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three major probes for BSM at e+e- colliders

precision measurements of Higgs 

precision measurements of top 

direct search of new particles
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Higgs productions at e+e-
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two important thresholds: √s ~ 250 GeV for ZH,  
~500 GeV for ZHH and ttΗ
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probe Higgs 
potential, EWBG?

new particles in the loop?

mf from Yukawa coupling? 
2HDM?

SU(2) nature? 
mV from SSB?

new CP violating source?

nail down Higgs sector at future lepton colliders 
bottom-up and model independent way

+ possible exotic interactions of Higgs, e.g. h—>dark matter?
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10 S.Kanemura, K.Yagyu, et al., arXiv: 1406.3294
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Y1 = �ZH / g2HZZ

the key of model independence: absolute σZH 

meas. of σZH doesn’t depend on how Higgs decays

meas. of σZH doesn’t depend on underlying models on HZZ vertex

�gHZZ � 0.38%

Yan, et al, Phys.Rev. D94 (2016) 113002;   
Thomson, Eur.Phys.J. C76 (2016) 72



importance of absolute coupling determination
in some BSM, only Higgs wave function gets modified

Higgs BR, and ratio of Higgs couplings could stay unchanged
N. Craig @ LCWS16 
 arXiv: 1702.06079

δgHZZ ~ 0.38% —> Λ > 2.8 TeV 12



HWW coupling & Higgs total width ΓH

—>Br(H->ZZ*) very small

—> better option!

�H =
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�H =
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Duerig, et al., arXiv:1403.7734
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δgHWW is a limiting factor for ΓH & 
all other couplings (other than gHZZ)

higher √s, much larger σννΗ

δΓH=1.8%

—>0.4%
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determine Higgs CP admixture

through H—>τ+τ- LHff = �mf

v
Hf̄(cos�CP + i�5 sin�CP )f

(CP-odd)

through HZZ/HWW

(for Λ=1TeV)

D.Jeans @ LCWS16

T.Ogawa @ LCWS16
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find CP-violating source in Higgs sector —> baryongenesis
essential to understand structures of all Higgs couplings
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H-> bbH
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Top-Yukawa coupling

largest Yukawa coupling; crucial role in theory
non-relativistic tt-bar bound state correction: 
enhancement by ~2 at 500 GeV
cross section increases by ~4 if √s goes from 
500 to 550 GeV
Higgs CP measurement

Yonamine, et al., PRD84, 014033;  
Price, et al., Eur. Phys. J. C75 (2015) 309
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�gttH/gttH 500 GeV + 1 TeV

Snowmass 7.8% 2.0%

H20 6.3% 1.5%
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Higgs self-coupling

direct probe of the Higgs potential
large deviation (> 20%) motivated by electroweak 
baryongenesis, could be ~100%
√s>=500 GeV, e+e- —> ZHH
√s>=1 TeV, e+e- —> ννHH (WW-fusion)

Center of Mass Energy / GeV
400 600 800 1000 1200 1400

C
ro

ss
 S

ec
tio

n 
/ f

b

0

0.1

0.2

0.3

0.4

0.5

0.6
 ZHH→ - + e+e

HH  (WW-fusion)νν → - + e+e
HH  (Combined)νν → - + e+e

) = (-0.8,+0.3)+,e-M(H) = 125 GeV    P(e

H

H

H

ν

ν−e
+

e
−

Z

H

Z
H

He+

e−

16

��HHH/�HHH 500 GeV + 1 TeV

Snowmass 46% 13%

H20 27% 10%

1.4 TeV +3 TeV

24% 11%

ILC

CLIC



Te
SM

BSM @ 500GeVBSM @ 1TeV
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ZHH @ 500 GeV→-+e+e

HH @ 1 TeVνν→-+e+e

Higgs self-coupling: when λHHH ≠ λSM?

constructive interference in ZHH, while destructive in ννHH (& LHC) —> 
complementarity between ILC & LHC, between √s ~500 GeV and >1TeV

if λΗΗΗ / λSM = 2, Higgs self-coupling can be measured to ~15% using 
ZHH at 500 GeV e+e-

Grojean, et al., PRD71, 036001; Kanemura, et al., 1508.03245; Kaori, 
Senaha, PHLTA,B747,152; Perelstein, et al., JHEP 1407, 108

references for 
large deviations e.g.

Duerig, Tian, et al, paper in preparation
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precision Higgs couplings: probe/fingerprint BSM

Supersymmetry

Composite Higgs

18



three major probes for BSM at e+e- colliders

precision measurements of Higgs 

precision measurements of top 

direct search of new particles
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top mass: vacuum stability

λ runs < 0? top mass precision crucial 
for vacuum stability
at e+e-: top-pair threshold scan to 
measure mt, much lower theory error
Δmt(MS-bar) < 100 MeV (ΔmH=14MeV)

Degrassi et al, JHEP 1208 (2012) 098
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top mass at LCs: systematic errors

21

1702.05333



top EW chiral couplings
M.Vos @ LCWS16
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top EW chiral couplings
Eur.Phys.J. C75 (2015) no.10, 512

great sensitivities to discover/distinguish various composite models
23



three major probes for BSM at e+e- colliders

precision measurements of Higgs 

precision measurements of top 

direct search of new particles
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Chargino search K.Fujii@HPNP2017
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Natural SUSY: light Higgsinos

M��1
± � M��1

0 = 770MeV M��2
0 � M��1

0 = 20GeV

arXiv:1307.3566 arXiv:1611.02846 26



WIMP Dark Matter search
K.Fujii@HPNP2017
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(ii) model independent determination of Higgs (self-)couplings
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model independence in kappa framework (elementary school)

29

• recoil mass technique —> inclusive σZh 

• σZh —> κΖ —> Γ(h->ZZ*) 

• WW-fusion νeνeh —> κW —> Γ(h->WW*) 

• total width Γh = Γ(h—>ZZ*)/BR(h->ZZ*) 

• or Γh = Γ(h—>WW*)/BR(h->WW*) 

• then all other couplings

PoS EPS-HEP2013 (2013) 316

Nucl.Part.Phys.Proc. 273-275 (2016) 826-833

https://arxiv.org/abs/arXiv:1311.6528
http://inspirehep.net/record/1467957


the key: inclusive σZh (independent of h decay modes)

30

Yan, et al, Phys.Rev. D94 (2016) 113002;  
Thomson, Eur.Phys.J. C76 (2016) 72

bias < 0.1% in leptonic recoil mode

still need effort to achieve bias in hadronic recoil mode < 1%
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question 1: how can we determine λhhh if there are   
anomalous hhVV, hVV, hhh couplings?
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question 2: can we assume σ(e+e- ->Zh) ∝ Γ(h->ZZ*)?
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question 3: can we determine hWW precisely at √s = 250 GeV?

33WW-fusion is smaller by x10 than 500 GeV



some quick answers

34

Ogawa, Fujii, Tian, EPS-HEP 2017

(SM-like) (CP-even) (CP-odd)

LhZZ = M2
Z(

1

v
+
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�
)hZµZµ +

b

2�
hZµ�Zµ� +

b̃

2�
hZµ�Z̃µ�

• measure directly hVV couplings (tensor structure) using 
σ, dσ/dX, in e+e- —> Zh process

• measure hhVV couplings and λhhh simultaneously using 
σ, dσ/dX, in e+e- —> Zhh process 

https://indico.cern.ch/event/466934/contributions/2588482/


determine tensor structure of hVV couplings

35example: how b/b~ changes dσ/dX

e+ + e� � Zh � ff̄h @
�

s = 250GeV

e+ + e� � Zh � ff̄h @
�

s = 250GeV



determine tensor structure of hVV couplings (full simulation)
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for 2 ab-1 @ 250 GeV —> κΖ (a) ~ 3% >> 0.38%

� = 1 TeV



hhVV, hVV and  λhhh in e+e- —> Zhh

37
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long answer: SM Effective Field Theory

38“The leptonic future of the Higgs”, Durieux, et al, 1704.02333



SM Effective Field Theory

39

(“Warsaw” basis)

+ 4 SM parameters: g, g’, v, λ
10 operators (h,W,Z,γ): cH, cT, c6, cWW, cWB, cBB, c3W, cHL, c’HL, cHE

+ 5 operators modifying h couplings to b, c, τ, μ, g
+ 2 parameters for h->invisible and exotic



EFT input: EWPOs (7)

40



EFT input: TGC (3)

41

�(g1Z , ��) = 41.0%

�(�� , ��) = 38.5%

�(g1Z , ��) = 70.1%

2000 fb-1 @ 250 GeV, simultaneous fit

Barklow, Karl, List,  
preliminary results, extrapolated from 500 GeV (1TeV) full simulation studies; 

�g1Z = 3.8 � 10�4

��� = 4.5 � 10�4

��� = 3.8 � 10�4



EFT input: BR(h->γγ)/BR(h->ZZ*), BR(h->γZ)/BR(h->ZZ*)

42

(2: HL-LHC)



EFT coefficients

43

+ 4: g, g’, v, λ

10: cH, cT, c6, cWW, cWB, cBB, c3W, cHL, c’HL, cHE

can already be determined,  
except c6, cH

—> Higgs observables @ e+e-



Higgs couplings in EFT

44



EFT input: σ(e+e- —>Zh), σ(e+e- —> Zhh)

45

• cH has to be determined by inclusive σZh measurement

• c6 has to be determined by double Higgs measurement

• h couplings to b, c, τ, μ, g 

• Γ(h->invisible), total decay width

EFT input: BR(h—>XX)



question 1: how can we determine λhhh if there are   
anomalous hhVV, hVV, hhh couplings?
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answer to Q1: determine λhhh in EFT
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answer to Q1: determine λhhh in EFT

48
T.Barlow @ EPS-HEP 2017



question 2: can we assume σ(e+e- ->Zh) ∝ Γ(h->ZZ*)?
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• σ(e+e- ->Zh)  κ2(hZZ) Γ(h->ZZ*) not any more: 
EFT is more general than kappa-framework

50
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• hWW/hZZ ratio can be determined to <0.1%: feature 
of a general SU(2) x U(1) gauge theory

51

SM-like hVV

anomalous hVV

custodial symmetry

ci ~ O(10-4-10-3)

answer to Q3: hWW coupling can be as precise as hZZ @ √s = 250 GeV



typical precisions by EFT: combined EWPO+TGC+Higgs fit

52

coupling ∆g/g kappa-fit EFT-fit

hZZ 0.38% 0.63%

hWW 1.9% 0.63%

hbb 2.0% 0.89%

Γh 4.2% 2.1%

(for hZZ and hWW couplings: 1/2 of partial width precision)

ILC H20: ∫Ldt = 2 ab-1 @ 250 GeV



K.Fujii@HPNP2017
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comments on beam polarizations

54

• not changed: important for systematics control, nature 
of new particle (once found), e.g. Higgsino, WIMPs 

• new roles in EFT
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homework from EFT (limiting factors other than usual 
Higgs observables)

55

• TGC: full simulation at 250 GeV 

• improve hγZ couplings: using both h->γZ and e+e- ->γh 

• better constrain contact interactions: 

• improve ALR 

• improve Γ(Z->ee) 

• improve Γ(W->eν)
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summary (i & ii)
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• goal of ILC —> understand mystery of electroweak 
symmetry breaking (decide which path to BSM) 
➡ precision Higgs 
➡ precision Top 
➡ new particles 

• advantage of ILC: model-independent determination of 
all Higgs couplings (and precisely) 
➡ kappa formalism 
➡ EFT formalism (combined EWPOs+TGCs+Higgs)



(iii) recent ILC staging studies

57



background of new staging

• learned from LCWS16:  
★ “science first” with ILC 
★ cost reduction is important

58

• reduce initial √s=500 to 250 GeV would be most effective 
in cost reduction 

• no NP discovered yet at LHC Run 2 —> weight of a 
“Higgs factory” gets higher 

• that’s why ILC Parameters WG is investigating new 
staging scenarios which start from 250 GeV
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ILC500 
H20

ILC250 
H20 staged

top physics starts 
after > 16y 

in total ~ 6y longer
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new development: higher luminosity at 250 GeV

• luminosity can be increased by higher δBS 
(beamstrahlung energy loss, which is 1% at TDR) 

• higher δBS can be achieved by smaller εx,n or βx* 

• set of new beam parameters with smaller εx,n is being 
tried —> x1.6 higher luminosity is promising 

• if works —> can further try smaller βx*
60

K.Yokoya @ 
AWLC2017



new development: impact of higher beamstrahlung

61

talk by D.Jeans

• at 250 GeV, even the most sensitive one, recoil mass, is not much 
affected, recoil mass shape is more dominated by ISR 

• there is complementary method to measure Higgs mass, using h
—>bb, without using z-momentum balance (J.Tian @ LCWS16) 

• simulation inputs used in later slides are based on TDR beam



new development: EFT analysis

• hWW/hZZ ratio can be determined to <0.1%
62
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new scenarios: assumptions

63

• all start with √s = 250 GeV 

• corresponding to different options of machine staged 
design: C,D,E,F (B.List, S.Michizono @ AWLC2017) 

• with or without x1.6 higher luminosity assumed (only 
for 250 GeV running, beamstrahlung would be too 
high for other √s)  

• total ∫Ldt, share of left- and right-handed running for 
each √s are as same as H20 

• luminosity ramp up after year-0 is as same as H20



new scenarios: H-20-CD (-δBS)

64

lumi upgrade after 
∫Ldt ~ 500 fb-1 

(double bunches)

energy upgrade after 
∫Ldt ~ 2 ab-1 at 250 
GeV in ~15 (11)y

ILC500 starts with x2 
bunches directly

(same scenario for option D)
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new scenarios: H-20-E (-δBS)
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energy upgrade first  
->350 GeV after ~6 (4.5)y 
->500 GeV after ~10 (8)y

lumi upgrade after ~16 (14)y

125GeV e- 125GeV e+
Option E: 

350GeV Option E’: 
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new scenarios: H-20-F (-δBS)
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10Hz mode after ~4 (3)y

lumi upgrade after ~7 (6)y

quickest to reach full H20
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350GeV Option F’: 

most flexible choice: can 
do option C/D/E in F
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2y shorter with δBS
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evolution of coupling precisions
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end of 250 stage

(example for option C(D) with δBS, see backup more for other options)



evolution of coupling precisions: hZZ
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evolution of coupling precisions
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• for couplings which can be accessed by ZH, 
difference is not large among all scenarios, at least in 
the first 10 years 

• how about other couplings, new particles?
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+ LHC
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after 250 stage, taking advantage of possible technology improvement, 
we may afford 550-600 GeV, dreaming for ~2% htt precision 
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evolution of coupling precisions
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• for Higgs self-coupling, top coupling, new particle 
search, clearly new scenarios are worse than H-20 

• nevertheless, same precisions will be reached in the 
end by additional 4, 6, 2 years for option C/D, E, F 

• what about the indirect discovery potential by Higgs 
precision couplings?



new development: model discrimination by EFT

• given the coupling deviations in two models, this χ2 
gives the most appropriate separation power, taking 
into account all correlations

79

talk by M.Peskin

gA, gB: vector of couplings in Model A, B

Vij: linear dependence of coupling gi    
      on EFT coefficient cj

C: covariance matrix of EFT coeffs



new development: model discrimination by EFT
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talk by M.Peskin



typical parameters of benchmark models
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after the 250 GeV stage (~11y): >3σ for all models
after ~18y): >5σ for all models



evolution of discovery potential (-δBS): 2HDM-II
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(f=1.2TeV; T=1.7TeV)



discrimination between BSM models (ILC250 stage)
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pin down the story after 250 + 500 full ILC



summary
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• a few new staging scenarios are investigated, differences 
are manifest in the promise of energy upgrade 

• new developments on both luminosity and physics study 
get the physics case at 250 GeV stronger 

• initial 250 GeV stage can deliver great physics in terms of 
Higgs coupling precisions and BSM discovery potential 
(see more in Maxim’s talk) 

• there is clear physics case beyond 250 GeV, and the 
greatest advantage of linear colliders is energy extendibility 

• so if budget is allowed, it is highly preferable to integrate 
the upgrade path in the design of the initial stage



summary (personal)
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• learned from LCWS17 (by above time machine):  
★ “science first” with ILC250 
★ cost reduction is just more than enough 
★ physics at ILC250 is great  
★ go ahead, ILC250 (from LCWS18)



backup
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if only δh is deviated —> δh ~ 28%
if both δz and δh deviated —> δh ~ 90%
δσ could receive contributions from 
many other sources
can be considered as a useful 
consistency test of SM

indirect model dependent probe of λHHH: √s ~ 250 GeV

McCullough, 1312.3322



Ono, et. al, Euro. Phys. J. C73, 2343;    F.Mueller, PhD thesis (DESY)

Higgs direct couplings to bb, cc and gg

�ZH · Br(H ! bb̄) / g2HZZg
2
Hbb/�H

�ZH · Br(H ! cc̄) / g2HZZg
2
Hcc/�H

�ZH · Br(H ! gg) / g2HZZg
2
Hgg/�H

directly measured

H→Others SM BG

H→bb H→cc H→gg

MC Data

clean environment at e+e-; excellent b- and c-tagging performance

bb/cc/gg modes can be separated simultaneously by template fitting

e+e- —> ZH —> ff(jj)

gHbbwith ΓH

gHcc

gHgggHZZ
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e+ + e� ! ZH ! l+l�/qq̄ +Missing
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P(e-,e+)=(+0.8,-0.3)

exotic decay: search of Higgs to invisible

BR(H—>inv.) < 0.3% (CL95%)

a sensitive test for Higgs portal 
dark mater model —> 

complementary for low mass 

beam polarisation does help

Z—>ll @ ILCZ—>qq @ ILC

JHEP 1601 (2016) 172

J. Tian
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expected precisions of Higgs couplings
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K.Fujii,  Pheno2014, Pittsburgh, May 7, 2014

Two-Fermion Processes

94

Z’ Search / Study
arXiv:0912.2806 [hep-ph] hep-ph/0511335

Z’(2TeV)

1ab^-1 @ 500 GeV

ILC’s Model ID capability is expected to exceed that of LHC even if we cannot 
hit the Z’ pole.

Beam polarization is essential to sort out various possibilities. 
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