53 0.56 0.38 0.24 0.01 0.01
EW bkg 3.43 0.18 1.37 0.26 0.57 0.24 1.07

Z + X bkg 7794 2.46 4 88 1.20 3.29 0.21 1.07
Total 509.55 3041 23.30 6.05 13.38 1.33 3.41

Observed 539 27 20 10 12 0 2
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H->4l to probe HVV, Hgg and Htt couplings

Table 3: The numbers of events expected in the SM for different H signal (sig) and back- arXiv:2104.12152

ground (bkg) contributions and the observed number of events in each category defined in
Scheme 2 targeting HVV anomalous couplings. The EW (VBF, WH, and ZH) signal expecta-
tion is quoted for the SM and four anomalous coupling (a;/a,/%x,/ xg']’) scenarios f,; = 1, all
generated with the same total EW production cross section.

VBE- VBE- VH- VH-
Untagged Boosted ljet 2jet leptonic hadronic
ggH sig 171.46 6.48 15.15 10.44 0.35 5.99
VBF sig 5.06 1.18 2.64 8.60 0.06 0.54
(as/ay/ (0.20/0.29/  (0.69/0.54/ (0.12/0.09/ (6.10/4.95/ (0.03/0.02/ (0.28/0.21/
K /55T 0.05/0.09)  0.52/0.48) 0.03/0.05) 191/1.83) 0.01/0.01)  0.07/0.07)
WH sig 2.18 0.43 0.29 0.22 1.11 1.20
(a3/ay/ (1.93/3.15/ (3.81/320/ (0.83/0.92/ (1.20/1.05/ (2.75/2.86/ (3.43/3.33/
Ky /K57 0.72/0.00)  6.28/0.00) 0.22/0.00) 2.04/0.00) 3.47/0.00)  2.93/0.00)
ZH sig 1.87 0.34 0.16 0.16 0.26 0.79
(a3/ay/ (0.99/1.89/ (1.87/1.66/ (0.30/0.35/ (0.56/0.51/ (0.42/048/ (1.42/1.53/
K /557 0.68/1.17)  4.14/12.34) 0.12/027) 1.30/3.88) 0.65/1.82)  1.84/4.69)
bbH sig 1.84 0.04 0.13 0.09 0.03 0.09
ttH sig 1.65 0.04 0.00 0.32 0.13 0.19
tH sig 0.13 0.02 0.01 0.12 0.04 0.05
Signal 184.1 8.5 18.4 19.8 1.9 8.8
(a3/ay/ (178.2/180.3/ (129/12.0/ (165/167/ (187/17.4/ (3.7/39/  (11.4/114/
K /557 176.4/176.2)  17.5/19.4) 157/156) 16.1/16.6)  4.6/2.3) 11.1/11.0)
qq — 4¢ bkg 206.05 1.89 6.78 2.78 221 2.30
gg — 44 bkg 19.05 0.38 1.52 0.76 0.37 0.31
EW bkg 3.50 0.66 0.20 1.98 0.23 0.85
Z +X bkg 69.87 3.73 2.46 9.70 1.20 4.10
Total 481.3 15.1 29.3 34.9 5.9 16.24
(a3/ay/ (475.4/477.5/ (19.5/18.6/ (27.4/27.6/ (33.8/324/ (7.7/79/ (18.83/18.78/
K1 /KT 473.6/4734) 24.1/26.0) 26.6/265) 31.1/31.6) 8.6/63)  18.54/1847)
Observed 512 18 27 30 10 13
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H->4l to probe HVV, Hgg and Htt couplings

arxiv:2104.12152

Table 4: The list of kinematic observables used for category selection and fitting in catego-
rization Schemes 1 and 2. Only the main features involving the kinematic discriminants in
the category selection are listed, while complete details are given in Section 3{ The Untagged
category includes the events not selected in the other categories.

Category Selection Observables ¥ for fitting
Scheme 1
VBF-1jet Dis > 07 Diig
VBE-2jet DYEF > 0.5 Dyg, DYEF, DEBY, DES'
VH-hadronic Dy > 0.5 Disg
VH-leptonic  see Section Disg i
ttH-hadronic see Section Dyxg, 'DEi_H
ttH-leptonic  see Section Dbks’ T)Et_H
Untagged none of the above Dy,
Scheme 2
Boosted i > 120GeV Dig, PT
VBF-1jet Diet > 07 Dig, T
VBE-2jet Dys > 05 Dikgr Dony. 105, Do 1o, DY e, DAVBFTdee DVBE pVEE
VH-hadronic Dyl > 0.5 DRV, Dy = Dy oo, Dy o, DAY T, DY, D
VH-leptonic  see 5ecl:innE| Dixg, T
Untagged none of the above :Dbksf T)gﬁ, Dgec, Dier, T?ir{’dec, Diec Diec
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H->4l to probe HVV, Hgg and Htt couplings

General Lorentz invariant form of HVV scattering amplitude :

1 VV2 4 VWV 2 vV p
AHVV) = - oV + 8 V1 :vx?i Iv2 | *3 (9v1 + ‘;vz) -
v (A7Y) (AE"’)

1 #(1) v 1 #(1) 7« v
Loy Ly e,

nv

SU(2)xU(1) enforces relations between ZZ, WW,y~ and Z~ couplings :

wWw
ay
WW
a, = = saay + 2swcnﬂ?,
WW
as - 5?;;9?"‘2%%»"?;
WW 77
Ky 2 2 29?(_ 1, Sw 2 2 az?f
C s = + 255, =—5—+2=(c, —Sp) 5
(A;NW) ( w w w m% Cw( w w) m% s
z 7z 77
Ky (3 —s2) = Kq +/;7—a2 +2(2 _Sz)g
CSULHE (AR T

Assume a7 and a?” constrained by H— ~v and H—Z~ measurements

4 independent couplings : a; (SM), a5, a3 (CP-0Odd), k;
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H->4l to probe HVV, Hgg and Htt couplings

_ arxiv:2104.12152
Summary of anomalous Htt, Hgg and HVV couplings:

Parameter  Scenario Observed Expected Parameter Scenario Observed Expected
ggH o a10h T B Approach 1 bestfit  0.00004 0.00000
o ggH (H — 40) 0.04710¢ [-1,1] 0+1[-1,1] faa =far =foF =0 68% CL  [—0.00007, 0.00044] [—0.00081, 0.00081]
tH & ttH (H — 4¢) +(0.881012) [—1,1] 0+1[-1,1] 95% CL  [—0.00055, 0.00168] [—0.00412, 0.00412)
tH & ttH (H — ) [26] 0.00+0.33 [-0.67,0.67] 0.00 £ 0.49 [—0.82, 0.82] Approach 1 bestfit ~ —0.00805 0.00000
flin tH & ttH (H — 44 & ) 0.00 +0.33 [—0.67,0.67] 0.00 + 0.48 [—0.81,0.81] faa § float foy, far, far 68% CL  [—0.02656, 0.00034] [—0.00086, 0.00086)
cP ggH (H — 4¢) —0.017 3% [—1,1] 0+1[-1,1] 95% CL  [-0.07191,0.00990] [—0.00423, 0.00422]
ggH & tH & ttH (H — 4¢) —0.561120 [—1,1] 0.00 +0.47 [-1,1] -;Pr;rj?ac)}; 2 Igg_fft ﬁCtL ?-Ug%%w 0.00061) f[lﬂg?]% 12,00012]
¥ _ +038 1_ ¢ _ oat [a2, /a1 o —u. , U, —U. ., UL
ggH & tH & ttH (H — 4£ & yy)  —0.047038 [—0.69,0.68] 0.00 + 0.30 [—0.70, 0.70] 95%CL  [_0.00072,0.00215] o0.0057 0.0057]

Summary of constraints on the Htt, Hgg and HVV couplings in the Higgs basis of SMEFT:

Channels Coupling Observed Expected Observed correlation
Cog Cog K¢ Ky
Cag —0.0012$§;§‘£§§ 0.0000;%;%%‘5 1 —0.050 —0.941 +0.029
(H & tTH & ggH Cog —0.0017_0;00lgg 0'0000_°:°3§§ 1 +0.046 —0.568
3 —0.017 0.007% 1

tHyy + 4) t —0.67 —0.71

5Cz Czz C0 Ezz
éc, —0.03109¢ 0.009% 1 +0241 —0.060 —0.009
VBE & VH & H —s 4/ ¢,y 0.017015 0.0010:22 1 —0.884 +0.058
¢, —0.02$§;§% 0.00$§;§§ 1 40.020
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H->4l to probe HVV, Hgg and Htt couplings

arxiv:2104.12152

Category Selection Observables ¥ for fitting
Scheme 1
VBEF-1ljet Dy > 07 Drig
: H H
VBE-2jet DYFF > 0.5 Dy, Dyt D§E, D23
. VH
VH-hadronic D2jet > 0.5 B Dbkg
VH-leptonic  see Section 3| Dbkg
ttH-hadronic see Section 3] Dbkg, Dgt_H
ttH-leptonic  see Section % Dpig, Dgt_H
Untagged none of the above Dbkg
Scheme 2
Boosted pit > 120 GeV Dikg PT
VBE-1jet DYF > 0.7 Dikg, P1
: VBF+d VBF+d VBF+d ,VBF+d
VBEZet DY >05 DRy DY DY i pip Vit puir pupr
VH-hadronic Dy, > 0.5 DEY, Doy <, Dy -, Dy, DIV Dt D
VH-leptonic  see Section D p¥
Untagged none of the above Dbkg, Dgﬁ‘i, DSEC, Dielc’ Di'{,dec’ D]_cllﬁc’ ’Dg‘ff
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B ttH: ME based discriminants from MELA

+ JHUGen generated LO and NLO events

The MEs use the 4-momentum of tt->(ff’b,ff’'b) and H

small impact from LO/NLO and PDF scale variation

Dy — Pot() , Dep — Pint (2) DL, PL (D)
Po+(82) + Po-(£2) T Poe () + Po- () T Por () +Po-(2)
for 0+ vs 0- for CP mixture, $=0 for CP mixture, $=90

R L RS Ll LS LR LRARE RRARY LR RAREN RN AR RARRN RARAN AR AR LN ERARS LAY RARE= SRR R LRl LR RN RN RRRRN RRRRY RRRE
014 — 0- — fer = 0.28, CI):O - 0.35F 3 0.1~ H

r —0+ —fcp=0.28, b= 7 . = ] i ]
0.12; 7 ] 0.3 ﬁ — 0.03_ -
0.1F = 0.25 - i i

7 9 ] F . 0.06 =
0.08} - 02F 3 i ]
0.06 . 0.15F o = 0.04- ]
0.04f- 12 . 0.1F - = i i

: ] - 0.02(f -
0.02f| = - 0.05[ f - - .

E ! ; ::IIII it II = N IIIIIIII Flr\ll = E II!I |I{!1|If‘| 3
1.6¢ T E 1.3¢ m LO/(NLG PDFY/LO 3 12¢ mi LO;(NLO PDF}/LO 3
1.4E 0 (NEG PDEITO 3 12¢ A 78] 3 14 mE NLDLO E
1.2 - MO = 11§ e 1E

1F e = 1F N : = 09E
0.8 E—horrd Ty D e 0.9k E 08E 3

0 010203040506 07 0809 1 -1 08-06-04-02 0 02 04 06 0.8 1 -1 -08-06-04-02 0 02 04 06 0.8 1

Do Der D(J)_F’

Meng Xiao @ ICHEP2020
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I tgH process .

q q q 7
t-channel + s-channel 4 Wg \ CwE )
b = t b t
Strong Hff and HVV interference @ b ® H-WW
_ H _
] ] q b q RN
- Sensitive to the size, sign and CP >WM< ,
. ———-H
of the Hff coupling VNS ON
(c) (d)
PO+ (ﬁ) int Plkl)ll‘zg(ﬁ)
Dpyg = = = Dhyg =
0.165: 0.35] Po+ (Q) -+ Pbkg(Q)_ 07l P0+( ) + Pbkg( )
3 03 = T o6l E
0.12 - ] o — H-WW [
o1t 0.25F N E 05l _ o, H—ffc(::c))LLJJF;)IIir:W?;] E
. 085— 0.2F N E 04fF  — 0- H-ff coupling E
g 0.15} 03F  —O0- Hff+HWW+1 ]
0.04 0.1° 0.2f & 1
0.02F 0.052 0.1; 1, .
05 03 04 0 0 T s e 0010203 4 0506070808 1 580807060505 0505050

DO- Dbkg Db kg

Meng Xiao @ ICHEP2020
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Reinterpretations cross-sections measurements in H—yy

ATLAS-CONF-2019-029

Py
® Limits on single ¢; assuming c;«; = 0 | sver sy I8 Onseed o5 L
: J7 T, [107] o
® No deviation from SM observed o 1107 m
. . Ty 1107 e
®* Not taking event rate into account reduces . -
sensitivity to CP-odd Wilson coefficients Cupl10%] n
® But makes test of CP violation less oo 1071 .
_HWB[‘IO-S]
model-dependent -
- Better constraints when including quadratic terms <805 0 05 1 15
Parameter value
Coefficient | 95% CL, interference-only terms | 95% CL, interference and quadratic terms
Cuc [—4.2,4.8] x 10~* [—6.1,4.7] x 10~°
O [—2.1,1.6] x 102 [—1.5,1.4] x 1073
C v (—8,2,7.4] x 10~ (—8.3,8.3] x 107*
Crw [—0.26, 0.33] [—3.7,3.7] x 10~°
Cus [—2.4,2.3] x 10" [—2.4,2.4] x 107*
Cor [—13.0,14.0] [-1.2,1.1] x 1073
Cuwp (—4.0,4.4] x 10~ [—4.2,4.2] x 10~
O [—11.1,6.5] [—2.0,2.0] x 107°
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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 H>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
. ATLAS Simulation (s=13TeV, 139" _

CP mixing angle: &

—1ttH inc.

10
—tHjbinc. -

—tWH inc.

LI

L=
- -
- -
-

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 =0+ ?

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 H=>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
R L L L L L L L L L - I B B B B 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 1390 g f 139 o
1} 65— - =1 X eF oo
5k - 5
- Hoof — Woor
4 OJvsF 4 [JvBF
C JVvH = [1VvH
3k OJtHo=0° 3F [DttH o = 90°
- Wb o =0° c WtHib o = 90°
28 BtWHao = 0° 2F WtwWHo = 90°
: 1
0 123456789 101112131415161718192(; 0
Category Category
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Is the top-Higgs coupling a pure scalar interaction ?

JCP= Q%+ ?
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 H>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 = : sign (%, /x;)
;;;;;;;;;; - . = . P — = t/ Mt
2D fit: k; cos @ vs k; sin« = ¢ 7[> + [ [2
. signal yields parametrised as function of (k., @) or f~oHt) CP parameters
Signal gnal'y P (ky, @) or (s fep™) P

ko] LA L B L BN LA BN BN B B o C T T T T T T T T T -
parametrisation 2 = ATLAS Simulation 1 2 g3gF  ATLAS Simulation =
£ 405 {s=13TeV, 139" 4 £ - Vs=13TeV, 139" tH =
o E Inclusive, ¥2 p-value = 18.4 % E o 30 E_ Inclusive, x? p-value = 63.7 % _E
- — 25 —
35: . 5: Acos®(a) + Bsin®(a) + Ccos(a) + Dsin(a) + Esin(a)cos(a) + F -
Models used - ttH . 20 =
I L E 15 E
ATLAS: - — Fit ] = =
ttH, tHjb & tWH @NLO 25| . - 10 E
Higgs Characterisation - Acos*(a) + Bsin*(a) + Ecos(a)sin(c) n == =
20_""""_ = =
CMS: S 1005 ‘ 3 & 1 E
FenpaamesnmsmefPeannnnnnsnnnanannnananysansmnnnmnnlennnnnnnnnn + ........... = 1-02:_ =
tH @LO = 0.9951§—+ * ¢ ' +— = 0 9&15Ez E
JHUGEN with MELA 0 70 20 30 40 50 60 70 80 90 0.96E =

(0 ) (150 7 (300 1) (950 7 G 7 (750 7 (90- 7 (0 0.5)(039) (45\32)(13@

L. 2 1)
CP mixing angle o [deg.] (CP mixing angle ., coupling strength « )
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CP properties of the top-Higgs Yukawa coupling (ttHitH, H>yy)

i ,CMS 137 fb” (13 TeV)
Analysis s_trateqv ' | a 1 ¥ Data | [Jh(123)
Preselection: Hadronic/Leptonic tt decays z :;zivﬂets
Several MVAs for object reconstruction (also top quark) i+ jets
Two event-level MVAs used - define several analysis categories

1: ttH vs. continuum bkg. -
2: ttH(/tH) CP-odd vs. CP-even
Signal extraction: fit m., in all categories N
Results: overall, quite similar; limited by data statistics
- 1
u(ttH)~1.4 and a pure CP-odd coupling excluded at 3.96/3.2c ,
( H . \ 501.5
it 2 CMS E{=
#e‘I!Tﬁé tH rate < 12 X GSM at 95% CL CP _ Sln a “ Q:;Stal. Unc. | | Stat. + Syst. Unc. ) ‘
Htt 1 2 3 4 5 6 7 €
ja|< 43° at 95% CL [fop | < 0.67 at 95% CL BDT-bkg
<
Yy, <0 disfavoured (see 2D contours) lo|< 55° at 95% CL . cms 137 16 (13 TeV)
\. J/ 5 - ¢4 Data i | ;
g T T T T T T T o —~ 90> it _ o S%0rncL E
E’I 107 = ATLAS : — Fitied total and error - g El _‘1‘ ' rrrTrrTTe ‘e;Iil L 2] 80K — lgp T o —Observed e
= Vs=13Tev, 1391t =§':,|*H:0‘§a’;’;ﬁg 3 @15 .. 2(; e mXSM = § 705 —fan =1 5| 450, o PECIEd E
B Continuum Bkg ] 1:_ 30 = L g ””””””””””””””
ol % Data E e - 60F eonoL L] E
= 0.5 E 50 02 04 06 08 1
40
1 . 055 E 30 |
20 _! ! ! ! ! ! ! ! ! ! ! 'r E ! ! , I‘ ! ! ! !_ _1 i B A U A 20 ;_—\ _f
vk i - ATLAS ; ol :
= -15F 5.2 X - — E
E oT'T'i‘-z-"*i'i" ; P 3 l’§_1‘3TeV,1Ianb . | . | E OIf | | |
T2 3 4 56 7 8 9 10111213 14 15 16 17 18 19 20 235 1 05 0 05 1 15 2 bin 1 bin 2 bin 3
Gategory K,cos(cx) Do-
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CP properties of the top-Higgs Yukawa coupling (ttHitH, H>yy)

§ T T I T T T T | T T T T | T T T T T T T T | T T T T I T T T T I T T Used in ATLAS
w . ATLAS Simulation {s=13TeV, 139" _ 2 L L
fe) =, = ATLAS Simulation .
o —ttH inc. 40F Vs=13TeV, 139 o™ -
%‘ 10 —tHjb inc. o E Inclusive, %2 p-value = 18.4 % E
g ) 35— ]
S —tWH inc. - B
_5 ______________________ 30;_ —4— tH MC (k= 1) ttH _;
S o el N S T - — Fit 3
8 25— —_
a ' TN E Acos®(at) + Bsin*(e) + Ecos(a)sin(c) E
E E - 20__| | | | [ ! ! ]
B ] % 1.005F . ‘ =
B i E 1;.+ .......... +. ..................... * .......... * .................... +--..
11 I 1 1 11 | 1 111 | 1 1 1 1 | 1 I | 1 1 1 1 I 1 111 I 1 1 0'995 ;_ . ) ) ) ) ) ) ) ) X _E
-150 -100 50 0 50 100 150 0 10 20 30 40 50 60 70 80 90

CP mixing angle o [deg.] CP mixing angle o [deg.]

E - T T T T T T T T T ] E C I T T I T ]

-g 355 ATLAS Simulation ‘_: -g\ 10 — ATLAS Simulation '—_

g 305 Is=13TeV, 139 fb” 3 £ - (s=13TeV, 139" N

o E_ Inclusive, x° p-value = 63.7 % _E T 81— Inclusive, ¥? p-value = 33.4 % —

25— = - . n

= | Acos’(a) + Bsin®{a) + Ceos(a) + Dsin(a) + Esin(ar)cos(a) + F - 6 ~ | Acos?(a) + Bsin*(ar) + Ccos(a) + Dsin(a) + Esin(o)cos(c) + F n

20 — L -

15; —4— tHjp MC 3 T —$—tWHMC - i

E — Fit . . e E 4 T — Fit =

10- - : :

= 1 04E D S S S SN u L .

w rE 3 = 1.045 =

S 1.025 + + + + = I8 3 E

@) 3 3 1.02E 3

E 1-:.. ......................................................... -3 O it * ------------ * ---------------------- i ----------- 3

0.98F- \ t $ f $ t = =2 Lea T ) by 4 LA

0.96 ' | . . . . . . , . .= 0.96E- 4 =

(0°, (?‘5-: (300 (45:: (600 (75:: (900 (0‘: (00, (450 (’8 o ' = S * * * * * * * " * S * * =

7) c1) ) Ty Py T ) 0570 9 29 190, 7) (0° ) (753 7 (303 7 (453 7 (6‘03 7 (753 7 (90? 7 (0° 0.5)(0,2) (4532)(7803 /)

(CP mixing angle o, coupling strength Kt) (CP mixing angle a, coupling strength Kt)
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CP properties of the top-Higgs Yukawa coupling (ttH/tH, H>vy)

arXiv: 2004.04545

E -!g 42 R R B D B B L L
s o o 03
E O o ATLAS
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- — D C
E 5 2 0.2 @ Data
O c ©
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s _F S === =90k =1ttH+tH
5 0.7 = 0.1 t
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:_ 0 ..-. ------- eyt |’..|..’
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CP properties of the top-Higgs Yukawa coupling (ttHitH, H>yy)

(i) mgy: invariant mass of the #H system; Pheno paper PRD94.055023 (2016
(i1) Oy: angle between the H boson direction and the pap ’ ( )

incoming partons in the #fH frame;

(iii) @}: angle of the H — VV(ff) decay with respect to
the opposite 77 direction in the H frame;

(iv) @j: angle between the production plane, defined by
incoming partons and H, and H — VV(ff) decay
plane;

(v) 6,: angle between the top-quark direction and the
opposite Higgs direction in the #f frame;

(vi) ®;: angle between the decay planes of the t7 system
and H — VV(ff) in the tfH frame;

(vii) m,,: invariant mass of the 77 system;

(viii) @y: angle between W' and opposite of the bb
system in the W+ W~ frame;

(ix) ®y: angle between the production (bb)(WtW~)H
plane and the plane of the W W~ system in the
tt frame;

(x) 6,: angle between the b quark and opposite of the
W*W~ system in the bb frame;

(xi) ®,: angle between the planes of the bb and W W~
systems in the #f frame;

(Xii) My, OF My, invariant mass of the Wb or Wb
system;

(xiii) @7 or Op,: angles between fermion direction and
opposite of the b or b quark in the W* or W~ frame;

(xiv) @/ or ®p,: angle between the W or W~ decay
plane and the iW*b or tW~b plane in the ¢ or
t-quark frame;

(XV) myi7 OF m 7, invariant mass of the f,f; or f5f>
system.
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FIG. 5. The normalized angular and mass distributions in the process pp — tfH corresponding to four scenarios of anomalous rtH
couplings: fep = 0 (SM 07, red crosses), fep = 1 (pseudoscalar 07, black circles), fep = 0.28 with ¢¢p = 0 (blue triangles), and
¢¢p = m/2 (green diamonds). The LHC pp energy of 13 TeV and H boson mass of 125 GeV are used in simulation. See the text for the l S
definition of all observables.
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FIG. 14. The kinematic distributions in the process gg and g — t7H defined in the laboratory frame: top-quark rapidity [¥(1)],
transverse momentum of the top quark [py(f)], H boson rapidity [¥(#)], transverse momentum of the H boson [py(1)], itH system
rapidity [¥Y(17H)], pseudorapidity difference between the two down-type fermions decayed from top and antitop (An;;) and between two

bottom quarks (Asg), cos &y between the two down-type fermions, and cos &, between the two bottom quarks. Four scenarios of
anomalous #7H couplings are shown: f-p = 0(SM 0%, black circles), fp = 1 (pseudoscalar 0, red crosses), fcp = 0.28 with ¢pep =0
(blue triangles), and ¢¢cp = /2 (green diamonds). The LHC pp energy of 13 TeV and H boson mass of 125 GeV are used in simulation. 48



CP properties of the top-Higgs Yukawa coupling (ttHitH, H>yy)

Pheno paper PRD94,055023 (2016) D, = Do &)
; 730+( ) + Po- (Q)
K ~ PSI i s 1- P + P
Fop = - |2Ki||i& 2 bep = arg(®y/x;) e(Xis fops @) = (1= fep)Po+ (%) + fepPo- (X:) Pmt(é)
! _ ! —0 or x +V fer(l = fep)(Pi(X:) cospep  Per = > D
=sin‘a N 0+ (Q) + Po-(Q)
+ P (X;) sin dep), (€ L
PL
Dép - ( )
Por (2 )‘HD()—( )
02F " T T T T T T
0.1 02F 3 L .
018 3 3 Only Dy discriminant is
T 1 used in CMS analysis
0.08 0.16 : 1 (using a BDT instead of
0.14 ¢ 1 using MEM)
0.06 0.12F ]
0.1F . :
0.04 008 1 Dcp requires flavor of tt
: : 1 decay particles, not
0.06 . : . :
A 1 possiblein full hadronic
0.02 0.0 . 1 and semi-leptonic,
0.02 : 1 dropped in this analysis
0 010203040506 0708 09 1 0.2
D,.
Hff-induced ttH CP-odd (red, magenta) Hff-induced tH CP-odd (red)
Hff-induced ttH CP-even (black) Hff-induced tH CP-even (blue)
ttyy background (orange) HVV-induced tH considered background (black)
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