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Dark Matter Varieties

There used to be just one candidate dark-matter theory,
i.e. R—parity conserving supersymmetry (MSSM), but in
recent years, many more have been proposed.

Dark matter must be neutral (so that it is dark) and
stable (so that it is still here).

In the MSSM, the candidates are the lightest sneutrino
(scalar boson) or the lightest neutralino (spin-one-half
fermion).
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The former is ruled out by direct-detection experiments,
because It interacts with quarks through the Z boson,
with a cross section many orders of magnitude larger
than is allowed by observation. The latter is OK, because
a neutralino mass eigenstate is Majorana which does not
contribute to the elastic scattering through Z exchange.

Ma(2006): Neutrino mass may also be due to dark
matter (scotogenic). Add to the Standard Model (SM) a
second scalar doublet (17, 7") and 3 neutral singlet
Majorana fermions V; 5 3 which are odd under an exactly
conserved 75, with all SM particles even.
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Figure 1: One-loop m, from Z, dark matter.
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Hence v N ¢ is forbidden and v N7)" is allowed, but

(n"y = 0. Thus N is not the Dirac mass partner of v.
Nevertheless, neutrino mass Is generated in one loop, I.e.
scotogenic, being caused by darkness. Here, 1)} is a
dark-matter candidate, studied two months later by
Barbieri/Hall /Rychkov(2006). They call 7 the inert Higgs
doublet. | call it the dark scalar doublet.

Since 7 is a scalar doublet just like the supersymmetric
(sneutrino, slepton) doublet, why is it not also ruled out?
The reason is that the quartic interaction (n'®)? is
allowed by Z5 but not by supersymmetry.
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This term splits 77}, and 7, which serves two purposes.

(1) It allows the one-loop scotogenic diagram to be
nonzero and finite.

(2) Since Z couples to 7%7} only, the direct-search
experiments using elastic nuclear recoll are rendered
ineffective for a mass gap of only 1 MeV.

Ma /Sarkar(2007): Es/U(1)y realization of scotogenic
neutrino mass in two loops.

Cao/Ma/Wudka/Yuan(2007): Multipartite dark matter
may exist, then the least abundant has the largest cross
section and may be discovered first at the LHC.

Dark Vector Boson from Eg/SU (2) 5 Extension of the Standard Model back to start



FEs/SU(3)° Extensions of
the Standard Model

Shortly after the first string revolution (1984-6), the
superstring-inspired supersymmetric £ model was
studied intensively. The fundamental 27 representation of
E 1s decomposed under its maximum subgroup

SU(S)C X SU(S)L X SU(3)R as
d u h N FE°¢ v d° d° d°
d uw h|+| E N¢ e |+ u u® u
d u h v e¢ nc h¢ h¢ h°
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The decomposition of SU(3)L — SU(2)r x U(1)y, is
completely fixed because of the SM. However, there are
3 choices for SU(3)r — SU(2) x U(1)".

(1) The conventional choice of SU(2)r x U(1)y, means
that (¢4 e°) and (u®, d°) are SU(2)r doublets.

(2) Ma(1987): Alternative Left-Right Model, i.e.

d u h v FE¢ N h¢ h¢ h°
d v h|+| e N¢ E |+ 1| u ut uf
d u h n¢ e - d° d° d°

Here (n° e¢) and (u€, h¢) are SU(2)g doublets.
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Khalil/Lee/Ma(2009,2010): Simpler nonsupersymmetric
versions exist with n“ as a dark-matter fermion (scotino).

(3) London /Rosner(1986): SU(2)' = SU(2)y, i.e.

d u h N v K€ d° df d°
d vw h |+ | E e N¢|+ 1| ht ht A€
d u h V¢ nt e ut® u® u‘

Here (v°,n°) and (h°,d°) are SU(2), doublets.

Diaz-Cruz/Ma(2010): The analog of the W5 gauge
boson in (2) is now neutral and could be a vector-boson
dark-matter candidate.
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Dark SU(2)y Model

Fermion content with S = L — T3y

1 1
u® ~ 0, (h",d%) ~ —5 h~l,ef ~—1, (15 n") ~ 5

U N v 1 B
(2)~0 (& ©)~3 (x)~
All fields are left-handed, with SU(2); doublets vertical
[T5;, = +1/2 for upper (lower) components] and
SU(2)y doublets horizontal [T5y = 4+1/2 for right (left)
components].
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Higgs sector:

0 0 1 + 1
(58 2) g (M) ~o aod~

Allowed Yukawa couplings are

(dp) — uey )d® — (doh — ugy )he, (un’ — dn™)us,
(hxz = dXV)h, (Noy —véy — E¢h + egh)e,

(En* = Nn")n® — (en® —vn°)ve, (EE° = NN°)x3 -

(£ = vN )], (B¢ — N¢)n® — (E ¢y — N@h)v~.

Thus mg, m, come from (@) = vy; m,, m, from
<770> = v3; My, Mg, my from <X(2)> = Us.
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This structure conserves L and guarantees the absence of
tree-level flavor-changing neutral currents. SU(2)y is
completely broken by usy so that m% = (1/2)g%u3 for
each X703 gauge boson. Whereas X5 = Z' has L = 0,
(X1 F zXQ)/\/§ are the neutral analogs of W5 with

= +1 and can be dark matter. Consider now the
addition of a Higgs triplet (£, &), &2) ~ 1, with (£)) = us
and (£Y) = us. Then L is broken by uz to (—1)% and
neutrinos obtain seesaw Majorana masses. There is also a
large Majorana mass term for n“ from us so that there is
no more massless particle in the (N, N n®) sector.
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X1 Vector Boson as Dark Matter

Gauge boson masses:

1 1
m%ﬂv 292(U1 + ’03) m?Xl,Q — 59]2\7[“% + 2(uz F US)QL
2 1 ((g% +93) (0] + v3) —gN/ g7 + g0 )
2202\ —gnvV gl g3 gi[us 4+ of + 4(ug + ud)]

Let X be the lightest particle of odd R = (—1)35+L+27
then it can be a viable dark-matter candidate.
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Note that there is no X;.X;Z’ interaction; only X;Xs2’
Is allowed. However, XX annihilation to

dd,vi,e"et, 19! is possible through h, N, E, ¢
exchange respectively. The nonrelativistic cross section X
relative velocity is (gym3 /72m) X

3 2
2 T g w2 G

2 1 3
| (m?bz—Fm%()Q | m%((m?m—l—m%() - 8mi

where the sum over h, E is for 3 generations.
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The factor of 3 for i is the number of colors, the factor
of 2 for E, ¢, is to account for them being doublets.
Let ov,..; > 0.86 pb be the benchmark for the correct
dark-matter relic abundance and assuming

g3 = g3 = €*/sin” O ~ 0.4 with all exotic particle
masses equal, the upper bound myxy < 1.28 TeV is
obtained.

The fundamental interaction of X with nuclei is only
through the d quark, but there are induced effective
interactions. [Hisano/Ishiwata/Nagata/Yamanaka(2010)]
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The coherent spin-independent elastic cross section is

: <mN>2 Zf,+(A—2)f|

g —
T \NTNXx A 7

where f, and f,, are form factors, and (Z, A) are the

atomic and mass numbers of the target nucleus,
say BGe with Z =32 and A — Z = 41.

Using the recent CDMS(2010) result that

o9 < 2.2 x 107" pb (mx/1 TeV)"*" in the range
0.3 < myx < 1.0 TeV, a lower bound on my, (the one
that couples to d) as a function of mx is obtained.
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Allowed region in § = my/mx — 1 versus mx (in TeV)
from relic abundance and from CDMS direct search.
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LHC Phenomenology

Since myxy ~ 1 TeV or less, Z’ is expected to be
observable at the LHC, with B(Z' — p~u™) = 1/16.

It is in fact the linear combination /5/872, + \/3/82
from Eg models. Distinguishing this Z’ from others

Godfrey/Martin(2008)] is possible from

072 —tt)/I'(Z — p ') =0, and

[(Z' — bb)/T(Z — u put) = 3.

Since Z — Z' mixing is limited to a few x 107, which is
of order v?/u3, v; may be around 10 GeV. This means
that the ¢; Yukawa coupling to b quarks is large,
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making ¢} observable at the LHC
[Balazs/Diaz-Cruz/He/Tait/Yuan(1999)].

A favorable scenario for observing the structure of this
model is possible with the following spectrum:

mp > mMx, > Mg N > Mx,.

[Bhattacharya/Diaz-Cruz/Ma/Wegman(2011)].
Consider the production d + gluon to h + X;. Now A
will decay into X d and Xyd, then X5 will decay into
ETl—, E7It, Nv, Np, and ET — XIT E— — X,l~,
N — Xlﬁ, N — X1V.
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This means that about 1/4 of the time, pp — hX; will
end up with one quark jet + missing energy + l;rlj_.
We choose my, = 700 GeV, mg y = 735 GeV,

myx, = 170 GeV, my = 980 GeV, and the basic cuts

pr > 20 GeV and |n| < 2.5 for each lepton and py > 50
GeV for the quark jet. The background is then
suppressed by choosing a large missing energy cut. At
the LHC with E,.,, = 14 TeV, we find a signal cross
section of 1.6 fb with essentially no background if a cut

on missing E; > 200 GeV is made.
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Conclusion

Instead of a spin-zero scalar or a spin-one-half fermion or
combinations of the two, dark matter may be a spin-one
vector boson. The first such example from a unifiable
theory based on FEj; has been proposed. This SU(2)y
extension of the Standard Model allows one of the 3
gauge bosons, say X, to be the lightest particle with
odd R parity. From the requirement of relic abundance,
myx ~ 1 TeV or less is predicted. It is verifiable at the

LHC.
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