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WHAT WE KNOW
SM is a gauge theory based on SU(3)c ⊗ SU(2)L ⊗ U(1)Y

LKinetic = −1

4
BµνB

µν − 1

4
W a

µνW
aµν − 1

4
W b

µνW
bµν + i

3�
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L + Ψ̄j

R � DΨj
R

�

ΨL,R = (3, 2) 1
6
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3
⊕ (3, 1)− 1

3
⊕ (1, 2)− 1

2
⊕ (1, 1)−1 (3 couplings)
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6
⊕ (3, 1) 2

3
⊕ (3, 1)− 1

3
⊕ (1, 2)− 1

2
⊕ (1, 1)−1 (3 couplings)

Unbroken gauge symmetry forbids mass terms:
vacuum must respect a smaller symmetry

Mass terms can be written,

Lmass =
3�

i,j=1

�
ūi
LM

u
i,juR + d̄iLM

d
i,jdR + ēiLM

e
i,jeR

�
+ h.c.

+m2
WW 2 +

1

2
m2

ZZ
2 O(20) parameters

SU(3)c ⊗ U(1)Q
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Mass for gauge bosons implies new degrees of freedom

m1 = 0 m1 �= 0

Important hint:

ρ =
m2

W

m2
Z cos2 θW

≈ 1
SU(2)c

Custodial Symmetry

The extra degrees of freedom are Goldstone Bosons

SU(2)L ⊗ U(1)Y → U(1)Q

They become longitudinal polarizations of W & Z
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In principle the Higgs scalar is not necessary for EWSB

A(W+
L W−

L → W+
L W−

L ) =
1

v2
(s+ t)

Interactions become strongly coupled around TeV.   
Perturbativity is violated at

+ +

W+ W+ W+ W+ W+

W+W− W− W−
W− W−

W−

Λ ∼ 3TeV
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In the SM electro-weak symmetry is broken through a 
scalar doublet with Y=1/2

V (H) = λ
�
|H|2 − v

2
�2

H(x) = U(x)

�
0

v + h(x)

�
, v = 174GeV
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In the SM electro-weak symmetry is broken through a 
scalar doublet with Y=1/2

V (H) = λ
�
|H|2 − v

2
�2

H(x) = U(x)

�
0

v + h(x)

�
, v = 174GeV

VEV breaks symmetry. The Goldstone Bosons in        are eaten 
giving mass to W & Z. Higgs sector respects custodial symmetry

If SM is correct only unknown is the quartic/mass

U(x)

mh =
√
λ v

SU(2)L ⊗ SU(2)R
SU(2)L+R

ρ ≈ 1
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A(W+
L W−

L → W+
L W−

L ) � 1

v2

�
s− s2

s−m2
h

+ (s → t)

�

In the SM:

h

W+ W+

W− W−

+ . . .

Amplitude does not grow so SM can be valid up to 
the Planck scale.
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A(W+
L W−

L → W+
L W−

L ) � 1

v2

�
s− s2

s−m2
h

+ (s → t)

�

In the SM:

h

W+ W+

W− W−

+ . . .

Amplitude does not grow so SM can be valid up to 
the Planck scale.

mW = 80GeV

N
O

T
H

IN
G

Mp = 1018 GeV

QUANTUM
GRAVITY

0

•Hierarchy problem                                

•Dark Matter                               

•Origin of  Yukawas, CP

•Explains nothing mh = 125 GeV(?)
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Indirect tests:
Direct search: mh > 114 GeV

mh < 150 GeV
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2011 LHC: HIGGS

Atlas and CMS presented results based of 5/fb luminosity.

(+ Moriond Update)
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Main goal of LHC: 
discover the force that breaks electro-weak symmetry

pp → u, d, c, s, t, b, w, z, g, γ,

h(?) + new physics

2011 : E = 7 TeV

2012 : E = 8 TeV
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Higgs production at LHC:
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Higgs decay:

Higgs @ 125 GeV:

BR(h → bb̄) = 58% BR(h → WW ∗) = 21.6%

BR(h → ZZ∗) = 2.7%

BR(h → τ+τ−) = 6.4%

BR(h → gg) = 8.5% BR(h → γγ) = 0.22%
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Excess @ 126 GeV; local significance 2.8 SD.

H → γγ

Atlas:
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Excess @ 126 GeV; local significance 2.8 SD.

H → γγ

Atlas:
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Excess @ 124.5 GeV:
local significance 2.9 SD, 1.6 SD globally

CMS:

Thursday, May 31, 2012



H → ZZ
∗ → 4l

Atlas has 3 events at 124-125 GeV: 2.1 SD
CMS has 2 events at 125 GeV but also 3 at 119-120 GeV.
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If Higgs exists it must be at 125 GeV!
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IMPLICATIONS
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SM HIGGS?
L =

1

2
(∂µh)

2 − V (h) +
v2

4
Tr

�
DµΣ

†DµΣ
� �

1 + 2a
h

v
+ b

h2

v2
. . .

�

−miψ̄LiΣ

�
1 + c

h

v
+ . . .

�
ψRi + h.c.

SM : a = b = c = 1

Azatov, Contino, 
Galloway ’12
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Giudice et al.
1112.3022

Can SM be the whole story?

µ
dλ

dµ
=

1

16π2
(24λ2 − 6y4t + . . . )
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Stability:

Metastability:

Thermal Stability:
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126 GeV Higgs only marginally compatible with λ(mp) = 0
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NEW PHYSICS
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NATURALNESS
Higgs mass only relevant operator in SM:

[φ2] ≈ 2
naive coefficient

Λ2

Thursday, May 31, 2012



NATURALNESS
Higgs mass only relevant operator in SM:

[φ2] ≈ 2
naive coefficient

Λ2

Perturbatively:

δm2
h = −3λ2

t

8π2
Λ2
t

δm2
h =

9g2 + 3g�2

32π2
Λ2
g

Λg ∼ 9mh

Λt ∼ 3mh
h h

t

t̄

h h

g

g
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Two paradigms:

• Weak Coupling: 
   Supersymmetry

h h

t

t̄

h h

t̃

- ∼ 100GeV
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Two paradigms:

• Weak Coupling: 
   Supersymmetry

h h

t

t̄

h h

t̃

- ∼ 100GeV

• Strong Coupling: 
   Technicolor, Composite Higgs, Higgsless, Extra-dimensions ...

∼ 1

TeV
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SUSY
MSSM tree level:

mh < Mz cos 2β @ LEP : mh > 114GeV
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SUSY
MSSM tree level:

mh < Mz cos 2β @ LEP : mh > 114GeV

Radiative corrections

Possible, but

TUNING ≈
∆m2

Hu

m2
Z

>
3y2

t

4π2

m2
t̃

m2
t

log
m

t̃

mt

∆m2
h ≈ 3m4

t

π2 v2
log

mt̃

mt
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-

ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and

second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of

MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse

momentum and no electrons or muons, based on the full dataset (4.7 fb
−1

) recorded by the ATLAS

experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the

data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-

tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan β = 10,

A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-

low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of

m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks

and gluinos are excluded below 1400 GeV in both scenarios.
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CMSSM bounds:
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Still ways out:

None terribly convincing...

Natural SUSY

Compressed 
Spectrum

NMSSM

Large A-terms

R-parity 
Violation

Partial SUSY
Tuning

Split SUSY

PMSSM
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Natural SUSY:

Stops can still be light!
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STRONG DYNAMICS
• Large Extra-Dimensions:

= m2
D Neff

m2
p = mD−2

D VD−4

Always problematic for flavor physics and precision tests.
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STRONG DYNAMICS
• Large Extra-Dimensions:

= m2
D Neff

m2
p = mD−2

D VD−4

Strong gravity at the TeV scale:

4

m4
T

�
TµνT

µν −
Tµ
µ T

ν
ν

D − 2

�
mD in multi− TeV range

Always problematic for flavor physics and precision tests.
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Longitudinal polarizations  of  W & Z are composite states.

SU(2)L ⊗ SU(2)R
SU(2)L+R

�Ψ̄i
LΨ

j
R� ∼ v3δij

•Technicolor (Higgsless)
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Longitudinal polarizations  of  W & Z are composite states.

SU(2)L ⊗ SU(2)R
SU(2)L+R

�Ψ̄i
LΨ

j
R� ∼ v3δij

•Technicolor (Higgsless)

No Higgs scalar but techni-resonances (spin 0, 1/2,  1 etc.).

mW = 80GeV

0

mρ < 3TeV

Clearly ruled out if Higgs confirmed.
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Higgs doublet could be a light remnant of strong dynamics.

Strong  sector:
resonances + 
Higgs bound state

mρ gρ

Two parameters:

spin1

spin 1/2

spin 0....    2 1
2

Georgi, Kaplan ‘80s• Composite Higgs:
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Higgs doublet could be a light remnant of strong dynamics.

Strong  sector:
resonances + 
Higgs bound state

mρ gρ

•Relieves hierarchy problem                                

δm2
h ∼ 3λ2

t

4π2
m2

ρ

Two parameters:

spin1

spin 1/2

spin 0....    2 1
2

Georgi, Kaplan ‘80s• Composite Higgs:

Thursday, May 31, 2012



Ex: GB = (2, 2) Agashe , Contino, 
Pomarol, ’04

Particularly compelling if Higgs is a Goldstone Boson:
Massless at leading order.

SO(5)

SU(2)L ⊗ SU(2)R

Or: SO(6)

SO(5)

SO(6)

SO(4)⊗ U(1)
+ . . .

Mrazek, Pomarol, Rattazzi, 
MR, Serra, Wulzer ’11
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Ex: GB = (2, 2) Agashe , Contino, 
Pomarol, ’04

Particularly compelling if Higgs is a Goldstone Boson:
Massless at leading order.

SO(5)

SU(2)L ⊗ SU(2)R

Low energy lagrangian

L = f2 DµΣ
iDµΣi + . . .

mρ = gρf

SU(2)L ⊗ SU(2)R
ρ ≈ 1

Or: SO(6)

SO(5)

SO(6)

SO(4)⊗ U(1)
+ . . .

Mrazek, Pomarol, Rattazzi, 
MR, Serra, Wulzer ’11
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Elementary:
SM Fermions 
+ Gauge Fields

General picture:

Strong  sector:
Higgs + (top)

mρ gρ
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Elementary:
SM Fermions 
+ Gauge Fields

General picture:

Strong  sector:
Higgs + (top)

mρ gρ

λL λR g

Lgauge = g AµJ
µ

Potential generated at 1-loop:

Lmixing = λLf̄LOR + λRf̄ROR y ∼ λLλR

gρ

Gauging SU(3)xSU(2)xU(1)
mixing to fermionic operators

V (H) ∝
m

4
ρ

g2ρ

λ
2
L,R

16π2
V̂

�
H

f

�

They talk through linear couplings: 

tanϕ ∼ λ

gρ
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mW = 80GeV

mh = ?

mρ ∼ 3TeV

0

Spectrum:

Main difference from techni-color is that f is not linked to v.
Increasing f CH approximates SM. 
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mW = 80GeV

mh = ?

mρ ∼ 3TeV

0

Spectrum:

Higgs is angle,

ξ =
v2

f2

Tuning

0 < h < 2πf

Main difference from techni-color is that f is not linked to v.
Increasing f CH approximates SM. 
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(Randall-Sundrum ’99)

Realized in Randall-Sundrum scenario

u,d,c,s, tR, 

Higgs

0 5 10 15 20 25 30 35

KK modes

UV IR

ds2 = e−2kry(−dt2 + dx2) + dy2
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(Randall-Sundrum ’99)

Realized in Randall-Sundrum scenario

u,d,c,s, tR, 

Higgs

0 5 10 15 20 25 30 35

KK modes

UV IR

ds2 = e−2kry(−dt2 + dx2) + dy2

Connected through AdS/CFT to strongly coupled CFTs
Arkani-Hamed, Porrati, Randall ’01

Rattazzi, Zaffaroni ’01
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Modified couplings:

a, b, c = 1 +O

�
v2

f2

�
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f = 800GeV

Light Higgs wants light partners.

MR, Tesi ’12

Modified couplings:

a, b, c = 1 +O

�
v2

f2

�
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H @ 125 GeV

gauginos < 3 TeV~

spin-1 < 3 TeV~
spin-1/2 < TeV~

stops < 1 TeV~

SUSY

COMP

If naturalness is a good guide new states must be 
around the corner and maybe seen in 2012.
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OUTLOOK
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OUTLOOK

• Within 2012 we will know if the Higgs is fact or fiction.
   Watch out ICHEP in July.

Thursday, May 31, 2012



OUTLOOK

• No striking deviations from SM have been found but few 
discrepancies exist: CP violation in D-mesons, some Higgs

  couplings.

• Within 2012 we will know if the Higgs is fact or fiction.
   Watch out ICHEP in July.
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OUTLOOK

• If Higgs @ 125 GeV is confirmed with couplings compatible 
with SM, room for new physics getting narrow. 

  Universe might be tuned.

• No striking deviations from SM have been found but few 
discrepancies exist: CP violation in D-mesons, some Higgs

  couplings.

• Within 2012 we will know if the Higgs is fact or fiction.
   Watch out ICHEP in July.
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126 GeV Higgs only marginally compatible with λ(mp) = 0
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