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OUTLINE

* PARTIAL OVERVIEW OF NON-STANDARD DM

® FREEZE-OUT
® ASYMMETRIC FREEZE-OUT

® FREEZLE-IN

*+ NUCLEAR PARK MATTER



STANDARD FREEZL E-OUT

& STANDARD SCENARIO FOR WIMP DM... X S
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AS THE TEMP DECREASES 1 < My
CREATION OF X BECOMES
EXPONENTIALLY SUPPRESSED
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as ' — 0



STANDARD FREEZL E-OUT

9 DPUE TO EXPANSION, PARK MATTER
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® YIELD SET AT FREEZLE-OUT GIVES FINAL PARK MATTER ABUNDANCE.




(comMPLEX SCALAR OR

% ONE VERY POPULAR OPTION - ASYMMETRIC PM X
DIRAC FERMION)

. VISBLE SECTOR NussiNov '85; GeELMINI, HALL, LIN '€F; BARR '91;
' KAPLAN ‘92; THOMAS '95; HOOPER, MARCH-RUSSELL,
SW '04; KITANO AND Low ‘04, KAPLAN, LuTty

Q7 67 W7 Z; H, q, coe ‘ ZUREK'09 ; FOADI, FRANDSEN, SANNINO ‘09 +...

Xy X | ¢ DYNAMICS GENERATE DARK MATTER

POSSESSING A MATTER-ANTIMATTER

ASYMMETRY
Ny — Ny 7 0

%  FOR SUFFICIENTLY LARGE PM ANNIHILATION - DM
ABUNDANCE (S DETERMINE BY ASYMMETRY



ASYMMETRIC PM MOTIVATION

Dark Matter
22%

¥ STANDPARD PICTURE:

WIMP FREEZE-OUT - <
Qdm SET WHEN Fann ~ H

Q SET BY CP-VIOLATING, BARYON NUMBER
B VIOLATING OUT OF EQUILIBRIUM PROCESSES

*  GIVEN THE PHYSICS GENERATING BACH RUANTITY, RATIO IS A SURPRISE

% |F NOT A COINCIPENCE - NEED TO EXPLAIN THE CLOSENESS

I ASYMMETRIC DARK §
el DLTTER ]

—  SHAREP PYNAMICS —




MODELS OF ADM

* RELATE THIS PM ASYMMETRY TO THE BARYON ASYMMETRY

» LEADING TO:
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MODELS OF ADM

* RELATE THIS PM ASYMMETRY TO THE BARYON ASYMMETRY

» LEADING TO:

= Cngp

¢+ VALUE oF (U (S DETERMINED BY HOW THE ASYMMETRIES ARE SHARED
BETWEEN THE TWO SECTORS



APM BASICS

Q 77 m [F ASYMMETRY SHARING
dm dm dm PROCESS DROPS OUT OF
~ THERMAL EQRUILIBRIUM WHEN ndm o 77]3
(g nB Mp

PM IS STILL RELATIVISTIC

< THEN WE GET A PREDICTION FOR THE MASS OF THE PARK MATTER

f Mam ~ omp ~ 5 GeV ;

¢ THIS IS THE “NATURAL” DPARK MATTER MASS FOR ADM MODELS.

+ NOT THE ONLY POSSIBLE MASS, MORE SOPHISTICATED MODELS
CAN ALLOW FOR A LARGE RANGE OF ADM MASSES

_ DEPENDS ON THE WAY (N WHICH THE ASYMMETRY
IS SHARED (OR GENERATED)



HE Av AD M SEE B.G. BARR 91, BUCKELY, RANDALL ‘11

+  CAN HAVE APM WITH HEAVY MASSES

* X NUMBER VIOLATING PROCESSES ONLY DECOUPLE AFTER PM HAS
BECOME NON-RELATIVISTIC

—> PARK MATTER ASYMMETRY GETS BOLTZMANN SUPPRESSED

T PECOUPLING TEMP OF X-NUMBER
VIOLATING INTERACTIONS

¢ ACTUAL SUPPRESSION IS MORE COMPLICATED - SEE BARR 91



HEAV I ADM BUCKLEY, RANDALL; (2010)

LARGE RANGE OF POSSIBLE MASSES
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HIDDEN SECTOR DM

| HIDDEN SECTOR

¢i7 X9 X,LL

. VISIBLE SECTOR
| PORTAL

q7€7 W? Z7H7g7“'

¢ HIDDEN SECTOR STATES HAVE NO SM GAUGE INTERACTIONS

+ HIDDEN SECTOR MAY BE LINKED, BEYOND GRAVITY, TO THE VISIBLE
SECTOR

PORTALS: HIGGS - ’H‘Z W?, ’2
NeuTrINO - L H X

KINETIC MXING - (0, X, — 0, X))y & X, 1s A U(l) GAUGE BOSON

1
Mn—4

PLUS P>4 OPERATORS Osm Ohs

*  THE FORM OF THIS PORTAL CAN PLAY A MAJOR ROLE IN DM GENESIS



SINGLE SPECIES DM

| HIDDEN SECTOR

X

. VISIBLE SECTOR
| PORTAL

q7€7 W? Z7H7g7“'

MUCH DEPENDS ON PORTAL - IF PORTAL INTERACTION IS STRONG
ENOUGH FOR HHDDEN AND VISIBLE SECTORS TO BE IN THERMAL
ERUILIBRIUM - USUAL FREEZE-OUT PICTURE

[F PORTAL INTERACTION IS FEERBLE AND X NOT (N THERMAL
EQUILIBRIUM- CAN LOOK TO FREEZ E-IN

HALL, JEDAMZIK, MARCH-RUSSELL, SW 09

SEE EARLIER IMPLEMENTATION: MCDPONALD ‘01, T. ASAKA, K. ISHWATA, T. Morol! 05, ‘06

FREEZE-IN - BATH PARTICLE SCATTERINGS OR DECAY'S PRODUCE
FIMPS THROUGH FEERLE PORTAL INTERACTIONS



Freeze-in overview

° Freeze-in is relevant for particles that are feebly coupled
(Via renormalisable couplings) - \
Feebly Interacting Massive Particles (FIMPs) X
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Thermal Bath
TemP 1T > Mx
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X is thermally decoupled and we
assume initial abundance negligible

® Although infteractions are feeble they lead to some X production
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Freeze-in overview

° Freeze-in is relevant for particles that are feebly coupled
(Via renormalisable couplings) - \
Feebly Interacting Massive Particles (FIMPs) X

Thermal Bath
TemP 1T > Mx

o
-
—
=
-

X is thermally decoupled and we
assume initial abundance negligible

® Although infteractions are feeble they lead to some X production

® Dominant production of X occurs at 7" ~ My IR dominant

® Increasing the interaction strength increases the yield

opposite to Freeze-out...



Freeze-out vs Freeze-in

1 Freeze-in via, decays, inverse
(ov) Mp;m/ decays or 2-2 scattering

Yro ~

: Coupling strength )\
USII’Ig <0‘f0> ~ )\/z/m/Q G J
M mass of heaviest particle in
Intferaction

1 m/ Mp,
Yoo o E e
FOTREN (Mpz> Ypr a0 ( = )




Freeze-in vs Freeze-out

® As T drops below mass of relevant particle, DM abundance is
heading tfowards (freeze-in) or away from (freeze-out) thermal
equilibrium

Equilibrium vyield

Increasing )\

Increasing \ for freeze-out

for freeze-in




Freeze-in vs Freeze-out

® For a TeV scale mass particle we have the following picture.




FIMP miracle vs WIMP miracle

® WIMP miracle is that for m' ~ v )N ~ 1

o 1 m’ v
s )\’2 Mpl MPl

® FIMP miracle is that for m ~v \ ~ v/Mp;

Mpl U
Yo e ~
. ( m ) Mp;




Example Toy Model 1

® FIMPs can be DM or can lead to an abundance of the
Lightest Ordinary Supersymmetric Particle (LOSP)

® Consider FIMP X coupled to two bath fermions %1 and 5

(Ly = A1 X ) o Let 1, be the LOSP
® First case FIMP DM: Map, > MX + My,

/w2 ; 7 A

2 Bl X ¢

Y1 —— % 0xh” ~ 10 il

..... m
........ \. Y1 /
L

(] )

mx

Using T, & 2 Twite s Qxh #1070 ——

: 8 TTapy

For "X _1 need )\~ 10"!2 for correct DM abundance
Mhefy

® Lifetime of LOSP is long - signals at LHC, BBN...




Toy Model continued...

® Second case LOSP (=LSP) DM: T x > My, T My,

wl £ FX s
NS s X Qxh? ~ 107" —= ~ 10X
. mX J
2
& Using T'x ~ )‘8”7:"(
e BUT X is unstable...
1
& 9 )
pe - )\ g|v|ng le h2 i m%QXh E 1023)\2 M
; mx mx
P2 “ ’
Again for "X 1 need )\~ 107'2 for correct DM abundance

My
® X lifetime can be long - implications for BBN, indirect DM detection
Another source of boost factors



Example Model 11

® Many applications and variations of the Freeze-in mechanism

® Assume FIMP is lightest particle carrying some stabilising
symmetry - FIMP is the DM

® Consider quartic coupling of FIMP with two bath scalars

Assuming

s 2
[ Lo = AX%B B, ] 7 gl R

B. |4
o,::n:::. A
B3~ X For correct DM h
— A 10
abundance

® NOTE: Abundance in this case is independent of the FIMP mass



Summary of Scenarios

Freeze-in
of

FIMP DM

m

LOSP

A Long-lived LHC

¢\
A4
M
‘ u

LOSP Freeze-out
and decay to

FIMP DM

\

PSRN
, A Y
N \
\ 1
\\_,’
. &

3

FIMP Freeze-in
and decay to

LOSP DM

Enhanced DM

|

;.
@ —

4

Freeze-out
of

LOSP DM

m A

X

|
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NUCLEAR PARK MATTER



NUCLEAR PARK MATTER

* CAN WE HAVE ANALOGY TO SM? RICH SPECTRUM OF COMPOSITE STATES

* CAN WE BUILD UP LARGE COMPOSITE STATES OF PM?

<+ OLD EXAMPLES OF BOUND STATES OF PARK STATES ARE:

® WIMPONIUM (BOUND STATE OF TWO DM PARTICLES)

M. PosPeELOV AND A. RITZ08; MARCH-RUSSELL, SW '0%;
SHEPHERDA, TAIT, ZAHARYASE '09; PANOTOPOULOS 10,
LAHA 12 "15; VON HARLING, PETRAKI! 14, PETRAKI,
PosTMA, WIECHERS 15

¥ ATOMIC PARK MATTER

KRAPLAN, KRNJAIC, REHERMANN, WELLS ‘09, 11

+ CAN WE GO BIGGER?



NUCLEAR PARK MATTER

G. KRNJAIC AND K. SIGURDSON "14; HARDY, LASENRY,
MARCH-RUSSELL, SW 14, 15

PROPOSE DM HAS SHORT-RANGED STRONG “NUCLEAR” BINDING FORCE WITH
HARD CORE REPULSION - ANALOGQY WITH THE SM

DM OR “PARK NUCLEONS” POSSES APPROXIMATELY-CONSERVED
RUANTUM NUMBER, PARK NUCLEON NUMBER (BDNN) - ANALOGOUS TO
BARYON NUMBER

ASSUME DARK NUCLEONS ONLY - ASYMMETRIC DM

NO COULOMB FORCE - BINDING ENERGY PER NUCLEON DOES NOT TURN
OVER AT LARGE DNN

FOR MINIMALITY, ONLY ONE TYPE OF DARK NUCLEON PRESENT

DARK NUCLEI EXIST WITH A RANGE OF DNNS, FORMING POST FREEZ E-OUT VIA
DARK NUCLEOSYNTHESIS



NUCLEAR PARK MATTER

+ NO COULD
MB FORCE - INCREASING BINDING ENERGY PER NUCLEON

12+
: SM-CoulLoMe

---------------------------
----------
-
oS e
-
a®
®
-

SM




NUCLEAR PARK MATTER

+ RELATED WORKS

%k XRCDP-LIKE MODEL - NUCLEI WITH SMALL NUMBERS OF PARK

C :
NUCLEONS DETMOLD, McCuLLougH, POCHINSKY 14

* YUKAWA INTERACTIONS BETWEEN DARK NUCLEONS LEADING
TO PARK NUCLEI (OR NUGGETS) WITH LARGE NUMBER. OF
NUCLEONS.

- NO HARD CORE REPULSION LEADING TO INTERESTING

RADIUS VS PNN BEHAVIOUR
WISE AND ZHANG 14

* SIMILAR IN SOME WAYS TO & BALLS

FRIEMAN, GELMINI, GLEISER, KOL®B '88; FRIEMAN,
OULINTO, GLEISER, AND C. ALCOCK ‘9 KUSENKO,
SHAPOSHNIKOV '97F;



NUCLEAR PARK MATTER

HARDY, LASENBY, MARCH-RUSSELL, SW 14, 15

+ SCHEMATICALLY

ASYMMETRY GENERATED/

SHARED WITH PARK NUCLEONS FREEZE-OUT OF INDIVIDUAL PARK
T Mdn NUCLEONS - RELIC PENSITY SET
30 BY THE ASYMMETRY

T ~ B.E/nucleon | NUCLEONS ARE STILL IN

KINETIC EQUILIBRIUM - BUT

NUCLEONS HIT ANP FUSE

Tvro FUSIONS FREEZ E-OUT

SPECTRUM OF NUCLEAR STATES
FIXEDP



NUCLEAR PARK MATTER

HARDY, LASENBY, MARCH-RUSSELL, SW 14, 15

+ AGGREGATION PROCESS - NEGLECTING DISSOCIATIONS

* WRITE BOLTZMANN ERUATION FOR A PARK NUCLEUS WITH K-DPARK NUCLEONS

Fral 3H(t (ov) .k (t)ng(t) + 5 Z (ov); in;(t)n;(t),

@\ @\@
® o




NEGLECTING DISSOCIATIONS

k+(A—Fk) < A DISSOCIATIONS NEGUIGIBLE (F

<UU>(k,A—k)—>AnknA—k

> 1
LA (k,a—r)na

SATISFIED FOR

1\ 3/2
no ( ) e~ B/T > const.
mlT

TIME TAKEN FROM WHERE THE PROCESSES Lk + ( A — k) A

ARE IN EQUILIBRIUM TO WHERE CONDITION ABOVE IS SATISFIED IS A FRACTION
OF A HUBBLE TIME

OTHER DISSOCIATION PROCESSES ARE POSSIBLE BUT WE NEGQLECT THEM
HERE AS THEY ARE MODPEL PEPENDENT



@)

- 3H () (o0) s (Bne(t) + 5 3 0w it (1),
j=1 i+j=k

dnk (t)
dt

s+ REWRITING Ui = Y /Yo = (ng/sYy)

Yo 1S TOTAL YIELD OF PARK NUCLEONS

AND  (00); ; = 011 K

WHERE g1 <QEOMET RICAL CROSS SECTION OF INDIVIDUAL PARK
NUCLEON

U1 VELOCITY OF SINGLE NUCLEON

J{. . PARAMETERISES RELATIVE RATES OF DIFFERENT FUSION
) PROCESSES

WwWHERE WFE CAN DEFINE A DPIMENSIONLESS _
— = Y00'1U1 (t)S(t)
TIME VARIABLE dit



SCALING SOLUTION (ov); j = o101 K,

1 1
i ~ J77) BYERRNSVE
T RELATED TO
RELATED TO RELATIVE VELOCITY
GEOMETRICAL SIZE 2 o T/m
v ~Y

RESCALING WE HAVE K)\z',Aj — )\1/6 Ki,j

+ FOR THIS CASE THERE IS AN ATTRACTOR SCALING SOLUTION FOR
LARGE DNN (VALID FOR ALL INITIAL CONDITIONS WE CONSIDER)

SEE EB.Gq. KRAPIVSKY, REPNER, BEN-NAIM, A
KINETIC VIEW OF STATISTICAL PHYSICS,
Curp, ‘10



SOA L—' N Q SOL—V(.T-[ O N HARDY, LASENBY, MARCH-RUSSELL, SW 14, 15

¢+ FINAL DISTRIBUTION IS INDEPENDENT OF INITIAL CONDITIONS

Yk

Yk 1

1 3 L
001

001} |
1074

107 O
g L - _6 |

10767 10 ;
-8 |

1078 ¢ 10 ;
10710+ 10710

\ \ | | | | k : ‘ ‘ ‘ \ \
1 5 10 50 100 500 1000 1 > 10 50 100 500 1000

INITIAL CON: MOSTLY IN
Yk (O) — e_k/SO SINGLE NUCLEONS, BUT WITH
A SUB-DOMINANT TAIL



HOW El? HARDY, LASENBY, MARCH-RUSSELL, SW 14, 15

s HOW BIG CAN WE GO? ® FOR ERUAL SIZE FUSIONS k+ k — 2k

2 —1/2
WITH nk:no/k O'NO'lk /3 ’UkNvlk /

2/3

N 01010 9 107 (1(}6\/ fermi?’)

T N\N*?2/ M, \“5/°
Ob (1MeV> <1GeV>

WHERE PARAMETERS ARE SET TO SM VALUES - MOTIVATED BY APM

IF WE HAVE SMALL-LARGE FUSIONS CAN ACTUALLY GO EVEN LARGER...



PHENOMENOLOGY OF NDM

+ CHANGES FOR DIRECT DETECTION SIGNALS
® DARK MATTER MOMENTUM DEPENDENT FORM FACTOR
® COHERENT SCATTERING FROM DARK NUCLE!
& (INELASTIC PROCESSES
® COLLECTIVE LOW ENERGY EXCITATIONS
s+ INDIRECT DETECTION SIGNALS

@ INELASTIC SELF-INTERACTIONS (MAY ALSO MODIFY
DISTRIBUTION (N HALO)

* CAPTURE IN STARS
® ASYMMETRIC IN NATURE SO CAN BUILD UP IN STARS

€ MODPEL PEPENPENT CONSERUENCES



Direct Detection - Standard WIMP

+ Event rate:

Particle Nuclear Local
Physics structure Astrophysics

dE R -
TXN(0) DM-Nucleus zero-momentum-transer cross
section
FN (Q) .................................................................... Nuclear form factor, q =momentum transfer
G (Vmin) = %/ d>v @ .................................................. Integral over local WIMP velocity distribution
U>Vmin v

T \/ERMN/Q,U% ......................................................... Minimum WIMP velocity for given Fp



DIRECT PETECTION - STANDARD WIMP

Coherent Enhancement

(Assuming DM-p and DM-n interactions
are equal)

A = Atomic number of target nucleus



DIRECT PETECTION - NDM

dR _ OLN (q)
dERr mszN

Pkg(vmin)

oxn(q) = O'XN(O)FN(Q)QFk(Q)Q mx = kmq (TkN(O) x k*A*

O 0 DN-SM Nucleus zero-momentum-transfer cross section

« Full recoil spectrum for a distribution of dark nuclei is the sum of k for all contributions
- see later



PARK FORM FACTOR

* MOMENTUM DEPENDENT FORM FACTOR

—1
& For Ag > R I WE WILL PROBE THE STRUCTURE OF THE DARK NUCLEUS

Y ASSUME A SPHERICAL TOP HAT DARK NUCLEON DISTRIBUTION

Fl@)= [ dresp(x),

(qRy)

- (gRy)®

witH Ry ~ Rok'/?

¥ PROVIDED THE DPARK NUCLEUS IS LARGER THAN THE SM NUCLEUS
WE WILL SEE EFFECT OF FORM FACTOR FIRST IN RECOIL SPECTRUM



DIRECT PETECTION -SINGLE K

HARDY, LASENBY, MARCH-RUSSELL, SW 14, 15

dR/dEg Radius 50 fm

(day kgkeV)™! 3 % 10° constituents
Dark nucleon mass=20 GeV

NDPM

I

-5
10 : b Response function from

Germanium detector

I

107°.

20 qeV WIMP

I

1077

10_8§

1 Tev WIMP

TR T T T T A T [ T R T S MO HN SO SO B

O 5 10 15 20 25 30 keV

® EASY TO pPISTINGUISH FROM WIMP, LOOK FOR NON-DPECREASING BEHAVIOUR



DIRECT PETECTION -SINGLE K

dR /dEg
/ Same as previous but with

(day kg keV)™! Response function from
Xenon detector

10—5_

10—6_

10—7_

10_8§
: -Ek
0 keV



BurtcHeER, KIRK, MONROE, SW ‘16

EFFECT OF ENERGY RESPONSE FUNCTION ON RESOLVING FORM FACTOR AT HIGH K

1076
1077
PR
>
< 108
20 B
—_
=
o
T 107
5|5
dR, R
10-10 dER /dEReeﬁ'(ER)F&(ER,ER)dE,
! \2
iE, cet(Ep) ( (Er — ER)) dR
ma( R)e P\ 202%(E}) ) dE,
10~

60 80 100 120 140 160 180 200
ER (keV)



WIMP VS NDM

* [F WE HAVE EVENTS AT ADIRECT PETECTION EXPERIMENT, CAN WE DISTINGUISH
BETWEEN A WIMP AND NDM?

* LOOK AT THE CASE OF ASINGLE K NDM STATE

* SAMPLE EVENTS FROM NPM SPECTRUM ANDP TRY TO FIT A WIMP RECOIL SPECTRUM

+ KEEP SAMPLING EVENTS FROM NDM SPECTRUM UNTIL WE CAN REJECT THE WIMP
HYPOTHESIS.



WIMP VS NDM

Maximum number of events needed to exclude WIMPs at stated confidence level. m = 1 GeV

S

—A
N
o
o

L 4 L2 l L 4 L 2 L 4 L 2 l L 4 L 2 L 4 L2 I L4 L 2 L 4 L 2 l L 4 L 2 L 4 L2 I L 2 . L 4 L 2 l L 2 L 2 L 4 L 2 l L 2 . L 4

No. event
(-]
o
o

R SR NN RN TR WY (NN N SN TRNN NN SRR WA T
o O
~J

et S p—— ;.h.——i—m.—‘-—tm—m-

35 40 45 50 55 60 65 7.0

+ FIXEDP THRESHOLP



k: 1412 (m_=1GeV), M

LL]
L.
<10

ob. pe

r

1072

P

107°

107

WIMP

(GeV): 30.831880, Events required: 1166

I llllll

1

60 80 100 120 140 160 180 200 220 240 260 280

PE



k: 3981 (m_=1GeV),M_ (GeV): 31.045596, Events required: 38

1 I L 1 ) I ] I 1 I 1 ] ' ] ] 1 1 l 1 ] L ] ] 1 ] l 1 ] 1 I ) 1 ] ' 1 ] Ll

| LR
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WIMP/k—DN-nucleon cross—section (cm?)

DIRECT PETECTION - LIMITS

10-3
—— DEAP-3600 —— NDM

—— XENON100 WIMP

—

o
&
-3

—

<
w
=]

1041}

10-43 L

—

<
-
o

10_47 o aoa sl L R | sl PR el

mpy (GeV)

106

WIMP/DN-nucleon cross—section (¢em?)

10738

10-40 L

10-—42 L

10-44+

10746+

10—48 L

1050+

BUTCHER, KIRK, MONROE, SW ‘16

—— DEAP-3600 —— NDM
—— XENON100  ----- WIMP

1 L Aa sl " L sl

10

100

1000 101 10° 108
mpy (GeV)

* CURRENT LIMITS FROM XENONL00 (225 PAY'S EXPOSURE) AND PROJECTED
LIMITS FROM DEAAP-3600 (3 YEARS USING 3600KG MASS)



DIRECT PETECTION

¢« EFFECTIVE FORM FACTOR FROM DISTRIBUTION OF SIZLES

dn/dk |F (
1+

0.1
0.01 |

0.001 0.01

0.001

k [ ko

005010 050100  5.0010.00

+ HARDER TO DISTINGUSH BETWEEN WIMP AND NDM - NEED TO DO HALO
INDEPENDENT ANALYSIS



+ DARK MATTER COULD BE EXPLAINED IN A LARGE NUMBER OF WAY'S
BEYOND VANILLA WIMPS

+ A RANGE OF BDIFFERENT GENESIS MECHANISMS

* NUCLEAR PM POSSIBILITY ALSO A BIG DPEPARTURE FROM WIMP FREEZ E-
OUT

¥ THERMALLY PRODUCED PARK MATTER WITH MASSES (N
EXCESS OF THE USUAL UNITARITY BOUND

9 DIRECT DETECTION RATES COHERENTLY ENHANCED BY PNN

AND THE POSSIBILITY OF A MOMENTUM DEPENDENT FORM
FACTOR

¥ PRODUCE STATES WITH VERY LARGE SPINY

Q¥ INELASTIC INTERACTIONS IN BOTH DIRECT DETECTION
AND IN ASTROPHYSICAL ENVIRONMENTS

LOTS OF POSSIBILITIES TO INVESTIGATE!



