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SM Spectrum is Complete but SM Itself is NOT

Force Mediators
Gauge Forces – Spin-1 Gauge Bosons
Gravity – Spin-2 Graviton (Planck Scale?)
New Force – Spin-0 Higgs Boson

Deep understanding of Mass Generation
Yukawa Forces – Hierarchy & Mixing (Flavor Symmetries?)

Discrete v.s. Continuous
Full v.s. Residual [1001.0940, 1104.0602, 1108.0964, 1308.6522]

hWW, hZZ, hγγ & hZγ
Higgs Self-Interaction Forces – h3 & h4 (concerns spontaneous
EWSB and providing masses to all particles).
True Self-Interactions – Exactly the Same Quantum # (Spin &
Charge

These new forces associated with spin-0 Higgs were Never Seen
Before. Needs to test directly.

Even within SM, we are strongly motivated to quantitatively
test Higgs Couplings!
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Why CEPC?

sin θW

ΓZ
mt

mH

EW symmetry breaking 
Global symmetry of scalar potential

3 active neutrinos

Fermion mass origin (the only natural quark)

ΓH

Γt Equivalence theorem

Vacuum stability

fundamental or composite, or ……

mW mZ

AFB Parity violation; weak isospin

We, bump hunters, are also excellent painters of Nature’s details. 

Precision  =  Discovery

… excluded (ruled out) …
… consistent with the SM …

We discover … is not supported at 95% CL

We discover a tight constraint on NP …

Qing-Hong Cao, 
CLHCP18



Higgs Factory @ 250 GeV

LHC tells us: h(125) is SM-like → Dream Case for Experiments!
ILC250 & CEPC produces h(125) via e+e− → Zh,νν̄h, e+e−h
Indirect Probe to New Physics. 5/ab with 2 detectors in 10y →
106 Higgs → Relative Error ∼ 10−3.

Mo, Li, Ruan & Lou, Chin.Phys.C 2015
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Inputs: Event Rate → Cross Section & BR

∆Mh Γh σ(Zh) σ(νν̄h)× Br(h→ bb)

5.0 MeV 2.6% 0.5% 2.8%

Decay Mode σ(Zh)× Br Br

h→ bb 0.21% 0.54%
h→ cc 2.5% 2.5%
h→ gg 1.3% 1.4%
h→ ττ 1.0% 1.1%
h→WW 1.1% 1.2%
h→ ZZ 4.3% 4.3%
h→ γγ 9.0% 9.0%
h→ µµ 17% 17%
h→ invisible – 0.14% latest 1σ uncertainty

KITPC WS, July 28, 2016

Further improvement with ML [poster by Gexing Li]
SM Predictions

Br(bb̄) Br(cc̄) Br(gg) Br(τ τ̄) Br(WW ) Br(ZZ ) Br(γγ) Br(µµ̄) Br(inv)

58.1% 2.10% 7.40% 6.64% 22.5% 2.77% 0.243% 0.023% 0
Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders



New Physics Scales Ge, He, Xiao,1603.03385

New physics appears @ high energy scale & can only be probed
Indirectly

L = LSM +
∑
ij

yij ∼ O(1)

Λ ∼ 1014GeV
(LiH̃)(H̃

†
Lj) +

∑
i

ci

Λ2
Oi .

SM Gauge Invariance is respected

Higgs EW Gauge Bosons Fermions

OH = 1
2

(∂µ|H|2)2 OWW = g2|H|2W a
µνW

aµν O(3)
LL = (ΨLγµσ

aΨL)(ΨLγ
µσaΨL)

OT = 1
2

(H†
↔
DµH)2 OBB = g2|H|2BµνBµν O(3)

L = (iH†σa
↔
DµH)(ΨLγ

µσaΨL)

OWB = gg ′H†σaHW a
µνB

µν OL = (iH†
↔
DµH)(ΨLγ

µΨL)

Gluon OHW = ig(DµH)†σa(DνH)W a
µν OR = (iH†

↔
DµH)(ψRγ

µψR)

Og = g2
s |H|2G a

µνG
aµν OHB = ig ′(DµH)†(DνH)Bµν Of = |H|2F LHf
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Existing EWPO & Future HO

Observables: EWPO (PDG14) + HO (preCDR)
Observables Central Value Relative Error SM Prediction

α 7.2973525698×10−3 3.29×10−10 –
GF 1.1663787×10−5GeV−2 5.14×10−7 –
MZ 91.1876GeV 2.3× 10−5 –
MW 80.385GeV 1.87× 10−4 –
σ[Zh] – 0.50% –
σ[νν̄h] – 2.86% –
σ[νν̄h]350GeV – 0.75% –

Br[WW ] – 1.2% 22.5%
Br[ZZ ] – 4.3% 2.77%
Br[bb] – 0.54% 58.1%
Br[cc] – 2.5% 2.10%
Br[gg ] – 1.4% 7.40%
Br[ττ ] – 1.1% 6.64%
Br[γγ] – 9.0% 0.243%
Br[µµ] – 17% 0.023%

Exclusion (95%) & Discovery (5σ) Reach Ge, He, Xiao,1603.03385

OH OT OWW OBB OWB OHW OHB O
(3)
LL O

(3)
L OL OR O

(3)
L,q OL,q OR,u OR,d Og

95% 2.50 10.6 6.38 5.78 6.53 2.12 0.604 8.23 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
5σ 1.57 6.65 4.00 3.62 4.09 1.33 0.378 5.15 7.57 6.39 5.49 1.29 0.356 0.246 0.212 27.4

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders
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Sensitivities from Existing EWPO & Future HO
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Enhancement from MZ & MW @ CEPC

Observables
Relative Error

Current CEPC
MZ 2.3× 10−5 5.5× 10−6 ∼ 1.1× 10−5

MW 1.9× 10−4 3.7× 10−5 ∼ 6.2× 10−5

Table: The MZ & MW @ CEPC [Z.Liang, “Z & W Physics @ CEPC” & preCDR].

Scheme-Independent Analysis

Λ√
ci

[TeV ] OH OT OWW OBB OWB OHW OHB O(3)
LL O

(3)
L OL OR O(3)

L,q OL,q OR,u OR,d Og

HO+EWPO 2.74 10.6 6.38 5.78 6.53 2.16 0.604 8.58 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
+MZ 2.74 10.7 6.38 5.78 6.54 2.16 0.604 8.62 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
+MW 2.74 21.0 6.38 5.78 10.4 2.16 0.604 15.5 16.4 10.2 8.78 2.06 0.568 0.393 0.339 43.8

+MZ,W 2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.4 18.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8

Table: Impacts of the projected MZ and MW measurements at CEPC on the reach of new physics scale Λ/
√
|cj | (in

TeV) at 95% C.L. The Higgs observables (including σ(νν̄h) at 350 GeV) and the existing electroweak precision observables
are always included in each row. The differences among the four rows arise from whether taking into account the
measurements of MZ and MW or not. The second (third) row contains the measurement of MZ (MW ) alone, while the first
(last) row contains none (both) of them. We mark the entries of the most significant improvements from MZ/MW
measurements in red color.

Ge, He, Xiao, 1603.03385
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Enhancement from Z-Pole Observables @ CEPC

Nν AFB(b) Rb Rµ Rτ sin2 θw

1.8× 10−3 1.5× 10−3 8× 10−4 5× 10−4 5× 10−4 1× 10−4

Table: The Z -pole measurements at CEPC [Z.Liang, “Z & W Physics @ CEPC” & preCDR].

Ge, He, Xiao, 1603.03385

Z-Pole Observables are IMPORTANT for New Physics Scale Probe

OH OT OWW OBB OWB OHW OHB O(3)
LL O

(3)
L OL OR O(3)

L,q OL,q OR,u OR,d Og

2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.4 18.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.5 18.3 10.5 8.78 2.06 0.568 0.393 0.339 43.8
2.74 24.0 8.32 5.80 12.2 2.16 0.604 20.7 23.0 12.5 13.0 2.23 1.62 0.393 3.97 43.8
2.74 24.0 8.33 5.80 12.2 2.16 0.604 20.7 23.0 12.5 13.0 7.90 7.89 3.55 4.05 43.8
2.74 24.0 8.54 5.80 12.2 2.16 0.604 20.7 23.4 14.4 14.0 8.63 8.62 4.88 4.71 43.8
2.74 24.0 8.75 5.81 12.3 2.16 0.604 20.7 23.7 15.8 14.9 9.21 9.21 5.59 5.17 43.8
2.74 26.3 12.6 5.93 15.3 2.16 0.604 30.2 35.2 19.8 21.6 9.21 9.21 5.59 5.17 43.8

Table: Impacts of the projected Z -pole measurements at the CEPC on the reach of new physics scale Λ/
√
|cj | (in TeV)

at 95% C.L. For comparison, the first row of this table repeats the last row of Table ??, as our starting point of this table. For
the (n + 1)-th row, the first n observables are taken into account. In addition, the estimated MZ and MW measurements at
the CEPC, the Higgs observables (HO), and the existing electroweak precision observables (EWPO) are always included for
each row. The entries with major enhancements of the new physics scale limit are marked in red color.

Another factor of 2 enhancement from Z-Pole Observables
Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders
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Sensitivity from EWPO+HO+Z-Pole
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Yukawa-like Operators

Dim-6 Yukawa-like Operators

Of ≡ |H|2F LHfR

Shifting Yukawa Couplings

yf → yf +
3cf v

2

2Λ2
=

√
2mf

v
+

cf v
3

√
2mfΛ2

Constraining New Physics Scales

Λ
√
cf
≤

√
v3

√
2mf∆κf

.

Naive Expectations

Nf ∝ y2
f ⇒ ∆κf ∝ y−1

f ⇒ Λ ∝ y0
f
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New Physics Scale via Yukawa-like Operators

Λ/
√
|cj |(TeV) σ CEPC LHC HL-LHC ILC-250 ILC-500

b quark 1.27% 13.2 3.87 5.12 6.89 15.2
τ lepton 1.33% 15.4 5.74 6.95 12.8 20.0
c quark 1.75% 24.4 – – 7.76 12.5
µ lepton 8.59% 25.1 – – – –
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TGC Constraints
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δσWW

σWW

= 1.94
δGF

GF

+ 20.8
δMZ

MZ

+ 0.246
δα

α
+ 0.0956

cT

Λ2
TeV

− 0.0214
cWB

Λ2
TeV

+ 0.000922
cHW

Λ2
TeV

+ 0.000611
cHB

Λ2
TeV

.
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Neutral TGC @ Lepton Colliders

We have mentioned dim-6 operators. What about higher
dimensional operators?

The ZZγ vertex can only arise at dim-8 level

Perfect place for testing dim-8 operators:

O
B̃W

= iH†B̃µνW
µρ{Dρ,Dν}H + h.c.,

O
BW̃

= iH†BµνW̃
µρ{Dρ,Dν}H + h.c.,

O
W̃W

= iH†W̃µνW
µρ{Dρ,Dν}H + h.c.,

O
B̃B

= iH†B̃µνB
µρ{Dρ,Dν}H + h.c.,

OB̃W is equivalent to O
BW̃

O
W̃W

& OB̃B cannot contribute to ZZγ with on-shell Z & γ

Only one independent operator!

John Ellis, SFG, Hong-Jian He, Rui-Qing Xiao, [arXiv:1902.06631]

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders
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Clear Signal @ Lepton Colliders

The e+e− → Zγ process has clear final states & observables (θ, φ)

iΓµναZγZ∗(q1, q2, q3) = sign(cj)
vMZ (q2

3−M2
Z )

Λ4
εµναβq2β ,

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders



Scattering Angle (θ) Distribution
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Decay Plane Angle (φ) Distribution
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Sensitivities
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Summary

SM is NOT complete although its spectrum is [DM?].

Higgs Discovery is not just New Particle, but also New Force!
Yukawa Force: Non-Trivial Mixing & Hierarchically Unnatural
Higgs Self-Interaction Force: Radiatively Unnatural

Precision = Discovery

CEPC – 106 Higgs

Precision Measurement
Higgs Coupling ∼ O(1%) Level
Higgs Self-Coupling ∼ 30% (?)

New Physics Scales @ dim-6 level
Probe indirectly to 10 TeV (43 TeV for Og ) from EWPO+HO

35 TeV @ Z-Pole
25 TeV for Yukawa-like Operators

e+e− → Zγ for nTGC @ dim-8 level

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders



Thank You!
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Scheme-Independent Analysis Ge, He, Xiao, 1603.03385

EW Parameters:

M
(SM)
Z = M

(r)
Z

(
1 +

δMZ

MZ

)
, G

(SM)
F = G

(r)
F

(
1 +

δGF

GF

)
, α

(SM) = α
(r)
(

1 +
δα

α

)
.

which can be denoted as

f(SM) ≡ f(r) + δf ' f(r)

(
1 +

δf

f

)
Observables:

O ≡ O(f(SM)) + δO = O(f(r)) +O′(f )δf + δO

Analytical χ2 Fit:

χ2
(
δMZ, δGF, δα,

ci

Λ2

)
=
∑
j

[
Oth

j

(
δMZ, δGF, δα,

ci
Λ2

)
−Oexp

j

∆Oj

]2

,

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22 Observables & NP Scales @ Future (Lepton) Colliders

http://arxiv.org/abs/1603.03385


Correction of Dim-6 Oi to EWPO Ge, He, Xiao, 1603.03385

Fine-Structure Constant
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Fermi Constant
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MZ & MW
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Correction of Dim-6 Oi to HO (1) Ge, He, Xiao, 1603.03385

Mass: MZ & MW

Parameter Shifts

(mZ ,GF , α) : sin 2θ
(0)
w ≡
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(
m
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Field Redefinition & Kinetic Mixing

h →
(

1−
1

2
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)
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1 +
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µ + δZXZ
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G a
µ →

(
1 +
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Λ2
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)
G a
µ ≡ ZGG

a
µ ,
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Correction of Dim-6 Oi to HO (2) Ge, He, Xiao, 1603.03385

Vertex

(a)
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Beyond SM Fitter (BSMfitter) http://bsmfitter.hepforge.org
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