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COMPLEMENTARITY

LHC AS DARK MATTER MACHINE?

▸ LHC is a mediator machine, not a dark matter machine 





COMPLEMENTARITY

▸ Strong constraints on strongly interacting particles 

▸ Weak constraints on weakly interacting particles

> 1 TeV

> few hundred GeV



COMPLEMENTARITY — DIRECT DETECTION

WEAKLY INTERACTING DARK MATTER

▸ Direct/Indirect detection does well here10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

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

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

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

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2

Scattering via the Higgs boson

Scattering via the Z boson



COMPLEMENTARITY — DIRECT DETECTION

WEAKLY INTERACTING DARK MATTER

▸ Scattering cross-sections so large that even 1-loop 
suppressed processes detectable
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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pert

doublet

triplet

20 40 60 80 100 12010-51

10-50

10-49

10-48

10-47

hN |mcc̄c|Ni (MeV)

�
S
I
(c
m

2
)

FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0

B@
0 · ·
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4
�i⌧a

4

· i⌧a

4
⌧a

4

1

CA� c.c. , Y =

0
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· 02

�i12
2

· i12
2 02

1

CA . (6)

The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21p

2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

Hill and Solon

EW doublet and triplet:



COMPLEMENTARITY — DIRECT DETECTION

WEAKLY INTERACTING DARK MATTER

▸ Scattering cross-sections so large that even 1-loop 
suppressed processes detectable

EW singlet:
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FIG. 10. Left: The spin-independent cross section (per-nucleon) for the case of a right-handed

sbottom and a sbottom-bino mass splitting that is much less than the weak scale (�
b̃R

= 5 GeV).

For comparison, we show both the fixed-order result (“LO”, blue) and the leading log result from the

e↵ective theory analysis (“LO+LL”, red). We also illustrate the impact of including the running of

the ↵
f

and �
f

coe�cients of Eq. (1) from the scale µ
�

⇠ m
�

(“LO+LL
�

”, green). The thickness

of the bands corresponds to combined hadronic and theoretical uncertainties. The gray dashed lines

show the projected reach of the LZ experiment and the point at which the irreducible neutrino back-

ground should be relevant. Right: The spin-independent nucleon cross sections for various values of

the sbottom-bino mass splitting in GeV (white boxes). The calculation is performed using the full

“LO+LL” framework. The width of the bands corresponds to the combined theoretical and hadronic

uncertainties.

2. Small Mass Splitting

Let us now consider the degenerate case, �
b̃R

⌧ 100GeV, where the sbottom is kept as an

active degree of freedom below the weak scale. The explicit matching and running prescription

is detailed in Sec. IIID. The resulting SI cross sections per nucleon for scattering on a Xenon

target are shown in Fig. 10. On the left panel, we include predictions for both the LO and

31
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FIG. 4. Weak scale matching conditions for the case of a right-handed stop. Crossed and charge-

reversed diagrams are not shown. Here, q refers to the quarks of 5-flavor QCD. In the bottom line,

the ellipsis denotes similar diagrams where the insertion of the gluon legs vary (see Appendix D 6).

Single (double) lines correspond to relativistic (heavy particle theory) fields. We have omitted the

label “bare” on the coe�cients on the right-hand side.

particular, a so-called “heavy-light current” describes the interactions of the heavy bino with

the heavy sfermion and light fermion. This is described in Sec. IIID.

B. Case I: Right-Handed Stop

The simplest example arises when the mass of the fermion partnered to the sfermion is

of order or greater than the weak scale, m
f

& µ
t

. Although this case broadly applies to

many models, for concreteness, we will restrict to the case of a single right-handed stop (t̃
R

)

interacting with the bino (�) and a top quark (t). Let us discuss in turn the ingredients c, R,

M , and f of the factorization presented in Eq. (8).

Weak scale coe�cients c(µ
t

) : The matching condition at the weak scale µ
t

⇠ m
t

is shown

in Fig. 4. The full theory amplitudes are computed using the Lagrangian in Eq. (1), while the

e↵ective theory amplitudes are computed using the Lagrangian in Eq. (12). The weak scale

particles W± , Z , h , G± , t , t̃
R

are highly virtual at low energies and are thus integrated out.

Their e↵ects are encoded into the Wilson coe�cients of an e↵ective theory describing a heavy

bino �
v

interacting with the quarks and gluons of 5-flavor QCD.

The contributions to the quark and gluon coe�cients begin at O(↵2
w

) and O(↵
w

↵
s

), respec-

tively. The h-exchange diagrams contribute to the scalar coe�cient c
(0)
q

, while the Z-exchange

17

Berlin, Robertson, Solon, KZ 1511.05964



COMPLEMENTARITY — INDIRECT DETECTION

WEAKLY INTERACTING DARK MATTER

▸ Electroweak triplet has a big annihilation rate to photons
4
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|2,
�NLL+⇢⇢SE

�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|2 . (16)

This nonzero result for �0�0 ! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|2, and occurs be-
cause there is a Sudakov mixing between the W+W� and
W 3W 3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|2 and |⌃1 �⌃2|2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�0�0 ! ��, �Z, as the energy resolution of current in-
struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with

Ovanesyan, Slatyer, Stewart
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COMPLEMENTARITY

COLLIDER AS DM MACHINE

▸ Mono-X is “collider as DM machine”



MONOJET CRAZE

COMPARE LHC TO DIRECT DETECTION CONSTRAINTS?

▸ Important theory 
dependence in these plots! 

▸ Inappropriate use of higher 
dimension operators 

▸ Failure to take into account 
direct searches for 
mediator



MONOJET CRAZE

INAPPROPRIATE USE OF HIGHER DIMENSION OPERATORS
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Figure 4: Monojet constraints on direct detection cross sections in the case of small MZ0 , assuming
gZ0 = gD and M� = 5 GeV.

shown in Table. 2. They did a binned study in the signal region, and they translated

their constraints on the generator level rate of the monojet + MET in the signal region for

mediator masses of 100 GeV and 10 TeV, respectively. To incorporate it into our study

with general mediator masses other than the two chosen values, we do a interpolation to

get the corresponding constraints. The corresponding constraints on direct detection cross

section is shown as the dotted black curve in Fig. 3, where we can see that the new cuts

is di↵erent from the one set by ATLAS with VeryHighPT cuts and the previous CDF cuts

with 1 fb�1.

For very large M
Z

0 , we can e↵ectively integrate out the Z 0. The resulting contact interac-

tion provides a good approximation even at LHC energies. In this limit, both the direct

detection and monojet+MET cross sections depend on the same combination g2
Z

0g2
D

/M4

Z

0 ,

therefore the limits shown in Fig. 3 approach a constant value for very large M
Z

0 . We can

also see that the contact-interaction limit is reached at larger M
Z

0 for searches at higher

energies and more sensitive cuts, as expected. The limits become stronger for interme-

diate values of M
Z

0 , since in this regime, the Z 0 can be produced on-shell, leading to a

significantly enhanced cross section for the monojet+MET process. When Z 0 mass is com-

parable or less than the kinematical cuts used in the searches, the monojet+MET cross

section starts to be less sensitive to M
Z

0 . In this regime, the monojet searches are e↵ec-

tively setting limits on g2
Z

0 , while direct detection still depends on g2
Z

0g2
D

/M4

Z

0 . Therefore,

the limits becomes weaker in this range of M
Z

0 , as shown in Fig. 3. The constraints for

very small M
Z

0 is shown in Fig. 4. We see that in this case, the constraints from collider

searches are weak, mainly due to the M�4

Z

0 dependence on the direct detection cross section.

As we will see later in this paper, the collider search to Z 0-like resonances can not provide

useful constraint in this regime either. It remains a challenge to find better probes for

such light Z 0 with only hadronic decay modes. The “kink” feature in Fig. 4 is due to the

threshold e↵ect around the point at which 2M
�

> M
Z

0 , where the signal process can only

proceed through an o↵-shell Z 0.

– 9 –

An, Ji, Wang

� ⇠ s

(s�m2
M )2 +m2

M�2



COMPLEMENTARITY

DIRECT DETECTION MORE EFFECTIVE WITH LIGHT MEDIATORS

▸ And light dark matter. 

▸ See talk later on direct detection of sub-GeV dark matter

4
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FIG. 2: Left: Upper bounds on direct detection cross section for light dark matter scattering o↵ electrons, for very light
mediators. Constraints arise from stellar cooling processes [20, 21], bullet-cluster and halo shapes [22–26], as well as kinetic
decoupling during recombination epoch [28]. Right: Direct detection cross section between light dark matter and electrons,
for several benchmarks of heavy mediators. These are A: m� = 1 MeV, ge = 10�5e, ↵X = 0.1; B: m� = 10 MeV, ge = 10�5e,
↵X = 0.1; and C: m� = 100 MeV, ge = 10�4e, ↵ = 0.1. These depicted parameters obey all terrestrial and astrophysical
constraints, though sub-MeV DM interacting with SM through a massive mediator may be strongly constrained by BBN; see
text for details. The Xenon10 electron-ionization data bounds [34] are plotted in thin dashed gray. In both panels, the black
solid (dashed) curve depicts the sensitivity reach of the proposed superconducting detectors, for a detector sensitivity to recoil
energies between 1 meV�1 eV (10 meV�10 eV), with a kg·year of exposure. For comparison, the gray dot-dashed curve depicts
the expected sensitivity utilizing electron ionization in a germanium target as obtained in Ref. [10].

kink in the colored curves as mX increases arises when
the stellar constraints evolve from cooling dominated by
direct emission of � to the Higgstrahlung process (fac-
toring in self-interaction constraints on ↵X at each mX).
For mediator masses between an eV and ⇠ 10 keV, di-
rect detection cross sections are low on account of stellar
emission constraints. These constraints are released as
the mediators become more massive than the tempera-
ture of the star; supernova constraints instead become
relevant, though trapping removes them for su�ciently
large couplings.

Moving to heavy mediators, we focus on m� ⇠> MeV.
A plethora of constraints exists in the literature for this
mass range, see e.g. [29–32] in the context of kinetically
mixed hidden photons. In the right panel of Fig. 2, we
select several benchmark points, labeled A-C, that sur-
vive all terrestrial (e.g. beam dump) and stellar cooling
constraints, and plot the resulting direct detection cross
section of Eq. (3), �̃heavy

DD

. Large couplings to electrons
ge ⇠> 10�6 are possible despite stellar constraints due
to trapping e↵ects, and beam dump constraints may be
evaded by decaying to additional particles in the dark
sector. These statements hold regardless of the vec-
tor/scalar nature of the heavy mediator. However, for
values of ↵X and ge as large as these benchmark points,
DM and/or the mediator will be brought into thermal
equilibrium with the SM plasma. The chief constraint on
these models is thus BBN and Planck limits on the num-
ber of relativistic species in equilibrium (see e.g. [33]).

The Planck constraints can be evaded; for instance cou-
pling to �/e through the time that the DM becomes
non-relativistic will act to reduce the e↵ective number
of neutrinos at CMB epoch. On the other hand, dur-
ing BBN, the helium fraction constrains the Hubble pa-
rameter, which is sensitive to all thermalized degrees of
freedom. DM must then be either a real scalar or heav-
ier than a few hundred keV in such simple models [33].
It follows that part of the depicted curves of benchmarks
A-C in the low-mass region may not be viable; a detailed
study of the viable parameter space is underway [18]. For
completeness, we show the Xenon10 electron-ionization
bounds [34] in the thin gray dashed curve. (The Xenon10
bounds on light mediators are not depicted in the left
panel of Fig. 2 as they are orders of magnitude weaker
than the parameter space shown.)
For comparison, we show the expected sensitivity using

electron-ionization techniques with a germanium target
as obtained in Ref. [10], translating their result into �̃

DD

of Eq. (3). These results are depicted by the dot-dashed
gray curves in Fig. 2 for both the light (left panel) and
heavy (right panel) mediator cases. For heavy media-
tors and mX larger than a few hundred keV, our de-
tection method is less sensitive than the projected one
using germanium, while for lighter mX , where electron
ionization methods lose sensitivity, the superconducting
devices win. (Indeed, this comparison between the de-
tection methods is our main aim in presenting the right
panel of Fig. 2.) In contrast, light mediators highlight the



MONOJET CRAZE

DIRECT SEARCH MODES

▸ Dijet constraints

Model mono-h mono-Z direct constraints

Inelastic DM

Z 0
�0

�

q

q̄

h

�
Z 0

�0

�

q

q̄

Z

�

q

q

q

q

Z �

2HDM

Z;Z 0
h;S

h

q

q̄

�;�

�;�
Z;Z 0

h;S

Z

q

q̄

�

�

q

q

q

q

Z �

Squarks/sbottoms q̄

q

�

q̃

�

q̃
h

q

q

�

q̃

�

q̃
Z

q

q

q

q

�

�

q̃

q̃

s-channel vector

Z;Z 0
Z;Z 0

h

q

q̄

�;�

�;�

q

q

q

q

Z �

s-channel scalar

h;Sh;S

h

q

q̄

�

� h;Sh;S

Z

q

q̄

�

�

q

q

�

�

S

g

Inelastic squark q̄

q

h̃

q̃

�

h

�

q

q

�0

q̃

�

Z

�

q

q

q̃

W/Z/h

W/Z/h

�

�

��

��

TABLE I: Summary of mono-Higgs and mono-Z topologies, as well as the relevant direct searches
considered in this work.
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3

On the other hand, G� describes dark matter pair pro-
duction. These particles are usually invisible at the LHC,
since they do not interact significantly with the detector
at the Lhc due to their small coupling to the Standard
Model. Mono-photons [37, 38] or mono-jets [39, 40] (ra-
diated from the initial state) are characteristic for this
kind of interaction and have been probed by both exper-
iments1. The currently strongest upper bound on G� is
given by a mono-jet analysis of Cms [39] for an integrated
luminosity of 5.0 fb�1 at 7 TeV,

G�  (765 GeV)�2, (5)

which holds for M� = 10 GeV at 90% CL. Di↵erent
(larger or smaller) values for M� lead to weaker bounds.

IV. COMPARING EXPERIMENTAL LIMITS

The quoted limits on Gq and G� di↵er significantly,
due to the very di↵erent techniques involved in the re-
spective analyses. However, the two e↵ective couplings
have common ingredients which implicitly relate them.
Consequently, we may reasonably translate the limit from
Gq into an upper bound on G� and see how this bound
compares to the experimental limit given in (5).

Since G� depends on g� whereas Gq does not, there
is no 1:1-correspondence between the two e↵ective cou-
plings and they are a priori independent. However, we
only have restricted parameter values for the coupling
constants g� and gq to be in agreement with the per-
turbative picture. Taking the definition for G� and re-
stricting g�, gq 

p
4⇡ by perturbation theory, it follows

that,

G�  4⇡

M2
V

. (6)

Furthermore we may relate G� to Gq in order to apply
the experimental limit known for Gq. According to the
definitions of the two e↵ective couplings, it follows that,

G� =
g�
MV

p
Gq. (7)

With the experimental limits on Gq given in (4) and the
perturbative restriction g� 

p
4⇡, we find,

G�  1

MV

4⇡

7.5 TeV
. (8)

In Fig. 2 we compare the excluded parameter regions in
the G�–MV plane according to the di↵erent restrictions

1 To be precise, the limits have been determined for the vertices
q̄�µq�̄�µ� and q̄�µ�5q�̄�µ�5� individually. However, for a large
mass range the bounds are similar. Therefore we assume the
same limits on the coupling q̄L�µqL�̄L�µ�L.
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FIG. 2. Exclusion limits on the e↵ective coupling constant G�

for given mediator mass MV according to experimental lim-
its from mono-jet searches (red), experimental limits on the
contact interaction Gq (green) and the perturbative restric-
tion on the fundamental coupling constants gi (blue). The
bound from monojet searches assumes a dark matter mass
M� = 10 GeV, which is the most optimistic scenario and leads
to the strongest bound. The upper limit from contact inter-
actions assumes destructive interference which gives the most
conservative limit. For mediator masses consistent with the
e↵ective approach (MV & 1 TeV), we see the bound from con-
tact interactions is most stringent.

(6)–(8). It can be seen that in the mediator mass range
from 1 TeV up to 7 TeV, the translated experimental limit
on the quark contact interaction Gq gives the strongest
restrictions on the parameter space of the e↵ective the-
ory for the dark matter particle �. In particular, the
limits are stronger than the experimental constraints on
G� from mono-jet searches.
For larger mediator masses, demanding that the the-

ory is perturbative gives stronger upper limits than both
of the experimental searches. However, the perturbative
upper bound is static whereas the experimental sensi-
tivity will gradually improve over time as more data is
collected.
In the small MV limit below 1 TeV, experimental lim-

its on Gq can only give weak statements on the al-
lowed parameter space and the mono-jet searches give
the strongest exclusion limit. Unfortunately, the typical
energies involved in general scattering processes at the
Lhc are likely to be at or above the TeV-scale. Accord-
ing to the requirements of an e↵ective theory to be valid,
mediator masses below 1 TeV cannot be analysed reason-
ably in that framework and experimental limits cannot
be trusted anymore. However, we note that the searches
for di-jet resonances can lead to bounds in these mass
ranges and in many cases, these are more stringent than
those coming from mono-jet searches [25, 26].
We thus conclude that for mediator masses that allow

the application of an e↵ective approximation, experimen-
tal limits from contact interaction searches or perturba-
tivity bounds put stronger restrictions on the allowed pa-
rameter space of an e↵ective dark matter theory than
mono-jet searches.
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▸ Other channels:
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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FIG. 2. Sample Feynman diagrams for dijets and MET.

In the model considered the mediator couples directly to quarks, which means that it

may decay back to quarks in association with a DM particle. This can already be seen in

diagram (b) of Fig. 1, which can be interpreted as squark-DM associated production. The

main point is to quantitatively compare the relative strength of monojet searches to a direct

search for the mediator particle. Hence we consider a second final state, namely two jets

and missing energy. In Fig. 2 we collected some of the most relevant contributions at parton

level. This dijet final state, and the comparison to the monojet final state, has already

been considered in the literature [22–24]. There is, however, an important quantitative

di↵erence between our treatment and previous treatments: previous works simulated only

on-shell squark production, extracting the constraint on the size of the coupling by comput-

ing the on-shell squark pair production rate using MadGraph, and then comparing it to the

quoted constraint on the SUSY squark-neutralino simplified model results presented in the

experimental analysis. By contrast, we perform a full simulation for a multi-jet plus MET

final state including both on and o↵ shell squarks, including interference with the Standard

Model. In the next subsections, we will see the reason that the di↵erent approaches yield

di↵erent results for both monojet and jets+MET searches, and in which regions of parameter

space these di↵erences are most important.

8
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MONOJET CRAZE

T-CHANNEL MODEL

▸ Compare monojet to 
traditional SUSY search: 
dijet+MET 

▸ True constraints are 
stronger or weaker than 
EFT constraint 

▸ EFT limit not reached until 
mediator 2 TeV or heavier
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FIG. 6. Constraint on ⇤ = m
M

/g
M

from monojet (red curves) and jets+MET (blue curves) for

various choices of the mediator width. The labels on each line correspond to the width, written

as m
M

/�
M

, and in addition we show the constraint from the natural width, �min

M

, in Eq. 2. A

line will stop when it merges with the �min

M

line, since we require the width of the particle to be

larger than its natural width to decay to a quark and the DM, �
M

> �min

M

. The dashed black

line represents the EFT limit. The grey shaded region is where the natural width of the mediator

would be larger than its mass.

shown in Fig. 5. The first important remark we make is that the jets+MET search is able to

exclude the model with m
M

. 600 GeV and m
�

. 250 GeV, when the width of the mediator
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MONOJET CRAZE

T-CHANNEL MODEL

▸ Compare monojet to 
traditional SUSY search: 
dijet+MET 

▸ Look at direct detection 
plane 

▸ Constraints obviously 
model dependent!

probe. The above is true only for the natural width case: a larger width always gives

bounds weaker than the EFT bounds. As we increase the mediator mass both monojet and

jets+MET bounds relax. If we were to extend our analysis to squark masses of a few TeV

we would observe the bound converging to the EFT bound, though by the time this happens

the perturbative interpretation of the mediator as an elementary scalar meditating a tree

level interaction between SM and DM sector is lost. In fact, as is clear from Figs. 6, 7, the

grey region (namely when �
M

> m
M

) will extend above the bound at m
M

⇠ 2 � 3 TeV.
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FIG. 8. Monojet (in red) and jets+MET (in blue) bounds on the DD cross-section as a function

of the DM mass at fixed mediator mass. The labels on each line correspond to the width, written

as m
M

/�
M

. The grey region corresponds to the particle becoming very broad, �min

M

� M , so that

the perturbative approach we apply is invalid. In the left panel no blue line appears because the

whole region of parameter space is ruled out.

Finally, in Figs. 8, 9 we translate these bounds in the m
DM

� �
n

plane, again for the

cases of ũ, d̃, c̃, s̃ L + R and d̃
R

, s̃
R

respectively with the same choices for the width as in

Fig.s 6, 7. For a Dirac particle there is both spin-independent and spin-dependent scattering,

though the dominant process will be spin-independent, for which the formula is

�
SI

=
µ2
r

64⇡

1

|m2
M

� m2
DM

� i�
M

m
M

|2
(Zf

p

+ (A � Z)f
n

)2

(Z + (A � Z))2
, (4)

where µ
r

is the nucleon-DM reduced mass, and

f
p

= 2gu

L,M

2 + gd

L,M

2
+ 2gu

R,M

2 + gd

R,M

2
, f

n

= gu

L,M

2 + 2gd

L,M

2
+ gu

R,M

2 + 2gd

R,M

2
, (5)

with gu

L,M

, gd

L,M

, gu

R,M

, gd

R,M

the coupling of the mediator M to left or right handed up or

down quarks.
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MONO-X

OTHER PARTICLES THAN JETS

▸ Not restricted to jets as Initial State Radiation 

▸ Earliest studies used Z bosons because cleaner signature 

▸ Z/W/Higgs/photon

decays to new states can be found. Defining

cq =
MZ′

24πΓZ′

(q′2R + q′2L )(l′2R + l′2L ),

eq =
MZ′

24πΓZ′

(q′2R − q′2L )(l′2R − l′2L ),

C =
l′2L
l′2R

=
cu − eu − cd + ed

cu + eu − cd − ed

, (2.3)

we can write

Qq
ISR =

cq

2

C

C + 1

Γinv
Z′

Γν
Z′

Q2
q . (2.4)

The quantities cq, eq can be measured in Drell-Yan production [17]. If the Z ′ can decay
invisibly only to neutrinos, then Γinv

Z′ /Γν
Z′ = 1. Any deviation from this prediction indicates

the presence of additional hidden decays.

γ

Z ′ ν

ν

Figure 1: Example diagram giving rise to the signal process pp → γZ ′ → νν̄+ E̸T . The
particle labeled ν can denote either a SM neutrino or hidden sector state.

QISR
u QISR

d uL uR dL dR eL eR XL XR

U(1)hid
χ 0.598 0.748 −1

2
√

6

1

2
√

6

−1

2
√

6

−3

2
√

6

3

2
√

6

1

2
√

6
1 1

SSMhid 1.335 0.428 1

2
− 2

3
s2

W −2

3
s2

W −1

2
+ 1

3
s2

W
1

3
s2

W −1

2
+ s2

W s2
W 1 1

Table 1: Numerical values of the Qu,d
ISR’s for a U(1)χ model and sequential Z ′ with an

additional hidden sector state X, multiplied by 103. We have also included the underlying
charges of the considered model for orientation. sW is the sine of the weak mixing angle.
In the sequential case, an overall factor of g/cW has been factored out, and is included in
the hidden charges. The mono-photon Z ′ production cross-section can be computed for any
model by re-scaling Qu,d

ISR for any model. See the text for more details.

3 Backgrounds and analysis procedure

Several distinct backgrounds can mimic the mono-photon signature of an invisibly decaying
Z ′:

3

decays are accounted for by SM neutrinos only, or whether decays to other exotic states are
occuring. Although at first this appears more model-dependent, the matrix element for ZZ ′

production actually possesses a simple structure that can be encapsulated in a few quantities.
Two distinct classes of Feynman diagrams contribute to the process: final-state radiation
(FSR) graphs where the Z is emitted from the neutrinos, and initial-state radiation (ISR)
graphs where the Z is emitted from the initial quark line. Examples of each type are shown
in Fig. (3). We note that because of the invariant mass cut, diagrams where the leptons
are emitted from the Z ′ are numerically negligible. The particle labeled ν in the graphs
can denote either a SM neutrino or a hidden sector state. If it is a hidden state, it does
not couple to the Z boson and therefore can be produced only via ISR graphs. We have
checked that the interference of ISR and FSR contributions is numerically small, indicating
that only squared ISR and squared FSR graphs contribute to the signal cross section. This
can be partially understood by noting that the Z ′ propagator cannot be simultaneously on-
shell in both types of diagrams, indicating that for narrow states the interference should be
suppressed.

Z

Z ′

l

l

ν

ν

Z ′

l

l
ν

ν

Figure 3: Example initial-state radiation diagram (left) and final-state radiation diagram
(right). The particle labeled ν can denote either a SM neutrino or hidden sector state; in
the second case, it can only be produced via initial-state radiation.

Generically, an ISR Z will be softer than one from FSR, so that we can expect a corre-
sponding preference for a softerE̸T spectrum from ISR than FSR. This is shown in Fig. (4),
where the fraction of the total ISR or FSR cross-section surviving a given E̸T cut is shown.
It is seen that the ISR contribution drops off more quickly, as expected. Also shown is the
SM background, which drops off more quickly than either Z ′ contribution.

The relative size of the ISR and FSR contributions determines how well a Z ′ decaying
to hidden sector particles can be extracted. A large ISR contribution implies that non-
standard decays can be measured. The simplicity of the matrix element structure allows
us to parametrize how different Z ′ states decay via ISR and FSR contributions in a model
independent way. To see this, we first write the cross section subject to the basic acceptance
cuts and missing ET cut as

σ = σu
ISR + σd

ISR + σu
FSR + σd

FSR, (3.2)

where up and down quark contributions have been separated. Each σu,d
ISR,FSR can in turn

be written as a product of two distinct terms: a piece which incorporates the matrix ele-
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MONO-PHOTON ISR

CONSTRAINTS TOO WEAK TO JUSTIFY EFT APPROACH
5

FIG. 4: Excluded region (blue) at 90% CL for the indicated
interactions as a function of dark matter mass. The two re-
gions for the dimension 7 ZZ�̄� correspond to the choices of
k1/k2 discussed in the text, with either maximal contribution
from photon graphs (upper curve) or no contribution (lower
curve).

Nonetheless, mono-Z searches are expected to be less
subject to systematic uncertainties from jet energy scales
and photon identification, and thus may scale better at
large luminosities. If a discovery is made, the mono-Z
signature o↵ers a di↵erent way to dissect the couplings
of up-type versus down-type quarks. If the dominant in-
teraction is instead to pairs of weak bosons, colliders o↵er
a unique opportunity for discovery.

Our results illustrate the complementarity between col-
lider and direct searches of dark matter, and show how
together they result in a more complete picture of dark
matter interactions with the SM fields.
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MONO-W ISR

CONSTRAINTS TOO WEAK TO JUSTIFY EFT APPROACH

1

M2
(q̄�µ⌫q)(�̄�µ⌫�) ! v

⇤3
(q̄L�

µ⌫qR)(�̄�
µ⌫�)

1

M2
(ū�µu� d̄�µd)(�̄�µ⌫�) ! H†⌧aH

⇤4
(q̄L⌧

a�µqL)(�̄�
µ⌫�)D5(u=-d)

D9

3

events are generated using madgraph5 [41], with show-
ering and hadronization modeled by pythia8.1 using the
AU2 [35] tune and CT10 PDF, including b-quarks in the
initial state. Four operators are used as a representa-
tive set based on the definitions in Ref. [14]: C1 scalar,
D1 scalar, D5 vector (both the constructive and destruc-
tive interference cases), and D9 tensor. In each case,
m� = 1, 50, 100, 200, 400, 700, 1000 and 1300 GeV are
used. The dominant sources of systematic uncertainty
are due to the limited number of events in the control re-
gion, theoretical uncertainties in the simulated samples
used for extrapolation, uncertainties in the large-radius
jet energy calibration and momentum resolution [23], and
uncertainties in the Emiss

T

. Additional minor uncertain-
ties are due to the levels of initial-state and final-state
radiation, parton distribution functions, lepton recon-
struction and identification e�ciencies and momentum
resolution.

The data and predicted backgrounds in the two sig-
nal regions are shown in Table I for the total number of
events and in Fig. 3 for the m

jet

distribution. The data
agree well with the background estimate for each Emiss

T

threshold. Exclusion limits are set on the dark matter
signals using the predicted shape of the m

jet

distribution
and the CLs method [42], calculated with toy simulated
experiments in which the systematic uncertainties have
been marginalized. Figure 4 shows the exclusion regions
at 90% confidence level (CL) in the M⇤ vs m� plane for
various operators, where M⇤ need not be the same for
the di↵erent operators.

TABLE I: Data and estimated background yields in the two
signal regions. Uncertainties include statistical and system-
atic contributions.

Process E

miss
T > 350 GeV E

miss
T > 500 GeV

Z ! ⌫⌫̄ 402+39
�34 54+8

�10

W ! `

±
⌫, Z ! `

±
`

⌥ 210+20
�18 22+4

�5

WW,WZ,ZZ 57+11
�8 9.1+1.3

�1.1

tt̄, single t 39+10
�4 3.7+1.7

�1.3

Total 707+48
�38 89+9

�12

Data 705 89

Limits on the dark matter–nucleon scattering cross sec-
tions are reported using the method of Ref. [14] in Fig. 5
for both the spin-independent (C1, D1, D5) and the spin-
dependent interaction model (D9). References [14, 50]
discuss the valid region of the e↵ective field theory, which
becomes a poor approximation if the mass of the interme-
diate state is below the momentum transferred in the in-
teraction. The results are compared with measurements
from direct detection experiments [43–49].

This search for dark matter pair production in asso-
ciation with a W or Z boson extends the limits on the
dark matter–nucleon scattering cross section in the low
mass region m� < 10 GeV where the direct detection ex-
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FIG. 3: Distribution of mjet in the data and for the predicted
background in the signal regions (SR) with E

miss
T > 350 GeV

(top) and E

miss
T > 500 GeV (bottom). Also shown are the

combined mono-W -boson and mono-Z-boson signal distribu-
tions with m� = 1 GeV and M⇤ = 1 TeV for the D5 destruc-
tive and D5 constructive cases, scaled by factors defined in
the legends. Uncertainties include statistical and systematic
contributions.
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FIG. 4: Observed limits on the e↵ective theory mass scale
M⇤ as a function of m� at 90% CL from combined mono-W -
boson and mono-Z-boson signals for various operators. For
each operator, the values below the corresponding line are
excluded.

periments have less sensitivity. The new limits are also
compared to the limits set by ATLAS in the 7 TeV mono-
jet analysis [3]. For the spin-independent case with the
opposite-sign up-type and down-type couplings, the lim-
its are improved by about three orders of magnitude. For
other cases, the limits are similar.
To complement the e↵ective field theory models, lim-

its are calculated for a UV-complete theory with a light
mediator, the Higgs boson. The upper limit on the cross
section of Higgs boson production through WH and ZH

(Artificially) 
high scale, better 
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Model mono-h mono-Z direct constraints
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TABLE I: Summary of mono-Higgs and mono-Z topologies, as well as the relevant direct searches
considered in this work.
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MONO-X

EFFECTIVE PROBE IN INELASTIC MODELS

(a)
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FIG. 1: Inelastic DM model: mono-Z excluded cross-section at 95 %, shown as dashed lines, at 8
TeV. �0 is assumed to have 100% decay branching ratio to Z�. The solid lines correspond to the pre-
diction of the model when the coupling of Z 0 to the quarks gqqZ0 is chosen to be equal to the the up-
per limit consistent with dijet constraints at a given Z 0 mass (see Fig. 17). Panels (a)-(d) correspond
to the choice of the mass parameters (mDM,�mDM) = (10, 200), (10, 450), (150, 200), (150, 450) in
GeV respectively. The four colors represent the four di↵erent MET choices in the mono-Z analysis
(150, 250, 350 and 450 GeV).
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FIG. 2: Inelastic DM model: mono-h exclusion cross-section at 95%, shown as dashed lines, at 8
TeV. �0 is assumed to have 100% decay to h�. The solid lines correspond to the prediction of the
model when the coupling of Z 0 to the quarks gqqZ0 is chosen to be equal to the the upper limit
consistent with dijet constraints at a given Z 0 mass (see Fig. 17). Panels (a)-(d) correspond to the
choice of the mass parameters (mDM,�mDM) = (10, 200), (10, 450), (150, 200), (150, 450) in GeV
respectively, where �mDM is the �0� mass splitting. The four colors represent the four di↵erent
MET choices in the mono-h analysis (150, 200, 300 and 400 GeV).
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TABLE I: Summary of mono-Higgs and mono-Z topologies, as well as the relevant direct searches
considered in this work.
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MONO-X

MONO-B

▸ Even here traditional 
SUSY searches are more 
powerful

D. Sbottoms with mono-h and mono-Z

Similarly to the squark case, we take the Lagrangian as follows

L = gDM

⇣
eQ3
LQ̄3

L + b̃Rb̄iR

⌘
� + mass terms + gh|HSM |2(|Q̄3

L|2 + |b̃R|2) + h.c, (15)

where HSM is the SM Higgs doublet. Notice that we do not normalize the sbottom coupling

with the Higgs boson to the bottom Yukawa coupling.

We consider first the direct sbottom search constraints in Fig. 10 a), comparing with the

mono-b search. We can see that in the non-compressed region (i.e. for relatively large mass

splitting between the sbottom and neutralino) the traditional sbottom searches dominate

the constraints. On the other hand, in the compressed region, the mono-b search becomes

important. Note that in the non-compressed region, constraints lie around msb = 600 GeV.

��� ��� ��� ��� ����
�

�

�

�

�

��

��

���[���]

� �
�
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���=�����

���-���=�����

bjets+MET
mono-b

bjets+MET
mono-b

� = ����
ℒ=����� ��-�

FIG. 9: Sbottom model: 95% exclusion limits at 8 TeV from mono-bjet and 2-bjet+MET searches
on the sbottom-bottom-DM coupling. The continuous red and blue lines represent bounds from
2b+MET searches while dashed lines those from mono-b searches. Di↵erent colors correspond to
the limiting cases where the mass of the Majorana dark matter is taken light (red), mDM = 10
GeV, or in the compressed region (blue), msb � mDM = 10 GeV. When the lines approach zero
the model is completely excluded, otherwise a limit on the coupling gDM can be extracted.

Next we compare these results to mono-Z and mono-h constraints in Fig. 10. Again

we focus on two extremal cases: light dark matter and a compressed spectrum, where the

process of gluon-gluon initiated sbottom pair production increases substantially the size of

22

Model mono-b direct constraints

sbottoms

b

g

b

�

�

bb̃

g

�

b
�

b

b̃

b̃

g

TABLE II: Summary of mono-b topology, as well as the relevant direct search considered in this
work.

The outline of this paper is as follows. In the next section we summarize the models

and analyses utilized in our comparison of mono-X searches against various searches for

the mediating particle. In the following subsections, we then systematically compare the

constraints from mono-X to various searches for dijet resonances as well as supersymmetry

for each model in Table I and II. Our goal is to highlight the classes of models where mono-X

constraints shed the most new light on new physics, beyond what is already constrained by

more standard types of searches. Finally, we conclude.

Search Model where it matters

mono-h Inelastic DM, 2HDM
mono-z Inelastic DM, 2HDM
mono-jet squark mediated production, compressed spectrum
mono-b sbottom mediated production, compressed spectrum

TABLE III: Summary of results: for each mono-X search we list the models where the analysis
can exclude part of the parameter space not already ruled out by some other search.

II. SIMPLIFIED MODELS FOR MONO-X

Before describing the details of each simplified model, we discuss the general properties

and assumptions made on the models considered here. We take the DM as a Majorana

fermion � unless stated otherwise (where DM can be a real scalar �). DM is assumed to be a

singlet under SM gauge groups, but for the “inelastic squark” model we allow possible mixing

between DM and SM particles when the electroweak symmetry is spontaneously broken.

Additionally, we only consider pair production of DM at colliders given that DM is stable on

timescales the order of the lifetime of the Universe. An s-channel vector (scalar) mediator is

denoted as Z 0 (S). We also use the notation of SUSY whenever a SUSY analogue is applicable

7
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MONO-X

MONO-Z VS DIBOXON+MET

▸ Even here traditional 
SUSY searches are more 
powerful

Liew, Papucci, Vichi, KZ, to appear
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FIG. 15: Inelastic squark model: mono-Z limits (black lines) in the compressed mass region
(squarks are 10 GeV heavier than �2) at 8 TeV (a). The red dashed and solid lines represent limits
from the electroweakino search in the WZ plus /ET final states [43]. The electroweakino search is
dominant over mono-Z in all parameter space investigated. The 14 TeV projections are shown in
(b).

MET channel. However, as can be observed in Fig. 15, the WZ plus MET channel is more

constraining than mono-Z taking into account constraints from the QCD squark production

and the process pp ! �2,3�
±
1 ! ��W±V (gDM 6= 0). In Fig. 16, one observes that the WH

plus MET constraint from QCD squark production is dominant over mono-h regardless of

the values of gDM .

In summary, we do not find parameter space where mono-Z/h is dominant over direct

searches for the inelastic squark model.

III. CONCLUSIONS

It is essential to broadly explore DM simplified models at the LHC, elucidating how well

the mono-X and direct searches constrain each simplified model. In this paper, we proposed

a set of simplified models covering mono-X DM production topologies thoroughly, and we

provided details of possible UV completions that realize the simplified model DM production

topologies. Each model which produces a mono-X signature through mediator decay to DM

universally predicts other signatures, such as when the mediator decays back to the initial

33
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TABLE I: Summary of mono-Higgs and mono-Z topologies, as well as the relevant direct searches
considered in this work.
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• Keep an eye on direct searches for 
SUSY as well as searches for the 
mediators (e.g. dijets, dileptons, dijets 
+ MET, Z + jets + MET, etc)

• Monojet is generally not a new 
physics discovery mode; helpful later 
on in reconstructing the Lagrangian 
of the new physics, including 
coupling to DM

Moral



“EXOTICS”

HIDDEN SECTOR DARK MATTER AT LHC

▸ Gives rise to extended decay 
chains at LHC 

▸ LSP is not stable! 

▸ Reduced MET, additional jets

2

that v-particles are produced via a Z ′ decay; some of the
v-hadrons produced in v-hadronization can then decay
back to standard model particles, via an intermediate
state Z ′ or Higgs boson. This is illustrated schemati-
cally in Fig. 1. V-hadron production in Higgs boson de-
cays was considered in [7]. Here, we will consider a dif-
ferent scenario, in which the v-hadrons are produced in
LSsP decays. In particular, as illustrated schematically
in Fig. 2, production of SM superpartners leads, through
cascade decays, to the appearance in the final state of
two LSsP’s. If the LSvP is lighter than the LSsP, then
the LSsP will typically decay to an LSvP plus one or
more v-hadrons, some of which in turn decay visibly. For
simplicity we assume in this paper both that R-parity is
conserved and that the LSvP itself is stable; if either is
violated, the phenomenology may be richer still.

SM

LEP
hidden
valley

LHC

FIG. 1: Schematic view of production and decay of v-hadrons.
While LEP was unable to penetrate the barrier separating the
sectors, LHC may easily produce v-particles. These form v-
hadrons, some of which decay to standard model particles.

Let us now consider how phenomenology of LSsP de-
cays in hidden-valley models may differ in some ways
from LSsP decays in other models. First, since the LSvP
is a v-hadron, its decay to the LSvP may be accompanied
by one or more long-lived R-parity-even v-hadrons, pos-
sibly with a substantial multiplicity. Some or all of these
v-hadrons may in turn decay to visible (but often rather
soft) particles. This decay pattern may make the decay
products of the LSsP challenging to identify. An example
of how this could occur in SM chargino-neutralino pro-
duction is shown in Fig. 3. The two LSsP’s (χ0

1) decay
to a v-quark Q and a v-squark Q̃∗; after hadronization,
a number of R-parity-even v-hadrons and two R-parity-
odd LSvP’s (R̃) emerge. Some of the R-parity-even v-
hadrons then decay to visible particles, leading to a busy
and complex event. Second, many different v-hadronic
final states may appear in LSsP decays, just as a large
number of QCD hadronic states appear in τ and B de-
cays. Acquisition of a large sample of events may there-
fore require a combination of search strategies. Finally,

since the LSsP and/or some of the v-hadrons it produces
may be long-lived and decay with highly displaced ver-
tices, discovery and study of these events may require
specialized, non-standard experimental techniques.

~

valley
hidden

LHC

LSvP

g

LSsP

SM

~q

FIG. 2: Schematic view of production and decay of SM su-
perpartners. Each superpartner decays to hard jets/leptons
and an LSsP; the LSsP then decays to an LSvP plus other
v-hadrons, some of which decay to softer jet/lepton pairs.

~
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b
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b
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b
b
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R
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2

1
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qq

FIG. 3: The production and subsequent decay of a chargino
and neutralino, showing the two LSsPs decaying to various
v-hadrons, some of which decay visibly. Invisible R-parity-
even (-odd) v-hadrons, are shown as solid (dashed) lines; in
particular, an LSvP, labelled R̃, is produced in each of the
LSsP decays.

The reverse situation — where the LSvP is heavier
than the LSsP — is typically less dramatic, but still wor-
thy of note. It leaves the bulk of SM SUSY signals un-
changed, but can in some cases produce spectacular and
challenging signals of its own. It will be discussed briefly
below.

Meanwhile, analogous statements apply, with only a
few adjustments, in other models with a conserved Z2

Hidden Valley, Strassler, KZ 2006



“EXOTICS”

HIDDEN SECTOR DARK MATTER AT LHC

▸ Gives rise to extended decay 
chains at LHC 

▸ LSP is not stable! 

▸ Reduced MET, additional jets 

▸ Weakened constraints
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FIG. 10: Relevant processes for the neutralino LOSP case in q`dc model. `/⌫ implies lepton or

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

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

decay.

A. Analyses

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

jet+MET analyses and how these analyses may constrain ADM q`dc and ucdcdc models, in

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

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

Appendix C.

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

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

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

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

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

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

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

respectively.

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

plified Model has the gluino g̃, the lightest neutralino �0
1 and all the left-handed squarks

q̃
i L

and right-handed squarks q̃
i R

of the first and second generation with degenerate mass.

In this model, the only SUSY particle production channel is gluino/squark pair production

20

(a) 0 lepton analysis for m�0
1
= 100 GeV (b) 0 lepton analysis for m�0

1
= 300 GeV

(c) 0 lepton analysis for m�0
1
= 500 GeV

FIG. 19: Constraint from ATLAS 0 lepton+2-6 jet+MET analysis on the ucdcdc model with

neutralino LOSP (solid curve), compared with the Simplified Model Sim0 (dashed curve).

the neutralino becomes smaller as the mass di↵erence shrinks. Therefore, the experimental

sensitivity to the Simplified Model Sim0 (and ordinary R-parity conserving MSSM scenarios

generically) is reduced for a heavier neutralino mass, while the ADM models are subject to

more severe constraints since a massive neutralino is able to “store” and transfer energy

to the ADM particle. Therefore, for large neutralino mass, the ADM model can actually

become substantially more constrained than the Simplified Model.

In Fig. 20, we compare the the Emiss
T

, Njet, me↵(incl.) and Emiss
T

/me↵(2j) distributions of

the neutralino LOSP ucdcdc model and the Simplified Model Sim0 for m
g̃

= m
q̃

= 1000

GeV and m
�

0
1
= 100, 300 and 500 GeV. Here, we use the same cuts as in Fig. 18. Note

that Emiss
T

is distinctively smaller and me↵ is significantly higher for the ucdcdc ADM model
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where O
B�L

has dimension m and O
X

has dimension n. The operators in Eq. I.1 share a

primordial matter-anti-matter asymmetry between the visible and DM sectors, realizing the

relationship n
X

�n
X̄

⇠ n
b

�n
b̄

. For a review and list of references of DM models employing

the higher dimension operators, see [8].

ADM can be embedded within supersymmetry (SUSY), which stabilizes the ADM particle

via R-parity, and limits the types of operators in the superpotential. The simplest (lowest

dimension) superpotential operators for O
B�L

are the R-parity violating (RPV) operators

W
B�L

= `H, ucdcdc, q`dc, ``ec, (I.2)

where ` is a SM lepton doublet, H the Higgs doublet, uc, dc right-handed anti-quarks,

ec a right-handed charged anti-lepton, and q is a quark doublet. The simplest form of

superpotential operators for O
X

is X, so that the simplest ADM interactions take the form

WADM = X`H,
Xuc

i

dc
j

dc
k

M
ijk

,
Xq

i

`
j

dc
k

M
ijk

,
X`

i

`
j

ec
k

M
ijk

, (I.3)

where now we have explicitly included a flavor index i, j, k on the generic scale of the

operator M .

These interactions are centrally important for the collider phenomenology of ADM-

extended SUSY models. The interactions in Eq. (I.3) induce decay of the lightest ordinary

supersymmetric particle (LOSP) to the DM particle, through the processes shown in Fig. 1.

This implies that, in comparison to the Minimal Supersymmetric Standard Model (MSSM),

the missing energy is reduced while the multiplicity of final state particles increases, so that

experimental sensitivity to ADM models can be very di↵erent in SUSY searches at the LHC.

A number of theories, such as Hidden Valleys [6, 9], MeV DM [10], RPV [11] and Stealth

SUSY [12, 13], have already aimed to evade SUSY constraints by reducing the missing energy

and increasing the number of final state particles. While ADM models have similar structure

in their collider signatures, they also have a potentially wider range of flavor signatures.

Whether such signatures are realized at a collider depends on whether the LOSP is

unstable to decay to the X sector before the LOSP exits the detector. The lifetime of

the LOSP is set by its nature (e.g. squark, neutralino or slepton), by the supersymmetric

spectrum, and, most importantly, by the scale M of the operator. The scale M can be

strongly constrained by flavor physics, in a way similar to RPV. Taken alone, without

additional flavor structure, the RPV operators in Eq. (I.2) are known to have disastrous

e↵ects in, e.g., proton decay and neutron–anti-neutron (n� n̄) oscillations [14].

4



SUMMARY

SEARCHING FOR DM AT COLLIDERS

▸ LHC is strongest probe for weak scale mediators decaying 
dominant visibly, especially if those states carry color 

▸ If there is DM at the bottom of the decay chain, one has an 
excellent chance of seeing it.  But in these cases it is 
usually accompanied by additional  structure. (i.e. not 
mono-anything.) 

▸ Direct and indirect detection experiments are excellent 
intensity experiments, and will cover much of the 
parameter space for EW dark matter



SUMMARY

IT’S AN IMPORTANT YEAR FOR PHYSICS BSM AT LHC


