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Recall: 

- Example: low energy QCD resonances: pion .... 

- m𝜋 ∼ 100 MeV. 

- Naturalness requires Λ ≈ GeV.
Indeed, at GeV, QCD ⇒ theory of quark and gluon

Pion is not elementary.

π± π±

γ

γ

δm2
π± ! e2

16π2
Λ2
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Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom
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QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition
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QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !
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QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV
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QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB
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How about another QCD?

- Another strong interaction, and a new set of 
quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.
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How about another QCD?

- Another strong interaction, and a new set of 
quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.

Technicolor,  and its recent incarnations: Higgsless models
Very natural, reasonable idea. 
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However, 

- Not really dead. Strong interaction, can’t 
compute. Scaling up with QCD naive. 

- Use AdS/CFT, due to a warped space, compute...
Complicated modes, might work

Strong Higgs Sector

NDA QCD

�0.6 �0.4 �0.2 0 0.2 0.4 0.6
�0.3

�0.2

�0.1

0

0.1

0.2

0.3

0.4

0.5

S

T
mh,ref = 1 TeV
90% CL

NDA: all interactions → strong at TeV

QCD: assume scaled-up QCD dynamics, use QCD data

No reliable prediction for walking/conformal theories

Not ruled out!

Luty
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The Higgs problem
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The Higgs problem

- Notice that although QCD break electroweak 
symmetry, there is no Higgs particle. 

Not a surprise. After all, Higgs mechanism tells us 
that to give W/Z masses, we only need give them 
3 Goldstone bosons ⇒ WL, ZL. There is no need for 

a Higgs boson. 
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The Higgs problem

- Notice that although QCD break electroweak 
symmetry, there is no Higgs particle. 

Not a surprise. After all, Higgs mechanism tells us 
that to give W/Z masses, we only need give them 
3 Goldstone bosons ⇒ WL, ZL. There is no need for 

a Higgs boson. 

- Technicolor, by definition, has no Higgs boson. 

- What about that 125 GeV resonance which walks 
and quacks like a Higgs?
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Technicolor “dead”?
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Technicolor “dead”?

- To resurrect:
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Technicolor “dead”?

- To resurrect:

- Something else must be the 125 GeV resonance
dilaton, radion, spin-2.... must have couplings not 
very different from Higgs. 

Thursday, August 9, 12



Technicolor “dead”?

- To resurrect:

- Something else must be the 125 GeV resonance
dilaton, radion, spin-2.... must have couplings not 
very different from Higgs. 

- Something (a technicolor like theory) must break 
electroweak symmetry. 

Its contribution to the S and T parameter must 
fool us to think it could come from a light Higgs 
boson.
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Perhaps we can take another angle

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...
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Perhaps we can take another angle

- Construct a new strong dynamics in which the 
low lying Goldstones will be the SM Higgs. 

- Composite Higgs models. Still a natural theory.
Avoids the obvious problems of TC.

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ Pseudo Goldstone: SM Higgs
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Composite Higgs

Many many scenarios, models in this class. 

Little, fat, twin, holographic .... Higgs

- Similar scenarios: Randall-Sundrum, UED...
Theories with Higgs + resonances.

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC
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Pseudo-Goldstone Boson (PGB)

- Spontaneous Global symmetry breaking ⇒ 

massless goldstones. 

- QCD with u and d quark (only light quarks)
Symmetry breaking SU(2)L x SU(2)R ⇒ SU(2)V 

3 Goldstones: π± , π0,  massless.

Then small explicit breaking  from quark masses 
mu ≠ md .

Small pion masses. (PGB)

- We would like to copy QCD this way. 
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Parameterizing Goldstone boson
- Example: spontaneously broken U(1) 

VEV: h�i = f

� = f exp

✓
i
⇡

f

◆

� ! ei↵�

⇡ ! ⇡ + f↵

Under U(1) rotation
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Parameterizing Goldstone boson
- Example: spontaneously broken U(1) 

VEV: h�i = f

� = f exp

✓
i
⇡

f

◆

� ! ei↵�

⇡ ! ⇡ + f↵

Under U(1) rotation

Theory still has shift symmetry ⇒ massless Goldston

since mass term m2 π2 breaks shift symmetry
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PGB Higgs

- Using Goldstone as Higgs. 

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC

f=
� = f exp

✓
i
h

f

◆

- To generate a Higgs potential (mass, VEV), some 
(small) explicit breaking.  

✏1V1

✓
h

f

◆

- From this, 〈h〉≈ f. Simplest model would not 
work!
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More complicated

- We can fine-tune to have〈h〉= v. 

- Getting mh = 125 GeV takes a little bit more 
work. 

- The potential not always calculable, due to strong 
dynamics. 

- Say there are more than one source explicit 
symmetry breaking

✏1V1

✓
h

f

◆
+ ✏2V2

✓
h

f

◆
+ · · ·
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Collider Signal of compositeness 

- Resonances. 

- SM heavy particles (masses from EWSB) couples 
strongly to the resonances.

W, Z, top

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC
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New resonance: Z’

- Rates model dependent. Can be suppressed. 

- Generic Z’ (not necessarily composite), > 1.5 TeV.

ee/ (ii) 95% CL exclusion limits 

Model Z’ Z’N Z’ Z’I Z’S Z’ Z’SSM 

MZ’ limit 

[TeV] 
1.76 1.78 1.84 1.84 1.90 1.96 2.21 

Signal (k/M=0.1) MG*limit [TeV] 

G*e+e- 2.03  

G*+- 1.90  

G*l+l- 2.16 

G* 
(spin2 gravitons) 

Z ‘ 
(heavy spin1 neutral gauge bosons) 

ICHEP, July 2012 C.-E. Wulz 3 

Many Z’ models predict narrow resonances decaying to dileptons. 

Event selection:  

E
T 
(e

1
,e

2
) > 35 GeV, p

T 
(µ

1
,µ2) > 45 GeV, plus isolation criteria 

Backgrounds:  

- Z/!*, tt, tW, VV, Z " ##, multijets with !1 jet reconstructed as lepton 

- estimated by fitting data with appropriate function 

Z’ " l+l- (l = e,µ)!

CMS PAS EXO-12-015, hep-ex 1206.1849, CMS PAS EXO-11-019 
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Composite resonance: Z’ → WW, Zh, tt

- WW, Zh direct connection with EWSB.

- tt, top compositeness. (leptonic mode suppressed)

Figure 2: The branching ratios of Z ′ into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode !! is very small, ranging in

10−3 − 10−4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ′ = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ′ = 2 TeV.

A1 Z̃1 Z̃X1

Γ(GeV) BR Γ(GeV) BR Γ(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7 × 10−3 0.12 10−3 28.5 0.21
ūu 0.28 2.7 × 10−3 0.2 1.7 × 10−3 0.05 4 × 10−4

d̄d 0.07 6.7 × 10−4 0.25 2.2 × 10−3 0.07 5.2 × 10−4

!+!− 0.21 2 × 10−3 0.06 5 × 10−4 0.02 1.2 × 10−4

W+
L W−

L 45.5 0.44 0.88 7.7 × 10−3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.

10

An example, Agashe et al, 0709.0007
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Composite Z’

- Interesting limits, 〜～ TeV. 

- Now we have Higgs, look for Zh final state!

ICHEP, July 2012 

Graviton Mass (GeV)

600 800 1000 1200 1400

P
l

M
k

/

0.05

0.1

0.15

0.2

0.25

0.3
CMS Preliminary 2011  = 7 TeVs

-1
L dt = 5.0 fb!

, 5.4/fb)""CDF (

, 5.4/fb)""D0 (ee,

, 1.21/fb)µµATLAS (ee, 1.08/fb; 

, 2.2/fb)""CMS (

CMS (Jet MET, 4.7/fb)

CMS (VZ, LO, 5.0/fb)

CMS (VZ, NLO, 5.0/fb)

Oblique parameters

C.-E. Wulz 11 

W’
SSM

 ! ZW ! lljj, G
RS

 ! ZZ ! lljj 

•! 2-fermion systems boosted for heavy resonance 

Event selection:  
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CMS PAS EXO-11-081 

_ 
 95% CL exclusion limits 

Limits on Graviton Production
Coupling parameter set to k/mpl = 0.1 for limits

15

95% Confidence Level lower mass limits [GeV]95% Confidence Level lower mass limits [GeV]95% Confidence Level lower mass limits [GeV]

Channel RS G* Mass Bulk G* Mass 

ZZ (1 fb-1) 810 -

WW (5 fb-1) 1230 840

First Lim
it

Previous limit (D0): 

750 GeV
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Resonace → ttbar

• Heavy resonance decay.

No isolated objects

X

t̄

t

Challenges at the LHC

1. SM tt̄ has long tail in mtt̄.

2. Wider resonances, Γ ∼ 0.2M . PDF distorts the shape of resonances.

3. EWPT typically constrains the composites to be quite heavy ≥ 3TeV∗.

−→ Very energetic tops

Reconstruction of tops based on isolated objects is likely to fail.

ν, d̄, ...

e+
, u, ...

b

W+

t

boost

∗K. Agashe, A. Delgado, M. May, R. Sundrum, hep-ph/0308036

B. Lillie, L. Randall, and LTW, hep-ph/0701166  

Use of boosted top taggers, 1201.0008
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02 May 2012

Boosted ttbar

• Examined Z’ with 1% 

width, 10% width (not 

shown), and KK gluon

• Extensive exclusions 

everywhere

• Combination with other 

ttbar analyses is 

ongoing!
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Composite resonace: t’

- Generic to expect a top partner to improve 
naturalness, e.g., little Higgs models. 

- t’ can be 100s GeV to TeV-ish.

Vectorlike quarks

All Standard Model fermions are chiral: their masses are not gauge
invariant, and arise from the Higgs coupling.

Vectorlike (i.e. non-chiral) fermions – a new form of matter.

Masses allowed by SU(3)c × SU(2)W × U(1)Y gauge symmetry,

⇒ naturally heavier than the t quark.

A vectorlike quark which transforms as (3,1,+2/3) under

SU(3)c × SU(2)W × U(1)Y would mix with the top quark.

Branching fractions of t′:
(Mh = 125 GeV, sin θL = 0.1)

300 400 500 600 700 800

0.0
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mt' !GeV"

B
#t
'$ t' !W b

t' ! h t

t' ! Z t

. 24
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t’ searches

- Pair production, t’→ Wb

- Analogous b’ search, b’→ tW. (also bZ)

- Single production: bW→t’ 
Rate larger if mt’ > 800 GeV. 

Test bWt’ (related to t’th ) coupling. 

!""#$%&'()*+!"!#$,-.(/0"12314(+15617814,(9:;(<=(>%$%8(%!"?@A@(+B9@,(C1D(

results 

AEFAGFHA.H(((((((((((((((((((((((((((((((((((((((((((((((((((((=/21&I/(J1>%'%/&%K(@8L(C1&12MN/&"(O#M2P"(Q1M27L1"(R%8L(8L1(!8>M"(S18178/2(( 7 
!""#$%&'()*+!"!#$,-.(/0"12314(+15617814,(9:;(<=(>%$%8(%$"?@AB(+@CB,(D1E(

results 

BFGBCGHB.H(((((((((((((((((((((((((((((((((((((((((((((((((((((=/21&I/(J1>%'%/&%K(@8L(D1&12MN/&"(O#M2P"(Q1M27L1"(R%8L(8L1(!8>M"(S18178/2(( 11 

Perelstein, Peskin, Pierce 2003
Han, Logan, LTW 2003
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Corrections to Higgs couplings. 
- Era of precision Higgs physics. 

Independent of whether other NP are found.

Measuring a, b, c, d reveal nature of Higgs and 
information of NP.  

For example, in composite Higgs models, 
deviation on the order of 

L =
1
2
(⇧µh)2 +

M2
V

2
Tr (VµV µ)

⇤
1 + 2a

h

v
+ b

h2

v2
+ . . .

⌅
�mi⇤̄Li

�
1 + c

h

v

⇥
⇤Ri + h.c.

+
1
2
m2

hh2 + d3
1
6

�
3m2

h

v

⇥
h3 + d4

1
24

�
3m2

h

v2

⇥
h4 + . . .

+ cg
�s

4⇥

h

v
Gµ⇤Gµ⇤ + c�

�

4⇥

h

v
Fµ⇤Fµ⇤ Contino, Grojean, Moretti, Piccinini, RR   ’10

Better chance with resonance (m∼f∼ TeV) searches
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More compositeness models. 
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More compositeness models. 

- Little Higgs. 
We now have top and W/Z partners (Same spin). 
Cancel quad divergence at 1-loop (in contrast, 
SUSY cancel quad divergence to all orders).

Theory can be natural with higher cut-off.  Good 
for flavor, precision. 
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More compositeness models. 

- Little Higgs. 
We now have top and W/Z partners (Same spin). 
Cancel quad divergence at 1-loop (in contrast, 
SUSY cancel quad divergence to all orders).

Theory can be natural with higher cut-off.  Good 
for flavor, precision. 

- T-parity. 
Partners odd. 

Now all precision and flavor observables loop 
suppressed.
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More compositeness models. 

- Little Higgs. 
We now have top and W/Z partners (Same spin). 
Cancel quad divergence at 1-loop (in contrast, 
SUSY cancel quad divergence to all orders).

Theory can be natural with higher cut-off.  Good 
for flavor, precision. 

- T-parity. 
Partners odd. 

Now all precision and flavor observables loop 
suppressed.

- Sounds familiar? Similar signal to SUSY!
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Comments
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Comments
- Very reasonable scenario.

Copy what’s already there in QCD. 
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Comments
- Very reasonable scenario.

Copy what’s already there in QCD. 

- Recent variations and similar scenarios. Some go 
under different names

Warped compactification, TeV extra Dim.
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Comments
- Very reasonable scenario.

Copy what’s already there in QCD. 

- Recent variations and similar scenarios. Some go 
under different names

Warped compactification, TeV extra Dim.

- In details, model can be complicated. Some tuning 
necessary. 

Less predictive due to strong dynamics.
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Comments
- Very reasonable scenario.

Copy what’s already there in QCD. 

- Recent variations and similar scenarios. Some go 
under different names

Warped compactification, TeV extra Dim.

- In details, model can be complicated. Some tuning 
necessary. 

Less predictive due to strong dynamics.

- Maybe less exciting then SUSY.  Doesn’t mean 
less likely. 
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The Higgs connection
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Higgs couplings. 
- Era of precision Higgs physics. 

Independent of whether other NP are found.

Measuring a, b, c, d reveal nature of Higgs and 
information of NP.  

For example, in composite Higgs models, 
deviation on the order of 

L =
1
2
(⇧µh)2 +
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Tr (VµV µ)
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Better chance with resonance (m∼f∼ TeV) searches
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Higgs as a portal to new physics

- Modification of Higgs production and decay. 

h

a

a

b, τ,	 g...

h s
to new states mixing

in the loop

γ, g

γ, g

Loop of NP

SM

In addition to measuring Higgs properties, 
We can also look for the new states.
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A hint, enhanced h→γγ?

- Obviously, not significant.

- But, we could use this as an example for what 
kind of new physics opportunities Higgs physics 
may bring us.
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Fitted Signal Strength 

Combined best fit signal 
strength  

!/!SM = 1.56±0.43 x SM, 

consistent with SM. 

Best fit signal strength 
consistent between 

different classes 

46 

26 

Fitted signal strength 

Consistent results from various 
categories within uncertainties  
(most sensitive ones indicated) 

Normalized to SM Higgs expectation  
at given mH (μ) 

Best-fit value at 126.5 GeV:  
µ=1.9 ± 0.5  
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Enhancement in ZZ/WW/ττ..?

- Perhaps gg→h→WW/ZZ/ττ not enhanced
only hγγ enhanced, new physics color neutral.

47 

Are the 4l and !! observations 
consistent ?  

Combined results: consistency  
of the global picture 

SM 

From 2-dim likelihood fit to signal  
mass and strength !curves show  
approximate 68% (full) and 95%  
(dashed) CL contours  

Best-fit signal strengths, normalized to the  
SM expectations, for all studied channels, 
at mH = 126.5 GeV,  
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What if this is new physics

- SM h→γγ is given by W and top loops.
W, t: light (∼100 GeV), large coupling to the 
Higgs.

New states must be similar.

- New particles can be either fermion or boson. 
Scalar: stau-like, special model. 

New fermion: Yukawa like coupling: hu,d DN. 

- Need to check EWPT. 

Carena, Gori, Shah, Wagner, 2011
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Collider signal of such new physics 

- If colored, should have strong constraint already. 

- Not colored (preferred by data?)
Low cross section. 2 order of magnitude below 
colored NP rate. 

But, they are light. Decent rates. 

- Carries electric charge
decaying into: W± , lepton, quarks

Signal similar to electroweak gaugino

- Similar to WZ, WW in the SM. 
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Couplings of the light states. 

- Discovery in direct SUSY searches might be 
difficult. 

- Modification of Higgs decay maybe their first 
signal. 

DQuc DcQdc

HuHuXc HdHuN c

New doublet, Higgs, Higgsino-like
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