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In this article, we study the rare decay process in which a Higgs boson decays into a Z boson and a
photon. In the first part of the paper, we analyze the Standard Model (SM) contributions to the
corresponding decay width, including the full leading-order result, two-loop O(a,) QCD corrections, and
the recently reported two-loop O(a) electroweak corrections, evaluated under four different a renorm-
alization schemes. The dependence on the Higgs boson mass is studied within the experimentally allowed
range reported by the LHC. In the considered schemes, a non-negligible variation of about 4% is found
when the mass is varied within its current experimental uncertainty. In the second part of the paper, we
analyze the leading-order contributions to the same process within the minimal supersymmetric Standard
Model (MSSM). The spectrum of soft SUSY-breaking parameters and SUSY particle masses at the
electroweak scale, which enter the computation of the one-loop amplitudes contributing to the decay width,
is obtained by evolving the grand unified theory (GUT)-scale parameters of a radiatively driven natural
supersymmetry (RNS) model with nonuniversal Higgs boson masses. Variations of the RNS parameters
can enhance the average SM prediction by up to ~20%, reaching a value of ~7.5 keV, while still satisfying
the Higgs boson mass constraint. However, this comes at the cost of allowing a moderately large fine-
tuning parameter, with values exceeding 100, thereby placing the model outside its most natural parameter
region. The predicted decay width in the RNS scenario is closer to the recent ATLAS RUN 2 + 3 combined

measurement than the average SM expectation.

DOIL: 10.1103/q9j9-2zkq

I. INTRODUCTION

The high-precision measurements and global fits of
electroweak (EW) and Higgs boson observables at the
HL-LHC and future collider experiments offer a promising
approach to search for signals of new physics that deviate
from the SM predictions. In recent years, increasing
attention has been devoted to precision observables that
may exhibit potential deviations from SM predictions. The
muon anomalous magnetic moment [1] and the W-boson
mass [2,3] remain under close scrutiny due to their high
experimental accuracy. Moreover, the recent evidence for
the i — Zy decay reported by both ATLAS and CMS at the
LHC [4,5] has renewed interest in Higgs-sector observables.
Although the current measurement is still affected by large
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statistical uncertainties, of about 40% in the latest ATLAS
analysis, the precision is expected to improve substantially
at the HL-LHC [6], with a projected uncertainty of around
14%. Assessing the consistency of these results requires
both enhanced experimental precision and refined theoreti-
cal predictions, while also motivating the exploration of
possible extensions of the SM. Extensions including super-
symmetry (SUSY) are well known for enabling phenom-
enological analyses that can be experimentally tested. In
particular, the muon g-2 anomaly [7—12] can be explained in
nonuniversal SUSY models [13], where loop corrections
involve electroweak sparticles with masses between 200 and
700 GeV, still allowed by current ATLAS and CMS
searches [14—-16]. However, this tension has disappeared
[17,18] in the latest SM prediction, where the HVP
contribution is based on lattice methods rather than dis-
persive ones, which were affected by inconsistencies in the
eTe”™ — ntx~ data. In a similar manner, the 7¢ deviation in
the W boson mass reported by CDF can be explained in the
MSSM through loop corrections involving light EW/Higgs-
sector sparticles and stop/sbottom contributions [19-21]. In
specific parameter regions, the MSSM can also satisfy

Published by the American Physical Society


https://orcid.org/0000-0001-6049-2666
https://orcid.org/0009-0004-4286-6205
https://orcid.org/0009-0002-4283-2625
https://ror.org/04dfr7a85
https://orcid.org/0009-0009-7866-8207
https://ror.org/01an3r305
https://crossmark.crossref.org/dialog/?doi=10.1103/q9j9-2zkq&domain=pdf&date_stamp=2025-11-12
https://doi.org/10.1103/q9j9-2zkq
https://doi.org/10.1103/q9j9-2zkq
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

REYES R., LOPEZ A., TORRIJO G., and MELO P.

PHYS. REV. D 112, 095012 (2025)

constraints from dark matter (DM) relic abundance [22],
DM direct detection [23-25], and the LHC Higgs boson
mass [26], while accommodating both the g—2 and W mass
anomalies [27]. In addition, Higgs boson precision mea-
surements are expected to be conducted with high exper-
imental accuracy at the FCC-ee [28-30]. Therefore,
uncertainties of Higgs properties will play an important
role in the interpretation of the expected constraints on new
physics. The Higgs boson mass (M),) is currently measured
with an experimental uncertainty of approximately
200 MeV [31,32] and it is expected to decrease to around
10 MeV at FCC-ee. Its theoretical uncertainty is estimated
based on the dependence of the three-loop QCD [33] and
top-Yukawa [34] corrections on the renormalization scale
(Q). When Q is varied around the EW scale, M, changes
around 50 MeV, which gives a lower bound for the
theoretical uncertainty. As pointed out in [29,35], if the
uncertainty is below 50 MeV, the dependence on the Higgs
mass results in a negligible error for the predictions of EW
precision observables but leads to non-negligible parametric
uncertainties of about 3% in the Higgs decay processes
h—Zy, h > WW and h —» ZZ. Specifically, this work
focuses on the calculation of the decay width for the first
process, where a Higgs boson decays into a Z boson and a
photon, analyzed in both the SM and MSSM frameworks.
This rare decay can be regarded as a pseudo-observable
extracted from the Dalitz process 4 — ffy by applying an
invariant-mass cut around the Z pole [36]. The latest
combined analysis by ATLAS and CMS reports a branching
ratio of (3.4 + 1.1) x 1073, which is p, = 2.2 0.7 times
larger than the SM prediction [4], which represents a tension
of 1.90. Nevertheless, the most recent searches by ATLAS
[5] observed a signal strength y, = 1.370, which is closer
to the SM expectation. This is equivalent to an experimental
branching ratio of (2.037095) x 1073 or a decay width of

about I';” ~ 8.3 keV. Since this process occurs via loop

diagrams, any observed excess could offer a valuable
opportunity to probe potential contributions from physics
beyond the SM (BSM). Extensions to the SM that aims to
alleviate this discrepancy must preserve the predictions
already in good agreement with experiment, while also
reproducing the precise Higgs boson mass, which imposes
some of the most stringent constraints on the parameter
space. The paper is organized as follows. In Sec. II we study
the decay processes i — Zy in the context of the SM. The
dependence of the i — Zy decay width on the Higgs boson
mass is analyzed. In Sec. 111, we present the technical details
of the calculation of the i — Zy decay width in the MSSM,
using the Yennie gauge within the dimensional regulariza-
tion scheme. We employ a nonuniversal supergravity model
to obtain the numerical values of the masses and parameters
involved in the computation. The required parameters at the
EW scale are obtained by evolving the GUT scale inputs via
renormalization group techniques. We then analyze the
variation of the h — Zy decay width and the MSSM
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FIG. 1. Feynman diagrams for the 7 — Zy process in the SM at
the one-loop level. (a) Virtual fermions are denoted by f. (b),
(c) W represents the charged electroweak gauge boson. (d)—(f) ®;
stands for fields that include Goldstone bosons, W bosons and
ghosts. (g)—(i) ¢; in the non-1PI diagrams denotes either a virtual
Z boson or a neutral Goldstone boson.

prediction for the Higgs boson mass as functions of the
RNS parameters. Finally we give our conclusions and
perspectives. The main routines and data that produce the
results presented in this paper are available at [37].

II. THE h — Zy DECAY IN THE SM

We begin by reviewing the calculation of the h — Zy
decay width (I'z,) in the SM. Since there is no tree-level
hZy vertex in the SM Lagrangian, this process occurs only
via radiative corrections, starting at the one-loop level. The
relevant diagrams include loops involving fermions, EW
gauge bosons, Goldstone bosons, ghosts, and other par-
ticles, as illustrated in Fig. 1. However, the dominant
contribution arises from loops containing W* bosons
[38,39], shown in Figs. 1(b) and 1(c). The absence of a
hZy vertex in the SM implies that the scattering amplitude
must be finite [40], as there is no corresponding coupling
that could absorb ultraviolet (UV) divergences through
renormalization. In addition, non-1PI diagrams contribute
to the amplitude, but only through mixing of the external
photon leg with virtual Z bosons via self-energy loop
topologies [see Figs. 1(g)—1(i)]. Similar diagrams involv-
ing the external Z leg are forbidden due to the lack of any
trilinear vertex involving the Higgs and the photon.

The fermion loop shown in Fig. 1(a) is UV finite. In
contrast, the contributions from gauge bosons, Goldstone
bosons, and ghosts individually exhibit UV divergences
arising from the gauge-dependent unphysical terms in their
propagators. The finite amplitude at one-loop level is
obtained only after summing all relevant diagrams, and
its gauge dependence cancels out in the full result.
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In the unitary gauge, where Goldstone bosons and ghosts
are absent, only the topologies shown in Figs. 1(a)-1(c)
yield nonvanishing contributions. In contrast, the contribu-
tions from the diagrams in Figs. 1(d)-1() vanish. In
particular, Feynman diagrams with the topology in
Figs. 1(g)-1(h) are kinematically forbidden according to
Cutkosky rules, as any unitary cut implies amplitudes with a
single photon in the final state [41] and for on-shell photons,
there are no Z —y mixing propagators [42]. It is worth
mentioning that the finite part of the amplitude for 7 — Zy
and h — yy differs between the unitary gauge and the R;
gauge [43,44]. The issue originates from the gauge boson
loop and the subtlety of taking the { — oo limit inside the
momentum integral, leading to an apparent noncommuta-
tivity between these two operations. Gauge invariance can
be restored using dispersion relations and the Goldstone
boson equivalence theorem (GBET), which allows the
introduction of an additive constant so that the unitary
gauge result matches that of the R, gauge computed with
dimensional regularization. Nevertheless, the problem of
the apparent noncommutativity between the limit and the
integration when transitioning from the R, gauge to the
unitary gauge remains unresolved.

In this work, we reproduce the calculation of the SM
decay width I'z, in the R, gauge at one-loop level. We have
written a few Wolfram Mathematica scripts that uses FeynCalc
[45.,46], FeynArts [47], FeynHelpers [48] and Package-X [49]
to obtain the necessary expressions. The resulting ampli-
tude for each individual diagram contributing to the decay
width can be found in our GitHub repository. In general,
it is possible to write the scattering amplitude for the
h — Zy process as [50]

iM =R (p)er (pa)
Ak Apx 4
= &' (p)e”” (p2)[Fog™ + Fipips + FipipY

+ Faphps + Faphpt + Fse P piapag). (1)
The form factor F5 gives a negligible contribution to the
amplitude coming from chiral fermion loops. By using
the Ward-Takahashi identity R, p5 = 0 together with the
transversality condition of the Z boson polarization vector,

e"(py) - p; =0, the scattering amplitude can be suc-
cinctly written as

iM= Sﬁl*(Pl)gﬁz*(Pz)FA,[_(Pl “p2)g” + Plzlpﬂ- (2)

This allows for a simple expression of the corresponding
decay width in terms of a single form factor

3 2\ 3
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Each diagram contributing to F, is divided into a UV
divergent term with a simple pole, as well as a finite part.

After summing over all contributing amplitudes, the total
simple pole term is given by

ine3My, (¢ + 3)

ASM —
¢ ZC%VM %S%V

1
(M3, - C%VM%)E7 (4)

where 6y is the weak mixing angle, and we define ¢y =
cos Oy and sy = sin@y. The term proportional to M%,
comes from the sum of all non-1PI diagrams [correspond-
ing to the loop corrections represented in Figs. 1(g)-1(1)],
while the remaining term proportional to —c% M2 comes
from the sum of 1PI diagrams depicted in Figs. 1(b)-1(f).
Regardless of the choice of the gauge parameter {, the
coefficient of the simple pole ! vanishes in the full
amplitude due to the mass relation between the W and Z
bosons implied by custodial symmetry. Notably, in the
Yennie gauge ({ = —3) [51], the divergent parts of both
1PI and non-1PI diagrams cancel separately, allowing their
finite contributions to be extracted directly.

Using the Passarino-Veltman functions, we evaluate the
finite part contributing to F, obtaining the same result as
shown in [52]. The dominant contributions come from the
fermion and W boson loops [53,54]

€3SW
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The W boson loop contribution reads

C
Fiy = =W {4(3 _ ) (. o)
Sw

H{(1+2)a - (5+2) | newm ) ©

while the fermion contribution is

—2¢gN,

Fyp= P (T3 =2qs3)1 (77, 4p) = L(zp. A7), (7)
wlw

where ty, = z—x, T, = %, A= %, N, is the color number,

T;- the weak isospin and ¢ the electric charge of the

fermion. The functions /; , which appear in expressions (6)
and (7), are defined as

a a2 2
ha.b) = 3 + g @) = (6]
o) = g(b) Q
Bah) = =52 (@) = £0)] ©

In the kinematic region of interest, 4M3, > M3, the
functions f and g are reduced to
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FIG. 2. The figure shows SM values for I'y, at LO and NLO.
Black dots represent NLO results in different renormalization
schemes for a. The red and blue dots represent the average of LO
and NLO results among renormalization schemes. The error bar
of the LO result is not shown. The blue (light blue) strip
corresponds to the uncertainty of the NLO central value when
only the dependence on the M? (the truncation of the perturbative
series) is considered.

Flx) = [sin—l Q})]z Vx>l (10)

g(x):\/msin_1<\/i)_c>, Yax>1. (11)

Additionally, recent studies have quantified the signal—
background interference between the Higgs-mediated and
continuum gg — Zy production processes, including NLO
QCD corrections. The estimated interference has a destruc-
tive effect of about —3% on the total rate [55], which is
small given the current experimental accuracy and does not
significantly modify the SM prediction. Moreover, the
next-to-leading order (NLO) electroweak contribution to
the decay width has been computed and reported in
Refs. [56,57] using four different a-renormalization
schemes. The average LO and the average NLO values
in the a-schemes are represented in Fig. 2. In the a(0)
scheme, all QED couplings in the three vertices of the LO
diagrams are set to the fine-structure constant a(0) in the
Thomson limit. In the (M) scheme, the two vertices not
associated with photon emission are assigned a(M ), while
the photon vertex remains at «(0). In the G, scheme, the
same two vertices are instead assigned ag,» with the photon

vertex also kept at «(0). Finally, the democratic (Mixed)
scheme, distributes the couplings among the three vertices
using ag, , a(Mz), and a(0). The mean of these four values:
(6.19 £ 0.15) keV, is also depicted with an error bar. This
stands in contrast to the LO value: (6.28 + 0.77) keV. There

70 T T T T T T T T T T T T —T
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FIG. 3. The behavior of I'y, within the a(M) scheme in the
SM is observed across a range of Higgs masses, including the LO
prediction and its EW and QCD corrections.

are two sources of uncertainty: (i) the dependence on M3
and (ii) the truncation of the perturbative series. The first
one is estimated via a linear approximation of I" as a
function of M? and constitutes a 63% of the variance of the
width at NLO. To the second one we assign a variance
equal to the maximum variation of I'y, among the four
schemes, thus obtaining the remaining 37% of the variance
of the NLO value. A lot of progress could be made in this
direction with the projected uncertainties for the FCC—ee,
which would place the truncation of the perturbative series
well ahead as the leading component of uncertainty, as it
would account for around 90% of the variance of the width.
This also highlights the need for new physics models where
the Higgs mass is not an input, but a prediction, to improve
their precision of M), in order to be tested against I';, and
other electroweak observables.

It is worth noting that all the four a-schemes shows a
similar variation with respect to the Higgs boson mass. The
Fig. 3 displays the dependence of I'z, on M), in the SM at
different perturbative orders in the a(M,) scheme, which
exhibits the biggest EW correction. Note that the QCD
correction to the top-quark loop (dot-dashed black line),
which is positive and amounts to only 0.3% of the LO result
(blue line), is smaller than the NLO electroweak correction
(dashed black line), which is negative and contributes 13%
to the LO prediction. It is important to emphasize that the
NLO electroweak corrections introduce noticeably differ-
ent shifts to the LO predictions depending on the choice of
the a-scheme. In the a(M;) and a(0) schemes, the O(a)
corrections are roughly one order of magnitude larger than
in the G, scheme. However, once the LO and NLO
contributions are combined, the scheme dependence is
significantly reduced, and the resulting predictions tend to
converge to nearly the same value. This combined result is
represented by the red solid line in Fig. 3 for the a(M)
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scheme. A non-negligible variation is observed, from
'y, =6.05 keV to I';, = 6.28 keV, corresponding to an
increase of about 3.8%, as the Higgs-boson mass spans the
combined ATLAS/CMS measurement, M, = 125.09 +
0.21 GeV. The same relative increase is observed across
the other schemes.

Given the latest combined results from ATLAS and CMS
on the h — Zy decay: p, = 2.2 4+ 0.7, the tension with the
SM prediction stands at 1.9¢ and the null hypothesis of
compatibility with the SM has a p-value of approximately
6% [4,58]. This analysis comes from the combination of
ATLAS’s and CMS’s respective datasets which had inde-
pendently led to signal strengths of 2.07}0 and 2.4 & 0.9.
However, the ATLAS collaboration recently released an
analysis for data collected on 2022-2024, where the signal
strength is measured to be O.9f8.‘g. This leaves the overall

ATLAS result at 1.3f8‘? , which constitutes the most precise
measurement of this channel to date. Considering these
experimental results, there is no statistically significant
tension between measurements and the SM. However,
various models had been proposed to account for the mild
tension before ATLAS’ most recent results, such as: the
presence of vector dark matter via the type Il seesaw
mechanism [59], which adjusts to the observed data within
20; a model incorporating charged Higgs doublets within
the loop without affecting the 7 — yy process [60]; and the
existence of new quarks, where the CP-violating factor h?”
would account for the excess in g, [61]. Supersymmetric
theories that adjust well to the current experimental context
are discussed in the next section.

III. THE h — Zy DECAY IN RNS

Detailed computations of the 7 — Zy decay width have
been carried out in different supersymmetric scenarios [62].
A wide range of phenomenological analyses provide SUSY
spectra that modify the SM prediction of I';, while
correctly reproducing the Higgs boson mass measured at
the LHC. In the MSSM [63,64], the net SUSY contribution
to I'z, can enhance the SM prediction by up to 30% in
certain scenarios [65]. For large stop masses (m;j) above
600 GeV, the radiative corrections to the predicted Higgs
boson mass (M},) can be large enough to yield 125 GeV, as
these corrections increase logarithmically with my , but
this implies a large electroweak fine-tuning parameter
(Agw > 30). This model requires low values of third
generation squark masses (m;j, mp, <600 GeV) in order

to ensure a small value of Agyy, as was discussed in [66,67].
As pointed out in these works, Agw is the most
conservative definition of a fine-tuning parameter. It is
model independent, simple to calculate, and easily falsifi-
able, since requiring a low Agy implies the existence of
light Higgsinos with masses around 200 GeV, which can be

tested at a future e e~ collider. To reconcile the correct M),
prediction with a small Ay, one possibility is to go beyond
the MSSM by including additional multiplets, as in the case
of the next-to-minimal supersymmetric Standard Model
(NMSSM) [68] where I'z, can be at most 10% higher than
the SM result. Other possible extensions include the con-
strained MSSM (CMSSM) [69], where the predictions of
Iz, are slightly below the SM result, or the nearly MSSM
(nMSSM) [70] where the signal rate is significantly sup-
pressed. Recent research indicates that the BLSSM [71],
the u from v MSSM (uvSSM) [72] and the nonholomorphic
extension (NHSSM) [65] could lead to sizable deviations
from the SM predictions (even though the effects of the
NHSSM couplings are negligible), bringing them closer to
the experimental value. However, all these extensions
involve two important problems that need to be taken into
account. The requirement of a low Agy strongly disfavors
most of them, given that light third-generation squarks lead
to a predicted branching fraction for the b — sy decay that
is significantly lower than the measured value [73].
Besides, the theoretical uncertainty in the Higgs boson
mass within the minimal SUSY extension of the SM
(1-5 GeV) is about one order of magnitude larger than
the experimental precision achieved at the LHC, and this
uncertainty increases even further in extensions of the
MSSM [74].

An alternative to deal with these problems is given by
models of radiative natural supersymmetry (RNS), which
can be realized within the MSSM avoiding the inclusion of
additional exotic matter [67]. The RNS models are well
motivated. They can induce low fine-tuning at the 3% level
(Agw ~ 30) for a large stop mixing parameter (X,) with
moderately heavy top squarks (m;j ~ 1-5 TeV), allowing
for a 125 GeV light Higgs boson while respecting LHC
constraints on sparticle and gluino masses, and contraints
from B physics, especially the branching ratio for b — sy
decay. RNS is a refined framework that builds upon both
mSUGRA (or CMSSM) and Natural SUSY (NS). In
contrast to mSUGRA, which assumes strict universality
of scalar masses (), gaugino masses (m%) and soft trilinear
parameters (A,) at the GUT scale (Agyr = 10'¢ GeV),
typically leading to large fine-tuning, RNS allows for partial
nonuniversality, especially in the Higgs scalar sector, where
the masses m%{] and m%,z are chosen independently of m, at
the GUT scale. The parameters m; and my; are soft SUSY-
violating mass terms associated with the Higgs doublets H
and H,, which couples to up and down type quarks
respectively in the MSSM (we follow the conventions of
[75]). At the EW scale (M, ~ 91 GeV) m%,] plays a central
role in the EW spontaneous symmetry breaking. For
moderate tanf} =tz = v,/v; values (ratio of the VEVs
of the two MSSM Higgs doublets) the minimization of the
Higgs effective potential leads to the well-known relation:
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TABLE 1. Comparison between mSUGRA, Natural SUSY and Radiative Natural SUSY.

Model Universality at GUT Small p Light stops M, =125 GeV Naturalness

mSUGRA Yes No No Large fine-tuning No

NS No Yes Yes Moderate tuning Partial

RNS Partial Via RGE Moderate Yes Yes
M_% N m%,z +33 - (mel + Z})tlzj 2 (12) nonuniversal Higgs mass (NUHM) extension of the

2
2 15— 1

where Zj: are radiative corrections coming from the deriv-
atives of the one-loop Higgs effective potential while y is
the mass scale of the Higgsinos. For large negative values of
X,, the correction X} is suppressed and at the same time
M, =125 GeV is reached. This implies that natural

electroweak symmetry breaking requires m%,l to be negative

and not much larger in magnitude than M%. Otherwise, a
large cancellation between mf,l and u? would be necessary,
indicating fine-tuning. Natural SUSY improves naturalness
by keeping only third-generation squarks light and lowering
the p parameter, but it often requires some degree of fine-
tuning to reproduce the measured Higgs boson mass. RNS
retains the key idea of a small y but generates it naturally

through the renormalization group evolution of mi,]. Here,

m%,] is allowed to be large and positive at the GUT scale, but

it evolves to small negative values at the EW scale. This
behavior enables a naturally small x parameter and avoids
significant fine-tuning while preserving proper electroweak
symmetry breaking and reproducing the correct Higgs mass
value without the need for excessively light sparticles. A
comparative summary of mSUGRA, NS, and RNS is shown
in Table L.

In our analysis, we estimate I';, within the MSSM using
the low-energy values of the relevant parameters, such as y,
M,, A,, 15 and the stop masses, appearing in the one-loop
amplitude. These parameters are obtained by solving the
renormalization group equations (RGEs) starting from
boundary conditions defined at Agyr, as specified in the
RNS framework. We implement RNS through the

TABLE II. Typical parameter ranges at the GUT scale for RNS
models that can reproduce M, = 125 GeV and maintain Agy
small.

RNS parameter Range at Agut

mg 2-8 TeV
|Ag] 2.0-16 TeV
mi 0.3-1.5 TeV
ty 10-20

2 0.1-0.35 TeV
my 0.15-1.5 TeV

mSUGRA model, where my; and mj; are replaced by
the two weak scale parameters: p and the mass of the
CP-odd Higgs boson m,, according to

W = iy, i, 2 (13)

and the Eq. (12). The model is then completely specified by
the parameter set

,uvavtﬁamOvm%’AO' (14)

The appropriate region of RNS parameters at Agyr is
shown in Table II.

In this case, m represents the unified mass of the three
generations of squark and slepton particles. The required
mass spectrum and coupling values at the EW scale are
obtained radiatively with the help of Tsasugra [76] which is a
SUSY spectrum generator included in the Monte Carlo
program IsaJet 7.91 [77]. The Higgs boson mass is calculated
using FeynHiggs 2.19.0 [78], with the flags set to include the
full one-loop corrections, two-loop corrections at order
aa,, asa,, a,a,, af and NNLL resummation of large
logarithms in the MSSM with real parameters. Moreover,
the one-loop expression of the I';, was independently
computed by our group in the MSSM using the following
specifications.

A. Diagrammatic calculation of I'z,

Besides the SUSY counterparts of the virtual loops
depicted in Fig. 1, the MSSM includes new one-loop
diagrams involving charged Higgs bosons (H*), charginos
(x;) and sfermions f 7). The general form of the one-loop
decay width is given by

MSSM):aG%M%VM?z<1 M% 2 (15)

3
F(Zy 647" _ﬁ%> | Asm + Asusy
where Agy; includes the contributions from SM-like
particles, and Agygy encapsulates diagram’s amplitudes
with the additional degrees of freedom proper of the
MSSM. To draw all the diagrams and generate their
corresponding amplitudes in D-dimensions, using dimen-
sional regularization, we used FeynCalc together with
FeynArts. We also employed FeynHelpers, which connects
FeynCalc With Package-X, to obtain the divergent and finite
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FIG. 4. Main diagrams contributing to Agygy in the i — Zy
decay width. The internal solid lines represent charginos or
charged Higgs bosons, while the internal dashed lines represent
sfermion fields.

parts of each diagram in terms of a basis of the Passarino-
Veltman functions, and to perform any required algebraic
manipulation on the amplitudes. It is worth mention that Agy,
in Eq. (15) is not the same SM amplitude F, of Eq. (3) as in
the MSSM all the cubic couplings including an external
Higgs boson line differs from the corresponding SM ones by
a factor that is function of the (&, H) mixing angle a and the
angle . As a consequence, the divergent part of the MSSM
one-loop scattering amplitude in the R gauge, differs from
AM of Eq. (4) just by a factor that depends on these angles,

AMSSM — ASMgin(B — a). (16)

The UV divergences arise solely from the 1PI and non-1PI
diagrams in Agy. The SUSY contribution, Agysy, is finite,
even though each individual diagram involving y;, H= or f j
contains a simple pole. This finiteness comes from cancel-
lations among all diagrams with the same internal particle
content. For instance, in the case of charginos, there are eight
1PI triangle diagrams (see A, in Fig. 4) whose summed
Feynman amplitudes yield a finite result.

As the decay width is gauge invariant, we chose again
the Yennie gauge to directly get rid of the divergent term
AMSSM and obtain the corresponding finite expression. In
the MSSM, the relevant contributions to I'z, arise from
loops involving the W boson, the top quark, charginos and,
in certain regions of parameter space, the charged Higgs
bosons and third-generation sfermions, particularly staus
(%) and stops (7), can provide sizable effects (see Fig. 4). As
in the SM, the dominant contribution comes from loop
diagrams with internal W bosons. Its amplitude differs
from the SM one by an overall factor of sin(f— a).
In the decoupling limit, where my, > M,, a regime
typically satisfied in RNS, the mixing angle approaches
sin(f —a) - 1, and the MSSM contribution becomes
indistinguishable from that of the SM. Although the
chargino-induced amplitude does not exceed the magni-
tude of the W boson contribution, it can surpass that of the
top quark and remain phenomenologically relevant. This is
especially true when the chargino spectrum is character-
ized by a light Higgsino-like state. In such cases, chargino
loops can interfere constructively or destructively with the
SM-like contributions. In the context of RNS, the param-
eter u is small and leads to light Higgsinos that mix with

winos of mass M, ~ 0.3—1 TeV to produce relatively low
chargino masses (m,, ~100-350 GeV,m,, ~0.5-1.5 TeV)
obtained after diagonalizing the mass matrix

M, V2My, sin 8
Me = . 17
¢ <\/§MW cos 3 H ) (17)

In particular, the chargino loop amplitude depends on the
inverse of these low chargino masses and non-negligible
couplings to the Higgs and gauge bosons, which is why
this contribution dominates in Agygy. It can be schemati-
cally expressed as

XNZZ:mL[ FLx,,y,)+C FR(x,,y)} (18)

where C(Li’)R are effective couplings involving the hy,y;
and Zy,y; vertices, and the loop functions F; p depend on
x; =m2 /M3 and y; = m2 /M%. This amplitude is also
sensitive to the parameter 75, which appears in both the
masses and mixing of the charginos.

The amplitude arising from charged Higgs bosons has
the form

gMy cos(f — a)

1672 mf{i

Aye ~ Fy(2), (19)

where z = M} /(4m3 . ) and F - (z) is a loop function. The
charged Higgs mass my= is approximately related to the
CP-odd Higgs mass m, via

w2, ml+ M3, (20)

and lies in the 0.15-1.5 TeV range in RNS, making this
contribution generally subdominant. Scalar superpartners
of fermions contribute through amplitudes of the form

g'mj f
A ~ =L NQ (T = Qysin®0y ) Fy(xy).  (21)
2

where m is the mass of the corresponding fermion, mj is
the sfermion mass, N is the color factor (3 for squarks, 1
for sleptons), Qy is the electric charge, and T; the weak
isospin. The function F7(x;), with x, = M}/ 4m%, captures
the loop dynamics. Stops typically provide a subdominant
sfermion contribution due to the relatively large stop mass.
The stau contribution can be enhanced in scenarios with
large 74 and significant stau mixing. In the RNS framework,
while the stau-induced amplitude may become relevant for
tg values approaching 20, it remains subleading compared
to the chargino contribution. The explicit expressions for
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FIG. 5. Variation of the Higgs decay width I'z, and the MSSM Higgs boson mass M, as a function of the following input RNS

parameters. (a) Higgsino mass, y, (b) CP-odd Higgs boson mass, m,, (c) grand unified gaugino mass, my, and (d) ratio of the vevs of the

two Higgs doublets, 75. All of them evaluated at the GUT scale.

the amplitudes A; and the loop functions F; can be
consulted in our GitHub repository.

B. Numerical analysis

Accurate evaluation of the contributions in Egs. (18)—(21)
requires computing the loop functions F, Fg, Fy+ and F;
in terms of the masses my
scale. Those values are obtained through the RGEs imple-
mented in Isalet, with the boundary conditions defined at
Agur = 1.5 x 10'® GeV in terms of the RNS inputs p, m,,
mi, M, Aj and 1. The prediction of the h — Zy decay

mpy: and my evaluated at the EW

width depends on the precise election of such a boundary
condition. For this reason we study the behavior of I'z, as a
function of the RNS parameters in the ranges defined in
Table II.

In Fig. 5 we show the variation of the Higgs decay
width I'z, (black solid line) and the predicted three-loop
MSSM Higgs boson mass M), (red solid line) as a function
of the RNS inputs: (a) p, (b) my, (c) mi and (d) 4. In these

plots, each of the RNS parameters is varied one at a
time, while the others are kept fixed at the values reported
in each graph. Besides, we only admit RNS points that
constrain the Mj-prediction to lie within the range
M, =125.1 £2.0 GeV. It is noteworthy that, as shown
in Fig. 5(a), the numerical prediction for I'z, increases as
the value of u decreases, reaching its maximum for
1 =100 GeV. This behavior favors scenarios with low
EW fine-tuning and a light Higgsino spectrum, which can
be accessible at near-future collider experiments. On the
other hand, as shown in the remaining plots, when m, m
and 7 are increased, the Higgs decay width also increases,
showing a strong dependence on the parameter 15
[Fig. 5(d)] which changes the value of I'y, from 6 keV
to 7 keV (around 17%) when 75 evolves from 8 to 20.
Values of tanf <8 are generally disfavored. In this
regime, the top Yukawa coupling becomes very large,
potentially hitting a Landau pole below the GUT scale and
leading to a breakdown of perturbativity. Furthermore, low
tan f tends to suppress the predicted Higgs mass, making it
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difficult to achieve the observed value of 125 GeV without
relying on extreme stop mixing. Additionally, note that the
dependence on m, [Fig. 5(b)] is negligible for values
above 300 GeV, where the curve remains essentially flat
reaching a plateau, but it decreases rapidly below this
threshold. This behavior once again favors a small Agy,
since larger values of my typically lead to increased
electroweak fine-tuning. Finally, there is only a moderate
dependence on mi [Fig. 5(c)], the decay width increases by

approximately 3.7% as mi is varied from 500 to 1500 GeV.

The dependence of the Higgs decay width on A, and m,
must be carried out carefully. In the RNS framework, the
ratio |Ag/mg| plays a critical role in determining the
viability of the scalar spectrum. Large values of this ratio
can enhance stop mixing, which is beneficial for raising the
Higgs mass to the observed value near 125 GeV. However,
when |Ay/mg| becomes too large, typically beyond the
range 1.5 < |Ag/mg| < 2.0, the RG evolution of scalar soft
masses can lead to tachyonic states. These usually appear in
the third-generation sfermion sector, particularly in the
lighter stop 7; or stau 7;, where the large trilinear terms
induce sizable off-diagonal mixing that can drive one of
the squared mass eigenvalues negative. In some cases,
tachyonic masses may also arise in the Higgs scalar sector,
signaling an instability in the electroweak vacuum. IsaJet
detects these issues during spectrum generation and
exclude such parameter points as physically inconsistent.
Therefore, while moderate values of |A,/m| are necessary
to achieve realistic scalar masses in RNS, excessively large
values must be avoided to ensure a viable and stable scalar
spectrum. Having this in mind, the variation of I';, with
respect to the ratio |Ay/my| is shown in Fig. 6. For this
analysis, we have used the RNS point that yields the largest
value of I'z, according to Fig. 5, namely: u = 100 GeV,
my = 1500 GeV, my = 1400 GeV and 15 = 20. The blue

band highlights the points that are consistent with the
accepted range of the M ,-prediction, which is represented
by ared band in the lower panel of the graph. Consequently,
points with |[Ay/m| < 1.5 (indicated by dashed gray lines)
are excluded. Moreover, larger values of both m, and
|Ag/my| lead to higher predictions for I'z,. In particular, for
|Ag/mgo| = 1.75 and m, = 8000 GeV, the decay width can
reach FZJ, =~ 7.3 keV, which is 20.7% higher that the lowest
SM prediction in the a(M;) scheme (I'z, = 6.05 keV)
shown in Fig. 3, and 17.9% higher when compared with the
NLO average (I'z, = 6.19 keV) represented by the blue
point in Fig. 2. The ranges of the RNS parameters shown in
Figs. 5 and 6 were constrained in order to balance the Higgs
mass prediction with low fine-tuning. When the RNS
parameters are closer to their maximal considered values,
the fine-tuning parameter increases while maintaining the
correct Higgs boson mass, reaching values of Agy above
60, yet it always remains below 100. The numerical value
of the predicted 'z, can be slightly increased by taking

2000 3000 4000 5000 6000 7000 8000
7.2868 T T T T T

6.6373 | Ag/mo| = 1.75

5.9877

zy (keV)

53382
46886 _

40301f----"""7"

127.54
126.25
124.96
123.66
122.37F - -

121.08 = — . . .
2000 3000 4000 5000 6000 7000 8000

mqo / GeV

M, (GeV)

FIG. 6. Variation of the 4 — Zy decay width as a function of m,
for different values of the ratio |Aq/my.

larger values of tan £ and smaller values of the y parameter.
However, the following important considerations must be
taken into account. (i) Values of y below 100 GeV are
strongly disfavored due to experimental constraints. In this
regime, the lightest chargino and neutralino become pre-
dominantly Higgsino-like and acquire masses close to p.
Current limits from LEP and LHC direct searches require
e Z 100 GeV in typical MSSM scenarios. (ii) Although

tan # can be greater than 20, it should remain below 60 in
order to avoid issues with perturbativity and electroweak
vacuum stability. Values of tan 2 55 typically lead to the
appearance of tachyonic staus due to large left-right mixing
terms driven by the enhanced tau Yukawa coupling. This
can also result in charge-breaking minima in the scalar
potential. Additionally, for tan 2 60, numerical instabil-
ities commonly arise in IsaJet and FeynHiggs, which signal the
onset of unphysical or unreliable solutions. (iii) Increasing
tan f also leads in general to an increase in fine-tuning.
In Fig. 7, we display the percentage increase of the
MSSM-RNS prediction for the decay width of h — Zy,

20 25 30 35 40 45 50 55

21.18
20.41
:\; 19.65
IE 18.89 ,f’”
5 p
1812}, -
17.36
218.11
19231
45 166.6
1408
wif || 1 | L L
20 25 30 35 40 45 50 55
t
FIG. 7. Upper: percentage difference between the RNS pre-

diction and the NLO average of I'z, in the SM as a function of
tan f. Lower: electroweak fine-tuning parameter for different
tan # values.
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computed relative to the SM NLO average value of 'z, (see
Fig. 2). The lower panel also displays the value of the EW
fine-tuning parameter Agy for different values of tan 3. In
both plots, we scan over the range 20 < 73 < 60. As can be
seen from the black solid line, the RNS prediction is
consistently higher than the SM average value across the
scanned range, reaching a maximum difference of 20.34%
(corresponding to I'z, ~7.5 keV) for 745 approaching 57.
Tachyonic states appear for z; > 57. The precise RNS point
that maximizes the prediction of I', is: u = 100 GeV,
my = 8.0 TCV, AO =-14 TeV, my = 0.6 TGV, m% =
1.5 TeV and t3 = 51. Values of u below 100 GeV (dashed
gray lines) can further increase the percentage difference,
but are excluded by current LHC searches. Finally, in order
to obtain the maximum allowed value of the decay width
prediction in the RNS scenario, it is necessary to allow the
fine-tuning parameter to exceed 100, as can be seen from the
lower panel of Fig. 7. Although the RNS framework is
designed to minimize electroweak fine-tuning, some tension
arises when attempting to maximize the rare decay width
I'z,, particularly in the large tanf regime. Achieving the
highest predicted value requires pushing Agyw beyond the
nominal naturalness threshold. For instance, at 75 = 51, we
obtain Agw = 117. This corresponds to a fine-tuning level
of approximately 1/117, or about 0.85%, indicating that a
delicate cancellation among parameters is needed to stabi-
lize the electroweak scale. While this is significantly less
natural than the typical RNS benchmark range Agyw < 30
(corresponding to 3% naturalness), it remains substan-
tially better than in other SUSY models, such as PeV or
minisplit supersymmetry [79], where fine-tuning often
exceeds 0.2% (i.e., Agw = 500). Therefore, while the point
with Agw = 117 lies outside the natural region of RNS, it
may still be considered moderately fine-tuned and phenom-
enologically acceptable, especially if the enhancement in
the decay width leads to deviations from the SM prediction
that are closer to the latest combined ATLAS measurement.

IV. CONCLUSIONS

In this work we have revisited the amplitude for the 7 —
Zy decay width in the SM at LO. We have computed the full
one-loop contribution in the R, gauge in terms of the
Passarino-Veltmann master integrals using dimensional
regularization. We found that the spurious UV divergences,
emerging in the regularization procedure, can be efficiently
removed using the Yennie gauge, { = —3. The finite
contribution is gauge independent. Additionally, we ana-
lyzed the dependence of the decay width on the Higgs boson
mass at both LO and NLO in four different renormalization
schemes. The resulting decay widths are found to be on the
order of keV, with a mean value of 6.19 4 0.15 keV,
showing a non-negligible variation of about 4% in the four
a-schemes when the Higgs boson mass is varied over the

range of its experimental measurement. We note that
although the uncertainty in the decay width is reduced at
NLO, its central value deviates more from the experimental
result than the LO prediction because the two-loop EW
corrections are negative. This motivates further work aimed
at computing the missing NNLO contributions from EW
and mixed QCD/EW corrections. In addition, we have
calculated the MSSM corrections to I'z, which come from
loops with chargino, charged Higgs boson and sfermion
particles. The numerical values of the corresponding spar-
ticle masses at the EW scale were obtained by evolving the
parameters of a supergravity model with nonuniversal
Higgs boson masses (namely, RNS) from the GUT scale
using the rernormalization group approach. The behavior of
the 7 — Zy decay width as a function of the RNS input
parameters at Agyr was studied. We found that imposing in
the RGEs the boundary condition where y = 100 GeV,
mi = 1500 GeV, my =600 GeV, 15 =51 and mg =
8000 GeV with |A,/mg| = 1.75, the value of I, increases
up to about 7.5 keV which is ~20% higher than the average
NLO prediction in the SM, while preserving the Higgs mass
value inside the range M, = 125 2 GeV and a moder-
ately large fine-tuning parameter, Agyw = 117. Interestingly,
the RNS prediction aligns well with the latest ATLAS result
of ~8.3 keV and is even closer than the SM estimate of
~6.2 keV, suggesting a slightly improved description of
this rare process within current uncertainties. Looking
ahead, a possible enhancement of about 10%—20% in the
partial width predicted within the RNS framework could be
challenging but potentially testable at future colliders. At the
HL-LHC, such a deviation would be close to the projected
experimental precision on this channel, around 14% for the
combined ATLAS and CMS analyses. In contrast, lepton
colliders such as the ILC [80] and FCC-ee [81] would offer
much higher sensitivity thanks to their cleaner experimental
environments and large Higgs production rates. In particu-
lar, the FCC-ee, expected to collect O(10°%) Zh events, could
reach percent-level accuracy in rare Higgs decay measure-
ments, making a 10%-20% enhancement in I'z, clearly
observable. Finally, it is not possible to further increase the
prediction, as important constraints forbid lowering the u
parameter below 100 GeV and raising tan  beyond 60. Our
results show that enhancing the decay width I'z, within the
RNS framework, particularly in the large tan/ regime,
requires electroweak fine-tuning parameters exceeding
Agw ~ 100. While such values are still more natural than
in typical MSSM scenarios, they lie outside the preferred
natural region of RNS defined by Agy < 30. This indicates
that the requirement of maximizing the decay width
prediction comes at the cost of increased fine-tuning, and
thus reveals an intrinsic tension between naturalness and
observable deviations from the Higgs properties in the SM.
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