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Road of the talk

* The aim:
> general understanding of the mystery of absence of antimatter in the Universe

> review of CP violation results in CMS that could help explain it

Higgs mechanism Baryogenesis

The Universe

CP violation
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Once upon a time...
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Once upon a time...

* the Universe was not like we see it today:
> No people
> No Earth
> No Galaxies

> and it was much much smaller .

The primordial Universe contained both —>
matter and anti-matter .

Energy was converting into matter and
anti-matter which then annihilated to

create again energy P@Sﬂtﬁj@m

This cycle was broken, and the Universe
now is made just of matter

—
—_—

* Where did the anti-matter go?
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The Universe

* Our Universe is now made of matter, forming the baryons and leptons which make up the

baryon density parameter Qph?

atoms and molecules we are made of i

o
b
=

=]
bo
[=>]

* This required an asymmetry between matter and
anti-matter in the primordial Universe

o
ba

4He mass fraction
=)
bo

> Baryon Asymmetry in the Universe (BAU)

> Matter : Antimatter
1°000°000°001 : 1°000°000°000

* More specifically, the asymmetry is encoded in
the ratio of baryons over photons in the Universe

* From the cosmic microwave background this is

n= (nB_nB) _ Np relic ~6x10"1

10—10 L
10710

Eur. Phys. J. A 57, 128 (2021 )parvon-to-photon ratio = ny/n,
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https://doi.org/10.1140/epja/s10050-021-00421-y

Evolution of the Universe

W/
VZ

* The cosmic microwave background originated when the Universe cooled off enough that the photons

were free to propagate

100 s
|

10% 1.3 x10'%
|

> Epoch or recombination: formation of atoms
* Going backward in time particle density and temperature increase: .,
> formation of nuclei

> cosmic neutrino background

-y
N

| Decoupling
of Wand Z
- bosons

> the baryon-antibaryon annihilation - the matter asymmetry
should have been present before this moment

(e2]

log (Temperature / K)

* Sakharov theorized 3 conditions necessary for a
CPT conserving theory to explain the BAU:

> Baryon number violation: generate asymmetry in a symmetric Universe

|

Baryon-
antibaryon
annihilation

Electron- ~ Radiation
positron dominated & dominated

Matter

annihilation

Recombination

Epoch of

The Present

> C and CP violation: asymmetric interaction to remove antimatter %16 6 -4
> Deviation from thermal equilibrium: to prevent reverting to a symmetric state

* Is there a theory that satisfies all 3 conditions?
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* Successful theory predicting the behavior of matter constituents (fermions)

* Interactions mediated by gauge bosons, gravity not included

* Relevant symmetries:
Standard Model of Elementary Particles

three generations of matter three generations of antimatter 7\ interactions / force carriers > Gauge SU(3)C ® SU(2)L ® U( ]_)Y

(elementary fermions) (elementary antifermions) (elementary bosons)
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4 * The decoupling of the weak and
~ electromagnetic forces is a key moment
in the history of the Universe
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* The gauge invariance of the SM would prevent mass terms for the vector bosons and the fermions
* The Higgs boson was introduced to softly break the electroweak symmetry and give mass to the particles

- EWSB: SU(2), ® U(1), — U(1)

> Gauge bosons gain mass directly through Higgs kinetic term 4[

This costs too much
2 92 9 2 2 energy! | think I'll
¢ hang out down there,
v'g v} (g° +47)
LmWZ = (TWJLWH—I— g ZMZLL

> Fermions gain mass via Yukawa coupling

L =-— an(lzLTDR + TZRT/JL)J— %(TELHZDR +YrHYL)

A o
~

coupling of the Higgs to fermions

fermionic mass term

* Fermions form the matter our Universe is made of — Look for CP violation in the Higgs sector
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* At the LHC the main way to produce the g TUTT00)
Higgs boson is via gluon-gluon fusion

* Production via vector boson fusion, t,b
Higgs-strahlung and in association with
top or bottom quarks are rarer § 000000

Higgs decays at m«=125GeV * The Higgs boson is not stable and decays immediately

* It can decay directly to W and Z bosons, and to all fermions
via Yukawa coupling

* Via intermediate fermion or boson loop it can also decay to

photons and gluons
f
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CP violation

* Weak interactions massively violates C and P symmetries, it also violates CP:
K, oscillation — K, and K, decays — Cronin and Fitch in the 60s

-
- N,

K * The most notable violation of C, P and CP in
0 the SM comes from flavor changing currents

in the weak interaction

* CP violation located in the complex phase in

the Cabibbo-Kobayashi-Maskawa matrix

* The matrix was introduced to describe the
quark mixing in the weak interaction
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* The quark mixing and the quark masses have a common origin: the Yukawa interaction

* The Higgs boson gives mass to the particles and defines the fermion generations

_ _ ()
° Ly = —ZGij( Ur Dip ) - ( _qb b U; —» Yukawa for up-type quarks
ij

e

_ Z Hy (U Diz)- ( ¢ ) Dir+Hec ———» Yukawa for down-type quarks
ij

Cbo
with the indices i,j running over the quark generations
* After EWSB the quarks acquire mass via the Higgs vacuum expectation value
° [-"m = — Z UiLm?jUjR - Z Dz’ngDjR + H.c.
17 1]

 No theoretical requirement for the m, matrices to be diagonal but the SM Lagrangian is

invariant under unitarity transformations
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The CKM matrix .

* We can multiply all fields by unitary matrices and redefine the quark fields to diagonalie
the mass matrices

1
V2
1
V2
* Cannot diagonalize both mass matrices at once — diagonalize one mass matrix and
redefines the fields for either up or down type quarks

G;‘j’U = AgmUAgT

* The lightest quarks are u, d and s — the quark mixing was observed for kaon decays
between the d and s quarks — the mass term diagonalized is the one for up-type quarks

1 —
. L U Ly | . 5 u
VCKM T AL (AL ) » ul = ( 2 ) ( Vudd == VusS = %bb )
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CP violation in the SM

The CKM matrix is unitary but is not required to be Real - it can have a complex phase leading to
direct CP violation in the electroweak sector

—is
Via Ve C12C13 $12€13 S13€

is is
Vea Vs —812C923 — C12523513€ C12C23 — S12893513€ S23C13
‘/td l/ts

id ié
512523 — C12€23513€ —C12523 — 5120€23513€ C23C13

The complex phase 6 = 1.196 + 0.045 [rad] is the main source of CP violation allowed in the SM

The strong interaction does not seem to violate CP experimentally... however in QCD CP-violating
terms can arise leading to the question of why no signs of CP violation have been observed

Another source of CP violation could* be found in the neutrino oscillation if the PMNS matrix
presents a complex phase

*there is no experimental consensus on a CP-violating phase in the PMNS matrix
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The CP-phase in the PMNS matrix is investigated studying the neutrino oscillation process

Most precise results at hand from the NOvA and the T2K experiments

The measurement constrains the CP-phase together with the mass differences between the neutrino
mass states

At present the two experiments prefer different CP-phases in the normal mass ordering (NO), and
maximum CP violation 07 e e —

in the inverted mass — NOVA Only Bayesian Cred. Int.
. — T2K Only With reactor constraint
ordering (10) ;

10 Conditional
Bayesian Cred. Int.
With reactor constraint

Areurii[aid M7 L-VAON

Plots from

J.P. Ochoa Ricoux's talk
at ICHEP2024
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https://indico.cern.ch/event/1291157/contributions/5958323/
https://indico.cern.ch/event/1291157/contributions/5958323/

EW baryogenesis — B violation

* The main source of CP violation in the SM comes from the EW sector and is linked to the Higgs boson

* What about the other 2 Sakharov’s conditions?
> Baryon number violation — is there baryon number violation in the SM?

* In the SM the baryon (B) and lepton (L) number are conserved only via accidental symmetries — there are no
gauge invariant operators of dim 4 that violate them

* Anomalies appear at triangular loop level due to the chiral structure of the SM — Adler, Bell and Jackiw

(ABJ) anomalies 5
k k,

1 1 ~
— 4+ - —— ) Y*Y,
979 18) 8 o
N Violation of baryon and lepton

number violation at loop level

1 -
—) YY, 4.
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Sphalerons

« U(1), and U(1), are broken at quantum level, as is B+L, however B-L is preserved
Dﬂ% .B el Dﬂ% .'6 =
> G“JEJFL = S—ﬂNgY“ Y T NgW. " Wiag
> a'u, JE—L — D .

* At low temperatures the B violation is low, but at high temperature it can proceed via sphaleron

production v

F. R. Klinkhamer and N. S. Manton Phys. Rev. D 30, 2212

> A Sphaleron — from Greek X@aiepog ready to fall —
is a static, but unstable, solution for the electroweak theory

> It allows the transition between distinct EW vacuum states
(different baryon or lepton number)

> E , ~8n v(T)/g,, — the energy is proportional to the

vacuum expectation value of the Higgs field

0 1 2 EW vacua

M. Dine (2016). Supersymmetry and String Theory
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.2212
https://www.cambridge.org/core/books/supersymmetry-and-string-theory/FD183F56066D0E8256B16B4D9400FC74

Electroweak phase transition

* The last condition necessary for matter-antimatter asymmetry to occur is that the CP violating
interactions take place out of thermal equilibrium

* We need a phase transition: an interaction outside of thermal equilibrium

* The electroweak symmetry breaking provides
the appropriate conditions

* The Higgs potential in the present has the This costs too much

usual sombrero shape you are familiar with energy! | think Il
hang out down there.
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Electroweak phase transition

The last condition necessary for matter-antimatter asymmetry to occur is that the CP violating
interactions take place out of thermal equilibrium

We need a phase transition: an interaction outside of thermal equilibrium

The electroweak symmetry breaking provides V((D)A | T>>T,

the appropriate conditions

The Higgs potential in the present has the
usual sombrero shape you are familiar with

The electroweak phase transition started at
T<T_— when the the absolute minima of the

system became |CI)|2 >0

> 1%t order PT: the system goes to the absolute
minima via tunnelling
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1% order PT: the system goes to the absolute 2" order PT: there is no energy barrier and
minima via tunnelling the system goes to the minimum smoothly

| T>>T, | T>>T,
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Higgs bubbles



https://giphy.com/gifs/trippy-bubbles-hypnotic-XBKUlCdt4q68K0zUfd

Higgs bubbles

* Like when boiling water, the entire Universe did not reach EWPT instantaneously everywhere

* The transition happened along expanding bubbles where the EW symmetry breaks
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https://iopscience.iop.org/article/10.1088/1475-7516/2021/04/014

Higgs bubbles

* Like when boiling water, the entire Universe did not reach EWPT instantaneously everywhere

* The transition happened along expanding bubbles where the EW symmetry breaks
* Along the bubble walls — transition from the symmetric state to the broken EW one

* Fields on the bubble walls are highly out of equilibrium - satisfy the 3" Sakharov’s condition

-.\.‘-..‘ EW symm_é_tr&
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https://iopscience.iop.org/article/10.1088/1475-7516/2021/04/014

The SM Higgs and the EWPT

* B violating processes have different rates in the EW symmetric or broken phases

> In the unbroken phase T is high enough to have a continuous sphaleron production — B-L is

preserved but the rate of B violating processes is high

Nucl.Phys. B443 (1995) 47
Phys. Rev. Lett. 77, 2887

> At the wall they are Boltzmann suppressed

> In the broken phase they are exponentially suppressed |

* To have baryon asymmetry inside the bubble Lst Order

and freeze it, the sphaleron processes need to shut th
. ferok SMOO0
down quickly andiorder crossover

— require a strong 1 order phase transition

* Problem: this would require a Higgs of mass < 80 Ge’

> The SM provides the conditions for generating some

baryon asymmetry but not enough for the observed BAU
Andrea Cardini — CP violation and BAU



https://arxiv.org/abs/hep-ph/9411334
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.2887

* To explain the BAU we need either

> More Higgs bosons - » extra Higgs doublets/singlets, SUSY, etc.

} Not mutually exclusive
> More sources of CP violation — » today’s topic

* As the Higgs boson is intrinsically linked to the SM contributions to the baryogenesis it is a good
candidate to look for additional CPV N o S

— SM prediction

T TTTIT

* What do we know about the Higgs boson now?

> Discovery announced in 2012 by the ATLAS and CMS
experiments — over 10 years ago o,

3 Leptons Quarks
L= [0 (<] - [
Force carriers  Higgs boson

[« ]
Lol Lol L

A S z
IIIIIII| T IIIIlIll T IlllllTl
\

> Established couplings to 3" generation fermions

-
i

L _IIII T
(9]

> Coupling to W and Z well studied since Run 1

> More recently studied are decays to muons and charin quarks, & 1of l ; { ii i

| |

III1I()_1 1 | II;00 1 1 11 II;01 1 1 1 10
Nature 607, 52-59 (2022) Particle mass (GeV)
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https://www.nature.com/articles/s41586-022-04893-w

CP violation in the Higgs sector

* Higgs boson predicted to have spin-parity 0° — direct coupling to Z and W bosons
* CP violation in the Higgs sector:

= HVV couplings (V= Z,W bosons)

- studied in 4 lepton final state / VBF production
Phys. Rev. D 104 (2021) 052004 Phys. Rev. D 108 (2023) 032013

CMS Vs=7TeV,L=5115" \s=8TeV,L=19.7 5’

_IIII|IIII|IIII|IIII|IIII|IIII+

" Run 1

— CMS data

Pure CP odd excluded
already with Run 1 data —
search for anomalous couplings

pseudo experiments

> Yukawa coupling of Higgs to fermions

* gg - H +jets: effective Higgs-gluon coupling via top quark loop
- Phys. Rev. D 104 (2021) 052004

* gg - ttH: direct Yukawa coupling of Higgs to top quarks

~ JHEP 07 (2023) 092 -10 10 20 30

 H - tt decays: exploit spin correlation between tau leptons and their -2xIn(C /L)

decay products . Rev. D 89 (2014), 092007
- JHEP 06 (2022) 012

A
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http://dx.doi.org/10.1103/PhysRevD.104.052004
https://link.springer.com/article/10.1007/JHEP07(2023)092
https://link.springer.com/article/10.1007/JHEP06(2022)012
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1103/PhysRevD.104.052004
https://doi.org/10.1103/PhysRevD.108.032013

CP violation in HVV (and ggH)

* Investigating CP violation in HVV couplings with an EFT approach

= Amplitude for Higgs coupling to two spin 1 particles (VV=WW, ZZ, Zy, vy, gg etc.) with operators up to
dimension 6

Tree level CP-even coupling (=0 if absent in SM) CP-even anomalous higher order couplings

A R A A A TR i | B
(A}/V)Q (AEV)Q my,Ey1€yo

> A (HVV) ~ +

*(1) £x(2)pv VV]ex(1) gx(2)pv
-+ f v f + as f v f ) \
CP-even anomalous coupling CP-o0dd anomalous coupling O’( a;= 1 i3 = )

fa3: Zi O'l

> Effect on cross-section parametrized as the fractional contribution/
of the anomalous coupling to the total cross-section

* Theoretical approach includes also Hyy and Hgg with tree level coupling being set to 0
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* Higgs direct and effective couplings to vector
bosons studied both in production and decay

* Decay:

> Target process: H—- VV - 4 leptons
> Uses kinematics of leptons in the final state

* Production:

> Target process: Vector Boson Fusion (VBF)

> Higgs CP nature affects kinematics of jets
from the initial state

> Studied in Higgs decays to tt, 4 leptons and yy
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http://dx.doi.org/10.1103/PhysRevD.104.052004

CP violation in H - 4 leptons

* Higgs decays to 4 leptons were used already in the Higgs discovery

Phys. Rev. D 104 (2021) 052004

* Excellent handle to measure Higgs properties: mass, spin, width, and CP properties
> Used in Run 1 to exclude pure pseudoscalar HVV coupling and investigate

other spin hypotheses

CMS

Phys. Rev. D 89 (2014) 092007

\s=7TeV,L=5.11b1s=8TeV,L=19.7 ft'

-@- CMSdata - - - Median expected ] ; i :
[ WMo WS- S D R““ 1
[0+ 20 - : : : : s .
0"+30 S

-2In(L, I2,)
[o2]
[ =

ﬁhﬁnﬁhﬁﬁﬁﬁﬁ

0 o0 T Tt T 2:,, 2 2;, 2 2 2
any any qg—X any qG—=X any gg—X qG—X any gg—X gg—X gg—X

> Analysis with full Run 2 also targets interference terms of anomalous
couplings with other hypothesis using MVA classifiers

Pint (Q)
(Q) Pa ()
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http://dx.doi.org/10.1016/j.physletb.2020.135425
http://dx.doi.org/10.1103/PhysRevLett.110.081803
http://dx.doi.org/10.1103/PhysRevD.92.072010
http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1103/PhysRevD.89.092007

* Constraints expressed in several scenarios based on the possible symmetries imposed on the couplings:

> Approach 1: a:NW = aizz

Phys. Rev. D 104 (2021) 052004 = Approach 2: SU(2) x U(1) symmetry CMS 137 b (13 TeV)

CMS 137 fb' (13 TeV) 20 . . S 'Illllv‘,lll S
proacn1 . Uai . © The 4 lepton final state is also used | ~ Observed, fixothers

St fit . ---- Expected, fix others

5L to target Hgg and Htt couplings

s C

TTT

— Observed, float others

---- Expected, float others

137 b (13 TeV)
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-0.8

|||||||||I[[|||||||||||||||||
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0.2 04 06 08 1
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http://dx.doi.org/10.1103/PhysRevD.104.052004

* Off-shell Higgs production can provide additional sensitivity to anomalous couplings

- CP-odd anomalous coupling constrained between [-4.6,11] x 10 at 95% CL

do/dm,, [fb/20 GeV]

[
Q
IS

10°F

E LHC, 13 Tev
[ JHUGen+MCFM+HNNLO

16
14
12

anomalous coupling

1 | | | | 1
200 400

m,, [GeV]

Phys.Rev.D102(2020)056022

(@)
=
(7]

U
I—
~

T

Observed — I'y=4.1 MeV _

<140 fb' (13 TeV)
T T T T I 1]

T T |

Expected — I'y, (u) |
— On-shell 4l

||?||||\||‘||||||||

Nat. Phys. 18, 1329-1334 (2022)
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https://www.nature.com/articles/s41567-022-01682-0
https://doi.org/10.1103/PhysRevD.102.056022

* H - 4 leptons also studied differentially

* Differential measurement performed with respect to angular variables, Higgs momentum,
and accompanying jet pT — sensitivity to loop correction and BSM operators

Inclusive fiducial cross-section

138 fb! (13 TeV) 5.1 fb" (7TeV) 19.7 b’ (8TeV) 138fb (13 TeV)
| | | 1 —~~ IIII|IIII| IIIIIIIIIIII I IIIIIIIIIIIIIIII IIIII

Constrained ZZ background normalisation 1 — C M S —
[} Data (stat. @ sys. unc.) 1 i

— Systematic uncertainty R i - ¥ LHCRun1data (stat ® syst)

NN gg—H (amcatnloFXFX + JHUGen + Pythia) + XH r

NN ggoH (NNLOPS + JHUGen + Pythia) + XH ] r ¢ LHC Run 2 data (stat @ syst)
$44444444%  9g—H (POWHEG + JHUGen + Pythia) + XH 1 L Systematic Unaartaint
XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia) B Y y

(LHCHWG YR4, m =125.38 GeV) 4 I ?\\\\\R\% Standard model (minloHJ, m, = 125.00 GeV)
1 [ s Standard model (NNLOPS, m,, = 125.38 GeV)

=
W

\\‘3‘?‘\&5

T‘ pp = (H—=4l)+X

b b b b b b b b by a i

6 7 8 9 10 11 12 13 14
(s (TeV)
JHEP2023,40(2023)

Ratio to NNLOPS
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https://doi.org/10.1007/JHEP08(2023)040

* The increased sensitivity allows to constrain better CP-violating terms and validate our

current theoretical understanding
CMS 138 fb” (13 TeV) oM o 13B3Tey) CMS 138 fb” (13 TeV)

i I I I I | I SRR PERRT RSN L2 LA B LR RS ER S RS R
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Systematic uncertainty
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* All differential distributions agree with the
latest SM predictions

Ratio to NNLOPS
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combination with H - 4l for the search of CP violation in production

> When studying Higgs CP in production the H - tt vertex is kept SM-like

> The azimuthal angle between jets coming from the initial state offers
sensitivity to the Higgs CP quantum number

Phys. Rev. D 108 (2023) 032013

VBF high-m_boosted, 1,7, 138 b (13 TeV)
L] + ” + L] CMS
T

I 80<m,<100GeV  : 100<m,<115GeV i 115<m,<150GeV i 150 <m,<200GeV < —— Observation

138 fb" (13 TeV)

rrprrrryrrrryrTTTr T T T T
. 5 Approach 2, tt + 4l

-H—YCT (Best flt) o — Observed

4 , : J [ e bkg. F Expected

| Uncertainty
— ggH-1r (122°=0)
— ggH-re ((9'=1)

24

ST
-15 -1 -05 O

Bin number
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https://doi.org/10.1103/PhysRevD.108.032013

* Higgs Yukawa interaction can be parametrized as follows:

my — g B
“ Ly = —waf(Kf + iy Ry) Hiy

> Higgs direct coupling to top quarks investigated in ttH and tH production

* CP-odd anomalous coupling affects top quark(s) kinematics

* Investigated with MVA techniques
> Higgs coupling to T leptons investigated in decays via T spin correlation

* CP mixing encoded in o™ :
- Kip S cos(ocH“') |
~ R =P sin(ocHTT> nggs rest

* Mixing angle can be accessed via the angle between frame

T decay planes

Universe 2022, 8(5), 256
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https://doi.org/10.3390/universe8050256

Lepton Flavor Violation

* Beyond the coupling to top quarks and tau leptons we also look for lepton flavor violation

> Lepton flavor is conserved — the Yukawa matrix is diagonal wrt lepton generations
* In analogy with the CKM matrix we can look for CP

violation also by studying off-diagonal elements of
the lepton Yukawa matrix

CMS __138fb~' (13 TeV)

— T
ggH category ]
B Diboson M QCD multijet 7, Cross sec. @ stat. unc. |
t Bl DY+jets —+ Hoep (B=0.2%)
VBF W/Z+jets, QCD W+jets, ¢ Data 1

H /WW 1

Events / GeV

> A search for H - ep decays can hint towards sources
of new physics

> Search performed in mass window 110< m, <160 GeV

> Analysis exploits BDT to improve S/B ratio in two signal
categories: ggH and VBF

IR
D000k,

Phys. Rev. D 108, 072004 . o T 10 o 1% 10 1o

Mey [GeV]

Andrea Cardini — CP violation and BAU


https://doi.org/10.1103/PhysRevD.108.072004

H - ep LFV decays

¢ Constraints on the H — ep branching fraction determined for SM-like H(125) and more
generally for generic scalar particle X of mass between 110 and 160 GeV
> First direct search for ep resonance in chosen mass range

* Observed (expected) limit on B(H — ep) < 4.4 (4.7) x 10™ at 95% for a SM-like Higgs

* The X - ep search presents a local (global) excess of 3.8c
(2.80) for the 146 GeV mass point oys

ggHcat0

CMS 138 fo (13 TeV)
o3 86 local

E 95% CL limits
— excess

—e— Observed

- Expected + 16

Expected * 20

138 b (13 TeV)
——

L I | B ) B

* The best fit signal for this e —

ggHcat1

mass point has a cross- S Sa o
section of 3.89+1.25 fb AT < Expocted 20

* Observed

. ggHcat3
* More data is needed to 1054 (7.12) x 104
VBFcat0

investigate this excess 208 (1.72)x 10"

VBFcat1
3.96 (3.27) x 10°*

Combined
0.44 (0.47) x 10*

95% GL limit on o(pp — X — ew) [fb]

11 Ll [ el el | i i Ll ||II|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII
0 é Lll é é 1|0 1|2 1L1 1010 115 120 125 130 135 140 145 150 155 160
95% CL limit on B(H — epn) [x 107] Phys. Rev. D 108, 072004 m, [GeV]
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138 fb-1 (1 3 TeV) 138 fb-1 (13 TeV) ° H' 3 3

iggs couplings are proportional to th
C[JH- Multileptor{ : ' ‘ 0 . ‘ S0 68 piing prop alto the
F [CIH > yvizz

— [JH — Multilepton/yy/zZ

~—68% CL =—95% CL

4 Sost it 4 M oxpecte 45 é mass — enhanced coupling with the top
@ quark - target ttH and tH production

35
w ° Htt coupling CP structure was probed in

25 the H- WW, tt (multilepton) yy and ZZ
. decays

Phys. Rev. D 104 (2021) 052004
CMS 137 6" (13 TeV) . 10

15

[68%CL
+ Bestfit
¢ SM expected

I TS ST RN
-0.5 0

IIII|I!II|IIII|IIII|IIII|IIII|

IIlI|IlII|IIII|IIII|II

JHEP 07 (2023) 092

0

* Top quark loop has leading contribution to ggH effective coupling &
— simultaneous fit of CP-odd contribution ggH and ttH
production

|

- NN W s~ OO N O ©

> Combination performed under hypothesis that ggH loop is
dominated by top quark

o

Andrea Cardini — CP violation and BAU


http://dx.doi.org/10.1103/PhysRevD.104.052004
https://link.springer.com/article/10.1007/JHEP07(2023)092

* The cross section of the H - 1t decay acquires a sinusoidal
dependence on the azymuthal angle spanned between the

two T polarimeters
Universe 2022, 8(5), 256

do
oc const — coS(Pep—2 P ) A
d cpCP ' CMS Simulation 13 TeV

IIII|IIII|I|IIII\I|III\|III|

= CP even

* CP mixing appears as a phase-shift in the distribution

* Measuring the Higgs CP mixing angle requires accessing the
azymuthal difference between the polarimetric vectors

* This angle can be generalized to the angle between the s
T decay planes, an acoplanarity angle [ 2% =g P >33 GeV

llllllllllliI|Illl|llll||lll

0 60 120 180 240 300 360
JHEP 06 (2022) 012 ¢ ., (degrees)
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https://link.springer.com/article/10.1007/JHEP06(2022)012
https://doi.org/10.3390/universe8050256

Input features

CMS 1o 137 b1 (13 TeV)
T T T T T T I T T T T I T T T T

oS Simuaton 13T 03089 | 0800 | Woin | 07,09

= CP even ammm : 1 1
= CP mix

2gHr
<—

(0.8,0.9)

(0.9,1.0)

I

! Observed

: Best fit H — t7
1

1

[
1
1 1
1 1
1 1
7T bkg.
Jet = 1
Others
Bkg. unc.
PSH — 1
BestfitH — tT

i 17+1:'|_> :rc“‘n]' | | p:_>33 GeV ]

0"HGOHII120HKI18(;III24d“é(1JOIIIICiGC
¢CP(degrees)

* Modulation of the differential cross-section

can be used to probe the CP mixing angle
Andrea Cardini — CP violation and BAU
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https://link.springer.com/article/10.1007/JHEP06(2022)012
http://dx.doi.org/10.3204/PUBDB-2021-03550

CP-even/odd couplings

CMS 137 fb~! (13 TeV) * CP mixing angle:

T 1 T 1 I LI T 1 I T 1 T 1T T LI | T

# Best fit — 68.3% CL ]
* SM == 0557501
= 99.7% CL -

aHTT = —1 419 (stat) & 1 (syst) & 2 (bin-by-bin) & 1 (theo)°
CMS 137 b (13 TeV)
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* Couplings consistent with SM hypothesis at 68% CL

o
o

IJLIIIlIIIlII|[I]|III|III|III

> Observed (exp.) exclusion of pure CP-odd

hypothesis significance = 3.00 (2.60) 0., (degrees)
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https://link.springer.com/article/10.1007/JHEP06(2022)012

CP-even/odd couplings

137fb ' (13Tev) * Interesting for MSSM interpretation to test CP

T 1 T 1 I T T T 1T I T 1 T 1T T 1 T 1

" & Best fit — 68.3%CL ] mixing angle of 7° — good target for future

[ # SM -- 955% CL |
i ~ o] measurement

(cr, &r) free

f—— LHC 0% CL :
| — ¢EDM 90% CL !
S ygl.-\fryghm

1.5

i Ki:1,ﬁi:0Vi7éT
1 ] 11 I 1 1 1 1 | 1 1 1 ] | 1 1 1 ] 0

B L L JHEP 06 (2022) 012

11 1 1 I | I I | I 11 1 1 I

Kt

* Couplings consistent with SM hypothesis at 68% Cl

> Observed (exp.) exclusion of pure CP-odd N SO DU U T
hypothesis significance = 3.00 (2.60) —15 —1.0 —-05 0.0

c
Eur. Phys. J. C 82, 604 (2022) "
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https://link.springer.com/article/10.1007/JHEP06(2022)012
https://link.springer.com/article/10.1140/epjc/s10052-022-10528-1

Summary and prospects

Higgs boson couplings have been investigated looking for CP-odd contributions which could help

explaining the baryon asymmetry in the Universe

CMS Supplementary
e

Projection (13 TeV)
—

Exclusion limits for pure CP-odd Higgs couplings: :

> HVV couplings: |f .| < O(107) at 95% CL in
combination with off-shell production

Htt

> Hitt: |f5|<0.55 at 68% CL
= Hrtt: tan (a"™) < 0.36 at 68% CL

All analyses exclude pure CP-odd hypothesis and
agree with SM prediction

LI B e LA

—0+21 .

—— 137f0": 00

T

exp.
T

exp.

——300f0": 0" =0+14

—— 3000 fb": Gl =0+5

JHEP 06 (2022)012

Studies are continuing in Run 3 and we will hopefully
get new results about CP violation

Andrea Cardini — CP violation and BAU
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https://link.springer.com/article/10.1007/JHEP06(2022)012
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