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The coming decades

More data, cleaner collisions. 


Main target: precision, rare processes.

We are here. 

Xiaohu SUNPeking UniversityTop mass @ CEPC

Introduction 2

• CEPC will be a versatile machine with many opportunities 

• Higgs factory @~240 GeV 

• Diboson factory @~160 GeV 

• Z factory @~90 GeV 

• Can it also be a tt factory? 

• Beam @ tt runs (Yiwei) 

• Top coupling (Zhen) 

• Top for new physics (Shufang) 

• Top mass (this talk) 

• Higgs @ tt runs (Kaili) F. Bedeschi 



History on our side
First signal of something new are often “indirect”.


Beta decay: W 


Kaon rare decay: charm


Neutrino scattering: Z


Electroweak precision: top and Higgs


….


We expect an equally fruitful journey from now on. 

(1933)

(1970)

(1973)

(1980s-1990s)
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Introduction 2

• CEPC will be a versatile machine with many opportunities 

• Higgs factory @~240 GeV 

• Diboson factory @~160 GeV 

• Z factory @~90 GeV 

• Can it also be a tt factory? 

• Beam @ tt runs (Yiwei) 

• Top coupling (Zhen) 

• Top for new physics (Shufang) 

• Top mass (this talk) 

• Higgs @ tt runs (Kaili) F. Bedeschi 

Main goal of the physics studies:  

How to fully realize the physics potential of data? 



My talk

The main physics case: 


Higgs, Electroweak + opportunities of exotic searches


Clearly laid out in the Conceptual Design Report


Will be brief on these familiar points. 


I will try to highlight new developments 
opportunities for further studies.



A lot of on-going work

Stimulated by the Snowmass white paper activities organized by Manqi Ruan



My talk

Precision measurements: Higgs and beyond


Gateway to new physics


A possible new physics scenario
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A possible new physics scenario



Big question: why Higgs?
Spin 0 elementary particle, unique one of its kind.


We have seen spin-0 particles. 


They are composite, with other states around. 

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ... Higgs looks very different. 



Big question: why Higgs?
Spin 0 elementary particle, unique one of its kind.


We have seen spin-0 particles. 


They are composite, with other states around. 

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

So, where does the Higgs come from?

Higgs looks very different. 



EW phase transition

h

Wednesday, August 13, 14

?

What we know from LHC
LHC upgrades won’t go much further



Early universe

7	

Electroweak Phase Transition. How does the background Higgs field move 
from zero in the early universe to its nonzero value today?
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( T ~ 100 GeV,   t ~ 10 ps ) 

How does Higgs evolve in the early universe?



Possible new signals

New physics must couple to the Higgs. 


We will seek answers from the Higgs as well. 

Higgs

New  
physics

Traces in Higgs couplings, 
EW precision

Rare decays

Production at high energy colliders 



Possible new signals

New physics must couple to the Higgs. 


We will seek answers from the Higgs as well. 

Higgs

New  
physics

Traces in Higgs couplings, 
EW precision

Rare decays

Production at high energy colliders 

CEPC



Higgs coupling

Zhen Liu
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Figure 11.9: The 10 parameter fit result for CEPC at 240 GeV with 5.6 ab�1 integrated luminosity
(blue) and in combination with HL-LHC inputs (red). All the numbers refer to are relative precision
except for BRBSM

inv for which 95% CL upper limit are quoted respectively.

Jiayin Gu

Most sensitive probes in 
the coming decades!



Example: naturalness
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HIGGS BOSON AND ELECTROWEAK SYMMETRY BREAKING 15

(a) (b)

Figure 2.4: (a) LHC and CEPC precision Higgs constraints in the m
t̃1

� m
t̃2

plane from Higgs
couplings to gluons and photons. (b) Coverage of blind spots including precision measurement of the
ZH cross section. Figures adapted from [26].
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Figure 2.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and coupling parameter g⇢L

(a) or mixing parameter ⇠ ⌘ v
2
/f

2 (b) via direct searches at the LHC
(blue and green shaded regions) and precision Higgs measurement constraints (red lines).

to better than one part in one hundred, translating to an energy reach of several TeV. In the2

simplest composite realizations of global symmetries, bounds on v2/f 2 translate directly3

into lower bounds on the tuning of the electroweak scale, but this tuning may be avoided4

in Little Higgs models and related constructions. The complementarity between precision5

measurements of Higgs couplings and direct searches at future colliders in probing global6

symmetry approaches to the hierarchy problem is explored in detail in e.g. [28].7

Loop level Global symmetry approaches to naturalness likewise feature a plethora of8

new states near the weak scale, albeit with the same statistics as their Standard Model1

HIGGS AND ELECTROWEAK SYMMETRY BREAKING 11
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Folded SUSY at FCC-ee & HL-LHC

Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

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
that we have also taken into account of a precise determination of �(h ! ��)/�(h ! ZZ) at HL-LHC.
It has been demonstrated that combing this with Higgs measurements at future e

+
e
� colliders could

result in a significant improvement of sensitivity to Higgs–photon–photon coupling [87, 88].
On the other hand, the reach of the electroweak precision we derived in this article (the left

column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the
parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary
plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.
These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in
ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes
to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future
electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent
level.
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Figure 1.8: Left: CEPC reach for color-neutral folded stops in Folded SUSY from Higgs couplings
to photons, from [23]. Right: CEPC reach in the mass scale of neutral scalar top partners due to
loop-level corrections to �Zh, adapted from [34].

couplings are absent. However, a precision measurement of the Zh cross section is still
sensitive to the wavefunction renormalization of the physical Higgs scalar induced by
loops of the scalar top partners [34]. In general, n� scalars �i coupling via the Higgs
portal interaction

P
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where ⌧ = m2
h
/4m2

�
. This leads to the sensitivity shown in Fig. 1.8, for which CEPC is

able to place constraints in the hundreds of GeV on a scenario that is otherwise largely
untestable at colliders.

Other solutions

Symmetries are not the only mechanism for explaining the origin of the weak scale,
though other solutions may not be manifestly natural in the same way. However, even
non-symmetry explanations for the value of the weak scale (excepting anthropic ones)
generically entail some degree of coupling between new degrees of freedom and the Higgs
itself. This typically leads to deviations in Higgs couplings, new exotic decay modes of
the Higgs, or a combination thereof.

A compelling example of non-symmetry solutions is the relaxion [19], in which the
value of the weak scale is set by the evolution of an axion-like particle across its potential
in the early universe. The relaxion necessarily couples to the Higgs boson in order for its
evolution to influence the Higgs mass. This leads to a variety of signatures that may be
tested via precision Higgs measurements [35, 36].

The most promising signature is that of new exotic Higgs decays, most notably into the
relaxion itself. This signature arises in most relaxion models as a generic consequence
of the backreaction of electroweak symmetry breaking onto the relaxion potential. The
mixing angle between the Higgs and relaxion in these scenarios is parametrically of order

Composite Higgs Neutral naturalness



Example:  
EW phase transition

A. Long  /  July 28, 2016  /  KITPC Workshop 
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Huang, Long, LTW, 1608.06619

More models, possible connection with matter anti-matter asymmetry 
Further exploration underway.  



Beyond CDR studies
Refinement of Higgs coupling measurements.


CP properties of the Higgs.


EW precision

Yaquan Fang, Gangyi Guo, Gang Li, Qiyu Sha, Xinchou Lou 
Meng Xiao, Xin Shi  
…

Liang Han, Zhijun Liang, Minghui Liu, Siqi Yang, Zhenyu Zhao, … 

Ryuta Kiuchi, Yanxi Gu, Min Zhong, Shih-Chieh Hsu, Xin Shi, Kaili Zhang…

For details, see the talks later in this meeting. 



Gains from run at ttbar

Top mass a key  input for electroweak precision.

Parameter Current CEPC baseline Improved mt

S 3.4 ◊ 10≠2 8.1 ◊ 10≠3 6.6 ◊ 10≠3

T 2.8 ◊ 10≠2 9.2 ◊ 10≠3 6.5 ◊ 10≠3

Table 12: Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that
the other is zero). In the last column, we assume an improved mt precision: ±0.03exp ± 0.1th. [JiJi: this
assumes ilc precision of mt]

[JiJi: Rewrite and update: a) update the plots; b) edit the text throughout according to the new
plots, in particular, delete comparison between ILC, FCC-ee and CEPC]

So far we have presented the reach of CEPC for new physics parametrized by S and T . In
this section, we want to address some general questions of EWPT: what are the most important
observables whose precisions need to be improved to achieve the best sensitivity of EWPT? What
levels of precision are desirable for these observables? The answers are already contained in the
simplified fits of the CEPC electroweak programs with potential improvements but we want to
make it clearer by decomposing the fit into three steps and changing the error bar of only one or
two observables at each step. For this section, we will consider two limits with S = 0 or T = 0 and
consider only the bound on T or S. The analysis is adapted and updated from ref. [75].

Among all electroweak observables, mW is the one that is most sensitive to the T parameter
and sin2

◊
¸

e� is the one most sensitive to the S parameter. This is demonstrated by the plots in the
first row of Fig. 5, where we presented the dependence of T setting S = 0 (left panel) and S setting
T = 0 (right panel) on four observables: mW , sin2

◊
¸

e� , �Z and mt. Keeping the other observables
with the current precisions, the allowed T at 2‡ C.L. will decrease by a factor of ≥ 3 if the mW

error bar is reduced from the current value 12 MeV to 3 MeV, the CEPC projection. The allowed
S at 2‡ C.L. will decrease by a factor of ≥ 3 if the sin2

◊
¸

e� error bar is reduced from the current
value 1.6 ◊ 10≠4 by a factor of 10, the CEPC projection. Note that sin2

◊
¸

e� is a derived quantity
from forward-backward asymmetries such as A

0,b

FB. Thus the priority of all electroweak programs is
to improve the measurements of mW or sin2

◊
¸

e� and reduce their theory uncertainties as well.
For mW as well as the other derived observables, the errors of mt and mZ are the dominant

sources of parametric uncertainties at the moment. Thus among all free observables in the fit, mt

and mZ are the most important ones to improve the sensitivity to new physics further. The e�ect
on T from reducing the error bars of mt and mZ for di�erent choices of ”mW is presented in the
lower row of Fig. 5. In these two plots, we fix the errors of all the other observables in the fit to
their current values. When ”mW drops to around 3 MeV, reducing ”mZ to about 0.5 MeV and
”mt to about 0.1 GeV simultaneously could improve the constraint on T by a factor of about 2.
However, along the S axis, reducing ”mt and ”mZ doesn’t help much as depicted in the right panel
of the bottom row in Fig. 5.

Lastly, it is found in ref [75] that once ”mt is reduced to be below 100 MeV and mZ is reduced
to be below 0.5 MeV, they are no longer the dominant sources of parametric uncertainties while the
contribution from �–

(5)
had will become the most important one. Reducing the error bar of �–

(5)
had by

a factor of 5 or more may only buy us a mild improvement of allowed T range about 2.
In summary, the following observables are the most important ones for EWPT and they should

be determined with precisions

• Determine mW to better than 5 MeV precision and sin2
◊

¸

e� to better than 2 ◊ 10≠5 precision.

• Determine mt to 100 MeV precision and mZ to 500 keV precision.
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Figure 5: First row: allowed T (left) and S (right) at 2‡ C.L. as a function of error bar of one observable
(normalized with respect to its current value) with the precisions of all the other observables in the fit fixed
at current values. Second row: contours of allowed T (S) at 2 ‡ C.L. in the (”mt, ”mZ) plane for ”mW = 3
MeV (left) and ” sin2

◊
¸
e� = 2 ◊ 10≠5 (right). Again the precisions of all other observables in the fit fixed at

current values.

Notice that in the discussions of this section, we do not di�erentiate theory uncertainties from
experimental ones. It should be understood that the precision goals apply to both experimental
and theory uncertainties. This means that for mW and sin2

◊
¸

e� , complete three-loop SM electroweak
corrections computations are desirable.

3.3 The Standard Model E�ective Field Theory
While the S and T parameters capture the leading contributions to the Z-pole observables in many
BSM scenarios, their applications are however restricted within the so-called “universal theories”,
where the new physics is assumed to couple to SM only via the Higgs and electroweak bosons
(double check the statement). A more general approach is to perform a global fit with all mea-
surements in the framework of the Standard Model E�ective Field Theory (SMEFT), in which
the SM Lagrangian is augmented by higher dimensional operators of the SM fields, generated by
integrating out heavy new physics states [83–86]. (maybe add more citations) This approach comes
with several advantages. First, it o�ers a systematic parameterization of the new physics e�ects,
applicable to both universal and non-universal theories. Second, it is a useful tool for studying the

18



CEPC studies

Xiaohu SUNPeking UniversityTop mass @ CEPC

More lumi
• 6-  scheme performs better than 

4-  and 8-  does not improve 
significantly 

• So pick 6-  scheme 

• More luminosity assumptions are 
tested with this scheme 

• Keep in mind, there are several 
idea assumptions: no LS, ideal 
acceptance, and no systematics yet 

• But relatively one can learn the 
gain in the top mass uncertainty as 
lumi increases

s
s s

s

17

fb−1

Xiaohu SUNPeking UniversityTop mass @ CEPC

 scanss
• Test with a series of centre-of-mass energy grids 

• 4-  scheme = {341.5,342.5,343,344.5 } GeV 

• 6-  scheme = {341,342,342.5,343,343.5,344.5 } GeV 

• 8-  scheme = {340,341,342,342.5,343,343.5,344.5,345 } GeV 

• Top mass is assumed as 171.5 GeV; the acceptance and efficiency is assumed to be 100% 
at the moment; ISR is considered; but LS is yet to be included 

• Luminosity per scan point is assumed to range from 25/fb to 100/fb 

• A likelihood is constructed to combine the statistical power of all scan points

s

s

s

13

L = ∏
i

P( ⃗Di | ⃗E i(σ(mtop, Γtop, αS, s), ℒi, ⃗θ )) i corresponds to the i-th  scan points

Threshold scans

Great precision possible. 

Gang Li, Zhan Li, Zhijun Liang, Yaquan Fang, Xiaohu Sun, 
Shudong Wang, Yiwei Wang, Shuiting Xin, Hao Zhang

See Xiaohu Sun’s talk for details. 



Beyond top mass

Modifies Vqq couplings


Also qqVh, little impact on 

Higgs coupling fits

Better sensitivities to these running at the ttbar energies



Better sensitivities at ttbar 
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Better at higher energies 15

Impact of a 350/360 GeV run
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Ratios to CEPC up to 240GeV

! Measurements at 365 GeV provides additional handles on anomalous
couplings (e.g. hZµZµ vs. hZµνZµν ).

! Also improves the measurements of aTGCs.

Jiayin Gu JGU Mainz

Towards v2.0 of the CEPC EFT fit

PRELIMINARY

Gain up to a factor of a few 

Even better if one can run at even higher energies.

Jiayin Gu



Checking the foundation
Testing quantum mechanics, relativity, locality…

2

connection between the positivity bounds and the dipho-
ton cross sections. On the other hand, dim-8 operators
involving Higgs fields do not contribute to the same helic-
ity amplitude even with the Higgs vev switched on [54],
while those with a di↵erent helicity configuration will not
interfere with the SM.

Naively, one may expect that the dim-6 contributions
from new physics will be first observed in some other pro-
cesses, which degrades the motivation to look for dim-8
deviations in the diphoton channel. This is not true for
two reasons. First, testing the positivity of dim-8 oper-
ators provides more fundamental information about the
nature of new physics, namely whether it is consistent
with the QFT framework, which one cannot tell from a
SMEFT analysis truncated at dim-6. For this reason,
an observation of dim-6 deviation in a di↵erent process
would only strengthen the motivation to test dim-8 devi-
ations in e+e� ! ��. Second, dim-6 e↵ects from di↵er-
ent UV particles might be suppressed due to dynamics
[25], certain symmetries [18], or accidental cancellation.
On the contrary, constraining dim-8 e↵ects would lead
to unambiguous exclusion limits on each individual UV
particles as long as the QFT framework is valid, thanks
to the positivity bounds [12].

Amplitudes and operators.— Denoting with e the elec-
tric coupling, v the Higgs vev, the amplitude of the dipho-
ton process can be written as [55]

A(f+f��+��)SM+d8 = 2e2
h24i2

h13ih23i
+

a

v4
[13][23]h24i2 ,

(1)
where the e↵ective parameter a depends on the dim-8
coe�cients. Replacing f by ēL and eR, and denoting the
corresponding dim-8 parameters a = aL,R, we have

A(ēLeL�
+��)d8 =

aL
v4

[13][23]h24i2 ,

A(eRēR�
+��)d8 =

aR
v4

[13][23]h24i2 . (2)

One could work in the amplitude basis [26, 27] and di-
rectly connect Equation 2 with the massless amplitudes
of the W and B fields in the unbroken electroweak phase.
Alternatively, one could consider the following five oper-
ators (using the conventions in Ref [7]):

O
(8)
`B = �

1

4
(i`L�

{⇢D⌫}`L + h.c.)Bµ⌫B
µ
⇢ ,

O
(8)
eB = �

1

4
(ieR�

{⇢D⌫}eR + h.c.)Bµ⌫B
µ
⇢ ,

O
(8)
`W = �

1

4
(i`L�

{⇢D⌫}`L + h.c.)W a
µ⌫W

aµ
⇢ ,

O
(8)
eW = �

1

4
(ieR�

{⇢D⌫}eR + h.c.)W a
µ⌫W

aµ
⇢ ,

O
(8)
`BW = �

1

4
(i`L�

a�{⇢D⌫}`L + h.c.)Bµ⌫W
aµ
⇢ , (3)

which generate aL and aR, given by

aL =
v4

⇤4

⇣
cos2 ✓W c(8)`B � cos ✓W sin ✓W c(8)`BW + sin2 ✓W c(8)`W

⌘
,

aR =
v4

⇤4

⇣
cos2 ✓W c(8)eB + sin2 ✓W c(8)eW

⌘
, (4)

where ✓W is the weak mixing angle and Ldim�8 =
P

i
c(8)i
⇤4 O

(8)
i . They are the only relevant operators

in the full dim-8 basis [28, 29] (with slightly di↵er-
ent conventions), not only for diphoton but also for
the A(ēLeLV

+
1 V �

2 )d8 and A(eRēRV
+
1 V �

2 )d8 amplitudes,
where V1,2 = Z, �.
Positivity bounds on cross sections.— Rotating the

diphoton amplitude to the the elastic process e� ! e�,
the dispersion relation implies [1]

d2

ds2
A(e� ! e�)|t!0 � 0 . (5)

Since the dim-8 amplitudes are proportional to s2, this
requires that

aL � 0 , aR � 0 . (6)

These bounds can be directly related to the cross section
measurements. Since the helicities of the two photons can
not be measured, we work with the folded distribution
(d� = d�(cos ✓) + d�(� cos ✓)),

d�(e+e� ! ��)

d cos ✓

=
(1� Pe�)(1 + Pe+)

4

e4

4⇡s

✓
1 + c2✓
1� c2✓

+ aL
s2(1 + c2✓)

4e2v4

◆

+
(1 + Pe�)(1� Pe+)

4

e4

4⇡s

✓
1 + c2✓
1� c2✓

+ aR
s2(1 + c2✓)

4e2v4

◆
,

(7)

where s is the square of the center-of-mass energy, Pe�

(Pe+) is the polarization of the electron (positron) beam,
and c✓ ⌘ cos ✓. It is now clear that the positivity bounds
aL � 0, aR � 0 have a simple consequence, namely

�(e+e� ! ��) � �SM(e+e� ! ��) , (8)

for any beam polarizations and any cos ✓. We see that the
e+e� ! �� channel is a special one, in that the positiv-
ity of Wilson coe�cients can be directly translated into
positivity in realistic observables, without being contami-
nated by any other non-positive operators. The diphoton
process thus provides a simple, clear, and unambiguous
test of the fundamental principles of QFT.

It is also interesting to note that the measurements at
LEP2 display an overall signal strength of e+e� ! �� to
be about 1.5 standard deviations below the SM expec-
tation [30]. While statistically insignificant, it exhibits a
small tension with the positivity bound.

3

Collider reach.— To estimate the reach at future lep-
ton colliders, We perform a simple binned analysis in the
range cos ✓ ⇢ [0, 0.95], with a bin width of 0.05, and con-
sider only statistical uncertainties. We expect the largest
background to be the Bhabha scattering (e+e� ! e+e�),
with a cross section of almost 2 orders of magnitude larger
than e+e� ! ��. Assuming a su�ciently small rate
(⌧ 1%) for an electron to be misidentified as a photon,
this background is negligible since both electrons need
to be misidentified as a photon for an event to be se-
lected. The cut on the minimal production polar angle
(cos ✓ < 0.95) is also very e↵ective in removing the beam-
strahlung and ISR e↵ects. As a validation of our analysis,
we apply it to the LEP 2 run scenarios and find a very
good agreement with the result in Ref [30] (with a . 10%
di↵erence in the reach on ⇤).

To illustrate the interplay between the measurements
and the positivity bounds, we show the ��2 = 1 con-
tours in Figure 1 for collider scenarios CEPC/FCC-ee
240GeV and ILC 250GeV, with their details summa-
rized in Table I. According to Equation 7, if the beams
are unpolarized (Pe� = Pe+ = 0), only the combination
aL + aR is probed, leaving a flat direction aL = �aR. It
can be lifted by having multiple runs with di↵erent beam
polarization, as for example at the ILC. Clearly, for the
purpose of testing positivity, beam polarization would be
desirable, because it allows for testing the sign of aL and
aR (or left/right-handed polarized cross sections) individ-
ually. Without beam polarization, one could still probe
the positivity of aL + aR (or the total cross section).

On a di↵erent ground, assuming that the SMEFT has a
UV completion consistent with the QFT principles, pos-
itivity bounds can be used to resolve the degeneracy be-
tween aL and aR by constraining both simultaneously,
even without beam polarization, as clearly illustrated in
Figure 1. We emphasize that this is a general feature
that are also applicable to many other processes, such as
the 4-fermion [12] or the Higgs ones [31]. Positivity thus
provides important information for future global SMEFT
analyses, complementary to the experimental inputs.

High energy lepton colliders can probe these operators
even further. The reach on ⇤ scales with the energy E
and luminosity L as

⇤2

⇤1
=

✓
E2

E1

◆ 3
4
✓
L2

L1

◆ 1
8

, (9)

assuming all other variables, such as beam polarizations,
are the same for the two scenarios 1 and 2. The energy
enhancement E4/⇤4 on the dim-8 contribution is slightly
o↵set by the decrease of SM cross section with respect to
energy, resulting in an energy dependence with power 3/4
for the reach on ⇤.

In Figure 2, we show the 95% CL reach on ⇤8 ⌘ v/a
1
4

for various collider scenarios, where a = aL, aR is de-
fined in Equation 1 and 2. ⇤8 corresponds directly to

-4 -2 0 2 4

-4

-2

0

2

4

��(×���)
� �
(×
��
� )

precision reach from e+e-→γγ

Δχ2=1

240GeVCEPC
FCC-ee
ILC 250GeV

allowed
forbidden

FIG. 1: ��2 = 1 contours for CEPC/FCC-ee 240GeV and
ILC 250GeV. The green shaded region is allowd by the pos-
itivity bounds. See Table I for the run scenarios. Scales are
amplified by a factor of 104.

FIG. 2: The reach on the scale of the dim-8 operators ⇤8(⌘
v/a

1
4 ) as a function of the center-of-mass energy

p
s from the

measurement of the e+e� ! �� (or µ+µ� ! ��) process.
The band covers 1 � 5 ab�1 and various beam polarization
scenarios. The circles represent the best reach for each collider
scenario listed in Table I. The LEP2 [30] reach is also shown,
assuming a SM central value for the measurements. For linear
colliders, the triangle (square) shows the reach from aL (aR)
in a simultaneous fit of the two parameters.

the scale of new physics which modifies the e+e� ! ��
amplitudes. When positivity is violated, ⇤8 indicates the
scale of the new physics which generates this violation,
analogous to the � parameter of Ref. [12]. The band in
Equation 3 covers integrated luminosities of 1 to 5 ab�1

and various beam polarization scenarios, and is consis-
tent with Equation 9. We also show best reach for the
collider scenarios listed in Table I from any linear com-
binations of aL and aR. For circular colliders, only the
combination aL + aR is probed. For linear colliders, aL

J. Gu, C. Zhang and LTW, 2011.03055

An unambiguous prediction following from basic 
rules of quantum field theory



EFT and beyond
Effective field theory has been widely used to 
characterize new physics effects. 


There could be important exceptions. 

New physics effects beyond the simple EFT parameterization

Strongly coupled, continuum Light new physics 

It would useful to look at several benchmark scenarios. 
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Higgs portal

Dark sector coupling to the SM 


More relevant coupling ⇔ lowest dim operator


Unique  choice: OSM = HH†. Higgs portal.
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Higgs portal dark matter
34 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC
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Figure 1.24: The sensitivity on the spin-independent WIMP-nucleon cross-section of current and
future direct detection experiments, in comparison with the reaches of the Higgs invisible decay mea-
surements at the LHC and CEPC in the Higgs portal models. The direct detection limits are shown
in solid lines, which include the most recent limits from LUX (2017) [134], PandaX-II (2017) [156],
XENON1T [? ] and future projections for PandaX4T [? ], XENONnT [179], LZ [? ] and a 200 t ⇥ yr

xenon experiment [? ]. For the Higgs portal models, the dark matter is assumed to be either a scalar or
a Majorana fermion with a scalar coupling. The red dotted curves show the limits from CEPC which
corresponds to a invisible Higgs branching ratio of BR(h ! inv) < 0.31% at the 95% CL. The gray
dotted curves correspond to BR(h ! inv) < 24%, the current limit at the LHC [? ], and the black
dotted curves correspond to BR(h ! inv) < 3.5%, the projected reach at HL-LHC from Ref. [?
]. The cyan dashed curve corresponds to the discovery limit set by the coherent-neutrino-scattering
background, adapted from Ref. [? ].

reach in the future. Finally, the cyan dashed curve corresponds to the projected discov-
ery limit from Ref. [? ]. The region below this curve is inaccessible by direct detection
experiments due to the coherent-neutrino-scattering background.

We see in Fig. 1.24 that the sensitivity of the Higgs invisible decay measurements for the
scalar DM and the Majorana fermion DM have different dependences on the mass. This
is due to the following two reasons: first, the Higgs portal interaction of the scalar DM
is a dimension-four operator, while the fermion one is of dimension five, which results in
different mass dependences of the WIMP-nucleon cross-section; second, the Higgs decay
rates are also different for the two cases, with �(h ! SS) / (1 � 4m2

S
/m2

h
)
1/2 and

�(h ! �̄�) / (1�4m2
�
/m2

h
)
3/2 , a result of the s (p)-wave nature of the scalar (fermion).

Nevertheless, for both scenarios, it is clear that the Higgs invisible decay measurements
provides the strongest limit in the mass region below ⇠ 10 GeV. Not only that the direct
detections become less efficient in this region due to the mass threshold, the “neutrino
floor” is also higher in this region, which sets the limit for the reach of direct detections
regardless of the size and length of the experiment. For dark matter masses in the region
10 GeV . mDM < mh/2, the sensitivities of the Higgs invisible decay measurements
are somewhat comparable with the ones from direct detection experiments. In particular,

𝒪 = H†HXdmXdm h → XdmXdm

J. Gu
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Higgs exotic decay

Complementary to hadron collider searches

Zhen Liu, Hao Zhang, LTW



Long lived particle?
Standard 

Model
Dark  

Sector

h

Decay back to SM 
Can be long lived.  
cτ can be 1 km or more

2

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 1. An event topology with an LLP X decaying into two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a reference SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

timing layer with a time delay

�t
i
delay =

`X

�X
+

`i

�i
�

`SM

�SM
, (1)

for ith decay products from X and �i ' �SM ' 1. It
is necessary to have prompt particles from production
or decay, or ISR, which arrives at timing layer with the
speed of light, to derive the time of the hard collision at
the primary vertex (to “timestamp” the hard collision).

In Fig. 2, we show typical time delay �t distribution
for CMS MTD for benchmark signals and the back-
grounds. The two benchmark signals considered here
are the glueballs from Higgs boson decays, and the
neutralino and chargino pair production in the Gauge
Mediated SUSY Breaking (GMSB) scenario [2, 3]. Both
the glueballs and lightest neutralino proper lifetimes
are set to have c⌧ = 10 m. The 10 GeV glueballs
have larger average boost comparing to the 50 GeV
glueballs, and hence have a sizable fraction of the signals
with delays less than 1 ns. The GMSB signal is not
boosted and hence significantly delayed compared to the
backgrounds, with more than 70% of the signal having
�t > 1 ns.

Search strategy.— We consider events with at least one
ISR jet to timestamp the PV and one delayed SM object
coming from the LLP decay. We propose two searches
using the time delay information:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

MTD 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [16]

The size of the detector volume is described by transverse
distance to the beam pipe from LT1 to LT2 , where LT2 is

FIG. 2. The di↵erential �t distribution for typical signals
and backgrounds at 13 TeV LHC. The plot is normalized to
the fraction of events per bin with varying bin sizes, in linear
(�t < 1 ns) and logarithmic scale (> 1 ns) respectively. Two
representative signal models are shown with di↵erent masses.
The LLP proper lifetime is set to 10 m, and the distribution
only counts events decayed within [LT1 , LT2 ] of [0.2, 1.17] m
in the transverse direction, following the geometry of CMS
MTD in the barrel region. For the background distribution
shown in gray curves, we assume bunch spacing of 25 ns. The
solid and dashed gray curves represent backgrounds from the
same hard collision vertex and hence with a precision timing
uncertainty of �PT

t = 30 ps and from the pile-up with a spread
of �t = 190 ps, respectively.

the timing layer location and LT1 is the minimal displace-
ment requirement for a analysis. For both searches, we
assume a similar timing resolution of 30 ps. For the MS
search, because of the larger time delay and much less
background due to “shielding” by inner detectors, a time
resolution of 0.2 - 2 ns could achieve a similar physics
reach. The ✏trig, ✏sig and ✏

j
fake are the e�ciencies for trig-

ger, signal selection and a QCD jet faking the delayed
jet signal with pT > 30 GeV in MTD and MS searches,
respectively.

For the MTD search, we assume a new trigger strat-
egy dubbed “DelayJet” using precision timing informa-
tion at CMS. This can be realized by putting a minimal
time delay cut when comparing the prompt timestamping
jet (with pT > 30 GeV) with the arrival time of another
jet (with pT > 30 GeV) at the timing layer. In sup-
plemental material section (d), we describe some of the
recent e↵ort by the experimental collaboration to imple-
ment this in the triggering upgrade.

The MTD signal, after requiring LT1 of 0.2 m, will not
have good tracks associated with it. Hence, the major
SM background is from trackless jets. The jet fake rate
of ✏

j,MTD
fake = 10�3 is estimated using Pythia [20] by simu-

lating the jets with minimal pT of 30 GeV and study the
anti-kt jets with R = 0.4, where all charged constituent
hadrons are too soft (pT < 1 GeV). For comparison with
other studies, see supplemental material section (c).

h
X

X



A recent study for CEPC
Long-Lived Particle 

LLP Searches at Lepton Colliders (CEPC)
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• Energy: 250 GeV

• Mass of SS1: 1-50 GeV

• Mass of SS2: 1-50 GeV

• SS1, SS2’s lifetime 𝜏 = 𝑅out/𝑐 = 6𝑚/𝑐 = 20 𝑛𝑠 (𝑅out see next page)

• Focus on 𝑍 → 𝑞ത𝑞 in this study, will add 𝑍 → ℓതℓ soon

With ISR Without ISR 

Long-Lived Particle 

Sensitivity (4 jets)

13

Long-Lived Particle 

Sensitivity (2 jets)

12

Yuelei Zhang, Xiang Chen, Jifeng Hu, Liang Li



Z decay

1012  Zs at the CEPC goes a long way in probing 
the dark sector.

Standard 
Model
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Sector
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Window into dark sector

2

Searching for dark sector particles, including dark matter (DM) itself and other associated
states, is a central goal of many experimental programs around the world. In the mass range
between MeV and TeV, collider search remains a crucial method to look for these hidden particles.
Since the dark sector particles typically only have weak couplings with the Standard Model, colliders
with higher luminosity are natural places to lead this quest. Therefore, the Z-factory with high
statistics, Giga-Z (109) and Tera-Z (1012) options, is well-motivated to search a set of Z rare decay
channels inspired by the dark sector models.

A coupling between Z and dark sector states, dubbed as a “portal”, is quite generic in dark
sector models. We can classify the portals based on the type of operators through which they are
implemented, as following (For recent reviews, see [1–3])

• Marginal operators: Higgs portal [4–11] and vector portal DM models [12–17], in which the
dark sector interacts with Z boson via SM Higgs mixing or gauge boson mixing. We give
an example of Higgs portal DM model in the left-panel of Fig. 1. There is also possible
Wess-Zumino type interaction between Z and dark sector gauge boson if anomalous under
Standard Model particle content [18–27].

• Dim-5 operators: Axion-like particle (ALP) [28–40], with anomalous coupling to Z boson
and photon. The limits on ALP mass and coupling are given in the right-panel of Fig. 1.

• Higher dimensional operators: Magnetic inelastic DM and Rayleigh DM models [41–45], in
which the dark sector interacts with Z via magnetic dipole or Rayleigh operator.
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Figure 1. Left-panel: the sensitivity for Higgs portal dark matter model, constraining dark Higgs mixing
angle sin↵ as a function of dark Higgs mass ms̃. Right-panel: the sensitivity for Axion-like particle (ALP)
model, constraining coupling ⇤aBB to hypercharge field as a function of ALP mass ma.

Our case study in [46] shows that the Z-factory measurement could provide the leading sensitivi-
ties comparing with other dark matter detection experiments, current limits from collider searches,
and estimated sensitivities of high luminosity run of the LHC (HL-LHC). We also explored exotic
Z decay channels which can motivated by the dark sector models. The result shows that future
Z factory again, can have superior sensitivity, which could be a powerful tool for searching new
physics.

J. Liu, X.P. Wang, W. Xue, LTW 

There are certainly many more scenarios to explore here. 



B, charm, hadron, τ

Great place to probe rare flavor processes! 
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Lepton universalityProjected Limits

More details in the published work (arXiv:2012.00665)
[Li and Liu(2020)]

Belle II
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) precision.

Still a↵ected by limited detector spacial resolution ( “r”
symbols): Motivation for detector R&D!

Lingfeng Li LFU Tests and Rare B Decays Dec. 18, 2020 14 / 22

Constraints on EFT
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Marginalized 1� constraints on EFT operators. Current
experimental constraint ⇠ 10

3.
Lingfeng Li LFU Tests and Rare B Decays Dec. 18, 2020 15 / 22Intriguing connection with some recently anomalies, such as RD.

Lingfeng Li, Tao Liu, 2012.00665



Another important channel

The preliminary cut chain

 is defined by that all the neutral energy whose momentum have a angle with  smaller 
than . This variable reflect the isolated  feature in  signal decay. 

The cut chain not included other   background yet, for their contributions compared to  
is much smaller.

EISO
Neutral ϕ

0.2 rad ϕ Bs

f f̄ bb̄

18

 :   with  bb̄ b → B(B*) → D(D*)ℓνℓ D(D*) → ϕX
Major background remain:

Rare FCNC Decays: Bs ! �⌫⌫ (Prelim.)

b ! s⌫⌫ transitions also important for B anomalies. Related
with b ! c⌧(`)⌫ and b ! s⌧⌧(``) via gauge invariance.

Experimental SM Prediction
BR(B0

! K0⌫⌫̄) < 2.6⇥ 10
�5

(2.17± 0.30)⇥ 10
�6

BR(B0
! K⇤0⌫⌫̄) < 1.8⇥ 10

�5
(9.48± 1.10)⇥ 10

�6

BR(B±
! K±⌫⌫̄) < 1.6⇥ 10

�5
(4.68± 0.64)⇥ 10

�6

BR(B±
! K⇤±⌫⌫̄) < 4.0⇥ 10

�5
(10.22± 1.19)⇥ 10

�6

BR(Bs ! �⌫⌫̄) < 5.4⇥ 10
�3

(11.84± 0.19)⇥ 10
�6

[Tanabashi et al.(2018)] [Straub(2015)] [Geng and Liu(2003)]

Current limit of this channel still led by LEP: (limited production
at B factories, ~p⌫ not achievable at hadron colliders).
Most likely to have breakthrough at Z factories.

Lingfeng Li LFU Tests and Rare B Decays Dec. 18, 2020 20 / 22

Bs → ϕνν

Yudong Wang, Lingfeng Li, Manqi Ruan, Yanyun Duan, Tao Liu, Taifan Zheng

Full sim based study in progress
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Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and
!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on !a. However, most sys-
tematic uncertainties for both !a and !̃

0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a �

2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R0

µ

= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result di↵ers from the SM value
by 3.3� and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,
has a significance of 4.2�. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2�. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics e↵ects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalibh!0

p(x, y,�)⇥M(x, y,�)i – 56
Bk -27 37
Bq -17 92

µ
0
p(34.7

�)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g � 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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Muon g-2

ℒ ⊃
e

16π2

mμ

M2
NP

HL̄σμνμRFμν → δaμ ≃
e

16π2

m2
μ

M2
NP

Disagreement with SM ⇒ (1-loop) MNP ～ 300 GeV.  

Or, with 2-loop contribution, MNP ～ 30 GeV. 

https://arxiv.org/pdf/2104.03281.pdf
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A suite of sensitive searches and measurement at CEPC

https://arxiv.org/pdf/2104.03281.pdf


NP at 1-loop

B̃

μ̃

mμ̃ ∼ mB̃ ∼ 100 − 500 GeV

Probably within the LHC reach
μ



NP at 1-loop

B̃

μ̃

mμ̃ ∼ mB̃ ∼ 100 − 500 GeV

Direct smuon: Sensitivity map

11

• Assuming 10% systematic uncertainty, the discovery sensitivity reaches up to 115 GeV.

Overview
• Search for sleptons and electroweakinos at CEPC.

• Signal scenarios
➢ Direct production of stau pairs (DM relic density consistent with cosmology observation)

➢ Direct production of smuon pairs (can explain g-2 excess)

➢ Production of chargino pairs decaying via W bosons (Bino LSP, large cross section)

➢ Production of chargino pairs decaying via W bosons (Higgsino LSP, interesting related with higgs)

• Search results in final states with two opposite sign (OS) charged muons( in last 3 scenarios).

3
Cross-section based on Madgraph calculationDirect search limited by ECM ( extra motivation for ttbar) . 

Probably within the LHC reach

From Jiarong Yuan’s slide

μ



NP at 1-loop

B̃

μ̃

mμ̃ ∼ mB̃ ∼ 100 − 500 GeV

Probably within the LHC reach

Z
μ̃

B̃

μ+

μ−

δΓμ

Γμ
∼ 10−4 − 10−5

Precision Z-decay measurement could provide complementary information. 

μ



2-loop
γ

γ
a

μ

 a : axion-like particle, pseudo-scalar Higgs, …

ma < 100 GeV

LHC discovery difficult. 

Tiny rate, large background

γ

a

μ+

a

μ−



2-loop
γ

γ
a

μ

 a : axion-like particle, pseudo-scalar Higgs, …

ma < 100 GeV

Z

μ+

μ−

CEPC: 
μ+ or γ

μ− or γ BR(Z → 4μ or 2μ2γ) ∼ 10−7

Within the reach of Tera Z. 

Pseudo scalar Higgs constrained by EW precision tests, 
flavor physics at CEPC



Conclusions
The main physics goal: precision measurement of 
Higgs.


Well documented in the CDR. 


Refinement underway.


Physics potential in new physics searches still has 
many open topics.


Great opportunities to make progresses. 



CP of Higgs
See Ke Li and Qiyu Sha’s talk for details. 

Yaquan Fang, Gangyi Guo, Gang Li, Qiyu Sha, Xinchou Lou

Another fundamental property of the Higgs which is not 
completely nailed.  

Slides from Qiyu Sha



Higgs portal
Producing dark sector particles through the 
Higgs portal. 


Higgs rare decays: 


Higgs → invisible at LHC can constrain down to a 
few percent. 


A lot of room for exotic decay:   

λOSM ⋅ Odark → (λ
mW

g ) h ⋅ Odark

Odark = ψ̄darkψdark, λ =
1
Λ

Λ ∼ 10 TeV →  BR(h → ψ̄darkψdark) ≤ 10−2



Higgs-top couplings: FCNC

Bounds on individual operators

cfq
-H3+aL cuA

Ha3L cuZ
Ha3L clq

-H1,3+aL ceqH1,3+aL clequ
S H1,a3L clequ

T H1,a3L
0.0

0.5

1.0

1.5 Individual limits
L=1 TeV

LHC+LEP u
LHC+LEP c
HL-LHC+LEP u
HL-LHC+LEP c
FCC-ee u&c
CEPC baseline
CEPC template fit

FCC-ee: 4f operator limits are not available; 2f slightly better

CLIC: 380 GeV run + polarization, 3~4 times better on 4f

          Larger energy -> better limits  
LHeC: similar limits

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

[H. Khanpour et al. ’14]

[W. Liu, H. Sun 1906.04884]

[H. Khanpour et al. ’14]

�12

Top physics at CEPC 240?

At future Higgs factories, Ecm is optimized for Higgs. e.g. CEPC @ 240 GeV.  
What about top physics?


Instead of producing pairs of on-shell tops, we might:


Study virtual tops 
see talk by G. Durieux 
 

Produce single tops 
i.e. through flavor changing neutral current (FCNC)  
(may cover unexplored parameter space by LHC…) 

Similar results should also apply to FCC-ee 240 GeV run.

�2

[Durieux, Gu, Vryonidou, CZ ’18]

Cen Zhang
Top FCNC

Warsaw basis operators

28 DoFs relevant for ee->tj

Left-handed q

Right-handed q

CP even

CP odd

�4

[B. Grzadkowski et al. 10]
Relevant D.o.F for tops

[Aguilar-Saavedra et al. ’18]

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, Sec. 3.1.2, ’18]

a=1: tuV/tull 
a=2: tcV/tcll

No interference between 
rows, sufficient to focus 
on 7 parameters at a time



Higgs-top couplings: Yukawa Zhen Liu

Main observables: h→γγ, h→gg

Modifies top Yukawa, 

both real and imaginary parts. 



Extra


