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Abstract: Recent experimental results seem to require a dramatic change in our view of the dark matter sector. In this talk | will describe the
for this change and the ingredients required to describe the new data. | will present possible field theories that give rise to such phenom
delineate the resulting collider signatures.
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Bright Perspectives from
a Dark Sector

[tay Yavin

mgart “heung. J. T. Ruderman. L. T. Wang and I Y. Coming out soon. . .
Coming out soon. ..

Pirsa: 08120022 Page 2/112
Dark Sector FPerimeter Insttute tay Yavin




Really Old News - 1933

Zwickv discovered dark matter in the Coma cluster. By now, there are s

checks on the exisience of dark matier.

A favorite candidate 1s a weakly

mteracting massive particle (WIMP) _ J,-—-"'"”"“"'"‘-"
A WIMP density of s ;f' :
oy = 0.3 GeV/em® j
A Ihermul_reiic with annihilation
Cross-secrion:
_.,.f"- ......... -

- -
-

\ * I - .
(V) ann = 3 %X 107%° ecm®s™
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Old News.... but a New Idea

e

[n 1970 Johnson et al. observed the 511 keV line in gamma-rays from the galactic
center. [ eventhal pointed out pesitronium annihilation as a source, but the annihilation
rate of 7x10* pairs/s seemed too large.

Recentlv INTEGRAL greativ refined the measurement: Weildenspominer €1

e

einer and Weiner sugeested
eXcited Dark Marner:
-HH_'\—\-\ -.'"‘_,_,--""
. A o
q‘"\-\__\_‘- _H_’__,a-"- . -
— ®
-
- -
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Old News.... but a New Idea

[n 1970 Johnson et al. observed the 511 keV line in gamma-rays from the galactic
center. Leventhal pointed out pesitronium annthilation as a source, but the annihilation
rate of 7x10*2 pairs/s seemed too large.

Recently INTEGRAL greativ refined the measurement: °

-

ladder diagram.

'\-\_‘-‘—\-\.__‘_\_‘—\-\-.\-- I_ﬂ_'_r_,_" p
S~ _
The cross-secrtion is in fact enhanced by the
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Recent News - DAMA/LIBRA

Energy (keV)
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Recent News - DAMA/LIBRA
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Seems in conflict with., CDMS

and others.

Pirsa: 081200220

Energy (keV)

Page 7/112
enmetler insutute Itay Yavin




Recent News - DAMA/LIBRA
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suggested Inelastic Dark Martter:
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Recent News - CMB Haze

D. Finkbemner in 2003. found a component in the CMB
which he could not subtract away. He termed it "Haze™.
This microwave haze is consistent with synchrotron
radiation from high energy electron/pesitrons from the
galactic center.
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Recent News - DAMA/LIBRA
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= 0.025
= 0 e E
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Energy (keV)
Seems in conflict with, CDMS But. Smith and P
nd XENON and others suggested Inelastic Dark Marer:
_‘-\-‘_\-\-h"""\-\-._\_‘_ _'_'_.,--'"-'_Fﬂ--’
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ey [ '“:-._\_
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Recent News - CMB Haze

D. Finkbeiner in 2003. found a component in the CMB
which he could not subtract away. He termed it "Haze™.
This microwave haze is consistent with synchrotron
radiation from high energy electron/peositrons from the
galactic center.
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News - PAMELA

In Oct. 2008, the Payload for Annu-Matter Exploration and Light-nucler Astrophysics
reported a sharp raise in the positron content of cosmic rays from [0-30 GeV.

This was actually predicted by
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News - ATIC

[n Nov. 2008, the Advanced Thin lonization Calorimeter reported an increase in the

number of electrons/pesitrons content of cosmic ravs at around 600-300 GeV
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That was the Introduction. . .
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News - ATIC

[n Nov. 2008. the Advanced Thin lonization Calorimeter reported an increase
number of electrons/peositrons content of cosmic rays at around 600-300 GeV
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That was the Introduction. . .
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News - ATIC

[n Nov. 2008. the Advanced Thin [onization Calorimeter reported an increase in the
number of electrons/pesitrons content of cosmic ravs at around 600-300 GeV
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That was the Introduction. . .
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Model building for the Dark Sector

Collider signatures

DAMA model building

Coll.. . probably not.
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“A Theory ot Dark Matter”
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""A Theory of Dark Matter”

HEZCS ted a unified description:
ATIC & PAMELA
f‘r’__,f‘f Vava¥
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ATIC & PAMELA

SUZEES ed a umified descnption:

INTEGRAL & HAZE
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“‘A Theory of Dark Matter”

SUEECS ted a unified descniption:

ATIC & PAMELA INTEGRAL & HAZE

il A
-\-\-\-“—\_“.“\ A0 B x o
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F 2. s el

Maybe even DAMA
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""A Theory of Dark Matter

sSuggcst ed a umitied descniption:

ATIC & PAMELA INTEGRAL & HAZE

———————————————-——————-—g

. TeV DM charged under a
. non-abelian gauge theory,

' W cakly mixed with SM.
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[oo Crazy? ? ?
Depends which observations vou really believe. Each of the observations by
themselves mayv have an astrophysical explanation within the SM. DAMA mayv be
wrong.
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Too Crazy? ? ?

Depends which observations vou really believe. Each of the observations by
themselves mav have an astrophysical explanation within the SM. DAMA mav be

Wrong.

General theorem:
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Too Crazy? ? ?

Depends which observations vou really believe. Each of the observations by
themselves mayv have an astrophyvsical explanation within the SM. DAMA mayv be

wrong.

General theorem:

¥ = Ty - . . T I - e % T T 53 T - T " F 5 1 . %
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But. in order to make progress. mavbe better lisien to Big Steve:
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Dark SU(2)xU(1)

Dark matter 1s part of a dark SU(2)xU{( 1) gauged martter multiplet which 1s completely

broken. Constder for example an SU(Z) mpletwith V' — 1 /2 — ¢
Break SU(2)xU(1) down 1o U_(1)
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Dark SU(2)xU(1)

Dark matter 1S part of a dark SU(2)xU( 1) gauged martter multiplet which 1s completely
broken. Consider for example an SU(Z) mpletwith YV — 1 /2 — ¢
Break SU(2)xU(1l) down to U_(1)
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Dark SU(2)xU(1)

Dark matter 1s part of a dark SU(2
broken. Consider for example an SU(2
Break SU(2)xU(1) down 1o U (1)

) triplet with v

Am.;

-
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Dark SU(2)xU(1)

Dark matter 1s part of a dark SU(2)xU( 1) gauged martter multiplet which 1s completely
broken. Constder for example an SU(Z) tripletwith YV — 1 /2 — ¢
Break SU(2)xU(1l) down to U_(1)

Amy; = of (q;z - ij)) M,

~ MeV

: Am snall
} Amy

LT ¢

The splittings are generated radiatively in the low energy theory.
Equally important is for all these states to be properly linked to each other.
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Kinetic Mixing (Holdom Effect)

T'he dark U(1) can kinetically mix with U, (1) so SM charged particles are now charged
under the dark U(1).

ol Y 7 O
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Kinetic Mixing (Holdom Effect)

T'he dark U(1) can kinetically mix with U, (1) so SM charged particles are now charged

under the dark U(1 ).

LD 2F,.. ™

Un-mixing.

B> 8., | e,
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Kinetic Mixing (Holdom Effect)

The dark U(1) can kinetically mix with U_,, (1) so SM charged particles are now charged
under the dark U(1).

i B R

Un-mixing.

To get, (1 e

€Eqery ‘“‘a,ue /\/\/\.’

-
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA.

\
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Dark SU(2)xU(1)

Dark matter 1s part of a dark SU(2)xU{ 1) gauged martter multiplet which 1s completely
broken. Constder for example an SU(Z2) tripletwith YV — 1 /92 — ¢
Break SU(2)xU(1) down to U_(1)

Am;; = o (g7 — qf) M,
~ MeV

Am snall

W b ANr ge

The splittings are generated radiativelv in the low energy theory.
Equally important is for all these states to be properly linked to each other.
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Kinetic Mixing (Holdom Effect)

T'he dark U(1) can Kinetically mix with U, (1) so SM charged particles are now charged

under the dark U(1 ).

L O 2¢F,, f*”
Un-mixing.
To get. . e

egey"a e
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Dark Charge Breaking

However, we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA.

X
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA. \

(o &
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA. \

}/ s

-
f

For that 1o happen we need the mass mairix of the gauge-bosons to have the form:

) do 01

2 6 m{ O 0

M3=| & ™ :
0

m 2
0 m3

Breaking charge is not hard, but achieving this form requires custodial breaking as

well.
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Collider Signatures
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Direct Production and “Lepton Jets”™

The dark sector might be directly produced through prompt photon production

Processes.

spelov recently investigated the

May have impact on lower energy experiments. M
). So far nothing new has

HyperCP peak at 214 MeV 1n connection with such a dark Uf( 1
been unearthed.

[ will concentrate on Tevatron and L HC signartures.
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA.

X
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA.

X

% s

m;’; 01 02 )3
Mi—| B = O 0
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Dark Charge Breaking

However. we also require the following process for INTEGRAL. Similar diagram is
also needed for DAMA. \

1\/'/ S
e

For that to happen we need the mass mairix of the gauge-bosons to have the form:
e S - S S
m, 0 1 %) 9 0 3

M, =

03 0 0 m3
Breaking charge is not hard, but achieving this form requires custodial breaking as
well.
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Collider Signatures
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Direct Production and “Lepton Jets™

The dark sector might be directly produced through prompt photon production

Processes.

e

May have impact on lower energy experiments. M. Pospelov recently investigated the
HyperCP peak at 214 MeV in connection with such a dark U(1). So far nothing new has

been unearthed.
[ will concentrate on Tevatron and L HC signatures.
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XSec at Tevatron and LHC

i ﬁhlp_J, (ph/GieV)

10 25 50 75 100
Y p. (GeV)
Pirsa: 08120022 : Page 48/112
Itay Yavin

Dark Sector Perimeter insttute




Lepton Distributions

Both ATLAS and CMS can easily trigger on such events. However:
« [ arge background from Jp and K. T in flight decay. Needs > 2 leptons.

* Angular resolution 1s mrad for single hits in CMS. Will be able to resolve muluple
hits with 10 mrad separation? Work in progress wit Ha
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Supersymmetry’s little helper

MSSM LSP pair production 1s very hard to rigger on. With the lepton jets at the
bottiom of every evenlt. the task i1s considerably easier.
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Supersymmetry’s little helper

MSSM LSP parr production i1s very hard to trigger on. With the lepton jets at the
botiom of every event the task i1s considerably easier.
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Supersymmetry’s little helper

MSSM LSP pair production i1s very hard to trigger on. With the lepton jets at the
botiom of every event the task i1s considerably easier.
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Tevatron & LHC Reach.
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Tevatron & LHC Reach.
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Can reconstruct LSP mass with a histogram ot _ -
the invariant mass of every lepton jet pair.
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Supersymmetry’s little helper

MSSM LSP parr production is very hard to trigger on. With the lepton jets at the
botiom of every event. the task i1s considerably easier.
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Supersymmetry’s little helper

MSSM LSP pair production i1s very hard to trigger on. With the lepton jets at the
bottom of every event, the task is considerably easier.
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Tevatron & LHC Reach.
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Tevatron & LHC Reach.
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Can reconstruct LSP mass with a histogram ot
the invariant mass of every lepton jet pair.
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DAMA’s Signal
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Other Experiments
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Nuclear Recoil

[nelasuic DM (Smith & Weiner) reguires the WIMP to recoil inelastically
against the nucleus.

Inelastic

Elastic
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Nuclear Recoil

[nelastic DM (Smith & We requires the WIMP to recoil inelastically
against the nucleus.
== Inelastic
Elastic
3 1 i E f)
min =\ BB \ 5
T
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Nuclear Recoil

[nelastic DM (Smith & Weiner) requires the WIMP to recoil inelastically

against the nucleus.

Inelastic
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Inelastic Transitions
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Inelastic Transitions
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Inelastic Transitions

Heavy m

m
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Inelastic Transitions

g = , 1 f m E. w.\
T Fmin — ~ [ + £ )
Heavy 1 R 2myybs \ W
|
|
|
|
- ———— ——————— — — — -
| [ 1ght element expeniments may not see anvthing.
A I'he spectrum of events has a2 maximum
3) Probing the tail of the Boitzmann distmbution -—> larre modulations
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Excitation Energy
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Excitation Energy

F,
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‘ Decrease £
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Excitation Energy
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g Has io be chosen caretullv. Too small and we are back to the elastic case. Toe laree and

E=or = & = 2% | [ 1'
here 1s no signal for DAMAL
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Excitation Energy

q
=TT

Increase S

f

Has to be chosen carefully. Too small and we are back to the elastic case. Toe large and
there is no signal for DAMA_

i ) Y = 2 = Ty
) Why g ~m, 07, ~ 100keV
2) Why is the elastic channel absent?
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Density of States

Both questions can be answered 1if the WIMPs are endowed with some density
of states which grows with energy.
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Density of States

Both guestons can be answered if the WIMPs are endowed with some densitv
of states which grows with energy.

7

n—1
£n &
0

gn(€) =

50 Some new scale. can be much larger than 100 keV
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Density of States

Both guestions can be answered if the WIMPs are endowed with some densitv
of states which grows with energy,

Galf) = ngﬂ_

Eo

80 Some new scale. can be much larger than 100 keV

) Excitation energy is determined bv the highest kinetic energy available

Z) Elastic scattering is “state” space suppressed.
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Event Rate

The differential event rate is now a convoluton of the usual differential rate
formula with the DOS.

= ACF2(EY | — n—1 ) .

:.
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Event Rate

The differential event rate 1s now a convolution of the usual differennal rate
formula with the DOS.

:_

). P Sy |
2m. B &

dR _-;\"—_." W L Tl . o P - = .D'C v )
_ TP O gt ptipe T /E Ldg ) b
dE:-e . | "j"'"_.f.'; .11
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Event Rate

The differential event rate 1s now a convolution of the usual differennal rate
formula with the DOS.

dR  NrmypOn 0.0, (1 -- n—1 i ff_l'“)
aE, 2=, 2 = ul\m f Sl fj e
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Event Rate

The differential event rate is now a convolutnon of the usual differennal rate

formula with the DOS.

dR Nrmyp, o

dE.—.E = :‘AEFELE”)

o . P
Define — = G? where G = aps/MZ,
Hn _
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Overall Scale

The inelastic signal scales like.

di , - G?
4R 2 [agem ~ =

dE, &j

d
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Overall Scale

The inelastic signal scales like.

dR n o G2
= dEE™ - ~ —_—

e

DAMA requires a scattering cross-section of about 10~ ¢cm?. Thar translates 1o
the following scaling of the parameters,

1 (100 keV\"
&o

S Is an order unity number which is fixed by fimming the DAMA modulation
signal.

S (Jva 3% 2 Te‘v’)
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Fit to DAMA

rk —

S
|

Dark Sector

FPerimeter Institute

3
4.0 x 107% em
150 GeV
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Fit to DAMA

n 9
3.7 x 1074° em
85 GeV

5 9
% o
|

With a steep DOS we can fit the DAMA modulanon data and escape the
bounds from other direct detection experiments.
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Germumium Spectrum

Rate(cpd/kg/keV)

0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001
0 M”J.-}"

Pirsa: 08120022

20 40 60

Dark Sector

Spectrum

0.015

0.010

0.005
 keV 0.000,

80 100 120 140
Xenon Spectrum
Rate{cpd/kg/keV)
0010
0008
0.006
0.004
0.002
{000
0 20 40 60

CEINnneiesT] misdaaiumses

Rate{cpd/kg/keV)

20

R0

[ungsten Spectrum

-

- keV
80 100

Page 87/112
Itay Yavin




Comparison with other Exp.

n r DAMA XENON CDMS ZEPLIN KIMS CRESST
2—6 keVee | 4.5 — 45 keV 100 kel - 20 keVee | 3 — 8 keVee | 12 — 60 keV
GeV 107 dru ounts counts counts 107 dru COUNLS
exXD 1.31 —0.16 24 (31.6 2 (5.3 29 (37.2 od =28 7 (113
342 3 1.45 i3 43 I8 28 21
116 G 1.45 31 11 24 14 13
! 9 1.44 20 3 16 9.0 1]
T8 12 1.42 14 ] 12 6.5 11
3 1S 1.40 11 0.5 10 DL 11
70 18 1.37 1 2 = 1.0 12
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For a shallow DOS there is too much pollution from the elastic scarttering
and the bounds from CDMS become relevant. With a steep DOS,

CRESST offers the most stringent bounds.

Dark Sector
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Page 88/112
Itay Yavin




Strong Coupling
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Examples with a Steep DOS

Large (n) exira dimensions with a toric geometry. The number of states
above the compactificanion scale grows with energy,

N(E) ~ (ER)™
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Examples with a Steep DOS

Large (n) exira dimensions with a toric geometry. The number of staies
above the compactification scale grows with energy.

N(E) ~ (ER)™

For a general compact ﬂmmmld of dln‘tenuon n. there 1s a theorem in

mathematics. known as “Wevl's Law™, which gives the number of eigenvalues of
the Laplacian operator below some number. 2
TR J'.'UJ:.J..-'M .‘ - i3 K%Y i1D
NQ) = —— A+/2 1+ O (A=1/2)
4 )"/ °T'(n/2+ 1) \
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Bound States

Another possibilitv is 1o form bound states with a fairly flat potential.
Consider the Schrodinger equation:
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Bound States

Another possibilitv i1s to form bound states with a fairly flat potential.
Consider the Schrodinger equation:

l b - — % —
( a —Th il il IL r) urr - }E- f+':_ 'r‘l'
2m

E.g. Harmonic Oscillator. J TV |

Fpo=w(m +...+nz+d/2)
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Bound States

Another possibilitv is to form bound states with a fairly flat potential.

Consider the Schrodinger equation:

I , " "
— Ve+ V(r) | w(r
2m

/

E.g. Harmonic Oscillator. ] 1 f 1!
Ego=w(m +... +ng+d/2)

But. selection rules will forbid transitions.

Pirsa: 08120022

Ev(7)

— N(&) ~ &4
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Bound States

Another possibilitv is 1o form bound states with a fairly flat potennal.
Consider the Schrodinger equation:

: ] : ) .
— Ve 4+ VIir) | vir) = Evir)
211 y

E.g. Harmonic Oscillator. |§ | ! 11 {

Ego=w(m+...+ng+d/2) — N(&)~ X
But, selection rules will forbid transitions.

E.g_ s states for a siring potential.

Vir)=Tr = NE&~|=

1
|
0n
P |Kad
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Cwikel-Lieb-Rosenblum Estimate

Another useful theorem in mathematics provides an estimate for the
number of bound states below some energy. £

N(E) < Log | (E—-V(2)"?d%z
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Cwikel-Lieb-Rosenblum Estimate

Another useful theorem in mathematics provides an estimate for the
number of bound states below some energy. £

N(E&) < Loa | (E-V(®)Y%d%z

So we can obtain a very steep DOS by considering very flat potentials.

4

|

N(E) < [ (€ — er)¥2ddr ~ g4+

|'\.‘|1‘
S’

n*n
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Cwikel-Lieb-Rosenblum Estimate

Another useful theorem in mathematics provides an estimate for the
number of bound states below some energy. £

N(&) < Log | (E—-V(2))Y?d%z

So we can obtain a very steep DOS by considering very flat potentials.

)

] (B

N(&) < [ (€ — er®)¥2ddr ~ g4

In partuicular. a log potental will produce an exponennally growing DOS.
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Missing Pieces

Pirsa: 08120022 Page 99/112
Dark Sector FPenmeter Insttute lay Yavin




Missing Pieces

 What 1s the cosmology of such a WIMP?
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Missing Pieces

« What is the cosmology of such a WIMP?

 (Can this have anv relation to “a theoryv of dark matter™.

Pirsa: 08120022 Page 101/112

Dark Sector Pernmeter Insttute tay Yavin




Missing Pieces

 What 1s the cosmology of such a WIMP?

* (Can this have any relation to *““a theory of dark matter™

 What happens above the strong scale? (QCD...)
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Missing Pieces

« What is the cosmology of such a WIMP?
 (Can this have any relation to “a theory of dark matter™.

 What happens above the strong scale? (QCD...)

Future Data
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Missing Pieces

What is the cosmology of such a WIMP?

Can this have any relation to “a theory of dark matter™.

What happens above the strong scale? (QCD...)

Future Data

More XENON experiments are underway.
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Missing Pieces

« What is the cosmology of such a WIMP?
 (Can this have any relation to “a theoryv of dark matter™.

« What happens above the strong scale? (QCD...)

Future Data

* More XENON experiments are underway.

« (CRESST should have better bounds.
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Conclusions
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Conclusions

« New observations warrant the construction
of Concordance models for the dark sector.
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Conclusions

« New observations warrant the construction
of Concordance models for the dark sector.

 Some preliminary generic predictions for
the LHC.

Pirsa: 08120022

Page 108/112
Dark Sector Penmeter insttute Itay Yavin




Conclusions
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Conclusions

« New observations warrant the construction
of Concordance models for the dark sector.
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