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What 
comprises 
the dark             

,   sector?
Weakly coupled? 
(e.g. neutralinos)Or more 

complicated?



WHAT IS DARK MATTER?!?

TIM COHEN      [ UNIVERSITY OF OREGON] 3

How do we ensure 
discovery???? 

Can we better optimize 
searches????



“WIMP” SIGNALS
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New physics in Jets +       .�ET

Fox, Harnik, Kopp, Tsai [arXiv:1109.4398] 
Rajaraman, Shepherd, Tait, Wijangco [arXiv:1108.1196]

Alwall, Le, Lisanti, Wacker [arXiv:0809.3294] 
Alwall, Schuster, Toro [arXiv:0810.3921] 
LHC New Physics Working Group [arXiv:1105.2838]
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Figure 1. Observed meff(incl.) distributions in control regions CRγ (top left, for SR 2jl selection criteria

only), CRW (top right), CRT (bottom left) and CRQ (bottom right, excluding requirements on Emiss
T /

√
HT)

corresponding to SRs 2jl, 2jm and 2jt. With the exception of the multi-jet background (which is estimated

using the data-driven technique described in the text), the histograms denote the MC background ex-

pectations, normalised to cross-section times integrated luminosity. In the lower panels the light (yellow)

error bands denote the experimental systematic and MC statistical uncertainties, while the medium dark

(green) bands include also the theoretical modelling uncertainty. The arrows indicate the values at which

the requirements on meff(incl.) are applied.
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√
HT)

corresponding to SRs 2jl, 2jm and 2jt. With the exception of the multi-jet background (which is estimated

using the data-driven technique described in the text), the histograms denote the MC background ex-

pectations, normalised to cross-section times integrated luminosity. In the lower panels the light (yellow)

error bands denote the experimental systematic and MC statistical uncertainties, while the medium dark

(green) bands include also the theoretical modelling uncertainty. The arrows indicate the values at which

the requirements on meff(incl.) are applied.
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Control region:                           cut reversed. ��(jets,�ET )
ATLAS Collaboration [arXiv:1405.7875]

QCD background: 

       from jet 
mismeasurement. 

Background         aligned 
with jets. 

Cut on  

min
h
��(jets,�ET )

i
& 0.4

�ET
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Signature made classic by “Hidden Valley” models.
Strassler, Zurek [arXiv:hep-ph/0604261]
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NO STONE UNTURNED
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Want to ensure discovery of new physics. 

Nothing stoping the dark sector from being complicated. 

Goal: minimal parametrization to cover broad class of models.



OUTLINE
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MODELS 

SEARCHES 

OUTLOOK
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MODELS

10

Simulation: pythia8 hidden valley module (modified to include running 
couplings) piped through DELPHES (CMS card) at 14 TeV.
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Contact operator
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t-channel
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Contact operator

a

÷E:
s-channel

t-channel

No time to discuss…



DARK SECTOR
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Dark quarks:      ,      .�1 �2

Dark force:               SU(2)d ↵d) ⇤dor equivalently       .

SU(2)dSU(3)C ⇥ SU(2)W ⇥ U(1)Y

�1, �2
3⇥ (Q, U c,

Dc, L, Ec)

⇤D ⌧ ⇤
contact
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21

23

Small 𝜶𝒅

↵dDark gauge coupling,      , 
unknown parameter.



DARK HADRONS
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SU(2)d

�1, �2

�†
1 �1

�†
2 �2

�†
1 �2 �†

2 �1

�1 �2 �†
1 �

†
2

U(1)1�2 ⇥ U(1)1+2

Global 
symmetry

Gauge 
symmetry

E � ⇤d

MZ0

⇤d Md,



DARK HADRONS
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Two global symmetries:
U(1)1�2 U(1)1+2and

q

q

�†
1 �1 �†

1 �1

b

b

Vector: Scalar:

Dark isospin

Dark baryon 
number



INVISIBLE BR PARAMETER

TIM COHEN      [ UNIVERSITY OF OREGON] 17

rinv ⌘
⌧
# stable

total

�

rinv ' 0.5

Andersson, Gustafson, Ingelman, Sjostrand [Phys. Rept. 97 (1983)]

T ⇠ exp

✓
�4⇡|M2

2 �M2
1 |

⇤

2
d

◆
Fragmentation rate:

M2
1 = M2

22 flavors with

2 flavors with M2
1 ⌧ M2

2 rinv ! 0

(ignoring baryons)
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rinv ⌘
⌧
# stable

total

�

Naively counting:
singlet combinations           .�†

i�iNF

“charged” combinations            with            .�†
i �j i 6= j

NF (NF � 1)

2

Number of (possibly) stable particles grows as                     NF ! 1
) rinv ! 1

0 < rinv < 1



LEGO PLOTS
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21

22

Large 𝒓𝒊𝒏𝒗

rinv = 0.5

rinv = 0.3
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Mass Scale Shower Strength Invisible ratio

𝒎𝒁′ , 𝒎𝒅 𝜶𝒅(𝟏TeV) 𝒓𝒊𝒏𝒗

la
rg

er
   
𝒎

𝒁′

la
rg

er
 𝜶

𝒅(
𝚲)

la
rg

er
  𝒓

𝒊𝒏
𝒗

Dark meson mass,        ,and production rate:                 .� ⇥ BRmd
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SEARCHES

21



CONTACT OPERATOR SEARCH
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Follow “mono-X” strategy. 

Focus on the vector-vector contact operator:

1

⇤2

�
q̄�µq

��
�̄�µ�

�

Then UV complete into model with s-channel exchange. 

(For t-channel model, see paper.)
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Trigger: 
•At least one jet with                    and                              . 
•Veto leptons. 

Signal Regions: 
•Require                                                    . 
•Require either                      or                     . 

|⌘| < 2.5 pT > 250 GeV

�ET > 800, 900, 1000 GeV

�� > 0.4 �� < 0.4

Standard cut. “Semi-visible” cut.
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PRELIMINARY
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S-CHANNEL UV COMPLETION:
HOW DOES SENSITIVITY 

CHANGE?

26
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� ⇥ BR

Couple a        to quarks.  Z 0

Produced resonantly at LHC.

At partonic center of mass energy
p
ŝ ' MZ0

3

Events are rejected if either the leading jets, or any of
the other jets with pT greater than 30% of the pT of the
subleading jet, are poorly measured or have a topology
characteristic of noncollision background or calorimeter
noise [52]. Poorly measured jets correspond to energy
depositions in regions where the energy measurement is
known to be inaccurate. Events are also rejected if one of
the jets relevant to this analysis falls into regions of the
calorimeter that were nonoperational during data taking.
An ine�ciency of roughly 10% due to this veto is emu-
lated in MC signal samples following the same conditions
as data. Central values and statistical errors of the dijet
mass spectra of both the data and MC signal samples are
scaled, in order to correct for this ine�ciency.

Additional kinematic selection criteria are used to en-
rich the dijet sample with events in the hard-scatter re-
gion of phase space. The rapidity y of the two leading
jets must be within |y| < 2.8. The leading and subleading
jets are required to have a pT > 50 GeV, ensuring a jet
reconstruction e�ciency of 100% [53] both for QCD back-
ground and for all benchmark models under considera-
tion. Events must satisfy |y⇤| = 1

2 |ylead � ysublead| < 0.6
and m

jj

> 250 GeV. The invariant mass cut of m
jj

>

250 GeV is chosen such that the dijet mass spectrum is
unbiased by the kinematic selection on pT.

IV. COMPARISON OF THE DIJET MASS
SPECTRUM TO A SMOOTH BACKGROUND

The observed dijet mass distribution in data, after all
selection requirements, is shown in Fig. 2. The bin width
varies with mass and is chosen to approximately equal
the dijet mass resolution derived from simulation of QCD
processes. The predictions for an excited quark q

⇤ with
three di↵erent mass hypotheses are also shown.

The search for resonances in m

jj

uses a data-driven
background estimate derived by fitting a smooth func-
tional form to the spectrum. An important feature of
this functional form is that it allows for smooth back-
ground variations, but does not accommodate localized
excesses that could indicate the presence of NP signals.
In previous studies, ATLAS and other experiments [54]
have found that the following function provides a satis-
factory fit to the QCD prediction of dijet production:

f(x) = p1(1� x)p2
x

p3+p4 ln x

, (1)

where the p
i

are fit parameters, and x ⌘ m

jj

/

p
s. The

uncertainty associated with the stability of the fit is car-
ried forward as a nuisance parameter in the statistical
analysis.

The functional form was selected using a data set con-
sisting of a quarter of the full data, a quantity known
to be insensitive to resonant new physics at dijet masses
above 1.5 TeV after the previous public result on 13 fb�1

of data [55]. A range of parametrizations were tested
on the blinded data set using a k-fold cross-validation

and there was found to be no substantial di↵erence be-
tween the standard function of Eq. 1 and higher-order
parametrizations, so the function with a simpler form
and a published precedent was selected. The �

2-value
of the fit to the blinded data set was 37 for 56 degrees
of freedom using the parameterisation of Eq. 1. The
fit function showed good agreement to both the fully
simulated dijet mass spectrum obtained from the sim-
ulated Pythia 8.160 QCD multijet events mentioned in
Sec. III, corrected for next-to-leading-order e↵ects using
the NLOJET++ v4.1.3 program [56,57] as described in
Ref. [11], and from a large-statistics sample of generator-
level events, for which the chi

2 of the fit was 58 for 55
degrees of freedom. While the number of data events is
matched or surpassed by the number of fully simulated
events starting from dijet masses of roughly 2 TeV, the
generator-level statistics is su�cient to reproduce that of
data. The �

2-value of the fit to data shown in Fig. 2 is
79 for 56 degrees of freedom.
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Figure 2. The reconstructed dijet mass distribution (filled
points) fitted with a smooth functional form (solid line).
Predictions for three q⇤ masses are shown above the back-
ground. The central panel shows the relative di↵erence be-
tween the data and the background fit with overlaid predic-
tions for the same q⇤ masses. The bin-by-bin significance of
the data-background di↵erence considering statistical uncer-
tainties only is shown in the bottom panel.

The center panel of Fig. 2 shows the relative di↵erence
between the data and the background fit, and overlays
the shapes that would be expected in the presence of
three sample q⇤ signals. The bottom panel of Fig. 2 shows
the significance of the di↵erence between the data and the
fit in each bin. The significance is calculated taking only
statistical uncertainties into account, and assuming that
the data follow a Poisson distribution with the expected
value given by the fit function.
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Figure 4. Observed (filled circles) and expected 95% C.L.
upper limits (dotted line) on � ⇥ A for color-octet scalars
as a function of particle mass. The green and yellow bands
represent the 68% and 95% contours of the expected limit.
The dashed curve is the theoretical prediction of � ⇥A. The
uncertainty on the nominal signal cross section due to the
beam energy uncertainty is also displayed as a band around
the theory prediction. The observed (expected) mass limit
occurs at the crossing of the dashed � ⇥ A curve with the
observed (expected) 95% C.L. upper limit curve.

expected mass limit at 95% C.L. is 2.80 TeV, and the
observed limit is 2.70 TeV.

The limits for heavy charged gauge bosons, W

0, are
shown in Fig. 5. The expected mass limit at 95% C.L. is
2.51 TeV, and the observed limit is 2.45 TeV.

The limits for the excited W

⇤ boson are shown in
Fig. 6. The plot shows the observed and expected lim-
its calculated for a leptophobic W

⇤ but includes the-
ory curves for both leptophobic and nonleptophobic W

⇤

given that the acceptances for the two samples are the
same to within 1%. The expected mass limit for the
leptophobic model at 95% C.L. is 1.95 TeV and the ob-
served limit is 1.75 TeV. The expected mass limit for the
nonleptophobic model at 95% C.L. is 1.66 TeV and the
observed limit is 1.65 TeV.

The limits for black holes generated using Qbh and
BlackMax are shown in Fig. 7. The observed limit is
consistent between the two generators, but the cross sec-
tions di↵er, hence the di↵erence in the mass limit. The
observed limits for the two models have visually matching
shapes and normalizations, so only one (BlackMax) is
selected for display. The limits for both models are, how-
ever, computed separately and recorded. The expected
mass limit for Qbh black holes at 95% C.L. is 5.66 TeV,
and the observed limit is 5.66 TeV. For BlackMax black
holes, the expected limit at 95% C.L. is 5.62 TeV and
the observed limit is 5.62 TeV. Above ⇠4.5 TeV the ob-
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Figure 5. Observed (filled circles) and expected 95% C.L.
upper limits (dotted line) on � ⇥ A for heavy vector bosons
as a function of particle mass. The green and yellow bands
represent the 68% and 95% contours of the expected limit.
The dashed curve is the theoretical prediction of � ⇥A. The
uncertainty on the nominal signal cross section due to the
beam energy uncertainty is also displayed as a band around
the theory prediction. Additionally the uncertainty on the
calculation of the next-to-next-to-leading order cross section
is shown around the theory line. The observed (expected)
mass limit occurs at the crossing of the dashed � ⇥ A curve
with the observed (expected) 95% C.L. upper limit curve.

served and expected limits are driven by the absence of
any observed data events, leading to identical observed
and expected mass limits.
Although the search phase of the analysis starts at 250

GeV, � ⇥ A exclusion limits on benchmark NP models
are set starting at 800 GeV for the q

⇤, s8, and W

0 mod-
els, and at 1500 GeV for the W ⇤ model. In the first three
cases, this ensures that the rapid increase in the delayed
stream statistics from 800 GeV onwards does not shift
the search to be more sensitive to the tails of the model,
rather than to its peak. In the W ⇤ model, the limited ac-
ceptance distorts the peak shape below 1500 GeV so that
it cannot be adequately treated as a resonance. Exclu-
sion limits on quantum black holes are set starting from
1 TeV in light of the large cross section and of previous
exclusion limits [77,80].

C. Generic resonance limits on dijet production

The resulting limits on � ⇥ A for the Gaussian tem-
plate shape are shown in Fig. 8. Limits resulting from the
convolution of Breit-Wigner signals of di↵erent intrinsic
widths (�BW) with the appropriate parton distribution
function, parton shower, nonperturbative e↵ects and de-
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Looking for a resonance.

Di-jet like. 
Jets are fatter than QCD jets. 

Non-zero         (also washes out resonance).�ET

Try the transverse mass:

M2
T = M2

jj + 2
⇣q

M2
jj + p2Tjj�ET � ~pTjj · ~�ET

⌘
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FIG. 2: Mass distributions after event selection cuts 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 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
N

c

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 [39], fragmentation into heavier dark quark pairs
is suppressed by the factor

T = exp

✓
�4⇡|M2

2 � M2
1 |

⇤2
d

◆
. (3)

description benchmark

� ⇥ Br production rate 80 fb

MZ0 Z0 pole mass 3 TeV

Md dark hadron mass scale 20 GeV

↵d(1 TeV) running dark coupling 0.2

rinv fraction of stable hadrons 0.3

TABLE I: Parametrization for semi-visible jet search.

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

f

, thereby enlarg-
ing the number of stable mesons by N

f

(N
f

� 1), while
only increasing the number of unstable mesons by N

f

.
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 M

d

. Note that by only including
one value of M

d

, we are assuming that the LHC will
be insensitive to the dark spectrum mass splittings, i.e.,
M

Z

0 � ⇤
d

. Additionally, there are two portal parame-
ters: the production rate � ⇥ Br and the Z 0 mass.

To perform a detailed collider study, uū, dd̄ ! Z 0 !
�† � events were simulated for the 14 TeV LHC using
PYTHIA8 [40] with 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]. Each
meson had a probability rinv to be a dark-matter par-
ticle. The possible decays of dark baryons/mesons into
each other were neglected. The resulting particles were
processed through DELPHES3, with the CMS settings [41].

Anti-k
T

R = 0.5 jets [42] were constructed and
then reclustered into two large jets [43] using the Cam-
bridge/Achen (CA) algorithm [44] with R = 1.1. In a

Re-cluster into                  C/A jets.R = 1.1

M2
T = M2

jj + 2
⇣q

M2
jj + p2Tjj�ET � ~pTjj · ~�ET

⌘

Mjj  MT  MZ0

Compute          using the fat jets.MT

Cluster into                  anti-       jets.R = 0.5 kT

Di-fat jet 
invariant mass

True invariant  
mass.  Mocked up 

by          : computed  
using visible and  

invisible 4-vectors.

Mmc
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FIG. 2: Mass distributions after event selection cuts 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 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
N

c

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 [39], fragmentation into heavier dark quark pairs
is suppressed by the factor

T = exp

✓
�4⇡|M2
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1 |

⇤2
d

◆
. (3)

description benchmark

� ⇥ Br production rate 80 fb

MZ0 Z0 pole mass 3 TeV

Md dark hadron mass scale 20 GeV

↵d(1 TeV) running dark coupling 0.2

rinv fraction of stable hadrons 0.3

TABLE I: Parametrization for semi-visible jet search.

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

f

, thereby enlarg-
ing the number of stable mesons by N

f

(N
f

� 1), while
only increasing the number of unstable mesons by N

f

.
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 M

d

. Note that by only including
one value of M

d

, we are assuming that the LHC will
be insensitive to the dark spectrum mass splittings, i.e.,
M

Z

0 � ⇤
d

. Additionally, there are two portal parame-
ters: the production rate � ⇥ Br and the Z 0 mass.

To perform a detailed collider study, uū, dd̄ ! Z 0 !
�† � events were simulated for the 14 TeV LHC using
PYTHIA8 [40] with 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]. Each
meson had a probability rinv to be a dark-matter par-
ticle. The possible decays of dark baryons/mesons into
each other were neglected. The resulting particles were
processed through DELPHES3, with the CMS settings [41].

Anti-k
T

R = 0.5 jets [42] were constructed and
then reclustered into two large jets [43] using the Cam-
bridge/Achen (CA) algorithm [44] with R = 1.1. In a
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Reclusters jet into                  C/A jets         .      . 

Require                                   . 

Require                 . 

Veto isolated                with                              and                   . 

Require                                 .

R = 1.1
��⌘j1 � ⌘j2

�� < 1.1

�� < 1

(j1, j2)

e±/µ± pT > 20 GeV |⌘| < 2.4

�ET /MT > 0.15

Then bump hunt in        .MT
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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±/Z0+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

xp3+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.

�ET /MT > 0.15WithAfter pre-selection
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1

⇤2

�
q̄�µq

��
�̄�µ�

�
LHC

Weakly coupled DM
Direct detection fully correlated with LHC signatures.

Composite DM
Direct detection depends on UV completion.

1

⇤2

�
q̄�µq

��
�̄�µ�

�
DD

1

⇤2

�
q̄�µq

��
�̄�µ�

�
LHC DD

1

⇤2
DD

�
q̄�µq

��
⇡̄d�µ⇡d

�

⇡d are dark mesons.are dark quarks.�
Implication: s-channel model has vanishing DD (to leading order)!
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Symmetric abundance

Asymmetric abundance

Straightforward to implement. 
Relate global symmetry charge to baryon or lepton number. 

Big symmetric annihilation cross section.

Large annihilation cross section yields small relic density. 
Some spectra could use “forbidden channel” mechanism. 

Correlation between relic density and         . 
Are such spectra possible?

rinv



Simplified parametrization allows for optimization, 
and useful way to present limits. 

Direct Detection is UV completion dependent.

CONCLUSIONS
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�
⇤d,Md, rinv

�
Useful parametrization of dark sector properties: 

Many portal possibilities: 
Contact operator limit 

s-channel:      resonance search 
(                    : will be presented in paper)

Z 0

t-channel

Strongly coupled dark sector could yield semi-visible jets.


