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So a Higgs Boson has Been 
Discovered ... Now What?



In Cartoons



What I will try to avoid:



What I will try to avoid:

Your questions are welcome and 
encouraged at any time!!



A Higgs Boson



ATLAS

Moriond EW 2013, LP2013
ATLAS-CONF-2013-034,012,013



Moriond EW 2013, LP2013
CMS-PAS-HIG-13-001,2
CMS-PAS-HIG-12-045

CMS



What is Our
Theoretical Framework?

Effective Field Theory



Why do we believe in 
(effective) field theory?

QFT Reconciles QM with Relativity
A local, Lorentz-invariant, Hermitian, QFT 

with a finite number of fields yields a 
unitary, CPT-invariant, S-matrix 
satisfying cluster decomposition

“They act so cute when they 
try to understand Quantum 

Field Theory”

à la Landau (e.g. superconductivity): 
the converse is also true! 

“Any” S-matrix is derivable from a QFT



Example: 
A Scalar Doublet...

Consider theory valid below UV cutoff Λ:

(Note “scaling dimension” of operators) 



Wilsonian 
Renormalization Group



Wilsonian 
Renormalization Group
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QFT Reinterpreted
• Lagrangian and S-matrix are expansions in 

p2/Λ2 - at any order, only a finite number of 
operators contribute.

• “Renormalizable” theories are a special 
case, with Λ→∞: S-matrix “exactly” 
calculable in terms of a few parameters.

• The Hierarchy problem is not a problem of 
principle, it is matter of (good) taste. 

• Triviality and vacuum stability, on the other 
hand... 



Elastic (2-body) Unitarity

These formulae apply to the elastic scattering of pairs 
of particles of fixed helicity

Jacob and Wick, 1959
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Limits of an Effective 
Theory
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Re aAmplitude “violates” unitarity at 
scale M, and the (perturbative) 
effective theory breaks down

M is the scale at which the 
description of the theory changes,
e.g. the W instead of Fermi Theory 



Gauge Invariance?
• The only consistent S-matrix for a spin-1 

massless particle arises when it couples 
to a conserved current - e.g., like a 
gauge-boson! (Weinberg’s theorem)

• Corollary: Given a spin-1 boson of mass 
m, the only theory consistent up to scale 
M is, in the limit m/M→0, a gauge theory.

• LEP I/II and Tevatron: SU(2) x U(1) 
gauge-invariance good to ~ few TeV! e.g.

(�†Dµ�)2

M2 → αT or Δρ



The Higgs Mechanism

Haber

“Eaten” Goldstone Boson



The Higgs Mechanism
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Warnings*

* Things you should know about QFT, but were afraid to ask.

• The QFT description of an S-matrix need not be 
unique, e.g. QCD and the χLagrangian, ADS/CFT.

• “Gauge Symmetries” are not symmetries:  they 
are redundancies in our description.

• “Coupling constants” are not observables.

• “Fundamental” and “Composite” are in the eye of 
the calculator ... more important: strong or weak



When is A Higgs
The Higgs?

Then:



Now:



Falkowski, et. al., arXiv: 13031812
Giardino, et. al., arXiv: 1303.3570

Ellis, et. al., arXiv: 1303.3879
(ATLAS and CMS)

Post Moriond 2013 Fits:



Loss of Unitarity in

Electroweak Symmetry Breaking



Sum                0                   

SU(2) x U(1) @ E4



including (d+e)

SU(2) x U(1) @ E2 & The Higgs

Lee, Quigg, Thacker 



including (d+e)

SU(2) x U(1) @ E2 & The Higgs

Lee, Quigg, Thacker 

gHWW



SU(2) x U(1) @ E & The Higgs

Chanowitz, Furman, Hinchliffe

Bad high-energy
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What do we know about 
these couplings?

Assuming No BSM Decays

Test Consistency of SM



Properties of the Higgs Boson

• All masses proportional to ⟨H⟩=v, hence

• and

• Important loop effects
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Consistency: VBF vs. Gluon Fusion

Moriond EW 2013, LP2013



Allow Couplings to “Float” within SM

ATLAS-CONF-2013-34
CMS-PAS-HIG-13-005



Allow Couplings to “Float” within SM

ghtt
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“Textbook” Plot of Higgs Couplings

Scott Thomas
Ellis and You

Particle couples to mass in the correct way!



H→ZZ* Spin/Parity: 0+ vs. 0-

CL0-=0.16%Exclude 0- at 97.8% CL



Future Prospects

Slides from P. Wells, LP2013



LHC Roadmap



CTEQ Can Lead the Way!



Higgs Measurements of the Future



Rare Higgs Processes



Higgs Self-Coupling

Test Higgs
Potential



Higgs Self-Coupling

Test Higgs
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The Future?

Scott Thomas
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References

Problems with the Higgs Model
•  No (other?) fundamental scalars observed in nature

•  Hierarchy or Naturalness Problem

•  No explanation of dynamics responsible for 
Electroweak Symmetry Breaking

•  Triviality and Vacuum Stability Problems...

Problems with the Higgs Model
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�(�)



T. Hambye and K. Riesselmann, Phys. Rev. 
D55, 7255 (1997), [hep-ph/9610272].

Triviality and Stability
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DeGrassi, KITP 2013

Updated

Or: other particles (e.g. superpartners) 
could stablize the potential...



DeGrassi, KITP 2013

Updated



Symmetry Magazine, 
Oct 30, 2012



The Little Hierarchy Problem

The top-quark is not a small perturbation to 
the EWSB sector!

�m2
H / 2�2

t⇤
2

16⇡2

�m2
H < m2

H ) ⇤  1� 2TeV

Where is the new physics?
(Is there something wrong with this argument?)



“No Higgs” Theories



  Technicolor:
Higgsless since 1976!



This line of reasoning inspired Technicolor:

Susskind, Weinberg

introduce new gauge force with symmetry SU(N)TC

force carriers are technigluons, inspired by

QCD gluons 

add techniquarks carrying SU(N)TC charge:

matter particles inspired by QCD quarks

• e.g.   TL = (UL, DL)  forms a weak doublet

          UR, DR are weak singlets

• Lagrangian has familiar global (chiral) 

          symmetry SU(2)L x SU(2)R

Technicolor



Technicolor

If SU(N)TC force were stronger than QCD ...  then 
spontaneous symmetry breaking and pion formation 
would happen at a higher energy scale...   e.g.

• gauge coupling becomes large at

•                               breaks electroweak symmetry

• `technipions‘            become the WL, ZL

•  W and Z boson masses are the size seen in 
experiment!

So far, so good...  but what about unitarization?

ΠTC

〈TLTR〉 ≈ 250 GeV

ΛTC ≈ 1000 GeV

(What about fermion masses?)



Is there a Higgs in Technicolor?

Look at ππ scattering in QCD:
σ-meson:

Mσ= 560 MeV ≅ 6 fπ
Γσ=400 MeV ≅ 4 fπ

Natural expectation
in Technicolor

(fπ → v):
Heavy meson (1.5 TeV)

that is very broad (1 TeV)

(Mixing?)



Discussion Question

N. Arkani-Hamed, SavasFest 2012

?



Dilaton?



• Poincare Invariance

• C, P, and T (as written...)

• (Approximate) Scale Invariance*

*( & Proper conformal trans.)

x
µ
→ λ · x

µ

ψq(x) → λ3/2ψq(λx) A
a

µ(x) → λ A
a

µ(λx)

NB: Broken by all mass terms...

A scale transformation:

NB: Local scale invariance the reason for the name “gauge transformation” (Weyl)

Space-time Symmetries of Field Theory



• Quantum vacuum is a polarizable medium

Fermions and Gluons make opposite contributions!

QED QCD

No Quantum Scale-Invariance



vs.
Asymptotic Freedom

Infrared Slavery

RPP20042004 Nobel Prize:
Gross, Politzer, Wilczek

α>αcr triggers χSB

QCD Beta Function



Figure: K. Holland XQCD 2008

QCD-like
γ small

Walking: γm large !?

α>αcr triggers χSB
& spontaneous

scale symmetry breaking!

A Model Builder’s Dream



• A continuous symmetry has a conserved current, 
but scale symmetry is anomalous.

• A dilaton-“Higgs” couples via

• Higgs-like, but

• But fπ≠fσ, hence δgH/gH=O(100%)

• Even assuming fπ=fσ, wrong gg and γγ couplings?

Quantum Effect!

Dilaton Couples to Scale Current
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“Composite Higgs”



Composite Higgs



Higgs as (Pseudo-)Goldstone Boson:

Hard to do!

V (h) =
Cg2
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Georgi & Kaplan; Banks Chacko et. al., hep-ph/0510273

But, EWPT:

Must suppress η2 without suppressing η4

Composite Higgs

f > few TeV( )



Collective Symmetry Breaking:
k1

m0 m1 m2 mN mN+1

k2 k3 kN+1kN

For weak springs, masses at end very weakly coupled!
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Meade, hep-ph/0402036Arkani-Hamed, Cohen, Georgi

Little Higgs Theories



Schmaltz hep-ph/0210415

Cancellation of 
divergences by 
particles of same spin!
T-Parity: minimize
Z-pole effects & DM

Little Higgs: The Hierarchy



Constraints On Composite Higgs

D ≤ 4 interactions same as standard model!

Higher dimension operators:

(�†Dµ�)2

f2 ΔT≠0, f > few TeV⇒

�gH = O
✓
v2

f2

◆
= O(10%)}

(�†�)Dµ�†Dµ�

f2

↵s

4⇡

✓
�†�

f2

◆
Gaµ⌫Ga

µ⌫

↵Y

4⇡

✓
�†�

f2

◆
Bµ⌫Bµ⌫

�†�

f2

X

q

mq ̄q q

Ignored on next page



Coupling to vectors

Coupling to
fermions

Flavor-Universal Deviations

Ellis and You

Negative c
region disfavored



Multiple Higgs, 
SUSY & Decoupling



Two-Higgs Model



Two-Higgs Model



Two-Higgs Model



Couplings to Fermions

Glashow and Weinberg, 1977

Most general quark couplings:
X
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Fermion masses and Higgs couplings not 
diagonalized at same time!

Model-building solutions:
• “Type-I”: λ2u,d=0

One Higgs gives mass only to W and Z

•“Type-II”: λ2u=0 & λ1d=0
Each Higgs gives mass to only ups or downs
md∝1/sinβ, could have λt=λb



Limits on Two-Higgs Models

Giardino, et. al.



SuperSymmetry

Make the Higgs Boson natural!

• Higgs mass protected by chiral symmetry of partner
• Δm2H∝log(M2SUSY)
• λ∝g2,g’2, mH bounded by ~130 GeV
• Why is μ of order a TeV?



SuperSymmetry



SuperSymmetry



SUSY Higgs Sector Limits

✔



• SUSY requires two Higgs bosons to give u- 
and d-masses (“type-II”)

• In limit all soft SUSY breaking masses get 
large, sin(β-α)→1

• Lightest Higgs standard model-like!

• Decoupling regime?

• But where are superpartners?

SuperSymmetry & Decoupling



SUSY Higgs Sector Limits

Giardino, et. al.



SUSY Higgs Sector Limits

DeGrassi, KITP 2013



CMSSM SUSY Higgs Sector Limits

DeGrassi, KITP 2013



SUSY Higgs Sector Limits

DeGrassi, KITP 2013



SUSY Prospects



Conclusions



?



Theory
Hierarchy 
Problem

Precision 
EW ΛUV δgH/gH LHC

Fundamental 
Higgs YES! ✔ < MPlanck 0%

SUSY No ✔ MGUT? < few %

Composite 
Higgs No f > few TeV < 50 TeV O(few-10%)

Dilaton No ✔? 1-10 TeV O(100%)

Higgsless/
TC No

Ideal 
fermions 1-10 TeV

no narrow 
scalar?

Theory Summary

• What is the Higgs trying to tell us?



Whither Naturalness?



Whither Particle Physics?

H. Murayama, LP2013


