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Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle
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 Higgs cross sections at 7, 8 and 14 TeV

Numbers are always the most updated ones.

Recommended values on SM Higgs XS at 7 TeV 
Recommended values on SM Higgs XS at 8 TeV 
Recommended values on SM Higgs XS at 14 TeV

Recommended values on SM Higgs XS at 14/33 TeV for European Strategy studies 2012 

Recommended values on SM Higgs BR

Recommended values on XS and BR for Higgs in the Fourth Generation Model at 7 TeV
Recommended values on BR for Fermiophobic Model

MSSM neutral Higgs: XS scans of the mA-tan! plane in the mhmax scenario

 Latest plots

You can find more figures at our gallery here. 
For BSM plots, please look at each XS and BR TWiki page linked above.
You can also find useful figures for talks/lectures at European Strategy page.

  
Figure 1: Standard Model Higgs boson production cross sections at Ecm = 7 and 8 TeV. Transition for

VBF at MH=300 GeV at 8 TeV is due to change from ZWA to complex-pole-scheme. Right hand plot

shows the total cross sections for Ecm = 7, 8 and 14 TeV.

  
Figure 2: Standard Model Higgs boson decay branching ratios and total width.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117



S. Su 11

50 Years’ work by numerous theorists

3/4/13 8:01 AMCrossSections < LHCPhysics < TWiki

Page 2 of 8https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

 Higgs cross sections at 7, 8 and 14 TeV

Numbers are always the most updated ones.

Recommended values on SM Higgs XS at 7 TeV 
Recommended values on SM Higgs XS at 8 TeV 
Recommended values on SM Higgs XS at 14 TeV

Recommended values on SM Higgs XS at 14/33 TeV for European Strategy studies 2012 

Recommended values on SM Higgs BR

Recommended values on XS and BR for Higgs in the Fourth Generation Model at 7 TeV
Recommended values on BR for Fermiophobic Model

MSSM neutral Higgs: XS scans of the mA-tan! plane in the mhmax scenario

 Latest plots

You can find more figures at our gallery here. 
For BSM plots, please look at each XS and BR TWiki page linked above.
You can also find useful figures for talks/lectures at European Strategy page.

  
Figure 1: Standard Model Higgs boson production cross sections at Ecm = 7 and 8 TeV. Transition for

VBF at MH=300 GeV at 8 TeV is due to change from ZWA to complex-pole-scheme. Right hand plot

shows the total cross sections for Ecm = 7, 8 and 14 TeV.

  
Figure 2: Standard Model Higgs boson decay branching ratios and total width.

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3/4/13 8:01 AMCrossSections < LHCPhysics < TWiki

Page 2 of 8https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

 Higgs cross sections at 7, 8 and 14 TeV

Numbers are always the most updated ones.

Recommended values on SM Higgs XS at 7 TeV 
Recommended values on SM Higgs XS at 8 TeV 
Recommended values on SM Higgs XS at 14 TeV

Recommended values on SM Higgs XS at 14/33 TeV for European Strategy studies 2012 

Recommended values on SM Higgs BR

Recommended values on XS and BR for Higgs in the Fourth Generation Model at 7 TeV
Recommended values on BR for Fermiophobic Model

MSSM neutral Higgs: XS scans of the mA-tan! plane in the mhmax scenario

 Latest plots

You can find more figures at our gallery here. 
For BSM plots, please look at each XS and BR TWiki page linked above.
You can also find useful figures for talks/lectures at European Strategy page.

  
Figure 1: Standard Model Higgs boson production cross sections at Ecm = 7 and 8 TeV. Transition for

VBF at MH=300 GeV at 8 TeV is due to change from ZWA to complex-pole-scheme. Right hand plot

shows the total cross sections for Ecm = 7, 8 and 14 TeV.

  
Figure 2: Standard Model Higgs boson decay branching ratios and total width.



S. Su 11

50 Years’ work by numerous theorists

3/4/13 8:01 AMCrossSections < LHCPhysics < TWiki

Page 2 of 8https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

 Higgs cross sections at 7, 8 and 14 TeV

Numbers are always the most updated ones.

Recommended values on SM Higgs XS at 7 TeV 
Recommended values on SM Higgs XS at 8 TeV 
Recommended values on SM Higgs XS at 14 TeV

Recommended values on SM Higgs XS at 14/33 TeV for European Strategy studies 2012 

Recommended values on SM Higgs BR

Recommended values on XS and BR for Higgs in the Fourth Generation Model at 7 TeV
Recommended values on BR for Fermiophobic Model

MSSM neutral Higgs: XS scans of the mA-tan! plane in the mhmax scenario

 Latest plots

You can find more figures at our gallery here. 
For BSM plots, please look at each XS and BR TWiki page linked above.
You can also find useful figures for talks/lectures at European Strategy page.

  
Figure 1: Standard Model Higgs boson production cross sections at Ecm = 7 and 8 TeV. Transition for

VBF at MH=300 GeV at 8 TeV is due to change from ZWA to complex-pole-scheme. Right hand plot

shows the total cross sections for Ecm = 7, 8 and 14 TeV.

  
Figure 2: Standard Model Higgs boson decay branching ratios and total width.

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3/4/13 8:01 AMCrossSections < LHCPhysics < TWiki

Page 2 of 8https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

 Higgs cross sections at 7, 8 and 14 TeV

Numbers are always the most updated ones.

Recommended values on SM Higgs XS at 7 TeV 
Recommended values on SM Higgs XS at 8 TeV 
Recommended values on SM Higgs XS at 14 TeV

Recommended values on SM Higgs XS at 14/33 TeV for European Strategy studies 2012 

Recommended values on SM Higgs BR

Recommended values on XS and BR for Higgs in the Fourth Generation Model at 7 TeV
Recommended values on BR for Fermiophobic Model

MSSM neutral Higgs: XS scans of the mA-tan! plane in the mhmax scenario

 Latest plots

You can find more figures at our gallery here. 
For BSM plots, please look at each XS and BR TWiki page linked above.
You can also find useful figures for talks/lectures at European Strategy page.

  
Figure 1: Standard Model Higgs boson production cross sections at Ecm = 7 and 8 TeV. Transition for

VBF at MH=300 GeV at 8 TeV is due to change from ZWA to complex-pole-scheme. Right hand plot

shows the total cross sections for Ecm = 7, 8 and 14 TeV.
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๏ Truly an “LHC Revolution” ever since the “November 
Revolution” in 1974 for the J/ψ discovery !


๏ Truly a monumental triumph. 
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๏ Truly an “LHC Revolution” ever since the “November 
Revolution” in 1974 for the J/ψ discovery !


๏ Truly a monumental triumph. 

SM Higgs does not have to be there...


Now that it actually IS...


Reached a deep understanding of nature ! 
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๏ What we can learn with a Higgs factory? 
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Why we need a Higgs Factory? 

To study Higgs, of  course!

Why is it important to study Higgs?
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๏ Higgs is responsible for the mass of Universe

๏ Higgs is responsible for the mass of your and me 
(and 4% of the Universe)

Quiz!!!

14

๏ Higgs is needed for the mass of elementary particles

   dark matter and dark energies (96% of the Universe)

  Higgs mechanism: Yes. Higgs particle: No.

QCD does it!
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Elementary particles

   SU(3)c × SU(2)L × U(1)Y 
The successful 

“Standard Model” 

mγ=0
EM: long range force

mW,Z ~ 100 GeV
weak interaction: short 
range force
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Higgs mechanism: historical profile

SM: Higgs mechanism + EW unification theory 

[Weinberg, 1967; Salam,1968]

Higgs mechanism 

and Higgs boson 


[Brout,Englert,Higgs,1964]

QED (1950’s)
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Elementary particles

   SU(3)c × SU(2)L × U(1)Y 

๏ Higgs mechanism        
break electroweak symmetry 
spontaneously.

๏ Higgs field gives mass to e, 
W, Z,...

๏ The remaining Higgs boson
  spin 0 scalar

Higgs (mechanism) !
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Higgs Mechanism: If a LOCAL gauge symmetry is spontaneously broken, 
then the gauge boson acquires a mass by absorbing the Goldstone mode.

The predicted Higgs boson is the left-over particle!

3 
longitudinal modes of W+,W-,Z

Higgs 

field 4 =

physical Higgs Boson

+ 1 
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๏ Higgs is responsible for the mass of your and me 
(and 4% of the Universe)

Quiz!!!

21

๏ Higgs is needed for the mass of elementary particles

   dark matter and dark energies (96% of the Universe)

  Higgs mechanism: Yes. Higgs particle: No.

QCD does it!

๏ SM is now complete with the discovery of the Higgs
..... THE END.  Beginning of a new Era !!!
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On the theory side… 

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:

H

H

H= −3iM
2
H

v

H

H

H

H

= −3iM
2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
µ

V
!

H

H

= 2iM
2
V

v2
gµν

We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:

12

light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
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as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
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proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
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Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 
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  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
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the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:
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Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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๏ μh, λ measured, not predicted.  λ ~ 1/8, A new force? 
๏ like phase-transition in superconductor, however, 

➡ not in known material
➡ nobody dials the temperature from outside

light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
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Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ
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where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0
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as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:
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๏ μh, λ measured, not predicted.  λ ~ 1/8, A new force? 
๏ like phase-transition in superconductor, however, 

➡ not in known material
➡ nobody dials the temperature from outside

๏ parameters in V need to come from an (unknown) fundamental theory

light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
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  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
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Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ
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  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 
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is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
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Where Are We Now?

๏ Our wish list has not change much from 10 years ago.


๏ Discovery of Higgs 


➡ Exclude technicolor 


➡ Narrow down parameter space 


๏ Non-discovery of anything else  


➡ New physics gets heavier 


➡ A bit uncomfortable, big picture unchanged 
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LHC

๏ pp collider, 27 km


๏ 7 TeV beam

0.99999999 c


๏ stored energy: 

 ~ Giga Joule


Highest energy, probing smallest distance (10-10 nm)

Large Hadron Collider 
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FCC

HE-LHC 

27 km, 20T


33 TeV

 FCC-hh

80 /100 km, 16/20T 


100 TeV

FCC-ee

80/100 km


90 - 400 GeV
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Muon Collider

๏ unique combination of higher 

energy and clean environment 


๏ smaller ring

mμ ~ 200 me
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Higgs Production @ e+e-

Patrick Janot 

 (GeV)s
200 220 240 260 280 300 320 340 360

C
ro

ss
 s

ec
tio

n 
(fb

)

0

50

100

150

200

250
 HZ→ -e+e

νν →HZ, Z 
 H→WW 

 H→ZZ 
Total

Annecy, 13 September 2013 14 
LAPP Seminar 

Unpolarized,cross,sections,

Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking

16

๏ Determine all Higgs couplings (model-independent)

๏ Infer Higgs total decay width

๏ probe invisible Higgs decay

σ (e+e− →H + X)×BR(H→YY )
Y=b,c,g,W,Z,γ,τ,µ
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Higgs Precision Measurement

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Figure 2.6 (a) Production cross sections of e
+

e
� ! ZH and e

+
e

� ! ⌫⌫̄H, e
+

e
�

H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

W events will be produced. These events are main backgrounds for the Higgs production. However,1610

because of the large differences in mass values and decay topologies, their impacts on the Higgs property1611

measurements are expected to be small.1612

2.3.2 Recoil Mass Distributions of e+
e
� ! ZH Events1613

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1614

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1615

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass mrecoil)1616

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1617

m2
recoil = (

p
s � Eff )2 � p2

ff
= s � 2Eff

p
s + m2

ff
(2.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1618

fermion pair. The mrecoil distribution should exhibit a resonant peak at MH for the signal processes1619

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1620

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1621

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1622

is achieved for the leptonic Z ! `` (` = e, µ) decays.1623
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Tree-level 2HDM fit
-

2HDM, LHC/CEPC fit

Gu, Li, Liu, SS, Su (2017) 
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Figure 2. The allowed region in the plane of tan� vs. cos(� � ↵) at 95% C.L. for the four types of
2HDM, given LHC and CEPC Higgs precision measurements. For future measurements, we assume
that the measurements agree with SM predictions. The special “arm” regions for the Type-II, L and
F are the wrong-sign Yukawa regions. See text for more details.

Here x is d, e in the Type-II, e in the Type-L and d in the Type-F. Therefore, the survival

parameter space at large tan� is reduced significantly in all these three types.

For the Type-II at the upper right panel of Fig. 2, as a result of larger tan� enhancement

from �d,e and small tan� enhancement from �u, the region around tan� = 1 accommo-

– 13 –

Figure 2. 95% C.L. allowed regions in the �i-�j plane (i, j = t(c), b, ⌧, Z) from the tree-level
results under the current LHC limits. Results of Type-I, II, L and F are indicated by the red, green,
blue and orange colors, respectively. The regions outside the solid, dashed and dash-dotted lines in
the corresponding colors indicate the 5� discovery reaches of CEPC, HL-LHC and LHC (300 fb�1).

machines is indicated by crossing arrows with the consistent line styles. Also shown are the

values of cos(� � ↵) and tan� by solid and dashed white contour lines. For the two upper

panels, the overlapping two types in the second and fourth quadrants share the same white

contour lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign

in cos(� � ↵): the labeled values are for Type-L. The white contours in the last three panels

– 9 –

Han, Li, SS, Su, Wu (2020) 
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๏ baryon asymmetry ⬅ baryogenesis ⬅ strong 1st order EWPT


๏ SM: 125 GeV, 2nd order EWPT ➡ no EW baryogenesis

๏ BSM with strong 1st order EWPT ➡ large deviation in HHH

➡ HHH > 20% or more, 100 TeV pp

➡ ggH coupling, LHC

➡ HZZ coupling, e+e-

18 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

These possibilities are associated with totally different underlying dynamics for electroweak symme-512

try breaking than the Standard Model, requiring new physics beyond the Higgs around the weak scale.513

They also have radically different theoretical implications for naturalness, the hierarchy problem and514

the structure of quantum field theory.515

The leading difference between these possibilities show up in the cubic Higgs self-coupling. In516

the standard model, minimizing the potential gives v2 = 2m2/�. Expanding around this minimum517

h = (v + H)/
p

2 gives V (H) = 1
2m2

H
H2 + 1

6µH3 + · · · , with m2
H

= �v2 and µSM = 3(m2
H

/v).518

Now consider the example with the quartic balancing against a sextic, for the sake of simplicity to519

illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the520

potential is minimzed for v2 = 2|�|⇤2, and we find m2
H

= 2�v2, µ = 7m2
H

/v = (7/3)µSM , giving521

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the522

non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .523

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.524

Even larger departures from the standard picture are possible-e don’t even know whether the dynamics525

of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a526

number of light scalars, and not all of them need be weakly coupled!527

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 2.11 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can528

ask is about any symmetry breaking phenomenon–what is the order of the associated phase transition?529

How can we experimentally decide whether the electroweak phase transition in the early universe was530

second order or first order? In many ways, this question is the most obvious next step following the531

Higgs discovery: having understood what breaks electroweak symmetry, we must now undertake an532

experimental program to probe how electroweak symmetry is restored at high energies.533

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-534

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,535

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no536

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-537

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all538

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak539

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-540

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to541

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls542

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs543

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the544

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs545

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann546

Reach for new physics

(also useful to probe EW baryogenesis: e.g. Katz, Perelstein 1401.1827)

Craig, Englert, McCullough; 
CEPC pre-CDR

Also probe Higgs self-
coupling through loop effect 
(McCullough 1312.3322)

Self-Coupling Indirectly at NLO


•  At NLO modified coupling enters in the 
following loops:




•  And also:                         


MM.  2014


Self-Coupling at NLO

•  In most realistic BSM scenarios not just 

self-coupling modified and if rescaled 
couplings, really measure:


•  Can’t “fingerprint” modified self-coupling 
from a single cross section deviation.

– For similar examples of tree vs loop see many 

LEP papers (available on request).

•  However, for constraint to be invalidated 

would require unnatural cancellation 
between different contributions.


�240� = 100 (2�Z + 0.014�h)%

MM.  2014


Would see effect if order-one 
deviation from SM!

EW baryogenesis

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ
  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 −
𝜆଴
6
  (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Conclusion

๏ The discovery of Higgs is a remarkable triumph in particle physics


๏ A light weakly coupled Higgs argues for new physics beyond SM


๏ Search for new physics calls for both high precision machine and high 
energy machine


๏ Higgs factory: precise measurement of Higgs properties


- Higgs coupling to sub-percent level


- indirect approach for new physics beyond the SM


- cosmo connection, dark matter, SM physics…
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๏ Higgs-related


๏ dark matter


๏ other BSM


๏ SM physics


Higgs 
Factories

๏ Cosmo 
connection
Why is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
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is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
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๏ precision   

   tests
 An exciting journey ahead of us!
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Beginning of new era ...
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Beginning of new era ...


