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Resonant probing spin-0 and spin-2 dark matter mediators with fixed target experiments
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We discuss the mechanism to produce electron-specific dark matter mediators of spin-0 and spin-2 in the
electron fixed target experiments such as NA64 and LDMX. The secondary positrons induced by the
electromagnetic shower can produce the mediators via annihilation on atomic electrons. That mechanism,
for some selected kinematics, results in the enhanced sensitivity with respect to the bounds derived by the
bremsstrahlunglike emission of the mediator in the specific parameter space. We derive the corresponding

experimental reach of the NA64 and LDMX.
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I. INTRODUCTION

The fundamental particle content of the Dark Matter
(DM) can not be explained by the Standard Model (SM)
even though it is associated with nearly ~85% matter of the
Universe [1,2]. The indirect manifestations of the DM are
related mainly to the galaxy rotation velocities, large-scale
structures, the cosmic microwave background anisotropy,
the gravitational lensing, etc., [3-5]. However, the direct
detection of the DM particles remains one of the most
significant challenges of fundamental physics.

One can assume the thermal origin of the DM, implying
the equilibrium between the DM and visible matter in the
early Universe [6]. In order to avoid the DM overpro-
duction through thermal freeze-out, an idea of existence
of the light massive mediator (MED) of DM has been
introduced [7-12]. For instance, the typical scenarios with
dark boson mediators include spin-0, spin-1, and spin-2
particles such as the hidden Higgs boson [13—19], the dark
photon [20-32], and dark graviton [33—45], respectively.
Note that, the fermion DM portals have also recently
been discussed in the literature [46-51]. The various
mechanisms of DM thermalization involving mediators
were studied by the authors of Refs. [52-57]. For recent
review of the probing these scenarios with accelerator-
based experiments, see the Refs. [58-66] and references
therein.
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In this paper we focus on resonant probing the
electron-specific spin-0 (spin-2) DM mediator, denoted
by ¢(G), with electron fixed target experiments, such as
NA64 [67-89] and LDMX [12,90-97]. The typical
production mechanisms of spin-0 (spin-2) DM mediator
in the reaction of high-energy electrons on a fixed target
are associated with ¢(G)-strahlung in nucleus scattering,
e"N - e"N¢(G), and resonant annihilation of secondary
positrons on atomic electrons, e"e” — ¢(G). In the
present paper we consider mostly the invisible decay
channels of mediators into pairs of specific DM particles,
¢(G) > DM + DM.

It is worth mentioning that all DM benchmark scenarios
of the present paper imply the light mpy; to be in the range
1 MeV-1 GeV, such that these masses could be well within
experimental reach of the current and forthcoming accel-
erator-based facilities. Furthermore, these direct DM pro-
duction limits are complementary to the DM relic-density
parameter space [12,34].

In addition, we note that for both NA64 and LDMX
experimental facilities, the resonant production of A" spin-1
DM mediator, ete~ — A’ = DM + DM, has been studied
explicitly in Refs. [83,84,96-100]. It was shown that
including the annihilation channel can provide the improved
bounds on thermal DM parameter space. Therefore, the
resonant probing spin-0 and spin-2 DM mediators can
extend the experimental reach of NA64e and LDMX, filling
a gap in the existing literature [12,80,87].

This paper is organized as follows. In Sec. II we discuss
the benchmark scenarios for the electron-specific DM
mediators of spin-2 and spin-0. In Sec. III we provide a
description of existing expressions for the double differ-
ential cross section of MED for the electron bremsstrahlung-
like process in the case of Weizsidcker-Williams (WW)
approach. In this section we also derive explicitly the
resonant mediator production cross sections and its decay
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of widths into DM. In Sec. IV we briefly discuss the main
aspects of the positron track length distribution. In Sec. V
we discuss the missing energy signal and overview the main
benchmark parameters of the electron fixed target facilities.
In Sec. VI we study the typical ranges of MED mass that
yield the resonant enhancement of the MED parameter
space. In Sec. VII we obtain the experimental reach of
NA64 and LDMX for spin-2 and spin-0 MED. We conclude
in Sec. VIIL

II. BENCHMARK SCENARIOS
A. Tensor DM mediator

Let us consider first the benchmark simplified coupling
between the SM particles and the massive spin-2 field G,
that is described by the following electron-specific effective
Lagrangian [33,34],

G icS, sy D _ o
eff o= A (ey;tsze - ﬂ;wepr 8)
cS 1 cS
GG (P + FuFs) + D GRTRY,

(1)

where e is the label of the SM electron, F,, = d,A, — d,A,
is a stress tensor of the SM photon field A”, Dﬂ = dﬂ - ieAﬂ
is a covariant derivative of the U(1) gauge field, and A is the
dimensional parameter for spin-2 interactions, that is
associated with the scale of new physics; ¢S, and cfy are
dimensionless couplings for the electron and photon respec-
tively. We choose the universal coupling ¢S, = c% through-
out the paper, in order to protect the unitarity of the scenario
at low energies (see e.g., Ref. [34] and references therein for
detail). In addition, to be more concrete, for the model with
massive tensor mediator, GW, the DM candidates are chosen
to be either a light Dirac fermion y or hidden massive scalar
S, such that the energy-momentum tensor 7" in Eq. (1) is
given, respectively, by [34]

1 1
Tﬁy =0,50,8 — Elyﬂy(d,,S)z - inﬂymgSz, (2)

i _ _ _
T;ytlu - Z [W(}/ﬂay + yuau)l// - (0;41;”}/» + avl//yﬂ)]
—Nw (l/_/yﬂapl// - my/l/_/l//)’ (3)

where mg and m,, are the masses of S and y, respectively.
It is worth mentioning that the specific coupling constants
cim = (c§s. ¢G,) in Eq. (1) and the set of masses mpy =
(mg,m,,) are assumed to be independent throughout

the paper.

B. Scalar mediator

Let us consider now the electron-specific interaction
with a light scalar DM mediator in the following form [12]:

‘CZ)ff D C?eébée,

where ¢?, is the dimensionless coupling of electron with ¢.
The low-energy Lagrangian can arise through flavor-specific
five-dimensional effective operator [12,26,101-103]

Ci =i
LimsD > [KqﬁE’LHe;e—i—H.c. ,

i=eut

with ¢; being a Wilson coefficient for a flavor index
i=(e,u,7), H, E}, and e} are the SM Higgs doublet,
lepton doublet, and lepton singlet, respectively. As empha-
sized in Ref. [12,26] one can choose the coupling of ¢
predominantly to one flavor in order to avoid dangerous
lepton flavor-violating currents, such that ¢, #0 and
¢, = ¢, =0. Note that various ultraviolet completions of
that scenario have been suggested already, i.e., in two-
Higgs-doublet models involving extra-scalar singlet or
vectorlike quarks [26,104,105].

Next, to be more specific, for the scenario with electron-
philic scalar mediator ¢ we choose Majorana fermion
as well motivated DM candidate [12]. The effective
Lagrangian reads as follows [12,106]:

1

1
‘Cf/lajorana o - B Cfxqj)()( + B mxx + H.c., (4)

where cf;)( is the real dimensionless coupling, y is a two

component neutral Majorana DM and m,, is its mass. The
latter implies two on shell real degrees of freedom for y as
soon as m, # 0.

III. CROSS SECTION

A. Bremsstrahlunglike production of mediator

In this subsection, we consider the double differential
cross section for a bremsstrahlung-like production of MED
of spin-0 and spin-2 by exploiting the WW approximation
[seee.g., Fig. 1(a) and 1(b) for detail]. This approach can be
used for the approximation of the exact tree-level produc-
tion cross sections at the level of <2% for both hidden spin-
0 and spin-1 bosons [107-110].

The typical bremsstrahlung-like process in a case of
electron primary beam reads as

e (p) + N(P;) = e~ (p') + N(Py) + MED(k), (5)

where p = (Ey.p), p' = (E,.p’) are the momenta of
incoming and outgoing electrons, respectively, k =
(Eyep,k) is the momentum of MED, P; = (M,0) and
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Feynman diagrams describing production of G- (a) and ¢- (b) mediators via the bremsstrahlung missing energy process

eN — eNG and eN — eN¢, respectively. The diagram (c) describes s-channel production of scalar and tensor DM mediators decaying
resonantly into specific types of DM particles; eTe™ — ¢ — yy and eTe™ - G - y(SS).

Py = (P}, Py) are the momenta of the initial and outgoing
nucleus, respectively, P; — Py = g, where g = (qo.q) is
the four-momentum of transfer to nucleus, we define t =

—q? throughout the paper. Also, the Mandelstam variables
take the following form:

s5=((p+q? wm=(p-k? n=(p-p) (6)

For the production of spin-2 MED in a process (5), the
double differential cross section for the approach
m,/mg < 1 is given by the following expression [87]:

do(p+P; = p' + P, + k)
dxd cos(0g) ww
ay E2-xp; 1
Tz 1-x 87s3

(cS)2 (1 + u2)? + (un — m;)*][Aupsy + m,]
AZ

X dra

El

4t2M2S2
(7)

where a = ¢?/(4n) ~ 1/137 is the fine structure constant,
x = Eg/E, is the energy fraction that spin-2 MED carries
away, 0 is the angle between the initial lepton direction
and the momentum of the produced G-boson and f; =

1 —m%/(xEy)? is the typical velocity of G-boson. The
flux of virtual photon y from nucleus is expressed through
Tsai’s elastic form-factor as follows [111-114]:

_Zz/tmaxt—tmin< t 1 )2dt (8)
=) \wtro(+w)

where /7, = 1/R, is a momentum transfer associated with
nucleus Coulomb field screening due to the atomic elec-
trons, with R, being a typical magnitude of the atomic
radius R, = 1112713 /m,, \/i;=1/R, is the typical
momentum associated with nuclear radius R,, such that
R, ~1/v/d and d = 0.164A72/> GeV2. We also note that
each Mandelstam variable in Egs. (6) and (8) is a function
of E,_, mg x and 6 in the WW approach, the explicit
expressions for these functions (i. e. for s,, u,, t,, f,,;, and
Imax) are given in Ref. [87].

Also, for a similar ¢-strahlung process with assuming
m,/my < 1 the differential cross section takes the follow-
ing form [107]:

do(p +P; = p' + Py + k)

dxd cos(6,) -
oy E2-xB, 4na(cl,)?
oz 1-x  8zs3
x2 urx + m3 (1 — x)
AT, Y% Bt At , 9
e

where x = E,;/ E,, is the energy fraction that is carried away
by the spin-0 mediator, 6, is the angle between the initial
electron direction and the momentum of the produced ¢-

boson and f; = /1 — mj/(xEy)* is the typical velocity of

spin-0 boson.

It is worth mentioning that for a calculation of flux of
virtual photons one can use such form-factors as Helm
or exponential [115-118]. However, for the mass range of
interest mypp <1 GeV, the exploiting of these form
factors does not provide a sizable impact on the magnitude
of the virtual photon flux [87].

B. The resonant production mechanism

In this subsection, for the benchmark scenarios consid-
ered in Sec. II, we discuss the production cross section
of the ¢(G)-boson that is associated with the annihilation
of the secondary positrons with atomic electrons [see e.g.,
Fig. 1(c) for detail].

The first key ingredient for the annihilation cross-section
calculation is the partial decay width of hidden bosons. For
the case of the spin-2 boson the decay widths into pairs of
light scalars, dark fermions, and a electron-positron pair
read, respectively, as follows [33]:

dra, m; 8 m2 m2)\ 3/2
Comps =g (14328 (1-426) 7 (10

3m%; mg,
dragm?, m%\ /2
Toogo = 1-4—= , 11
G—SS 960 o= (11)

115034-3



I. V. VORONCHIKHIN and D. V. KIRPICHNIKOV

PHYS. REV. D 107, 115034 (2023)

(cS/A)?m3;

12
160r ° (12)

F G—ete ~
where we denote the dimensional dark-fine structure con-
stants as a,, = (c¢5,)%/(47A?) and a5 = (c§s)?/ (4nA?),
we also imply that m,/mg < 1. The resonant total cross
section for spin-2 MED for the case of Dirac DM is

4ra, (cS,)? s
Oe et >Goyyy —
COVE T 05627 (s — m)” + mE (T2

x (1+8m2/(3s))(1 —4m2 /s)3/?,  (13)

where s = (p,_ + p,,)* is Mandelstam variable, p, and
P, are the typical 4-momenta of the atomic electrons and

secondary positrons, respectively. In the case of scalar DM
the cross section takes following form:

drag(cS)? 31— 4m§/s)5/2
Ot oGy = .
C=G2SS T S36aA2 (s — m3)E + mE(T9)?

(14)

For the calculation of both the decay width and cross
section associated with spin-2 mediator we implement
Feynman rules from Ref. [33] into the state-of-the-art
FeynCalc package [119,120] for the Wolfram Mathematica
routine [121]. In addition, we reproduce the well-known
results for the massive graviton decay widths [33].

Next, the widths of the decay of the scalar MED into
both the Majorana DM and electron-positron pair read,
respectively, as follows:

1 4rwa,m m2\ 3/2
r,,  =—-—*~2%(1-4-2) 15
YT 8 < mf) (15)
& \2
Cjserem (cee)my. (16)

8

where a, = (¢?)/(4x) is a dimensionless dark-fine
structure constant.

Finally, the resonant total cross section in the case of
scalar MED and Majorana DM reads as

1 4za, (c,)?
AT

s(1—4m?/s)3?
(5= m3 7+ i (T

O

(17)

The derivation of the decay width (15) and cross
section (17) with Majorana particles in the final state is
carried out in Appendix. It is important to emphasize that
the total phase space for the 2-component Majorana spinors
should be multiplied by the additional factor of 1/2 in order
to take into account the identical neutral particles y (see e.g.,
Ref. [122] and references therein for detail). Therefore, the
well-known the result for the cross section with Dirac
fermions y, in the final state [11] can be reproduced from

Eq. (17) if one omits its prefactor 1/2. The latter cross-
check can be also carried out for the decay width of scalar
into Majorana particles Eq. (15). That implies the typical
Lagrangian terms for the Dirac 4-components fermion

‘Cgirac D Ciol//ngbl/_/DWD + my/Dl/_/DWDﬂ

and the replacement c}} - Cu[épvm and m, - m, in
Egs. (15) and (17) [compare it with Eq. (4) for clarification].

In the present study, we focus on the invisible decay
mode of the mediators, which means that mypp = 2mpy
and I'vigp— et o~ < I'vep—pMDM throughout the paper. This
implies three benchmark decay widths

tot ~ tot tot
FG _FG_’V/'I_” FG :FG%SS’ F¢ zrqﬁ_,”,

for the analysis of the electron missing energies signatures
associated with accelerator based experiments NA64 and
LDMX. Therefore, it leads to the rapid decay of the
mediator into a pair of DM after its production.

IV. POSITRON TRACK-LENGTH DISTRIBUTION

In this section we briefly discuss the distribution of
positrons in a target due to the electromagnetic shower
development from the incoming primary electron (positron)
beams.

The analytical approximations for the typical positron
track-length distribution 7'(E,+) were studied in detail
[98,123-126]. For the thick target it was shown that
T(E,+) depends, at first order, on a specific type of target
material through the multiplicative factor T(E,+) « X, that
corresponds to the radiation length [X|, is a typical distance
over which a high-energy electron (positron) loses all but
1/e of its energy due to the bremsstrahlung, e*N — e*Ny,
where e ~2.71828 is a Euler’s number]. Moreover, T(E,+ )
depends also on the ratio E,+/ E, where E|, is the energy of
the primary impinging particle that initiates electromag-
netic shower development in the thick target (see e.g.,
Fig. 2 for detail), so that one can exploit the typical
distribution shown in Fig. 2 for the specific type of electron
fixed target experiment that is characterized by energy of
primary beam E, and target material X,. The distribution in
Fig. 2 is adapted [127] from Refs. [83,84], that implies
numerical Monte Carlo simulations for the electromagnetic
(EM) shower development in GEANT4 [128].

To conclude this section we note that a positron track
length depends also on the typical angles between the
primary beam direction and momentum of the secondary
positrons. However, this dependence impacts on the electro-
magnetic shower development at the level of <O(1%) and
hence the angular effects can be safely neglected in the
estimates [98].
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FIG. 2. The differential positron track-length distribution as
function of ratio between the secondary positron energy E,+ and
a primary beam energy E( of the electron (red line) or positron
(blue line).

V. MISSING ENERGY SIGNAL

In this section we discuss the electron missing energy
signatures and the typical parameters of the NA64 and
LDMX experiments for probing DM mediators. It is worth
mentioning that both NA64e and LDMX experiments have
background suppression at the level of <O(10713-10712).

We estimate the number of MEDs produced due to the
bremsstrahlung for fixed target facilities as follows:

N Xmax d — E
Ntrem ~ EOT - %Lr/ dx%dii(())ﬂﬁfl%nﬁ’ (18)

where L7 is effective interaction length of the electron in the
target, EOT is number of electrons accumulated on target, p
is target density, N, is Avogadro’s number, A is the atomic
weight number, Z is the atomic number, 7855 is a typical
efficiency for the bremsstrahlung emission of the MED,
do,_3/dx is the differential cross section of the electron-
missing energy process eN — eN¢(G), Eg = Epeay is the
initial energy of electron beam, and x,,;, and x,,, are the
minimal and maximal fraction of missing energy, respec-
tively for the experimental setup, x = E,,;,,/E,, where
E iss = Evep- The xin S x S xpax cut is determined by
specific fixed-target facility.

The typical number of hidden bosons produced due to
the annihilation is estimated to be [84,98]

N ZL EmﬂX
it~ BOTZAZEE [ G o (B TE: i

cut
et

(19)

where 6, (E,+) is the resonant total cross section of the
electron-positron annihilation into DM, n{jiy is a typical
efficiency associated with MED production via the resonant
channel (we conservatively imply throughout the paper that
signals for both positron and electron beam modes have the

same efficiency n{itp), E.+ is the energy of secondary

positrons, EY' = EgXy, and ET™ = E; are the minimal

and maximal energies of secondary positrons in the EW
shower, respectively.

NAG64e: the NA64e is the fixed target experiment located
at CERN North Area with a beam from the Super Proton
Synchrotron (SPS) H4 beamline. The ultrarelativistic elec-
trons (positrons) of Ey ~ 100 GeV can be exploited as the
primary beam that is scattering off nuclei of an active thick
target. The typical scheme of the NA64 setup can be found
elsewhere in Ref. [84].

The detector is equipped with: (i) a low-material-budget
tracker allowing the measurement of initial beam momen-
tum with the precision of 1%; (ii) two magnetic spectrom-
eters deflecting the primary beam line; (iii) synchrotron
radiation detector (SRD) that is used for the suppression of
hadron beam contamination and the effective tagging of the
charged particles via their synchrotron radiation (SR);
(iv) the active target represents electromagnetic calorimeter
(ECAL) that is Shashlik-type modules consisting of alter-
nating plastic scintillator (Sc) and lead absorber (Pb).

The fraction of the primary beam energy E ;. = XE( can
be carried away by DM pair, that passes the NA64e detector
without energy deposition. The remaining part of the beam
energy fraction, E'° ~ (1 — x)E,, can be deposited in the
electromagnetic calorimeter (ECAL) of NA64e by the recoil
electrons (positrons). For the NA64e experiment we use
the following benchmark parameters (p ~ 11.34 gcm™,
A =207 gmole™!, Z =82, X, = 2.56 cm), the effective
interaction length of the electron is Ly = X, and the missing
energy fraction cut is x,;, = 0.5. The efficiencies 73°™ and
niiep are taken to be at the level of 90% for both electron and
positron beam modes [84].

The event selection rule for NA64e can be summarized
as follows [129]:

(1) the beam track momentum
100 + 3 GeV;

(2) the energy detected by the SRD should be consistent
with the SR energy emitted by e*’s in the magnets of
the spectrometer;

(3) the shower shape in the ECAL should be as expected
from the signal-event shower [67] implying the cut for
the recoil electron (positron) E%¢ < 0.5E) ~ 50 GeV.

We note that about ~120 days are needed to collect
EOT ~5 x 10'? at the H4 beam line for the projected
statistics of the NA64e. In this work we also perform the
analysis of the sensitivity of NA64e to probe DM for the
EOT ~3.22 x 10'! (see e.g., Ref. [129] for detail).

The light dark matter experiment (LDMX) is the pro-
jected electron fixed-target facility at Fermilab, that can be
used for investigating the relic DM with the mass lying in
the range between 1 MeV and 1 GeV. The schematic layout
of the LDMX experiment is given in Ref. [12]. The
projected LDMX facility would employ the aluminium
target (Al) and the unique electron missing-momentum

should be within
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technique [90] that is complementary to the NA64e facility.
The missing momentum of the incoming beam can be
measured by (i) the beam tagger, (ii) target, (iii) silicon
tracker system, and (iv) electromagnetic and hadron calo-
rimeter which are located downstream. Thus, for the LDMX
experiment we use the following benchmark parameters
(p=27gem>3, A=27 gmole™!, Z =13, X, = 8.9 cm)
and Ly ~0.4X, ~3.56 cm. The typical efficiencies n{em
and nyp are estimated to be at the level of ~50% for both
electron [91] and positron beam options.

The energy of the primary beam is chosen to be Ej =~
16 GeV and the projected moderate statistics corresponds
to EOT ~ 10" (it is planned however to collect EOT ~
10'® by the final phase of experimental running after 2027,
see e.g., Ref. [91] and references therein for detail). The
rules for the missing momentum event selection in the
LDMX are [12]

(1) the beam track momentum should be measured

by the tagger at the level of ~16 GeV,
the silicon tracker installed downstream the target
should tag the large transfer momentum of the recoil
particle e™, that is associated with DM emission,
the shower shape in the ECAL should be as expected
from the signal-event shower [12] implying the cut
for the recoil electron (positron) Ey° < 0.3E)~
4.8 GeV.
The explicit study on the background event estimate is
provided in Ref. [130] for the electron-bremsstrahlung
beam mode only. We rely on that analysis and conserva-
tively expect that for the positron beam mode of LDMX
and the annihilation channel the background rejection
would be the same.

@

3

VI. TYPICAL THRESHOLDS

Let us consider now the kinematics of the above
mentioned process in detail. As we discussed earlier, in
case of fixed-target experiments, the process of the elec-
tron-positron annihilation arises form the interaction of
secondary positrons from the EM shower with atomic
electrons in the thick active target. The EM shower
originates from the primary electron beam impinging on
the fixed dump. We neglect the velocity of the atomic
electron, therefore the typical momenta of the electrons and
secondary positrons are chosen to be p,- = (m,,0,0,0)
and p,+ ~ (E,+,0,0, E,+), respectively. Thus, the Mand-
elstam variable takes the following form:

s=(m, +E;)?=|p+|>=m2+2m,E, ~2m,E,+, (20)

where we imply that positrons are ultrarelativistic and
hence |p,+| ~ E,+.

In Fig. 3 for the illustrative purpose we show the resonant
total cross sections [see e.g., Eqgs. (13) and (17) for detail]
as a function of energy fraction between secondary posi-
trons and primary beam for the NA64e experiment.

One can conclude from Fig. 3, that the larger coupling of
the mediator to DM, the large total cross section at the peak
position in the case of invisible mode Br(MED —
DM DM) =~ 1. However, the position of the peak is related
to the mypp and does not dependent on the typical
magnitude of dark fine structure constant. The contribution
to the total cross section of the process eTe~ — MED —
DM DM is associated with the off shell mediator energy
range 2mpy S /S < myep, and the typical resonant masses
at mypp =~ v/2m,E . As a result, one can estimate the mass

10, 10° 10°
o 104mxm, = 1/3 104 %=05 104 =035

% 103 Ime = 0.25 GeV 103 :nxlma, =13 103 | Mo = 0.25 GeV
S 102 10%
510 10!
T o100 10°
+:b§10-1 107!
1072 1072
1073 1073

04 06 08 1.0 1.2 1.4 04 0.6

0.8 1.0 1.2 1.4

04 06 08 1.0 1.2 1.4

10°

4L
10 ‘myimg = 1/3 a, = 0.5 Gev?

- 2 -
"~ mig=0.25Gev)| 1032 =0-5GeV? mc =025 Gev

o 3" N 3|
'% igz I = 0.25 Gev [myimg =13 — mg=0.27GeV igz_
c.'i 10! L — mg=0.31GeV|| 10}
s 10° L 10°F
1 107! - 107!+
T 1072 - 1072+
cglo® - 1073+
S1074 - 107%F
1075 10759
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0.4 0.6 0.8 1.0 1.2 1.4 0.4 0.6 0.8 1.0 1.2 1.4

FIG. 3.

Ee"/ E0

The resonant total cross section for a scalar mediator (17) (upper panels) and for a tensor mediator (13) (bottom panels) as the

function of ratio between positron energy and energy primary beam for the set of coupling constants and masses. For the spin-2 and spin-
0 cross sections we set 3, /A = 1 GeV~! and %, = 1, respectively. The blue-shaded region corresponds to the typical parameters space
associated with the missing energy cuts 0.5 < E,~/Ey < 1 of NA64e for E, = 100 GeV.
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range mygp that would enhance the signal in the NA64 due
to the MED emission. In particular, the energy deposition cut
for NA64e annihilation mode, E,/2 < E,+ < E, yields the
following mass range, /Egm, < mygp S 2Eqm,, that
numerically corresponds to the typical signal mass bounds
0.23 GeV < mypp < 0.32 GeV for Ey ~ 100 GeV.

It is worth noticing that in the case of LDMX experi-
ment, the shape of the annihilation cross section would be
the same, however the typical resonant mass range shifts to
the 0.11 GeV < mypp < 0.13 GeV which implies the
missing energy cut 0.7Ey S E,+ S Ey for Eg~ 16 GeV.
It turns out, that the resonant mass range of NA64e is ~4.48
times wider than the one for the LDMX facility.

One can estimate the typical width of the cross section
peak at the resonant point Eg ~ m¥p/(2m,) in terms of
positron energy E,+ for the NA64e facility. The latter is
crucial for the extraction of the signal yield in the narrow
energy region. In particular, by solving the algebraic
equation for the Breit-Wigner term in the denominator
((s = myep)? = Mpp3Ep one finds

E:t zER:I:AE/2,

where AE ~ mypl'vep/m.. In the case of 0.23 GeV <
myep < 0.32 GeV, the range of energy width corresponds
to 0.037 GeV < AE,+ $0.14 GeV for Dirac DM, «a, ~
0.5 GeV~2 and m,,/mg ~1/3.

Note that for the scalar DM the energy width is fairly
narrow and can be in the range 0.0026 GeV < AE,+ <
0.0098 GeV for ag~0.5GeV™2 and mg/mg~1/3.
Finally, for the typical resonant mass range of the
LDMX facility 0.11 GeV <my <0.13 GeV the positron
energy resolution can be relatively large 1.22 GeV <
AE,+ $1.71 GeV for @, ~0.5 and m,,/my ~1/3.

One can estimate the on shell mediator production cross
section for the narrow-width regime as long as I'yjgp — 0
in the following form:

Oc=et G-y — Ocmet>G-8S — 5<S - m%})éG’ (21)

o€_€+—>¢—>){)( = 5(5’ - mZG)E¢, (22)

where the dimensionless normalization prefactors read as
follows:
éo = 5a(cS)Pm%/(8A%), Ty =a(ch)?/2.  (23)

In Egs. (21) and (22) we use the representation of Dirac
delta function,

5(x) = %iir(l)l“/[ir(x2 +T2)].

It follows from Egs. (21)—(23) that at the first order the
resonant total cross section does not depend on the coupling

between the DM and MED [83]. Moreover, for the spin-2
mediator the cross section is agnostic to the specific type of
the outgoing DM particles.

By taking into account that a dominant contribution to
the resonant cross section is close to s &~ m3p, for the near-
threshold approach mygp =~ 2mpy (Cyep — 0) we get the
signal yield for the resonant process in the following form:

N4ZL7p eyepT +(ER)
Niiep = EOT x —— 2m+e
X O(Eg - EM0(E™ — Ep), (24)

where &ygp is defined by Eq. (23), Ex = m¥gp/(2m,) is
the typical energy of the resonance, 6(x) is the Heaviside
step function.

VII. THE EXPERIMENTAL LIMITS

In this section we study the experimental reach of fixed-
target facilities NA64e and LDMX for both primary
electron and positron beams for spin-2 and spin-0 DM
assuming their invisible decay mode. For the background-
free case and the null results of the missing energy events
associated with DM mediator production, we set the
number of signal events Ny, 2 2.3 and obtain the 90%
C.L. exclusion limit on the electron-specific mediator
coupling constant. Here we suppose that the signal orig-
inates from the MED-strahlung and e™e~ annihilation
mechanism, i. e. Ngg, =~ Nyah + Nty

In the left panel (right panel) of Fig. 4 we show the
experimental reach of the NA64 and LDMX for the
electron-specific scalar (tensor) mediator coupling ?,
(cS,/A). The expected limits associated with ¢-strahlung
(G-strahlung), eN — eN¢(G), followed by invisible decay
¢ — xx (G - py(SS)) are depicted by the dashed-violet
and dashed-orange lines for NA64 and LDMX, respec-
tively. These expected reaches are derived for the projected
statistics of NA64e at the level of EOT ~ 5 x 10'? and for

the LDMX with EOT ~ 10'3. The existing limit of NA64

on cZ’e is shown by the solid-violet line, that implies

EOT ~3.22 x 10",

For the projected statistics associated with positron
annihilation mode we consider both positron and electron
primary-beam options. In Fig. 4 the dashed pink and yellow
lines correspond to the LDMX expected reach associated
with electron and position beam, respectively.

It follows from Fig. 4 that the positron beam gives more
stringent constraint on the mediator coupling constant due
to the enhanced number of positron in the first generation of
EM shower. In particular, for the LDMX mass range of
interest 0.11 GeV < mygp < 0.13 GeV the positron anni-
hilation channel pushes down the exclusion limits by an
order of magnitude. Note that the LDMX can reach a fairly
strong limits on an electron-specific mediator due to the
sufficiently large number of projected accumulated statistics
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FIG. 4. Left panel: The experimental reach at 90% C.L. for the NA64 and LDMX fixed target facilities due to ¢-strahlung and resonant
positron annihilation ete™ — ¢, followed by the invisible decay ¢ — yy. The solid-purple line corresponds to the existing NA64 limits
for EOT =~ 3.22 x 10! from missing energy process eN — eN¢, the dashed-purple line shows the expected limit for projected statistics
EOT =~ 5 x 10'2. The solid-blue line is the existing limit of the NA64 (EOT =~ 3.22 x 10'") due to the positron annihilation mode
ete™ — ¢ with primary ¢~ beam, the solid-red line is the projected expected reach of NA64 for the positron annihilation channel with
primary e* beam that corresponds to the 3.22 x 10'! positrons accumulated on target. Dashed blue and red lines correspond to the
projected NA64 statistics 5 x 10'2 of the annihilation mode e*e~ — ¢ for the ¢~ and e* primary beam, respectively. Dashed orange line
is the projected LDMX limits for EOT ~ 10" from ¢-strahlung process eN — eN¢. Dashed pink and yellow lines correspond to the
projected LDMX statistics 10'° of the annihilation mode e*e™ — ¢ for the e~ and e™ primary beam respectively. Gray-shaded region
corresponds to the exisiting BABAR [131] monophoton limit e*e~ — y¢. Green shaded region is the current reach of the electron-beam
dump E137 [12,25,132] experiment. Brown-shaded region is the existing bound from XENONI10 [133-135] direct detection
experiment. Solid cyan line is the thermal targets for Majorana dark matter that couples to an electrophilic spin-0 mediator ¢. The latter
curve was adapted from top-left panel in Fig. 9 of Ref. [12], it implies the benchmark DM parameters m, /my = 1/3 and a,, ~ 0.5. All
these curves imply that mediator decays in the invisible mode, Br(¢ — yj) ~ 1. Right panel: The same as in the left plot but for the spin-
2 mediator G. Shaded gray region corresponds to the current BABAR [34] monophoton e e~ — yG reach. Solid brown and solid cyan
lines corresponds to the thermal targets for Dirac DM and scalar DM that couple to an electrophilic spin-2 mediator G. These curves
were adapted from left panel in Fig. 8 of Ref. [34], that implies the typical DM parameters /A = cgu, /A =10 GeV~! and
mg/mg = my,/mg ~0.498. All these curves imply Br(G — yiy) ~ 1 and Br(G — SS) ~ 1. It is worth noticing again that for these
benchmarks, the DM bounds are agnostic to the specific type of DM, i.e., the exclusion limits of scalar and Dirac DM from NA64
(LDMX) are indistinguishable (see text).

0.23 GeV < mygp < 0.32 GeV (dashed-red line in left
panel of Fig. 4).

It is important to note, that the existing constraints of
NA64 for EOT ~3.22 x 10'! exceed the typical mono-
photon e"e™ — y¢ bound of the BABAR [131] facility at

the level of cZ’e <6 X 107°. Moreover, the current limits of

EOT = 10". For instance, for the typical mass my = mg =~
0.1 GeV the LDMX is able to set the constraint at the level
of ¢?, ~5x 10”7 and ¢S, /A ~107% GeV for the spin-0 and
spin-2 mediator, respectively.

It is worth noticing that the authors of Ref. [12] have
studied in detail the thermal production mechanism of DM

involving parity-even electron-specific spin-0 mediator. In
the left panel of Fig. 4 we show the relic-abundance target
lines for Majorana DM by the solid-cyan line. That curve
implies the benchmark DM parameters m,/m; = 1/3
and a, ~0.5.

Remarkably, for the projected statistics EOT =~ 5 x 10'?
the NA64 facility can probe the thermal Majorana DM

parameter space at the level of cfe < (3.0-4.0) x 1079 for
the resonant channel ete™ — yy even with a primary
electron-beam mode (dashed-blue line in left panel of
Fig. 4). The significant enhancement of the sensitivity
¢?, <5.0 x 1076 can be achieved by exploiting the positron

beam mode of NA64 for the typical masses in the range

NA64 associated with ¢-strahlung are complementary to
the experimental reach of the E137 [12,25,132] and
XENONI10 [133-135] direct-detection experiment for
my <1072 GeV and ¢f, <1075,

In addition we note that the thermal production mecha-
nism of DM involving spin-2 electrophilic mediator have
been analyzed in detail in Ref. [34]. To be more specific, in
right panel of Fig. 4 we show the typical relic-abundance
target curves for the scalar (solid cyan line) and Dirac DM
(solid brown line) adapted from Ref. [34]. These lines
imply the typical DM couplings c§o/A = c, /A~
1.0 GeV~! and benchmark mass ratios that are close to
the DM production threshold mg/m¢g = m,, /mg =~ 0.498.
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This means that one can use the approximate Eq. (24) in
the calculation of the yield of the spin-2 mediator, as long
as ' = 0 for mg ~2mpy. It is worth noticing again
that for these benchmarks, the DM bounds of an electron
fixed target are agnostic to the specific type of DM, i.e.,
the exclusion limits of scalar and Dirac DM are
indistinguishable.

The bound from invisible monophoton searches e e~ —
yG at BABAR applies to the typical parameter space of
the spin-2 mediator with mg <1 GeV and ¢S /A <2 x
10~* GeV~'. This bound rules out the existing G-strahlung
constraints from NA64 for EOT ~ 3.22 x 10''. However,
the resonant mechanism of DM production with NA64
(solid-blue line in right panel of Fig. 4) provides the bound
on ¢S /A that barely touches the BABAR limit at
mg =~ 0.23 GeV. Remarkably, the latter constraint is asso-
ciated also with Dirac DM relic curve. However, the scalar
DM is almost ruled out by BABAR. We note that for the
projected statistics EOT ~ 5 x 10'? of NA64 one can probe
the Dirac DM at the level of ¢S, /A <2.0 x 107 GeV~! for
mg ~ 0.3 GeV. Finally, we note that positron beam mode
exploiting in the NA64 (with ~5 x 10'? positrons accumu-
lated on target) can set a fairly strong bound at ¢$, /A <
1073 GeV~! that is complementary to the LDMX expected
reach for EOT ~ 10" at mg ~ 3 x 10~' GeV. However, the
latter facility can rule out the spin-2 parameter space
¢S /A <1x107° GeV~! in the resonant mode close to
typical mass at mg =~ 1.5 x 107! GeV.

VIII. CONCLUSION

In the present paper we have studied in detail the resonant
probing spin-0 and spin-2 DM mediator with electron fixed
target experiments NA64 and LDMX. In particular, we
showed that e* resonant annihilation ete™ — MED —
DM + DM can be a viable mechanism of the electron-
specific DM mediator production, such that this process is
competitive with widely exploited MED-strahlung produc-
tion, eN — eN MED, followed by the invisible decay into
pair of DM particles, MED — DM + DM. Moreover, we
estimated the reach of NA64 and LDMX and showed that
the exclusion limits are pushed down by factor of O(1) for
the specific mass range of the mediators.
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APPENDIX: MAJORANA FERMION

In this section we calculate a width of decay and a
resonant cross section for the spin-0 mediator with
Majorana fermions in a final state. For calculations below,
we use two-component spinors formalism from [122].

The Lagrangian of interaction between spin-0 massive
mediator ¢» and Majorana fermions y is

1 1
‘Cf/lajorana ) _EC;?)(@()( + Em;()()( + H.c. (Al)

The matrix element for a decay of spin-0 mediator ¢ into
pair of Majorana fermions ¢(p,s) = y(p1,s1)x(p2,s2)
takes the following form [122]:

iM = —icly(y1yy + xix}), (A2)

where the two-component spinors are

X% = x*(p;, $i)s yi® =y pi. ;).

The summation over spinor indices is defined as
v,1%6,7 Y25 = y1Y2- Moreover we imply the notation x”y,
and x;y%, where the undotted and dotted indices correspond
to the left-handed and right-handed fermions, respectively,
they are related via the Hermitian conjugation.

Also, for a raising and a lowering indices we use the
antisymmetric tensor 2 x 2 that has the following form:

12

€?=—¢,=1, €ap€’’ = o8} — 555,

The (anti)commutation relations read [136]

Xy = X%y, = —xgy" = yixg = yx, Xy = —yX.

By taking into account the spin sum [122], we get
expressions in the following form:

Z()’l)’z)()’;yi) = Z5aﬁ5yly1ay2ﬁy;jy?

spins spins

= (Pzﬁﬂ,’{)(l?lv‘_’w) = p)''p*Tr(6,6,)

=2(p1, p2):
Tty — s Ayt playt 7T
Zx1xz}’2yl = Z5aﬂ5y xl/}xzayziy}]/
spins spins

= 25,8,/ 5,05, = —m5;) = —2m

X?
Z)’lyzxle = —2mj, inxixle =2(p1. p2)-

spins spins

where o = (I x,,6), 6" = (Ihxy,—6) with ¢ being a
matrices of Pauli. Finally, the matrix element squared by
assuming the summation over the final states is
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D _IMP =4 [(propa) = m). (A3)
spins
The decay width can be written as follows:
! 1 1212 372 72 2
A2 (md m2 m2)> |MP. (A4

$orr =5 167[1’)13[) -
spins

where A(x,y,y) = x*(1 —4y/x) is the triangle function,
the extra factor of 1/2 in Eq. (A4) is due to the identical

Majorana particles in the final state [122]. As a result
one has

Loy = 7 %my(1 = 4my fm3 )32, (A5)
The cross section reads
4m2\ 3/2
1 4ﬂax(c(fe)2 s(l - T/)
UefeJr_)(/,_) == . (A6)
L) 16z (s —m3)* +mil?

¢ ¢ ¢
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