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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 worid

ATLAS & CMS Observation
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2013 Nobel Prize
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Francois Englert and Peter Higgs

Huge impact to humanity

Technology
Cultural
International Collaboration

What Is the next step

for HEP?



Higgs as a special probe
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e Measure Higgs properties with highest precision

e Many different couplings fixed by masses, yukawa hierarchy?
e Have neutrinos a special role?
e / determines shape and evolution of the Higgs potential @ cosmological implications
e New dark states? — Portal to new physics beyond SM
e Search for rare processes, through high-accuracy studies of SM cross sections

e+e- colliders offer clear advantages due to the potentially high accuracy of measurements
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Revived ete- Circular Colliders
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Z

Relatively low Higgs mass:
mu = 125 GeV

£ H
LEP stopped taking data in 2000 limited by synchrotron energy loss

Center mass energy: Vs = 209 GeV

Just a few GeV below the required energy to produce Higgs events copiously
Vs = 240 GeV
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Higgs production in ete- collisions /4 jﬂ
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Observables:
! Higgs mass, CP, 6(ZH), f-
, event rates (o(ZH, vvH)*Br(H—X) ),

Differential distributions
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Higgs Couplings Measurement

Precision of Higgs couplings measurement compared to HL-LHC

Precision of Higgs coupling measurement (7-parameter Fit)

g(hff) g(hVV)
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Higgs Couplings Measurement

Precision of Higgs couplings measurement compared to ILC

Precision of Higgs coupling measurement (10-parameter Fit) g(hff) g(hV'V)

Rf = NI TRGY Ry = U QN
s ILC 250 GeV at 2 ab~' (1710.07621) g(hff:5M) g(hV'V:SM)

s CEPC 250 GeV at 5 ab™" wi/wo HL-LHC
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Many BSM models impact Higgs couplings at percentage level

CEPC will be sensitive to these

Model bb cC gg WW 7 ZZ vy
MSSM [38] 148 08 -08 -02 104 -05 10.1
Type II 2HD |39 +10.1 -0.2 -0.2 0.0 498 0.0 0.1
Type X 2HD [39 02 02 -02 00 +78 00 0.0
Type Y 2HD [39 1101 -02 -0.2 0.0 -0.2 00 0.1
Composite Higgs [40] -6.4 -64 -64 -21 -64 -21 -21
Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -25 0.0 -25 -1.5
Little Higgs w. T-parity (42| -7.8 -46 -35 -1.5 -7.8 -1.5 -1.0
Higgs-Radion [43] 15 -15 +10. -1.5 -1.5 -15 -1.0
Higgs Singlet [44 35 35 -35 -35 -35 -35 -35
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LHC not likely to be sensitive to these models even with full HL-LHC dataset

arXiv: 1710.07621
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BSM Physics through Exotic Higgs Decays

General search for BSM

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

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

‘m HL-LHC
m CEPC

= ILC(H20)
m FCC-ee
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Z. Liu, H. Zhang, LT Wang, 1612.09284
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Top Mass Prediction from Precision Electroweak data
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Top discovery at Tevatron
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Higgs Mass é’ ?A i Overnight update
Prediction S |

L] !1.

» Updated with EPS’01 results

fI‘O m x Excludes direct searches from ATLAS and CMS from EPS

:m =173.210.9 GeV, LEP & Tevatron Higgs Searches

Precision

¥
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Electroweak E
' s
data :
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and some b o :
---= Fil excluding theory erfors — Z
extra help! 2
Standard Fit i
my (minimum)= 94.5 GeV, Range my = [71, 124], mu < 166.5 GeV @ 95% §
O
PANIC 2011 Complete Fit
I mu (minimum)= 125.2 GeV, Range mu = [116, 133], mu < 153.9 GeV @ 95% >
J U Iy 2 8, 2 O 1 1 Thanks to Matthias Schott from the GFitter group 52



W mass measurement

2 methods to extract W mass

Direct measurement Vs = 240 GeV
WW - lvqq, WW — qqqq

x/df 8567.51/209
RMS- --1-5--454 ------------------
Entries = 9319000
RMS/-\N ------ 040013 -------
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firmr)
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YFSWW/RacoonWW
_...no ZWW vertex (Gentle)
only v, exchange (Gentle)

65 70 75 80 85 90 95 100105
m; [GeV]

AMw = 2-3 MeV

Energy scan threshold AMw = 1 MeV

Limiting factor is beam energy uncertainty: AE ~ 0.5 MeV
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The W mass measurement
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___| Prospects for LHC
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Electroweak observables at CEPC

Expect to have ~1011 Z boson for electroweak precision physics

Observable LEP precision CEPC precision CEPC runs

oy 2 MeV 0.5 MeV Z threshold scan
Al 1.7% 0.1% Z threshold scan

sin” G% 0.07% 0.002% Z threshold scan
R, 0.3% 0.02% Z pole

R, 0.2% 0.01% Z pole

N, 1.7% 0.05% Z H runs
mw 33 MeV 2-3 MeV Z H runs
mMw 33 MeV 1 MeV W W threshold




New physics from precision measurements

Probe New Physics scale up to O(10-100) TeV

Electroweak Fit: S and T Oblique Parameters Electroweak Fit: S and T Oblique Parameters

Current (68%)
0.10}
0.05}

~ 0.00f

-0.05}

Improvement from

-0.10} : _ | top mass
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S S

From PreCDR
arxiv:1411.1054 16




A few other physics highlights

Is EWPT 1st order?

Dark sector search
With Z rare decay

hZZ coupling: oZ;

Real Scalar Singlet Model

current

1TeV = SPCC/ FCC-hh/ILC 1 TeV
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CEPC Accelerator Chain and
e \Booster Cycle (0.1 Hz)

Energy ramp 300
10 GeV 0

500
N
< 400

Booster
100 km

R 300
200
100

45/80/120 GeV = ==

000 200 400 600 800 10.00 12.00
t(s)

- Booster and CEPC "
- SPPC “

Collider
Ring

he key systems of CEPC.:
1) Linac Injector

100 km /' 2)Boost
Vs =90, 160 or 240 GeV ~ / ) Cotlider ring
2 interaction points 4) Machine Detector Interface

5) Civil Engineering

45/80/120 GeV beams » CDR provides details of all

T P2 %




The 100k tunnel cross section

Proposed in Lausanne Workshop in 1984
TUNNEL CROSS SECTION OF THE ARC AREA

DESIGN STUDY OF THE LARGE HADRON COLLIDER (LHC)
A multiparticle collider in the LEP tunnel

Outside of the ring Inside of the ring C E P C THE LHC Study Group

| comummscmen
Booster TR
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CERN CURPOPEAN CRGAMNIZATION FOR NUCLEAR RFSEARCH
u n
collider collider

Mo Y 199

CEPC Civil Engineering Design very advanced  LEP tunnel internal diameter is 3.8 metres in the arcs
4.4 or 5.5 metres in the straight sections 19



The CEPC Baseline Collider Design

Double ring
Common RF cavities for Higgs

\

Two RF sections in total

Two RF stations per RF section

10 x 2 = 20 cryomodules
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The CEPC Baseline Collider Design — Injection

OR. flectron Linac By-pass LL
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PSPAS

Booster

Positron Ring Electron Ring

;;.' | /\
Positron target # - - -

et/e- beam energy:
10 GeV

Injection exergy 10GeV

Total beam transfer
efficiency: 90%
45 GeV Plasma Wakefield

Accelerator considered
as an alternative




Main Parameters of Collider Ring

2

120

1.73

2.58
15.0
242 (0.68ps)
17.4
30

0.36/0.0015
1.21/0.0031
20.9/0.068

3.26

0.1
0.29
0.67

2.93

80 45.5
100
0.34 0.036
16.5%2
7.0 23.8
12.0 8.0
1524 (0.21ps) 12000 (25ns+10%gap)
87.9 461.0
30 16.5
0.36/0.0015 0.2/0.0015 0.2/0.001
0.54/0.0016 0.18/0.004 0.18/0.0016
13.9/0.049 6.0/0.078 6.0/0.04
650 (216816)
5.9 8.5
0.066 0.038
0.35 0.55
1.4 4.0 2.1
10.1 X 32.1 22



Accelerator key technologies R&D

The key accelerator technologies are under studying with dedicated funds

Polarized electron gun
—> Super-lalce 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 = 2x1010 @ 2 K
= High power coupler - 300kW (Variable)
High efficiency CW klystron
= Efficiency goal > 80%

Low field dipole magnet (booster)
E> Lmag — 5 m, Bmin — 30 GS, EI’I‘OrS <5X1 0'4

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

Multiple prototypes have been constructed or are under design/construction




Accelerator key technologies R&D — prototypes

High Efficiency Klystron
CEPC 650 MHz Cavity

“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 builit
by 2021

Collaboration with Photon Source
projects in Shanghai and Beijing
(1.3 GHz cavities)

Booster low-field dipole magnets

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

Lmag =5 m, Bmin= 30 GS, Errors <6x10-4

24
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Detector Conceptual Designs (CDR)

Baseline detector (3 Tesla)
ILD-like
(similar to pre-CDR)

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

26



CEPC baseline detector: ILD-like

Yoke/Muon

7 NG <—— Yoke/Muon
Ecal / // /,;f /
i f /

SN
//////

\ -~
= .
NN
a o
)

~_
e

x‘-:‘:_‘%“}:;‘-.‘:

=

-‘-K
—_——

f
i

B
——
T ‘ T

LumicCal Vertex Yoke/Muon HCal QD0 LumiCal IP  Vertex

Magnetic Field: 3 Tesla — changed from preCDR

-Impact parameter resolution: less than 5 pm <« Flavor tagging
- Tracking resolution: 8(1/Pt) ~ 2x10-> (GeV-1) @ BR(Higgs — pp)

.Jet energy resolution: . /E ~ 30%/+E ——{{ W/Z dijet mass separation




CEPC baseline detector: ILD-like: Design Considerations

Major concerns being addressed

1. MDI region highly constrained

<—— Yoke/Muon

2. Low-material Inner Tracker design

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

4. ECAL/HCAL granularity needs x )

Yoke/Muon HCal QD0 LumiCal IP  Vertex

Magnetic Field: 3 Tesla — changed from preCDR

-Impact parameter resolution: less than 5 pm <« Flavor tagging
- Tracking resolution: 8(1/Pt) ~ 2x10-> (GeV-1) @ BR(Higgs — pp)

.Jet energy resolution: o /E ~ 30%/+E ——{ W/Z dijet mass separation




Low magnetic field detector concept

Proposed by INFN, Italy colleagues

r~2.1 m
Preshower: ~1 Xo
— * Dual-readout calorimeter: 2 m/8 Aint
* (yoke) muon chambers

New technology
proposal:

MRwell
Similar to Concept Detector for FCC-ee

Open for collaboration within China

} I\Ilagnet 2 Tesla 2 1 m radlus ‘f
W _ Thin (~ 30 cm), low-mass (~0.8 Xo)|

29



Detector optimization

Optimization based on
particle flow oriented detector
and
full simulation Geant4

PFA oriented Detector & = = SO |
Reconstruction LSRN ' Common CEPC software tools
&%

N - available at:
T / http .//cepcsoft.ihep.ac/docs
”
4 rechits |
— KL shower reconstructed by the Arbor algorithm
Some studies done with fast simulation 30



Detector optimization: Benchmark measurements

A

Z boson
decay
Final state

Lepton & Momentum
resolution: Br = 6.7%

Flavor Tagging & JER:
Br =14%

Composition of
Jet/MET, lepton: Br = 4%

Jet Clustering: Br = 50%

Photon/ECAL: Br = 0.2%

qqH, H->inv. MET & NP:
SM Br=0.1%

EW, Br(tau->X) @ Z pole:
Separation




Detector optimization

Optimized (CDR)

B Field 3 Tesla

TPC radius -: ;-B-r;\:'
TOF 90 ps

ECAL thickness ::8:1 :n-rrz :

ECAL cell size ;:13 :n-rrE :

ECAL num. layers (' 25 :)

HCAL thickness " qm

HCAL num. layers (' =4=0= ~:

Comments

Required from beam emmitance

Required by Br(H— pp) measurement ~H < F

Pi-Kaon separation at Z pole

H d
Optimized for Br(H->yy) at 250 GeV - -—{i
¥

Maximum for EW measurements,
better 5 mm but passive cooling needs 20 mm

Depends on silicon sensor thickness

Optimized for Higgs at 250 GeV

32



Interaction region: Machine Detector Interface

One of the most complicated issue in the CEPC detector design

Updated baseline parameters:

Full partial double ring

* Focal length (L*) increased from 1.5 mto 2.2 m
* Solenoid field reduced from3.5Tto3T

Yoke/Muon

Lumiunc: 1 x 103

(studies lead by Vinca
and Academia Sinica)

Compensating Solenoid Quadrupoles
Cryostat Shielding

2000 3000 4000 5000 6000

L*=22m Z [mm]

Magnet Field Strength Length

Challenging engineering design ™ 136 T/m 1.73m

* Head-on collision changed to crossing angle of 33 mrad

Inner Radius
19 mm

33



Interaction region: Machine Detector Interface
Machine induced backgrounds

 Radiative Bhabha scattering
e Beam-beam interactions

* Synchrotron radiation

* Beam-gas interactions

Higgs operation
(Ecm — 240 GeV)

Studies for new configuration being finalized

0 Combined
O Radiative Bhabha
® Pair Production

Sp=

ertex layer:
12 34

15 20 25 30 35 40 45 50 55 60
VTX Radius [mm]

34



Baseline Pixel Detector Layout

3-layers of double-sided pixel sensors

+ ILD-like layout
+ Innermost layer: osp = 2.8 pm
+ Polar angle 6 ~ 15 degrees

Implemented in GEANT4 simulation framework (MOKKA)

s CMOS pixel sensor (MAPS)

NMOS PMOS

Integration diode N+/ep| Reset diode P+/Nwell

el N+ Nwell Pe leri N+
|z|(mm) o Readout time(us) u ; Dep@m\

ELLEgd Layer | 16 62.5 0.97 2.8 20

BN [oyer2 | 18 625 | 096 | 6 1-10

. | >

Ladder Layer 3 125.0 0.96 4 Minus voltage o~ -6V

2 Layer 4 125.0 0.95 4 Integrated sensor and readout electronics on the
Ladder /BTN R 125.0 0.91 4 same silicon bulk with “standard” CMOS process:

3 - low material budget,

- low cost ... | J




Current R&D activities

Initial Pixel sensor R&D:

Smallest Chips

Process : ] : Observations
pixel size desighed
CMOS pixel sensor (CPS) Towerdazz CIS 0.18 pym 22 x 22 pm?2 2 Founded by MOST and IHEF
SOl pixel sensor LAPIS 0.2 pm 16 x 16 pm?2 2 Funded by NSFC

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

Pixel Detector prototype:

Double sided ladder -aver1(11 mmx62.5 mm)

3 X 2 layer = 6 chips

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

36



Time Projection Chamber (TPC)

Allows for particle identification T < detector concept

Low material budget:

0.05 Xo including outfield cage in r
0.25 X, for readout endcaps in Z

3 Tesla magnetic field —> reduces diffusion of drifting electrons
Position resolution: ~100 ym in r¢
dE/dx resolution: 5%
GEM and Micromegas as readout
Problem: lon Back Flow —> track distortion
Operation at L>2 x 1034 cm-2 s-1 being studied

R&D by IHEP, Tsinghua and Shandong
Funded by MOST and NSFC 37




Calorimeter options

Chinese institutions have been
focusing on Particle Flow calorimeters

R&D supported by MOST, NSFC
and IHEP seed funding

PFA Calorimeter

silicon scintillator IMAPS |Scintillator‘ RPC ‘ GEM i nl\fei;fs‘
s . ECAL with Silicon and Tungsten (LLR, France) A
Electromagnetic . . .

. (*) ECAL with Scintillator+SiPM and Tungsten (IHEP + USTC) )
s (*) SDHCAL with RPC and Stainless Steel (SJTU + IPNL, France) h
Hadronic SDHCAL with ThGEM/GEM and Stainless Steel (IHEP + UCAS + USTC)

. (*) HCAL with Scintillator+SiPM and Stainless Steel (IHEP + USTC + SJTU)J

> (*) Dual readout calorimeters (INFN, Italy + lowa, USA)

)




ECAL Calorimeter — Particle Flow Calorimeter
Scintillator-Tungsten Sandwich ECAL

Cell size: 5 x 5 mm?2
From ILD TDR (with ambiguity)

i - 3 mm thick: Tungsten plate
- 2 mm thick: 5 x 45 mm?

| - 2 mm thick: Readout/service layer |

Layer structure

! R&D on-going:
| 1 - SiPM dynamic range
3

!

1

Plastic scintillator
9 x45 mm2 (2 mm thicN

» oy 7‘ Mini-prototype tested on
SIiPM ke testbeam at the IHEP

I 39

Scintillator strip non-uniformity
Coupling of SiPM and scintillator



HCAL Calorimeter — Particle Flow Calorimeter

Scintillator and SiPM HCAL (AHCAL)

32 super modules 40 layers
AHCAL barrel AHCAL super moduls

Cooling Pipe

}' .0 N
Stainless Steel Absorber SiPM Scintillator Tile Reflective Foil

Cavi Detector Cell
Detector Cell X _ty

30%30mm’ "ma4+—SIPM

40x40mm- -

20 xX50mm

Prototype to be built: MOST (2018-2022)
0.5x0.5 m2, 35 layer (4A), 3x3 cm2 module

(2 or3mm)

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

l I‘.iJJll




Superconductor solenoid development

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

-~

Solenoid \
5-module coil (4 layers) Cryostat vacuum tank

W

6983 5863 4143

j

\_

Main parameters of solenoid coill \

Central magnetic field
Operating current
Stored energy
Inductance

Coil radius

Coil length

Cable length

3T
15779 A
1.3 G.
10.46 H
3.6-3.9m

7.6m
30.35 km

Y

Design for 2 Tesla magnet presents no problems

Double-solenoid design also available

Default is NbTi Rutherford SC cable (4.2K)

Solutions with High-Temperature SC cable also being considered (YBCO, 20K)




CEPC Accelerator CDR Completed

CEPC accelerator CDR completed in June 2018 (to be printed in July 2018)

= Executive Summary

_Introduction

IHEP - CEPC-DR-2017-01

Machine Layout and Performance ier.Ac 203701

Operation Scenarios

A VY CEPC
CEPC Booster CEPC-SPPC

"TPC-SPPC Conceptual Design Report
CEPCSPI( Progress Report (2015 - 2016) i S
. Preliminary Conceptual Design Report Volume | - Accelerator
CEPC Linac Accelerator

Volume |l - Accelerator

Systems Common to the CEPC Linac, Booster and Collider
Super Proton Proton Collider

Conventional Facilities

Environment, Health and Safety T e e e s o
10. R&D Program e

11. Project Plan, Cost and Schedule
Appendix 1: CEPC Parameter List

© 0 N O U A W N H

March 2015 April 2017 July 2018

Appendix 2: CEPC Technical Component List
Appendix 3: CEPC Electric Power Requirement

Appendix 4: Operation for High Intensity y-ray Source PhySICS and DEtQCtor CDR

Appendix 5: Advanced Partial Double Ring tO fOIIOW sSoon after“{a.rd-s
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CEPC “optimistic” Schedule

CEPC

2020

2015

| R&D
Pre-studies Engineering Design
(2013-2015) (2016-2022)

- Design issues - Design, funding

- R&D items - R&D program

- preCDR - Intl. collaboration
- Site study

 CEPC data-taking starts before the LHC program ends

2025

. Constmicin. |

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

* Possibly concurrent with the ILC program
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CEPCundmg In recent years
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| . . Increasing support for CEPC D+RDby NSFC |
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Thanks to many different funding sources, CEPC team can carry out CEPC deS|gn
key-technology research and site feasibility studies u
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CEPC meetings and international impact

Workshop on the Circular
INTERNATIONAL WORKSHOP ON HIGH ENERGY i i
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Final remarks
The CEPC Physics Program is broad and exciting

%k The accelerator CDR has been completed satisfying the luminosity requirements both as a
Higgs and Z factory

sk Detector CDR will follow soon

%k Key technologies are under R&D and put to prototyping:

%k Accelerator: SC cavity, high efficiency klystron, low field precision magnet, copper vacuum
chamber, HTS, ...

sk Detector: Pixel detector, TPC, PFA-based electromagnetic and hadronic calorimeters, magnet, ...

sk CEPC civil engineering design and site selection going well
%k CEPC funding adequate for required R&D program

sk CEPC interest abroad is steadily increasing

sk From 2018-2022, CEPC TDR will be finished with accelerator key hardware R&D completed and
industrialization ready for construction start in 2022
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Thank you for the attention!



