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We study the ZH associated production followed by the Higgs H — y7 decay into a photon plus an
invisible and massless dark photon, at future high-energy e*e™ facilities. Large H — y7 decay rates (with
branching ratios up to a few percent) are allowed, thanks to possible nondecoupling properties of the Higgs
boson under specific conditions, and unsuppressed dark-photon couplings in the dark sector. Such large
decay rates can be obtained in the framework of recent flavor models that aim to naturally explain the
observed spread in the fermion mass spectrum. We analyze the experimental prospects for observing the
ete™ — ZH process followed by the semi-invisible Higgs decay into a photon plus a massless invisible
system. Search strategies for both the leptonic and the hadronic final states (arising from Z — p*p~ and
Z — qq, respectively) are outlined. We find that a 5¢ sensitivity to a branching fraction BR,; ~ 3 x 107
can be achieved by combining the two channels with an integrated luminosity of 10 ab~! at a c.m. energy of
240 GeV. This is considerably better than the corresponding sensitivity in alternative channels previously
studied at lepton colliders. The analysis is model independent, and its results can be straightforwardly
applied to the search for any Higgs two-body decay into a photon plus an undetected light particle.
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I. INTRODUCTION

The Higgs-boson discovery at the LHC in 2012 [1]
marked a milestone in our understanding of the electroweak
symmetry breaking via the Higgs-Englert-Brout mecha-
nism [2]. Present data are consistent with the Standard
Model (SM) expectations for the Higgs boson properties
[3], although there is still room, especially in the Higgs
sector, for potential new physics (NP) effects, which could
be detected in the forthcoming collider physics program.
NP could for instance affect the chiral symmetry breaking,
which is parametrized in the SM by the Higgs Yukawa
couplings to fermions, and is responsible for the fermion
mass spectrum, flavor mixing and CP violating phenom-
ena, whose pattern is presently in excellent agreement with
experiments. Despite that, the origin of Yukawa couplings
is actually a mystery. Their eigenvalues span over six orders
of magnitude for charged fermions and even more if
neutrinos have Dirac masses. Such an unexplained wide
range of masses is often referred to as the flavor hierarchy
problem. Indeed, it is not yet clear whether the Yukawa
couplings are fundamental constants (like gauge cou-
plings), arising for instance from an ultraviolet (UV)
completion of the SM, or are just low-energy effective
couplings. Although the latter possibility is presently the
most promising to explain the origin of the fermion mass
hierarchy, it could require the existence of a nontrivial NP
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structure able to give rise to the effective Yukawa cou-
plings. For instance, hidden or dark sectors beyond the SM
could do the job, by promoting the Higgs boson to the role
of a portal to the dark sector.

On the other hand, general consensus is growing around
the idea that a dark sector, weakly coupled to the SM, could
be responsible for the observed dark matter (DM) in the
Universe [4,5]. The dark-sector internal structure and
interactions could include light or massless U(1) gauge
bosons (the dark photons) which mediate long-range forces
between dark particles [6-9]. In cosmology, dark photons
may help to solve the problems related to the small-scale
structure formation [7], and, if massless, they can predict
dark discs of galaxies [8]. On the theoretical side, scenarios
with dark (or hidden) photons have been extensively
investigated in the literature (especially in the framework
of UV completions of the SM theory), both for massive
and massless dark photons [10,11]. This has also motivated
dedicated experiments [12], mainly focused on massive
dark-photon searches though [13]. Recently, there has been
a renewed interest for viable cosmological scenarios with
DM that is charged under a U(1) gauge group in the dark
sector, decoupled from SM forces, and mediated by
massless dark photons [14]. Constraints on DM charged
under U(1) interactions have been revisited, allowing for
viable unexplored cosmological models with large cou-
plings in the dark sector.
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A NP theoretical flavor framework, aiming to solve not
only the flavor hierarchy problem but also the origin of
DM, has been proposed in [15]. The model can predict an
exponential spread in effective Yukawa couplings, and is
based on an unbroken U(1) gauge symmetry in a dark
sector, providing a theoretical explanation for the existence
of long-range dark interactions, as suggested by cosmo-
logical observations [16—18]. The dark sector of the model
contains a set of massive dark fermions (heavier SM-
fermion replicas), which are SM singlet but are charged
under the dark U(1) gauge group. Furthermore, heavy
messenger scalar fields, charged under both the dark U(1)
and the SM gauge group, are needed to transfer at one loop
the flavor and chiral symmetry breaking from the dark
sector to the SM fermions. Incidentally, although the theory
is not supersymmetric, the messenger fields have the same
SM quantum numbers as squarks and sleptons in minimal
supersymmetric models [19].

The main paradigm of the Gabrielli-Raidal flavor model
(GRFM) in [15] is that the Yukawa couplings are, rather than
fundamental constants, effective low-energy couplings gen-
erated radiatively by the interactions in the hidden sector
of the theory. In particular, Yukawa couplings are assumed
to vanish at tree level by some symmetry (for a gauge-
symmetry realization, see [20]), and are induced at one loop
by dark-sector fields [15]. Due to chirality, Yukawa cou-
plings follow the dark-fermion mass hierarchy, which in the
GRFM is exponential. Indeed, the dark-fermion exponential
spectrum is generated by a nonperturbative dynamics in the
dark sector involving U(1) gauge interactions. Then, since
the U(1) gauge symmetry is exact, the dark fermions have to
be stable, and therefore are potential DM candidates. Then,
the GRFM can provide a basis for a viable charged DM
scenario, as, for instance, the one suggested in [14].

We stress that in the GRFM the observed quark and lepton
spectrum can be reproduced up to a few percent by the
exponential-spread relation for the dark-fermion masses
[15,20,21], provided dark-fermion U(1) charges of the same
order are assumed. Moreover, the corresponding U(1) fine
structure constant can be predicted from the lepton mass-
spectrum sum rules to be quite strong, although still within
the perturbative regime [15,20,21]. Notice that one is indeed
allowed to have a strongly coupled dark photon in the dark
sector only for massless dark photons, which can be fully
decoupled at tree level from the SM quark and lepton sector
[10]. In fact, most of the present astrophysical and accel-
erator constraints apply to massive dark-photon couplings
[12], for which unavoidable tree-level dark-photon cou-
plings to SM matter fields arise [10].

Although it can be fully decoupled at tree level from SM
particles, a massless dark photon can still have effective
low-energy interactions with SM fields arising from higher
dimensional operators, with the latter suppressed by a
characteristic scale related to the mass of the messenger
fields running in the loops. For example, a massless dark
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photon (¥) can appear in the flavor changing neutral current
(FCNC) f — f'y decays of the SM fermions [22], that are
mediated by FCNC magnetic-dipole-type operators sup-
pressed by the NP scale running in the loop.

On the contrary, dark-photon couplings to the Higgs
boson can show nondecoupling properties (a typical
example is when the messenger fields have the same
quantum numbers as squarks and sleptons [23]). An
effective gauge-invariant low-energy Hyy interaction can
indeed arise at one loop. This interaction is induced by a
gauge-invariant dimension-5 operator, suppressed by an
effective scale Ay, according to

1

L=
Aeff

HFWF"”, (1)

where F,, and F w are the field strengths of the photon and
dark photon, respectively. The effective high-energy scale
Aesr, as defined in Eq. (8) of [23], is

6y 1 &
Rvaa &
where v is the SM Higgs vacuum expectation value (VEV),
&= A/m? is the mixing parameter, A = vy is the off-
diagonal term appearing in the left-right messenger square-
mass matrix, /. is the average messenger mass, and @ and a
are the electromagnetic and U(1) dark fine-structure con-
stants, respectively. R is given by a product of quantum
charges [see for instance Eq. (4) in [23] for notations]. The
scale u is connected to the VEV of a heavy singlet scalar
field needed to generate effective Yukawa couplings at one
loop [15]. Importantly, the £ parameter can be viewed as a
relative square-mass difference of the messenger mass
eigenstates running in the loop [m2 = m?(1 £ ¢)], and
should be positive and limited by 1, in order to avoid
tachions in the spectrum. As we can see from Eq. (2), a
nondecoupling limit can be realized when A and /n”> grow
simultaneously to large values, by keeping the & ratio
nonvanishing. Under this requirement, Eq. (2) shows that
the scale Ay has a nondecoupling behavior, being propor-
tional to the Higgs VEV as Ay ~ O(v/&2). It can then
potentially lead to observable effects even in the case of a
heavy messenger sector [23], since in the GRFM typically
one has £~ a few tens percent. Furthermore, we assume that
the lightest messenger mass m_ satisfies the lower bound

Aett = (2)

m_~2 TeV, in order to avoid a conflict with present
collider limits on the direct search of new colored particles.
This also guarantees the validity of the low-energy approxi-
mation in the effective Lagrangian of Eq. (1).

An unsuppressed Higgs-boson coupling to a photon and
a dark photon Hyy in the Lagrangian in Eq. (1) could then
provide a privileged way to search for dark photons via
Higgs production at colliders, and subsequent H — yy
decay. In this paper, we consider the case of a massless
dark photon, that from a phenomenological point of view is
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FIG. 1.

anyhow equivalent to a very light dark photon, which
escapes detection by a typical collider apparatus.

A model-independent (parton-level) analysis of Higgs
production via gg — H at the LHC as a mean for searching
for massless dark photons has been presented in [23] for a
LHC c.m. energy of 8 TeV. More recently, an improved
study (including parton-shower effects) with a c.m. energy
upgraded to 14 TeV was done in [24], where both the
gluon-fusion and the vector-boson-fusion (VBF) produc-
tion mechanisms have been considered. A crucial point is
that, since the on-shell massless dark photon can be fully
decoupled from SM fermions at tree level [10], it is
characterized by a neutrinolike signature in a normal
collider detector. After its production in collisions, it can
then be revealed only by a missing-energy/missing-
momentum measurement. For a Higgs boson at rest, the
corresponding signature is quite striking, consisting of a
monochromatic photon with energy E, = my/2, and
similar amount of missing energy, both resonating at the
Higgs mass my. By scrutinizing all the relevant reducible
and irreducible backgrounds to the corresponding
v + E7 + X final state, in the gluon-fusion channel, a 5o
statistical sensitivity (needed for discovery) is obtained for
a branching ratio BR(H — y7) = 0.1% at 14 TeV, with an
integrated luminosity of L =300 fb~! [24].

The effective vertex Hyy in Eq. (1) can be complemented
by an effective HZy coupling to the Z vector boson. Both
can give rise to quite distinctive new signatures at future
high-energy linear and circular ee™ facilities (like ILC
[25-27], CLIC [28], FCC-ee [29], and CEPC [30]). In
particular, the eTe™ — Hy associated production of a
Higgs boson and a massless dark photon via a y/Z
exchange in the s channel has been analyzed in a
model-independent way at /s =240 GeV in [21]. The
corresponding signature consists of a Higgs boson system
(with the Higgs mainly decaying into a bb pair) recoiling
against a massless invisible system, which remarkably has
no irreducible SM background.

In this paper, we consider a different e"e™ channel
involving the Hyy coupling. We study the eTe™ — HZ
associated production (which provides the largest Higgs-
boson sample), with final states corresponding to the
H — yy decay. In particular, we will analyze both the

PHYSICAL REVIEW D 96, 055012 (2017)
q

S]]

Feynman diagrams for eTe™ - ZH — (u*u~, qq)(ry)-

leptonic Z — p*u~ and the hadronic Z — ¢g decay for the
Z-boson, giving rise, respectively, to the processes

ete” - ZH — utuyy
and
ete” > ZH — qqyy

(depicted in Fig. 1), where, as anticipated, ¥ is a massless
and invisible particle.

The 7 production mediated by a Higgs boson in e*e™
collisions can provide complementary information to the
eTe™ — Hy channel. Just as in the optimization of the
ete” — Hy channel, requiring an invisible system with
vanishing missing mass in the final state will greatly help
in discriminating the ete™ — ZH — Zyy signal from
its backgrounds. Comparison with the corresponding
BR(H — yj) experimental sensitivities from the study of
the e"e~ — H7y channel and from Higgs production at the
LHC will be provided, too.

In the following we will start by describing a few features
of a particular theoretical framework that can indeed foresee
the new decay channel H — yy. On the other hand, we stress
that the results of the present study will actually be model
independent. Indeed, the phenomenological analysis that will
be described will depend on just one new beyond-the-
standard-model (BSM) parameter, that is BR(H — y7)
(assuming that possible BSM deviations of other SM cou-
plings entering the amplitude e e~ — ZH are subdominant).

The paper is organized as follows. In Sec. II we introduce
the effective dark-photon couplings to the Higgs boson, and
show some relevant model-independent parametrization
of the Higgs decay BRs that are affected by the effective
couplings. In Sec. IIl we present the phenomenological
analysis of the process ee™ — ZH — Zyy, we study how
to discriminate the signal and different backgrounds for the
two final states corresponding to Z — u*u~ and Z — qg,
and present the corresponding sensitivities in the BR(H —
y7) measurement. Concluding remarks are given in Sec. I'V.

II. THEORETICAL FRAMEWORK

Here we present the relevant gauge-invariant dark-
photon effective couplings to the Higgs boson. Although
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FIG. 2.  Effective coupling approximation for the vertices Hyy and HZy, where S; are the messenger fields, and in, Cy5, V =y, Z.

these couplings will be parametrized in a model-
independent way, we will use the GRFM scenario in
[15] as a benchmark model which can give rise to these
effective interactions.

In the GRFM framework, new effective couplings
between the Higgs, photon and dark photon can be induced
at one loop due to the exchange of heavy messenger fields
that are charged under both the SM and the hidden U(1)
gauge groups (Fig. 2). The effective theory approximation
can indeed be applied if the messenger sector is much
heavier than both the Higgs mass my and the dark-fermion
masses, as occurs in the GRFM, where the condition is
automatically satisfied once vacuum stability bounds and
dark-matter constraints are applied. In general, the NP
sector will also contribute to the Higgs effective inter-
actions with two photons, one photon and a Z, and two
gluons. In the following, we do not consider the latter
effects. We anyhow stress that our approach has a more
general validity, being applicable to any NP scenario in
which there is a heavy messenger sector that couples to
both the SM fields and the U(1) dark gauge sector.

In order to provide the formalism for the model-
independent analysis, we give below the relevant low-
energy effective Lagrangian Lpp,, connecting the Higgs
boson to the dark photon, that can be expressed in terms of
dimensionless (real) coefficients C;, (with i,k = 7,y, Z) as

a(C, Czy Gy _
Lpp, = o (%}’”DYWH +TYZ””}/”,,H +%}””}’WH>,

(3)

where «a is the SM fine structure constant; v the SM Higgs
vacuum expectation value; and y,,, Z,,, 7,, are the field
strengths of the photon, Z boson, and dark photon,
respectively (7, = d,A, — 0,A, for the photon field A,).

Following the usual approach, the C;; coefficients in
Eq. (3) can be computed in the complete theory by
evaluating one-loop amplitudes for specific physical proc-
esses, and by matching them with the corresponding results
obtained at tree level via the effective Lagrangian in Eq. (3).
The full set of predictions for the C;; coefficients for the
GRFM model can be found in [21,23].

The basic Cj;, coefficients in Eq. (3) can be directly
connected to the corresponding Higgs H — ik decay
widths. In particular, for the decay width I'(H — y7),

taking into account the parametrization in Eq. (3), one
has [23]
mya?|C

ol @

F(H - 7/37) = 8312

Analogous results can be obtained for the H — ¥y
and H — Zy widths by replacing |C,;|* with 2|C;;|* and
|C;|?, respectively.

In Fig. 3 we show the branching ratio for H — y¥ in
percent as a function of the corresponding C,; coefficient
(when all other effective couplings vanish). The C,; range
shown in the plot covers values naturally foreseen in the
GRFM model. One can then get for the Higgs decays into a
dark photon an enhancement factor O(10) with respect to
the SM Higgs decays where the dark photon is replaced by
a photon. This makes the corresponding phenomenology
quite relevant for both LHC and future-collider studies.

Neglecting the Cy; contribution, a convenient model-
independent BR(H — y7,77,yy) parametrization can be
provided, involving the relative exotic contributions r;; to
the H — ik decay widths, with i, k =y, 7, where the r;
ratios are defined as

o
144

P

k
Fik = s - (5)
87
1
S 0.100}
o
o
0.010f
0.001¢
0.05 0.10 0.50 1 5
Cyy
FIG. 3. Branching ratio for H — yy in percent as a function

of the effective coupling C,;, for all other effective couplings
at their SM values. The C,; range in the plot has been chosen
so as to cover the typical BR ranges predicted by the GRFM
(cf. Fig. 1 in [23]).
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and '}’ stands for the pure NP contribution to the H — ik
decay width." Then, the following model-independent

parametrization of the quantities BR,; 55, = BR(H — 7,
77.vy) as functions of r; holds [23],
BR, = BRM — 1
" Tl BRYY
r__
BR.-. =B SM vy ,
" Tl BRYY
1 +x./7,)?
BR,, = BRSMM (6)

"1+ r;BRY

where y = 1 parametrizes the relative sign between the
SM and the NP loop amplitudes.

We stress that, in any model where the effective
couplings in Eq. (3) are generated radiatively by charged
messenger fields circulating in the loop, the factors r;;
(where i,k =y,7,Z) are not independent, but are deter-
mined by the hypercharge assignment of the mediators, as
described in [21].

A consequence of Eq. (6) is that these scenarios can also
be indirectly constrained by a precision measurement of the
Higgs branching ratios for the more-standard decays into
two photons or invisible final states.

III. COLLIDER ANALYSIS

In this section we discuss the experimental strategies
relevant to make a measurement of BR,;, the Higgs decay
BR into a photon and an invisible massless dark photon, via
the process eTe~ — ZH followed by H — y7 in an e*e™
collider with c.m. energy of about 240 GeV, which max-
imizes the Higgs cross section. This setup could be realized
at either linear (like ILC) or circular (like FCC-ee and
CEPC) facilities with integrated luminosities up to about
10 ab™! at 240 GeV, corresponding to the production of up
to about 2 million Higgs bosons.

We outline the search strategies for both the leptonic
Z — ¢~ and hadronic Z — ¢q final states (cf. Fig. 1).
Being stable and escaping the detection, a massless dark
photon shows up in normal detectors like a neutrino. Thus
the eTe™ — ZH leptonic final state consists of a pair of
opposite-sign same-flavor leptons, a photon, and missing
energy/momentum (named [/p), whereas the hadronic
final state contains two jets, a photon, and missing energy/
momentum.

We have simulated the signal and SM backgrounds
with MadGraph5_aMC@NLO[31] interfaced with PYTHIA [32]
to include the initial- and final-state radiation and

'Note that in the case of I“Tfyp, this quantity is connected to a

physical decay width only up to possible interference terms
between the SM and the NP H — yy amplitudes.
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hadronization effects.” The jets are clustered using a simple
cone algorithm with cone size R = 0.4 and transverse
momentum pr > 20 GeV.

We assume the following specification for the detector

performance [33,34]:

(i) Muon momentum resolution: Ap/p =0.1% +
pr/(10° GeV) for || <1, and 10 times poorer
for 1 < || <2.5.

(i) Photon energy
VE/GeV + 1.1%.

(iii) Jet energy resolution: AE/E = 30%/+/E/GeV.
(iv) Particle identification efficiency for muons and
photons: 99% for py > 10 GeV.

resolution: AE/E = 16.6%/

A. Leptonic channel: e*e™ - ZH —» u*u~yy

Thanks to the superior momentum resolution, the lep-
tonic channel is the cleanest of the final states, as the
leptonic Z can be reconstructed very efficiently. Since the
muon momentum resolution is better than the one for
electrons, we outline here the search for the Z — utpu~
channel. The electron channel will contribute less to the
total ete” — ZH sensitivity not only for the poorer
electron momentum resolution, but also for the additional
SM neutral-current 7-channel eTe™ — e*e™Dry component
in the background, which has no equivalent for the muonic
final state. Initially, we select the events containing two
opposite-sign muons and a single photon with the follow-
ing basic cuts:
(i) muon and photon transverse momentum with
P'r, pr > 10 GeV,

(i) muon and photon pseudorapidity in the range
"], "] < 2.5,

(iii) missing energy with £ > 10 GeV,

(iv) angular separation between any
with AR > 0.2,

(v) jet veto for pJ > 20 GeV.

The irreducible SM background for the e*e™ - ZH —
utuyy final state is given by the process
ete™ = utu vy, which arises from the resonant contri-
bution of the channels eTe™ — ZZy and ete™ - WWy, as
well as from different 7-channel processes such as
ete™ — vuZy. In the analysis of the irreducible up vy
background both the individual resonant WWy and ZZy
components will be analyzed in parallel to the inclusive
utu voy production. Then, there are reducible back-
grounds from Zy events accompanied by fake missing
energy, which can originate from initial-state radiation/
beamstrahlung, mismeasurement of the lepton or photon
momenta, or missed final-state objects. The last category
contains the ete™ — ZH — u*u~yy process when one of
the photons escapes detection. The latter events will have

two objects

“Initial-state radiation effects considered here will be typical of
circular e e~ colliders, as we will disregard possible beamstrah-
lung effects.
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FIG. 4. The photon energy and transverse momentum distributions for the e e~ — u* u~y¥ signal and e*e™ — "~ vy background,
after applying the set of basic cuts, at /s = 240 GeV. Results for the individual resonant WWy and ZZy background components are

also shown.

the same kinematic features as the signal, but the rates are
suppressed by both BR(H — yy) =2 x 1073 and the small
probability of missing one of the photons while the other
goes inside the central barrel and passes the event selection.
Further details will follow on the (in general negligible)
H — yy contribution to the background.3

The photon energy and transverse momentum normal-
ized distributions are shown in Fig. 4 both for signal and
main backgrounds, after implementing the above list of
basic cuts.

Apart from the latter distributions, signal events can be
particularly discriminated by the use of a few kinematic
variables characterizing them. Three variables are of special
interest: the missing mass M, the invariant mass of the
photon-missing-energy system M ;, and the invariant mass
of the lepton pair M,,. These are defined as

M iss = EZ_ﬁZ’

My? = 2(E}/E_ﬁy'ﬁ)7

My =\ 2(EpEp — Ppe - Pp-).

where the missing energy £ and momentum g are
experimentally defined by the equations £ = /s — > _,E;
and g =->;p; (the sum is over all detected final
particles). For the signal events, where the missing energy
is carried by the massless dark photon, these variables are
centered at Mo = 0, M,; = my and My, = M.

*We have also scrutinized the nonresonant ete™ — utu~yy
channel, and found that in general this background can be
controlled by demanding an extra missing transverse-energy
lower cut of a few GeV over the final cut flow, without affecting
our present analysis.

The M,+,- and M, normalized distributions for the
signal and SM-background events are shown in Fig. 5.
The M+, distribution is obtained assuming the basic
cuts listed above. An additional cut 86 GeV < M+~ <
96 GeV has been applied before plotting the M,;
distribution.

We therefore suppress the SM background by the
following selection criteria imposed on top of the
basic cuts:

(i) Z mass cut: 86 GeV < M,+,- < 96 GeV,

(i) Higgs mass cut: 120 GeV < M,; < 130 GeV.

After applying the above two cuts, one obtains
the M ;s and £ normalized distributions shown in
Fig. 6. Because of the signal low-mass structure in
the M ;s distribution in Fig. 6, we then impose the
additional cut
Missing mass cut: M ;s < 20 GeV.

Cutting away large M, values proves indeed
very effective for background suppression, since
most of the background subprocesses contain mas-
sive invisible systems which are not likely to have
low M misse

We then stop our cut flow, since, after applying the M
optimization on distributions in Fig. 6, the £ distribution
(that is largely correlated to the M distribution) does not
offer an extra handle for further optimization.

We now comment on the reducible SM contribution to
the background coming from ete™ — ZH — utu~yy,
where one of the photons in the H — yy decay is not
identified. Indeed, some F can come from either energy
mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|5| > 5) and is not
detected, or a combination of both. For BR,; = 1%, we
checked that the ZH — Zyy background is suppressed by
two orders of magnitude with respect to the signal (by
imposing the cut flow in Table I). For BR,; = BR,,, the

(iif)

e
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FIG. 6. The missing-mass and missing-energy distributions for the eTe™ — uu~yy signal and e™e™ — u*u~ vy background, for
/s = 240 GeV, after imposing the invariant-mass cuts around the M, and my on the pu~ and yy systems, respectively.

number of signal events is still about 30 times the number
of these background events.

The effect of these cuts on the signal and inclusive
background event yields is presented in Table I. The
resulting significance S/+/S + B (where S is the number
of signal events and B the number of background events)
is shown as a function of BR,; in Fig. 7, assuming an

integrated luminosity of 10 ab™!' at /s = 240 GeV. We

TABLEI Event yields after sequential cuts for eTe™ - ZH —
up~yy and corresponding background, for an integrated lumi-
nosity of 10 ab™!, and c.m. energy /s = 240 GeV. The signal
yield has been normalized assuming BR,; = 0.1%.

Process Basic cuts My, cut  M,; cut My cut
wuTyy (BR,;=0.1%) 653 54.9 49.7 47.3
urp vy 5.00x 10* 5.73x 10° 1.09x 10° 15

find that in the leptonic channel one can exclude values
down to BR,, =2x 107 at 95% C.L., while the 5¢
discovery reach is BR,; = 7.5 x 107%.

B. Hadronic channel: e*e~ - ZH — qqyy

The worse energy resolution for jets with respect to
muons, resulting in a less clean reconstruction of the
hadronic Z-boson decay, can be compensated by the larger
Z branching ratio into jets, and the increased phase-space
acceptance for jets. It is then important to include the Z
hadronic decay mode in the present analysis.

The ete™ - ZH — qgyy signal consists of two jets, a
single photon, and missing energy. The main irreducible
SM background comes from the process e*e™ — gquiy,
which, as we will show in the following, can be effectively
suppressed by imposing an upper missing-mass cut. The
main reducible and dominant background arises instead
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from the jet-pair production accompanied by a hard photon,
ete™ — qqy — jjy. Here, some missing energy is gener-
ated either from jet-energy mismeasurement or, more
importantly, by neutrinos generated by heavy-flavor decays
inside the jet showering. The jjy background is then
characterized by relatively low values of missing energy
and by the approximate alignment of the missing momen-
tum with one of the jets.

We perform the initial event selection according to the
following basic cuts:

(i) lepton veto for p% > 10 GeV and |n’| < 2.5,

(ii) for the photon transverse momentum and pseudor-
apidity, p} > 10 GeV, |7| < 2.5,
for the jet transverse momentum and pseudorapidity,
ph > 20 GeV, |p/| < 5.0,
for the missing energy, £ > 10 GeV,
for the angular separation between any pair of
visible objects, AR > 0.4.

(iif)

(iv)
)

100
M,y (GeV)

50

25 75 125

FIG. 8. The jj and y7 invariant-mass distributions for the e* e~ — ZH — qqyy signal and backgrounds, for /s = 240 GeV. The M i
distribution is obtained after imposing the set of basic cuts described in the text, whereas the M,; distribution is obtained with an

additional 50 GeV < M;; < 90 GeV cut.
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FIG. 9. The missing mass and missing energy distributions for the eTe™ — ZH — qgyy signal and corresponding backgrounds, for
/s = 240 GeV. The M distribution is obtained after imposing invariant-mass cuts on the j;j and y7 systems around M, and my,
respectively, as described in the text. In the £ distributions, an additional M, < 20 GeV cut is imposed.
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TABLE II.
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Event yields after sequential cuts described in the text for ete™ — ZH — ¢qgy7, and corresponding

backgrounds, for an integrated luminosity of 10 ab™!, and c.m. energy /s = 240 GeV. The signal yield has been
normalized assuming BR,; = 0.1%. Dashes stand for event yields less than 1.

Process Basic cuts M;; cut M,; cut M i cut F cut
Jir? (BR,; = 0.1%) 804 669 154 110 72
jir 3.39 x 107 2.26 x 107 1.47 x 10 6.5 x 10* -
Jjvoy 3.9%10* 3.1x10% 5.9%10° 22 -

We use the same kinematical variables adopted in the
lepton-channel analysis, with the obvious replacement of
M, with the jet-pair invariant mass M ;;.

Then, for the signal events, where the missing energy is
carried by the massless dark photon, the relevant variables
are centered at M = 0, M,; = my, and M;; = M.

The M;; and M,; normalized distributions for the signal
and SM-background events are shown in Fig. 8. The M;;
distribution is obtained assuming the basic cuts listed
above. An additional cut 50 GeV < M;; <90 GeV has
been applied before plotting the M ; distribution (due to the
relatively poor jet-energy resolution, the M j; cut around the
Z-boson mass is looser than the M+~ cut for the leptonic
channel).

In Fig. 8, one can see how the extra missing-momentum
system arising from the Z — gq showering widens up the
signal M,; peak structure around my with respect to the
leptonic-channel M,; distribution in Fig. 5. Nevertheless,
we found that loosening the 120 GeV < M,; < 130 GeV
cut (applied in the leptonic channel) in order to increase
the signal statistics induces a milder kinematical
characterization of the signal events, contaminating them
with extra missing energy not originating from the dark
photon. This in turn would make further cuts on the M

E e e >ZH-livy ]
] \/; =240 GeV, 10 ab™ 3

Sh/(S+B)
nN w H (6)] D ~

0.0004 0.0006

BR(H-vyY)

0 1
0.0000 0.0002 0.0008

FIG. 10. Signal significance for the e"e™ — ZH — qgyy
channel versus BR,; for 10 ab~! at 240 GeV. The left vertical
grey line corresponds to a 95% C.L. exclusion, while the right
line points to the So discovery reach.

less effective for separating the signal from the g¢gy
background.

As a consequence, we stick to the narrow 120 GeV <
M,; < 130 GeV cut, hence selecting signal events where
the missing momentum is mostly associated to the dark
photon. This is anyhow very effective in reducing the ggy
background (cf. Fig. 8). After that, one obtains the M
normalized distribution shown in Fig. 9 (left plot). Hence,
requiring M ;s < 20 GeV effectively kills the irreducible
qqvvy background, with a more moderate effect on the ggy
reducible component.

In Fig. 9 (right plot), we have imposed an additional
M s < 20 GeV cut on the normalized F distribution. In
order to further mitigate the remaining ggy background,
one can cut away the region £ < 50 GeV. We then add a
further optimized missing-energy cut £ > 59 GeV to the
cut flow. After that also the ggy background is reduced to a
negligible level, and the search, assuming a reference decay
rate BR,; = 0.1%, becomes essentially a counting experi-
ment for the signal events.

The effect of the cut flow on the event yields for the
signal (for BR,; = 0.1%) and backgrounds is shown in
Table II, assuming an integrated luminosity of 10 ab™"!. In
Fig. 10, the resulting significance is shown as a function of

95% CL exclusion

e" e >ZH combined
\/E =240 GeV, 10ab™

0 L L L L

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
BR(H-yY)

FIG. 11. Signal significance in the e*e™ — ZH — qgyy chan-

nel (green dotted line), ete™ - ZH — utu~yy channel (blue
dashed line) and in the combined search (black solid line) versus
BR,; for 10 ab~! at /s =240 GeV. The lower and upper
horizontal lines pinpoint, respectively, the 95% C.L. exclusion
bound, and the So-significance discovery reach.
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BR,;. We find a considerably better sensitivity compared to
the muon channel, with the 5S¢ discovery reach extending
down to BR,; = 3.5 x 10~ (i.e., roughly a factor 2 better
than in the leptonic channel), and exclusion at 95% C.L. for
BR,; = 0.5x 107 (i.e., about a factor 4 better than in the
leptonic channel).

Finally, in Fig. 11, we present the combined significance
for the leptonic and hadronic searches. The combined 5o
sensitivity for discovery reaches BR,; = 2.7 x 1074, while
the 95% C.L. exclusion reach is dominated by the hadronic
channel sensitivity, and is again BR,; = 0.5 x 1074,

IV. CONCLUSIONS

A class of models potentially explaining the observed
fermion mass hierarchy may naturally predict the decay of
the Higgs boson into a photon and a dark photon 7 which is
massless and undetectable by collider experiments. Thanks
to the nondecoupling properties of the Higgs boson, the
corresponding branching ratio can be up to a few percent.

We have studied the potential of high-energy e*e™
facilities to either discover the H — y¥ decay or constrain
its branching ratio. In particular, we have analyzed the
process eTe~ — HZ followed by H — 77, considering both
the leptonic channel where Z — u*pu~ and the hadronic
channel where Z — ¢g, in e e™ collisions with integrated
luminosity 10 ab™! at /s = 240 GeV. In this setup, the
production of about 2 million Higgs bosons is foreseen. We
included initial-state radiation effects typical of a circular
collider, shower effects for the jet final states, and detector
resolutions as presently foreseen for ILC detectors.

We find that both the leptonic and hadronic Z decay
modes considerably contribute to the ete™ — ZH sensi-
tivity, with a quite higher potential for the hadronic mode.
We have not analyzed the Z — eTe~ mode, which is
expected to suffer from larger backgrounds and worse
detector resolution with respect to Z — ptu~.

Discovery of the H — yy decay with a 50 sensitivity
is reached in e"e” — ZH for a branching ratio BR,;

2.7x107* by combining both muon and hadronic

PHYSICAL REVIEW D 96, 055012 (2017)

channels, while the corresponding 95% C.L. exclusion
reach is at BR,; = 0.5 x 107%.

Note that this exclusion reach is more than two orders of
magnitude better than the corresponding reach of the
process e" e~ — Hy analyzed in [21]. On the other hand,
the eTe™ — ZH 50 discovery reach is more than three
times better than the LHC reach with 300 fb~!, and
comparable to the HL-LHC expected sensitivity, according
to the preliminary analysis in [24]. Hence, the eTe™ — ZH
channel at FCC-ee/CEPC provides a particularly sensitive
probe to the Higgs branching ratio into a photon plus dark
photon.

We stress that this analysis is model independent, and
its results can be universally applied to the search for
any Higgs two-body decay into a photon plus an
undetected light particle, under the assumption of a SM
ete” — ZH cross section. A modified Higgs production
cross section can anyway be independently rescaled from
our results.

Before concluding we note that the present analysis does
not include machine-induced backgrounds. In particular,
beamstrahlung can considerably affect the impact of
selection cuts in our signal-over-background optimization
strategy, by broadening the collision c.m. energy distribu-
tion. On the other hand, beamstrahlung is very much
dependent on the actual accelerator technology, and circu-
lar machines are much less affected by beamstrahlung with
respect to linear colliders. In fact, this potentially relevant
effect can be accurately described only after the basic
machine parameters (and a particular scheme for beam
bunches) will be set up (see for instance [35]). We anyhow
think that the inclusion of such machine-induced back-
grounds is beyond the scope of the present study.
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