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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 �1 and its heavier

twin �2 is naturally induced by a dark Higgs �eld which also provides a simple mechanism

to give mass to the dark photon A0 present in the setup. The corresponding dark Higgs

boson h0 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 Belle II, arising from dark Higgs particles produced in association

with dark matter. We �nd that Belle II can be very sensitive to this scenario, in particular

if a displaced vertex trigger is available in the near future.

Keywords: Mostly Weak Interactions: Beyond Standard Model; Collider Physics: e+-e�

Experiments; Astroparticles: Cosmology of Theories beyond the SM

ar
X

iv
:2

01
2.

08
59

5v
1 

 [h
ep

-p
h]

  1
5 

D
ec

 2
02

0

mailto:michael.duerr@posteo.de
mailto:torben.ferber@desy.de
mailto:camilo.garcia.cely@desy.de
mailto:hearty@physics.ubc.ca
mailto:kai.schmidt.hoberg@desy.de


Contents

1 Introduction 1

2 Inelastic DM with a dark Higgs 2

2.1 The model 2

2.2 Parameters of the model 4

2.3 Dark matter 4

2.4 Cosmology 5

2.4.1 DM abundance 5

2.4.2 CMB constraints 6

2.5 Established constraints and future prospects 7

3 Light dark Higgs and inelastic DM at Belle II 8

3.1 The Belle II experiment 9

3.2 Event Generation 10

3.3 Signal selection 10

3.4 Triggers 12

4 Results 13

5 Conclusion 16

A The decay of the excited DM state into hadronic channels 18

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{19].

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 [20].1 Here a su�ciently large mass splitting

� � m�2 � m�1 between the DM particle �1 and its heavier twin �2 ensures that (i)

direct detection limits are basically absent and (ii) residual DM annihilations are no longer

e�cient during the time of the CMB. Limits from primordial nucleosynthesis (BBN) still

1Another option to circumvent these limits for s-wave DM annihilations is a resonantly enhanced cross-

section at freeze-out [21].
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apply but are relevant only for masses m�1 . 10 MeV [22]. In the simplest setup inelastic

DM is coupled to a massive dark gauge boson A0 which in turn kinetically mixes with the

SM, a scenario that has been studied in a number of recent articles [23{26]. These references

were agnostic about the generation of the mass splitting (as well as the mass generation of

the A0) but a natural setup to explain both would be a Higgs mechanism similar to what is

realised within the SM. Perturbative unitarity then suggests that the associated dark Higgs

boson h0 cannot be much heavier than the gauge boson A0, while it can be signi�cantly

lighter [27, 28], 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 h0 at the Belle II experiment.2 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 h0 will typically lead to displaced signatures. We point

out that some regions of parameter space will not be covered with the current experimental

con�guration and that a displaced vertex trigger would be highly bene�cial 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 Belle II 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 �1 that can be excited to a state �2 by absorbing a massive

dark photon, A0�, 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 �elds

are singlets and a Dirac fermion,  , and a scalar, �, with charges 1 and 2, respectively.

Before symmetry breaking, the Lagrangian describing the Dirac fermion reads

L = i =D �mD  � f� c + h.c.; (2.1)

where we assume parity conservation for simplicity.3 Here D� = @��igXX̂� is the covariant

derivative associated with the U(1)X symmetry, whose coupling constant is gX . After

symmetry breaking, the scalar �eld acquires a vacuum expectation value (vev) v� and  

splits into two Majorana mass eigenstates. More precisely,

� =
v� + ĥ0p

2
; �1 =

 �  cp
2

; and �2 =
 +  cp

2
: (2.2)

2A different signature at Belle involving a dark Higgs boson has been studied in [29].
3This implies that ψL and ψR couple to the scalar field φ in the same way.
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Note that we are working in the unitary gauge and correspondingly we do not write the

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

reads

L =
1

2

(
i�1=@�1 + i�2=@�2 �m�1�1�1 �m�2�2�2

)
(2.3)

+
i

2
gXX̂�(�2


��1 � �1

��2) +

f

2
ĥ0(�1�1 � �2�2) ;

with

m�2 = mD + fv� and m�1 = mD � fv� : (2.4)

The second line in Eq. (2.3) describes the inelastic interaction between DM �1 and its

excited state �2 as well as the DM interactions with the neutral scalar ĥ0.

In general a mixing term between the dark scalar �eld � and the SM Higgs �eld H

is present in the Lagrangian, leading to a mixing of the 
avour eigenstates ĥ0 and ĥ, as

determined by the overall scalar potential

V (�;H) = �H

(
HyH � v2

H

2

)2

+ ��

(
����

v2
�

2

)2

+ ��H

(
HyH � v2

H

2

)(
����

v2
�

2

)
:(2.5)

Here write the SM scalar doublet as H =
(

0; (vH + ĥ)=
p

2
)T

. In terms of the SM scalar

and the dark Higgs, the scalar �elds before diagonalisation (denoted by hats) read(
ĥ

ĥ0

)
=

(
c� s�
�s� c�

)(
h

h0

)
: (2.6)

Likewise, the quartic couplings can be expressed in terms of the mixing angle, the vevs and

the masses

�H =
m2
hc

2
� +m2

h0s
2
�

2v2
H

; �� =
m2
hs

2
� +m2

h0c
2
�

2v2
�

and ��H =
(m2

h0 �m2
h) s2�

2 vH v�
: (2.7)

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

L = LSM �
1

4
X̂��X̂

�� � �

2cW
X̂��B̂

�� with LSM � �
1

4

(
B̂��B̂

�� + Ŵ a
��Ŵ

a��
)
; (2.8)

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

L� = jD�Hj2 + jD��j2 � V (�;H)

� 1

2
m2
Ẑ

(
1 +

2ĥ

vH

)
Ẑ�Ẑ

� +
1

2
m2
X̂

(
1 +

2ĥ0

v�

)
X̂�X̂

� : (2.9)
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We denote the gauge �elds and the corresponding masses in the original basis before diag-

onalisation by hats, such that B̂�� , Ŵ�� , and X̂�� are the �eld strength tensors of U(1)Y ,

SU(2)L, and U(1)X , respectively. The gauge-boson diagonalisation has been comprehen-

sively discussed in [30, 31]. Here we just emphasise the most relevant aspects for our work

and refer the reader to that study for further details. The hatted �elds B̂, Ŵ , and X̂ are

diagonalised and canonically normalised to obtain the physical Z-boson, the photon and

the physical dark photon, A0�. Eq. (2.8) implies that for su�ciently small masses mA0 as

studied in this article, the �eld A0� inherits the coupling structure of the photon to the SM

fermions up to a common factor �. Moreover, the part of Eq. (2.9) of interest in this work

reads L� � (m2
A0=2)(1 + 2ĥ0=v�)A0�A

0� plus small corrections of order O(�2).

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. [32, 33] for a recent discussion).

2.2 Parameters of the model

As a consequence of the diagonalisation process, the mass parameters mX̂ and mẐ in

Eq. (2.9) can be exchanged for the physical masses mA0 and mZ . Furthermore, the dark

vev is determined by the dark photon mass

v� =
mX̂

2gX
=
mA0

2gX

(
1 +O(�2)

)
; (2.10)

where the expansion assumes mA0 < mZ . Taking into account the correlations according

to Eqs. (2.4), (2.7) and (2.10), the dark sector has seven free parameters. Two of them

characterise the dark photon: its mass, mA0 , and the kinetic mixing, �. Likewise, mh0 and

� specify the properties of the dark Higgs. Finally, three parameters describe the DM: its

mass, m�1 , 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 �D = g2
X=4� and �f = f2=4� for convenience.

2.3 Dark matter

Due to the charge assignments described above, the U(1)X symmetry spontaneously breaks

into a remnant global Z2 group, under which �1 and �2 are odd while all SM �elds, h0

and A0 are even. Such a symmetry is crucial for inelastic DM because it guarantees the

absolute stability of our DM candidate, �1. In contrast, the excited state may decay. For

the mass splittings � = m�2 �m�1 of interest in this work, �2 decays into �1 plus a pair

of leptons or even hadrons. In the former case, the decay rate is

��2!�1l+l� = �em�D�
2

∫ �2

4m2
l

ds
j~p�1 j(s��2)

(
2s+ (2m�1 + �)2

)
(s+ 2m2

l )(s� 4m2
l )

1=2

6�m2
�2
s3=2

(
s�m2

A0
)2 ;

(2.11)

where j~p�1 j is the momentum of �1 in the rest frame of �2 (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 ml = m� and adding in the integrand the experimentally obtained
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factor R(s) � �(e+e� ! hadrons)=�(e+e� ! �+��) [34]. A detailed derivation of this

expression is given in the appendix and improves on the approximation for the decay width

��2 used in [26]. For the couplings of interest in this work, we �nd that �2 is unstable on

cosmological scales and does not contribute to the DM abundance today. For a su�ciently

light dark Higgs, bound states of �1 or �2 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 h0: �f e
�mh0r=r (see e.g. [35]). As explained below, in this

work we will focus on parameter regions where such a process is kinematically closed when

�1 is non-relativistic. More precisely, we will assume that the corresponding binding energy

is smaller than mh0 . This implies that only �1 contributes to the DM density today.

2.4 Cosmology

Before we discuss possible signatures at colliders in detail let us brie
y 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

equilibrium with SM particles in the Early Universe.4 The initial DM abundance was

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, h�vi, greater than roughly 10�26 cm3=s at early times in order to su�ciently

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 [37], which calculates all the cross sections for the DM (co-)annihilation pro-

cesses (see Table 1) to obtain the DM abundance today.5 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 h�vi are independent of the velocity and do not

change as the Universe evolves. In contrast, for p-wave processes, the cross section scales

like h�vi / v2 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.

4In principle rather small mixing angles of the dark Higgs can be constrained by Belle II, 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 [36]. For the

signature we are interested in, however, a sizeable value of ε will always guarantee thermal equilibrium and

applicability of the standard thermal freeze-out prescription.
5As 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 [26]. For most of our parameter space this turns out to be completely irrelevant

however as the annihilation cross section is dominated by χ1χ1 → h0h0.
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Annihilation Type of Representative Relevant

channel process diagrams couplings

�1�1 ! A0A0 s-wave

χ1

χ2

A′

χ1 A′
�2
D

�1�2 ! A0 ! SM SM s-wave
χ1

χ2

A′ SM

SM

�D�em �
2

�1�1 ! h0(�1�1) s-wave
χ1

h′

h′

χ1

χ1 χ1

�4
f

�1�1 ! h0 ! SM SM s-wave
χ1

χ1

h′ SM

SM

�f y
2
SM�

2

�1�1 ! h0h0 p-wave

χ1

χ1

h′

χ1 h′
�2
f

Table 1: (Co-)annihilation channels involving DM. Here (�1�1) and SM respectively stand

for DM bound state and Standard Model particle. �em is the �ne-structure constant and

ySM the corresponding SM Yukawa coupling.

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� & 10 GeV for a thermal dark matter annihilation cross

section at the time of the CMB [38]. 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

4
�2
fm�1 < mh0 . m�1 < mA0 : (2.12)

In this case, the annihilation channels �1�1 ! A0A0 and �1�1 ! h0(�1�1) [39] will be

kinematically closed at low velocities. As �1�1 ! SM SM is always negligible due to the
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smallness of the relevant couplings the overall annihilation cross section will naturally be

dominated by either �1�2 ! A0 ! SM SM or �1�1 ! h0h0 which are both suppressed

at late times, either via the mass splitting � (leading to a suppressed abundance of �2)

or because of the p-wave nature of the annihilation. As we will largely concentrate on

parameter regions in which the mass splitting � is sizeable, the DM relic density will be

dominantly set by the process �1�1 ! h0h0. Note that the inequality mh0 . m�1 is not

strict: DM can still annihilate into a pair of slightly heavier dark Higgses due to thermal

e�ects in the Early Universe [40]. These are the so-called forbidden annihilation channels,

which imply mh0 ' m�1 as well as sizeable values6 for �f and thus relatively large values for

� = m�2 �m�1 . As we calculate the relic abundance using micrOMEGAs, these forbidden

channels are automatically taken into account.

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 brie
y comment on complementary limits on this setup. Given that our model

features two independent portal interactions, there are a variety of di�erent 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 speci�c couplings of the A0 to dark sector states, constraining � . 3 � 10�2 for

dark photon masses below the Z mass [41]. In addition there are constraints from HERA

measurements [42], which are slightly stronger for small mA0 . The latter constraint is

expected to improve by an order of magnitude at the LHeC [42]. Generic dark photon

searches on the other hand typically do not apply, as the A0 decays neither fully visibly nor

fully invisibly in our scenario. This is di�erent for the dark Higgs h0, 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 [43].

In addition to the general signatures above, there are a variety of experimental probes

which constrain more speci�c 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 A0 exchange

for the mass splittings � we consider, loop-induced elastic scattering is generally present.

As discussed in [26] however the elastic scattering cross section due to two dark photon

exchanges is very suppressed. On the other hand the dark Higgs h0 has diagonal couplings

to �1 which induces spin-independent scatterings with nuclei. As we consider rather small

DM masses m�1 and mixing angles � the resulting constraints, while potentially relevant

for small dark Higgs masses, turn out to not be overly constraining.

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 [44], E137 [45, 46], MiniBoonNE [47] and NA64 [48]. As

6See Ref. [19] for another production mechanism of inelastic DM leading to large couplings.
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these experiments are sensitive in particular to small dark photon masses, mA0 � 1 GeV,

they are complementary to the searches at Belle II that we will discuss below.

Coming to B -factories such as BaBar or Belle II, a largely model-independent signature

is the �nal 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 A0

decays invisibly, i.e. e+e� ! 
A0, A0 ! invisible. It will however also apply to those regions

of parameter space where the decay products of the A0 are visible but su�ciently long-lived

so that they decay outside the detector. In the next section we will reinterpret the BaBar

mono-photon limit [49] following the discussion in [26] as well as give an overview of other

possible signatures within Belle II.

Finally there are also a large number of proposed future experiments, see e.g. �gure 7 of

Ref. [25] for a comprehensive overview of limits on inelastic dark matter, including potential

add-ons to the LHC such as FASER [50], MATHUSLA [51], and CODEX-b [52] or possible

future beam dumps such as LDMX [53] and SeaQuest [46]. Also the bounds on the direct

production and observation of the dark Higgs h0 will become ever more stringent, see e.g.

[14] for a recent overview.

3 Light dark Higgs and inelastic DM at Belle II

The current scenario can lead to a number of di�erent signatures at Belle II. One signature

arises from direct production of the dark Higgs h0 in B decays, B ! K(�)h0 as discussed

in [17]. Assuming visible decays with branching ratios as expected from Higgs mixing,

Belle II can reach a sensitivity down to a mixing angle of � � 10�5, assuming a �nal

integrated luminosity of 50 ab�1.

Another possibility is direct production of the dark photon A0 through the kinetic

mixing with the SM photon with subsequent decay into dark matter states �1 and �2 as

depicted in Fig. 1. The production of A0 in association with a photon (left panel) has been

discussed in detail in [26]. Depending on the decay length of �2 the signature is either (i) a

single photon with a displaced pair of charged particles and missing energy or (ii) a single

photon with missing energy. Below we will implement these searches as described in [26].7

The process we will mainly concentrate on in this work includes a dark Higgs h0 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. Speci�cally we will consider �2 !
�1�

+�� with � = e; �; �;K and h0 ! �+�� with � = �; �;K; � . The decay h0 ! e+e�

is very suppressed due to the small Yukawa coupling and charged hadrons other than

�;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

charged particles has a signi�cant displacement. Before we enter a detailed discussion of

the signature however, let us �rst describe the relevant aspects of the Belle II experiment.
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e +

e −

γ

χ 2

χ 1

A ′γ

χ 1

e + , µ + , π+ , K+

e − ,µ − , π− , K−

A ′

e +

e −

A ′γ

µ − , π− , K− , τ −

µ + , π+ , K+ , τ +

h ′

χ 2

χ 1

χ 1

e + , µ + , π+ , K+

e − ,µ − , π− , K−

A ′

A ′

Fi g u r e 1 :  Fe y n m a n di a gr a m s d e pi cti n g t h e l e a di n g s e ar c h c h a n n el s f or i n el a sti c  D M: A

p r o d u cti o n i n a s s o ci ati o n  wit h a si n gl e p h ot o n (l eft) a n d A p r o d u cti o n i n a s s o ci ati o n  wit h

a d ar k  Hi g g s h ( ri g ht)  wit h s u b s e q u e nt d e c a y s i nt o b ot h vi si bl e a n d d ar k s e ct or st at e s.
B ell e II D et e ct or ( T or b e n F er b er) 1 4

! 1

! 2

! 1

e +

e -

Vert e x d et e ct or

Drift c h a m b er

C al ori m et er

M u o n s yst e m

i D M + D ar k Hi g g s

h’

" +
" -

Fi g u r e 2 : S c h e m ati c vi e w of t h e  B ell e II d et e ct or (x y - pl a n e) a n d e x a m pl e di s pl a c e d si g-

n at u r e.

3. 1  T h e  B ell e I I e x p e ri m e n t

T h e  B ell e II e x p eri m e nt at t h e S u p er K E K B a c c el er at or i s a n e xt g e n er ati o n B -f a ct or y [5 4 ]

t h at st art e d p h y si c s d at a t a ki n g i n 2 0 1 9. S u p er K E K B i s a ci r c ul ar a s y m m et ri c e + e −

c olli d e r  wit h a n o mi n al c olli si o n e n er g y of
√

s = 1 0 .5 8  G e V a n d a d e si g n i n st a nt a n e o u s

l u mi n o sit y of 8 × 1 0 3 5 c m − 2 s − 1 .

T h e  B ell e II d et e ct or i s a l ar g e- s oli d- a n gl e  m a g n eti c s p e ct r o m et er.  P arti c ul arl y r el e v a nt

f or t h e s e ar c h e s d e s cri b e d i n t hi s p a p er ar e t h e f oll o wi n g s u b- d et e ct or s: a t r a c ki n g s y st e m

t h at c o n si st s of si x l a y er s of v ert e x d et e ct or s ( V X D), i n cl u di n g t w o i n n er l a y er s of sili c o n

pi x el d et e ct or s ( P X D) a n d f o ur o ut er l a y er s of sili c o n v ert e x d et e ct or s ( S V D), a n d a 5 6-

l a y er c e nt r al d rift c h a m b er ( C D C)  w hi c h c o v er s a p ol ar a n gl e r e gi o n of ( 1 7 − 1 5 0) ◦ .  T h e

7 I n t h e c u r r e nt  w o r k  w e i m p r o v e t h e d e s c ri p ti o n of t h e t o t al χ 2 d e c a y  wi d t h a s d e s c ri b e d i n t h e a p p e n di x.
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electromagnetic calorimeter (ECL) comprising CsI(Tl) 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 �eld.

The ECL has ine�cient gaps between the endcaps and the barrel for polar angles between

(31:3�32:2)� and (128:7�130:7)�. An iron 
ux-return is located outside of the magnet coil

and is instrumented with resistive plate chambers and plastic scintillators to mainly detect

K0
L 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 100 fb�1 and 50 ab�1. This dataset is expected to be recorded by Belle II in early 2021

and by the end of Belle II running around 2030, respectively.

3.2 Event Generation

We implemented the model as speci�ed in section 2 into FeynRules v2.3.32 [55] and

generated a UFO model �le [56]. To generate events for the process e+e� ! �1�2h
0 with

subsequent decays of h0 and �2 we employ MadGraph5 aMC@NLO v2.7.2 [57]. Speci�cally

we simulate the decays h0 ! �+�� and �2 ! �1l
+l� with l = e; � so that the cross section

that we obtain from MadGraph corresponds to

�(e+e� ! �1�1l
+l��+��) = �(e+e� ! �1�2h

0)� BR�2!�1l+l� � BRh0!�+�� : (3.1)

To maximise the sensitivity of Belle II we will however also be interested in other �nal

states induced by the decays �2 ! �1�
+�� with � = e; �; �;K and h0 ! �+�� with

� = �; �;K; � . Given that pions and kaons behave similarly to muons as far as Belle II is

concerned, we do not simulate these particles in the �nal 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 � leptons.

As we concentrate on the region in parameter space in which mA0 > m�1 +m�2 , the A0

will never be on-shell in the �2 decay and only three-body decays are possible. Nevertheless

the �2 branching fractions are largely determined by the A0 branching ratios (which we

take from [58]). To obtain the decay width of �2, we numerically evaluate Eq. (2.11) 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

�2 determines the decay length, we only take the partial decay widths which contribute to

the desired �nal state into account when calculating the signal events. We conservatively

assume that there is no contribution from pions and kaons above � = 1:2 GeV [59]. The

partial decay widths of h0, including hadronic �nal states, is taken from Ref. [43].

As in [26] we generate the events in the centre-of-mass frame with
p
s = 10:58 GeV

and then boost and rotate them to the Belle II laboratory frame.

3.3 Signal selection

We select events based on the radial vertex positions of the h0 and �2 decay products

(region selection), the �nal state kinematics (kinematic selection), and their trigger sig-

natures (trigger selection). We consider di�erent regions for the radial vertex positions

{ 10 {



as given in Table 2 for h0 ! �+�� with � = �; �;K and in Table 3 for h0 ! �+��.

Note that h0 ! e+e� is suppressed and not considered further. The di�erent region se-

lections are de�ned based on the following arguments: Decays with R < 0:2 cm are very

close to the nominal interaction point and will su�er from high SM backgrounds. The

region 0:2 cm < R < 0:9 cm is within the vacuum of the beam-pipe but su�ciently sep-

arated from the interaction point with no conversion backgrounds expected. The region

0:9 cm < R < 17 cm includes the beam-pipe, support structures, the VXD, and the inner

wall of the CDC with potentially large and complicated conversion and hadronic interac-

tion backgrounds. We expect that those backgrounds can be removed only for non-electron

�nal states, and we exclude �2 ! �1e
+e� decays in this region. 17 cm < R < 60 cm covers

the region inside the CDC with su�ciently high tracking e�ciency and not much passive

material. For 60 cm < R < 150 cm there will be enough activity in the detector (outer

CDC, ECL, and inner KLM) to veto such �nal states in searches for invisible �nal states,

but not enough information to reconstruct displaced vertices. R > 150 cm is only covered

by the KLM with low e�ciency for low momentum particles.

In addition, the events need to ful�l 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.

Table 2: Decay vertex regions for di�erent values of radial displacement for the case

h0 ! �+�� with � = �; �;K used for the region selection: In the gray region all �2

�nal states are considered, i.e. �2 ! �1�
+�� with � = e; �; �;K while in the light blue

region only �2 ! �+�� with � = �; �;K are considered due to signi�cant pair conversion

backgrounds for electrons.

h0 ! �+��
�2 ! �1�

+��
< 0:2 cm 0.2{0.9 cm 0.9{17 cm 17{60 cm > 60 cm

< 0:2 cm

0.2{0.9 cm

0.9{17 cm

17{60 cm

> 60 cm

For h0 ! �+�� events we modify our region selection as follows: We assume that

all � decay modes are usable for the analysis. We require more displacement compared

to h0 ! �+��=h+h� because the �+�� vertex is harder to resolve experimentally. For

low momentum � 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 � used in this work, the decays of �2 ! �1�
+�� are kinematically not possible.
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Table 3: Decay vertex regions for di�erent values of radial displacement for h0 ! �+��

used for the region selection: In the gray region all �2 �nal states are considered, i.e.

�2 ! �+�� with � = e; �; �;K while in the light blue region only �2 ! �+�� with

� = �; �;K are considered.

h0 ! �+��
�2 ! �1�

+��
< 0:2 cm 0.2{0.9 cm 0.9{17 cm 17{60 cm > 60 cm

< 0:2 cm

0.2{0.9 cm

0.9{17 cm

17{60 cm

> 60 cm

Table 4: Kinematic selections used in our analysis.

cut on value

decay vertex
(i) �55 cm � z � 140 cm

(ii) 17� � �lab � 150�

electrons

(i) both p(e+) and p(e�) > 0:1 GeV

(ii) opening angle of pair > 0:1 rad

(iii) invariant mass of pair mee > 0:03 GeV

�; �;K; �

(i) both pT(�+) and pT(��) > 0:05 GeV

(ii) opening angle of pair > 0:1 rad

(iii) invariant mass of pair mll > 0:03 GeV

(iv) mll < 0:480 GeV or mll > 0:520 GeV

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 [26], but the criteria have

been re�ned to better match the trigger algorithms in Belle II. The trigger conditions are

approximately the combined Belle II hardware and software triggers.

• 2 GeV energy: Requires at least one calorimeter cluster with ECMS > 2 GeV and

22� < �lab < 139:3�. Only the electrons coming from the �2 decay can potentially

deposit this amount of energy (even they hardly ever will pass this trigger), whereas

�; �;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

RECL = 1:35 m.

• Three isolated clusters: Requires at least three isolated calorimeter clusters with

a minimum distance of dmin = 30 cm. At least one of the three clusters needs to have

Elab > 0:5 GeV (which can only be deposited by the electrons from the �2 decay), and

there need to be two additional clusters with Elab > 0:18 GeV, which can be either
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electrons or �; �;K. All three clusters need to have 18:5� < �lab < 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.

• Four isolated clusters: Requires at least four isolated calorimeter clusters with

a minimum distance of dmin = 30 cm with Elab > 0:18 GeV, which can be either

electrons or �; �;K. All four clusters need to have 18:5� < �lab < 128:7�. At least

one of the four clusters needs to have Elab > 0:3 GeV.

• Two tracks: Requires two tracks with a transverse momentum pT > 300 MeV each

and 38� < �lab < 127�, as well as an azimuthal opening angle at the interaction point

in the lab system �' > 90�. We assume this trigger is not e�cient beyond a radius

of Rmax = 17 cm.

• Three tracks: Same conditions as the two tracks triggers, but without requirement

on �'.

• 1 GeV E sum: Requires that the sum of all clusters with Elab > 100 MeV and

27� < �lab < 128� (covers the barrel and outer forward endcap) is larger than 1 GeV.

�; �;K contribute 200 MeV to this sum if their momentum is su�ciently large.

• Displaced vertex: Requires at least one displaced vertex in the event with 0:9 cm <

Rxy < 60 cm, and a transverse momentum of the corresponding particles of pT >

100 MeV each.

For h0 ! �+�� events we simplify our region selection as follows: We assume 100 %

trigger e�ciency for h0 ! �+�� since about 70 % of all � decay modes include at least

one electron, one �0, or three charged hadrons. For � pairs this results in about 90 % �nal

states with at least one such �nal state where trigger e�ciency will generally be high. A

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

4 Results

Let us now come to a discussion of the expected sensitivities at Belle II with respect to the

di�erent possible signatures. As the model exhibits seven free parameters, a full evaluation

of the di�erent 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 di�erent searches.

Comparing the two di�erent Feynman diagrams in Fig. 1 we observe that they have

a somewhat di�erent dependence on the model parameters, with the cross section for the

case with an associated photon scaling as � / �2�2 while the signature with the dark

Higgs h0 in the �nal state scaling as � / �2��D. For both cases the total production cross

section is dominated by on-shell production of A0, with subsequent decays A0 ! �1�2 and

�2 ! �1�
+�� with � some SM state.

In Fig. 3 we show the sensitivities of the di�erent searches at Belle II in the � �mA0

parameter plane for integrated luminosities of 100 fb�1 (solid lines) and 50 ab�1 (dashed
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Fi g u r e 3 :  E x p e ct e d s e n siti viti e s of t h e di ff er e nt s e ar c h e s at  B ell e II i n t h e − m A p a r a m et e r

pl a n e f or i nt e gr at e d l u mi n o siti e s of 1 0 0 f b − 1 ( s oli d li n e s) a n d 5 0 a b − 1 ( d a s h e d li n e s).  L eft

pl ot i s f or α D = 0 .1, ri g ht pl ot f or α D = 0 .5.

li n e s).  T h e ot h er p ar a m et er s ar e fi x e d a s i n di c at e d i n t h e fi g u r e s.  We s h o w 9 0 %  C. L. li mit s

f or all si g n at u r e s a n al y s e d i n t hi s  w or k, i. e. f or t h e  m o n o p h ot o n a s  w ell a s t h e t w o di s pl a c e d

si g n at ur e s at  B ell e II.  E xi sti n g b o u n d s c o m e f r o m el e ct r o w e a k p r e ci si o n t e st s ( E W P T) [ 4 1 ]

a n d f r o m  H E R A  m e a s u r e m e nt s [ 4 2 ] a s  w ell a s f r o m t h e  B a B ar  m o n o p h ot o n s e ar c h [5 4 ].

A s d e s cri b e d i n [ 2 6 ]  w e r u n  M o nt e  C arl o s c a n s t o t a k e i nt o a c c o u nt t h e f a ct t h at o nl y a

f r a cti o n of t h e e v e nt s  will p a s s t h e  m o n o p h ot o n s el e cti o n crit eri a, r e s ulti n g i n a si g ni fi c a ntl y

w e a k er b o u n d f r o m  B a B ar f or t h e gi v e n p ar a m et er s.  F or t h e r at h er l ar g e v al u e of  ∆ a n d

al m o st all χ 2 p a rti cl e s  will d e c a y  wit hi n t h e d et e ct or a n d t h e r e m ai ni n g li mit f r o m t h e

m o n o p h ot o n si g n at u r e i s d u e t o t h e n o n- z er o p r o b a bilit y t h at t h e p arti cl e s pr o d u c e d i n t h e

χ 2 d e c a y t r a v el i n t h e di r e cti o n of t h e b e a m pi p e s u c h t h at t h e y  will n ot b e r e c o n st r u ct e d.

T h e s e n siti vit y of  B ell e II t o w ar d s t h e  m o n o p h ot o n si g n at u r e ( gr e e n) i s si g ni fi c a ntl y

i m p r o v e d c o m p ar e d t o  B a B ar d u e t o a  m or e h er m eti c c al ori m et er.  T o o bt ai n t h e  m o n o p h o-

t o n s e n siti vit y f or 1 0 0 f b − 1 a n d 5 0 a b − 1 w e r e s c al e t h e p u bli s h e d s e n siti vit y f or 2 0 f b − 1 u si n g

t h at t h e e x p e ct e d s e n siti vit y S ( ) ∝ 4
√

L .8 We t h e n p e rf or m a s e c o n d r e s c ali n g a s a b o v e

u si n g  M o nt e  C arl o r u n s t o a c c o u nt f or χ 2 d e c a y s a n d c or r e s p o n di n g a c c e pt a n c e s  wit hi n t h e

d et e ct or.  We o b s er v e t h at f or s m all v al u e s of m A t h e s e n siti vit y i s a s g o o d a s f or t h e u s u al

m o n o p h ot o n s e ar c h a s b a si c all y all χ 2 p a rti cl e s d e c a y o ut si d e t h e d et e ct or.  F or l ar g er m A

t hi s i s n o l o n g er t r u e a n d  w e o b s er v e a si g ni fi c a nt  w e a k e ni n g ( w hi c h i s d el a y e d f or l ar g e r

l u mi n o siti e s d u e t o t h e s m all er v al u e s of a n d t h er ef or e l ar g er χ 2 d e c a y l e n gt h s).

I n or a n g e  w e s h o w t h e s e n siti vit y d u e t o t h e si g n at u r e  wit h a si n gl e p h ot o n a n d a

8 T h e a s s u m p ti o n s u n d e r  w hi c h s u c h a r e s c ali n g i s v ali d a r e di s c u s s e d i n d e t ail i n [ 2 6 ].
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Fi g u r e 4 :  E x p e ct e d s e n siti viti e s of t h e di ff er e nt s e ar c h e s at  B ell e II i n t h e θ − m h p a r a m et e r

pl a n e f or i nt e gr at e d l u mi n o siti e s of 1 0 0 f b − 1 ( s oli d li n e s) a n d 5 0 a b − 1 ( d a s h e d li n e s).  We

al s o s h o w c u r r e nt li mit s f r o m  D ar k Si d e [ 6 0 ],  L H C b,  C H A R M a n d  E 9 4 9.

di s pl a c e d p ai r of c h ar g e d p arti cl e s ( d e n ot e d b y ‘ di s pl a c e d + γ ’ i n t h e fi g u r e l e g e n d).  We

o b s er v e t h at t h er e i s v er y g o o d s e n siti vit y t o w ar d s l ar g e d ar k p h ot o n  m a s s e s m A a n d

r at h e r s m all v al u e s of . I n vi ol et  w e s h o w t h e c or r e s p o n di n g s e n siti vit y f or t h e si g n at u r e

wit h t w o p ai r s of c h ar g e d p arti cl e s,  w h er e  w e r e q ui r e at l e a st o n e of t h o s e t o h a v e a n o n- z er o

di s pl a c e m e nt ( d e n ot e d b y ‘ di s pl a c e d’ i n t h e fi g u r e l e g e n d).  W hil e t h e t y pi c al s e n siti vit y i s

v er y si mil ar t o t h e ‘ di s pl a c e d + γ ’ si g n at u r e, it e xt e n d s t o l ar g e v al u e s of w hi c h ar e n ot

c o v e r e d b y a n y ot h er si g n at u r e.  T h e r e a s o n i s t h at  w e c a n all o w f or p r o m pt χ 2 d e c a y i n

t hi s c a s e a s t h e d e c a y p r o d u ct s of t h e d ar k  Hi g g s h ar e b a si c all y al w a y s di s pl a c e d.  We

f u rt h er n ot e t h at t h e c o n st r ai nt s e xt e n d si g ni fi c a ntl y i nt o t h e o ff- s h ell r e gi m e  wit h d ar k

p h ot o n  m a s s e s m A 1 2  G e V f o r m h = 1  G e V.

B e c a u s e t h e r eli c d e n sit y d e p e n d s p ri m aril y o n t h e p r o c e s s χ 1 χ 1 → h h , t h e t h e r m al

r eli c t ar g et d o e s n ot d e p e n d o n ε or θ .

I n  Fi g. 4 w e s h o w t h e li mit s i n t h e θ − m h p a r a m et e r pl a n e.  H er e g e n er al s e ar c h e s

f or d ar k s c al ar s  mi xi n g  wit h t h e S M  Hi g g s b o s o n ar e r el e v a nt a n d  w e s h o w r e s ult s f r o m

L H C b,  C H A R M a n d  E 9 4 9 a s gi v e n i n [ 4 3 ].  We al s o s h o w li mit s f r o m di r e ct d ar k  m att er

s e ar c h e s, t a ki n g i nt o a c c o u nt t h e f a ct t h at f or t h e r e gi o n s i n p ar a m et er s p a c e  w h er e χ 1

d o e s n ot  m a k e u p all t h e  D M (t o t h e l eft of t h e ‘t h er m al r eli c’ li n e), t h e li mit s h a v e t o b e

r e s c al e d  wit h a f a ct or  Ω χ 1 h 2 / 0 .1 2.

R e g a r di n g f ut u r e s e n siti viti e s  w e s h o w e sti m at e s f or  N A 6 2 ( a s gi v e n i n [ 1 6 ]), S Hi P ( a s

gi v e n i n [ 4 3 ]) a n d a p o s si bl e  B ell e II s e ar c h f or t h e r ar e d e c a y B → K h [1 7 ].  F or t h e gi v e n

s et of p ar a m et er s t h e  m o n o p h ot o n a s  w ell a s t h e ‘ di s pl a c e d + γ ’ s e ar c h e s ar e n ot s e n siti v e.

T h e si g n at u r e a s s o ci at e d  wit h t h e d ar k  Hi g g s h o w e v er i s s e n siti v e d o w n t o v er y s m all v al u e s
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Fi g u r e 5 :  E x p e ct e d s e n siti viti e s of t h e di ff er e nt s e ar c h e s at  B ell e II i n t h e (l eft) m h − m A

pl a n e a n d i n t h e ( ri g ht) m h − α f pl a n e f o r i nt e gr at e d l u mi n o siti e s of 1 0 0 f b − 1 ( s oli d li n e s)

a n d 5 0 a b − 1 ( d a s h e d li n e s).

of t h e  mi xi n g a n gl e θ .  T hi s r e m ar k a bl e s e n siti vit y c a n b e u n d er st o o d f r o m t h e f a ct t h at

t h e p r o d u cti o n cr o s s s e cti o n i s l ar g e a n d d o e s n ot d e p e n d o n θ .  T h e l o w er b o u n d ar y of

t h e s e n siti vit y i s t h er ef or e j u st gi v e n b y t h e  m a xi m al h d e c a y l e n gt h  w hi c h still all o w s f or

2. 3 e v e nt s t o d e c a y  wit hi n t h e s e n siti v e r e gi o n of t h e d et e ct or.  T h e  m a xi m al d e c a y l e n gt h

w hi c h  B ell e II c a n b e s e n siti v e t o c or r e s p o n d s t o  m or e t h a n 1 0 5 m.

I n  Fi g. 5 w e s h o w t h e s e n siti viti e s of t h e di ff er e nt  B ell e II s e ar c h e s i n t h e m h − m A

pl a n e (l eft) a n d i n t h e m h − α f pl a n e ( ri g ht).  N ot e t h at  w e a s s u m e t h at i n t h e p ar a m et er

r e gi o n ar o u n d m h ∼ 0 .5  G e V t h e s e ar c h d o e s n ot h a v e a n y s e n siti vit y d u e t o l ar g e K S

b a c k g r o u n d s ( s e e t h e s el e cti o n c ut s i n  T a b 4 ), e x pl ai ni n g t h e g a p i n o u r s e n siti vit y. I n

Fi g. 6 w e s h o w t h e s a m e pl a n e s a s i n  Fi g. 5 b ut r e st ri ct o u r s el v e s t o t h e c a s e of 1 0 0 f b − 1 t o

s h o w  m o r e d et ail s of h o w t h e s e n siti vit y r e gi o n d e p e n d s o n t h e a s s u m pti o n of t h e p r e s e n c e

of a di s pl a c e d v ert e x t ri g g er.  We s e e t h at a di s pl a c e d v ert e x t ri g g er c o ul d si g ni fi c a ntl y

e xt e n d t h e r e a c h i n s o m e r e gi o n s of p ar a m et er s p a c e  w hil e i n ot h er s t h er e i s o nl y a  mil d

i m p r o v e m e nt.  E x p eri m e nt all y, a di s pl a c e d v ert e x t r a c k t ri g g er  w o ul d b e ort h o g o n al t o t h e

c al ori m et er t ri g g er s a n d  will h e n c e p r o vi d e a  w a y t o  m e a s u r e t h e t ri g g er e ffi ci e n c y.

5  C o n cl u si o n

I n t hi s  w or k  w e st u di e d p o s si bl e si g n at ur e s at  B ell e II of a si m pl e  m o d el f or li g ht t h er m al

i n el a sti c d ar k  m att er  w hi c h i s f ull y c o n si st e nt  wit h all c o s m ol o gi c al p r o b e s a s  w ell a s di r e ct

a n d i n di r e ct d ar k  m att er d et e cti o n.  We e xt e n d p r e vi o u s st u di e s of i n el a sti c d ar k  m att e r

b y c ar ef ull y a n al y si n g t h e e ff e ct s of a d ar k  Hi g g s b o s o n h ,  w hi c h i s n at u r all y p r e s e nt i n

t h e l o w e n er g y p arti cl e s p e ct r u m t o e x pl ai n t h e  m a s s s plitti n g  ∆ b et w e e n t h e  D M st at e χ 1

– 1 6 –
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Fi g u r e 6 :  E x p e ct e d s e n siti viti e s of t h e di s pl a c e d s e ar c h at  B ell e II i n t h e m h − m A

pl a n e (l eft) a n d i n t h e m h − α f pl a n e ( ri g ht) f or i nt e gr at e d l u mi n o sit y of 1 0 0 f b − 1 .  T h e

fill e d r e gi o n s c orr e s p o n d t o t h e s e n siti vit y  wit h o ut i n v o ki n g a di s pl a c e d v ert e x t ri g g er. I n

a d diti o n  w e s h o w t h e r e gi o n i n  w hi c h t h e τ τ r e gi o n c o nt ri b ut e s t o t h e o v er all s e n siti vit y.

a n d it s h e a vi er t wi n χ 2 a s  w ell a s t h e  m a s s of t h e d ar k p h ot o n m A .  O n e st r ai g htf or w ar d

c o n s e q u e n c e of t h e p r e s e n c e of t h e d ar k  Hi g g s h i s t h at el a sti c s c att eri n g b et w e e n χ 1

a n d n u cl ei i s p o s si bl e e v e n at t r e e-l e v el ( m a ki n g t h e t er m i n el a sti c D M s o m et hi n g of a

mi s n o m er).  N e v ert h el e s s, t h e r e s ulti n g s c att eri n g cr o s s s e cti o n i s still r at h er s m all d u e t o

t h e s m all c o u pli n g s i n v ol v e d a n d t y pi c all y n ot c o m p etiti v e  wit h li mit s f r o m c olli d er s.

A p r o mi n e nt si g n at u r e at  B ell e II  w hi c h ari s e s f r o m d ar k  Hi g g s p arti cl e s h p r o d u c e d

i n a s s o ci ati o n  wit h d ar k  m att er χ 1 c o n si st s of t w o p ai r s of ( di s pl a c e d) c h ar g e d p arti cl e s

t o g et h er  wit h  mi s si n g  m o m e nt u m.  We fi n d t h at t h e s e n siti vit y of  B ell e II t o t h e u n d erl yi n g

m o d el p ar a m et er s i s hi g hl y c o m pl e m e nt ar y t o t h at f r o m  m o n o p h ot o n s e ar c h e s,  w hil e a n

i n d e p e n d e nt si g n at u r e  wit h a si n gl e p h ot o n, o n e p ai r of c h ar g e d p arti cl e s a n d  mi s si n g

m o m e nt u m a s st u di e d i n [ 2 6 ] gi v e s v er y si mil ar s e n siti vit y i n l ar g e r e gi o n s of p ar a m et er

s p a c e.  T h e si g n at u r e i n v ol vi n g a d ar k  Hi g g s h o w e v er pr o vi d e s s e n siti vit y al s o t o l ar g e v al u e s

of w hi c h ar e n ot c o v er e d b y a n y ot h er si g n at u r e.  O v er all it a p p e ar s n ot u nli k el y t h at

b ot h si g n at u r e s  m a y b e di s c o v er e d al m o st si m ult a n e o u sl y at  B ell e II, pr o vi di n g a u ni q u e

si g n at u r e c or r el ati o n f or t hi s s c e n ari o.  We al s o p oi nt o ut t h at s o m e r e gi o n s of p ar a m et er

s p a c e  will n ot b e c o v er e d  wit h t h e c u r r e nt e x p eri m e nt al c o n fi g ur ati o n a n d t h at a di s pl a c e d

v ert e x t ri g g er  w o ul d b e hi g hl y b e n e fi ci al t o i n cr e a s e t h e s e n siti vit y t o t hi s s c e n ari o.
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We  w o ul d li k e t o t h a n k  Feli x  K a hl h öf e r a n d J u r e  Z u p a n f or di s c u s si o n s,  M arti n  Wi n kl er f or

p r o vi di n g u s  wit h t h e e x cl u si o n li n e s p r e s e nt e d i n [ 4 3 ], a n d  A n a st a sii a  Fili m o n o v a,  R ut h

S c h äf e r, a n d S u s a n n e  We st h o ff f or di s c u s si o n s a n d f or p r o vi di n g u s  wit h t h e e x cl u si o n li n e s

p r e s e nt e d i n [ 1 7 ].  T hi s  w or k i s f u n d e d b y t h e  D e ut s c h e  F or s c h u n g s g e m ei n s c h aft ( D F G)
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A The decay of the excited DM state into hadronic channels

Cross sections. If the annihilation of �1 and �2 into a �nal state F is induced by the

s-channel exchange of a dark photon, its amplitude can be cast as

M (�1�2 ! F) = egX�
2v2


�u1

(�g�� + P�P�=m
2
A0

P 2 �m2
A0

)
J� ; (A.1)

where P = p1 + p2 and J� is the �nal-state electromagnetic current, which is conserved,

i.e. P�J
� = 0. This fact allows us to write the corresponding cross section in a simple

form without specifying F . This is particularly useful for hadronic �nal states, for which

the current receives non-perturbative contributions.

The corresponding cross section can be obtained from

4pcm
�

p
s � (�1�2 ! F) = (2�)4

∫
jM (�1�2 ! F) j2d�F (P ) (A.2)

=
(2�)4e2g2

X�
2(

s�m2
A0
)2 (p�1 p�02 + p�2 p

�0
1 �

1

2
g��

0
(P 2 ��2)

)∫
d�F (P )J�J

�
�0 ;

where pcm
� is the 3-momentum of either particle in the �1�2 centre-of-mass frame, while

d�F (P ) is the phase-space element

d�F (P ) = �(4)

(
P �

∑
i2F

pi

)∏
i2F

d3pi
(2�)32Ei

: (A.3)

Let us note that
∫
d�F (P )J�J

�
�0 is a Lorentz-invariant function of only P , that vanishes if

it is contracted with P�. As a result∫
d�F (P )J�J

�
�0 =

1

3

(
g�;�0 � P�P�0=P 2

) ∫
J�J

��d�F (P ) : (A.4)

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

4pcm
�

p
s � (�1�2 ! F) = �(2�)4e2g2

X�
2(s��2)

(
2s+ (2m�1 + �)2

)
6s
(
s�m2

A0
)2 ∫

J�J
��d�F : (A.5)

For leptonic �nal states this can be evaluated perturbatively. For instance, for muon pairs

we have

4pcm
�

p
s �
(
�1�2 ! �+��

)
=
e2g2

X�
2(s��2)

(
2s+ (2m�1 + �)2

)
(s+ 2m2

�)

12�s
(
s�m2

A0
)2

√
1�

4m2
�

s
:

(A.6)
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Interestingly, one can apply the same reasoning we have used so far but for e+e� annihila-

tions, obtaining Eq. (A.5) with �! 0, m�1 ;m�2 ! me, �! 1 and gX ! e. This allows us

to calculate
∫
J�J

��d�F (P )
∣∣
hadrons

from the ratio R(s) � �(e�e+ ! hadrons)=�(e+e� !
�+��) as ∫

J�J
��d�F (P )

∣∣
hadrons

= R(s)

∫
J�J

��d�F (P )
∣∣
�+��

: (A.7)

Hence

� (�1�2 ! hadrons)

� (�1�2 ! �+��)
= R(s) : (A.8)

Decay width. The decay rate of �2 is given by

�(�2 ! �1F) =
(2�)4

2m�2

∫
jM(�2 ! �1F)j2d�F+�1 (P�2) : (A.9)

The crucial observation to relate this to our previous results is the fact that9

2jM(�2 ! �1F)j2 = 4jM(�1�2 ! F)j2
∣∣∣∣
pχ1!�pχ1

; (A.10)

d�F+�1 (P�2) = d�F (P = P�2 � P�1)
d3p�1

(2�)32E�1

: (A.11)

Accordingly

�(�2 ! �1F) =

∫
d3p�1

(2�)32E�1

[
4pcm
�

p
s� (�1�2 ! F)

]
s=(Pχ2�Pχ1 )2

m�2

: (A.12)

In the �2 rest frame, s = m2
�1

+m2
�2
� 2m�2E�1 = �2� 2m�2 (E�1 �m�1) � �2. In detail

this implies

d3p�1

(2�)32E�1

=
4�j~p�1 j2dj~p�1 j

(2�)32E�1

=
4�j~p�1 jE�1dE�1

(2�)32E�1

=
4�j~p�1 jE�1ds

(2�)3(2E�1)(2m�2)
=
j~p�1 jds
8�2m�2

; (A.13)

where

j~p�1 j =
√(

s�m2
�1
�m2

�2

2m�2

)2

�m2
�1
: (A.14)

Thus

�(�2 ! �1F) =
1

8�2m2
�2

∫ �2

smin

dsj~p�1 j
[
4pcm
�

p
s� (�1�2 ! F)

]
; (A.15)

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

�(�2 ! �1hadrons)

�(�2 ! �1�+��)
=

∫ �2

4m2
µ
dsj~p�1 j

[
4pcm
�

p
s� (�1�2 ! �+��)

]
R(s)∫ �2

4m2
µ
dsj~p�1 j

[
4pcm
�

p
s� (�1�2 ! �+��)

] ; (A.16)

where the expression in the brackets is calculated using Eq. (A.6). In Fig. 7, we illustrate

this for the parameters of Fig. 5 (left).

9The numerical factors in Eq. (A.10) are related to spin averaging.
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Figure 7: �2 decay length together with the leptonic and the hadronic contributions for

the parameters of Fig. 5 (left).
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