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0 Prologue: Phenomenology of Dark Matter interactions
@ WIMP-nucleus scattering
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Elastic WIMP-nucleus scattering

The “standard” scenario: Scalar or fermionic (Dirac or Majorana) WIMP

X, K, LA P A N, p,

. i 2
Lar=)Y GEIMX)(@gq) with  G= % . A~100 GeV ?2? J
i
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Elastic WIMP-nucleus scattering

The “standard” scenario: Scalar or fermionic (Dirac or Majorana) WIMP

P e, A N, p),

. ) 2
Lar=)Y GEIMX)(@gq) with  G= % , A ~ 100 GeV ??? J
i

Possible Lorentz structures:

scalar/pseudoscalar: I, = c¥ + icyvs, Fq = cd+iclys,
vector/axial vector: T = (cy + C_j\‘%)w, Fau = (C) + CA75) s
tensor/axial tensor: r = (cr +icarys)o™”, Tquw = o,
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Phenomenology of different Lorentz structures
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see also: Momentum-dependent WIMP scattering: Chang, Pierce, Weiner, 0908.3192
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Inelastic WIMP-nucleus scattering

@ Spin-independent: E.g. Pseudo-Dirac fermion with vector interactions

¥ =(n,¢€)
1 - _
L2 590" Y] [Gnuaq] +3(m+&8), 6 <my
Mass eigenstates: 1 = i/V2(n — £), x2 = 1/V2(n + £)
= Py = i(X15ux2 — X2TuX1)

Tucker-Smith Weiner hep-ph/0101138
Cui Morrissey Poland Randall 0901.0557
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Inelastic WIMP-nucleus scattering
@ Spin-independent: E.g. Pseudo-Dirac fermion with vector interactions
=€)
LS *Q[W"df] [Gyeq] +0(m+€8),  d<my
Mass eigenstates: x1 = i/v2(n — &), xo = 1/vV2(n + €)
= Pyt = (V15 x2 — X2TuX1)

Tucker-Smith Weiner hep-ph/0101138
Cui Morrissey Poland Randall 0901.0557

@ Spin-dependent: E.g. Pseudo-Dirac fermion with tensor interaction

£> A29[¢Zuu¢] [G5q) + 0 (m+ &),  d<my
with £ = i[y",y"]/2.

= ¢Zuu¢ =~ _2i(X20uVX1 + X;a-uVXI)
In the non-relativistic limit:
(NIFSigIN) (x5 oix1.5)
= inelastic interaction, proportional to nuclear spin



WIMP scattering rate

dR° POON 2 0
—~ ——— F(Ey) (v,
dE; = 2muiy, (Ed) /(Vinin)

where
fe (V) 1 mnE,
WES\ 3, '® WES _ N=d
(v ):/d VTQ(V—Vmin ), Vi = N AN +4,
0 Local WIMP density (0.3 GeV +O(100%)
HyN WIMP-nucleus reduced mass
oN WIMP-nucleus cross section (at g — 0)

F2(Ey)  Nuclear form factor
Depends on nuclear structure computations for SD scattering
fo (V) WIMP velocity distribution

Jungman hep-ph/9506380
Nuclear structure: Bednyakov Simkovic hep-ph/0608097, Toivanen Kortelainen Suhonen Toivanen 2009
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Outline

0 Prologue: Phenomenology of Dark Matter interactions

@ Leptophilic dark matter
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Why leptophilic Dark Matter?
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Why leptophilic Dark Matter?
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Joachim Kopp (Fermilab) Global interpretation of direct DM searches

nuclear recoils) and other experi-
ments (nuclear recoils only).



Leptophilic DM formalism

Legr = Z G(ir;x) (@) with G= 1

Possible Lorentz structures:

scalar/pseudoscalar: T, =cg + ICF,’Ys,
vector/axial vector: T = (¢ + ciys)7",
tensor/axial tensor:  T%" = (cr + icarys)ot”,
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[y = Cg + I'C,Z;-’ys,
Cow = (Cy + C15) Vus

réuu = Opuv,



If electrons are bound, things start to get complicated ...
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4 things a leptophilic WIMP can do in a detector

@ Scattering on an electron

» Outer-shell electrons can be kicked out (WIMP-electron scattering)
» Inner-shell electrons will remain bound (elastic WIMP-atom scattering)
— recoil transferred to nucleus

» Electrons can be excited to an outer shell, but remain bound
(inelastic WIMP-atom scattering) — recoil partly transferred to nucleus
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4 things a leptophilic WIMP can do in a detector

@ Scattering on an electron
» Outer-shell electrons can be kicked out (WIMP-electron scattering)
» Inner-shell electrons will remain bound (elastic WIMP-atom scattering)
— recoil transferred to nucleus
» Electrons can be excited to an outer shell, but remain bound
(inelastic WIMP-atom scattering) — recoil partly transferred to nucleus

@ Loop-induced scattering on the nucleus

X b,

-

Xs K

Joachim Kopp (Fermilab) Global interpretation of direct DM searches 13




WIMP-electron scattering
(Leptophilic DM, A ® A interactions)

@ Bound electrons are in energy eigenstates, but not momentum
eigenstates.
— Include electron wave function x(p) in matrix element calculation
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WIMP-electron scattering
(Leptophilic DM, A ® A interactions)

@ Bound electrons are in energy eigenstates, but not momentum
eigenstates.
— Include electron wave function x(p) in matrix element calculation

@ Kinematics more complicated: bound electrons do not fulfill free-particle
energy-momentum relation.
— Phase space factors in do/dE get more complicated.
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Rate for WIMP-electron scattering
(Leptophilic DM, A ® A interactions)

dRWES __ 3po G? Mme
dEq ~— 4mm, my

o 2 /2melEs — Es) @11) [ bt 107285

where

o = [eve Doy, Bl B
X
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Rate for WIMP-electron scattering
(Leptophilic DM, A ® A interactions)

dRYES  3pyG® m,

> \/2ma(Es ~Esn) 21 1) [ bt 107285

dEd 47TmX my )
where
o = [ oo sy s Er e
p  2m,

Compare to the formula for standard WIMPs:

0 2
ﬂ = 3pOG l( Vmin)
dEd 27me

with vo = My T My Eq
min m 2m
X N
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Discussion of WIMP-electron scattering
(Leptophilic DM, A ® A interactions)
Suppression factor are:
@ m./my: smallness of electron mass
@ Smallness of |y.(p)|? at p > 1 MeV/c (as required for E; ~ keV).

10°°F 107} 1
& 100 F 10% 1
3 3
o 1n-10| o qo-10L 4
B 10 B 10
= =
B 10712} b 10712 1

10741 1044

RN AR 1016

10715 1
10° 10° 107
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Outline

@ Dramatis personae: Direct detection experiment
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Direct detection experiments

WIMP(c) direct detection schemes
WIM P ...via elastic scattering off nuclei

— Edelweiss,
e

HDMS,
CoGeNT, e | 10% energy
TEXONO lonization

WArP, ArDM

liquid Xe/Ar Target Heat — | ALO., LiF
Zeplin-3 , LUX,

\ ( 100% energy
Light
1% energy

slowest
aryogenics CRESST-1
Xenon-10/100 "
fastest
no surface effects — CRESST_2
DAMA, Libra, Zeplin-1,
XMASS, KIMS, ANAIS COUPP, Picasso

Slide courtesy of K. Eitel
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The channeling effect in DAMA

Particles travelling along crystal planes loose their energy electronically
— below a critical impact angle v ¢, there are no quenching factors

1

Unchanneled ion /

lodinerecoils

fraction

Sodium recoils

I -
Eg (kev) DAMA, 0710.0288
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The channeling effect in DAMA

Particles travelling along crystal planes loose their energy electronically
— below a critical impact angle v ¢, there are no quenching factors

1
Unchanneled ion;"
. an a
000006006
c
0006 00606 g e
‘-m
Sodium recoils
© I -
Eq (kev) DAMA, 0710.0288

But: Recoil nuclei in a DM experiment start out in one of the crystal planes!
— for small v/, nucleus will immediately crash into its nearest neighbor.

— channeling requires not only ¢ < )¢, but also ¢ > ¥ yi,.

Conclusion: DAMA assumptions on channeling probably too optimistic

Graichen et al. Nucl. Instrum. Meth. A 485 (2002) 774, see also Gelmini, 0910.3032
see Feldstein, Fitzpatrick, Katz, Tweedie, 0910.0007 for a discussion of the phenomenology of reduced channeling
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Fitting techniques
@ DAMA, KIMS: Binned data

» 2 analysis
» Assume no knowledge on background.

Joachim Kopp (Fermilab) Global interpretation of direct DM searches

20



Fitting techniques

@ DAMA, KIMS: Binned data
» x? analysis
» Assume no knowledge on background.

@ CDMS, XENON-10, CRESST-1l, ZEPLIN-III:

few candidate events at given energies

» Maximum gap method s velin physics/0203002
» Gives probability for observing nothing between the data points
» Use inverse CDF to convert probability to bogus x?
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Fitting techniques

@ DAMA, KIMS: Binned data
» x? analysis
» Assume no knowledge on background.

@ CDMS, XENON-10, CRESST-1l, ZEPLIN-III:

few candidate events at given energies

» Maximum gap method s velin physics/0203002
» Gives probability for observing nothing between the data points
» Use inverse CDF to convert probability to bogus x?

@ COUPP, PICASSO: Event rates as function of T and p
» 2 analysis including background model with 3 free parameters

Joachim Kopp (Fermilab) Global interpretation of direct DM searches

20



Outline

0 Act I: Global constraints on WIMP-nucleon interactions
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Elastic scattering

=-==-=- CDMS08+09

------ XENON 09

—— DAMA (90%/30)
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Results:

@ DAMA-favored region ruled out

@ Only a combination of different experiments can give best limits
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A signal in CDMS?

Pictures without words

CDMS 09 (10/90%/37)
XENON 09
DAMA (90%/3c)
—=— CRESST-I
PICASSO.
ZEPLIN-1II
KiMs

10! 10*
my [GeV]
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Inelastic Sl scattering

3 T
Sl inelastic. § = 130 keV

10-37-
10738
—
5 ———— CDMS 08+09
P XENON 09
5 10—39, DAMA (90%/3c)
__ DAMA (90%30)
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40,
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107 I |
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-
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@ DAMA marginally compatible with others in tiny region
@ Extremely sensitive to the tail of the WIMP velocity distribution f (X)
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Inelastic Sl scattering — Global fit

107 - =] 107
ES Al Cxps, allowed iDM (S global fit] E i,
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Inelastic Sl scattering — Global fit (2)

cnts [ kg /d/keV.

At the best fit point:

m, = 1092 GeV, 0 = 1.66¢-38 em”

@ Signal only in summer

@ Cosine fit to DAMA no
1 longer possible

Joachim Kopp (Fermilab)
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Inelastic SD scattering

ap [cm?]

107

107

10734

10735 L

10736

. o
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90% C.L.

10! 10% 10°
m, [GeV]

10—32 L

10—33 L

ap [cmz]
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1
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-
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@ Better compatibility between DAMA and the rest
@ Still sensitive to the tail of the WIMP velocity distribution £ (X)
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Inelastic SD scattering — Global fit

~ N[iDM(SD. a,=1. a,=0) global fit|

10732 Alle ed
(global x5, = 9.6)

10-36-

10°37

10' 102
m, [GeV]

150

@ No tuning between particle
physics and astrophysics
parameters

@ DM experiments would have very
good sensitivity to parameters
(particle & astro)

50~

e

my [GeV]
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Inelastic SD scattering

Suld™ kg™ kev']

Suld™" kg™ kev™']

0.06

0.04

0.02

-0.02

—-0.04

0.06

0.04

0.02

-0.02

—0.04

Joachim Kopp (Fermilab)

DAMA annual modulation vs. iSD fit

— Quality of fit

7, = 1.58x 1072 cm?
5=39keV
X° =5.62892

my =102 GeV |]

it

Analysis window
-

5 10 15 20
E [keV]
DAMA annual modulation vs. iSD fit
my, = 44.7 GeV |
a,=1.x 10732 cm?
6=133keV [
x* =5.24058
bogpp fhpg
THH fi =
Analysis window ]
-
5 10 15 20
E [keV]

@ Excellent fit to the DAMA

specrum

searches
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Outline

0 Act Il: Global constraints on leptophilic Dark Matter
@ Leptophilic Dark Matter in direct detection experiments
@ Leptophilic Dark Matter in the Sun
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0 Act Il: Global constraints on leptophilic Dark Matter
@ Leptophilic Dark Matter in direct detection experiments
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Leptophilic DM with A ® A interactions

(Dominated by WIMP-electron scattering)

5 Leptophilic DM, Axial vector interactions
\‘ Scattering on bound electrons
- 20} ;
3
= 1sf
2
= 10f
O
T
14
0.5p
0.0F, = ]
0 2 4 6 8 10
E [keV]
0.06[ 0= 5.x10"% cm?, m, = 816.Gev ||
}‘ X2=559
— 004r I |- 09=501x10"% cm? m, = 202. GeV |
! i
3 }\} x?=206
< 002 3 —
o Res
LR GAFTETVRL I SR TIRON | 2 PO
L TTT j{ RSS2 S SR &
& -0.02- w/o 1% bin 1
B .
_o0.04L Full analysis ]
0 5 10 15 20

Joachim Kopp (Fermilab)

E [keV]

@ Poor spectral fit

@ Extremely high rates predicted
at low energy

@ Fit requires very large cross
sections

Global interpretation of direct DM searches
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Leptophilic DM with A ® A interactions (2)

(Dominated by WIMP-electron scattering)

Leptophilic DM, Axial vector interactions
Scattering on bound electrons

25 4
10 coms-1 Ge10 (0]

L SENON 10 (90%)3

o2 [em?]

sl

107°F I | B
10t 10° 10°
m, [GeV]

@ Signal in DAMA from inelastic
WIMP-electron scattering

@ Signal in CDMS/XENON from
inelastic WIMP-atom scattering

@ Allowed region in Ay? fit, but
remember poor quality of fit
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Leptophilic DM with V @ V interactions

(Dominated by WIMP-nucleus scattering)

2.5—‘ i ‘ ’L‘emophilicD‘M,Vectori;ﬂeractionsl ° Same S_peCtrum as for
] Scattering on nuclei @ 1 loop conventional WIMPs
— 20F \ )
S @ Cannot explain the lowest
g DAMA bin
T 10
Q
g
o0sf
0.0f,
0
E [keV]
0.06—‘ ‘ 0'2:5.37‘>< 107 cm?, m‘X:lZAGeVi
x*=9.06
— 004r \ —--- 09=697x10"% cm? m, = 10.6 GeV |{
3 5 =283
< o002 N 1
4 : f b
7_;_:‘ 0.00 YT f{ IIEUIEIEII{ ihif
& -0.021 w/0 1% bin 1
-
_0.04f Full analysis 1
0 5 10 15 20
E [keV]
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Leptophilic DM with V @ V interactions (2)

(Dominated by WIMP-nucleus scattering)

@ Same situation as for

1 conventional WIMPs:

R Conflict between DAMA and
CDMS/XENON.

Leptophilic DM, Vector interactions
Scattering on nuclel @ 1 loop

1074

10t 10° 10°
m, [GeV]
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Outline

° Act Il: Global constraints on leptophilic Dark Matter

@ Leptophilic Dark Matter in the Sun
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Scattering of leptophilic Dark Matter in the Sun
@ Tree level scattering on free electrons

— no suppression by wave function or atomic matrix elements
— But energy loss in each scattering process is small since m, < m,.
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Scattering of leptophilic Dark Matter in the Sun

@ Tree level scattering on free electrons
— no suppression by wave function or atomic matrix elements
— But energy loss in each scattering process is small since me < m,,.

@ Interesting feature: Strong temperature dependence
10%° T ‘ . .

9| ]
102 Nuclel ge=0p=1ph
10% 1

1077L
10%F,
PIPPCI R
;(f) 10 D
1021
1058}
102}
1021
10 . . . I

10 200 400 600 800 1000
m,[GeV]
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Scattering of leptophilic Dark Matter in the Sun

@ Tree level scattering on free electrons
— no suppression by wave function or atomic matrix elements

— But energy loss in each scattering process is small since me < m,,.

@ Interesting feature: Strong temperature dependence
10%° T ‘ . .

9 ]
102 Nuclel ge=0p=1ph
108 ]

102 . | I I
10 200 400 600 800 1000

m,[GeV]

@ Loop-induced scattering on heavy nuclei dominates if allowed
(more efficient energy loss)
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In our class of models:

@ Tree level annihilation into electrons
— no observable signature

Joachim Kopp (Fermilab) Global interpretation of direct DM searches
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Neutrinos from annihilation of leptophilic Dark Matte

X K A

In our class of models:

@ Tree level annihilation into electrons
— no observable signature

@ Tree level annihilation into 777~ or viv
is a “natural” assumption
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Neutrinos from annihilation of leptophilic Dark Matte

X K A

In our class of models:

@ Tree level annihilation into electrons
— no observable signature

@ Tree level annihilation into 777~ or viv
is a “natural” assumption

@ Loop level annihilation into neutrinos unavoidable
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Neutrinos from annihilation of leptophilic Dark Matte

X K A

In our class of models:

@ Tree level annihilation into electrons
— no observable signature

@ Tree level annihilation into 77~ or vi
is a “natural” assumption

@ Loop level annihilation into neutrinos unavoidable

VeV, AV, T T,AT®T,S®S,and P® S:
Loop level annihilation into all SM quarks and leptons

Ny,
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Neutrinos from annihilation of leptophilic Dark Matte

X K A

In our class of models:

@ Tree level annihilation into electrons
— no observable signature

@ Tree level annihilation into 77~ or vi
is a “natural” assumption

@ Loop level annihilation into neutrinos unavoidable

VeV, AV, T T,AT®T,S®S,and P® S:
Loop level annihilation into all SM quarks and leptons

Ny,

N py

Only way to jeopardize interesting annihilation signals: y-y asymmetry.
see e.g. Kaplan, Luty, Zurek, 0901.4117 for a recent work on asymmetric DM
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Super-K bounds on leptophilic DM
AR A

T T
F Leptophilic DM, Axial vector interactions
Scattering on bound electrons

o |
1 coMs- Ge 109U

|

SENON 10 (90%H

10730

o3 [cm?]

10735

104

m, [GeV]

@ Super-K by far the most
sensitive experiment

@ Excludes DAMA-favored
region
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Super-K bounds on leptophilic DM

AR A VeV
F [ ‘LeptophilicDM.‘AxiaIvectorinleracuons T—é % ‘Lq)lophllic‘DM.Veclorinte'a:tions
7257 Scattering on bound electrons 10742} % g}\‘\ Scattering on nuclei @ 1 loop |4
10 w ‘% \éj‘ DAMA (90%/30)
w . g 3 no channeling
r ] 107 DAMA
% 10-% ‘E (90%/30r)
wa Obm 10—A4
S R S NN S
w0 N el T
107% ~ | |
w0 10 10% 10°
m, [GeV] m, [GeV]
@ Super-K by far the most @ Super-K competitive with
sensitive experiment CDMS/XENON
@ Excludes DAMA-favored @ Excludes DAMA-favored
region regions
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Super-K bounds on leptophilic DM

AR A VeV
F [ ‘Lq:rtophilicDM.‘AxiaIvectorinleracuons T—é % ‘Lq)lophlllc‘DM.Veclormte'a:tions
7257 Scattering on bound electrons 10742} % W"?\ Scattering on nuclei @ 1 loop |4
R Coms-I Ce 100 S ET < DAMA (90%/3c")
w o] DM? g no channeling
% 10°% ‘E (90%/3cr)
wa Obm 10—A4
10735
107
107% ~ | |
w0 10 10% 10°
m, [GeV] m, [GeV]
@ Super-K by far the most @ Super-K competitive with
sensitive experiment CDMS/XENON
@ Excludes DAMA-favored @ Excludes DAMA-favored
region

regions
but remember: Super-K not as model-independent as DAMA, CDMS, XENON
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Outline

@ Epilogue: Summary and conclusions

Joachim Kopp (Fermilab) Global interpretation of direct DM searches



Summary | — WIMP-nucleus scattering

@ Elastic spin-independent scattering (eSl):

» Still the best-motivated scenario (IMHO)
» Great discovery potential in the near future (XENON-100, SUSY@LHC, ...)
» Cannot explain DAMA
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Summary | — WIMP-nucleus scattering

@ Elastic spin-independent scattering (eSl):
» Still the best-motivated scenario (IMHO)
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Summary | — WIMP-nucleus scattering

@ Elastic spin-independent scattering (eSl):
» Still the best-motivated scenario (IMHO)
» Great discovery potential in the near future (XENON-100, SUSY@LHC, ...)
» Cannot explain DAMA
@ Elastic spin-dependent scattering (eSD):
» Interesting idea, but not many concrete models
» Cannot explain DAMA
» Important constraints from bubble chamber experiments
@ Inelastic spin-independent scattering (iSl, “standard” iDM)
» Cannot explain DAMA
» ...unless fine-tuning between particle physics and astrophysics parameters
is assumed
@ Inelastic spin-dependent scattering (iSD)
» Can explain DAMA
» If true, direct detection experiments have high sensitivity to model
parameters
» Only from tensor interactions
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Summary Il — Leptophilic DM

@ Leptophilic DM well-motivated by recent data
@ Rich phenomenology in direct detetcion experiments
» WIMP-electron scattering
— strongly suppressed by smallness of e~ wave function at large p.
» Elastic WIMP-atom scattering
— Even stronger suppression from electronic matrix elements (sometimes
completely absent due to cancellations)
» Inelastic WIMP-atom scattering
— Again, strong suppression from electronic matrix elements
» WIMP-nucleus scattering (via loops)
— always dominant if allowed

@ Leptophilic Dark Matter in the Sun

» If scattering on e~ dominates, interesting finite- T effects.
» Neutrino signals almost unavoidable (except if there is a x-x asymmetry)

@ Results:

» Leptophilic DM constrained by CDMS, XENON, ...
» Cannot explain DAMA
» Strong bounds from Super-K.
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Spin-independent elastic scattering (eSl)

s [Zho+ (A= 2)f)? “iN SI
o = X
72 eI
1Y XP

fo,n  Coupling to protons/neutrons (usually f, = fn)
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Spin-dependent elastic scattering (eSD)

@ For along time a possible explanation of the DAMA anomaly
@ Fit requires spin-dependent structure functions S(Ey)

4,2\
SD _ xN 2 SD
o>"S(Eq) = 32,2220 1 1) 1)[33300(Q) + avarSo1(q) + a7S11(q)] o
1 : : 1.0
. 127, 127,
@ ...which have to be calculated ] @ 1 ﬁg?x; fos @ 1L
from nuclear structure models = YN T Fu) o]
. I F :
(= large uncertainty) LS AV A
3 - \ A %,
107 3 - E 0.2 4 ‘-\\ 8097,
5 e | 2009
1 e 0.0
© mcs @ 133(,S
LN [ 0.8 -
= 1 N 064 %
=107 9 A e .
[£) \x\ 0.4 4
3 R
107 3 N 0.2 -
T S 0.0
0 5 10 15 20 0 1
u u
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A leptophilic Dark Matter model

@ U(1)ps dark sector
@ Dark Matter is a Dirac fermion charged under U(1)ps

1
Lps = ——F/2 +Y’YHDMX + |D,u¢|2 - MXT(X - VDS(¢) 0

4
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A leptophilic Dark Matter model

@ U(1)ps dark sector
@ Dark Matter is a Dirac fermion charged under U(1)ps

1
Los =~ Fl+ X9 Dy + D, — Myx — Vos(s) ]

@ At least some SM leptons have small couplings to U(1)ps.

Fox, Poppitz, 0811.0399
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A leptophilic Dark Matter model

@ U(1)ps dark sector
@ Dark Matter is a Dirac fermion charged under U(1)ps

1
Lps = _ZF;/LZV + X7 Dux + |Du¢|2 — M Xx — Vbs(¢) -

@ At least some SM leptons have small couplings to U(1)ps.

@ U(1)ps exchange provides Sommerfeld enhancement
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Fox, Poppitz, 0811.0399
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Loop-induced WIMP-nucleus scattering
(Leptophilic DM, V ® V interactions)

One-loop

X K, N, p),

X ku N, py

@ ForVeoV, AV, T® T, and AT ® T Lorentz structures

Two-loop

X ki, X ki

X ku X ku

(The lowest order diagrams for the S® S and P ® S Lorentz structures)
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Rate for loop-induced WIMP-nucleus scattering

(Leptophilic DM, V ® V interactions, one-loop)

dR™S _ pG (aZ 2 m; ? WNS
dEd - 187T'mx ( - ) F (q)|:|09(ﬂg>:| I(Vmin )7

where

WNS _ my + My Eq
m, 2my

min
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Rate for loop-induced WIMP-nucleus scattering

(Leptophilic DM, V ® V interactions, one-loop)

dR™™S  pG® [(aZ 5 m? 2 ST
dEd - 187T'mx ( - > F (q)|:|09(ﬂg):| I(Vmin )7

where

WNS _ my + My Eqy
m my 2my

Compare to the formula for standard WIMPs:

LRO - 3,0062 0 m, + My E4

~ (V0. ith =
dEd 27TmX (me) Wlt me mx sz
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Rate for loop-induced WIMP-nucleus scattering

(Leptophilic DM, V ® V interactions, one-loop)

dRYNS G (aZ 2 m; ? WNS
dEd - 187rmX ( - ) F (q)|:|Og(M2>:| I(Vmin )7

where

WNS _ my, + my Eq
min m,, 2my

Compare to the formula for standard WIMPs:

o _ My+my E4

dR? _ 3G
dEd o 27TmX

1(V0. ith =
( me) Wlt lel’l mX sz

— Suppressed only by o?
— Loop-induced scattering on the nucleus will dominate

whenever it is allowed!
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Elastic WIMP-atom scattering

@ Coherent scattering on all electrons

@ Depends on atomic form factor, computable from the electron wave
functions.
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Rate for elastic WIMP-atom scattering
(A® Acase)

WAS —el = =
de = zpor(j ‘Z (nlms|e'k=¥) X|nlms‘ I(vAS =l
o Mg

m1n )

where

was—el _ My + M Eq
lel'l
my, 2my
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Rate for elastic WIMP-atom scattering
(A® Acase)

WAS —el = =
de = 2,00:;? ‘Z (nlms|e'k=¥) X|nlms‘ I(vAS =l
o Mg

m1n )

where

was—el _ My + M Eq
len
my, 2my

Compare to the formula for standard WIMPs:

dRO N SpQGz

dEd - 2’/TmX I( min)

with Vo M+ My Eq
min m 2m
X N
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Rate for elastic WIMP-atom scattering

(A® Acase)
dRWAS 3POG i(K—K")X WAS—el
GEy = 2nm, ‘Z (nims| e’ \nims) ‘ J(v)AS=ely
where

was—el _ My + M Eq
len
my, 2my

Compare to the formula for standard WIMPs:

dRO 3,0()G I( )
dEy ~ 27m, MR

with Vo M+ My Eq
min m 2m
X N

— Suppression by smallnes of matrix elements (nims|e/~%)%|nims) at
large |k — K’| (as required for Ey ~ keV)

Joachim Kopp (Fermilab) Global interpretation of direct DM searches

51



Rate for elastic WIMP-atom scattering
(A® Acase)

WAS —el -
deE = 2'00:3 ‘Z (nlms|e/*=K) X|n/ms‘ J(v)AS=ely
s iy

where

was—el _ My + M Eq
len
my, 2my

Compare to the formula for standard WIMPs:

0 m, + My E4

0
an 3'006 I( VI?lil’l) with Vmin =
my, 2my

dEd 2’/TmX

— Suppression by smallnes of matrix elements (nims|e/~%)%|nims) at

large |E — /?’| (as required for E4 ~ keV)
— Forthe A® A case, > USy"7°us vanishes
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Inelastic WIMP-atom scattering

@ Electrons contribute incoherently
@ Requires computation of electron transition matrix elements
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Rate for inelastic WIMP-atom scattering
(A® Acase)

WAS —in .
daR SPOG Z Z | n//m|e (k— X|nlm)|2 I( Y WAS— 1n),

dEd 27r mX nlm n'l’'m’ i
where
yWAS—in _ Eg(my + my) — mnoEp
e m, 2mN(Ed = (5EB) ’
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Rate for inelastic WIMP-atom scattering
(A® Acase)

WAS —in .
daR SpOG Z Z | n//m|e (k— X|nlm>|2 I( Y WAS— 1n),

dEd 27r mX nlm n'l’'m’ i
where
Y WAS—in _ Eg(my + my) — mnoEp
e m, sz(Ed = 5EB) ’

Compare to the formula for standard WIMPs:

dR? _ 3G
dE; ~ 27m,

02y with 0 = Mt my [ Ea
min min mX 2mN
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Discussion of inelastic WIMP-atom scattering

@ Supression due to smallness of matrix elements (r'I'm’|e/c—K)%| nim) at
large |k — k’| (as required for E4 ~ keV)

107+ 1074
10718 10718
s s
k102 % 1072p-
K3 i3
= =
T 4 = 1
E10% E 107%
A A

&
8

10730

&
®

107
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Computation of matrix elements (r'/'m|e’K*|nim)

@ Expand e/*% in spherical harmonics and carry out angular integration:

(n’l’m’|e"’?’7\nlm> =A4r /dr r2Ru(r) Ry (r) ZjL(Kr) Yim(Ok, oK)
LM

(—1)m : IroN(I r L
x m\/(2l+1)(2l+1)(2L+1)<0 ! 0) <m r M)

Joachim Kopp (Fermilab) Global interpretation of direct DM searches 55



Computation of matrix elements (r'/'m|e’K*|nim)

@ Expand e** in spherical harmonics and carry out angular integration:

(n’/’m’|e"R’7\nlm> =A4r /dr r2Rp(r) R,,,,,(r)ZjL(Kr) Yim(Ok, oK)
LM

(—1)m - I r LN/l I L
X m\/(2/+1)(2/+1)(2L+1)(0 0 0) (m o M)

@ Square this and use properties of Wigner-3j symbols

3 ‘(n//’m’|e’m\n/m>‘2 =@+ 1)@ +1)) 2L+ 1)[ (é g é) r

mm’ L

X {/drrzan/(r) Rn’l’(r)jL(Kr):|2
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Computation of matrix elements (r'/'m|e’K*|nim)

@ Expand e%* in spherical harmonics and carry out angular integration:

(n’/’m’|e"’?’7\nlm> =A4r /dr r2Rp(r) R,,,,,(r)ZjL(Kr) Yim(Ok, oK)
LM

(—1)m - I r LN/l I L
X m\/(2/+1)(2/+1)(2L+1)(0 0 0) (m o M)

@ Square this and use properties of Wigner-3j symbols

3 ‘(n//’m’\e’m\n/mr =@+ 1)@ +1)) 2L+ 1)[ <(/) g é) r

mm’ L

X {/drrzan/(r) Rn’l’(r)jL(Kr):|2

@ Numerically tricky, but OK if done carefully (spherical Bessel transform)

Spherical Bessel transform: Sharafeddin et al., J. Comput. Phys. 100 (1992) 294
Radial wave functions Rp,(r) taken from Bunge, Barrientos, Atom. Dat. Nucl. Dat. Tab. 53 (1993) 113
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DM in bubble chambers: COUPP and PICASSO

@ Superheated liquid

@ Localized energy deposit can lead to
formation of visible gas bubble

@ Bubble formation requires dE/dx > dEu (T, p)/dx

» By appropriate choie of T and p, muon, electron,
photon backgrounds can be switched off.

» Remaining background:
monoenergetic o’s from Rn-122
(flat, sharp threshold) 150 40°C

200 p
5

@ DM signal: Slowly rising %“’0 $
as dEy, (T, p)/dx decreases S
LL!")
@ Measure bubble formation rate at e
different T and/or p =
g 30°C
COUPP Science 2008 g
o

et § ; i
10 20 30 40N 50 60 70 80
pressure (psig)
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Different data sets in CDMS and XENON

10—40

= XENON 09
XENON 09 (alt. Leg))
L | R P XENON 07
1041 1;29/,»‘ XENON 07 (alt. Leyp)
p —— CDMS 08409
---- CDMS 08
y DAMA
S 107 ’
=
1074
AN NG
1074

10!

102
m,, [GeV]

@ XENON: Different data sets

» 2007: Original analysis (o706.0039)
» 2009: Reanalysis (0910.3698)

@ XENON: Uncertainty in light yield
(quenching factor) L
» Uncertainty in energy
reconstruction

@ CDMS: Different data sets

» 2008: First 5-tower data (0so2.3s30)

» 2009: The much-anticipated two
events (0912.3592)
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