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τ pairs may assist with triggering and event selection. If
the π0

v is light, the jet pairs may be soft, may often merge,
or be otherwise hard to identify, making triggering and
event selection subtle; displaced vertices may assist in
any discovery. If the π0

v is heavy, the jets will be harder,
but the number of b pairs may be smaller, decays will be
prompt, and both QCD and Z plus jets will be irreducible
backgrounds. However, in this case LEP constraints are
completely evaded and production cross-sections could
be much larger.
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FIG. 3: A possible event in the two-light-flavor regime; note
π±

v is electrically neutral and invisible.

The 1LF regime, with a greater variety of v-hadrons
and final states, produces more lepton pairs. The ωv

will appear as a $+$− resonance; this will be drowned
in Drell-Yan background unless events are required to
have many bs or an unusual displaced vertex. Especially
interesting are the final states from σv and σ′

v, where
f f̄ pair emission is followed by an η′

v decay. One may
observe σ′ → µ+µ−bb̄, with mbb̄ = mη′

v

and mµ+µ− <
mσ′

v

− mη′

v

. Even more spectacular decays are possible,
with several objects emanating from a displaced vertex
(or two), if the C is unstable. One challenge is that lepton
isolation may be subtle here; another is that displaced
vertices may appear in the beampipe, the tracker, or even
the calorimeter. Moreover, a given event may produce
several v-hadrons, which can combine these distinctive
signals into a busy and unusual event (as in Fig. 4), in
which identification of jets may be challenging. As in the
2LF regime, large Λv means fewer v-hadrons per event
and fewer displaced vertices, but any jets and leptons
are harder, and the LEP constraints on the total cross-
section are weaker or absent.
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FIG. 4: A possible event in the one-light-flavor regime.

Let us add a few assorted remarks.
• The model we have chosen is a bit pessimistic [7], in
that the Z ′ has large couplings to leptons (increasing
LEP constraints) and small couplings to u quarks (re-
ducing Tevatron and LHC production rates.) The con-
straints quoted here are conservative; many models can
have larger cross-sections at both LHC and the Tevatron.

• The high multiplicity of v-hadrons, especially for small
Λv, has many implications. In events where most parti-
cles decay in the detector, jets and isolated leptons can be
difficult to identify. Conversely, in models where the av-
erage v-hadron decays promptly, or in models with most
decays outside the detector, the multiplicity increases the
odds of seeing a straggler that decays with a visible ver-
tex. It also enhances the possibility of detecting decays
of long-lived v-hadrons (as might occur for unstable C,
and would occur in the model mentioned below) by in-
strumenting the detector hall or a nearby cavern.
• Given (6), a GigaZ machine would likely be able to
observe Z decays to light v-hadrons. A high-luminosity
e+e− collider could also study vector v-meson resonances
and their v-hadronic decay products.
• There has been interest in Higgs decays to multiple
scalars, which in turn decay to heavy-flavor pairs [2, 4].
Our v-model may initially mimic this scenario, since the
2LF and 1LF regimes both have a (possibly light) pseu-
doscalar with Br(πv , η′

v → f f̄) ∼ m2
f .

• We have taken the Ni to be stable, but this need not
be the case. Their striking decays in usual Z ′ models [7]
would be further augmented by v-hadronic final states.

Higgs Mixing: Potentially of great importance is the
effect of the mixing of H with φ, via a |H |2|φ|2 coupling,
along the same lines as [3]. This allows gg → h → QQ̄,
which is unaffected by LEP constraints and can poten-
tially increase the v-hadron production rate at the LHC
and especially at the Tevatron. Decay modes for some
v-hadrons may be affected. Kinematics permitting, the
Higgs can even decay to v-hadrons. Though rare, these
exotic Higgs decays could be so distinctive, if they have
displaced vertices and/or leptons, as to possibly allow
the Tevatron to discover the Higgs with its present data.
This requires asking the right analysis questions, such
as [16], though in a more systematic and comprehensive
fashion. The masses, mixings and branching fractions of
the H and φ are very model-dependent; a separate study
of these phenomena will be required.

Other Models: Other regimes of this theory, models
with more v-quarks, and other Z ′ models will typically
have similar phenomenology but differ in important de-
tails. (For instance, if mU , mC $ Λv, the many sta-
ble glueballs will have longer lifetimes; many will de-
cay outside the detector, and displaced vertices will be
common.) Z ′ models with supersymmetry, a little higgs,
extra dimensions, etc., would have additional diverse v-
phenomenology that we will not discuss here. Instead, to
provide a wider perspective, we conclude with a class of
models that generate qualitatively different phenomena.

Consider adding to the SM an SU(nv) gauge group,
and particles X, X̄ charged under both color and SU(nv),
with mX ∼ 0.5−3 TeV. The v-spectrum includes several
metastable v-glueballs of mass ∼ Λv and various spins
[17]. A loop of X particles induces dimension-eight op-
erators including O8 ≡ tr G2 tr G2

v, where G (Gv) is the
field strengths for gluons g (v-gluons gv.) All v-glueball
states can decay through these operators; those that

But naturally provides a DM candidate
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Figure 11: The observed 95% CL upper limits on the �⇥ BR for the signal samples with � masses of 400 GeV
(up-left), 600 GeV (up-right), and 1000 GeV (bottom) as a function of the s proper decay length. The dashed line
is the expected limit, and the solid line is the observed limit for each labeled mass.

ms = 50 GeV ms = 100 GeV ms = 150 GeV ms = 400 GeV
Decay length range excluded at 95% CL for �⇥ BR = 1 pb

m� = 400 GeV (0.20, 2.4) m (0.52, 4.6) m – –
m� = 600 GeV (0.09, 2.7) m – (0.38, 8.2) m –
m� = 1 TeV (0.05, 2.0) m – (0.14, 7.2) m (0.78, 16) m

Table 5: Range of the s proper decay length excluded at 95% CL for all samples studied, assuming a 1 pb production
cross-section and a 100% BR for �! ss.

production cross-section and BR, the excluded range in the s proper decay lengths is within 0.09 m and
8.2 m. Decay lengths between 0.05 m and 16 m are excluded for the same �⇥ BR for a scalar boson of
m� = 1 TeV. Further exclusion details for this �⇥ BR value can be found in Table 5.

This note updates the analysis from Run 1 [4]. The corresponding result for a scalar boson of m� =

600 GeV in Run 1 assuming a 1 pb cross-section at 8 TeV and a 100% BR, was an s proper decay length
excluded between 0.17 m and 11.7 m. It has to be noted that the comparison of the exclusion ranges to the
ones in the current analysis is not direct since they are given for cross-section at di�erent centre-of-mass
energies.
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Figure 1: A schematic showing the �! ss decay used as the benchmark model. Due to their Yukawa coupling
with the �, the s decay primarily to heavy fermion pairs.

depend on tunable model parameters and may allow for a substantial fraction of decays at macroscopic
distances from the point of the � production.

Here the decay �! ss is considered, where the two neutral scalars s decay to pairs of SM fermions via
the � Yukawa coupling to SM fermions (see Figure 1). Due to this Yukawa coupling to the �, the s

decays predominantly to heavy fermions: 88% to bb̄, 8% to cc̄, and 4% to ⌧+⌧�. Decays to the top quark
are kinematically forbidden in the mass range of s between 50 GeV and 150 GeV. For the ms = 400 GeV
case such decays are not included in the generation process. The majority of decays are therefore to pairs
of b-quarks. The SM quarks hadronize, resulting in jets whose origins may be far from the interaction
point. These jets will leave a detectable signature in the ATLAS detector if the neutral scalars s’s lifetime
is short enough.

2 ATLAS detector

The ATLAS detector [14] is a multi-purpose detector at the LHC, consisting of several sub-detectors.
From the interaction point (IP) outwards there is an inner detector (ID), electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS). The ID, immersed in a 2 T axial magnetic field, provides
tracking and vertex information for charged particles within the pseudorapidity1 (⌘) region |⌘ | < 2.5. It
consists of four di�erent tracking detectors. From small radii outwards, these are: the Insertable B-Layer
(IBL) [15], a silicon pixel detector, a silicon microstrip tracker (SCT) and a transition radiation tracker
(TRT). The IBL is a new addition to ATLAS as of 2015 data taking and is also a silicon pixel detector. The
calorimeter provides coverage over the range |⌘ | < 4.9. It consists of a lead/liquid-argon electromagnetic
calorimeter (ECal) at smaller radii and a hadronic calorimeter (HCal) at larger radii comprising a steel and
scintillator-tile system in the barrel region (|⌘ | < 1.7) and a liquid-argon system with copper absorbers
in the endcaps (1.5 < |⌘ | < 3.2). The ECal spans the range 1.5 m < r < 2.0 m in the barrel and
3.6 m < |z | < 4.25 m in the endcaps. The HCal covers 2.25 m < r < 4.25 m in the barrel and
4.3 m < |z | < 6.05 m in the endcaps. There is also a forward calorimeter, the FCal, with coverage
3.1 < |⌘ | < 4.9, which uses liquid-argon as the active material, copper absorbers for the first layer, and

1 The right-handed coordinate system of ATLAS has its origin at the nominal IP, which is centered in the beampipe. The z-axis
lies along the beampipe axis and the x-axis points from the IP to the center of the LHC ring. Cylindrical coordinates (r, �) are
most often used with the azimuthal angle � running from 0 to +⇡ in the top half of the detector and 0 to �⇡ in the bottom half
of the detector. The boost-covariant ⌘ is used in place of the polar angle ✓, and the two are related by ⌘ = � ln(tan(✓/2)).
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0
! `+`�. Left:

Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "

2 parameter range, with sensitivity in mA0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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FIG. 3: Diagrams contributing to µ � e conversion in Xq`d
c models. We show only a typical

one-loop diagram for each UV completion. For a more complete set of diagrams, see Appendix A.

Loop diagrams, on the other hand, probe a wider array of flavor-changing couplings,

since any of the superpartner flavors may appear in the loop. In some cases, they also probe

precisely the combination of couplings that enters into Mijk which ultimately determines

whether decays are prompt or displaced at the LHC. Contributions to OA = (s̄R�µ
dR)2/⇤2

A,

(s̄L�µ
dL)2/⇤2

A and OB(s̄LdR)(s̄RdL)/⇤2

B occur, and the loop functions which characterize the

constraints are detailed in Appendix A. In the limit that the fermions and the scalars in the

loop have a common mass mF and m� respectively, the amplitude simplifies considerably:
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where �
2 represents the appropriate combination of couplings shown in Table V for am-

plitudes having structure corresponding to operators A and B. The constraint on ⇤B &
2 ⇥ 104 TeV is strongest and corresponds to a limit on the parameters of the UV comple-

tion mM/�
2 & 1000 TeV. While it is not a universal constraint on all the couplings to all

generations, as can be seen in Table V, it is the most severe constraint on Mijk.

2. µ� e conversion, µ ! 3e, Bs ! `
+
`
� and b ! s`

+
`
�

Lepton flavor violation may also constrain the UV completions of the ADM operators

with heavy states Q, L, D. The strongest constraints are derived from µ � e conversion,

and are summarized in Appendix A 2 in Table VI. At tree level, the D UV completion and

the Q UV completion have contributions to µ � e conversion through diagrams shown in
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FIG. 4: Diagrams contributing to Bs ! µ
+
µ
� in the q`d

c model. We show only a representative

one-loop diagram for each UV completion. The additional box diagrams are shown in Fig. 23. For

other b-s transitions such as b ! s`
+
`
�, one can easily obtain contributing Feynman diagrams by

properly changing the external states in the above diagrams.

b ! s`
+
`
� [31]. The tree level constraints lead to (see Appendix A, Table VII for details):

mD/

q
�
3`
D�

2`
D > 32 TeV for strongest, > 11 TeV for weakest,

mQ/

q
�
2`
Q�

2`
Q > 45 TeV for strongest, > 11 TeV for weakest, (II.14)

where ` = 1, 2 denotes electron and muon, respectively, for the lepton final states, and we

show both the strongest constraint and the weakest constraint since the constraint varies

depending on the sign of the coupling, and whether it is real or imaginary. While only the D

and Q UV completions contribute at tree level, all UV completions contribute at one loop,

as shown in Fig. 4 (c), (d) and (e), though the loop suppression implies that this constraint

will be weak. The details can be found in Appendix A 3.

3. Summary of Constraints for Xq`d
c

There are many combinations of couplings constrained in Tables V-VIII, but it is impor-

tant to see the over-arching patterns.

• The strongest constraints are on the operator (s̄LdR)(d̄LsR)/⇤2, which give rise roughly

to a constraint M & 1000 TeV for the UV completions via D and Q. Since M is the

quantity which enters into the lifetimes in Fig. 1, it directly enters into the discussion

of displaced vertices in the next section. These constraints can be eased andM lowered

if one or both of the quarks in the decay of �̃0 ! qq` is third generation. Note that

the constraints are equally strong on all lepton flavors.

12
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RELAXING THE MOTIVATION….

▸ To focus on new states at the 
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hierarchy problem 
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Figure 1: Schematic overview of the BSM landscape, based on a selection of specific
models, with a rough outline of the areas targeted by the PBC experiments. The x≠axis
corresponds to the mass mX of the lightest BSM state, and the y≠axis to the scale of
the e�ective new interaction f = MMediator/g, where MMediator is the mass of a heavy
mediator and g its (dimensionless) coupling constant to the Standard Model. The grey
shaded area outlines the currently excluded regions for a class of models corresponding to
the benchmarks BC9 and BC11 (see Refs [27, 37, 38]).
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SEARCHING FOR HIDDEN SECTORS

RELAXING THE MOTIVATION….

▸ To focus on new states at the 
weak scale, as solutions to the 
hierarchy problem 

▸ Where do we look? 

▸ One powerful motivation is dark 
matter, and its relic density 

▸ And, to satisfy cosmological 
constraints on dark sectors

Figure 16: Physics reach of Baby-IAXO, IAXO and JURA compared with other exper-
iments currently proposed and/or planned in the world. Revised from [38]. See text for
details.

Table 5: Key parameters of the JURA proposal.

parameter value
Magnetic field 13T ◊ 426 m

Laser wavelength 1064 nm
Production cavity circulating power 2.5 MW
Amplification in regeneration cavity 105

Detector noise 10≠4 s≠1

Measuring time 4 weeks

The pioneer experiment was conducted in Brookhaven by the BFRT Collaboration [44],
and the two most recent results are those of the experiments ALPS [45] and OS-
QAR [46]. ALPS is DESY based and used a decommissioned HERA magnet. It is
currently performing a major improvement to phase II, where a set of 10 + 10 HERA
magnets will be coupled to two 100 long Fabry Perot cavities. ALPS II[47] will in

– 70 –



TOWARDS HIDDEN SECTOR DARK MATTER

NEW IDEAS IN DARK MATTER THEORY

▸ Old paradigm: weak scale dark matter (with relic density 
fixed by freeze-out)
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WEAK SCALE PARADIGM: PREDICTIVE TARGETS10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search
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▸ Utilize DM Abundance and crossing symmetry as guide 
for interaction rates

X �
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X �

e e

q Q

k k0

FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee 
1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥
�EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠

10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the
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FIG. 3. Sensitivity to DM scattering via an ultralight dark
photon, for kg-yr exposure on GaAs. On the orange line the
relic abundance can be explained by freeze-in [19–21]. The
reach for mX < MeV is from scattering into LO phonons.
For mX > MeV, the reach comes from considering GaAs as a
scintillator for DM-electron scattering [10]. The blue region
indicates stellar and BBN constraints [22, 57], while the green
region is a Xenon10 limit [7]. Projections for various exper-
imental proposals are from Refs. [24, 28, 58] (dotted lines).

Scalar-mediated nucleon scattering. Finally we
consider the case of sub-MeV DM with coupling to nu-
cleons only, similar to what was explored in Ref. [26, 27]
for multiphonon production in superfluid helium. GaAs
improves over helium for several reasons: first, DM can
scatter by exciting a single ⇠ 36 meV optical phonon,
rather than going through higher-order multiphonon in-
teractions. Second, the speed of sound is ⇠ 20 times
higher in GaAs, such that the energy of acoustic phonons
is higher and better matched to DM kinematics.

The di↵erential DM scattering rate is

d2�

dqd!
=

4⇡

Vcell

q

mXpi
S(q, !), (9)

where pi is the initial DM momentum, Vcell is the primi-
tive cell volume, and S(q, !) is the dynamical structure
factor, defined in the same way as for neutron scattering
(see e.g. [59]). In the long-wavelength limit, S(q, !) is
given by

S(q, !) =
1

2

X

⌫

|F⌫(q)|2
!⌫,q

�(!⌫,q�!) (10)

where ⌫ sums over the various phonon branches. The
phonon form factor is

|F⌫(q)|2 =

�����
X

d

b̄dp
md

e�Wd(q)
q · e⌫,d,qe�iq·rd

�����

2

(11)

where d sums over atoms in the primitive cell with mass
md and position rd. b̄d is the scattering length, e⌫,d,q is

FIG. 4. Sensitivity of GaAs to scattering o↵ nucleons via a
scalar mediator, with kg-yr exposure. We consider the pro-
jected reach due to production of LO phonons (! = !LO ⇡ 36
meV) and that due to production into LA phonons as well,
with an even lower threshold ! > meV. Also shown is the
reach from multiphonon production in superfluid helium [26].

the phonon eigenvector of branch ⌫ and atom d at mo-
mentum q, and Wd the Debye-Waller factor of atom d.
Summing over the phonon eigenmodes requires a dedi-
cated software tool; we reserve this and a derivation of
Eq. (10) for future work [29].

Here we estimate the rate in the isotropic and long-
wavelength limit where Wd ⇡ 0:

|F⌫(q)|2 ⇡ b̄2
n

2mn

q2

���
p

AGae
irGa·q ±

p
AAse

irAs·q
���
2

(12)

with mn the nucleon mass, b̄n the DM-nucleon scatter-
ing length and AGa (AAs) the mass number of Ga (As).
The + (�) sign applies to the LA (LO) branch, where
both atoms are in phase (anti-phase). For a rough esti-
mate when mX ⌧ MeV, the phase factors in (12) can be
neglected.

For scattering via a massless mediator, we also in-
clude a (mXv0/q)4 form factor and express the reach
in terms of the cross section per nucleon at a reference
qref = mXv0, �n ⌘ 4⇡[b̄n(qref)]2. The result is shown in
Fig. 4, where we find a competitive reach with superfluid
helium. The astrophysical and cosmological constraints
on this scenario are rather tight but model dependent
and hence not shown; see Refs. [22, 23] for details. The
large di↵erence in sensitivity for the optical and acoustic
modes is due to the near cancellation in (12) for the op-
tical modes, since AGa ⇡ AAs. The phase factor in (12)
also induces a directional dependence for producing op-
tical phonons, which we will explore in future work [29].
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II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ mA0

10 MeV

⌘4
✓

MeV

m�

◆2 ✓10�2

↵D

◆
. (3)
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].
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parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
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magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ! mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ! mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is 〈σv〉 ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)
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Light mediators yield large 
scattering cross-sections in direct 
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FIG. 2: Magnetic dipolar DM �1 annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �2 (Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ Tf , the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! ff̄ does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ� + 3Hn� = �h�e↵vi
�
n2
� � (neq

� )2
�

(2)

where n� ⌘
P

i n�i is the total �i density. In writing Eq. (2) in terms of only n�, we assume the individual densities n�i are in
chemical equilibrium due to rapid �if $ �jf and �i $ �jff̄ processes, such that

n�i

n�
⇡

neq
�i

neq
�

=
gi(1 +�i)3/2 exp(�x�i)

ge↵
⌘ ri . (3)

We have defined x ⌘ m1/T , �i ⌘ (mi �m1)/m1, and ge↵ ⌘
P

i gi(1 +�i)3/2 exp(�x�i), with gi degrees of freedom for
�i. The thermally-averaged effective cross section is h�e↵vi ⌘

P
i,j rirjh�ijvi, where �ij is �i�j annihilation cross section

and its thermal average is

h�ijvi =
x3/2

2
p
⇡

Z 1

0
dv v2 (�ijv) e

�v2x/4 . (4)

The DM relic density today is given by

⌦dmh
2 =

1.07⇥ 109 GeV�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 1019 GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during
freeze-out. The freeze-out temperature Tf = m1/xf is obtained by solving xf = ln

�
0.038 ge↵m1mPl h�e↵vi /

p
g⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�e↵vi, which is dominated by large �1�2 and �2�2 annihilation cross sections. This is
distinct from models where �1�1 annihilation is itself too large, and h�e↵vi can be suppressed by 1/ge↵ by having a “parasitic” species �2 that does not
annihilate strongly (see, e.g., [54, 55]).
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�
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SUITE OF EXPERIMENTS TO SEARCH FOR LIGHT DARK MATTER IN DIRECT DETECTION

Snowmass2021 Cosmic Frontier Particle Dark Matter Report

Figure 6: Figures are from Ref. [2] and updated from BRN report [29]. Current 90% c.l. constraints are
shown in beige. Approximate regions in parameter space that can be explored in the next ⇠5 years (“near-
term”, green) and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent
concrete dark-matter benchmark models and are the same as in the BRN report [29]. Along the dotted line
DM would produce about three events in an exposure of 100 gram-year, assuming scattering o↵ electrons in
a hypothetical target material with zero threshold.
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A concrete model of DM gives rise to a broad 
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FIG. 2: Diagrams contributing to K � K̄ mixing in Xq`d
c models. Diagrams (a) - (e) contribute

to (s̄RdL)(s̄LdR). Diagrams (f) - (h) contribute to (s̄R�µdR)2. Diagrams (i) - (k) contribute to

(s̄L�µdL)2. For (s̄L,R�µdL,R)2, we only show a representative diagram for each UV completion.

Here, we use 2-component spinor notation to reduce confusion.

processes in principle give rise to a stronger constraint on the mediator mass, they do

not constrain the DM coupling �XM to the UV particle M , nor do they constrain all UV

completions (the D and Q UV completions are untouched by the tree level constraint). An

exhaustive compilation of the couplings constrained by K � K̄, D � D̄ and B � B̄ mixing

is given in Table V in Appendix A; we highlight the conclusions here.

Meson mixing is most strongly constraining for the operator (s̄RdL)(s̄LdR)/⇤2, where

K � K̄ mixing gives ⇤ & 2⇥ 104 TeV [25]. For the L UV completion, Fig. 2a will generate

K � K̄ mixing at tree level,
�12
L �12

L

m2
L̃

(s̄RdL)(s̄LdR). For Bd and Bs meson mixing, we also have

similar tree-level diagrams generating left-right operators, which have stringent constraints

as summarized in Appendix A, Table V. Nevertheless, we note that only the LUV completion

is constrained for a very limited combination of couplings by meson mixing at tree level.

9
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THEORY OF HIDDEN SECTORS

GENERIC IR MODEL PRODUCES A PLETHORA OF SIGNALS

▸ At many mass scales 

▸ In multiple different types of experiments
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FIG. 10: Relevant processes for the neutralino LOSP case in q`d
c model. `/⌫ implies lepton or

neutrino. The 4-body decay of neutralino decay is through o↵-shell squark as shown in Fig. 1 (b).

The ucdcdc model has the same diagrams with a lepton/neutrino replaced by a jet in the neutralino

decay.

A. Analyses

We briefly review the 8 TeV ATLAS 0 lepton+2-6 jet+MET analysis and 1-2 lepton+3-6

jet+MET analyses and how these analyses may constrain ADM q`d
c and u

c
d
c
d
c models, in

comparison to the Simplified Models that are utilized in the original ATLAS analysis. We

also summarize the definition of the observables and the notation used in the analyses in

Appendix C.

1. 0 lepton+2-6 jet+MET analysis

The ATLAS 0 lepton+2-6 jet+MET analysis with 20.3 fb�1 at
p
s = 8 TeV is summarized

in Table II. The analysis is designed to maximize the discovery potential for gluino and

squark pair production with decays to neutralinos and jets. Events with signal leptons are

vetoed. Events are classified into 10 non-exclusive channels: AL, AM, BM, BT, CM, CT,

D, EL, EM and ET, where A, B, C, D and E imply the number of jets N = 2, 3, 4, 5 and 6,

respectively and L, M and T imply loose, medium and tight cut on the e↵ective mass scale,

respectively.

For comparision, we consider the Simplified Model process shown in Fig. 7. The Sim-

plified Model has the gluino g̃, the lightest neutralino �
0

1
and all the left-handed squarks

q̃i L and right-handed squarks q̃i R of the first and second generation with degenerate mass.

In this model, the only SUSY particle production channel is gluino/squark pair production
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FIG. 6: Neutralino decay width in (md̃R
,m�0) plane in the q`d

c model for (a) M = 1000 TeV and

(b) M = 104 TeV, where M is the e↵ective mass scale of the dominant Xq`d
c operator. In the

lower-right shaded region (red), the neutralino will leave a displaced vertex at the LHC, defined

by where the lifetime is longer than a millimeter.

Instead, we only consider special cases to show typical constraints.

In Fig. 6, we consider the case with pure Bino (neutralino) LOSP with one light right-

handed d-squark d̃
c. We assume that only the first generation coupling 1/M111 for the

Xqi`jd
c
k operator is dominant. In this scenario, we obtain (F (4�body))�1 = 2.04 ⇥ 102 mm.

Fig. 6a shows the neutralino decay width contour in (md̃c ,m�0) plane withM ⌘ M111 = 1000

TeV and Fig. 6b shows one forM = 104 TeV. While displaced vertices result over a significant

fraction of the parameter space, the decays are prompt over much of the parameter space

even for high choices of M , naively consistent with the flavor constraints even in the absence

of flavor symmetries.

In the case of displaced decays, by searching for the displaced vertex, we can clearly

identify DM creation inside the detector and probe the nature of the DM directly at the LHC.

Thus, displaced vertex searches are very important for ADM searches at the LHC. In the

case of prompt decays, however, one basic question is how ADM models fare when subjected

to the usual supersymmetric searches. In the next section we compare the constraints from

two standard searches for SUSY against those obtained in ADM when the LOSP is unstable

to decay.

17

Kim, KZ 1310.2617



BROAD RANGE OF SIGNATURES

A UV COMPLETE THEORY OF ASYMMETRIC DARK MATTER

▸ In order to solve the cosmic 
coincidence problem, the DM 
mass should be close to the 
proton mass 

▸ This is not explained in the 
standard theories of ADM 

▸ One natural way to do it is to have 
a common origin for both dark 
and visible mass scales, which 
suggests unification

4

Dark Uni!cation
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FIG. 1. A schematic diagram of Dark Unification, where a dark SU(2)D is unified with Standard Model SU(3)C

into SU(5) at a scale of ⇠ 108�109 GeV. The dark matter in this theory is a dark baryon, ⇢, part of an isotriplet

which is a bound state of two dark quarks (the dark isosinglet is the ⌘). The states M , �0, the diquark S1 and

the sterile neutrinos N appearing from the UV-complete theory play important roles in connecting the dark

and visible sectors, mediating dark hadron decays as well as darko-baryo-genesis.

are nearby in mass, explaining why the baryon to dark matter mass density (as opposed to just the

number density) is the same.

We find that the simplest model to realize a Dark-Color Unification Sector (DarCUS) is SU(5), as

shown in Fig. 1. In this theory, SU(3)C ⌦ SU(2)D (plus an additional U(1)) unifies to SU(5). The

minimal matter content of the theory is composed of the SM fields, where the quarks live in the

fundamental of the extended color group, and a dark sector having a single generation of a vector-

like 5 and 10. While we do not address in detail the further unification of the DarCUS with the

Electroweak Theory, we envision that SU(5) ⌦ SU(2)L together with the generalized hypercharge

could be unified into SU(7) at a higher scale. We sketch how the main features of the mechanism, as

well as the additional matter content required by the generation of the asymmetries, belong to the

basic ingredients for the Grand Unified framework near the end of this work.

The unification of the color group with a dark group has been already explored in the literature

as a scenario to embed a heavy axion (non-abelian dark group) [14–16], or to embed baryon number

(abelian dark group) [17, 18], while Grand Unified Theories have been generically used to embed

dark matter, since the enlarged matter content allows cogeneration of the dark and visible matter

asymmetries via global symmetries shared between the sectors [19]. However, as far as we are aware,

this is the first attempt to connect the proton and dark matter masses directly through the unification

Murgui, KZ 2112.08374
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FIG. 1. A schematic diagram of Dark Unification, where a dark SU(2)D is unified with Standard Model SU(3)C

into SU(5) at a scale of ⇠ 108�109 GeV. The dark matter in this theory is a dark baryon, ⇢, part of an isotriplet

which is a bound state of two dark quarks (the dark isosinglet is the ⌘). The states M , �0, the diquark S1 and

the sterile neutrinos N appearing from the UV-complete theory play important roles in connecting the dark

and visible sectors, mediating dark hadron decays as well as darko-baryo-genesis.

are nearby in mass, explaining why the baryon to dark matter mass density (as opposed to just the

number density) is the same.

We find that the simplest model to realize a Dark-Color Unification Sector (DarCUS) is SU(5), as

shown in Fig. 1. In this theory, SU(3)C ⌦ SU(2)D (plus an additional U(1)) unifies to SU(5). The

minimal matter content of the theory is composed of the SM fields, where the quarks live in the

fundamental of the extended color group, and a dark sector having a single generation of a vector-

like 5 and 10. While we do not address in detail the further unification of the DarCUS with the

Electroweak Theory, we envision that SU(5) ⌦ SU(2)L together with the generalized hypercharge

could be unified into SU(7) at a higher scale. We sketch how the main features of the mechanism, as

well as the additional matter content required by the generation of the asymmetries, belong to the

basic ingredients for the Grand Unified framework near the end of this work.

The unification of the color group with a dark group has been already explored in the literature

as a scenario to embed a heavy axion (non-abelian dark group) [14–16], or to embed baryon number

(abelian dark group) [17, 18], while Grand Unified Theories have been generically used to embed

dark matter, since the enlarged matter content allows cogeneration of the dark and visible matter

asymmetries via global symmetries shared between the sectors [19]. However, as far as we are aware,

this is the first attempt to connect the proton and dark matter masses directly through the unification

7
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⇤EW hSM higgsi

⇢

⌘, Gball

⇤DarCUS h⇢0i

⇤10 h�0i

⇤D

⇤QCD

M, ⇢8

[RD, S1, �0], ⇠

0.2

2

102

107

109 VDQ, ⇢0, ⇢3, quirks

Z
0
, new quarks

104

FIG. 2. Hierarchies among the field content composing the theory.

III. THE THEORY

We will now work through the details of the theory stepping from the high scale of Dark Unification

and its breaking, to the matter sector containing the SM, and finally the dark matter sector. We

summarize the breaking pattern and mass scales of the theory in Fig. 2. We emphasize again that

once the multiplets are broken, there are many fields, though the drivers of the dynamics we discuss

below will be few; accordingly we emphasize the broad structure of the theory so as not to lose track

of the roles the fields play.

A. Dark Unification

Our starting point is a minimal extension of the SM that contains a non-Abelian dark group:

G5 = SU(5) ⌦ SU(2)L ⌦ U(1)X . (3)

The breaking pattern of the DarCUS follows1

G5

h24Hi
! SU(3)C ⌦ SU(2)L ⌦ U(1)5 ⌦ U(1)X ⌦ SU(2)D

h10Hi
! GSM ⌦ SU(2)D, (4)

1
Such breaking will produce monopoles with mass ⇠ ⇤DarCUS/↵DarCUS. Kibble’s limit [21] estimates a lower bound on

the monopole number density per entropy density today & (⇤DarCUS/MPl)
3
. For ⇤DarCUS ⇠ 10

9
GeV, it is consistent

with astrophysical [22] and direct detection constraints [23]. These monopoles will not survive if inflation occurs at a

scale lower than ⇤DarCUS.

Multiple mass scales and states
Murgui, KZ 2112.08374
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FIG. 6. Feynman diagrams for the pair-production of potentially light connector fields. The pair-production

of the diquark S1 involves the same diagrams as RD except the last one, which should be substituted by the

t-channel process d̄ d (or ū u) ! S
⇤
1
S1.

�0 ! 3 JETs + MET at colliders. Squark searches constrain the mass of the stop to mq̃ > 1.3

TeV [50] for such a channel. However, because the production cross-section for �0 occurs

through down-quarks and the t-channel M mediation, we expect it to be highly suppressed

relative to pair-production of squarks via gluon fusion, weakening the constraint on M�0 . If the

�0 lifetime is long enough to hadronize, their hybrids, which are singlets under the SM gauge

group, could be traced by searching for monojet signals [56, 57].

The theory also predicts a light colored octet ⇢8 at the TeV scale. It can be pair-produced from

gluons, and each of them decays as ⇢8 ! 4 JETs through a pair of S1 o↵-shell. The ⇢8 lifetime

depends on the parameters in the scalar potential,

⌧
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✓
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◆
4

M
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M
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M⇢8
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◆
9

, (56)

where the symbol . reflects that the coupling of S
⇤
1
⇢8S1 weighted by v24 contributes to the ⇢8

mass. The decay of ⇢8 could lead to displaced vertices of four jets for smaller couplings than

M⇢8 .

• Flavor. With only one flavor, the dark matter itself does not have a flavor structure. But

theories of Asymmetric Dark Matter are inherently flavorful (as discussed in Ref. [58]), and

the mediator states appearing in the UV completion of the ADM operators themselves mediate

flavor signatures.

20

The asymmetry generated in �0 can be directly transferred to the baryon sector through the decay
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d

�
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d
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u
M S1

, (43)

if M�0 < MM , MS1 . The rate (and lifetime, since the branching fraction ⇠ 1) of the process above is

given by

⌧
�1

�0
'

|YNewQ|
2
|Y�0 |

2
|Yquirks|

2

1024⇡5

M
7

�0

M
4

S
M

2

M

' 2.5 ⇥ 1014 s�1

✓
|YNewQ|

1

◆
2
✓

|Y�0 |

0.01

◆
2
✓

|Yquirks|

1

◆
2
✓

M�0

2 TeV

◆
7
✓

10 TeV

MS1

◆
4
✓

5 TeV

MM

◆
2

,

(44)

which fixes the reheat temperature as given in Eq. (39) (substituting ��0 instead). If instead �0 decays

to an on-shell M or S1, the asymmetry will be step-by-step transferred to the SM baryons. If the

lowest reheat temperature of the decays transferring the asymmetry to the baryon sector is above the

electroweak scale, the e↵ect of the sphalerons distributing the asymmetry in the SM fermions reduces

the baryon asymmetry to Y�B ⇠ 0.36 Y�D [38], implying a modified DarCUS scale of ⇤DarCUS ⇠ 6⇥107

GeV.

We note that the entropy injected in the plasma from the (potential) early matter domination

period induced by the long-lived dark hadrons could dilute both dark and visible baryon asymmetries,

depending on the reheat temperature of the latest decay transferring the asymmetry to the baryon

sector. In this case, a larger CP asymmetry than that shown in Fig. 5 would be needed to reproduce

the observed baryon asymmetry.

B. Annihilation of the symmetric abundances in the dark sector

Below the confinement scale, the dark composite hadrons will interact amongst themselves with

geometric cross-sections � ⇠ 4⇡/⇤2

D
. From the mass spectrum computed in Ref. [27], unlike in QCD,

the pseudoscalar meson ⌘ is lighter than the DM candidate ⇢ for any mass of the dark quark �.

Therefore, the symmetric component of the dark matter (i.e. stable states ⇢
+ and ⇢

�, see Eqs. (34)

and (35)) will annihilate to a pair of glueballs (if mGball . m⇢), or to a pair of ⌘ fields with cross-section

(using m⇢ ⇠ 2.5 ⇤D),
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HIDDEN SECTOR / VALLEY SIGNATURES

CONCLUSIONS

▸ There is no single way to search for signatures of hidden 
sectors 

▸ In general, UV complete models feature multiple signatures 

▸ Light dark matter detection, prompt and displaced decays 
at collider, searches for light states at intensity machines, 
flavor, even extending to gravitational wave signatures 

▸ Moving forward, we are working to optimize reach from 
existing experiments


