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Abstract: WIMP dark matter candidates chi®O have interesting signatures for direct and indirect detection in regimes where there is a near
degeneracy with a heavier charged state chi”{ pm}, as occurs for example along the boundary of the coannihilation strip in the CMSSM. For small
splittings of O(10) MeV, the scattering of WIMPs off nuclei may be dominated by inelastic recombination processes mediated by the formation of
(chi®- N) bound states, leading for example to a distinct signature for direct detection. | will discuss these and other resonant processes that
distinguish the detection signatures of this class of WIMP scenarios.
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Evidence for (nonbaryonic) Dark Matter

Over many scales...

» galaxy rotation curves
» clusters (lensing)

e structure formation
« CMB

* cosmology vs BBN

[D. Clowe et al. '06]

Strong motivation for exploring all possible signatures for
direct (terrestrial) or indirect (astrophysical) detection

ol el
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Plan of the talk

e Introduction

= WIMP dark matter paradigm: tensions and hints...

* Pseudo-degenerate WIMPs

= Direct detection - ‘recombination’
» |ndirect detection - annihilation and 511 keV line

e Conclusions

&l 'ﬁ. -
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The WIMP paradigm

Themmal relic: 2 = —3Hn, — (n2 — n2))(gannv)

_ Q. h2 ~ 3X 10 %" em3s1 | |
L (Fannv) [Lee & Weinberg 77]

[ WMAPS = Qxhz =0.1120 £ 0.008 ]

2

Fora WIMP: (cannv) ~ 2=

2
my

== [ my ~ O(100 GeV) ]

- 4
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Problems or Hints?

In more detail (e.g. CMSSM) ...

tanf =10, u>0

WMAP strip
A(mz—m,) < 5GeV

my, (GeV)

relic density
requires efficient
co-annihilation

ol
Ifg 200 }l.:,l: 400 g gon L '-jl_'.[ o E Pl 3 \

m, » (GeV)
[J. Ellis et al. ‘03]
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The WIMP paradigm

dny __

Thermal relic:  5* = —3Hny — (n? — nZ))(cannv)

_ 2 h2 . 10 27em3s1 | |
xn (Gannv) [Lee & Weinberg 77]

[ WMAPS = Q__f_hz =0.1120 £ 0.008 ]

2

Fora WIMP: (cannv) ~ 2=

2
my

== [ my ~ O(100 GeV) ]

2 A
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Problems or Hints?

In more detail (e.g. CMSSM) ...

tanp=10, u>0

WMAP strip
A(mz—m,) < 5GeV

m; (GeV)
=

relic density
requires efficient
co-annihilation

\ | ﬁ”f

i'.-, 00 : .‘5-'-..-!: I 41;;; Ju ot AN 1 'rEE-IE ' ':'-";;; e A
m, , (GeV)
[J. Ellis et al. ‘03]
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Pseudo-degenerate WIMPs

$ NB: “natural” EM or EW
X (zi) 1 splitting of charged and
.| Fam~o@ - 10)mMev neutral states
(e Am ~ %m ~ 100 MeV
- allows for coannihilation [cf. Cirelli, Fornengo.
- in the “nuclear range”™ Strumia ‘05]

e Type A: weak current Ly, =gJ, W, +h.c.

» Type B: leptonic current L = gx18x, +h.c.
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Pseudo-degenerate WIMPs

Y in
Pirsa: 08060135 cs

If Am < E, then “recombination” with nuclei is possible

(Nx,) | Z | ES==== (MeV) | EF™= (MeV)
(‘Hxz) | 1 0.025 -
(*Hexz) | 2 0.346 -
(UBx;) | 5 2.24 | 213
(12Cx;) @6 2.8 | 27
(*Nx3) | 7 3.5 3.9
(POx) | 8 4.0 < i
(Arx;) 18 9.1 8.0
(4Gex;) | 32 14.6 12.5
(192Xex;) | 54 21.7 18.4

Recombination

Recombination

Resonant loop
enhancement

—Am (MeV) _

with light with heavy
elements elemenis /
i $ i
0 4 20 100

Page 10/32



The WIMP paradigm

dn.

Themmal relic:. 5 = —3Hn, — (n — nZ))(oannv)

_ 2 hz ~ 3x10 % em3s—1 | |
xit (cannv) [LEE&Wemberg 77]

[ WMAPS = QY_J"F2 =0.1120 £ 0.008 ]

2

Fora WIMP: (ocannv) ~ ==

2
my

== [ my ~ O(100 GeV) ]

oy I A
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Problems or Hints?

In more detail (e.g. CMSSM) ...

tan =10, u>0

WMAP strip
A(mz—m,) < 5GeV

my, (GeV)

relic density
requires efficient
co-annihilation

\ oz
d'-.'.'.il 200 . L‘i-l.ai; I *-115!; o LI E'II Ll k 'ri"i[ : ':'";;; LS -', \
m-[_;l '-Ge\t‘]
[J. Ellis et al. ‘03]
£/2/08 =
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Pseudo-degenerate WIMPs

$ NB: “natural” EM or EW
X (2d:) 8 splitting of charged and
i | }am~ 0@ - 10) Mev neutral states
X% Am ~ =m ~ 100 MeV
- allows for coannihilation [cf. Cirelli, Fonengo,
- in the “nuclear range”™ Strumia ‘05]

* Type A: weak current Line =8, W, +h-c.

» Type B: leptonic current L = gx1€x, +h.c.

E Iy
Pirsa: 0806% GB Page 13§2



Pseudo-degenerate WIMPs

If Am < E, then “recombination” with nuclei is possible

(Nxz) | Z | EG===2a (MeV) | EC°™t (MeV)
(Hx;) | 1 0.025 | =
(*Hexz) | 2 0.346 -
(" Bxz ) 5} 224 | 213
(**Cx3) 6 2.8 | v 4
(“Nxz) | 7 3.5 Pl
(**Ox3z) 3 4.0 h
(4DAIX:_T ) 18 9.1 8.0
("Gex,) 32 146 12.5
(1°Xex,) 54 21 9 184
Reco_mb(natton Recombination Resonant loop
with light with heavy enhancement
elements elements /
i | —Am (MeV)
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Direct Probes

Existing limits test elastic scatiering with10-100 keV nuclear recoil energy

1 2

» SMY Uy ~ 50 keVV
s e i i -::I-BI [_ I I m

[ Roszkowski es al 2007 9575 CL
| ] Roszkowski et al. 2007 68% CL
==+ CDAMS I 1T:2T Ge Reanalysis
- = = XENON10 2007
NS T 2008 Ge

4

Spin=independent cross section [em”|

:

(=1
=]

o
-
(=]

10°

ot
=

WIMP mass [GeV/e]

[CDMS Collab. '08]
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Direct probes - impact of recombination

n p > N =

Crucial point: MeV-scale energy release

}
Distinct signatures for direct detection experiments.
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Direct probes - CC recombination

Type A:

X1 g x _

; B ! B
Iié (NExg) — (N (Z+1)\2 )+ (r:n;.-.)
n p )
e I_H'I- G2 1”21.

T i P R

= Zn(E—ER2 74 i

~

[ (orest) ~ 10~38 cm? J
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Direct probes - EM recombination

,Scat

/ bound:y
o~Tyi—x2 \UN v

|L' X FG

2(EE _I_ .rn._:) pE| R3 ( apg )34 y FC;

.r.”,\
{
[ Gpn‘ulO_BQ( - -) Oﬂzq]
_47[-\‘, 1w

3 For heavy nuclei
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Constraints from rare isotope searches

* No binding to H, He for Am > 0.5MeV
» Strongest constraints on B, C and O if 0.5MeV < Am < 4MeV

fce<107®  for (Ny3)

[Hemmick et al. "90]
fs<107"  for (Cx3)

~ = 10°
(orecv)|max < 10~43em? (f=5;) (r—af)

No significant constraint for Am > SMeV 1l
irsa: 0806&5@'r UB Page 11;%2



Direct probes - EM recombination

7 ~ Tyl (W33 wROUNdY | 5 F

(Nx3)

3/4
x ., Ee +me)lpe ar
\Trect’) ~ 92( - F|R§’; (—B) x Fg

.rrhk
i 2
(
[ Op.n ™~ 10_39( - ) sz]
_43"[-1“_'

For heavy nuclei
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Constraints from rare isotope searches

* No binding to H, He for Am > 0.5MeV
» Strongest constraints on B, C and O if 0.5MeV < Am < 4MeV

fc<107®  for (Ny3)

| [Hemmick et al. "90]
fa<107%  for (Cx3)

109
<£Tre-cv}|rnax < 10—43cm2 (%) (10 yr)

10—

No significant constraint for Am > 5MeV 1
irsa: OBOGQ{:};{ DB Page 211g2



Indirect Probes

* Gamma rays from annihilation e.g. in the Galactic center

» Positrons and the 311keV signal

* Neutrinos from annihilation e.g. in the sun
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Indirect Probes

* Gamma rays from annihilation e.g. in the Galactic center

» Positrons and the 311keV signal

[ * Neutrinos from annihilation e.g. in the sun ]

iy

This is highly suppressed for
pseudo-degenerate WIMPs due

to preferential capture by Fe
(if Am<10 MeV)
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Indirect probes - Resonant Annihilation

Iy o Er/Tets B oy
?;ff oo O(IMEV) Egzzﬁm—&m’{ﬂ

[(m) ~ 1073 (E—ER.--'-;LW;) Cm:]

NB: less important for relic abundance as T_; much larger
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Indirect probes - Galactic 311 keV line

——
‘:f:_; ﬂ;:s:-l&m i
= 11
s . _ 4
e e ot T
-= = q 21:1-1‘? s =
Pexp = (9.35+0.54) x 104 phcm2s1 [INTEGRAL/SPI ‘03-'07]

Requires a low injected positron energy, so recombination of WIMPs
with C.N.O nuclei in the ISM is a possibility. ..

X!+ N — (x"N) +et [Pospelov & AR ‘07]

.a-..-.,-;e 4 =
=~ [
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Indirect probes - Galactic 311 keV line

i
éi.—: _-'['_;ﬁ-ii:'m i
::-:_ = ._f'. b
g =20 £ a E_b'_:];f = =0
Dexp = (9.35+0.54) x 10 *phcm—2s~1 [INTEGRAL/SPI ‘03-07]

Requires a low injected positron energy, so recombination of WIMPs
with C_N.O nuclei in the ISM is a possibility. ..

U+ N— (xN)+et [Pospelov & AR ‘07]

Large o, (C,N.O) excluded by terrestrial isotopic bounds

An asymmetric distribution of positrons in the
Galactic disk revealed I:ly y-rays [Nature, Jan'08]

_=_'r_:'.-ad-d-=f e a, Serry Senes T, Perre Jean . lorger Krnddls e Ferar yor Saifoos,
o 1y l“e ZivEnm Bipnarm - Fodand Dieki— Ancrow W Stone—. Berirane Cordier” Sténhars Schanne” & Chestop Wnkder 4 =
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A dark matter sector with near-degeneracies e.g. between the
WIMP and excited charged states can significantly modify the
signatures for direct and indirect detection:

" For O(10 MeV) splitiing, recombination processes may
dominate the cross-section in direct detection experiments.

® Resonant annihilation may enhance galactic mono-energetic
v-ray signal

® Other (in)direct effects ...7?

Ll o 1 = |
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Indirect probes - Galactic 311 keV line

T4
Tom
3%
! o g
- . L=
=
= [ = —
i 0 e
qg o SPY 2006 T S i
£ ous |
= wo
! GI'L,_-:.ﬂ__|._—____..:.c__T‘f+
0.0 - IITE » o X B L

5 4 ¥ Iie = =
= e

Dexp = (9.35+0.54) x 10 *phcm 251 [INTEGRAL/SPI ‘03-'07]
Requires a low injected positron energy, so recombination of WIMPs
with C_N.O nuclei in the ISM is a possibility. ..

9+ N — (x"N) +et [Pospelov & AR ‘07]

=~ 1y Y0y O
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Constraints from rare isotope searches

* No binding to H, He for Am > 0.5MeV
» Strongest constraints on B, C and O if 0.5MeV < Am < 4MeV

fce<107®  for (Ny3)
a0 ™ for (Cxg)

[Hemmick et al. "90]

No significant constraint for Am > 5MeV 1
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Direct probes - CC recombination

X1 g X3
gy B E _
[{-§ : ‘,\, {Z+1 %’,3 ,l [ (_\ (Z—*—l)\z ) _!_ (H.f'- N - )
n p
T Qx Ml G2.M3v
g ~ Ores ™~ . = R il i
; ; g2n(E — ER)2+T12/4 d s 3
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Direct probes - EM recombination

bound
N /

,XFG

L,igat| W0

{G'recl'} o~

5> (Ee + me) pE|R3 (a_5)34 e

N
iy
[ Tp.n ~ 10—39( . ) sz]
Aoy

r For heavy nuclei
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Pseudo-degenerate WIMPs

$ NB: “natural” EM or EW
X (zi) s ] splitting of charged and
.| Fam~o@ - 10)mMev neutral states
i Am ~ Em ~ 100 MeV
- allows for coannihilation [cf. Cirelli, Fornengo.
- in the “nuclear range”™ Strumia ‘05]

» Type A: weak current Line =gl W, +h.c.
 Type B: leptonic current Lin = gX18X; +h.c.
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