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Dark Scalar in the MeV — GeV Mass Range

In a sub-GeV scale, some BSM theories make it possible to assume that in the SM sector
after spontaneous electroweak symmetry breaking, an extra scalar couples exclusively
to SM leptons [5, 6, 7]. Possible couplings with quarks turn out to be strongly sup-
pressed. Thus, a scalar portal for interaction between heavy-flavored SM leptons and
DM is occurred. We refer the additional scalar particle as a dark leptophilic scalar ¢.
A Lagrangian of that interaction is given by

Lho=—6 > "EIst— epiex, 6))

int T
l=e,p,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 x with a coupling constant gp.
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Dark Photon Portal

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 [12, 13, 4, 14, 15]:

5
0s Ow

L=~Lsm+ %C B*YF,,, + LDark — eDA, jh\1s (2)
where F/,,, = 0, A}, — 0, A}, is the dark photon gauge field Aj, strength tensor, By, =
OuBy — 8, By, is the SM weak hypercharge strength tensor; e = \/4ragm is the U(1)
coupling constant, and ep = /4map is the Up(1) coupling constant of the interaction
between A’ and the DM current jSM = X" x for fermionic DM states. Lp,,k is a term
containing a DM and dark photon states Lagrangians.

After spontaneous symmetry breaking in the MeV — GeV mass range, the main contri-
bution of mixing by the term B**F), in the Lagrangian (2) is given by (¢/2)FFVF/,,,.
Mixing with a heavy Z boson is suppressed by a factor l/m%. After diagonalization of
the kinetic terms, the result of mixing leads to the fact that the dark photon A’ acquires
a coupling ce with the electromagnetic current ng:

Al . .
Line = —EEALJEM - eDA/HJSM' ®3)
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Invisible And Visible Decays

In the MeV — GeV mass range, if kinematically allowed, dominant decay modes of
the dark leptophilic scalar are to lighter DM states and to leptons, with partial widths
given by [11]

m¢ + p— m m¢
X =gbg A To" =€ 7008 *

here Bf = /1 — 4m%/m3>, mg - mass of the mediator, mf - mass of the mediator

decay product.

We consider light DM states x with mass 2m, < my and ep > e. Thus, if kine-
matically allowed, dark photon are 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]

-1 2
X == , 5
A 3aDmA’ < mA > ﬁx ( )
+o— 1 2
ret = ge2amA, < — >,Bg, (6)
Uy
| m? o(eTe™ — hadrons)
rhadrons _ *82 m 1 N , 7
A 35 A 2 m2, P olete = putp™) ™

where (¢ has the same definition as in (4).
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Cross Sections

All calculations and Monte Carlo simulation for signal and background processes were performed
using the CompHEP package [17].

Figure 1: The Feynman diagrams for the ¢ and A’ on-shell production in e"e™ collisions. We assume
that the mediators subsequently decays to lighter DM.

We assume that the mediators invisible decay mode is predominant, Br(¢ — xX) ~ 1
and Br(A” — xx) ~ 1.

Planned beam parameters at the SCTF:

the radii of the bunches in the horizontal and vertical dimensions are ox = 17.8 um and
oy = 0.178 um, respectively,

the bunch length o, = 10 mm at the interaction point,

the number of particles per bunch N = 7.1 x 1010,
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Figure 2: The dependencies of ete™ — 777~ + (¢ — invisible) [left panel] and ete™ —
7H77 + (A’ — invisible) [right panel] cross sections on the mediators mass at the running energies
of the future SCTF.

T~ A signals at the future

The main SM background to the efe™ — 7777 ¢ and e"e™ — 7
collider are the processes with a similar signature with missing energy ete™ — 7777 Dy, where

Vg = Ve, Vy, Uy are the SM neutrinos.

For each collider mode, using the statistical approach described in S. Bityukov, N. Kras-
nikov, A. Nikitenko and V. Smirnova, “Two approaches to combining significances,”
PoS ACATO08 (2008), 118, we estimate 90% C.L. areas in the model parameter space
available for research at the SCTF.
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Dark Leptophilic Scalar
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Figure 3: The Sensitivity curves on the coupling £ as a function of the ¢ mass at the 90% C.L. are
obtained assuming integrated luminosity of 3ab™! at the collider energies /s = 4.2 GeV (dashed
red), v/s = 7 GeéV (dashed green), and assuming integrated luminosity of 30 ab~! at the energy
of 7 GeV (dashed blue). Existing constraints [25, 26, 27, 28, 29, 30] (shaded areas) as well as
the favored muon anomalous magnetic moment (g — 2),, area [7, 26] (gray dashed) are also shown.
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Dark Photon
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Figure 4: 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 3ab ™! at the collider energies E = 4.2 GeV

(dashed red), E = 7 GeV (dashed green), and assuming integrated luminosity of 30 ab™! at the en-
ergy of 7 GeV (dashed blue). Existing constraints [31, 32, 33, 34, 35, 36, 37] (shaded areas) as well
as the favored muon anomalous magnetic moment (g — 2),, area [38] (gray dashed) are also shown.
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Constraints on the Lig rmal Dark Matter Models
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Figure 5: The Sensitivity curves at the 90% C.L. in the [y, m, ] plane are obtained for ap = 0.5 (left
pannel) and ap = 0.1 (right panel) assuming integrated luminosity of 3 ab ™! at the collider energies
E = 4.2 GeV (dashed red) and E = 7 GeV (dashed green), and assuming integrated luminosity
of 30ab~! at the energy of 7 GeV (dashed blue). The favored parameters values to account for
the observed relic DM density for the scalar, pseudo-Dirac and Majorana type of light DM [49]
are shown as the solid lines. The existing limits are shown in comparison with bounds obtained
in Refs. [31, 8, 39, 40, 33, 42, 13, 43, 44, 45, 46, 47, 48].
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Figure 6: The distributions of the cos 6, 0 is an angle between momentums of initial electron p; and
final mediator ps with mass of 0.5 GeV at /s = 7 GeV for dark scalar by £ = 0.1 (left panel) and
dark photon by € = 0.0003 (right panel).
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Figure 7: The distributions of the cos @, 6 is an angle between momentums of final tau-lepton ps
and final mediator ps with mass of 0.5 GeV at /s = 7 GeV for dark scalar by £ = 0.1 (left panel)
and dark photon by e = 0.0003 (right panel).
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o In this work we have proposed a search for invisible decays of dark leptophilic
scalar and dark photon in the processes ete™ — 7777 ¢ and ete™ — 7T77 A,
respectively, at the future SCTF. We present the promising sensitivity on the scalar
coupling constant & and the dark photon mixing strength ¢ at E = 4.2, 7 GeV
assuming integrated luminosity of 3ab™!, and 30 ab™~! for E = 7 GéV in the non-
excluded parameter spaces below 4 GeV.

o 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 the future SCTF data can expand the search light DM
for the mass region 0.001 GeV < my < 1 GeV; for the scalar, pseudo-Dirac and
Majorana type of light DM can be excluded by the combined data from the future
STCF and BABAR for the mass region 0.1 GeV < my, <1 GeV.

o It should be noted that the search for light dark matter in the processes of as-
sociated production with tau leptons is of particular interest, since it allows one
to simultaneously search for scalar and vector mediators. As shown in Fig. 6 and
Fig. 7, 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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Figure 8: The cross sections of A’ production in eTe™ collisions at the energy of 4.2 GeV by
tau-decays in the dominant decay modes 7 — £, A’ £ = e, .

In addition to the processes of associative production of a vector mediator with 7 leptons, we evalu-
ated the possibility of detecting mediators in T decays 7 — £iyv, A, where £ = e, i. To estimate,
we used the SCTF running energy of 4.2 GeV with the highest value of the 7 pair production cross
section. 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.
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