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We Rinow

Dark matter Ls ...

cold (nown-relativistic)

22 % of the Universe

nown-ba @ow’w

wearly tnteracting (collistonless)

C. Balazs, Argonne National Laboratory

Supersymmetric dark matter

Aspen, February 17, 2006  4/40



Cola

— Galactic structure requires cold dark matter

® CDM collapses first, attracting matter Later

- TTI'II'| ¥ T ]ITI'I'I'I T L II'!I'II L T Il'IIIII T T 'I'IIIIII

E 0.1 |
= HDM
©
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2 4 Intergalacticfgas clumping
W i
E -Gmwtatn.:na[i lensing
] .

el @ SDSS galaxy clustering

# Cluster abundance
i
0.0001 ® Cosmic Migrowave Background

|

10 100 1000 10000 108
Scale (millions of lightyears)

Maroto,Ramirez astro-ph/0409280
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22 %

— E balance a 'la FrRW: % = O+ QA + Q. po=3H2/2864, Hy=FLE4RM/S/Mpe

3 T T T ] ' T T v ] I ] ] )
' No Big Bang
2 -
Supernovae
1
Q_-‘\ " ~
' CcCMB
0 L -‘-.
Clusters CJE,',‘.C
% T
4 i i
3
1 i i i 1 |
8] 1 2 3

® SNe, WMAP,SDSS: (), =0.27F0.04 O\ =0.72+0.04 )y =1.02F0.02
® direct, independent, precise, consistent observations — robust result
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Now—ba@w\fw

— Matter content: Q=0+ Qo + )+ Onp with ), (), < 0.015

Baryon density € h2

0.005 0.01 0.02 0.03
:

0.25

0.24 T T T e

RRETUTRNNRR S
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10—3 |
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109

TLi/H |

(%)
T
1

10—10

1 PDRBR 2005

2 3 R 5 6 7 8 9 10
Baryon-to-photon ratio n,

® BBRNECMB, cosmic concordance: by = 0.044 =0.004= iy = 0.22F0.04
® new form of matter: non-baryonie, stable

—
III|
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wWea l@Lg lnteracting

— Gravitational lensing — mass dist'w of CLOO24 +1e54 galaxy cluster

http://www.bell-Labs.com/news/1997/ january/15/1. html
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wWe don't kRmnow

Does Lt exist?

How to dlrec‘ch detect/create Lt?

why ls it 22 % (now)?

what Ls [t?

C. Balazs, Argonne National Laboratory

Supersymmetric dark matter

Aspen, February 17, 2006  9/40



Park matter - specutat’ww (an bncomplete List)

dark tntergallactic gas, invistble nebulae; prlmordim black holes, Lntermediate
mass black holes; MACHOs (massive compact halo objects): very faint stars, nel
trow stars, broww stars, large or simall planets, football size rocks; extra dimen-
stonal particles: bulk black holes, parallel branes, intersecting branes, branons
(brane excitations), LKPs (lightest Kaluza-Klein particle), Kaluza-Klein neu-
trino, Kaluza-Kleln partner of the photon ( B.) or neutrino (v;), LZP (lightest
Z- charged Kaluza-Klein excitation), radion, extra dimensional SUSY parti-
cles; WIMPsS (wemfeLg Lnteracting wmassive particles), superWIMPs, EWIMPs
(extremely weakly interacting particles), WIMPZILLAS (extremely heavy
weath Lnteracting massive part’wtes) ; SUpErsy mmetrie part’wLes: neutralinos,
cold gravitinos, warm gravitinoes, scalar neutrinos, stinglines; LTP (lightest
T—par’utg odd particle), SIMPs (strowgtg Lnteracting massive parthLes),
CHAMPs (charged wassive particles), heavy double charged Leptons, heavy neu-
trinos, right handed neutrinos, cryptons, cosmic strings, @-balls, moduli
fields, axions, axinos, self-interacting particles, self-annihilating particles,
fuzzy dark matter, gauge singlet scalars, ultra light pseudo-Goldstone bosons,
fourth generation baryonic matter, non-standard baryons, X particles, mirror
matter; wmodifieo @mvitgz MOND (modified Newtonian d@wamics),
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Supersy mnetrie darvike matter - sPecuLatLow

— Lot of Lnteresting developments
o (left or right handed) sneutrino LSP de Gouvea et al.
o SLV\/@ lino LSP suematsu et al.
® SU(5), SO(10) or other unified models Baer et al.
® Yukawa guasi-unification Lazarides et al.
® non-minimal SUGRA models Baer et al.
® split SUSY and it's variations Arkani-Hamed et al., ...
® supersymmetric Little Higgs shirman et al.
® string lnsplred models pimopoulos et al, Allanach et al, Moretti et al., ...
® partly supersymmetric moolels Masip et al.
® Loop contributions Nevzi et al., Barger et al.
o ..
o (in)direct detection, collider Lmplications ... - next talk

— lwon't talk about dark matter in any of the above SUSY scenarios
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Thermal relics

— Wh Y would dark wmatter be made up bg EW scale particles?

— WIMPs as dark matter oot AL A
& T > M,y : equ’LL'Lbr'mm n.oclnl
XX — SM 10-8

10-7 Increasing <o,v>

® T <wm,: Boltzmann phase
N~ —(0'@&{ VY (NZ — qu)
N = Ngq ~€—V%/T

10-8
o N T —
10-10

10-11

Comoving Number Density

T <M ~Tg: {reezeowc 12 h“w ________ -
N ~constant Y S S AR
® relic abundance : o
N~ Qepp ~ 10“:
2/ [, O v) dx o =
Oopf = Oopy (@), my) x=m/T (time -)

— WIMP great CDM candidate:
® neutral, stable (paritg), wow—ba@omc, non-relativistic

a /7 /7
® Ty ~ W\XI ~pb, My ~ 0.1 TeV = Qepp ~ 0.1 'remarkable colncidence' !
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what s darke matter? (A particle theorist's view)

— WIMP properties

ELEMENTARY
PARTICLES

| =i
0y
| -
= =,

Three Generations of Matter & Formila 95759

Force Carriers
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what s darke matter? (A particle theorist's view)

— WIMP properties

® stable ELEMENTARY
PARTICLES

L % gu!'

[
clectron neutrinn mimin nouitrish Li% REUEFIn

Force Carriers

choitnom aum A i

I II II

Three Generations of Matter © Fermilab 95-750
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what s darke matter? (A particle theorist's view)

— WIMP properties

® stable , ELEMENTARY
® now - baryonic PA_RTICLES

B

(¥

S

= = d_}

t':l feel! h
-
% U
)

‘8 clectrom neutrino W muson nedtriv L Aeutrin U
o e
D o
i choctnim auon g au m

I II II

Three Generations of Matter © Fermilab 95-750
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what s darke matter? (A particle theorist's view)

— WIMP properti,es

® stable , ELEMENTARY
® now - baryonic PARTICLES

® now - relativistic

1)

imma

D

L -

St

(g

& . .

.-:"Ilr w

8 ey A e W

o v . 2=

D N XA 0 O

_— r‘.r-:'lrl.lu. il o | m
I II III

Three Generations of Matter O Fomilat 95.758
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what s darke matter? (A particle theorist's view)

— WIMP properti,es

® stable , ELEMENTARY
® now - baryonic PA_RTICLES

® now - relativistic
® weakly interacting

Force Carriers

W
= /
-
o K21 B
"'-J e N i .-'-i il |
I II III
Three Generations of Matter & Femila 95-759
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what s darke matter? (A particle theorist's view)

— WIMP properties
® stable
® NOW - bargow'w
® now - relativistic
® weakly interacting

New phgs’ws !

— New matter originates from
o supersgmmet@ - LSP
® new space dimensions — LKP
o little Higgs + T parity — LTP

® — .. . > LXP

ELEMENTARY
PARTICLES

N\,

(¥

-

o L 9

-

.r:--.'. h

©

n U

D

SN Y 2 )~ B

o N v —

ey i XA S o

il o / L.
I II III

Three Generations of Matter O Fermiab 95759
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New phgs’ws? what new phgs’ws?

— WIMPs: LSP, LKP, LTP, LXP ...
— Quantum system: bosonic § fermionic harmonic oscillator

o Hamliltonian: = )7 _ (pP+w? ) [2= w5, bl +{F*, FH)/=2

o [4, 0= (F, £ =1, [b 0= 0% 0] = (6 Fl=.. = If*, £ =UF, £l =
— Generators of super-tra ws{ormatiows
=V2w 0t ¥, @ =20 bt transform bosons < fermions

® casy to show: |+, @]l =0 Le: H s supersgmmetrlc

— MSSM: minimal supersymmetric version of the standard particle model

® SUSY: protects Low Higgs mass from quantum corrections, generates
dynamics of spontantous BWSE, unifies gauge couplings, bmproves fits to w
data, predicts stn® 6@ (w GUTS), postpones proton decay, ...

® superpartners: fermionic/bosonic coples of standard particles (Z, 2EZ.)
o R-parity: Pe = (—1)*(B79*2S s particles even, superpartners odd

® LSP: lightest superpartner is stable
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LSP candidates

— Neutval standard fields anad thelr superpartners in the MSSM

SPLIANMASS | Mzp | My | Mo | 1 | 1 | WMy | My
2 G
3/2 S
1 B | W’
1/2 B A’ #:h,t f:h;{ 0 V;
O He | Ha | Q v,

— Neutral qu)erpmticLes

o sneutrine: U < 0.1 Uf my = few hundred Gev

’ ~ ~ ~ 0O ~
neutraline: Z; = ngy B +npp W +ng i Hy, 10 GEV S mz s 1 TeV

gravitino: spartner of graviton, m

axino: spartner of axion

singlino: massive, stable, neutral partner of Z' in gauge extensions

pauge stnglet sealars

C. Balazs, Argonne National Laboratory
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what is the LSP? « How s SUSY brolken?

— Sparticle spectrum
— QUT scale BCs
« SUSY breaking
— Hidden sector moolels
SHSY mediated by
® gravity : MSUGRA
LsSP=2,
® gravity : AMSE
LSP=2,
® Haugela.s : GMSe
LSP =G
® paugines : G MSB
LSP=2,

Running Mass (GeV)

800

400

=00

—=200

® brawe/vadion/... mediation

5 10
Log,,(Q/GeV)

olive 2003

C. Balazs, Argonne National Laboratory
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Neutralino darlke matter

— Z properties M; = 500 GeV
o ctuble (ln wmodels with R)
® Nown - ba@ow’w, weakly La 900
® ass ~ ewW scale
— Z; mass elgenstate = 700 |
hag Bty B b We 2D Higgsino
— Z, velic abundance @; c00|
2z, ~ 0w =
aodwixture O, Q-
BLno sm;lﬁft Lo rg;el 300
Higosino  large small
Wino huge tﬁng 1008 ‘ ‘ | ‘
100 300 500 700 900

u (GeV)

Baollzs 2005
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Neutralino darlke matter

— Z; properties
0.01 T
o ctable (ln models with R) 0.001 |
® von - baryonic, weakly in o

® nass ~ ew scale
— Z, mass elgenstate =

- T
s 3
& @

-—
e T - -
. o — - —

Wiz é + Ny ’:fz + Nz ‘/7/3
— Z, relic abundance

10-10
10-“

D e T —

10-12

Comoving Number Density

oo e
10-14

a 0{ V\A«L)(tl/(— V@ g&& Qii - . e

7 o 10-18
BLAD small Laroe -

1 1 10-10
Higgsino  laroe small o
Wino huoe tiny 1o - sl

x=m/T (time -)

Kolb, Turner 1989
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MSUGRA (CMSSM)

— The paradigm
Lop~n B B+ 5 g Ay Ay + 25 A b B Pe O M B H, Hy
® universal BCS at Mour = o, mypn, Ao, B (Legacy of old SUGRA models)
® B istraded to v, /vy =tanf
o yadiative electrowenlke symmetry breaking § m > = u* = sign(u) is free
® (SM-2+) 5 free parameters; MSSM valld from Meyr to Mey, =
(s)particle spectrum can be caleulated at Mg, using RGE
— The bino
® M;/My ~ 1/2 < gauge unification
o |u| fixed < radiative electroweak symmetry breaking

= 2, ls bino tn most of the MSUGRA parameter space
Many, many studies: Roszkowskl, deAustri, Nihel; Djouadi,Drees,...;

de®oer, Huber,Sander, Kazakov; ELLLs,OlLve,...; Baer, Ballzs,...
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Dark matter = neutralino (An example)

2000

1750

1500

1250

m,, (GeV)
S
8

750

500

250

0

mSugra with tanp = 45, A, =0, L < 0

+% No REWSB  x Tachyons
x 21 not LSP
x LEP

0

1000

2000 3000 4000 5000 6000
m, (GeV)

®Baer, Ballzs JCAPO305 (2003)

C. Balazs, Argonne National Laboratory
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Dark matter = neutralino (An example)

2000
1500 |

1250 Rl

m,, (GeV)
Py
S
S
e

750
500 | %

250

mSugra with tany = 45, A, =0, L. <0

+% No REWSB X Tachyons

X .Zj not LSP
x LEP x LEP2

GENIUS  CDMSI  CDMS

2000 3000 4000 5000 6000

m, (GeV)

BaCr,BALUZS JCAPOZ05 (2003)

C. Balazs, Argonne National Laboratory
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Dark matter = neutralino (An example)

mSugra with tanp = 45, A, =0, u < 0

2000 +% No REWSB % Tachyons
S % Z, not LSP
S8 16 :
1750 e x LEP x LEP2
‘28% . 14 GENIUS CDMSH CDMS
1500 %;ﬁ%\ — T N 13173
S5 12
1250 B
= R my (GeV) = 114.1
@ PSS 10 _
< 1000 <)§> m, (GeV) =100 200
E R 5 g AT e G
750 Rpimn
6
3
500 \ﬁ ‘ 4
250 >
0 }JT}Il.{j[ ettt et B ()
0 1000 2000 3000 4000 5000 6000
m, (GeV)
Baer, Ballzs JCAPO305(2003)
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Dark matter = neutralino (An example)

mSugra with tany = 45, A, =0, L <0

2000 % +% No REWSB %X Tachyons
I ( % % Z, not LSP
RN 16 ;
1750 5025 x LEP X LEP2
RS . 14 GENIUS CDMSH CDMS
150.0 %;{%\ = — e T (e
RS
(2SR 12
]
1250 RS
= R m, (GeV) = 114.1
3 oo | " -
I 1000 By m, (GeV) =100 200
X )§: 3 g alTeHTmAon
S R
750 K
6
pC: Y
00 R ; = 4
250 =g
0 HT}I{.{“ e B
0 1000 2000 3000 4000 5000 6000
m, (GeV)

BaCr,BALUZS JCAPOR05 (2003)
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Dark matter = neutralino (An example)

2000
1500 |

1250 Rl

m,, (GeV)
Py
S
S
e

750
500 | %

250

mSugra with tany = 45, A, =0, L. <0

+% No REWSB X Tachyons

X .Zj not LSP
x LEP x LEP2

GENIUS  CDMSI  CDMS

2000 3000 4000 5000 6000

m, (GeV)

BaCr,BALUZS JCAPOZ05 (2003)
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Dark matter = neutralino (An another example)

—can g § Qeppm LE slmuttaweous% generated tn BMSSM?

o Cawn we predict all the matter content of the Universe correctly?

Input parameters:

140 tanP = 7, m, = 1000 GeV, Arg(u) = 1.571
M,=M,g5/g7, Arg(M,)=Arg(M,)=0, M;=1 TeV
my,=0GeV,m,,=15TeV, X = 0.7 TeV

120 My My My, o= 1TeV

‘;%,: My o Mgy o M) 5 = 10 TeV
O
;190 Legend:
= om,>my,
80
60

100 150 200 250 300 350 400 450 500
Ul (GeV)

Balazs,Carena, Menon, Morrissey, Wagner 2004

C. Balazs, Argonne National Laboratory Supersymmetric dark matter Aspen, February 17, 2006  32/40



Dark matter = neutralino (An another example)

— can Ny § Qeppm LE simuttaweoustg penerated tn BMSSM?

® Can we pred’w’c all the wmwatter content of the Unlverse aowec‘ctg?

Input parameters:

tanP = 7, m, = 1000 GeV, Arg(W) = 1.571
M,=M,g5/g7, Arg(M,)=Arg(M,)=0, M =1 TeV
My, = 0 GeV, my; = 1.5TeV, X; =07TeV

140 |

120 My o My, mm:ITeV
My 5 My = 10TeV
% My o My 5 My, o= 10 TeV
O
\:100 Legend
E = o v
_ B m,>m,, V7l my,<103.5GeV
80 | B Qh>0.129 | QW <0.095

B 0.095< QKW <0.129
G, = 3E-08 3E-09 3E-10pb

my = 120 100 80 GeV
% i _ d

i ' —— e . = 1E27 12E27 14E27ecm
| i

100 150 200 250 300 350 400 450 500
lul (GeV)

Balazs,Carena, Menon, Morrissey, Wagner 2004
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Dark matter = neutralino (An another example)

— £,-Z, coannihilation Lowers the neutralino relic dewsf,ta

to agree with WMAP where m; ~ mz,

140 F

80 %

f S,
|/, e .
100 150 200 250 300

lul (GeV)

400 450 500

Balazs,Carena, Menon, Morrissey, Wagner 2004

Input parameters:

tanP = 7, m, = 1000 GeV, Arg(W) = 1.571
M,=M,g5/¢7, Arg(M,)=Arg(M,)=0, M =1 TeV
My, = 0 GeV, my; = 1.5TeV, X; =07TeV

Moo 1 m3:1T€V

L_'j’:l

E3 D

My 5 My = 10TeV

My o My 5 My, o= 10 TeV

Legend

0 m,>m,, 7] mWJ.{IOj‘.E GeV
B QK >0.129 QI <0.095

B 0.095 < QW <0.129

. = 3E-08 3E-09 3E-10ph

My =120 100 80Gev

d = EZ? 1.2E-27 1.4E-27 e cm

[
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Dark matter = neutralino (An another example)

— Avunihilation via the 4° (4°) resonance also Lowers the neutralino relic

abundance to agree with WMAP where 2z ~ mp(40)

Input parameters:

tanP = 7, m, = 1000 GeV, Arg(W) = 1.571
M,=M,g5/g7, Arg(M,)=Arg(M,)=0, M;=1 TeV
My, = 0 GeV, my; = 1.5TeV, X; =0.7TeV

140 F

120 My, My, my .= 1TeV
My 5 My 5 = 10TeV
'%“‘ Moy My My, = 10TeV
9:100 Legend
S S om > my, /4 my,<103.5GeV

Bl Qi°>0129 [ QKW <0.095
B 0.095 < Q¥ < 0.129

}{ o, = 3E08 3E-09 FE-10pb
= m, = 120 100 80 GeV

Ix‘ d, = lE-27 -}-.-;-’:E—Z?’ 14E-27 e cm

- e = et o5

80 %

[ |/. P e S .
100 150 200 250 300 Z,U 400 Ql[
Il (GeV) -

Balazs,Carena, Menon, Morrissey, Wagner 2004
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Dark matter = neutralino (Another example)

& Hall, Nomura; Dermisek,Mafl (To1)
T vistble brane bulle hiddewn brane
MSSM matter MSSM gauge (Higgs) 3X2X1 stnglets
SU(5) P SO(10) —b—ﬂf G
IWOMSB orbifold orbifold

4D N=0 ¢—— N=1 ¢— 5D N=1 SUSY —> 4D N=0
Mg EM;>0, mpx A = By O closeol

> Y
— G ean be @ Patl-Salam: SO (EI)XxSO(4) ~SUHA)IXSUR ) xSUR) =
o ceorgl-glashow: (flipped) SU(5)xU(L), or

o \weinberg-salam-glashow: SU(B) oXSU(R ) ( xXU(L) y
— If § = SUB) XxSU(2 ) XU(L) y = My My 2 My arbitrary
= for ¥V u I (M, Mo} giving the right Z,; adwmixture for WMAP!
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Dark matter = gravitino

— [s It guaranteed that dark matter tnteracts with electrowenk stremgth?

— If graviton LSP and 001
WIMP NLSP with 0.0001
10-®
T(WIMP = G)~Mp2 [ M,° = 107 ,
:'n.ig 10-7 Increasing <o,v>
' S oo
= NO! 8 :z hh“"}j/ ________
® gfter WIMP freezes 8 10
) o E 10-1 V
it decays to 4 Z g0\ T
o _
~ ’ ’ .E 10-12
® & nheritts WIMP relic E 10-14 V
dews'z,tg S
® C interacts only e
gravitationally . .
o ong hope producing x=m/T (time -)
WIMP at colliders
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Dark matter = axino

— Spartner of axion is viable DM candidate
® m; ~ eV - TeV a free parameter, couplings better kinown — relic density
® voth thermal and non-thermal production Ls possible
o enmbedded in MSUGRA: axino complies with WMAP

Tr = 50GeV, ma >~ mNLSP Thr = 200GeV, mg = 1GeV

Eﬂﬂ'ﬂ T I T I l T T T T zﬂ{}ﬂ '| T L] T L] I T T L] T '| T T L] T
tang=10, A,=0, u>0 - tanf=10, A,=0, p>0 4
1500 - 1500 —
= i < 7
@ @ n
2 1000 = 2 1000 —
g ] g ]

500 500

7 NLSP 1
(20) _

[ i i [ i | ﬂ [] I i i [ i | i [ [ i

500 1000 1500 2000 500 1000 1500 2000
m,y (GeV) m, ,, (GeV)

Chol, Roszkowskl 2005
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Begowo{ the (MS)SM

— Modifications of the Higgs potential
V(@) = p [OF-A|@[*+L D)%,

® case the upper Higgs mass Limit
from EWRG, openling up more

'Pﬂ ra. space

arojean, Servant, Wells 2004

® this potential can be derived by
decoupling a heavy scalar that

couples to the Higgs sector

— Stnglet extensions of the MSSM, Like

® WMSSM
N = WMSSM_FA“% /_7,1/'7L2+
® NMSSM

2
5

AQ

S

W= Wineem +AS . H + K S

ofter more flextbility and
easyly satisty WMAP

Menown, Morrissey, Wagwer 2004
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S Vﬁ

— (Too) many darke matter candioates

— (Too) MANY SUPErSY mmetrie scemarios

A glance at SPIRES reveals that there are in excess of 3,000 papers discussing
extra dimensions models which fit into the above categorization. I can summarize
the current status of these extra dimensions models in two bullets:

— There are too many models.
— INone of them are any good.

LYyRRen hep-ph/050314€

® (too) many of thew are good (com,tmrg to extra dimensional ones:)

® cxtensive experbmental tnput from cosmology, astrophysics, direct and
Lnolirect dark wmatter searches, Tevatron, LHC, ILC, low energy
experiments (9—2, b—osy, ¢7EDM, ...), ete. is vital to flgure out:

what dark matter is made of
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