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κ framework vs. EFT

Integrations

2018/1/8 14

For each entry,
upper one is CEPC result
lower one is CEPC+HL-LHC result.

From the CEPC preCDR and
“Physics Case for the ILC”
([arXiv:1506.05992])

▶ Conventionally, the constraints on Higgs couplings are obtained from
global fits in the so-called “κ” framework.

gSM
h → κ gSM

h .

▶ Anomalous couplings such as hZµνZµν or hZµ∂νZµν are assumed to be
zero.

▶ EFT framework
▶ Assuming v ≪ Λ, leading contribution from BSM physics are

well-parameterized by D6 operators.
▶ Gauge invariance is built in the parameterization.

▶ Lots of parameters! (Is it practical to perform a global fit?)
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The “12-parameter” framework in EFT

▶ Assume the new physics
▶ is CP-even,
▶ does not generate dipole interaction of fermions,
▶ only modifies the diagonal entries of the Yukawa matrix,
▶ has no corrections to Z -pole observables and W mass (more justified if

the machine will run at Z -pole).

▶ Additional measurements
▶ Triple gauge couplings from e+e− → WW . (The LEP constraints will be

improved at future colliders.)
▶ Angular observables in e+e− → hZ . (see e.g. [arXiv:1512.06877] N. Craig, JG, Z. Liu, K. Wang)

▶ h → Zγ is also important.

▶ Only 12 combinations of operators are relevant for the measurements
considered (with the inclusion of the Yukawa couplings of t , c, b, τ , µ).

▶ All 12 EFT parameters can be constrained reasonably well in the global
fit!
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EFT basis

▶ We work in the Higgs basis (LHCHXSWG-INT-2015-001, A. Falkowski)
with the following 12 parameters,

δcZ , cZZ , cZ□ , cγγ , cZγ , cgg , δyt , δyc , δyb , δyτ , δyµ , λZ .

▶ The Higgs basis is defined in the broken electroweak phase.
▶ δcZ ↔ hZµZµ, cZZ ↔ hZµνZµν , cZ□ ↔ hZµ∂νZµν .

▶ Couplings of h to W are written in terms of couplings of h to Z and γ.

▶ 3 aTGC parameters (δg1,Z , δκγ , λZ ), 2 written in terms of Higgs
parameters.

▶ It can be easily mapped to the following basis with D6 operators.

OH = 1
2 (∂µ|H2|)2 OGG = g2

s |H|2GA
µνGA,µν

OWW = g2|H|2W a
µνW a,µν Oyu = yu |H|2Q̄LH̃uR (u → t, c)

OBB = g′2|H|2BµνBµν Oyd = yd |H|2Q̄LHdR (d → b)
OHW = ig(DµH)†σa(DνH)W a

µν Oye = ye|H|2L̄LHeR (e → τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3! gϵabcW a ν

µ W b
νρW c ρµ
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Results of the “12-parameter” fit
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δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ
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precision reach of the 12-parameter fit in Higgs basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints
red star: assuming zero aTGCs
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0.008
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▶ Assuming the following run plans (no official plan for CEPC 350 GeV run)

▶ CEPC 240 GeV(5/ab) + 350 GeV(200/fb)
▶ FCC-ee 240 GeV(10/ab) + 350 GeV(2.6/ab)
▶ ILC 250 GeV(2/ab) + 350 GeV(200/fb) + 500 GeV(4/ab)
▶ CLIC 350 GeV(500/fb) + 1.4 TeV(1.5/ab) + 3 TeV(2/ab)
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some updated results...

δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ
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precision reach of the 12-parameter EFT fit (Higgs basis)

LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV, 5/ab (conservative TGC)
CEPC 250GeV, 5/ab (optimistic TGC)

light shade: CEPC only
solid shade: combined with HL-LHC
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10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (D6 basis)
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV, 5/ab (conservative TGC)
CEPC 250GeV, 5/ab (optimistic TGC)

light shade: CEPC only
solid shade: combined with HL-LHC

Jiayin Gu DESY & IHEP

EFT fits and anomalous couplings...



some updated results...

δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ
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precision reach of the 12-parameter EFT fit (Higgs basis)

LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV(5/ab)
FCC-ee 250GeV(5/ab) + 350GeV(1.5/ab)
ILC 250GeV(2/ab), P(e-,e+)=(∓0.8,±0.3)

light shade: lepton collider only
solid shade: combined with HL-LHC

cH κWW×10 κBB×10 κHW κHB κGG×10
2 cyt cyc cyb cyτ cyμ κ3W

10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (D6 basis)
LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV(5/ab)
FCC-ee 250GeV(5/ab) + 350GeV(1.5/ab)
ILC 250GeV(2/ab), P(e-,e+)=(∓0.8,±0.3)

light shade: lepton collider only
solid shade: combined with HL-LHC
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why only consider CP-even operators

The CP-odd operators

▶ only enters at quadratic level for inclusive measurements (but can
contribute to angular observables at linear level)

▶ are usually strongly constrained elsewhere (e.g. by EDM experiments),
but with assumptions (e.g. the electron Yukawa coupling is SM like)

▶ are not included in the global fit (but are still important!)
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a simplified picture

OH = 1
2 (∂µ|H2|)2 OGG = g2

s |H|2GA
µνGA,µν

OWW = g2|H|2W a
µνW a,µν Oyu = yu |H|2Q̄LH̃uR (u → t, c)

OBB = g′2|H|2BµνBµν Oyd = yd |H|2Q̄LHdR (d → b)
OHW = ig(DµH)†σa(DνH)W a

µν Oye = ye|H|2L̄LHeR (e → τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3! gϵabcW a ν

µ W b
νρW c ρµ

▶ OHW and OHB can be constrained by TGC measurements
(e+e− → WW ). (They generates cZ□ (hZµ∂νZµν).)

▶ OH shifts the SM Higgs couplings universally.

▶ Note: At leading order, OWW and OBB can only be probed by Higgs
measurements! (So is any operator in the form |H|2OSM .)
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a simplified picture
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Impact of energy scales, beam polarizations ...

▶ The EFT framework has features that are not present in the “κ”
framework.

▶ Different parameters have different energy dependences.
▶ δcZ (hZµZµ) modifies the SM HZZ coupling (no energy dependence).
▶ e+e− → hZ is more sensitive to cZZ (hZµνZµν), cZ□ (hZµ∂νZµν) at

higher energies.
▶ cZZ and cZ□ have negative coefficients for WW fusion (virtual Ws).
▶ h → WW∗/ZZ∗ also probes these couplings at a different energy scale.

▶ The following interference term is sensitive to beam polarizations 
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Impact of a 350 GeV run

δcZ cZZ cZ□ cγγ/10 cZγ/10 cgg
eff δyc δyb δyτ δyμ/10 λZ
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precision reach at CEPC with different luminosities at 350 GeV
CEPC 240GeV (5/ab) only
CEPC 240GeV (5/ab) + 350GeV (200/fb)
CEPC 240GeV (5/ab) + 350GeV (500/fb)
CEPC 240GeV (5/ab) + 350GeV (1/ab)
CEPC 240GeV (5/ab) + 350GeV (2/ab)

dark shade: individual fit assuming all other 10 parameters are zero
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▶ Advantages of the runs at higher energies
▶ Much better measurement of the WW fusion process (e+e− → νν̄h).
▶ Probing e+e− → hZ at different energies.
▶ Improving constraints on aTGCs (e+e− → WW ).

▶ Very helpful in resolving the degeneracies among parameters!
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Impact of beam polarization

δcZ cZZ cZ□ cγγ/10 cZγ/10 cgg
eff δyc δyb δyτ δyμ/10 λZ
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precision reach at ILC 250GeV (2/ab) with beam polarizations
F(-+)= 0 , 0.1 , 0.2 , 0.3 , 0.4 , 0.5 , 0.6 , 0.7 , 0.8 , 0.9 , 1 , F(+-)=1-F(-+)

ILC 250 GeV with 2/ab data CEPC 240GeV (5/ab),
unpolarized beams

dark shade: individual fit assuming all other 10 parameters are zero
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▶ Beam polarization helps discriminate different parameters.
▶ Two polarization configurations are considered, P(e−, e+) = (−0.8,+0.3)

and (+0.8,−0.3).
▶ F (−+) in the range of 0.6-0.8 gives an optimal overall results.

▶ Runs with different polarizations probe different combinations of EFT
parameters in Higgs production.
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angular observables in e+e− → hZ

bb Zh
θ2

e+

e−

φ

ℓ+

ℓ−

θ1 z

▶ Angular distributions in e+e− → hZ can provide information in addition
to the rate measurement alone.

▶ Previous studies
▶ [arXiv:1406.1361] M. Beneke, D. Boito, Y.-M. Wang
▶ [arXiv:1512.06877] N. Craig, JG, Z. Liu, K. Wang

▶ 6 independent asymmetry observables from 3 angles

Aθ1 , A(1)
ϕ , A(2)

ϕ , A(3)
ϕ , A(4)

ϕ , Acθ1,cθ2 .

▶ Focusing on leptonic decays of Z (good resolution, small background,
statistical uncertainty dominates).
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Asymmetry observables

Aθ1 =
1
σ

∫ 1

−1
d cos θ1 sgn(cos(2θ1))

dσ
d cos θ1

,

A(1)
ϕ =

1
σ

∫ 2π

0
dϕ sgn(sinϕ)

dσ
dϕ

,

A(2)
ϕ =

1
σ

∫ 2π

0
dϕ sgn(sin(2ϕ))

dσ
dϕ

,

A(3)
ϕ =

1
σ

∫ 2π

0
dϕ sgn(cosϕ)

dσ
dϕ

,

A(4)
ϕ =

1
σ

∫ 2π

0
dϕ sgn(cos(2ϕ))

dσ
dϕ

, (1)

Acθ1,cθ2 =
1
σ

∫ 1

−1
d cos θ1 sgn(cos θ1)

∫ 1

−1
d cos θ2 sgn(cos θ2)

d2σ

d cos θ1d cos θ2
, (2)
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the impact on the global fit...

δcZ cZZ cZ□ cγγ/10 cZγ/10 cgg
eff δyc δyb δyτ δyμ/10 λZ
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precision reach at CEPC with different sets of measurements
CEPC 240GeV (5/ab), Higgs measurements (e+e-→ hZ / ννh), rates only
CEPC 240GeV (5/ab), Higgs measurements only (e+e-→WW not included)
CEPC 240GeV (5/ab), e+e-→ ννh not included
CEPC 240GeV (5/ab), angular asymmetries of e+e-→ hZ not included
CEPC 240GeV (5/ab), all measurements included
CEPC 240GeV (5/ab) + 350GeV (200/fb)

dark shade: individual fit assuming all other 10 parameters are zero

(0.56) (0.26)

▶ The angular observables have a small (but not negligible) impact on the
global fit if all other measurements are included.

▶ Nevertheless, we should try to make use of all possible information!
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backup slides
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If you don’t like the Higgs basis...
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precision reach of the 12-parameter fit in the SILH' basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints

▶ Results in the SILH’(-like) basis (OW , B → OWW , WB)

LD6 =
cH

v2 OH +
κWW

m2
W

OWW +
κBB

m2
W

OBB +
κHW

m2
W

OHW +
κHB

m2
W

OHB

+
κGG

m2
W

OGG +
κ3W

m2
W

O3W +
∑

f=t,c,b,τ,µ

cyf

v2
Oyf .
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Scale of new physics [arXiv:1709.06103] JG, H. Li, Z. Liu, S. Su, W. Su

OH OW OB OHW OHB OBB OGG Oyu Oyd Oye O3W

ALH g2
∗ 1 1 1 1 1 1 g2

∗ g2
∗ g2

∗
g2

g2
∗

GSILH g2
∗ 1 1 1 1 y2

t
16π2

y2
t

16π2 g2
∗ g2

∗ g2
∗

g2

g2
∗

SILH g2
∗ 1 1 g2

∗
16π2

g2
∗

16π2
y2

t
16π2

y2
t

16π2 g2
∗ g2

∗ g2
∗

g2

16π2

2 4 6 8 10

10

2

5

50

g*

m
*
[T
eV

]

95%CL bound on m* , individual fit

CEPC
ILC
FCC-ee

ALH
GSILH
SILH

H

H

GG

H

H

W

W

W

2 4 6 8 10
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m
*
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eV
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95%CL bound on m* , global fit

CEPC
ILC
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ALH
GSILH
SILH

H

yb

GG

GG

H

yb

yb

yb

▶ Note: the bounds on Λ (m∗) always depend on the couplings!
▶ Given estimations on the size of the couplings, we can derive the

inferred bounds on the new physic scale (m∗).
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The “12-parameter” framework in the Higgs basis

▶ The relevant terms in the EFT Lagrangian are

L ⊃ LhVV + Lhff + Ltgc , (3)

▶ the Higgs couplings with a pair of gauge bosons

LhVV =
h
v

[
(1 + δcW )

g2v2

2
W+

µ W−
µ + (1 + δcZ )

(g2 + g′2)v2

4
ZµZµ

+ cWW
g2

2
W+

µνW−
µν + cW□ g2(W−

µ ∂νW+
µν + h.c.)

+ cgg
g2

s

4
Ga

µνG2
µν + cγγ

e2

4
AµνAµν + cZγ

e
√

g2 + g′2

2
ZµνAµν

+ cZZ
g2 + g′2

4
ZµνZµν + cZ□ g2Zµ∂νZµν + cγ□ gg′Zµ∂νAµν

]
. (4)
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The “12-parameter” framework in the Higgs basis

▶ Not all the couplings are independent, for instance one could write the
following couplings as

δcW = δcZ + 4δm ,

cWW = cZZ + 2s2
θW

cZγ + s4
θW

cγγ ,

cW□ =
1

g2 − g′2

[
g2cZ□ + g′2cZZ − e2s2

θW
cγγ − (g2 − g′2)s2

θW
cZγ

]
,

cγ□ =
1

g2 − g′2

[
2g2cZ□ + (g2 + g′2)cZZ − e2cγγ − (g2 − g′2)cZγ

]
, (5)

▶ we only consider the diagonal elements in the Yukawa matrices relevant
for the measurements considered,

Lhff = −h
v

∑
f=t,c,b,τ,µ

mf (1 + δyf )f̄R fL + h.c. . (6)
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TGC

Ltgc = igsθW Aµ(W−νW+
µν − W+νW−

µν)

+ ig(1 + δgZ
1 )cθW Zµ(W−νW+

µν − W+νW−
µν)

+ ig
[
(1 + δκZ )cθW Zµν + (1 + δκγ)sθW Aµν

]
W−

µ W+
ν

+
ig

m2
W

(λZ cθW Zµν + λγsθW Aµν)W−ρ
v W+

ρµ , (7)

▶ Vµν ≡ ∂µVν − ∂νVµ for V = W±, Z , A,. Imposing Gauge invariance one
obtains δκZ = δg1,Z − t2

θW
δκγ and λZ = λγ .

▶ 3 aTGCs parameters δg1,Z , δκγ and λZ , 2 of them related to Higgs
observables by

δg1,Z =
1

2(g2 − g′2)

[
−g2(g2 + g′2)cZ□ − g′2(g2 + g′2)cZZ + e2g′2cγγ + g′2(g2 − g′2)cZγ

]
,

δκγ = −
g2

2

(
cγγ

e2

g2 + g′2 + cZγ
g2 − g′2

g2 + g′2 − cZZ

)
. (8)
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