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1. Introduction

The Standard Model (SM) is extremely successful but remains incomplete. Significant
efforts are devoted to searching for deviations from the SM. Following the discovery of the
Brout-Englert—Higgs boson [1, 2] (commonly referred to as the Higgs boson), many of its proper-
ties are still not fully understood. Recent results from the ATLAS and CMS collaborations provide
the first evidence for the rare decay H — Zvy [3, 4]. The combined measurements from both exper-
iments yield a branching fraction of Boys = (3.4 + 1.1) x 1073, which exceeds the SM prediction by
a factor of (2.2 +0.7) [5]. The discrepancy corresponds to a statistical significance of only 1.9¢ .
This result has motivated numerous studies aiming to provide an explanation (e.g. [6—16]). Most
of these works attempted to explain this excess as a modification of the HZy vertex.

The process H — Zv is reconstructed from the £y final state (£ = e, u). The same final
state also receives contributions from H — vy, box diagrams, and H — uuy via the Yukawa
coupling [17-33]. A dilepton invariant-mass cut of m¢, > 50 GeV [4, 5] is applied to suppress the
H — yv background, which reduces but does not completely remove it (see Fig. 1).

Together with J. Kimus, S. Lowette, and M.H.G. Tytgat, we propose a new approach to
addressing the excess by introducing an additional background from BSM processes in Higgs
decays [34]. By applying a narrower dilepton invariant-mass window centered on the Z peak
(Jmge — mz| < 10 GeV), we obtain a signal strength of u = 1.39 (see Tab. 1). This result is also
consistent with the recent ATLAS measurement [35], which used a similar invariant-mass window
around the Z peak and reported a signal strength closer to the SM expectation, u = 1.3t%'_65. It
is important to mention that, an additional 6.4% contribution to the measurement in the dilepton
invariant-mass window between 50 and 125 GeV arises from other SM processes.

2. The Standard Model

The SM contribution to H — {{y is represented by four different sub-processes: the tree-level
decay with Bremsstrahlung, the one-loop contribution with the yy sub-process, the direct box-
diagram coupling, and the one-loop contribution with Zv, which are of particular interest here. For
electrons, the tree-level contribution can be neglected, whereas in the case of muons it accounts for
up to 70%" of the total decay rate. All one-loop contributions can be expressed in a general form as

Msmioop = [qup1-8°(9) — €;,(q) q - p1] i(p2)(a1y* Pr + b1y*PL)v(p))
+ |qup2-£°(q) — £,(q) q - p2] W(p2) (a2y* Pr + bay* PL)v(p1) . (1)

here the four-momenta of the leptons and photon are denoted by p;, ps, and g, respectively.
The coefficients ay(2) and by () depend on the Mandelstam variables, defined as u = (p2 + q)z,
t=(p +q)2, and s = (p +p2)2. The coefficients ay(2) (b1(2)) are symmetric under the interchange
of the variables u and 7. For explicit expressions of aj(2) and by(2), see [17].

All contributions can be separated into a resonant part, which can be associated with the
H — Zvy process, and a non-resonant part, which can be defined by splitting the coefficients in
Eq. 1 into two subsets (see details in [18]):
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Figure 1: Solid red: total with modified HZvy; blue dash—dotted: rescaled resonant SM; short—dashed red:
SM; brown dashed: non-resonant; long dash—dotted green: tree level. No kinematic cuts were implemented.

al(2)(s’t) = a’{fs)(s) +a’f(2)(s’t)’ (2)
with
a(m?) a(s) — a(m3)
a’es (s) = 4 , and all, (s,t)=a s, 1)+ 2.3
](2)( ) s—mZZ+imZFZ 1(2)( ) 12)(s.1) s—m22+imzr‘z ©)

where a(s) denotes the symmetric part of the coefficients aj(2), since it is the same for both. A
similar definition symmetric part 3(s) applies to the form factors b(3). The original form factor
can then be rewritten as

a(s)

— mzz +imzI'y '

“)

ay2)(s,t) =dyo)(s, 1) + -

with an analogous expression for by (2) (s, ).

The resonant contribution depends solely on the dilepton squared invariant mass, denoted by
the variable s. It is also important to emphasize that one cannot isolate a subset of diagrams to
obtain the resonant part, since gauge-dependent contributions cancel only after summing over all
diagrams (full set of diagrams one can find in [36]).

By rescaling the H — Zvy vertex one can explain excess in H — {{vy in particular kinematic
region (see Fig. 1).

3. New Physics

3.1 Effective Field Theory

The most common explanation for the excess is a modification of the HZy vertex (e.g., [6—
8, 10-16]). As an alternative, we propose the presence of an additional background. A general

IDepending on the kinematic cuts.
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Figure 2: (a) Contribution of the EFT operator (Eq. 5) to H — ££y with Agr = 260 GeV, chosen to match the
observed excess over the SM. (b) UV-complete benchmarks: M = mg = my = 62.5 GeV (dot—dashed green;
solid red) and M = 100 GeV. The black long-dashed curve shows the EFT result from (a). No kinematic cuts

were implemented.

way to incorporate BSM contributions is through an Effective Field Theory (EFT) framework.
Although several operators can contribute to the process H — {{y, for simplicity we focus on a

single dimension-8 operator:

4
R

where ® is the SM Higgs doublet, £g denotes the SU(2)-singlet right-handed lepton spinors,
B*Y is the hypercharge field strength, and g’ = e/cos 8y is the SM hypercharge coupling. The
underlying dimension-6 structure, 9, (fRy,ué’R)B”", vanishes for on-shell fields; hence, the factor

Leg O j @120, (Zry,lr) B* | 5)

|®|? is essential.

3.2 UV-complete model

There are many possible ways to construct a UV-complete model that potentially reproduces
the background corresponding to the EFT scenario presented in Sec. 3.1. Here, we consider one
specific UV-complete model [37, 38], in which the scalar particle S can serve as a dark matter

candidate [39—41]:

1 1 _ _ Ans
Lyy 2 50,50"S - 5mgs2 + 96D — my)¥P — Z(ygS‘PfR +h.e)— %SZ|H|2 (©6)
£

The scalar § interacts with the SM through the Higgs portal and couples to right-handed leptons via
a Yukawa interaction with a vector-like fermion W carrying hypercharge Y = Q = —1. Additional

diagrams that provides this model are represented on Fig.3.
With this Lagrangian, the process H — {{y receives an additional contribution from three

extra diagrams (Fig. 3), which were evaluated using FeynCalc [42—44].

21t is the singlet under the SM.
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Figure 3: Amplitudes for the UV-complete model. Bremsstrahlung from final-state leptons (b, c) is loop-
and chirality-suppressed, while the virtual fermion emission (a) reproduces the structure of the effective
operator in Eq. 5.

4. Phenomenology

4.1 General results

To extract H — Zy from H — {{y, one must account for additional backgrounds: H — 7y,
non-resonant box-diagram ¢y production, and off-shell contributions. Properly chosen kinematic
cuts can reduce - but not completely remove - backgrounds from other SM processes. Comparing
the “pure” H — Zy result (u = 2.20) with the reconstructed one (u = 2.06) shows a ~ 6.4%
decrease. If SM backgrounds are correctly modeled, any additional excess would have to originate
from BSM contributions.

In the new results [35], the ATLAS Collaboration adopted a narrower dilepton invariant-mass
window, |m¢e — mz| < 10 GeV, and obtained a signal strength closer to the SM expectation,
u= 1.3J:%_65, which corresponds precisely to the result presented in [34] (see Fig. 2 and Tab. 1, result
# 7, columns BrEFT/BrSM and BrUv/BF‘SM).

The event yields reported in [3-5, 35] can be reproduced within the EFT description (Eq. 5)
using the operator normalized at the scale A = 260 GeV. For the UV-complete theory, the parameter
space contains four parameters, and many combinations can reproduce the required background
rate. We focus on two representative mass points: my = mg = 62.5 GeV (i.e., mg/2) and
my = mg = 100 GeV. In both scenarios we fix the Higgs—scalar coupling to Ay = 0.26. The
corresponding lepton Yukawa couplings needed to match the rate are y, = 1.66 for the 62.5 GeV
point for the 100 GeV point the product of couplings is already large A, y% =28.1.

4.2 Phenomenological restriction

The introduction of the background in Egs. 5 and 6 does not contradict the main phenomenolog-
ical constraints. The UV-complete model contributes to the anomalous muon magnetic moment and
is consistent with the (g—2), measurement for both mass benchmarks my = mg = 62.5(100) GeV.
According to the new results [45] the corresponding constraint for coupling constants is A y% <
0.48(18.7).

The vector-like lepton F ~ (1, 1, —1) is relatively light and couples to both the photon and the
Z boson, potentially contributing to the oblique parameters [46]. Since our benchmark masses are
comparable to mz (my < mz), the standard S, T, U formalism is insufficient, and we instead use
the extended set (S, ..., X) from Ref. [47]. Using the results of Ref. [48] for general vector-like
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# | Cuts | mni"[GeV] | mpe*[GeV] | TEY [keV] | ToM[keV] | Zres | 27T | 2R
1 | None 50 125 0.768 0287 | 1.67 | 1.86 | 2.07
2 | None 50 100 0.504 0.028 | 2.01 | 2.21 | 2.57
3| cMs 40 125 0.455 0.011 | 2.04 | 2.10 | 213
(4] cMS | 50 125 0.451 0.011 | 2.06 | 2.06 | 2.06 |
5| oms 70 125 0.440 0.011 | 207 | 1.80 | 1.71
6 | cms 70 100 0.432 0.006 | 2.08 | 1.74 | 1.68
7] CMS 80 100 0.416 0.005 | 2.09 | 1.48 | 1.39

Table 1: Signal strengths for selected cut choices. The first two rows apply only the m ¢, cuts. All values are
obtained by integrating over the Mandelstam ¢ variable. CMS-like cuts: E, > 15 GeV, E1 > 7 GeV, E» > 25
GeV, and yin, Umin = (0.1, mp)?. Columns: Brres./Brsy - Z-peak strength with the effective HZy coupling
rescaled by V2.11 to match Brgps = (3.4 + 1.1) X 1073; Brggr/Brsu -EFT result (Eq. 5); Bryvy/Brsm - UV
model (Eq. 6) with mg = my = 62.5 GeV

electroweak representations (see also [49]), we find
S =-U=-0.013(-0.0042), V =-0.026(-0.0065), X =0.014(0.0045) @)

for our benchmarks my = 62.5 (100) GeV. We find that the oblique corrections are well below the
1o experimental limits:

AT AT
=| =0.0002(0.00005) < 0.003, | =0.0002 (0.00006) < 0.001,

inv (24
Amyy = 0.0082 (0.0026) GeV < 0.013 GeV. 8)

For details, see Ref. [34].

The particles F' and S are assumed to be nearly mass-degenerate, with my > mg. The mass
difference is sufficient for decays into electrons and muons but not into any heavier particles. Since
the Yukawa coupling is not negligible, the decay (I_?) — S+ (5) produces soft leptons that are invisible
to LHC detectors. Consequently, FF production appears as missing energy, pp — jets + . From
missing energy searches, the mass bound for the charged fermion particle is my > 67 GeV (within
5%), which is borderline for my = mg = 62.5 GeV, while my = mg = 100 GeV is safe.

In the context of dark matter phenomenology, we note that although the scalar S could in
principle serve as a DM candidate, its coupling to the SM through the Higgs portal leads to strong
constraints: for the benchmark mg = 100 GeV, thermal freeze-out would require Adps = 2.2,
whereas a dominant DM component would correspond to only A5 =~ 0.04, implying that a stable
S would constitute only a subdominant fraction fg ~ (0.04/2.2)%> ~ 3 x 107*. This mass—coupling
requirement is generally excluded by direct-detection constraints, unless the lighter benchmark near
the Higgs resonance (mgs ~ mp /2) is considered, where suppression effects can allow compatibility.
However, these arguments typically ignore the additional Yukawa interactions mediated by F,
enabling #-channel DM processes that substantially enrich the dark-matter phenomenology - a
detailed exploration lies outside the scope of this work.



Exploring Background Contributions in H — Zy Decay Aliaksei Kachanovich

5. Conclusions

In this work, we presented a new idea to explain the excess u = 2.2 + 0.7 reported by both
the ATLAS and CMS collaborations in the measurement of H — Zy by introducing an additional
background to H — {{vy. Our approach reproduces the new ATLAS result [35], u = 1.3t%_65. BSM
effects are considered both through an effective operator (Eq. 5) and a simplified UV model (Eq. 6)
with a scale close to the electroweak scale, also motivated by the dark matter problem.

The differential decay rate for the rescaled H Zy vertex (Fig. 1) is compared with the background
contributions from the EFT and UV-complete models (Fig. 2). The resulting signal shapes differ
significantly between the models, highlighting the need for further experimental studies across
dilepton mass bins mg,. Different scenarios with kinematic cuts on my,, including experimental
selections, are summarized in Tab. 1.

It is deemed unlikely that new physics significantly contributes to H — ¢*¢~y. The UV model
considered is ad hoc and fine-tuned, relying on several unnatural assumptions, including a low
new physics scale, a compressed mass spectrum (mgs ~ mpg), and identical Yukawa couplings for
electrons and muons. Nevertheless, other experimental constraints are considered, along with the
possibility that one of the new particles could contribute to dark matter. The model should remain
relevant for future analyses, even if the excess disappears with the same cuts.

In this work, we investigated various constraints from (g — 2), and collider measurements,
electroweak precision tests, and dark matter observations, all of which are consistent with our
models.
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