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1. What do we know

• Known matter constituents:

• known interactions:

γ W± Z0 g

neglecting  gravity at sub-atomic scales



• The Standard Model

• It is a gauge theory based on the symmetry: 

• fermion-fermion-gauge bosons interactions fixed

• gauge boson-gauge boson interactions fixed

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

L = Lkin + LffV + LV V V + LV V V V + · · ·

• to be realistic the symmetry must be broken to give mass to 

fermions and gauge bosons.

• The EWSB sector is connected to flavor physics
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• The fermion interactions have been tested at the 0.1% level
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mW [GeV]mW [GeV] 80.399 ± 0.023 80.379
%W [GeV]%W [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.3 ± 1.1 173.4
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• Limitations of the SM: it works.  Amazing!
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Andreas Hoecker



• what is the origin of fermion masses? 

• large number of free parameters  (25+)

• do interaction unify at higher energies?

• what is dark matter?

• what is the dark energy?

• what is the origin of the baryon asymmetry?

• .....
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• The SM has also a technical problem (hierarchy problem) :

Quantum corrections  drive scalar masses to the high energy scale

∆m2
h ∝ Λ2

UV

unlike the fermions and gauge bosons there is no protection 
mechanism in the SM if ΛUV !MP ! 1019 GeV

MH ! 200 GeV requires �UV ! 1 TeVΛ



Quigg-Sci.Am.



Importance of the TeV scale (Lee-Quigg-Thacker, Cornwall, etc)

W+
L W−

L →W+
L W−

L

• Without EWSB sector unitarity is violated in the process
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• either

• or

MH < 710 GeV
√

sc < 1.2TeV



II.  Hints to go beyond the SM
• We don’t know what to expect. We have hints:

1. hierarchy problem;
2. number os parameters;
3. flavor structure (masses, mixings, CP);
4. dark mass;
5. baryogenesis;
6. Tevatron       asymmetry;
7. deviation in          ;
8. CDF’s           excess;
9. etc

Wjj

tt̄

g − 2
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• We don’t know (now) what is the correct path. There 
is still time to buy lottery tickets before we have a 
smoking gun!



Some popular BSM models
• a few models with new physics at the TeV scale

Supersymmetry Technicolor

Little Higgs Topcolor

Large extra dimensions Composite Higgs

Universal extra dimensions Randall-Sundrum

weakly interacting strongly coupled

but there are inumerous possibilities: large groups; 
GUTS; extra fermions; seesaw N; hidden valleys; etc



1.Vanilla BSM: supersymmetry



1.Vanilla BSM: supersymmetry
• most general extension of Poincaré group
• SUSY can lead to coupling unification
• solves the hierarchy problem
• it is perturbative

• dynamical EWSB
• many free parameters (~150)
• plethora of signals



1.Vanilla BSM: supersymmetry
• most general extension of Poincaré group
• SUSY can lead to coupling unification
• solves the hierarchy problem
• it is perturbative

• dynamical EWSB
• many free parameters (~150)
• plethora of signals



1.Vanilla BSM: supersymmetry
• most general extension of Poincaré group
• SUSY can lead to coupling unification
• solves the hierarchy problem
• it is perturbative

• dynamical EWSB
• many free parameters (~150)
• plethora of signals



• SUSY relates bosons and fermions 
• SUSY introduces to each SM particle a new one with 
spin differing by 1/2 

• SUSY is broken in nature => large number of parameters



M2
H± = M2

A + M2
W ; M2

H,h =
1
2

(
M2

A + M2
Z ± ((M2

A + M2
Z)2 − 4M2

ZM2
A cos2 2β)1/2

)

• It is popular to impose a discrete symmetry to prevent p decay

R = (−1)3B+L+2S

• The lightest SUSY particle is a candidate for dark matter
• SUSY requires a larger Higgs sector

h0 H0 A0 H±

MA and tanβwith 2 free parameters

Mh < MZ• At tree level

• Radiative corrections help a lot!



• There is a light Higgs similar to the SM one







 Phenomenology strongly depend on the parameters

a popular choice is mSUGRA with 5 parameters
m0 , m1/2 , A0 , tanβ , sign(µ)



“typical” mSUGRA spectrum



“typical” mSUGRA spectrum signal characteristics:

• squarks and gluinos : jets
• sleptons and gauginos: leptons
• LSP: missing
• LHC: jets+missing(+leptons)

ET



ATLAS and CMS are searching for SUSY desperately

but we can play with the parameters for some time



NMSSM: add an extra singlet superfield

• richer phenomenology: 3 neutral scalar Higgses + 2 pseudoscalars + 
5 neutralinos

λĤ1Ĥ2Ŝ +
κ

3
Ŝ3 λAλH1H2S +

κ

3
AκS3 µeff = λ〈S〉

• For              it is possible to have invisible Higgs decays〈S〉 = 0 h→ SS

• It is possible to have h→ a1a1 → τ+τ−τ+τ−

• This simple modification alter a lot the phenomenology



2. Extra dimensions 
• We can also consider 3+n space dimensions
• It is possible to lower/dilute the Planck scale
• For instance, consider n dimensions with radius R

c

d=3+1

d’=n

n    new

compact

dimensions

radius R

M2
P !M2+n

S Rn

If R is large Ms 
can be TeV!

(Arkani-Hamed, Dimopoulos,Dvali)



• model building require fixing geometry, particles in ED and b.c.
• what is the signal of particles in the bulk?

ϕ(x, y) =
∑

Aeipµxµ

ei 2πn
R y =⇒ pµpµ −

(
2πn
R

)2 = 0

• Allowing gauge fields and matter to propagate in 
the bulk leads to models of EWSB, flavor, etc



Universal Extra Dimensions (UED)
•  All SM fields propagate in the 5D bulk
• geometry: orbifold compactification to get chiral fermions

• this breaks KK-number (mom. cons.) to KK parity
• lightest KK particle (LKP) is stable => dark matter candidate
• precison electroweak constraints  and direct searches leads to

1
R

> 300 GeV



•  spectrum after radiative corrections (Cheng, Matchev, Schmaltz)

• LKP stable + pairs production => missing energy

pp→ Q1Q1 → 4!+ " ET
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3. Strongly interacting EWSB
• QCD with 2 massless flavors is invariant under SU(2)L ⊗ SU(2)R

L = Q̄Li ! DQL + Q̄Ri ! DQR with Q =
(

u
d

)
.

• quark condensation                       breaks the symmetry to〈Q̄LQR〉 #= 0

SU(2)L ⊗ SU(2)R → SU(2)V

leading to 3 NGB. Notice that this breaks the SM symmetries 
but at the wrong scale!  

〈0|ja5
µ |πb〉 = ifπpµδab MW ! gfπ



• but  we still have to generate mass to the SM fermions => 
extended technicolor

mf ! g2
ETC

Λ3
TC

M2
ETC

• much more work is needed to deal with FCNC, top mass: walking 
technicolor (near conformal behaviour between TC and ETC scales
• also have to face the electroweak precision constraints:

• The basic idea of technicolor is “copy” QCD but at a higher scale

ΛQCD =⇒ ΛTC " 1 TeV (Weinberg, Susskind, etc)
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S ! N

6π
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• In general is not easy to construct a realistic model satisfying 
FCNC, EWPO.
• surviving models can be tested at LHC through new states: π’s, ρ′s

• Example:  minimal walking technicolor (Sannino, Tuominen,Dietrich,...)

new states include:  composite Higgs, composite axial-vectors        ....R1,2
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4. AdS/CFT and Strong dynamics
The original correspondence (Maldacena)

AdS5 × S2 string theory ⇐⇒ 4D N = 4 CFT

AdS5 ⇐⇒ 4D CFTis modified to                                  (strongly coupled)
(Arkani-Hamed,Porrati,Randall)

Warped extra dimensions (Randall-Sundrum)

ds2 = e−2k|y|ηµνdxµdxν − dy2

e−kLMPa TeV scale comes from



Higgs:  hierarchy problem is solved if it is close to TeV brane

• Gauge fields and fermions in the bulk leads to natural flavor model
• 5d fermion mass leads to zero mode localization

M5D
f = kcf =⇒ f0(y) =

1√
2L

f0(0) e( 1
2−cf )ky

• heavy fermions near teV brane
• light fermions near Planck brane
• take the log of Yukawa’s!!



• realistic model requires a larger gauge symmetry

SU(2)L ⊗ SU(2)R ⊗ U(1)

Z → bb̄•              requires a discrete              symmetryL↔ R (da Rold et al)

• EWPO requires
• There is some level of level violation (good/bad)

MKK > (2− 3) TeV

pp→ G(1) → tc



Fermion condensation (Burdman, da Rold)

• Fourth generation in the bulk close to IR brane
• it interacts strongly with KK gauge bosons leading to 〈ŪU〉 #= 0
• So we have EWSB and 

mU ! (600− 700) GeV and mH ! (600− 900) GeV

• Bulk higher dimensional operators responsible for generating 
fermion masses:

• Inspired in top condensation models mt ! 600 GeV for Λ ! O(1) TeV

Cijkl

M3
P

Ψ̄i
LΨj

RΨ̄k
LΨl

R

• A signal from these models is

(Burdman et al)



Higgsless models (Csaki,Grojean,Murayama,Pilo,Terning)

• Idea: boundary conditions break

SU(2)L ⊗ SU(2)R ⊗ U(1)X → U(1)em

SU(2)L ⊗ SU(2)R → SU(2)VSU(2)R ⊗ U(1)X → U(1)Y

• W and Z are KK modes
• S can be made small delocalizing the fermions
•             requires further symmetry Z → bb̄



• Nice aspect: KK resonances unitarize WW scattering
• Cancelation of      and      terms leads to sum rulesE4 E2

gWWWW = g2
WWZ + g2

WWγ +
∑

n

g2
WWV (n)

4M2
W gWWWW = 3g2

WWZM2
Z +

∑

n

g2
WWV (n)M

2
V (n)

first KK mode nearly saturates sum rules

gWWV 1 ! gWWZ
MZ√
3MV (1)
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• It is possible to discover Higgsless models at the LHC

pp→ jjV ±(W±Z) or pp→ V ± →W±Z
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• It is possible to discover Higgsless models at the LHC

pp→ jjV ±(W±Z) or pp→ V ± →W±Z

(Matchev et al; Alves et al.)



III. Conclusions 

• There are many possible extensions of the SM: 

extra symmetries; new Higgs systems; strongly 

interacting EWSB; etc 

• At this moment there is no smoking gun where the  

new physics might show up.

• Very exciting times ahead!
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the new physics.
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