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The colliders
Four viable proposals on the table: ILC, CLIC; CEPC, FCC-ee

For the sake of  time, this talk will focus on ILC and CEPC
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Higgs Precision

Clearest comparison: coupling fit 
Fits courtesy of T. Barklow 
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Table 2.12 Estimated precisions of Higgs boson property measurements at the CEPC. All the numbers refer
to relative precision except for MH and BR(H ! inv) for which �MH and 95% CL upper limit are quoted
respectively.

�MH �H �(ZH) �(⌫⌫H) ⇥ BR(H ! bb)

5.9 MeV 2.8% 0.51% 2.8%

Decay mode �(ZH) ⇥ BR BR

H ! bb 0.28% 0.57%
H ! cc 2.2% 2.3%
H ! gg 1.6% 1.7%
H ! ⌧⌧ 1.2% 1.3%
H ! WW 1.5% 1.6%
H ! ZZ 4.3% 4.3%
H ! �� 9.0% 9.0%
H ! µµ 17% 17%
H ! inv � 0.28%

�(e+e� ! ZH). Even for these measurements, statistics will be the dominant source of uncertainties.2099

Systematic uncertainties from the efficiency/acceptance of the detector, the luminosity and the beam2100

energy determination are expected to be small. The integrated luminosity can be measured with a2101

0.1% precision, a benchmark already achieved at LEP [45], and can be potentially improved in the2102

future. The center-of-mass energy will be known better than 1 MeV, resulting negligible uncertainties2103

on the theoretical cross section predictions and experimental recoil mass measurements. In summary,2104

all aforementioned measurements will have uncertainties that are statistically dominated at CEPC.2105

2.3.8 Higgs Analysis and Simulation studies at CEPC: next step2106

The simulation study is indispensable for the demonstration of CEPC physics potential, seeking of opti-2107

mized detector design and the global running program optimization. The simulation studies is composed2108

of three basic pillars: the detector geometry design and Geant 4 Full simulation, the reconstruction al-2109

gorithm development/optimization and the physics analysis. We will briefly present the status of these2110

studies and their perspective at CDR phase.2111

For the Geant4 Full simulation, we established a conceptual detector design (cepc-v1). Iterating with2112

sub-detector design, we should converge to 1 - 2 benchmark detector design at the CDR studies. The2113

key problem for is the MDI/VTX layout design and sub-detector geometry optimization.2114

Adequate reconstruction algorithm is indispensible for the detector. At the CDR studies, dedicated2115

CEPC reconstruction chain will be developed, adjusted and optimized for the benchmark detector de-2116

sign(s). Discussed in section. 2.2.4, the physics performance can be significantly improved by further2117

development of the reconstruction algorithm. For example, bremsstrahlung effect recovery, energy esti-2118

mation for hadronic showers, tagging the most suited jet clustering algorithm/parameter, etc.2119

The physics analysis is a direct investigation and demonstration of the CEPC physics potential.2120

Meanwhile, it provide the desicive testbed for newly designed detector geometry and reconstruction2121

CEPC (Pre-CDR) 
5/ab

DRAFT

A INPUT PRECISIONS TO THE HIGGS COUPLING FIT

A Input Precisions to the Higgs Coupling Fit

The accuracies for the cross section and s ·BR measurements used in the Higgs coupling fits for
this paper are summarized in Table 13 for the reference luminosities and energies used in the ac-
tual simulation studies. Many of the results were obtained from the Snowmass ILC Higgs White
Paper [8]. Since Snowmass 2013 Higgstrahlung cross section measurement using hadronic Z
decays have been developed for

p
s = 250 GeV [37] and

p
s = 350 GeV [10], and many studies

discussed in the Snowmass ILC Higgs White Paper have been reanalyzed for
p

s = 350 GeV
and/or a Higgs mas of 125 GeV. All analyses have been performed assuming a beam polarisation
of P(e�,e+) = (�80%,+30%). A snapshot of all updates at the time of writing of this report
can be found in [38]. Results for the opposite combination, P(e�,e+) = (+80%,�30%) have
been obtained by scaling factors derived from polarisation dependence of the signal and main
background processes. Typically, they are 1 for ZH production, while for WW fusion signals a
factor 4 is assumed. The limits on invisible Higgs have been analysed for both helicities, and
P(e�,e+) = (+80%,�30%) has been found to yield more stringent limits, corresponding to a
scaling factor of 0.7. For the simulation study of tt̄h production, P(e�,e+) = (+80%,�30%)
has been found to perform worse than the reference polarisation P(e�,e+) = (�80%,+30%)
by a factor of 1.36. Within the global fit, all measurements are scaled to the desired integrated
luminosities and polarisation sharings before extracting the coupling precisions for a given com-
bination of datasets.
R

L dt at
p

s 250 fb�1 at 250 GeV 330 fb�1 at 350 GeV 500 fb�1 at 500 GeV
P(e�,e+) (-80%,+30%)
production Zh nn̄h Zh nn̄h Zh nn̄h tt̄h
Ds/s [39] 2.0% - [10, 40] 1.6% - 3.0 - -
BR(invis.) [41] < 0.9% - < 1.2% - < 2.4% - -
decay D(s ·BR)/(s ·BR)
h ! bb̄ 1.2% 10.5% 1.3% 1.3% 1.8% 0.7% 28%
h ! cc̄ 8.3% - 9.9% 13% 13% 6.2% -
h ! gg 7.0% - 7.3% 8.6% 11% 4.1% -
h !WW ⇤ 6.4% - 6.8% 5.0% 9.2% 2.4% -
h ! t+t� [42] 3.2% - [43] 3.5% 19% 5.4% 9.0% -
h ! ZZ⇤ 19% - 22% 17% 25% 8.2% -
h ! gg 34% - 34% [44] 39% 34% [44] 19% -
h ! µ+µ� [45] 72% - 76% 140% 88% 72% -

Table 13: Expected accuracies for cross section and cross section times branching ratio mea-
surements for the 125GeV Higgs boson as provided as input to the coupling fit. All values
obtained from full detector simulation studies at the given reference values of energy, inte-
grated luminosity and polarisation. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

33

ILC (1506.07830) 
Scale up to H-20

not going to contemplate re-staging in this talk
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CEPC & ILCH-20(8.1)

28 28 

1CEPC 250 GeV with 5000 fb−

ILC + CEPC under the conditions listed above
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[T. Barklow] 
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29 29 

1ILC 250+350+500 GeV with 2000+200+4000 fb   (H-20 scenario full run  20.2 yrs)− ⇒
1CEPC 250 GeV with 5000 fb−

ILC + CEPC under the conditions listed above
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Complementarity of  
CEPC-ILCH-20(8.1)

30 30 

1CEPC 250 GeV with 5000 fb−

ILC + CEPC under the conditions listed above
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       26.5         11.0          15.0         96.3         16.6          1.4            5.9           2.3           1.7           18.9  

       1.91         1.45          1.58         3.26         1.63         1.07          1.26         1.11         1.08          1.70  

How does ILC help CEPC in a situation where 
CEPC has (mostly) the best individual results?  

*Additional CEPC running required to match  contribution to  Assumes all extra runninILC g aCombinatio t 250 V. en  Gs =

[T. Barklow] 
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31 31 

1ILC 250+350+500 GeV with 2000+200+4000 fb   (H-20 scenario full run  20.2 yrs)− ⇒
1CEPC 250 GeV with 5000 fb−

ILC + CEPC under the conditions listed above
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Extra ILC*
Running (yr) 

       10.4         10.4         10.4          10.4         10.4         10.4          10.4         10.4         10.4          10.4  

How does CEPC help ILC in a situation where 
ILC has (mostly) the best individual results?  

*Additional ILC running required to match  contribution to . Assumes all extra runninCEPC g atCombinat  250i Von  Ges =

Complementarity of  
CEPC-ILCH-20

[T. Barklow] 
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What does it all mean?

• Circular machines win on Zh, invisible, rare SM 
modes; linear machines can win on the rest. 

• Complementarity is very impressive!

Consistent lessons:

But which measurements to favor? 

What does the precision mean? 

Depends on what you want to learn.
8



To understand the Higgs
For all the excitement of discovery, we still 

know very little about the Higgs

It appears to be a particle without intrinsic 
spin. We have seen spinless composite 
particles before. We have never seen an 

elementary spinless particle! 

The Standard Model predicts that it 
interacts with itself, unlike any other 

particle in nature. 

Is it elementary, or composite? 

Does it interact with itself?

h
h

h

Back to my talk on Monday…
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Elementary or composite?

1

5mh

1

mh

1

25mh

⇠ 0.06 am⇠ 0.32 am

⇠ 1.6 am

LHC ILC

What I really meant: Higgs has zero size in the SM. Its “size” comes 
from the scale of higher-dimensional operators in the Higgs EFT. 

 How strongly can we bound the operator

OH =
1

2

�
@µ|H|2�2
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Higgs wavefunction
OH =

1

2
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OH
Appears in 

Lagrangian as 
and after 
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Correction to Higgs wavefunction in broken phase

Canonically normalizing

shifts all Higgs couplings uniformly, e.g.
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Bounding cH
Since all couplings are shifted uniformly, disappears from BRs 

Only appears in production rates (disappears from ratios)
⇒ Ideal for a direct measurement.

15

TABLE VIII. The uncertainties of �ZH and MH scaled to the full H20 run scenario, as well as the combined errors of �gHZZ/gHZZ

and �MH.
p
s 250 GeV 350 GeV 500 GeV´

Ldt ��ZH/�ZH

´
Ldt ��ZH/�ZH

´
Ldt ��ZH/�ZH

e�L e
+
R 1350 fb�1 1.1% 115 fb�1 5.0% 1600 fb�1 2.9%

e�Re
+
L 450 fb�1 2.2% 45 fb�1 9.8% 1600 fb�1 3.1%

H20 combined: �gZZH/gZZH = 0.4%
p
s 250 GeV 350 GeV 500 GeV´

Ldt �MH (MeV)
´
Ldt �MH (MeV)

´
Ldt �MH (MeV)

e�L e
+
R 1350 fb�1 16 115 fb�1 157 1600 fb�1 295

e�Re
+
L 450 fb�1 31 45 fb�1 318 1600 fb�1 323

total 1800 fb�1 14 160 fb�1 141 3200 fb�1 218
H20 combined: �MH = 14 MeV

TABLE IX. The BR values and efficiencies of the major SM Higgs decay modes, after each data selection step, shown here for
the case of the µ+µ�H channel and e�L e

+
R at

p
s=250 GeV. The statistical uncertainties on these values are below 0.14%.

H ! XX bb cc gg ⌧⌧ WW⇤
ZZ

⇤
�� �Z

BR (SM) 57.8% 2.7% 8.6% 6.4% 21.6% 2.7% 0.23% 0.16%
Lepton Finder 93.70% 93.69% 93.40% 94.02% 94.04% 94.36% 93.75% 94.08%

Lepton ID+Precut 93.68% 93.66% 93.37% 93.93% 93.94% 93.71% 93.63% 93.22%
Ml+l� 2 [73, 120] GeV 89.94% 91.74% 91.40% 91.90% 91.82% 91.81% 91.73% 91.47%
p

l+l�

T 2 [10, 70] GeV 89.94% 90.08% 89.68% 90.18% 90.04% 90.16% 89.99% 89.71%
|cos ✓miss| < 0.98 89.94% 90.08% 89.68% 90.16% 90.04% 90.16% 89.91% 89.41%
BDT > - 0.25 88.90% 89.04% 88.63% 89.12% 88.96% 89.11% 88.91% 88.28%

Mrec 2 [110, 155] GeV 88.25% 88.35% 87.98% 88.43% 88.33% 88.52% 88.21% 87.64%

ists beyond the MC statistical error (< 0.2%) for any
mode. Regarding the most realistic scenario C, the es-
timation of potential bias is obtained as follows (using
Equations 10 and 11). The known modes are assumed to
be H ! bb, cc, gg, ⌧⌧ , WW⇤, ZZ⇤, ��, and �Z, since they
will be measured at the LHC or the ILC[29, 30]. The total
branching ratio for the unknown modes (B

x

) is assumed
to be 10%, based on the estimation of the 95% C.L. upper
limit for branching ratio of BSM decay modes from the
HL-LHC[29]. In fact this assumption is rather conserva-
tive, because at the ILC the upper limit for BSM decay
will be greatly improved and in general any decay mode
with a few percent branching ratio shall be directly mea-
sured. Since the characteristics of any exotic decay mode
are expected to fall within the wide range of known decay
modes being directly investigated, we obtain �"max by as-
suming that the efficiencies of the unknown modes will
lie in the range of the efficiencies of known modes; this is,
for example, -0.68% from the �Z mode in the case of the
channel shown in Table IX. Then for the known modes,
each B

i

is scaled from their SM values by 90%, following
which "0 is obtained straightforwardly from B

i

and ✏

i

.
Each �B

i

is taken conservatively from the largest uncer-
tainties predicted from the HL-LHC measurements[29]
with exceptions of the H ! cc and gg modes which are

TABLE X. The relative bias on �ZH evaluated for each center-
of-mass energy and polarization.
p
s 250 GeV 350 GeV 500 GeV

l+l�H µ

+
µ

�X e+e�X µ

+
µ

�X e+e�X µ

+
µ

�X e+e�X

e�L e
+
R 0.08% 0.19% 0.04% 0.11% 0.05% 0.09%

e�Re
+
L 0.06% 0.13% 0.00% 0.12% 0.02% 0.02%

very difficult to obtain at the HL-LHC and thus are ob-
tained from the predictions for the ILC[30].

Table X shows for all center-of-mass energies and po-
larizations in this analysis the relative bias on �ZH, which
is below 0.1% for the µ

+
µ

�H channel and 0.2% for the
e+e�X channel. The maximum contribution to the resid-
ual bias comes from either the H ! �� mode or the
H ! �Z mode.

From the the above and results in Table X, we conclude
that the model independence of �ZH measurement at the
ILC using Higgsstrahlung events e+e� ! ZH ! l+l�H (l
= e or µ) is demonstrated to a level well below even the
smallest statistical �ZH uncertainties expected from the
leptonic recoil measurements in the full H20 run, by a
factor of 5.

ILC direct Zh 
(Yan et al. 1604.07524)

My naive ILC combo: δσZh/σZh=0.88%

CEPC direct Zh 
(Pre-CDR)
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Table 2.12 Estimated precisions of Higgs boson property measurements at the CEPC. All the numbers refer
to relative precision except for MH and BR(H ! inv) for which �MH and 95% CL upper limit are quoted
respectively.

�MH �H �(ZH) �(⌫⌫H) ⇥ BR(H ! bb)

5.9 MeV 2.8% 0.51% 2.8%

Decay mode �(ZH) ⇥ BR BR

H ! bb 0.28% 0.57%
H ! cc 2.2% 2.3%
H ! gg 1.6% 1.7%
H ! ⌧⌧ 1.2% 1.3%
H ! WW 1.5% 1.6%
H ! ZZ 4.3% 4.3%
H ! �� 9.0% 9.0%
H ! µµ 17% 17%
H ! inv � 0.28%

�(e+e� ! ZH). Even for these measurements, statistics will be the dominant source of uncertainties.2099

Systematic uncertainties from the efficiency/acceptance of the detector, the luminosity and the beam2100

energy determination are expected to be small. The integrated luminosity can be measured with a2101

0.1% precision, a benchmark already achieved at LEP [45], and can be potentially improved in the2102

future. The center-of-mass energy will be known better than 1 MeV, resulting negligible uncertainties2103

on the theoretical cross section predictions and experimental recoil mass measurements. In summary,2104

all aforementioned measurements will have uncertainties that are statistically dominated at CEPC.2105

2.3.8 Higgs Analysis and Simulation studies at CEPC: next step2106

The simulation study is indispensable for the demonstration of CEPC physics potential, seeking of opti-2107

mized detector design and the global running program optimization. The simulation studies is composed2108

of three basic pillars: the detector geometry design and Geant 4 Full simulation, the reconstruction al-2109

gorithm development/optimization and the physics analysis. We will briefly present the status of these2110

studies and their perspective at CDR phase.2111

For the Geant4 Full simulation, we established a conceptual detector design (cepc-v1). Iterating with2112

sub-detector design, we should converge to 1 - 2 benchmark detector design at the CDR studies. The2113

key problem for is the MDI/VTX layout design and sub-detector geometry optimization.2114

Adequate reconstruction algorithm is indispensible for the detector. At the CDR studies, dedicated2115

CEPC reconstruction chain will be developed, adjusted and optimized for the benchmark detector de-2116

sign(s). Discussed in section. 2.2.4, the physics performance can be significantly improved by further2117

development of the reconstruction algorithm. For example, bremsstrahlung effect recovery, energy esti-2118

mation for hadronic showers, tagging the most suited jet clustering algorithm/parameter, etc.2119

The physics analysis is a direct investigation and demonstration of the CEPC physics potential.2120

Meanwhile, it provide the desicive testbed for newly designed detector geometry and reconstruction2121

⇤ > 2.6TeV

⇤ > 3.5TeV

(cH =1)

“rH< 0.076 am”

“rH< 0.056 am”

cH
v2

⇤2
< 0.0044

cH
v2

⇤2
< 0.0025
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A self-interacting particle?
The Standard Model Higgs is predicted to interact with itself 

If so, it would be unlike anything yet seen in nature 
(all other interactions change particle identity)

The LHC cannot determine if the Higgs is self-interacting. 
The ILC can provide compelling evidence for this self-interaction. 
Any deviations would point to a wealth of unforeseen new physics.

h

h

h
h

q

q
W+

W-

Z
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Self-interactions

O6 = |H|6

L � c6
⇤2

O6

What I really meant: Higgs quartic is fixed in the SM, can phrase 
corrections in the language of the Higgs EFT 

 How strongly can we bound the operator

H ! v +
1p
2
hAppears in 

Lagrangian as 
and after 

EWSB

Alters Higgs quartic relative to SM. 
Slightly tedious; use mZ, GF, αem(q2=0), mH inputs 

m2
H

2
p
2v

h3 ! m2
H

2
p
2v

✓
1 + 8

v2

m2
H

v2

⇤2
c6

◆
h3

in my conventions for v, c6. 14



Bounding c6

CEPC via ZH

*We’ll discuss the subtleties later; 
for now assume we only turn on c6. 

3

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-
mined using the FeynArts, FormCalc, and Loop-

Tools suite of packages [18, 19] by calculating the full
one-loop electroweak corrections to associated produc-
tion (see Refs. [20–23]) and extracting the dependence
on the self-coupling parameter. The counter-terms for all
SM-Higgs couplings are calculated automatically follow-
ing the electroweak renormalization prescription of [24].
The analytic form of the correction at a CM energy

p
S

can be extracted from the FeynArts and FormCalc

[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

Z
KdDq

[q2 � M2
1 ][(q + p)2 � M2

2 ]
, (4)

and

Cµ1,..,µN
(k2

1, (k1 � k2)
2, k2

2, M
2
1 , M2

2 , M2
3 ) =

Z
Kqµ1 · · · qµN

dDq

[q2 � M2
1 ][(q + k1)2 � M2

2 ][(q + k2)2 � M2
3 ]

, (5)

where

K =
µ4�D

i⇡D/2r�
, r� =

�2(1 � ✏)�(1 + ✏)

�(1 � 2✏)
. (6)

The two-point scalar function encountered here is defined
as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)

250 300 350 400 450 500-0.5

0.0

0.5

1.0

1.5

2.0

2.5

s @GeVD

dsZh
dh
@%D

FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with
the same arguments. C00, C11, C12 are the scalar coef-
ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these
functions can be easily evaluated using the LoopTools

package [18, 19]. With these definitions the full form of
the self-coupling correction is

��(S) =
��h 6=0

��h=0
� 1 (10)

=
3↵M2

H�h
16⇡ sin(✓W )2M2

W�
⇥

Re


2
�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ⇣�

�
,

where

� = (M2
H � M2

Z)2 + 10M2
ZS + S2 � 2M2

HS, (11)

⇣ = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R⇠ gauges, and the absence
of the ⇠ parameter demonstrates the full gauge invariance
of the result. Furthermore, although a number of UV-
divergences appear individually, the final result is UV-
finite as these divergences cancel in B0 � 4C00 and also
in .

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3,�0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained
as other higher-dimension operators may contribute at
O(�2

h), and the coe�cient of this term is unknown. The
full energy dependence is shown in Fig. 2.

[McCullough 1312.3322]

2

self-coupling is modified.
By extending the assumed parameter modifications by

only one parameter to include a modification to the hZZ
vertex by a constant energy-independent factor, and mo-
mentarily assuming that that possible energy-dependent
modifications vanish, then this LO modification alone
would typically swamp the NLO e↵ect from a modified
Higgs self-coupling. In this case a measurement of the as-
sociated production cross section at

p
s = 240 GeV, �240

� ,
can constrain a linear combination of the deviations in
the self-coupling, �h, and also the deviation in the hZZ
coupling, �Z , as

�240
� = 100 (2�Z + 0.014�h) % , (1)

but not the self-coupling alone. Thus in order to set a
constraint on �h from a single measurement it would be
necessary to make additional assumptions on �Z . In this
particular case in Sec. III B it is shown that combinations
of precision associated production measurements at dif-
ferent center of mass energies may be used to determine
ellipse-plot constraints on the combined parameter space
of �Z and �h, which could be used to set constraints on
some strongly-coupled Higgs models.

Continuing to study specific model scenarios it is inter-
esting to consider whether there are any renormalizable
UV-complete models where it can be demonstrated that
the NLO e↵ects of a modified self-coupling may domi-
nate over the possible LO e↵ects from a modified hZZ
coupling. In Sec. III C it is shown that such a scenario
in fact arises in the decoupling limit of a two Higgs-
doublet model (2HDM). In these models in the decou-
pling limit the modification of the hZZ coupling scales
approximately as �Z ⇠ v4/m4

A, where v is the electroweak
breaking Higgs vacuum expectation value and mA is the
mass of the additional pseudoscalar in a 2HDM. On the
other hand the self-coupling modification decouples less
rapidly as �h ⇠ v2/m2

A. Due to this, for mA & 750
GeV the additional NLO loop factor in the self-coupling
modification of the associated production cross section is
larger than the additional factor of v2/m2

A suppressing
the LO modification of the hZZ vertex, and the self-
coupling NLO modification in fact dominates over the
LO modification. Thus in this parameter range in the
well-motivated class of 2HDMs the NLO e↵ect described
here may be used to set indirect constraints on the Higgs
self-coupling.

Finally, in Sec. III D more general, model-independent
scenarios are discussed. Typically a large number of dif-
ferent energy dependent deviations may enter the as-
sociated production cross section1 and contrive to can-
cel e↵ects between each other in the final cross section,
meaning that in a truly model-independent sense it is
not possible to extract an unambiguous constraint on the

1 I am grateful to two anonymous referees for bringing this to my
attention.

self-coupling in this way. This is a general weakness of
indirect constraints on higher dimension operators and
the usual caveats about various di↵erent contributions
from di↵erent operators canceling in the final result are
discussed. This also demonstrates that an indirect con-
straint cannot unambiguously single out a modified Higgs
self-coupling as the cause of a deviation in the cross sec-
tion measurement. Nonetheless, subject to these caveats,
this indirect constraint could be used to place interest-
ing bounds on deviations of the Higgs self-coupling, and
would give invaluable information complementary to the
direct measurements possible at other colliders. Conclu-
sions are presented in Sec. IV.

II. THE ONE-LOOP CORRECTION

In studies aimed at measuring the Higgs self-coupling
through di-Higgs production it is often assumed that all
other Higgs couplings take SM values and the Higgs is
not coupled to any new BSM fields. This is a useful
assumption since a number of di↵erent Higgs couplings,
and fields, enter the di-Higgs production process, lead-
ing to some degeneracy between the e↵ects of a mod-
ified Higgs self-coupling and other modified Higgs cou-
plings. Solely for calculational simplicity this simplifying
assumption is employed in this section and readers are di-
rected to Sec. III for a discussion of the relevant assump-
tions in theoretically realistic scenarios. The interactions
are given by the following Lagrangian

L = LSM � 1

3!
�hAh,SMh3 . (2)

Such a modification can arise from the following non-
renormalizable addition to the Higgs potential

Vh = Vh,SM +
1

⇤2

�
v2 � |H|2�3 , (3)

where the scale ⇤ is associated with the scale of new
physics in the Higgs sector, such as the mass scale of new
fields or the scale of strong dynamics. This modification
enters the calculation of Higgs processes at LO and NLO.
Eq. (3) shows that scenarios which are purely SM-like
with the exception of non SM-like Higgs self-couplings are
in fact completely consistent with electroweak symmetry
in the UV. Thus no pathologies related to the underlying
gauge symmetry will arise with a modified self-coupling.
If processes involving the Higgs self-coupling at tree-level
are considered, such as in di-Higgs production, then the
modified coupling can be simply included in LO calcu-
lations. However if an NLO calculation encounters the
Higgs self-coupling at LO and at NLO, as in di-Higgs
production, then a suitable counter-term for the irrel-
evant operator in Eq. (3) must be calculated following
procedures for loop calculations in e↵ective field theories
[17]. In processes where the Higgs self-coupling does not
contribute at LO but does enter at NLO, as in the sin-
gle Higgs production considered here, the modified self-
coupling can be included in one-loop diagrams without

ILC via ZHH

� = 1 + 8
v2

m2
H

v2

⇤2
c6

Prospects for the Full ILC Running Scenario
p
s = 500 GeV, L = 4 ab-1, P(e+e-) = (±0.3, ⌥0.8)

Measurement prospects for �SM

‰ for HH ! bbbb

��(ZHH)
�(ZHH) = 21.1% ! 5.9� discovery

‰ combined with HH ! bbWW?

��(ZHH)
�(ZHH) = 16.8% ! 8.0� discovery

‰ results in 26.6% precision on �SM

‰ advanced reconstruction gives 10% improvement

‰ combined with WW fusion @ 1TeV

! 10% precision on �SM

Measurement prospects for � 6= �SM
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‰ less a↵ected by additional diagrams

‰ e. g. � = 2�SM results in 13% precision on �
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From C. Dürig’s talk

Fractional shift in trilinear

c6
v2

⇤2
< 0.017 c6

v2

⇤2
< 0.023

Λ > 1.3 TeV (c6=1) Λ > 1.1 TeV (c6=1)
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In reality, don’t typically expect OH or O6 to show 
up in isolation.  

Can study complete set of EFT operators, or can 
restrict to motivated classes. 

There is a particularly well-motivated restriction…
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The Higgs Force

L � X|H|2 X = �,�2, |�|2, . . .

VHiggs(r)

VWeak(r)
⇠ y2

g2
e�(mh�mZ)r

Higgs mediates a new force

Extremely weak, but the strongest possible 
force for new particles neutral under the SM.

What I really meant: the Higgs portal

17



Higgs Force Observables
If new particles are light, look for them 
directly via on-shell or off-shell Higgs.

If new particles are heavy, integrate out 
and go to dim-6 EFT

Integrating out singlet physics only generates OH, O6 at dim-6

So OH, O6 completely characterize Higgs coupling 
deviations from Standard Model singlets at dim-6

only f(∂|H|2) only f(|H|2)

OH =
1

2

�
@µ|H|2�2 O6 = |H|6

18



Bounding the Higgs Force

Prospects for the Full ILC Running Scenario
p
s = 500 GeV, L = 4 ab-1, P(e+e-) = (±0.3, ⌥0.8)

Measurement prospects for �SM

‰ for HH ! bbbb

��(ZHH)
�(ZHH) = 21.1% ! 5.9� discovery

‰ combined with HH ! bbWW?

��(ZHH)
�(ZHH) = 16.8% ! 8.0� discovery

‰ results in 26.6% precision on �SM

‰ advanced reconstruction gives 10% improvement

‰ combined with WW fusion @ 1TeV

! 10% precision on �SM

Measurement prospects for � 6= �SM

‰ �ZHH enhanced compared to SM

‰ less a↵ected by additional diagrams

‰ e. g. � = 2�SM results in 13% precision on �
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From C. Dürig’s talk

Need to track of c6, cH effects at ILC in ZZh

Measure Zh, ZZh, keep track of c6, cH everywhere

Already understand effects in Zh
Model-independent extraction with EFT (2)

• Estimates of e+e- à Zh for the ILC program [Ogawa, Fujii, Tian]:
– (highly correlated)

• The effect of these parameters on the double Higgs cross section is

[Barklow, Fujii, Jung, Peskin, Tian]

For e+e- à Zhh, precision measurement of single-Higgs process 
brings these effects under control at the 10% level in c6.
Within this uncertainty, the extraction of c6 is completely
model-independent.

�(e+e� ! Zhh)

�SM
= 1� 3.6 cH + 7.4 (16cWW ) + 0.56 c6

�L =
cH
v0

h@µh@
µh

Higgs wavefunction renormalization
& new vertex

dim-6 vertices enhanced by (s/mZ
2)

*These are issues for any double Higgs production process.

�(cH) = 1% �(16cWW ) = 0.25%

13

Barklow et al., from T. 
Tanabe’s talk @ HC2016

Note: their conventions for cH, c6.  
Convert to mine, can check that I reproduce quoted trilinear bound.

cH shows up in h3 and h∂h∂h
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A calculable example

L =
1

2
(@µ�)

2 � 1

2
m2�2 �A|H|2�� 1

2
k|H|2�2 � 1

6
µ�3 � 1

24
��4

�Ltree =
A2

m4
OH +

✓
� kA2

2m4
+

1

6

µA3

m6

◆
O6 �L

loop

=
1

16⇡2

1

m2

✓
k2

12
OH � k3

12
O

6

◆

[Henning, Lu, Murayama ’14]

Is this good sensitivity? Need an example: real singlet scalar

1-loop depends only on Φ2H2
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A calculable example
cH
⇤2

=

✓
A2

m2
+

1

16⇡2

k2

12

◆
1

m2

c6
⇤2

=

✓
� kA2

2m2
+

µA3

6m4
� 1

16⇡2

k3

12

◆
1

m2

Case 1: “Nightmare scenario”:  
Z2 sets A=0, only see singlet in loops

*Obviously, take EFT @ low mΦ with a grain 
of salt, though full calc. is comparable. 

100 200 300 400 500 600
0

2

4

6

8

10

12

mΦ[GeV]

k

Nightmare Scenario

ILC+CEPC
CEPC
ILC

At low mass, most 
sensitivity coming from 
Zh. At higher masses, 

larger k, eventually 
trilinear measurement 

takes over.
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A calculable example
cH
⇤2

=

✓
A2

m2
+

1

16⇡2

k2

12

◆
1

m2

c6
⇤2

=

✓
� kA2

2m2
+

µA3

6m4
� 1

16⇡2

k3

12

◆
1

m2

Case 2: General A, μ, k 
(*susceptible to LHC direct searches)
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k

General Scenario, A=100 GeV,μ=0
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General Scenario, k=1,μ=0

ILC+CEPC
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ILC
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Conclusions
• Impressive precision and complementarity between linear and 

circular lepton colliders. 

• Helpful to focus on places where lepton colliders provide 
qualitatively new insight: Higgs wavefunction and self-coupling. 

• Clearer tradeoffs between wavefunction & self-coupling, both 
provide compelling sensitivity. Makes a strong case for lepton 
colliders as tools for probing SM-neutral physics. 

• We will be fortunate to have any of these machines. 

• But I want to discover new particles neutral under the SM, and  
have asked for both circular and linear colliders for Christmas.

Thank you! 24


