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• Integrate out the mediator, reducing parameters to                  for each operator 

• Easy to scan wide range of models, easy comparison between searches
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.8 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

8There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates ⟨σ v⟩ versus mass mχ.
⟨σ v⟩ is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are scaled up by a factor
of two to make them comparable to the ATLAS Dirac WIMP limits. All limits shown here assume
100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed line indicates
the value required for WIMPs to make up the relic abundance set by the WMAP measurement.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

couplings to lighter quarks and sets cross-section limits that are superior at WIMP masses

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.
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Rescaling EFT constraints
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Figure 10: Rescaled limits on M⇤ for WIMP events with M� = 50 GeV, taking the fraction of valid
events into account, for

p
s = 8 TeV (left) and

p
s = 14 TeV (right). A scan over di↵erent values of

couplings pgSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M⇤valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M⇤exp, is
shown as a dashed line of the same colour.
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Figure 11: Rescaled limits on M⇤ for WIMP events with M� = 400 GeV, taking the fraction of valid
events into account, for

p
s = 8 TeV (left) and

p
s = 14 TeV (right). A scan over di↵erent values of

couplings pgSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M⇤valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M⇤exp, is
shown as a dashed line of the same colour.

selection with larger M⇤exp (Emiss
T > 600 GeV) has a lower validity fraction than a selection with a lower

threshold (Emiss
T > 400 GeV). Above 1.4, the increased M⇤exp again dominates, leading to an improved

Rtot
Mmed

. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M⇤exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
T cut of 600 GeV still

provides the strongest rescaled limit for pgSMgDM � 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
ators. Comparing the observed limits for di↵erent operators from the 7 TeV ATLAS mono-jet result [2]
shows that D5 is one of the operators with stronger limits on M⇤, and thus will have a larger validity
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• For a given           , cut all events that don’t pass  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. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M⇤exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
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provides the strongest rescaled limit for pgSMgDM � 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
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Rescaling EFT constraints

Eur. Phys. J. C (2015) 75:299 
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Using simplified models
• Minimum particle content necessary to describe new physics;  

Usually one DM candidate and one mediator 

• Enlarged parameter space: Minimum of 4 parameters 

• Even the simplest models  
have more unless you start  
making choices and assumptions 

• Given that it is necessary to choose benchmark points and models,  
we should use all of the information available from other DM 
searches to choose the points that give us the best chance of 
finding dark matter 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Thermal relic dark matter

• Dark matter in thermal 
equilibrium at large T 

• When mDM > T, comoving 
abundance drops exponentially 

• As universe expands, 
abundance freezes out 

• Annihilation rate controls 
abundance at freezeout

h�vi
tot

increasing

h�vi
tot

' 4.8⇥ 10�10 GeV�2

⌦
DM

h2

Not a constraint, but the abundance is one of the only 



Annihilation range
• Relic density is sensitive to the annihilation channels of the model 

• Collider searches assume minimal channels:  
Mediator couples to quarks only, with equal coupling to each flavour 

• Other annihilation channels are possible- relic density constraint is 
better described by a range than a line
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h�viann � h�vi��̄!uū + h�vi��̄!dd̄ ⌘ h�viminh�viann � h�vi��̄!uū + h�vi��̄!dd̄ ⌘ h�vimin
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Effective operator results
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• We can prioritize the model 
space - e.g. direct detection is 
better for vector models, LHC for 
axial-vector 

• The parameter space is still large!
2 choices:  
- Scan over coupling, or  
- fixed benchmark 

• Scan is more comprehensive and 
intuitive but technically difficult:  
Width changes at each point in 
4D parameter space 

• Benchmarks allow comparison 
between experiments

Simplified models

JHEP 1506 (2015) 142 
TDJ, Nordstrom

cms-pas-exo-12-055



• Some approximations can 
help 

• Avoids scan over gq, gDM 

Signal Region SR1 SR2 SR3 SR4

pj1T & Emiss
T > [GeV] 120 220 350 500

ATLAS �95% CL
vis [fb] 2800 160 50 20

Table 3: Signal region definitions in the 10.5 fb�1 8 TeV analysis and ATLAS 95 % CL exclusion limits

on the visible cross section from BSM contributions.

relevant for us. Note that we only perform the comparison for SR3 as it usually is the most

discerning signal region and the only one for which ATLAS results are reported, however

we assume the results are similar for the other signal regions. Similarly we assume this

agreement carries over to our analyses of the full 8 TeV dataset and our 14 TeV predictions,

which is well motivated since the full dataset 8 TeV analysis was conducted under similar

conditions and due to the stated ATLAS upgrade goals for the upcoming higher energy

LHC run respectively.

mDM [GeV] ATLAS 95% CL on ⇤ [GeV] Our 95% CL on ⇤ [GeV] Di↵erence [%]

80 687 700 +1.9

400 515 525 +1.9

1000 240 250 +4.2

Table 4: Comparison of limits set on the D8 EFT operator by ATLAS [69] and us using only SR3.

B Validation of Cross Section Reweighting

Our limits set using results from Ref. [69] using interpolation in M �mDM � gDM · gq are

presented in Figure 4, limits set using the cross section approximation including the width

mentioned in Section B.1 are presented in Figure 5, and the ratios of the limits set in the

two cases are presented in Figure 6. To visualise the breakdown of our approximations we

extend the limit of our parameter space to �OS/M < 1.

Values of gq/gDM > 1 are hardly probed at all by monojet searches as evident from our

results for gq/gDM = 2: such models are much better constrained by dijet searches which

motives not including these in our main study.

B.1 Using a cross section approximation including the width

We compare our results to ones obtained by reweighting the cross section for a single value

of gDM · gq to see how well the simple cross section approximations:

� /
(
g2qg

2
DM/�OS if M > 2mDM

g2qg
2
DM if M < 2mDM

(B.1)

reproduce the full results. Additionally we perform a separate reweighting to correct for the

Breit-Wigner shape of the propagator as for the full results, although only before finding

– 11 –
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Results

• Results

JHEP 1506 (2015) 142 
TDJ, Nordstrom
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IceCube: Using annihilation to probe scattering
• It is difficult for astrophysical experiments to 

compete with LHC constraints on these models

• Solar neutrinos provide a unique window on DM 
scattering

• DM accumulates in the sun 

Theoretical frameworks for DM
Classes of constraints

Relic density
Direct searches
Indirect searches
Collider searches

Bound from IceCube observations

Key assumption: equilibrium =) �annihilation = �capture

If h�annvi & 10�28 cm3s�1, this assumption is motivated.

Some peculiar properties of these constraints:
1 direct link between �SD,SI

p and annihilation rate;
2 sensitivity only to branching ratios, not to absolute cross section;
3 electroweak corrections (W/Z brehmsstrahlung) are relevant;
4 the sensitivity to resonant production of mediator, or the choice of gf or mmed, is not

large.

Davide Racco Theoretical frameworks for dark matter searches 13 / 27
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Conclusion

• EFTs remain a useful tool for comparison between 
experiments, but have limited validity for LHC searches. 
Move to simplified models is necessary 

• The difficulties associated with simplified models are eased 
by considering all available information and taking a 
different approach to relic density constraints 

• LHC is strongest in searches for models which have 
suppressed scattering and annihilation rates, but building 
consistent models is important
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Simplified model results
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
(light blue), XENON100 [37] (red), DarkSide-50 [38] (orange),
and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.


