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Visible Signatures from Hidden

Sectors

8.1. Introduction

In this section we discuss a broad class of mod-
els with visible signatures due to the presence of
hidden gauge symmetries. The specific classes of
models we review each have a hidden sector, a
visible sector and a communication between the
hidden and the visible sectors. While there are
many hidden sector models which have been dis-
cussed, we will focus here on communication via
Stueckelberg mass mixing [1,2,3,4], higher dimen-
sion operators mediated by heavy states in Hid-
den Valleys [5,6,7,8], models with mediation via
kinetic mixing [9,10,11,4,12,13] and specifically
kinetic mixing in the class of dark force models
discussed in [14,15,16,17]. We also discuss gener-
alized portals occurring due to hidden-visible sec-
tor couplings arising from both kinetic and mass
mixings [4,18,19).

The concept of the hidden sector has a long
history and its modern roots lie in supersymme-
try where hidden sectors are responsible for the
breaking of supersymmetry. However, typically
the fields in the hidden sectors are very massive.
Thus while the consequences of the hidden sec-
tors have direct bearing on the building of phe-
nomenologically viable models whose experimen-
tal signatures will be probed at the LHC and in
dark matter experiments, the actual internal dy-
namics of the hidden sector are unreachable di-
rectly with colliders or cosmology. However, more
recently it has been shown that hidden sectors can
give rise to unique signatures at colliders when
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the mass scale in the hidden sector is well below
a TeV, as in Hidden Valleys, Stueckelberg exten-
sions and Unparticle models. In particular, con-
fining dynamics in the hidden sector [5,6,20,21]
give rise to exotic signatures such as high jet mul-
tiplicity events [8] and lepton jets, and such events
multiplicities are also a feature of the models of
Refs. [14,15,16,17]. Thus in models with ex-
tended hidden sectors, the cascades and dynamics
can become rich and complex. Rich event topolo-
gies arise in models of Stueckelberg mass gener-
ation and kinetic mixings, where multi-lepton jet
signals and missing energy are a consequence of
of gauged hidden sector vector multiplets. Here
one has complex susy cascades and heavy flavor
jet signatures from new scalars [2], multilepton
production and jet production [3,4,22] as well as
the possibility of mono-jet and mono-photon sig-
natures [23]; where the latter signatures also arise
in the models of [24,25,16].

There are indeed many recent developments in
hidden sector models, and by no means will we
be able to cover all models, which include Higgs
mediators, light gauged mediators and axion me-
diators, see e.g., [11,26,23,4,27,28,18,19,29,24,13,
12,14,15,30,31,33,32], as well as investigations of
their phenomenological implications [34,35,36,37,
16,17,38,39,40,41,42,25,43,44,45,46,47,48,22]. We
aim instead to outline some of the possibilities,
and refer the reader to these references for fur-
ther details.

These classes of models also lead to astrophysi-
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cal predictions offering several explanations to the
recent positron anomaly seen in the PAMELA
satellite data. Such proposals include multi-
component dark matter [31], a boost in positrons
from a sommerfeld enhancement [14] and a Breit-
Wigner enhancement of dark matter annihila-
tions [32] (see also [4]). Further, the presence
of hidden sector states degenerate with the dark
matter particle can lead instead to a boost in the
relic density via coannihilation effects [26,22]. We
discuss now some of the models in further detail.

8.2. Stueckelberg Extensions

8.2.1. Massive Stueckelberg vector bosons

The Stueckelberg mechanism allows for mass
generation for a U (1) vector field without the ben-
efit of a Higgs mechanism. The U(1)x Stueckel-
berg extensions of the Standard Model (SM)[1],
i.e., SU(?))C X SU(?)L X U(l)y X U(I)X, involve
a non-trivial mixing of the U(1)y hypercharge
gauge field B* and the U(1)x Stueckelberg field
C*. The Stueckelberg field C'* has no couplings
with the visible sector fields, while it may cou-
ple with a hidden sector, and thus the physical
7' gauge boson connects with the visible sector
only via mixing with the SM gauge bosons. These
mixings, however, must be small because of the
LEP electroweak constraints|3].

The U(1)x Stueckelberg extension of the Stan-
dard Model (SM) can be generalized further to
include a gauge kinetic mixing (StkSM)[4]. In
the gauge vector boson sector, the effective La-
grangian is then given by Lstksm = Lsm + AL
]
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where ¢ is the gauge kinetic mixing parameter
and M;, M, are the Stueckelberg mass param-
eters [4,18,19]. Here o is a psuedoscalar axion
which transforms under U(1)x as well as under
U(1)y so that AL is gauge invariant.

Upon coupling to the SM, the HS and VS mix
through the neutral vector boson sector and one
finds a massless photon A, the Z boson, and
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Figure 8.1. An XWIMP contains a combination of
fields both from the VS and the HS which communi-
cate due to the presence of a connector sector (CS).
Suppressed interactions in the HS leads to a boost in
the relic density relative to what would be obtained
without the presence of the HS states[26,22]. (Figure
from [26]).

a Z' boson, the latter of which is dominantly
composed of C' . In the absence of kinetic mix-
ing, this arises from diagonalizing the mass? ma-
trix in the neutral vector sector (in the basis
(CvaAS)H) [17273]
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where the effective parameter is the ratio e =
My /My, which is constrained by the electroweak
data such that |e| < 0.0614/1 — (Mz/My)?. This
constraint was derived in [3] and a very similar
constraint appears in the Refs(1,2) of [11]. Con-
sequently the couplings of the Z’ boson to the
visible matter fields are extra weak, leading to
a very narrow Z' resonance when decays to hid-
den sector matter are forbidden[1,3]. The phys-
ical width of such a boson could be as wide as
O(100 MeV) or as narrow as a few MeV or even
narrower and lie in the sub-MeV range [3], pro-
vided that the Z’ does not decay into hidden sec-
tor matter [23]. These widths are much smaller
than those that arise for the Z primes in GUT
models (see Ref. [6]) for a recent review of Z’
models, as well as an overview of other models
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Figure 8.2. Left: A dark Dirac fermion (mp) which couples to the Stueckelberg Z’ produces fits to the PAMELA
positron data [49] due to the presence of a Breit-Wigner Pole [4]. Right: The Stueckelberg Z’ produces a detectable
signal in the dilepton channel consistent with electroweak constraints (black curves) and simultaneously produced
the correct relic abundance of dark matter in the vicinity of the Breit-Wigner Pole [3] (shaded/colored bands).
The Stueckelberg Z' can therefore be tested at low mass ranges where Z’ from GUT models are already eliminated

3,50].

with Stueckelberg mass mixing [52,53]). In the
presence of kinetic mixing along with Stueckel-
berg mass mixing but with no matter fields in
the hidden sector, it is shown in [4] that the anal-
ysis of the electroweak sector depends not on €
and ¢ separately but on the rescaled parameter
€= (e—0)/(1 =62 and it is therefore € that
is constrained rather than e by the electroweak
data. However, in the presence of matter in the
hidden sector the analysis in the electroweak sec-
tor will depend both on € and on §. Further, it
is easily seen that all matter in the hidden sector
acquires a milli charge [1,3,23,4,28,36,37,43].

8.2.2. Explaining PAMELA Positron Data

The Dirac fermion in the hidden sector dis-
cussed above is a natural candidate for dark mat-
ter and explicit analyses show this to be the case
[23,4]. Further, the recent PAMELA positron
excess anomaly can be naturally explained by
a Breit-Wigner enhancement of the annihilation
cross sections of these Dirac fermions in the
galaxy when they annihilate in the vicinity of
the Z’ pole. Such enhancement can only be
achieved when Mz < 2Mp [32] where Mp is
the mass of the Dirac fermion. This phenomenon
is shown in Fig.(8.2). Thus, the interaction of
the hidden sector matter with the Stueckelberg
field given in [2] produces upon diagonalization

ngxjg{CM — D’Y“[CAAM +czZ, + CZ/Z;L]D,
while ¢z /cz ~ cz/ca ~ 30 for e = .06; i.e.
for (@x,9x) = (1,9y) — caz ~ 1/100, while
cz' ~ gy. One may then obtain the integrated
cross section for o(DD — ff) [23,4,32],
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where Fy = 1+ 33,62/3 + 4M%s~! (1 - 2m‘;t./s),
F, = 8mis ' (1+2M3/s), Brp = (1 —
am3 /s)V/2, s = 4m3, /(1 — v?/4) and {p g in-
clude the (v, Z, Z’) poles. The dominant effect in
the mass range of interest arise from the Breit-
Wigner Z’ pole
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where the explicit expressions for the couplings
are given in [4,32]. The Breit-Wigner enhance-
ment allows for the satisfaction of the relic den-
sity consistent with the WMAP data as shown in
Fig.(8.2).

8.2.3. Stueckelberg Extension of MSSM
The Stueckelberg extension of MSSM
(StMSSM) is constructed from a Stueckelberg
chiral multiplet mixing vector superfield multi-
plets for the U(1)y denoted by B = (B, Ap, Dp)
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and for the U(1)x denoted by C' = (C,,, A¢, D¢)
and a chiral supermultiplet S = (p+io, x, Fs)[1,3]

Lt = /d29d2§ (M,C+MyB+5+85)%. (8.3)

The Lagrangian of Eq.(8.3) is invariant un-
der the supersymmetrized gauge transforma-
tions: 8y (C, B,S) = (0,Ay + Ay, —MAy) and
5)((C,B,S) = (AX + Ax,o, —Mle). In the
above, the superfield S contains a scalar p and
an axionic pseudo-scalar . The StMSSM model
class also provides an example of a model where
the astrophysical implications for a wino LSP (a
wino LSP in the MSSM has been re-emphasized
in [54,22]) as well as a mixed Higgsino wino LSP
[22] have important effects on observables. A new
feature of this extension (for techincal details see
[2,26,22]) is that it expands the neutralino sec-
tor of the MSSM. The neutralino sector consists
of the Majorana spinors (x?, x3, X3, x) and mini-
mally new Majorana fields labeled (£9, £9) formed
out of the U(1)x gaugino and the chiral fermion
from the chiral fields S and S.

8.2.4. Enhancement of Relic Density via
Coannihilation with Hidden Matter

We discuss now an interesting phenomenon
in that matter in the hidden sector can coan-
nihilate with the LSP which has the effect of
enhancing the relic density for the LSP by as
much an order of magnitude or more. This en-
hancement can occur through the presence of
n U(l)x gauge symmetries in the hidden sec-
tor and n sets of new scalars with Stueckel-
berg masses generated for the n U(1l)x gauge
bosons[22]. This model then leads to 2n+4 Majo-
rana states: (x7, (67,65 - --€2,), X3, X3, ) where
XY (i = 1,2,3,4) are essentially the four neu-
tralino states of the MSSM and &2, (a = 1,...,2n)
are the additional states [55]. Assuming that the
Majorana fields of the hidden sector interact ex-
tra weakly, one finds that there is an enhance-
ment of the relic density by a factor B¢, through
coannihilation effects. This enhancement is given
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Here a runs over the channels which coannihilate
in the MSSM sector, while A runs over channels
both in the MSSM sector and in the hidden sec-
tor (i.e., A =1,..,n, + nyp). In the limit when the
Majoranas in the hidden sector are essentially de-
generate with the LSP in the visible sector one
has for the case of n hidden sector U(1)s the re-
sult Boo = (1 + dp/dy)?, where dy = Y gs, for
s = (v, h), i.e.

(th)xo ~ (1 + %)Q(Qfﬁ)MSSM. (84)

When coannihilation effects are negligible in the
MSSM sector, one finds that

Beo = (14 2n)%. (8.5)

Thus a large enhancement of the relic density can
occur even for a modest value of n, i.e., n = 3
leads to Bco, = 49 in the degenerate limit[22].
The above phenomenon gives rise to viable mod-
els which would otherwise be disallowed due to
WMAP constraints. The left panel of Fig.(8.3)
shows this effect which is more pronounced when
the LSP has a non-neglible Higgsino components.
The middle panel of Fig.(8.3) shows the fit the
PAMELA data for two model classes with hid-
den sector LSP components (a pure wino and
mixed Higgsino-wino LSP) and the right panel
Fig.(8.3) shows the effective mass distributions
for these models at the LHC with low luminosity
sitting high above the background for the specific
Higgsino-wino mixed model.

8.2.5. Narrow Resonances at the LHC

As discussed above the Stueckelberg extension
of SM and of MSSM lead to a narrow Z’ res-
onance. Indeed the LHC has the capability to
detect resonances of such small widths as the
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Figure 8.3. Left: Enhancement of the relic density via the presence of spectator states in the HS . Right:
Neutralino dark matter producing the PAMELA positron excess for a pure wino and mixed Higgsino-Wino
model(HWM) . With three residual U(1)x gauge symmetries the Higgsino-wino model can lead to the WMAP
relic density. Far Right: A strong LHC signal manifests for the HWM, while the pure wino model has a suppressed
LHC signal. From Ref. ([22]) [similar fits as in the middle panel in both the shape and normalizations can be

seen in [54]].

di-lepton production can produce a significant
number of events above the SM backgrounds[3].
The analysis of Fig.(8.4) shows that even with
5 fb~! of integrated luminosity one will be able
to discriminate a narrow Stueckleberg Z’ reso-
nance from the standard model background. The
leading order cross section (before trigger level
cuts) for the model given in Fig.(8.4) reported by
Pythia is o(pp — Z' — ete”) = (0.45pb)(0.13)
for (M1/GeV,e) = (500,0.06). NLO enhance-
ments are expected to introduce an enhancement
by a factor of 1.3 — 1.5. The result is in excellent
accord with predictions given in [3,4] where pre-
vious analyses of the di-lepton cross sections over
large mass ranges are given along with general ex-
pressions and numerical results for the vector and
axial vector couplings of the Z’ with SM fermions.

8.2.6. Summary: Stueckelberg Extensions

The Stueckelberg extensions of the SM and of
the MSSM give rise to testable signatures of new
physics. The minimal model produces a nar-
row vector resonance that is detectable in the di-
lepton channel at the Tevatron and at the LHC
[3,4]. At a linear collider the forward-backward
asymmetry near the Z’ pole can also provide a
detectable signal [2]. Further, if the Z’ decays
dominantly into the hidden sector, the mono-jet
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Figure 8.4. Narrow Stueckelberg Z’ at the LHC
standing well above the SM backgrounds; the anal-
ysis uses PGS4 with L1 triggers only. The Drell-Yan

Cross section from Pythia agree with the studies of
(3]-

signatures can also provide a discovery mode [23].
The supersymmetric extension also predicts the
presence of a sharp scalar resonance in the Higgs
sector (see [2]).

The predictions in the fermionic sector are also
rich with implications for dark matter and for the
LHC. The extensions gives rise to three classes
of dark matter (a) milli-weak (b) milli-charged
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(¢) neutralino-like with extra hidden sector de-
grees of freedom. Thus, the models provide a
dirac dark matter candidate [23,4] that can fit
the WMAP data when integrating over the Breit-
Wigner Poles [4] and can also fit the PAMELA
data due the Breit-Wigner enhancement [32] from
the Z’ pole. The extensions also lead to a fit on
the WMAP and PAMELA data for an LSP with
a significant wino component with supressed hid-
den sector components[22]. Quite generally the
presence of extra weakly interacting hidden sector
states provide a boost to the relic density of dark
matter due to the presence of extra degrees of
freedom in the hidden sector [26,22]. These mod-
els can also yield large LHC signatures of super-
symmetric event rates for a mixed Higgsino-wino
LSP in a significant part of the parameter space.
For further related reviews of the Stueckelberg ex-
tensions we refer the reader to [56,57,6,58,59,60].

8.3. Hidden Valleys

We review a few hidden sector dark matter
models, from those that arise in Hidden Valley
models, to solutions to the baryon dark matter
coincidence.

8.3.1. Overview and basic framework

Over the past several decades a dominant
paradigm for dark matter has emerged at the
weak scale. In theories that stabilize the Higgs
mass at the weak scale, there are often new sym-
metries that give rise to stable particles. Comput-
ing the thermal relic abundance of the weak scale
mass particles gives rise, in many of these models,
to a dark matter density in accord with what is
observed. This remarkable coincidence has been
termed the “WIMP miracle,” and is perhaps the
most compelling reason to focus theoretically and
experimentally on dark matter at the weak scale.

It has been realized in recent years, however,
that extensions to the Standard Model can be
weakly interacting with the Standard Model while
the masses of such states are much lighter than
the weak scale, and that in these models the
phenomenology can be quite distinct and diffi-
cult to uncover at the LHC. This was the focus
of the Hidden Valley models [5,6], where a light
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gauged hidden sector communicates the the Stan-
dard Model through weak scale states, as illus-
trated in Fig. (1). These models also bear simi-
larities and connection to “quirk” models [61] and
unparticles [20].

In these models, states at the TeV scale are
often unstable to decay to lighter particles in the
hidden sector. This includes, for example, weak
scale supersymmetric states that were previously
dark matter candidates. Often the lightest R-
odd state will reside in the hidden sector, and the
MSSM dark matter candidate will decay to such a
light state, modifying the dark matter dynamics
and the freeze-out calculation [7].

Is the WIMP miracle thus destroyed in the
context of these low mass hidden sectors? In
many cases no. This can be for one of two
reasons. First, the same annihilation rate for
thermal freeze-out can be naturally maintained
in these hidden sectors. The annihilation cross-
section needed to obtain the observed relic abun-
dance is (opearv) =~ 3 x 10726 cm?/s; loga-
rithmically sensitive to the dark matter mass.
This relation is particularly naturally obtained
for weak scale dark matter, since g*/m% ~ 3 x
10726 cm?/s for an O(1) gauge coupling g and
weak scale dark matter mass mx. However, if
g < 1 and mx ~ ¢*Muyecak, the relation still
holds for much lighter dark matter masses. This
is particularly well motivated in the context of
gauge mediation, where the dark hidden sector
mass scale, mpgs, is set via two loop graphs,
mhys = gF?/(M?1672)% log(Muweak/MDHS)-
Since mppgs scales with g2, the WIMP mira-
cle still holds for dark matter masses well below
the TeV scale, a “WIMPless miracle”[62]. For
1072 < ¢g £ 0.1, dark matter in the 0.1 GeV-1
TeV range is naturally obtained. On the other
hand, if kinetic mixing is involved , even lower
mass scales, such as an MeV, may naturally be in-
duced [12] (though there are strong experimental
constraints on such MeV gauged hidden sectors
[44]). (For hidden sectors communicating to the
Standard Model through kinetic mixing where su-
persymmetry breaking does not set the mass scale
in the hidden sector, see [4,13]. These models
are discussed in the previous section.) Depend-
ing on whether supersymmetry is predominantly
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communicated to the hidden sector through a D-
term or gauge mediated two loop graphs, the
mass scale in the hidden sector is \/€ggymuyeak
OT €99y Maeak, Where gy is the hypercharge gauge
coupling. For € ~ 1072 — 10~ GeV dark forces
are obtained as studied recently in [14,15,42]. For
smaller €, lower mass dark forces may be ob-
tained. We describe some of these models in more
detail in the next section.

The second case where the observed relic abun-
dance is naturally obtained with dark matter
mass well below the weak scale is via solutions to
the baryon-dark matter coincidence problem. In
these cases a light hidden sector is, in many cases,
required to reproduce the observed relic abun-
dance. The baryon-dark matter coincidence is the
fact that observationally Qpas/€Qp =~ 5, while for
the standard thermal freeze-out and baryogene-
sis models, these two quantities are set by unre-
lated parameters in the model (as in the MSSM,
for example, where the dark matter and baryon
asymmetries are set largely by dark matter mass
and CP asymmetries, respectively).

Figure 8.5. A schematic of the Hidden Valley type
dark sectors under consideration. From Ref. [7]

Solutions to this problem often relate the asym-
metric number densities of the dark matter, nx —

ng, to the baryons (or leptons), nx — ng ~
np—ng, where the exact relations are O(1) and de-
pend on the particular operator transferring the
asymmetries. This relation in turn implies a con-
nection between the baryon (proton) mass and
the dark matter mass: mx ~ 5m,, where again
the precise factor will depend on the particular
operator transferring the asymmetry. In this case
the dark matter is low mass and weakly coupled
to the Standard Model, residing in a Hidden Val-
ley.

In the remainder of this section, we describe an
illustrative model of each type, the kinetic mix-
ing type and the baryon-dark matter coincidence
type. We also describe the effects of strong dy-
namics in particular on the latter type, and lastly
turn to discussing collider implications. This dis-
cussion is not meant to be in any sense a complete
description of these models, but rather a broad
overview of the types of hidden sectors that have
been constructed. We refer the reader to the ap-
propriate references for details on their construc-
tion.

8.4. Models of hidden dark matter

8.4.1. Low mass dark sectors mediated by
kinetic mixing

As we indicated above, low mass dark forces
may be particularly well motivated in the con-
text of gauge mediation with kinetic mixing of
a new U(1), with hypercharge, as considered in
[12,14,15,42]. What happens to the dark force in
the hidden sector? As we show here, SUSY break-
ing effects will induce a vev for the dark Higgses,
breaking the dark force and giving it a mass set
by the size of the SUSY breaking mass scale in
the hidden sector, typically much lower than the
TeV scale.

Hypercharge D-terms will induce a vev for a
dark Higgs, ¢; in the hidden sector through the
potential

Vo =2 (Safof - <¢ B
D — 2 i | P ng ) .

where z; is the U(1), charge of the Higgs, g, the
gauge coupling and &y = —%’0251}2 is the hy-
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percharge D-term, with v = 246 GeV and [ the
mixing between up and down-type Higgses. This
potential induces a vev for the dark Higgs

(¢i) ~ ($)1/2. (8.7)

gz

For € ~ 1073 — 10~* the dark U(1), gauge bo-
son acquires a GeV scale mass. For smaller ki-
netic mixings, smaller gauge boson masses are
obtained, even into the MeV range.

There is a subdominant effect, termed Little
Gauge Mediation [31,42], which communicates a

soft mass to the hidden Higgs of size mi}g‘fct ~
em;’g?t through the usual two loop gauge media-
tion diagrams. More precisely this gives rise to a

dark Higgs mass

2
2 2 2 ( 9z 2
my, = € xy (gy) MEe, (8.8)
where mpge is the SUSY breaking mass of the
right-handed selectron. These terms are almost
always important for determining the precise
spectrum of the hidden sectors, particularly when
the hypercharge D-term is zero.

The spectrum in the hidden sector will depend
on the precise matter content, however taking a
simple anomaly free dark sector

Wy = ASoo, (8.9)

results in one stable, R-odd fermion, whose mass
is either A\(¢) or 2z g.(0).

In these models the dark matter mass is set
by thermal freeze-out, and for some ranges of pa-
rameters and mass spectra a “WIMPless miracle”
for dark matter in the MeV to tens of GeV mass
range naturally results [42]. While in some classes
of these low mass hidden sector models, thermal
freeze-out naturally results in the right relic abun-
dance, we now turn to a class of models where
GeV mass states will automatically give the cor-
rect relic abundance: solutions to the baryon-
dark matter coincidence.

8.4.2. Low mass dark sectors as solutions
to the baryon-dark matter coinci-
dence

There are a number of solutions to to the
baryon-dark matter coincidence in the literature
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[63], especially in the context of technicolor [64].
We focus here on a particularly simple class which
fits the paradigm of the low mass hidden sector,
or Hidden Valley. This particular class of models
is termed Asymmetric Dark Matter [65], and in
these cases the dark matter candidate is not de-
rived from models designed to stabilize the weak
scale.

The idea behind these models is to write an
effective field theory which describes the interac-
tions between the hidden sector and visible sector
(integrating out the fields residing at the “pass”
in Fig. (1), which transfers a Standard Model
baryon or lepton asymmetry to the dark sector.
The dark matter in these models must be ster-
ile, so this limits the number of operators which
can be constructed to accomplish this purpose.
In particular, in the context of supersymmetry,
the lowest dimension operators carrying lepton
or baryon number which are sterile are udd and
LH. If these operators are connected to the hid-
den sector containing the dark field X to transfer
an asymmetry, we have

X2udd
R
B X2LH
M

(8.10)

The second operator, for example, enforces
2(nx — ng) = ny — ng, and a detailed cal-
culation relating the lepton asymmetry to the
baryon asymmetry (through sphalerons) conse-
quently shows that this model predicts myxy =~
8 GeV. Note that we added X2 and not X, since
the additional Z3 symmetry ensures DM stability.
In some other cases [66], R-parity may be utilized
instead to stabilize the dark matter

Now once the Standard Model baryon or lep-
ton asymmetry has been transferred to the dark
sector, the symmetric part of the dark matter
(which is much larger than the asymmetric part,
nx +ng > ny — ng) must annihilate, leaving
only the asymmetric part. There are a variety
of mechanisms to do this, but the difficulty here
is having a mechanism which is efficient enough
annihilate away the whole of the symmetric part
through XX — SM. Such a process, through a
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dimension six operator has a cross-section

2
1 m%

~ 167 M'A

(8.11)

av

This cross-section must be bigger than approx-
imately 1 pb in order to reduce the dark mat-
ter density to its asymmetric component, imply-
ing M’ <100 GeV, a rather severe constraint for
any new electroweak state coupling to Standard
Model states.

Here confinement in the hidden sector can be
a useful tool. If the dark matter consists of sym-
metric and asymmetric bound states of elemen-
tary dark sector fermions, the symmetric states
may decay through the same dimension six op-
erators, while the asymmetric states would re-
main stable. For example, suppose in the op-
erator Eq. (8.10), we replaced the operator X2
with v1v9, and supposing these v; and vo con-
stituents are charged under a hidden sector con-
fining gauge group, such that bound states v;vs,
v9v1 and v1v1 + Ugvg are the relevant degrees
of freedom at low energies. When Eq. (8.10)
freezes out, the asymmetric vyvo states remain
stable, while the symmetric v;v; + v2vy states
decay rapidly through less suppressed operators
(that is, we take M’ < M). In the next section
we describe a related class of confinement models
where the constituents of the dark matter bound
states carry electroweak charges. In these models
sphalerons rather than higher dimension opera-
tors such as Eq. (8.10) to transfer the asymmetry.

8.4.3. Dark sectors with confinement

We now illustrate a dark sector model with con-
finement recently considered in [67]. We note that
these models bear some similarity to models con-
structed earlier in the context of technicolor [64].
The new defining characteristic of this hidden sec-
tor model is the presence of a new non-abelian
gauge group which confines at a low scale. The
dark matter candidate is a charge neutral com-
posite of electroweak charged, weak scale mass,
“quirks.” These quirks, U and D are analogous
to quarks except they carry a new global charge
that keeps one combination, UD, stable (U and
D carry opposite electric charge). That is, analo-
gous to the proton, the dark matter is a composite

dark baryon. In the language of Fig. (1), the low
mass dark glueballs resides in the hidden sector,
while the dark matter constituents are themselves
heavy weak scale fields and act as the connectors
between the Standard Model and dark glue sec-
tor.

Since the constituents are electroweak charged,
they can be processed by sphalerons. In particu-
lar, the sphalerons will violate some linear com-
bination of B, L and dark baryon number, DB.
Thus an asymmetry in B and L (produced from
some leptogenesis or baryogenesis mechanism)
will be converted to an asymmetry in DB. The
DB asymmetry then sets the dark matter relic
density. Since the dark matter mass is around
the mass of the weak scale quirk constituents,
there must be a Boltzmann suppression in DB to
achieve the observed relation 2py; ~ 5. This
can be naturally achieved when the sphalerons
decouple just below the dark matter mass:

mpm eme]\/I/Tsthb, (812)

Qpy ~
myp
where Ty, is the sphaleron decoupling tempera-
ture, and the exact proportions are worked out in
[67].

These dark sectors with confinement have also
effectively been used to achieve the mass split-
tings necessary to realize the inelastic [68,69] and
exciting [70] dark matter scenarios [40]. In these
models the dark matter is again a weak scale com-
posite with the confinement scale of the gauge
group binding the constituents at the 100 keV-
MeV. The result is mass splittings between the
dark matter ground state and excited states set
by the confinement scale, and these mass split-
tings are phenomenologically of the size to fit
DAMA [71] and INTEGRAL [72] observations
through the excitation of the dark matter ground
state to one of the higher states, which then de-
cays back to the ground state, producing ete™ or
resulting in an inelastic scattering of dark matter
off nuclei.

8.4.4. Collider signatures

The collider signatures for these models can be
as diverse as the dark sectors themselves. These
include displaced vertices from hidden sector de-



8.4. MODELS OF HIDDEN DARK MATTER

cays, dark hadronization jets and lepton jets. We
draw attention here to some of the collider sig-
natures which are not discussed elsewhere in this
paper.

First, as pointed out in [7], the presence of
Hidden Valleys with supersymmetry causes the
MSSM lightest supersymmetric partner to decay
to hidden sector states. For example, through the
operators Eq. (8.10), the neutralino can have ex-
otic decays to light dark matter states, such as
X0 = vXX, h(tXX or X\ = XXqqq. The
phenomenology of these models remains to be
studied further.

In other models discussed here, once the dark
states are produced, cascade decays in the hidden
sector are completely invisible, and as a result the
only signature is missing energy. In this case, how
does one ascertain the nature of the dark sector
and extract key information? Information about
the hidden sector must be obtained in this case
utilizing initial state radiation (ISR), as a jet or
photon radiated off an initial state quark or lep-
ton [4,23,24]. An example is the invisible Z’: in
these models a Z’ couples to both the hidden and
visible sectors, so that the Z’ has a significant hid-
den decay branching fraction. One way to search
for these models is to simply do a counting ex-
periment [24]: look for an excess of mono-photon
or mono-jet plus missing energy. As shown in
Fig. (2), for a Z’ mass below ~ 1 TeV, even such
a simple counting experiment can uncover new
physics. The signal required to discover an in-
visibly decaying Z’ with initial state photon for
10, 30 and 100 fb~! is compared against typical
invisible decay signals for sequential and U(1),
Z"’s. Further signal separation could be achieved
using more sophisticated event shape variables.
8.4.5. Summary of Low Mass Dark Sectors

As we have discussed, there are broad classes
of models of low mass hidden dark matter that
retain many of the phenomenological successes of
weak scale, weakly interacting particles. We have
outlined three such classes, the first where the
light dark sector communicates to the Standard
Model through light states which have, however,
small interactions with Standard Model states
through kinetic mixing (or simply small gauge
couplings). Though the dark matter is much
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Figure 8.6. Required cross-section to discover at
50 an invisibly decaying Z’ with mono-photon
plus missing energy for 10, 30 and 100 fb—', along
with the expected signals from two invisibly de-
caying Z', from the sequential standard model
and U(1)y. From Ref. [24].

lighter than the weak scale, in some of these mod-
els the WIMP miracle is still obtained, and the
observed relic density of dark matter is produced.
Second, we looked at Asymmetric Dark Matter
models, where a dark matter mass near the pro-
ton mass is necessary to give rise to the observed
relic abundance. Third, we examined cases where
these dark sectors feature new confining gauge
groups with a low confinement scale as in a Hid-
den Valley, quirk or unparticle model.

In summary, we are beginning to learn that the
dark sector could be complex — it may not be sim-
ply be a single, stable, weakly interacting particle.
There may be multiple resonances in the hidden
sector with an array of new forces that govern
their interactions, from confining gauge groups
to a dark U(1). And this new dynamics need not
reside at the weak scale, opening new avenues for
exploration.
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8.5. Probing the GeV dark sector at the
LHC

Dark matter can carry GeV~! scale self-
interactions. The GeV force carrier and associ-
ated states constitute a so-called dark sector. We
outline the LHC signals of such a dark sector.

8.5.1. Overview

Motivated by astrophysical observations, it
has been proposed [14] (see also [13] ) that elec-
troweak scale dark matter (mpm ~ TeV) have
GeV~! range self-interactions. The force carrier
and associated states are collectively referred
to as “the dark sector”. In order to account
for the excesses in the cosmic ray observations,
the dark sector generically also couples the
Standard Model states. To satisfy the experi-
mental constraints, such couplings (the“portal”),
are expected to be tiny. More specific model
buildings for the dark sector have been carried
out in [31,47,15,37,17,38,42,43,46,40,33]. We also
note that this class of models can be regarded as
a distinct possibility of the hidden valley scenario
[5,6].

8.5.2. Basic framework

\\]

dark matter

Figure 8.7. A schematic of the setup under con-
sideration. Dark matter carries GeV~! range self-
interaction Gqarx. The GeV dark sector couples
to the SM via some small coupling e.

A schematic setup for the dark sector model is
shown in Fig. 8.7. Different choices of G4 and the
portal to the Standard Model have been consid-
ered [33]. In the following, we will focus on the

case in which G4 is a gauge interaction, and the
portal is generated by kinetic mixing between an
U(1)y factor of G4 and the hypercharge U(1)y.
In the following, we will discuss the most rele-
vant part of the Lagrangian from which the most
generic signals can be derived. The kinetic mix-
ing can be parameterized as [16]

1

v 1 v
ﬁgaugc mix — _ielb,ul/A'u - 562()#”2#

1 L1 )
= —Ee&b#l,B“ - 56/2b#yW$t
(8.13)

where b,,, denotes the field strength for the dark
gauge boson and €2 and 6’112 are related by
the Weinberg angle. In particular, when only
€} is present, we have e; = €| cosfy and ez =
€} sinfw!. In supersymmetric scenarios, there is
also an identical mixing between the gauginos

Lgaugino mix = —2i€\b15"9, B — 2iehb'5"a, WS
(8.14)

The kinetic mixings can be removed from by ap-
propriate field redefinitions, which lead to the
portal couplings

Eportal = €1bMJgM+EQZMJ£L

+ E&ng—FEéngB, (8.15)
J= g0y a (i(h0"hy — b0 n)) + horh)
jg = —i\/igquiiLIhi (8.16)

where Jgy is the SM electromagnetic current. Jp
contains dark scalar and dark fermion bilinears,
and jB contains mixed dark scalar-fermion bilin-
ears. We will consider couplings in the range
€ ~ 1073 — 104, which satisfies all the con-
straints (For recent studies, see [35,41] and refer-
ences therein.) and can arise naturally in models.
We will focus on the simplest case Gq = U(1),
(and denote b, as dark photon) for the rest of
note, which encapsulates the main features of
dark sector phenomenology [15,16,17]. We will
highlight the new features from a more compli-
cated dark sector.
1

6’2 can arise from higher dimensional operators such as

b,“,tT(HTW“VH)/A2, We will not focus on this situation here, as
it will not qualitatively change the phenomenology.
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8.5.3. Production at the LHC

We will discuss in this section relevant produc-
tion channels for the LHC search for the GeV
dark sector. The relevant rates are shown in
Fig. 8.8. Such GeV dark sector states will decay
back to Standard Model light states, such as lep-
tons, and produce distinct signals which we will
discuss in detail in the next section.

Prompt “dark photon”. We see from the
first term in Eq. 8.15 that the dark U(1), couples
just like the Standard Model photon, except with
a coupling suppressed by eqq/e = €1. Therefore,
the dark photon, 7' = b,,, should be produced just
like the Standard Model photon (with a much
smaller rate), for example, through the prompt
photon process pp — ' +X.

Rare Z decay. The second term in Eq. 8.15
implies that the Standard Model Z° has a rare
decay mode into the dark sector, with a branch-
ing ratio proportional to €3.

SUSY electroweak-ino production. Super-
symmetry provides natural setups of the GeV
dark sector, in which both the GeV scale and
small portal coupling are generated in very simple
models [15,16,17]. The presence GeV dark sec-
tor dramatically changes the SUSY phenomenol-
ogy [34,15,16]. In particular, LSP will decay into
the dark sector through the last two couplings in
Eq. 8.15, the subsequent decay of the dark sector
states will result in collimated Standard Model
charged leptons. As the LSP is alway present at
the end of any SUSY decay chain, the production
rates for dark sector states are just the produc-
tion rates of the electroweak-inos. Of course, the
dark sector states can also be produced in longer
SUSY decay chains starting with colored super-
partners, with hard jets. Although not as clean as
the direct electroweak-ino production, it can cer-
tainly be a very useful channel given the larger
production rate of the colored superpartners.

Dark sector cascade and parton shower.
The dark sector typically has at least several
states. Heavier dark sector states, after be-
ing produced through one of channels mentioned
above, will cascade down to lighter states. In ad-
dition, if the dark sector gauge coupling is not
so small, dark sector state can have “dark radia-
tions” similar to the QCD and QED radiations.
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Figure 8.8. Rates of dark sector production pro-
cesses. Top: prompt dark photon at the LHC
(Eem = 14 TeV); middle: rare Z decay at the
LHC, ag = 1/127; bottom: some important
SUSY electroweak-ino production processes. See
text for detailed explanation.

Signals: lepton jets and beyond:

We begin by describing the decay of the dark
sector states back to the Standard Model.

Dark photon and lepton jet

The first term in Eq. 8.15 implies that the dark
photon will decay into charged particles of the
Standard Model. Since my, ~ GeV, typically the
dominant channels are ete™, ptp~, and 77—,
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with significant branching ratios into the lep-
tonic channels (for recent studies see [35,41],[73]).
Since the dark photon are produced at the LHC
typically with large boost, for example v =
myz/2my, ~ 50 from 7 decay, the resulting de-
cay products are highly collimated. This leads to
a class of unique objects, lepton jets [34,15,16],
which are high collimated energetic leptons. The
typical multiplicity of the leptons in a lepton jet
is model dependent. A dark photon decays into a
pair of leptons. Cascade, and parton showering,
in the dark sector can lead to higher multiplicities
(possibly 4 or more). For the range of es under
consideration, the decay of dark photon is almost
always prompt.

Dark Higgs

The dark gauge interaction must be sponta-
neously broken at around a GeV, which can be
achieved by introducing a dark Higgs sector. The
dark Higgs particles can be produced at the LHC
through Z and LSP decay, and possibly through
a dark sector cascade. Heavier dark Higgses will
cascade down to the lighter ones and possibly
lighter dark gauge bosons. The LHC signal of
the dark higgs sector depends on the mass of the
lightest dark higgs in comparison with m;,. If
mp, > 2my,, we have hq — b,b,, followed by
b, decay, giving rise to multiple (> 4) lepton fi-
nal states which reconstruct 2 dark photon res-
onances and the dark Higgs. If my, < mp, <
2my,,, we have hq — b;bu. The final state is sim-
ilar to the previous case with less reconstructed
resonances. There is also a possibility of having
displaced vertices in this case. If my, < my,,
dark Higgs will decay either to a 4 body final
state through 2 off-shell b7, or to 2 body final
states through a loop process. In either case, the
decay lifetime is much longer than the detector
time scale, and the dark higgs will leave its trace
as missing energy.

More details of the Signal

A more detailed study of lepton jets from elec-
troweak processes, including Z and LSP decay,
has been carried out in Ref. [16]. In this more
realistic study, an isolation criterion is adopted.
We require that: Two or more leptons each with
pr > 10 GeV inside a cone of AR < 0.1 with
hadronic/leptonic isolation cut of Y pr < 3 GeV

in an annulus of 0.1 < AR < 0.4 around the
lepton jet. We have included the effect of dark
sector parton showering (in the simple case of
G4 = U(1)). The decay branching ratios of dark
photon into leptonic and pion final states have
been properly taken into account. We find that
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Figure 8.9. Top: lepton jet efficiency; bottom:
lepton multiplicity and lepton jet pr. mpsp =
300 GeV, ag =0.1.

1. The efficiency of having well isolated lepton
jet(s) is significant. We see from Fig. 8.9 that for
electroweak-ino production, more than half of the
event will have at least one well isolated lepton
jet.

2. The hardest leptons are dominantly from the
decay of the dark photon coming directly from
the decay of the LSP (or Z), while the radiated
dark photons (in the weakly coupled models) typ-
ically contribute a number of soft (several to 10s
of GeV) leptons. Lepton jets with 2 leptons re-
ceive contributions from both direct decay and
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radiation. Lepton jets with 3 or more leptons are
dominated by the direct decay, as a result, the
leptons are more energetic, see Fig. 8.9.

3. There are indeed a large number of isolated
leptons. Typically coming from the decay of soft
dark photons, they are less energetic. A signifi-
cant fraction of them could still be hard enough,
> 10 GeV, to be useful.

4. The results shown here is for a particular
choice of dark gauge coupling and leptonic de-
cay branching ratio. See Ref. [16] for more de-
tailed studies with different choices of parameters.
Generically, the effect of radiation decreases (in-
crease) linearly with smaller (larger) dark gauge
couplings, from almost no radiation (with small
coupling) to the case where there is no clear dis-
tinction between direct decay and radiation.

8.5.4. Summary of GeV Dark Sector Sig-
natures
e Lepton jet recoiling against a QCD-jet would
be an inclusive search for a prompt dark photon
production.
e T'wo lepton jets recoiling against each other and
reconstructing the Z° would be an interesting sig-
nal of rare Z° decays into the dark sector and can
be looked for at LEP, Tevatron, and LHC.
e Two (or more) lepton jets together with miss-
ing energy and possibly other isolated final states
(e.g. a muon, an electron, and etc.) can be the re-
sult of electroweak-ino production and their even-
tual cascade into the dark sector.
e Lepton jets in association with QCD-jets could
be the result of strong production of colored par-
ticles which eventually cascade into the dark sec-
tor.

8.6. Conclusions

The analyses presented here show that in a va-
riety of settings the presence of a hidden sector
gives rise to unique signatures in both collider
physics and in the hunt for dark matter. The
mechanisms for communication between the hid-
den and visible sectors, aside from by gravity,
could be via U(1) gauge fields in the hidden sec-
tor which mix with the gauge fields in the visible
sector via kinetic mixings or via mass mixing by
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the Stueckelberg mixing mechanism, or via higher
dimensional operators.

Specifically, in Sec.(8.2) hidden sector exten-
sions with Stueckelberg mass and kinetic mixing
were discussed which lead to several new models
of dark matter and a host of new physics signa-
tures both in dark matter experiments and at the
LHC; the most striking of which at hadron collid-
ers would be a very a narrow Z prime resonance
in the di-lepton channel accompanied by an ex-
cess of positrons from the galactic halo due to a
Breit-Wigner pole enhancement. These phenom-
ena would help pinpont the mass of the dark mat-
ter particle. In Sec.(8.3) classes of hidden sector
models with low mass dark matter were reviewed
which can arise via kinetic mixings, as well as via
asymmetric dark matter models, and dark sec-
tors with a new confining gauge groups which are
natural in a Hidden Valley, a quirk or unparticle
model. Collider implications of a invisibly decay-
ing Z prime was also re-emphasized. In Sec.(8.5)
photon, lepton and jet signatures of dark sec-
tors with a GeV mass Z’ particle were reviewed
in both supersymmetric and non-supersymmetric
models with kinetic mixings. Discovery prospects
at the LHC in several channels were discussed in
detail.

In summary, the models discussed here provide
visible signatures of hidden symmetries. With the
turn on of the LHC and forthcoming data from
several dark matter experiments, the hidden sec-
tor models of the type discussed above can be put
to the test on both fronts.
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