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Supersymmetry (SUSY) 
•  New symmetry of Nature: relates bosons and fermions 
•  For each SM particle it associates a SUSY partner 
W-> wino, gluon-> gluino, top-> stop, ... 
•  Protects Higgs mass from quadratic divergences 
•  The Higgs mass at tree level must be lighter than the Z 
tension with measurements – difference must come from loops 
•  Must have a second Higgs doublet: 5 physical Higgses 
•  Has a natural dark matter candidate – the LSP  
requires R-parity; WIMP miracle 
•  Necessary ingredient in Superstring Theory 
•  Unification of coupling constants (gs,g,g’) 
•  SUSY is broken in Nature! 
Introduces several parameters to describe “soft” breaking 
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Particle content in Minimal Supersymmetric Standard Model   

Masses are not predicted 
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 M2
Z

scalar (stop) mass 

Higgs mass protection: cancellation of quadratic divergences   

(86 GeV)2
Same order as tree level! 
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arXiv:1211.2794 

Not easy to have a heavy higgs in SUSY   

SUSY breaking scale (too large for naturalness) 

There are several different 
SUSY models 

SUSY is becoming unnatural! 
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Smoking gun at the LHC: production of new colored particles 
squarks and gluinos   

arXiv:1303.1142 
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Extra dimensions 
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Basic idea 
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Different models with extra dimensions 
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Signals @ LHC 

No signs of KK particles yet 
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final number of events is small 
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Composite models 
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SU(2)L ⇥ SU(2)R ! SU(2)V

hq̄qi = f3
⇡



New Horizons in Lattice Field Theory 21 

SU(2)L ⇥ SU(2)R ! SU(2)V

hq̄T qT i = v3
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Pomarol – ICHEP 2012 
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Pomarol – ICHEP 2012 



Interlude: Dilatons 

Consider the following general lagrangian:  

Scale transformation (dilatations): 

x ! e

↵
x

L =
X

i

gi(µ)Oi(x)

coupling operator with scaling dimension di 

Oi(x) ! e

↵diOi(e
↵
x)

24 



Variation of lagrangian under an infinitesimal  
scale transformation: 

�L =
X

i

[gi(µ)(di � 4)� �(gi)]Oi(x)

Two sources of scale violation: classical and quantum. 

Theory is scale invariant if operators have dimension 4 
(dimensionless couplings) and couplings don’t run.  

Associated current: j

µ = x⌫T
µ⌫

�L = @µj
µ = Tµ

µ

25 

�(gi) ⌘
@gi(µ)

@ lnµ



Broken scale invariance can be realized nonlinearly 
by introducing a scalar field  

�(x) = fe

�(x)/f ⇡ f + �(x) +
1

2f
�(x)2 + · · ·

�� = x

µ
@µ�+ f

symmetry breaking scale 

Nambu-Golstone boson – the dilaton 

Scale invariant lagrangian (at the classical level) 

L =
X

i

gi

✓
�

f

µ

◆✓
�

f

◆4�di

Oi(x) + L�
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Expanding field χ in lagrangian: 

Dilaton couples to the trace of the energy-momentum  
tensor (which is the source of scale symmetry breaking) 

L = L(� = f) +

✓
�(x)

f

+
�

2(x)

2f2
+ · · ·

◆X

i

[gi(µ)(di � 4)� �(gi)]Oi + L�

Tµ
µ
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Examples:  

•  coupling to W’s and Z’s (dim=2)  
✓
�(x)

f

+
�

2(x)

2f2
+ · · ·

◆�
2M2

WWµW
µ +M

2
ZZµZ

µ
�

•  coupling to fermions (dim=3)  
✓
�(x)

f

+ · · ·
◆�

mf f̄f
�

•  coupling to massless gauge bosons (dim=4)  
✓
�(x)

f

+ · · ·
◆✓

�(g)
1

4
Fµ⌫F

µ⌫

◆

Does this look familiar?? 

28 Trace anomaly 



Dilaton couplings = Higgs couplings (with f=v)  

Dilaton ≠ Higgs (dilaton is singlet)  

Dilaton can mimick a Higgs (Higgs impersonator) 
Golberger, Grinstein and Skiba (2008); Fan, Goldberger, Ross and Skiba (2009)  

Dilaton can mix with a Higgs (change “Higgs” couplings)  

Important exception: coupling to massless gauge bosons  

Lhgg =
h

v
�(g)heavy (Gµ⌫)

2 L�gg =
�

f
�(g)light (Gµ⌫)

2

btop0 = 2/3 blight0 = �11 + 2nf/3 = �23/3
factor ~10  

29 
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Higgs or dilaton? 

Universal fit adapted for the dilaton case 

Pure dilaton excluded at 5 sigma 

1303.3570 
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A dilaton-like particle also appears in  
models of warped extra dimensions: 

Radion 

Some radion phenomelogy, in particular a mixing with  
the Higgs was discussed in  
de Sandes and RR (arXiv:1111.2006) 
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SO(5) ! SO(4)

Resonances (techni-rho) are a  
smoking gun for this model 

SO(N) :

N(N � 1)

2

generators

Higgs potential generated 
radiatively 
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⇠ =

✓
v

f

◆2
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1303.1812 
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LHC results on searches for new particles 

q* (qg), dijet
q* (qW)
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q* , boosted Z
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μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%
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New signature of strongly coupled models: 
multiparticle production  

Belyaev, Oliveira, RR, Thomas, arXiv:1212.3860 
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a =
p

1� ⇠, b = (1� 2⇠) · · ·
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“What has the LHC done to theory?” 
Dimopoulos 2012 

Wait for LHC14 



Figure from SciAm 

















Introduction 

Consider the following general lagrangian:  

Scale transformation (dilatations): 

x ! e

↵
x

L =
X

i

gi(µ)Oi(x)

coupling operator with scaling dimension di 

Oi(x) ! e

↵diOi(e
↵
x)
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Variation of lagrangian under an infinitesimal  
scale transformation: 

�L =
X

i

[gi(µ)(di � 4)� �(gi)]Oi(x)

Two sources of scale violation: classical and quantum. 

Theory is scale invariant if operators have dimension 4 
(dimensionless couplings) and couplings don’t run.  

Associated current: j

µ = x⌫T
µ⌫

�L = @µj
µ = Tµ

µ
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�(gi) ⌘
@gi(µ)

@ lnµ



Broken scale invariance can be realized nonlinearly 
by introducing a scalar field  

�(x) = fe

�(x)/f ⇡ f + �(x) +
1

2f
�(x)2 + · · ·

�� = x

µ
@µ�+ f

symmetry breaking scale 

Nambu-Golstone boson – the dilaton 

Scale invariant lagrangian (at the classical level) 

L =
X

i

gi

✓
�

f

µ

◆✓
�

f

◆4�di

Oi(x) + L�
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Expanding field χ in lagrangian: 

Dilaton couples to the trace of the energy-momentum  
tensor (which is the source of scale symmetry breaking) 

L = L(� = f) +

✓
�(x)

f

+
�

2(x)

2f2
+ · · ·

◆X

i

[gi(µ)(di � 4)� �(gi)]Oi + L�

Tµ
µ
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Examples:  

•  coupling to W’s and Z’s (dim=2)  
✓
�(x)

f

+
�

2(x)

2f2
+ · · ·

◆�
2M2

WWµW
µ +M

2
ZZµZ

µ
�

•  coupling to fermions (dim=3)  
✓
�(x)

f

+ · · ·
◆�

mf f̄f
�

•  coupling to massless gauge bosons (dim=4)  
✓
�(x)

f

+ · · ·
◆✓

�(g)
1

4
Fµ⌫F

µ⌫

◆

Does this look familiar?? 
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Dilaton couplings = Higgs couplings (with f=v)  

Dilaton ≠ Higgs (dilaton is singlet)  

Dilaton can mimick a Higgs (Higgs impersonator) 
Golberger, Grinstein and Skiba (2008); Fan, Goldberger, Ross and Skiba (2009)  

Dilaton can mix with a Higgs (change “Higgs” couplings)  

Important exception: coupling to massless gauge bosons  

Lhgg =
h

v
�(g)heavy (Gµ⌫)

2 L�gg =
�

f
�(g)light (Gµ⌫)

2

btop0 = 2/3 blight0 = �11 + 2nf/3 = �23/3
factor ~10  
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EWSB 
Idea: EWSB (or maybe whole SM) is embedded in a  
conformally invariant, strongly interacting sector. 

At some high energy scale f there is a breaking of scale 
invariance that triggers EWSB at a lower energy scale v. 

A dilaton is generated at f and a Higgs doublet (PNGB) 
is generated at scale v.     

58 



Rattazzi, Planck 2010  

+ dilaton  

+ dilaton  59 



Higgs-dilaton mixing 
Scalar fields contribution to the canonical Tµν violate scale 
invariance even at the classical level. 

 Example: free scalar field 

Nonzero in the conformal m=0 limit! 

Need to “improve” definition of energy-momentum tensor 
Callan, Coleman and Jackiw (1970) 

⇥µ⌫ = Tµ⌫ � ⇠ (@µ@⌫ � gµ⌫⇤)h2

Tµ⌫ = @µh@⌫h� gµ⌫L =) Tµ
µ = �(@µh)

2 +m2h2

L =
1

2
@µh@

µh� 1

2
m2h2

�
⇥

µ
µ = m2h2

for ⇠ = 1/6
�60 



Higgs coupling to dilaton: 

Lh�d =
�

f
⇥µ

µ

⇥µ⌫ = Tµ⌫ � ⇠ (@µ@⌫ � gµ⌫⇤)H†H

(h+ v)2

2
SSB + improved Tµν : Higgs-dilaton kinetic mixing   

Lh�d ⇠ v

f
�⇤h
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Schematic Higgs-dilaton mixing: 

L = �1

2
�̃
h
(1 + )⇤+m2

�̃

i
�̃� 1

2
h̃
⇥
⇤+m2

h̃

⇤
h̃� µ2�̃h̃� ⇣�̃⇤h̃

re-scaling the kinetic terms  
to their canonical forms 

Physical fields are obtained from a non-orthogonal transformation 

✓
˜h
˜�

◆
=

✓
1 ↵
0 �

◆✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
�

◆
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Does a dilaton exist? 

Theories can be scale invariant at the classical level but 
symmetry is broken at the quantum level: 

•  Spontaneous breaking (1-loop effective potential) 
•  Explicit breaking (non-zero beta functions)    

63 

It is not clear whether a dilaton exists in quasi-conformal  
walking technicolor models 
Yamawaki et al (1986, ..., 2012); Holdom and Terning (1986,87), Appelquist and Bai (2010),... 



Radion in WED models 

Warped extra dimensions (Randall&Sundrum 99) is a  
concrete implementation of a scale invariant model.  
Scale invariance is broken by the presence of the IR  
and UV branes in the extra 5th dimension. 

Radion is the scalar mode of the metric fluctuation. 
It may be the lightest new particle in these models  
(depends on the stabilization mechanism).  

We follow the realistic implementation of WED by 
Csáki, Hubisz and Lee (2007) –fermions and gauge fields 
in the bulk. 64 
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WED is possible solution to the hierarchy problem  

mh ⌧ mPl

Fermion masses are more natural in WED – their values 
arise from the fermion localization in the 5th dimension   

Warped metric is (y is the 5th dimension):  

ds

2 = e

�2ky
⌘µ⌫dx

µ
dx

⌫ � dy

2

Flat 4d metric at each y- position 
“warp” factor –  
energy ruler depends on 5d position 



Introduce two (3d) branes: Planck brane at y=0 and TeV  
brane at y=R. Hierarchy problem becomes   

v = mPle
�kR

66 Drawing by C. Delaunay 



What fixes the size of extra dimension such that 

Need a mechanism that stabilizes the extra 
dimension – Goldberger & Wise (99) – add bulk 
scalar field with brane-localized interactions –  
Mass and vev are model dependent but expected to 
be O(TeV). 

Radion is possibly the lightest new particle in WED. 

kR = ln
⇣mPl

v

⌘
⇠ O(50)

67 
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Radion is a gravitational degree of freedom associated 
with scalar perturbations of the metric:   

Stabilization mechanism fixes radion vev and mass –  
model dependent. 

F (x, y) =
r(x)

⇤r
R(y)

Canonically normalized radion field 

Radion vev – fixes the size of the extra 
dimension 

Radion profile 

ds

2 = e

�2(ky+F (x,y))
⌘

µ⌫

dx

µ

dx

⌫ � (1 + 2F (x, y))2dy2
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Radion r(x) couplings are set by small variation in the 
metric due to radion field:  

Sr = �1

2

Z
d

5
x

p
G T

MN
�GMN

=

Z
d

5
x

p
G

⇥
T

M
M � 3T 55

G55

⇤
F (x, y)

L =
r(x)

⇤r
T

µ
µ

If all fields are localized in the TeV brane: 

Hardly surprising...  
Radion has couplings similar to dilaton  
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If fermions and gauge bosons are localized in the TeV 
brane there are problems with FCNC and EWPT. 

Hence, only Higgs is kept in the TeV brane. Profiles 
suppress FCNC and EWPT corrections.  

Higgs-radion mixing due to a non-minimal Higgs 
coupling to gravity  

changes definition of energy-momentum tensor – 
“improved” definition. 

Ricci scalar  

L⇠ ⇠ ⇠RH†H



Radion phenomenology 
Radion production and decay has same experimental 
efficiency and acceptance as the SM higgs of same 
mass. Production cross section- gluon fusion dominates: 

In the narrow width approximation 

�(pp
gg! r ! X)

�(pp
gg! h ! X)SM

=
�SM
h

�r

�(r ! gg)

�(h ! gg)SM

�(r ! X)

�(h ! X)SM

�(pp
gg! r ! X)(s) =

Z
d⌧Lgg(⌧)�̂(⌧s)

X = V V ⇤, f̄f, �� 71 



Phenomenology is determined by radion couplings and 
the mixing matrix (non-orthogonal) 
Giudice et al (2001); Csáki et al (2001); Dominici et al (2003), ... 

r = a rphys + b hphys

h = c rphys + d hphys

The physical masses of radion and Higgs, radion vev 
and mixing parameter determine a,b,c and d. 
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Lhphys(V V, ̄ ) =
�
2M2

WW 2 +M2
ZZ

2 �m ̄ 
� 

d+
v

⇤r
b

�
h

Lrphys(V V, ̄ ) =
�
2M2

WW 2 +M2
ZZ

2 �m ̄ 
� 

c+
v

⇤r
a

�
r

Constants! 

Example: 
Couplings to fermions and massive vector bosons: 

Lr,h(V V, ̄ ) =
�
2M2

WW 2 +M2
ZZ

2 �m ̄ 
� 

h+
v

⇤r
r

�
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For instance, 

�(r ! V V ⇤, f̄f)

�(h ! V V ⇤, f̄f)SM
= (c+ �a)2

Higgs component 

radion component 

� ⌘ v

⇤r

Hence, modifications on widths are just constants (same 
for ff, WW and ZZ widths). Since these are dominant 
decay modes, the BR’s in these modes are unchanged 
to a good approximation. 



Similarly we can compute 

�(r ! gg)

�(h ! gg)SM

�(r ! ��)

�(h ! ��)SM
�(r ! hh)

Free parameters: radion mass, mixing and scale  
mr, ⇠, ⇤r

Not all values of mixing are allowed – too large values 
lead to imaginary masses  

75 

If kinematically allowed 
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Branching ratios can change significantly when 
parameters are chosen such that 

c+ �a ⇡ 0

Radion becomes phobic to both fermions and massive 
gauge bosons. 



We used CMS data with “signal strength modifier” 

to constrain radion models using Higgs search data 
(before Moriond).    

µ =
�(pp

gg! r ! X)

�(pp
gg! h ! X)SM

Results 
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Exclusion plots 

Excluded 

Large sensitivity at ~180 GeV 
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Mh< 131 GeV was 
allowed then 



Effect of mixing: bounds are loosened 

Narrow region allowed when 
decay to WW is suppressed 
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Only regions near the “funnel”are allowed – challenging!  


