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The Higgs Boson Discovery at LHC
Predicted in 1964, discovered in 2012! 48 year hunting!

An effort by tens of thousands scientists and engineers from all over the world
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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  

ATLAS & CMS Observation 2013 Nobel Prize

François Englert and Peter Higgs

Huge impact to humanity

Technology
Cultural

International Collaboration

What is the next step
for HEP?



Higgs as a special probe

• Measure Higgs properties with highest precision 

• Many different couplings fixed by masses, yukawa hierarchy? 

• Have neutrinos a special role? 

•    determines shape and evolution of the Higgs potential → cosmological implications 

• New dark states? → Portal to new physics beyond SM  

• Search for rare processes, through high-accuracy studies of SM cross sections
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ℒHiggs = (Dμϕ)†(Dμϕ)−V(ϕ†ϕ) − ψLΓψRϕ − ψRΓ†ψLϕ†
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m2

H

2
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1
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λ(ϕ†ϕ)2

λ =
m2

H

2v2

λ

e+e- colliders offer clear advantages due to the potentially high accuracy of measurements



Revived e+e- Circular Colliders
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LEP stopped taking data in 2000 limited by synchrotron energy loss
Center mass energy: √s = 209 GeV 

Just a few GeV below the required energy to produce Higgs events copiously
√s = 240 GeV

Relatively low Higgs mass: 
mH = 125 GeV

240 GeV
209 GeV

∼ 1.14

Synchrotron energy loss

E4

r
=

1.144

3.5
∼ 0.5

radius increased by 3.5× 

~100 km accelerator
adequate

for Higgs studies



Cross sections: pp versus e+e-

�6Jianming Qian (University of Michigan) 5 

Cross Sections and Initial S/B’s 
 cross sectionse e+ −

1010S B −� 310S B −�

(fb)(nb)

In pp collisions
interesting events 

need to be extracted
from underneath a huge
number of background

events

S/B ~ 10-10

S/B ~ 10-3

In ee collisions



Difference between e+e- and pp environment
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Detectors for hadron colliders 
Large QCD backgrounds  

Requires complex trigger system
Detector design focus on radiation hardness of many sub-detectors

 

Detectors for e+e− colliders 
Cleaner e+e− collisions 

Beam-induced backgrounds dominating source of radiation damage 
Hadronic radiation damage only relevant in very forward detectors 

(θ ~ 10 mrad – 38 mrad) 

Well defined initial state (particle, energy, polarization?) Suitable for high-precision 
measurements



The Circular Electron Positron Collider  
(CEPC)  

Physics Program
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The CEPC Program
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Higgs production in e+e- collisions
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Events at 5 ab-1

ZH: 106 events

ννH: 104 events

e+e-H: 103 events

S/B
1:100-1000

Observables: 
Higgs mass, CP, σ(ZH), 

event rates (σ(ZH, vvH)*Br(H→X) ), 
Differential distributions 

Extract:
Absolute Higgs width, 

couplings



Higgs Couplings Measurement
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𝜅 Framework
• Model independent implication

• Detector’s benchmark; Constrain to new physics models;

• In CEPC

• We have 𝜎 𝑍𝐻 = 0.5% constrain 𝜎(𝜅𝑧) < 0.25%.

• For Production, ZH & WW fusion process, all contribute to 𝜅𝑍2; 𝜅𝑤2 ;

• For Partial decay, no top quark 𝜅𝑡 like: 𝜅𝑍2, 𝜅𝑊2 , 𝜅𝑏2, 𝜅𝑐2, 𝜅𝑔2, 𝜅𝜏2, 𝜅𝛾2, 𝜅𝜇2, ……

• For Total width Γ𝐻. Γ𝐻 = Γ𝑆𝑀 + Γ𝐵𝑆𝑀.

• If we assume no exotic decay, Γ𝑆𝑀 can be resolved as: all 𝜅 correlated this way;

Γ𝑆𝑀 = 0.2137𝜅𝑊2 +0.02619𝜅𝑍2+0.5824𝜅𝑏2+0.08187𝜅𝑔2+0.002270𝜅𝛾2+0.06294𝜅𝜏2+0.02891𝜅𝑐2

• Z → μμ, H → ττ channel, the signal will be 𝜅𝑍2𝜅𝜏2/Γ𝐻; For 𝜈𝜈𝐻 → 𝑏𝑏, it’s 𝜅𝑊2 𝜅𝑏2/Γ𝐻

18/5/25 Kaili Zhang 16

𝜅 defined as the ratio of the Higgs coupling to SM expects.

ATL-PHYS-PUB-2014-016 

Precision of Higgs couplings measurement compared to HL-LHC

HL-LHC

CEPC
~1% uncertainty

KZ ~ 0.2 %

CEPC: THE PRECISION FRONTIER 9

surements and electroweak observables attainable by the CEPC are summarized below.
The details of the analysis underpinning these projections are presented in Section 11.1

LHC 300/3000 fb-1

CEPC 240 GeV at 5.6 ab-1 wi/wo HL-LHC
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Precision of Higgs coupling measurement (7-parameter Fit)

(a) (b)

Figure 2.1: (a) Higgs coupling extraction in the -framework. (b) Projection for the precision of the
Z-pole measurements.

The CEPC will operate primarily at a center-of-mass energy of
p

s ⇠ 240 GeV. The
main mode of Higgs boson production is through e+e� ! ZH process, and with an
integrated luminosity of 5.6 ab�1, over one million Higgs bosons will be produced. At
CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through
a technique known as the recoil mass method without tagging its decay products. This
allows Higgs boson production to be disentangled from Higgs boson decay in a model-
independent way. Moreover, the cleaner environment at a lepton collider allows much
better exclusive measurement of Higgs boson decay channels. All of these give CEPC
impressive reach in probing Higgs boson properties. The resulting precision attainable by
CEPC in measurements of Higgs couplings is shown in the left panel of Figure 2.1(a) in
terms of the  framework [4]. The results can be further improved by including additional
measurements. For example, Z and W would be tightly constrained to be very close to
each other by the electroweak precision measurements.

Several aspects of the precision attainable at CEPC stand out. The CEPC will be able
to measure the Higgs coupling to the Z boson with an accuracy of 0.25%1, about a factor
of 10 better than the reach of the High Luminosity upgrade of the LHC (HL-LHC). Such
a precise measurement gives CEPC unprecedented reach into interesting new physics sce-
narios which are very difficult to probe at the LHC. The CEPC also has strong capability in
detecting invisible decays of the Higgs boson. For example, with 5.6 ab�1, it can improve
the accuracy of the measurement of the Higgs boson invisible branching ratio to 0.3%,
also more than 10 times better than the projected precision achievable by the HL-LHC.
In addition, it is expected to have excellent sensitivity to exotic decay channels which are
swamped by backgrounds at the LHC. It is also important to stress that an e+e� Higgs fac-
tory can perform model independent measurement of the Higgs boson width. This unique
feature in turn allows for the determination of the Higgs couplings without assumptions
about Higgs boson decay channels.

1This is the result from a 10-parameter fit. In particular, it includes the Higgs boson width as a free param-
eter. The result shown in Figure 2.1 is from a more constrained 7-parameter fit. See Section 11.1 for a full
set of results and more detailed explanations.



Higgs Couplings Measurement

�12

𝜅 Framework
• Model independent implication

• Detector’s benchmark; Constrain to new physics models;

• In CEPC

• We have 𝜎 𝑍𝐻 = 0.5% constrain 𝜎(𝜅𝑧) < 0.25%.

• For Production, ZH & WW fusion process, all contribute to 𝜅𝑍2; 𝜅𝑤2 ;

• For Partial decay, no top quark 𝜅𝑡 like: 𝜅𝑍2, 𝜅𝑊2 , 𝜅𝑏2, 𝜅𝑐2, 𝜅𝑔2, 𝜅𝜏2, 𝜅𝛾2, 𝜅𝜇2, ……

• For Total width Γ𝐻. Γ𝐻 = Γ𝑆𝑀 + Γ𝐵𝑆𝑀.

• If we assume no exotic decay, Γ𝑆𝑀 can be resolved as: all 𝜅 correlated this way;

Γ𝑆𝑀 = 0.2137𝜅𝑊2 +0.02619𝜅𝑍2+0.5824𝜅𝑏2+0.08187𝜅𝑔2+0.002270𝜅𝛾2+0.06294𝜅𝜏2+0.02891𝜅𝑐2

• Z → μμ, H → ττ channel, the signal will be 𝜅𝑍2𝜅𝜏2/Γ𝐻; For 𝜈𝜈𝐻 → 𝑏𝑏, it’s 𝜅𝑊2 𝜅𝑏2/Γ𝐻

18/5/25 Kaili Zhang 16

𝜅 defined as the ratio of the Higgs coupling to SM expects.Precision of Higgs couplings measurement compared to ILC

ILC
CEPC

~1% uncertainty

KZ ~ 0.2 %

Compared to ILC(1710.07621)

18/5/25 Kaili Zhang 19

ILC used more aggressive 𝜅𝛾 , by ratio ൗ𝐵𝑟𝑍𝑍
𝐵𝑟𝛾𝛾 = 2%

1% precision → reach to new physics at 10 TeV



Many BSM models impact Higgs couplings at percentage level
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Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the

25

LHC not likely to be sensitive to these models even with full HL-LHC dataset
arXiv: 1710.07621

CEPC will be sensitive to these



BSM Physics through Exotic Higgs Decays

�14Z. Liu, H. Zhang, LT Wang, 1612.09284

Chinese Physics C Vol. 41, No. 6 (2017) 063102

sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2

e+e- collider better than HL-LHC for 
MET+hadronic activity final states

General search for BSM

EXPLORING NEW PHYSICS 31

Decay 95% CL limit on BR
Mode LHC (current) LHC (projections) CEPC

E
miss
T 0.23 0.056 0.0030

(bb̄) + E
miss
T – [0.2] 1⇥10�4

(jj) + E
miss
T – – 4⇥10�4

(⌧+
⌧

�) + E
miss
T – [1] 8⇥10�5

bb̄ + E
miss
T – [0.2] 2⇥10�4

jj + E
miss
T – – 5⇥10�4

⌧
+
⌧

� + E
miss
T – – 8⇥10�5

(bb̄)(bb̄) 1.7 (0.2) 6⇥10�4

(cc̄)(cc̄) – (0.2) 8⇥10�4

(jj)(jj) – [0.1] 2⇥10�3

(bb̄)(⌧+
⌧

�) [0.1] [0.15] 4⇥10�4

(⌧+
⌧

�)(⌧+
⌧

�) [1.2] [0.2 ⇠ 0.4] 2⇥10�4

(jj)(��) – [0.01] 1⇥10�4

(��)(��) [7⇥10�3] 4⇥10�4 8⇥10�5

Table 2.1: The current and projected limits on Higgs boson exotic decay modes for the (HL-)LHC and
CEPC with 5.6 ab�1 integrated luminosity, based upon results from Ref. [117]. In the first column,
the particles in the same parenthesis are decay products of an intermediate resonance. The projections
for the future runs of the LHC are collected in the third column, where the limits for 100 fb�1 and 300
fb�1 alone are shown in parentheses and square brackets, respectively.

HL-LHC
CEPC (5.6 ab-1)
CEPC* (5.6 ab-1)

ME
T

(bb)+ME
T

(jj)+ME
T

(ττ)+ME
T

bb+ME
T

jj+ME
T

ττ+ME
T

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-4

10-3

10-2

10-1

1

BR
(h
→
Ex
ot
ic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Figure 2.18: The 95% CL upper limit on selected Higgs exotic decay branching fractions at HL-LHC
and CEPC, based on Ref. [117]. The benchmark parameter choices are the same as in Table 2.1. The
red bars correspond to the results using only leptonic decays of the spectator Z-boson. The yellow
bars further include extrapolation with the inclusion of the hadronic decays of the spectator Z-boson.
Several vertical lines are drawn in this figure to divide different types of Higgs boson exotic decays.



Top Mass Prediction from Precision Electroweak data
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D0 experiment
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Electroweak fit

Limit from electroweak fit

Tevatron Combination

Chris Quigg, private communication

Top discovery at Tevatron

Mtop = 175 —> 173 GeV

Current world average:
mtop = 173.1 ± 0.6 GeV 

           (0.35%)



�16

Higgs Mass  

Prediction 
from 
Precision  

Electroweak 

data  

and some 

extra help! 

PANIC 2011, 
July 28, 2011

WARNING:

Old Slid
e



W mass measurement

�17

77 /%G".%EB! .:�D FGEFE.�B
• ��."! ED �"&M0D �D! ��D> ./0!4Q

– )..0C&D> ED" 4"�G !�/� /�A&D> &D 77 /%G".%EB! ���
 �����

– .E0G "D"G>4 .:�D FE&D/.

• �
��
� ����
� ����
� 7 C�..� 7 L&!/% C"�.0G"C"D/.�

• ����� �"6 �⍺4�,C"�.0G"C"D/� �G �7�(%�!� � �02 56:.5�

• ��2 77 "K"D/. &D /E/�B P	�A 77 "K"D/. &D 1-���

– 	�� /&C". B�G>"G /%�D 1-�� :ECF�G&D> 77 G0D.

Ecm (GeV) Lumiosity(ab-1) Cross section (pb) Number of WW pairs (M)

157.5 0.5 1.6 0.8

161.5 0.2 5.1 1.0

162.5 1.3 6.6 8.6

172.0 0.5 12.4 6.2

2 methods to extract W mass

Direct measurement √s = 240 GeV
WW → lνqq , WW → qqqq  

Energy scan threshold
Limiting factor is beam energy uncertainty: ΔE ~ 0.5 MeV 

Hengne Li, 24-26 May 2018, CEPC Workshop, Rome, Italy

Mass Reconstruction
❖ Reconstruct the W boson invariant mass directly 

from the W decay products

❖ For WW->lνqq

❖ A 2-jet pair, and a lepton + MET

❖ For WW->qqqq

❖ Complicated by combinatorial ambiguities of jet 
pairing from two W decays.

❖ W mass value can be used as an estimator to find 
the best combination

❖ Remaining incorrect pairing treated as 
background (10 - 15% for LEP experiments)

!14

P1: FQP

September 14, 2000 21:20 Annual Reviews AR115-06

PRECISION MEASUREMENTS OF THE W BOSON MASS 235

Figure 11 Analysis of data
from theL3 experiment for the
W+W− → qqqq channel for
data taken at

√
s = 189 GeV.

data to Monte Carlo spectra corresponding to different values of MW. In addition
to its simplicity, this method has the advantage that all biases (from resolution,
ISR, selection, etc) are implicitly included in the Monte Carlo distributions. The
disadvantage of this method is that it may not make optimal use of all available
information. DELPHI employs a convolution technique, which makes use of addi-
tional information; in particular, events are weighted by the errors of the fit. The
convolution is limited in that it requires various approximations (e.g. the resolu-
tion is often assumed to be Gaussian) and often requires an a posteriori correction
because the fit procedure does not account for all biases, notably from ISR and
selection. As a cross check of the fitting procedure, all experiments fit the data
to a relativistic Breit-Wigner (with s-dependent width) plus background, which
also requires a posteriori corrections. Since the dominant systematic uncertainties
differ,MW is measured separately for the qqqq and the qqℓν samples. The results
are then combined, taking correlations into account, to yield an improved mea-
surement of MW. In the results given here, the standard-model relation between
MW and #W has been assumed (50).
Table 4 displays the results from each LEP experiment, using data collected at√
s = 172–189 GeV (47–49), for the qqℓν channel. Table 5 gives the results for

the qqqq channel.9 Also included is the combined result of all the measurements.

9These results are based in part on preliminary numbers for the data taken at
√
s = 189

GeV.
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The W mass measurement
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Fig. 5 Profiles of !χ2 versus MH (top), MW (middle) and sin2θℓ
eff

(bottom). In blue the present result and in light blue, green and orange
the present, LHC and ILC/GigaZ scenarios, respectively, all using the
future fit setup (reproducing MH ≃ 125 GeV) with corresponding
uncertainties. The impact of the theoretical uncertainties is illustrated
by the width of the coloured curves. See Table 3 for the numerical results
of these fits

almost a factor of 3 at the ILC/GigaZ. Again the current and
expected future direct measurements are also indicated on
the figure, keeping the central value unchanged. No improve-
ment in the precision of the direct measurement is expected
from the LHC, leaving the direct measurement a factor 5
less precise than the indirect determination. Only within the
ILC/GigaZ scenario a similar precision between the predic-
tion and direct measurement can be achieved.

 [GeV]tm
160 165 170 175 180 185

 [G
eV

]
W

M

80.32

80.34

80.36

80.38

80.4

80.42

80.44

80.46
68% and 95% CL fit contour

 measurementst and mWw/o M

Present SM fit
Prospect for LHC
Prospect for ILC/GigaZ

Present measurement

ILC precision
LHC precision

 1 ±WM

 1 ±tm

)eff
l(2sin

0.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319

 [G
eV

]
W

M

80.32

80.34

80.36

80.38

80.4

80.42

80.44

80.46
68% and 95% CL fit contour

) measurementseff
f(2 and sinWw/o M

Present SM fit
Prospect for LHC
Prospect for ILC/GigaZ

Present measurement

ILC precision
LHC precision

 1 ±WM

 1 ±) eff
f(2sin

Fig. 6 Fit constraints for the present and extrapolated future scenarios
compared to the direct measurements for the observable pairs MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom). The direct measurements
are not included as input measurements in the fits. For the future sce-
narios the central values of the other input measurements are adjusted
to reproduce the SM with MH ≃ 125 GeV. The horizontal and verti-
cal bands indicate in blue today’s precision of the direct measurements
and in light green and orange the extrapolated precisions for the LHC
and ILC/GigaZ, respectively. The ellipses receive significant contribu-
tions from the theoretical uncertainties parametrised by δtheo MW and
δtheo sin2θ

f
eff . For better visibility the measurement ellipses correspond-

ing to two degrees of freedom are not drawn

Figure 6 shows the allowed areas obtained for fits with
fixed variable pairs MW versus mt (top) and MW versus
sin2θℓ

eff (bottom) in the three scenarios. The horizontal and
vertical bands display the 1σ ranges of the current direct mea-
surements (blue), as well as the LHC (green) and ILC/GigaZ
(orange) expectations in precision. A modest improvement in
precision is achieved for the LHC, represented by the green
ellipses, when confronting the direct measurements with the
SM predictions. A much stronger increase in precision and
sensitivity is obtained with the ILC/GigaZ (orange ellipses).

3.3 Impact of the individual uncertainties

Table 4 shows a breakdown of the predicted uncertainties
of various parameters as obtained from the reduced elec-

123

Expectation in the future

!20

Future with CEPC contribution

MW = 80363 MeV ± 2  MeV 

MW = 80385 MeV ± 3 MeVPredicted

Measured + CEPC

❖ Borrow the figure from GFitter for 
LHC+ILC:

❖ Assume ILC gives similar 
improvements as CEPC on the 
“predicted values”

❖ Assume the directly measured 
central value does not change in 
the future

❖ A possible 4 to 5-sigma 
“bug” can be found in SM 
with the CEPC efforts!!! 



Electroweak observables at CEPC
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Expect to have ~7×1011 Z boson for electroweak precision physics 

CEPC: THE PRECISION FRONTIER 9

surements and electroweak observables attainable by the CEPC are summarized below.
The details of the analysis underpinning these projections are presented in Section 11.1

(a)

Current accuracy

CEPC: baseline and improvements
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Precision Electroweak Measurements at the CEPC

(b)

Figure 2.1: (a) Higgs coupling extraction in the -framework. (b) Projection for the precision of the
Z-pole measurements.

The CEPC will operate primarily at a center-of-mass energy of
p

s ⇠ 240 GeV. The
main mode of Higgs boson production is through e+e� ! ZH process, and with an
integrated luminosity of 5.6 ab�1, over one million Higgs bosons will be produced. At
CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through
a technique known as the recoil mass method without tagging its decay products. This
allows Higgs boson production to be disentangled from Higgs boson decay in a model-
independent way. Moreover, the cleaner environment at a lepton collider allows much
better exclusive measurement of Higgs boson decay channels. All of these give CEPC
impressive reach in probing Higgs boson properties. The resulting precision attainable by
CEPC in measurements of Higgs couplings is shown in the left panel of Figure 2.1(a) in
terms of the  framework [4]. The results can be further improved by including additional
measurements. For example, Z and W would be tightly constrained to be very close to
each other by the electroweak precision measurements.

Several aspects of the precision attainable at CEPC stand out. The CEPC will be able
to measure the Higgs coupling to the Z boson with an accuracy of 0.25%1, about a factor
of 10 better than the reach of the High Luminosity upgrade of the LHC (HL-LHC). Such
a precise measurement gives CEPC unprecedented reach into interesting new physics sce-
narios which are very difficult to probe at the LHC. The CEPC also has strong capability in
detecting invisible decays of the Higgs boson. For example, with 5.6 ab�1, it can improve
the accuracy of the measurement of the Higgs boson invisible branching ratio to 0.3%,
also more than 10 times better than the projected precision achievable by the HL-LHC.
In addition, it is expected to have excellent sensitivity to exotic decay channels which are
swamped by backgrounds at the LHC. It is also important to stress that an e+e� Higgs fac-
tory can perform model independent measurement of the Higgs boson width. This unique
feature in turn allows for the determination of the Higgs couplings without assumptions
about Higgs boson decay channels.

1This is the result from a 10-parameter fit. In particular, it includes the Higgs boson width as a free param-
eter. The result shown in Figure 2.1 is from a more constrained 7-parameter fit. See Section 11.1 for a full
set of results and more detailed explanations.
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LEP experiments for various measurements. Details about the estimation of these uncer-
tainties are described in the following.

Observable LEP precision CEPC precision CEPC runs CEPC
R

Ldt

mZ 2.1 MeV 0.5 MeV Z pole 8 ab�1

�Z 2.3 MeV 0.5 MeV Z pole 8 ab�1

A0,b

FB
0.0016 0.0001 Z pole 8 ab�1

A0,µ

FB
0.0013 0.00005 Z pole 8 ab�1

A0,e

FB
0.0025 0.00008 Z pole 8 ab�1

sin
2 ✓e↵

W
0.00016 0.00001 Z pole 8 ab�1

R0
b

0.00066 0.00004 Z pole 8 ab�1

R0
µ

0.025 0.002 Z pole 8 ab�1

mW 33 MeV 1 MeV WW threshold 2.6 ab�1

mW 33 MeV 2–3 MeV ZH run 5.6 ab�1

N⌫ 1.7% 0.05% ZH run 5.6 ab�1

Table 11.9: The expected precision in a selected set of EW precision measurements at the CEPC and
the comparison with the precision from the LEP experiments. The CEPC accelerator running mode
and total integrated luminosity expected for each measurement are also listed. Relative uncertainties
are quoted for N⌫ measurements.

11.2.1 Z POLE MEASUREMENTS

The CEPC offers the possibility of dedicated low-energy runs at the Z pole for at least two
years with a high instantaneous luminosity (1.6⇥10

35 cm�2s�1). The expected integrated
luminosity for the CEPC Z pole runs is more than 8 ab�1, corresponding to 10

11–10
12 Z

bosons. These runs allow for high precision electroweak measurements of the Z boson
properties, such as mass, total width and partial widths, and the parameters like the ratios
Rb = �Z!bb̄/�had and R` = �had/�Z!`¯̀.6 It would also perform high precision measure-
ments of the forward-backward charge asymmetry (AFB) and polarization asymmetries,
which allow the determination of the effective weak mixing angle (sin2 ✓e↵

W
). Another im-

portant quantity, which can be determined from the hadronic cross section measurement
at the Z peak, is the number of light neutrino species (N⌫). It is also possible to perform
some measurements with the Z boson without these dedicated low-energy runs near or at
the Z pole. For example, the direct measurement of the number of light neutrino species
can also be performed in ZH run at 240 GeV.

11.2.1.1 Z BOSON MASS AND WIDTH MEASUREMENTS

The mass mZ , together with its total width �Z , is a fundamental parameter in the SM and
was determined with an overall uncertainty of 2 MeV by the four LEP experiments [109–
112]. The lineshape scan around the Z boson peak was performed from 87.9 GeV to 94.3

6Here R` is defined as the ratio to any one charged lepton flavor, assuming lepton universality, not the ratio
to the sum of all lepton flavors.

Expect to have ~7×1011 Z boson for electroweak precision physics 



New physics from precision measurements
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Probe New Physics scale up to O(10-100) TeV 

Expect small limit improvement from top mass measurement improvement

360 REFERENCES

remaining uncertainties are estimated based on [189–192]. In the case of the W mass
measurement, an uncertainty of 1 MeV from the computation of the near-threshold WW
cross section is added in quadrature with the estimated four-loop theory uncertainty in the
observable itself.
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Figure 11.18: CEPC constraints on the oblique parameters S and T . (a):comparison of CEPC projec-
tion (orange) to current constraints (blue). Contours are 68% confidence level. (b): a closer look at the
CEPC fit, showing 68% confidence level (solid) and 95% confidence level (dashed).

The results of the fit are depicted in Figure 11.18. Solid contours are 68% confidence
level curves, meaning ��2

mod = 2.30; the dashed contour is 98% C.L. (��2
mod = 6.18).

For clarity we have assumed that the measured central values will precisely agree with
Standard Model predictions. In particular, the contour depicting current constraints is
artificially displaced to be centered at the origin, though it accurately reflects the size
of the uncertainties in current data. From the figure, we see that the results of CEPC will
significantly shrink the error bars on the S and T parameters relative to currently available
data.

By fixing T = 0 or S = 0, we can also obtain the projected one-parameter 68%
C.L. bounds on S and T . As one-parameter fits these correspond to ��2

mod = 1.0. We
obtain:

|S| < 3.6 ⇥ 10
�2

(current), 7.9 ⇥ 10
�3

(CEPC projection), (11.34)
|T | < 3.1 ⇥ 10

�2
(current), 8.4 ⇥ 10

�3
(CEPC projection). (11.35)

Thus CEPC will achieve about a factor of four improvements in the precision of both
oblique parameters that are considered here.
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blind spots

Dark sector search
With Z rare decay Right-handed 

neutrinos

Origin of neutrino 
mass

200 400 600 800 1000

200

400

600

800

1000

m t~1 [GeV]

m
t~
2
[G
eV

]

Spin-0
gh b~1 b

~
1
= 0

Current limit

Current expected sensitivity

LHC Run 3

LHC Run 4

CEPC

ILC

FCC-ee/hh

Figure 3: Excluded parameter space and expected sensitivities at the 2� CL of current (gray)
and future data (various colors) for spin-0 top-partners in the mt̃2

versus mt̃1
plane. In the

left plot, we assume tan � ' 1 and hb̃1b̃1 coupling vanishes (Eq. (5.47)), while in the right
plot, tan � is large to maximize the D-term contributions in the stop and sbottom sector
(Eq. (5.48)). We assume that top partners are the only BSM contributions to the Higgs
couplings and can contribute to exotic Higgs decay through h ! t̃t̃ and, possibly, h ! b̃1b̃1.
The other Higgs couplings are fixed to their SM values. For both plots, we require m

b̃1
to

be real in the allowed region.

Eq. (5.45).
As anticipated in Section 5.1, the lower bounds on the masses are strongest for mt̃1

= mt̃2

and weaker for split masses. The constraints and projections along the degenerate direction
for high masses arise dominantly from the presence of the two stops in the hgg and h��

loops. Comparing the two plots in this region, we see that the D-term contribution in the
stop mass matrix Eq. (5.25) and in the Higgs-stop-stop couplings Eqs. (5.29)–(5.31), as well
as including the sbottom contribution, only slightly extends the constraints and projections
at the O(1%) level. When one of the stops becomes lighter than half the Higgs mass,
constraints arise from h ! t̃t̃ (left plot) and from h ! t̃t̃ and h ! b̃1b̃1 (right plot). If
one of the stops becomes heavy, the coupling of the Higgs to the lighter stop with mass
below mh/2 becomes small and the Higgs decay to the lighter stop vanishes. However, in
the presence of a light left-handed sbottom (corresponding to a light left-handed stop, t̃1),
the Higgs decay width to sbottoms is large; while the current data is unable to rule out the
mt̃2

< mh/2 region entirely, future LHC Run 3 data can su�ciently constrain exotic Higgs
decays to probe this region completely.

25

Figure 11: Expected sensitivities at the 2� C.L. of FCC-ee for spin-0 models with additional
constraints from ��Zh. In the left plot, we assume tan � ' 1 and hb̃1b̃1 coupling vanishes
(Eq. (5.47)), while in the right plot, tan � is large to maximize the D-term contributions in
the stop and sbottom sector (Eq. (5.48)).

CEPC and FCC-ee [71, 72, 93]), we observe additional constraints in the non-degenerate
region when tan � ! 1. As seen in Fig. 11, less additional parameter space is constrained
when tan � is large. If we were to increase the statistics of the future lepton colliders and
improve the measurement on ��Zh to 0.1%, we start to probe more of the non-degenerate
region in both cases. With 0.1% of data, we can also robustly rule out mt̃1

 150 GeV
in both cases. However, one should note that this is tied to the ansatz that t̃1 is mostly
left-handed in our setup, which fixes the b̃1 mass. This is also the reason why the limits are
not symmetric under the interchange of t̃1 and t̃2. It would be interesting to study fully the
large-mixing region of small stop- and sbottom-masses in the MSSM to find robust lower
bounds.

For fermionic top partners, which we consider to be part of an EFT, we do not implement
a full one-loop analysis, as there can be additional dimension-six operators generated at the
UV scale that could also contribute to the Higgstrahlung cross-section. However, we can still
make a conservative estimate of the contribution to the Zh cross section from the top-partners
using WFR in the EFT with the assumption that there are no large cancellations between
the loop-e�ects and higher-dimension operators. With this assumption, the deviation in the
Zh cross-section, from the the finite contributions to Higgs WFR in the multiple fermionic
top partner model in Section 5.2.4, is given by,

��Zh = �
m

2
t

8⇡2

�
⇢

2

m
2
T1

+
(1 � ⇢)2

m
2
T2

�
. (A.70)

36

Figure 8: Left: LHC and CEPC precision Higgs constraints in the mt̃1
� mt̃2

plane from Higgs couplings to gluons and photons, from [] Right: Coverage of
blind spots including precision measurement of the Zh cross section. ( Obtain
up-to-date CEPC-specific plots – NC)

with the broken global symmetry, although precise corrections may vary between177

Higgs couplings to fermions and gauge bosons depending on the model. As shown178

in Fig. 9, the precision attainable at the CEPC probes this mixing to better than one179

part in one hundred, translating to an energy reach of several TeV. In the simplest180

composite realizations of global symmetries, bounds on v
2
/f

2 translate directly181

into lower bounds on the tuning of the electroweak scale, but this tuning may be182

avoided in Little Higgs models and related constructions.183

Loop level184

Global symmetry approaches to naturalness likewise feature a plethora of new185

states near the weak scale, albeit with the same statistics as their Standard Model186

counterparts. While corrections to Higgs couplings from loops of these new par-187

ticles are typically sub-dominant compared to tree-level corrections, they provide188

a more immutable test of naturalness. As with supersymmetry, the largest cor-189

rections are typically due to the fermionic top partner sector, due to the large190

coupling of these partners to the Higgs and their proximity to the weak scale. As191

such partners typically carry Standard Model quantum numbers, the most striking192

corrections are to the loop-level couplings of the Higgs to gluons and photons.193

Consider a theory involving two top partners T1, T2 whose couplings are dic-194
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Figure 2.14: Collider observables in the real scalar singlet model. Points in theory space with a first
order phase transition are shown in orange, points with a strongly first order phase transition are shown
in blue, and points with a strongly first order phase transition that also produces detectable gravitational
waves are shown in red. The funnel region at �3/�3,SM ⇡ 1 corresponds to a “blind spot” where a first
order phase transition is obtained despite having SM-like couplings. The figure is reproduced from
Ref. [62].

Figure 2.14 shows that the models with a first order phase transition (all colored points)
also generally predict large deviations in the HZZ coupling. For the models with a
strongly first order phase transition (blue and red points) the effect on gHZZ is large
enough to be tested by CEPC. Additionally, most of the parameter points also predict
a large enhancement to the Higgs trilinear self-coupling that can be probed by a future
100 TeV hadron collider experiment, like the proposed SppC. The funnel region of or-
ange points at �3/�3,SM ⇡ 1 corresponds to a "blind spot” where the Higgs-singlet mixing
vanishes. Thus, apart from the blind spot, the reach of CEPC is sufficient to probe a first
order electroweak phase transition across the entire parameter space of these models.

The blind spot mentioned above corresponds to two scenarios. The Higgs-singlet mix-
ing could vanish, because of an accidental cancellation between aHS and �HSvS . This
corresponds to an artificially fine-tuned parameter space, that is not theoretically appeal-
ing. Alternatively, the mixing vanishes identically in the Z2 symmetric limit of the singlet
extension. In this case, the relevant parameter space is shown in Figure 2.13. The right
panel shows the predicted deviation in the HZZ coupling away from the Standard Model
expectation, which is comfortably within reach of CEPC’s projected sensitivity.

Another representation of the parameter space appears in Figure 2.15, which shows a
correlation between the phase transition temperature and the Higgs cubic self-coupling.
For a similar analysis see also Ref. [64], but note that this article was published before the
Higgs boson mass was determined.

Among all possible new physics that renders the electroweak phase transition to be first
order, we focus on the singlet extension here, because it is the most challenging to test
with collider experiments. To illustrate this point, one can allow the new scalar particles
to carry an electric charge (similar to a two-Higgs doublet model). An analysis of this
model has been performed in Ref. [62], and the results are shown in Figure 2.16. The
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CEPC Accelerator Chain and Systems
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The 100k tunnel cross section
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Proposed in Lausanne Workshop in 1984

LEP tunnel internal diameter is 3.8 metres in the arcs

CEPC 
Booster

SPPC 
collider

CEPC 
collider

4.4 or 5.5 metres in the straight sections
CEPC Civil Engineering Design very advanced



The CEPC Baseline Collider Design
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Double ring
Common RF cavities for Higgs

Two RF sections in total

Two RF stations per RF section

10 x 2 = 20 cryomodules

6 2-cell cavities per cryomodule



The CEPC Baseline Collider Design — Injection
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Total beam transfer
efficiency: 90%

e+/e- beam energy:
10 GeV

Positron target

45 GeV Plasma Wakefield 
Accelerator considered 

as an alternative



Main Parameters of Collider Ring
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 Higgs W Z（3T） Z（2T）

Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 0.34 0.036
Crossing angle at IP (mrad) 16.5×2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch Ne (1010) 15.0 12.0 8.0

Bunch number (bunch spacing) 242 (0.68µs) 1524 (0.21µs) 12000 (25ns+10%gap)
Beam current (mA) 17.4 87.9 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
β function at IP βx* / βy* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001

Emittance εx/εy (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016

Beam size at IP σx /σy (µm) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04

RF frequency f RF (MHz)  (harmonic) 650 (216816)

Bunch length σz (mm) 3.26 5.9 8.5

Natural energy spread (%) 0.1 0.066 0.038
Photon number due to beamstrahlung 0.29 0.35 0.55
Lifetime (hour) 0.67 1.4 4.0 2.1
Luminosity/IP L (1034 cm-2s-1) 2.93 10.1 16.6 32.1



Accelerator key technologies R&D — prototypes
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CEPC 650 MHz Cavity 

Collaboration with Photon Source 
projects in Shanghai and Beijing

(1.3 GHz cavities)

High Efficiency Klystron
“High efficiency klystron collaboration consortium”, including IHEP, 

Institute of Electronic) of CAS,  and Kunshan Guoli Science and Tech.

3 high-efficiency 
klystron (up to 80%) 

prototypes to be built 
by 2021

Lmag = 5 m, Bmin = 30 Gs, Errors <5×10-4

Booster low-field dipole magnets Vacuum system R&D

- 6m copper vacuum chamber: pressure 2 × 10-10 torr
- Bellows module: allow thermal expansion, alignment



Detector requirements from physics
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Momentum resolution :
•  Higgs recoil mass, Higgs coupling to muons, smuon endpoint

• c/b-tagging, Higgs branching ratios

• Separation of W/Z/H in di-jet modes

• Forward electron and photon tagging

σpT
/p2

T ∼ 2 × 10−5 GeV−1

for jets above 50 GeV

Impact parameter resolution:

Jet energy resolution:

Large angular coverage

σrϕ ∼ a ⊕ b/(p[GeV]sin3
2 θ) μm

Physics programme and detector requirements Linear colliders

Linear collider detector needs

Momentum resolution
Higgs recoil mass, smuon endpoint,
Higgs coupling to muons

! �pT/p
2
T ⇠ 2⇥ 10�5GeV�1 above 100GeV

Impact parameter resolution
c/b-tagging, Higgs branching ratios

! �r' ⇠ a� b/(p[GeV] sin
3
2 q)µm

a = 5 µm, b = 10� 15 µm

Jet energy resolution
Separation of W/Z/H di-jets

! �E/E ⇠ 3.5% for jets at 50-1000GeV

Angular coverage
Very forward electron and photon tagging

! Down to q = 10mrad (h = 5.3)

Requirements from beam structure and
beam-induced background

! Note: Ongoing study to re-define needs for
precision measurements
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a = 5 μm, b = 10-15 μm

σE /E ∼ 3.5 %

• Solenoid field, beam structure, beam induced backgrounds
Requirements from beam environment

for high-pT

Precision measurements:

Require excellent momentum resolution 
and flavor tagging

Low-mass vertex and tracking detectors
High granularity

Require excellent energy resolution
Employ excellent calorimeters

(particle flow, dual readout)



CEPC: 2.5 detector concepts
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Baseline detector
ILD-like 
(3 Tesla)

Final two detectors likely to be a mix and match of different options

DR
AF

T-
0

8 EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

Figure 3.2: Schematic layout of the IDEA detector. Sub-detectors are outlined in different colors :
vertex detector (red), drift chamber (green), pre-shower (orange), magnet (gray), calorimeter (blue),
magnet yoke and muon system (violet).

pixel technology as well as profit from the electronic and mechanical work of the ALICE
ITS.

Outside the vertex detector we find a 4 m long cylindrical drift chamber starting from
a radius of ⇠30 cm and extending until 2 m. The chamber can be made extremely light,
with low mass wires and operation on 90% helium gas; less than 1% X0 is considered
feasible for 90� tracks. Additional features of this chamber, which is described in detail in
section 6.3, are a good spatial resolution, <100 µm, dE/dx resolution at the 2% level and
a maximum drift time of only 150 nsec. Track momentum resolution of about 0.5% for
100 GeV tracks is expected when vertex detector and pre-shower information is included
in the track fit. It is worth noting that the design of this chamber is the evolution of work
done over many years on two existing chambers, that of the KLOE detector [12] and that
of the recent MEG experiment upgrade [13]; major R&D work was done also for the 4th
concept at ILC [14] and then for the Mu2E tracker [15].

A pre-shower is located between the drift chamber and the magnet in the barrel region
and between the drift chamber and the end-cap calorimeter in the forward region. This
detector consists of a ⇠1 X0 = 0.5 cm of lead followed by a layer of silicon micro-strip
detectors. A second layer of MPGD chambers is located between the magnet and the
calorimeter in the barrel region, while in the end-cap region an additional layer of lead
is placed between the silicon and the chambers. This way about 75% of the ⇡0’s can be
tagged by having both �’s from their decay identified by the pre-shower. The silicon layer,
besides increasing the tracking resolution, provides a very precise acceptance determina-
tion for both charged particles and �’s. The optimization of pre-shower thickness and
calorimeter resolution is still in progress.

A solenoidal magnet surrounds the tracking system and the first pre-shower layer.
Presently planned dimensions are 6 m of length and 4.2 m inner diameter. The relatively
low two Tesla field and the small dimensions have important implications on the overall
magnet package thickness, that can be kept at the 30-40 cm level, and on the size of the

Low
magnetic field

concept
(2 Tesla)

FULL-SILICON TRACKER DETECTOR 43
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Figure 5.16: The R-Z view of the full silicon tracker proposed for CEPC (left) and the enlarged version
of SID design (right).
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Figure 5.17: The number of expected hits are shown as function of track pesuro-rapadity.

Full silicon 
tracker
concept

CEPC plans for 
2 interaction points

IDEA - also proposed for FCC-ee 

Particle Flow Approach



CEPC baseline detector: ILD-like: Design Considerations
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CEPC detector  (1)  
• ILD-like design with some modification for circular collider  

• No Power-pulsing 
• Tracking system (Vertex detector, TPC detector , 3.5T magnet) 

• Expected Impact parameter resolution: less than 5μm 
• Expected Tracking resolution : δ(1/Pt) ~ 2*10-5(GeV-1) 

• Calorimeters: Concept of Particle Flow Algorithm (PFA) based 
• Expected jet energy resolution : σE/E ~ 0.3/√E 

 
 

3 

Magnetic Field: 3 Tesla — changed from preCDR  

Major concerns being addressed
1. MDI region highly constrained

L* increased to 2.2 m
Compensating magnets

3. TPC as tracker in high-luminosity
Z-pole scenario

4. ECAL/HCAL granularity needs
Passive versus active cooling

2. Low-material Inner Tracker design



Detector optimization
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ARBOR ALGORITHM & STRATEGY TO THE OBJECT RECONSTRUCTION 183

Figure 11.1: KL shower reconstructed by the Arbor algorithm, the branches � the calorimeter hit
clusters � are corresponding to the trajectories of charged particles generated in the shower cascade.
The interaction points could be clearly identified.
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Figure 11.2: Dummy Plots for the Hit collection efficiency.

performance, dedicated di-photon sample has been generated. Fig. 11.3 shows the re-
construction efficiency of these 2 photon events (characterized as successfully reconstruct
two photon with anticipated energy and positions). Defining the critical distance at which
50% of the event are successfully reconstructed, we observed that the critical distance is
roughly 2 times the cell size for cell size smaller than the Moliere radius.

Optimization based on 
particle flow oriented detector

and
full simulation Geant4

KL shower reconstructed by the Arbor algorithm 

Common CEPC software tools
available at:

http://cepcsoft.ihep.ac/docs

25/05/2018 CEPC WS@Rome 5Some studies done with fast simulation

Complete set of physics
results in CDR



CEPC + FCC-ee: IDEA  
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Vertex: Similar to CEPC default  
* Drift chamber: 4 m long; Radius ~30-200 cm, 
~ 1.6% X0 , 112 layers
Preshower: ~1 X0

* Dual-readout calorimeter: 2 m/8 λint 
* (yoke) muon chambers (MPGD)

Magnet: 2 Tesla, 2.1 m radius

    Thin (~ 30 cm), low-mass (~0.8 X0)

132 EXPERIMENTAL CONDITIONS, PHYSICS REQUIREMENTS AND DETECTOR CONCEPTS

Figure 3.11: Schematic layout of the IDEA detector.

it to be located between the calorimeter and the tracking volume without a significant1

performance loss.2

The innermost detector, surrounding the 1.5 cm radius beam pipe, is a silicon pixel3

detector for the precise determination of the impact parameter of charged particle tracks.4

Recent test beam results on the detectors planned for the ALICE inner tracker system5

(ITS) upgrade, based on the ALPIDE readout chip [21], indicate an excellent resolution,6

⇠5 µm, and high efficiency at low power and dark noise rate [22]. This looks like a good7

starting point for the IDEA vertex detector and a similar approach is proposed for the8

CEPC baseline detector (see Section4.1). The two detector concepts could then share the9

same pixel technology as well as profit from the electronic and mechanical work of the10

ALICE ITS.11

Outside the vertex detector we have a 4 m long cylindrical drift chamber starting from12

a radius of ⇠35 cm and extending until 2 m. The chamber can be made extremely light,13

with low mass wires and operation using 90% helium gas; less than 1% X0 is considered14

feasible for 90� tracks. Additional features of this chamber, which is described in detail in15

Section 4.4, are a good spatial resolution, <100 µm, dE/dx resolution at the 2% level and16

a maximum drift time of only 400 ns. A layer of silicon microstrip detectors surrounds the17

drift chamber in both barrel and forward/backward regions. Track momentum resolution18

of less then 0.5% for 100 GeV tracks is expected when vertex detector and silicon wrapper19

information is included in the track fit. It is worth noting that the design of this chamber is20

the evolution of work done over many years on two existing chambers, that of the KLOE21

detector [23] and that of the recent MEG experiment upgrade [24]; major R&D work was22

done also for the 4th concept detector at ILC [25] and then for the Mu2E tracker [26].23

Only concept with calorimeter outside the coil

New technology
proposal:
μRwell

158 MUON SYSTEM

as well as current evacuation. The foil is then coupled to a readout board 8.2b). A chemi-
cal etching process is then performed on the top surface of the overall structure in order to
create the WELL pattern (conical channels 70 um (50 um) top (bottom) in diameter and
140 µm pitch) that constitutes the amplification stage 8.2c). The high voltage applied be-
tween the copper and the resistive DLC layers produces the required electric field within
the WELLs that is necessary to develop charge amplification. The signal is capacitively
collected at the readout strips/pads. Two main schemes for the resistive layer can be en-
visaged: a low-rate scheme ( for particles fluxes lower than 100 kHz/cm2) based on a
simple resistive layer of suitable resistivity; and an high-rate scheme (for a particle flux
up to 1MHz/cm2) based on two resistive layers intra-connected by vias and connected to
ground through the readout electrodes. Finally, a drift thickness of 3-4 mm allows for
reaching a full efficiency while maintaining a versatile detector compactness.

Figure 8.2: a) Layout of a µRWell detector module; b) Coupling steps of the µRWell PCB c) Ampli-
fication stage directly coupled with the readout.

A distinctive advantage of the proposed µRWell technology is that the detector does
not require complex and time-consuming assembly procedures (neither stretching nor glu-
ing), and is definitely much simpler than many other existing MPGDs, such as GEMs or
MicroMegas. Being composed of only two main components, the cathode and anode
PCBs, is extremely simple to be assembled. The engineering and the following indus-
trialization of the u-RWell technology is one of the most important goals of the project.
The engineering of the detector essentially coincides with the technological transfer of
the manufacturing process of the anode PCB to a suitable industrial partner. The main

Proposed by INFN, Italy colleagues



Detector Challenges and R&D
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Machine-detector interface (MDI) in circular colliders
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High luminosities Final focusing quadrupole (QD0) needs to be very close to IP 
L* = 2.2 m at FCC-ee and CEPC

Interaction Region

• Layout of the interaction region: extremely limited space for 
several critical components → trade-offs, optimizations toward 
a more realistic design

Machine-Detector Interface, H. Zhu 313-15 Sept 2018

L* = 2.2 m
Crossing angle 33 mrad

Detector 
acceptance:
> ± 150 mrad

Solenoid magnetic 
field limited:

2-3 Tesla
due to beam emittance 

blow up

Cooling of beampipe needed → increases material budget near the interaction point (IP)

L*



Baseline Pixel Detector Layout
3-layers of double-sided pixel sensors

✦ ILD-like layout
✦ Innermost layer: σSP = 2.8 μm
✦ Polar angle θ ~ 15 degrees

Implemented in GEANT4 simulation framework (MOKKA)

DETECTOR PERFORMANCE STUDIES 13

R(mm) |z|(mm) |cos✓| �(µm) Readout time(us)

Layer 1 16 62.5 0.97 2.8 20
Layer 2 18 62.5 0.96 6 1-10
Layer 3 37 125.0 0.96 4 20
Layer 4 39 125.0 0.95 4 20
Layer 5 58 125.0 0.91 4 20
Layer 6 60 125.0 0.90 4 20

Table 4.1: Vertex detector parameters

embedded in the jets. For CEPC operation at the center-of mass energy of 240 GeV, those
tracks are often of low momentum, for which the multiple scattering effect dominates the
tracking performance as illustrated by Eq. 4.1

The CEPC vertex detector layout has been fully implemented in the GEANT4-based
simulations framework MOKKA [2]. In addition, as inspired by the detailed studies for
the CLIC detectors [3], fast simulation with the LiC Detector TOY simulation and re-
construction framework (LDT) [4] has been used for detector performance evaluation and
layout optimisation. The preliminary studies for optimisation to evaluate the sensitivity
of the results on the chosen parameters had been done, for the purpose of assessing the
impact of the detector geometries and material budgets on required flavor-tagging perfor-
mance. However, beam-induced background was not included at the moment.

4.3.1 Performance of the Baseline Configurations

The impact parameter resolution following from the single point resolutions provided in
the table 4.1 is displayed in figure 4.2 as a function of the particle momentum, showing
that the ambitious impact parameter resolution is achievable.

4.3.2 Material Budget

The baseline design includes very small material budget for the beam pipe as well as for
the sensor layers and their support. To assess the sensitivity of the performance on the
amount of material, the material budget for the detection layers of the vertex detector has
been varied. The resulting transverse impact-parameter resolutions for low-momentum
tracks are shown in Figure 4.3. When increasing the material of the detector layers by a
factor of two, the resolution will be degraded by approximately 20%.

4.3.3 Dependence on Single-Point Resolution

The dependence of the transverse impact-parameter resolution on the pixel size was stud-
ied by varying the single-point resolution for the simulation of the vertex layers by worse
of 50% w.r.t. the baseline values. The resulting resolutions for high and low track mo-
menta as function of the polar angle ✓ are shown in Figure 4.4. The resolution for
track momenta of 100GeV is found to change by approximately 50% in the barrel re-
gion. Here they exceed the target value for the high-momentum limit of a⇡5µm for both
pixel sizes, as expected from the corresponding single-point resolutions. For 1GeV, where

Ladder
3

Ping Yang (CCNU ) 13

CMOS pixel sensor & technology 

Epi	

Sub

+
STI

NMOS

STIN+ N	well P+P+

PMOS

Deep	P	well

Minus	voltage	0~	-6V

N	wellN+

Depletion	Region
++

__
_

P+

Integration	diode	N+/epi Reset	diode	P+/Nwell

p	wellN+ N+

Deep	P	well

➢ 	Integrated	sensor	and	readout	electronics	on	the	same	silicon	bulk	with	
“standard”	CMOS	process	:	low	material	budget,	low	power	consumption,			
low	cost	…		

	Ultimate	(Mimosa	28)	installed	for	STAR	PXL,	ALPIDE	for	ALICE	ITS	Upgrade

➢ Selected	TowerJazz	0.18	µm	CIS	technology	for	CEPC	R&D,	featuring:		
• Quadruple	well	process:		deep	PWELL	shields	NWELL	of	PMOS		
• Thick	(18-40	μm)	and	high	resistivity	(≥1	kΩ•cm)	epitaxial	layer:	larger	

depletion		
• Thin	gate	oxide	(<	4	nm):	robust	to	total	ionizing	dose	
• 6	metal	layers

25/1/2017IAS Program on High Energy Physics 2017 

Integrated sensor and readout electronics on the 
same silicon bulk with “standard” CMOS process:
- low material budget, 
- low power consumption, 
- low cost …

CMOS pixel sensor (MAPS)

Ladder
1

Ladder
2

Low material budget
~ 0.15%X0 per layer



Current R&D activities
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Process Smallest 
pixel size

Chips 
designed Observations

CMOS pixel sensor (CPS) TowerJazz CIS 0.18 μm 22 × 22 μm2 2 Founded by MOST and IHEP
SOI pixel sensor LAPIS 0.2 μm 16 × 16 μm2 2 Funded by NSFC

• Institutions: CCNU, NWTU, Shandong, Huazhong Universities and IHEP 

Initial Pixel sensor R&D:

Pixel Detector prototype:

X-Y viewer of VXD and SIT

SIT

VXD

L1

L2

L3

62.5 mm

Double sided ladder Layer 1 (11 mm x 62.5 mm) 
Chip size: 11 mm X 20.8 mm

3 X 2 layer = 6 chips

• Develop full size CMOS sensor for use in real size prototype, with good radiation hardness



Silicon Tracker Detector - Baseline

SILICON TRACKER 157

6.3 Silicon Tracker

In addition to the vertex detector (Section 6.2) and the TPC (Section 6.4), the CEPC
tracking system also includes a silicon tracker, exploring a similar scenario to that adopted
for the ILD detector design [2]. Complementary to the continuous tracking provided by
the main tracker TPC, the CEPC silicon tracker, together with the vertex detector, provides
several additional high-precision space-points on the track trajectory before and after the
TPC, yet with sufficiently low material as to minimise the multiple-scattering effect. Such
a tracking system, using a mixture of detector technologies, enables efficient and robust
reconstruction of charged particles and precise determination of the particle momenta,
with excellent resolution of

�1/pT
= 2 ⇥ 10�5 � 1 ⇥ 10�3

pT · sin ✓.
(6.2)

In addition, the silicon tracker provides the possibility to monitor possible field distor-
tion in the TPC. It also contributes to the detector alignment and allows time-stamping for
the separation between bunch crossings to suppress overlapping events.

Figure 6.8 Preliminary layout of the CEPC silicon tracker. The red lines indicate the positions of the
vertex detector layers and the blue lines the SIT and FTD for the silicon tracker. The SET and ETD, which
sit outside the TPC, are not displayed.

6.3.1 Baseline Design

The baseline design for the CEPC silicon tracker adopts the same concept of “Silicon
Envelope” [31] as for the ILD detector, but necessary modifications are made to cope

Not much R&D
done so far

TPC

SIT

VTX

SET: r = ~1.8 m

ETD: z = ~2.4 m

Pixels

Tracker material
budget/layer: 

~0.50-0.56% X/X0

1. Microstrip sensors
2. Large CMOS pixel                       

sensors (CPS)

Sensor technology

Power and Cooling
1. DC/DC converters
2. Investigate air cooling

25 cm

12 cm Total Silicon area ~ 68 m2

Extensive opportunities for international participation



Time Projection Chamber (TPC)
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Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout

Talk by Huirong Qi (Thu.)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 40 / 51
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Critical technology challenges of TPC detector1

It will be challenging to design and manufacture the support structure with a relatively2

light material, and at the same time very rigid. It is required to maintain accuracy, ro-3

bustness in all directions, and stability over long time periods. As the field cage is not4

strong enough due to the limited material budget, the end-plates become the only choice,5

where the support structure connects to. In the current stage of design, the TPC end-plate6

support scheme has not yet been finalized. A promising solution is to suspend it from the7

solenoid, in which a number of spokes run radically along the faces of the calorimeter to8

the TPC end-plates.9

Figure 4.13: Ion backflow effects on the TPC tracking within the CEPC beam conditions. Left:
Diagram of the distortion effects on TPC tracks caused by the ion backflow disks. The electrons from
gas ionization originated by a track crossing the TPC (green line), in the absence of ion backflow,
would drift directly towards the end planes following the red dotted lines. The ion disk clouds cause
distortions in their path (blue lines) degrading the track measurement. (The lower part of the diagram
shows the operation in case of the usage of a gating grid, a solution adopted for ILC but that is not
applicable to the CEPC due to the short bunch space.) Right: The profile of the ions disks under the
beam structure of a high-luminosity circular machine such as the CEPC.

Ions in the drift volume of the TPC move towards the cathode at a much lower velocity10

than electrons, and they can accumulate in this volume to build up a significant space11

charge in the form of ‘ion discs’ that distort the trajectory of electrons moving towards the12

anodes.2 In the CEPC TPC, the majority of ions inside the drift volume are created in the13

amplification region and backflow to the drift region. It is therefore important to suppress14

this ion backflow in order to minimize the deteriorating influence on spatial resolution.15

Figure 4.13 shows a diagram of the distortion due to ion backflow and ion disks in16

CEPC. An often used method of backflow suppression is a so-called gating grid;3 however,17

it is not applicable here because the bunch spacing of 25 – 680 ns is short compared with18

2With the electron drift velocity of 5 cm/ µs, it takes ⇠ 40 µs for all the electrons to drift 2 m to reach the
end-plate. On the other hand, ions drift with a velocity of only 5 m/s. This leads to ions from hundreds of
thousands of events overlapping in the TPC volume.
3Early TPCs were equipped with multi-wire proportional chambers (MPWCs) as gas amplification devices.
The IBF ratio in a standard MWPC is 30–40%, so a gating grid is essential to prevent ions from reaching
the drift volume. In the presence of a trigger, the gating grid switches to the open state to allow ionization
electrons to travel into the gas amplification region. After a maximum drift time of about 100 µs the gating
grid is closed to prevent positive ions from drifting back into the drift volume. Since it must remain closed
until the ions have been collected on the grid wires, the ionization electrons are also blocked during this
time and dead time is consequently generated.

Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout

Talk by Huirong Qi (Thu.)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 40 / 51

Detector R&D Time Projection Chamber

Time projection chamber

TPC as tracker studied for ILD, CEPC

⇠ 200 space points along the track

dE/dx measurement for PID

Challenges under study
Hit timing and momentum resolution,
ion back flow, occupancy

Readout: Micro-pattern gas detectors
Double/Triple GEM
Resistive micromegas
Integrated pixel read-out

Large TPC prototype

GEM and Micromegas readout

Talk by Huirong Qi (Thu.)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 40 / 51

Readout: Micro-pattern gas detectors
Double/trip GEMs
Resistive micromegas
Integrated pixel readout

dE/dx measurement for PID
Ion backflow → affects resolution Solution: Gating concepts and new 

readout modules under study 



Particle flow calorimeters (ILC, CLIC, CEPC and FCC-ee)
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3%-4% jet energy resolution reachable with Particle Flow Analysis (PFA)

Average jet composition
60% charged particles
30% photons
10% neutral hadrons

Use best information
60% tracker
ECAL
HCAL

Detector R&D Calorimetry

Particle flow calorimeters
Pursued for ILC, CLIC, CEPC and FCC-ee

3%–4% jet energy resolution reachable with Particle Flow Analysis (PFA)

Idea:

Average jet composition

60% charged particles
30% photons
10% neutral hadrons

Always use the best information

60% ! tracker ,
30% ! ECAL ,
10% ! HCAL /

Particle Flow Analysis: Hardware + Software

Hardware: Resolve energy deposits
from di↵erent particles
! High granularity calorimeters

Ejet=EECAL+EHCAL

Software: Identify energy deposits
from each individual particle
! Sophisticated reco. software

Ejet=Etrack+Eg+En

!

!
p+

n
g

ALICE: Yota Kawamura (Tues.), Hongkai Wang (Tue.)

CALICE: Yong Liu (Tue.), Boruo Xu (Tue.), Burak Bilki (Thu.), Imad Laktineh (Thu.)

CEPC: Zhigang Wang (poster)

CMS HGCal: Florian Pitters (Tue.), Francesco Romeo (Tue.), Johan Borg (Thu.)

FCC-hh: Coralie Neubüser (Wed.)

Front-end electronics: Christophe De La Taille (Wed.)
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n
g

ALICE: Yota Kawamura (Tues.), Hongkai Wang (Tue.)

CALICE: Yong Liu (Tue.), Boruo Xu (Tue.), Burak Bilki (Thu.), Imad Laktineh (Thu.)

CEPC: Zhigang Wang (poster)

CMS HGCal: Florian Pitters (Tue.), Francesco Romeo (Tue.), Johan Borg (Thu.)

FCC-hh: Coralie Neubüser (Wed.)

Front-end electronics: Christophe De La Taille (Wed.)
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Particle Flow Analysis: Hardware + Software

Full detector solution



Particle Flow calorimeter options
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Test beam experiments at DESY, CERN, FNAL: 2006 - 2015
First physics prototypes of up to ~1 m3, ~ 2 m3 (with Tail Catcher Muon Tracker)

Detector challenges:
- Compact design
- Calibration of channels
- Cooling
- Cost

PFA calorimeter: active layer technologies
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Detector R&D Calorimetry

Calorimetry: Active layer technology: Examples

Silicon PIN diodes (1⇥ 1 cm2 in 6⇥ 6 matrices) Scintillator tiles/strips (here 3⇥ 3 cm2) + SiPMs

Resistive place chambers (1⇥ 1 cm2 signal pads)

Eva Sicking (CERN) Detector challenges for high-energy e+e� colliders May 22, 2017 43 / 51

Scintillator tiles/strips
(here 3 × 3 cm2) + SiPMs 

Studies started on a Crystal (LYSO:Ce + PbWO) ECAL (March 11 Workshop at IHEP)



Dual Readout Calorimeter
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DUAL-READOUT CALORIMETRY 103

Figure 5.52: A possible 4⇡ solution (called "wedge" geometry).

Figure 5.53: (a) Fibre arrangement inside the modules. (b) Dimensions of a module in the barrel
region (at ⌘ = 0): from inside to outside the number of fibres more than doubles.

Figure 5.54: An alternative 4⇡ solution (called "wing" geometry).

Projective 4π layout implemented into CEPC simulation
(based on 4th Detector Collaboration design)

DUAL-READOUT CALORIMETRY 103

Figure 5.52: A possible 4⇡ solution (called "wedge" geometry).

Figure 5.53: (a) Fibre arrangement inside the modules. (b) Dimensions of a module in the barrel
region (at ⌘ = 0): from inside to outside the number of fibres more than doubles.

Figure 5.54: An alternative 4⇡ solution (called "wing" geometry).

Covers full volume up to |cos(θ)| = 0.995

4000 fibers (start at different depths 
to keep constant the sampling fraction) 

Studying different readout schemes
PMT vs SiPM

Based on the DREAM/RD52 collaboration 

Expected resolution:
EM: ~10%/sqrt(E)

Hadronic: 30-40%/sqrt(E)

NEED: large size prototype 
that could contain

full hadronic shower

Demonstration in test beam experiments



How big is this project?
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South-to-North Water Diversion: West Line Project 

326 Km

72.4 Km

Tunnel
diameter

7.3-9.6 m

Tongtian 
River

Yalong 
River

Dadu 
River

17 billion cubic meters/year

Yellow 
River

Qinghai-Tibet Plateau

Tributaries of Yangtze River

Similar tunneling projects…
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Water Diversion from Yangtze River to Weihe River (a branch of Yellow River)

300 Km

To Weihe 
River

From Yangtze 
River

water flow: 500 m3/s

Similar tunneling projects…



Similar tunneling projects…
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Subway in Zhengzhou
Length: 94 km
Stations: 57



Site selection
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Qinhuangdao, Hebei 
河北秦皇岛

Huangling, Shanxi 
陕西黄陵

Shenshan, Guangdong 
深汕合作区 Hong

Kong

Shanghai

Beijing

1) Qinhuangdao, Hebei Province（Completed in 2014）
2) Huangling, Shanxi Province（Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 
2017)
5) Huzhou, Zhejiang  Province (Started in March 2018)
6) Chuangchun, Jilin Province (Started in May 2018)

1)

2)

3)

4

1

2

3

4

5

6
CEPC Site Selections

1) Qinhuangdao, Hebei Province（Completed in 2014）
2) Huangling, Shanxi Province（Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 
2017)
5) Huzhou, Zhejiang  Province (Started in March 2018)
6) Chuangchun, Jilin Province (Started in May 2018)
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3)
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CEPC Site Selections

1) Qinhuangdao, Hebei Province（Completed in 2014）
2) Huangling, Shanxi Province（Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 
2017)
5) Huzhou, Zhejiang  Province (Started in March 2018)
6) Chuangchun, Jilin Province (Started in May 2018)

1)

2)

3)

4

1

2

3

4

5
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CEPC Site Selections

Xiong an, Hebei 
河北雄安

Huzhou, Zhejiang 
浙江湖州

Chuangchun, Jilin  
吉林长春

Considerations:
1. Available land
2. Geological conditions
3. Good social, environment, 

transportation and cultural 
conditions

4. Fit local development plan:    
mid-size city → + science city

Completed 2014

Completed 2017

Completed 2016

Started Aug, 2017

Started Mar, 2018

Started May, 2018

1) 

2) 

3) 

4 

1 

2 

3 

4 

5 

6 
CEPC Site Selections 

1) Qinhuangdao, Hebei Province（Completed in 2014） 
2) Huangling, Shanxi Province（Completed in 2017) 
3) Shenshan, Guangdong Province(Completed in 2016) 
4) Baoding (Xiong an), Hebei Province (Started in August 2017) 
5) Huzhou, Zhejiang  Province (Started in March 2018) 
6) Chuangchun, Jilin Province (Started in May 2018) 
7) Changsha, Hunan Province (Started in Dec. 2018) 

Huanghe Company particitated 

7 

Changsha, Hunan



CEPC “optimistic” Schedule

•		CEPC	data-taking	starts	before	the	LHC	program	ends	
•		Possibly	concurrent	with	the	ILC	program

-	Design	issues		
-	R&D	items	
-	preCDR

-	Design,	funding		
-	R&D	program	
-	Intl.	collaboration	
-	Site	study

-	Seek	approval,	site	decision	
-	Construction	during	14th	5-year	plan	
-	Commissioning
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NowCEPC
20

15

20
20

20
25

20
30

20
35

Pre-studies
(2013-2015)

R&D
Engineering Design

(2016-2022)
Data taking
(2030-2040)

Construction
(2022-2030)

Gov. 
Approvalpre-CDR



Current CEPC Organization

Institutional Board
YN GAO
J. GAO

Steering Committee
Y.F. WANG (IHEP),….

Project Director
XC LOU
Q. QIN
N. XU

Detector
Joao Costa (IHEP)

S. JIN (NJU)
YN GAO (TH)

Accelerator
J. GAO (IHEP)

CY Long (IHEP)
SN FU (IHEP)

Theory
HJ HE(TH)
JP MA(ITP)

XG HE(SJTU)

International Advisory 
Committee
Young-Kee Kim, U. Chicago (Chair)
Barry Barish, Caltech
Hesheng Chen, IHEP
Michael Davier, LAL
Brian Foster, Oxford
Rohini Godbole, CHEP, Indian Institute of Science
David Gross, UC Santa Barbara                       
George Hou, Taiwan U.
Peter Jenni, CERN
Eugene Levichev, BINP
Lucie Linssen, CERN
Joe Lykken, Fermilab
Luciano Maiani, Sapienza University of Rome                 
Michelangelo Mangano, CERN
Hitoshi Murayama, UC Berkeley/IPMU
Katsunobu Oide, KEK
Robert Palmer, BNL
John Seeman, SLAC
Ian Shipsey, Oxford
Steinar Stapnes, CERN
Geoffrey Taylor, U. Melbourne 
Henry Tye, IAS, HKUST
Yifang Wang, IHEP
Harry Weerts, ANL �50

Since	Sept.		
2013



Can China do it?
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International collaboration is a must
for both accelerators and detector components, but….

China is experienced in e+e- colliders and detectors
BEPCII BESIII

Big jump:
240 m ring → 100 km ring

A challenge smaller than 30 years ago when they started BEPC
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Japan (1) 
 

Tokyo Univ. 

US (4) 
 

Univ. of Hawaii 
Carnegie Mellon Univ.  

Univ. of Minnesota  
Univ. of Indiana 

 

Europe (16) 
 

Germany: Univ. of Bochum,  
Univ. of Giessen, GSI 

 Univ. of Johannes Gutenberg 
Helmholtz Ins. In Mainz, Univ. of Munster 

Russia: JINR Dubna; BINP Novosibirsk  
Italy: Univ. of Torino，Frascati Lab, Ferrara Univ. 

Netherland：KVI-CART/Univ. of Groningen 
Sweden: Uppsala Univ.  

Turkey: Turkey Accelerator Center 
UK: Oxford Univ., Univ. of Manchester 

China(37) 
IHEP, CCAST, UCAS, Shandong Univ.,  

Univ. of Sci. and Tech. of China 
Zhejiang Univ., Huangshan Coll., Shanghai Jiaotong Univ.  

Huazhong Normal Univ., Wuhan Univ., Xingyang Normal Univ. 
Zhengzhou Univ., Henan Normal Univ., Hunan Normal Univ. 

Peking Univ., Tsinghua Univ. , Beijing Inst. of Petro-chemical Tech. 
Zhongshan Univ.,Nankai Univ., Beihang Univ. 

Shanxi Univ., Sichuan Univ., Univ. of South China 
Hunan Univ., Liaoning Univ., Univ. of Sci. and Tech. Liaoning  

Nanjing Univ., Nanjing Normal Univ., Southeast Univ. 
Guangxi Normal Univ., Guangxi Univ. 
Suzhou Univ., Hangzhou Normal Univ. 

Lanzhou Univ., Henan Sci. and Tech. Univ. 
Jinan Univ., Fudan Univ.  

Korea (1) 
 

Seoul Nat. Univ. 

Pakistan (2) 
 

Univ. of Punjab 
COMSAT CIIT 

~ 450 members 
 from 64 institutions in 14 countries  

BESIII Collaboration 

3 

Mongolia  (1) 
 

Institute of Physics and 
Technology 

India  (1) 
Indian Institute of Technology 



Many other large scientific research projects with big construction
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Daya Bay Neutrino Experiment, 
Guangdong

Juno Experiment,
Guangdong

Spallation Neutron Source, Dongguan

Chinese team can take responsibilities proportional to China’s contributions

41 Institutions
193 Collaborators

77 Institutions
580 Collaborators
17 countries/regions

JinPin Underground Laboratory 
• The deepest underground laboratory in the world: 2400 m 
• Current experiments: dark matter searches 

– Xe-based PandaX 
– Ge-based CDEX 

Recent PandaX results  

PANDAX-II： PRL 119(2017)181302 

JinPin Underground Laboratory,
Deepest in the world



Perspective on the cost of future colliders
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BEPC:		Cost/4yrs/GDP	of	China	1984		≈  0.0001	
SSC： Cost/10yrs/GDP		of	US	1992				≈  0.0001	
LEP:					Cost/8yrs/GDP	of	EU	1984							≈  0.0002	
LHC： Cost/10yrs/GDP	of	EU	2004					≈  0.0003	
ILC：  Cost/8yrs/GDP	of	JP	2018									≈  0.0002	
CEPC:		Cost/8yrs/GDP	of	China	2020		≈  0.00005	
SppC:		Cost/8yrs/GDP	of	China	2036		≈  0.0001

US

EU

China Japan

GDP of countries

From Y.Wang

Tevatron

LHC

BEPC

KEKB

CEPC-SppC

ILC

Accelerators 
by countries

US
EU

China
Japan



Public Debate in China
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Prof. Shing-Tung Yau
Harvard Professor
Field Medalist
Cabbibo-Yau Manifolds

Published book on CEPC/SPPC 
in 2016

Followed by International Meeting 
in Beijing



“A Super Collider Is Not for Today’s China” 
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Instant messaging application
> 1 billion accounts
> 860 million active users

Prof. Chen-Ning Yang 
Tsinghua University Professor
Nobel Prize Winner
Yang-Mills Theory (the basis of SM)

Published article on WeChat platform
estimates cost of CEPC to be at least $20 billion and 

possibly ending as “a bottomless pit” 

“Even if they see something with the machine, it’s not 
going to benefit the life of Chinese people any sooner,” 

concerns over the science of CEPC as it is just out of 
“a guess of physicists” 

the Chinese cannot do it



Public debate in China
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Prof. Wang was joined in 
the discussion by

Yau, Anderson, Gross, 
Glashow, Weinberg, t 
Hooft‘, Hawking, ….

articles published by 
World Scientific

Public Debate exploded in main media and social media

Most discussion 
happened in Chinese,
on main TV, WeChat, 
and other platforms

I was told that even taxi drivers would discuss the issue!



CE
PC

 w
eb

 s
it
e

�58

ht
tp

://
ce

pc
.ih

ep
.a

c.
cn

/ 



CEPC meetings and international impact
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Many international
events have been
hosted to discuss

CEPC physics
and carry out

collaboration on 
key-technology 

research  

260 attendees
30% from foreign institutions

55% attendance from abroad
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Next year: Marseille, France

European Edition



Conclusions

No need to wait for LHC 

- If LHC finds nothing, a Higgs factory can give a first indication for new physics 

- If LHC finds something, it is a new era: 
  1. Higgs need(s) to be understood anyway 

  2. A higher energy pp collider is needed 
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CEPC is the first Chinese Science project at such international scale

But, still many challenges to overcome

Given the importance of the Higgs one of FCC-ee, ILC or CEPC should be built

Tremendous progress so far

(An Higgs factory can give us time to develop technologies for 16-20 T magnets and SC cables)

We fully support a global effort even if not build in China

The discover of the Higgs at 125 GeV makes e+e- machines an obvious next step

Conceptual Design Reports, R&D underway

Large funding opportunity to start 2020{



Thank you for the attention!
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国家重点研发计划 

项目申报书 
 

 

 

项目名称： 
高能环形正负电子对撞机相关的物理和关键技术预研

究 

  

所属专项： 大科学装置前沿研究 

指南方向： 高能环形正负电子对撞机预先研究 

专业机构： 科学技术部高技术研究发展中心 

推荐单位： 教育部 

  

申报单位： 清华大学 （公章）  

项目负责人： 高原宁 

 

 

 

中华人民共和国科学技术部 

2016 年 05 月 06 日 

 

CEPC Funding in recent years
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申报编号： SQ2018YFA040021 

 

 

 

国家重点研发计划 

项目申报书 
 

 

 

项目名称： 高能环形正负电子对撞机关键技术研发和验证 

所属专项： 大科学装置前沿研究 

指南方向： 3.1 高能环形正负电子对撞机关键技术验证 

专业机构： 科学技术部高技术研究发展中心 

推荐单位： 中国科学院 

申报单位： 中国科学院高能物理研究所 （公章）  

项目负责人： Joao Guimaraes da Costa 

 

 

 

中华人民共和国科学技术部 

2018 年 02 月 26 日 

 

Ministry of Sciences and Technology
2016: 36 M CNY

2018: ~31 M CNY

IHEP seed money
11 M CNY/3 year (2015-2017)

~60 M CNY  CAS-Beijing fund, talent program
~500 M CNY  Beijing fund (light source)

Thanks to many different funding sources, CEPC team can carry out CEPC design, 
key-technology research and site feasibility studies



Cost of project
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Figure 12.1: Relative cost of the CEPC project constituents. 

 
 

 
Figure 12.2: Cost breakdown of the CEPC major accelerator components. 
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Figure 12.2: Cost breakdown of the CEPC major accelerator components. 

Cost of detectors not evaluated in detail and not part of the Conceptual Design Report
Careful costing estimates will be done moving forward towards the TDR

General evaluation of the relative cost of the project provided in the accelerator CDR



Cost Estimation of CEPC (Preliminary)
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No. Equipment name Total price (M¥)
(50 km)

Total price (M¥)
(100 km)

1 Total 25,498 36,051
2 Accelerator 15,973 23,132
3 Detector 2,502 2,502
4 Synchrotron radiation device 326 326
5 Civil Construction 6,697 10,091

5.1 Civil engineering (Drilling and blasting method, ⦰ 6 m...) 2,793 4,138
5.2 Installation of electrical equipment 2,210 3,429
5.3 Installation of metal structure equipment 177 261
5.4 Temporary works 287 422
5.5 Independent cost 473 698
5.6 Unforeseen expenses (10%) 594 895
5.7 Other cost 163 247

100 km CEPC cost:  
< 40 Billion RMB(¥)
< 5.8 Billion $US$1 US = 6.91 RMB(¥)



CEPC luminosity versus ring size
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Luminosity per Interaction Point

* Fabiola Gianotti, Future Circular Collider Design Study, ICFA meeting, J-PARC, 25-2-2016



CEPC configuration options comparison
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Option Pretzel Sawtooth 
effect

Beam 
loading

Dynamic 
Aperture

 Orbit 
Correction

H 
luminosity

Z-pole 
luminosity

AC 
power

SRF syetem 
compatible 
for H and Z 

Single Ring
(SR)

Yes Very 
high

Low Very 
small

Very 
hard

Low Very low High Difficult

Partial Double 
Ring（PDR）

No High Very 
High

Medium Hard Medium Medium Low Difficult

Advanced 
Partial Double 

Ring （APDR）

No High High Medium Medium Medium High Low Difficult

Full Parrtial 
Double Ring
（FPDR）

No Vey 
Low

Low Large Easy High Very 
High

Low Very good

CEPC option characteristics comparison

11



Accelerator key technologies R&D
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◆ Polarized electron gun
⇨ Super-laIce GaAs photocathode DC-Gun

◆ High current positron source
⇨ bunch charge of ~3nC,
⇨ 6Tesla Flux Concentrator peak magnetic field

◆ SCRF system
⇨ High Q cavity - Max operation Q0 = 2×1010 @ 2 K
⇨ High power coupler - 300kW（Variable）

◆ High efficiency CW klystron
⇨ Efficiency goal > 80%

◆ Low field dipole magnet（booster）
⇨ Lmag = 5 m, Bmin = 30 Gs, Errors <5×10-4

◆ Vacuum system 
⇨ 6m long cooper chamber
⇨RF shielding bellows

◆ Electro-static separator 
⇨Maximum operating field strength: 20kV/cm
⇨Maximum deflection: 145 urad

◆ Large scale cryogenics
⇨ 12 kW @4.5K refrigerator, Oversized, 
⇨Custom-made, Site integration

◆ HTS magnet 
⇨Advanced HTS Cable R&D: > 10kA
⇨Advanced High Field HTS Magnet R&D: main 

field 10~12T

The key accelerator  technologies are under studying with dedicated funds

Multiple prototypes have been constructed or are under design/construction



Why does China want to do it?
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A Chinese contribution to the human civilization

Technology:
Improve the existing technology to the world’s leading level: 

• Mechanics, vacuum, electronics, computer, … 
Establish new technologies in China and lead the world, 
hopefully on a number of new enterprises:  

• Cryogenics, RF power, SC cavities, ASIC chips, …
Push for revolutionary technologies: 

• HTC superconducting cables

International science center:
Innovative personal training 
Local economic development
New system of Science and Technology

Benefits for China



Superconductor solenoid development
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Updated design done for 3 Tesla field (down from 3.5 T) 

Central	magne+c	field 3	T

Opera+ng	current 15779	A

Stored	energy 1.3	GJ

Inductance 10.46	H

Coil	radius 3.6-3.9	m

Coil	length 7.6	m

Cable	length 30.35	km

Main parameters of solenoid coil

Design for 2 Tesla magnet presents no problems

120 DETECTOR MAGNET SYSTEM

7.2 The Magnetic Field Requirements and Design

7.2.1 Main parameters

The CEPC solenoid main parameters are given in Table 7.1. The 7.6 m long CEPC de-
tector coil is composed of 5 modules. It batches the construction easiness and risks in-
cluding superconducting wire selection, fabrication of the external support, winding and
impregnation, transport and handling. The design enables the possibility to use shorter
unit lengths of superconducting conductor (1.65 km) and join them in known positions
and in low field regions, on the outer radius of the solenoid. The difference compared to
PreCDR is that the central magnetic field changes from 3.5 T to 3 T. The geometry size is
the same with 3.5 T design, as shown in Figure 7.1. There are five modules of the coil.

The solenoid central field (T) 3 Working current (kA) 15779
Maximum field on conductor (T) 3.485 Total ampere-turns of the solenoid (MAt) 20.323

Coil inner radius (mm) 3600 Inductance (H) 10.46
Coil outer radius (mm) 3900 Stored energy (GJ) 1.3

Coil length (mm) 7600 Cable length (km) 30.35
Table 7.1: Main parameters of the solenoid coil

Figure 7.1: 2D layout of CEPC magnet (mm)

Each module contains 4 layers. The end two modules contain 44 turns per layer. Table
7.2 shows the coil parameters.

7.2.2 Magnetic field design

In the calculation we use the cable as Figure 7.2. The NbTi Rutherford cable is in the
center, the pure aluminum stabilizer and aluminum alloy reinforcement are around. The
figure shows the parameters of the cable. This model has been used for magnetic field
calculation, stress analysis of the coil and quench analysis of the magnet.

Figure 7.3 shows the magnetic field map of the magnet. The central field is 3 T.
The maximum magnet field is 3.5 T. Figure 7.4 gives the main component BZ of the field
along the beam axis. Figure 7.5 shows the magnetic flux line distribution of the magnet.

Default is NbTi Rutherford SC cable (4.2K) 
Solutions with High-Temperature SC cable also being considered (YBCO, 20K)

Double-solenoid design also available
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22 

Europe (28) 
Belgium(1) 
ULB 
Czech(1) 
Charles U 
Latvia(1) 
IECS 
Finland(1) 
U.Oulu 
France(5) 
APC Paris 
CPPM Marseille 
IPHC Strasbourg 
Subatech Nantes 
CENBG-IN2P3 

Germany(7) 
FZ Jülich 
RWTH Aachen 
TUM 
U.Hamburg 
IKP FZI Jülich 
U.Mainz 
U.Tuebingen 
Russia(3) 
INR Moscow 
JINR 
MSU 

Italy(8) 
INFN-Catania 
INFN-Frascati 
INFN-Ferrara 
INFN-Milano 
INFN-Mi-Bicocca 
INFN-Padova 
INFN-Perugia 
INFN-Roma 3 
 

 
 
BJ Nor. U. 
CAGS 
Chongqing U. 
Shanghai JT U. 
DGUT 
ECUST 
Guangxi U. 
HIT 
IHEP 
U. Of South China 
Ninan U. 
Nanjing U. 
Natl. Chiao-Tung U. 
Natl. Taiwan U. 
Natl. United U. 

Nankai U. 
NCEPU 
Pekin U. 
SDU 
Sichuan U. 
CIAE 
SYSU 
Tsinghua U. 
UCAS 
USTC 
Jilin U. 
Wuhan U. 
Wuyi U. 
Xi'an JT U. 
Xiamen U.  
NUU. 

America(6) 
 
US(2) 
UMD 
UMD-Geo 
Chile(2) 
PCUC 
UTFSM 
Brazil（2） 
PUC-Rio  
UEL 

Armenia(1) 
Yerevan Phys.  
Inst. 
Thailand(3) 
SUT 
PPRLCU  
NARIT 
Parkistan(1) 
PINSTECH  

Slovakia (1) 
FMPICU  

Asia (38)  
China（33） 

JUNO Collaboration 

17 Countres & regions, 77 institution，580 members 



Organization of the Physics and Detector Working Group
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Conveners
Joao Barreiro Guimaraes Costa (IHEP)

Yuanning Gao (Tsinghua Univ.) 
Shan Jin (Nanjing Univ.)

Machine 
Detector 
Interface
Hongbo Zhu

Physics analysis and 
detector optimization

Ruan Manqi 
Li Gang 
Li Qiang 

Fang Yaquan

Vertex

Ouyang Qun  
Sun Xiangming 

Wang Meng

Tracker

Qi Huirong 
Yulan Li

Calorimeter

ECal HCal Muons

Hu Tao Liu Jianbei 
Yang Haijun

Li Liang 
Zhu Chengguang

http://cepc.ihep.ac.cn/~cepc/cepc_twiki/index.php/Physics_and_Detector



Running scenario
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Par+cle 
type

Energy	(c.m.) 
(GeV)

Luminosity	per	IP 
(1034	cm-2s-1)

Luminosity	per	year 
(ab-1,	2	IPs) Years Total	luminosity 

(ab-1,	2	IPs)
Total	number	 
of	par+cles

H 240 3 0.8 7 5.6 1	x	106

Z 91 32 8 2 16 0.7	x	1012

W 160 12 3.2 1 3.2 1	x	107



Main	Parameters	of	Collider	Ring
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 Higgs W Z（3T） Z（2T）
Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100

Synchrotron radiation loss/turn (GeV) 1.73 0.34 0.036

Crossing angle at IP (mrad) 16.5×2
Piwinski angle 2.58 7.0 23.8

Number of particles/bunch Ne (1010) 15.0 12.0 8.0

Bunch number (bunch spacing) 242 (0.68µs) 1524 (0.21µs) 12000 (25ns+10%gap)

Beam current (mA) 17.4 87.9 461.0

Synchrotron radiation power /beam (MW) 30 30 16.5

Bending radius (km) 10.7

Momentum compact (10-5) 1.11

β function at IP βx* / βy* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001

Emittance εx/εy (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016

Beam size at IP σx /σy (µm) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04

Beam-beam parameters ξx/ξy 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072

RF voltage VRF (GV) 2.17 0.47 0.10

RF frequency f RF (MHz)  (harmonic) 650 (216816)

Natural bunch length σz (mm) 2.72 2.98 2.42

Bunch length σz (mm) 3.26 5.9 8.5

HOM power/cavity (2 cell) (kw) 0.54 0.75 1.94

Natural energy spread (%) 0.1 0.066 0.038

Energy acceptance requirement (%) 1.35 0.4 0.23

Energy acceptance by RF (%) 2.06 1.47 1.7

Photon number due to beamstrahlung 0.29 0.35 0.55

Lifetime _simulation (min) 100

Lifetime (hour) 0.67 1.4 4.0 2.1
F (hour glass) 0.89 0.94 0.99

Luminosity/IP L (1034cm-2s-1) 2.93 10.1 16.6 32.1
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 Higgs W Z（3T） Z（2T）

Number of IPs 2

Beam energy (GeV) 120 80 45.5

Bunch number (bunch spacing) 242 (0.68µs) 1524 (0.21µs) 12000 (25ns+10%gap)

β function at IP βx* / βy* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001

Emittance εx/εy (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016

Beam size at IP σx /σy (µm) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04

Bunch length σz (mm) 3.26 5.9 8.5

Lifetime (hour) 0.67 1.4 4.0 2.1

Luminosity/IP L (1034 cm-2s-1) 2.93 10.1 16.6 32.1
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CEPC Civil Engineering Design and Implementation

dCEPC-SppC tunnel dCEPC Detector Hall dCEPC SCRF Gallary
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Interaction region: Machine Detector Interface
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• Radiative	Bhabha	scattering	
• Beam-beam	interactions	
• Synchrotron	radiation	
• Beam-gas	interactions	

Machine induced backgrounds

Studies for new configuration being finalized}
Higgs operation 
(Ecm = 240 GeV)

Rates at the inner layer (16 mm):
Hit density: ~2.5 hits/cm2/BX
TID:                2.5 MRad/year 
NIEL:             1012 1MeV neq/cm2

(Safety factors of 10 applied)

DETECTOR BACKGROUNDS 169

Table 10.1: Higgs machine design parameters fed to the GUINEA-PIG simulation.

Machine Parameters Unit Value

Beam energy GeV 120
Particles per bunch 1.29⇥ 10

11

Beam size �x/�y µm 20.9/0.086
Beam size �z µm 3480
Normalized Emittance "x/"y mm·mrad 284.1/0.845

the contribution from radiative Bhabha scattering after collimation. However, Fig. 10.4(b)
shows that radiative Bhabha leads to much higher TID, which can be understood that
charged particles of higher energies are generated following this process.
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Figure 10.4: Comparison of of hit density (a) and TID (b) due to pair production and radiative Bhabha
scattering.

In addition, Fig 10.5 shows the distributions of non-ionizing energy loss (NIEL) due
to pair production and radiative Bhabha scattering. Highest annual NIEL levels are in the
range of 1011 ⇠ 10

12 on the first vertex detector layer (r = 1.6 cm) and decrease at larger
radii.

10.3.4 Beam-gas interactions

Interactions between the beam particles and the residual gas in the beam pipe can induce
electromagnetic showers in the interaction region and enter the detector. Gas pressure is
assumed to be 10

�7 mbar, and results can be linearly rescaled for other pressures. Pre-
liminary result suggests that detector backgrounds induced by beam-gas interaction is
small compared to other types of backgrounds but more detailed evaluation needs to be
performed.

Vertex layer:
1 2                   3 4                    5 6 
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• Radiative	Bhabha	scattering	
• Beam-beam	interactions	
• Synchrotron	radiation	
• Beam-gas	interactions	

Machine induced backgrounds

Studies for new configuration being finalized}
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Table 10.1: Higgs machine design parameters fed to the GUINEA-PIG simulation.

Machine Parameters Unit Value

Beam energy GeV 120
Particles per bunch 1.29⇥ 10

11

Beam size �x/�y µm 20.9/0.086
Beam size �z µm 3480
Normalized Emittance "x/"y mm·mrad 284.1/0.845

the contribution from radiative Bhabha scattering after collimation. However, Fig. 10.4(b)
shows that radiative Bhabha leads to much higher TID, which can be understood that
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Figure 10.4: Comparison of of hit density (a) and TID (b) due to pair production and radiative Bhabha
scattering.

In addition, Fig 10.5 shows the distributions of non-ionizing energy loss (NIEL) due
to pair production and radiative Bhabha scattering. Highest annual NIEL levels are in the
range of 1011 ⇠ 10

12 on the first vertex detector layer (r = 1.6 cm) and decrease at larger
radii.

10.3.4 Beam-gas interactions

Interactions between the beam particles and the residual gas in the beam pipe can induce
electromagnetic showers in the interaction region and enter the detector. Gas pressure is
assumed to be 10

�7 mbar, and results can be linearly rescaled for other pressures. Pre-
liminary result suggests that detector backgrounds induced by beam-gas interaction is
small compared to other types of backgrounds but more detailed evaluation needs to be
performed.

Higgs operation 
(Ecm = 240 GeV)

Rates at the inner layer (16 mm):
Hit density: ~2.5 hits/cm2/BX
TID:                2.5 MRad/year 
NIEL:             1012 1MeV neq/cm2

(Safety factors of 10 applied)
Vertex layer:
1 2               3 4                5 6 

Vertex layer:
1 2               3 4                5 6 



Vertex Detector Performance Requirements

Target: ✿ High granularity; ✿ Fast readout; ✿ Low power dissipation; ✿ Light structureStatus of CEPC vertex detector R&D in ChinaNov.7th , 2017

Detector Requirements

4

• Efficient tagging of heavy quarks (b/c) and τ leptons

impact parameter resolution

• Detector system requirements:

– σSP near the IP: <3 µm
– material budget: ≤ 0.15%X 0/layer 
– first layer located at a radius: ~1.6 cm
– pixel occupancy: ≤ 1 %

~16μm pixel pitch

power consumption

< 50mW/cm2 , if air cooling 

used

~ μs level readout

Target: fine pitch, low power, fast pixel sensor + light structure

)(
sin)(

10
5

23
m

GeVp
r µ

θ
σ φ ⊕=

Efficient identification of heavy quarks (b/c) and τ leptons

Resolution effects due to 
multiple scattering

Intrinsic resolution 
of vertex detector

Specs Consequences
Single point resolution near IP: < 3 μm High granularity
First layer close to beam pipe: r ~ 1.6 cm

Material budget/layer: ≤ 0.15%X0
Low power consumption,  

< 50 mW/cm2 for air cooling

Detector occupancy: ≤ 1% High granularity and  
short readout time (< 20 μs)

Continuous
operation 

mode

Dominant for 
low-pT tracks



Performance studies: Material budget
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Transverse impact parameter resolution for single muons

θ = 85o 

Baseline includes very 
small material budget for beam 

pipe, sensor layers and supports
≤ 0.15%X0 / layer 
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14 VERTEX

Figure 4.2: Transverse impact-parameter resolutions for single muon events as a function of the mo-
mentum for different polar angles.

Figure 4.3: Transverse impact-parameter resolution as function of the amount of material inside the
vertex barrel double layers, as obtained from the simulation. The results are shown for 1GeV and
10GeV tracks and for polar angles of ✓=20 degrees and of ✓=85 degrees. The material budget corre-
sponding to the baseline configuration is indicated by dashed lines.

Requirement

θ = 20o, p = 1 GeV 

θ = 85o, p = 1 GeV 

Impact parameter resolution goal 
achievable but only with low 

material budget

× 2 more material
⬇

20% resolution degradation



Time Projection Chamber (TPC)
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TPC detector concept 

R&D by IHEP, Tsinghua and Shandong
Funded by MOST and NSFC

- 5 -

Detector concept

International Large Detector  (PFA)

TPC detector concept

� ILD like concept
� Motivated by the H tagging and Z
� Main tracker detector with TPC
� 3~4 Tesla magnetic field
� ~100 µm position resolution in rφ
� Systematics precision (<20 µm internal)
� GEM and Micromegas as readout
� Distortion by IBF issues

Ions backflow in drift volume for distortion

Page - 4

TPC requirements for CEPC
TPC could be as one tracker detector option for CEPC,   1M ZH events in 
10yrs Ecm ≈250 GeV, luminosity ~2×1034 cm-2s-1, can also run at the Z-pole

The voxel occupancy takes its maximal value between 2×10-5 to 2×10-7, 
which is safety for the Z pole operation. Of course, it is well for Higgs run too.
https://doi.org/10.1088/1748-0221/12/07/P07005

TPC detector concept:
� Motivated by the H tagging and Z
� Main tracker detector with TPC
� ~3 Tesla magnetic field
� ~100 µm position resolution in rφ
� Systematics precision (<20 µm internal)
� Large number of 3D points(~220)
� Distortion by IBF issues
� dE/dx resolution: <5%
� Tracker efficiency: >97% for pT>1GeV TPC detector concept

• Allows for particle identification
• Low material budget:

• 0.05 X0 including outfield cage in r
• 0.25 X0 for readout endcaps in Z

• 3 Tesla magnetic field —> reduces diffusion of drifting electrons 
• Position resolution: ~100 µm in rφ
• dE/dx resolution: 5%
• GEM and Micromegas as readout
• Problem: Ion Back Flow —> track distortion

Operation at L > 2 × 1034 cm-2 s-1  being studied

- 33 -

Design of the prototype with laser

� Support platform: 1200mm×1500mm (all size as the actual geometry)

� TPC barrel mount and re-mount with the Auxiliary brackets

� Readout board (Done), Laser mirror (Done), PCB board (Done)

Prototype built



Time Projection Chamber (TPC)
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32 TRACKING SYSTEM

Figure 5.8: Schematic diagram of the detector module.

To fulfill the physics goals of the future circular collider, a TPC with excellent perfor-
mance is required. MPGDs with outstanding single-point accuracy and excellent multi-
track resolution are needed. We have proposed and investigated the performance of a
novel configuration detector module: a combination of GEM and a Micromegas. The de-
tector will be called GEM-MM for short throughout this paper. The aim of this study is
to suppress IBF continually by eliminating the gating grid. The design concept and some
preliminary results of the detector module are described as following.

Figure 5.9: Result of the IBF TPC detector module.

TPC readout with micro-pattern gaseous detectors (MPGDs) 
New: Micromegas + GEM

32 TRACKING SYSTEM

Figure 5.8: Schematic diagram of the detector module.

To fulfill the physics goals of the future circular collider, a TPC with excellent perfor-
mance is required. MPGDs with outstanding single-point accuracy and excellent multi-
track resolution are needed. We have proposed and investigated the performance of a
novel configuration detector module: a combination of GEM and a Micromegas. The de-
tector will be called GEM-MM for short throughout this paper. The aim of this study is
to suppress IBF continually by eliminating the gating grid. The design concept and some
preliminary results of the detector module are described as following.

Figure 5.9: Result of the IBF TPC detector module.
IBF: Ion Back Flow reduced to 0.19%

Indication that TPC operation would be feasible at high-luminosity Z factory



Drift Chamber Option - IDEA proposal
Lead by Italian Colleagues
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Text%in%Word%

Layers: 14 SL × 8 layers = 112
Cell size: 12 - 14 mm

Dri$%Chamber%Prototype%TEST%@%PSI%
Sept.%13J27,%2017%

Dri$%Chamber%Prototype%TEST%@%PSI%
Sept.%13J27,%2017%

MEG2 prototype being tested 

Follows design of the KLOE 
and MEG2 experiments 

Stereo angle: 50-250 mrad

• Length: 4 m
• Radius: 0.3- 2m
• Gas: 90%He − 10%iC4H10 

• Material: 1.6% X0 (barrel)

• Spatial resolution: < 100 μm
• dE/dx resolution: 2%
• Max drift time: <400 nsec
• Cells: 56,448

Low-mass cylindrical drift chamber



ECAL Calorimeter  — Particle Flow Calorimeter
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Scintillator-Tungsten Sandwich ECAL

 
Scintillator-W option  

 

10 

Plastic scintillator 
5 x 45 mm2 ( 2 mm thick) 

SiPM

 
Scintillator-W option  

 

10 

Superlayer (7 mm) is made of:
- 3 mm thick: Tungsten plate
- 2 mm thick: 5 x 45 mm2

- 2 mm thick: Readout/service layer

Cell size: 5 x 5 mm2 
       (with ambiguity) 

R&D on-going:
- SiPM dynamic range
- Scintillator strip non-uniformity
- Coupling of SiPM and scintillator

Mini-prototype tested on 
testbeam at the IHEP 



HCAL Calorimeter — Particle Flow Calorimeter
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Scintillator and SiPM HCAL (AHCAL)
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ure6.40 shows the AHCAL structure. Figure6.41 shows the AHCAL one layer structure.
The scintillator tiles wrapped by reflective foil are used as sensitive medium, interleaved
with stainless steel absorber. The thickness of active layer is 4 mm to 5 mm, it depend the
thickness of scintillator thickness.

Figure 6.40: Side view of one layer in AHCAL

Figure 6.41: Side view of one layer in AHCAL

The structure of scintillator tiles is shown in Figure 6.42. A dome-shaped cavity
was processed in the center of the bottom surface of each tile via mechanical drilling and
polishing. The diameter and height of cavity are 6mm, 1.5mm, respectively, as shown in
Figure 6.42 (right). This design of cavity can improve response uniformity and decrease
the dead area of HCAL.

Figure 6.42: Top view of a detector cell (left) and sectional view of a detector cell with a dome-shaped
cavity (right)

The AHCAL prototype detector simulated by Geant4 which was encapsulated in
toolkit including several models. The detector model used here was CEPC_v1 detector
model and the sub detector was SiCal. The geometry information was extract by Mokka at
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32 super modules 40 layers

Readout channels:
~ 5 Million (30 x 30 mm2)
~ 2.8 Million (40 x 40 mm2)

Prototype to be built: MOST (2018-2022)
0.5×0.5 m2 ，35 layer (4λ)，3×3 cm2  module
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Figure 6.3: Left: Geometry of the SiW-ECAL Endcaps. Middle: Barrel Right: Geometry of the barrel
modules.

High Signal-to-Noise ratio: with ' 80 electron-hole pairs created by linear mm of
MIP track, MIPs tracks can easily be traced in the calorimeters, which is critical for
the god performance of

The only real drawback of Silicon sensors remaining is their price, to be expected around
2� 3$/cm2.

By associating of Silicon sensors with Tungsten absorbers and Carbon Fibre structures,
the SiW-ECAL offers an excellent option for PFA optimised calorimetry.

6.2.1.3 Constraints

High granularity calorimetry, and ECal especially, is technically challenging: the very
number of channels calls for an embedded readout and zero suppression, to limits the
amount of connections; in turn embedded readout power consumption should be as lim-
ited as possible to avoid large cooling systems which would degrade the capacity of the
calorimeter. In the best case the cooling should stay passive at the heart of the calorime-
ters.

The design proposed for the CEPC SiW-ECal is very largely inspired by the one of the
ILD detector for ILC as described in the Detector baseline Document [6]; it is influenced
by the options studied for the CMS High-Luminosity upgrade endcap replacement HG-
CAL [7, 8], concerning cooling and electronics. In terms of luminosity and collision rates,
the CEPC lies between the 2 options.

6.2.1.4 Mechanics & design

The geometry presented here reflects the current (october 2017) status on the realistic
models developed for ILD. It differs slightly form the CEPC_v1 and CEPC_v4 models [9],
mainly on ECAL thickness (223mm vs 185mm), and inner radius of the endcaps (226.8
and 245mm vs 400mm).

6.2.1.5 Geometry

The geometry of the detector is based on ILD detector, where there is no blind zone be-
tween modules, but only “special zone”, where it has been shown that performance of the
reconstruction of jets or photon(s) is not downgraded significantly [10].
The figure below shows this octagonal geometry and the possible way to build the detec-
tor:

Silicon-Tungsten Sandwich ECAL

Sensor: high-resistivity 
silicon pin diodes

- Stability
- Uniformity
- Flexibility
- High S/N

Cell size:
- 5 x 5 mm2 - optimal for PFA
- 10 x 10 mm2 - default
- 20 x 20 mm2 - required for 
passive cooling
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Figure 6.6: Top: Transverse section of slab equipped with CO2 cooling pipes embedded in the cooling
plates Left: Heat map over the full module. Right: heat map in the heat exchanger

CO2 Active cooling

high granularity —> active cooling 

Preliminary simulation: ΔT ~ 2º C (HGCAL/ILD)



Baseline HCAL Calorimeter  — Particle Flow Calorimeter
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Semi-Digital HCAL

- Lateral segmentation: 1 x 1 cm2

- Total number of channels: 4 x 107 

SDHCAL: multiple thresholds per channel
Prevent saturations at E > 40 GeV

Challenges
- Power consumption —> temperature
- Large amount of services/cables

Self-supporting absorber (steel)



PCB support (polycarbonate) 
PCB (1.2mm)+ASICs(1.7 mm) 

Mylar layer (50µ) 

Readout ASIC 
(Hardroc2, 1.6mm) 

PCB interconnect 
Readout pads 
(1cm x 1cm) 

Mylar (175µ) 

Glass fiber frame (≈1.2mm) 

Cathode glass (1.1mm) 
+ resistive coating 

Anode glass (0.7mm) 
+ resistive coating 

Ceramic ball spacer (1.2mm) 

Gas gap 

Baseline HCAL Calorimeter  — Particle Flow Calorimeter
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Semi-Digital gRPC HCAL

6 mm 1.2 mm 

gRPC: Glass RPC
- Negligible dead zones
- Large size: 1 x 1 m2

- Cost effective 

Prototype: 48 layers

40 layers 
resolution similar to

48 layers

6mm gRPC + 20mm absorber



Dual Readout Calorimeter
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Lead by Italian colleagues: based on the DREAM/RD52 collaboration 

106 CALORIMETRY

Figure 6.63: The energy resolution for electrons in the copper-fibre module (left) and in the lead-fibre
module (right), as a function of the beam energy. Shown are the results for the two types of fibres, and
for the combined signals. The angle of incidence of the beam particles (✓, �) was (1.5�

, 1.0�). The
size of the beam spot was 10⇥ 10 mm

2.

Figure 6.64: Signal distributions for 20 GeV ⇡
� particles. Shown are the measured Čerenkov (a) and

scintillation (b) signal distributions as well as the signal distribution obtained by combining the two
signals according to Equation 4, with � = 0.45 (c).

In Figure 6.63, the electromagnetic resolution is shown for the 2 matrices.

6.4.4.2 Hadronic Performance

The RD52 lead matrix response was studied with pion and proton beams [36]. High-
multiplicity events ("jets") were also generated by means of a target. The energy was
reconstructed with the dual-readout relation (Eq. 4), that restores a gaussian behaviour
and linearity of the response (Figure 6.64 and Figure 6.65).

The comparison of p and ⇡ signals at 80 GeV is shown in Figure 6.66, confirming
that the method largely compensates for the differences in shower composition.

The limited lateral size of the matrix (about 1 �) allows to collect, in average, ⇠ 90%

of the shower energy so that leakage fluctuations dominate the resolution capability. Leak-
age counters were used to select events about fully contained (that of course, tend to have
a higher fem). The resolution improves by a factor of almost 2 in this case (Figure 6.67).
A second effect affecting resolution is the light attenuation in the fibres, that causes early

Energy resolution for electrons 

Expected resolution:
EM: ~10%/sqrt(E)

Hadronic: 30-40%/sqrt(E)
Dual readout (DR) calorimeter measures both:
- Electromagnetic component
- Non-electromagnetic component

�2FCC Week - Amsterdam, 10 April 2018

Hadron showers development

The hadronic showers are made of two components:
Electromagnetic component:  

from neutral meson (π0, η) decays 
Non electromagnetic component:  

charge hadrons π±, K± (20%)
nuclear fragments, p (25%)
n, soft γ’s (15%)
break-up of nuclei (invisible energy) (40%)[a
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The main fluctuations in the event-to-event calorimeter response are due to:
Large non-gaussian fluctuations in energy sharing em/non-em
Large, non-gaussian fluctuations in “invisible” energy losses
Increase of em component with energy

References: 
NIM A 537 (2004)

The calorimetric performance at collider experiments has always been spoiled by the 
 problem of non-compensation, arising from the dual nature of hadronic showers

The Dual-Readout calorimetry aims at solving this problem by measuring, event 
by event, the relative fraction of the em and non-em components

Fluctuations in event-by-event calorimeter 
response affect the energy resolution

Measure simultaneously: 
Cherenkov light (sensitive to relativistic particles)
Scintillator light (sensitive to total deposited energy)

Several prototypes from RD52
have been built



Superconductor solenoid development
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Updated design done for 3 Tesla field (down from 3.5 T) 
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Figure 7.3: Field map of the magnet (T)

Figure 7.4: The calculated magnetic field Bz along the detector axis

Stray field 3 T
50Gs R direction 13.6 m
50Gs Z direction 15.8 m

100Gs R direction 10 m
100Gs Z direction 11.6 m

Table 7.3: Coil parameters

out according to the coil. In the model there are some approximations have been made:
the barrel yoke and end-cap yokes are transformed into cylinders; the hole of the chimney
in the barrel has been neglected; the current (15779 A) in the winding has been modelled
as uniformly distributed in the Rutherford cable. The thickness of the support is 50 mm,
which is the same with al-alloy used in the cable.

148 DETECTOR MAGNET SYSTEM

and PLC acquisition signals, design optimization collection program and program design
Meter.

7.7 Iron Yoke Design

According to the physical design, the CEPC detector solenoid magnet need to provide a
3.0 T field for precise trajectory measurement for charged particles. The CEPC solenoid
consists mainly of three parts, which are a superconducting coil, a vacuum tank with a
thermal shield and a magnet yoke. Figure 7.46 shows the structure of the CEPC detec-
tor solenoid magnet and yoke. The solenoid magnet will produce an axial field and the
magnet yoke will take responsible for the return of the magnetic flux and reducing the
outside stray field to an acceptable level. At the same time, the magnet yoke must match
several other design requirements. Firstly, the yoke will provide mechanical support for
sub-detectors so that they can be positioned accurately. Secondly, the yoke will provide
room for muon detectors which will be set between layer and layer of yoke. Thirdly, the
yoke will provide space for data cable, cooling pipes , gas pipes and so on. According
to the general design of the CEPC detector, the magnet yoke is divided into a cylindri-
cal barrel and two endcap yokes. Taking into account of both mechanical performance
and magnetic requirements, high permeability material need to be developed as the yoke
material. Preliminary design of the yoke will be described as following.

Figure 7.46: iron and magnet

7.7.1 The Barrel Yoke

The barrel yoke will have a length of about 8200 mm and with a dodecagonal shape.
The inscribed circle diameter of the outer dodecagon will be about 13300 mm, and the
inscribed circle diameter of the inner dodecagonal will be about 7800 mm. The barrel
yoke will be composed of 3 rings, each ring will consist of 7 layers. There will be two
100 mm gaps between the rings which are designed to supply space for the data cables
and services. The thickness of inner 4 layers are 100 mm and outer 3 layers are 450 mm.

Default: Iron Yoke

Non-uniformity 9.1%

Dual Solenoid Scenario
Lighter and more compact
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Figure 7.49: Sketch figure for the half cross section of the active shielding magnet, with the available
areas for muon chambers

Figure 7.50: Field map of the active shielding magnet

REFERENCES 151

Figure 7.49: Sketch figure for the half cross section of the active shielding magnet, with the available
areas for muon chambers

Figure 7.50: Field map of the active shielding magnet
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Muon detector
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Muon System Overview Muon System Overview 

2

Structure:
• Between magnet iron yoke, outside HCAL
• Cylindrical barrel & two endcap system
• Solid angle coverage: 0.98 * 4S

Technology:
• Bakelite/glass RPC, Scintillator strip
• New technology/design welcome

Baseline: Bakelite/glass RPC

Baseline Muon detector

Technologies considered
Monitored Drift Tubes

Resistive Plate Chambers (RPC)
Thin Gap Chambers (TGC)

Micromegas
Gas Electron Multiplier (GEM)

Scintillator Strips

Muon system: open studies 
Full simulation samples with full detector, integrated with 
yoke and magnet system 
• Further layout optimization: N layers, thickness, cell size
• Effect as a tail catcher / muon tracker (TCMT)

• Jet energy resolution with/without TCMT 
• Gas detectors: Study aging effects, improve long-term 

reliability and stability
• All detectors: Improve massive and large area production 

procedures, readout technologies. 

• Exotics/new physics search study, e.g. long lived 
particles 

- 8 layers
- Embedded in Yoke
- Detection efficiency: 95%

New technology
proposal:
μRwell

158 MUON SYSTEM

as well as current evacuation. The foil is then coupled to a readout board 8.2b). A chemi-
cal etching process is then performed on the top surface of the overall structure in order to
create the WELL pattern (conical channels 70 um (50 um) top (bottom) in diameter and
140 µm pitch) that constitutes the amplification stage 8.2c). The high voltage applied be-
tween the copper and the resistive DLC layers produces the required electric field within
the WELLs that is necessary to develop charge amplification. The signal is capacitively
collected at the readout strips/pads. Two main schemes for the resistive layer can be en-
visaged: a low-rate scheme ( for particles fluxes lower than 100 kHz/cm2) based on a
simple resistive layer of suitable resistivity; and an high-rate scheme (for a particle flux
up to 1MHz/cm2) based on two resistive layers intra-connected by vias and connected to
ground through the readout electrodes. Finally, a drift thickness of 3-4 mm allows for
reaching a full efficiency while maintaining a versatile detector compactness.

Figure 8.2: a) Layout of a µRWell detector module; b) Coupling steps of the µRWell PCB c) Ampli-
fication stage directly coupled with the readout.

A distinctive advantage of the proposed µRWell technology is that the detector does
not require complex and time-consuming assembly procedures (neither stretching nor glu-
ing), and is definitely much simpler than many other existing MPGDs, such as GEMs or
MicroMegas. Being composed of only two main components, the cathode and anode
PCBs, is extremely simple to be assembled. The engineering and the following indus-
trialization of the u-RWell technology is one of the most important goals of the project.
The engineering of the detector essentially coincides with the technological transfer of
the manufacturing process of the anode PCB to a suitable industrial partner. The main



Ministry of Science and Technology - Funding Requests

• MOST 1 - Funding 

• SJTU, IHEP, THU, USTC, Huazhong Univ 

• Silicon pixel detector ASIC chip design 

• Time projection chamber detector 
• Electromagnetic and hadrons calorimeter 
• High-granularity ECAL 

• Large area compact HCAL 

• Large momentum range particle identification Cherenkov detector 
• MOST 2 - funding 

• SJTU, IHEP, Shandong U. Northwestern Tech. University
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Ministry of Science and Technology - Funding 1

• Vertex detector 
• Use 180 nm process 

• Carry out the pixel circuit simulation and optimization, in order to achieve a CPS 

design with a small pixel depletion type, and try to improve the ratio between signal 
and noise;  

• Focus on the small pixel unit design, reduce the power consumption and improve 

readout speed; time projection chamber detector 
• Parameters: 
• spatial resolution to be better than 5 microns 

• integrated time to be 10-100 microseconds 

• power consumption of about 100 mW/cm2.
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Ministry of Science and Technology - Funding 1

• Time Projection Chamber 
• Based on the new composite structure, read the positive ion feedback suppression, 
when the detector precision is better than 100 microns.  

• Study the effect of electromagnetic field distortion on position and momentum 

resolution.  

• Test the main performance indicators of the readout module in the 1T magnet field. 

• Low power readout electronics is planed to use advanced 65nm integrated circuit 
technology, to achieve high density and high integration of ASIC chip design, reduce 

circuit power consumption to less than 5mW / channel. 
• Parameters: 
• spatial resolution to be better than 5 microns 

• integrated time to be 10-100 microseconds 

• power consumption of about 100 mW/cm2.
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Ministry of Science and Technology - Funding 1

• High granularity ECAL 

• Technical selection based on SiPM readout electromagnetic calorimeter 
• Realizing ECAL readout unit granularity of 5×5mm2 

• Develop small ECAL prototype;  
• Develop a set of active cooling system based on two-phase CO2 refrigeration.  

• The thermal conductivity is greater than 30 mW/cm2 in -20 degrees.  

• High granularity HCAL 

• Decide technical design of digital calorimeter;  
• At a particle size of 1 cm x 1 cm, master the gas detector production process with 

thickness less than 6 mm; Produce the micro hole  detector unit model with area of     
1 m × 0.5 m. The overall gain uniformity of the detector is better than 20%. Counting 

rate is 1MHz/s; Produce the flat panel board with area of 1 m × 1 m 

• Detection efficiency is better than 95%.
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Ministry of Science and Technology - Funding 1

• Particle Identification technology 

• Combine the advantages of THGEM and MicroMegas to achieve the detection of 
Cherenkov light with high sensitivity, low background, high count rate and anti-
radiation  

• Make a prototype and test it 
• Parameters: 
• The photon angle resolution of the Cherenkov radiation is better than 2 mrad
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Full silicon tracker concept
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Replace TPC with additional silicon layersREFERENCES 51

Figure 5.22: The di-muon mass distribution is compared from different detectors.

Figure 5.23: The tracking efficiencies for the stable particles inside the gluon jets as function of track
pT with CEPC v_4 and CEPCSID.

CEPC-SID

SIDBCEPC
baseline

CEPC-SID: σ = 0.21 GeV

SIDB: σ = 0.26 GeV
CEPC

Baseline
σ = 0.24 GeV

Drawbacks: higher material density, less redundancy and limited particle identification (dE/dx)



Performance studies: Impact parameter resolution
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Transverse impact parameter resolution for single muons14 VERTEX

Figure 4.2: Transverse impact-parameter resolutions for single muon events as a function of the mo-
mentum for different polar angles.

Figure 4.3: Transverse impact-parameter resolution as function of the amount of material inside the
vertex barrel double layers, as obtained from the simulation. The results are shown for 1GeV and
10GeV tracks and for polar angles of ✓=20 degrees and of ✓=85 degrees. The material budget corre-
sponding to the baseline configuration is indicated by dashed lines.

3 μm 

5 μm 5 μm 

CDR: Chapter 4

Requirement

θ = 85o 

θ = 20o 

Impact parameter resolution goal 
achievable with current design



Performance studies: Material budget
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Transverse impact parameter resolution for single muons

CDR: Chapter 4

θ = 85o 

Baseline includes very 
small material budget for beam 

pipe, sensor layers and supports
≤ 0.15%X0 

DR
AF

T-
0

14 VERTEX

Figure 4.2: Transverse impact-parameter resolutions for single muon events as a function of the mo-
mentum for different polar angles.

Figure 4.3: Transverse impact-parameter resolution as function of the amount of material inside the
vertex barrel double layers, as obtained from the simulation. The results are shown for 1GeV and
10GeV tracks and for polar angles of ✓=20 degrees and of ✓=85 degrees. The material budget corre-
sponding to the baseline configuration is indicated by dashed lines.

Requirement

θ = 20o, p = 1 GeV 

θ = 85o, p = 1 GeV 

Impact parameter resolution goal 
achievable but only with low 

material budget

× 2 more material
⬇

20% resolution degradation
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BEAM-INDUCED BACKGROUND IN THE VERTEX DETECTOR 15

multiple-scattering effects dominate, the corresponding variation of the transverse impact-
parameter resolution is only 10% larger. The target value for the multiple-scattering term
of b⇡10µm is approximately reached for both pixel sizes. It should be noted, however,
that the pixel size is also constrained by the background occupancies (see Section 4.4)
and the ability to separate adjacent tracks in very dense jets in the presence of such back-
grounds.

 [deg]θpolar angle 
10 20 30 40 50 60 70 80 90

 [u
m

]
φr

σ

1

10

210

310 full sim,CEPC baseline,1GeV
full sim,CEPC baseline,10GeV
full sim,CEPC baseline,100GeV
full sim,single point resolution worse by 50%,1GeV
full sim,single point resolution worse by 50%,10GeV
full sim,single point resolution worse by 50%,100GeV
fast sim,CEPC baseline,1GeV
fast sim,CEPC baseline,10GeV
fast sim,CEPC baseline,100GeV
fast sim,single point resolution worse by 50%,1GeV
fast sim,single point resolution worse by 50%,10GeV
fast sim,single point resolution worse by 50%,100GeV

Figure 4.4: Transverse impact-parameter resolutions as function of the polar angle theta for different
values of the single-point resolution of the CEPC barrel vertex detector. Shown are the resolutions for
1GeV, 10GeV and 100GeV tracks.

4.3.4 Distance to IP

The distance of the vertex layers 1 and 2 to the IP was varied by ±4mm relative to baseline
geometry of the CEPC vertex detector. Figure 4.5 shows the resulting transverse impact-
parameter resolutions at ✓=85 degrees as function of the momentum with different radial
distance of the innermost barrel vertex layer to the IP. For low momentum tracks, the
transverse impact-parameter resolution is proportional to the inner radius, as expected
from the parameter formula.

4.4 Beam-induced Background in the Vertex Detector

To be updated with radiation tolerance and detector layer occupancy (1% reachable by
estimating tolerable hit density, even a safety factor of 10 included) according to the back-
ground studies, with B=3T

Performance studies: Pixel size
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Transverse impact parameter resolution for single muons

CDR: Chapter 4

Baseline

p = 100 GeV 

p = 1 GeV 

p = 10 GeV 
Baseline p = 100 GeV 

5 μm Target

50% single point 
resolution degradation

⬇
50% impact parameter 
resolution degradation

(for high-pt tracks)

Minimum degradation for
low-pt tracks 

(dominated by multiple scattering)



DR
AF

T-
0

16 VERTEX

absolute momentum p [GeV/c]1 10 210

 [u
m

]
φr

σ

1

10

210
=16mm)

VTX1
full simulation(R

=12mm)
VTX1

full simulation(R
=20mm)

VTX1
full simulation(R

=16mm)
VTX1

fast simulation(R
=12mm)

VTX1
fast simulation(R

=20mm)
VTX1

fast simulation(R

Figure 4.5: Transverse impact-parameter resolution at ✓=85 degrees as function of the momentum for
different values of inner most layer radius Rmin. The black curve indicates the baseline configuration
of Rmin=20mm.

4.5 Sensor Technology Options

The history of silicon pixel vertex detector could be traced back to LEP era, when it was
introduced in the DELPHI experiment [5], and significant progress has been made over
the last 20 years [6]. There have been lots of R&D efforts towards pixel sensors for vertex
tracking in the future particle physics experiments [7], driven by track density, single point
resolution and radiation level.

As outlined in Section 4.1, the detector challenges include high IP resolution, low ma-
terial budget, low occupancy and sufficient radiation tolerance (mild comparing to ILC
but not necessarily easy to achieve). To fulfill these requirements of system level, the
vertex must be based on sensor technologies which push for fine pitch, low power and
fast readout. In the CEPC case it is a unique scenario that might be more requiring than
previous applications. In the ILC[1] and CLIC[8], for example, the power consumption is
expected to be significantly reduced by choosing operation of power pulsing, but it is not
practical for CEPC. Some other experiments such as the STAR[9], BELLEII[10] and AL-
ICE upgrade[11] do their readout continuously the same way the CEPC does. However,
they require less in terms of IP resolution and material budget. A sensor technology that
fits perfectly in needs of the CEPC does not exist. A few options are listed here for being
either close to it or having outstanding potential.

The DEPFET has a unique feature that the main heat sources are located at the end
of staves. As the thermal simulation of the BELLEII staves shown in figure 4.6, 1W for
sensitive area and another 1W for switcher located within the acceptance can be cooled

Performance studies: Distance to IP
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Transverse impact parameter resolution for single muons
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5 μm Target
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Standard Pixel Sensor imaging Process (TowerJazz) 
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•  High-resisMvity	(>	1kΩ	cm)	p-type	epitaxial	layer	(18	µm	to	30	µm)	on	p-type	substrate	

•  Deep	PWELL	shielding	NWELL	allowing	PMOS	transistors	(full	CMOS	within	acMve	area)	

•  Small	n-well	diode	(2	µm	diameter),	~100	Mmes	smaller	than	pixel	=>	low	capacitance	(2fF)	=>	large	S/N	

•  Reverse	bias	can	be	applied	to	the	substrate	to	increase	the	depleMon	volume	around	the	NWELL	
collecMon	diode	and	further	reduce	sensor	capacitance	for	beaer	analog	performance	at	lower	power	

4	
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Standard	Pixel	Sensor	imaging	Process	(TowerJazz)	

W. Snoeys, CEPC Workshop, Beijing, Nov 7, 2017



ALPIDE CMOS Pixel Sensor

�103

)-Threshold (e
100 200 300 400 500

m
)

µ
R

es
ol

ut
io

n 
(

0

1

2

3

4

5

6

7

8

100 200 300 400 500

A
ve

ra
ge

 C
lu

st
er

 S
iz

e 
(P

ix
el

)

0

1

2

3

4

5

6

=-3VBB  @ VCluster SizeResolution      
     W7-R10 Non Irradiated
     W7-R7 Non Irradiated
     W7-R17 TID Irradiated, 206 krad
     W7-R5 TID Irradiated, 205 krad
     W7-R38 TID Irradiated, 462 krad
     W7-R41 TID Irradiated, 509 krad
  3 / cmeq   W8-R5 NIEL, 1.7e+13 1MeV n
  3 / cmeq   W8-R7 NIEL, 1.7e+13 1MeV n

	
	
	
	
	

•  Chip-to-chip	fluctuaMons	negligible	
•  Non-irradiated	and	TID/NIEL	chips	show	similar	performance	
•  ResoluMon	of	about	6µm	at	a	threshold	of	300	electrons	
•  Sufficient	operaMonal	margin	even	a|er	10x	lifeMme	NIEL	dose	
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•  Large	operaMonal	margin	with	only	10	masked	pixels	(0.002%)	
•  Chip-to-chip	fluctuaMons	negligible	 		
•  Non-irradiated	and	NIEL/TID	chips	show	similar	performance	
•  Sufficient	operaMonal	margin	a|er	10x	lifeMme	NIEL	dose	

16	

VBB=-3V	
NIEL/TID	

DetecMon	Efficiency	and	Fake	Hit	Rate	

ALPIDE

Pixel dimensions 26.9 μm × 29.2 μm 

Spatial resolution ~ 5 μm

Time resolution 5-10 μs

Hit rate ~ 104/mm2/s

Power consumption < ~20-35 mW/cm2

Radiation tolerance 300kRad 
2×1012 1 MeV neq/cm2

Almost OK specifications
Need lower resolution
Higer radiation tolerance



ATLAS Modified TowerJazz process
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21	

Deep	PWELL	
shielding	NWELL	
allowing	in-pixel	

PMOS	

•  180nm	CMOS	imaging	sensor	process	
•  Electronics	outside	the	collecMon	electrode:	small	electrode	(low	C),	large	circuit	area,	

no	signal	coupling	

25	µm		
p-type	epitaxial	
High	resisMvity		
(>	1kΩ	cm)		

radius	2-3	µm	small	C	(<	5	fF)		NWELL	–	PWELL	
spacing	

•  Reverse	bias	to	increase	depleMon	volume	(-6	V,	the	sensor	is	not	fully	depleted)	

	walter.snoeys@cern.ch	

Standard	process	

22	

•  Novel	modified	process	developed	in	collaboraMon	with	the	foundry	
•  Adding	a	planar	n-type	implant	significantly	improves	depleMon	under	deep	PWELL	

•  Possibility	to	fully	deplete	sensing	volume	
•  No	significant	circuit	or	layout	changes	required	

25	µm		
p-type	epitaxial	
High	resisMvity		
(>	1kΩ	cm)		

W. Snoeys et al. 
DOI 10.1016/j.nima.2017.07.046  

	walter.snoeys@cern.ch	

Modified	process	

W. Snoeys, CEPC Workshop, Beijing, Nov 7, 2017

Improvement of radiation tolerance by at least 
one order of magnitude

Irradiation tests: 1×1015 neq/cm2 

Standard process Modified process



Optimization of TPC radius and B-field
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Tracker Radius & B-Field: the
optimized value

● Detector cost is sensitive to tracker radius, however, I recommend TPC
radius >= 1.8m: 

– Better separation & JER

– Better dEdx

– Better (H->di muon)  
measurement

ATLAS 3ab-1

CMS 3ab-1

Default TPC Setting: B = 3 T & R
out

 = 1.8

BR(H→μμ) measurementDetector cost sensitive to tracker radius, 
however: 

- simulation prefers TPC with radius >= 1.8 m,
- momentum resolution (Δ(1/PT) < 2 x 10-5 GeV-1)

30/3/2017  4

Tracker Radius optimization

● Detector cost is sensitive to tracker radius, however, I recommend TPC
radius >= 1.8m, to ensure momentum resolution (delta(1/Pt) < 2E-5 GeV-1) 

– Better separation & JER

– Better dEdx

– Better (H->di muon)  
measurement

ATLAS 3ab-1

CMS 3ab-1

Better:
- Separation and Jet Energy Resolution
- dE/dx measurement 
- BR(H→ μμ) measurement 



Dual Readout Calorimeter
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Lead by Italian colleagues: based on the DREAM/RD52 collaboration 
102 CALORIMETRY

Figure 6.57: The DREAM calorimeter (top), built in 2003, and the RD52 prototypes, with copper
(middle) and lead (bottom), built in 2012.

copper modules, each module 9.3 ⇥ 9.3 ⇥ 250 cm3 (see Figure 6.57 for the mechanical
details, the first DREAM calorimeter built in 2003 is also shown on the top). From the
readout point of view, the calorimeter was arranged as in Figure 6.58.

6.4.4.1 Electromagnetic Performance

In Figure 6.59 the linearity of the response for both matrices is shown. The range of
measurement is different for the two (spanning 6-60 GeV for Cu and 60-150 GeV for Pb).
The deviations for the very first points (. 10 GeV ) are likely due to the spread of the
energy of the beam particles.

Figure 6.60 shows the radial shower profile and the sensivity to the impact point:
the core of the signal spans just few mm. Figure 6.61 shows the dependence of the S
signal on the impact point for particles entering parallel to the fibres. This introduces a
constant term in the resolution that can be avoided with a small tilt of the fibre axis. In
the C fibres, the problem doesn’t show up since the early (collimated) part of the shower
produces photons outside the numerical fibre aperture.

For the reconstruction of the energy of em showers, C and S signals provide inde-
pendent uncorrelated measurements, with different sensitivity of the response. They are
affected by different problems: S signals have a photo-electron statistics of at least one
order of magnitude higher than C signals, and their fluctuations are largely dominated by
the sampling fluctuation of the energy deposits. C signal fluctuations are generally dom-
inated by the limited photo-electron statistics, expecially at low energies. Nevertheless,
for C signals, the constant term is negligible giving a better resolution at high energies.
Averaging the two measures improves the resolution up to a factor of

p
2. Separate and

combined (unweighted) results for the copper matrix are shown in Figure 6.62 for 40 GeV
electrons.

106 CALORIMETRY

Figure 6.63: The energy resolution for electrons in the copper-fibre module (left) and in the lead-fibre
module (right), as a function of the beam energy. Shown are the results for the two types of fibres, and
for the combined signals. The angle of incidence of the beam particles (✓, �) was (1.5�

, 1.0�). The
size of the beam spot was 10⇥ 10 mm

2.

Figure 6.64: Signal distributions for 20 GeV ⇡
� particles. Shown are the measured Čerenkov (a) and

scintillation (b) signal distributions as well as the signal distribution obtained by combining the two
signals according to Equation 4, with � = 0.45 (c).

In Figure 6.63, the electromagnetic resolution is shown for the 2 matrices.

6.4.4.2 Hadronic Performance

The RD52 lead matrix response was studied with pion and proton beams [36]. High-
multiplicity events ("jets") were also generated by means of a target. The energy was
reconstructed with the dual-readout relation (Eq. 4), that restores a gaussian behaviour
and linearity of the response (Figure 6.64 and Figure 6.65).

The comparison of p and ⇡ signals at 80 GeV is shown in Figure 6.66, confirming
that the method largely compensates for the differences in shower composition.

The limited lateral size of the matrix (about 1 �) allows to collect, in average, ⇠ 90%

of the shower energy so that leakage fluctuations dominate the resolution capability. Leak-
age counters were used to select events about fully contained (that of course, tend to have
a higher fem). The resolution improves by a factor of almost 2 in this case (Figure 6.67).
A second effect affecting resolution is the light attenuation in the fibres, that causes early

Energy resolution for electrons 

Expected resolution:
Electrons: 10.5%/sqrt(E)

Isolated pions: 35%/sqrt(E)

Hauptman, Santoro, Ferrari
Tomorrow, 11:30, 12:00, 12:30 am



Dual Readout Calorimeter
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Brass module, dimensions: ~ 112 cm long, 12 x 12 mm2

2017 Testbeam Layout

section

Back

Experimental setup

Trigger :

Lead by Italian colleagues

Hauptman, Santoro, Ferrari
Tomorrow, 11:30, 12:00, 12:30 am


