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Abstract We consider a U(1)g_; model with a Z’" por-
tal Dirac fermion dark matter (DM) x of low mass which
couples very weakly to the B — L gauge boson Z’. An arbi-
trary B — L charge Q # =1, +3 of the DM x ensures its
stability. Motivated by the sensitivity reach of forthcoming
“Lifetime Frontier” experiments, we focus on the Z’ mass,
my, in the sub-GeV to few GeV range. To evaluate the DM
relic abundance, we examine both the freeze-out and freeze-
in DM scenarios. For the freeze-out scenario, we show that
the observed DM abundance is reproduced near the Z' res-
onance, my = myz /2, where m, is the DM mass. For the
freeze-in scenario, we focus on m, <« mgz. We show that
for a fixed value of mz/, gp;, values roughly scale as 1/Q to
reproduce the observed DM abundance. For various Q values
in the range between 107% and 102, we show that the gauge
coupling values gp;, needed to reproduce the observed DM
abundance lie in the search reach of future planned and/or
proposed experiments such as FASER, Belle-1I, LDMX, and
SHiP. In the freeze-in case, the Q values to realize observ-
able gp values are found to be much smaller than that in the
freeze-out case.

1 Introduction

Despite its remarkable success in explaining a large collec-
tion of phenomena observed in nature, the Standard Model
(SM) of particle physics has several serious shortcomings.
A viable candidate for dark matter (DM) particle is missing
in the SM, presumably an electrically neutral non-baryonic
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particle that accounts for around 85% of the observed matter
in the Universe [1,2]. The SM also fails to account for the
observed non-zero neutrino masses inferred from solar and
atmospheric neutrino oscillation experiments [3,4].

The B — L (Baryon number minus Lepton number) model
[5-9] is a simple extension of the SM that has received much
attention for successfully explaining the non-zero neutrino
masses. It is obtained by gauging the accidental global B — L
symmetry in the SM. The model requires three Majorana
right-handed neutrinos (RHNs), one per SM generation, to
cancel the B — L related anomalies. In the presence of the
RHNS, the type-I seesaw mechanism [10-14] to explain the
tiny masses of the observed neutrinos is automatically imple-
mented. This model can accommodate a variety of DM sce-
narios. For instance, one of the RHNs can serve as a DM
candidate if it carries either a Z, odd charge [15-22] or
a non-conventional B — L charge [23]. Another possibil-
ity is a Dirac fermion DM y [24-27] with B — L charge
Q # =*1,+£3, which is essential to ensure its stability. In
all of these neutrino—DM scenarios, the interaction between
DM and the SM particles is primarily mediated by the B — L
gauge boson Z’. Hence, these scenarios predict a one-to-one
correspondence between the collider searches for Z’ and DM
physics.

In this work we consider a Dirac fermion DM scenario
with arbitrary charge Q and m, < my, where m, and mz
respectively stand for the DM and Z’ boson masses. The case
withm, > mz was examined in Ref. [26]. Motivated by the
sensitivity reach of the forthcoming Lifetime Frontier exper-
iments, we focus on low mass DM in the range of sub-GeV
to a few GeV that couples weakly to the Z' gauge boson.
We consider both the freeze-out and freeze-in scenarios to
evaluate the observed DM relic abundance. In the freeze-
out scenario, the DM is initially in thermal equilibrium. At
late times, when the expansion rate of the Universe domi-
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nates over the DM annihilation rate, the DM decouples from
the thermal plasma and its abundance saturates to a constant
value. We find that the correct relic abundance is realized
for m, =~ mz /2. In the freeze-in scenario, the DM abun-
dance builds up from an essentially zero initial abundance
and saturates to a constant value once the expansion rate of
the Universe dominates and suppresses its production. In this
case, the DM never gets into thermal equilibrium and we find
that the correct relic abundance is realized for m, < mz:.

Various current and future planned/proposed experiments
can search for the low mass and small gauge coupling of
Z' predicted by our model. Seminal particle physics experi-
ments such as BABAR [28], LHCb [29], COHERENT [30]
and several electron and proton beam dump experiments can
narrow down the allowed parameter space. We also exam-
ine constraints from DM direct detection experiments such
as Dark-Side-50 [31], PandaX-II [32], LUX [33], and the
XenonlT [34], which set tight constraints on the DM -
nucleus cross-section. Finally, the allowed parameter regions
that can be probed by the “Lifetime Frontier” experiments
such as FASER and FASER?2 [35,36], Belle II, SHiP [37]
and LDMX [38] have also been investigated.

The paper is organized as follows. Section 2 is dedicated to
a brief description of our theoretical framework, and the dark
matter relic density is discussed in Sect. 3. We evaluate the
DM relic density for the freeze-out and freeze-in mechanisms
in Sects. 3.1 and 3.2, respectively. A summary of our work
and concluding remarks are presented in Sect. 4.

2 The framework: Dirac dark matter

We consider a gauged U (1)p_; extension of the SM and
the particle content of the model along with B — L charges
are listed in Table 1. The SM particles all carry a non-zero
B — L charge except for the SM Higgs doublet H, whereas the
new particles are SM singlets carrying only the B — L charge.
The three right-handed neutrinos (RHNs) carry B — L charge
—1, which ensures the cancellation of all the B — L related
anomalies. The vector-like Dirac fermion x (DM) and the
B — L Higgs ¢ carry B — L charges Q and 2, respectively.
The arbitrary charge Q is chosen to ensure the stability of
the DM.
The scalar potential involving H and ¢ is given by

2\2 2 \2
v v
V =iy (HTH—7H> + A <¢T¢—%)

2 2
+M¢GﬂH—%ﬂ<w¢—%%> O]

Here, vy and vpy are the vacuum expectation values (VEVs)
of H and ¢, respectively, and are expressed as
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The Yukawa Lagrangian invariant under SM ® U (1)p_r,
for neutrinos is expressed as

3 3
C
—Ly D § 1Y};L’LILIN;e +5 § 1 YNONK Ni + hoc.,
iL,j= i=

3

where YID] and Y ;V are Dirac and Majorana Yukawa coupling
constants, respectively. Through these Yukawa interactions,
the Dirac and Majorana neutrinos masses are expressed as
follows:

ij i

D i N
—=vH, Mp=——vpL. 4)
V2 NG

The relevant terms in the Lagrangian involving Z’ and the

DM y are given by

ij _
mp =

L2igprLQ(Xy"x)Z, +igsLQy (f¥"f)Z,
1
+§mZZ,Z;lZ/“ +myxx +hc., (&)

where Q ; represent the B — L charge of the fermion f,
my is the DM mass, and mz = 2gprvpy is Z' boson mass
obtained from the B — L symmetry breaking.

3 DM relic density

The relic density of the DM particle can be evaluated by
solving Boltzmann equation,

{(ov) S(m)() 2 2
X2 H(my) (Y _YEQ)’ ©

ay
dx

where, Y = n/s is the yield of the DM particle represented
as a ratio of the DM number density (n) and entropy density
(s), x = my /T is a dimensionless parameter with 7" being
the temperature of the Universe, Y is the yield of the DM
particle in thermal equilibrium, H is the Hubble parameter,
and (ov) is the thermally averaged cross-section for a pair
annihilation of DM particles times relative velocity v. The
quantities s, H, Yg g and (ov) are expressed as
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Table 1 Particles content and U (1) p—, charges of the model, where i = 1, 2, 3 represent the three generation indices. Here, besides three-right
handed neutrinos, a scalar singlet ¢ and a vector-like Dirac DM particle x are also present

Symmetry/Fields QiL u"R d’k

ek N, H ¢

U(l)p—1L 1/3 1/3 173

-1 -1 -1 0 2 Q

2
g m 1
<Gvrel) = 64BL4 ( X) 2
T X nEQ

/OO ds 2(s — 4m2)o (s)V/5K <M> o
4 m

2
mX X

Here, g, and g, (= 4) are the thermal degrees of freedom
of the plasma and DM particle, respectively, K, is modified
Bessel functions of second kind, respectively, and ngg =
s(my)YEgg/x? is the equilibrium number density of the DM
particle. The relic density of the DM particle at the present
time (x — 00) is given by

mysoY (x — 00)

Qpuh® = ,
oM pe/ h?

®)

where p./h?> = 1.05 x 107 GeV/cm? is the critical den-
sity and so = 2890 cm™3 is the entropy density of the
present Universe. From the Planck satellite measurements,
Qpuh* = 0.1200 £ 0.0012 [39].

For both freeze-in and freeze-out scenarios, we find that
the Z’ boson resonance process x x <> f; fi, where f; denote
SM fermions, dominate the DM annihilation/creation. The
cross-section for this process is given by

1
2 2
s —4m;, (s —=m%) +m%T%

x Ty () x (EfFﬁ(S)), )

o(xx — Zifif)) = 12x

for s > 4mi. The functions I' ¢ (s) and I'y (s) for s = m2Z,

correspond to the partial decay widths of Z’ boson at rest and
are expressed as

2 2 2
gBLQ 2m 4dm
Lr) = Nf(le)dl ! Tf) 1

2 2 2 4 2
FX(S):M\/EG_,_ﬂ) l_ﬂ’ (10)
127 s s

respectively, and the total decay width of Z’ boson
Iz = %Tp(s = m%) + Tpu(s = m%,). The values

of Ny = 1(1/2) and Qy = —1(—1) for the SM leptons
f =e n, Tt (Ve ) and for the SM quarks Ny = 3 and
Qr = 1/3. Since the gauge coupling values of interest

gp1 < 1, we employ the narrow width approximation,

1
/ds 5 :/ds id S(S—mzz,).
(s —=m%)" +m2T2, mz Uz
(11)

Using this the thermally averaged cross section in Eq. (7) for
the Z’ boson resonance process can be expressed as

32 m%, ¥ X K (%’22/)
wimy DXy )
P (k)

(FX(S) X Zfrfi(s)>
'y

(OUper) =

12)

s:mzz/

Form, ~ myz /2, we expect an enhancement of the DM pair
annihilation cross section through the Z’ boson resonance.
So, we parameterize m, = (mz /2)(1 —§), where 0 < § K
1. Since Ty (s = m%,) < Z/Tf(s = m%) for § < 1,
Eq. (12) simplifies to

X Xmyr
et 0 0 (502
4 2L T (s =m), (13)

which is independent of final state SM particles.

(OVper) =

3.1 Freeze-out dark matter

In the freeze-out scenario, the DM interaction is strong
enough to maintain thermal equilibrium with the thermal
plasma at early times. At late times this is not the case which
effectively switches off the DM interaction and the latter
decouples from the plasma. Hence, the DM abundance effec-
tively remains unchanged after the decoupling.

To obtain the DM yield after decoupling, we solve the
Boltzmann equation given by Eq. (6) with the initial condi-
tion Y (x < 1) = Ygp. The free parameters in numerically
solving the Boltzmann equation are Q, gy, mz/, and m.
For small gauge coupling values, the total thermally averaged
cross section in Eq. (13) is dominated by the contribution
from the region very close to the resonance m, >~ myz /2
[26] which corresponds to § << 1. We find that the relic den-
sity of the DM approaches a constant value in the § — 0
limit. Our result is shown in Fig. 1 for benchmark values
gL = 3.46 x 1075, mz = 10 GeV and Q, = 1. We have
verified that the asymptotic behavior of the relic density for
8 <« 1 1is also valid for different choice of input parameters.
For Q, = 1/3, the resultant DM relic density is consistent
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Fig. 1 Relic abundance as a function of § for gp; = 3.46 x 1075,
mz =10GeV and O, =1
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Fig. 2 Exclusion regions in the (Mg, gpr) plane for the freeze-
out DM scenario. The diagonal blue lines from top to bottom corre-
spond to Q = 0.01,0.1, 1, 10, 100, respectively. Along these lines,
100% of the observed DM is reproduced. For mz > 4 GeV, the curved
black lines from top to bottom corresponding to Q = 0.01, 0.1, 1, 10,
and 100, respectively are the bounds from various DM direct detection
experiments such as Dark-Side-50 [31], PandaX-II [32], LUX [33],
and XENONIT [34]. The regions excluded by BABAR [28], LHCb
dark photon searches [29,41,42], by various beam dump experiments,
and COHERENT-Csl data [43] are depicted by the light-green, light-
orange, cyan, and gray shaded region, respectively (see text for details).
The light-green region [44—46] is excluded from supernova SN 1987
observation [48? ,49]. The search reach of the various “Lifetime Fron-
tier” experiments FASER [35], planned FASER 2, Belle II [50], LDMX
[38], and SHiP [37] experiments are depicted by the dark-pink region,
light-pink region, purple lines, and orange dashed line, respectively

with that in Ref. [27], where the authors obtained the result
by employing micrOMEGAs [40].

In Fig. 2, we plot gpr as a function of my for the five
benchmark Q values. The diagonal blue lines from top to
bottom correspond to @ = 0.01, 0.1, 1, 10 and 100. Along
these lines, the desired relic density Qp mh? = 0.120 is sat-
isfied while regions to the right of each of these lines are
excluded because they lead to an overabundance of DM. It

@ Springer

shows that the gauge coupling values roughly scale as 1/Q
for fixed m /. This behavior can be roughly understood by
noting that fora fixedm z/, (o v) o (Qgpr)? ~ 1 pbis neces-
sary to reproduce the observed DM abundance. The diagonal
dashed lines are very well fitted by

my
— ). 14
10 GeV) (14

Figure 2 also shows that the excluded regions from the current
Z' boson search experiments and the future search regions
by planned/proposed experiments. It shows that Z’ searches
at current (future) experiments are sensitive to small (large)
values of DM charge Q. The details about the various exper-
iments are discussed below.

For DM mass mpy 2 2 GeV, the direct DM detec-
tion experiments provide stringent constraint on the spin-
independent DM elastic scattering cross-section og; with
nucleon. For 2 < mpy < 6 GeV the most stringent bounds
are from Dark-Side-50 [31], PandaX-II [32] and LUX [33]
experiments, while XENONI1T [34] gives the most stringent
bound for mpy; > 6 GeV. The combined bound from these
experiments can be found in Ref. [26]. In our case, the DM-
nucleon cross section is given by

gpL X 0~ 3.46 x 1075 (

2
051~ L%l 1o (15)
b4 7
where . = m,my/(m, + my) is the reduced mass for the
DM-nucleon system with the nucleon mass my = 0.983
GeV. For fixed Q values and using m, >~ myz /2, together
with upper bounds on og; in Ref. [26], we evaluate the upper-
bound on gy, as a function of m /. In Fig. 2, the bounds for
0 =0.01, 0.1, and 1 are depicted by the curved black lines
from top to bottom for mz = 4 GeV, which corresponds to
my ~mgz /2 >2GeV.

Next let us discuss the parameter region excluded by the
various Z’ boson search experiments in Fig. 2. The exclu-
sion from dark photon search by electron-positron collider
BABAR [28] is depicted by the light-green region. The light-
orange region shows the exclusion from LHCb search for Z’
decaying to u*u~. The cyan color depicts the exclusion
region from dark photon searches at various beam dump
experiments. These include electron beam dump experi-
ments, namely, E141 [51], E137 [52], E774 [53], KEK [54],
Orsay [55], and NA64 [56], as well as proton beam dump
experiments, namely, v-CAL I [57], proton bremsstrahlung
[58], CHARM [59], NOMAD [60], and PS191 [61]. We have
utilized Darkcast [62] to recast the 90% confidence level
bounds from LHCb, BABAR, and beam dump experiments.
The gray shaded region is from the COHERENT collabora-
tion [30], as analyzed in [27], in search for sub-GeV neutrino
DM through coherent elastic neutrino-nucleus scattering pro-
cesses. The light-green region [44-46] is excluded from
supernova SN 1987 observation [47-49]. For mz < 100
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MeV, Z’ can be excessively produced from e*e™ and vv
annihilations in the supernova core and escape, resulting in
a considerable loss of energy.

The expected reach of various planned/upcoming “Life-
time Frontier” experiments are also shown in Fig. 2. The
light-pink region shows the search reach of the recently
approved ForwArd Search ExpeRiment (FASER) [35,36,
63], which will be operational alongside LHC Run-3. The
planned upgrade of FASER 2 expected to be operational at
the High-Luminosity LHC should significantly improve the
search reach as depicted by the dark-pink region in Fig. 2.
The expected search reach of future Belle-II [50] experiment
is depicted by the dashed purple line, and the orange-dashed
line depicts the reach of the proposed LDMX experiment
[38]. The experimental reach of Search for Hidden Particles
(SHiP) [37], a proposed experiment at CERN, is depicted by
the magenta contour.

3.2 Freeze-in dark matter

In the freeze-in dark matter scenario the DM abundance
slowly builds up to a constant value after starting from an
effectively zero initial abundance. At late times the expan-
sion rate of the Universe dominates and effectively switches
off the DM production such that the DM abundance saturates
to a constant value.

For m, <« myz/, the DM production is effective only
for temperature 7 2 my, namely, x = m,/T =
(my/mz)mz /T) < 1. In this case, K>(x) =~ 2/x2, and
hence the thermally averaged cross section in Eq. (13) is
given by [21]

3
(ov) ~ ;T—z(ng2 (’Zl—i) K ("ix> x5 (16)

X

Together with the initial condition Y(x <« 1) = 0, we
numerically solve the Boltzmann equation in Eq. (6). The
free parameters are the DM charge Q, ggr,mz/, and m,. In
our analysis, we fix m, = 10 keV, for example, and show
our result for g as a function of my for various values
of O in Fig. 3. The diagonal blue lines from top to bottom
correspond to Q = 107%, 1073, and 1, respectively. Along
these lines, 100% of the observed DM is reproduced while
regions to the right of each of these lines are excluded due to
the DM overabundance. As in the freeze-out case, for fixed
mys, g1 values roughly scale as 1/ Q. However, for same Q
values, the gp values of interest are much smaller compared
to the freeze-out scenario. These values are within the search
reach of future experiments such as FASER 2 and SHiP. Note
that the direct DM detection bounds are not applicable for the
freeze-in scenario because the DM (m, = 10 keV) is much
lighter than the nucleon such that the recoil nucleon energy
is too small to be detected.

I * FITT |
ol = 1
10—4 J
1
> Belle-IIyll _ - - =
——————————— Belle—II yvv

-
-

-
-

-
-—.
-
-
-
-

NS1987A

| L 111 III| |
1072 107" 10° 10

mz [GeV]

Fig. 3 Same as Fig. 2 but for freeze-in mechanism. The diagonal blue
lines from top to bottom indicate Q = 1, 1073,107°, respectively

Here we show a rough estimate of the DM relic abun-
dance, which turns out to be a very good approximation to
the numerical result. Our discussion follows Ref. [21]. Since
Ki(y) < e and Ki(y) ~ 1/yfory > land y < 1,
respectively, Eq. (16) is approximated to be

2
(ovra) = (53) (85.0)? (%) x, (17)

for x < my/my, while (ov,e) =~ 0 forx > m,/my.
Together with the initial condition ¥ (x < 1) = 0, the Boltz-
mann equation in Eq. (6) can be solved analytically for the
DM yield at late time [21]:

Y(00) ~ Y (x = my/mly) ~ 8.5 x 107° (gp1 0)* (Zf) :
z

(18)

Substituting this to Eq. (8) and requiring Qpyh? = 0.12,
we obtain a bound on the B — L gauge coupling,

A 172
gpL X 0 ~2.5% 10712 <m—z) . (19)
ny
We find that this result is very close to that obtained by numer-

ical analysis.

4 Conclusion

We have studied a U(1)g_; model with Z’ portal Dirac
fermion dark matter (DM) x that weakly couples to Z’. The
DM y carries an arbitrary B — L charge Q # =1, £3 which
ensures its stability. We have focused on a light Z’ with mass
mz in the range between 10~2 GeV and a few GeV. Since the
7' mediated interactions with the Standard Model (SM) par-
ticles determine the relic abundance of y, the model predicts

@ Springer
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a one-to-one correspondence between the collider searches
for Z' and DM physics.

We have examined both the freeze-out and freeze-in DM
scenarios. The relic abundance of the x is determined by m 7/,
Q, my, and the B — L gauge coupling ggy. In the freeze-
out scenario, the observed DM abundance is reproduced near
the Z’ resonance, m x = mz /2.In the freeze-in scenario, we
consider m, < mz:.Inboth freeze-out and freeze-in scenar-
ios, we have shown that for a fixed value of m s, the desired
gpr. values roughly scale as 1/Q. For same Q values, the
g1 values of interest in freeze-in scenario are much smaller
compared to the freeze-out scenario.

In both freeze-out and freeze-in scenarios, for fixed Q val-
ues, we have shown that the gp; values necessary to repro-
duce the observed abundance of y is accessible at various cur-
rent and future planned and/or proposed experiments. These
include ongoing experiments including BABAR, LHCb,
COHERENT and various electron and proton beam dump
experiments which constrain the allowed parameter space.
The allowed parameter region can be probed by upcoming
“Lifetime Frontier” experiments such as FASER, FASER 2
(aplanned upgrade of FASER) and Belle-11, and the proposed
LDMX and SHiP experiments.
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