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Plan of the 2 lectures on Dark Matter (theory):

Lecture 1
 WIMP (Weakly Interacting Massive Particle) relic density

* Particle WIMP candidates: neutralino and others (hints)
*Lecture 2

* Direct and indirect detection of WIMPs

(experiments covered by Youngduk Kim’s lecture)

N.B. | will not cover superWIMPS (gravitino, axino) which
have interactions much below the weak scale

Viable candidates, can solve the Dark Matter problem but
invisible to DM searches and hard (sometimes impossible!)

to detect at accelerators



The concordance model

(more on that in D. Chung’s lectures)
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Evidence for Dark Matter

*Spiral galaxies
rotation curves

*Clusters & Superclusters
*\WWeak gravitational lensing
*Strong gravitational lensing
*Galaxy velocities
X rays

Large scale structure
*Structure formation

*CMB anisotropy: WMAP
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Apart from being unable to drive galaxy
formation (they decouple too late from
photons, not enough time for
gravitational instabilites to grow)
baryons are too few in the Universe in
order to explain the dark matter
because of nucleosynthesis

Observations give 0.6 <h <0.8

Big Bang nucleosynthesis (deuterium
abundance) and cosmic microwave
background (WMAP) determine baryon
contribution Qgh? ~ 0.023, so Qg ~ 0.04

Qum =~ (4 £ 2)-103 (stars, gas, dust) =>
baryonic dark matter has to exist (maybe
as warm intergalactic gas?)

But, now we know that Q,, > 0.2, so there
has to exist non-baryonic dark matter

Lithium underabundant?

Baryon density £, ?
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Figure 20.1: The abunddnces of ‘He, D, *He and "Li as predicted by the standard
model of big-bang nydeosynthesis. Boxes indicate the observed light element
abundances (smalley/boxes: 2o statistical errors; larger boxes: £2o statistical and
systematic errors/Added in quadrature). The narrow vertical band indicates the
CMB measure 4t the cosmic baryon density. See full-color version on color pages at
end of book

Fields & Sarkar, 2004






The properties of a good Dark Matter candidate:

f;'.'-: v stable (protected by a conserved
quantum number)

~ v no charge, no colour (weakly
- interacting)
v' cold, non dissipative

= v relic abundance compatible to
. e
observation

v motivated by theory (vs. “ad hoc”)

subdominant candidates — variety is common in Nature
—may be easier to detect



The first place to look for a DM candidate...
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Weakly Interacting Massive Particles (WIMPs)

Particles with mass between a few GeV and a few TeV with
cross sections of aproximately weak strength
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GRAVITY OF NEUTRINOS OF NONZERO MASS IN ASTROPHYSICS

R. Cowsik® AND J. McCLELLAND

Department of Physics, University of California, Berkeley
Received 1972 July 24

ABSTRACT

If neutrinos have a rest mass of a few eV/¢?, then they would dominate the gravitational
dynamics of the large clusters of galaxies and of the Universe, A simple model to understand the
virial mass discrepancy in the Coma cluster on this basis is outlined.

Subject headings: cosmology — galaxies, clusters of — neutrinos

The idea was introduced 35 years ago for massive neutrinos.Now
neutrinos are ruled out, but there is no shortage of alternative
WIMPs!



Neutrino

*2m,<0.66 eV
(WMAP+LSS+SN)
LEP:
N,=2.994+0.012

— m,245 GeV

—> th2 <1073

DM searches
exclude: 10
GeV=mvs4.7 TeV
(similar constraints
for sneutrinos and
KK-neutrinos)

does not work

Qh* = Y, Q h* <o, v>
! !

COLD

Lee-Weinberg
3—-7GeV

/

\

- 30eV
" Cowsik-McClelland

KeV MeV GeV TeV
mix with sterile component

m,

1

(both for neutrinos and sneutrinos)



Limits on neutrino relic abundance date back to the 70s...

Cowsik-McClelland bound: m < few eV

VoLUME 29, NUMBER 10 PHYSICAL REVIEW LETTERS 4 SEPTEMBER 1972

An Upper Limit on the Neutrino Rest Mass*

R. Cowsgikf and J, McClelland
Department of Physics, University 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 & eV/c?,

Lee-Weinberg limit: m >few GeV

PHYSICAL REVIEW
LETTERS

VoLumE 39 25 jULY 1977 NumBER 4

Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W. Lee'®
Fermi National Accelevator Laboratory,™ Batavia, Mlinois 60510

and

Steven Weinberg(®
Stanford University, Physics Department, Stanford, California 94305
(Received 13 May 1977)

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 lim-
it of 2x 10-® g/em®, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV.




Pioneering work on direct DM searches @ Homestake mine in
late '80s:

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. GELMINT "'

e e e
and D.N. SPERGEL %"

Department of Physics, Boston University, Bostor, MA 02215, US4

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

Harvard-Sruthsonian 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 Enrico Fermu Institute, Umiversity of Chicago, Chicago, IL 60637, USA
Institute for Advanced Study, Princeton, NJ 08540, US4
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Neutrinos don’t's work also because they are hot dark
matter (=relativistic at decoupling, erase density
perturbation through free-streaming):
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(from Mark Tegmark home page)



no papd
aq 0) sreadde 2minid PABULHOP-OULINAT [BOOTIHAATOD ag], 'safuer paidador maq ompiim Oremal
0) aIe s1a)ammered ROTI0[OWS0d 110 It sarve[rd Jo areas BULI2ISN]D PaAIasqo A7) I 1UNSISTOD 3q 0)
2318] 001 2Q 01 [PTUA[ STYI PUD A\ "2SIAATEN 2] Jo Arsuap juasard a1 07 20UAL) PUE OULINAT 2} JO
SSBUW 241 01 paje[al ARoalip st sawm AIes 18 UONNGINSIP OULINAT 371 JO [RSEA] 2001200 S “SINsal
TB[IOIS ATaa 20npold IDAJOS UOSSIO WUOJSURJL JIUNO] 1SB] B U0 PUR IOIRISNU] APog-N 102mp ®
0O Paseq SIPO7) “LONN[0AD JOLIBD JO SUONBMI[RD JBAUL PI[fEIap WOI] PIALAP SUONTPHOd [EnruT Sasn
SOULIITIIW JAISSBW A( POIBUILOP ISISATUTL © U1 2INJONLNS JO [IMOIZ IRSUIUOT 3] PI)E[NIIS 3ABY 2 M

IOVHISEY

L1 °PL2 rAY €861 rdmpraer pardaoon iy sung 6867 pentoay
Kapaoprag ‘rrmiofieD jo ANKI9AII

cSIAV(J DUV NV “SNHHJ] 'S SOTEV)) . “AITH M “TA *(] NOWIS

HSHTAIND ALY NIWOO-ONRILNEN ¥V NI ONTIHLSNTO







not always coinciding!



A recent example of a “minimal extensions” of the SM
Cirelli et al, NPB753(2006)

X+ M)X when A is a spin 1 /2 fermionic multiplet,
EZD‘?SM+C ) TR .. . . .
|D, X" — M~|X|~ when & is a spin 0 bosonic multiplet,

~add to SM extra n-tuplets of SU(2), with minimal spin,
Isospin and hypercharge and search for assignements that
provide most of all of the following properties:

*lightest particle stable, no strong interactions,

only 1 parameter free: M

*QC induce mass splitting AM, the lightest y is neutral

DM candidate not excluded by DM searches

NB: in the SM the proton does not decay simply because decay
modes consistent with renormalizability do not exist (accidental
B-L symmetry)

Minimal DM can be stable for the same reason.

The trick: choose n sufficiently high




Ql]ﬂ]'ltl.ll'ﬂ lll]lH]Jf?l'S DNI can
SU(2) . Uiy Spin decay into
1/2 0 EL
1/2 1/2 EH
0 (0 HH*
0 1/2 LH
I 0 HH,LL
I 1/2 LH
1/2 0 HHH*
1/2 1/2  (LHH*)
3/2 0 HHH
3/2 1/2  (LHH)
0 0 (HHH*H*)
0 1/2 _
0 0 _

-} @@m B S PO PV PV R U G
\Y

5 for fermions

DM mass
in TeV

0.54 £0.01

1.2 £0.03

2.0+ 0.05
2.5+ 0.06
1.6 £ 0.04
1.9 £ 0.05

244006
2.4+ 0006
2.9+ 0.07
2.6+ 0.07

50+ 0.1
4.4+£0.1

8.54 0.2

G5(DM N) incm?

CDMS bound

SUSY
CMSSM

\
» Xenon | ton

_ SuperCDMS C

100 1000
DM mass in GeV

10*

mppE — MDM Events at LHC ogr in
in MeV | L£dt =100/fb 1043 cm2
350 320510 0.3
341 150-300 0.3
166 0.2-1.0 1.3
166 0.7-3.5 1.3
540 3.0-10 25
526 25-80 25
353 0.10-0.6 1.9
347 4.8-23 1.9
729 0.01-0.10 10
712 1.5-8.7 10
166 & 1 12
166 < 12
166 < 46

M is the only free parameter
fixed by relic abundance!

also direct detection is fixed

more candidates if stabilization

mechanism added

[Cirelli et al, NPB753(2006 )]



Note that DM candidates with the same quantum

numbers of the previous table already exist in
different contexts:

scalar triplets in little Higgs models

‘inert Higgs + Z, symmetry

fermion or scalar triplet in see-saw models

KK excitations of lepton doublets or of Higgses in
extradimensions

*Higgsinos, sneutrinos, Winos in Supersymmetry

the above candidates are stable because of some
symmetry

many free parameters with variable interaction rates
motivations from particle physics building




First attempts to explain Dark Matter with superparticles in the early '80...
*“Massive photinos: unstable and interesting”,N. Cabibbo, G.
R. Farrar, L. Maiani, PLB105(1981)155
“Supersymmetry, Cosmology and New Physics at the
Teraelectronvolt energies”, H. Pagels and J. R. Primack,
PRL48(1981) 223
«“Cosmological Constraint on the Scale of Supersymmetry
breaking”, S. Weinberg, PRL48(1982) 1303
“Inflation can save the gravitino”, J. Ellis, A. D. Linde and D.V.
Nanopoulos, PLB118(1982)59
«“Constraints on the photino mass from Cosmology”, H.
Goldberg, PRL50(1983) 1419
*“The scalar neutrinos as the Lightest Supersymmetric
Particles and Cosmology” L. E. Ibanez, PLB137(1984) 160
*“Supersymmetric Relics from the Big Bang”, J. Ellis, J. S.
Hagelin, D. V. Nanopoulos, K. Olive, M. Srednicki,
NPB238(1984) 453
»...and many others following



...acronym “WIMP” eventually coined in mid ‘80

COSMOLOGICAL CONSTRAINTS ON THE PROPERTIES OF WEAKLY
INTERACTING MASSIVE PARTICLES

Gary STEIGMAN
Bariol Research Foundation, University of Delaware, Newark, DE 19716, USA

Michael 5. TURNER

Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637, USA and Theoretical Astrophysics,
Fermi National Accelerator Laboratory, Batavia, TL 60510, USA

Received 9 October 1984

Considerations of the age and density of, as well as the evolution of structure in, the universe
lead to constraints on the masses and lifetimes of weakly interacting massive particles (WIMPs).
The requirement that the observed large-scale structure of the universe be permitted to develop,
leads to much more restrictive bounds on the properties of WIMPs than those which follow from
considerations of the age and density of the universe alone.




SEARCH INSIDE!™

Kolb, Turner, The Early Universe

page 310

in which case one could conclude that Hglp »> U.bD, 11l CONLTadiCLION WItH™
the inflationary prediction. _

Recalling that primordial nucleosynthesis restricts the baryonic contrl-
bution to be 5 < 0.15, we see that inflation requires non-baryonic matter
to be the dominant form of matter in the Universe. The simplest and
most plausible form of such is relic WIMPs.*® Prime candidates for the

39Gince density perturbations correspond to fluctuations in the curvature, the density
perturbations on the present Hubble scale imply that a very accurate measurement 0
(¢ would actually yield a value, 2y = 1.0 + (6g/p)uor = 1.0 £ ©(10-%),

OWIMPO is a copyrighted trademark of the Chicago group, standing for Weakly
Interacting Massive Particle.
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The standard lore:

» the Cosmic Microwave Background Radiation (CMBR) is the
remnant of the hot plasma that dominated the energy density
In the early Universe

* from the measured temperature of the CMBR (T,=2.7 K) we
know the CMBR density today (p, ,~ 422 photons cm™)

» Weak interactions kept WIMPs in thermal equilibrium with
those photons in the early Universe (THERMAL RELICS)

» working out the decoupling between WIMPs and the plasma
we can calculate the WIMP density normalizing it to p, , ~ 422
photons cm-3

since WIMPs are COLD, they were non relativistic at
decoupling, so their equilibrium density was exponentially
suppressed compared to photons

* however, after decoupling (freeze-out) WIMPs density in a
comoving volume stayed almost the same, while photons were
deluted and redshifted away so that now they contribute
Q,~10°




Thermal equilibrium simplifies things!

Decoupling:
17 Mwe T<<Mywmp now
A
ol T Y | X -XVVXW ~ X - ) XW
XWX,YX,}/ X"}/Xfy Y 7y ,}/X,.y Y )
X x5 YT v Y v,
n ,f<<n f )
n,~n, (é(xponvential :X2Z\\j’v<r<]);]f |
suppression, n, ~e™MT) v,T v,

normalize WIMP density to CMB CMB
Decoupling is the key



the thermal cosmological density of a WIMP X

>

n

<O..\V>.

Xo
ann |nt=§X<O'annV>dX

f

umber Den

T,=present (CMB) temperature 8

T=freeze-out temperature

0.01

2 —~ 0.001 §'

10-s &

1078 |
-+ E
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o 100k
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10-1 :r
Z jo-e |
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Increasing <o,v> 4

1
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x=m/T (time -)

1000

X>>1, X non relativistic at decoupling, low temp expansion for

<0,,,V>: <0, V>~atb/x

if 0, Is given by weak-type interactions — Q,~0.1-1

...+ cohannihilations with other particle(s)
close in mass + resonant annihilations




WIMP Boltzmann equations

Liouville operator =———p ﬁ[f] p— C[f] <4 (ollisional operator

phase-space density
f(zt,p",t) = f(E,t) depends on E only

(in FWR model spatially

homogeneous and

Isotropic)

n(t) = (Qi)3 /dgﬁf(E,t) WIMP number density



background
Liouville operator momentum ¢,

'
pod At Ay 4
dr  dxt dt dpt dT dah o dph
] 7 d 5 d
_}E__l—‘“ j;{‘ _E__H— 2
i Lo =g~ I gE
dr = \/—g"dx,dx, proper time
— / dr = / Ldt — L =—7 action for free particle
Ao di e
A dx,, dt dr
d? odx? dx? dp*
T2 T I's dr dr U I —L6,p7p" (background-force

term from

affine connection geodesic equation)



Dependence on gravitational background through affine
connection

o 1 {agmf n DG af],u/\}

Aw § O ot - oxY
ds® = dt* — a“(1) g + r°dB* + r* sin® Odo RW metric
— kr

only non-zero terms:

y Loy (Og; g Ogik
‘jk _h _k —|_ - ]

2 ox OxJ ox

a
o = Ehij = Hhiy 100
; (I ; hij = 01 0
Io; = —9; 00 1

a 1]



Integration over phase-space of Liouville operator:

g >y . g 3y [ df |ﬂ2 df \ dn
ong | ' = (2;.*)3/ E \@ TEag) @ D

]

cosmological dilution

n . .
Y = — comoving density
S
2
s_PtDP g QLTB entropy density
T ° 45
a33 — constant ISO-entropic expansion

_ §—-

dY d Y d a?y 1 d 3 1 -3r!TH 2 1 / dn
? == E (t) “1'?: (” H) = HS_L;EI;” H) — ”3_..,_- (H F -+ 31’1 HH) = : (E + BHH



Collisional operator a><1
b 2

a,b=WIMP
1,2=SM (light) particles

g | . dD
-5 [ cng =
(2m)° | E
_ / Iy dTly dT1, dIT, (27)20%(p1 + p2 — pa — ) [[Miz—ab|? f1fe — |[Mab—12|* faft] =
— / dIly dIls dI1,, dI1y [27}4@4{};1 + p2 — Pa — p{,”;‘lﬂg[.fl fo— Ja f{,] =

— / ”'THI “‘THE er“ erg, [27}4@4“;1 ‘|‘1”2 — Pg — 1:)g,j|,-‘l4|2[lfl f: — }‘ifféj] = —<0ov > (n2 — ngq)

Ea,b
fa b — Ja. b —e T SM particles assumed in thermal equilibrium
- '(1+Eb E1+Er) .
eq €9 _ _ ——— __ eq peq
[l =eT T = — [y detailed balance

thermally averaged annihilation cross section:

| eq s
<ov>=— [ dlly dIly dIl, dIT, (27)*6*(py + p2 — pa — py)| M2 FELFS

2
n’eq



Boltzmann’s equation

dn : : .
I _ 2 _ 72 Lee-Weinber
pris 3Hn = — < ov> (n°—nZ,) ( 9)
dY

— =-—s<ov> (Y?-Y]

dt T ( “1)
dy TS m
— = — : <ov>(Y?-Y? = —

dx H(T =m) 7v > ‘a) . T
(t—x tranformation through iso-entropic expansion:

d 3 d d sa (1 a . dax o



dy

XS

— = = <ov>(Y*-Y3
dx H(T =m) ( ”) - |
[Riccati equation, no closed-form solutions — | ¢
can feed to computer] oot £
approx solution when x>x;: 0 |
= 10 . Increasing <o,v> :
dy TSy o S
P ov
dx H(T p— m) ’é o r \L 1
] - Yggzg-
now separable and trivial to solve: £ f (1v
g 1o-l°§ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ _
a o> d Sy
— p— av X 10 | 1
Y2  H(T=m)
1 1 1 - % /-:z:f 1 1 _1 10: y _)1;)0 1000
T o 2o =75 m g2 <ov>d (—) X m/f ime
Yo ¥y o (JIO() 0 ! x: ~20 (from numerical calculation)
i 3 m b m 1 m
7 2 1/2, m ! / 2 1/2, ~
~ 7 (Tr)— | a+ - ( ) 7 (L'p)— < ov >
(45@) 9+ (T5) €T (u Qtiff) 5G] () g g
b m [Tr/m | b
<oV >xa+ — <0V >= <ov>d|— | ~a+
2y T Jo m 21



Joining the pieces together: the WIMP relic abundance

Qs p = pPwiMp M nwimMp M SoYo

Pe Pe Pe
So = 2970 cm today’s entropy
N 5 GeV
pe = 1.054h7 x 10 I critical density
vy ~ 20 freeze-out temperature
1/2 |
g~ =~ 10 # of degrees of freedom

m = WIMP mass

Y, : from Boltzmann equation
r; 3.45x 107 0.1 pbarn
g2 <ov> = <ov>

2
Qwinph® =

h = Hy/100 km Sec_ll\fipc_1



N.B. Very different scales conjure up to lead to the weak scale!

Ty ~ K ~ 10—13 GeV CMB temp.

Hipo = 100 km SeC_1 h[p(‘ ~ 10_42 GeV Hubble par.

e = 1/G1/2 — 1()19 eV Planck scale

73

1 0
2 a3

Hl 00" Prank

eV 7?2~ 107" GeV~? ~ 1 pbarn

the WIMP “miracle”



on dimensional grounds:

&2

= e
a~ 0.1

ov

ov ~ 1 pbarn — M ~ TeV

WIMP are non relativistic, so typically (m=WIMP mass):

™m WIMP
oV 042—4 = G5m? >l<
X _
WIMP f

(cfr.. ov >~ G’?XT2 for a relativistic particle)

N~ — ~ — fm-0 Q-
= cosmological lower bound on m
(Lee-Weinberg limit and alike)






Hierarchy problem:

Higgs mass expected to be below a few TeV (on general

grounds, perturbativity of the theory)
radiative corrections to the Higgs boson of the Standard

Model — loop of the type: t

[ a*PLIP ~ m) P+ K= my) .O.

for a Higgs of momentum K. Quadratically divergert'nt for large P

independently of K: dm2~A? where A is the scale beyond which

the low-energy theory no longer applies (A=cut-off of the SM)
N.B.: technically, not SM’s business - the quadratic

divergence is independent on the momentum of the Higgs
and may be subtracted off

However the problem arises when embedding the SM in a
more general theory: in this case dm2~a A? is cancelled by
new contribution dm’, ;2 ~-b A% in such a way that (a-b) A>~TeV
scale — a huge cancellation unless A~TeV itself




The bottom line

new physics at the TeV scale is cool because it Kills
two birds with one stone:

1. solves the hierarchy problem

2. explains the Dark Matter




LEP'S COSMOLOGICAL LEGACY

Gauge Hierarchy Precision EW
SM SM
Higgs new Higgs —
- particle - particle
SM SM

« Simple solution: impose a discrete parity, so all interactions require pairs
of new particles. This also makes the lightest new particle stable.

Cheng, Low (2003); Wudka (2003)

« LEP’s Cosmological Legacy:
LEP constraints < Discrete symmetry < Stability
« Dark matter is easier to explain than no dark matter
« The WIMP paradigm is more natural than ever before, leading to a
proliferation of candidates

WIMP signal: missing energy+new particles produced in pairs



What WIMP?
Never run short of candidates...




(Incomplete) List of DM candidates

*Neutrinos

*Axions

Lightest Supersymmetric
particle (LSP) — neutralino,

sneutrino, axino g wl
Lighest Kaluza-Klein ¢

Particle (LKP)

*Heavy photon in Little
Higgs Models

*Solitons (Q-balls, B-balls)
e Black Hole remnants
*Hidden-sector tecnipions
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most popular thermal WIMP candidates from particle
physics (solve hierarchy problem: M,,/Mp,~ 10-16)

conserved DM

symmetry candidate
*SUSY * R-parity X (neutralino)
sextra dimensions K-parity B((KK photon)
olittle Higgs T-parity B, (heavy photon)

all thermal candidates, massive, with weak-type
interactions (WIMPs)

most popular candidate



SUSY is the most popular candidate. In fact:




experimentally SM works surprisingly fine after all
SO sometimes you can hear people saying that
“‘Supersymmetry is a solution in search of a problem”

actually, physicists have found many “problems” susy can solve...
(more details in H. Murayama’s lectures)

 suggested by string theory

e renormalizable

* solves the hierarchy problem (why m,<<m_..)
 compatible to GUT unification of gauge couplings
 provides a DM candidate (if R-parity is introduced to
prevent nucleon decay so that the LSP is stable)

from Cosmology, not particle physics!



N.B. R-parity conservation is crucial — otherwise the Lightest
Super Partner would decay!

most straightforward susy generalization of SM leads to the
minimal (MSSM) superpotential:

electron d-type quark u-type quark
- m_a_ss*'_’ " maSS - = m?ss T - -
Y higgTs mixing (at
: least 2 Higgs
Yukawa couplings doublets required)

*in the SM accidental conservation of B and L

e the only scalar (Higgs) has no color — no lepton number —
Yukawa couplings conserve L and B

* in SUSY many scalar hadrons and leptons (squaks and
sleptons) — dangerous B- and L- violating Yukawa couplings!



an easy recipe of how to violate L & B at the tree level in susy:

Field content of the MSSM as in Ref [15]

L d H h Superfield Component Fields Quanium Numbers Name
an 41 NAve (SUG), SUQ), U(D)

the Sa me a :(i-:f)!e:zids
gauge quantum *)-a

3.2.1) lefi-handed
quark doublet

i ; 3+ 1, -4 ighi-handed
numbers! N 4 @L =9 i
di; (3% 1, +3 right-handed

down-guark singlct

@ left-handed
lepion duublet

take SM Yukawa ) 3 a1+ e
coupling and . auge felds

-
— — P
Pt ¢:J’:h l'.'_ﬁ""'""'"
A N
e S

T

O . .3

I; ) e :;ﬁ;? fields
make the ™)
substitutions ’ 5 R W0 e
L—> H 19 H 1 — L L H%?:f-fﬁefﬁs (1,2, +1) up-type

f,

| B BB B B BB B
B e D By FO Bt
e M N e

down-type
higgs doublel

Wp = fLLR+hLQD + W' HyQU + pLHy +Audd
(then add the same “singlet”
combination of the neutron)



L and B violation at the tree lavel dangerous for proton

decay
*when all dangerous Yukawa terms are removed the

theory acquires a new symmetry, R parity:
R = (-1)2+3B+
(j=spin, B=baryon number, L=lepton number)

by wich SM particles have R=1 and SUSY partners have
R=-1
two main consequences of R parity conservation:
1. susy particles are created in pairs
2. the lightest susy particle (LSP) is stable and can
be a Dark Matter candidate
N.B. direct constraints on R parity violating couplings are orders
of magnitude largerthan those required to allow stability of the
LSP on a cosmological time scale (i.e. R-parity is usefu/ and
elegant but not garanteed); accelerators probe lifetime~10-38 s

however, can arise as an automatic symmetry in SO(10) GUT
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Supersymmetry and Dark Matter

Supersymmeftry:
fermions — bosons Supersymmetry must be broken
Different_Suey mechanisms
k=1 [R=-] imply different DM candidates:
leptons,quarks <= sleptons,squarks A Gravity Mediated
gauge fields <= gauginos — heutralino (Bino,Higgsino)
Higgs fields +— higgsinos 1 Anomaly Mediated
— heufralino(Wino),
R—parity conservation forbids stau sneutrino
barion number violation 1 Gauge Mediated
at the tree level — graviting,
= GMSB messangers
. 4
...and prevents the decay of the GUT unification of gauge
Lightest Susy Particle (LSP) couplings

THE LSP CAN BE THE DARK MATTER
e e S S —— S = = —
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the sneutrino

Scalar lepton sector

Wissn=¢€;; (H| ﬁf —Y;H!L;R)

= ¢p R=¢e,
i i
Veor=(M7) L} Li+[e; (AH ! LiR)+-h.c.]

) my —mz cos 203 ( T-|—E'L sin? B ) 0 & Miss sarsfheter BE

4 2 : -
s ( 0 P'i"FER+|‘?R sin” By m% cos 23 P | |

TR L W W @ eff MSSM at EW scale
mr = r:l.lf_-l—-“_,_-mz cos 23

@ mp = mpg

 is neutral, stable, a WIMP — may account for Cold Dark Matter

i Direct detection
@ elastic scattering on nuclei
@ scalar interaction

@ oy =07+ 0,5 — Zand Higgs
r-channel exchange

Experimental constraints on i mass:
@ Collider — relaxed in effMSSM
@ Z—width bound:
3/2

1_'_,1 § Eﬂ!_—r '.2 / . .
Alz== l_[l_ng ] B(mz—2mg )

=45 — 50GeV

o 2o h’
ftrﬂmkm ‘E = min(1, —FMT:I

s,
N

[Arina, Fornengo, JHEP0711(2007)029



the sneutrino

CoAnies, N Boresngo {2007
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0.092 < Qepumh® < 0.104
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C.Arina, N.Fomengo (2007}

o’k 1
10 ;F é
0’k — :!
10 ok } i

llowed due 1o

10 rescaling
CDOMS upper bounds —— Z—width bound

10? i - s 1 IJIIII.I- : 1 ||-|u|2 —
10’ 10° 10 10° 10 107
R 5-Z coupling hu Ejﬁm
A= g
@ dips — Z and Higgs (h, H, A, HE) poles jp gnda
j |'E)W Qh“ o ]l,"’ "::: 'Erﬂ,rm V ::"
Wt w— :
@ sharp drop — WTW— threshold — high detection rate 5‘5’;2223;3;)
Sneutrinos excluded as CDM except in fine-tuned conditions

[Arina, Fornengo, JHEP0711(2007)029



rescaling

PWIMP = Ploc X §

| f

local density of WIMPS fraction of DM due to
WIMPS

local density of matter as
measured gravitationally
(i.e.:total)

when the calculated relic density Q72 ph? is below the
minimum value compatible to observation (2cparh?)min one has
¢<1. Rescaling recipe:

Qwrnph?
(Qeparh?)min

(QcDarh?)min = 0.095  (WMAP)

£ =min |1,



mixing with a right-handed component makes thing easier

MSSM+right handed neutrino superfield+Majorana mass term

WM{rj = EH{LLH}J"}E—Y;H}E,JRﬂ—}p H;LJ;&'V)#-%J"J;";FEV
Vs oft

(M2) L*Li4+- (M2 ) N*N—[(m%)NN e (A H L R+-A, H2L,N ) +-h.c.]

Neutrino sector

— Ly = (UE L’ET) M, (y‘f) + h.c.
e UL

| o (0 Hin Wn = FEFM
S = (m}; M ) {

0 |
my > mp /M=

- 1 - -
F Up=—= (PL+ip ) ; = = = =
Sneutrino sector 5 WA =L CP basis Pl = (&T N B NE)
T . ELHL—L.-'*:] Mﬂ'l + +
V2 L
I AT e Y 2 2 2
my + fnjz cos 234-mp, 1 F ;I—mDEM ; ] i} T
‘VIE cxce F~+mpM i 4-M= 4 +mp ] 0 — pmpcotg 3
M 0 ] mi-l— %m% cos Eﬁ—l—m?ﬂ F2 —mipM
0 0

Fz—mDM mﬁ,_|_M3 +Hrzﬂ—m§/ M =1TeV
Typically M = 10 GeV: less interesting for & sector since the my, is driven by M, the N decouple

and do not mix with the left-handed component &

[Arina, Fornengo, JHEP0711(2007)029



(th=

mixing with a right-handed component makes thing easier

0.1

10-%

10-4

10-4

10-%

relic abundance

direct detection

C. drina, N Formenga (007 C. drina; H nga (UMY
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*low see-saw scale M=1 TeV needed .
inelastic scattering in direct detection!
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[Arina, Fornengo, JHEP0711(2007)029



The neutralino

» The neutralino is defined as the lowest-mass
linear superposition of bino B, wino W) and the
two higgsino states H, H2

> neutral, colourless, only weak-type interactions
» stable if R-parity is conserved, thermal relic

» non relativistic at decoupling — Cold Dark Matter
(required by CMB data + structure formation
models)

» relic density can be compatible with cosmological
observations: 0.095 < Q h*<0.131

—|DEAL CANDIDATE FOR COLD DARK MATTER







a+0 : “s-wave” annihilator

<OgnnV>~a+b/x: a=0 : “p-wave” annihilator

10.0 e ———

ranges of o, that
can provide the
correct thermal relic
density

Oan (Pb)

10
M, (GeV)

neutralino=Majorana — s-wave suppression (m/M,,)? for yy—ff

...+ cohannihilations with other particle(s)
close in mass + resonant annihilations



Caveat: non-standard cosmological scenarios may change
the usual picture!

*low reheating temperature
[Fornengo, Riotto, Scopel, PRD67,023514; Gelmini, Gondolo,

PRD74,023510] 5 Gelmini, Gondolo
- n:O.S(CIIashed), | 1
. _ = 107*(solid), f’/raxio—eucev—z i
*inflaton ¢ reheats the Universe A T
with Tr,<T; " ”
‘n=n (m,/100 TeV) DM particles & b, 2xio-wgev- |
&
per ¢ decay are produced =
-as long as Q,standard>10-> (100 =  2x10-9Gev-: |
GeV/my) appropriate choice of S zaoemas |
Try.and n provides the correct ]
NI . o N 2x1075GeV-2
relic density o i | |
R 0 3 6
log(Tg/MeV)

different expansion history (kination)
[Kamionkowski, Turner, PRD42,3310; Salati, PLB571,121]
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stau coannihilation Higgs funnel

SUGRA
(a.k.a. CMSSM)

focus point [Ellis, Olive, Santoso, Spanos]

*only few regions cosmologically allowed
variants (e.g. non-universality of soft masses
at the GUT scale or lower unification scale)
that increase Higgsino content of the
neutralino — lower relic abundance and higher
signals

[Feng, Machev, Moroi, Wilczek]



anyway, in general in SUGRA
neutralino density tends to be too
large

is the WIMP “miracle” failing ?



Many contributions to neutralino annihilation...
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...but two main classes:

X | / » fermion diagrams: m/M,,
f’ | helicity suppression due to
- Majorana nature of neutralino
X | f - see next slide

« Gauge boson diagrams:
suppressed if neutralino~Bino
(this is usually the case when
Radiative ElectroWeak
Symmetry Breaking is
implemented, |u[>>M,,M,)




mJ/M,, suppression of Majorana particles s-wave annihilation
to fermions — a detailed explanation

e e

f

1. intrinsic parity of Majorana particles is purely imaginary (= i)
so in s-wave CP(xx)=-1 and when v—0 only non vanishing
currents are xI'y fI fwithl'=v., Y¥! v, (pseudoscalar
and axial coupling)

2. when v-0 the two annihilating Majorana particles need to
have opposite spins due to Fermi blocking (x= x°¢) so
outgoing fermions have same helicities

3. however in the limit m~0 helicity flip required in outgoing
fermions ( f gy Y5 f g =fr) YV ¥Y;f g =0)

suppression of annihilation cross section & dominance of
heavier kinematically allowed final state fermion (b, 7))







The Next-to-Minimal MSSM (NMSSM)
solves the p problem, i.e. why uy~Mg,,
superpotential:

W =e, (Yu HIQu+ Yy HiQPd+ Y. Hi [ e) — e\ S H{H] + kS’

Higgs soft terms in the NMSSM:

—~L799° = m? HYH, + m% S*S + (—e;AANSH{H} + 1k A, S° + Hec.)

soft

2 Higgs (CP-even, CP-odd)

NMSSM particle content: MSSM+
1 neutralino dof

The lightest neutralino:
icl) — J\/TMBD -+ ;7\/?121’?‘? + J\/Tlgﬁ? -+ ;7\/T14FIS -+ J\/T15;§
CP-even Higgs:
hY = S11HY + S1oHY + S138
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Effective MSSM: effective model at the EW scale with a few
MSSM parameters which set the most relevant scales

* M, U(1) gaugino soft e m;soft mass common
breaking term to all squarks

e M.SU(2 augino soft
2oU(2) gaug . mjsoft mass common

breaking term
 p Higgs mixing mass to all sleptons

parameter « A common
- tan [ ratio of two Higgs dimensionless trilinear
v.e.v.’s parameter for the

« m, mass of CP odd neutral  third family (A; = A=
Higgs boson (the extended Am.: A-= Amy)

Higgs sector of MSSM ~—
includes also the neutral ° @
SUGRA—R=0.5

scalars h, H, and the
charged scalars HY




Can the neutralino be Zg/et ?

Lower limifs on the neutrdlind Mass from accelerators

O Indirect limits from chargino production (ete™ — xy Ty 7):

: T T S A — .
O Direct limits from ete™ — xvixy, 6 = x. Myl < Mmya < mys < m.,{a;) I

w [nvisible width of the Z boson (Upper limit on number N, of neutrino
families)

= Missing energy + photon(s) or ff from v~ — \/} decay
M Direct limits from ¢ — ¢ y and b — by at Tevatron *

" small production cross sections
*light squark masses (< 100 GeV) required

‘ w No absolute direct lower bounds on m,, |




Cosmological lower bound on m, (low m )
A. Bottino, F. Donato, N. Fornengo, S. Scopel, Phys. Rev. D 68, 043506 (2003)

&, Bottlne, F. Donate. N, Fermengd, 3, Seapel (FQod)

scatter plot:
full calculation
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constraint “a la Lee-Weinberg”



Cosmological lower bound on m (m > 200 GeV)
A. Bottino, F. Donato, N. Fornengo, S. Scopel, Phys. Rev. D 68, 043506 (2003)

upper bound on
'QCDMh2

<t
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curve: analytical
approximation for
minimal Qph?

0.01

e
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4. Bottino, F. Donato, N. Fornenge, S Scopel (2002)
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scatter plot:
full calculation

constraint “a la Lee-Weinberg”



x—x — ff annihilation cross section - Diagrams (Ilow )

m,>200 GeV
T exchange



The bottom line: the cosmological lower bound
on m, depends on the value of m,:

v'm, > 7 GeV for light m,

v'm, > 22 GeV for heavy m,

(-QCDMhZ)max =0.3 \1383\
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E 200
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Conclusions / part 1

the WIMP “miracle”. combination of physical scales in
a range of 60 orders of magnitude points to DM at the
TeV scale - same cut-off expected in the SM

can be realized in different well-motivated scenarios
(KK photon in UED, Heavy photon in Little Higgs,
sneutrino and neutralino in SUSY)+"Minimal”
extensions of SM

 neutralino in susy is the most popular! Today
available in different flavours: SUGRA, nuSUGRA, sub-
GUT, Mirage mediation, NMSSM, effMSSM (light
neutralinos), CPV,...

*neutralinos can be light

...to be continued



