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CEPC precision on Higgs 
couplings will provide an entirely 
new window on physics beyond 

the Standard Model.

Not merely an improvement on LHC 
Higgs coupling measurements; it 
probes entirely new possibilities.
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Testing the Higgs
• Sharp predictions for Higgs couplings in the Standard 

Model; completely fixed by mass spectrum. 

• Any deviations are an unambiguous sign of new physics. 

• Extensions of the Standard Model give motivated patterns 
and magnitudes for coupling deviations. 

• The coupling reach at CEPC provides qualitatively new 
probes of the most motivated scenarios for physics 
beyond the Standard Model.
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Higgs couplings at CEPC
HIGGS BOSON MASS, CROSS SECTIONS AND BRANCHING RATIOS 75

Table 2.12 Estimated precisions of Higgs boson property measurements at the CEPC. All the numbers refer
to relative precision except for MH and BR(H ! inv) for which �MH and 95% CL upper limit are quoted
respectively.

�MH �H �(ZH) �(⌫⌫H) ⇥ BR(H ! bb)

5.9 MeV 2.8% 0.51% 2.8%

Decay mode �(ZH) ⇥ BR BR

H ! bb 0.28% 0.57%
H ! cc 2.2% 2.3%
H ! gg 1.6% 1.7%
H ! ⌧⌧ 1.2% 1.3%
H ! WW 1.5% 1.6%
H ! ZZ 4.3% 4.3%
H ! �� 9.0% 9.0%
H ! µµ 17% 17%
H ! inv � 0.28%

�(e+e� ! ZH). Even for these measurements, statistics will be the dominant source of uncertainties.2099

Systematic uncertainties from the efficiency/acceptance of the detector, the luminosity and the beam2100

energy determination are expected to be small. The integrated luminosity can be measured with a2101

0.1% precision, a benchmark already achieved at LEP [45], and can be potentially improved in the2102

future. The center-of-mass energy will be known better than 1 MeV, resulting negligible uncertainties2103

on the theoretical cross section predictions and experimental recoil mass measurements. In summary,2104

all aforementioned measurements will have uncertainties that are statistically dominated at CEPC.2105

2.3.8 Higgs Analysis and Simulation studies at CEPC: next step2106

The simulation study is indispensable for the demonstration of CEPC physics potential, seeking of opti-2107

mized detector design and the global running program optimization. The simulation studies is composed2108

of three basic pillars: the detector geometry design and Geant 4 Full simulation, the reconstruction al-2109

gorithm development/optimization and the physics analysis. We will briefly present the status of these2110

studies and their perspective at CDR phase.2111

For the Geant4 Full simulation, we established a conceptual detector design (cepc-v1). Iterating with2112

sub-detector design, we should converge to 1 - 2 benchmark detector design at the CDR studies. The2113

key problem for is the MDI/VTX layout design and sub-detector geometry optimization.2114

Adequate reconstruction algorithm is indispensible for the detector. At the CDR studies, dedicated2115

CEPC reconstruction chain will be developed, adjusted and optimized for the benchmark detector de-2116

sign(s). Discussed in section. 2.2.4, the physics performance can be significantly improved by further2117

development of the reconstruction algorithm. For example, bremsstrahlung effect recovery, energy esti-2118

mation for hadronic showers, tagging the most suited jet clustering algorithm/parameter, etc.2119

The physics analysis is a direct investigation and demonstration of the CEPC physics potential.2120

Meanwhile, it provide the desicive testbed for newly designed detector geometry and reconstruction2121

The benchmark precision @ 5/ab
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Figure 2.20 Top: Comparison between LHC, HL-LHC and several luminosity options of the CEPC. Bottom: The
10 parameter fit result and comparison with the ILC. The CEPC at 250 GeV with 5 ab�1 integrated luminosity and
the ILC 250+500 GeV at 250+500 fb�1 are shown. The CEPC and ILC result without combination with HL-LHC
input as shown in dashed edges.

2.4.2 Higgs self coupling2237

The Higgs self-coupling, �(hhh), is a critical parameter governing the dynamics of the electroweak2238

symmetry breaking. It does not enter the CEPC phenomenology directly, but it affects the hZZ coupling2239

at 1-loop level. Therefore, a limit on Z can be interpreted as a limit on �(hhh)

with some model2240

assumptions [63]. Of course, other new physics can also alter Z . Unless in the case of a cancellation,2241

the limit on �(hhh)

should be regarded as a reasonable estimate.2242

The correction to the SM hZ production cross section induced by a shift in �hhh is given by [63]2243

��Zh =

�Zh

�SM

Zh

� 1 = 2�
Z

+ 0.014��
hhh

. (2.13)

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2244

result from such a constraint on the SM �hhh is summarized in Fig. 2.21.2245

Inference of couplings from 7-parameter fit
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Higgs & Hierarchy Problem
• Great triumph of Run 1 @ LHC: discovery of an SM-like 

Higgs @ 125 GeV. 

• Great challenge for the future: sensitivity of elementary 
scalar mass to higher physical thresholds. 

• We expect many scales above the weak scale: flavor, dark matter, 
neutrino mass, gauge coupling unification, PQ symmetry breaking, ... 

• At the very least, as far as we know a theory of quantum gravity should 
give physical thresholds around the string scale. 

• An apparently elementary Higgs makes the hierarchy problem as 
pressing as ever. 
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Natural vs. unnatural

m  ̄

m ! 0

�m / m

m2AµA
µ

Aµ ! Aµ + @µ↵

m2|H|2
�m / ⇤

m

⇤

Field Symmetry as Implication

(chiral symmetry)

(gauge invariance)
�m / m

None

Spin-1/2

Spin-1

Natural!

Natural!

Spin-0
Unnatural!

Hierarchy problem is not a “just-so story”
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Supersymmetry Global symmetry

m2
h ⇠ 3y2t

4⇡2
m̃2

log(⇤

2/m̃2
)

Totally natural:

} }

m̃ . 200GeV

SUSY breaking 
Sparticles m̃

≲4π/G

Higgs mh

(compositeness, SUSY, turtles)

Global symm. breaking 
Partner particles m̃

≲4π/G

Higgs mh

Hierarchy Solutions

New symmetries for Higgs → new states coupling to Higgs
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A physics driver @ LHC

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
CMS Exotica Physics Group Summary – ICHEP, 2014
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ 1-2 b Yes 20 m(χ̃
0
1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃
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1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
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1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃
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1)) 1407.0350100-350 GeVχ̃±

1
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1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃
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1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0

2
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2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃
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2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′
311

=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

CMS Searches for New Physics Beyond Two Generations (B2G)

95% CL Exclusions (TeV)
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170 of these 226 channels tied to naturalness 
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Beyond the LHC
• LHC has finite reach in direct searches for states 

associated with naturalness. 

• There are also possible holes in search coverage well 
below the LHC’s kinematic limits. 

• The question of naturalness of the weak scale will not 
be settled by the LHC. 

• Precision Higgs coupling measurements (specifically, 
better than %-level) at CEPC can go much further. 

10



Solutions to hierarchy problem influence Higgs mass 
!
!
!
!
!

Generically also give Higgs wavefunction renormalization

Naturalness at CEPC

11
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Very generally:

Latter effects measurable in Higgs coupling deviations. 

Effects generically correlated.
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Conventional naturalness

Two conventional solutions to the hierarchy problem
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Minimal supersymmetric 
extension of the Standard Model 

requires two doublets Hu, Hd

After EWSB, five physical states:

Higgs potential is fixed by supersymmetry; 
free parameters are mH, tanβ

Neither CP-even scalar is exactly SM-like; tree-level 
mixing leads to Higgs coupling deviations.

h, H, A, H±   Potential SM-
like Higgs

13



SUSY at tree level

2

h
H

h H

⇠ v2

m2
H

Leading effect 
in fermion 
couplings

Deviations 
are higher 

order in v/mH

In the limit mh ≪ mH coupling deviations are clear:

Coupling to gauge bosons

Coupling to fermions

⇠ v4

m4
H

14



SUSY at tree level

CEPC: ~1.2% precision in κb (combined 7-param fit) 

t ⇠ 1� 2m2
Z

m2
H

cot

2 �

b = ⌧ ⇠ 1 +
2m2

Z

m2
H V ⇠ 1� 2m2

Z

m4
H

cot

2 �

2

Best sensitivity in 
bottom couplings

In detail…
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Reach comparison
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Figure 21: The same as Fig. 20 but at the high–luminosity LHC option with 3000 fb�1 data.

5. Conclusions

In this paper, we have addressed the issue of covering the entire parameter space of the

MSSM Higgs sector at the LHC by considering the search of the heavier H,A and H±

states that are predicted in the model, in addition to the already observed lightest h boson.

These searches should not only be restricted to the channels that have been considered so

far by the ATLAS and CMS collaborations, namely those with a surplus of ⌧⌫ events

and those with high mass resonances decaying into ⌧ lepton pairs, which would signal the

presence of new contributions from the t ! bH+ ! b⌧⌫ and pp ! H/A ! ⌧⌧ processes,

which are mainly relevant for the high tan� region of the MSSM Higgs sector. Search for

heavier Higgs bosons should also be conducted in channels that are more appropriate for

the probing of the low tan� region and which, until now, have been overlooked.

We have first discussed and refined the hMSSM approach introduced in Ref. [10] in

which the dominant radiative corrections to the MSSM Higgs sector, that introduce a

dependence on numerous soft SUSY–breaking parameters, are traded against the measured

mass Mh = 125 GeV of the Higgs boson which was observed at the LHC, thus allowing to

describe again the entire Higgs sector of the model with only two input parameters. This

simple, economical and “model independent” approach permits to reopen the low tan�

region, at the expense of considering the possibility that the scale of SUSY–breaking is

extremely high, MS � 1 TeV, and that the model is severely fine-tuned. The hMSSM is

expected to be viable down to values tan� ⇡ 2 and, for higher tan� values, reproduces

to a very good approximation the standard results of the MSSM Higgs sector. This is

particularly true if the higgsino mass parameter is much smaller than the SUSY–breaking

scale, µ ⌧ MS , an assumption that is natural at low tan� values which imply a very

high SUSY–breaking scale. Thus, searches for new signals in the MSSM Higgs sector can

be performed in the entire [tan�,MA] parameter space, in a reliable way for tan� >⇠ 2.

– 38 –

Djouadi, Maiani, Polosa, 
Quevillon, Riquer [1502.05653]

CEPC reach (indirect)
HL-LHC reach (direct)

HL-LHC direct reach vs. CEPC coupling reach 
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Cover the “wedge” 
region to 1.2 TeV
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SUSY at 
loop level

30 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

complicated decays it might decay. As mentioned in our earlier discussion of Higgs couplings, this can906

be provided by the deviations induced by stop loops to Higgs couplings—predominantly h ! gg—as907

well as Z-pole precision observables. These will be sensitive to the majority of the natural range for908

stop masses, as shown in Fig. 1.23.
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Figure 8. Regions in the physical stop mass plane that precision measurements are sensitive to, with contours

of tunings, at future e+e� colliders (left: ILC; middle: CEPC; right: FCC-ee). Top row: bounds on stops with

no mixing, Xt = 0. Dashed vertical lines: 2� bounds on stop masses from S and T (mostly T ); solid lines: 2�

bounds on stop masses from Higgs coupling constraints. Blue dashed contours are the stop contributions to

the Higgs mass tuning. Lower row: bounds on stops in the blind spot X2

t = m2

˜t
1

+ m2

˜t
2

. There are no Higgs

measurement constraints. For CEPC with possible improvements (purple dash-dotted line in the middle) or

FCC-ee (orange solid line), EWPT is only sensitive to a small region. The green dashed lines are the exclusion

contours from b ! s� for the choice µ = 200 GeV and a few di�erent values of tan �. Each of these contours

is also labeled with corresponding tunings �µ and �A. There is also a region along the diagonal line which

cannot be attained by diagonalizing a Hermitian mass matrix [32].

7.2 Implications for Folded Stops

EWPT could be the most sensitive experimental probe in some hidden natural SUSY scenarios such as

“folded SUSY” [28]. In folded SUSY, the folded stops only carry electroweak charges and some beyond

SM color charge but no QCD charge. The most promising direct collider signal is W+ photons which

dominates for the “squirkonium” (the bound state of the folded squarks) near the ground state [84, 85].

It is a very challenging experimental signature. Among the Higgs coupling measurements, folded stops

could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading

level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e+e�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded

stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

– 19 –

Figure 1.23 CEPC sensitivity to stops, through the shifts in the hgg coupling (solid purple line), and the S-T
parameters (dashed purple line). The blue lines indicate the level of tuning.

909

Let’s now turn to theories of neutral naturalness. We can begin with the earliest version of this idea910

in the “twin Higgs” [51]. Since the top partners are uncolored, they will not be easily produced at911

the LHC but will be accessible at the SppC; we will defer discussing this phenomenology since it is912

similar to the case scalar top partners which we shortly cover. Instead, the largest signals are in the ZZh913

coupling shift at the CEPC. This is because in these models the Higgs is a pseudo-goldstone boson914

of some approximate global symmetry breaking pattern at the TeV scale, kept light by the “collective915

symmetry” breaking phenomenon [43, 62]. For perfect naturalness, the associated decay constant must916

be f ⇠ 100’s GeV. Since the Higgs is part of a non-linear sigma model multiplet, there are non-linear917

corrections to its kinetic term including necessarily the oblique Higgs operator 1/f2

(@(h†h))

2. As in918

our earlier discussion of the electroweak phase transition from tree-level effects, this gives large �Zh,919

which is shown as a function of f in Fig. 1.24. The scale f translates directly related to the degree of920

tuning 1/� of the model, which is also indicated. If the degree of tuning is even just at 10%, the CEPC921

will see a huge 15% shift in the ZZh coupling; the ultimate reach of the CEPC will probe up to f ⇠ 3922

TeV, corresponding to a 10

�3 degree of tuning. Note that this signal is not directly related to the masses923

of top partners; it is rather that with uncolored top partners it is possible for highly natural regions of924

parameter space for such models to completely evade LHC detection, leaving a large signal that will925

first be seen at the CEPC.926

The supersymmetric implementations of neutral naturalness do not generate this large oblique Higgs927

operator at tree-level. In the simplest cases, the top partners are scalars like the stop, but charged under928

a mirror SU(3), with six states in total. We can parametrize all the interesting possibilities from the929

bottom up: we imagine that there is some number N� of new scalars �I , and a quartic interaction with930

the Higgs931

1

2

c�(�I�I)h
†h (1.28)

Superpartners can contribute 
to loop-level Higgs couplings

Stop contributions to hgg 
coupling most constraining

Ensures no gaps remain, 
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Fan, Reece, Wang [1412.3107]

See also M. 
Reece’s talk
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0 and 1-lepton combined
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 discoveryσ>=140) 5µ (<-13000 fb
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ATLAS 8 TeV (1-lepton): 95% CL obs. limit
ATLAS 8 TeV (0-lepton): 95% CL obs. limit

Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, ⇥̃0

1 mass plane assuming t̃ ⌅ t + ⇥̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the ⇥̃0
2⇥̃
±
1 simplified model studied in this note. The ⇥̃±1 is assumed

to decay as ⇥̃±1 ⌅ W±(⇥)⇥̃0
1 and the ⇥̃0

2 as ⇥̃0
2 ⌅ Z(⇥) ⇥̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the ⇥̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or ⇥̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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Higgs mixes w/ heavy resonances, 
couplings dictated by symmetries 

(as in the chiral lagrangian)

f = decay constant of pNGB Higgs

V ⇠

s

1� v2

f2
⇠ 1� v2

2f2
+ . . .

2

! �V . 5%

Coupling deviation contributes to precision electroweak

Pre-LHC constraints as good 
as reach of LHC Higgs 

coupling measurements
18



Reach comparison
[Thamm, Torre, Wulzer, 1502.01701]

Adopted from
CEPC coupling sensitivity 
constrains f well beyond 

existing precision 
electroweak limits

Also far exceeds direct 
LHC reach for heavy 

resonances

Pushes naturalness of 
composite models to 
below the 1% level
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Figure 3.3: Comparison of direct and indirect searches in the (m⇢, ⇠) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to TLEP.

We can now appreciate the complementarity of direct and indirect searches in exploring the

parameter space of the CH scenario: direct searches are more e↵ective for small g⇢ while indirect

measurements win in the large coupling region. At the LHC with 300 fb�1 direct searches

will completely cover the region accessible by indirect measurements at the same collider for

g⇢ . 4.5 and it is only for g⇢ > g⇢
max = 4.5 that the latter will explore novel territory.

Since direct and indirect constraints benefit similarly from the luminosity improvement, the

gmax

⇢ threshold remains unchanged at the HL–LHC. As far as future machines are concerned,

gmax

⇢ ' 4.5 in the comparison between the 10 ab�1 FCC and TLEP and gmax

⇢ ' 6 for FCC versus

ILC. On the other hand direct searches become ine↵ective at large coupling, not only because

of the reduction of the production cross–section as explained above but also for the following

reason. An e↵ect, which is not taken into account in our analysis, is that the resonances

become broad for large g⇢ because their coupling to longitudinal vector bosons and Higgs

grows, increasing the intrinsic width as g2⇢. Broad resonances are harder to see and since a

narrow resonance has been assumed in our analysis we expect the actual limits to be even

weaker than ours in the large coupling regime. One can get an idea of where finite width

e↵ects should start to become relevant and our estimates might fail by looking at the fine

red dotted curves which are shown in all plots. Above this bound the total resonance width

exceeds 20% of the mass and our bounds are not reliable anymore (see ref. [31] for a more

quantitative assessment of the width e↵ects).

10
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10 TeV

b’Lt’Rt’L

w’,z’

h

g’

Twin Higgs

h~

bL
~tR~tL~

w~

h

g’

(Scalar theories 
under study)

“Neutral” naturalness

[Chacko, Goh, Harnik ‘05]20



Neutral fermionic partners

V ⇠

s

1� v2

f2
⇠ 1� v2

2f2
+ . . .

Higgs is a pNGB; coupling 
deviations like those of 

composite Higgs models

f sets mass scale for neutral 
top partners; definitive and 
test of “neutral” naturalness.

No direct sensitivity @ LHC

e.g. Twin Higgs
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Neutral scalar partners

• No tree-level coupling deviations. 

• No loop-level contributions to loop-level couplings. 

• But there are oblique corrections.

y2t |H|2|�|2Enforce naturalness by couplings 
to the Higgs of the form 

How to probe experimentally with the Higgs ?

No direct sensitivity @ LHC.

Just like stops in SUSY, but neutral under the SM

22



Neutral scalar partners
Brief Article

The Author

March 7, 2015

1

Brief Article

The Author

March 7, 2015

1

Loops of neutral scalars generate 
Higgs “oblique” operator 

After 
EWSB, 

cH ⇠ n�y2t
16⇡2

1

2

cH
m2

�

�
@µ|H|2

�2

1

2

cH
m2

�

�
@µ|H|2

�2 !
✓
1 + 2cH

v2

m2
�

◆
⇥ 1

2
(@µh)

2

Looks like wavefunction renormalization for the physical Higgs.

[Englert, McCullough 1303.1526; NC, 
Englert, McCullough 1305.5251]  

23

See also M. 
McCullough’s talk



Neutral scalar partners
Canonically normalize kinetic term→shift all Higgs couplings

Shift drops out of all coupling 
ratios; can’t be measured at LHC.
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Figure 2.9 Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair of leptons for
an integrated luminosity of 5 ab�1 for Z ! µµ (Left) and Z ! ee (Right).

is employed to enhance the separation the signal-background separation. The overall signal selection1802

efficiency is approximately 62% (22k signal events passing the selection) with a reduction in background1803

by nearly 3 orders of magnitude (48k background events surviving). The leading backgrounds after1804

event selection are ZZ, WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section1805

can be measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy1806

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable contribution1807

to the radiation effect and detector resolution. A precision of 6.5 MeV can be achieved.1808

The Z ! ee selection is based on simple cuts. Compared with the Z ! µµ decay, the Z ! ee1809

decay suffers from additional backgrounds from Bhabha, ee ! e⌫W and ee ! eeZ productions. They1810

dominate the background contributions after the event selection. The cuts select 27% signal events (10k1811

events) and 147k background events. The relative precision on the ZH cross section measurement is es-1812

timated to be 2.4% while an uncertainty of 17 MeV is predicted for the Higgs boson mass measurement.1813

A significant fraction (⇠ 10%) of electrons lose sizable energies through Bremsstrahlung radiations1814

before reaching the calorimeter, thus their energy measurements can be improved by including the ener-1815

gies of the photons inside a small cone around the electron tracks. With this improvement, the estimated1816

uncertainty on the ZH cross section measurement is expected to reach 2.1%.1817

2.3.2.2 Recoil mass spectrum from hadronic Z decays1818

The recoil mass technique can also be applied to hadronic Z decays (Z ! qq) of e+e� ! ZX1819

candidates. This final state benefits from a larger Z ! qq decay branching ratio, but suffers from a1820

relatively poor resolution for jet measurements as well as from the random combinatorics in the Z ! qq1821

jet-pairing, particularly for events with additional jets such as those from H ! bb, cc and gg decays.1822

Thus the recoil mass reconstruction depends highly on event reconstruction performance, like particle1823

flow, jet clustering algorithms and jet flavor tagging. Nevertheless, preliminary studies show that this1824

measurement is feasible at CEPC with promising results.1825

An analysis based on a fast simulation has been performed for 5 ab�1 of integrated luminosity, taking1826

into account all known SM background processes. After the event selection, main backgrounds are WW1827

and Z� production. Figure 2.10 (Left) shows the reconstructed recoil mass distribution. In contrast to1828

the Z ! `` channel, the Higgs boson decay mode has a non-negligible effect on Z ! qq reconstruction.1829

Jets from hadronic decays of the Higgs boson can lead to mis-pairing of Z ! qq, for example. Thus for1830

But measure           directly at CEPC via Z recoils.��Zh
24
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Figure 3.3: Comparison of direct and indirect searches in the (m⇢, ⇠) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to TLEP.

We can now appreciate the complementarity of direct and indirect searches in exploring the

parameter space of the CH scenario: direct searches are more e↵ective for small g⇢ while indirect

measurements win in the large coupling region. At the LHC with 300 fb�1 direct searches

will completely cover the region accessible by indirect measurements at the same collider for

g⇢ . 4.5 and it is only for g⇢ > g⇢
max = 4.5 that the latter will explore novel territory.

Since direct and indirect constraints benefit similarly from the luminosity improvement, the

gmax

⇢ threshold remains unchanged at the HL–LHC. As far as future machines are concerned,

gmax

⇢ ' 4.5 in the comparison between the 10 ab�1 FCC and TLEP and gmax

⇢ ' 6 for FCC versus

ILC. On the other hand direct searches become ine↵ective at large coupling, not only because

of the reduction of the production cross–section as explained above but also for the following

reason. An e↵ect, which is not taken into account in our analysis, is that the resonances

become broad for large g⇢ because their coupling to longitudinal vector bosons and Higgs

grows, increasing the intrinsic width as g2⇢. Broad resonances are harder to see and since a

narrow resonance has been assumed in our analysis we expect the actual limits to be even

weaker than ours in the large coupling regime. One can get an idea of where finite width

e↵ects should start to become relevant and our estimates might fail by looking at the fine

red dotted curves which are shown in all plots. Above this bound the total resonance width

exceeds 20% of the mass and our bounds are not reliable anymore (see ref. [31] for a more

quantitative assessment of the width e↵ects).

10
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where again ✓
1

is the angle between p
1

, the momentum of `�, and the z axis.
With these definitions, the incoming momenta in the e+e� rest frame (denoted with

an asterisk) are given by

p⇤� =

p
q2

2
(1, sin ✓�

2

cos�, sin ✓�
2

sin�, cos ✓�
2

), (74)
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where, to make a clear distinction, the angle ✓�
2

is the angle between the direction of
flight of the e� and the z axis in the e+e� rest frame. To best exploit the crossing
symmetry of the two processes, one should describe the reaction using the angle ✓+

2

measured from the z axis to the direction of flight of the e+, since in H ! Z`+`� we
chose to use the angle between the direction of flight of `�

1

and the z axis. Our results
in Sec. 4 are therefore written in terms of the angle

✓+
2

⌘ ✓
2

= ⇡ � ✓�
2

, (76)

which makes the expressions for the squared amplitude in decay and scattering formally
identical.

B Explicit expressions for the J functions

Here we give the expressions of the J functions defined in Eq. (32). In the following
results � stands for

� ⌘ �(1, s, r) = 1 + s2 + r2 � 2s� 2r � 2rs, (77)

and we recall that  = 1� s� r. The couplings gV,A are those of Eq. (15) and contain
the d = 6 corrections. The explicit expressions for the J functions read at O(1/⇤2)

J
1

=
8
p
2m2

H GF

(s� r)2
�
g2A + g2V

�
2
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✓
1 +
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2

)
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� 2 b↵ZZ

r
+
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(g2A + g2V ) rs

◆
,
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• Operators of the type �4D2 modify the Higgs-gauge couplings and entail a
redefinition of the Higgs field to preserve canonically normalized kinetic terms.

The d = 4 couplings of the electroweak sector of the SM Lagrangian are the gauge
couplings g, g0, the Higgs self-coupling �, and the classical Higgs vacuum expectation
value v. We trade these couplings for the experimental observables GF (the Fermi
constant as measured in µ ! e⌫µ⌫̄e decay), the Z mass mZ , the electromagnetic coupling
↵
em

, and the Higgs mass mH . In the presence of d = 6 operators, the first three of these
quantities are given by

mZ = mZ� (1 + �Z) , GF = GF� (1 + �GF
) , ↵

em

= ↵
em� (1 + �A) , (6)

where X� denotes the quantity X in the absence of d = 6 operators, expressed in terms
of the Lagrangian parameters g, g0, and v. The above relations are then inverted to
express the g, g0, and v in terms of mZ , GF and ↵

em

and the d = 6 couplings. The
explicit expressions for the d = 6 contributions to Eq. (6) in our basis read [33,35,36]

�Z = b↵ZZ +
1

4
b↵
�D, �GF

= �b↵
4L + 2b↵(3)

�` , �A = 2b↵AA. (7)

The combinations of coupling coe�cients ↵ZZ and ↵AA are defined in Eq. (11) below.
In �GF

a four-lepton operator (not listed in the Tab. 1) intervenes

Oprst
4L = (¯̀p�µ`r)(¯̀s�

µ`t), (8)

with p, r, s, and t denoting flavour indices. We assume that the coe�cients of Oprst
4L are

flavour independent. In the expressions below we will also use the Weinberg angle

sin2 ✓W ⌘ s2W =
1

2

0

@1�
s

1� 2
p
2⇡↵

em

m2

ZGF

1

A , cos2 ✓W ⌘ c2W = 1� s2W . (9)

It should be understood as an abbreviation for the combination of input parameters
as given, which appears after eliminating the d = 4 Lagrangian couplings as described
above.

Apart from the SM tree contributions we only consider e↵ects of order 1/⇤2 on
the decay amplitude. In the broken-symmetry phase the e↵ective Lagrangian Eq. (1)
generates the terms

L
e↵

� c(1)ZZ HZµZ
µ + c(2)ZZH Zµ⌫Z

µ⌫ + c
Z eZH Zµ⌫

eZµ⌫ + cAZH Zµ⌫A
µ⌫ + c

A eZHZµ⌫
eAµ⌫

+HZµ
¯̀�µ (cV + cA�5) `+ Zµ

¯̀�µ(gV � gA�5)`� g
em

Q`Aµ
¯̀�µ`, (10)

which include the relevant tree-level SM terms. We omit the H�� vertex, since it does
not contribute to the processes studied here within our approximations. The e↵ective
couplings of this Lagrangian are related to the coe�cients ↵k of the fundamental d = 6
operators as given explicitly in Tab. 1. We define the following combinations of coupling
coe�cients:

↵(1)

ZZ = ↵
�⇤ � 1

2
�GF

+
1

4
↵
�D,

5

Studies to date focus on 
coupling shifts; much more 

information in tensor 
structure, accessible in 

angular variablesBeneke, Boito, Wang [1406.1361]
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• Truncate flat 
directions in the 
HEFT. 
!

• Improve BSM 
reach by using 
added 
information. 
!

• Distinguish 
between different 
BSM models with 
similar total cross 
section shifts. 

CEPC sensitive not 
only to coupling 

shifts, but different 
tensor structures. 



Conclusions

• Places strong constraints on tree-level corrections to tree-
level couplings, exceeding reach of direct searches. 

• Also constrains loop-level corrections to loop-level 
couplings, covering holes in direct searches at LHC. 

• Most impressively, constrains loop-level corrections to 
tree-level couplings. Qualitatively new territory.

With sub-percent level precision in many channels, CEPC:

Covers the parameter space of Higgs deviations 
motivated by naturalness.
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