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1 Introduction

The most beautiful framework for physics beyond the standard model is the grand unified

theory (GUT) where the three gauge groups of the model are unified into a larger gauge

group at a very high energy scale [1]. The most important prediction of the grand unified

theory is the unification of the gauge coupling constants at a very high energy scale.

Remarkably, the extrapolations of the three gauge coupling constants of the standard

model to higher energies roughly suggest the unification of the gauge coupling constants.

Despite such a suggestion of the coupling unification, however, the precise measure-

ments of the gauge coupling constants have revealed that three couplings do not coincide on

one scale [2]. Another important prediction of the grand unified theory is the finite lifetime

of the proton which decays via the interactions mediated by the heavy gauge bosons of the

grand unified gauge theory. Unfortunately, the predicted lifetime, τ(p → π0e+) ∼ 1030 yr,

is much shorter than the current experimental limit, τ(p → π0e+) > 8.2 × 1033 yr [3].1

The above lessons tell us that the grand unified theory requires additional particles

below the unification scale, so that the three gauge couplings better agree with each other

on a high energy scale and the unification scale is high enough to suppress the rate of the

proton decay. One of the most successful extension of the standard model which satisfies

those requirements is the supersymmetric standard model where superpartners for all the

standard model particles have masses of order of the electroweak scale [4]. There, the

unification is realized very precisely and the unification scale is raised to around 1016 GeV,

which predicts a much longer lifetime of the proton than the current experimental limit.

In this paper, we consider a much smaller extension of the standard model which

realizes the better unification and the higher unification scale than those in the standard

1Here, we are assuming the minimal gauge group of the grand unification, SU(5), where the leptons and

quarks are classified into the 5̄ and 10 [1].
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model. Concretely, we just add two Majorana fermions; those are adjoint representations of

the SU(2)L and SU(3)c gauge groups of the standard model. We name them “wino-like (w̃)”

fermion and “gluino-like (g̃)” fermion, respectively, after the fashion of the supersymmetric

standard model. The better unification and the higher unification scale are realized when

the masses of the adjoint fermions satisfy Mw̃ . 104 GeV and Mg̃ . 1012 GeV (see ref. [5] for

an earlier discussion on the effects of the adjoint fermions to the gauge coupling unification).

We go one step further. The scale of the mass of the gluino-like fermion, Mg̃ .

1012 GeV, is tempting to interrelate the mass to the breaking scale of the so-called Peccei-

Quinn symmetry which is introduced to solve the strong CP-problem [6]. As we will see,

the mass hierarchy between the two adjoint fermions can be explained with an appropriate

choice of the charges of the fermions under the Peccei-Quinn symmetry.

As an interesting bonus of the introduction of the Peccei-Quinn symmetry, the in-

teractions between the wino-like fermion and the fermions in the standard model can be

suppressed. As a result of the suppression, the neutral component of the wino-like fermion

has a very long lifetime and is a candidate of the dark matter. In fact, the thermal relic

density of the neutral wino-like fermion with a mass around 3TeV naturally explains the

observed dark matter density, ΩDMh2 = 0.1358+0.0037
−0.0036 [7].

As another bonus, the observed electron/positron excesses at the PAMELA [8] and

Fermi [9] experiments are also explained by the decay of the dark matter. As we will show,

an appropriate charge assignment of the Peccei-Quinn symmetry leads to a lifetime of the

dark matter which is suitable to explain the electron/positron excesses in cosmic ray.

The organization of the paper is as follows. In section 2, we show that the better

unification and the higher unification scale are realized when the masses of the adjoint

fermions, Mw̃ and Mg̃, satisfy Mw̃ . 104 GeV and Mg̃ . 1012 GeV. In section 3, we

consider a U(1) symmetry to address the origin of the mass hierarchy between the two

adjoint fermions. There, we show that the U(1) symmetry can be identified with the

Peccei-Quinn symmetry. In section 4, we show that the neutral component of the wino-like

fermion has a very long lifetime with an appropriate choice of the Peccei-Quinn charge

assignment. In section 5, we demonstrate how well the excesses of the electron/positron

fluxes observed at the PAMELA and Fermi experiments can be explained by the decay of

the wino-like fermion. The final section is devoted to conclusions.

2 Step 1: coupling unification and masses of adjoint fermions

Let us begin with a basic test of the grand unification in an extension of the standard

model with additional adjoint fermions; the test on how well the three gauge coupling

constants unify at a high energy scale. Throughout this paper, we assume the minimal

gauge group of the grand unification, SU(5), where the leptons and quarks are classified

into the 5̄ and 10 representations [1]. The unification scale is estimated by using the

one-loop renormalization group equations of the gauge coupling constants,

dα−1
a

d ln µ
= −

ba

2π
(a = 1, 2, 3) , (2.1)
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Figure 1. The one-loop renormalization group evolutions of the gauge coupling constants in

terms of α−1
a in the standard model (left) and in the extended model (right). In the extended

model, the masses of the wino-like and gluino-like fermions are taken to be Mw̃ = 3 TeV and

Mg̃ = 1010 GeV, respectively. In the figures, we use α3(mZ)MS = 0.1176(20), NH = 1. We have

also taken mh = 117GeV, and mtop = 171.3GeV, although the results do not depend on these

parameters significantly.

where µ is the scale of the renormalization and the quantities αi are related to the gauge

coupling constants of the standard model gauge interactions by αa = g2
a/4π. Here, g1 is

a rescaled gauge coupling of the U(1)Y gauge interaction, i.e. g1 =
√

5/3g′. Above the

electroweak scale, the coefficients of the beta functions are given by

b1 = 4 +
NH

10
,

b2 =
10

3
−

NH

6
(µ < Mw̃), 2 −

NH

6
(µ > Mw̃),

b3 = −7 (µ < Mg̃), −5 (µ > Mg̃), (2.2)

where NH is the number of Higgs doublets and Mw̃,g̃ denote the Majorana masses of the

adjoint fermions.

In figure 1, we compare the renormalization group evolutions of α−1
a in the standard

model with those in the extended model at the one-loop level. In the extended model, we

have taken NH = 1, Mw̃ = 3 TeV and Mg̃ = 1010 GeV as an example. Contrary to the

standard model, the gauge coupling constants in the extended model coincide on one scale

around 1015.5 GeV.

We quantify the degree of unification of the gauge coupling constants. For that pur-

pose, let us remind ourselves that there can be sizable threshold corrections to the gauge

coupling constants around the unification scale. Therefore, the exact unification of the

extrapolated gauge coupling constants does not have significant meaning, and there re-

mains some freedom in how we define the unification, which depends on explicit models of

the grand unified theory. In this study, instead of specifying models of the grand unified

theory, we quantify the degree of unification in terms of the size of the required threshold

correction at the unification scale, by defining the unification scale MGUT and the threshold

parameter Nth by,

α1(MGUT) = α2(MGUT) ≡ αGUT , ∆α−1 = α−1
GUT − α−1

3 (MGUT) ≡
Nth

2π
. (2.3)
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Figure 2. The adjoint fermion masses which satisfy the unification test, i.e. |Nth| < 5, 10 (see

eq. (2.3)), for one higgs doublet (left) and for two higgs doublets (right). The (light-)blue shaded

regions correspond to the masses which satisfy |Nth| < 5(10). For Mg̃ & 1015 GeV, the degree of

unification does not depend on Mg̃ since Mg̃ is higher than the unification scale MGUT in this region.

The horizontal lines show the contours of the unification scale. The gray-shaded region corresponds

to MGUT < 1015 GeV which is roughly excluded by the current lower limit on the proton lifetime

(see discussion around eq. (2.10)). In the figures, we have used α3(mZ)MS = 0.1176, mh = 117GeV,

and mtop = 171.3GeV, although the results do not depend on those parameters significantly. In the

case of the two higgs doublet model, we assumed that the threshold corrections at the electroweak

scale is not so different from those in the one higgs doublet model. This assumption is also good

enough for our purpose as long as the masses of the second higgs bosons are in the electroweak scale.

The parameter Nth quantifies how large a threshold correction at the unification scale is

required to realize a unified theory, and roughly speaking, it corresponds to the signed

number of the charged particles (in the unit of the fundamental representation) which

contribute to the threshold correction around the unification scale. For example, in the

case of the supersymmetric standard model where masses of all the superparticles are of

order of the electroweak scale, the threshold parameter satisfies |Nth|
<
∼ 5 [10].2

In figure 2, we show the degree of unification in the Mg̃–Mw̃ plane for NH = 1, 2. The

figures show that the precise unification, Nth . 5, is realized for

Mw̃ ≃ 10−(6−8) × Mg̃ , or Mw̃ ≃ 106−8 GeV for Mg̃ & 1015 GeV , (2.4)

for NH = 1, and for

Mw̃ ≃ 10−(5−7) × Mg̃ , or Mw̃ ≃ 107−9 GeV for Mg̃ & 1015 GeV , (2.5)

for NH = 2.

Next, we consider the second test, the lifetime of the proton. In the minimal grand

unified theory with the SU(5) gauge group, the protons decay into pairs of the pion and

the electron via the effective four fermi interactions (see for example ref. [11]),

L =
g2
GUT

M2
V

[

AR (d̄†Rū†
R)(uLeL) + AL(1 + |Vud|

2) (uLdL)(ū†
Rē†R) + h.c.

]

, (2.6)

2The parameter Nth is related to the threshold parameter εg in ref. [10] by εg = Nth/4π × αGUT.
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which are mediated by the exchanges of the heavy gauge bosons of the grand unified

theory. Here, gGUT is the unified gauge coupling constant, g2
GUT/4π ≃ 1/40, MV the mass

of the heavy gauge bosons, Vud ≃ 0.974 the ud-component of the Cabibbo-Kobayashi-

Masukawa matrix. The coefficients AR,L represent the renormalization factors of the above

operators from the unification scale to the lower energy scales. At the renormalization scale

µ = 2 GeV, the coefficients AR,L are given by,

AR,L = ASM
R,L ×

(

α2(Mw̃)

αGUT

)
27

12
(b−1

2
(µ>Mw̃)−b−1

2
(µ<Mw̃))

×

(

α3(Mg̃)

αGUT

)2(b−1

3
(µ>Mg̃)−b−1

3
(µ<Mg̃))

,

≃ ASM
R,L ×(1.0 − 1.2), (2.7)

for wide ranges of Mw̃ and Mg̃. The renormalization factors in the standard model, ASM
R,L,

are given by ASM
R ≃ 3 and ASM

L ≃ 3.2 at µ = 2 GeV [11].3 From the above operators, the

lifetime of the proton is given by,

τ(p → π0e+) ≃ 1.4 × 1034 yr ×

(

ASM
L,R

AL,R

)2
(

1/40

αG

)2( MV

1015.5 GeV

)4(0.06GeV2

|W0|

)2

, (2.8)

where W0 = −0.06 ± 0.018 GeV2 is the form factor of the proton decay operators between

the proton and the pion states calculated with lattice QCD [12].4

By comparing the predicted lifetime with the current experimental limit, τ(p →

π0e+) > 8.2 × 1033 yr [3], we obtain a lower limit on the heavy gauge boson mass,

MV & 1015.4 GeV ×

(

AL,R

ASM
L,R

)1/2
(

αG

1/40

)1/2( |W0|

0.06GeV2

)1/2

. (2.9)

Then, by expecting that the mass of the heavy gauge bosons is not so far from the unifica-

tion scale, we can translate the above lower limit to a limit on the unification scale. Notice

that the exact relation between the unification scale and the gauge boson mass depends

on models of the grand unified theory. In this study, instead of specifying models of the

unified theory, we just assume that the gauge boson mass is of order of the unification scale

and we put a rough lower limit on the unification scale,

MGUT & 1015 GeV . (2.10)

In figure 2, the shaded regions satisfy the test of the proton lifetime; MGUT & 1015 GeV.

The figures show that the regions of relatively heavy wino-like fermion are excluded by the

second test. As a result, the masses of the adjoint fermions which pass both the tests are

as follows;

Mw̃ ≃ 10−(6−8) × Mg̃ (Mw̃ . 104 GeV), (2.11)

3The renormalization factors are slightly smaller than those in ref. [11] due mainly to the use of the

different standard model parameters.
4The proton decay rate with W0 = −0.06 GeV2 corresponds to that expressed in terms of the form factor

with the proton and the vacuum, αH = 0.005 GeV3, which is often used to represent the proton lifetime in

the literature. In the chiral perturbation theory, those parameters are related by W0 = αH(1 + gA)/
√

2fπ ,

with the tree-level pion decay constant fπ ≃ 131 MeV and the nucleon axial charge, gA ≃ 1.22. See ref. [12]

for detailed discussions on the lattice simulations on those form factors.

– 5 –
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for NH = 1 and

Mw̃ ≃ 10−(5−7) × Mg̃ (Mw̃ . 104.5 GeV), (2.12)

for NH = 2.

3 Step 2: origin of masses of adjoint fermions

In the previous section, we have shown that the small extension of the standard model

with adjoint fermions predicts better unification with a longer lifetime of the proton than

those in the standard model for

Mw̃ . 104 GeV , Mg̃ . 1012 GeV . (3.1)

In this section, we try to explain the mass spectrum of the adjoint fermions by considering

a spontaneous symmetry breaking of a global U(1) symmetry. As we will see, the U(1)

symmetry can be identified with the Peccei-Quinn symmetry [6], and hence, the strong

CP-problem is solved automatically.

Let us first assume that the model is invariant under global U(1) chiral rotations,

g̃ → g̃′ = eiα/2g̃ , w̃ → w̃′ = eiαw̃ , (3.2)

with an angle α.5 Under this symmetry, the masses of the adjoint fermions are forbidden.

Next let us further assume that the chiral symmetry is broken spontaneously at around

108−12 GeV by a condensation of a scalar field X which rotates under the above chiral

symmetry by,

X → X ′ = e−iαX (〈X〉 ≃ 108−12 GeV). (3.3)

With this spontaneous breaking, the gluino-like fermion obtains a mass from a direct

coupling with X,

Lg̃ ≃
1

2
X g̃g̃ + h.c. , (3.4)

which results in Mg̃ ≃ 〈X〉 ≃ 108−12 GeV. Here, we have neglected coefficients of the

order one.

The mass term of the wino-like fermion, on the other hand, is still suppressed by the

chiral symmetry, and it begins with a dimension five operator suppressed by MGUT,

Lw̃ ≃
1

2

X2

MGUT
w̃w̃ + h.c. , (3.5)

5The above charge assignment suggests that the gluino-like and the wino-like fermions stem from different

multiplets in the grand unified theory, although we do not pursue explicit models of the grand unified theory

in this paper.

– 6 –
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when we assume that the interactions between the scalar X and the wino-like fermion are

mediated by fields of masses of order of the unification scale. Once the dimension five

operator is generated at the unification scale, the mass of the wino-like fermion is given by,

Mw̃ ≃
〈X〉2

MGUT
≃ 3TeV ×

(

〈X〉

109.5 GeV

)2(1015.5 GeV

MGUT

)

, (3.6)

which is consistent with the unification tests in the previous section. As a result, we found

that the masses of the adjoint fermions can be naturally explained by spontaneous breaking

of a chiral symmetry at the intermediate scale.

The interesting outcome of the above chiral symmetry is that the chiral symmetry plays

the role of the so-called Peccei-Quinn symmetry [13, 14]. That is, the above chiral rotation

is anomalous to the SU(3)c gauge symmetry, and the axion resulting from the spontaneous

breaking of the chiral symmetry cancels the θ angle in QCD which is otherwise required

to be tuned to a very small value, |θ|<∼ 10−10 [15]. It should be noted that the properties

of the axion are consistent with the astrophysical and the cosmological constraints for

〈X〉 ≃ 109−12 GeV (see for example ref. [16] and references there in for detailed discussion

on astrophysical constraints on the Peccei-Quinn breaking scale). Therefore, the above

small extension of the standard model which satisfies the unification can be naturally

integrated with the solution to the strong CP-problem.

4 Step 3: stability of adjoint fermions and dark matter density

Recent observations of the electron/positron excesses in the PAMELA [8] and Fermi [9]

experiments strongly suggest the existence of a new source of electron/positron fluxes.

The most interesting candidate of the new source which is related to physics beyond the

standard model is the decay of the dark matter with a mass in the TeV range. Therefore,

it is an interesting question whether the above wino-like fermion can be a candidate of

the dark matter, and on top of that, it explains the observed electron/psoitron excesses

in cosmic ray. (The earlier works on the electron/positron excesses from the decay of

the wino-like dark matter of a mass in the TeV range have been done in refs. [17, 18]

in a model independent way, and in refs. [19, 20] in the context of the supersymmetric

standard model.)

Before going to the stability of the wino-like fermion, it should be checked whether the

neutral component of the triplet wino-like fermion is the lightest component. The dominant

mass splitting between the neutral and the charged components in the wino-like fermion

comes from the one-loop weak gauge boson exchange diagrams [21], which is given by

∆Mw̃ = Mw̃± − Mw̃0 =
g2
2

16π2
Mw̃

[

f(rW ) − cos2 θW f(rZ) − sin2 θW f(0)
]

,

≃ 161MeV − 165MeV (for Mw̃ = 1TeV − 10TeV), (4.1)

where f(r) =
∫ 1
0 dx(2 + 2x2) ln[x2 + (1 − x)r2], ri denotes the weak gauge boson masses

normalized by the mass of wino-like fermion, ri = mi/Mw̃. Here, we have assumed that

the direct interactions between the wino-like fermion and the standard model fields are

– 7 –
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H ℓL ēR qL ūR d̄R w̃

SU(2) 2 2 1 2 1 1 3

U(1)Y −1/2 −1/2 1 1/6 −2/3 1/3 0

U(1)PQ 12/5 −18/5 6/5 6/5 6/5 −18/5 1

Table 1. The Peccei-Quinn-charges of the standard model fields. Here, we also show the charges

under the standard model gauge group; SU(2)×U(1)Y . We assign the same charges to all the three

generations of the standard model fermions.

suppressed, which will be justified in the following discussion. As a result, we see that the

neutral component is the lightest component of the wino like fermion. This splitting allows

the charged components decay into the neutral component and a virtual W± bosons which

end up with π± or lepton pairs. These are crucial features of the wino-like fermion as a

dark matter candidate, otherwise the wino-like fermion leads to a charged dark matter.

Now, let us ask whether the neutral component is stable or not. The easiest way to

achieve the stability is to introduce a Z2 symmetry under which the wino-like fermion

changes the sign. With the Z2 symmetry, we can forbid any interactions which cause the

decay of the neutral component of the wino-like fermion. It is, however, more attractive if

the stability of the neutral component is ensured by symmetries which are introduced for

some other reasons than the the stability of the dark matter. In the followings, we show

that an appropriate charge assignment of the Peccei-Quinn symmetry to the standard

model fields leads to a stability of the wino-like fermion.

The lowest dimensional interactions which cause the decay of the wino-like fermion are

given by,

Ldecay = ciH
∗
aw̃AtAa

b ℓb
Li , (4.2)

where ci denotes a coefficient, tA the generators of SU(2), H the higgs doublet, and ℓLi

the lepton doublets of the flavor indices i = 1, 2, 3. In the followings, we assume NH = 1,

although we can extend our discussion for NH = 2, straightforwardly. With the above

operators, the decay rate of the wino-like fermion is given by,

Γw̃(w̃0 → ℓ±W∓, νZ, νh) ≃
c2
i

2π
Mw̃ . (4.3)

Here, we have summed all the possible final states. Therefore, in order for the wino-like

fermion to be a dark matter candidate, ci must be highly suppressed.

To suppress the above operators, we give charges to the standard model fields under

the Peccei-Quinn symmetry. In table 1, we give an example of the charge assignment

which suppresses the operators in eq. (4.2). With this charge assignment, the operators

in eq. (4.2) have the corresponding Peccei-Quinn charge −5, and hence, they are highly

suppressed. That is, when the interactions between the scalar X and the standard model

fields as well as the wino-like fermions are mediated by the fields of masses of order of the

– 8 –



J
H
E
P
0
8
(
2
0
0
9
)
0
8
6

unification scale, the above operators only come from the effective operators,

Ldecay ≃
X∗5

M5
GUT

H∗
aw̃AtAa

b Lb
i , (4.4)

and hence, the coefficient ci is highly suppressed by (〈X〉 /MGUT)5. As a result of the

suppression, the wino-like fermions decay and the lifetime of the neutral wino-like fermion

is given by,

τw̃ ≃ 4 × 1025 sec ×

(

3TeV

Mw̃

)(

109.5 GeV

〈X〉

)10(
MGUT

1015.5 GeV

)10

. (4.5)

Therefore, the lifetime of the neutral wino-like fermion can be long enough to be a dark

matter candidate. Moreover, the lifetime is in an appropriate range to explain the elec-

tron/positron excesses by the decay of the dark matter.6

We next consider the thermal relic abundance of the wino-like fermion. Since the

interactions between the wino-like fermion and the matter fields of the standard model are

highly suppressed, the dominant annihilation process is the one into two W -bosons via the

t-channel exchange of the charged wino-like fermions. The perturbative analysis on this

process gives the thermal relic density of the wino-like fermion [22],

Ωw̃h2 ≃ 0.1 ×

(

Mw̃

2TeV

)2

(perturbative). (4.6)

As pointed out in ref. [23], however, the thermal relic abundance is significantly changed

by a non-perturbative effect called the Sommerfeld enhancement when the neutral and

the charged wino-like fermions are almost degenerate. The resultant mass range of the

wino-like fermion which is consistent with the observed dark matter density is then given

by [23],

2.7TeV . Mw̃ . 3.0TeV (non-perturbative). (4.7)

In figure 3, we show the corresponding parameter region on the Mg̃ −Mw̃ plane. From the

figure, we see that the masses which have passed the unification tests are consistent with

the mass of the wino-like fermion which explain the observed dark matter density.

Before closing this section, we comment on the contributions of the standard model

quarks to the SU(3)c anomaly of the Peccei-Quinn symmetry. As we see from the table 1,

the contribution in the quark sector is cancelled, i.e.

6

5
(2 + 1) −

18

5
= 0 , (4.8)

6 The other higher dimensional operators which also cause the decay of the neutral wino-like fermion are

more suppressed by factors of the unification scale and by the symmetry. It should be also noted that when

there are four fermion interactions such as w̃ēRℓLiℓLj , the operators in eq. (4.2) are induced radiatively

and dominate the decay process. Thus, in the non-supersymmetric models, the decay modes via the four

fermion interactions such as w̃ → ℓ + ℓ + ν cannot be the dominant mode.
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Above the bands, the thermal relic density is larger than the observed dark matter density, while

it is smaller below the bands.
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Figure 4. The fragmentation functions into electrons and positrons of the each decay modes. We

used the program PHYTIA [26] to obtain the functions. In this figure, we have taken Mw̃ = 3TeV

and mh = 117GeV.

where the first term denotes the contribution from qL and ūR, while the second term from

d̄R. This cancellation can be understood by remembering that the above charge assignment

can be expressed by,

QSM
PQ = −

24

5
QY − 6QB−L , (4.9)

where both of QY and QB−L are anomaly free. Therefore, the anomaly of the Peccei-Quinn

symmetry to the SU(3)c gauge symmetry only comes from the gluino-like fermion under

this charge assignment.

5 Electron/positoron excesses from decay of dark matter

In the previous section, we showed that the wino-like fermion is a good candidate of the dark

matter with the help of the Peccei-Quinn symmetry, and the thermal relic density explains

the observed dark matter density for Mw̃ ≃ 3TeV. Besides, with an appropriate choice of

the Peccei-Quinn charges, the lifetime of the dark matter can be in an appropriate range for

an explanation of the observed electron/positron excesses in cosmic ray, i.e. τw̃ ∼ 1026 sec.
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In fact, the decay mode of the wino-like fermion, w̃ → ℓ±W∓ has been studied extensively

in ref. [17, 18], and the observed cosmic-ray spectra can be well fitted for ℓ = µ with

Mw̃ = 3 TeV.

In this section, we apply their analysis to the wino-like fermion dark matter which

decays via the operators in eq. (4.3). According to the results in refs. [17, 18], we con-

centrate on the case with |c2| ≫ |c1,3|, so that the mode into ℓ = µ is the dominant one.

The important difference of our analysis from the generic analysis is that the decay mode

w̃ → ℓ±W∓ is accompanied by the other decay modes, w̃ → νZ and w̃ → νh with the

branching ratios,7

Br(w̃ → µ±W∓) = 0.5, Br(w̃ → ν
(†)
2 Z) = Br(w̃ → ν

(†)
2 h) = 0.25. (5.1)

In figure 4, we show the fragmentation functions of the each decay modes into electrons

and positions for Mw̃ = 3 TeV. The figure shows that the contribution from the Z and h

modes increase the number of the low energy electrons and positirons compared with those

in the pure W mode.

The predicted electron/positron spectrum in cosmic ray is shown in figure 5 for the

dark matter lifetime τw̃ = 1026 sec with the branching fractions given in eq. (5.1).8 The

analysis on the propagation of the electron/positron fluxes in the galaxy is based on that

given in ref. [27], and we used numerical approximated Green function with the choice of

the MED propagation model in the reference. As for the background electron/positron

spectra, we used the ones given in the same reference. The figure shows that the model

fits the data of the Fermi experiment quite well. In the right panel of figure 5, we also

show the predicted positron fraction. In the figure, we have taken into account the solar

modulation effect in the current solar cycle [31]. The figure also show that the positron

fraction can be well fitted by the current model.

The weak gauge bosons and the higgs boson in the final states of the dark matter decays

also fragment into protons/antiprotons. Such fragmentations into protons/antiprotons are

severely constrained by the PAMELA experiment which shows no excess in the antiproton

fraction [34].9 In the left panel of figure 6, we show the fragmentation functions into the

protons and antiprotons of W±, Z and h in the final states of the dark matter decay

for Mw̃ = 3 TeV. The figure shows that sizable numbers of the protons/antiprotons are

expected from the fragmentations of those bosons. In the right panel of figure 6, we

7 The above branching ratios are similar to the ones considered in the decaying gravitino dark matter

scenarios [24, 25].
8 In ref. [18], a similar spectrum is obtained for τw̃ = 2.1×1026 sec. The difference of the chosen lifetimes

reflects the difference of the branching ratio of the w̃ → µ±W∓ mode, which requires the twice larger decay

rate in our case.
9 This is a remarkable difference of the non-supersymmetric wino-like dark matter in comparison with

the wino-like dark matter in the supersymmetric context. In the supersymmetric models such as ref. [19],

the decay of the wino-like dark matter proceeds via the dimension six operators w̃ēRℓLℓL which dominate

over the dimension four operators w̃ℓLH∗. On the other hand, in the case of the non-supersymmetric wino-

like fermion, the later dimension four operators are generated radiatively from the former dimension six

operators and the decay process is dominated by the dimension four operators. This difference may allow

us to investigate whether the supersymmetry is behind the wino-like dark matter through the observation

of the antiproton flux in cosmic ray.
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Figure 5. Left) The predicted electron/positron flux in cosmic ray for the branching ratio in

eq. (5.1). The propagation of the electron/positron flux in the galaxy is analyzed based on a

numerically approximated Green function given in ref. [27] (the MED propagation model). The

prediction is compared with the experimental data [9, 28–30]. Right) The predicted positron fraction

in cosmic ray for the same dark matter decay modes with the experimental data [8, 32, 33].

show the predicted antiproton fraction in cosmic ray for τw̃ = 1026 sec and the branching

fraction in eq. (5.1). In our analysis, we again used the numerical Green functions of the

proton/antiproton propagation for three different diffusion models given in ref. [27]. The

background proton spectrum is borrowed from ref. [35]. The figure shows that the predicted

fraction is contradict with the observed fraction in some diffusion parameters. Thus, the

decay mode in eq. (5.1) with τw̃ = 1026 sec for Mw̃ = 3 TeV is somewhat disfavored from the

antiproton fraction observed in PAMELA experiments, although not completely excluded.

Before closing this section, we comment on the cosmic ray from the annihilation of the

wino-like dark matter. As discussed in ref. [36], the annihilation cross section of the dark

matter in our galaxy is also enhanced by the Sommerfeld enhancement. The enhancement

is, however, not so significant for 2.7 TeV. Mw̃ .3TeV, and the resultant cosmic ray from

the annihilation are much smaller than that from the decay of the dark matter with a

lifetime in the range of 1026 sec.

6 Conclusions

In this study, we found that the small extension of the standard model with adjoint fermions

allows the better unification of the three gauge coupling constants of the standard model

with a long enough proton lifetime, when the adjoint fermions have masses in ranges of

Mw̃ . 104 GeV and Mg̃ . 1012 GeV. We also discussed that the neutral wino-like fermion

can be a good candidate for the dark matter whose thermal relic density naturally explains

the observed dark matter density. With an appropriate choice of the Peccei-Quinn charges,

we also found that the lifetime of the neutral component of the wino-like fermion can be

an appropriate range to explain the excesses of the electron/positron fluxes in cosmic ray

in recent experiments.
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It should be noted that the unification scale which is consistent with the dark matter

density is not much higher than 1015 GeV, and hence, the masses of the heavy gauge

bosons which mediate the proton decay are expected to be close to the current limit,

MV & 1015.4 GeV. Therefore, the model predicts rather short lifetime of the proton, τp =

O(1034−35) sec, which will hopefully be soon detected even at the current detectors such as

Super-Kamiokande. This is a distinctive prediction in comparison with the supersymmetric

standard model where the typical lifetime of the proton decaying via the gauge boson

exchange is O(1036) sec.10

The direct searches of the dark matter to detect the recoils of nuclei by the dark matter-

neclei collision will give a clear evidence of the dark matter. As shown in ref. [38], the cross-

section of the direct detection of the wino-like dark matter is around 10−45 cm2 for Mw̃ ≃

3 TeV, which is within reach of future experiments such as SuperCDMS experiment [39].

The detection of the wino-like fermion at the collider experiments is also interesting. As

we have mentioned, the charged components of the wino-like fermion decay into a neutral

wino-like fermion and the charged pion with the lifetime of O(10−10) sec. Thus, once they

are produced at collider experiments, they may leave displaced vertices which help us to

detect the wino-like fermions at future experiments.11

We also comment on the fate of the gluino-like fermion. Since it has a rather heavy

mass, Mg̃ ≃ 109−12 GeV, the cosmic abundance of the gluino-like fermion is highly sup-

pressed as long as the temperature of the universe after inflation is much lower than Mg̃.

In the above discussion, we have assumed that the wino-like and the gluino-like

fermions have different charges under the Peccei-Quinn symmetry so that the large hi-

erarchy Mw̃ ≪ Mg̃ is explained by the breaking scale of the Peccei-Quinn symmetry. The

easiest way to assign such different charges to the adjoint fermions in a consistent way

with the idea of the unification is to consider a unification model with product gauge

groups.12 For example, let us consider a unification model based on product gauge groups

SU(5)GUT × SU(3)H × SU(2)H , where the leptons and quarks are classified into the 5̄

and 10 representations of the SU(5)GUT gauge group. When the above product gauge

groups are spontaneously broken by bi-fundamental representations of SU(5)GUT×SU(3)H
and SU(5)GUT × SU(2)H diagonally, the SU(3)c × SU(2)L gauge groups of the stan-

dard model are obtained as diagonal subgroups of SU(3)(in SU(5)GUT) × SU(3)H and

SU(2)(in SU(5)GUT)× SU(2)H , respectively. In this model, the three gauge coupling con-

stants of the standard model are given by,

g−2
3 = g−2

SU(5)GUT
+ g−2

SU(3)H
,

g−2
2 = g−2

SU(5)GUT
+ g−2

SU(2)H
,

g−2
1 = g−2

SU(5)GUT
, (6.1)

10In some classes of the grand unified model in the supersymmetric model, the lifetime of the proton

decaying via the gauge boson exchange is rather short [37].
11See related works for the detection of the wino-like fermion in the lower mass region at the LHC

experiments [40].
12 The idea of the product group grand unification has been developed in the realization of the so-called

doublet-triplet splitting in the supersymmetric grand unification models (see for example refs. [41–45]).
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Figure 6. Left) The fragmentation functions of W , Z and h into the protons and antiprotons.

We used the program PHYTIA [26] to obtain the functions and assumed mh = 117GeV. Right)

Predicted anti-proton and proton ratio in cosmic ray from the dark matter decay with the branching

ratios in eq. (5.1). The propagations of the proton/antiproton fluxes in the galaxy are analyzed

based on a numerically approximated Green function given in ref. [27] for three diffusion models,

MAX, MED and MIN. We compare the prediction with the experimental date in ref. [34]. The

background proton spectrum is borrowed from ref. [35].

around the scale of the unification. The precise unification of the three gauge coupling

constants is the result of the rather large gauge coupling constants of SU(3)H and SU(2)H .

Then, when the wino-like and gluino-like fermions are adjoint representations of not

SU(5)GUT but SU(2)H and SU(3)H , respectively, we may assign different charges under

the Peccei-Quinn symmetry to them. In this way, we may consider a unification model

which admits the adjoint fermions having different Peccei-Quinn charges, which explains

Mw̃ ≪ Mg̃ as discussed in section III.
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