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Abstract: It is usually assumed that dark matter direct detection is sensitive to a large fraction of the dark matter (DM) velocity distribution. | will
explain an alternative form of dark matter-nucleus scattering which only probes a narrow range of DM velocities due to the existence of a resonance,
a DM-nucleus bound state, in the scattering - resonant dark matter (rDM). The scattering cross section becomes highly element dependent, has
increased modulation and as a result can explain the DAMA/LIBRA results whilst not being in conflict with other direct detection experiments. |

will describe a smple model that realizes the dynamics of rDM, where the DM is the neutral component of a fermionic weak triplet whose charged
partners differ in mass by approximately 10 MeV.
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Dark Matter

Lots of evidence for non-baryonic matter:
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Dark Matter

Lots of evidence for non-baryonic matter:
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Dark Matter

Near us: ppiy ~ 0.3 GeV e’ Maxwell-Boltzmann
velocity distribution
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Direct Detection

my ~ 100 GeV ¢y ~ 100 NeV

irsa: 10010077 Page 10/76



Direct Detection
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How to distinguish this small number of low energy
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Direct Detection
One Way:

*Remove cosmic backgrounds by going underground
*Shield experiment from radioactive elements

*Cool equipment

* Take multiple measurements to distinguish background
from nuclear recoils e.g. ionization, scintillation, phonons
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Annual Modulation
Another Way:
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Annual Modulation
Another Way:




Annual Modulation
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In galactic frame:

In Earth’s frame:
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Annual Modulation

In galactic frame: In Earth’s frame:
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Does annual modulation = discovery of DM?

Many things modulate on a year timescale:
*temperature

ewater loading

*radon abundance

*ice-cream sales....

But, very few line up year on year with June 2nd
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Direct Detection
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Possible explanations

*Low mass dark matter with channelling, M~10 GeV
eLeptophilic DM

*|nelastic Dark Matter (iDM)

*Form Factor Dark Matter (FFDM or MDDM)
eResonant Dark Matter (rDM)
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Direct Detection

Cross-secton feme | anormalbsed o naeleond
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WIMP Muss [GeV

*DAMA and others incompatible
*Rule out normal WIMPs
aSwppressed coupling to Z, Y=0 " ~ G307 ~ 10 7 e
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Direct Detection

"hreshold cuts off .
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Possible explanations

*Low mass dark matter with channelling, M~10 GeV
e eptophilic DM

*|nelastic Dark Matter (iDM)

*Form Factor Dark Matter (FFDM or MDDM)
eResonant Dark Matter (rDM)
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THE ONE IMPORTANT SLIDE
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Annual Modulation

In galactic frame: In Earth’s frame:
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Annual Modulation
Another Way:
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Annual Modulation

In galactic frame:

In Earth’s frame:

2-4 keV SZ(T’

= «—— — DAMANal (029 ton=yr)

= [tars ass =573 k=

=2 Argel mass ka)

=L

—=

—é - ~, o f;-x -~ —
: J

S i

_: -t S L= et -
e

)

_

Pirsa: 10010077

- = DAMVULIBRA (0.3} toap=yvr—=>
itarzet mass = 2328 kg

Time tdav)

(\f —_— "-: . C: o % RO r')_ff'f‘ 4 fer_

Page 27/76



Does annual modulation = discovery of DM?

Many things modulate on a year timescale:
*temperature

ewater loading

*radon abundance

®ice-cream sales....

But, very few line up year on year with June 2nd
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Direct Detection
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Possible explanations

*Low mass dark matter with channelling, M~10 GeV
*Leptophilic DM

*|nelastic Dark Matter (iDM)

*Form Factor Dark Matter (FFDM or MDDM)
eResonant Dark Matter (rDM)
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THE ONE IMPORTANT SLIDE
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Inelastic Dark Matter (iDM)

1 ( my Eg i )
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\- 2mx Ep PN _

my, — my = 0 ~ 100 ke
*Requires “large” momentum exchange to upscatter
*Favours high velocity tail of MB distribution
*|ncreased modulation

*Prefers heavy targets e.g. iodine, xenon, tungsten,..
*Recoil spectrum has a peak, unique feature’

All of the above help to make DAMA consistent With
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Form Factor DM

i B

-

DM has a form factor, dipole Coupiing to light gauge boson

|

*Form factors suppress certain ranges of recoil energy
*Works best with SD couplings, or non-standard velocity
distributions e.g. via Lactea

*Although suppresses events at other detectors still
expect some signal
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Possible explanations

*Low mass dark matter with channelling, M~10 GeV
*Leptophilic DM

*|nelastic Dark Matter (iDM)

*Form Factor Dark Matter (FFDM or MDDM)
eResonant Dark Matter (rDM)
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Direct Detection

—
=

=)
=

ey~

Cross-sechon fem | mormalbsed o nacleond

*DAMA and others incompatible
*Rule out normal WIMPs
a5ppressed coupling to Z, Y=0

il M"lﬁll f‘ll“ﬂ (e -t nvnnr;mnﬁfr

T 3

s (._;?—__‘l['j-_ ~ L) 7" C111Fage serme



Possible explanations

*Low mass dark matter with channelling, M~10 GeV
*Leptophilic DM

*|nelastic Dark Matter (iDM)

*Form Factor Dark Matter (FFDM or MDDM)
eResonant Dark Matter (rDM)
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Inelastic Dark Matter (iDM)
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my — myr =0 ~ 100 keV

*Requires “large” momentum exchange to upscatter
*Favours high velocity tail of MB distribution
*|ncreased modulation

*Prefers heavy targets e.g. iodine, xenon, tungsten,..
*Recoil spectrum has a peak, unique feature’

All of the above help to make DAMA consistent w1t.h
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Form Factor DM

]

-

DM has a form factor, dipole toupling to light gauge boson
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*Form factors suppress certain ranges of recoil energy
*Works best with SD couplings, or non-standard velocity
distributions e.g. via Lactea

*Although suppresses events at other detectors still
expect some signal
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Resonant Dark Matter (rDM)

=

*Cross section is velocity dependent

*In particular the velocity dependence is “resonant”
*Picks out small range of velocities

*|ncreases modulation

*In our particular model realisation scattering is highly
element dependent
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Resonant Dark Matter (rDM)
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“Resonant” velocity dependence
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A Model

DM sits in an SU(2) triplet with zero hypercharge, odd
under a Z>
()

X = \
\\/
N — m, = N
Two sources:

Lo
N, =2 166 NeV 1 (H'T"H) (x T "x)

Will need a cancellation such that A\ ~ 10 \MeV
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Resonant Dark Matter (rDM)

SR =/ =t Y

“Resonant” velocity dependence
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A Model

DM sits in an SU(2) triplet with zero hypercharge, odd
under a Z>
(V)

X— | X
\x/
A =m, = —in

%

Two sources:

l ' T ! o (¥,
Ny = 166 NeV X (H'"T"H) (T \)

Will need a cancellation such that A\ ~ 10 \MeV
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A Model

Charged states are long-lived.

Evades BBN constraints

There are Tevatron bounds
my, = m,+ > 121 GeV at 95% C.L.

Thermal relic requires DM mass is ~2 TeV
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Bound state

If the splitting is small enough there may be an
accessible nucleus- \ bound state
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Resonant scattering

f’mution energy

e = o=+ & o' — Fb;

Speed of DM needed to hit resonance
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Bound state

T~ BS excitations

~—_ Nuclear

—_ L excitatons

Selection rules limit available nuclear levels

Possible decays of bound state depend on details of
nuclear transitions



Resonant scattering

mtation energy
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Bound state

e~ BS excitations

*—~—_ Nuclear

e excitatons

Selection rules limit available nuclear levels

Possible decays of bound state depend on details of
nuclear transitions



Resonant scattering .« ..., o5

NR resonant scattering
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Can rDM explain DAMA?

In general 4 params: . ¢,. 0. 0y

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of f,iEz) =0.1¢ "5 58 —0.06

For DAMA used energy resolution of «£1 £ 045 v £ - 00091
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Can rDM explain DAMA?

In general 4 params: /. ¢,. 0. 0y

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of f,iEz) =0.1¢ "8 58 —0.06
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Can rDM explain DAMA?

In general 4 params: m,. t,. 0. oy
p P \

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of f,iEx) =0.1¢ "84 — (.06

For DAMA used energy resolution of - &) £ 045 v £ no0ol
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Can rDM explain DAMA!

m, = 500 GeV
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Can rDM explain DAMA?

In general 4 params: /. ¢,. 0. oy

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of [, £z =0.1¢ "0H2 58 —0.06

For DAMA used energy resolution of -} £ — 045 v £ - 00001
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Can rDM explain DAMA?

m, =500 GeV
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Can

rDM explain DAMA?
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Details of Element Dependence

Decay possibilities of resonance:

| .Falls apart to constituents

2.Photon emission
3.Photon emission and fall apart
4 Neutron emission

Features:

| .Very narrow, if resonance in ground state only possibility
2.Line, associated with ! v nuclear transition

3.Combination of above
4.DM remains bound to nucleus, recoil spectrum is higher

energy than usually searched for

YXhich occurs depends on details of nuclear physics,.and
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Can

rDM explain DAMA?
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Can rDM explain DAMA!?

m, = 500 GeV
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Can rDM explain DAMA?

In general 4 params: m . ¢,. d. oy

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of f,(Ex) =0.1¢ " 58 — (.06

For DAMA used energy resolution of ~£1 £ o4 v £ 0000l
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Can rDM explain DAMA?

m, = 500 GeV

X
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Can

rDM explain DAMA?
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Bound state

— BS excitations

*~—~——__ Nuclear

—_ L excitatons

Selection rules limit available nuclear levels

Possible decays of bound state depend on details of
nuclear transitions



Bound state

If the splitting is small enough there may be an
accessible nucleus- \ bound state
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Bound state

T~ BS excitations

In terms of speeds

Normalisations ~ - , = . . . .
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Resonant scattering .« ...
NR resonant scattering
) | = F= _
? Dy F L2 N T R e
In terms of speeds
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Normalisations == ., 0 1 0 o 2 =
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Bound state

If the splitting is small enough there may be an

accessible nucleus- \ bound state
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DAMA: Na, | Zeplin: Xe
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Bound state

— BS excitations

/-\

, O 2-parameter Fermi
/ charge distribution
~—____ Nuclear

—_ L excitations

Selection rules limit available nuclear levels

Possible decays of bound state depend on details of
nuclear transitions



Can rDM explain DAMA?

In general 4 params: . ¢,. 4. 5y

For given choice of first 3 vary cross section to get best fit
to first 12 bins (2 keVee - 8 keVee) of DAMA modulated

Require inside 90% CL region of DAMA unmodulated and
KIMS results

Use a quench factor at DAMA of 0.085

Use a quench factor at KIMS of f,iEg) =0.1¢ " 58 — (.06

For DAMA used energy resolution of -~z £ 0.4 v £+ 000l
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Can rDM explain DAMA!?

m.. = 500 GeV

X

KIMS 4 crystal average, DAMA unmodulated 90%

QNos r— | ¥ il



Details of Element Dependence
Decay possibilities of resonance:

| .Falls apart to constituents
2.Photon emission

3.Photon emission and fall apart
4.Neutron emission

Features:

| .Very narrow, if resonance in ground state only possibility
2.Line, associated with | v nuclear transition
3.Combination of above

4.DM remains bound to nucleus, recoil spectrum is higher
energy than usually searched for

YXhich occurs depends on details of nuclear physics,.and
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Details of Element Dependence

\ TN T ( =l \ ( =13
Sl s = F | % ( S =t
-\ Aeh ~ ~ 1 ) s AT L.()
S, (AleN | 5 3 id ~ ) % .6 V.2 r
E, i XeN ~ 7 | ). b 5

A = 11 )MeV no events at CDMS (Si, Ge)
A < 16 AeV neutron emission at CRESST (W)

KIMS and DAMA both contain iodine

e Xenon based experiments like ZEPLIN and XENON may have
no resonance, or may have photon signal.
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DM capture by heavy elements

-eavy elements with high binding energy may be capturing
M by neutron emission

AN + = (5N ) +o

Most heavy isotope searches are for light elements, very
few for heavy elements
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Present bounds for Au and Fe D [varsekes
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Outlook

*Many possible DM candidates, each with different (non-
standard) signals
'rDM has several unique features
*Picks out only a narrow window of DM velocities,
increases modulation
*/f resonance is e.m. bound state with nucleus
experimental signatures become very element dependent
'Potential for no events at CDMS, but events at DAMA,
<IMS
'Possibility of photon lines, DM capture
»Correlations with heavy element searches
'Patwre results from XENONI0O, etc much awaitede=ms



