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Where We Are Now
• The Standard Model (SM) has been 

the undisputed queen of particle 
physics since (at least) the late 1970’s	


• Aspects of SM have been probed 
with increasing degree of precision 
by LEP, SLC/SLD, Tevatron, CLEO, 
Belle, BaBar, etc.	


• Since 2010, experiments at the Large 
Hadron Collider (LHC) at CERN are 
pushing the high-energy frontier	


• Higgs discovery completes the 
verification of SM particle content
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Higgs Discovery!
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Why is the Higgs Special?
• Higgs boson is the only spin-0 particle in the SM	


• Constant and uniform Higgs field is predicted to exist 
everywhere in space, even in the “vacuum” (i.e. lowest 
energy state of the universe)	


• Masses of all other SM particles arise from their 
interactions with the “vacuum” Higgs field. Prediction: 
Higgs coupling to X proportional to mass of X.	


• Existence of the Higgs and the structure of its 
interactions allows the SM to be extrapolated to very 
high energies, without entering strong-coupling regime 
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• As an example, consider the process 	


• In the SM without the Higgs, perturbative amplitude 
grows with energy, eventually predict Prob>1- nonsense!	


!

!

• In the SM with the Higgs, the problem is fixed - theory 
can be valid up to arbitrarily high scale (until Planck)	


!

!

• If the HWW coupling is not exactly SM, cancellation is 
spoiled, the theory “predicts its own demise”:

Higgs and Unitarity

+ M ∝ E
0
!

M ∝ E
2
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Higgs Spin: LHC Data
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Higgs in Vacuum: LHC Data
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2.3 Higgs at ILC: prospects9

2.3.1 Introduction

The success of the Standard Model (SM) is a success of
gauge principle. It is the success of the transverse compo-
nents of W and Z identified as gauge fields of the electroweak
(EW) gauge symmetry. Since explicit mass terms for W and
Z are forbidden by the gauge symmetry, it must be spon-
taneously broken by something condensed in the vacuum
which carries EW charges (I3 and Y denoting the third com-
ponent of the weak iso-spin and the hyper charge, respec-
tively),

h0 | I3,Y |0i 6= 0 while h0 | I3 +Y |0i= 0. (12)

We are hence living in a weak-charged vacuum. This some-
thing provides three longitudinal modes of W and Z:

Goldstone modes :c+,c�,c3 !W+

L ,W�
L ,ZL . (13)

It should be emphasized that we do not know the nature of
these longitudinal modes which stem from the something.
The gauge symmetry also forbids explicit mass terms for
matter fermions, since left- ( fL) and right-handed ( fR) mat-
ter fermions carry different EW charges, hence, as long as
the EW charges are conserved, they cannot mix. Their Yukawa
interactions with some weak-charged vacuum can compen-
sate the EW-charge difference and hence allow the fL- fR
mixing. In the SM, the same something is responsible for
the fL- fR mixing, thereby generating masses and inducing
flavor-mixings among generations. To form gauge-invariant
Yukawa interaction terms, we need a complex doublet scalar
field, which has four real components. In the SM, three of
them are identified with the three Goldstone modes and are
used to supply the longitudinal modes of W and Z. The re-
maining one is the physical Higgs boson. There is no rea-
son for this simplicity of the symmetry breaking sector of
the SM. The symmetry breaking sector (hear after called
the Higgs sector) can well be much more complicated. The
something could be composite instead of being elementary.
We know it’s there around us with a vacuum expectation
value of 246 GeV. But this was about all we knew concern-
ing the something until July 4th, 2012.

Since the July 4th, the world has changed! The discovery
of the 125 GeV boson (X(125)) at the LHC could be called
a quantum jump [134]. The observation of X(125)! gg de-
cay implies X is a neutral boson having a spin not equal to
1 (Landau-Yang theorem). We know that the 125 GeV bo-
son decays also to ZZ⇤ and WW ⇤, indicating the existence
9Keisuke Fujii
The presented materials were prepared for the ILC TDR physics chap-
ter and for the Snowmass Higgs white paper in collaboration with the
members of the ILC physics working group [132, 133] and the mem-
bers of the ILC physics panel. The author would like to thank them
for useful discussions, especially M. Peskin, Y. Okada, S. Kanemura.,
H. Haber, T. Barklow, A. Miyamoto, J. Tian, H. Ono, and T. Tanabe.

of XVV couplings, where V = W/Z, gauge bosons. There
is, however, no gauge coupling like XVV . There are only
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Fig. 37 The origin of XVV coupling and its relation to the mass term
of V .

XXVV and XXV . The XVV coupling is hence most proba-
bly from XXVV with one X replaced by its vacuum expec-
tation value hXi 6= 0, namely hXiXVV . Then there must be
hXihXiVV , a mass term for V , meaning that X is at least
part of the origin of the masses of V =W/Z. This is a great
step forward to uncover the nature of the something in the
vacuum but we need to know whether hXi saturates the SM
vev of 245 GeV. The observation of the X ! ZZ⇤ decay
means that X can be produced via e+e� ! Z⇤ ! ZX , since
by attaching an e+e� pair to the Z⇤ leg and rotate the whole
diagram we can get the X-strahlung diagram as shown in
Fig.38. By the same token, X ! WW ⇤ means that X can
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Fig. 38 X ! ZZ⇤ decay and e+e� ! ZX process.

be produced via the WW -fusion process: e+e� ! nn̄X . So
we now know that the major Higgs production processes in
e+e� collisions are indeed available at the ILC, which can
be regarded as a no lose theorem for the ILC. The 125GeV
is the best place for the ILC, where variety of decay modes
are accessible. We need to check the 125GeV boson in de-
tail to see if it has indeed all the required properties of the
something in the vacuum.

The properties to measure are the mass, width, and JPC,
its gauge, Yukawa, and self couplings. The key is to con-
firm the mass-coupling relation. If the 125 GeV boson is the
one to give masses to all the SM particles, coupling should
be proportional to mass as shown in Fig.39. Any deviation
from the straight line signals physics beyond the Standard
Model (BSM). The Higgs serves therefor as a window to
BSM physics.

Our mission is the bottom-up model-independent recon-
struction of the electroweak symmetry breaking (EWSB)
sector through the coupling measurements. We need to de-
termine the multiplet structure of the Higgs sector by an-
swering questions like: Is there an additional singlet or dou-

Observation of decays                      provides strong 
evidence for Higgs in vacuum (“v.e.v.”)                  
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Higgs and Mass: LHC Data
• SM predicts: tree-level Higgs couplings to all particles 

are linearly proportional to their masses	


• Couplings determine production cross-section and 
decay branching ratios        rates*
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*Higgs and Mass: Caveats
• Top quark coupling is not measured directly: inferred 

from loops	


!

• New particles in loops can affect the inferred value. 
Should a deviation from SM be observed, its 
interpretation would be uncertain. 	


• Rate-to-coupling conversion assumes SM total width:	


   	


•  No direct measurement of          (it’s too small); 
unobserved non-SM Higgs decay modes can affect the 
overall scale of the couplings

• SM: simplest possible model with 1 Higgs boson (chosen by 
Occam’s razor)!

• Parameters: Higgs mass and 16 “couplings” [Coupling = 
numerical constant which controls the strength of interaction 
between particles: e.g. electric charge of the electron = 
electron-photon coupling]!

• Higgs couplings: !

• Unitarity restoration requires        !

• Couplings to massless particles, e.g. photon, can still arise 
through virtual (loop) processes:     !

!

!

• Once all masses are measured, SM predicts all Higgs couplings 
unambiguously: only free parameter is       ! 

More About the SM Higgs
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LHC Higgs Scorecard

• The existence of a 125 GeV particle has been 
established with overwhelming certainty	


• Very strong evidence for 	


• Overwhelming evidence for the existence of 
interactions that are only possible if the Higgs field 
has a vev	


• Some evidence for the linear mass-coupling 
relationship, but precision is only 10-20% in the 
best cases, and some caveats apply
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ILC Physics Case, Part 1: 	

Precision Higgs Program



Higgs at the ILC
• Copious Higgs production in e+e- 

collisions at energies above ~230 
GeV	


• Collisions of elementary, weakly-
interacting particles, (e+e-), can be 
interpreted with more precision 
than those of composite, strongly-
interacting ones (pp at the LHC)  
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right-handed positrons), right-handed electrons will not
contribute to the process. This is also the case for one of
the most important Higgs production process at the ILC:
e+e� ! nen̄eH (WW -fusion single Higgs production). If
we have an 80% left-handed electron beam and a 30%
right-handed positron beam the Higgs production cross
section for this WW -fusion process will be enhanced by a
factor of 2.34 as compared to the unpolarized case. Beam
polarization hence plays an essential role.

Why 250 to 500 GeV?

The ILC is an e+e� collider designed primarily to cover the
energy range from

p
s = 250 to 500GeV. This is because

of the following three very well know thresholds. The first
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Fig. 41 Why 250-500 GeV? The three thresholds.

threshold is at around
p

s = 250GeV, where the e+e� ! Zh
process will reach its cross section maximum. This process
is a powerful tool to measure the Higgs mass, width, and
JPC. As we will see below, this process allows us to measure
the hZZ coupling in a completely model-independent man-
ner through the recoil mass measurement. This is a key to
perform model-independent extraction of branching ratios
for various decay modes such as h ! bb̄, cc̄, tt̄ , gg, WW ⇤,
ZZ⇤, gg , as well as invisible decays.

The second threshold is at around
p

s = 350GeV, which
is the well known tt̄ threshold. The threshold scan here pro-
vides a theoretically very clean measurement of the top quark
mass, which can be translated into mt(MS) to an accuracy
of 100MeV. The precise value of the top mass obtained this
way can be combined with the precision Higgs mass mea-
surement to test the stability of the SM vacuum [138]. The tt̄
threshold also enables us to indirectly access the top Yukawa
coupling through the Higgs exchange diagram. It is also
worth noting that with the gg collider option at this energy
the double Higgs production: gg ! hh is possible, which can
be used to study the Higgs self-coupling [139]. Notice also
that at

p
s = 350GeV and above, the WW -fusion Higgs pro-

duction process, e+e� ! nn̄h, becomes sizable with which
we can measure the hWW coupling and accurately deter-
mine the total width.

The third threshold is at around
p

s = 500GeV, where
the double Higgs-strahlung process, e+e� ! Zhh attains

its cross section maximum, which can be used to access
the Higgs self-coupling. At

p
s = 500GeV, another impor-

tant process, e+e� ! tt̄h, will also open, though the prod-
uct cross section is much smaller than its maximum that is
reached at around

p
s = 800GeV. Nevertheless, as we will

see, QCD threshold correction enhances the cross section
and allows us a reasonable measurement of the top Yukawa
coupling concurrently with the self-coupling measurement.

By covering
p

s= 250 to 500GeV, we will hence be able
complete the mass-coupling plot. This is why the first phase
of the ILC project is designed to cover the energy up to

p
s=

500GeV.

2.3.2 ILC at 250 GeV

The first threshold is at around
p

s = 250GeV, where the
e+e� ! Zh (Higgs-strahlung) process attains its cross sec-
tion maximum (see Fig.42).

Fig. 42 Cross sections for the three major Higgs production processes
as a function of center of mass energy.

The most important measurement at this energy is that of
the recoil mass for the process: e+e� ! Zh followed by Z !
`+`� (` = e,µ) decay. By virtue of the e+e� collider, we
know the initial state 4-momentum. We can hence calculate
the invariant mass of the system recoiling against the lepton
pair from the Z decay by just measuring the momenta of the
lepton pair:

M2
X = (pCM � (p`+ + p`�))

2 . (15)

The recoil mass distribution is shown in Fig. 43 for a mh =

125GeV Higgs boson with 250 fb�1 at
p

s = 250GeV. A
very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible de-
cay is detectable since we do not need to look at the Higgs
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could hold essential clues to this underlying theory.

The SM Higgs boson can be produced through several
channels in pp collisions at LHC, with gluon fusion pro-
viding by far the maximum rate for intermediate masses. In
e+e� collisions the central channels [59–63] are

Higgs-strahlung : e+e� ! Z +H (2)
W-boson fusion : e+e� ! n̄ene +H , (3)

with cross sections for a Higgs mass MH = 125 GeV as
shown in Tab.2 for the LC target energies of 250 GeV, 500
GeV, 1 TeV and 3 TeV. By observing the Z-boson in Higgs-

250 GeV 500 GeV 1 TeV 3 TeV

s [e+e� ! ZH] 318 95.5 22.3 2.37
s [e+e� ! n̄eneH] 36.6 163 425 862

Table 2 Cross sections in units of fb for Higgs-strahlung and W-boson
fusion of Higgs bosons in the SM for a set of typical ILC/CLIC ener-
gies with beam polarizations: P(e�,e+)= (�0.8,+0.3) for ILC at 250
and 500GeV, (�0.8,+0.2) for ILC at 1TeV, and (�0.8,0) for CLIC at
3TeV.

strahlung, cf. Fig.11, the properties of the Higgs boson in
the recoil state can be studied experimentally in a model-
independent way.

a) Higgs particle: mass and JCP

Already for quite some time, precision analyses of the elec-
troweak parameters, like the r-parameter, suggested an SM
Higgs mass of less than 161 GeV in the intermediate range
[17], above the lower LEP2 limit of 114.4 GeV [64] (for
a review see [65]). The mass of the new particle observed
close to 125 GeV at LHC, agrees nicely with this expecta-
tion.

The final accuracy for direct measurements of an SM
Higgs mass of 125 GeV is predicted at LHC/HL-LHC and
LC in the bands

LHC / HL-LHC : MH = 125±0.1/0.05 GeV (4)
LC : MH = 125±0.03 GeV . (5)

Extrapolating the Higgs self-coupling associated with
this mass value to the Planck scale, a value remarkably close
to zero emerges [66–68].

Various methods can be applied for confirming the JCP
=

0++ quantum numbers of the Higgs boson. While C = +

follows trivially from the H ! gg decay mode, correlations
among the particles in decay final states and between ini-
tial and final states, as well as threshold effects in Higgs-
strahlung [69], cf. Fig.12 (upper plot), can be exploited for
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measuring these quantum numbers.

b) Higgs couplings to SM particles

Since the interaction between SM particles x and the vac-
uum Higgs-field generates the fundamental SM masses, the
coupling between SM particles and the physical Higgs par-
ticle, defined dimensionless, is determined by their masses:

gHxx = [

p
2GF ]

1
2 Mx , (6)

the coefficient fixed in the SM by the vacuum field v =

[

p
2GF ]

�1
2 . This fundamental relation is a cornerstone of the

Higgs mechanism. It can be studied experimentally by mea-
suring production cross sections and decay branching ratios.

[ILC simulation]

vs.

ILC plan:         Higgses! 
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“Higgsstrahlung” @ ILC250
• Dominant Higgs production 

at 250 GeV	


• Cross section measurement:             
with 250 fb-1	


• Model-independent: no Higgs 
reconstruction required            
first measurement of     with 
no total width assumption!	


• Fixes the overall scale for all 
couplings
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could hold essential clues to this underlying theory.

The SM Higgs boson can be produced through several
channels in pp collisions at LHC, with gluon fusion pro-
viding by far the maximum rate for intermediate masses. In
e+e� collisions the central channels [59–63] are

Higgs-strahlung : e+e� ! Z +H (2)
W-boson fusion : e+e� ! n̄ene +H , (3)

with cross sections for a Higgs mass MH = 125 GeV as
shown in Tab.2 for the LC target energies of 250 GeV, 500
GeV, 1 TeV and 3 TeV. By observing the Z-boson in Higgs-
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s [e+e� ! ZH] 318 95.5 22.3 2.37
s [e+e� ! n̄eneH] 36.6 163 425 862

Table 2 Cross sections in units of fb for Higgs-strahlung and W-boson
fusion of Higgs bosons in the SM for a set of typical ILC/CLIC ener-
gies with beam polarizations: P(e�,e+)= (�0.8,+0.3) for ILC at 250
and 500GeV, (�0.8,+0.2) for ILC at 1TeV, and (�0.8,0) for CLIC at
3TeV.

strahlung, cf. Fig.11, the properties of the Higgs boson in
the recoil state can be studied experimentally in a model-
independent way.

a) Higgs particle: mass and JCP

Already for quite some time, precision analyses of the elec-
troweak parameters, like the r-parameter, suggested an SM
Higgs mass of less than 161 GeV in the intermediate range
[17], above the lower LEP2 limit of 114.4 GeV [64] (for
a review see [65]). The mass of the new particle observed
close to 125 GeV at LHC, agrees nicely with this expecta-
tion.

The final accuracy for direct measurements of an SM
Higgs mass of 125 GeV is predicted at LHC/HL-LHC and
LC in the bands

LHC / HL-LHC : MH = 125±0.1/0.05 GeV (4)
LC : MH = 125±0.03 GeV . (5)

Extrapolating the Higgs self-coupling associated with
this mass value to the Planck scale, a value remarkably close
to zero emerges [66–68].

Various methods can be applied for confirming the JCP
=

0++ quantum numbers of the Higgs boson. While C = +

follows trivially from the H ! gg decay mode, correlations
among the particles in decay final states and between ini-
tial and final states, as well as threshold effects in Higgs-
strahlung [69], cf. Fig.12 (upper plot), can be exploited for
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measuring these quantum numbers.

b) Higgs couplings to SM particles

Since the interaction between SM particles x and the vac-
uum Higgs-field generates the fundamental SM masses, the
coupling between SM particles and the physical Higgs par-
ticle, defined dimensionless, is determined by their masses:

gHxx = [

p
2GF ]

1
2 Mx , (6)

the coefficient fixed in the SM by the vacuum field v =

[

p
2GF ]

�1
2 . This fundamental relation is a cornerstone of the

Higgs mechanism. It can be studied experimentally by mea-
suring production cross sections and decay branching ratios.
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2.3 Higgs at ILC: prospects9

2.3.1 Introduction

The success of the Standard Model (SM) is a success of
gauge principle. It is the success of the transverse compo-
nents of W and Z identified as gauge fields of the electroweak
(EW) gauge symmetry. Since explicit mass terms for W and
Z are forbidden by the gauge symmetry, it must be spon-
taneously broken by something condensed in the vacuum
which carries EW charges (I3 and Y denoting the third com-
ponent of the weak iso-spin and the hyper charge, respec-
tively),

h0 | I3,Y |0i 6= 0 while h0 | I3 +Y |0i= 0. (12)

We are hence living in a weak-charged vacuum. This some-
thing provides three longitudinal modes of W and Z:

Goldstone modes :c+,c�,c3 !W+

L ,W�
L ,ZL . (13)

It should be emphasized that we do not know the nature of
these longitudinal modes which stem from the something.
The gauge symmetry also forbids explicit mass terms for
matter fermions, since left- ( fL) and right-handed ( fR) mat-
ter fermions carry different EW charges, hence, as long as
the EW charges are conserved, they cannot mix. Their Yukawa
interactions with some weak-charged vacuum can compen-
sate the EW-charge difference and hence allow the fL- fR
mixing. In the SM, the same something is responsible for
the fL- fR mixing, thereby generating masses and inducing
flavor-mixings among generations. To form gauge-invariant
Yukawa interaction terms, we need a complex doublet scalar
field, which has four real components. In the SM, three of
them are identified with the three Goldstone modes and are
used to supply the longitudinal modes of W and Z. The re-
maining one is the physical Higgs boson. There is no rea-
son for this simplicity of the symmetry breaking sector of
the SM. The symmetry breaking sector (hear after called
the Higgs sector) can well be much more complicated. The
something could be composite instead of being elementary.
We know it’s there around us with a vacuum expectation
value of 246 GeV. But this was about all we knew concern-
ing the something until July 4th, 2012.

Since the July 4th, the world has changed! The discovery
of the 125 GeV boson (X(125)) at the LHC could be called
a quantum jump [134]. The observation of X(125)! gg de-
cay implies X is a neutral boson having a spin not equal to
1 (Landau-Yang theorem). We know that the 125 GeV bo-
son decays also to ZZ⇤ and WW ⇤, indicating the existence
9Keisuke Fujii
The presented materials were prepared for the ILC TDR physics chap-
ter and for the Snowmass Higgs white paper in collaboration with the
members of the ILC physics working group [132, 133] and the mem-
bers of the ILC physics panel. The author would like to thank them
for useful discussions, especially M. Peskin, Y. Okada, S. Kanemura.,
H. Haber, T. Barklow, A. Miyamoto, J. Tian, H. Ono, and T. Tanabe.

of XVV couplings, where V = W/Z, gauge bosons. There
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Fig. 37 The origin of XVV coupling and its relation to the mass term
of V .

XXVV and XXV . The XVV coupling is hence most proba-
bly from XXVV with one X replaced by its vacuum expec-
tation value hXi 6= 0, namely hXiXVV . Then there must be
hXihXiVV , a mass term for V , meaning that X is at least
part of the origin of the masses of V =W/Z. This is a great
step forward to uncover the nature of the something in the
vacuum but we need to know whether hXi saturates the SM
vev of 245 GeV. The observation of the X ! ZZ⇤ decay
means that X can be produced via e+e� ! Z⇤ ! ZX , since
by attaching an e+e� pair to the Z⇤ leg and rotate the whole
diagram we can get the X-strahlung diagram as shown in
Fig.38. By the same token, X ! WW ⇤ means that X can
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Fig. 38 X ! ZZ⇤ decay and e+e� ! ZX process.

be produced via the WW -fusion process: e+e� ! nn̄X . So
we now know that the major Higgs production processes in
e+e� collisions are indeed available at the ILC, which can
be regarded as a no lose theorem for the ILC. The 125GeV
is the best place for the ILC, where variety of decay modes
are accessible. We need to check the 125GeV boson in de-
tail to see if it has indeed all the required properties of the
something in the vacuum.

The properties to measure are the mass, width, and JPC,
its gauge, Yukawa, and self couplings. The key is to con-
firm the mass-coupling relation. If the 125 GeV boson is the
one to give masses to all the SM particles, coupling should
be proportional to mass as shown in Fig.39. Any deviation
from the straight line signals physics beyond the Standard
Model (BSM). The Higgs serves therefor as a window to
BSM physics.

Our mission is the bottom-up model-independent recon-
struction of the electroweak symmetry breaking (EWSB)
sector through the coupling measurements. We need to de-
termine the multiplet structure of the Higgs sector by an-
swering questions like: Is there an additional singlet or dou-
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right-handed positrons), right-handed electrons will not
contribute to the process. This is also the case for one of
the most important Higgs production process at the ILC:
e+e� ! nen̄eH (WW -fusion single Higgs production). If
we have an 80% left-handed electron beam and a 30%
right-handed positron beam the Higgs production cross
section for this WW -fusion process will be enhanced by a
factor of 2.34 as compared to the unpolarized case. Beam
polarization hence plays an essential role.

Why 250 to 500 GeV?

The ILC is an e+e� collider designed primarily to cover the
energy range from

p
s = 250 to 500GeV. This is because

of the following three very well know thresholds. The first
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Fig. 41 Why 250-500 GeV? The three thresholds.

threshold is at around
p

s = 250GeV, where the e+e� ! Zh
process will reach its cross section maximum. This process
is a powerful tool to measure the Higgs mass, width, and
JPC. As we will see below, this process allows us to measure
the hZZ coupling in a completely model-independent man-
ner through the recoil mass measurement. This is a key to
perform model-independent extraction of branching ratios
for various decay modes such as h ! bb̄, cc̄, tt̄ , gg, WW ⇤,
ZZ⇤, gg , as well as invisible decays.

The second threshold is at around
p

s = 350GeV, which
is the well known tt̄ threshold. The threshold scan here pro-
vides a theoretically very clean measurement of the top quark
mass, which can be translated into mt(MS) to an accuracy
of 100MeV. The precise value of the top mass obtained this
way can be combined with the precision Higgs mass mea-
surement to test the stability of the SM vacuum [138]. The tt̄
threshold also enables us to indirectly access the top Yukawa
coupling through the Higgs exchange diagram. It is also
worth noting that with the gg collider option at this energy
the double Higgs production: gg ! hh is possible, which can
be used to study the Higgs self-coupling [139]. Notice also
that at

p
s = 350GeV and above, the WW -fusion Higgs pro-

duction process, e+e� ! nn̄h, becomes sizable with which
we can measure the hWW coupling and accurately deter-
mine the total width.

The third threshold is at around
p

s = 500GeV, where
the double Higgs-strahlung process, e+e� ! Zhh attains

its cross section maximum, which can be used to access
the Higgs self-coupling. At

p
s = 500GeV, another impor-

tant process, e+e� ! tt̄h, will also open, though the prod-
uct cross section is much smaller than its maximum that is
reached at around

p
s = 800GeV. Nevertheless, as we will

see, QCD threshold correction enhances the cross section
and allows us a reasonable measurement of the top Yukawa
coupling concurrently with the self-coupling measurement.

By covering
p

s= 250 to 500GeV, we will hence be able
complete the mass-coupling plot. This is why the first phase
of the ILC project is designed to cover the energy up to

p
s=

500GeV.

2.3.2 ILC at 250 GeV

The first threshold is at around
p

s = 250GeV, where the
e+e� ! Zh (Higgs-strahlung) process attains its cross sec-
tion maximum (see Fig.42).

Fig. 42 Cross sections for the three major Higgs production processes
as a function of center of mass energy.

The most important measurement at this energy is that of
the recoil mass for the process: e+e� ! Zh followed by Z !
`+`� (` = e,µ) decay. By virtue of the e+e� collider, we
know the initial state 4-momentum. We can hence calculate
the invariant mass of the system recoiling against the lepton
pair from the Z decay by just measuring the momenta of the
lepton pair:

M2
X = (pCM � (p`+ + p`�))

2 . (15)

The recoil mass distribution is shown in Fig. 43 for a mh =

125GeV Higgs boson with 250 fb�1 at
p

s = 250GeV. A
very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible de-
cay is detectable since we do not need to look at the Higgs
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• The process                  gives a direct measurement of 

the Higgs-top coupling	


• LHC direct measurement in              is limited to ~10%	


• For new physics searches, important to get into the ~1% 
range 
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right-handed positrons), right-handed electrons will not
contribute to the process. This is also the case for one of
the most important Higgs production process at the ILC:
e+e� ! nen̄eH (WW -fusion single Higgs production). If
we have an 80% left-handed electron beam and a 30%
right-handed positron beam the Higgs production cross
section for this WW -fusion process will be enhanced by a
factor of 2.34 as compared to the unpolarized case. Beam
polarization hence plays an essential role.
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coupling concurrently with the self-coupling measurement.

By covering
p

s= 250 to 500GeV, we will hence be able
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the recoil mass for the process: e+e� ! Zh followed by Z !
`+`� (` = e,µ) decay. By virtue of the e+e� collider, we
know the initial state 4-momentum. We can hence calculate
the invariant mass of the system recoiling against the lepton
pair from the Z decay by just measuring the momenta of the
lepton pair:
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The recoil mass distribution is shown in Fig. 43 for a mh =

125GeV Higgs boson with 250 fb�1 at
p

s = 250GeV. A
very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible de-
cay is detectable since we do not need to look at the Higgs
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measurements including the total cross section measurement
using the recoil mass at

p
s = 250GeV (2.6%) and 500GeV

(3%). The numbers in the parentheses are with the 250GeV
data alone. We can see that the DBR(h ! bb̄)/BR(h ! bb̄)
is already limited by the recoil mass measurements.

Perhaps more interesting than the branching ratio
measurements is the measurement of the top Yukawa
coupling using the e+e� ! tt̄h process [161–163], since it
is the largest among matter fermions and not yet directly
observed. Although its cross section maximum is reached
at around

p
s = 800GeV as seen in Fig.46, the process is

accessible already at
p

s = 500GeV, thanks to the QCD
bound-state effects (non-relativistic QCD correction) that
enhance the cross section by a factor of two [162,164–169].
Since the background diagram where a Higgs boson is
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radiated off the s-channel Z boson makes negligible contri-
bution to the signal process, we can measure the top Yukawa
coupling by simply counting the number of signal events.
The expected statistical precision for the top Yukawa cou-
pling is then DgY (t)/gY (t) = 9.9% for mh = 125GeV with
1ab�1 at

p
s = 500GeV [37, 170–174]. Notice that if we

increase the center of mass energy by 20GeV, the cross sec-
tion doubles. Moving up a little bit hence helps significantly.

Even more interesting is the measurement of the trilin-
ear Higgs self-coupling, since it is to observe the force that
makes the Higgs boson condense in the vacuum, which is an
unavoidable step to uncover the secret of the EW symme-
try breaking. In other words, we need to measure the shape
of the Higgs potential. There are two ways to measure the
trilinear Higgs self-coupling. The first method is to use the
double higgsstrahlung process: e+e� ! Zhh and the second
is by the double Higgs production via WW -fusion: e+e� !
nn̄hh. The first process attains its cross section maximum at
around

p
s = 500GeV, while the second is negligible there

but starts to dominate at energies above
p

s ' 1.2TeV, as
seen in Fig.47. In any case the signal cross sections are very
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Fig. 47 Cross sections for the double Higgs production processes,
e+e� ! Zhh and e+e� ! nn̄hh, as a function of

p
s for mh = 120GeV.

small (0.2fb or less) and as seen in Fig.48 irreducible back-
ground diagrams containing no self-coupling dilute the con-
tribution from the self-coupling diagram, thereby degrading
the sensitivity to the self-coupling, even if we can control
the relatively huge SM backgrounds from e+e� ! tt̄, WWZ,
ZZ, Zg , ZZZ, and ZZh. See Fig.49 for the sensitivity fac-
tors for e+e� ! Zhh at

p
s = 500GeV and e+e� ! nn̄hh atp

s = 1TeV, which are 1.66 (1.80) and 0.76 (0.85), respec-
tively, with (without) weighting to enhance the contribution
from the signal diagram. Notice that if there were no back-
ground diagrams, the sensitivity factor would be 0.5. The
self-coupling measurement is very difficult even in the clean
environment of the ILC and requires a new flavor tagging
algorithm that precedes jet-clustering, sophisticated neural-
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Higgs^3 @ ILC-1000
• SM predicts Higgs “self-coupling”: 	


• ILC-1000 will provide the first ~10% measurement 
of this crucially important quantity*34
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p
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net-based data selection, and the event weighting technique
[71, 175–179]. The current state of the art for the Zhh data
selection is summarized in Table 10.

Combining all of these three modes, we can achieve Zhh
excess significance of 5s and measure the production cross
section to Ds/s = 27%, which translates to a relative pre-
cision of 44(48)% for the self-coupling with (without) the
event weighting for mh = 120GeV at

p
s = 500GeV with

2ab�1 and (e�,e+)= (�0.8,+0.3) beam polarization [175].
The expected precision is significantly worse than that of

Table 10 The number of remaining events for the three event selection
modes: Zhh! (` ¯̀

)(bb̄)(bb̄), (nn̄)(bb̄)(bb̄), and (qq̄)(bb̄)(bb̄) and cor-
responding excess and measurement sensitivities for mh = 120GeV atp

s = 500GeV with 2ab�1 and (e�,e+) = (�0.8,+0.3) beam polar-
ization.

mode signal BG significance
excess meas.

Zhh ! (` ¯̀
)(bb̄)(bb̄) 3.7 4.3 1.5s 1.1s

4.5 6.0 1.5s 1.2s

Zhh ! (nn̄)(bb̄)(bb̄) 8.5 7.9 2.5s 2.1s

Zhh ! (qq̄)(bb̄)(bb̄) 13.6 30.7 2.2s 2.0s

18.8 90.6 1.9s 1.8s

the cross section because of the background diagrams. Since
the sensitivity factor for the e+e� ! nn̄hh process is much
closer to the ideal 0.5 and since the cross section for this
WW -fusion double Higgs production process increases with
the center of mass energy,

p
s = 1 TeV is of particular inter-

est, as will be discussed in the next subsection.

2.3.4 ILC at 1000 GeV

As we already pointed out the WW -fusion processes become
more and more important at higher energies. In addition the
machine luminosity usually scales with the center of mass
energy. Together with the better sensitivity factor we can
hence improve the self-coupling measurement significantly
at

p
s = 1TeV, using the e+e� ! nn̄hh process. Table 11

summarizes a full simulation result for the numbers of ex-
pected signal and background events before and after selec-
tion cuts with corresponding measurement significance val-
ues.

Table 11 The numbers of signal and background events before and af-
ter selection cuts and measurement significance for mh = 120GeV atp

s = 1TeV with 2ab�1 and (e�,e+) = (�0.8,+0.2) beam polariza-
tion.

mode no cut after cuts

nn̄hh (WW -fusion) 272 35.7
nn̄hh (Zhh) 74.0 3.88

BG (tt̄/nn̄Zh) 7.86⇥105 33.7
meas. significance 0.30 4.29

With 2ab�1 and (e�,e+)= (�0.8,+0.2) beam polariza-
tion at

p
s = 1TeV, we would be able to determine the cross

section for the e+e� ! nn̄hh process to Ds/s = 23%, cor-
responding to the self-coupling precision of Dl/l = 18(20)%
with (without) the event weighting to enhance the contri-
bution from the signal diagram for mh = 120GeV [175].
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Precision Higgs @ ILC

• ILC will achieve 1-2% level model-independent 
determination of many Higgs couplings, impossible 
at the LHC
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Table 13 Expected precisions for various couplings of the Higgs bo-
son with mh = 125GeV from a model-independent fit to observables
listed in Table 12 at three energies:

p
s = 250GeV with 250fb�1,

500GeV with 500fb�1 both with (e�,e+) = (�0.8,+0.3) beam po-
larization,

p
s = 1TeV with 2ab�1 and (e�,e+) = (�0.8,+0.2) beam

polarization. Values with (*) assume inclusion of hh ! WW ⇤bb̄ de-
cays.

p
s (GeV)

coupling 250 250+500 250 + 500 + 1000
hZZ 1.3% 1.0% 1.0%

hWW 4.8% 1.1% 1.1%
hbb 5.3% 1.6% 1.3%
hcc 6.8% 2.8% 1.8%
hgg 6.4% 2.3% 1.6%
htt 5.7% 2.3% 1.6%
hgg 18% 8.4% 4.0%
hµµ 91% 91% 16%
G0 12% 4.9% 4.5%
htt - 14% 3.1%

hhh - 83%(*) 21%(*)
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Fig. 50 Expected mass-coupling relation for the SM case after the full
ILC program.

can make reasonable measurements of most Higgs-related
coupling constants except for the hcc coupling. Figure 51
shows how the coupling measurements would be improved
by adding, cumulatively, information from the ILC with
250fb�1 at

p
s = 250, 500fb�1 at 500GeV, and 1ab�1 at

1TeV to the LHC data with 300fb�1 at 14TeV.
The figure tells us that the addition of the 250GeV data,

the hZZ coupling in particular, from the ILC allows the ab-
solute normalization and significantly improves all the cou-
plings. It is interesting to observe the synergy for the mea-
surement of the hgg coupling, whose precision significantly

g(hAA)/g(hAA)|
SM

-1  LHC/ILC1/ILC/ILCTeV 
0.15 
0.1  

0.05 
0  

-0.05 
-0.1  
-0.15 
-0.2  W  b  g    c  t  inv.

-0.25 !
!

Z γ τ

Fig. 51 Comparison of the capabilities of the LHC and the ILC, when
the ILC data in various stages: ILC1 with 250fb�1 at

p
s = 250, ILC:

500fb�1 at 500GeV, and ILCTeV: 1ab�1 at 1TeV are cumulatively
added to the LHC data with 300fb�1 at 14TeV [186].

exceeds that of the ILC alone. This is because the LHC can
precisely determine the ratio of the hgg coupling to the hZZ
coupling, while the ILC provides a precision measurement
of the hZZ coupling from the recoil mass measurement. The
addition of the 500GeV data from the ILC further improves
the precisions, this time largely due to the better determina-
tion of the Higgs total width. Finally as we have seen above,
the addition of the 1TeV data from the ILC improves the
top Yukawa coupling drastically with even further improve-
ments of all the other couplings except for the hWW and
hZZ couplings which are largely limited by the cross section
error from the recoil mass measurement at

p
s = 250GeV.

This way we will be able to determine these couplings to
O(1%) or better. The SFitter group performed a similar but
more model-independent analysis and obtained qualitatively
the same conclusions [187]. This level of precision matches
what we need to fingerprint different BSM scenarios, when
nothing but the 125 GeV boson would be found at the LHC
(see Table 14). These numbers can be understood from the

Table 14 Maximum possible deviations when nothing but the
125 GeV boson would be found at the LHC [188].

DhVV Dht̄t Dhb̄b

Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal SUSY < 1% 3% 10%a, 100%b

LHC 14 TeV, 3 ab�1 8% 10% 15%

following formulas for the three different models in the de-
coupling limit (see [137] for definitions and details),

Mixing with singlet:
ghVV

ghSMVV
=

gh f f

ghSM f f
= cosq ' 1� d

2

2
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can make reasonable measurements of most Higgs-related
coupling constants except for the hcc coupling. Figure 51
shows how the coupling measurements would be improved
by adding, cumulatively, information from the ILC with
250fb�1 at
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s = 250, 500fb�1 at 500GeV, and 1ab�1 at

1TeV to the LHC data with 300fb�1 at 14TeV.
The figure tells us that the addition of the 250GeV data,

the hZZ coupling in particular, from the ILC allows the ab-
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exceeds that of the ILC alone. This is because the LHC can
precisely determine the ratio of the hgg coupling to the hZZ
coupling, while the ILC provides a precision measurement
of the hZZ coupling from the recoil mass measurement. The
addition of the 500GeV data from the ILC further improves
the precisions, this time largely due to the better determina-
tion of the Higgs total width. Finally as we have seen above,
the addition of the 1TeV data from the ILC improves the
top Yukawa coupling drastically with even further improve-
ments of all the other couplings except for the hWW and
hZZ couplings which are largely limited by the cross section
error from the recoil mass measurement at

p
s = 250GeV.

This way we will be able to determine these couplings to
O(1%) or better. The SFitter group performed a similar but
more model-independent analysis and obtained qualitatively
the same conclusions [187]. This level of precision matches
what we need to fingerprint different BSM scenarios, when
nothing but the 125 GeV boson would be found at the LHC
(see Table 14). These numbers can be understood from the

Table 14 Maximum possible deviations when nothing but the
125 GeV boson would be found at the LHC [188].

DhVV Dht̄t Dhb̄b

Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal SUSY < 1% 3% 10%a, 100%b

LHC 14 TeV, 3 ab�1 8% 10% 15%

following formulas for the three different models in the de-
coupling limit (see [137] for definitions and details),
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The different models predict different deviation patterns. The
ILC together with the LHC will be able to fingerprint these
models or set the lower limit on the energy scale for BSM
physics.

2.3.7 Model-dependent global fit: example of fingerprinting

As mentioned above, the LHC needs some model assump-
tion to extract Higgs couplings. If we use stronger model as-
sumptions we may have higher discrimination power at the
cost of loss of generality. As an example of such a model-
dependent analysis, let us consider here a 7-parameter global
fit with the following assumptions:

kc = kt =: ku,
ks = kb =: kd ,

k

µ

= k

t

=: k`,
and

Gtot = Â
i2SM decays

G

SM
i k

2
i , (23)

where ki := gi/gi(SM) is a Higgs coupling normalized by its
SM value. The first three of these constrain the relative de-
viations of the up-type and down-type quark Yukawa cou-
plings as well as that of charged leptons to be common in
each class, while the last constraint restricts unknown decay
modes to be absent. The results of the global fits assum-
ing projected precisions for the LHC and the ILC are sum-
marized in Table 15 [184]. Figures 52 and 53 compare the
model discrimination power of the LHC and the ILC in the
k`-kd and k`(kd)-ku planes for the four types of two-Higgs-
doublet model discussed in 2.3.1 [133, 189]. Figure 54 is
a similar plot in the kV -kF plane showing the discrimina-
tion power for four models: doublet-singlet model, 2HDM-
I, Georgi-Machacek model, and doublet-septet model, all of
which naturally realize r = 1 at the tree level [133, 189].

2.3.8 High Luminosity ILC?

We have seen the crucial role played by the recoil mass
measurement for the model-independent coupling extrac-
tion. We have also pointed out that because of this the re-
coil mass measurement would eventually limit the coupling

Table 15 Expected Higgs precisions on normalized Higgs cou-
plings (ki := gi/gi(SM)) for mh = 125GeV from model-dependent
7-parameter fits for the LHC and the ILC, where kc = kt =: ku,
ks = kb =: kd , k

µ

= k

t

=: k`, and Gtot = ÂG

SM
i k

2
i are assumed.

Facility LHC HL-LHC ILC500 ILC1000
p

s (GeV) 1,400 14,000 250/500 250/500/1000
R

L dt (fb�1) 300/exp 3000/exp 250+500 250+500+1000

k

g

5-7% 2-5% 8.3% 3.8%
kg 6-8% 3-5% 2.0% 1.1%
kW 4-6% 2-5% 0.39% 0.21%
kZ 4-6% 2-4% 0.49% 0.50%
k` 6-8% 2-5% 1.9% 1.3%
kd 10-13% 4-7% 0.93% 0.51%
ku 14-15% 7-10% 2.5% 1.3%

Fig. 52 Comparison of the model-discrimination capabilities of the
LHC and the ILC [189].

precisions achievable with the ILC. Given the situation, let
us now consider the possibility of luminosity upgrade. As a
matter of fact, the ILC technical design report (TDR) [190]
describes some possible luminosity and energy upgrade sce-
narios, which are sketched in Fig.55 as blue boxes. In or-
der to improve the recoil mass measurement significantly a
new luminosity upgrade option (doubling of the number of
bunches plus 10 Hz collisions instead of nominal 5 Hz) was
proposed for the 250 GeV running in the Snowmass 2013
process [133] (see the red box in Fig.55). It should be noted
that the number of bunches was 2625 in the original ILC de-
sign given in the reference design report [191], which was
reduced to 1312 in the TDR so as to reduce the construction
cost. The 10 Hz operation is practical at 250 GeV, since the
needed wall plug power is lower at the lower energy. The up-
grade would hence allow a factor of four luminosity upgrade
at
p

s = 250GeV. Let us now assume that after the baseline
program at

p
s = 250, 500, and 1000GeV we will run at the

• With mild model assumptions, ILC will achieve 
0.2-0.5% determination of several Higgs couplings, 
vs. 2-5% ultimate precision at HL-LHC

6

Another very crucial quantity is accessible at
p

s =

500 GeV: the tt̄H–coupling. Measuring the top-Yukawa
coupling is a challenging endeavour since it is overwhelmed
from tt̄-background. At the LHC one expects an accuracy
of 25% on basis of 300 fb�1 and under optimal assump-
tions and neglecting the error from theory uncertainties. At
the LC already at the energy stage of

p
s = 500 GeV, it is

expected to achieve an accuracy of DgttH/gttH ⇠ 10%, see
Sect.2. This energy stage is close to the threshold of ttH pro-
duction, therefore the cross section for this process should
be small. But thanks to QCD-induced threshold effects the
cross section gets enhanced and such an accuracy should be
achievable with 1 ab�1 at the LC. It is of great importance
to measure this Yukawa coupling with high precision in or-
der to test the Higgs mechanism and verify the measured top
mass mt = yttHv/

p
2. The precise determination of the top

Yukawa coupling opens a sensitive window to new physics
and admixtures of non-SM contributions. For instance, in
the general Two-Higgs-Doublet model the deviations with
respect to the SM value of this coupling can typically be as
large as ⇠ 20%.

Since for a fixed mH all Higgs couplings are specified in
the SM, it is not possible to perform a fit within this model.
In order to test the compatibility of the SM Higgs predic-
tions with the experimental data, the LHC Higgs Cross Sec-
tion Group proposed ’coupling scale factors’ [32,33]. These
scale factors ki (ki = 1 corresponds to the SM) dress the
predicted Higgs cross section and partial widths. Applying
such a k–framework, the following assumptions have been
made: there is only one 125 GeV state responsible for the
signal with a coupling structure identical to the SM Higgs,
i.e. a pure CP-even state, and the zero width approximation
can be applied. Usually, in addition the theory assumption
kW,Z < 1 (corresponds to an assumption on the total width)
has to be made. Using, however, LC data and exploiting the
precise measurement of s(HZ), this theory assumption can
be dropped and all couplings can be obtained with an un-
precedented precision of at least 1–2%, see Fig.1 [34] and
Sect. 2 for further details.

Another important property of the Higgs boson that has
to be determined is the CP quantum number. In the SM
the Higgs should be a pure CP-even state. In BSM models,
however, the observed boson state a priori can be any ad-
mixture of CP-even and CP-odd states, it is of high interest
to determine limits on this admixture. The HVV couplings
project out only the CP-even components, therefore the de-
gree of CP admixture cannot be tackled via analysing these
couplings. The measurements of CP-odd observables are
mandatory to reveal the Higgs CP-properties: for instance,
the decays of the Higgs boson into t leptons provides the
possibility to construct unique CP–odd observables via the
polarization vector of the t’s, see further details in Sect.2.

BR(H ! NP)
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Fig. 1 The achievable precision in the different Higgs couplings at the
LHC on bases of 3 ab�1 and 50% improvement in the theoretical un-
certainties in comparison with the the different energy stages at the
ILC. In the final LC stage all couplings can be obtained in the 1–2%
range, some even better. [34].

Top quark physics

Top quark physics is another rich field of phenomenology. It
opens at

p
s = 350 GeV. The mass of the top quark itself has

high impact on the physics analysis. In BSM physics mt is
often the crucial parameter in loop corrections to the Higgs
mass. In each model where the Higgs boson mass is not a
free parameter but predicted in terms of the other model pa-
rameters, the top quark mass enters the respective loop dia-
grams to the fourth power, see Sect.4 for details. Therefore
the interpretation of consistency tests of the electroweak pre-
cision observables mW , mZ , sin2

qeff and mH require the most
precise knowledge on the top quark mass. The top quark is
not an asymptotic state and mt depends on the renormal-
ization scheme. Therefore a clear definition of the used top
quark mass is needed. Measuring the mass via a threshold
scan allows to relate the measured mass uniquely to the well-
defined mMS

t mass, see Fig.2. Therefore, this procedure is
advantageous compared to measurements via continuum ob-
servables. It is expected to achieve an unprecedented accu-
racy of DmMS

t = 100 MeV via threshold scans. This uncer-
tainty contains already theoretical as well as experimental
uncertainties. Only such a high accuracy enables sensitivity
to loop corrections for electroweak precision observables.
Furthermore the accurate determination is also decisive for
tests of the vacuum stability within the SM.

A sensitive window to BSM physics is opened by the
analysis of the top quark couplings. Therefore a precise de-
termination of all SM top-quark couplings together with the
search for anomalous couplings is crucial and can be per-
formed very accurately at

p
s = 500 GeV. Using the form-

factor decomposition of the electroweak top quark couplings,
it has been shown that one can improve the accuracy for the
determination of the couplings [36] by about one order of
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Update on Higgs Couplings

Christophe Grojean ILC Physics Case PAC, April 14, 2o1510

ILC Higgs couplings projections

J. Brau/ILC Parameters Jt WG    -    April 13, 2015

Higgs couplings

• fully model independent

• Higgs recoil from 
hadronic decaying Z is 
nearly model independent

• H-20 preferred for

• slightly better early 
precision (compared 
to G-20)

• current reliability of 
mh and σ(e+e- → Zh) 
measurements when 
done at 250 GeV
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breaking the (sub)percent precision wall
Better precision with 250/350/500 
GeV only, H-20 scenario (20 years)  

[J. Brau’s talk yesterday]
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Physics Implications of 
Precision Higgs

• Exquisite precision of the ILC Higgs program allows 
to address a new layer of fundamental questions:	


• Are there other scalar fields?	


• Is the Higgs elementary or composite particle?	


• Why is the Higgs field non-zero in the vacuum?	


•  Are there “top partners”?	


• What was the order of electroweak phase 
transition? Could matter-antimatter asymmetry 
arise during this transition? 
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Other Scalar Fields?
• Many extensions of the SM 

contain scalar fields beyond the 
Higgs: e.g. supersymmetry	


• The 125 GeV Higgs can be a 
“mixed” state, composed of >1 
fundamental fields	


• Mixing results in deviation of 
couplings from the SM, pattern 
of deviations is model-
dependent	


• Precision Higgs program can 
distinguish between models if a 
deviation is observed
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Fig. 39 Mass-coupling relation [135].

blet or triplet? What about the underlying dynamics? Is it
weakly interacting or strongly interacting? In other words, is
the Higgs boson elementary or composite? We should also
try to investigate its possible relation to other questions of
particle physics such as dark matter, electroweak baryogen-
esis, neutrino masses, and inflation.

There are many possibilities and different models pre-
dict different deviation patterns in the mass-coupling rela-
tion. An example is given in Table 7, where a model with
an extra singlet and four types of two-Higgs doublet models
(2HDM) are compared. The four types of 2HDMs differ in
the assignment of a Z2 charge to the matter fermions, which
protects them from inducing dangerous flavor-changing neu-
tral currents [136].

Table 7 The expected deviation pattern for various Higgs couplings,
assuming small deviations for cos(b �a)< 0. The arrows for Yukawa
interactions are reversed for 2HDMs with cos(b �a)> 0.

Model µ t b c t gV

Singlet mixing # # # # # #
2HDM-I # # # # # #
2HDM-II (SUSY) " " " # # #
2HDM-X (Lepton-specific) " " # # # #
2HDM-Y (Flipped) # # " # # #

Notice that though both singlet mixing and 2HDM-I with
cos(b �a) < 0 give downward deviations, they are quanti-
tatively different: the singlet mixing reduces the coupling
constants universally, while 2HDM-I reduces them differ-
ently for matter fermions and gauge bosons. In these models,
gV < 1 is guaranteed because of the sum rule for the vacuum
expectation values of the SM-like Higgs boson and the addi-
tional doublet or singlet. When a doubly charge Higgs boson
is present, however, gV > 1 is possible. The size of any of

these deviations is generally written in the following form
due to the decoupling theorem:

Dg
g

= O

✓

v2

M2

◆

(14)

where v is the SM vev and M is the mass scale for the new
physics. Since there is no hint of new physics beyond the
SM seen at the LHC, M should be rather large implying
small deviations. In order to detect possible deviations and
to fingerprint the BSM physics from the deviation pattern,
we hence need a % level precision, which in turn requires
a 500 GeV linear collider such as the International Linear
Collider (ILC) and high precision detectors that match the
potential of the collider.

The ILC, being an e+e� collider, inherits all of its tra-
ditional merits: cleanliness, democracy, detail, and calcula-
bility. The two detector concepts proposed for the ILC: ILD
and SiD (see Fig.40) take advantage of these merits.

Fig. 40 Two proposed detector concepts for the ILC: ILD (left) and
SiD (right) [137].

Moreover, they are designed with an ambitious goal
of reconstructing all the events in terms of fundamental
particles such as quarks, leptons, gauge bosons, and Higgs
bosons, thereby viewing events as viewing Feynman
diagrams. This requires a thin and high resolution vertex
detector that enables identification of b- and c-quarks by
detecting secondary and tertiary vertices, combination of a
high resolution charged particle tracker and high granularity
calorimeters optimized for Particle Flow Analysis (PFA) to
allow identification of W , Z, t, and H by measuring their
jet invariant masses, and hermeticity down to O (10 mrad)
or better for indirect detection of a neutrino as missing
momentum. Notice that both ILD and SiD put all the
calorimeters inside the detector solenoidal magnets to
satisfy the requirement of hermeticity and high performance
PFA. Furthermore, the power of beam polarizations should
be emphasized. Consider the e+e� ! W+W� process.
At the energies explored by the ILC, SU(2)L ⌦ U(1)Y
symmetry is approximately recovered and hence the process
can be regarded as taking place through two diagrams:
s-channel W3 exchange and t-channel ne exchange. Since
both W3 and ne couple only to a left-handed electron (and
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The different models predict different deviation patterns. The
ILC together with the LHC will be able to fingerprint these
models or set the lower limit on the energy scale for BSM
physics.

2.3.7 Model-dependent global fit: example of fingerprinting

As mentioned above, the LHC needs some model assump-
tion to extract Higgs couplings. If we use stronger model as-
sumptions we may have higher discrimination power at the
cost of loss of generality. As an example of such a model-
dependent analysis, let us consider here a 7-parameter global
fit with the following assumptions:

kc = kt =: ku,
ks = kb =: kd ,

k

µ

= k

t

=: k`,
and

Gtot = Â
i2SM decays

G

SM
i k

2
i , (23)

where ki := gi/gi(SM) is a Higgs coupling normalized by its
SM value. The first three of these constrain the relative de-
viations of the up-type and down-type quark Yukawa cou-
plings as well as that of charged leptons to be common in
each class, while the last constraint restricts unknown decay
modes to be absent. The results of the global fits assum-
ing projected precisions for the LHC and the ILC are sum-
marized in Table 15 [184]. Figures 52 and 53 compare the
model discrimination power of the LHC and the ILC in the
k`-kd and k`(kd)-ku planes for the four types of two-Higgs-
doublet model discussed in 2.3.1 [133, 189]. Figure 54 is
a similar plot in the kV -kF plane showing the discrimina-
tion power for four models: doublet-singlet model, 2HDM-
I, Georgi-Machacek model, and doublet-septet model, all of
which naturally realize r = 1 at the tree level [133, 189].

2.3.8 High Luminosity ILC?

We have seen the crucial role played by the recoil mass
measurement for the model-independent coupling extrac-
tion. We have also pointed out that because of this the re-
coil mass measurement would eventually limit the coupling

Table 15 Expected Higgs precisions on normalized Higgs cou-
plings (ki := gi/gi(SM)) for mh = 125GeV from model-dependent
7-parameter fits for the LHC and the ILC, where kc = kt =: ku,
ks = kb =: kd , k

µ

= k

t

=: k`, and Gtot = ÂG

SM
i k

2
i are assumed.

Facility LHC HL-LHC ILC500 ILC1000
p

s (GeV) 1,400 14,000 250/500 250/500/1000
R

L dt (fb�1) 300/exp 3000/exp 250+500 250+500+1000

k

g

5-7% 2-5% 8.3% 3.8%
kg 6-8% 3-5% 2.0% 1.1%
kW 4-6% 2-5% 0.39% 0.21%
kZ 4-6% 2-4% 0.49% 0.50%
k` 6-8% 2-5% 1.9% 1.3%
kd 10-13% 4-7% 0.93% 0.51%
ku 14-15% 7-10% 2.5% 1.3%

Fig. 52 Comparison of the model-discrimination capabilities of the
LHC and the ILC [189].

precisions achievable with the ILC. Given the situation, let
us now consider the possibility of luminosity upgrade. As a
matter of fact, the ILC technical design report (TDR) [190]
describes some possible luminosity and energy upgrade sce-
narios, which are sketched in Fig.55 as blue boxes. In or-
der to improve the recoil mass measurement significantly a
new luminosity upgrade option (doubling of the number of
bunches plus 10 Hz collisions instead of nominal 5 Hz) was
proposed for the 250 GeV running in the Snowmass 2013
process [133] (see the red box in Fig.55). It should be noted
that the number of bunches was 2625 in the original ILC de-
sign given in the reference design report [191], which was
reduced to 1312 in the TDR so as to reduce the construction
cost. The 10 Hz operation is practical at 250 GeV, since the
needed wall plug power is lower at the lower energy. The up-
grade would hence allow a factor of four luminosity upgrade
at
p

s = 250GeV. Let us now assume that after the baseline
program at

p
s = 250, 500, and 1000GeV we will run at the

[Kanemura, Tsumura, 
Yagyu, Yokoya’14]
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Model Discrimination
• Should a deviation from the SM Higgs couplings be 

observed, precise measurements can distinguish 
between competing model interpretations

Christophe Grojean ILC Physics Case PAC, April 14, 2o1511

Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP[Asner, Barklow, et.al. ’13]
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• 125 GeV Higgs is difficult to 
accommodate in the Minimal 
SUSY Model (MSSM)	


• Popular solution: Introduce an 
extra singlet scalar field 
(NMSSM, or   -SUSY)	


• Size of non-SM components in 
the 125 Higgs is inversely 
correlated with fine-tuning	


• Precision Higgs program at the 
ILC will definitively test this 
proposal
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Figure 9. Projected 95% c.l. sensitivity of future and proposed collider experiments to the
singlet and non-SM doublet admixture in the 125 GeV Higgs. We assumed tan � = 2.0.

Higgs coupling measurements will improve dramatically. LHC experiments at 14 TeV

center-of-mass energy will collect large samples of Higgs decays in many channels. In

addition, electron-positron colliders with energies su�cient to produce and study the

Higgs boson have been proposed, such as the ILC [16] and TLEP [54]. Such colliders

o↵er a prospect of very precise determination of many of the Higgs couplings. In this

section, we explore potential implications of such measurements for �-SUSY.

– 21 –

Figure 5. Fine-tuning vs. the singlet fraction S (left) and the non-SM doublet fraction D
(right) in the 126 GeV scalar, for � = 2 and various ranges of tan �. Green points satisfy
all constraints, while pink points satisfy all constraints except the LHC Higgs couplings
fit. Points shown in yellow satisfy all constraints, but lie in the “anomalous” region where
loop corrections can be important for definitively establishing vacuum stability as well as
consistency with LHC Higgs data.

– 17 –

[Farina, MP, Shakya’13]

Higgs Mixing: Implications
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Is the Higgs a Bound State?
• Is the Higgs an Elementary or Composite Particle?	


• All other known spin-0 particles are composite: pions, 
kaons, etc. are bound states of spin-1/2 quarks  	


• Might Higgs be made out of some new fermions?	


• Characteristic energy scale of compositeness:	


• At lower energy, compositeness manifests itself as 
“form-factors”, modifying Higgs interactions with SM 
particles	


• Estimates indicate ~1-5% deviations from SM 
couplings are plausible, given current precision 
electroweak and direct bounds 
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Higgs Form-factors @ ILC

OWW = g2|H|2W a
µ⌫W

a,µ⌫

OBB = g02|H|2Bµ⌫B
µ⌫

OWB = gg0H†�aHW a
µ⌫B

µ⌫

OH = 1

2

(@µ|H|2)2
OT = 1

2

(H†$DµH)2

O(3)`
L = (iH†�a

$
DµH)(L̄L�µ�aLL)

O(3)`
LL = (L̄L�µ�aLL)(L̄L�µ�aLL)
O`

L = (iH†$DµH)(L̄L�µLL)
Oe

R = (iH†$DµH)(ēR�µeR)

Table 1: A complete set of CP-conserving dimension-6 operators which contribute to e+e� !
hZ.

3 E↵ective Field Theory Approach

The e↵ects of any new physics appearing at a mass scale ⇤ on the Higgsstrahlung cross section
can be described in terms of an E↵ective Field Theory (EFT), as long as ⇤ is large compared
to the center-of-mass energy

p
s and the weak scale v. In general, the EFT Lagrangian is an

expansion in inverse powers of ⇤. The term of order ⇤�n contains all possible operators of
mass dimension 4+n compatible with the symmetries imposed on the theory, in our case the
full SM gauge symmetry as well as lepton and baryon number. With these restrictions, the
leading term in the expansion is n = 2, containing dimension-6 operators.

A complete set of CP-conserving dimension-6 operators that can contribute to the e+e� !
hZ process is listed in Table 1. This basis is complete in the sense that an arbitrary set of
CP-conserving dimension-6 operators contributing to the e+e� ! hZ process can be reduced
to the operators listed in Table 1 (plus additional operators irrelevant to e+e� ! hZ) by field
redefinitions. In principle there can be additional contributions from the dipole-type opera-
tors Oe

DB ⇠ L̄L�µ⌫eRHBµ⌫ , Oe
DW ⇠ L̄L�µ⌫eR�aHW a

µ⌫ . However, these are expected to be
Yukawa-suppressed due to the chirality flip; moreover, since they do not interfere with the
SM amplitude, their leading contribution is of order 1/⇤4. We therefore do not include them
in this analysis. This completes the enumeration of CP-conserving dimension-6 operators
contributing to e+e� ! hZ.

The dimension-6 Lagrangian has the form

L
pre�EWSB

=
X

i

ci

⇤2

Oi , (3.1)

where ci are dimensionless Wilson coe�cients. Given a complete theory at the scale ⇤, the
Wilson coe�cients can be computed in terms of the parameters of that theory; we will consider
an example of this in Section 4.1. In this section, we treat ci’s as free parameters.
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��/� = 0.5% ��/� = 0.1% PEW LHC
OWW 5.1/3.2 11.5/7.5 - 2.5
OBB 1.0/0.64 2.2/1.4 - 2.5
OWB 2.1/1.3 4.6/2.9 0.3 2.5
OH 2.5/1.6 5.5/3.5 - -
OT 2.0/1.3 4.5/2.8 1.0 -
O(3)`

L 8.6/5.4 19/12 1.2 -
O(3)`

LL 5.3/3.4 12/7.5 4.3 -
O`

L 10.1/6.4 23/14 1.5 -
Oe

R 8.7/5.5 19/12 1.0 -

Table 3: Exclusion (95% c.l.)/discovery (5-sigma)
reach of a measurement of �(e+e� ! hZ) at

p
s = 250

GeV. The reach is in terms of ⇤/
p

ci, in TeV, for each
operator Oi. For comparison, current precision elec-
troweak bounds from Ref. [37] and LHC bounds from
h�� e↵ective coupling measurement [38] are also shown.

0 5 10 15 20 25
Lê ci HTeVL

OWW
OBB
OWB
OH

OT

OL
H3L l

OLLH3L l
OL

l

OR
e

Figure 1: Graphical representation of the
results in Table 3. The exclusion reach is
shown in orange and the discovery reach in
blue (paler colors for higher accuracy). Black
lines denote the current precision electroweak
and LHC bounds.

agreement of the CMS measurement of the e↵ective h�� vertex, � , with the SM [38]. (ATLAS
constraints on this vertex are very similar [39].) For most operators, the sensitivity of the
Higgs factory is well in excess of the current bounds, the only exceptions being OBB and, for
the conservative luminosity assumptions, OWB.

Another relevant question is how the Higgsstrahlung cross section will compare, in terms
of new physics sensitivity, to various other observables that can be measured at the Higgs
factory. The operators OBB, OWB and OWW will be constrained by a precise measurement
of � , to which they contribute as

�� =
1
2

��(h! ��)
�(h! ��)

⇡ �2.9(cWW + cBB � cWB)⇤�2

TeV

. (3.12)

We estimate that a measurement of � with 8% precision, roughly corresponding to the ILC-
500 projection of the Snowmass-2013 study [4], would have a 95% c.l. exclusion reach of
⇤/
p

ci  4.3 TeV for each of these operators. The same measurement with a 1.5% pre-
cision, projected for TLEP in the same study, would increase the reach to about 10 TeV.
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Figure 2: Feynman diagrams corresponding to e+e� ! hZ at a lepton collider. The Higgs
wavefunction correction diagram discussed in [51] is shown in (a), and all possible countert-
erm diagrams are shown in (d) with the understanding that in the calculation of one-loop
counterterms only the stop and left-handed bottom squarks are included. One-loop Z/�

wavefunction correction diagrams (b,e) and vertex correction (c,f) diagrams are also shown.
Diagrams involving left-handed bottom squarks are not shown, but also contribute.

with eBR the physical mass of eBL is very close to emL, and hence whenever emL . 120 GeV we
will assume that other bounds from direct searches are satisfied by additional mixings in the
sbottom sector which raise the physical mass of both sbottoms.

In order to renormalize the theory for the calculation of virtual corrections, a minimum
basis of three input parameters must be chosen, and then counterterms are defined for those
parameters and the SM field strengths. Due to the ease of implementation in the FeynArts,
FormCalc, and LoopTools suite of packages [45, 46] we opt for the complete on-mass-
shell renormalization scheme [47–50] and hence choose electroweak inputs of (MZ , MW , ↵EM )
following the prescription of [47].

The full set of counterterms includes the field strength counterterms, particle mass coun-
terterms (including the Higgs mass counterterm, which we consider to be independent unlike
in the MSSM), a counterterm for the EM coupling at low energies, and a counterterm for the
Higgs vev. All other counterterms are then defined through combinations of this set. Due to
their weak charges and couplings to the Higgs, the squarks enter into the counterterms for
the weak sector.

Some of the NLO diagrams contributing to e+e� ! hZ are shown in Fig. 2. It has been
analytically checked that the full NLO correction is finite and gauge invariant. As a further
check, setting stop couplings to gauge bosons to zero in our NLO calculation reproduces
the results of [51], where gauge-singlet scalars t̃

0

were considered.5 In the case of t̃
0

, the
e↵ect arises entirely from the quartic coupling �2

t |H|2|t̃
0

|2, which induces an irreducible phys-
5For proper comparison, At must be set to 0 in the stop case, since it has no counterpart in the case of t̃0;
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[Craig, Farina, McCullough, MP, ‘14]
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Why Is the Higgs 
Everywhere? 

• The SM postulates the “Mexican Hat” shape for 
Higgs potential energy function	


!

!

!

• Testing the shape of the Higgs potential requires 
measuring mass, vev, and cubic self-coupling:
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Why Mexican Hat?
• The structure of our Universe depend crucially on 

a single minus sign in the SM Lagrangian:	


!

• The SM contains a tempting hint: Radiative 
corrections associated with the top quark make a 
negative contribution to the coefficient of 	


!

!

• However, in the SM, there are other additive, and 
incalculable, contributions to this coefficient: hence, 
no prediction is possible 

h

t

t

h

a)

h

T

t

h

b)
h h

T

c)

Figure 2: One-loop contributions to the Higgs boson (mass)2 in the Little Higgs model.

The quadratic divergences neatly cancel. The top sector contribution to the Higgs
(mass)2 is then given by

∆m2
h = −3

λ2
1λ

2
2f

2

8π2
log

Λ2

m2
T

= −3
λ2

tm
2
T

8π2
log

Λ2

m2
T

, (9)

where Λ ∼ 4πf is the strong interaction scale of the theory that gives rise to the
Goldstone bosons. In Little Higgs models, f is typically taken to be of order 1 TeV
(corresponding to Λ ∼ 10 TeV) to avoid fine tuning of the Higgs mass. As long as mT

is parametrically lower than Λ, the negative contribution to m2
h in Equation (9) could

be the dominant one and thus would provide the explanation for why electroweak
symmetry is broken. There are incalculable (quadratically divergent) two-loop con-
tributions to m2

h, which are the same order in λ1λ2, but these are not logarithmically
enhanced, and so are sub-dominant. The situation is that typically found in chiral
perturbation theory.

The cancellation of quadratic divergences in Equation (8) depends on the relation
of Equation (6), which can be rewritten as

mT

f
=
λ2

t + λ2
T

λT
. (10)

The relation (10) is a very interesting one. All of the four parameters in this equation
are in principle measurable. The top quark Yukawa coupling is known. The decay
constant f can be determined by measuring the properties of the heavy vector bosons
in the Little Higgs theory [25]. The mass and couplings of the heavy top quark will
be measured when this quark is observed, perhaps at the LHC. If the relation (10) is
shown to be valid, that will be strong evidence for the picture of electroweak symmetry
breaking given by the Little Higgs model.

6

h
tL

tR

iλt√
2

h
tL

TR

iλT√
2

h h

TL TR

iλT

2f

Figure 1: Feynman rules for couplings between the Higgs boson and the top quarks in the
symmetric vacuum (⟨h⟩ = 0). We have only shown those vertices relevant to the calculation
of the one-loop quadratic divergences from the top sector. There are additional vertices,
generated by terms of higher order in the expansion of V , involving three or more Higgs
bosons.

combination of uR and UR to obtain a mass. The mass eigenstates are then

tL = uL, tR =
λ2uR − λ1UR
!

λ2
1 + λ2

2

,

TL = UL, TR =
λ1uR + λ2UR
!

λ2
1 + λ2

2

, (5)

with mt massless at this level and

mT =
!

λ2
1 + λ2

2 f. (6)

The Feynman rules for couplings between the Higgs boson and the top quarks in the
symmetric vacuum are given in Fig. 1. We only show rules involving one or two Higgs
bosons, which are relevant to the calculation of the one-loop quadratic divergence.
The couplings of the Higgs boson to tLtR and to tLTR are related to the parameters
appearing in the Lagrangian (3) via

λt =
λ1λ2

!

λ2
1 + λ2

2

, λT =
λ2

1
!

λ2
1 + λ2

2

. (7)

The one-loop contribution to the Higgs boson (mass)2 comes from the three dia-
grams in Fig. 2. The values of the diagrams are

a) = −6λ2
t

" d4k

(2π)4

1

k2
,

b) = −6λ2
T

" d4k

(2π)4

1

k2 − m2
T

,

c) = +6
λT

f

" d4k

(2π)4

mT

k2 − m2
T

. (8)
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Beyond the SM: Top Partners
• Some SM extensions solve this problem (and the 

closely related “hierarchy problem”), predict 
electroweak symmetry breaking	


• Examples are: Supersymmetry, “Little Higgs”, 5D 
“Goldstone Higgs”, “Twin Higgs”, …  	


• Common feature: all contain “top partners”, new 
particles with specific pattern of Higgs couplings
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Figure 2: One-loop contributions to the Higgs boson (mass)2 in the Little Higgs model.

The quadratic divergences neatly cancel. The top sector contribution to the Higgs
(mass)2 is then given by
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where Λ ∼ 4πf is the strong interaction scale of the theory that gives rise to the
Goldstone bosons. In Little Higgs models, f is typically taken to be of order 1 TeV
(corresponding to Λ ∼ 10 TeV) to avoid fine tuning of the Higgs mass. As long as mT

is parametrically lower than Λ, the negative contribution to m2
h in Equation (9) could

be the dominant one and thus would provide the explanation for why electroweak
symmetry is broken. There are incalculable (quadratically divergent) two-loop con-
tributions to m2

h, which are the same order in λ1λ2, but these are not logarithmically
enhanced, and so are sub-dominant. The situation is that typically found in chiral
perturbation theory.

The cancellation of quadratic divergences in Equation (8) depends on the relation
of Equation (6), which can be rewritten as

mT

f
=
λ2

t + λ2
T

λT
. (10)

The relation (10) is a very interesting one. All of the four parameters in this equation
are in principle measurable. The top quark Yukawa coupling is known. The decay
constant f can be determined by measuring the properties of the heavy vector bosons
in the Little Higgs theory [25]. The mass and couplings of the heavy top quark will
be measured when this quark is observed, perhaps at the LHC. If the relation (10) is
shown to be valid, that will be strong evidence for the picture of electroweak symmetry
breaking given by the Little Higgs model.
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Figure 2: One-loop contributions to the Higgs boson (mass)2 in the Little Higgs model.

The quadratic divergences neatly cancel. The top sector contribution to the Higgs
(mass)2 is then given by
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where Λ ∼ 4πf is the strong interaction scale of the theory that gives rise to the
Goldstone bosons. In Little Higgs models, f is typically taken to be of order 1 TeV
(corresponding to Λ ∼ 10 TeV) to avoid fine tuning of the Higgs mass. As long as mT

is parametrically lower than Λ, the negative contribution to m2
h in Equation (9) could

be the dominant one and thus would provide the explanation for why electroweak
symmetry is broken. There are incalculable (quadratically divergent) two-loop con-
tributions to m2

h, which are the same order in λ1λ2, but these are not logarithmically
enhanced, and so are sub-dominant. The situation is that typically found in chiral
perturbation theory.

The cancellation of quadratic divergences in Equation (8) depends on the relation
of Equation (6), which can be rewritten as

mT

f
=
λ2

t + λ2
T

λT
. (10)

The relation (10) is a very interesting one. All of the four parameters in this equation
are in principle measurable. The top quark Yukawa coupling is known. The decay
constant f can be determined by measuring the properties of the heavy vector bosons
in the Little Higgs theory [25]. The mass and couplings of the heavy top quark will
be measured when this quark is observed, perhaps at the LHC. If the relation (10) is
shown to be valid, that will be strong evidence for the picture of electroweak symmetry
breaking given by the Little Higgs model.

6

Example: 	

“Littlest Higgs”

Sum Rule: [MP, Peskin, Pierce,’03]
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TP and Higgs Couplings
• Top partners must be not too heavy, otherwise theory 

is “fine-tuned”: too much EWSB	


• In most models, TP loops contribute to Higgs couplings 
to gluons, photons, at 1-loop (i.e. same level as SM)*	


• Robust correlation between TP mass, degree of fine-
tuning and deviations of Higgs couplings from the SM 
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ILC 95% c.l. sensitivity: 	

                                 , FT ~ 3%	


[Carmi, Falkowski, Kuflik, Volansky, ’12;	

Farina, MP, Rey-Le Lorier, ‘13]

Christophe Grojean ILC Physics Case PAC, April 14, 2o1512

Higgs couplings and tests of naturalness
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neutral 
particles

Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  

14

��Zh = � g2?
8⇡2

v2

m2
?

Neutral naturalness invisible @ LHC

need an independent 	

top Yukawa measurement	


@ ILC-500!

*
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Top Partners @ LHC
• LHC searches for top partners 

directly, with strong bounds 
already in place from run-1	


• However, there are model 
parameter regions where LHC 
searches are difficult or 
impossible, due to small S/B	


• Gaps in coverage will likely 
persist even at HL-LHC	


• ILC Precision Higgs program 
will close the gaps All this space is 

currently allowed!
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Colorless Top Partners
• “Twin Higgs” models contain top 

partners that do not have SM color and 
electric charges - “Tazakis”	


• Tazakis cannot be searched for at the 
LHC, due to tiny production cross 
sections	


• However, Tazakis must couple to Higgs, 
and their loops will modify cross 
sections such as 	


• Precision e+e- Higgs factories offer the 
only chance to look for Tazakis

4

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that
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FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

[Craig, Englert, McCullough, ‘13]
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Electroweak Phase Transition
• Higgs boson moving through a plasma of quarks acquires a 

“thermal mass” (much like photon “plasma mass”) 	


• At high plasma densities, EW symmetry is unbroken!	


!

!

!

• Right after the Big Bang, the Universe was filled with dense 
quark plasma, was in unbroken EW phase	


• As the Universe expanded and cooled, phase transition to 
current phase with broken symmetry - EWPT

H

V

H

V

kT ∼ 100 − 1000 GeV, T ∼ 10
15

K
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• It is believed that the observed matter-antimatter asymmetry 
arose dynamically, very soon (<1 sec) after the Big Bang	


• Many mechanisms proposed; one of the most theoretically 
attractive is “Electroweak Baryogenesis”, in which the 
asymmetry is generated during the EWPT	


• It only works if transition is 1-st order (out-of-equlibrium)

EWPT and “Baryogenesis”
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First-Order EWPT

• In a 1st-order transition, bubbles of broken 
(“our”) phase are nucleated inside the unbroken-
EW phase	


• Non-equilibrium process        satisfies one of the 
famous “Sakharov conditions” for generating 
matter-antimatter asymmetry

First-Order EWPT in Cartoons

• “Transition strength” ~ entropy release

• Numerical studies: EW Baryogenesis possible if 

• Otherwise, sphelaron washout of the baryon number
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EWPT and Higgs Couplings
• In the SM, EWPT is 2nd-order    

no EW Baryogenesis	


• New particles, coupled to Higgs, 
may change the dynamics and re-
open the window for EW 
Baryogenesis	


• However, they will also change the 
Higgs couplings to gluons, photon, 
W/Z, and self-coupling	


• In most models, ILC can probe 
most or all of parameter space 
with a 1st order EWPT!
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Figure 5. Same as Fig. 1, for the “LH stau” model (see Table 1).

(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade

is estimated to be about 13% [1], while at TLEP it can be measured with a preci-

sion of about 30% via its contribution to Higgsstrahlung [46].) Thus, it appears that

the Higgsstrahlung cross section provides the most sensitive probe of this challenging

scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-

troweak phase transition in the early Universe. In all models, we found a strong cor-

relation between the strength of the phase transition and the deviations of the Higgs

couplings from the SM. This suggests that precise measurements of the Higgs couplings

have a potential to definitively determine the order of the electroweak phase transition.

Such a determination would be not only fascinating in its own right, but would also

have implications for other important questions in particle physics and cosmology, such

as viability of electroweak baryogenesis.

We emphasize that an electron-positron Higgs factory, such as the proposed ILC or

TLEP, plays an absolutely crucial role in determining the order of the phase transition.

Models where the BSM scalar responsible for a first-order EWPT is colored can be

probed at the LHC, with HL-LHC providing a coverage of the relevant parameter

– 18 –

Example: “LH Stau” model

cf. ILC precision 0.2-0.4%

[A. Katz, MP, ’14]
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ILC Physics Case, Part 2: 	

Precision Top 



SM Vacuum Stability

Christophe Grojean ILC Physics Case PAC, April 14, 2o1531

Top-Higgs coupling
The top-Higgs controls the fate of the EW vacuum

Degrassi et al ’12Bezrukov et al ’12Buttazzo et al ’13

Access ttH @ ILC

see talk by J. Brau yesterday

Christophe Grojean ILC Physics Case PAC, April 14, 2o1531

Top-Higgs coupling
The top-Higgs controls the fate of the EW vacuum

Degrassi et al ’12Bezrukov et al ’12Buttazzo et al ’13

Access ttH @ ILC

see talk by J. Brau yesterday

* - This assumes no new physics. Conclusion would 
be different e.g. if there are top partners.

• Our vacuum is a local minimum of 
the Higgs potential, but it may not be 
the global minimum	


• Even in the SM, radiative corrections 
may induce new minima	


• If such a new minimum exist, bubbles 
of that phase may be nucleated in 
our Universe, “destroy” it!	


• SM is posed precariously between 
stability and instability*; depends very 
sensitively on the top quark mass
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Top Mass @ ILC-350
• ILC can perform a very precise measurement of the top 

mass via a threshold scan:	


• Projected error 50-100 MeV (a factor of 5-10 better than 
HL-LHC projection)	


• An alternative (albeit indirect) determination of the top 
Yukawa 7

Fig. 2 Simulated measurement of the background-subtracted tt̄ cross
section with 10 fb�1 per data point, assuming a top-quark mass of 174
GeV in the 1s scheme with the ILC luminosity spectrum for the CLIC-
ILD detector [35].

magitude at the LC compared to studies at the LHC, see
Fig. 3 and Sect. 3.

Fig. 3 Statistical precision on CP–conserving form factors expected at
the LHC [37] and at the ILC [36]. The LHC results assume an inte-
grated luminosity of L = 300 fb�1. The results for the ILC are based
on an integrated luminosity of L = 500 fb�1 at

p
s = 500 GeV and a

beam polarization of Pe� =±80%, Pe+ =⌥30% [36].

Beyond Standard Model Physics – “top-down”
Supersymmetry

The SUSY concept is one of the most popular extensions
of the SM since it can close several open questions of the
SM: achieving gauge unification, providing dark matter can-
didates, stabilizing the Higgs mass, embedding new sources
for CP-violation and also potentially neutrino mixing. How-
ever, the symmetry has to be broken and the mechanism for
symmetry breaking is completely unknown. Therefore the

most general parametrization allows around 100 new pa-
rameters. In order to enable phenomenological interpreta-
tions, for instance, at the LHC, strong restrictive assump-
tions on the SUSY mass spectrum are set. However, as long
as it is not possible to describe the SUSY breaking mecha-
nism within a full theory, data interpretations based on these
assumptions should be regarded as a pragmatic approach.
Therefore the rather high limits obtained at the LHC for
some coloured particles exclude neither the concept of SUSY
as such, nor do they exclude light electroweak particles, nor
relatively light scalar quarks of the third generation.

Already the energy stage at
p

s = 350 GeV provides a
representative open window for the direct production of light
SUSY particles, for instance, light higgsino-like scenarios,
leading to signatures with only soft photons. The resolution
of such signatures will be extremely challenging at the LHC
but is feasible at the LC via the ISR method, as discussed in
Sect.5.

Another striking feature of the LC physics potential is
the capability to test predicted properties of new physics
candidates. For instance, in SUSY models one essential
paradigm is that the coupling structure of the SUSY parti-
cle is identical to its SM partner particle. That means, for
instance, that the SU(3), SU(2) and U(1) gauge couplings
gS, g and g0 have to be identical to the corresponding SUSY
Yukawa couplings gg̃, gW̃ and gB̃. These tests are of funda-
mental importance to establish the theory. Testing, in par-
ticular, the SUSY electroweak Yukawa coupling is a unique
feature of LC physics. Under the assumption that the SU(2)
and U(1) parameters have been determined in the gaug-
ino/higgsino sector (see Sect.5.7), the identity of the Yukawa
and the gauge couplings via measuring polarized cross sec-
tions can be successfully performed: depending on the elec-
tron (and positron) beam polarization and on the luminosity,
a per-cent-level precision can be achieved: see Fig. 4.

Another important and unique feature of the LC poten-
tial is to test experimentally the quantum numbers of new
physics candidates. For instance, a particularly challenging
measurement is the determination of the chiral quantum num-
bers of the SUSY partners of the fermions. These partners
are predicted to be scalar particles and to carry the chiral
quantum numbers of their Standard Model partners. In e+e�

collisions, the associated production reactions e+e�! ẽ+L ẽ�R ,
ẽ+R ẽ�L occur only via t-channel exchange, where the e± are
directly coupled to their SUSY partners ẽ±. Separating the
associated pairs, the chiral quantum numbers can be tested
via the polarization of e± since chirality corresponds to he-
licity in the high energy limit. As can be seen in Fig. 5, the
polarization of both beams is absolutely essential to sepa-
rate the pair ẽLẽR [39] and to test the associated quantum
numbers.
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The top-quark width is generated by the EW interaction,
t ! bW , therefore the effects of the top-quark finite width
are intimately related to the EW corrections of the process.
To take into account certain electroweak non-resonant ef-
fects a method referred to as phase-space matching was in-
troduced in [702, 703].

This idea has been further developped and rephrased
in the framework of an effective theory for unstable parti-
cle [704, 705]. (See Refs. [706, 707] for an application of
the method to W -pair production in e+e� annihilation.) A
systematic analysis of the electroweak effects in top-quark
pair production has started rather recently, and NLO elec-
troweak non-resonant contributions were computed [708],
e.g. R(e+e� ! tb̄W�

)⇠ aEW, where resonant (onshell) top
quarks decay and the final state (bW+

)(b̄W+

) is measured
assuming stable W -bosons and b-quarks. In this work in-
variant mass cuts on the top-quark and anti–top-quark decay
products are implemented. It is found that the non-resonant
correction results in a negative 5% shift of the total cross
section which is almost energy independent, in agreement
with Ref [703]. The dominant NNLO non-resonant correc-
tions were computed in Ref. [709,710] and it was shown that
the single resonant amplitudes (e.g. e+e� ! t(b̄W�

)g) pro-
vide the counter terms for the uncanceled ultraviolet diver-
gence asG /e discussed previously for the double resonant
e+e� ! tt̄ amplitude at NNLO QCD. Therefore, the non-
resonant corrections provide together with NNLO QCD a
consistent treatment of top quark width effects.

It is also known that the final state corrections [711,712]
between top quarks and decay products have to be consid-
ered for observables other than the total cross section. A
systematic analysis of these effects is still missing beyond
NLO. Dedicated studies of the electroweak corrections to
the threshold cross section have started rather recently.

Influence of the Higgs boson on the total cross section In
the SM the large top-quark mass leads to a large top-quark
Yukawa coupling to the Higgs boson, therefore it is expected
that Higgs boson exchange in top-quark production may lead
to observable corrections. Such a Higgs exchange effect ap-

Fig. 104 Corrections due to Higgs exchange in e+e� ! tt̄. In the left
diagram the Higgs exchange contributes to the production vertex for
gtt̄,Ztt̄, which ocurrs at short distance when the tt̄-pair is separated by
r ⇠ 1/mt . In the right diagram Higgs exchanges occurs after bound-
state formation between top and anti-top quarks separated by the scale
of the bound-state r ⇠ 1/(mt as).

pears in two different ways in top and anti-top production
near threshold (see Fig.104). One is a short distance con-
tribution which enhances the top quark production vertex as
t̄gµ t ! (1+ch)t̄gµ t. The one-loop Higgs correction c(1)h was
determined in Refs. [699], and Higgs and EW mixed two-
loop correction c(2)h in Ref. [713]. The enhancement factor
for the cross section is given by

dR/RLO ⇡ 2c(1)h = 6.7/3.4/0.9⇥10�2 (101)

using mh = 120/200/500GeV.
In addition, there is a long-distance effect described by

the Yukawa potential Vh(r) for the top quark pair:

Vh(r) = � y2
t

8p

e�mhr

r
'� y2

t
2m2

h
d (r), (102)

where the second expression is a good approximation for
mhr � 1 assuming mh ⇠ 125GeV and r ⇠ (mtas)

�1. In the
SM the Yukawa coupling is related to the top-quark mass by
yt =

p
2emt/(sW MW ).
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Fig. 105 Cross section for e+e� ! tt̄ for mt = 170GeV with/without
1-loop Higgs boson corrections. A Higgs boson mass of mh = 125GeV
is used.

In Fig.105 the threshold cross section is shown taking
into account of Higgs loop effects through ch and Vh. One
can see that the threshold cross section gets an almost energy
independent enhancement. The Higgs potential Vh produces
corrections to the energy and to the wave function as

dE1/ELO = 3.2/1.2/0.2⇥10�2,

d |Y1(0)|2/|YLO(0)|2 = 4.6/1.6/0.3⇥10�2, (103)

using mt = 175GeV, µ = 30 GeV and mh =

120/200/500GeV, respectively. The above value for dE1
can be translated into a shift dmt = 25/9/1MeV of the top-
quark mass determined in a threshold scan.

Distribution and Asymmetry In the threshold production, the
top-quark momentum pt can be reconstructed from its de-
cay products. Therefore the top-quark momentum distribu-
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Top Couplings @ ILC-500
• Many SM extensions predict shifts in 

top couplings to W, Z, photon	


• Example: in models of composite 
Higgs, top quark is typically also 
composite, form factors are induced	


• ILC will be able to greatly improve on 
the LHC measurements of these 
couplings	


• Polarization is important to 
disentangle various contributions

12 Top quark working group report

Collider LHC ILC/CLIC

CM Energy [TeV] 14 14 0.5

Luminosity [fb�1] 300 3000 500

SM Couplings

photon, F �

1V (0.666) 0.042 0.014 0.002

Z boson, FZ

1V ( 0.24) 0.50 0.17 0.003

Z boson, FZ

1A (0.6) 0.058 – 0.005

Non-SM couplings

photon, F �

1A 0.05 – –

photon, F �

2V 0.037 0.025 0.003

photon, F �

2A 0.017 0.011 0.007

Z boson, FZ

2V 0.25 0.17 0.006

Z boson, ReFZ

2A 0.35 0.25 0.008

Z boson, ImFZ

2A 0.035 0.025 0.015

Table 1-5. Expected precision of the top quark coupling measurements to the photon and the Z boson at
the LHC [62, 31] and the linear collider [22]. Expected magnitude of such couplings in the SM is shown in
brackets. Note that the “non-standard model” couplings appear in the Standard Model through radiative
corrections; their expected magnitude, therefore, is 10�2.

detail at lepton colliders. More details on the top Yukawa coupling measurements can be found in the Higgs
working group report [63].

The process pp ! tt̄H can be studied in a variety of final states, depending on the top quark decay mode
(lepton+jets or dilepton or all-jets) and the Higgs decay mode (bb, ��, WW etc.). Each final state has
a its own, typically large, background, mainly from top quark pair production in association with jets or
electroweak bosons. The coupling of the top quark to the Higgs boson is extracted from these measurements
with relatively large uncertainties of about 20% initially, with an improvement to 10% at the high-luminosity
LHC [64, 65, 66, 67, 62, 31]. At the high-luminosity LHC, the ttH final state is also a promising channel to
measure the muon coupling of the Higgs boson [68], though it is still statistics-limited. Production of ttH
with Higgs decay to photons is observable at the LHC [31], which allows for a study of the CP structure of
the top-Higgs vertex [69].

Better precision in the top-Higgs coupling can be achieved at lepton colliders running at a su�ciently high CM
energy and collecting large integrated luminosity. Initial studies focused on a CM energy of 800 GeV where
the ttH cross-section is largest, however a measurement at 500 GeV is also possible. For the projections in
Tab. 1-6, electron and positron polarizations of 80% and 30%, respectively, are used. For the ILC/CLIC, the
nominal luminosity for 1 TeV running is assumed, which corresponds to twice the ILC luminosity at 500 GeV.
A comparison of the top Yukawa coupling precision expected at di↵erent colliders is shown in Table 1-6,
from where it follows that a linear collider provides improvements compared to the high-luminosity LHC. It
is also possible to measure the Yukawa coupling in a threshold scan that is sensitive to the modification of
the tt̄ production cross-section through a Higgs exchange. A precision of O(30)% can, perhaps, be achieved
in this case. Note that this is the only way to get information on the top Yukawa coupling at TLEP.

Community Planning Study: Snowmass 2013

[Snowmass Top Quark WG]
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ILC Physics Case, Part 3: 	

Direct Search for New 

Physics



Beyond the Standard 
Model

• Many extensions of the SM at 
~weak scale have been 
proposed	


• All contain new particles that 
can be produced in colliders	


• Extensive searches at the 
LHC, nothing found yet, to be 
continued at Run-2, HL, …	


• Despite lower energy of the 
ILC, it can discover particles 
missed at the LHC

[figure credit: H. Murayama]36



Direct Search: ILC vs LHC

• High Energy, BUT	


• Hierarchical cross sections: 
colored final states >> 
uncolored final states	


• Backgrounds: >>1 soft 
QCD jets in each event	


• Gaps in coverage: weakly 
interacting states, purely 
hadronic signatures, soft jet 
signatures	


• Lower energy, BUT	


• Democratic cross sections: 
just need to couple to 
photon or Z	


• Low, well-understood 
backgrounds	


• “Hermetic” coverage of 
particles with mass up to 
the kinematic limit,       or 

pp colliders e+e- colliders
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Example: Chargino Search

• LHC: Model-dependent 
bounds, 700 GeV in some 
cases, but could be ~200 
GeV in others.	


• LEP-2:                        . No 
gaps or caveats. Applies to 
all charged particles.	


• ILC will extend such robust 
bound to 250 GeV 
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Dark Matter
• Existence of dark matter from galactic to cosmological scales 

has been firmly established by observations	


• DM makes up about 25% of the Universe by mass, ~5 times 
more than ordinary matter	


• Standard Model has no particle with right properties to 
account for dark matter
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WIMP Dark Matter
• First firm “experimental” evidence for 

physics beyond the SM!	


• There are (too) many particle physics 
models of DM; a useful classification is 
by cosmological history: “thermal” vs 
“non-thermal”	


• In the thermal case, present DM 
density implies annihilation cross 
section* of ~1 pb, typical scale for 
weak interactions      “Weakly-
Interacting Massive Particle” (WIMP)

• The existence of dark matter is an incontrovertible experimental fact

• The non-SM nature of dark matter seems overwhelmingly likely

• DM is a somewhat massive (> keV), electrically and color neutral, stable (or 
extremely long lived) particle

• There are (too) many particle physics models; a useful zeroth-order 
classification is by cosmological history: “thermal” vs “non-thermal”

• Vanilla thermal relic scenario is rather predictive: total pair-annihilation cross 
section        present density, which is well known

Thermal Relic Dark Matter

Figure: Birkedal, Matchev, MP

WIMPs!

Monday, June 3, 13

* total, into all SM states:
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Dark Matter @ ILC

• WIMP hypothesis yields a 
simple, robust prediction for 
rate of “mono-photon” DM 
signature at the ILC:	


• At the ILC, WIMPs can be 
discovered if at least ~1% of 
their annihilations in the 
early universe are into 	


• If discovered, WIMP mass 
and spin can be measured

Summary: WMAP -> ILC8
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Fig. 4 Equivalence of the SUSY electroweak Yukawa couplings gW̃ ,
gB̃ with the SU(2), U(1) gauge couplings g, g0. Shown are the contours
of the polarized cross sections sL(e+e� ! c̃

0
1 c̃

0
2 ) and sR(e+e� !

c̃

0
1 c̃

0
2 ) in the plane of the SUSY electroweak Yukawa couplings nor-

malized to the gauge couplings, YL = gW̃/g, YR = gB̃/g0 [38] for a
scenario with the electroweak spectrum similar to the reference point
SPS1a.

Dark Matter Physics

Weakly interacting massive particles (WIMPs) are the
favourite candidates as components of the cold dark matter.
Neutral particles that interact only weakly provide roughly
the correct relic density in a natural way. Since there are
no candidates for dark matter in the SM, the strong obser-
vational evidence for dark matter clearly points to physics
beyond the SM. Due to precise results from cosmologi-
cal observations, for instance [40], bounds on the respec-
tive cross section and the mass of the dark matter candi-
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Fig. 5 Polarized cross sections versus Pe� (bottom panel) and Pe+ (top
panel) for e+e� ! ẽẽ-production with direct decays in c̃

0
1 e in a sce-

nario where the non-coloured spectrum is similar to a SPS1a-modified
scenario but with mẽL = 200 GeV, mẽR = 190 GeV. The associated chi-
ral quantum numbers of the scalar SUSY partners ẽL,R
can be tested via polarized e±-beams.

dates can be set in the different models. Therefore, in many
models only rather light candidates are predicted, i.e. with
a mass around the scale of electroweak symmetry breaking
or even lighter. That means, for instance for SUSY mod-
els with R-parity conservation, that the lightest SUSY parti-
cle, should be within the kinematical reach of the ILC. The
lowest threshold for such processes is pair production of the
WIMP particle. Since such a final state, however, escapes
detection, the process is only visible if accompanied by a ra-
diative photons at the LC, that recoil against the WIMPs, for
instance, the process e+e� ! gcc [41], where c denotes
the WIMP particle in general with a spin S

c

= 0, 1
2 ,1. Such

a process can be realized in SUSY models, in universal ex-
tra dimensions, little Higgs theories etc. The dominant SM
background is radiative neutrino production, which can, ef-
ficiently be suppressed via the use of beam polarization.

The present dark matter density depends strongly on the
cross section for WIMP annihilation into SM particles (as-
suming that there exist only one single WIMP particle c and
ignoring coannihilation processes between the WIMP and
other exotic particles) in the limit when the colliding c’s are
non-relativistic [41], depending on s- or p-wave contribu-
tions and on the WIMP mass. Due to the excellent resolution
at the LC the WIMP mass can be determined with relative
accuracy of the order of 1%, see Fig.6.

Fig. 6 WIMP mass as a function of the mass for p-wave (J0 = 1) an-
nihilation and under the assumption that WIMP couplings are helicity-
and parity-conserving in the process e+e� ! gcc [41]. With an inte-
grated luminosity of L = 500 fb�1 and polarized beams with Pe� =

+80%, Pe+ = �60% with DP/P = 0.25% the reconstructed WIMP
mass can be determined with an relative accuracy of the order of
1% [42]. The blue area shows the systematic uncertainty and the red
bands the additional statistical contribution. The dominant sources of
systematic uncertainties are DP/P and the shape of the beam energy
spectrum.

Colliders
• DM production rates at colliders can be predicted, for a vanilla thermal relic, 

through a simple, robust, model-independent calculation

• Potentially observable rates of tag+MET predicted for both hadron and lepton 
colliders 

• Caveats: Strong dependence on the DM mass; only know the total annihilation 
rate, summed over final states, but only collide one type of particles at a time

• Still: e.g. ILC can discover DM even if only ~1% annihilate into electrons

Observation reach

For each combination of these parameters, the reach of the ILC with an integrated luminosity
of 500 fb−1 at

√
s = 500 GeV for a 3σ observation of WIMPs has been determined as a

function of the WIMP mass. Due to the high irreducible background from Standard Model
neutrino production, the sensitivity has been obtained statistically by using fractional event
counting [7] as implemented in the RooT class TLimit.
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Figure 3: 3σ observation reach of the ILC for a Spin-1 WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

Figure 3 shows the expected ILC sensitivity for Spin-1 WIMPs in terms of the mini-
mal observable branching fraction to electrons κe as a function of the WIMP mass. The
leftmost plot shows the case where the WIMPs couple only to lefthanded electrons and
righthanded positrons (κ(e−Le+

R)), the middle plot shows the parity and helicity conserving
case (κ(e−Le+

R) = κ(e−Re+
L), while the right plot is dedicated to the case that the WIMPs

couple to righthanded electrons and lefthanded positrons (κ(e−Re+
L). The regions above the

curves are accessible, where the full line gives the result for unpolarised beams, the dotted
line for Pe− = 0.8 and the dashed line for Pe− = 0.8 and Pe+ = 0.6. In the latter two
coupling scenarios polarised beams increase the reach significantly, especially the additional
positron polarisation increases the accessible range in κe by about a factor of 2. Figure 4
shows the same for a Spin- 1

2
WIMP. Here the sensitivity is somewhat worse, but again beam

polarisation extends the observable part of the parameter space significantly.
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Figure 4: 3σ observation reach of the ILC for a Spin- 1
2

WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

LCWS/ILC2007

Summary: WMAP -> ILC

Figure: Bartels and List

Monday, June 3, 13

[Birkedal, Matchev, MP, ’04;	

Bartels, List, '12]41



DM Complementarity
• DM search at the ILC complements the LHC searches: 

probe DM-electron vs. DM-quark couplings	


• If DM couples to both equally, ILC probes smaller couplings 
in the accessible mass range, while LHC probes higher mass	


• ILC also complements direct and indirect DM searches
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Direct Detection
• Unfortunately, prediction of vanilla thermal relic for elastic DM-nucleus 

scattering (a.k.a. direct detection) requires further theoretical assumptions

• A simple, general framework in which this can be done is effective operator 
approach

• In this framework, current and future direct detection experiments are probing 
the interesting cross section range, with mass regions complementary to 
indirect and collider searches

8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

Figure: Snowmass DM Complementarity WG

Monday, June 3, 13

[Chaus, List, Titov, to appear] [Snowmass DM Complementarity WG, ‘13]
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Beyond This Talk
• In this talk, I was not able to cover all of the exciting 

physics measurements can be performed at the ILC	


• Some prominent examples include:	


• Precision electroweak program	


• Indirect (non-Higgs) new physics searches, e.g. Z’	


• Suggested further reading:	


• ILC Technical Design Report, vol. 2: Physics [1306.6352] 	


• “Physics at the e+e- Linear Collider” [1504.01726]	


• Snowmass ‘13 WG Reports and White papers
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Conclusions
• Today, particle physics is confronted with a number of 

fundamental questions:	


• What is the nature of the Higgs? Is it elementary or 
composite? Are there other scalar fields? 	


• Why is the electroweak symmetry broken?	


• What happened during the electroweak phase transition? 
Can this transition produce matter-antimatter asymmetry?	


• Is our vacuum stable, or only meta-stable?	


• Are there new particles at the weak/TeV scale?	


• What is the nature of dark matter?	


• ILC is a crucial tool to address these questions. Let’s build it!


