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Abstract

A model based on SU(3)c x SU(2)r, x U(1)y x SU(2)n has recently been proposed,
where the SU(2)y vector gauge bosons are neutral, so that a vector dark-matter can-
didate is possible and constrained by data to be less than about 1 TeV. We explore
further implications of this model, including a detailed study of its Higgs sector. We

improve on its dark-matter phenomenology, as well as its discovery reach at the LHC
(Large Hadron Collider).
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1 Introduction

The nature of dark matter [I] is under intense study. Whereas most assume that it is either a
fermion or a scalar or a combination of both [2], the notion that it could be a vector boson just
as well has also been proposed. In a theory of universal compact extra dimensions, the first
Kaluza-Klein excitation of the standard-model U(1) gauge boson B is such a candidate [3].
The T—odd counterpart of B in little Higgs models is another candidate [4]. Non-Abelian
vector bosons from a hidden sector may also be considered [5]. All of the above involve

“exotic” physics.

Recently, it was realized [0] that an existing conventional model [7] based on superstring-
inspired Fjg has exactly the ingredients which allow it to become a model of vector-boson
dark matter, where the vector boson itself (X) comes from an SU(2)y gauge extension of
the Standard Model. In Sec. 2 we list all the necessary particles of this (nonsupersymmetric)
model. In Sec. 3 we discuss in detail the complete Higgs potential and its minimization.
In Sec. 4 we obtain the masses of all the gauge and Higgs bosons. In Sec. 5 we compute
the annihilation cross section of the dark-mmatter vector boson X. In Sec. 6 we study the
constraints from dark-matter direct-search experiments. In Sec. 7 we consider some possible

signals at the Large Hadron Collider (LHC). In Sec. 8 there are some concluding remarks.

2 Particle content

Under SU(3)e x SU(2), x U(1)y x SU(2)ny x S, where Q = T3, + Y is the electric charge
and L = S + T3y is the generalized lepton number, the fermions of this nonsupersymmetric

model are given by [0]
<Z> ~ (3,2,1/6,1;0), u‘~ (3%,1,-2/3,1;0), (1)
(he,d) ~ (3%,1,1/3,2;—1/2), h~(3,1,—1/3,1;1), (2)
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<g V>~a@,4mgﬂm) (ﬁyﬁszuzhm, (3)
e~ (1,1,1,1;—1), (v°n°) ~(1,1,0,2;—1/2), (4)

where all fields are left-handed. The SU(2); doublet assignments are vertical with Ts;, =
+1/2 for the upper (lower) entries. The SU(2)y doublet assignments are horizontal with
T3n = £1/2 for the right (left) entries. There are three copies of the above to accommodate
the known three generations of quarks and leptons, together with their exotic counterparts.
It is easy to check that all gauge anomalies are canceled. The extra global U(1) symmetry
S is imposed so that (—1)f, where L = S + Tiy, is conserved, even though SU(2)y is

completely broken.

The Higgs sector consists of one bidoublet, two doublets, and one triplet:

¢! %) (@)
~(1,2,-1/2,2;1/2), ~(1,2,1/2,1;0), 5
(00 %)~z ()~ 0220 )
AO/\/§ AO

0,0y . 2 3 ~ .

oy~ oz, (08 e aesn. @)
The allowed Yukawa couplings are thus

(doy — ugy )d® — (dog —ugy )he,  (ugy —dog)us,  (hxy —dx))h, (7)
(Noy —vor — BE¢S +edh)e,  (E¢y — Nob)n® — (edg — vey)ve, (8)

(EE® — NN°)x5 — (eE° —vN)X?,  nnAY + (n°v° + v°n®)AY/vV2 — voveAY. (9)

There are five nonzero vacuum expectation values: (¢?) = vy, (¢9) = vq, (AJ) = wy, and
(x9) = ug, corresponding to scalar fields with L = 0, as well as (A9) = uz, which breaks
L to (=1)F. Thus mg, m. come from vy, and my, my,c(= —myye) come from vy, whereas
my, mp(= —myye) come from uy, and n, v¢ obtain Majorana masses from u; and us. The

scalar fields ¢y~ and AJ have L = 1, whereas X has L = —1 and A} has L = 2.

There are five neutral fermions per family. Two have odd L parity, i.e. v and v°. Their



2 x 2 mass matrix is of the usual seesaw form, i.e.

M,,=< 0 mD), (10)

mp Ms
where mp comes from vy and M3 from uz. The other three have even L parity, i.e. N, N¢,

and n°. Their 3 x 3 mass matrix is given by
0 —mEp —Mmp
MN = | —Mmg 0 0 s (11)
—mp 0 M,

where mg comes from u, and M; from u;. Note that without M, there would be a massless

fermion in this sector. Since (—1)% is exactly conserved, v, v do not mix with N, N¢ n°.

Even though this model is nonsupersymmetric, R parity as defined in the usual way for
supersymmetry, i.e. R = (—)38TL+2 ¢till holds, so that the usual quarks and leptons have
even R, whereas h, h¢, (N, E), (E°, N¢), and n® have odd R. As for the scalars, (¢9,¢7),
(63, 99), x5, A?Y, and AJ have even R, whereas (¢9, ¢3), x}, and AY have odd R.

3 Higgs potential

The Higgs potential of this model is given by

Vo = 4RTr(glsons) + u3hs + iixx! + paTr(ATA)

(20lads + mx AT+ s RAXT + Hoe) + oM [Tr(hoi)? + 5 a(0h00)"
%Agﬂ(qﬁgqslgqﬁgqslg) - %A4(XX*)2 + %Ag, [Tr(ATA)? + EAGTT(ATA — AAT)?
Fixelsdisx! + faxdlsdrax! + fadldrsdlada + faohdradlsdn + f3(dhda) (')
FoOXNTr(ATA) + fx(ATA — AAT T + fo(ghn)Tr(ATA)

_|_

+ o+ o+ o+

FoTr(@l5013)Tr(ATA) + fioTr(dis(ATA — AAH@LS), (12)

where

~ 9 - o5 —or Y0 =
G2 = (_;2_> ;P13 = <—§_Sg gz_Sgl ) X = (Xga _X(1)>7 (13)
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and the g3 term breaks L softly to (—1)%.

The minimum of V' is determined by

Vo = 130} + pavi + piud + pa(ul 4 u3) + 2paavivaus + 2pnpuiu + 2piaguzu;
1 1 1 1 1

1
+ 5)\1’011 + 5)\21);1 + 5)\3’011 + 5)\4U% + 5)\5(U% + U§)2 + §>\6(U% — U§>2

+  foviud + faoivs + fsvaul + feus(ui + u3) + frus(ui — uf)

+ feva(ui + u3) + four (uf +u3) + frovf (uf — u3), (14)
where

0 = 2+ (fo+ fro)ud + foui2 + (fo — fro)u + (A + A3)o? + fi02 + “22;12@, (15)
0 = pu3+ faul + fsus + faus + favi + Aovs + u22;)21u2’ (16)

0 = w2+ (fo— fr)ud + Mud + (fo+ fr)ud + fovl + fsvd + “22;21”2
+  2uquy + 2p03us3, (17)
0 = pi+ s+ X)us + (fs — fr)us + (As — Xe)us + (fo + fro)vi + favs + “flu% (18)
0 = pi+As = Xe)ui + (fs + fr)us + (X5 + Ae)us + (fo — fro)vi + fsvs + Mij;% (19)

4 Gauge and Higgs boson masses

After the spontaneous breaking of SU(2)y x SU(2), x U(1)y, the gauge bosons X 53 and

W, Z acquire masses as follows:

1 1
miy = 595(vi +03), mi,, = Sglus v+ 2(um F ug)’), (20)

2 1 < (97 + 93) (v} +v3) —gn /gt + g3vi ) 1)

—gn\/ 9+ 93vT  gxlul + vf + 4(uf + uj))

Mz x3 = 5
Whereas the usual gauge bosons have even R, two of the SU(2)y gauge bosons X, have

odd R and X3(= Z’) has even R. Assuming that X, is lighter than X, the former becomes



a good candidate for dark matter. There is also Z — Z’ mixing in this model, given by
—(\/g? + g3 /gn)[vi/(u3 + 4u? + 4u?)]. This is constrained by precision electroweak data to
be less than a few times 107*. If my ~ 1 TeV, then v; should be less than about 10 GeV.
Now my, comes from vy, so this model implies that tan § = vy/v; is large and the Yukawa

coupling of bb°¢? is enhanced. This will have interesting phenomenological consequences [3].

There are 22 scalar degrees of freedom, 6 of which become massless Goldstone bosons,

leaving 16 physical particles. Their masses are given below:

m*(¢3) = (fr — fa)us + 2f10(ui — u?) — Asvf + (fs — fa)v] — pasvous/ve,  (22)

m?(sin BT 4 cos Boy) = [fs — f1 — [tz /V1U2]4/ VT + V3, (23)

where tan 3 = vy /v; and the orthogonal combination cos f¢T — sin f¢3 is massless, corre-

sponding to the longitudinal component of W*. The 5 x 5 mass-squared matrix spanning

(¢1I, Gar, Xar, A1, A?,I) is given by

— [22VaUa /Uy — 22 — 2202 0 0
— o2z — 12201 U2 Vo — 2201 0 0
—H22V2 —H22U1 —,LL227)1U2/U2 — 4pour — 4pgzus —2/112Us2 21232 )
0 0 —2p112Us —p12u3 /uq 0
0 0 223Uz 0 — pogu3 /us

(24)
with two zero mass eigenvalues, spanned by the states vy, — vado; and —(v1/2)p1; —
(v2/2)dar + usxor — 2u1Arr + 2uzAs;, corresponding to the longitudinal components of Z

and Z'. In the (x17, Ass, ¢37) sector, the mass-squared matrix is given by

[(f1 = f2)vi + 2f7(uf — u3) — paoviva/us — 2(pr2 — pios)(ur — us)|xi;
+ 2\/§U2 (o3 — a2 + fr(ur + us)xarDar + 2[p2evs — (f1 — fo)vius|x1r¢sr
+ [Ne(ug +us)? — paous/2uy — posus/2us] A3 — 22 1001 (ug + u1)Aorsr

+ (i = f2)us + 2fr0(uf — u3) — pagvaus/v1]d3, (25)



with one zero mass eigenvalue, corresponding to the longitudinal component of X;. The

mass-squared matrix of the (x1g, A2gr, ¢3r) sector is analogously given by

[(f1 = f2)vi + 2f7(u] — u3) — pagviva/us — 2(pia + pos) (w1 + uz)]Xir
+ 2v2uy (o + p2 + fr(ug — wr)xarDar — 2[pove — (fi — fa)viue]X1rP3R
+ Ne(ur — uz)? — pagus/2uy — pgzus/2uz) NS, + 2V2 f10v1 (us — u1) Dorpsr

+ [(fs = fo)us + 2f10(uf — ul) — posvauy /01] g, (26)

with one zero mass eigenvalue, corresponding to the longitudinal component of X5. The

remaining 5 scalar fields (¢1g, ¢or, X2r, A1r, Azg) form a mass-squared matrix

200 + A3)vf 2favrv2 2 favruz 2(fo + fio)vivr  2(fo + fio)vius
2 fyu1v9 203 2 fsvgtg 2 favouy 2 favoug
2 faviug 2 f5vauz ”\4“% 2(f6 — fr)urua  2(f6 + fr)ugus
2(fo+ fro)viur  2fsvour 2(fo — fr)urue  2(Xs + Xg)uf  2(As — Ag)uqus
2(fo — fro)vius  2fgvaus  2(fo + frlugus  2(Xs — Xe)uruz  2(As + Ng)u3

—,LL22U2U2/U1 H22U2 H22U2 0 0
22U — 2201 U2 Vo H2201 0 0
+ 22V 221 — [22U1 Vs [ Us 2p112Us 21232 : (27)
0 0 2pt12Us —[112u3 /U 0
0 0 223U 0 —M23U§/ U3

Consider the simplifying case of f; = fig = 0 and g2 = pos, then from Egs. (18) and
(19), we find u; = us. The massless states of Eqgs. (25) and (26) are then easily identified:
UsX17 + v1d3r and usx1g + 2V 2u1 Aog — v1 ¢35 for the longitudinal components of X; and X,
respectively. Three exact mass eigenstates are:

(Air+As)/V2: m? = —pgus/uy, (28)

Ag[, (AIR — A3R)/\/§ . m2 = 4)\6u§ - ,umu%/ul. (29)
Using the approximation v; 9 << u; 2, we also have

®3R, P31 m? = (fl - fz)ug - M22U202/U17 (30)
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(voprr + Ul¢21)/\/ v+ m? = —,U22U2(U% + U%)/Ulv% (31)
(2v2u1x1R — UsNog)/\/8ud +ud i m? = —p1n(8us + u3/ug), (32)
(duyxor + ugAyy — U2A31)/\/ 16“% + 2“% : m? = —t12(8uy + u%/ul) (33)

This pattern shows that (49, ¢7) and (¢3,¢9) behave as the conventional two Higgs
doublets with the former coupling to d quarks and and the latter to v quarks. The new
feature here is that (¢, ¢7) also interact with the SU(2)y gauge bosons. An interesting

possibility for example is Z" — ¢9¢9 — (bb)(bb).

5 X;.X; annihilation

We assume that X; is the lightest particle having odd R. It is thus stable and a possible
candidate for dark matter. In the early Universe, X;X; will annihilate to particles of even
R, i.e. dd through h exchange, e”e* through E exchange, vo through N exchange, and ¢ ¢,
through ¢3 exchange (and direct interaction). There is also the direct-channel process, such
as X1X1 — ¢1gp — dd, which is suppressed by my so it is negligible here. However, the
corresponding process for dark-matter direct search, i.e. X;d — X;jd through ¢,z exchange,
may be important as discussed in the next section. Note that there is no tree-level contri-
bution from Z’ because the only allowed triple-vector-boson coupling is X1 X,Z’ and X, is

too heavy to be involved.

In Fig. 1 we show the various annihilation diagrams, resulting in the nonrelativistic cross
section X relative velocity given by

2
_l_ -
ERP DN rerrer
2 1 3

(mg53 +m%)?  mik(mi, +m%k)  8mk

m3
gnmi
OUpel = E

(P2 s mh+mX

; (34)

where the sum over h, E is for 3 families. The factor of 3 for h is the number of colors, and
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Figure 1: Annihilation of X;X; to standard-model particles.

the factor of 2 for F is to include N which has the same mass of E. For the scalar final states
101, in addition to the exchange of ¢, there is also the direct X; X ¢1¢; interaction. Since
vy << vy, both ¢¢ and ¢] are physical particles to a very good approximation. Assuming

as we do that mx is the smallest mass in Eq. (34), we must have

Algy

576mm% (35)

OVpel <

This puts an upper bound on my for a given value of ov,,. Assuming ov,. > 0.86 pb from

the requirement of relic abundance, and g% (~ g3) = 0.4, we then obtain
my < 1.28 TeV. (36)

In other words, whereas the scale of SU(2)y breaking is a priori unknown, the assumption

of X dark matter constrains it to be of order 1 TeV and be accessible to observation at the

LHC.

We consider Eq. (34) as a function of mx and § = my,/mx — 1, with all three h’s having
the same mass. We then consider the two extreme cases for the other contributions: one
where all heavy masses are equal to my; and the other where all heavy masses (except

my) are equal to the (arbitrary) value 2.5myx to ensure that no Yukawa or quartic coupling



gets too large. In the 6 — my plane, for a given value of ov,., the region between these
two lines is then the allowed parameter space for mx and mj,. We show this in Fig. 2 for

oVyer = 0.91 £ 0.05 pb [10].
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Figure 2: Allowed region in § = my/myx — 1 versus my (in TeV) from relic abundance and
from CDMS direct search.

6 Direct dark matter search

In Fig. 3 we show the tree-level diagrams for X;d — X;d through the direct-channel exchange
of h and the cross-channel exchange of ¢1r. Taking into account twist-2 operators and gluonic

contributions calculated recently [9] and assuming that m(hg) = m(hs) = m(hy) = my, we

find
fo 9N gx M 3 gx _ mk
To— goso |- I 9N M| 2999y | _IN_ TX
my 4m3 16 (mj —m5i)? * 4( ) 4 (m2 —m%)?



X X
X1/V1/‘l/uﬂ.\}-\f\JX1 1 1
h
0, h
I
d//\d d d

Figure 3: Interactions of X; with quarks in direct-search experiments.

2 2

— (0.925) <(1'19)5igli+%l(1'19) Ly ! )D (37)

To obtain f,,/m,, the numerical coefficients (0.052,0.222,0.925) in the above are replaced by
(0.061,0.330,0.922). The spin-independent elastic cross section for X scattering off a nucleus

of Z protons and A — Z neutrons normalized to one nucleon is then given by

1 <mN)2
Og = —
™ \Mmx

Here we will use *Ge with Z = 32 and A — Z = 41 to compare against the recent CDMS

Zf,+ (A= 2)f,[

A

(38)

result [IT]. In the range 0.3 < mx < 1.0 TeV, the experimental upper bound is very well
approximated by [12]
09 < 2.2x 1077 pb (mx/1 TeV)®®. (39)

In Fig. 2 this appears as a solid line for my = 120 GeV, to the right (left) of which is allowed
(forbidden) by the CDMS data. If m, > 120 GeV, this line will move slightly to the left.
It is seen that the relic-abundance constraint is indeed allowed, but direct search is still far

away from testing this model.
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Figure 4: Normalized signal and background distributions as functions of missing transverse
energy.

7 Collider phenomenology

The dark-matter gauge boson X; may be produced at the Large Hadron Collider in asso-
ciation with the lightest exotic heavy quark h through d + gluon — h + X;. Consider the
following mass spectrum:

mp > Mx, > Mg N > Mx,- (40)

In that case, h may decay into X;d and Xsd, then X, will decay into ET1~, E~I*, Nv, N,
and BT — XiI*, E- — X;I~, N = X7, N — X v. This means that about 1/4 of the
time, pp — hX; will end up with one quark jet + missing energy -+ [ l; and pp — hh
will end up with two quark jets + missing energy + [ [;. Some of these two-lepton final
states could involve different flavors because of mixing of families in the SU(2)y sector. Note

that X, — X + virtual X3 — X, 4+ dd (I"1%) is also possible, but very much suppressed if
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mepnN < Mx,.

In the following, we choose mx, = 700 GeV, mgny = 735 GeV, mx, = 770 GeV, and
my, = 980 GeV. We find that at the LHC (E,,, = 14 TeV), the cross section of dX;X;l7("
production is 5.5 fb. We show in Fig. 4 the distribution of this signal versus the expected
standard-model background (dominated by ¢t) as a function of missing transverse energy,
using the cut pr > 20 GeV for each lepton with || < 2.5, and pr > 50 GeV for the one
hadronic jet. We use CalcHEP [I3] in combination with Pythia [14] in this calculation. We
show in Table 1 that a cut on missing transverse energy of 200 GeV would eliminate the

standard-model background which is dominated by tf events.

Event rates for (7~ 4 1jet + Jr with pr, > 20, pr, > 50

FEr > 100 Fr > 200 FEr > 300
Signal | Background || Signal | Background || Signal | Background

3.1 237 1.6 0 0.59 0

Table 1: Event rates (fb) for LHC with E.,, = 14 TeV, using CTEQ6L parton distribution

functions, and the average of final state particle masses as partonic E.,,.

8 Concluding remarks

The (nonsupersymmetric) dark vector-gauge-boson model [6] is studied in some detail. Its
complete particle content is delineated and analyzed, including the most general Higgs po-
tential and its minimization. The identification of the X; boson as a dark-matter candidate
(to account for the observed relic abundance) constrains the SU(2)y breaking scale to be
about 1 TeV. We have updated the theoretical cross section for X; to interact in underground
direct-search experiments. The present CDMS bound is shown to be much below what is
expected in this scenario. On the other hand, the prognosis for observing the consequences

of this model at the LHC with E.,, = 14 TeV and integrated luminosity of 10 fb~! is good,
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with an expected signal in our specific example of 16 events (dimuon + jet + missing energy)

against negligible background for my, = 700 GeV and m;, = 980 GeV.
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