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What Belongs to 
Exotics?

• Searches often focused only on weak 
scale phenomena, solutions to hierarchy 
problem

• New heavy quarks, new heavy vectors, 
superpartners

• Exotics are not these things, though in 
many cases they are limits of these 
theories
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Exotics

• Examples of exotics:

• Hidden Valleys

• Unparticles

• Dark Matter production through 
higher dimension operators

• Black Holes
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Exotics as Low Scale 
Extensions of EW

• e.g. gauge mediation

• Naturally obtain macroscopic or 
mesoscopic displaced vertices, e.g.

• Exotics occur anytime there is a very 
weakly coupled light state in addition 
to the usual weak scale physics

χ̃0 → γG̃

I. INTRODUCTION

Recently, we proposed that dark matter is made of superweakly-interacting massive par-
ticles (superWIMPs) [1]. This possibility is realized in well-studied frameworks for new
particle physics, such as those with weak-scale supersymmetry or extra spacetime dimen-
sions, and provides a qualitatively new possibility for non-baryonic cold dark matter.

The basic idea is as follows. Taking the supersymmetric case for concreteness, consider
models with high-scale supersymmetry-breaking (supergravity models) and R-parity con-
servation. If the lightest supersymmetric particle (LSP) is the neutralino, with mass and
interaction cross section set by the weak scale Mweak ∼ 100 GeV − 1 TeV, such models are
well-known to provide an excellent dark matter candidate, which naturally freezes out with
the desired relic density [2, 3].

This scenario relies on the (often implicit) assumption that the gravitino is heavier than
the lightest standard model superpartner. However, even in simple and constrained super-
gravity models, such as minimal supergravity [4, 5, 6, 7], the gravitino mass is known only
to be of the order of Mweak and is otherwise unspecified. Given this uncertainty, assume
that the LSP is not a standard model superpartner, but the gravitino. The lightest standard
model superpartner is then the next-lightest supersymmetric particle (NLSP). If the universe
is reheated to a temperature below ∼ 1010 GeV after inflation [8], the number of gravitinos
is negligible after reheating. Then, because the gravitino couples only gravitationally with
all interactions suppressed by the Planck scale MPl # 1.2 × 1019 GeV, it plays no role in
the thermodynamics of the early universe. The NLSP therefore freezes out as usual; if it
is weakly-interacting, its relic density will again be near the desired value. However, much
later, after

τ ∼
M2

Pl

M3
weak

∼ 105 s − 108 s , (1)

the WIMP decays to the LSP, converting much of its energy density to gravitinos. Gravitino
LSPs therefore form a significant relic component of our universe, with a relic abundance
naturally in the desired range near ΩDM # 0.23 [9]. Models with weak-scale extra dimensions
also provide a similar dark matter particle in the form of Kaluza-Klein gravitons [1], with
Kaluza-Klein gauge bosons or leptons playing the role of WIMP [10]. As such dark matter
candidates naturally preserve the WIMP relic abundance, but have interactions that are
weaker than weak, we refer to the whole class of such particles as “superWIMPs.”

WIMP decays produce superWIMPs and also release energy in standard model parti-
cles. It is important to check that such decays are not excluded by current constraints. The
properties of these late decays are determined by what particle is the WIMP and two param-
eters: the WIMP and superWIMP masses, mWIMP and mSWIMP. Late-decaying particles in
early universe cosmology have been considered in numerous studies [11, 12, 13, 14, 15, 16, 17].
For a range of natural weak-scale values of mWIMP and mSWIMP, we found that WIMP →
SWIMP decays do not violate the most stringent existing constraints from Big Bang nu-
cleosynthesis (BBN) and the Cosmic Microwave Background (CMB) [1]. SuperWIMP dark
matter therefore provides a new and viable dark matter possibility in some of the leading
candidate frameworks for new physics.

SuperWIMP dark matter differs markedly from other known candidates with only grav-
itational interactions. Previous examples include ∼ keV gravitinos [18], which form warm
dark matter. The masses of such gravitinos are determined by a new scale intermediate
between the weak and Planck scales at which supersymmetry is broken. Superheavy can-
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Exotics Production

Standard Model Dark Matter?
Mp ∼ 1 GeV
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Dark forces and dark 
Higgs mechanism

Exotics Production

Standard Model
Mp ∼ 1 GeV

Inaccessibility
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Hidden Valley
Could be complex!

Multiple resonances
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Strong Dynamics in the 
Hidden Sector?

Z’

Features:
High multiplicities?

Long Lifetimes?
Hadronically busy events?

Low mass resonances?

Image courtesy of Rome/Seattle ATLAS 
working group on displaced decays

Strassler, KZ
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Handles on non-Abelian 
Hidden Valley

• Use occasional decays of 
resonances to leptons

High invariant mass

Multiplicity

Hard muons (two, pT > 10 GeV)

Event shape (sphericity and thrust) 0
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• Adaptable MC program available in 
PYTHIA 8

• Allows one to set the hidden coupling 
and confinement

Tools Available for 
Simulation

Carloni, Sjostrand

name partner code name partner code

Dv d 4900001 Ev e 4900011

Uv u 4900002 νEv νe 4900012

Sv s 4900003 MUv µ 4900013

Cv c 4900004 νMUv νµ 4900014

Bv b 4900005 TAUv τ 4900015

Tv t 4900006 νTAUv ντ 4900016

gv 4900021

γv 4900022

qv 4900101

Table 1: The allowed particle content in the HV scenarios, with their SM partners, where relevant.
The code is an integer identifier, in the spirit of the PDG codes, but is not part of the current
Amsler:2008zzb standard.

the same SM charge and colour, but in addition is in the fundamental representation of

the HV colour, see Table 1. Their masses and widths can be set individually. It would also

be possible to expand the decay tables to allow for flavour mixing.

These particles can decay to the corresponding SM particle, plus an invisible, massive

HV particle qv, that then also has to be in the fundamental representation of the HV colour:

Fv → fqv. The notation is intended to make contact with SM equivalents, but obviously

it cannot be pushed too far. For instance, not both Fv and qv can be fermions. We allow

the Fv to have either of spin 0, 1/2 and 1. Currently the choice of qv spin is not important

but, for the record, it is assumed to be spin 1/2 if the Fv is a boson and either of spin 0

and 1 if Fv is a fermion.

3.2 Production processes

The HV particles have to be pair-produced. The production processes we have implemented

are the QCD ones, gg → QvQv and qq → QvQv, for the coloured subset Qv of Fv states,

and the electroweak ff → γ∗/Z0 → FvF v for all states. All of them would contribute at a

hadron collider, but for a lepton one only the latter would be relevant. Each process can

be switched on individually, e.g. if one would like to simulate a scenario with only the first

Fv generation.

Note that pair production cross sections contain a factor of Nc, with Nc = 1 for an

U(1) group, for the pair production of new particles in the fundamental representation of

the HV gauge group, in addition to the ordinary colour factor for Qv. Other things equal,

this could be used to determine Nc from data, as already discussed. For the case of a spin

1 Fv it is possible to include an anomalous magnetic dipole moment, κ "= 1.

The spin structure of the Fv → fqv decay is currently not specified, so the decay is

isotropic. Also the Yukawa couplings in decays are not set as such, but are implicit in the

choice of widths for the Fv states.

The kinematics of the decay is strongly influenced by the qv mass. This mass is almost

unconstrained, and can therefore range from close to zero to close to the Fv masses. We

– 6 –
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Abelian Dynamics in the 
Hidden Valley?

• Dark U(1)

• Make use of lepton jets

• Low mass resonances

• Sometimes displaced 
vertices

Strassler
Arkani-Hamed, Finkbeiner, Slatyer, Weiner
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of SUSY partners. At colliders, in the case of R-parity
conservation [2], superpartners are produced in pairs and
decay to the SM particles and the lightest superpartner
(LSP). The LSP is a stable, weakly interacting particle,
and can not be detected in collider detectors.

Recently, these models were called upon to explain the
results of several cosmic ray detection experiments [3, 4].
Taken together with other experiments, including new
results from Fermi/LAT [5], there is evidence of an ex-
cess of high energy positrons and no excessive produc-
tion of anti-protons or photons. The excess can be at-
tributed [6] to the dark matter particles annihilating into
pairs of new light gauge bosons, dark photons, which
are force carriers in the hidden sector. The dark pho-
ton mass can not be much larger than 1 GeV to give
rise to Sommerfeld enhancement [7] of the dark matter
annihilation cross section, and not to decay into neu-
tral pions and/or baryons. The masses of the hidden
sector states are also around 1 GeV, with mass split-
ting around MeV, thus providing a possible explana-
tion of the DAMA [8] signal through ”inelastic Dark
Matter” scenarios. Dark photons decay through mix-
ing with photons into SM fermions with branching frac-
tions that can be calculated from the measurements [9]
of R = σ(e+e− → hadrons)/σ(e+e− → µ+µ−), and
strongly depend on the dark photon mass. For dark
photon masses (mγD ) below the dimuon threshold of
" 200 MeV, only decays into electrons are possible. For
mγD " 0.5 GeV the decay rates into electrons and muons
are approximately 40% each. The lowest value of the lep-
tonic branching (3.7%) occurs if the dark photon mass is
accidentally equal to that of the φ meson.

In this Letter we will follow the phenomenological sce-
nario developed in [10]. A diagram of a possible process
at the Fermilab Tevatron Collider is shown in Figure 1.
Gauginos are pair produced and decay into SM parti-
cles and the lightest neutral gaugino (neutralino, χ̃0

1),
which in turn decays with comparable branching ratios
into either a hidden sector darkino X̃ (which is the LSP),
and a photon, or into darkino and a dark photon (γD).
Hadronic dark photon decays are overwhelmed by SM jet
backgrounds. Thus, we only consider dark photon de-
cays into isolated electron or muon pairs. Both darkinos
escape detection and result in large missing transverse
energy (E/T ). The branching fraction of the neutralino
into the dark photon, B = Br(χ̃0

1 → γDX̃), is a free pa-
rameter of the model. If it is small, the decays into a
photon dominate, and signature is the same as of GMSB
SUSY [11] with the neutralino as next-to-lightest super-
partner (NLSP). Larger values of B give rise to events
where one of the two neutralinos decays into a dark pho-
ton, resulting in a final state with one photon, two spa-
tially close (and therefore not satisfying traditional iso-
lation requirements) leptons and large E/T .

This Letter describes a search for this, so far unex-
plored, final state in pp̄ collisions at a center of mass

FIG. 1: One of the diagrams giving rise to the events with
a photon, dark photon (γD), and large missing energy due to
escaping darkinos (X̃) at the Fermilab Tevatron Collider.

energy of 1.96 TeV recorded by the D0 detector [12]
at the Fermilab Tevatron Collider. As is described be-
low, our search is optimized for low dark photon masses,
mγD < 2.5 GeV. Note that it is also sensitive to the case
where the neutralino decays into a hidden state Ỹ with
somewhat higher mass than the dark photon. The Ỹ may
cascade down to the darkino through other hidden states
which may be long-lived and can result in the emission of
highly collimated low energy SM particles, some of which
could be leptons. Most of the energy of the Ỹ will stay in
the hidden sector and therefore the high E/T should not
be substantially reduced. This analysis is also sensitive
to another possible scenario, proposed in [13], in which a
light axion that decays into muon pairs takes the place
of the dark photon in the decays described above.

Data for this analysis correspond to an integrated lu-
minosity of 4.1 fb−1 after application of data quality
and trigger requirements. Events must satisfy a set of
high transverse energy (ET ), single electromagnetic (EM)
cluster triggers which are fully efficient for photons with
ET > 30 GeV.

EM clusters are selected from calorimeter clusters,
built using the simple cone algorithm of radius R =√

(∆η)2 + (∆φ)2 = 0.4 [14], by requiring that the frac-
tion of the energy deposited in the EM section of the
calorimeter, EMfrac, is above 95% and the calorimeter
isolation variable I = [Etot(0.4) − EEM (0.2)]/EEM (0.2)
is less than 0.2, where Etot(0.4) is the total energy in
a cone of radius R = 0.4, corrected for the underlying
event contribution, and EEM (0.2) is the EM energy in
a cone of radius R = 0.2, which is taken to be the EM
cluster energy.

Photon candidates are selected from central calorime-
ter (|η| < 1.1) EM clusters which have (i) EMfrac > 97%,
(ii) I < 0.07, (iii) a shower shape consistent with that
of a photon, and (iv) the scalar sum of the transverse

Small couplings via small 
kinetic mixing parameter

D0
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Dark Matter Models

• Dark Matter may also reside in a 
Hidden Valley

• MSSM LSP unstable to decay into DM 
sector

• NEW supersymmetry signatures
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Asymmetric DM
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Affleck-Dine Cogenesis

Clifford Cheung1, 2 and Kathryn M. Zurek3

1Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109, USA

We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the Affleck-Dine mechanism. In its simplest realization, Affleck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B − L and X, the dark matter number, to the diagonal B − L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B − L
and X, and impart the requisite CP violation for asymmetry generation. Because B − L + X is
preserved, the resulting B − L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B − L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, ΩDM/ΩB ∼ 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the Affleck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B−L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB−LOX , (1)

where OB−L and OX are gauge invariant products of
chiral superfields which carry B − L and X number, re-
spectively. In general, we are interested in operators of
the form

OB−L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge −1 under U(1)B−L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB−LOX explicitly breaks B−L and X
number down to an exact, diagonal B − L+X number.
As in canonical AD, inflation induces supersymmetry

breaking effects proportional to the Hubble parameter
which can efficiently drive 〈B − L〉 and 〈X〉 to non-zero
values in the early universe. As the universe cools, these
operators become ineffective and the vacuum settles to

the present day B−L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B−L and X asymmetries. Because the the-
ory preserves B − L + X , the resulting asymmetry has
vanishing B − L+X number, so

− nB−L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B − L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are sufficiently long-lived to freeze
out. An example of such a state is the lightestX number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B − L charged SM states
via OB−LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB−LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

OX = X, X2

Standard Model Dark Matter
Mp ∼ 1 GeV

Inaccessibility
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Luty, Kaplan, KZ

OB−LOX

Md−4
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Collider signatures

W =
X2udd

M2

Missing energy largely reduced

χ̃ q̃ X̃
X̃

q

qq
mDM ! 8 GeV
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“Other” Exotics

• Black Holes

• Very high multiplicity thermal 
distributions

• Standard Compositeness tests can be 
used, looking for leptonic and 
hadronic resonances in the final state

Meade, Randall
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“Simplified Models” 
document

“Generic” Searches

• di-photon resonance plus anything in high 
HT event

• di-lepton resonance plus anything in a 
high HT event

• high HT with reduced missing energy in 
extended SUSY decays

• multi-lepton, multi-jet high HT events, 
where weak pT cuts on the jets, photons 
are traded for high multiplicities of objects
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Summary

• Simple extensions of weak scale models 
give rise to “exotic” Hidden Valley like 
signatures in broad class of models

• This can affect supersymmetry and 
dark matter searches

• LHC experiments have broad reach 
capabilities with the right types of 
search techniques
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