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Projects of future high-energy electron-positron colliders

2048+ 2035+ Missed? 2050+
FCC-ee CEPC ILC CLIC
Species ete” ete” eTe” ete”
Beam energy Ep (GeV) 46, 120, 183 46, 120, 180 125, 250 190, 1500
Circumference or length (km) 90.66 100 20.5, 31 11, 50
Interaction regions 4 2 1 1
Est. integrated luminosity 17, 0.6, 0.15 15, 0.65, 0.07 0.2, 0.3 0.1, 0.6
per experiment (ab™" /year)
Peak lumi. £/IP (10*cm—2s71) 140, 5.0, 1.25 115, 5.0, 0.5 14,18 1.5, 6
CEPC operation scenario
Operation mode Z factory  WW threshold Higgs factory tt
Vs (GeV) 91.2 160 240 360
Run time (year) 2 1 10 5
Instantaneous luminosit
o Y1917 26.7 8.3 0.83
(10°*cm™ s, per IP)
Integrated luminosity
100 6.9 21.6 1
(ab™!, 2 IPs)
Event yields 4.1 x 102 2.1 x 108 4.3 x10% 0.6 x 10°
First Last



CEPCvs LEP

Operation mode Z factory  WW threshold Higgs factory it
Vs (GeV) 91.2 160 240 360
Run time (year) 2 1 10 5
Instantaneous luminosity
; 191.7 26.7 8.3 0.83
(10*4cm=2s~1, per IP)
Integrated luminosity
) 100 6.9 21.6 1
(ab~1, 2 IPs)
Event yields 4.1 x 1012 2.1 x 108 4.3 %105 0.6 x 10°
LEP
(CERN)
Physics start date 1989
Physics end date 2000
Maximum beam energy (GeV) 100 - 104.6
: . N N 0.221 at Z peak 1 1
Dehvered11nteg,rd,tedllum1noblt}r 0.501 at 65 — 100 CeV 0.2 fb1vs 100 ab
per experiment (fb™7) 0.275 at >100 GeV
Luminosity (1030 em—2s—1) 1[]?;4;1;5 Ql?]ea(:;kev ~10°> more data at CEPC




b, ¢, Tyields at colliders

arXiv:2412.19743 [hep-ex]

Particle BESIII  Belle II (50 ab™! on Y(4S)) LHCb (300 fb=!) CEPC (4xTera-Z)
BY, BY - 5.4 x 1010 3 x 1013 4.8 x 1011
B* - 5.7 x 1010 3 x 1013 4.8 x 1011
BY, BY - 6.0 x 10® (5 ab=! on Y(59)) 1 x 103 1.2 x 101
Bt - - 1 x 101! 7.2 x 108
A9, AY - - 2 x 1013 1 x 10H
DO DY 1.2 x 108 4.8 x 1010 1.4 x 1015 8.3 x 101
D*  1.2x10% 4.8 x 100 6 x 10 4.9 x 10M
D* 1 x 107 1.6 x 1010 2 x 1014 1.8 x 10
AF 0.3 x 107 1.6 x 1010 2 x 10 6.2 x 1010
T 3.6 x 10° 4.5 x 100 1.2 x 101

CEPC vs LHCB : (-) smaller production yields
(+) much cleaner environment
(+) precisely known Vs
(+) smaller beam spot size



Beam size, bunch length, and crossing angle at different
operation modes of the CEPC

Operation mode Z tactory WW threshold Higgs factory tt
Vs (GeV) 91.2 160 240 360
Beam size o, (um) 6 13 14 39
Beam size o, (um) 0.035 0.042 0.036 0.113
Bunch length (total, mm) 8.7 4.9 4.1 2.9

Crossing angle at IP (mrad) 33




CEPC / FCC-ee detectors

CDR, arXiv:1811.10545 [hep-ex] IDEA, arXiv:2502.21223
[physics.ins-det], Snowmass 21

Innovative Detector for E+e-
Accelerator (IDEA)



Expected CEPC detector performance

arXiv:2412.19743 [hep-ex]

[tem CDR [2] Objective Comments
Basic Performance
Acceptance |cost| < 0.99 [2]
Threshold 200 MeV [42, 43] 100 MeV For tracks & photons
Beam energy spread O0.1%) [2]
Tracker momentum resolution O0.1%) [2]

ECAL energy resolution
HCAL energy resolution
Vertex resolution
Jet energy resolution
{ — m mis-ID
m — K separation

17%//E(GeV) & 1% [2] 3%/

60%/\/E(GeV) & 1% [2]

E(GeV) [32]

10-200 pm [2]
3-5% [2, 44] For 20-100 GeV
< 1% [45] In jet, [p] > 2 GeV
> 20 2] > 30 [36] In jet, [p] > 1 GeV, TOF+dE/dx

Flavor Physics Benchmarks (Depending on the Above)

a(mywz)

b-jet efficiency x purity

c-jet efficiency x purity
b-jet charge tagging ey = e(1 — 2w)?
c-jet charge tagging e.q = €(1 — 2w)?

7V efficiency x purity

K2, A efficiency
7 efficiency x purity

7 mis-1D

3.7% (2] Hadronic decays

~ 86% [33] In Z hadronic decays

~ 64% [33] In Z hadronic decays

~ 37% [33]

~ 58% [33]

= T0% [43] = 80% [32) In Z hadronic decays, |po| > 5 GeV

60%-85% [46] In Z hadronic decays, all tracks

T0% [47] In WW — 7rqq, inclusive

O(1%) [47)

In WW — 1rqq7, inclusive




Efficiency

Expected CEPC detector performance

Track reconstruction efficiency
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AE/E

Expected CEPC detector performance

Photon energy resolution Dijet boson masses
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Expected CEPC detector performance

arXiv:2209.14486 [physics.ins-det]
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Benchmark heavy-flavor measurements
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Production

HQ production and fragmentation at CEPC

Fragmentation Decays

Parton
Shower

Production issues:

Parton showers at different Vs
Gluon splitting

HQ in ey DIS (y PDF)

HQ in yy (v PDF)

Entries [A.U.]

Entries [A.U.]
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HQ production and fragmentation
arXiv:2312.12519 [hep-ph]

NLO CNO f =1.25
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arXiv:1404.3888 [hep-ph]

Fragmentation functions tuning for various
perturbative cores: FONLL, NNLO, GM-VFNS

H. ALEPH [9] DELPHI [10,14] [ OPAL [IL12]
fle— He) (%] | fle— He) [%] | fle— He) [%]

D 553+ 1.6 +34 | 534 £ 1.5+22 | 582 +40 737
DT 234+ 08+ 13]222+07+09 [ 228 +29 707
DF 91+15+05 | 97+09+05 | 7.1+ 1.9+ 0.9
AS 584+ 06 +03 | 644+ 13407 | 35+ 1.6+ 06
D*T | rate 233+ 1.0 +0.9 [ 2414+06+09]230+04+0.9

D*T, double-tag

25,7 £ 1.5+ 0.6

224+ 14+14

Fragmentation fractions
extraction
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FCCC Semileptonic and Leptonic b-Hadron Decays

Process Observable
b — clv RHc(R-U?ﬁ“RDi*}?Rﬂc)
B. — Tv Ve |

B — v Vb

14



R

Lepton Flavour Universality (Violation?)

(B —D*Tv,)

(B —D"uv,

BaBar, had. ta% 018

0.1

0.332 £0.024 £ 0. : .y
Belle”, had. ta : 0
0.293 + 0.038 £ 0.015 T
Belle”, (hadronic tau) o
0.270 £ 0.035 + 0.027 TR
Belle", sl.ta, : :
0.283i0.01§i0.014 |
LHCh? i :
0281+ 0.018+0.024 B

LHCb®, (had t ! ]
0.267 + 0(01?2 ) loczoau) T
Belle I1*, had.tag o
0.267 + 0.040 + 0.031 =t

Ch* ’ !

0.402 + 0.081 + 0.085 ; : g
Belle I1°, sl.ta : :
0.306 £ 0,034 £0.018 A~
Average ] !
0.288 £0.012 T _gnam
SM average g I
0.254 £ 0.005 ] ;
EPJC 80 2020 2,74 ! :
0. 2447 +0 ( ) - :
PRD 106 2022) 096015 i 5
0.249 + - ;

HEP 0] 2024 022 ] ,
% 258+ 0. ( ) u
PRL 123 (025019) 9,091801 _-_
PLB 795 2019) 386 | :
0.254 + (07 ) .y ;

C 84 (2024) 400 ] l
0.2%2 + 0.309 ) el HFLAV
E
| | | | I | | : | | : | | | | | | | |
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FCCC Semileptonic b-Hadron Decays

arXiv:2212.02433 [hep-ph]

BR(H, — H.Tv;)

BR(H{; — Hcé”yg;)

b c
Hb q > Q]Hc o > QJ]HC
Ryg, SM Value Tera-Z 4xTera-Z  10xTera-Z
Ry 0.289 43%x107%2 21x1072 14x10°2
Rp. 0.393 41x1073% 21x1073 1.3x1073
Rp- 0.303  33x107% 16x107% 1.0x1073
R 0.334 98 x 107% 49x107* 3.1x10°1

16



FCCC Leptonic b-Hadron Decays

arXiv:2007.08234 [hep-ex]
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Sensitivity on BR

FCNC b-Hadron Decays: Di-lepton modes

arXiv:2012.00665 [hep-ph]
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FCNC b-Hadron Decays: Di-lepton modes

arXiv:2201.07374 [hep-ph]
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CP Violation in b-Hadron Decays

BY = J/y(— ptpm)e(— KTK™)

E HFLAV
el
68% CL contours 0.12{ _, | Theory assuming
0.11 (& log £ = 1.15) TWA=1.517 +0.004 bs
o CDF 9.6 fb~1 N
2 o 0.10]
= 0.09 —
X ¢
i LHCb 9 fb~1 T." 0.08
< J
0.07 Combined”
*AT s errors scaled by 1.51 .06 .
| 061 CDR 9.6 b 1
: .51 ATLAS 99.7 fb~
ATLAS 99.7 fo~1
0.05+ " s T 0.04 . ¥ . |
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o, >~ —2[, = -0.0367 £ 0.0010 (Utfit)

By = arg[—(VisV5)/ (VesV,3)]



e o oo o L 9w
S =~ 00 O O = M

nllllllllllIIIIIIIIIIIIIIIIIIIIII[

CP Violation in b-Hadron Decays
B = J/v(= ptp7)é(— KTK™)

arXiv:2205.10565 [hep-ex]

—t Theory prediction

e CEPC [Tera-Z, realistic PID)
CEPC ([Tera-Z, intrinsic PID)

= o o0om CEPC (Tera-Z, perfect PIO)
e CEPC (10-Tera-Z, realistic PID)
s CEPC [10-Tera-Z, intrinsic PID)
= so0m CEPC (10-Tera-Z, perfect PID)
e ATLAS [HL-LHC]

. CHMS [HL-LHLC)

., N m—  LHCBb (HL-LHC)




Spectroscopy and Exotics PDG 2025
below open-flavor threshold

PDG Former m (MeV) I (MeV) I19(J7°) Production Decay Discovery Summary
Name Name Year Table
he(1P) 3525.37 +0.14  0.787557 0~ (1) ¥(28) = 70X e(15) 2004  YES
pp — X hadrons
ete” = arX (see listings)
1¥(3823) X (3823) 3823.514+0.34 <29 07(27) B— KX Y Xe1(1P) 2013 YES
ete” -t~ X ata= J/(18)
B 6274.47 £0.32  stable 0(07) pp— X... mt I/ (18) 2007 YES
p— X... (see listings)
B (28) 6871.2 + 1.0 ? 0(07) pp— X... Bfrta™ 2014 YES
n(1S) 9398.7 £ 2.0 1013 0t (0=") r(28,35) = ~vX hadrons 2008 YES
hy(1P,2P) — v X (see listings)
hy(1P) 9899.3 £ 0.8 ? 0-(177) 7(10860) —» o X (1S 2011 YES

T(38) —» n'X
Y(4S) = nX
1,;(10610) " — 7+ X
T,;(10650)" — 7+ X

7(25) 9999.0+%5 <24 0t ) hy(2P) — v X hadrons 2012  NO

T,(1D) 10163.7 £ 1.4 ? 0-(27) T(38) = yvX 4T (18) 2004  YES
T(10860) — ntar~ X  atx 1T(18)

hy(2P) 10259.8 £+ 1.2 ? 0-(177) 7T(10860) — nta~X  ~1(15,29) 2011  YES

1,;(10610) " — 7t X

1,,;(10650) " — 71 X
xb1(3P) 10513.42 4+ 0.67 ? 0t(1*") p — X... ~77(185,25,35) 2011 YES
Xb2(3P) 10524.02 £+ 0.78 ? o2t pp— X... 7T(3S) 2011 YES

Where is B_,"™* ? 2



Spectroscopy and Exotics

near open-flavor threshold

PDG 2025

PDG Former m (MeV) I (MeV) I19(J7C) Production Decay  Discovery Summary
Name Name Year Table
Ye1(3872)  X(3872)  3871.64+0.06 1.19+021 07(1"") B — KX ata=J/¥(1S) 2003 YES
pp— X... 3mJ/(18)
pp — X... D+ po
ete” —9X ~+J /¥ (18)
YY(25)
Oxe1 (1P)
T..(3875) 3874.83 £0.11 0410157722 2(?%) pp— X... DY DO 2022 NO
T.z1(3900)  Z.(3900)  3887.1+£26 284+26 17(177) P(4230) — 7 X mtJ/(18S) 2013 YES
$(4230) — 7YX 70 J/¥(1S)
(DD*)*
(DD")°
Tees1(4000)  Zs(4000) 3980 — 4010 H— 150 3(11) etem - KX D.D*+ D:D 2021 NO
Bt — ¢X K+ J/y(1S)
T.:(4020)  Z.(4020)  4024.1+1.9 13+5 1H(?77) 40(4230,4360) — 7 X wthe(1P) 2013 YES
X (4020) (4230, 4360) — 70X 7%h.(1P)
(D*D*)*
(D*D*JU
T,::1(4220)  Z.4(4220) 4216733 233%55° (1) Bt — ¢X K*J/¢(1S) 2021 NO
Ty, (10610)  Z,(10610) 10607.2 £2.0 184+24 17(177) Y(10860) — n~ X 7tT(15,25,35) 2011 YES
7(10860) — X Y (18,25, 389)
7 hy (1P, 2P)
(BB*)*
T35, (10650)  Z,(10650)  10652.2+1.5 11.54+22 17(17) T(10860) — m~ X 7t7(18,25,35) 2011 YES

7+ hy (1P, 2P)
(B*B*)*

What about T,, and T, ?

23



Spectroscopy and Exotics

arXiv:2412.19743 [hep-ex]

sl

(bc) spectroscopy (Z—bbcc)

T, production in Z—bbbb Z

bb
T3

o~ = T~ T =

i~

Doubly-heavy baryons

Pentaquarks

24



Physics of t leptons and LFV Z° decays

D.Yu et al., preliminary

Measurement Current Belle 11 FCC CEPC prelim.
Lifetime [sec] (2903 +5) x 10716 + 6 x 10718 + 7 x 10718
BR(r — evir)  (17.82+0.04)% + 0.003% + 0.003%
BR(r — pvi)  (17.39 £ 0.04)% + 0.003% + 0.003%
, + 0.0016 (stat.)
m, [MeV] 1776.93 = 0.09 L 0.018 (syst.)
BR(7 — ppup) <21x107® 3.6x10710  14x10M 10-10
BR(T — p) <4.4x1078 69x107°  12x107° 10-10
Measurement Current HL-LHC FCC CEPC prelim.
BR(Z = Tu) <65x107% 1.4 x 1076 109 10-9
BR(Z = 71e) <50x107% 1.1x107° 107
BR(Z — pe) <2.62x10°7 57x1078 1078 —10"10 107

25



Searches for light BSM states

Light dark pion

T.H.Kwok et al., preliminary
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+ E |
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T
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E‘é 107001 0.0 o | 10 00 ' 1000

cT [em)]
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Searches for light BSM states
ALP

T.H.Kwok et al., preliminary

Vax Bkg.
ma=0.01 GeV
my=0.1 GeV
my=0.7 GeV
ms=1.0 GeV

A.U.

5x107%{ —— g?€[m2-0.1 GeV?, m2 + 0.1 GeV?]
—=— g?€[m?2-0.2 GeV?, m2 + 0.2 GeV?]
—&— g2 €[m2-0.3 GeVZ, m2 + 0.3 GeV?]
—o— g2 E€[m2 - 0.4 GeV?, m2 + 0.4 GeV?]

Z — 17(— pa)t(— 3nv

4%1078

Br(t—ua)

—ﬁ, . . .
3x 10755 10-1 100
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Summary

Future e*e" collider will provide unique opportunities for
studies of heavy flavor physics

All areas of heavy quarks physics will be covered:

- specific HQ production and fragmentation characteristics
- FCCC and FCNC in b-decays

- CP violation in B and D decays

- spectroscopy and Exotics

- physics of T leptons and LFV Z° decays

Hundreds young physicists will be needed to work at CEPC

contacts : gladilin@sinp.msu.ru
28
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G. Isidori — Flavor non-universal interactions & leptoquarks ATLAS Exotics WG — February 2023

» Leptoquarks

Which (tree-level) mediators can generate the effective operators required
for by the EFT fit? Not many possibilities...

v We do observe “large” NP effects
in semileptonic operators

=p Leptoquarks
* What we do not see 1s in NP in Four-quarks (AF=2)
(— additional loop suppression): | Four-leptons (t—pvv)

Among the (few) LQ options, there 1s one outstanding case:

Barbieri. GIL.
Pattori. Senia '15

b H b E ~ mediator: U,
UJlrl-"B UJ;?-’-% ~ flavor structure: U(2)n
+ UV completion: SU(4)
S L C Y

We identified this path back in 2013, as a motivated simplified model...

...after 7 vears, this is one of the very few options still in place for combined
explanations & we understood much better its possible UV completion

30



G. Isidori — Flavor non-universal interactions & leptoquarks ATLAS Exotics WG — February 2023

® The B-physics anomalies

£q 1" N bL\o Hp -
— - 4 » LFUinb—s /7[Ry, ..]
SL Hr
[ | not seen
€q €] by T Le / o LEFU conserv. NP
A ) \0/ " inb—s /77 [ AC,VV]
s y
OlL - \GGQ
> N
<
e |7 by s
q | .
2 > LFUinb—ch [Rp ..]
Al -
b TL
1 b Implications for
j > pp T -
A° v b . high-energy
L L experiments

{A ~ 1.5 TeV] gq-€ ~ 107 the Higgs secto

“« _
[NP stabilizing }
:




Flavor-Violating Higgs Boson Decays
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Particle Identification (PID)

/EUS 96+97
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dE/dx (mip)

dE /dx proton selection was tuned in ©" analysis :

Selected with I{ p)::»t] 15

? - I ! LI III ! | I I B
8 _ &K \p Data 1995-2000 =
5 E— D* - (Kmjm, —E
JE \ \L M(D'p)< 36 GeV
- \ %_'_ﬁé’j,, ]
3F & =
2 1
S :
E (a} | | [l | Ll III | | | |E
D - lll I 1|. I I ! LI III | I ! LI | I:
B ;— \\K ' \p D* — (Krrmjm, —;
5 £ HL\. M{D*p} <36 GeV
- \ Y. ]
N RN E
aE A 3
PN :
2 k. .
E “\-.,___ xl‘“-«ﬁ_b_ B 7
1E T .
E (b:’ | | 1 1 1Ll III 1 | - |E
°
10 1 10
P {GeV)

dE/dx (mip;]

Not selected with | (p)}ﬁ 15

? - '|| I | I I I I II| I 1T rrij
5 _ K ‘x p Data 1995-2000 _
5 E \ \\ D™ — (Kmjm, E
45_ AN M({D*p) <36 GeV ]
af | 3
1 . o -
E {a] I- [ 1 1 II: II| | 1 1 L1 IIIE
D 2 Il\ll | ]II I I I LI II| | I I LI lll:
6 | \ K \'R P D* (Kmnmm, 3
sE oV M(D'p) <36 GeV 3
- \ R\H 1
YEON E
s N\ 3
2EN, -
PE | '
; (b:l | 1 1 1 I.I II| 1 1 11 III;'
C -1
10 1 10



Measurements of CP violation with B, — J/i¢

The time evolution of B, meson mixing is characterized by

v' the mass difference Am, of the heavy (B,,) and light (B,) mass eigenstates
v" the CP-violating mixing phase ¢,

v' the width difference of Ar, = Al - AT,

Interference between the B, decays amplitudes to the CP eigenstates J/Y ¢ or via
mixing gives rise to a measurable CP violating phase ¢,

t,c,u b
§ > S § ——> » > K
> ‘MC
}*/( ) “”] i“" ;
b —e —7 e G A « s

- Os > =208, = -0.0363* )00 0 rad By =arg[—(V;,V;)/(VesVi3)]
] Al =T, —T,=0.087 +0.021 ps™*

New Physics could modify ¢, and Ar, / Am, If new particles contributes to box diagrams

PS — V V decay gives orbital angular L = 0 or 2 are C'P-even

momentum L =0, 1 or 2 L =1is CP-odd 35



Spectroscopy and Exotics

PDG 2025

PDG Former m (MeV) I' (MeV) IG(JFE Production Decay Discovery  Summary
Name Name(s) Year Table
113(3842) 3842.71+£020 2.79+062 0 (3 ) pp— X... DD 2019 YES
Xc0(3860) 3862118 2017477 0T (0tt)  etem = J/Y(LS)X DD 2017 NO
Y0(3915) X (3915), 39221 +18 2044 0 0/21F) i B— K+X wl /(1) 2004 YES
Y (3940) ete” s ete” X DD
ve2(3930)  xe2(2P),  39225+£1.0 352422  0t(2th) ete” s ete X DD 2005 YES
Z(3930)
X(3940) 394217 377 2R eter = Ip(18)X DD+ 2007 NO
T,:(4050)  Zy ((4050)) 4051721 g2l 1=(7') BY - K~ X atxa(1P) 2008 NO
X (4050
T.+(4055)  Z.(4055) 4054 +3 45+ 13 (77 ete” X 7+(25) 2015 NO
X(4055) )
T.:(4100) X (4100) 4096727 152483 17(7") BY 5 KX 7 ne(18) 2018 NO
Xe1(4140)  Y(4140)  4146.5 £ 3.0 1977 0t (1t BT - K*X dJ [ (1S) 2009 YES
X (4160) 4153728 136750 2727 e*e’j J/pr)X D*D* 2007 NO
BT 5 KtX BJ/1h(18)
Tec1 (4200)  Z,(4200) 4196+3 370190 1+ (1) B - KX Jj(18)rt 2014 NO
$(4230)  Y(4230) 42221423 4947 0-(177) etem 5 X wtaJ/p(18) 2015 YES
Y (4260) wxco(LP)
7t he(1P)
(see listings)
Toc0(4240)  Z.(4240) 423073% 220128 1+(077) B 5 K-X 7tap(29) 2014 NO
Rrﬂ(4240)
T.z(4250)  Z(4250) 42481152 177152 1-(7) B KX atya (1P) 2008 NO
X (4250)
e (4274)  Y(4274) 428673 5147 ot(1tt Bt - KtX bJ/1(18) 2011 YES
X (4350) 4350.6137 13435 07 (?7) ete” o ete X @J/1p(18) 2009 NO
P(4360)  V(4360) 4374+ 7 118+12 0~ (177) etem 5 X 7t p(28) 2007 YES
B ata J/y(18)
T.e1(4430)  Z,(4430) 4478112 181431 1H(1*) BY & K- X 1%(23) 2007 YES
T J/P(1S)
Xco(4500) X (4500) 4474+ 4 77+ 0t (0t BT - KtX oJ/1(18) 2017 NO
X(4630) 46261721, 174757 0t (77 Bt -+ KtX bJ11(18) 2021 NO
P(4660) Y (4660), 4641 + 10 7218 0 (1) ete” = X 7t h(25) 2007 YES
X (4660) AFA;
D7 D.1(2536)
Xe1 (4685) 4684713 126+1% ot(1th) Bt 5 KX éJ/p(18S) 2021 NO
eo(4700) X (4700) 4694710 878 0t Bt 5 KtX @J/(18) 2017 NO
Toezz(6900) X (6900) 6899 12 153£29  07(7'F) pp— X... J/(1S)J/¢(1S) 2020 NO
T(10753) 10752.773:8 36115 27(177) etem 5 X arT(18,285,35) 2019 NO
T(10860)  7(55) 108852120 3744 0-(177) etem 5 X BB (m) 1985 YES
T (1S,25,385)
atnhy(1P,2P)
Y (15,25)
atn =Y (1D)
(see listings)
T(11020)  Y(65) 11000 + 4 2418 0~ (177) etem 5 X B((:))B'((:)J(:r) 1985 YES

7T (15,25,385)
atrhy (1P, 2P)
(see listings)

above open-
flavor threshold
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Mass (MeV)

Spectroscopy and Exotics arXiv:2412.19743 [hep-ex]

Y(4790)_ 2023 Charmonia and charmonium-like states
Y (4710) 2022 XelT00), \(4685)
V(4660) 555= 2016 5p31 X (4630) [177]
2021
3D
4500 Y(4500]=—=2022 X%%O) Z,(4430)"
48 '_07 (4415) —2E_ 2010 2008
PANYY X (4350
v320) 5 (4360 » 3p JE g A0
3P —=2011 2008 *2014 2021
¥(4230) ——2005 Xe1(4274 2D 2D 2008 Re0(4240)  Z,,(4220)
e ar oo Sz
g = 2009 _IF 2018 01 .___3:0‘_5_;___
(4040) 2008 = "
O Bl -~ S S— 2001 x( AL EER D /St
DD 2P Xc(3960)  9p 2p 2007 X(3940) ?(4029914 DD e 0|
Cpopt B XaG872) Y5Om0 e ZONOT 2020
1D ~as%e0) 2003 2006 7 = 200 2013
- 3770 X ”20((317] y2(3823) O8)
B 2013 _%%%%
28
28) T
Xe2(1P) I¢ JFC
A dP) Xe1(1P) X (3915) 0F 077 or 2°F
3500 X(3940,4160) 77 7
X (4350) ot 27+
xeo(1P) z* 1t 1=
R.o 1+ 0~
X (4020,4055)* 1t 77—
X (4050,4250)* 1~ 77+
J Godfrey—Isgur quark model
discovered before 2003
3000+ n:(18 discovered since 2003 ]
0*(0™*) 07(17") 0-(1*") 0%*(0*™) 0*(1**) 0*(2*") 0°(27) 07(3™) 27 I=1 1=1/2
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