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Dark Matter models that employ a vector portal to a dark sector are usually treated as an effective theory that 
incorporates kinetic mixing of the photon with a new U(1) gauge boson, with the 𝑍 boson integrated out. 
However, a more complete theory must employ the full SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ gauge group, in which kinetic 
mixing of the 𝑍 boson with the new U(1) gauge boson is taken into account. The importance of the more 
complete analysis is demonstrated by an example where the parameter space of the effective theory that yields 
the observed dark matter relic density is in conflict with a suitably defined electroweak 𝜌 parameter that is 
deduced from a global fit to 𝑍 physics data.
1. Introduction

The Standard Model (SM) of electroweak interactions based on an 
SU(2)𝐿× U(1)𝑌 gauge theory describes to very high precision the funda-

mental particles discovered in the laboratory [1]. Yet, it is known from 
cosmological and astrophysical observables, that SM particles constitute 
only around 15% of the total matter content of the Universe, with the 
remaining 85% consisting of non-baryonic dark matter (DM) that can-

not be accommodated by the SM [2–4]. Some of the leading contenders 
for physics beyond the SM that contain candidates for particles that can 
contribute to the DM include models where the usual massless electro-

magnetic photon, associated with the unbroken U(1)EM gauge group, 
couples through kinetic mixing [5–9] with a very light massive dark 
photon [10] (also called dark 𝑍′ boson [11,12]) that is associated with 
a new U(1)𝑌 ′ gauge symmetry. The dark photon (or equivalently the 
dark 𝑍′ boson) serves as a mediator between the sector of SM particles 
and a dark sector which contains particles that are neutral with respect 
to SM gauge group. The DM can then be identified with either stable 
particles and/or particles with lifetimes significantly larger than the age 
of the Universe that reside in the dark sector (e.g., see [13–33]). This 
analysis can and is usually made without referring to the 𝑍 boson. The 
idea is that the interactions relevant for DM studies occur at an energy 
significantly below the 𝑍 boson mass (𝑚𝑍 ), in which case this field can 
be integrated out. One then proceeds to study the effective theory that 
depends solely on two parameters.

However, a complete electroweak and DM model must indeed start 
from the full SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ gauge theory. The physical 𝑍
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boson field will then comprise a small component of the U(1)𝑌 ′ bo-

son field, which affects the interpretation of the precision electroweak 
observables measured at colliders. Now the question arises: in such 
complete theories, is there a tension between the parameters required 
for a (low-energy) explanation for DM and those required to conform 
with 𝑍 boson observables? A number of 𝑍 physics observables have 
been considered in [11,17,19,23,32–35]. In this work, we examine tree-

level corrections to the electroweak 𝜌 parameter, which is very precisely 
determined in [36]. This yields a very important condition that the pu-

tative complete electroweak-DM model must obey in order to comply 
with both dark matter searches and the collider constraints arising from 
precision electroweak studies.

In Section 2, we review the SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ gauge theory, 
which includes kinetic mixing between the U(1)𝑌 and U(1)𝑌 ′ gauge 
bosons, where the gauge bosons are coupled to an arbitrary set of scalar 
multiplets. Diagonalizing the neutral vector boson squared mass matrix 
yields the photon, 𝑍 boson, and the dark 𝑍′ boson. Following [37], we 
define a suitable electroweak 𝜌 parameter and show that the SM tree-

level result of 𝜌 = 1 is modified. In Section 3, a dark matter candidate 
is introduced by adding a Dirac fermion 𝜒 to the model that is neutral 
with respect to the SM but has a nonzero U(1)𝑌 ′ charge. Two different 
mass orderings for 𝑚𝜒 and 𝑚𝑍′ are considered. Conditions are then 
obtained on the model parameters such that 𝜒 constitutes the observed 
dark matter. In Section 4, we provide an example where the latter result 
is in conflict with the value of 𝜌 deduced from a global fit to 𝑍 physics 
data. In particular, as noted in our conclusions presented in Section 5, 
realistic models containing a dark 𝑍′ as a vector portal to a dark sector 
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must be reconsidered in the framework of a gauge theory that contains 
the 𝑍 boson in addition to the photon and dark 𝑍′. Ultimately, one 
must check all constraints imposed by the precision electroweak data in 
order to achieve a consistent DM model.

2. An extra vector boson

2.1. Gauge sector

The presence of an extra vector boson �̂� allows for kinetic mixing 
between abelian gauge bosons in the Lagrangian,

 ⊃ −1
4
�̂�𝜇𝜈�̂�

𝜇𝜈 − 1
4
�̂�𝜇𝜈�̂�

𝜇𝜈 + 𝜖

2𝑐𝑊
�̂�𝜇𝜈�̂�

𝜇𝜈 , (1)

where �̂�𝜇 and �̂�𝜇 are the gauge bosons of 𝑈 (1)𝑌 and 𝑈 (1)𝑌 ′ , respec-

tively, and �̂�𝜇𝜈 and �̂�𝜇𝜈 are the corresponding field strength tensors. 
The last term describes kinetic mixing between the U(1)𝑌 and the 
U(1)𝑌 ′ gauge bosons, where 𝑐𝑊 is defined implicitly in Eq. (8) below.

Next, we transform the �̂� and �̂� fields such that

�̂�𝜇 = 𝜂𝑋𝜇 , �̂�𝜇 =𝐵𝜇 + 𝜖

𝑐𝑊
𝜂𝑋𝜇 , (2)

where

𝜂 ≡
1√

1 − 𝜖2∕𝑐2
𝑊

. (3)

We then recover the canonical form of the kinetic Lagrangian,  ⊃
−1

4𝐵𝜇𝜈𝐵
𝜇𝜈 − 1

4𝑋𝜇𝜈𝑋
𝜇𝜈 . Adding to this the kinetic Lagrangian of the 

SU(2)𝐿 fields (𝑊 ± and 𝑊 3) and defining the SU(2)𝐿, U(1)𝑌 and U(1)𝑌 ′

gauge couplings by 𝑔, 𝑔′, and 𝑔𝑋 , respectively, one can derive the mass 
eigenstates of the gauge bosons.

2.2. Scalar multiplets

All gauge bosons are massless before spontaneous gauge symme-

try breaking. In order to generate mass for the 𝑍 boson and a very 
light dark photon (henceforth denoted as the dark 𝑍′), one needs to 
break the gauge symmetry with some scalar fields. Here, we consider a 
complex scalar doublet Φ with 𝑌 ′ = 0 and SM quantum numbers (i.e., 
weak isospin 𝑡1 = 1∕2 and hypercharge 𝑦1 = 1∕2), and 𝑁 −1 additional 
real or complex scalar multiplets 𝜑𝑖 (the latter charged under SU(2)𝐿, 
𝑌 , and/or 𝑌 ′ with corresponding weak isospin 𝑡𝑖 and U(1) charges 𝑦𝑖
and 𝑦′

𝑖
, respectively, for 𝑖 = 2, … , 𝑁), each with an electrically neutral 

component. The neutral components of the scalars acquire vacuum ex-

pectation values 
⟨
Φ0⟩ = 𝑣1∕

√
2 and 

⟨
𝜑0
𝑖

⟩
= 𝑣𝑖∕

√
2 , 𝑖 = 2, … 𝑁 , which 

spontaneously break the gauge group. These, in turn, give mass to the 
𝑊 ± boson such that

𝑚2
𝑊

= 𝑔2𝑣2

4
=
𝑔2

[
𝑣21 +

∑𝑁

𝑖=2 2(𝐶𝑅𝑖
− 𝑦2

𝑖
)𝑣2

𝑖
𝑐𝑖

]
4

, (4)

where 𝐶𝑅𝑖
= 𝑡𝑖(𝑡𝑖 + 1) for a complex [real] 𝜑𝑖 multiplet, with 𝑐𝑖 = 1

[𝑐𝑖 = 1∕2]. In order to approximately reproduce the observed value of 
𝑚𝑊 ∕𝑚𝑍 , we shall choose scalar field multiplets such that

𝐶𝑅𝑖
= 3𝑦2

𝑖
, (5)

which ensures that Eq. (16) is satisfied.

As for the neutral gauge bosons, by mixing 𝐵𝜇 and 𝑊 3
𝜇

in the usual 
way, we identify the photon field 𝐴𝜇 (and the corresponding orthogonal 
field 𝑍0

𝜇
) by

𝐴𝜇 =𝑊 3
𝜇
𝑠𝑊 +𝐵𝜇𝑐𝑊 , (6)

𝑍0
𝜇
=𝑊 3

𝜇
𝑐𝑊 −𝐵𝜇𝑠𝑊 , (7)

where 𝑐𝑊 ≡ cos𝜃𝑊 and 𝑠𝑊 ≡ sin𝜃𝑊 . Eqs. (6) and (7) define the 
2

weak mixing angle 𝜃𝑊 such that 𝑒 = 𝑔𝑠𝑊 and 𝑔′ = 𝑔𝑡𝑊 (where 𝑡𝑊 ≡
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𝑠𝑊 ∕𝑐𝑊 ). Indeed, we may define the weak mixing angle (at tree level) 
in terms of physical observables via [37],

𝑠2
𝑊

=
𝜋𝛼EM√
2𝐺𝐹𝑚

2
𝑊

, (8)

where 𝐺𝐹 is the weak interaction Fermi constant and 𝛼EM ≡ 𝑒2∕(4𝜋). 
Note that Eq. (8) can be applied both in the SM and in U(1)′ extended 
gauge theories.

The squared-mass matrix of the remaining (massive) neutral gauge 
bosons with respect to the {𝑍0, 𝑋} basis is then given by

2 =
⎡⎢⎢⎣

𝑚2
𝑍0 (2)12

(2)12 (2)22

⎤⎥⎥⎦ , (9)

where 𝜂 is defined in Eq. (3), 𝜏 ≡ 𝑔𝑋∕𝑔,

(2)12 = −
𝑚2
𝑍0

𝑣2

[
4𝜂𝑡𝑊 𝜖

𝑁∑
𝑖=1

𝑣2
𝑖
𝑦2
𝑖
+ 4𝜂𝜏𝑐𝑊

𝑁∑
𝑖=2

𝑣2
𝑖
𝑦𝑖𝑦

′
𝑖

]
, (10)

and

𝑚𝑍0 ≡
𝑔𝑣

2𝑐𝑊
=
𝑚𝑊

𝑐𝑊
. (11)

We are suppressing the explicit expression for (2)22, as it is not 
needed in what follows. Note that the interaction eigenstate field 𝑍0

does not correspond to the field of the experimentally observed 𝑍 bo-

son since it is not a mass eigenstate field, and the mass of the 𝑍 (denoted 
below by 𝑚𝑍 ) is not equal to 𝑚𝑍0 .

The mass eigenstate fields 𝑍 and 𝑍′ are obtained via

(
𝑍0 𝑋

)
2

(
𝑍0

𝑋

)
=

(
𝑍 𝑍′ ) (

𝑚2
𝑍

0
0 𝑚2

𝑍′

) (
𝑍

𝑍′

)
, (12)

where 𝑚𝑍′ is the mass of the dark 𝑍′ and(
𝑍0

𝑋

)
=
(
cos𝛼 −sin𝛼
sin𝛼 cos𝛼

)(
𝑍

𝑍′

)
(13)

defines the mixing angle 𝛼. We may then extract the important relation,

𝑚2
𝑍0 =𝑚2

𝑍
cos2 𝛼 +𝑚2

𝑍′ sin2 𝛼 . (14)

In an SU(2)𝐿× U(1)𝑌 gauge theory, the choice of scalar multiplets 
that satisfy Eq. (5) has been imposed in order to ensure that the tree-

level electroweak 𝜌 parameter,

𝜌 ≡
𝑚2
𝑊

𝑚2
𝑍
𝑐2
𝑊

, (15)

satisfies 𝜌 = 1 without resorting to a fine-tuning of the choice of scalar 
field vacuum expectation values. Examples include multi-Higgs dou-

blet models (for a review see, e.g., [38]), or models with one doublet 
and one septet [39,40]. As shown in [37], in models with an SU(2)𝐿×
U(1)𝑌 × U(1)𝑌 ′ gauge group, Eq. (5) enforces instead a new tree-level 
parameter

𝜌′ ≡
𝜌

1 +

(
𝑚2
𝑍′

𝑚2
𝑍

− 1

)
sin2 𝛼

= 1 , (16)

where we have used Eq. (14). The role of 𝜌′ in an SU(2)𝐿× U(1)𝑌 ×
U(1)𝑌 ′ gauge theory is analogous to the role of 𝜌 in an SU(2)𝐿× U(1)𝑌
gauge theory.

Using Eq. (8), it is convenient to replace Eq. (15) with the following 

equivalent definition:
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𝜌 ≡
2𝐺𝐹𝑚

4
𝑊

𝑚2
𝑍

(
2𝐺𝐹𝑚

2
𝑊

−
√
2𝜋𝛼EM

) . (17)

In particular, Eq. (8) is a suitable definition in both SU(2)𝐿× U(1)𝑌 and 
in SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ gauge theories, independently of how one 
chooses to define 𝑐𝑊 . Finally, using Eq. (16) we arrive at

𝜌− 1 = (𝑟− 1) sin2 𝛼 , (18)

where

𝑟 ≡
𝑚2
𝑍′

𝑚2
𝑍

, (19)

and the magnitude of sin𝛼 is controlled by 
(
2)

12. In particular,

sin2 2𝛼 =
4
[
(2)12

]2
(𝑚2

𝑍
−𝑚2

𝑍′ )2
. (20)

It is useful to eliminate sin𝛼 in favor of the parameter 𝑟212 defined below:

𝑟212 ≡

(
(2)12
𝑚2
𝑍0

)2

= (1 − 𝑟)2 sin2 𝛼 cos2 𝛼[
1 − (1 − 𝑟) sin2 𝛼

]2 . (21)

Then,

sin2 𝛼 =
1 − 𝑟+ 2𝑟212 −

√
(1 − 𝑟)2 − 4𝑟 𝑟212

2(1 − 𝑟)(1 + 𝑟212)
. (22)

Combining Eq. (18) with Eq. (22) yields,

𝜌− 1 =
−1 + 𝑟− 2𝑟212 +

√
(1 − 𝑟)2 − 4𝑟 𝑟212

2(1 + 𝑟212)
, (23)

which is a monotonically decreasing function of 𝑟12. This fact will be 
instrumental in the results obtained in Section 4.

In the dark matter models considered in Sections 3 and 4, we shall 
assume that 0 < 𝑚𝑍′ < 𝑚𝑍 or equivalently 0 < 𝑟 < 1. Then Eq. (18)

implies that 𝜌 −1 < 0. It is then convenient to use Eq. (23) to obtain 𝑟212
as a function of 𝑟 and 𝜌:

𝑟212 =
(1 − 𝜌)(𝜌− 𝑟)

𝜌2
. (24)

3. Dark matter

A dark matter candidate is commonly included in the dark 𝑍′ model 
either by adding an inert scalar field or by adding an SU(2)𝐿× U(1)𝑌
singlet Dirac fermion with a nonzero U(1)𝑌 ′ charge. In what follows, we 
shall consider such a Dirac fermion, denoted by 𝜒 , as the dark matter 
candidate.

Thus, the dark Lagrangian is given by

DM = 𝑖𝜒 ∕𝐷𝜒 −𝑚𝜒𝜒𝜒 , (25)

where the covariant derivative can be expanded as

𝐷𝜇 = 𝜕𝜇 + 𝑖𝑔𝑋𝑌
′𝜂(𝑠𝛼𝑍𝜇 + 𝑐𝛼 𝑍

′
𝜇
) , (26)

with 𝑠𝛼 ≡ sin𝛼, 𝑐𝛼 ≡ cos𝛼, and 𝜂 is defined in Eq. (3). We note the 
difference between Eq. (26) and the corresponding expressions given in 
[4,41]

𝐷𝜇

[4,41]
⊃ 𝜕𝜇 + 𝑖𝑔𝑋𝑌

′𝑍′
𝜇
. (27)

The approximation in Eq. (27) requires two assumptions: (i) 𝜂 ≈ 1, and 
(ii) 𝑐𝛼 ≈ 1. Note that the latter is not guaranteed to be true in all mod-

els even if 𝜖 = 0. Indeed, by adding non-inert, non-singlet scalars to the 
theory, 𝑐𝛼 is controlled by 𝜖 and 𝑔𝑋 . Because 𝑔𝑋 still needs to be signif-
3

icant to explain the correct abundance of DM, we may constrain (and 
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perhaps exclude) models using precision electroweak observables, such 
as the 𝜌 parameter as defined in Eq. (17).

The interaction term of the 𝑍′ boson with a SM fermion 𝜓 is given 
by

int ⊃ − 𝑔

2𝑐𝑊
𝜓 𝛾𝜇

(
𝑔𝑉 − 𝑔𝐴𝛾5

)
𝜓𝑍′

𝜇
, (28)

where

𝑔𝑉 =
(
2𝑄𝑠2

𝑊
− 𝑇3

)
𝑠𝛼 +

(
𝜂𝑡𝑊 𝜖

)(
2𝑄− 𝑇3

)
𝑐𝛼 , (29)

𝑔𝐴 = −𝑇3𝑠𝛼 −
(
𝜂𝑡𝑊 𝜖

)
𝑇3𝑐𝛼 , (30)

and 𝑄 = 𝑇3 + 𝑌 . In [4], the authors employ

int

[4]
⊃ 𝜓 𝛾𝜇 (−𝜖 𝑒𝑄)𝜓𝑍′

𝜇
, (31)

in the small 𝜖 and small 𝑚𝑍′ approximation. In particular, in the case 
of a scalar field that is neutral with respect to SU(2)𝐿× U(1)𝑌 and has 
a nonzero U(1)𝑌 ′ charge (treated in [37]), one obtains 𝑠𝛼 ≃ −𝜂𝑡𝑊 𝜖 and 
𝑐𝛼 ≃ 1 after dropping terms of order (𝜖2) and (𝑟). Inserting these 
results into Eqs. (28)–(30) reproduces Eq. (31).

In the following, we assume that the DM candidate 𝜒 is in thermal 
equilibrium in the early Universe. The velocity averaged cross section 
for 𝜒𝜒 annihilation is given by 

⟨
𝜎𝜒𝜒𝑣

⟩
≃ 2 × 10−26 cm3 s−1 ≃ 1.7 ×

10−9 GeV−2 (the latter in natural units) for values of 𝑚𝜒
>∼ 10 GeV [2], 

under the assumption that 𝜒 particles saturate the observed DM abun-

dance today. As the Universe evolves and the temperature drops, a point 
is reached where the DM decouples from the thermal bath and it freezes 
out [3,4]. Freeze-out in the U(1)𝑌 ′ model considered above may be ac-

cessed through two main regimes which we now briefly consider—the 
characteristic and secluded regimes.

3.1. Freeze-out: characteristic regime

The characteristic regime corresponds to the mass ordering given 
by 𝑚𝑍′ > 𝑚𝜒 > 𝑚𝑒, where the dominant annihilation mechanism is the 
𝑠-channel scattering process 𝜒𝜒 →𝑍′∗ → 𝑓𝑓 . Then, the velocity aver-

aged annihilation cross section is given by [4]

⟨
𝜎𝜒𝜒𝑣

⟩ [4]
≈

𝑚2
𝜒

𝜋𝑚4
𝑍′

(
𝜖𝑒𝑔𝑋𝑌

′)2 , (32)

under the assumption that 𝑚𝜒 ≫𝑚𝑒 and 𝑚𝑍′ ≫𝑚𝜒 . By assuming 𝑌 ′ = 1
(and correcting some minor misprints in [4]), we obtain the correct DM 
abundance with

1.7 × 10−9

GeV2

[4]
≈ 0.038

GeV2

(
𝑚𝜒

0.01GeV

)2(0.1GeV

𝑚𝑍′

)4
(𝜖 𝑔𝑋 )2 , (33)

which, after fixing the masses, yields a value for 𝜖 𝑔𝑋 in agreement with 
[42,43]. However, as there are contributions from both vector and axial 
interactions, a full model computation of Eq. (32) is needed, which is 
provided in Appendix A, to obtain a more precise result. When Eq. (32)

is replaced by the expression obtained in Eq. (A.7), we find that the 
numerical result obtained in Eq. (33) is modified by a factor of order 
unity.

For models with a light 𝑍′ where 𝑚𝜒 < 𝑚𝑍′ < 10 GeV, the char-

acteristic regime is ruled out by the bound obtained in Fig. 46 of [2], 
which is derived from the cosmic microwave background (CMB) data.

3.2. Freeze-out: secluded regime

The secluded regime, which was advocated in [41] and explored 
further in [44], corresponds to the mass ordering 𝑚𝜒 > 𝑚𝑍′ > 𝑚𝑒, where 
the dominant annihilation mechanism is 𝜒𝜒 → 𝑍′𝑍′ via 𝑡-channel 𝜒 -

exchange. In contrast to the characteristic regime, the CMB bound cited 
above does not rule out a light 𝑍′ for 𝑚𝜒 > 10 GeV. The corresponding 

velocity averaged annihilation cross section is given by [4]
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⟨
𝜎𝜒𝜒𝑣

⟩ [4]
≈

𝑔4
𝑋
𝑌 ′4

8𝜋𝑚2
𝜒

, (34)

under the assumption that 𝑚𝜒 ≫ 𝑚𝑍′ . Assuming again that 𝑌 ′ = 1, we 
obtain the correct DM abundance with

1.7 × 10−9 GeV−2 [4]
≈ 0.04

𝑔4
𝑋

𝑚2
𝜒

, (35)

which, after fixing the mass 𝑚𝜒 , yields a value for 𝑔𝑋 .

A more precise analysis that employs the full SU(2)𝐿× U(1)𝑌 ×
U(1)𝑌 ′ model will modify the results obtained above. Using Eq. (26), 
the results of Eqs. (34)–(35) are modified as follows:

⟨
𝜎𝜒𝜒𝑣

⟩
≈
𝑔4
𝑋
𝜂4 𝑐4

𝛼
𝑌 ′4

8𝜋𝑚2
𝜒

, (36)

1.7 × 10−9 GeV−2 ≈ 0.04
𝑔4
𝑋
𝜂4 𝑐4

𝛼

𝑚2
𝜒

. (37)

After fixing 𝑚𝜒 and 𝑚𝑍′ , we may constrain the values of 𝑔𝑋 and 𝜖 [after 
employing Eq. (22), which determines the value of 𝑐𝛼]. In particular, 
even if 𝜖 ≪ 1, one cannot assume in general that 𝑐𝛼 ≃ 1.

4. Dark matter and the electroweak 𝝆 parameter

By considering 𝑍′ as the vector portal to a dark sector, we may infer 
a relation between the dark matter relic density and the parameters 𝑔𝑋
and 𝜖. In Section 3 we saw that by fixing 𝑚𝜒 and 𝑚𝑍′ we could constrain 
𝑔𝑋 and 𝜖 through Eq. (33) and Eq. (37). The secluded regime is largely 
independent of 𝜖, and we will use this regime to provide the following 
instructive example.

Consider an SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ model that possesses scalar 
multiplets 𝜑𝑖 beyond the SM Higgs doublet that are non-inert (i.e., 𝑣𝑖 ≠
0) and charged under both U(1)𝑌 and U(1)𝑌 ′ . In particular, we assume 
a parameter regime where 𝜖 ≪ 1 and 𝑟 =𝑚2

𝑍′ ∕𝑚2
𝑍
≪ 1. Using Eq. (22),

𝑐2
𝛼
= 1

1 + 𝑟212

+(𝑟) . (38)

Eq. (9) then yields 𝑟212 =
[
(2)12

]2∕𝑚4
𝑍0 ∼ 𝑔2

𝑋
∕𝑔2, under the assump-

tion that1

4𝑐𝑊
𝑣2

∑
𝑖

𝑦𝑖𝑦
′
𝑖
𝑣2
𝑖
∼(1) . (39)

For example, if 𝑚𝜒 = 20 GeV then Eq. (37) yields

𝑔𝑋 ∼ 0.0645 . (40)

As 𝑔𝑋 becomes larger, so does 𝑟212. Because Eq. (23) was determined 
to be a monotonically decreasing function with 𝑟212, the quantity 𝜌 − 1
gets more negative with larger 𝑟12. Thus, a large 𝑔𝑋 pushes towards a 
larger negative value of 𝜌 − 1. An illustration of this effect is exhibited 
in Fig. 1. It can be seen that for 𝑟 ≪ 1, the contribution of 𝑟 to 𝜌 − 1 is 
small. Then, we may approximate Eq. (23) by

𝜌− 1 = −
𝑟212

1 + 𝑟212

+(𝑟) . (41)

Using 𝑟212 ∼ 𝑔2
𝑋
∕𝑔2 ∼ 2.34𝑔2

𝑋
, we end up with

𝜌− 1 ∼ −0.0096 . (42)

1 Note that the assumption that Eq. (39) is satisfied can be consistent with the 
requirement that there exists a SM-like Higgs boson ℎ in the scalar spectrum (as 
indicated by the LHC Higgs data [45,46]) if the decoupling limit is realized [47]
4

(where all new scalars beyond the SM are significantly heavier than ℎ).
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Fig. 1. Variation of 𝜌 − 1 with 𝑟212 and 𝑟 obtained from Eq. (24). Note that 
𝜌 − 1 < 0 in light of Eq. (18). Values of 𝜌 − 1 that are less than [more than] 5𝜎
below the central value given in Eq. (43) (obtained in the global electroweak fit 
of [36]) are exhibited by the shaded green [gray hatched] regions of the plot.

This value, which lies in the gray hatched region of Fig. 1, is inconsistent 
with the global electroweak fit value of [36]

𝜌0 = 1.00038 ± 0.00020 . (43)

Note that as defined by the authors in [36], 𝜌0 = 1 exactly in the SM, 
and a deviation from 𝜌0 = 1 can be interpreted as a consequence of new 
physics beyond the SM (under the assumption that it is a small per-

turbation that does not significantly affect other electroweak radiative 
corrections). In the present context, we can assume that the deviation 
from 𝜌0 = 1 is due primarily to the tree-level effect exhibited in Eq. (23).

As a second example, consider an extended Higgs sector that con-

tains an SU(2)𝐿× U(1)𝑌 singlet scalar 𝜑 with a U(1)𝑌 ′ charge of 𝑦′ = 1. 
Eqs. (10) and (21) yield:

𝑟212 = 𝜂2𝑡2
𝑊
𝜖2 . (44)

Under the assumption that |𝜖| ≪ 1 and 1 − 𝑟 ∼ (1), we can employ 
Eq. (23) to obtain:

𝜌− 1 =
𝑟212
𝑟− 1

+(𝑟412) . (45)

After inserting Eq. (44) into the above result and noting that 𝜂 = 1 +
(𝜖2) [cf. Eq. (3)], we end up with

𝜌− 1 = −
𝜖2𝑡2

𝑊

1 − 𝑟
+(𝜖4) , (46)

in agreement with a result previously obtained in [37]. For example, 
assuming that the true value of 𝜌0 is no more than 5𝜎 below the central 
value given in Eq. (43), one can deduce an upper limit of |𝜖| <∼ 0.046. 
This is one of a number of experimental observables that can be used to 
constrain the value of 𝜖 (e.g., see Fig. 6 of [44]).

Finally, we remark that in contrast to the dark matter models con-

sidered in Section 3, in models of asymmetric dark matter, the cross 
section required to annihilate the symmetric component of the dark 
matter must be roughly 2–3 times larger than the corresponding annihi-

lation cross sections of symmetric thermal dark matter models [48,49]. 
The more efficient annihilation cross section required by asymmetric 
dark matter models implies a larger value of 𝑔𝑋 , which would yield an 
even smaller allowable parameter space in light of Eq. (37).

5. Discussion and conclusions

In gauge theories with an SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ gauge group, 
we have examined models whose low energy behavior appears to be 
equivalent to a model of a photon that mixes with a new light neutral 
gauge boson (e.g., the dark photon). In the literature, the latter is of-
ten employed in models that propose to explain the observed DM relic 
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density, without considering the impact of the full SU(2)𝐿× U(1)𝑌 ×
U(1)𝑌 ′ model on 𝑍 physics observables. It is remarkable that the im-

plications of the 𝜌 parameter alone considered in Section 4 provide a
simple illustration that the two requirements—the origin of the DM and 
the consistency with 𝑍 physics observables—can easily be at odds with 
each other.

Additional constraints will arise when the impact of the SU(2)𝐿×
U(1)𝑌 × U(1)𝑌 ′ gauge theory on other precision electroweak observ-

ables is considered. For example, three tree-level shifts to the SM elec-

troweak Lagrangian due to the effect of the mixing of the interaction 
eigenstates 𝑍0 and 𝑋 are identified in [33], which are denoted by Δ1, 
Δ2, and Δ3. In particular, Δ1 is related to the tree-level 𝜌 parameter 
via 𝜌 = (1 + Δ1)−1. The other two quantities Δ2 and Δ3 correspond to 
shifts of the SM neutral current and the electromagnetic current to the 
physical 𝑍 boson, respectively. Indeed, there have been a number of 
authors (e.g., see [11,17,19,23,32–35]) who have performed fits to the 
precision electroweak data as a way of deducing interesting constraints 
on dark photon (dark 𝑍) models. It would be of interest to generalize 
such studies to examine the full impact of the SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′

gauge theory. One such approach is to employ an effective field the-

ory technique that includes all the gauge boson fields of the SU(2)𝐿×
U(1)𝑌 × U(1)𝑌 ′ model (e.g., see [50]). We shall explore the implications 
of a more complete analysis in a future publication.

Declaration of competing interest

The authors declare the following financial interests/personal rela-

tionships which may be considered as potential competing interests:

Howard Haber reports financial support was provided by US Depart-

ment of Energy. João Silva and Miguel Bento report financial support 
was provided by the Portuguese Fundação para a Ciência e Tecnologia.

Data availability

No data was used for the research described in the article.

Acknowledgements

We are grateful for discussions with Hooman Davoudiasl and Ste-

fania Gori. The work of M.P.B. is supported in part by the Por-

tuguese Fundação para a Ciência e Tecnologia (FCT) under contract 
SFRH/BD/146718/2019. The work of M.P.B. and J.P.S. is supported 
in part by FCT under Contracts CERN/FIS-PAR/0008/2019, PTDC/FIS-

PAR/29436/2017, UIDB/00777/2020, and UIDP/00777/2020; these 
projects are partially funded through POCTI (FEDER), COMPETE, 
QREN, and the EU. The work of H.E.H. is supported in part by the 
U.S. Department of Energy Grant No. DE-SC0010107. H.E.H. is grateful 
for the hospitality and support during his visit to the Instituto Superior 
Técnico, Universidade de Lisboa, where their work was initiated.

Appendix A. The annihilation cross section in the characteristic 
regime revisited

In [4], the authors derive the cross section for dark matter annihi-

lation in the characteristic regime. There is a misprint in the equation 
that when corrected takes the form

𝜎𝜒𝜒
[4]
=

(
𝜖𝑒𝑔𝑋𝑌

′)2
12𝜋𝑠

(
𝑠+ 2𝑚2

𝜒

)(
𝑠+ 2𝑚2

𝑒

)
(𝑠−𝑚2

𝑍′ )2 +𝑚2
𝑍′Γ2𝑍′

𝛽𝑓

𝛽𝑖
, (A.1)

where

𝛽𝑖 =

√
1 −

4𝑚2
𝜒

𝑠
and 𝛽𝑓 =

√
1 −

4𝑚2
𝑒

𝑠
. (A.2)

With the relative velocity 𝑣 defined as 𝑣 = 2𝛽𝑖, we may compute the 
5

velocity averaged annihilation cross section using Eq. (A.1),
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⟨
𝜎𝜒𝜒𝑣

⟩ [4]
=

(
𝜖𝑒𝑔𝑋𝑌

′)2
2𝜋

√
𝑚2
𝜒
−𝑚2

𝑒

(
2𝑚2

𝜒
+𝑚2

𝑒

)
𝑚𝜒

(
𝑚2
𝑍′ − 4𝑚2

𝜒

)2 , (A.3)

where we have assumed Γ𝑍′ ∕𝑚𝑍′ ≪ 1. Eq. (A.3) can be further simpli-

fied under the assumption that 𝑚𝜒 ≫ 𝑚𝑒 and 𝑚𝑍′ ≫𝑚𝜒 , which yields 
the approximate result,

⟨
𝜎𝜒𝜒𝑣

⟩ [4]
≈

𝑚2
𝜒

𝜋𝑚4
𝑍′

(
𝜖𝑒𝑔𝑋𝑌

′)2 , (A.4)

in agreement with Eq. (32).

In the full SU(2)𝐿× U(1)𝑌 × U(1)𝑌 ′ model, we obtain the following 
expressions for the annihilation cross section and corresponding veloc-

ity averaged cross section:

𝜎𝜒𝜒 = 1
12𝜋𝑠

(
𝑔 𝑔𝑋

2𝑐𝑊
𝜂𝑐𝛼𝑌

′
)2 𝑠+ 2𝑚2

𝜒

(𝑠−𝑚2
𝑍′ )2 +𝑚2

𝑍′Γ2𝑍′

×

[
𝑔2
𝑉
(𝑠+ 2𝑚2

𝑒
) + 𝑔2

𝐴
(𝑠− 4𝑚2

𝑒
)
] 𝛽𝑓
𝛽𝑖

, (A.5)

and⟨
𝜎𝜒𝜒𝑣

⟩
= 1
2𝜋

(
𝑔 𝑔𝑋

2𝑐𝑊
𝜂𝑐𝛼𝑌

′
)2

×√
𝑚2
𝜒
−𝑚2

𝑒

[
2𝑚2

𝜒
(𝑔2
𝑉
+ 𝑔2

𝐴
) +𝑚2

𝑒
(𝑔2
𝑉
− 2𝑔2

𝐴
)
]

𝑚𝜒

(
𝑚2
𝑍′ − 4𝑚2

𝜒

)2 , (A.6)

in agreement with Eq. (4.1) of [22] in the absence of an axial vector 
coupling of the DM to the 𝑍′. By using the same set of approximations, 
𝑚𝜒 ≫ 𝑚𝑒 and 𝑚𝑍′ ≫𝑚𝜒 , employed in the derivation of Eq. (A.4), we 
obtain the thermally averaged annihilation cross section,

⟨
𝜎𝜒𝜒𝑣

⟩
≈

𝑚2
𝜒

𝜋𝑚4
𝑍′

(𝑔2
𝑉
+ 𝑔2

𝐴
)
(
𝑔 𝑔𝑋

2𝑐𝑊
𝜂𝑐𝛼𝑌

′
)2

, (A.7)

which yields an (1) correction to the result quoted in Eq. (32).
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