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Taking the recently reported nonzero rotation angle of the cosmic microwave background (CMB) linear
polarization β ¼ 0.35� 0.14 deg as the hint for a pseudo–Nambu-Goldstone boson quintessence dark
energy (DE), we study the electroweak (EW) axion quintessence DE model where the axion mass is
generated by the EW instantons. We find that the observed value of β implies a nontrivial Uð1Þ
electromagnetic anomaly coefficient (cγ), once the current constraint on the DE equation of state is also
taken into account. With the aid of the hypothetical high energy structure of the model inspired by the
experimentally inferred cγ , the model is shown to be able to make a prediction for the current equation of
state (wDE;0) of the quintessence DE. This is expected to make our scenario distinguishable in comparison
with the cosmological constant (w ¼ −1) and testable in the future when the error in the future
measurement of wDE;0 is reduced to Oð1Þ% level (δw ¼ Oð10−2Þ).
DOI: 10.1103/PhysRevD.104.L101302

I. INTRODUCTION

The recently reported nonvanishing rotation angle
β ¼ Oð0.1Þ deg of the cosmic microwave background
(CMB) linear polarization [1] (a.k.a. cosmic birefringence)
may serve as a crucial hint for the presence of new physics
beyond the Standard Model (SM), pointing at a source for
parity violation in Nature other than weak interactions.When
the massive ϕ is coupled to the SM photon of tensor Fμν via
an operator ∝ ðϕ=fϕÞFμνF̃μν, with fϕ a decay constant, a
nonvanishing Δϕ ¼ ϕðt0Þ − ϕðtLSSÞ can account for β ≠ 0
[1–6] with ϕðt0Þ and ϕðtLSSÞ evaluated today and at the last
scattering surface (LSS) respectively. For reasonablevalues of
the coefficient of the electromagnetic anomaly, β andΔϕ=fϕ
have similar magnitude.
Besides sourcing cosmic birefringence, the field ϕ might

contribute to the energy density of the Universe, acting as a
quintessence field [7,8]. The simplest way to achieve this is
to have ϕ evolve under a slow-roll motion to date, starting
from an initial configuration close to πfϕ in field space [9].
For ϕ to explain the dark energy (DE) observed, its mass

must be as small as mϕ ≃H0 ≈ 10−33 eV. The natural
candidate for this field is a Nambu-Goldstone boson (NGB)
associated with a spontaneously broken global Uð1ÞX
symmetry [10–13]. In this case, the equation of state
(EoS) of ϕ (wϕ ≡ Pϕ=ρϕ) is expected to lie in the range
−1 ≤ wϕ ≲ 0, where Pϕ and ρϕ are the pressure and energy
density of ϕ respectively. Therefore, the field ϕ can be
identified with a candidate of the quintessence dark energy
(QDE) characterized by the EoS today wDE;0.
Is it possible to realize a well-motivated and consistent

QDE model in the particle physics which can account for
β ¼ Oð0.1Þ deg? For a non-Abelian SUðNÞ gauge theory
with the gauge coupling constant g ¼ ffiffiffiffiffiffiffiffi

4πα
p

, the instanton
action (Sinst) is given by Sinst ¼ −2πn=αðρÞ where n and ρ
are the winding number and the size of the instanton. From
the observation that e−2π=αðMPÞM4

P ≃ Λ4
DE ≃ ð2 meVÞ4

where MP ≃ 2.4 × 1018 GeV is the reduced Planck mass,
it was realized in Refs. [10,12] that the electroweak (EW)
SUð2Þ instantons with ρ ∼M−1

P in the minimal super-
symmetric extension of the SM (MSSM) can generate
the axion potential comparable to the present energy
density of DE. This led to the first proposal of the EW
axion QDE model [12]. As will be shown later, however, it
turns out that this original model cannot result in a
sufficiently large β.
In this paper, inspired by the integral observation

of a nonzero β and the charm of the model for the original
EW axion QDE, we propose the extended, but more
complete EW axion QDE model that is able to explain
β ¼ Oð0.1Þ deg. We derive the constraints on the model
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from the observation of the cosmic birefringence β in
Ref. [1] and on the boundwDE;0 ≲ −0.95 [14]. The model is
based on MSSM with discrete Z4R R-symmetry, global
Uð1ÞF Froggatt-Nielsen symmetry and a global Uð1ÞX
symmetry anomalous with respect to the EW SUð2ÞL. We
shall examine how the two quantities (wDE and β) are
related to each other. In accordance with the theoretical
criteria including the anomaly free Z4R and the perturba-
tivity of SUð2ÞL ×Uð1ÞY below the Planck scale, and the
observational constraint on β and wDE;0, we shall produce
the model’s prediction for wDE;0 and address how the next-
generation cosmological observations test this EW axion
QDE model against the case of a cosmological constant.

II. EW AXION DE MODEL

With the particle content of the model given in Table I,
the guiding logic for the extension is
(1) Require a new discrete R-symmetry Z4R to be

anomaly free via the introduction of a pair ðH0
u; H0

dÞ;
(2) Ensure that the axion dynamics does not suffer from

a fine-tuned initial condition problem (achieved by
introducing the SUð2ÞL triplet (Σ;Σ0) to make
α2ðMPÞ ≃ 1) [15];

(3) Restrict the number of new heavy hypercharged
fields (Ω) by demanding Uð1ÞY to remain perturba-
tive up to the Planck scale.

We first specify the symmetry group in the model. The
interactions in the model respect1

G ¼ GSM ⊗ Z4R ⊗ Uð1ÞF ⊗ Uð1ÞX; ð1Þ

where GSM is the SM gauge symmetry group, Z4R is the
gauged discrete R-symmetry,2 Uð1ÞF is the global flavor
symmetry known as Froggatt-Nielsen symmetry andUð1ÞX
is the global symmetry anomalous for SUð2ÞL. Since Z4R is
assumed to be gauged, the cancellation of the mixed
anomalies of Z4R × ½SUð2ÞL�2 and Z4R × ½SUð3Þc�2 must
be guaranteed. Note that massive chiral superfields trans-
forming under SUð2ÞL and SUð3Þc do not contribute to the

anomaly [16]. When only the MSSM particle contents are
considered, the mixed anomalies read

Z4R × ½SUð2ÞL�2 → 4þ
�
−
2

5
× 3 −

4

5

�
× 3 ¼ −2

Z4R × ½SUð3Þc�2 → 6þ
�
−
2

5
× 2 −

2

5
−
4

5

�
× 3 ¼ 0: ð2Þ

According to Eq. (2), it becomes necessary for the model to
introduce additional fields which can make the mixed
anomaly Z4R × ½SUð2ÞL�2 vanish. To this end, we introduce
(H0

u;H0
d), see Table I, and thereby the mixed anomaly of

Z4R × ½SUð2ÞL�2 becomes 0 mod 4 [17].
Next, we investigate how the axion potential is generated

to produce the required energy density for DE. To make
Uð1ÞX anomalous for SUð2ÞL and to induce the sponta-
neous breaking of Uð1ÞX, we introduce the chiral super-
fields ðΨ; Ψ̄Þ and (Φ; Φ̄), with hΦi ¼ ðFA=

ffiffiffi
2

p Þ exp½A=FA�
and hΦ̄i ¼ ðFA=

ffiffiffi
2

p Þ exp½−A=FA�. Here, the decay con-
stant FA is the energy scale at which the spontaneous
breaking of Uð1ÞX occurs and A is the chiral superfield for
the NGB associated with Uð1ÞX with its scalar component
(Sþ iA) composed of saxion (S) and axion (A). At this
moment, onlyΨð−1Þ,Φðþ1Þ and Φ̄ð−1Þ are assumed to be
charged under Uð1ÞX with the corresponding charges
specified in the parenthesis.
Thanks to this setup, the part of the superpotential

relevant to ðΨ; Ψ̄Þ, ðΦ; Φ̄Þ, and SUð2ÞL gauge sector for
the energy scale higher than FA reads

W ⊃
τ

4
WaαWa

α þΦΨΨ̄þ XðΦΦ̄ − 2FAÞ; ð3Þ

where we did not specify the dimensionless coupling
constants, a (α) is the group (spinor) index, and the spurion
superfield is

τ ¼ 1

g22
þ i

Θ
8π2

−
2m1=2

g22
θ2; ð4Þ

where g2 is the SUð2ÞL gauge coupling, Θ is the SUð2ÞL
vacuum angle, m1=2 is the soft SUSY-breaking mass for
SUð2ÞL gauginos and θ is a Grassmann variable. In Eq. (3),
the chiral superfield X ensures the acquisition of the

TABLE I. Representations and charge assignments under Uð1ÞY, SUð2ÞL, Z4R, Uð1ÞF, and Uð1ÞX. The symbol “� � �” refers to the
singlet. Each number in the parenthesis in the fifth row corresponds to Uð1ÞF quantum numbers for each generation. The value of ϵ (last
column) is the spurion used for suppressing the Uð1ÞBþL violating operator OBþL ¼ ðQQQLÞ=MP.

Q Ū D̄ L Ē Hu Hd e−8π
2τ D2 D̄2 Ψ Ψ̄ Φ Φ̄ X H0

u H0
d Σ Σ0 ϵ≡ hϕi=MP

Uð1ÞY 1=6 −2=3 1=3 −1=2 1 1=2 −1=2 � � � � � � � � � � � � � � � � � � � � � � � � 1=2 −1=2 � � � � � � � � �
SUð2ÞL □ � � � � � � □ � � � □ □ � � � � � � � � � □ □ � � � � � � � � � □ □ Ad Ad � � �
Z4R 3=5 3=5 1=5 1=5 3=5 4=5 6=5 −2 −2 þ2 1 1 0 0 þ2 −6=5 6=5 0 þ2 � � �
Uð1ÞF (2,1,0) (2,1,0) (1,0,0) (1,0,0) (2,1,0) � � � � � � þ10 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � −1
Uð1ÞX � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � −1 � � � þ1 −1 � � � � � � � � � � � � � � � � � �

1The gauged Z4R is assumed to originate from a global Uð1ÞR
which restricts all the tree-level interactions of the theory.

2Z4R is an appealing choice of a discrete R-symmetry in that it
can be anomaly free gauged symmetry as shown in [16].
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vacuum expectation value (VEV) hΦi ¼ hΦ̄i ¼ FA=
ffiffiffi
2

p
with assumption of the same soft masses for Φ and Φ̄.
After Uð1ÞX gets spontaneously broken, the coupling of

A to the SUð2ÞL field strength arises,

L ⊃
Z

d2θ

�
1

32π2
A
FA

WaαWa
α þ H:c:

�
; ð5Þ

as it can be easily seen via the field redefinition of Ψ to
absorb exp½A=FA�.
With the axion coupling to SUð2ÞL instanton in Eq. (5),

SUð2ÞL instantons generate the axion potential and provide
the axion with a mass. However, since Uð1ÞBþL is well
known to be anomalous with respect to SUð2ÞL in MSSM,
the axion becomes massless unless Uð1ÞBþL is explicitly
broken down [12].3 In order to introduce a mass term for
the axion, the dimension five operator OBþL ¼
ðQQQLÞ=MP explicitly breaking Uð1ÞBþL is introduced
in the model. Setting ϵ ≃ 1=17 for correctly producing the
quark and lepton mass matrices [18], the operatorOBþL can
be sufficiently suppressed by powers of ϵ to avoid the
potential inconsistent rapid proton decay [19,20].
The EW axion potential receives contributions from

the effective Kähler potential (Keff ) and effective super-
potential (Weff ) induced by the SUð2ÞL instanton for the
energy scale below ρ−1 ¼ MP with ρ denoting the instanton
size of interest. Terms in e−8π

2τKeff and e−8π
2τWeff are

determined by symmetries in the model and holomorphy of
the superpotential [21,22]. Importantly, supercovariant
derivatives can appear only in Keff . Dominating over
Weff in contribution to the EW axion potential, Keff

includes D̄2 and a net negative power of ρ to explain R-
charge and the mass dimension of Keff respectively. As a
result, Keff is dominated by instantons of the size ρ ≃M−1

P
and eventually produces the EW axion potential [12]

ΛA
4 ≃ ce−

2π
α2ðMPÞϵ10m3

SUSYMP

×

�
m3=2

MP

�
2Tð□Þ�mΨ

MP

�
2Tð□Þ�mΣ

MP

�
2TðAdÞ

≃ ce
− 2π
α2;MSSMðMPÞϵ10m3

SUSYMP

≃ cϵ10ð1 eVÞ4; ð6Þ
where c is a combination of coefficients of higher
dimensional operators used for closing MSSM fermion
zero modes emitted from the EW instanton and mSUSY ¼
Oð1Þ TeV is the soft SUSY-breaking mass.4 In Eq. (6), the
term ϵ10 compensates the total Uð1ÞF charge of higher
dimensional operators closing MSSM fermion zero modes.

On the other hand,m3=2,mΨ, andmΣ are the gravitino mass
for ðH0

u; H0
dÞ and the bare masses of (Ψ; Ψ̄) and (Σ;Σ0)

respectively. Note that factors including these masses are
fermion zero modes contribution of non-MSSM fields
charged under SUð2ÞL and the modification to
α2;MSSMðMPÞ ¼ 1=23 due to these fields cancel the factors
at the one-loop level (referred to as “SUSY-miracle”) [15].5

This fact that ΛA
4 remains almost insensitive to the

structure of the model deviating from MSSM is reflected
in the second equality. Eventually through Eq. (6) the
model is confirmed to be able to produce axion potential
that can account for the energy density of DE.
As the last part of the study of the model, we examine the

renormalization group evolution (RGE) of gauge couplings
of SUð2ÞL and Uð1ÞY . Defining the displacement of the
axion field from the hilltop (δA≡ πFA − A), the initial δA at
the time satisfyingH ≫ mA is required to be extremely fine-
tuned unless FA is close toMP. On the other hand, the weak
gravity conjecture (WGC) setting the upper bound on the
instanton actionSinst ¼ 2π=α2 < MP=FA [25], the largerFA
demands the larger α2ðMPÞ. Thus, to avoid such a fine-
tuning and to remain consistent with WGC, we shall con-
sider the scenario of FA ¼ Oð0.1ÞMP with α2ðMPÞ ≃ 1.6

As a matter of fact, the main reason why we introduced
two SUð2ÞL triplets (Σ;Σ0) in Table I precisely lies in our
intention to accomplish this scenario. We find that for
mΣ ¼ Oð107Þ GeV, α2ðMPÞ ≃ 1 could be accomplished.7

Although through Eq. (6) we already confirmed that the
model’s prediction ΛA

4 ≃ ð2 meVÞ4 remains unaffected by
the change in α2ðMPÞ triggered by introduction of heavy
particles charged under SUð2ÞL [15], the change in RGE of
α2 is expected to cause that of α1 ¼ g2Y=ð4πÞwhere gY is the
gauge coupling constant of Uð1ÞY . The RGE of α1 is
affected by α2 at the two loop level, so that an increase in α2
leads to a larger beta function for α1.
The particle contents in Table I shows that α1ðMPÞ ≲ 1,

so that the model presented is perturbative. Thus as far as
the EW sector is concerned, the model lacks any mis-
understanding possibly caused by a nonperturbative effect
below the Planck scale. However, the model is phenom-
enologically required to have more fields (Ω) charged

3For Uð1ÞBþL, B and L stand for baryon and lepton number
respectively.

4For communicating the SUSY-breaking in the invisible sector
to the visible sector, we are assuming the gravity mediation [23].
See Ref. [24] for the case of the gauge mediation.

5Factors including masses of the non-MSSM fields in Eq. (6)
can be understood to be closing each 2TðRÞ pair of fermion zero
modes of (H0

u; H0
d), (Ψ; Ψ̄), and (Σ;Σ0) using the mass insertion

with ρm3=2, ρmΨ, and ρmΣ. Here TðRÞ is the Dynkin index of the
SUð2ÞL representation of R in which each field transforms.

6We note that this requirement for FA can satisfy FA < Mstr≲
2 × 1018 GeV, which may enable strong enough suppression for
global symmetry breaking effects [26]. Here Mstr is a string mass
scale (the mass of the first massive string excitation).

7Of course not only ðΣ;Σ0Þ but other non-MSSM fields
charged under SUð2ÞL shown in Table I contribute to RGE of
α2. Nevertheless, introducing additional SUð2ÞL triplets are
essential to have α2ðMPÞ ≃ 1. Note that even if we introduce
fields other than ðΣ;Σ0Þ to achieve α2ðMPÞ ≃ 1, the result in
Eq. (6) does not change.
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under both Uð1ÞY and Uð1ÞX to produce significant mixed
anomaly of Uð1ÞX × ½Uð1ÞEM�2. For the model not only to
explain the cosmic birefringence but also to maintain the
perturbativity, the number of Ω should be large enough but
still needs to be upper-bounded. We discuss this upper-
bound and how it affects the model’s prediction for EoS of
quintessence DE in the next section.

III. EW AXION DE PHENOMENOLOGY

In the model, apart from the EW axion potential
generated by EW instantons, the presence of Ψ induces
the following inevitable interaction between the EW axion
(A) and the SM photon,

Leff ⊃ −cγ
g2em
16π2

A
FA

FμνF̃μν þ
V0

2

�
1 − cos

�
A
FA

��
; ð7Þ

where gem is the gauge coupling constant for the electro-
magneticUð1Þem gauge symmetry and cγ ¼ 1when onlyΨ
contributes to the anomaly of Uð1ÞX × ½Uð1Þem�2.
Thanks to Eq. (7), the recently reported nonvanishing

rotation angle (β ¼ 0.35� 0.14 deg) of the linearly polar-
ized CMB can be equated to [3]

β ¼ 0.42 deg×
cγ
2π

×
Aðt0Þ − AðtLSSÞ

FA
; ð8Þ

where cγ ≡P
i¼Ψ;ΩQX;iQ2

em;i and QX, Qem are the charges
of Uð1ÞX and Uð1Þem respectively.
Intuitively, for the slow-rolling to be currently main-

tained, we expect A to initially lie near the hilltop of the
potential, i.e., Ahill ¼ πFA, and to have not yet evolved near
the inflection point Ainfl ¼ ðπ=2ÞFA, implying
ΔA=FA ≡ ½Aðt0Þ − AðtLSSÞ�=FA ≲ 1. For the model to
produce β as large as ∼0.35 deg, a value of cγ ≳ 10 is
required. For this, we introduce additional chiral super-
fields Ω charged under both Uð1ÞY and Uð1ÞX, with the
hypercharge þ1 and Uð1ÞX charge þ1.8 The fields Ω are
assumed to be SUð3Þc ⊗ SUð2ÞL singlets. For perturba-
tivity of the theory, we demand α1ðMPÞ ≲ 1,9 which

constrains the number of Ω fields. This in turn produces
a maximum value cγ;max for the anomaly coefficient. Using
this theoretical constraint cγ < cγ;max and the observational
constraints for β and wDE;0, we derive the model’s pre-
diction for the EoS of the EW axion DE, which is the main
issue for the study of DE properties.
The time evolution of the EW axion obeys the following

equation of motion

Äþ 3H _Aþ ∂VðAÞ
∂A ¼ 0; ð9Þ

where VðAÞ is the cosine-type function given in Eq. (7),
H is the Hubble expansion rate, and a dot is a differentiation
with respect to cosmic time. The evolution of the axion
field depends on the set of parameters ðV0; FAÞ via the axion
potential from Eq. (7). Assuming a spatially flat universe
and _A ¼ 0 initially, we numerically solve Eq. (9) in which A
also contributes to DE through H. By scanning over
different sets of ðV0; FAÞ, we obtain different solutions
which in turn give us a list of today’s EoS of the EW axion
wDE;0 and β=cγ , as well as the following relation between
them,

wDE;0 ¼ −1þ 2π2ξ2
�

β=cγ
0.42 deg

�
2

; ð10Þ

where ξ is a numerical factor which is specified in Table II as
a function of FA=MP. Note that Eq. (10) can be used for any
DE model as far as the model has the same low energy
effective Lagrangian as Eq. (7).
Experimentally β is constrained by the results in Ref. [1],

while the likelihood analysis on the data combinationPlanck
TT;TE;EEþ lowEþ lensingþ BAOþ SNe with a flat
priorwDE;0 ≥ −1 leads towDE;0 < −0.95 at 95% confidence
level (C.L.) [14]. Applying these to Eq. (10), we first
estimate the experimentally allowed region on the plane
ðFA=MP; cγÞ. This is shown as the blue region in Fig. 1. We
notice that cγ ≳ 10 is required, which experimentally sup-
ports our intuitive understanding for the need to introduce
additional Ω fields. On the other hand, setting mΩ ≡
yFA=

ffiffiffi
2

p
as the mass of Ω, we apply the perturbativity

criterion (α1ðMPÞ ≲ 1) to obtain cγ;max as a function of
FA=MP and show the result in the red region of Fig. 1.
Finally, we perform a Bayesian analysis taking into account
both the theoretical bounds of cγ , FA=MP, as well as
observational constraints on β and wDE;0. This leads to
the joint constraint on ðFA=MP; cγÞ shown as the black
region in Fig. 1.
The Bayesian analysis also yields the model’s prediction

for wDE;0, using Eq. (10) and marginalizing over β, cγ and
FA. For the current precision of β and upper bound of
wED;0, the model predicts −0.994 < wDE;0 < −0.968
(68% C.L.). With the near-future CMB missions, the

TABLE II. Values of the factor (ξ) in Eq. (10) found via the
numerical analysis to relate wDE;0 and β=cγ .

FA=MP 0.3 0.25 0.2 0.15 0.1 0.075 0.05 0.025 → 0
ξ 0.85 0.82 0.80 0.81 0.85 0.89 0.93 0.96 1

8Along with Ω, we also introduce Ω̄ which has Uð1ÞY charge -
1, but serves as the singlet of Uð1ÞX . This setup introduces the
Yukawa coupling W ⊃ yΦΩΩ̄ to the superpotential and imposes
the supersymmetric mass mΩ ¼ yFA=

ffiffiffi
2

p
to Ω supermultiplet

when Uð1ÞX is spontaneously broken. Here y is a Oð1Þ
dimensionless coupling constant.

9To have the RGE of α2 reflected in that of α1, we use two-loop
level beta function of α1.
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statistical uncertainty of β can be reduced by an order of
magnitude [27]. By then, an even tighter prediction
−0.982 < wDE;0 < −0.961 (68% C.L.) can be made by
assuming the same mean value of β.10 This is exciting

because the targeting error budget of wDE;0 isOð10−2Þ with
the next-generation cosmological observations including
Euclid CMB mission [28], the Rubin observatory [29] and
DESI [30]. Our DE scenario will be soon distinguishable
from the case of a cosmological constant and probed by
observations.

IV. CONCLUSIONS

We have presented a complete model for an EW axion
quintessence dark energy, based on MSSM with discrete
Z4R R-symmetry, Uð1ÞF Froggatt-Nielsen symmetry and a
global Uð1ÞX symmetry anomalous with respect to the
EW SUð2ÞL. Projecting on the model the recent detection
of the cosmic birefringence [1] and constraints for the EoS
of the dark energy [14], we found that the anomaly factor
needed for explaining the cosmic birefringence reads
cγ ∼Oð20Þ, which the model can successfully accommo-
date thanks to its UV structure. Importantly, combined
with the theoretical requirement for the perturbativity
of the model, the observational constraints produce
−0.994 < wDE;0 < −0.968 (68% C.L.) as the model’s
prediction for EoS of EW axion DE. This will improve
as the near-future cosmic birefringence experiment
becomes preciser. Upcoming probes will soon be able
to test this scenario.
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