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2002-now: beyond Heavy Quarkonia

Besides discovering many missing conventional quarkonium states, the B-factories and BES-III
found many meson states not compatible with quarkonium models, dubbed the XYZ states.
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The need to introduce light quark degrees of freedom to describe the XYZ states was finally
confirmed with observation of charged charmonium-like (Z.) and bottomonium-like(Z,) states.
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2002-now: the role of B-factories
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What are the XYZ states?

The plethora of new charmonium-like and bottomonium-like states
found by B-factories and LHC experiments in the last 20 years

has been stimulating very lively debates in the QCD theory
community. A short compilation of the various models here:

Meson Molecules ( Guo et al, Rev.Mod.Phys.90,015004 (2018) )
weakly bound states of two mesons

Tetraquarks (Polosa et al, PRD89, 114010 (2014) )
Diquark-antidiquark states bound by the color force

Hybrids (Barnes, PRD 52,5242 (1995)
Meyer and Swanson, Prog.Part.Nucl.Phys. 82, 21 (2015) )
colored QQ states with a bound excited gluon

Hadroquarkonium (Dubinskij et al, PLB 666, 344 (2008))
QQ bound state surrounded by a cloud of light quarks

Standard quarkonia (Swanson, PRD 91, 034009 (2015) )

Full comprehensive reviews in:
- Brambilla et al, Eur.Phys J C(2011)1534
- Olsen et al, Rev.Mod.Phys. 90 (2018) 015003

See also: qwg.ph.tum.de
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Super-B factory at KEK - 7 ) -
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Asymmetric e*e” collider : _
= JPC=1-" states directly produced KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
(end-caps , inner 2 barrel layers)

EM Calorimeter
Csl(T1), waveform sampling electronics

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

electrons (7 GeV) =

Vertex Detector
2 layers Si Pixels (DEPFET) +

W/
4 layers Si double sided strip DSSD 'y \

positrons (4 GeV)

Central Drift Chamber f‘

Smaller cell size, long lever arm

Vs~9—11 GeV = bb energy region
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Belle-1I Luminosity
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Belle Il already achieve the world record instantaneous luminosity: 4.7 X 10°*/cm?/s

Belle Il Online luminosity Exp: 7-26 - All runs

@MR@@%& R %%%1&%\“ *gw

Integrated luminosity: 427.79 fb~!
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The LHCb Detector
JINST 3 (2008) S08005

The LHCb detector

(2011-18 edition)

LHCb MC
{s=8TeV

2
6, [rad]

RICH PMTs
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Precision primary and secondary
vertex measurements

Excellent K/1t separation
capability

RM, Heavy Quarkonia and Multiquarks

10



The LHCDb detector

VELO pixels & thinned RF foil  (2022-32 edition)

Remove M1

— better vertex resolution /
All software trigger — better il o St R
Tel | , : Removed SPD/PS
| e'.ﬁ:lC|ency New Tracking Stations e
Higher instantaneous ‘ electronics

luminosity — more data

New Pixel

TR A SRR

Software only trigger
30 MHz processing rate

New RICH PMTs
Upgraded electronics
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Plans for 10
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Vector Tetraquarks
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High energy scans & 08
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Discovery of Y(10750)
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E,,, (GeV)

M (MeV/c?) 108853 +1.5722 11000.0732 19 §10752.7 £ 5.9 707

g (MeV) 36675577 238759 V8 355015 T

A wide variety of interpretations:

Conventional D- or S-D mixed state

Chen et al., PRD 101 (2020) 1, 014020
Liang et al., PLB 803 (2020) 135340
Li et al., EPJC 80 (2020) 1, 59

Y(4S) B'B B'B* B.Bs B.B: Y(55)
&
*'Oe"/};;
@/7{
‘f‘/‘//,/‘/
v(as) YGD) Y(55)
10.55 10.60 10.65 10.70 10.75 10.80 10.85 10.90 10.95
Vs [GeV]
Exotic

Bicudo et al., ArXiV:2008.05605 (Dynamic resonance)
Wang, Chin.Phys.C 43 (2019) 12, 123102 (Tetraquark)
Ali et al., PLB 802 (2020) 135217 (Tetraquark)

Giron & Lebed, PRD 102 (2020) 1, 014036 (Y(5S) is 4q)
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Evidence of Y(10750) refitting the scans

Dong et al, Chin Phys.C 44 8, 083001

Coupled channel analysis of high energy
scan data using the K-matrix formalism
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Dip at 10750 generated by destructive I 0 m(2Pyr

interference with the continuum f

Parameter Y(10750) T(5S) T(6S)
Mass/(MeV/c?) 10761 +£2 10882 + 1 11001 =1
Width/MeV 485+3.0 495+15 351+12
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First full BB+BB*+B*B* separation of high energy scan data

Full Event Interpretation : B meson reconstruction improved using Belle-lI

new algorithms on Belle high energy data.

B and D decay modes:

Bt — BY —

Dzt D=z*

DOxtgta= D ntrTr~

D0+ D=t

D*pta+ g D*gtata

DrDP DD

D+ D° DD~

DiD*® Drp*-

Drtien ortp

Jip K JIWKS

Jp Kgnt JW K e~

JAp Ktata~

D—atg? D*"K*K ="

D=gTq
DY — Dt = DI —
K™= Kavg™ K K7™
K-a*qn? K-r*trtz? K*K%
K-ntztz~ Kar? KtK-ataY
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Key variables for analysis are

*"‘!bc = \/(Ebrfam,(}:'d)z - (?)B:C.-U)z

and
AFE' = AE — M. + Mp

where

AE = Eg.cm — Eveam,cM
This has improved resolution
and allows all decays to be
selected with a common cut
on energy difference.

€ =(0.589 +0.012) 10-3
(25.5% higher than in Belle)

RM, Heavy Quarkonia and Multiquarks
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First full BB+BB*+B*B* separation of high energy scan data [EZdeCky

D

z’ 50 - B*B* E 2|
Two body cross sections 3 [ g |
extracted from the fits of & | _ =
the three peaks at each T
energy points (right) and "l
fitted with Chebychev 7
polynomials (below). 65|
51 515 52 525 53 535 07515 55 525 53 535 54 545
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g 7 g | g
| | BE | ¢ BB*+BB | & |
2 2001 | 8 200 '\ 8 200
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Gdressed (nb)

First full BB+BB*+B*B* separation of high energy scan data [EZdeCky
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Belle-II restarts from Y(10750)

Mode Status @ Belle
Data taking outside the Y(4S) peak was very BBar decomposition JHEP 06 (2021) 137
fruitful at Belle, with unique record data e*e” — TY(nS) JHEP 10 (2019) 220
samples at Y(1,2,5S) peak energies, and the
Di-pion Dalitz Need more data

high energy scans just shown, which raised
new questions about the possible existence Y(10750) ~ w n,(1S) PRD 102 (2020) 9, 092011(*)
of new vector bottomonium-like states.

Y(10750) — ruth, (nP) Need more data
Therefore, the first motivation for data taking Y(10750) - n h,(1P) Need more data
not at Y(4S) peak was to |n\(est|gate the Y(10750) - Y(nS) inc. Need more data
nature of the Y(10750): 4 points, 19.3/fb total.
Y(10750) - w X, (1P) In pub / Need more points
3 5/fb 1.6/fb 9.6/fb 4.6/fb Y(10750) -~ nY(nS) Need more data
8 . Y(10750) - n'Y(nS) Need more data
e LJ‘ () only limits from Y(4S) and Y(5S) peaks
& i
= st {
© Many analyses, suggested by recent
N | 7 N\ | theory papers are ongoing.
T T P ! e S _ l | First results from this dataset in the
105 106 107 108 | 109 11 next slides .. ..
E., (GeV)

34th Rencontres de Blois RM, Heavy Quarkonia and Multiquarks 21



Observation of Y(10750) — %,;(1P) w

Inspired by decay modes of Y (4220),
observed by BES:

- yX(3872)

We search for the bottomonium
analogue of X(3872), X, and the
wy;(1P) transition, in the process:

ete— (' m?) y Y(15)

34th Rencontres de Blois

PRL 130, 091902 (2023)

Belle I, 1.6 fb™
Vs = 10.701 GeV

Belle Il, 1.6 fb™" ]
(s = 10.701 GeV ¢

s
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Observation of Y(10750) — %,;(1P) w

The signal seen is larger than
Y (10750) — Y (2S) 1r+11-

The signal seen at 5S [1] is
probably a TAIL of this.

[1]PRL 113,142001(2014)

[oeSBs

FBBQ(Y( 1 0753) — Q)sz)

fy ee‘gg (w)( b 1/2)

*I, B(r+r-Y2S))2
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| 7@ (USRI NV (0.63 = 0.39 +£0.20) eV

PRL 130, 091902 (2023)

B- =&~ Belle |l data
0 - == Belle data
a — Total fit
3 6 ===+ Solution |
- = Solution 1l
8 |
Fo4
& F
Q2 2
o |

Solution |

.I.-I'—ﬁ I' I.

mba=qegepepes

Solution Il

(2.01 £0.38 =0.76) eV

(0.

53 +£0.46 £0.15) eV

[2]. JHEP 10, 220(2019)
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(1.32+0.44 £0.55) eV

~ 1.5 for Y(10753) and ~ 0.1 for Y(10870)

Belle Il, 1.6, 9.8, and 4.7 tb™
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Search for X, at Y(10750) PRL 130, 091902 (2023)
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w [ = 1 w ! w l 4 \ w
10 rm i ad u = - 0 — —

0.2 10.3 & 104 - ;045 iO.G 10.7 10.2 103 10.4 10.5 10.6 10.7 100,2 103 0.4 . 10.v6. 10.7 - 10.3 104 ":---» 1 10.7
M(0Y(1S)) [GeV/cY M(oY(1S)) [GeV/c? M(@Y(1S)) [GeV/c) \ M(wY(1S)) [GeV/c?)

—_ ; y From simulated events with m(X;) = 10.6 GeV/c?
L ]

No Slgmflcant Xb Slgnal 15 _Observeil_' L1 The yield is fixed at the upper limit at 90% C.L.
* The peaks are the reflections of e"e™ — wxyy.

m(X,) = 10.6 GeV/c? : . 0.10 0.14

m(X,) = (10.45, 10.65) GeV/c? | (0.14, 0.54) ‘ (0.25,0.84) | (0.06,0.14) | (0.08, 0.36)

The bottomonium analogue of X(3872) is still missing ...

34th Rencontres de Blois RM, Heavy Quarkonia and Multiquarks 24




BB+BB*+B”*B* cross sections in the 10.65-10.8 GeV region

Shown at Moriond QCD 2023, submitted to JHEP
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el ogpolsss 4
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({e)

! PRI NI SR B
11 111 112
E.. [GeV]

Total cross section: the four new
points are in red.

Individual 2-body cross sections fitted with
Chebychev polinomials
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Dipion transitions from 4S

N Searched in yumx mode, asking for Ntracks=4,5.
Control channel to prepare unblinding of Recoil mass cuts to isolate ISR production
data taken at 10.6-10.85 GeV IMuu — M(Y(1S))| <50 MeV/c?

Belle Il Preliminary I Ldt=72fb" Study e*e” — m' p*p (+y undetected)
" ' : PR i - Y(4S) - n+n— Y(nS)
- e'e - Yir Y(MS), Y(MS) - rm'r”Y(nS)

>
>

w
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I
SREEY O

P LA O

Compare with Belle, 496 fb! [PRD 96 (2017) 5, 052005]

- Improved low momentum tracking
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Stay tuned !
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Strange Tetraquarks




New charmed strange tetraquarks from LHCb

LHCb
9 fb!
4
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% 700 z_ —4- Data
= 600F — Total fit
(e} -
T 500 '+ Background
E 400E- - - All K and X
§ 3005_ —T,,,(4220)
B:— JAp ¢ K* E 200 N0
O 100E
PRL127(2021)082001 '*F
% T0F
= 60F
(] C
S s0f
0 0g 40F
B°— Jip ¢ K°§ Lk
ArXiVv:2301.04899 'g 20
©  10F
0
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R
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= -
O -
50
5250

I Data

/N
gp -
SN—r’

— Total fit

----- Background

1
[ m= B~ o ¥ & §NTF0) |

34th Rencontres de Blois

5300

Mok [MeV]

2
JIWK

m

[am—
~

N

S \\Iﬁ\§§\\5\\\‘ o

Illllllllllllllllllll

.18.

RM, Heavy Quarkonia and Multiquarks

.22.

Q
¢
<

28



New charmed strange tetraquarks from LHCb

700 E 4 Data LHCb
600 E- — Total fit

500 E— ++++ Background
400E- - - All K" and X 4

300F ~ Tya(4220
s00E N T?,,(4000)

100E

B Jhp ¢ K

PRL127(2021)0820 3
70E
60F
50E
40F
30E
20E
10E
0:

°— Jhp ¢ K°
ArXiv:2301.04899

Candidates /(10 MeV) © Candidates / (10 MeV)

LA AL AARRORUOARA A SR Y

42

My [GeV] ' ' 'm,,w [GeV] ' M,y [GeV]
Independent measurement of mass and
width of the neutral partner of T%.s(4000)* T255(4220)° mass and width fixed
to the values of the isospin
0 0 12 9
M (T, (4000)") = 3991 715 77 MeV partner T2.(4220)"
2 1
F(T£s1 (4000)0) = 105 f2g i_2§ MeV Most likely spin assignment for
both J/ip K resonances :
Isospin partner mass splitting: JPC = 1++

AM = —12715 15 MeV
(*) T%s(PDG) = T2,51(LHCD)
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New charmed strange tetraquarks from LHCb
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B*— JAp ¢ K*
PRL127(2021)0820
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++++ Background
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ST, ,(4000)
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Maiani et al, J. SCI.B. 2021 04 040 (2021)
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Doubly heavy Tetraquarks




Sci.Bull. 65 (2020) 23, 1983
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Double J /1 peaks confirmed by CMS and ATLAS

CMS Preliminary 135 b (13 TeV

[

% __ T | T T T T | __ > i] T | 1T 1 1 I T T T 71 | 1T 1 1T | T 1T T T [ 1T 1T 1 1__
: o } Data — Fit E s 3005 ATLAS Preliminary T §
3 1of- —BW1 * BW2[X(6900)] 3 250;— s=13TeV, 139 fb” —SigaBkg. -
g 120 i BW3 — Background E 200:_dI-J/’l|J — Background -
g 100 3 0 - ---Sig.w/oInt. -
© a0 z— —z < 150;_ Wm Sig. Int. =
60 - q; |_|>_| 1004 A =
20 - +—: 50 *T—" : =
0
6 55 7 75 8 8.5 9 -1 00;_ _;
CMS-PAS-BPH-21-003 Mypr [GEV] _150E ATLAS-CONF-2022-040 3
B ool v b v v v v b by b A
BW1 BW?2 BW3 6.5 7 7.5 8 8.5 9
con
m 6552 +10+12 6927+9+5 7287 +19+5 i 1GeV]
I' 124+29+34 122+4+22+4+19 95+46+20
N 474 + 113 492 + 75 156 4= 56
Exp. Fit m(BW1) T(BW1) m(6900) I'(6900)
LHCb [15] Model I unrep. unrep. | 6905+11+7 80+19+33
CMS Modell | 6550 +10 112 +27 6927 + 10 117 + 24
LHCb [15] ModelIl | 6741 +6 288+16 | 6886 +11+11 168 433 1+ 69
CMS Model I | 6736 =38 439 + 65 6918 £ 10 187 + 40
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2002 : double charmonium at Belle

e T iy

N/20 MeV/c?

—dh

o

o
|

| | l | l | I | |

& Saenia

JAp

-

q
q
Double cc C=

2.5 3

(JIy)

3.5

I'ECOI|

Clean observation of J=0 charmonium peaks ...
unexpected discovery : the X(3940)

4 4.5
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2002 : double charmonium at Belle

Mass spectrum of what recoils against a D(*) meson and a Jhyp

Another development:
D* reconstructed o, | DD ——— ;
in 3 decay modes (12%): % 60—~  (J/ywD) DD + ?‘D + + +
Kot KKz, KSO Tt = [ - H #-m
@ 40—
< I
D reconstructed in 5 decay 20
modes (29%): 1 | 1 1 1 1 |
K'n+,K+K',K'n+n_Tc+, 13—1111 | I *llll | O 1 el | | I I l l
Kn"n, KK (D)
’ 107
5
X(3940)/ __________________________________ A Hells
1.2 1.4 1.6 1.8 2 2.2 2.4 2.0 2.8
M ...(Jw D) GeVc’
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Prospects for double charmonium in Belle-II

With JAp and v’ recoil we only explored C=+1 charmonium-like states

- In continuum, spectra are dominated by J=0 states

- In'Y decays, though, we observe decay to
—Three gluon annihilation to double cc is different from EM production

Jp

With more statistics, we can reconstruct: et
- JAp+photons from . transitions ) / .
- final products of 1. decays < -Gl
=%a.

to explore C= -1 charmonium(like) spectrum Double ct ‘C;1

Initial state radiation

Reconstructing JAp and ISR photon we can :
- search for peaks in the JAp cc cross section, from 6 to 9 GeV

Stay tuned !
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Phys. Rev. Lett. 119, (2017) 112001

N S '
— LHCDb 13 TeV
ZI60E
—+ Data
' 140
= — Total
8- 20 Si(gnal + tllirfr(ow itnicture in thet
& | SK~mT 1T mass spectrum.
< 100 ---Background E
= 30 . | Significant displacement
= _l_ 'l' A T _]_ 'l' 'I' consistent with a weakly decaying
o 605 ¢ i particle.
40 BT ' 'I'H
' { Observed in two LHCb data sets.
20 F
) I b R Consistent with =" (ccu).
3500 3600 3700

m =7 [MeV/c?]

cand\= cc

Mass: m(=£") = 3621.40 4 0.72 (stat) + 0.27 (syst) & 0.14(A+) MeV

ma - -
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DCB discovery implies... Ry

| ). Carlson ef al. 1USY

i B. Stlvestre-Brac and C. Semay 1993

= : i : : . " C. Semay and B. Silvestre-Brac 1994

-..._Q,'_.J 180 . I I ' - et S. Pepin ef al 199

% 160 E LHCb 13 TeV E - B. A. Gelman and S. Nussinoy 20003

2 :_ _: ], Vijande et al 2003

£+ Data . . 1

Lg 140 E_ — Total _E ' :‘:- l.-.l.u ‘.ralul ',‘.IIII:.-.H;U.‘ _::::E

g F el i 4 . Viande ot o i

= 100 ---Background = " D. Ebert et al. 2007

:'5 80 :— . . S. H. Lee and S. Yasuil 20009

5 L - . Y. Yang ! al 2009

o 60 1 _: G.-0). Feng ef al 2013

40 _: | — Y. Ikeda el al 2013

20 _: . S.-Q. Luo e al 2007

' | . . . g e . . ' . E bo M. Karliner and J. Rosnes 2017

0 3500 3600 3700 - ‘l/ ‘.l !\( ll|‘.'.2I and C. Quigg _:::i:

}1lcalld(E:C+) [MeV/C?-] — (- |:\ |',II.::|--111;'_'. el al :'Hl;

. W. Park ¢! al 2018

. A. Francis et al 2018

The discovery has triggered a large . | ety o

number of predictions for a stable _ " ity et

state with ccud content very close - Y. Tan et o

’ ).-F. L e al 2020

to D*D+ threshold ... : B Beuen

. ! D. Gao et al 20120

" 1-B. Cheng ¢! al 2020

AND a deeply (200 MeV) bound - S. Noh et af 2021

T t t ' . ] | . . R. N. Faustov et al. 2021
bb S a e' =200 -100 1] 104 200

om [MeV]

Theoretical predictions for T_. mass (I=0, JP=1*)
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Double charm tetraquark: Tcc !

Nature Phys. 18 (2022) 7, 751

Very narrow state in D°D°r* spectrum

Very close to DD* thresholds
Consistent with ccud quark content

Visible
characteristics:

@ Peak position:
—359 + 40 keV

e FWHM:
47.8 +1.9keV,

@ Lifetime:
T~ 10205,
J” consistent with 17

No peaks seen in the D*D* channel

34th Rencontres de Blois RM, Heavy (

70—

d réL}]{ClL | ‘i_:: o 3 ey 'zoom II‘I
60[- Preliminary & 30 |
R { 9 fh!
S0
a0f
: ot e
30 . ! Tt — D'DO
| —_—
20 H == L
10F- \{.ﬂi {Jf + +HH+ h ﬂHJf
o H#H M
387 388
Bl @ m |
,f: 100f . 9™ 3
< s ]
S B b
SR
10;- '}
F J; T o = — :




Pentaquarks




Discovery of the Pentaquark

Dalitz plot analysis of

—— data
— total fit

— background

o e
48] o
- = L
Av— K p J/y = 1200p
LHCb : PRL 122 (2019) 22, 222001 “% -
491 citations @ -
(491 cttations) 5 1000
o6 S i
8 g |
s o 800
)
E 0
22 i
© 600}
g &
20
400
18
2
162 25 3 35 4 45 5 00
State M [ MeV | ' [ Me\
P.(4312)* | 4311.9+0.7188 | 9.8+2.7
(444()) 4440.3 £1.3757 | 20.6 £4.91 .57
P.(4457)* | 4457.3 106741 | 6.4+20% 37
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4300 4250

States found close to the Z.D¢
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M 1 MeV]
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More Pentaquarks

Dalitz plot analysis of
Eb'% A J/lp K-
Sci.Bull. 66 (2021) 1278

State M, (MeV) Ty (MeV) FF (%)
P.,(4459)° 4458.84+ 29117 173465180 27t 19+0T
Z(1690)" 1692.0£1.3* 3 259195+ 22.1+§2+67
=(1820)~ 1822.7+15+)8 360-I_-44+78 329132799
Z(1950)~ 1910.6 +18.4  105.7 4 23.2 11552149
Z(2030)" 2022.8 £4.7 68.2 + 8.5 7.3t15138
NR - - 35.8 541103
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LHCB-PAPER-2022-031
More Pentaquar ks ArXiV:2210.10346

Dalitz plot analysis of B-— A J/y p

5 BB o e e e o
> LHCb ~180F LHCb +f)ata' e
5 18.8 preli:ninz@‘m 51602_ prel?:’ninar}’ _Egggfinnag
= 18.6F 91b F 9fb * NR .
- b :
> 3 TP
3 18.4- + 5. Background -
S 1820 3 m E
18- 3 E
z 3
T 164 166 168 17 172 '2 5 aE 23 oy
m*(J/ yp) GeV m(J/wA) GeV
* AMpItuces: o JP =1/2" is preferred
» NR(J/p), 84.0 +2.2% _ "
» NR(Ap), 11.3 + 1.3% @ BW mass is close to =.D
> New PA 12.5+0.7%, thresholds:
» with parameters » 0.8MeV above =D~
* m(P),) = 4338.240.7 MeV > 2.9MeV above =0D°

* [(P)s) =7.0+1.2MeV
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In conclusion ...

The advent of B factories have led to a renaissance of hadron spectroscopy .
All sort of more complex ensembles of quarks have been seen and more results are
expected for the coming years.

Above the open flavor thresholds, bottomonium and charmonium-like states
exhibit analogies and differences, which are still not completely understood:

The first scan of the 10.6-10.8 GeV region at Belle-II is starting to produce
interesting results, analogue to the 4.2-4.4 GeV region in charmonium, pioneered by
Babar and Belle, and now intensively studied by BES-III.

Structures seen at LHC in double charmonium may lead to a whole new
spectroscopy with fully heavy tetraquarks: radiative return may allow similar
studies at Super-KEKB.

The discovery of double charm baryons has led to very solid predictions on the T..
tetraquark, confirmed by its discovery in 2021. Next big search: the Thy...

Pentaquarks have been discovered by LHCb in 2019 and their number is increasing
every year, both from decays of B baryons and B mesons: wait for more!

Thanks for your attention !
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Thanks for your attention !

=
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