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It is one of the most 
exciting times:
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In these Lectures, I wish to convey to you:	

	

•  This is truly an “LHC Revolution”, 	

    ever since the “November Revolution” 	

    in 1974 for the J/ψ discovery!	

	

•  It strongly argues for new physics 	

    beyond the Standard Model (BSM).	


This discovery opens up	

a new era in HEP!	
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Outline	

 Lecture I: Higgs Sector in the SM	

	

   A. The Higgs Mechanism	

 1. A historic count 	

 2. The spontaneous symmetry breaking	

 3. The Goldstone Theorem	

 4. The Higgs mechanism	

	

   B. The Higgs Boson Interactions	

 1. The Standard Model  	

 2. The Higgs boson interactions	
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   A. Higgs Boson Decay	

 1. Decay to fermions 	

 2. Decay WW, ZZ	

 3. Decay through loops	

   B. Higgs Boson Production at the LHC	

 1. The leading channels  	

 2. The search strategies	

 3. Signal characteristics	

   C. Higgs Boson Production at e+e- colliders	

  D. Higgs Boson Production at a muon collider	


Lecture II: Higgs Physics at Colliders	
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  A. A Weakly Coupled Scalar?	

        1. The Higgs mechanism ≠ Higgs boson!	

        2. Why not a heavier, broader Higgs?	

  B. SM Higgs Sector at Higher Energies	

        1. Triviality bound	

        2. Vacuum stability 	

        3. Naturalness	

  C. New Physics associated with the Higgs	

        1. Supersymmetry	

        2. Extended Higgs sector 	

        3. Composite Higgs 	

        4. Coupling deviations from SM	

	


Lecture III: Higgs and Beyond	

  -- Motive for Physics Beyond SM	
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1. A historical Count:	

(a). Deep Root in QED 	


Maxwell Equations   ➔ 	

Lorentz invariance, U(1) Gauge Invariance 	


Lect I. Higgs Sector in the SM	

     A. The Higgs Mechanism 	


Although the electromagnetic fields in E(x,t), B(x,t) 	

seem adequate for all practical purposes, the 
introduction of co-variant vector potential Aµ(x,t)	

is viewed as revolutionary!‡	


1). Lorentz/Local Gauge invariance manifest.	

2). Classically, geometrical interpretation: fiber bundles...	

3). Quantum-mechanically, wave function for the EM field.	


‡ Still with dispute: physical? redundancy?	
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Dirac’s relativistic theory:  	

Lorentz/Local gauge invariant	

➔ antiparticle e+ 	


Feynman/Schwinger/Tomonaga 	

          ➔ Renormalization	


* QED becomes the most accurate 	

    theory in science.	


* The perturbation theory, thus Feynman 
diagram approach, the most successful aspect.	


current 	


current 	


EM field 	

Quantum 	


corrections	
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Warmup Exercise 1: 	

	

For charge scalar field φ±, construct the locally 
U(1)em gauge invariant Lagranian and derive the 
Feynman rules for its EM interactions.	

	

Sketch a calculation for the differential and total 
cross section for the process:	

                         e+ e- à φ+ φ-	
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(b). Build up the Weak Interactions	

beta decay n à p+ e- ν ➔ Charged current interaction: W±	


   ν N à ν N ➔ Neutral current interaction:Z0 	


Fermi was inspired by the EM curren-current 
interactions to construct the weak interaction.	


(parity violation  ➔  V-A interactions)	


The fact  GF = (300 GeV)-2  implies that:	

1. A new mass scale to show up at O(100 GeV).	

2. Partial-wave Unitarity requires new physics below	

                          E < 300 GeV	
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Exercise 2: 	

Assume that the ν e à ν e scattering amplitude to be	

                             M = GF Ecm2 	

estimate the unitarity bound on the c.m. energy.	
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(c). Idea of Unification:	

Within a frame work of relativistic, 

quantum, gauge field theory	
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The birth of the Standard Model:	


16	




17	


The EW scale is fully open up:	


The EW Unifcation I: Couplings	


1984 Nobel	
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The EW Unifcation II: 	

Particle representation	


SU(3)c 	


SU(2)L 	


U(1)Y 	


triplet	


doublet	


singlet	


(1979 Nobel)	
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BUT, 	
The local gauge symmetry prevents 	

gauge bosons from acquiring masses!	


Worse, chiral fermion masses also forbidden	

by gauge symmetry! 	


``The Left- and right-chiral electrons 
carry different Weak charges’’ �

(1957 Noble Prize)�
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Pauli’s Criticism:	


An Anecdote by Yang: SU(2) gauge symmetry	
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2. The Spontaneous Symmetry Breaking	

-- Nature May Not be THAT Symmetric:	


                     “The Lagrangian of the system may display 	

                       an symmetry, but the ground state does not 	

                       respect the same symmetry.” 	

	


Known Example: Ferromagnetism	

	

Above a critical temperature, the system is 	

symmetric, magnetic dipoles randomly oriented.	

Below a critical temperature, the ground state 	

is a completely ordered configuration in which 	

all dipoles are ordered in some arbitrary direction,	

                                     SO(3) à SO(2)	
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Known Example: QCD condensation	

           Consider the two-flavor massless QCD:	


The concept of SSB: profound, common.	


QCD below ΛQCD becomes strong and 
forms condensate: 	


Chiral symmetry breaking to iso-spin.	




23	


Y. Nambu was the first one to have formulated	

the spontaneous symmetry breaking in a relativistic	

quantum field theory (1960).	

	

He is the one to propose the understanding of the	

nucleon mass by dynamical chiral symmetry 
breaking: The Nambu-Jona-Lasinio Model.	


2008 Nobel Prize in physics: "for the discovery of the 
 mechanism of spontaneous broken symmetry in  
 subatomic  physics" 

 Be aware of the difference between the dynamical mass  
for baryons (you and me) and that of elementary particles 
by the Higgs mechanism.  	
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Exercise 3: 	

Find (or make up) other examples for spontaneous 
symmetry breaking.	

	

Also, think about the relations between the fundamental 
theoretical formalisms (Newton’s Law; Maxwell 
Equations; Einstein Equation; Lagrangians...) and 
specific states for a given system (initial and boundary 
conditions of a system).	
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“If a continuous symmetry of the system is spontaneously 
broken, then there will appear a massless degree of 
freedom, called the Nambu-Goldstone boson.”	


Symmetry: [Q, H] = QH - HQ = 0	


Vacuum state:  H |0> = Emin |0>	
 But:  Q |0> ≠ 0 = |0’>	

 (QH - HQ)|0> = 0 = (Emin - H)|0’>, 	

  thus: H |0’> = Emin |0’>	


There is a new, non-symmetric state |0’>, 	

that has a degenerate energy with vacuum |0>, 	

thus massless: the Nambu-Goldstone boson.	


3. The Goldstone Theorem	

-- A show stopper or helper?	
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The Goldstone Theorem (continued)	


Properties of the Nambu-Goldstone boson:	

1. Massless, gapless in spectrum	

3. Decouple at low energies:	

     <G| Q |0> ≠ 0,  <G(p)| jµ(x)|0> ~ e-ipx pµ v	




27	


A illustrative (Goldstone’s original) Model:	

(a). Background complex scalar field  Φ:	


For µ2 > 0, the vacuum is 	

shifted, and thus spontaneous 	

symmetry breaking.	


Invariant under a U(1) 
global transformation:	
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Particle spectrum:§	

Shift: 	

	

Then:	


* R is a massive scalar: MR = √λ v.	

* I is massless, interacting.	

* Though not transparent, it can be verified:§ 	

	

	

                  	

                  I does decouple at low energies!	

Exercise 4: Show this result by an explicit calculation.	

	


§ C. Burgges, hep-ph/9812468 	
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(b). Field  Φ Re-definition:	


We then see that:	

* the θ field is only derivatively coupled, 	

   and thus decoupled at low energies	

* the θ field respects an inhomogeneous transformation	


Weinberg’s 1st Law of Theoretical Physics+:	

“You can use whatever variables you like. But if you used 
the wrong one, you’d be sorry.”	

Define:	

	

	

(this is like from the rectangular form to the polar form.)	


a phase rotation from the vacuum:	


* the χ(x) is massive radial excitation.	


+ C. Burgges, hep-ph/9812468 	
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QCD breaks the chiral symmetry dynamically:	


Known example: Chiral symmetry breaking	


(3+3) - 3 = 3 Goldstone bosons: π+, π-, π0	


In the non-linear formulation of the Chiral 
Lagrangian for the Goldstone bosons:	

	

	

necessarily derivative coupling.	
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The pion-pion scattering:	


in accordance with the Low Energy theorem.	

	

Chiral perturbation theory agrees well with the 
pion-pion scattering data,¶ supporting the 
Goldstone nature.	


Exercise 5: Linearize the Chiral Lagrangian for ππ 
interaction and calculate one scattering amplitude.¶	


¶ J. Donoghue et al., Dynamics of the SM.	
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Except the photon, no massless boson 	

(a long-range force carrier) has been seen 	

in particle physics! 	


The pions are NOT massless, due to explicit 
symmetry breaking. They are “Pseudo-Nambu-
Goldstone bosons”.	


“Pseudo-Nambu-Goldstone Bosons”	

When a continuous symmetry is broken both explicitly AND 
spontaneously, and if the effect of the explicit breaking is much 
smaller than the SSB, then the Goldstone are massive, governed 
by the explicit breaking, thus called:	

“Pseudo-Nambu-Goldstone bosons”.	
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4. The Magic in 1964:	

The “Higgs Mechanism”	


“If a LOCAL gauge symmetry is 
spontaneously broken, then the 	

gauge boson acquires a mass by 
absorbing the Goldstone mode.”	
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PRL	


PLB	


PRL	


PRL	
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A illustrative (original) Model:¶	


¶ C. Quigg, Gauge Theories of the Strong ...	
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A illustrative (original) Model:¶	


After the EWSB,	


The gauge field acquires a mass, mixes with the Goldstone boson.      	

        Upon diagonalization:	
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the resultant Lagrangian is then:	


•  By virtue of a gauge choice - the unitary gauge,	

    the ζ-field disappears in the spectrum: a massless	

    photon “swallowed” the massless NG boson!	

                   Degrees of freedom count:	

          Before EWSB:                   After:	

  2 (scalar)+2 (gauge pol.);   1 (scalar)+3 (gauge pol.) 	

•  Two problems provide cure for each other!	

      massless gauge boson + massless NG boson	

➞  massive gauge boson + no NG boson	

          This is truly remarkable!	


the Higgs boson!	
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Known example: Superconductivity	
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True understanding was the work of many 
hands, most notably:†	


• 1960: Nambu formulated spontaneous symmetry breaking for	

   chiral fermions to dynamically generate the nucleon mass  	

   (Nambu-Jona-Lasinio model)	

• 1961,1962: Goldstone theorem challenged the implementation 	

   of spontaneous symmetry breaking for gauge symmetry: 	

   No experimental observation for a massless Goldstone boson.	

• 1963: Anderson conjectured a non-relativistic version of a	

   massive Goldstone mode, the “plasmon” in superconductor.	

• 1964: Englert+Brout; Higgs; Guralnik+Hagen+Kibble	

   showed the U(1) photon mass generation mechanism, evading  	

   the Goldstone theorem in locally gauge invariant theory.§	


† Univ. of Edinburgh, Peter Higgs and  the Higgs Boson.	

§ Sidney Coleman:	
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“Evading the Goldstone Theorem” continues †	

•  1964: Higgs (PRL) first commented on the spin-zero 	

    boson, in the revised version (upon Nambu’s request to	

    compare with the other’s works)¶	

•  1966: Higgs (PRD) laid out the scalar scattering/decay in an 	

    Abelian U(1) model.‡ 	

	

	

	

	

	

	

	

•  1967: Weinberg (PRL) laid out the fermion mass generation,	

    formulated the SU(2)LxU(1)Y SM.	

	


¶ Peter Higgs: My Life as a Boson.	


¶	


† Univ. of Edinburgh, Peter Higgs and  the Higgs Boson.	


‡	




40	


As for the name ...	


 1972: Ben Lee (Rochester Conf. at FNAL) named “Higgs 
boson” and the “Higgs mechanism”.§	


§ Peter Higgs: My Life as a Boson.	
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 Prospects of the SM Higgs Searches at the Tevatron	
 Prospects of the MSSM Higgs Searches at the Tevatron	
¢    

 Higgs mechanism + EW unification theory �
[Weinberg, 1967; Salam,1968] �

Prediction of the existence of 
massive Higgs boson [Higgs,

1964] �

QED (1950’s) �

EW unification theory �
[Glashow,1960] �

The Breaking	
The Symmetry	


Yang-Mills Theory 
[Yang, Mills,1954] �

Spontaneous symmetry breaking 
in particle physics [Nambu,

1960;Goldstone,1962] �

Recollection:	
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1. The SM Lagrangian:	


The Higgs:	


Pure gauge sector:	


B. Higgs Boson Interactions	
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The Fermions:§	


However, a fermion mass must flip chirality:	

	

and thus not SM gauge invariant!	


Need something like a doublet:	

	

	

that’s the Higgs doublet!	


§ P. Langacker: TASI Lectures 2007.	


Gauge invariant, massless.	
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The gauge invariant Yukawa interactions:	


 After the EWSB,  	
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 2. Higgs Boson Couplings:	


Thus, where ever is mass, there will be H!	

The Low-Energy-theorem:	
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Feynman rules:	
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Exercise 7: Verify the Goldstone-boson Equivalence 
Theorem by examining the HWW vertex. 	

Hint: Use                          . It should give you HHH vertex.	


Exercise 6: Verify the above Feynman rules by 
invoking the low-energy theorem: 	


Goldstone-boson Equivalence Theorem: 	

At high energies E>>MW, the longitudinally polarized gauge 
bosons behave like the corresponding Goldstone bosons. 
(They remember their origin!)	

	

Caution: Very often, we say at high energies, MW à 0. 
Rigorously speaking, we mean: g, MW à 0, but MW/g à v/2.	
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   A. Higgs Boson Decay	

 1. Decay to fermions 	

 2. Decay WW, ZZ	

 3. Decay through loops	

   B. Higgs Boson Production at the LHC	

 1. The leading channels  	

 2. The search strategies	

 3. Signal characteristics	

   C. Higgs Boson Production at e+e- colliders	

  D. Higgs Boson Production at a muon collider	


Lecture II: Higgs Physics at Colliders	




49	


Pre-requisite formulae:	
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A. Higgs Boson Decay§	


 1. Decay to fermions:	


§ L. Reina, TASI lectures, 2011.	


The largest higher-order effect is the quark running mass:	


� = g2 dPS2

2m

�
|M |2 � g2

4⇥
m �2�+1
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A. Higgs Boson Decay§	


2. Decay to WW,ZZ:	


§ L. Reina, TASI lectures, 2011.	


The unusual M3 dependence is due to the VL: MH/MV.	


Exercise 8: 	

Calculate the Higgs decay to polarized pairs 	

VTVT, VLVT,  and VLVL.	


� = g2 dPS2

2m

�
|M |2 � g2

4⇥
m �2�+1
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A. Higgs Boson Decay§	


3. Decay through loops:	


2	


§ L. Reina, TASI lectures, 2011.	


Sensitive to new charged 
(Q,L), colored (Q) heavy 
states in loops.	
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       As the results for a SM Higgs: 	

The branching fractions and total width	


For mH = 125 GeV,   Γ(total) ≈ 4 MeV	

BR(bb) ≈ 60%                     BR(ττ) ≈ 8% 	

BR(WW) ≈ 21%                 BR(ZZ) ≈ 2%	

BR(gg) ≈ 9%                       BR(γγ) ≈ 0.22%	
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Particle production in hadronic collisions:	




Trapping The Higgs : 
MachineàDetectoràEve

nt
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Trapping The Higgs : 
MachineàDetectoràEvent
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Particle production in hadronic collisions:	
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B. Higgs Boson Production at LHC	

                         1. The leading channels:	

Recall that the Higgs couples preferably to heavier particles.	
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Calculation history	

a n d r e f e r e n c e s 
compiled by Laura 
Reina	
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Production cross sections at hadron colliders:	


§ L. Reina, TASI lectures, 2011.	

A. Djouadi, hep-ph/0503172.	


Exercise 9: List three leading processes for SM Higgs 
pair production and comment on their relative sizes.	
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Total rates in hadronic collisions:	




62	


Searching for the Higgs boson at the LHC	

                  is highly non-trivial! 	

             In theory:	

•  assume a mass parameter;	

•  predict the production cross section;	

•  specify a (good) final state in H decay;	

•  identify the SM backgrounds;	

•  calculate the observability by S/√B or alike	


             In experiments:	

•  specify a (good) final state from H decay;	

•  compare with the SM backgrounds;	

•  assume a mass parameter and compare with theory;	

•  estimate the sensitivity (µ signal strength, p-value)	


2. Signal Search Strategy:	
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Salute to theorists/experimentalists:	

               We Made It!	

          	
We want to know more (experimentally):	


•  Is there more than one Higgs boson?	

•  Does this H decay to other things unexpected?	

•  Couplings as accurate as possible:	

    - to verify the SM prediction: Spin, parity …	

    - to seek for hints for new physics.	


	

Still a lot of hard, but fun work to do!	
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(a). Gluon fusion: The leading production channel	


3. Signal Characteristics:	


•  Need clean decay modes: γγ, WW, ZZ	

•  Effects from radiative corrections very large!§ 	

•  Sensitive to new colored particles in the loop:	

    gg à H sensitive to new colored states: Q	

    H à γγ sensitive to new charged states: Q, L	

    H à ZZ à 4 leptons 	

     best to study the Higgs 	

     CP properties:	


§ L. Reina, TASI lectures, 2011.	


σ(125 GeV@ 8 TeV) ≈ 20 pb	

σ(125 GeV@14 TeV) ≈ 40 pb	
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(b). The Vector Boson Fusion:	


•  Need clean decay modes: ττ, WW, ZZ, γγ	

•  Effects from radiative corrections very small!	

    -> color singlet exchange, low jet activities.	

•   Sensitive to HWW, HZZ couplings	

•  Good for H à ττ, γγ	

•  A bit lower rate, but unique kinematics 	


σ(14 TeV) ≈ 4 pb	
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Basic feature: V radiation off a quark	
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Exercise 10: Qualitative feature 	

         for V radiation off a quark	
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(c). VH Associate production:	


•  W/Z leptonic decays serve as good trigger.	

•  Effects from radiative corrections very modest.	

•  Sensitive to HWW, HZZ couplings	

•  Do not need clean decay modes: chance for b bbar !	

   Boosted Higgs helps for the signal ID!	


σ(14 TeV) ≈ 2.2 pb	
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(d). Top quark pair associate production:	


•  Top leptonic decays serve as good trigger.	

•  Effects from radiative corrections can be large.	

•  Directly sensitive to Htt coupling	

•  Do not need clean decay modes: chance for b bbar !	

•  Combinatorics of the 4 b’s are difficult to handle...	


σ(14 TeV) ≈ 0.6 pb	
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C. Higgs Boson Production at e+e- Colliders	

                         1. The leading channels:	

Recall that the Higgs couples preferably to heavier particles.	
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The idea of a Higgs Factory:	
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Total rates in e+e- collisions:	
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2. Higgs production:	
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3. Recoil mass technique:	




Branching accuracy

77	
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D. Higgs Boson Production at a muon Collider	
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Resonant Production:	


At the peak with a perfect energy resolution:	


⇥peak(µ+µ� ⇥ h) =
4�

m2
h

BR(h⇥ µ+µ�)

� 41 pb at mh = 125 GeV.

About 40,000 events produced per fb-1	


Muon Collider as a Higgs Factory



SM Higgs is (very) narrow:	


Must convolute with energy profile:	


At mh=126 GeV, Γh = 4.2 MeV	




                          Extreme (good) Case: 	

       Energy Spread much smaller than the physical width:	


                                     (Δ = 0.3 MeV,    Γh ≈ 4.2 MeV) 	


Recall:  Z line shape with ΓZ ≈ 2.5 GeV               	




                      Extreme (bad) Case: 	

Energy Spread much larger than the physical width:	


                              (Δ = 50 MeV,    Γh ≈ 4.2 MeV) 	


Recall:  J/ψ scan Γ ≈ 93 keV               	




“Normal” (ideal) case: 	

           Energy Spread comparable:	

            (Δ = 5 MeV,    Γh ≈ 4.2 MeV) 	


An optimal fitting would reveal Γh                 	




Realistic studies:	

* TH and Z. Liu, arXiv: 1210.7803.	


R/
�

2 = �/
�

s



The  SM Higgs

Leading signals and background 
rates

With a cone angle cut: 10o < θ < 170o	


µ+µ� � h h� bb̄ h�WW ⇥
R (%)

�e� (pb) �Sig �Bkg �Sig �Bkg

0.01 16 7.6 3.7
0.003 38 18

15
5.5

0.051
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  A. A Weakly Coupled Scalar?	

        1. The Higgs mechanism ≠ Higgs boson!	

        2. A heavier, broader Higgs?	

  B. SM Higgs Sector at Higher Energies	

        1. Triviality bound	

        2. Vacuum stability 	

        3. Naturalness	

  C. New Physics associated with the Higgs	

        1. Supersymmetry	

        2. Extended Higgs sector 	

        3. Composite Higgs 	

        4. Coupling deviations from SM	

	


Lecture III: Higgs and Beyond	

  -- Motive for Physics Beyond SM	
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1. The Higgs Mechanism 	

DOES NOT require a Higgs boson!	


A. A Weakly Coupled Light Higgs?	


 The Non-Linear realization:	


 Then leave out the singlet H, the SM gauge symmetry	

 spontaneously broken:	


 (fermion masses can be accommodated similarly)	


“If a LOCAL gauge symmetry is 
spontaneously broken, then the 	

gauge boson acquires a mass by 
absorbing the Goldstone mode.”	
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Higgs boson could be absent, but:	


 Exercise 11: Verify this unitarity bound by an	

  explicit partial wave analysis.	
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2. Natural dynamics prefers a heavier, 
broad Higgs boson!	


In low-energy QCD, a generic dynamical mass is 	

                     m ~ 4 π fπ  ~ 1 GeV:	

  m(f0) ~ 0.4 -1.2 GeV,  Γ ~ 0.6 - 1.0 GeV !	

  m(ρ±,0) ~ 0.77 GeV,  Γ ~ 0.15 GeV.	


Lessons from QCD and other strong dynamical 
models (Technicolor-like, composite, dilaton...) argue 
the dynamical mass to be of the order 	

                               4 π v ≈ 2 TeV! 	

	

And typically strong interacting: Γ(total) ≥ 20%M !	

	

--- except the pseudo Goldstone bosons.	
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                   Personal Statement I:	

The fact that we do have observed 	

 a rather light, weakly coupled boson:	

           mh = 125-126 GeV,   Γ < 1 GeV,	

is truly revolutionary!	

	

We have just discovered a “fifth (weak) force”:	

           λ ≈ 1/8 !	

Hopes for uncovering a deeper theory:	

    - λ determined by other couplings like in SUSY?	

                              where λ = (g1

2 + g2
2)/8	


     - or dynamically generated by a new strong force?	
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B. SM Higgs Sector 	

   at Higher Energies	


Recall the SM Higgs sector:	


Crucial conditions:	


Renormalization Group Equation Evolution at NLO:	
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1. Triviality bound	

How large MH (λ) can be dragged up?	


There is a (famous) Landau Pole! 	

(present in all but non-Abelian gauge theories)	

	

1. If SM valid to infinite energy, then λ(Q0) = 0, 	

                a non-interacting trivial theory!	

2. Since MH is non-zero, then the theory has a cutoff:	


For MH = 125 GeV, the cutoff is too far to be relevant.	
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 For MH = 125 GeV, 	

  then Λ(mt=175) < 107 GeV.	


2. Vacuum stability bound	

For small λ, the To-Yukawa dominates: 	


Much renewed interest, updates:$ 	


To have a stable vacuum,	


$ G. Degrassi et al., arXiv:1205.6497.	
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                 Personal Statement II:	

Based on the vacuum stability argument, 
something Beyond the Standard Model should 
exist above the EW scale! 	

	


M
H
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2
]
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Precision

126	


However, 	

1.  the scale maybe too high for 	

      LHC physics; 	

2. a quasi-stable universe would 	

      evade a relevant scale.	
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3. “Naturalness” argument:	


Particle mass	

hierarchy:	
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  Since all the masses are generated like ~ g v, 	

  the natural scale should be just v.	


  Thus, except MW, MZ, MH, mt ~ g v, 	

  all others are unnatural: (to some extent)	

   mb ~ 5 GeV, me ~ 0.5 MeV, mν < 0.2 eV ...	


  But, they are “technically natural”:	

For a given mass, if the quantum corrections are merely 
logarithmically dependent upon the high energy scale, 
then the mass parameter is said technically natural.  	


  t’Hooft statement for “technical naturalness”:	

If a parameter is turned off (set to 0), the system results in an 
enlarged symmetry, then this parameter must be technically 
natural.  	
            me ~ m0e [1 + 3α/4π 1n(Λ/me)]	


If m0e is turned off, the system possesses a chiral symmetry.	
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Dynamical scale generation is natural!	

Recall in QCD: coupling runs logarithmically 	


between vastly separated scales:	


Dynamical scale can be generated by 
“dimensional transmutation”:	


However, this picture 	

(Technicolor and variations)	

doesn’t work (well) in EW:	


* It is strong interaction, not seen in EW physics.	

* Fermion masses/mixing a real killer.	

* No fundamental scalar (at least not a light one).	
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No symmetry to protect MH in the SM,	

à it is unstable against quantum corrections.	


“It is interesting to note that there are no weakly coupled 
scalar particles in nature; scalar particles are the only kind 	

of free particles whose mass term does not break either an 
internal or a gauge symmetry.” -- Ken Wilson, 1970 	




01/04/13	
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Amazing !	
 Unnatural: Fine-tuned to   	

     0.05 mm/0.5 cm ~ 10-2	
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A light SM-like Higgs unnatural!	




102	


A light Higgs implies new physics near 1 TeV!	
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         Personal Statement III:	

            A light Higgs is unnatural.	

“Naturalness” argument strongly indicates the existence of 
TeV scale new physics.	

	

If you give up this belief, you are subscribing 
the “anthropic principle”.✜	


✜ A physicist talking about the anthropic principle runs the 
same risk as a cleric talking about pornography: no matter 
how much you say you are against it, some people will think 
you are a little too interested. -- Steven Weinberg 	
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Or	
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    C. New Physics Scenarios 	

associated with the Higgs Sector 	


1. Supersymmetry:	


See Sudhir Vempati	
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Thus the Higgs mass corrections:	


* In SUSY limit, the correction vanishes.	

* In soft SUSY breaking case, mS ~ O(1 TeV).	


•  SUSY dark matter with R-parity conservation	
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Thus, top-partner is most likely suspect!	
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Lead to 3 Goldstone bosons, and five “Higgses”:	


Tree-level masses given by	


2. Two Higgs Doublets in the MSSM	


λ=	
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Large radiative corrections:	


•  Very sensitive to	

•  Sensitive to stop-mixing: large 	

•  Sensitive to SUSY -breaking: heavy	

•  Sensitive to:   , light Higgsino  	

	


can be as large as 50%!	
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• Updated results: 	

arXive:1203.3207	




Tao Han 

  Allowed Region: gg→h0,H0→γγ, WW  

black dots: 123 < mh0 or mH0 < 127 GeV 
blue dots:  σXBr (gg→ h0, H0 →γγ)MSSM > 80% (σXBr)SM 

non-decoupling region 
decoupling region 



Tao Han 

Higgs Pair Production 
๏  non-decoupling region:  

electroweak production 

EW gauge interactions: 

SUSY parameter depndt: 



113	


       3. Composite Higgs:	

 --- The Little Higgs Model	


A very interesting idea§ is to make the Higgs a 
“pseudo-Nambu-Goldstone” boson.	


§ H. Georgi and David B Kaplan, 1984.	
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In Little Higgs Models,	

Most interesting of all, the top fermionic partner T:	


 => The quadratic divergence is then cancelled at one loop level	

 Then the logarithmically contribution to the Higgs mass square 	


 mh = 125 GeV à mT < 1TeV 	

(J Berger, J. Hubisz and M. Perelstein, 2012)	
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Single production:	
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In a given theory with additional symmetries, one may be able 	

- to calculate (in a weakly coupled theory – SUSY)	

- to (g)estimate (in a strongly coupled theory – composite) 	


Pomarol, ICHEP’12	


The fact that  MH ≈ 126 GeV  	

has already provides non-trivial test to some models.  	


Both suffer from some degree of fine-tune (already).	


M2
H = M2

Z cos2 2� + �2
SUSY

M2
H � 3

�

m2
t M

2
T

f2

Measured!	
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        4. Higgs Coupling Deviations:	

No matter there is new physics BSM seen or not, 
Higgs couplings need to be measured as accurate as 
possible.	
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SFitter: T. Plehn et al., 2012.	


Current accuracies:

Assuming SM:	




couplings & total width
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Dobrescu & Lykken, arXiv:1210.3342.	


Assuming ΓW,Z < (ΓW,Z)SM, one can derive 
bounds on Γtot based on the LHC data	




Future LHC sensitivities:
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14 TeV LHC with 300 fb-1.	

Peskin, arXiv:1207.2516;  arXiv:1208.5152.	
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Integrating out the heavy states at the scale M ≈ 1 TeV, 	

we expect the tree-level corrections:  	

                                                         	

                                                         ≈ a few %	

  	


We illustrate the possible effects	

 in a few specific models.  	


For each model, we aim at the mass scale M 	

which is not easily accessible by  	


14 TeV LHC  with  300 fb-1. 	


�i ⇥
gi

gSM
� 1 ⇤ O(v2/M2)

What if,	

Not-So Natural Higgs Sector 	
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A0, H0, H± may be out of LHC detection:	


H. Haber, hep-ph/9501320.	


(Similar decoupling limit also exists in 2HDM) 	


The decoupling limit in MSSM:	


�V V H � O(M4
Z/M4

A), �ffH � O(M2
Z/M2

A).

X	


Example 1: Extended Higgs Sector:	
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�hV V �htt �hbb,h⇥⇥
�2M4

Z

m4
A tan2 �

�2M2
Z

m2
A tan2 �

2M2
Z

m2
A

�5 · 10�5( 10
tan2 � )2( 400 GeV

mA
)4 �10�3( 10

tan2 � )2( 400 GeV
mA

)2 10%( 400 GeV
mA

)2

Corrections in the MSSM decoupling limit: 	

Carena, Haber et al., 2002	


J.Brau et al., 	

arXiv:1210.0202	


Corrections in the 2HDM decoupling limits: 	
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Not-So Natural Higgs Sector 	

         Example 2: Top quark partner	

The top quark partners are most wanted to cancel the 
quadratic sensitivity to the quantum corrections of MH.	


�hgg �h��

SUSY t̃ 1.4%( 1 TeV
mt̃

)2 �0.4%( 1TeV
mt̃

)2

Little Higgs T �10%( 1 TeV
MT

)2 �6%( 1TeV
MT

)2

Peskin, arXiv:1208.5152;	

TH, Logan, McElrath, Wang, 2004	
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Not-So Natural Higgs Sector 	

Example 3. Composite Higgs	


�hV V �hff

Minimal Composite Higgs �3%( 1 TeV
f )2 �(3� 9)%( 1 TeV

f )2

The Higgs boson as a pseudo-Goldstone boson, 	

so that it is much lighter than the dynamical scale f ~ TeV.	

	

The Higgs boson couplings may receive corrections	

from the other heavy states	


�i � O(v2/f2)

Espinosa, Grojean, Muhlleitner; 2010;	

Gupta, Rzehak, Wells, arXiv:1206.3560. 	


Contino, Nomura, Pomarol, 2003;	

Agashe, Contino, Pomarol, 2005.	




Not-So Natural Higgs Sector 	

Example 4. Missing MSSM at LHC	

For an illustration:	


MSSM �hV V �hbb, h⇥⇥

Tree-level 10�4 3%

�hgg �h��

Loop induced �2.7% 0.2%
Carena, Heinemeyer, Wagner, Weiglein, 1999;	

Carena, Haber, Logan, Mrenna, 2002.	


Peskin et al., 2012, to appear.	


MA = 1 TeV, tan� = 5, mt̃ = 900 GeV :

SUSY is a weakly coupled theory,	

thus with modest corrections.	
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Not-So “Standard” Higgs Sector 	

Precision measurements may be	

(surprisingly) rewarding !	

Most general VµVνH coupling:	


De Rujula, Lykken, Spiropulu et al., 2010.	


H � ZZ⇥ � µ+µ� e+e�

Test Higgs spin-parity property,	

search for CP violation	


(may not be larger than 10-3).	
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Not-So “Standard” Higgs Sector 	


Most general         coupling:	


Gunion and He, 1996.	


It will be very challenging	

 to study the        coupling at the LHC:	


20%?	


Hff̄

Ht̄(a + ib�5)t

Ht̄t

gg, qq̄ � tt̄H, with H � bb̄, ⇥ ⇥̄ , ��
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What we need to achieve … 	

      To go beyond the LHC direct search,	

	

1. Precision Higgs physics at a few %:  ΔVVH  
for composite dynamics;	

     ΔbbH, ττH for decoupling H0, A0;	

     ΔggH, γγH for color/charge loops.	

	

2. Reach 10% for H à invisible.	


3. Determine Γtot to 10%.	
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A Word of Expectations 	

1.  LHC: 	

•               measured at 10% level.	

•                               sensitive to 20% level.	

•  No model-independent measure for	


3.  µ+µ- Higgs factory: 	

•    Direct measurement of       by scanning.	


2.   e+e- Higgs factory: 	

•      model-independent  	

      for gZZh at 1.5% level 	

•      Extraction for 	


�obs � g2
in

�final

�tot

�obs/�SM

Br(h� N̄N, ��, ...)

�i, �tot

�tot

�tot � �ZZ/BRZZ
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              Summary:   	

- We are a lucky generation to have 
experienced the revolutionary discovery!	

	

- We have learned a lot about Nature!	

   Spontaneous symmetry breaking;	

   The Higgs mechanism ...	

	

- We are still puzzled!	




134	


              “Naturally speaking”: 	

-  It should not be a lonely particle; has an 
“interactive friend circle”:               	

  and partners                         …	

- If we do not see them at the LHC, they 
may reveal their existence from Higgs 
coupling deviations from the SM values 	

at a few percentage level.	

                 	


t, W±, Z

t̃, W̃±, Z̃, H̃±,0

The discovery of the Higgs-like 
boson is merely a beginning�
of a long, exciting journey!


