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Motivation

• The measurement of the Higgs 
boson in 2012 is considered 
one of the most significant 
achievements in par t ic le 
physics. 


• Subsequent measurements 
have consistently corroborated 
t h e H i g g s c o u p l i n g s a s 
predicted by the SM.


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

The CMS Collaboration. A portrait of the 
Higgs boson by the CMS experiment ten 
years after the discovery. Nature 607, 
60–68 (2022). https://doi.org/10.1038/
s41586-022-04892-x.  
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μZγ
i =

σiℬZγ

(σi)SM(ℬZγ)SM
= 2.2 ± 0.7,

The signal strength is defined as

•  is the cross-section of the Higgs productionσi

•  is the branching ratio of the  decayℬZγ H → Zγ
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i =

ℬZγ

ℬZγ
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The Higgs production is well measured and agrees with the SM prediction through a top 
quark loop in gluon fusion. 

Therefore, the new physics can only arise from the  decay:H → Zγ
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MSSM, left-right models, new 
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Therefore, the new physics can only arise from the  decay:H → Zγ

σi = (σi)SM

A lot of models trying to 
explain this excess (THDM, 

MSSM, left-right models, new 
particles,…)

CP violation can also explain this excess!

The Higgs production is well measured and agrees with the SM prediction through a top 
quark loop in gluon fusion. 
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 Γ(H → Zγ) = g2 m2
H − m2

Z

32 πm3
Hm4

Z
(4 |hZγ

1 |2 m4
Z + |hZγ

3 |2 (m2
H − m2

Z)2)
= ΓSM(H → Zγ) + δΓ(H → Zγ),



The  decayH → Zγ
The signal strength  can be expressed as followsμZγ

μZγ ≃
ℬSM(H → Zγ) + δΓ(H → Zγ)/ΓH

ℬSM(H → Zγ)
,

δΓ(H → Zγ) = g2 (m2
H − m2

Z)3

32 πm3
Hm4

Z
|hZγ

3 |2 .
Where

Re[hZγ
3 ] , Im[hZγ

3 ] ≲ 1.15 GeV at 95 % CL.

A. I. Hernández-Juárez, R. Gaitán and R. 
Martinez, H → Zγ decay and CP violation, 
Phys. Rev. D 111, 015001 (2025),  
arXiv:2405.03094 [hep-ph].  

  

First direct limit on  from experimental datahZγ
3



The  decayH → Zγ

A possible new physics contribution:

Z

γ

H

fj

fi

fi

ℒ =
g

cW
fi(gij

V − gij
Aγ5)fjZμ +

g
2mW

fi(gij
S + gij

Pγ5)fjH,

Effective Lagrangian that induces FCNC of the Higgs and  boson:Z

, ,  and  complex constantsgij
V gij

A gij
S gij

P

It does not contribute 
to the  decay H → γγ
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*
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Calculated for the first time also
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Limits on top quark FCNC 

couplings: 
|gtc

V,A | < 0.0095, |gtc
S,P | ≲ 0.25 GeV

• We estimate that for FCNC of the top quark  GeV, too small to 
explain the  excess.

hZγ
3 ≈ 10−5

μZγ

• Contributions from new quarks are also possible and close to the bounds on .hZγ
3

A. I. Hernández-Juárez, R. Gaitán and R. 
Martinez, H → Zγ decay and CP violation, 
Phys. Rev. D 111, 015001 (2025),  
arXiv:2405.03094 [hep-ph].  

  



The Higgs boson  must to be 
off-shell to produce two on-shell 

Z bosons 
mH < 2mZ

Evidence for off-shell Higgs  boson 
production in the final state with two 

Z bosons decaying into 4 charged 
leptons has been reported for the 

FIRST TIME

  MeVΓH = 3.2+2.4
−1.7

The    vertexHZZ

The  well measured at 
the LHC

H → ZZ*



ΓZZH
μν = hV

1 gμν +
hV

2

m2
Z

p1νp2μ +
hV

3

m2
Z

ϵμναβ pα
1 pβ

2 ,

Anomalous couplings for the  vertex can be inducedZZH
Zµ(p1)

Zν(p2)

H(q)
= i g

cW
mZΓZZH

µν (p21, p
2
2, q

2)

 in terms of the anomalous couplingshV
i
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μν = hV

1 gμν +
hV

2

m2
Z

p1νp2μ +
hV

3

m2
Z

ϵμναβ pα
1 pβ

2 ,

Anomalous couplings for the  vertex can be also inducedZZH

 in terms of the anomalous couplingshV
i

Zµ(p1)

Zν(p2)

H(q)
= i g

cW
mZΓZZH

µν (p21, p
2
2, q

2)

CP-conserving CP-violating

 vertex functionHZZ

Possibilities of new physics!
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 induced at the one-loop levelhV
3

Calculated for the first time also
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Our estimation: 
hV

3 ∼ 10−8

Our estimation: 
hV

3 ∼ 10−7

A. I. Hernández-Juárez and R. Gaitán, CP 
violation in the HZZ vertex and left-
right asymmetries, Phys. Rev. D 112 
(2025) 033006. 
  



 vertex functionHZZ

• Small effects of  in the process hH
3 gg → H* → ZZ → 4l

H∗(q)

Z(p1)

Z(p2)

ℓ1(q2)

ℓ1(q1)

ℓ2(q3)

ℓ2(q4)

Polarized process:           ,   and gg → H* → ZλZλ → 4l λ = R L 0

𝒜H
LR =

ΓH*→ZLZL
− ΓH*→ZRZR

ΓH*→ZLZL
+ ΓH*→ZRZR

• Left-Right asymmetry:
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CP-violation

Imaginary parts

• Left-Right asymmetry:

 complex in the SMhH
1

Polarized process:           ,   and gg → H* → ZλZλ → 4l λ = R L 0

The observation of the  asymmetry would imply a new source of CP violation𝒜H
LR



 vertex functionHZZ
Is it possible to measure this asymmetry?

We estimate that to observe effects of CP-violating contributions of order , the 
sensitivity on  would need to be increased by at least two orders of magnitude.

10−5

ℛL.R

A. I. Hernández-Juárez and R. Gaitán, CP 
violation in the HZZ vertex and left-
right asymmetries, Phys. Rev. D 112 
(2025) 033006. 
  



Summary
• Effects of new physics are still possible in Higgs 

couplings.


• CP-violation can explain the reported excess in the 
 decay.


• New sources of CP-violation in the  vertex.

H → Zγ

HZZ



¡Gracias!
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