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Matter Accounting

http://www.esa.int/spaceinimages/Missions/Planck/(class)/image

83%  Dark, 17%  Baryonic

Planck Collaboration [1303.5076]
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Dark matter is in thermal equilibrium in early Universe, 
until its interactions “freeze-out”



A Minimal Model

Dark matter is a Majorana fermion and SM singlet

� = c1 eB + c2fW + c3 eH0
u + c4 eH0

d
gauginos higgsinos

�± = a1fW± + a2 eH±
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Dark matter couples to the SM through Higgs and Z bosons
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Example: spin-independent interaction due to Higgs exchange 
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LHC Tests
LHC can set model-independent limits on this minimal scenario

Monojet searches are particularly relevant:
P. Fox, R. Harnik, J. Kopp, Y. Tsai [1109.4398]

A. Rajaraman, W. Shepherd, T. Tait, A. Wijangco [1108.1196]
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10 7 Interpretation

 [GeV]χM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-1CMS, 90% CL, 8 TeV, 19.7 fb

-1CMS, 90% CL, 7 TeV, 5.0 fb

LUX 2013

superCDM
S

CDM
Slite

XENON100

COUPP 2012

SIMPLE 2012
CoGeNT 2011

CDMS II

CMS

Spin Independent

2Λ

q)µγq)(χ
µ
γχ(

Vector

3Λ4

2)
νµ

a(Gsαχχ

Scalar

-1CMS, 90% CL, 8 TeV, 19.7 fb

 [GeV]χM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-1CMS, 90% CL, 8 TeV, 19.7 fb

-1CMS, 90% CL, 7 TeV, 5.0 fb

COUPP 2012

-
W+

IceCube W

SIMPLE 2012

-
W+

Super-K W

CMS

Spin Dependent

2Λ

q)
5
γµγq)(χ

5
γ
µ
γχ(

Axial-vector operator 

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-



New Colored States
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Introduce colored states such as squarks or gluinos in the spectrum
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New Colored States

Introduce colored states such as squarks or gluinos in the spectrum

Additional contributions to scattering cross section
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May weaken LUX bounds in certain regions of parameter space



Dark matter produced in decays of colored particles

Events typically have several jets and missing energy

Gluino Pair ProductionExample: 

Takes advantage of large colored production cross section

4 jets

g̃ q̃ �

j j

g̃ q̃ �

W+jj

�+

4-8 jets, 0-2 leptons

New Colored States



LHC Bounds

Current searches probing gluino masses up to ~1.3 TeV,  
LSP masses up to ~550 GeV



WIMP paradigm has been the primary motivator for 
current dark matter program at LHC 

• simplified models for supersymmetry

• effective theory of dark matter interactions

Typically, LHC dark matter searches are cast in terms of 

Important to consider other well-motivated dark matter 
scenarios to ensure that all possibilities are fully explored



Maybe minimality is not necessarily the best guide in 
the search for dark matter

Why should 5% of the mass density have all the fun?
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Hidden Dark Sector

Visible Sector Dark SectorPortal
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Higgs Portal

Does the Higgs serve as a portal to physics  
beyond the Standard Model?

Due to low dimension of the Higgs field, it admits operators like

|H|2O
where dimension of     is less than or equal to 2O

O = �2

For example, dark sector can consist of new scalar field:
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shown in Fig. (16). If this is the case, then dark matter dynamics within
the context of supersymmetry can be changed dramatically. In this section
we significantly broaden and extend this notion that dark matter dynamics
can be modified significantly.

~

valley
hidden

LHC

LSvP

g

LSsP

SM

~q

Fig. 16. The effects of supersymmetry on a hidden valley.

So let’s begin our discussion about HV dark matter by examining our
prejudices about dark matter to see whether they are really very well
founded. What we have been taught more or less believe about dark matter
is that it is

• single – made up predominantly of one component
• stable
• weakly interacting
• neutral
• weak scale

particle. This is something of a “spherical cow” approximation of dark
matter. Now on what basis are these notions based? They are not totally
unfounded, so let’s go through the reasons.

• The dark matter is a single state. In most models this has been true
for two reasons. First, there is usually one new symmetry, such as

Strassler and Zurek  [hep-ph/0604261] ; Zurek [ 1001.2563]

Standard Model particles remain neutral under new, non-abelian 
symmetry in a “hidden valley”

Higher dimension operators enable TeV-scale fields to mediate 
interactions between the two sectors



Novel Phenomenology

If the dark-sector states are produced at the LHC, they can  
lead to novel phenomenology such as:

displaced vertices

large particle multiplicities

multiple resonances

lepton or photon jets



Phenomenological Model

2

FIG. 1: (left) The distribution of transverse missing energy �ET for the QCD background (solid blue), as well as the semi-visible
jet (dashed red) and WIMP (dotted green) examples. (right) The distribution of �� ⌘ min {��j1�ET ,��j2�ET }, where j1,2 are
the two hardest jets. Typical LHC searches require �� & 0.4 [34, 35].

strategy employed is similar to others proposed for semi-
visible Higgs decays [36].

We now introduce example messenger and dark-sector
Lagrangians which will enable us to analyze the LHC
sensitivity for semi-visible jets. In particular, the exam-
ple studied below first appeared in the context of “Hid-
den Valleys” [7]. This example is presented for illustra-
tion and concreteness; semi-visible jets will be among the
LHC signatures for a vast class of dark-sector models.

The messenger sector is described by a simple phe-
nomenological model for a TeV-scale U(1)0 gauge boson.
The new leptophobic Z 0 gauge boson couples to the SM
baryon current Jµ

SM:

L � �1

4
Z 0µ⌫ Z 0

µ⌫ � 1

2
M2

Z0 Z 0
µ Z

0µ � gSMZ0 Z 0
µ J

µ
SM. (1)

Note that the Z 0 is treated as a Stueckelberg field—the
Higgs sector has been neglected as it is not relevant for
the LHC phenomenology discussed below. We also ignore
the additional matter that must exist in order to render
the U(1) of baryon number anomaly free.

The dark sector is an SU(2)d gauge theory with cou-
pling ↵d and two scalar quark flavors �i = �1,2 with
masses Mi. The scalar quark coupling to the Z 0 is gdZ0 .
In general, the couplings gdZ0 and gSMZ0 do not have to be
comparable; we focus on the case where gdZ0 is large for
the Z 0 to decay frequently into the dark sector.

The SU(2)d confines at a scale ⇤d ⌧ MZ0 . A QCD-
like dark shower occurs when M2

i ⇠ ⇤2
d so that many

dark gluons and scalar quarks are produced, which sub-
sequently hadronize. Some of these dark hadrons are
stable, while others decay back to the SM via an o↵-shell
Z 0. The detailed spectrum of the dark hadrons depends
on non-perturbative physics. Nonetheless, some proper-
ties of the low-energy states can be inferred from sym-
metry arguments. There are two accidental symmetries:
a dark-isospin number U(1)1�2 and a dark-baryon num-
ber U(1)1+2, where “1” and “2” refer to the �i flavor

index. For example, the mesons �†
1�1 and �†

2�2 are not
charged under either of these symmetries, and are thus
unstable. The other mesons (�1�

†
2, �

†
1�2) and baryons

(�1�2, �
†
1�

†
2) are charged under U(1)1�2 and U(1)1+2,

respectively, and are stable.
By construction, this phenomenological model only

contains terms and interactions that have a direct impact
on the jet distributions and on the missing transverse en-
ergy. The strength of the dark shower, parametrized by
↵d, plays a critical role. The coupling ↵d controls how
many dark hadrons are emitted in the shower as well as
their pT distributions, which has a direct and measurable
impact on the jet observables. In addition, the mass scale
of the dark quarks is relevant, a↵ecting the jet masses.
The number of dark-matter particles produced in the

shower impact �~ET . It is useful to parametrize these ef-
fects in terms of the quantity

rinv ⌘
⌧

# of stable hadrons

# of unstable hadrons

�
. (2)

The value of rinv depends on the details of the dark-sector
model. For the model described above with M2

1 = M2
2 ,

the average proportion of the stable and unstable hadrons
is equal, implying rinv ' 0.5. This assumes that the
hadronization process is flavor-blind and that the dark
quark masses are degenerate, and ignores baryon pro-
duction, which is suppressed by a factor of 1/N2

c , where
Nc is the number of dark colors.
A mass splitting between the flavors can lead to vari-

ations in rinv. Assuming M2 � M1, in the Lund string
model [37], fragmentation into heavier dark quark pairs
is suppressed by the factor

T = exp

✓
�4⇡|M2

2 � M2
1 |

⇤2
d

◆
. (3)

Because of the exponential dependence of the fragmen-
tation process, rinv is very sensitive to small splittings of

Portal consists of new TeV-scale, leptophobic gauge boson 

Visible Sector Dark SectorPortal

Z 0

SUc(3)⇥ SUL(2)⇥ UY (1) SUd(2)

Quarks

�1 �2

2 flavors



Dark Sector
SUd(2) confines at scale Λd ≪ MZ′

Results in a QCD-like spectrum of dark mesons and baryons

2

FIG. 1: (left) The distribution of transverse missing energy �ET for the QCD background (solid blue), as well as the
semi-visible jet (dashed red) and WIMP (dotted green) examples. See text for model details. (right) The distribution of
�� ⌘ min {��j1�ET ,��j2�ET }, where j1,2 are the two hardest jets. Typical LHC searches require �� & 0.4 [33, 34] to reduce
QCD jet mismeasurement, which significantly reduces the semi-visible jet signal.

We now introduce example messenger and dark-sector
Lagrangians which will enable us to analyze the LHC
sensitivity for semi-visible jets. The goal is to construct
a concrete model that results in the semi-visible jet sig-
nature. In particular, the example studied below first
appeared in the context of “Hidden Valleys” [7]. This
example is presented for illustration and concreteness;
semi-visible jets will be among the LHC signatures for a
vast class of dark-sector models. The collider signatures
of interest are only sensitive to a few gross features of the
strongly coupled sector.

The messenger sector is described by a simple phe-
nomenological model for a TeV-scale U(1)0 gauge boson.
The new leptophobic Z 0 gauge boson couples to the SM
baryon current Jµ

SM:

L � �1

4
Z 0µ⌫ Z 0

µ⌫

� 1

2
M2

Z

0 Z 0
µ

Z 0µ � gSM
Z

0 Z 0
µ

Jµ

SM. (1)

Note that the Z 0 is treated as a Stueckelberg field—the
Higgs sector has been neglected as it is not relevant for
the LHC phenomenology discussed below. We also ignore
the additional matter that must exist in order to render
the U(1) of baryon number anomaly free.

The dark sector is an SU(2)
d

gauge theory with cou-
pling ↵

d

and two scalar quark flavors �
i

= �1,2:

L � ��D
µ

�
i

��2 � M2
i

�†
i

�
i

, (2)

where M2
i

are the dark quark masses squared. The scalar
quark coupling to the Z 0 is gd

Z

0 . In general, the couplings
gd
Z

0 and gSM
Z

0 do not have to be comparable; we focus
on the case where gd

Z

0 is large enough to allow frequent
decays of the Z 0 into the dark sector.

The SU(2)
d

confines at a scale ⇤
d

⌧ M
Z

0 . A QCD-
like dark shower occurs when M2

i

⇠ ⇤2
d

so that many
dark gluons and scalar quarks are produced, which sub-
sequently hadronize. Some of these dark hadrons are

stable, while others decay back to the SM via an o↵-shell
Z 0. The detailed spectrum of the dark hadrons depends
on non-perturbative physics. Nonetheless, some proper-
ties of the low-energy states can be inferred from symme-
try arguments. There are two accidental symmetries: a
dark-isospin number U(1)1�2 and a dark-baryon number
U(1)1+2, where “1” and “2” refer to the �

i

flavor index.
The light hadrons can be classified by these symmetries,
as shown in Table I.
By construction, this phenomenological model only

contains terms and interactions that have a direct im-
pact on the jet distributions and on the missing trans-
verse energy. For example, choosing the dark quarks
to be fermions instead of scalars, or introducing self-
interactions in the dark sector would have little impact
on these observables. The low-energy spectrum may also
be changed by introducing a dark-baryon number violat-
ing mass (L � b ✏

ij

�
i

�
j

) or choosing a non-trivial U(1)0

charge matrix. Neither of these alterations would make
a qualitative change that would not already be captured
by the proposed search strategy.
In contrast, the strength of the dark shower,

parametrized by ↵
d

, plays a critical role. The coupling
↵
d

controls how many dark hadrons are emitted in the

Hadrons Constituents U(1)1�2 U(1)1+2

unstable meson �†
1�1 �†

2�2 0 0

stable meson �1�
†
2 �†

1�2 +2,�2 0

baryon �1�2 �†
1�

†
2 0 +2,�2

TABLE I: Classification of light hadrons in the model pre-
sented here. The unstable mesons can decay back to the SM.
Internal angular momentum is ignored for simplicity.

Use symmetry arguments to say something about spectrum...

Dark 
Baryon 
Number

Dark 
Isospin
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Anatomy of a Signal
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Semi-Visible Jets

q

q
q

q̄

q̄

q̄

Dark matter is produced in a QCD-like parton 
shower along with other degrees of freedom that 

decay hadronically

Observed as a hadronic jet that also contains invisible particles

multijet+MET signature where one of the jets is closely aligned with 
the direction of missing energy



Semi-Visible Jets
Typical LHC searches require             �� & 0.4

Acceptance after �� & 0.4 & MET > 500 GeV :
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⇠ 70% WIMP ⇠ 7% Semi-visible jet
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Simplified Model Approach

Seemingly infinite possibilities for the dark sector

At first glance, may seem impossible to develop a systematic 
search strategy to scan relevant parameter space

However, many of the details of the dark sector spectrum are not  
relevant for quantities measured in the detector

Focus on dark sector parameters that are most 
important for observable quantities



Dark-Sector Gauge Coupling

visible Standard Model hadrons undetected stable mesons

αd parametrizes the strength of the dark shower

Increasing αd increases the number of dark hadrons emitted in the shower, 
as well as their pT distributions
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0 ⇡ 2⇡
�

�1
0
1

⌘

0 2000 4000 6000
M (GeV)

�
�

1
d�

/d
M

↵d = 0.2
rinv = 0.3

Mjj

MT

Mmc

0 ⇡ 2⇡
�

0 2000 4000 6000
M (GeV)

↵d = 0.1
rinv = 0.3

Mjj

MT

Mmc

0 ⇡ 2⇡
�

0 2000 4000 6000
M (GeV)

↵d = 0.2
rinv = 0.5

Mjj

MT

Mmc



Invisible Ratio

visible Standard Model hadrons undetected stables mesons

Parametrize uncertainty in # of dark matter particles produced in shower using 

Depending on the details of the dark sector spectrum, rinv = [0,1]

↵d = 0.2↵d = 0.2rinv = 0.3 rinv = 0.5
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Parametrization

3

FIG. 2: Mass distributions for the benchmark model in Table I, for various ↵d and rinv. Mjj is the mass of the two large
reclustered jets, MT the transverse mass, and Mmc the reconstructed Z0 mass using all the dark-matter particles in the Monte
Carlo. The ⌘�� lego plots show the corresponding energy deposition in the detector. Red circles indicate visible SM hadrons,
while the grey circles indicate undetected stable mesons. The crosses indicate the position of anti-kT R = 0.5 jets. The relative
size of each circle and cross is set by the

p
pT of the object.

the mass parameters. As a result, fewer stable mesons
are produced when M2

2 � M2
1 > ⇤2

d. This decreases the
value of rinv below 0.5. To increase rinv above 0.5, one
can increase the number of flavors Nf , thereby enlarg-
ing the number of stable mesons by Nf (Nf � 1), while
only increasing the number of unstable mesons by Nf .
Clearly, rinv can take on any value between (0, 1).

Table I summarizes the five parameters that are most
relevant for semi-visible jet observables. Three are sensi-
tive to the details of the dark sector: the running dark-
sector gauge coupling ↵d(1 TeV), rinv, and the mass scale
for the dark mesons Md. Note that by only including
one value of Md, we are assuming that the LHC will
be insensitive to the dark spectrum mass splittings, i.e.,
MZ0 � ⇤d. Additionally, there are two portal parame-
ters: the production cross section times branching ratio

description benchmark

� ⇥ Br cross section ⇥ branching ratio 80 fb

MZ0 Z0 pole mass 3 TeV

Md dark hadron mass scale 20 GeV

↵d(1 TeV) running dark coupling 0.2

rinv ratio of stable to unstable 0.3

TABLE I: Parametrization for semi-visible jet search.

into the dark sector � ⇥ Br, and the mass of the Z 0.
To perform a detailed collider study, uū, dd̄ ! Z 0 !

�† � events were simulated for the 14 TeV LHC using
PYTHIA8 [38] using the default CTEQ6 parton distribution
functions. The dark-sector shower was simulated using
the Hidden Valley Pythia module [28, 29], modified to
include the running of ↵d as was done for [33], with sub-
sequent hadronization into mesons with mass Md. Each
meson had a probability rinv to be a dark-matter par-
ticle. The non-dark-matter particles could decay to all
four light quarks with equal probability. The possible
decays of dark baryons/mesons into each other were ne-
glected. The resulting particles were processed through
DELPHES3, with the default CMS settings [39], including
particle flow.
Anti-kT R = 0.5 jets [40] were constructed and

then reclustered into two large jets [41] using the Cam-
bridge/Achen (CA) algorithm [42] with R = 1.1. One
could perform a resonance search using the invariant
mass M2

jj = (p1 + p2)2, where p1,2 are the momenta of
the two final large jets j1,2. However, the Mjj variable
degrades when there are a significant number of dark-
matter particles. A variable that incorporates the miss-
ing momentum is the transverse mass:

M2
T = M2

jj + 2
⇣q

M2
jj + p2Tjj �ET � ~pTjj · �~ET

⌘
. (4)

In a detector with perfect resolution, Mjj  MT  MZ0 .
Figure 2 shows the distribution of Mjj ,MT and Mmc af-
ter event selection. Mmc is the reconstructed MZ0 com-
puted from all the reclustered jets and truth-level dark-
matter four-vectors. MT can yield a narrower, more
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Monte Carlo

Z′ events generated in PYTHIA8 and dark sector shower simulated 
with the Hidden Valley module

Resulting particles processed through DELPHES3, with default CMS settings

QCD backgrounds and MET distributions validated against the 
published results from CMS

                                            events generated at the parton-level with 
MADGRAPH, then showered and hadronized in PYTHIA8

QCD, W±/Z0 + jets, tt̄



Cut Flow

Two R=1.1 Cambridge/Achen jets (j1, j2)
Large jets capture wider radiation patterns

Require |⌘j1 � ⌘j2 | < 1.1

To remove t-channel QCD

Require alignment between jet pT and missing energy
Veto isolated muons and electrons

To suppress electroweak backgrounds

Require 
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prominent peak and be closer to Mmc depending on the
choice of ↵d and rinv. The top panels of Fig. 2 show sam-
ple events for the di↵erent signals. The dark-sector par-
ticle multiplicity decreases for smaller ↵d. As rinv is in-
creased, the signal degrades because more stable mesons
are produced and more information is lost. Note that
when ↵d is large enough, the radiation will not be fully
captured unless the jet radius is made larger, perhaps at
the expense of increasing the sensitivity to pile-up.

To estimate the reach at the LHC, we simulated
60 ⇥ 106 QCD events, 5 ⇥ 106 W±/Z + jj events, and
5 ⇥ 106 tt̄ events. All samples were binned in HT in
order to increase statistics in the high-MT tails [43], us-
ing Madgraph5 [44] at parton level and PYTHIA8 for the
shower and hadronization. The dominant background af-
ter event selection is QCD andW±/Z+jj. For the signal,
25000 events were generated for each choice of MZ0 in in-
crements of 500 GeV, using the benchmark parameters in
Table I. An 8 TeV sample was used to validate the QCD
background and limit-setting procedure [45] against the
CMS dijet resonance search [46]. The �ET distribution
was also validated [47].

Each event was required to have at least two R = 0.5
anti-kT jets with pT > 200 GeV and |⌘| < 2.5, as well
as �ET > 100 GeV. These pre-selection cuts model the
impact of the trigger. Then, the following cut-flow was
applied:

• Recluster jets into R = 1.1 CA jets (j1, j2);

• Require |⌘j1 � ⌘j2 | < 1.1;

• Require �� < 1, where �� is the minimum az-
imuthal angle between �~ET and ~pTj1,2 ;

• Veto isolated e±/µ± with pT > 20 GeV, |⌘| < 2.4;

• Require �ET /MT > 0.15.

The R = 1.1 jets capture the wider radiation pattern
expected from dark-shower dynamics. The cut on the
pseudo-rapidity di↵erence removes t-channel QCD [46,
48]. The lepton veto and �� requirements suppress elec-
troweak backgrounds. Finally, the�ET /MT cut e↵ectively
acts as a missing energy requirement; cutting on the di-
mensionless ratio avoids sculpting the MT distribution.

After applying these cuts, a bump hunt was performed
using MT . At small MT , the dominant background
comes from QCD. When MT & 3 TeV, the background
is dominated by W±/Z+ jj, where the gauge bosons de-
cay leptonically. Following the dijet resonance searches
at CMS [46] and ATLAS [48], the resulting background
distribution was parametrized using a fitting function.

Assuming the background exactly follows the fit ob-
tained from simulation, the exclusion reach for the signal
benchmark can be computed. Figure 3 shows the results
for 100 fb�1 of 14 TeV LHC data as a function of MZ0

for the benchmark parameters (Table I). We assume a
10% width for the Z 0, as computed using the benchmark

parameters. The production cross section times branch-
ing ratio for a Z 0 with the same coupling as the SM Z0

is shown as a reference. A Z 0 with SM couplings can be
probed up to masses of ⇠ 3.6 TeV.
We estimate that the dijet limit on �⇥Br(Z 0 ! qq̄) is

comparable to the limit obtained for the dark-sector de-
cay mode. For gdZ0 ' 1, the branching ratio to the dark
sector varies from 80% to 50% along the expected exclu-
sion bound as the Z 0 mass increases. Thus, the model
would be discovered in the semi-visible jet channel before
it would be observed by the irreducible dijet channel; this
conclusion only gets stronger for more integrated lumi-
nosity.
In the simulations, we assume prompt decays for the

dark mesons. For a su�ciently heavy Z 0 and small cou-
plings, the dark meson decays could yield displaced ver-
tices. Requiring that the lab-frame decay length be
. O(1 mm) and assuming that the dark meson can decay
into all four light quarks, a lower bound on the couplings
can be obtained:

gSMZ0 & 10�2

✓
1

gdZ0

◆ r
B

10

✓
MZ0

3 TeV

◆2 ✓
⇤d

20 GeV

◆ 5
2

, (5)

where B ⇠ 10 is the average boost factor computed from
the benchmark simulation. Eq. (5) gives the lower purple
region in Fig. 3. However, it is important to emphasize
that modifications of the search strategy can still be ef-
fective in this region.
This Letter proposed a new search strategy for the

discovery of hidden-sector physics in resonance searches.
In particular, the focus was on dark-sector showers that
result in novel semi-visible jets—objects that are com-

FIG. 3: Expected � ⇥ Br for the signal benchmark in Ta-
ble I. The shaded green(yellow) band corresponds to ±1(2)
standard deviations. The dashed black line shows the �⇥Br
for a Z0 with the same coupling to quarks as the SM Z0.
The shaded purple region is where the vertices are displaced,
assuming gdZ0 ' 1.

Effective MET requirement to suppress QCD



Transverse Mass

Two semi-visible jet final state

Invariant Mass, Mjj

M2
jj = (pj1 + pj2)

2

Transverse Mass, MT

3

FIG. 2: Mass distributions for the benchmark model in Table I, for various ↵d and rinv. Mjj is the mass of the two large
reclustered jets, MT the transverse mass, and Mmc the reconstructed Z0 mass using all the dark-matter particles in the Monte
Carlo. The ⌘�� lego plots show the corresponding energy deposition in the detector. Red circles indicate visible SM hadrons,
while the grey circles indicate undetected stable mesons. The crosses indicate the position of anti-kT R = 0.5 jets. The relative
size of each circle and cross is set by the

p
pT of the object.

the mass parameters. As a result, fewer stable mesons
are produced when M2

2 � M2
1 > ⇤2

d. This decreases the
value of rinv below 0.5. To increase rinv above 0.5, one
can increase the number of flavors Nf , thereby enlarg-
ing the number of stable mesons by Nf (Nf � 1), while
only increasing the number of unstable mesons by Nf .
Clearly, rinv can take on any value between (0, 1).

Table I summarizes the five parameters that are most
relevant for semi-visible jet observables. Three are sensi-
tive to the details of the dark sector: the running dark-
sector gauge coupling ↵d(1 TeV), rinv, and the mass scale
for the dark mesons Md. Note that by only including
one value of Md, we are assuming that the LHC will
be insensitive to the dark spectrum mass splittings, i.e.,
MZ0 � ⇤d. Additionally, there are two portal parame-
ters: the production cross section times branching ratio

description benchmark

� ⇥ Br cross section ⇥ branching ratio 80 fb

MZ0 Z0 pole mass 3 TeV

Md dark hadron mass scale 20 GeV

↵d(1 TeV) running dark coupling 0.2

rinv ratio of stable to unstable 0.3

TABLE I: Parametrization for semi-visible jet search.

into the dark sector � ⇥ Br, and the mass of the Z 0.
To perform a detailed collider study, uū, dd̄ ! Z 0 !

�† � events were simulated for the 14 TeV LHC using
PYTHIA8 [38] using the default CTEQ6 parton distribution
functions. The dark-sector shower was simulated using
the Hidden Valley Pythia module [28, 29], modified to
include the running of ↵d as was done for [33], with sub-
sequent hadronization into mesons with mass Md. Each
meson had a probability rinv to be a dark-matter par-
ticle. The non-dark-matter particles could decay to all
four light quarks with equal probability. The possible
decays of dark baryons/mesons into each other were ne-
glected. The resulting particles were processed through
DELPHES3, with the default CMS settings [39], including
particle flow.
Anti-kT R = 0.5 jets [40] were constructed and

then reclustered into two large jets [41] using the Cam-
bridge/Achen (CA) algorithm [42] with R = 1.1. One
could perform a resonance search using the invariant
mass M2

jj = (p1 + p2)2, where p1,2 are the momenta of
the two final large jets j1,2. However, the Mjj variable
degrades when there are a significant number of dark-
matter particles. A variable that incorporates the miss-
ing momentum is the transverse mass:

M2
T = M2

jj + 2
⇣q

M2
jj + p2Tjj �ET � ~pTjj · �~ET

⌘
. (4)

In a detector with perfect resolution, Mjj  MT  MZ0 .
Figure 2 shows the distribution of Mjj ,MT and Mmc af-
ter event selection. Mmc is the reconstructed MZ0 com-
puted from all the reclustered jets and truth-level dark-
matter four-vectors. MT can yield a narrower, more
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Transverse Mass
MT can yield a narrower, more prominent peak than Mjj, 

depending on αd and rinv
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Use of transverse mass effectively turns this search into a 
 massive resonance bump hunt

Bump Hunt
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Projected Sensitivity
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Projected Sensitivity

Dijet limit on σ×Br(Z′→qq) comparable 
to that for dark-sector decay mode

Branching ratio to dark sector varies 
from 80% to 50% along expected 
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Conclusions

Hidden dark sectors arise in many new-physics models and can  
lead to interesting phenomenology

Semi-visible jets are one so-far unexplored possibility 

Semi-visible jets from the decay of a heavy resonance can be 
discovered by doing a “bump hunt” in transverse mass



Next Steps
Develop a systematic search strategy to cover the wide array 

of possibilities for dark-sector physics
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Supplemental Material

A. Razor Analysis

Inclusive shape analyses can provide an alternative approach in the hunt for semi-visible jets. One such example is

the use of “razor” variables, which were originally designed to extract signals such as pair production of squarks that

decay into jets and neutralinos [1]. The starting point is to recluster an event into two “mega-jets,” where the sum

of the squared-invariant-mass of the jets is minimized [2]. Given these two mega-jets j1, j2, one can define the M

R

variable:

M

R

=

q�
|~p

j1 | + |~p
j2 |

�2 �
�
p

z,j1 + p

z,j2

�2
. (S1)

For general new-physics signals, M
R

approximates the hard scale of the interaction. Additional discrimination between

signal and background can be gained by considering the missing momentum �~E
T

. For razor searches, the R

2 variable

R

2 =
1

2M2
R

h
�E

T

�
p

T,j1 + p

T,j2

�
� �~E

T

·
�
~p

T,j1 + ~p

T,j2

�i
(S2)

is utilized. R2 characterizes the separation between �~E
T

and jet momenta.

Figure S1 shows the distribution of (M
R

, R

2) for the strongly coupled (labeled semi-visible jet) and weakly coupled

(labeled WIMP) models in the main Letter (see Fig. 1). The WIMP signal is broadly distributed in the bulk of the

(M
R

, R

2) plane. On the other hand, semi-visible jets yield a distinctive edge at (M
R

, R

2) = (M
Z

0
, 0), with a tail

extending to R

2
> 0 and M

R

< M

Z

0 . Current razor analyses delineate exclusive signal regions in the (M
R

, R

2) plane.

For example, in the CMS dark-matter search that uses razor variables [3], the signal region is defined to have R2
> 0.5

and M

R

2 (200, 300], (300, 400], (400, 600] and (600,1) GeV. Other analyses require less stringent cuts on R

2; for

example, the supersymmetry analysis requires M
R

> 400 GeV and 0.18 < R

2
< 0.5 for fully hadronic events [4]. None

of these signal regions is ideal for the semi-visible jet signal, as they do not take advantage of the sharp kinematic

feature in the M

R

distribution. Re-optimizing the razor analyses may prove useful in distinguishing semi-visible jets

from background; we leave this study for future work.
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FIG. S1: The R2 vs. MR distribution for the strongly coupled (left) and weakly coupled (right) dark-matter models from
Figure 1 in the main Letter. The color scale denotes the fraction of events in each bin.
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B. Background Distributions

Figure S2 shows the M

T

distributions of the backgrounds before and after the final �E
T

/M

T

cut. Requiring

�E
T

/M

T

> 0.15 removes a significant fraction of the QCD background; afterwards, the W±
/Z

0+jj and tt̄ backgrounds

dominate at large M

T

. The background distribution is modeled using the fitting function

f(x) = p0
(1 � x)p1+p2 ln x

x

p3+p4 ln x

, x =
M

Tp
s

, (S3)

where the p

i

are fit parameters; the best-fit curve is shown in dashed purple. The background distribution is smooth

and the fit function provides a reasonable description in the region of interest. The M
T

distribution for the benchmark

signal listed in Table I is shown in solid black. The signal exhibits a prominent peak over the background and the

�E
T

/M

T

cut significantly enhances the signal to background ratio.
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FIG. S2: MT distribution before (left) and after (right) an �ET /MT > 0.15 requirement. (All other selection criteria are applied
for both panels.) The QCD, W±/Z0 + jj, and tt̄ backgrounds are shown in red, green, and blue, respectively, and are stacked.
The dashed purple curve is an analytic fit to the total background using Eq. S3. The solid black curve corresponds to the
benchmark signal, with parameters listed in Table I.
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