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Prospects for dark matter search at a super c-tau factory
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We present perspectives for searching for light dark matter production mediated by a leptophilic scalar ¢
and a dark photon A’ in experiments at a super c-tau factory. Based on the analysis of the associative
production of mediators and z-leptons at the energies of a future collider, the possibility of searching in the
nonexcluded region of the parameter space was found. The obtained sensitivity curves at the 90% C.L. for
the mediators’ mass range below 4 GeV demonstrate the power of the super c-tau factory for light dark

matter search.
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I. INTRODUCTION

Many gravitational, astrophysical, and cosmological
unexplained phenomena indicate the existence of a special
kind of matter, which we call dark matter (DM) [1-3]. Such
kinds of phenomena can be explained by assuming that
DM is a kind of particle, which should have some certain
properties. We follow a simplified model approach, in
which it is assumed that there are DM particles of any spin
and there are particles, usually scalar or vector, mediating
interactions between Standard Model (SM) particles and
DM [4].

Many models beyond the SM predict the existence of
additional scalars ¢ that can mediate interactions between
SM particles and DM [5-7]. Possible couplings of an
interaction between additional scalars with SM fermions
are constrained by the SM gauge invariance. Now, the
minimal extension of the scalar sector by mixing an addi-
tional scalar with the SM Higgs boson is strongly constrained
by experiments of searching for rare flavor-changing neutral
current decays of mesons, such as Bt — K*¢ and K™ —
7t ¢ [8,9], and by searching for heavy DM [4,8-10]. Thus,
the MeV—GeV range search area comes to the fore.

In a sub-GeV scale, some beyond the SM theories make
it possible to assume that in the SM sector after sponta-
neous electroweak symmetry breaking, an extra scalar
couples exclusively to SM leptons [5-7]. Possible
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couplings with quarks turn out to be strongly suppressed.
Thus, a scalar portal for interaction between heavy-flavored
SM leptons and DM occurs. We refer to the additional
scalar particle as a dark leptophilic scalar ¢p. A Lagrangian
of that interaction is given by

Lhi=—¢ > ZLEpe - i (1)

‘=eu,t

where ¢ is the flavor-independent coupling constant, v =
246 GeV is the SM Higgs vacuum expectation value, and
the second term is a Lagrangian of the interaction between
the dark scalar ¢ and fermionic DM states y with a coupling
constant gp.

In the mass range from several MeV to several GeV, if
allowed kinematically, the dominant modes of decay of the
dark leptophilic scalar are lighter DM states and massive
SM leptons. The corresponding partial decay widths have
the form [11]

. m
Ty =B gr b (2)
. m2 m,

=g e ()

here iy = /1 — 4m7/mj, m, is mass of the mediator, and

my is mass of the mediator decay product.

Another intriguing possibility for providing a portal
between the SM and DM sectors is an addition of an extra
massive vector boson associated with the spontaneously
broken Up (1) gauge group, whose interaction between the
SM charged fermionic current is similar to the ordinary
photon of electromagnetism [4,12,13]. We refer to such a
vector mediator as a dark photon A’. The A’ can have a mass
in the sub-GeV mass range and couple to the SM via kinetic
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mixing with the ordinary photon. A coupling constant of
the interaction between A’ and the SM states is suppressed
by a kinetic mixing parameter € < 1. A Lagrangian can be
written as [12,14,15]

1 .
L= ESM + ECOS ew BIUIF;,[I/ + EDark - eDA;t]l]l)Np (4)
where F),, = d,A; — 0,A}, is the dark photon gauge field A},

strength tensor, B,, = 9,B, — 9, B, is the SM weak hyper-
charge strength tensor; e = \/Aragy is the U(1) coupling
constant, and ep, = \/4rap is the Up(1) coupling constant
of the interaction between A’, and the DM current ji,, =
Jrty for fermionic DM states. Lp, is a term containing
DM and dark photon state Lagrangians.

After spontaneous symmetry breaking in the MeV—
GeV mass range, the main contribution of mixing by the
term B*F,, in the Lagrangian (4) is given by (&/2)F* F),,.
Mixing with a heavy Z boson is suppressed by a factor
1/m>%. After diagonalization of the kinetic terms, the result
of mixing leads to the fact that the dark photon A acquires a
coupling ee with the electromagnetic current jiy is

Ly

i = —€€Aljev — epAjjpm- (5)

We consider light DM states y with mass m, < my//2
and ep > e. Thus, if kinematically allowed, the dark
photon is expected to decay predominantly into invisible
dark sector final states. If no such decays are allowed, the
dark photon will decay into visible SM final states, with
decay partial widths given by [11,16]

| m2
DY = Sapmy <1 +2 )ﬂx’ (6)
A/
I
Ff - 38 OlmA/( >ﬂf7 (7)
1
FE\;}drons — 3 iy amy (1 +2 )ﬂﬂ (8)
Te~ — had
. Eg(e e~ — ha rons)’ 9)

olete” = pu”)

where f; has the same definition as in (2) and (3).

In this work we focus on searching for invisible decays of
the leptophilic scalar ¢ and the dark photon A’ in the
processes e e~ =777+ (¢p—invisible) and e Te” — 7T T+
(A" —invisible), which are shown in the Fig. 1, at the running
energies of a future super c-tau factory (SCTF). A SCTFis a
promising project of a future electron-positron collider for
the energy range from 3 to 7 GeV in the center of mass system
that will provide a uniquely high peak luminosity of
10*> cm™2s~'. A SCTF physical program is aimed at a
detailed study of the processes involving the c-quark and

FIG. 1.
production in eTe” collisions. We assume that the mediators
subsequently decay to lighter DM.

The Feynman diagrams for the ¢ and A’ on-shell

z-lepton in the final state. For ten years of SCTF operation,
the integral luminosity of the collider will exceed 10 ab™".

II. CROSS SECTIONS

All calculations and Monte Carlo simulation for signal
and background processes were performed using the
CompHEP package [17]. In the following, we assume that
the mediators’ invisible decay mode is predominant,
Br(¢ — yy) ~1 and Br(A’ - yy) ~ 1. If such invisible
¢ and A’ exist, they could be produced by e™e™ collisions at
a SCTF and generate a flux of DM particles, which can be
detected through the missing energy and momentum. We
found that, within the framework of the considered models,
the optimal collider regimes for searching for dark matter
are sessions at energies of 4.2 GeV and 7 GeV. To
accurately take into account radiation effects, we used
the following planned beam parameters: the radii of the
bunches in the horizontal and vertical dimensions are ¢, =
17.8 pm and o, = 0.178 pm, respectively, with bunch
length 6, = 10 mm at the interaction point, and the number
of particles per bunch N, = 7.1 x 10'°. In Fig. 2, we
provide the ¢ and A’ production cross section dependencies
on their masses at the energies of 4.2 and 7 GeV, taking into
account the Next-to-Leading Order (NLO) corrections from
bremsstrahlung and Initial State Radiation (ISR) [17-23].

The main SM background to the eTe™ — 77t ¢ and
ete™ — tTr~ A’ signals at a future collider are the processes
with a similar signature with missing energy ete™ —
vt Dyv,, where v, = v,,v,, v, are the SM neutrinos. For
the electron-positron collider running with GeV beam
energy such processes are suppressed by Z- and W-boson
propagators.

For each collider mode, using the statistical approach
described in [24,25], we estimate 90% C.L. areas in the
model parameter space available for research at a SCTF. As
shown in [25], the significance is well described by the
formula 2(v/S + B — \/E) (where S and B are signal and
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FIG. 2. The dependencies of eTe™ — 77~ 4 (¢ — invisible) [left panel] and ete™ — 777~ + (A’ — invisible) [right panel] cross
sections on the mediator’s mass at the running energies of a future SCTF.

background events) for the case of a large number of signal
events.

III. DARK LEPTOPHILIC SCALAR

First, we estimated the available parameter ranges for
models with a scalar mediator. We report new results for
sensitivity to the dark leptophilic scalar production with its
subsequent decay to light DM in experiments at a SCTF. In
order to estimate the upper limit of the potential capabilities
of a SCTF, we first performed simulations under the
condition of 100% efficiency of tau lepton detection.

100

10¢

0.100¢

0.010¢

0.001

FIG. 3. The sensitivity curves on the coupling £ as a function of
the ¢ mass at the 90% C.L. are obtained assuming integrated
luminosity of 3 ab™! at the collider energies /s = 4.2 GeV
(dashed red), /s = 7 GeV (dashed green), and assuming inte-
grated luminosity of 30 ab™! at /s =7 GeV (dashed blue).
Existing constraints [26-31] (shaded areas), as well as the
favored muon anomalous magnetic moment (g-—2), area
[7,27] (gray dashed), are also shown.

Figure 3 shows the sensitivity curves at the 90% C.L. in
the [£,my] plane, assuming about 3 ab~' data collected at
/s = 4.2 GeV (dashed red), /s = 7 GeV (dashed green),
and 30 ab~! at \/s = 4.2 GeV (dashed blue) The existing
experimental constraints are also shown: bounds in chan-
nels where ¢ is allowed to decay visibly from the BABAR
experiment at the Stanford Linear Accelerator Center
(SLAC) [26], the measurement for Br(K; — 7°)) from
the KOTO experiment [27], search for dark bosons Z" with
vector couplings only to the second and third generations of
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FIG. 4. The sensitivity curves on the coupling £ as a function of
the ¢ mass at the 90% C.L. are obtained assuming integrated
luminosity of 3 ab™! at the collider energies /s = 4.2 GeV
(dashed red), /s =7 GeV (dashed green), and assuming inte-
grated luminosity of 30 ab™! at /s =7 GeV (dashed blue),
taking into account the realistic detection efficiency of the tau
leptons. Existing constraints [26-31] (shaded areas), as well as
the favored muon anomalous magnetic moment (g —2), area
[7,27] (gray dashed), are also shown.
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leptons [28], measurement from [29], from the electron
beam-dump experiment [30], and search for neutral objects
on the SLAC beam dump [31]. Furthermore, taking into
account the efficiency of reconstruction and identification
of tau leptons at modern colliders [32-34], we construct the
sensitivity curves in Fig. 4.

It can be seen that even in the case when the realistic
detection efficiency of tau pairs is 50%, the boundaries of
the regions available for a SCTF are much wider than those
obtained in previous experiments. Due to the high integral
luminosity, a SCTF allows one to “feel” mediators with a
range of masses below 3.5 GeV and coupling £ down
to 1073,

IV. DARK PHOTON

On the next step we estimated the available parameter
ranges for models with a vector mediator. In Fig. 5 we
present SCTF sensitivity curves at the 90% C.L. in the
[e, my/] plane, taking into account the 100% efficiency of
tau lepton identification. The existing experimental con-
straints are also shown: bounds in channels where A’ is
allowed to decay invisibly from NA62 [35], NA64 [36],
BABAR [37], the measurement for Br(K™ — ztwi) by the
E787 [38] and E949 [39] experiments, as well as the
anomalous muon magnetic moment (g — 2), favored area
[40]. Figure 6 shows the constructed sensitivity curves,
taking into account the realistic efficiency of reconstruction
and identification of the tau leptons.
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FIG. 5. The sensitivity curves on the mixing strength € as a

function of the A’ mass at the 90% C.L. are obtained assuming
integrated luminosity of 3 ab™! at the collider energies +/s =
4.2 GeV (dashed red), /s = 7 GeV (dashed green), and assum-
ing integrated luminosity of 30 ab™!' at /s =7 GeV (dashed
blue). Existing constraints [35-39,41,42] (shaded areas), as well
as the favored muon anomalous magnetic moment (g — 2), area
[40] (gray dashed), are also shown.

We can see that a SCTF with about 30 ab~! can provide
new data in the nonexcluded region 0.003 GeV < my <
3.5 GeV and ¢ down to 1073,

Using constraints on the cross section of the DM anni-
hilation freeze-out and the obtained SCTF sensitivities on the
mixing strength ¢, it can be possible to derive constraints on
the light thermal DM models. In Fig. 7 we plot the expected
values at the 90% C.L. for the dimensionless DM annihi-
lation cross section parameter y = £2ap, (m,/m )%, depend-
ing on the DM mass m,. The limits on the variable y are
calculated under the convention a, = 0.5 and a, = 0.1, and
my = 3m, [8,43,44], larger ratios m,/m, qualitatively
change the physics, and larger ap can run towards the
nonperturbative regime [45].

The favored parameters for the scalar, pseudo-Dirac
(with a small splitting), and Majorana light thermal DM
scenarios, taking into account the observed DM relic
density, are shown as the solid black lines [46]. Bounds
from other experiments for comparison are also shown
[8,13,36,37,43,44,47-53].

We can see that the models for light thermal DM can be
excluded by the combined possible future data from a
SCTF at /s =7 GeV, 3 ab! and 30 ab~!, and BABAR
[37]: for scalar DM in the mass region 0.4 GeV <m, <
1 GeV and Majorana DM—0.5 GeV <m, <1 GeV by
ap =0.5; 0.1 GeV <m, <1 GeV and 0.2 GeV <m, <
1 GeV by ap = 0.1, respectively; for pseudo-Dirac DM in
the mass region 0.7 GeV $m, <1 GeV by ap = 0.1.
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FIG. 6. The sensitivity curves on the mixing strength ¢ as a
function of the A’ mass at the 90% C.L. are obtained assuming
integrated luminosity of 3 ab™! at the collider energies /s =
4.2 GeV (dashed red), /s = 7 GeV (dashed green), and assum-
ing integrated luminosity of 30 ab™!' at /s = 7 GeV (dashed
blue), taking into account the realistic detection efficiency of the
tau leptons. Existing constraints [35-39,41,42] (shaded areas), as
well as the favored muon anomalous magnetic moment (g — 2),
area [40] (gray dashed), are also shown.
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FIG. 7. The sensitivity curves at the 90% C.L. in the [y, m,] plane are obtained for ap, = 0.5 (left panel) and a, = 0.1 (right panel),
assuming integrated luminosity of 3 ab™! at the collider energies /s = 4.2 GeV (dashed red) and /s = 7 GeV (dashed green), and
assuming integrated luminosity of 30 ab! at \/s = 7 GeV (dashed blue). The favored parameter values to account for the observed relic
DM density for the scalar, pseudo-Dirac, and Majorana type of light DM [46] are shown as the solid lines. The existing limits are shown
in comparison with bounds obtained in Refs. [8,13,36,37,43,44,47-53]. The lines marked as LSND and NDD correspond to the
constraints obtained using a Liquid Scintillator Neutrino Detector and Nuclear Direct Detection, respectively.
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FIG. 8. The cross sections of A’ production in e e~ collisions at

the energy of 4.2 GeV by tau decays in the dominant decay
modes t — £, A, € = e, .
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In addition to the processes of associative production of a
vector mediator with z leptons, we evaluated the possibility
of detecting mediators in 7 decays 7 — £v,v,A’, where
¢ = e, p. To estimate, we used a SCTF running energy of
4.2 GeV with the highest value of the 7 pair production cross
section. Figure 8 shows the dependence of these processes’
cross sections for ¢ = 0.0001 and & = 0.001. It can be seen
that taking into account the modes of the collider operation,
one should not expect the appearance of such events for
€ < 0.001 in the MeV—GeV mass of A’ range.

V. SUMMARY

In this work we have proposed a search for invisible
decays of the dark leptophilic scalar and dark photon in the

1.4 T

1.2

0.8
0.6

0.4

1., do/d cos(0), fb

0.2

FIG.9. Normalized cos @ distribution. On the left plot: € is an angle between momentums of initial electron and final mediator. On the
right plot: @ is an angle between momentums of final tau and final mediator. The red doted line corresponds to the dark scalar with
mass = 0.5 GeV and £ = 0.1 and the blue solid line corresponds to the dark photon with & = 0.0003. Note that \/s = 7 GeV.
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processes ete™ — 1t ¢ and ete” - tT7"A’, respec-
tively, at a future SCTF. We present the promising
sensitivity on the scalar coupling constant £ and the dark
photon mixing strength € at /s = 4.2, 7 GeV, assuming
integrated luminosity of 3 ab™! and 30 ab~! for /s =
7 GeV in the nonexcluded parameter spaces below
3.5 GeV. In addition, we have discussed the constraints
on light thermal DM. We provide the expected 90% C.L.
sensitivity on the dimensionless DM annihilation cross
section parameter y. We find that future SCTF data can
expand the search on light DM for the mass region
0.001 GeV £ m, <1 GeV; the scalar, pseudo-Dirac, and
Majorana types of light DM can be excluded by the
combined data from a future SCTF and BABAR for the
mass region 0.1 GeV <m, $1 GeV.

It should be noted that the search for light dark matter in
the processes of associated production with tau leptons is of
particular interest since it allows one to simultaneously
search for scalar and vector mediators. As shown in Fig. 9,
the angular distributions differ significantly for mediators
with different spins. By studying the angular correlations in
such processes, one can determine the spin nature of
mediator particles.
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