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Many attempts have been made to observe the decay of the Higgs boson to a photon and an invisible
massless dark photon. For this decay to be potentially observable at the LHC, new mediators that
communicate between the standard model and the dark photon must exist. In this Letter, we study bounds
on such mediators coming from the Higgs signal strengths, oblique parameters, electric dipole moment of
the electron, and unitarity. We find that the branching ratio of the Higgs boson to a photon and a dark
photon is constrained to be far smaller than the sensitivity of current collider searches, thus calling for a

reconsideration of current experimental efforts.
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Introduction.—A dark photon is a new Abelian gauge
boson that can mix with the photon [1] and has been the
subject of extensive theoretical and experimental studies.
One potential discovery channel that has been the subject of
much scrutiny is the decay of the Higgs boson to a photon
and a massless invisible dark photon, 7 — AA’. Searching
for this decay was first motivated by a series of phenom-
enological papers [2—6], which claimed that the branching
ratio of the Higgs to a photon and an invisible particle could
be as high as 5% and still be compatible with experimental
constraints at the time. This led to a series of experimental
searches at the LHC [7-9]. At the time of writing this
Letter, the strongest limit on this branching ratio comes
from Ref. [9], which obtains a bound of 1.8% at 95% con-
fidence limit (CL).

The decay of the Higgs boson to a photon and a dark
photon could in principle simply be the result of tree-level
interactions of the standard model (SM) particles with the
dark photon. The problem with this scenario, however, is
that the interactions between the SM particles and a new
light gauge boson are constrained to be very small. If the
decay of h - AA’ is to be realistically observable at the
LHC, new particles that mediate interactions between the
SM particles and the dark photon must therefore exist.

In this Letter, we investigate experimental and theoretical
constraints on mediators that allow the 7 — AA’ process.
The constraints considered are the Higgs signal strengths,
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oblique parameters, electric dipole moment (EDM) of the
electron, and unitarity. Most importantly, we demonstrate
that these constraints restrict the Higgs branching ratio to a
photon and a dark photon, BR(h — AA’), to be far smaller
than the sensitivity of current collider searches barring
extremely fine-tuning or contrived model building.

Unfortunately, it is not possible to obtain a bound on
BR(h — AA’) that is truly model independent. Certain
observables like the Higgs signal strengths are simply too
complicated and can be affected in too many ways. As
such, we will study a large and representative set of
benchmark models. Although they are only benchmarks,
they will illustrate clearly why obtaining a BR(4 — AA’)
potentially observable at the LHC would require significant
fine-tuning.

In the models we consider, BR(h — AA’) is always
constrained to be below ~0.4%. Furthermore, this upper
limit could only be realized in the presence of light charged
mediators that somehow would have avoided experimental
constraints. The improvement over previous limits comes
from a more accurate analysis of the Higgs signal strengths,
the inclusion of new constraints (oblique parameters, EDM
of the electron and unitarity), and the inclusion of more
recent experimental data.

Benchmark models.—We begin by presenting the models
considered in this Letter. Consider a new U(1)" gauge
group whose gauge boson is A’ and under which SM
particles are neutral. Assume a set of mediator fields that
are charged under both SM gauge groups and U(1)". We
then confine ourselves to the models satisfying the follow-
ing requirements: (1) have a renormalizable Lagrangian
that preserves all gauge symmetries; (2) lead to the h —
AA’ decay at one loop; (3) contain no mediators charged
under QCD; (4) contain only mediators that are complex

Published by the American Physical Society


https://orcid.org/0000-0002-1625-1256
https://orcid.org/0000-0003-1716-0169
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.141801&domain=pdf&date_stamp=2023-04-07
https://doi.org/10.1103/PhysRevLett.130.141801
https://doi.org/10.1103/PhysRevLett.130.141801
https://doi.org/10.1103/PhysRevLett.130.141801
https://doi.org/10.1103/PhysRevLett.130.141801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 130, 141801 (2023)

scalars or vector-like fermions; (5) contain no more than
two new fields; and (6) contain no mediators that mix with
SM fields or have a nonzero expectation value.

Requirement (2) is made since a decay at multiple loops
would not lead to an observable BR(h — AA').
Requirement (3) is imposed because a colored mediator
would lead to a large modification to the gluon-fusion cross
section. Requirements (4)—(6) are imposed to keep the
number of possible models to a manageable level.

In practice, these requirements simply mean that the
Lagrangian must include a term involving both the Higgs
doublet H and the mediators. Conveniently, the vertices
that satisfy these requirements fall into a finite number of
categories. They are

(1) Fermion case:

cr =i

abc

wi(ALPp + AgPR)whHE + He., (1)

where the y; are fermions with gauge numbers

Y- (l’p’Yp’ Ql)’ Yo (17n’Y”7 Ql)’ (2)

with Y? =YY"+ 1/2, p=n+1 and the gauge numbers
written in the form [SU(3),SU(2),,U(1)y,U(1)']. The
quantity 21520 is an SU(2), tensor and can be expressed in
terms of Clebsch-Gordan (CG) coefficients.
(2) Scalar case I:
LS — — 'ual’”

abc

“LHC 4+ H.c., (3)
where the ¢, are scalars with gauge numbers
¢] . (17 ps Yps Q/)ﬂ

with Y? = Y" + 1/2.
(3) Scalar case II:

$2: (Ln, ¥, 0, (4)

Lo == X di HH ¢, (5)
where ¢ is a scalar with gauge numbers

¢: (1n.Y. Q") (6)

r refers to different ways of contracting SU(2), indices,

and d"., are SU(2), tensors which can be expressed as a
combination of CG coefficients. If n # 1, there are two
possible contractions each with its own coefficient A".

(4) Scalar case III:

L:Sm — —ZﬂraSZ:dHaTHbgbqug +H.c., (7)
r

where the ¢, are scalars with gauge numbers

¢l: (1’p7Yp7 Q,>’ ¢2: (1’n7Yn’ Ql)’ (8)

where Y? =Y" and p e {n—2,n,n+2}. If p=n#1,
there are two ways to contract the SU(2), indices and one
way otherwise.

(5) Scalar case IV:

L5 = —pd% HH ¢ ¢ + Hec., 9)
where the ¢; are scalars with gauge numbers

¢1: (l,p, YP’ Ql)’ ¢2: (l’n’Yn’ Ql)7 (10)
where Y? =Y" 4+ 1,p € {n—2,n,n+ 2} and p and n are
assumed not to both be 1. There is only a single way to
contract the SU(2), indices.

The different models could of course be combined, but
we will assume for manageability sake that only one type of
vertex is present. Once the Higgs field H obtains an
expectation value, the mediators will usually mix. The
only exception to this is scalar case II. The interactions with
the Higgs boson and Z boson are usually nontrivial.

Constraints.—We now consider the constraints to be
imposed on the different models introduced above.

Higgs signal strengths: Gauge invariance forces the
amplitude of the decay & — AA to take the form

M"=A% = Sh=A%(py e pr g, — PP )€Y €p,

ahs 5
+ iSh AAeﬂyaﬁpﬁ'p/ze‘;,le*,;Z. (11)

The amplitudes for AA’ and A’A’ have similar forms. At one
loop, the S coefficients are

Sh—AA _ ezZQﬁCa + Sgl\—;[AA’

Sh—)AA/ — eeIZQancg’
Sh—)A’A’ _ e/ZZQIZCm (12)

where ¢’ is the gauge coupling constant of U(1)’, the sum is
over the different mediators, C, is a common factor, and
St is the SM contribution. Coefficients of the type S
take analogous forms. It is clear from Eq. (12) that a large
BR(h — AA") will generally lead to either a large
BR(h — A’A’), a large modification of BR(h — AA), or
both. The Higgs signal strengths thus play a crucial role in
constraining BR(h — AA").

The Higgs signal strength constraints are applied using
the k formalism [10]. The only two affected at leading order
are those associated to AA and AZ. The decays to A’A’, AA’,
and ZA’ are taken into account by properly rescaling the
signal strengths. This global reduction of the Higgs signal
strengths renders the searches for the Higgs decaying to
invisible particle superfluous. A global fit is then performed
by using the most up-to-date measurements of the Higgs
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signal strengths of Refs. [11] and [12] by CMS and
ATLAS, respectively. These references conveniently pro-
vide the measurements, uncertainties, and correlations of
the Higgs signal strengths. We impose the bounds at
95% CL [13].

Electron EDM: There is a potential loophole in the
constraints of the Higgs signal strengths. The decay width
of the Higgs to two photons is proportional to
| 74412 1 |§m=A4 2 In general, there will be interference
between the contributions from the SM particles and the
new mediators. These terms are generally responsible for
most of the modification to BR(2 — AA). The interference
terms could potentially be avoided in two ways. First, the
SM contribution to S"744 is almost purely real.
Interference terms could then be avoided by having a
purely imaginary mediator contribution to $"~A4,
However, it is easy to verify that C, is forced to be purely
real for charged fermion and scalar mediators. The only
way it could be complex would be for the mediators to be
lighter than m;/2; but this is in blatant violation of LEP
bounds [14,15]. Second, the SM contribution to S"~44 is
essentially 0. Interference terms could have been avoided
by having the mediators exclusively contribute to §"~44,
For the scalars, this is not possible. However, this can be
done for the fermions and the limits from the Higgs signal
strengths could be greatly weakened. Thankfully, a side
effect of this scenario would be a large contribution to the
EDM of the electron, which is strongly constrained.

The contributions to the electron EDM come from Barr-
Zee diagrams involving a combination of the photon, Z
boson, W boson and the Higgs boson. The contributions of
the diagrams involving a Higgs boson and either a photon
or Z are taken from Ref. [16]. The contribution of diagrams
involving two W bosons can be computed by adapting the
results of Ref. [17]. The limit on the electron EDM of
Ref. [18] by the ACME Collaboration is used and corre-
sponds to 90% CL.

Once the electron EDM constraints are implemented,
§"=44 will be forced to be essentially zero for a BR(h —
AA') close to its limit. There is therefore no point in
considering other CP-violating observables.

Oblique parameters: The operators presented in the
benchmark models generally lead to different masses for
particles that are part of the same representation of the
electroweak groups. This leads to modifications of the
oblique parameters S and 7" [19]. For the fermion case, we
use the general results of Refs. [20-25]. For the scalar case,
we compute them ourselves. The limits of Ref. [26] are
used and correspond to 95% CL.

Unitarity: Unitarity imposes bounds on the coefficients
in Egs. (1), (5), (7), and (9). For the fermion case, unitarity
of the scattering y‘/‘fz;/’g — y‘/fy/g requires

32r
|AR* +]AL|* < e (13)

For the scalar cases, unitarity of the scattering of two
mediators to two Higgs bosons requires

1 ~ 1213
case II: ———— . Adys;i
16\/571’ |:Zz,] Zr 22ij :|
1 ~ 1273
case Ill: ———— . rrdby
16\/§7T |:Zz,] Zr 22ij :|

M' [ ~pn 2]%
case IV: g B
16V 27 “fl 2]

For the scalar case IV, this can be simplified to

] < 8;:\/%. (15)

No unitarity bound generally applies on yu for scalar case 1.
For the scalar cases, we also apply the unitarity bounds on
Q’¢’ by adapting the results of Ref. [27]. This gives

Var
|Q'¢'| < Pz (16)

’

1
<_
2
<1
2?
1
=. 14
<3 (14)

where g = n + p for cases I, 11, IV, and g = n for case II.

Results.—We now present the limits on BR(h — AA’) for
the benchmark models. In all cases considered, the param-
eter space is scanned by using a Markov Chain with the
Metropolis-Hasting algorithm. To maximize the number of
points near the limits, a prior proportional to BR(h — AA’)?
is used. As the results only depend on Q' and ¢’ via the
product Q’¢’, the limits are independent of the choice of Q’
and we impose |Q’¢’| < v/4x. For each model, the results are
finely binned and the largest BR(h — AA’) is selected in
each bin. The results are shown in Fig. 1. The mass m™"
denotes the mass of the lightest charged mediator.

As can be seen, BR(h — AA’) never exceeds ~0.4% for
any of the models considered. A limit of this order of
magnitude is easy to predict. Consider Eq. (12) and assume
that C, is real and §"~44 = 0 as argued above. Further,
assume that the contributions to the Higgs decay to AA,
AA’, and A’A’ are all dominated by a single mediator. It is
then easy to prove that

BR(h — AA)

ABR(h — AA)

~+/BR(h— A’A")BR(h — AA)‘ BR(h = AA)
_)

L)

where ABR(h — AA) is the deviation of BR(h — AA)
from its SM value. The Higgs decay to invisible particle
BR(h — A’A’) can be at most O(10%). The branching ratio
to two photons BR(Z — AA) is about 0.23% and can at
most deviate from this value by O(25%). One then expects
BR(h — AA’) to be at most O(0.4%). Of course, there are
in general multiple particles in the loop and there can be
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FIG. 1.

bounds would prohibit charged particles of such masses [14,15].

small deviations from this number. However, obtaining a
BR(h — AA’) much higher than 0.4% would require some
precise cancellations to take place in h — AA and h — A’A’
decays. Plus, interactions with the Higgs will often con-
siderably split the masses of the mediators and force a
single mediator to dominate.

Many models show a plateau of maximum BR(Z —
AA") followed by a decreasing limit. The plateau is due to
the Higgs signal strengths. The threshold at which this
plateau ends corresponds to where the constraints from the
oblique parameters or unitarity become stronger than the
Higgs signal strengths constraints.

The figures clearly indicate that the limits depend on the
mass of the lightest charged mediator. In principle, there
should be a lower limit on the mass of such particles from
collider searches. This would tighten the constraints on
BR(h — AA’). In practice, the mediators could have
complicated decays that are not searched for and a lower
limit cannot be technically applied besides the LEP bound.
However, it is very improbable that a charged particle of
less than a few hundred GeV would not have been found at
the LHC by now.
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Maximum allowed BR(h — AA’) for different examples of mediator models. The plots do not go below 100 GeV, as LEP

Some mediators are more strictly constrained and cannot
even reach a BR(h — AA’) of 0.4%. This is namely the
case for the mediators of scalar case IV. These lead to
negative contributions to the 7" oblique parameter and can
only result in a very small BR(h — AA’), which is why we
do not include any plot for this case. Obtaining a large
BR(h — AA’) typically requires |Q'¢’| to be much larger
than |Qe|, where Q is the electric charge of a mediator. This
is problematic for mediators with large electric charge, as
|Q’¢’| is bounded from above.

Scalar case II and scalar case III for p = n can avoid
contributions to the oblique parameters by an appropriate
choice of coefficients. This, however, results in degenerate
mediator masses. For scalar case II in particular, it can be
shown that degenerate masses lead to

1

142

x /BR(h = A’A"\BR(h — AA)
ABR(h — AA)‘

BR(h — AA) |

BR(h — AA')

(18)
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Conclusion.—In this Letter, we studied constraints on
mediators that allowed the Higgs boson to decay to a
photon and an invisible massless dark photon. To do so, we
considered a large and representative set of benchmarks
models. We found that constraints from the Higgs signal
strengths, EDM of the electron, oblique parameters, and
unitarity forced BR(h - AA’) to be at most ~0.4% for
these models. This is far below the current collider bound
of 1.8%. Furthermore, this would require the presence of
light charged particles which would somehow have avoided
detection.

In addition, obtaining a sizable BR(h — AA’) requires
the mediators to satisfy certain requirements that may not
be very aesthetically pleasing. Namely, they require very
large couplings with the Higgs and a large dark electric
charge. In the case of Yukawa couplings, they are often
required to be of order a few. Worse, the models always
lead to a Landau pole at low energy, sometimes as low as
the TeV scale.

There could in principle be ways to obtain a larger
BR(h — AA’). This could be done for example by includ-
ing different combinations of the models of this Letter and
carefully adjusting them to cancel the contributions to the
Higgs decay to AA or A’A’. However, obtaining a BR(h —
AA’) as high as current collider sensitivities would surely
require a large amount of tuning.

In light of this, we suggest that it might be worth
reconsidering the necessity of searching for the Higgs
boson decaying to a photon and a dark photon [28].
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