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Japan

China

CERN

USA

Worldwide High Energy Physics Goal

=

Common Efforts and Timelines
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HALHF was proposed in 2023 as a Higgs factory based on plasma accelerator technology \
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CEPC Physics Goals, Operation Plan and Goals in TDR/EDR

Operation mode ZH Z W*W- tt possibly
Z W'W ZH tt
Vs [GeV] ~240 ~91 ~160 | ~360 -
: b
Run Time [years] 10 2 1 5 ol -
g
L /1P [x10% cm3s] 5.0 115 16 0.5 o
10° : T—,
I\:\(I)V fL dt [ab', 2 IPs] 13 60 4.2 0.65 f /\ 2 &
(/1 = =
Event yields [2 IPs] | 2.6x108 | 2.5x10'2 | 1.3x108 | 4x10° | " z =
L/IP[x10% cm?s] | 8.3 192 | 267 | 08 BN R
50 ——— — = » = ( L —
mw | JLdelab?, 21Ps] | 21.6 100 6.9 1 R 5
Event yields [2 IPs] | 4.3x108 | 4.1x10'2 | 2.1x108 | 6x10° l: b | o
*  Higgs is the top priority. The CEPC will commence its operation with a focus on Higgs. o S 5% 10°
**  Detector solenoid field is 2 Tesla during Z operation, 3Tesla for all other energies. W fusion
*** Calculated using 3,600 hours per year for data collection. 10! |
CEPC physics white papers: L ST e "
1: Higgs physics, Chinese Physics C Vol. 43, No. 4 (2019) 043002 o |
https://arxiv.org/pdf/1810.09037 -
2: Flavor physics, https://arxiv.org/pdf/2412.19743 (2024) 10 10 20 w0 3 a0
3: Electroweak physics, to be published Vs [Gev]
4: New physics, to be published
CEPC towards a green Higgs factory-J. _ i
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Philosophy and Efforts on Green CEPC Higgs Factory

« Optimization design philosophy of the CEPC as a Higgs Factory [1] with maximum the
scientific outputs and with minimum cost [2] (construction and operation) , energy
consumption and CO2 emissions [3]

« Key technology development on efficiencies and less heat loads[4]

« Wast heat recovery or reuse

« Green energy utilizations

References:

[1] J. Gao, D. Wang and Y.F. Wang*, Vision for high-energy frontier particle colliders in China, Annual Review of Nuclear and
Particle Science, Volume 75, 2025 (accepted for publication).

[2] D. Wang, J. Gao, M.Q. Ruan, Y.H. Li, H.C. Xu, Y.D. Liu, M. Li, Y. Zhang, Y.W. Wang, J.Y. Zhai, CEPC cost model study and
circumference optimization, 2022 JINST 17 P10018 DOI 10.1088/1748-0221/17/10/P10018

[3] D. Wang, J. Gao, Y.H. Li, J.S. Huang, S. Jin, M.Q. Ruan, M.S. Chen, S.Z. Chen, The carbon footprint and CO2 reduction
optimization of CEPC, Radiat Detect Technol Methods, DOI : 10.1007/s41605-025-00535-7, 2025

[4] J. Gao, CEPC Technical Design Report: Accelerator. Radiat Detect Technol Methods 8, 1-1105 (2024).
https://doi.org/10.1007/s41605-024-00463-y
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CEPC Accelerator System Parameters in TDR/EDR

Linac Booster Collider
Hi z W tt
Parameter | Symbol Unit Baseline u - _H . W_ Z 1995
Off axis | Offaxis | Onaxis [ Off axis Off axis injection Number of IPs 2
injection | injection |injection| injection )
Energy E,/E,, GeV 30 Ci_rcur_nfer. km 100 Circumference (km) 100.0
Lr;]:r(;;/on GeV 30 SR power per beam (MW) 30
Repetition
F;ate frep Hz 100 Extraction GeV 180 120 20 455 Energy (GeV) 120 45.5 80 180
Bunch ENergy Bunch number 268 11934 1297 35
unc Bunch number 35 268 [261+7] 1297 | 3978 | 5967
number per lor2 - Emittance g/g, (nm/pm) 0.64/1.3 | 0.27/1.4 | 0.87/1.7 1.4/4.7
pulse Maximum nc | 099 | 07 |203| 073 | 08 0.81 —
bunch charge Beam size at IP g;/0, (um/nm) 14/36 6/35 13/42 39/113
Bunch nC 15(3) Beam current mA 0.11 0.94 | 0.98 2.85 9.5 14.4
charge ' SR power MW | 0.93 0.94 | 1.66 0.94 0.323 0.49 Bunch length (natural/total) (mm)| 2.3/4.1 2.5/8.7 2.5/4.9 2.2/2.9
Emittance nm 2.83 1.26 0.56 0.19
nggagél e 1.5X1073 RF frequency | GHz 13 Beam-beam parameters &, /& 0.015/0.11]0.004/0.127{0.012/0.113| 0.071/0.1
RF voltage GV 9.7 2.17 0.87 0.46 RF frequency (MHz) 650
Emittance & nm 6.5 ]fr‘é'r:]'zjrﬁ;tt';“ h 01 | 014 |o016 | o027 1.8 0.8 Luminosity per IP (10%cm2s?) | 5.0 115 16 05
- - - Luminosity per IP (1034 cm—2s1) 5 115 12 0.59
Running scenarios: Higgs 10 years, Z 2 years, W 1 year, ttbar 5 years I From J. Gao’s formula below f
Factory of
et Lmax [cm~2 s~ 1]= 0.158 1034 (1+1) Rim] (Pp,IMW]/E[GeV]?)e322 (1+0.000505+P2) (). Gao’s formula)
. z»lt: l\I:lillliln:; l\'r'“\\'-'- puirs By[mm] /¢y [mGev3INyp P
Transport lines SOOK tEpas
® @
2 o, _ CEPC Technical Design Report (TDR) includes:
Booster \® Collider © , 1) CEPC Accelerator TDR released on Dec. 25, 2023
30~180GeV 180GeV = dumpl 2) CEPC Detector TDRrd (rd=reference design)
DR1.1GeV \ will be completed by June 2025
CEPC towards a green actoTy=J- _ _
Gao Sustainable HEP workshop, May 12-15, 2025 (Online) 7



CEPC Power Consumptions for Four Energies (sr 3o0Mw/beam)

Table A3.11: Total facility power consumption n Higgs mode (30 MW/beam) Table A3.13: Total facility power consumption in Z mode (30 MW /beam)

y . LOCS : or Re Y W : Y| g - ,
System for Higes Location and power Requirement (MW) . Total Systern for W Location and power Requirement (MW) _ Total
(30 MW /beam) | Collider | Booster [ Linac | BTL IR {)uil dm; (MW) (30 MW /beam) | Collider | Booster | Linac | BTL IR l'\"{'l':j”_“ (MW)
Duiding
I | RF Power Source 96.90 0.15 12.26 109.31 1 | RF Power Source 96.90 0.15 12.26 109.31
2 | Cryogenic System 9.72 1.71 0.16 11.59 2 | Cryogenic System 332 0.77 016 425
3 | Vacuum System 540 4.20 0.60 10.20 3 | Vacuum System 9.60 3.80 0.65 14.05
4 | Magnet System 216 | 846 | 215 | 489 [ 030 57.96 CEP( 4 | Magnet System 6.71 128 | 215 | 480 | 005 15.08
Techuicn! Design Repord
5 | Instrumentation 130 | 070 | 020 2.20 e 5 | Instrumentation 130 [ 070 [ 020 2.20
Radiation A o | Radiation 025 0 03
6, [l 0.30 0.10 0.40 | Protection 23 10 )35
7 | Control System 1.00 0.60 0.20 1.80 7 | Control System 1.00 0.60 0.20 | 0005 [ 0.005 1.81
EXDerments o | Experimental
8 :_;2]\\::::1&]1”] 4.00 4.00 8 | pevices 4.00 4.00
— Ttilitie 2 2 2 2 32
9 | Utilities 3780 | 320 | 180 | 060 [ 120 44,60 %_|Lulmes 2399, 1280 | 200 | 0001 120 L i
» v STV S 2 - - - P
10 | General Services 720 0.30 0.20 0.20 12.00 19.90 10 | General Services 7.20 0.30 020 0.20 12.00 19.90
§ - - ; . 52.0¢ ; L6 5.70 5.62 2. 20335
Total 20178 | 1902 | 1761 | 569 | 586 | 1200 |261.96 S IAA081] 200 | ARee ] S0, [ SR6R ] SI0 2R
: . i 5L Ee : Table A3.14: Total facility power consumption in ££ mode (30 MW /heam)
Table A3.12: Total facility power consumption in W mode (30 MW/beam) 2 sdtntiiects P oce
) - Location and power Requirement (MW) .
Svstet.for W Location and power Requirement (MW) Total System f;: ¢t P quireme — ;\ ‘;&I
SYSRII " . (30 MW /beam) | Collider | Booster | Linac | BTL | IR | JU0ReC | (MW)
(30 MW /beam) | Collider | Booster | Linac | BTL | IR i?“.’lfl““' (MW) : building
l = = — g z I | RF Power Source 96.90 0.15 12.26 10931
“ Power Source 96.90 0.15 2.26 10931
il Eiciane x l : 2 | Cryogenic System 27.53 2.32 0.16 30.01
2 e oY1 NVl e
2 | Cryogenic System 6.16 0.6% 0.16 7.00 3 | Vacuum System 9.90 4.20 0.65 14.75
3 fac Sysle: 9.78 38 .65 23 5
3 | Vacuum System ! 3.80 | 06 14 4 | Magnet System 9303 | 1894 | 215 | 489 | 030 11931
1 W 3§ 215 C 7 29 ¢ =
4 Magnet System 18.94 3.80 2.15 4.89 0.12 2990 % | Instnenentatian 130 0.70 0.20 230
5 | Instrumentation 1.30 0.70 0.20 220 « | Radiation 630 010 Vin
e ) . 3 y 0,
¢ | Do 0.30 0.10 0.40 Sl
Protection 7 | Control System 1.00 0.60) 0.20 1.80
7 | Control System .00 0.60 0.20 1.80 . Xpert 7
i b : g |Exponmental 4.00 4.00
g | Experimental 4.00 4.00 Devices
Devices : ' 9 | Uulities 47.20 4.80 2.50 0.64) 1.20 56.30
9 | Utilities 29.60 | 2.80 220 | 060 [ 120 36.40 10 | General Services 7.20 030 | 020 | 020 1200 | 1990
10 | General Services 720 0.30 0.20 020 12.00 1990 Total 28436 | 31.71 1836 | 3.69 5.86 1200 [ 35798
Total 171.18 12.53 18.06 5.69 5.68 12.00 225.14

J. Gao, CEPC Technical Design Report: Accelerator. Radiat Detect Technol Methods 8, 1-1105 (2024). https://doi.org/10.1007/s41605-024-00463-y p. 965
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CEPC Design Optimization (Cost and CO2)

Total Carbon Footprint of CEPC
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Figure 5, The cost per Higgs particle for the CEPC collider at the beam energy of 120GeV (Higgs factory

configuration) with different operation conditions and different physics goal.

D. Wang, J. Gao, M.Q. Ruan, Y.H. Li, H.C. Xu, Y.D. Liu, M. Li, Y. Zhang, Y.W. Wang, J.Y. Zhai,
CEPC cost model study and circumference optimization, 2022 JINST 17 P10018 DOI 10.1088/1748-

Fig. 9: CEPC total carbon emission with three Kinds of energy sources and 4 million Higgs achievement
(Blue: Chinese grid electricity in 2023 (350 ton CO; ¢ /GWh), Orange: Chinese grid electricity in 2035
(300 ton CO; e /GWh), Gray: carbon free energy (30 ton CO; e /GWh))

0221/17/10/P10018

Total carbon footprint

% P
L 12 et To compare, assuming all projects use
S 3 § Constructions nuclear power electricity, and Higgs
i boson production only.

- CEPC is quite efficient as a Higgs factory ‘ = I l l// \

-}:[." I i . in terms of ton CO2 eg/Higgs

ILC-250 CLIC-380 C3-250 CEPC-240 FCCee-240

Cee- 241

Collider projects Ilider peosect
Fig. 14: The carbon tootprint for single Higgs particle compared with the total number of Higgs bosons
(Blue bar: without polarization, green bar: with polarization for linear colliders. orange line: Higes

Fig. 13: Total carbon footprint for different colliders including the contribution of construction and
achievement)

operation.

D. Wang, J. Gao, Y.H. Li, J.S. Huang, S. Jin, M.Q. Ruan, M.S. Chen, S.Z. Chen, The carbon footprint and CO2 reduction optimization of CEPC, Radiat Detect Technol Methods, DOI : 10.1007/s41605-025-00535-7, 2025.




China Electricity Carbon Intensity Map

China national dual-
carbon strategy: CO2
emission peak before
2030 and carbon
neutrality before 2060)
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+«& Carbon Intensity Expectation (2025-2035) in China
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U The carbon intensity in China will be reduced rapidly in 2035 when CEPC is expected to be in operation
U Since April 2025, China nuclear power reaches 1.13*10*"5MW, the first in the world
U Since April 2025, the clean wind and photovoltaic electricity powers have surpassed that from the coals.
U In 2035, nuclear power in China will be 10% of the total electric power
U China’s dual carbon strategy goal : achieve peak CO2 emissions before 2030 and carbon neutrality before 2060.




- Total electricity consumption: 340 MW

Green CEPC Technologies Identification

SR power per beam: 30 MW (CEPC-TDR p965) | According to CEPC power consumption breakdown analysis,
- Tofal electricity consumption: 262 MW key technologies R&D for green CEPC have been identified

» RF power (109 MW) and carried out as follows:

+ Magnet (58 MW) Need to n e o .

. Utilifies (44 MW) improve these High efficiency klystron:

« 650 MHz
« 80 MW C-band
Permanent magnets for damping ring and
transport lines
- High Q-factor SRF cryogenic-modules
- Recovery of waste heat (HEPS)
Need to - Recovery and recycling of Helium
improve these - Photovoltaic (PV) power generation systems (HEPS)

+ Cryogenics (11.6 MW)
« Other auxiliary power combined (29 MW)
SR power per beam: 50 MW (CEPC-TDR p9%67)

+ RF power (177 MW)

+ Magnet (58 MW)

+ Utilities (54 MW)

« Cryogenics (11.1 MW)
« Other auxiliary power cOmbined (29 MW)

Prototypes have been developed addressing green collider technologies

Power efficiency, energy recycling, and clean energy generation are being addressed as
comprehensive measures for sustainable operation

Reference: Dou Wang; Jie Gao; Yuhui Li; Jinshu Huang; Song Jin; Mangi Ruan; Mingshui Chen; Shanzhen Chen,
%Wk h fduerq irrwsulqgw dgg FR uhgxfwlrqg rswlpl}dwlrqg ri FHS




CEPC 650MHz High Efficiency Klystrons

W The 1st Klystron prototype, achieved efficiency of 62%

W The 2" Klystron prototype was tested in Aug. 2024, achieved efficiency ~ 78% @ 800kW
W The 3 Klystron prototype (MBK) with manufacture underway, design efficiency is 80%
W The 4th Klystron (Energy recovery, one stage can reach 85%, two stages could reach 90%)
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The 4t Klystron (Energy recovery, one stage)

--------

RF OUT

n N7/

oo W o

‘: Energy Recoveryi

Typical klystron

Parameter

Operating frequency
Beam Voltage
Efficiency
Output power
Beam perveance
Beam current

Efficiency

(one-stage depressed collector)

Value

650 MHz

113 kV
77.5%
800 kw
0.25PS
9.5A

85%

Number of Electrons

4200mm



High Q SRF Impact on CEPC

A The SRF system, along with its cryogenic auxiliaries, is one of the major electricity consumers. High
Q-factor SRF cryo-modules effectively reduce the heat load, resulting in lower energy consumption

A The CEPC 1.3GHz SRF cavities adopt the mid -temp baking technology, which enhances the Q factor
by 5 times compared to the EP technique.

A Using the high -Q SRF in CEPC may reduce the operational power by ~ 10MW , which could result in an

electricity savings of approximately = 60M kWh per year.

g 35.0
=
g 200 EP cavity (e.g. Euro-XFEL) ..
= - (1E10 — 28 MW)
) ) e ' 10 MW power reduction
Power consumption with respect 2 00 with high Q cavity
to the cavity Q-factor 8 ' | |
CEPC 50MW Higgs operation . 450
g High Q cavity —
0 17.6
5 s (3E10 — 17.6 MW)

0.0E+00  2.0E+10  4.0E+10  6.0E+10  8.0E+10  1.0E+11
Cavity Q,



CEPC High Q 650 MHz and 1.3 GHz Cavities

_ Mid-temp baking technology
High Q 1.3 GHz 9-cell has been used 650 MHz 2-cell BCP
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w&3 Vapor-diffused Nb3Sn Cavity for CEPC Application

Cryogenic power decrease with high Q SRF Nb,Sn cavities

« ~20MV/m Nb,Sn 4.2 K cryo efficiency similar to Nb at 2 K, lower than high Q Nb at 2 K (unless
mitigate Q-slope Q, > 2.7E10 at higher gradient), assume Coefficient Of Performance (4.2 K /2 K) = 3.6

* 650 MHz Nb cavity at 4.2 K Q, ~ 2E9. If use cryocooler at 4.2 K for industry application (~ 10 MV/m),
NDb,;Sn is the only choice. COP of cryocooler not efficient for large accelerators.

Results in June 2024

Continuous efforts in high Q —3 : ' : —
Nb3Sn SRF Cavity R&D for CEPC | [ *,  13CHz1-cellNb3Sn SRF caviy
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Experiences from the permanent magnet utility in HEPS (6GeV 4" generation light

source in IHEP)
Equivalent single excitation energy
consumption of about 1.62kW.
Equivalent cooling, power efficiency

additional energy consumption of about

1.3kW
240 magnets in the whole ring
Annual running time of 8000 hours

\

~

Annual saving
electricity about 5.6
million kWh

The CEPC try to use permanent magnets (dipole, quadruple) for

« Damping ring - Transport line

CEPC

Storage Ring Z W H 1T
Beam Energy ((T;\T 4*-< S~(‘DB 12~0‘.6 lS(;.E
Current ratio 25% 449% 67% 100%
Power ratio 6% 20% 44% 100%
Dipoles (MW) 0.76 2.35 520 1190
Quadrupoles (MW) 2.13 6,58 14.81 33351
Sextupoles (MW) 1.28 3.96 591 2004
Correctors (MW) 0.04 0.12 0.28 0.62
Power cables (MW) 1.26 3.90 8.77 19.74
Total magnet losses 5.47 1691 38.08 85,62
Power demand (MW) 6.40 19.78 44.51 100.14

Exploring novel
ideas for
qguadruples in
collider rings

350mm




Transformer

+~ Rectifier

10kV/50Hz

0.4kV/50H2
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Numerous media/small magnet power supplies are needed: Quadrupole, Sextupole, corrector, ... Lots of cables
are needed, resulting in energy lost

SST can eliminate the need for 10kV transformer and SVG, which directly converts the AC power from 10kV
to DC 200V - 1000V DC200V~1kV, with voltage tenability

Rectifier is not needed in the power supplies, reducing the cost, space occupation and power consumption



 As therapid development of photovoltaic and heat storage technology, AHP can be served the
new possible scheme to recover the waste heat.
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HEPS Waste Heat Sources Utilization at IHEP

A heat recovery chiller unit is used to recover waste heat.

HEPS (a 30MW synchrotron light source in IHEP) installs four
heat recovery chiller units: 2 * 5500 kW and 2 * 2800 kW. In
the normal operation, maximum of about 13 MW waste heat

can be recovered in the form of 42 C water

The heat load of HEPS is about 10.4 MW in winter and 0.4
MW in summer. When the system is running, the recovered

heat source can fully replace municipal heat sources

CEPC will benefit from the waste heat recovery technologies
experienced in HEPS

Installation the heat
recovery condenser




A Photovoltaic (PV) power generation systems are installed on the roofs
of HEPS building complex (PV10MW vs HEPS 30MW power
consumption)

A Adopting 465Wp/550Wp monocrystalline silicon photovoltaic modules,
the first phase has a total installed capacity of 9,950.92 kWp. The
average annual power generation is expected to be 10.30766 million
kWh, and the equivalent average annual utilization hours will be
1035.85h.

A Phase | was connected to the grid on 2023.10.30.

A The second phase is planned to lay PV modules on the ground inside
the storage ring with an installed capacity of 7314.45kWp.

N
Increased demand
o) through electrification
C
£
[
&) Energy
a Optimization Reduced demand
| — through solar
@
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Implement flexible regulation between source-storage-load through the
time and spatial complementarity of load power usage
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Mini-workshops of HKUST IAS- Green Accelerator and
Colliders (Jan 18 - 19, 2024), HKUST IAS, Hong Kong,
China

Organizing committee members:
Marica Biagini, Jie Gao (Chair), Yuhui Li, Angeles Faus-

Golfe, Tohru Takahashi, Makoto Tobiyama, Tohru Takahashi,

Maxim Titov, Frank Zimmermann

The mini workshop on green accelerator and colliders will be
held from Jan. 18-19, 2023 at HKUST IAS. Facing to the
future large scale accelerator and colliders which demand
large amount of electricity power during operations, to
guarantee the sustainable progress of scientific researches
based on these kinds of machines, it is vital to strengthen the
dedicated studies, R&D efforts and development in
increasing the efficiency of electricity consumptions, wast
heat recovery and green energy applications, etc.
International exchanges and collaborations are important
towards these goals.

https://indico.global/event/12246/timetable/?view=standard

THE HONG KONG
U\IIVEPS TY OF SQENCE HKUST JOCKEY CLUB
AND TECHNOLOGY INSTITUTE FOR ADVANCED STUDY

High Energy Physi

January 8 - 26, 2024

Conference: January 22 - 25, 2024

The photo of partlcipants of mini workshops and HEP
conference at HKUST IAS, Hong Kong, China, Jan. 2024


https://indico.global/event/12246/timetable/?view=standard

CEPC Milestones, Timeline and Human Resources

Year 2012 2013 2015 2017 2018 2023 2025 2027 2030 2035
Human resources ~50 ~200 ~300 ~500 ~2800 ~2500

Accumulated

Accelerator human | accelerator t
Year .
resource spending
Billion RMB :_. ccumulated investment Proposal (2025) for CEPC entering 15t five year plan
2015 50 - é Investment poryoar
2018 100 - g
2023 200 0.2 5

36.4B RMB
Total construction

CEPC EDR site

study and civil
CEPC detector reference design engineering design
will be completed by June 2025

CEPC kickoff meeting in Sept. 2013

2012.9 2013.9 2015.3 2017.4 2018.11 2023.122024 ~ 2027 ~2035

CEPC proposed Pre-CDR Progress report CDR TDR EDR start of construction = Completion

—
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Summary

« The CEPC TDR optimizations designs with high luminosity (30MW and 50MW) operations for all four
energies (Higgs, W/Z and ttbar) satisfy the CEPC scientific goals.

« CEPC accelerator TDR has been published in Journal Radiation Detection Technology and Methods
(RDTM) DOI: 10.1007/s41605-024-00463-y https://doi.org/10.1007/s41605-024-00463-y .

« CEPC has been designed with optimal scientific outputs vs cost (construction and operation) and
power consumptions

« From CEPC power consumption breakdown, key technologies for green colliders have been
identified and corresponding technologies R&D have been carried out both in TDR and EDR phases

« CEPC detector reference TDR has been reviewed by IDRC in Sept. 14-16, 2025 and will be released
by June 2025.

« CEPC proposal will be presented to and selected by Chinese government in 2025 for the construction
start during the "15th five year plan (2026-2030)” (for example, around 2027) and completion around
2035.

« CEPCis open to the international collaboration and participation worldwide

CEPC towards a green Higgs factory-J.
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https://doi.org/10.1007/s41605-024-00463-y

