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Experiment: The first charmed “exotic” states (1974)

VoLusmEe 33, NUMBER 23

PHYSICAL REVIEW

LETTERS

2 DECEMBER 1974

BNL

Experimental Observation of a Heavy Particle J¥

M = 3.105 GeV
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Vorume 34, Numsrr 6 PHYSICAL REVIEW LETTERS

10 FEBRUARY 1975

PHYSICAL REVIEW LETTERS 10 FesruARY 1975

VoLumE 34, NUMBER 6

Spectroscopy of the New Mesons*

Thomas Appelquist,i A. De Rijula, and H. David Politzer}
Lyman Labovatory of Physies, Havvavd University, Cambridge, Massachusells 02138

and

Spectrum of Charmed Quark-Antiquark Bound States*

E. Eichten, K, Gottfried, T, Kinoshita, J. Kogut, K, D. Lane, and T.-M, Yant
Laboratory of Nuclear Studies, Covnell Universily, Ithaca, New York 14853

_k- implies the

Some of these should

copiously produced n atlve decays o ~beV resonance, We estim tum numbers and estimate masses and decay widths of these states, Thelr existence
the masses and decay rates of these states and emphasme the importance of y-ray spec—
troscopy. should be revealed by y=ray transitions among them,
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FIG. 1, Masses and radiative transitions of charmo- I's
nium,
. FIG. 1. The spectrum of charmonium. The vertical
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New experimental challenges (2003)

VOLUME 90, NUMBER 24

PHYSICAL REVIEW LETTERS

week ending

a SUNES0ES This mass value and the absence of a strong signal in the

Observation of a Narrow Meson State Decaving to D} 77° at a Mass of 2.32 GeV/¢?
We have observed a narrow state near 2.32 GeV/¢? in the inclusive D, 7r¥ invariant mass distribution
from e*e~ annihilation data at energies near 10.6 GeV. The observed width is consistent with the
experimental resolution. The small intrinsic width and the quantum numbers of the final state indicate
that the decay violates isospin conservation. The state has natural spin-parity and the low mass suggests

YX decay channel are in some disagreement with po-
tential model expectations for the *D , charmonium
state. The mass is within errors at the D°D™ mass thresh-
old (3871.1 = 1.0 MeV [9]), which is suggestive of a
loosely bound DD* multiquark “molecular state,” as

a b sagsignment. The data sample corresponds to an integrated luminosity of 91 fb™" recorded by
(;BABAEE)ICCIDI’ at the SLAC PEP-11 asymmetric-energy ¢ "¢~ storage ring.
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D:(2112)"y. or D yy. Since a ¢§ meson of this mass

contradicts current models of charm meson spectroscopy
[6—8], either these models need modification or the ob-
served state is of a different type altogether, such as a
four-quark state.

D,,(2460), ’=1*, T < 3.5 MeV

week ending

PHYSICAL REVIEW LETTERS 11 DECEMBER 2003

VOLUME 91, NUMBER 26

Observation of a Narrow Charmoniumlike State in Exclusive B* — K*7 v~ J /i Decays

We report the observation of a narrow charmoniumlike state produced in the exclusive decay process
B* — K*7 @ J/i. This state, which decays into "7 J/i, has a mass of 3872.0 = 0.6(stat) +

0.5(syst) MeV, a value that is very near the Mpo + M. mass threshgld ggults are based on an
analysis of 152M B-B events collected at the Y(4S) resonance in @ ctor at the KEKB

collider. The signal has a statistical significance that is in excess of 1007
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XYZ mesons

LHCb pentaguarks

Baryonia

WAGSA dibaryons

Are all these resonances (if they really exist!) multiquark
states and/or hadron-hadron molecules?

Back to 1974: A challenge for theory!!

| Meson (B=0)) = [q@) , |qqdd)

Baryon (B=1)) = [qqq) , [499qd)

- Jechin)

- CJnnnncy”

Predictions: An experimental challenge!!
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J-M.R., AV, J.V,

All-heavy tetraquarks
Phys. Rev. D 95, 054019 (2017)

Many speculations about the stability of (Q,;Q,Q,Q,): (cccc), (bbcc), (bece), ...
« Extrapolation of quarkonium dynamics to higher configurations
* New color substructures: 3- or 4-body forces / Role of antisymmetry

Chromoelectric (CE) limit (Two-body forces and color as a global operator)

Limit of very heavy constituents: Neglect chromomagnetic terms oc (m; m;)*

_’ 16 W a 4 €7
H = Z IR AV | S H=) A -y A

2m; oy QED _3_ 2m; = I'ij

QED

v (e* e* e e”) =Ps, positronium molecule, stable although with tiny binding

v (p p e e) =H, hydrogen molecule, stable with a comfortable binding

v (M* M* m~ m~) more stable than (m* m* m~ m-). Stability depends critically on the masses involved

v' But (M* m* M- m") unstable if M/m > 2.2
QCD

o (QQgq) stable for large M/m ratio

o (QQQQ) unstable in naive CE limit

o Delicate four-body problem

o Approximations, like diquarks or restricting the Hilbert space, artificially favor binding
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Improved chromoelectric model: Many-body confining forces

Vi =min(Vy, V).
V; stands for the so-called ““flip-flop™ model

Vi = Amin(ri3 + rag, r3 + rig),

V), is the butterflylike configuration,

Vf) = )lmin(r]k + Fap + Fre + Fys + r('4).
k{

- -

.=*"Flip-flop ~~~. .

/O
hS

@

N
./

Butterfly

U

0.025

N

Bound

' (M* M* m- ) = QQag

0

-0.025 +

-0.05 ~

-0.075 +

Unbound

-0.1

M/m

JV, AV, J.-M.R., Phys. Rev. D 76, 114013 (2007), Phys. Rev. D 87, 034040 (2013)
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Improved chromoelectric model: Many-body confining forces

_ Z)‘ /i w(r;)) A = String model with |T)
!
6= ! B = String model with [T) and [M)
C = Pairwise with |T) and |[M)
W = | T) + o)y | M), D = Adiabatic limit of C
1:2 Unbound
1,02 \
< 101 \
EOQ: - Bound
§093 T —
0,97 \
M/m

—A —B Cc —bD

A,D (adiabatic) bound ! BUT B,C (color+antisymmetry) unbound
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All-heavy tetraquarks

O (bbbb) and (cccc) are unstable in serious 4-body estimates in naive CE models. They
follow the trends of (++—) in QED, but less favorable due to the non-Abelian algebra of
charges.

O (bcbc) might have some opportunities as compared to (bbbb) and (cccc)
(bc)(cb) = MM
BUT (bchc) there are two-different thresholds
(bb)(cc) = Y Iy
THUS it may present metastability below the MM threshold

O (bbcc) although more delicate:
v Benefits from symmetry breaking
v There is a single threshold

v" For non-identical quarks and antiquarks, string potentials offer good
opportunities

v (QQqq) favored in the CE limit due to the striking M/m dependence
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Similar findings: Baryonia (Q3g®) and dibaryons (Q3q?) B
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Chromomagnetic term: Dibaryons (qqqq’QQ’)

Color + Antisymmetry

J.V., AV, J.-M.R., P.S., Phys. Rev. D 94, 034038 (2016)

) 3 13 a
V = — T Z /\I/\_} (_— + b'rf.}‘

7
<] v

¢ 1\ 3/2
+ ('l—) exp(—u 1?}) cri.o'j)

mM; My

™

Sy = (000) , Sy = (011),
S, = (110) .

Sy = (101) .
Sy = (111) .

Oy = (666) .
Cy = (336) ,

Color-spin vector

P=0*

E (CeV)

151 3.079
(551 2.829
(354 2.831
(555 3.030
(353 3.030
(355 2.908
'S5 2.995
C'4Ss 2.835
4S5, 3.080
4S5 3.016
('5S3 2.891
(55,

C's S

Coupled
Thresholds

TABLE III: Probabilities of the different six-body channels

contributing to the J¥ = 0% six-quark state.

Channel 1.5 951 (354 (453
Probability 0.004 0.539 0.456 0.001

Conflict between CE and CM
It goes against binding

TABLE I:. Energy (in GeV) of the baryons involved in the
thresholds within the model (1). X stands for a baryon where

state.

29Q(X) q9Q’(A) q9qq(%) QQ'q(Z)
| 1.372] 1.258 [ 1.461] [ 1.109]
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What about pentaquarks?: (QQqqq)

< Vealr
A gy Yes() 5},@} .

r g m;

o 1 B
. \ 2m;m
= exp(=r?/rd) . ro(mimy) = A ——L
3 w2 . 0

Mg + 1M

(b)

Not so Stable! Above D-wave threshold

and below S-wave one.

Stable! Below S- and D-wave thresholds

ALl vi--aes |
Vas — 27K 1
T=1/2
J|1/2]13/2|5/2|Mass|| J
Nne. | S| D | D |4.001 A?)C‘
NJ/p| S| S| D [4.097|| D3,
DA. | S| D| D [4.154| DY
D*A.| S| S| D |4.308||AJ/y)| S
DY, | S | D|D|4329( D"},
DY | D| S | D |4408|| D*x>
DY, S| S| D (4483
D% S| S| S |4.562
(J,I) |(ccqqq)| Lowest threshold
(1/2,1/2)| 4.077 [4.001 (S) / 4.408 (D)
(3/2,1/2)] 4.161 [4.001 (D / 4.097 (S)
(5/2,1/2)| 4.429 |4.001 (D) / 4.562 (S)
(1/2,3/2)| 4.077 |4.312 (D) / 4.329 (S)
(3/2,3/2)| 4.161 |4.312 (S) / 4.329 (D)
(5/2,3/2)| 4.429 |4.312 (D) / 4.408 (S)
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QnOn (Non exotic)

QQnn (Exotic)

No states JP=1*
Compact
Phys. Rev. D 76, 094022 (2007) Phys. Rev. D 79, 074010 (2009)
(NJPC=(0)1** = X(3872)
(NJPC=(1)2** (Exaotic)
Molecular

Phys. Rev. Lett. 103, 222001 (2009)
Phys. Rev. D 82, 054032 (2010)

How the molecular QnQn states are formed in a quark model framework?

PANIC 2017/ J. Vijande

14/19



Coupled channel effect << Hidden color vectors
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quark and their corresponding antiquarks( several sets of quantum
numbers, J¥¢. We have set as our origin of energre - and BB masses for the hidden
strange, charm and bottom sectors, respectively.
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TFEC., AV, Phys. Lett. B 758, 244 (2016)

There should not
be a partner of the
X(3872) in the
bottom sector

There should be a
JP=1* bound state
in the exotic
bottom sector
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A quark-model mechanism for the XYZ mesons

(QnQn)

.
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Conclusions

* In multiquark studies, both CE and CM effects have to be included, color may generate
conflicts between the preferred configurations.

* All-heavy tetraquarks are unstable in naive CE models.

* (QgQq) might have some opportunities of metastability below the MM threshold,
which is extremely important for the existence of the X(3872) in the charm sector.

* (QQqq) are definitively the best candidates for stable multiquark states due to the
striking M/m dependence in the CE limit. Besides, for non-identical quarks and
antiquarks, string potentials offer good opportunities.

« Hidden heavy flavor pentaquarks are predicted in the chromomagnetic limit due to
hidden-color components dynamics.

 Hidden flavor components (unquenching the quark model) offer a possible explanation
of new experimental data and old problems in the meson and baryon spectra. There is
not a proliferation of multiquarks, they are very rare.

* We have presented a plausible mechanism explaining the origin of the XYZ mesons:
based on coupled-channel effects.

* We do not find evidence for charged and bottom partners of the X(3872). To answer
this question is a keypoint to advance in the study of hadron spectroscopy.
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Theory: Predictions
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Symmetry breaking

v' QM = Min (p?+ x?+ Ax) < Min (p?+ x?) = Min (H,., + Hyqg) < Min (Hgen)
v Min (M* M*m~m~) < Min (u* p* p= p),, 2ut=M-1+m-!
O They have the same threshold

0 9 —9 —9
Py Py ,P3 | Py p; b
S S Y = +V
2M  2M 2m  2m [ 2

4 M 4m Pr TPy =P =P

= Min (HC-even + HC-odd) <Min (HC-even)
= H, is more stable tan Ps,

Breaking particle symmetry
O Thus (M*m* M~ m~) more stable than (u* p* p=u-) ????

+V

—2 —9 —2 —2 2
’]’-_1 ’[’2 ’P:_?, ’]’4 LY = Pi
2M 2m 2M  2m

o
_I_ 2 1

1 1 9
AM  4m {pl +p) e _M}

= Symmetry breaking benefits more to (M*M")+(m*m")

No!! — One may expect some kind of metastability below (M*m~)+(m+*M-)

In short: (Un)favorable symmetry breaking can (spoil)generate stability




Symmetry breaking

v Equal-mass case: Asymmetry in the potential energy

1<J 1<J

— Equal g;; gives the highest energy
— The broader the distribution of g;; gives the lower energy

(abcd) V(ri) 9ij d Ag
Threshold

Ps, —1/rij {-1,1,1,1,1,-1} 1/3 1.03

IT) z[(qq)g(_qg)?,] —1/rij, lij {1/2,1/2,1/4,1/41/4,1/4} 1/3 0.13

M) z[(qq)G(g_q)ﬁ] —1/rij, Fij {-1/4,-1/4,5/8,5/8,5/8,5/8} 1/3 0.45

= Ps, favored compared to quark models
= Mixing effects do not help much




