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ABSTRACT: In the minimal U(1) extension of the Standard Model (SM), a new gauge boson
referred to as “dark photon” is predicted. The dark-photon mass can be generated from an
additional Higgs mechanism associated with a dark scalar boson. At B-factories such as Belle
II, large numbers of B-mesons are produced and can decay to a kaon plus the dark scalar via
the latter’s mixing with the SM Higgs boson. We evaluate the sensitivity of Belle II for the
case in which the dark scalar decays exclusively into a pair of dark photons via the new U(1)
gauge coupling, and the dark photons are long lived owing to a small kinetic mixing ¢. We
study the experimental signature in which each dark photon decays into a pair of charged
leptons, pions, or kaons, resulting in a pair of displaced vertices, and argue that the search is
essentially background-free. We perform detailed Monte-Carlo simulations to determine the
expected number of signal events at Belle II with an integrated luminosity of 50 ab™!, taking
into account the efficiencies for both final-state-particle identification and displaced tracking.
We find that for experimentally allowed values of the scalar mixing angle and kinematically
allowed dark-photon and dark-scalar masses, the proposed search is uniquely sensitive to the
medium-¢ regime, which is currently mostly unexcluded by experiments.
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1 Introduction

The existence of dark matter (DM) is strongly indicated by all astronomical observations,
notably gravitational lensing, galactic rotation curves, the Bullet Cluster, and CMB mea-
surements. Nevertheless, the nature and identity of the DM are entirely unknown. Most
DM-particle searches have focused on a weakly interacting massive particle with mass
O(10 —1000) GeV (see for example ref. [1]). Lack of a discovery in this scenario has expanded
the interest to various DM-sector particles, defined as those that interact with the stable DM,
and which may have mass of order GeV or even below. Typical examples of such particles
include axions, axion-like particles, dark gauge bosons, dark scalars, and dark fermions [2-4].

Dark-sector models generically posit the existence of gauge bosons, scalar bosons, and
fermions with a symmetry under which the Standard-Model (SM) particles are singlets. One
of the simplest examples is a new gauge boson associated with a new U(1) symmetry. Such
a dark gauge boson, coined “dark photon” [5], can mix with the SM photon via a kinetic
mixing term, e/*VF) , where F),, and F}, denote the field strength of the SM photon and
dark photon fields, respectively, and € is the mixing coefficient. Kinetic mixing enables
the dark photon mass eigenstate 7' to interact with SM particles, facilitating its creation
and detection in experiments.

Various terrestrial experiments have established constraints on a dark photon with a
mass 2 1MeV. Signatures in which the dark-photon decay vertex is prompt or slightly
displaced with respect to the beams interaction point (IP) were utilized in collider searches [6—
12]. Signatures with highly displaced decays were studied at fixed-target and beam-dump
experiments [13-16]. In addition, bounds on energy losses in supernovae impose further limits
in the region of small masses m. < O(107!) GeV. These limits were discussed in refs. [17, 18]
and updated in refs. [19-21] to include the effect of finite temperature and plasma density



as well as white dwarf bremsstrahlung. Also, the electron magnetic moment, with its very
precise experimental determination, has been used to set an indirect limit [22]. For the
mass range m., ~ 1 MeV — 100 MeV, limits around e < 107'% have been determined from
cosmology, arising from the cosmic microwave background and nucleosynthesis [23]. For a
comprehensive list of the past experimental searches, we refer the reader to refs. [24, 25]*
and the references therein. Ref. [26] provides a summary of both current and prospective
constraints on dark photons, as well as software for re-evaluating various dark-photon models.

In addition, a “dark scalar” or “dark-Higgs boson”, denoted ¢p, is naturally present in
dark-sector models, particularly for generating the mass of the dark photon. The dark Higgs
can couple to the SM Higgs doublet via a renormalizable term \(HTH )(gzﬁ};qb D). These scalars
are related through a mixing angle 6 to the mass eigenstates ¢ and hios, the latter being
the scalar boson observed at the LHC. For the relation between A and 8, see, for instance,
eq. (9) in ref. [27]. The scalar mixing angle 6 is constrained to be small by the LHC Higgs
boson data [28], a number of fixed-target [29-40] and collider [41-43] experiments, as well
as astrophysical observations of the supernovae SN1987a [44-47] and cooling in stars [20].
For a summary of these existing constraints, see ref. [48].

Theoretical scenarios involving both the dark Higgs and the dark photon have been
extensively studied from the collider-phenomenological and cosmological perspectives [5, 49—
61], and signals have also been searched for at B factories [62-65]. Since the B-factory searches
considered a different theoretical model from the one studied here, we find that their published
bounds, both model-independent and model-dependent, cannot be reinterpreted as constraints
on the model considered here. Therefore, we do not include them in the numerical results.

We note that the couplings of the dark Higgs? to the SM fermions and to the W- and
Z-bosons are governed by the mixing angle 6, while the couplings of the dark photon to the
SM fermions are dictated by €. In addition, importantly, the dark Higgs couples to a pair of
dark photons via the new gauge coupling associated with the appended U(1) symmetry. This
facilitates the decoupling of the production rate and the lifetime of the dark photon when it
is produced in dark-scalar decays. In this paper we focus on the case in which ¢ — +'’ is by
far the dominant decay mode of the dark scalar, and the dark Higgs decays promptly.

Sensitive searches for a dark scalar and dark photon with masses around a GeV can be
carried out at B-factories. For example, the Belle II experiment [66, 67] plans to produce
as many as 5.5 x 10'® B-meson pairs in the coming decade. As a result, it can search for
rare decays of the B-meson with branching ratios as small as O(1071), as long as the search
channel has reasonably high efficiency and very low background.

In this work, we study the decay chain:

B* = K¢, ¢ =77,
followed by the displaced decay of each dark photon

v —=ete, utp T, KTK™.

'See also https://cajohare.github.io/AxionLimits/docs/dp.html for a graphical compilation of these
existing limits.

2For clarification, we use the terms “dark Higgs/scalar” and “dark photon” to denote both the weak
eigenstate and the mass eigenstate interchangeably, of the corresponding fields.


https://cajohare.github.io/AxionLimits/docs/dp.html

This signal process was first proposed in ref. [68] for study at B-factories (see also e.g. refs. [69—
73] for some recent phenomenological studies on Belle II sensitivities to long-lived dark
photons). However, in this work we show how to improve the sensitivity to the kinetic mixing
parameter € down to O(1077) for my = 4GeV with § = 10~%. The sensitivity reach varies
mildly for my in the range 0.1 — 4 GeV. An important factor leading to the high sensitivity
is the focus on a region of parameter space in which the dark photons are long lived and
their decays produce a pair of displaced vertices (DVs) in the detector. As we will show, our
proposed search, compared to past experiments and other proposed searches, is sensitive
to a unique parameter region in the medium-¢ regime which is largely un-probed. Further,
we emphasize that this is the first study of a search for dark photons at Belle II associated
with a signature of double DVs consisting of two tracks each.

The organization of this paper is as follows. We lay out the basics of the model in section 2.
In section 3, we introduce the Belle IT experiment, discuss the signal-event reconstruction
and background sources at the experimental level, and describe the signal-event simulation
procedure. Section 4 contains our numerical results of the Belle II sensitivity reach in
terms of the dark-photon and dark-Higgs parameters. We summarize the work in section 5.
Additionally, in appendix A, we report the detector efficiencies that we estimate for the
different final states.

2 Model basics

We explore an extension of the SM with an additional, dark-sector U(1)p gauge symmetry,
under which all SM particles are neutral. The gauge boson associated with this symmetry is
referred to as the dark photon and denoted +/ in this paper. The U(1)p symmetry undergoes
spontaneous breaking through the vacuum expectation value (vev) of a complex scalar field
¢p, which carries a U(1)p charge. As a result, the dark photon gains mass m./. Furthermore,
an interaction term between two dark photons and the C' P-even component of ¢p appears.
The interaction strength is determined by m., and the U(1)p gauge coupling ¢’. Following
the electroweak symmetry breaking, the dark photon can mix with the photon through the
gauge kinetic mixing term between the SM hypercharge and the U(1)p gauge field. We
label the coefficient of the kinetic-mixing term with e. The dark photon can thus interact
with the SM fermions through the electromagnetic current. Taking the scalar mixing angle
6 to be small, the interaction Lagrangian is [60]

mysl | -
Lint = g'mydy, ™" — eev, I+ Tf¢ff7 (2.1)
f

where v is the SM Higgs vev, e = \/4maqgp is the electromagnetic coupling with aqep
being the fine-structure constant, Jf,, denotes the SM electromagnetic current, and f labels
each SM fermion with mass my.

At B-factories, the scalar mass eigenstate ¢ is dominantly produced through mixing with
the SM Higgs in penguin, b — s¢ decays of B-mesons. We consider only the experimentally
favorable BT — K*¢ decay (and the charge-conjugated channel). For the computation of



this decay’s width, we follow ref. [34]:

1/2
2\
(BT = Kt¢) ~ 2| « Kt|spbp|Bt > | “BLETe 2.2
( ) = |ggsb] ‘ < K™|spbr|B™ > ‘ T6mm s (2.2)
where
Omy 3vV2GrmZ ViV,
Gosh = = Lt 2, (2.3)
v 167
Aoy = mgs - (my - mz)2 m:% - (my + m2)27 (2.4)

my m3
with m;/, denoting the bottom/top quark mass, Gr being the Fermi constant, and Vs
and Vj, being CKM matrix elements. The BT — KT transition matrix element can be
approximated as [74, 75]

1 (m2B+ - m%ﬁ)

2
< KT|5.bg|Bt > > = = 2 2.5
| |SL R| ’ 4 (mb_ms)2 fK ( )

with
0.33

T 1- 2/37.5 GV’

where ¢ = mi is the transferred momentum squared.

fK

The partial decay widths of the dark Higgs into dark photons and charged leptons are [60].

2 m2, 4 om2, 2
M6~ o) = g (2 - (1 - ) )mw’), 27)
i
_ 2 4m?
P(éﬁff):Nc% (?) 62 (1_1,:;;) 6¢(f)7 (28)

where §;(j) = (/1 — 4m§/m12 is the kinematic factor of the decay i — jj, and N, = 1(3) for
f being a charged lepton (quark). It is noteworthy that the ¢ decay widths into SM fermions
are suppressed by the scalar mixing 6 (see section 1). Thus, ¢ dominantly decays into a
pair of dark photons [60, 76]. In practice, we simply assume that the dark Higgs boson ¢
decays promptly into a pair of dark photons with a branching ratio of 100%. This is justified
with the findings in, for instance, ref. [60], which shows that for mg = 2GeV and 6 = 1074,
even setting ¢’ to be as small as 10~* renders B(¢ — 7'7') ~ 100% across almost the whole
kinematic range of m.s (see also ref. [61] for a relevant discussion).

The partial decay widths of the dark photon into a pair of charged leptons or any hadronic
state h (including the two-body states of interest 77~ and K™K ™) are [24, 52, 60, 77, 78]

1 4m? 2m?

F(’y’ — l+l7) = = QQED My e |1— 2l (1 + 2l > , (29)
3 m’Yl m,y/

(Y = h)=T( — puTu") x Ru(s = mgl), (2.10)

where the cross-section ratio Ry (s) = ¢t —p/Tete— syt~ 15 extracted from ref. [26]. The
total width of the dark photon, I'y/, is the sum of eq. (2.9) and eq. (2.10), with h referring
to all kinematically allowed hadronic states.
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Figure 1. The dark-photon decay branching ratios into the signature final states (left), and its proper
decay length re-scaled with the squared mixing coefficient €? (right), as functions of the dark-photon
mass. Note that in the left panel, the curves for electrons and muons overlap for m., 2 0.5 GeV. The
dip around 0.78 GeV is due to p and w mesons. Wiggles visible mostly for m,, > 1 GeV arise from
experimental fluctuations in the measurement of Ry, [79]. For discussion of further features on these
curves, we refer to ref. [26].
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Figure 2. The Feynman diagrams for the production (left) and decay (right) of the long-lived dark
photons at Belle II. For the production, a counterpart process for B+ decays is implicitly included.

In the left panel of figure 1 we show the resulting branching fractions into the signature
final states, ee™,u"p~, 77, and K"K, as functions of the dark-photon mass m. .
In addition, in the right panel of figure 1, we plot the m,, dependence of cr,/ - €2, the
proper decay length of the dark photon normalized with respect to the squared mixing
parameter. Here, cry = hc/T',s, where ¢ and h label the speed of light and the reduced
Planck constant, respectively.

We show in figure 2 the Feynman diagrams for the production and decay of the dark
photons corresponding to the signature of interest.



3 Experiment and simulation

3.1 The Belle II experiment

The Belle II experiment collects data at the SuperKEKB [80, 81] collider at KEK in Tsukuba,
Japan. SuperKEKB collides electron and positron beams at 7 GeV and 4 GeV, respectively.
The resulting center-of-mass (CM) energy corresponds to the mas of the Y(45) resonance,
which decays promptly to two B-mesons. The Belle II detector [66, 67] is a magnetic
spectrometer of a cylindrical structure placed around the beam IP, covering over 90% of the
full 47 solid angle. The detector consists of several subdetectors. Closest to the interaction
point are two layers of silicon-pixel detectors, surrounded by four layers of silicon strip
detectors. These are used to track charged particles and measure decay-vertex positions
with O(pm) precision [82, 83]. Outside the vertex detectors is a helium-based small-cell drift
chamber, which functions as the main tracking device and measures charged-particle momenta
in 1.5 T magnetic field provided by a superconducting solenoid. Charged hadrons (e.g. 7, K,
and p) are identified mainly by endcap and barrel Cherenkov devices located outside the
drift chamber, which are based on ring imaging and photon arrival times. Typical efficiencies
for K and 7 identification are about 90%, while the rate for a 7 faking a K or vice versa is
at the percent level [66, 84, 85]. Outside the Cherenkov devices, covering both barrel and
endcap regions, is the electromagnetic calorimeter, which consists of 8736 CsI(T1) crystals
with a depth of about 16 radiation lengths. The calorimeter measures photon energies and
provides electron identification with a typical efficiency of about 90% and a fake rate of
under 1% in most kinematic range [86, 87]. Outside the superconducting coil that encloses
the calorimeter is the muon and K9 identification system, consisting of detectors placed
between the magnetic flux return iron plates. The typical efficiency for muon identification
is about 95%, with a fake rate of a few percent [86, 87].

3.2 Signal-candidate reconstruction

In what follows we describe the selection criteria that would likely be used in a future data
analysis to suppress backgrounds and search for the signal. The kinematic region defined
by these cuts is referred to as the signal region. As will be described below in section 3.3,
the background yield in the signal region is expected to be small. Consequently, the search
method involves estimation of the expected background yield followed by determination of
the statistical consistency of the observed signal-region yield with the background estimate.
In case of consistency, one computes limits on the model parameter space. Conversely, an
observed yield significantly larger than the expected background yield implies discovery of
a signal and is followed by further studies of this signal.

Our signal process is B~ — K~ ¢, with the dark scalar promptly undergoing the decay
¢ — v'+/. Each dark photon is reconstructed from its decay to two charged particles, which
leave visible tracks in the detector and hence are denoted t7¢t~. The tt¢~ final state is
primarily ete™, utu~, and 77—, with a smaller KK~ contribution (see details in figure 1).
We do not consider the decay 7' — pp, which is kinematically forbidden for almost all of
the relevant m., range given the production mechanism considered here.



We focus on the case in which the dark photon is long lived, so that its decay position is
visibly displaced from its production point, yet is inside the tracking volume of Belle I1. Thus,
the two tracks from each 7/ — t*¢~ decay form a DV. Requiring the two DVs to be significantly
displaced from the interaction point of the collider beams strongly suppresses background
from promptly produced tracks [88]. In our estimates (section 3.4) we take the displacement
requirement to be rpy > 1 cm in the plane transverse to the collider beams, as in ref. [89]. For
consistency with the signal hypothesis and suppression of combinatorial, material-interaction,
and K?-decay background (see section 3.3), one will further require that the angle o between
the tT¢~ momentum measured at the DV and the vector between the interaction point and
the DV be small. For example, in ref. [89] the requirement used was < 0.01. The t*¢~
invariant m.+,— will be required to be large enough, e.g. m;+;,— > 20 MeV, to suppress photon-
conversion background. In addition, one will require the difference Am between the invariant
masses of the two dark-photon candidates to be smaller than 3 or 4 times its resolution oa,,.
The typical invariant-mass resolution is a few MeV for rpy of order centimeters from the
interaction point (see, e.g. figure 6 of ref. [90] for the K3 invariant-mass resolution in early
Belle II data) and degrades slowly with increasing rpy (see chapter 9 of ref. [91]).

Subsequently, standard selections used for B-meson reconstruction will be applied using
the energy difference AE = Ep — \/s/2 and the beam-constrained mass M. = \/s/4 — p%.
Here, Ep and pp are the measured energy and momentum, respectively, of the B candidate
in the CM frame of the ete™ collision, and s is the average squared CM energy of the
collision. The value of s and the boost vector from the laboratory to the CM frame are
known from calibration. Signal events are distributed as a peak around AF = 0 and Mp,
equal to the known mass of the B™ meson [79]. The typical resolutions of these variables are
oar ~ 25MeV and oy, ~ 2.5 MeV for prompt decays, with slow degradation as a function
of rpy. We expect the cuts on AE and M. to be about 3 or 4 times their resolutions
around the expected values for signal.

3.3 Potential background sources

We consider two general types of background: peaking background, which has a final-state
signature that is similar to that of signal, and combinatorial background, which arises from
random combinations of particles that meet the event-selection criteria by coincidence.
Peaking background arises from B* — K*7° Bt — K+n, or Bt — K11/ with the 7Y,
n, or 0’ decaying to two photons that undergo conversion to eTe™ in detector material to form
two DVs. In the case of the n, this background can be effectively suppressed by disregarding
the 4/ — eTe™ channel when the scalar-candidate mass my, is close to m, =~ 0.5 GeV. For
mg ~ myo ~ 0.135GeV, o/ — eTe™ is the only kinematically allowed channel and must be
used. This inevitably leads to reduced sensitivity for mg within about 10 MeV of m 0. We
note that our sensitivity estimates are given for a sample of mg values that are far from
the masses of the 7°, 1, and 7. Later in this subsection we discuss additional measures to
suppress photon-conversion background from either peaking or combinatorial background.
The decay BT — KTKYKY with K2 — nt7~ also constitutes peaking background for
the 4/ — 777~ signal mode. This background is suppressed very effectively by rejecting
events in which my+,— is close to the mass of the K3. In the other signal modes, this



background contribution is very strongly suppressed by particle-identification criteria and, if
needed, can be further suppressed by the above m;+,— cut, taking the track masses to be
that of the pion. This approach was taken, e.g. in ref. [89]. We note also that for m., ~m K9
the dark photon decays dominantly to lepton pairs, so the impact of the v/ — 777~ channel
on the sensitivity is small and is not considered in our results.

After removing the peaking and the photon-conversions backgrounds, the dominant
background is combinatorial. We estimate the abundance of this background in three steps.
First, we consider the combinatorial background observed in BABAR and Belle analyses
of related final states from prompt decays. Second, we consider the background-reduction
impact of requiring DVs for the + decays. In the third step, we discuss the impact of having

/

two 7' candidates in the signature.

In the first step, we consider the combinatorial background separately for leptonic and
hadronic decays of the dark photons. For leptonic decays, one would like to use studies
of B decays to a kaon and four leptons. However, lacking published results with this final
state, we instead consider BABAR [92] and Belle [93] studies of BT — K1¢T¢~. Plots
of Mj. for these studies exhibit 10-30 combinatorial-background events per ab™! under
the signal peak. Relative to BT — KT/T/~ our signal decay contains two additional
leptons, yet softer particles overall. These differences, respectively, lead to a reduction and
an increase in the expected background level, which we take to approximately cancel out.
For hadronic final states, we estimate a background rate of about 500 events per ab™! from
the BABAR [94] study of BT — K*97*7~. Since that study involved an 80-MeV-wide cut
on the invariant mass of the K*° — K71 candidate, this estimate should be multiplied
by roughly iM /80 MeV ~ 17, where iM B is a rough estimate for the average invariant
mass of two light particles in a 4-body decay. Thus, the resulting background level is about
8500 events per ab~!. For events in which one +' decays leptonically and the other decays
hadronically, one can expect the background to be the geometric average of the fully leptonic
and fully hadronic final states, i.e. around 400 events per ab™!.

In the second step, we note that the background level is greatly reduced by the requirement
that the 4 displaced tracks originate from two DVs. For general discussions and examples of
this background-suppression effect, see e.g. refs. [88, 89, 95-97]. Background sources that give
rise to a DV includes mostly true DVs from particle decays, with additional contributions
from particle-material interactions and accidental spatial crossing of charged-particle tracks.
We discuss these background sources in more detail in what follows.

True DVs are created in large numbers from the decays Kg — 7~ and A — pr~. Such
background is effectively rejected with m,+,~ cuts, as discussed above. A smaller source of
true-DV background is the decays K9 — 777~ 7% and the O(%) of K — 7%¢(Fv decays
that survive the particle-identification requirements. Given the long lifetime of the K7,
CTRo R~ 15 m, and its typical boost factor Vo I53 KO ~ 1, only a few percent of K¢ mesons
decay in the detector’s tracking volume. Being three-body, these decays do not peak in the
M+~ Mass, so they cannot be rejected by cutting on this variable. However, for the same
reason, they are effectively suppressed by the « requirement (see section 3.2).

DVs from particle-material interactions involve mainly photon conversions in the +' —
ete™ channel and hadronic interactions that mostly produce pions and eject protons or nuclear



fragments. Accurate estimation of the contribution of material-interaction background to the
final analysis requires full detector simulation with an event-sample size similar to that of the
experimental sample, which would be beyond the scope of the current study. Therefore, we
take aggressive measures to suppress the photon-conversion backgrounds, and briefly discuss
the potential application of such methods to hadronic-interaction background as well. We
note that following full-simulation study as part of the eventual experimental search, these
requirements will be better tuned to the actual needs of the analysis.

Material-interaction background can be suppressed by vetoing DVs that are inside or
near dense detector material layers. Mapping the material in sufficient detail is a technical
challenge, which may be avoided altogether by requiring DVs to be inside the gaseous volume
of the drift chamber. This approach was taken, e.g. in ref. [96]. At Belle II, this corresponds to
requiring the radial position of each DV to satisfy rpy > 16.8 cm. In our study, we apply this
requirement only in the ete™ channel for m+.- < 100 MeV, to suppress photon-conversion
background. This requirement can be applied also for larger masses and other final states
if this is determined needed by detailed detector simulation. It is important to note that
the requirement rpy > 16.8 cm leads to reduced sensitivity mostly at larger values of e,
which are probed with other methods, particularly prompt dark-photon decays. Material
interactions occur also in the detector gas, but at a rate reduced by a factor of O(10%) per
DV. Nonetheless, to aggressively suppress photon-conversion background, we apply the cut
Mete— > 20MeV in the v/ — eTe™ channel. Minimal requirements on m,+,- can also be
considered for other channels following full detector simulation.

Displaced-vertex background may also arise from accidental spatial crossings of tracks.
Since the majority of tracks originate from close to the collider interaction point, this
background is suppressed by requiring that the tracks forming the displaced vertex be
inconsistent with originating from near the IP. Furthermore, for DVs that are outside the
innermost detector layer, it is required that the tracks should not have detector hits at
radii smaller than that of the DV.

In the third background-assessment step, we note that while the probability for occurrence
of a single displaced vertex in background events is small, the probability for two such vertices
is much smaller still. Additional background suppression arises from requiring the two ~/
candidates to have consistent invariant masses (see e.g. ref. [62]). Furthermore, the presence of
two distinct vertices in the signal decay provides additional handles on background suppression
if needed. For example, to further suppress photon-conversion background, one can allow only
one of the two dark photons to decay via the di-electron channel. A similar criterion can be
applied in the case of di-pion vertices to further suppress background from Kg — mhr~ with

+7~70. Similarly, if the background

a badly mis-measured invariant mass and from Kg =T
for two hadronic DVs is determined to be too high in the final experimental analysis, these
states can be discarded, requiring that at least one DV be leptonic. In our study we do

not take such measures.

Starting from the initial background estimation of the first step and applying the
background-suppression methods of the second and third steps, we conclude that the level
of background can be reduced to the sub-event level without a large loss of signal efficiency,
even with the full dataset of Belle II.



The above discusison is our a-priori estimation of the background. In the future data
analysis, the expected number of background events will be more robustly estimated using a
data-driven method. Generally, this involves counting the observed event yields in control
regions designed to have negligible signal efficiency while containing many more background
events than in the signal region. For example, requiring m;+,~ to be around the Kg mass or
below about 20 MeV enhances the Kg and photon-conversion background, respectively. A
control region defined by, e.g. 100, < Am < 200a,, can be used to enhance background
from material-interaction, Kg, and random-combination DVs. Another control region, defined
by 1004, < My < 2004y,,, can be used to study all sources of background. From the
observed event yields in the control regions one can estimate the background yields in
the signal region using simulation. The procedure can be validated by using validation
regions, defined similarly to the control regions but with different numerical values of the
cuts, e.g. dSon,, < My < 100y, .

3.4 Simulation procedure

In order to perform numerical simulation of the signal process described in section 3.2, we
employ the Monte-Carlo (MC) event generator MadGraph5aMC@NLO [98, 99] with the
UFO model file HAHM? [5, 55]. Since the model entails only flavor-diagonal interactions for
the dark scalar ¢, we introduce an effective vertex associated with the b — s — ¢ interaction
and subsequently modify the UFO model file with FeynRules [100].

At the operation level of the event generation we generate the process ete™ — bb. The
electron and positron beams have energies of 7 and 4 GeV, respectively, corresponding to a
CM energy of /s = 10.58 GeV. The bottom quark (b) then undergoes the decay b — s¢. The
¢ decays into a pair of dark photons. No parton-level cuts are applied. Our simulation is
operated at the quark level, while the physical process is eTe™ — BT B~, with BT — KT ¢.
Naively, this should lead to the simulation of wrong angular distributions. However, we set
the b- and s-quarks masses to those of the BT- and K mesons, respectively, so that the b
quarks have very little velocity in the CM frame. This results in the s quarks and ¢ bosons
being uniformly distributed in cos ), (where 0, is the polar angle with respect to the beams
in the CM frame), as is the case in the physical process.

We perform parameter scans of the model in mg, m.,/, and e. We choose five representative
values of my ranging from 0.1 GeV to 4.0 GeV. For each value of mgy, we simulate samples
with different values of m./ from 0.02 GeV to mg/2. The MadGraph5 simulation outputs
LHE files [101] containing the signal-event information. We apply the Python-based tool
Pylhe [102] to read in these files and then perform further analysis and computation.

For each simulated sample, we use the kinematics of the simulated events to calculate the
expected number of observed signal events at the Belle II experiment for different values of e:

NS(m¢am’Y’76) =2 X Nete- 5p+p- X B(B+ - K+¢) x B(¢ — ’7,7,) x g¥k

xS DB b t) x By s £, (3.1)
tij=e,u,m,K

3The model file is available for download at https://github.com/davidrcurtin/FTTAHM.
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where N.i.- _,p+p- = 2.75 x 10! is the predicted number of Bt B~ events at Belle II
with an integrated luminosity of 50 ab™!; B indicates a branching fraction;* '™ is the

tracking efficiency, defined as the average probability of detecting both dark-photon decays
PID
j

identifying the displaced tracks as electrons, muons, pions, or kaons according to the final

in the event; and ¢ is the particle identification efficiency, defined as the probability to

state given by the indices 1, j.
The tracking-related signal efficiency is calculated as:

N
1 i / /
etk = > P Pz, (3.2)
Nsim k=1

where Ny is the total number of the simulated events and PY* and Pk represent,

]{:th

respectively, the probabilities of the first and the second dark photons in the simulation

event to be detected. For event k, the probability for detection of dark photon n is calculated as
, 1 80 cm -
Pl = = / Lr)A(z)e T dr, (3.3)
0

where R = (p;’“" /m.y)cTy is the average transverse flight distance of the dark photon n before

its decay, with p;’“" being its simulated transverse momentum, and the lifetime 7., being

determined from m., and € (see section 2); and z = rcot 6, is the longitudinal coordinate for
the decay position of the dark photon that corresponds to the radial coordinate r, with 6,
being the polar angle of the dark photon in the laboratory frame. Furthermore, the function

1, —4 12
A(z) = ; O<z<. 0 cm (3.4)
0, otherwise

represents the longitudinal extent —40 < z < 120 cm of the fiducial volume of the tracking
volume, within which DVs can be detected. Lastly, the function

0 ,  otherwise

corresponds to the radial extent 1 < r < 80 cm of the fiducial volume, our cut rpy > 1 c¢m,’

and a linear drop in the tracking efficiency with radius. This approximate parameterization

of the fiducial volume and tracking efficiency follows refs. [96, 97, 103, 104].

trk

We present in the upper panels of figure 3 density maps of ¢"* in terms of the kinetic

mixing parameter € and the dark-photon mass m., for two benchmark dark-Higgs masses
trk

is of
trk

mg = 1.0 and 4.0 GeV. One observes that in large parts of the parameter space, €
order 10%. We note that the blank space in these plots is where the computed value of €

is below the machine precision and thus considered as zero.
gID
use the EVTGEN [105] event generator to produce the signal decays, employing the following
models within EVTGEN. The decay BT — K¢ is produced with the PHSP phase-space

The particle-identification efficiency e is calculated with a separate simulation. We

“Recall that we take B(¢ — v'7') ~ 1; see section 2.
5For m. < 0.1 GeV and 7' decays into ete™, the radius cut is 16.8 < rpy < 80 cm, see section 3.1.
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Figure 3. Upper panels: Density plot of €"¥ shown in the plane € vs. My, for mgy = 1.0 GeV (left)

and my = 4.0 GeV (right). The white-space parts are where €'™ is so small that it is considered as zero

by the machine. Lower panel: the sum of e]® - B(y' — ;") - B(y" — t]'t;) over all the dark-photon

final-state combinations, as functions of m., for dark-Higgs masses of 0.1, 0.6, 1.0, 2.5, and 4.0 GeV.

model. The decay ¢ — 7'+ is generated with the SVV_HELAMP model, with either the
longitudinal helicity amplitude Hy being non-zero or the two transverse amplitudes H+ being
non-zero and equal with a 0 relative phase. The decays of the dark photon to two leptons or
two hadrons are produced with the VLL and VSS models, respectively. For each set of m
and m.+ values we produce a sample of 10° events. We determine the particle-identification
efficiency for each charged particle in each event based on figures 25, 23, and 28 of ref. [67].
For kaons and pions, we take the efficiency to be 90% if the particle is within the angular
acceptance range drift-chamber, 17° < 6, < 150°. For leptons, we simplify the ¢,- and
momentum-dependence of the efficiency extracted from ref. [67] and report the result in

tables 1 and 2 in appendix A. The event-level efficiency is the product of the efficiencies

for the five tracks. For each event sample, the total particle-identification efficiency EZ-ID
is the average event-level efficiency of the sample.

This procedure does not account for impact of the dark-photon decay position on the
particle-identification efficiency, and is hence imprecise. This simplification is necessary
within the scope of this work, since particle-identification efficiencies for displaced particles

are not publicly available at this time. Since the dedicated particle-identification detectors
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(the Cherenkov devices, the calorimeter, and the muon system) are all outside the drift

chamber, one expects our procedure to somewhat underestimate EE»ID. This is because a
charged particles produced at a DV is closer to the particle-identification detectors it is flying

toward, and hence has a larger probability of hitting it.

In figures 5-14 of appendix A we show the value of 55“3 for each final state and for
different values of mg and m...

Finally, in the lower panel of figure 3, we present the sum Z ng;ID By =t
ti,j:ea,u‘ﬂrzK
By — t;“t;) (see eq. (3.1)) as functions of the dark-photon mass m.,, for five representative
dark-Higgs masses mg = 0.1,0.6,1.0,2.5, and 4.0 GeV. Comparing this plot with figure 1,
we conclude that the dominant factors in Z 6511:) B = tit7) - B — t;rt;)
ti,j:67ﬂ7ﬂ-7K
are the branching ratios. Further, we note that the shapes of the curves shown in the
lower plot of figure 3 will also help explain certain features of the sensitivity plots we will

present in the next section.

4 Numerical results

We proceed to present numerical results in terms of the Belle II sensitivity for the signal.

Since the number of background events is expected to be smaller than 1 (see discussion
in section 3.3), we take the edge of the parameter-space region that is excluded at the
95% confidence level to be that for which observation of 3 signal events is expected based
on eq. (3.1). While we have calculated the particle-identification efficiency for both fully
longitudinal and fully transverse polarizations, only the longitudinal-polarization case is
used. The difference between the two cases is minor, and its magnitude can be gauged
from the plots in appendix A.

The results are shown in figure 4. In the upper panel, we overlap the sensitivity reach of
Belle IT with 50 ab™! integrated luminosity for mg = 0.1,0.6,1.0,2.5 and 4.0 GeV. In this
plot, the sensitivity results are presented in the (m./, €) plane for the scalar mixing angle
6 = 1074, which is allowed by the existing bounds discussed in section 1.

In the upper plot of figure 4, the region that can be excluded by Belle IT with 50 ab™! is
the region enclosed by the curves. Along the top curve, the dark photon is short lived, so
that not enough dark photons satisfy the minimal rpy cut. Conversely, along the bottom
curve the dark photon is long-lived. We note also that the lower dark-photon mass reach is
due to the cut m +.- > 0.02 GeV used to suppress the photon-conversion background, and
that the upper reach corresponds to the kinematic threshold m. < mg/2.

Comparing the different curves in the upper plot of figure 4, we observe that varying the
dark-scalar mass does not have a significant impact on the sensitivity, except at the upper
reach of the dark-photon mass determined by the kinematic threshold.

In the bottom plots, we consider mg = 1.0 and 4.0 GeV, respectively, showing the Belle
II’s sensitivity reach in the plane € vs. m./, for different benchmarks of the combination £ - 2.
With my = 1.0 GeV, only for £-6? =50-(10~%)% ab=! and 10 - (10~%)2 ab~! more than 3
signal-events are predicted in certain regions of the parameter space, while with my = 4.0 GeV
we find for all of £ - 6% = (50,10,5,3) - (10-%)2 ab~! Belle II can be sensitive to the model
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Figure 4. Upper panel: Sensitivity results for the case of fully longitudinal polarization shown in the
plane € vs. m.,, for various dark-Higgs masses with § = 10~%. Lower panels: The same sensitivity
results but for different choices of £ - 62, for my = 1.0GeV (left) and 4.0 GeV (right). The gray
areas represent the existing limits on the massive dark photon for m., > 10=2 GeV from di-lepton
searches at collider /fixed target experiments (A1 [106], LHCDb [107], BaBar [12], KLOE [108-111],
and NA48/2 [16]), and previous beam dump experiments: E141 [13], E137 [112-114], v-Cal [115, 116],
and CHARM [117]. Bounds from supernovae [19] and (g — 2). [22] are also shown together in gray.

parameter space. This is mainly because the dependence of eq. (2.6) on ¢ = mi rendering
['(B* — K*¢) and hence the signal-event number grow with increasing m.,. For values of L£-6?
lower than those shown, there is no sensitivity in both plots. Naively, in figure 4, we expect the
lower sensitivity reach in e to be proportional to (£ -6%)~*, given vanishing background. This
can be understood as follows. Along the lower curves in figure 4, the dark photon is expected
to be in the large-decay-length regime where, roughly speaking, its boosted decay length is
much larger than the distance from its production point to the outer edges of the fiducial
volume; the tracking efficiency, and hence the signal-event rate Ng, are proportional to Fi,,
where the power of two arises from the required observation of two dark photons in each event.
Since I'ys o €2 (see eqgs. (2.9), (2.10)), we conclude that Ng o e!. Furthermore, Ng o £ - 6
(see egs. (2.2), (3.1)). As a result, decreasing £ - 62 by a factor of e.g. 10* leads to reduction
in Ng by 10%, which can in turn be offset by increasing e by 10. However, as we observe
in e.g. the lower left plot of figure 4, lowering £ - 62 from 50 to 10 by a factor 5, the lower
sensitivity reach in e is weakened by more than 5/4 ~ 1.5; this arises from the fact that along
the lower curves the dark photon is not long-lived enough to be in the large-decay-length limit.
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We stress that the dark-photon production rate depends on 62 while its decay is mediated
by the kinetic mixing parameter €. This decoupling of the production and decay provides the
advantage of expected large reach of our proposed search, compared to the minimal scenario
where both the dark-photon production and decay are induced by e.

Figure 4 also shows as gray-shaded areas the current constraints on the dark-photon
parameters, obtained from di-lepton searches conducted at colliders and fixed target experi-
ments, including A1 [106], LHCb [107], BaBar [12], KLOE [108-111], and NA48/2 [16], the
beam-dump experiments E141 [13], E137 [112-114], v-Cal [115, 116], and CHARM [117],
constraints from supernovae [19], and the electron anomalous magnetic moment [22].

The combination of the existing limits and our prediction for the Belle II sensitivity
clearly demonstrates the importance of the Belle II search proposed here. Specifically, figure 4
shows that the medium-e regime, which is currently mostly unexcluded, falls exactly where
Belle IT is the most sensitive.

Finally, we explain some features observed in figure 4. For example, the lower left plot
shows islands of the red curves separated at about 0.21 GeV and 0.28 GeV, which reflect the
behavior of Z 55113 B —=tt7)-B( — t;rt;) as shown in figure 3, corresponding

ti j=e,u,m, K
to the dimuo% aﬁd di-pion thresholds, respectively. Similarly, in the lower right panel the

purple curves present also islands separated at around 0.8 and 1.0 GeV, which are due to
not only the behavior of the curves displayed in figure 3 but also the sudden sharp increase
of the dark-photon total decay width as plotted in the right panel of figure 1 arising from
the p,w, and ¢ resonances. We also comment that the zigzag in the upper curves in each
plot is due to insufficient statistics for the prompt regime, where only a small proportion
of the generated events, those with largely boosted dark photons, contribute significantly
to the computation of Ng.

5 Conclusions

In this paper we propose a displaced-vertex-based search for long-lived dark photons at the
ongoing experiment Belle II, in the theoretical framework of a hidden sector with a dark
scalar. At Belle II, BT mesons are pair-produced and can decay to a charged kaon K* and
a light dark scalar ¢. We consider the case of ¢ decaying exclusively and promptly to a
pair of dark photons. Via kinetic mixing, the dark photons subsequently decay leptonically
or hadronically. We restrict the study to the experimentally favorable final states eTe™,
pwrp~, mtr~, and KTK~. We further require that both dark photons decay inside the
Belle II detector’s tracking volume.

We elaborate on potential background sources and argue for their insignificance. We
perform Monte-Carlo simulations with MadGraphb and compute the expected number of
observed signal events for different values of the kinetic-mixing coefficient €, the dark-photon
mass m/, the dark-scalar mass mg, and a currently allowed value 6 = 10~ for the mixing
angle between the dark scalar and the Standard-Model Higgs. In this simulation, we implement
the displaced-tracking efficiency as a linear function of the transverse distance of the dark-
photon decay position from the interaction point. Furthermore, using the EVTGEN event
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generator and published information, we incorporate the particle-identification efficiency and
its dependence on the final-state particles and their kinematics.

We report the sensitivity reach of our proposed search in terms of the region in € vs. m.,
that Belle IT can exclude at 95% confidence level with an integrated luminosity of £ = 50 ab™!.
Given the lack of background, this region is taken to be that for which at least three signal
events would be observed. These bounds are calculated for five benchmark values of the my.
We note that reduced sensitivity is expected for mg within about 10 MeV of the 70 mass
of 135 MeV, due to background from Bt — K70 7% — v, with the photons undergoing
conversion to eTe™ in detector material. Further, additional sensitivity plots are shown for
various values of L - 62, for mg = 1.0 and 4.0 GeV. Our results show that the search we
propose uniquely probes a large, unexcluded region.
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A Detector efficiencies for different final-state particles

Table 1 shows the electron-identification efficiency, based on use of the calorimeter only, as a

function of momentum and polar angle. The muon-identification efficiency is presented in
PID
]

state and for different masses of the dark Higgs and the dark photon.

table 2. The final particle-identification efficiency €;;" is shown in figures 5-14 for each final

et efficiency p<03 03<p<l10 p>1.0

0 <17° 0.00 0.00 0.00

17° <6 < 31.4° 0.00 0.81 0.96
31.4° < 0 < 32.2° 0.00 0.68 0.81
32.2° < 0 < 128.7° 0.00 0.81 0.96
128.7° < 6 < 130.7° 0.00 0.68 0.81
130.7° < 6 < 150° 0.00 0.77 0.91
150° < 6 0.00 0.00 0.00

Table 1. Simplified electron-identification efficiency with respect to momentum and polar angle [67].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Figure 5. Estimated particle-identification efficiency of the KTeTe~ete™ final state with respect to
the dark scalar mass and the dark-photon mass. The left plot shows results from fully longitudinal
amplitude events and the right plot is for fully transverse amplitude events.
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Figure 6. The same format as in figure 5 but for the KTeTe™ KT K~ final state.
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Figure 7. The same format as in figure 5 but for the KTeTe™ptu™ final state.
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Figure 10. The same format as in figure 5 but for the K+t p*p~putp~ final state.
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Figure 11. The same format as in figure 5 but for the Kt uTpu~ 77~ final state.
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Figure 12. The same format as in figure 5 but for the K*a ™7~ K™K~ final state.
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Figure 13. The same format as in figure 5 but for the K*n 777~ final state.
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ut efficiency p<06 06<p<ld p>1.>5
0 <17° 0.00 0.00 0.00

17° < 0 < 110° 0.00 0.81 0.96
110° < 6 < 130° 0.00 0.76 0.90
130° < 0 < 150° 0.00 0.81 0.96
150° < 0 0.00 0.00 0.00

Table 2. Simplified muon-identification efficiency with respect to momentum and polar angle [67].
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Figure 14. The same format as in figure 5 but for the K* K™K~ K™K~ final state.
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