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                   Future Lepton Collider Physics

Future Circular Collider - ee (formerly known as TLEP) will be a 
precision measurement machine! 

As a Higgs factory, the major goal is to measure the Higgs couplings 
precisely. 

It could also do precision Z pole, W and top threshold physics. 

There are other proposals of lepton colliders such as International 
Linear Collider, Compact Linear Collider and Circular Electron-
Positron Collider. 

The focus of the talk will be:
What could all these precision measurements tell us about 
what lies beyond the Standard Model? 



Table 9: Selected set of precision measurements at TLEP. The statistical errors have been determined with(i) a one-year scan of the Z resonance with 50% data at the
peak, leading to7! 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min) intervals;(ii) one year at the Z peak with 40%
longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity;(iii) a one-year scan of the WW threshold (around 161 GeV), with resonant
depolarization of single bunches for energy calibration at O(20min) intervals; and(iv) a Þve-years scan of thetøt threshold (around 346 GeV). The statistical errors expected
with two detectors instead of four are indicated between brackets. The systematic uncertainties indicated below are only a ÒÞrst lookÓ estimate and will be revisited in the
course of the design study.

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

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

At Least a factor of 10 improvement in all measurements

A multi-parameter fit of mtop, ! top, ytop and " s to top cross section, 
momentum distribution and forward-backward asymmetry

Electroweak Precision Measurements

TLEP “first look” report: 1308.6176; in parallel talks by Blekman and Antonelli



In addition, there are theory uncertainties with current 
values from two-loop calculations much larger than the 
future experimental uncertainties. 

We need at least a complete three loop SM electroweak
correction computation to fully explore the power of 
future precision measurements.



Indirect Observables
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New physics could enter in loops to produce modifications
of the Standard Model electroweak observables. One model
independent way is to parametrize the modifications by 
high-dimensional operators such as

S parameter: 

T parameter: 

 



Our goal in this paper is to assess the physics potential of these di↵erent colliders, including a
Þrst look at CEPCÕs potential accuracy in measurements of Higgs boson couplings and in Þts of the
oblique parametersS and T [3, 4] (see also [5Ð7]). These correspond, in an e↵ective operator language
(reviewed in ref. [8, 9]), to adding to the Lagrangian the following dimension-six operators from the
minimal basis of operators [10]:

L
oblique

= S

✓
!

4 sin"W cos"W v2

◆
h  W iµ! #ihBµ! ! T

✓
2!
v2

◆ ��h  Dµh
��2 , (1.1)

whereh is the Standard Model Higgs doublet, and we follow the convention"h# $ vp
2

so that v $ 246
GeV. Integrating out any SU(2)L multiplet containing states that are split by electroweak symmetry
breakingÑfor instance, the left-handed doublet of stops and sbottoms in a supersymmetric theoryÑ
will produce a contribution to S. The masses must additionally be split by custodial symmetry-
violating e↵ects to contribute to T . For example, in the case of the stop and sbottom sector we have
both, and T is numerically dominant [11].

In this paper we estimate the size of the region in the (S, T ) plane that will be allowed after
several suites of high-precision measurements: a ÒGigaZÓ program at the ILC, a ÒTeraZÓ program
at FCC-ee, extended runs of FCC-ee combiningZ pole data with data at the W+W� threshold
and the tt threshold, and the Z pole program of CEPC. We present a self-contained discussion of
many of the relative advantages and disadvantages of the di↵erent machines; for example, theZ
mass measurement will be improved only at circular colliders, which can follow LEP in exploiting
resonant spin depolarization. We also emphasize the basic physics of the Þts and their potential
bottlenecks, specifying the goals of the electroweak program in future colliders in order to achieve the
best sensitivity. For example, given current data the highest priorities are reducing the uncertainties
on mW for determination of T and of sin2 "

e! for determination of S, while improved measurements of
the top quark mass or the hadronic contribution to the running of ! become important only once other
error bars have been signiÞcantly reduced. We hope that a clear discussion of the physics underlying
electroweak Þts will help in the planning of future machines, especially for CEPC which is still at a
very early stage. In a companion paper, we will apply the results of this paper to assessing the reach
of future e+e� colliders for natural SUSY scenarios [12].

Current work on future e+e� colliders draws on an extensive older literature; see, for instance,
refs. [13Ð17]. For the most part, in determining the expected accuracy achieved by future colliders
we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led
to the current estimates [1, 2, 18Ð20]. Results in our plots labeled ÒILCÓ or ÒTLEPÓ should always
be understood to mean the new physics reach assuming the tabulated measurement precisions we
have extracted from ILC and TLEP literature (displayed in Tables 1 and 2 below). In particular,
we are reserving judgment about the relative measurement precision of the machines or about how
conservative or optimistic various numbers in the published tables might be. Our results have some
overlap with recent work presented by Satoshi Mishima [21] and Henning, Lu, and Murayama [22].

The paper is organized as follows. In Sec.2, we describe the general procedure of the electroweak
Þt and show the sensitivities of current and future experiments such as ILC and TLEP to new physics
that could be encoded in theS and T parameters. In Sec.3, we present the Þrst estimate of the reach
for new physics of the electroweak program at CEPC and discuss possible improvements for that
program. In Sec.4, we explain the details of the uncertainties used in our Þts. In Sec.5, we explain
how improving each observable helps with the Þt and o↵er guidelines for the most important steps to
take in future electroweak programs. In Sec.6, we estimate the reach of the Higgs measurements at
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simpliÞed Þt as described
in Tables 1 and 2. Right: a magniÞed view of 68% C.L. contours of S and T for ILC and TLEP. We set the
best Þt point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate
agreement with the current Þt from ref. [ 33, 40], current/LHC14/ILC results by the GÞtter group [ 23], the
TLEP result from a talk by Satoshi Mishima [ 21]. The contours of TLEP- Z and TLEP- W almost overlap on
top of each other.

are estimated for an energy scan on and around theZ pole with (100� 1000) fb! 1 luminosity on the
Z pole and 10 fb! 1 for 6 energy points close to theZ pole. The weak mixing angle is derived from
the forward-backward asymmetryAF B of the b quark, which is determined from Þts to the di! erential
cross-section distribution d! /d cos" / 1 + cos 2" + 8/3AF B cos" . We will also present estimates of
Higgs couplings precisions in Table6 of Section6.

CEPC

#s(M2

Z ) ±1.0⇥ 10! 4 [35]

" #(5)

had

(M2

Z ) ±4.7⇥ 10! 5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3 � 5)
exp

± 1
th

) ⇥ 10! 3 [24, 38, 41]

sin2 " !
e! (±(4.6� 5.1)

exp

± 1.5
th

) ⇥ 10! 5 [25, 38, 41]

#Z [GeV] (±(5 � 10)
exp

± 0.8
th

) ⇥ 10! 4 [26, 41]

Table 3. The precisions of electroweak observables in the simpliÞed electroweak Þt at CEPC. The experimental
uncertainties are mostly taken from [ 41]. Entries that do not display a theory uncertainty either incorporate it
into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar
to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ! !

eft and �Z come
from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will
be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .
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Fan, Reece and Wang 1411.1054

Global Fit of Electroweak Observables with Oblique Corrections

assume theory uncertainties from a future
SM electroweak 3-loop calculation



At FCC-ee, we could get a factor of 10 improvement in (S,T) 
sensitivities considering the theory uncertainties of a 3-loop 
calculation. If the theory uncertainty could be reduced further, 
we could get another factor of 2 improvement.

Reece, proceeding of Hong Kong IAS high energy meeting 2016

based on Z-pole
and top threshold
scan



Example what new physics could be relevant

Natural supersymmetry with light scalar tops at ~TeV
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The diagrams generating the S-parameter are shown in Fig. 9. Notice that in order for the Þrst diagram to
contribute, it is important that the SU(2) L structure of the coupling is
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as the latter would lead to a zero SU(2) L trace around the loop. As a result, the F -term potential contributes / y 2
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and the SU(2) L D-term potential contributes / g 2, but there is no U(1) Y D-term contribution / g 02. The leading

3

Different-spin pieces combine to cancel the large quantum 
correction to the Higgs potential and stabilize it.



At the LHC, stops with simple decay chains are strongly 
constrained already. 

Yet they can be hidden at hadron collider due to some non-
minimal decay modes and/or kinematics of the decay 
products (examples: R-parity violation, stealth SUSY, …).

Or they could only carry electroweak charges but no colors
(folded SUSY) and thus much weakly constrained.

These loopholes could be filled in at future lepton colliders!
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Figure 1 . Loop diagrams contributing to the T parameter operator
!
h  D µ h

" 2
when the left-handed

stop/sbottom doublet ÷Q3 and the right-handed stop ÷tR = (÷uc
3)  are integrated out.

The Xt dependent part of the correction depends on the subtlety in the use of our e! ective oblique
Lagrangian eq. 2.3 that we mentioned above: the strict relation between S and the coe" cient of
h  W iµ! ! ihBµ! applies only if we Þrst rewrite all operators in a minimal basis [39, 46]. The third

loop diagram of Fig. 2 generates di! erent operators like i" ! Bµ! h
 

!
Dµh which may be rewritten using

integration by parts and equations of motion and also contribute to S. Note that a similar diagram
with a bubble topology connecting a gauge boson on one side and two Higgs bosons on the other
(which can be obtained by removing one of the vector bosons from the left most diagram in Fig.2)
cannot be sensitive to thedi! erence in momenta of the Higgs bosons, and so never generates the
operators in question. The fact that integrating out heavy particles often generates operators that are
not present in the minimal basis was also recently emphasized in ref. [47, 48].
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Figure 2 . Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual
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are integrated out. The diagram at right generates the operators i@⌫Bµ ⌫h 
$

D µ h and iD ⌫W i
µ ⌫h  �i

$
D µ h, which

also contribute to S after being rewritten in terms of the minimal basis of dimension-six operators.

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small
Xt, negative. The T parameter contribution is numerically somewhat larger and positive. In both
cases, the dominant contribution is due to the left-handed stops and sbottoms, with their right-handed
counterparts entering through mixing e! ects. As a result, we expect that precision measurements of
the T parameter can set interesting constraints on left-handed stops. (For a recent study of existing
constraints, see ref. [49].)
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allowed. In particular, for non-zero Xt , the region around|m2
÷t 1

! m2
÷t 2

| " 0 may not be obtainable from
the diagonalization of a Hermitian stop mass matrix [32].

The sbottom sector has a similar mass matrix withmt replaced bymb, m ÷d3
replacing m÷u 3 , and

the appropriately modiÞed D-terms. Generally we can neglect mixing in the sbottom sector because
mb # mt . The mass of the left-handed sbottomm2

÷b1
could be written in terms of the stop physical

masses and mixing angle as

m2
÷b1

= cos2 ✓÷tm
2
÷t 1

+ sin 2 ✓÷tm
2
÷t 2

! m2
t ! m2

W cos(2�). (2.2)

In the higgsino sector, there are two neutral Majorana fermions and one charged Dirac fermion,
with masses approximately equal toµ. The splittings originate from dimension Þve operators when
the bino and wino are integrated out, and are of orderm2

Z /M1,2. We will ignore these splittings and
treat all higgsino masses as equal toµ for the purpose of calculating loop e! ects.

2.2 Electroweak Precision: Oblique Corrections

The familiar S and T oblique parameters [33, 34] (see also [35Ð37]) correspond, in an e! ective operator
language (reviewed in ref. [38, 39]), to adding to the Lagrangian

L oblique = S

!
↵

4 sin✓W cos✓W v2

"
h  W iµ ! �i hBµ ! ! T

!
2↵
v2

" #
#h  Dµh

#
#2
. (2.3)

Hereh is the Standard Model Higgs doublet andv $ 246 GeV; in the MSSM context it may be thought
of as the doublet that remains after integrating out the linear combination of Hu and Hd that does not
obtain a VEV. The often-discussedU parameter corresponds to a dimension-8 operator,

$
h  W iµ ! h

%2
,

and we can safely neglect it. In equatingS and T with coe" cients in L oblique , we must Þrst rewrite
the Lagrangian (using equations of motion and integration by parts) in terms of a minimal basis of

operators [40]. Other operators like i@! Bµ ! h
 

!
Dµh will contribute to the S parameter if we leave the

result in terms of an overcomplete basis. We will see some examples below in which a straightforward
diagrammatic calculation leads to operators not present in the minimal basis.

Integrating out any SU(2) L multiplet containing states that are split by electroweak symmetry
breakingÑfor instance, the left-handed doublet of stops and sbottomsÑwill produce a contribution
to S. The masses must additionally be split by custodial symmetry-violating e! ects to contribute to
T . In the case of the stop and sbottom sector we have both, andT is numerically dominant [41]. The
diagrams leading to aT -parameter are shown in Fig.1. There are terms proportional to y4

t , to y2
t X

2
t ,

and to X4
t . These diagrams are very familiar from the loop corrections to the Higgs quartic coupling

that can lift the MSSM Higgs mass above theZ-mass [42Ð45]. The only di! erence forT is that we
extract momentum-dependent terms to obtain the dimension-six operator. The result is:

T $
m4

t

16⇡ sin2 ✓W m2
W m2

÷Q 3

+ O

&
m2

t X
2
t

4⇡m2
÷Q 3
m2

÷u 3

'

. (2.4)

The diagrams generating theS-parameter are shown in Fig.2. Notice that in order for the Þrst
diagram to contribute, it is important that the SU(2) L structure of the coupling is

(
h á ÷Q3

) (
h  á ÷Q 

3

)

rather than (h  h)( ÷Q 
3

÷Q3), as the latter would lead to a zero SU(2)L trace around the loop. As a result,
the F -term potential contributes % y2

t and the SU(2)L D-term potential contributes % g2, but there
is no U(1)Y D-term contribution % g"2. The leading correction is

S $ !
1

6⇡
m2

t

m2
÷Q 3

+ O

&
m2

t X
2
t

4⇡m2
÷Q 3
m2

÷u 3

'

. (2.5)
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Our goal in this paper is to assess the physics potential of these di! erent colliders, including a
Þrst look at CEPCÕs potential accuracy in measurements of Higgs boson couplings and in Þts of the
oblique parametersS and T [3, 4] (see also [5Ð7]). These correspond, in an e! ective operator language
(reviewed in ref. [8, 9]), to adding to the Lagrangian the following dimension-six operators from the
minimal basis of operators [10]:

L oblique = S
!

!
4 sin"W cos"W v2

"
h  W iµ ! #i hBµ! ! T

!
2!
v2

" #
#h  Dµ h

#
#2

, (1.1)

where h is the Standard Model Higgs doublet, and we follow the convention"h# $ v!
2

so that v $ 246
GeV. Integrating out any SU(2)L multiplet containing states that are split by electroweak symmetry
breakingÑfor instance, the left-handed doublet of stops and sbottoms in a supersymmetric theoryÑ
will produce a contribution to S. The masses must additionally be split by custodial symmetry-
violating e! ects to contribute to T. For example, in the case of the stop and sbottom sector we have
both, and T is numerically dominant [11].

In this paper we estimate the size of the region in the (S, T) plane that will be allowed after
several suites of high-precision measurements: a ÒGigaZÓ program at the ILC, a ÒTeraZÓ program
at FCC-ee, extended runs of FCC-ee combiningZ pole data with data at the W + W " threshold
and the tt threshold, and the Z pole program of CEPC. We present a self-contained discussion of
many of the relative advantages and disadvantages of the di! erent machines; for example, theZ
mass measurement will be improved only at circular colliders, which can follow LEP in exploiting
resonant spin depolarization. We also emphasize the basic physics of the Þts and their potential
bottlenecks, specifying the goals of the electroweak program in future colliders in order to achieve the
best sensitivity. For example, given current data the highest priorities are reducing the uncertainties
on mW for determination of T and of sin2 "e↵ for determination of S, while improved measurements of
the top quark mass or the hadronic contribution to the running of ! become important only once other
error bars have been signiÞcantly reduced. We hope that a clear discussion of the physics underlying
electroweak Þts will help in the planning of future machines, especially for CEPC which is still at a
very early stage. In a companion paper, we will apply the results of this paper to assessing the reach
of future e+ e" colliders for natural SUSY scenarios.

Current work on future e+ e" colliders draws on an extensive older literature; see, for instance,
refs. [12Ð16]. For the most part, in determining the expected accuracy achieved by future colliders
we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led
to the current estimates [1, 2, 17Ð19]. Results in our plots labeled ÒILCÓ or ÒTLEPÓ should always
be understood to mean the new physics reach assuming the tabulated measurement precisions we
have extracted from ILC and TLEP literature (displayed in Tables 1 and 2 below). In particular,
we are reserving judgment about the relative measurement precision of the machines or about how
conservative or optimistic various numbers in the published tables might be. Our results have some
overlap with recent work presented by Satoshi Mishima [20] and Henning, Lu, and Murayama [21].

The paper is organized as follows. In Sec.2, we describe the general procedure of the electroweak
Þt and show the sensitivities of current and future experiments such as ILC and TLEP to new physics
that could be encoded in theS and T parameters. In Sec.3, we present the Þrst estimate of the reach
for new physics of the electroweak program at CEPC and discuss possible improvements for that
program. In Sec.4, we explain the details of the uncertainties used in our Þts. In Sec.5, we explain
how improving each observable helps with the Þt and o! er guidelines for the most important steps to
take in future electroweak programs. In Sec.6, we estimate the reach of the Higgs measurements at
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New Physics Reach:  
natural SUSY !stop + Higgsino sector"



h h 

h h 

Q̃
3

y2t

y2t

+

h h 

h h 

Q̃
3

y2t

Xt Xt

t̃R

+

h h 

h h 

Q̃
3

Q̃
3

Xt Xt

Xt Xt

t̃R

t̃R

Figure 1. Loop diagrams contributing to the T parameter operator
!
h  D µ h

" 2
when the left-handed

stop/sbottom doublet ÷Q3 and the right-handed stop ÷tR = (÷uc
3)  are integrated out.

The Xt dependent part of the correction depends on the subtlety in the use of our e! ective oblique
Lagrangian eq. 2.3 that we mentioned above: the strict relation between S and the coe" cient of
h  W iµ! ! ihBµ! applies only if we first rewrite all operators in a minimal basis [39, 46]. The third

loop diagram of Fig. 2 generates di! erent operators like i" ! Bµ! h
 

!
Dµh which may be rewritten using

integration by parts and equations of motion and also contribute to S. Note that a similar diagram
with a bubble topology connecting a gauge boson on one side and two Higgs bosons on the other
(which can be obtained by removing one of the vector bosons from the left most diagram in Fig. 2)
cannot be sensitive to the di! erence in momenta of the Higgs bosons, and so never generates the
operators in question. The fact that integrating out heavy particles often generates operators that are
not present in the minimal basis was also recently emphasized in ref. [47, 48].
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are integrated out. The diagram at right generates the operators i@⌫Bµ ⌫h 
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D µ h and iD ⌫W i
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also contribute to S after being rewritten in terms of the minimal basis of dimension-six operators.

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small
Xt, negative. The T parameter contribution is numerically somewhat larger and positive. In both
cases, the dominant contribution is due to the left-handed stops and sbottoms, with their right-handed
counterparts entering through mixing e! ects. As a result, we expect that precision measurements of
the T parameter can set interesting constraints on left-handed stops. (For a recent study of existing
constraints, see ref. [49].)
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allowed. In particular, for non-zero X t , the region around|m2
÷t 1

! m2
÷t 2

| " 0 may not be obtainable from
the diagonalization of a Hermitian stop mass matrix [32].

The sbottom sector has a similar mass matrix withmt replaced by mb, m ÷d3
replacing m÷u 3 , and

the appropriately modiÞed D-terms. Generally we can neglect mixing in the sbottom sector because
mb # mt . The mass of the left-handed sbottomm2

÷b1
could be written in terms of the stop physical

masses and mixing angle as

m2
÷b1

= cos2 ! ÷t m
2
÷t 1

+ sin 2 ! ÷t m
2
÷t 2

! m2
t ! m2

W cos(2" ). (2.2)

In the higgsino sector, there are two neutral Majorana fermions and one charged Dirac fermion,
with masses approximately equal toµ. The splittings originate from dimension Þve operators when
the bino and wino are integrated out, and are of orderm2

Z /M 1,2. We will ignore these splittings and
treat all higgsino masses as equal toµ for the purpose of calculating loop e↵ects.

2.2 Electroweak Precision: Oblique Corrections

The familiar S and T oblique parameters [33, 34] (see also [35Ð37]) correspond, in an e↵ective operator
language (reviewed in ref. [38, 39]), to adding to the Lagrangian

L oblique = S
✓

#
4 sin! W cos! W v2

◆
h†W iµ ⌫$i hBµ⌫ ! T

✓
2#
v2

◆ ��h†Dµ h
��2 . (2.3)

Hereh is the Standard Model Higgs doublet andv $ 246 GeV; in the MSSM context it may be thought
of as the doublet that remains after integrating out the linear combination of Hu and Hd that does not
obtain a VEV. The often-discussedU parameter corresponds to a dimension-8 operator,

�
h†W iµ ⌫h

�2
,

and we can safely neglect it. In equatingS and T with coe�cients in L oblique , we must Þrst rewrite
the Lagrangian (using equations of motion and integration by parts) in terms of a minimal basis of

operators [40]. Other operators like i%⌫Bµ⌫h†
!

D µ h will contribute to the S parameter if we leave the
result in terms of an overcomplete basis. We will see some examples below in which a straightforward
diagrammatic calculation leads to operators not present in the minimal basis.

Integrating out any SU(2) L multiplet containing states that are split by electroweak symmetry
breakingÑfor instance, the left-handed doublet of stops and sbottomsÑwill produce a contribution
to S. The masses must additionally be split by custodial symmetry-violating e↵ects to contribute to
T. In the case of the stop and sbottom sector we have both, andT is numerically dominant [41]. The
diagrams leading to aT-parameter are shown in Fig.1. There are terms proportional to y4

t , to y2
t X 2

t ,
and to X 4

t . These diagrams are very familiar from the loop corrections to the Higgs quartic coupling
that can lift the MSSM Higgs mass above theZ -mass [42Ð45]. The only di↵erence forT is that we
extract momentum-dependent terms to obtain the dimension-six operator. The result is:

T $
m4

t

16&sin2 ! W m2
W m2

÷Q 3

+ O

 
m2

t X 2
t

4&m2
÷Q 3

m2
÷u 3

!
. (2.4)

The diagrams generating theS-parameter are shown in Fig.2. Notice that in order for the Þrst
diagram to contribute, it is important that the SU(2) L structure of the coupling is

⇣
h á ÷Q3

⌘⇣
h† á ÷Q†

3

⌘

rather than ( h†h)( ÷Q†
3

÷Q3), as the latter would lead to a zero SU(2)L trace around the loop. As a result,
the F -term potential contributes % y2

t and the SU(2)L D-term potential contributes % g2, but there
is no U(1)Y D-term contribution % g"2. The leading correction is

S $ !
1

6&
m2

t

m2
÷Q 3

+ O

 
m2

t X 2
t

4&m2
÷Q 3

m2
÷u 3

!
. (2.5)
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2.3 Production of b and t Quarks

Integrating out loops of stops and higgsinos can correct the production of bottom and top quarks at
e+ e! colliders. In particular, in the minimal basis of dimension-six operators these corrections show
up in the terms [40]

chq;1 ih † "
DµhQ†

3�
µQ3 + chq;3 ih †�i

"
DµhQ†

3�
i�µQ3 + chuih † "

Dµhuc†
3 �µuc

3 + chd ih † "
Dµhdc†

3 �µdc
3 + h .c. (2.6)

Again, however, calculating loop diagrams might generate other operators not present in Eq.2.6, in
which case we should use the equations of motion and integration by parts to rewrite the operators in
a minimal basis.

The largest e! ects are associated with the top quark Yukawa couplingytuc
3Hu · Q3. As a result,

we should look for corrections associated with the production ofleft-handed b quarks, and either left-
or right-handed top quarks. Let us begin by discussing theb-quark coupling, which is constrained for
instance by measurements of

Rb ⌘ " (Z ! bb)
" (Z ! hadrons)

. (2.7)

A diagram generating a correction to the Z ! bb process is shown in Fig.3. This cannot arise from
an operator in eq. 2.6, because there is nowhere in the diagram that we could place insertions ofh
and h†. A more complete list of operators [50] includes the additional terms

W i
µ! Q†

3�
i�µiD ! Q3, Bµ! Q†

3�
µiD ! Q3, (2.8)

which also couple the left-handed bottom quark to the Z boson. These operators, missing in the
minimal basis, are the ones that are generated by integrating out higgsinos and right-handed stops.
(Note the similarity in form of both the diagram and the corresponding operator to the right-hand
diagram of Þg.2.) The full dependence ofRb on dimension-six operators is worked out in ref. [51].

Z

bL

bL

÷tR

÷H !
u

÷H +
u

Figure 3. Loop diagram correcting Rb. The operators that are generated are W i
µ⌫Q

†
3�

i�µiD⌫Q3 and

Bµ⌫Q
†
3�

µiD⌫Q3.

In fact, we can understand the expected size of the resulting e! ect in somewhat more detail by
integrating out Þrst the right-handed stops and subsequently the higgsinos. After the Þrst step we
have a four-fermion operator:

÷Hu bL

÷tR

÷Hu bL

) y2t
mt̃2

R

⇣
˜Hu ·Q3

⌘⇣
Q†

3

· ˜H†
u

⌘
.

(2.9)
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This operator then mixes with the Zbb coupling as we integrate out the higgsinos:

Z

÷Hu
bL

bL

! y2
t

m ÷t 2
R

W i
µ! Q 

3! i ! µ iD ! Q3 log
m ÷t R

µ .

(2.10)

The structure of derivatives in this operator produces a factor ofm2
Z in the formula for Rb, eq. A.6.

The reason for integrating the particles out in two steps is to highlight that there is a potentially large
logarithm of the ratio of stop and higgsino masses. In a careful e! ective Þeld theory treatment, this
log could be resummed by computing the renormalization group evolution that mixes the four-fermion
operator with the operator modifying the Z coupling through their matrix of anomalous dimensions.

Once we include mixing of the left- and right-handed stops, there are additional terms that directly
generate the operators in eq.2.6. We can start by integrating out the left-handed stops to generate a
correction to the coupling of right-handed stops to theZ boson:

Z

h

h

÷tL

÷tL

÷tR

÷tR

!
y2

t X 2
t

!
h  i

"#
D µ h

"!
÷t 
R i

"#
D µ ÷tR

"

m4
÷t L

.

(2.11)

This new operator then mixes at one loop into the operator couplingZ bosons to the left-handedb
quark:

Z
h

h

÷Hu

bL

bL

!
y4

t X 2
t

!
h  i

"#
D µ h

"
(Q 

3�
µ Q3)

m4
÷t L

log
m÷t L

max(m÷t R
,µ) .

(2.12)

These structures that we have deduced on e! ective Þeld theory grounds match terms that can be
found by expanding the full loop formulas in refs. [52, 53].

A future e+ e! collider running above the tt threshold can also measure corrections to the top
quarkÕs couplings toZ bosons and photons to about 1% accuracy [54, 55]. The Zt L tL vertex is
modiÞed by the same operator asRb, and a correction to the Zt R tR vertex can also arise from
integrating out left-handed stops. We expect that either Rb or the T parameter will provide stronger
constraints in any region of parameter space that modiÞes thett couplings, though depending on the
details of a future collider and the luminosity it accumulates for top quark production this may need
to be revisited in the future.

2.4 Higgs Couplings to Photons and Gluons

The corrections to the Higgs couplings induced by loops of stops and sbottoms have been the subject
of intense recent interest [32, 49, 56Ð59]. As is well known, stop loops could modify the Higgs coupling
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Figure 4. Loop diagrams contributing to the correction to the Higgs coupling to gluons, via the operator

h†hGa
µ⌫G

aµ⌫ .

to gluons, via diagrams like those of Fig. 4. The leading order contribution could be computed easily
via the low energy Higgs theorem [60, 61]

r ˜tG ⌘ c˜thgg
cSMhgg

⇡ 1

4

 
m2

t

m2

˜t1

+
m2

t

m2

˜t2

� m2

tX 2

t

m2

˜t1
m2

˜t2

!
, stop contribution to hgg coupling (2.13)

where we neglect D -terms. The low-energy theorem essentially upgrades the log(M
threshold

) terms
that appear when integrating out a heavy mass threshold to field-dependent terms, viewing M

threshold

as a function of a variable higgs VEV. The resulting expression is valid for m
˜t1,2 ⇠> mh/ 2, which we

will assume is always true. A loop of light stops will also generate a smaller contribution to the Higgs
diphoton coupling, which is anti-correlated to r ˜tG

r ˜t� ⌘ c˜th��
cSMh��

=
A�

˜t

(A�
W +A�

t )
SM

⇡ �0.28r ˜tG, (2.14)

using A�
W ⇡ 8.33 and A�

t ⇡ �1.84, the amplitudes of h ! !! in the SM, valid for mh = 125 GeV.
One could see that the more natural the stop parameter space is, the larger the modification is [58].
Except for the special case of colorless stop, the strongest limit on the stop always comes from the
measurement of hgg coupling.

Corrections to �(h ! Z ! ) play a similar role as those for �(h ! !! ), but we find that they are nu-
merically less important. Similarly, corrections to the Higgs coupling to Z bosons play a subdominant
role because they compete with the large tree-level coupling.

2.5 Wavefunction Renormalization

Recently ref. [62] has emphasized that any new physics which couples to the Higgs will induce a wave-
function renormalization of the Higgs boson, arising from the dimension-six kinetic term " µ |h|2 " µ |h|2
(also see [63, 64]). This is an interesting observation, because it opens up the possibility of probing
naturalness even in scenarios where the quadratic divergence in the Higgs mass is canceled by particles
without Standard Model quantum numbers, which are otherwise hard to probe. We have generalized
the calculation of this correction from ref. [63] to allow for mixing between the two stops. We write
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to gluons, via diagrams like those of Fig. 4. The leading order contribution could be computed easily
via the low energy Higgs theorem [60, 61]

r
˜t
G !

c˜thgg
cSMhgg

"
1

4

 
m2

t

m2

˜t1

+
m2

t

m2

˜t2

#
m2

tX
2

t

m2

˜t1
m2

˜t2

!
, stop contribution to hgg coupling (2.13)

where we neglect D-terms. The low-energy theorem essentially upgrades the log(M
threshold

) terms
that appear when integrating out a heavy mass threshold to field-dependent terms, viewing M

threshold

as a function of a variable higgs VEV. The resulting expression is valid for m
˜t1,2 $> mh/2, which we

will assume is always true. A loop of light stops will also generate a smaller contribution to the Higgs
diphoton coupling, which is anti-correlated to r˜tG

r
˜t
! !

c˜th!!

cSMh!!

=
A!

˜t

(A!
W +A!

t )
SM

" # 0.28r
˜t
G, (2.14)

using A!
W " 8.33 and A!

t " # 1.84, the amplitudes of h % !! in the SM, valid for mh = 125 GeV.
One could see that the more natural the stop parameter space is, the larger the modification is [58].
Except for the special case of colorless stop, the strongest limit on the stop always comes from the
measurement of hgg coupling.

Corrections to ! (h % Z! ) play a similar role as those for ! (h % !! ), but we find that they are nu-
merically less important. Similarly, corrections to the Higgs coupling to Z bosons play a subdominant
role because they compete with the large tree-level coupling.

2.5 Wavefunction Renormalization

Recently ref. [62] has emphasized that any new physics which couples to the Higgs will induce a wave-
function renormalization of the Higgs boson, arising from the dimension-six kinetic term " µ |h|2 " µ |h|2
(also see [63, 64]). This is an interesting observation, because it opens up the possibility of probing
naturalness even in scenarios where the quadratic divergence in the Higgs mass is canceled by particles
without Standard Model quantum numbers, which are otherwise hard to probe. We have generalized
the calculation of this correction from ref. [63] to allow for mixing between the two stops. We write
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Other corrections to precision observables: 
wavefunction renormalization of the Higgs boson 
(Craig, Englert, McCullough 2013)
b to s gamma, 
triple gauge coupling, 
running of the gauge couplings (for hadron collider).
(Alves, Galloway, Ruderman, Walsh 2014)
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1 Introduction

H   HG2 (1.1)

The discovery of the Higgs boson has ushered in a new era of electroweak physics. The Standard
Model has proved to be essentially correct, at least as a low-energy e" ective Þeld theory, in its de-
scription of electroweak symmetry breaking as due to a light, weakly coupled scalar boson. However,
the physics giving rise to the Higgs potential remains completely unclear. If there is a small amount
of Þne-tuning in the Higgs sector, we expect new physics at nearby scales. Perhaps the Higgs is
composite (e.g. a pseudo-Nambu Goldstone boson), or perhaps supersymmetry cuts o" the quadratic
divergence in the Higgs mass. Although the Large Hadron Collider may yet discover new particles
that o" er clues to these possibilities, precision measurements of electroweak physics including the
Higgs bosonÕs properties may also o" er powerful probes of electroweak symmetry breaking. Several
compelling possibilities for the next step forward in high-precision electroweak physics exist: the Inter-
national Linear Collider [1], which may be built in Japan; FCC-ee, a future circular collider formerly
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To sum up, in natural SUSY, the combined set of 
precision measurements could probe down to a few percent  
in Þne#tuning  and stop mass to about a TeV . They will 
fill in the potential loopholes of the direct searches at 
hadron colliders! 



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

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

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

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

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

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

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

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

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

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

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

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

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

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

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

s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000
!
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! g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

! W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%
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! b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

! t " 14% 3.2% 2.0% " 13% " 4.5% < 4.5%
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almost all couplings could
be measured with percentage
level precisions; 

in particular, Zh coupling
with 0.1% level precision.
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a powerful probe of tuning away from this small window of parameter space, which may be accessible2785

to alternative probes likeb ! s! .2786

In the interesting case of Folded Supersymmetry [56], where the top partners that cancel divergences2787

in the Higgs mass have Standard Model electroweak quantum numbers but not color quantum num-2788

bers, theT parameter constraint is a more effective precision probe than Higgs coupling measurements.2789

This is because folded stops modify the Higgs coupling to photons but not to gluons, leading to weak2790

bounds [42, 55, 57]. The oblique parameter bound depends only on electroweak couplings and goes2791

through unscathed. Thus, for one of the scenarios that will be most difÞcult to probe at the LHC, a2792

future circular collider can lead to novel and important constraints through measurements near theZ2793

pole.2794

3.3.2 Composite Higgs scenarios2795

Supersymmetry is not the only possibility for natural new physics at the weak scale. The other leading2796

contender is the case of a composite (pseudo-Nambu-Goldstone or PNGB) Higgs boson. Unlike the2797

Standard Model Higgs, a PNGB Higgs generally will not completely unitarize the scattering of longitu-2798

dinalW andZ bosons, because the exchange of heavier resonances (like the technirho meson) also play2799

a role. The failure of the Higgs to unitarize the amplitude is associated withv2/f 2 corrections to the2800

coupling of the Higgs boson to SU(2)L gauge bosons, withf the PNGB decay constant. The minimal2801

composite Higgs has, for instance, [58]:2802

" W = " Z =

!

1 "
v2

f 2 , (3.10)

Because the primary Higgs production mechanism at ane+ e� collider is Higgsstrahlung,e+ e� !2803

Z ⇤ ! Zh, the coupling" Z is especially well-measured and provides a powerful constraint on the2804

scalef . The details of how a composite Higgs theory modiÞes theS andT parameters are model-2805
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Minimal composite Higgs scenario: Agashe, Contino, Pomarol 2004

Higgs is a pNGB boson. 
It will not completely unitarize the scattering of the longitudinal W 
and Z bosons (exchange of heavier resonances also play a role).
Failure of the Higgs to unitarize the amplitude is associated with 
correction to the coupling between the Higgs and the weak gauge bosons.

f: decay constant of PNGB Higgs
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Experiment Z (68%) f (GeV) g (68%) m
˜tL (GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV

ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7. Interpreting Higgs coupling bounds in terms of new physics reach.

Experiment S (68%) f (GeV) T (68%) m
˜tL (GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV

CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV

TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 8. Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming

the improvement in both sin2 ! `
e! and �Z , as discussed in Section 3.1.

into bounds on the scale f in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value of S where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs. 1 and 2. We also translate these into bounds on
f and on m

˜tL , respectively. Of course, bounds on new physics are always model-dependent and the
relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements and Z factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T ) plane fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ! Bµ! modifies the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global fit combining all known
pieces of information.
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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.
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly

⇤Electronic address: ncraig@ias.edu
†Electronic address: christoph.englert@durham.ac.uk
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h ⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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Other physics reach: Electroweak Phase Transition and 
Baryogenesis 
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The leading difference between these possibilities show up in the cubic Higgs self-coupling. In417

the standard model, minimizing the potential gives v2

= 2|m|2/ �. Expanding around this minimum418

h = (v+H )/
p

2 gives V (H ) =

1

2

m2

HH 2

+

1

6

µH 3

+· · · , with m2

H = �v2 and µSM = 3(m2

H /v ). Now419

consider the example with the quartic balancing against a sextic, for the sake of simplicity to illustrate420

the point, let’s take the limit where the m2 term in the potential can be neglected. Now the potential421

is minimized for v2

= 2|�|⇤2, and we find m2

H = �v2, µ = 7m2

H /v = (7/ 3)µSM , giving an O(1)422

deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the non-analytic423

(h†h)

2 log(h†h) potential, the cubic self-coupling is µ = (5/ 3)µSM .424

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.425

Even larger departures from the standard picture are possible - we don’t even know whether the dynam-426

ics of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a427

number of light scalars, and not all of them need be weakly coupled!428

Nature of EW phase transition

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

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao LiuÕs talk

Tuesday, January 20, 15

Figure 1.12 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can429

ask about any symmetry breaking phenomenon—what is the order of the associated phase transition?430

How can we experimentally decide whether the electroweak phase transition in the early universe was431

second order or first order? This question is another obvious next step following the Higgs discov-432

ery: having understood what breaks electroweak symmetry, we must now undertake an experimental433

program to probe how electroweak symmetry is restored at high energies.434

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-435

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,436

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no437

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-438

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all439

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak440

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-441

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to442

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls443

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs444

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the445

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs446

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann447

suppressed and the baryon asymmetry can survive. This requires exp(��Esph/T c) < exp (�10), and448

can be translated to a rough criterion on the size of the Higgs expectation value at the transition:449

hhi(Tc)

Tc
> 0.6 ! 1.6 (1.15)

If the Higgs potential allows for a first-order phase transition 
in the early Universe, that opens up the possibility of 
electroweak baryogenesis.

The simplest way to extend the Higgs sector and open up the 
possibility of a first-order phase transition is to add a singlet



first-order phase transition at radiative level: Z2 singlet model

Curtin, Meade, Yu 2014

contours: Higgs triple coupling
(normalized by the SM value)

contours: Zh coupling 
(normalized by the SM value)



Complementarity between Precision Measurements and 
Direct Searches at Hadron Colliders

Observables at Current + Future Colliders

• producing extra higgs states (incl. superpartners)

• Exotic Higgs Decays

• Electroweak Precision Observables

• Higgs coupling measurements

• Higgs portal direct production of new states

• Higgs self coupling measurements

• Zh cross section measurements

100 TeV ILC/TLEP

Lepton Collider: All about precision.

100 TeV pp: Intensity Frontier experiment for Higgs Sector

Important exception: direct production of heavy higgs siblings, 
and of course probing the rest of the theory / UV completion!

5

Curtin’s talk at FCC-week 2015



SUMMARY
The precisions of Higgs couplings and EWPT could 
be improved by a factor of 10 or more at future 
colliders.

They will provide powerful indirect complementary 
probes to new physics (naturalness, electroweak 
baryogengesis) at or above TeV scale. 

More studies need to be done to fully explore the 
power of precision measurements at future colliders!



Thank you !


