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COSMOLOGY NOW

We are living through a revolution in our
understanding of the Universe on the largest
scales

For the first time in history, we have a complete
picture of the Universe
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WHAT IS THE UNIVERSE MADE OF?

3IIII|IIII|IIIIIIIIIIII
' No Big Bang

 Remarkable agreement

2 . Dark Matter: 23% = 4%
Supernovae Dark Energy: 73% £ 4%
[Baryons: 4% £ 0.4%
Neutrinos: ~0.5%]

* Remarkable precision (~10%)

Clusters

1.1« Remarkable results
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Historical Precedent




OUTSTANDING QUESTIONS

 Dark Matter: What is it? How is it distributed?

- Dark Energy: What is it? Why not Q, ~ 101207
Why not 2, = 0? Does it evolve?

» Baryons: Why not Qg = 07

 UHE Cosmic Rays: What are they? Where do
they come from?

What tools do we need to address these?
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PARTICLE PHYSICS AT THE ENERGY FRONTIER

Temperature / Energy

meV eV keV MeV GeV TeV

Bevatron LEP,SLC
Gathode Ray Tube Cycltron B PG |

I i cr W.Z Higas

x  Hadrons t SUSY
Extra Dimensions
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GUTs

Inflation

- BBN Baryogenesis
- v Decoupling WIMP Decoupling

- Matter Dominated Radiation Dominated
) | | | | | |
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‘[1 0 1012 108 1 10€ 102
now Time (s)
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ALCPG COSMOLOGY SUBGROUP

« Goals (Brau, Oreglia):
— ldentify cosmological questions most likely to be addressed
by the ILC

— Determine the role cosmology plays in highlighting specific
scenarios for new physics at the ILC

— ldentify what insights the ILC can provide beyond those
gained with other experiments and observatories

« Editors: Marco Battaglia, Jonathan Feng*, Norman
Graf, Michael Peskin, Mark Trodden*

*co-conveners

« 30-50 contributors, international participation
Preliminary results presented here
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CONTRIBUTORS

ALCPG
Webcast

6 Nov 20013

Subgroup on Connections to Cosmology and Astrophysies

Jonathan Feng (U1C Trvine)
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Mark Trodden (Syracuse)
Paolo Gondolo (Utah)

Marco Battaglia {UC Berkeley)
Uriel Navenberg (Colorado)
Bhaskar Dutta (IRegina)
Howard Baer [:lflm'idn ST:H:‘:]

Yudi Santoso (Minnesota)

Andreas Birkedal {Cornell)
Fumihiro Takavama (UC Trvine)

Shufang Su (Arizona)

Antonio Dobado (Madrid)

Daniel Chung (Wiseonsin
Hitoshi Murayvama (UC Berkeley)
Michael Peskin (SLACY)

Zacharia Chacko (UC Berkelev)

Sean Carroll (Chicago)

Jonathan Feng {(UC Irvine)

Michael Peskin (SLACY)

[l Wl -1 TATIR] P _] H 1 o dl
IG: Cosmological Connections
Conveners:
¢ Wim deBoer: wim.de.boer -- AT -- cern.ch
Paris 21 Apr 2004 Why * Nobuchika Okada: okadan -- AT -- post.kek.jp
Tnt’l SUS e Mark Trodden: trodden -- AT -- physics.syr.edu
Linear Neud
Collider Stud Track |Date Time Presenter Title
orkes e Howard Baer .
Workshop %;:‘ Track 3|Sat 19 March  [14:00 - 14:25 (Florida State University) Neutralino dark matter and the ILC
L Wim de Boer Dark Matter interpretation of EGRET
o . ark Matter interpretation o
23 Apr 20010 SUSHTrack 3|Sat 19 March 14:25 - 14:50 (CERN and Karlsruhe) excess of diﬁuse%amma rays
Clost
Yann Mambrini Astroparticle and Collider Physics as
Track 3|Sat 19 March  [14:50 - 15:10 (DESY) complementary sources for the study of
string motivated supergravity models
Vietoria- 28 Jul 2004 The Eibun Senaha Electroweak baryogenesis and the triple
Linear 20 Jul 2005  Detejlrack 3|Sat 19 March  115:10 - 15:30 (KEK) Higgs boson coupling
Collider Ve Frank Steffen Signat f Axi d Graviti t th
Mecting Neul Track 7|Mon 21 March {09:00-09:25 | (oesy) e et
Darlg
Sign: Maxim Perelstein A Model-Independent Signature for
LincdIrack 7 |Mon 21 March |09:25 - 09:50 (Comell) WIMPs at the ILC
30 .Inl 2004 Clost Shuf S G teed Rates for Dark Matt
Proc . . utang su uaranteed Rates for Dark Matter
War, Track 7 (Mon 21 March |09:25 - 09:50 (Arizona) Production at Colliders
Supe Andreas Birkedal Pinning down dark matter at a linear
Lsp fTrack 7 |Mon 21 March |09:50 - 10:10 (University of Florida) collidegr'
Cra
ticled Michael Peskin ]
Floct Track & |Mon 21 March |11:00 - 11:25 (SLAC) Dark Matter studies at the ILC
ool
WSS
\[:: Marco Battaglia Dark Matter in the Bl_JIk and Funnel
~ ") Track 8 Mon 21 March |11:25 - 11:50 (Berkeley) Regions and Extracting the Dark Matter
Cost Density from ILC Data
First]
Cut- ) . James Alexander . )
~U-¥Track 8 |Mon 21 March |11:50 - 12:10 (Comnell) Focus Point Region
A1 Jul 2004 1'he
Bhaskar Dutta - ;
Track 8 |Mon 21 March |12:10 - 12:30 (Regina) Co-annihilation Region
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DARK MATTER

* Requirements: cold, non-baryonic, gravitationally
Interacting

« Candidates: primodial black holes, axions, warm gravitinos,
neutralinos, Kaluza-Klein particles, Q balls, wimpzillas,
superWIMPs, self-interacting particles, self-annihilating
particles, fuzzy dark matter,...

 Masses and interaction strengths span many, many orders
of magnitude
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THERMAL RELICS

(1) Initially, DM is in
thermal equilibrium:
XY < ff

(2) Universe cools:
N = NEQ ~ e_m/T

(3) ys “freeze out™ _ |
N~C0nst _m1 | 'Hlmio I IHHI1.00 ' .”‘“11000

x=m/T (time =)

Qpu ~ 0.1 (6,.ak/ ©a) — just right for new weak scale particles!
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STABILITY

* This assumes the new weak-scale particle is stable

* Problems (p decay, extra particles, large EW corrections)

!

Discrete symmetry

)
Stability

* In many theories, dark matter is easier to explain than no
dark matter
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EXAMPLES

* Supersymmetry
— Superpartners
— R-parity
— Neutralino y with significant Qg,, Goldberg (1983)

 Universal Extra Dimensions
— Kaluza-Klein partners

- KK-parity Appelquist, Cheng, Dobrescu (2000)
— Lightest KK particle with significant Q,, Servant, Tait (2002)
Cheng, Feng, Matchev (2002)

 Branes
— Brane fluctuations
— Brane-parity
— Branons with significant Qg Cembranos, Dobado, Maroto (2003)
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QUANTITATIVE ANALYSIS OF C

The Approach:

<

« Choose a concrete example: neutralinos

« Choose a simple model framework that encompasses
many qualitatively different behaviors: mSUGRA

* Relax model-dependent
assumptions and determine
parameters

 Identify cosmological,
astroparticle implications

19 Mar 05 ’ Feng 13



Neutralino DM in mSUGRA

| Cosmology excludes
@i much of parameter
space (€2, too big)

rapid annihilation

E : funnel
- 11: mp.b—sy .
1 1T xl; L

:'.I g;;\\\ co—annihilation region __J COSmOIOgy fOCUSGS
L attention on particular
regions (€2, just right)

m; .

Choose 4 representative points for detailed study
Baer et al., ISAJET  Gondolo et al., DARKSUSY  Belanger et al., MICROMEGA
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BULK REGION LCC1 (SPS1a)

Mg, M., Ay, tanp = 100, 250, -100, 10 [ u>0, M,,>m, sp ]

» Correct relic density obtained if y annihilate efficiently
through light sfermions:

m [GeV]

f

X | | o

- e

f 4 5 =,

. | 500 L —
I

f‘ 400 LHO, A® —x- H*

X

. Motivates SUSY with " e
light =, T

Allanach et al. (2002)
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PRECISION MASSES

6000

« Kinematic endpoints, threshold
SCans.
— variable beam energy
— e beam polarization
— e"e” option

2500 |
2000 |
(51500 |
= L
© 1000}

500

300 “az0 340
Eqy (GeV)

Feng, Peskin (2001)
Freitas, Manteuffel, Zerwas (2003)

4000

2000

0
0

[m (GeV| [Am [GeV]

| - = |
| J R%L |

150
[GeV]

50 100
leplon energy E,

Comments

176.4
378.2
96.1
176.8
358.8
377.8
143.0
2021
186.0
143.0
202.1
133.2
206.1
379.1

0.55
3
0.05
1.2
3-5
3-5
0.05
0.2
152,
0.2
0.5
0.3
151
2

simulation threshold scan , 100 fb~!

estimate \; V3, spectra \; — Zy;. Wy
combination of all methods

simulation threshold scan y14, 100 fb~!

spectra 19 — Z{%,, 1014 10%0, 750 GeV, > 1000 fb™!
spectra {4 — WY{, 1947 vax}, 750 GeV, > 1000 fh'
¢~e~ threshold scan, 10 fb~!

¢~ e~ threshold scan 20 fb~!

simulation energy spectrum, 500 GeV, 500 fb~!
simulation energy spectrum, 400 GeV, 200 fb~'
estimate threshold scan, 100 fb~! [36]

simulation energy spectra, 400 GeV, 200 fb~!
estimate threshold scan, 60 fb~! [36]

estimate I-jet spectrum, m,,,(), 1TeV, 1000 fb~!

Weiglein, Martyn et al. (2004)

* Must also verify insensitivity to all other parameters

19 Mar 05
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BULK RESULTS

| Dark Matter Density LCC1 | [RWMS__ 0.02238

|

e Scan over ~20 most
relevant parameters

« Weight each point
by Gaussian
distribution for each
observable

« ~50K scan points
Battaglia (2005)

N
tn (%}

Weighted MSSM Points
(X}

=y
o

1

0.5

82577027015 0.4 005 -0 005 04 015 02 025
LYeNlvy

(Preliminary) result: AQ./Q = 2.2% (AQ h? = 0.0026)
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RELIC DENSITY DETERMINATIONS

0.2 =

() h?
I

0.18

0.16

\

0.14

Planck
(~2010)

0.12
0.1

0.08

LCCA1

I T NN TR T N TR R A O O O M A [ N T T A NI N SN NANTN B
86 88 0 92 94 96 98 100 102 o 104
M(x,) (GeV)

0.06

I[II]I]II[II]|III]II]i

Parts per mille agreement for 0, - discovery of dark matter
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FOCUS POINT REGION LCC2

Mg, M0, Ao, tanp = 3280, 300, 0, 10 [ >0, my,>m, op ]

« Correct relic density obtained if y is mixed, has significant

Higgsino component to enhance Feng, Matchev, Wilczek (2000)

X 14
+ M, cos, +Mysing,  (My — M) singy cosy
xI' My = Ny — M) sing cosy M,y h'-lllftv 4N ('i)hﬁv
" ' y 7 pusin28  —pcos23
x W / 0 0 —pcos2(3 —psin24
Gauginos /
: : Higgsinos
. Motivates SUSY with ’ . gg
m (o
. . M
||ght neUtra“nOS, ‘ 2y sin 3 @
charginos
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FOCUS POINT RESULTS

* Q) sensitive to Higgsino mixing, chargino-
neutralino degeneracy

Alexander, Birkedal, Ecklund, Matchev et al. (2005)

0.2 | Dark Matter Density LCC2 | [RMS__0.02415)
w M40
w =
=P E 04—
0.18— s =k
=035
0.16|— 0 -
2 0sf
0.14 . e 3 - g)j
' V&Zj’l?‘e £0.251- Q
AR ® C &
u.12__ i = o020 ]
C - =
0.1 015 g
L iy B
0.081— .’_:_.._H_{-:,ng;q'.;x{m g 0.1:_ 8
C - N
o 005
0.06 — C
PSPPI PP IPIPIPE IIFIIP IS P EPIIPITE PP I e E L . .
47 48 48 ah o S 53 >4 55 §E 5? 325 I:I-J ﬂ 15 EI 1 l.'l 05 l.'l l:l- l]5 0.1 045 l.'l 2 l:l- 25
M(x3) - M{x;) (GeV) S8

(Preliminary) result: AQ./Q = 2.4% (AQ h? = 0.0029)
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RELIC DENSITY DETERMINATIONS

2 h?

- LCC2
0.18[
u.wf—

- Planck
0.14— / (~2010)

0.12—

! _ /

= .-"‘L-"':'E
Lty ik
0.08- iR
I

0.06 —

54 §a
M{x1 - M(34) {GEV)

Parts per mille agreement for 0, - discovery of dark matter
19 Mar 05

Feng 21



CO-ANNIHILATION REGION LCC3

Mg, My, Ay, tanp = 210, 360, 0, 40 [ u>0, My,>M, gp ]

 If other superpartners are nearly degenerate with the y LSP,
they can help it annihilate

Griest, Seckel (1986)

-
*
*
-
*
*
*
*
.0
*

» Requires similar e for y and 1, so (roughly)
Am < T~m |25

 Motivates SUSY with © — ty with Am ~ few GeV
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CO-ANNIHILATION RESULTS

Dutta, Kamon; Nauenberg et al.; Battaglia (2005)

| Dark Matter Density LCC3 | [RMS__ 0.07024

= %20 20.06 =
lo.18 . s
0.16 :_ - L-\ e EU,UE C

= b g r

0.14 . 20041
012 J g E

. P CA s L

0.1 ! 20.03—

E -.-r?} -
0.08— i C

: e 0.02

0.06 3 | w‘*"f :

E aill 0.01 -
0.04— ¥ s

F _#,_.,;h"“"' s
0027 L e I R I -

4 6 8 10 12 14 92

M(z) - M(x}) (GeV)
(Preliminary) result: AQ./Q = 7.0% (AQ h?=0.0084)
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RELIC DENSITY DETERMINATIONS

0.2
cl0.18
0.16
0.14
0.12

0.1
0.08

0.05

0.04 —

0.02 —

ﬁﬁ?’
A
ﬁﬁm_,w

m’*”"‘

| | 1 L 1 | 1 |

LCC3

Planck
/ (~2010)

4 6

ST 14'
M(z) - M{I1]' (GeV)

"% level agreement for Q0 = discovery of dark matter
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IMPLICATIONS FOR
ASTROPARTICLE PHYSICS

= =
¢ f
Crossing
ﬁ
/\ symmetry
¢ f - | Y
Annihilation Scattering

Correct relic density - Efficient annihilation then
-> Efficient scattering now
-> Efficient annihilation now

19 Mar 05
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Direct Detection

a4 | ~1eventkg yr'

g | =1 event 100 kg yr

1985 1990

Limit Scalar Cross-section cm 2 [60 GeV WIMP]
3

1995

10-110
Oraville (88) M (94) * Edelwsiss (96)
B [M=20 Ge\] UKUT“Ir‘ (96)
Homestake (87) DAMA {9?3 {IO_*’” I.*iplrﬂr -Moscow (98)
DAMA (96)= CDMS SUF (99)
=1 event kg*! day-! * COMS SUF (00)
-42
F NOW
10 ® CDMS SUF (T)

7 kg Ge+§

Ge
Nal
Cryadet
& LigXe
(T) Target
* Signal

® GENINO (T} 100 kg Ge Diode

& CDMS Sopdan (T)

i Cryodet

IUS (T)

A— 100 kg Ge Diode

o CryoArray (T)

2000

Year

19 Mar 05

Gaitskell (2001)

£-4-1 tonne Cryodet

2005 2010

— 10

2

WIMP—Nucleon Cross—Section [cm

—40

DAMA Signal and

Others Exclu3|on Contours

— new I|m|t

SIRLISCRE))

10°
WIMP Mass [GeV/c?]

10°
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ILC IMPLICATIONS

LCC2 > m<1GeV, Ac/oc < 10%
5 >0 Ay=0

Current Sensitivity

o

Q

@

Near Future S

————————— Q

---------- N

------ HB/FP region &)
w*‘ ‘.--!!. " Das @ e g N b oL LT T Bt Y — N E
RTPr TR UL, b o e <

ki Future 3

_<

. Q

R ST T Rinle Q-IJ-I

Comparison tells us about local dark matter density and velocity profiles

F 1neoreucdl rreaicuons SIau co region B
1[]‘” | L | L gl | | | | | | | | | | |
10 110 210 31[1” 410 510 610 710
m2, (GeV)
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INDIRECT DETECTION

Dark Matter Madlibs!

Dark matter annihilates in to
a place

, which are detected by

particles an experiment

19 Mar 05
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Dark Matter annihilates in center of the Sun to
a place

neutrinos , which are detected by AMANDA, IceCube

some particles an experiment

e Comparison with
colliders constrains dark |
matter density in the B
Sun, capture rates mn

19 Mar 05

IIIIII

— surface
snow layer

60 m
-
AMANDA-A

- -

Optical
Module

99| dRJEJUY |y} Ul VANVINY
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Dark Matter annihilates in the galactic center to

a place
photons , which are detected by _GLAST, HESS, ... .
some particles an experiment

Comparison with colliders eonstrains DM density at
the center of the galaxy
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Dark Matter annihilates in the halo to
a place

positrons , which are detected by _AMS on the ISS

some particles an experiment

colliders constrains
dark matter density
profiles in the halo

% ASTROPHYSICS VIEWPOINT:
% ¢’ ILC ELIMINATES PARTICLE PHYSICS UNCERTAINTIES,
A ALLOWS ONE TO DO REAL ASTROPHYSICS

et
et
o
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ALTERNATIVE DARK MATTER

 All of these signals rely on DM having
electroweak interactions. Is this required?

* No —the only required DM interactions are
gravitational (much weaker than electroweak).

* But the relic density argument strongly prefers
weak interactions.

Is there an exception to this rule?

19 Mar 05 Feng 32



SUPERWIMPS

Feng, Rajaraman, Takayama (2003)

Wb T« Consider SUSY again:

0.001 E’

T Gravitons = gravitinos G

2 ol neressing <o> | * What if the G is the lightest

§ 10k superpartner?

I R 1

2 1070 3

E 101 | \ / 1

2k . s

fﬂ”’"’é’ _______________ 1 RWIM\P, MP|2/MW3 ~ month

g T <

E 10-“E ; G
T S

S uf ; * A month passes...then all WIMPs
o ) decay to gravitinos — a completely
S | 1 . .
o natural scenario with long decay
l0_%1 Imm — “I1Irlm - ---11000 tlmeS

x=m/T (time =)

Gravitinos naturally inherit the right density, but they interact
only gravitationally — they are “superWIMPs”
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WORST CASE SCENARIO?

Looks bad — dark matter couplings suppressed by 10-16

Slepton

But, cosmology - decaying
WIMPs are sleptons: heavy,
charged, live ~ a month — can
be trapped, then moved to a
quiet environment to observe
decays.

How many can be trapped?

Hamaguchi, Kuno, Nakaya, Nojiri (2004)
Feng, Smith (2004)

Reservoir
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Large Hadron Collider

cl |
108 ]
I = : LHC
800 [~ 5N a E
L \.\ E
= 4 .
8 n & 107 & el 4y
600 E -
= Z - 3
~ 400 — 8 102 L -
= o F EM‘“‘“E-.E_‘ 1o kton
i ey - TR~
200 M,,, = 600 GeV I ktog® 3
. = 10Y = = -1 —
m,=219 GeV 1 = L =100 fbl/yr :
0 1 1 1 1 | 1 1 1 1 | 1 1 1 i | 1 1 1 1 | 1 1 1 | ] i I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 i
0 200 400 600 800 1000 100 150 200 250 300
E (GeV) MNLsp

If squarks, gluinos light, many sleptons, but most are fast:
O(1)% are caught in 10 kton trap
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International Linear Collider

mz, 2193 GeV } NLSP only

| T T | T T T T T T T T T T T T T
i _ _ 104 L I I I ]
1500 [~ ILC - rop 1
- T ~ L NLSP only .-
> NLSP only 103 b N
] (7]
S 0ol 1
¥ 1000 ~ g v
o i i < 108 = | . ~
L - Lo, g
Z. 500 — 2 L
i T g 10! E
; MH/;J ; - L =300 fb/yr
O | 1 1 | I J 1 1 1 1 1 1 100 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
220 230 240 250 450 475 500 525 550
E (GeV) Ecom

Can tune beam energy to produce slow sleptons:
/5% are caught in 10 kton trap

Shufang Su, LCWS05
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IMPLICATIONS FROM SLEPTON DECAYS

: _ 2
1 m; [l _m C]

A7 M2 m2 2

A8w M m7, m;

['({— (G) =

* Measurement of I' and E, > ms and M.

— Probes gravity in a particle physics experiment!

— Measurement of G, 0N fundamental particle scale
— Precise test of supergravity: gravitino is graviton partner
— BBN, CMB in the lab

— Determines Q4: SuperWIMP contribution to dark matter

— Determines F : supersymmetry breaking scale, contribution of
SUSY breaking to dark energy, cosmological constant
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DARK ENERGY

« Quantum mechanics:
2 h o, 0?2 =Kk2+m?

* Quantum field theory:
[FdBk (V2 h o) ~ EX,

where E is the energy scale where the theory breaks down

* All fields contribute to A. We expect

(I\/IPIanck)4 - 10120 Pa (I\/ISUSY)4 - 1090 Pa
(MGUT)4 ~101% p (Mweak)4 ~10% p,

19 Mar 05 Feng 38



ONE APPROACH

 Small numbers < broken symmetry
pp ~ Mp*

A miracle

occurs here (MWZ/MP|)4’ .

PA=0

19 Mar 05 Feng 39



ANOTHER APPROACH

Pa ™ MP|4 Many, densely spaced

many universes, etc.)

Anthropic principle:
-1<Q, <100

Weinberg (1989)

19 Mar 05

vacua (string landscape,
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« Two very different approaches. There are others, but
none is compelling.

 Ways forward:
1) Discover a fundamental scalar particle (Higgs would be nice)
2) (M) ~ 10%0 p, : map out the EW potential
3) (Mgysy)* ~ 10% p,: understand SUSY breaking (see above)
4) (Mgy7)* ~ 10198 p, : extrapolate to GUT scale
) (

5) (Mppane)* ~ 100 p, 0 ...

« |LC will be an essential tool for at least 2, 3, and 4.
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BARYOGENESIS

 Requires
— B violation
— CP violation
— Departure from thermal equilibrium

* All possible at the electroweak scale with new
physics

 For SUSY, requires precise determination of Higgs
and top squark parameters, and CP violating phases

19 Mar 05
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0.64 }

160 —

0.62 |
0.6

140 |
mg= 2 TeV

(GeV)

D058

CcO

SIR

0.56 |

m

120 — —

0.54]

0.52 |

O Ir [ | ‘M(?:‘R‘I‘(?KI‘A\ e e A | | I |_ 10? 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 | 1 1 1 1
'5170 172 174 176 178 180 182 184 186 188 o0 105 e 15 120
m(stop) (GeV) m,, (GeV)

Berggren, Keranen, Nowak, Sopczak (1999) Carena, Quiros, Wagner (2001)

« |LC will quickly establish whether EW Baryogenesis is possible
« CP violation: Bartl et al., Zerwas et al., Barger et al., and others

« LCCH5: Graf, Strube et al.
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CONCLUSIONS

« Cosmology now provides sharp problems that
are among the most outstanding in basic
science today.

* They require new particle physics, cannot be
solved by cosmological tools alone.

* In many cases, the ILC provides an essential
tool for discovering the answers.
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