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CMS

(d The SM describes the fundamental constituents of matter and their interactions

O The SM of particle physics is the theory describing 3 of the 4 known fundamental forces (electromagnetic,
weak and strong interactions — excluding gravity) in the universe and classifying all known elementary particles
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STANDARD MODEL PROBLEMS: AN INCOMPLETE THEORY

Unknown nature of Dark Matter

Very small cosmological constant and very weak gravity
CP violation Cabibbo—Kobayashi—-Maskawa (CKM) pha
Particle—antiparticle asymmetry in the Universe
Problem of neutrino masses, mixing, oscillations
Muon (g-2) n anomaly (3.56—4.26¢ BNL):
CMD-3 o(¢*e— 7" r) — new theoretical calculation!
B-anomalies (4.56): semi-leptonic B-decays

CDF W-mass anomaly (7c6): new ATLAS & CMS at 13 T¢

What is a generation? Why there are only 3 generations?
What is a nature of quark-lepton analogy?
Are there additional gauge symmetries?
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What is responsible for a formation of the Higgs potent

Why gravity Is so weak comparing to other interactions?"”

What is responsible for gauge symmetries, why charges are quantize? % 0
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To whaeh accuracy the Charge, Parity ‘& Fimevreversal symmetry (CPT) iIs exact?
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Standard Model Production Cross Section Measurements

Status: February 2022
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ATLAS Preliminary
\fs 55,7,8,13 TeV

Probing SM

Motivation:

Theory

LHC pp v= =13 TeV

Data 3.2 = 139fb™

ATLAS: Summary of SM and fiducial production cross-section measurements in pp interactions at Vs=5,
7,8, 13 TeV, corrected for branching fractions, compared to the corresponding theoretical expectations

=105 2006,z .05+ 0.03 (stat.) +0.03 (exp.) +0.04 (sig. th.) +0.02 (bkg. th.)

The inclusive Higgs boson production rate
relative to the’SM prediction is measured to be
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AINTL-PHYS-PUB-2022-009 ATLAS

ATLAS/CMS Results

1. Higgs boson discovery
2. Systematic study of pp-

processes at 0.9 — 13.6
TeV & comparison with
SM predictions

3. There was no discovery

of the MSSM particles at
10 TeV region

4. There was no discovery

of exotic models
particles

Conclusion:
No BSM physics at 10 TeV

Review of Particle Physics,
PTEP 2022 083C01
Part 9: QCD; Figure 9.1

pig = (0i/a™) (Bf/ Ber)




FUTURE COLLIDERS

ILC Candxdate sne in Kltakam| Tohoku

| % FCC-ee/FCC-hh (CERN):
f » Protons to extend energy frontier

> 90 km ring with 16T magnet s 78

» Use FCC-hh tunnel for e*e-

collider :

> Technology for ee: standard ¥

“*ILC (Japan):

» Linear collider with high-
gradient superconducting
acceleration

» Ultimate: 0.5-1(?) TeV

» To secure funding: reduce cost
by starting at 250 GeV (H
factory)

* CEPC/SppC

» Essentially an FCC-ee, then hh
CLIC gy — with

a. more conservative
luminosity estimate:

< CLIC (CERN):
» Linear collider with high

11km; G Qinhuangdao site 4"

29km; @ '
gradient normal-conducting 50km 8 2 b. in China
acceleration -
» Ultimate: multi-TeV (3) e*e 1 % Outliers
collisions :
> Use technology to overcome > “Low-field” (7T) magnet R,
challenges @FCC (?) CEPC: multiple candidate sites in China

Yuri Kulchitsky,JkR Muon COIIIder (?) 5

> Stages; for physics and funding



FCC INTEGRATED PROGRAM - TIMELINE @y
FCCee Conceptual Design Study started in 2014 leading to Conceptual Design Report in 2018

2028: 2032: 2041: 2045: 2070:

e roject approval construction Operation of Operation of
Feasibility Study bF;/ CJERNp(?OUHCH starts HL- LHC ends pFCC-ee pFCC-hh

| 9 B Fccee || 10 years ] FCC-hh,
~ 15 years operation ~ 25 years operation
Feasibility Study m . .
FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infr;structure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh,
FCC-ee accelerator and detector R&D and technical
design
High-field magnet
Superconducting magnets R&D L::tgty mags::t; industrialization and
P PR series production

FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector

“Realistic” schedule taking into account: and technical design |  construction, nstallation, commissioning
past experience in building colliders at CERN

| approval timeline: ESPP, Council decision

that HL-LHC will run until 2041
Can:be@accelerated if more resources available:i «uichitsky, ing 6

2021- 25:

FCC-ee accelerator and detector
consfruction, installation, commissioning




FCC INFRASTRUCTURE & OPERATION

Future Circulated Collider (FCC) performance

» Center of mass energy: 100 TeV

» Peak luminosity ultimate: <30x103

» Bunch Crossing <5 ns

> Integrated luminosity ultimate ~1000 fb-!
(average per year)

Jura

» 25 years operation, leading to ~20 ab-! N

Consequence on detectors e

» Boosted objects — up to |n|=6 coverage

> High pileup and fast Bunch-Crossing (BC) —__J
very fast and granular detectors

» Momentum resolution =15% at p=10 TeV

» ~1 ns sharp Bunch-Crossing Identification (BCID)

Jura

p
I I .)/'r Canton of Vaud
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Hadron collider
16 T= 100 TeV for 100 km

20T = 100 TeV for 80 km

> Particle flow capability for calorimeters with high Unit

Symbol cm?

granularity 25 mrad? femtobarn
» Fine’tittthg against pileup — <100 ps "= attobarn

fb 103

<@
9 42
ab § 10
=

Prealps

Schematic of an
80-100 km long
circular tunnel
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LTB: Linac to Booster
BTC: Booster to Collider Ring

\ b ; .4 'H’ N
BIC : ' - f ain
gt - 7 inhuangdao =
Medium-Stage Synchrotron,MSS S ‘{’ R 9 g ;

Potential CEPC Sites /

IP4 Rapid Cycling Synchrotron, p-RSC IP3 er T g ofi
A Zhengzhou
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¢ The CEPC was proposed by the Chinese HEP community in September 2012

“» The CEPC aims to start operation in 2035, as a Higgs/Z/W/top factory

“» The CEPC to produce Higgs/Z/W/top for high precision Higgs, EW measurements,
studies of flavor physics & QCD, probes‘6f'BSM"physics :



»& CIRCULATED ELECTRON-POSITRON COLLAIDER (CEPC) MILESTONES . _ /.

Year 2012 2013 2015 2017 2018 2023 2025 2027 2030 2035

Proposal (2025) for CEPC entering 15® five year plan

36.4B RMB
4 total
ULl ._F_PL__H-_ . " Accumulated investment
CEPC kickoff meeting in Sept. 2013 E
EDR is the critical path g
towards CEPC construction - ~2B RMB/year
starting around 2027
—*  Year
2012.9 2013.9 2015.3 2017.4 2018.11 2023.12 2024 ~ 2027 ~2035
CEPC proposed Pre-CDR  Progress report CDR TDR EDR start of construction  Completion

31.10.2024 Yuri Kulchitsky, JINR 9




CEPC HIGGS FACTORY AND SPPC LAYOUT cer€,

CEPC as a Higgs Factory: H, W, Z, upgradable to ttbar, followed by a SppC (a Hadron collider) ~125TeV
30MW SR power per beam (upg sradable to 50MW , high energy gamma ray 100Kev~100MeV  : _

. oy 7= i
0 1088 0 wm X o 00
Z [mm]

TUIWINES WSS S0, 1LY U [N AN, ARTA

CEPC collider ring (100km) CEPC booster ring (100km)
CEPC TDR S+C-band 30GeV linac injector
ESBS: Electron source & bunching system PSPAS: Positron source & pre-ac;eleraling section CEPC/SppC in the same tunnel

FAS: First accelerating section SAS: Second accelerating section
EBTL: Electron bypass transport line TAS: Third accelerating section
EBTL DR: Damping ring

> FAS B PSPAS  SAS TAS

t 1 Sl T T 1t

50MeV  1.1GeV 4GeV 200MeV 1.1GeV 1.1GeV 10GeV
335.5m

80.9m

1800.0m /i kulchitslordihR

10



CEPC ACCELERATOR SYSTEM PARAMETERS (¢

11

Linac Booster Collider
Parameter | Symbol Unit Baseline ft - .H . W. Z Higes z W t
Off axis | Offaxis | Onaxis | Off axis OfF axis imection - "
injection | injection |injection| injection i Number of IPs 2
Energy EJE.. GeV 30 fﬂﬂf‘-ﬂﬂfﬂf km 100 Circumference (km) 100.0
Jecn:an GeV 30 SR power per beam (MW) 30
Repetition £ Hz 100 SOeTEY —
e e ir:;znou av | 130 120 % 455 nergy (GeV) 120 455 80 180 II
Bunch number 268 11934 1297 35
B‘;“fh - Bunch mumber 35 | 268 |261+7| 1297 | 3978 | 35967 | foemenmumber
number per or 2 o Emittance &/&, (nm/pm 06413 | 02714 | 08717 | 1447
pulse Masimum aC | 099 | 07 [203| 073 | o8 0.81 &/4 (am/pm)
bunch charge _ Beam size at IP 0,/0, (um/nm) | 14/36 6/35 13/42 | 39/113
Bunch oC 1503) Beam current | mA 011 094 | 098 285 05 14.4 Bonch lenath Viotal
charge | SR power Mw | 093 [ 094 [166] 094 [ 0323 | 049 (m“:I:S ength (naturalitotal) 23141 | 2587 | 2549 | 2209
Energy Emittance nm 283 1.26 0.56 0.19
sprca;i ag 1.5%107 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 9.7 217 0.87 0.46 RF frequency (MHz) 650
Emittance | & s 65 Fullwmection |y 101 | 014 [ 016 027 | 18 | 08 | [Cuminosity per P (10% cm®s Y| 5.0 115 16 0.5
from empty
Transport lines ® @
), NG
\} > _ CEPC Technical Design Report (TDR) includes:
‘e ©® f Collider ® 1) CEPC Accelerator TDR
v 180GeV Stump | | 2) CEPC Detector TDRrd (rd=reference design)
DR 1.1GeV / - will be released by June 2025
. )
31.10.2024 / - > Yuri Kulchitsky, JINR




CIRCULAR VS LINEAR ¢
10%

(

@MPAR&@N or Hl(i(is ’E ACT@R[ES

= CERC [30MW) -+ FCC

=+~ CEPC

-+ CEPC-Upgrade
~+ILC

<4+ ILC-Upgrade
4~ CLIC

-4+ CLIC-Upgrade

—=CEPC (50 MW)

.

ot l'. \ 1(;0k;n circumference / ; -";‘. " +FCC‘ee (50 MW’ FS MTR) 'w

m
pa—
<K

T

Luminosity [ 10°* cm™>
=
7

400

CEPC versus FCC-ee 1§
» Earlier data: collisions in 2035 (vs. ~2045) .‘ oY T S

: ) 1£01 1(¢ i’
» Large tunnel size (ee & pp coexistence) e gy Gl (s [GeV]
» Lower construction cost The synchrotron radiation (SR) power of 30 MW per beam it
CEPC versus Linear Colliders can achieve a luminosity of 5 €3 /cm?/s (Intg. Lum. of 13 ab

: : o . . for 2 interaction points over a decade) producing 2.6x10° H-
> Higher luminosity: PreCISlon for H&Z bosons. Increasing the SR power to 50 MW per beam expands
» Upgrade:for pp collider "the'CEPE'S capability to generate 4.3x108 H-bosons,

12



CEPC OPERATION PLAN & GOALS CE2,

SR Lumi. per IP Integra.ted Total
Power (10%cm?s™) L. Integrated L fotal n(t). of
er year events
(MW) (a';_l "2 ps) | (aB721Ps)
e i<\ !
50 : : . . °
540 10 8.3 2.2 21.6 4.3 x 10
30 5 1.3 13 2.6 x 10°
o - 50 192%* 50 100 4.1 x 1012
30 115%* 30 60 2.5 x 1012
50 26.7 6.9 6.9 2.1 x 108
160 1
30 16 4.2 4.2 1.3 x108
6
360 c 50 0.8 0.2 1.0 0.6 x 10
30 0.5 0.13 0.65 0.4 x 10°

*  Higgs is the top priority. The CEPC will commence its operation with a focus on Higgs.
** Detector solenoid field is 2 Tesla during Z operation, 3Tesla for all other energies.

uri sky,

*** Calculated using 3,600 hours per year for data collection. =



Circular Electron-Positron Collider

PHYSICS GOALS OF CEPC & SPPC
CEPC-SppC was proposed by Chinese scientists in

Je

1

i

o

G

Q91 (2), 160 (WW), 240 (ZH), 360 (tt) GeV September 2012, after H-Boson was discovered at CERN

quantum numbers JPC, couplings)
» Complementary to Linear colliders,

» Looking for hints of BSM physics:
s Dark Matter,

L)

)

CR X 4

¢ Long-Lived Particles (LLP), ...
dZ & W factory (>10%? Z,):
» Precision test of SM,
» Rare decays, ...
4 Flavor factory: b, ¢, t and QCD studies

Super proton-proton Collider

a ~125 TeV + Complementary to CEPC,;
O Directly search for new physics BSM
O Precisich’tést of SM

» ElectroWeak phase transition (EWPT), =

10° L
102

10t

|DqE—

S0

Z wW+W- ZH tT
| T
- _I_II E
3 N =
| =1
e —
=
R —
=
o= e 1“-
(—\;5 s LOS
i I'Il_x;i”.!________ L
3 / b |-
.a"'f------
[ /ﬁ,
100 150 Z0n Z=0 3|:;|J 35'|:| _
ﬁ[ﬂe‘u']

Yuri KU'Ch‘tSerXR'SGCtionS for SM phySiCS processes 14



PHYSICS AT CEPC: 1 &l

The Higgs boson has a special role in the quest to answer some of the most profound questions

¢ These questions include the
» nature of the EW phase transition that governed the evolution of the early Universe
» why the gravitational force is so weak compared with other forces in nature.
o It is possible that the EW phase transition could have caused the observed baryon
asymmetry of the Universe and therefore provide an explanation for the baryon
asymmetry problem. It could also have generated observable gravitational waves

» The Higgs boson in e*e collisions is practically free of systematic uncertainties that limit the

measurements at the HL-LHC

» Precise measurements of the Higgs boson properties, along with those of the mediators of the weak
Interaction will provide critical tests of the underlying fundamental physics principles of the SM and are vital in
the exploration of new physics BSM

O The Experiments at CEPC will

¢ measure the Higgs boson properties in greater detail and in a model-independent way
*» reach a new level of precision for the measurements of the W, Z bosons properties
» allow the search for potential unknown decay modes

¢ Also, could uncover deviations from the SM predlctlons and reveal the existence of new particles that are

516%2,9]23 the reaches of direct searches at the CUrfent eXperiments. 15
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PHYSICS AT CEPC: 11 =l

EI The precision Higgs boson measurements could potentially reveal crucial physics mechanism
that determines the nature of the EW phase transition.
> It will be another milestone in our understanding of the early history of our Universe, &
» could hold the key to unlock the origin of the matter and antimatter asymmetry in the
Universe
» These results could test the ideas that explain the vast difference between the energy scales
assoclated with the EW and gravitational interaction.
 The CEPC will also search for a variety of new particles.
 Running as both a Higgs factory and a Z factory, the exotic decays of Higgs and Z bosons
are sensitive vehicles the search of new physics, such as those with light new particles.
 The dark matter can be searched for through its direct production and its indirect effects on
the precision measurements.
 The CEPC, as B and z=charm factories, can perform studies that help to understand the origin
of different species of matter and their properties.
 The CEPC is also an excellent facility to perform precise tests of the theory of the strong
Interaction

31.10.2024 Yuri Kulchitsky, JINR
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= PRECI IC EPC “"= P(%Sllgi (C):443300421 K& ?6
_ ) 300 ———
E+E - ZH - qq bb/ I :'Iz'ﬁltal CEPC 2018
' 2 A T e :
|

n
L
T T T T T T

e*e =vvH(WW fusion)

Asimulated e*e” — . . : 200 250 300 350 400
ZH — qq bb event Feynman diagrams of the Higgs boson production /s [GeV]

reconstructed with the PrOCesses: e'e"—ZH (ZH associate production Or  proquction cross sections of
Arbor algorithm Higgsstrahlung) and VBF e*te"—vv H (WW e*e- — 7H and e*e- — v H

31.10.2024 fUSion)1 e'e"—e'e H (ZZ m@mmm as functions of energy

17



MEASUREMENT OF HIGGS BOSON WIDTH AND X-SECTION ot frsicscis,

Process Cross section Events in 5.6 ab™*!
Higgs boson production, cross section in fb

ete- - 7ZH 204.7 1.15 x 10°

ete- s v..H 6.85 3.84 x 104

ete” —wete ™ H 0.63 3.53 x 10?

Total 212.1 1.19x 10°

Background processes, cross section in pb

ete” —ete” (v) (Bhabha) 850 4.5 x 107
ete™ —qq () 50.2 2.8 x 10®
ete” = putpu~ (v) [or 77 (7)] 4.40 2.5 x 107
ete” = WW 15.4 8.6 x 107
ete- =27 1.03 5.8 x10°
ete” wete Z 4.73 2.7x 107
ete” s etvW— e DWT 5.14 2.9x107

o DNH-27) o(ZH)
" BR(H > ZZ*)  BR(H — ZZ*)
Decay mode Branching ratio Relative uncertainty
H-th 57.7% +3.2%, =337
H- 291% +12%, -12%
Hartr 6.32% +5.7%, -5.1%
H= 219107 +6.0%, -5.9%
H=WW* 21.5% +4.3%, -4.2%
H=77 2.64% +4.3%, -4.2%
H-y 28x107 +5.0%, -4.9%
H=17y 153x107° +9.0%, -8.8%
H-qq 8.57 +10%, -10%
[y 107 MeV +4.0%, -4.0%

» In contrast to hadron collisions, e+e— collisions are unaffected by underlying events and pile-up effects.

be dominant and thus systematic uncertainties

O Theoretical calculations are less dependent on higher order QCD radiative corrections.

o Moré'précise tests of theoretical predictions can‘Bé"peiforied and will provide sensitive probes to BSM.

% Even with 10° H-boson events, statistical uncertainties are expected to

18



HIGGS PHYSICS: BACKGROUND PROCESSES CER

Apart from the Higgs boson production, other SM processes include e*fe"—e*e™ (Bhabha scattering), efe"—Zy
(initial-state radiation return), etfe=—WW/ZZ (diboson), ete—e*e Z & e*e—e*vW/e"v W (single boson).

Cross sections of main 10* |10 Hl_ggsstrghlung eve_nt where the Z boson decays to a
B - .o pair of visible fermions (ff), the mass of the system
SM processes of e*e 47° . -
F_) _ & recoiling against the Z boson, commonly known as
collisions vs energy. o= - the recoil mass, can be calculated assuming the
The calculations include = 10°< event has a total energy and zero total momentum:
initial-state radiation.  Sao°l p ) ) ) )
- g ,msé Mrecoil_(\/g_Eff) _pff_S_QEff\/g'l-mff
The W and Z fusion - =
Processes refer t0 1oL Here_, Es, Prr and mg are the tota! energy, momentum
ete-wH. ete-—sete-H = 1o« and invariant mass of the fermion pair. The M.
S S B distribution should show a peak at the Higgs boson
production. 101 2 mass my for e'e"—ZH and e*e"—e*e"H processes.
I\/IanyI ofdthetse p_:jocets_,sesi o P — The in+cI£Jsive recoil mass spectra
C-a'n ea O -I en ICa 814000; 5.6 ab”, 250 GeV - § I —SfB Fit S.Sab",7250 GeV Of e'e _)ZX Candldates for
final states & interfere: S ., otom s 7 | S w0l e e Z-p+p— and  Zoete—. No
e+e‘—>e+vW‘—>e+vee‘ve_ Emoooi i § attempt to |dent_|fy X is mac_le. The
. . . = : o 6000 markers and their uncertainties (too
e'e —e'e Z—>e_e VeVe 8000} lewre ; small to be visible) represent
have the same final state el || vadgrowa | 4000 expectations from a CEPC dataset
after the decays of the W 4000} o . 20001 of 5.6 ab™t, whereas the solid blue
2000} i f curves are the fit results. The
or Z bosons. ; :
Poall [ T dashedcurvesarethe5|gnaland
31.10.2024 120 125 130 135 vurngglchitsky 2R 125 130

135
Mie! [GeV] MRl gev] . background components. 19



 HIGGS S PHYSICS: ZH PRODU jﬂ@N WITH H — BB /CC /GG e

................................................
32500 _— CEPC 2018 g 10000 - CEPC 2“13 CEPC Slmu\atlon CEPC 2018 % [ = CEPC Simulation CEPC 2018
e | 5.6 ab”, 250 GeV o 5.6 ab”", 250 GeV 035000 - —5+B Fit 5.6 ab", 250 GeV O14000F —s+8 Fit 5.6 ab”, 250 GeV
S Z—e'e, H-qg S Z-u'p, H—aqg Ny F H—sbb 2508, H-a0 “f R H-sbb Z-sw, Ho
©2000 1 @ 8000 £30000f ~ Hoee 12000 ~ Hoee
> I ; = CEPC Simulation | > = CEPC Simulation 1 w - Background e [ Background
w i & 1 W i g —_S.BFit ; 250001 (1100001
1500 51 W 7 e Hobb ; i
: i ] Hosol 1 200001 8000}
1000| 4000 15000 6000|-
“‘“]J, ! 10000} . o . 4000
500[ [ 2000 i . " ] i
S ! 2000
13;04 — 41;35 130135 "r"j'.:?"'_'i-'.l:lo 120 125 713 PR \ B e ST s e
= i 140 150 100 105 110 115 120 125 130 135 140
Mee™" [GeV] Mgq[GeV] Mg, [GeV]

ZH production with| H—bb /cc /gg:

distributions of Z—e'e” & Zop'p; Z decay mode H —bb H—cc H-—gg

distributions of Higgs boson candidates for Z—qq~ &Z— wv . Z—ete” 1.3% 12.8%  6.8%
The markers and their uncertainties represent expectations from Z = ptpT 1.0% 9.4% 4.9%
a CEPC dataset of 5.6 ab™! whereas the solid blue curves are Z —qq 0.5% 10.6% 3.5%
the fit results. The dashed curves are the signal and background Z — vb 0.4% 3.7% 1.4%
components. Contributions from other decays of the Higgs Combination  0.3% 3.1% 1.2%

boson are included in the background.
> Expected relative precision on o(ZH)xBR for the H—bb /cc /gg decays from a CEPC dataset of 5.6 ab™1.
» Combining all Z boson decay modes studied, a relative statistical precision for 6(ZH)xBR of 0.3%, 3.3% and

JINR

31.10.2024 1.39% Cain'be achieved for the H—bb /cc /gg decays, respectively



HIGGS PHYSICS: THE INVISIBLE DECAY OF THE HIGGS BOSON: H »INY  (~+7&

3800_—1 -I (_T:EF[’CISiml:JIalticm‘nl | [CIIEP;CI20]18r - _ 3 - C‘;EFI’CISimL'JIaltiO;'lI | [CIIEP;CI20]1BI o DiStributionS Of the
S | —s+BFit 5.6 ab', 250 GeV { S30000f _ g, gry 56ab’ 250 GeV | _

£ | .sgna Zop'u, Hoe'e 2 | s Zow, Hot'e | Impact parameter variable

Ligool- ~ Backaround | @259 Background 1 of the leading tracks

20000} — from 2-tau candidates In

the Z-decay  mode:
Z—ptn~ &Z—vv . Here
i D, and Z, are the
| transverse & longitudinal
| Impact parameters.

400¢ 15000}

- 10000}
200 [

5000/

e —i--r 2 0

2 4

2 2

Log1U(DO+ZU)
ZH final Relative precision = Upper limit on ] The sensitivity of the BR(H—inv) measurement is

state studied on o X BR BR(H — inv) studied for the Z—I*1- and Z—qq  decay modes.
— = i O; —_—— -
;éeﬁf E o 2?2; 3'23;? » The HHZZ*—vw v decay (Br=1.06x1078) is used to
—> — 1INV (s . (i] . .

Z s aa T iny 2179 0.57% model the H—inv decay both in the context of the SM

Combination 143% 0.41% and BSM. This is made possible by the fact that the
Higgs boson is narrow scalar so that its production and
the decay can be treated separately.

» The main background is SM ZZ production with one of

R the Z bosons decay invisibly and the other decays visibly,

Expected relative precision on 6(ZH)x BR(H—inv) and 95% CL upper
limit on BR(H—inv) from a CEPC dataset of 5.6 ab1. Subtracting the SM
H—>ZZ*—>Y\1r3;8;contribution, a 95% CL upper limit of 0.30% 00, kulchitsky, J

31.
BRBSM. . the BSM contribution to the H—inv decay can be obtained..



HIGGS PHYSICS: COUPLING FITS IN THE «k-FRAMEWORK Y
The SI\/I makes specific predictions for the H-boson couplings to the SM fermions, gg,,(Hff), and to the SM gauge
bosons, gs(HVV). The potential deviations from the SM are parameterized as:

g(Hff) v g(HVV) | with k; =1 being the SM prediction. The rates of the H production and decays are
“gsw(HSF) Y gsu(HVV)'| modified accordingly.
o(ZH)= kK% -0su(ZH)| |o(ZH)xBR(H — ff) :Hiff e (ZH) x BRam (H — ££)| 62(= Tu/THY)

K’ parameterizes the change in the Higgs width due to both the coupling modifications and the presence of BSM decays

O It is possible that the Higgs boson can decay directly into new particles or have BSM decays to SM particles.
» In this case, two types of new decay channels should be distinguished:

I. Invisible decay. This is a specific channel in which H decay into new physics particles which are invisible
in the detector. The CEPC sensitivity to this decay channel is quantified by the upper limit on BRBM.

1I. EXxotic decays. These include all the other new physics channels. Whether they can be observed, what
precision? In one extreme, the final states can be very distinct, and the rate can be well measured. In the
another extreme, they can be completely swamped by the background. Without the knowledge of the final
states and the corresponding expected CEPC sensitivity, the exotic decays are accounted for by treating the
Higgs boson width I'; as an independent free parameter in the interpretation.

Bty Ry Ry Ry ey Bz, Ry By BRHV )

Kby Rey ﬁgﬂg&ﬁpizﬁzzﬂ': Ry, H‘T:HJ,U‘

These 10 & 7 parameters are useful for studies at hadron colliders as the Higgs boson total width
cannot be measured with good precision. The interpretation of the CEPC results is also performed
using this reduced set to allow for direct comparisons with the expected HL-LHC sensitivity. 22

The k; parameters:do'mot include all possible effects of new physics either.



Big=  FEYNMAN DIAGRAMS FOR HIGGS BOSON PRODUCTION & DECAY p.

a 87%0 of Higgs b 7% c 4% d 1% for bb &19% for tt f0.05%
g production q 0 0 TR
t b \z/l / / vﬁ%ﬂﬁﬁ
H d r;
K,, V7 K, V ok, / tb ]
tb - -~ H ¢----H WV ¢
Ve 1, th
tb o L?.l T
g TrreT q— —q ( Ly gt

Higgs boson production in ggH (a) and VBF (b), associated production with a W or Z (V) boson (VH; c), associated
production with a top or bottom quark pair (ttH or bbH; d); associated production with a top quark (tH; e, f)

22% H—WW 56% H—bb 0.2% H—yy
g 3% H—ZZ h 3% H—ce i 0.2% H—yZ j
oV : SAAMNTZ AW YZ

fud -t

.-'\-\,JI-\-M\-JI-\-\\-\.I wr-\lrlil % t,b

Ky I_HI-H,J K Ky II.__,'-_“'II 'E*' Kig
H _____ t”l}__ H _____ H - - = -.I:_I ” W H - - = -I:'rt::II
I I""l'._.l-d_ I'-‘z'll'
laﬂm W "f..E t.b
Ly f SAAANS Y AVAVAVAVAV A |

Higgs boson decays into heavy vector boson pairs (g), fermion—antifermion pairs (h) and photon pairs or Zy (i,j).

The Higgs boson is predicted to decay almost instantly, with a lifétime of 1.6x10-22seconds 3



COUPLING STRENGTH MODIFIERS £

EEEEEEEEEE

Reduced coupling strength modifiers and
i their uncertainties per particle type with
“w = effective photon, Zy and gluon couplings.
e Leptons Quarks » The scenario in which B;,, =B, =0 is
N — e ; |= assumed is shown as solid lines with
s e —— circle  markers. The pvalue for
" SEte) B2 | - compatibility with the SM prediction is
P I —— . : 61% in this case.
.| — o L. —e— B, =5, =0 » The scenario in which B;,, and B, are
- e allowed to contribute to the total Higgs
Ml b Parameter value not allowed boson decay width while assuming that
| fTTeeooooooowtooosooeo Ky =1 _and B, =0 Is shown as dashed
0.8 1.0 1.2 1.4 16 lines with square markers.
Sl T T T T TTTT i > The lower panel shows the 95% CL
et S [ upper limits on B;,, and B,

0.05 . . 0.20
31.10.2024 Yuri Kulchitsky, JINR
24



HIGGS PHYSICS: COUPLING FITS IN THE «-FRAMEWORK Cerl,

Relative coupling measurement precision and the 95% CL upper limit on BRESM Coupllng measurement preC|Si0n from the 10'

uantity [ CEPG emme TG T cEre— emsar e —— Pparameter fit and 7-parameter fit for the CEPC, and
o 1.3% L.0% 1.2% 0.9% corresponding results after combination with the HL-
Ke 2.2% 1.9% 2.1% 1.9% - - .
o 1.5% 1.2% 1.5% 1.1% LHC. All the numbers refer to are relative precision
rw 1.4% 1.1% 1.3% 1.0% BSM i 0
o a0 oo o o except for BR=,,, for which the 95% CL upper
"z 0.25% 0.25% 0.13% 0.12% limit are quoted respectively. Some entries are left
Ko, 3.7% 1.6% 3.7% 1.6% .
. 8.7 5 0% Svstema i ; vacant for the 7-parameter fit as they are not
f ystematic uncertainties are under e .

P =0 i much better control at CEPC dependent parameters under the fitting assumptions.

1 Precision of Higgs coupling measurement (7—parameter Fit) . Precision of Higgs coupling measurement (10—-parameter Fit)
Large background . | 1c 3003000 - _’ The dlrect_ segr_ch for the_ H-boson
at LHC ; = CEPC240GeVat56ab' decay to invisible particles from

-1 . .
= CEPC2A0GeVatssd sy wilo HL-LHE, m combined with HL—-LHC BSM well motivated and closely
1 107" connected to the dark sectors
It is assumed that the HL-LHC will g ]

operate at 14 TeV & L=3000 fb! | R

I r ___— ] rI I I I
1r

;

)
S
Py

Relative Error
Relative Error

-
<
r\>

|

Kp KthC Kg Kw Kz v Ky K Rinv
31.10.2024 Yuri Ku|chitsky, JINR

The results of the 7 and 10 parameter fits and comparison with the HL- LHC 25
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BRANCHING OF SELECTED HIGGS BOSON DECAYS e )

95% C_L. upper limit on selected Higgs Exotic Decay BR

m HL-LHC

1 m CEPC (5.6ab™)
Rl i | | 1 CEPC* (5.6 ab™)
8
= 1072
]
-Th.
£
& 103

10~

ME, () g, (Deng Oosme, TeMg, Teame, Obyoyy Coegy W) )y (e Wy iy,

O The 95% CL upper limit on selected Higgs exotic decay branching fractions at HL-LHC and CEPC.

O The red bars correspond to the results using only leptonic decays of the spectator Z-boson.

O The yellow bars further include extrapolation with the inclusion of the hadronic decays of the spectator Z-boson
Q Several’vertical lines are drawn in this figure to divide different types of Higgs boson exotic decays. .
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CEPC DETECTORS DESIGNS G
(Baseline Design) Innovative Detector for Electron-positron Accelerator pea concept
Magnet Particle Flow Approach 2T Magnet — (also proposed for FCC-ee)

(3T/2T) Yoke + Muon (RPC or n-RWELL)

Preshower (n1-RWELL)

LumiCal

PFA HCAL Yoke + Muon (n-RWELL)

PFA ECAL Si Pixel Vertex

The 4th Concept

"

Si Pixel Vertex

PFA HCAL
PFA ECAL

SIT TPC SET
D ETD

FST concept
(Full Silicon Tracker)

Muon+Yoke

Si Tracker Si Vertex Tracker (TPC/DC)

Full Silicon Tracker

Large numper or detector tecnnology options and R&D Projects on-going. Need to converge technology options towards a CEPC

reference detector, TDR: Start preparation in January 2024; Releasg of lﬁgﬁg@fﬁv@{n June 2025. International detector collaborative efforts: HL-

LHC detector R&D efforts help to prepare teams for CEPC detectors. Detector Research & Development (DRD) collaboration (DRD: 1-8). 27



DRD COLLABORATIONS (1-8)

1. Gaseous 2. Liquid 3. Semiconductor

e.g.

. PID & Photon

e.g.
spectral range

of photon

e.g.
time/spatial

e.g.

Light/charge CMOS pixel
readout; Sensors,

resolution; g
NSors;
low background

materials High time
resolution

(10s ps)

environment

friendly gases Jime

resolution




DETECTORS CONCEPTS i,
Parameters of the International Large Detector (ILD) [1,2] & the CEPC detector concepts

Concept ILD CEPC baseline IDEA  An alternative detector
Tracker TPC/Silicon TPC/Silicon Drift Chamber/Silicon
Time Projection Chamber (TPC) or FST
Solenoid B-Field (T) 3.5 . 3 2
Solenoid Inner Radius (m) 3.4 Ihebaseline 5 5 It_employs anultra
Solenoid Length (1m) L* is the 8.0 conceptwas 7.8 high granular 6.0
L* (m) distance 3.5 developed 2.2 calorimetry system to 2.2

VTITX Inner Radius (mm)  petweenthe IP 1S fromthe ILD 1© efficiently separate 16
2.05

Tracker Outer Radius ) andthefinal - 1-3 1 04000t . the final state particle -
Calorimeter focusing PEA L EA Dual readout
Calorimeter A quadrupole 6.6 Optlmlzed for 5.6 ShOWE-I'SI a IO\l/(V 7.5 A Dual Readout

i material trackin - - -
EE:E 21612:;2:0(1321 (psr:agnet ? E;r(])e|||csl|zozc 21000 system to minimigze - calorimeter to achieve
ECAL *o =4 envi t 2% theinteraction of the - the excellent energy
HCAIL Layver Number 48 vironmen (0] final icles | - resolution for both the
HCAL Absorber Fe Fe 14 statge partic e§ - electromagnetic and
HCAL N\, s o 4 o the tracking material, hadronic Showers
DRCAL Cell Size (mm) - - andalargevolume 6.0
DRCAIL Time resolution (ps) - - 3T solenoid that 100
DRCAIL Al_jsorber - - enC|OseS the enﬁil', or Cu or Fe
Owverall Height (1m) 14.0 14.5 11.0
Owverall LLength (m) 13.2 14.0 Calorlmetry SyStem 13.0

1. Linear Collider ILD Concept Group - Collaboration, T. Abe et al., The International Large Detector: Letter of Intent, arXiv:1006.3396 [hep-ex]

2. H. Abramowicz et al., The International Linear Collider TechnlcaLl”Iﬁ%'e'gi’ﬁﬁk gport, Volume 4: Detectors, arXiv:1306.6329 [physics.ins-det]. 29



Wy DETECTOR PERFORMANCE AT CEPC: 1 CEPE

LA

To deliver the physics program CEPC detector concepts must meet the stringent

performance requirements
¢ The detector designs are guided by the principles of
» large and precisely defined solid angle coverage, excellent particle identification,
precise particle energy/momentum measurement, efficient vertex reconstruction, superb
jet reconstruction and measurement as well as the flavor tagging.
v Two primary detector concepts are described, a baseline with two approaches to the tracking
systems, and an alternative with a different strategy for meeting the jet resolution
requirements.

¢ The baseline detector concept incorporates the particle flow principle with
» a precision vertex detector, a Time Projection Chamber (TPC), a silicon tracker, a high granularity
calorimetry system, a 3 Tesla superconducting solenoid followed by, a muon detector embedded in a flux
return yoke.

¢ The alternative concept is based on

» a precision vertex detector, a drift chamber tracker, a dual readout calorimetry, a 2 Tesla solenoid, and a
muon detector.

s The baseline detector concept has been studied in detail through realistic simulation and the results

demaonstiate that it can deliver the performance'fecessaryto achieve the physics goals of the CEPC

30



DETECTOR PERFORMANCE AT CEPC: Il N

EI To develop the detector concepts into full-scale technical designs for the planned detectors a

set of critical R&D tasks has been identified.

» Prototypes of key detector components will be built and tested.
» Mechanical integration, thermal control and data acquisition schemes must be developed.
» Industrialization of the detector component fabrication will be pursued.

4 International collaborations will need to be formed before the detector designs can be
finalized and the technical design reports can be developed.

1 The CEPC will be a world-class multifaceted scientific facility for research, education, and
International collaboration.

» CEPC will be a center for discoveries and innovation and a magnet for attracting top scientists
from all over the world to work together to understand the fundamental nature of our Universe.

*»» The CEPC will also provide leading educational opportunities for universities and
research institutions in China and around the world.

o The CEPC together with its possible upgrade, the Super proton-proton Collider, will firmly
place China at the forefront of the cutting-edge research and exploration in fundamental
physics for the next half century.

v" CEPC will have profound impacts on science, economy and society that will reverberate

31.10.2024 Yuri KuIchltsky JINR

across the world. 31




CEPC: BASELINE ]DETE CTOR CONCEPT (€

| , The baseline concept employs

N | » high granular sampling ECAL and

S HCAL, providing 3-dimensional spatial
N\ and the energy information.

\ IH I T The ECAL is composed of 30

longitudinal layers of alternating silicon

sensors and tungsten absorbers,

o | splitting into two sections of different

e absorber thickness. The total absorber
length at 6=90° is 8.4 cm, or equivalently

24 radiation lengths (X,).

_ » Transversely, each sensor layer is
The Baseline detector concept: segmented into 10x10 mm? cells.

[ Barrel: The detector is composed of a silicon pixel vertex detector, a silicon » The HCAL uses steel as absorbers and
inner tracker, a TPC, a silicon external tracker, an ECAL, an HCAL, a scintillator titles or gaseous detectors

E =

solenoid of 3 Tesla and a return yoke with embedded a muon detector. such as RPCs as sensors. It has 40
A Forward: Five pairs of silicon tracking disks are installed to enlarge the longitudinal layers, each consists of a 2.5
tracking acceptance 0.99<|cos(6)[< 0.996 cm steel absorber. The total steel
The calorimetry system provides good energy measurements for neutral thickness is about 100 cm at 6=90°,
particles: ~16%/VE/GeV for photons and 60%/VE/GeV for neutral corresponding to 5.6 interaction lengths.

hadrons, A jet energy resolution of 3-5% are expected for,jet,energies 20 — Like the ECAL, the HCAL is segmented
100 GeV. ' into 10x10 mm? cells transversely. 32



@

~» HIGH GRANULARITY CALORIMETRY: PARTICLE-FLOW ALGORITHM ¢

= tracker ECAL HCAL
Components in jets Sub-Detectors Energy f.rac.tmn_ (a:erage) (Typical) Sub-_detector
within a jet Resolution

charged particles (X*) Tracker ~62% E; 10~*E?%,
photons (y) ECAL ~27% E; 0.15 fE], * e
tracker ECAL HCAL
neutral hadrons (h) ECAL+HCAL ~10% E; 0.55 E, 5

Partl C I e F I OW AI gO rlth m (P FA)Measurements of jet fragmentation at LEP (and ~1% by neutrinos)

» To achieve unprecedented jet energy resolution of ~30%/\/Ejet
» Choose a sub-detector best suited for each particle in a jet i e Sarticle Flow (ILD+PandoraPFA) ]
- - . — Particle Flow (confusion term) -
» Charged particles measured in tracker 8 [I =i --- Calorimeter Only (ILD) il
) . | oo 50 % NE(GeV) © 3.0 % 5
» Photons in ECAL and neutral hadrons in HCAL = «f ™ 3
» Separation of close-by particles in the calorimeters % L F
: : : : - E 5
» PFA-oriented calorimeters: high granularity (1~10 million channels) . :
2 + -l : . -
2 2 2 2 2 2 e Jet energy resolution with PFA
ajet = Op -l_ofy-l_aho+Jconfusi0n+Othreshold+alosses o FE ,gy T .
O 100 200 300 400 500
Particles in jets Fraction of energy | Measured with Resolution [07] Eje/GeV
— A > Jet energy resolution will be dominated by
Charged 63 % Tracker Negigible o the intrinsic resolution at low jet energies
Photons 25% ECAL with 15%/\E 0.072 E, F18%NE 5 Jet energy resolution of 3-4% required to
Neutral Hadrons 10 % ECAL + HCAL with 50%NE | 0.162 E;, ) separate W/Z peak not suitable for CEPC:
Confusion 102024 | Required for 30%/\E | 2 SR worse resolution should be still tolerable .,




INNOVATIVE DETECTOR FOR ELECTRON-POSITRON ACCELERATOR (IDEA) 0

» An alternative detector concept, IDEA, has been
designed for a CEPC. It is being adopted as a

reference detector for FCC-ee
» The concept design attempts to economize on the overall cost of
e detector and proposes different technologies than the
baseline concept for some of the detector subsystems
Innovative, more cost-effective concept:

+«» Silicon vertex detector
s Short-drift, ultra-light wire chamber
«¢» Dual-readout calorimeter

s Thin and light solenoid coil inside calorimeter system:
Small magnet = small yoke

S D N EEE S LR RSSO+ Muon system made of 3 layers of u-RWELL detectors in
Innovative Detector for ete- Accelerator the return yoke
O The IDEA detector concept could be an excellent choice for one of the IPs:: Very good momentum measurement;
Outstanding PID with cluster counting from the drift chamber; Excellent calorimetry; Precise and efficient muon
detector; Very appealing upgrade options! (DR EM crystal calorimeter, LGADSs for the Si wrapper)

(dNeed for significant R&D in the next 4-5 years: A lot of ongoing activities on all IDEA sub-detectors;

Profiting from several national funding schemes, EU projects, etc.; Several international colleagues have joined
these elﬂsor(%Z Yuri Kulchitsky, JINR ”

L)



PHYSICS PROCESSES USED A4S BENCHMARKS

"Phy5|cs processes and key observables used as benchmarks for setting the requirements and
the optimization of the CEPC detectors

d A(1/p+) Physics Detector Performance
5 high precrsi Measurands ‘
gnp process subsystem requirement
measurement at the .
end of tracker ZH,Z —eTe™,utpu my, o(ZH) Teacker A(1/pr) ﬂ—um
Qo6,q — H—ptp- BR(H — p*p™) 2x107° @ —=—i a7
r d
» finely segmented—— ] ] -
vertex detector H — bb/ct/gg BR(H — bb/ct/g9) Vertex :ﬂ
J GjetE/E* 0D ﬂ(f‘e’xlelnif‘EE(pnl)
»> excellent Jet energy ECAL et JE =
- H —qq, WW*, ZZ* BR(H — qf, WW*, ZZ* B
resolution e =00 WWE 22 pear 3 ~ 4% at 100 GeV
Qo' /E S —
> Good em energy H BR(H — 1) HCAL o [E= 1
resolution Zrioen 200

1 Challenging requirements
for detector materials

Yuri Kulchitsky, JINR




THE IDEA DETECTOR LAYOUT

> Béam pipe: R~1.0cm
» Vertex: 5 MAPS layers,
R=137-31.5cm

> Drift Chamber: 112 la

4 mlong, R=35-200c
» Outer Silicon wrapper: Si
» Superconducting solenoid col

2T,R~21-24m
0.74 X,, 0.16 A @ 90°

=
2
=

5.04

» Preshower: ~1 X,

» Dual-Readout Calorimetry:
2m [7k;..; Preshower p-Rwell

> Yoke +

» Muon chambers
o p-Rwell

Yoke/u chambers

Yoke

v

Yuri Kulchits v, T

e—




H
2,
&
< Preshower
yer a
&)
()]
o DCH Rout =200 cm
o
3
D DCHRin = 30 cnp)
A
CalRin = 250 cm
Cal quut = 450 cm
+ d
Yoke 100 cm >

31.10.2024 Magnet z==+300cm Yuri Kulchitsky, JINR

THE IDEA DETECTOR LAYOUT iCtr )

A key element of IDEA is a thin,
30 cm, and low mass, 0.8 X,,
solenoid with a magnetic field 2T
The low mass and thickness of the
solenoid allows it to be located
between the tracking volume and
the calorimeter without a
significant performance loss

The low-magnetic field is optimal
as It minimizes the impact on
emittance growth and allows for
manageable fields in the
compensating solenoids

O It puts stringents constraints on

the tracker design required to
achieve the necessary momentum
resolution

IDEA has consequently adopted a
large low-mass cylindrical drift

chamber has its main tracker N



«3 CEPC PHYSICS & DETECTOR TDR: DUAL-READOUT CALORIMETER1 ¢
dThe following R&D program is being pursued In order to address

and clarify several Issues:
» Absorber material choice, current candidates: lead, brass and iron;
» Machining and assembly procedure for modules of 10x10 cm? cross section;
» Development of a modular, projective solution for a 4w calorimeter
concerning both the construction of single modules and the design and

construction of a full detector;

» ldentification of adequate solid-state photo-sensors in order to independently optimize both
Cerenkov and scintillation light detection
Readout granularity (i.e. identify the optimal fiber grouping into a single readout channel);

>

1. DREAM Collaboration, R.Wigmans, The DREAM project: Towards the ultimate in calorimetry, NIM A617 (2010) 129-133.
2.

3.

N.Akchurin et al., The electromagnetic performance of the RD52 fiber calorimeter, NIM A735 (2014) 130-144.
RD52 (DREAM) Collaboration, R.Wigmans, New results from the RD52 project, NIM A824 (2016) 721-725.
4. N.Akchurin et al., Particle identification in the longitudinally unsegmented RD52 calorimeter, NIM A735 (2014) 120-129

5.5: Dual-readout calorimeter
Franco Bedeschi bed@fnal.gov, INFN - Sezione di Pisa, Universita’ di Pisa and Scuola Normale Superiore

Yuri Kulc

Roberto Ifel'rlpazrolﬂroberto.ferrari@cern.ch, INFN - Sezione di Pavia and University of Pavia 38
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«» CEPC PHYSICS & DETECTOR TDR: DUAL-READOUT CALORIMETER II « ¢
dThe following R&D program is being pursued in order to address and

clarify several issues:

» ldentification of a tailored front-end electronics, likely composed by an ASIC
and an FPGA chip, in order to extract in real time both charge and time
Information (a time resolution of 100 ps allow to identify the shower starting
point inside the calorimeter with a precision of 6 cm);

» Particle ID performance with PFA, with and without a longitudinal
segmentation;

» Development and validation of full and fast simulations of both test beam
modules and an integrated 4= detector,

» Assessment of the performance for the most relevant physics channels (W, Z, H
decays).

5.5: Dual-readout calorimeter
Franco Bedeschi bed@fnal.gov, INFN - Sezione di Pisa, Universita’ di Pisa and Scuola Normale Superiore
Roberto Berpapi4roberto.ferrari@cern.ch, INFN - Sezione-disPavia and University of Pavia

39
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Alternate
1.5 v' Cherenkov fibers

O
OO ON@LOI@OROIORO®] Scintillating fibers

U0 eUe)e )

Dual-Readout calorimetry allows to remove fluctuations | aesoreer

by correcting for f,, event-by-event using two readout :

channels with different h/e .

O Measure simultaneously: N hadron
> Scintillation signal (S) 5

>

‘~~~“Z’) y -/ 2 2 2o 2V
~a Hhuclear fragment

» Cherenkov signal (C)
O Calibrate both signals with e

foesssssncsnesee
S = E[f,, + (hle)s(1 — f.,)] | e
C = Elfo, + W)l —fo)] o=
S . C 1 — (hf )
E _ /l‘-t, with: Y = 1 — (hfe)s
31.113.2@1‘1, oc

" Scintillation fibers

Newer DR caloriffeter

(bucatini calorimeter)

.O..O...........
....“‘.........
O..........C....
......O......Q..
O.....Q.....‘.O.
................

Cherenkov fibers

Non-em
component
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DUAL READOUT CALORIMETRY

S. Lee, M. Livan, R. Wigmans, Dual- iy e
Readout Calorimetry, arXiv:1712.05494 \‘“ 4

The DR calorimetry has emerged as a technique for measuring the properties of high-energy hadrons and hadron Jets

1 Bvisenmvmniais fom=1—=2 A
| = Blfnt /h)< = fon)] :
0.8 - C = E[f + /h} ( fem)] I'll "
06k S |
S PR
oal  (CISJL-(els- 1~ (hfele] ]
[ 0
02 \"'m 0 ) ‘
F . (hle)
(),()"'.‘1.AA1“.1‘.A1..A:1‘. L
00 02 04 06 08 10
S (hle) o4 SIE

The data points for hadron
showers detected with a dual-
readout calorimeter are located
around the straight (red) line in
this diagram. The data points
for em showers in this
calorimeter are  clustered
around the pomt where this
line intersects the C=S line.

¢ *EGeVy,et
s+ *EGeV hadrons
06 -
. & Cerenkov signal
O y § 1
\ 04 ; electrons in DREAM
Entries 13507
Mean 0665 1 02} 13
RMS 0093 (We)c| 1
8 '-nﬂ‘é» e 00 & 1 . I L ! ' Jill‘ll‘llllilllllll[llilllo
& S v 0 02 04 06 08 10
T & @ ¥ eyt SIE ¢ 8 8 8 8 ¢ 8
1-(h/e
t 250f [Entrics 13507 cotfl = (h/e)s =y
200 | Mean 0798 1-(h/e)c
ROUIGEVRNICIS T LRMS 0063
150f
inDREAM_ s _ S—xC
| i F = ——
sof 1 — X

0

The hadron events are clustered around the straight
(red) line, the electron events around the point
(1,1). Experimental signal distributions measured
in the scintillation and Cerenkov channels for 200
GeV jets with the DREAM fiber calorimeter. Also

shown is a typical (Cer

renk

Yuri Ku chi
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measured for electrons in DREAK/I
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Signal distributions of the Dual-Readout
lead fiber calorimeter for 60 GeV pions.
Scatter plot of the 2 types of signals as
recorded for these particles and rotated
over an 6=30" around the point where the 2
lines from diagram a intersect. Projection

of the latter scatter plot on the x-axis. 4
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1. TTU (USA),

Maryland (USA),

Gaussian resolution

» Adequate separation

of W/Z/H

2. Sussex (UK),

3. Universities (Korea),
4. Chile,

5. Princeton,

6.

2
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: CRYSTAL ECAL OPTION )

=
1
—
=
Q
—
o
=

O ECAL ~20cm PbWO4 Dual readout HCAL
» 2 layers: 6+16 X0 Seintiliating filiers

> GEM ~ 3%/\/E Cherenkov fibers
» Dual readout (DR) with filters ~ @=1.05mm

Q  Timing layer el
s LYSO 20 -30ps SRR

s 3x3x60 mm? active cell
% 3x3 mm? SiPMs (10-15 um)
Particle flow (PF) for jet: o™ JE~ 3%/NE

PWO crystals

U0

i segments ECAL layer: SCEPCal
| Timing segmens »  PbWO crystals L
o . »  front segment 5 cm (~5.4 X)) —
Geometry built from projective towers > rear segment for core shower ™ ). \
» O(100M) fibres embedded in absorber in longitudinal >  (15cm~16.3 X,) X{
direction >  10x10x200 mm? of crystal \ 3
> Absorber material being investigated (copper, brass, steel) >  5x5 mm? SiPMs (10-15 um) \1
» Tower geometries, based on chessboard or honeycomb _
. ) Solenoid
layout of fibres, available
» High transverse granularity:: Excellent angular resolution,
Lateral shape sensitivity |[
» No longitudinal segmentation out of the box
» For both EM and HAD calorimetry:: Option with

vuri Kulghitsy, uNg - 2% . o .

dedicsf’tle'ld)%wstal ECAL in front

T T >~
~1A 0.16A, BA



O Requirements: boson mass resolution (BMR ~3%b) |

O Challenges: Support Particle flow with = High I
granularity & High precision

O Novel detector design based on Particle Flow Algorithm
(PFA) calorimeter to improve the BMR from 4% to 3%

A |

Detector Key parameter ~ World level 4™ concept ' l
PFA based EM shower  ~ 15-20%)/vE <3%/NE 1 — R
EM calorimeter E resolution '
PFA based Single hadron E ~ 50-60%/\E ~40%/NE
Hadron calorimeter resolution
P ——— 240 GOY)
CEPC | |zz - vvqq (ud) Cleaned :
0.061- []WW — 11vqq (ud) Cleaned —
" [1zH — vvgg Cleaned 1
~ 0.05(- =
® :
S o004 \ 3
S ooa J :
- i
< 0.02f K | : S . :
o \ - % Silicon combined with gaseous chamber as the tracker and PID
i .+ * ECAL based on crystals with timing for 3D shower profile for PFA and EM energy

B 10%0og100 10 140180 e geintillation glass HE&AL “forbetter hadron sampling and energy resolution

CEPC DETECTOR: IDEA OF THE “4TH CONCEPT” CEPE,

44



CEPC DETECTOR: IDEA OF THE “4TH CONCEPT” el

. Advantage: Cost efficient, high density Solenoid Magnet (3T /2T ) o Excellent
Scint Glass S Between HCAL & ECAL
PFA HCAL Challenges: Light yield, transparency, e/ gamma
massive production. Advantage: the HCAL absorbers act as part energy
of the magnet return yoke. resolution
: e Challenges: thin enough not to affect the jet
—‘”——'—"_"— resolution (e.g. BMR); stability. o PID
- capability
Crystal ECAL «
o Better
Advantage: better %y reconstruction. hadronic
Challenges: minimum number of readout
channels; compatible with PFA calorimeter; energy_
maintain good jet resolution. resolution
o Magnet in
A Drift chamber h
that is optimized for PID muc

| Advantage: Work at high luminosity Z runs reduced size

v \l -\ Challenges: sufficient PID power; thin
enough not to affect the moment resolution.
31.Muoon+Yoke Si Tracker Si Vertex Yuri Kulchitsky; JH\IR

w/TOF outer layer 45



JINR: THE MAIN TASKS N
JINR Participation in Experiments at CEPS (preferable in the IDEA experiment)
d Hardware contribution to experiments (MHPD have good experience in experiments:
ATLAS, CDF, mu2e, Comet, ...): MHPD team
1. Double Readout Hadronic calorimeter
2. Crystal Electromagnetic calorimeter
3. Forward calorimeter for Luminosity measurement
4. Micro-Resistive WELL (u-RWELL) muon system
5. Monte Carlo simulations for detector development
d The physics program preparation: G.Lykasov, V.Lyubushkin, 1.Boyko, Y.Kulchitsky, ...
1. Precision Higgs boson physics (based on 5x10° e*e-—ZH at 240-250 GeV),
2. New physics BSM,
3. Flavor Physics (B physics, C physics)
 Theoretical support of the CEPC Physics program: A. Arbuzoyv, ...
Development of event generators (SANC, ...): L. Kalinovskaya + SANC team
Precision calculations of experimental observables: L.Kalinovskaya, I.Boyko, ...

Participation in a code development-for data preparation and analysis .

UDo




JINR group has developed the computer codes’

d e+e- Initial state:
» MC generator ReneSANCe
» MC integrator MCSANCee
dyy Initial state: MC integrator SANCphot

dsemi-analytic programs Zfitter and DIZET10 X _
o were the main tools for LEP1/LEP2 data analysis =~ |
o new versions prepared for the future experiments

Inb ¢

0.1nb |

lpb%
SANC advanced features *'
» full one-loop electroweak corrections,
» higher order corrections, ~ | RS :
» fully massive case, - 100 200 300 400 /s, GeV
> accounting for polarization effects, JINR calculations of e*e- SM annihilation

> full.nh fi processes. The cross sections are given for
HILRAASE Space OpeTation. widesggiar angles 10°-170° in the final state. 2

Olpb;




JINR: LUMINOSITY INYESTIGATION (I R. BOYKO) cepl

Lum|n03|ty measurement with precision

(

|1nt.egm1_ 0.00130151 |

used for luminosity monitoring, taking into account initial
and final state polarization in the full phase space.
O e*e— e*e- SABS (Small Angle Bhabha Scattering)

<10 is necessary for e*e- experiments - :
O Traditionally, BabaYaga and BHLUMI have been used E - :

for theoretical estimation of luminosity, S - -
O ReneSANCe: Simulation of Bhabha and other processes ; 10—5

0 e*e-— e*e” (all angles) =% =
+A- + .- = 1 I 1 1 1 1 I 1 1 1 —

d e'e— 11} 0 0.005 0.01 0.015 0.02 0.025 0.03

d ete — YY Angle of less scattered lepton|rad]

The Luminosity determination for LEP experiments was re-analyzed

In Chin.Phys.C48, 4, 043002 (2024)

» Beam scattering down to zero angle has been considered, thank to

SANC feature of the full phase space.

» The conclusion is that by neglecting very small scattering angles,
LEP experiments have underestimated their luminosity by 1.3 ppm

= UNDER DEVELOPMENT: complete » The effect is comparable to the overall LEP experimental precision.

2- loop for all lumi processes

31.10.2024 Yuri Kulchitsky, JINR 48

Luminosity in ReneSANCe

O DONE: 1-loop for all processes,

L DONE: leading 2-loop contributions.
They include EW corrections at O(G,?)
and the mixed EWxQCD at O(G,a,)
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SUMMARY

'CEPC addressed most pressing & critical science problems in particle physics

» Accelerator design & technology R&D are reaching maturity.

» Accelerator ready for construction 3-5 years

Reference detector TDR under preparation, to be completed by 2025

A strong and experienced team, backed by IHEP and international teams
Call for collaboration and proposals once CEPC is approved

Work with government and funding agencies to get support

Desirable areas of DLNP at JINR participation in CEPS experiments:
Hardware contribution to experiments

» Double Readout Hadronic calorimeter

» Crystal Electromagnetic calorimeter

» Forward calorimeter for Luminosity measurement

» Micro-Resistive WELL (u-RWELL) muon system

» Monte Carlo simulations for detector development

Theoretical support of the CEPC Physics program

The physics program preparation for CEPC experiments

Development of event generators

PreC|S|on calculatlons of experimental observables

Yuri Kulchitsky, JINR
Partlc:lpatlon in a cod development for data preparation and analysis

49
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CEPC SITE PREPARATIONS ( CANDIDATES IN TDR) €

Qintin g s Mrhou Changsnae

Changsha

Klymon Gallery Lmac & BTL Tunnel Coln:k nn‘ tunnel

OQUQ. PHARRDS RN FRRAWLN ( DES S PRHBNRIHARRAMLE ||93

POWERCHINA

cientit search core are - Huzhou i - . Changsha -
u:‘l ;t.—- 3 /)’ - 4 B - e : - g - -
- p “ 5 "“. & -‘l'-‘-v X
f Lo 4 D ERES
5 e S - >
KA ol i ‘ 35

®
Drill-blast tunnel ject is
(6.0mx5.0m)
TBM tunnel
(D6.5m)
31.10.2024 Yuri Kulchitsky, JINR
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COOPERATION JINR WITH CHINA INSTITUTES

3.07.24 B Illanxae: 2 3acenanue COBMECTHOI0 KOOPAHMHAIIMOHHOTO KoMHuTeTa 110 coTpyauuuectsy OUAN u Kuras
OUSU nmeer mapTHepcKHue OTHOMEHHS ¢ >40 KUTAHCKUMU HHCTUTYTAMM M YHUBEPCUTETAMU

1 KomuTeT nNpuHSJI penieHHe 0 HavyaJe peaan3anuu B 2024 rony 8 coBMeCTHBIX IPOEKTOB:
TEOPETUUECKYIO (PUBHKY,

pa3pabOTKy TEXHOJIOTUH ISl CBEPXOOIBIIIOTO TITyOOKOBOHOTO HEHTPUHHOTO TEJIECKOIIA,

MCIIOJIb30BAaHUE HEHTPOHHBIX MyYKOB JUIS PeIICHUS (PyHIaMCHTAIBHBIX M MPUKJIAIHBIX 3314,

CHHTE3 Y M3yUCHHE CBOMCTB CBEPXTSIKEIIBIX AJIEMECHTOB,

pa3pabOTKy YCKOPUTEIbHBIX TEXHOJIOT U,

CO3/IaHME MOHOJIMTHBIX KPEMHHUEBBIX JICTEKTOPOB,

COTPYIHMYECTBO B paMkax nojrorapiuBaemoro B KHP nelitpunnoro skcnepumenta JUNO.

[Toamepkka COBMECTHOM MPOTrpaMMBbl aKaJIeMUYE€CKUX OOMEHOB 1 MPOBEJICHUSI HAyYHBIX MEPOIPUSATHM.
Hcnonw3oBanue miargpopmsel DIRAC Interware mis mocTpoeHus pacnupeaeeHHbIX BBIYUCIUTEIbHBIX CUCTEM, B
TOM YHCJIE C MPUMEHEHUEM 00JIauHBIX pecypcoB, nmo3poiisier oopadareiBath JaHHbie NICA, JUNO u BESIII.
Baxubim HanpaBieHueMm corpyaaudectsa OMAN u KHP moxeT crars paanoOnonorus 1 MeAuIINHa.

[ToguepkHYT mporpecc B COTPYAHUYECTBE. CTOPOHBI BEIYT COBMECTHYIO IOJATOTOBKY IKcnepuMeHToB MPD m
SPD na NICA, nponomxkarot corpyaaudectBo B npoektax BESIHI u JUNO, B o01actu pu3UKH TSKEIBIX HOHOB,
HEUTPOHHOUN (PU3UKH, pa3pabOTKU MEAUIIMHCKUX YCKOPUTEIEH, TEOPETUUYECKUX UCCIEAOBAHUMN U JIP.

NoakwdE

o0 00

«MBI JIOTOBOPHUIKNCH O TOM, YTO B MEPCIEKTHUBE IEPEUYCHb HANPABICHUH M COBMECTHBIX
IIPOEKTOB MOXKET OBITh PACIIUPEH, a YUCJIO IIPOCKTOB MOXKET ObITh YBEIUYCHO O MEPE Pa3BUTUS
COTPYIHUYECTBA U OLICHKU PEAU3AINU YKE,QUOORESHHBIX TPOeKTOBY, Jlupekrop OMAN.
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@ EPJ C 78, 110 (2018)
arXiv:1701.07240
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MEASUREMENT OF THE W BOSON MASS: 76 FROM SM PREDICTION

CDF I1 Collaboration, High-precision measurement of the W
boson mass with the CDF detector. PoS ICHEP2022 (2022) 898

Do |
CDF 1
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L3
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DO 11
ATLAS

CDF 1l
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80432
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Eur. Phys. J. C T8 (2018) 110
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ATLAS ;
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DStat. Unc.
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[lIsM Prediction

80200

:
80300

80400
m,, [MeV]

The ATLAS Collaboration has reported a measurement

M=803707 (stgt)+£11(syst)+1(mod. syst)=80370+19 MeV
M,,=80366.5+9.8 (stat) £12.5 (syst)=80366.5+15.9 MeV

2022) 898 .l

O CDF Il measure the W boson mass, M,,, using data corresponding to é 8 ﬂ?)
collected in proton-antiproton collisions at a 1.96 TeV with the CDF Il detector at
the Fermilab Tevatron collider. A sample of approximately 4x10° W boson is used

to obtain M,,,=80433.5+6.4(stat) £6.9(syst) =80433.5+9.4 MeV. The

W bosons are identified using their decays to ev & uv and the mass is measured by
fitting’/template distributions of transverse momentum and mass: m; = szTpT(l cos Ag)
O A comparison with the SM expectation of M,,,=80357+6 MeV, treating the

uoted uncertainties as independent, yields a difference with a significance of /6.
The suggests are:

» the improvements to the SM calculation or
» of extensions to the SM

SM result includes the published estimates of the uncertainty (4 MeV) due to
missing higher-order quantum corrections and the uncertainty (4 MeV) from other
global measurements used as input to the calculation

ATLAS Collaboration, Measurement of the WW-boson mass in pp collisions

at Vs =7 TeV with the ATLAS detector, Eur. Phys. J. C 78 (2018) 2, 110, Eur. Phys.
J. C78(2018) 11, 898 (erratum), arXiv:1701.07240; e-Print: 2403.15085 [hep-eX]
A measurement of the mass of the W boson is presented based on proton-proton
collision data recorded in 2011 at a 7 TeV with the ATLAS detector at the LHC, and
corresponding to 4.6 fb! of integrated luminosity. The selected data sample consists
~¥7.8x106 candidates in the W—uv channel and 5.9x10° candidates in the W—ev

annel.
ATLAS/CMS: Run-2 at 13 TeV is 139/137 fb!

Yuri Kulchitsky, JINR
2403.15085 [hep-ex] 54



FCC-EE MAIN MACHINE PARAMETERS

Parameter

YCEIE

3 years

2x 105 H

H (ZH)

5 years
2x 108 tt

ttbar

beam energy [GeV]

beam current [mA]

number bunches/beam

bunch intensity [1011]

SR energy loss / turn [GeV]

total RF voltage 400/800 MHz [GV]
long. damping time [turns]
horizontal beta* [m]

vertical beta®* [mm]

horizontal geometric emittance [nm]
vertical geom. emittance [pm]
vertical rms IP spot size [nm]
beam-beam parameter x, / x,

rms bunch length with SR / BS [mm]

luminosity per IP [1034 cm-2s-1]

total integrated luminosity / IP / year [ab1/yr]
31.10.2024

beam lifetime rad Bhabha + BS [min]

= 108 WW WW

45.6 80
1270 137
11200 1780
2.14 1.45
0.0394 0.374
0.120/0 1.0/0
1158 215
0.11 0.2
0.7 1.0
0.71 2.17
1.9 2.2
36 47

0.002/0.0973 0.013/0.128
5.6 / 15.5 3.5/5.4
140 20
17 2.4
Yuri Kulchitsky] JINR
15 12

120
26.7
440
1.15
1.89
2.1/0
64
0.24
1.0
0.71
1.4
40
0.010/0.088
3.4/4.7
>5.0

0.6
12

182.5
4.9
60
1.55
10.4
2.1/9.4
18
1.0
1.6
1.59
1.6
51
0.073/0.134
1.8 /2.2
1.25

0.15
11 55
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CEPC AND OTHER ACCELERATOR PROJECTS IN CHINA

Project name Machine type Location Cost (B RMB) Completion time
CEPC Higgs factory Led by IHEP, China 36.4 (where Around 2035 (starting time

Upto ttar energy accelerator 19) around 2027)
BEPCII-U e+e-collider 2.8GeV/beam [HEP (Beijing) 0.15 2025
HEPS 4 generation light source of 6GeV [HEP (Huanrou) 5 2025
SAPS 4th generation light source of 3.5GeV IHEP (Dongguan) 3 2031 (in R&D., to be

approved)
HALF 4th generation light source of 2.2GeV USTC (Hefei1) 2.8 2028
SHINE Hard XFEL of 8GeV Shanghai-Tech Univ., SARI and 10 2027
SIOM of CAS (Shanghai)

S3XFEL S3XFEL of 2.5GeV Shenzhen IASF 114 2031
DALS FEL of 1GeV Dalian DICP - (in R&D, to be approved, )
HIAF High Intensity heavy ion Accelerator Facility | IMP, Huizhou 2.8 2025
CIADS Nuclear waste transmutation IMP, Huizhou 4 2027
CSNS-II Spallation Neutron source proton injector of | IHEP, Dongguan 2.9 2029

300MeV

O The total cost of the accelerator projects under construction is 39B RMB (5.5 M¥$);
d CERCeo0st is 36.4B RMB (5.1 M$)

Yuri Kulchitsky, JINR
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LEPTON COLLIDERS

. : Beam Energyl!P] Luminosity!®! Operation
[a]
L.ocation Name (typel®l) (GeV) (cm=2s1) Period
CBXI¢l (eme™ DR) 0.5 2 x 10°% 1963-1968
SPEAR (SR) 4 1.2 < 103! 1972-1988
%;“Aﬁ)rdfsr“‘ﬂ‘c* PEP (SR) 15 6 < 103! 1980-1990
SLC (LC) 49 2.5 < 103° 1989-1998
PEP-1I (DR) 9 (e) 3.1 (M) 1.2 < 1037 1998-2008
AdA (SR) 0.25 5 =< 102> 4] 1961-1964
29 -
Frascati, Italy ADONE (SR) 1.5 g : ]Cl'l — 1969-1993
. > =
DADNE (SR) 0.51 4.5 % 1032 [e] 1999 -present
VEP-1 (e e” DR) 0.16 5 =< 1027 1964-1968
VEPP-2 (SR) 0.67 4 =< 10°8 1966-1970
. VEPP-2M (SR) 0.7 5 < 10°°? (@0.511) 1974-2000
BINP, Russia VEPP-3 (SR) 1.55 2 =< 1027 1974-1975
VEPP-4M (SR) 6 2 < 103! 1984-present
VEPP-2000 (SR) 1 5 < 105! 2010-present
Cambridge, USA CEA Bypass (SR) 3 8 = 1027 1971-1973
Orsav. France ACO (SR) 0.54 1 < 102° 1965-1975
¥s DCI (DR) 1.8 1.7 < 103° 1977-1985
DORIS (SR) 5.6 3.3 < 107! 1973-1993
DESY, Germany PETRA (SR) 23 4 2.4 < 103 (@17.5) | 1978-1986
CERN. Europe LEP (SR) 104.5 1 < 1032 1989-2000
Cornell, USA CESR (SR) 5.5 1.3 < 1033 1979-2008
TRISTAN (SR) 32 4.1 =< 107! 1986-1995
KEK., Japan KEKB (DR) B(e) 3.5 (e™) 2.1 < 103 1998-2010
SuperKEKB (DR) 7 (e 4 (eh) 8 = 107> 11 201 6-present
_ BEPC (SR) >4 1 < 10°! (@ 1.84) 1988-2004
1.40 Lk Kulchitsloy JINR =t
THEPR, Chrha BEPC II (DR) 2.47 1 < 10°? ((@1.89) 2009-present




HADRON COLLIDERS

CEP

Location Name (typel?)) Bean(l(i I{?; 2y Lu&?‘;:_',t)y[h] Operation Period
ISR (pp DR) 314 14107 | 1971-1984
SpdS (pd SR) 315 6% 10% 1981-1991
CERN, Europe 6300 (p) 2.1 x 10%
LHC (pp, ii, pi DR) | 2510/n (Pb) 6.1 x 107 2009-present
6500 (p) 2560/ (Pb) < | 9 x 102
Fermilab, USA | Tevatron (pp SR) | 980 4.3 x 10 1987-2011
DESY, Germany | HERA (ep DR) 27.5 (€7 920 (p) 5.3 % 10°" 1992-2007
032
Brookhaven. RHIC (pp, 11 DR) 2(5]8 /( () A ?2: 5323 2000-present
Y
USA EIC (ep, ei DR) 14 E ;%173 h(l () A :1)) z 133‘3’ (under construction)

31.10.2024

Yuri Kulchitsky, JINR
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Main parameters

Circumference 100
Beam energy 62.5
Lorentz gamima 660631
Dipole field 20.00
Dipole curvature radius 104154
Arc filling factor 0.780
Total dipole magnet length 65442.0
Arc length 83900
Total straight section length 16100
Energy gain factor in collider rings 19.53
Injection energy 3.20
Number of IPs 2
Revolution frequency 3.00
Revolution period 333.3
Physics performance and beam parameters
Initial luminosity per IP 4 3E+3
Beta function at initial collision 0.5
Circulating beam current 0.19
Nominal beam-beam tune shift limit pes 0.015
Bunch separation 25
Bunch filling factor 0.756
Number of bunches 10080
Bunch pepyjatien 4. 0E+10
Accumulated particles per beam 4.0E+14

(1

SPPC COLLIDER PARAMETERS il

Lattice of SPPC
1{111' S
Te\ - k rxrrr T E 5 B A e e

' 2 3

T b s 1“ “ ” ” “ u “ “ | SppC is compatible
W | | with CEPC in
the same tunnel
11 |
m | ‘
111
7 —h imati | Ecm=125TeV
TeV ' : - Collimation :
Whole ring . with dipole
kHz S T Tl ol —wwa || field of 20T
LS (] s '
¢ B* =0.5m
cm’s™! A o
09/ N\
m e/ 8 e
A
115
IP Dynamic Aperture
Yuri Kulchitsky, JINR 59



Elg=— THE SM HIGGS PRODUCTION X-SECTIONS AND BRANCHING

Production mode Cross section (pb) Decay channel Branching fraction (9)
ggH 48.31 +2.44 bb 57.63 +=0.70
VBF 3771 H=0:807 W W 22.00 4+ 0.33
W H 1.359 4+ 0.028 g 8.15 £+ 0.42

ZH 0.877 &= 0.036 TT 6.21 + 0.09
ttH 0.503 = 0.035 (el s 2.86 4+ 0.09
bbH 0.482 4+ 0.097 Z7Z 271 4+ 0.04
tH 0.092 4= 0.008 YY 0.227 £+ 0.005
Zy 0.157 =+ 0.009
SS 0.025 =£0.001
LU 0.0216 -+ 0.0004

ggH

Theoretical cross-sections for each production mode and branching fractions for
3110.2024 the decay channels, at 13 TeMfor m,=125.38 GeV

60



HIGGS BOSON COUPLING STRENGTH 7

EEEEEEEEE

theSMpredlcmnofxv:Kp:l ool Pl
- ol + «. is a free parameter
e oot & g ere]p?etr?(gzlo?le;?l)/dveleith modes = e
- W Observed 68% CL y - i )
1155 Observed 95% OL included in the present 5 OE vev — is the vacuum expectation
pqof Y oMpredeton measurements, currently L= = value of the Higgs field
. Biw. =By =0 undetected or invisible, direct 5 102
- . . . = | & - Leptons Quarks
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A coupling strength modifier x, for a production or decay
process via the coupling to a given particle p is defined as
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Observed and predicted Higgs boson production cross-sections in different kinematic regions. The p value for compatibility
of the combined measurement and the SM prediction is 94%. Kinematic regions are defined separately for each production
process, based on the jet multiplicity, the transverse momentum of the Higgs (p") and vector bosons (p+*¥ and p;4) and the two-
Jet invariant mass (my). The ‘VH-enriched” and ‘VBF-enriched’ redgions with the respective requirements of m; € [60, 120) GeV

and m;; 953[1618',2%0) GeV are enhanced in signal events from VH ‘and VBF productions. 62



EW PHASE TRANSITIONS 276

EI At least two Cosmological phase transitions are very probable to

have happened since the beginning of the Universe, one of them being
the electroweak phase transition responsible for the breaking of the
EW symmetry.

It 1s possible that the EW phase transition could have caused the
observed baryon asymmetry of the Universe and therefore provide
an explanation for the baryon asymmetry problem.

It could also have generated observable gravitational waves.

1 Both of these possibilities however hinge on the fact that the EW
phase transition had been a first-order phase transition, which it Is
not according to the standard model.

d The.5M predicts a crossover transition.
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HIGGS PHYSICS: ZH PR@DUCTI@N WITH Z—vw & H-WWx->QQQ Q ¢

Maqaq [GEV]

ZH production with Z—vv and H-WW*—qqq q : distributions
of the visible mass and the missing mass of selected events. The
markers and their uncertainties represent the expected number of
events in a CEPC dataset of 5.6 ab™!, whereas the solid blue curves
are the fit results. The dashed curves are the signal and background
components. Contributions from other decays of the Higgs boson are
includedsinthebackground. Yuri Kulchitsky, JINR

% . (I‘.}E'F’lc ‘Si;11|:Jla‘tic;n‘ - ;:Elplc [20I1B‘ | :73 - [CEPC Sm;ulatlon | CEPCI 2]018 | : .
Ogoool- —s+BFit 56ab’ 250Gev | ©8000|- —S+BFit 56ab’ 250 GeV - LH ﬁn& | state Precision
o . Signal Zow, HoOWW'sqagg | [ - Signal Z-svv, HHWW*qaqq |
g | e | 2 | Z=ete HaWW =Wl lvgg 267
L6000 L6000 _ _
- L-pt HaWW=blv, vy 247
_ _ - \ - -
4000 4000 [=vi H=WW' = lagggg — 15%
L-q7  H-WW* =g LTh
2000 2000 Combination 0.9%
O e T iR . Expected relative precision on the
100 110 120 130 140 _ 150 80 90 100

1;\3 Recoll Eég v] O(ZH)xBR(H—WW") measurement from a
M CEPC dataset of 5.6 ab™!

O The combination of these decay final states leads
to a precision of 0.9%.

» This is likely a conservative estimate as many of
the final states of the H -WW* decay remain
to be explored. Including these missing final

states will no doubt improve the precisian. .



HlCiCi PHYS[CJJ S: ZH PR@DUCTI@N WITH H—-ZZ* CErE

T I I I T
(:i;_) I CEPC 2013 E i CEPCJSlmulatmn CEPC 2018 : 7 H ﬁnal state Precision
120_ 56ab’, 250 GeV _ | —S+BFit 5.6ab” 250 GeV
g 2w, HoZZ —swag : %50__ ----- Signal Z—vw, HoZZ —sp'uqg | 7 — i/ ,'_L- Hoa 77— yf/qg 72%
2100 ) §40: ' | Z—vp H—=Z77Z* =1t~ qd 7.9%
o lw
> I N . .
U gl ) : Combination 4.9%
I « CEPC Simulation | - 1 : .
! —S.BFi 30 | Expected relative precision on the o(ZH)x
601 ) : | BR(H—ZZ*) measurement from a CEPC at 5.6 ab™!
_ 20 o :
40- [ The combination of these final states results
101 In a precision of about 4.9%.
2 | : 1 The sensitivity can be significantly improved
: f My o o9 9 ¥¥ Lt T4 considering that many final states are not
12 125 130 135 140 100 110 120 180 140 . 150 included in the current study. In particular, the

Recoll _
| . My *[-GeV] . o wal0eV] final state of Z—qq , H-ZZ*—qqq q
ZH production with H—ZZ*: the recoil mass distribution of the p+u— which accounts for a third of all ZH—ZZ.7*

system for Z—n*u~; H—>ZZ*—vvq q ; the invariant mass distribution of : :

the p'u—qq system for Z—vv; H—>ZZ*—p*'n"qq . The markers and their decay is not _StUd'_ed' Moreover, there _are
uncertainties represent the expected number of events in a CEPC dataset of Turther potential improvements by using
5.6 ab~1, whereas the solid blue curves are the fit results. The dashed curves Multivariate techniques. The combination of
are the signal and background components. Contributions from other these decay final states leads to a precision of
decays of'theHiggs boson are included in the background. Yo vichitsky, JINR 0.9%. 65



HIGGS PHYSICS: ZH PRODUCTION WITH H—yy
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The distribution of the mass difference AM (M-, — My~ & M-,

ZH production with H—yy: the diphoton invariant —M,-) of the selected e‘e"—ZH—ZZy—vv qq y candidates
mass distribution for the Z—vv decay. The markers and expected in a dataset with an integrated luminosity of 5.6 ab™*. The
their uncertainties represent the expected number of signal distribution shown is for the correct pairings of the Higgs
events in a CEPC dataset of 5.6 ab™!, whereas the solid boson decays.

blue curves are the fit results. The dashed curves are the Similar to the H—yy decay, the H—Zy decay in the SM is mediated
signal and background components. A relative precision b¥ W-boson and top-quark loops and has a branching ratio of

31.10.202 . Yu I hték , JINR
of 6.2% on 6(ZH)xBR(H—yy) can be achieved. 1549%. 66



g PHYSICS AT CEPC: HIGGS BOSON N&L

There IS not a complete understanding of the nature of the EW phase transition.

O The discovery of a spin zero Higgs boson, the first elementary particle of its kind, has only sharpened these
questions, and their resolution will necessarily involve new physics BSM.

» The precision measurement of Higgs boson properties will be a critical component of any road map for high
energy physics in the coming decades.

s BSM physics can lead to observable deviations in Higgs couplings relative to SM expectations

v?  vand M are the vacuum expectation value of the H field & the typical mass scale of new physics. Need to probe
0 =C25— new physics significantly beyond the LHC’s reach requires measuring H couplings with sub-percent-level accuracy
MNP

Precision Electroweak Measurements at the CEPC

Precision of Higgs coupling measurement (7-parameter Fit)

» The CEPC has strong

1 H - ' [ ] urrent accurac
ete” — ZH . tncaoomooom /5 ~ 240 GeV capability in detecting 0.010}- == 1012 Z, 10" W
| =56 ab!~10% H _ . = CEPC: baseline and improveggents
| _ » CEPC 240 GeV at 5.6 ab™' wiwo HL-LHC invisible decays of the H 0.001| CEPC |mprove the
5 10”" » For L=5.6 ab', itcan & precisiorgy ~1
w improve the accuracy of 10
£ the measurement of the &
s - mea. _
x 10 H invisible branching &
ratio to 0.3%, more 1076
10-3 than 10 times better . |
Mz .f A FB v

Kp Ki|Ke Kg

Higgs coupling extraction in the k-framework
A leptort€ollider allows much better exclusivVe‘tigadSurement of Higgs boson decay channels.

than the precision for
HL-LHC.

Projection for the precision of the Z—pole measurements
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PHYSICS MOTIVATION (CEr

Electrn::weak Fit: 5 and T Dbllque Parameters

Higgs boson was discovered, but understanding its nature requires 015p T

precision measurements of its properties at the (HL-)LHC or better at U § Electroweak
future lepton colliders, e.g. Higgs couplings: § 1 measurement
Precision of Higgs coupling measurement (7-parameter Fit) Rf = NOF) DDEE— can be
l £5S coupiing P g(hff;SM) 0.00f improved by
& LHC300/3000fb _ g(hVV) ~00sf a large factor
@ CEPC 240 GeV at 5.6 ab ' wi/woHL-LHC Ry = : 5
. V= gvvisM)
glo_l Anticipated accuracy on H-boson -0. 15‘;- R R T T e E TR
L;j properties at CEPC & at LHC/HL-LHC s
Z Real Scalar Singlet Model
ks g
510 3
Iz — current
$
g HL-LHC
2
107 5
Ky KK, K, Ky K KK, c
g CEPC
: L g 104
Direct or indirect probe to dark matter d
- g 10
and EWPT etc, an order of magnitude = : £
? 107 20 3040 60 0.5 1.0 1.5 20 25

.more sensitive than the HL-LHC

1

Yuri Kulchiéky, JINR .
WIMP mass [GeV] hhh coupling: As/As si 63



CEPC CAN REVEAL NEW PHYSICS AT ENERGY >10 TEV <zl
96% CL reach from SMEFT fit
1075 M HL-LHC S2  |LEPISLD ncuced -
10—

B CEPC for all scenarios
| Z-pole + WW threshold
+ 240GeV/(20/ab) + 360GeV(1/ab) + HL-LHC
light shade: individual fit (one operator at a time)
- solid shade: global fit
01 | | | | | | | | | | | | | | | | | | |

Ov Oww O O O Ogs O, O, Oy O, O, Oy Owg Or Ohe Oy O Ow Oy O

31.10.2024 Yuri Kulchitsky, JINR

Energy scale probed
N1 e | [TeV]
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DIRECT AND INDIRECT PROBE TO NEW PHYSICS UP TO 10 TEV A
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1 Potential coverage of composite-type global symmetry models in terms of resonance mass
M, and coupling parameter g, ;

 Mixing parameter & = v./f, via direct searches at the LHC (blue & green shaded regions) and
precisioti Higgs measurement constraints'(reéd liries). 70



Physics-}Detector-DMDI-bAcceIeratgL [

High Precision

J (=

v Higgs: 1%-0.1%
=
v EW:0(102-103) 45

New Physics
~10 TeV.

v' Dark Matter
v Extended Higgs

KEY SCIENTIFIC ISSUES AND TECHNOLOGICAL ROUTE

(e

Design & Implementation

Detector & Accelerator

J

Detector
Particle Flow

v Multi-purposed Acc.

)

v High Granularity
v' Good Resolution
v Reliable PID

v New concept Detector
< v Cost, added values
v Spill-over

v' Management

v Composite Higgs vs current v Collaboration
v Supersymmetry v Flavor i
. , High Lumi.
Operation mode Z W Higgs —> 10%-36cm-26-1 Accelerator
Center-of-mass energy (GeV) 91 160 240 2 IPs/100 km
Operation time (year) 2 l 10 v Higgs: 20 ab! «=p
[nstantaneous luminosity/IP (10%em=2s%) | 115 16.0 5.0 v L 100 ab™ Y Sw1tchab'.le.0per'at10ns
Pa— v Upgradability
Integrated luminosity (ab~", 2 IPs) 60 3.6 12 v Top: 1 ab v Large Piwinski angle
Event yield (30 MW) 25102 10x10° 25x10° with Crab-waist
Everityi€id {50 MW) A0y 12 1R¥ 108 4Ny 108 | vuriKulchitsky, JINR .




£ PHYSICS REQUIREMENTS CE7
JEXxcellent acceptance and luminosity control P

» E.g. ECAL inner radius known at 15 um - W
B ~ 2T for beam emittance preservation é : m’m IR
» Maximize tracking volume o | ZH Z—u

JdBunch spacing at Z pole ~ 25 ns ,) "]ﬂ
> Limited drift-time 3001, J i
APID & =n° ID for HF/t physics 7 ]
> dE/dx or TOF o J L
dMuons In ZH events have rather small p- I IF 1
» Transparency more relevant than "’0[ 1
asymptotic resolution ! o I\ |

B 1000 0 40 9 o6 M A0 @ 1
o'lg]c‘-‘c'cw

31.10.2024 Yuri Kulchitsky, JINR
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DUAL-READOUT CALORIMETERS \

20

with = 0.027y/d/ faamp ‘\CE g/

SPACAL Compared RD52 with DREAM, the number of fibers per unit volume, and

5 5 5 00000 0O0 thus the sampling fraction, is approximately twice as large in the RD52

0,0 00 00 calorimeter. And since each fiber is now separately embedded in the

4 & & ea¢ absorber structure, the sampling frequency has also considerably

st increased. Since both factors determine the electromagnetic energy

0 B0 B resolution, one should thus expect a substantial resolution improvement

R e o ’ . ® Figure shows pictures of the front face and
40— k254 w—d bl the back end of a calorimeter module. Each

Nma 10na

\ N e Ia) Ia) Ia) Ia) Ia)
\@,@hbqoo%b
N fa) Ia) Ia) Ia) Ta) Ia) Ia) Ia) la) s
OLOOIOIOIOIOIOIOIOION0

Fiber pattern RD)?2

The structure of the RD52 fiber calorimeter
(copper based modules), compared to that of
two other fiber calorimeters: DREAM
[NIM A537, 5376 2005] and SPACAL [NIM
A308, 4816 19917

module consists of four towers, and each
tower produces a scintillation and a Cerenkov
signal. The transverse dimension of the
module was chosen such that the eight PMTs
would fit within its perimeter, and the
maximum fiber density was determined by
the total photocathode surface of these PMTs i
(which corresponds to more than half of the
module’s lateral cross section)

Front and rear view of one of the RD52 fiber
calorimeter modules. The tower structure is
made visible by shining light on two of the
eight fiber bunches stlcklng out at the back
end. See text for more détails. ' .

9.3x 93x250cm
150 kg

4 towers, 8 PMTs
2 x 2048 fibers

Hamamaitsu R8900
pe: 85%!

23.5mm

< >

photo
cathode

(2.54 mm




DUAL READOUT CALORIMETRY

vvvvvvvv

EI Calibration with electrons of known energy forboth " F pcivres et L

em and hadronic showers g e oy
> Potential to use as ECAL and HCAL combined .. °<f
> Universal for all hadron types Toal P =
) Restored Gaussian and linear response to hadrons ek a) I R P
d Improved energy resolution 0-‘:,;;77 S g
o s e 1—(h/e)s : _corr_E
- anlwn w2 COLO= =Y Moo Entries 162210
AMS  6248||RMS 8591 1l - (h/ B)(j 1200:~ - -
- 83 % RMS 5162

¥ I ndf 1553 / 525

Constant 1294 + 4.1
Mean 59.74 + 0.01
Sigma 4952 + 0.010

400+
DR-formula :
L
200t
1 1 1 - 1 A L A J ' A A 0’- ' ' A 1 L A AL A 1 A A '
80 100 120 Yuri Kulchitsky, JINR 0 20 100 120

GeV Com.E (GeV) 74



CEPC CALORIMETRY SYSTEM 276,

Two technology options are being explored for the CEPC calorimetry system:

|. the Dual-readout (DR) concept
¢+ The dual-readout approach aims for a combined and homogeneous calorimeter with
excellent performance for both electromagnetic and hadronic particle showers.

Il. the Particle Flow Algorithm (PFA) concept
* The PFA approach aims to develop high-granularity electromagnetic and hadronic
calorimeters capable of measuring individual particles in a jet.

% CEPC, Conceptual Design Report, Volume Il - Physics & Detector, IHEP-CEPC-DR-2018-02, IHEP-EP-2018-01, IHEP-
TH-2018-01, The CEPC Study Group, October 2018, e-Print: 1811.10545 [hep-ex], 424 pages

Chapter 5: Calorimetry
5.3: Particle flow oriented electromagnetic calorimeter;

Jianbei Liu liujianb@ustc.edu.cn, University of Science and Technology of China, Hefei

Tao Hu hut@ihep.ac.cn, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing

5.4: Particle flow oriented hadronic calorimeter

Haijun Yang, haijun.yang@sjtu.edu.cn, Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai,

Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai
5.5: Dual-readout calorimeter
Franco Bedeschi bed@fnal.gov, INFN - Sezione di Pisa, Universita’ di Pisa and Scuola Normale Superiore

Roberto Ferrari roberto.ferrari@cern.ch, INFN - Sezione di Pavia and University of Pavia
31.10.2024 Yuri Kulchitsky, JINR
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& CALORIMETRY DESIGN

d Requirements

> o6gy ~ 10-15%/NE sufficient for Higgs physics

> ©;

» Transverse granularity <1 cm for =° from t and HF

» All electronics in the back to simplify cooling and services

ets =~ 30-40%/7E to clearly identify W, Z, H in 2 jets decays

 Satisfied by a dual readout fiber calorimeter

» W/SIPM readout

d Baseline option
» DR fiber calorimeter
s ~130 M fibers
v 1 mm g, 1.5 mm pitch
» Copper absorber
» 15 projective towers x 36 slices
v  AY=1.125° A¢ = 10.0°
v 3 coverage: ~0.100 rad
» G4 simulation available
w0 Pyned to RD52 TB data

: (@)
oJ I [ CH
q

C§

v distance (cm)at2m

100000
6.706
4 440

T Tower 1 cm

Tower 40

2.5m

2.5m

e 75
Pl . csmesaeeee===T ey TOWES
e

Yuri Kulchitsky, JINR
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y CEPC PHYSICS & DETECTOR TDR: PARTICLE FLOW ORIENTED ECAL ¢

The CEPC ECAL to have Is required

1. agood intrinsic energy resolution,

2. precise energy measurement of electrons and photons,

3. excellent shower imaging capability that would allow to identify photons from close-by showers, reconstruct
detailed properties of a shower and distinguish electromagnetic showers from hadronic ones effectively.

O Extensive and focused R&D will be conducted on developing a tungsten-based (Wolframium) high-granularity
sampling calorimeter with either silicon or scintillator as active medium.

¢ Design optimization and common R&D
1. Optimization of primary detector parameters with full detector simulation;
2. Thermal studies of detector and electronics components through both simulation
** Prototyping;
1. Cooling design based on the above studies and prototyping;
2. Development of technological prototypes to address power, cooling and front-end electronics issues;
3. Design of detector modules. Development of technology for fabricating large-size detector modules.

¢ Silicon-Tungsten ECAL

1. Full characterization of a physics Silicon-Tungsten ECAL prototype using its existing test beam data.
¢ Scintillator-Tungsten ECAL

1. Development of a SiPM-scintillator coupling scheme that allows very large dynamic range;

2. Development of technology of fabricating high-quality scintillator strips with required fine structures;

3. Resigny construction and characterization of a small-sizeiphiysics prototype .



«» CEPC PHYSICS & DETECTOR TDR: PARTICLE FLOW ORIENTED HCAL ¢

High granularity HCAL is an essential part of the PFA-based CEPC calorimetry system
O Currently R&D activities for HCAL system includes sampling calorimeters with stainless steel as the
absorber and gaseous detector (RPC or GEM) or scintillator tiles with embedded electronics as active sensors.
L Two technology options are considered, one is SDHCAL based on gaseous detector and the other is AHCAL
based on scintillator with SiPM.
d The future R&D plans for HCAL system include design, construction and performance studies of various
prototypes with the CALICE collaboration.

The following R&D program is being pursued in order to address and clarify several issues before the TDR

1. Make performance study of SDHCAL technological prototype based on RPC using MC and test beam data samples;

2. Design and construction of a small-size AHCAL prototype using scintillator and SiPM, make performance study with test
beam and MC samples;

3. Optimize the geometry and cell size of SDHCAL and AHCAL designs;

4. Design active cooling system for both SDHCAL and AHCAL prototypes to address ASIC and frond-end electronics heating
Issues;

5. Develop large size Resistive Plate Chamber (RPC) (2-3 m?), optimize gas distribution and circulation system to improve gas

uniformity;

Develop Multi-layer RPC with excellent time resolution (~50 ps) which may help to identify showers from neutrons;

Explore ASIC chips with time information (PETIROC), design and develop corresponding PCB and front-end electronics;

Develop THGEM with very compact structure and stable operation.

Explore new types of SIPM (eg. NDL SiPM) with better performance/price ratio.

31.10.2024 Yuri Kulchitsky, JINR

©oNP

78



~3  CALORIMETERS WITH PARTICLE FLOW ALGORITHM (PF&) (70

Crystal ECAL 52 2D ~1%

Energy resolution

Features

> Good energy resolution

> 3D shower info. with limited readout channel
> Shower separation < 4 cm

Wo0

Main issues for R&D
> Jet reconstruction and PFA algorithm

Scintillation Glass HCAL
Energy resolution ~40%/+E +~ 2%

100000
3

o “w. | Features :
= o . > Large sampling ratio at low cost
ia. N | [ " Main issues for R&D
z s ot 3 '-:‘;M.’w > high density, high light yield, radiation
= O hardness, production
0% 101024 =2 a " s : > Yusi Kulchitsky, JINR

Density (g/cm”) = e 79




DIGITAL ECAL CONCEPT 2l
Calorimeter samples energy between ~30 W absorber layers

* Analogue, e.g. CMS HGCAL (~ex-ILC), sum energy in 5x5 mmz2 Si cells

- Digital: count every individual particle in EM shower

Need ultra-small pixels! ldeally 1 particle/pixel - binary approach
EM shower core density at 500GeV ~100/mm?2
Pixels <100x100um=? for no saturation

~1012 pixels for ECAL barrel

EPICAL-2
prototype

interface boards

-

50 “*'uI 15mm J e

ad
analogue SO

- Using CMOS MAPS, simpler construction, 50 GeV.100°GeV
+ expect IOWer COSt o 50 100 150 200 250

A “tracking calorimeter’, separates boosted decays, e.g. 7, 7° — yy ...

e 20 X, prototype calorimeter in testbeams

]
31.10.2024 Yuri Kulchitsky, JINR 30




VERTEX DETECTOR AND TRACKER Pl

Zlayers /ladder R, ~16 mm Goal: o(IP) ~ 5 um for high P track bojs';‘:‘(’):i:f:;::; "Cﬁﬁjxs’g Full vertex detector prototype (TaichuPix-3, JadePix-3) has TB at DESY in Dec. 2022.

CDR design specifications TS! 180 nm HV.CMQ s ' TEST BEAM

«  Single point resolution = 3pm
&:oﬂolry . _‘ _yv
arged
" . >
oo IS . 1S e
v :

*  Low material (0.15% X,/ layer)
*  Low power (< 50 mWicm?)
*  Radiation hard (1 Mrad/year)

Silicon pixel sensor develops in 5 series: 7
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Baseline main tracker MOST 1 (IHEP+THU)

A DC between
2 outer layers

Goal: 3o wK separation up to ~20 GeVic.

Cluster counting method, or dNidx. measures the
number of pnmary wonizabon

Can be optimized specifically for PID |arger ced
size. no stereo Ryers, different gas mexdure
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Garfeid++ for sanulation, realistic alectronics, poak
finding aigorithm development

R 3eomviion v momestem (90 ) GEM-MM cathode TPC Prototype + UV laser beams Low power FEE ASIC
Challenge: lon backflow (IBF) affects the resolution

It can be corrected by a laser calibration st low
luminosity, but difficult at high luminosity Z-pole
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IHEP and lulalr mfngr%ups have close collaboration and regular meetings. -
IHEP joined the T8 (led by INFN aroup) in 2021 and 2022 o <100 um for drift lenath of 27cm 81



