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Update from the LHC

- No “early” discovery.


- Disappointed? Yes. Surprised? Not much. 
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

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

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Stop summary 

TH Institute 2016 

Dedicated searches  
 
 

All searches 
(inclusive + dedicated) 

Black line: combination of 0l and 1l searches 

Expected limit: 1 TeV 
Observed limit: 900 GeV 



Physics case for CEPC



Physics case for CEPC

- Focus on longer term future. 



Physics case for CEPC

- Focus on longer term future. 

- Assuming no discovery of new particle at the LHC.



Physics case for CEPC

- Focus on longer term future. 

- Assuming no discovery of new particle at the LHC.

- Physics case for CEPC.


Cover significant ground beyond the LHC.


Answering important questions beyond the reach 
of the LHC



Even longer term

- Without LHC discovery.


Physics case for a 100 TeV pp collider stronger 
than HE-LHC at 28 TeV.


Cost+technological challenge. Perhaps easier to 
“sell” only as a second step of a circular Higgs 
factory in longer term.


- Circular Higgs factory is an essential step.



This talk

- Outline of the theory part of CDR


- Results. Including new results in the past year and 
presented here in this workshop.


- Work to be done. (highlighted with this color)
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- Brief introduction. (a few pages)

Overview of project, machine/lumi parameters.


- Big step in the precision frontier. 

Reaches in precision, new physics scale


- Addressing important physics questions

Electroweak symmetry breaking, naturalness, …


- Brief discussion of SPPC


- Executive summary.

Supporting the options favored by CDR.



CEPC at the precision 
frontier



Probing NP with precision measurements

- CEPC: clean environment, good for precision. 


- We are going after deviations of the form


- Take for example the Higgs coupling. 

LHC precision: 5-10% ⇒ sensitive to MNP < TeV


However, MNP < TeV largely excluded by direct NP 
searches at the LHC. 


To go beyond the LHC, need 1% or less precision.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient



CEPC can do it.
HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Precision of Higgs couplingmeasurement (Contrained Fit)

Highlights: 

HZ coupling to sub-percent level.
Many couplings to percent level.
Model independent measurement of total width.
Sensitive to the triple Higgs coupling: 20-30%

X =
Measured Higgs-X coupling

Standard Model Higgs-X coupling

NEW COLLIDERS FOR A NEW FRONTIER 9

fundamental physics for decades to come. The CEPC/SPPC program gives us the ideal380

combination of leaps in precision and energy needed to unravel the deep new mysteries381

opened up by the discovery of the Higgs.382

Let us begin by giving a lightning tour of the raw physics capabilities of these machines.383

The CEPC will produce millions of Higgs particles, measuring the Higgs couplings384

to the gauge bosons and fermions to exquisite accuracy, typically at the percent to sub-385

percent level, as shown in Fig. 2.2. Moreover, CP-violating Higgs couplings, which are
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Figure 2.2 Top: The 7 parameter fit, and comparison with the HL-LHC, discussed in detail in Chapter 3.
The projections for CEPC at 250 GeV with 5 ab�1 integrated luminosity are shown. The CEPC results
without combination with HL-LHC input are shown with dashed edges. The LHC projections for an
integrated luminosity of 300 fb�1 are shown in dashed edges. Bottom: Comparison between the LHC and
several benchmark luminosities of the CEPC.

386

predicted in certain extensions of the Standard Model Higgs sector, can be seen at the387

percent level, and tiny branching ratios for invisible and exotic Higgs decays can be probed388

at the 10

�4 level.389

Furthermore, when running on the Z-pole, the CEPC can produce up to 10

11 Z bosons,390

measuring the couplings of the Z to the 10

�4 level, and improving the limits on precision391

electroweak observables by an order of magnitude or more [3], as shown in Fig. 2.3.392

Most importantly, the leap in energy at the SPPC gives a huge increase in the reach for393

new physics. A seven-fold increase in center of mass energy relative to the LHC, with394



Big advance in electroweak precision

Large improvements across the board

Current accuracy

CEPC: baseline and improvements
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Precision Electroweak Measurements at the CEPC



Electroweak precision at CEPC

- A big step beyond the current precision.

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

S

T

Electroweak Fit: S and T Oblique Parameters

Current H1sL
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J. Fan, M. Reece, LT Wang, 1411.1054



Q. Cao,  B. Yan, 1507.06204

Scale of new physics.
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Figure 4. The 95% exclusion (blue) and 5� discovery (red) sensitivities to the new physics scales
⇤/

p|cj | by combining the current electroweak precision measurements (↵, GF , MZ , MW ) [30] with
the future Higgs observables at the Higgs factory CEPC (Table 2) and Z-pole measurements (Ta-
ble 5) under a projected luminosity of 5 ab�1 [12].

operators OWB, O(3)

LL, and OL also receive significantly enhanced constraints. In contrast,
the operator OBB is not significantly improved since its contribution to Z-pole observables
is highly suppressed. We present the final results in Fig. 4.

Fig. 4 demonstrates that the Z-pole measurements are even more sensitive than the
Higgs observables for indirectly constraining the new physics scales of effective dimension-
6 operators. This is mainly because of the huge event number that can be produced at
the Z-pole resonance. We see that running the future e+e� collider at Z-pole is beyond
the technical purpose of the machine calibration. Our study shows that it is worth of
running the collider at Z-pole for a longer time. Or, after running the Higgs factory at
Higgsstrahlung energy (240� 250GeV), it is invaluable to return to the Z-pole running for
a period and thus ensure the no-lose probe of new physics.

5 Conclusions

The LHC Higgs discovery in 2012 led particle physics to a turning point at which the
precision Higgs measurements have become an important task for seeking clues to the new
physics discovery. A future Higgs factory (like the proposed e+e� colliders CEPC, FCC-ee,
and ILC) can provide such precision Higgs measurements.

In this work, we studied the new physics scales that a future Higgs factory can probe via
general dimension-6 operators involving the observed Higgs boson (Table 1). Our analysis
utilizes the existing electroweak precision observables (EWPO), as well as the Higgs observ-
ables and precision measurements at the CEPC. The conventional scheme-dependent anal-
ysis usually fixes the three electroweak parameters (g, g0, v) with three high precision elec-
troweak observables (↵, GF ,MZ) in the Z-scheme or (↵,MW ,MZ) in the W -scheme, while
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p
s (GeV) 250 350 500 1000

B selection cuts (⇥105) 7.169 4.229 2.450 0.708

�M cut 7640 3993 2104 475

S
SM

ee!H�,H! bb̄

selection cuts 58 21 33 12

�M cut 58 21 33 12

S
SM

/
pB 0.664 0.33 0.72 0.55

SZ�

(ee!H�)
794 808 940 853

SZ�

ee!H�,H! bb̄

selection cuts 451 482 569 341

�M cut 451 482 569 341

SZ�/
pB 5.2 7.6 12.4 15.6

S��

(ee!H�)
1234 1284 1951 2082

S��

ee!H�,H! bb̄

selection cuts 701 754 1180 834

�M cut 701 754 1180 834

S��/
pB 8.0 11.9 26.3 38.2

Table 1. The number of events of the signal (S
SM/Z�/��) and the background (B) for various c.m. energies (

p
s).

The signal is further divided into the SM contribution only(S
SM

) and the contribution of both the SM and NP
e↵ects(SZ�/��). For illustration we choose ⇤=2 TeV, FZ� =1,F�� =0 for SZ� and FZ� =0,F�� =1 for S�� . The
integrated luminosity is chosen as 1 ab�1.
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Fig. 5. Sensitivities to the HZ�/H�� anomalous coupling at the e+e� collider as a function of
p
s for L=1000 fb�1

and ⇤= 2 TeV. The shade regions above or below the black-dashed curves are good for discovery. The CMS ex-
clusion limits and allowed regions obtained from the Higgs boson rare decay are also shown for comparison (see
the horizontal red-dashed curves and red regions): (a) CMS exclusion limits (

p
s = 8 TeV and L = 19 fb�1); (d)

CMS allowed regions (
p
s= 8 TeV and L= 19 fb�1); (b), (e) CMS projection allowed regions (

p
s= 14 TeV and

L=300 fb�1; (c), (f) CMS projection allowed regions (
p
s=14 TeV and L=3000 fb�1).
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Higgs as portal to unknown
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Draft of an outline

- Brief introduction. (a few pages)

Overview of project, machine/lumi parameters.


- Big step in the precision frontier. 

Reaches in precision, new physics scale


- Addressing important physics questions

Electroweak symmetry breaking, naturalness, …


- Brief discussion of SPPC


- Executive summary.

Supporting the options favored by CDR.



What can we do with this 
knowledge? 


Our physics goals.




Addressing big questions

- EWSB phase transition in early universe.


- Naturalness


- Mystery of the heavy top quark


- Flavor, understanding QCD…



Electroweak phase transition



Electroweak phase transition

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

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry

17
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Nature of EW phase transition
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Wednesday, August 13, 14

?

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

Shift in h-Z coupling > 0.5%

Order 1 deviation in triple Higgs



Probing EWSB at higgs factories
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M:   The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is M? Can it be very high,
such as MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated



Naturalness, fine-tuning

- LHC searches model dependent, many blind spots.


- Precision measurement at CEPC provides a 
powerful and complementary probe.
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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

t̃1
+m2

t̃2
. 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 –

J. Fan, M. Reece, LT Wang, 1412.3107 

- Model independent testing fine-tuning down to 
percent level.



More alternatives

Nima’s talk at this workshop

Low scale landscape fat Higgs

More relevant without discovery at the LHC



Mystery of the heavy top quark

- Heaviest.


- Plays the most important role in EWSB.


- Higgs top coupling a likely window to new 
physics.
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from which we obtain the change in the Higgs coupling to the top quarks1
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In order for the approach of the e↵ective operators to be valid, we need v2/⇤2 ⌧ 1 and

|Cu�| ⇠ O(1). The above equation can be simplified
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At the future circular e+e� colliders, �yt can be contrained by precision measurement

of the Higgs coupling to two gluons, which can be measured with a precision of O(1.5%)

with a luminosity of 5 ab�1 at the Circular Electron-Positron Collider (CEPC) (cite ???).

1
Without loss of generality, we choose ȳt and v real.

– 4 –

C. Shen, S. Zhu 1504.05626
Z. Liu, I. Low, LTW, in progress



Flavor physics at Z-pole

- Flavorful new physics can show up. 

Rare Z decays. 


Z-factory as a τ-factory, 


Z factory as B-factory.


…

Preliminary discussion in the preCDR.
Efforts of studying this underway. 

More studies needed. 



Learning about QCD.

Hua Xing Zhu                                      Prospects of Precision QCD Physics at CEPC September CEPC meeting

CEPC as a “clean” jet factory
• Jet cross section scale as 1/Q². Going to higher energy reduce the 

jet cross section 

• Compensated by huge increase in luminosity at CEPC (5 ab⁻¹ 
expected)
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y₄₅: four jets to five jets transition parameter 

more 4 jet like more 5 jet like more 5 jet likemore 4 jet like

5 ab⁻¹ at CEPC

~ 500 pb⁻¹ at LEP 200 GeV

~ 210 pb⁻¹ at LEP Z pole

From cross section 
to number of events

• More five jets event at CEPC than at LEP Z pole !
• Hadronization and experimental uncertainty will be negligible at CEPC. If the 

theory uncertainty can be reduced to the same level might enable αₛ extraction at 
the precision comparable to Lattice!
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QCD and Higgs physics at CEPC

7

Expected event numbers for different hadronic decay 
modes of the SM Higgs boson at 250 GeV and with 5 ab-1

QCD event shape distributions 

Jun Gao, 1608.01746

✦ CEPC provides an unique opportunity of testing QCD via decay of the Higgs boson 

3

into a pair of visible fermions ff̄ ,

m2
recoil = s− 2Eff̄

√
s+m2

ff̄ , (2)

where Eff̄ and mff̄ are the total energy and invariant
mass of the fermion pair. The recoil mass spectrum
should present a sharp peak at the Higgs boson mass.
The Higgs boson events can be selected with a high sig-
nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, the qq̄ (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+qq̄) channel. To sup-
press the heavy-quark contributions, one can use flavor
tagging of the heavy quarks, b and c, a technique which
is well established at hadron and lepton colliders [38]. It
has been shown that, assuming an efficiency of 97.2% for
identification of gluon or light quarks j, the misclassifi-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 39]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of the bb̄(cc̄) back-
ground while only changing the signal jj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a flat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj) efficiency of 50% [4, 36]. We assume a total qq̄-like
background of 30% of the signal rate from Higgs boson
decays to bb̄, cc̄ and the SM ZZ production. A second
category of backgrounds are from decays to WW ∗, ZZ∗

and further to four quarks. Since they are away from the
peak region of our signal, as shown in Fig. 1, they do
not have a large impact to the measurement of the light-
quark couplings. We estimate a total rate of 60% of the
signal for these four-quark backgrounds after all selection
cuts. They can be further suppressed if additional cuts
on dijet masses are used.

Including both the signal and backgrounds, the event
shape distributions at hadron level can be expressed as 2

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

2 Interference effects of different couplings are negligible since they
are further suppressed by the quark masses.

Z(l+l−)H(X) gg bb̄ cc̄ WW ∗(4h) ZZ∗(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to different hadronic channels [37]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+e− collider with√
s = 250 GeV and an integrated luminosity of 5 ab−1. Only

decays of the associated Z boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qq̄-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ)BR(jj)/σ(HZ)BR(jj)SM . From previous
discussions, we have NS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR(qq̄)/BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which has r = 0 and λ = 1. In Eq. (3)
fqq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1. f ′

qq̄ is a mixture of the
normalized distributions fbb̄,cc̄ and the one from Z∗/γ∗

decay fZ . We set f ′

qq̄ = fqq̄ for simplicity since all of
the above components are very similar. In principle, all
of fbb̄∼qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties of fqq̄,WW and f ′

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We further investigate the sensitivity of the proposed
measurement to the light-quark Yukawa couplings using
pseudo-data. To be specific, we study the expected ex-
clusion limit on r, as a function of λ, assuming the decay
to qq̄ vanishes. We take into account 6 systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
for the decay to gg, as shown in Fig. 1, (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal and the two backgrounds in Eq. (3).
Normalization uncertainties on both of the backgrounds
are set to 4%. Normalization of the signal can be mea-
sured independently using hadronic decays of the Z bo-
son in ZH production with the Higgs boson decay to jj,
and the uncertainty is estimated to be 3% [4]. System-
atic uncertainties are treated using nuisance parameters.
Statistical errors are included according to the assumed
event rates. We use the profiled log-likelihood ratio qµ as

2

distributions can be calculated systematically in pertur-
bative QCD[21, 22]. In case of two-body hadronic de-
cay, at the leading order (LO), the thrust distribution is
a δ function at τ = 0. Finite thrust values are gen-
erated through high-order QCD radiations. Soft and
collinear emissions introduce large logarithmic contribu-
tions ∼ αn

s ln τ2n−1/τ at small-τ , the deep two-jet region.
They must be resummed to all orders in QCD to make
reliable predictions, e.g., the state of art Next-to-Next-
to-Next-to-leading logarithmic (N3LL) resummation [23–
25] for Z/γ∗ → qq̄ in the extraction of αs(MZ). Mean-
while, in the three-jet region the resummed results can
be further matched with the fixed-order results, e.g.,
the Next-to-Next-to-leading order (NNLO) calculation
for Z/γ∗ → 3 jets production [26, 27]. Usually, for cal-
culations done at parton level, a correction factor due to
hadronization effects needs to be applied when comparing
to experimental data, which can be estimated through
various event generators [28–31].

To our best knowledge, no predictions at comparable
precision exist for hadronic decays of the Higgs boson,
although most of the ingredients are already available.
Predictions at N3LL+NNLO level for the Higgs boson
are expected in near future. In this study, we calculate
the event shape distributions using the MC event gener-
ator Sherpa 2.2 [31] with the effective coupling approach
of the Higgs boson. We use the CKKW scheme [32],
matching parton showers with tree-level matrix elements
with up to three jets, which is effectively partial next-
to-leading-logarithmic and leading-order accuracy. The
hadronization corrections are included automatically in
this case through a hadron-level simulation.

Fig. 1 shows the normalized distribution of the variable
thrust for several different hadronic decay channels of the
Higgs boson, including gg, qq̄, bb̄, and W (qq̄)W ∗(qq̄). We
also plot the distribution for Z∗/γ∗ → qq̄ as a compari-
son. The distribution peaks at τ ∼ 0.02 for light-quark
decay channel. The peak shifts to τ ∼ 0.05 for the gluon
channel, corresponding to a scaling of roughly CA/CF .
The distribution is much broader for the gluon case due
to the stronger QCD radiation. The distribution for the
bb̄ channel is very close to the qq̄ case, except at very small
τ , where the mass and hadronization effects become im-
portant. For the WW ∗ channel there exist already four
quarks at LO and the distribution is concentrated in the
large-τ region. The distribution for qq̄ from Z∗/γ∗ dif-
fers from that for the Higgs boson in the three-jet region
because of the different spin.

In the lower panel of Fig. 1, we plot the estimated
theoretical uncertainties of the normalized thrust dis-
tribution for the decay to gluons. The hadronization
uncertainties are estimated according to [33] where
hadronization corrections from different event generators
are compared. There are also theoretical uncertainties
due to the truncation of the perturbation series that are
conventionally estimated through QCD scale variations.
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FIG. 1. Normalized distributions of the thrust in hadronic
decays of the Higgs boson, and of Z∗/γ∗ to qq̄, with a center-
of-mass energy of 125 GeV. The lower panel shows the rel-
ative theoretical uncertainties of the normalized distribution
forH → gg, including the renormalization and matching scale
variations, and the uncertainty on hadronization corrections.

These include variations due to the change of the renor-
malization scale and the matching scale [34]. The latter
variation mostly affects the distribution in the large-τ
region. As one includes higher-order resummation and
fixed-order matching contributions, the scale variations
will decrease. We assume a N3LL+NNLO calculation
for the Higgs boson decay to gluons will be available and
estimate the scale variations based on the calculation for
Z/γ∗ [23, 33] using a scaling factor of CA/CF . Since the
distribution is normalized, the uncertainties are small
in the peak region. The uncertainty due to the αs(MZ)
input is negligible if the world average [35] is used.
Below, we will discuss the possibility of measuring the
distributions discussed above at a lepton collider and
the sensitivity of these measurements to the light-quark
Yukawa couplings.

CEPC. A circular electron-positron collider has been
proposed recently with a center-of-mass energy of 250
GeV and a total integrated luminosity of 5 ab−1 [4]. It
can serve as a Higgs factory with the dominant produc-
tion channel being the associated production with a Z
boson, with a total cross section of about 212 fb [36]. One
great advantage of the e+e− collider is that the Higgs bo-
son events can be selected by measuring the recoil mass
mrecoil, e.g., for ZH production with the Z boson decay

unique signature 
of gg mode

4

our test-statistic [40], together with the CLs method [41].
Fig. 2 shows the expected 95% CLs exclusion limit on r
(in the dashed line) from the thrust distribution. The
colored bands indicate the 1σ and 2σ fluctuations of the
expected exclusion limit. In case the true theory is the
SM, the expected exclusion limit on r can reach 0.045,
which is the intersection of the curve and the vertical
line. That corresponds to a decay BR of 0.39% to qq̄.
In term of the Yukawa coupling strength, that implies
yq < 0.082yb for any of q = u, d, s, with yb being Yukawa
coupling of the bottom quark in the SM. The discrimi-
nation power for qq̄ and gg is mostly determined by the
statistical error. In principle, we can also include invis-
ible decays of the associated Z boson in the analysis.
They have a total rate 3 times larger than to electrons
and muons and suffer from a relatively larger ZZ back-
ground due to a degradation of the signal-background
separation power from the recoil mass. Thus, we simply
assume that once the νν channels are included, both the
signal and backgrounds will double. The expected limit
is again plotted in Fig. 2, which can reach 0.036 with the
SM assumption.

Similar exclusion limits can be set based on other
event shape observables which are summarized in Fig. 3.
Here, only the statistical error and the systematic un-
certainty on the signal and background normalizations
are included in the analysis, since the estimation of scale
variations on some of the distributions is not available at
the N3LL+NNLO level. We can judge that the theoret-
ical uncertainties on the distribution are not the major
limitation on the measurement by comparing results for
thrust distribution in Figs. 2 and 3. The binnings used
in the analysis for all other distributions are chosen to
be the same as in Ref. [42]. All distributions show a
similar sensitivity to the light-quark Yukawa couplings
except for the Durham 2 to 3-jet transition parameter
yD23, which is slightly worse, possibly due to binning
effects.

Discussion and summary. It is interesting to com-
pare our sensitivity to the light-quark Yukawa couplings
with the projection of the LHC and HL-LHC. Ref. [9]
claims an expected 95% CL limit of the Yukawa couplings
yu,d < 0.4yb, for LHC 13 TeV run with a total luminosity
of 300 fb−1, based on analyzing the pT distribution of the
Higgs boson. Ref. [8] reports a sensitivity of ys ∼ 0.52yb
for the strange quark at the HL-LHC. Comparing with
results above, our method does not only provide a much
stronger sensitivity of yu,d,s < 0.082yb (95% CLs) but
also probes the light-quark couplings directly and in a
model-independent way. The major limitation on prob-
ing the light-quark Yukawa couplings at the LHC/HL-
LHC is that the gg parton luminosity is much larger than
the qq̄ ones for a Higgs boson mass of 125 GeV. Thus,
a small downward shift of the gg induced cross sections
comparing to experimental data, either due to the exper-
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FIG. 2. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations as a function of the total cross section of
the Higgs boson decay to jj normalized to the SM value. The
dot-dashed line is the expected exclusion limit when invisible
decays of the Z boson are also included in the analysis.
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FIG. 3. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations based on measurements of different event
shape observables and assuming a theory of the SM. Theo-
retical uncertainties on the event shape distributions are not
included.

imental or theoretical uncertainties, can allow for a much
larger light-quark Yukawa coupling.

We also comment on the comparison of our proposal
with the possibility of using gluon/quark jet discrimina-
tors. On the theory side, the event shape distributions

in another way, using QCD observables to 
test Higgs couplings, e.g., light-quark 



Quarkonium physics

Yan-Qing Ma, Peking UniversityBeihang University, Sep 2nd, 2016 22

𝛾 𝛾 → 𝐽/𝜓 + 𝑋 at 𝑒+𝑒− collision

¾CS contribution can not explain 𝜸𝜸 data
Chen, Chen, Qiao, 1608.06231

¾Large experimental error



Filling gaps with radiative return
M. Karliner, M. Low, J. Rosner, LTW

How can we best use this?



Draft of an outline

- Brief introduction. (a few pages)

Overview of project, machine/lumi parameters.


- Big step in the precision frontier. 

Reaches in precision, new physics scale


- Addressing important physics questions

Electroweak symmetry breaking, naturalness, …


- Brief discussion of SPPC


- Executive summary.

Supporting the options favored by CDR.



100-ish TeV SPPC
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone

16

Hinchliffe, Kotwal, Mangano, Quigg, LTW 

A factor of about 5 increase in reach
with modest luminosity



SPPC

IMPLICATIONS 87

Table 3.14 Coupling measurement precision in percent from the 7 parameter fit described in the text for several
benchmark integrated luminosity of CEPC, and corresponding results after combination with the HL-LHC.

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

b 3.7 1.9 1.2 0.83 2.3 1.5 1.1 0.78
c 5.1 3.2 1.6 1.2 4.0 2.3 1.5 1.1
g 4.7 2.3 1.5 1.0 2.9 1.9 1.3 0.99
W 3.8 1.9 1.2 0.84 2.3 1.6 1.1 0.80
⌧ 4.2 2.1 1.3 0.94 2.9 1.8 1.2 0.90
Z 0.51 0.25 0.16 0.11 0.49 0.25 0.16 0.11
� 15 7.4 4.7 3.3 2.6 2.5 2.3 2.0

The correction to the SM hZ production cross section induced by a shift in �hhh is given by [63]2374

��Zh =

�Zh

�SM

Zh

� 1 = 2�
Z

+ 0.014��
hhh

. (3.13)

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2375

result from such a constraint on the SM �hhh is summarized in Fig. 3.21.2376

Figure 3.21 Higgs self-coupling constraint inferred from the shift in hZZ coupling. The CEPC results refer to
a luminosity of 5ab�1. The HL-LHC and SPPC results are taken from Ref. [64], with an integrated luminosity of
3ab�1 assumed. In the latter case, the impact of the uncertainties in measuring the Higgs top Yukawa coupling is
not incorporated.

3.5 Implications2377

In this section, we briefly discuss the most important physics implications of the Higgs property mea-2378

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2379
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –



Higgs couplings at SPPC

Correlation between Higgs pair 
production and tth measurement

J.F. Gunion, B. Grzadkowski, X.G. He, PRL77(1996)5172 
M.Mangano, T. Plehn, P. Reimitz, T. Schell, H.S. Shao, 1507.08169 

Q.Li, Z. Li, QY, X.R. Zhao, PRD92(2015)1,014015, arXiv:1503.07611 
X.R. Zhao, Q. Li, Z. Li, QY, 1604.04329

V. FEASIBILITY AT FUTURE COLLIDERS AND COMPARISON

Events from the tt̄h final state are the dominant background for the M4 case, which is

also true for the 3`+2j + /ET mode explored in at the HCs. It might be natural to ask how

the measurement of tt̄h couplings can a↵ect the determination of �3.

In Fig. (4), we demonstrate the correlation between the determination of tt̄h at the LHC

and a future 100 TeV collider. For the LHC, we assume that tt̄h couplings can be determined

up to 20% when the correlation between a and b is taken into account, which is denoted by

two solid lines in Fig. (5a) as upper and lower bounds from tt̄h measurements.
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FIG. 4. The sensitivity in the a� �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix b = 0.0.

For a 100 TeV collider, we assume that a 5% precision can be achieved, which is denoted by

two solid lines in Fig. (6(b)) as upper and lower bounds from tt̄h measurements. According

to the study of , where by using the production ratio tt̄h/tt̄Z, it is argued that this coupling

can 1% or so when just statistics are considered. In reality, background processes must be

considered for each tt̄ decay final states, so we assume a precision up to 5% as a relatively

conservative and loose estimation.

Comparing Fig. (6(a)) and Fig. (6(b)), it is noticed that a 100 TeV collider can greatly

shrink the uncertainty in determining the �3 and a parameters. Due to a4 dependence of the

cross section �(pp ! hh), the 5% uncertainty in �a can induce an uncertainty in determining

�3 up to 20% or so. The two-fold ambiguity can be removed by using the method to check

the di↵erential distribution of leptons in the final state, as demonstrated in .

14

(a) a
0 0.5 1 1.5 2

3λ

-2

0

2

4

6

8

23 fb

23 fb

33 fb

33 fb

43 fb

43 fb

LH
C

-H
L Evidence bounds

LH
C

-H
L Evidence boundsSM

 ht
 t 

→
upper bound of pp 

 ht
 t 

→
low

er bound of pp 

Sensitive Region

Sensitive Region

(b) a
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

3λ
-2

0

2

4

6

8

1520 fb

1780 fb

2000 fb

100 TeV Evidence bounds

SM

 ht
 t 

→
upper bound of pp 

 ht
 t 

→
low

er bound of pp Sensitive Region

Sensitive Region

FIG. 4. The sensitivity in the a� �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix b = 0.0.
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FIG. 5. The sensitivity in the b � �3 plane between the LHC high-luminosity run and a 100 TeV

collider. We fix a = 1.0.

dependence of cross section of tt̄h upon a and b. It is noticed that there are 3-fold ambiguity

when combining the measurement of tt̄h and hh. To separate these 3-fold ambiguity The

di↵erential distribution of tt̄h should be used to determine a and b. Higgs pair can help to

probe the structure of tt̄h at a 100 TeV collider.

The cross section of tt̄h at the LHC 14 TeV and at a 100 TeV collider can be parametrised

as

�(pp ! tt̄h) = t1a
2 + t2b

2 . (3)
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2) Same-sign WW pair production
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Draft of an outline

- Brief introduction. (a few pages)

Overview of project, machine/lumi parameters.


- Big step in the precision frontier. 

Reaches in precision, new physics scale


- Addressing important physics questions

Electroweak symmetry breaking, naturalness, …


- Brief discussion of SPPC


- Executive summary.

Supporting the options favored by CDR.



Physics goals 

and 


machine options



Machine design, big options

- Questions

How big is the ring? 


Case for Z factory and requirement


Going to higher energy, ttbar threshold?


….


Using physics case to support the choice made in the 
CDR.



80+ km vs 50 km

- Prefer longer. 


- Main physics motivation, beyond CEPC. SppC. 

The bigger, the better. 100 TeV seems to be the 
highest that is doable. 


Can measure Higgs self coupling, probe dark 
matter, test naturalness. 


Completely discover and study the new physics 
showing up in precision measurements of CEPC.


Other benefits, easier to go to higher energy, tt 
threshold?

38



The main physics goal, 

understanding the Higgs

- Phase transition in early universe, naturalness, 
etc. 


- Based on simple estimate and simulation, the 
CEPC will be able to deliver on these goals.


- We need to work closely together (physics 
studies and detector and accelerator designs) to 
make sure this can be realized.

39



Theoretical uncertainty

40

Li-lin Yang’s talk at this workshop
Also Sun Hao’s talk at this workshop

Preliminary

Result
14

mt
2 mt

0 mt
-2 mt

-4

~ 82% ~ 16% ~ 1% < 1%

Alternative: expansion in 1/mt

Expansion in 1/mt will not work for 
higher energies (e.g. ILC and FCC-ee)!

Correction ~ 1% for CEPC (240 GeV); important effect!

Gong, Li, Xu, LLY: 1609.xxxxx

Fast convergence

Future: the more difficult (but also important) O(α2) correction

Precision theory for 
precision measurements

11

Kniehl, Veretin: 1206.7110

Update for a closely related process: H→ZZ*→Zl+l-

Top-mass enhanced 
higher-order contributions

How well do we know σ(ZH) in the SM?

(a) (b) (c)

Figure 1: Tree-level finite-m (dotted lines) and radiative (solid lines) corrections to (a)
dΓ(H → Zτ+τ−)/ds for mH = 125 GeV as functions of the τ+τ− invariant mass

√
s,

and to (b) Γ(H → Zτ+τ−) and (c) Γ(H → Zµ+µ−) as functions of mH . The radiative
corrections include the O(α) QED (coarsely dotted lines), O(α) weak (dashed lines), and
dominant higher-order (dot-dashed lines) corrections of O(x2

t ), O(xtαs), and O(xtα2
s).

For comparison, the O(α) corrections predicted by the IBA (dot-dot-dashed lines) are
also shown.

2.0% at the upper endpoint. The one-loop electroweak correction is inadequately de-
scribed by the IBA term δxt

. The dominant higher-order correction δho amounts to about
0.2% altogether and incidentally almost coincides with the QED correction. The finite-m
correction δ0 − 1, of course, quenches dΓ(H → Zτ+τ−)/ds at threshold, but it is still
as large as −1.7% at the upper endpoint, largely compensating the combined radiative
correction. As anticipated in Sec. 2.1, the relative contribution of y0 to δ0, proportional
to the Hτ+τ− coupling, is exceedingly small in magnitude, below 0.09%, over the full

√
s

range. The finite-m corrections to dΓ(H → Zµ+µ−)/ds and dΓ(H → Ze+e−)/ds are neg-
ligible compared to the expected size of the presently unknown subleading higher-order
corrections δres, and the radiative corrections to both observables are practically indistin-
guishable thanks to the almost perfect lepton universality. The latter are also very similar
to the radiative corrections to dΓ(H → Zτ+τ−)/ds, and we refrain from presenting the
counterparts of Fig. 1(a) for dΓ(H → Zµ+µ−)/ds and dΓ(H → Ze+e−)/ds.

Looking at Fig. 1(b), we observe that the finite-m correction to Γ(H → Zτ+τ−) ranges
from −7.9% to −3.1% in the considered mass window 115 GeV < mH < 130 GeV and
more than compensates the overall radiative correction, which ranges there between 0.6%
and 1.9%. From Fig. 1(c), we read off that the finite-m correction to Γ(H → Zµ+µ−) is
below 0.03% in magnitude.

In Fig. 2(a), we present our best predictions for dΓ(H → Zτ+τ−)/ds (solid line) and
dΓ(H → Zµ+µ−)/ds (dashed line) for mH = 125 GeV as functions of

√
s including both

finite-m and radiative corrections. For comparison, the tree-level result for m = 0 (dotted
line) is also shown. The relation of the solid line shape to the dotted one may be easily
understood from Fig. 1(a). The essential feature of the dashed line shape in comparison

10

One-loop weak corrections

For σ(ZH) need to go 
beyond large mt!



CEPC on the Z-pole

- “Bread and butter” precision measurement 


Gain a factor of 10 with about Giga Z.


Very valuable information, complimentary to Higgs 
measurements
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Electroweak precision tests: roughly 
estimated targets

- δmW < 5 MeV


- δsin2θeff < 2x10-5   (and/or ΓZ about 100 keV)


- δmZ < 500 keV


- δmt < 100 MeV


- Theoretical breakthrough in calculating Δαhad ?

Much more work needed to produce more accurate and realistic numbers. 



CEPC Z-factory

- Tera-Z or more?


Can do a lot more with precision measurements. 


Many interesting topics.


Exotic Z-decay, tau, B, flavor…

More work needed to make concrete cases and compare.



CEPC: higher E, ttbar threshold?

- Seems not as crucial for 
precision electroweak.


- A small improvement for 
the fit to S and T. 


- Is this optimistic or 
pessimistic on the 
systematics?

44

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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Figure 2: CEPC constraints on the oblique parameters S and T , for the baseline scenario and two possible
improvements. Notice that the axes of this plot have zoomed in by a factor of 5 compared to those of Fig. 1.
For clarity we show only 1� (��2 = 2.30) constraints.

Table 7 summarize the physics reach by quoting the 1� 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 , sin2 ✓ Also improved mt

S 3.6 ⇥ 10�2 1.3 ⇥ 10�2 9.7 ⇥ 10�3 7.1 ⇥ 10�3

T 3.1 ⇥ 10�2 1.0 ⇥ 10�2 7.5 ⇥ 10�3 4.6 ⇥ 10�3

Table 7: Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that the
other is zero).

2.1 The Precision Challenge for Theorists

The estimates of CEPC prospects above assumed an improvement in theoretical uncertainties
relative to the current status. Theory uncertainties quoted for mW , sin2 ✓`

e↵

, and �Z in the “CEPC
fit” column of Table 5 are based on the size of estimated four-loop corrections from refs. [23–25],
under the assumption that three-loop calculations will be completed in the future. Full use of the
power of the CEPC collider thus relies on significant (but reasonable) advances in the state of the
art of Standard Model calculations in the coming years.

10



CEPC: higher energy, ttbar threshold?

- However, going up from 250 to 350 can improve 
other measurements. 


- Scan, energy dependence brings in more discovery 
and distinguishing power. 


- Many more studies needed.

45

Patrick Janot 
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Unpolarized,cross,sections,

Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [38]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [39] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking

16
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Learning more about top couplings

46

Q. Cao,  B. Yan 1507.06204  
Figure 4. Update caption.

– 9 –

Z. Liu, I. Low, LTW in progress
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FIG. 4: The contours of uncertainties of FL and Vtb measurements denoted by �FL and �Vtb in the

plane of the collider energy
p
s (GeV) and integrated luminosity L (fb�1).

The statistical errors of �tt̄ and AFB, which are normalized to the SM predictions, are

(��tt̄/�
0
tt̄)stat. =

q
1/(L�0

tt̄) ,

(�AFB/A
0
FB)stat. =

q
(1� (A0

FB)
2)/(L�0

tt̄). (25)

For an integrated luminosity of 500 fb�1 and collider energy
p
s = 500 GeV, (��tt̄/�

0
tt̄)stat. '

(�AFB/A
0
FB)stat. ⇠ 0.002.

The systematic uncertainty arises from a lot of experimental e↵ects, e.g. cut acceptance,

b-tagging e�ciency, detector resolution, luminosity or di↵erent hadronization of tt̄ events,

etc. Those systematic uncertainties will have to be estimated at a later stage, but they are

expected to be small [20]. The LEP-I reported a systematic uncertainty on Rb of 0.28 % [47]

which may serve as a guide line for values to be expected at the future e+e� collider. In

this work, the systematic error of �tt̄ relative to the SM prediction is assumed to be around

1%, i.e. (��tt̄/�
0
tt̄)sys. = 0.01 [20, 43]. Table I displays the statistical and systematic errors

of mt, �t, �tt̄ and AFB used in this study.

Figure 4(a) displays the contours of �FL in the plane of the collider energy
p
s (GeV)

and integrated luminosity L (fb�1). It shows that FL can be measured with an accuracy of

percentage, e.g. �FL  1%. The uncertainty, which is dominated by the systematic error,

cannot be further improved by increasing the collider energy and accumulating more lumi-

nosities. One then can translate the uncertainty of FL measurement to the Vtb measurement

10



Looking ahead

- We have a broad understanding of the basic 
physics capabilities of CEPC. 


- CDR will be a place to set clear physics goals.

The big questions we will address.


Supporting and backed up by the design choices. 


- Need to work together. 

Theory + experiment joint working groups in key 
areas crucial for progress.


- Intense (and very exciting) work ahead.
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More details, more understanding.
NC, Jiayin Gu, Zhen Liu, Kechen Wang, In Progress

• 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. 

N. Craig, J. Gu, Z. Liu, K. Wang



X. Bi



Inputs for the further study

Table 4: Using direct measurement method in ZH runs, the expected precision in mW measurement in
CEPC detectors and the comparison with the LEP experiments.

�MW (MeV) LEP CEPC CEPCp
s(GeV) 161 250 250R
L(fb�1 3 1000 1000

channel l⌫qq, qqqq lvqq qqqq

beam energy 9 1.0 1.0
hadronization 13 1.5 1.5

radiative corrections 8 1.0 2.0
lepton and missing energy scale 10 1.5 1.0

bias in mass reconstuction 3 0.5 1.0
statistics 30 1.0 2.5

overall systematics 21 2.5 3.0
total 36 3.0 4.0

Present data CEPC fit
↵s(M2

Z) 0.1185 ± 0.0006 [17] ±1.0 ⇥ 10�4 [18]

�↵
(5)

had

(M2

Z) (276.5 ± 0.8) ⇥ 10�4 [19] ±4.7 ⇥ 10�5 [20]
mZ [GeV] 91.1875 ± 0.0021 [21] ±0.0005

mt [GeV] (pole) 173.34 ± 0.76
exp

[22] ±0.5
th

[20] ±0.6
exp

± 0.25
th

[20]
mh [GeV] 125.14 ± 0.24 [20] < ±0.1 [20]
mW [GeV] 80.385 ± 0.015

exp

[17]±0.004
th

[23] (±3

exp

± 1
th

) ⇥ 10�3 [23]
sin2 ✓`

e↵

(23153 ± 16) ⇥ 10�5 [21] (±4.6
exp

± 1.5
th

) ⇥ 10�5 [24]
�Z [GeV] 2.4952 ± 0.0023 [21] (±5

exp

± 0.8
th

) ⇥ 10�4 [25]
Rb ⌘ �b/�

had

0.21629 ± 0.00066 [21] ±1.7⇥ 10�4

R` ⌘ �
had

/�` 20.767 ± 0.025 [21] ±0.007

Table 5: Inputs to the electroweak fit of the oblique parameters S and T . The oblique parameters and the
first five observables in the table float freely in the fit, and determine the values of the remaining five. We
find that Rb and R` have minimal e↵ect on the fit of oblique parameters. We quote the precisions of current
and CEPC measurements as well as the current central values. Theory uncertainties are provided only when
they are nonnegligible and are not already incorporated in the quoted experimental uncertainty. Boldface
numbers represent measurements that will be performed at CEPC.

gives slightly more conservative bounds.
The result of the fit for S and T is depicted in Fig. 1. For ease of comparison of the bounds,

we have artificially displaced the input central values to agree with the predicted values so that
S = T = 0 will be the best-fit point. Both 1� and 2� uncertainty contours are presented (i.e.,
��2 = 2.30 and 6.18). Relative to the current electroweak precision results (dominated by LEP
together with the improved measurement of mW from hadron colliders), the results of CEPC will
shrink the error bars on S and T by a factor of about 3.

It is possible that the current baseline plan for CEPC can be improved upon by higher luminosity
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Figure 1: CEPC constraints on the oblique parameters S and T , compared to the current constraints.

CEPC sin2 ✓`
e↵

�Z [GeV] mt [GeV]
Improved Error (±2.3

exp

± 1.5
th

) ⇥ 10�5 (±1
exp

± 0.8
th

) ⇥ 10�4 ±0.03
exp

± 0.1
th

Table 6: Potential improvements for CEPC measurements. The precision of sin2 ✓`
e↵

may be improved with
higher statistics, but will be ultimately limited by systematics to 0.01% precision. The Z width measurement
may be improved by better energy calibration. A precise top mass measurement requires a scan of the tt̄
threshold, and thus a larger collision energy than current CEPC plans.

runs, better calibration, or higher beam energy. Table 6 lists plausible improvements. The accuracy
of sin2 ✓`

e↵

can plausibly be improved with increased luminosity, but systematic uncertainties are
expected to dominate at the 0.01% precision level. The Z width measurement will require a high-
precision calibration of the beam energy, which is made possible at circular colliders by the technique
of resonant spin depolarization [21]. We consider the possibility that this width 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 e↵ort. 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. 2. The figure illustrates first the e↵ect of improving both sin2 ✓`

e↵

and �Z (which improves the
bounds on S and T comparably), and then the e↵ect of additionally improving the top mass (which
constrains T somewhat more strongly than S). From this plot it is apparent that upgrades to the
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Baseline option

With possible improvements.

x4 statistics off Z-pole energy calibration ILC?



Electroweak Precision tests

- Large step above the current precision.


- A factor of 10 improvement in S and T.
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Figure 4. 68% C.L. contours of S and T for ILC (red dashed), the optimistic case of current CEPC plan

(named as the CEPC baseline in the figure; purple solid), the optimistic CEPC plan with sin2 ✓W (green solid)

or �Z (green dashed) improved, both sin2 ✓W and �Z improved (blue dotted), and three observables sin2 ✓W ,

�Z and mt improved (blue solid).

4.1 Nuisance Parameters

4.1.1 The Top Mass mt

Recently, the first combination of Tevatron and LHC top mass measurements reported a result of
173.34 ± 0.76 GeV, with the error bar combining statistical and systematic uncertainties [37]. New
results continue to appear, with a recent CMS combination reporting 172.38±0.10 (stat.)±0.65 (syst.)
GeV [42] and a D0 analysis finding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di↵erent central values, which may be a statistical fluke or may in part reflect ambiguities in
defining what we mean by the top mass (see [44] and Appendix C of [45]). This suggests that we
proceed with some caution in assigning an uncertainty to the top mass in any precision fit.

The relevant physics issues have been reviewed recently in refs. [46–48]. At the LHC, kinematic
measurements are expected to reach a precision of 0.5 or 0.6 GeV on the top mass, but theoretical
uncertainty remains in understanding how the measured mass relates to well-defined schemes like the
MS mass. Other observables like the total cross section are easier to relate to a choice of perturbative
scheme, but will have larger uncertainties. The top mass is a very active area of research, in part for
its importance in questions of vacuum stability in the Standard Model (see, for example, refs. [49–
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHC’s large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53–56]. We will follow ref. [23] in assuming that the
LHC will achieve a measured precision of 0.6 GeV and that further experimental and theoretical e↵ort
will reduce the theoretical uncertainty on the meaning of this number to 0.25 GeV. We will also use
their estimate of the current theoretical uncertainty as 0.5 GeV, although we suspect this is overly
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .

– 6 –
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Electroweak Precision tests: lessons

- Better measurement of mW and sin2θeff ⇒ Large 

improvement from current precision.


- Good to have: δmW < 5 MeV, δsin2θeff < 2x10-5 , 
factor of 10 better on ΓZ 
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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 at 2 � C.L. in the (�mt, �mZ) plane for �mW = 5 MeV

(left) and 1 MeV (right). Again the precisions of all other observables in the fit fixed at current values. Last

row: left plot: contours of allowed S at 2� C.L. in the (�mt, �mZ) plane for � sin
2 ✓`

e↵

= 10�5 (left) ; right plot:

allowed T at 2� C.L. as a function of the error bar of �↵
(5)

had

normalized to its current value fixing �mW = 1

MeV, �mt = 20 MeV and �mZ = 0.1 MeV.
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Electroweak Precision tests: lessons

- Good to have: δmW < 5 MeV, δsin2θeff < 2x10-5 , 
factor of 10 better on ΓZ .

J. Fan, M. Reece, LTW, 1411.1054
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Figure 4. 68% C.L. contours of S and T for ILC (red dashed), the optimistic case of current CEPC plan

(named as the CEPC baseline in the figure; purple solid), the optimistic CEPC plan with sin2 ✓W (green solid)

or �Z (green dashed) improved, both sin2 ✓W and �Z improved (blue dotted), and three observables sin2 ✓W ,

�Z and mt improved (blue solid).

4.1 Nuisance Parameters

4.1.1 The Top Mass mt

Recently, the first combination of Tevatron and LHC top mass measurements reported a result of
173.34 ± 0.76 GeV, with the error bar combining statistical and systematic uncertainties [37]. New
results continue to appear, with a recent CMS combination reporting 172.38±0.10 (stat.)±0.65 (syst.)
GeV [42] and a D0 analysis finding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di↵erent central values, which may be a statistical fluke or may in part reflect ambiguities in
defining what we mean by the top mass (see [44] and Appendix C of [45]). This suggests that we
proceed with some caution in assigning an uncertainty to the top mass in any precision fit.

The relevant physics issues have been reviewed recently in refs. [46–48]. At the LHC, kinematic
measurements are expected to reach a precision of 0.5 or 0.6 GeV on the top mass, but theoretical
uncertainty remains in understanding how the measured mass relates to well-defined schemes like the
MS mass. Other observables like the total cross section are easier to relate to a choice of perturbative
scheme, but will have larger uncertainties. The top mass is a very active area of research, in part for
its importance in questions of vacuum stability in the Standard Model (see, for example, refs. [49–
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHC’s large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53–56]. We will follow ref. [23] in assuming that the
LHC will achieve a measured precision of 0.6 GeV and that further experimental and theoretical e↵ort
will reduce the theoretical uncertainty on the meaning of this number to 0.25 GeV. We will also use
their estimate of the current theoretical uncertainty as 0.5 GeV, although we suspect this is overly
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Electroweak precision tests: lessons

- Similar reaches from FCC-ee and CEPC.


- The ultimate precision will be limited not by 
statistics, but by the accuracies of mZ, mtop and 
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .
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Figure 4. 68% C.L. contours of S and T for ILC (red dashed), the optimistic case of current CEPC plan

(named as the CEPC baseline in the figure; purple solid), the optimistic CEPC plan with sin2 ✓W (green solid)

or �Z (green dashed) improved, both sin2 ✓W and �Z improved (blue dotted), and three observables sin2 ✓W ,

�Z and mt improved (blue solid).

4.1 Nuisance Parameters

4.1.1 The Top Mass mt

Recently, the first combination of Tevatron and LHC top mass measurements reported a result of
173.34 ± 0.76 GeV, with the error bar combining statistical and systematic uncertainties [37]. New
results continue to appear, with a recent CMS combination reporting 172.38±0.10 (stat.)±0.65 (syst.)
GeV [42] and a D0 analysis finding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di↵erent central values, which may be a statistical fluke or may in part reflect ambiguities in
defining what we mean by the top mass (see [44] and Appendix C of [45]). This suggests that we
proceed with some caution in assigning an uncertainty to the top mass in any precision fit.

The relevant physics issues have been reviewed recently in refs. [46–48]. At the LHC, kinematic
measurements are expected to reach a precision of 0.5 or 0.6 GeV on the top mass, but theoretical
uncertainty remains in understanding how the measured mass relates to well-defined schemes like the
MS mass. Other observables like the total cross section are easier to relate to a choice of perturbative
scheme, but will have larger uncertainties. The top mass is a very active area of research, in part for
its importance in questions of vacuum stability in the Standard Model (see, for example, refs. [49–
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHC’s large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53–56]. We will follow ref. [23] in assuming that the
LHC will achieve a measured precision of 0.6 GeV and that further experimental and theoretical e↵ort
will reduce the theoretical uncertainty on the meaning of this number to 0.25 GeV. We will also use
their estimate of the current theoretical uncertainty as 0.5 GeV, although we suspect this is overly
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Electroweak precision tests: lessons

- If δmZ < 0.5 MeV, δmtop < 100 MeV.


 Δαhad (assuming 4.7x10-5) dominates. 
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .
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Figure 4. 68% C.L. contours of S and T for ILC (red dashed), the optimistic case of current CEPC plan

(named as the CEPC baseline in the figure; purple solid), the optimistic CEPC plan with sin2 ✓W (green solid)

or �Z (green dashed) improved, both sin2 ✓W and �Z improved (blue dotted), and three observables sin2 ✓W ,

�Z and mt improved (blue solid).

4.1 Nuisance Parameters

4.1.1 The Top Mass mt

Recently, the first combination of Tevatron and LHC top mass measurements reported a result of
173.34 ± 0.76 GeV, with the error bar combining statistical and systematic uncertainties [37]. New
results continue to appear, with a recent CMS combination reporting 172.38±0.10 (stat.)±0.65 (syst.)
GeV [42] and a D0 analysis finding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di↵erent central values, which may be a statistical fluke or may in part reflect ambiguities in
defining what we mean by the top mass (see [44] and Appendix C of [45]). This suggests that we
proceed with some caution in assigning an uncertainty to the top mass in any precision fit.

The relevant physics issues have been reviewed recently in refs. [46–48]. At the LHC, kinematic
measurements are expected to reach a precision of 0.5 or 0.6 GeV on the top mass, but theoretical
uncertainty remains in understanding how the measured mass relates to well-defined schemes like the
MS mass. Other observables like the total cross section are easier to relate to a choice of perturbative
scheme, but will have larger uncertainties. The top mass is a very active area of research, in part for
its importance in questions of vacuum stability in the Standard Model (see, for example, refs. [49–
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHC’s large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53–56]. We will follow ref. [23] in assuming that the
LHC will achieve a measured precision of 0.6 GeV and that further experimental and theoretical e↵ort
will reduce the theoretical uncertainty on the meaning of this number to 0.25 GeV. We will also use
their estimate of the current theoretical uncertainty as 0.5 GeV, although we suspect this is overly
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CEPC can test it.
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FIG. 1: modification in the hZZ coupling �Zh in the region consistent with a first order EWPT

for various values of the physical mass of the singlet.

shows the minimum Higgs self coupling for a given �Zh, which implies the complementarity

in probing the nature of the EWPT between the �Zh measurement at the CEPC and the

Higgs self coupling measurement at future hadron colliders such as SppC and Fcc. The lower

bound of the plot is from requiring the electroweak symmetry breaking at zero temperature,

which implies

� a3b

6m2
s

+
a2k

2m2
s

>
m2

h

3v4
, (14)

Then from Eq. (7), in the region we studied, at large msinglet, �Zh is dominated by the first

term, so �Zh & m2
h

9v2 ⇠ 1
36 , and at modest values of msinglet, the second and the third term in

Eq. (7) plays an role and therefore lower �Zh.
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QCD at CEPC
World average on alphas

● Dominated my Lattice results

● O(100-1fb) at CEPC v.s. O(100-1pb) at LEP, plus higher energy, 
smaller power corrections, good news for event shape analysis.

● New challenges to theorists. NNLO corrections to four jet rates? 
Completing the NNNLL resummation by computing the four loop cusp 
anomalous dimension? … 

PDG

H. X. Zhu at CEPC workshop. Aug. 2015Only tip of the iceberg.
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M:  The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is M? Can it be very high,
such as MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?

Explaining EWSB:  naturalness
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