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Pseudo-Nambu-Goldstone dark matter from non-Abelian gauge symmetry
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We propose a pseudo-Nambu-Goldstone boson (pNGB) dark matter (DM) model based on an additional
non-Abelian gauge symmetry SU(2),. The gauge symmetry SU(2), is spontaneously broken to a global
custodial symmetry U(1),, via the nonvanishing vacuum expectation values of SU(2),, doublet and triplet
scalar fields. Due to the exact global symmetry U(1)y, the lightest U(1),, charged particle becomes stable.
We assume that the lightest charged particle in the model is the charged complex pNGB, which we regard
as DM. It avoids the strong constraints from current DM direct detection experiments due to the property of
NGB. We find that the measured energy density of DM can be reproduced when the DM mass is larger than
the half of the Higgs mass, where the lower limit generally comes from the constraint of DM invisible decay
and the upper limit from DM direct detection experiments depends on the model parameters.
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I. INTRODUCTION

The standard model (SM) in particle physics is able to
explain the results of accelerator experiments with the
exception of a few anomalies. However, some phenomena
that cannot be explained within the scope of the SM have
emerged. One of the important issues in modern particle
physics and cosmology is the search for the identity of
dark matter (DM). The existence of dark matter (DM)
has been confirmed by several astronomical observations
such as spiral galaxies [1,2], gravitational lensing [3], cosmic
microwave background [4], and collision of bullet cluster [5].

There are a lot of DM candidates since the nature of DM is
not yet understood. One such candidate is called the weakly
interacting massive particle (WIMP). An attractive property
of WIMP DM is that it can be generated thermally, which can
be experimentally verified by introducing a nongravitational
effect. In order to achieve the DM’s relic abundance, the mass
of WIMPs is expected to be in the range of O(10) GeV to
O(100) TeV.Because of the nongravitational interactions of
WIMPs, direct and indirect detections are expected. There is
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still no clear signal for WIMPs, and hence direct detections
yield strong constraints on WIMP masses and interactions.

Several mechanisms in WIMP DM models are proposed
to avoid the severe constraints of the direct detection by
considering, e.g., a fermion DM with pseudoscalar inter-
actions [6-11] and a pseudo-Nambu-Goldstone boson
(pPNGB) DM with additional global U(1) group symmetry
[12-27]. As pointed out in the original pPNGB DM model
[14], the DM has the property of Nambu-Goldstone (NG)
mode, so the coupling of the DM with the SM Higgs boson
is proportional to its momentum. As a result, the scattering
cross sections of the DM with the SM particles via the
Higgs bosons are strongly suppressed, while the annihila-
tion cross sections of the DM to the SM particles are kept.

Recently, a pNGB DM model based on gauged Ggy X
U(1)g_; symmetry, which extends the softly broken U(1)
global symmetry to the gauged U(1)g_, symmetry, was
proposed [22,23], where Ggy = SU(3)- x SU(2)y X
U(1)y. The DM direct detection cross section is naturally
suppressed as the same as the original pPNGB DM model.
On the other hand, the pPNGB DM decays into SM particles
mediated by the U(1),_, gauge boson. As a result, the
U(1)p_; symmetry breaking scale is greater than 10'3 GeV
for the DM mass < 1 TeV to escape the constraint from
DM stability, where the bound from gamma-ray observa-
tions is strong as roughly the DM lifetime =107 s for two
body decays [28]. In addition, the Ggy x U(1),_;, pNGB
DM model has been extended to SO(10) grand unified
theory (GUT) [29,30]. In this model, the vacuum expect-
ation value (VEV) of the intermediate symmetry breaking
scale is greater than 10'® GeV and the DM mass is only
allowed to be slightly below half the Higgs boson mass from
the requirements of DM stability and grand unification and
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TABLE L.
belong to (1/2,0) under SL(2,C).

The field content in the pPNGB DM model is shown in the Ggy x SU(2),,

basis, where the fermions

P A Hv v Hv v
SU@3), 3 3 3 1 1 1 1 1 8 1 1 1
SU2),, 2 1 1 2 1 2 11 1 3 1 1
U(l)y +1/6  =2/3  +1/3  —-1/2 41  +1)2 0 0 0 0 0 0
SU(2), 1 1 1 1 1 1 2 3 1 1 1 3

also the constraints of the Higgs invisible decay and the
gamma-ray observations for DM annihilations.

The purpose of this paper is to propose a new pNGB DM
model based on non-Abelian gauge symmetry SU(2),.'
Unlike the Ggy X U(1)z_; and SO(10) pNGB DM model,
we will confirm that the DM is stabilized due to the residual
U(1) symmetry of the SU(2) custodial symmetry [32].> We
will show that in our pPNGB DM model the VEVof SU(2),,
breaking scale can be allowed to be roughly O(1) TeV
without introducing very high energy scale.

The paper is organized as follows. In Sec. II, we introduce
an SU(2) pNGB DM model. In Sec. III, we analyze vacuum
structures and symmetry breaking patterns of the model. In
Sec. IV, we analyze the scalar potential of the system. In
Sec. V, we investigate the mass spectra of scalar fields in this
model. In Sec. VI, we examine the constraints from direct
detection experiments and the thermal relic abundance of
DM for our DM candidate. Section VII is devoted to
summary and discussions. In Appendix, we show the
detailed calculation of DM-quark scattering amplitude.

II. THE MODEL

The model consists of the SM gauge fields, an SU(2),,
gauge field W) (a = 1, 2, 3), a complex scalar field in 2 of
SU(2)p @, and a real scalar field in 3 of SU(2), A. The
matter content in the non-Abelian pNGB DM model is
summarized in Table 1.

The Lagrangian is given by

1 s 1 Uy 1 U
£ =~ t[G,,G"] = S ulW,, W*] - B,,B
1
— S W, W] +
1
+ 5 ul(D,A)(DA)]

(DMH)"'(D"H) + (D”d>)"' (D'®D)

—V(H,®,A)

+ QiPQ + uCiPpu + dipd° + LiPL + eCipec
- (y,Qu‘H + y,Qd°H" + y,Le‘H" +H.c.), (2.1)

'A pPNGB DM model based on non-Abelian global symmetry
SU(2), and Abelian gauge symmetry U(1)y has been proposed
in Ref. [3 1]. This model can be regarded as a low- -energy effective
model that is realized in a special parameter region in our model.

A DM model using custodial symmetry emerging from non-
Abelian gauge symmetry SU(2),, for DM stability has been
proposed in Ref. [33], although it is not a pPNGB DM model.

where D, = 9, + ig,G, +ig;W, +ig\B, + ighyW,; F,, =
d,F,—0,F, +ig|F,.F ), where F = G,W,B, W' and g,
9, g1, ¢, are gauge fields and gauge coupling constants of
SU3)¢, SUQ2)w, U(1)y, SU(2)p, respectively. The scalar
potential V(H, ®, A) contains quadratic, cubic, and quartic
coupling terms,

V(H,®,A) = —pu2,H'H — p5,®'d — % uiTr(A?)
+V2((k) + ixs)DTAD + (k) — iy )DTAD)
+ 2V2i3 0T AD + A (HTH)? + Aoy (DT D)2
+ iAATr(AW + Ao (H'H) (DT @)
+ Apa(HTH)Tr(A?) + Apa (DT D) Tr(A2),
(2.2)

where ®(x) = io,®(x)*; p%, 3, and p3 are real param-
eters with dimension 2, x, (a = 1, 2, 3) are real parameters
with dimension 1, and Ay, 4e, Ao Aye, Ama, and Apa are
dimensionless real parameters. We use the following

notation:
1 —1i
A < M3 m Uy >
N3

V2 \ 1 +in,
&1 + i¢2>
- . 2.3
ﬁ<¢3+i¢4 23)

Under the SU(2), transformation, ®(x) and A(x)
behave as
®(x) » U(x)D(x), Alx) - Ux)A(x)U(x)", (2.4)
where U(x) is the SU(2), unitary transformation
U(x) = exp [i0,(x) 5]; 0,(x) (a =1, 2, 3) are the param-
eters of the SU(2),, gauge transformation and ¢, stand for
the Pauli matrices. Note that it is easy to check invariant
terms under Ggy x SU(2),, by using GroupMath [34] and
Sym2Int [35,36]. (For Lie groups, see, e.g., Ref. [37].)
We will analyze the relations between vacuum structures
and symmetry breaking patterns in the next section. In the
model, the invariant terms that contain only the scalar field
®(x) in 2 of SU(2)!54! are invariant under a larger global

symmetry SU(2)25" x SU(2)5%™. To check this extended
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U(2)A X SU(2)q>L X SU(2)q>R

FIG. 1. The global symmetry SU(2)5°™ x SU(2)89™ x

K-term

SU22)L xU()r

SU(2)5%" breaking pattern is shown. The x term stands for the soft

symmetry breaking term. In the figure, the superscript, global, is omitted.

global symmetry, it is convenient to introduce a bidoublet
or 2 x 2 matrix notation for ®(x) as

2(x) =

This notation is convenient to understand so-called SU(2)
custodial symmetry [32]. We will find that the stability of
the DM is realized by a “U(1)¥°™ custodial symmetry,”
which is a U(1) subgroup of the SU(2)52™ x SU(2)5%™
diagonal subgroup SU(2)%*™.

By using the complex scalar field in 2 of SU(2), X(x)

instead of ®(x), the scalar potential in Eq. (2.2) can be
written as

(@(x) (2:5)

@(x)).

2
1
V(H. S, A) = —u3,H'H - ’%Tr(z*z) ~SHATr(A?)
— V2K, Tt(6, 27 AZ) — V2K, Tr (0,21 AX)
—V2k3Tt(0357 AL) + Ay (H H)?

1
+ %‘I’ (Tr(Z'E)) + A Tr(A%)?
1 i 1 .
+ E/IH(I) (HTH)TI'(Z' 2) + ElHA (H' H)TI'(AZ)

1
+ 5 Aoa Tr(E E)Tr(A2), (2.6)
where we used a relation (—io,)X*(ic,) = 2.

We verify what kind of global symmetry exists in the
potential given in Eq. (2.6). First, the potential (0, Z, 0) is
invariant under SU(2)%5™ x SU(2)5%™. T is the bidoublet

representation under SU(2)50"" x SU(2)29™":

Y = Up ZULg, i

;Aa
Ugpy = e"%or%, Ugpr = e’gd)R"a’

(2.7)

where 64, and 6%, are parameters of SU(2)5™ and
SU(2)29"  transformations,

potential V(0,0,A) is invariant under SU(
transformation. A is the adjoint representation under

SU ( ) global

respectively. Second, the
z)global
A

A = U AUL, Uy = €%, (2.8)

where 6% is a parameter of SU(2)4°™, and the global
transformation corresponds to a global subgroup trans-
formation of the gauge group SU(2) transformation.

Third, under SU(2)8% x SU(2)59" x SU(2)5%™", each
K, term transforms as

Tr(c,ZFAZ) = Tr(Ubro,UoprZ U UnAU Ug Z).
(2.9)

This term is invariant under SU(2)2°* x U(1)5%%, where

SU(2)2°" represents SU(2), = SU(2) gy, and U(1)5%
corresponds to the o, direction of SU(2)29™!. The combi-

nation of the k|, x,, and k3 terms is also invariant under
global global
SUR2);7  xU(gp -

Tr((k01 + k20, + k303)ZTAX)

- TI'(U,DR(IQGI —+ Ky0» + K363>U@RZ‘AZ) (210)

where the U(1)29 transformation is associated with the

lobal
£9%%  Therefore,

the potential is invariant under SU(2)¥*™ x U(1)42".

Without losing generality, we can choose the k0, direction
global

(k101 + K205 + k303) direction in SU(2)gp
global

associated with the remaining U(l)g;~ symmetry.
Therefore, in the following we will take the k303 direction
and denote i3 as k and U(1)50" as U(1)8°™. In other
words, we remove k; and k, by using the SU(2)59%
transformation. Therefore, the potential in Eq. (2.6) is
invariant under SU(2)8°* x U(1)8°*" The global sym-
metry SU(2)8° x SU(2)29™ x SU(2)5%™ breaking pat-
tern associated with the explicit breaking terms is shown
in Fig. 1.

III. VACUUM STRUCTURE

We consider vacuum structures of X(x) and A(x). The
system we are currently considering has SU(2)5! (or

SU( )globdl)

four degrees of freedom of SU(2)!5¥ gauge and U(1
transformations, without loss of generality, we take the

VEVs of £ and A as (A) = (v,6, +v,03)/V2 and
<Z> = 1J¢I/\/§, i.e.,

o=l ) mmale )

where we remove the VEVs of #,, ¢, ¢, and ¢,. The
gauge symmetry SU(2)!5° breaking patterns are shown in

nd U(1)2°™ symmetry. By using a total of
)global
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(Z)#0

/‘\
DmU(l)D———-—>None

SUE) (270

FIG. 2. The gauge symmetry SU(2)54! breaking patterns are
shown. () # 0 and (A) # 0 represent the spontaneous symmetry
breaking (SSB) by the VEV of £ and A in 2 and 3 of SU(2)l5ea!.
U(1),, is a local subgroup of SU(2)!$°. In the figure, the
superscript, local, is omitted.

Fig. 2. As is well known, the nonvanishing VEV of a
complex scalar field in 2 of SU(2) breaks SU(2) symmetry
completely, so a total of three Nambu-Goldstone (NG) or
pseudo NG (pNG) modes appear. More specifically, when
SU(2) global symmetry is exact, three NG modes appear;
when SU(2) global symmetry is softly broken to U(1)
global symmetry by explicit breaking terms, one NG and
two pNG modes appear; when SU(2) global symmetry is
completely softly broken by explicit breaking terms, three
pNG modes appear. The nonvanishing VEV of a real scalar
field in 3 of SU(2) breaks SU(2) symmetry to U(1)
symmetry, so a total of two NG or pNG modes appear.
Furthermore, when k = 0, the system has SU(2)5°™ x
SU2)8 x SU(2)89™ symmetry. By using the degrees
of freedom of SU(2)2™, SU(2)2™ and SU(2)E0™
transformations, we can take the VEVs of X and A as

o-(3 5) o-h(3 D)
(3.2)

Here we check what kind of symmetry is preserved by
the VEVs of £ and A in Eqgs. (3.1) and (3.2). First, we

consider the VEV of X as (X) = ve/v/2I. Under
SU(2)2™ x SU(2)8%™, the VEV transforms as

(Z) = Upr (ZYUL p = eiPoraca U_‘I;]e—ié’mm

= U_q)lei<‘9¢La_9(I>Ra)o-a = <Z>ei(9¢La—9rbRa)0a .

V2

Therefore, only for O¢;, = Opr, the VEV is invariant.
That is, only SU(2)5 remains. In the case, a total of
three NG or pNG modes appear.

Next, we consider the VEV of A in Egs. (3.1) and (3.2).
When « =0, under SU(2)4™, the VEV in Eq. (3.2)
transforms as

(3.3)

(A) = U, (A)UL. (3.4)

For O,y =0, =0, the VEV is invariant because
[Ua. (A)] = 0. That is, only U(1)4° associated with

o5 remains. Under SU(2)5™, the VEV in Eq. (3.1)
transforms as

(A) = Up(A)UL. (3.5)

When « #0, for 6,3 0, the VEV is

invariant because [Uy, (A)] = 0. That is, U(1)5°* asso-
ciated with a linear combination of ¢; and o3 remains.
From the above discussion, regardless of the configuration

of the VEV of A, SU(2)2™ symmetry is broken to

U(1)2° Therefore, a total of two NG or pNG modes
appear.

We summarize NG or pNG modes in this model. When
Y(x) in 2 of SU(2) acquires a nonvanishing VEV, a total of
three NG or pNG mode appear. When A(x) in 3 of SU(2)
acquires a nonvanishing VEV, a total of two NG or pNG
mode appear. In the dark SU(2) , sector, a total of up to five
NG or pNG modes appear.

_ Uns _
=5, 0a1, On2 =

IV. ANALYZING THE POTENTIAL

We summarize how to find the vacuum that satisfies the
global minimum of the potential for each set of model
parameters below.

(1) Write down the most general potential of fields such

as X(x) and A(x). The potential }V depends on some
degrees of freedoms vy such as vg and v,,:

V({vx}) =V

(2) Calculate the first derivatives of the potential
V({vx}) with respect to all the variables {vy}.
We find three stationary conditions as

(Vaps Uy, V) (4.1)

0

-Vl{nx}) =0 (4.2)

(3) Solve the simultaneous equations derived from the
stationary conditions.

We find that the variables vy are expressed as
model parameters such as p2 and Ag. Note that in
some cases a VEV is related with another VEV, and
some flat directions exist. This situation occurs when
symmetry is unbroken.

(4) Compare the values of the potential at all extrema
and saddle points.

We find true vacua of the potential V({vy}) at
each parameter region, where all the VEVs at the
true vacuum must be real in our convention.

(5) Check what kind of symmetry is realized at each
vacuum for each parameter region.

(Note that the same procedure is commonly used, e.g.,

to analyze the vacuum structures of SU(N) symmetry

breaking by elementary scalar fields [38,39] and

115033-4
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Es, SU(N) and SO(N) symmetry breaking by composite
scalar fields [40-44].)

To understand the vacuum structure of this system, we
first consider the case k = 0. After that, we will discuss the
case k # 0.

A. Without soft symmetry breaking term (x=0)

We take the VEVs of Z(x) and A(x) given in Eq. (3.2).
Substituting the VEVs into the potential of X(x) and A(x)
given in Eq. (2.6) with «k =0

2 1
V(Z,A) = —%Tr(Z"’Z) —SHATE(A%)

2 (T 4 A TH(A)?
4 %LMTr(ZTZ)Tr(Az), (4.3)
the potential is given by
V(vg, va) = ,uq,vd, ;ﬂivi +Z/1¢,vfp
+ ZM”‘Z + %%A”é”i’ (4.4)

where we denote v, as v,. This potential is invariant

under SU(2)2° x SU(2)59% x SU(2)4% and SU(2)'gea!
transformations shown in Figs. 1 and 2.

Next, we calculate the first derivatives of the potential
V(ve, va) With respect to vg and v,.

0
6—V(Uq>, va) = Vo(—Hg + AoVg + doali ).
Vo
0
ET V(vg, va) = va(—pa + AaV3 + Aoaty)- (4.5)
A

From the first derivatives, we find the following stationary
conditions:

0:1]@(

—Hg + AoV + Apavi ), (4.6)

0 = va(=p3 +Aavs + Aoats)- (4.7)
We analytically solve the simultaneous equations given
in Egs. (4.6) and (4.7) below.
(i) From Eq. (4.6), we find

Vo =0 or —pd+ et +Apavi =0. (4.8)
(ii) First, for v = 0O case, from Egs. (4.6) and (4.7), we
find

(iif)

@iv)

115033-5

(4.9)

‘uZ
N 0 or N + f
A

For the first case, v, = 0, the VEVs are located at
the origin

U(I):UA:O- (410)
SU(2)lealis  unbroken, and SU(Z)gAlobal «
S U@)%;Zbal x SU (2);%2}3&1 is also unbroken.

For the second case, vy = ++/p3 /s, the VEVs
are given by

2
o

'Uq;:O, 2
A

VA = +

SU(2)keal is broken to its subgroup U(1), and

U(1)2"  SU(2)89% % SU(2)89 remains.

Next we consider the second condition in Eq. (4.8).
From Eq. (4.7), we find

(N =0 or —ﬂi+iA’l]A+l¢Avé =0. (412)
For the first case v, = 0, we find
12
Ve = 4|22, vp = 0. (4.13)
Ao

SU(2)lseal is  completely broken. SU(2)50" x

SUQ2)E% is broken to the SU(2)50 custo-
dial symmetry that is the diagonal subgroup

of SU( )ggbal x SU( )global’ SU(Z)gAIObal x
SU(2)29™ remains.

Finally, we consider the following simultaneous
equations:

0= —pg + AoVg + Aoa Vi,

0 = —,Lti + /1A112A + ﬂ@AUé. (414)

Since the simultaneous equations can be decom-
posed into two quadratic equations of vg and v,, it
can be solved as

vo =1 VNS —/1<1>2Aﬂi’ vy =+ Aok} —icbzAﬂczp’
Aado =g Aado =g
(4.15)

where all sign combinations exist. SU(2)s<! is
completely broken. SU(2)5° is broken to



HAJIME OTSUKA et al.

PHYS. REV. D 106, 115033 (2022)

TABLE IL

The extrema and saddle points in the potential given in Eq. (4.4) for k=0 are shown. The potential energy at each

extremum or saddle point and remaining gauge and global symmetry are also listed. # of NG represents the total number of NG modes.

In the table, the superscript, local/global, is omitted.

Name V] V"; V4
2 2

(v0:v2) 00 (0.4/2) (+E0) (228 s0en)

ul Aotk —2dpau pA+Aap
V(ve,v4) 0 N o T Tty
Gauge symmetry SU(2), u(l), None None
Global symmetry SU(2), XSU2)p XSU2)pg U(1)A X SU(2) g XSU(2)pr SUR2)a xSU(2) gy U(1)AxSU(2) gy
# of NG 0 3 5

U(1)8°° and SU(2)85™ x SU(2)89™ is broken to
the SU(2)5™ custodial symmetry. Therefore
U(1)2 x SU(2)57" remains.

We summarize the extrema and saddle points in the
potential given in Eq. (4.4) in Table II. In the table, the
potential energy at each extremum or saddle point, remain-
ing gauge and global symmetry, and a total number of NG
modes are also listed, where V,, V,, V3, and V, represent
the names of the stationary points and the potential energies
at SU(Q2)leal (1)l 57(2)8 x SU(2)59, and
U(1)8° % SU(2)85™ stationary points, respectively.

Next, we consider the correspondence between the
parameter domain and the symmetry realized in the
vacuum. First of all, the quartic coupling constants A,,
Ao, and Agp, must satisfy the following conditions to
stabilize the potential V(vg, v5) with finite values of the
VEVs:

Ax >0, Ao > 0, Ando — Agp > 0. (4.16)
There are four stationary points V, 34 given in Table II.
They are not always solutions in all parameter regions
because the VEVs vg and v, are defined as real numbers.
In fact, V, is a solution in any y3, and y3 region; V, is a
solution for 3 > 0; V3 is a solution for 3, > 0;and V4 is a
solution for 43 > 0 and p3 > 0.

We will find the true vacuum by comparing the potential
energies of stationary points. When 3 > 0 and u3, > 0, the

potential energy preserving U(1)5° x SU(2)gy is lower
than the other potential energies preserving SU(2)lcal,
U(1)lsel and SU(2)5°™ x SU(2)59™" because

Ao Apa 2 M4
V-V, =42 (2 7% 2 Ho
o {4<m¢—ﬁém> (”A 70 ') 2

<0, (4.17)

(}“Aﬂé - /1®A/‘2A)2
425 (Aalo — Agy)

V4—V2:— <O, (418)

(/Iqaﬂi - ’1<I>A/4%D)2 <0
42 (Aaho — Apn)

V4 - V3 - - (419)

from Eq. (4.16). For the other parameter spaces of (i3, 43 ),
it is easy to find that for p3 <0 and y < 0, SU(2)'s
is realized at the vacuum; for 2, < 0 and % > 0, U(1)5d!
is realized at the vacuum; for w3 >0 and w3 <O,
SU(2)2 % SU(2)80 is realized at the vacuum. The
global symmetry SU(2)8 x SU(2)85™ x SU(2)8%™
breaking patterns are shown in Fig. 3.

U(2)A X SU(2)¢>L X SU(Z)@R

(2)£0

U(Q)A X SU(2)¢>V

m

(A)70

U(1)a x SU2)ar x SU(2)ar

%

U(I)A X SU(Z)@V

FIG. 3. The global symmetry SU(2)5° x SU(2)280™ x

SU(2)5% breaking patterns for x = 0 are shown. (X) # 0 and (A) # 0

represent the SSB by the VEV of T and A in (1,2,2) and (3,1,1) of SU(2)5™ x SU(2)85™ x SU(2)85", respectively. In the figure,

the superscript, global, is omitted.
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B. With soft symmetry breaking term (x # 0)
We will now begin analyzing the potential for the case
k #0. We take the VEVs of X(x) and A(x) given in
Eq. (3.1). Substituting the VEVs into the potential of X(x)
and A(x) given in Eq. (2.6)

2
1
V(Z.A) = —%Tr(ZTZ) — SHATE(A?) = V2KTr(0; 27AT)

2 1
+ Z“’ (Tr(Zf2))? + Z/lATr(Az)z

1
+ ElmATr(ZTZ)Tr(AZ), (4.20)
the potential is given by
Ly, 1, 0, 2 2
V(vg, vy, ;) = ~5HoV _E”A(”m + v;,) — KUg Uy,
1 1
+Zl<1>713> +Z’1A(U$I +03,)?
1
+ E/IQ)AU%D(U%I + 1),2,3>. (421)

We recall that the x term is invariant under SU(2)lca,
but breaks SU(2)2™ x SU(2)8™ x SUR)E™  to
SU(2)2°%  y(1)8°* Therefore, this system is invariant
under SU(2)s¢! gauge and SU(2)8°™ x U(1)2°" global
transformations. Note that £(x) and A(x) belong to 2(£1)

and 3(0) of SU(2)°™ x U(1)8°™, respectively, where the

numbers in boldface denote SU(2)¥°™ representation and

numbers in parentheses denote U(1)°™ charges.

Next, we calculate the first derivatives of the potential

V(vg, vy, . ,,) With respect to vg, v, , v,,.
9 % = 2 _2 Ay V2
avcp (U(I)’ Ur]] ) 1]113) - /UCD(_”CD - KUW} + (I)Uq)

+ /1<1>A(U%l + 7)%3))’

0
wv(l}@’ Ur]] El 1]113) = 11,,11 <_ﬂ2A + }“A<v$1 + 1}1%3> + 2“DAH%())’
m
0
ﬁv(v‘b’ Uny» 1},73) = v'h(_ﬂQA + )“A(U%I + ’U'%3>

UE]
+ doat3) — k3. (4.22)

From the first derivatives, we find the following stationary
conditions:

0 = vo(—ud — 2kv,, + Apvd + Apa(v3, +v2,)).  (4.23)
O = Ui’]] (_luzA + ﬂA(”%] _'_ U’%3> + j"bAvé‘)’ (424)
0 = v, (—p3 + Aa(v5, 4+ v7,) + Aoay) — K0 (4.25)

We analytically solve the simultaneous equations given
by Egs. (4.23)-(4.25) below.

®

(i)

(iii)

115033-7

From Eq. (4.23), we find

v =0 or

— 2Ky, + Ao + Aoa (v, + v7.) = 0.
(4.26)

— 13

First, for vg = 0 case, from Eqgs. (4.23)—(4.25), we
find
v =0 or

= —,uzAJr/IA(v%l +v,%3)2:0.

(4.27)

m M3

For the first case, the VEVs are located at the origin

Vg = v, = v,, = 0. (4.28)

SU(2)lseal is unbroken, and SU(2 )glObal x U (l)global
is also unbroken.
For the second case, we can take the following

VEVs by using the SU(2)¥°* transformation:

2

v, =0, v, ==+

vg =0, " s N

(4.29)
SU(2)keal is broken to its subgroup U(1)!, and

U(1)2" % U(1)8°" remains.
Next we consider the second condition in Eq. (4.26).
From Eq. (4.24), we find

=0 or —pux+2a(vy +v75) + dosvy = 0.

(4.30)

vﬂl

From Eq. (4.25), the above second condition leads to
k=0, but due to x #0, v, = 0. For vg #0 and
v, =0, we need to solve the following simulta-
neous equations:

0=—ui - 2kv,, + AoV + /1¢A1)%3, (4.31)

0 = v, (—p3 + AV, + Apavd) — k05, (4.32)
The solutions of the simultaneous equations lead to
ve # 0and v, # 0, so the vacuum of these solutions

breaks SU(2)2™ x (1) to U(1)8°™.

The simultaneous equations in Egs. (4.31) and
(4.32) can be decomposed into a cubic equations for
v,, and a quadratic equation for vg. From the
vacuum solutions listed in Table II and the soft

symmetry breaking x term, the three solutions of

the cubic equation correspond to one SU(2)8™ x

SUQ2)5X and two U(1)5° x SU(2)57" global
symmetry vacuum solutions in the k = 0 case. We
can solve the exact solutions of the simultaneous
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TABLE IIL

of NG represents the total number of NG and pNGB modes.

The extrema and saddle points in the potential given in Eq. (4.21) for « # 0 are shown. The potential
energy at each extremum or saddle point and remaining gauge and global symmetry are also listed, where v

=0.#
m
In the table, the superscript, local/global, is omitted. For

U(1)2°" case, we omit O(k) if there is already a value greater than «.
Name VI VH VHI VIV
2 z _
(V0. v,,) 0.0) (0.5v%2)  (y/20w) Ch@%%ﬂi@er
HA Hy O N Y N
V(vg. vy,) 0 — - _W
Gauge symmetry SUQ2)p u(l), None
Global symmetry  SU((2), xU(1),  U(1), xU(1)g u(l),
# of NG 0 2 3 5

equations because of just cubic and quadratic
equations, but they are too complicated to show
here. Instead, we can find approximate solutions
to the simultaneous equations by using the solu-

tions around the SU(2)2" x SU(2)8%" and

U(1)8% % SU(2)8%™ vacuum solutions. The de-
tailed values are not important for the discussion
here, so we omit the particular form, but there are
solutions around the x = 0 solution in Table II as

follows. From the solution for the SU(2)5 x

SU(2)5% vacuum in the k = 0 case,

2

LIS O(x),

’U@:Zl: T
(o}

(4.33)

From the solution for the U(1)2° x SU(2)4
vacuum in the x = 0 case,

ﬁAﬂ%p—ﬂ@Aﬂi
=44 /———F=+4+ 0(k),
0N e i Y
Aops — Apaps
b, = £/ 2HA L0 4 (), (4.34)

/1A/1¢I> - ’1<DA

SU(2)A X SU(Z)@L X

l Kk-term

SU(Q)L X U(].

e

Next, we consider the correspondence between the
parameter domain and the symmetry realized in the
vacuum. Since the x term does not affect the shape of
the potential at infinity, the constraint of the parameter
region from the stability condition to potential is the same
for k # 0 as for k = 0, which is given in Eq. (4.16). In the
region where k can be treated perturbatively, the true
vacuum does not change, so the results for the case x =
0 are applicable. Therefore, for ¥ 2, and 43 > 0, U(1)2°
is realized at the vacuum; for u3 <0 and u3 <O,
S U(2)lse is realized at the vacuum; for w3 <0 and
pX >0, U(1)l5 is realized at the vacuum. The extrema
and saddle points in the potential are summarized in
Table I11. The global symmetry SU(2)2 x SU(2)89" x
SU(2)2% breaking patterns are shown in Fig. 4.

Before investigating the mass spectra of the scalar
sectors, we comment on the would-be NG and pNG modes.
For V; of Table III, there are no NG modes. For V7yj, there
are two NG modes, and they are absorbed by the
SU(2)keal /Uy (1)keal gauge bosons. For Vyy, there are three
NG modes, and they are absorbed by the SU(2)5¢a! gauge
bosons. For Vyy, there are five NG modes. Three of the
five NG modes are absorbed in the SU(2)!5° gauge boson.

SU(2)aor

)R

M

ULy =

U(l)L X U(l)R

FIG. 4. The global symmetry SU(2)2° x SU(2)29 x SU(2)29 breaking patterns for k # 0 are shown. The x term stands for a
soft symmetry breaking term; (X) #0 and (A) # 0 represent the SSB by the VEVs of £ and A in (1,2,2) and (3,1,1) of

SUQ2)E™ 5 SU2)89 x sU(2)89™. (1,2,2) and (3,1,1) of SU(2
one 3 of SU(2),, respectively. In the figure, the superscript, global,

global

A % SU)3 x SU(2)3

is omitted.

are decomposed into two 2 and

115033-8
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The remaining two NG modes are real scalar modes with

U (1)“‘;/IObaJ charges and are identified as one complex scalar.

As can be seen from the above discussion, a charged
pNGB that can be regarded as a DM appears only when
u3 >0 and p% > 0. In the following, we consider such
a case.

V. MASS SPECTRUM

Here we investigate the mass spectra of the scalar fields
3(x) (or ®(x)), A(x), and H(x) for the parameter region
2 > 0and g3 > 0, where U(1)2° symmetry is realized

at a vacuum. In particular, we confirm that there is a

U (1)‘%,10"21'1 charged complex scalar with a mass proportional
to the x parameter. It corresponds to the pNG mode, which
will be regarded as a DM candidate.

First, we check the potential terms associated with X and
A. Here we consider the following field expression at the

U(l)%/lobal charge, while 73, ¢, and ¢, have no U(l)%/lobal

charge. The U(1)¥°* charge of fields can be checked by

using, e.g., the generator of the U(1)2°™ charge o;.

The stationary conditions in Eqgs. (4.31) and (4.32) for
Vg, Ua # 0 can be written as

,Llé = —2K1}A ‘I’ﬂq)’l](zb + A.@A’U%}, (52)
2 2 2 Uczp
Ha = Aava ""%AU«D_KZ» (5.3)

where we replaced v, as v,.
Substituting Egs. (5.1)—(5.3) into the potential V(Z, A)
given in Eq. (4.20), the potential is given as

Vni.m. 3. @1, 2 b3, ps) = Vo + Vo + V3 + Vs, (5.4)

vacuum:
where V stands for Vyy in Table III, and the subscript of V;
1 [voa+n n—im (j = 0,2, 3,4) denotes the mass dimension of the operator.
Ax) = ﬁ (}7 Yin, —vs—n >, Note that the tadpole term of the potential V| disappears
: : ) A ) from the stationary conditions. The constant terms of the
5 (x) = s (vq> + 3 — iy 1+ iy ) (5.1) potential of the real scalar fields (171,72, 13, @1, P2, P3, Pa)
V2 1 — iy Vg + @3 + iy are given by
where we denote the VEV of 773 as v,, and the values of v, 1 . . - 5
and vg for k — 0 are given in Eq. (4.34). In our convention, Vo =— 4 (Aav; +AoVp + 2A0a3 Ve — 2k0p0g).  (5.5)
the generator of the remaining U (1)%,10]331 corresponds to the
o3 direction. Therefore, 7y, 12, ¢;, and ¢, have the same  The quadratic terms are given by
|
4kvy 2KV 4kv —2Kv
1 A @ ¢, 1 A ) b
Vo =5(dh 'll)( 2 )( )+§(¢2 772)( 2 )(
2KVg K 7B —2KVg K 1
1 2/1([)1}(21) ZA@A’UQ{UA - 21)(1)](' ¢3 5
+=(ds 1 < ; )( >+0x¢. 5.6
2( 2 M) 2ApAVpVp — 200K 2/1A112A+%K n3 ! (56)

Since the determinant of (1, ¢, ) is zero, one of the eigenvalues is zero. Furthermore, if k is set to zero, both eigenvalues are

zero. The same is true for (17, ¢, ). Since the determinant of (13, ¢3) is non-zero, even for k — 0 zero eigenvalues do not

appear. Instead of it, a U (1)%/10@1 neutral scalar field ¢, is always massless. Therefore, we find that one of the two linear

combinations of 5; and ¢, is an NG mode that is absorbed by an SU(2)!5¢@! gauge boson, and the other is a pNG mode. The
same is true for 7, and ¢,. ¢, is an NG mode, and 75 and ¢; are Higgs modes. Similarly, the cubic and quartic terms are
given by
V3 = 2k(m$1¢p3 — a3 + mabrps + mbags) + knz(di + ¢3 — ¢3 — #3)
+250an3 (1 + 15+ 113) + Aovods (41 + 3 + 3 + ¢3)
+ doavallz (7 + ¢ + &3 + $3) + doavods(ni +n5 +113),

1 1 1
Va= 220t +03 +m3)* + 1 d0(P1 + 93 + 03 + 6317 + S daa(rf + 03 +03) (@1 + 43 + 43 + ¢2).

115033-9
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For the calculation of the scattering amplitudes of SM
particles and a charged pNGB in the next section, here we
switch on the scalar field H in 2 of SU(2)% listed in
Table I and rewrite charged scalar fields as follows:

1 0 1 .
H:7§<v+h>’ ¢(j:)’:_2(¢1il¢2)a
1
Nix) = 75(’71 F i), (5.9)

where the subscripts (positive and negative signs) enclosed
in parentheses indicate the sign of the U(1), charge,
and v stands for the VEV of the SM Higgs boson, which
breaks SU(2)k x U(1)eal into U(1). In the rest of
this section, we will examine the mass matrix when a

|

2
v
— 2 _ ]
meg,, = 0, my, = K‘<41)A + UA)’

where

Vo

\/vé+4vi’

sinff =

U(1)2°* neutral scalar field / is added to the mass matrix
given in Eq. (5.6), where the field / is a main component of
the SM Higgs boson.

First, we consider the mass eigenstates for the U (1)“{’,10bal
charged scalar fields ¢, and 5,,. When we rewrite ¢ ,
and 77 5 in terms of ¢+ and 77(+) as in Eq. (5.9), the mass
term of ¢, , and 5, , given in Eq. (5.6) can be rewritten as

1 b 4kvp 2KVg
V235 (d) '7<:F>)M2c< ) M2c==< L

N(+) 2KV Kk

(5.10)

The above mass matrix can be easily diagonalized, and the
mass and mixing matrix are given by

<G<i)> _ < cos sinﬂ> <¢<i)>
P(x) —sinf cospf N(x) '

ZUA

\/Ué+4U2A,

(5.11)

cosff = (5.12)

G4 is the would-be NG modes of SU(2)5%, and ¢, is a U (1)“"’,10'32‘1 charged scalar mode that is a pNG mode of

SU(2)2° /U (1)8°°, which will be identified as a DM.

Second, even when # exists, there is no mass mixing of ¢, and 4, so ¢, remains massless. That is, ¢, is a would-be NG
mode of SU(2)s%! Further, ¢, has no charge of U(1)'%! and U(1)4°™. Therefore, ¢, can be identified with the neutral

NG mode G,.
global

Finally, the mass matrix of a U(1)},

211.11)2

M2 = | Anovve

j.Hq)UU(p
2
2/1(1>'Uq>

neutral sector (13, ¢3, i) is given by

2/1HAU’UA

20paveva — 209K (5.13)

1/,2
ZAHAUUA 2/1CDAUCD/UA - 2’Uq>K' 2/1AU2A + il(' - 27]@/('

Since this mass matrix is a real symmetric matrix, it
can be diagonalized by a unitary matrix (orthogonal
matrix) Uy, where Uj,Uy =1 and U}, = Ul That is,
UuM% UL, = (M%)%2, where (M%)%2 is a 3 x 3 diagonal
matrix. The mass eigenstates can be expressed from the
original basis as follows:

hy h
hy [ =Un| 5 |, (5.14)
hs 3

where h; (j =1, 2, 3) are mass eigenstates with no

U (1)“;',10bal charge, and h; is identified as the observed
SM Higgs mode with a mass of about 125 GeV. The exact
eigenvalues and eigenvectors are too complicated to show

|

here. Instead of it, we show the approximate mass eigen-
values and mass mixing matrix when v, is sufficiently
larger than » and vg. For vy > vg, v, the mixing matrix
Uy is given by

10 —dme

7ava cosa sina 0

Aen D .
Us=1| O [ NN —sina cosa 0
Auav  Aoave 1 0 0 1

VINON VNN

2 .2

v

@
+0<2,2),

Ua Ua

tan 2o ~ 200¢ (Anode — Auaton)

~ . (5.15)
v? ()“%JA — Agha) — Ué(}%@ — Apa)

115033-10
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The mass eigenvalues for /; are given by

' Miate — 2poAunton + Aadie o2
Apda = o ¢’
(Asdno — Anaton)? 2
a(Aola) — A3o ’

2
mj, =~ Agv

2
2 tota — Ao o
hy — o]
2 AA

m%} ﬁllA’UzA. (516)

Here we comment on the mass matrix in Eq. (5.13). The
similar mass matrix has been analyzed in Gy x U(1)p_,
and SO(10) pNGB DM models Refs. [22,23,29,30], but
only the case v, > vg, v such as v, > 0(10'%) GeV and
vg, v = O(10%) GeV is allowed in those models due to the
DM stability problem. In this model, the stability of the DM
is guaranteed by U(1), but when we identify ¢ as the
DM, the direct detection leads to some constraints, which
we will discuss in the next section.

VI. DIRECT DETECTION AND RELIC
ABUNDANCE

In this section, we will show how the model intro-
duced in Sec. II is constrained by various DM experi-
ments. Firstly, we study the scattering amplitudes of a
DM candidate ¢(+) and SM fermions via the SM Higgs
and additional scalar fields shown in Fig. 5. In the
original pPNGB DM model (Ref. [14] for Abelian and
Ref. [31] for non-Abelian case), the soft breaking term is
a scalar bilinear term and gives only an origin of pNGB
DM mass term. Such soft breaking terms preserve a
nature of NGB for DM and gives derivative portal
|

2
my, mys i 1 1 1 1 .
AddON(—z— |:’Uq> sm2az (—2——2 +4UA ——ZGyCOS(XZ +m—2(lx Sll’l(}lZ s

4oy v my, m,

P < _ P

ha ¢3an3

f/\f

FIG.5. Tree-level scattering of ¢ and the SM fermions f via
the scalar fields h, ¢35, 175 is shown.

T
|
|
|
|

interactions, resulting in vanishing DM-nucleon scattering
amplitudes in ¢t — 0 limit. In the model we introduced in
Sec. II, however, the soft breaking term found in
Eq. (4.20) is a scalar trilinear term, and gives not only
an origin of pNGB DM mass term but also additional
hig )@ -) portal interactions proportional to soft break-
ing parameter k, just like Refs. [22,29]. These portal
interactions give rise to new contribution in addition to
canceling diagrams, resulting in a nonzero DM-nucleon
scattering process even in t — O limit. Therefore, we
must look into parameter regions that escape direct
detection constraints.

Apart from the vanishing part in # — 0 limit, the DM-
nucleon scattering amplitude .4,, in our model is propor-
tional to soft breaking parameter x, which is replaced with
the DM mass m,, by using Eq. (5.11) as

(6.1)

my, hy

where m; denotes the mass of SM fermions f; a,, a,, and @, stand for the mixing angles of ¢s-n3, h-n3, and h-¢3,

respectively;
hy 1 0 0 cos a,
h, | =10 cosa, sina, 0
hs 0 —sina, cosa, —sina,

Note that the mixing angles a, and a, are expressed in
terms of VEVs of the scalar fields and four point interaction
coefficients as

/IHA’U

. _Joale
/IAUA’

y VNN

a, ~ (6.3)
Note also that we retain only the first order term for v/ v,
or vg/va in Eq. (6.1). See Appendix for the detailed
derivation.

0 sina, cosa, sina, 0 h
1 0 —sina, cosa, O b3 (6.2)
0 cosa, 0 0 1 13

|

As commented in the previous section, the previous
models such as Ggy x U(1)z_, and SO(10) pNGB
DM models required a very high v, due to DM longevity.
The high v, also brings about a small DM-nucleon
scattering amplitude, because it is suppressed by 1/ va.
In this model, on the other hand, the stability of the DM
is guaranteed by U(1)y, so v, is expected to be allowed to
be a much smaller scale than O(10'°) GeV, as we will
see later.
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In the remainder of this section, we compare the spin-
independent (SI) DM-nucleon cross section og; and show
limitations on v, from recent DM experiments [45,46].
In the model, the SI cross section og; is approximately
given by

1 mg, my 2 1 1
Oy & —— — |vg sin2a, | — ——
STl \2A v [ “\mi mi
1 2

1 1 . 2
+ 4o, (—m—%lay cos a, +m—%2ax s1naz>})

myfy

(m, +m,)*’

(6.4)

where the proton mass m, ~0.938 GeV, and fy ~0.3.
Note that we retain only the first order term for v/v,
or ve/v, in Eq. (6.4). For the conversion formula from
DM-quark scattering to DM-nucleon scattering, see
e.g., Ref. [47].

The thermal relic abundance of DM in a model that can
be regarded as a low-energy effective description of this
model has been calculated in Ref. [31], and it has been
shown that the observed value can be reproduced when
the DM mass satisfies the condition mpy 2 my, /2.
Furthermore, there is a constraint from Higgs invisible
decay when the DM mass is less than half of the Higgs
boson mass. Therefore, in the following, we mainly focus
on regions where the DM mass is more than half the Higgs
boson mass: m,, 2 my, /2.

As a benchmark parameter set, we fix mass parameters
for the second and third neutral Higgs fields as m,;, =
300 GeV and mj;, = 500 GeV, respectively. We take a
sample set (sina,,sinay,sina;) = (0.06,0.05,0.1). We
assume that SU(2),, gauge bosons are heavy.

In Fig. 6, we show allowed parameter regions consistent
with various experimental constraints, varying the ratio of
the SU(2),, doublet and triplet VEV as vg/v, = 1/4 and
1/10. Solid lines express parameter contours reproducing
an observed DM energy density, Qh? = 0.12. Three dips in
solid lines correspond to the resonance contributions from
hy, h,, and hs. Therefore, they locate at the half of their
masses, my, /2 =62.5GeV, m,,/2 =150 GeV, and
my, /2 = 250 GeV, respectively. The small depression at
» = 300 GeV is due to the opening of a new annihilation
channel, @ ¢y — hyh,. Dashed lines represent con-
straints from a direct detection LUX-ZEPLIN experiment
[46] recasted to the upper limit for the VEV ratio v/v4. The
direct detection constraints become tight at large DM mass
region. That is because the DM-nucleon scattering ampli-
tude is proportional to a soft-breaking parameter, namely,
the DM mass square mZ,, as we show in Eq. (6.1). The gray
shaded region satisfies my < 2m,, with my being mass of
the SU(2), neutral gauge boson. In this region, the SU(2) ,,
neutral gauge boson can also become DM candidate, which

m

1
1071}
A
°
S
1072}
1073 ¢ - va/va=1/4
p— v.;p/’UA = 1/10
1074 . i ; e i
50 10? 108

my [GeV]

FIG. 6. Constraints from a direct detection experiment and a
prediction for the relic abundance in our SU(2) pNGB DM
model. Solid lines express a parameter contour corresponding to
Qh? = 0.12, while dashed line represents a direct detection
constraints from the LUX-ZEPLIN experiment [46]. The gray
shaded region is the region where the SU(2),, neutral gauge
boson can also become DM candidate, which is not dealt with in
this analysis for simplicity. The purple shaded region is excluded
by Higgs invisible decay constraints [48].

is not dealt with in this analysis for simplicity. The purple
shaded region is excluded by Higgs invisible decay con-
straints [48]. The Higgs invisible decay width in this model
shows vg,/v,-dependence only through subleading terms.
Therefore, the excluded region colored in purple is
common for VEV ratio vg /vy = 1/4 and 1/10.

We apply the same method in Refs. [47,49,50] to
calculate the DM-nucleon scattering cross-sections and
thermally averaged total annihilation cross sections. We
find that the relic abundance does not change so much
when we vary the VEV ratio v4/v,. We also find that there
are plenty of allowed parameter regions which escape the
direct detection constraints and reproduce a correct DM
relic abundance at the same time.

VII. SUMMARY AND DISCUSSIONS

We proposed a new pNGB DM model based on non-
Abelian gauge symmetry SU(2), in which scalars in 2 and
3 of SU(2),, are introduced. We analyzed the structure of
the symmetry and its breaking patterns in detail by
analyzing the scalar potential. We found that when the
mass parameters of the scalars yfp and ,ui are positive in our
convention, the SU(2),, gauge symmetry is spontaneously
broken to the exact U(1),, global symmetry by the VEVs of
the scalars in 2 and 3 of SU(2),. The charged pNGB under
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the U(1), custodial symmetry appears, and is identified as
DM. The stability of the DM is guaranteed by the exact
U(1), custodial symmetry. From Fig. 6, we showed
that the relic abundance is correctly reproduced while
escaping the severe constraints from the direct detection
experiments.

We comment on the additional SU(2),, gauge symmetry
breaking scale. In the Gy x U(1)z_, and SO(10) pNGB
DM models [22,23,29,30], the VEV of the additional
U(1),_, gauge symmetry breaking scale must be higher
than O(10'%) GeV to suppress DM decay rate, while in
our new pNGB DM model the VEV of SU(2),, breaking
scale is allowed to be roughly O(1) TeV or higher due to
the stability of DM guaranteed by the U(1), custodial
symmetry. Complementary verification by accelerator
experiments may be possible in some parameter regions
in our model.

In the SU(2), x U(1)y pNGB DM model [31], it has
been pointed out that an additional gauge coupling of
U(1)y is not asymptotically free and there is a Landau pole
in the high-energy region, so this problem can be tackled by
extending to SU(2) gauge theory. However, it is not enough
to extend the additional gauge sector part to non-Abelian
gauge symmetry because the SM gauge group includes an
Abelian gauge symmetry U(1),. To address this issue, we
have to discuss extensions to grand unified theory (GUT)
[37,51,52]. The extension of this model to GUT models
will be left as future work.
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APPENDIX: DM-QUARK SCATTERING
AMPLITUDE

We will derive DM-quark scattering amplitude given in
Eq. (6.1). The scalar kinetic terms K and scalar potential V
parts of the Lagrangian in Eq. (2.1) are given as

. 1 1
K= (D,H)"D"H + ETr((DﬂZ)TDﬂZ) + ETr(DﬂAD”A),

(A1)

1 1
V=-u4HH - EﬂéTr(ZTZ) - EﬂzATr(Az)

— V2kTr(0;3Z AZ) 4 Ay (HTH)?

+20 (rr(zre)2 + 28 (mr(ar) 2

p ren A
+ ? (H'H)Tr(Z7E) + % (H'H)Tr(A2)

+ ﬂ"%n(z*z)nw), (A2)

where ¥ = (®, ®) and A are SU(2)!5°! bi-doublet and real
triplet fields, respectively.

For deriving relevant interactions for DM-quark scatter-
ing amplitude, we adopt nonlinear basis, because in the
nonlinear basis, the Higgs-portal interactions only come
from kinetic terms in Eq. (A1) and the soft breaking term in
the first line of Eq. (A2), which makes derivation of
DM-quark scattering amplitude much easier than that in
the linear basis. Note that the result Eq. (6.1) is the same
regardless of whether we choose a linear or no-linear basis.
The polar decomposition for bidoublet and real triplet fields
are given as

Vo + ¢3 .
X = with
7 s
i
£ = exp <£ (D)0 + b0 + 4’463)) . (A3)
A=At e with

V2

i
ér = exp (- Toe (o) + 'I(-)G(-))) : (A4)
UA

where vg, and v, are VEVs for each scalar field. (. is
expressed in terms of the first and second Pauli matrices as
oy = (o F ic,)/+/2. Note that SU(2) generators O(1)
o3 satisfy the normalization conditions Tr(c( o)) =
Tr(6-yo(-)) =0, Tr(64)0<)) = Tr(o303) =2, and
bidoublet and real triplet fields satisfy
Tr(Z'Y) = (v +¢3)°.  Tr(A%) = (va +13)°. (AS)
We evaluate scattering amplitudes of the DM ¢ and
the SM fermions f shown in Fig. 5. Substituting polar
decompositions Egs. (A3) and (A4) into the potential V and
kinetic terms /C given in Egs. (A1) and (A2), and extracting
cubic scalar interactions relevant to DM-fermion scattering,
we get
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“Va D —— (¢ n(_>>M%(¢(”>
® )
1 ¢
——n3(d ﬂ(-))M%< (H), (A6)
n+)

2
KNL D < ¢3) 7] ¢ a”¢(_) + <1 +T> 5”71(+)a”77(_).
A

(A7)

where M2 is given in Eq. (5.10). The cubic interactions
in Eq. (A6) can be rewritten in terms of mass eigenstate

¢(i) as

m> m>
Va2 <—2 e ’73) P+)P(-)- (A8)
Vo Ua

The cubic interactions in Eq. (A7) can be rewritten in terms
of g as

sin? 8 cos?
Kne 2 2( b3+ '13) (10" P ()
Vo Va
2 1
=|—¢3+—mn3 | 0P
Vo VA

1 4} — g
AT 0,010 )
z¢3 va 13+ 402 P ) b0

(A9)

Combining the first term in the last line of Eq. (A9) with
Eq. (A8), we get3

To obtain Eq. (Al1), we used

PO, @ (1) 9y = 50u[p(p(1))p () + Pp(4) (P9 ())
= (@P)one)) + % (P)pn o)
3P0 3P0 (Po) (A1)
with p = ¢p3,13. Total derivative terms in the first line of

Eq. (A10) are irrelevant, so we dropped them in Eq. (A11).

< o3+ —'73)aﬂ(/7(+)5”(ﬂ(—)

(Al1)

We find that all the terms appearing in Eq. (All) are
irrelevant to the DM-fermion scattering in direct detection;
the first line vanishes due to on-shell conditions for pPNGB
DM; the second line gives contributions proportional to
momentum-transfer = (p, — p;)* with p;, being in-
coming and out-going DM momentum. This will also
vanish when we take ¢ — 0 limit.

The remaining cubic interaction relevant to DM-fermion
scattering shown in Fig. 5 is the second term of Eq. (A9):

1 403 — v},
—2—213 ) 0,0 (1) @),
PR ALY Kode ks

(A12)

ICNLD_<2 >$3+

q>+47_)

Note that this term decouples when we assume v, > vg.
Further, by using the relation in Eq. (A10), we obtain

1 403 — 03
ﬁNL3—§< v¢+4 2 ?3 A—®+4 5 2’73)40(+)(P(—)
1 1 41}A V%
2< UCI)—|—41J2¢3 vp v+ 40 2’73)
X ((Po))ec) + o) (o). (A13)

where we ignored the total derivative. The first term
vanishes for 7 — 0 limit. By replacing 0°p ) to mg (),
the effective DM-scalar interaction for the DM-fermion
scattering becomes for  — 0

Vo 1 41;A v3 5
2 - _
( l)ﬁ) +4UZA ¢3 Ua Uq; T 4y QA’/IB myP ) P(-)
h
= (Kpgh  Kopps  Kopny ) | @3 | @)@ (Al14)
M3

where
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0
Koon 2
_ (4 20
Kppgps | = V2 + 412 ® . (A15)
(o] A 41)2A—1/é
Koons s

Next, Yukawa interaction terms of the scalar fields and
SM fermions f on the vacuum are given by

h
“Lnff==L(1 0 0)| ¢s |71,
UE

(A16)

where m  stands for a mass parameter of the SM fermion f.
By using the DM-scalar and scalar-fermion interactions

in Egs. (Al5) and (A16), we find that the scattering

amplitude shown in Fig. 5 for t — 0 is given by

1
2\-1 "
Ada < (Kpph - Kpppy  Kopny ) (M) W 0. (A17)
0
where (M%) = Ug'[(M%)%¢]"'Uy; the approximate

form of Uy for vy > vg,v is given in Eq. (5.15).
Substituting Eq. (A15) into Eq. (A17), we get

2
ms m . 1 1
Add(i(—q) f|:U(DSln2(IZ(—2——2>
my

1 1
+ 4v, <—2ay cosa, +—5ay Sinazﬂ s (AIS)
I My,

which is identical to Eq. (6.1).
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