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Stuff | owe you

(for discussion?)



Big Bang Nucleosynthesis

Baryons amount to
4% of the Universe.

From other sources:
Total matter is 22%.

\ 4

DM is non-raryonic.

(there went my theory of "sneaker dark matter™
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The nice plot

BAO= baryon acoustic
oscilations. Power spectrum of
large scale structure.

SNe = supernovae type |A

CMB=CMB.

Notice theat each technique
alone has a “degenerate
direction.

The combination rocks.
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( Did anyone £ind
\ DM in their geer?




DM Properties

%* cold.:

Simulations of the formation of large scale structure
seems to favors cold (a.k.a non-relativistic) DM.

* long lived.
DM is still around today. It should not decay faster
than the age of the Universe. If it decays to SM
particles the limits are much stronger:

Decay Channel 7 Lower Limit Experiment
qq 1027 s PAMELA antiprotons
ete” or ppu= |2 x10%° s (%) PAMELA positrons
- 10% 5 (1+ 22V ) | EGRET + PAMELA
WW 3 x 1020 s PAMELA antiprotons
vy 2 x 10%° s PAMELA antiprotons
VU 102° s (RM) | AMANDA, Super-K




DM Properties

% does not interact much:

Obviously. Its dark.
But due to halo shapes we know-

© it does not interact strongly with itself, otherwise halos
would be too spherical (e.g. Fox and Buckley 2009).

O it does not interact with massless particles, otherwise
those could be radiated, and the halo would collapse to

a disk.

Does it have any
non-gravitational interactions?



Relic abundance: VWIMPS

% What sets the amount of DM?

* Lets assume that DM has a weak interaction with
matter:

It can annihilate.

* What happens if we add such a particle to the
primordial hot soup!?



Relic abundance: VWIMPS

Disney Version:
Initially DM is in thermal equilibrium.

XX < ff

As the T drops below the mass it is “energetically
favorable” for DM pair to convert to SM particles.

L > DM srundance reains to drop.

At some point, DM particles will not find friend to
annihilate with. The abundance is set. Freeze-out.



Relic abundance: VWIMPS

* When is it that two WIMPs can’t find each other?

E Xpansion rate

annihilation rate of 4he Universe
or
. T2
‘ . a
(Particle Physics)  npym(ov) ~ — ~ —— (Cosmoloay)
a Mpl

(rut IN practice we solve a RoHzZMaN equation)

This gives an intriguing result...



Relic abundance: VWIMPS

* Abundance is independent of
initial conditions. :-)

* Set by annihilation cross-

section:
QhQ ~ (0.1 M (g_*)_l 3 X 10_26Cm2s_1
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EVV cross-sections! what a coincidence!



WIMPs :-)

* Experiment.
A new particle with weak scale mass and cross
section around| pb. sounds good! Could lead to:

DM DM !
© Scattering off a nucleus. x dec.\t‘;‘i.gtor\

q q

DM q 1AA
© Annihilation in our galaxy. X dg,\ti‘r;gr\
DM

q

q DM

© Production at a collider. X Production
_ (thouah we’'d retter find
q DM another diaaram)

Just keep turning the diaaram on its side... more ister



WIMPs :-)

* Theory:
Dark matter needs to annihilate with weak=scale
Ccross-sections.

New physics at the wesak or TeV scale .
We have plentty of those lying around!

For examples, see Lian Tao’s Talk:
SUSY, Extra dimensions, compsiteness...

* Experiment (again):
Many of these theories have new colored particles.
Produced strongly. Decay to DM.

Hiah rates for NP sianals with MET i



At this point | was qoina to tell
you arout DM in SUSY.
| won™t.

you can check out the "deleted scenes”
section of these slides.



Searches for DM

Direct & Indirect

How can we devise collider searches that
complement these experiments directly?



Direct detection
* Direct detection places limits on .

q q
* Heroic effort with remarkable results:

Devise an ultra sensitive detector w/ low threshold.
Build this detector from ultra clean materials.

Find a deep (and dirty!) mine.

Set up your detector don there (keeping it clean).

O O O O O

Wait till a WIMP kicks your detector

* DM velocity ~ 10-3.
Kinetic energy ~few-100 keV.
Energy threshold need to be this low!



Direct Detection

* Parameter Space - spin independent:
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Direct Detection

* Parameter Space - spin independent:

1 0-39

XENONI00 (2012)
= observed limit (90% CL)

Expected limit of this run:
I = 1 o expected
+ 2 0 expected
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Direct Detection

* Parameter Space - spin independent:

10

Spin—dependent proton cross—section (cm2)

10 10 10 10
WIMP Mass (GeV)



Direct Detection

* Parameter Space - spin independent:

10

irr=dependent proton cross—section (&m:

/ Coherence l
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WIMP Mass (GeV)




Direct detection

* Heroic effort with remarkable results.

% DD has some “weaknesses’’:

Low mass.
Spin-dependent cross sections.

Astrophysical uncertainties.

O O O O

Threshold uncertainties.

* As you will see colliders are complementary.



A Simple Point

* |n order to get a particular DM-nucleon cross

, WE aSSume the existence of

* The same interaction can lead to DM production at
a hadron machine.

q DM

pp — nothing

DM
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A Simple Point

* |n order to get a particular DM-nucleon cross

, WE aSSume the existence of

* The same interaction can lead to DM production at
a hadron machine.

q DM

pﬁﬁj+¢T
Y
DM Z W




A Simple Point

* |n order to get a particular DM-nucleon cross

, WE aSSume the existence of

* The same interaction can lead to DM production at
a hadron machine.

q DM

pﬁ%j+¢T
Y

bM 4 W jets




A Simple Point

* Mono-X searches can place limits on the
direct detection plane.
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A Simple Point

* Mono-jet searches can place limits on
the plane.
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Recent theoretical activity:

Goodman, Jessica et al. Phys.Lett. B695 (2011) 185-188
Goodman, Jessica et al. Phys.Rev. D82 (2010) 116010
Goodman, Jessica et al. arXi1v:1111.2359

Rajaraman, Arvind et al. Phys.Rev. D84 (2011) 095013
Fortin, Jean-Francois et al. Phys.Rev. D85 (2012) 063506

Bai, Yang et al. JHEP 1012 (2010) 048

PJF, Harnik, et al. Phys.Rev. D85 (2012) 056011
PJF, Harnik et al. Phys.Rev. D84 (2011) 014028
PJF, Harnik et al arXiv:1203.1662

Shoemaker, Vecchi arXiv:1112.5457
An, Jia and Wang: arXiv:1202.2894

o
(Paddy, thanks £or making this list.)

What qoes Into these limits?



Direct Detection - EFT

* Direct detection experiments probe ~|100 MeV.

The interaction is always “contact”. Effective field
theory (EFT) valid:

O — (X%X)(CTY“Q) S|, vector exchange
V — A2 ’
O — (XY 5X) (@7 59) SD, axial-vector exchange
A — A2 Y
O, = (XPre)(@PLX) | (L < R), S‘I‘ (or SD),t-chann’e’I
A? squark exchange
I _ (xx) (G}, G*)
g — s A3 S| gluon operator

Two possibilities:



Direct Detection - EFT

* Direct detection experiments probe ~|100 MeV.

The interaction is always “contact”. Effective field
theory (EFT) valid:

O — (X%X)(CTY“Q) S|, vector exchange
V — A2 ’
O — (XY 5X) (@7 59) SD, axial-vector exchange
— e 7
O, = (XPre)(@PLX) | (L < R), S‘I‘ (or SD),t-chann’e’I
A? squark exchange
I _ (xXx) (G, G*)
g — s A3 S| gluon operator

Two possibilities: |) EFT is valid at LHC.
2) It’s not.



EFT - valid or not?

* The EFT is valid for direct detection( ¢ ~ 100 MeV):

q q
\/ 2 W=

| 2 2 M TN+ Ty
! 9DD ™~ Yx Yq 314

/xx\ A M
v/ Yq9x

MmN

% At a collider consider two extreme limits:

2 2 1
g Qs Gy Yq pZ. M < /s, suppressed.
O15
X 1j 2 2 p%_, " n
g gX gq L M > \/ Sx Sawne

as DD.

There’s an interesting middle reaion..



A Search

* The search is pretty straightforward.
CMS’s monojet (ATLAS is similar):

o | or 2 jets ("mono-di-jet
o MET > 350 GeV.
o dphi(jl,j2)<2.5.

'
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A Search

* The search is pretty straightforward.
CMS’s monojet (ATLAS is similar):

o | or 2 jets ("mono-di-jet

6 MET > 350 GeV.

o dphi(jl,j2)<2.5.
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Suppression scale M, [GeV]

Limit

Vector coupling
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Vector coupling
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The limit i1s flat up to
~2 OO0 Ge\V Goes

all the way to zero.



Suppression scale M, [GeV]

Vector coupling
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The limit i1s flat up to
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SD = Sl limits ook
very similar



CMS Limits
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Best limit for light DM:

CMS Limits
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x-Nucleon Cross Section (cm

CMS Limits

Best limit for light DM:
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ATLAS Limits

ls=7TeV, 4.7 b
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ATLAS Limits
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Indirect Detection

* Thermal relic cross sections are being probed!

Cross section <ov> for y¥ — qq [cm° / s]
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What happens when the mediator is light?



Light Madiator

* The limit become better before it gets worse:
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Light Madiator

* The limit become better before it gets worse:
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Does Higgs have anything to do with DM?



RHiggs Exchange

* Current DD limits are probing Higgs exchange.
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RHiggs Mediator

ATLAS 30 fb! upper bound ( projected )
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Summary

* DM is real and exciting!

* You can probe in in new and complementary ways
at the LHC.

Go find it!
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WIMPs in BSM e.g. SUSY

* |n many theories a new parity was needed to, say,

prevent proton decay (in SUSY):

(4 ) f%— ~
5t j U D 112 ; }ﬂo
L UJM
"Bad" coupling
foreridden
X , f
7!

X ' f
P - —

(ripped £rom Lian Tao’s talk)

odd —

LSP ° €ven

e

Lichtest odd particle’is
starle (for "free'? ).

But it can annihilate via
spar-ticle exchanae.
spar-ticle mass is set to
solve other proglems!



SUSY WIMPs

* |n fact, neutralinos can annihilate in many many ways:

Jungman, Kamionkowski, Griest (1995)



SUSY WIMPs

* A variety of possibilities: interesting
phenomenology, but also...

* Connections between experiments are highly
model dependent.

NoO lonager turning a single diaaram on Its side..

For example:



Jungman, Kamionkowski, Griest (1995)



Jungman, Kamionkowski, Griest (1995)



SUSY & Colliders

* SUSY particles are produced via colored squarks
or gluinos.

* This is great for discovering New Physics, but hard
to make the connections to dark matter.
(nature can certainly be this way).

Indeed, | wish we had this problem....



SUSY Limits

* Limits on SUSY also are model dependent:
CMS Preliminary L _ =4.98 fb"',\'s =7 TeV

— 800 | | | | | | | | | | | | | | | | | | I | | | | | | | | I__
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Which means there are ways to evade them! -)



SUSY Limits

* Limits on SUSY also are model dependent:

T

© =025

CMS preliminary m(mother) —m(LSP) =200 GeV D ro050 m(LSP)=0 GeV

x=0.75

T1: §—49x" | gluino

Tlbbbb: §—bby" gluino

Titttt: g—tx” | gluino

T2: 34X’ | squark

T2bb: b—bX° | sbottom

T2tt: %—)tf(o Stop

T3Ih: g—qa(xs =171 X") | gluino

T3w: g—qq(x* =WK|X°) gluino y—l_‘

T5lnu: x* =1 v%° | gluino

T52z: §—qq(Xs —2X°) gluino

TChiSlepSlep: ¥3x* — vy X’ chargino/neutralino

7 TeV, < 4.98 fb!

foe ot <0 <0 ~0 . ;
TChiwz: X~ x; -WZX" X chargino/neutralino

0 200 400 600 800 1000 1200
Mass scales [GeV1

Which means there are ways to evade them! -)




Other DM Candidates

* Other Wimps-
6 KK-photons (extra dimensions), LTP (little Higgs),
Inert doublet,

* Axions- (not a WIMP!)
© Originally proposed to for the strong CP problem.

O itis a very weakly coupled and very light particle.

O Searches are far fewer (opportunity!), and non-collider.

* Asymmetric DM- (also not a WIMP)
o0 Exploit the fact that ppum ~ few X pmatter -
© Invoked an asymmetry b/w DM and anti-DM (like us).

o Signals are model dependent, but possible everywhere.
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Many More...
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SuperWIMPs :
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KK graviton
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Direct, indirect, collider



Direct detection



Current Anomalies



Indirect



Colliders



