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A Light Higgs is Puzzling...

๏ Light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
➡ spin 0, a new kind of fundamental particle
➡ Nothing protects its mass ⇒ New physics beyond the SM
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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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , 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:

12

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.

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , 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

Friday, October 11, 13

Theoretically ... 



S. Su 5

A Light Higgs is Puzzling...

๏ Light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
➡ spin 0, a new kind of fundamental particle
➡ Nothing protects its mass ⇒ New physics beyond the SM

Then What? 
  

A new force of nature? λ ~ 1/8

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. 

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Friday, October 11, 13

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. 

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Friday, October 11, 13

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

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.

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , 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

Friday, October 11, 13

Theoretically ... 



S. Su 5

A Light Higgs is Puzzling...

๏ Light, weakly coupled boson: mh = 125-126 GeV,   Γ < 1 GeV
➡ spin 0, a new kind of fundamental particle
➡ Nothing protects its mass ⇒ New physics beyond the SM

Then What? 
  

A new force of nature? λ ~ 1/8

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. 

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 − 𝜆
6   (𝜑  𝜑) , 

where 𝜑 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   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 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Friday, October 11, 13

Why is Higgs puzzling

- μh, ! measured, not PREDICTED. 

 

 
 

 
5 (26) 

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 = √   (𝜑 + 𝑖𝜑 ) with a Lagrangian 
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as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
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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:
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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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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

Friday, October 11, 13

At the verge of uncovering a deep theory
๏ λ determined by guage couplings? 
   e.g., SUSY, λ= (g12+g22)/8 ...
๏ or dynamically generated by a new 
strong force? 
   e.g., technicolor, composite Higgs, 
Higgsless, extra dimensions,...

Theoretically ... 
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New Physics Searches

๏  No new physics beyond the SM has been discovered yet
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Then What? 

Where is New Physics? larger mass? Small Coupling? Both? 

  

๏ Direct search for new particles

   Need colliders with larger energies (e+e- with large Ecm or pp)

๏ Indirect search for imprints on W, Z, top and Higgs 

   Need colliders/measurements with unprecedented accuracy

   (pp with high luminosity or e+e-)
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HL-LHC

LHC @ 14 TeV, 3 ab-1 by 2035
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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

http://tlep.web.cern.ch

http://cepc.ihep.ac.cn
http://cepc.ihep.ac.cn
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FCC Timeline

M. Benedikt

1980 1990 2000 2010 2020 2030

LHC Constr. PhysicsProto.Design, 
R&D

HL-LHC Constr.Design, 
R&D

FCC
ee
hh
he

2040

LHeC/SAPPHiRE? Constr. PhysicsDesign, 
R&D

Physics

tentative time line

Design, 
R&D

Constr. Physics
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Qinhuangdao (〜ⲽዑε

50 km 

70 km 

easy access
300 km from Beijing
3 h by car
1 h by train 

Yifang Wang

CepC, SppC

“Chinese Toscana”

e+e-: 240 GeV
pp: 70-100 TeV
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CEPC-SPPC Timeline
这个窗口对高能所也是合适的 

BESIII实验 

大亚湾实验 
JUNO实验建设 

ATLAS/CMS/LHCb 运行与升级 
ILC ？ 

BELLEII/PANDA 

2020 2050 2040 2030 

地下暗物质/衰变 实验 

CEPC 建设 

散裂中子源 
ADS 

北方光源 

未来光源（FEL，ERL） ？ 

SppC 建设 
CEPC实验 

SppC实验 

JUNO实验 

Y. Wang
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ILC

ILC250 ILC 1000
50 km

ILC 500
31 km

THE INTERNATIONAL LINEAR COLLIDER
TECHNICAL DESIGN REPORT  |  VOLUME 1: EXECUTIVE SUMMARY

: TECHNICAL DESIGN REPORT | VOLUM
E 1: EXECUTIVE SUM

M
ARY
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ILC

๏ relatively conservative approach, could start soon
๏ Japan ponders (physics, money, global HEP, etc…) – decision in 2016
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Machine Options

e+e-: 90 - 400 GeV

NATURE |  NEWS

China plans super collider
Proposals for two accelerators could see country become collider capital of the world.

22 July 2014

For decades, Europe and the United States have led the way when it comes to high-energy particle colliders. But
a proposal by China that is quietly gathering momentum has raised the possibility that the country could soon
position itself at the forefront of particle physics.

Scientists at the Institute of High Energy Physics (IHEP) in Beijing, working with international collaborators, are
planning to build a ‘Higgs factory’ by 2028 — a 52-kilometre underground ring that would smash together
electrons and positrons. Collisions of these fundamental particles would allow the Higgs boson to be studied with

Elizabeth Gibney

Martial Trezzini/epa/Corbis

The 27-kilometre Large Hadron Collider at CERN could soon be overtaken as the world’s largest particle
smasher by a proposed Chinese machine.

Nature News, July
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-Physics opportunity for HL-LHC

 14 TeV with 3 ab-1

๏ EW Physics: 
    mt, mW, rate top decay, VVV/VVVV couplings, WW scattering,...

๏ Higgs Physics
    mass, width, CP, coupling, rare decay, self-coupling

๏ New heavy particles 
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HL-LHC: top

P. Janot, XVII LNF Spring School
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CMS preliminary projection Std. meth. Endpoints
ψJ/ xyL

Projected uncertainties

๏ Reduction by a factor 2
after the first data of LHC Run2 (1yr)
after the LHC Run3 (5 yr) 
after 3 ab-1 (10 yr)

๏ Ultimate reach: ~ 200 MeV (exp.)
Theory uncertainties ~ 500 MeV
need to be reduced as well.
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HL-LHC: Higgs

Higgs factory
๏ 170 M Higgs produced in each experiment, ~ 2 M events after selection
๏ access to rare decays: µµ, Zγ

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are � , g, W ,
Z , u, d and `. In this parameter set, � and g parametrize potential new physics in the loops of
the H�� and Hgg couplings. u ⌘ t = c, d ⌘ b = s and ` ⌘ ⌧ = µ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 � 15% for 300 fb�1 and 2 � 10% for 3000 fb�1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to u is derived from
the tt̄H production process and only H ! �� and H ! bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (W ,Z  1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H ! invisible.

Also listed in the Table 1-14 are the expected precisions on Z� and µ, coupling scale factors for H ! Z�
and H ! µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted di↵erences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
with 300 fb�1 and 3000 fb�1 integrated luminosity at the LHC. The 7-parameter fit assumes the SM
productions and decays as well as the generation universality of the couplings (u ⌘ t = c, d ⌘ b = s

and ` ⌘ ⌧ = µ). The precision on the total width �H is derived from the precisions on the couplings.
The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb�1 3000 fb�1

Coupling parameter 7-parameter fit

� 5� 7% 2� 5%

g 6� 8% 3� 5%

W 4� 6% 2� 5%

Z 4� 6% 2� 4%

u 14� 15% 7� 10%

d 10� 13% 4� 7%

` 6� 8% 2� 5%

�H 12� 15% 5� 8%

additional parameters (see text)

Z� 41� 41% 10� 12%

µ 23� 23% 8� 8%

BRBSM < 14� 18% < 7� 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H ! WW ⇤ decay. It is estimated that the t can be measured with a precision of 14� 16% and 6� 9%
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Factor of 1.5-2 better.

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H ! gg and H ! ��, while electrically
charged scalars and heavy leptons can contribute to H ! ��. Below we examine some representative models,
in order to get a feel for the size of the possible e↵ects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

�g ' � m2
t

M2
T

⇠ O(�8%)

✓
600 GeV

MT

◆2

, �� ' �0.28�g ⇠ O(+2%)

✓
600 GeV

MT

◆2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into �� in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg ! H production rate, but can
give an enhancement in � of order ⇠ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both g and � . If we consider
two charge- 23 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

�g ' 1

4
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m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

mt̃1
mt̃2

◆
⇠ O(+17%)

✓
300 GeV

mt̃

◆2

(for Xt = 0), (1.8)

where again �� ' �0.28�g. Here Xt =| At �µ cot� | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the H�� and Hgg couplings which have been extensively studied. Enhancements in the H ! �� coupling
can be obtained with light staus and large mixing, with e↵ects on the order of ⇠ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M ⇠ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ⇠ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tan� = 3.2 and a stop mass of 1 TeV with Xt = 0 for the � prediction.

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% ⇠ �.4%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors i from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from ↵s and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is ⇠ ±10%, which can potentially be significantly reduced with the inclusion of recent
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The details of the optimal strategy for the next large facility after the LHC can only be finalized
once the results of the LHC run at 13-14 TeV are known.Depending on these results, a first step in the
strategy to look beyond the LHC findings could require a facility that would measure the Z, W, top-quark
and Higgs-boson properties with sufficient accuracy to provide sensitivity to new physics at a much
higher energy scale. The strategy could then be followed by a second step that would aim at discovering
this new physics directly, via access to a much larger centre-of-mass energy.

For example, new physics at an energy scale of 1 TeV would translate typically into deviations
�gHXX of the Higgs boson couplings to gauge bosons and fermions, gHXX, of up to 5% with respect to
the Standard Model predictions [6, 7], with a dependence that is inversely proportional to the square of
the new energy scale ⇤:

�gHXX

gSMHXX

 5%⇥
✓
1TeV

⇤

◆2

. (1)

Therefore the Higgs boson couplings need to be measured with a per-cent accuracy or better to be
sensitive to 1 TeV new physics, and with a per-mil accuracy to be sensitive to multi-TeV new physics.
Similarly, Electroweak precision measurements made at LEP with 107 Z decays, together with accurate
W and top-quark mass measurements from the Tevatron, are sensitive to weakly-coupled new physics at
a scale up to 3 TeV. To increase this sensitivity up to 30 TeV, an improvement in precision by two orders
of magnitude, i.e., an increase in statistics by four orders of magnitude to at least 1011 Z decays, would
be needed. At the same time, the current precision of the W and top-quark mass measurements needs to
be improved by at least one order of magnitude, i.e., to better than 1 MeV and 50 MeV respectively, in
order to match the increased Z-pole measurement sensitivity. These experimental endeavours will also
require significant theoretical effort in a new generation of theoretical calculations in order to reap the
full benefits from their interpretation.

Among the various possibilities on the table today (pp colliders, e+e� colliders, µ+µ� colliders
and �� colliders), it seems that circular e+e� colliders offer the best potential to deliver the integrated
luminosities that would be adequate to reach such levels of precision. The proposed TLEP e+e� col-
lider [8], which could be hosted in a new 80 to 100 km tunnel [9] in the Geneva area, as seen in Fig. 2,
would be able to produce collisions at centre-of-mass energies from 90 to 350 GeV and beyond, at sev-
eral interaction points, and make precision measurements at the Z pole, at the WW threshold, at the HZ
cross section maximum, and at the tt̄ threshold, with an unequalled accuracy. The same tunnel will be
designed to host a hadron collider (called the VHE-LHC), at a centre-of-mass energy of up to 100 TeV,
which would give direct access to new physics up to scales of 30 TeV. This visionwas already put for-
ward by the ICFA beam-dynamics workshop [10] where the design study of a circular Higgs factory was
recommended. It is fully in-line with the recent update of the European Strategy, approved at the end of
May 2013 by the CERN Council [11]. In particular, the Council calls upon the Organization to develop a
proposal for an ambitious post-LHC accelerator project at the high-energy frontier, and recalls the strong
scientific case for an e+e� collider that can study the properties of the Higgs boson and other particles
with unprecedented precision. This global vision is now being implemented at CERN under the “Future
Circular Colliders” (FCC) international design study.

This paper is organized as follows. The main characteristics of the TLEP collider relevant for
the physics case are summarized in Section 2. In Sections 3 and 4, an overview of the TLEP poten-
tial for precise measurements of the Higgs boson properties and of the EWSB parameters is presented.
Possible follow-on projects, which include an increase of the TLEP centre-of-mass energy to 500 GeV,
and complementing TLEP with a 100 TeV pp collider, the VHE-LHC, are described briefly in Sec-
tion 5. Comparisons with the potential of the high-luminosity LHC upgrade (HL-LHC) and of linear
collider projects are made throughout. This paper represents the current, preliminary understanding of
the physics potential of TLEP, complemented with mentions of the VHE-LHC reach whenever appropri-
ate. A five-year-long design study – responding to the recent European Strategy update and part of the
CERN medium-term plan [12] for 2014–2018 – has been launched to refine this understanding, as well

6

New physics contribution

Might be good for some 
new physics with scale < 1 TeV

Snowmass Higgs Working Group, 1310.8361
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HL-LHC: Higgs self-coupling
Design Targets Based on Physics 
Aspirations? 

• Higgs self-coupling is an 
important parameter of SM

• Test through di-HIggs 
production

• Experiments are still working 
on projections of precision

• Critically dependent on 
detector many aspects of 
detector performance
• b-tagging, 

resolution, fake 
rates

• Small cross-section, large 
backgrounds

• Clearly needs full HL-LHC 
luminosity

• And detectors that 
maximize the 
experimental efficiency

(a) gg double-Higgs fusion: gg → HH
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(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ECFA HL-LHC Workshop (1-3 October, Aix-les-Bains, France)Bryan Dahmes (University of Minnesota) 8

Additional Object Performance

● ATLAS Photon ID and 
isolation efficiency using 
current algorithms and 
PU=80

● Expected to apply to 
PU=140 after tuning

● ATLAS missing ET 
parametrization 

W.Murray STFC/Warwick 35

Higgs boson pair-production

Needs observation of Higgs pairs
Expected σ

HH
=40±3fb → 120K events

Finding one was tough with ~500K events

But it is not enough
Both the above diagrams (and more) contribute
Negative interference :(

Ongoing studies suggest some sensitivity
Low rate makes high demands on detectors & lumi
Theoretical studies suggest possible: 1309.6318

bbWW 30000

bbττ 9000

WWWW 6000

γγbb 320

γγγγ 1

Expected events

Instead of asking with what precision can observe di-
Higgs, easier (and maybe more useful) might be to set 

detector requirements to make N σ measurement
 14Thursday, October 3, 13

With%3%ab)1%

Higgs Self-Coupling
• If the observed Higgs particle is really 

the quanta of a field with non-zero 
expectation value responsible for EWSB 

• Mass of the particle must be 
related to λSM of the potential 

!
!

• LHS is being measured directly by 
H to ZZ to 4l etc. 

• RHS can be accessed by studying 
rate of di-Higgs production 

• Contributing diagram involving 
Higgs self coupling, gHHH 

• Negative interference with other 
diagrams

Preliminary expectation of ~30% precision, 
studies ongoing (bbττ,bbγγ,bbWW modes)
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
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ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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Negative interference reduces the sensitivity to gHHH

๏A sensitivity of 30% might be achieved for bbγγ
๏ New physics deviation typically less than 20%
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HL-LHC: stop

๏ Mass reach extended by a factor of 2 at 14 TeV, 300 fb-1

๏ further extended by 20% at 3 ab-1

๏ If no excess seen at 300 fb-1, can not be seen at 3 ab-1
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HL-LHC: stop

๏ Mass reach extended by a factor of 2 at 14 TeV, 300 fb-1

๏ further extended by 20% at 3 ab-1

๏ If no excess seen at 300 fb-1, can not be seen at 3 ab-1

True for many other new particle searches as well. 
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Physics opportunity at e+e- machine

 90 - 500 GeV or 1 TeV

๏precision test (Z, W, H, t)

๏ invisible decay of Z and H: dark matter 

๏ rare decay

๏ direct new physics search:Ecm/2
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Physics opportunity at e+e- machine

 90 - 500 GeV or 1 TeV

๏precision test (Z, W, H, t)

๏ invisible decay of Z and H: dark matter 

๏ rare decay

๏ direct new physics search:Ecm/2
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e+e- Machine: Lum vs. Ecm

Linear 

CepC (2 IPs) 

Circular 

Modified from original version:
http://arxiv.org/pdf/1308.6176v3.

F. Gianotti, LHCP 2014, 6/6/2014 13 

              Size     √s       RF     L per IP    Bunch/train       σx         σy     Lumi within    Polarisation  
               km      GeV   MV/m    1034    x-ing rate(Hz)     μm    nm   1% of √s          e-/e+ 

                                    
CEPC       54     240     20        1.8       4x105            74     160     >99%           considered 
FCC-ee   100    240     20         6         2x107            22      45     >99%           considered 
ILC         31      250    14.7      0.75       5                0.7     7.7      87%              80%/30%  
ILC         31      500    31.5      1.8          5                0.5     5.9      58%             80%/30%    
CLIC       48     3000   100        6          50               0.04     1       33%           80%/considered                         

Some typical energy points only 

Summary of e+e- colliders main parameters 

Linear 

CepC (2 IPs) 

Circular 

Modified from original version: 
http://arxiv.org/pdf/1308.6176v3.pdf 

F. Gianotti, Higgs Hunting 2014
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e+e- Machine: Lum vs. Ecm

Linear 

CepC (2 IPs) 

Circular 

Modified from original version:
http://arxiv.org/pdf/1308.6176v3.

F. Gianotti, LHCP 2014, 6/6/2014 13 

              Size     √s       RF     L per IP    Bunch/train       σx         σy     Lumi within    Polarisation  
               km      GeV   MV/m    1034    x-ing rate(Hz)     μm    nm   1% of √s          e-/e+ 

                                    
CEPC       54     240     20        1.8       4x105            74     160     >99%           considered 
FCC-ee   100    240     20         6         2x107            22      45     >99%           considered 
ILC         31      250    14.7      0.75       5                0.7     7.7      87%              80%/30%  
ILC         31      500    31.5      1.8          5                0.5     5.9      58%             80%/30%    
CLIC       48     3000   100        6          50               0.04     1       33%           80%/considered                         

Some typical energy points only 

Summary of e+e- colliders main parameters 

Linear 

CepC (2 IPs) 

Circular 

Modified from original version: 
http://arxiv.org/pdf/1308.6176v3.pdf 

F. Gianotti, Higgs Hunting 2014

Ecm running time statistics (FCC-ee)
b,c,τ 1011    b,c,τ

90 GeV 1-2 yrs 1012       Z (Tera Z)
160 GeV 1-2 yrs 108- 109  WW(Oku W)
240 GeV 4-5 yrs 2x106   ZH (Mega H)

350 GeV 4-5 yrs 106          tt  (Mega top)
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Higgs Production @ e+e-
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๏ 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

TLEP 1308.6176

Model-independent measurement of σHZ and κZ

๏ Z ➔ ee, µµ
๏ H ➔ anything
๏ Higgs recoil mass

Mmiss%(GeV)%

๏ ZH ➔ ll + nothing

Invisible Higgs decay
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Higgs: total width

ΓH ∝σWW→H / BR(H→WW ) = σWW→H→bb / BR(H→WW ) ×  BR(H→ bb)

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) b¯b ·+·≠ 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 Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+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
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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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 σHZ × BR(H ➞ ZZ) ∝ κZ4 / ΓH
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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
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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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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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sub-percent level accuracy needed to probe new physics @ TeV or higher. 
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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sub-percent level accuracy needed to probe new physics @ TeV or higher. 
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%

C
o
m
m
u
n
i
t
y
P
l
a
n
n
i
n
g

S
t
u
d
y
:
S
n
o
w
m
a
s
s
2
0
1
3

sub-percent level accuracy needed to probe new physics @ TeV or higher. 
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%

C
o
m
m
u
n
i
t
y
P
l
a
n
n
i
n
g

S
t
u
d
y
:
S
n
o
w
m
a
s
s
2
0
1
3

sub-percent level accuracy needed to probe new physics @ TeV or higher. 



S. Su 29

Higgs Couplings

Snowmass Higgs Working Group, 1310.8361

2
2

H
ig
g
s
w
o
rk

in
g
g
ro

u
p

rep
o
rt

Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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sub-percent level accuracy needed to probe new physics @ TeV or higher. 



S. Su 30

Higgs Couplings
From talk of Manqi Ruan at Higgs session 

kt  7-10%      14%  13% (*)
kH 30-50% ? 80%  80%(*)
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Higgs Factory: New Physics
  

๏ Sensitivity to new physics

TLEP, 1308.6176

๏ Need FCC-ee precision to be sensitive 
to new physics

๏ Theoretical uncertainty need to be 
reduced. 
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Z Factory

Tera Z, clean environment, Ecm knows < 1 MeV, possible longitudinal polarization

  

๏ Z lineshape: 

   high precision MZ and ΓZ

๏ Z partial width: 

   Nν to 0.001 with Zɣ, sterile 

neutrino, rare decay

๏ Long. polarized beam

  ALR and sin2θW

๏105 more statistics than LEP

reduction of statistical uncertainty 

of a factor of 300

๏ exp systematic uncertainty

๏ Uncertainty in theoretical 

interpretation
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Z and top Factory

TLEP: 1308.6176

Table 9: Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance with 50% data at the
peak, leading to 7⇥ 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min) intervals; (ii) one year at the Z peak with 40%
longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a one-year scan of the WW threshold (around 161 GeV), with resonant
depolarization of single bunches for energy calibration at O(20min) intervals; and (iv) a five-years scan of the tt̄ threshold (around 346 GeV). The statistical errors expected
with two detectors instead of four are indicated between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the
course of the design study.

Quantity Physics Present Measured Statistical Systematic Key Challenge
precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) keV < 100 keV Ebeam calibration QED corrections
�Z (keV) �⇢ (not �↵had) 2495200± 2300 Z Line shape scan 8 (10) keV < 100 keV Ebeam calibration QED corrections
R` ↵s, �b 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections
N⌫ PMNS Unitarity, ... 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.
N⌫ ... and sterile ⌫’s 2.92± 0.05 Z�, 161 GeV 0.0010 (12) < 0.001 Statistics
Rb �b 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations
ALR �⇢, ✏3, �↵had 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment
mW (MeV) �⇢ , ✏3, ✏2, �↵had 80385± 15 WW threshold scan 0.3 (0.4)MeV < 0.5 MeV Ebeam, Statistics QED corrections
mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) MeV < 10 MeV Statistics Theory interpretation

25

๏ targeted precision

mZ<100 keV

mW<500 keV
sin2θW<2x 10-6
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Eletroweak Precision

TLEP: 1308.6176
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Eletroweak Precision

TLEP: 1308.6176

80.3

80.4

80.5

155 175 195

LHC excluded

mH [GeV]
114 300 600 1000

mt  [GeV]

m
W

  [
G

eV
] 68% CL

6_

LEP1 and SLD
LEP2 and Tevatron

March 2012

 (GeV)topm
171.5 172 172.5 173 173.5 174 174.5 175

 (G
eV

)
W

m
80.35

80.355

80.36

80.365

80.37 TLEP (Z pole)
TLEP (Direct)
ILC (Direct)
LHC (Future)
Tevatron
Standard Model



S. Su 35

ILC 500 - 1 TeV

Major physics processes to be stud- Energy Reaction Physics Goal

91 GeV e

+
e

≠ æ Z ultra-precision electroweak

160 GeV e

+
e

≠ æ W W ultra-precision W mass

250 GeV e

+
e

≠ æ Zh precision Higgs couplings

350–400 GeV e

+
e

≠ æ t¯t top quark mass and couplings
e

+
e

≠ æ W W precision W couplings
e+e≠ æ ‹‹̄h precision Higgs couplings

500 GeV e

+
e

≠ æ f ¯f precision search for ZÕ

e

+
e

≠ æ t¯th Higgs coupling to top
e

+
e

≠ æ Zhh Higgs self-coupling
e

+
e

≠ æ ‰̃‰̃ search for supersymmetry
e

+
e

≠ æ AH, H+H≠ search for extended Higgs states

700–1000 GeV e

+
e

≠ æ ‹‹̄hh Higgs self-coupling
e

+
e

≠ æ ‹‹̄V V composite Higgs sector
e

+
e

≠ æ ‹‹̄t¯t composite Higgs and top
e

+
e

≠ æ ˜t˜tú search for supersymmetry

  

๏ ILC as a discovery machine

๏ probe new particle up to Ecm/2

๏ probe challenging final states: degenerate state

๏ precise measurement of the particle mass, coupling, mixing. 
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Higgs Production @ pp 
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Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
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BSM: Collider Reach

Snowmass new physics working group report

๏ energy versus precision
๏ pp: blind spot
๏ LC: mass limited, Ecm/2

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.

pp, 100 TeV, 3000/fb
pp, 33 TeV, 3000/fb
pp, 14 TeV, 3000/fb
pp, 14 TeV, 300/fb
pp, 8 TeV, 20/fb
ee, 3 TeV, 1000/fb

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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Naturalness

๏ LHC: TeV scale for top partner, ε~1%
๏ HL-LHC: 
   increase the reach by 10-20%, measure top partner property
๏ 100 TeV VLHC: 10 TeV level, ε~10-4

๏  ILC: Ecm/2, 1 TeV machine, ε~1%
   Precision measurements, multi TeV level  

1.3 Discovery Stories 43

1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional
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• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.
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  Effective operator 

๏ relax relic density requirement
๏ study effective operators that couples DM to SM quarks/gluons 
๏ same operator also contribute to DM direct detection: complementary  
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Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

✓
g2

e↵

0.3

◆
, (1.2)

where g
e↵

is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1
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  Direct detection versus collider reach 
LUX collaboration, 2013

Rick Gaitskell (Brown) / Dan McKinsey (Yale)LUX Dark Matter Experiment / Sanford Lab
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particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
!
χ̄χq̄q

D5 qq vector 1
M2

!
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

!
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

!
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

!
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.

Community Planning Study: Snowmass 2013
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particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
!
χ̄χq̄q

D5 qq vector 1
M2

!
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

!
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

!
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

!
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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Figure 1-6. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.

Community Planning Study: Snowmass 2013
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Dark Matter

๏ Dark matter at TeV scale (Wino or Higgsino LSP)
➡ can not be explored at LHC 14 with 300 fb-1

➡ enhanced reach at VLHC 33 or 100 TeV
๏ Smaller dark matter mass

➡ low mass loopholes of suppressed coupling or compressed 
spectrum, small MET
➡ e+e- collider, reach Ecm/2.

1.3 Discovery Stories 41

Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

✓
g2

e↵

0.3

◆
, (1.2)

where g
e↵

is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1

Community Planning Study: Snowmass 2013

0 1000 2000

WIMPs

mass (GeV) 



S. Su 46

-

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

๏ HL-LHC: probe Higgs precision few% (factor of 2 increase), search for 
new physics limited (20% increase)

๏ e+e- machine: tera-Z, Oku-W, Mega-H, Mega-t factory, ILC 1 TeV 
discovery machine

๏ pp machine: probe energy frontier 

๏ FCC-ee/hh, CEPC/SPPC, ILC/CLIC...
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