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Charmonium after 2002: XY Z-states
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A new particle Zoo!

— missing low lying states

A Y (4660
4.6|— E_( Z(4igo)+ found
4.4 ;(436051#(4415) — Above the DD threshold:
4.2 Y(4260gw(4160)_x(4140 i) Many new states
10— 2(4020%1#(404@5 *—: (24 claimed, 10 estd.)
sal 7 3?%_ —=Z_pp > most of them
> a6l bb incompatible with
S e Xezl 1 54 quark model in
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‘2“ 320 (22 of 24, 8 of 9)
O nc_w cc — Two states in
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Explicit Exotics: Z-states 'J JULgICH |

2012: Discovery of charged states at Belle in Y(55) — [(QQ)w]w

— must contain sizable Q and @
— must contain light quarks;

— must contain at least 4 quarks

O 100:_ t:::. fit

3 oF e | Example: Z.(3900)

S *F + close to DD* threshold
@ 40f

s bl Data:

i 208 BES-IIl (China), 2013

37 38 39 40
Max (TEJAY) (GeV/c?)

Analogously: States seen in J/p channel must be Pentaquarks
Discovered by LHCb in 2015 and 2019 in A) — K~ J/¢p
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.. and beyond 'J

;: 3(2)8 %: LHCb pSV>52GeVie :%
S 180 ———— 3.065< M,, <3.135 GeV/c? =
oo 160 + e 300<M,, <305GeV/c?or =
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3 1200 M | IS E
2 1000 it gt E
5 10 T T g b E
g 28 i + SEALE t i MW NH HW# %
O 40r $5
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LHCb 2020, arXiv:2006.16957
— Clear structures found in J/v.J /4 final state (above 5¢)

— Must contain (at least) cccc
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Heavy Tetraquarks 'J JULICH C‘@
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— Straightforward extension of the quark model
M. Gell-Mann, PL8(1964)214

— Mesons as diquark—anti-diquark systems
Jaffe, PRD15(1977)267, Maiani et al., PRD71(2005)014028

— To account for spectrum spin-spin interaction
needs to be dominant within diquarks
Maiani et al. PRD89(2014)114010 @ @a

— Separated by potential well
Selem and Wilczek, hep-ph/0602128; Maiani et al., PLB778(2018)247

alternative approaches, e.g., Cui et al., HEPNP31(2007)7; Stancu, JPG37(2010) 075017

— and tensor force, Si»2, heeded Ali et al. EPJC78(2018)29

B b
M =2Mg + 7QL2 +2ayL- S+ ZYS” + 2keq (Sq - Se + c.c.)

e Already many ground states
e Each level has isovector and isoscalar state (¢f. p and w)
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Results for negative parity states

90

— four 17— ground states
— BESIII claims 2 in J/¢y7rx

100

4 xvz Y(4220)

3 B
2 0 —Fitl
£ sl --Fitll
B I
T 4of
QT
% 20_—
i Y(4260)
0 I3.8I I I4 — I4.2 44 I I4.6I
Vs (GeV)

BESIII, PRL118(2017)092001

Mass [MeV]

— Threshold proximities accidental?

4620 —

4580 —

4540 —

4500 —

4460 —
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43004 —
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4220 —

0] yusen — Ali et al. EPJC78(2018)29

Y (4390) —_—

Y(4330)

Y(4220)

CHGICEREa

xotic quantum number

— Many more states predicted than observed!

Maybe since di-quark picture too restrictive/constraining?

Extension of potential needed?

Richard et al., PRD95(2017)054019
J.F. Giron, R.F. Lebed, PRD102(2020)1
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Hadrocharmonium 'J JULICH K€ )

M. B. Voloshin, PPNP61(2008)455
— Extra states are viewed as compact Q@
surrounded by light quarks

— Provides natural explanation why, e.g., Y (4260)
is seen in J /v final state but not in DD

— Heavy quark spin symmetry demands that spin of the core is
conserved in decay to charmonia

o (pb)

— Explaining eTe™ — herm
needs mixing between states
W|th See — 0 and Sce — 1 o

leading to Y (4260) and Y (4360)
Li & Voloshin MPLA29(2014)1450060

60 -

[\

0,

‘ ‘ : E (GeV)
42 43 4.4
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Hadrocharmonium: new states ‘J JULgICH u

The above mentioned mixing suggests for the unmixed states:
Us~ (17 )z ®@ (0™ )yg U1~ (17)ez® (07 )yq

where the heavy cores are ¢ and h...

— get spin partners via ' — . and he — {xc0, Xc1, X2}

4.40F
2as| r'(4360) Nea(4350)
I T N:(4320) 4 1 (4310)
_ A30[ e
> i
S S
= 4250 y@42e0) vt
= 4208 0 Tt
415}
: 1e(4140)
4.10 :— 1~ O—+ 1—+ 2—+
JPC

Cleven et al., PRD 92(2015)014005
Special feature: very light 0~ state that should not decay to D*D
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Hadronic Molecules 'J JULICH (L )

1

1

recent review article: Guo et al., Rev. Mod. Phys. 90(2018)015004

are few-hadron states, bound by the strong force

do exist: light nuclei.
e.g. deuteron as pn & hypertriton as Ad bound state

are located typically close to relevant continuum threshold;
e.g., for EB = mi1+m9o — M (’}/ = \/Q/LEB @ =mimsa/(m —I—mg))
> pgeuteron = 992 MeV (y = 40 MeV)

> EPertion — (13 4 0.05) MeV (to Ad) (y = 26 MeV)
can be identified in observables (Weinberg compositeness):

2 2
4M . X 1 1—X 1
Jeff _ 7XWW|tha:—2( W)—'r:—( W)—

v Xw

where compositness Xy =probability to find molecular
component in bound state wave function

A 14 1— Xy Y

Are there mesonic molecules?
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Constituents must be narrow. Heavy candidates (M, I" in MeV)

D (07, M =1865,T ~ 0); D*(1~, M = 2007, ~ 0.1)
Dy (11, M = 2420,T ~ 30): Di(2+, M = 2460,T ~ 50)

Dy (2400) and D;(2430) with I' = 300 MeV too broad ...

Y(4660)
* DX Z (4430
0 ?:1'?""1')“2'"""'::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: :: PY(AALE) o — ( ......... )
D_D1 ......................................................................... Yo Y
DD, X(4140)
_ 1(4160)
D D e | Zd4020)
= lpp | X015 [P proin) Z,(3900)
O T | Tee—— A
% DD Yoo(2P) X(3872)  (3770)
gy e T
. P(295)
L Xo(P) (1P h.(1P)
' Xco(1P)
J/P(185)
3.0 _1(LS)
0*+ O++ 2++ 1++ 1~ 1+* 1+
JPC

Cleven et al.,

— Explains mass gap between

JP = 11 and 1~ states:

My (4260) —M x (3872)=388 MeV
~ MDl (2420) —MD* —410 MeV

Predicts, e.g.,
MO™)—M(17) ~
Mp+ — Mp ~ +100 MeV,

if it exists

Note: for hadrocharmonium:
M(0™) = M(17) ~ —100 MeV

PRD 92 (2015) 014005
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Generalisation of Weinbergs analysis IJ JULICH & =~

|. Matuschek et al., arXiv:2007.05329
Model independent criterion for virtual states and resonances

r
. [
sheet | .-""f L+
A fms (physical sheet) / /
C o
—X ° |
" f b Res O /
A
Wigner bound
o o
NN ‘ .
o XI', X ORe k sheet TI virtual state
B v r D A Ims (unphysical sheet) K
o & ~a
"Xo bound state )
\ Res_ O
D 'éy
resonance

T(E)=—2n/m)1/(1/a+ (r/2)k* —ik) , with k = \/—2uF
Poles at / 9

k=141
T a
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Generalisation of Weinbergs analysis 'J JULICH @

Forschungszentrum

|. Matuschek et al., arXiv:2007.05329
Assume attractive interaction (bound state a<0, all others a>0)

7 Weinberg (for bound states):
//// Molecules:

Wigner bound

o molecule ™ 0--<-- a |CL| >> |?“| and |T| ~ range
§ X Compact states:
und state ’b .
I la] < |r| and r < 0 with |r| > range
compact state o->-1>-o

What happens when a changes sign? (r fixed)

Molecule: turns into a virtual state (and eventually a resonance)
Compact state: turns into a resonance directly

Subsummed in compositness: X4 = 1/1/1 + [2r /4

other approaches: Sekihara, Hyodo, Oset, Oller, Nieves, Jido ...
mostly relying on on-shell factorisation of the potential; little about virtual states
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Are these states tetraquarks or molecules?
There are many thresholds in the mass range:

Back to the double J/v) spectrum



Back to the double J/v) spectrum 'J JULgICH Q

Are these states tetraquarks or molecules?
There are many thresholds in the mass range:

200 -

o data
LHCDb-fit 2

+H + ————— Iy p(2S)

JAu+w(3770)

N
(&)
o

100 -

Weighted Candidates/28 MeV/c?)

0
o
T T T T T T

0 B L

Simplifying assumption: M- 1p(GeV)
only vector-vector channels matter
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Xiang-Kun Dong et al., arXiv:2009.07795
We calculate T(E) = V(E) - [1 — G(E)V(E)]~!, with either

ail; a2 a3
ofr Vacn(E) = | a2 age aog |,
ai3 a3 as3

a1+b1 k% C
C CL2—|—[)2/€%

VZch(E) — <

where the J/vJ/, 4(3686).J /1 (and (3770).J /) were included

I

175 | —— 2-channel ft 175 i —— 3-channel fit-1 J

[ 1 S I DPS ] : | --' 3-channel fit-2 ]
150 | 1 150 F R DPS 1

: ¢ LHCb data ] i : Fit range

i ] o5k {

\| | C || | ® LHCD data
I I

Events / (28 MeV)
—_ —_
Events / (28 MeV)
—_ —_
o
S

j ¢
1
50 - ______ ...................................................
: i T
25} I
! ||
0 [ S S | A P N T I S
6.5 7.0 7.5 8.0 8.5 9.0
Mg/ [GeV] My [GeV]

Both models provide excellent description of data
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Pole structure 'J
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The pole structure is very different:

- -l In total 3 states:
S ool M= 1 closeto .J/v.J/y-thresh.,
E 1 : : 10.0
s - W.. 2toproduce structures
N - |B- (via interplay with threshold)
1 Il Intotal 2 states
S sofa - » 1 close to J/v.J/vy-thresh.,
£ i ' . 1 40
N . 1to produce structures
»  (via interplay with thresholds)
e ‘ReE[GeV]
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Very close to threshold state always present!

2-ch. fit 3-ch. fit 1 3-ch. fit 2
a(fm) < —0.490r>048 —0.61703 < —0.600r>0.99
r(fm) —2.1815-% —0.0615°03 —0.097 008

X 0.397025 0.9170 57 0.9570 05

Different models give different nature of J/.J /¢ state! E.g.
two channel model consistent with compact and composite

200k 2-channel fit
—— 3-channel fit 1
175F === 3-channel fit 2

The two scenarios can be
easily distinguished!

e.g. via ¥(25)J/y final state
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What is needed for further progress 'J JULgICH (’i\) x

— Excellent data especially for different spin states
(spin symmetry violation sensitive to the nature of a state)

— More refined theory predictions with controlled uncertainties

> Role of the regular gq states?
— do they mix in E. Cincioglu et al., EPJC76(2016)576
— or not? |.LK. Hammer, CH and A. V. Nefediev, EPJA 52(2016)330

> For molecules: How to construct the potential?

— With pion exchange perturbative
J. Nieves, M.P. Valderrama, PRD84 (2011) 056015

— or non-perturbative? V. Baru et al., PRD84(2011)074029

Thanks a lot for your attention
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