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Exotic Physics: Dark Matter and Dark Energy

Rocky |: (Wednesday) Dark Matter
Rocky II: (Thursday) Dark Energy

Rocky Kolb University of Chicago
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Radiation:
0.005%

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

Neutrinos:
0.17%

Stars:
e 0.8%
If | had been present at creation, | would have suggested a

simpler scheme. - Alfonse the Wise
I M N & ne

Cold Dark Matter:
(CDM) 25%

Dark Energy :
(A) 70%

+ inflationary perturbations
+ baryo/lepto genesis
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COMMUNICATION FROM THE OBSERVATORY AT LEIDEN.

The force exerted by the stellar systefn in the direction perpendicular to the galactic
plane and some related problems, by 7. A. Oort.

4. From VAN RHIJN's tal
distance from the galactic plane, No. 38 the den

velocity component perpendicular to cot ed for four int

galactic plane, nitude (Table 13 and Figure 1)

o, log A (s) for A stars and
component of the | LINDBLAD
la (5 P 253),

lirection of =,

rom the sun,
were

Figure 4, K'(

good acreement betwe

Infer surface mass
density from dynamics
of stellar motions.

thick disk thin dis)
~ thin disk

Spoke of “Dark Matter”
and “Invisible Matter”




“ . Dark Matter

IN THIS HOME
WAS BORN FRITZ ZWICKY - | ;3 o
THE ASTRONOMER ' - y. #
WHO DISCOVERED ' | l y
NEUTRON STARS ' '
AND THE DARK MATTER |, ° £ v .
IN THE UNIVERSE. .

o Vamb Bulgaria

: ; » . » SEinh " g _
' - ¢ . ' . . @ “.. .. . ’ ’ .
: I . X ... ; . ;
.’ A . ® . £ = > L ® r » >
' : .
L Y .
-
" . . .
. » » .\
. e ¥
. . y
- . .
' & " . -
" F " " .
» -~ -
\ e . o
> ' - - % »
L .
'\ .

+ ‘Galaxy Clusters (e.g., Coma')




Helvetica Physica Acta 6, 110 (1933)
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Ap. J. 86, 217 (1937)

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
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VOLUME 86 OCTOBER 1937 NUMBER 3
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ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VERrA C. RuBiNt AND W. KENT Forbp, Jr.{

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell Observatory, and Kitt Peak National Observatory]

Received 1969 July 7; revised 1969 August 21
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CO — central regions

Dark Matter
Optical — disks

HI — outer disk & halo
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Periodic Table — Chemist
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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 (10~ 2H-deuterium)
24%  Helium (10> 3He)
108% Lithium
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X-Ray Tem perature of Galaxy
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Dark Matter

Chandra Science Center
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Most of the matter is dark and it's not even “normal” stuff!



Particles of the Standard Model

Force Carriers

Leptons | Quarks

""" I I I

Three Generations of Matter




' ACDM: THe Standard Modé|

"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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Inner Space / Outer Space
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WIMPs: Cold Thermal Relics

* Neutrinos (hot)
« sterile neutrinos, gravitinos (warm)

_ _ _ — thermal relics
* Lightest supersymmetric particle

* Lightest Kaluza-Klein particle

J \

* B.E.C.s, axions, axion clusters
* solitons (Q-balls, B-balls, odd-balls, ...) = nonthermal relics

 supermassive wimpzillas

Mass range Interaction strenqgth range

1022eV (10°g) B.E.C.s Only gravitational: wimpzillas
10# Mg (10725 9g) axion clusters|| Strongly interacting: B balls




The First WIMP Candidate

VoLuMe 29, NuMBER 10

PHYSICAL REVIEW LETTERS

4 SEPTEMBER 1972

An Upper Limit on the Neutrino Rest Mass*

R. Cowsikf and J. McClelland

Depariment of Physics, Universily of California, Bevkeley, California 94720
(Received 17 July 1972)

In order that the effect of graviation of the thermal background neutrinos on the expan-
sion of the universe not be too severe, their mass should be less than 8 eV/c?,

Recently there has been a resurgence of inter-
est in the possibility that neutrinos may have a
finite rest mass. These discussions have been
in the context of weak-interaction theories,' pos-
sible decay of solar neutrinos,® and enumerating
the possible decay modes of the K,° meson.®
Elsewhere, we have pointed out that the gravita-
tional interactions of neutrinos of finite rest
mass may become very important in the discus-
sion of the dynamics of clusters of galaxies and
of the universe.* Considerations involving mas-
sive neutrinos are not new®®; an excellent review
of the early developments in the field is given by
Kuchowicz.” Here we wish to point out that the
recent measurement® of the deceleration param-
eter . imnlies an unner limit of 3 few tena of

and

. = 251" pPdp
Bt 2n°r® Jy explE/kT(z,)]-1"

(1b)

Here n,; is the number density of fermions of
the ith kind, ng, is the number density of bosons
of the ith kind, s, is the spin of the particle (no-
tice that in writing the multiplicity of states of
the particles we have not discriminated against
the neutrinos; since we are discussing neutrinos
of nonzero rest mass, we have assumed that both
the helicity states are allowed), E =c(p®+m?c?)*2,
k is Boltzmann’s constant, and 7'(z,,) =7, (2,

=T p(2,)=Tp(24,)=T,(2,,)=*+* is the common
temperature of radiation, fermions, bosons,



REST MASS OF MUONIC NEUTRINO AND COSMOLOGY

8. S. Gershtein and Ya. B. Zel'dovich
Submitted 4 June 1966
ZhETF Pis'ma 4, No. 5, 1T4-17T, 1 September 13966

Low=accuracy experimental estimates of the rest mass of the neutrino [1] yield m(ve)
< 200 eV/e? for the electronic neutrino and m(vu) < 2.5 x 10°® eV/e? for the muonic neutrino.
Cosmological considerations connected with the hot model of the Universe [2] make it
possible to strengthen greatly the second inequality. Just as in the paper by Ya. B. Zel'=-
dovich and Ya. A. Smorodinskii [3], let us consider the gravitational effect of the neutrinos
on the dynamics of the expanding Universe. The age of the known astronomical objects is not
smaller than 5 x 10° years, and Hubble's constant H is not smaller than 75 km/sec-Mparsec
= (13 x 10° years)™. It follows therefore that the density of all types of matter in the

1)

Universe is at the present time
p < %1078 glem®.

The space surrounding us is filled presently with equilibrium radiation of temperature
3°K [4]. It is proposed that this is '"relict" radiation and is proof of the high temperature
possessed by the plasma during the pre-stellar high-density period.

At a temperature of the order of 3 MeV for Vo and of the order of 15 MeV for vu, com-
plete thermodynamic equilibrium existed between v, 7, e+, and e . The number of other par-
ticles in this equilibrium is small, except perhaps gravitons, which, however, have no effect
on the arguments that follow. In thermodynamic equilibrium, the ratio of the number of

fermions and antifermions with spin 1/2 to the number of quanta is

J(* + 11'%:2@([

= 1.5[7].
J(e* - 1)™x2ax 2 ;

DI+ B )= ]+ F1=[+[]=2

However, during the course of the cooling from T > mec2 (for which these relations are

written) to the present time, when T << mece, these relations change, since the annihilation

120
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NEUTRINO MASS AND MIXING

PHYSICS LETTERS B

9 June 1988

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 Hawail at Manoa, Honolulu, HI 96822, USA

Received |4 March 1988

Recent observations of a deficit of cosmic ray muon-neutrino interactions in underground detectors suggest that the muon
neutrinos may have oscillated to another state. We examine possible neutrino mass and mixing patterns, and their implications
for vacuum and matter effects on solar neutrinos, on neutrinos passing through the carth, and on terrastrial neutrino beams, By
invoking the sec-saw mechanism of neutrino mass generation, we draw inferences on closure of the universe with neutrino masses,
on the number of generations, on 1-quark and fourth generation masses, and on the Peccei-Quinn symmetry breaking scale.

Testable predictions are suggested,

vl \

(d) Relic

tau neutrinos

have sufficient ene gy den-
sity to close the university [11] (thus favoring hot

nos, to electron single-prong events, presumably
dominantly due to electron-neutrinos is 59% with a
7% statistical error, of the expected ratio found by
Monte Carlo calculation. Input to the Monte Carlo
arc the atmospheric neutrino fluxes calculated for the
Kamioka site [2], which include the effects of the
earth's magnetic field and mean solar activity, and
measured low energy neutrino cross sections, includ-
ing n-"°0 nuclear effects. Although there are 20% un-
certainties in the calculated flux normalizations, and
10% imprecision in the low energy neutrino cross

sections, the reported uncertainty in the v./v flux ra-
11y 1¢ lece than S0k QSimilariv a emall amhienity 1€ nha

other similar underground experiments [3], al-
though those results arc not statistically compelling
in themselves, Barring some undetected systematic
effect, it appears that neutrino oscillations offer the
simplest explanation of the data.

In this letter we analyze the data in terms of the
neutrino oscillation hypothesis. Combining the oscil-
lation parameters thus determined with the sce-saw
model for neutrino masses, we make further predic-
tions and propose future experimental tests.

We begin by listing the experimental facts that are

relevant in the determination of the oscillation pa-
ramatere Thevy ares




WIMPyY Neutrinos

Neutrinos exist:
three active + sterile?

« Neutrinos have mass:
Atmospheric (102 eV)
Solar (1073 eV)

« Contribute to Q
hot thermal relic:

m,
vi
47 eV

R

* Not most of dark matter
too light! too hot!




WIMPYy Sterile Neutrinos (or Gravitinos)

« weaker interactions

« decouple earlier

e diluted more

e can have larger mass

« smaller velocity than neutrinos: “warm”

Particle models with sterile neutrinos (or gravitinos) in desired
mass range are “unfashionable” (IMO).



Physical Review Letters — 25 July 1977
Volume 39, Issue 4

¢ |LETTERS
o Elementary Particles and Fields

o MNuclel

o Atoms and Molecules

o Classical Phenomenology and Applications
o Fluids, Plasmas, and Electric Discharges
o Condensed Matter: Structure, Etc.

o Condensed Matter: Electronic Properties, Etc.

LETTERS

Elementary Particles and Fields

e Cosmological Lower Bound on Heavy-Neutrino Masses
Benjamin V. Lee and Steven VWeinberg
pp. 165-168 View FPage Images or PDF (569 kB)]

o Cosmological Upper Bound on Heavy-Neutrino Lifetimes
Duane A. Dicus, Edward V. Kolb, and Vigdor L. Teplitz
pp. 168-171 [View Page Images or PDF (642 kB)]
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Cosmological Lower Bound on

Heavy Neutrino Masses

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

AND

*x
STEVEN WEINEERG
Stanford University, Physics Department, Stanford, California 94305

ABSTRACT

The present cosmic mass censity of possible stable neutral
heavy leptons is calculated in a standard cosmological model.
In order for this density not to excesed the upper limit of

<1 n=29 3 y .
2x10 g/em”, 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.

4 .
) Aamrated by Lniversities Research Association Inc. under contract with the Energy Research and Development Administration : teve We I n be g
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dn IR 2 2

e - — n = <oV >n" + <0vV>n, . (2

dac R 0 el
Here n igfthe actual number density of heavAneutrinos at
time t; is the cosmic scale factor; <ov> is th) average value

of e Lufc

annihilation cross-section times the ré{ative velocity
d ng is the nv Ler density of heavy neutrinos in thdgmal (and

chemical) equilibrium6:

2 T ¢ 2. 2% s
nO(T) = 7;:77 47p dp[nxp me +p ) /KT |+ 1J . (3)
ra 0

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

AL L s Py e - =] 2 L L

SE 15 n - <gvsn® + <ov>n02

|
|

where p is the energy density

13 P R,
p = NFET J NP (xT) "/15 (5)
with N, an effective number of degrees of freedom, counting %

and 7/16 respectively for each boson or fermion species and spin
state. For ctemperatures in the range of 10-100 MeV (which most
2 ; - +
concern us here) we must include just y,v_,Vv_,V ,V , and e ,
50 NF = 4.5, a value we will adopt for most purposes. However,
if current ideas about the strong interactions are correct, then
NF riges steeply at a temperature of order 500 MeV to a wvalue

NF * 30.

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

guite non-relativistic at the temperature Tf where they freeze




0.5GeV(Ng=4.5, Nao=14)
| GeV(NF=4.5, NA= 14)
2GeV(NF=4.5, Na=14)

5GeV(Np=4.5, No=17)

I0GeV(NF=30, Np=17)




Cold Thermal Relics*
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* An object of particular veneration.



Cold Thermal Relics Are WIMPs

Q = Cross section (& mass ?) of order weak scale
WIMP (Weakly Interacting Massive Particle)

The WIMP Miracle

mir-a-cle
\'mir-i-kal \
noun

7 ’ =
WALy wjl ‘? 1 . an extraordinary event manifesting

divine intervention in human affairs

*

a noval by Erik P. Keaft

Coincidence or Causation?



THE ASTROPHYSICAL JOURNAL, 223:1032-1036, 1978 August 1
© 1978. The American Astronomical Society. All rights reserved. Printed in US.A.

THE COSMIC y-RAY BACKGROUND FROM THE ANNIHILATION OF
PRIMORDIAL STABLE NEUTRAL HEAVY LEPTONS

F. W. STECKER
Laboratory for High Energy Astrophysics, NASA Goddard Space Flight Center
Received 1977 December 12; accepted 1978 February 14

ABSTRACT

In light of the recent work on the astrophysical implications of the possible existence of stable
neutral heavy leptons and the suggestion that continuing annihilation of heavy leptons produced
in the big bang might produce a substantial cosmic y-ray background radiation, we examine
in detail the spectra and intensities of such radiation from (1) a homogeneous cosmic lepton
background, (2) a possible lepton halo around the Galaxy, and (3) integrated background radia-
tion from possible lepton halos around other galaxies and from rich galaxy clusters. In the case
of our own galactic halo, y-radiation from heavy-lepton annihilation appears to be able to ac-
count for the intensity of the observed background only if there are ~ 100 y-rays produced per
annihilation. However, in that case both the energy spectrum and isotropy would be inconsistent
with the observations. More likely lepton annihilation fluxes from a galactic halo would be
confused with cosmic-ray-produced radiation and therefore would be difficult to observe. Heavy-
lepton annihilation radiation from the halos of other galaxies accounts for at most 5 x 107
of the background intensity, and those from rich clusters account for at most 5 x 107* of the
background intensity. Those from a homogeneous cosmological lepton background appear to
be able to account for <107 * of the observed cosmic y-ray background, although the spectrum
and isotropy in this case would be consistent with the data.

Subject headings: cosmic rays: general — cosmology — elementary particles —
gamma rays: general
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Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10" GeV.

Dark galactic halos' may be clouds of elementary parti-
cles so weakly interacting or so few and massive that they
are not conspicuous. Many dark-matter candidates have
been proposed. Magnetic monopoles are one dark-matter
candidate accessible to expenmental search,” and the same
seems to be true for axions.” On the other hand, massive
neutrinos are a popular dark-matter candidate which
seems very difficult to detect except under very favorable
conditions.* For many other dark-matter candidates con-
sidered in the literature, no practical experiments have
been proposed.

Recently, Drukier and Stodolsky proposed® a new way
of detecting solar and reactor neutrinos. The idea is to ex-

F ol Q' Nre

made in Ref. 5.

Let us first discuss the lower limit on detectable masses.
If a halo particle of mass m and velocity v scatters from a
target nucleus of mass M, the recoil momentum is at most
2mv and the recoil kinetic energy is at most
e=(2mv)*/2M. A reasonable value of v is v=200
km/sec. The lightest nucleus considered in Ref. 5 is
aluminum, with 4 =27 and M ~27 GeV. There seems to
be a reasonable chance of building a detector sensitive to
€~50—100 eV (considerably more optimistic possibilities
are discussed in Ref. 5). For €>50—100 eV, we need
m > 1—2 GeV, and this is the lower limit on the mass of
detectable halo particles. It is 1mportant to note, though,

LA s S VR S = LR L & - Vo gl < S v (EERRANIY I

a2l ety Rl AU ST NP>



Volume 195, number 4 PHYSICS LETTERS B 17 September 1987

LIMITS ON COLD DARK MATTER CANDIDATES
FROM AN ULTRALOW BACKGROUND GERMANIUM SPECTROMETER

S.P. AHLEN * F.T. AVIGNONE III ®, R.L. BRODZINSKI ¢, A.K. DRUKIER ¢, G. GELMINI "#!
and D.N. SPERGEL "

Department of Physics, Boston University, Boston, MA 02215, USA

Department of Physics, University of South Carolina, Columbia, SC 29208, USA
Pacific Northwest Laboratory, Richland, WA 99352, USA

Harvard-Smuithsoman Center for Astrophysics, Cambridge, MA (02138, USA
Applied Research Corp., 8201 Corporate Dr, Landover MD 20785, USA
Department of Physics, Harvard University, Cambridge, MA 02138, USA

The Ennico Fermu Institute, Umversity of Chicago, Chicago, IL 60637, USA
Institute for Advanced Study, Princeton, NJ 08540, USA

F ® = N a N o =

Received 5 May 1987

An ultralow background spectrometer is used as a detector of cold dark matter candidates from the halo of our galaxy Using a
realistic model for the galactic halo, large regions of the mass—cross section space are excluded for important halo component
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spin-indepen-
dent Z° exchange imteractions) with masses between 20 GeV and | TeV is excluded. The local density of heavy standard Dirac
neutrinos 1s <0.4 GeV/cm® for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level.



Eighty Years of Dark Matter

Oort 1932
Zwicky 1933

1937
Rubin & Ford 1969

Cowsik & McClelland 1972
Lee & Weinberg 05/77
Stecker 12177
Ellis, Hagelin, etal. 09/83
Goodman & Witten  01/85
Ahlen et al. 05/87

80 Years Ago

79 Years Ago
/5 Years Ago

43 Years Ago
40 Years Ago
35 Years Ago
35 Years Ago
28 Years Ago
27 Years Ago
25 Years Ago

Dark Matter Exists

Dark Matter Exists
Dark Matter Exists

Dark Matter EXists
1st WIMP Candidate
Prototype WIMP
Indirect Detection
SUSY WIMPs
Direct Detection

First Limits



We Swim in a Sea of WIMPs

A mysterious, invisible particle species is around us
» There are 107 in this room

» With a mass 30100 times the mass of a proton

« ZIpping arqund‘at‘500,000 ﬁ‘iles per hour

« About 10! will paés through you duringﬁ this talk

* You don't sense tHem since i-nteractibns are so weak

A Fantastical Story! .



Oxford English Dictionary

sim-stm

simson

simul
simulacral, a.
simulacre
simulacrum
simulance
simuland
simulant, a. and n.
simular, n. and a.
simulate, ppl. a
simulate, v
simulated, pp!. a.
simulately, adv.
' simulation
simulative, a.
simulator
simulatory, a.
simulcast, v.
simule, v.
simuler

simulfix

simuliid, n. and a.
simulium
simultal, a.
simultanagnosia
simultane, v.
Simultaneism
simultaneity

simultaneous, a.

simultaneously, adv.

simultaneousness
simultation

si multy1

~

[»)

simulation

Pronunciation Spellings Etyrnology Quotations Date chart

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

deceitful profession.

1340 Ayenb. 23 And perof wexep uele zennes, ase aristhalf; pet is to wytene: lozengerie,
simulacion. €¢1400 Rom. Rose 7230 He nys no full good champioun That dredith such
similacioun. 1412-20 Lypc. Chron. Troy 1v. 4504 Amonge hem silfe to bringe in tresoun,
Feyned troupe and symulacioun. 1542 UpaLL Erasm. Apoph. 170 He..did with mutual
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 Seeep Hist. Gt. Brit.
VL. (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
what we are. 1836 LanDoRr Pericles & Aspasia Wks. 1846 1I1. 379, 1 wish he were as pious
as you are: occasionally he appears so. I attacked him on his simulation. 1872 SHIPLEY
Gloss. Eccl. Terms 71 Fraud.., whether it consists in simulation or dissimulation.

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

imitation.

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.

2. A false assumption or display, a surface resemblance or imitation, of something.

SECOND EDITION 19889



WIMPs

Goal: Discover dark matter and its role in shaping the universe

Particle Physics:
Discover dark matter and learn how it is ...
... grounded in physical law
... embedded in an overarching physics model/theory

Astro Physics:
Understand the role of dark matterin ...
... formation of structure
... evolution of structure

WIMPs:
massive, stable, “weakly” interacting, SU(3). x U(1)gy Singlet
WIMP must be a BSM (but perhaps not far BSM) particle.




WIMPs
(Dark Is the New Black)

Dark matter is a complex physical phenomenon.

WIMPs are a simple, elegant, compelling explanation for a
complex physical phenomenon.

“For every complex natural phenomenon there is a simple,
elegant, compelling, wrong explanation.”

— Tommy Gold



WIMP Crossings

X+X —>q+7

Primordial Production
Indirect Detection

Q, = o

q
X+0g—> X+Q

Direct Detection

g {2x = 0p

q il
g+ > X+ X

Accelerator Production



WIMP Crossings

Relative abundance

| I I

10717

10°10 A
\

\
—15=- \\
10 ;
\
\
\

1020

1 p)
1 10 M/T 10

103 q+q— X+ X

Not quite so simple:

* velocity dependence
 co-annihilation

* resonances

* SUperwimps

» dependence on M, g.,

Not quite so simple:

* velocity dependence

* local phase-space density
* flavor dependence

* CO-production

« Sommerfield enhancement



Direct Detection

(+ EDELWEISS,
XENON, EURECA,
ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, ...)

CRESST
L]

L®




Direct Detection

* Depends on local WIMP phase-space density

e Usual assumption: pp,, = 0.3 GeV cm=>

« Usual assumption: Maxwellian velocity distribution
In galactic rest frame



DAMA/LIBRA

2-4 keV

o

L 4
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CoGeNT

counts/0.05 keV (0.33 kg, 56 days)

TR
= L ml.lﬁi..l.:f

2P B RN A
CoGeNT N
mm‘=6.8 GeV :
opu_n=1.58x10"% pb |

1.5 2.0 2.9 3.0
E (keVee)




CoGeNT

counts / 30 days

146 kg-day

l 0.5-0.9 keV,, 1

'-.‘ 7
..... a7 E
+ 0.5-3.0 keVi ]

' l 1 ' 1 A l L A 1 A l L A

30F

20L

A ' ' '
60,. | U e A v

T I T L L] L I T T L} L I T T T T ] L]

4—+—

++++

3.0-4.5 keV,,

0

100 )00 300 100 500
days since Dec 3 2009

annual modulation
at 2.80
Aalseth et al. 2011



CRESST

WIMP-nucleon cross section [pb]
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Angloher et al. 2011




CoGeNT + DAMA

1079 |

opu_n (PD)
AV
|

vo=R30 km/s
Vesc =600 km/s

.

CoGeNT+DAMA (90%, 99% CL)

10~°

Hooper et al. 2010
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mpy (GeV)




XENON/CDMS

1077
"""" CoGeNT
S 107" . :
Ref. |
~— - -Ref. [12]CDMS
sannt Ref. [11] CDMS
Ref. [39)] ‘
1 0—42_ « This work, cuts 1-5 '
' This work, cuts 1-4

5 10 15 20
Angle et al. 2011 m,  [GeV]
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A Maximum Likelihood Analysis of Low-Energy CDMS Data

J.I. Collar and N.E. Fields!

"Enrico Fermi Institute, Kavli Institute for Cosmological Physics and
Department of Physics, Universily of Chicago, Chicago, 1L 60637

An unbinned maximum likelihood analysis of CDMS low-energy data reveals a strong preference
(6,7 CLL) for a model containing an exponential excess of events in the nuclear recoil band, when
compared to the null hypothesis, We comment on the possible origin of such an excess, establishing
a comparison with anomalies in other dark matter experiments. A recent annual modulation search
in CDMS data is shown to be insufficiently sensitive to test a dark matter origin for this excess.

PACS numbers: 95.35.4d, 85,30.-2

The CDMS collaboration has recently made public a
negative search for an annual modulation in low-energy
signals from their cryogenic germanium detectors [1].
This effect is expected from Weakly Interacting Massive
Particle (WIMP) interactions with dark matter detector
targets [2]. Observation of this WIMP signature has been
claimed by the DAMA collaboration with high statisti-
cal significance [3], using low-background Nal(T1) scin-
tillators. The COGENT collaboration recently released
fifteen months of data from underground germanium de-
tector operation (4], These display a compatible modula-
tion [4-6], albeit with the smaller statistical significance
that would be expected from a short exposure.

Fig. 6 in [1| shows, for the first time, detailed in-
formation from all eight CDMS germanium detectors
employed in the modulation search and a previous low-
energy analysis [7]. Specifically, it contains the distribu-
tion of single-interaction events in the ionization energy
(E) vs, recoil energy (F,) plane that can be used to
identify their origin in nuclear recoils (NR) like those ex-
pected from WIMP and neutron interactions, or electron
recoils (ER) like those induced by gamma backgrounds,

A formal assessment of the possibility that a significant

ﬂ"“v—f*V—v'*V—hﬁV’—v—r“r—‘ﬁVfr‘._‘r vy
L

" .
ER

ionization energy (keVee)

..
o
.. ... -
L i
h " A A h P B T L '/.‘(‘.
1 6 8 10 12 14

recoil energy (keVnr)

FIG. 1: Scatter plot of single-interaction events in all eight
CDMS detectors, digitized from individual plots in [1], using
29 ) as 4 o | AR K SRR hda'd o'

a2 TAY 2 Rl PR N 1" 11 VWS TR L TQE o



Predictions of WIMP Search Sensitivity
“Things take longer than they do.”

y-nucleon cross section limit
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Indirect Detection

Low-energy photons Positrons

Galactic Center Quarks e

Dwarf spheroidals . = e

DM clumps, Sun | - -
Electrons

Medium-energy

\ gamma rays
Wimps = — ‘ '
/ AL Leptons

Neutrinos

Bosons



Indirect Detection

PAMELA

§ oy "‘




Indirect Detection

Depends on WIMP density in galactic center or other
structures—simulations unable to completely resolve

X /q

Sommerfeld enhancement
ralv  (alvl1l)

X
Q|

Boost Factor
»ray lines; internal bremss.; final-state radiation
If charged products, propagation in magnetic fields

Astrophysical backgrounds, hazes, fogs, ...



ATIC
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Chang et al. 2008

100
Energy (GeV)

1,000




PAMELA

Bergstrom, Bringmann & Edsjo (2008)
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Fermi/GLAST Feature
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Fermi/GLAST Haze

1. 20-60GeVin bb channel
2. 2-10GeVin u*u-channel

3. 11 TeVin u*u~ channel
Han, Frenk, Eke, Gao, White (2011)



Fermi/GLAST Line

RegS (SOURCE) b =120. 4 GeV

- Signa.l counts. 68 7 (4.590)

p-value=0.51, x2;=20.1/21
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Fermi/GLAST Line
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WIMPs

* WIMPSs: causation or coincidence?

e Situation now Is muddled

- direct hints: DAMA/LIBRA, CoGeNT, CRESST I, ...
- indirect hints: PAMELA, ATIC, Fermi/GLAST, ...
- LHC beginning to weigh in: ...



WIMPs

Dan Hooper: What would it take for you to “believe” in a
7 GeV WIMP seen in CoGeNT, DAMA/LIBRA, CRESST-
Il, Fermi/GLAST?

CoGeNT

nonrelativistic relativistic
Y+ N—>yx+N q+q—> %+

My Answer: Produce and detect it at the LHC!



WIMPs: Socialists or Mavericks




WIMPs: Socialists or Mavericks

Socilalist WIMPs Maverick WIMPs*

« WIMP part of a social network. « WIMP is a loner.

* Motivated model framework, » Use effective field theory,
e.g., low-energy SUSY. e.g.. 4-Fermi interaction.

* Many new particles/parameters. « WIMP only new species.

* Muddy relationships between < Clearer relationships between

annihilation-scattering- annihilation-scattering-
production cross sections. production cross sections.

* Beltran, Hooper, Kolb, Krusberg, Tait 1002.5137
Rajaraman, Shepherd, Tait, Wijangco 1108.1196
Fox, Harnik, Kopp, Tsal 1109.4398



SUSY WIMPs

Favorite cold thermal relic: the neutralino

Neutralino:
7' =aB+ W3+ yH?+5H?

M., and interactions:

100+ parameters of SUSY

cMSSM

m,, My, ,tang, A, , sign u

cMSSM Parameter
focus point Space Projection

region

rapid annihilation
my,, b—sy funnel

co—annihilation region

Ellis, Olive, Santoso, Spanos 2003




SUSY WIMPs

* Typical SUSY models consistent

w/ collider and other HEP data
have too small annihilation
Cross section — too large Q

*Need chicanery to increase
annihilation cross section
— s-channel resonance through

light H and Z poles

— co-annihilation with 7 or t

— large tang (s-channel
annihilation via broad A
resonance)

— high values of m,: Higgsino-
like neutralino annihilates
into W & Z pairs (focus point)

* Or, unconstrained

cMSSM Parameter
focus point Space Projection

region

rapid annihilation
my,, b—sy funnel

v o—
3, '/ co—annihilation region

Ellis, Olive, Santoso, Spanos



SUSY WIMPs

Bulk Region: light superpartners

cMSSM Parameter
focus point Space Projection

region

rapid annihilation
my, b—sy funnel

co—annihilation region

Chmged LSP

Ellis, Olive, Santoso, Spanos

LHC chewing away at allowed region




Recent SUSY Statements

* |It's not yet time to throw in the Towelino. Agree!

* No one took the MSSM seriously anyway. Really?

 The evidence for SUSY has never been

t)

stronger. Really*
* By the end of 2012 we will have proof of

low-energy SUSY, String Theory, and a Really?

130 GeV WIMP.

* ... and Bigfoot, Loch Ness Monster, Elvis, Aliens, ...



Kaluza-Klein WIMPSs

Kolb & Slansky (84); Servant & Tait (02); Cheng, Feng & Matchev (02)

Quantized Kaluza-Klein excitations
2 = 2 2 2 2 2
E? = p%+ ps p; =n’/R
1 4 = 2 2 2 2 2
S'x M =p°+M; M?=n?/R

\

\

Conservation of momentum — conservation of KK mode number

‘First excited mode (n = 1) stable, mass R ‘

Qr?i?; ‘ KK quantum number
fermions St — Sl/Z2 —> KK parity

First excited mode (n = 1) stable, mass R




Kaluza-Klein WIMPSs

Kolb & Slansky (84); Servant & Tait (02); Cheng, Feng & Matchev (02)

* LKP = KK photon
Cheng, Matchev & Schmaltz

e Looks like SUSY

Cheng, Matchev & Schmaltz
* Beware KK graviton
Kolb, Servant & Tait

* Direct detection

Servant & Tait
Cheng, Feng & Matchev

* Indirect detection

Bertrone, Servant, Sigl

R™ =500 GeV

LHC chewing away at allowed region



Maverick WIMPS

Dirac fermion Maverick WIMP, y

[ = I[CGC]gG q%

={1,g 9".g"g°s™ }

Complex scalar Maverick WIMP, ¢
[=4& 58 er e
a V2
G ={1 1"}

Expect terms that break
SU(2), must do so through
SM Yukawa couplings, so
operators that flip quark
chirality should be oc m,.

Some terms vanish for
Majorana y.

Can write G as M.
F as M, !

Fierz identities relate
various combinations



Maverick WIMPS

Spin Operator Coupling Label
0 e Fgq=Fg | 88
&1 ¢aq Fgq~mg | S-5Q
& ¢av°q Fgpg=1Fgp | ©-SP
Noa’q | Fspg~mg | S-SPQ
&18,077"q Fy,=Fy S-V
#0607y q | Fyay,=Fya | SVA
1/2 XXq4q Ggy=Gs F-5
XXqq Gg g~ My F-5Q
XXTV°q Gepy=0CGgp | F-5P
X774 Ggpg ~mq | F-SPQ
XY X374 Gpy,=Gp | F-P
XX’ Gp,~mg | F-PQ
XV’ xaq Gpsyg=Gpg | F-Po
x4 Gpsg~mg | F-P5Q
XVuXav"q Gyq =Gy -V
XuXT*°q | Gyag=Gya | F-VA
X XTg | Ga,=Ga | F-A
XV x@Pe | Gavyg =Gay | F-AV
X0 xgot'q Grg=0r BT




Maverick WIMPS

Values of G to give correct dark matter density
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Maverick WIMPS

spin-independent

10!

100
10-1 §
10-2
10-3
104 |
102
10-8
10-7
10-8
10-°
10-10

10-11

ax-nucleon (pb)

paal 1 PR T SN 1 PR T T A
10! 102 103

Form>10 GeV orso o< 1077 pb
Around a few GeV o~ 10°pb




Maverick WIMPS

spin-dependent

Ux—nucleon (pb)

100 grr

10-1
10-2 |
10-3
10-4 |
10-5
10-6
10-7

10-8 |

aaaal \ " ol
103 104
m, (GeV)

P | 1 et aal
10! 102

o can be as large as 10 = pbto 10 ~° pb




Missing Momentum = Missing Mass?

.| CMS Experiment at LHC, CERN
C S 3| Data recorded: Tue Oct 4 02:50:32 2011 CEST
S

i| Run/Event: 177783 / 442962676
i| Lumi section: 273

|ak5PFJet 0, pt: 574.2 GeV|

_—// E
|

/

|pfMet 0, pt: 598.3 GeV|

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11059Winter2012



WIMPs

Collider Searches

Maverick WIMPSs
A Jet
q
g
h%
Missing
Er

i

coupling from Q
or direct/indirect

Social WIMPs

, 9
i g-pair production
% J . '%‘J‘ with subsequent
".p ~ .
% 8 ".":‘ \f cascade decays
X Ny "
~ '¢l "’b \
8 ; P 1% escape
1(\ h -“'a,,ﬁ'/ I undetected:
O~ \" \
L T X f missing E;
44(‘63 '\._ / g
& b

Backgrounds (neutrino, QCD, ...)

Beltran, Hooper, Kolb, Krusberg, Tait

Complicated decay chain

1002.5137

Rajaraman, Shepherd, Tait, Wijangco 1108.1196

Fox, Harnik, Kopp, Tsai

1109.4398




WIMPs

CoGeNT

nonrelativistic relativistic

x+ N->x+N q+Go 1+

10~4pb —10%pb 77?
Described by Assume described by

Effective field theory effective field theory



Maverick WIMPS

Collider Searches

Maverick WIMPs . MadGraph/M_adEvent:
Feynman diagrams,

q el cross sections,
g parton-level events

* Pythia:
Hadron-level events

Missing via Monte Carlo showering
Ey

[§
=

e PGS:
Reconstructed events

coupling from Q
or direct/indirect

Backgrounds (neutrino, QCD, ...) at collider



Predicted LHC Sensitivity

Rajaraman et al (incl. Tait) PRD 2011
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Predicted LHC Sensitivity

Rajaraman et al (incl. Tait) PRD 2011
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WIMP Questions

* Only one WIMP?

The 4% of matter we see is pretty complex and varied.

If social network of several WIMPS, stronger interacting ones:
— Easier to detect
— Smaller Q

* Thermal Production of WIMPS?
- Super-WIMPs
— Asymmetric Freeze out

« Maverick WIMPs?
— Suppose LHC only sees SM Higgs?
- Wither SNOOZY?

* Leptophilic, Leptophobic, Flavorful, Self-Interacting WIMPs?
« Annual modulation: do we really understand DM phase space?

* Indirect detection gives indirect information



The Decade of the WIMP

« WIMP coincidence or causation (it ain’t a miracle)?
« Situation now is muddled

» Ten years from now the WIMP hypothesis will have either:
convincing evidence or near-death experience

* Direct detectors, indirect detectors, & colliders race for discovery
« Suppose by 2020 have credible signals from all three???

* Do we need three (direct + indirect + accelerator) “miracles” for
WIMP sainthood?

How will we know they are all seeing the same phenomenon?

* When do we stop?



“Mission Accomplished”
What Would It Take?
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