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An off-shell coupling requires at least one external virtual particle 

The virtual or off-shell particles are denoted by an asterisk: �   Z*, H*, W±*, …

BASICS

In this talk we only considere couplings with off-shell bosons  

Zµ(p1)

Zν(p2)

H(q)

f

f

f

�  is the 4-momentum of the off-shell bosonq



MOTIVATION

Off-shell couplings have been of great interest in recent years

q(p1) q(p2)

qµ

Chromomagnetic dipole moment  
(CMDM)

At �  the CMDM is not well defined as 
the QCD at this energy is not perturbative 

q2 = 0

Top quark anomalous couplings

For an on-shell gluon a 
non-finite CMDM is 

found
I.D. Choudhury, A. Lahiri, Mod. Phys. Lett. A 

30(23), 1550113 (2015).
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Chromomagnetic dipole moment  
(CMDM)

Top quark anomalous couplings

A. I. Hernández-Juárez, A. Moyotl, and G. 
Tavares-Velasco. New estimate of the 
chromomagnetic dipole moment of quarks in the 
standard model. Eur. Phys. J. Plus, 136(2):
262, 2021.
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For an off-shell gluon the CMDM is finite
J. I. Aranda, T. Cisneros-Pérez, J. Montaño, 
B. Quezadas-Vivian, F. Ramírez-Zavaleta, and 
E. S. Tututi, Revisiting the top quark 
chromomagnetic dipole moment in the SM, Eur. 
Phys. J. Plus 136, 164 (2021).



MOTIVATION

Trilinear neutral gauge boson couplings 
(TNGBCs)

�V = Z, γ
For an off-shell �  boson the vertex function is:V

�Γμαβ(q2) ∼
q2 − m2

V

m2
Z

TNGBCs require at least one off-shell boson to exist

G.J. Gounaris, J. Layssac, 
F.M. Renard, Phys. Rev. 
D62, 073013 (2000).

They do not exist at tree 
level in the SM

�  on shell  �V ⇒ q2 = m2
V

* *



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



Anomalous couplings

The vertex function for the anomalous �  can be written asgtt

�Γαβμ
ZZV* (p1, p2, q) =

i(q2 − m2
V)

m2
Z

[fV
4 (qαgμβ + qβgμα) − fV

5 ϵμαβρ (p1 − p2)ρ],

�Γμ = iσμνqν (
aq

2mq
+ idqγ5),

Vertex functions

Whereas for the TNGBCs: 
Similar for the �  caseZγV*

�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 also inducedZZH

Two cases

�  off-shellH

�  off-shellZ

�  in terms of the anomalous couplingshV
i
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For off-shell couplings 
t h e a n o m a l o u s 
c o u p l i n g s a r e 
functions of ! , where 
!  is the 4-momentum 
of the off-shell boson.

q2

q
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Anomalous couplings

The vertex function for the anomalous �  can be written asttg

�fV
4

�idqγ5

Vertex functions

Whereas for the TNGBC: 
Similar for the �  caseZγV*

�
hV

3

m2
Z

Anomalous couplings for the �  vertex can be also inducedZZH

Two cases

�  off-shellH

�  off-shellZ

�  in terms of the anomalous couplingshV
i

�  violationCP



LIMITS

Limits on off-shell couplings at the LHC

CMDM and CEDM:

TNGBCs:

�−0.00055 < fZ
5 < 0.00075,

�−0.00078 < f γ
4 < 0.00071,

�−0.00068 < f γ
5 < 0.00075.

�−0.00066 < fZ
4 < 0.0006,

A. M. Sirunyan et al. (CMS), JHEP 06, 146 (2020), 1912.09540. 

A.M. Sirunyan, et al., 
Eur. Phys. J. C 81(3), 200 

(2021).

�  COUPLINGZZH

Indirect bounds 
through effective 

ratios  

� ̂μt = − 0.024+0.013
−0.009(stat)+0.016

0.011 (syst) and | ̂dt | < 0.03
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ONE LOOP CONTRIBUTIONS

We must to calculate off-shell observables
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gauge invariant
and gauge independent
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and gauge independent
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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

(c)

hq q

q

(a)

q

A, Zq q

(d)

q

ϕZq q

(e)

q′

ϕ+q q

(b)

q′

W+q q

g g g

gg

(a)

gq q

q

(b)

qq q

g g

The anomalous couplings 
are induced at one loop 

level (or more)

CMDM in the SM

CEDM at three loop level in 
the SM

QCD

EW
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The anomalous couplings 
are induced at one loop 

level (or more)

TNGBCs
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µ (q)
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V ∗

µ (q)
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mj

mi
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In the SM, they can only exist at one loop level
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The anomalous couplings 
are induced at one loop 
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The particles in the loops 
are virtual
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The Optical Theorem 

Peskin and Schroeder. An introduction to QFT. 1995 
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The Optical Theorem 

Peskin and Schroeder. An introduction to QFT. 1995 

Zµ(p1)

Zν(p2)

H(q)

f

f

f

For �   the two fermions go on-shell  q ≥ 2mf
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CMDM and CEDM:

TNGBCS:

�−0.00055 < fZ
5 < 0.00075,

�−0.00078 < f γ
4 < 0.00071,

�−0.00068 < f γ
5 < 0.00075.

�−0.00066 < fZ
4 < 0.0006,

A. M. Sirunyan et al. (CMS), JHEP 06, 146 (2020), 1912.09540. 

A.M. Sirunyan, et al., 
Eur. Phys. J. C 81(3), 200 

(2021).

�  COUPLINGZZH

Indirect bounds 
through effective 

ratios  

Thus, the anomalous couplings may 
be complex 

The imaginary parts are not 
studied at the LHC 

� ̂μt = − 0.024+0.013
−0.009(stat)+0.016

0.011 (syst) and | ̂dt | < 0.03



ONE LOOP CONTRIBUTIONS

Top quark CMDM in the SM numerical results
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gg

A. I. Hernández-Juárez, A. Moyotl, 
and G. Tavares-Velasco. New estimate 
of the chromomagnetic dipole moment 

of quarks in the standard model. Eur. 
Phys. J. Plus, 136(2):262, 2021.
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V ∗

µ (q)

Zα(p1)

Zβ(p2)

mj

mi

mi

TNGBCs:  �  in the SMZZZ*

�∥q∥ = 2mt

G.J. Gounaris, J. Layssac, 
F.M. Renard, Phys. Rev. 
D62, 073013 (2000).

[GeV ]
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�  in the SMZZH*
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�  in the SMZZH*

In general, the imaginary part are 
of the same order  of the real part



IMAGINARY CONTRIBUTIONS

The imaginary parts may be relevant and their implications not fully 
understand

�   considering only real CMDM and CEDM:σpp→tt

• P. Haberl, O. Nachtmann, and A. Wilch, Phys. Rev. D 53, 4875 (1996), hep-ph/9505409.  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ŝ2
1

12

h⇣4
v
� 9

⌘⇣1
2
� v � 2z

�
1� z

v

�
+ 2 Re

⇥
µ̂t

⇤⌘
+

1

512vz

n
v
⇣
55 Re

⇥
d̂t
⇤2

+Re
⇥
µ̂t

⇤2
(55� 144z)

⌘

+ z
⇣
4 Re

⇥
d̂t
⇤2

+ 70 Re
⇥
µ̂t

⇤2⌘
+

1

vz

n
� 16v3

⇣
4
⇣
Re

⇥
µ̂t

⇤2
Im

⇥
d̂t
⇤2 � 4 Re

⇥
µ̂t

⇤
Im

⇥
µ̂t

⇤
Re

⇥
d̂t
⇤
Im

⇥
d̂t
⇤

+ Im
⇥
µ̂t

⇤2
Re

⇥
d̂t
⇤2⌘

+ 9z
⇣
Im

⇥
µ̂t

⇤2
+ Im

⇥
d̂t
⇤2⌘⌘

+ v2z
⇣
� 512 Re

⇥
µ̂t

⇤
Im

⇥
µ̂t

⇤
Re

⇥
d̂t
⇤
Im

⇥
d̂t
⇤

+ Im
⇥
d̂t
⇤2⇣

16 Re
⇥
µ̂t

⇤⇣
15 Re

⇥
µ̂t

⇤
+ 7

⌘
+ 288z + 63

⌘
+ 3 Im

⇥
µ̂t

⇤⇣
80 Re

⇥
d̂t
⇤
+ 48z + 21

⌘⌘

� 2vz2
⇣
92 Im

⇥
µ̂t

⇤
Re

⇥
d̂t
⇤
Im

⇥
d̂t
⇤
+

⇣
1� 8 Re

⇥
d̂t
⇤2⌘

Im
⇥
µ̂t

⇤2
+ 2 Im

⇥
d̂t
⇤2⇣� Re

⇥
µ̂t

⇤⇣
4 Re

⇥
µ̂t

⇤
+ 41

⌘

+ 72z + 17
⌘⌘

+ 128 Im
⇥
d̂t
⇤
z3
oo

+Re
⇥
µ̂t

⇤n
Re

⇥
µ̂t

⇤2
+ Im

⇥
µ̂t

⇤2
+Re

⇥
d̂t
⇤on14

z
� 5

2v

o

+
n⇣

Re
⇥
µ̂t

⇤2
+ Im

⇥
µ̂t

⇤2⌘2
+ 2

⇣
Re

⇥
µ̂t

⇤2
Re

⇥
d̂t
⇤2

+ Im
⇥
µ̂t

⇤2
Im

⇥
d̂t
⇤2⌘

+
⇣
Re

⇥
d̂t
⇤2

+ Im
⇥
d̂t
⇤2⌘2o

⇥
⇣
� 1

z
+

1

v
+

4v

z2

⌘i
,

<latexit sha1_base64="Lf8Datn5cEZSL5sSIPsP9EamE5o="></latexit>

µ̂t = Re
⇥
µ̂t

⇤
+ iIm

⇥
µ̂t

⇤
, d̂t = Re

⇥
d̂t
⇤
+ iIm

⇥
d̂t
⇤
,

More terms appear when the anomalous 
couplings are considered as complex explicitly 
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More terms appear when the anomalous 
couplings are considered as complex explicitly 

Effects of the imaginary parts may have been 
neglected in classical calculations 
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A. I. Hernández-Juárez, A. 
Moyotl, and G. Tavares-Velasco. 

Bounds on the absorptive parts of 
the chromomagnetic and 

chromoelectric dipole moments of 
the top quark from LHC data. Eur. 
Phys. J. Plus, 137:925, 2022.

The effects of the imaginary parts of the top quark CMDM and CEDM 
are not visible in �  σpp→tt
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Off-shell particles in “decays”

gg → H* → ZZ → 4l

Complex mass scheme:

1
q2 − m2

H − imHΓH

1
q2 − μ2

H − iμHγH

�  is an input parameter similar to the on-shell mass and �  can be the on-shell total widthμH γH

qq → Z* → ZH

For off-shell gauge bosons an extra polarization must be considered
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gg → H* → ZZ → 4l
We study the process:
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We considere the anomalous couplings as complex

We study the process:

hV
i = Re[hV

i ] + iIm[hV
i ]
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ΓH*→ZZ

gg → H* → ZZ → 4l

We considere the anomalous couplings as complex

We study the process:

We do not find  relevant deviations from the case with only real 
anomalous  couplings 

hV
i = Re[hV

i ] + iIm[hV
i ]
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ΓH*→Z+Z+
+ ΓH*→Z−Z−

+ ΓH*→Z0Z0

gg → H* → ZZ → 4l

We considere the anomalous couplings as complex

We study the process:

The �  increases 4%-30%  for different energies of �  if we include the 
imaginary parts 

ΓHZ±,0Z±,0
q
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ΓH*→Z+Z+
+ ΓH*→Z−Z−

+ ΓH*→Z0Z0

gg → H* → ZZ → 4l

We considere the anomalous couplings as complex

We study the process:

The imaginary parts seem to be relevant

hV
i = Re[hV

i ] + iIm[hV
i ]

The �  increases 4%-30%  for different energies of �  if we include the 
imaginary parts 

ΓHZ±,0Z±,0
q



IMAGINARY CONTRIBUTIONS

ΓZZH
μν = hV

1 gμν +
hV

2

m2
Z

p1νp2μ +
hV

3

m2
Z

ϵμναβ pα
1 pβ

2 ,

We considere the anomalous couplings as complex

hV
i = Re[hV

i ] + iIm[hV
i ]
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1 gμν +
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m2
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p1νp2μ +
hV

3

m2
Z

ϵμναβ pα
1 pβ

2 ,

We considere the anomalous couplings as complex

hV
i = Re[hV

i ] + iIm[hV
i ]

Asymmetry
A+− =

ΓH*→Z+Z+
− ΓH*→Z−Z−

ΓH*→Z+Z+
+ ΓH*→Z−Z−
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We considere the anomalous couplings as complex

hV
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i ]

A+− ∼ Re[hH
1 ]Im[hH

3 ] − Re[hH
3 ]Im[hH

1 ]

Asymmetry
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ΓZZH
μν = hV

1 gμν +
hV

2

m2
Z

p1νp2μ +
hV

3

m2
Z

ϵμναβ pα
1 pβ

2 ,

We considere the anomalous couplings as complex

hV
i = Re[hV

i ] + iIm[hV
i ]

A+− ∼ Re[hH
1 ]Im[hH

3 ] − Re[hH
3 ]Im[hH

1 ]

Asymmetry
�  in the SMA+− = 0

CP-violation

Complex form

To obtain �  it is necessary CP-violation and 
complex anomalous couplings 
A+− ≠ 0

gg → H* → ZZ → 4l



Summary
• Complex anomalous couplings can be obtained from off-

shell couplings.


• The imaginary parts may be relevant in some process and 
may be not well-understood.


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


• There are any processes where the imaginary parts have 
not been studied: �e−e+ → Z*(γ*) → ZZ → 4l



¡Gracias!


