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Matter and dark matter are unified under the framework of SU(6) — SU(5) x U(1)y. A dark-matter
candidate is possible, not because it is stable, but because it has a very long lifetime, in analogy to that of the
proton in theories of grand unification. A specific example is presented.
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I. INTRODUCTION

The existence of dark matter appears to be indispu-
table [1]. Instead of taking it for granted as an ad hoc
addition to the Standard Model (SM) of quarks and leptons,
a more fundamental question may be asked as to its
relationship with visible matter. One possible answer is
that both belong to the same organizing symmetry, such as
SO(10), but are distinguished by a marker symmetry such
as U(1), [2,3]1in SO(10) — SU(5) x U(1),. Fermions and
scalars which are odd and even under U(1), belong to the
visible sector, whereas fermions and scalars which are even
and odd under U(1), belong to the dark sector. They are
distinguished by (—1)92/ where j is the particle’s spin.
The lightest dark particle is assumed to be neutral and is
stable because of this odd-even symmetry.

Another possible answer is that there is no marker
symmetry and both visible and dark matter coexist in
multiplets of an organizing symmetry such as SU(6) [4,5],
but the dark-matter candidate itself has a very long lifetime,
just as the proton has a very long lifetime in theories of
grand unification. A specific complete model of SU(6) —
SU(5) x U(1)y is presented here for the first time, where a
dark fermion decays to SM particles through a superheavy
gauge boson.

II. SU(6) UNIFICATION OF VISIBLE
AND DARK MATTER

Consider the extension of the well-known SU(5)
model [6] of grand unification to SU(6) with SU(6) —
SU(5) x U(1)y. Although one family of fundamental
fermions under SU(5) is contained in the anomaly-free
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combination of 5* and 10, the analogous case for
SU(6) [7.8] is two 6*=(5%,—1)+(1,5) and one
15 =(10,2) + (5,—-4). Let

dc De
d¢ D¢
* dc * DC
6p1 = e | 6f) = |
v E°
Ny N,
0 u“ wu® —u —-d -D
—u‘ u“ —u —-d -D
15, u —u* 0 —-u —-d -D (1)
u u wu 0 —e —ET
d d d e 0 —E°

D D D Et E° 0

Their SU(3). x SU(2), x U(1)y x U(1)y assignments
are listed in Table I. Note that all are left handed.

The scalar sector consists of the following:

(i) (1) 845=(5.1)+(45.1)+(24.=5)+(10.7) which
breaks the U(1)y of SU(6) along (1,1,0,-5) of
(24,-5) [v1] to SU(3) x SU(2), x U(1)y

(i) (2) 21%=(15",=2)+(5".4)+(1.10) which breaks
the U(1)y of SU(6) along (1,10) [v,] to SU(5)

(iii) (3) 355 = (1.10) + (5.6) + (5*.—6) + (24.0) which
breaks SU(6) along (1,1,0,0) [v3] from (24,0)
to SU(3)-xSU2), x U(1), x U(1)y

(iv) (4) 155 which breaks SU(2); x U(1)y along
(1,2,-1/2,4) [vy] from (5%,4) to U(1),

(v) (5) 84L=(5,1)+(45.1)+(24,—5)+(10,7) which
breaks SU(2), x U(1), along (1,2,1/2,1) [vs]
from (45,1) to U(1),

The SU(6) symmetry is first broken to SU(3)-xSU(2), x
U(1)yxU(1)y by vs at a high scale. Subsequent breaking
of U(l)y is by w;, and SU(2), xU(1)y by wvys.
In addition, the Z, discrete symmetry is imposed so that
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TABLE I Fermion content of SU(6) — SU(5)x U(l)y
model.

Fermion SU(3)c SU2), U(l)y U(l)y
d° 3* 1 1/3 -1
(v,e) 1 2 -1/2 -1
N, 1 1 0 5
D* 3+ 1 1/3 -1
(E°.E-) 1 2 -1/2 -1
N, 1 1 0 5
(u, d) 3 2 1/6 2
u¢ 3* 1 -2/3 2
e 1 1 1 2
D 3 1 -1/3 —4
(E*+, E9) 1 2 1/2 —4

65, and 84 are odd and the other multiplets are even.
This symmetry is obeyed by all dimension-four terms
in the Lagrangian, but is softly broken by the trilinear scalar
coupling 845 x 15% x 84, which contains the v|v4v5 term.

III. FERMION MASSES

Because of the Z, symmetry, 6, is distinguished from
6},. Hence, only 67, x 155 transforms as 84¢ and only
65 x 155 transforms as 84%. Thus, DD and E"E* +
E°E® masses are proportional to v, whereas d°d and ee¢

masses are proportional to vs. Similarly, both 63, x 67, and
|

O

gzgn (407 —v})  2¢%(25v7 + 10003 + 1603 + v2)

6y, X 65, transform as 215 and 15§, so that N, have
Majorana masses proportional to v, and vN,, E°N, masses
to v4. Finally, 155 x 155 transforms as 15%, with u‘u
masses proportional to v, as well.

Neutrinos obtain Majorana seesaw masses proportional to
v3/v,, with N, acting as the usual right-handed neutrino in
left-right models. This shows that SU(6) may be used
for seesaw neutrino masses in lieu of the customary SO(10).
The 3 x 3 mass matrix spanning (N,, E°, E°) is of the form

Snva fnevs 0
Mye = | fyevs 0 fevi |- (2)
0 fEv; 0

IV. GAUGE BOSON MASSES
AND INTERACTIONS

The gauge bosons belonging to the adjoint 35
representation of SU(6) are superheavy with masses
proportional to wv; except for those corresponding to
SUB3)exSU(2), xU(1)y xU(1)y. The breaking of
U(1)y comes from vy, and that of SU(2), x U(1)y x
U(1)y comes from v, 5. The charged W= mass is given by

mly =303+ 03), )
the massless photon is A=(e/g; )Wz + (e/gy)B, where B is
the U(1), gauge boson and gy/g; =tan@y with e™> =
gr% + gy*, whereas the 2 x 2 mass-squared matrix span-
ning (Z, Zy), where Z = W3 cos 0y, — B sin Oy, is given by

9z9n (4”421 - v%) > ’ )

where g2 = g2 + g3. For simplicity, vs = 2v4 may be assumed, so that Z and Zy do not mix, thereby preserving all

electroweak precision measurements involving the Z boson.

The gauge interactions of Z are given by

Ly = _gZZ;ljlé = —9zZ, (jé‘L - sinZGWj’é) (5)

and those of Zy by

Ly = _gNZN/Aj’;/

= —gnZyyRupy uy, — 2igytug + 2dpy*d;, + dry'dg — ery' e — 2egy*er — Upy'vp + SNy Ny
+ 5Ny y#*Nyy —4D Dy + Dy D — Efy*E7 + 4Exy"Ex — EVy"EY + 4EQy#ES). (6)

As such, Zy may be produced at the collider through its couplings to u and d quarks, and be discovered through its
couplings to charged leptons. The present collider limit [9] is estimated to be a few TeV.

V. ELECTROWEAK SCALAR SECTOR
Atthelevel of SU(3). x SU(2), x U(1)y x U(1)y, there are two scalar singlets 7, ~ (1,1,0,-=5), 7, ~ (1, 1,0, 10) and

two scalar doublets @, = (49, ;) ~
fermions of (1) are

(1,2,-1/2,4), &5 = (¢§L,¢2) ~(1,2,1/2,1). Their Yukawa couplings with the
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DDy, (E"E" + E°E%)py, NN n3, NyNows, d(dd? + ugs), (7)

u (ud +de;),  e(edd+uvgs),  Ni(wdl+edl).  NL(E'QS+ Ey). (8)

Note that these dimension-four terms all obey the imposed Z, symmetry discussed earlier under which d¢, (v, ¢), and
(¢7.$?) are odd, and the others are even.
The Higgs potential is
V = minin + m3nin, + mi®@id, + mi®Lds + [uyn, ®i®s + ponin, + Heel
1 1 1 1 p

54 (nim)* + & (15m2)* + 5/14(@1@4)2 + 5/15(‘1)5@5)2

+ 20 (i) (15m2) + Za (i) (@4Dy) + Aus (1171 (@I D) + Aos (151,) (P} )

+ Aos (1312) (PLDs) + Aus (PD4) (DI D5) + Ay (DD5) (DI D). )
Note that the dimension-three y; term breaks the Z, symmetry softly. Together with the u, term, they ensure that there

would be no extra accidental U(1) symmetry in V beyond U(1), and U(1)y.
The minimum of V is determined by

0 = vy (m} + A v} + 21203 + A1a0F 4 41503 + 2up0p) — p V405, (10)
0 = vy(m3 + A0} + A2 0% + Aoy 0% + Aps02) + pp 03, (11)

0 = v4(m3 + 4405 + 21407 + a3 + Ays03) — v, 0s, (12)

0 = vs(m? + 250} + 41503 + Aosv3 + Ausv3) — w10y 24 (13)

The 4 x 4 mass-squared matrix spanning v2Im(n?, 79, ¢3, #2) is given by

H1V4Vs/ V) —dupvy  —2po0) H1Vs K14
—2Usv —1, 03 v 0 0
/\/li: Ha V1 HaVT/ V2 . (14)
H1Us 0 H1V1Vs/ V4 K1y
H1V4 0 K17y K104/ Vs

Two zero eigenvalues appear, corresponding to [vy, —2v,, —v4v3/(v] + v2), —vivs/ (v + v2)] and (0,0, vy, —v5),
becoming the longitudinal components of Zy and Z, respectively. The remaining two massive pseudoscalar components
span (2v,,v;,0,0) and [v;, —2v,, (v} + 403) /vy, (v} + 403)/vs] with 2 x 2 mass-squared matrix,

4y v30303 — povy (07 + 4v3)? V405 2#1”1”%”4”5\/”3”% + (v] +4v3)(vF + v3) (1s)

2/41171”%”405\/ i+ (v} +403) (v +02)  wolvy[vded + (0} +403) (0] + 02)]

divided by v;v,(v? + 403)v4vs. It shows explicitly that 4; = 0 or u, = 0 implies one zero eigenvalue, and p; = pu, =0
implies two. In the limit v, 5 < vy, it reduces to

M — <—ﬂ2(1’% +4v3)/v; 0 ) (16)

0 o1 (v3 + v3) /v405
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The 4 x 4 mass-squared matrix spanning v/2Re(n, 73, #3, $2) is given by

2/11”% + 10405/ vy — vy 22150105 + 2up0,

2&12’[]11@ + 2#2’[11
24140104 — p1 Vs 24240204

20150105 — pi1 04 250505

Let h = 2[vsRe(¢]) + vsRe(¢2)]/1/v3 + v2, then its

mass is given by

m? = 20404 + 225 0‘5‘ + 4445 vivg '
1 ERY

(18)

It is the only linear combination of the four neutral scalar
fields which has no v ; contribution to its mass and acts as
the SM Higgs boson in its interactions. The other three
scalar bosons are much heavier and have suppressed
mixing with £, assuming again v, 5 < vy,

Consider now the linear combinations S; =
V2[1Re(}) + 20,Re(n))]/+/vi + 403 and S, =
V2[2v,Re(n?) — v;Re(59)]/+/v? + 4v3. Then

m2 . 2].11}‘11 + 8/12’1)3 + 811211%1)% +,U|’Ul’l]4’l]5 (19)
Sl - 7]2 +4,,12 ’
1 2
2 Ha o 2 vivs
ms, = o (01 +4v3) + (841 + 24, — 84y2) gy
4/111)4”5”%
. 20
vy (v + 403) (20)

2 200 o) )0t + (A — 200)03)

mg.s, = U% +4U% 1 12)07 12 2)V3
2/21 Uy Vs 22 ) (21)
vy +4v;

This shows that if 4, > v, ,, then S, is much heavier than §,
and their mixing is suppressed. This scenario is useful for the
dark-matter phenomenology to be discussed later.

The remaining scalar H = v/2[vsRe(¢)) — v4Re(¢2)]/

\/v% + v2 has mass given by

v (02 + 02 24 + 205 — 4y ) v 02
m%{:ﬂl 1(4 5)+( 4 25 245)45_ (22)
V4 Vs 7)4+1)5

It mixes with & through the term

5 2040s[(Ag — Aas)v3 4 (Aus — As)v3]
Myg = 2 2
Uy + US

. (23)

This shows that y;, v; > v45 guarantees that H is heavier
than £ and their mixing is suppressed, as remarked earlier.

20,03 — a7/ 15

2214v104 — p1 Vs 2150105 — P10y

2&24’[12 [ 2/125 Vr Vs (17)
20405 4 o105/ vy 2450405 — py 0

2hs5v4vs — vy 24503 + p v 04/ s

VI. DARK MATTER

Of the new particles beyond those of the SM, N; acts as
the seesaw anchor of v as already explained. It replaces the
usually assumed right-handed neutrino. The others are the
color-triplet fermions D of charge —1/3, the vectorlike
electroweak doublet fermions (E~, E?), and the neutral
singlet N, fermion. At the level of the SM extension to
U(1)y, as is clear from (7) and (8), this latter set of particles
are distinguished from those of the SM by a discrete Z,
symmetry under which they are odd. The lightest, presum-
ably N,, could then be dark matter. This is analogous to the
stability of the proton from baryon number conservation in
the SM. However, once it is realized that these particles are
embedded into SU(6), it is clear that N, must also decay,
just as the proton.

The superheavy gauge bosons (5,6) and (5%, —6) of the
adjoint vector 35 representation connect N, to (d°, e,v), N,
to (D¢, E~,E®), and (D, E*,E°) to (u°, u,d, e°), as shown
in (1). Together with (2), they allow the decay Ny — e™W~
through the superheavy neutral gauge boson X? in (5,6) as
shown in Fig. 1. This amplitude is proportional to
(v3/v,)(mg/m%), and is of similar magnitude to that of
proton decay. This establishes the notion that dark-matter
stability is akin to proton stability in the context of the
unification of matter and dark matter, in parallel to that of
quarks and leptons.

As for the heavy E leptons, it is clear that E° decays to
N,h from (8) and E~ decays to E°W~. The heavy D quark
decays through the scalar (3, 1,—1/3,—4) component of
(5,—4) in 155 or 21 to N,dN,, with N; decaying to vh.
Note that these interactions do not violate the Z, symmetry
separating matter from dark matter at low energy. They serve
the purpose of allowing the heavier dark particles to decay to
N, rapidly, assuming that the mediating scalars are not too
heavy. Note also that proton decay is possible through scalar
exchange as in SU(5). Here it occurs through the mixing of
(3,1,—1/3,—4) with (3,1,—1/3, 1) through the term 65 x
155 x 84g and may be suppressed with a large mass for
(3,1,-1/3,1) as in SU(5).

VII. RELIC ABUNDANCE
AND DIRECT SEARCH

The relic abundance of the very long-lived N, is
determined by its annihilation to scalar bosons which are
in thermal equilibrium with SM particles. In particular, the
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FIG. 1. Decay of N, through superheavy gauge boson X°.

dominant process is shown in Fig. 2, assuming mg, <
my, < mg,. The NoN,S| coupling is v2my, /\/v} + 413,
and the §;5¢S; coupling is dominated by 6\/5;121;%1)2/
(v? + 423)%/2. Hence, the annihilation cross section at rest
multiplied by relative velocity is

A Y
1287my, (v +403)* my,

Oann X Vrel =

As an example, let v, =2v, =35 TeV, my, =1 TeV,
mgs = 800 GeV, and u, = 14.7 TeV, then 6,,, X v =
3 x 1072 c¢m?/s, the canonical value for the correct dark-
matter relic abundance of the Universe.

As for direct search, since N, is a Majorana fermion, it
does not couple to the Zy gauge boson at rest, so its only
interaction with matter at underground experiments is
through the SM Higgs boson. The mixing of §; with A
comes from the term

m%,h
B 2’[)%(/114713 +/115’U§) + 2’[]%(124’0% +ﬂ.251}§) - 2/11 V1 V405

Vv +4vsy /vl + 02

(25)
Let 6 = mg ,/m3 , then the coupling of N, to & is
my0+/2/(v? +4v3), whereas h couples to quarks by
m,/+/2(vi 4 v%). The spin-independent elastic scattering

cross section of N, off a xenon nucleus per nucleon is
given by

o — f mszXe 2 54f17 + 77fn 2 (26)
O x \my, + my, 131 ’
N S1
Si
_______ _<\
Ny S1

FIG. 2. N,N, annihilation to S;S;.

where [10]
‘ 2 ‘ 0
Tr _ o075+ - (1-0075) a2 ,
oL ! L mi/of + 403y /0] + 0}
(27)
‘ 2 ‘ 0
T _ 10078 + = (1-0078) T, .
My L I mi /vt +4v3\ /o] + vl
(28)

For my, =1TeV, v, =2v,=5TeV, \/Ui—l—v§:174GeV,
my, = 125 GeV, the upper limit on # from [11] oy <
107 cm? is 1.84 x 1073, Without fine-tuning, € is of
\/(vﬁ+v§)/(v%+4v%)~l/60. Hence, a fine-tuning

of order 1/10 is required. This is possible by adjusting the
value of y; in the range of v;, relative to other free
parameters in (25).

order

VIII. GAUGE COUPLING UNIFICATION

The fermion content of this model is that of the SM
extended by two complete SU(5) fermion multiplets
(D¢, D¢, D¢, E~,E®), (D,D,D,E*,E") and two fermion
singlets N, , per family. There are also two electroweak Higgs
doublets @, 5 instead of just one in the SM, and two Higgs
singlets. As far as the evolution of the known three gauge
couplings, it follows the same pattern as the SM model with
two Higgs doublets. It is well known that these gauge
couplings do not unify under such circumstances. However,
with the appropriate addition of some particle multiplets [12—
15], unification of gauge couplings is possible at a high
energy scale.

Consider the one-loop renormalization-group equation

1 1 b, M,

w0y " wy)  2x M, (29)

where a; = g7 /4 and the coefficients b; are determined by
the particle content between M, and M,. In the SM with
one Higgs doublet, these are given by

SUB3)¢: be=—-114+(4/3)Np = -7, (30)

SU(2),: by =—=22/34+ (4/3)Ng+1/6 =—-19/6, (31)

U(l)y: by = (4/3)Ng + 1/10, (32)

where Ny = 3 is the number of quark and lepton families and
by has been normalized by the well-known factor of 3/5.

The contributions of the extra fermions and scalars of
this model supply the following changes:

L051704-5
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Abe = (2/3)Np,  Aby = (2/3)Ng + 1/6,
Aby = (2/3)Ny + 1/10. (33)

The further addition of the &~ (3,1,—1/3,—4) scalar
contributes Ab- = 1/6 and Aby = 1/15.

Gauge coupling unification may be achieved following
Ref. [2], by adding a colored fermion octet Q ~ (8,1, 0,0)
with Ab- =2 as well as an electroweak fermion triplet
¥~ (1,3,0,0) with Ab; =4/3, both from an assumed
355 of SU(6), and a scalar triplet S ~ (1,3,0,—5) with
Ab; =2/3 from the 84¢ already present. The resulting
evolution equations become

1 1 17 M 1 M 2 M
ay ac 2n M; 2 M, 2 My,
2 M,
| N 34
+27Z' n MZ ( )
11 1. My 4/3 Ms 2/3 Mg
—=———In— —In—- —In—-
Ay ar, 27[ MZ 27[ MZ 27[ MZ
2 My, 1/6. Mg
=1 Ny o n =2, 35
+27f nMZ 271' nMZ ( )
1 3 4/15. M 1/15. M 2 M
Ay Say 2 MZ 2w MZ 2w MZ
1/10. Mg
In—2=, 36
+ 2w nMZ ( )

where Mg is the mass of the heavier scalar doublet, and a,
ayp, ay are evaluated at M ,, with central values given by [9]

ac=0.118,  a; = (vV2/7)GpM3, = 0.0340,
ay = a;tan’@y, = 0.0102. (37)

Eliminating «a;;, the two conditions on the various inter-
mediate masses are

My 1 M. 12 Mo 8 My
4318=In—+—Ih—=>+—In——-—In—=
S = s, T, T2,

4 Mg 1. Mg

LN Pt I P

23"M, 23" "M, (38)

My 1 M. 20 My 10 M
35.089 = In2¥ _ e 2y M O s

", 79", 79 m, T 79 M,

A

79", (39)

Subtracting the two equations to eliminate M, and
assuming Mg = My = My, the condition

102 M. 30 M 102
0771 =———— In—* 4+ In—S5+

M
(79)(23) "M, 79 "M, In7, (40)

(79)(23) Mz

is obtained. This is satisfied, for example, with Mg =
500 GeV, Mg =1TeV, and M; = 5.9 TeV, resulting in
My=6.57x10"GeV and a; =0.0386 for M, =3 TeV.
As for ay, using the normalization factor of 1/60, it may
now be deduced from

1 1

227 M 4/1 M 12 M
ay 6001\] 2w MZ 2w MZ 2w MZ
187 M 17/1 M

+ 8 /36ln Iy 4 / 801n—®

277,' MZ 277,' MZ7

(41)

yielding ay = 2.61 x 1074,

IX. CONCLUSIONS

Following up on the notion [5] that dark matter is a long-
lived particle just as the proton in a grand unified theory by
extending SU(5) to SU(6), a specific complete model is
presented. The SM fermions are augmented per family by
one heavy D quark, one heavy vectorlike lepton doublet
(E°, E7), and two singlets N 5, as shown in (1). A discrete
Z, symmetry is imposed on the dimension-four terms of the
Lagrangian, but is softly and spontaneously broken in
the scalar sector. The resulting theory has the following
features. The heavy Majorana fermion N, acts as the right-
handed neutrino in allowing the corresponding observed
neutrino to have a small seesaw mass, doing this in the
context of SU(6) instead of SO(10). The heavy Majorana
fermion N, is a dark-matter candidate with interactions
consistent with the correct relic abundance and may be
observed in underground direct-search experiments
through its induced coupling to the SM Higgs boson.
However, N, is not protected by a symmetry and decays
through a superheavy gauge boson in SU(6), just as the
proton is not absolutely stable and decays through a
superheavy gauge boson in SU(5). The pattern of sym-
metry breaking is assumed to be SU(6) — SU(3). x
SU(2), x U(1)y x U(1)y at a scale of order 10'® GeV.
Gauge coupling unification is possible and demonstrated
with an explicit example. The heavier D and (E°, E™)
particles decay rapidly to N, through scalars at an inter-
mediate mass. The Zy gauge boson is potentially observ-
able at a few TeV.

By incorporating dark matter as an essential component
of grand unification, it is shown that just as the conservation
of baryon number and lepton parity in the SM is violated in
the unification of quarks and leptons, the conservation of
dark parity at low energy is violated in the unification of
matter and dark matter. The longevity of dark matter is then
linked to the longevity of the proton, as a natural explan-
ation of the former’s existence.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. Department
of Energy Grant No. DE-SC0008541.

L051704-6



DARK MATTER FROM SU(6) — SU(5) x U(1)y ...

PHYS. REV. D 103, L051704 (2021)

[1] G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002
(2018).

[2] E. Ma, Phys. Rev. D 98, 091701(R) (2018).

[3] E. Ma, Lett. High Energy Phys. 2, 103 (2019).

[4] S.M. Barr, Phys. Rev. D 85, 013001 (2012).

[5] E. Ma, Phys. Rev. D 88, 117702 (2013).

[6] H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

[7] K. Inoue, A. Kakuto, and Y. Nakano, Prog. Theor. Phys. 58,
630 (1977).

[8] S. K. Yun, Phys. Rev. D 18, 3472 (1978).

[9] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,

030001 (2018).

[10] J. Hisano, K. Ishiwata, N. Nagata, and T. Takesako, J. High
Energy Phys. 07 (2011) 005.

[11] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[12] K. S. Babu and E. Ma, Phys. Lett. 144B, 381 (1984).

[13] N. V. Krasnikov, Phys. Lett. B 306, 283 (1993).

[14] W. Grimus and L. Lavoura, Eur. Phys. J. C 28, 123
(2003).

[15] E. Ma, Phys. Lett. B 625, 76 (2005).

L051704-7


https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/PhysRevD.98.091701
https://doi.org/10.31526/LHEP.1.2019.103
https://doi.org/10.1103/PhysRevD.85.013001
https://doi.org/10.1103/PhysRevD.88.117702
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1143/PTP.58.630
https://doi.org/10.1143/PTP.58.630
https://doi.org/10.1103/PhysRevD.18.3472
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1007/JHEP07(2011)005
https://doi.org/10.1007/JHEP07(2011)005
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1016/0370-2693(84)91283-8
https://doi.org/10.1016/0370-2693(93)90080-2
https://doi.org/10.1140/epjc/s2003-01135-3
https://doi.org/10.1140/epjc/s2003-01135-3
https://doi.org/10.1016/j.physletb.2005.08.069

