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'T'he Discovery of the Higgs boson
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* The SM is a successful model of the particle physics
* The Higgs boson play the unique role in the SM of giving mass to

other particles via EW SSB

» Was discovered by ATLAS and CMS in 2012 in bosonic channels
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CP property of the Higgs boson

Determining the CP structure 1s important in the High Energy Physics
Key component for Sakharov condition to explain matter-antimatter | don't feel

asymmtry very ODD today 4

v Baryon number violation
v C and CP violation
v Interactions out of thermal equilibrium
Need to find new source of CPV beside the CP phase in CKM Wthh

1s not enough for matter-antimatter asymmetry

The Higgs boson could be a good portal B=

In the SM, the Higgs boson is CP-even
No strong constraint to exclude CP-odd contribution

v Those new CP-odd component could be new scalars or new interactions
g




Recent A TT.AS and CMS results

ATLAS

EXPERIMENT

H—ZZ*—0LLL Eur. Phys. J. C 80 (2020) 957 [139 fb-l. measured | Phys. Rev. D 104 (2021) 052004 [137 fb-!, anomalous
cross-section reinterpretation] coupling using MELA discriminator]
arXiv:2202.06923 [Offshell measurement]
H—WW*—={vlv Eur. Phys. J. C 82 (2022) 622 [36.1 fb-] arXiv:2208.02686 [138 fb-!, muti-lepton]
H—1rt arXiv:2212.05833 [139 1b-1, Hff coupling] arXiv:2205.05120 [138 fb-!, MELA
Phys. Lett. B 805 (2020) 135426 [36.1 tb-l, VBF] discriminator]
JHEP 06 (2022) 012 [138 fb-!, Hff coupling]
H—yy arXiv:2208.02338 [139 fb-!, VBF] Phys. Rev. Lett. 125 (2020) 061801 [137
Phys. Rev. Lett. 125 (2020) 061802 [139 fb-1. ttH] fb-1,ttH ]
JHEP 08 (2022) 027 [139 fb-I. measured cross section
reinterpretation]
H—bb ATLAS-CONF-2022-016 [139 fb-!, ttH/tH]



https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
http://dx.doi.org/10.1103/PhysRevD.104.052004
https://arxiv.org/abs/2202.06923
https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1
http://arxiv.org/abs/2208.02686
https://arxiv.org/abs/2212.05833
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
http://arxiv.org/abs/2205.05120
http://dx.doi.org/10.1007/JHEP06(2022)012
https://arxiv.org/abs/2208.02338
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://link.springer.com/article/10.1007/JHEP08(2022)027
http://dx.doi.org/10.1103/PhysRevLett.125.061801
https://cds.cern.ch/record/2805772

Recent A TT.AS and CMS results

H—-Z7*—=00eL

ATLAS

EXPERIMENT

{ Eur. Phys. J. C 80 (2020) 957 [139 fb-!. measured }

Phys. Rev. D 104 (2021) 052004 [137 tb-!, anomalous

cross-section reinterpretation]

coupling using MELA discriminator]
arXiv:2202.06923 [Offshell measurement]

Eur. Phys. J. C 82 (2022) 622 [36 1 fb- 1]

H—-WW*—={vlv arXiv:2208.02686 [138 fb-1, muti-lepton]
H—o1tt arXiv:2212.05833 [139 fb-1, Hff coupling] arXiv:2205.05120 [138 fb-1, MELA
Phys. Lett. B 805 (2020) 135426 [36.1 tb-1, VBF] discriminator]
JHEP 06 (2022) 012 [138 fb-!, Hff coupling]
H—yy arXiv: 2208 02338 [139 fb-1, VBF] Phys. Rev. Lett. 125 (2020) 061801 [137

fb-1,ttH |

H—bb

ATLAS-CONF-2022-016 [139 fb-1, ttH/tH]

Strong connection between experimentalists and theorists for Higgs boson CP studies
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Constrain CP-odd with differential measurements

* Differential/STXS cross-section measurements could be
interpreted in terms of CP-odd contributions
« SMEFT approach used for both H—yy and H—ZZ results
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Ratio to SM

Constrain CP-odd with differential measurements

e Differential/STXS cross-section measurements could be

« SMEFT approach used for both H—yy and H—ZZ results

interpreted in terms of CP-odd contributions
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HVV CP structure with VBF H—yy/tt arXiv.2208.02338

Phys. Lett. B 805 (2020) 135426  aikiai

Weighted events / 0.5

* Explore HVV CP property

e Interpreted results with two EFT bases 00 - 2Re(M,, Mcp-oaa) q
v HISZ basis and SMEFT Warsaw basis B Msm|? v
e Implement the Optimal Observable method y
* Better than Ad;; 7

* Independent on Higgs Boson decay
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https://arxiv.org/abs/2208.02338
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub

HVV CP structure with VBF H—yy/tt

arXiv:2208.02338
Phys. Lett. B 805 (2020) 135426
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v Compared to H—ZZ and H—yy from
cross section interpretation, this analysis

has about 2 ~ 5 time better limits


https://arxiv.org/abs/2208.02338
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub

Higgs-gluon coupling: H—=WW*—cvuv

* EFT from the Higgs Characterization model

» Explore CP structure in Higgs-gluon interaction with events produced in ggH+2jets

g .
L5 =~ (kg 008(@) Gty G + kg $in(0) G, G ) H

CP-even component CP-even component
. d h Scenario Parameters
A(I)JJ 1s used as the CP CP-even (SM) kg, =1, cos(a) =1
sensitive discriminant CP-odd Kgg = 1, cos(@) =0
CP-mixed Kgg =1, cos(a) = %

 Selected 2 opposite sign, different flavor leptons selected with = 2jets

« Additional kinematic selection
» BDT training to further separate signal with Top, WW and Z—77 events

* Low BDT regions for background modeling

Event fraction

" ATLAS Simulation |
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https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1

Higgs—gluon Coupling: H—-WW*—evuv @)s Eur. Phys. J. C 82 (2022) 622

EXPERIMENT
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https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1

H—=//—¢tttf 71 phys. Rev. D 104 (2021) 052004

p

Multiple production modes involved O
LA(Hff) -

Explore generic HVV and Hff couplings
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1989 arXiv:2212.05833

H—77 coupling structure WS | JHEP 06 (2022) 012

. . . m
The CP-mixing 1s parametrized to be sensitive to the angular of two tau planes Ly =— —TH(anfc + R, TiY5T)
from the Higgs Boson in the Higgs Boson center-of-mass frame v ~
2 K
dl’ +, - + —\ 7 Hrr tan(a'T) = =T
(H—>1"1t )~1—0b(E")b(E )—cos(¢pcp—2a ") Koy
docop 16
CP-mixing
Depending on tau decays: several method developed to reconstructive ¢cp oy
Notation ‘ Decay mode ‘ Branching fraction e - / \ o
¢ 5y 35.2% -
1pOn o () 11.5% (10.8%) Impact parameter method oS Simula 5 Tev
Ipln hEnOy (e n0v) 25.9% (25.5%) Neutral pion method 5 e
1pXn | h* > 27% (x*22%) | 10.8% (9.3%) R S o gPodd B
3p0n 3h*y B3rty) 9.8% (9.0%) (+IP method) & i ]
pcp Oop ot 0.08~ R
Impact parameter /Q\ T } R P
" SR o | ) 0.06|~¢ " ; -

=/
|
3
o
.N
3
|
5
|
+ 3
[]
i
.
L ]
i
[
]
A
:
i
i
[
L ]
H
:
i
[
L ]
i
:
i
i
i
i

| | |
| N | ! *W
1 * | rd
n** ! T K 70 L xo 0.04
+ . + i !
T LU P N o opt N
4 RN e Y

0.02
™ — 't ) p.>33 GeV
I 1 1 | I | | | I 1 1 1 ‘ L1 1 1 ‘ L1 1 1
0 60 120 180 240 300 360

q)CP(degrees)

LI L L N B B
| | 5
[ L1 |

H—o1t1t >nan 42y Hott a0 2% H—-1ttr = atavr vy



http://dx.doi.org/10.1007/JHEP06(2022)012
https://arxiv.org/abs/2212.05833

H—77 coupling structure

CMS

JHEP 06 (2022) 012 arXiv:2212.05833

Current data prefer CP-even case

aHrr = -1+19 deg. (£21 deg.)
Pure CP-odd excluded @ 30

Similar strategy analysis done by ATLAS
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Pure CP-odd excluded @ 3.40
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CP structure in Higgs-Top interaction

Pure CP-odd excluded @3.90
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CP structure in Higgs-Top interaction

ATLAS-CONF-2022-016

Two CP sensitive variables defined with top quark kinematic information in 1£+jets and 2¢ channel
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CMS

CP Sstructurce in nggS—TOp intﬁraCti()n Phys. Rev. Lett. 125 (2020) 061801 arXiv:2208.02686
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Higgs CP measurement in CEPC

Eur. Phys. J. C 82, 981 (2022)

Effective Lagrangian in Higgs basis

1 2 ~
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+ HZu by (cy +cays) €+ Zuly" (gy — gays) ¢
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Theoretical framework follows
Ref. JHEP11(2014)028 and JHEP03(2016)050
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https://link.springer.com/article/10.1140/epjc/s10052-022-10926-5
https://link.springer.com/article/10.1007/JHEP11(2014)028
https://link.springer.com/article/10.1007/JHEP03(2016)050

Eur. Phys. J. C 82, 981 (2022)

Higgs CP measurement in CEPC
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Higgs CP measurement in CEPC. Eur, Phys. J. C 82. 981 (2022)
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https://link.springer.com/article/10.1140/epjc/s10052-022-10926-5

Summary

» Studies of the Higgs boson CP property 1s crucial for particle physics recent days
» Extensive analyses done by the ATLAS and CMS experiments to build a complete view
of the Higgs CP properties and search for potential anomalies would resulting the “odd”
CP phenomena
e Recent results show that data agrees with the SM predictions — still limited by the low
statistics
v Huge improvement expected from HL-LHC upgrade
v’ Strong constraints from Future Higgs factory
 Purely CP-odd coupling has been excluded — still room for CP-mixing

Collaboration between experimentalist and
theorist would be very much appreciated
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Higgs CPin H—11

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(20),
o I cos®(¢) + I sin(¢) cos(¢) + I5sin(o)
Two observables can be reconstructed per event for the CP test

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

% ME angle A®,, defined as

M| < A+ VB2 + C2?cos(Adye — 20)
| B N
cos(Apryge) = NG ZEwerk sin(Aoyp) = VB2 + (2

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

Xin Chen @ Americas Workshop on Linear Colliders 2017
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Higgs CPin H—11

CP test in H—tt 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

h ® is the mixing angle. =0 vy

—o_(cosdTT +SINnPTIY-T
gr( ¢ PTys ) (®=n/2) means SM (CP odd)

]

—
<——}_“.’~|l
¢ c
—>}_V

@ CP of Hrtt coupling can be distinguished by the
transverse tau spin correlations

5

3

- 4
T(HA 37 07) o Legl 8T 2 8T &7

Sensitive to CP (H vs A)

— - —--
\'
|
\l
.+_

<
S

@ For example, with the T—nv decay, one can look at
the angle between tau decay planes to extract ®:

dF(h —TT =TT + 2\/) - o c0s(tbep - 20) dp
ddp 16

@ It is experimentally challenging because the
neutrinos are not reconstructed

N A
\
\
A\




Higgs CPin H—11

CP test in H—1t decay

@ There are two methods to extract CP from H—tt 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—r*n’v decay:

= The tau decay plane can be
approximately reconstructed by the
track and neutral pion

= However, the relative energy of n*, n°
need to be classified in order to
maximize the analyzing power

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

A few extra references:
EPJC 74 (2014) 3164, Phys. Rev. D88 076009,

Phys. Lett. B579 (2004) 157, Phys. Lett. B543 (2002) 227
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Phys. Rev. D92, 096012
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Higgs CP in H—t1: ¢cp distribution

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”:
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Higgs CP in H—11: ¢pcp reconstruction

H-2>7t decay CP
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e
Impact parameter H-ottr s> atn +2y Hott 5ot 2% H- 1t > atalvny
directional distance ofclo'ses,t impact parameter p decay plane impact parameter +
approach of charged particle’s p decay plane
track to reconstructed PV of the
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CP parametrization for HVV and Hgg couplings

ATLAS parametrisation

* Lagrangian in Higgs characterisation framework

1 2m
Lefy = H{Caﬁsm [2 ]

11 11 ~ pv
4A30KAZZZWZ EKSQKAWWW:,,W-# }

*  k,yy/kyyy or similar extracted from the fit

* Other parametrisation in VBF H = 7t which has CP-odd
contribution parametrised by d

Scattering amplitude:

1

AHWV) = = |a¥V + ‘Iv1 +‘iv2
o | %

KV + 1 V4%
2
(AYY)

] mv1GV1€v2

1 .
+yaV 2> "oV e,

fa3 parameter extracted from the fit (ratio of cross sections)

fa B8 _ |a3g|2 sign a§g
|a23|2+|agg|2 2
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ttH CP couplings

(i) my: invariant mass of the t7H system;

(i1) Oy: angle between the H boson direction and the
incoming partons in the 77H frame;

(iii) @} : angle of the H — VV/(ff) decay with respect to
the opposite ¢7 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 7 frame;

(vi) ®;: angle between the decay planes of the #7 system
and H — VV(ff) in the t7H frame;

(vii) m,,: invariant mass of the ¢7 system;
(viii) @y: angle between W' and opposite of the bb
system in the W W~ frame;

(ix) ®y: angle between the production (bb)(W+W~)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 77 frame;

(Xii) myy,; OF my,,: invariant mass of the Wb or Wb
system;

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

(xiv) @ or ®y,: angle between the W or W~ decay
plane and the FW*b or tW~b plane in the t or
f-quark frame;

(XV) mg 7 or mp,z: invariant mass of the fif1or fof,
system.

Pheno paper PRD94,055023 (2016)
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ttH CP couplings

Pheno paper PRD94,055023 (2016) D, = Po(Q)
- 5 R R R Po+ (Q) + Po- (Q)

Fop= le| . ber = arg(®,/x;) Psig(xi;fCPa $cp) = (1 = fep)Po+ (xi) + fcpPo- (%:) b (B

licp|” + [&| > D int ()

=0 or . + \/fcp(l — fcp)(Ping(X;) cos dcp cP = D D
=sinZa. . 0 (Q) + Po-(Q)

+ Plnt( ) sin ¢CP) (( N

DJ_ ,PL ( )

cp —

Po+ (@) + Po- ()

022F ~ "~ T T T T T T T T
0.1 02 F E e ,
I 018 3 1 Only D,_discriminant is
- TE 1 used in CMS analysis
0.08 0.16 : 1 (using a BDT instead of
0.14 ¢ 1 using MEM)
0.06 0.12 ]
I 0.1F : )
0.04 0.08E ] Dcp requ:re.s flavor of tt
i 0.06 F 1 decay particles, not
: < 1 possible in full hadronic
0.02 8'3‘21; A .1 1 and semi-leptonic,

1 dropped in this analysis

0 010203040506070809 1

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)



Events

CEPC Higgs CP
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Table 2 Summary of 1o and 20 bounds on & , > and &, 5 from various
analyses by fitting to ¢ and fitting to  through u* ™ H process which
is shown in Sects. 5.1 and 5.2.

&, 5(x1072)

Q,5(x1072)

68% CL(10)
95% CL(20)

68% CL(10)
95% CL(20)

w-fitting
[—4.16, 3.88]
[—8.10, 7.82]
¢-fitting
[—4.42,4.21]
[—8.66, 8.45]

[—1.06, 1.00]
[—2.06, 2.01]

[—1.35,1.24]
[—2.62,2.51]
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