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ABSTRACT: Inelastic dark matter is an interesting scenario for light thermal dark matter
which is fully consistent with all cosmological probes as well as direct and indirect dark
matter detection. The required mass splitting between dark matter y; and its heavier
twin Yo is naturally induced by a dark Higgs field which also provides a simple mechanism
to give mass to the dark photon A’ present in the setup. The corresponding dark Higgs
boson A’ is naturally the lightest dark sector state and therefore decays into Standard Model
particles via Higgs mixing. In this work we study signatures with displaced vertices and
missing momentum at Bellell, arising from dark Higgs particles produced in association
with dark matter. We find that Belle Il can be very sensitive to this scenario, in particular
if a displaced vertex trigger is available in the near future.
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1 Introduction

Thermal dark matter (DM) is a well motivated and predictive scenario which can be probed
with direct and indirect searches as well as with collider experiments. In recent years a
lot of attention has focused on the MeV to GeV mass range as it is less constrained by
the increasingly more stringent limits from direct searches [1, 2] while allowing for very
interesting signatures in a number of current and future experiments [3—24].

A simple scenario for light thermal DM that evades the strong bounds on residual DM
annihilations from the Cosmic Microwave Background (CMB) is the case where DM couples
inelastically to Standard Model (SM) states [25].! Here a sufficiently large mass splitting
A = my, — my, between the DM particle x; and its heavier twin x» ensures that (%)

! Another option to circumvent these limits for s-wave DM annihilations is a resonantly enhanced cross-
section at freeze-out [26].



direct detection limits are basically absent and (%i) residual DM annihilations are no longer
efficient during the time of the CMB. Limits from primordial nucleosynthesis (BBN) still
apply but are relevant only for masses m,, < 10 MeV [27]. In the simplest setup inelastic
DM is coupled to a massive dark gauge boson A’ which in turn kinetically mixes with the
SM, a scenario that has been studied in a number of recent articles [28-31]. These references
were agnostic about the generation of the mass splitting (as well as the mass generation of
the A’) but a natural setup to explain both would be a Higgs mechanism similar to what
is realised within the SM. Unitarity and perturbativity then suggest that the associated
dark Higgs boson h’ cannot be much heavier than the gauge boson A’, while it can be
significantly lighter [32-34], implying that it is always present in the low-energy spectrum
of the model and will therefore generally be very relevant for the resulting phenomenology.

In this article we study novel signatures associated with production and decay of the
dark Higgs boson h/ at the BelleII experiment.? Given the strong bounds on the mixing
angle with the SM Higgs boson together with the Yukawa-like coupling structure to SM
states, the decay of the dark Higgs h’ will typically lead to displaced signatures. We point
out that some regions of parameter space will not be covered with the current experimental
configuration and that a displaced vertex trigger would be highly beneficial to increase the
sensitivity to this scenario.

This article is structured as follows. Section 2 is devoted to a description of the
theoretical setup and the implications of this scenario for early universe cosmology. We
also discuss constraints that are complementary to the ones we explore in this paper. In
section 3 we describe in detail how the sensitivity of BelleIl to the displaced signatures
is evaluated, while the results of this sensitivity study are presented in section 4. In an
appendix we provide further technical details regarding the inclusion of hadronic states in
our analysis.

2 Inelastic DM with a dark Higgs

2.1 The model

A stable Majorana fermion y; that can be excited to a state yo by absorbing a massive
dark photon, AL, is usually called inelastic DM. The simplest realisation of this scenario
consists of postulating a spontaneously broken U(1)x symmetry, under which all SM fields
are singlets and a Dirac fermion, 1, and a scalar, ¢, with charges 1 and 2, respectively.

Before symmetry breaking, the Lagrangian describing the Dirac fermion reads
Ly = itppyp —mppp — fopyh + hc., (2.1)

where we assume parity conservation for simplicity.? Here D, = 0,—ig xX u is the covariant
derivative associated with the U(1)x symmetry, whose coupling constant is gx. After
symmetry breaking, the scalar field acquires a vacuum expectation value (vev) vy and v

2A different signature at Belle involving a dark Higgs boson has been studied in [35].
3This implies that ¢z and g couple to the scalar field ¢ in the same way.



splits into two Majorana mass eigenstates. More precisely,

_ v+l _ Y-y Y+ ¢
\@ ) X1 \/Q ) \@ .

Note that we are working in the unitary gauge and correspondingly we do not write the

¢

and X2 = (2.2)

Goldstone mode associated with ¢. In terms of these fields, the Lagrangian in Eq. (2.1)

reads
Ly = % (ixidx1 + iX2Px2 — My, XTX1 — My X2X2) (2.3)
+%9XXM(%’Y“X1 —X17"x2) + gﬁ’(ﬂxl — X2X2) ;
with
My, = mp + fvg and My, =mp — fvg. (2.4)

The second line in Eq. (2.3) describes the inelastic interaction between DM x; and its
excited state x2 as well as the DM interactions with the neutral scalar .

In general a mixing term between the dark scalar field ¢ and the SM Higgs field H
is present in the Lagrangian, leading to a mixing of the flavour eigenstates k' and fL, as
determined by the overall scalar potential

2 2\ 2 2
Ve, H) = g (HTH — “?) + X <¢*¢ - ”;) + A\om (HTH — 1’;) <¢*¢ - U;) .(2.5)

. T
Here write the SM scalar doublet as H = <0, (v +h)/ \@) . In terms of the SM scalar
and the dark Higgs, the scalar fields before diagonalisation (denoted by hats) read

h co S h
(9-(22)6)

Likewise, the quartic couplings can be expressed in terms of the mixing angle, the vevs and
the masses
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Coming to the gauge sector of the theory, the most general Lagrangian includes a
kinetic mixing term between the dark U(1)x and U(1)y and is given by

1., = € A o~ . 1/~ =« .
L= Lov— XXM = 5 KB with Loy D~ (BWB’“’ + W;;VWW> . (28)
together with additional terms from the covariant derivatives of the scalar Lagrangian that
give mass to the gauge bosons. This is the (dark) Higgs mechanism, which also demands
that the cubic interaction between one scalar and two gauge bosons must be proportional
to the corresponding mass. Since they are crucial for our work, we write them explicitly
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We denote the gauge fields and the corresponding masses in the original basis before diag-
onalisation by hats, such that BW, WW, and XW are the field strength tensors of U(1)y,
SU(2)r, and U(1)x, respectively. The gauge-boson diagonalisation has been comprehen-
sively discussed in [36, 37]. Here we just emphasise the most relevant aspects for our work
and refer the reader to that study for further details. The hatted fields B, W, and X are
diagonalised and canonically normalised to obtain the physical Z-boson, the photon and
the physical dark photon, A,. Eq. (2.8) implies that for sufficiently small masses m 4 as
studied in this article, the field AL inherits the coupling structure of the photon to the SM
fermions up to a common factor e. Moreover, the part of Eq. (2.9) of interest in this work
reads L4 D (m%,/2)(1 + 2h'/ vg)AJ, A" plus small corrections of order O(e?).

Overall the model contains two independent portals between the dark and visible
sector, leading to a ‘two mediator’ model with a rather complex phenomenology (see
e.g. [38, 39] for a recent discussion).

2.2 Parameters of the model

As a consequence of the diagonalisation process, the mass parameters my and my in
Eq. (2.9) can be exchanged for the physical masses m4 and myz. Furthermore, the dark
vev is determined by the dark photon mass

mX N mar

2

V= 5T B (1+0(e)) , (2.10)
where the expansion assumes m 4 < myz. Taking into account the correlations according
to Egs. (2.4), (2.7) and (2.10), the dark sector has seven free parameters. Two of them
characterise the dark photon: its mass, m 4/, and the kinetic mixing, e¢. Likewise, mys and
0 specify the properties of the dark Higgs. Finally, three parameters describe the DM: its
mass, M, , as well as its couplings to the dark photon, gx, and to the dark Higgs, f. Note
that the latter can be exchanged for the mass of the excited state by means of Eqs. (2.4)
and (2.10). Finally, we introduce ap = g% /4w and ay = f? /4w for convenience.

When using these parameters it is important to realise that not all combinations corre-
spond to the perturbative regime. In particular, requiring that all couplings remain smaller
than /47 directly implies that the dark Higgs ' cannot be much heavier than the dark
photon A’ for the parameters we are interested in. Explicitly, Eq. (2.10) together with
Eq. (2.7) gives

2

mi 2 (2.11)

1
< m
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assuming € and 6 are small and Ay < v4mw. We will indicate the corresponding non-
perturbative region which violates this condition in the plots below.



2.3 Dark matter

Due to the charge assignments described above, the U(1) x symmetry spontaneously breaks
into a remnant global Z5 group, under which x; and Y2 are odd while all SM fields, b’/
and A" are even. Such a symmetry is crucial for inelastic DM because it guarantees the
absolute stability of our DM candidate, x1. In contrast, the excited state may decay. For
the mass splittings A = m,, — m,, of interest in this work, x2 decays into xi plus a pair
of leptons or even hadrons. In the former case, the decay rate is

o (2 Pal(s — A?) (25 4+ (2my, + A)?) (s +2m?) (s — 4m) /2
Iyt = Qem@DE ds 5 ,
4m? 6mwm?2,s3/2 (s —m?,)

(2.12)
where [P, | is the momentum of x; in the rest frame of x2 (see Eq. (A.14)) and s is the
invariant mass of the lepton pair. The hadronic decay rate can be calculated with a similar
expression by setting m; = m, and adding in the integrand the experimentally obtained
factor R(s) = o(ete™ — hadrons)/o(ete™ — putp™) [40]. A detailed derivation of this
expression is given in the appendix and improves on the approximation for the decay width
I'y, used in [31].

For the couplings of interest in this work, we find that x» is unstable on cosmological
scales and does not contribute to the DM abundance today. For a sufficiently light dark
Higgs, bound states of x1 or xs might also contribute to the DM abundance. They form
at low velocities via the radiative emission of a dark Higgs due to the attractive Yukawa
potential induced by h': aye™™»"/r (see e.g. [41]). As explained below, in this work we
will focus on parameter regions where such a process is kinematically closed when y; is
non-relativistic. More precisely, we will assume that the corresponding binding energy is
smaller than my/. This implies that only y; contributes to the DM density today.

2.4 Cosmology

Before we discuss possible signatures at colliders in detail let us briefly describe the cosmo-
logical evolution of our scenario and delineate the interesting regions in parameter space.

2.4.1 DM abundance

To have any hope of producing dark sector particles at Belle II, the portal interactions
should not be too small to allow for a sizeable production cross section. In fact, the cor-
responding required values for € or § are typically large enough to bring DM into thermal

4 The initial DM abundance was

equilibrium with SM particles in the Early Universe.
thus very large and we must allow for a process reducing it to its current value or below.
One possible process is DM annihilation which must have a velocity-averaged annihilation

cross section, (ov), greater than roughly 10726 cm3 /s at early times in order to sufficiently

“In principle rather small mixing angles of the dark Higgs can be constrained by BelleII, which are
insufficient to keep up the thermal equilibrium between the dark and visible sectors until DM freeze-out.
For this region in parameter space the calculation of the DM abundance is more involved [42]. For the
signature we are interested in, however, a sizeable value of € will always guarantee thermal equilibrium and
applicability of the standard thermal freeze-out prescription.



reduce the abundance under standard cosmological assumptions. While smaller annihila-
tion cross-sections may be viable for non-standard cosmological histories (e.g. featuring an
early period of vacuum or matter domination), we will assume standard cosmology in this
work. To evaluate the DM relic abundance we implement our inelastic DM model within
micrOMEGAs [43], which calculates all the cross sections for the DM (co-)annihilation pro-
cesses (see Table 1) to obtain the DM abundance today.” In Table 1 we also indicate the
orbital angular momentum of the annihilation channels. In the case of s-wave annihila-
tions, the corresponding cross sections (ov) are independent of the velocity and do not
change as the Universe evolves. In contrast, for p-wave processes, the cross section scales
like {(ov) o< v? at leading order in v and the annihilation rates are substantially reduced
when DM becomes non-relativistic at late times, for instance during the formation of the
CMB and thereafter.

2.4.2 CMB constraints

All annihilation products of Table 1 eventually decay into charged particles or photons.
Consequently, DM annihilations in the period between recombination and reionisation
inject energy into the CMB, potentially modifying its black-body shape or inducing non-
primordial anisotropies. The precise observations of the CMB by the Planck satellite
constrains the DM mass to be m, 2 10 GeV for a thermal dark matter annihilation cross
section at the time of the CMB [44]. This implies that for light DM to be viable, the
annihilation cross section at late times needs to be suppressed compared to its value at
DM freeze-out. Inspecting the various possible annihilation channels in Table 1 we observe
that all constraints can be evaded if we require

1
Za?le <mpy Smy, <mar. (2.13)

In this case, the annihilation channels y;x1 — A’A" and x1x1 — A (x1x1) [45] will be
kinematically closed at low velocities. As x1x1 — SMSM is always negligible due to the
smallness of the relevant couplings the overall annihilation cross section will naturally be
dominated by either yix2 — A’ — SMSM or xi1x1 — h'h which are both suppressed
at late times, either via the mass splitting A (leading to a suppressed abundance of x2)
or because of the p-wave nature of the annihilation. As we will largely concentrate on
parameter regions in which the mass splitting A is sizeable, the DM relic density will be
dominantly set by the process x1x1 — h'h/. Note that the inequality my < m,, is not
strict: DM can still annihilate into a pair of slightly heavier dark Higgses due to thermal
effects in the Early Universe [46]. These are the so-called forbidden annihilation channels,
which imply my ~ m,, as well as sizeable values® for o ¢ and thus relatively large values for
A = m,, —m,,. As we calculate the relic abundance using micrOMEGAs, these forbidden
channels are automatically taken into account.

5 As micrOMEGAs does not account for hadronisation and naively calculates the annihilation cross section
into light quarks, we modify these annihilation channels by hand making use of the experimentally inferred
ratio R(s) as described in [31]. For most of our parameter space this turns out to be completely irrelevant
however as the annihilation cross section is dominated by x1x1 — h'h’.

6See Ref. [21] for another production mechanism of inelastic DM leading to large couplings.



Annihilation Type of Representative Relevant

channel process diagrams couplings
X1 A’
xix1 — A’A s-wave X2 a3,
X1 A’

/ X1 W SM )
x1x2 — A" — SMSM | s-wave >WAM< QP Qe €
X2 SM

b
x1x1 — M (xix1) s-wave X h; X a;lc
X1 X1
X1 h SM 2 2
x1x1 — h' — SMSM | s-wave > rrrrrrrrrrr < o ysyt
X1 SM
X1y h'
x1x1 — WA p-wave X1 afc
X1ty h'

Table 1: (Co-)annihilation channels involving DM. Here (x1x1) and SM respectively stand
for DM bound state and Standard Model particle. qep, is the fine-structure constant and
ysm the corresponding SM Yukawa coupling.

2.5 Established constraints and future prospects

Before we discuss the sensitivity of Belle II to signatures including the dark Higgs in detail,
let us briefly comment on complementary limits on this setup. Given that our model
features two independent portal interactions, there are a variety of different searches that
are potentially sensitive. In particular there are a number of searches which constrain
either the vector or the Higgs portal individually. Starting with the vector portal, there are
well known constraints from electroweak precision observables which apply independently
of the specific couplings of the A’ to dark sector states, constraining e < 3 x 1072 for
dark photon masses below the Z mass [47]. In addition there are constraints from HERA
measurements [48], which are slightly stronger for small mys,. The latter constraint is
expected to improve by an order of magnitude at the LHeC [48]. Generic dark photon
searches on the other hand typically do not apply, as the A" decays neither fully visibly nor
fully invisibly in our scenario. This is different for the dark Higgs h’, which decays fully
visibly as it is the lightest dark sector state in the regions of parameter space we consider,



implying that searches for a Higgs-mixed scalar directly apply. An updated compilation of
current constraints can e.g. be found in [49].

In addition to the general signatures above, there are a variety of experimental probes
which constrain more specific signatures of inelastic dark matter. Of potential relevance
here are electron and proton beam dumps, B-factories and direct detection experiments.
While dark matter direct detection at tree-level is kinematically impossible via A’ exchange
for the mass splittings A we consider, loop-induced elastic scattering is generally present.
As discussed in [31] however the elastic scattering cross section due to two dark photon
exchanges is very suppressed. On the other hand the dark Higgs A’ has diagonal couplings
to x1 which induces spin-independent scatterings with nuclei. As we consider rather small
DM masses m,, and mixing angles ¢ the resulting constraints, while potentially relevant
for small dark Higgs masses, turn out to not be overly constraining.

Another potential constraint comes from the requirement of successful primordial nu-
cleosynthesis (BBN), which will in general be relevant for sufficiently light or sufficiently
long-lived particles, see e.g. [50-52]. The dark Higgs A’ in particular can be very long-lived
due to the extra Yukawa suppression of its couplings to light SM states. Note however that
our setup is rather different from e.g. [51] where only a scalar mixing with the Higgs is
studied and the corresponding constraints can therefore not be directly applied. In partic-
ular our setup will naturally imply thermalisation between the dark and visible sector even
for small values of § due to the sizeable values of € we consider. While a dedicated study of
BBN constraints on the current scenario is beyond the scope of this work, we don’t expect
any impact on the parameter regions covered by BelleII.

In addition, particles with mass m < 200MeV can be copiously produced in the
hot cores of supernovae and will lead to a new energy loss mechanism if they interact
sufficiently weakly to escape. As we assume the dark Higgs h’ to be the lightest dark sector
state and therefore to decay visibly, the limits from SN1987A on Higgs-mixed dark scalars
should to a good approximation apply, see e.g. [49]. Nevertheless there are large intrinsic
uncertainties associated to these limits and indeed the explosion mechanism of SN1987A
has not been fully settled, potentially invalidating the bounds on light dark sector particles
completely [53].

Beam dumps are however potentially sensitive to the production of DM with sub-
sequent scattering (or decay) in a far detector and relevant bounds come from various
experiments, including LSND [54], E137 [55, 56|, MiniBoonNE [57] and NA64 [58]. As
these experiments are sensitive in particular to small dark photon masses, m4 < 1GeV,
they are complementary to the searches at Belle Il that we will discuss below.

Coming to B-factories such as BaBar or BelleIl, a largely model-independent signature
is the final state consisting of only a single photon (so-called mono-photon searches) which
naturally applies if a photon and a dark photon are produced in association and the A’
decays invisibly, i.e. ete™ — vA’, A" — invisible. It will however also apply to those regions
of parameter space where the decay products of the A’ are visible but sufficiently long-lived
so that they decay outside the detector. In the next section we will reinterpret the BaBar
mono-photon limit [59] following the discussion in [31] as well as give an overview of other
possible signatures within BelleII.



Figure 1: Feynman diagrams depicting the leading search channels for inelastic DM: A’
production in association with a single photon (left) and A’ production in association with
a dark Higgs h' (right) with subsequent decays into both visible and dark sector states.

Finally there are also a large number of proposed future experiments, see e.g. figure 7 of
Ref. [30] for a comprehensive overview of limits on inelastic dark matter, including potential
add-ons to the LHC such as FASER [60], MATHUSLA [61], and CODEX-b [62] or possible
future beam dumps such as LDMX [63] and SeaQuest [56]. Also the bounds on the direct
production and observation of the dark Higgs h’ will become ever more stringent, see e.g.
[15] for a recent overview.

3 Light dark Higgs and inelastic DM at Bellell

The current scenario can lead to a number of different signatures at Belle II. One signature
arises from direct production of the dark Higgs A’ in B decays, B — K®}/ as discussed
in [18]. Assuming visible decays with branching ratios as expected from Higgs mixing,
BelleII can reach a sensitivity down to a mixing angle of §# ~ 107>, assuming a final
integrated luminosity of 50 ab™1.

Another possibility is direct production of the dark photon A’ through the kinetic
mixing with the SM photon with subsequent decay into dark matter states y1 and yo as
depicted in Fig. 1. The production of A’ in association with a photon (left panel) has been
discussed in detail in [31]. Depending on the decay length of x5 the signature is either (i) a
single photon with a displaced pair of charged particles and missing energy or (i) a single
photon with missing energy. Below we will implement these searches as described in [31].”

The process we will mainly concentrate on in this work includes a dark Higgs h’ in
the intermediate state as depicted in the right panel of Fig. 1, leading to a signature with
missing energy and two pairs of charged particles. Specifically we will consider xo —
x10T¢~ with ¢ = e, u, 7, K and b/ — ¢ ¢~ with ¢ = pu, 7, K,7. The decay i/ — eTe™
is very suppressed due to the small Yukawa coupling and charged hadrons other than
7, K are typically too short-lived to contribute to the signature. Pions and kaons behave
similar to muons in the detector, so we will treat all of these particles identically in our
analysis. To reduce backgrounds we will concentrate on the case where at least one pair of

"In the current work we improve the description of the total x2 decay width as described in the appendix.
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Figure 2: Schematic view of the Bellell detector (zy-plane) and example displaced sig-
nature.

charged particles has a significant displacement. Before we enter a detailed discussion of
the signature however, let us first describe the relevant aspects of the Belle IT experiment.

3.1 The BelleIl experiment

The BelleII experiment at the SuperKEKB accelerator is a next generation B-factory [64]
that started physics data taking in 2019. SuperKEKB is a circular asymmetric ete™
collider with a nominal collision energy of /s = 10.58 GeV and a design instantaneous
luminosity of 8 x 1039 ecm =2 s~ 1.

The Belle I detector is a large-solid-angle magnetic spectrometer. Particularly relevant
for the searches described in this paper are the following sub-detectors: a tracking system
that consists of six layers of vertex detectors (VXD), including two inner layers of silicon
pixel detectors (PXD) and four outer layers of silicon vertex detectors (SVD), and a 56-
layer central drift chamber (CDC) which covers a polar angle region of (17 — 150)°. The
electromagnetic calorimeter (ECL) comprising CsI(T1) crystals with an upgraded waveform
sampling readout for beam background suppression covers a polar angle region of (12—155)°
and is located inside a superconducting solenoid coil that provides a 1.5 T magnetic field.
The ECL has inefficient gaps between the endcaps and the barrel for polar angles between
(31.3—32.2)° and (128.7—130.7)°. An iron flux-return is located outside of the magnet coil
and is instrumented with resistive plate chambers and plastic scintillators to mainly detect
K9 mesons, neutrons, and muons (KLM) that covers a polar angle region of (25 — 145)°.

We study the Belle II sensitivity for a dataset corresponding to an integrated luminosity
of 100fb~! and 50ab~!. This dataset is expected to be recorded by BelleII in early 2021
and by the end of BelleIl running around 2030, respectively.

~10 -



3.2 Event Generation

We implemented the model as specified in section 2 into FeynRules v2.3.32 [65] and
generated a UFO model file [66]. To generate events for the process ete™ — x1x2h’ with
subsequent decays of h' and y2 we employ MadGraph5_aMCONLO v2.7.2 [67]. Specifically
we simulate the decays b’ — upu~ and xo — x1/71~ with [ = e, u so that the cross section
that we obtain from MadGraph corresponds to

+ +

olete = xix Tl ptp™) =olete” = xixeh!) x BRy, oyt~ X BRy Syt (3.1)

To maximise the sensitivity of BelleIl we will however also be interested in other final
states induced by the decays x2 — Y107¢~ with ¢ = e,u, 7, K and b’ — ¢+T¢~ with
¢ = u,m, K, 7. Given that pions and kaons behave similarly to muons as far as BelleIl is
concerned, we do not simulate these particles in the final state explicitly but rather rescale
the events with muons according to the relevant branching ratios. To this end we make
use of the experimentally measured ratio R(s) as described below. Similarly we rescale the
events for decays into 7 leptons.

As we concentrate on the region in parameter space in which m4s > my, +m,,, the A’
will never be on-shell in the y2 decay and only three-body decays are possible. Nevertheless
the x2 branching fractions are largely determined by the A’ branching ratios (which we
take from [68]). To obtain the decay width of x2, we numerically evaluate Eq. (2.12) with
and without the R(s) factor to obtain the hadronic and leptonic contributions, respectively.
We then feed the result of this calculation to MadGraph. While the total decay width of
X2 determines the decay length, we only take the partial decay widths which contribute to
the desired final state into account when calculating the signal events. We conservatively
assume that there is no contribution from pions and kaons above A = 1.2GeV [69]. The
partial decay widths of A/, including hadronic final states, is taken from Ref. [49]. To
project out the charged final states we multiply the partial decay widths into 2 pions
(kaons) by a factor 2/3 (2/4). Above 2 GeV multi-particle final states become relevant and
we conservatively only consider the partial decay width into muons.

As in [31] we generate the events in the centre-of-mass frame with /s = 10.58 GeV
and then boost and rotate them to the BelleII laboratory frame.

3.3 Signal selection

We select events based on the radial vertex positions of the b’ and 2 decay products (region
selection), the final state kinematics (kinematic selection), and their trigger signatures
(trigger selection). We consider different regions for the radial vertex positions as given
in Table 2 for ¥ — ¢T¢~ with ¢ = p, 7, K and in Table 3 for ¥ — 777~. Note that
h' — eTe™ is suppressed and not considered further. The different region selections are
defined based on the following arguments: Decays with R < 0.2cm are very close to
the nominal interaction point and will suffer from high SM backgrounds. The region
0.2cm < R < 0.9cm is within the vacuum of the beam-pipe but sufficiently separated from
the interaction point with no conversion backgrounds expected. The region 0.9cm < R <
17 cm includes the beam-pipe, support structures, the VXD, and the inner wall of the CDC

- 11 -



with potentially large and complicated conversion and hadronic interaction backgrounds.
We expect that those backgrounds can be removed only for non-electron final states, and
we exclude yo — Y1eTe” decays in this region. 17 cm < R < 60 cm covers the region inside
the CDC with sufficiently high tracking efficiency and not much passive material. For
60cm < R < 150 cm there will be enough activity in the detector (outer CDC, ECL, and
inner KLM) to veto such final states in searches for invisible final states, but not enough
information to reconstruct displaced vertices. R > 150cm is only covered by the KLM
with low efficiency for low momentum particles.

In addition, the events need to fulfil the kinematic selection from Table 4. The angular
selection is also applied to prompt decays. Finally an event must pass at least one of the
trigger selection that are explained in Sec. 3.4. While these selections are motivated by the
performance shown in [70], we note that a full study of all possible backgrounds is beyond
the scope of this work. For all sensitivity predictions, we assume zero background after

selections.

Table 2: Decay vertex regions for different values of radial displacement for the case
W — ¢t¢~ with ¢ = pu,m, K used for the region selection: In the gray region all o
final states are considered, i.e. xo — 10T ¢~ with ¢ = e, u, m, K while in the light blue
region only y2 — ¢T¢~ with ¢ = pu, 7, K are considered due to significant pair conversion

backgrounds for electrons.

W s gt X2 290 gem 02 09em 09 17em 1760cm > G0em
<0.2cm
0.2-0.9cm
0.9-17cm
17-60 cm
> 60cm

Table 3: Decay vertex regions for different values of radial displacement for A’ — 777~
used for the region selection: In the gray region all yo final states are considered, i.e.
X2 — ¢T¢~ with ¢ = e, pu, 7, K while in the light blue region only ys — ¢T¢~ with
¢ = p, m, K are considered.

+ —
/ — X2 090 goem 0209em 0.9 17em 17 -60em > 60cm
B —Ttr

< 0.2cm
0.2-0.9cm
0.9-17cm
17-60 cm

> 60 cm

For ' — 777~ events we modify our region selection as follows: We assume that

- 12 —



Table 4: Kinematic selections used in our analysis.

cut on value

i) =55cm < z < 140 cm

i) 17° < O < 150°

i) both p(e™) and p(e™) > 0.1 GeV

decay vertex

electrons ii) opening angle of pair > 0.1 rad
i) both pr(u™) and pr(p~) > 0.05GeV
ii) opening angle of pair > 0.1 rad
T, K7 T

iii) invariant mass of pair my > 0.03 GeV

(
(
(
(
(iii) invariant mass of pair me. > 0.03 GeV
(
(
(
(iv) my < 0.480 GeV or my > 0.520 GeV

all 7 decay modes are usable for the analysis. We require more displacement compared
to W/ — uTu~/hTh™ because the 777~ vertex is harder to resolve experimentally. For
low momentum 7 decays, the daughter tracks may not point back to the interaction point
which will require improved pattern recognition for the analysis. Note that for the values
of A used in this work, the decays of y2 — 1777~ are kinematically not possible.

3.4 Triggers

We consider the following triggers, to be able to cover the various interesting regions
discussed below. The triggers are similar to those described [31], but the criteria have
been refined to better match the trigger algorithms in BelleIl. The trigger conditions are
approximately the combined BelleIT hardware and software triggers.

e 2 GeV energy: Requires at least one calorimeter cluster with Ecys > 2 GeV and
22° < O < 139.3°. Only the electrons coming from the ys decay can potentially
deposit this amount of energy (even they hardly ever will pass this trigger), whereas
u, ™, K are not expected to trigger at all. This trigger does not work for a displace-
ment larger than the radius of the electromagnetic calorimeter, which we take to be
Rgcr, = 1.35m.

e Three isolated clusters: Requires at least three isolated calorimeter clusters with
a minimum distance of dpi, = 30cm. At least one of the three clusters needs to have
Eyap > 0.5 GeV (which can only be deposited by the electrons from the y3 decay), and
there need to be two additional clusters with Fj,;, > 0.18 GeV, which can be either
electrons or p,m, K. All three clusters need to have 18.5° < 6,1, < 139.3°. This
trigger will potentially be prescaled (i.e. only a fraction of these events will actually
be kept) for the full Belle II data set.

e Four isolated clusters: Requires at least four isolated calorimeter clusters with
a minimum distance of dpin = 30cm with Ey,, > 0.18 GeV, which can be either
electrons or w, 7, K. All four clusters need to have 18.5° < O, < 128.7°. At least
one of the four clusters needs to have Ej,;, > 0.3 GeV.
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e Two tracks: Requires two tracks with a transverse momentum pr > 300 MeV each
and 38° < O, < 127°, as well as an azimuthal opening angle at the interaction point
in the lab system Ay > 90°. We assume this trigger is not efficient beyond a radius
of Rmax = 17 cim.

e Three tracks: Same conditions as the two tracks triggers, but without requirement
on Ap.

¢ 1 GeV E sum: Requires that the sum of all clusters with Fj,;, > 100 MeV and
27° < Orap < 128° (covers the barrel and outer forward endcap) is larger than 1 GeV.
u, ™, K contribute 200 MeV to this sum if their momentum is sufficiently large.

e Displaced vertex: Requires at least one displaced vertex in the event with 0.9 cm <
R,y < 60cm, and a transverse momentum of the corresponding particles of pr >
100 MeV each. While this trigger is currently not implemented in Belle II, we expect
that no hardware modifications are needed, and that dedicated algorithms can be
implemented in the firmware of the existing trigger.

For b/ — 777~ events we simplify our region selection as follows: We assume 100 %
trigger efficiency for b’ — 717~ since about 70 % of all 7 decay modes include at least

O or three charged hadrons. For 7 pairs this results in about 90 % final

one electron, one 7
states with at least one such final state where trigger efficiency will generally be high. A

detailed study is beyond the scope of this work given the multitude of possible final states.

4 Results

Let us now come to a discussion of the expected sensitivities at Belle I with respect to the
different possible signatures. As the model exhibits seven free parameters, a full evaluation
of the different sensitivities in the entire parameter space would require a global scan and
is beyond the scope of this work. Instead we show some exemplary parameter planes which
illustrate the typical strength of different searches.

Comparing the two different Feynman diagrams in Fig. 1 we observe that they have
a somewhat different dependence on the model parameters, with the cross section for the
case with an associated photon scaling as o o €2a? while the signature with the dark
Higgs A’ in the final state scaling as o o< €2aap. For both cases the total production cross
section is dominated by on-shell production of A’, with subsequent decays A" — x1x2 and
X2 — X190 ¢~ with ¢ some SM state.

In Fig. 3 we show the sensitivities of the different searches at BelleIl in the € — m 4/
parameter plane for integrated luminosities of 100 fb~! (solid lines) and 50 ab™! (dashed
lines). The other parameters are fixed as indicated in the figures. We show 90% C.L. limits
for all signatures analysed in this work, i.e. for the monophoton as well as the two displaced
signatures at Belle II. Existing bounds come from electroweak precision tests (EWPT) [47]
and from HERA measurements [48] as well as from the BaBar monophoton search [64].
As described in [31] we run Monte Carlo scans to take into account the fact that only a
fraction of the events will pass the monophoton selection criteria, resulting in a significantly
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Figure 3: Expected sensitivities of the different searches at Belle Il in the e—m 4/ parameter
plane for integrated luminosities of 100 fb~! (solid lines) and 50 ab—! (dashed lines). Left
plot is for ap = 0.1, right plot for ap = 0.5.

weaker bound from BaBar for the given parameters. For the rather large value of A and
€ almost all xo particles will decay within the detector and the remaining limit from the
monophoton signature is due to the non-zero probability that the particles produced in the
X2 decay travel in the direction of the beam pipe such that they will not be reconstructed.

The sensitivity of BelleII towards the monophoton signature (green) is significantly
improved compared to BaBar due to a more hermetic calorimeter. To obtain the monopho-
ton sensitivity for 100fb~! and 50 ab—! we rescale the published sensitivity for 20 fb~! using
that the expected sensitivity S(e) VvL£.2 We then perform a second rescaling as above
using Monte Carlo runs to account for xo decays and corresponding acceptances within the
detector. We observe that for small values of m 4/ the sensitivity is as good as for the usual
monophoton search as basically all xo particles decay outside the detector. For larger m 4
this is no longer true and we observe a significant weakening (which is delayed for larger
luminosities due to the smaller values of € and therefore larger y2 decay lengths).

In orange we show the sensitivity due to the signature with a single photon and a
displaced pair of charged particles (denoted by ‘displaced+~’ in the figure legend). We
observe that there is very good sensitivity towards large dark photon masses m 4 and
rather small values of €. In violet we show the corresponding sensitivity for the signature
with two pairs of charged particles, where we require at least one of those to have a non-zero
displacement (denoted by ‘displaced’ in the figure legend). While the typical sensitivity is
very similar to the ‘displaced+~’ signature, it extends to large values of € which are not

8The assumptions under which such a rescaling is valid are discussed in detail in [31].
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Figure 4: Expected sensitivities of the different searches at Belle IT in the § —my, parameter
plane for integrated luminosities of 100 fb=! (solid lines) and 50 ab™! (dashed lines). We
also show current limits from DarkSide [75], LHCb, CHARM and E949 (taken from [49])
as well as a number of expected sensitivities of proposed future searches as shown in [49]
and [76].

covered by any other signature. The reason is that we can allow for prompt yo decay in
this case as the decay products of the dark Higgs h’ are basically always displaced. We
further note that the constraints extend significantly into the off-shell regime with dark
photon masses ma < 12GeV for my = 1 GeV.

Because the relic density depends primarily on the process x1x1 — h'h’, the thermal
relic target does not depend on ¢ or € in this case. For comparison we also show the
preferred parameter region in which the predicted anomalous magnetic moment of the
muon [71-73] is within the 20 range of its experimentally measured value.” We observe
that while for the dark Higgs masses mys we are interested in here the region corresponds
to a non-perturbative quartic dark Higgs coupling, this model offers a viable explanation
for correspondingly smaller values of my,.

In Fig. 4 we show the limits in the § — my parameter plane. Here general searches
for dark scalars mixing with the SM Higgs boson are relevant and we show results from
LHCb, CHARM and E949 as given in [49]. We also show limits from direct dark matter
searches, taking into account the fact that for the regions in parameter space where x1
does not make up all the DM (to the left of the ‘thermal relic’ line), the limits have to be
rescaled with a factor €, h%/0.12.

9For experimentally allowed values of the Higgs mixing parameter # the impact of the dark Higgs on the
predicted value of g — 2 is negligible, see e.g. [74].
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Figure 5: Expected sensitivities of the different searches at BelleII in the (left) my —m 4/

plane and in the (right) mj — as plane for integrated luminosities of 100 fb~! (solid lines)
and 50 ab™! (dashed lines).

Regarding future sensitivities we show estimates for NA62 (as given in [17]), SHiP (as
given in [49]) and a possible BelleII search for the rare decay B — Kh' [18]. For the given
set of parameters the monophoton as well as the ‘displaced+~’ searches are not sensitive.
The signature associated with the dark Higgs however is sensitive down to very small values
of the mixing angle #. This remarkable sensitivity can be understood from the fact that
the production cross section is large and does not depend on 6. The lower boundary of
the sensitivity is therefore just given by the maximal k' decay length which still allows for
2.3 events to decay within the sensitive region of the detector. The maximal decay length
which BelleII can be sensitive to corresponds to more than 10°m.

In Fig. 5 we show the sensitivities of the different Belle I searches in the mp — m 4/
plane (left) and in the my — oy plane (right). Note that we assume that in the parameter
region around myp ~ 0.5GeV the search does not have any sensitivity due to large Kg
backgrounds (see the selection cuts in Tab 4), explaining the gap in our sensitivity. In
Fig. 6 we show the same planes as in Fig. 5 but restrict ourselves to the case of 100fb~! to
show more details of how the sensitivity region depends on the assumption of the presence
of a displaced vertex trigger. We see that a displaced vertex trigger could significantly
extend the reach in some regions of parameter space while in others there is only a mild
improvement. Experimentally, a displaced vertex track trigger would be orthogonal to the
calorimeter triggers and will hence provide a way to measure the trigger efficiency.
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Figure 6: Expected sensitivities of the displaced search at Bellell in the myp — mar
plane (left) and in the my — o plane (right) for integrated luminosity of 100 fb~!. The
filled regions correspond to the sensitivity without invoking a displaced vertex trigger. In
addition we show the region in which the 77 region contributes to the overall sensitivity.

5 Conclusion

In this work we studied possible signatures at Belle II of a simple model for light thermal
inelastic dark matter which is fully consistent with all cosmological probes as well as direct
and indirect dark matter detection. We extend previous studies of inelastic dark matter
by carefully analysing the effects of a dark Higgs boson h’, which is naturally present in
the low energy particle spectrum to explain the mass splitting A between the DM state x1
and its heavier twin yo as well as the mass of the dark photon m 4. One straightforward
consequence of the presence of the dark Higgs h' is that elastic scattering between x1
and nuclei is possible even at tree-level (making the term inelastic DM something of a
misnomer). Nevertheless, the resulting scattering cross section is still rather small due to
the small couplings involved and typically not competitive with limits from colliders.

A prominent signature at BelleII which arises from dark Higgs particles h’ produced
in association with dark matter x; consists of two pairs of (displaced) charged particles
together with missing momentum. We find that the sensitivity of BelleII to the underlying
model parameters is highly complementary to that from monophoton searches, while an
independent signature with a single photon, one pair of charged particles and missing
momentum as studied in [31] gives very similar sensitivity in large regions of parameter
space. The signature involving a dark Higgs however provides sensitivity also to large values
of € which are not covered by any other signature. Overall it appears not unlikely that
both signatures may be discovered almost simultaneously at BellelIl, providing a unique
signature correlation for this scenario. We also point out that some regions of parameter
space will not be covered with the current experimental configuration and that a displaced
vertex trigger would be highly beneficial to increase the sensitivity to this scenario.
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Figure 7: Expected sensitivities of the different searches at Belle IT in the e—m 4/ parameter
plane for integrated luminosities of 100 fb~! (solid lines) and 50 ab=! (dashed lines), similar
to Fig. 3, but zoomed into the region in which the anomalous magnetic moment of the muon
can be explained (green). The dark Higgs mass my is chosen such that the correct relic
abundance is achieved for all values of m4s (see upper axis for required value of my/). The
preferred range for the anomalous magnetic moment in this figure is calculated including
the recent observation from [73].

6 Note added

After the completion of this work the E989 experiment at Fermilab presented a new result
of the muon anomalous magnetic moment [73] which is in agreement with the previous
result at BNL [77] and has increased the tension with the SM prediction to 4.20.19 In
this context we would like to point out that while a kinetically mired dark photon which
decays purely visibly (or invisibly) is excluded as a possible explanation of this finding,
in our scenario this discrepancy can readily be resolved. In fact, for the range of dark
Higgs masses mp we consider here, the perturbativity constraint shown in Fig. 3 no longer
applies while simultaneously the correct dark matter relic abundance can be achieved for all
values of m 4, cf. Fig. 7.'' Even more interestingly, the corresponding region in parameter
space will be fully tested by the BellelIl experiment in the near future, either excluding
this possible resolution or discovering a clear signal for physics beyond the SM.

10A recent evaluation of the leading hadronic contribution to the muon magnetic moment from lattice
QCD [78] suggests that this discrepancy may in fact be significantly smaller.

"Eor masses m 4 =~ 0.1 GeV there may also be complementary constraints from fixed target experiments
such as E137, cf. Ref [29, 72].
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A The decay of the excited DM state into hadronic channels

Cross sections. If the annihilation of y; and x» into a final state F is induced by the
s-channel exchange of a dark photon, its amplitude can be cast as

G + PaPs/m?,
Jap * §/mA)Jﬁ, (A.1)

M (xixz2 = F) = egx €07 w 5
P - mA/

where P = p; + po and J? is the final-state electromagnetic current, which is conserved,
ie. P,gJB = 0. This fact allows us to write the corresponding cross section in a simple
form without specifying F. This is particularly useful for hadronic final states, for which
the current receives non-perturbative contributions.

The corresponding cross section can be obtained from

V5o (e - F) = (20! [ MG = 7) Pde” (P) (A.2)
271' 462 2 62 ’ ’ 1 / %
= ()% (p‘fp% + 050} — 59 (P? - AQ)) /d@f(P)JaJa/,
(3 - mA’)

where p{™ is the 3-momentum of either particle in the x1x2 centre-of-mass frame, while
d®” (P) is the phase-space element

d®” (P) = 6@ (P -3 pi>

dspz'
—_— A3
: 1] (2m)32E; (A.3)
ieEF

1eF

Let us note that [ d®” (P)J,J? is a Lorentz-invariant function of only P, that vanishes if
it is contracted with P®. As a result

1
/ dd7 (P)JoJ: = 5 (9oer — PoPur/P?) / J J*ddT (P). (A.4)

Plugging this into Eq. (A.3), we obtain

(271’)4629%(62(8 —A?) (23 + (2my, + A)Q)

6s (s — mQA,)Q

4pitVso (xaxe = F) = — /JMJ“*dQJf. (A.5)
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For leptonic final states this can be evaluated perturbatively. For instance, for muon pairs
we have

pVso (X1X2 — ,UJFM*) = Coxe (s = 4 (28 + @ +2A)2) S 2mi) 1— 4m/%'
127s (s — mi‘,) s

(A.6)

Interestingly, one can apply the same reasoning we have used so far but for ete™ annihila-

tions, obtaining Eq. (A.5) with A — 0, m,,,m,, — me, € = 1 and gx — e. This allows us

to calculate [ JMJ“*dé‘F(P)‘hadmns from the ratio R(s) = o(e"et — hadrons)/o(ete™ —
+ —
prpT) as

/ JuJ* A7 (P)|, = R(s) / JMJu*dcpf(P)\w_. (A7)
Hence

o(x1x2 — hailrrozzs) _R(s). (A.8)

o (x1x2 = ptu”)

Decay width. The decay rate of o is given by

(27r)4 2 JpF X1
P2 = i) = 5 [ M > i FIPde" ™ (B,) (4.9)
X2

The crucial observation to relate this to our previous results is the fact that!?

2|M(x2 — xaF)> = 4/M(xax2 — F)I? ) (A.10)
Px1 7 Px1
ddT+a (P,) = doF (P = P, — P, )% (A.11)
x2) = = I'xo X1 (27r)32EX1 . .

Accordingly

dpy, V50 Oaxe = F)] p p e
L(x2 = xaF) = / (2n)R2E,, e, . (A.12)

In the xo rest frame, s = mfa +m§2 —2my, By, = A% —2my, (Ey, —my,) < A% In detail

this implies

d3p><1 _ 47T|ﬁ><1|2d|ﬁ><1’ _ A [Py, | By, dEy, _ A |py, | Ey, ds _ Py, |ds (A.13)
(2m)32E)y, (2m)32E)y, (2m)32E)y, (2m)3(2Ey, ) (2my,)  8T7my, .
where

s—m2 —m2 \?2
Py | = \/(X1 X2> —m2, . (A.14)
X1 2mX2 X1
Thus
1 A
T(x2 — x1F) = 87r2mQ/ ds|py, | [4p7"Vso (xixa = F)] (A.15)
X2 Smin

12The numerical factors in Eq. (A.10) are related to spin averaging.
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Figure 8: x5 decay length together with the leptonic and the hadronic contributions for
the parameters of Fig. 5 (left).

In particular, using Egs. (A.5) and (A.8) we conclude

A2 . _
I'(x2 — x1hadrons) f4mﬁ ds|py, | [4p5"v/50 (xaxe — pt )] R(s)
e AT ,
C(x2 = xiptp™) f4mi ds|pPy, | [4p§<m\/§0 (x1x2 = ptu )]

, (A.16)

where the expression in the brackets is calculated using Eq. (A.6). In Fig. 8, we illustrate
this for the parameters of Fig. 5 (left).
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