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There are tour interactions !

e |t all started with the big bang! = Gravity governed by General
Relativity (it was good!)

* Let there be light: and there was light! = Electromagnetic and
weak interactions governed by Electroweak theory (it was good!)

* Let there be quarks and gluons! =» strong interaction governed by
QCD (it was good at short distance only!)

* Yes, let’'s study the strong interaction at long distance — non-
perturbative part of QCD!




The study of hadron spectrum

cc baryons

charm mesons cc pentaquarks

uds mesons charm baryons b baryons __ ,
CCcCC Mesons?
uds baryon
Nocp \ charmonium b mesons Bc mesons bottomonium
pE— ,, ,Lé,/i‘ _
0 1 2 3 4 5 6 7 8 9 10 11
Mass [GeV /7]
yN, 7N scattering CLAS, COMPASS ..
D, A_decays Belle Il, BESIII, LHCb ...
B, A, decays Belle Il, LHCb, CMS ...
ete direct production CMD-3, Belle Il, BESIII
pp/HI prompt production LHCb, CMS ...
6
Quarkonia decay Belle Il, BESIIl, LHCb, CMS ...

Due to the limited time, in these two days | just focus on the charmonium,

bottomonium and XY Z states. 3
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BEPCII and BESIII

1.2. 1s* LR Experi. hall
3. Power Station of ring mag. and computer center

4. RF Station 5. 274 |.R. Experi. hall X 9

6. Tunnel of storage ring 7. Tunnel of Trans. line 10 10 9]/11} events

8. Tunnel of linac 9. Klystron gallery 2.7 X 10 l/)(3686) events
10. Nuclear phy. Experi. hall 11. Power sta. of trans. line -1

12. East hall for S.R. experi. 13. West hall for S.R. experi. 16 fb lp(3770) events

14. Computer center

World largest J /¥, ¥(3686), and ¥ (3770) data samples
on resonance

RPC: 9 RPC: 8

Electro Magnetic
Iayers Calorimeter ayers

O ] = :
SRR | D—]————— ||

BESIII

Barrel %EW?%i
TF

Endcap
ToF

Vs = 2~4.95 GeV -
Peak luminosity: 1.02 x 1033cm~1s71 Quadrupold
et > = = = e
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BESIII data samples

+| After 12 of years data taking: w(3770)
10°F « 10x10° Uiy - . E
L 2.7 x10° y(29) 10 .j/w . D5
i 2.7 % 10"
(25) L.
— 103 3 " A Ne 3
_|| _ = . e o0 _
_Q [ ]
Q o . g e
— 102 E - * * o s e ® E
E ¢ o ° e @ [} ..' «? e
3 o :
& & o °« °
(S ' Y P et 1
100 E ? - T R SRR S T
2.0 2.5 3.0 3.5 4.0 4.5 50
Ecm [GeV]

- BESIII has collected rich datasets m the XYZ region \/E > 3.8 GeV with integrated
luminosity of around 22 fb~'. 5
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Peak luminosity: 2.11 X 10°*cm™"s

KE KB an d B elle Integrated luminosity (~980 fb-! in total):

Y(5S): 121 fb'!, Y(4S): 711 fb'!, Y(3S): 3 b,
Y (2S): 25 fb'!, Y(1S): 6 fb’!, continuum: 90 fb-!

e+3.5GeV16A
. * Belle detector
uperconductin:
e ) " ‘?-}E P

cavities (HER)

Mt. Tsukuba

Belle Detector

<. Aerogel Cherenkov cnt.

DN\ SCsolenoid .~ . =1.015~
KEKB T~ s N T
ARES copper - / 16X0
cavities (HER) * N ~—

\ \\ ; '

TOF counter —

ARES copper A &
cavities (HER) —

z\‘ﬂ Ce 1 Drift Chamber
ll cell +He/C,Hg

\4/

/\//
KEK Tsukuba
Campus

<« e* source

Si vtx. det.
3/4 yr. DSSD

1/ K; detection
14/15 lyr. RPC+Fe

Vs ~10.6 GeV
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: - SuperKEKB and Belle 11

e * Achieved peak luminosity: 4.7 x103* cm2s~!

_
vouseam oo SUPErKEKB * Integrated luminosity: 435/fb

New IR

4 _&bellows
b — . A multipurpose HEP Th B ” I I D
? . spectrometer with € belle etector
/ \/_ ~ 1 0‘58 Ge ‘/ sertexing;.FlD, neutrals, KLong and muon detector: h
electrons, muons and Resistive Plate Chambers (barrel outer layers)
B— hermeticity. Scintillator + WLSF + SiPM’s (end-caps , inner 2
A modify RF systems barrel lavers )
for higher beam current J—: vers)
. \ nn
Low emittance positrons 1 EM Calorimeter: ) \\ \\\\\
to inject Podiironisource Csl(Tl), waveform sampling (I 4
w ’ New positron target / N\ i
u capture section Particle Identification
”/ electrons (7 GVT:I\"“\—-, N TOP detector system (barrel)
- o Prox. focusing Aerogel RICH (fwd)
Low emittance gun N b d . . - "g “
. ; : , — = L7
Low emittance electrons ano cam CSlgIl. Beryllium beam pipe —— % !/{f‘ “ &
2cm diameter f \ TS|

toinject

/4

/

-
- \‘*1-2

. T
Beam squeezing: X20 smaller [ e :
q . g . rVertex Detector ///////‘ Sy, \\\‘ \
Target luminosity: KEKBX40 | 55 s oerrersaayedsss SS
\ //‘ “S\\\
N

2
SuperKEKB Central Drift Chamber

He(50%):C2Hs(50%), small cells, long lev
arm, fast electronics (Core element), dE/dx

positrons (4 GeV)

22mrad I
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The LHC as a Beauty and Charm factory

Proton-Proton Collisions at /s = 13
TeV

~20 000 bb pairs per second, x 20 of cC
pairs

High B-baryon production fraction
BT : B : BY: A}

(ub) (db) (sb) (udb)
4 : 4 : 1 : 2

LHC> 2 7%k
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LHCDb detector and performance

VELO: RICH: Muon System
primary vertex PID: primarily K,p separation
impact parameter s MM
displaced vertex ™ [Int. J. Mod. Phys. A 30 (2015) 1530022]
g ﬁmpact parameter: op =20 pm \
\ .l ‘ Proper time: o, = 45 fs for B) = J /¢ or D m~
Beam 1 Verex $ Beam 2 Momentum: Ap/p = 0.4~ 0.6% (5 - 100 GeV/c)
. T - €< Mass : on =8 MeV/c? for B - J /X (constrainted my )
Interaction # | [fg >l SEEEEL \_ RICHK — 7 separation:  €(K = K) ~95% mis-ID e(mr = K) ~ 5%
reaon . i , Muon ID: e(u-u) ~97% mis-IDe(m - u) ~1—3%

\_ECAL: AE/E =1 @ 10%/./E(GeV) %

i T il L N1
AT W I i, " MY
I v % o Calorimeters:
Tracking Station: p for Tracking Stations: PID: h,e,g, p°
lower energy tracksand long || p of charged particles
lived Ve reconstruction that traverse the magnet
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Data process workflow at HEP experiment

Colllision, MC

generator

Accelerator
control, initial-
state-radiation,
parton showering,
hadronization, NP-
correction, pileup,

et. al.

Trigger,

Simulation

Data acquisition, fast
reconstruction, data
input/output, online
monitoring, detector
geometry, detector
noise, calibration, multi-

scattering, et. al.

Reconstruction

Track and vertex
finding and fitting,
clusterization and
reconstruction of
jet, jet tagging,
kinematic fit,
detector
calibration, et. al.

Statistical

analysis

Event selection,
optimizations,
background
analysis, injection
test, reweighting,

correlation

corrections, et. al.

Extract
physics
variables

systematic
uncertainty, fitting,
uncertainty
propagation,
radiation and VP

corrections, et. al.

10
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Charmonium States
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MeV/c
3700 - sy

N, (2'Sy)
3600

h, (1'P,)
3500 |
3400 |- VIR i |
Burton Richter ~ Samuel C.C.Ting
3800 1  All charmonia below charm threshold
3200 |- November revolution * All n=1 charmonia well known and measured
3100 | S (%) * Mass difference not large (<710 MeV) SO not
many channels B

3000

1, (1'Sy) * Big transition rates
2900 | | | | |

L Study since 1974 !

The Charmonium System
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Charmonium Spectrum

PHYSICAL REVIEW D VOLUME 17, NUMBER 11 1 JUNE 1978 o At Short distance

Charmonium: The model
E. Eichten,* K. Gottfried, T. Kinoshita, K. D. Lane,* and T.-M. Yan'

i S, o e e A ok 165 Cornell model works pretty well

A comprehensive treatment of the charmonium model of the y family is presented. The model's basic

ption is a flavor-sy ric instantaneous effective interaction between quark color densities. This
interaction describes both quark-antiquark binding and pair creation, and thereby provides a unified r —_— - a r—l_ r
approach for energies below and above the threshold for charmed-meson production. If coupling to decay S

channels is ignored, one obtains the “naive” model wherein the dynamics is completely described by « single
charmed-quark pair. A detailed description of this “naive” model is presented for the case where the
instantaneous potential is a superposition of a lincar and Coulombic term. A far more realistic picture is Mass
attained by incorporating those terms in the interaction that couple charmed quarks to light quarks. The

pled-ch | formalism needed for this purpose is fully described. Formulas are given for the inclusive (MCV)
e *e ~ cross section and for e *e ~ annihilation into specific charmed-meson pairs. The influence of closed
decay channels on W states below charm threshold is investigated, with particular attention to leptonic and

radiative widths. 3 700

Cornell group (Eichten et al.)
color gauge interaction leads to forces that are
so strong at large distances that quarks are per-
manently confined in color-neutral bound states— 3500
the mesons and baryons. We also adopt this as-
sumption.
Secondly, the large masses of the ¢ resonances
and charmed mesons lead to the assumption that
the charmed quarks are so heavy that they may 3300
be treated nonrelativistically. No one has yet
succeeded in calculating the effective form of the
interquark forces from quantum chromodynamics,'®
even in the nonrelativistic limit. To fill this
gap we postulate that in this limit many of the 3100
gross features of the potential between the charmed
quarks can be simulated by the potential

Vi) ==+ 2. (1.1)

PR 2900
Cornell potential

. N " T+ pPC
0 1 1 0,1,2 J 13




Since quark 1s a spin=1/2 fermion, then for a system of quark and anti-quark the total spin
should be 0 or 1. P=(—1)!*1_ C=(-1)}*3,

The possible spin-parity quantum numbers J ¢ for conventional mesons (L < 3). n@S+171, ]
S n radial quantum number
[ 0 1 S total spin of ¢ & cbar
— — L orbital angular momentum
0 0 1 L=0,1,2..correspond to S, P, D, ...
1 17— 0T, 17+, 2%F J=S+L
2 2- T | 17,27,3 P = (1)1 parity
3 3T | 271,37, 47T C = (=1)™> charge conj.

If a state consists of a quark and an anti-quark, its quantum numbers could NOT be 0—, 07—, 17
or 27 etc., and these quantum numbers are called “exotic”.
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The quarkonium system

* When distance becomes larger
* Theory 1: let there be screened potential
* Theory 2: let there be hybrids with excited gluons
* Theory 3: let there be tetraquark states
* Theory 4: let there be meson molecules
* Theory 5: let there be cusps
* Theory 6: let there be final state interaction
* Theory 7: let there be coupled-channel effect
* Theory 8: let there be mixing
* Theory 9: let there be mixture of all these effects
* Theories ...

* The world 1s not that good! 15
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Charmonium(-like) Spectrum

x (4700)
4700 | 1 (4660) e Sl
i 1 (4500 e At short distance

4500 | Zc (4430) ______

(4415)

/(4390) = = = = - - &
o e Y 1 (427a) Cornell model works pretty well
DD ...... _ ¥(4230) _ Z. (4200)

BeRn. (| % W20 x_(4140) L

o i V(r) = -4a/3r+kr
z L_f ------- (4040) X (4020)
sl X (3:?715) XC (3930)

ss00 150 [ Ryt LS J % (5672 2 y (3823) v, (3842) n@S+UL, J

¥ (3770) n x ,(3860) ¢ 0 2 aidaaa ‘
oo |27 n, @9) v@S) 4\ ® N radial quantum number

P :

n n | %, (1P) *e (1F) S total spin of ¢ & cbar

= n he (1P) (1P) .
Lo L orbital angular momentum
3300 - . “ng L=0,1,2..correspondto S, P, D, ...
3100 Kva nv ! Y J = S + L
n, (15) Jly (18) — (_1)L+1 .

n Godfrey & Isgur, PRD32, 189 (1 P = (=1)™*" parity

C = (=1)**> charge conj.
= 0 I i~ 0+ i = o= S

16
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Discovery of the J/
y v — - — Discovery of the w(3770)
PRL33, 1404 (1974) o called “November Revolution PRL39, 526 (1977)

of Particle Physics!”
T 242 vents || f— PRL33, 1406 (1974)

- 1
70| SPECTROMETER 5Af—--
- B2 At normal current 2000 \ -rP-'rl
Iom .: I|

60 [1-10% current

|
I |
|
|
|

* . e+e- annihilation b+

R

(4]
o
|
= [ — M
\.'.8 wowg o g
oo 0oao0 4

EVENTS /25 MeV
Y
[a]
>
A N :
7 (nh)
[0} o
o o o0
.
o
.
|
e
L ——
.

inb)
= N ¢ D
woo G0 a
1

ma"'a'[G’w] : 302 3dz | =4 : 17
o, [GEN ]
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What to measure ?

* Masses and widths of the charmonia

* Transition rates

* Multipole amplitudes (helicity amplitudes)
e Mass distributions, intermediate states

e Relations between similar/different modes
e Search for undetected modes

* C-violation, P-violation, CP-violation transitions as a probe
of physics beyond SM and/or new physics
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J/’()b(].S) IG(JPC%)=0-(17)

J/¥(18) MASS 3096.900 + 0.006 MeV v
J/¥(18) WIDTH 92.6 + 1.TkeV(S=1.1) v o They can be produced
Y(2S) w0 by e*e  annihilation

See the Review on " *t(28) and ¥, branching ratios" before the x.o(1P) Listings. directly

@ Other lower

» Expand all sections

¥(25) MASS 3686.10 + 0.06 MeV (S = 5.9) v Charmonium states can be
Mp(28)—TJ/3(18) 589.188 4+ 0.028 MeV v produced by their
(25) WIDTH 294 + 8 keV v . .

transitions

P(3770)  reury-0a

¥(3770) MASS (MeV) 3773.7 + 0.4 MeV (S = 1.4) v

MMap(3770)~ TMhep(25S) 87.6 +£ 0.4 MeV (S=1.4) v
(3770) WIDTH 927.2 + 1.0 MeV o 19
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 E1 dominant transitions

i rates between v’ and y, % i
—— E1 transifion and J/ were Well —— Strong Decay
MeV/c? - — — M fransition \V MeV/c - — - EM Decay
measured.
N R i
3700 » MI transition between y’ 3700 —— @S
3600 and n,, J/yv and n_ were as00 |- SN,
measured with big NN Lo (1°P)
0 o —_—t . 3
3500 uncertainties. 3500 h (1'P,) < Ko (T°F)
.. \\\fﬂ:' (PS smgll)
2400 * Strong and EM transitions 2100 |- — 1 (17PY)
between y’ and J/y:
3300 o w'r, nn: rates, mass 3300
4200 distribution, isospin w00 |
test, multipoles, o pole, arAm
3100 CPV \ 3100 | Ty (ds)
» 7% n: Isospin violation ' [3x,5m (excl. na)
3000 strength, quark mass 000 .
2900 ' ' ' | ' o EM: wnn?, nOnO0n0? 2900 | | | | |
o 1” 1+ (0,1,2)* Jre N . o+ 1 1% (0,1,2)* Jre
The Charmonium System * Strong: 2(n'm), T The Charmonium System
010, 47%? PS small,
how much? 20
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Why study transition ?

* Largest ¢ decay modes (experimentally interesting)

* Understand how charm and anti-charm quarks interact (detailed information
on the potential between cc-bar)

* Multipole amplitudes --- S-D mixing in y’ and y”’ (>’ charmless decays)
* Channels with low momentum pions --- does chiral theory work?

 Shed light on y hadronic decays and radiative decays (eg. “12% rule™)

* Chance to study n h, and n,’ more

e Search for rare and forbidden transitions
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W(2S) decays
* Transitions (~82%) Mm

* Hadronic transitions (~54%)

e Radiative transitions (~28%) —
* Leptonic decays (~ 2%) Eons
* Hadronic decays (~15%)
o StI'OIlg decays ("“13%) Mrons
* EM decays (~ 2%)
» Radiative decays (~ 1%) -
» Rare decays and beyond SM (<<1%) acrons

22
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Ty = | M, |21 (0) ]
=(2/9m)(n? = 9)Fa($a,)me. (3)
The leptonic width via one photon into /I is

;= |M: 12]‘1’(0)|2=-;—(—§-a)2(-f3"-as)3m@:, (4)

where o ~ = Although separately these calcula-

tions are not trustworthy, the ratio

r,_ 20?
T, (2/9m)(@°~9)5/0} (5)

is independent of wave-function effects.

B ‘X

= VX o _Voee —12%

BJ/W—>X J/y—e’e”

This 1s the famous (or notorious):

“12% rule”.

M. Appelquist and H. D. Politzer, PRL34, 43 (1975)




“12% rule” and “pm puzzle”

MARK-I11
s *" Violation found by Mark-II , confirmed by BESI at higher sensitivity.
1 « Extensively studied by BESII, BESIII/CLEOc¢
KK @ More channels, higher precision
] p[E)TIZU :I.IlllIIIIIIIII|IIII|III:
. 10 . (a) - | BESII:
—_— c% off % - CLEOc: y: » OOkS Jrﬁlj
| s S b et . 200 events s events
= C e i -
K*K B4k PEEAT S S 5
- ."‘?:, OO E
pm (1983) % 25 R A I
. ‘ . . _||||||||‘||!|T.|ﬂo'|||.||.||_
0 5 10 15 20 25 30 0 2.5 7.5 10 ( "o

Q, (%) mi(n'n’)  (GeV/cH) 24




¥ (3770) MASS (MeV)

MMy(3770) MMy (25)
¥ (3770) WIDTH

¥ (3770) DECAY MODES

Mode

T DD

r's D°D
'y DD~

3773.7T 0.4 MeV (S =1.4)
87.6 £ 0.4 MeV (S =1.4)

27.2 £1.0 MeV v
» Expand all decays
Scale Factor/

Fraction (I'; /T') Conf. Level P(MeV/c)
(9373)% $=2.0 287 v
(5275)% 5=2.0 287 v
(41 + 4)% $=2.0 254 v

25
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With the singly tagged D sample, we can do some absolute measurements and search for
some new decay modes of D mesons

Near DD-bar Singly tagged D

production D K' | sample \ K

threshold + .

region Tag B"*
— ;L

e’ —_—

D
bl X

e e’ S

D

Charmed Mesons: The existence of charmed mesons was predicted by Bjorken and Glashow [Phys. Lett. 11,
255(1964)]. A charmed meson is a bound state of ¢ quark and one of the light antiquarks. 26




n:(15) MASS 2083.9 + 0.4 MeV (S = 1.2)
ne(1S) WIDTH 32.0 &+ 0.7 MeV

T (25 ) I(JP%) =0"(0"")

Quantum numbers are quark model predictions.

1:(2S) MASS 3637.7 + 1.1 MeV(S=1.2)
n.(2S) WIDTH 13.9 + 2.6 MeV




First Observation of 7,

1 1 |2CXJ() T T 7T TTTTTTIT

S 2000 - 1 5 ) )
s© - Y oY 1 s 5000 - J/ - vne 4
2: 1500 1 1 Ez 6000 F—tstotiiiiii
> 200 f {4 X 400t y
2 "L 12 ) hy-
g 0 s 'Y it

- Background 1 Background
0L Subhoed ] SO ubated, |
500 600 700 800 60 80 100 200
Ey (MeV)

» Observed in Radiative transitions from Y’ and J /Y by Crystal

Ball
» Fit inclusive photon mass spectrum
» M = 2978 + 9 MeV [' <20 MeV

PRL 45, 1150 (1980)

Events /0025 GeV/c?

20— PRL 45, 1146 (1980)
16 (G)

- Signal

1 i
I

20f (c) -

1

| Background

s | Subtracted ]

Z;ﬁ;ﬂﬁ#ﬁ*.h o l* h

2.4 2.6 2.8 3.0 3.2
Hadron mass (GeV/c?)

Radiative transitions from 1)’ and J /¢ is dominated!

Y’ = ybp,

P —ymtaTataT,
Y -yrtrT KK ",
Y —=ym T pp),

Y ~yK* ¥ K,

Tt

| » Observed in Radiative

transitions from ' by
Mark Il

» M = 2980 + 8 MeV
> [ < 40 MeV

28
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n. Produced from yy-fusion

NQ 300 1600
> —~ 1400
§ 2 1200
_ — 1600500-002 g 200 C g 1000;—
sl (@) E £ : S soof
; CLEO Il = 100 - 5 ewf
- il g 400 ;—
0L Shfakinalitn Lia 200
2.5 3 3.5 4 Py P S E U EE P T E T
2 ) 26 28 3 32 34 36 38 4
; N M(KS K m) (GeV/c) MK K r*r0) (GeVic?)
g T[T T _ _
g [ CLEO ILV | yy - KOKm  PRL 92, 142002 (2004) yy > K*K m*n~n®  PRD 84,012004 (2011)
n 200 j T T T T T T T T &a)' ] [ T T T T T T T T T T T
[ BaBar Process Mass [MeV] | Width [MeV]
% 150 | % 400
E 150 E E vy - KOKm (CLEO) | 2980.4 + 2.4 27.0+ 6.0
e 2 100 | S
200 zms0 om0 320 - 3500 3z | £ 500 vy - KOKm (BaBar) | 2982.5+ 1.4 343+ 25
m(k? k¥ %) g I s
. ° i : vy - KKnnm® | 29845+3.2 | 362+ 4.1
yy = KJ/Kn  PRL 85, 3095 (2000) ; : -
0 O s vy = K*K™n 2984.1+2.4 | 348+5.1
m(K™ K’ 1) (GeV/c?) m(K™ K r°) (GeV/c) vy - K+K-7° 2979.8 + 3.6 252 + 3.5
yy > KtK~ n/no PRD 89, 112004 (2014)

29
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First Observation of 7,

The search for 7, has a long and checkered history:
——————————————————————————————————————— Y 2R Y N

91 MeV from ete™ » ¢’ -» yX. It was
interpreted as due to 7. [PRL 48,70]

observation of 1, in the two-photon
fusion yy - ni. » KOK*n™*.
[PRL 92, 142001]

[PRL 89, 102001]
oo~ [\ M =3654+6+8MeV

! | |
| ! 1 |
| ! | |

. |
| 400 E M =3592+5MeV I e chj I < 55 MeV | : o = oos :
g | ! S L B BN N UL ELRML B
: 350 a | 540— Ne : | 60F Ne CLEO Il Data I
— 2 | g E
o 300 — 5
| __%, 250 = : : : I ‘J \%e0 | | |
I ‘;1'- Ot | L L@ & | I | L | I I I
£ 200 ——  — i | | 2900 3100 3300 3500 3700 I I I |
|3 (o) T < 8MeV (95% CL) N M, MeV/E) _ v ok |
| o i 1 Belle also observed the m, in double charmonium | | 5 of a4
| va | pI‘OdUCtiOl’l ete” - J/¥ + n. in 2002. [PRL 89,142001] | I g 705_ CLEO Il Data 7 I
| vu|;= . N 20— » |l 5 ‘gg: M =36429+3.1+ 15 Mev1
I I g [MmseeaElalel o, 180 I : £ o} ['= 63+ 124 + 4.0 MeV :
| - 8 15; c I | aof! :
| TR T |
1o} | LA™ WY A |
| 0 7o 8o s 100 O | : | 55850 52 34 36 3.8 40
| Ey (Mev) 1 st | | M(KgKm) (GeV) |
: ] | . : |
:Stanford Linear Accelerator Centen | | : | The discovery of /. is completely |
. . [ | ' v
Since then, many experiments tried to recoil | determined by now! |
P g I o e B B S 6 8 B |l S ooy G N

| search for ¢, but they all failed. | 30




To be clear about 1, width is important!

PRD 106,032014(2022) PRL 109,042003 (2012)

T T T 1 T T T T T 1 T 1 ! E Ny T T T o T
- ! l l l - I P St I'=19.8 5.0 MeV ~ [T =169 % 8.0 MeV— data (K)K'r")
25 ] I U b ) R 2 10° E SRR — fit result E
_ ] : S 120 i) Y - y3(m r > £ Y’ > yKSKm xcjzs E
- — g 100 Continuum O 3 :_ — - N(25) _:
- — 1 F Smooth bkg w 107 e background 3
20— ] I T o S — K{K'w’ E
- o a | Z o S 1k AL
O » X - I S 4] > E
S 150 e I G -
—— - A _ : Eigisammpmgtit e T " o F o )
= — — 4 1 A o
o 10— ] I I 35 3.55 3.6 3.65 3.7
( B , - 1 3% 362 364 3.66 368 37 m,,.. - (GeV/c?)
e — = ® . —¢— CLEO yy-1 ' KoKn . I MEC.., (GeV/e?) e
. ' oo 0 B I . —t — F
_-c_) 5j _+_ Belle B’ K'n '(— K.Kn)  — : § 100 B* & K*KOKn 1600 }Zﬂi
; s —}— BaBar yy—n_ > KiKn ] : 2 .5 [=66I3Mev o 1400 sl 4
0__ BESHI y'— 1 (= KKn)  — : = PLB 11,014 (2011) S 1200 0
C . . . I z 501 © 1000 -50 f
5: —|— BESIIl y'> 11 (- KgK3n)  — : g wol
- — ' . v . ] | = E
- —}— BESHI y'> (- 3(r'n) ] | a5t % } S b PRD 84,0102004 (2011)
C 7] ‘ J_H rt—¢ § - vy~ KsKm
C o0 I B B [ . [ R R Lo L1 L] : 0 o % 5 400: I = 13.4 + 5.6 MeV
2005 2010 2015 2020 : A A 200~ T HEOTE
L L L L C 1 PRI TS S IS ST N SR R B S S PR PR
Y ear : 325 35 375 4 0726 28 3 3.2 3.4 3.6 3.8 4
M(KKn), G ev/ct m(K*'Kn*r ) (GeVic?)

* The measured n; widths from Y’ decay and yy-fusion vary widely.
e Interference in both decays may need to be considered in the future!

31




Parameters of 7,

Puzzle: the mass and width of 1. determined from different production mechanisms are very different
PDG2012 | The inference between resonance decay and non-resonant contribution |
WEGHTED AvERAGE is considered for the first time. |

2981.0=1.1 (Error scaled by 1.7)
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The decays of 7,

Not much 7, decays are observed:

I 'In 2008, BABAR studied n, » K¢K*m¥/K*K~n° | | In 2013, BESIII firstly observed an | | In 2014, BABAR firstly found 1. — K*K™7 |

in B (left) and B® (right) decays. [PRD 78, 012006] : evidence of . - KIK*n*n*n~ in | | in two-photon process. [PRD 89, 112004]
e Y’ = ynL. [PRD 87, 052005] |

40' Blz I(l_lg ilo-él“-l_: 1.1)%- 200 —_ " ! T ! " ! T T __

490

Ne

£
Events/(10 MeV/ ¢2)

Events/(10 MeV/ c2)

N
S
T

events/(10 MeV/c?)
&
o
T
|

fIh

3';11 Xf"Ge\”cZ)

o

1 1 1 1 1 Il
28 3 3.2 2 34 .6 3.8
mx(GeVic2)

| In 2011, BABAR firstly found n; - K*K " n*n~n°

Events / (0.0025 GeV/c?)

3 3.5

. .
m(K" K 1) (GeV/c?)

3.3 3.35 3.4 3.45 3.5 355 3.6 3.65 3.7
C . (GeV/c?

| found decay other than KKm. [PRD 84, 012004]

KIK3n

B(me = K*K™n)

Bor S Ky = 082 £0.21£027

= (7.03+2.10+0.70) x 107°
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| |
| | _
: B, - K*K-ntn-n®) : B > yn)B(ne » KSK*min'n”)
| |
| |
| =

B, » KIK*n+) Xco o But the uncertainties of the reference modes
=22+05+05 Xe2 7! are large.
T T e R Y I
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The decays of 7,

Not much 7, decays are observed:

B(B* = ncK*)B(ne = pp)

B(B* - J/YK*)B(U/Y - pp)
= (1.58 + 0.33 £+ 0.09) x 1072

Mgy GEV/C® =(924+1.0+1.2)x10°°

B(B* - n:K*)B(n. = ppr*n™)

Currently, the sum of all known decay |
= (11213 48%) x 107

widths is only ~5% of the total decay :

| | In 2019, Belle firstly observed n, —» ppr*n~.| | In 2022, BESIII firstly found 7. - |
: 305] | | [PRD 100, 012001} | : 3(mrtm™). [PRD 106, 032014] |
|
I I : 140F : I < 160 I
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| ‘i| || L 40 | : s 4 :
_ &3
1 L y I 8 I 36 3562 364 366 3.68 37
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N (1D): spin-singlet low-lying D-wave charmonium

Mass: in the range of 3.80 to 3.88 GeV/c?, and lies between DD and D*D threshold [PRD 72, 054026
(2005), PRD 79, 094004 (2009)].

Width: very narrow

Decay mode: branching fraction of n.,(1D) = yh.(1P) is large (> 50%) [PRD 80, 014001 (2009)].

|The N (1D) was searched in B decays and e*e~ annihilations by Belle, but no signal was found

1
'[JHEP 05, 034 (2020), PRD 104, 012012 (2021)]. - B
1 o C N, 4. = + 5, | 1
: %_ 10:_ Bt - Nez (1D)K+ % . ncz(lD)Kg NU j i_ e e — yrlCZ (1D) :
| =~ = % 3.5F |
| - > 3 :
I 5 6l 5 0 251 I
I LI=J. LI=J. _'g 2 — | $ - ] |
I 4 © 15 I
: I L 1 ] o0 . ] * o 00 ] e o :
I 2/ 0.5 I
I P o o 1 e Y O [ = PR | PO I
| 7 |
|

)

375 38 38 39 39 4
M(Y h.(1P)) (GeV/c )




hc(lp) I9(JPC) =0 (1+")

Quantum numbers are quark model prediction, 2

h.(1P) MASS
h.(1P) WIDTH
h.(1P) PARTIAL WIDTHS

h.(1P) DECAY MODES

Mode

T, J/H(18) 70
T J/H(18)mm
I3 J/P(LS)m ™

v Radiafive decays

[a3 8U|
Lay vn'(958)
L5 1M (1S)

= established by 7.7y decay.

3525.37 £ 0.14 MeV (S=1.2)
0.78 + 0.28 MeV

» Expand all decays
Scale Factor/

Fraction T'; /T) Conf. Level P(MeV/c)
<5x1074 Cl=90% 382 v
not seen 312 v
<27x10°? Cl=90% 305 v
(4.74+2.1) x 1074 1720 v
(1.5£0.4) x 1073 1633 v
(57 +5)% 500 v
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The importance of h_ in hadron spectroscopy

» According to QCD potential model, the hyperfine splitting between spin triplet and spin singlet is determined
by the vector component and coupled channel effects.

* The hyperfine splitting between spin triplet and spin singlet of P-wave charmonia is defined as
AMyp(1P) = (M(x¢;)) — M(he). QCD predicts AMyg(1P) = 0.

» Before the discovery of h,, the spin-weighted average mass of x.; (M(x.;)) = 3525.4 + 0.1 MeV/c? [PDG 2004].

= 27 6 — I39|f:'v(|)805 -020
S < EacsEso M In 2005, the evidence of h, was found P - Generic MC -
I s h by Fermilab E835 Collaboration via g SE eneric E
n ‘ § o6 f pp — he - yn. - yyy with the p-value § 4f_ Data _f
it P < 0.000 1 [PRD 72, 032001 (2005)]. ~ .
= ; ) S 3F [PRD 72, 092004 (2005)] =
I o C _
0.75 9522 3524 3526 3528 3530 AlSO in 2005, CLEO C()Hab()rati()n ; 2 :— o —:
os | % [PRD 72, 032001 reported the observation of h, Via‘ 5 1 = ﬂ .
s (2005)] Y(25) » n°he > (yy)(¥n.) by the T [ Rl :

| M reconstruction of 7. in seven hadronic 0 by o LT =

ol 340342 344 346 348 350352 3.54 3.56

3400 3500 3600 3700 3800 3900 decay channels [PRL 95, 102003 (2005) h_candidate mass (GeV/c )
& and PRD 72, 092004 (2005)]. c 37




Further measurements of h_

 In 2008, CLEO Collaboration measured the
mass of h, and a product of branching
fractions B(y(2S) - w°h,) X B(h, = yn,)
more precisely, with 24.5 x 10° y(2S) events
(8 times of 2005) [PRL 101, 182003 (2008)].

« In 2010, BESIII Collaboration measured the B(y(2S) —
n°h.) and B(h, - y1.), and determined the upper limit
I'(h.) < 1.44 MeV at the 90% confidence level [PRL 104,
132002 (2010)].

« In 2022, BESIII Collaboration updated the h. mass
(3525.32 + 0.06 + 0.15) MeV/c? and width (0.783927 +

3850208-003

n° recoil mass in GeV

|
I
I
I
|
I
I
I
|
I
I
I
1200 F
ool | 0.12) MeV [PRD 106, 072007 (2022)]. Thus the AMyg(1P) = 0
800} ' is consistent between experiment and theory.
600 | : x10°
400} : BESIII
2 200f : A (a)
= of | 3 [PRD 106, 072007 (2022)]
€ 250 | = Data
@ 2 : 3
150¢ : o — Fit result g
100} : 2 50 :
50 I e | Signal
0 1 L
-50 : """ Background
-100 & AT T SN TN W AN TN WO SN N WO SO TR NN S O W ! | |
3.5 3.51 3.52 3.53 3.54 3.55 : 35 beesbeeet 351 e slee e 352 ' _ oo ) foeest '3_55
|

RM(r,) (GeV/c?) 38




Decay modes of h . (I) — radiative decay and hadronic transition

 Except h, - y1,, a dominant decay mode of ¢ Hadronic transitions of h, - nrJ /Y and h, - ©°] /1y have
h. with the BF of 57%, more decay modes been predicted theoretically.
have been investigated.  In 2018, BESIII Collaboration searched for the process h, —
* In 2016, BESIII Collaboration reported two ™ ] /Y, and the upper limit was determined to be 2.7 X
radiative decay modes of h., h, — yn' (8.40) 1073 (90% confidence) [PRD 97, 052008 (2018)].
and h, — yn (4.00) [PRL 116, 251802 (2016)]. ' = In 2022, BESIII Collaboration searched for the process h, —
%] /1 via the reaction ete™ - m*m~h, with the data

|
I
I
I
|
I
I
I
|
I
I
I
|
I
[ +Dfata (a) RE - I
2 10F  adareund S 15 ' samples between 4.189 and 4.437 GeV [JHEP 2022, 3 (2022)].
R | caoant S 10k '« Q: Why not use ¥(25) - n°h, -» n° (7’ /1)?
a °r @8 ; 1
5 ] 5 5 s | 10
SO oLt lw’.. e . ! S —— Data
3.45 3.5 3.55 3.45 3.5 3.55 'S = 8_[JHEP 2022,3 — Fitresult
M(yn') (W—n'mn) (GeVic?) M(y) (—yn'm) (GeVic?) |3 055 S £ (2022)] - Background
. « 8F : 9} w 6f Sideband
@] ¢ @ g a °
3 S of £ st = 4
2] 0 [ I = -
S S af | 2 [PRD 97, 052008 = 2l l MHHH l
§ W § 2| o o%p (2018)] (D ottt R T B
’ ; 31.5% ) 0345 3.5 : 3.& : o 23 > 599 G 0 3.5
Merm) (n->vy) (GeVie?) M(m) (n->n'7'7) (GeVic?) | RM(x) (GeV/c) RM () (n, -1y (GeVic“g




Decay modes of . (Il) — hadronic decay

* Theoretical predictions of the BFs of h, — light hadrons vary a lot in different QCD potential models.
* Since 2019, many hadronic decays of h, have been observed by BESIII Collaboration.

Events/(1.1 MeV/c?)

Events/(1.1 MeV/c?)

—e— Data
+ — Fit Result

Fitted Background
— - — Fitted Signal

Background MC
EE v(3686)—>1y

M . it
Bl o pprn) = (3310

=4

X _3

IIllIIIIlIll

2 [ S s |

— Fit Result
Fitted Background
— - — Fitted Signal
Background MC
i (3686)-1y
7 v(3686) >,

g
—
—
—

S’

-

IS e o0, S IR s OO Tt \.n..:-':':.-'l:i' ]l:r'_n-_..- : . . ﬁ\‘
B(h, - 2(r*n )n®) = (9.4 + 1.7)
[PRD 99, 072008 (2019)]

X

lIIIIIllIIIlII

1073

Events / 3 MeV/c?

" B(h, » KYK ntn~n?)

= (3.840.8) x 1073
[PRD 102, 112007 (2020)]
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X
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B(h, - ppn) = (7.4 + 2.2) x 10~4, [JHEP 2022, 108 (2022}i0
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Bottomonium States




Mass (GeV)

S. Godfrey and K. Moats, Bottomonium mesons and strategies for their observation, Phys. Rev. D 92, 054034 (2015)
S. Godfrey and N. Isgur, Mesons in a relativized quark model with chromodynamics, Phys. Rev. D 32, 189 (1985).

Bottomonium Spectrum

Bottomonium Mass Spectrum

T(11.102) Ypa(11.022)
11.0 | #0109 — X“(E'E;Z) T,(10.939)
L T(10.878) b (11.016) Xl 11004) T,(10.934) X4(10.856)
L1, (10.869) * 1 ) (10.853) X3g(10.853) Y,(10.772)
= xu(10 788) T,(10.711) s X1(10.850)
L 11 (10. 790) Yoo (10.775) 3(10. 7ha(10.770) T,(10.770)
_1(10.635) . ma(10.706)  Y2(10-705) Xp4(10.622) 1;4(10.769)
|7,(10.623) _ x(l0550) T,(10.69%) , (10.619) Xfﬁ(l“ 619) Y,(10.532)
10.5 - Ry, (10.541) Xin(10.538) T5(10.455) X3(10.615) 7154(10.530) 1,(10.531)
- o5 DR (10.450)  12(10.449) 20,(10.358) ,(10.529)
T,(10.441) —————
|7, (10.336) X12(10.261) i ) hy3(10.355) X3(10.355)
- By, (10.250) X (10.246) T,(10.155) Xz2(10-350)
xio(10.226) | —— = ,
L (10148) 2010147
1(10.003 R PTR IR EE:
10.0 - X(10.003) il )
[1,(9.976) ) (o897
By (9.882) X (9-876)
i X10(9.847)
9,5 | rv.4ss)
7,(9.402)
1 3 1 3 1 3 1 3 1 3
Sp " 5 P P(U,l,z) D, D(1,2,3) Fy F(2,3,4) Gy G(3,4,5)

n(28+1)LJ

radial quantum number
S total spin of ¢ & cbar

L orbital angular momentum
LL=0,1,2... correspond to S, P, D,

J=S+L
P = (1)1 parity
C = (1)~ charge conj.
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Bottomonium Spectrum

Four main ways to access Bottomonia:

* Direct production from e*e: J?¢=177:Y(nS)

* ISR production: JP¢ =17": Y(nS)

* Hadronic transitions from Y(nS) through n, mtm, etc
PC=0"%,177,1% .. :Y(nS), np,(nS), hy,(nS), ...
 Radiative transitions from Y (nS)

PE=07F,07F, 1%, 27, (nS), xp




:The first bottomonium resonance, i.e. Y(1S), |
: was discovered in 1977 in the bombardment of
@ beam of high energy protons to a stationary
I'nuclear target [PRL 39, 252 (1977), PRL 39,

! Soon, in the e*e™ collisions to the p*u~ final states, Y(1S) was
1 confirmed, and Y (2S) and Y(3S) were also observed [PLB 76, 243
' (1978), PLB 76, 246 (1978), PLB 78, 360 (1978), PRL 44, 1108

| |
| |
| |
| |
|
! 1240 (1977)]. | 1(1980)]. :
: RS e [PRL 44, 1108 (1980)] |
: - 9 [PRL39,252 35) : :w{-‘””b’ *\"  [PLB 78, 360 masmaacT ok
: % 4- (1977)] Y(].S) : : _Y(].S)i m_._ (1978)] B Y‘(3S) -Ya'} :
I i T ! 6+ 11
E 3 1 ‘0_
| Lo Lo o), |
| l R royes | L
| o ¢ [ {} R o1 ] T |
AR N 1 T L \y g TR TE RS
1,0 { } i NS {\H"Zi,f iL,} T4 - RN |
' g O ‘l [ Soagtt L T ARLEEES 032 1.3 00
I U? . - l I t mubﬂ_":TED APPARATUS I I ! 9;.2 I 9?46 I 9?50 a 101.00 ! 1[]'.04 : 10[03 I
I > 1 RESOLUTION AT 95 GeV o V5(GeV) |
I q'%., {(FWHM) P I
. ©°l§ eF ) 2 gl lasaagyaapdn dinpiaggaanap |l 1NN ;
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Masses, widths, and dominant decay modes of Y(1S), Y(2S), and Y(BS)

Mass (MeV/c?) 9460.4040.10 10023.440.5 10355.140.5 e Y
Width (keV) 54.0241.25 31.9842.63 20.3241.85 grgéf;(;géhe latest

B(Y — ggg) (%) 81.7+0.7 58.8+1.2 35.7+2.6

B(Y - ygg) (%) 2.240.6 1.87+0.28 1.140.2

----------------------------- 3 Recent measurement of B(Y — ygg) from CLEO [PRD 74, 012003 (2006)]
- Below the BB threshold, Y(1S, 2S, 3S) decay via !

1

|

I this Okubo-Zweig-lizuka (OZI) suppressed
: way, thus leading to a narrow natural width.
: « They decay into three gluons (ggg) or two
|
1
|
|
1
|

I
I 1 Photon energy spectra (X, = py/Epeam):
I
|
I
I
|
gluons plus a photon (ygg) with large branching |
|
I
I
|
I

dN/dX,
dN/dXy

fractions, providing an entry to many potential
final states, including glueballs, light Higgs
bosons, and states made of light quarks.

r
8

bl
o |




“80% rule” for Y(1S) and Y (2S) decays?

From the pQCD calculations [PRL 34, 43 (1975)]:
 The 12% rule for charmonium decay
« The 80% rule for bottomonium decay

B’t,b’—)ha,drons B’gb’—)e+e_
BJf'u’)—>hadrons BJ/?,D—>e+e—

B adrons B erte
_ DBr(25)—had _ DX@2S)=ete” 380+ 0.08

Qr = —
! BT(lS)—Jrhadrons BT(IS)—)e"’e—
The 12% rule was found to be severely violated for pm and
other Vector—Pseudoscalar and Vector—Tensor final states
[PRL 51, 963 (1983), PRD 69, 072001 (2004)]. This is the
so-called “pm puzzle”.

K*(892)0 K-+ |
K*(892)0 K5(1430)0]

—

So, how about bottomonium decays?

270
KK+~ |
2p2K277" ]
PKK-|
2K27m0 |
KBK3m270

2K6m 1

2p2 K40
2p8m 1
2K6m270
2p6m]
2pAm2m0
2K4m270 |
2p4ma0
KOKSm270 -
2p672710
2K47mm0
2p2Kdm2n" |
8l |
40 -

Blue dots fr
Belle [PRD
031102 (20
PRD 88, 01
(2013)]

Black dots f
CLEO [PRL
052003 (20

The band s
the theoreti
prediction.
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86,
12),
1102
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) 86,
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Radiative decays of Y(1S), Y(2S), and Y(35)

The radiative decays of Y(nS) can be used to search for n, and xy,;.

From CLEO, PRL 94, 032001 (2005)

1631004-094

(a) (x10%)
85 |

75

(o))
W
I

W
n
PR R ST ST

45—

1631004-096

(b) (x10%)
62

54-

N
i

(o5}
oo
P

Number of photons (2% Bin)

Y(2S) - vX

Number of photons (2% Bin)
~ w
b

W
=]
PRI I

po(1P) 2.5

0-

T T

100 120 160
E,(MeV)

60 80

200 240

(bo (2P)

60 70 80 100 120

E,(MeV)

Entries (0.005 GeV)

10000 |

Np(1S)

1 BaBar
8000- Y(3S) - 2P
| PRL 101, | Y(3S) - vxuy(2P)
6000 071801
4000- (2008)
] ISR Y(1S)
2000-
0_; ........ x
~2000-
05 06 07 08 09 1 1.1
E,(GeV)
—~ ] Belle
L4]  PRL124,122001 Y(1S) - YXc1
C (2020)
= ]
=21
Oq I T ' 1 x" : T
3.2 3.4 3.6
M(Jhypy) (GeV/c2)
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Hadronic transitions among Y(nS)

s 104r

0.8
9.6
94

92

3

IIFIII

IWIIIIII[II\
4S—nn2S

S—nn2S

2S—>mnlS
2l

I]WIIIlIIIIlII]IIIII[I\II

ntt™ transition

BaBatr,
PRD 78, 112002 (2008)

4S__—_>mrcIS

3S—nnlS

n transition

g 700

S eof Y(25) = mY(15) }l Belle,

S sof PRD 87, 011104 (2013)
(&)

ku;zmmﬂfﬂf 1

052 053

054 055 056 05
1 candidate mass [GeV]

BOY(25) = nT(15)) __ 1 994 .14 4 0.11) x 10-3

O

TR NS R e
3 04 0506 0708 09 1

III|I\II|I
11 1.2

AM (GeV/c?)

B(Y(2S) —» nta—T(15))

This ratio is slightly lower than the value calculated
by the QCD multipole expansion method in Ref.

[Front. Phys. 1, 19 (2006)].
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First Observation of y,,(1P):
13 P, states, observed later than y,(2P).

r_________________l e e el — i — [ 2 Yy T T/ el w2

I In 1983, the x;;(1P) are found via the y | | CLEO[PRL 52, 799], Crystal Ball[PRL 542195], Argus[PLs | | In 1998, CLEO gave very clear results.
energy spectrum of the Y(2S) — | | 160,2195] measured the mass of y,,(1P) in 1985, with || [PRL 92,142001]
| YXb ;(AP) - yyY(1S) by CUSB detector | | the same method as CUSB.

3350198-002
T T T

| @ Cornell Electron Storage Ring. X2(1P) A e o ] . _Crystal Ball 198(5) ] 1600 | |
500 1 [PRL, 51,160] 1 3 °°
L ; 45 by - & 2 - .
300 [ b :é_' 200 o | 800
100 j ??‘. 100 T(25)# yX |I |III 1 II II I
_. _p [ B

S0 100 200 500

~100

s/1 MeV
=)

I
| : |
| h |
I I
| | |
| || |
I I a1 i1 L I
I 1 066 80 100 120 140 160 180 200
T i I I ENERGY (MeV) @ e Ey (Mev) 502841 I
I 50 100 500 1000 || |
Photon Energy(MeV) .
I T(2S) Xbo(1P): |V Xpo(1P): I Xbo(1P):
INY M=9900+3Mev | | e yx Argus 1985 M=9859.6 % 2.1Mev. || M = 9863.0 + 1.4 MeV
| - 404 | . [ < 1.0 MeV@90% CL
I L g1 =49+ 1.0 keV | ARGUS R R I
I / / Xp1(1P) HE XbI\IlP)@JS% 5+ 1.7MeV I Xb1(1P):
/ b1 : = .5+ 1.7Me .
Y M = 10256 + 5Mev | : F - oemovooomcn M = 9894.5 + 0.7 MeV
— 20_
| ; \ gy =84+ 14keV | | Xpz2(1P): I (1P):
| 1P): culated | ek M =9911.9 + 1.5MeV | | Xb2 '
T(%s) Xb2(1P): not calculate | bl e .
| I e I < 2.6 MeV@90% CL | M =9912.5 + 0.7MeV
I I I_ _____________________ I e —— — e — — ———— -
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In 1982, the x;;(2P) are found via the y | | CUSB found the decays of x;;(2P) — yY(1,25) in1992.  [PRD 46, 1928]
energy spectrum of the Y(3S) || —— —_—

YX»;(2P) by CUSB detector @ Cornell | |

Elé)c]tron Stg,rage Ring. L. Y(SS) — VAbj (ZP)

300} . 2. Xb](zp) — VY(ZS)
we fpmer PRUDZ11 2 5 2P) —» Y (1)

2500 H
2000
1500 |

1000 |

Xbo(2P)

A

I
I
I
I
I
I
I
I
10 ' — “‘Hlbo l‘.J“I(‘)OO ' I
I
I
I
I
I
I
I
I
I

Photons / 3% Energy Bin

500 |

4. Y(3S) = yxp;(1P) o LA

A . Lk i
.5. Xb](lp) —d VY(].S) 70 100 300 503 700 1000
M

Photon Energy (MeV)

0
)

PHOTON ENERGY (MeV)

| In 1991, CLEO saw very clear y,;(2P)
| signal with the same method.

I 4000

ass differences between y,;(2P) and x;;(1P) are extracted to be:

M(xp2(2P)) — M(xpo(1P)) = 13.10 £ 0.24 MeV
M(xp1(2P)) — M(xp1(1P)) = 23.5 + 1.0 MeV
M(xpo(2P)) — M(xpo(1P)) = 23.8 + 1.7 MeV

But masses are not measured. I 51

2000

Photons /| Mev

t
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First Observation of y,(3P) [PRD 36, 3401 (1987); PRD 38, 279 (1988)]

It is predicted that the y,(3P) has an average mass of ~10.52 GeV, with hyperfine mass splitting of 10~20 MeV.
______________________________________________________ '

which the photon is reconstructed either through conversion to e*e~or by direct | | YY(1S)[— utu~]. [PRD 86, 031103(R) (2012)]
calorimetric measurement. [PRL 108, 152001 (2012)] |

| The mass resolution for the converted photon candidates is found to be 16~20

| MeV, of similar magnitude to the hyperfine splittings. M[x»(3P)] = 10551 + 14 £ 17 MeV

| I
| | 45 |
I I r DQ 1 -3 fb;‘ Xb (3P) * Data I
| 70 Tamias T, T T T 20T T T T T rT T | o — Full fit |
- ATLAS P 200 E- ATLAS e Data:Y(1S)y —— Fitto T(1S)y E I I 40 e BKa ol |

| 0L Xp(2P) J‘Ldt:4'4fb 13 180 E—J‘Ldt=4_4 g f & Data:Y(@sy —— FittoT(@S)y 3 | wsb xo(ZP) fp , (?P) y
I 2 E * Data 1 = 160 S b e Background to Y(1S)y  J I I - Xp(1P) I

2 3 _ E = = S N R I
I c'{j) 50; Unconverted Photons |/ | ;Z‘:kgmund E % 140 é )(b(lp) ........... Background to Y'(2S)y é I I ‘:‘; soF- 0t & 1l e I
| 5 40F (1P) »BPYd 8 120F ] I: 20 |
|- b m - -
I ‘E 30:_ Ab B % 100;— I 3 - I
| E é ] § 80 |~ | | 5200 |
| © 200 12 e )\t | N |
' [ S (U 7 A T i N ] =. E w T
| 2 o ) N 4 2 ef ! : |
I 0 E — e — 23 E_ (AT TN TN I TN TR T N N CITAL TR A' A I : " :_ I
| 96 98 100 102 10(':\/ 106 108 9.6 98 100 102 104 106 108 | | sf |
| m(upy) - mu u)+mms)[ eV] my) - mup) M) [GeV] | | S 4 n L B | | |
T RS "V Licoble BSOS DUUIINN-SNY 8 IR T SO | [ B B

| — 10541 + 11 + — 10530 4+ 5 + | %55 10 105 11 1.5 |
| M[)(b(3p)] = 10541 + 11 + 30 MeV M[)(b(?)P)] = 10530+ 5 + 9 MeV | : M,,.,- M, + my s [GeV/c?] |
| |
| | |
IR |




Hyperfine Mass Splitting of y,(3P)
It is predicted that the y,(3P) has an average mass of ~10.52 GeV, with hyperfine mass splitting of 10~20 MeV.

| LHCb also measured y,(3P) mass in | In 2018, CMS observed y,; (3P) and |

[PRD 36, 3401 (1987); PRD 38, 279 (1988)]

— — — — — — — —— —— —— —— — — — —

| In 2014, LHCDb observed yx,(3P) — yY(3S)

| for the first time. [EPJC 74, 3092 (2014)] | | yY(1S,2S) decay modes. [JHEP 10, 088 (2014)] | : Xp2(3P) through yY(3S)[- pu*u~] mode. |
| R | | g “E ) e I [PRL 121, 092002 (2018)] |
4 35 E LHCh E S 4t (8 Simultaneous fit 1oy, (3P)—> Y (I5.28)y I I .
| S kb U7 Tev | : § s Z,0PYUSY LHCb " Xpj(3P) mass resolution: 2.2 MeV! :
| Z sE 3 | < C
=3 : | g | | o NS 3P I
I é s z_ ) ‘H> + _; I I % I I B Vs=13TeV XbZ(BP) I
I = 10 X1 (3E A + 3 | 3 80 L=80.0fb"
| E P e o U | | FETE :: 5 l
o N: A2 . L T I g “ . -1 { - 60 — Totalft I
I 10:3 - ]0‘6‘ 10.7 oo I I 0 10400 10500 10600 10700 10800 | | 5\2 [ - Signal £y129P) I
I 00 - R T(‘RS)I}/ . I(,‘v\-{r‘ | I o m(ppy)-mpp)+m(Y (1)) [MeV/c?] 6.90 I I § 0 Coe Background
I T g0 E LHC 3 I L [ ® Simultancous fit oy (3P)-Y(IS28)y - B I
3] E 3 = r b I
| E ::: : + V5 =8 TeV : | | % 255_ X,GP)>YQ2S)y LHCb : | 5 o:— + > 9g |
I ; 50 %— —% I I % 2E C P I
= E 3 8 I e R B S I I R R
| g OF Jr+ 3 | | 3 °E } ] ’ ] | | 10.4 10.45 10.5 10.55 10.6 I
| "_E zg: "::" 1T E I | 8 1of ] M M u" I I Y(3S) ¥ invariant mass (GeV) |
| SUE Y N Ttk | : A Fi l--‘%ﬂt-flTi | ﬂH : : M{[xp1(3P)] = 10513.42 + 0.41 + 0.18 MeV :
: " ”*Iﬁ(f]&(;‘?)v mT?GP\-'fr-’I : | | '1‘0;05""‘:1'09,?5' ‘)1‘0;;0‘0; ‘1‘(0}%?‘05‘))1[3;1083? I] | I |
. f m(ppy)-m(pp)+m(Y (28 eV/c?
: IR = . s M 3P)] = 10524.02 £ 0.57 + 0.18 MeV
| Assuming mass splitting AM = 10.5 MeV | |Assuming mass splitting AM = 10.5 MeV | | [:2(3P)] |
| M[xp1(3P)] = 10511.3 + 1.7 + 2.5 MeV | | M[yp1(3P)] = 10515.7122%1> MeV | | AM = 10.60 £ 0.64 + 0.17 MeV I
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lare far below 100%, in which x, = yY(15) are| g The more hadronic decay modes of y;, are needed to be |

| dominant.

found.
I
Xp = Y (nS) || *Prob the physics of soft gluon emission and hadronization.

Xpo(1P)
Xb1(1P)
Xb2(1P)
Xbo(2P)
Xp1(2P)
Xb2(2P)
Xp1(3P)

Xb2(3P)

1.94%
52.7%
<26.0%
1.38%
38.4%
<27.9%

1.94% :: * Study the non-perturbative QCD
35.2% | @ Can exotic states be found?
18.0% :: * Glueball?
: e XYZ via hypg final states or in y,q decays daughters?
1.56% || O Fragmentation function: part of the great blueprint for QCD
29.6% H O Where is y,0(3P)?
25 5 | O Detect new physics?

| . .. >
Only observed I: Invisible decay

* Supersymmetric quarkonia transition?
mode Il persy 9

Only observed |
mode I




T (45) 1€(JPC)=0-(1—)

7(4S) MASS
7 (4S) WIDTH

T(4S) DECAY MODES

also known as 7(10580)

10579.4 £+ 1.2 MeV
20.5 = 2.5 MeV

Scale Factor/

Conf. Level

Mode Fraction (I'; /T)
T, BB > 96%

| ) B'B~ (51.4 + 0.6)%
I's D} anything + c.c. (17.8 +2.6)%
Ty BB’ (48.6 + 0.6)%
T's J/YKS + (J/¢, n) KY <4x1077
I's non-BB < 4%

Cl=95%

CL=%0%

CL=95%

-B factories

"4

» Expand all decays

P(MeV/c)
326 v
331 v
v
326 v
v
v
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7(10860)

I¢(JFC)=0-(17)

T(10860) MASS
Y(10860) WIDTH

7'(10860) DECAY MODES

10885.273-8 Mev
37 £ 4 Mev

Scale Factor/

» Expand all decays

Mode Eraction I'; /1) Conf. Level P(MeV/c)

r, BBX (76.2721)% v
T BB (5.5 +£1.0)% 1322 v
I BB + cc. (13.7 + 1.6)% v
1 BB (38.1 4 3.4)% 1127~
T BB % <19.7% C=90%  fl015 ~
- BBr (0.0 +1.2)% 1015 v
T, B'Brt BB« (7.3+£2.3)% v
T B'B'r (1.0 +1.4)% 739 v
T, BBrr < 8.9% Cl=90% 550 v
T'o BB (20.1+3.1)% 904 v
T'n B,B, (6 £5) x 103 204 v
Ti B.B.+cc. (1.35 + 0.32)% v
BB, (17.6 + 2.7)% 543 v

- Bs factory
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7 (11020) 1€(JP%)=0-(1-)

7(11020) MASS 11000 + 4 MeV v
7(11020) WIDTH 24 Mev v

T(11020) DECAY MODES
Scale Factor/

Mode Fraction I'; /T) Conf. Level P(MeV/c)

Iy ete (5.4137) x 1078 5500 v
T'a TAS)rtn 1408 v
I's T(2S)rtn 894 v
I's T(3S)ntn 564 v
I's xss(1P)nt 7~ a0 (919 x 1073 1007 v
| xo1(1P)ntw x® seen 975 v
Iy xs2(1P) 7 7~ seen 956 v
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Y(5S) and Y(6S)

Belle PRD93,011101(2016)

0.5 ta~ - + — + —
& cle'e —>bb] _ o [ete” — h(nP) '] ] . cle'e > Y(nS)n" m |
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i [ T ’
0. th H £
: ©

1 L $
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PRL 117, 142001 (2016)
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L D Only Y(5S) and Y (6S) peaks in all cross sections.
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Exotic States

Note: In the light meson energy range exotic states overlap with conventional
states; in the charmonium/bottomonium states the density is lower and also the
overlap, but it is easier.
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Hadrons: normal & multiquarks (exotic)

* Quark model: hadrons are composed from 2
(meson) quarks or 3 (baryon) quarks

* QCD does not forbid hadrons with N ,s#2, 3

* Glueball: Nquarks = 0 (99, 999, -..)

 Hybrid: Nquarks = 2 (Or more) +
excited gluon

* Multiquark state: Ngas> 3

Molecule: bound state of more
than 2 hadrons

Pentaquark

Nature Reviews Physics 1, 480 (2019) 60
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Volume 8, number 3 PHYSICS LETTERS 1 February 1964

Multiquark states have been discussed since the 15t page of the quark model

~

*

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

If we assume that the strong interactions of bary- ber n; - uf would be zero for all known baryons and

ons and mesons are correctly described in terms of mesons. The resting example of such a
the broken '"eightfold way" 1‘3), we are tempted to model is oneg idh the triplet has spin 3 and
look for some fundamental explanation of the situa- 2 = gl eih& four particles d-, s~, u® and b°
tion. A highly promised approach is the purely dy- it 1 with the leptons.

namical ""bootstrap' model for all the strongly ing v A Simpler and more elegant scheme can be
teracting particles within whi¢h one may trgso constructed if we allow non-integral values for the
rive isotopic spin and strangeness co and charges. We can dispense entirely with the basic
broken eightfold symmetry fr B%é istency baryon b if we assign to the triplet t the following
alone 4). Of course, with o interactions, properties: spin 3, z = -3, and baryon number l%.
the orientation of the asymme¥ry in the unitary We then refer to the members u3, d-3, and -3 of
space cannot be specified; one hopes that in some the triplet as "quarks" 6) q and the members of the
way the selection of specific components of the F- anti-triplet as anti-quarks . Baryons can now be
spin by electromagnetism and the weak interactions  constructed from quarks by using the combinations
determines the choice of isotopic spin and hyper- qqq), etc., while mesons are made out
charge directions. of (qq), sqqqqi, etc. It is assuming that the lowest

Even if we consider the scattering amplitudes of  baryon configuration (qqq) gives just the represen-
strongly interacting particles on the mass shell only tations 1, 8, and 10 that have been observed, while
and treat the matrix elements of the weak, electro- the lowest meson configuration (qq) similarly gives
magnetic, and gravitational interactions by means just 1 and 8.

M. Gell-Mann, Phys. Lett. 8, 214 (1964)

Gell-Mann 1n his quark model
paper has mentioned “exotic
states” since 1964. After that,
many experiments focused on

finding exotic hadrons.
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A bit history on exotics hunting

* “The absence of exotics is one of the most obvious features of QCD” — R. L. Jaffe,
2005

 Deuteron = H state, Q" Q) bound state, ...

* No solid signature of glueballs

* Pentaquark state appeared and disappeared

(“The story of pentaquark shows how poorly we understand QCD” — F. Wilczek,
2005)

» There are lots of new states from low to high mass in various experiments! Are
they normal or exotic?




Variety of recorded reactions

B deca
Y decay bb- exotic I y
Y(mS) Al
Y- B -
R +Y(”S?’ Double
LY 0 TG om e P chamon_ia
o ’ production

factorization limit.

Continuum o vy collision




Classification:

* QQqq

X: Neutral, ]PC # 177; Y: Neutral,
JPC = 177; Z: Charged

* QQqqq: P

= Study of exotic hadrons can

o provide new insights into
Internal structure and dynamics
of hadrons

Success=X+Y+7Z, o act as a unique probe to non-
perturbative behavior of QCD

* Quarkonium: qq, the simplest system of a hadron.
« Below DD/BB thresholds — both charmonium and bottomonium are successful stories of QCD.

* But there are many exotic states observed in the past decade, and they are hard to fit in the two families.
64
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[~
[4)]

- (a)

)
PP

—y
l'.i'lQ

Events / ( 0.005 GeV )
(=]

4]

.82 3.84 3.86 3.88 3.9 392

M(Jf Y ’l'l:’.'T,) (GEV) M{rr‘q:ﬁGeVJ ' 8
X(3872) Y(4260) Z:(4430)=*
PRL 91, 262001 (2003) PRL 95, 142001 (2005) PRL 100, 142001 (2008)
BY 5 Ktntn—J/w]  ete = yntn J/y] B — K[/
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X States

Due to the time limitation, it is impossible to cover all of the XYZ states in this
lecture. | select some typical results.
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XCl (3872) IG(JFPC) =0+ (1)

also known as X(3872)

This state shows properties different from a conventional gq state. A candidate for an exotic structure. See the review on non- ¢q states. First

observed by CHOI 2003 in B — Kntw~ J/1(1S) decays as a narrow peak in the invariant mass distribution of the w7~ J/4(15) final
state. Isovector hypothesis excluded by AUBERT 2005B and CHOI 2011 . AAl) 2013Q perform a full five-dimensional amplitude analysis of the
angular correlations between the decay products in Bt — x.1(3872) K decays, where x1(3872) — J/¢n"n~ and J/¢ — u*u~ , which

unambiguously gives the JEY =it assignment under the assumption that the 7"~ and J/4 are in an S—wawve. AAl| 2015A0 extend this

analysis with more data to limit D—wawe contributions to < 4% at 95% CL. See the review on ' " Spectroscopy of Mesons Containing Two

Heavy Quarks."




FUDAN UNIVERSITY

What is the X(3872)?

Mass: Very close to D°D™ threshold
Width: Very narrow, 1.19+0.21 MeV [LHCb, PRD102, 092005; JHEP (2008) 123]

° JPC:]_‘H'
_ : Belle, 2003
. Productlon el 140 b1
* in pp/pp collision — rate similar to charmonia F ]
» In B decays — KX similar to cc, K*X smaller than cc / ]
. Y(4260)>y+X(3872) ot ]

Decay BR: open charm ~ 50%, charmonium~0O(%) o%
Nature (very likely exotic) M(rrl/y) -M(J/y) [GeV]

. Loosely DO°D™ bound state (like deuteron)?

« Mixture of excited ., and D°D™ bound state?
68



X(3872)=>J)/Ymtn”
The most-cited article at Belle: >2000
First observed by Bellein B - KJ/{ym™n~ PRL91, 262001 (2003)

> M, close to D°D*? threshold M = (3871.684-0.17) MeV
» Surprisingly narrow: I';,; < 1.2 MeV at 90% C.L.

2

§

. o w — ~ = F 15_....,....,...._
R, 3678+ 99 y(25) M(rr) > 500 MeVic L DO Run II ~ 0 Fasf
3 20 Mass: 3685.67 + 0.08 (stat) MeVic" =2 1200 ‘+ X(so72) o2 4 r g f N [ —+ Data ]
E - 0:341 £0.09 (stat) MeVic o % F Saof © i — Total fit ]
2 704 + 67 Candidat & 1000f 3 f = i ]
% Mass 3871a~1n + (?7875(3:) MeVic® é 2 30: §25: @ 10+ Ksm === Background -
§ 1500 o (Fixed): 4.3 MeVic’ § 800 v r = ;,2: i )
é“ C 8 600} : 20, 20: - : :
? om 5 s : 2 | ]
Z ) m 2 1 LE : s N lu 1l l 1 1L
0 X . : = i . !
365 37 375 38 385 39 385 4 T o 1.0 g 5 HH I - T U
Mass of J/ yx' - Candidates [GeVic 7 MJhp 7c) = M(Jhp) [GeV/c?] o 3 9 329" g 8 3.85 3.9 3.95
SFa i . . . .
. s, < — T miIype(Getie)  de M Jhy) (GeVic)
&5 | 25 7
[} Al = RHCH
") < 1000}
™ 1 2.F Angular analysis:
g b B e PC _ q++
2 w0 5 F Belle 2006: J*“ = 1** or 22
c L -« 600
8. . Ay " R CDF2008: JPC=1*+or2-+
T\ i 5 o0 § o R e Belle 2011: J°¢=1**or 2-*
W 4 E 1
200f- EP) € ) ]
X : preiemem® | HCP 2013; JPC= 1+
86 365 37 375 38 38 39 395 4 o 600 800 1000 1200 1400 69
m(Jy n'n) (GeV) M(r*r i) - M(Jly) [MeV]
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/ a il wop®15 T(X(3872)> -1/ y)
strong DD* i [(X(3872)>m*n-)/
. | P ) < 80 keV
coupling \ — by e AV}
: uw 0l/y
L. DOD*O
DO-D*0 molecule? QCD diquark-diantiquark?
Maianietal.  PRD 71, 014028 (2005)
Lots of literature about this Predicts partner states (e.g.,
Impossible to produce such an a nearby state with u=>d) that
fragile extended object in prompt have vet be seen.
high energy hadron colliders at no charged partners of the X(3872)
the rates reported by CDF & CMS no nearby neutral X(3872) partners
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First determination of B(B*—X(3872)K*%)

® The determination of the B(B*—X(3872)K?*) leads to B(X(3872)—J/yn*n"), bringing useful information regarding

the complex nature of the X(3872).

® The original tetraquark model [PRD 71, 014028 (2005)] predicts it to be about 50%. Various molecular
models [PRD 72, 054022 (2005); PRD 69, 054008 (2004)] predict it to be S10%.

400

300 |-
200 |—

100

Candidates/5 MeV/c

-100

E o x(@3872)y "
l l “:: xczxﬂ xco J/IP T]c

ol Lo
|

’ M Wnl;}, ﬁ v "' A ki Gl

1.2 1.4 1.6
Kaon Momentum (GeV/c)

Bsignal

BaBar, 424 fb-!, PRL 124, 152001 (2020)
® Increase signal efficiency by a factor of 3 by retaining all B tag candidates instead of the best one.

® There is 36 evidence of the decay B*—X(3872)K*, detected for the first time using this recoil technique.
* B(B*—X(3872)K*) =(2.1£0.6+0.3) x10-*

Branching fraction

Structure

B(X(3872) - J/ymtm) Tetraquark State
~ 50% [PRD 71, 014028 (2005)]
Molecular state
+ —_—
B(X(387? 1_0’(;0/ W) IpRD 72, 054022 (2005),

PRD 69, 054008 (2004)]
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AbSOlute branChing fractions Of X(3 872) decays Index (i) Parameters | Values Experiments

X(3872) —» ntwJ/p  (x1079)

1 Bt — X(3872)K* 8.61 4+ 0.82 £ 0.52 Belle [14]
. 2 84+15+07 BaBar [15]
® Globally analyzing the measurements by BESIII, Belle, Babar, 3 B XGSTKY 4312404 Belle (1
4 35+19+04  BaBar [15]
LHCb X (3872) — ~J /¢ (x1079)
5 BT - X(3872)K* 17870 £012  Belle [22]
. . 6 28+0.8+0.1 BaBar (23]
< . 0.76
® The absolute branching fractions of X(3872) are free parameters =~ [ 2'-xesma’  120gieon Bz
. . X (3872) — v(3686)  (x1079)
1mn the ﬁttlng 9 Bt 5 X(3872)KT 0.8371%5 £0.44  Belle [22]
10 95+27+06 BaBar [23]
25 9 11 B — X(3872)K° 1127300 £ 0.57  Belle [22]
(xi — ag) 12 11.4+55+1.0 BaBar [23]
X2 (gg) — E X(3872) = DD  ce. (x1077)
0-_2 ? 13 BT — X(3872)K~ 0.77 + 0.16 = 0.10 Belle [16]
i=1 ? 14 1.67 £ 0.36  0.47 BaBar [17]
15  BY = X(3872)K" 0.97 4 0.46 + 0.13 Belle [16]
° .. . . 16 2.22 + 1.05 + 0.42 BaBar [17]
Statistical uncertainties are dominant for most measurements. X(872) s wlfi (x109)
17 BT — X(3872)K* 6E£2+1 BaBar [18]
° ° ° ° 18 BY — X(3872)K" 6E£3+£1 BaBar [18
® Possible correlation between the systematics of different Ratior -
. . . 19 gt 0.79 +0.28 BESIII [19]
measurements in an experiments is neglected. o SEEODDes  ioig s
21 B&Q};ﬁ;@;ﬂ I“;"}w) 16104+ 02 BESIII [20]
C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003 2 Gt 088'03 4010 BESHI [21]
R e 2.46 + 0.64 = 0.29 LHCD [24]
Bt — X(3872)K+ (x10~%)
24 21+06+0.3 BaBar [27]
25 12411401  Belle [26] 72
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Absolute branching fractions of X(3872) decays

Parameter index Decay mode Branching fraction
1 X(3872) —ate= g (41 N%
2 X (3872) — DDV + c.c. (52 4%’;3)%
3 X (3872) — v.J /4 (1159 %
4 X (3872) — v1)(3686) (2. 4+3 D%
5 X (3872) — 70 (3.6772)%
6 X (3872) — wJ /v (4. 4+§ %
7 BT — X (3872)K (1.940.6) x 1074
8 BY — X(3872)K° (1.1199) x 1074
X (3872) — unknown (319737 )%
+ - +1.9 .o . :
* X(3872)—>n'mwly ~ (4.1X1:1)% ® Statistical uncertainties are dominant.
®* X(3872)—D'D*" ~ (52. 4"%2 g % * At Belle II, we need improve the measurements
® Unknown decay ~ (31. gt %? % A related with X(3872) decays
C.H.Li, C.Z.Yuan, Phys.Rev. D100 (2019) 094003 73
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Probably a mixture of DD* & a c¢ “core”

most of the time looks
Specific model by like a DOD*°molecule

Takizawa & Takeuchi, PTEP 9, 093D01 -
~5%

_ ~5% _
c &
e C
-\“ ?'? q\* “COI"‘G”
ced V' onet
Qv Y state
-Qfo 6 co® .
n ] Mx(ssm L L v
)

d”’" =15 fm

d =— BE|<0.2 MeV

" 2u |BE D
p'p™
'uD‘ VL d”? >10 fm
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Hints before the discovery of X(3872)—»>J/yrn*n

CDF internal, 1994

E705, PRD 50, 4258 (1994)

Observation of a narrow charmonium-like state in exclusive B — K=ntn—J /1 : : [ -TogdET 08881 £705 saw w(3836) (2-)in 1994, 3.836 +0.013 GeV
decays E e ST 02092 PRL 115 011803, PRL 111 032001
LP4_..i..3685% 0.1631E-03 ]

Belle Collaboration « S.K. Choi (Gyeongsang Natl. U.) et al. (Sep, 2003)
Published in: Phys.Rev.Lett. 91 (2003) 262001 « e-Print: hep-ex/0309032 [hep-ex]

PS5 0.3827E—G2 + 0.1723E-03

pdf & links & DOI [= cite B reference search %) 2,498 citations |~
Ll e T
03,6 3.65 37 378 3-8 3.85 38 3.95 4
2016 W.K.H. Panofsky Prize in Experimental Particle Physics Recipient M 2.5Mev c10+minpi+dr.4 s

BaBar internal, 2003
Bt — Jiymtn K*

Stephen L Olsen

Institute for Basic Science (25) AWG meeting June 2003 5
‘V - N . . -
Citation: 1o L : motivation: background to a R e ST S |
itation: > [ . 3.6 4 4 4
s Zmi canea Jhy K; test factorization... M(¥rom) GeV/c?
"For leadership in the BaBar and Belle Experiments, which established the violation of " S R
ComEm i oAsiEas
CP symmetry in B-meson decay, and furthered our understanding of quark mixing and w0 { ot S o
quantum chromodynamics." :l m fewen: cnwen Mass=23500 +0
I

| - I CDF saw a hint in 1994, unpublished
BaBar saw a hint in 2003, unpublished

Stephen Lars Olsen received a B.S. from the City College of New York in 1963 and a Ph.D. in physics from
the University of Wisconsin in 1970. He is currently an Emeritus Research Fellow at the Center for +
Underground Physics of the Institute for Basic Science in Korea. His research has concentrated mostly on

studies of heavy quarks and their associated hadrons using CLEO at Cornell, AMY and Belle experiments at 2 ( } .

KEK in Japan, and the BES experiments at IHEP in Beijing. He currently participates in the KIMS dark matter 4, w \%t L 4 Bo th CDF an d Babar Spo tted hln tS Of
and AMoRE neutrinoless double beta decay searches at the Yangyang Underground Laboratory in Korea. o Rt X [ ) f . . /

Olsen was an Alfred P. Sloan Fellow (1972-1977), a John Simon Guggenheim Fellow (1986-1987), a Japan W e N L X(3872) before its discover V.

Society for the Promotion of Science Fellow (1987-1988). He was awarded the University of Hawaii Regents MJymn™) (GeV) i

Medal for Excellence inResearch in 2002 and was designated as a University of Wisconsin Distinguished From BaBar B-FaCfOry SympOSIum (C Hearty)

Alumni in 2007. He was elected Fellow of the APS in 1984.

What can we learn from this story_,‘;

http://www-conf.slac.stanford.edu/b-factory-symposium/talks.asp




was X(4274)

This state shows properties different from a conventional gg state. A candidate for an exotic structure. See the review on non-

gq states. Seen by AAI) 2017Cin BT — xa Kt . xa — J/w¢ using an amplitude analysis of BT — J/¢¢ K™ with a

significance (accounting for systematic uncertainties) of 6.0 o.

Xe1(4274) MASS 428675 Mev (5=1.7)

Xc1(4274) WIDTH 51 4+ 7 MeV
Xc1(4274) DECAY MODES

Scale Factor/
Mode Fraction (I'; /T) Conf. Level

I, J/ g

P(MeV/c)

X(4630)

IG(JPC’) = 0+(??+)

This state shows properties different from a conventional gq state. A candidate for an exotic structure. See the review on
"Heavy Non-gq Mesons." Seen by AAl 2021E in BT — X(4630) K with X(4630) — J/1¢ using an amplitude analysis of B™
— J/1¢ K+ with a significance (accounting for systematic uncertainties) of 5.5 0. The J¥ = 1~ assignment is favored over 2~

with a significance of 3 o and other assignments are disfavored by more than 5 o.

All are from an amplitude analysis of B* =»K*¢]/{r

Xel (4685)

I9(J7C) =0 (1t)

This state shows properties different from a conventional gg state. A candidate for an exotic structure. See the review on

"Heavy Non-¢g Mesons." Seen by AAI] 2021E in BT — x1(4685) K" with x .1 (4685) — J/4¢ using an amplitude analysis of
Bt — J/ip K with a significance (accounting for systematic uncertainties) of 15 @. The J¥ = 17 assignment is favored with

high significance.

Xe1(4685) MASS 4684713 Mev

Xc1(4685) WIDTH 126 + 40 MeV

Xc1(4685) DECAY MODES

Scale Factor/

Mode Fraction (I'; /T') Conf. Level

I T/ seen

P(MeV/c)

1002

X(4630) MASS 4626121 Mev
X(4630) WIDTH 174140 Mmev
X(4630) DECAY MODES

Scale Factor/
Mode Fraction (T'; /T) Conf. Level
T J/ P seen

Xc0(4700) 15 -0r 0+
was X(4700)

This state shows properties different from a conventional gq state. A candidate for an exotic structure. See the review on non-
qq states. Seen by AAI| 2017Cin BT — x0 K", xc0 — J/4¢ using an amplitude analysis of BT — J/9¢ K" with a

significance (accounting for systematic uncertainties) of 5.6 o.

Xeo(4700) MASS 4604 1% Mev

X0(4700) WIDTH 87118 Mev
X0(4700) DECAY MODES

Scale Factor/
Made Fraction (T'; /T Conf. Level
T J/ e seen

v
v
P(MeV/c)
943 v
v
s
P(MeV/c)

1011 76
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The history/story of X(4140)/Y(4140)

CDF—PRL102:242002 (2009) Mod.Phys.Lett. A32 (2017), 1750139
9 271 | Y Y(4140) x Y[4140),
% 3 ? 27t ) -l /} EX- peak2®)
- A4 (=131 o
Last g: %" %" 1o]
e i
Y St - g

2.5 &2 T T2
5 : 5
15 13 2‘0 22 I u1 11 1.2 13 14 15 0

T 11 12 13 14 15 0

mi{Jhyo) :Gev*fc“) AM (GeV/ch m{utu KK miutu) [GeVic?] r:];u+1'-1u+|1f'imﬁn'i:;a:r}i=1
X(4140) (renamed), mass-4.14 GeV, width—15 MeV * Necessarily exotic since it is narrow and
This is the first unexpected particle discovered by Tevatron! above the DsDs threshold
Possible second state: mass—4.27 GeV, width—30 MeV * [cscsS] tetraquark ?
Experienced a long road for confirmation!  Hint of a second structure: X (4274)

77



Hoa k%

FUDAN UNIVERSITY
| y 7
Belle: Confirm or refute? (2009, 2010) LHCb: contests CDF report (2011)
.U_‘__g,"f; . : '
g o _ Belle, PRL 104 (2010) 112004 T e Phys. Rev. D85 (2012) 091103
! 18 o5 e ) ) G : E 8 B'— Jiyo K —_
d: I 3 1 LHCb confirms
g S 6f X(4350) 2 w‘f[]l&[“ﬁt neither
S S 2L structure(s) with
Q | T } + 1 .
| = & { part of their data
M} (BN} W —] 2T . ®» B -
Y(4140):7.5 +4.9/-4 4events 2.2 44 46 48 5 §. °r ] taken in 29\{1
Statistical significance: 1.9 £ar i} i om
Signal could not be identified. M(oJry) (GeV/c?) S o[ MpIE4- Lh]‘Jﬂ Yin mlt'[*ﬂﬂluﬁm “
—B factories suffer from low p, track inefficiency 1000 1100 1200 _ 1300 1400
M(JAy)-M(J/y) [MeV]

—Belle cannot confirm or deny the existence of Y(4140)
Belle spotted another possible new state in the same final state LHCD Versus CDF: Two Punches In The Face!
but from a different production: X(4350) needs to be By Tommaso Dorigo | July 27th 2011 05:48 AM | 10 comments | & Print | B E-mail | Track

confirmed at Belle II with larger data samples.
result. Note that, as reported in the figure, if the CDF signal were as estimated by CDF, LHCb would

have been able to fit 39+-9+-6 events. The ¥(4140) is on very shaky ground at the moment, and the

new PDG will likely change its status in the particle zoo... This is punch number 1. 78



Result from CMS (2012) Y(4140) @ DO (2013)

,VS=7TeV, L=5.21b"
5 WETT R [DGRun I, 10.4 o™ +Data_(©)
= nae B 3 —Full Fit
% 200:_[>50] ----- Three-body PS | E = i __X(41 40)
= | - onetion | Q 40 ..-X(4330)
150(— [>3(5T i _T. R
: ! e L ~ | AT PHSP
A VT e | E @ 20f / )\
sol .1 - < I ; :‘: i
o ?{ﬂ” -2 (W ) G ) e ‘. """"""""""
of ; Op POV 5 TP £.T\Ck PR PSP R . . (119
- I‘II.‘II - I1!2I - I11’3I - l1!4l - I‘I.I5I - I‘I.ISI I I‘Ih.—7 4.2M J/4.3K+K-4.4G V 4l5
PLB 734 261 (2014) Am [GeV] (Jy géDe{gg) R, (2014
» significance greater than 5o, confirms the
existence OfY_(4140) for the first time from DO provides the second independent confirmation
another experiment of Y(4140) with 3.1c significance

» evidence for a second structure in the same
mass spectrum
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Events

Y(4140) @ DO (2015)

PRL 115(2015), 232001

" T | LI | I [ ﬁi‘f
1200 . >
1000 oy =

44! !

800 DO Run I, 10.4 f&', Preliminary _: E

¢ Data Lxy>0.025 cm S

600 — Fit ] s
400 ---- Signal J
---- Background (f)
200 ‘ | =

“4.15 427425

437435 4.4
My ¢) [GeV]

significance: >> 50
Mass and width are consistent with
their previous measurements and

CDF/CMS

DO provides additional confirmation

from a different production

Y(4140) @ BaBar (2015)

PRD91 (2015), 012003

s &
T

IEIII

I§III

()]

41 42

No significance for both structures

43 44 43 46 47 48

Mye (GeV/ c.z)

though there are hints

BaBar provides useful information
even though there 1s no significant

signals

Events / 0.003 GeV/c?

ot = pa d =
O LN OWO R OO
| TTT

Y(4140) @ BES (2015)

PRD91 (2015), 032002
W Viae+e- DyoJ/ Y

&l
N
] | T B R

A1 415 45 ass 43 435 44
M(6 Jhy) (GeV/c?)

=y

Three events @4.15 GeV

BES sets limits, cannot
compare because it 1s
from a different process 80
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A short summary before LHCb enters

[PRD 95 (2017) 012002]

Year Experiment B — Jhp oK X (4140) peak

luminosity yield Mass [MeV | Width [MeV | | Sign. Fraction %
2008 CDF 2.7 fb~1 [1] 584+ 10 4143.042.94+1.2 |11.773543.7 | 3.80
2009 Belle [22] 325 + 21  4143.0 fizxed 11.7 fized 1.90
2011  CDF 6.0 fo—! [29] 115+ 12 4143.47%9+0.6 | 15.87'0442.5 | 5.00 14.94+3.9+2.4
2011  LHCDb 0.37 fb~1 [21] 346 20  4143.4 fixed 15.3 fixed l.40 < 7@ 90%CL
2013  CMS 5.2 fb~! [25] 2480 + 160 4148.0+2.4+6.3 |28 T1° 419 | 500 1043 (stat.)
2013 DO 10.4 fb~! [26] 2154+ 37  4159.0+4.3+6.6 |19.9+126+10 | 3.00 21+8+4
2014 BaBar [24] 189 +14  4143.4 fixed 15.3 fixed 1.6c < 13.3 @ 90%CL
2015  D010.4fb~1 [27] pp— Jhpo... 41525417782 116.3+5.6+11.4 |4.70 (5.70)

Average 4147.1+2.4 15.7+6.3
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Results from LHCb (2016)
LHCb, PRL 118 (2017), 022003; PRD 95 (2017), 012002

» No light quark (u,d) components

» Cannot exchange pion—1J/¢ or ¢ has no isospin

» Cannot exchange photon--pion—J/¢ or ¢ has no charge
» A case of more general tetra-quark dynamics

» New important piece to the exotic meson family

120f~ + + LHCb

0 L e s NOF ::'A;i;‘::f' N T A U =
4100 4200 4300 4400 4500 4600 4700 4800

My [MeV]

» LHCDb re-confirmed both X(4140) and X(4274), Observed X(4500) and X(4700)
» LHCb found two additional resonances in the same mass spectrum

» This 1s 7 years after the first report from CDF
» Waing for Belle II larger data samples: signals should be more cleaner 82



Updated Results from LHCb (2021)

Phys.Rev.Lett. 127 (2021) 082001
— 1 T T T T T T

700
600
500
400
300
200
100

0

MeV)

| LHCb
9 fb!

Candidates / (10

ey

6D amplitude fit: Measured mass of

X (4140) is 4118 £ 11*32 MeV, width

162 + 21122;3L MeV, not very narrow; the mass
is around the threshold of J /1 ¢.

* New states: Z.5(4000), X(4685) > 15c;
X(4150) <50

Contribution Significance [x 7] My [MeV] T [MeV] FF [%]
X(27)
X (4150) 4.8 (8.7) 4146 +£18 £33 135+£2873  2.0+£05"0%
X(17)
X (4630) 5 (5.7) 4626 £ 16+ 18 174+ 2713 26+0.5122
All X (07) 204511
X (4500) 20 (20) 4474+ 343 TTH611 5.64 0.7
X (4700) 17 (18) 4694 + 4118 87+ 8110 8.9+1.2"1
NR j/p 4.8 (5.7) 28 811
All X (1) 2 +3%,5
X (4140) 13 (16) A118 £ 11715 162 +£21 123 17+347
X (4274) 18 (18) 4294 + 413 534+5+5 2.8 +0.570%
X (4685) 15 (15) 4684+ 71 126 +1573T  7.24+1.0759
All Z,,(17) 25+ 5+1
7Z,5(4000) 15 (16) 4003+6F 4 131+15+26 94+21+34
76 (4220) 5.9 (8.4) 4216 24150 233 £ 527127 10+£4+19

Z..(4220), X (4630) > 5c
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Updated Results from LHCb (2021)

* For X(4140), no evidence of a narrow threshold resonance at / /)¢ in our data

* 4new J/YK™ and ] /¢ structures observed in BY - J /YK ™ decays with 6 times data
and much clean environment

« A1 Z.,(4000)" - J/PK™ observed for 1% time, significance> 150
« Abroad Z.,(4220)* > 50
* Anew 1" X(4685) is > 150, and new X(4630) > 50

* 4 X states previously observed are confirmed, and J¥ determined with higher
significances

CMS should update their results on this channel with a (much) larger data sample, and
more sophisticated analysis technique, than previously.




The story of /PP system is not finished yet !

Study of B - J/Yyrn*n~K*K~ decays [JHEP 02 (2021) 024]

> x1(3872) and J /Y@ structures can be studied in this decay Are X(4700) and X(4740) the

: : : 2 i
> Production rate measurements can shed light on the nature of exotic states S state: Fur‘Fher amplitude
studies are required.

I]03|

g'b“].z_ — 1 r ' r T T T _7 &—“\150 A I R IR B lLHCb: —~ 120
2 [ 0.835 < myg_ 4 < 0.955GeV/e? LHCb S r ] 2
% 1 5.350 < Mypnta-KHK— < 5.384 GeV/c? % E 5.350 < mypypt n-xtx— < 5.384 GeV/c? : 2 ool \:IB%eX(tllerO)n'*ﬂ’ LHCb B
E E _— BE—) JN)K*OK*{] E [BY— XC1(3872)K+K_,E g A zst; KA
::L 0.8 ++ B2_> JNJ'K*K'K — 100} * Bg—) It KYK— — E 80 \\ |
> 0 + BO S KK B Py ooy Jf
% 0.6/ f 1 comb. JAPK*OK*0 § { ﬂ - Comb'J/¢H+ﬂ_K+K_'E 60:_ ‘F :H, ]
% i + B comb. JAK*Km 3 J( J[ ﬁﬁ{’ H’ toj[al + H H: a0l ‘\+ > 50-
- + g B = —
= 0.4+ + ——— comb. bkg. = 50 C + <H:
S R, — S B A W {IRE ﬁﬂ :
0.2 RN [ W S S - 4
: ob o N T 0'..|‘...|....\H..|....
0 , 385  3.86 387 3.8%8  3.89 3.9 4.5 4'6mJ 47 48 [Ge\//j?]
MK+ (GeV/c?] M Jppret [GeV/c?] e
; : mx(ara0) = 4741+6 +6 MeV/c?,
> Decay BY - x.1(3872)K* K~ observed for the first time. Txrao) = 534154 11MeV,
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Other productions for charmonium-like states

—Belle, PRI 198, 082001 (2007) Belle, PRL 96 082003 (2006) BaBar, PRD81 092003 (2010)
150 | X(3940) L35 . . ]
o | eI wX n. (@) | Ll Double charmonium production, Tk 3
§100 ~a A1} another interesting process through “f , — S a5k Iy E
= |  which Belle Il can access C=+ even 2, ‘ i | \VV_)Z(393°)_)DD B b :
g a = - 3
2 [ 1 states. 5 23P, (X)) S 5 F
S 50 } + F :
il i " i #H 10 H}g i v 4
kil 0 it | P
0 _Vt Al L ARA E ; ;iﬂ'zl‘k’h”

2.0 25 3.0 35 40 4 0

M(DD) (GeV/c?)

4.2
m(DD) [GeV/c?)

L Two photon processes

T T Belle. PRL98 082001 (2007) 3 : Belle,PRL 104, 112004 (2010) Study of x.,(3930) using yy Z(3930) DD
> 12 . 1 . sf Mass and width precision study.
0 yy2>X(3915)>1/ww § . _
S 8 2 I
% 2 af X(3915) (thought to be x_,(2P))was
B £ [wats0) discovered in two photon process.
g4 w 2r
TR Y s S G~ — Noo o a — Currently, x,(2P) has been suggested to
(@ T ] L N ks 1. . —
0 = 2 022 4.4 4.6 4.8 5 be recently found X(3860) in J/yYDD.
385 390 395 400 405 410 415 420 425 430 M(0J/y) (GeV/c?)

m (o J/y) (GeV)
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Y States
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ete 2>ntn)/y cross section : Y (4260)

BABAR PRL95,142001(2005)

o, 40 . I
e’ 2 L - L 10'f ]
JPC = 1- X (4260) 1IG(UPCY = 271 — ) 2 | . 1

gaﬂ-_ E-'fr Ih oy
W, W7, Y oo X(4260) MASS 4251 + 9 AVERAGE g r _'f*’"w‘l‘ﬁ""" iyt
@ 2{'_ B 38 4 42 44 46 485 5

X(4260) WIDTH 120 +12 AVERAGE

¥(4230)  1eurey-0-a)

st

also known as ¥(4230); was 1(4260)

The original (4260) (also known as ¥(4260)) was observed by AUBERT,B 2005 as a peak in the energy dependence of the
et e — T~ J/1 cross section and was confirmed by HE 20068, YUAN 2007 , LEES 2012AC, and LIU 2013B in the same
process. A higher-statistics analysis by ABLIKIM 20178 revealed an asymmetry in the cross section and resulted in a shift of
the peak position to a lower mass. The 1)(4260) was therefore renamed 1)(4230). The energy-dependent cross sections for

e e to other channels also exhibit peaks in the same mass region. The parameters corresponding to those peaks are also

listed here, but the number of states in this region remains to be determined. For details see the review on "Spectroscopy of
mesons containing two heavy quarks."



no S|gn of Y(4260) > Df }D

Y(4260) peak in o (tn)/y)

e*e- >hadrons

T e'e 9}‘|SRJ‘E+R Jy T —

|
J|| k Iy |

Belle PRL99, 182004

PDG-2016: i
M(Y(4260)) = 4251 £ 9 MeV /c?
’ [(Y(4260)) = 120 412 MeV. ]

4250 MeV

* i{h i H+{ |'++ HHH+H+H ++++ }* ++++ﬁ

4 ML) (GeV) 2.9

occurs at a dip in G(D(*)E'(*).": ,

(e )/y) is large, but |
should be OZI suppressed if cT s}

s }]Hf

“ﬁw}{#}ﬁ}{{ﬂ }

BESII PRL8E, 101802
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L
i

E.. (GeV) euw
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Observation of Y (4260)-2>vX(3872)

PRL 112, 092001 (2014)

s T T ] g 06

I - Data ] = - +3a:1a260
o — Total fit = 05F Besm _Pﬁl é A new Y(4260)
> i i “‘% - = ase opace
) B === Background 7 ' 04F - - Linear
= " .. decay mode
= | 11 93¢ A new X(3872)
= B 7] N C .
5 5 H 15 02 production mode
m ]l (! l ] X o1

O] = |
98 385 39 395 © O
M J/y) (GeV/c?)

If we take B(X(3872) — ntn—J /1Y) ~ 5%, ( >2.6% in PDG)
o(eTe™—yX(3872))

olete——ntn—J/p) = 10% Large transition ratio |




PRL98, 212001. 298/fb

3? PRL 95 142001 (200 E - H
273 fb! 2 o il N
" "“"m'* 't"l*‘ ”Mﬂmut“* (i § B i
5638 3403 44464815 e E i
50— ‘.‘ } }
U ¥ . . L Il p—
: L T 4 45 5 5.5

1 1 1 1 1 1 I 1 1 L L 1 1
%% 4 42 44 46 43 5 mQ @ )INY) (GeV/ic?)

ete J/ —r——r—r— Sy A
il WvTF ———— a4, :  PRL99, 142002
& : BELLE. % - e :' 670/ fb
%60_— ------- Solution One 1 §10~ " e 3
= § 2 iy 2z == Solution Two : @ : :
Sa4or PRL99, 182004 8 | . | | Y(4008) Y(4260)
= I ‘ = SF 7 1Y(4360) Y(4660)
uC_Jz Ll 3 ; |-I -
£ % 4.5 - 5 T
M hy) (GeVied) ' M(z" 7 y(2S)) (GeV/c®) 91



— PRL110,252002

967/fb

Events /50 MeV/c®

BaBar: PRD

w(ZIS) -] ﬁnﬁc‘
¢ BABAR

112 events (520 fb™)

[1Belle

110 events (673 b

=]

__, s

___S—

1 "]
\

b

—_——

= ]

3

m(y(2S)n' ) (Ge\}/c”i)

- PRD86,051102
454/fb

Events Y (0.020 GeV/c?)

i

Belle: PRL99,142002, 670/fb
89, 111103, 520/fb

Y(4660): confirmed
by BaBar

PRL101,172001
695/fb

o (pb)

42 44 46 48
m(J/yn T )(GeV/ich)

L I|IIII|IIII|IIII|IIII
S 46 47 48 49

IIII|IIII|IIII|IIII
31 52 33 54

PRL 131, 191901 (2023)
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Y (4260)=>Y(4230)+Y(4320)

PRL118, 092001 (2017)

100 150
— —+- XY —~ [
8 sof —Fit?ata BESIT g
= _ < 100
T—? eof- - —Fitll # 8.2 fb? “—5‘;
[ . =
+ i 19 t T
'FF wf- points ’FF "
+<D - +<D :
¥ 2 \»%—N_J g
© - © N
i ol
0 PR I S T | R S S N TR S SN SN T S SR S
3.8 4 4.2 4.4 4.6
\s (GeV)
> Fit]=|BW+BW,*e®>+BW;*e®*|2 or Fit Il » A 2ndresonance Y, with M=4320.0+10.4+7.0 MeV/c?
=| exp+BW,*el2+BW,*e'%3| 2 (other fits ruled out) '=101.4*253_,+10.2 MeV
» M =4222.0+3.1+1.4 MeV (lower) » Observed for the first time, significance > 7.6c

» ['=44.1+4.312.0 MeV (narrower)
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Y(4260): mass = lower & width = narrower

pre-2017

100

post-2017

Hﬂ” |~ ﬂw

;a)_+_ Fe s [y
80

a0k

20F

BESHI

¥(4360)2? )

what is the 2" peak?

Belle -
PRLS% 142002 4

4 45 5 55
pDG-2016:  Cem (G8V)

22 44 46
Eem (GeV)

3.3/4

M(Y (4260)) = 4251 + 9 MeV/c2 22MVS 41 = 4920 + 4 MeV /c?

/s

T(Y(4260)) = 120 + 12 MeV., —2> Iy = 445 MeV

Y(4220) decay modes:
-mrl/P
. Z(3900)
. £,(980) J/Y
-r'rrh,
- WXeo
-ni/y
-yX(3872)
-niDD*

M, = 4320 + 13 MeV /2 2M=18%, 41(V(4360)) = 4346 £ 6 MeV/c?
[y - 101755 MeV  —ra D(Y/(4360)) = 102 4 12 MeV.

1

Y(4320) decay modes:

-/

-y’

g AT T T T R
= 100f 1'[+n'_\|]’ l| l ~ Belle
.% 80F ‘ - -= BaBar
B eof
§ 40f
O 20F
H
TI-urI---I PRI | I
—2%0 4.1 42 43 44 45 486
s(GeV)
o
= 0.8 BESIT -+ Data
2 [ -+ BESIII 2014
- 0.6+ — Fit
&
70.4f YX(3872)
o
@ 0.2
1)
Z 0 : : :
© 4.2 4.4 4.6
s (GeV)
PRL 122, 232002 (2019)
1000:| T T I T T T I T 7T T T | LI | T T I T T T I:
800 DOD*—n+ + —
—gﬁoo:— ~
oo s
zouf— _______ —f
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o Why do mass and decay width scatter so much for different reactions?

Y (4230) parameters

l)ll_) threshold

D

4200 4220 4240 4260 4280 4300
M, [MeV]

PDG, PTEP2022,083C01(2022)

o How big is the influence of the D; D threshold?
o Why Y(4320) only seenin ete™ — J/¢yrn?

¥ ete =sivn'n’
®c'e sIWK'K
®cesyn'n
At Sy
-« c'e'—J-xco(lP)m
Vele DD
e'e >y (3872)y
@c'c sh(IP)m'n
O e+e'—>1|r(2S)n+x'
+ -+ -
Mee—pp
® combined fit (this work)
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What is the Y(4260)?

The Y(4260) mass is lower and width narrower than previously thought

- Mp+mp,

=)

" ” 7 g

¥(4260)" > Y(4220): 2012 LQCD calc. (m._~400 MeV): s
If it is a DD, (2420) molecule: “Lowest 1-~cc-gluon hybrid: M=4285 + 14 MeV” .
B-E-_ ":.66 MeV  €too large?? ' pre-2017: too high by ~35 MeV '
“affinity” to DD,(2420) should be high post-2017: too high by ~65 MeV

Ifitis 3 cE—quon hybrid: Had. Spectr. Collab. JHEPO7, 126

its mass is 65 MeV below current (m =400 MeV) LQCD predictions € not so bad?
“affinity” to DD,(2400) should be high ~66 MeV

If it is a QCD diquark—diantiquark tetraquark: ~Maiani et al. PRD89,114010

it should have Isospin- & SU(3)-multiplet partner states € not seen Dubynskiy & Voloshin, PLB 666, 344

If it is hadrocharmonium: Li & Voloshin, Mod. Phys. Lett. A29, 1450060
decays to non-J/YP(h.) charmonium states should be suppressed < theyaren't

BESIII is well suited to further investigate this intriguing puzzle<— a "Y(4260)" factory
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BCSIT An even higher mass vector state Y(4710) in KKJ/y

PRL131, 211802 (2023)  e'e — K*K-J/y 5.851b7!, Eem=4.61-4.95 GeV

= _ PRD10T, (02005 (2023)  e'e — KoKy
2 4 ¢ BESIIN(2022) 4 This work — Fit result S — ,
5 [ ==Y (4230) < Y(4500) - Y(4710) | = 4[* & Daa L — Fit result
E & :_ ¥ Significande of the Y(4710) > 5a g | N :ﬁﬁg; : "___ e Yo
w I o

73] | - o

,:_E} ! nE‘.-. 2

9 of f

3 =

E 0

O

“ s (GeV
e T ey el
. . Y(4230) 422747422 72416433
| resonance | mass (MeV) | width (MeV) | _note _|HNONURSRER R

(4 4 Ti+4

Y(4230) 22642 0 Stat. only Y(4710) 4704452470  183+114496 400

Y (45000) A4P0+8 124+£20 Stat. only

YT10) 4708417 421 12627 430 =By 55 vector charmonmum states? . 97



Hoa k%

FUDAN UNIVERSITY

w DD~
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i w i )
Wikt +++

N

.\ g_Ju ..J*kﬂ ante Wy e i

D1t

M “H *

46 48 5
\s, GeV

Blue: R-measurement

Cross section measurements

}r +w Mﬁ\!’: +MmH+ | 2 }
Mok h*%mq DD*-,—[ ' \s, GeV
‘F* + ﬁmﬂﬂﬂ * Exclusive cross sections contribution
“ JY" &Lﬂam; i to the total cross section Red:
. ecev o 5[
- i AWAR I
h%m EELLE

WM%M*W e
I e
- oF DSD+S+DSDS*+DS D,’ 1 ¥ PM M&M}E

. ¢+
} w W)‘W+MHH++ + Ty '42 414 46 4 \? 5
LTS Contrlbutlons of D+D D**D*, DD+ and.
wuuumw wwu DOD** are scaled following isospin symmetry 98



*0)*+ ——
oo PRL131,151903(2023) ~ DTD*m PRL130,121901 (2023) T
C 7 1200 - r —e— This work (o®*)
E —— ] - - — Fit + XYZ data = 1000 CLEO (&:—;
600 — 1 21000 oo C ’ 1 T Bl oy
— E . = o ontinuum S d t -~ 800
£ swb BESI 1 Fomf Y(4660), % | 27 D*D/DODO
é’ 400? * + DAIDA 7 c?’;Tl eoo;— ,' ]
a) 300 Y L 3 ﬁ w1 Moy & f .
Tg | ¢ 1 % 200 Y(450__0) ------- o ;
+¢6 & 2001 ? H E ST Fornmmmerznzr 5 1000l
1004 #‘Hh F ”l et T ® Y Y Sy Sy ST Y Sy ;’E :Zz
Shal, L . |? Vs (GeV) R
42723 a2 a3 27 28 a9 Y(4230) T ool
Ecum (GeV) e mz [
_ T I LA DL L L L L B T 4 = 38
2 i ; : )
2 103 é_ N (a) - XYZ _g 35i I‘ul D*+D* 6_
2 FA : 3t | {l’t' S
a , - _,'- i - R-scan ] 25 ['T] I}} +Be”e 5: I
10° F » T Rt E o | F 4
i) E Y 0 ol gt L 1 € F b +e'ei—’ DD = %[
® - R, 147 . -] ‘ o r I
';3 / W8 ] (5] P i £ 3F I%
“wl T gy
) - - 1 1 I
couple C DSDS ] . 5; | :i;" "'}.-.1:.{‘,,{' s §1 JHEP 05 1:)5, (2022)
I ] “E w I S g 00000005, U
Channel L R PR B S S - v Y0 - ‘m%
fFect 4 42 44 46 48 5 0 s %- §¥%¢¢hrfcpo
eftec : ' ' : ' 5 4 4p a4 48 5
arXiv: 2403.14998  Eew (GeV) Eem. (GeV) B sl
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— annihilation cross sections, what do we do

to get the resonant parameters of the vector charmonium(-like) states?

After we have measured all the ete

‘W X(3872)

Y

] \ .
JEPEES S S N -
65 47 475 48 485 49 495 5

Is (GeV)

$5ele
| #BESH
#BESII

6 48

.y
Vs(GeV)

12

840

Ys(GeV)

Ys(GeV)

lllll

Ys(GeV)

'S 40 4244

50

100




Y(10753) --- discovery and studies
JHEP 10, 220(2019)

g I w * TheY(10753) was firstly observed in the process of
® o : M% ___________ \ J/Nk ete” > Y(nS)ntn~ (n = 1,2,3) by Belle.

| ) - * Simultaneous fit to cross sections and Moo (7T7T)
g A Fan i Existence of Y(10753)

%‘ 1 3 _~Computed as blue dots in left plot

; 2150 - /
s : 1 M = (10752.7 £ 5.9197)MeV /c?

0 50: f j + [ = (355fﬂ§f§§)MeV

e e E,, (GeV) i |“‘|M_m|%%
092 94 96 98 10 102 104

M, oeoi(™'T) (GeV/C?) 101



Interpretation of the Y(10753)

D-wave bottomonium

* B. Chen, A.L. Zhang, J. He, arXiv:1910.06065, Bottomonium spectrum in the relativistic flux
tube model (3D)

* Q.Li, M.S. Liu, Q.F. Lii, L.C. Gui, X.H. Zhong, arXiv:1905.10344, Canonical interpretation of
Y(10750) and Y(10860) in the Y family (4D)

B®B® dynamically generated pole

e P. Bicudo, M. Cardoso, N. Cardoso, M. Wagner, arXiv:1910.04827, Bottomonium resonances
with [=0 from lattice QCD correlation functions with static and light quarks

Hybrid
e J. T Castella, arXiv:1908.05179, Spin Structure of heavy-quark hybrids
Tetraquark state

 A.Al, L. Maiani, A. Y. Parkhomenko, W. Wang, arXiv:1910.07671, Interpretation of Yb (10753)
as a tetraquark and its production mechanism

e 7.G. Wang, arXiv:1905.06610, Vector hidden-bottom tetraquark candidate: Y(10750)
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o(Y(2S)n*
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Study of properties of Y (10753)

Largest bottomonium data sample at Belle and Belle II
In Nov. 2021, Belle II collected ~20/fb of unique scan data at energies near 10.75 GeV
Fill the gaps in Belle Scan data
*  Physics goal is to understand the nature of Y(10753)

Unique data

A8 161 04 4 ; 0 More analyses are ongoing
}H T10 mm gele Kehes o Y (10753) - K*K~Y(nS)
i 1 . Y(10753) - n()Y (nS)
WAL T o Y(10753) > yX;, X,
105 M’:d.s : 10.7 } 10.8 10.9 y 111i E 1;,60 . 10.65 . I:I:: 10.75 10.80 10.85 - nnXb]’ nnY(nS)
E,., (GeV) Ecm [GeV]
0 etc...
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Observation of Y(10753) = w)y;

PRL 130, 091902 (2023)

o ;EZ::Z 'Ja‘iita Belle || 1.6, 9.8, and 4.7fb'1_§5 ~ Theete™ — wXpj (J =1, 2) cross sections peak at Y(10753).
§ Gf_ :_.-‘-'-_._ S : E"-, 4 %N Fit cross section with function:
S SN T Pz Ot e —apy (VS) = || PS,(VS) + BW(yS)e® |2, BW(V5)
) S\ 42 'o
t% _ —1 tqu' _ \/ 12nTe.BfI' |P S,(Vs)
o s = M2+ M PS,(M)

10.7 10.75 10.-8.“"1(.)..85; 10.:/:=
/s (GeV) M and I" of Y(10753) are fixed according to Ref. [JHEP 10,

220(2019)].
_ l.o(eTe™ > wyp1)/o(eTe” > wyp,)=1.3£0.6 at 10.745

[eB(Y(10753) = wxp1) | (0.63+£0.39+£0.20) eV | (2.01£0.38+0.76) eV GeV, cont.radlcts L expectation fora pute D-wave
bottomonium state of 15 [PLB 738, 172 (2014)]

2. There is also a 1.8c difference with the prediction for a S-D-
Lo B(Y(10753) - wypy) | (053£0.4620.15) eV | (1.32:0442058)eV | oo g 00 o [PRD 104, 034036 (2021)]
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Updated measurement of the energy dependence
of the efe™ =n*n~Y(nS) cross sections
arxivi2401.12021  § .,

-0~ Belle data, trY(1S)

—4- Belle Il data, nxY(1S) % (}

ction [pb]

1
o

3 J12nT;B; F(S) 3 s b
ox |} v . e'?i|? ® G(0,8E) s E i
i s — M +iMLy | f (M) £ |
= - -4+ Belle data, Y (2S)
% N 4+ Belle Il data, TnY(2S)
Parameters of Y(10753): =
M = 10756.3 i 2-7(stat.) i O.6(Syst_)MeV/C2 % 45_
['=29.7 + 85(5ar) + 1155t ) MeV NS g
Agree with previous Belle measurement. N
Improve uncertainties ~2 times smaller “E |} enmamas

resonance mass (MeV/c?) width (MeV) :
T(5S) 10884.7+1.2 38.7+3.7 of—s N V'

Born cross section [pb]
L i
R R L L R
.,
_—
——

T(6S) 10995.5+4.2 34.6 8.6 A



http://arxiv.org/abs/2401.12021
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The 2(4430)4_9“4— l-lJ! » SKChmetaIBeIIe .PF.{L.I.OD 1:4%001

s B—=K 892
“smoking gun” evidence for a 4-quark meson wl
B—}ﬁ 1430)y’
»decays to y' = must contain cc pair o / o
! T
»electrically charged & must contain ud pair : m
‘_:n | | 1 M i .

— T
M=44331412MeV

l— 45 1s-au

-13-13

>
ot 5.20
New type of elementary particle -— _
Z(4430) NE e [
charm [,\ p 7 -
= <
quarks G-}-(\ C \/+ +! H\) w L _
N 4 N’
o T R o

PRL 100, 142001 (2008) 107




7(4430)°

C(4430)+ exist or not ? I - sl% .80

|||||||||||||||||||

30:‘Clear peak at i .BLIIL Be”ep 660M BB o26CeVIc 6’0 lt&
- 4.43 GeV/c? | PRL100,142001 (2‘3) +
- { Y o
=
"l S F “For the fit ... equivalent to the
,?’j _ | Belle analysis...we obtain
I B | = o BaBar, 3R5[)§9M12?01B mass & width values that are
3.8 05 e 48 48 20 | | } ol‘“ ' consistent with theiI‘S,... but
PRL 100, 142001 (2008) % JT H“ Pt fenly ~1.9s from zero; fixing
’ it SR ot dh -
! NALRE R I/1 | mass and width increases this
i (2 Ay LI, fud rﬂm to only ~3.1s.”

BF(B'—Z"K)xBF(Z"—y(2S)1t") < 3 1 %10 5 190atBaBar M5 (GeV/c)
Belle PRL: (4.1+1.0+1.4)x10° Phys.Rev.D 79 (2009) 112001 108
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LHCb 4-dim analysis of B> Ky’

B=> KT w’ 4-dim amplitude analysis

I[_ — 1 1 Tt T T [ T T T [ T T T T T T
]000 Z included Z excluded —

LHCb

>13.96 p N
J =1

i M =4475+ 77 MeV
- [=172+137 MeV

' '0 e Good agreement with Belle,

2 _ 72 with smaller errors
R. Aaij et al LHCh: PRL 112 222002 My [GeV-] ( )

Bf (B’ —=Z(4430) K") x Bf(Z(4430)" =1 y)=(345,3)x10”  PRL 112 (2014), 222002
109



Belle observed Two Z*—y. nt*
=2 = Dalitz-plot analysis of B—y.n"K- y. —J/yy with 657M BB

» Dalitz plot models: known K*—Kmx only

K*’s + one Z —y.n*
K*’s + two Z* states = favored by data

PRD 78, 072004 (2008) Significance: 5.7c
i; 40 [
22 F = —_— . X7
o . 3L M fit for model with K*'s Mz _ 4051+14 fﬁ MeV
20f > 30 ‘ —— fit for double Z model 1
RS S el 21 +47
; :: % zi_ + { —— Z4 contribution le =827, MeV
?7 % 15§_ . I 5 H —— 7 contribution M :4248+44+180 MeV
R S o R P M(XcaTT*) 22 o
e ] for 1sMA(KT)<L75GeV 1, _177 54480 ey
N S A T N T 36 38 4 42 44 46 48 2

M (x.,1"), GeV/c®
MP(KE"), GVt o 110




BaBar doesn’t see significant Z*—y n*

events/20 MeV/c?

events/24 MeV/c?

4 45
m(x.s 77) GeV/c?

for 1<M2(K-Tr*)<1.75Ge\V?2

PRD85, 052003 (2012)

B (B — Z,(4050)"K~) X B(Z,(4050)*
— yam ) < 1.8 X107,
Be”e (3'O+1.5-O.8+3.7-1.6)X10_5

B (B’ — Z,(4250)"K~) X B(Z,(4250)*
— a7 ) <4.0 X107,

Be”e (4'O+2.3-O.9+19.7-0.5)X10-5

“We find that 1t 1s possible to obtain a good
description of our data without the need for
additional resonances in the y . 7 system.”
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Z,¢(3900)* from Belle

100;\ - 2F PRL 110, LIy
U gl || @ : b} o. [ 252002 (2013) i g rny .
% ) I Imz;' s § 15__ . .:*"' L. a 0.5¢ ;:;*fq‘ﬁ‘a:-ﬁ‘
= 60 - ] 10 D - _._q’,."-:_:?'. ;;;C‘\ a5 1a
Q N } | I* HJ 1454 45 55 % " ;-“'?_:::..“"% 2.0\
2 4o + FL SEmniee
GEJ I + * H#I E‘IE:# 'E :5' l-';;"u F G 4
@ 20 W} h# 7! +|+++ fhy | ZOSF kg bl
! RN
[y | — ol | 0 bl i & A R
3.6 38 4 42 4.4 46 48 5 52 54 10 12 14 16 18 20 22
M(m*m Jhy) (GeV/c?) M Jhy) (GeVic?y

Almost full Belle data sample used: Lum=967 fb-! data.

Using ISR photon non-tagged method, Y (4260) was observed significantly.
4.15<M(p'pJ/y)<4.45 GeV to select Y (4260) resonance.

Dalitz plot also shows structures.




Events / 0.02 GeV/c?

FUDAN UNIVERSITY

70
60
50
40
30
20

10

7.¢(3900)* from Belle

1. S-Wave BW, p*q phase space factor,

+ data efficiency applied, to fit M__ (t*J/y)
- ;” . distribution
PHsfmc 2. Belle observed 689 events, with 139

background.
3. M=(3894.56.6 =4.5) MeV;
N ['=(631=24=x26) MeV.
Sy 4. Significance:5.2c.

38 39 4 41 42 | .
M. () (GeV/c?) can decay into mJ/\y, it must have at least

four quarks.

Comment: Since Zc¢(3900) 1s charged and
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PRL 110,
252001

Events/0.01 GeV/c

PRL 110,

252002 (2013)  Mmaxirly) (GeVic)

70

Events / 0.02 GeV/c?

BESIII + Belle + CLEQO’s data

80

0

__1 3 ) —+- Data

— Total fit
B ES I I I ---- Background fit

- - PHSP MC

+ [ Sideband
\

C (—D —+ data
60 - L A — Fi
- BELLE Y — Background
50 E wues PHSP MC
40f
30F
20F
10/5
1 --J
o

L 1 P T T B S S L
3.7 3.8 3.9 4.0

My (/) (GeV/c?)

Counts/10 MeV

40

-t Data M(Z(3900))=3884.6:4.6 MeV
35t~ --- Phase Space °©
- — Fit

of Seth

25F
zuz
15f
1u§—

5 I

Q600 3700 3800 3900 4000
Max(mJy) (MeV)

PLB 727,366 (2013)

1. CLEO’s data at 4.17 GeV by K. Seth.

2. M=3885x5 MeV, I'=34113 MeV.
3. Significance: 6c

M(Z.(4430))-M(Z.(3900)) = 589 + 30 MeV
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Z.(3900) State (I=1)

Phys. Rev. Lett 110, 252001 (2013) N Phys. Rev. Lett 115, 112003 (2015)
- ~+- Data | (2) 4.230 GeV, 1091.7 pb' |
100 “ Z, (3900):t ‘ — Total fi S | - Z.(3900)°
X ---- Background fit l C( ) |
80 - PHSP MC

BESTI | I sisevarc

\

Events / 0.01 GeV/c?
-+ D
o o
T

N
o

3.7 ‘3.8. - -3.9. - -4.0.
Mypex (/W) (GEV/C?)
»Charged charmonium-like structure (>10 o)

»Decay to JAp (cc) and electric charge (ud or di) E i, TH "
»M =3899.01+3.6+4.9MeV/c2, I'=46+10+20 MeV 38 Mﬂ,v(Gewc:')o a2
»o(ete —n n Iy) =62.9+1.9437 pb at4.26 GeV

Events/(10 MeV/c?) Events/(10 MeV/c?) Events/(10 MeV/c?)

» Neutral charmonium-like structure (10.4 o)
+.—_ - F + ot :
o(e’e —Dm z(3%00)* >n w JAy) _ » Using 3 data samples (~2.5 fb-!

G =21.543.3+75% SIiE S U SRIDIeS -2.315°)
»Evidence with 3.70 by using CLEO-c data

»The first Z, state observed by more than one

: »M =3894.84+2.3+3.2MeV/c2,I'=29.61+8.2+8.2 MeV

experiment (Belle and CLEO-c)!

» An iso-spin triplet is established! 115




BESI

Belle:
CLEOc:

Il: 2013.3.24
3.30
4.10

Z,. established!

100

80

60

40

Events / 0.01 GeV/c?

20 L&

Observation of the Z_(3900)
— a charged charmoniumlike structure —

PRL110, 252001
(2013)

BESIII

3.7 3.8

3.9

\

—4— Data
— Total fit

---- Background fit
==+ PHSP MC

+ [[] sideband

4.0
Max () (GeV/c?)

QUARK SoUPp

Researchars at calliders In China and Japan have succasdad In making exotlc matter comprising four
quarks, but are still dabating whether the fleeting particles are meson palrs or trus tetraguarks.

ORDINARY MATTER EXOTIC MATTER (]
Mason

Quark

Antiquark

Baryon Mason ‘molecule’ Tetraquark )
| | 1 |
PARTICLE PHYSICS

Quark quartet opens
fresh vista on matter

First particle containing four quarks is confirmed.

BY DEYIH POWELL

that may have existed in the first hot

moments after the Big Bang. Arcanely
called Z,(3900), it is the first confirmed par-
ticle made of four quarks, the building blocks
of much of the Universe’s matter.

Until now, observed particles made of
quarks have contained only three quarks (such
as protons and neutrons) or two quarks (such
asthe pions and kaons found in cosmic rays).
Although no law of physics precludes larger

Physicists have resurrected a particle

antimatter counterparts, positrons. These
crashes have one-thousandth the energy of
those at the world’s most powerful accelerator,
the Large Hadron Collider {LHC)at CERN
near Geneva, Switzerland, but they are still
energetic enough to mimic conditions in the
early Universe. Collision rates at KEK are

more than twice

“They haveclear those at the LHC,
evidenceof a and they occasion-
particle with ally givebirth to rare

particles not found
in nature today —

four quarks.”

Question: Zc has
been confirmed.
How about Zs ?
How to search for
it ?
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(D .
M(rrd/y)e[4.2, 4.4] GeV via ISR

2007/02/14 16

548/fb at 10.58 GeV
Peaks at 12 & 15 GeV2? 30 |- ! + )
Shown at QWG’2011

| I12I | I13I | I14I | I15I | I16I -
M? —- " J/y or wJ/y 117
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Spin-parity hypothesis with likelihood test

» Amplitude model
helicity amplitude, covariant tensor amplitude
» null and alternative hypothesis
Null: spin=J, alternative: spin # J
> test with data events
Minimize log-likelihood function
» check with angular distributions, moment analysis and invariant
mass lineshape
» significance test:

likelihood ratio or ToyMC ensemble (avoid look elsewhere effect)
118
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Z.(3900)  [rewr)-17am)

was X(3900)

Properties incompatible with a gg structure (exotic state). See the review on non- gq states. Charged Z.(3900) seen as a peak
in the invariant mass distribution of the J/’l/)'ﬂ'j: system by BES Il (ABLIKIM 2013T)in et e~ — @~ J/4) at c.m. energy of
4.26 GeV and by radiative return from et e~ collisions at \/Efrorn 9.46 to 10.86 GeV at Belle (LIU 2013B). Partial wave analysis
of ABLIKIM 2017) determines J¥ = 1T with more than 7 ¢ significance. Neutral Z,(3900) seen in the J/+m® invariant mass
distribution in e™ e~ — :frﬂarDqu,b at c.m. energies of 4.23, 4.26, and 4.36 GeV by BES Il (ABLIKIM 2015U) and at 4.17 GeV by
XIAO 2013A. Peaks in ( DI_)* ]D*i reported by BES Il (ABLIKIM 2014A, ABLIKIM 2015AB) are assumed to be related.

Z.(3900) MASS 3887.1 £ 2.6 MeV (S =1.7) v
Z.(3900) WIDTH 28.4 + 2.6 MeV v

1. M. Ablikim, et al. (BESIII), Phys.Rev.Lett.,110,252001 (2013).
2. M. Ablikim, et al. (BESIII), Phys.Rev.Lett.,119, 072001 (2017). 119
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<~ 1aF P 1 BESIII: PRL110, 252001 (2013)
9 C °Q 17T
= 12F = -
[0 - 1 Q  16F
Q C (0] =
~ 1_— ~— = 1
% osk S
+H 0.8: 1 % 14
< 06F LU =
5 i e o
r L S F
020 a7 =\ 102 e
Q0 M2 13 d b ie \i7 s O e e e 107
Mz(ic/+1/w) (G%Q M2(Jly) (GeVIc?)?
O L |y W
I ’ % 80F —00NC % 80 \ _z,,.(aeoo) " % foor :M{Sgua) Mc -{
Tx E. _}:'TJ.-'IILIJ g L H H\.Sidehand g E H {ISIdebﬂnﬂ g 805— .S';deband H’HIE
“signal™ 60 . 60 , ; A
'n. B . g wﬁfm \ g C MHJMWHM §' 60 Hm
Yae = 7 g\, 1 PR P A
% gl fo TN T A
T eflection ==~ g o Wo20F T Y +
T %.2 3334353637 3839 4 4142 ?3.2 3334 3536373839 4 4142 {()).2 04 06 08 1 12 14
M(r+Jiy) (GeV/ic?) M Jy) (GeVic?) M(r*T) (GeV/Ic?)
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Spin and parity measurement of Z¢(3900)

c:‘-j R R S-wave Iy _I_ (10__ 400;_ ——- T S-wave'Jf'q.r *
4.23GCeV 3 M e DN I S0 IO
]ng/pb o 2O : o )8
S f S 0 simultaneous fit of two
- F O 200F
o & 150} data sets
E 100 E : \/ 0 o i
> § 0 g LY helicity amplitude for
- 1) . i CRE . + - %
2. G2 34 3.6 38 0 211".2 e e — V - R(T[T[)lp &
Myt (GeVic?) chp’lp - l+l_
8 W Ty % ™F — ey v’ Isobar model:
S 160F ... £,(1270) Iy 1 (©) - e A (d) +
TAOCEV G 17 18 0, fo, fo(1370), £,(1270), Z¢
826/pb N 120 0 1o O+ 0 2 C
S 1w 2 ol v' Zz as 17 state
[0)) 80 ~ 80_—
5 o 2 @b
w49 Z F
> w40
w20 a 20 ) _
%2 G a4 a6 38 40 aa

My, (GeV/ic?) 121




Angular distribution for the Zc¢(3900) J” assumption

1. ete” >z}

(sin 6, J°P=07)

N 1+ aycos?8, (JF =11
— o« {1+cos?6 P—1-
d cos 8, ) o5 Yo y )

1+ agcos?8, (JF =27)
|1+ cos*8, (¥ =2%

2. Z? N n$]/1/) et > = e
( 1 (JP=07) %
o 1+ a;cos?26; (JF =11
WOH 1+cos?0; (J7=17)
1 2 4 B= 2"
1+ ajcos®6; +azcos™0; (J© =27) Chin. Phys. Lett. 33, 061401 (2016)
|1 —3cos?6; +4cos*0;, (J* =2%)
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Angular distribution for the Zc¢(3900) J” assumption

400 500§
| =T 450;—
350 e 400
T
2300F L, e = 300f
L T 2 250F
Sosof L. & 200F
= f —0 o 150 —
200F Z% T A
f (a) S0F (b)
00 0z 04 06 08 L0 00 02 04 06 08 10
|cos(6,.)| lcos(6,,,,)]
Hypothesis A(=2InL) A(ndf) Significance
1+ over 0~ 94.0 13 7.60
1™ over 1~ 158.3 13 10.80
1+ over 2~ 151.9 13 10.56
It over 27 96.0 13 776

> H, hypothesis: J¥ = 17; r
H, hypothesis: J¥ =0~ or (17,27);

> Statistics:
= —-2In\ =2|In Lyax(H1) — In Linax(Ho)l,

/OO
tobs

» Significance

I
_s V2T

» p-value :

p(tobs) X2 (t;r)dt.

e 2y =1 — p(tobs)

tobs
/ X2 (t;r)dt.
0
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Open the Zc door!!

- — < 1200
NQ 100:_ ZC(3900) _—+_Totalfit . E 100:
5 sof vl N B
S C = 80f
§ 602 2z ol
% 40; ' = 401 BN \ 53 M::‘:‘(GeV!cz)
:>j 20 : 20:
0=z 3.8 3.9 4.0 = £95  4.00 4.05 410 ais azo” “d2s
Mmax (TTEJ/Ap) (GeV/c?) M, (GEV/ET)
Phys. Rev. Lett. 110, 252001 (2013) Phys. Rev. Lett. 111, 242001 (2013)
N 80F
< 100 2(3885) o F L%y o,
g oo i i
< 60F o H mmws
& a0 =90 H
£ % p
4 20F & 20 .
L (0] T ! 1 1 1 L :
3.85 3.90 3.95 4.00 4.05 4.10 4.15 M g e
M(D+ﬁ*0) (GeV/c?) 402 él‘?ﬁ(n‘) (ééox?fcﬁ) o8
Phys. Rev. Lett. 112, 022001 (2014) Phys. Rev. Lett. 112, 132001 (2014) 124
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Observation of Z,;(3985)—first Z,. with a strange quark

« efe” > K*(D;D* + D}~ DY) PRL 126, 102001 (2021) / D
 3.7fb~! data at 4628, 4640, 4660, 4680, and 4700 Zes 5
* Partial reconstruction of the process, tag K and D¢ / N s / N DX
o 1~ | .
* D; reconstructed with KYK~n~ [¢pm or K*K]and KK~ e N e’ N e Dy
K* \ 'S

220 L L L L s

5200 F—2,~D;D” s =4.681 GeV

* Both decay modes can survive the selection

* Combinatorial background described by
wrong sign (WS) events

* Absolute contribution in signal region
determined from a fit to RM(K* Dy )

1.95 2 2.05 2.1
RM(K*D)+M(D)-m(D)) (GeV/c?)
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Observation of Z,;(3985)—first Z,. with a strange quark

40 ¢
<\1235;— /s = 4.681 GeV —+— Data N PRL 126, 102001 (2021)
>30+F Total fit ° P—
Soob My = 85.2090F 2. cessy Assume J'=1
ook { R D* (2600)°D*° .
o 1 * Simultaneous fit to five data samples
q215 E O Dt R | ngn—Res.
Q10F | \''| Lgtigtumuuet DYy | D, D’ * Signal component:
w 5t 0 comb. BKG la - D
0 4 405 41 4.15 | |\ |2
RM(K") (GeV/c) M2 —m3 + imy(fTy (M) + (1 — I (M))
L ©. [ (s=4.641GeV R
s s ® ° + f = 0.5 represents the fraction of the two decay modes
i S10F -
Z Ll =24 L1 * Pole position:
o | -—rt ) o | +1s.
il : T o tleie _ +5.3
Yo 4 4.05 4.1 Ho 4 405 4.1 m = 39825t%2 + 2.1M€V/C2 I' = 12-8_4_4 + 3.0MeV
RM(K") (GeV/c?) RM(K") (GeV/c?) .

Significance:

o
™
I
P
o
)]
—
()
®
<

/s =4.698 GeV

e

4 4.05 4.1 415 4 405 41 415 126
RM(KH (GeV/c?) RM(KY (GeV/c?)

At least four quarks ccsu

Events/ 5.0MeV/c?
($)] (e ]

o

Events/ 5.0MeV/c?
(]




fB) {9 k #

FUDAN UNIVERSITY

X, Y, Z particles are correlated

Whatever they are, they
Y (4230)

are very similar.

Molecule? Compact tetraquark?

Kinematic effect?

X(3872) ~7? Z.(3900)
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=
o

BELLE

Y(5S) =2 h,(1P)n'r

(=]

Y(5S) = h,(2P) 're

Resonant structure of Y(55)-=>(bb)m*nt-

»decays to Y(nS) & h,(nP) & must contain bb pair

< 12000F L7500} B _
) _ P S . . .
= 1000} 0 NOA-TES. = 15000} , relectrically charged = must contain ud pair
= contribution o b
Z 8000 12500 phsp
-%3 s000k £10000f T Belle: PRL108, 232001 (2012)
S 4000} phsp & 7500;’ -
2000f . j”_-h_ L 5000} | {, Z,(10610) and Z,(10650)
T l. H. LT 2500 - .
0 T | Hiﬁ l.l. should be multiquark states
-QOOUi L N'j i 1 i t L i 1 05 i A A L A " 1 L i s
10.4 10.5 10.6 10.7 104 10.5 10.6 10.7
M[ h,(1P)x] .. M[h,(2P) ] . Dalitz plot analysis
/ \A
Y(5S) 2 Y(1S) *re Y(5S) = Y(2S)rttr Y(5S) = Y(3S) i
L R RS B A R I R 100 e T 120 preer e e
- B SNSRI Hi N it it s B
3 el scales : B T{{ . o
0 - ' > 8of ]
= 60 - i 1 2 ]
= C ! 1 = eof 3
”3- 40 [ : ] E F ]
£ ! g 40 3
g g ]
Yo 1045 105 1055 106 1065 107 107t 1058 doas  Toss 1070 07
M(Y (18)7) s (GeV/c?) M(Y(28)7),,,, (GeV/c?) M(Y(38)7),,, (GeV/c?) 128



Z % — Open Beauty

/_\ Assuming that Z,

3000 T T T T — 2
- 18 B decay modes combined 1 ::x;"'"""""""""'"""""": S(m) |Azb(10610) +Azb(10650) +"4T11"’ decays arc Saturated by
w, 28001 } E * Bk E
v L B Signal { % ER i B'B 3
%2000 g %14005 B signal é:——/_—Bﬁ* : 100 — v the Y(HS)TC, hb(mP)TC
= - : 3 B i = (] WS data RS data |
E BB 3 ~ F i + 1 % %
* s : : Caf /> ﬁ}_& P woaoro 1 and B®B* channels,
] E E 5 [ e 3 Y V2, (10610)----- Model-1 ] . .
5 1000 2 4 s O wdel-2 | branching fractions
o E 3 - Xy e Model=3 1
“ E N P oo o ] nr E & Background | .
- ;_ i : stdebands‘ —; "’a 40 r )‘ I 7 are here.
i T ETTET o T B TR ST R Rt & a ] j ]
M(B), GeV/c2 P(B), GeV/c g ?‘:L_— i . Channel Fraction, %
| —~ -t’ ] Z,(10610) Z,(10650)
=T ] : " 1 YQS)x? 0.60 £ 0.17 £ 0.07  0.17 & 0.06 + 0.02
600 L L LN AL AL N (N B B B B N B B R R | T T 100 [ —t ‘ —+—+ L AL LA LA A L B N N f ] T(.ZS)TT. 1.05 £ 0.81 £ 0.58 1.38 4 0.45 £ 0.21
- , . r o ) 1 TES)rt 240 +0.58 +£0.36  1.62 4 0.50 + 0.24
B £50: E- BB threshold R§fata 3 -~ o (] WS data + RS data 1 map) 126+ 1.28 + 1.10  9.23 + 2.88 + 2.28
k / “o i 3 + ] _g_ 80 BELLE 1 h(2P)n? 6.08+£215+1.63 17.0£3.74 + 4.1
n >~ RI153 . P C 1 BtB*° 4+ B°B*t 82.6 +£2.9 4 2.3 =
> L A ] L Model-0 1 w4+ a0 =0 G
e+ - P e- 400 : — - ] B**H -~ 70.6 + 4.9 + 4.4
k% f’i‘, L ] § 60 Model-3 %\ + AZb(10650) i
KK ] n C ]
B* 0 300 [ R < [ —— Background ++\ * 1 Model-0 : Z,(10650) only
5% N 40 |- Lot ]
") 29 ] n B N ]
42 B . ] r 1 Model-1: Z,(10610) + Non-res.
@ 200 < Py ]
q>, R . @ C ] Model-2: Z,(10610) + Z,,(10650)
= 2535 ] C ; ] e,
100 |- — L I~ K5 3 e ] with interference
%S XKL XKL : o% : :I 10.57 1U.:k:/10.61 1063 10.65 10.67 10.69 10.71 10.73
0 B R R S SIS g 2 Model-3: Non-resonance
5 5.1 5.4 5.5 M ;s (T), GeV/c

L@;{"au), Gev/e2 PRL116,212001(2016) 129




Z; Production at Y(6S)

o
—T T

PRL117,142001(2016)
g 2 [ B -
® % 2= wp)T Y(6S) Data:
-3 I
o z 5 fb?
T e
<

e

o°(h,(2P)n"T) (pb)

: , Y(6S) = h,(mP)r*rt”
10 + 55 transition is dominated

; |
— 708 1085 108 1085 11 % -
Eem (GeV) N 10? (saturated) by the
€ 5 obs. of Y(6S)=>n"n hy(nP) i b | h(@P)ata intermediate Z,*

3.56 for 1P, 5.3 for 2P. . production.
VS
The two Z, states can not be separated with : + dwo 2, can by
4! Sho separated at Belle Il !
current statistics 107 108
M, ..(1), GeV/c? 130
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X(5568) — puzzle ?

% 250F
8 n ' ~ (a) % . .
o ®F (a) s o [ DORunll, 104" |, semieponcoata| ¢ Possible tetraquark candidate of four different quarks
o = , AT 2 500 » Hadronic Data g . e
3" ‘ L. > 6.7 0 » Seen by DO with 4. 8 o significance
Bl = A > 0.9 ;
i o 2 150 PRL120,202006 m = 5567.8 £ 2.9 (qtat)+ Lo (syst) MeV/c?
g % >
o 0
E % 5 100 ['=:21.9 & 64 (stat)+ o = (syst) MeV/c?
@
30
z
. sorf ] If confirmed, would
10 ‘-L‘-"J;:E‘:- f;:.‘m | . T . Vi
. 0555 5.6 565 57 575 5.8 585 5.9 be unique w 1th 4
m(B% n* GeV/c? : . I
(B ) (GeVier] different flavors
v 120 - CMS 19,7 o (8 TeV) 3 M T T 5 __
% 1DD_CDF g BUU: (a) + 14 { i 5 = | + + + % 300? LHCb PT(Bg) > 10 GeV .CIaimedx(SSGs)stateé
E BE signal region [E¢] - E 100:_ + * 2 2507 D Combinatorial &
5 ‘% 600 . o F 1 v . PRL 118, 109904 ]
: e CMS  pE)>m0cey | =i ATLAS = 5 = ST
L e - C 1 » e
] T 400 B ' ATLAS » Data -4 @ F
5 . g [ L Ei?ta 5 ! (5-7 TeV, 481" wom Elz?&aglrﬁndls: 1 ® 1505 Pt L Py 3
(% B, sideband regions o o0k 100 | :;:ﬂ];c:u'n Liifb‘ — Fus+B) peak _; § 100;_ _;
o ! | 01 © 50— —
T 136 ]
! I Egixﬁ‘x‘ﬂ lfi uli. EI“xnhlﬂIIH}Ii : = jf I P N DI P DR P P TS|
55 56 57 58 59 [ .i .H. H“ ii .iu.“; i’ *!II{ }II if; }11 I! ﬂ‘i\. g - i 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
M(Bg ]-Ei) GeV/e? 55 8 5 ’ ‘ME(BBEJ[-I-) [GEV] — EBIDO — STII.'JEI ! Imr{;‘fnzul-usfﬁn m(Bgﬂr) (MeV)
PRL 120, 202006 PRL 120, 202005 PRL 120, 202007
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Pc States
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Open the pentaquark door: LHCb observation i 2015

* Two J/Yp resonant structures are revealed by a full 6D amplitude analysis

* P.(4450)" <4 the prominent peak

« P.(4380)" 4= required to obtain a good fit to the data
* Consistent with pentaquarks with minimal quark content of uudcc

26k Ay signals PRL 115 (2015) 072001 (most cited paper at LHCb so far)

)

-=-data my, all

15 MeV

=e=total fit

_— background

[a:)
o
(=]

-\-<P (4380)
600}— - A(1405) ¢

-3+ A(1520)
A(1600) 1'1".

Candidates/(

and other

Ats oy Run 1

wt P (4450)+

Candidates/(20 MeV)_
1 '] '] ']

5

u >
—>

Mass (MeV)
Width (MeV)
Fit Fraction (%)

o UK
N A/
S}R<Z
d p

P,(4380)* P (4450)*

4380 £ 8 £ 29 44498 +1.7+2.5
205 £ 18+ 86 39+£5+19
84+0.7+4.2 41+05+1.1
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Lots of open questions
* To interpret the nature of P., more studies are needed

* Inner structures?
* More states, SU(3) partners?
« J¥ mode decay modes, production mechanism ...?

Tightly-bound Loosely-bound
> pentaquark? = pentaquark?

o S -
= > i,
o
S Bl P.f(4450) 2

(p]

l ¢ — <

+ | /@\u‘ <
Q Ty U &l ' o
= = G :

+ + T *x0 =

= o D [

= Q .
= Maiani,Polosa, Riquer, PLB = Wu,Molina,Oset,Zou, PRL105 8

[l 749 (2015) 289 I (2010) 232001 <

3o Lebed, PLB 749 (2015) 454 4 Wang,Huang,Zhang,Zou, PRC84 S’/

=2 Anisovich,Matveev,Nyiri, Ay (2011) 015203 e
E Sarantsev PLB 749 (2015) 454 E Karliner,Rosner, PRL 115 (2015)
and others 122001

and others

Kinematical effect:
triangle diagram?

XciP = J/Yp T/

Guo,Meissner,Wang,Yang, PRD 92
(2015) 071502

Liu, Wang, Zhao, PLB 757 (2016) 231
Mikhasenko, arXiv:1507.06552
Szczepaniak, PLB 757 (2016) 61

and others 1 34



Fine structures from update 246k Ay signals

* Inclusion of Run 2 data (x 5)

* Improved data selection (x 2)

P.(4312)" is observed

P.(4450)" peak structure is an overlap of two narrower
states, P.(4440)" and P.(4457)%

Runl+Run2, x10 A) - J/YpK~ yield

* Their near-threshold masses favor the predicted
“molecular” pentaquarks with meson-baryon
substructure, but other hypotheses are not ruled out

State M [MeV ] [' [MeV | (95% CL) R [%]
P.(4312)7 | 4311.9 £ 0.7788 | 98 +2.7H 3T (<27) |0.30+0.0793
P.(4440)* | 44403 £1.3741 1 206 £4.95,57 (< 49) | 1.1140.3319%
P.(4457)" | 44573 £0.67%41 | 6.4+2.01 37 (<20) | 0.53+0.167913

PRL 122 (2019) 222001

b’ =t Dp*°

—
N
o
o

[ — data :
- — total fit i

1000 [ — backg round

800f

Weighted candidates/(2 MeV)

D
(=)
(@)

]

400[+
i

200

8

m

[MeV]

Jhyp

1D my ,y,, is fitted, ongoing amplitude
analysis is in advanced stage
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15t observation of Ay = n.pK~

* n.p final state is very sensitive to 1/2~ P, where n.p is in S-wave

 If P.(4312)% is 2.D molecule, predicted B(P.(4312)* - n.p)
[PRD 100 (2019) 034020, 100 (2019) 074007, 102 (2020) 036012] B(P.(4312)* - ] /Yp)

* LHCb run2 data (5.5 fb™1) using n. = pp

* Fit 2D mass spectrum to confirm the existence

. B(A) — n.pK ™)
o = 0.333 £ 0.050 (stat.) £ 0.019 (syst.) + 0.032 (B
Obtain B Jopk-) 50 (stat.) (syst.) (B)

3

\ P.(4312)* production

fraction in A) — n.pK~
/' 1s ~ 3% (predicted)

~170 A) - n.pK~ signals

——— =
—e— Data @

- LHCb

m(pppK ") [MeV/c?]

m(pp) [MeV/c?]

S AT :
% — Total fit § N LHCb . (b) 1
. 0 - D

sm 400 f AR =\ Ap = J /YK~
= el ] SO I used as reference
% L o - == Random comb. % 10 -?.m- T B - mOde fOI’ branChlng
< 100 ;%\ -~ Swapped protons =} E s .
2 | ' | 2 fraction measurement
O U | ,"'.'.' l’l ' Y _|
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Search for P in n.p system

[PRD 102 (2020) 112012]

* Check background-subtracted n,.p mass spectrum

No significant P.(4312)™ contribution (~2s)

P production fraction obtained
R(P.(4312)%) < 24% @ 95% C.L.

much larger than the predicted value 3%
(no conclusion yet)

* Need run3+4 data, amplitude fit can be performed
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Search for pentaquarks via open charm

[LHCb-PAPER-2023-018]

Prompt production with 32 final states

o ()= D E 1 ' \ ﬂ N NE preliminary
< [l ]
« AtD,A}D*, AtnD,2.”D™ and AtD, AfD*, AfnD, 2.’ D™ SH V Io]
o |
* Scan to search for pentaquarks with narrow width (0-15 MeV) A | 26
’_]lO’Zg V E
* No significant narrow peak is found for all the modes 5 local :
. 30
. . 107F E
« Upper limits are set on the production rates related to A¥ - || LHCb Prefiminary _
r ¥ ]
P Np, _ €% o(P.) XB(PC—>A;';D(TC))><B(D) L | 3
= X - 0 200 400 600
N AE EP, o (Ag’) mAT D) —m(AD —m()-m(D') [MeV/c2]
Significance (o) Corresponding . ) Upper Limit (x10—3)
Decay Mode | cal  Global Mass (Mevie?) S9nalYield o001 9594 cL C 10E
AT DR 2.85 1.01 349 46.8 = 23.4 1.16 1.21 = -
A¢ D~ 2.32 0.00 365 15.0 + 10.3 2.16 2.39 2 100fF
AEn+D- 2.82 0.99 225 68.6 + 13.3 1.95 2.40 -
32000 190 000 685 47 - 42 102 115 Largest 3 80
A m—D° 3.86 2.56 45 60.1 + 25.9 1.40 1.70 - e SN
L;Z’ 2.03 0U.00 261 70TLF 26 U.71 U.89 Slgnlﬂcance @ 60—
Afm— D 3.67 2.35 249 82.8 + 14.3 2.23 2.67 =R
Afr—D*—  2.31 0.00 409 23.6 + 23.0 2.79 3.28 = 0r N ]
Tt e 1.74 0.00 453 3.3+ 24 1.24 1.43 S bk LHCb Preliminary
300~ 1.86 0.00 109 10.7 + 29.1 1.32 1.59 @) ndd 57 ]
A D+ 2.52 0.59 169 149+ 96 1.34 1.50 N EAN R
Agm+ DO 3.21 1.72 45 24.8 +39.3 0.98 1.18 0 200 400 600
AgntD*+  3.37 1.99 165 13.8+ 3.5 0.97 1.22 m(A'T D) - m(AY) — m() — m(D) [MeV/c?]
Afr—D+ 270 0.58 73 58+ 71.3 1.70 1.94 ¢
Tt pe 2.11 0.00 113 39+ 28 0.87 0.99 = 4
0D+ 2.18 0.00 69 47+ 486 1.13 1.32 ccudd : M~4335.87 MeV 138




Evidence of P_ 1in J /A

* SU(3) partner P, 1s predicted, and suggested to search for in

Ep = JJYWAK™

[JJ Wu PRL 105 (2010) 232001; HX Chen PRC 93(2016)

064203]

* Amplitude analysis with improved helicity formalism
 P..(4459)° found, significance >3.1s

Yield/(6 MeV)

10

—
h
T 1

LHCb i

[ 7
..... Fit without P,, |

g m .- >22GeV + ——Fwith B, .

i

[Science Bulletin 66 (2021) 1278]

—»‘%E}K—
u . J/¥
- {2 I }P&< \

dr e

oo

Mass is about 19 MeV below Z%D*? threshold

State

My [MeV | ['[MeV |

P..(4459)0

4458.8 29117 173 +6.580
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https://doi.org/10.1016/j.scib.2021.02.030

P.simnB™ - J/YAp
* Can search for pentaquark both in J/Yp & J /WA

[PRL 131 (2023) 031901]

* Limited range: m(J/yYp) < 4.16 GeV, m(J/PA) < 4.34 GeV, Cover thresholds of

AfD and E.D

* A new pentaquark with strangeness P$S (4338)° (ccsud) observed in the B~ 09@

- [ /Y Ap decay
« At Z7 D™ threshold
. m=4338.24+0.7 + 0.4 MeV
e I'=7.0+1.2+1.3 MeV
 Fit fraction = (12.5+ 0.7 +1.9)%

p— —

(3]

8 &
T

Candidates/(2 MeV)
2

« JP =(1/2)" preferred, : .
1+ 40F 4 ]
JP = 5 Trejected under 90% CL oF # :
ok P T v SN R e S et P

405 4.1 4.15

m(J/yp) [GeV]

— Nominal fit
— Baseline fit

T T
i el

s ]
+ ---Background

m(J/yA) [GeV]
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wovon | rown | mw | T

P.(4459)° 4458.8 + 2.9717 17.3 + 6.5789 AR i g.D*
P.,(4338)° 4338.2+0.7+0.4 7.0+1.2+1.3 12.54+0.7+1.9 E.D
60 ILHCb ;)roton-lproton Icollisioln | | : I | | i g 180 :— IL]—']Clb S —-I—DIata ]
Linl =9 fb_l @EZ 7,8 and 13 TeV === Data § 160 :_ 9 fb 1 — Nominal fit ]
P, significance >3 G DP | - —Baseline fit 1 o mQre P ?
- A RS TS ! NRU/Y ) - cs
% 40 Zy = JJYAK ™ CZussr - B 120F + —NR@p) 3 o Open-charm
= EfD- s0300 | B [ + — Py, ] 0
S threshold I [ 225 threshold ~NR | = 100F $ -~ Backgrond 3 pentaquarks?
t - 1.9 GeV< <2.8 GeV - Fg 80:_ +++ + EeD”
= 9 GeV<m , <2.8 Ge < - threshold
—‘ O 60F -
2 20 { ] - ]
> | H { 1 40F .
11 | i \ 20 _ _
+| 1 Ot — FR— e et o RO |
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di-J/y  States
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X(4c) states at ATLAS --All-charm Tetra-quarks
Phys. Rev. Lett. 131 (2023) 151902

> |_ T T | |||||||| T T 1 ‘ T T 1 ‘ T T 1 \_ > 400L T | LI T 11T T 1 171 ‘ T T T 1 | I |7
8 400: ATLAS —— Sig. + Bkg. ] 8 E ATLAS —— Sig. + Bkg. ]
I agof 5= 13TV, 140" Background B S apof 5= 13TeV, 140" —— Bw, +Big. + Int.
o E di-diyp ---- Bkg. w/o Feed-down 7] 3 E di-Jhyp ---- Bkg. w/o Feed-down ]
P - -~ Sig. w/o Int. @Bo00 -~ Sig. w/o Int. ]
% 200 - - Sig. Int. ] 5 00: Interference
> C 1 Lﬁ e —— Data h
LLI1007 —— Data - 100: )
oF ] of ~
~100}- B —100 E
200k Model A = _200F Model B
- : I I I ‘ ‘ ‘ : '_I L1 I L1 | I | | L1 11 ‘ L1 11 I L1 | I 1 ]
65 7 75 8 85 9 65 7 75 8 85 [val
m,, [GeV] 4

® |n the di-J/y¥ channel, two signal models are tested:

di-J /y model A model B
mg 6.41 +0.087005  6.65 +0.02700°
To 0.59 +0.3570%%  0.44 +0.05%:0
mi 6.63 + O.Ong:?)Sl
I 0.35+0.11*0- 1 X(6900) > 50
my 6.86 +0.037097  6.91+0.01 +0.01
1) 0.11 + 0.05jg-3% 0.15 +0.03 £ 0.01

As/s +5. I%J_’g'_g;’i —

® Model A: three interfering signal peaks; Model B: two signal peaks
® The peak around 6.9 GeV is consistent with the LHCb observed X(6900) (arXiv:2006.16957), with

significance far above 50



https://arxiv.org/abs/2006.16957
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902

501l| LI T T 1T lIIlI\\llIIll\_7

" &1

50F

3 3 sof

G [ —— Sig. + Bkg. G [ ATLAS

10 L Vs=13TeV, 140 fb™ — Background 1o - Vs =13 TeV, 140 fb™
g 40 _—JhP‘HP(ES) --- Signal ] g 40 thpW(zS)

E i —4— Data 1 :g" i

C r - c B

o 30 - o 30r

o Model @ | &

— Sig. + Bkg.

—— Background ]
------ Signal 7
—— Data

Model 5

J [+ (2S) model o model B
: ms 7.22 +0.03*%01 \6.96 + 0.05 + 0.03
Iy 0.09 +0.06*0-0¢ ) 0.51 +0.17*)-1¢
As/s +21%* 32 +20% =+ 12%

10 i * EXPEF!TMENT ] 10
O;I l'|"l.“lrl""'\"»|,| LJ#II IR S ST OI ‘ : :
7 7.5 8 8.5 9
my, [GeV]

* Inthe J/Y + Y (2S) channel, also two signal models are tested:

* Model &: the same peaks observed in the di-/ /1Y channel also

m,, [GeV]

decaying into J /Y + Y(2S) plus a standalone peak.

®* Model [: only one signal peak

®* The signal significance is 4.70
(4.30) for model @ (). The
significance of the 2nd peak (7.2
GeV) reaches 3.00, also hinted by
LHCb and CMS (arXiv:2306.07164)
in the di-J /1 spectrum
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https://arxiv.org/abs/2306.07164
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X(4c) structures in di-Jpsi channel at CMS

I1 35 fb'l1 (13 Tev)

87T 7 7 7 T T 1 T T

160 f— W/ interf. cmS _f = Interference model: Phys. Rev. Lett. 132 (2024) 111901
> 140 f— ¢ Data —Fit —f * Signal: interference between BW1, BW2, BW3
= — —BW, ---BW, -
o 10CpEY /AT LN e BW, - Background » Background: BWO + NRSPS + NRDPS
<~ 100E - .- Interfering BWs =
7] — -
£ af E BW, BW, BW,
3 60 7 mMeV) 6638 335/ 68471315 7134255155
fg : ' (MeV) 44013505540 19155575 9720526

2y T O Y

ol v ! . CMS found 3 significant J /1] /¢ structures using Run II data
Tl ol i b L { ..................... ...................... *  BW2 consistent with X(6900) reported by LHCD [Sci. Bull. 65, 1983 (2020)]
1| =S H
S o phe H'} H‘} . H'}{»Hi}#ﬁ {'{, + Two new structures named as X(6600) [>5c], X(7300) [4.70]
©| + { ﬂ }% * : * #
0Ol¢n o Lol TR AL +

a2 ; ;
8 8.5

o A family of structures which are candidates for all-charm tetra-quarks
my, ., [GeV]
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Comparison with some theoretical calculations

arXiv:2108.04017 [hep-ph]

P-wave

Ground state

N2S+1L; gPC (K.E) E© (v vy (v Dy (viDy (v vIO(r) My

137, 1-t 356.6 320.3 -366.7 337.5 -7.2 -284 215
23 P 1=t 410.0 689.6 -263.4 548.6 -5.6 -23.1 17.2
33P; 1=t 475.1 982.6 -215.5 T727.7 -4.6 -20.9 15.5
Nucl. Phys. B 966 (2021) 115393 S-wave
Tyo(nS) states J? Mass(n=1) Mass(n=2) Mass(n=3)
69 36 +27
Tocec 0™ | 605575 6555f37 688375,
62 34 27
2+ | 6090° % 65663 689077

I

Ground states
Missing n=1

-2.7
-1.6
-1.2

Mass(n=4)

22
715412

2
71602,

e Radial excited states?
* measure J’¢to clarify
 PRD 109, 054034 (2024) new theoretical result 146

M[BW1] = 6552+10+12 \jev

M[BW2] = 692713+ MeV
M[BW3] = 7287723*% MeV

CMS: Interference fit results

M[BW1] = 663812311 MeV

M[BW2] = 6847132138 MeV

M[BW3] = 7134178111 Mev

CMS: Non-interference fit results
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XYZ Summary
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Z,(10650)*
11.09 135 new hadrons found at Belle .b( ) ®Y(10753) r
Z,(10610)'®  ®Z,(10610)°
hy(2P) ® ® b5(gd)
10.0- hy(1P) @ ®@Ms(25) ® bg
® cclqq)
9.0 4 ® cccc v
\ T \
o 501 $(4660) ® cqqq |
> Zc(4430)* W bag
& C(4430)'€g b(4360) g y(4350) cqq
> 4.0- Xco(3915) e ¥ Zc(42508‘ s ® Zc(4200)* _ i
B ’ Xa(3872)@ ® ©X(3940) X(416.0) Zc(4050)+ Z¢(3900) .. ,(3823) ® X*(3860) B ccqqq
= n(25)® . ®X(2P)
D*(3350)® =¢(3080)°
] 3¢(2800 = .
3.0 zc(c;(z800)+)+ =c(3080)" Ac(2910)*
5¢(2800)* =c(2970)
D,*(2300)®
2.0 Q*-(2012) -
$*+(1430
z*-((mso))
1-0 1 1 1 ! 1 1 T : T 1 T 1 1 1 ! 1
2005 2010 2015 2020

model. Measurements of all these states will provide critical insights for QCD.

Date of arXiv submission

35 new hadrons were found at Belle. 10 of these are "exotic'" and cannot be explained in the conventional quark
model while the nature of 8 of them are still under investigation. The remaining 17 states are consistent with the quark

https://qwg.ph.nat.tum.de/
exoticshub/
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Y(4790)g
Y(4710
¥(4390) ¥(4500)e
} Y(4320)
. Z.c(4020)* Z.(4020)° Y(4230) p——
— i ° . ©2.(3900)° -s(3985)'®
C\i(;) . Z,(3900) .!//2 (5623)
=
)
g 3 | 30 new hadrons at BESIII
R : )
X(2500
g EX(2370) M = X(22629 @ " Ox(2356)
) X(2120) ®(2250) ‘X(ZOOO)
| @X(1870) (1840) h,(2100}
[ o "1(1855)‘20(181#"’ X(1850)
2012 2014 2016 2018 2020 2022 2024

Date of arXiv submission

30 new hadrons were found at BESIII. 12 of these are charmonium and charmonium-like states and 18

are light hadrons.
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11.0 4 L L L 1 L L L
10.5l OXb(3P)

-

Xo2(3P)
.l’b1(3P)
7.5 72 new hadrons at the LHC
7.0 1 a.(25) B(25)* T,(6900) L
o} 0 25) o
. gbfggigg - .theeom
= Np(6152 - r
o2 e Mol W wennt e
6.0 26(5945)%_ A5(5920)° Eb(5955i B)(5970)*° L | g . .;btslog)_—b 52(6087)”
As(5912)° =1 (5935)" .51(5340)"'“ I,(6097)*  A,(6070)° B,'(6114)°
b £5(6097) - B, (6063)°
& 5.5 L
¢}
> 5.0
&7 e bb X(4700) X(4685)
= ® b Pl(4450)* X(4500) PY(4457)* ©x(4630)
@ 4.5 1 9 x140) X(4274) Ipzf(444o)+ Tya(4220)* .P;,‘,t433a)° r
© ° CC(_q_q) ° Pl(a380)* PN(4312)* T2, (4000} T¢.,(4000)°
= 401 @ cc4g .%(3542) ® ® o0 " -
® cdécc s T.(3875) X(3960)
3.5 cq 0,(3119)° e [
® cjgg D13000*° . " {3090)0 B} ) 0.(3185)°
3.0 4 D,(3000)° D.(2860) A(2860) | 0(3066)° Zc(2939) Tes0{2900)° 9722900+ -
B bqq  pj2760) gcgggggg z,(2023)° 072 (2900 T‘;z(zgou,u
0 * 0 X =
25{ = ca  pr :
W cfgqq
20 T T T T T T T T T T T T
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patrick.koppenburg@cern.ch 2023-08-16

Particle “Zoo” again !

Date of arXiv submission

11.0

10.5 4.

1.5
7.0 1
6.5
6.0 A
5.5
5.0

4.5

Mass [GeV/c?]

4.0 1

3.5

3.0 1

2.5 1

[23 new exotic hadrons at the LHC|
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:xmsuul
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i
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T
o 72800

T (6900) L

° Tl GEO0)

X(4685)
Bx:630)
Ty 4220)7

Bl (4338)° -
:?g”[auucn* .

o vi14000°
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2800)° T2, (2900) L
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2.0
2011

T T T
2012 2013 2014

patrick.koppenburg@cemn.ch 2023-08-16
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2015
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2016

T
2017
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Date of arXiv submission
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| . Too many models !
* Theory 1: screened potential Y

* Theory 2: hybrids with excited gluons B G ] [ i S

 Theory 3: tetraquark states SRauglto hepmues

* Theory 4: meson molecules

* Theory 5: cusps effect

* Theory 6: final state interaction

* Theory 7: coupled-channel effect

* Theory 8: mixing of normal quarkonium
and exotics

* Theory 9: mixture of all these effects

* Theories ... We need clear features to identify exotic hadronic states !
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We found more questions to answer, works to do

* In the Experiments sector
* Search for flavor analog exotic states (Z,, Xy, ...)
* Confirm marginal states (X(3940), Y (4008), Z,(4050), X(4160), Z,(4250), X(4350)....)
* Search for missing charmonium/bottomonium states (1.2, h.(2P) ...)
* Are there excited Z, states and Z_, states [D*D, or DD *]?
* Search for flavor analogs of the P_, (P, ...)
* Search for quantum number partners of XYZ states
* Precise measurements of relative strength to different final states
* Check more di-charmonium systems or di-bottomonium systems
* Correlation between charm production & charmonium transitions?

* Make experimental results more accessible for subsequent interpretation (publish Dalitz plot in
text format, supply also efficiency curve ...)

 Publish upper limits for negative searches
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We found more questions to answer, works to do

* In the Theory sector
 Study exclusive e*e” cross sections using better coupled-channel formalism
* Give differences in key physical quantities to distinguish between different interpretations
(molecule, hybrid, tetraquark state, ...)

* Improve parameterizations of the data (when appropriate and beneficial, experimentalists and
theorists directly work together)

* theorists, when possible, to publish complete functional forms
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More data, more surprises, more opportunities

10 ! ; — 60
1x 1059} BEPCII BES. H “n ——Lpeak(Targe)
llpl,:ra(le - g 8 Int. L[ab-1] 50 §
:: 8x 10%} 0 40 E
5 C‘;‘) 6 L D 3
> — | & l p ] =]
%GXlOEZ- z Belle I 30 8
[o] o | @
5 & 4 <
%4x103-’» E | 20 g
(299 5 2
—
2% 10%} s =~ 2r 410
( ©
<]
% ® o 0
2.0 3.0 4.0 5.0 5.6 )
Ecm (GeV) 2019 2024 2029 2034
EXPERIMENT | LHC:1=2-3x10% cm2.s? HL-LHC, Phase Il Upgrade : L = 7.5x10% cm™2.s1
CMS ~80 interactions per bunch crossing ~200 interactions per bunch crossing

LHC b Upgrade Il : L = 1.5x10% cm2.s!

m ~50 interactions per bunch crossing
~300 fb! (Run5....)
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XYZ particles: review articles, books, & web pages

H.-X. Chen et al., The hidden-charm pentaquark and tetraquark states, Phys. Rept. 639 (2016) 1

A. Hosaka et al., Exotic hadrons with heavy flavors: X, Y, Z, and related states, PTEP 2016 (2016) 062CO01

J.-M. Richard, Exotic hadrons: review and perspectives, Few Body Syst. 57 (2016) 1185

R. F. Lebed, R. E. Mitchell, E. Swanson, Heavy-quark QCD exotica, PPNP 93 (2017) 143

A. Esposito, A. Pilloni, A. D. Polosa, Multiquark resonances, Phys. Rept. 668 (2017) 1

A. Al J. S. Lange, S. Stone, Exotics: Heavy pentaquarks and tetraquarks, PPNP 97 (2017) 123

F. K. Guo, C. Hanhart, U.-G. MeiBner, Q. Wang, Q. Zhao, B.-S. Zou, Hadronic molecules, RMP 90 (2018) 015004

S. L. Olsen, T. Skwarnicki, Nonstandard heavy mesons and baryons: Experimental evidence, RMP 90 (2018) 015003
Y.-R. Liu et al., Pentaquark and tetraquark states, PPNP107 (2019) 237

N. Brambilla et al., The XYZ states: experimental and theoretical status and perspectives, Phys. Rept. 873 (2020) 1
Y. Yamaguchi et al., Heavy hadronic molecules with pion exchange and quark core couplings: a guide for practitioners, JPG 47 (2020) 053001
F. K. Guo, X.-H. Liu, S. Sakai, Threshold cusps and triangle singularities in hadronic reactions, PPNP 112 (2020) 103757
G. Yang, J. Ping, J. Segovia, Tetra- and penta-quark structures in the constituent quark model, Symmetry 12 (2020) 1869
C. Z. Yuan, Charmonium and charmoniumlike states at the BESIII experiment, Natl. Sci. Rev. 8 (2021) nwab182

H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, S.-L. Zhu, An updated review of the new hadron states, RPP 86 (2023) 026201

L. Meng, B. Wang, G.-J. Wang, S.-L. Zhu, Chiral perturbation theory for heavy hadrons and chiral effective field theory for heavy hadronic molecules,
Phys. Rept. 1019 (2023) 1

A. Ali, L. Maiani, A. D. Polosa, Multiquark Hadrons, Cambridge University Press (2019)
QWG: https://qwg.ph.nat.tum.de/exoticshub/ 156
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The future development of
science lies in you !

< Welcome to join the study of hadrons!



