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Dark Matter at Colliders
• From the organizers: 

“Given the level of expertise of the audience we would prefer 
you focus on details and not general introduction/motivation.” 

• So I’ll assume we all know that dark matter exists, why we 
want to look for it, and the complementary probes we can 
use to get at dark matter. 
• Colliders, direct detection, indirect detection…
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Dark Matter at Colliders
• We all know the diversity of ways that we theorists can put 

dark matter into a theory: 
• UV-complete models 

• Effective operators 

• Simplified models
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Dark Matter at Colliders
• Searches typically rely on tails of MET distributions.
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Examples of the State of the Art

!5

CMS-EXO-16-037 monojets 

ATLAS-SUSY-2016-18 heavy flavor
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High Luminosity
• Rough projection of limits as 

luminosity is increased.  
• Relative to 12 fb-1 
• Assumes a single mass 
• Assumes signal efficiencies 

and background counts are 
held constant. 

• Assumes statistics is the 
major limiting factor
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Figure 7: Projected improvement �M to the experimental 95% CL upper limits on a superpartner

excluded by 12 fb�1 of 13 TeV data, as a function of integrated 13 TeV (left) or 14 TeV data (right). The

black shaded region corresponds to the projected �M for an existing limit for a search which currently

excludes a particle between 1 and 3 TeV. Here, the improvements are relatively independent of the limit.

The green line is the projected improvement for limit which currently excluded a 100 GeV particle, the

red line assumes a 200 GeV present limit, and the blue line assumes 500 GeV. The projection technique

is as described in the text and [28]. Note the transition from linear to log scale at 300 fb�1.

techniques. For example, our projections ignore the e↵ect of pile-up: while a challenge

for the HL-LHC, it should prove less of a barrier to searches in the mass range above

1 TeV, where SUSY decays typically result in many high-pT jets and/or large MET.

Using this approach, if the previous limit at CM energy
p
s1 and integrated luminos-

ity L1 was at m1, the extrapolated limit to CM energy
p
s2 and integrated luminosity

L2 can be obtained by requiring

m
�2
1 f(m1/

p
s1)L1 = m

�2
2 f(m2/

p
s2)L2 (5.1)

where f is the parton luminosity (taken here to be gg for simplicity – the projections

for qq̄ initiated production are actually slightly stronger, but qualitatively similar).

Interestingly, under these assumptions, the ultimate improvement in mass reach,

compared to current limits, is nearly a constant shift, m ! m + �m, across a wide

range of masses (1 TeV . m . 3 TeV). This can be traced back to the fact that,

in this range of x = m/
p
s values, the parton luminosities at the LHC happen to be

dropping nearly exponentially, f(x) ⇠ e
�ax. In Fig. 7, we show the increase in mass

21
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High Energy
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• What does going to high-
energy net us? 
• Relative to 3000 fb-1 of 

sqrts=13     data 
• Big improvement at high 

mass range  
• Marginal improvements for 

low masses
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More Realistic Estimates
• Our back-of-the-envelope 

calculations aren’t a terrible 
estimator as compared to the 
more detailed analysis. 

• We could make significant 
advances in ruling out thermal 
relic dark matter, but not all of it. 
• (as far as I know the required 

plot doesn’t exist)
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Figure 3. Projected limits for the CMS mono-jet search (blue lines) and DD searches by LUX
(red line), LZ (red dashed line) and DARWIN (purple line) in the (Mmed,mDM) plane for a vector
mediator with the coupling scenarios gq = gDM = 0.25, 0.5, 1.0, 1.45. For reference, the discov-
ery reach of DD experiments accounting for the coherent neutrino scattering background is also
displayed (green line). The region to the left of the various curves is excluded at 90% CL.

only in the very low mDM region, whereas for spin-dependent interactions the axial-vector

mediator complements the LZ limits very well for DM masses below a few hundred GeV,

and extends sensitivity to the cross section beyond the neutrino limit for DM mass below

10 GeV in all coupling scenarios.

Both the choices of planes that compare the projected sensitivities of collider and DD

experiments provide accurate comparisons of the two search strategies in the MSDM on

an equal footing. Whereas the (Mmed,mDM) plane might be more familiar to the collider

community, the (�0
DD,mDM) plane is a more traditional way of displaying this comparison

– 8 –
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Wino Dark Matter
• Wino dark matter will very difficult to fully exclude 
• Indirect Detection perhaps necessary?
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o↵ nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� . 1 TeV and 1.7 TeV . M� . 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at

22

Cirelli, Sala, Taosa 1407.7058

FIG. 8. Exclusion plot for an NFW profile with the wino making up only some fraction of the dark

matter. Expression for NFW profile with coring given in Eq. 51.

FIG. 9. The amount of coring required for the wino to become viable with respect to the HESS

constraint shown in Fig. 7 for the cuto↵-NFW profile (Eq. 51). The three curves display the e↵ect

of variation in the local dark matter density.

shown in Fig. 8. With the theoretical uncertainty on its annihilation rate now under control

at the O(1%) level,11 the discovery of a wino at future indirect detection experiments, such

11 It would be an interesting exercise to extend this analysis to NLL. We have computed the running of our

Wilson coe�cients from the one-loop cusp anomalous dimensions. One would also need one-loop non-

cusp, two-loop cusp, and the �-function running of ↵W . These were included in the exclusive-observable

calculations of [25, 26]. Additionally, the one-loop running of our fragmentation functions, Eq. 11, is

26
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Tracking Down Systematics
• What am I most worried about? 

• Systematics. 
• Not the systematics from increased pile-up 

• Many dark matter search regions are already systematics 
dominated.

!10
ATLAS 1711.03301
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Tracking Down Systematics
• Systematics are correlated 

across signal regions. 

• Depending where your 
sought-after signal lives, the 
“post-fit” error can be 
greatly reduced. 
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The Effects of Systematics
• Where does this matter?

!12

Not in limits that are  
set by these events

Limits that are  
set by these

ATLAS 1711.03301
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The Effects of Systematics
• Limits set at the “edge” of 

available parameter space 
are mostly statistics-
dominated. 

• Set by the highest MET bins 
• We know how to deal with 

deviations here: more 
statistics.

!13
ATLAS 1711.03301
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Planning for Anomalies
• What about unusual results in 

systematics dominated regions? 
• Not what you’d find in analyses 

that are pushing the edge of 
the limit curve. 

• Here’s an example. 
• Doesn’t fit into a pre-existing 

simplified model 
• Won’t be (dis)proven by more 

data — requires new kinematic 
cuts or reducing systematics.
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An Update on the LHC Monojet Excess
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1
New High Energy Theory Center, Department of Physics and Astronomy,
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In previous work, we identified an anomalous number of events in the LHC jets+MET searches
characterized by low jet multiplicity and low-to-moderate transverse energy variables. Here, we
update this analysis with results from a new ATLAS search in the monojet channel which also
shows a consistent excess. As before, we find that this “monojet excess” is well-described by the
resonant production of a heavy colored state decaying to a quark and a massive invisible particle.
In the combined ATLAS and CMS data, we now find a local (global) preference of 3.3� (2.5�) for
the new physics model over the Standard Model-only hypothesis. As the signal regions containing
the excess are systematics-limited, we consider additional cuts to enhance the signal-to-background
ratio. We show that binning finer in HT and requiring the jets to be more central can increase S/B

by a factor of ⇠1.5.

As the LHC reaches a phase of stable running, it is
important to re-examine our search strategies for new
physics. Without large increases in energy or luminos-
ity, it becomes less and less likely that new physics will
suddenly appear with large statistical significance in a
low-background channel. Instead, we expect new physics
at the LHC to appear only gradually, starting with small
deviations from the Standard Model predictions. As the
searches for new physics at the LHC grow in sophistica-
tion and complexity (especially on the CMS side), it can
become increasingly di�cult to separate out statistically-
meaningful deviations from random noise. This is exac-
erbated by the increasing reliance on “simplified models”
to interpret the data. While simplified models are well-
suited for limit-setting, they are too few in number (and
of too limited variety) to populate more than a small sub-
set of the hundreds of signal regions across all of the LHC
searches, so that relying exclusively on simplified models
to characterize the data can greatly bias the search for
new physics.

In a previous work [1], we developed a “rectangular ag-
gregation” technique which attempted to overcome these
biases by combining signal regions in a more model-
independent way. This was based on the simple obser-
vation that any signal can populate multiple neighbor-
ing bins, and therefore aggregating signal regions within
larger kinematic ranges can extract information about
underlying excesses without making assumptions about
a specific signal model. As a proof of principle, we ap-
plied our aggregation technique to the CMS jets+/ET

searches [2] and [3] (hereafter referred to as CMS033 and
CMS036, respectively). While originally motivated by
supersymmetry, these searches are broadly sensitive to
new physics, owing to the fact that they each consist of
hundreds of exclusive signal regions, defined by number
of jets, number of b-tagged jets, and transverse energy
variables such as HT , missing transverse momentum /ET ,
and/or MT2.

Through our method of rectangular aggregations, we
identified a number of interesting ⇠3� excesses within

qi

qj

�†

qk

 

FIG. 1: The “mono-�” simplified model that fits well the
monojet excess in the CMS and ATLAS searches.

these searches. The most interesting one was consistent
between both searches. We dubbed this the “monojet
excess” because it is characterized by low jet multiplic-
ity, no b-jets, and low /ET and HT . We found that the
anomaly’s kinematic distributions could not be well-fit by
supersymmetry-like pair production of colored particles,
or in simplified models for dark matter pair production
[1]. Instead, a good fit was obtained using a colored scalar
�, resonantly produced through couplings to quarks, and
decaying to an invisible massive Dirac fermion  and a
Standard Model quark (the “mono-�” model), see Fig.
1.
To avoid decays of the  back to visible states, its Dirac

partner  0 can be coupled to invisible states N and Ñ .
The interaction Lagrangian for the minimal model is [1]

�L ◆ g�
⇤
q
c
i +��q

c
i q

c
j+m   

0+m
2
�|�|2+g

0
 
0
NÑ+h.c.

(1)
Here, the qi are the right-handed quarks. The scalar �
is a color-triplet, and its charge can be + 2

3 or � 1
3 . For

a given � mass, the resonance production cross section
is set by �, while the branching ratios of � to q versus
qq are set by both � and g. The � resembles a squark
in R-parity violating supersymmetry, though in order to
avoid baryon-number-violating decays the  cannot be
identified with a Majorana neutralino [4].
We also found further hints for the same anomaly in
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FIG. 2: Values of the signal cross sections favored at 1,2 and
3� by each individual search considered, and by the combi-
nation of ATLAS060 and CMS036.

the identified excess, and are independent of any par-
ticular new physics model. However, a full fit – includ-
ing all signal regions of each search – requires both a
model and a recasting of the experimental search sen-
sitivity for that model. Scanning over the (m�,m )
mass plane, we generated mock-LHC data for the mono-�
model using MadGraph5 [9], Pythia8 [10] for shower-
ing and hadronization, and a tuned implementation of
Delphes3 [11] for detector simulation. Events were gen-
erated without jet matching, though comparison with
matched samples demonstrated that the e↵ect was min-
imal. Full details of our recasting procedure and cross-
checks can be found in [1]. For each ATLAS or CMS
search [2, 3, 5, 6], we calculate the statistical preference
for the signal+background hypothesis over background-
only using the profile likelihood method [12, 13], treat-
ing the cross section times branching ratio at each mass
point as a free parameter in the fit. The results are
indicated in Fig. 2, where we show the best-fit confi-
dence intervals for � ⇥ BR of a reference mass point
(m�,m ) = (1250, 900) GeV, for each of the ATLAS and
CMS searches of interest. As can be seen, the anomaly
seen in ATLAS060 is broadly consistent with that previ-
ously identified in the CMS033, CMS036, and ATLAS022
data, and at higher significance than the previous ATLAS
search. While the CMS monojets search CMS048 did not
see any evidence for new physics, its confidence intervals
are entirely consistent with the size of the excess seen by
the other searches.

Although we cannot combine all of these searches to
produce an overall best fit cross section, we can pick one
from CMS and one from ATLAS for a joint fit. Choosing
CMS036 and ATLAS060 as being the two that are most
sensitive to our signal, the resulting significance plot is
shown in Fig. 3. To take into account the non-observation
of signal from CMS048, we require that the best-fit cross
section be less than the 95%CL upper limit from that

FIG. 3: Best-fit significance for the model in the m�/m��m 

mass plane, obtained combining the CMS jets+MT2 search
[3] and the ATLAS monojet search [7]. The corresponding
best-fit cross section is O(0.35 pb) in the region with highest
significance.
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FIG. 4: Di↵erence between observed and background counts
with relative error bars for ATLAS060 (black) and the
CMS036 Nj = 1 bins (green), to be compared with the /ET

distribution of the signal for (m�,m ) = (1250, 900), respec-
tively in solid and dashed red, given the production cross
section set by the joint fit to ATLAS060 and CMS036.

search.3 Even after this, the combined fit finds a local
preference for signal at the 3.3� level for m� ⇠ 1200 �

3
As discussed in [1], this model also gives a correlated signature

in the dijet resonance channel, however the exact signal strength

depends on additional couplings not determined by this fit. Here

we assume that the couplings are always chosen such that the

� ⇥ BR into dijet resonances is consistent with current bounds.
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FIG. 2: Values of the signal cross sections favored at 1,2 and
3� by each individual search considered, and by the combi-
nation of ATLAS060 and CMS036.

the identified excess, and are independent of any par-
ticular new physics model. However, a full fit – includ-
ing all signal regions of each search – requires both a
model and a recasting of the experimental search sen-
sitivity for that model. Scanning over the (m�,m )
mass plane, we generated mock-LHC data for the mono-�
model using MadGraph5 [9], Pythia8 [10] for shower-
ing and hadronization, and a tuned implementation of
Delphes3 [11] for detector simulation. Events were gen-
erated without jet matching, though comparison with
matched samples demonstrated that the e↵ect was min-
imal. Full details of our recasting procedure and cross-
checks can be found in [1]. For each ATLAS or CMS
search [2, 3, 5, 6], we calculate the statistical preference
for the signal+background hypothesis over background-
only using the profile likelihood method [12, 13], treat-
ing the cross section times branching ratio at each mass
point as a free parameter in the fit. The results are
indicated in Fig. 2, where we show the best-fit confi-
dence intervals for � ⇥ BR of a reference mass point
(m�,m ) = (1250, 900) GeV, for each of the ATLAS and
CMS searches of interest. As can be seen, the anomaly
seen in ATLAS060 is broadly consistent with that previ-
ously identified in the CMS033, CMS036, and ATLAS022
data, and at higher significance than the previous ATLAS
search. While the CMS monojets search CMS048 did not
see any evidence for new physics, its confidence intervals
are entirely consistent with the size of the excess seen by
the other searches.

Although we cannot combine all of these searches to
produce an overall best fit cross section, we can pick one
from CMS and one from ATLAS for a joint fit. Choosing
CMS036 and ATLAS060 as being the two that are most
sensitive to our signal, the resulting significance plot is
shown in Fig. 3. To take into account the non-observation
of signal from CMS048, we require that the best-fit cross
section be less than the 95%CL upper limit from that

FIG. 3: Best-fit significance for the model in the m�/m��m 

mass plane, obtained combining the CMS jets+MT2 search
[3] and the ATLAS monojet search [7]. The corresponding
best-fit cross section is O(0.35 pb) in the region with highest
significance.
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FIG. 4: Di↵erence between observed and background counts
with relative error bars for ATLAS060 (black) and the
CMS036 Nj = 1 bins (green), to be compared with the /ET

distribution of the signal for (m�,m ) = (1250, 900), respec-
tively in solid and dashed red, given the production cross
section set by the joint fit to ATLAS060 and CMS036.

search.3 Even after this, the combined fit finds a local
preference for signal at the 3.3� level for m� ⇠ 1200 �

3
As discussed in [1], this model also gives a correlated signature

in the dijet resonance channel, however the exact signal strength

depends on additional couplings not determined by this fit. Here

we assume that the couplings are always chosen such that the

� ⇥ BR into dijet resonances is consistent with current bounds.

Asadi et al, 1712.04939
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What’s the Lesson?
• Pushing the edge of the limit plots is a laudable goal. 
• But it shouldn’t be the only goal. 

• Natural Supersymmetry, simplified models, etc. provide 
benchmarks against which to compare data. 

• But they may not be the right answer for dark matter. 

• As we pursue high-luminosity/energy, need to keep our eyes 
open for what’s in the data. 
• Need plan for anomalies: how do we respond and reduce 

the uncertainties when we’re systematics dominated?
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