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Is there dark matter?

Does the dark matter have (non-
gravitational) interactions?

Is dark matter a new field/
particle?



Does dark matter have gauge 
interactions?

• Interactions mediated by SM gauge bosons are 
highly constrained, if we want those same 
interactions to set a thermal relic abundance.
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Thermal WIMP freezeout:�

� SM

SM

⌦cdm / 1

h�vi
Matches observed abundance 
when annihilation rate (interactions)  
are “weak-scale”…

h�vi / 1

M2
W



Does dark matter have gauge 
interactions?

• The framework of WIMP dark matter has guided 
many dark matter searches, but has not yielded 
any clear signals in direct detection, indirect 
detection, or colliders.
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,



What if dark matter is charged 
under new gauge interactions?
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Dark 
sector

Standard 
Model

• We can have a dark sector including dark matter (plus 
other states) and dark gauge group. 

• SM states neutral, talk to dark sector by weak 
coupling or high mass scale. 

• How can this scenario be probed in experiments?



New opportunities for dark 
sector searches with colliders

• Qualitatively new signals from hidden sector dynamics 

• There can be radiation of new gauge bosons, 
including from the dark matter itself. 

• Many cases can be experimentally challenging… 
motivates understanding of data, SM better.
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Mass scale of dark sector: O(1) GeV - O(100) GeV



Search strategies
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size of gauge group / dark sector coupling

multiplicityMET

Z 0 �

�

U(1)’: Focus of talk today

• Outgoing Lepton Jets

Cascade decays and soft emissions through the dark sector result in radiated dark gauge

bosons which return to the visible sector as collimated lepton jets. After studying the

shape and distribution of simulated lepton jets and taking into account the possible

dilution and contamination from the decay of the dark bosons into pions, we suggest a

concrete definition for a lepton jet which can be used in inclusive experimental searches

for these objects. While much of the phenomenology we consider is independent of

the details and spectra of the particular dark sector model, this is not the case for

the bottom of the dark sector spectrum, which may be probed by studying lepton jet

shapes.

Figure 1: A schematic illustration of the type of events we consider in this work. The time evolution
can be divided into three stages: electroweak boson or -ino production and subsequent decay into the
dark-sector, evolution through the dark sector, and finally the formation of lepton jets, as delineated
by the dashed boxes. Such events may also include missing energy.

In section 2 we review how the dark sector couples to the visible sector and discuss the

production of dark sector states in rare Z0 decays at LEP, the Tevatron and the LHC. We also

consider electroweak-ino pair production at the Tevatron and LHC. In section 3 we consider

the evolution in the dark sector which includes dark showering and cascade decays in the dark

sector itself. Section 4 begins with an analysis of the final state leptons and the formation of

lepton jets and ends with some proposals for experimental searches. Section 5 contains our

conclusions.

2. Electroweak Production

Let us first review how the visible sector and dark sector are coupled. For a detailed treatment,

see [3]. As in [1], we assume the existence of a new dark gauge group which contains a U(1)

2

Cheung et al. 2009
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heavier v-nucleon doublet, as shown in Fig. 2. All other
v-hadrons (such as the v-rho and v-Delta) decay imme-
diately to v-pions and v-nucleons. For simplicity, it is
assumed that v-baryon number is conserved, so the v-
nucleons are stable and invisible. The three v-pions ⇡

v

,
a triplet under v-isospin, consist of a v-flavor o↵-diagonal
pair with quantum numbers of UD̄ and DŪ , analogous
to the ⇡± of QCD, and a third, the v-flavor diagonal v-
pion with quantum numbers of UŪ �DD̄, analogous to
the ⇡0.

A point of notation: it is natural to name the v-pions
as (⇡±

v

, ⇡0
v

), in analogy to QCD’s pions (⇡±, ⇡0). This
notation was used in [1]. However, the use of the ± su-
perscript proves confusing, because all the v-pions are

electrically neutral — after all, they are part of a hidden
sector. To avoid any confusion of this type (and at the
expense of introducing another), I will call the UŪ�DD̄
state ⇡0

v

, but call the UD̄ state ⇡^
v

, and the conjugate
DŪ state ⇡_

v

.

FIG. 3: The ⇡0
v decays via a Z0 to heavy flavor. The ⇡^_v ,

if unstable, decays through a v-flavor-changing interaction to
the same final state.

If the third component of v-isospin I3
v

is conserved,
then the ⇡^

v

is stable and invisible, but the breaking of
total v-isospin allows the ⇡0

v

to decay via a Z 0 back to
standard model particles, as shown in Fig. 3. Helicity
suppression assures the spin-zero ⇡0

v

decays mainly to
heavy fermions (for the same reason that ⇡+ ! µ+⌫
decays dominate over ⇡+ ! e+⌫ in QCD); branching
fractions are roughly proportional to squares of fermion
masses. In the particular model of [1], and for light v-
pion masses, the width of the ⇡0

v

is

�
⇡

0
v
⇠ 6⇥ 109 sec�1 f2

⇡v
m5

⇡v

(20 GeV)7

✓
10 TeV
m

Z

0/g0

◆4

. (1)

which has a very strong dependence on model parame-
ters; here f

⇡v is the v-pion decay constant, while m
Z

0

and g0 are the Z 0 mass and coupling.
It is also possible that the third component of v-isospin

I3
v

is violated. In this case even the ⇡^
v

and ⇡_
v

can de-
cay, with widths that are smaller than that of the ⇡0

v

by
a factor which is a dimensionless measure of I3

v

breaking.
In this article, I simply assume that either (A) I3

v

is con-
served (so that the ⇡^

v

is stable and invisible) or (B) I3
v

is badly violated (so that the ⇡^
v

decays promptly.) The
case studies will be divided into “A cases” and “B cases”
according to this distinction.

The basic production process for these particles is
shown in Fig. 4. It involves qq̄ ! Z 0 ! QQ̄, where Q is a

FIG. 4: A Z0 decays to two v-quarks, which emit v-gluons in
a v-parton shower. These then are confined into v-pions and
v-nucleons. Some of the v-hadrons (shown dotted) are stable
and invisible, but others are metastable and decay, mainly to
bb̄.

v-quark. The v-quarks undergo a parton shower through
v-gluon emission, following which they are confined by
strong v-interactions into v-hadrons. These v-hadrons
decay down to v-nucleons and v-pions, and some of the
v-pions may then decay visibly to standard model parti-
cles.

FIG. 5: Cross-section for v-particle production via a Z0 in
the QCD-like model of [1]. The cross-section in other models
may easily di↵er by an order of magnitude; see text.

In the study below, I will consider a Z 0 with mass 3.2
TeV. The v-pion masses will range between 50 and 200
GeV. In this case the v-pions decay promptly, and the
production cross-section is expected to be of order 10–
100 fb in the model of [1], see Fig. 5. In other models the
cross-section could be di↵erent by a factor of 10 or so,
larger or smaller, due for example to di↵erent Z 0 charge
assignments, or to a di↵erent number of colors in the
v-sector.

In summary, the model considered below has gauge
group [SU(3)⇥SU(2)⇥U(1)]

SM

⇥U(1)0⇥SU(3)
v

, with
the U(1)0 broken at the few TeV scale, the SU(3)

v

group
confining at the few hundred GeV scale, and two light
v-flavors of v-quarks U and D. Standard model fermions

Strassler 2008 
Strassler & Zurek 2006
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Figure 9. Left panel: the �z� distribution of the non-pointing photon signals measured by ATLAS.
The background reported by ATLAS (blue histogram) was obtained from a data driven analysis, using
diphoton events with /ET < 20 GeV. Also shown, stacked on top of the background (red histogram),
is the signal distribution for (m�h , m�l , M) = (300, 10, 300) GeV, �

p
NY = 6, and " = 10�7. Right

panel: the geometry of the displaced signals.

eliminated by cutting away the Z pole, but the background process involving a t-channel W

cannot be reduced by simple kinematic cuts. The polarization of the ILC beams plays an

important role in reducing the latter background, since the W only couples to the left-handed

electron. The proposed search requires E
�

> 8 GeV, |cos ✓
�

| < 0.995, and imposes a veto on

events with photon energy 238 < E
�

< 245 (490 < E
�

< 495) GeV at ILC-500P (-1000P) in

order to suppress the Z(⌫⌫̄)� background. Notice that in our simulation of the dark penguin

monophoton signals at the ILC, we only considered the case where the photon is emitted by

ISR. However, in principle the contribution from the Rayleigh operator �̄�B
µ⌫

Bµ⌫ is of the

same order and should be consistently included. This could lead to quantitative changes in

our results, although the qualitative features would remain the same. We leave the inclusion

of the Rayleigh operators for future work.

4 Collider phenomenology of the N
�

= 1 case

In this section we present the collider reach on the scenario where only a single species of

dark fermion � is accessible at colliders. In this case, signals in the monojet and monophoton

plus missing energy channels can be produced through initial state radiation. In addition,

when the DM mass is less than half of the Z mass, the measurement of the invisible Z decay

at the Z-pole also sets a strong constraint.

4.1 Bound from the Z invisible width

If the DM is lighter than m
Z

/2, the decay Z ! �̄� is kinematically allowed and constrained

by the measurement at LEP/SLD of the invisible decay width of the Z. For m
Z

⌧ M , the

decay Z ! �̄� is well described by an e↵ective dipole interaction �̄�µ⌫�B
µ⌫

(see Eq. (A.12)),

– 18 –

Non-pointing 
photons

1

Displaced Di-Jet Emerging Jet

Figure 5: Di↵erence between a displaced dijet signature from the decay of a heavy long-lived
particle and the emerging jet signature.

are required and are fitted to the same displaced vertex. This di↵ers qualitatively from the

emerging jets scenario as shown in Fig. 5, and this can be seen from the specific analysis strategy

employed in [62]. In order to reduce background from pile up, this search requires one good vertex

with at least 4 GeV invariant mass and 8 GeV p
T

. Once that vertex is constructed, it eliminates

tracks which do not pass through that vertex. Most emerging jet events will already fail the

requirement of having two displaced jets that originate from the same vertex, as illustrated in

Fig 5. Furthermore, in the emerging jet scenario with many di↵erent displaced vertices, this

algorithm will have di�culty choosing a vertex and then will throw out the majority of the

tracks, drastically reducing the signal e�ciency. While this search is di�cult to accurately recast,

it is clearly not optimal, and it is unlikely to be sensitive to the emerging jet signal.

ATLAS displaced event triggers: ATLAS has published a description of triggers [63]

that can be used for displaced events. As we will see below, triggering is not a problem for our

signal because of the energy deposited in the calorimeters. The main ATLAS trigger for objects

that decay before reaching the calorimeter requires zero tracks reconstructed using the standard

algorithm within the jet cone. It also requires a muon inside that cone with p
T

> 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [64] and one for lepton jets [65]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.5 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

5The lepton jet search only requires this for their hadronic category, but the categories that require muons will
also not be sensitive.
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Schwaller et al. 2015

Primulando et al. 2015
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Dark matter and U(1)’

• Massive Z’ can decay to SM states 
• Leptophobic couplings of light Z’, 

could be generated by operator 
like 
 

• Could also consider kinetically 
mixed Z’ (epsilon constrained to 
1e-3 for GeV mass)

Given CMB constraints, 
asymmetric DM for light vector, 

or symmetric if light scalar

�v ⇠ ⇡(↵�)2

m2
�

↵� & 5⇥ 10�5
⇣ m�

GeV

⌘

Relic abundance:

V γ, Z

ψ

ψ

SM

ψ

ψ V

V

Figure 2: WIMP annihilation for: (A) mψ < mV on the left; and (B) mψ > mV on the right – the secluded
regime in which the annihilation may proceed via two metastable on-shell V ’s, which ultimately decay to
SM states.

energy scale for the problem, in this limit one may substitute ∂µBµν by the total hypercharge
current and neglect the influence of SM threshold effects. For small mixing, characterized
by β ≪ 1 where

β ≡

(

κe′

e cos θW

)2

, (4)

the resulting annihilation cross section for nonrelativistic WIMPs takes the following form,

⟨σannv⟩mψ≫mSM
≈ 1.3 pbn × β

(

500 GeV

mψ

)2

×

(

4m2
ψ

4m2
ψ − m2

V

)2

, (5)

proceeding in the l = 0 channel with an obvious pole at mψ = mV /2, in the vicinity of
which a more accurate treatment of the thermal average is required. The result depends
on the mixing parameter β and the sum of squares of the hypercharges for the SM fields,
∑

fermions Y 2
f + 1

2

∑

bosons Y 2
b = 10 + 0.25. Note that in the opposite limit, mb ≪ mψ ≪ mZ ,

the total cross section is instead proportional to the sum of squares of all the electric charges
of SM fermions with the exception of the t-quark.

This cross-section needs to be compared with the constraint on the dark matter energy
density provided by recent cosmological observations:

2 ×
109(mψ/Tf)

√

g∗(Tf ) × GeV × MPl⟨σv⟩
≤ ΩDMh2 ≃ 0.1, (6)

where Tf is the freeze-out temperature (it suffices here to take mψ/Tf ≃ 20), g∗ the effective
number of degrees of freedom at freeze-out, and the extra factor of two relative to the
standard formula (see e.g. [16]) is because annihilation can occur only between particles and
anti-particles.

In Fig. 3, we exhibit the abundance constraint on the β − mψ plane for a specific choice
of mediator mass, mV = 400 GeV, by saturating the inequality (6). This value of mV

lies outside the direct reach of LEP or the Tevatron but is certainly within range for the
LHC. One can clearly see the enhancement of the annihilation cross section in the vicinity
of the two vector resonance poles, Z and V , where the mixing parameter β is allowed to be
significantly smaller than 1.

This model is subject to various constraints from direct searches and collider physics.

4

�m��̄�+ g�Z
0
µ�̄�

µ�

1

⇤2

�
�†Dµ�

�
(ū�µu)



Benchmarks

12

• Production through heavy states (hidden valley)

Assume contact 
operator

3 Secluded Dark Z 0
Model

How the dark matter is produced at colliders is model-dependent, but generically there are two
possibilities. The first possibility, which we call the “secluded dark Z 0 model” [50], is that the SM
particles are charge-neutral under the dark U(1)0, but have additional interactions with dark matter
particles. The second possibility, which we call the “public dark Z 0 model”, is to have some SM
particles also charged under the dark U(1)0 gauge symmetry. We focus on the secluded Z 0 model
in this section.

3.1 Elastic Dark Matter

In this first class of models, we consider a Z 0 under which only the dark matter particle is charged.
The interactions between the dark matter and SM particles can be independent of the Z 0 and
described by effective higher dimensional operators. For simplicity, we choose the dark matter
particle to be a vector-like Dirac fermion under the U(1)0 with a unit charge and an interaction
g�Z 0

µ��µ�. Concentrating on the up quark, we consider two effective operators for dark matter
production:

OV =
��µ� u�µu

⇤2

, OA =
��µ�5� u�µ�5u

⇤2

. (3)

The effective dark matter interactions with other quarks can be studied in a similar manner.
For this secluded dark Z 0 model, the main production of mono-Z 0 events is from dark matter

final state radiation. In Fig. 4, we show the production cross sections at the 14 TeV LHC for a
light Z 0 with g� = 1, MZ0 = 1 GeV and taking a large cutoff ⇤ = 5 TeV such that we have an
approximately valid effective operator description. As a comparison, we also show the ordinary
mono-jet production cross sections for the same operator. As one can see, for dark matter mass
below around 200 GeV, the mono-Z 0 production cross section is larger than the mono-jet one for
the same dark matter mass.

The mono-Z 0 cross section in Fig. 4 decreases as the dark matter mass increases even for a light
Z 0 mass. This can be understood by looking at the off-shell dark matter propagator. For final
state radiation, �

o↵�shell

! � + Z 0, we can consider the kinematics of the region where � and Z 0

have the same direction in the central direction. So, one has p(�) =
⇣q

(p�T )2 + m2

�, p�T , 0, 0
⌘

and

p(Z 0) =

✓q
(pZ

0
T )2 + M2

Z0 , pZ
0

T , 0, 0

◆
. The denominator of the off-shell dark matter propagator is

[p(�) + p(Z 0)]2 � m2

� ⇡ pZ
0

T

p�T
m2

� +
p�T
pZ

0
T

M2

Z0 + M2

Z0 , (4)

in the limit of pZ
0

T , p�T � m�, MZ0 . Since large pZ
0

T = Emiss

T is required for the mono-Z 0 event, both
the dark matter mass and the Z 0 mass must be relatively light in order to boost the rate. Therefore,
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• Part 2 (later): add a splitting (inelastic dark matter)

4

Z 0

�1

�2 �1

Z 0

q

q̄

FIG. 2: Diagram of the production of �1�2, followed by
decay of the heavier dark sector state �2 to Z0 + �1, where
�1 is a possible dark matter candidate.

Higgs cannot be much heaver than the Z 0. In order to
capture most of the e↵ects of di↵erent particle masses,
we simply consider here two benchmark scenarios. In
the “light” MhD benchmark case, we set:

MhD =

(
MZ0 , MZ0 < 125 GeV

125 GeV , MZ0 > 125 GeV,
(4)

In the “heavy” MhD benchmark case, we set3:

MhD =

(
125 GeV , MZ0 < 125 GeV

MZ0 , MhD > 125 GeV.
(5)

Light Vector

When the Z 0 is relatively light, it can be produced in
the decays of dark sector states4. An example is given in
Fig. 2, where the Z 0 possesses o↵-diagonal couplings to
dark sector states �2 and �1. If the mass splitting be-
tween the two states is larger than MZ0 , the heavier state
(�2) can decay to an on-shell Z 0 and a �1. Meanwhile �1

is stable and a dark matter candidate.
As a concrete example, we consider a Z 0 coupled to a

new fermion which has both Dirac and Majorana masses.
The fermion � initially has a Dirac mass Md and vector
coupling with respect to the Z 0. A Majorana mass can
be generated from the vev of a U(1)0 Higgs through an
interaction y����̄�c, so that

L � �̄(i /D � Md)� � Mm

2
(�̄�c + h.c.). (6)

3 For the lowest mass point considered MZ0 = 50 GeV, the decay of
hD ! Z0Z0 is kinematically allowed; for simplicity we continue
to fix the hD invisible branching fraction to 1.

4 Alternatively, the Z0 can be produced as radiation from o↵-shell
dark sector states [35, 36].

This will lead to two Majorana states �1,2 with masses
M1,2 = |Mm ± Md|. The interaction with the Z 0 is o↵-
diagonal and can be written as:

g�

2
Z 0

µ

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
(7)

As long as the splitting is large enough, it is possible to
have the decay �2 ! Z 0�1. For example, if the scalar
giving rise to the Majorana mass is also the scalar re-
sponsible for U(1)0 breaking, Mm can easily be of order
MZ0 . Here we have assumed a charge conjugation sym-
metry, such that there is only one Majorana mass; if there
are di↵erent Majorana masses for left- and right-handed
components, diagonal couplings are also present.
As in the previous model, we allow the Z 0 couplings to

quarks and leptons to be set by additional free parame-
ters. Our assumption is that the �2 has 100% branching
to �1Z 0, and that the Z 0 has 100% branching to qq̄, giving
the final state signature of a dijet resonance plus miss-
ing transverse momentum. For the dilepton plus missing
transverse momentum signature, we allow for a signifi-
cant branching fraction of the Z 0 to muons.
To avoid scanning over too many parameters, we con-

sider two sets of benchmarks for M1,2. Since the cross
section increases with lower �1 mass, we include one op-
timistic case with very light �1:

M1 = 5 GeV, M2 = M1 + MZ0 +�; � = 25 GeV (8)

This case is somewhat tuned for large Z 0 mass, since
it requires a cancellation between Dirac and Majorana
masses.

We also include a case where the fermion masses scale
with MZ0 :

M1 = MZ0/2, M2 = 2MZ0 (9)

With M1 < MZ0 , the interactions above are not su�cient
for �1 to obtain the correct thermal abundance in the
standard cosmology. Since this is model-dependent, we
leave this an open question and instead focus here on
lighter dark sector masses, where the LHC sensitivity is
better.

Light Z0 with Inelastic EFT coupling

The models thus far rely on the Z 0 coupling to quarks
in order to be produced at the LHC. Rather than produc-
ing dark sector states through the new Z 0, we consider
the possibility that it is produced through a new contact
interaction:

1

2⇤2
q̄�µq

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
. (10)

Similar to the model just discussed, we have assumed
two dark sector states �1,2 with an o↵-diagonal coupling

q

q̄ �̄

�⇤Adding dark higgs coupling / majorana mass:



Radiation from dark matter
• Final state radiation of DM in colliders - especially important 

if the dark matter is light and there is also a light force carrier
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Analogous to 
radiation from 

charged particles:

� e+

e�

Z 0 �

�

• I will focus on single emission of a somewhat high-pT Z’.
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Figure 6: On the left we depict the normalized distributions for the expected number of radiated
dark photons in rare Z0 decays into the dark sector. On the right is a contour plot of the number
of soft dark photon emissions per neutralino as a function of the dark gauge coupling αd and the
neutralino mass MÑ . The linear dependence on αd and logarithmic dependence on MÑ is in accord
with the naive expectation, Eq. (3.1). The plots were produced using a 3 GeV pT cut on the dark
photons. Both plots are for LHC at 10 TeV center of mass energy.
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Figure 7: The pT distribution of radiated dark photons for rare Z0 decays and neutralino cascades.

Altogether, the effects of radiation in rare Z0 decays into the dark sector are rather mild.

The energy scale involved is somewhat lower as compared with neutralino pair production and

subsequently the radiation is softer and less pronounced. On the other hand, for neutralino

cascades into the dark sector the effects of radiation are important. The presence of these

extra radiated photons modifies and enriches the structure of the resulting lepton jets as we

discuss in the next section.

10

U(1)’ case
• Emissions of Z’ for large enough couplings and light 

mass scales.

14
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Spectrum of Z’ emitted
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(a) (b)

(c) (d)

FIG. 5: (a), (b) Energy spectrum f�(X) of DM particles � after final state radiation; (c), (d) energy spectrum
fA0(Z) of dark photons A0 emitted as final state radiation. The panels on the left are for benchmark point
A from table I, the panels on the right are for benchmark point B. In all cases, we assume � pair production
at a center of mass energy

p
ŝ = 1 TeV. We compare the results from the recursion formulas described

in sec. III C, the Mellin transform method developed in sec. IIID, the dark photon shower simulation in
Pythia, and a simple leading order simulation of e+e� ! Z

0 ! �̄�A

0 in CalcHEP. For the Mellin transform
method, we also show the result separated according to the number of A0 bosons emitted in each �̄� pair
production event.

implement the last requirement by demanding that the parent A

0 of the muon decays within a
radius of 122.5 mm (corresponding to the position of the last silicon pixel layer) from the beam
axis. Finally, muon tracks are required to have a transverse impact parameter |d

0

| < 1 mm with
respect to the primary vertex.

We cluster muons into lepton jets using the following algorithm: we collect all muons with a
cone of radius �R = 0.1 around the highest-p

T

muon in the event to form the first lepton jet. We
then iterate this procedure, starting, in each iteration, with the highest-p

T

muon not associated
with a lepton jet yet. Ref. [12] then defines two classes of events that are considered in the analysis:

Double muon jet events require at least two muonic lepton jets, each of which must contain at
least two muons with p

T

> 11 GeV. If the event was selected only by the single muon trigger, the
leading muon in the lepton jet is in addition required to have p

T

> 23 GeV. Moreover, the two
muons closest in p

T

within each lepton jet are required to have an invariant mass m

µµ

< 2 GeV.

15
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Z’ can carry away O(1) fraction of momentum



Mono-Z’ jets
• GeV-scale Z’ decaying to 

hadrons → new narrow 
jet signature in the highly 
boosted regime 

• One way for GeV-scale 
Z’s to couple to SM is 
through kinetic mixing. 
Expect both lepton jets, 
light Z’ jets

16
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3 Secluded Dark Z 0
Model

How the dark matter is produced at colliders is model-dependent, but generically there are two
possibilities. The first possibility, which we call the “secluded dark Z 0 model” [50], is that the SM
particles are charge-neutral under the dark U(1)0, but have additional interactions with dark matter
particles. The second possibility, which we call the “public dark Z 0 model”, is to have some SM
particles also charged under the dark U(1)0 gauge symmetry. We focus on the secluded Z 0 model
in this section.

3.1 Elastic Dark Matter

In this first class of models, we consider a Z 0 under which only the dark matter particle is charged.
The interactions between the dark matter and SM particles can be independent of the Z 0 and
described by effective higher dimensional operators. For simplicity, we choose the dark matter
particle to be a vector-like Dirac fermion under the U(1)0 with a unit charge and an interaction
g�Z 0

µ��µ�. Concentrating on the up quark, we consider two effective operators for dark matter
production:

OV =
��µ� u�µu

⇤2

, OA =
��µ�5� u�µ�5u

⇤2

. (3)

The effective dark matter interactions with other quarks can be studied in a similar manner.
For this secluded dark Z 0 model, the main production of mono-Z 0 events is from dark matter

final state radiation. In Fig. 4, we show the production cross sections at the 14 TeV LHC for a
light Z 0 with g� = 1, MZ0 = 1 GeV and taking a large cutoff ⇤ = 5 TeV such that we have an
approximately valid effective operator description. As a comparison, we also show the ordinary
mono-jet production cross sections for the same operator. As one can see, for dark matter mass
below around 200 GeV, the mono-Z 0 production cross section is larger than the mono-jet one for
the same dark matter mass.

The mono-Z 0 cross section in Fig. 4 decreases as the dark matter mass increases even for a light
Z 0 mass. This can be understood by looking at the off-shell dark matter propagator. For final
state radiation, �

o↵�shell

! � + Z 0, we can consider the kinematics of the region where � and Z 0

have the same direction in the central direction. So, one has p(�) =
⇣q

(p�T )2 + m2

�, p�T , 0, 0
⌘

and

p(Z 0) =

✓q
(pZ

0
T )2 + M2

Z0 , pZ
0

T , 0, 0

◆
. The denominator of the off-shell dark matter propagator is

[p(�) + p(Z 0)]2 � m2

� ⇡ pZ
0

T

p�T
m2

� +
p�T
pZ

0
T

M2

Z0 + M2

Z0 , (4)

in the limit of pZ
0

T , p�T � m�, MZ0 . Since large pZ
0

T = Emiss

T is required for the mono-Z 0 event, both
the dark matter mass and the Z 0 mass must be relatively light in order to boost the rate. Therefore,
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Light Z’
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• Assume Z’ has small coupling to SM fermions, with a 
prompt decay on collider scales as long as coupling is 
larger than roughly 1e-5 

• Distinguishing variables not very sensitive to model (Z’ 
decay) specifics. For example:  

• Compare kinetic mixing, with constraints on ϵ down to 
1e-3.

u�µu ! ⇡+@µ⇡
� � ⇡�@µ⇡

+ +K+@µK
� �K�@µK

+

L � �1

4
F 0
µ⌫F

0µ⌫ � ✏

2
F 0
µ⌫B

µ⌫

One can use the field transformation of Equation (2) and the charges of SM fermions

under the SM gauge group to calculate the couplings of SM fermions to the Z

0. If both

✏ ⌧ 1 and

�����
✏swM

2
Z

M

2
Z �M

2
B0

�����⌧ 1 (4)

are satisfied, we can work to first order in ✏, giving

✓z '
✏swM

2
Z

M

2
Z �M

2
B0

. (5)

In this regime, the couplings of the Z

0 to SM fermions are

gf̄fZ0 ' �✏

 
M

2
ZcweQf �M

2
B0gyYf

M

2
Z �M

2
B0

!
, (6)

where e and gy are the electromagnetic and hypercharge gauge couplings, Qf and Yf are the

electric charge and hypercharge of the fermion, and where we use the notation

L �
X

f

gf̄fZ0f�
µ
fZ

0
µ, (7)

with f = eL, eR, and so on. When either MB0 ⌧ MZ or MB0 � MZ is satisfied we can

further approximate Equation (6) as

gf̄fZ0 '

8
><

>:

�✏cweQf MB0 ⌧ MZ

�✏gyYf MB0 � MZ .

(8)

In the context of a dark matter model, the Z

0 might have a sizable branching ratios to

dark-sector final states. In this work we assume that the Z 0 decays exclusively to SM states.

This possibility fits in naturally with viable dark matter models, even for small values of ✏.

For example, if the dark matter is a fermion � charged under U(1)0, Z 0 decays to � pairs are

forbidden for M� > MZ0
/2, and for M� > MZ0 the � relic abundance can be regulated by

the annihilation process �
(�)
� ! Z

0
Z

0 for an appropriate value of the U(1)0 gauge coupling g

0

[29]. For the parameter region relevant to the collider studies considered in this paper (M 0
Z

in the ⇠ 10� 80 GeV range and ✏ > 10�3) results from LUX [30] rule out this �
(�)
� ! Z

0
Z

0

scenario for the case where the dark matter is a Dirac fermion, but the Majorana case is

viable. A Majorana mass can be generated by �� � interactions for suitably chosen U(1)0

charges.

4

Coupling of Z’ to SM fermions:



Z’ coupling to quarks
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Low mass  
leptophobic Z’s: 

• Carone & Murayama 1994 
• Frugiuele & Dobrescu 2014 
• Tulin 2014 
• …
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

Dobrescu & Yu 2013

Low mass Z’ is difficult to 
search for in dijets:

Z 0�

�̄

q

q̄
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Low mass  
leptophobic Z’s: 

• Carone & Murayama 1994 
• Frugiuele & Dobrescu 2014 
• Tulin 2014 
• …
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FIG. 2. Limits in the gz versus MZ′ plane for Z′

ds. The
shaded regions are excluded (see caption to Fig 1).

An U(2)L transformation of Q1
L and Q2

L can set yω21 = 0.
Similarly, the bRωi

L terms can be rotated away, and the
vector-like quark masses can be diagonalized, mω

i ω
iωi.

Comparing the operators (7) with the above Yukawa
terms, we find csi ≃ yω1i and cdi ≃ yω2i λ

d
2 for mω

1 ≪ mω
2 .

Mass terms involving fL or f ′
L (see Table I) and right-

handed SM leptons can be kept small by an approximate
discrete symmetry. These terms induce mixing of the
vector-like fermions with the SM leptons, so that f and
f ′ decay predominantly into Wν. The LEP bound on f
and f ′ masses is then around 100 GeV. Assuming that
the form factors for vector and axial couplings are equal,
the gz limit from φ meson decay is given by Eq. (5) with
εs → 9 and ψ → φ, and is shown in Fig. 2. If f and
f ′ have equal mass, then the Z-Z ′ mixing is suppressed.

The change in hadronic Z decays, due to Z ′ emission
and 1-loop corrections, excludes the region labelled RZ

in Fig. 2 (based on [6] with updated ∆αs).
Additional constraints for M ′

Z ! 0.5 GeV arise from
meson decays such as η→ γZ ′→ γπ+π− or η′→ Z ′Z ′→
π+π−π+π−. Currently, the limits are weaker than the
ones shown in Fig. 2, but future searches in these chan-
nels for π+π− resonances may probe lower values of gz.

Conclusions.—Besides the usual limits on light lepto-
phobic Z ′ bosons, from Υ decays and electroweak ob-
servables, we have found a strong constraint from the
requirement that new fermions cancel the gauge anoma-
lies. Collider limits on the new fermion masses imply an
upper limit on the gauge coupling. The same applies to
other light gauge bosons with anomalous charges for SM
fermions.
Nevertheless, the gauge coupling of a baryonic Z ′ may

be relatively large, of order 0.1 for M ′
Z " 2 GeV (Fig. 1).

Furthermore, we have presented a renormalizable model
where the only SM fields charged under the new group
are dR and sR, allowing even larger couplings (Fig. 2).
Future experiments may search for GeV-scale lepto-

phobic Z ′s in various ways, including non-standard me-
son decays and LHC signatures of boosted di-jet reso-
nances, as well as test them through searches for vector-
like fermions. If the Z ′ also couples to light dark matter
particles, then interesting phenomena may be uncovered
in neutrino detectors [28] and other experiments.
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be described by e↵ective higher dimensional operators. For simplicity, we choose dark matter to be

vector-like under U(1)0 with a unit charge and an interaction as g�Z 0
µ��µ�. Concentrating on the up

quark, we consider two e↵ective operators for dark matter

OV =
��µ� u�µu

⇤2

, OA =
��µ�5� u�µ�5u

⇤2

. (6)

For this secluded dark Z 0 model, the main production of mono-Z 0 signature events is from dark

matter final state radiation. In Fig. 3, we show the production cross sections at the 14 TeV LHC for

a light Z 0 with MZ0 = 1 GeV and a large cuto↵ ⇤ = 5 TeV to have an approximately valid e↵ective

operator description. As a comparison, we also show the mono-jet production cross section for the

same operator. As one can see, for a light dark matter below around 500 GeV, the mono-Z 0 production

cross section is larger than the mono-jet one for the same dark matter mass.
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Figure 3: Production cross sections of mono-Z 0 and mono-jet events at the 14 TeV LHC, generated
from MadGraph [8]. The band is to show the uncertainties by changing the renormalization and
factorization scale by a factor of two.

The mono-Z 0 cross section in Fig. 3 decreases as the dark matter mass increases. This can be

understood by looking at the o↵-shell dark matter propagator. For the final state radiation, �⇤ !
� + Z 0, we can consider the kinematics case with � and Z 0 along the same direction in the central

direction. So, one has p(�) =

✓q
p� 2

T + m2

�, p�T , 0, 0

◆
and p(Z 0) =

✓q
pZ

0
2

T + M2

Z0 , pZ
0

T , 0, 0

◆
. The

denominator of the o↵-shell dark matter propagator is

[p(�) + p(Z 0)]2 � m2

� ⇡ pZ
0

T

p�T
m2

� +
p�T
pZ

0
T

M2

Z0 + M2

Z0 , (7)

in the limit of pZ
0

T , p�T � m�, MZ0 . So, increasing the dark matter mass will decrease the production

cross section.

4

• Increased rate for Z’ radiation compared to  
initial state radiation (QCD jets) 

monojet

mono-Z’
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Z’: Mostly 2-track  
decay due to mass 

scale, charge 
conservation

Track multiplicity - primary 
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QCD: high track 
multiplicity
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Light Z’-jet tagging

Z’: small 
cone of 

radiation

QCD

Our paper is organized as follows. We begin in Section 2 with a general discussion of the collider
signature of a GeV-scale Z 0 jet, employing jet substructure variables for Z 0-jet tagging. In Section 3
we discuss secluded dark Z 0 models. We consider the elastic dark matter case in Section 3.1 and
the inelastic dark matter case in Section 3.2, and compute the sensitivity at the 14 TeV LHC. In
Section 4 we turn to a “public” dark Z 0 model, where SM fermions are also charged under the Z 0,
and determine the projected LHC sensitivity. Finally, we conclude our paper in Section 5.

2 Mono-Z 0
Jets

Light Z 0s decaying hadronically give rise to mono-Z 0 jets, which have different characteristics com-
pared to an ordinary QCD jet. Since the Z 0 is produced in association with large Emiss

T , it is highly
boosted, leading to a jet with a small-radius cone of radiation, of typical size ⇠ MZ0/pT (Z 0). Fur-
thermore, the dominant Z 0 decay leads to two tracks and favors a smaller jet mass. Meanwhile,
high pT QCD jets on average have a larger track multiplicity and a larger jet mass. This motivates
us to employ jet-substructure techniques to distinguish the mono-Z 0 jet from an ordinary QCD jet.

Our mono-Z 0 jet has many similarities to the hadronic ⌧ (or ⌧h) object: both have only a few
hadrons confined in a small geometric region and have low invariant mass. In our implementation
of light Z 0 tagging, we therefore adopt a number of the substructure variables used in ⌧ -tagging at
the LHC [43, 44]. Due to charge conservation and the low mass of the Z 0, our mono-Z 0 jet prefers
to have two charged particles in the final state, so it should behave dominantly as a two-prong
object instead of one-prong or three-prong structure like ⌧h. Depending on the ability to resolve
the number of tracks, the ⌧h can comprise part of the background for the mono-Z 0 signal.

Motivated by the ⌧ -tagging variables in Ref. [43], we consider the following four primary variables
for mono-Z 0 jet tagging. Here our reconstruction algorithm is seeded from jet-objects reconstructed
using the anti-kt algorithm [45] with R = 0.4.

• N
track

, the number of tracks in the leading �R = 0.2 subjet.

• m
track

, the track jet mass.

• Track radius R
track

, the pT -weighted track width:

R
track

=

P
�Ri0.4
i,tracks pT,i �Ri
P

�Ri0.4
i,tracks pT,i

. (1)

• f
core

, which parametrizes the pT -fraction of the leading subjet:

f
core

⌘
P

�Ri<0.1
i piTP
�Ri<0.2
i piT

. (2)

3

Track radius: 
pT-weighted 
track radius



0 10 20 30 40 50
Track jet mass (GeV)

0.00

0.05

0.10

0.15

0.20

0.25

F
ra

ct
io

n
of

ev
en

ts

Herwig

p
s = 14 TeV, MZ 0 = 1 GeV, pT > 500 GeV

Pythia 8.1

Z 0

QCD jet

24

QCD: larger 
invariant mass 
at higher pT

Z’: low mass 
preferred

Light Z’-jet tagging



0.75 0.80 0.85 0.90 0.95 1.00
fcore in �R=0.1

0.0

0.2

0.4

0.6

0.8

1.0

F
ra

ct
io

n
of

ev
en

ts

Herwig

p
s = 14 TeV, MZ 0 = 1 GeV, pT > 500 GeV

Pythia 8.1

Z 0

QCD jet

25

Light Z’-jet tagging

Our paper is organized as follows. We begin in Section 2 with a general discussion of the collider
signature of a GeV-scale Z 0 jet, employing jet substructure variables for Z 0-jet tagging. In Section 3
we discuss secluded dark Z 0 models. We consider the elastic dark matter case in Section 3.1 and
the inelastic dark matter case in Section 3.2, and compute the sensitivity at the 14 TeV LHC. In
Section 4 we turn to a “public” dark Z 0 model, where SM fermions are also charged under the Z 0,
and determine the projected LHC sensitivity. Finally, we conclude our paper in Section 5.

2 Mono-Z 0
Jets

Light Z 0s decaying hadronically give rise to mono-Z 0 jets, which have different characteristics com-
pared to an ordinary QCD jet. Since the Z 0 is produced in association with large Emiss

T , it is highly
boosted, leading to a jet with a small-radius cone of radiation, of typical size ⇠ MZ0/pT (Z 0). Fur-
thermore, the dominant Z 0 decay leads to two tracks and favors a smaller jet mass. Meanwhile,
high pT QCD jets on average have a larger track multiplicity and a larger jet mass. This motivates
us to employ jet-substructure techniques to distinguish the mono-Z 0 jet from an ordinary QCD jet.

Our mono-Z 0 jet has many similarities to the hadronic ⌧ (or ⌧h) object: both have only a few
hadrons confined in a small geometric region and have low invariant mass. In our implementation
of light Z 0 tagging, we therefore adopt a number of the substructure variables used in ⌧ -tagging at
the LHC [43, 44]. Due to charge conservation and the low mass of the Z 0, our mono-Z 0 jet prefers
to have two charged particles in the final state, so it should behave dominantly as a two-prong
object instead of one-prong or three-prong structure like ⌧h. Depending on the ability to resolve
the number of tracks, the ⌧h can comprise part of the background for the mono-Z 0 signal.

Motivated by the ⌧ -tagging variables in Ref. [43], we consider the following four primary variables
for mono-Z 0 jet tagging. Here our reconstruction algorithm is seeded from jet-objects reconstructed
using the anti-kt algorithm [45] with R = 0.4.

• N
track

, the number of tracks in the leading �R = 0.2 subjet.

• m
track

, the track jet mass.

• Track radius R
track

, the pT -weighted track width:

R
track

=

P
�Ri0.4
i,tracks pT,i �Ri
P

�Ri0.4
i,tracks pT,i

. (1)

• f
core

, which parametrizes the pT -fraction of the leading subjet:

f
core

⌘
P

�Ri<0.1
i piTP
�Ri<0.2
i piT

. (2)

3pT-fraction of 
leading subjet



Jet-pT smearing
• Track-based observables, 5% uncertainty on track pT:
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Z’-jet tagging
• For default cuts, 

can reject QCD 
jets at high 
significance
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Hadronic !h

• (By definition) look very similar to GeV-scale Z’s 
• W* →!hν is also background, but sub-dominant for large 

MET, and could be further suppressed by vetoing 1- and 
3-prong events 

• Single hadronic tau trigger → Z’-jet trigger?

29

2 4 6 8 10 12 14 16
Ntrack in leading R=0.2 subjet

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

E
ve

nt
s

p
s = 14 TeV, MZ 0 = 1 GeV, MET>500

Z 0

QCD jet

hadronic ⌧

0.00 0.02 0.04 0.06 0.08 0.10
Rtrack

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

E
ve

nt
s

p
s = 14 TeV, MZ 0 = 1 GeV, MET>500

Z 0

QCD jet

hadronic ⌧

0 10 20 30 40 50
Track jet mass (GeV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

E
ve

nt
s

/2
G

eV

p
s = 14 TeV, MZ 0 = 1 GeV, MET>500

hadronic ⌧

QCD jet

Z 0



Z’+MET sensitivity
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More monojets

With light Z’-tagging

Assumed 10% systematic 
uncertainty on background

• New collider signal 
• Significant increase  

in sensitivity 
• LHC probe of light 

DM with dark force
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FIG. 2: Diagram of the production of �1�2, followed by
decay of the heavier dark sector state �2 to Z0 + �1, where
�1 is a possible dark matter candidate.

Higgs cannot be much heaver than the Z 0. In order to
capture most of the e↵ects of di↵erent particle masses,
we simply consider here two benchmark scenarios. In
the “light” MhD benchmark case, we set:

MhD =

(
MZ0 , MZ0 < 125 GeV

125 GeV , MZ0 > 125 GeV,
(4)

In the “heavy” MhD benchmark case, we set3:

MhD =

(
125 GeV , MZ0 < 125 GeV

MZ0 , MhD > 125 GeV.
(5)

Light Vector

When the Z 0 is relatively light, it can be produced in
the decays of dark sector states4. An example is given in
Fig. 2, where the Z 0 possesses o↵-diagonal couplings to
dark sector states �2 and �1. If the mass splitting be-
tween the two states is larger than MZ0 , the heavier state
(�2) can decay to an on-shell Z 0 and a �1. Meanwhile �1

is stable and a dark matter candidate.
As a concrete example, we consider a Z 0 coupled to a

new fermion which has both Dirac and Majorana masses.
The fermion � initially has a Dirac mass Md and vector
coupling with respect to the Z 0. A Majorana mass can
be generated from the vev of a U(1)0 Higgs through an
interaction y����̄�c, so that

L � �̄(i /D � Md)� � Mm

2
(�̄�c + h.c.). (6)

3 For the lowest mass point considered MZ0 = 50 GeV, the decay of
hD ! Z0Z0 is kinematically allowed; for simplicity we continue
to fix the hD invisible branching fraction to 1.

4 Alternatively, the Z0 can be produced as radiation from o↵-shell
dark sector states [35, 36].

This will lead to two Majorana states �1,2 with masses
M1,2 = |Mm ± Md|. The interaction with the Z 0 is o↵-
diagonal and can be written as:

g�

2
Z 0

µ

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
(7)

As long as the splitting is large enough, it is possible to
have the decay �2 ! Z 0�1. For example, if the scalar
giving rise to the Majorana mass is also the scalar re-
sponsible for U(1)0 breaking, Mm can easily be of order
MZ0 . Here we have assumed a charge conjugation sym-
metry, such that there is only one Majorana mass; if there
are di↵erent Majorana masses for left- and right-handed
components, diagonal couplings are also present.
As in the previous model, we allow the Z 0 couplings to

quarks and leptons to be set by additional free parame-
ters. Our assumption is that the �2 has 100% branching
to �1Z 0, and that the Z 0 has 100% branching to qq̄, giving
the final state signature of a dijet resonance plus miss-
ing transverse momentum. For the dilepton plus missing
transverse momentum signature, we allow for a signifi-
cant branching fraction of the Z 0 to muons.
To avoid scanning over too many parameters, we con-

sider two sets of benchmarks for M1,2. Since the cross
section increases with lower �1 mass, we include one op-
timistic case with very light �1:

M1 = 5 GeV, M2 = M1 + MZ0 +�; � = 25 GeV (8)

This case is somewhat tuned for large Z 0 mass, since
it requires a cancellation between Dirac and Majorana
masses.

We also include a case where the fermion masses scale
with MZ0 :

M1 = MZ0/2, M2 = 2MZ0 (9)

With M1 < MZ0 , the interactions above are not su�cient
for �1 to obtain the correct thermal abundance in the
standard cosmology. Since this is model-dependent, we
leave this an open question and instead focus here on
lighter dark sector masses, where the LHC sensitivity is
better.

Light Z0 with Inelastic EFT coupling

The models thus far rely on the Z 0 coupling to quarks
in order to be produced at the LHC. Rather than produc-
ing dark sector states through the new Z 0, we consider
the possibility that it is produced through a new contact
interaction:

1

2⇤2
q̄�µq

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
. (10)

Similar to the model just discussed, we have assumed
two dark sector states �1,2 with an o↵-diagonal coupling
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to �1Z 0, and that the Z 0 has 100% branching to qq̄, giving
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cant branching fraction of the Z 0 to muons.
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tween the two states is larger than MZ0 , the heavier state
(�2) can decay to an on-shell Z 0 and a �1. Meanwhile �1

is stable and a dark matter candidate.
As a concrete example, we consider a Z 0 coupled to a

new fermion which has both Dirac and Majorana masses.
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hD ! Z0Z0 is kinematically allowed; for simplicity we continue
to fix the hD invisible branching fraction to 1.

4 Alternatively, the Z0 can be produced as radiation from o↵-shell
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giving rise to the Majorana mass is also the scalar re-
sponsible for U(1)0 breaking, Mm can easily be of order
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metry, such that there is only one Majorana mass; if there
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As in the previous model, we allow the Z 0 couplings to

quarks and leptons to be set by additional free parame-
ters. Our assumption is that the �2 has 100% branching
to �1Z 0, and that the Z 0 has 100% branching to qq̄, giving
the final state signature of a dijet resonance plus miss-
ing transverse momentum. For the dilepton plus missing
transverse momentum signature, we allow for a signifi-
cant branching fraction of the Z 0 to muons.
To avoid scanning over too many parameters, we con-

sider two sets of benchmarks for M1,2. Since the cross
section increases with lower �1 mass, we include one op-
timistic case with very light �1:

M1 = 5 GeV, M2 = M1 + MZ0 +�; � = 25 GeV (8)

This case is somewhat tuned for large Z 0 mass, since
it requires a cancellation between Dirac and Majorana
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We also include a case where the fermion masses scale
with MZ0 :

M1 = MZ0/2, M2 = 2MZ0 (9)

With M1 < MZ0 , the interactions above are not su�cient
for �1 to obtain the correct thermal abundance in the
standard cosmology. Since this is model-dependent, we
leave this an open question and instead focus here on
lighter dark sector masses, where the LHC sensitivity is
better.

Light Z0 with Inelastic EFT coupling

The models thus far rely on the Z 0 coupling to quarks
in order to be produced at the LHC. Rather than produc-
ing dark sector states through the new Z 0, we consider
the possibility that it is produced through a new contact
interaction:

1

2⇤2
q̄�µq

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
. (10)

Similar to the model just discussed, we have assumed
two dark sector states �1,2 with an o↵-diagonal coupling

Off-diagonal coupling can be generated 
by Dirac fermion DM + Majorana mass:

Can probe co-annihilating 
thermal relic region  

(w/ displaced leptons):

Izaguirre et al. 2015

2

colliders. Y depends on the mode by which DM couples
inelastically to the SM. As we elaborate in Sec. II, the
representative models we consider lead to two promising
modes of DM⇤ decay, namely Y = � and Y = `+`�.

In this study, we propose a suite of collider searches
for inelastic DM signatures. In particular, we focus on
DM and DM⇤ masses in the 100 MeV-tens of GeV range,
and splittings of order ⇠ 1 � 10% of the DM mass, one
of the blind spots of the current search program due to
the suppression of indirect and direct detection signa-
tures. For such light masses, when the DM and DM⇤

states recoil against a comparatively hard jet or photon,
the soft SM decay products of the excited state are typ-
ically aligned with the missing momentum. We show
that this feature allows for the e↵ective suppression of
the electroweak backgrounds for conventional monojet
and monophoton searches. Moreover, for thermal-relic
DM-SM couplings and O(10%) mass splittings between
the ground and excited states, the decay of DM⇤ can also
occur on macroscopic distances, leading to displaced ver-
tices and other non-prompt phenomena. This results in
the possibility of a low-background search over much of
the DM parameter space; indeed, the distinctive kine-
matics of iDM production at colliders allows for sensi-
tivity to the interactions responsible for the cosmological
DM abundance. This is in contrast with traditional col-
lider probes of many elastic DM models, where the large
SM backgrounds strongly limit the sensitivity to thermal
relic scenarios where the dominant DM-SM interaction
is mediated by a new particle with mass at or below the
weak scale. We illustrate the sensitivity to iDM in two
concrete representative models: a model where DM in-
teracts with the SM via a kinetically mixed dark photon
[41], and a model where DM couples inelastically to the
SM via a magnetic dipole moment [42, 43]. We summa-
rize our results in Figs. 2 – 5.

In addition to the iDM signatures considered here,
there are many other manifestations of dark sector states
at colliders, which can give taggable objects such as hard
final-state radiation of new gauge bosons, energetic SM
states from excited DM decay, and dark showers [44–50]
that are complementary to our studies. Inelastic DM
decays with monojet + soft hadronic displaced signa-
tures were considered in the contact interaction limit in
Ref. [21]. Finally, monojet + soft object searches are also
useful for compressed supersymmetric spectra (for recent
examples, see Ref. [51–60]), although our work examines
parametrically di↵erent masses and splittings and di↵er-
ent final states, focusing particularly on long-lived decays
and exploiting di↵erent kinematic features.

The rest of this paper is organized as follows: in Sec. II,
we present the two classes of representative models that
this paper studies. We then propose a series of poten-
tially powerful collider searches at both B-factories and
the LHC in Sec. III. The cosmology of these models is de-
scribed in Sec. IV. Finally, we discuss existing constraints
on the simplified models in Sec. V.
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FIG. 1: Schematic diagram depicting a characteristic iDM
production event at the LHC: pp ! j +DM DM⇤, where DM
is the dominant DM component in our halo and DM⇤ is a
heavier, unstable DS state. The final state contains visible SM
particles (� or `

+
`

�) and missing transverse energy produced
in association with a QCD jet. At lepton colliders, a similar
process of interest is e

+
e

� ! � DM DM⇤.

II. REPRESENTATIVE MODELS

The classes of models we consider in this paper all fea-
ture dark matter currents that couple inelastically to the
SM. Some of the simplest realizations of DM-SM interac-
tions involve an additional massive mediator particle that
connects SM and DM currents – e.g. a kinetically mixed
dark photon or a Z 0. We also consider the possibility that
DM couples to SM gauge bosons via higher-dimensional
operators. In the simplest such example, fermionic DM
couples to �/Z via a magnetic dipole moment: if DM is
Majorana, this coupling must be inelastic.

We now discuss in turn each of the two models in
our study: a dark photon and magnetic inelastic DM
(MiDM).

A. Dark Photon Model

A simple, well-motivated candidate mediator between
the dark and visible sector is a massive dark-sector gauge
boson A0, whose most general renormalizable Lagrangian
contains

✏Y
2
F 0
µ⌫B

µ⌫ +
m2

A0

2
A0

µA
0µ + gBµJ µ

Y + gDA0
µJ µ

D. (1)

Here, ✏Y is the kinetic mixing parameter, A0 is the mas-
sive “dark photon” of a broken U(1)D symmetry, B is
the hypercharge gauge boson, F 0

µ⌫ and Bµ⌫ are the dark-
photon and hypercharge field strength tensors, JY is the
SM hypercharge current, JD is the dark current, and mA0

is the dark photon’s mass.
After electroweak symmetry breaking, A0 mixes with

both � and Z, so in the SM mass eigenbasis the La-

Displaced pion:  
Bai & Tait 2011

—> primarily off-diagonal couplings 
of Z’, no associated monojet signal

3.2 Inelastic Dark Matter

Next we consider a dark matter sector with an inelastic splitting between the ground state � and
excited state �⇤. The kinematics of the mono-Z 0 signal is now different if the decay �⇤ ! �Z 0 is
permitted. We introduce Dirac dark matter fields with an off-diagonal coupling to Z 0 as

g� (�⇤�
µ� + ��µ�⇤) Z 0

µ . (12)

A simple way to realize this interaction without any corresponding diagonal interactions is to have
two Dirac fermions, �

1

and �
2

, which have opposite charges under the U(1)0 symmetry but identical
masses. The choice of equal masses and opposite charges is protected by a matter parity under
which: �

1

! �i�2�⇤
2

and �
2

! �i�2�⇤
1

. To generate a mass splitting between those two states,
one can introduce the matter parity breaking operator � �0�̄

1

�
2

+ �⇤ �0 †�̄
2

�
1

. Here, the scalar
field �0 has a non-zero VEV to break the U(1)0 gauge symmetry. Rotating to the mass eigenstate,
� = (�

1

� �
2

)/
p

2 and �⇤ = (�
1

+ �
2

)/
p

2, we have only the off-diagonal coupling in Eq. (12). For
this specific realization, we anticipate the mass difference � ⌘ m�⇤ � m� to be at the same order
of magnitude as MZ0 and can be dramatically smaller than the dark matter mass.

The main decay channel of �⇤ is �⇤ ! � + Z 0 and has the decay width

�(�⇤ ! � + Z 0) =
g2�

16⇡m3

�⇤M
2

Z0

⇥
(m2

� + m�⇤)
2 + 2M2

Z0
⇤ ⇥

(m�⇤ � m�)2 � M2

Z0
⇤

⇥
q⇥

(m�⇤ + m�)2 � M2

Z0
⇤ ⇥

(m�⇤ � m�)2 � M2

Z0
⇤

⇡ g2�
2⇡ M2

Z0
(�2 � M2

Z0)3/2 . (13)

where in the second line we have taken the limit of � ⇠ MZ0 ⌧ m�. For g� = 1, � = 2 GeV and
MZ0 = 1 GeV, we have �(�⇤ ! � + Z 0) = 0.83 GeV for a very heavy dark matter mass. Similar
to the elastic dark matter model, there can be an interaction Z 0

µū�µu which allows the light Z 0 to
decay into two or more charged hadrons.

We introduce effective higher-dimensional operators to couple dark matter to the SM quarks.
As an example, we consider the following operator

(�⇤�
µ� + ��µ�⇤) u�µup

2 ⇤2

, (14)

where we introduce the factor of 1/
p

2 to have the same mono-jet production for the same cutoff
defined in Eq. (3). At the LHC, the signal process contains both the two-body production with a
subsequent decay, pp ! ��⇤ ! ��Z 0, or a three-body production pp ! ��Z 0. For a stringent cut
like pT (Z 0) > 500 GeV, the two-body productions become important only for a light dark matter
mass because of the need of a large boost for Z 0. If the excited state is light enough, then it can
be produced on-shell with a large boost O(100), which in turn allows the Z 0 produced in the decay
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Mm ⇠ y�h�i
Splitting easily has similar 

scale as gauge bosons:



Inelastic dark matter
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Improvement in sensitivity for inelastic 
dark matter
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More monojets

With light Z’-tagging

Assumed 10% systematic 
uncertainty on background



Dijet & dilepton resonances
• In the inelastic case, heavier Z’ can be produced 

in the decay of the excited state without 
kinematic suppression 

• We consider the mass range: MZ’ = 50-800 GeV 

• The signal is not captured as efficiently by 
existing MET-based searches, and the presence 
of a resonance would be a strong indication of 
new particles/physics

35
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Dijet resonances plus MET
• We consider the mass range: MZ’ = 50-800 GeV
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strong requirements on HT, etc.  
!

• Possible gains with mass window, 
different jet pT and MET cuts

Dijet resonances



Dijet resonance 
sensitivity
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FIG. 2: Diagram of the production of �1�2, followed by decay
of the heavier dark sector state �2 to Z0 + �1, where �1 is a
possible dark matter candidate.

Higgs cannot be much heaver than the Z 0. In order to
capture most of the e↵ects of di↵erent particle masses,
we simply consider here two benchmark scenarios. In
the “light” MhD benchmark case, we set:

MhD =

(
MZ0 , MZ0 < 125 GeV

125 GeV , MZ0 > 125 GeV,
(4)

In the “heavy” MhD benchmark case, we set3:

MhD =

(
125 GeV , MZ0 < 125 GeV

MZ0 , MhD > 125 GeV.
(5)

Light Vector

When the Z 0 is relatively light, it can be produced in
the decays of dark sector states4. An example is given in
Fig. 2, where the Z 0 possesses o↵-diagonal couplings to
dark sector states �2 and �1. If the mass splitting be-
tween the two states is larger than MZ0 , the heavier state
(�2) can decay to an on-shell Z 0 and a �1. Meanwhile �1

is stable and a dark matter candidate.
As a concrete example, we consider a Z 0 coupled to a

new fermion which has both Dirac and Majorana masses.
The fermion � initially has a Dirac mass Md and vector
coupling with respect to the Z 0. A Majorana mass can
be generated from the vev of a U(1)0 Higgs through an
interaction y����̄�c, so that

L � �̄(i /D � Md)� � Mm

2
(�̄�c + h.c.). (6)

3 For the lowest mass point considered MZ0 = 50 GeV, the decay of
hD ! Z0Z0 is kinematically allowed; for simplicity we continue
to fix the hD invisible branching fraction to 1.

4 Alternatively, the Z0 can be produced as radiation from o↵-shell
dark sector states [35, 36].

This will lead to two Majorana states �1,2 with masses
M1,2 = |Mm ± Md|. The interaction with the Z 0 is o↵-
diagonal and can be written as:

g�

2
Z 0

µ

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
(7)

As long as the splitting is large enough, it is possible to
have the decay �2 ! Z 0�1. For example, if the scalar
giving rise to the Majorana mass is also the scalar re-
sponsible for U(1)0 breaking, Mm can easily be of order
MZ0 . Here we have assumed a charge conjugation sym-
metry, such that there is only one Majorana mass; if there
are di↵erent Majorana masses for left- and right-handed
components, diagonal couplings are also present.
As in the previous model, we allow the Z 0 couplings to

quarks and leptons to be set by additional free parame-
ters. Our assumption is that the �2 has 100% branching
to �1Z 0, and that the Z 0 has 100% branching to qq̄, giving
the final state signature of a dijet resonance plus miss-
ing transverse momentum. For the dilepton plus missing
transverse momentum signature, we allow for a signifi-
cant branching fraction of the Z 0 to muons.
To avoid scanning over too many parameters, we con-

sider two sets of benchmarks for M1,2. Since the cross
section increases with lower �1 mass, we include one op-
timistic case with very light �1:

M1 = 5 GeV, M2 = M1 + MZ0 +�; � = 25 GeV (8)

This case is somewhat tuned for large Z 0 mass, since
it requires a cancellation between Dirac and Majorana
masses.

We also include a case where the fermion masses scale
with MZ0 :

M1 = MZ0/2, M2 = 2MZ0 (9)

With M1 < MZ0 , the interactions above are not su�cient
for �1 to obtain the correct thermal abundance in the
standard cosmology. Since this is model-dependent, we
leave this an open question and instead focus here on
lighter dark sector masses, where the LHC sensitivity is
better.

Light Z0 with Inelastic EFT coupling

The models thus far rely on the Z 0 coupling to quarks
in order to be produced at the LHC. Rather than produc-
ing dark sector states through the new Z 0, we consider
the possibility that it is produced through a new contact
interaction:

1

2⇤2
q̄�µq

�
�̄2�

µ�5�1 + �̄1�
µ�5�2

�
. (10)

Similar to the model just discussed, we have assumed
two dark sector states �1,2 with an o↵-diagonal coupling

Two benchmark spectra, 
allowing on-shell "* decay:

M� = 5 GeV, M�⇤ = M� +MZ0 +�

M� = MZ0/2, M�⇤ = 2MZ0

M� = 5 GeV, M�⇤ = M� +MZ0 +�

M� = MZ0/2, M�⇤ = 2MZ0

monojet bounds at Λ~TeV



• We consider the mass range: MZ’ = 50-800 GeV
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For more models and focus on dilepton resonance, see:  
A. Gupta, R. Primulando, P. Saraswat arXiv:1504.01385

Dimuon resonances

• Overlap with chargino search  
!

• Improvements possible with finer 
mass window, more stringent MET 
or pT(μμ) cuts [GeV]llm
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Summary
• Dark matter can radiate dark gauge 

bosons in high energy collisions 

• For small gauge coupling, still have 
signals with substantial missing 
energy, but also other pheno: 

• GeV-scale Z’ decaying hadronically 
are a new collider object (mono-Z’ jet) 

• Significant increase in sensitivity 
compared to ISR monojets
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Gauge interactions in the 
dark sector lead to novel 
LHC signals of radiation from 
the dark sector, where the 
data has not been fully 
analyzed. New opportunities 
and challenges!

Conclusions
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