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Abstract

The alternative [SU (3)]4 model of leptonic color and dark matter is discussed. It unifies at My ~
1014 GeV and has the low-energy subgroup SU(3)g x SU(2); x SU(2)p, x SU2)g x U(1) x with (u, h) g
instead of (u, d) g as doublets under SU (2) g. It has the built-in global U (1) dark symmetry which is gen-
eralized B—L. In analogy to SU (3)4 quark triplets, it has SU(2); hemion doublets which have half-integral
charges and are confined by SU (2); gauge bosons (stickons). In analogy to quarkonia, their vector bound
states (hemionia) are uniquely suited for exploration at a future e~ e collider.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

To venture beyond the Standard Model (SM) of quarks and leptons, there have been many
trailblazing ideas. One is the notion of grand unification, i.e. the embedding of the SM gauge
symmetry SU3)¢c x SU2)r x U(l)y in a single larger symmetry such as SU(5) ~ E4,
SO(10) ~ Es, or Eg. There are indeed very many papers devoted to this topic. Less visited
are the symmetries [SU (3)1V, where N = 3,4, 6 have been considered [1-8]. Another idea is
that the SU (2) g quark doublet may not be (u, d) g but rather (u, h) g where h is an exotic quark
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of charge —1/3. This was originally motivated by superstring-inspired E¢ models [9,10] and
later generalized to nonsupersymmetric models [11-14], but is easily implemented in [SU (3)]V
models. A third idea is quark—lepton interchange symmetry [15,16] which assumes SU (3), for
leptons in parallel to SU(3), for quarks, but with SU(3); broken to SU(2); x U(1)y,. This
is naturally embedded in [SU (3)]* [4] and implies that only one component of the color lepton
triplet is free, i.e. the observed lepton, whereas the other two color components (with half-integral
charges) are confined in analogy to the three color components of a quark triplet. Finally a fourth
idea has been put forward recently [6,17] that a dark symmetry may exist within [SU (3)]" itself
or perhaps [SU(3)]Y x U(1). This new insight points to the possible intrinsic unity of matter
with dark matter [18-20].

In this paper, all four of the above ideas are incorporated into a single consistent framework
based on the symmetry SU((3),; x SU@3)r x SU(3); x SU(3)g. The three families of quarks
and leptons are contained in the bifundamental chain (3,3*,1,1) 4+ (1, 3,3*,1) + (1, 1,3,3%) +
(3*, 1, 1, 3) which also include other fermions beyond the SM. This unifying symmetry is broken
by two bifundamental scalars at My to SU(3)q x SU@2); x SUR)L x SUR)gr x U(Dx in
such a way that a residual global U (1) p symmetry remains. This important property guarantees
that a dark sector exists for a set of fermions, scalars, and vector gauge bosons. Because of the
necessary particle content of [SU (3)]4, this U (1) p may be identified as generalized B—L [21],
under which quarks have charge 1/3 and leptons have charge —1, but the other particles have
different values.

At My of order a TeV, SU(2)g x U(1)x is broken to U (1)y of the SM, with particle content
of the SM plus possible light particles transforming under the leptonic color SU (2); symme-
try. We will discuss their impact on cosmology as well as their possible revelation at a future
e~e™ collider, following closely our previous work [5] on the subject. We will also consider
the phenomenology associated with the SU (2) g gauge symmetry and the possible dark-matter
candidates of this model.

2. Fermion content and dark symmetry

All fermions belong to bitriplet representations (3,3*) under SU(3)4 x SU(3)p, where
SU (3) 4 acts vertically from up to down with I34 = (1/2,—1/2,0) and Y4 = (1, 1, —2)/(2\/§),
and SU (3) p horizontally from left to right with Iz = (—1/2,1/2,0) and Yp = (—1,—1,2)/
(24/3). The dark symmetry we will consider is

D =~/3(=2Y + 33 + Yg — 2Y)). (1)
Under SU3)y x SU@3)L x SU@3); x SU(3)R, the fermion content of our model is then given
by

d u h 1 1 =2

q~(3,3*,1,1)~<d u h), Dq~(1 1 —2), 2)
d u h 1 1 =2
X1 X2 v 0 0 -3

l~(1,3,3*,1)~<y1 2 e), Dl"’(o 0 —3), 3)
Z1 22 n 33 0

25 ¥y xf -3 0 0
10~(1,1,3,3*)~<z§ ¥ xg), ch~<—3 0 0), )

c C c 0 3 3

n e Vv
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h¢ h¢ h¢ 2 2 2
qC~(3*,1,1,3)~<u" u¢ u“), qu~(—l —1 —1), 5)
d¢ d°¢ d° -1 -1 -1

where u has charge 2/3, d, h have charge —1/3, x, z have charge 1/2, y has charge —1/2, v, n
have charge 0, and e has charge —1. Using

Rp = (—1)P+2/ (6)

we see that u, u¢,d,d°, v,v¢, e, e, z, z¢ are even, and h, h¢, x, x¢, y, y¢, n, n¢ are odd. Further,
the gauge bosons which take 4 to u,d in SU(3)r and k€ to u¢,d¢ in SU(3)r are odd, as well
as the corresponding ones in SU (3);, and the others even, including all those of the SM. Hence
Rp would remain a good symmetry for dark matter provided that the scalar sector responsible
for the symmetry breaking obeys it as well.

The scalar bitriplets responsible for the masses of the fermions in Egs. (2) to (5) come from
three chains, each of the form (3, 1, 3*, 1)+ (1, 3, 1, 3*) + (3%, 1, 3, 1) + (1, 3*, 1, 3). Specifically,

0 + 0
o5 ¢ -3 0 0
o1V~ (1,3, 1,3~ | 1= ¢ o |. D¢~(—3 0 0), 0
0 + 0 0 3 3
X0 X7 A
) 70 ;7_; i 33 0
P46 ~ (1,3%1,3) ~ ¢, ¢ x |, Dz~|0 0 =3). (®)
@ ¢ 2O 0 0 -3

From the ¢¢g¢ terms, we obtain masses of #A¢ from (x°)(1, dd® from (¢?)(3), uu® from (qﬁg)(s).
From the //°¢ terms, we obtain masses of nn¢, zz¢ from (}°)®, vv¢, xx¢ from (&?)(4), ee, yy~©
from ((f;g y(© 1t is clear that D and thus Rp remain unbroken by the above vacuum expectation
values.

3. Symmetry breaking pattern

We consider the breaking of [SU(3)]* at My by two scalar bitriplets, one transforming as
¢L+ ~(1,3,3* 1) ~ 1, belonging to a chain in parallel to the fermions, the other transforming as
R ~(1,1,3,3%) ~ 1, belonging to a chain with an additional overall imposed assignment of
odd Rp,i.e. an additional Z; factor [6]. This preserves the relative Rp among its components, but
prevents it from coupling to the fermions. Using (¢§‘3+) with even Rp to break SU (3);, x SU(3);
to SU2)p x SU(2); x U(l)(YL-i-Yz)/x/f and (¢£_) which also has even Rp to break SU(3); x
SUB)pto SUR); x SUR)g x U(l)(YlJrYR)/ﬁ, the resulting theory preserves Rp. Assuming
also that all the particles of the chain associated with ¢ X~ are superheavy, the low-energy theory
with the residual gauge symmetry SU (3), x SU(2); x SU(2)p x SU2)gr x U(1)x, where X =
Yo +Yr+ Yl)/\/g, also preserves D.

Since there are three fermion chains, and five scalar chains, the b coefficients for the
renormalization-group running of each SU (3) gauge coupling are all given by

2 (1 1 /1
b=—11+ 3 (§> @33+ 3 <5) (2)(3)(5) =0. (€))

This shows that we have a possible finite field theory [3] above My .
At Mg, the SUR)gr x U(l)x gauge symmetry is broken to U(l)y of the SM, where
Y = Ir — X, by an SU(2)g doublet whose neutral component is a linear combination of
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x© from ¢ the conjugate of }° from ¢®, and ¢§1+ from the (1,1, 3,3*) component of

the chain containing ¢+ discussed previously. From the allowed antisymmetric trilinear term
€€ R+, the mass term x{y5 — x5y{ is then obtained. Note that the corresponding mass term
X1Yy2 — x2y1 is superheavy because it comes from (¢3L3+). Note also that the corresponding term
1€1°¢ R~ is forbidden because of the overall assignment of odd Rp for ¢%~. Finally the symmetry
SU@2)r x U(1)y is broken by two SU (2), doublets to U (1),,, with Q = I3 + Y.

4. Renormalization-group running of gauge couplings

The renormalization-group evolution of the gauge couplings is dictated at leading order by

1 1 bi ,U/)
= +2m(2), 10
w( wp) | 2m "(u (10

where b; are the one-loop beta-function coefficients. From My to Mg, we assume that all
fermions are light except the three families of (x, y) hemions. As for the scalars, we assume that
only the following multiplets are light under SU (2);, x SU(2)gr x U(1)x: 1 copy of (1,2, —1/2),
6 copies of (2,2,0), 3 copies of (2,1, —1/2), and 4 copies of (2, 1, 1/2). This choice requires
fine tuning in the scalar sector as in other models of grand unification such as SU (5) and SO (10).
As a result, the five b coefficients are given by

bq=—11+§<%>(6)(3)=—5, (11)
2 2/(1 10
b,=—?+§(5)(4><3>=—? (12)
bLz_ng%<1>(3+1)(3)+1<1>[7+6(2)]=—l, (13)
3 73\2 3\2 6
sz_QJF%<1>(3+2+1)(3)+1(1)[1+6(2)]=§, (14)
3 73\2 3\2 6
21 1 1 1 1 /1 22
sz?[6(3”6(3”1(4”1(4)}(3)+§(Z)[“m)]:? (15)

From Mg to Mz, we assume the SM quark and lepton content together with 1 copy of (x¢, y©)
hemions and two SU (2); Higgs scalar doublets. The massless SU(2); stickons are of course
included but they affect only «;. The four b coefficients are then

by =—11+ § (%) @@3)=-17, (16)

bl=_§+%(l)(2)=_2 (17)
3 3\2 3

bL=—¥+%(l) (3+1)(3)+1<1) 2)=-3, (18)
3 3\2 3\2

by=1[%{9(s>+1<4)}+1<1)(4)]=§, (19)
21313 4 3\4 6

where a factor of 1/2 has been inserted to normalize by. The boundary condition at Mg for
SUR)gr x U(1)x to become U(1)y is
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Fig. 1. Evolution of ai_l as a function of energy scale. (For interpretation of the colors in this figure, the reader is referred
to the web version of this article.)

2 1 1
= + . (20)
ay(Mg) oar(Mgr) ax(Mg)
We then obtain
1 1 7 M 5. M
= — — -2 _ Y Q1)
Qg (Mz) oy 2 MZ 2 MR
1 1 3 M 1 M
= — ~ -2 _ n—2. 22)
arMz) oy 2w Mz 6Q2m) Mg
1 1 23 M 49 M
- In—2 + n—2. (23)
Oly(Mz) ay 6(27‘[) MZ 12(27‘[) MR
Using the experimental inputs
ag(Mz)=0.1185, (24)
aL(Mz) = (V2/7)G M3, = 0.0339, (25)
ay(Mz) =2ar (Mz)tan’ 6y = 0.0204, (26)
where a factor of 2 has been used to normalize oy, we find
1 1 4 M 29 M
- =21.06=-—In—~ =7 27)
0.0339 0.1185 2 Mz  6Qm) My
1 1 41 Mpg 17 My
- =19.52= In— + n—. (28)
0.0204  0.0339 6(2r) Mz 4Q2w) Mg

This implies Mg ~ 600 GeV and My ~ 10'* GeV, as shown in Fig. 1. The 5 lines emanating
from a common point at 10 GeVv represent U(D)x, SUQ)g, SUR2)L, SU(2);, and SU(3),
from top to bottom. The line between M and M7 represents normalized U (1)y. Since there are
uncertainties (both theoretical and experimental) in the above estimate, the value of Mg should
not be taken too literally, but rather an indication that particles transforming under SU (2) g have
masses of an order of magnitude greater than those of the SM. As a result, «y = 0.0322. Using
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Table 1
Particle content of proposed model.
Particles SU@3)q SU(2); SUQ2) L SUQ)R U(Dx D N LBr+S
(u,d)p, 3 1 2 1 —1/6 an 1/3 1/3
(u, h)g 3 1 1 2 —~1/6 1,-2) —1/6  (1/3,-2/3)
dg 3 1 1 1 1/3 1 1/3 1/3
hy 3 1 1 1 1/3 -2 —2/3 —2/3
W, DL 1 1 2 1 1/2 (=3,-3) -1 -1
(n,Dr 1 1 1 2 1/2 0, =3) —1/2 0,-1)
VR 1 1 1 1 0 -3 -1 -1
nr, 1 1 1 1 0 0 0 0
@ YR 1 2 1 2 0 (3,0) 1/2 1,0)
xR 1 2 1 1 —1/2 0 0 0
53 1 2 1 1 —-1/2 3 1 1
@00 1 1 2 1 1/2 0 0 0
Gt 1 1 1 2 -1/2 3.0) 1/2 (1,0)
(n, ®2) 1 1 2 2 0 (=3,0) —1/2 (=1,0)
20 1 1 1 1 0 3 1 1

1 1 5 My

1 (29)

— .= + n—-,
ar(Mg) ay 6Q2mw) Mg
we obtain ag (M) = 0.0290. Using
1 1 1 Mg 5 My
— = In— + ln—v
a(Mz) ay(Mz) 3Q2m) Mz 3Q2m) Mg

(30)

we obtain o7 = 0.0650, implying a confining scale of about 0.4 MeV from leptonic color. This is
significantly different from the result of the [SU (3)]4 model with M = My, where it is a few
keV [4.5].

5. Low-energy particle content

The particles of this model at or below a few TeV are listed in Table 1 under SU(3), x
SUR) xSUR)L xSUR)p xU(1)x x D,where X = (Y, +Ygr+ Yl)/\/g (each Y normalized
according to Y. Y2 =1/2), D = /3(=2Y; 4+ 3Lz + Ygr —2Y)), and Q = I3, + I3z — X.
The SU (2);, x SU(2)g scalar bidoublet contains the SU (2); doublets n = (no, n~) and &, =
(¢£|r , ¢g ), with n heavy at the Mg scale. Because of the assumed symmetry breaking pattern, our
model actually possesses a conserved global symmetry

1
—(Yr —2YL —2Y)) (31)
V3
before SU(2)r breaking, even though the corresponding gauge symmetry has been broken.
Whereas both S and I3r are broken by ( %9, the combination

S =

D
Lr+S=— (32)

is unbroken. Although this idea was used previously [11,12], the important observation here is
that Izg + S coincides with the usual definition of B—L for the known quarks and leptons, but
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takes on different values for the other particles. Hence D /3 may be defined as generalized B—L
and functions as a global dark U (1) symmetry. Now

so that it is identical to the usual definition of R parity in supersymmetry for the SM parti-
cles. Here the odd Rp particles are the &, n, x, y fermions, (no, no), 10 scalars, and W;eIE vector
bosons. Note that leptonic color SU (2); confines the x, y hemions to bosons which must then
have even Rp.

To verify that generalized B—L is indeed a global dark U (1) symmetry of our model, consider
the SU (2)g gauge bosons (W;, Wg, Wg) which has § = 0. Hence they have I3z + S values
(1,0, —1). This is expected because W;‘ takes h g to up and [ to ng. Consider next the Yukawa
terms allowed by the gauge symmetry and S, i.e.

dr(upgy —drdY), ig(urdd —did) +hgr(—urn™ +din®), (xTir — xhg)he,
(34)
@0+ ¢y 1L v, DL(nRn” + 1R +IL(ign™ +1re3), i (irx’ —Irx). (39
20rx” = yrx M), FrGrRX T IR, drhid®, fipvrd®, Zexrd®, zryrd’, (36)

and the scalar trilinear terms

¢y 0 x T + 0 A = x T+ 93", 220083 —nm ). (37)
It is easily confirmed from the above that I3z 4 S is not broken by <¢?,2) and (x°). Note that in
the familiar case of SU (5) grand unification, neither B nor L is part of SU (5) but both exist as
low-energy conserved quantities. Here, B and L are again not part of [SU(3)]* separately, but

a generalized B—L emerges, and remains unbroken to be naturally interpreted as a global dark
symmetry.

6. Gauge sector

Let

(@) =vi. @) =v2, (x°) = e, (38)
thenthe SU (3)4 x SU(2); x SU(2)L x SU(2)g x U(1)x gauge symmetry is broken to SU (3)4 X
SU(2); x U(1)em with a residual global I3r + S as the dark symmetry, as explained previously.

Consider now the masses of the gauge bosons. The charged ones, Wf and Wlf, do not mix
because the latter have dark charge £1. Their masses are given by

1 1
My, =381 (0 +v3). Miy, =5 grvi +03). (39)
Since Q = I3 + I3g — X, the photon is given by
e e e
A=—W3p + —Wig+ —Zx, (40)
8L 8R 8x
-2 _ =2 -2 -2
where e™* = g; "+ g5 + gy . Let
g5 g5
Z=(g7 +gy) " gLWsL — X Wap — =L zx |, 41)
&R 8X

7' = (g% +g%) 2 (grWsr — gx Zx), 42)
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where g;2 = glf + g)_(z, then the 2 x 2 mass-squared matrix spanning (Z, Z') is given by
1( (82 + 80} +12) (/51 + 83 /\/gh + &) (&3} — g3)) )

2\ (J82 + 83/ 8k + 0@} — 830D) (83 + R + (v} + ghd)/(h + 83)
(43)

Their neutral-current interactions are given by
Lnc =eAujb+82Zu(j4 —sin? 0w jle) + (gk + 83) 77 Z), (8hike + 8%J%).  (44)
where g% = g% + glz, and sin” Oy = g% / g%. Since Z-Z' mixing is constrained by experiment to
be less than 10~ or so, we assume (gg(vf - g%v%)/v%e to be negligible.
The new gauge boson Z’ may be produced at the Large Hadron Collider (LHC) through their
couplings to u and d quarks, and decay to charged leptons (e~"e™t and u~ ™). Hence current

search limits for a Z’ boson are applicable. Using ag (Mg) = 0.0290 and arx (M) = 0.0163, the
cy,q coefficients [22,23] used in the data analysis for our model are

cu=(82 + g r)B=0.04 B, cq=(g3, +gr)B=0.01B, (45)

where B is the branching fraction of Z’ to e~e™ and u~u*. Assuming that Z’ decays to all the
particles listed in Table 1, except for the scalars which become the longitudinal components of
the various gauge bosons, we find B = 0.044. Based on the 2016 LHC 13 TeV data set [24], this
translates to a bound of about 3 to 4 TeV on the Z’ mass.

7. Scalar sector

Consider the most general scalar potential consisting of &7 = (¢?, é1)s xr = ( xT, XO), 20,

and
0 + 20 +
n ¢2) - X < ¢y —n >
n=| _ , N=on oy = _ , (46)
(77 ¢g —¢, ’70
then
— 2 + 2 ¥ 2 T 25 T
V=—up®, ®r — ugxgxr — 1y Tr(n'n) — piid + 1@ nxr + nordet (n) + H.c.]
1 Fay N2 ) R ILPCINC I | o2 Lo g
+ L@+ S fRURXR)™ + 5 LA™+ S fy[Tr'mI™ + 5 f Tr(n'nn"n)
+ fLR(D) P hAR) + FLa(®F @LGA) + fra (X hxR) A + iy G Tr(nn)
+ fLa @ L+ £, ®L i L+ froxgn nXR + fhy xR X (47)
Note that
2ldet )|* = [Tr(n'm1* = Trn'nn'n), (48)
@ eTrif'my = nn e, + @ 77 @y, (49)
O Trn'n) = xhntnxg + x5 fixe. (50)
The minimum of V satisfies the conditions
12 = frvd + fLov3 + fLrvE: + pivavg/vr, (51)
12 = (fy+ FDV3 + fLogvi + frovk + m1vive /v, (52)

Wa = frRUE + fLRV + fRyV3 4+ L1v1V2/VR. (53)
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The 3 x 3 mass-squared matrix spanning ~/21 m(¢?, d)%, %) is then given by

—V2UR/ V1 VR V2
M7= ( VR —VIVR/V2 -1 ) , (54)
V2 -] —v1v2/ VR
and that spanning v2Re(¢?, 9, x°) is
—V2VR/ V] UR )
ME = < UR —vUR/ 02 o )
V2 vy —v1v2/VR
frv? fLyvivz  fLRVIVR
+2 fepvive (g + v fryvavr |- (55)
fLRVIVR  fRyV2VR frv%

Hence there are two zero eigenvalues in M% with one nonzero eigenvalue —ui[viva/vr +

UR(U]2 + v%)/vlvz] corresponding to the eigenstate (—vl_l, vz_l, UEI)/,/v]_2 + v2_2 + sz. In

M2 , the linear combination H = (v, v2, 0)/ v% + v%, is the standard-model Higgs boson, with

my; =20 fLv} + (fy + F)V3 +2fLviv3l/ (] + v3). (56)

The other two scalar bosons are much heavier, with suppressed mixing to H, which may all be
assumed to be small enough to avoid the constraints from dark-matter direct-search experiments.

The dark scalars are A9, x*, and (n°, 7). Whereas x = become the longitudinal components
of W;i,t, the other scalars have the interaction

p2r(°93 —n~¢3) + Hc. (57)
The 2 x 2 mass-squared matrix linking (1, 77) to (&, 1) is given by
2 —u2 + fLav? + fravE + finv3 JI3%)
Mk—n - 2 2 ’2 /a2 (58)
M2V2 _M17+f77v2+anvl +fR17vR

We assume /15 to be very small so that there is negligible mixing, with A? as the lighter particle
which is our dark-matter candidate. Note of course that 1° is not a suitable candidate because it
has Z¥ interactions.

8. Dark matter interactions

Consider the scalar singlet A? as our dark-matter candidate. Let its coupling with the SM
Higgs boson be fAHﬁvH, then it has been shown [14] that for m; = 150 GeV, fig <
4.4 x 10~* from the most recent direct-search result [25]. With such a small coupling, the 20
annihilation cross section in the early Universe through the SM Higgs boson is much too small
for A9 to have the correct observed relic abundance. Hence a different process is required.

Consider then the Yukawa sector. As noted in Eq. (36), the interactions fyA%Z;xg and
fy)_LOZ RrYR exist. Now xr/yg forms a Dirac hemion and has been assumed to be light in the
previous analysis on the renormalization-group running of gauge couplings. For convenience,
the outgoing yg may be redefined as incoming x . Let m;, > m,, then A\ — xX through z
exchange is possible as shown in Fig. 2. Let f, = f so that the A9Zx interaction is purely scalar.
The cross section x relative velocity is then given by
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)\0
----- »--—-—a—— U
A Z
----- <----1—»
)\0
Fig. 2. Dark scalar annihilation to hemions.
3/2
f)? mi (m; + mx)2
O’Ure[=4— 1——2 2 3 2" (59)
T my (’7’1Z + my — mx)

As an example, let m); = 150 GeV, m, = 100 GeV, and m; = 600 GeV, then cv,.; = 1 pb is
obtained for f, =0.385. The xx final states remain in thermal equilibrium through the photon,
with their confined bound states (which are bosons with even Rp) decaying to SM particles as
described in a following section.

9. Leptonic color in the early Universe

As discussed in our earlier paper [5], the SU (2); massless stickons (¢) play a role in the
early Universe. The important difference is that o;(Mz) is bigger here than in the Babu—Ma—
Willenbrock (BMW) model [4], i.e. 0.065 versus 0.047. Hence the leptonic color confinement
scale is about 0.4 MeV instead of 4 keV. At temperatures above the electroweak symmetry scale,
the hemions are active and the stickons are in thermal equilibrium with the standard-model
particles. Below the hemion mass scale, the stickon interacts with photons through ¢ — yy
scattering with a cross section

ozzoelzT6
64m8

where m is the mass of the one light xgyg hemion of this model. The decoupling temperature of
¢ is then obtained by matching the Hubble expansion rate

(60)

H =\ 87/9Gy (2/30)g.T* (61)
0 [6¢(3)/m?|T3(ov). Hence
212 7.[7 G ml6
T ~ < ) NE 62
SEOP) ot (62)

For m = 100 GeV and g, = 92.25 which includes all particles with masses up to a few GeV,
T ~ 9 GeV. Hence the contribution of stickons to the effective number of neutrinos at the time
of big bang nucleosynthesis (BBN) is given by [26]

10.75\%?3
(3) 9a5) =019, (63)

compared to the value 0.50 &= 0.23 from a recent analysis [27].
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As the Universe further cools below a few MeV, leptonic color goes through a phase transition
and stickballs are formed. However, they are not stable because they are allowed to mix with a
scalar bound state of two hemions which would decay to two photons. For a stickball @ of
mass m,,, we assume this mixing to be f,,m,/m, so that its decay rate is given by

0!2 2m5

w "W
256m3m*’ ©4)
Using m, = 1 MeV as an example with m = 100 GeV as before, its lifetime is estimated to
be 1.0 x 107 s for f,, = 1. This means that it disappears long before the time of photon decou-
pling, so the SU (2); sector contributes no additional relativistic degrees of freedom. Hence N,s¢
remains the same as in the SM, i.e. 3.046, coming only from neutrinos. This agrees with the

PLANCK measurement [28] of the cosmic microwave background (CMB), i.e.

[w—yy)=

Nepp=3.154+0.23. (65)
10. Leptonic color at future e~e™ colliders

Unlike quarks, all hemions are heavy. Hence the lightest bound state is likely to be at least
200 GeV. Its cross section through electroweak production at the LHC is probably too small for
it to be discovered. On the other hand, in analogy to the observations of J/v and Y at e”e™
colliders of the last century, the resonance production of the corresponding neutral vector bound
states (hemionia) of these hemions is expected at a future e~e™ collider (ILC, CEPC, FCC-ee)
with sufficient reach in total center-of-mass energy. Their decays will be distinguishable from
heavy quarkonia (such as toponia) experimentally.

As discussed in Ref. [5], the formation of hemion bound states is analogous to that of QCD.
Instead of one-gluon exchange, the Coulomb potential binding a hemion—antihemion pair comes
from one-stickon exchange. The difference is just the change in an SU(3) color factor of 4/3 to
an SU(2) color factor of 3/4. The Bohr radius is then ag = [(3/ 8)6qm]’1, and the effective q; is
defined by

&=y ). (66)

Using oy (Mz) = 0.065 with m = 100 GeV, we obtain o; = 0.087 and ao_l =3.26 GeV. Consider
the lowest-energy vector bound state €2 of the lightest hemion of mass m = 100 GeV. In analogy
to the hydrogen atom, its binding energy is given by

1/3\?
Ep=-|>) a’m=106MeV, (67)
4\4
and its wavefunction at the origin is
2 1 3
[V (O)"=—5 =11.03 GeV". (68)
Tag

Since 2 will appear as a narrow resonance at a future e~e™ collider, its observation depends on
the integrated cross section over the energy range /s around mgq:

672 TeeTx
/dﬁa(e_e+—>9—>X)=—2 ¢

mQ 1—‘f()l

) (69)

where T';,; is the total decay width of €2, and I',., I'y are the respective partial widths.
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Since €2 is a vector meson, it couples to both the photon and Z boson through its constituent
hemions. Hence it will decay to W~ W™, gg, [~IT, and vv. Using

01Xy x|Q) = eqv/8mal ¥ (0, (70)

the Q@ — e~ e™ decay rate is given by

2 2
MQ—>y.Z—>eet)= %ucvﬁﬂcuz)w(onz, (1)
where
2 _ 2 w2 _ .2
_ e (1/2;( 1) . gZ( sin 0W/4§[( 1—:4sm QW)/4]’ 72)
me mg — M3
_sin2 0y /4)(1/4
C, o S’ Wﬁiz)( /4 o)

In the above, 2 is composed of the singlet hemions x g and yr with invariant mass term x1g y2g —
X2rY1R- The (xr, yr) option, considered in the BMW model, is not available here because they
are superheavy from the breaking of SU (3); at My. Here I',, = 139 eV. Similar expressions
hold for the other fermions of the SM.

For @ — W~ W, the triple yW~W™ and ZW~ W™ vertices have the same structure. The
decay rate is calculated to be

21— )32
M@ y.Z > w-wt) = "ad =" (4+20r ~|—3r2) C2 v O, (74)
6712
where r = 4M? /mg2 and
2(1/2 —sin” 6w /4
CW:e(/) g2 (—sin w/)_ 75)

2 2 2
me mg — M7
Because of the accidental cancellation of the two terms in the above, Cw turns out to be very
small. Hence I'yw = 10 eV. For Q2 — Z Z, there is only the #-channel contribution, i.e.

2 5/2
m& (1
NQ—2Z7)= M

DAL (76)
where rz = 4M%/m?2 and Dy = g% sin* 9W/4(m%2 — 2m22). Hence 'z is negligible. The 2
decay to two stickons is forbidden by charge conjugation. Its decay to three stickons is analogous
to that of quarkonium to three gluons. Whereas the latter forms a singlet which is symmetric
in SU(3)c, the former forms a singlet which is antisymmetric in SU (2);. However, the two
amplitudes are identical because the latter is symmetrized with respect to the exchange of the
three gluons and the former is antisymmetrized with respect to the exchange of the three stickons.
Taking into account the different color factors of SU (2); versus SU (3)¢, the decay rate of 2 to
three stickons and to two stickons plus a photon are

16 ?
L@ ¢58) = —9)“—’2|w(0>|2, (77)

F(Q—>V§§)——(ﬂ —9) IW(O)I (78)



532 C. Kownacki et al. / Nuclear Physics B 928 (2018) 520-534

Table 2

Partial decay widths of the hemionium 2.
Channel Width
b 36eV
e*e+,u*u+,r*r+ 0.4 keV
uﬁ_, cc B 0.3 keV
dd, ss,bb 0.1 keV
w-w+t 10eV
z7Z <0.1eV
e 39 eV
ey 7eV
sum 0.9 keV

Hence I';;; =39 eV and 'y, =7 eV. The integrated cross section for X = u~u™ is then
1.2 x 10732 cm?-keV. For comparison, this number is 7.9 x 10739 cm?-keV for the Y(1S). Ata
high-luminosity e™e™ collider, it should be feasible to make this observation. Table 2 summarizes
all the partial decay widths.

There are important differences between QCD and QHD (quantum hemiodynamics). In the
former, because of the existence of light u and d quarks, it is easy to pop up ui and dd pairs
from the QCD vacuum. Hence the production of open charm in an e~e* collider is described
well by the fundamental process e~e™ — cc. In the latter, there are no light hemions. Instead it
is easy to pop up the light stickballs from the QHD vacuum. As a result, just above the threshold
of making the €2 resonance, the many-body production of €2 + stickballs becomes possible. This
cross section is presumably also well described by the fundamental process e "e™ — xX, i.e.

2ra? 4m? | (s +2m?) x2 (s —m?)

ot R — / w

ole e’ > ax)= 3 I_T|: 52 +2(1—xw)2(s—m2)2
z

Xw (s —m?) _ (1 —4xw) m2 :|

79
(I—xw)s(s —m%) 40 —xw) s(s —m%) (79

where xy = sin” Ay and s = 4E? is the square of the center-of-mass energy. Using m = 100 GeV
and s = (250 GeV)? as an example, we find this cross section to be 0.79 pb.

In QCD, there are gg bound states which are bosons, and ggg bound states which are
fermions. In QHD, there are only bound-state bosons, because the confining symmetry is SU (2);.
Also, unlike baryon (or quark) number in QCD, there is no such thing as hemion number in QHD,
because y is effectively x. This explains why there is no stable analog fermion in QHD such as
the proton in QCD.

11. Concluding remarks

Candidates for dark matter are often introduced in an ad hoc manner, because it is so easy
to do. There are thus numerous claimants to the title. Is there a guiding principle? One such is
supersymmetry, where the superpartners of the SM particles naturally belong to a dark sector.
Another possible guiding principle proposed recently is to look for a dark symmetry embedded
as a gauge symmetry in a unifying extension of the SM, such as [SU(3)]V. In this paper, the
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alternative [SU (3)]* gauge model of leptonic color and dark matter is discussed in some detail.
The dark global U (1) symmetry is identified as generalized B—L and the dark parity is Rp =
(—1)38-3L+2j The dark sector contains fermions (%, x, y, n), scalars [(7°, n7), A°], and vector
gauge bosons Wf{, where h is a dark quark of charge —1/3, x, y are hemions of charge +1/2,
and n is a dark neutral fermion. The dark matter of the Universe is presumably a neutral scalar
dominated by the singlet A.

In [SU(3)]" models, the fermion and scalar content is assumed to consist of moose chains,
i.e. bitriplets under SU(3); x SU(3);. As such [SU 3P is naturally embedded in E¢, and not
SU(9). As for [SU(3)]*, it is a subgroup of SU(12) as well as Eg. Again the former is not
suitable, but the latter also cannot accommodate a moose chain of 4 links, although it does contain
E¢ which has a moose chain of 3 links. In short, there is no obvious single unifying symmetry
for the [SU (3)]* model discussed in this paper.

The absence of observations of new physics at the LHC is a possible indication that funda-
mental new physics may not be accessible using the strong interaction, i.e. quarks and gluons.
It is then natural to think about future e~e™ colliders. But is there some fundamental issue of
theoretical physics which may only reveal itself there? and not at hadron colliders? The notion of
leptonic color is such a possible answer. Our alternative [SU (3)]* model allows for the existence
of new half-charged fermions (hemions) under a confining SU (2), leptonic color symmetry, with
masses below the TeV scale. It also predicts the SU (2); confining scale to be 0.4 MeV, so that
stickball bound states of the vector gauge stickons are formed. These new particles have no QCD
interactions, but hemions have electroweak couplings, so they are accessible in a future e~e™
collider, as described in this paper.
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