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INTRODUCTION

# Standard model of particles physics:
- Elementary particles
- Mesons (quark + anti-quark)
- Baryons (3 quarks)

Why?
Since 2003 several observations not
fitting the potential models
s New possibilities:
- tetraquarks
- hybrids
- molecular states
- hadrocharmonium
- pentaquarks
- hexaquarks.....

Other possibilities considered, nowadays.
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QUANTUM NUMBERS #) JULICH
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Spectroscopy notations
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QUARKONIA A JULICH
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STATIC QQ POTENTIAL FOR CHARMONIUM #) j0LICH

8 Coulomb-Potential + Confinement term
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4 ovg ‘
V(r) = —5== +{kr _—
327 vs - 0 k=1.5 GeV/fm
spin-spin 50,505z
U o,k V(r) 10,
(a8 - = r)y = ———
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ANGULAR PART OF THE WAVE FUNCTION #) j0LICH
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WHY CHARMONIUM? #) JULICH
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# Gell-Mann Zweig idea: Constituent Quark Model (CQM). Still valid since half century
—it classifies all known hadrons
# QCD describes the force binding quarks into hadrons
# Perturbation theory: limited applicability at scale corresponding to the separation between
qguarks inside hadrons
# Many models available to describe spectra and properties of hadrons: those incorporating
features of the QCD are the most useful
# QCD-motivated models predict the existence of hadrons with more complex structures
than simple gq or gqq.
# Lot of experimental effort to prove it!
# No unambiguous evidence for hadrons with non-CQM like structure has been found, but
indeed....
# The study of Charmonium(-like) spectrum (e.g., cc + xx) have uncovered a number of
candidates that not seem to conform CQM expectations
# Exotic states are predicted to exist in the light meson spectrum
—difficult to disentangle from the dense background of conventional states
8 Charmonium spectrum provide a cleaner environment: cc + xx exotics easier to identify
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QUARK BOUND STATES #) JULICH
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Lifetime:

Lifetime:
<10-23s

> 1030 (proton)
~ 10 min (neutron)
< 10-10 s (others)

<108s

| Tetraquark

Lifetime:
<1020 g

diquark-diantiquark

Di-baryon Pentaquark

Gl
Hybrid meson Glueball

D?° — D® “molecule”




CHARM- AND CHARM-STRANGE SPECRUM

Mass [GeV/c?]
[ *] (=]
o o

il
B

~
[~

1.8

‘CU> ‘Cﬂ>

- o, 7D, &)
I z
r2s, P,

R — — R,

- e,

C s, Godfrey, N. Isgur, PRD32, 189 (1985)
e . Di Pierro, N. Eitchen, , )
| | | | | |

0 1 0* 1 - i - 7 JP

M_= (1864.91 + 0.17) MeV/c?
M_—M_ = (4.74 + 0.28) MeV/c?

w

#) jULICH

FORSCHUNGSZENTRUM

3
28| -
26 =3=D., ]
— Ds1 D'k
2.4 —
D"
2.2 |- 4 S
| —#—=Dg | — Godfrey/Isqur (1985) 1
B Di Pierro/Eichten (2001) | J
2 e D. e Observed 7
JP - O' 1 - 1 " 21 3?
|c§>

Theoretical prediction have been in qualitative
agreement with experimental results...until 2003!



CHARMONIUM SPECTRUM A) JOLICH
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For >30 years theory and experiments agreed.
Then something happened.

How has the story begun?




2003: DISCOVERY OF THE X(3872)
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X(3872): CONFIRMED IN SEVERAL DECAY MODES A JOLICH
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# Observed in more than one decay channel
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2003: DISCOVERY OF THE D_*(2317)" ) 0LicH
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THE PUZZLING CASE OF D_*(2317)* AND D_ (2460)* 4) J0LICH

Decay Channel DI, (2317)*F Des(2460)F # Most of theoretical works treat
DI =° Seen Forbidden cs-systems as the hydrogen atom
DIy Forbidden Seen (potential models, ¢ = heavy quark):
DIy (a) Allowed Allowed s D_(2317)" and D_(2460)" are
Dz (2112)Tx° Forbidden Seen s1 .82
D*,(2317) "~ - Seen predicted, found with good accuracy
D_;F’II'DTI'D Forbidden Allowed MI
DY ~~ (a) Allowed Allowed * + 2
D?(2112)*~ Alowed Allowed m(DSo (2317)") found 160 MeV/c“ lower
D ntm= Forbidden Seen m(D_(2460)" ) found 120 MeV/c lower
(a) Non-resonant only than predicted by potential models
s D_'(2317)"is found below the DK threshold: s D_(2460)" is found in the inv. mass Dy
s D_'(2317)" can in principle decay s Spin at least 1
- electromagnetically (no exp. evidence); or s We can exclude the hypothesis 07,
- through isospin-violation D "1 strong decay because D_(2460)" —D_y
Is Dso* the missing 0" state of the cs-spectrum? Is D_, the missing 1" of the cs-spectrum?
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THE PUZZLING CASE OF D_*(2317)* AND D_ (2460)* 4) J0LICH

Decay Channel DI, (2317)* D.s(2460) @ Mostof theoretical works treat
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4 D (2317) can in pr|n0|p\\, aecay s Spin at least 1
- electromagnetlcally (no exp. evidence); or s We can exclude the hypothesis 07,
- through isospin-violation D "1 strong decay because D_(2460)" —D_y

Is Dso* the missing 0" state of the cs-spectrum? Is D_, the missing 1" of the cs-spectrum?
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Different theoretical approaches, different interpretations
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10 Pure cs state
16

215

32

395
15-70
10 - 100 Tetraquark state

79.31 32.6

DK had. molecule
140 Dynamically gen. resonance

133+ 22 DK had. molecule
Strong and radiative
decays of D_(2317) and D_(2460)

» The measurement of the narrow width plays a leading role in the interpretation of D_*
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How does the spectrum look like, nowadays?




CHARM SPECTRUM, TODAY A) JOLICH
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= D,(2806) 2 D, (3074) 3"
_ —_D,(2801) 2 D,'(3074) 2°
s | D;(2796) T
5 | —D;(2618) 1 ok o
i i (2479) 2
2 2500~ A £ —D,(2469) T
| ol 0
E | 0
2000=—D"(2023) T
- D(1864) 0
1S 25 1D 1P

WY
From CHARM2013

a Ground states (D, D*), and two of 1F states (D (2420) and D2(2460)*) experimentally

well established: relatively small width (~30 MeV)
s Broad states with L=1 ([}‘0(2400) and D' (2430)) are well established from BaBar and Belle

in exclusive B decays
s BaBar — 'found new states: D (2550), D (2560), D (2750) and D (2760)
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INTERPRETATION OF THE CHARM SPECTRUM J JU“CH

I __D,(3084) 4"
I D, (2806) 3 D, (3079) 3
3000_ D;{2305) > Di (3074) 3°
L —D,(2801) 2 D,*(3074) 2
< I D,(2796) T
= —D;(2618) T B P
E 265001 D,(2558) 0 =Dj(2459) T
? - —D,2419) T
ke - D,*(2380) 0'
2000=—D"(2023) T
—_D(1864) O
1S 25 1D P 1F
From CHARMZ2013

s The D* (2650)° resonance could be identified as J°=1" state (2S D* (2618))
s The D* (2760)° could be identified as J” =1" state (1D D *(2796))
s The D (2580)° could be identified with (25 D°(2558)) state, although J° =0~ does not fit well

the data
s The D (2740)° could be identified as J°=2" (1D D2(2801) resonance

s Broad structures observed at 3.0 GeV in D*'n” and D mass spectra.
Are them superimposition of several other states?

w



CHARM-STRANGE SPECTRUM, TODAY A) JOLICH
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i | Dy,(3040)
TR - . _ _
3000 |~ (Dg, (2860) ). D5 (2860) s Most of the states fit the potential models
i Dam’)’ N — s Exceptions:
= . * + + ! +
I s1 2! N0y (2573) D_"(2317)*, D_(2460)* and D__(2860)
2500 b D (2536) " DK*
: '\Pm 817) ) -[)51(2“0)\ DK
N - T SN
i D, (2112) Y
" D.(1968) -
2000 - 23 AR
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What about the Charmonium spectrum?




EXPERIMENTAL TECHNIQUES

e'e colliders

#) jULICH
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A L ow hadronic background
o Direct formation High discovery potential
o Two photon production BUT
o Initial state radiation (ISR) >

o B meson decays
(BaBar, Belle(ll), BES, Cleo(-c), CESR,

LEP...) )

— et N
pp annihilation B

(LEAR, Fermilab E 760/835, PANDA)
Hadron production \

(CDF, DO, LHC)

Electro/photon production

(HERA, JLAB)

s

Direct formation limited to vector states
Limited mass and width resolution
for non vector states

High hadronic background
BUT

High discovery potential
Direct formation for all (non exotic) states
Excellent mass and width resolution
for all states
7
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CHARMONIUM PRODUCTION @ e*e™ #4) JULICH

B Decays Double

(8
A - 7 - Charmonium
‘-‘* Production
in 2-body B decays, d. s .
Je=0"7,1"", 1" '
in factorization limit C=+1
U » U
_ Jre=0%+,07%, 2** i
€ €




SEARCH FOR CHARMONIUM-LIKE EXOTICS

s J/y + vector mesons: reach environment for new exotics

B decays

Jym, N>t

Jyntn, portn X(3872)
KK, 0—KK X(4140), X(4274), X(4500), X(4700)
Jve, o—rntr-r° X(3872), X(3915)

0

50
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Y (4660)

T ——
No more states.

U(4400)

vy interactions

Jve X(3940), X(4350)
It X(4350)
e*e” directly

X(3820), X(3900), X(4020), X(4230)....

30

D)D) (m) X(3872), X(3940), X(4020) S ) |
SR 40 Y(4008) I :Eiullﬂ:}
Jhymn X(4260) o
y(2s)mn X(4360), X(4660) J
Jprtn (VR A cC

# Only neutral states, here
# Y-states not possible at LHCb:
observed via ISR, only

28
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Y(4260): IS THAT A TETRAQUARK? A) JOLICH
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s Analyzing e+e‘—>DS+DS‘, e+e‘—>DS*+DS‘, e+e‘—>Ds*+D:‘ 15 CS. XRSXGSSZ (2010) 052004
via ISR _w(4160) (4415)
s P
B(X (4260) — D+ D7) _ < L
: < 0.7, c
B(X (4260) — J/ymt1) ' S 0
§ ?(4040}
B(X(4260) » Di*Dy) o 05 [
B(X(1260) = Jjomtn) =~ S Tt + + + + Jr
? i + ++++
B(X(4260) » DI*Dy) o o [ | | | .
B(X (4260) — J/ymtm—) 4 4.5 5 55 6

m(D¥*, D",) (GeV/c?)
# |fY(4260)is 17 charmonium state, it should decay mostly to open charm

s If Y(4260) is a tetraquark, it should decay to D_"D_*
it does not happen @95%c.l. with 525 fb™* (BaBar data set)!

w



Y(4260): IS THAT A CHARMONIUM STATE? #) j0LICH

Y<«<>X connection: radiative decay
BES Ill. Phys. Rev. Lett.112 (2014) 092001

s Observed Y(4260)—yX(3872) at BES III 15F A _+'_D t -
ata
a(e *e— yX(3872))B(X(3872) — nnd/y) 3 — Total fit
=0.52% 7o i === Background 1
olete =Jlyrntn) s 10r ]
o 4
2 :
c
s Radiative decay of Y(4260) to X(3872): S I I I ‘ 1
# Not possible if Y(4260) is charmonium - | l I I 1 i
s Predicted if Y(4260) is likely a molecular state THTT - T T
—strong indication in favor of the Qe 385 © 39 3.95
molecular interpretation of the Y(4260) M(m*r J/y) (GeV/c?)




CHARMONIUM SPECTRUM, TODAY
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4360 'Y(4320)_
60) 4250 _@Y(4260) |
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2009: CHARGED CHARMONIUM STATES #) jULICH
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Search for exotic charged states

s New revolution!

# The Z(4430)* announced by Belle
a

a

Not confirmed by BaBar (less statistics, but data sets consistent)
Confirmed by LHCb

Belle, Phys. Rev D80(2009)031104 LHCb, Phys. Rev. Lett. 112(2014)222002
&0 s v . . P S
] = 1 <.-.L LHCb
- Z(4430)+ : | Z(4430)* ] 5
i = 200} . — - [
= - oF
3 | i % - e 02
2 sl H II | 5 100 - :
g | 34 # '''''' T - * i
3 20f %HeﬂH" uH, + i ;
gl ot 0 2o oa 0z o 02
" {‘ "F |6 { i Llu 16 18 20 mf;,f%(}evl} 2

A A ——— BOKFy(2s)nt

Mi(nty), Geviict
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THE Z (3900)* <) JULICH
Y<—Z Transition
BES IlI. Phys. Rev. Lett.110 (2013) 252001

e+e_ —Y(4260)-J/ymtn- i ~+- Data
(42000 0 7(3000)F . e

«==« Background fit

-.=: PHSP MC

+ [: Sideband

Believed to be the first observed tetraquark

Observed at Belle, then at BES Il

Establish a connection between Y and Z states:
decay with emission of a charged pion

A neutral partned observed 2 years later:

80}

[
Events / 0.01 GeV

decay with emission of neutral 7°

s Z-triplet 07737 38 39 40
m(J/yr) / GeV

w



TWO DIFFERENT CLASSES OF Z STATES? A) JULICH

FORSCHUNGSZENTRUM

s iy L \\\f\e
Dp]  [DDY] [Py (DD D" D"] Dp]  [DD*] T m«a(;
L=0 1 0 1 0 1 0 0 0 1 1 1 L=0 1 - R\ 1 1
5 e)(e QS
= >
& S
~ Z(4430) -
@ | #
= =
22 @ Z(4200) Z.(4025
. Z p Zi.EdUQUi - o
= DD*
Z.(3900) DD
Z.(3885)
from B meson decays | | from e4e— (direct) or ISR |
ot 1~ 1t = 1= 2t ot 1t 2t 1- 2 3 0¥ frdee 90 AF 2 R 1F 20 47 o7 &7 JP
— large widths — narrow widths

— not connected to thresholds? — near thresholds

w



Z CHARGED STATES, TODAY A) JOLICH

FORSCHUNGSZENTRUM

State m/MeV Threshold | Am /MeV
s All measured masses Z.(3900)]3899.0=3.6+4.9 | Dt D™ [+22.4 Iyt
above the threshold 7..(3900)]3899.0+3.6+4.9 | D°D " | 1239

7.(3900)[3894.546.624.5 |DTD " |+17.9
+(3900) |3894.5+6.6:4.5 | D°D " [+19.4
+(3900) | 38854541 p+*D" 484

(
Ze(
Ze(
Ze(
Z.(3900)|3885£5+1 MeV | DD |+9.9
Ze(
Ze(
Zc(
(

(3885)(3883.9+1.5+4.2 | D+ D" |4+74
.(3885)|3883.941.5+4.2 | DD |+88

+(4020)]4022.9+0.8+2.7| DD " |+5.6 h

Z-(4025)14026.3+£2.61+3.7 DD~ |+9.0
possible?
threshold yes (by loops)
tetraquark yes (spin—spin forces)
molecules no, if bound state (pole below threshold, E;>0)

w



Z CHARGED & NEUTRAL STATES, TODAY A) JOLICH

FORSCHUNGSZENTRUM

State m [MeV] Width [MeV] Decay

2(3900)+ 3899.0+3.6+4.9  46+10+20 J[yprt

Z.(3900)0  3804.842.3+2.7 20.6+8.2+82 J/y70

Z.(3885)T  3883.9+1.5+4.2 24843310 (DD*)T

7.(3885)0 38857153484 3575415 (DD*)° |
7.(3020)7  4022.940.842.7 T9+2.712.6  hont Z at Db threshold:
Z.(4020)°  4023.842.2438 TFixedto 7.9 o Advantage at pp machine
Z.(4025)T  4026.3£2.6£3.7 248%5.6+7.7 (D D)7 |
7.(4025)° 40255159431 23.0£6.0£1.0 (D*D*)°

BESIII, Phys. Rev. Lett. 110 (2013) 252001
BESIII, Phys. Rev. Lett. 115 (2015) 112003
4- quark content BESIII, Phys. Rev. Lett. 112 (2014) 022001
BESIII, Phys. Rev. Lett. 115 (2015) 222002
charged Z [CCUd] neutral Z [CCUU] [CCdd] BESIII, Phys. Rev. Lett. 111 (2013) 242001
(
(
(

— masses may be different BESIII, Phys. Rev. Lett. 113 (2014) 212002
BESIII, Phys. Rev. Lett. 112 (2014) 13200

BESIII, Phys. Rev. Lett. 115 (2015) 182002

w




X(3872) AND Z(3900) ISOSPIN TRIPLET? #) jULICH

FORSCHUNGSZENTRUM

for parity assume L=0
(close to threshold)

mass degenerate
Z(3000)+ 1+

14+ S _< Z(3900)° 14 -
X(3872)° f

=10 MeV (3900 1+

THRESHOLD G PARITY =

B generalization of C-parity
' =1.2 MeV 7 =50 Mev C-parity: only neutral
G-parity: whole multiplet

s the Z(3900)*%~ the isospin partner to the X(3872)?
Nol!
Wrong G-parity.

w



THE X(3872) AND THE X(4140) A) JOLICH
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8 The X(4140) was observed in the invariant mass system of J/WwKK (¢—K+K-)

# The X(4140) can be considered the strange counterpart of the X(3872)
8 |s the X(4140) a real particle?

o 1,0 = :--Ci(lll T
L [ + Dat S o
s = 60r —Fjl :a Fit g GMS g“a"?g”ﬁoiﬁaﬂ";"ééﬂ“
=] = C = X(3140) ~zo0f- . —— Et’én'ﬁﬁ. g i 4, 1
5 6 S aof - X{4330) g’mu_ ....... Event-mixing (M. $ 173
Ba = [ wors PHSP -
= 0 20r } ][ 1ok
E 2 = - 1 'l | sof
[} - . --':"—;.': . . ,J T ’ + 1 - LA R ]

9731 12 13 T4 1.5 o 4.2 a3 a.4 4.5 S P S I P e

miu KK -mip o) [GeVic?] M wa) (GeV) i1 E] E] T ,am"fiae\.-']

75+10 events 250136 events 2480+160 events

¥ (2010)

% .- Babar 1. s LHCb0.37fb"
;.% L . % 4 E
h T2
_ JJ 8 . , : -
4.3 15 &7 :"“ 1000 1100 1200 1300 1400 wc:’] x
My (GeVie®) B M/ p)-M(d ) [Mev] G
189+14 events 34620 events 325+21 events
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20I ‘ o - enr. Tot - — o | o ’J FJoRl;.;ijGISZECNTRUHM
} aaaaaaaaaaaaaaaaaa k

] 10? | ’ } 11 r L F ’ h’ .agxggr:rilsea:lrison
g | il * MIWL il INE

} | | k 1 E.P, EPJ Web Conf 95 (2015)
It 1 05012
4.8




X(4140): INTERPRETATION A) JOLICH

Phys. Rev. Lett. 118 (2016) 022003

O++ LHCb

120

In 2015 a new publication from LHCb
(larger x10 data)
1** doublet - problem for diquark anti-diquark
tetraquarks
Solution: interpret X(4140) as threshold effect
J/W@ hadro—charmonium: doublet o.k., but: &
- sequence should be 0++, 1++, O++, 1++
- m(J/P)+m(@)= 4116 MeV 20
— positive ,binding energy” (~20 MeV)
s molecules ? - noisospin! - 1 exchange 35 -
Karliner, Rosner, Nucl. Phys. A 954(2016)365 4289+150 events “**

100

L
ey
=]

Candidates/(10 MeV)

o))
=]

0 i S i
4100 4200 43 4700 4800

ccss bound states: it wold be interesting to look for those in D (D () systems: C=1- not seen here!
Remember: J/y is a “nice” object to reconstruct; DS(*) can be “nasty”: too many low momentum photons
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PENTAQUARKS, HEXAQUARKS AND CUSPS A JULICH

FORSCHUNGSZENTRUM

Phys. Rev. Lett. 115 (2015) 072001 s Di-baryon search
2 - R.L. Jaffe (1977) predictions (udsuds)
2 200 - d*(2380) observed at WASA-at-COSY (2014) in
g np scattering fits the theoretical prediction.
@ - Candidate for di-baryon (hexaquak)
5 600 Phys. Rev. Lett 112 (2014) 202301
=
w

# Cusps = kinks in the amplitude of an observable

# Where to looks for those?
- at the opening of the S-wave threshold
- narrow peaks at the threshold are good candidates
- kinematic threshold cusp cannot produce narrow

peak in the invariant mass distributions in elastic
P I BT BT N scattering processes
4.0 : : : : : - cusps seen mostly in low mass meson spectrum

0 *Y (Y-
s AS —JypK s Is the X(4140) a cusp effect? Look for it into D_ID
P _(4380), P_(4450) —a signal would exclude the cusp hypothesis

w
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Future perspectives
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Mt. Tsukuba

SuperKEKB asymmetric B meson factory, e+ e- —» BB
. adjusted to Y(4S) resonance, Vs=10.6 GeV
different beam energies
8 GeV —» 7 GeV (lower'emittanceg
3.5 GeV — 4 GeV{louschek lifetime)

Upgrade Iumlnos+ty pea]? x40 |_ntégrate6"x579

A s i — = ~Belle Il Detector'

-
e a

- = 2 = — \"'._ -
S e A
o L - - T et

L :
f s 2 R v -
"‘
# n \' 3
"_,’ e
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__ Ba ncda
GSI, Darmstadt (DE)

e

igsia  Skosania

Ll ] . .
res— I e
o ™
Romenia Fus Spain  SwETer

m = s
Finland Francé Oermary | Infla  Poland LK

s pp interaction, antiproton beam up to 15.0 GeV/c

a Direct access to all guantum number
s High precision: will measure width >50keV
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BeIIe II XYZ reach

' Sﬁ& oabl, >2024 1

— search for rare decays feasible

same number of X(3872):

= LHCb (upgrade) with >40 fb=1 (2026?)
(assume no change in trigger efficiency) &

= PANDA =80 days (pp — X(3872))




FORSCHUNGSZENTRUM

EXTRAPOLATIONS (1 day of data taking) ) JULICH

BESIII BELLE Il (scaled from Belle,
assume 40 fb—1 per day)
X(3872 0.7 (radiative) 8.5 (Belle was 0.2)
Y (4260) 50 23.6
Z(3900) 10 5.0
Z(4430) = 8.3
L HCb PANDA HADRON2015 Proc, AIP 1735 (2016) 060011
(assume 2 fb—1/year) (startup, L=1 x 10%1 cm—2 s71)
X(3872) 1.7 (trigger) 65 (50 nb, B=5%)
Y(4260) - 1900 (<67) (2 nb, B=100%)
Z(3900) - 405 (<14)
Z(4430) 4.7 —

28/11/17 46




SUMMARY #) JULICH

FORSCHUNGSZENTRUM

8 |ncreasing evidence that this world is more than mesons & baryons

Confirmed observations of several new bound states with >3-quark content

Thresholds play a role in the interpretation of these exotic states

Which mechanism does it fit all observed states?

maybe not only one model can fit all of them!

s Experiments with better precision and higher statistics are needed:

—they will guide our search to new unexplored territories
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Thank you
for your
kind attention!

e.prencipe@fz-juelich.de

“The greatest danger for most of us lies not in setting our aim too high and falling short;

but in setting our aim too low, and achieve our marK_." (Michelangelo, 1475 - 1564)
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