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We consider a scenario where a supersymmetric model has multiple dark matter particles. Adding a
U(1) gauge symmetry is a well-motivated extension of the minimal supersymmetric standard model
(MSSM). It can cure the problems of the MSSM such as the u problem or the proton decay problem with
high-dimensional lepton number and baryon number violating operators which R parity allows. An extra
parity (U parity) may arise as a residual discrete symmetry after U(1)’ gauge symmetry is spontaneously
broken. The lightest U-parity particle (LUP) is stable under the new parity becoming a new dark matter
candidate. Up to three massive particles can be stable in the presence of the R parity and the U parity. We
numerically illustrate that multiple stable particles in our model can satisfy both constraints from the relic
density and the direct detection, thus providing a specific scenario where a supersymmetric model has
well-motivated multiple dark matters consistent with experimental constraints. The scenario provides new
possibilities in the present and upcoming dark matter searches in the direct detection and collider

experiments.
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L. INTRODUCTION

Current cosmological data [1] indicate that about 23% of
the energy in the Universe is in the form of cold dark matter
(CDM). The origin and the nature of the CDM is one of the
biggest puzzles in theoretical particle physics today. Since
all known particles are ruled out as dark matter candidates,
the dark matter problem provides one of the strongest
phenomenological motivations for new physics beyond
the standard model (SM). Among the many possibilities,
supersymmetry (SUSY) is perhaps one of the best moti-
vated new physics scenarios: it resolves the fine-tuning
problem of the SM, and may provide natural dark matter
candidates among the spectrum of new particles.

It is not SUSY itself that guarantees the stability of the
lightest supersymmetric particle (LSP), but rather an addi-
tional Z, symmetry (R parity [2]) which is introduced to
solve the proton decay problem: without R parity or some
similar type of stabilization mechanism, the superpartners
of the SM fermions would be expected to mediate proton
decay at an unacceptably high rate. R parity has attractive
features. First, it protects the proton from decaying via
renormalizable lepton number violating operators and
baryon number violating operators. Second, it allows
TeV scale SUSY to evade the stringent bounds from elec-
troweak precision data. Finally, in the presence of R parity,
the LSP is stable and can be a viable dark matter candidate.
For all these reasons, the minimal supersymmetric standard
model (MSSM) with R parity has been the most popular
supersymmetric extension of the SM, and most SUSY dark
matter studies have been confined to this setup [3]. Within
the MSSM, the lightest neutralino (a mixture of neutral
gauginos and Higgsinos) has been the only viable CDM
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candidate since the other possibility (the left-handed sneu-
trinos) has been ruled out by combining two constraints for
a viable dark matter: relic density and direct detection [4].

In spite of its success and popularity, the MSSM with
R parity still has two major problems: the p problem [5]
and the potential proton decay problem due to dimension 5
operators [6]. The MSSM does not explain why the only
mass parameter in the superpotential (1 parameter) is at
the electroweak scale instead of the fundamental (Planck
or GUT) scale. Furthermore, R parity allows for dimension
5 lepton and baryon number violating operators such as
QQQL and U°U*D°E* which may still violate the bound
on the proton lifetime. A natural solution to these problems
would probably require that the MSSM be extended by a
new mechanism or a new symmetry. The U(1)'-extended
MSSM (UMSSM) [7] is a straightforward extension of the
MSSM with a nonanomalous TeV scale Abelian gauge
symmetry. It can solve the p problem and the dimension
5 operator problem very naturally with an appropriate
charge assignment. An extra Abelian gauge symmetry is
also suggested by many new physics scenarios including
grand unification [8], extra dimension [9], superstring [10],
little Higgs theories [11], strong dynamics [12], and
Stueckelberg mechanism [13].

The UMSSM retains most attractive features of the
MSSM, and also brings new aspects in relation to the
dark matter problem. First, it extends the set of possible
LSP dark matter candidates: the superpartners of the Higgs
singlet S and the Z' gauge boson are now additional
components of the neutralinos [14]. The (predominantly
right-handed) sneutrino also becomes a thermal CDM
candidate if it couples to Z' [15]. Furthermore, a new gauge
symmetry also naturally introduces exotic particles re-
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quired to cancel gauge anomalies [16]. When a neutral
massive field is among the exotics, it could be a CDM
candidate as well: it could be the LSP and stable due to
R parity, but it is also plausible that it is not the LSP, yet
still is stable due to a new discrete gauge symmetry
[17,18], which may emerge naturally as a residual symme-
try after the U(1)" gauge symmetry is broken. Because of
its gauge origin, the discrete gauge symmetry does not
suffer from domain wall problem [19] or symmetry viola-
tion by gravity effects [20]. With the presence of two
discrete symmetries very naturally introduced, the dark
matter sector is enriched with coexisting multiple dark
matter particles. Most previous studies on SUSY dark
matter assume that the dark matter is made up of a single
component. Then it is usually required that the LSP makes
up 100% of the CDM in the Universe or, if the nature of the
LSP is such that its annihilation rate is too high, SUSY dark
matter is simply treated as a subdominant component of the
CDM, without discussing the dominant component or
providing the quantitative consistency with experimental
constraints.

In this paper, we consider the U(1)-extended MSSM
with a residual discrete gauge symmetry (Z, for simplicity)
arising from the U(1)’ gauge symmetry. We consider a
simple case where a SM singlet exotic is a stable particle
under the new Z, symmetry. Together with the LSP which
is stable under R parity, there can be up to three dark
matters due to the kinematics (see Appendix A). We also
illustrate explicit examples for multiple dark matters that
satisfy the relic density and direct detection constraints
forming a viable texture of dark matters in the Universe.

In Sec. II, we describe the possible remnant discrete
symmetry of the U(1) extension of the MSSM. In
Sec. III, we discuss the relic density and annihilation
channels. In Sec. IV, we discuss the direct detection. In
Sec. V, we perform numerical analysis on the relic density
and the direct detection. In Sec. VI, we summarize our
results. In Appendix A, we list the conditions where the
multiple particles are stable. In Appendix B, we list the
relevant Lagrangians in our model.

II. U PARITY AND THE LIGHTEST U-PARITY
PARTICLE

There are already at least two SM singlet chiral super-
fields in our model, the Higgs singlet S that spontaneously
breaks the new symmetry with its vacuum expectation
value (vev) and the right-handed neutrino N°¢ that explains
the neutrino mass. Higgs is not suitable for the odd particle
under a parity since its replacement with a vev would
destroy the discrete symmetry. Right-handed neutrino
that forms LH,N¢ is not good either for the odd particle
since lepton doublet also should have the odd parity and it
is the active light neutrino that would be the lightest odd
particle under new parity. We will consider a new SM
singlet (X)—neither S nor N°—that may be required
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from the anomaly cancellation condition, as our new
dark matter candidate."

It is natural to think about possible remnant discrete
symmetry [17,18] from our U(1)" gauge symmetry. A
discrete gauge symmetry Zy would emerge if the discrete
charges and the U(1)" charges satisfy the following rela-
tion:

ZS]=N, dFil= qlF]+mN (D

where z[F;] and g[F;] stand for the U(1)’ charge and the
Z y charge for a field F;, respectively. z[F;], g[F;], n;, and
N are all integers after an appropriate normalization of
charges. Higgs singlet S is supposed to have ¢[S] =
0 (mod N) to keep the discrete symmetry after it is re-
placed by its vev (e.g. both SXX and (S)XX should be
singlet under the discrete symmetry).

We assume a Z, (N = 2) discrete parity, which we shall
call U parity (U,), as a remnant discrete symmetry of the
U(1) gauge symmetry. We assign even U, to the SM
fields, and odd U, to the X field. We assume either a scalar
(¢ x) or afermion (/y) component (whichever is lighter) of
the superfield X is the lightest U-parity particle (LUP). The
discrete charges are then

glX] =1, g[SM fields] = 0 (mod 2). (2

The Z, symmetry allows terms that contain X only in even
numbers such as SXX. To satisfy the condition (1) of the
discrete gauge symmetry, we need to assign U(1)’ charges
as z[S] multiplied by an integer to the SM fields, but not to
the X field. We assume SXX is the only term with X in the
superpotential (thus, ¢y is a Majorana particle), and we
can assign either even or odd R parity (R,) to ¢y (and the
other to ¢y). It is obvious that the MSSM and the UMSSM
superpotentials can allow such a charge assignment.

To be an anomaly-free theory, the U(1)’ charges should
satisfy the gauge anomaly conditions when whole particle
spectrum is considered. We do not restrict ourselves to a
specific particle spectrum, and just require the LUP to be a
SM singlet exotic, while various exotic particles may exist
with odd or even U parity. We assume all exotics are
vectorlike for the SM gauge group so that the SM gauge
group anomaly conditions are not altered. If a Zy is a
discrete gauge symmetry originated from a U(1)" gauge
symmetry, the discrete charges should satisfy the discrete
anomaly conditions [17,18]:

[SUB)F — u1): Z q; =0

i=quark

(mod N) (3

"For an example of a SM singlet required for the anomaly
cancellation in a U(1)'-extended MSSM, see Appendix III of
Ref. [21].
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NUCRERVUE ,»:%bmq" =0 (modN) (4
[gravity = U(1)': 3 g; =0  (mod N)  (5)
[U()y P = U(1): Zy%qi =0 (modN) (6)
Uy = [U()P: Zyiq% =0 (modN) (7

[U)YF: > gi =0 (mod N) 8)

where i runs through all SM fields and the exotic fields, and
v; stand for the hypercharges normalized to integers for all
fields. If there is only one exotic field X, the discrete
charges of Eq. (2) satisfy these discrete anomaly conditions
automatically except for the [gravity]> — U(1) and
[U(1)'], which means we need more exotics with nonzero
discrete charges. We will not give further constraints from
the full gauge anomaly-free conditions keeping the possi-
bility of various exotic fields open.

Although SH,H; term (i.e. effective w term) greatly
motivates the low-energy scale of the U(1)’ resolving the
M problem, it is technically involved to perform numerical
analysis for all channels when the Higgs doublets and the
Higgs singlet are coupled (through Yukawa term as well as
D term). Therefore, for the sake of simplicity, we will limit
our numerical analysis to the case of z[H|| = z[H,] =0
with which the u problem is not solved in the way of
Ref. [7], i.e. by forbidding the original u term H,H; and
allowing the effective u term SH,H;. The analysis of the
UMSSM and the LUP dark matter in a more general setup
where the Higgs doublets have nonvanishing U(1)’ charges
and the u problem is resolved will be discussed in other
publication. In the limit of vanishing charges for Higgs
doublets, SH,H, term as well as SS*H;H; terms from the
D term will be forbidden making the Higgs singlet S an
isolated physical eigenstate and Higgs doublets H,, H, the
same as those of the MSSM. (For general properties of
Higgses in the UMSSM in comparison with other models,
see Ref. [22].) The Z and Z' mixing will be zero, and the
Z'-ino (Z') and singlino ) components of the neutralino
sector are also completely decoupled from the MSSM
neutralinos since the mixing terms are proportional to
Z[H].

The superpotential is then given by assuming three right-
handed neutrino Dirac mass terms,

W = uH,H, + yyH, QU + ypH, QD + yyH,LN*

k
+ ygHILE + 2 SXX. 9)
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Here, the Yukawa terms give the following relations among
family universal® U(1)' charges:

Q] = —z[U] = —2[D] = nyz[S] (10)

Z[L] = —z[N] = —z[E‘] = nZ[S] (1D)

AX] = — %Z[s] (12)

where ny and n;, are integers. With these charge assign-
ments, Majorana neutrino mass term N°N¢ (unless n; =
0) or SN°N°¢ are not allowed in general. We will assume
neutrinos are Dirac throughout this paper.3 Therefore, we
have three free parameters (including z[.S] not normalized
to N) for the U(1)’ charges in our numerical study: ng, ny,
Z[S].

The dangerous dimension 5 proton decay operators
QQQL, U°U°DCE*, and U°D°D°N*¢ have commonly total
U(1) charge (3ngy + ny)z[S] (up to overall sign) with the
above charge assignment, and are forbidden if condition

3ng +n;, #0 (13)

is satisfied.

In the R-parity violating supersymmetric model or any
other model which does not have a stable dark matter
candidate, the LUP can provide a good CDM candidate
with an addition of the U(1)’ gauge symmetry. Depending
on the detail of charges and spectrum, the U(1)’ may also
ensure longevity of the proton without R parity (for ex-
ample, see Ref. [21]).

II1. RELIC DENSITY
The relic density of dark matter is precisely measured as
Qcpmh? = 011170011 (20 allowed range) by the
WMAP + SDSS [1]. Present day relic density of a dark
matter component is given by
87 s(To)M
3 M3(100 km/s/Mpc)?

QR Y(Ty)

M
= 2.742 X 108 —— Y(T, R 14
Gev (To) (14)

where Mp; is Plank mass, s(T}) is the entropy density at
present time, A is the normalized Hubble constant, and the
relic abundance Y(7T) is defined as the number density
divided by the entropy density. The abundance of the
dark matter Y(7) can be calculated by solving the
Boltzmann equation

Family nonuniversal U(1)’ charges may induce dangerous
flavor-changing neutral currents [23]. However, the flavor-
changing Z' may explain the discrepancies in rare B decays
with appropriate parameter choices [24].

3 Additional relativistic degrees of freedom would contribute to
the “He abundance, but be diluted by large Z' mass. It may
explain the discrepancy of the “He measurement [25,26].
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W Do) — v (15

where g, is an effective number of relativistic degrees of
freedom and Y,(7) is the thermal equilibrium abundance.
(ov) is the thermally averaged annihilation cross section
times relative velocity.

For our numerical calculation, we use MICROMEGAS [27]
which performs rapid relic density calculation for 2 — 2
processes. We implement, on top of the MSSM fields and
interactions, additional fields and interactions of the
UMSSM as well as three right-handed Dirac neutrinos
with negligible masses. The relevant Lagrangians of the
model are listed in Appendix B.

We take vanishing soft trilinear terms limit (A = 0) in
our numerical analysis. A nonvanishing AsyxS¢xdx soft
term would separate masses of two components of com-
plex ¢y field, after S is replaced by its vev, which we want
to avoid for numerical simplicity. With the assumption of
the zero charges for Higgs doublets (as discussed in
Sec. II), and sufficient mass splittings (so that coannihila-
tions are irrelevant), the annihilation channels for ¢y and
¢y are given as follows.

(1) yxpx — ff (Z' mediated s-channel)

(2) Yxihy — FFF (S mediated s-channel, Z' mediated

s-channel)

3) Yxpx — SS, Z'Z' (S mediated s-channel, iy medi-

ated t-channel)

@) xpx — SZ' (Z' mediated s-channel, ¢y mediated

t-channel)

(5) Yypy — S S (Z' mediated s-channel, ¢y mediated

t-channel)

(6) Uxipy — Z'Z' (¢px mediated t-channel)

(7) Yypy — SZ' (S mediated s-channel, ¢y mediated

t-channel)

(8) Yxihy — dxd% (S and Z' mediated s-channel, S

and Z' mediated z-channel)

O) Uxhy = dxdx(dxpy) (S and Z'

t-channel)

(10) ¢xdy — ff (Z' mediated s-channel)

(11) ¢xd% — ff* (S mediated s-channel, Z' mediated

s-channel, 4 point interaction)

(12) ¢pxdpx — SS (S mediated s-channel, ¢y mediated

t-channel, 4 point interaction)

(13) ¢pxdpy — Z'Z' (S mediated s-channel, ¢y medi-

ated r-channel, 4 point interaction)

(14) ¢pxdpy — SZ' (Z' mediated s-channel, ¢y medi-

ated r-channel)

(15) ¢xdpx — S S (7' mediated s-channel, ¢y mediated

t-channel)

(16) ¢xdpy — Z'Z' (fx mediated t-channel)

(7)) ¢pxdx — S7' (S mediated s-channel, ¢y mediated

t-channel)

(18) ¢xdpy — txihy (S and Z' mediated s-channel, §

and Z' mediated r-channel)

mediated
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(19) dxpx(didy) — bxhy (S and Z' mediated
t-channel)

(20) pxpx(Ppidy) =SS, 77!, S7' (hy mediated
t-channel)

The ¢y annihilation includes features of Ref. [28], and ¢
annihilation includes features of Ref. [15]. Additional
neutralinos Z’' and S mix with each other, and we will
call the mass eigenstates of them as y’ from now on.

IV. DIRECT DETECTION

There are many direct detection experiments that at-
tempt to detect the dark matter particles via nuclear recoil
as the Earth passes through dark matter halo of our galaxy
(for examples, see Refs. [29-33]). Most experimental
limits of the direct detection are given in terms of the
cross section per nucleon on the assumption of sole dark
matter. Here, we will first discuss the general formalism for
multiple dark matters.

Let us introduce a parameter €; which parametrizes the
fraction of the energy density of a dark matter i in our local
dark matter halo and also in the whole universe.

halo
_Pi Q,;

halo
Pcpom Qcpm

where Qcpyh? = 3 :Q,;h%, and Y ;e; = 1. The event rate
per unit detector mass per unit time is given, from a
dimensional analysis, by

R~ no(v)/My (17)

(16)

€;

where M is a nucleus mass and » is a number density of
the dark matter. A precise differential rate [3], for each
component i, is given by

dR; _ 00,iPi 0

dER ﬁUQM,',U«]ZV,iF (ER)Tt(ER) (18)
where o is the elastic scattering cross section of a dark
matter off a nucleus, wy = MMy/(M + My) is the effec-
tive mass of a dark matter and a nucleus, and v, =
220 km/s is the circular speed of the Sun around the
galactic center (neglecting the relative velocity of the
Sun and the Earth).

Let us assume a simple form factor of F(Eg) = 1, and a

pure Maxwellian speed distribution which gives

Ti(Eg) = exp(— ] yin/V5) (19)
where v; i, = g;ﬁ’” is the minimum velocity of a CDM
N,i

that can produce an energy deposit above the detector
threshold energy Er. Then the direct detection rate for
each component is

T0,iPi 2V

© dR: .
R; = ———dEg = — —E;/E; 20
= [ R = it T (- Er/E) Q0)
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where Ej = 2u3v3/My, and the total detection rate is a
sum of the contributions from each component. This total
rate is the quantity constrained by the experiments.

€0y, i
R = ZR, = CZ M:) CXP(_ET/E()) < Rexp (21)

where C = 2pM8 v/ (JTMy).

Because of different masses of the CDM species, the
usual constraint on the cross section is not applicable in
general for multiple dark matter cases. However, in some
special cases where the relevant mass is effectively only
one, those constraints can still be used. For example, let us
consider a special case of where only one dark matter
component (£) interacts with a nucleus while the others
do not. The experimental bound on the detection rate R <
Ry, can be rewritten for the cross section

€0y < Mexp(Ep/Ey)C ™' Reyy (22)

where €, 0, Ey, M are those of the dark matter . It is the
cross section per nucleon that is usually compared to the
experimental data, which is obtained by

2
— Kn 0

> (23)
ny A?

O-H
where u, = MM, /(M + M,). The effective cross section
for the single detectable dark matter case is then given by
Oeff = €0, and the experimental constraint is imposed
on €0, instead of o,.

Returning to our model, the dominant channels for the
direct detection of ¢y and ¢y are Z' mediated 7 channels. If
we had SH,H; term, there would have been other channels
such as H; mediated ¢ channel (where H; is a general
mixture of Higgs doublets and a Higgs singlet). For the
MSSM LSP, we consider the lightest neutralino (°).

The effective low-energy Lagrangian for elastic scatter-
ing of the CDM and a quark is given by

£eff = ‘E'l’x_éi + £¢X_’I + ‘E)(O*q (24)
where

Ly =G Xlzlgldx vy ysxavuysa  (25)

Ly g = iGz2 XN (X0, bx — 9, dxDx)(zvlqlgy*q
+ zalqlay*vsq) (26)

Loy =foX°xX°0q + d,X°v,uvsx°av ysa 27

and Gy = g7,/M3, zylq]l =5 (zlqL] + 2ar)), zalq] =
1(zlgr] = zlqLD). The f, term results from Higgs ex-
change and squark exchange. The d, term is due to Z
exchange and squark exchange. In the nonrelativistic limit
the ¢y interaction and the d, term are spin-dependent
interactions, while the other interactions are spin indepen-
dent and dominate due to the coherence effect.
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With a choice of the MSSM-like lightest neutralino (i.e.
mass eigenstates of S and Z' are heavier than the lightest
mass eigenstate of B, W5, H,, H,) and heavy squarks, the
effective scalar coupling of the neutralino dark matter to
up-type and down-type quarks are approximately given by
(3]

gZTHi)(U,\/OTH,-uu

H;=h,H 2M%1,- ’ (28)
fy = Z g2TH,-XUXUTH[dd
d= 2

H{=h,H 2MH[

with
ThXOXO = (N40 cosa + N30 SiIlCl)(NZO - taneleo) (29)

THXOXO = (N40 sina — N30 COSCY)(N20 - tan@leo) (30)

gom,, Cosa gomy sina
Thn = —=—— Thaa = T=——— (31
e 2My, sinf3 hdd 2My, cosB D
gom, sina gomy cosa
Thw = —2>———— Thou=—2>"""— (32
Huu 2My, sinB Hdd 2My, cosf3 (32)

where « is the mixing angle that diagonalizes the CP even
Higgs mass matrix, and tan8 = (H,)/(H,).

In the nonrelativistic limit, the spin-independent
cross section of a CDM and target nucleus is given by

ol = “—3(2)\,, + (A —2)A,)? (33)

where
Pyt Ap(hx) =0, () =0 (34)
dx: A, (bx) = Gpz[X12zy[u] + zy[d)), (35)

Mi(dy) = Gz X(zy[u] + 2zy[d])

2
X0 ,(°0) =2f, = Zmp(fo Ly 77116 > %)

ms q=c,b,t" "4
/\n()(o) = 2fn = 2fp (36)

with non-negligible nucleon parameters given by f7 =
0.12, frg = 0.84 (squark, heavy quarks contribution for
both proton and neutron) [34]. The spin-independent
cross section for ¢y dark matter is zero. Then, with all
three dark matters present, the experimental bound can be
written as

€ O.SI
0 exp(~ Er/EJY)
bx
SI
€. 00
2O oxp(—Er/EX) < C 'Ry (37)
M/Y()
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V. NUMERICAL ANALYSIS

In this section, we present the numerical results of the
relic densities and direct detection cross sections. For
definiteness of our numerical analysis, we make the fol-
lowing choices for our parameter values.

(1) We assume the U(1)" gauge coupling constant and

charge assignments as follows:

5
8z =& = \ggy (38)
ng =1 np =25 Z[§]=0.3 (39)
which correspond to
zlgr] = zlgr] = 0.3 €] = 2[€g] = 1.5
Z[X]= —0.15. (40)

The above choice of n, and n; satisfies the condi-
tion (13) to avoid dangerous dimension 5 proton
decay operators, and the relatively small U(1)' cou-
pling to quarks help avoiding the direct detection
constraints for the ¢y dark matter.

We choose the dark matters so that the lightest
neutralino (y") is always the LSP, and either the
x (with R, even) or the ¢y (with R, even) is the
LUP out of several possibilities.

We choose the parameter values as

2

3)

M,=u <M, A1)

so that x° is wino or Higgsinolike. The wino or
Higgsinolike LSP has been considered not a good
cold dark matter candidate since their annihilation
rate is too high to satisfy the measured CDM relic
density. In the multiple dark matters scenario, they
are actually preferable LSP dark matter candidates
that can coexist with other dark matter. Since M,
and p are the diagonal components of the chargino
mass matrix, we usually get a light chargino (x7)
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also, and the coannihilation between x° and i
becomes important for the relic density calculation
of x°. We need to scan M, for analysis, but for other
gaugino masses we choose

M, = 1000 GeV,  M; = 1000 GeV,
M, = 100 GeV,

(42)

and choose M, = 500 GeV, tanB = 40, and Mg =
800 GeV.

We assume degenerate masses for squarks and slep-
tons and vanishing trilinear terms

“

M\guas = 1100 GeV,
Aall = 0.

M gepions = 600 GeV,
(43)

The large squark masses will make the squark con-
tribution to the direct detection small.

We assume all exotics (except X) that might be
required for the anomaly cancellation are very
heavy, and neglect their contributions to the relic
density.

In Fig. 1, we illustrate the relic density and the effective
spin-independent cross section versus the LSP mass. We
assume the LSP is x° and the LUP is ¢y with R, even and
M, = 440 GeV. ¢y is assumed to be very heavy (M, =
1400 GeV) so that it is not stable. The green band is the 2o
region measured by WMAP+SDSS. The relic density
curve of the ¢y is mostly flat since its annihilation
cross section is not sensitive to the M 0 and the CDM
relic density is dominantly accounted for by the LUP dark
matter for the given parameter values. The poles in the relic
density curve of the x° are due to the resonances through
W= (in the coannihilation of x° and x{), Z, h, and H/A.
The x° does not couple to the Z' and we fix M, =
1000 GeV for ¢y dark matter. M X~ My and M0 <

100 GeV is ruled out by the LEP constraint on chargino
mass of M X > 104 GeV [35] as indicated by the vertical

line in the figure. The light Higgs mass also satisfies the

&)

T T T
g7=g, 2[S]=0.3, ng=1, n;=5

1074 |
MZ‘ZI(‘)O{), Mg=800, My, =1400, My, =474

T T T
102 gz=g1, z[S]=0.3, ng=1, n;=5 |
Mz=1000, Mg=800, M‘x:1400, M*x:474
|
100
@
<,
c
10-2
|
10—4 |
|
1
100 200 300 400 500
Mo (GeV)

FIG. 1 (color online).

100 200 300 400 500
M, (GeV)

() Relic density and (b) direct detection effective cross section (€,00 o) versus the LSP dark matter ( x") mass

in the presence of the LUP dark matter ¢x. We fix My, = 474 GeV and M, = 1400 GeV, Mz = 1000 GeV. Dashed curve is the
relic density for ¢y and solid one is the total relic density of ¢y and x°. Vertical line is the exclusion limit by the LEP bound on

chargino mass.
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LEP bound of M, > 114 GeV over all range of the plot.
We limit the range of the neutralino mass in the plot to be
M 0 <500 GeV so that it is always the LSP where slepton
masses are fixed at 600 GeV. Although the relic density of
the LSP dark matter varies with M 05 the total relic density
is almost constant over the entire M 0. Therefore the finely
measured relic density does not give a severe constraint on
the LSP property except for its upper bound on the relic
density.

Since the iy does not have a spin-independent
cross section with a nucleus [Eq. (34)], the subdominant
LSP dark matter is the only detectable dark matter by the
spin-independent nuclear recoil experiment. The effective
cross section is proportional to the relic density, and the
curve is valid for the entire M 0 region, since the
Qcpmh? # 0.1 region (M0 <20 GeV) is already ex-
cluded by the LEP chargino mass bound. We assumed
Qcpmh? = 0.1 for calculation of €; = Q,;/Qcpy in the
effective cross section (€00 ,0) for the entire range of M 0.
The green curves show the current CDMS and XENON
experimental constraints on the direct detection. It is easy
to satisfy the constraints since the flux of the detectable
dark matter is smaller than that of the entire dark matters.

In Fig. 2, we illustrate the relic density and the direct
detection cross section versus the LUP mass. We assume
the LUP is ¢y with R, even and the LSP is x°. ¢y is
assumed to be very heavy (M, = 1400 GeV) so that it is
not stable. We show curves for M, = 500, 1000,
2000 GeV to illustrate the dependence on Z' mass. The
relic density curve of the y is flat since its annihilation
cross section is not sensitive to the M, . The CDM relic
density is mostly dominated by the LUP dark matter.

In the ¢y curves, we can observe effects of the annihi-
lation channels we discussed in Sec. III. We will discuss
several of them here. We see the Z' resonance poles at
My ~ My /2 as expected. Among resonances through the
S, only the ¢pxdy — x'x' for Mz = 500 GeV is open at
My ~ Mg/2 =400 GeV. This channel is kinematically
forbidden for M = 1000 or 2000 GeV, since M,  ~

PHYSICAL REVIEW D 77, 015008 (2008)

My = My /2 when Mz > M. This S resonance of
M, = 500 GeV is the only region where ¢y relic density
is smaller than that of x°. The new channel ¢y ¢y — o
opens up for My > Mepions = 600 GeV, making the relic
density drop significantly. This dark matter annihilation
channel where the final states are heavy supersymmetric
particles (much heavier than the LSP) is a novel feature of
this model that cannot be found in the single LSP dark
matter scenario like the MSSM. The effect of ¢y} —
7'7' is relatively small, but it is still noticeable for M, =
500 GeV at My ~ M. The ¢pxpy — SS channel for
My, > Mg = 800 GeV is also distinguishable only for
the relatively light Z’ case. This is because the dominant
contribution in this channel comes from the F term which
is proportional to k2. The k is not an independent variable
in our choice of input parameters, and it is small for large
7' mass. From Egs. (B3) and (B7), k is given as k =
822 SIM,, /M. Because of the variety of channels, it is
not difficult to find points with right relic density. Those
points were marked as thick black band in the direct
detection plot.

Since the LUP is dominant (€4 = 1), the effective
direct detection curve is practically the cross section of
the LUP, except for the S resonance pole for My =
500 GeV which does not satisty the relic density constraint
anyway. Therefore, we plot only the direct detection curve
for the ¢px. Most parts of the M, = 500 GeV curve with
the choice of parameter values are excluded by the direct
detection experiment, while the M, = 1000, 2000 GeV
curves survive. The overall size of ¢y direct detection rate
with TeV scale Z' is comparable to the current ongoing
dark matter experiment. The cross section decreases if Z’
coupling to quarks gets smaller. If charges are quark-
phobic (z[g, 1, zZ[gr] ~ 0), a light Z' would also survive
the current constraint by the direct detection and the
Tevatron [36] experiment.

Besides the two examples we explored here, there are
more possibilities such as all three dark matters coexist as
well as only the LUP dark matter exists without the LSP.

T T T T T T T T T
2[S]=0.3, ng=1, n;=5 ot | gz=gy, 2[S]=0.3, ng=1, n,=5 i
Ms=800, M.h:lll[)o, MXHZIEJC
$x (Mz=500)
B 108 | o PRI o ame]
§ P Mp=1000)
E
721078 | _#x_(4;=2000) i
1010 L _
1 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 200 400 600 800 1000 1200
M, (GeV) My, (GeV)

FIG. 2 (color online).

(a) Relic density and (b) direct detection cross section versus the LUP dark matter (¢ y) mass in the presence of

the LSP dark matter x°. We fix M, uy = 1400 GeV, M W= 150 GeV, M, = 500, 1000, 2000 GeV. The dashed curve is the relic
density for ¢y and the solid one is the total relic density of ¢y and x°. Thick black bands are where the total Qcpyh? satisfies the

WMAP + SDSS limit.
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Also the LSP and LUP may form the same supersymmetric
multiplet (dark matter supermultiplet) in a case, for ex-
ample, ¢y is the LSP and ¢y is the LUP.

In the MSSM with a single LSP dark matter, the direct
detection and the collider experiment is correlated and it is
expected that both experiments detect the dark matter of
the same property in the form of nuclear recoil and missing
energy, respectively. With multiple dark matters, the ex-
pectations may change.

For the neutralino LSP dark matter, the annihilation
cross section should be larger than the single dark matter
scenario since it is responsible for only fraction of the
CDM relic density. While the smaller flux will diminish
the chance of the direct detection (in the case y is the only
detectable dark matter), the increased coupling may en-
hance the chance of detection at the collider. The wino or
Higgsinolike LSP dark matter may also imply interesting
phenomenology in the indirect dark matter search. For
example, a large Higgsino component could mean large
capture rate in the Sun and correspondingly large neutrino
fluxes probable in the IceCube experiment [37].

For the LUP dark matter, the spin-independent direct
detection rate by the LUP dark matter itself could be null
(x case) or large (¢y case). The LHC/ILC may detect
them if they are within the reach of colliders. ¥y and ¢y
couple only to Z' and S, and the prediction will change
depending the Z' coupling to quarks and leptons. For
example, the quark-phobic Z’ will result in null direct
detection rate even for ¢y dark matter and the LHC will
not be able to produce Z' resonance from the typical Drell-
Yan process.

Overall, with the presence of multiple dark matters with
different sensitivity to the direct detection and to the col-
liders, the property of the dark matter measured in one
experiment may not be consistent with that in the other
experiment.

VI. CONCLUSION

TeV scale SUSY is a very well-motivated new physics
scenario. The minimal version of the supersymmetric SM
(MSSM) may not be the correct realization of the TeV
scale SUSY though, and its popular dark matter candidate
(LSP) may not be the correct or full description of the dark
matter. Various issues of the MSSM actually suggest it
needs to be extended to include new ingredients such as
new Abelian gauge symmetry U(1)". The concept of the
supersymmetric dark matter may also be extended in the
alternative supersymmetric models.

We considered a residual discrete symmetry (U parity)
which naturally emerges from the extension of the MSSM
with the U(1)’. It provides a new dark matter candidate
(LUP) as a stand-alone alternative or coexisting comple-
mentary one to the usual LSP dark matter. We showed that
two well-motivated Z, symmetries (R parity and U parity)
can allow various interesting possibilities and numerically

PHYSICAL REVIEW D 77, 015008 (2008)

illustrated a few examples that satisfy the experimental
constraints for the viable dark matter.

The enriched dark matter properties suggest that the
phenomenology for the supersymmetric dark matter
(such as physics at the upcoming collider experiments)
may be drastically different from the MSSM predictions.
For example, the missing energy at the collider experiment
may be originated from two or more massive stable parti-
cles, and it will be necessary to develop a technique that
can distinguish that from one dark matter case.
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APPENDIX A: STABLE PARTICLES

There may be up to three stable massive particles when
there are two parities. Here, we discuss it and categorize
the possibilities in our model. With two Z, symmetries (R,
and U), we can classify all component fields into four in
terms of (R, U,).

(+, +): class A
(+, —): class C

(=, +): class B
(=, —): class D

We call the lightest particle of each class as A, By, Cy, Dy,
respectively. (A is naturally the SM photon.) The stability
of the lightest particles among R, odd (LSP) and the
lightest among U, odd (LUP) are guaranteed by Z,
symmetries.

The minimal decay channels of Z, odd particles that
conserve both parities are

BO_’C0+D0, CO_)BO+D0! DO_)BO+C0'

(A1)
A nonminimal decay channel is, for instance,
BO - 01C + 02D + nlA (AZ)

where 0; is an odd positive integer and n; is a non-negative
integer.
From the above, we can see that

Mp, < Mc, + Mp, guarantees that By is stable. (A3)
M¢, < Mp, + Mp, guarantees that C is stable. (A4)
Mp, < Mg, + M, guarantees that D is stable. (AS5)
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FIG. 3. Triangle relations of masses (m; + m, > m3 for m; =
m, = mj3) to have three stable particles under two Z, parities.

If Mp,, Mc,, Mp, satisfy a triangle relation [i.e. if all
Egs. (A3)—(AS5) hold as Fig. 3], there will be three stable
particles. Since U, is originated from the gauge symmetry,
which commutes with SUSY, any field F and its super-
partner F share the same U parity. The relevant fields are
then classified as follows.
(1) Quarks, leptons, gauge bosons, Higgses: class A
(+, +)
(2) Squarks, sleptons, gauginos, Higgsinos: class B
(= +)
(3) R, even component of X: class C (+, —)
(4) R, odd component of X: class D (—, —)

There may be more exotics that belong to A and B, or C and
D depending on their U parity, but for the sake of sim-
plicity of the discussion we will consider only one exotic
superfield X. Then, if triangle relation holds, both ¢y and
¢x should be two components of the triangle (Cy and D)
and the lightest one among other superparticles (B,) should
be the third component of the triangle. The third compo-
nent could be the LSP or the next-to-LSP (NLSP) depend-
ing on the relative masses of By and D,,.

To illustrate stability of three particles with triangle
relation, let us assume M, =500 GeV, M, =
400 GeV, and M¢X = 300 GeV, and assume y is the
NLSP. We assign R, even to ¢y and R, odd to ¢y. iy
(—, —) is stable because it is the LSP; ¢y (+, —) is stable
because it is the LUP; y (—, +) is stable because its only
decay channel y — ¢y¢y is closed kinematically. This
corresponds to case III of Table I which contains the
complete list of triangle relation cases. It is understood

TABLE 1.
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that when the triangle relation does not hold, stable mas-
sive particles will be less than three.

APPENDIX B: ADDITIONAL LAGRANGIANS

Here, we list the Lagrangians from the U(1)’ symmetry
and new field contents. We omit doublet Higgs and
Higgsino terms which have vanishing U(1)' charges in
our setup. f; and fx represent all the MSSM chiral fields
including three Dirac neutrinos.

(1) Fermion-fermion-Z’

L= _%gz’Z[fL]Z/”J?’)’,L(l - Ys)f
— Lepad fR1Z* fy, (1 + ) f
+ e X1Z"  Pxy vtk

+1g,2[S1Z/%8y,v°S (B1)

(2) Scalar-scalar-Z'

.£2 = _igZ/Z[fL]Z,M(.fzaMfL - aﬂfsz)
— igpzl fR1Z*(Fr0 ufr — 0, frfR)
- igZ/Z[X]Z/”(¢§(3M¢X - 8M¢§(¢X)

(B2)
(3) Scalar-scalar-Z'-Z'
L= g%fz[fL]zz/#Z;szfL
+ g%/ZUR]ZZIMquf;fR
+ g AXPZ*Z!, by bx
+ g2 SPZHZ,,5*S (B3)

(4) Scalar-fermion-Z'

Possible triangle relations. x (B) is the lightest among superparticles possibly except for the R, odd component of X

(Dy). A triangle relation m; + m, > mj5 is assumed (m; = m, = m3) among masses of ¢y, ¢y, and y. The LSP and the LUP can be
one particle where the other two particles are NLSP and next-to-LUP (NLUP). m, should be the mass of the LSP or the LUP (or both),

and m5 can not be that of LSP or LUP.

I i I v \Y% VI
R, odd X (Do) m, (LUP, LSP) m,; (LUP, LSP) m, (LSP) m, (LUP) ms ms
R, even X (Cp) m, ms m, (LUP) m; m, (LUP) m, (LUP)
X (By) ms my ms m; (LSP) m; (LSP) m; (LSP)
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2 = -
Ly= _ggZ’ZDCL](Z (1- ‘)’S)ffL
P+ PZ )
2 = ~
+ %gZ’ZUR](Z (L+9)ffr
+ (1= y)Z'fr)
L 0 - s
+ (1 + ) Z ¢x)
V2 5! 5\3¢* 1§ 5\ 51
_TgZ/Z[S](Z (1 - )SS + S(l + Y )Z S)
(B4)
(5) D-term
1 o~ -~
Ls=— 58%/(ZUL]fsz - Z[fR]f}k?fR
+ Z[X]px by + 2[SIS*S)? (B3)

(1]
(2]

(4]
(5]
(6]

(71

(8]

(10]
(1]
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(6) F-term
, K
L= _k25¥5¢§¢x - Z(¢§¢X)2 (B6)
(7) Yukawa
k = - o
L;= _5(5(1 =V )xdx + Px(l + ¥)Sé%)
k - -
- Z(‘//X(l — ¥s)xS + x(1 + y5)PhxS)
(B7)
(8) Soft term
‘£8 = <_%MIIZ/Z/ - ASXXS(f)Xg{)X + HC)
— m3S*S — m?, ¢xbx (B8)
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