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Dark Matter Searches

• Regardless of the 
underlying particle 
physics, there are several 
complementary ways to 
search for DM 

• Each technique has its 
own strengths and 
challenges

Annihilation: 
Indirect Detection

Production: 
Accelerator Searches
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What exactly are we constraining?

Full 
Models

Simplified 
Models

EFTs

e.g. MSSM, UED

e.g. Z’, Scalar 
singlet DM 

e.g. D1, M3  
etc. operators
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Effective Field Theories
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Complementarityqq̄ ! �� �qq̄!��
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⇤
And Finally...

They are good benchmarks that describe (with appropriate combinations of 
interactions) the heavy mass limit of every simplified model.

But remember: these plots are a lot of fun, but they’re not the point.

Great Experimental Progress!

9!25 Sept. 2014, Oxford  UK! Sushil S. Chauhan!

  ATLAS: EFT Limits  

χ-nucleon scattering cross section at 7 and 8 TeV: 7 TeV: PRL 110, 011802 (2013) 
8 TeV: ATLAS-CONF-2014-051 
 !

15!25 Sept. 2014, Oxford  UK! Sushil S. Chauhan!

  CMS: Results at 7 and 8 TeV 

 
•    7 TeV results were the first bound from LHC on any Mono-X DM search 
      - cut & count based limits   

•    8 TeV limits  almost an order of magnitude better compare to 7 TeV  
      - shape based limits 

7 TeV:   PRL 108, 261803 (2012)!
 8 TeV:   CMS-EXO-12-047!

Robyn Lucas
Mono-photons
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Effective Operators and Direct Detection
Spin Independent scattering rate:  
dR

dER
=

�SI

2m�µ�N
(Z +

fn
fp

(A� Z))2F2(ER)

Z 1

vmin

⇢0
f(~v)

|~v| d3v

applies to the scalar DM-nucleon coupling; 

so constraints on        still apply after renormalisation.�SI

ON
8 = (�̄�µ�5�)(N̄�µ�

5N)

be applied to rates rather than number of events. In this regard we can formally define the
numbers N th

k , Nbkg
k and Nobs

k as

N th
k ⌘ w̃Rth

k , Nbkg
k ⌘ w̃R , Nobs

k ⌘ w̃Robs
k , (37)

where w̃ is a dummy exposure that can take any value. The integrated form factors will
then be

F̃
(N,N 0)
i,j (m�)cPicasso = w̃ ⇠F

X

k

Z 1

Ethr

k

dER PF(ER, E
thr
k )F(N,N 0)

i,j (ER,F) . (38)

The dependence on w̃ will cancel in the functions Y(N,N 0)
i,j (m�) by their definition in Eq. (23).

5 A dictionary: from quark/gluon-level relativistic ef-

fective operators to NR operators

In this Section we review how to decompose the high-energy e↵ective operators commonly
used in model building into the non-relativistic bricks ONR

k of Eq. (1). The starting point
are the interaction operators of the DM with quarks and gluons; we review how the step
up to the interaction at the nucleon level is performed and then how these are expressed in
terms of NR operators, to which the results of Sec. 2 can be applied straightforwardly.

Incidentally, we will also see explicitly that di↵erent high-energy e↵ective operators
might have the same non-relativistic form, corresponding thus to the same ONR

k . This can
also give rise to interference e↵ects that might significantly lower or enhance the scattering
cross section, thus generating phenomenologies that are usually not taken into account by
the e↵ective operators analyses when they consider one operator at a time.

5.1 E↵ective operators for fermion Dark Matter

At dimension six, the e↵ective operators one can construct with a Dirac neutral DM field
� and quark fields q are

O
q
1 = �̄� q̄q , O

q
2 = �̄ i�5� q̄q ,

O
q
3 = �̄� q̄ i�5q , O

q
4 = �̄ i�5� q̄ i�5q ,

O
q
5 = �̄�µ� q̄�µq , O

q
6 = �̄�µ�5� q̄�µq ,

O
q
7 = �̄�µ� q̄�µ�

5q , O
q
8 = �̄�µ�5� q̄�µ�

5q ,

O
q
9 = �̄ �µ⌫� q̄ �µ⌫q , O

q
10 = �̄ i�µ⌫�5� q̄ �µ⌫q ,

(39)

where we do not take into account here flavor-violating interactions. Notice that the oper-
ators

�̄ �µ⌫� q̄ i�µ⌫�
5q , �̄ i�µ⌫�5� q̄ i�µ⌫�

5q (40)

are equal to O
q
10 and �O

q
9, respectively, by virtue of the identity i �µ⌫�5 = �1

2
"µ⌫⇢⌧�⇢⌧ . For

a Majorana DM, only the bilinears �̄�, �̄�5� and �̄�µ�5� are non-zero.
Gauge-invariant interaction operators with gluons arise at dimension seven, and are

O
g
1 =

↵s

12⇡
�̄�Ga

µ⌫G
a
µ⌫ , O

g
2 =

↵s

12⇡
�̄ i�5�Ga

µ⌫G
a
µ⌫ ,

O
g
3 =

↵s

8⇡
�̄�Ga

µ⌫G̃
a
µ⌫ , O

g
4 =

↵s

8⇡
�̄ i�5�Ga

µ⌫G̃
a
µ⌫ ,

(41)
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Similarly, spin dependent scattering comes from operators:

But other DM-nucleon operators lead to the same non-relativistic operator, 
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Effective Operators and Direct Detection
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Effective Operators and Direct Detection
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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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Fundamental Limit to Validity

• In s-channel:
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Effective Field Theories
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Figure 2: Contours for the ratio R

tot

⇤

, defined in Eq. (2.11), on the plane (m
DM

,⇤), for the di↵erent

operators. We set

p
s = 8TeV, |⌘|  2 and p

min

T

= 500GeV.
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Measuring the Validity

G. Busoni, A. De Simone, J. 
Gramling, E. Morgante, A. Riotto 

arXiv:1402.1275 

qq̄ ! ��+ jet Qtr = pq + pq̄ � pjet

Rtot

⇤

=
�
e↵

|
⇤>Qtr

�
e↵

Calculate or measure the fraction of events that pass the 
condition Qtr < Λ, for a given choice of Λ and mDM, and assuming g ≥1.

D1 = (�̄�)(q̄q)
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Effective Field Theories

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

200

400

600

800

1000

1200

, SR3, 90%CLOperator D5
)expσ 2± 1 ±Expected limit (

)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS

=8 TeVs -1Ldt = 10.5 fb∫

not valid
effective theory

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

200

400

600

800

1000

1200

1400
, SR3, 90%CLOperator D8

)expσ 2± 1 ±Expected limit (
)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS
=8 TeVs

-1Ldt = 10.5 fb∫
not valid
effective theory

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

100

150

200

250

300

350

400

450

500 , SR3, 90%CL Operator D11
)expσ 2± 1 ±Expected limit (

)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS

=8 TeVs
-1Ldt = 10.5 fb∫

not valid
effective theory

Figure 9: The 90% CL lower limits on M∗ for different masses of χ. Observed and expected limits includ-
ing all but the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively.
The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The
M∗ values at which WIMPs of a given mass would result in the required relic abundance are shown as
rising green lines (taken from [22]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where the ef-
fective field theory approach breaks down [22]. The plots are based on the best expected limits, which
correspond to SR3.

16

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

200

400

600

800

1000

1200

, SR3, 90%CLOperator D5
)expσ 2± 1 ±Expected limit (

)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS

=8 TeVs -1Ldt = 10.5 fb∫

not valid
effective theory

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

200

400

600

800

1000

1200

1400
, SR3, 90%CLOperator D8

)expσ 2± 1 ±Expected limit (
)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS
=8 TeVs

-1Ldt = 10.5 fb∫
not valid
effective theory

 [GeV]χWIMP mass m
210 310

 [G
eV

]
*

Su
pp

re
ss

io
n 

sc
al

e 
M

100

150

200

250

300

350

400

450

500 , SR3, 90%CL Operator D11
)expσ 2± 1 ±Expected limit (

)theoryσ 1±Observed limit (

Thermal relic

 PreliminaryATLAS

=8 TeVs
-1Ldt = 10.5 fb∫

not valid
effective theory

Figure 9: The 90% CL lower limits on M∗ for different masses of χ. Observed and expected limits includ-
ing all but the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively.
The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The
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correspond to SR3.
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Rescaling the Limits
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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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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
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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
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-
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Effective Operators and Direct Detection22
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.
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So what now?
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Resonances & Widths
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Figure 9: Observed limits on L as a function of the mass of the mediator (M), assuming vector
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of the mediator is varied between M/3 and M/8p.
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• Resonance strengthens 
constraints relative to EFT, but 
width adds more parameters 

• Opens mediator searches 

• Min width fixed by the model:  
Beware arbitrary widths
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Constraining Simplified Models

TDJ, Karl Nordstrom, arXiv:1502.05721

mDM, ⇤ ! mDM, Mmed, gDM, gqi
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Treatment of the width
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To summarise
• Effective Field Theories are a powerful tool allowing 

comparisons between different classes of experiment 

• Facilitates complementary and powerful comparisons 
between Direct Detection and LHC constraints 

• At LHC energies, the approximation begins to break down, 
and remain fully valid only for large couplings 

• Truncation can make EFT constraints robust, but weaker; 
Simplified Models will give stronger constraints at LHC 
energies
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