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•  more complicated detector

•  know when to produce DM

•  don’t know whether it is 
the dark matter

Collider vs. Direct Detection

•  limited for very heavy mass

•  less complicated detector
•  wait for DM collision

•  search for the dark matter

•  limited for very light mass
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•  Standard Model processes

Different Backgrounds

•  cosmic rays

•  backgrounds for detectors

•  background-rich environment

•  small background 
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Standard Signature: monojet+MET
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Fermi-theory for Dark Matter
10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.
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Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
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Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The shaded bands in the lower panel represent
the statistical uncertainty. Overflow events are included in the last bin.

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high Emiss

T regions is the statistical uncertainty in the
number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV. Table 1 summarizes the statistical
and systematic uncertainties.

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with

Standard Signature: monojet+MET
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Z(nn)g events are included in the estimation of W+jets and Z(nn)+jets from data, as photons
are not explicitly vetoed in the estimation of the W+jets and Z(nn)+jets backgrounds. Single
top and Z(``)+jets (including Z(``)g production) are predicted to contribute ⇠0.3% of the to-
tal background, and are determined from simulation. A 50% uncertainty is assigned to these
backgrounds. In addition to this 50% uncertainty, the uncertainty on the QCD background also
receives a contribution of 30% arising from the uncertainty on the data/MC scale factor.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds and
the data is shown in Table 3 for different values of the Emiss

T selection. The observed number
of events is consistent with the background expectation, given the statistical and systematic
uncertainties. The CLs method [53–55] is employed for calculating the upper limits on the sig-
nal cross section using a profile likelihood ratio as the test-statistic and systematic uncertain-
ties modeled by log-normal distributions. The expected and observed 95% confidence level
(CL) upper limits on the contribution of events from new physics are also shown. The model-
independent upper limits on the visible cross section for non-SM production of events (denoted
sBSM

vis ) are shown in Fig. 4.

Table 3: SM background predictions for the numbers of events passing the selection require-
ments, for various Emiss

T thresholds, compared with the observed numbers of events. The un-
certainties include both statistical and systematic components. The last two rows give the
expected and observed upper limits, at 95% CL, for the contribution of events from non-SM
sources passing the selection requirements.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

Z(nn)+jets 32100 ± 1600 12700 ± 720 5450 ± 360 2740 ± 220 1460 ± 140 747 ± 96 362 ± 64
W+jets 17600 ± 900 6060 ± 320 2380 ± 130 1030 ± 65 501 ± 36 249 ± 22 123 ± 13
tt 446 ± 220 167 ± 84 69 ± 35 31 ± 16 15 ± 7.7 6.6 ± 3.3 2.8 ± 1.4
Z(``)+jets 139 ± 70 44 ± 22 18 ± 9.0 8.9 ± 4.4 5.2 ± 2.6 2.3 ± 1.2 1.0 ± 0.5
Single t 155 ± 77 53 ± 26 18 ± 9.1 6.1 ± 3.1 0.9 ± 0.4 — —
QCD multijets 443 ± 270 94 ± 57 29 ± 18 4.9 ± 3.0 2.0 ± 1.2 1.0 ± 0.6 0.5 ± 0.3
Diboson 980 ± 490 440 ± 220 220 ± 110 118 ± 59 65 ± 33 36 ± 18 20 ± 10
Total SM 51800 ± 2000 19600 ± 830 8190 ± 400 3930 ± 230 2050 ± 150 1040 ± 100 509 ± 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1s 5940 2470 1200 639 410 221 187
Exp. upper limit �1s 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142

The total systematic uncertainty in the signal yield is found to be approximately 20% for dark
matter, ADD extra dimensions, and unparticles. The sources of systematic uncertainties con-
sidered are: jet energy scale; PDFs; renormalization/factorization scales; modeling of the ISR;
simulation of event pileup; and the luminosity measurement. The dominant uncertainties are
from the modeling of the ISR, which contributes at the level of 5% for the dark matter models
and 12% for ADD/unparticle models, and the choice of renormalization/factorization scale,
which leads to an uncertainty of around 10% for ADD/unparticle models and 15% for the dark
matter models. The ISR uncertainty is estimated by varying the matching scales between MAD-
GRAPH and PYTHIA up and down for the dark matter models, and by varying parton shower
parameters within PYTHIA for the ADD and unparticle models.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for Emiss

T > 500 GeV, whereas for unparticles the optimal selection varies from Emiss
T > 300 GeV
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dominated by 
systematic errors
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Historical “Discovery” of SUSY in Monojet

Volume 139B, number 1,2 PHYSICS LETTERS 3 May 1984 
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physical phenomenon. The spectacular values of the 
transverse energies are apparent in fig. 8 and the trans- 
verse masses given in table 2 appear to exceed the cor- 
responding values for W and Z 0 decays. 

At the present time we can only speculate about 
the origin of this new effect. The missing transverse 
energy can be due either to: 

(i) One or more prompt neutrinos. 
(ii) Any invisible Z 0, such as Z 0 ~ uF decay, which 

is expected to have a large (18%) branching ratio. Note 
that the corresponding decays into charged lepton 
pairs Z 0 ~ e+e - , Z 0 ~ ju+# - have lower branching 
ratios (~3%) and may not have yet been produced 
within the present statistics. 

(iii) New, non-interacting neutral particles. 
The jets appear somewhat narrower and with lower 

multiplicities than the corresponding QCD jets, al- 
though it might be premature to draw conclusions on 
such limited statistics. 

A number of theoretical speculations [9] may be 
relevant to these results. We mention briefly the pos- 
sibilities of excited quarks or leptons and of compo- 
site or coloured or supersymmetric W's and Higgs. A re- 
cent calculation [ 10] * 8 has been made in the context of 

• 8 We are very grateful to both authors of ref. [10] for their 
precious help in this matter. 

the present collider experiment, on the rate of events 
with large missing transverse energy from gluino pair 
production with each gluino decaying into a quark, 
antiquark, and photino. The non-interacting photinos 
may produce large apparent missing energy. For in- 
stance, the calculation gives an expectation of about 
100 single-jet events with AE M > 20 GeV for a gluino 
mass of 20 GeV/c 2. Taking our excess of 5 events above 
background as an upper limit for such a process, we 
deduce that the gluino mass must be greater than about 
40 GeV/c 2. 

This result has only been made possible by the 
magnificent performance of the whole CERN Ac- 
celerator Group complex. We have received enthu- 
siastic support from H. Schopper and from I. Butter- 
worth, for results emerging from the collider pro- 
gramme. 

We are thankful to the management and staff of 
CERN and of all participating Institutes who have vig- 
orously supported the experiment. 

The following funding Agencies have contributed 
to this programme: 
Fonds zur F6rderung der Wissenschaftlichen For- 
schung, Austria. 
Valtion luonnontieteellinen toimikunta, Finland. 
Institut National de Physique Nucl~aire et de Physique 
des Particules and Institut de Recherche Fondamentale 
(CEA), France. 
Bundesministerium ffir Forschung and Technologie, 
Germany. 
Istituto di Fisica Nucleare, Italy. 
Science and Engineering Research Council, United 
Kingdom. 
Department of Energy, USA. 

Thanks are also due to the following people who 
have worked with the Collaboration in the prepara- 
tion of and data collection on the runs described here: 
F. Bernasconi, F. Cataneo, R. Del Fabbro, L. Dumps, 
D. Gregel, J.-J. Malosse, H. Muirhead, G. Salvi, 
G. Stefanini, R. Wilson, Y.G. Xie and E. Zurfluh. 

The help of Mrs. M. Keller and Mrs. C. Rigoni in the 
editing of this paper is also gratefully acknowledged. 
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Cleaner Signatures for Dark Matter

EFT Framework Simplified Models

other radiated particles 
from proton can be 
better measured 

UV-complete the EFT 
operators may lead 
to cleaner signatures 



13

�

�P

P

so far, we have considered 
only initial state radiation of 
visible particle

Dark sector could be more interesting:

• It may has its own dark U(1)’

• It may also have some nearby states
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Probing Dark U(1)’ at the LHC

Dark matter final state radiated a Z’, the signature 
depends on how Z’ decay

be described by effective higher dimensional operators. For simplicity, we choose dark matter to be

vector-like under U(1)′ with a unit charge and an interaction as gχZ ′
µχγ

µχ. Concentrating on the up

quark, we consider two effective operators for dark matter

OV =
χγµχuγµu

Λ2
, OA =

χγµγ5χuγµγ5u

Λ2
. (6)

For this secluded dark Z ′ model, the main production of mono-Z ′ 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 ′ with MZ′ = 1 GeV and a large cutoff Λ = 5 TeV to have an approximately valid effective

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 ′ production

cross section is larger than the mono-jet one for the same dark matter mass.

10 20 50 100 200 500 1000
0.02

0.05

0.10

0.20

0.50

1.00

mΧ !GeV"

cr
os
ss
ec
tio
n
!f
b"

mono"Z #
mono"jet

gΧ$1.0
MZ'$1 GeV

pT# j or Z#$%500 GeV 14 TeV LHC

&$5 TeV
Χ ΓΜ Χ u ΓΜ u

&2

10 20 50 100 200 500 1000
0.02

0.05

0.10

0.20

0.50

1.00

mΧ !GeV"

cr
os
ss
ec
tio
n
!f
b"

mono"Z #
mono"jet

gΧ$1.0
MZ'$1 GeV

pT# j or Z#$%500 GeV 14 TeV LHC

&$5 TeV
Χ ΓΜ Γ5 Χ u ΓΜ Γ5 u

&2

Figure 3: Production cross sections of mono-Z ′ 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 ′ cross section in Fig. 3 decreases as the dark matter mass increases. This can be

understood by looking at the off-shell dark matter propagator. For the final state radiation, χ∗ →
χ + Z ′, we can consider the kinematics case with χ and Z ′ along the same direction in the central

direction. So, one has p(χ) =

(

√

pχ 2

T +m2
χ, p

χ
T , 0, 0

)

and p(Z ′) =

(

√

pZ
′ 2

T +M2
Z′ , pZ

′

T , 0, 0

)

. The

denominator of the off-shell dark matter propagator is

[p(χ) + p(Z ′)]2 −m2
χ ≈

pZ
′

T

pχT
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Figure 3: Production cross sections of mono-Z ′ 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.
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Figure 1: An illustrative Feynman diagram for the mono-Z 0 signature at hadron colliders. The Z 0 is
mainly produced from dark matter final state radiation.

decay of a light force carrier (a Z 0 for instance) as a new collider signature, which appears as a very

narrow cone of radiation with a small multiplicity of charged particles. Although we will concentrate

on an Abelian dark matter sector, we also note that a non-Abelian dark sector can naturally result in

a cascade of gauge bosons. The latter case has been studied in the context of lepton jets [31–35] as well

as jets with hadronic shower products that nevertheless could be distinguished from QCD jets [36–38].

The basic process is that dark matter is pair produced, after which one of the particles can radiate a

dark Z 0; a cartoon of this is illustrated in Fig. 1. The Z 0 from FSR will decay back to SM particles and

behave as visible particles at colliders, while there can still be substantial missing transverse energy

from the dark matter particles. At hadron colliders and under the assumption that dark matter can

be produced in pairs, the dark matter loop will always mediate this Z 0 decaying into two quarks. So,

at the very least one can search for a hadronic Z 0 at the LHC. For a heavy Z 0, the signature is more

like a hadronically-decaying Z-boson and behaves as two jets plus missing transverse energy. One

could then search for a resonance for the two jets to reduce the SM backgrounds [39].

A more interesting collider signature appears when the Z 0 is light and has mass O(1 GeV). Due to

the kinematic constraints, the Z 0 will decay into only a few hadrons. For the few examples in our paper,

the Z 0 will mainly decay into two or three mesons including two charged ones. By requiring large

missing transverse energy, the Z 0 particle is boosted and the decay products are highly collimated.

This mono-Z 0 jet can be distinguished from a QCD jet using a jet-substructure analysis. Using the

variables adopted by the hadronic ⌧ tagging, we will work out the tagging e�ciency for a mono-Z 0 jet

as well as the mistag e�ciency for a QCD jet. We demonstrate that a dedicated collider analysis based

on the mono-Z 0 signature will dramatically improve our understanding of the dark matter interactions

2

take dark matter 
as a vector-like 
Dirac fermion
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Figure 1: An illustrative Feynman diagram for the mono-Z 0 signature at hadron colliders. The Z 0 is
mainly produced from dark matter final state radiation.
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Given the fact that dark matter can be produced at 
the LHC and couple to Z’
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If the dark Z ′ mass is above twice of the dark matter mass, it will mainly decay into two dark

matter particles, which are invisible at colliders. One should rely on the standard mono-jet events

to discover this scenario. On the other hand, for MZ′ ≤ 2mχ the Z ′ can only decay back to the SM

particles via the higher-dimensional operators. For a modest large cutoff, the lifetime of Z ′ could be

sufficient long to have an exotic collider signatures. So, we calculate next the dark Z ′ lifetime for the

two different higher-dimensional operators.

For the vector-like coupling operator OV , the effective coupling between Z ′ and up quark can be

described by the following operator

c̃

Λ2
(φ′ †Dµφ

′ − φ′Dµφ
′ †) (uγµu) , (8)

in the unbroken U(1)′ theory. Here, the parameter c̃ is introduced to indicate the unknown UV

parameter and φ′ is the scalar field to develop a VEV φ′ = v′/
√
2 to spontaneously break the U(1)′

symmetry. One example of having c̃ = O(1) is to introduce another massive Z ′′ for generating the

effective operatorOV . If the scalar φ′ is also charged under Z ′′, the operator in Eq. (8) can be generated

at tree-level by integrating out Z ′′. Another example is to have the kinetic mixing parameter between

U(1)′ and U(1)′′, which could be loop-factor-suppressed if it just comes from the dark matter loop.

If the VEV of the U(1)′-charged scalar field φ′ is zero or the U(1)′ is unbroken, the effective charge

coupling of Z ′
µ uγ

µu is zero. This is a manifestation of well-known fact in the literature that particles

charged under a massive gauge boson (the heavy mediator Z ′′ to generate the effective operator) will

not have a millicharge under the unbroken massless gauge boson [9]. On the other hand, for a nonzero

VEV ⟨φ′⟩ = v′ and a massive Z ′, the effective coupling becomes

c
M2

Z′

Λ2
Z ′
µ uγ

µu , (9)

with c as an order-one number.

For the interesting parameter space with MZ′ = O(1) GeV, Z ′ will decay into a few hadrons and

is different from an ordinary QCD jet. We use the chiral Lagrangian to convert the operators in terms

of quark fields to the operators in terms pions: uγµu → π+∂µπ− − π−∂µπ+ +K+∂µK− −K−∂µK+.

The decay widths for Z ′ → π−π+ is calculated to be

Γ(Z ′ → π−π+) =
MZ′

48π

(

cM2
Z′

Λ2

)2 (

1−
4m2

π

M2
Z′

)3/2

. (10)

A similar formula can be obtained for Z ′ → K−K+ from replacing mπ by mK and with a more

suppressed phase space factor. For c = 1, MZ′ = 1 GeV and Λ = 1 TeV, the travel distance of Z ′
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For a heavy Z’, the signature is a 2j + MET with a dijet 
resonance

Current-current interaction mediating Z’ decays via 
a higher-dimensional operator

On the other hand, if the MET cut is stringent, we will 
have a boosted Z’. This Z’ may just like a single Z’ jet

The signature is still “mono-jet”+MET
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For a light Z’ at O(1 GeV), the signature is more 
interesting

If the dark Z ′ mass is above twice of the dark matter mass, it will mainly decay into two dark

matter particles, which are invisible at colliders. One should rely on the standard mono-jet events
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particles via the higher-dimensional operators. For a modest large cutoff, the lifetime of Z ′ could be
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two different higher-dimensional operators.
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before it decays is

cτ0 ≈ 3 cm , (11)

which can be a displaced Z ′ at the LHC. In our following sensitivity study, we will treat the Z ′ decay

length as a free parameter.

For the other axi-vector operator, a similar UV completion model can lead to the following operator

for Z ′ decay

d
M2

Z′

Λ2
Z ′
µ uγ

µγ5u , (12)

with d as a dimensionless and model-dependent number. Using the chiral Lagrangian and treating

the ρ meson as hidden local gauge symmetry [10], we have the operator translation: uγµγ5u →
2gρππfπ(ρ+µ π

− − ρ−µ π
+) with fπ ≈ 92 MeV and the ρππ coupling g2ρππ/4π ≈ 3.0. The decay width of

Z ′ → ρπ is

Γ(Z ′ → ρπ) =
d2 g2ρππ f

2
π M

2
Z′ p

3πΛ4

(

3 +
p2

m2
ρ

)

, (13)

with p2 = [M2
Z′ − (mρ +mπ)2][M2

Z′ − (mρ −mπ)2]/4M2
Z′ . For d = 1, MZ′ = 1 GeV and Λ = 1 TeV,

the travel distance of Z ′ before it decays is

cτ0 ≈ 1.2 cm , (14)

comparable to the the vector-like coupling case. The charged ρ-meson will subsequently decay into

π±π0. So, we also anticipate two charged hadrons from both vector and axi-vector cases.

There could exist other ways to provide Z ′ decays and different collider signatures. One of the

common ones is through the kinetic mixing with the hyper-charge gauge group, 1
2
Z ′
µνB

µν [9]. The Z ′

can have a substantial decay width into leptons and is easier to be searched at the LHC (see Ref. [11]

for the CMS searches for displaced dileptons at 8 TeV with 20 fb−1). In our later collider analysis, we

will concentrate on hadronic decays of Z ′ or the mono-Z ′ signature.

2.2.1 Jet Substructure for the Mono-Z ′

The mono-Z ′ jet has different characters compared to an ordinary QCD jets. In our analysis, we will

use the number of subjets, the pT fraction of the leading subjet and the jet mass to distinguish the

mono-Z ′ jet from a QCD jet.

more descriptions here .......

We will simply take the signal tag efficiency to be 50% and the background mistag efficiency to be

2%.
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4m2

π

M2
Z′

)3/2

. (10)

A similar formula can be obtained for Z ′ → K−K+ from replacing mπ by mK and with a more

suppressed phase space factor. For c = 1, MZ′ = 1 GeV and Λ = 1 TeV, the travel distance of Z ′

5

Using chiral Lagrangian
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Axi-vector Interaction
Similarly for axi-vector like interaction 

Mono-Z’ jet: fewer hadrons and could be long-lived

Using chiral Lagrangian

the kinetic mixing parameter between U(1)0 and U(1)00, which could be loop-factor-suppressed if it

just comes from the dark matter loop.

If the VEV of the U(1)0-charged scalar field �0 is zero or the U(1)0 is unbroken, the e↵ective charge

coupling of Z 0
µ u�µu is zero. This is a manifestation of well-known fact in the literature that particles

charged under a massive gauge boson (the heavy mediator Z 00 to generate the e↵ective operator) will

not have a millicharge under the unbroken massless gauge boson [48]. On the other hand, for a nonzero

VEV h�0i = v0/
p

2 and a massive Z 0, the e↵ective coupling becomes

c0 M2

Z0

⇤2

Z 0
µ u�µu . (6)

Here, the parameter c0 is related to c̃ by the U(1)0 gauge coupling.

For the interesting parameter space with MZ0 = O(1 GeV), Z 0 will decay into just a few hadrons
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A similar result can be obtained for Z 0 ! K�K+ by replacing m⇡ with mK , leading to a more

suppressed phase space factor. For c0 = 1, MZ0 = 1 GeV and ⇤ = 1 TeV, the travel distance of Z 0

before it decays is

c⌧
0

⇡ 3 cm , (8)

which can be a displaced Z 0 at the LHC. In our following sensitivity study, we will treat the Z 0 decay

length as a free parameter and mainly concentrate on the prompt decay case.

For the other axi-vector operator, a similar UV completion model can lead to the following operator

for Z 0 decay

d0 M2

Z0

⇤2

Z 0
µ u�µ�

5

u , (9)

with d0 as a dimensionless and model-dependent number. Using the chiral Lagrangian and treating the

⇢ meson as the gauge boson of a hidden local gauge symmetry [49], we have the operator translation:

u�µ�
5

u ! 2g⇢⇡⇡f⇡(⇢+µ ⇡� �⇢�
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with p2 = [M2

Z0 � (m⇢ + m⇡)2][M2

Z0 � (m⇢ � m⇡)2]/4M2

Z0 . For d0 = 1, MZ0 = 1 GeV and ⇤ = 1 TeV,

the travel distance of Z 0 before it decays is

c⌧
0

⇡ 1.2 cm , (11)

comparable to the vector-like coupling case. The charged ⇢-meson will subsequently decay into ⇡±⇡0.

For both vector and axi-vector cases, the Z 0 boson decays to two charged hadrons. Therefore, we

perform a collider study for this interesting class of mono-Z 0 jet signatures, which have a light Z 0

mainly decaying into two or three hadrons (with two of the hadrons charged).

There could exist other ways to provide Z 0 decays and di↵erent collider signatures. A common

one is through the kinetic mixing with the hyper-charge gauge group, 1

2

Z 0
µ⌫B

µ⌫ [48]. The Z 0 then can

have a substantial decay width into leptons and is easier to be searched for at the LHC (see Ref. [50]

for the CMS searches for displaced dileptons at 8 TeV with 20 fb�1).

3.1.1 Discovery Sensitivity at the 14 TeV LHC

For the traditional searches for dark matter in the mono-jet channel, the dominant background is

production of weak gauge bosons plus multiple jets. To estimate the constraints on our dark matter

models, we use FeynRules [51] to create a model file for MadGraph [47] and then generate events at

parton level. We then use Pythia [45] to shower and hadronize the parton-level events. Finally, we

use PGS [52] to cluster hadrons into jets as well as to perform the detector simulation. The existing

searches at the 8 TeV LHC have shown a large systematic uncertainty due to jet energy scale, PDF’s

and so on [53]. Using the jet-substructure cuts to further suppress background events, we anticipate

a significant improvement on top of the ordinary mono-jet analysis.

Guided by the CMS search for the mono-jet signature at the 8 TeV LHC [53], we fix the most

important cut to be Emiss

T > 500 GeV. We require the leading jet to have pT above 200 GeV and

veto events with the second jet with pT > 60 GeV or with a lepton with pT > 20 GeV. The total

background cross section, W/Z + jets, is simulated to be 142 fb at the tree-level. In Fig. 6, we

show the 90% C.L. constraints on the cuto↵ of the e↵ective operators for two di↵erent assumptions of

systematic errors. Compared to the current limits, which give ⇤ & 950 GeV for light dark matter at

the 8 TeV LHC, the 14 TeV LHC mono-jet analysis can improve the limits by around 30%. On the

other hand, if one performs a dedicated analysis for the mono-Z 0 jet signature, the constraints on the

cuto↵ can be dramatically improved by a factor of two. This is because the current mono-jet searches

are limited by the systematic errors and the unique characteristic of the mono-Z 0 jet can dramatically

reduce the background events.
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“Hadronic Tau”

Tau Reconstruction in CDF

Cone-based algorithm: reconstruct 
hadronically decaying taus from π± and πo

Demand no activity in isolation annulus to 
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Kinematic Variables
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Kinematic Variables
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Kinematic Variables
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Figure 2: Substructure variables with close analog in ⌧ -tagging, for the 14 TeV LHC. The Z 0 jet
shown here is assuming an isospin-violating vector-coupling of the Z 0 to light quarks. (500 ! 500
GeV)

• Track radius R
track

, the pT -weighted track width:

R
track

=
⌃�Ri0.4
i pT,i �Ri

⌃�Ri0.4
i pT,i

. (1)

• f
core

, which parametrizes the pT fraction of the leading subjet:

f
core

⌘ ⌃�Ri<0.1
i piT

⌃�Ri<0.2
i piT

. (2)

Note that for ⌧ -tagging the definition of �Ri is relative to the ⌧ intermediate axis, which is the axis

defined by the inner �R < 0.2 of the clustered jet. For simplicity, we define �Ri relative to the jet

axis.
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Figure 2: Substructure variables with close analog in ⌧ -tagging, for the 14 TeV LHC. The Z 0 jet
shown here is assuming an isospin-violating vector-coupling of the Z 0 to light quarks. (500 ! 500
GeV)
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Signal Efficiency
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Production Cross Sections

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

. (3)

The e↵ective 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 signature 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 cuto↵ ⇤ = 5 TeV such that we have

an approximately valid e↵ective operator description. As a comparison, we also show the ordinary

mono-jet production cross sections 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 4: Production cross sections of mono-Z 0 and mono-jet events at the 14 TeV LHC, gener-
ated from MadGraph [47]. The band shows the uncertainties from changing the renormalization and
factorization scale by a factor of two.

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 o↵-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 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 , (4)

7

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,

as we see above, a smaller dark matter mass leads to an increase in the production cross section. In

Fig. 5, we show the mono-Z 0 production cross sections as functions of the Z 0 mass for a fixed dark

matter mass.
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Figure 5: Production cross sections of mono-Z 0 at the 14 TeV LHC for both the vector and axi-vector
interactions.

If the dark Z 0 mass is above twice of the dark matter mass, it will mainly decay into two dark

matter particles, which are invisible at colliders. One can rely on the standard mono-jet events to

discover this scenario. On the other hand, for MZ0  2m� the Z 0 can only decay back to the SM

particles via the higher-dimensional operators in Eq. (3). For a modestly large cuto↵, the lifetime of

Z 0 could be su�ciently long to have a displaced-vertex collider signature. We next calculate the dark

Z 0 lifetime for both higher-dimensional operators.

For the vector-like coupling operator OV , the e↵ective coupling between Z 0 and up quark can be

described by the following current-current operator

c̃

⇤2

(�0 †Dµ�0 � �0Dµ�0 †) (u�µu) , (5)

in the unbroken U(1)0 theory. Here, the parameter c̃ is introduced to indicate the unknown UV

parameter and �0 is the scalar field that develops a vacuum expectation value (VEV), h�0i = v0/
p

2,

to spontaneously break the U(1)0 symmetry. One example of having c̃ = O(1) is to introduce another

massive Z 00 for generating the e↵ective operator OV . If the scalar �0 is also charged under Z 00, the

operator in Eq. (5) can be generated at tree-level by integrating out Z 00. Another example is to have

8
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Discovery Potential (Vector)

Tag-efficiency: 50% for signal, 2% for QCD
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Figure 6: Left panel: the 90% C.L. constraints on the cuto↵ for the vector-vector interaction. A
cut on the missing energy is taken to be Emiss

T > 500 GeV. The black and lower lines are using the
traditional mono-jet analysis, while the red and upper lines are based on a jet-substructure analysis
for the mono-Z 0 jet. The systematic error is assumed to be 10% (5%) for the solid (dashed) line. The
mono-Z 0 tag e�ciency is chosen to be 50% and the background mistag e�ciency is 2%. Right panel:
the same as the left one but for the axi-vector interaction operator.

For a long-lived Z 0, the signature is so peculiar such that the SM background is expected to be

negligibly small. The existing search on displaced dijets has focused on heavier particle masses above

50 GeV [54,55]. The light Z 0 should behave more like a ⌧ -lepton, with smaller vertex track multiplicity

and smaller jet mass. We do not perform a complicated analysis for the long-lived Z 0 case in this

paper. For a light dark matter and still requiring pT (Z 0) > 500 GeV, one can obtain a constraint

on the cuto↵ as large as ⇤ > 8 TeV by assuming negligible backgrounds and five signal events. A

dedicated analysis with a less stringent pT cut on Z 0 is very likely to improve the limits.

Discussion of W ! ⌧⌫ background is missing?

To compare to other limits from direct detection detection experiments, we convert the limits on

the cuto↵ from colliders into dark matter-nucleon scattering cross sections [6]. Since we have only

considered the example operator coupling to up-quark, the �-proton and �-neutron spin-independent

scattering cross sections are di↵erent. We therefore scale the limits from spin-indepenent direct de-

tection experiments by a factor of A2/(A + Z)2 and show them in the left panel of Fig. 7. Although

the jet-substructure analysis from the mono-Z 0 can dramatically increase the sensitivity, the direct

detection experiments still provide the best limit for a dark matter mass above 6 GeV. For a light dark

matter mass, the collider will eventually provide the best limit. In the right panel of Fig. 7, we show

the limits on the spin-dependent scattering cross sections. As one can see, the collider will provide

the best limits for a wide range of masses until around 1 TeV even without considering the mono-Z 0

11
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Discovery Potential (Axi-vector)

Tag-efficiency: 50% for signal, 2% for QCD
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Figure 6: Left panel: the 90% C.L. constraints on the cuto↵ for the vector-vector interaction. A
cut on the missing energy is taken to be Emiss

T > 500 GeV. The black and lower lines are using the
traditional mono-jet analysis, while the red and upper lines are based on a jet-substructure analysis
for the mono-Z 0 jet. The systematic error is assumed to be 10% (5%) for the solid (dashed) line. The
mono-Z 0 tag e�ciency is chosen to be 50% and the background mistag e�ciency is 2%. Right panel:
the same as the left one but for the axi-vector interaction operator.

For a long-lived Z 0, the signature is so peculiar such that the SM background is expected to be

negligibly small. The existing search on displaced dijets has focused on heavier particle masses above

50 GeV [54,55]. The light Z 0 should behave more like a ⌧ -lepton, with smaller vertex track multiplicity

and smaller jet mass. We do not perform a complicated analysis for the long-lived Z 0 case in this

paper. For a light dark matter and still requiring pT (Z 0) > 500 GeV, one can obtain a constraint

on the cuto↵ as large as ⇤ > 8 TeV by assuming negligible backgrounds and five signal events. A

dedicated analysis with a less stringent pT cut on Z 0 is very likely to improve the limits.

Discussion of W ! ⌧⌫ background is missing?

To compare to other limits from direct detection detection experiments, we convert the limits on

the cuto↵ from colliders into dark matter-nucleon scattering cross sections [6]. Since we have only

considered the example operator coupling to up-quark, the �-proton and �-neutron spin-independent

scattering cross sections are di↵erent. We therefore scale the limits from spin-indepenent direct de-

tection experiments by a factor of A2/(A + Z)2 and show them in the left panel of Fig. 7. Although

the jet-substructure analysis from the mono-Z 0 can dramatically increase the sensitivity, the direct

detection experiments still provide the best limit for a dark matter mass above 6 GeV. For a light dark

matter mass, the collider will eventually provide the best limit. In the right panel of Fig. 7, we show

the limits on the spin-dependent scattering cross sections. As one can see, the collider will provide

the best limits for a wide range of masses until around 1 TeV even without considering the mono-Z 0
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cross sections. The current experimental bounds are from: PICASSO [59], SIMPLE [60], PICO-2L [61]
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signal. The mono-Z 0 signature will dramatically enhance the discovery potential and easily compete

with the next-generation spin-dependent dark matter experiment like PICO.

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 di↵erent if the decay �⇤ ! �Z 0 is

permitted. We introduce Dirac dark matter fields with an o↵-diagonal coupling to Z 0 given by

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 o↵-diagonal coupling in Eq. (12). For this specific realization,

we anticipate the mass di↵erence � ⌘ m�⇤ � m� to be at the same order of magnitude as MZ0 and

can be dramatically smaller than the dark matter mass.
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with the next-generation spin-dependent dark matter experiment like PICO.

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 di↵erent if the decay �⇤ ! �Z 0 is
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signal. The mono-Z 0 signature will dramatically enhance the discovery potential and easily compete

with the next-generation spin-dependent dark matter experiment like PICO.
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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 di↵erent if the decay �⇤ ! �Z 0 is

permitted. We introduce Dirac dark matter fields with an o↵-diagonal coupling to Z 0 given by

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 �
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, 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:
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and �
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. To generate a mass splitting between those two states, one can

introduce the matter parity breaking operator � �0�̄
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1

��
2

)/
p

2

and �⇤ = (�
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2, we have only the o↵-diagonal coupling in Eq. (12). For this specific realization,

we anticipate the mass di↵erence � ⌘ m�⇤ � m� to be at the same order of magnitude as MZ0 and

can be dramatically smaller than the dark matter mass.
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The main decay channel, �⇤ is �⇤ ! � + Z 0, 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 e↵ective higher-dimensional operators to couple dark matter to the SM quarks. As

an example, we consider the following operator

OV =
(�⇤�

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 cuto↵

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 with a boost factor of

O(100), its decay product, Z 0, can have a momentum of pT (Z 0) = O(100MZ0) to pass its pT cut. For a

heavy dark matter mass, the small mass splitting of the two states can be ignored for the three-body

production such that the production cross sections follow the same behavior as the elastic one. For

⇤ = 5 TeV, we show the production cross section at the 14 TeV LHC in the left panel of Fig. 8.

As one can see, for dark matter mass below roughly 10 GeV there is an enhanced production cross

section due to the two-body process. In the right panel of Fig. 8, we show the potential constraints

on the cuto↵ from the standard mono-jet analysis and the jet-substructure based mono-Z 0 analysis.

Comparing to the limits for the elastic dark matter model in Fig. 6, one can see that for the inelastic

dark matter model the constraints for light dark matter below 10 GeV are more stringent.

4 Public Dark Z 0
Model

In this subsection, we discuss a class of dark Z 0 models with both dark matter and some SM fermions

charged under U(1)0. For this class of models, the relevant couplings include gq and g�, of the Z 0
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dark matter models with a mass splitting above 1 MeV
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Figure 8: Left panel: production cross sections of mono-Z 0 in the iDM model with a contact interaction
and mass splitting � = 2 GeV. Right panel: the 90% C.L. constraints on the cuto↵ for the vector-
vector interaction. For the jet-substructure analysis, we choose 50% for the signal tag e�ciency and
2% for the background mistag e�ciency.

couplings to quarks and dark matter. For a heavy Z 0, the current mono-jet constrains the e↵ective

cut-o↵ ⇤ ⌘ MZ0/
p

gqg� to be above around 900 GeV for a dark matter mass below 400 GeV [53,63].

For couplings of order of unity, the Z 0 mass is constrained to be very heavy, especially when Z 0 can be

produced on-shell at the LHC. For this region of parameter space, it is challenging to have su�cient

mono-Z 0 events either from ISR or from FSR. Therefore, we concentrate on a light Z 0 in this section.

For a chiral dark matter particle under the new U(1)0 symmetry, the dark matter mass should

be bounded roughly by the Z 0 mass for perturbative Yukawa couplings. The current direct detection

experiments also constrain the U(1)0 gauge coupling significantly if the dark matter mass is above

O(5 GeV) from LUX [56] and below O(5 GeV) from Xenon10 and CRESST-II [64,65]. For vector-like

couplings of Z 0 to quarks and dark matter particles, we have the constraint of gqg� . 3 ⇥ 10�5 for

m� = MZ0=2 GeV from CRESST-II [65]. This means that the allowed gauge coupling is tiny and the

Z 0 from FSR has a small probability to happen.

The situation will be changed if the dark matter mass is below ⇠ 1 GeV. From CRESST-II [65],

the lower limit of accepted energies is 0.6 keV and is above the typical recoil energies from a 1 GeV

dark matter particle. The constraints from direct detection are much weaker and a sizable value of

gqg� may be still allowed. Therefore, in this subsection, we concentrate on the parameter space with

a light dark matter and a light Z 0.

For SM particles charged under the dark U(1)0, the immediate constraint comes from gauge

anomaly cancellation. One could introduce new fermions chiral under SU(2)W ⇥ U(1)Y , but then
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2% for the background mistag e�ciency.

couplings to quarks and dark matter. For a heavy Z 0, the current mono-jet constrains the e↵ective

cut-o↵ ⇤ ⌘ MZ0/
p

gqg� to be above around 900 GeV for a dark matter mass below 400 GeV [53,63].

For couplings of order of unity, the Z 0 mass is constrained to be very heavy, especially when Z 0 can be

produced on-shell at the LHC. For this region of parameter space, it is challenging to have su�cient

mono-Z 0 events either from ISR or from FSR. Therefore, we concentrate on a light Z 0 in this section.

For a chiral dark matter particle under the new U(1)0 symmetry, the dark matter mass should

be bounded roughly by the Z 0 mass for perturbative Yukawa couplings. The current direct detection

experiments also constrain the U(1)0 gauge coupling significantly if the dark matter mass is above

O(5 GeV) from LUX [56] and below O(5 GeV) from Xenon10 and CRESST-II [64,65]. For vector-like

couplings of Z 0 to quarks and dark matter particles, we have the constraint of gqg� . 3 ⇥ 10�5 for

m� = MZ0=2 GeV from CRESST-II [65]. This means that the allowed gauge coupling is tiny and the

Z 0 from FSR has a small probability to happen.

The situation will be changed if the dark matter mass is below ⇠ 1 GeV. From CRESST-II [65],

the lower limit of accepted energies is 0.6 keV and is above the typical recoil energies from a 1 GeV

dark matter particle. The constraints from direct detection are much weaker and a sizable value of

gqg� may be still allowed. Therefore, in this subsection, we concentrate on the parameter space with

a light dark matter and a light Z 0.

For SM particles charged under the dark U(1)0, the immediate constraint comes from gauge

anomaly cancellation. One could introduce new fermions chiral under SU(2)W ⇥ U(1)Y , but then
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U(1)’ Models without Contact Interactions
To have SM quarks charged under U(1)’, a non-trivial 
anomaly cancelation is needed.

one has very stringent constraints from the Z boson decay or a too-large mass compared to the light

Z 0 mass (see discussion and constraints in Refs. [66–68] for a baryonic Z 0). Without any new fermion

chiral under electroweak symmetry, one could have generation-dependent charges. As a benchmark

model for a chiral dark matter particle under U(1)0, we consider the following charge assignment

zuR = 1 , zdR = �1 , z⌧R = �1 , z�R = 1 , z�L = 0 , (15)

with other fermions charge zero under U(1)0. For another benchmark model with a vector-like dark

matter particle under U(1)0, we have

zuR = 1 , zdR = �1 , z⌧R = �1 , z R = 1 , z L = 0 , z�R = r , z�L = r , (16)

by introducing a new fermion  in the dark matter sector. Depending on the relative charges of dark

matter with the SM particles, we can have di↵erent interaction strengths for dark matter and quarks.

In the following phenomenological study, we will choose

g0
uR

= �g0
dR ⌘ gq , g0

�L
= g0

�R
⌘ g� . (17)

Or, equivalently in terms of vector and axi-vector couplings,

gVu =
1

2
gq , gVd = �1

2
gq , gAu =

1

2
gq , gAd = �1

2
gq , gV� = g� , gA� = 0 . (18)

For dark matter direct detection, the scattering cross section is dominated by the vector coupling

to quarks. For this model at hand, we have the vector coupling to proton as gVp = 1

2

gq and gVn = �1

2

gq,

which is an iso-spin violating model. Neglecting the iso-spin form factor, we have the scattering cross

section of dark matter o↵ a nucleus A
ZN as

�SI�A =
(A � 2Z)2

⇡

g2q g2� µ2

�A

4 M4

Z0
, (19)

with µ�A as the dark matter-nucleus reduced mass. The (A�2Z)2 provides an additional suppressing

factor for experiments with an element with the same number of protons and neutrons. For CRESST-

II [65], among three elements both Oxygen and Calcium have suppressed scattering cross sections.

The third element, Tungsten, only becomes sensitive when the dark matter mass is above 3 GeV [65].

For m� = 1 GeV and MZ0 = 1 GeV, the constraints from direction detection experiments can be

ignored.

At colliders, the existing searches with the final state of monojet plus missing transverse energy can

constrain the model parameter space in gq and g�. For a light Z 0 around 1 GeV, it turns out that the
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chiral under electroweak symmetry, one could have generation-dependent charges. As a benchmark

model for a chiral dark matter particle under U(1)0, we consider the following charge assignment

zuR = 1 , zdR = �1 , z⌧R = �1 , z�R = 1 , z�L = 0 , (15)

with other fermions charge zero under U(1)0. For another benchmark model with a vector-like dark

matter particle under U(1)0, we have

zuR = 1 , zdR = �1 , z⌧R = �1 , z R = 1 , z L = 0 , z�R = r , z�L = r , (16)
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which is an iso-spin violating model. Neglecting the iso-spin form factor, we have the scattering cross

section of dark matter o↵ a nucleus A
ZN as

�SI�A =
(A � 2Z)2

⇡

g2q g2� µ2

�A

4 M4

Z0
, (19)

with µ�A as the dark matter-nucleus reduced mass. The (A�2Z)2 provides an additional suppressing

factor for experiments with an element with the same number of protons and neutrons. For CRESST-

II [65], among three elements both Oxygen and Calcium have suppressed scattering cross sections.

The third element, Tungsten, only becomes sensitive when the dark matter mass is above 3 GeV [65].

For m� = 1 GeV and MZ0 = 1 GeV, the constraints from direction detection experiments can be

ignored.

At colliders, the existing searches with the final state of monojet plus missing transverse energy can

constrain the model parameter space in gq and g�. For a light Z 0 around 1 GeV, it turns out that the

15

If dark matter is above 3 GeV, it is highly constrained by 
CRESST-II data. 

Dobrescu, Frugiuele, 1404.3947
Tulin, 1404.4370
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Existing Bound at Tevatron
Tevatron still provides the most stringent constraints [69–71]. Using the analysis in Ref. [70], we recast

the constraints on the two couplings gq and g� in the left panel of Fig. 9. Because the production cross

sections from mono-Z 0 are subdominant compared to the mono-jet production, adding the mono-Z 0

signature does not change the constraints on couplings significantly.
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Figure 9: Left panel: the 90% C.L. constraints on the light Z 0 couplings from the Tevatron [70] with
1.96 TeV and 1.0 fb�1. Right panel: the projected sensitivity at the 14 TeV LHC with 100 fb�1. The
systematic error is assumed to be 5%.

At the LHC, the standard mono-jet searches with a cut on large missing transverse energy provide

only worse limits than that from Tevatron. To search for light-Z 0 mediated dark matter productions

at the LHC, one needs to relax the missing transverse energy cut. Furthermore, one should also

implement a di↵erent trigger to record more of the signal events. Just like the single hadronic ⌧

trigger [72], one could define a similar mono-Z 0 jet trigger. In the right panel of Fig. 9, we impose

a cut of pT (Z 0) > 120 GeV to search for dark matter together with a light Z 0 at the 14 TeV LHC.

We also show the jet-substructure limits by assuming the default 50% of the signal tag e�ciency

and 2% background mistag e�ciency. One can see that even though the mono-Z 0 signature has a

small production cross section, the jet-substructure analysis can improve on the sensitivity beyond

the mono-jet analysis.

16

1 fb�1

Tevatron still provides the current best constraint
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Challenging for the LHC

Tevatron still provides the most stringent constraints [69–71]. Using the analysis in Ref. [70], we recast

the constraints on the two couplings gq and g� in the left panel of Fig. 9. Because the production cross

sections from mono-Z 0 are subdominant compared to the mono-jet production, adding the mono-Z 0

signature does not change the constraints on couplings significantly.
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Figure 9: Left panel: the 90% C.L. constraints on the light Z 0 couplings from the Tevatron [70] with
1.96 TeV and 1.0 fb�1. Right panel: the projected sensitivity at the 14 TeV LHC with 100 fb�1. The
systematic error is assumed to be 5%.

At the LHC, the standard mono-jet searches with a cut on large missing transverse energy provide

only worse limits than that from Tevatron. To search for light-Z 0 mediated dark matter productions

at the LHC, one needs to relax the missing transverse energy cut. Furthermore, one should also

implement a di↵erent trigger to record more of the signal events. Just like the single hadronic ⌧

trigger [72], one could define a similar mono-Z 0 jet trigger. In the right panel of Fig. 9, we impose

a cut of pT (Z 0) > 120 GeV to search for dark matter together with a light Z 0 at the 14 TeV LHC.

We also show the jet-substructure limits by assuming the default 50% of the signal tag e�ciency

and 2% background mistag e�ciency. One can see that even though the mono-Z 0 signature has a

small production cross section, the jet-substructure analysis can improve on the sensitivity beyond

the mono-jet analysis.

16

100 fb�1

also need to design a new mono-Z’ trigger



37

Conclusions
★ There are more collider signatures for discovering 

dark matter particles

★ Dark matter can radiate its own charged Z’ and have 
a mono-Z’ jet 

★ Jet-substructure techniques can help us to tag the 
mono-Z’ jet

★ A dedicated search for mono-Z’ jet events at the LHC 
can lead to an order-of-magnitude improvement in 
constraining dark matter-nucleon interactions
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Thanks


