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EFT fit v1.0

▶ Why EFT fit?
▶ A systematic parameterization of BSM contributions to Higgs couplings.

(If v≪ Λ, leading order contributions are parametrized by D6 operators.)
▶ EFT vs. “κ”: EFT automatically includes the hVV anomalous couplings and

imposes gauge invariance (and custodial symmetry).

▶ Higgs (e+e− → hZ, e+e− → νν̄h, Higgs decays) and diboson
(e+e− → WW) measurements.

▶ e+e− → WW probes the anomalous triple gauge couplings (aTGCs).

▶ A lot of parameters! We can reduce the parameter space by assuming
the new physics ...

▶ is CP-even,
▶ does not generate dipole interaction of fermions,
▶ has no corrections to Z-pole observables and W mass/width/BR.

▶ Only 12 combinations of operators are relevant for the measurements
considered (with the inclusion of the Yukawa couplings of t, c, b, τ , µ).
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EFT fit v1.0

▶ 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 = g2s |H|

2GA
µνGA,µν

OWW = g2|H|2Wa
µνWa,µν Oyu = yu|H|2Q̄LH̃uR + h.c. (u→ t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2Q̄LHdR + h.c. (d→ b)
OHW = ig(DµH)†σa(DνH)Wa

µν Oye = ye|H|2 L̄LHeR + h.c. (e→ τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!

gϵabcWa ν
µ Wb

νρWc ρµ
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EFT fit v1.0
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▶ Results in the CEPC Higgs
whitepaper (arXiv:1810.09037)
and the CDR.

▶ Now we wait for 20 years until
all the data is taken ...

▶ Still a lot of work to be done
before that!
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EFT fit v1.0
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EFT fit v1.0
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▶ See the CEPC Higgs
whitepaper (arXiv:1810.09037)
and the CDR.

▶ Now we wait for 20 years until
all the data has been taken ...

▶ Still a lot of work to be done
before that!
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What’s new in v2.0?

▶ Z-pole & W mass/width/BR:
perfect ⇒ realistic (CEPC)!

▶ Directly constraints on EW operators.
▶ Indirect impact on Higgs operators.
▶ Higgs+aTGCs (12 parameters)
⇒ Higgs+aTGCs+EW (28 parameters)
(impose U(2) on 1st and 2nd generation quarks, exclude Zt̄t
and Wtb couplings)

▶ An improved diboson (e+e− → WW)
analysis.

▶ Going beyond the TGC-dominance
assumption.

▶ Binned methods⇒ optimal observables
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

▶ Still an idealized theorists’ analysis...
(no background, no systematics...)
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What’s new in v2.0?

▶ Updated (much better) HL-LHC Higgs measurements!

▶ Basis choices...
▶ Higgs basis: Define parameters in the broken EW phase so we can interpret

them as Higgs couplings.

▶ Can we take this idea further and just define some “effective couplings”?

▶ Make your EFT look as much like “kappa” as possible!
([arXiv:1708.08912], [arXiv:1708.09079], Peskin et al.)
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How to make your banana look like an apple

▶ EFT fit results projected on Effective Higgs couplings
▶ g(hZZ), g(hWW) are defined at the scale of the relavent Higgs decay.

g(hZZ) ∝
√

Γ(h→ ZZ) , g(hWW) ∝
√

Γ(h→ WW) .

▶ Not necessarily a basis, but can be made into a basis. (Maybe call it the
“Peskin basis”?)

▶ It looks like κ but it is not κ! (both intuitive and confusing....)

▶ Used in ILC and FCC-ee official documents and the ECFA report.

▶ Also useful for comparing results in different basis...
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Run Scenarios

∫
Ldt [ ab−1]

unpolarized Z-pole WW thres. 240 GeV 350 GeV 365 GeV
CEPC 8 2.6 5.6

FCC-ee 150 10 5 0.2 1.5
ILC 250 GeV 350 GeV 500 GeV

P(e−, e+) = (−0.8,+0.3) 0.9 0.135 1.6
P(e−, e+) = (+0.8,−0.3) 0.9 0.045 1.6

CLIC 380 GeV 1.5 TeV 3 TeV
P(e−, e+) = (−0.8, 0) 0.5 2 4
P(e−, e+) = (+0.8, 0) 0.5 0.5 1

▶ FCC-ee has a top threshold run and also better EW programs.
▶ Linear colliders have the option of longitudinal beam polarizations.
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“Full fit” projected on the Higgs couplings (and aTGCs)
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P(e-,e+)=(∓0.8,±0.3) P(e-,e+)=(∓0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
CEPC/FCC-ee without WW threshold
perfect EW perfect EW&TGC
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▶ 28-parameter fit, projected on the Higgs couplings & aTGCs.
▶ Lepton colliders are combined with HL-LHC & LEP/SLD.
▶ The hZZ and hWW couplings are not independent!
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Z-pole run is also important for Higgs couplings!
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D6 operators

OH = 1
2
(∂µ|H2|)2 OGG = g2

s |H|2GA
µνGA,µν

OWW = g2|H|2Wa
µνWa,µν Oyu = yu|H|2q̄LH̃uR + h.c. (u→ t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2q̄LHdR + h.c. (d→ b)
OHW = ig(DµH)†σa(DνH)Wa

µν Oye = ye|H|2̄lLHeR + h.c. (e→ τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!

gϵabcWa ν
µ Wb

νρWc ρµ

OW = ig
2
(H†σa←→DµH)DνWa

µν OB = ig′
2
(H†←→DµH)∂νBµν

OWB = gg′H†σaHWa
µνBµν OHℓ = iH†←→DµHℓ̄LγµℓL

OT = 1
2
(H†←→DµH)2 O′Hℓ = iH†σa←→DµHℓ̄LσaγµℓL

Oℓℓ = (ℓ̄LγµℓL)(ℓ̄LγµℓL) OHe = iH†←→DµHēRγµeR
OHq = iH†←→DµHq̄LγµqL OHu = iH†←→DµHūRγµuR
O′Hq = iH†σa←→DµHq̄LσaγµqL OHd = iH†←→DµHd̄RγµdR

▶ SILH’ basis (eliminate OWW, OWB, OHℓ and O′Hℓ)
▶ Modified-SILH’ basis (eliminate OW, OB, OHℓ and O′Hℓ)
▶ Warsaw basis (eliminate OW, OB, OHW and OHB)
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Pick your favorite basis!
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light shade: individual fit (one operator at a time)
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lepton colliders are combined with HL-LHC & LEP/SLD
flavor universality imposed in gauge couplings

OH OWW OBB OHW OHB OGG Oyt Oyc Oyb Oyτ Oyμ O3W OWB OT OHe OHq O'Hq OHu OHd Oll
0.1

1

10

102

103

102

1

10-2

10-4

10-6
c
i /

Λ
2
[T
eV

-
2]

95% CL reach from the full EFT fit (modified SILH')
HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(∓0.8,±0.3) P(e-,e+)=(∓0.8, 0)
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▶ Modified-SILH’ is most
convenient in the limit
of perfect EW (Z-pole,
W mass/width/BR).

▶ Now we can choose
any of them...
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CEPC: old vs. new (Higgs basis)
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▶ Full fit: only the Higgs
parameters are shown.

▶ HL-LHC: ATLAS and CMS
are combined. (The
correlation between
ATLAS/CMS are not
provided by the WG.)
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CEPC: old vs. new (modified-SILH’ basis)
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light shade: individual fit (one operator at a time)
solid shade: global fit

▶ Flavor universality
imposed on gauge
couplings for now (can
be removed later).
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LEP/SLD included
for all scenarios
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Important messages

▶ The new projections of the HL-LHC Higgs measurement won’t kill the
physics case of CEPC.

▶ The CEPC Z-pole program is important for
▶ probing EW couplings;
▶ eliminating EW uncertainties in Higgs processes, allowing for a robust

extraction of Higgs couplings. (For this purpose, the CEPC Z-pole program
is “good enough.”)

▶ We need a realistic e+e− → WW analysis!

Jiayin Gu (顾嘉荫) JGU Mainz
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More things to do

▶ top threshold run (can use FCC-ee as a reference)
▶ Measuring Higgs processes at a different energy.
▶ EW + Higgs + top combined fit. (maybe left for the future...)

▶ triple Higgs coupling
▶ With runs at both 240 GeV and 350/365 GeV we can constrain it to
∼ 40-50% in a global fit.
[arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, Vantalon

▶ The new HL-LHC projection is also ∼ 50% (ATLAS & CMS all channels
combined).

▶ more loop contributions
▶ For the top loop contributions in Higgs processes, see e.g.

[arXiv:1809.03520] G. Durieux, JG, E. Vryonidou, C. Zhang.
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Reach on the Vff couplings (in Higgs basis)
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P(e-,e+)=(∓0.8,±0.3) P(e-,e+)=(∓0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
LEP/SLD + future Z-pole & WW threshold

lepton colliders are combined with HL-LHC & LEP/SLD

imposed U(2) in 1&2 gen quarks

▶ Zff couplings are still best probed by future Z-pole runs.
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A refined TGC analysis using Optimal Observables

▶ TGCs are sensitive to the differential distributions!
▶ Current method: fit to binned distributions of all

angles.
▶ Correlations among angles are ignored.

▶ What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

▶ For a given sample, there is an upper limit on the
precision reach of the parameters.

▶ In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

▶ dσ
dΩ = dσ

dΩ |SM +
∑

i
S(Ω)i gi. The optimal observables

are simply the S(Ω)i.
▶ Very idealized! How well can we actually do?

▶ Choose a conservative 50% efficiency to compensate
the omission of systematics...
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ∗h (cos θ∗l ) and φ∗h (φ∗l ).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ∗h,φ
∗
h)↔ (− cos θ∗h,φ

∗
h + π), (5.16)

which is folded in the following way:

φ∗h > 0→ (cos θ∗h,φ
∗
h)

φ∗h < 0→ (− cos θ∗h,φ
∗
h + π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the gZ

1

coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ∗l and φ∗l , together with cos θW . This

δg1,Z δκγ λZ
0.0000

0.0005

0.0010

0.0015

pr
ec
is
io
n

precision reach of aTGCs at CEPC 240GeV
binned distributions, ϵ=80%
optimal observables, ϵ=80%
optimal observables, ϵ=50%

5.6/ab, e+e-→WW semileptonic channel, statistics only

ϵ: signal selection efficiency

: individual fit

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit



Introduction Framework Results CEPC results Conclusion

A summary of the projected reaches on δκλ (with updated HL-LHC projection)
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(New CLIC projected precision is ∼ 10%, see [arXiv:1901.05897] Roloff et al.)
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Top operators in loops [arXiv:1809.03520] G. Durieux, JG, E. Vryonidou, C. Zhang
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Otφ = Q̄tφ̃ (φ
†
φ) + h.c.,

O(1)
φQ = (φ

† i←→D µφ)(Q̄γ
µQ),

O(3)
φQ = (φ

† i←→D I
µφ)(Q̄γ

µ
τ

IQ),

Oφt = (φ
† i←→D µφ)(̄tγµ t),

OtW = (Q̄σ
µν

τ
I t) φ̃WI

µν + h.c.,

OtB = (Q̄σ
µν t) φ̃Bµν + h.c.,

OtG = (Q̄σ
µνTA t) φ̃GA

µν + h.c. .

▶ (See Marcel’s talk for general top EFT analyses at future lepton colliders.)
▶ Higgs precision measurements have sensitivity to the top operators in

the loops, but it is challenging to discriminate many parameters in a
global fit.

▶ HL-LHC helps, but a Top threshold run is better.
▶ Indirect bounds on the top Yukawa coupling.

Jiayin Gu (顾嘉荫) JGU Mainz
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EW measurements
▶ Z-pole

▶ ∼ 1011 − 1012 Zs at CEPC/FCC-ee.
▶ How many Z s do we really need?

▶ “EW Operators”: more is always better (but systematics will dominate at some
point).

▶ “Higgs Operators”: need the EW operators to be constrained sufficiently well.

▶ e+e− → WW, threshold scan, or “free data” at 240 GeV and above
▶ W mass

▶ from threshold scan, or from W reconstruction at higher energies
▶ W width

▶ direct measurement with threshold scan
▶ can be derived from BR measurements, assuming W has no exotic decay.

▶ W branching ratios
▶ anomalous Triple Gauge Couplings (aTGCs)

▶ Not well measured at threshold (dominated by the t-channel diagram).
▶ Is the TGC dominance assumption valid?
▶ Optimal observables can be used to extract the maximum amount of

information in the WW differential distributions. (See e.g. Z.Phys. C62 (1994)
397-412 Diehl & Nachtmann)

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit
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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).

▶ Optimal observables can further improve the sensitivity.
Jiayin Gu (顾嘉荫) JGU Mainz
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ILC polarization
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▶ Polarized beams: assuming the luminosity is equally divided into (−,+)
and (+,−) polarizations.

▶ Beam polarizations can probe different combinations of EFT parameters
in e+e− → hZ (and so can runs at different energies).

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit
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The “12-parameter” framework in the Higgs basis

▶ The relevant terms in the EFT Lagrangian are

L ⊃ LhVV + Lhff + Ltgc , (1)

▶ 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

]
. (2)

Jiayin Gu (顾嘉荫) JGU Mainz
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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 + 2s2θW
cZγ + s4θW

cγγ ,

cW□ =
1

g2 − g′2
[
g2cZ□ + g′2cZZ − e2s2θW

cγγ − (g2 − g′2)s2θW
cZγ

]
,

cγ□ =
1

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

]
, (3)

▶ 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)̄fRfL + h.c. . (4)

Jiayin Gu (顾嘉荫) JGU Mainz
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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
(λZcθW Zµν + λγsθW Aµν)W−ρ

v W+
ρµ , (5)

▶ Vµν ≡ ∂µVν − ∂νVµ for V = W±, Z, A,. Imposing Gauge invariance one
obtains δκZ = δg1,Z − t2θWδκγ 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

)
. (6)

Jiayin Gu (顾嘉荫) JGU Mainz
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