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outline — Higgs Physics at LC

(i) introduction  

(ii) key measurements 

(iii) effective field theory  

(iv) some loose ends
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Lecture 1 (Mon.)

Lecture 2

focus is on experimental part; see theory part in Georg’s lecture



(iii) effective field theory analysis
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from a special angle at 
model independent determination of Higgs (self-)couplings



reminder: model independence in kappa framework
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• 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


question 1: can we assume σ(e+e- ->Zh) ∝ Γ(h->ZZ*)?
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BSM territory -> can deviations be represented by single κZ?



question 2: how can we determine λhhh if there are   
anomalous hhVV, hVV, hhh couplings?
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BSM territory -> if we measure a change in this cross section, 
what actually do we measure?



question 3: can we do precision Higgs physics at √s = 250 GeV?

 7WW-fusion is smaller by x10 than 500 GeV



a strategy: SM Effective Field Theory
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Le� = LSM + �L

Oi: dimension di operators, respect SU(3)xSU(2)xU(1) of LSM 
ci: Wilson coefficients 
Λ: EFT cutoff scale

= LSM +
�

i

ci

�di�4
Oi

ΔL represent the most general effects of BSM physics

(arXiv:1512.03433)

comprehensive review, arXiv:1610.0792



�gµ� + qµq�/M2
W

q2 � M2
W

q2 << M2
W gµ�

M2
W

a well known example: 4-fermion effective theory for weak decay



an interesting comment about EFT and SU(2)xU(1)

H.Georgi, 1993

Ann.Rev.Nucl.Part.Sci. 43 (1993) 209-252



a strategy: SM Effective Field Theory
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Le� = LSM + �L

the new particle searches at LHC suggest Λ>500 GeV

= LSM +
�

i

ci

�di�4
Oi

justify the analysis at dimension-6 operators

there are 84 of such operators for 1 fermion generation

if baryon number and CP conservation, there are 59

luckily, there exists a smaller set relevant to physics at e+e-



SM Effective Field Theory
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(“Warsaw” basis, JHEP 1010 (2010) 085)

arXiv:1708.09079 
arXiv:1708.08912

Φ: Higgs field; Dμ: gauge-covariant derivative 
Waμν, Bμν: Yang-Mills field strength tensor for SU(2) and U(1) 
L: left-handed lepton field; e: right-handed lepton field 
g, g’: gauge couplings for SU(2) and U(1); ta=σα/2 
v: vacuum expectation value; λ: quartic Higgs self-coupling



one example for illustrating the physics effect
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after EWSB: 
renormalize kinetic term 

of SM Higgs field 
1

2
�µh�µh

h (1-cH/2)h

shift all SM Higgs couplings by -cH/2

(1)

(2)

cH

2
�µh�µh

cH

v
h�µh�µh

cH

2v2
hh�µh�µh

anomalous triple Higgs coupling

(3) anomalous quartic Higgs coupling



SM Effective Field Theory
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+ 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

full formalism 
23 parameters

+ 2 for contact interaction with quarks



simplifications of our analysis
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• at tree level, and to linear order in D-6 coefficients 

• ignore some possible D-6 corrections involving light 
leptons, e.g. 4-fermion operators 

• avoid using observables that involve contact interactions 
that include quark currents (see more later) 

• ignore the effects of CP-violating operators



on-shell renormalization
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• D-6 operators modify the SM expressions for precision 
electroweak observables, thus shift the appropriate values 
for the SM couplings —> g, g’, v, λ free parameters 

• D-6 operators also renormalize the kinetic terms of the SM 
fields —> rescale the boson fields



strategy to determine all the 23 parameters
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+

Electroweak Precision Observables

Triple Gauge boson Couplings

Higgs observables at LHC & e+e-

+

next several slides quickly show input observables for 
global fit in the SMEFT formalism



EFT input: EWPOs
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EFT input: EWPOs (7)
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δg, δg’, δv, δλ, cT

(δΧ=ΔX/X)



EFT input: EWPOs (7)
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cHL+c’HL, cHE



EFT input: TGC (3)
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�A = �6g2c3W

�A = 1 + (8cWB)



EFT input: TGC (3)
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EFT input: BR(h->γγ)/BR(h->ZZ*), BR(h->γZ)/BR(h->ZZ*)
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(2: HL-LHC)



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

note: beam polarizations provide several independent (redundant) 
set of σ,σxBR input, which are powerful to test EFT validity



two more parameters: CW, CZ for Γ(h->WW*) and Γ(h->ZZ*)
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(c’X: contact interactions)

EFT input:

(similar for Z)



question 1: can we assume σ(e+e- ->Zh) ∝ Γ(h->ZZ*)?
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• σ(e+e- ->Zh) ∝ κ2Z ∝Γ(h->ZZ*) not any more: 
EFT is more general than kappa-framework
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question 2: how can we determine λhhh if there are   
anomalous hhVV, hVV, hhh couplings?
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answer to Q2: determine λhhh in EFT

 31



answer to Q1: determine λhhh in EFT
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(statistical error)(systematic error)



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

anomalous hVV

custodial symmetry

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

answer to Q3: hWW is determined as precisely as hZZ @ √s = 250 GeV



typical precisions by EFT: combined EWPO+TGC+Higgs fit
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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
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• not changed: important for systematics control, nature 
of new particle (once found), e.g. Higgsino, WIMPs 

• new roles in EFT

Z

Z
He+

e− γ
-> separate hZZ and hγΖ couplings

-> improve ALR in Z-e-e coupling
Z

Z
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important to constrain contact interaction
Z
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homework from EFT (limiting factors other than usual 
Higgs observables)
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• 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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comments on validity of our EFT analysis
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• though most of the coefficients are assumed to be small, 
it is not necessary for c6, which modifies triple higgs 
coupling only, would not affect the formalism of other 
part (tree level) 

• thus it can be applied to the case where λhhh is 
significantly enhanced (e.g. EWBG, CSI) 

• in general we assume the mass scales of new particles 
which contribute to the D-6 operators are heavy, but it is 
fine with light WIMP, if it is only relevant in h->invisible 
decay (decoupled with other observable)
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note the synergy: HL-LHC input is always included



new application: model discrimination by EFT
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typical parameters of benchmark models
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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
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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



discrimination between BSM models (ILC250 stage)
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once find deviation against SM —> can tell which BSM
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discrimination between BSM models (ILC500 stage)
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(iv) some loose ends
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(1) many have been mentioned: some missing analyses 
(2) how to match BSM and EFT? 
(2) can we measure top Yukawa coupling at 250 GeV? 
(3) can we measure Higgs self-coupling at 250 GeV? 

the answers are not completely “no” 
the answers are not completely “yes” yet 
so, I will let you come up better answers



summary
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• advantage of e+e- (e.g. ILC): model-independent determination 
of all Higgs couplings (and precisely) 
➡ kappa formalism turns out not general enough to 

accommodate all BSM effects 
➡ EFT formalism (combined EWPOs+TGCs+Higgs) is more 

suitable, and a realistic fit based on this formalism is proved to 
work very well 

• one important conclusion based on the EFT formalism: hWW 
coupling can be determined precisely at √s = 250 GeV without 
relying on WW-fusion process —> go ahead ILC250 (or any 
other affordable Higgs factory) 

• beam polarization shows additional importance in EFT formalism 

• EFT opens up new (better) way for BSM model discrimination



backup
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EFT input from Higgs observables at e+e-

(arXiv: 1708.08912; numbers are in %, for nominal ∫Ldt = 250 fb-1)

+ another set for P(e-,e+)=(+80%,-30%)



proposals
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• can you calculate (all) the EFT coefficients in your 
preferred BSM models? (ci/v2 ~ g/Λ2)

ηZ

your theory

ζZ

exp. precision
�L = (1 + �Z)

m2
Z

v
hZµZµ + �Z

h

2v
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political change

to meet required cost reduction, ILC is proposed as a 250 
GeV machine in the initial stage —> hopefully for an 
early realization (check out recent JAHEP statement)

!50

scientific change

Higgs couplings in effective theory formalism -> view of 
coupling measurement at 250 GeV is dramatically changed 
(find details in Michael’s talk)

http://www.jahep.org/files/JAHEP-ILCstatement-170816-EN.pdf
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ILC500 
H20

ILC250 
H20 staged

top physics starts 
after > 16y 

in total ~ 6y longer
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some quick answers
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Ogawa et al, EPS-HEP 2017

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

LhZZ = M2
Z(

1

v
+

a

�
)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

 53example: 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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LhZZ = M2
Z(

1

v
+

a

�
)hZµZµ +

b

2�
hZµ�Zµ� +

b̃

2�
hZµ�Z̃µ�

for 2 ab-1 @ 250 GeV —> κΖ (a) ~ 3% >> 0.38%

� = 1 TeV



hhVV, hVV and  λhhh in e+e- —> Zhh
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δκhhVV < 5% would be needed —> challenging by shape


