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Popularity of Higgs
According to InSpires: a total of 19744 papers with “Higgs” in the 
title. 

The earliest one dated back to 1972, the most recent one is today.                    

 

Peter Higgs’s paper “Broken Symmetries and the Masses of Gauge 
Bosons” was published in 1964. 

The particle was named “Higgs” boson due to a mistake made by 
Steve Weinberg.



Where did the name come from?

In 1972: Ben Lee in the Rochester Conference at FNAL, attached my name to 
everything involving spontaneous symmetry breaking, including the "Higgs meson" 
                   

                                                                                                                                                MY LIFE AS A BOSON: THE STORY OF "THE HIGGS"                             

Peter  Higgs   2002 , IJMPA 



My Personal Encounter
I wrote a total > 250 papers, out of them >90 have “Higgs” in the 
title. The earliest one was during graduate school. Now still writing 
papers on Higgs. 

Thesis: “Search for heavy Higgs signals at hadronic supercolliders”.  

Why working on the Higgs? Spin 0, very simple, yet the least known 
particle.  

Had been working on search strategies for the Higgs.  

It was found in 2012. Now doing precision studies, rare decays, pair 
production, … …   on the Higgs physics. 



First Encounter
Learned in the particle physics class. 

Higgs boson is a by-product of the Higgs mechanism, 
which is essential to give masses to elementary 
particles — electroweak symmetry breaking (EWSB). 

The Higgs mechanism completes the picture of the SM. 

The existence of the Higgs boson is an evidence of 
EWSB.



A Historical Account of 

the Higgs Mechanism



A. Big Success with QED (local gauge theory) 

•Maxwell Equations --> Lorentz invariance   
                  --> U(1) invariance

The new Lagrangian satisfies the above transformation is

L = ψ̄f (iγµDµ − m) ψf −
1

4
Fµν F µν

where

Dµ = ∂µ + ieQfAµ .

Show that Dµψf transforms covariantly:

Dµψf −→ (1 − ieQfα(x)) Dµψf

such that ψf iγ
µDµψf is invariant under the gauge transformation.

Show that Fµν itself is gauge invariant under the above U(1) transformation. This is

a very peculiar property of U(1), unlike the nonabelian case.

Suppose we have two different U(1)’s with the corresponding field strength. The

following Lagrangian is allowed:

L = −
1

4
FµνF

µν −
1

4
GµνG

µν − ε
1

4
FµνG

µν

which is called kinetic mixing.

3. Equations of motions.

(iγµDµ − m) ψf = 0

∂µF
µν = −eψfγ

νQfψf ≡ −Jν
em

Since ∂ν∂µF µν = 0,

∂νJ
ν
em = 0

Noether’s theorem, EM current is conserved:

(p1 − p2)
µψf (p1)γµψf (p2) = 0

4. Noether’s current: for each continuous symmetry there is a conserved current

Jµ
em(x) = eψfγ

µQψf

Conservation of charges:

q =
∫

J0
em(x)d3x

2

Highlights of the SM:

• QED

• Non-abelian gauge theory

• Unbroken SU(2)L × U(1)Y

• Higgs mechanism

• Quark and lepton sectors

I. QED

1. Matter Contents:

photon γ: Aµ

Spin-1/2 field ψf with an electric charge Qf :

Q̂ψf = Qfψf

Free Lagrangian:

L = ψf (iγµ∂µ − m) ψf −
1

4
Fµν F µν

where

Fµν = ∂µAν − ∂νAµ

is antisymmetric in µ, ν. From it we can derive the equations of motion for the photon

field and for the fermion field.

2. Local gauge transformations: for a fermion field with a charge Qf :

ψf(x) −→ U(x)ψf (x) ; U(x) = exp(−ieQfα(x))

Aµ(x) −→ Aµ(x) + ∂µα(x)

For an infinitesimal α(x):

ψf (x) −→ (1 − ieQfα(x)) ψf (x)

ψf(x) −→ ψf (x) (1 + ieQfα(x))

Aµ(x) −→ Aµ(x) + ∂µα(x)
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•Lorentz, local invariance: manifest 
•Introduction of a covariant Aµ(x,t) in 
place of E(x,t), B(x,t).



•Dirac relativistic theory -> existence of 
antiparticle e+ 
•To maintain local gauge invariance -> 
covariant derivative

The new Lagrangian satisfies the above transformation is

L = ψ̄f (iγµDµ − m) ψf −
1

4
Fµν F µν

where

Dµ = ∂µ + ieQfAµ .

Show that Dµψf transforms covariantly:

Dµψf −→ (1 − ieQfα(x)) Dµψf

such that ψf iγ
µDµψf is invariant under the gauge transformation.

Show that Fµν itself is gauge invariant under the above U(1) transformation. This is

a very peculiar property of U(1), unlike the nonabelian case.

Suppose we have two different U(1)’s with the corresponding field strength. The

following Lagrangian is allowed:

L = −
1

4
FµνF

µν −
1

4
GµνG

µν − ε
1

4
FµνG

µν

which is called kinetic mixing.

3. Equations of motions.

(iγµDµ − m) ψf = 0

∂µF
µν = −eψfγ

νQfψf ≡ −Jν
em

Since ∂ν∂µF µν = 0,

∂νJ
ν
em = 0

Noether’s theorem, EM current is conserved:

(p1 − p2)
µψf (p1)γµψf (p2) = 0

4. Noether’s current: for each continuous symmetry there is a conserved current

Jµ
em(x) = eψfγ

µQψf

Conservation of charges:

q =
∫

J0
em(x)d3x

2

The new Lagrangian satisfies the above transformation is

L = ψ̄f (iγµDµ − m) ψf −
1

4
Fµν F µν

where

Dµ = ∂µ + ieQfAµ .

Show that Dµψf transforms covariantly:

Dµψf −→ (1 − ieQfα(x)) Dµψf

such that ψf iγ
µDµψf is invariant under the gauge transformation.

Show that Fµν itself is gauge invariant under the above U(1) transformation. This is

a very peculiar property of U(1), unlike the nonabelian case.

Suppose we have two different U(1)’s with the corresponding field strength. The

following Lagrangian is allowed:

L = −
1

4
FµνF

µν −
1

4
GµνG

µν − ε
1

4
FµνG

µν

which is called kinetic mixing.

3. Equations of motions.

(iγµDµ − m) ψf = 0

∂µF
µν = −eψfγ

νQfψf ≡ −Jν
em

Since ∂ν∂µF µν = 0,

∂νJ
ν
em = 0

Noether’s theorem, EM current is conserved:

(p1 − p2)
µψf (p1)γµψf (p2) = 0

4. Noether’s current: for each continuous symmetry there is a conserved current

Jµ
em(x) = eψfγ

µQψf

Conservation of charges:

q =
∫

J0
em(x)d3x

2

•Feynman diagram approach: can calculate 
to high accuracy: e.g. (g-2) 
•QED became the most accurate theory.

3.6 The Feynman-rules for QED

For any given action (Lagrangian) we can determine the Feynman-rules to write
down the perturbative expansion of the Quantum Field Theory.

As Feynman-rules for QED, the Quantum Field Theory of electromagnatic inter-
actions among charged fermions, one finds (see, e.g., Bjorken and Drell II):

Draw all possible connected, topologically distinct Feynman-diagrams includ-
ing loops with external legs. Ignore vacuum-to-vacuum graphs.

For each external photon with momentum associate a polarization vector
, if it is ingoing, and for an outgoing photon.

For each vertex of two fermions and a photon write

where denotes the charge of the fermion (leptons: ).

PHY521 Elementary Particle Physics



B. Weak Interaction

•Fermi formulated the beta decay in terms of 4-fermion 
interactions:

•Current-current interaction, similar to QED currents, but with 
parity violation (V-A):

Scalars 2013, Sept 2013 1

L = −GF√
2

(
ψ̄pγ

µ(1− γ5)ψn

) (
ψ̄eγµ(1− γ5)ψν

)

•Predicted existence of neutrino 
• GF ~ 1/(300 GeV)  -> new mass scale should appear at O(100) 
GeV  

2



•Local gauge invariance prevents gauge 
bosons to have a mass:
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1

2
M2

AAµA
µ −→ 1

2
M2

A

(
Aµ − 1

e
∂µα

)(
Aµ − 1

e
∂µα

)
#=1

2
M2

AAµA
µ

•Even worse no mass terms for fermions, 
left- and right chiral fermions have 
different weak charges.
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−mf f̄f = −mf

(
fRfL + fLfR

)

Idea of nonabelian gauge theory: SU(N) 
                             •Yang-Mill extended the idea of abelian 

gauge theory to nonabelian ones. Used 
SU(N) to describe weak and strong 
interactions. 



An Anecdote by C. N. Yang

The question of the gauge-field mass problem was raised by Pauli when Yang was invited to present the 
Yang-Mills results at the Princeton Institute in February 1954. As Yang relates:
Soon after my seminar began, when I had written on the blackboard,

Pauli asked, "What is the mass of this field B ?" I said we did not 
know. Then I resumed my presentation but soon Pauli asked the same 
question again. I said something to the effect that it was a very 
complicated problem, we had worked on it and had come to no definite 
conclusions. I still remember his repartee: "That is not sufficient 
excuse". I was so taken aback that I decided, after a few moments' 
hesitation, to sit down. There was general embarrassment. Finally 
Oppenheimer, who was chairman of the seminar, said "We should let 
Frank proceed". I then resumed and Pauli did not ask any more 
questions during the seminar.
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(∂µ − ieBµ)ψ



C. Ideas of Unification 
  Within a single framework of gauge theory to unify weak and 
EM interactions. 



SU(2)xU(1) Electroweak Unification 

III. UNBROKEN SU(2)L × U(1)Y

Dirac fermions are chiral in this theory, i.e., the left-handed and right-handed fermions

interact differently. The SU(2)L applies to the left-handed fermions only, while U(1)Y applies

to both.

ψL =
1

2
(1 − γ5)ψ , ψR =

1

2
(1 + γ5)ψ , ψ = ψL + ψR

Note that

ψψ = ψLψR + ψRψL

is not invariant under SU(2)L:

ψL −→ exp
(
−ig

τa

2
αa(x)

)
ψL , ψR −→ ψR

So fermion mass is not allowed in this symmetry.

1. Isospin, hypercharge.

U(1)Y is a U(1) with Y equal the weak hypercharge. It is essential to incorporate the

electric charge Q, and unify the weak and electromagnetic forces. T, T3 is the isospin

and the third component of the isospin. They are related as

Q = T3 + Y
2


uL

dL








2/3

−1/3








1/2

−1/2



 1/6




νL

eL








0

−1








1/2

−1/2



 −1/2

eR −1 0 −1

uR 2/3 0 2/3

eR −1/3 0 −1/3

The Y assignment is a mystery. With equal number of quarks and leptons, and 3

quark colors, it leads to cancellation of divergent chiral anomaly.

2. Lagrangian

L = −
1

4
W a

µνW
aµν −

1

4
BµνBµν + ψiγµDµψ
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where

W a
µν = ∂µW a

ν − ∂νW
a
µ − gfabcW b

µW c
ν

Ba
µν = ∂µBν − ∂νBµ

Dµ = ∂µ + ig
τa

2
W a

µ + ig′Y

2
Bµ

Until now there is no relation between g and g′. Later they will unite into a single

coupling.

3. SU(2)L × U(1)Y transformations:

Under SU(2)L transformations

ψL(x) −→ (1 − igαa(x)T a)ψL(x)

ψR(x) −→ ψR(x)

W a
µ (x) −→ W a

µ + ∂µα
a(x) + gfabcαb(x)W c

µ(x)

Bµ(x) −→ Bµ(x) (2)

Under U(1)Y transformations

ψL(x) −→
(
1 − ig′Y

2
β(x)

)
ψL(x)

ψR(x) −→
(
1 − ig′Y

2
β(x)

)
ψR(x)

W a
µ (x) −→ W a

µ

Bµ(x) −→ Bµ(x) + ∂µβ(x) (3)

Show that the Lagrangian is gauge invariant under both SU(2)L and U(1)Y .

4. Charged current part

Look more closely at

ψiγµDµψ = ψiγµ
(
∂µ + ig

τa

2
W a

µ + ig′Y

2
Bµ

)
ψ

Just examine W 1,2
µ , which combine to form W±

µ .

τa

2
W a

µ =
τ 1

2
W 1

µ +
τ 2

2
W 2

µ +
τ 3

2
W 3

µ

= W+ τ
+

2
+ W− τ

−

2
+ W 3 τ

3

2
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where

W± =
W 1 ∓ iW 2

√
2

and

τ± =
1

2

(
τ 1 ± iτ 2

)

So the charged-current interaction is

Lcharged = −
g√
2
ψ γµ

(
W+

µ τ
+ + W−

µ τ
−
)
ψ

where ψ is the SU(2) doublet field. So take, e.g., ψ =




νL

eL



 we arrive at

Lcharged = −
g√
2

(
νLγ

µeLW+
µ + eLγ

µνLW−
µ

)

So the Feynman rule for the charged-current vertex is

−i
g√
2
γµ1

2
(1 − γ5)

5. Neutral Current. There are two parts of neutral currents from W 3
µ and from Bµ:

Lneutral = −ψγµ

(

gW 3
µ

τ 3

2
+ g′Y

2
Bµ

)

ψ

Rotate 


W 3

µ

Bµ



 =




cos θw sin θw

− sin θw cos θw








Zµ

Aµ





Substitute back into the neutral-current Lagrangian

Lneutral = −ψγµ

[

Aµ

(

g sin θw
τ 3

2
+ g′Y

2
cos θw

)

+ Zµ

(

g cos θw
τ 3

2
− g′Y

2
sin θw

)]

ψ

Requiring the Aµ couples to the fermion ψ the same as QED, we have

g sin θw
τ 3

2
+ g′Y

2
cos θw = eQ

Therefore

g =
e

sin θw
, g′ =

e

cos θw
, T3 +

Y

2
= Q

and the Lagrangian becomes

Lneutral = −eψγµQψAµ −
g

cos θw
ψγµ

(
τ 3

2
− sin2 θwQ

)

ψ Zµ
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D. Idea of Spontaneous Symmetry Breaking

The Lagrangian of a system is invariant under a symmetry, but 
the ground state doesn’t respect that symmetry.

-- Nature may not be symmetric

Y. Nambu was the first to formulate SSB  in 
relativistic quantum field theory (1960)  
              -- earned him 2008 Nobel Prize. 



E. Goldstone Theorem
If a continuous symmetry is spontaneously 
broken, there will appear a massless dof 
called Nambu-Goldstone boson.

Symmetry: [Q,H] = [H,Q] = 0 
Vacuum: H|0> = Eo |0>, but Q|0> =|0’> ≠0 

    (Q H - H Q) |0> = 0 = (Eo - H) |0’> 
        =>        H |0’> = Eo |0’>   

There is a new nonsymmetric state |0’> that 
is degenerate with the vacuum |0>. Thus it is 
massless called Nambu-Goldstone boson.



Goldstone Bosons or Pseudo-Nambu-
Goldstone bosons does not help solving 
the problem of giving mass to the vector 
bosons that are responsible for weak and 
EM interactions.  
Though Glashow’s idea of unifying the EM 
and weak interactions of the leptons 
looked great, massless vector bosons are 
still BIG problems. 



F.  The Magical Higgs Mechanism (1964)

When a LOCAL gauge symmetry is spontane- 
ously broken, the gauge boson will acquire a 
mass by absorbing the Goldstone mode.

massless gauge boson -> massive 
          dof : 2 -> 3 

By absorbing the Goldstone boson. 
The leftover is the massive radial field 
                       -- the Higgs boson 

1 massless gauge boson + 1 massless GB 
 --> 1 massive gauge boson + 0 GB 
            Problems solved
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The local U(1) symmetric Lagrangian:

L = (Dµφ)
∗(Dµφ)− µ2φ∗φ− λ(φ∗φ)2 − 1

4
FµνF

µν

where

Dµ = ∂µ + ieAµ, φ =
1√
2
(r(x) + 〈r〉) e2iα(x)

Substitute everything

L =
1

2
∂µr(x)∂

µr(x) +
1

2

(
1 +

r(x)

〈r〉

)2

e2〈r〉2
(
Aµ +

1

e〈r〉∂µα(x)
)2

+
λ

4
〈r〉4 − λ〈r〉2r(x)2 + ...

The Goldstone field α(x) can be absorbed into Aµ by redefining

Aµ(x) → A′
µ(x) = Aµ +

1

e〈r〉∂µα(x)

A(x) acquires a mass = e <r> 
r(x) also has a mass = √(2 lambda <r> )
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
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W&-=(V +V' -»)/~2 V. -=(V -V )/~~2. (5)
0 Ot 0 0$

The condition that p, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A.

'—=M,'/2h, and therefore the
field p, has mass M, while p, and p have mass
zero. But me can easily see that the Goldstone
bosons represented by y, and y have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates y and p, everywhere' without chang-
ing anything else. We will see that Ge is very
small, and in any case M, might be very large, '
so the y, couplings mill also be disregarded
in the following.
The effect of all this is just to replace p ev-

erywhere by its vacuum expectation value

(rp) =x( ). (6)

The first four terms in Z remain intact, while
the rest of the Lagrangian becomes
-~ y'g'[(A ')'+ (A 2)2]

p,

-~8K'(gA '+g'B )'—AG ee. (7)

We see immediately that the electron mass
is A.Ge. The charged spin-1 field is

gf ——2 &+(A & + fA 2)
p p,

and has mass

M = 2Ag.

= (g'+ g") "(gA '+g'& ),
p, P

(10)

=(g'+g") '"(-g'A '+g& ).
p.

Their masses are

M = —,X(g'+g")"', (12)

M~ ——0,

so A& is to be identified as the photon field.
The interaction betmeen leptons and spin-1
mesons is

The neutral spin-1 fields of definite mass are

Sg P,e y (1+y ) v W +H. c.+,»&2 ey eA

~(g'+g")"' 3g"-g' v u v+ 4,» ey e Fy y5-e+vy (1+y )v Z
— g' +g 5 p,

' (14)

G /Wr=g'/SM 2=1/2~2.

Note that then the e-p coupling constant is
=M /X=2 M G =2.07 10e e e W

(16)

We see that the rationalized electric charge
is

e=gg'/(g +g' )
and, assuming that W& couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

by this model have to do with the couplings
of the neutral intermediate meson Z@ . If Z&
does not couple to hadrons then the best place
to look for effects of Z& is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- v interaction is

( (3g'-g")
~~Py (1 +y) 5)v(+2, )F2y e+ Fy2y e ~.

The coupling of p, to muons is stronger by a
factor M&/Me, but still very weak. Note al-
so that (14) gives g and g' larger than e, so
(16) tells us that Mgr &40 BeV, while (12) gives
MZ &Mgr and MZ &80 BeV.
The only unequivocal new predictions made

If g »e then g »g', and this is just the usual
e-v scattering matrix element times an extra
factor ~. If g =e then g«g', and the vector
interaction is multiplied by a factor —2 rath-
er than 2. Of course our model has too many
arbitrary features for these predictions to be
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We see that the rationalized electric charge
is

e=gg'/(g +g' )
and, assuming that W& couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

by this model have to do with the couplings
of the neutral intermediate meson Z@ . If Z&
does not couple to hadrons then the best place
to look for effects of Z& is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- v interaction is

( (3g'-g")
~~Py (1 +y) 5)v(+2, )F2y e+ Fy2y e ~.

The coupling of p, to muons is stronger by a
factor M&/Me, but still very weak. Note al-
so that (14) gives g and g' larger than e, so
(16) tells us that Mgr &40 BeV, while (12) gives
MZ &Mgr and MZ &80 BeV.
The only unequivocal new predictions made

If g »e then g »g', and this is just the usual
e-v scattering matrix element times an extra
factor ~. If g =e then g«g', and the vector
interaction is multiplied by a factor —2 rath-
er than 2. Of course our model has too many
arbitrary features for these predictions to be
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QED (1950s)

Yang-Mill (1954)

EW Unified 
Theory (Glashow 

1960)

Spontaneous Symmetry 
breaking (Nambu 1960, 

Goldstone 1962)

Higgs Mechanism: 
massive gauge boson, 
no GB (Higgs 1964)

EW Unification and Higgs Mechanism 
Weinberg 1967, Salam 1968

Summary 



Experimental and 
phenomenological Efforts of  

Thousands of Peoples

"for the theoretical discovery of a mechanism that 
contributes to our understanding of the origin of mass 
of subatomic particles, and which recently was confirmed 
through the discovery of the predicted fundamental 
particle, by the ATLAS and CMS experiments at CERN's 
Large Hadron Collider"



A number DPF/Snowmass studies on HEP: 
•Snowmass '86 Summer Study On The Physics Of The Superconducting 
Supercollider 
•1988 DPF Summer Study On High-Energy Physics In The 1990s 
(Snowmass 88) 
•1996 DPF / DPB Summer Study On New Directions For High-Energy 
Physics (Snowmass 96)

Higgs was studied intensively

2017 J.J. Sakurai Prize



Second Encounter

During graduate school, I studied collider signatures of heavy 
Higgs boson. 

The SM did not predict the mass of Higgs boson. It is a free 
parameter, can be MeV to TeV. 

There are a few theoretical arguments to restrict the mass range.  

But now the Higgs mass is light - 125 GeV.  

The techniques I found are still useful to present-day searches 
at the LHC.



IV. HIGGS MECHANISM

We need the Higgs mechanism to give masses to gauge bosons and fermions.

1. A new scalar isospin doublet Φ =

⎛

⎜⎝
φ+

φ0

⎞

⎟⎠ with isospin T = 1/2 and Y/2 = 1/2.

2. The scalar sector Lagrangian

LΦ = |DµΦ|2 − V (Φ)

where

V (Φ) = µ2|Φ|2 + λ|Φ|4

and

Dµ = ∂µ + ieQAµ + i
g√
2
(τ+W+

µ + τ−W−
µ ) + i

g

cos θw

(
τ 3

2
− sin2 θw

)

Zµ

Show that LΦ is gauge invariant.

3. V (Φ) has a trivial VEV at Φ = 0. But minimization of the potential gives

dV

d|Phi2|
= µ2 + 2λ|Φ|2 = 0 , or |Φ| =

√
−µ2

2λ

It will develop a nontrivial VEV if µ2 < 0. At this VEV, the d2V
d(|Φ|2)2 = µ2 < 0. It is a

local minimum.

At this VEV,

V = −
µ4

2λ
< 0

which means that it is the true vacuum.

4. The appearance of this nonvanising VEV selects a preferred direction in the weak

isospin and hypercharge space, thereby, spontaneously breaks the SU(2)L × U(1)Y

symmetry.

5. Conventionally, perturbation is performed around the zero vacuum, but now it is more

appropriate to perform around this true vacuum. Let us choose

Φ =
1√
2

⎛

⎜⎝
0

v + H(x)

⎞

⎟⎠

10

IV. HIGGS MECHANISM

We need the Higgs mechanism to give masses to gauge bosons and fermions.

1. A new scalar isospin doublet Φ =

⎛

⎜⎝
φ+

φ0

⎞

⎟⎠ with isospin T = 1/2 and Y/2 = 1/2.

2. The scalar sector Lagrangian

LΦ = |DµΦ|2 − V (Φ)

where

V (Φ) = µ2|Φ|2 + λ|Φ|4

and

Dµ = ∂µ + ieQAµ + i
g√
2
(τ+W+

µ + τ−W−
µ ) + i

g

cos θw

(
τ 3

2
− sin2 θw

)

Zµ

Show that LΦ is gauge invariant.

3. V (Φ) has a trivial VEV at Φ = 0. But minimization of the potential gives

dV

d|Phi2|
= µ2 + 2λ|Φ|2 = 0 , or |Φ| =

√
−µ2

2λ

It will develop a nontrivial VEV if µ2 < 0. At this VEV, the d2V
d(|Φ|2)2 = µ2 < 0. It is a

local minimum.

At this VEV,

V = −
µ4

2λ
< 0

which means that it is the true vacuum.

4. The appearance of this nonvanising VEV selects a preferred direction in the weak

isospin and hypercharge space, thereby, spontaneously breaks the SU(2)L × U(1)Y

symmetry.

5. Conventionally, perturbation is performed around the zero vacuum, but now it is more

appropriate to perform around this true vacuum. Let us choose

Φ =
1√
2

⎛

⎜⎝
0

v + H(x)

⎞

⎟⎠

10

IV. HIGGS MECHANISM

We need the Higgs mechanism to give masses to gauge bosons and fermions.

1. A new scalar isospin doublet Φ =

⎛

⎜⎝
φ+

φ0

⎞

⎟⎠ with isospin T = 1/2 and Y/2 = 1/2.

2. The scalar sector Lagrangian

LΦ = |DµΦ|2 − V (Φ)

where

V (Φ) = µ2|Φ|2 + λ|Φ|4

and

Dµ = ∂µ + ieQAµ + i
g√
2
(τ+W+

µ + τ−W−
µ ) + i

g

cos θw

(
τ 3

2
− sin2 θw

)

Zµ

Show that LΦ is gauge invariant.

3. V (Φ) has a trivial VEV at Φ = 0. But minimization of the potential gives

dV

d|Phi2|
= µ2 + 2λ|Φ|2 = 0 , or |Φ| =

√
−µ2

2λ

It will develop a nontrivial VEV if µ2 < 0. At this VEV, the d2V
d(|Φ|2)2 = µ2 < 0. It is a

local minimum.

At this VEV,

V = −
µ4

2λ
< 0

which means that it is the true vacuum.

4. The appearance of this nonvanising VEV selects a preferred direction in the weak

isospin and hypercharge space, thereby, spontaneously breaks the SU(2)L × U(1)Y

symmetry.

5. Conventionally, perturbation is performed around the zero vacuum, but now it is more

appropriate to perform around this true vacuum. Let us choose

Φ =
1√
2

⎛

⎜⎝
0

v + H(x)

⎞

⎟⎠

10

B. Theoretical constraints on Higgs mass

The Higgs potential

V = µ2|φ|2 + λ|φ|4

When µ2 becomes negative for some reasons, the φ develops a nontrivial VEV

⟨φ⟩ =

⎛

⎜

⎝

0

v/
√

2

⎞

⎟

⎠

and gives a physical Higgs boson of mass

mH =
√

2λv

where v = 246 GeV. So it appears that the Higgs mass scales as
√
λ, which is the self

coupling of the Higgs field.

• Unitarity:The scattering amplitude when breaking down into partial-wave coefficients

should be within the unitarity circle

|aij −
i

2
| < 1

There are similar definitions, but naively the coefficients are smaller than O(1). In

general, the L = 0 is the largest partial-wave coefficient. The lowest order diagram in

the coupling λ should not be too large to break the unitarity. In this way, an upper

bound on the Higgs mass is obtain

mH <

(

8π
√

2

3GF

)1/2

≈ 1 TeV

For example, the unitarity bound from the scattering of longitudinal gauge bosons.

• Perturbativity of λ: If we require λ to remain perturbative when evolved up to GIT

scale, the upper bound of the Higgs mass should be about 100 − 200 GeV.

• Lower limit on λ: There exists a lower limit on λ due to effective self-interactions from

diagrams containing virtual gauge bosons, fermions, etc, which are in addition to the

bare λφ4 term. Since the coupling of the scalar field to the virtual fields is of order g

or e, it ends up λ >∼ α2. A better estimate leads to

m2
H ≥

3
∑

V M4
V +

∑

S m4
S − 4

∑

f m4
f

16π2v2

However, since the top mass is so heavy that this bound is not meaningful anymore.

3
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Vector Boson Fusion (VBF)
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At high energy, the longitudinal  W recalls themselves as  
parts of EWSB. Their scattering can reveal the structure  
of the EWSB sector. It can a Higgs or something more  
complicated. We can study the W W and 2 jets in final state 
to the signal from background.
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II. METHODS OF CALCULATING
$Y+ JY+ PRODUCTION

A. The standard model

The Feynman diagrams for W+ W+ hadroproduction
in lowest-order (a ) electroweak process are shown in
Fig. 1; a complete set of diagrams includes those obtained
by crossing the quark lines and interchanges of W mo-
menta k, and k2. Diagrams 1(a)—1(c) are the WW
scattering contributions; the other diagrams involve W
bremsstrahlung from a quark line. In a general R&
gauge, diagrams (a), (b), (1), (m) are individually gauge in-
dependent, whereas only the sum of diagrams (c)—(k} is
gauge independent. Hence it is not possible rigorously to
separate WW scattering subprocesses from the brems-
strahlung subprocesses. In the effective- W approxima-
tion such a separation is frequently made, but it is at the
cost of neglecting W-bremsstrahlung contributions.
In diagram 1(a), an exchanged heavy Higgs boson cou-

ples predominantly to the longitudinal W bosons and
hence leads primarily to WL WI final states. The other
diagrams mainly produce transversely polarized WT WT
final states. However, W+ W+ detection requires that
both W bosons decay leptonically in order to identify the
W charge state; the W bosons cannot then be reconstruct-
ed and information about the state of polarization is
greatly diluted. As a result, WT decays contribute along-
side the signal from WL decays, and we must include
both in quantitative calculations. Of course WL 8'L is the

interesting signal and one wishes to establish whether it
can be measured separately.
Most previous 8'+ W+ calculations have not included

the full set of SM diagrams but have used some variant of
the WW fusion subprocess, without consideration of the
final-state quark jets. In Ref. 8 all SM diagrams were
evaluated but only for "theorists' distributions" versus
M~~. For simplicity, we start by considering distribu-
tions in W-boson variables, and in due course we consider
the quark jets too. Finally we fold in the leptonic W de-
cays and consider lepton variables, with realistic accep-
tance cuts. Our analysis will include all SM diagrams.

B. Effective- 8' approximation
At &s =40 TeV, the c.m. energy at the SSC, the initial

W's may be regarded as nearly on shell and their energy
distributions can then be calculated in an "effective- W ap-
proximation, " analogous to the Weizsacker-Williams ap-
proximation for photons. This approach disregards the
W-bremsstrahlung diagrams of Fig. 1(d}—1(m) and the
WW scattering diagrams in the SM are given by Fig. 2.
By treating the incoming W bosons as real, the fact that
WW scattering diagrams are not a gauge-invariant subset
is circumvented. In the EWA the Wbosons and the final
quarks are collinear with the incident quarks and thus
the final-state jets do not have realistic transverse mo-
menta.
When the WW~ WW subprocess cross section is given

by some model, the q & q3 ~q2q4 W3 W4 cross section may
be found by convoluting with the initial W distributions
as

( ) W (4) W(kR) ( )q p2, q+ p+
II II

IIL

W H W

k) k2

W W

k,
II

II

iI

k2

II
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—g fdxIdx3PI4 q (x, )PI4, I (x3)
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li
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z,r g
(e)

(b)

W Z,7

(c)

k)
II

II
II
II

k2
W Z,7

X&(WI W~~ —+ W3 W4) .
Here P~ & is the probability distribution for finding theWi /ql
gauge boson 8', with polarization a in the quark q&,
x, =(q, —qz ) /q, is the fraction of the q I energy carried
by W).
Throughout this paper, we define the W polarizations

in the W-pair rest frame with respect to the W directions
of motion. The transverse and longitudinal polarization
vectors of a real W boson moving in the positive z direc-
tion are

k)

=IIII=/

k)

2

w (ki)

W+(k))

(a)

W+(ki)

W'(k2) W+

(b)

W W

W+ W+

g, Z

(c)

W+

(m)

FIG. 1. Feyn man diagrams for the subprocess
q&q3~W+8' qzq4 in the standard model. Diagrams with
(ki, e, }~(k2,e&}must be added for all cases except (b}.

FIG. 2. Feynman diagrams for 8'+ 8'+~8'+ JY+ scattering
in the minimal standard model. Diagrams with
( k3, e, }~(k4,e4}must be added for (a} and (c}.
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Throughout this paper, we define the W polarizations

in the W-pair rest frame with respect to the W directions
of motion. The transverse and longitudinal polarization
vectors of a real W boson moving in the positive z direc-
tion are

k)

=IIII=/

k)

2

w (ki)

W+(k))

(a)

W+(ki)

W'(k2) W+

(b)

W W

W+ W+

g, Z

(c)

W+

(m)

FIG. 1. Feyn man diagrams for the subprocess
q&q3~W+8' qzq4 in the standard model. Diagrams with
(ki, e, }~(k2,e&}must be added for all cases except (b}.

FIG. 2. Feynman diagrams for 8'+ 8'+~8'+ JY+ scattering
in the minimal standard model. Diagrams with
( k3, e, }~(k4,e4}must be added for (a} and (c}.
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wave amplitude ao for this model is plotted as dashed
curves in Fig. 4(b). The corresponding WL+WI+ cross
sections are shown in Figs. 7 and 8.

w+(k, )

.aaaaaaaal W(k)2 k 1 .aaaaaaaa.

IV. BACKGROUNDS TO WL+ Wg+ SIGNAL

There are a number of standard model processes that
contribute to the production of W+ W+ pairs. Their
contributions must be quantified before any WL+WL+
scattering enhancement can be established. In this sec-
tion we consider in turn various possible contributing
subprocesses. Complete amplitude expressions, based
principally on the helicity amplitude method, ' are given
in Appendices A—D.

A. Lowest-order electroweak subprocess: ( W+ W+qqqq)

aaaaaaaa

(c)

P3

(b)

P2 P~

Pt P~

(d)

The leading electroweak SM contributions of order a
arise through the Feynman diagrams shown in Fig. 1 and
previously discussed in Sec. IIA. All combinations of
WW polarizations (Wz Wr, WrWT, WLWr) are pro-
duced. Recall that we define the W polarizations in the
W-pair rest frame with respect to W directions of motion.
The WL WL contribution is the signal of interest, since it
comes dominantly from the spontaneous symmetry-
breaking sector. In fact, the Wl WL contribution may be
enhanced above the SM result by the strong scattering
mechanisms discussed in Sec. III. Since final state W po-
larizations are not measurable with double leptonic W de-
cays, the other WW polarization combinations (Wr Wr,
WL WT) are backgrounds to the WL WL signal. These
turn out to be the most difficult backgrounds to separate
from the signal.
For nonidentical initial flavors (e.g. , u and c) there are

43 contributing Feynman diagrams; for identical initial
flavors (e.g., u and u) the number of diagrams is doubled.
The complete expressions for the helicity amplitudes are
given in Appendix A. It is helpful to notice that by ap-
propriate crossing, this calculation has also included the
contributions from triple- W-boson production with
W ~qq ' decays, as studied in Ref. 22.
Electroweak production of W+Z and ZZ pairs can in

principle also fake WL+ WL+ signals, through events with
Z~l I decays in which I falls outside the detector
acceptance. However, our analysis below requires a high
m, +, + cut and concentrates attention on the production
of W+ bosons and decay leptons with high pT in the cen-
tral region; to produce such a lepton, Z would have to be
produced also at high pT with both decay leptons in or
near the central region. It is very unlike1y that the
second lepton 1 would fall outside the detector accep-
tance in these circumstances; we therefore ignore the
backgrounds of this kind.

B. Gluon-exchange subprocesses ( O'+ W+qqqq)

FIG. 10. Feynman diagrams for W+ W+ production by gluon
exchange.

row on the fermion line and the W+ momenta are chosen
to be outgoing. The coupling strength of the gluon-
exchange background is a a, /x, compared to a /x
for the WT+ WT production. However, its larger strength
can be compensated by kinematic requirements, such as
large M~~, that reduce this background ' ' to a level
comparable to the WL+WL+ signal. The helicity ampli-
tude expressions for the gluon-exchange process are given
in Appendix B.

l(k) a a e + N(k) k,

aaaaaaaa

II

q(p) q (p )

.aaaaaaaa .

(c)

.=—=aas. g
. aaaaaa laaaaaa,

C. Three-jet QCD subprocesses ( W+ W+ qqqqg)

In the next order of QCD (order a a, /x ), W+ W+
production occurs through the diagrams of Fig. 11 that
contain three final partons, potentially giving rise to three
QCD jets. There are 5 additional permutations for dia-
gram 11(a), in which the W bosons are emitted at
di8'erent positions on the quark line; similarly for dia-
grams ll(b), 11(c), and 11(d); for diagram 11(e) there are
three additional permutations.

In a qq, qq, or q q collision mediated by gluon ex-
change, one W+ may be radiated from each quark as
shown in Fig. 10, where the fermion momenta p;
(i = 1,2, . . . ) are chosen to point in the direction of the ar- FIG. 11. Feynman diagrams for q, q, ~W+ W+q, q4g.

QCD Bkgd

STRONG W O'+ SCATTERING SIGNALS AT pp SUPERCOLLIDERS 3061

t (k~)
.0$0000040

~t(ks}

X)v
+

FIG. 12. Feynman diagrams for q& q2 ~ p'+tt.
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FIG. 13. Total cross section for 8'+tt production in pp col-
lisions versus &s for several m, values.

cross section has been given by Kunszt. The total cross
section for W+tt production in pp collisions is given for
various m, values versus &s in Fig. 13;we expect that m,
will be determined experimentally before the supercollid-
ers being to operate. There is also a background from
W+bb production with b semileptonic decay, which can
be adequately suppressed by requiring large pr(l), large
m&I, and lepton isolation from hadrons.

D. W+ production with heavy-top pair ( $V+ ttqq)

Heavy top quarks with m, &Mz+mb will decay via
t ~bW+ to real Wbosons. Hence top-quark pair pro-
duction in association with a 8'boson will contribute to
triple-8'production. When the W decays hadronically,
such processes contribute to like-sign W+ pair events
with jets. The leading-order aa, process of this type is

K. Four-parton scattering

W+W+ pairs can also be produced via the indepen-
dent scattering of two pairs of partons in the incident
protons, each scattering producing one W+ (see Fig. 14):

qi (p, )+q2(p, )~W+(k, )+t (k4)+t(k, ), (34)
f,f, W,+X,, f,f4 W~+X2 . (35)

for which the Feynman diagrams are illustrated in Fig.
12. Previous studies of qq ~tt production with t ~bW
decay have shown that top-quark spin-correlation effects
are insignificant. Consequently we neglect spin correla-
tions between the production process of Eq. (34) and the
subsequent t~bW decays. A formula for the production

I

Here the symbols f, denote generic partons; f, and f3
are from one proton, fz and f~ are from the other pro-
ton. We calculate the corresponding cross section follow-
ing the approximations of Ref. 26, which gives the gen-
eral relation

This process is one power higher order in a, than the
gluon-exchange process of the previous subsection. How-
ever, many more diagrams contribute, including triple
gluon couplings [see Fig. 11(e)] and qg initiated diagrams
which make the rate comparable to that of gluon ex-
change. In calculations we impose kinematical cuts on
the final state jets of pr( j)) 30 GeV,

~ g, ~

& 4 and
bR )0.7, where AR~.J=[(hp) +(hrl) ]' is the jet jet-
separation. These cuts avoid singularities in the matrix
elements and also prevent double counting with respect
to the gluon-exchange subprocess in collinear regions.

do(pp~W, +W,+X,X, )= Jdx, dx, dx, dx4f, (x, )f,(x, )f3(x3)f4(x4)
X(1—x,—x3)(1—x2—x4)8(1—x,—x3)0(l—x2—x4)
Xdo(f, f2~ W,X, )do(f3f4~W~X, )/(mR ), (36)

where the geometrical factor m.A represents the effective
size of the proton. Here the factors f; (x, }denote the dis-
tributions of partons i with fraction x, of their parent
proton momentum, evaluated at scale Q =M~. We cal-
culate the total W+ W+ production cross section by in-
serting the subprocess ud~ W+ in each scattering. We
calculate the dynamical distribution of W bosons by in-
serting the 2~2 subprocesses qq~ Wg, qg~ Wq with a
suitable cutoff at small pr( W} chosen to give the correct

l

pp~8'X total cross section. The cross section for8'+ W+ +n jets can be estimated by inserting sub-
processes f,f2 ~W,+ +n, partons, f3f4~W2+ +n z
partons and summing over all cases with n

&
+nz =n.

There have so far been no direct determinations of
four-parton scattering processes, so the geometrical fac-
tor m.R is not fixed. However, the UA2 Collaboration
has measured pp~4 jet production at &s =630 GeV;
their measured distributions appear to be consistent with

Wtt Bkgd



Discovered the rapidity gap, central jet veto techniques. 

Also developed the forward-jet tagging technique to 
separate VBF signals from QCD backgrounds. 

Still useful for the present day Higgs searches.



Journey from graduation to 
Discovery of Higgs

Continued to study strong EWSB at e+ e-, photon 
colliders, more channels etc. 

Until the point that most peoples think the Higgs should 
be light, as Supersymmetry was gaining a lot of momentum. 

Measurement of QCD coupling constant at LEP in 1991 
gave a strong motivation for SUSY. 

At some point, weak scale SUSY was regarded as 
“standard model” in Europe.
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Motivations for Supersymmetry

• Provide an elegant solution to hierarchy problem

• Gauge coupling unification

• Dynamical electroweak symmetry breaking

• Provide a natural dark matter candidate



Extra Dimension Models
Developed around the turn of millennium. 

ADD model: 

Randall-Sundrum model

K. Cheung 6

ADD model

Our World  3+1 dim.

Branes separated by

µc
1 = R

Some hidden
brane

Gravity only

Proposed by Arkani et al. the size of the extra dimensions can be as large
as R <∼ 1 mm.

µc ≡ R−1 >
∼ 10−4 eV ≪ MEW

M2
Pl ∼ Mn+2

D Rn (Gauss)

K. Cheung 40

Randall-Sundrum model

5−D space

S  / Z1
2Λ

φ=0 φ= π

V −V

With a nonfactorizable metric

ds2 = e−2krc|φ| ηµνdxµ dxν − r2
cdφ2

M5 is the 5D fundamental Planck scale, k: curvature of the AdS space.

MPl
2

= M5/k

The scale Λπ ≡ MPl e−krcπ describes the scale of physical processes on the TeV brane.

The weak scale can be generated from the Planck scale for krc around 12.



Production of Black Holes 

When E is above the Planck scale (now at TeV), quantum 
gravity becomes very strong ==> creation of BH.  

Fear of LHC turn on.

K. Cheung 25

Trans-Planckian

E

string scattering
black holestring ball

particle 
scattering





Development of Higgs models in last decade 

Extra dimension ideas have motivated new Higgs models. 

Little Higgs models: littlest Higgs model, simplest little 
Higgs models, minimal little Higgs model, … 

Twin Higgs model, private Higgs model, (you can name 
one whatever you like), … 

 Higgs boson arises as pseudo-Goldstone boson. 

Higgsless models



Hints before its Discovery 
Around the end of 2011, LHC announced that 
they saw something. 

Most channels are consistent with the SM, except 
for diphoton. 

It stimulated a lot of speculations.
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.

11

tation from the background-only hypothesis. The band corresponds to the ±1s uncertainty
(statistical+systematic) on the value of µ̂ obtained from a change in qµ by one unit (Dqµ = 1),
after removing the µ  µ̂ constraint. The observed µ̂ values are within 1s of unity in the mass
range from 117–126 GeV.

Figure 7 shows the interplay of contributing channels for the two Higgs boson mass hypothe-
ses mH = 119.5 and 124 GeV. The choice of these mass points is motivated by the features
seen in Fig. 6 (left). The plots show the level of statistical compatibility between the channels
contributing to the combination.

SMσ/σBest fit 
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Figure 7: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contributing
channels (points) for two hypothesized Higgs boson masses. The band corresponds to ±1s
uncertainties on the overall µ̂ value. The horizontal bars indicate ±1s uncertainties on the µ̂
values for individual channels.

5 Conclusions
Combined results are reported from searches for the SM Higgs boson in proton-proton colli-
sions at

p
s = 7 TeV in five Higgs boson decay modes: gg, bb, tt, WW, and ZZ. The explored

Higgs boson mass range is 110–600 GeV. The analysed data correspond to an integrated lumi-
nosity of 4.6–4.8 fb�1. The expected excluded mass range in the absence of the standard model
Higgs boson is 118–543 GeV at 95% CL. The observed results exclude the standard model Higgs
boson in the mass range 127–600 GeV at 95% CL, and in the mass range 129–525 GeV at 99% CL.
An excess of events above the expected standard model background is observed at the low end
of the explored mass range making the observed limits weaker than expected in the absence of
a signal. The largest excess, with a local significance of 3.1s, is observed for a Higgs boson mass
hypothesis of 124 GeV. The global significance of observing an excess with a local significance
�3.1s anywhere in the search range 110–600 (110–145) GeV is estimated to be 1.5s (2.1s). More
data are required to ascertain the origin of the observed excess.
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ties and their correlations. Exclusion limits are based
on the CLs method [60] and a value of µ is regarded as
excluded at the 95% (99%) CL when CLs takes on the
corresponding value.
The combined 95% CL exclusion limits on µ are

shown in Fig. 3(a) as a function of mH . These results
are based on the asymptotic approximation [59]. The
observed and expected limits using this procedure have
been validated using ensemble tests and a Bayesian cal-
culation of the exclusion limits with a uniform prior
on the signal cross section. These approaches agree
with the asymptotic median results to within a few per-
cent. The expected 95% CL exclusion region cov-
ers the mH range from 124 GeV to 519 GeV. The ob-
served 95% CL exclusion regions are from 131 GeV to
238 GeV and from 251 GeV to 466 GeV. The regions
between 133 GeV and 230 GeV and between 260 GeV
and 437 GeV are excluded at the 99% CL. A deficit
of events is observed in two mH regions. At very low
masses a local deficit in the diphoton channel allows
an additional small mass range between 112.9 GeV and
115.5 GeV to be excluded at the 95% CL. Small deficits
in various high-mass channels lead to observed limits
for masses between 300 GeV and 400 GeV that are
stronger than expected. The local probability of such a
downward fluctuation of a background-only experiment
corresponds to a significance of approximately 2.5σ.
The probability to observe such a downward fluctuation
over the full inspected mass range in the absence of a
signal, using the method described in Section 5 [61], is
estimated to be approximately 30%.
The observed exclusion covers a large part of the ex-

pected exclusion range, with the exception of the low
and high mH regions where excesses of events above
the expected background are observed in various chan-
nels, and in a small mass interval around 245 GeV,
which is not excluded due to an excess mostly in the
H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel.

5. Significance of the Excess

An excess of events is observed near mH∼126 GeV
in the H → γγ and H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channels,
both of which provide a high-resolution invariant mass
for fully reconstructed candidates. The H → WW (∗) →

ℓ+νℓ′−ν channel as well has a broad excess of events in
the transverse mass distribution as seen in Fig. 1(d).
The significance of an excess is quantified by the

probability (p0) that a background-only experiment is
more signal-like than that observed. The profile like-
lihood ratio test statistic is defined such that p0 cannot
exceed 50% [52, 58, 59].

The local p0 probability is assessed for a fixed mH
hypothesis and the equivalent formulation in terms of
number of standard deviations is referred to as the lo-
cal significance. The probability for a background-only
experiment to produce a local significance of this size
or larger anywhere in a given mass region is referred
to as the global p0. The corresponding reduction in
the significance is referred to as the look-elsewhere ef-
fect and is estimated using the prescription described in
Refs. [52, 61].
The observed local p0 values, calculated using the

asymptotic approximation [59], as a function of mH and
the expected value in the presence of a SM Higgs boson
signal at that mass, are shown in Fig. 3(b) in the entire
search mass range and in Fig. 4 for the individual chan-
nels and their combination in the low mass range. Nu-
merically consistent results are obtained using ensemble
tests.
The largest local significance for the combination is

achieved for mH=126 GeV, where it reaches 3.6σ with
an expected value of 2.5σ for a SM signal. The ob-
served (expected) local significance formH=126 GeV is
2.8σ (1.4σ) in the H → γγ channel, 2.1σ (1.4σ) in the
H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel, and 1.4σ (1.4σ) in
the H → WW (∗) → ℓ+νℓ′−ν channel.
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Figure 4: The local probability p0 for a background-only experiment
to be more signal-like than the observation. The solid curves give the
individual and combined observed p0, estimated using the asymptotic
approximation. The dashed curves show the median expected value
for the hypothesis of a SM Higgs boson signal at that mass. The three
horizontal dashed lines indicate the p0 corresponding to significances
of 2σ, 3σ, and 4σ. The points indicate the observed local p0 estimated
using ensemble tests and taking into account energy scale systematic
uncertainties (ESS).

The significance of the excess is mildly sensitive to
systematic uncertainties on the energy scale (herein re-
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research highlights
Damper on fireball
Nature 484, 351–354 (2012)

‘Fireball’ models for gamma-ray bursts 
(GRBs) can account for the acceleration of 
cosmic rays and accompanying neutrinos to 
extremely high energies. But data collected 
by the IceCube Collaboration suggest that 
fireball phenomenology is flawed: whatever 
the details of the particular fireball model, the 
flux of neutrinos predicted — at energies of 
hundreds of teraelectronvolts — is far above 
the constraints now set by IceCube.

IceCube is a neutrino telescope: a cubic-
kilometre array of strings of photomultipliers, 
threaded down to 2.5 km in the Antarctic 
ice, that is sensitive to Čerenkov radiation 
from muons produced when muon neutrinos 
undergo charged-current interactions in the 
ice. Measurements taken between 2008 and 
2010 — in fact, while the array was still 
only half-complete — were tallied with the 
sightings of GRBs pinpointed by various 
satellites and reported through the GRB 
Coordinates Network.

The interaction of high-energy protons 
with photons in a GRB creates charged pions, 
and these in turn decay to produce muon 
neutrinos. But IceCube’s search for these 
neutrinos — the most sensitive yet — and the 
resulting constraints on their flux indicate 
that something is wrong. Either the proton 
density in GRB fireballs is lower than had been 
thought or the shocks created by GRBs have 
not yet been understood.  AW

One by one
Nature Nanotech. http://doi.org/htz (2012)

The visual signature of wave–particle 
duality — the interference pattern in 
the famous double-slit experiment — is 
distinctively beautiful. Now Thomas Juffmann 
and co-workers have captured images of the 
interference pattern formed by large single 

molecules as the pattern builds — a real-time 
film of ‘quantum mechanics in action’. 

Since the first double-slit experiments 
using particles other than photons were 
performed in the 1960s, the particles in 
question have been getting bigger: from 
electrons to neutrons, to atoms and molecules. 
Meanwhile, the slits have been scaled down, 
now reaching the nanometre scale. Combining 
nanofabrication and nano-imaging 
techniques, Juffmann et al. have gone a step 
further and pushed the current experimental 
limits towards the boundary between quantum 
and classical physics.

Using a laser-controlled micro-
evaporation source, they produced a 
collimated beam of phthalocyanine 
molecules or derivatives, having masses 
between 500 and 1,300 atomic mass units. 
With the beam directed at a nanometre-
size grating and using high-resolution 
fluorescence microscopy, the authors 
recorded the developing interference pattern 
as the molecules passed through the grating 
and arrived at the detector one by one.  IG

A sharper emission
Nature 484, 78–81 (2012)

One of the defining features of a laser is its 
spectrally narrow emission. Justin Bohnet 
and colleagues have now demonstrated 
that devices operating in the superradiant 
regime can dramatically reduce this linewidth 
further still. This could lead to substantial 
improvements in the resolution of optics-
based sensors and detectors.

Like lasing, superradiance is coherent 
emission from an ensemble of light sources. 
Conventional lasers achieve this by using a 
high-quality cavity, formed by two mirrors, 
to feed back many of the generated photons 
and stimulate further emission. But thermal 
effects on these mirrors broaden the optical 
mode. Superradiance, on the other hand, relies 

on the ensemble of sources acting collectively. 
This synchronization can be achieved with 
far fewer photons in the cavity mode  — 
superradiance, it is said, works in a ‘bad-
cavity’ regime. The emission is less sensitive 
to thermal effects; rather it is related to the 
narrower linewidth of the sources themselves.

With their superradiant laser, 
Bohnet et al. have demonstrated spontaneous 
synchronization of rubidium-87 atoms in 
a cavity containing, on average, fewer than 
0.2 photons. This light source has a linewidth 
more than 10,000 times narrower than an 
equivalent ‘good-cavity’ optical laser.  DG

Give us a clue
Phys. Rev. Lett. 108, 141602 (2012)

At the end of 2011, the ATLAS and CMS 
collaborations at CERN’s Large Hadron 
Collider reported tentative signs of an excess in 
their data, around a mass value of 125 GeV — 
possibly the first evidence of the existence 
of the Higgs boson. Theorists have raced to 
interpret the signal, even though, statistically, 
it’s hovering below the all-important three-
sigma mark that constitutes ‘evidence’. The 
trouble is, going on what is known so far 
about this object’s preferences for decay 
channels — how often it decays, for example, to 
two photons or to a bottom quark–antiquark 
pair — this would-be Higgs doesn’t look 
quite like a Higgs, at least not as expected in 
various supersymmetric extensions of the 
standard model.

Kingman Cheung and Tzu-Chiang Yuan 
suggest instead that it could be the Randall–
Sundrum radion. In 1999, Lisa Randall and 
Raman Sundrum devised a model for the 
Universe as a five-dimensional anti de Sitter 
space, having warped geometry; the radion 
is an excitation resulting from a component 
of the metric tensor associated with the fifth 
dimension, and would decay preferentially to 
pairs of photons or gluons.

With this year’s data-taking at the Large 
Hadron Collider underway, it won’t be 
long until there are more definite clues to 
the nature of this particle — if indeed it is a 
particle at all.  AW

Written by Iulia Georgescu, David Gevaux  
and Alison Wright.

Neutrinos have become headline-grabbers, whether for proof of their oscillations or 
controversy over their speed, and the story usually involves large research facilities or big 
detector arrays. However, Changsuk Noh and colleagues suggest that interesting neutrino 
physics could be studied in a much simpler set-up.

Neutrinos come in three flavours, and the probability of measuring a particular flavour 
varies periodically as the neutrinos propagate. Decades of experimental effort have proved 
that neutrinos do undergo such oscillations. Noh et al. propose, however, that the dynamics of 
neutrino oscillations could be simulated using laser-controlled trapped ions.

The idea builds on recent ion-trap experiments that simulate relativistic phenomena 
described by the Dirac equation. The dynamics of a relativistic quantum particle are translated 
into the ions’ motion, and the interactions between ions can be conveniently engineered using 
laser beams. Such analogue simulations could take the exploration of neutrino physics beyond 
the constraints of current experiments.  IG

Caught in a trap New J. Phys. 14, 033028 (2012)
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Could the Excess Seen at 124–126 GeV Be due to the Randall-Sundrum Radion?
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Current Higgs boson searches in various channels at the LHC point to an excess at around 124–

126 GeV due to a possibly standard-model-like Higgs boson. If one examines more closely the channels

(!!, WW!, and ZZ!) that have excess, this ‘‘Higgs boson’’ may be the Randall-Sundrum radion ".
Because of the trace anomaly, the radion has stronger couplings to the photon and gluon pairs. Thus, it will

enhance the production rates into gg and !!, while those for WW!, ZZ!, and b !b are reduced relative to

their standard model values. We show that it can match well with the data from CMS for m" ¼ 124 GeV,
and the required scale "" # h"i is about 0.68 TeV.

DOI: 10.1103/PhysRevLett.108.141602 PACS numbers: 11.25.Mj, 11.10.Kk, 14.80.Ec

Introduction.—With tremendous speculations before
December 13, 2011, the first glimpse of the Higgs boson
was revealed on that day. Both ATLAS [1] and CMS [2]
saw some excess of events of the Higgs decays in the
H ! !!, H ! WW! ! ‘#‘#, and H ! ZZ! ! 4‘ chan-
nels. If one examines more closely these channels, one may
notice that the excessive channels exhibit some correla-
tions, even though it is still too early to say anything
concrete. According to the CMS data [2] for the Higgs
mass mH ¼ 124 GeV, the excess relative to the corre-
sponding standard model (SM) values are

$ðHÞBðH ! b !bÞ=$BSM # 1:1þ1:5
'1:6;

$ðHÞBðH ! %%Þ=$BSM # 0:8þ1:2
'1:3;

$ðHÞBðH ! !!Þ=$BSM # 2:1þ0:6
'0:7;

$ðHÞBðH ! WW!Þ=$BSM # 0:7þ0:4
'0:6;

$ðHÞBðH ! ZZ! ! 4‘Þ=$BSM # 0:5þ1:1
'0:7;

(1)

where $BSM denotes the cross section $ðHÞ times the
corresponding branching ratio for the SM. (ATLAS [1]
also has the ratio of !! production rate larger than the
SM one.) At face value, except for the !! channel, almost
all are slightly suppressed relative to the SM cross sections.
Note that these results consist of large errors. If we take
these numbers seriously, the branching ratios of the 124–
126 GeV ‘‘Higgs boson’’ observed have to be modified.
One possible way is to add an unobserved channel, e.g.,
dijet or invisible particles, such that the Higgs decays into
b !b, %%,WW!, and ZZ! are reduced, while at the same time
the !! channel has to be enhanced by a relatively large
amount. In this work, we point out that the Randall-
Sundrum (RS) radion, with enhanced couplings to gg
and !! due to a trace anomaly, can explain the ratios in
Eq. (1). Also, the radion can give rise to enhanced dijet
production at 124–126 GeV. The associated production
with a W or a Z boson may be observable. The radion

provides an alternative and the most economical solution
to explain the observed rates. This is the main result of
this work.
A large number of works appeared to interpret the 124–

126 GeV Higgs boson in the minimal supersymmetric
standard model (MSSM) framework [3], in the next-to-
minimal supersymmetric standard model (NMSSM)
framework [4], in the two-Higgs-doublet model [5], in
other supersymmetry framework [6], and others [7].
The radion.—The RS model [8] that uses a warped

space-time in a slice of extra dimension explains the gauge
hierarchy problem well. The RS model has a four-
dimensional massless scalar, the modulus or radion
[9–11], about the background geometry:

ds2 ¼ e'2kj’jTðxÞg&#ðxÞdx&dx# ' T2ðxÞd’2;

where g&#ðxÞ is the four-dimensional graviton and TðxÞ is
the modulus field. The most important ingredients of the
above brane configuration for phenomenological studies
are the required size of the modulus field such that it
generates the desired weak scale from the high scale M
and the stabilization of the modulus field at this value. A
stabilization mechanism was proposed by Goldberger and
Wise [9] that a bulk scalar field propagating in the back-
ground solution of the metric can generate a potential that
can stabilize the modulus field. The minimum of the po-
tential can be arranged to give the desired value of krc
without fine-tuning of parameters. It has been shown [10]
that if a large value of krc # 12, needed to solve the
hierarchy problem, arises from a small bulk scalar mass,
then the modulus potential near its minimum is nearly flat
for values of the modulus vacuum expectation value that
solves the hierarchy problem. As a consequence, besides
getting a mass, the modulus field is likely to be lighter than
any Kaluza-Klein modes of any bulk field. The lightest
mode is the radion, which has a mass of the order of
100 GeV to a TeV, and the strength of its coupling to the
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where xi ¼ 4m2
i =m

2
! (i ¼ f;W; Z;H) and Nc ¼ 3 ð1Þ for

quarks (leptons). Note that the branching ratios are inde-
pendent of !!.

In calculating the partial widths into fermions, we have
used the 3-loop running masses with scale Q2 ¼ m2

!. We

have also allowed the off-shell decays of the W and Z
bosons and that of the top quark. The features of radion
decay branching ratios are similar to the decay of the Higgs
boson, except the following. Atm! & 140 GeV, the decay
width is dominated by ! ! gg, while the decay width of
the SM Higgs boson is dominated by the b "b mode. At
largerm!,! also decays into a pair of Higgs bosons (! !
HH) if kinematically allowed, while the SM Higgs boson
cannot. Similar to the SM Higgs boson, asm! goes beyond
the WW and ZZ thresholds, the WW and ZZ modes
dominate with the WW partial width about a factor of 2
of the ZZ partial width. We list the relevant branching
ratios of the radion in Table I for m! ¼ 123–126 GeV.
Just for comparison with the SM Higgs boson, we also list
the branching ratios and production cross sections of the
SM Higgs boson in Table II (from Ref. [15]).

The production channels of the radion at hadronic col-
liders include

gg ! !; q "q0 ! W!; q "q ! Z!;

qq0 ! qq0! ðWW;ZZ fusionÞ; q "q; gg ! t"t!:

Similar to the SM Higgs boson, the most important pro-
duction channel for the radion is gg fusion. In addition,
gg ! ! gets further enhancement from the trace anomaly.
We shall consider only the gluon fusion in the following.
We show the production cross sections for m! ¼
120–130 GeV versus !! in Fig. 1.
Comparison to the LHC data.—Using the appropriate

entries from Tables I and II for m!=H ¼ 124 GeV, we can
compute the following ratio:

"ð!ÞBð!!##Þ
"ðHÞBðH!##Þ ¼

"ð!Þ$0:918$10%3

15:6 pb$2:29$10%3¼2:1; (13)

where 2.1 is the central value of the CMS data [2] for this
ratio. Therefore, the value of "ð!Þ obtained in the above
equation is 82 pb, which corresponds to !! ¼ 0:68 TeV
from Fig. 1. If we use the diphoton data with error bars
(2:1þ0:6

%0:7), the corresponding ! ¼ 0:68þ0:15
%0:08 TeV. Once the

ratio for ## is fixed, the other ratios can be easily obtained
by using Tables I and II:

"ð!ÞBð!! b "bÞ
"ðHÞBðH ! b "bÞ

¼ 82 pb$ 0:0598

15:6 pb$ 0:592
¼ 0:53; (14)

"ð!ÞBð!! $$Þ
"ðHÞBðH ! $$Þ ¼ 82 pb$ 9:34$ 10%3

15:6 pb$ 0:065
¼ 0:75; (15)

"ð!ÞBð! ! WW'Þ
"ðHÞBðH ! WW'Þ ¼ 82 pb$ 0:0267

15:6 pb$ 0:200
¼ 0:70; (16)

TABLE II. A few production cross sections and branching ratios of the SM Higgs boson for mH ¼ 123–126 GeV. We borrow the
values from Ref. [15].

mH Cross sections (pb) Branching ratios

(GeV) gg ! H WH ZH b "b $$ WW' ZZ' ##

123 15.8 0.61 0.33 0.607 0.067 0.185 0.022 2:28$ 10%3

124 15.6 0.59 0.32 0.592 0.065 0.200 0.0242 2:29$ 10%3

125 15.3 0.57 0.32 0.577 0.064 0.216 0.0266 2:29$ 10%3

126 15.1 0.56 0.31 0.561 0.062 0.233 0.0291 2:29$ 10%3
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FIG. 1 (color online). Production cross sections for pp ! !
via gluon fusion versus !! for m! ¼ 120–130 GeV. The top of
the ‘‘thick’’ curve is for 120 GeV, while the bottom is for
130 GeV.

TABLE III. The ratio "ð!ÞBð!!XÞ
"ðHÞBðH!XÞ for m! or H ¼ 123–126 GeV.

m! or H
"ð!ÞBð!!XÞ
"ðHÞBðH!XÞ

(GeV) ## b "b $$ WW' ZZ'

123 2.1 0.53 0.74 0.70 0.70
124 2.1 0.53 0.75 0.70 0.70
125 2.1 0.53 0.75 0.70 0.70
126 2.1 0.53 0.75 0.70 0.71
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Discovery in July 2012
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Higgcision Era
At the beginning of 2013, we started a project of 
constraining Higgs couplings by Higgs data — 
Higgcision. 

It involves gauge, Yukawa couplings and loop vertices 
of gg and diphoton. 

We have constrained the Higgs couplings in model-
independent framework, 2HDM, MSSM, Higgs-portal 
models. 

KC, Jae-Sik Lee, Po-Yan Tseng 



Understand Higgs Interactions 

• Basically the Higgs boson couples to massive 
particles, proportional to the mass. 
•So the Higgs boson mainly interacts with W, Z 
bosons, top quark. Because they are heavy.

C. SM Higgs boson decays

SM Higgs Decay Branching Ratios

HDECAY

The Higgs boson couples to almost everything with a coupling proportional the mass of the

particle. So if kinematically allowed the Higgs boson will decay into the heaviest possible

particle, in general. Especially, the mode into W+W− and ZZ. These two are in general

the most important modes.

Decay Width:

• H → WW, ZZ: The couplings of H to WW and ZZ are

L = gmW H W+µ W−
µ +

1

2
gzmZH Z Z

The decay widths into WW and ZZ can be easily obtained as

Γ(H → W+W−) =
g2

64π

m3
H

m2
W

(1 − 4λW )1/2(1 − 4λW + 12λ2
W )

Similarly, the partial width into ZZ is

Γ(H → ZZ) =
g2

128π

m3
H

m2
W

(1 − 4λZ)1/2(1 − 4λZ + 12λ2
Z)

4

where λW = m2
W/m2

H .

For accuracy in the mass range just below WW threshold the off-shell decay should

be taken into account H → WW ∗, ZZ∗.

• H → f f̄ : The decay into a fermion pair is given by

L = −
gmf

2mW
H f̄ f

The partial width is then given by

Γ(H → f f̄) = Nf

g2m2
fmH

32πm2
W

(

1 −
4m2

f

m2
H

)3/2

where Nf = 1 (3) for a lepton (quark).

Large logarithms that appear in QCD radiative corrections can be resummed by using

the running quark mass m̄Q(mH) evaluated at the scale mH . Naively, the running

quark mass is given by

m̄Q(µ) = m̄Q(MQ)
c(αs(µ)/π)

c(αs(MQ)/π)

where the running MS mass m̄Q at the scale of pole mass MQ is given by

m̄Q(MQ) =
MQ

1 + 4
3
αs(MQ)

π + KQ

(

αs(MQ)
π

)2

The function c(x) is given by

c(x) =
(

25

6
x
)

12

25 [

1 + 1.014x + 1.389x2
]

for Mc < µ < Mb

c(x) =
(

23

6
x
)

12
23 [

1 + 1.175x + 1.501x2
]

for Mb < µ < Mt

c(x) =
(

21

6
x
)

12

21 [

1 + 1.398x + 1.793x2
]

for Mt < µ

• H → gg: Higgs decays into a pair of gluons via a triangular loop of quarks. It can be

described by an effective Lagrangian

L = −
g2

2mW

αs(mH)

12π
I Ga

µν Ga µν H

where

I =
∑

q

Iq, Iq = 3[2λq + λq(4λq − 1)f(λq)]

5

where λW = m2
W/m2

H .

For accuracy in the mass range just below WW threshold the off-shell decay should

be taken into account H → WW ∗, ZZ∗.

• H → f f̄ : The decay into a fermion pair is given by

L = −
gmf

2mW
H f̄ f

The partial width is then given by

Γ(H → f f̄) = Nf

g2m2
fmH

32πm2
W

(

1 −
4m2

f

m2
H

)3/2

where Nf = 1 (3) for a lepton (quark).

Large logarithms that appear in QCD radiative corrections can be resummed by using

the running quark mass m̄Q(mH) evaluated at the scale mH . Naively, the running

quark mass is given by

m̄Q(µ) = m̄Q(MQ)
c(αs(µ)/π)

c(αs(MQ)/π)

where the running MS mass m̄Q at the scale of pole mass MQ is given by

m̄Q(MQ) =
MQ

1 + 4
3
αs(MQ)

π + KQ

(

αs(MQ)
π

)2

The function c(x) is given by

c(x) =
(

25

6
x
)

12

25 [

1 + 1.014x + 1.389x2
]

for Mc < µ < Mb

c(x) =
(

23

6
x
)

12
23 [

1 + 1.175x + 1.501x2
]

for Mb < µ < Mt

c(x) =
(

21

6
x
)

12

21 [

1 + 1.398x + 1.793x2
]

for Mt < µ

• H → gg: Higgs decays into a pair of gluons via a triangular loop of quarks. It can be

described by an effective Lagrangian

L = −
g2

2mW

αs(mH)

12π
I Ga

µν Ga µν H

where

I =
∑

q

Iq, Iq = 3[2λq + λq(4λq − 1)f(λq)]

5

and

f(λ) =











−2
(

sin−1 1
2
√
λ

)2
, for λ > 1

4

1
2

(

ln η+

η−

)2
− π2

2 + iπ ln η+

η− , for λ < 1
4

with η± = 1
2 ±

√

1
4 − λ. With the effective Lagrangian the partial width into a gluon

pair is calculated to be

Γ(H → gg) =
g2α2

s(mH)

288π3

m3
H

m2
W

|I|2

• H → γγ, Zγ: Higgs decay into a pair of photons via triangular loops of quarks, leptons,

the W boson, and charged bosons if there exist. Again, the decay can be described by

an effective Lagrangian

L = −
g2

2mW

α

8π
I F a

µν F a µν H

where

I =
∑

q

Q2
qIq +

∑

%

Q2
%I% + IW + IS

The individual Ii are given by

Iq = 3[2λq + λq(4λq − 1)f(λq)]

I% = 2λ% + λ%(4λ% − 1)f(λ%)

IW = 3λW (1 − 2λW )f(λW ) − 3λW −
1

2
IS = −λS[1 + 2λSf(λS)]

6



Higgs Production Mechanisms



 Binv=Bundet=0 (black);

Binv and 
Bundet included as free 
parameters, the 
conditions κW,Z≤1 
(RED)

BBSM=Binv+Bundet included 
as a free parameter 
(BLUE)

Summary by ATLAS 



Further Investigations of the Higgs 

SCALARS 2015 19

Zoom in for the Higgs boson

• Use EDMs to constrain the pseudoscalar Higgs couplings, such as

CP
u and ∆P γ .

• Search for non-standard decays of the Higgs boson, e.g. dark

matter, Goldstone bosons, etc.

• Investigate the WW scattering.

• The associated production of Higgs with W , Z, tt̄, or a single top.

Probe the Yukawa couplings.

• Use the single top + Higgs production to determine the sign and the

size of top-Yukawa coupling.

• Higgs boson pair production: (Chang, Cheung, Lee, Lu, 1505.00957)



Search for other scalars



Surprise in 2015

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 19

Mass spectra – 3.8TMass spectra – 3.8T

3.8T3.8T
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Marco Delmastro Diphoton searches in ATLAS 14

ET
γ1 > 0.4 mγγ, ET

γ2 > 0.3 mγγ
ET

iso (ΔR=0.4) < 0.05 ET
γ  + 6 GeV

mX ± 2ΓX

SPIN-0 ANALYSIS

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 25

Breaking-down the contributions Breaking-down the contributions 

Excess at 760GeV comes mostly from EBEB categories.

Driven by 3.8T category.
(where the observed excess is ~unchanged w.r.t. the previous results).

Observed one event in the 0T dataset compatible with 3.8T excess.

It has motivated more 
than X00 papers inter- 
preting  the bump.



Higgs Pair Production
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Higgs Sector Itself

HKIAS Jan 2016 4

• The mass and interactions of fermions are also fixed in LY :

LY = −
yev√

2
(eLeR + eReL) −

ye√
2
H (eLeR + eReL)

So far, the gauge boson couplings and b, τ, t Yukawa couplings are

consistent with data.

• We have no information about V (Φ) except that it gives a nontrivial
VEV. In the SM,

V (φ) = −
λ

4
v4 +

1

2
m2

HH2 +
m2

H

2v
H3 +

λ

4
H4

This is the simplest structure. The self couplings are fixed. But for

extended Higgs sector it is not the case.

Probing self interactions of the Higgs boson 
becomes an important avenue to understand the 
Higgs sector.



Channels for testing HHH coupling
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FIG. 2. From Ref.[5]: �(HH) = 34.8 fb, �(HHjj : V BF ) = 2.017 fb, �(ttHH) = 0.981 fb,

�(W±
HH) = 0.565 fb, �(ZHH) = 0.356 fb.
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A summary of HH production by ATLAS

Non-resonant HH Production







Resonant HH Production

6.3 Limits on resonant NN production

The resonant �� searches target a heavy, spin-0 scalar - , which has a narrow-width compared to the
experimental mass resolution. Limits are set at 95% confidence level on the resonant �� production
cross-section, f(- ! ��), and presented for the bbWW, bbg+g�, and bbbb3 searches, and their statistical
combination. Figure 8 shows the combined limits on f(- ! ��), ranging between 1.1 and 595 fb (1.2
and 392 fb) in observation (expectation), depending on the resonance mass. The bbWW search is the most
sensitive at low <- , the bbg+g� search is the most sensitive in the 400–800 GeV range, and the bbbb
search dominates for high <- , demonstrating the complementary of these three searches. The largest
deviation from the Standard Model expectation is observed at 1.1 TeV. This feature has been investigated,
and the local (global) significance for <- = 1.1 TeV using the asymptotic formula [59] is found to be 3.2f
(2.1f), where the trial factor is evaluated based on the number of up-crossings in data.

Figure 8: Expected and observed 95% confidence level upper limits on f(- ! ��) for a spin-0 resonance as a
function of its mass <- in the bbWW, bbg+g� and bbbb searches, and their statistical combination. The discontinuities
in the limit visible in the range <- < 400 GeV are caused by the partial availability of the di�erent analysis limits on
a point-by-point basis, which are provided only for the bbWW search at the weakest limit points. Further details can be
found in Tables 4–7 in the appendix.

3 The boosted bbbb search results were updated with respect to Ref. [53] by the recovery of some events in data and by imposing
additional requirements, following orthogonality checks between resolved and boosted topologies.
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95% confidence level upper limits on 𝜎(𝑋 → 𝐻𝐻) for a spin-0 resonance 



Instead of investigating modified , we turn 
the focus to 

resonance effects in Higgs pair production

λhhh



1. The SM Higgs boson cannot fix the gauge hierarchy problem. It requires unnatural cancellation for the 
bare and loop-corrected Higgs boson mass. 

2. Many extensions of the EWSB sector consist of more Higgs fields 
- Two-Higgs doublet models (2HDMs), MSSM, and any composite Higgs models 

3. Probe the Higgs self-couplings is to probe the structure of the Higgs sector 
- Higgs-pair production via gluon-gluon fusion at the LHC  

4. Study the signal process      via gluon fusion against the SM backgrounds 
at the High-Luminosity LHC via machine learning approach. 

5. The boosted hadronic Higgs jet can help to against the background

pp → hh → bb̄bb̄

Motivation

58

THDM

hadronic jet tagger



pp → hh →          via gluon-gluon fusion in THDMs at the High-
Luminosity LHC

THDM

the conventional
cut-based approach

boosted decision tree
BDT

three-stream 
convolutional neural network

A. Hoecker et al, arXiv:physics/
0703039 

● Three approaches to study Higgs-pair production

https://arxiv.org/abs/physics/0703039
https://arxiv.org/abs/physics/0703039


Two-Higgs Doublet Models

General Higgs potential:
Mayumi Aoki et al, Phys.Rev.D, 
arXiv:0902.4665 

The modifier in Yukawa interactions:

The Yukawa interactions:

*tan(β) = v2 / v1

https://arxiv.org/pdf/0902.4665.pdf
https://arxiv.org/pdf/0902.4665.pdf


Calculation of Current Constraints

● Combine 3CNN analysis with the current constraints
● Calculate from the public code

- HiggsBounds-v5.10.2     arxiv:2006.06007        HiggsBounds GitLab
- direct searches at high energy colliders
- include all processes at LEP, Tevatron, and LHC
- provide most sensitive channel and whether the point is still allowed or 

not at the 95% CL  

- HiggsSignals-v2.6.2        arxiv:2012.0917         HiggsSignals GitLab
- the Higgs-signal strengths obtained at the LHC
- gives the χ2 output for 111 Higgs observables 

- require that the p-value is larger than 0.05, corresponding to 2σ level

● Regard the overlapping regions as the currently allowed parameter space

https://arxiv.org/abs/2006.06007
https://gitlab.com/higgsbounds/higgsbounds
https://arxiv.org/pdf/2012.09197.pdf
https://gitlab.com/higgsbounds/higgssignals


Currently Allowed Region

* at m122 = 400000 GeV2, cos(β-⍺) = 0.08 and mA=mH=mH±= 1000 GeV

● Gray area is the currently allowed region from HiggsBounds at the 95% CL 
- direct searches at high energy colliders

- include all processes at LEP, Tevatron, and LHC 
● Purple area is the allowed region from HiggsSignals at 2 σ level    

- the Higgs-signal strengths obtained at the LHCs
- gives the χ2 output for 111 Higgs observables 

- require that the p-value is larger than 0.05, corresponding to 2σ level

Type II Type IIIType IType IV

Philip Bechtle et al,  Eur.Phys.J.C, 
arxiv:2012.0917         

HiggsSignals 
GitLab

Philip Bechtle et al,  Eur.Phys.J.C, 
arxiv:2006.06007        

HiggsBounds 
GitLab

https://arxiv.org/pdf/2012.09197.pdf
https://arxiv.org/pdf/2012.09197.pdf
https://gitlab.com/higgsbounds/higgssignals
https://gitlab.com/higgsbounds/higgssignals
https://arxiv.org/abs/2006.06007
https://arxiv.org/abs/2006.06007
https://gitlab.com/higgsbounds/higgsbounds
https://gitlab.com/higgsbounds/higgsbounds


Higgs-pair Production in THDMs 

THDM

● Fix m212, mh, mH, scan (cos(β-⍺), 
tan(β)) plane  

● Fix tan(β), mh, mH, scan (cos(β-⍺), 
m212) plane

Benoit Hespel et al, JHEP,  
arxiv:1407.0281

Parametrized as a shift from the SM:Triple Higgs self–interaction:

*ξ = cos(β-⍺) Benoit Hespel et al, JHEP,  
arxiv:1407.0281

https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2
https://arxiv.org/abs/1407.0281v2


Resonance Against the Continuum

● Resonance is dominate around Mhh = 1 TeV

*tan(β)=5, m122 = 400000 GeV2, cos(β-⍺) = 0.01 and mH=1000 GeV, mA= mH±= 1001 
GeV in Type II



Higgs-Jet-Tagging Method

B

B
particle jet 

anti-kt, R = 1

1. Multiply infinitesimal value to 
B hadrons, it is ghosted B 
hadrons.

2. Adding this ghosted B 
hadrons into the final state list 
and cluster the jets

3. If  large R(=1) jet contains 
two ghost-associated B 
hadrons, it will be tagged to 
the Higgs jet.

Higgs jet is recognized by double b-
tagging due to the hadronic Higgs 
decay. 

Double-B Hadrons-tagging via ghost-
association method is used to do 
double b-tagging in this study.

arXiv:1507.00508 

arXiv:1507.00508

https://arxiv.org/abs/1507.00508
https://arxiv.org/abs/1507.00508


High-Level Features - Kinematic Features

| Δ[ η(J1) , η(J2) ] | < 1.3

XHH < 1.6



High-Level Features - Jet Substructures



3CNN Architecture

● Inspired by works 

Full-event 
image

Leading jet 

Subleading jet 

Yi-Lun Chung et al, JINST, arxiv:2009.05930
Joshua Lin et al, JHEP, arxiv:1807.10768

https://arxiv.org/abs/2009.05930
https://arxiv.org/abs/1807.10768
https://arxiv.org/abs/1807.10768
https://arxiv.org/abs/1807.10768


Low-Level Features

1. The leading and subleading trimmed jet 

2. Rotated full-event images 

3. Deposit intensities into 40X40 pixels 
 (1RX1R -> 40X40 pixels)

- charged pt
- neutral pt
- charged multiplicity (analogy RGB) 
 
4. Rotation and Reflection:

- put the leading subjet at the origin
- subleading subjet directly below the 
leading subjet
- put the third-leading subjet on the right-
hand side  

1. Normalized: sum of intensity is unity
2. Standardization: mean zero and unit 

variance

Fu
ll-

ev
en

t 
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e
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je
t 

Su
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ea
di

ng
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* Q1 and Q2 are new axes for the jet’s axis

The average of 10000 images



Comparisons for 4-Types of 2HDM

𝓛 = 3000 fb-1 Type I Type II Type III Type IV

σ(pp->H) (fb) 0.9864 0.81186 0.98173 0.83234

Br(H->hh) 0.88221 0.87147 0.88087  0.87279

Br(h->bb) 0.62102 0.35596 0.64835 0.32968

Cut-based Method (sig. eff. = 0.1059, # of bkg = 1392.67)

Survival Events 37.48 10.01 40.60 8.82

S/√B 1.00 0.27 1.09 0.24

BDT Method (sig. eff. =, # of bkg = 142.46)

Survival Events 33.98 9.08 36.80 7.99

S/√B 2.85 0.76 3.08 0.67

3CNN Method (sig. eff. = 0.0961, # of bkg = 56.73)

Survival Events 33.98 9.08 36.81 7.99

S/√B 4.51 1.21 4.89 1.06

* include B-hadron tagging eff. = 0.77
* For signal: tan(β)=5, m122 = 400000 GeV2, cos(β-⍺) = 0.08 and 
mA=mH=mH±= 1000 GeV 

● Significance of 4 types in 3 analyses



Allowed Sensitivity Region Under Current Constraints at 14 TeV HL-LHC

* m122 = 400000 GeV2 and mA=mH=mH±= 1000 GeV
* significance Z = √(2*((s+b)xln(1+s/b)-s)), where s is number of signal and b is number of 
total background

● Red area is the sensitive region at 95% CL ( where the significance > 2)
● Gray area is the currently allowed region from HiggsBounds at the 95% CL 
● Purple area is the allowed region from HiggsSignals at 2 σ level
● The 3CNN can cover a large area of the overlapping region in all 4 types of 2HDMs

alignment limit
cos(β − α) = 0

wrong sign 
Yukawa region

Type II Type IIIType IType IV



Outlooks

• Higgs physics enters an exciting era in LHC Run-3.


• Higgs pair production is one of the most important 
tasks at the LHC to unlock the Higgs mechanism.


• Not to mention there are continuous efforts to  
search for other scalar bosons.


• With  the top quark and the Higgs  
boson are gateway to EWSB or new physics.

v ≃ 2mH ≃ 2mt



Backup



Around March 2013 (Moriond)

)µSignal strength (
  -1  0 +1

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 13 - 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

The bb and tau tau modes appeared. But the surprise is the 
diphoton mode by CMS. It gets 0.78 +- 0.27.

Workshop on Higgs, April 2013 8

Signal Strengths (CMS)

Higgs Boson Decay µ µ

(Before Moriond) (After Moriond)

V H → V bb̄ 1.31+0.65
−0.60 Same

H → τ+τ− (0/1 j) 0.85+0.68
−0.66 0.76+0.50

−0.52

H → WW ∗ (0/1 j) 0.77+0.27
−0.25 0.76± 0.21

H → γγ (untagged) 1.42+0.55
−0.49 0.78+0.28

−0.26

H → ZZ∗ 0.80+0.35
−0.28 0.91+0.30

−0.24

Combined 0.88± 0.21
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Fitting analysis

• Ratios of Yukawa and gauge couplings

CS
u = gSHūu , CS

d = gSHd̄d , CS
ℓ = gSHl̄l ; Cv = gHV V ;

CP
u = gPHūu , CP

d = gPHd̄d , CP
ℓ = gPHl̄l .

• Extra loop contributions other than the Yukawa and gauge

couplings:

∆Sg , ∆Sγ ; ∆P g , ∆P γ

• ∆Γtot



Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
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CS
u > 0 is preferred but CS

u < 0 is still allowed at 95% CL;

Cv = 0.98+0.10
−0.11
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Remarks

• The HV V coupling is the most restrictive:

Cv = 0.93− 1.0

with 7− 12% uncertainty.

• The CPC top-Yukawa coupling CS
u is preferred to be positive in

those fits with ∆Sγ and ∆Sg fixed at zero. CS
u < 0 is ruled out at

68.3% CL, but allowed at 95%CL.

• The nonstandard Higgs decay is limited to be below 19%.

• The Higgs signal strengths cannot rule out the pseudoscalar

couplings, and only a combination of CS
u and CP

u is constrained in

the form of an elliptical equation.
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Higgs Precision – Higgcision

KC, JS Lee, PY Tseng 1302.3794, 1310.3937, 1403.4775, 1407.8236, 1501.03552.

We have established formalism to compare the Higgs signal strengths

versus the Higgs boson couplings, including CP-even and CP-odd ones,

in model-independent, 2HDMs, MSSM.

Formalism:

• Fermionic couplings

LHf̄f = −
∑

f=u,d,l

gmf

2MW

3∑

i=1

H f̄
(
gS
Hf̄f + igP

Hf̄fγ5

)
f .

For the SM gS
Hf̄f = 1 and gP

Hf̄f = 0.

• gauge boson couplings:

LHV V = gMW

(
g
HWW

W+
µ W−µ + g

HZZ

1

2c2W
ZµZ

µ

)
H .

SCALARS 2015 6

• two photons:

MγγH = −
αM2

H

4π v

{
Sγ(MH)

(
ϵ∗1⊥ · ϵ∗2⊥

)
− Pγ(MH)

2

M2
H

⟨ϵ∗1ϵ
∗
2k1k2⟩

}
,

Sγ(MH) = 2
∑

f=b,t,τ

NC Q2
f gS

Hf̄f Fsf (τf ) − g
HWW

F1(τW ) + ∆Sγ ,

Pγ(MH) = 2
∑

f=b,t,τ

NC Q2
f gP

Hf̄f Fpf (τf ) + ∆Pγ ,

Numerically, taking MH = 125.5 GeV, we find that

Sγ ≃ −8.35 gHWW + 1.76 gS
Ht̄t + (−0.015 + 0.017 i) gS

Hb̄b

+(−0.024 + 0.021 i) gS
Hτ̄τ + (−0.007 + 0.005 i) gS

Hc̄c + ∆Sγ

Pγ ≃ 2.78 gP
Ht̄t + (−0.018 + 0.018 i) gP

Hb̄b

+(−0.025 + 0.022 i) gP
Hτ̄τ + (−0.007 + 0.005 i) gP

Hc̄c + ∆Pγ

giving Sγ
SM = −6.64 + 0.043 i and Pγ

SM = 0.
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• two gluons

MggH = −
αs M2

H δab

4π v

{
Sg(MH)

(
ϵ∗1⊥ · ϵ∗2⊥

)
− P g(MH)

2

M2
H

⟨ϵ∗1ϵ
∗
2k1k2⟩

}
,

Sg(MH) =
∑

f=b,t

gS
Hf̄f Fsf (τf ) + ∆Sg , P g(MH) =

∑

f=b,t

gP
Hf̄f Fpf (τf ) + ∆P g

Sg ≃ 0.688 gS
Ht̄t + (−0.037 + 0.050 i) gS

Hb̄b + ∆Sg

P g ≃ 1.047 gP
Ht̄t + (−0.042 + 0.050 i) gP

Hb̄b + ∆P g
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• two photons:

MγγH = −
αM2

H

4π v

{
Sγ(MH)

(
ϵ∗1⊥ · ϵ∗2⊥

)
− Pγ(MH)

2

M2
H

⟨ϵ∗1ϵ
∗
2k1k2⟩

}
,

Sγ(MH) = 2
∑

f=b,t,τ

NC Q2
f gS

Hf̄f Fsf (τf ) − g
HWW

F1(τW ) + ∆Sγ ,

Pγ(MH) = 2
∑

f=b,t,τ

NC Q2
f gP

Hf̄f Fpf (τf ) + ∆Pγ ,

Numerically, taking MH = 125.5 GeV, we find that

Sγ ≃ −8.35 gHWW + 1.76 gS
Ht̄t + (−0.015 + 0.017 i) gS

Hb̄b

+(−0.024 + 0.021 i) gS
Hτ̄τ + (−0.007 + 0.005 i) gS

Hc̄c + ∆Sγ

Pγ ≃ 2.78 gP
Ht̄t + (−0.018 + 0.018 i) gP

Hb̄b

+(−0.025 + 0.022 i) gP
Hτ̄τ + (−0.007 + 0.005 i) gP

Hc̄c + ∆Pγ

giving Sγ
SM = −6.64 + 0.043 i and Pγ

SM = 0.
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Signal Strengths:

• The signal strength can be written as the product of

µ̂(P,D) ≃ µ̂(P) µ̂(D)

where P = ggF,VBF,VH, ttH denote the production mechanisms

and D = γγ, ZZ,WW, bb̄, τ τ̄ the decay channels.

• On the production side:

µ̂(ggF) =
|Sg(MH)|2 + |P g(MH)|2

∣∣Sg
SM(MH)

∣∣2

µ̂(VBF) = g2

HWW,HZZ

µ̂(VH) = g2

HWW,HZZ

µ̂(ttH) =
(
gS
Ht̄t

)2
+
(
gP
Ht̄t

)2

• On the decay side

µ̂(D) =
B(H → D)

B(HSM → D)

B(H → D) =
Γ(H → D)

Γtot(H) +∆Γtot



Well known example of Spontaneous 
symmetry breaking 

Ferromagnetism

•Above the critical temperature, the system is symmetric under SO(3) 

rotation -- dipoles are randomly oriented.  

•Below the critical temperature the dipoles are completely ordered 

in some arbitrary direction: 

                          SO(3) -->  SO(2)



Goldstone Model

At the new minimum, V is lower. The vacuum 
shifts to <ø>.

Scalars 2013, Sept 2013 1

L = ∂µφ∂
µφ− V (φ∗φ) V = µ2φ∗φ+ λ(φ∗φ)2

Invariant under a global U(1) transformation

φ → eiαφ

At φ = 0, V = 0.

For µ2 < 0, min V occurs at

〈φ〉 =
√

−µ2

2λ
Vmin = −µ4

4λ
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FIG. 21. Comparison of the WL+ WL+ signal (for SM with mH =1 TeV) and principal background distributions versus p&,",the
transverse momentum of the hardest jet, for events with M~~ & 0.5 TeV, ~y~~ & 1.5: (a) for SSC energy &s =40 TeV; (b) for LHC en-
ergy &s =16TeV.

calculated cross sections at SSC and LHC energies, re-
spectively, for Mww & 0 5 Te~ »d ~ww +0 8 TeV. We
omit the three-jet QCD subprocesses here, because in the
no-jet region of phase space there is a risk of double-
counting the gluon-exchange contributions.
It is instructive to compare the jet-tagging and jet-

vetoing strategies. Both help to suppress the back-
grounds, but the former is more costly to the signal than
the latter. At supercolliders there will be many jets of
moderate pz in an average event, so quite a high thresh-
old (such as pz-50 to 60 GeV above) must be chosen if
we wish to distinguish significant accompanying jets. Al-
though the signal commonly contains hard jets, they will
not always pass this threshold and so jet tagging will al-
ways cost the signal a factor (of order 3 in the examples
above). On the other hand, we have seen that these
signal-associated jets rarely center the central region, so

the alternative strategy of vetoing central jets costs the
signal very little. This is important in a situation where
the event rate is low. In fact, in any case in which the
EWA provides a good approximation, jet vetoing in the
central region will be an effective way to separate the
EWA signal from background processes in which there
are jet activities.

D. Results at the lepton level

Since in practice we need leptonic decays W+~l+v
(I =e,p) to establish the II'+ charge state, the moments
of the two final-state 8'+ bosons cannot be measured.
Acceptance cuts can only be made in terms of lepton
variables, the two observed lepton momenta and possibly
also the missing Ez attributed to the neutrinos.
In our SM electroweak, gluon exchange, and 3-jet

)0

~f=1006eV

I I

/s = 40 TeV (a):
chord &60 GeyTj

'0 =--- m =i+t=
Wtt g)00 GeV«~

I I

~s=l6TeV (b) =
~ha~d &60 Gey
Tg
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10

hard
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FIG. 22. Comparison of the WL+ WL+ signal (for SM with mH =1 TeV) and principal background distributions versus g,"",the
pseudorapidity of the hardest jet, for events with pz " & 60 Gev, M~~ &0.5 TeV, ~y~~ & 1.5: (a) for v's =40 TeV; (b) for &s =16
TeV.
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~y~~ &1.5, M~~& 1.0TeV,
lyg I&1.5, Mgg» 2TeV.

(39)

(40)

For one year's running at X= 10 cm s ' (initial SSC
design luminosity), one may expect integrated luminosity
I/dr=10 cm =10 fb '. Multiplying by squared
leptonic branching fraction 4X(0.108) for the necessary
leptonic modes each femtobarn of cross section in the
tables translates into 0.47 events/year; this must be re-
duced by the experimental eSciency for lepton
identification, which may cost a factor of 2 in rate. It is
clear that we are looking at low event rates with the cuts
that are forced upon us, at the standard luminosity
above; however, eventual SSC luminosities an order of
magnitude larger than that above are anticipated.
At the LHC, the expected O'L+8'L+ signal rate is about

,p of that at the SSC, while the background is reduced by
about —,

' from the SSC value. However, a high-luminosity
option is under consideration for the LHC in which only
the p+p+ channel would be studied. With a 50-fold in-
crease in luminosity and a factor of 4 reduction in dilep-
ton event rate, the LHC like-sign dimuon event rate at
high luminosity would be comparable to the SSC l+l+
rate with / =e,p at standard luminosity, but with a small-
er signal to background ratio at the LHC than at the
SSC.

8. Jet tagging

It is very plausible that consideration of accompanying
jet activity could help discriminate further between
8'&+ 8'z+ scattering signals and many of the backgrounds.
The WL+8'z+ scattering signal is expected to be accom-
panied in general by two jets from the recoiling quarks
q2, q4 of Figs. 1(a)—1(c) (as suggested in Ref. 33 in the
context of H production). These jets generally have large
pT of order —,'M~, lie in opposite hemispheres with large

angular separation, and have large invariant mass. We
therefore expect the signal will not be a6'ected much by
requiring two such additional jets, whereas many of the
backgrounds will be suppressed. For simplicity the fol-
lowing discussion of jet tagging is made at the 8'8'level
(without leptonic decays).
We define jets to be clusters of partons lying within

cones hR &0.7 where (bR) =(bq) +(bP), with
pr(j)~50GeV, ~'1(j)~&5, (41)

where pseudorapidity g=ln cot( —,'8) as usual. We require
each accepted 8' 8'+ event to have precisely two such
jets with separation AR )0.7 necessarily, along with
ly~l &15. With these jet criteria the surviving percen-
tages of the tota1 8'+ 8'+ production rates with
M~~ )0.5 TeV are approximately

m+ w+L L
WT+ WT+

gluon exchange
3-jet QCD
W+rr (100 GeV)
W+tt (200 GeU)

30%
80%
85%%uo

45% (2 jets), 30% (3 jets)
30% (2 jets), 40% (~3 jets)
20% (2 jets), 75% (~ 3 jets) (42)

AR &4, (43)

a significant suppression of the backgrounds is possible at
little further cost to the 8'L+ WL signal. Alternatively
the requirement of m,, ~ 1 TeV can be used, but this is
not quite as e8'ective as the hR cut.

Thus at this stage the signal su6'ers more than the back-
grounds from our jet-tagging criteria, mainly from the
pT(j) requirement. However, as shown in Fig. 19, the
jet-jet separation AR, and invariant mass m distribu-
tions are very different for the O'L+W~+ signal and all
backgrounds except for Wz- O'T . By the additional re-
quirement
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FIG. 19. Dijet distributions for pp ~ 8'L 8'1++2 jets at the SSC energy vs (a) separation AR jj (b) invariant mass m,-, .
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FIG. 23. Comparison of the WL+ WL+ signal (for SM with mH =1 TeV) and principal background distributions vs M&~, for events
with ~ys ~

& 15 and no hard central jets with pr( j)& 60 GeV and
~ r)(j)i & 25: (a) for v's =40 TeV; (b) for v's = 16 TeV.

QCD calculations we include the W —+l+v decays with
full spin correlations. For the EWA, Goldstone bosons,
and 8'+tt calculations we treat the 8'+~l+v as phase
space decays; we have confirmed explicitly that this
makes no appreciable difference to the measurable distri-
butions discussed here.
A dilepton mass cut mII &MD will have effects qualita-

tively similar to a diboson mass cut M~~ &MD where
Mo &Mp. Large M~~ &&M~ also implies fast W bo-
sons, with decay products mostly thrown forward into a
narrow cone about the 8' direction of motion; hence
large (small) ya, qualitatively implies large (small) yi. We
therefore expect to be able to achieve approximately the

mII » o TeV lyiI &2.0,
pT(l) & 25 GeV,

(51)

same effects as the large M~~, small y~ cuts of Eqs.
(38)—(40) by requiring large mal and small yt. After exper-
imenting with the cut choices, we find that M~+ &0.8
TeV, ay~ i & 1.5 on the &&level is roughly equivalent to

ma &o 5 TeV, lyll &2.0,
(50)

pT(l) & 25 GeV,
on the leptonic level. The signal/background ratio is fur-
ther enhanced by a more stringent mII requirement

TABLE III. SSC cross sections with W cuts and central jet veto. We list integrated pp~ WL+ WL+X
cross sections from various sources at v's =40 TeV, with the jet-veto cuts of Eq. (48) plus various
choices of W-boson cuts: (a) Ms, s, &0.5 TeV and iys, i &1.5; (b) Mss &0.8 TeV and ~ys i &1.5. Results
for the jet-veto cuts of Eq. (49) are given in parentheses.

Cross section (fb)
Source

Signals
WL+WL+ (mH=0. 5 TeV)
WL+ WL+ (mH=1.0 TeV)
WL+ WL+ (mH =2.0 TeV, unitarized)
Sharp-cutoff unitarization
LET (or mH= ~) unitarized
O(2N) model
Rescaled m+m+ scattering

(a)

5.4 (4.6)
14 (12)
24 (21)
33 (28)
29 (25)
10 (8.6)
17 (15)

(b)

2.1 (1.8)
7.8 (6.6)
17 (14)
29 (25)
24 (20)
7.1 (6.0)
12 (10)

Backgrounds
WT WT+ electroweak
Gluon exchange lowest order
W+tt production (m, =100 GeV)
W+tt production (m, =200 GeV)

8.2 (4.2)
0.42 (0.35)
4.9 (4.5)
0.21 (0.10)

2.5 (1.2)
0.07 (0.06)
0.66 (0.55)
0.05 (0.03)

Sum of backgrounds (m, =100 GeV)
Sum of backgrounds (m, =200 GeV)

14 (9.0)
8.8 (4.6)

3.2 (1.8)
2.6 (1.3)



Developments
Refinements in RGE running, spectrum predictions, Higgs boson 
mass calculations, … 

More SUSY breaking mediations: gravity, gauge-mediated, 
anomaly-mediated. 

Developments in connection with cosmology — dark matter, DM 
detections, … 

Searches for SUSY particles at LEP, Tevatron, HERA, … 

Many limits on SUSY particles, DM allowed regions, LHC 
predictions.



Full datasets for 7 + 8 TeV

The SM Higgs boson provides the best fit to 
both CMS and ATLAS datasets.

)µSignal strength (
  -1  0 +1

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 13 - 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary



Where is the Goldstone Boson?

Weinberg’s 3rd law of Progress in Theoretical Physics:  
You may use any degrees of freedom you like to describe a 
physical system, but if you use the wrong ones, you’ll be sorry! 
 

derivative 
coupling only, 

decouples at low 
energyr(x) is the massive radial excitation

Massless 
Goldstone 

boson

37

(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 

Scalars 2013, Sept 2013 1

L = ∂µφ∂
µφ− µ2φ∗φ− λ(φ∗φ)2

Write

φ =
1√
2
(r(x) + 〈r〉) ei2α(x)

Field redefinition α(x) → α(x)/2〈r〉:

L =
1

2
∂µr(x)∂

µr(x) +
1

2

[
1 + 2

r

〈r〉 +
r2

〈r〉2

]
∂µα(x)∂

µα(x)

−µ2

2
(r(x) + 〈r〉)2 − λ

4
(r(x) + 〈r〉)4



NCTS Summer School 2009 5

Mass Protection

• Fermion mass protected by chiral symmetry.

• Gauge boson mass protected by gauge symmetry.

• Scalar boson mass?

f

H H

∆M2
H =

|λf |
2

16π2

∑
−2Λ2

UV + 6m2
f ln

µ
ΛUV

mf

∂
+ ...

∏

Two choices:

1. Make ΛUV not too large, where some new physics appears.

2. Find some cancellation mechanism to remove Λ2
UV divergence
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Suppose there exists a new scalar

H H

S

∆M2
H =

λS

16π2

h
Λ2

UV − 2m2
S ln

≥
ΛUV

mS

¥
+ ...

i

The leading term in ΛUV will cancel if

λS = |λf |
2 and if there are 2 such scalars

Such systematic cancellation requires a new symmetry

⇒ Supersymmetry.

Q|boson� = |fermion� Q|fermion� = |boson�

Cancellation OK if SUSY partner mass splitting ∼ MW


