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Dark matter and new physics BSM

� The Standard Model works, but we haven't found the Higgs

� The Higgs leads to a hierarchy problem =) new physics BSM

� Lots of new models, but... dark matter is our best evidence for
new physics BSM

Who is the dark matter in your theory/mo del

and can you calculate its relic abundance?

How can we test this theory/mo del at LHC?

� WIMPs: motiv ated by both particle and astrophysics.

� Predicted in many particle physics scenariosBSM.

� Give the right order of magnitude 
 D M .


 D M h2 � 0:1
� � E W

� ann

�

� Potentially observable signals in DM detection expts.

� Recipe for BSM dark matter

� invent a new model

� invent a symmetry which guarantees a stable particle

� fudge parameters until the lightest new stable particle
is neutral and has the correct relic density
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Outline

� Three generic examples of new physics with a DM candidate

� supersymmetry: DM = lightest superpartner.

� extra dimensions: DM = lightest Kaluza-Klein mode.

� Little Higgs: DM = ? (billion, gatesino, ...)

� In each case:

� brief intro duction to the model.

� who is the DM particle?

� why is it stable?

� what is the preferred mass range for DM?

� discovery prospects at LHC.

� How can we distinguish the di�eren t scenarios?

� astroparticle physics experiments?

� high-energy coliders
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Sup ersymmetry

� Supersymmetry is an extra dimension theory with new
anticommuting coordinates � � :

�( x � ; � ) = � (x � ) +  � (x � )� � + F (x � )� � � �

� SUSY relates SM particles and their superpartners (� $  )

� quarks, leptons , squarks, sleptons

� gaugebosons: g, W � , W 0
3 , B 0 , gauginos: ~g, ~w� , ~w0 , ~b0

� Higgs bosons: h0 , H 0 , A0 , H � , higgsinos: ~h� , ~h0
u , ~h0

d

� The superpartners have

� spins di�ering by 1/2

� identical couplings

� unknown masses(model-dependent)

� The superpartners are charged under a conserved R-parit y

� SM particles: R = 0

� superpartners: R = � 1 =) stable LSP (DM?).

� No tree-level contributions to precision EW observables
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SUSY WIMPs

� The lightest neutralino ~� 0
1 is a mixture of ~b0 , ~w0 , ~h0

u , ~h0
d :

~� 0
1 = a1 ~b0 + a2 ~w0 + a3 ~h0

u + a4 ~h0
d

� Gaugino fraction R � of the LSP:

R � � ja1 j2 + ja2 j2 � ja1 j2 :

� Focus point region: large m0 , mixed LSP.

� Coannihilation region: small m0 , ~� � ~� 0
1 degeneracy.
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LHC discovery reach for SUSY

� There are many discovery channels:

Denegri's plot goes here

� The need for \b enchmark" scenariosand parameter planes for
comparison of di�eren t signatures.
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Univ ersal Extra Dimensions

App elquist, Cheng, Dobrescu, hep-ph/0012100

� Universal Extra Dimensions is an extra dimension theory with
new bosonic coordinates y (spanning a circle of radius R):

�( x � ; y) = � (x � ) +
1X

i =1

� n (x � ) cos(ny=R) + � n (x � ) sin(ny=R)

� Each SM �eld � (n = 0) has an in�nite tower of Kaluza-Klein

(KK) partners � n and � n with

� identical spins

� identical couplings

� unknown massesof order n=R

� Remnant of p5 conservation: K K -parit y (� 1)n

� K K = +1 for even n and K K = � 1 for odd n.

� lightest KK partner at level 1 (LKP) is stable.
P3 ! P 0

3P0 ; P2P1 ; P1P0 ;
P2 ! P 0

2P0 ; P1P1 ; P0P0 ;

P1 ! P 0
1P0 .

� No tree-level contributions to precision EW observables
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Mo del summary

SUSY UED Little Higgs

SM n = 0

n = 1

n = 2

n = 3

SUSY UED Little Higgs

DM particle LSP LKP LTP

Spin 1/2 1 0

Symmetry R-parit y KK-parit y T-parit y

Mass range 50-200GeV 600-800GeV 700-800GeV
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UED Spectrum - Tree lev el

� The KK modes at each KK level n are extremely degenerate:

m2
n =

� n
R

� 2

+ m2
0

Cheng, KM, Schmaltz, hep-ph/0204342

� The radiativ e corrections are crucial for phenomenology, e.g.

e1 ! 
 1e0?

me1 � (m 
 1 + me0 ) � � R � 1
� me

R � 1

�
� � R � 110� 6

� Lots of stable (charged, colored) heavy particles...
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UED spectrum at 1 lo op

� Including radiativ e corrections, the massspectrum of
level 1 KK modes looks something lik e this:

Cheng, KM, Schmaltz, hep-ph/0204342

� Mimics (fermionic) supersymmetry!

� Seemsdi�cult to discover at the LHC, but...

� W �
1 , Z1 have pure leptonic branchings!

� sin2 � 1
W � 0 =) 
 1 � B 1 , similar to ~B in SUSY.
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The KK W einberg angles

� Mass matrix for the neutral gaugebosons
 

n 2

R 2 + 1
4 g2

1 v2 + �̂ m2
B n

1
4 g1g2v2

1
4 g1g2v2 n 2

R 2 + 1
4 g2

2 v2 + �̂ m2
W n

!

� The Weinberg angle � n at KK level n


 n = cos� n B 0
n + sin � n W 0

n � B 0
n :

Cheng, KM, Schmaltz, hep-ph/0204342
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Lev el 1 Spectroscop y

� Allo wed dominant transitions

� KK gluon: B (g1 ! Q1Q0) ' B (g1 ! q1q0) ' 0:5.
� Singlet KK quarks: preferentially q ! 
 1q0

� Doublet KK quarks:

B (Q1 ! W �
1 Q0

0) � 65% B (Q1 ! Z1Q0) � 33%

� KK W - and Z -bosons: only leptonic decays!

� KK leptons: 100% directly to the LKP .

� At hadron colliders we want: strong production, weak decays!
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Tevatron Search in 4` /ET Channel

� Arises from inclusive Q1Q1 production: Q1 ! Z1 ! ` � ` � 
 1

� Tevatron triggers

� Single lepton pT (`) > 20 GeV, � (e) < 2:0, � (� ) < 1:5.

� Missing energy /ET > 40 GeV.

� Tevatron cuts

� pT (`) > f 15; 10; 10; 5g GeV, j� (`)j < 2:5.

� /ET > 30 GeV.

� Invariant massof OS, SF leptons: jm `` � M Z j > 10 GeV,
m `` > 10 GeV.

� Main background: Z Z ! ` � ` � � + � � ! 4` /ET . Not a problem.

� LHC Cuts (pass the single lepton trigger)

� pT (`) > f 35; 20; 15; 10g GeV, j� (`)j < 2:5.

� /ET > 50 GeV.

� Invariant massof OS, SF leptons: jm `` � M Z j > 10 GeV,
m `` > 10 GeV.

� LHC backgrounds: multi-b oson, ttZ , fakes, etc.

Assumption: 50 events/y ear (100 fb � 1).
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UED discovery reach
at the Tevatron and LHC

� Discovery reach in the Q1Q1 ! 4` /ET channel.

Cheng, KM, Schmaltz, hep-ph/0205314

� Typical signatures include:

� soft leptons, soft jets, not a lot of /ET

� a lot of missing mass (LHC can't measure it)

� B (Q1 ! 2` /ET + X ) � 1
9 . In principle, channels with W1 's can

also be used { less leptons, but more often.
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Kaluza-Klein dark matter

� Relic density: G.Servant, T.T ait, hep-ph/0206071
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� Unlik e supersymmetry: no helicit y suppression


 h2 =
1:04 109 GeV � 1

M P
p

g�

xF

a + 3b=xF
; xF =

M K K

TF

a =
� 2

1

M 2
K K

380�
81

; b = �
� 2

1

M 2
K K

95�
162

:

� Unlik e supersymmetry: coannihilation lowers the bound
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Bosonic or fermionic sup ersymmetry?

� Can you tell SUSY from UED?

� Yes. Tenth Conferenceon String Phenomenology in 2011.
J.Ellis hep-ph/0208109

� Look for the higher KK levels: e.g. g2 resonance.

� Single production of KK level 2 is suppressed(involves
KK-n umber violating couplings).

q0

�q0

g2

�q1

q1

� 55%

q0

�q0

g2

�q0

q2

� 35%

q0

�q0

g2

�q0

q0

� 10%

� g2 appears a high massdijet resonance.Coloron? Z' ?

� Pair production? Typically the rate is too small.
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Lo oking for KK lev el 2: Z2 resonance

� Z2 appears promising: Z2 ! Q1Q1 and Z2 ! Q2Q0 are closed.

Lots of hard leptons? No! Z2 ! Q0Q0 wins over Z2 ! `0`0 .

� Z2 branching fractions:
Datta,Kong,KM preliminary

� Z2 also a high massdijet resonance. Coloron? Z' ? g2?
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Lo oking for KK lev el 2: 
 2 resonance

� 
 2 appears most promising. All 
 2 ! f 2 f 0 and 
 2 ! f 1 f 1

decays are closed. Every 
 2 decay dumps a lot of energy.

� 
 2 branching fractions:

Datta,Kong,KM (preliminary)

� 
 2 also a high massdijet resonance.Coloron? Z' ? g2? Z2?

� In all casesthe natural width is negligible compared to the
detector dijet mass resolution.
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UED implemen tation in COMPHEP

� Why COMPHEP?

� Spin correlations accounted for.

� Automated: ideal for new models which are straightforw ard
generalizations of the Standard Model (UED, little Higgs).

� Once the Feynman rules are de�ned, any �nal state

signature can be studied.

� It already has SUSY.

� It is interfaced to PYTHIA.

� The experimentalists know how to deal with it.

� What we have done so far:

� Level 1 is fully implemented with correct 1-loop masses.

Approximation: Z1 � W 3
1 , 
 1 � B1 . Widths: reasonable

guess,but can be recalculated with COMPHEP .

� Level 2 partially implemented (Z2 � W 3
2 , 
 2 � B2 , `2) with

the correct widths.
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UED phenomenology: Lepton colliders

� The importance of the level 2 widths.

e+

e�


 ; Z

� +
1

� �
1 e+

e�


 2 ; Z2

� +
1

� �
1

� Comparativ e study of SUSY and UED at LCs under way.
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SUSY versus UED at a LC

� The spin information is encoded in the angular distributions!

SUSY UED
e+ e� ! ~� + ~� � ! � + � � ~� 0

1 ~� 0
1 e+ e� ! � +

1 � �
1 ! � + � � 
 1 
 1

d�
d cos�

� 1 � cos� 2 d�
d cos�

� 1 + cos� 2

Datta,Kong,KM (preliminary)

� Signi�can t di�erence in the total cross-sectionas well!

� The massescan be extracted from the E � distribution.

� Threshold scan would con�rm the spins.
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Little Higgs mo dels

� The hierarchy problem in the SM

Higgs W; Z; 
 Top

h h h h

h h

� g2

� t � t

� Intro duce new particles at TeV scale to cancel the one-loop
quadratic divergences

H 0 W 0; Z 0; 
 0 � L � R

h h h h h h
� � � g2

� t f

� � t =(2f )

� Conserved T-parit y (Cheng, Low hep-ph/0308199)

� T = 0 for SM particles, T = � 1 for new particles.

� the lightest T -odd particle is stable.

� No tree-level contributions to precision EW observables
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Relic densit y in LH mo dels

� If the lightest T -odd particle is a scalar, it can be a mixture of
an SU(2)-triplet � 0

3 and an SU(2)-singlet � 0
1 :

N1 = cos� � � � 0
1 + sin � � � � 0

3

Birk edal-Hansen,Wacker hep-ph/0306161
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� The absenceof helicit y suppressionrequires large massesfor
the WIMP case.

� For 150 GeV < mN 1 < 350 GeV, annihilation into t �t and hh is

very e�cien t.
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The Message

� Recent new ideas in particle physics lead to novel alternativ es
for dark matter candidates. SUSY DM? Not so fast...

� Extra dimensions also yield natural dark matter candidates,
with calculable rates for detection.

� Little Higgs theories, with certain assumptions, also have a

dark matter candidate.

� The usual question: how do we discover these models?

� How do we tell the di�erence?

� How do we uncover the identit y of the dark matter?
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