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 ACDM: THe Standard Modél

"How helpful is astronomy's
pedantic accuracy, which | used
to secretly ridicule!”

Einstein’s to Arnold Sommerfeld on
December 9, 1915 (measurements of
the perihelion advance of Mercury)
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Radiation:
0.005%

Chemical Elements:
(other than H & He) 0.025%

Neutrinos:
0.17%

8 Stars:
. e 0.85%
If | had been present at creation, | would have suggested a

simpler scheme. - Alfonse the Wise
| g N1 & me

Cold Dark Matter:
(CDM) 25%

Dark Energy :

+ inflationary perturbations
P (A) 70%

+ baryo/lepto genesis



Nmty Frve Percent of the’ Unlverse
Dark I\/Iattef(ZS%) Dark Enerqv (70%)
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Pulls thlngs together . Bushes thtngs apart

Attractrve grawty ' r *Re_pylsrve grawty
A New partlele specres’? - Welght of space‘?




Inner Space / Outer Space




The Conetructlon of a mgdel ‘consists of snatchm_g from
the enormoug and Complex mass of facts called reality a
few srmple “easily managed key pomts—whlch becomes
for Cer‘tam purpqses a subshtute for reallty |tself |

Seid Evsey Domar
.20”"-cenwry economlst

Eccentric ‘ & Thls cosmologlcai rﬂodei S
( X () — agreed ‘with dbservations
Earth Equant -7 v =o~for 1300-yearst . .o .
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. Best-Fit’
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quocg epicyclum huc‘modo. Sit mundoac Soli homocentrus
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IN THIS HOME
WAS BORN FRITZ ZWICKY -
THE ASTRONOMER
WHO DISCOVERED
NEUTRON STARS
AND THE DARK MATTER
IN THE UNIVERSE.

. Fritz Zwicky 1930s
~ Swiss ETHZ,
*Weyl & Scherrer

Varna, Bulgaria

.

GAlaxy Clusters (e.g., Coma)
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-, Dark Matter =~
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velocity M33 rotation curve

100 observed T
km/sec | |
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Weak Lensing *

observe °
deflection
angle
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Observer

.

Mass of lens determines angular'size of ring







Abel 2218 HST
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Periodic Table — Cosmologist

Metals




The Universe Today

73% Hydrogen (10 2H-deuterium)
26% Helium (10> 3He)
1% Metals

The Universe 3 minutes AB

76% Hydrogen (107 2H-deuterium)
24% Helium (10> 3He)
1078% Lithium

Big Bang Nucleosynthesis (BBN)




Dark Matter Q;h?~0.02
H, =100h km s~! Mpc™! i
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tructure Formation

Kravtsov




. X-Ray Temperature of Galaxy "C__:fiu.sger__s' .
Coma Cluster 1
in X rays with -
\____/lsua1 image -
superimposed

X-Ray

temperature .
. |measures - -
‘depth of.

grgntatlonal




.~ Dark Matter
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cluster dynamigs - Dark Matt.er

grayitational I'erjéi'ng

observed
S B o

34

luminous
disk

distance kpc

rotatlon CUrves

cl’Uster colllsmns
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Dark Matter

Navarro, et al.




Oxford English Dictionary ST [

SiH]lllatiUI] SECOND EDITION 1989

slim-sim

[ ]

simson Pronunciation Spellings Etymology Quotations Date chart
sirmul

simulacral, a.

1. a. The action or practice of simulating, with intent to deceive; false pretence,

sirnul i i
imulacre deceitful profession.

simulacrum

simulance

simuland 1340 Ayenb. 23 And perof wexep uele zennes, ase arizthalf; pet is to wytene: lozengerie,
simulant, a. and n. simulacion. ¢1400 Rom. Rose 7230 He nys no full good champioun That dredith such
R S similacioun. 1412-20 Lypc. Chron. Troy 1v. 4504 Amonge hem silfe to bringe in tresoun,
5?”“':“‘3"3’:'"- s | | Feyned troupe and symulacioun. 1542 Uparr, Erasm. Apoph. 170 He..did with mutual
simulate, v

simulacion on his partie cover & kepe secrete the colorable dooyng of the saied feloe.
1577 tr. Bullinger's Decades (1592) 319 This precept doth commaunde vs..that..wee doe
our neighbor harme..neither by simulation nor dissimulation. 1611 Sereep Hist. Gt. Brit.
vi. (1632) 114 His nature relishing too much of the Punick craft and simulation. 1692
SourH Serm. (1697) 1. 525 A Deceiving by Actions, Gestures, or Behaviour, is called
Simulation, or Hypocrisie. 1711 SteeLE Tatler No. 213 pl Simulation is a Pretence of
what is not, and Dissimulation a Concealment of what is. 1788 WesLEy Wks. (1872) VII.
43 Simulation is the seeming to be what we are not; dissimulation, the seeming not to be

simulated, ppl. a.
simulately, adv.
} simulation
simulative, a.
simulator
simulatory, a.

simulcast, v.

;::E:Zru what we are. 1836 Lanpor Pericles & Aspasia Wks. 1846 I1. 379, I wish he were as pious
S s as you are: occasionally he appears so. | attacked him on his simulation. 1872 SHIPLEY
simuliid, n. and a. Gloss. Eccl. Terms 71 Fraud.., whether it consists in simulation or dissimulation.

simulium

simultal, a.

b. Tendency to assume a form resembling that of something else; unconscious

simultanagnosia T _
imitation.

simultane, v.
Simultaneism

TRy 1870 MarcH Anglo-Saxon Gram. 28 Simulation. The feigning a connection with words of

similar sound is an important fact in English and other modern languages: asparagus =
sparrow-grass.

simultaneous, a.
simultaneously, adv.
simultaneousness
simultation

simulty’ 2. A false assumption or display, a surface resemblance or imitation, of something.
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Most of the matter is dark and it's not even “normal” stuff!




Dark Matter
Modified Newto.n'ia

Ro'gue Planets

-

Mass challenged

Black iho]'gé

* Particle reI’ic"frgryn t

—

Velocity = Mass
X Acceleration




Particle Dark Matter
* neutrinos & S v ig(bBOt). )
- sterile neutrinps, 'gravitinos : . (warm)

Lol = thermal relics
* Lightest supersymmetrlc; o . ,

. nghtest Kaluza Kleln partlcle .ﬁ' '

 B.E. C S, aX|ons axion cluste-rs

* solitens (Q-'bal’rs,- B-balls, odd-balls, ) -':,N—-'n’c'j"hﬁtheﬁrmal r_eli}:s
\ W

- supermassive wimpzillas.'© ]
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— ]

Mass range « /| | Interaction strength range
10-22eV (107°%9) @.’E.C.s 2 1| Only graVitatio-naI:win\mzillas |
10*Mg (107*°9) axion clusters |f Strongly interacting: B b\alls

—

~— |




Yolume 207, number 1 PHYSICS LETTERS B 9 June 1988

NEUTRINO MASS AND MIXING
IMPLIED BY UNDERGROUND DEFICIT OF LOW ENERGY MUON-NEUTRINO EVENTS

John G. LEARNED, Sandip PAKVASA, and Thomas J. WEILER !
Department of Physics and Astronomy, University of Huwail at Manoa, Honolulu, HI 96822, USA

Received 14 March 1988

Recent observations of a deficit of cosmic ray muon-neutring interactions in underground detectors suggest that the muen
neutrinos may have oscillated to another state. We examine possible neutrino mass and mixing patterns, and their implications
for vacuum and matier effects on solar neutrinos, on neutrinos passing through the earth, and on terrastrial neutrino beams. By
invoking the see-saw mechanism of neutrino mass generation, we draw inferences on closure of the universe with neutrino masses,
on the number of generations, on t-quark and fourth generation masses, and on the Peceei-Quinn symmetry breaking scalc.

Testable predictions are suggested,

PHYSICS LETTERS B 9 June 1988

as much as 50%. (b) Atmospheric electron-neutrinos
and muon-neutrinos (not antineutrinos) coming
(6) through the earth at £, ~ 50 — 150 GeV have matter-
enhanced oscillations and the muon-neutrinos
down/up flux ratio should be even larger than the
nonmatter-enhanced expectation (for energies ~ 1

e find

flux is de-
1o estimate

— wrreaced hv

(d) Relic tau neutrinos have sufficient energy den
sity to close the university

B T LR VL LV

ag angle is (d) Relic tau neutrinos have sufficient energy den-

sity to close the university [11] (thus favoring hot
dark matter over cold): the tau-neutrino mass may
(8) be determined from the time spread of events from a
galactic supernova. (e) There are only three genera-
tions: the mass of a fourth-generation heavy lepton is
bounded from below by the UA1 data [12] and from

und (from
-are forced




WIMPy Neutrinos

Neutrinos ‘exist:

three active + sterile?

Neutrinos have mé
Atmospheric (10~ e\”/
Solar (103 eVv) —

Contribute% Q)
hot thermal rellc

m

| 4

47 eV

Not most of dark matter:
' 4| January 26

too light¥"too hot!

i3
i

Ballard Fi'i-ehouse

February 9
$3.00
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Particle Dark Matter
* neutrinos & S v ig(bBOt). )
- sterile neutrinps, 'gravitinos : . (warm)

Lol = thermal relics
* Lightest supersymmetrlc; o . ,

. nghtest Kaluza Kleln partlcle .ﬁ' '
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WIMPy Sterile Neutrinos (or Gravitinos)

« _weaker interactions

~—decouple earlier

e diluted more

e canhavelargermass. . ¢\ g
. smallerveloglty than neutrans ‘warm” \

(

Particle models With sterile neutrinos (or gravmnos in desi\ed
mass rangé are “tnfashionable’ (IMO). =

N




Particle Dark Matter
* neutrinos & S v ig(bBOt). )
- sterile neutrinps, 'gravitinos : . (warm)

Lol = thermal relics
* Lightest supersymmetrlc; o . ,

. nghtest Kaluza Kleln partlcle .ﬁ' '
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_ Cold Thermal Relics*
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% Fermi National Accelerator Laboratory

FERMILAB-Pub-77/ 41-THY
May 1977

Cosmological Lower Bound on

Heavy Neutrino Masses

BENJAMIN W. LEE
Fermi National Accelerator Laboratory, Batavia, Illinois 60510

AND

&k
STEVEN WEINBERG
Stanford University, Physics Department, Stanford, California 94305

ABSTRACT

The present cosmic mass density of possible stable neutral
heavy leptons is calculated in a standard cosmological model.
In order for this density not to exceed the upper limit of
ZXlD_ZQg/cm3, the lepton mass would have to be greater than

a lower bound of the order of 2 GeV.

* %
On leave 1976-7 from Harvard University.

e ®
e Mnarated by Lniversities Research Association Inc. under contract with the Energy Research and Development Administration
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dn _ _ 3R _ _ 2 N
e = =0 <ov>n® + <ov>n, * (2)

Here n igfthe actual number density of heaviy\neutrinos at
time t; is the cosmic scale factor; <ov> is thM\ average value
of e Lcio annihilation cross-section times the r&ative velocity

d ng is the nu lLer density of heavy neutrinos in th al (and

chemical) equilibriums:
w
~1
ng (T) = ﬁ? S 4np2dp [exp ((mL2+pz)%/kT ) + 1] . (3)
m

(We use units with }M=c=1 throughout.)

b Y e e e i = o | 2 T FaN

%{B- n - <gvsn® + <ov>n02

o
=3

|

Oy
”

where p is the energy density

o = Ngar? = nr? (xm) ¥/15 (5)
with NF an effective number of degrees of freedom, counting %
and 7/16 respectively for each boson or fermion species and spin

state. For temperatures in the range of 10-100 MeV (which most

: g - = - +
concern us here) we must include just y,ve,ve,uu,vu,e , and e ,

s0 NF = 4.5, a value we will adopt for most purposes. However,

if current ideas about the strong interactions are correct, then

N, rises steeply at a temperature of order 500 MeV to a value'

NF * 30,

To estimate <ov>, we note that the heavy neutrincsmust be

guite non-relativistic at the temperature Tf where they freeze




n (2 em)

2 2
s <OV> = Gp m N, /2m

{l

0.5GeV(Ng=4.5,Na=14)
1GeV(NE=4.5,Np=14)
2GeV(Ng=4.5,Np=14)

5GeV(Ng=4.5, Na=17)

I0GeV(NF=30, Np=17)




Cold Thermal Relics Are WIMPs

() = Cross section (& m'as-s ?).of order weak scale
WIMP (Weakly Interacting Massive E'articl_e)“

. A b
. mF-a:cle—

“Mmir-i-kal \ \\ |

\ noun \ )

\

s 1 .o - | |
mm ' [ 1 -an-extraordinary e\/ent-mahifesting

* . divire intervention in h‘uman\af\fairs ‘

% _x
a novel by Eik P Kraft

'~'Goincidehee~or{7‘ausatior\?f—\

N




WIMPs |

Goal: Discover-dark matter and its role in s'hap'ing the universe

Particle Physics:
Discover dark matter. add |
grounded In phyS|ca. R
embedded in an overarchmg physrcs deeI/theorW

Astro thsrcs
Understand the role of dark‘ ‘matter in-..
.~ formation of structure

— — \ —

./. evolution of structu re.

._WTMPé': - & b € Y g

WIMP must be/a BSM (but perhaps no.\t far BSM) partlele

N’ N’

massive; stabl)el Weakiy” interactlng SU(3)C X U(l)EM\ elnglet

e——




WIMPs |

Too gqu to be true? -

X+q—>X+q\

\

ﬂ_. Q :>GP\




i:ix%?:

\
\
\
\ X+X—>0q+7q q.Qy =0 «
1
1
\

Relative abundance

| | ‘ q X

10 M/T 102 TN q+g > X +X

B e "R TR
Not quite.so simple: =™ . No qmte SO S|mple\

e i P —

. velbcitﬂepende'nce’,\ . velomty dependence
_.* Go* anmhllatlon * local phase-space density
--resonances . - = flavor depe\ndence

* superwimps /-’ = A Co- production \ ‘

- dependence on M, g.,. " +yi * Sommerfield enhancement’

\_.__ p—

N




Nuclear Physics B238 (1984) 453-476
© North-Holland Publishing Company

SUPERSYMMETRIC RELICS FROM THE BIG BANG*

John ELLIS and J. S. HAGELIN

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305, USA

D. V. NANOPQULOS. K. OLIVE', and M. SREDNICKI*
CERN, CH-1211 Geneva 23, Switzerland

Received 16 September 1983
(Revised 15 December 1983)

We consider the cosmological constraints on supersymmetric theories with a new, stable
particle. Circumstantial evidence points to a neutral gauge /Higgs fermion as the best candidate for
this particle, and we derive bounds on the parameters in the lagrangian which govern its mass and
couplings. One favored possibility is that the lightest neutral supersymmetric particle is predomi-

1 #= ap .-



SUSY WIMPs

Favorite cold thermal relic: the neutralino-

Neutralino:
P/=aB+ WP + yHO +oH

M., and interactions:

100+ paréme’g,ets of SUSY

g N

—

cMSSK
M, [ m,, , tang A, , sign u

—

cMSSM Parameter
focus point Space Projection

region

rapid annihilation

mh‘ b—’S-'Y fllll.llel

co—annihilation region

Charged LSP




SUSY WIMPs

* Typical SUSY models consistent w/
colliderand other HEP data have °
too small annihilation cross sectlon. |
— too large QQ

cMSSM Parameter
focus point Space Projection

region

IIII_LL]IJ.I_II_LI.JJ.LJ.Lllil.l. .

) Nee.d‘.chicanery g incr.e.ase ' g > ) 3 X rapid annihilation
annlhllatlon cross’ section . 3 |4 i RS e
— s-channel resonance through light e T
HandZpoles _
— co-annihilatiomwith or £ . _ \
— Iarge tanﬂ (S-Channel annthilation: ' co—annihilation region
via brogd-A resenance) ' : ! ;
— high values of m~LSP nggsmo- \ : .
Jike &/annihilates into W & Z pairs ] s . Charged LSP
— (foeus point) : ;

= e s N

— or, unconstrained mi,,

Ellis, Olive, Santoso, Spanos




mass {GeV)

400
&l
500
250

200

SUSY WIMPs

Bulk Region:-light superbartners
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jexger
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LHC c@]ewmg away at aIIowed region,

,butioo early~tgthmw in the,towehno

cMSSM Parameter
Space Projection

focus point
region

rapid annihilation
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co—annihilation region _2

Charged LSP
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Kaluza-Klein WIMPs

Kolb & Slanslky (84); Servant & Tait (02); 'Ch\ené‘, Feng & Matchev (02)

Quantized KaluZa—‘KIe_in excitations
e R S,
‘ p5 =1°/R
SlxM'4 "o 'Ep —|—|\/|2 : 2/R2

> —

Conservatlgm of momentum el conservatlon of KK mode numb(er

. /-.____, T " p——  — \

‘FIFS’( exmted mOde (n = 1) stable mass R N ‘

Qeed, , ‘ ‘ KK qua'ntum number
fermions  © SL’—>§1/ Z T \KK parity

L_s%exc;lted mede (ﬁ- 1) stabie——mass R-1 ‘ \-—-—- -




Kaluza-Klein WIMPs
R*=500 GeV

L+ LKP=KK photon

Il "~ Cheng, Matchev & Schmaltz
| - Looks like SUSY
Cheng, Matchﬁev_’_&-SchmaItz
| « Beware KK-graviton
. Kolb, Servant & Tait

- valrectdetect\lon g

Servant & Tait
. Cheng, Feng & Matc\1ev

| Indirect detection

Bertrone zSérvant, Sigl -




