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Matter antimatter asymmetry

Observation: in the universe there is much more matter than antimatter

One of Sakharov conditions for Baryogeneis:
“Violation of Charge Conjugation Parity (CP) symmetry in the nonstationary expansion of the
hot universe”

CP-symmetry means that a process should occur in the same manner for a particle and its
antiparticle (C-symmetry) when its spatial coordinates are inverted (P-symmetry).
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In the Standard Model (SM) CP violation is allowed

It originates form the CKM mixing matrix:
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CP violation in the SM

In the Standard Model (SM) CP violation is allowed

In the decay of neutral K-mesons:

Strong eigenstates: K®) = |ds) & [K®) = |sd)
Decay via weak interaction

Physical states are superposition of KO & K°, but these are not CP
eigenstates

(|K0> ~[K%),  CPIK) =+]|Ky)  "CPeven" CP|nm) = +|rm)  CP even

(|K0> +[K%), CPIK,) = —|K,) "CP odd" CP|rmm) = — |mmm)  CP odd

Sl

For the decay to pions and assuming CP invariance one can find:

CP even: Ki — nmr, Ki A nrm
CP odd: Ky — Ky /A wm



CP violation in the SM

In the Standard Model (SM) CP violation is allowed

In the decay of neutral K-mesons:

CP even: Ky — 7, S v This should lead to very
CP odd: Ky — mrrr K, 74 T different lifetimes
Observation of a long lived and a short lived particle (K, and K,)
which
Ks) = Ky) = —= (K% — [K%)
V2
1
K,) = |K — (IK®) + |KO
Kp) = [Ky) = \/5(\ ) +|K))
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Looking for CP violation

So far not enough to explain the asymmetry observed in the universe: Need to
search for new CP violation sources. There are several ways:

« Quark sector D ch
- Hadron decays, interference and mixing... </ N
« Belle II, LHCb Belle IT

« Neutrino sector &\
« CP symmetry can be violated in neutrino oscillation I 2 K $ -
« Experiments: T2K, Dune... |

\EUTRINO

 Higgs sector: CMS

- CMS and ATLAS ATLAS

EXPERIMENT







« Coupling of the Higgs boson can be read from the Lagrangian:
2 —
Lsv =D, H'D,H+ p*H'H — 5 (HTH)" — (yi; Hipj + h.c.)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
_ h
W 4 g 20z (14 2k~ dond — bt = Emeds (1+F)
/ N P,
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----& 2;Lghv —-—-q -3t & 3iTH ----& —ig
\\ / \"\
N 7

my = v2p = Vv (v = vacuum expectation value)

« Bosons: gauge coupling
 Fermions: Yukawa coupling

In the SM Higgs boson is even under CP inversion



Higgs production and deacy modes

 Depending on the production modes and decays

selected we can study different couplings

« Experimentally very different signatures and

challenges
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LHC Run 1: Discovery of a Higgs Boson | §*

Measure all its properties and interactions — 107"

enormous task

Interaction with bosons well measured in Run 1 102

Interactions with fermions established in Run 1

101

mF v_mv
K Y, or KVT

- ATLAS and CMS
: LHC Run 1

JHEP 08, 045 (2016)
L ! e e t' 1

¢ ATLAS+CMS

--===== SM Higgs boson _
— [M, g] fit ]
[ 68% CL
[ ]95% CL
1 sl Lo gl .
107 1 10 10?

Particle mass [GeV]
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« Run 2 has been very productive measuring the

interaction of the H to fermions:

- Time to check the CP properties of the Higgs

Observation of Higgs couplings to all third-
generation charged fermions

Evidence of H coupling to u

Significant improvements in Hcc coupling
search

Ongoing search for H-ee

Boson!

Measurements still dominated by stats

Higgs coupling parameter

Ratio to SM

—

—
S

CMS-PHO-GEN-2020-002

35.9-137 fb™ (13 TeV)
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= CMS Preliminary wZ @
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my = 125.38 GeV
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https://cds.cern.ch/record/2725728

CP estructure of Higgs coupling

Depending on the decay mode and production mode we can study the coupling to bosons or
fermions:

Hgg ggH production.

HVV
* VH production
« VBF q q g Wiz
« HoZZ -4l
CP-odd contributions enter at high order operators, -- H
Amplitude expansion up to (g4*/A2)
q q
VV 2 | .VV 2
AMHVV) ~ [laf¥ |+ ! ?j\j\:;% T Y1 €31€v7 + “gvf;rgl)f*(z)w + ”gvfﬁél)fﬂ:(zjw
1
Hff g q
« Good handle: ttH, tH and H- 7 m PR o
Ly = — Hx [+ & firs) o,
t

« ggH is purely loop induced process, S,
Bottom quarks — indirect constrain on Htt g q

13



14



How to desigh a CP analysis?

Need to decided which coupling to study:
Hff, HVV, Hgg

Target production mode or decay mode
Make assumptions: What happens to other couplings and branching ratios?

Need to isolate your signal — many times this is very challenging:
Machine learning can help

Look for an observable sensitive to coupling modifications:
« Kinematic information usually sensitive

 In many cases too much information to be handle only with 1 observable:

Machine learning (again) can help
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HVV/Hgg coupling:

 Anomalous H couplings (H - 7 1) CMS-HIG-PAS-20-007
Accpeted PRD

- Anomalous H couplings (H — 41) TR LN el DN Er oL

Hff coupling:

JHEP 06 (2022) 012

« Htt coupling
« Htt coupling (ttH, H- yy) Phys. Rev. Lett. 125, 061801

» Htt coupling (ttH, H- 41) Phys. Rev. D 104 (2021) 052004

+ Htt coupling (ttH, H- multileptons) [NE L I e R

Submltted JHEP
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https://arxiv.org/pdf/2205.05120.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004
https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-21-006-pas-v5.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://link.springer.com/article/10.1007/JHEP06(2022)012

Strategy:

Constrain anomalous HVV, Hgg and Hff (including CP effects)
H-ott

Constrain on effective cross section ratios:

HVV

Assuming custodial and SU(2)xU(1) symmetries:
WW 2 Z7
a|%o
fa3 _ | 3| 3

7715 7
a1 |07 + |ay |20 + |az |05 + |1 [2opq + |K17|20.A,1}(

ggH _ |a3°|? sen ﬁ
=

CMS-HIG-PAS-20-007

sen

as

aq

)
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https://arxiv.org/pdf/2205.05120.pdf

Anomalous couplings to VV (H- 7 1) 11

Strategy: | | CMS-HIG-PAS-20-007
« Constrain anomalous HVV, Hgg and Hff (including CP effects)

e H-o1T

« From the kinematic of the final state several observables can be defined
« correlation of H and two quark jets or leptons

Ag;;: provides good
discrimination (Hgg)
 Many other kinematic
observables -> we need to
select and combine the
most discriminating ones:
« Matrix element likelihood
approach (MELA)

VBF (qq" — qq'H)


https://arxiv.org/pdf/2205.05120.pdf

Anomalous couplings to VV (H- 7 1) 11
Y hannele: et oy and 1,1,

« 3 analysis categories:
« ggH production: O jet
« VBF: at least 2 jet & mjj > 300 GeV (most sensitive to CP)
« Boosted: events that do not enter in the previous ones

CMS 138 b7 (13 TeV)
D 4500 VBF category  —+ Obseruaton
Simulations: 2 a000F. P T H — VB SWH (126)61
- Anomalous VH & VBF production generated with JHUGEN & 3s00f e, mis0
« Anomalous ggH (NLO QCD) using MADGRAPH5 aMC@NLO 3000 T Stat uncertainty
2500F
Backgrounds: 2000k
e DY - 11 1500F
. . 1000F
« Jets identified as v (W+Jets and QCD) ol

Main systematics: s
« Tau identification
« Background modelling

« Jet energy resolution

19


https://arxiv.org/pdf/2205.05120.pdf

Anomalous couplings to VV (H- 7 1) 11
Neural Networks to separate signal and Bkg.

Discriminant to separate signal processes (VBF vs ggH) DVBF
Discriminant dedicated to CP DYEF — SM—0—

. . o . o vBE | pYBE”
Maximum Likelihood fit is performed using the three discriminators M ‘

Events/bin

CMS VBF, 1,7, 138 fb ' (13 TeV)
T L T T T —4— Observation
DYEF ¢ 10.0,0.7] : DYEF ¢ [0.7,1.0]
10° 2Zjet : 2jet - H—tr _
Ve = - S = CcMS 1380 " (13 TeV)
10¢ |3 1 !8 ig, |: Dﬂbkg' — 2w T T T T _
1 S 1 S i 1S | S, [ ]jet—t, mis-ID c : Approach 2, Tt ] (aWW _ aZZ)
) . UJZ ; uz i z ; UJZ ; UJZ D Other ] 18— — Observed — i i
10 = 1o 0 et e =} ot _ ~NosE Expected 3
! : at. uncertainty | . . 9ggH
- | | — ! : -1 Profiling f
e i — qqH-TT (f_=0) . . a3
10 s — * - — qqHoTT (f_=1) E
4 || a3 3 MggH' MQQH
1 . L L B 1 profiled
15 B e - 3
1O ... 0.l e B ST }¢’ g + +*++++ ...... N
05 rrorrrrerrremrennnn + ...................... + ....................................................................................... +.- L .......'.._._T.I....I....-X'I[]:a
N B © QN W © QN W ® O N’ O O N’ O QN B o o [) ' ' 05 1 15 2
?R @ Q@ W @ @ Q@ v @ e @ vwv.Q@ @ @ v @ @ @ v @ @ Q@ = 0- f
I T T T T O T T e - B O TR B S T T e B O T R B a3
o o o o o o o o (w] o o o o o o o (w] o o o o o (w] o

fa3 = 0401533
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https://arxiv.org/pdf/2205.05120.pdf

Events/bin

Obs./Exp.

Anomalous couplings to VV (H - 7 1) III

Hgg:

102 3

Neural Networks to separate signal and Bkg.
Discriminant to separate signal processes (VBF vs ggH)
Discriminant dedicated to CP

Maximum Likelihood fit is performed using the three discriminators

CMS VBF, 1,7, Djg [0.3,0.7] 138 o' (13 TeV)
! ! ! ] —+— Observation
Dunc[0204]  §  Dwecl0406] 1 Dyel0608] | Duwcl08101 | gy, o
: : : []rrbkg.
: |:|jet—>1:h mis-1D
E [ other

Stat. uncertaint

| = ggH-11 {fggH:{

— ggH—TT {fE:H:‘

-2AInL

CMS

CMS-HIG-PAS-20-007

138 b7 (13 TeV)

g =~ o o O
T

1 |||||||||||||‘|l‘.|-‘|-J"rr--|

Observed
Expected

LN I I
MELA method, 1t

Profiling:

fas
ﬂggH' ﬂqu

08-06-04-02 0 02 04 06 08 1
fQQH

.3 = 0.087

0.35
0.08

ad
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https://arxiv.org/pdf/2205.05120.pdf

Anomalous couplings to VWV (H- ZZ) 1

« Anomalous couplings studies in final states
with 4¢
« H-2Z - 4l

Strategy
Production modes: ggF, VBF, VH, ttH, tH

 Parametrization as in previous analysis =
« Full kinematic information is extracted
using discriminants from matrix element %
calculations (using MELA) i
« Bkg vs signal
« Signal production mode
- CP

Several categories:

VBF: 1jet and 2jet

VH: hadronic and leptonic

ttH: hadronic and leptonic—Htt coupling
Untagged

Phys. Rev. D 104 (2021) 052004

CMS 137 b (13 TeV) CMS 137 ' (13 TeV)
T T L) | 1 T T l L} L] T | T T T I L] T 1 T L) T 1 | T L L} L] I 1 T T T I L] T T T

15| - - -

L {data | |ggHSM  HggH-4l " {data | |ggHSM  HggH-4l ]

i 1 20}~ -

i Dzz;zv* DggH 19%=1  VBF-2jet | :DZZJ’ZY* DggH f99"=0.5 VBF-2jet |
10k .ZX I:IH other Dyg>0.2 | _g 151 .ZX D H other Dpig®0-2 ]

i ] 2 er ]

2 | ]
g L

[ ] Q 101 -
; Dod |

_ | [

I t _ 5

i L _ : i
=== ———— | o
0 02 04 06 08 1 ~1 0.5 0 0.5 1

g9 gg
Do- Dep

Simulations:

JHUGEN used to describe kinematic distributions in the
VBF, VH, ttH, tH
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

Results Phys. Rev. D 104 (2021) 052004

Perform multi-dimensional fit to extract parameters sensitive to CP

Constrains on Hgg coupling (production) Constrain in HVV coupling (Decay)
CMS 137 b (13 TeV)
T T L
— Observed - Expected - CMS  wwlusTey)
10 — | — Observed, fix others

— ggH(4)) 10%
g L ---- Expected, fix others

— Observed, float others

-~ Expected, float others

-2AIn L

P NI RTINS
02040608 1

0 .
gH '
fg3 fa3

Best value compatible with SM
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

Anomalous couplings: combination
Results: | CMS-HIG-PAS-20-007

Combining the two decay modes H - ZZ -4l and H > 17
Constrains are improved

@™ = a’”)  pPggn Hqqu Profiled

CMS 138 fb™' (13 TeV) CMS 138 ™" (13 TeV)
-l EEI-'_ """" |""|""|""|""|""_-' - 1D:"I"'I' | I DL B L L I
c - Approach 2, 1t + 4l ] = oF 1T + 4] 3
< 18k —— Observed = < F —— Observed ]
N b ... Expected 3 o 8 L Expected E
B Profiling £99 I :
14 F a3 - - g ]
Excludes pure CP-odd g : s a3 3
scenario 12t 5 £
Hgg at 2.4 o. 0F E E
o ] 4_—9%&____
6F 2 3p
PR T N U B 4 2
25—53%"'1 | _E 12_6%E _____
ﬂ:iﬁlirrliijl_ LL||TTT|T?}(1D- :ll||||i||||||||||~|"i‘-|'J |||||||||||||||:

I D

1 0806-04-02 0 02 04 06 08 1
gH
faﬂ fiS
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https://arxiv.org/pdf/2205.05120.pdf

First measurement of the CP structure of the H-7 Yukawa coupling
ggH, VBF and VH production modes
Channels: t,ty, 7,75, @and 7,7, (70% of decay modes)

Methodology

afi't: effective mixing angle tan(a"'™") =

¢cp : angle between the t decay plane, sensitive to «"'*"

CMS Sim

au.

L)

I
— CP even

== CP mix

JHEP 06 (2022) 012

Hlﬁl

ulation
I\Illll\

- T

— 't

' R A B B B 1
240 300 360
¢ CP(degrees)

L1 | L I I |-
60 120 180


https://link.springer.com/article/10.1007/JHEP06(2022)012

Methodology

a7: effective mixing angle tan(a''™") =

Need to

t, = ptv - iy
p

1
3

p

= |HP%2

T

¢cp : angle between the t decay plane, sensitive to «"'*"

reconstruct the decay, several methods

planes depending on the target decay:
T, = pEvy
h — ﬂiv

T, > eTvy } Impact parameter )
method

Y

+ 0.0

"y = 7570770y Neutral pion method _

more than 1 hadron
"Vortpy sttty ( )
Polatimetric

In principle all, but:
Need to reconstruct well the p; of
the tau in the rest frame of the H

First measurement of the CP structure of the H-7 Yukawa coupling
ggH, VBF and VH production modes
Channels: t,ty, 7,75, @and 7,7, (70% of decay modes)

Combined

JHEP 06 (2022) 012

pcp

9
N
P == > N

26


https://link.springer.com/article/10.1007/JHEP06(2022)012

Htt

Analysis strategy
« Selection: t pair of opposite charge

I1

JHEP 06 (2022) 012

« Main Background:Z/W+Jet and tt — genuine t or misID as t
« Signal vs. Background discrimination using multiclass MVA in each channel

Invariant Higgs ®
masses, . 3
kinematic —> MVA Genuine T i 103
and angular

g Fake T

In order to extract CP information: For
the signal ( ) category

¢cp distribution is used in windows of the 100
MVA discriminant for each of the (13)
decay modes.

Systematic Unc:
Tau misID rate
Hadronic tau energy scale

CMS 137 b~ ! (13 TeV)

variables 9
E—)10°

IIIIIIIIIIIIIIIIIIIIIIIIIIIII
(0.33,045) | (04506) | (0.6,07) (0.7,0.8) 08,09) | (0910 I Observed

I
Bl BestfitH — 77
7T bkg.
Jet = 13
Others
Bkg. unc.
— PSH — 17
— BestfitH — 171

\ Bin number
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https://link.springer.com/article/10.1007/JHEP06(2022)012

—2Alog L

Results

JHEP 06 (2022) 012

Maximum Likelihood fit to all Signal ¢, — MVA distributions and control regions:
g= (Vgng quH)

L(L, i, a"7,6)  with

Two dim limits parametrizing the L as a function of k, and k.. Fixing other k to the SM.
« afl'™™ =(-1+£19)° @68%CL. Dominated by statistical uncertainties.
« Pure CP odd Hzt coupling excluded with 3.00 (2.60 expected)

1o EMS 137 fb~! (13 TeV)
| T T T I T T T T T T | T T T
I — Observed: 7" = —1+19°(68.3% CL)
10 - --- Expected: &llTT = 04+21°(683%CL)
L 99.7%% Z
8F .
6F .
P =2 O N N
.
o
—-90
a7 (degrees)

, CMS 137 fb ! (13 TeV)
1 T T T T T T T T T T T | T T T T

- % Best fit — 68.3%CL ]

[ * SM -- 95.5% CL |

. - 99.7% CL -

1 - —

oL il

1k 8l

i Ki=1,1?i=0Vi7éT:
_2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1

—p —1 0 1 2

Kt

- CMS 137 fb (13 TeV)

— E =T T T T | | T T
i 2 4t Obs. —Bkg pp+np+up+ep—_
: » [ [Bkg.unc ]
d20 8 1z-—o™=0 E
i 5 =90 —— =
Q - —— ]
ol T : i - : ' ]
2 = os |__| |__| ]
q @ F I — .
ol - -
10 am)‘:’ 04 Tt —— ]
< 0of- e

5
0 I 6|0 I12|0I I I11;0I = ‘2t|10| — I360I = I360

0 ¢CP (degrees)
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https://link.springer.com/article/10.1007/JHEP06(2022)012

Phys. Rev. Lett. 125, 061801

CcMS 137 b (13 TeV) cMS 137 fb' (13 TeV
T Y Data | [JfiH(125) '\ ¥ Data [JtiH(125).
Wy +jets (7) + jet Wy +jetslly +jets ]

Wit+yy Wy Wiy ey

ti+jets IV +y tt+jets IV +y 2
i HOther ;

Selection & Event Categorization

2 high pT y+additional jets and leptons.

Two categories:
« Hadronic: O Leptons & > 3 Jet & > 1 btag
« Leptonic: = 1 Lepton & > 1 Jet

a MVA (BDT-bkg) in each category to separate

" 7 stat. Unc. [ Stat. @ Syst. Unc.

signal from bkg. e e e I e s E
. . . . . . BDT-bkg BDT-bkg
O MVA to discriminate CP scenarios using: ‘ o 1571 (13 7o)
« kinematic variables of jets, leptons and diphoton s0f- +f33*a0 O E
F —Igp= . —Observed E
system (but notm, ) o R Tk
- the b-tagging scores of jets £ oo gl
« lepton multiplicity £ D020k Re 081
a0 -
20 ]
100 ]
Gzlj ]

bin 1 bin 2 bin 3 29


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801

Results
12 categories: 2 (BDT-bkg) x 3 (Dy.) x 2 (final state)
Simultaneous ML fit performed using the m,, distribution in the 12 categories to measure fZ*

2 = 0.00 + 0.33
|fP “| < 0.67@ 95%CL

137 o (13Tev)

Background

S/(S + B) Weighted Events / GeV

BOprrrrrrre e
— Stat+Syst
50F Stat only
—140f - SM expected
c .
230 /
N 20?\ //
1 E
361 ]
\ % Lovsslasealosesl

0051152253354455—

M

CMS supplementary
T T T I T T T I T T T

Pure Pseudo Scalar model excluded at 3.20
Cross section in good agreement with SM o8, = 1.56_

137 o (13 TeV)
L B

-2AIn L

110 120 130 140 150

m,, (GeV)

160 170

18

| 99.7% CL

— Observed

95% CL

68% CL

Expected

MR 4N '.,". .......... -

Phys. Rev. Lett. 125, 061801

CP constrain dominated by
statistic uncertainty

Full run 3 lumi will increase
sensitivity
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801

Anomalous couplings studies in final states with 4¢
Targets several channels, in this talk we focus on ttH:

Selection:

Phys. Rev. D 104 (2021)

052004

a) ttH hadronic: >4 jets, a b-tagged jet, and no additional leptons
b) ttH leptonic: At least 1 additional lepton

BDT to discriminate signal form background
BDT (D,.t*H) used to exploit the kinematic information and discriminate CP-even

vs CP-odd scenarios.

Events / bin

] CMS 137 ' (13 Tev)

L L L e
bdata [ s
| [Jzzzr [ i

4'.2){ .Hother tH o

2_ ]

|
% 0.2 0.4 0.6 0.8 1

Events / bin

CMS 137 o' (13 TeV
1 I 1 I | T T | I Ll 1 L) I T I T LI
L {data [ |tHSM  HiHo4l
[ DZZ:'ZT :IttH fai=1 ttH
4 — 1
i .ZX .H other Dpieg>0-2
2t _
—1 0.5 0, 0.5 1
tt
Do.

31


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

Combined with Phys. Rev. D 104 (2021) 052004: Anomalous couplings in final state with 4l

Production modes: ggF, VBF, VH, ttH, tH

Very limited statistics

f., measured profiling:

ﬂuH,uZZH
‘LlVH’,uggH and thEIr‘

CP properties

Parametrization using: x; k;

« Fixing x, K,to SM
. Uggn £291, profiled

« HVV anomalous couplings

not allowed

-2AIn L

CMS

137 o' (13 TeV)

CP-odd Yukawa interaction
excluded at 3.2¢0

10

— ttH(yy)
— ttH(yy+4l)

95% C.L.

T T I T T T T I
— Observed -~

T T T I
Expected

— ttH(4l)

“
Y
hLY
.
~k

CMS

.
.....

137 o' (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

Htt: ttH-multileptons I
| CMS-PAS-HIG-21-006

Selection
« 2lss +0 tau
« 2lIss +1 tau H-WW, 7t

« 31+ 0 tau

Dedicated selection in each category using # Jets and

b-tag to targe ttH decays
« Extend selection with forward jets to include tH

Main Backgrounds oS N
« Non prompt leptons and misidentified taus R T R
. ttZ’ ttW o 104?DRa: ;-«lelsnd. leptons E\(;Vc;'lversmn?
= Wtww) [tz Total unc.
103;_ eee eell

Simulation
« ttH and tH kinematic variations computed

with MADGRAPH5 aMC@NLO

81, 378 (2021

Main uncertainties
« Estimation of the misidentified leptons background

« Differences in signal modelling LO vs NLO

O.5z_‘+++hl _!'Lo'hq‘lr I H' ..‘é+++$+ ) '.“‘#J"i;i
—0.5E n + ¢ E
o5 10152625 30 3540 45
Bin number

P —
——

o

Expectation

Data - Expectation



https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-21-006-pas-v5.pdf
https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x#citeas

Htt: ttH-multileptons I1
Dedicated Iticl NN i h cat to discriminat
Siegl;CaaI gn?;aszsfoundm €acn category to aiscriminate

CP discrimination:

BDT used in each category exploiting kinematical differences
Inputs: momentum of leptons and jets, angular variables, mases, object multiplicities and a
specific tagger targeting hadronic top quark decays.
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-21-006-pas-v5.pdf

Htt: ttH-multileptons III

For the ttH-like category events are classified
according to their score in CP-discriminant

_ CMS 138 ' (13 TeV)
ﬂ 5U ) L] L ] I L] L) T T I L] L ] L] I L T L) L] I ] ] L] L I
S 45 BestFit: x,=0.9, ¥=1.0
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https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-21-006-pas-v5.pdf

Results:

Perform a maximum likelihood fit using:
the three signal regions
2|SS + O Th,ZISS + 1 Th and 3| + O Th

Control regions

Expected

Observed

138 fb' (13 TeV)

Best fit value:
k. = 0.9 &Kk, =1.0

~-§3% CL =——05% CL
ofeSestfit @ SM expected

in good agreement with SM

CMS-PAS-HIG-21-006

-2A InL

fep(Profiling peey)
CMS 138 b’ (13 Tev)

12-IIIIIIIIIIIIIIIIIIIlIIIIlIIIII |
tH, H — Multilepton (Observed)

= == {tH, H — Multilepton (Expected) /

0 01 02 03 04 05 06 07 08 09 1
IFeel

&t = 0.59 within (0.24, 0.81)

at 68% CL .


https://cms.cern.ch/iCMS/analysisadmin/get?analysis=HIG-21-006-pas-v5.pdf

Combining ttH measurements:
« ZZ: Phys. Rev. D 104, 052004

« yy: Phys. Rev. Lett. 125, 061801

« multilepton (WW,t7): CMS-PAS-HIG-21-006

[ JH—>yyzz

MS-PAS-HIG-21-006

1= [CJ H — Muttilepton/yy/izZ

I T 1 T L]
I [ ]H — Multilepton

138 fb™' (13 TeV)
—_——

iC
o
—0_5:—
_ [C168% CL
| e 95% CL
' 4 Bestfit
- 4 SM expected
N | I 1 L ' 1 I ' 1 I I
'1'5-1 05 0 05 1 15
K;

-ZA INL

CMS 138 b (13 TeV)
Y RARAN RARES RARAE LALAS RALLS RAALS RAALS RARLS LAAAE LARE
18 ttH, H —» Multilepton/yy/ZZ (Observed)

16 ttH, H — Multilepton (Observed)
14
12 CMS-PAS-HIG-21-006 —

ﬁ[) 01 02 03 04 05 068 07 038 0O

. fHtt — 0.28 within (-0.55,
0.55) at 68% CL

« |fH%| = 1 excluded with
3.70
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801

Summary

CP violation can be searched in the Higgs sector
Study the coupling of the Higgs with high precision is necessary

LHC data taken during Run 2 allow us to study CP violation in Higgs coupling to
« Vector bosons
 Fermions

Machine learning techniques are used to improve the sensitivity and discriminating
power

Working on the way of improving the observables
Improving object reconstruction would also help
These measurements are statistical dominated, run 3 data will help

Other (more general) approaches as SMEFT also used to check anomalous couplings

Results with run 2 data still coming —» stay tuned!
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Hrr: CP 1

« First measurement of the CP structure of the H-t Yukawa coupling CMS-HIG-PAS-20-006 *

« ggH dominant production mode * Submitted to JHEP
« Channels: 7,1y, 7.15 and 7,7, (70% of decay modes) oMS Simuston _____13TeV
« Leptons allow to investigate the CP nature of the Higgs due to the > oo o Coeten -2+ OP odd ;
spin correlation with their decay products e
MEthOdOIOgy . . 0.087 ~.:’:" e
« Using the parametrization: ol
m_ H . F
Ly =— (K TT + K TiysT) ol
. L K, -
: effective mixing angle tan(a177) = - ol
¢cp . angle between the 7 decay plane, sensitive to v e
0 60 120 1 80 240 300 360
- Several methods to reconstruct the decay bopldogrec)
planes depending on the target decay: , h
. )
Ty ™ purvw T, = etvy } Impact parameter USIHgt v parc
T = v method
T, = ptv - %
T, - aiprv N v Neutral pion method
3 . !
tn = @y 5 1t ply o v - effective m
Polarimetric method 40



https://arxiv.org/abs/2110.04836

Hrr: CP 11

CMS-HIG-PAS-20-006 *

Analysis strategy
- Baseline selection and bkg. estimation as in HIG-19-010 * Submitted to JHEP
« Signal vs. Background discrimination using multiclass MVA in

each channel.

Invariant Higgs :> CMS @ 13777 (13 TeV)
‘E‘) L I T 1T 1771 I L T 1T 1771 I L I L

masses, i 5 (0.33, 0.45) I (0.45, 0.6) | (0.6,0.7) (0.7,0.8) I (0.8,0.9) | (0.9, 1.0) I Observed

kinematic > MVA Genuine T S 103 | ' ! Bl BestfitH — 77

and angular 77 bkg.

variables Fake T - Jet — T,

10? = Others
- Bkg. unc.
. _ L — PSH — 17
 In order to extract CP information: For 107g — BestfitH — 77
the signal ( ) category -

¢cp distribution is used in windows of the
MVA discriminant for each of the (13)
decay modes.

\ Bin number
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https://arxiv.org/abs/2110.04836

—2Alog L

CMS-HIG-PAS-20-006 *

ReSUItS * Submitted to JHEP
Maximum Likelihood fit to all Signal ¢, — MVA distributions and control regions:

L([.:, ﬁ, CEHTT, g) with g= (Vgng quH)

Two dim limits parametrizing the L as a function of k, and k.. Fixing other k to the SM.
« afl'™™ =(-1+£19)° @68%CL. Dominated by statistical uncertainties.
« Pure CP odd Hzt coupling excluded with 3.00 (2.60 expected)

1o EMS | | 137 1;b‘1 (13 TeV) , CMS 137 fb~! (13 TeV) N CMS | | 187 fb (13 TeV)
B I ! ! ! ! ! ! ! ! ! I ! | | LA I S B I B Y L S B B S B ] < Fr T L T T T
i — Observed: &!lT" = ~1+£19°(683%CL) ] % [ # Best fit — 683%CL 7 |1 2 4% Obs.—Bkg. P+ Tp + p + ep =
10k ~-- Bxpected: &HIT = 04£21°(68.3% CL) - [ * SM -- 955%CL | | 2 | [7IBkg. unc g
L 0 7o ] . — 997%CL4 |H20 & 12p—a™=0 E
99.7% C .
T T T T T T T T T T T T T T T T T T T T T T s s s s s e e e e : 1 - = 7] g 1;— OCHTT =090 —— i
8 — i ] S ¢ —— ]
B i B 7] 15 b % 0'8:_ 1 I |_"_—”— I _:
=~ -~ L A eY0] - —— n
6 — — 0 | _ 2 ; 0,6_— . I__I L I__| 7
4 ___________________________ _; B 7] 10 C\|l BJ% 0'4:_ B G N —:
- i | < o0 A
i -1 — - )
R i Kizl,ﬁizovl';é‘r: 0||||6|0‘III12|OIIII1éOIII‘2t|10||||360||||360
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 q) (degrees)
~90 -2 0 cP
-2 -1 0 1 2
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https://arxiv.org/abs/2110.04836

CP model ttH-> ml

POIs: x; and &,

Other k also defined as POlIs (fixed to SM the fit)
Ky, Kp, K Ke, Ky, Ky, Kg

Contribution from signal processes ttH and tH divided:

ttH CP even - «;

ttH CP odd - &,

tH SM - «; and xy

tH CP odd - &2
tH_kv_0_kt_ 1 - x; - (k; — xyp)
tH_kv_1_kt 0 - xy - (ky — k)

For combination: tH process scaled with xsec only using the same parametrization as in HIG-
19-013

BR: fixed to SM in the fit
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In the SM Higgs boson is even under CP inversion.
Measure the CP structure of the Higgs coupling to:
« Gauge bosons
« Fermions

Several strategies, using different:

Production modes Decays
gmmsm g - - 9 q v /
L T A S i '
Do B T | e
) 299200000 g s 9 q v f
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Generic spin-0 HVV
scattering amplitude

Considering gauge invariance

1) When VV=Z2Z, WW, Zy

2) When VV =yy, gg

Sr@lﬂﬂ*[\k

I

A(va) o ﬁ}fV_F ql Ko 3

tree-level
SM-like

\;VZ

K) VV 2

VvV 2
(ATY)
a, 77 = g4 1 WW
custodial symmetr
y y

4 couplings from each term

all * (CP) : SM, where 312,- _

a,”” (CP)
A" (CP)
a”’ (CP)

2 couplings from 3™ and 4" terms

a”” (CP):SM
(o)

J

Doyeong Kim, Kansas State University

Lk
My, €163, + a3

fyu f ;w_i_ vayu J‘c" Juv

Where VV =ZZ, WW, Zy, yy or gg

In total, 15 couplings

- 4 constraint
2L — O WW v 22 _  OWW WW-2
=a, KAL) =r AT

a.
i
Hereafter WW and ZZ superscript will be omitted

- 4 uninteresting couplings
Earlier measurement indicates substantially

tighter limits on az}-}-fz;;’ a, Ty

2 SM-like couplings :

— a_ and azggH

S anomalous couplings are of our interest :

Ly ggH
—a,,a,A A and a,



