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Important Statement 

²  Framework, not details 

²  Questions, not answers 

²  Incomplete, not perfect 



Success of  Standard Model 

SM Deepest Tests by LHC 
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Success of  Standard Model 

No Hints of  New Physics after Run 1 
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Questions in Fundamental Physics 

Experiment: 
Dark Matter, 
Dark Energy, 
Muon g-2, neutron EDM, 
Baryongenesis 
 

Theory: 
Naturalness, 
Neutrino Mass & Oscillation, 
Flavor, 
EWPT, 
Quantum Gravity, Unification, 
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New Theory Market 
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New Theory Market 

Future directions

larger mass
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Experiments Sensitive to New Theories 

à  High Energy Collider experiments 
 
 
à  Neutrino experiments 
    (oscillation, telescope, ...). 
 
à  Dark matter searches 
     (Direct like LUX & Indirect like AMS, ...). 
 
à  Muon magnetic moment measurement 
 
à  Flavor physics experiment (B physics, ...) 
 
à  Astrophysics experiment 
     (CMB, BICEP, Dark Energy Survey, ...). 
 
à  Gravitational wave searches 
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[ plot from Raman Sundrum ] 

Experiment Sensitivity to New Theories 
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Possible BSM Status after LHC 

Future Lepton Collider (FLC) & Future Hadron Collider (FHC) 
     complement each other. 
 
If  no new particle discovered after LHC 
þ  FLC, like Circular Electron-Positron Collier (CEPC): 
    Clean, but low energy à indirect probe by precision measurement. 
 
If  a new particle discovered after LHC, 
þ  FHC, like Super Proton-Proton Collider (SPPC): 
    High energy, but dirty à direct discovery by production search. 

We are potentially on the edge of  an important discovery / breakthrough. 
Next Higher energy Collider is a powerful & straightforward Tool 
    for BSM Physics. 
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Some Proposed Future Colliders 
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Some Proposed Future Colliders 

2 Higgs working group report

deviation in the properties or couplings of the Higgs boson imply fundamental changes to the understanding
of elementary particles and interactions. Furthermore, the role of the Higgs field in early universe physics
and in the unification of the forces of Nature are highly sensitive to Higgs boson properties including the
mass, total width, spin, couplings, CP mixtures, and the existence of multiple Higgs bosons. With this
perspective, the future of the energy frontier is contemplated with a focus on precision measurements of high
statistics samples of Higgs bosons produced in ideal conditions for laboratory studies.

The compilation of the Higgs Snowmass Report is based on input in the form of White Papers from the
particle physics community. All major precision Higgs physics projects with substantial representation in
the US particle physics and accelerator physics communities have been included in this report. These
communities are listed here (in alphabetical order):

• Compact Linear Collider (CLIC) [1–3]

• Gamma-Gamma Collider [4, 5]

• International Linear Collider (ILC) [6–10]

• Large Hadron Collider High Luminosity Upgrade (HL-LHC)

• Muon Collider (µC) [11,12]

• Triple-Large Electron-Positron Collider (TLEP) [13,14]

The proposed running periods and integrated luminosities at each of the center-of-mass energies for the
above facilities are listed in Table 1-1.

Table 1-1. Proposed running periods and integrated luminosities at each of the center-of-mass energies
for each facility.

Facility HL-LHC ILC ILC(LumiUp) CLIC TLEP (4 IPs) HE-LHC VLHC
p
s (GeV) 14,000 250/500/1000 250/500/1000 350/1400/3000 240/350 33,000 100,000R
Ldt (fb�1) 3000/expt 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600 3000 3000

R
dt (107s) 6 3+3+3

(ILC 3+3+3)

+ 3+3+3
3.1+4+3.3 5+5 6 6

The report has two primary goals. The first is to identify the key elements of a precision Higgs program and
the fundamental importance of this science as a human endeavor to understand the universe and the laws
of physics. The second is to document the precision and physics potential presented during Snowmass for
the above listed community initiatives to develop precision Higgs programs. This report does not judge the
status, maturity, feasibility, or readiness of any of these initiatives. The reader should refer to the report
of the Frontier Capabilities Group for this information. The report will also identify unique strengths of
di↵erent collider initiatives and detector concepts and their importance to the precision Higgs program. The
detailed charge to the Higgs Snowmass committee is listed below.

1.1.1 Charge to the Higgs Snowmass Committee

1. Provide a compact summary of the measurements on and searches for the SM Higgs boson, including
information from LEP, the Tevatron, and the LHC. Include in this summary a survey of searches for
non-minimal Higgs sectors.

Community Planning Study: Snowmass 2013

[Table from 1310.8631] 

Process Z WW HZ TTbar 

sqrt(s) (GeV) 90 160 240 350 500 1000 1400 
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Productions of  e+e- collider at different center-of-mass energy 

 25 

Tables 1.2 and 1.3 list the top level parameters of the CEPC and SPPC, respectively. 
The integrated luminosity of the CEPC is 250 fb‒1 per interaction point (IP) per year. 
For two IPs and 10 years of operation, the total integrated luminosity is 5 ab‒1, which 
would generate one million Higgs particles.  

The luminosity goal of the SPPC has not yet been decided. There is an ongoing 
discussion in the world HEP community about what the luminosity goal of a future high 
energy pp collider should be [2-5]. 
 

Table 1.2: Top Level Parameters for CEPC. 

Parameter Design Goal 

Particles e+, e- 

Center of mass energy 240 GeV 

Integrated luminosity (per IP per year) 250 fb‒1 

No. of IPs 2 

 
Table 1.3: Top Level Parameters for SPPC. 

Parameter Design Goal 

Particles p, p 

Center of mass energy 70 TeV 

Integrated luminosity (per IP per year) (TBD) 

No. of IPs 2 
 

This report consists of 12 chapters and 6 appendices.  
Chapter 1 is an introduction. 
Chapter 2 is a brief description of the potential science reach of different collision 

experiments, including electron-positron collisions, proton-proton collisions, electron 
(or positron)-proton collisions, electron (or positron)-ion collisions, and ion-ion 
collisions.  

Chapter 3 is an overview of the CEPC-SPPC layout and performance goals. It also 
discusses a staging scenario from the CEPC to the SPPC and the other collision schemes. 

Chapters 4 and 5 give a detailed description of the CEPC design. Chapter 4 covers 
all the relevant beam physics issues of a high energy e+e- collider, including the lattice 
in both the arcs and straight sections, optics in the interaction regions (IRs), the 
machine-detector interface, the dynamic aperture, beam instabilities, beam-beam effects, 
synchrotron radiation, injection and beam dump, beam loss and background, and a brief 
discussion of polarization at medium (Z-pole) and high (Higgs) energies.  

Chapter 5 describes the design of various technical systems for the collider, the 
Booster and the Linac, including the superconducting RF (SRF) system and its power 
source, the cryogenic system, magnets and their power supplies, vacuum, 
instrumentation, control, mechanical systems, radiation shielding, survey and alignment. 

These chapters are followed by Chapter 6 with a description of the injectors, 
including the Linac and the full-energy injection Booster. 
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Design goals of  CEPC & SPPC (c = 50 km) [from pre-CDR] 
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Physics at CEPC 
Z Factory 

Electroweak Precision Measurements 
 
Flavor (B) physics 
 
.................... 
 

14 



Precision Measurements 
      Electroweak Precision Observables (EWPO) 
      Triple Gauge Couplings (TGC) 
      Higgs coupling 
      Higgs production cross section 
 
Flavor Physics 
Rare processes 
Exotics 
 
 
Electroweak Phase Transition 
Naturalness, Fine-tuning 
Dark Matter 
 
SUSY, Composite Higgs, L-R, ... 
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Physics at CEPC 
H Factory 



Physics at SPPC 

New Particle Discovery & Study 
àextra Higgs, new resonance 
 
Naturalness 
 
EWPT (1st or 2nd order ?), EW Brayogenesis 
      ß Higgs Self  Coupling 
 
Dark Matter Search 
 
 
SUSY, Composite, L-R, .... 
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Pre-CDR Work at CEPC 
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CEPC ELECTROWEAK OBLIQUE PARAMETER FIT 107

er the possibility that this width and mass can be measured to an experimental precision
comparable to the theoretical uncertainty of about 0.1 MeV. The top mass improvement
requires a significant experimental effort. It will either rely on input from another collider
like the ILC with higher beam energy, or a significant boost in the CEPC energy to scan
the top pair production threshold. Such an energy upgrade would significantly improve
the ultimate bound attained on the T parameter. We show the result of such improvements
in Fig. 4.2. The figure illustrates first the effect of improving �Z together with mZ (which
improves the bounds on S and T comparably), and then the effect of additionally improv-
ing the top mass (which constrains T somewhat more strongly than S). From this plot
it is apparent that upgrades to the initial CEPC plan potentially offer significant physics
benefits and deserve further consideration.

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
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Electroweak Fit: S and T Oblique Parameters

Current (68%)
CEPC baseline (68%)
Improved �Z (68%)

Figure 4.2 CEPC constraints on the oblique parameters S and T , for the baseline scenario and two
possible improvements. At left we show the current bound, the CEPC baseline, and one improved scenario.
At right we zoom in and show the CEPC baseline and two different improved scenarios. Notice that the
axes of this plot have zoomed in by a factor of 5 compared to those of Fig. 4.1. For clarity we show only
68% C.L. (��2 = 2.30) constraints.

Table 4.7 summarize the physics reach by quoting the 68% C.L. bound on S assuming
that T is zero, and vice versa. These are one-parameter fits (corresponding to ��2

= 1).

Parameter Current CEPC baseline Improved �Z (and mZ) Also improved mt

S 3.6 ⇥ 10�2 9.3 ⇥ 10�3 9.3 ⇥ 10�3 7.1 ⇥ 10�3

T 3.1 ⇥ 10�2 9.0 ⇥ 10�3 6.7 ⇥ 10�3 4.6 ⇥ 10�3

Table 4.7 Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that
the other is zero).

4.2.1 The Precision Challenge for Theorists

The estimates of CEPC prospects above assumed an improvement in theoretical uncer-
tainties relative to the current status. Theory uncertainties quoted for mW , sin

2 ✓`
e↵

, and
�Z in the “CEPC fit” column of Table 4.5 are based on the size of estimated four-loop
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sign and beamtime allocation optimized for the CEPC can be expected to yield even more
favorable projections.

Table 4.1 The expected precision in a selected set of EW precision measurements and the comparison with
the precision from LEP experiments. The current precisions for sin2 ✓e↵

W and Rb include the measurements
at the SLC.

Observable LEP precision CEPC precision CEPC runs
R

L needed in CEPC
mZ 2 MeV 0.5 MeV Z lineshape > 150 fb�1

mW 33 MeV 3 MeV ZH (WW ) thresholds > 100 fb�1

Ab
FB 1.7% 0.15% Z pole > 150 fb�1

sin2 ✓e↵

W 0.07% 0.01% Z pole > 150 fb�1

Rb 0.3% 0.08% Z pole > 100 fb�1

N⌫ (direct) 1.7% 0.2% ZH threshold > 100 fb�1

N⌫ (indirect) 0.27% 0.1% Z lineshape > 150 fb�1

Rµ 0.2% 0.05% Z pole > 100 fb�1

R⌧ 0.2% 0.05% Z pole > 100 fb�1

Preliminarily, the CEPC is expected to collect 10

10 Zs. For the studies presented here,
100 fb�1 is used as a more conservative estimate of the total integrated luminosity, cor-
responding to about 2 ⇥ 10

9 Zs. With this amount of statistics, the precision of most
of the observables here, with the possible exception of sin ✓e↵

W , are already dominated by
systematical uncertainties.

4.1.1 Z Pole Measurements

The CEPC offers the possibility of dedicated low-energy runs at the Z pole with a large
integrated luminosity (> 100 fb�1) and a Z lineshape scan around the pole (from 88 GeV
to 94 GeV). These runs allow ultra-high precision electroweak measurements of the Z
boson decay partial widths, e.g. the parameters Rb = �Z!b¯b/�had and R` = �had/�Z!`¯`.
(Notice that R` is defined as the ratio to any one charged lepton flavor, not the ratio to
the sum of all lepton flavors.) It will also perform high precision measurements of the
forward-backward charge asymmetry (AFB), the effective weak mixing angle (sin2 ✓e↵

W ),
number of light neutrino species (N⌫), and the mass of the Z boson (MZ). These runs
will also be important for the calibrations of leptons and jets. It is also possible to perform
some measurements of Z boson properties without these dedicated low-energy runs near
or at the Z pole. For example, the direct measurement of the number of light neutrino
species can be performed in ZH runs intended for Higgs boson measurements.

4.1.1.1 Rb

The width of the Z boson into each of its decay channels is proportional to the sum of
squares of fundamental Z-fermion couplings. The partial width Rb is sensitive to elec-
troweak radiative corrections from new physics particles. For example, the existence of
the scalar tops or charginos in supersymmetry could lead to a visible change of Rb from
the SM prediction.

2*109 Z’s. 

à Estimating the precisions  
     of  EW measurements 
 
à Fitting the EW parameters 
     S & T 
 
à Constraining the NP 
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Figure 3.6 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.
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Figure 3.7 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s
for a 125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH , taken from [29].

Table 3.2 summarise the cross sections for the signal and background processes at
p

s =

250 GeV and the corresponding numbers of events expected for an integrated luminosity
of 5 ab�1. Along with the 10

6 Higgs events, 5 ⇥ 10

6 ZZ, 8 ⇥ 10

7 WW and 2.5 ⇥ 10

8

qq̄(�) events will be produced. These events are the main backgrounds for Higgs analyses.
On the other hand, they are important for SM measurements and studies of systematic
uncertainty of the Higgs measurements.

3.3.2 �(ZH) and mH Measurements

Unlike hadron colliders, the center-of-mass energy at an e+e� collider is precisely mea-
surable and adjustable. In a ZH event, where the Z boson decays to a pair of visible
fermions (Z ! f ¯f ), the Higgs boson mass can be reconstructed with the recoil mass
method:

m2

recoil

= (

p
s � Ef ¯f )

2 � p2

f ¯f = s � 2Ef ¯f

p
s + m2

f ¯f (3.2)

where Ef ¯f , pf ¯f and mf ¯f are, respectively, the total energy, momentum and invariant mass
of the fermion pair. The m

recoil

distribution should exhibit a peak at mH for the signal
process of e+e� ! ZH (with a small contribution from ZZ fusion), and is expected
to be smooth for background processes. The reconstructed width of the peak will be
dominated by the detector resolution and the beam energy spread, while the effect of the
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COUPLING EXTRACTIONS AND COMBINATIONS 85

Table 3.12 Coupling measurement precision in percent from the 10 parameter fit described in the text for
several benchmark integrated luminosities of CEPC, and corresponding results after combination with the
HL-LHC. All the numbers given are relative precision, except for BR

inv

for which 95% CL upper limit is
quoted.

CEPC CEPC+HL-LHC
Luminosity (ab�1) 0.5 2 5 10 0.5 2 5 10

�h 8.7 4.4 2.8 1.9 6.2 3.7 2.5 1.8
b 4.1 2.1 1.3 0.92 2.8 1.7 1.2 0.87
c 5.4 2.7 1.7 1.2 4.2 2.4 1.6 1.2
g 4.8 2.4 1.5 1.1 3.2 2.0 1.4 1.0
W 3.9 1.9 1.2 0.87 2.4 1.6 1.1 0.82
⌧ 4.5 2.3 1.4 1.0 3.2 1.9 1.3 0.97
Z 0.81 0.40 0.26 0.18 0.81 0.40 0.26 0.18
� 15 7.4 4.7 3.3 2.7 2.5 2.3 2.0
µ 28 14 8.6 6.1 8.9 7.7 6.3 5.1

BR
inv

0.88 0.44 0.28 0.20 0.88 0.44 0.28 0.20

Table 3.13 Comparison of the projections between CEPC and various luminosity upgrades of the ILC.
The ILC luminosity upgrade assumes an extended running period on top of the low luminosity program and
cannot be directly compared to CEPC numbers without accounting for the additional running period. ILC
numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the 95%
confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) CEPC (2 IP)
p

s (GeV) 250 500 1000 250/500/1000 240–250
R

Ldt (ab�1) 0.25 +0.5 +1 +1.15+1.6+2.5 0.5 5
P (e�, e+) (�.8, +.3) (�.8, +.3) (�.8, +.2) (same) (0, 0) (0, 0)

�H 12% 5.0% 4.6% 2.5% 8.7% 2.8%

� 18% 8.4% 4.0% 2.4% 15% 4.7%
g 6.4% 2.3% 1.6% 0.9% 4.8% 1.5%
W 4.9% 1.2% 1.2% 0.6% 3.9% 1.2%
Z 1.3% 1.0% 1.0% 0.5% 0.80% 0.25%

µ 91% 91% 16% 10% 28% 8.6%
⌧ 5.8% 2.4% 1.8% 1.0% 4.5% 1.4%
c 6.8% 2.8% 1.8% 1.1% 5.4% 1.7%
b 5.3% 1.7% 1.3% 0.8% 4.1% 1.3%
t � 14% 3.2% 2.0% � �
BR

inv

0.9% < 0.9% < 0.9% 0.28% 0.89% 0.28%

86 HIGGS PHYSICS AT THE CEPC

Figure 3.20 Higgs self-coupling constraint inferred from the shift in hZZ coupling. Top: Higgs self-
coupling measurement at HL-LHC, several luminosity options at the CEPC, and the SPPC. Bottom: 7 and
10 parameter fits are considered. The combinations of HL-LHC and CECP are also shown. The CEPC
results refer to a luminosity of 5 ab�1. The HL-LHC and SPPC results are taken from Ref. [63], with an
integrated luminosity of 3 ab�1 assumed. In the latter case, the impact of the uncertainties in measuring the
Higgs top Yukawa coupling is not incorporated.

3.5 Implications

In this section, the most important physics implications of the Higgs property measure-
ments at the CEPC will be briefly discussed. These topics have already been mentioned
in the overview section and are recapitulated here briefly so that readers only reading this
section may have a self-contained account of the important theoretical implications of
Higgs couplings measurements at the CEPC.

Many theories for physics beyond the Standard Model (BSM) have been proposed over
the past four decades. A central theme motivating the construction of these models has
been to address the question of electroweak symmetry breaking. In most of these models,
the Higgs couplings to the SM particles are typically modified, either by new particles
propagating in loops, or by mixtures of the SM-like Higgs boson with other states. With
its significant improvement on the sensitivities to the deviations in the Higgs couplings

Higgs self-coupling 
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Table 5.2 Sensitivity of LFV ⌧ decays to the different effective operators at tree-level. The symbol 3 (�)
denotes that the operator does (not) contribute at tree-level to a given process. For operators involving
quark bilinears, the relevant isospin structure (I = 0, 1) probed by a given decay is also specified. Table
taken from Ref. [84]

where one expects to reach a sensitivity on the branching ratio of 10

�9, two orders of
magnitude better than the current bound. One could expect a better sensitivity on this
mode compared to Belle II where there is an irreducible background coming from the
e+e� initial state radiation to µ+µ� not present at CEPC.

Moreover the hadronic modes should not be neglected: indeed they offer the oppor-
tunity to directly test ND in the couplings between quarks and leptons. As can be seen
from Table. 5.2, the hadronic tau LFV modes ⌧ ! `P or ⌧ ! `PP are sensitive to a
large number of operators encoding the ND beyond the dipole one: scalar, pseudo scalar,
vector, axial-vector, gluonic ones [66, 81]. Recent progress has been done to describe
the hadronic part of ⌧ ! `⇡⇡ [82, 83] in a robust way allowing to set reliable bounds
on LFV couplings from this decay. The hadronization of the quarks and gluons into two
pions is obtained from a coupled channel (⇡⇡ and K ¯K) analysis taking into account FS
interactions.

Studying all the tau LFV modes including the hadronic ones, their branching ratios but
also their spectra [84, 85], will allow by combining them and looking at the correlations
to unveil the underlying dynamics of New Physics. Some studies for specific models have
already been performed, see e.g. [86]. For the study of the hadronic modes, the CEPC has
also very good prospects to offer with an expected sensitivity of 10

�9 on the branching
ratios.

Charged Lepton Flavor Violation in Z0 decays

If one just adds terms of the masses of the three neutrinos – and thus including the ma-
trix UPMNS due to established neutrino oscillations – to the SM, one predicts BR(Z !
e±µ⌥

) ⇠ BR(Z ! e±⌧⌥
) ⇠ 10

�54 and BR(Z ! µ±⌧⌥
) ⇠ 10

�60, respectively. On the
other hand the current upper limits on BR(Z ! e±µ⌥

) < 1.7⇥ 10

�6, BR(Z ! e±⌧⌥
) <

9.8⇥10

�6 and BR(Z ! µ±⌧⌥
) < 1.2⇥10

�5 from LEP [87–89]. Most recently, ATLAS
Collaboration improved the upper limit of the Z ! e±µ⌥ to be 7.5 ⇥ 10

�7 [90].

à Possible flavor physics 
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à QCD study 



Outline 

«  Success of  Standard Model 

«  Questions in Fundamental Physics 
«  Motivation by BSM Physics 
     à SM not end, need new collider 

«  Physics at High Energy Colliders 
     - CEPC (Z & H Factories), SPPC 
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EW precision measurement 
à Simulation more precisely (detector effect) 
à systematical uncertainty estimation 
à theoretical uncertainty requirement 
à triple gauge coupling (TGC) 
 
Non-oblique observables (AFB, ....) 
à Precision 
à constrain NP 
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Future Work at Z Factory 



Flavor physics 
à Exotic decay (Bc, Λb, τ, ...) 
à Bs, D meson mixing 
à CP breaking 
à QCD precision (SCET method, ...)  
 
g-2, EDM, lepton number violation 
 
MW, ΓW @ WW threshold without polarization 
4-fermion contact-interactions from fermion pair production 
 
Complementary with Higgs factory 
Luminosity requirement from important physics 
Requirement for detector design 
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Future Work at Z Factory 



Higgs coupling measurement 
à Simulation more precisely (detector effect) 
à More final state (semi-leptonic, fully hadronic, ...) 
à More decay channel 
à Higgs exotic decay (dark photon, SUSY, hidden valley, 
    h->mu tau ), .... 
 
Higgs CP violation 
àpin down the CP phase 
 
EW phase transition 
à htt, hhh couplings (indirect, direct at sqrt(s)>350, 305 GeV, ....) 
 
Exotic, rare decay 
à these with trigger problems @ LHC 
à h-> Z gamma 
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Future Work at H Factory 
Higgs Property 
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Future Work at H Factory 
Higgs Property, Additional 

Constrained fit 
àImprove sensitivity assuming only SM  
    production / decay modes, .... 
 
Angular distributions in the decay products of  Higgs 
à Higgs coupling 
à CP, ... 
 
SM loop corrections 
à Higgs couplings 
à htt coupling from loop 
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Future Work at H Factory 
Example: Higgs Self  Coupling 

Measuring the Self-Coupling 
Directly


•  At LHC (Requires ECM > 2 mh):


•  At ILC (Requires ECM > 2 mh + mZ):


Figure'from'J.'Tian,'K.'Fujii'

Figure'from'
Dolan,'Englert,''
Spannowsky'

MM.  2014


sqrt(s) > 305 GeV 

Self-Coupling Indirectly at NLO


•  At NLO modified coupling enters in the 
following loops:




•  And also:                         


MM.  2014


sqrt(s) < 305 GeV 
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` ILC helps CEPC: 
Ń ALR measurement and top mass 
Ń Precise gHWW measurement reduces errors on all Higgs couplings 
Ń Top Yukawa coupling 
Ń ILC V(ZHH) measurement (and others I assume)  help interpret precision CEPC V(ZH) meas. 
Ń New particle searches at 500 GeV�
 

` CEPC helps ILC: 
Ń Many EW precision measurements:  MZ, *Z,  DS, NQ, MW, … 
Ń Precise gHZZ measurement reduces errors on all Higgs couplings 
Ń Much better meas. of Higgs invisible width, BSM decays, rare decays such as JJ and PP�
Ń In general, CEPC gives ILC more flexibility to concentrate on  higher Ecm running.�

�
 

` CEPC+ILC combination helps the particle physics community: 
Ń Higgs Z coupling error 'gHZ = 0.2% 
Ń Higgs W coupling error 'gWW = 0.3% 
Ń Higgs b coupling error 'gbb = 0.5% 
Ń Higgs self coupling error 'gHHH = 22% 
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Future Work at H Factory 
Example: Complementary with ILC 



31 

Future Work at H Factory 
QCD & Jet-substructure 

Reconstruction 
à QCD precision, Heavy quarkonia production, 
     s & p wave, .... 
à Jet clustering, substructure 
à c-tagging, b-tagging, ..... 
à gluon-jet vs. quark-jet 
 
 
Tau physics 
àtau-tagging, polarization 
àasymmetries @ Z-pole and ZH 



Running time for Z factory and H factory 
à a complete analysis of higher dimensional operators 
 
Correlated analysis of Higgs precision 
à systematical uncertainty 
à interference in signal processes, .... 
 
Complementary with LHC, SPPC, Z factory 
 

32 

Future Work at H Factory 
Detector & Accelerator 



Constraining NP: 
à Using precision measurements @ Z-pole & Higgs coupling 
à Cross section to constrain NP 
à Kinematical distribution (differential cross section) to enhance sensitivity 
à Extra Higgs search (refer to LEP) 
à 2HDM, L-R, DM, dark photon, sterile neutrino ....... 
 
Naturalness, Fine-tuning 
à complete theory based on SUSY with neutral scalar top partner, 
    like theory based on global symmetries (Twin Higgs, ...) 
à SUSY, composite, twin Higgs, Higgs portal 
 
Flavor Physics 
à Rare processes, exotics 
 
Complementary with LHC, SPPC, Z factory 33 

Future Work at H Factory 
Constraints & Predictions on NP 

Two Approaches: 
(i) Model Independent.: EFT operators 
(ii) Model Dependent: complete UV models 



 

q Constraining natural SUSY using muon g-2 & Higgs coupling 
     @ HL-LHC, ILC & CEPC  Collaboration with Tianjun Li, Shabbar (ITP, CAS) 

ß Basic constraints: 
     REWSB, neutralino LSP, 
     sparticle mass, Higgs mass, 
     B-physics, fine-tuning. 
 
ß Muon magnetic moment 
 
ß Higgs coupling 

Constraint & Prediction on NP 
Example: Natural SUSY 
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q Angular Asymmetry @ CEPC 
      Collaboration with Jiayin Gu, Nathaniel Craig (UCSB, US), Zhen Liu (Fermi Lab, US) 
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Figure 14: Kinematics for the scattering e+e� ! HZ(! `+`�).
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where again ✓
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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
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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
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Table 1: The subset of d = 6 operators that contribute to H ! Z`+`� and e+e� ! HZ in the
basis defined in Ref. [14]. The four-lepton operator given in Eq. (8) gives an indirect contribution
solely through the redefinition of �GF and is not listed in this table.

�4D2 X2�2  2�2D

O
�⇤ = (�†�)⇤(�†�) O

�W = (�†�)W I
µ⌫W

Iµ⌫ O(1)

� ` = (�†i
$
Dµ�)(¯̀�µ`)

O
�D = (�†Dµ�)⇤(�†Dµ�) O

�B = (�†�)Bµ⌫Bµ⌫ O(3)
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$
DI
µ�)(¯̀�

µ⌧ I`)

O
�WB = (�†⌧ I�)W I

µ⌫B
µ⌫ O

�e = (�†i
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Dµ�)(ē�µe)

O
�

fW = (�†�)fW I
µ⌫W

Iµ⌫

O
�

eB = (�†�) eBµ⌫Bµ⌫

O
�

fWB
= (�†⌧ I�)fW I

µ⌫B
µ⌫

The operators considered in this work are listed in Tab. 1. The notation and
conventions follow those of Ref. [33]. The Higgs doublet is denoted �. The field strength
tensors for the SU(2)L ⇥ U(1)Y gauge group are

W I
µ⌫ = @µW

I
⌫ � @⌫W

I
µ � g✏IJKW J

µW
K
⌫ , I = 1, 2, 3,

Bµ⌫ = @µB⌫ � @⌫Bµ, (3)

with the gauge couplings g and g0, respectively. With a tilde we denote the dual field
strength tensors

eXµ⌫ =
1

2
✏µ⌫⇢�X

⇢� (4)

where X = W I , B and ✏
0123

= +1. When acting on SU(2) doublets, the covariant
derivative is written

Dµ = @µ + ig
⌧ I

2
W I

µ + ig0Y Bµ, (5)

where Y is the hypercharge and ⌧ I are the Pauli matrices. In Tab. 1 the left-handed
lepton doublets and the right-handed charged leptons are written `ip and ep, where
i = 1, 2 and p = 1, 2, 3 are weak-isospin and flavour indices, respectively. We make the
simplifying assumption, stronger than minimal flavour violation, that the coe�cients

↵(1)

�` , ↵
(3)

�` , and ↵�e are flavour independent, and define the fermion-bilinear operators
with flavour indices contracted. Because of this the operators are hermitian and all
couplings ↵k are real. A few comments on the operators in Tab. 1 are in order.

• The  2�2D type operators yield contact HZ`` interactions as well as modifica-
tions of the gauge-boson couplings to leptons.

• The X2�2 operators generate anomalous couplings of the Higgs to ZZ, �Z, and
WW . After performing field redefinitions of the gauge fields, the SM Higgs
couplings to gauge bosons are not modified due to cancellations against the
redefinitions of input parameters (see Ref. [34] and Eq. (6) below).

typical contribution from a d = 6 operator scales as m2
H/⇤2 which is 5-10 times larger for ⇤ of a

few TeV.

4

Plot and table from [M. Beneke, D. boito, Y.M. Wang, hep-ph/1406.1361] 

Constraint & Prediction on NP 
Example: Angular Asymmetry 
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q  Dark Matter @ CEPC 
     Collaboration with Jiang-Hao Yu (UT, Austin, US),    

èSUSY dark matter (Higgsino, etc.) 

èEffective Field Theory 

   

s = 250 GeV, m !χ1
0 ∼m !χ2

0 ∼m !χ1
± , χ = !χ1

0, !χ2
0, !χ1

±

σ (e+ e− → χ χ γ ) = 6 fb-1, m !χ = 120 GeV
Z 

  !χ1
0, !χ2

0

  !χ1
0, !χ2

0

  !χ1
±

  !χ1
∓

  Z ,γ

Introduction Extrapolation of ⇤reach Beamspectrum Summary

Motivation

• Weakly Interacting Massive Particles (WIMPs, �)
• Dark Matter Candidate
• Collider search:

• ILC: e+e� ! ��

• WIMPs not visible in detector
) Tag particle needed: Mono-Photon search

• Initial State Radiation (ISR)
! quasi model-independent / general approach

Signal: single photon in an ”empty” detector: � + E/

• Observables: E� , ✓�

Moritz Habermehl | Mono-Photon WIMPs | ALCW ’15 | 21.04.2015 | 4/29

   
mmediator ≫ s

Introduction Extrapolation of ⇤reach Beamspectrum Summary

E↵ective operator approach

• M

mediator

�
p
s

) interaction can be described by a few parameters

• ⇤: energy scale of new physics (� / 1/⇤4)

• types of mediator: vector, axial-vector,...

d

2�
dzd cos ✓ ⇡ ↵

12⇡2
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4

1

z sin

2 ✓ (1� z)[4(1� z) + z

2(1 + cos2 ✓)]
Chae and Perelstein 2013

(z = 2E�p
s

, M� ⌧
p
s)

Moritz Habermehl | Mono-Photon WIMPs | ALCW ’15 | 21.04.2015 | 5/29

Interaction: by parameters 

: constrained by  CEPC. 
   
Λ, m !χ

Constraint & Prediction on NP 
Example: Dark Matter 
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Higgs coupling measurement 
àSM BG simulation, ..... 
 
New Particle Discovery & Study 
àextra Higgs, new resonance 
 
EW phase transition 
à1st or 2nd order, EW brayogenesis 
àhhh coupling, ..... 
 
Constraining NP 
àNaturalness, SUSY, DM,.... 
 
Requirement for detector design 
àparameters, sqrt(s), luminosity, polarization, ..... 

Future Work at SPPC 
Higgs & NP 

Approach: 
Model Dep.: complete UV models 
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Heavy ion collider 
 
electron-ion collider 
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Future Work at Other Options 
Higgs & NP 



Conclusion 

¨  Standard Model is surprisingly successful. 

¨  Still Unsolved Questions in Fundamental Physics 
     à need BSM physics. 

¨  Higher energy collider experiment à BSM Physics 
     FLC (Future Lepton Collider): 
          clean, but low energy, indirect probe by precision 
measurement. 
     FHC (Future Hadron Collider): 
          high energy, but dirty, direct discovery by production search. 

¨  BSM Physics at High Energy Collider 
     - Z factory, H factory, SPPC 
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Conclusion 

¨  Current Status 
     à Z & H factories, SPPC 

¨  Future Work 
     ß Precision @ CEPC, Discovery @ SPPC 
     à EWPT, Naturalness, DM 
     à Exotics, Rare, Flavor-Violation, LV, ... 
     à BSM: SUSY, Composite, L-R, Extended scalar, ... 

¨  ........ 
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