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o The HZZ coupling can be induced by the Lagrangian
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L= Cme[ 7 HZZ' 45 {b2HZ,,2

+ 87HZ, 0,21 + b7HZ,, 2" }

where Z,,, = 8,2, — 9,Z,, and Z,,,, = €,,052%" /2.
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o The vertex function for the general case where the three bosons
are off-shell

TZ2H <hY (%, p1, P3)&u +

hV( 27 2’ 2)
2 qu;1 P2 PLpau

hy (4*,p3,p5)
2

my

+ €pvapPips - (2)

o The relation between the form factors k; and the parameters of
Lagrangian (1) for the kinematics H* — ZZ (Z* — HZ) are

2 2 2 2 2 2

c g —pi-ph  pi+p
hl(q27p%ap%) = 1+aZ—bZ ml% 2 E 1711% 27 (3)
ha (g%, P}, p3) = +2by, (4)
ha(g?, 2, p3) = £2by. (5)
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o The form factors k" and iy are CP-conserving, whereas hY is
related to CP violation.

¢ Inthe SM:
« attree level b =1,
+ at one-loop level the anomalous coupling by is induced,
« and at three-loop' level by ~ 10~ "'.
+ At one-loop there are more than 37 contributing Feynman
diagrams.

TA. Soni and R. M. Xu, Probing CP violation via Higgs decays to four
leptons, Phys. Rev. D 48, 5259 (1993).
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o Analytical results in terms of the Passarino-Veltman scalar
functions for 1% can be found at https://gitlab.com/
fcfm-buap-rc-group/zzh—-anomalous—-couplings.
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Figure 1: One loop contributions to the real (left plot) and absorptive (right
plot) parts of the form factor 1.


https://gitlab.com/fcfm-buap-rc-group/zzh-anomalous-couplings.
https://gitlab.com/fcfm-buap-rc-group/zzh-anomalous-couplings.
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o Using the current LHC data and our results for 1! we can obtain
bounds on the remaining anomalous couplings.

Table 1: Allowed intervals of the real and absorptive parts of the CP violating
form factor of the HZZ coupling for a few values of the transfer momentum.
We consider three different schemes: the LHC framework (a5%), a general
effective Lagrangian approach (bz) and the SMEFT (c..).

[l Re[a5”] Re[b/] Rel[c;.]

190 [—0.024,0.009] [—0.0045,0.012] [ —0.033,0.088]
285  [-0.0029,0.0011]  [—0.00055,0.0014] [ —0.004,0.01]
400 [ -0.00053,0.0014] [ - 0.0007,0.00026] [ — 0.0051,0.0019]
800 [ - 0.00069,0.0018] [ - 0.0009,0.00034] [ — 0.0066,0.0025]

1500 [ —0.00036,0.00095] [ — 0.00047,0.00018] [ — 0.0034,0.0013]
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Table 2: Allowed intervals of the real and absorptive parts of the CP violating
form factor of the HZZ coupling for a few values of the transfer momentum.
We consider three different schemes: the LHC framework (a5%), a general
effective Lagrangian approach (bz) and the SMEFT (c..).

la] Im [a5] Im [bz] Im [¢;.

190 [ 0.026,0.01] [~ 0.005,0.013] [~ 0.037,0.096]
285 [ 0.018,0.0069] [0.0034,0.009] |- 0.025,0.066]
400 [ -0.012,0.0044] [—0.0022,0.006] |- 0.016,0.044]
800 [ -0.0039,0.0015] [ - 0.00075,0.0019] [~ 0.0055,0.014]
1500 [ - 0.0015,0.00057] [ —0.00028,0.00075] [ — 0.002,0.0055]
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Table 3: Allowed intervals for the real and absorptive parts of one of the CP
conserving form factors of the HZZ coupling for a few values of the transfer
momentum. We consider three different schemes: the LHC framework (x7%),
a general effective Lagrangian approach (¢z) and the SMEFT (¢.0).

ol Re[k¥”] (Re[cz]) Re[c.o] Im k] (Im(cz)) Im(c;c]

190 [ —0.0024,0.0046] [ - 0.0058,0.011] [ - 0.0026,0.005] [ - 0.0063,0.012]
285 [ —0.00028,0.00055] [ —0.00068,0.0013]  [—0.0018,0.0035] [ — 0.0043,0.0085]
400 [ -0.00027,0.00014] [ —0.00065,0.00034] |- 0.0012,0.0023] [ - 0.0029,0.0055|
800 [ —0.00034,0.00017] [ —0.00082,0.00041] [ —0.00038,0.00075] [ — 0.00092,0.0018]
1500 [ —0.00019,0.0001] [ —0.00046,0.00024] [ —0.00015,0.00029] [ — 0.00036,0.0007]

< Our limits are one or two orders of magnitude tighter than
previous results.
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o To study the role of the imaginary part of the anomalous
couplings in the Z boson pair production, we consider the 1
form factors as complex quantities

hi' = Re[hf'] +ilm[h{], (6)
o and the amplitude for the H* — ZZ process is

M, X) —iwmz{gw (R[] + itm [nf])

”2 gt (Re (] + itm 1))

ap
+ Eﬂmﬂ (Re ] + imm ] ) bes(pr, A)es (pa, Do),
4
(7)
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o From the amplitude (7), the partial decay width in terms of the
real and adsorptive parts of the A}’ form factors can be obtained:

F * =
=22 =5 10n P2 mb

)

where 7 is in terms of Re[h] and Im [hf].

o Eq. (8) reduces to the SM tree-level result when Re[hi!] =1,
Re[hs] = Im[k{, 5] = 0:

2 2 2
g°1/q* —4m 8
rTree z (4q2m§ —16mS + 487:;22) .9

H*—Z77 — 2 6
512mcy,my,
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o To study the anomalous couplings contributions we define the

ratio
- Taeszz

1 Tree
FH * 77

(10)

o We also consider the following scenarios:
+ Scenario |: Re[¢z] = 0.0001, Im[¢z] = 0.001, Re [Ez} = 0.0001 and
Im[bz] = 0.001.
« Scenario II: Re[éz] = —0.001, Im[¢z] = 0.001, Re[bz] = —0.0001
and Im[bz] = 0.001.
« Scenario lll: Re[¢z] = 0.001, Im[éz] = —0.0001, Re [Ez] = 0.0001
and Im[b;] = —0.001.
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Figure 2: Behavior of the ratio R as function of the transfer momentum of the
Higgs Boson ||g]|.
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o From the amplitude (7) it is also possible to obtain the partial
decay width 'y, 77 for polarized Z gauge bosons

M = (%)zmé(Mﬁ+M%{R+Méo), (11)

o The polarized partial width can be defined as

2.2 [ 2 4 2
g mzy/q* — 4my 5 (12)

FH*ﬁzAizAi = 327quc%N A
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The transversal amplitudes are

A, 414 {am [ — a2, (Re [ Tm 1] — Tm /| Re 1] )

+q* (9% — 4m3) (Re[hf'])* + Im[nE]?) + 4m3 (Re [h]? 4+ Im [hﬂz) },
(13)

Mz = 4;1%{ dm%+\/q* — 4g>m (Re[hH]Im[hH] = Im[hH]Re[hHD

7 (7 — 4m3) (Re[]2 + 1 [f)2) + 4m3 (Re [1f1]2 + Tm [1f1)2) },
(14)
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The left-right asymmetry can be written as

Uy« 7,7, — TS zp71 15
AR = ; (15)
Iu—z,2, + The—zp2¢

which can be expressed in terms of the real and imaginary parts of
the form factors via Egs. (13) and (14):

3 gl 7 — 4m; (Re ] mI] — Re[14]1m[1])

g (¢7 — 4m7) (Re[l5/]? + Im [R5[]2) + 4m3 (Im [Ay]]? + Re[]?)
(16)

LR =

o It is worth noting that the size of this asymmetry is dominated by
the CP-violating form factor K.
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o Inthe SM
AM ~ 1078 — 1077, (17)

o To assess the importance of the CP-violating form factor, together
with the complete anomalous couplings contributions and their
allowed values obtained, we fix Re[¢z] = Im|[¢z] = 0.001 and
consider the following four scenarios:

« Scenario i: Re[bz] = 0.001 and Im[bz] = 0.01.

« Scenario ii: Re[bz] = 0.001 and Im [b] = —0.01.
« Scenario ii: Re[bz] = 0.0001 and Im[b,] = 0.001.
« Scenario iv: Re[bz] = Im[bz] = 0.0001.
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Figure 3: A;x asymmetry as a function of the transfer momentum of the
Higgs boson ||g]| for the four scenarios.
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FINAL REMARKS

» We presented for the first time the imaginary one-loop
contributions to the anomalous couplings (b) of H*ZZ vertex in
the SM.

« New bounds on ¢ and b, were obtained considering the Higgs
virtuality dependence. They are smaller than previous results.

» The imaginary parts of the anomalous couplings and the
CP-violating form factor (bz) play a relevant role in the production
of polarized Z bosons.

* A new Left-Right asymmetry (A;r) in the process H* — ZZ is
reported for the firs time, which is more relevant at high energies.

For more details see:
https://arxiv.org/pdf/2301.13127.pdf


https://arxiv.org/pdf/2301.13127.pdf
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PERSPECTIVES

* We are interested in the implications of the asymmetry (A;r),
imaginary parts of the anomalous couplings in the process

H* — ZZ — 20F265 . (18)

* Then,
gg — H* — ZZ — 20205 (19)

» The implementation of our results in MC generators.
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