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MOTIVATION

H* evidence at the LHC

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
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Anomalous couplings

Vertex functions
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Anomalous couplings for the �  vertex can be also inducedZZH
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ONE LOOP CONTRIBUTIONS

The anomalous couplings 
are induced at one loop 

level (or more)

ZZH in the SM
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More diagrams…..



ONE LOOP CONTRIBUTIONS

�  in the SMZZH*

One-loop contributions to  the real (left plot) and absorptive (right plot) parts of the form factor �  as functions 
of the Higgs boson transfer momentum � : fermion (� ), �  gauge boson (� ),  �  bosons (� ) and total 
contributions.
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For �   the two fermions go on-shell  q ≥ 2mf

A. A. I. Hernández-Juárez, G. Tavares-Velasco, and A. Fernández-
Téllez,, arXiv:2301.13127. Accepted for publication in PRD.  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In general, the imaginary part are 
of the same order  of the real part



BOUNDS ON ANOMALOUS COUPLINGS

A. A. I. Hernández-Juárez, G. Tavares-Velasco, and A. Fernández-
Téllez,, arXiv:2301.13127. Accepted for publication in PRD.  

Allowed intervals of the real and absorptive  parts of the CP-violating form factor of the  
�  coupling for a few values of the transfer momentum:H*ZZ
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To induce a non-zero asymmetry 2 elements are required 
1. CP-violation 
2. Complex anomalous couplings



IMAGINARY CONTRIBUTIONS
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�  at tree-level the SM𝒜LR = 0

The CP-violating form factor �  is supposed to be induced at three-loop level in the 
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A. Soni and R. M. Xu, Probing CP violation via Higgs 
decays to four leptons, Phys. Rev. D 48, 5259 (1993).
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IMAGINARY CONTRIBUTIONS

ΓH*→ZLZL
, ΓH*→ZRZR

Partial decay widths of the processes �  as functions of the Higgs boson 
transfer momentum � . 

H* → ZLZL /ZRZR
∥q∥



IMAGINARY CONTRIBUTIONS
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We expect to observe �   effects in the �  final state.  𝒜LR 4l
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The same space phase to the discussed in 
previously (see C.S. Kim and Juan Márquez talks)
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We are still validating our results 

in MC event generators



Summary
• Complex anomalous couplings can be obtained from off-

shell couplings.


• The imaginary parts may be relevant in some process, 
which are not well-understood.


• Polarizations of gauge bosons are sensitive to the 
imaginary part and also to CP-violation. 


• New physics effects can be tested at the LHC through 4 
leptons production.



¡Gracias!
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ONE LOOP CONTRIBUTIONS

We must to compute off-shell observables
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On-shell

Green functions
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O↵-shell

Green functions
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gauge invariant
and gauge independent
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Not necessarily
gauge invariant

and gauge independent



ONE LOOP CONTRIBUTIONS

We must to find a way to obtain well-behaved observables 
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Pinch technique
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Background field method
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An approach to obtain well-behaved
o↵-shell Green functions out of which

valid observable quantities can be extracted
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Feynman-’t Hooft gauge

(⇠Q = 1)

Diagrammatic method that 
combines self-energy, vertex and 

box diagrams related to a physical 
process to remove any gauge 

dependent term



ONE LOOP CONTRIBUTIONS

The Optical Theorem 

Peskin and Schroeder. An introduction to QFT. 1995 
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