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Why CPV interesting?

Baryon genesis: why more matter than anti-matter?

Sakharov’s conditions

1. Baryon number violation
2. C and CP violations

3. Departure from the equilibrium



Why CPV interesting?

« Baryon genesis: why more matter than anti-matter?

« Sakharov’s conditions Standard Model
1. Baryon number violation Y
2. Cand CP violations &
3. Departure from the equilibrium &

In SM

« Sphaleron process can lead B violation. But,
« CKM, only CPV source in SM, is not enough

* Higgs mechanism in SM is too smooth



Higgs boson open the door

The discovery of Higgs boson open a new sector

Many BSM, e.g. 2HDM, provide new CP violation sources and

strong phase transition at Higgs sector
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Higgs boson open the door

« The discovery of Higgs boson open a new sector

« Many BSM, e.g. 2HDM, provide new CP violation sources and

strong phase transition at Higgs sector

 LHC Higgs physics program
« Is there CP violation in Higgs coupling

« EW symmetry breaking the 1st or 2nd order phase transition
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Higgs boson open the door

Higgs boson is found a CP-even scalar, as SM prediction

« JP=0* compared with alternative spin-model
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But, mixing between CP-even
and CP-odd is still allowed,
which could lead to CP violation



Indirect constraint

 Low energy experiments, e.g. electron EDM, can constrain

the Higgs CP indirectly

LD —\l’—é (kfff+ ~z‘@fw~,~5f) h

ACME collaboration:
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« But, very model dependent
« Gauge-dependent contributions, UV-divergent diagrams



CP violation in Higgs sector

* General methodology:
« using event topology to build some CP sensitive angle

Higgs coupling to
vector bosons (HVV)

Higgs coupling to fermions f
(Yukawa coupling: Hff) e H

) t

* Via gluon-gluon fusion loop
(not fucus of this talk)



« CP structure in Higgs-Vector boson coupling

« H->ZZ—4l, Vector Boson Fusion (VBF)

 CP structure in Higgs-fermion Yukawa coupling

* Yo quark: ttH, to lepton: H—t't-

This talk only focus some direct searches



Contributions from LHC-China

« CP structure in Higgs-Vector boson coupling

. LZ, 5 R, X% in IHEP: VBF
*  H->ZZ-4l, Vector Boson Fusion (VBF) |, ) ot ATLAS (in progress)

 CP structure in Higgs-fermion Yukawa coupling

LZ: H—t*t at ATLAS (in progress)
* Yo quark: ttH, “to lepton: H—t't-
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Large Hadron Collider (LHC)
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Large Hadron Collider (LHC)

10%4 cm2s-! Luminosity
2835 Bunches/Beam
10" Protons/Bunch
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Large Hadron Collider (LHC)

10%4 cm2s-! Luminosity
2835 Bunches/Beam
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Higgs production at LHC
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Higgs boson decays
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HVV vertex in VBF Higgs production

Study HVV CP in VBF production

Independent from Higgs decay

HISZ EFT basis implemented in HAWK

Use H—tt (H—>yy in progress), assume SM Br

After EW symmetry breaking
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Study HVV CP in VBF production

- Analysis strategy: to constrain d

 Build CP sensitive observable Optimal Observable

« Using ME calculated in HAWK, combining kinematics information
of VBF jets and Higgs into a single observable

M2 = | Msy|? £d -2 Re( My Mcp-odd)+ d? - | Mcp-oddl?

025 7T T T T T
* ) = [ ATLAS Simulation -~
= 5 —SM(d=0
O ZRE(MSMMCP'Odd o C {s=13TeV M@=
—_ c 02—, e d=0.04 —]
opt — o ~ VBF H — 1t
| M |2 3 - d=-0.2
SM 5 - ]
S 0.15— o o ]
-0 ]
0.05F -
0 i ------- - - el EEEE T : 1 - T T R R R R I---I:--I---l-':- -|| uu.‘-'.-'-"""'"'_"
15 -10 5 0 5 10 15

Optimal Observable



H—o1tt: overview

Branching fraction: ~ 6%

3 final states:

Tieptiepr YiepThads Thad'had

23%, ThT,

VBF: tag two forward high pT jets .
 High di-jet invariant mass: m;  yy 77 1usion
 Large separation: An; . 5

HO
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How to detect tau lepton

 Tau lepton
« Heaviest lepton: 1.777 GeV 3-prong T
« Decay length: ct = 87 um '
e ~35%toeoryu,~65% to hadrons 1nt2n0y

1-prong

 Experimental signature
« Tau decay to e or u looks like prompt e or u
* T,44 NAs a narrower energy deposit at calorimeter

19



T.q Identification

* ldentify t,_4 from quark and gluons
* Finite impact parameter of tracks
 Narrow calorimeter energy deposit

« Multi-Variate Analysis to combine all detector information
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Machine learning tau ID

Observable I-prong  3-prong

seed jet

« Multi-Variate Analysis used widely o X :
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H—tt: VBF
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Study HVV CP in VBF production

« VBF events selection
* N 22 and H-tr final states

« BDT to discriminate VBF v.s. backgrounds, not bias OO distribution
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Study HVV CP in VBF production

« Results: 68% Confidence Interval of d
Expected: [-0.035,0.033], Observed: [-0.090,0.035]
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Study HVV CP in H—»ZZ decay

* Generic H — VV (V=W,Z,g,Y) amplitude:

K Vgt + 1) Vg3 . .
dHVV) ~ [a" + m2 e ek + aY Vi frOm g WV frh

(AYY)®

 Forthe V=W,Z we have:
« a,=CP-even couplings (SM-like)
*  a, K4, K,2Y = CP-even anomalous couplings

 a; =CP-odd coupling

 Two approaches to relate ZZ and WW couplings:

qa. L7 _ =a, WW K1WW — Klzz

i

- SU(2) XU(1) - SMEFT



Study HVV CP in H—ZZ decay

« H—4e, 4, 2e2 decays, via ggH, VBF+VH, and ttH

« Matrix element variables (MELA) used to exploit production
and decay information:
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Study HVV CP in H—ZZ decay

* Very rich physics program in CMS results

*  Four production modes explored for CP structure of HVV, Hitt, and
H to gluon effective coupling
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Generic amplitude Interpretation

CMS 137 b7 (13 TeV) CMS 137 b1 (13 TeV)
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EF T interpretation

137 b (13 TeV,
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ATLAS H—-ZZ—4l EFT results

)SM

(4]
T

» Probe CP-odd HVV coupling in @5 anss
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CP structure in Higgs to fermion

Yukawa coupling

All Yukawa couplings are created equal.
By this Author

up charm top o]l
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1/3 d 113 S -1/3 b 0 N . 5
112 112 112 1 ! ¢ LP '? y ‘4‘ B c/ .

down strange bottom photon
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; : : W boson t #) { i V (¢ )
neutrino neutrino neutrino }‘

electron muon tau

31



CP structure in Higgs to fermion

Yukawa coupling

ghzz

{ Log D — hZ,,Z" — Ghww hW ﬁ/*—ﬂ"}

 CP-odd HVV coupling is high dimension operators, usually
arised at one loop, e.g. 2ZHDM prediction:
sin oy 1 sin vy 1

T2z =" B 6x 100 Gev ™V T tanB 5 x 10° GeV

LHC constraint

1
— _10- aJ <
(137 fb—1, CMS PAS HIG-19-009) 9nzz X 3 % 108 GeoV

1

i a <
(HL-LHC, 1902.00134) IhZZ = ¢ 103 GeV
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CP structure in Higgs to fermion

Yukawa coupling

{ £Yuk 2 _? (ﬂf.ff+i'&ff75f)h }

Can be arised at tree level in, e.g. 2HDM
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Study of ttH vertex in H-yy

« Probe CP of top Yukawa coupling
via ttH production

 EFT-inspired Lagrangian

£ = == {y®)lcos(@) + isin(@)rslw, }H

/

Top Yukawa coupling

Phys. Rev. Lett. 125 (2020) 061802

Prediction normalized to SM

-150 -100 -50 0 50 100 150
CP mixing angle o [deg.]



Study of ttH vertex in H-yy

« Two BDTs to categorize events
« ttH signal v.s. background and CP-even v.s. CP-odd
g _,|||||||||
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Study of ttH vertex in H-yy
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CP structure of H—tt coupling

« CP-mixing of Higgs to tau lepton Yukawa coupling

Ly =— Me k. (cos ¢, 7t + sin ¢, Tiys7)h
v

« Spin correlation encoded in the angle between two t decay
planes, and propagated to the tau decay products

dT 2
(H > t517) ~ 1 — 5.5, + RQal™) - 5,5, ~ 1 = —b(EV(E) - cos(hep — 2a7)
dpcp 16




CP structure of H—tt coupling

« Two methods to build the T decay plane
 Impact Parameter method
 Rho method
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Tau decay mode classification

Decay mode Meson resonance B [%]
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Deep NN classification

« Tracks and msused as
input in the Deep Set
neural network

3
1

+Optiona

i conditioning

H

tbased on meta-
H

3 information
:
J

« Efficiency migration matrix
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CP structure of H—tt coupling

arXiv:2110.04836

« Analysis strategy:
« BDT trained against backgrounds, and further categories events

« Simultaneous fit on ¢, to extract the CP mixing angle
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CP structure of H—tt coupling

arXiv:2110.04836
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Theoretical Impact

Search for tth, h—yy:

Search for H-tt:

ILC, 250 GeV, 2ab-1:
angle can be measured
with a 4.3°

precision

CEPC, 250 GeV, 5ab-1:
angle can be measured
with a 2.9° precision

1703.04855 1804.01241

S. Gori’s talk in Higgs Hunting 2021

Type 1

Type2 | @

(139 fb-1,
;S 0.93 ATLAS, 2004.04545;

CMS, 2003.10866)

< 0.73 (137 fb-1, CMS PAS HIG-20-006)

fa=1 fg=5 fg=15
04 / ./ T t e
[ 4 S F o R N
[ \ | 4 A\ e ™\
Dzt \ I'. | \\__ '- (18 _// \.\ A
1 | A L [ \
\ | 1\ | [§ \"'. .
a | | 9 l | I 9 oo : | |
| | | Lo y /
| | Y [ \ X
2| [ | A -azt N\ y |/
-4 \ N\ /_ T s aaa
\ — ’ F
5 04 05 o3 TR h 1 tnfz ERTRT CEREER Ry g T T X TR PR
I.' 7 \‘. '.I T T T
@
| (5]
|11
1 i |
] Y w o : l
i
|
I
| |
(| Y]
& T T T
oo 0203 04
X
43



Other measurements

gg > H > WWx — evuv + 2 jets

a o q
gg
----- H
At '
¢ \RQQQQ QQQOW
Effective Lagrangian ~ glor - -2tz
0 4
§ M 'I'A'Tl_ihé"'l'"'l""l""l""l"'|""|""|""|"'l"'__._observed §
2 5 {5-13Tev,36.1 ft' —| %7 Total unc. 8 2
2 b HowWW e . QQE + g/J1e@st <.>m
= B ggF + 2 jets SR B 99F + Jets >
W - - Il VBF v
10— — Il Other Higgs 1
C I W + jets
- Z + jets
[ Diboson
C 1, Wt 0
5 14F =
& 12F 3 -1
g 1%/)ﬂ/{#&/ﬁﬂ/ﬁ//’/ﬁx//y‘i//&//ff/*//%}‘/ ;+4/§
0.8 =
0.6:_ _:
0 T 2n

>
=e‘

Event fraction

L —a =10, =10(SM)

ATLAS Simulation
0.2

Vs =13 TeV, VBF H » WW*= evuv |
---al_=1.0,ar=0.7 -‘--a,_=1.0,aT=1.3 T
wea =07,a,=10 —a =132=10 -

jAn [ >5.0 -

( cos(@)G,, G + k., sin(@)Gy, G* ’“’) H

=T T T T T T T T T T T T T T T ] _10
= AITLAS i: SM predictitlm -
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« CP violation is one of the most interesting and profound question
in particle physics, where Higgs sector is a new field to look into

« ATLAS and CMS experiments performed an extensive search for
CP in the Higgs coupling to vector bosons and fermions.

 New techniques: decay plane building, Optimal Observable
(Matrix Element method), MVA method widely used in CPV

« Diverse theoretical frameworks: EFT based, Amplitude, etc.
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Study HVV CP in H—-ZZ decay

- Parameterize in terms of cross section fractions, f,

« Forthe V=W.,Z,

)
la; | o a
S 2 2 2 2o o \ay
lai "o+ |ax |70y + |as|" o5 + |k |Top1 + | K7 |7 00 1

« Four fractions: f_,, f 3, A4, and f,,4¥
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arXiv:2109.13808v1

Studies of ggH vertex in H>WW

CP properties of the Higgs boson in the effective Higgs - gluon coupling

C T T T ‘ T T T ‘
. ATLAS Simulation
- Vs=13TeV, ggF H - WW*= evuv

0.15~ —CPeven --CPodd ---CP mixed

* Production mode: ggH
* In the large top quark mass limit: the CP structure of the top-
quark Yukawa coupling is inherited by the effective Higgs - gluon
interaction 0.1

* Assumption: SM-like HVV coupling

Event fraction

ST

* Theoretical framework: EFT with Higgs Characterization 005y b
loop _ gHgg a ~a,puv a ASa,uv \
Li == 2 (cos (@)G ., G +sm@)G G ) 0 5 Sy
A
Effective coupling CP-mixing angle CP -even: k. = 1 COS(a) =1
CP - odd: K =1;cos(a) =0
* Target: constrain the CP-mixing angle a CP - mixed: Ky =1, cos( a)=1/v2

* Sensitive observable: signed-A¢;
Signed difference in ¢ of the leading and subleading jets for events with at least two jets

* Shape sensitive to CP effects

Higgs 2021 Chiara Arcangeletti 10




Events / bin

Data / pred.

T
§
(o)
S

Studies of ggH vertex in H)>WW

Select ggF +2 jets events

BDT to discriminate H->WW signal from the main backgrounds

Build 12 categories in the 2D space BDT vs 47,
* BDT score split: maximize the signal/bkg ratio
*  An, split: separation between different CP hypotheses for A¢;, increase at high 4n,
* Perform a fit on signed-A¢,

O B A T T T e Observed Post - fit distribution of signed-A¢;
§ v Total unc.
Ez 13 T:EV, 361 fb1 - ggF + 2 Jets g [ T ATILA\S T T T T T T T T T T —— Obsewed
104 :'ﬁ? W?V\i’ﬂﬁsel‘:’}!.w [ 9gF + 01 jets o 15— fs=13TeV, 36.1 fis' 7 Total unc.
woos 1 B VBF 5 T ; B goF + 2 jets
1An | range H . S = H— WW™— evuv .
107 0d 10 . 14.02.0] [20.3.0] [B.0) I Other Higgs E - 0gF + 2 jets SR [ ggF + 0/1 jets
Il W + jets “ r _ .
AT o g B Other Higg— Estimated MC
162 [ Diboson N + |15 mmeeep Data - Driven
1, wt [ Z + jets .
—— ggF + 2 jetsx 50 I Diboson » Normalization
10 1 1 i 1 1 1 VBF x50 l:ltt' Wi COnStrain using
U 5 Control Regions
1.2 E L -
iEamsgrb st ,.A_Wi/,};«w..-«w}éy»mw///ig B e a—————
0.8E ¢ 4 g 14F E
0.6 PR A S S TR T S SR ST ST S S S S 5 12 =
2 S ; g S g S ; g (2 2. S ; ; S g S ; '5 S s 1%/%‘/(%/*fﬁrxﬁr‘//(w‘;//y‘iﬁ/y’t‘//;ry‘/*//y‘*‘//yk
v UV VVy VvV oy Vv vy oy Vv vy o 08 E
R RN 06 .
FESSSLE SIS FE SIS S5 0 n on
Vo ranfllor s Yoran Yoo a AD,
2o ccof2Po9c5cc0239cc0 2930 o i
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Studies of ggH vertex in H>WW

* Perform a fit on signed-4¢;
* Two approaches:
* Exploits only shape information: best isolation of CP-dependence

* Lower sensitivity = does not reach 1o confidence level ————

* Both shape and rate are considered: best sensitivity

arXiv:2109.13808v1

P T L L I L L L BN B
3 [ ATLAS ]
Z1.2F 1s=13 Tev, 36.1 b — Expected
o [ Ho Www*— evuv — Observed 7
C nVBFfixed to SM, Kkgq=1 B
0.8 e
0.6]- -
0.4 -
0.2 -

086 a2 0 24 e e
tan(o)

e (Observed sensitivity worse than the expected = signal strength of the ggF + 2 jets process lower then expected:
Xp gn ngt gg Jets p €Xp

¢ Simultaneous fit of the coupling strength scale factors

8\ =T ‘ T T T ‘ T T ‘ T | T T T -\ R ‘ = ] 1 0 J
< -~ ATLAS * SM prediction | —
8 2~{s=13TeV, 36.1 1" * bestfit 170 2
© [ H-> WW*— evuv — 68% CL 1 18 «
g L omcaEEEEEee ----95% CL i
f - _E8 ......"‘a 1 7
1 - ]
B 7 —6
N : .
o 4 Data consistent with SM
B Al . L
[ & N prediction within 1o and
& . the excluded limit
L T i ! K cos(@) vs. K sin(a) at 20
=1 ‘ L 1 L ‘ L 1

peeF*2i = 0.5 + 0.4 (stat)'™7 g ¢ (syst.)
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T T R T A
— Expected
— Observed

= A‘TLASI I ']
FVs=13 TeV, 36.1 b
H —> WW* - evuv
uVEF fixed to SM, Kgq = 1

20

PRI PRI U
4 6 8

tan(o)

tan(a)=0.0 + 0.4 (stat.) £0.3 (syst.)

Chiara Arcangeletti
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Tautau, gamgam, ZZ combination



®* Assuming the ggH loop is dominated by the top quark we

measure f* combining ggH, ttH, andtH

* The cgoand ¢ gparameters are also measured with kK and K

constrained by the ttH(—>ZZ/yy)

ttH contributes ggH contributes
most significantly most significantly

p#Eliminary 138 fb' (13 TeV) CMS Preliminary 138 o' (13 TeV)

—71 r . 1 1 _] 10_|||||||||||||||||||||||_
Floating, [1 + 4l + yy E= 9 Floating, [1 + 4l + yy
____ Observed —— Observed E ® —— Observed
- - - Expected - - - Expected ;" (\II 8] - - - Expected L
F1
7 "
-\ u
E E
6F
5F
4F
3F
2F
=
ot
c
99

4/7/20
d. wmter o%tzom@lmperlal ac.uk
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Assuming the ggH loop is dominated by the top quark we

measure f* combining ggH, ttH, andtH

The ¢, and ¢ ,parameters are also measured with k;and K

g8
constrained by the ttH(—>ZZ/yy)

138 fb" (13 TeV) CMS Preliminary 138 fb" (13 TeV) CMS Preliminary 138 fb" (13 TeV)
: T T I T T T T I T T T T I T T |: [T T T T T T T T T I T T T T I T T T T I ]
£ Floating, tt + 41 + yy E Floating, tt + 41 + yy
—— Observed ] —— Observed
- - - Expected ;’5 - - - Expected
1

CMS Preliminary

16_!!|||||||||||||||||||||||||||||||||||||

T+ 4l +yy
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= =~ = Expected

-20InL

—-20InL

1
=
e
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[/

-0.02 -0.01

0' N
—1 —0.8—0.6—0.4—0.2 0 0.2 0.4 0.6 0.8 1
tht
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