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Why particle dark
0 curvature, z_eq m a'l' 'l'e r?
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@ Why not just ordinary (dark) baryons?

@ A: BBN and CMB make independent measurements of the baryon
fraction. Observations only accounted for with non-interacting matter
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@ Why not just ordinary (dark) baryons?

@ A: BBN and CMB make independent measurements of the baryon
fraction. Observations only accounted for with non-interacting matter



Why particle dark
matter?

@ Make baryons non-interacting by binding DM into
MaCHOs?

@ A: looked for those and did not find them;
eliminated MACHO range from = 10~°Mg

Afshordi, McPonald, Spergel

OBSERVER
SEESA INTENSL GRAVITY
BRIGHTENING BENDS THE LIGHT
OF THE STAR RAYS

OR GALAXY

Gravitational Lensing--how MACHOs focus light
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Why particle dark
matter?

* —
. P |
@ Why not > ] g
. 2 7Ly
modify ; : O
: 2 f - £ £ RN ,
gravity - sy (i
A - + | '
@ A‘ MOdlﬁed 0 1072 Sec 1 Second 300,000 Years 1 Billion Years 12-15 Billion Yeafls“

Age of the Universe

nglVi'l'y A p A A g

1 BBN CMB LSS Supernovae Galaxy curves
.I- h eo r l e S fe n d (baryons) (curvature) (matter) (DE) (matter)
to be sick

@ A: Must get the entire range
of observations right, not just
galactic rotation curves



Why particle dark

matter?

‘ e | /) ; \"',:.
@ Why not LT el X

mOdiFy \(\ o ok \'. ﬁ ; 25-'””% e
gravity? < \ AT

: ° ;,. > ""- S “". . y ;'.A L ) _‘ » :

theories tend
to be sick

@ A: Must get the entire range
of observations right, not just
galactic rotation curves

X-ray: NASA/CXC/CfA/ M.Markevitch et al.;
Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.
Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al


http://arxiv.org/abs/astro-ph/0511345
http://arxiv.org/abs/astro-ph/0511345
http://arxiv.org/abs/astro-ph/0608407
http://arxiv.org/abs/astro-ph/0608407

Why particle dark
matter?

@ By contrast, it is easy to explain everything
with particle dark matter

@ From theoretical point of view, theories are
compelling, testable.

@ As the proverb says:




Particle dark matter

@ No shortage of @ Axions and WIMPs
theories (usually,
supersymmetric)

@ Note however: most
based on a couple of
very popular theories

neutralino
KK photon

branon
L TP )

.. 4 BlackHole Remnant, |, , |

gravitino
KK graviton
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Dark Matter:
Standard Paradigm

@ Usual picture of dark matter is that it is:
@ single
@ stable
@ (sub-?) weakly interacting

@ neutral



HIDDEN DARK WORLDS
Our thinking has shifted

From a single, stable weakly
interacting particle .....

(WIMP, axion)

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....
Production: freeze-in, freeze-out and decay,

symmetric abundance, non-thermal mechanicsms .....

...to a hidden world

Standard Model ith multiple states,

new interactions



Models of Dark Matter

® The classic

@ SUSY
@ has all the ingredients

@ and they are present for other reasons

® DM (sort of) free



DM Paradigm:
recap

@ Usual picture of dark matter is that it is:
@ single
@ stable
@ (sub-?) weakly interacting

@ neutral



Stability

@ To make candidate absolutely stable, need a
symmetry in the theory

@ In SM:
@ p: stable by baryon number (global symm)
@ e-: electric charge (gauge symm)

@ nus: lepton number (global symm)



Stability

@ SUSY has built in symmetry to stabilize one
of the SUSY particles

@ Each SM particle has a superpartner that
differs in spin by 1/2 from SM particle

fermionic superpartners to

—6\ @ SM scalar and gauge bosons

ERioosino

scalar superpartners
to SM fermions

(actually, require two
Higgses in SUSY)

IS US Y

gauge gauginos

sleptons ~ bosons



Stability

@ Why is one of these states stable? R-parity
@ Symmetry which appears in UV completions

@ For proton stability; DM stability by-product

T ¥ i .
5)\Z‘7kL7:Lj€k + N9 L,Q;dy + L H,
1

5 )\”ijkﬂiaj Ek.



Stability

§kaLiLjék +NYRLQ dy + p"LiHy,
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® Preserve gauge symmetries of S’r_andard
Model

@ Violate baryon and lepton number; induce
proton decay




Stability

@ Introduce new symmetry (= R-parity) to
forbid those interactions

Pr— (_ 1)3(B—L)—|—23

@ All SM particles carry R-parity +1

lepton:  s=1/2, L=l
quark: s=1/2, B=1/3
gauge boson, s=1, B=L=0

@ All super-partners carry R-parity -1

slepton:  s=0, L=l
squark: s=0, B=1/3
gaugino, s=1,/2 B=L=0

>

Lightest super-partner is stable



Neutral

® Gauge bosons mix
Yy cosBy  sinOw B
&) '\ —sin Oy €os O WO
@ Their superpartners the gauginos also mix

@ neutral and charged states -- neufralinos
and charginos

@ diagonalize mass matrix to obtain mass
eigenstates



Neutral

@ Mass matrix: S
B W H, i o

M, 0 — Mz cos Bsin Oy, My sin 3 sin Oy,

My = 0 My Mz cos B cos by, —Mzsin 3 cos Oy,

—Mz cos Bsin by, My cos 3 cos Oy, 0 ratl
Mz sin Bsin60y;, —Mzsin 8 cos 0y, — U 0

@ Soft parameters, M; and M. Fhr_:_e;e__-in SUSY.

@ In SM, one Higgs works b/c can write field
and conjugate Lsy = ay,Q¢ — dysQo* — ey. Lo

@ Not so in SUSY: Wurssar = iy, QH, — dysQHg — éy.LH,

tanir— i vi +- ’0621 = p? = (246 GreV)2
0%



Weakly-interacting

@ Sneutrino, also being neutral, is a good DM
candidate.... except for direct detection(!)

P4 ~
P ANEUR
P d ~

()|neutrino) = |sneutrino) Gauge interaction: //i\ é

@ Its couplings are fixed by gauge interactions

@ Scatters off nucleons through Z boson

@ Lets compute the rate X>MZA<f
X i




Direct detection basics

@ Two types of interactions: spin-dependent,
spin-independent

@ Spin-independent couples to charge of
nucleus --> coherent interactions

® Examples of spin-independent interaction:
Higgs D




irect Detection Reach

CF1 Snowmass report, 1310.8327
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Kinematics of scattering

i o [ it i smxvi4+mx
Px = 0 o mx v

PR Py
P = ( e e ) e pk = ( 2 )
Dy Dy
E; = Ef ﬁz :ﬁf
i L T X
— 2unv = |7 = vV/2myEg = TG AR T

v ~ 300 km/s ~ 10"%c = Eg ~ 100 keV  for 50 GeV target



Apply to scattering
through Z boson

g 47T(mDM+mN)2 m%
a7 A— 2T, 2
O_N:O_plujz\f( fp"‘( )f ) F2(ER)

Maxwell-Boltzmann T 1 v,
distribution: (rvg)3/2
do MNON

G 7 02



Apply to scattering
through Z boson

m%Mm?V (pr+(A_Z)fn)2
47r(mDM—|—mN)2 m,




Apply to scattering
through Z boson

@ plug in and compare
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@ Active DM excluded by
direct detection

10~

10~
107
10~
107

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

LXENON 10 S2 (2013)
4+ CDMS-Il Ge Low Threshold (2011)

) \os
s b
‘\\
5| Neutrinos 8B 4
Neutrinos Ny
N~ N
SNl \

\
\
<
.
NN
..
AN
\
\
\

[a—

)
—_
]

\
N
~
~

[E—
|

—

—_

X
1
\\
7 (Green ovals) Asymmetric DM \
(Violet oval) Magnetic DM
8| (Blue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino
9 @ MSSM: A funnel
@ MSSM: Bino-stop coannihilation
0 Y& MSSM: Bino-squark coannihilation

~
~

IMP—nucleon cross section [pb]

WIMP Mass [GeV/c?]

Can evade constraint by mixing in sterile 7 ,N. This state
does not couple to Z. But is not present in minimal model



What about neutralino?

@ 2 component fermion x  Majorana fermion
@ Possible operators, four Fermi, V-A structure:
Osr = (Xvux)(@"q) =0
Osp = (X7u75x)(37*759)

Ogel dep. = (X7 ¥5X)(@7"q)

@ SI vanishes identically; others are SD or
velocity suppressed



Higgs Scattering

® So neutralino is safe from
Z-pole scattering

@ It scatters predominantly
through Higgs boson

@ Higgs boson coupling fo
nucleon comes
predominantly through a
loop

fp,n P Z fp,n yq | % D,M yq

Tq T,G
Mp 7, T e 2l

Shifman, Vainshtein, Zakharov,
Phys.Lett. B78 (1978) 443

g="1d:5



Higgs Scattering

@ Scattering cross-section depends on DM
coupling to Higgs; structure of Higgs boson
sector.

@ MSSM has two Higgses, H,, and H,

4 (V)
@ Ratio of vevs tanf = v—“
d
May,c,t — Yu,c,tVu md.s,b — Yd,s,bVd

vi b v?l = 92 = (246 GeV)2

@ Cross-section: & S ( 7 )2 (tan 5>2 (100 Gev)4

30 mg

0.4



Higgs scattering cross-
section
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Are there ways around?



A bit more about
neutralino couplings

@ Supersymmetry relates SM couplings fo
SUSY particle couplings

® This fixes the interactions that can occur ...



A bit about neutralino
couplings

@ .... and what interactions cannot occur

@ Higgs does not interact with a "pure” state

@ Must have bino-Higgsino or Higgsino-wino
mix



WIMP annihilation
processes

@ Bottom diagrams often dominate if DM is
largely wino or largely Higgsino



Escaping direct detection

constraints
X
@ So even if direct detfection X\
constraints are escaped by
making neutralino pure ... .

.
@ there may be strong /\V . i)
indirect detection 53 d ;
B TN
p by

constraints

@ Photons from annihilation in Jf
galaxy foday constrain pure
wino or Higgsino DM



Escaping direct detection
constraints

@ Make neutralino a pure state
-- wino, Higgsino, or bino

° HESS Einasto
o Fermi-LAT Einasto

@ Wino and Higgsino: strong
indirect detection
constraints
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@ Photons from annihilation in
galaxy foday constrain pure
wino or Higgsino DM




Escaping direct detection
constraints

@ Make neutralino a pure state
-- wino, Higgsino, or bino

@ Wino and Higgsino: strong
indirect detection
constraints

@ Photons from annihilation in
galaxy today constrain pure
wino or Higgsino DM

Ovanesyan, Stewart, Slatyer



Relic density of wino or
Higgsino

Gk 1y Gk
(2 BeVieae S

3% 107%° cm? /s ~

Thermal wino or Higgsino DM is heavy!



Pure bino DM escapes

@ While wino and Higgsino may be constrained
by indirect defection, bino escapes

@ But, even bino has Higgsino component set by u

@ Require (> My ~ myr  to get rid of
Higgsino component

® Same parameter enters into Z boson mass




How much param space
escapes?
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overclosed

Q
=|
a
=
@
—
©]
2]
]
o

XENONIT SI

Cheung, Hall, Pinner, Ruderman



When Should We Start
Looking Elsewhere?

@ Cannot Kill neutralino DM via direct
detection, but paradigm does become
increasingly tuned

@ Somewhat below Higgs pole -- Neutrino
background?

® Well-motivated candidates that are much
less costly to probe

@ We will talk about alternative models later



Summary

@ We have some good ideas about the DM
sector. A couple of directions have become
very well developed: SUSY and axions

@ New ideas and corresponding search
strategies have developed.

@ Important to keep searches and ideas as
broad and inclusive as possible



