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The measurement of the Higgs
boson in 2012 is considered
one of the most significant
achievements in particle
physics.

Subsequent measurements
have consistently corroborated
the Higgs couplings as
predicted by the SM.

Nevertheless, ongoing studies
at the LHC are still probing the
Higgs properties...

A portrait of the

boson by the CMS experiment ten
after the discovery. Nature 607,
(2022). https://doi.org/10.1038/

s41586-022-04892-x.



The H — Zy decay

PHYSICAL REVIEW LETTERS 132, 021803 (2024)

Evidence for the Higgs Boson Decay to a Z Boson and a Photon at the LHC

G. Aad et al.”
(ATLAS and CMS Collaborations)

® (Received 8 September 2023; accepted 27 November 2023; published 11 January 2024)

The first evidence for the Higgs boson decay to a Z boson and a photon is presented, with a statistical
significance of 3.4 standard deviations. The result is derived from a combined analysis of the searches
performed by the ATLAS and CMS Collaborations with proton-proton collision datasets collected at the

CERN Large Hadron Collider (LHC) from 2015 to 2018. These correspond to integrated luminosities of
around 140 fb~! for each experiment, at a center-of-mass energy of 13 TeV. The measured signal yield is
2.2 0.7 times the standard _model predlcuon and agrees with the theoretics expectation within 1.
Standard deviatons. '

DOI: 10.1103/PhysRevLett.132.021803



The H — Zy decay

The signal strength is defined as
Ly

o B
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o Gl- IS the cross-section of the Higgs production

/
¢ % / is the branching ratio of the H — Zy decay
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The H — Zy decay

The signal strength is defined as
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 Possibilities of new physics
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o Gl- Is the cross-section of the Higgs production

/
¢ % / is the branching ratio of the H — Zy decay



The H — Zy decay

The signal strength is defined as

o B
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Where is the new physicsT?_sﬂ

/
¢ % / is the branching ratio of the H — Zy decay
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The H — Zy decay

The Higgs production is well measured and agrees with the SM prediction through a top
quark loop in gluon fusion.
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Therefore, the new physics can only arise from the H — Zy decay:

A lot of models trying to
explain this excess (THDM,
MSSM, left-right models, new
particles,...)




The H — Zy decay

The Higgs production is well measured and agrees with the SM prediction through a top
quark loop in gluon fusion.
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Therefore, the new physics can only arise from the H — Zy decay:

A lot of models trying to
explain this excess (THDM,
MSSM, left-right models, new

particles,...)

'CP violation can also explain this excess!




The H — Zy decay

The H — Zy decay can be parametrized by the vertex function F%’j -
Zu(Z?l)
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The general form of the vertex function F% . is given as follows
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The H — Zy decay

The H — Zy decay can be parametrized by the vertex function F%’j -
Zu(]?l)

— s AT 4vH
= ngW

Vu(pQ)

The general form of the vertex function F% . is given as follows

v = hZ}’ < gt +

ZyH
x’

CP-violating and zero

] hlzy is complex
d in the SM

~ 1071 in the SM




The H — Zy decay
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The H — Zy decay

The signal strength quy can be expressed as follows

2y ~

S = 7y) + 5T(H - Z

U

Where ( 2 2

3
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ST(H — Zy) = g>~—" ?) W% 2.
32 zmpm3

A. I. Hernandez-Juarez, R. Gaitan and R.
Martinez, H - Zy decay and CP violation,
Phys. Rev. D 111, 015001 (2025),
arXiv:2405.03094 [hep-ph].
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The H — Zy decay

Effective Lagrangian that induces FCNC of the Higgs and Z boson:
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A possible new physics contribution:

It does not contribute
to the H — yy decay




The H — Zy decay

* *

@ ¢ m2 N .. .. . .
R LLIL {c (0o [ ~1m{ g7 (57) } + 1m{ g (57) ]

Ar’cymy
+mCs (O,mé,mz, ml.2, ml-z, mj2> [Im{gg (85) } + Im{gg (gff) }] }

Calculated for the first time also

A possible new contribution:

It does not contribute
to the H — yy decay




The H — Zy decay
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Limits on top quark FCNC

A. I. Hernandez-Juarez, R. Gaitan and R.

Martinez, H - Zy decay and CP violation, couplings:
Phys. Rev. D 111, 015001 (2025), f f
arXiv:2405.03094 [hep-ph]. |8V,A| < 0.0095, |8S,p| < 0.25 GeV

o We estimate that for FCNC of the top quark h3Z7’ ~ 107> GeV, too small to
explain the u%" excess.

o Contributions from new quarks are also possible and close to the bounds on h3Z7.



The HZ/Z vertex
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The H — Z/* well measured at
the LHC

| /The;Higgs boson »must tc;

| off-shell to produce two on-shell |
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The H/Z/Z vertex

Anomalous couplings for the ZZH vertex can be induced
Z,(p1)
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Z,(p2) hl.V in terms of the anomalous couplings
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HZ/ vertex function

Anomalous couplings for the ZZH vertex can be also induced
Z,(p1)

5.9 ZH (2 2 2
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hl.V in terms of the anomalous couplings

p» Possibilities of new physics! .
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HZ/ vertex function
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HZ/ vertex function

g -/ . . g -/ . .
Again FCNC of Z and H bosons: Z = —fl<83 — gXJ/S )];'Z'u T _fz(ggj 8}.]7/5 )];H,
Cyy 2myy

Two different contributions _

Type I
Z h3V iInduced at the one-loop level

Calculated for the first time also

Type ll:




HZ/ vertex function

g - .. .. g _ .. ..
Again FCNC of Z and H bosons: Z = —fl<83 - gy )];Zﬂ T _fz(ggj T 8}.]7/5 )];H,
Cyy 2myy
Two different contributions

Type I

Our estimation: |

V o 10-8 |
hy ~ 10

Calculated for the first time also

Type ll:

Z/P2) A, 1. Hernandez-Juarez and R. Gaitan,
violation 1in the HZZ vertex

right asymmetries, Phys.
(2025) 033006.

CP Zy(pZ)
and left-
Rev. D 112



HZ/ vertex function

e |eft-Right asymmetry:
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HZ/ vertex function

e |eft-Right asymmetry:

ol e ~ Re|hf'|Im[hf'| — Re|hj!|Im|A["]



HZ/ vertex function

e Left-Right asymmetry: CP-violation

ok ~ Re|hy'|Im[h3'| — Re || Im Ay’]

hfl complex in the SM
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i
I
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| Imaginary pt

The observation of the Q[fR asymmetry would imply a new source of CP violation



HZ/ vertex function

$A. I. Hernandez-Juarez and R. Gaitan, CP

£§ violation in the HZZ vertex and left-

-4 right asymmetries, Phys. Rev. D 112
(2025) 033006.
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We estimate that to observe effects of CP-violating contributions of order 107> , the
sensitivity on % ; » would need to be increased by at least two orders of magnitude.




Summary

o Effects of new physics are still possible in Higgs
couplings.

e CP-violation can explain the reported excess in the
H — Zy decay.

e New sources of CP-violation in the HZZ vertex.
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HZ/ vertex function

H*(q) l1(go)
_____ £2(as)

Z(p2)

52(614)

5.0x107°
4.0x1076 4
oc 3.0x107° -
q .
2.0x107°¢

1.0x107° 4

The observation of the QifR asymmetry would imply a new source of CP violation



