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•
The standard m

odel of cosm
ology includes not just the hot B

ig 
B

ang w
e have described, but also an earlier period of inflation 

w
ith vacuum

-dom
inated expansion:
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•
Inflation has m

any m
otivations.  

O
ne is the horizon problem

: 
W

hy do causally-disconnected 
parts of the C

M
B

 have the 
sam

e tem
perature?

•
W

ith inflation, these regions of 
the U

niverse had the sam
e 

origin, are causally connected
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•
There are m

any m
odels of inflation, but the basic picture is 

sim
ple:

Feng    91

•
Initially, the inflaton

stays at 
high potential energy

E
inf and 

the U
niverse expands 

exponentially

•
E

ventually the scalar field rolls 
dow

n, its potential energy is 
transferred to the S

M
 particles

•
The hot B

ig B
ang begins w

ith 
reheat tem

perature T
R

H
< E

inf

E
inf
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G
R

A
V

ITIN
O

 D
A

R
K

 M
A

TTE
R

•
W

IM
P

s are not the only D
M

 candidates; they are not even 
the only ones predicted by S

U
S

Y
: gravitinos

provide a nice 
case study of very

w
eakly interacting dark m

atter

•
S

U
S

Y
: graviton

G
 Æ

gravitino
G
Ѻ, spin 3/2

•
M

ass m
G
̎ ~ F/M

Pl , w
here F

1/2is the scale of S
U

S
Y

 breaking

–
U

ltra-light (G
M

S
B

): F
~ (100 TeV

) 2, m
G
̎ ~ eV

–
Light (G

M
S

B
): F ~ (10

7G
eV

) 2, m
G
̎ ~ keV

–
H

eavy (S
U

G
R

A
): F ~ (10

11G
eV

) 2, m
G̎

~ TeV
–

O
bese (A

M
S

B
): F ~ (10

12G
eV

) 2, m
G̎

 ~ 100 TeV

•
The gravitino

interaction strength ~ 1/F

•
A

 huge range of im
plications for cosm

ology and H
E

P
Feng    92
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H
E

A
V

Y
 G

R
A

V
ITIN

O
S

•
m

G
̎ ~ F/M

P
l ~ TeV

, sam
e scale as the other 

superpartners

G̎

B̎

B
P

E
/M

P
l

•
G
Ѻinteractions:

C
ouplings grow

 
w

ith energy, but 
are typically 
extrem

ely w
eak
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O
P

TIO
N

 1: G
R

A
V

ITIN
O

S
 FR

O
M

 R
E

H
E

A
TIN

G

•
Inflation dilutes all pre-existing particle densities.  B

ut at 
the end of inflation, the U

niverse reheats and can 
regenerate particles. A

ssum
e the reheat tem

perature is 
betw

een the TeV
 and P

lanck scales.

•
W

hat happens? A
 question of rates:

S
M

 interaction rate >> expansion rate >> G̎
interaction rate

•
Therm

al bath of M
S

S
M

 particles X
: occasionally they 

interact to produce a gravitino: X
 X

 ĺ
 X

 G̎
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•
The B

oltzm
ann

equation:

•
C

hange variables:
E

ntropy density s ~ T
3

•
N

ew
 B

oltzm
ann

equation:

•
S

im
ple:Y

~
reheat tem

perature T
R

H

D
ilution from
expansion

fG̎
ĺ

f f Ǧ
f fĺ

f G̎
Ǧ

0

G
R

A
V

ITIN
O

R
E

LIC
 D

E
N

S
ITY
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B
O

U
N

D
S

 O
N

 T
R

H

•
<Vv> for im

portant production 
processes:

•
T

R
H

< 10
8–

10
10G

eV
;

constrains inflation
•

G
Ѻ m

ay be all of D
M

 if bound 
saturated

B
olz, B

randenburg, B
uchm

uller (2001)Feng    96
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•
G
Ѻ LS

P

•
C

om
pletely different particle 

physics and cosm
ology

O
P

TIO
N

 2: G
R

A
V

ITIN
O

S
 FR

O
M

 LA
TE

 D
E

C
A

Y
S

•
W

hat if gravitinos are diluted by inflation, and the universe 
reheats to low

 tem
perature? N

o “prim
ordial” relic density

•
G
Ѻ not LS

P

•
N

o im
pact –

im
plicit 

assum
ption of m

ost of the 
literature

S
MLS

P
G
Ѻ

S
M

N
LS

P

G
Ѻ
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June 2014 FR
E

E
ZE

 O
U

T W
ITH

 S
U

P
E

R
W

IM
P

S

S
uperW

IM
P

s naturally inherit the right density (W
IM

P m
iracle), share all 

the m
otivations of W

IM
P

s, but are superw
eakly interacting

…
but then decay 
to superW

IM
P

s

W
IM

P
s freeze 

out as usual…

M
Pl 2/M

W
3~ 10

3-10
6s

Feng, R
ajaram

an, Takayam
a (2003)
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•
Late decays deposit energy into the 
U

niverse, potentially destroy the light 
elem

ents

•
S

im
ple w

ay around this is to m
ake 

decays before T ~ M
eV

, t ~ 1s

•
M

ore am
bitious: as w

e saw
 previously, 

7Li does not agree w
ith standard B

B
N

 
prediction
ࡳ

Too low
 by factor of 3, ~5V

at face 
value

ࡳ
M

ay be solved by convection in 
stars, but then w

hy so uniform
?

•
A

lso the standard B
B

N
 prediction for 6Li 

m
ay be too low

•
D

ecays after 1 s can possibly fix both

Bailly, Jedamzik, Moultaka (2008)
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•
Late decays m

ay also distort 
the black body C

M
B

 spectrum

•
For 10

5s < W�< 10
7s, get

“P
distortions”:

P=0: P
lanckian spectrum

Pz0: B
ose-E

instein spectrum
H

u, S
ilk (1993)

•
C

urrent bound: |P| < 9 x 10
-5

Future: possibly |P| ~ 5 x 10
-8

C
O

S
M

IC
 M

IC
R

O
W

A
V

E
 B

A
C

K
G

R
O

U
N

D

Feng, R
ajaram

an, Takayam
a (2003)
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•
S

uperW
IM

P
s are produced in late 

decays w
ith large velocity (0.1c –

c)

•
This m

otion prevents them
 from

 
form

ing potential w
ells, suppresses 

sm
all scale structure

•
H

ot D
M

, like active neutrinos, is 
excluded, but S

uperW
IM

P
s could be 

w
arm

.  This is quantified by the free-
stream

ing scale

•
W

arm
 D

M
 w

ith cold D
M

 pedigree

W
A

R
M

 D
A

R
K

 M
A

TTE
RK

aplinghat (2005)

S
terile Q

D
odelson, W

idrow
 (1993)

S
uperW

IM
P
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IM
P

LIC
A

TIO
N

S
 FO

R
 TH

E
 LH

C
•

S
uperW

IM
P D

M
 Æ

m
etastable 

particles, m
ay be charged

•
S

ignature of new
 physics is “stable”, 

charged, m
assive particles, not 

m
isssing E

T

•
If stable on tim

escales of s to m
onths, 

can collect these particles and study 
their decays.  S

everal ideas
௅

C
atch sleptons in a 1m

 thick w
ater tank

Feng, S
m

ith (2004)

௅
C

atch sleptons in LH
C

 detectors
H

am
aguchi, K

uno, N
akaw

a, N
ojiri (2004)

௅
D

ig sleptons out of detector hall w
alls

D
e R

oeck et al. (2005)

R
eservoir

June 2014
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W
H

A
T W

E
 C

O
U

LD
 LE

A
R

N
 FR

O
M

  
C

H
A

R
G

E
D

 P
A

R
TIC

LE
 D

E
C

A
Y

S

•
M

easurem
ent of W���m

l̎ and E
l Æ

m
G
Ѻ and G

N

–
P

robes gravity in a particle physics experim
ent

–
M

easurem
ent of G

N
on fundam

ental particle scale
–

P
recise test of supergravity: gravitino is graviton partner

–
D

eterm
ines :

G
Ѻ : S

uperW
IM

P contribution to dark m
atter

–
D

eterm
ines F

: supersym
m

etry breaking scale, contribution of 
S

U
S

Y breaking to dark energy, cosm
ological constant
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•
The original S

U
S

Y
 D

M
 scenario

–
U

niverse cools from
 high tem

perature
–

G
ravitinos decouple w

hile relativistic, :
G Ѻ h

2§ m
G Ѻ / 800 eV

–
Favored m

ass range: keV
 gravitinos

P
agels, P

rim
ack (1982)

•
This m

inim
al scenario is now

 excluded
–

:
G Ѻ h

2< 0.1 Æ
m

G Ѻ < 80 eV
–

G
ravitinos not too hot Æ

m
G Ѻ > few

 keV
–

keV
 gravitinos are now

 the m
ost disfavored
V

iel, Lesgourgues, H
aehnelt, M

atarrese, R
iotto (2005)

S
eljak, M

akarov, M
cD

onald, Trac (2006)

•
Tw

o w
ays out

–
/

W
D

M
: m

G Ѻ > few
 keV

.  G
ravitinos are all the D

M
, but therm

al 
density is diluted, e.g., by low

 reheating tem
perature

–
/

W
C

D
M

: m
G Ѻ < 16 eV

. G
ravitinos are only part of the D

M
, m

ixed 
w

arm
-cold scenario

LIG
H

T G
R

AV
ITIN

O
 D

M

June 2014
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C
U

R
R

E
N

T B
O

U
N

D
S

•
R

em
arkably, this lifetim

e 
difference is observable 
at colliders! 

•
m

G Ѻ > few
 keV

:
D

elayed photon 
signatures

•
m

G Ѻ < 16 eV
: 

P
rom

pt photon 
signatures

C
D

F (2009)

June 2014
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H
ID

D
E

N
 S

E
C

TO
R

S
•

A
ll current evidence for D

M
 is gravitational.  P

erhaps 
D

M
 is in a hidden sector, com

posed of particles w
ith 

no S
M

 strong, w
eak, or electrom

agnetic interactions

•
A

 priori there are both pros and cons 
–

Lots of freedom
: can have interesting new

 phenom
ena

–
Too m

uch freedom
: no connections to the problem

s of 
particle physics w

e w
ould like to solve, W

IM
P

 m
iracle, ... 

June 2014

S
M

H
idden
X
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H
ID

D
E

N
 S

E
C

TO
R

 IN
TE

R
A

C
TIO

N
S

•
There are m

any w
ays the hidden particles could couple to 

us.  H
ow

 should w
e think about this?

•
U

se effective operators as an organizing principle:

w
here the operators are grouped by their m

ass dim
ension, 

w
ith [scalar] = 1, [ferm

ion] = 3/2, [F
PQ ] = 2

•
M

is a (presum
ably) large “m

ediator m
ass,” so w

e expect 
high-dim

ension operators to be suppressed.  There are not 
too m

any possibilities at dim
ension 4.

June 2014
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H
IG

G
S

 P
O

R
TA

L

•
O

ne possibility is

w
here the h

subscript denotes 
“hidden”

•
W

hen E
W

 sym
m

etry is broken, 
h Æ

v + h, this leads to invisible 
H

iggs decays

•
A

 leading m
otivation for 

precision H
iggs studies and 

future colliders, such as ILC
, 

C
LIC

, FC
C

June 2014
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P
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H
ID

D
E

N
 P

H
O

TO
N

S

•
A

nother possibility is

w
hich leads to m

ixing betw
een the S

M
 photon J

and a hidden photon A
’, 

w
hich m

ust have a m
ass

June 2014
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H
oldom

 (1986)

•
The hidden photon cannot be 
the D

M
, but m

ay be a portal 
to the dark sector

•
D

iagonalizing
the m

ass 
m

atrix, one finds that the S
M

 
particles have a hidden “m

illi-
charge” proportional to H

•
M

otivates searches at the 
“intensity frontier”



H
ID

D
E

N
 S

E
C

TO
R

 FR
E

E
ZE

O
U

T

•
The therm

al relic density

constrains only one com
bination of m

ass and 
coupling

•
In the S

M
, how

ever, w
e only have a few

 choices
–

W
eak coupling: m

X
~ 100 G

eV
, g

X
~ 0.6 Æ

:
X

~ 0.1
–

E
M

 and strong: highly constrained

June 2014

XX

qq _
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H

A
R

G
E

D
 S

TA
B

LE
 R

E
LIC

S
•

C
harged stable relics 

create anom
alously heavy 

isotopes
•

S
evere bounds from

 sea 
w

ater searches
•

Inflation can dilute this 
aw

ay, but there is an 
upper bound on the 
reheating tem

perature
K

udo, Yam
aguchi (2001)

M
asses < TeV

 are excluded by T
R

H
> 1 M

eV,
but m

asses > TeV
 are allow

ed
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•
In a hidden sector, w

e can have 
other couplings

•
In fact, in m

any S
U

S
Y

 m
odels, to 

avoid unseen flavor effects, 
superpartnerm

asses satisfy 
m

X
~ g

X
2

•
If this holds in a hidden sector, w

e 
have a “W

IM
P

less
M

iracle”: 
hidden sectors of these theories 
autom

atically have D
M

 w
ith the 

right :
(but they aren’t W

IM
P

s)

•
Is this w

hat the new
 physics flavor 

problem
 is telling us?

June 2014 TH
E

 W
IM

P
LE

S
S

 M
IR

A
C

LE
Feng, K

um
ar (2008); Feng, Tu, Yu (2009); Feng, S

hadm
i (2011)

W
IM

P
s

W
IM

P
less D
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•
If dark m

atter is com
pletely hidden, can 

w
e learn anything about it?

•
The B

ullet C
luster provided evidence for 

dark m
atter.  B

ut the fact that dark m
atter 

passed through unperturbed Æ
V

T /m
 < 1 cm

2/g (or barn/G
eV

)

•
B

ut there are indications that the self-
interactions m

ay be near this lim
it

ࡳ
C

usps vs. cores
ࡳ

N
um

ber of visible dw
arf galaxies

S
E

LF-IN
TE

R
A

C
TIN

G
 D

A
R

K
 M

A
TTE

R

R
ocha et al. (2012), P

eter et al. (2012); 
Vogelsbergeret al. (2012); Zavala et al. (2012) 
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•
A

 sim
ple exam

ple: pure S
U

(N
) w

ith hidden gluons g and gluinos
gѺ 

•
A

t early tim
es, interaction is w

eak, ~10 TeV
gѺ freezeoutw

ith correct :

A
t late tim

es, interaction is strong, glueballs
(gg) and glueballinos

(ggѺ) 
form

 and self-interact w
ith V

T /m
 ~ 1

cm
2/g ~ 1 barn/G

eV

•
W

IM
P

-like: TeV
-m

asses w
ith correct therm

al relic density
•

B
ut com

pletely different: self-interacting, m
ulti-com

ponent dark m
atter

D
A

R
K

 M
A

TTE
R

 FR
O

M
 H

ID
D

E
N

 Q
C

D
Feng, S

hadm
i(2011), B

oddy, Feng, K
aplinghat, Tait(2014)
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LE
C

TU
R

E
 3 S

U
M

M
A

R
Y

•
In addition to W

IM
P

s, there are m
any other attractive 

D
M

 candidates w
ith sim

ilar m
otivations, but com

pletely 
different im

plications for cosm
ology and H

E
P

•
E

xam
ples: long-lived charged particles, prom

pt 
photons, invisible H

iggs decays, hidden photons, …

•
Is any of this right? LH

C
 w

ill be running soon, direct 
and indirect detection, astrophysical probes are 
im

proving rapidly –
w

e w
ill see soon
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