Dark Matters in Supersymmetry

Josh Ruderman
UC Berkeley
@Rutgers, April 22,2013

Lawrence Hall, JTR, Tomer Volansky, 1302.2620
Cliff Cheung, Lawrence Hall, David Pinner, JTR 1211.4873

Wednesday, April 24, 13



Wednesday, April 24, 13



|25 GeV

mp |—o—>




|25 GeV

s

natural

mth

Wednesday, April 24, 13



|25 GeV

natural unnatural

m ~ my "t
m

m
h h

Wednesday, April 24, 13



|25 GeV

natural unnatural

m ~ my, e Ny
0 MSSM 1% tuned =

* non-minimal options remain natural

)\SHqu ———

Wednesday, April 24, 13



|25 GeV

s

natural unnatural

m ~ my, "t

For this talk, | am agnostic about naturalness.

Wednesday, April 24, 13



a finely tuned world!?

ﬁ”L>> (a5

Wednesday, April 24, 13



a finely tuned world!?

ﬁ”L>> (a5

~

e what constrains 1, ?

Wednesday, April 24, 13



a finely tuned world!?

ﬁ”L>> (a5

~

e what constrains 1, ?

* what can we measure in experiments/?

Wednesday, April 24, 13



a finely tuned world!?

ﬁ”L>> (a5

e what constrains 11, ?

* what can we measure in experiments/?

Wednesday, April 24, 13



Spln independent senS|t|V|ty

| n-]":i

DAMA/Na =
T 10 B {:b —
= % CoGeNT =
DAMAJI =
= o4 \,~ - COMS (2011) / =
= — —
e = =
3] P . 3
A 07 E T SR SR ZEPLIN-II S
7 s — XENON100 (2010) =
@ 108 -, EDELWEISS+{2011) e <15
U § |--hh"':--:..'_‘,_'-.___'_ - — i
E 10 ;_ XENON100 (2011)
= = Trotta 5
> = o5 : =
b ‘I.L et al.
E i XENON100 (2012) - -
E % Buchmueller =
— 0 e et al. i
a E XENONA1T (2017) E
]n-lﬁ :_ _:
= 0 10 | | T R | 1 O N il s M =
6 7T 8910 20 30 40 50 60 100 200 300 400 10

WIMP Mass [GeV/c?]

Wednesday, April 24, 13



Spln independent senS|t|V|ty

| n-]":i

DAMA/Na =
T 10 B {:b —
e % CoGeNT =
3 DAMA/ =
T *”*{b;ﬂ‘-? 2011) -
= — =
= = 2810) E
ey ‘H\%‘ p—
3 1074 =— e CRESST (2011) - —
» = “ . ZEPLIN-III S
% &2 oy — XENONI100 (2010) -
© 0L “e...  EDELWEISS+2011) o
2 104 WEISS201 - o
O = T S &a o0 BT
E i XENON100 (2011)
= E Trotta E
Z -45 et al.
l':ll_. 107 == XENON100 (2012) —=]
= % Buchmueller =
— 10— &t al. o 68
a E XENONA1T (2017) E
1047 = ~
= 0000 | | Lo 0| 1=
6 78910 20 30 40 50 60 100 1000

WIMP Mass [GeV/c’]

experimental status of SUSY DM?

Wednesday, April 24, 13



the plan

gravitino miracle

neutralino DM
VS.
experiment

Wednesday, April 24, 13



the plan

gravitino miracle

neutralino DM
VS.
experiment

Wednesday, April 24, 13



Gravitino Miracle

T TUNK Nou SHOUWLD & MORE
EXPLIUT HEZE N STEP TWO, "

Lawrence Hall, JTR, Tomer Volansky, 1302.2620

Wednesday, April 24, 13



WIMP miracle

0.01 T T T T T TT] T 1 T T T T T T =TT T“TT

Increasing <o,v>

-
e M e il e e e = E— o = w —— m —

—
—_—— e
— e e Em e e e e =

e — . — — —

(o)

1 !lll||l 1 j I T T R N N |

1 10 100 1000
x=m/T (time -)

S
%

Wednesday, April 24, 13



WIMP miracle

0.01 T T T T T TT] T 1 T T T T T T =TT T“TT

0.001

0.0001
1075
10-8
10-7
10-0
10-?
10-!0
10-11
10-12
10-18
10—14
’>< 10-18
10—18

2
(ov) = — -

10_20 1 L L II]II! 1 1 !lll||l 1 .1 | I I |

1 10 100 1000
x=m/T (time -)

Comoving Number Density

S

Wednesday, April 24, 13



WIMP miracle

0.01 T T T T T TT] T 1 T T T T T T =TT T“TT

0.001

0.0001
10-¢
10-8
10-7
10-8
10-9 —————————————
10-10
10-1
10—!2 ———————————— :
10-13 .
10-14
,>< 10-18
10-18
) 10-1
10-18

<O”U> — m— izm

—
e

Comoving Number Density

!lll||l 1 j I T T R N N |

100 1000
x=m/T (time -)

Wednesday, April 24, 13



e —

nNro

WIMP miracle

0.01

0.001

0.0001
10-6
10-8

(s
3
-3

10-8
10-9

._.
Q o
! &
= e

10-12
10-13
10-14

Comoving Number Density
8 ——

10-10
2 10-17

10-18

7, 2 10-1®

(L 10

10 100
x=m/T (time -)

Wednesday, April 24, 13



e —

nNro

WIMP miracle

0.01
0.001
0.0001

- T

Lo B o
1 i ]
=t ] -]

—
o
1
e
=3

umber Density
o © o

10 100
x=m/T (time -)

m = oa/l. M,

Wednesday, April 24, 13



WIMP miracle

M ol M,

/TogM, =~ 60 TeV

Wednesday, April 24, 13



WIMP miracle

M ol M,

/TogM, =~ 60 TeV

Wednesday, April 24, 13



WIMP miracle

applied to SUSY:

e mass scale of LSP is tied to the weak scale
*Goldberg, 1983

Wednesday, April 24, 13



WIMP miracle

applied to SUSY:

e mass scale of LSP is tied to the weak scale

*Goldberg, 1983

 in Split SUSY, invoked to keep fermions near
weak scale

. WVells, 2003
* Arkani-Hamed, Dimopoulos 2004

Wednesday, April 24, 13



WIMP miracle

applied to SUSY:

e mass scale of LSP is tied to the weak scale

*Goldberg, 1983

 in Split SUSY, invoked to keep fermions near
weak scale

. WVells, 2003
* Arkani-Hamed, Dimopoulos 2004

. relies on several assumptions!
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WIMP miracle

key assumptions:

. stable LSP (R-parity)

2. I'r >m
3. no dilution
LSP reaches equilibrium
what about

gravitino LSP?
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gravitino production
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gravitino production

when is: Oz, = 0 ;. !

a simple parameterization:

m, ms/2, 1R
ms/2
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gravitino production

m3/eYuy + m3pYpr + m3pYro < e

scattering freeze-in freeze-out
v 1 ~2 e m
™
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constrains reheat temperature
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constraining the reheat temperature
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gravitino production

ms32Yuv + MapYrr + mzpYro < Igg

scattering freeze-in freeze-out
. e
™
ms/2Y3/2 mass M, ms 2 M, 3/2a2Mp

what about constraining m ?

Wednesday, April 24, 13



gravitino production

ms32Yuv + MapYrr + mzpYro < Igg

scattering

(. 1 )

m3/2Y3/2

™
LD

freeze-in freeze-out

m> m

A
M, (mS/QJOzZMp

different gravitino mass dependence

Wednesday, April 24, 13



a bound with gravitino LSP

overclosed

ms/2

32

Wednesday, April 24, 13



scattering, freeze-in

Qg/g X

a bound with gravitino LSP

1

ms/2

overclosed

ms/2

32

Wednesday, April 24, 13



a bound with gravitino LSP

overclosed =

%1’
y 4

32

freeze-out

1 J..

Q3/2 X 113 /2

>

ms/2

Wednesday, April 24, 13



~

™m

a bound with gravitino LSP

N
=

ms/2

a bound!

32

Wednesday, April 24, 13



the bound

mB/QYUV =5 mS/QYFO < Teq

Wednesday, April 24, 13



the bound

mB/QYUV =5 mS/QYFO < Teq

1 Tom m

m3/2 Mp I m3/2 Oé2Mp el

Wednesday, April 24, 13



the bound

mB/QYUV =5 mS/QYFO < Teq

1 TRﬁ’LQ m T

= 1 e

mgso M, 3/2a2Mp_ :
abundance

minimized when:

Wednesday, April 24, 13



the bound

mS/QYUV =5 mS/QYFO = Teq

1 I m T
- e
mgso M, o @t =
abundance sl 2
minimized when: e = =

—1/4
M < (—) a2 TN

Wednesday, April 24, 13



the bound

mS/QYUV =5 mS/QYFO = Teq

1 Tam® 5
m
mgz/o M, = M,
1/2
abundance sl >
minimized when: e = =
T\ ~1/4
M < (—) a2 TN
m

Wednesday, April 24, 13



a bound with gravitino LSP

overclosed =

g

32

v

7 - freeze-out
\NE Qg/z X m3/2

>

scattering, freeze-in
& msz/2

1

ms3 /2

QS/Q 0.¢

mea P T M

Wednesday, April 24, 13



numerics

10° \ |
- Ir _ egr = 0.03 (WIno) T
m =1 R = 1
Tr
104 FO )
— : overclosed i
=
O,
s BBN m 5 38 TeV
10° i
: FI
ms > m

102 * * * * * * * | |
107101074103 102 107! 1 10! 102 10° 107
ms [G@V]

Wednesday, April 24, 13



numerics

10°—— :
- Iy o) Qess = 0.03 (Wino) - T
— =10 | R
: = = 10°
TN
104 FO-
— overclosed .
=
O,
= e | M S 16 TeV
10° - _
: 10AY
msp > m

102 * * * * * * * | |
107101074103 102 107! 1 10! 102 10° 107
ms [G@V]

Wednesday, April 24, 13



m [GeV]

numerics

10°;

10*

= Pl

overclosed

UVv

Qeir = 0.03 (Wino)

FO |

BBN

msp > m

102-43 ‘—5 ‘—4 ‘—3 ‘—2 ‘—1
10710 1074 1072 1072 10 1

ms [(:}GE‘VI]

10! 10 10° 10%

Wednesday, April 24, 13



numerics

10°—— :
- Iy 6 Qess = 0.03 (Wino) - T
— =10 | R
" — = 10°
Tr
10* .
- B overclosed )
=
O
& m < 1.1 TeV
10° .
- Uuv
BBN
msp > m

102 * * * * * * * | |
107101074103 102 107! 1 10! 102 10° 107
ms [G@V]

Wednesday, April 24, 13



thermalized gravitinos

* very light gravitinos thermalize: Yy ~ O(1)

Wednesday, April 24, 13



thermalized gravitinos

* very light gravitinos thermalize: Yy ~ O(1)

Tr\ 73 Fu o :
M3z < <_> . kev2< ) (100 Gev>

Wednesday, April 24, 13



thermalized gravitinos

* very light gravitinos thermalize: Yy ~ O(1)
Tr\ m° T e
2 = SN O it 2 R
e ( ) v ( ) (100 Gev>

e overclosure bound

* Pagels, Primack 1982

Wednesday, April 24, 13



thermalized gravitinos

* very light gravitinos thermalize: Yy ~ O(1)
Tr\ m° T e
2 = SN O it 2 R
e ( > TP ( ) (100 Gev>

* overclosure bound * free streaming length:

ms/2 g 100 eV m3/2 < 16 eV

* Pagels, Primack 1982 e Viel etal, 2005
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thermalized gravitinos

* implies low SUSY breaking scale
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thermalized gravitinos

* implies low SUSY breaking scale
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gravitino production in split

ms32Yuv + MapYrr + mzpYro < Igg

scattering freeze-in freeze-out

Wednesday, April 24, 13



gravitino production in split

ms32Yuv + MapYrr + mzpYro < Igg

scattering freeze-in freeze-out
1 Trmf Lo g

ms /9 Y- m
3/213/2 = mass M, 3/2a2Mp

depends on fermion mass
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gravitino production in split

ms32Yuv + MapYrr + mzpYro < Igg

scattering freeze-in freeze-out
1 Trmf Lo g

ms /9 Y- m
3/213/2 = mass M, 3/2a2Mp

enhanced by large scalar mass
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neutralino DM
-V=-
experiment

Cliff Cheung, Lawrence Hall, David Pinner, JTR 1211.4873
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indirect
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simplified model of neutralino DM

SM+ B, W, H i
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e assume scalar superpartners can be
decoupled when computing: o, N, (2
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simplified model of neutralino DM

SM + B W, H i

e assume scalar superpartners can be
decoupled when computing: o, N, (2

e assume CP

® parameters:

M17 M27 s tanﬁ
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e bino

* higgsino

® Wino

thermal DM with
pure eigenstates
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well-tempered neutralino

bino / Higgsino
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well-tempered neutralino
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well-tempered neutralino
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hidden dark matter

X
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hidden dark matter

|.  purity

X
xy— b W H _I:\__< decouple higgsinos
or gauginos

2. blindspots

Chyx — 0 tuned cancellation
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blindspots
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bino-higgsino

* decouple wino
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bino-higgsino

* decouple wino

® parameters

M17 M tanﬁ
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bino-higgsino

* decouple wino

® parameters

M17 M tanﬁ

* allow for non-thermal cosmology

QFO # Qobs
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well-tempered
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well-tempered
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Spin-independent sensitivity
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conclusions

gravitino miracle
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* direct detection is now testing DM-Higgs coupling
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gravitino bound
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variations on gravitino bound
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neutralino mass matrix
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strange quark
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strange quark
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tuning

, ,
PISO[OIOA0

ing

relic density tun

overclosed

= S
< N

—1000

1000

500

tuning

0
u [GeV]

SI cross section

-500

I
PISO[OIOA0

overclosed

LUX SI

XENONIT SI

1000

500

—-1000

u [GeV]

Wednesday, April 24, 13



SD cross—section for b/h
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blindspots
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with squarks

bino/Higgsino with squarks
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non—thermal B/W/h

current limits future reach
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purity

* tree-level Higgs coupling vanishes for pure
higgsino or Wino

* |oop contribution smaller than expected

. Hisano, Ishiwata, Nagata, Takesako 1104.0228
° Hill, Solon I 1 11.0016
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