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WIMP-Nucleus interaction

WIMP-Nucleus scattering event rate:
dR
x (6°P(X)F°P(ER) + o”1(X)F>!(ER))

dER
/ SUSY \
SD contributions Sl contribution
g \/
< q/\
7P (X) o (ap(S,) +an (S (X)) x (Zfp+ (A — Z)fn)’

\ &Elastic scattering amplitudes / /

Direct detection experiment: Event rate «—— nucleus cross-section

\\v Experiment comparison: nucleon cross-sections



The standard direct detection framework

Standard direct detection framework:
4 independent parameters  (m,,c°?(p), 0P (n), o (p)) — 3 independent planes

Sl-nucleon SD-neutron SD-proton
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Experimental results depend on the arbitrary choice of parameters combination

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



- Squarks mass limits & WIMP-quark interaction
- New paradigm for direct detection
- Heavy squarks paradigm in the MSSM

- Application on the current experimental results



- Squarks mass limits & WIMP-quark interaction



LHC: Squark Mass limits

Analysis:

A\TLASSL_JSY Searches™ - 95% CL Lower Limits

" niss . - . .
Model &M T, Y Jets ET™ [Ldm™) Mass limit
L L) L) r L)
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 q.2 1.7TeV m(g)=m(g)
qq, ¢]—o¢li'|) 0 2-6 jets Yes 20.3 q 850 GeV m(\"[’ )=0 GeV, m(1" gen c]l-m'[.‘"’ gen.q)
b4y qaqy, (‘/—'q\-I: (compressed) 1y 0-1 jet Yes 20.3 q 250 GeV m(J)-m(¥y) = m(c)
A A l A A A A A
: 1
10 Mass scale [TeV]

LHC lower limits:
250 < lim(mg) < 1700 GeV/c?
model & channel dependent limits

LHC Run2:
unless discovery —— squarks limits improvement

Squarks tend to be heavy: m; ~ O(1 TeV)
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WIMP-quark interaction

LHC Run 1: heavy squarks

mg ~ O(1TeV) >>my, /4

SD contributions Sl contribution

X X q

o«
q q X | X q/l\q X | X

At tree level



WIMP-quark interaction

LHC Run 1: heavy squarks

mg ~ O(1TeV) >>my, /4

SD contributions Suppressed Sl contribution Suppressed

At tree level

Squarks no more contribute to the WIMP-nucleus interaction



Scattering amplitudes

gxxh
New Physics \@/l
coupling
|
| Standard_model /@\I
coupling
g

q YqqZ q q qqh q
9Ixxz and gyxr do not depend on the quark flavor

— fp/fnanda,/ay, do not depend on new physics

—> constant ratios
Of — fp/fn = 0.98 G. Bélanger, et al.,

— analytic
y { Co = ap/ay = —1.14  prys. Rev. D79, 015008 (2009)



- New paradigm for direct detection
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New paradigm for direct detection

New framework: (m,,o°" (p), o (p))

o (p)

* Proton and neutron contributions no longer independent
2
{ 0> (p) = Cy"0”P (n)
1 2 _SI
ol (p) = Cy o (n)
 New representation:

x fixed Sl and SD limits no longer independent

Light nucleus, spin=0 o1 (p) = g°P (p) X a—+b

Analytic calculation of a and b using
experimental inputs

Heavy nucleus, spin=0
This new representation enables a
direct comparison between Sl and SD
interactions

P (p) 1



Heavy squarks paradigm

Questions:

1. Check our statement about a,/a, = cste and fp/fn = cste

2. Validity of the heavy squark paradigm

|

Method:
Markov Chain Monte-Carlo scan of the MSSM
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- Heavy squarks paradigm in the MSSM
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Markov Chain Monte-Carlo scan of the MSSM

SUSY Model:
PMSSM with 16 free parameters

Markov Chain Monte Carlo inputs:
« pMSSM properties calculation: MicrOMEGASs (relic density, cross sections, ...)
e (Constraints: G. Bélanger et al., arXiv:1407.6129 [hep-ph]
Cosmology: relic DM density (PLANCK)
Particle physics: Higgs mass and couplings, invisible Z width, (g-2),,
BR(b—s+7), ...

Outputs:
* Viable SUSY models in the MSSM
e Scattering amplitudes vs squarks mass
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MSSM scan: scattering amplitudes

Co = ay/an, = —1.14 N Cr=f,/fn =098
C%) 1 — my> 500 GeV/c® 8 1 — m; > 500 GeV/c®
Qg) 10 Mg > 800 GeV/c® g o m, > 800 GeV/c?
g. — m, > 1000 GeV/c? g — m, > 1000 GeV/c®
8 o —— m, > 1500 GeV/c? ﬂ ‘o — m, > 1500 GeV/c?
—
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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(mg) = 1 TeV /c?
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- Application on the current experimental results
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Standard vs heavy squarks direct detection framework

Germanium: = 1o From CDMS experimental limits
Isotope J  (Sp) (Sh) % e oS (N) m, = 20 GeV/c’
T5Ge  9/2 0.030 0318 =R4
ch 10— )

Standard direct detection framework: °;
Limits on Sl interaction requires: o
- fp:fn 18-14 _an O
- ap = ap =0 o7 a, =0
1017
Limits on SD neutron interaction 1 il il vl ol i @ i @
requires : 107 10° 10°° 107 107 102 ! 1
g (o) o)
_a, = SD SD
‘P Tlim (1) Olim (D)
New direct detection framework:
o1 (p) = P (p) x a +b Real limit: Combinaison of both
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New direct detection framework

From CDMS experimental limits

Interferences: = )
) ! e m, = 20 GeV/c
SD SD <S’n> B
5P(X) x o5P (p) <<Sp> + o ) = o N\

n 1077 ﬁ
-8
1 10710
107"
/ \ 10_12
107"

(Sp) [ (Sn) > 1 (Sp) [/ (Sn) <1 107 =0

10°1°
a, = 0

ap/an =-1.14

Destructive Constructive i \
::8:12 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | L1 | | 1 IIIII| | IIIIIl|| 1 11
. 1077 107 107 107 107 107 107" 1 10
Germanium:

O_SD D pb
Isotope J (Sp)  (Sn) destructive_ / (p) [pb]
"™Ge  9/2 0.030 0.378

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

Direct experiment limits
reinterpretation

3' 1072
Q107 _ 2
— . PICASSO (2012) m, =20 GeV/c
/é: 107°
N—"
~
n
o)

107° CDMS Il (Soudan) (2004-2009)

Direct comparison:

: B
O_SD(p) o O_Sf(p) 110‘210 LUX (2013) ﬁ

107"

Input: o

Experimental limits on the standard ~ 1°.

direct detection framework o
LUX: 18:12 o v e bl bl bl
. 107 107° 107 107 10° 1072 107 1

- Best limit in SI & SD > (p) [pb]

[sotope J (Sp) (Sn)

129Xe  1/2  0.010  0.329
131Xe  3/2 —0.009 —0.272
LF 1/2 0441 —0.109
BGe  9/2 0.030 0.378

LUX limits apply to everyone
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Impact on SUSY models

. 2
Framework : pMSSM € [90,110[GeV /c

SUSY models from the MCMC scan

PICASSO (2012)
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CDMS Il (Soudan) (2004-2009)

S| & SD cross sections correlation :
Heavy squarks & MSSM

Sl & SD no longer independent
Do not depend on the X mass

\
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Conclusions

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

Heavy squarks:
* New framework: (m,,o°?(p), " (p))

* Equivalence between proton and neutron cross sections
o°P(p) = C, 05" (n)
{ o (p) = Cy*0™ (n)
with C, = a,/a, = —1.14 and Cy = f,/f, = 0.98

New paradigm:
* Direct comparison ¢”~ (p) <> ¢”" (p)
* MSSM S| and SD interactions are no longer independent

SD( SI(
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WIMP-Nucleus interaction

WIMP-Nucleus scattering event rate:

dft Po SD SD ST ST / Wi
— = X)F E X)F° (E d
dEn  2mopg? (077 (X) (Er) + 077 (X) (ER)) - v
WIMP-Nucleus scattering event rate:
Spin dependent (SD): 29 74
SD 2 2 2
5P (X) = Z=Cr’ur’ =—— @ S, )+ S»))
Spin independent (SI): % EIa::chlsi;::;t:sring
ST 4pR? ‘a 2
oS1(X) = === (Zfy + (A~ 2)fu)
2 2
Direct detection: > 4p < Jp

5 independent parameters  (m,,, 0> (p), c° " (n), o (p), 0°1 (n))

measurement : event rate —» |[Imit on cross sections
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Squarks mass in the pMSSM

Monojet search analysis

oMSSM with 19 parameters

n
=
L=

M(d, 3 (Ge))
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Model-independent method for extracting SD

cross section Limits

In the SD interaction phase space: fo=f,=0
D. R. Tovey et al., Phys. Lett. B, 488 (2000) 1 5 p L
E. Moulin et al., Phys.Lett. B614 (2005) 143-154
5P (p) SD(n)
o —— ] >
(2 (p)) \(onh(n))
&Standard cross section limits
Interferences:

WIMP Mass : 20 GeVic® - Constructive case
TTTIT TTTIN TTTIT TTT

WIMP Mass : 20 GeVic® - Destructive case
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New paradigm for direct detection

m, fixed

Rtot _ RSI 4+ RSD > O_Sf(p) _ O_SD(p) < a4+ b
(O( o1 (p) L x P (p) Sl and SD interactions are no

longer independent
Analytic calculation of @ and b using experimental inputs

Experimental inputs:

Nucleon spin contents

¢ Dark matter halo parametrization (vo, 00, Vesc) (<Sp> ; <Sn>)
Nuclear form factor
Detector acceptance & thresholds
| | Measured event rate or
b Isotopic fractions 01%7, (p)  with

a, = ap =0

Heavy squarks: New paradigm for direct detection experiment comparison
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A new paradigm

Total measurable event rate:
/ |sotope fraction
pOE fz SD SD in max
mes — Jr X@,E E +SD < S1
2m, Vg Z ( )
/ Detector acceptance

Emas v
FSD/SI(x, pmin pmazy — %/ %(ER)FSD/SI(ER)/ f(ﬁ)dBUdER
c min v (%

min

AXxial cross section

240 =g I (15, + (52

Scalar cross section

2
L A—7Z
o1(4X) = o )22 (24227
p
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A new paradigm (2)

Total measurable event rate:

2 .
-Z fﬂjl  + =k ) FIP(X;, Epin, Eee)

4

3

_ P0ovo
mes T 4,2 [

. . A, —7Z; ST , min max
Measurement +-Zz Ji Z’t T o ) Foi (X, ER*™, ER )]
Ji+1 <Sn>z 2 SD
4 y Z@ fzf]—Z (<Sp>7; T C, ) J (Xz)
a= —
3 Ai—7;\°
S1 SD 2.5 i (ZJ' T = ) Fo(X5)

75! () = b—a x 75 °(p) .

> i Ji (Zi + A"L’C_JCZ'LYJ:SZ'(XO

b =

dmuy,’ 2SI
e,

219 =

Experimental limit

form direct detection
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MSSM scan: scattering amplitudes

Co, =ap/a, =—1.14 Ct = fp/fn=0.98

S P> ™
1 2 O 1 2
) = — m; > 500 GeV/c - = — m,;> 500 GeV/c
S m, > 800 GeV/c? L F m, > 800 GeV/c?
% " q = 10 !
= — m, > 1000 GeV/c® o E — m, > 1000 GeV/c®
o g - :
QO g2l — m, > 1500 GeV/c? 8 N — m, > 1500 GeV/c?
< 107 E g 3 102 g
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S
S L
LT-‘H [ T AU AU ST AU SO ARSI MU B
0 200 400 600 800 1000 1200 1400 1600

squark mass limit [GeV /c?] 29



