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Dark left-right gauge model: SU(2);z phenomenology
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In the recently proposed dark left-right gauge model of particle interactions, the left-handed fermion
doublet (v, e); is connected to its right-handed counterpart (n, ¢)g through a scalar bidoublet, but
couples to ny only through ¢9 which has no vacuum expectation value. The usual R parity, i.e. R =
(—)38TLF2/ can be defined for this nonsupersymmetric model so that both n and @, are odd together with

Wg . The lightest 7 is thus a viable dark-matter candidate (scotino). Here we explore the phenomenology
associated with the SU(2)r gauge group of this model, which allows it to appear at the TeV energy scale.
The exciting possibility of Z' — 8 charged leptons is discussed.
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L. INTRODUCTION

The nonsupersymmetric dark left-right model (DLRM)
proposed recently [1] is a variant of a supersymmetric left-
right extension of the standard model (SM) of particle
interactions based on Eg and inspired by string theory
some 23 years ago [2,3]. It has a number of desirable
properties, the chief of which is the absence of tree-level
flavor-changing neutral currents, thus allowing the SU(2)g
breaking scale to be as low as experimentally allowed by
collider data. This became known in the literature as the
alternative left-right model (ALRM) [4]. Here we explore
further consequences of the DLRM, coming from the
SU(2)g sector.

II. MODEL

Consider the gauge group SU(3)c X SU(2)p X
SUQ2)g X U(1) X S, where S is a global symmetry such
that the breaking of SU(2)g X S will leave the combination
L = § — T3 unbroken. This allows L to be a generalized
lepton number which is conserved [1] in all interactions
except those which are responsible for Majorana neutrino
masses. The fermion content of the DLRM is given by

U= (:)L ~ (121, -1/2:1),

PACS numbers: 12.60.Cn

u
Op = (h)R ~(3,1,2,1/6;1/2), 3)

h~ (31,1, —1/3;1).

This basic structure was already known many years ago
[5,6] but without realizing that n is a scotino, i.e. a dark-
matter fermion.

The scalar sector of the DLRM consists of one bidoublet

and two doublets:
+ +
ws() we(4)
L
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as well as two triplets for making v and n massive sepa-
rately:

o (NNE A
L AE _AIT/\/E ’
A, = [AR/V2 ALY
Ay —agna)
Their assignments under S are listed in Table 1.

. The Yu]iawa terms allowed by S are then i ® iy,
QL PO, Q1P dr, OrPrhAr, YA, and g hrAg,

M
Yr = <”> ~(1,1,2,—1/2;1/2) TABLE I.  Scalar content of the proposed model.
e b s

K Scalar SUB)e X SUQ), X SUQ)g X U(1) S

u ® (1, 2,2, 0) 1/2
QL:(d) ~(3,2,1,1/6;0), d = 0, 0%, (1,2,2,0) ~1/2

L 2 @ (1,2,1,1/2) 0
dg ~(3,1,1,—1/3;0), Dy (1,1,2,1/2) —-1/2
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whereas f; Py, O, POg, and hydy are forbidden.
Hence m,, m, come from v, = ($9), my comes from v3 =
(), my, comes from vy = (%), m, comes from vs =
(A?), and m,, comes from v = (A%). This structure shows
clearly that flavor-changing neutral currents are guaranteed
to be absent at tree level [7].

The generalized lepton number L = § — Tsg remains 1
for v and e, and O for u and d, but the new particle n has
L =0and h has L = 1, whereas Wy has L = 1 and Z'
has L = 0, etc. As neutrinos acquire Majorana masses, L is
broken to (—)~. The generalized R parity is then defined in
the usual way, i.e. (—)*37L"2/ The known quarks and
leptons have even R, but n, h, Wi, ¢r, Ax, &7,
Re(¢Y), and Im(¢9) have odd R. Hence the lightest n
can be a viable dark-matter candidate if it is also the
lightest among all the particles having odd R. Note that
R parity has now been implemented in a nonsupersymmet-
ric model.

III. SU(2)z HIGGS STRUCTURE

There exists an experimental bound [1] on M, of

850 GeV from the Tevatron data [8]. As for the recent
|

PHYSICAL REVIEW D 81, 075010 (2010)

CDMS-II results [9], they impose no additional constraint
because n is Majorana and does not contribute to the
s-wave elastic spin-independent scattering cross section
through the Z' exchange in the nonrelativistic limit.
Assuming thus that Mz > 850 GeV only, we study the
SU(2)r Higgs structure of this model and identify those
new particles which may be relatively light and be observ-
able at the Large Hadron Collider (LHC). Consider then
the most general Higgs potential consisting of @y and Ag:
Vi = mi®Ldg + m2 Tr(AfAg) + 1A, (DL Dg)?

+ILITrARAR) P + IAs Tr(Af AR — ARAL)?

+ [1@FPR) THALAR) + fLPF (A AR — ArAL)Pr

+ w(OAgDg + DAL DY), (6)
where

Dldy = pr by + PAPY (7)

Tr(AFAR) = AR "ALT + AgAL + AQAY,  (8)

AOAO — AT AT \/E(Awar _AOAJr)
ATA—AATZ RZAR R 2R \BR 2R RR’
O Worre Pl MG e )
d)TA’rq) — 40 OAO_'_\/EO AT — hTHTAS 10
RARPR = PprPRAR PrOR AR — dr PR AR (10)
Let (%) = v, and (A%) = vy, as already noted, then the minimum of Vjy is given by
Vo= mﬁvﬁ + m%v% + %Alvi + %)\zvg + %/\31/‘6l + fi vﬁv% — fzvﬁvé + 2,U,U‘21U6, (11)
where v, ¢ are determined by
Wo _ 2 2 _ 2 —
o 2uy[m; + Avg + (f) — f)vg + 2uve] =0, (12)
4
aV
a—vz = 2ug[mZ + (A, + A3)vZ + (f) — fo)vi]l + 2pvi = 0. (13)
The physical mass-squared matrices are given by
20,03 2(f, — fa)vavg + 2uv
M?2(Red, ReAR =( o PoARTSe 4), 14
(Redr ®) 2(f1 = f2)vave + 2uvy 2(A; + A3)vg — uvi/ve (9
M2(Ime?, ImAQ) =  Hve 2KV (15)
TR 2pvy —pvi/ve )
- 206(fov6 — 1) —2ua(frvs — 1)
MZ( _,A_)Z 6\ 2Y6 4\J2%6 , (16)
i Bx _\/504(fzv6 - p) Ui/ve(fz% - )
M2(ARF) = 2f,v7 — 24302 — puvi/vs. (17)
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As expected, the linear combinations
0 0 + +
(v4 Imep} + 2v6ImA}) (Vi + V2ugAZ)

/ 2 2 ’
vy + dug ﬂvﬁ + 21%

have zero mass, corresponding to the longitudinal compo-
nents of Z' and Wy . Their orthogonal combinations

- \/§(U4 ImAg - 21)6 Imq’)OR)

AR
1/1}42‘ + 4v%
+ (U4A1% - \/zved’l%)
&R =

Vi + 202

have mass-squares — u (v + 4v2)/vg and (f2 — p/ve) X
(v} + 2v2), respectively. Since ng couples to A, but not
to d)]%, the discussion on dark-matter relic abundance from
nn annihilation to lepton pairs through the Az exchange in
Ref. [1] applies only if v2 < v3. This turns out to be
exactly what the model requires because m, comes from
vg and m,, of order 200 GeV is needed for dark-matter relic
abundance.

To be specific, we will assume in fact that m, =
200 GeV. If this value is changed, some details in the
following will be changed, but all the qualitative features
of this model will remain. The first thing to notice is that
for m, = 200 GeV, Fig. 3 of Ref. [1] requires my: =
220 GeV. From the Yukawa coupling

fu
NG

we get m,, = V2 fnve. Since f, = 1is assumed in comput-
ing the relic abundance in Ref. [1], we obtain vg =
141 GeV. Let us now assume M, = 1 TeV for illustra-
tion. Then vy = 1851 GeV and My, = 832 GeV, where
v, = 95 GeV and vy = 146 GeV have been used to en-
sure zero Z — Z' mixing at tree level (see the next section).

The physical charged scalar &5 is now 99.4% Af and its
mass is given by

= (fy — m/ve)(vi +2v2) =[220 GeVP.  (19)

(A% ngng + ﬁ&gnReR + AfTeer),  (18)

2
My
This implies that f, — u/ve = 0.014. We now note that
the Ay scalar triplet masses satisfy the important sum rule

2 2m?
my

o MAe ¢
1 +4v2/v?

mi'¥+ = —2A3 vg. (20)

1+ 2v2/v]
This means that both m,, and Mp++ are bounded from

above as a function of A3 which should not be larger than
about one in magnitude. We plot in Fig. 1 m At VErsus mmy,
for various values of A;.

We now come to a very important conclusion. To satisfy
the dark-matter relic density in this model, m, and Mgt

have to be of order 200 GeV. This in turn implies that m,,
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FIG. 1. Plot of M A0 versus M AG* for different values of A;
with v, =95 GeV, v; = 146 GeV, vy = 1851 GeV, v4 =
141 GeV, Mg =220 GeV, and My =1TeV, My, =
832 GeV. The lower bound of 110 GeV comes from the
Tevatron data. The line my, = 2mA§+ is also shown.

and m Aj+ are bounded in such a way that the decays Az —
nn and Af" — & &7 are kinematically forbidden. This
means that the dominant decay of A§ ™ is into two like-sign
leptons, which is a great experimental signature. There is
also an allowed region in parameter space which enables
the decay Ay — Af"Ag ™. Note that the present experi-
mental bound on my++ is 110 GeV [10].

As for the remaining two scalar masses from diagonal-
izing Eq. (14), HY, will be heavy with m%]gz =2\ 03,
whereas HY, will be light with mass given by

2

m 2012
20 =+ T 00 (A + A3) — (f) — 0.014)2],
M S T dv T A [A(Ay + A3) = (fy )]

2

Finally, we need to consider the scalar bidoublet and the
scalar left doublet. In this model, (¢, ¢ ) will be heavy,
and the two doublets (¢5, $9), (¢, #?) are similar to the
usual two Higgs doublets considered in the SM. The linear

combination  (v3®, — v, ®p)/4fv3 + v =[H, (H) +
iA?)/~/2] is physical and light.

IV. GAUGE SECTOR

Since e has L =1 and n has L = 0, the W of this
model must have L =S — T3y =0 — 1 = —1. This also
means that unlike the conventional LRM, W5 does not mix
with the W= of the SM at all. This important property
allows the SU(2)g breaking scale to be much lower than it
would be otherwise, as explained already 23 years ago
[2,3]. Assuming that g; = ggr and let x = sin’6y,, then
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the neutral gauge bosons of the DLRM (as well as the ALRM) are given by

V1 —2x WE
—x(1 —=2x)/(1T—x) || W2 | (22)

ZI

Whereas Z couples to the current J3;, — xJ.,, with coupling
e/+/x(1 — x) as in the SM, (where J,,,, denotes the electro-
magnetic current), Z' couples to the current

‘]Z/ = )CJ3L + (1 - .X)J3R - XJem (23)

with the coupling e/+/x(1 — x)(1 — 2x). The masses of the
gauge bosons are given by

e? M3,
My =i M=
) (24)
e
M%VR = Z—X(U% + v +2v2),
201 _ 2p02
, _e-x) 2 2 My,
= M 22442 - — W
v U R L g v o

(25)

where zero Z — 7' mixing has been assumed, using the
tree-level condition [3] v3/(v} + v3) = x/(1 — x), which
is subject to radiative corrections. Although Z — Z’ mixing
is common to all models with extended gauge groups with
nontrivial Higgs sectors, the present precision electroweak
measurements are such that it must somehow be made very
small [11]. Note that in the ALRM, Ay is absent, hence
v = 0 in the above. Also, the assignment of (v, e); there
is different, hence the Z’ of the DLRM is not identical to
that of the ALRM. At the LHC, if a new Z' exists which
couples to both quarks and leptons, it will be discovered
with relative ease. In Ref. [1], it has already been shown
that with an integrated luminosity of L = 10 fb™!, up to
Mz ~ 2.4 TeV may be discovered. Once M is deter-
mined, then the DLRM predicts the existence of Wy
with a mass in the range

(1 —2x) x (1 —2x)
M+ M}, <M}, <—— M,
20—x)" %2 20 —x2" M e ™ (1 —x)
x2 )
+ M. 26
(1—x2"" (26)

In the ALRM, since vg = 0, M Wi takes the value of the
upper limit of this range. The prediction of Wy in addition
to Z' distinguishes these two models from the multitude of
other proposals with an extra U(1)’ gauge symmetry.

V.7’ DECAY

Consider the possible discovery of Z’ at the LHC. For
My = 1 TeV, only an integrated luminosity of 0.2 fb~! is
required [1]. Its discovery channel is presumably u* u ™,
but it will also have 4 charged muons in the final state from

A VX VX
( z ) =|JVI—x —x/T—x
0 JO-20/(1-x

—vx/(1 = x) B

AZT AR, and perhaps even 8 charged muons, as shown
below.

In addition to all SM particles, Z’ also decays into ni,
AFTAR ™, &8 &R ASHY . Hi H , and AY HY . In particular,
the subsequent decay Ag™ — p*™u™ will be a unique
signature where the like-sign dimuons have identical in-
variant masses.'

The interactions of Z' with fermions come from

L =-¢7,J,,
where g’ = e/y/x(1 —x)(1 — 2x). Ignoring fermion
masses, each fermionic partial width is given by

(g)MZ

27)

NZ = ff) ===l + k] (28)

where ¢y r are the coefficients from J, = xJ5 + (1 —

x)J3r — xJem, and a color factor of 3 should be added for
each quark. In the DLRM, we have
_ X _ 1l Tx
Ty T (29)
X X
dy = ——, dg = =,
b6 k3
X R
Ty MmTTT (30)
o =% o — 1 n 3x
L 2) R 2 2 .

Here we need to consider 3 families for u, d, v, e but only
one for n.
The decay of Z' — AJHY, to scalars comes from

L =—¢'(1- x)Z;L[(G“Hgl)AOR — (a*AYHY, ] (31)
with the partial decay width

(8')’Mz(1 — x)?
487

where (1 — x) comes from I3, = 0, I,z = —1, Q = 0. For
Z — &F &g, the factor is x, coming from I3, = 0, I3z = 0,
Q = 1.For Z' — A} * Ag ~, the factor is (1 — 3x), coming
from I3y, =0, g =1, Q0 = 2.

The decay of Z' to the physical Higgs bosons of the
effective two-doublet electroweak sector should also be
considered. They are (¢, ¢9) and (¢;", ¢?). The physical

[(Z' — ASHY,) = : (32)

'Not all models involving doubly charged scalars have this
decay, see, for example, [12].

075010-4



DARK LEFT-RIGHT GAUGE MODEL: SUQ2)g ...

TABLE II. Z' decay widths and branching fractions.

Final Branching
state Partial width in T, fraction (%)
iu (9/2) — 21x + 25x* = 0.9925 394
dd 5x2/2 = 0.13225 53
vy 3x2/2 = 0.07935 32
ee (1/2) — 3x + 5x* = 0.0745 3.0
o (1/2) — 3x + 5x*> = 0.0745 3.0
7T (1/2) — 3x + 5x% = 0.0745 3.0
nn (1 —x)?/2 =0.29645 11.8
AYHY, (1 —x)? = 0.5929 23.6
& &R x> = 0.0529 2.1
AFTART (1 —3x)> = 0.0961 3.8
HH[ (1 —3x)%/4 = 0.024 025 0.9
AV HY (1 —3x)%/4 = 0.024 025 0.9
All 2.51405 100.0

linear combination is (v3®, — v,®;)/4/v} + v3. Since
v3/v? = x/(1 — 2x), the Z' couplings are completely de-
termined. The resulting factor for both Z' — H{"H; and
Z'— AVHY is (1 — 3x)/2.

LetT'y = (g/)>M /48, then the partial decay widths in
units of I'y and their respective branching fractions (%) are
given in Table II. In the special case where my, > 2my.+,

which is allowed in part of the parameter space shown in
Fig. 1, and assuming that myy = 2mA$+ as well, we will

have the spectacular decay chain Z'— AYHY, —
AZTAR™ + AZTAR ™, resulting in 8 charged muons as
shown in Fig. 2. This branching fraction is of order 20%,
given the fact that both A% and HY, decay predominantly
into Af*Ag ", and the dominant decay mode of Ax™ is
into two charged muons. In other parts of the parameter
space, the decay AS — A} TA; ™ is kinematically forbid-

FIG. 2 (color online). Diagram for the process Z' — A} HY —
AFFART + ARTART = 2(pfp®) +2(p”p7).
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den, but the branching fraction for Z' — AZ A~ is still
substantial, yielding 4 muons in the final state. In this case,
for My = 1 TeV and an integrated luminosity of 10 fb™!
at \/s = 14 TeV, LHC will produce about 330 Z' events.
Thus, with a branching fraction for BR(Z' — Af"A; ) ~
0.04, and A" (Ag ™) decaying into ™t (™ ™) with
branching fraction ~1, there will be 13u"u*u" u™
events. The requirement that each same-sign dimuon pair
should form identical invariant masses ought to make this
observation essentially background free.

In the above, we have assumed that the Ay scalar triplet
couples only to muons. This means that the corresponding
scotino n,, is part of the SU(2)g doublet (n,, u)g with
m,, = 200 GeV. If Ay couples to electrons, then et e™ —

e e scattering through the Ay~ exchange would be much
too big to be consistent with the known data. We also
assume no flavor mixing, i.e. Ag does not couple to ue,
for example, or lepton flavor violating processes such as
u — eee and u — ey would be too big. However, Ay still
contributes to the muon anomalous magnetic moment
which turns out to have the magnitude of the experimental
discrepancy but of the wrong sign. To remedy this situ-
ation, one possibility is to add SU(2); fermion doublets
(N, E)_ g with S = 0 and a neutral scalar singlet y of § =
—1. The interaction (Nv, + Eu)y will contribute posi-
tively and compensate for Ag. One final complication is
that n, should have a mass greater than n,, in order that n,,
is dark matter. Since it cannot come from A, n, must have
a Dirac mass partner, i.e. a ny singlet. Of course, we can
avoid all constraints by considering n, instead as the
scotino, in which case Ag™ will decay into 777", The
resulting experimental signature would then be much more
difficult to pick out.

VI. CONCLUSION

We have explored the possible phenomenology of an
unconventional SU(2)g model at the TeV scale called the
DLRM [1]. The scalar sector associated with the SU(2)g
gauge group has been studied in detail, including its mass
spectrum and its most relevant signature, namely, the decay
of the doubly charged scalar into same-sign dileptons:
Ax* — [*I*. From the requirement of dark-matter relic
abundance that the SU(2)y scalar triplet must be relatively
light, we find that the Z’ of this model should decay into
them with large branching fractions. In particular, Z' —
AfT AR~ will yield 4 charged muons, with 1.3 times the
event rate of Z' — u* u~ directly. More spectacularly, if
kinematically allowed, A% and Hp, will decay into
AFT AR as well, so that Z' — A HY, will yield 8 charged
muons, with 7.9 times the event rate of Z’ — u™ u ™. Since
a modest luminosity of 0.2 fb~! at the LHC will produce
10 dimuon events from this Z' with M, = 1 TeV, the
predicted events with 4 muons and 8 muons will be clear
signals of our proposal.
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