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Forward-backward asymmetry in the H — Zy — ffy decay
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We study the forward-backward asymmetry in the three-body decay process H — Zy — ffy, induced
by complex form factors in the HZy vertex. To estimate its magnitude, we derive constraints on the real and

imaginary parts of the CP-violating form factor hf” using current LHC measurements, obtaining upper
limits of about 0.9 GeV. These bounds are of the same order of magnitude as those derived from electric

dipole moments. We find that the asymmetry can reach values of order 10~! and may be accessible at the

HL-LHC.
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I. INTRODUCTION

The H — Zy decay attracted considerable attention
following the first experimental evidence reported by the
ATLAS and CMS collaborations, with a measured signal
strength of u?” = 2.2 4 0.7 [1,2]. Although this result was
consistent with the Standard Model (SM) within 1.9¢, it
was regarded as a potential window into new physics. In
particular, the central value suggested a possible enhance-
ment with respect to the SM prediction, motivating further
theoretical and phenomenological studies. Several works
explored possible explanations for this deviation within
extensions of the SM, including two-Higgs-doublet models
[3-5], nonsupersymmetric scenarios [6], the minimal
supersymmetric SM [7,8], and models with additional
fermions or gauge bosons [9-14]. In this context, CP
violation in the HZy vertex was also proposed to explain
the deviations in u?’ reported by the LHC [15]. These
contributions arise from flavor-changing neutral currents
(FCNC) involving the Z and Higgs boson.

The CP-even and CP-odd form factors can be intro-
duced in the most general HZy effective vertex as follows:

2 1

FMV :hz}’ v v M +_h27€ﬂyaﬂ ,

ZyH A m%_m%{l’mz m% 3 P1aP2p
(1)
where we adopt the kinematics shown in Fig. 1. The form
factors 7" and k3" are CP conserving and CP violating,

“Contact author: alan.hernandezjua@alumno.buap.mx

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to

the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2026/114(5)/055036(10)

055036-1

respectively. The notation in Eq. (1) implies that the form
factors have units of mass. Furthermore, gauge invariance

relates h127 to hf”, and therefore the latter is not considered.

In the SM, only h127 is generated at the one-loop level [16—
19], with dominant contributions arising from W boson
loops. Fermion loops also contribute, giving rise to a
small imaginary part. The total electroweak contribution
is given by

hy = (=3.22x 107" +i2.6 x 107*) GeV.  (2)

QCD corrections have been computed and are known to be
small [20-22], whereas next-to-leading-order electroweak
corrections can reach ~7% of the leading contribution [4].
Imaginary parts such as that in Eq. (2) also arise in other
SM radiative corrections [23-25] and can play an important
role in CP-violating observables [26-28]. The study of CP-
odd effects in the HZy coupling has been performed
in yp [29] and e"e™ colliders [30,31], as well as through
polarized observables [32-34]. Further studies can be
found in Refs. [35-37].

The general conditions for generating CP-violating
observables in the HZy coupling with three reconstructable
final-state particles were discussed in Ref. [39]. In this
framework, such observables arise from the interference
between weak phases in the Higgs Lagrangian and strong
phases induced by the Breit-Wigner widths of different
intermediate particles. Similar interference mechanisms
have been studied in B-meson physics [40-42], top-quark
decays [40,43], and supersymmetric models [44].

In the particular case of the HZy coupling, CP-violating
effects can be probed through a forward-backward asym-
metry (Azp). Such an asymmetry can arise either from the
interference between CP-even and CP-odd complex form
factors in the HZy vertex [45-47], or from the interference
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FIG. 1. The HZy vertex function. The Feynman diagrams in

this work are created with JaxoDraw [38].

of the signal with intermediate states or background
processes [48], such as H — y*y — ?fy [39], H > ZZ —>
4¢ [491, g9 — ZZ — 4¢ [50], gg — v*y — ¢y [51], and
g9 = Zy — ¢¢y [52]. However, the former mechanism,
which originates solely from the HZy vertex, has received
comparatively less attention in recent studies [53].

In this work, we focus on the forward-backward
asymmetry induced by complex CP-conserving and
CP-violating form factors in the HZy vertex. We show
that this asymmetry can be generated without the need for
interference with background processes. Furthermore,
bounds on the CP-violating form factor h? are obtained
from current LHC data and used to evaluate the size of the
forward-backward asymmetry. The manuscript is organized
as follows: in Sec II, we compute the H — Zy — ffy
decay amplitude and derive the forward-backward asym-
metry. In Sec. III, limits on the CP-violating form factor
h?’ are obtained, whereas in Sec. [V we present a numerical
analysis of the CP-violating effects and the possibility of
observing Agp in the high-luminosity LHC (HL-LHC).
Finally, in Sec. V, we present our conclusions.

II. CP VIOLATION IN THE H — Zy — ffy DECAY

In this section, we analyze the effects of the CP-violating
form factor hf” on the decay H — Zy — ffy. Since the

form factor 477 is complex within the SM, we allow 45" to
be complex as well. To identify the role of the absorptive

parts, it is convenient to write hiz;/ (i=1,23)as

hY" = Re[h?'] + iIm[h]7],

1

i=1.3. (3)

In the SM, complex CP-conserving form factors have been
studied in scenarios where at least one of the particles in the
vertex is off-shell [23-25]. In contrast, CP-violating
anomalous couplings with nonzero imaginary parts can
appear in extensions of the SM, such as in ZZV* and ZyV*
(V. =12, y) vertices [54,55], as well as in quark-gluon
interactions [56-58].

We follow the momentum assignment shown in Fig. 2
and perform the calculations with FeynCalc [59-62]. The

Jila)

fi(q)

v(g3)

FIG. 2. Kinematic configuration and momentum assignments
for the HZy vertex.

process H — Zy — ffy proceeds through an intermediate
Z boson decaying into a fermion pair. The corresponding
amplitude can thus be written as the product of the H — Zy
and Z — ff amplitudes, linked by the Z-boson propagator:

M(H = Zy = [fr)
. g
== MW (H = Z(k
T 1 ity H = 20
x M, (Z(k) = ff)es(p3. ). 4)
Since the fermions are treated as massless, the term
k°k*/m2 in the Z boson propagator does not contribute
to the squared amplitude and can therefore be safely

neglected. Using Eq. (1), the H — Zy decay amplitude,
including complex form factors, can be written as

M*(H — Z(k)y)
=i (Rl i) { 4 ket |
+ mi% (Re[nf"] + ilm[h?])eﬂmﬁkaqw] , (5)

with k = g, + ¢,. For the Z boson decay to fermions, the
amplitude is

MH(Z(K) > Ff) = i%mqlwgv —ysg)u(gy). (6

Following the phase-space parametrization detailed in
Appendix A4, the differential partial width can be
expressed as

ar omkh-md
H—Z 7
dKdcos®  512x mHM (H—Zy—ffr), (1)

where K = k? denotes the invariant mass of the Z boson. The
angle 6 is defined between the antifermion three-momentum
¢, and the x axis in the Z rest frame, as shown in Fig. 6. The
corresponding squared amplitude is given by
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4g*N.
ctm%((k* = m

M2 =

—-4(q: - q3) (gAgv Im [WZ (W2 Jm3 + 2(g3 + g3 ) | W27 P

2 2\ 17,27 )2 2
+ h .
%)2+m%l"§) [(QA gv)| 3 I*(q1 - q3)

my(qs - CI3)>

(mH m%)z

+ (G + gAY Pmd + 4gagy Im [0 (h5)1m3 (g2 - q3) + (65 + g0)|h5 [ (g - %)2-] : (8)

where N corresponds to the number of colors (N, = 1 for
leptons). The squared amplitude depends on the quadratic
terms |1~ |? and the interference term Im [1%7 (h57)*], which
are defined as

|72 = Re[h"]? + Im[n["]?, 9)

Im [{" (h5")"] = Im([h"|Re[h3"] — Re[h{"] Im[A3"]. ~ (10)

Additionally, the M? is expressed in terms of the Lorentz
invariants ¢; - g3 (i = 1, 2), whose explicit forms in the
Higgs rest frame are given in Appendix A 3. Since the Z
boson produced in the decay is on-shell, we employ the
narrow-width approximation:

1
lim =o(k* —m%) ———,
mzllﬂz—’o (k2 - m%)2 + m%f‘% ( mZ) mzrz

(11)

which allows the analytic integration over the invariant
mass K = k*. The differential partial width can be ex-
pressed as follows:

dU(H = Zy = [fy)
dcos @
g'(my —m7)N.,
- 1024¢3,mymi Ty,

x m%(m% — m%) cos @

+ (93 + gy) (4R P + BT P (miy = m3))
x (1 + cos?6)]. (12)

[~16g4gy Im [1}7 (h57)*]

The term proportional to interference Im [A77 (h5")*] is odd
under cos @ — —cos @ and therefore generates a forward-
backward asymmetry in the angular distribution, which
provides a signal of CP violation. The structure of the
differential partial width in Eq. (12) is similar to that found
in Ref. [39]. In that case, the corresponding width is
generated by the interference between the H — y*y and
H — Zy intermediate processes, which contribute to the
same three-body final state.

|
Integrating Eq. (12) yields

T(H - Zy - ffy)

_ g*(ga +gv)(mf — m))N,
384c,mym3a’Ty,

x 4R P + W5 P(myy = m3 ), (13)

which can be expressed in terms of the partial width and
branching ratio of the H — Zy and Z — ff decays,
respectively. These quantities are given by

F(H—»Zy)
m2 m
2—32:;” mZ {41n P+ [R5 2 (m3 —m%)?} (14)
H
B(Z - ff) = m( A+ g7 (15)

The partial width in Eq. (13) depends quadratically on h?
whereas the angular distribution in Eq. (12) includes linear
terms. As a result, angular observables exhibit enhanced
sensitivity to the CP-odd form factor. We therefore con-
centrate on the forward-backward asymmetry.

A. Forward-backward asymmetry

The CP-violating effects in the HZy vertex can be
probed through the forward-backward asymmetry (Azg)
in the angular distribution of the final-state fermions. This
asymmetry may arise from interference between the signal
and background processes [39,50-52]. However, as indi-
cated by Eq. (12), a nonvanishing Apz can also be
generated directly from the decay H — Zy — ffy, even
in the absence of background contributions. The forward-
backward asymmetry is defined as

f()l dCOSer(H_)Zy_)f_fY) _ f£)1 dCOSQdF(H—’Zy—’J}f}’)

FB= dcosf dcosé
1 dU(H=Zy=[fy) | [0 dU(H=Zy—=ffy)’
fO dcost dcosf + f—l dcost dcosf

(16)

Although this asymmetry has been discussed in the
literature [45-47], to the best of our knowledge, it has
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not been presented explicitly in analytic form. After
performing the angular integration in Eq. (16), we obtain

A — 6gAng%(m%I - m%)Nc
FB =

(73 +av)
-1 hZV hz}’ *
X{ — m[ 12(3)] } (17)
4|h17|2m‘é + |h37|2(m%, - m%)Q

From this expression, it follows that a nonvanishing A
requires CP-violating and complex form factors. Since hlz”

is complex in the SM, a nonzero h? is sufficient to induce
the forward-backward asymmetry. The magnitude of Ap
is controlled by the real and absorptive parts of h?.
Consequently, estimating the size of the asymmetry
requires an exploration of the allowed parameter space
of the CP-violating form factor.

I1I. BOUNDS ON A%

In this section, we obtain constraints on the real and
imaginary parts of the CP-violating form factor hfy to
evaluate the App asymmetry. In Ref. [15], it was shown
that, in the absence of new-physics effects in Higgs
production, the signal strength of the gg - H — Zy decay
can be approximated as

7 BM(H — Zy) + TP (H - Zy) /Ty (18)

BM(H — Zy)
where BSM(H — Zy) and T'y; denote the SM branching
ratio for the H — Zy decay and the total width of the Higgs
boson, respectively. The correction SI'°" arises from the

CP-odd form factor 45", and is given by

2 _ 233
STCP(H — Zy) — (my —mz)” RZre 19

(H = 27) = ¢ L S WP, (19)
Using BM(H — Zy) = 1.57 x 107 and Ty, = 4.1 MeV
[63], Eq. (18) can be expressed in terms of the real and

imaginary parts of 45’ as
W2 =14 (1.94 GeV=2)(Re[h5']? + Im[h5']?),  (20)

where the QCD NLO contributions are neglected, as they
are expected to be small [20]. Previous limits on h? have
been obtained from e™ e~ colliders [30,31] and y p-induced
processes [64]. Using the recent ATLAS measurement of
the signal strength, u? = 1.370% at /s = 13.6 TeV [65],
the resulting upper bounds on the CP-violating form factor
are presented in Fig. 3, and read

Re[r{"]|,  |Im[A{"]] £0.9 GeV(95%CL).  (21)

”ZV

o T T T T T T T T T T T ]

Im[h3"] [GeV]

-05F 1
L o T T S
-1.0 -0.5 0.0 05 1.0
Re[h3'] [GeV]
FIG. 3. Allowed region for the real and imaginary parts of the

CP-violating form factor h? at the 95% CL, derived from the
signal strength p? = 1.37)¢ reported by the ATLAS Collabo-
ration [65].

This value is one order of magnitude tighter than our
previous result in Ref. [15], which was based on the
combined analysis of the ATLAS and CMS collaborations
at /s = 13 TeV. Bounds consistent with those shown in
Eq. (21) are obtained when using the recent value for u?"
reported by the CMS Collaboration [66], where the data
collected at center-of-mass energies of 13 and 13.6 TeV are
combined. Constraints on CP-violating Higgs couplings
can also be derived from electric dipole moments (EDM)
[67,68]. In this context, bounds on the hf” form factor were
obtained in effective Higgs couplings scenarios [69,70].
Using the notation in Eq. (1), these limits cover the range:

1072 GeV < |h5'] <107 = 10! GeV.  (22)

We emphasize that the upper bounds in Fig. 3, attained
from the measured signal strength u?’ at the LHC are
comparable in size to those derived from EDM observables.

IV. NUMERICAL ANALYSIS

In this section, we present a numerical analysis of the
CP-violating effects on the differential partial width in
Eq. (12) and on the forward-backward asymmetry. As these
observables depend on the real and imaginary parts of the
CP-conserving form factor hzy, we consider its SM values
given in Eq. (2). We focus on charged-leptons final states.
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TABLE 1. Different scenarios for the real and imaginary parts
of the CP-violating form factor A%,

Scenario Re[h{'] [GeV] Im[h5"] [GeV]
I 0.3 0

11 0 0.3

11 1072 107!

1A% 10! 1072

To analyze the behavior of the differential partial width
as a function of cosf, we consider four benchmark
scenarios for the real and imaginary components of hgy.
These scenarios are listed in Table I and are chosen to be
compatible with the bounds shown in Fig. 3. In scenarios /
and /1, we separately examine the impact of Re[hf”] and
Im[45"], with values close to the upper limits to maximize
their contributions. In scenarios /11 and IV, we consider
hierarchical configurations in which one component is
dominant at the level of 10~!, while the other is suppressed
by one order of magnitude. To make the impact of the CP-
odd form factor explicit, we also include the SM case for
comparison.

In Fig. 4, we show the differential partial width of the
H — Zy = ¢¢y decay as a function of cos@ for the SM
case and the four benchmark scenarios. For scenarios / and
11, where larger CP-violating effects are considered, the
deviation from the SM prediction is more significant. The
contribution from Re[h3z ’] modifies the distribution approx-
imately uniformly across the full angular range, whereas
Im[h?] induces a distortion that is more pronounced for
cos @ < 0. In the more realistic scenarios /// and IV, the
deviations are reduced, although they remain noticeable in

the case where the imaginary component dominates. The
overall behavior in Fig. 4 is consistent with previous
findings reported in Ref. [47].

For the forward-backward asymmetry, we present in
Fig. 5 the values of Az in the Re[h5’] vs Im[A}’] plane.
The analysis is restricted to the positive region consistent
with the bounds shown in Fig. 3, although a similar
behavior is expected throughout the full parameter space.
We find that for large values of the imaginary part, the
asymmetry can reach O(107!), an order of magnitude
larger than that induced by interference amplitudes [39].
Even for smaller contributions, with 45’ ~O(1072), the
asymmetry can still attain appreciable values of order 1072,
In the SM, the real part of the CP-conserving form factor
h%” is of order 10!, while its imaginary part is about three
orders of magnitude smaller. Therefore, the dominant
contribution to Ay in Eq. (17) arises from the interference
between Re[h}’] and Im[h;’]. However, in models with

heavy particles, the real and imaginary parts of h?’ can
reach values close to unity [15,37], without inducing
significant deviations from the SM predictions for the H —
yy and H — gg decays. In such scenarios, the interference
between Im[?] and Re[h5’] may also become relevant.

Nevertheless, due to the strong suppression of Im[hlzy]
relative to its real part, the magnitude of the asymmetry

remains predominantly controlled by Im[hf”], as shown

in Fig. 5. Consequently, cases in which only Re[hfy] is
sizable, such as scenario / in Table I, are less favorable for
observing Agp.

It is important to determine whether App can be
observed at the LHC or future colliders. To this end, we
estimate the expected significance, Z = S/+/B. We define
Ng and N as the number of signal and background events

2.2x 1077 !“
2.0x1077} '\

1.8x 1077\ \

— SM

Scenario 1
— - = Scenario II
= =f~ = Scenario III
= = @= = Scenario IV

<
SO 1.6x1077F
|3
I O
=(° 14x107}
e
12x1077}
1.0x 1077}
8.0x 1078}
—1.00 —0.75 —-0.50 —0.25 0.00
cosb6

0.25

FIG. 4. Differential partial width of the H — Zy — ££y decay as a function of cos 6 for the SM and the benchmark scenarios defined
in Table I. The CP-conserving form factor hlzy is fixed to its SM electroweak value.
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IAFBI

Im[hZ¥] [GeV]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Re[hZ] [GeV]

FIG. 5. Forward-backward asymmetry (Agp) in the allowed
positive values of the real and imaginary parts of the CP-violating

form factor A%,

for the process gg — H — Zy — £¢y. The asymmetry
signal can be interpreted as an excess in Ng, such that
S ~ ArpNg. The background includes both the Ny and the
CP-conserving contribution of the H — Zy decay [39],
yielding [26,70]

Ns

VNg+ N3z’

The ATLAS Collaboration has recently reported an
observed significance of 2.5 standard deviations for the
£ty final state [65], combining Run-2 and Run-3 data with
140 fb~! and 165 fb~! luminosities, respectively. Since the
irreducible and reducible backgrounds dominate [52,71],
we approximate \/Ng + Nz =~ /Ng. Thus, the relation
between the reported ATLAS significance and Eq. (23)
is given by S ~2.5A455 Rescaling with luminosity, we

obtain
o AFB £
Z= (0.12) V3000 o " (24)

This expression agrees with Refs. [39,52], where the signal
and backgrounds have been simulated. Equation (24)
indicates that for the high-luminosity LHC (HL-LHC) with
£ = 3000 fb~" and values of Im[h5"] ~ O(107"), the A
asymmetry could reach the discovery level. The observa-
tion of the forward-backward asymmetry would be clear
evidence of CP violation.

As pointed out above, the imaginary part of hgy provides
the dominant contribution to the forward-backward asym-
metry. The values of Im[h?] considered so far have been
derived solely from experimental constraints. Nevertheless,
an absorptive part may arise from loop-induced processes
when the particles circulating in the loop can go on-shell.

Z= Apy (23)

At the one-loop level, this possibility can occur, for
instance, in the presence of FCNC couplings of the
Higgs and Z bosons. Therefore, the magnitude of
Im[15"] is model dependent. In Ref. [15], FCNC couplings
involving the top quark were found to generate Re[h3] of
order 1073, Although an absorptive part can arise for lighter
particles, their FCNC contributions are expected to be
smaller than those associated with the top quark. Under this
assumption, Im[h?y] would be strongly suppressed, making
App challenging to observe at the LHC.

V. CONCLUSIONS

In this work, we analyzed the forward-backward asym-
metry in the H — Zy — ffy decay in the context of recent
LHC results. This asymmetry is induced by the presence of
a CP-violating form factor and imaginary parts of the HZy
vertex. Although App has been explored in previous
studies, we provided its explicit analytical expression for
the first time. Furthermore, we studied angular distribu-
tions, which are sensitive to CP-violating effects. To
estimate the magnitude of the asymmetry, we derived
bounds on the real and imaginary components of the
CP-violating form factor h? using current LHC results.
We obtained an upper limit of about 0.9 GeV, comparable
to those from EDM constraints. We found that the
asymmetry can reach values of order 107! for large
Im[h5']. Under HL-LHC conditions, Az could become
experimentally accessible at the discovery level. The
observation of this forward-backward asymmetry would
indicate the existence of new sources of CP violation,
which are necessary to explain the matter-antimatter
asymmetry.
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APPENDIX: KINEMATICS

This appendix presents the kinematics employed in the
computation of the H — Zy — f fy amplitude. We follow
the momentum assignments shown in Fig. 6.
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FIG. 6. Kinematic configuration and momentum assignments
for the H — ffy decay.

1. Higgs boson rest frame

In the Higgs rest frame, the four-momenta of the Higgs
boson, the Z boson, and the photon can be expressed as

q" = (my.0), (A1)
2 2
o <M , k) (A2)
ZmH
2 2
po_ (Ma "Mz ¢ A3
Q3 ( 2mH 4 ) 4 ( )
with the magnitude of the three-momentum k:
. m2 — m2
|| === (A4)
my

2. Z gauge boson rest frame

In the rest frame of the Z boson, the corresponding four-
momenta are expressed as

K = (my.0), (A5)
gy = (mz/2.q). (A6)
¢ = (mz/2,-4), (A7)

where, according to the kinematical configuration shown in
Fig. 6, the three-momentum ¢ is given by

\/m% —4m>
vz e (cos0,sin0,0).

q= 5 (A8)

3. Lorentz invariants

In the evaluation of the squared amplitude for the H —
Zy — £¢y decay, scalar products between four-momenta
defined in different reference frames are required. In the
Higgs rest frame, the relevant invariants are given by

)
aoas =" (0 eose), (a9)

)
02 4= (1 cos), (A10)

which are obtained by performing a Lorentz transformation

2 _ 2
my—m;

2 2
my+my

between frames with velocity v =

4. Phase space

The phase space (dR;) for the H — Zy — ffy decay can
be expressed as

&g, &g,
(2”)32EE1'] (271')32E(72
&G

(27[)32E§3

dR3 -

(2n)** (g —q1 —q» — q3). (All)

Following the approach in Refs. [72,73], we introduce the
identity

/d3]zd1(64(k ) =1 (A12)
2E; 9 —492) = 1,

where K = k* and E; = 1/ k| + K. The phase space can
then be written as

dK
dR3 — 7111]](,

(27)°

where I, and I} are evaluated in the Higgs and Z boson rest
frames, respectively, and are given by

(A13)

_ [ PkEBs

= 5*(q — k- ps3)
*~ | 2E; 2E;,
7
= o (my; —m3), (A14)
d 61 d3‘_1)2 4
k om0 (k=g —q2)
2E17| 2Eq2
= %dcos@ (A15)
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