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Relaxed constraints for dark matter with axial coupling to a dark photon
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We present a model of the dark sector involving Dirac fermion dark matter, with axial coupling to a dark
photon which provides a portal to Standard Model particles. In the nonrelativistic limit, this implies that the
dominant effective operator relevant to direct detection is Og. The resulting event rate for direct detection is
suppressed by either the dark matter velocity or the momentum transfer. In this scenario there are much
wider regions of the dark parameter space that are consistent with all of the existing constraints associated
with thermal relic density, direct detection, and collider searches.
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I. INTRODUCTION

Although its existence has been confirmed in a multitude
of ways [1], the nature of dark matter (DM) remains a
complete mystery. Over the past a few decades, an
enormous effort has been devoted to searches for the
weakly interacting massive particles (WIMPs), which
appeared to be the most promising dark matter candidates,
because of the so-called “WIMP miracle” [2-4]. The
enthusiasm for WIMPs has cooled down as direct searches
around the world have placed increasingly stringent con-
straints on the mass and couplings of such particles,
focusing on the standard spin-independent (SI) [5—-12]
and spin-dependent (SD) [12-16] interactions.

In addition to the constraints arising from direct searches,
the observed relic density requires a sufficiently large cross
section for dark matter annihilation to Standard Model
(SM) particles (s-channel) to avoid overabundance. This
can lead to tension with direct detection results because
the corresponding DM-nucleus scattering cross sections
(t-channel) may well exceed the upper limits set by direct
detection. Combined constraints from the dark matter
thermal relic density and direct detection have been
employed to test various dark matter models [17-19].

Possible solutions to the challenge posed by this tension
have been extensively investigated within the dark photon
portal [20-25]. The resonance regime is of particular
interest in the case when 2mpy; < my, where mpy; and
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m are the dark matter and dark photon masses, respectively.
The dark matter annihilation cross section is dominated by
the s-channel resonance contribution, which is significantly
enhanced near the region of 2mpy = my/, so that the dark
couplings are not necessarily too large. However, most
analyses have considered vector coupling of the dark photon
to dark matter particles. In the nonrelativistic limit, this
results in a standard spin-independent (SI) interaction, for
which there are very limited regions of the dark parameter
space consistent with all existing constraints [20-24]. Indeed
these constraints are so tight for dark Dirac fermions, that
they are essentially ruled out. The situation is only slightly
better for other scenarios such as complex scalar [24],
pseudo-Dirac and asymmetric dark matter. Alternatively,
the secluded region of mpy > my is also promising for
alleviating the tension between thermal relic and direct
detection [26]. In this case, the relic density is governed
by t-channel annihilation, DM + DM — A’ 4+ A’, while the
direct detection cross sections could be suppressed.

Collider searches have also placed strong constraints on
the dark photon parameters, without [27-29] and with
[30-32] couplings to dark matter particles. In the latter case,
the collider searches also set upper bounds on the standard SI
and SD DM-nucleon cross sections, albeit strongly depend-
ing on the chosen coupling and model scenario [31,32].

In this paper, we investigate a model of the dark sector,
comprising a dark photon, which is taken to be a U(1)
gauge boson kinematically mixed with the B of the
Standard Model and which has axial-vector coupling to
Dirac fermion dark matter with mass up to 1 TeV. In this
case, the dominant effective operator for dark matter
nucleus scattering in the nonrelativistic limit is Og, which
depends on the velocity of the dark matter particle and the
momentum transfer [33,34]. The resulting DM-nucleon
cross sections are highly suppressed and, as a result,
are expected to satisfy the strong constraints from direct
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detection [35,36]. However, the s-channel dark matter
annihilation cross section will be also suppressed, therefore
requiring larger values of the dark couplings to avoid
overabundance. Therefore, it is nontrivial to explore the
regions of dark parameter space that are consistent with
the constraints of both direct and indirect detection and the
observed relic density. As demonstrated below, the resonance
regime remains viable, yielding allowed regions consider-
ably broader than those identified in previous models.

We begin with a brief review of the dark photon formalism
in Sec. II. The existing constraints on dark matter from
thermal relic density, direct detection, and collider searches
are given in Sec. III. We present the allowed regions of the
dark parameter space that are consistent with these constrains
in Sec. IV. Finally, we summarize our conclusions in Sec. V.

II. DARK PHOTON FORMALISM

The dark photon, A’, is usually introduced as an extra
U(1) gauge boson, interacting with SM particles through
kinetic mixing with the hypercharge B boson [37-40].
Here, we introduce axial-vector coupling of the dark photon
to Dirac fermion dark matter )(1

1 1 €
L= __F F'w _ Z/A/ Alr F' BH
R R L G T ey e
+ 7 (i0 — m, )y + g,7r"vsx A, (1)

where € is the mixing parameter and 6y is the
Weinberg angle.

The mixing term can be removed through field redefi-
nitions and the physical Z and dark photon Ap can be

written in terms of the unmixed fields Z and A’,

<Zﬂ > B < cosa sina> <Zﬂ) 2
Ap,) \=sina cosa/\A,)’

with masses being [42]

m2 _
M4, =5 [1 + €5y + p? £ sign(1 - p?)
x\/(1+e%v +p2)2—4p2] (3)

'Our phenomenological model may be derived from a UV
complete theory [41], but the details of that do not affect the
phenomenological analysis. A minimal completion involves an
additional fermion species (y) and a complex singlet scalar S. By
imposing opposite U'(1) charges, Q'(y;) = +q, O'(xz) = —¢.
and Q'(w;) = —q, O'(yr) = +q, one ensures an anomaly-free
U'(1) with the fermions and the resulting interaction is purely
axial. After S acquires a nonzero vacuum expectation value
(VEV), the dark photon and dark fermions obtain masses. The
lighter dark fermion is stable and therefore the dark matter
candidate. Our results presented in this work can be applied in the
case of a small mixing between y and .

Here, a is the Z — A’ mixing angle,

1
tana = 5— [1 — e}, —p? —sign(l —p?)

Ew
x\faek + (1= = ")), )
with
etan Oy,
Ew = R
V1 = €?/cos*fy,
mA’/mZ (5)

p= :
V1 —€*/cos’Oy,

The mass difference is always finite for nonzero e,
|M5 — M3 | > 2|e|lm3, yielding the so-called “eigenmass
repulsion” region in which the dark photon parameters are
not accessible [42].

The couplings of the physical dark photon, Ap, to SM
fermions (in units of e = \/4za,,) are given by [42]

Cy, = —(sina + ey cosa)CY + ey cos acot Oy Cy,

C4, = —(sina + ey cos a)Cy,. (6)

The Standard Model couplings of the Z boson, C% and C%,
will be shifted to the physical ones,

C% = (cos a — ey sin a)C% + ey sinacot Oy CY,

9 = (cosa — ey sina)Cs, (7)

where Cy = O is the electromagnetic coupling, and

CYsin20y =T% —20,sin*0y,  C4sin20y =T}, (8)
with {T¢,T4T4}={-1/2,1/2,-1/2} and {Q,.0,.,04} =
{-1,2/3,-1/3}.

Both the dark photon A, and the Z boson couple to dark
matter particles y,

o g, cosa
Ak [T= €2 cos 63,
g, sina
cs, =2 ©)

V1 =¢€*/cos6?,

The decay width of the dark photon is

Loy, =Tap—sm +Ta,—z (10)

where
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MA Q, 2m2
Ly msm = ZNJé : DTem{ <1 + M—if> (Ch, s
-

2 2
+ (1 g )(c;’\n.f)z} oy
M3 M3,
o My, (C4 ) _Amg _Amy
Y ! 2 1 2 (11)
127 M3, M3

with N‘é =1 for leptons and N'é = 3 for quarks.

It is crucial that the parameters of the model are
consistent with the set of precise measurements of a select
set of observables associated with the Z-boson, known as
the electroweak precision observables. The original analy-
sis of Curtin et al., [43] was recently updated by Loizos
et al. [44] and we will show those constraints explicitly.

III. CONSTRAINTS ON DARK MATTER

In this section we discuss the existing constraints on dark
matter from thermal relic density, indirect and direct
detection, and collider searches.

A. Thermal relic density

In the framework of thermal freeze out, the evolution of
the dark matter number density, npy;, is governed by [1]

fipm + 3Hnpy = (o) [(nph)? — nhyl, (12)

where H is the Hubble constant and np), is the number
density that DM particles would have in thermal equilib-
rium. (ov) is the thermally averaged cross section of dark
matter annihilation to SM particles [45,46].

In the limit € < 1, the physical couplings C} ', ~ Qe
and C} ~ ~ g,. Therefore, the dark matter annihilation
cross section depends on the dimensionless variable [20,47]

en(Z)

My,
where ap = gf{ /4n. The observed relic density [48],
Q = Qph? = 0.1200 £ 0.0012, (14)

is usually applied to set lower limits on y to avoid
overabundance.

A general feature is that the required values of y will
decrease as the dark photon mass approaches the dark
matter threshold, with the mass ratio R = M Ap / m, ~2
[20-24]. This is often referred to as the resonance region. In
addition, the resonance contribution associated with the Z
boson will also be significant; that is, when 2’"}( ~ M, [24].

B. Dark matter indirect detection

Dark matter indirect detection, such as the cosmic
microwave background (CMB) [49], Fermi-LAT [50], and
AMS-02 [51], could place stringent constraints on the
annihilation rate [52].

In the case of s-wave annihilation, the cross section
required by the relic density is [53]

(ov) %3 x 10726 cm3 57!, (15)

which exceeds the upper bounds of indirect detection for
dark matter mass up to a few hundred GeV [52].

However, for the axial-vector interaction considered here,
the dark matter annihilation is p-wave. Therefore, (o) in the
present day galaxies is suppressed by v> ~ O(10~%), which
clearly satisfies those indirect constraints.

C. Dark matter direct detection

Given that the momentum transfer, ¢2, is small, we can
derive the leading effective four-fermion interaction by
integrating out the heavy degrees of freedom

Leer = Clvir*vsyNy N + Chjer*ysyNy,rsN, - (16)

where
a a
cN CAD;( eCAD N Cz,;( eCyy
AV = M2 M2 )
Ap Z
a a a a
CAM . eCAD’N _ Cz,;( ~eCyy

Min M2

The couplings to the nucleon, Cy“, and Cj%, can be
D> s

derived as linear combinations of the couplings to the u

and d quarks,

v,a _ v,a v,
Cinrr = 2Ciput Capya
Cavzn = Canzyu +2C3 2 (18)
The nonrelativistic reduction of Eq. (16) leads to

LnreFr = Z (c§ Og + ¢ Oy +cYO,),  (19)

N=p,n

where the effective operators are [33]

Oy =S5, - S, (20)
and the couplings (with dimension M~?) are

cd = =20y, oy =—4Cl,. (21)
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In the region of dark parameter space of interest, the
couplings cf, responsible for spin-dependent scattering,
are negligibly small because of an extremely strong
cancellation, independent of M, between the dark photon
and the Z boson terms in C%, in Eq. (17) (see Appendix A).
As shown in Appendix B, the operator Og dominates the
event rate of direct detection.

While most direct searches have focused on providing
limits on the dark matter proton cross section based upon
the standard SI and SD interactions, the Xenon
Collaboration has placed exclusion limits on isoscalar
dimensionless couplings for all elastic scattering EFT
operators [54]. In the case of (g, it is assumed that
Cg = C§ = C%, which implies that, as a good approxima-
tion, the event rate R « A% - (C2)*. However, in the dark
photon model considered here, we find that ¢} < cf.
Therefore, we simply rescale the Xenonl00 limits by a
factor of A2/Z? = 1312/54%>. A precise determination
should take into account the proportion of the seven most
abundant isotopes of Xenon and the isospin asymmetric
nuclear response functions. However, as we will see when
the predictions of the present model are compared with the
Xenon100 (and LZ) limits, the size of those corrections is
far below the accuracy relevant at the present time.

The LZ Collaboration [12] has placed the most stringent
constraints on the standard spin-independent (SI) cross
sections. These are stronger than those of the Xenon-1T
Collaboration [9] by approximately one order of magnitude.
We make an estimate of the LZ limits on ¢} by assuming

(C§)2|LZ

01871|LZ (22)
(Cg)z |Xen0n100 GISJI |Xenon1T

D. Constraints from collider searches

As mentioned earlier, because of the A’ — Z mixing,
strong indirect constraints are provided by electroweak
precision observables [43,44,55], measured at lepton (LEP,
SLC) and hadron (Tevatron, LHC) colliders [48]. These
constraints, which will be reported in the results section,
typically lead to an upper limit on € ~ O(1072).

One can also derive exclusion limits on the parameter €
from an analysis of electron—proton deep inelastic scatter-
ing [42,56,57]. These are compatible with the EWPO
bound for M, < 10 GeV, while becoming weaker as
the dark photon mass increases; even rising above 0.1
when M, > M. The one exception to these exclusion
limits is the analysis of DIS data by Hunt-Smith ef al. [58],
who reported a strong indirect signal for a dark photon in
the 2-6 GeV region.

The strongest limits on the mixing parameter ¢ come
from ete~ [27] and hadron colliders [28,29], which
typically assume that the dark photon only decays to
SM final states. Recent analyses showed that these

constraints could be significantly relaxed in light of
potential couplings of the dark photon to dark matter
[23,59,60]. Taking the CMS constraints [29] as an example,
in the case of vector coupling the relaxed limits can be
derived either from an analysis of cross sections [60] or
from a simple rescaling by decay widths [23]. In the present
work, we adopt the latter method to estimate the modified
upper bounds

Ty Ty
e < ¢EMS ap—sm T 14, xx’ (23)
IﬂAD—>SM

where the decay widths are given in Eq. (11).

Constraints on e from future experiment at Belle-II are
expected to be much stronger for dark photon mass below a
few GeV [61]. The proposed experimental facilities, such
as the FCC-ee [62], are expected to measure some of the
electroweak observables with significantly increased pre-
cision, which could improve the current constraints on the
dark sector in the heavy mass region [63].

IV. RESULTS

Earlier studies [20-22] typically adopted a mass ratio of
R = 3 and then reduce it to R = 2 (resonance region). The
dark coupling, ap, spans a wide range from the perturba-
tivity limit of 1/2 down to a,,, or smaller. To ensure our
analysis thoroughly explores the most relevant parameter
space, we select R =3, 2.3, 2.05 and ap = 0.5, 0.05,
0.005, as in Ref. [24].

For given values of ap and the mass ratio R, we adjust
the mixing parameter ¢ to generate the observed relic
density in Eq. (14) [64—66]. This sets the lower bounds on
the variable y required to avoid overabundance, which are
shown in Fig. 1 (left panels). The exclusion constraints on €
from electroweak precision observables (EWPQO), which
are also shown there, are taken from Refs. [43,44] and
converted to the y — m,, plane.

We then derive the corresponding couplings cf in
Eq. (21) using the dark parameters determined from the
thermal relic density, which are converted to dimensionless
couplings using m2_, = (246.2 GeV)?, and compared
with the upper limits from the Xenonl100 Collaboration
and the LZ Collaboration as shown in Fig. 1 (right panels).

The most appealing feature of our model is that, even if
the dark photon mass is far away from the resonant region
with R = 3, as shown in the right-hand panel of Fig. 1, the
lower bounds on the coupling ¢§ from the thermal relic
density are below the upper limits set by direct detection,
over a wide range of m, . This is because the direct detection
event rate is suppressed by v? or g2, where v and ¢ are the
dark matter velocity and the momentum transfer, respec-
tively. For lower values of R, the lower bound from relic
density considerations lies below the direct detection upper
bound on ¢ for all m,.
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Left panels: The lower limits on y from the thermal relic density (solid lines). The EWPO constraints (dashed lines) are derived

by converting the exclusion limits on ¢ from Refs. [43,44], with M, being extended up to 3 TeV. The shaded areas are the eigenmass
repulsion regions [42] corresponding to different values of ap, in which the dark photon parameters are not accessible. Right panels:

the corresponding constraints on the dimensionless coupling of Q. The Xenon100 limits [54] have been relaxed by a factor of A2/Z>.
The upper bounds from LZ are derived according to the rescaling in Eq. (22).

On the other hand, for R = 3 the lower limits on €, or
equivalently the variable y, exceed the upper bounds from
electroweak precision observables over a broad range of
m,, in the GeV-TeV region. For ap = 0.05 and 0.005,
there are no solutions for y because of the eigenmass
repulsion when m, lies in the range [28.5, 32.0] GeV and
[24.2, 34.9] GeV, respectively. Note that for m, < 60 GeV,
the lower limits of y with ap =0.5, 0.05 and 0.005

coincide. In the high-mass region, there are small differences
among these three cases because the values of ¢ are large and
the small ¢ expansions of the physical couplings in Egs. (6)
and (9) are not valid.

As one moves a little closer to the dark matter threshold,
with R = 2.3, the relic density constraint allows smaller
values of y because of the enhanced contribution to the dark
matter annihilation cross section. This allows one to escape

115014-5



X.G. WANG and A. W. THOMAS

PHYS. REV. D 113, 115014 (2026)

-
S /——_
oy __--=== 2 /7 ]
————— NS
-
_____ \‘,/
-3 — — b
10} | -1
-
T L - ‘,',/’
7 L N
10 £ == \\,
\l
) [\
10*5, — CMS, ap=0 thermal relic
ap=0.05,R=2.05 ==
ap=0.05,R=2.3 _—
-6
10 1(‘)2
My, [GeV]

FIG. 2. The lower bounds on ¢ from the thermal relic density
(dashed line), which are compared with the modified upper limits
(solid lines) from the CMS Collaboration [29], according to
Eq. (23).

the EWPO constraints for ap = 0.5, 0.05 and 0.005, for a
relatively wide range of dark photon masses. In addition,
the resulting couplings ¢} lie well below the upper limits
derived from direct detection.

In the resonance regime, with R = 2.05, the lower
bounds on y and the corresponding coupling c§ decrease
even further, leaving a much broader region of the dark
parameter space that is consistent with the dark matter relic
density and direct detection.

In the case where aj > a.,e?, the dark photon decay
width to dark matter will be much larger than that to SM
particles. This has the effect of increasing the deduced
limits on € obtained by assuming that it decays only to SM
particles. In Fig. 2 we show that the lower limits on €
obtained from the thermal relic density by taking ap =
0.05 for R = 2.3 and 2.05, are consistent with the relaxed
CMS constraints according to Eq. (23).

V. CONCLUSION

We have investigated a dark matter model consisting of a
dark photon which interacts with a dark Dirac fermion
through axial-vector coupling. Both the dark photon and
the Z boson contribute to the dark matter annihilation and
dark matter-nucleon scattering processes. The leading
effective operator in a nonrelativistic reduction is Og.
We demonstrated that the resonance regime is still viable
with broad regions of dark parameter space that are
consistent with all the constraints from dark matter relic
density, direct detection, and collider searches.

In order to satisfy the EWPO constraints, it is still
required that the ratio R should not be too large. In all three
cases with R = 3, 2.3 and 2.05, the event rate for DM—
nucleus scattering naturally eludes the direct detection
constraints because of suppression from the dark matter
velocity and the momentum transfer. In the last two cases,
the lower bounds on the mixing parameter € are also
consistent with the modified CMS limits.

Our findings suggest that WIMP dark matter is still a
promising dark matter candidate, but with nonstandard SI
and SD interactions between the dark and ordinary matter.
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APPENDIX A: CANCELLATION IN
THE EVALUATION OF O,

In this section, we demonstrate the strong cancellation in
the coupling ¢}’

Substituting Egs. (6), (7), and (9) into Eq. (17), the
coupling to the proton is

9,e(2C5 , +C5 ) (cosa(sina + ey cos )

P )
A1 = /cos?0y, { M3,
_sina(cosa;ewsina)}' (A1)
M7
In the limit ¢ <« 1, we can get [23]2
. _ _ O 3 i
sina = —n ™ (€”)
2 2
cosazl—”—e—z, (A2)
2 cos 6y,

where 7 = sin 0y /(1 — r) with r = M3 /M7. Therefore,
the terms in the bracket of Eq. (A1) become

1 ) ) 1
M—iu- {(sina+ey) —sina-r} = M—iD- {—etanOy + ey},

(A3)

which exactly cancel, leading to a vanishing coupling of ¢}
at this order. Moreover, the cancellation also occurs for the
coupling to the neutron, cJ.

*The mixing parameter ¢ in Ref. [23] is equivalent to
—e/ cos Oy in our work.
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APPENDIX B: CONTRIBUTIONS OF Og AND Oy

The event rate (per unit time) in direct detection can be
written as

dR do
NTp_Z. e L (B1)
dER m)( dER
where (Z‘g}:) denotes an average over the dark matter

velocity distribution in the lab frame,

da){T _ /dGIT )
dEx dEg

The differential DM-nucleus scattering cross section is [33]

vf (U, 1)dv. (B2)

da)(T 2mT

47[UZZC

ij N,N'=pn

FNN (v, ¢%), (B3)

where the nuclear response functions associated with the
effective operators Og and Oy are [34]°

, 1 2 2
Fiy' = C<JI)4<<UZ_4qm2> M +q_FNN>’

T My
N.N' 612 N.N'
N
NN 512 N.N'
Fg C(]){)%FZ’A’ (B4)

with C(j,) = 4j,(j, + 1)/3 being a prefactor that depends
on the DM spin j, and has been normalized to C(1/2) = 1,
and g*> = 2mEg.

The astrophysics enters through the halo integral [67]

d*v :/ vf (9, 1)dvdQ,

h(vmin’ t) = / /Uf(i_}a t)d31} = / UBf(E, t)dUdQ,
U>Vpin V> VUpin
(B5)

where the minimum velocity required to produce a recoil
energy Ep in elastic scattering is

The definition of Oy in Eq. (20) is different from that
in Ref. [34] by a factor of 1/my. Therefore, Ff)\{ ;)N "and F g'gN ,

are different from those in Ref. [34] by 1/m% and 1/my,
respectively.

m, =40 GeV

Eg [keV]

FIG. 3. dorry,
up to a factor of =~ 2’"’ "~ (¢§ )*. Note that the green (dotted) hne shows

The velocity and time averaged scattering rate, (

the absolute Value of the interference term, as F becomes
negative when Ep > 30 keV.
Egmy
Vmin(M,,, Eg) = 5 (B6)
2u,r

with y,r = m,my/(m, + my) being the reduced mass.
The velocity and time averaged scattering rate is a
function of m, and Eg

d 2
U =TT (g
dER 47[
{1 (
X —
4

2
@ _
o FOP (g?) - n(vmm)>

2
q- _
- 4m2 n(vmin)]

T

() |Bom)

2
N
e FEG) ()
16m3, " *
2
q _
+4—F( )( ) 'n(vmin)}7 (B7)
my
where ¢§ = ¢} has been applied, and
1
ﬁ(vmin) _/0 n(vmin’t)dt,
_ 1
h(vmin) = / h(vmin, I)dl. (BS)
0

We take m, = 40 GeV as an example, because this is the
mass at which the direct detection experiments, such as
PandaX [10] and LZ [12], set the strongest limits on both
SI and SD cross sections. We compare the scattering rate
(up to a factor of 2'”7 (c )?) associated with Og, Oy, and
their interference in F1g 3. From this figure we can see that
Eq. (B7) is dominated by the effective operator Og over a
wide range of the recoil energy.
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