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• Strong interactions
• Flavor physics
• Extra dimensions
• Dark Matter
• Baryons
• Perspectives in theory



The Standard Model of strong and electroweak 
interactions is based on the gauge group

SU(3)c × SU(2)L × U(1)Y

describes the physics of strong interactions: 
QCD (see next week conference)

SU(3)c

SU(2)L × U(1)Y describes the physics of weak and 
electromagnetic interactions

•

•

• The Standard Model describes the 
experimental data with high accuracy

•  It has to be spontaneously broken to QED by the 
Higgs mechanism



• The theory of strong interactions is well 
confirmed but the theory becomes non-
perturbative at low energies

• It is essential to understand the QCD 
background at LHC for any discovery: 
Higgs, new physics,...

• Used techniques are different: pQCD, 
NRQCD, HQET, chiral Lagrangians, non-
perturbative methods (lattice),..., or a 
combination of all

THE STRONG SECTOR



QCD & backgrounds for the LHC � Moriond EW 09 � G.Zanderighi 

dσpp→hadrons

dX
=
∑
a,b

∫
dx1dx2fa(x1, μF )fb(x2, μF ) × dσ̂ab→partons(αs(μR), μR, μF )

dX
+ O

(Λn
QCD

Qn

)

Expansion in the 
coupling constant 

(LO, NLO, NNLO... ) 

Extracted from data, 
but evolution is 

perturbative

Prerequisite: factorization

NB: factorization used in many contexts without proof

PERTURBATIVE METHODS: Giulia Zanderighi



Parton densities: recent progress

Recent major progress:

• full NNLO evolution (previous only approximate NNLO)

• full treatment of heavy flavors near the quark mass
[Numerically: e.g. (6-7)% effect on Drell-Yan at LHC] 

• more systematic use of uncertainties/correlations

• Neural Network (NN) PDFs 
splitting functions at NNLO: Moch, Vermaseren, A. Vogt ’04 

[+ much related theory progress ’04 -’08]
Alekhin, CTEQ, MSTW (new MSTW ’09), NN collaboration   

Recently on the market: toolkits for NNLO DGLAP evolution of 
PDFs PEGASUS A. Vogt ’04; QCDNUM Botje ’07 

CANDIA Cafarella et al. ’08;  HOPPET Salam & Rojo ’08

 Description of PDFs reaching precision, but still some work ahead 

Giulia Zanderighi



QCD & backgrounds for the LHC � Moriond EW 09 � G.Zanderighi 

...  [much more, I did not have time to mention]

jets: many new ideas, impressive level of sophistication

higher orders (LO, NLO, NNLO & resummations)

precision in parton densities 

Impressive progress in the last years

Progress driven by

automation/flexibility/public codes

good communication with experimentalists & common papers

Conclusions

Still many challenges ahead but QCD theory will provide 
solid basis for a successful physics program at the LHC 

Giulia Zanderighi



The principle

First principle “solution” of QCD

experiments, hadrons

mp = 938.272MeV

Mπ = 139.570MeV

mK = 493.7 MeV

mD = 1896 MeV

mB = 5279 MeV

• The Lagrangian

• Non-perturbative regulator:
lattice with spacing a

• Technology

continuum limit a → 0

fundamental parame-
ters
& hadronic matrix
elements

α(μ)

mu(μ) , ms(μ)

mc(μ) , mb(μ)

FB , FBs , ξ . . .

Rainer Sommer New perspectives for heavy flavour physics from the lattice

LATTICE METHODS: Rainer Sommer



Some sample results from the literature

Review of E. Gamiz lattice 2008

examples of results

mMS
c (3 GeV) = 0.986(10)GeV HPQCD

mMS
b (mb) = 4.20(4) GeV HPQCD

ξ =
FBs

√
mBs

FB
√

mB
= 1.211(38)(24) FNAL/MILC

FBs = 243(11)MeV FNAL/MILC
FDs = 241(3)MeV HPQCD

Precision up to 1% is claimed

Rainer Sommer New perspectives for heavy flavour physics from the lattice

Rainer Sommer



The challenge

multiple scale problem
always difficult
for a numerical treatment

lattice cutoffs:
ΛUV = a−1

ΛIR = L−1

L−1 � mπ , . . . , mD ,mB � a−1

O(e−LMπ ) mDa � 1/2

↓ ↓
L � 4/Mπ ∼ 6 fm a ≈ 0.05 fm

L/a � 120

beauty not yet accomodated: effective theory, ΛQCD/mb expansion

Rainer Sommer



Nf = 2 QCD: Coordinated Lattice Simulations

Teams

* Berlin (team leader Ulli Wolff)
* CERN (L. Giusti, M. Lüscher)
* DESY-Zeuthen (Rainer Sommer)
* Madrid (Carlos Pena)
* Mainz( Hartmut Wittig)
* Rome (Roberto Petronzio)
* Valencia (Pilar Hernández)

Physics planned at present

* Fundamental parameters up to Mb

* Pion interactions
* Baryon physics
* Kaon physics
also with mixed actions

β a[fm] lattice L[fm] masses

5.30 0.08 48 × 243 1.9 6 masses CERN, Rome

5.30 0.08 64 × 323 2.6 6 masses CERN, Rome

5.50 0.06 64 × 323 1.9 5 masses DESY,Berlin,Madrid

5.70 0.04 96 × 483 1.9 2 masses DESY,Berlin

5.70 0.04 128 × 643 2.6 2 masses DESY,Berlin, started

Promising for charm (and beauty)

Rainer SommerPerspectives:
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THE ELECTROWEAK SECTOR

Very good agreement with precision data
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There are a number of problems that the SM 
cannot resolve and requires NEW PHYSICS

   The Higgs sector is sensitive to the UV cutoff: hierarchy 
problem           Supersymmetry,  Warped extra-dimensions

No explanation of the flavor structure, including the 
existence of 3 generations

No Dark Matter candidate

No explanations for baryons

No unification with gravity

No unification of strong and electroweak couplings

•

•

•
•

•

•



• Solution to the flavor problem is finding a 
rationale for the structure of masses and 
mixing angles for quarks and leptons

• Normally it involves introducing a flavor 
symmetry under which flavor transforms and 
which breaks at some high scale leaving 
behind the flavor structure

• An example is the Froggatt-Nielsen 
mechanism with scalar fields coupled to 
Yukawa couplings as different powers 
according to quantum numbers

FLAVOR



Puzzles of the electroweak sector

• Unexplained hierarchies of fermion masses:

• Unexplained hierarchies of fermion mixings (e.g. quark sector):

Matthias Neubert



Beyond SM there is another problem of flavor ...

electroweak symmetry 

breaking

increasing 

energy scale
�Higgs < 1 TeV �flavor > 103 TeV →→

no fine-tuning bounds on flavor mixing

∼ ∼

⇒ ⇒
Higgs mass large FCNCs

generic flavor 

structure

� � � � � �

⇒ ⇒
T

T

h h
∼ g2

T

16π2
Λ2

UV

s

s

d

d

X ∼ g2
X

Λ2
UV

LEFT = Λ2
UVΦ†Φ − λ(Φ†Φ)2 + Lgauge

SM + LYukawa
SM +

L(5)

ΛUV
+

L(6)

Λ2
UV

+ . . .

• Solutions to flavor problem explaining �Higgs << �flavor:

(i)  �UV  >> 1 TeV: new particles too heavy to be discovered at LHC

(ii) �UV� 1 TeV: quark flavor mixing protected by flavor symmetry

Matthias Neubert



The global symmetry can give rise to a discrete one

Much simpler to find models based on discrete groups

•
•

In the leptonic sector the knowledge of neutrino 
masses and neutrino mixing angles can well fit the tri-

bi-maximal texture

•

In the quark sector there is strong relation with 
B-physics: 

Aoife Bharucha presented a detailed calculation of the 
process                                                  that can 

probe SM and NP at LHC                        

Amarijit Soni finds that several sizable effects in B CP 
asymmetries are better fitted with a 4th generation 
and t’ and b’ around 400-600 GeV and a heavy Higgs

B → K∗μ+μ− → K−π+μ+μ−
•

•

•



M.Maltoni et al.  New J.Phys.6:122,2004

Harrison, Perkins, Scott, PLB530 (2002)

BI-maximal

UTB =

⎛
⎝

√
2/3 1/

√
3 0

−1/
√

6 1/
√

3 −1/
√

2
−1/

√
6 1/

√
3 1/

√
2

⎞
⎠

TRI-maximal

2008
Neutrinos
& Lepton mixing Δm2

sol = 8.1(7.5 − 8.7) · 10−5eV2

Δm2
atm = 2.2(1.7 − 2.9) · 10−3eV2

sin2 θ12 = 0.30(0.25− 0.34)
sin2 θ23 = 0.50(0.38− 0.64)
sin2 θ13 = 0(≤ 0.028)

TB −
1/

⎞
⎠⎠
⎞

Mdiag
l

UT
TB Mν UTB = Mdiag

ν

sin2 θ12 = 1/3, sin2 θ23 = 1/2, sin2 θ13 = 0

( ? see Palazzo’s talk on friday)sin θ13 
= 0

Federica Bazzocchi



Discrete flavor symmetries

A4

S4

Ma & Rajasekaran PRD64,
Babu et al. PLB552 (A4)
Ma PLB632 (2006),
Hagerdon et al. JHEP 06 042 (S4)@ LO exact TBM!

� even permutations of 4 objects (subgroup of S4, tethraedral symmetries)
�4!/2=12 elements 
�generated by two basic permutations: S=(4321) & T=(2314)
�S2=T3= (ST)3=1 -> a representation of the group
�12 elements belong to 4  equivalence classes
�4 inequivalent representations 1,1’,1’’ & 3

� permutations of 4 objects (tethraedral symmetries)
� 4!=24 elements 
�S4=T3=1, ST2S=T -> a representation of the group
�24 elements belong to 5  equivalence classes
�5 inequivalent representations 11, 12 , 2, 31, 32

Federica Bazzocchi



A4, S4

Z2 , Z2xZ2

the group splits differently in charged lepton and neutrino 

sector not to get trivial mixing !

Z3

charged leptons neutrinos

(or                     )(o

2 , 2 2

neutrinos

Ulep = U †
Z3

UZ2 = UTB

3

charged leptons

4 4

GT
Z3

MlM
†
l GZ3 = MlM

†
l

GT
Z3

MlGZ3 = Ml

GT
Z2

MνGZ2 = Mν

UZ3

UZ2

Federica Bazzocchi

A4 for SU(5) constructed by Alfredo Urbano (YSF2)



choose a basis for the A4,S4 generators in which the charged lepton are diagonal  

neutrinos can get a mass in different ways

effective operator (EF)

type I see-saw (SSI)

type II see-saw (SSII)

flavour symmetry

type III see-saw (SSIII)

LLΦ
φi

ΛF
LLΦ

1
Λ

LLhuhu
1
Λ

LLhuhu
φi

ΛF

Mν ∼ −mD M−1
R mT

D

Mν ∼ −mlΣ M−1
Σ mT

lΣ

mD ∼ Lhuνc φi

ΛF

MR ∼ νcνcφi

mlΣ ∼ LhuΣ φi

ΛF

MΣ ∼ ΣΣφi

Federica Bazzocchi



Comparing models: A4

AF-EF

AF-SSI
Mν = v

⎛
⎝ a + 2c −c −c

−c 2c a − c
−c a − c 2c

⎞
⎠

Mν = v

⎛
⎝

2
3a2 + 1

3b2 − 1
3a2 + 1

3b2 − 1
3a2 + 1

3b2

− 1
3a2 + 1

3b2 1
6a2 + 1

3b2 + 1
2 c2 1

6a2 + 1
3b2 − 1

2c2

− 1
3a2 + 1

3b2 1
6a2 + 1

3b2 − 1
2 c2 1

6a2 + 1
3b2 + 1

2c2

⎞
⎠

10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

mΝ �eV�

�m
ee

�
�e
V

�

CUORE

Majorana�GERDA III

GERDA II

�m23
2 � 0

�m23
2 � 0

present 0Ν2Β bounds

K
A
T
R
IN

10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

mΝ �eV�

�m
ee

�
�e
V

�

CUORE
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GERDA II

�m23
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�m23
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K
A
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10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

�m
ee

�
�e
V

�

CUORE

Majorana�GERDA III

GERDA II

�m23
2 � 0

�m23
2 � 0

present 0Ν2Β bounds

K
A
T
R
IN

Mν = v

⎛
⎜⎝

1
3a + 2

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a + 2

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a − 1

3
1

(a+3c)
1
3a + 2

3
1

(a+3c)

⎞
⎟⎠

HMV

Fl-structure one  in 
MR  the other in mD

IH

NH

NH

NH

Federica Bazzocchi



SUPERSYMMETRY

• Supersymmetry is the simplest and more elegant 
solution to the hierarchy problem: quadratic divergences 

generated by bosons are canceled by fermions
• In its minimal version (MSSM) the SM-like Higgs mass is 
very strongly bound and then the theory can be ruled out 

at the LHC
•  In the MSSM there is a natural candidate for CDM: the 

lightest neutralino provided R-parity is conserved
• Gauge coupling unification happens without imposing it
• Radiative electroweak breaking is a nice feature of 

minimal SUGRA
• The stability/triviality problem of the SM are naturally 
solved by the relation between quartic and gauge coupling





• The key problem in supersymmetric theories is the 
generation of soft breaking terms: gravity mediation, 

gauge mediation, gaugino mediation, anomaly mediation
• In general supersymmetry suffers from the so-called 
supersymmetric flavor problem: if there is a mismatch 

between quark and squark diagonalization

SUSY SUSY flavourflavour problemproblem

• Squark mass matrices are not necessarily diagonal  

in the same basis as the quark mass matrices

Quark-squark-gluino vertex is 

flavour-changing in general

Dangerously large flavour-mixing in 

FCNC processes involving the strong coupling 

constant.

Andreas Crivellin
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FlavourFlavour--changing self energy:changing self energy:

( ) ( ) ( )q g2 q LR q RL 2 q q

s fi R fi L 0 g f A iB2fi

m
0 g P P C m , M ,M

6
Σ = Δ + Δ

π

�
� � � �

�

B i
qA f

q
( )q AB

fi
i p− Σ =

s
q�

pp

a
g�

( ) ( ) ( )( ) ( )

( ) ( )

s

s s

RL LR
fi fi

6 6

s qL* q qR q * s qR* q qL q *

LR jf js ki k 3,s RL jf j 3,s ki k

6
q g2 2 2

s R L 0 g q2

s
fi fi

j,k 1 j,

fi

s 1

k 1

V V

V U W

m
0 g P P B m ,m

U W , V U W

wit

U W

h
6

+ +
=

=

=

≡

π

≡

Σ = +

� �

�
�

�

� � � �

Mass insertion approximation

Exact diagonalization dimensonless

�(0)~MSUSY 
for constant �

Andreas Crivellin
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0.22--0.27

0.22--0.027

0.00120.016,      D mixing0.0047

--0.5,         B
d

mixing0.032

0.050.06,              b�s�0.01

0.0050.15,       B
d

mixing0.001

0.000150.006,      K mixing0.0011

bound from 

vacuum stability

bound from FCNCour boundquantity

u LR

12
δ

u LR

13
δ

u LR

23
δ

d LR

12
δ

d LR

13
δ

d LR

23
δ

d LL

13
δ

Results and comparisonResults and comparison

Bounds calculated with msquark=mgluino=1000GeV

Andreas Crivellin



Too many parameters: a simplification is Minimal Flavor 
Violation

What does MFV imply for SUSY? Simplification !

∗ The superpotential (N = 1, unbroken R-parity) is MFV !
WMSSM = QYuHuU +QYdHdD + LYeHdE + μHdHu

∗ SUSY-breaking with MFV-generational structure:
Q̃†m̃2

QQ̃+ Ũ †m̃2
U Ũ + D̃†m̃2

DD̃ + (AuQ̃HuŨ
∗ + AdQ̃HdD̃

∗ + h.c.)

m̃2
Q = m̃2(a11 + b1YuY

†
u + b2YdY

†
d )

m̃2
U = m̃2(a21 + b5Y

†
uYu)

m̃2
D = m̃2(a31 + b6Y

†
d Yd)

Au = A(a41 + b7YdY
†
d )Yu

Ad = A(a51 + b8YuY
†
u )Yd

D‘Ambrosio et al ‘02 bi ≡ 0: SUSY breaking is flavor blind

Gudrun Hiller



MFV Predictions for the MSSM

∗ Highly degenerate squarks of 1st and 2nd generation:
Δm/m0 ∼ λ2

c/2; Δm < 1 GeV
∗ 3rd generation decoupled (via VCKM ).

200

400

600

800

TESLA TDR Part III ‘01

Gudrun Hiller Moriond EW, March 2009 Slide 6

Gudrun Hiller



Another simplification: 1st and 2nd generations heavy

n In the Hierarchical scenario the LL and RR soft terms have the following 
structure:

A(ΔF = 1) = f(x)δ̂ij

m̃2 =

⎛
⎝

h11 h12 a1

h21 h22 a2

ā1 ā2 l3

⎞
⎠ remaining entries are much lighter.

MMoottiivvaattiioonnss::
n Complementary to degenerate assumption

n If we start with a degenerate condition at very high energy, we end up to a split situation at low 
energy because of the Yukawa coupling of the 3rd family

n Welcome to alleviate SUSY flavor problem

x =
m̃2

3

M2A(ΔF = 2) = g(1)(x)δ̂2

ij

δ̂LL
bd , δ̂LL

bd , δ̂RR
bd , δ̂RR

bd
Thherree are onnlyy 4 flflaavoorr violatting inssertionss::

δ̂LL
ds ≡ δ̂LL

db δ̂LL
bs

Suppreession iin tthe 1--2 sector

Thhee first two families can bbe nnaattuurraallllyy
hheeaavieer wwiitth respecct to the 3rrdd one.

Marco Nardecchia (YSF1)



WARPED EXTRA DIMENSIONS

• It is a solution to the hierarchy problem that involves 
gravity: it was proposed by Randall and Sundrum

The Randall-Sundrum (RS) idea

(Wikipedia)

Matthias Neubert



*Randall and Sundrum hep-ph/9905221 hep-th/9906064

ε =
MW

MPl
= e−krπ ≈ 10−16 , L = − ln ε ≈ 37 , MKK = kε = few TeV

Hierarchies from geometry: RS model*

Slice of AdS5 with curvature k :

VUV = � � = �24MPl,5k2 < 0

0 ��

S1/Z2

2

ds2 = e−2σημνdxμdxν − r2dφ2 , σ = kr|φ|

VIR =
�

k
�

k

ultra-violet (UV) 

brane

infra-red (IR) 

brane

warp factor
(solution to Einstein’s equations)

Matthias Neubert



infra-red (IR) 

brane

ultra-violet (UV) 

brane

Hierarchies from geometry: RS model

SU(3)C� SU(2)L� U(1)Y

0 ��

Pattern of gauge-symmetry breaking:

SU(3)C� U(1)EM

Higgs

� bulk gauge group SU(2)L� U(1)Y broken by IR brane-localized Higgs to U(1)EM

� more complicated patterns (with custodial symmetry) also considered in 

literature*

SM matter and gauge fields
(+ KK excitations)

*Agashe, Delgado, May, Sundrum, hep-ph/0308036;  Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341

Matthias Neubert



�

*Davoudiasl et al., hep-ph/9911262; Pomarol, hep-ph/9911294; Chang et al., hep-ph/9912498

RS model: Gauge boson profiles*

W, Z

Profiles of gauge fields:

g

g(1)
ultra-violet (UV) 

brane

infra-red (IR) 

brane

Higgs

1

χg,γ(φ) =
1√
2π

, χW,Z(φ) ≈ 1√
2π

[
1 +

m2
W,Z

M2
KK

(
1 − 1

L
+ t2 (1 − 2L − 2 ln t)

)]
� while profiles of photon and gluon are flat, wave functions of heavy gauge 

bosons and KK modes are peaked near IR brane

t = ε ekr|φ|

Matthias Neubert



Profiles of fermion fields:

RS model: Fermion profiles*

tR
light fermions

�
�Q3 =

t
b

�
� L

cQ3
> �1/2

cQ1,2
< �1/2

Higgs, 

Yukawas

ultra-violet (UV) 

brane

infra-red (IR) 

brane

� t 1

� localization of fermion profiles in extra dimension controlled by bulk mass 

parameters cQ,q = ±MQ,q/k 

� top quark lives in IR to generate its large mass, while light fermions live in UV  

• RS setup allows a “theory of flavor”

Matthias Neubert



λ = O(1)
FcQ1

FcQ2

Quark masses and mixings in RS model*

165 GeV4.21.3100 MeV53

u d s c b t

• Hierarchy in quark masses and mixings can be naturally generated from 

anarchic complex 3�3 matrices Yq = O(1) entering Yq = FcQi  (Yq)ij Fcqj
eff

mqi

(+ anarchic Yukawa matrices)

A = O(1)
F 3

cQ2

F 2
cQ1

FcQ3

ρ̄ − iη̄ = O(1)

mqi
= O(1)

v√
2

FcQi
Fcqi

Scaling laws:

Matthias Neubert



*Froggatt and Nielsen, Nucl. Phys, B147 (1979) 277; Casagrande et al., arXiv:0807.4537; Blanke et al., arXiv:0809.1073

(Y eff,RS
q )ij ∝ (Yq)ij e−krπ(cQi

−cqj
)

Warped-space Froggatt-Nielsen mechanism*

Bulk fermions in RS: Froggatt-Nielsen (FN) symmetry:

� bulk parameter cQi,qi

� warp factor

� U(1)F charges

� model parameter             set by VEVs

• Models with warped spatial extra dimension provide compelling geometrical 

interpretation of flavor symmetry

(Y eff,FN
q )ij ∝ (Yq)ij εaQi

−bqj

ε � 1
QF = aQi

, bqj

RS is a theory of flavor!
(to a good extent)

ε = e−krπ

Matthias Neubert



Mixing matrices: Scaling relations

(Δ(′)
Q )ij ∼ FcQi

FcQj
, (δQ)ij ∼ mqimqj

M2
KK

1
Fcqi

Fcqj

∼ v2Y 2
q

M2
KK

Fcqi
Fcqj

,

(Δ(′)
q )ij ∼ Fcqi

Fcqj
, (δq)ij ∼ mqimqj

M2
KK

1
FcQi

FcQj

∼ v2Y 2
q

M2
KK

FcQi
FcQj

• In all cases one finds:

(Δ(′)
Q )ij ∼ FcFF

Qi
FcFF

Qj
, (δQ)ij ∼ mqimqj

M2
KKMM

1
FcFF qi

FcFF
qj

∼ v2Y 2
qYY

M2
KKMM

FcFF qi
FcFF qj

,

(Δ(′)
q )ij ∼ FcFF qi

FcFF qj
, (δq)ij ∼ mqimqj

M2
KKMM

1
FcFF

Qi
FcFF

Qj

∼ v2Y 2
qYY

M2
KKMM

FcFF
Qi

FcFF
Qj

Implications of scaling relations:

� all effects are proportional to FcAi FcAj, so that all flavor-violating vertices 

involving light, UV-localized fermions are suppressed

� this suppression of dangerous FCNCs  involving light quarks reflects the  

RS-GIM mechanism 

Matthias Neubert



DARK MATTER ΩDMh2 = 0.105(8)

f = n/T 3

The most popular candidate is a neutral stable weakly 
interacting massive particle (WIMP)

The WIMP S annihilates and its particle density obeys 
the Boltzmann equation

Equilibrium distribution



An approximate solution

Freeze out temp.

Final particle density

Total energy density of WIMPS at present T = Tγ

•Direct searches: elastic scattering of DM off nuclei in a 
low background detector (recoil energy of nucleus)

• Indirect searches: signals due to DM annihilation in 
Sun, Earth, where it has been captured and accumulated 

and in the Galactic Halo



It is relatively easy to have candidates for DM 
satisfying the energy density constraint

Some possibilities studied by Fu-Sin Ling 
• Singlet coupled to the Higgs (simplest)
• Inert doublet (Higgs with no VEV)



• Constraints on solar system DM has been pointed out 
in the talks of Stephen Adler and Annika Peter

Stephen Adler



Stephen Adler



Stephen Adler



Stephen Adler



Stephen Adler



The

has been studied by Annika Peter who focussed on 
standard WIMPs

all of these
probes depend on what happens to the
dark matter after it becomes bound to
the solar system!



Rencontres de Moriond, March
2009

8

Suppression of the Annihilation Rate
(Standard Halo Model)

If m� > 1 TeV and �pSD � 10-38 cm2, � will be heavily suppressed

Annika PeterNeutrinos from WIMPs in the Sun



Rencontres de Moriond, March
2009
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One Huge Astrophysical Systematic:
The Dark Disk

• Standard Halo Model (approximate multivariate Gaussian, � �
v
�
/21/2) based on N-body simulations of dark matter-only

galaxies.
• Simulations that include baryons show that the stellar disk drags

satellites into the disk plane, where they dissolve.
• This yields a DARK DISK with properties similar to the stellar

disk generated by these satellites.
• The dark disk properties are extremely sensitive to the merger

history of the Galaxy.
• Typically, speeds wrt to the solar system are MUCH smaller--

much easier to capture.

(Read et al. 2008, 2009)

Annika Peter



Annika Peter



Question:  is the PAMELA positron excess from DM ?

Nicolao Fornengo, University of Torino and INFN-Torino (Italy) PROMETEO I: LHC Physics and Cosmology - Valencia - 05.03.2009



This question was dealt with in a DM independent way
Marco Cirelli



Marco Cirelli

The background is an important issue
Timur Delahaye



Another possibility for explaining the PAMELA/ATIC 
positron excess is an astrophysical origin:  Tsvi Piran

A new source of 
electrons & positrions 

that becomes dominant 
at ~10 GeV



Tsvi Piran



The source can be 
SNR in spiral arm

Tsvi Piran



A very general comparison with recent DM experiments
Kathryn Zurek



Non-standard requirements of  

PAMELA/ATIC

Not an ordinary WIMP

Non-standard annihilation 
modes

Non-standard annihilation 
cross-section

Anti-protons--would expect 
an excess

→ W+W−, b̄b, τ+τ−

B〈σannv〉 � 10−23 cm3/s

Kathryn Zurek



Complex dark sectors

Multiple stable states?

New light forces?

Standard Model Dark sector

D
ark forces

“Hidden valley”

Weak scale states
Higgs, Z’, MSSM states

Kathryn Zurek



DAMA and WIMP DM

New unaccounted for (?) systematic which shifts 
the threshold: channeling

Ethresh = 7 keV (Na), 22 keV (I) Ethresh = 2 keV

v2 ≥ mNEthresh
R

2μ2
DM

Petriello, KZ ‘08

Kathryn Zurek

Only a small fraction of the recoil goes into a mode 
that DAMA measures. The rest goes into phonons/heat



Spectral information

Window is not ruled out

Savage, Freese, Gondolo, Spolyar

DAMA results has inspired low 
threshold analyses in other 

experiments, e.g. CDMS and 
XENON

Kathryn Zurek



Simple realizations of  this solution

nDM ≈ nb

ΩDM ≈ 5ΩbExperimentally,

Find mechanism

mDM ≈ 5mp

S.M. Barr, D.B. Kaplan

Farrar, Zaharijas
Kitano, Low

Gudnason, Kouvaris, Sannino
Kitano, Murayam, Ratz

Luty, Kaplan, KZ

W =
X2LH

M

Standard Model

High scale M

X sector

Electroweak scale

Kathryn Zurek



The issue of explaining DAMA results with scalar DM 
was also addressed by Sarah Andreas (YSF3)

DAMA and WMAP
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DAMA and WMAP
can be satisfied

2

S. Andreas,

T. Hambye,

M. H. G. Tytgat

JCAP, 2008, 0810, 034 
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A “theory” of DM is built by Martti Raidal



Martti Raidal



BARYOGENESIS

The conditions for baryogenesis were stated by 
Sakharov in 1967 [A.D. Sakharov, JETPL 91B (1967) 24]

• B violation
• C and CP violation
• Departure from thermal equilibrium

All these conditions are fulfilled in the SM

• Baryon number is non-perturbatively violated in the 
SM: sphalerons at finite temperature

• C and CP violating phases (CKM) are present 
• The out-of-equilibrium conditions are present in the 
bubble walls in a FIRST ORDER PHASE TRANSITION

nB/nγ = 6.12(19) × 10−10



φ(Tc)/Tc > 1



φ(Tc)/Tc

mH/GeV

•

The phase transition is too weak



LEPTOGENESIS

• Leptogenesis generates ΔL 
= 0

• Sphalerons ΔL = ΔB ΔB 
= 0

• If right handed neutrinos exist they can do the job



The Majorana nature of the right-handed neutrino  
means that any single mass eigenstate can decay both 

LΦ, L̄φ

CP is violated in these decays and CP asymmetry



7

The Yukawa couplings yjk cause —

Leptogenesis In
Greater Depth

  

Lnew = �
Mk
2

NkR
cNkR

k=1

3

� � y jk � jL�
0
� l jL�

��

	

�

�

NkR

j, k=1

3

� + h.c.

Yukawa couplings

SM Higgs

 doublet

Mass of Nk

SM lepton

doublet

The see-saw model adds to the Standard Model —

  
Nk � l j

m
+�

± Nk �� j +�
0( )

( )

and .

IW = 0

Boris Kayser



Boris Kayser



Boris Kayser
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Electromagnetic Leptogenesis
(Nicole Bell, B.K., Sandy Law)

Suppose new physics at a high mass scale � > MN
leads to the electromagnetic N decay mode —

N � � + � Toy Model

N � L + � + (� or Z or W)

More realistic;

respects SM

conservation laws

or the mode —

Emitted in standard

leptogenesis

Boris Kayser
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Q: If so, could it be successful if MN � 1 TeV,

within range of the LHC, instead of � 109 GeV?

Q: Could CP in such decays be a successful

alternative to the standard leptogenesis scenario?

The N � � + � Toy Model

Transition magnetic and

electric dipole moments

Boris Kayser
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An example of tree-loop interference:

� Nk �� j + �( ) �� Nk �� j + �( )��m 	 jk
*
	nk

*
	nm	 jm( )

+

�

�jk �nk
* �nm �jm

This model leads to a CP asymmetry � rather similar

to the one from standard leptogenesis, with y � �.

The CP phases are now in �.

EM leptogenesis can succeed.

Boris Kayser
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Our Two Questions

Q: Could CP in EM decays be a successful alternative

to the standard leptogenesis scenario?

A: Yes.

Q: If so, could it be successful if MN � 1 TeV,

within range of the LHC, instead of � 109 GeV?

A: No. Boris Kayser



The problem “Can LHC disprove Leptogenesis?” has 
been reconsidered by   Gilles Vertongen



Can LHC disprove Leptogenesis ?Moriond EW 2009 G.Vertongen

Proposition:

Why a WR ?

1. Majorana neutrinos are naturally present in Grand Unified Theories:

SO(10) � ... 

� SU(3)C � SU(2)R � SU(2)L �U(1)Y 

  � SU(3)C � SU(2)L �U(1)Y

New gauge fields : WR

2. LHC arrival !

2. Tevatron fixed m(WR) > 800 GeV [CDF Collaboration, note 8747 (2007)]

3. LHC will probe m(WR) < 3-4 TeV [CERN-LHCC-2006-021]

Leptogenesis in Gauge Framework

L � g√
2
Wμ

R

(
ūRγμdR + N̄γμ lR

)

The observation of WR @ LHC would disprove Leptogenesis

SU(3)C � SU(2)R �

 

SU(2)L �U(1)YS Left-Right Sym. Model

Gilles Vertongen



Can LHC disprove Leptogenesis ?Moriond EW 2009 G.Vertongen

Scatterings Diagrams

Gauge

Decays Diagrams CP Violation Efficiency

Yukawa

Gauge

Effects of a low Scale WR

NR

lR

WR

NR

D̄R

lR

WR

UR

WR

dR

NR

uR

eR

WR

uR

NR

dR

eR

WR

NR

NR

eR

eR

WR

eR

NR

dR

uR

NR

L

H

η ≤ 1

η ≤ Γ(l)
tot

Γ(l)
tot + Γ(WR)

tot

“Average △L produced per decay” 

εCP =
Γ − Γ

Γ(l)
tot + Γ(WR)

tot

=
Γ − Γ

Γ(l)
tot

Γ(l)
tot

Γ(l)
tot + Γ(WR)

tot

ε
(0)
CP ≡ ΓN→LH − ΓN→L̄H∗

Γ(l)
tot

ε
(0)
CPP

Γ(l)
tot

Γ(l)
tot + Γ(WRW )

tot

(l)Γ − Γ

Γ(l)
tot

Dilution !

Strong Thermalization
� Easier to produce neutrinos @ Reheating �

� Harder decoupling @ Low T° (Washout) �

cp co
nserv

ing !

Γ(l)
tot + Γ(WRW )

tot
( ) ( )

Gilles Vertongen
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Another model for TeV Leptogenesis has been 
considered by  Yuji Kajiyama  where it is Higgs mediated



•In this talk, we consider leptogenesis by

(1) leptogenesis below EWSB scale

      without resonance condition,                         

(2) source of CPV is in the Higgs sector.

can be large if                      .                    .

We discuss: 

to avoid resonance condition...

Yuji Kajiyama 



Yuji Kajiyama 



Yuji Kajiyama 



Present perspectives

• Using AdS/CFT correspondence some quantities in 
non-perturbative QCD can be computed: AdS/QCD
• Less-conventional solutions to hierarchy problem

• Higgs mass protected by global symmetry 
(pseudo-Goldstone boson): Little Higgs

•Higgs mass protected by higher dimensional gauge 
theory: gauge-Higgs unification

• Composite Higgs: using AdS/CFT correspondence
• Higgless models (breaking by boundary condition) 
• Higgs in conformal sector (unHiggs): dimension of 

H*H > 2: quadratic corrections softened

• Unexpected physics: hidden valley models, quirks, 
unparticles,..., leaving unexpected signatures



Future perspectives

•They should depend on LHC !

PERHAPS AT MORIOND 2010...


