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WIMP-Nucleus interaction
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�SD(X) / (ap hSpi+ an hSni)2 �SI(X) / (Zfp + (A� Z)fn)
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WIMP-Nucleus scattering event rate:
dR

dER
/

�
�SD(X)FSD(ER) + �SI(X)FSI(ER)

�

SUSY

Elastic scattering amplitudes

Experiment comparison: nucleon cross-sections

hZ
q̃q̃

Direct detection experiment: Event rate            nucleus cross-section



SI-nucleon

• Sea quarks approximation 

• No SD interaction 
ap = an = 0

fp = fn $ �SI(p) = �SI(n)

SD-proton

ap 6= 0

fp = fn = an = 0
&
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FIG. 4: Discovery limits for single (left) and multi target (right) based experiments considering the SI interaction. Also
shown are the current sensitivity limits of several experiments: DAMIC [27], SIMPLE [28], SuperCDMS-LT [29], COUPP
[30], ZEPLIN-III [31], EDELWEISS [32], CDMS II Ge [33], CDMSLite [34], XENON100 [35], LUX [36], CDMS-II Si [37],
DAMA/LIBRA [38] and CRESST [39].
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FIG. 5: Same as figure 4 but considering the SD interaction on the proton.
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FIG. 6: Same as figure 4 but considering the SD interaction on the neutron.

LUX, Xenon,CDMS,….
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FIG. 4: Discovery limits for single (left) and multi target (right) based experiments considering the SI interaction. Also
shown are the current sensitivity limits of several experiments: DAMIC [27], SIMPLE [28], SuperCDMS-LT [29], COUPP
[30], ZEPLIN-III [31], EDELWEISS [32], CDMS II Ge [33], CDMSLite [34], XENON100 [35], LUX [36], CDMS-II Si [37],
DAMA/LIBRA [38] and CRESST [39].
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FIG. 5: Same as figure 4 but considering the SD interaction on the proton.
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FIG. 6: Same as figure 4 but considering the SD interaction on the neutron.

PICASSO, CF4 directional
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The standard direct detection framework

3 Figures from Ruppin et al. Phys.Rev. D90 (2014) 083510

Experimental results depend on the arbitrary choice of parameters combination

4 independent parameters 3 independent planes
Standard direct detection framework:

(m�,�
SD(p),�SD(n),�SI(p))
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• Squarks mass limits & WIMP-quark interaction

• New paradigm for direct detection 

• Heavy squarks paradigm in the MSSM

• Application on the current experimental results
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LHC: Squark Mass limits
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Analysis:

LHC lower limits:

model & channel dependent limits

250 . lim(mq̃) . 1700 GeV/c2

Squarks tend to be heavy: mq̃ ⇠ O(1 TeV)

LHC Run2: 
unless discovery              squarks limits improvement



WIMP-quark interaction
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WIMP-quark interaction
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mq̃ ⇠ O(1TeV) >> mh/Z

Squarks no more contribute to the WIMP-nucleus interaction



Scattering amplitudes

9

Z

q

�

q

�

eq

�

q

�

q

h

q

�

q

�

eq

�

q

�

q

New physics
coupling

Standard model
coupling

gqqZ gqqh

g��hg��Z

and        do not depend on the quark flavorg��Z g��h

and           do not depend on new physicsfp/fn ap/an

analytic G. Bélanger, et al.,  
Phys. Rev. D79, 015008 (2009)

⇢
Cf = fp/fn = 0.98
Ca = ap/an = �1.14

constant ratios
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New paradigm for direct detection

11

New framework: (m�,�
SD(p),�SI(p))

• Proton and neutron contributions no longer independent 

• New representation:

Heavy nucleus, spin=0

m� fixed

Light nucleus, spin≠0

�
S
I
(p
)

�SD(p)

This new representation enables a 
direct comparison between SI and SD 

interactions

⇢
Ca = ap/an = cste
Cf = fp/fn = cste

)
⇢

�SD(p) = Ca
2�SD(n)

�SI(p) = Cf
2�SI(n)

�SI(p) = �SD(p)⇥ a+ b

Analytic calculation of     and     using 
experimental inputs

SI and SD limits no longer independent

a b



Heavy squarks paradigm
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1. Check our statement about                           and 

2. Validity of the heavy squark paradigm ?

ap/an = cste fp/fn = cste

Markov Chain Monte-Carlo scan of the MSSM

Questions:

Method:
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Markov Chain Monte-Carlo scan of the MSSM
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Outputs: 
• Viable SUSY models in the MSSM 
• Scattering amplitudes vs squarks mass

Markov Chain Monte Carlo inputs:
• pMSSM properties calculation: MicrOMEGAs (relic density, cross sections, …) 
• Constraints: 

- Cosmology: relic DM density (PLANCK) 
- Particle physics: Higgs mass and couplings, invisible Z width, (g-2)µ,   

                                            , …BR(b ! s+ �)

G. Bélanger et al., arXiv:1407.6129 [hep-ph]

SUSY Model:
pMSSM with 16 free parameters



MSSM scan: scattering amplitudes
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Ca = ap/an = �1.14

n/fpf
10− 8− 6− 4− 2− 0 2 4 6 8 10

Fr
eq

ue
nc

y

6−10

5−10

4−10

3−10

2−10

1−10

1 2 > 500 GeV/cq~m
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F
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F
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fp/fnap/an

Cf = fp/fn = 0.98

Scan results:
- Amplitude ratios tend to a constant value as the squark mass limit increase 
- heavy squark paradigm valid for lim(mq̃) & 1TeV/c2
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• New paradigm for direct detection 
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Standard vs heavy squarks direct detection framework
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Real limit: Combinaison of both

Isotope J hSpi hSni
73
Ge 9/2 0.030 0.378

Germanium:

(p) [pb]0
SDσ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10
(p

) [
pb

]
0SI
σ

19−10

18−10

17−10

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

 = 0na
 = 0pa

2 = 20 GeV/cχm

�SD
lim(n) �SD

lim(p)

From CDMS experimental limits

excluded

excluded

�SI
lim(N)

�SD(p) [pb]

�
S
I
(p
)
[p
b
]

Limits on SI interaction requires: 
-      
-    

Limits on SD neutron interaction 
requires : 

-     
-    

ap = an = 0

ap = 0

fp = fn

Standard direct detection framework:

fp = fn = 0

New direct detection framework:

�SI(p) = �SD(p)⇥ a+ b



New direct detection framework
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(p) [pb]0
SDσ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10
(p

) [
pb

]
0SI
σ

19−10

18−10

17−10

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

ap/an = -1.14
 = 0na
 = 0pa

2 = 20 GeV/cχm
Interferences:

Isotope J hSpi hSni
73
Ge 9/2 0.030 0.378

Germanium:

} destructive

hSpi / hSni < 1hSpi / hSni > 1

Destructive Constructive

From CDMS experimental limits

Ca = ap/an = �1.14

�SD(p) [pb]

�
S
I
(p
)
[p
b
]

The proton and neutron contribution cannot be separated
for SD cross-section calculations

�SD(X) / �SD
0 (p)

✓
hSpi+

hSni
Ca

◆2



Detector detection landscape
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(p) [pb]0
SDσ

7−10 6−10 5−10 4−10 3−10 2−10 1−10 1
(p

) [
pb

]
0SI
σ

19−10

18−10

17−10

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

CDMS II (Soudan) (2004-2009)

LUX (2013)

PICASSO (2012)

XENON100 (2012)

2 = 20 GeV/cχm

Isotope J hSpi hSni
129

Xe 1/2 0.010 0.329

131
Xe 3/2 �0.009 �0.272

19
F 1/2 0.441 �0.109

73
Ge 9/2 0.030 0.378

�SD(p) [pb]

�
S
I
(p
)
[p
b
]

Direct comparison:

�SD(p) $ �SI(p)

LUX: 
- Best limit in SI & SD

Input:
Experimental limits on the standard 
direct detection framework

LUX limits apply to everyone

Direct experiment limits 
reinterpretation PICASSO (2012)



Impact on SUSY models
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SUSY models from the MCMC scan

SI & SD cross sections correlation :

• SI & SD no longer independent 
• Do not depend on the     mass�

Heavy squarks & MSSM

Framework : pMSSM

Experimental limits on SUSY:  

LUX :  
8
<

:
�SI
lim ⇠ 1⇥ 10�9 pb

�SD
lim ⇠ 4⇥ 10�5 pb

@100± 10 GeV/c2

Strong LUX limit on SUSY models

�SD(p) [pb]

�
S
I
(p
)
[p
b
]

PICASSO (2012)

m� 2 [90, 110[GeV/c2



Conclusions
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LHC: squark mass limits tend to be at the TeV scale 

Heavy squarks:
• New framework: 

• Equivalence between proton and neutron cross sections 

with                               and   

New paradigm:  
• Direct comparison 
• MSSM SI and SD interactions are no longer independent 

Ca = ap/an = �1.14 Cf = fp/fn = 0.98

(m�,�
SD(p),�SI(p))

�SD(p) $ �SI(p)

⇢
Ca = ap/an = cste
Cf = fp/fn = cste

)
⇢

�SD(p) = Ca
2�SD(n)

�SI(p) = Cf
2�SI(n)





WIMP-Nucleus interaction

23

�SD(X) =
32

⇡
GF

2µR
2 J + 1

J
(aphSp i+anhSn i)2
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Elastic scattering 
amplitudes

Spin dependent (SD):

Spin independent (SI):

WIMP-Nucleus scattering event rate:

measurement : event rate          limit on cross sections

Direct detection:  
 5 independent parameters

WIMP-Nucleus scattering event rate:
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=
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Squarks mass in the pMSSM

24 ~yt

Introduction LHC searches Higgs sector Dark matter sector Conclusion

Complementarity between monojets and direct SUSY searches

Neutralino mass:

lightest squark/gluino mass mass splitting with lightest squark/gluino

A. Arbey, M. Battaglia, FM, Phys. Rev. D89 (2014) 077701

Color scale: fraction of excluded points
Grey line: 68% C.L. exclusion by jets/leptons+MET searches
Yellow line: + monojet analyses

Monojet searches improve sensitivity by more than 100 GeV
in the small mass splitting region!

Nazila Mahmoudi LPSC, April 22nd, 2015 13 / 33

Monojet search analysis

pMSSM with 19 parameters



Model-independent method for extracting SD 
cross section Limits
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D. R. Tovey et al., Phys. Lett. B, 488 (2000) 1 
E. Moulin et al., Phys.Lett. B614 (2005) 143-154  s

�SD(p)

�SD
lim(p)

±

s
�SD(n)

�SD
lim(n)

!2

> 1

In the SD interaction phase space:

Standard cross section limits

fp = fn = 0

7

FIG. 3: Left (resp. Right) panel present the constraints in the constructive (resp. destructive) case, for a 20 GeV WIMP. The
light grey area is the region already excluded by the most constraining experiments (COUPP-2010 [11] and XENON10 [12]).
For a 30 kg.year CF4 directional detector, the dark grey area is the 3� discovery region, while the solid light curve labelled
“exclusion” is the background-free projected limit. Dashed light curve presents the same result for the alternative 19F spin
content values [88].

consider MSSM scenarios with the 11 following free pa-
rameters 1

M
1

, M
2

, M
3

, µ, tan�, MA,M˜lL
, M

˜lR
, Mq̃1, 2 , Mq̃3 , At.

The NMSSM is a simple extension of the MSSM with
an additional gauge singlet superfield, S, that provides a
solution to the naturalness problem. Indeed the param-
eter µ = �hSi is determined by the VEV of the scalar
singlet and is thus naturally of the EW scale [27]. In the
NMSSM there are additional parameters related to the
extended Higgs sector. The part of the superpotential
involving Higgs fields reads

W = �SHuHd +
1

3
S3

and the soft Lagrangian is

L
soft

= m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

S |S|2

+(�A�HuHdS +
1

3
AS

3 + h.c.).

After using the minimization conditions of the Higgs po-
tential, the Higgs sector, which consists of three neutral

1 We do not perform a thorough exploration of the much stud-
ied CMSSM because it is only a particular case of the MSSM.
Furthermore in that model the LSP mass is above 50 GeV be-
cause of the LEP limit on charginos and the relation between the
chargino and the neutralino masses. This leaves little possibili-
ties for parameter determination.

scalar fields, H
1

, H
2

, H
3

and two pseudoscalar neutral
fields, A

1

, A
2

as well as a charged Higgs, H± is described
by six free parameters, µ, tan� as well as �, , A� and
A. The list of free parameters therefore contains the
ones of the MSSM with the pseudoscalar mass, MA, re-
placed by

�,, A�, A,

for a total of 14 free parameters.
These simplified models reproduce the salient fea-

tures of neutralino DM. Indeed, apart from the mass of
the LSP, the most important parameters are the gaug-
ino/higgsino content of the LSP, determined by µ and
M

1

, M
2

, tan�, as well as the mass of the Higgses
which can enhance significantly neutralino annihilations.
Sfermion exchange, and in particular slepton exchange,
can also play a role for light neutralinos.
There are many similarities between the MSSM and

the NMSSM, as will be seen in the following analysis.
However one characteristic feature of the NMSSM is that
the singlet fields, which mostly decouple from the SM
fields, can be very light and yet escape LEP bounds [27].
Therefore it is much easier to have light neutralinos be-
cause they can annihilate into or through the exchange
of light singlet Higgses [91].

B. Scanning method

In order to thoroughly scan the parameter space we
used a Markov Chain Monte-Carlo (MCMC) code, first

Interferences: 



New paradigm for direct detection
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Experimental inputs:

a

b

Dark matter halo parametrization (v0,�0, vesc)

Nuclear form factor
Detector acceptance & thresholds

Isotopic fractions

Nucleon spin contents
(hSpi , hSni)

Measured event rate or 
�SI
lim(p)
ap = an = 0

with

R
tot

= RSI +RSD

/ �SD(p)/ �SI(p)

�SI(p) = �SD(p)⇥ a+ b
m� fixed

Analytic calculation of     and     using experimental inputsa b

SI and SD interactions are no 
longer independent

Heavy squarks: New paradigm for direct detection experiment comparison
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A new paradigm (2)
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Total measurable event rate:
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form direct detection

Measurement



n/apa
10− 8− 6− 4− 2− 0 2 4 6 8 10

Fr
eq

ue
nc

y

6−10

5−10

4−10

3−10

2−10

1−10

1 2 > 500 GeV/cq~m
2 > 800 GeV/cq~m

2 > 1000 GeV/cq~m
2 > 1500 GeV/cq~m

Ca = ap/an = �1.14

n/fpf
10− 8− 6− 4− 2− 0 2 4 6 8 10

Fr
eq

ue
nc

y

6−10

5−10

4−10

3−10

2−10

1−10

1 2 > 500 GeV/cq~m
2 > 800 GeV/cq~m

2 > 1000 GeV/cq~m
2 > 1500 GeV/cq~m

MSSM scan: scattering amplitudes
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Scan results:
- Amplitude ratios tend to a constant 

value as the squark mass limit increase 
- heavy squark paradigm valid for

lim(mq̃) > 800 GeV/c2


