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Tetraquark candidates
arXiv:2306.07164:  Three states X → J/ψ J/ψ
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Elementary Particles

4

Spin = 0 

Spin =  
ℏ
2

Spin =  ℏ

Spin =  
3ℏ
2

Spin =  2ℏ

H boson 

e±, μ±, τ±, νe, νμ, ντ, u, d, s, c, b, t

γ, Z, W+, W−, g1, g2, g3, g4, g5, g6, g7, g8

Not known

Not discovered, expect graviton G

matter

interactions

(may be supersymmetric particle, e.g. gravitino)

Arguments for higher Spin to be composite particles…
July, 2024

(discovered in 2012)
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J/ψ μ

μ
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November 1974: 50 years ago

 composite 
particle

J/ψ

 elementary
particles

μ±

Discovery of  helped to establish the quark model J/ψ → μ+μ−

Spin =  ℏ

Spin =  
ℏ
2

X → μ+μ− at LHC

bb̄cc̄
uū, dd̄, ss̄ elementary

μ+

μ−

c

c̄

γ*
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2024: What is  ?X → J/ψ J/ψ

 composite 
particle

X

Natural to expect to be composed of  c, c, c̄, c̄

?
One popular model is a “molecule”
kind of a bound state of two mesons
connected by a strong nuclear force… 

Is it correct
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Nucleon (proton or neutron) is held together by the strong force

H

b
,
⌧
,
µ

b
,
⌧
,
µ

quark q

forcegluon g1

Sun as a ”Nuclear Reactor”

Andrei Gritsan, JHU LIV January 2017

quark q

Strong Force

red-antiblue

“color” (red, blue, green) is a charge in strong force

VQCD(r) = −
4αS

3r
+ kr
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Nucleon is held together by the strong force

Strong Force

“color” (red, blue, green) is a charge in strong force

proton ( )uud anti-proton ( )ūūd̄

Any object should be color-neutral (e.g red-blue-green)

VQCD(r) = −
4αS

3r
+ kr
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Strong Force: Baryons

   Spin =  qqq
ℏ
2

protonneutron
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Strong Force: Baryons

18 15. Quark Model

for the excitation spectrum discussed in Sec. 15.8. The results are basically consistent with the
level counting of SU(6)¢O(3) in the standard non-relativistic quark model and show no indication
for quark-diquark structures or parity doubling. Consequently, there is as yet no indication from
lattice that the mis-match between the excitation spectrum predicted by the standard quark model
and experimental observations is due to inappropriate degrees of freedom in the quark model.
15.5.2 Charmed and bottom baryons

The naming scheme for baryons with c or b quarks follows that of the light baryons: the » is an
isosinglet and the À an isotriplet with one heavy (s, c or b) quark. The … is an isodoublet which
contains two heavy quarks, and the œ an isosinglet with three heavy quarks. The number of c or
b quarks is indicated by the subscripts c or b. Hyperons are baryons with at least one s quark.

For charmed baryons the addition of the c quark to the light quarks extends the flavor symmetry
to SU(4)f . Due to the large mass of the c quark, this symmetry is much more strongly broken
than the SU(3)f of the three light quarks. Nevertheless, the SU(4)f representation is still useful
for bookkeeping purposes. With the additive charm quantum number C the baryons are classified
in a 3-dimensional representation with the three coordinates ( I z, Y , C ). Figure 15.5 shows the
SU(4)f weight diagrams.

Figure 15.5: SU(4)f multiplets of ground state baryons made of u, d, s, and c quarks. (a) The
spin 1

2 20-plet extends the charmless SU(3)f octet to C = 1,2; (b) the spin 3
2 20-plet extends the

SU(3)f decuplet to C = 1, 2, 3.

With four quarks the 64 possible configurations decompose into

4 ¢ 4 ¢ 4 = 4̄A ü 20S ü 20MS ü 20MA, (15.29)

(for a review on SU(N) symmetries see e.g. [69]). The subscripts S and A refer to the symmetry
and antisymmetry properties of the flavor wave functions. The flavor symmetric 20S multiplet,
associated with spin-3

2 baryons, contains the charmless SU(3)f decuplet at the bottom level. The
20MS and 20MA multiplets correspond to the mixed symmetric and mixed antisymmetric flavour
wave functions of the spin-1

2 baryons, with the charmless octet baryons at the bottom level. There
are two dsc and two usc spin-1

2 states, labeled …
0
c , …

Õ
c

0 and …
+
c , …

Õ+
c . This is because one of the

qq pairs can have spin 1 (symmetric) or spin 0 (antisymmetric), giving both the total spin j = 1
2

with the third quark (see also Fig. 15.6 below).

11th August, 2022

   Spin =  qqq
ℏ
2

   Spin =  qqq
3ℏ
2
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Meson is held together by the strong force

Strong Force: Mesons

“color” (red, blue, green) is a charge in strong force

Any object should be color-neutral (e.g rr+gg+bb)

Spin =  0,1ℏ, . . neutral color =  (rr̄ + bb̄ + gḡ)/ 3

- - -

VQCD(r) = −
4αS

3r
+ kr

c̄

ce.g. J/ψ
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Strong Force: Mesons

4 15. Quark Model

Z

Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and vector
mesons (b) made of the u, d, s, and c quarks as a function of isospin Iz, charm C , and hypercharge
Y = B + S ≠ C

3 . The nonets of light mesons occupy the central planes to which the cc̄ states
have been added.

Isoscalar states with the same J
P C mix, but mixing between the two light quark isoscalar

mesons, and the much heavier charmonium and bottomonium states, are generally assumed to be
negligible. In the following, we shall use the generic names a for the I = 1, K for the I = 1/2,
and f and f

Õ for the I = 0 members of the light quark nonets. Thus, the physical isoscalars are
mixtures of the SU(3) wave function Â8 and Â1:

f
Õ = Â8 cos ◊ ≠ Â1 sin ◊ , (15.4)

f = Â8 sin ◊ + Â1 cos ◊ , (15.5)

where ◊ is the nonet mixing angle and

Â8 = 1Ô
6

(uū + dd̄ ≠ 2ss̄) , (15.6)

Â1 = 1Ô
3

(uū + dd̄ + ss̄) . (15.7)

The mixing relations are often rewritten to exhibit the uū + dd̄ and ss̄ components which decouple
for the “ideal” mixing angle ◊i, such that tan ◊i = 1/

Ô
2 (or ◊i = 35.3¶). Defining – = ◊ + 54.7¶,

one obtains the physical isoscalar state in the flavor basis

11th August, 2022
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Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and vector
mesons (b) made of the u, d, s, and c quarks as a function of isospin Iz, charm C , and hypercharge
Y = B + S ≠ C

3 . The nonets of light mesons occupy the central planes to which the cc̄ states
have been added.

Isoscalar states with the same J
P C mix, but mixing between the two light quark isoscalar

mesons, and the much heavier charmonium and bottomonium states, are generally assumed to be
negligible. In the following, we shall use the generic names a for the I = 1, K for the I = 1/2,
and f and f

Õ for the I = 0 members of the light quark nonets. Thus, the physical isoscalars are
mixtures of the SU(3) wave function Â8 and Â1:

f
Õ = Â8 cos ◊ ≠ Â1 sin ◊ , (15.4)

f = Â8 sin ◊ + Â1 cos ◊ , (15.5)

where ◊ is the nonet mixing angle and

Â8 = 1Ô
6

(uū + dd̄ ≠ 2ss̄) , (15.6)

Â1 = 1Ô
3

(uū + dd̄ + ss̄) . (15.7)

The mixing relations are often rewritten to exhibit the uū + dd̄ and ss̄ components which decouple
for the “ideal” mixing angle ◊i, such that tan ◊i = 1/

Ô
2 (or ◊i = 35.3¶). Defining – = ◊ + 54.7¶,

one obtains the physical isoscalar state in the flavor basis

11th August, 2022

   Spin =  qq̄ 0    Spin =  qq̄ 1ℏ

note J/ψ
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The Quark Model
   Mesonsqq̄   Baryonsqqq

In principle possible color-neutral composite particles:

color-neutral!

— Tetra-quarks: qq̄qq̄
— Penta-quarks:  or qq̄qqq q̄qq̄q̄q̄
— Glueballs: gg(g)
— Hybrids: linear combination of any of the above
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First Tetra-quark Candidates

Fit results
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FIG. 3: The data points show the B-meson signal yields from fits to the individual Mbc distribu-

tions in the (a) M(π+π−J/ψ) = 3870 MeV and (b) ψ′ regions. The curve represents the results

of the fit described in the text.

The B-meson signal yields from the fits to the individual Mbc distributions are shown
as the data points in Fig. 3(a). The curve is the result of a fit with a Gaussian signal
function and a second-order polynomial to represent the background. The fit gives a signal
yield of 34.4 ± 6.5 events, a peak mass of Mmeas

X = 3871.4 ± 0.7 MeV, and a width of

σ = 3.4 ± 0.5 MeV. The signal significance is estimated to be
√

−2 ln(L0/Lmax) = 8.6σ,
where Lmax and L0 are the likelihood values for the fitted signal yield and for a fit with
the amplitude of the signal function fixed at zero, respectively. For comparison, we show in
Fig. 3(b) the corresponding distribution and fit for the ψ′ peak region. Here the fit results
are: 456.6 ± 22.4 events; Mmeas

ψ′ = 3685.6 ± 0.2 MeV; and σ = 3.4 ± 0.2 MeV. The fitted
widths for the ψ′ and signal peaks are in good agreement; the fitted ψ′ mass is 0.4 MeV
below the PDG value of MPDG

ψ′ = 3686.00± 0.09 MeV.

Mass determination and limits on the total width

We determine the mass of the signal peak by referencing to the well measured ψ′ mass:

MX = Mmeas
X −Mmeas

ψ′ +MPDG
ψ′ = 3871.8± 0.7 MeV.

Here the error is statistical only. Since we reference MX to the precisely known PDG value
for the ψ′ mass, the systematic error is small. The Mψ′ measurement, which references the
J/ψ mass that is 590 MeV away, is within 0.4 MeV of the nominal PDG value. Variation of
the mass scale from Mψ′ to the MX requires an extrapolation of only 186 MeV and, thus,
can safely be expected to be less than this amount. We conservatively assign 0.4 MeV as
the systematic error on the mass.

The fitted signal width is consistent with the resolution. To determine a 90% confidence-
level (CL) upper limit on the total width, we repeat fits to the distribution in Fig. 3(a)
using a resolution-broadened Breit-Wigner (BW) function to represent the signal. From
the variation in −2 ln(L) with the input BW width we determine a 90% CL upper limit of
Γ < 3.5 MeV.

6

Found in     by Belle in 2003B → XK, X → π+π−J/ψ
— possible , but not conclusivecq̄qc̄
— may be molecule 2  mesonsD

10 15. Quark Model

4.2

4.4

4.6

4.8

4140

4430

?

m
 [G

eV
]

DD

†
<latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit>

†
<latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit>

0-+  1--   0++  1++  2++  1+-    1--     2--    3-- 

3872

J/�(1S)
<latexit sha1_base64="gO8bPG1ucQde5UfjIXDsmiscpGw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS90VwXoreBFPFV1bbJeSTbNtaJJdkqxQlv4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tP+g4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw6uJ33yiSrNY3ptRQgOB+5JFjGBjpceb006iWcW7O+mWym7VnQItEi8nZcjR6Ja+Or2YpIJKQzjWuu25iQkyrAwjnI6LnVTTBJMh7tO2pRILqoNsevEYHVulh6JY2ZIGTdXfExkWWo9EaDsFNgM9703E/7x2aqJakDGZpIZKMlsUpRyZGE3eRz2mKDF8ZAkmitlbERlghYmxIRVtCN78y4vEP6teVt3b83K9lqdRgEM4ggp4cAF1uIYG+EBAwjO8wpujnRfn3fmYtS45+cwB/IHz+QNwmY+d</latexit><latexit sha1_base64="gO8bPG1ucQde5UfjIXDsmiscpGw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS90VwXoreBFPFV1bbJeSTbNtaJJdkqxQlv4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tP+g4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw6uJ33yiSrNY3ptRQgOB+5JFjGBjpceb006iWcW7O+mWym7VnQItEi8nZcjR6Ja+Or2YpIJKQzjWuu25iQkyrAwjnI6LnVTTBJMh7tO2pRILqoNsevEYHVulh6JY2ZIGTdXfExkWWo9EaDsFNgM9703E/7x2aqJakDGZpIZKMlsUpRyZGE3eRz2mKDF8ZAkmitlbERlghYmxIRVtCN78y4vEP6teVt3b83K9lqdRgEM4ggp4cAF1uIYG+EBAwjO8wpujnRfn3fmYtS45+cwB/IHz+QNwmY+d</latexit><latexit sha1_base64="gO8bPG1ucQde5UfjIXDsmiscpGw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS90VwXoreBFPFV1bbJeSTbNtaJJdkqxQlv4LLx5UvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tP+g4VYT6JOaxaoVYU84k9Q0znLYSRbEIOW2Gw6uJ33yiSrNY3ptRQgOB+5JFjGBjpceb006iWcW7O+mWym7VnQItEi8nZcjR6Ja+Or2YpIJKQzjWuu25iQkyrAwjnI6LnVTTBJMh7tO2pRILqoNsevEYHVulh6JY2ZIGTdXfExkWWo9EaDsFNgM9703E/7x2aqJakDGZpIZKMlsUpRyZGE3eRz2mKDF8ZAkmitlbERlghYmxIRVtCN78y4vEP6teVt3b83K9lqdRgEM4ggp4cAF1uIYG+EBAwjO8wpujnRfn3fmYtS45+cwB/IHz+QNwmY+d</latexit>

4360

4230

†
<latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit><latexit sha1_base64="QhBZ7yx/uifj/ZKvJCCNz027KjM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KokI1lvBi8cKxhbaUDababp0swm7G6GE/ggvHlS8+n+8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7JT3d3bPzisHR0/6jRXDH2WilR1Q6pRcIm+4UZgN1NIk1BgJxzfzvzOEyrNU/lgJhkGCY0lH3JGjZU6/YjGMapBre423DnIKvFKUocS7UHtqx+lLE9QGiao1j3PzUxQUGU4Ezit9nONGWVjGmPPUkkT1EExP3dKzq0SkWGqbElD5urviYImWk+S0HYm1Iz0sjcT//N6uRk2g4LLLDco2WLRMBfEpGT2O4m4QmbExBLKFLe3EjaiijJjE6raELzll1eJf9m4abj3V/VWs0yjAqdwBhfgwTW04A7a4AODMTzDK7w5mfPivDsfi9Y1p5w5gT9wPn8AsumPTw==</latexit>

0++or 2++

3900

4020

3915

4660

4274

1S0    
3S1     

3P0     
3P1      

3P2     
1P1      

3D1     
3D2     

3D3 

Figure 15.2: Established states populating the charmonium spectrum that are listed in the
Summary Tables. The cc̄ states are shown in black, the exotic ones are tagged by stars (red
for the isoscalars, blue for the isovectors). The quantum numbers of the two states in the right
column are not firmly established.

In alternative schemes these states build the lightest qq̄ scalar nonet (for details see “Scalar mesons
below 1 GeV” in this “Review”).

A plethora of new states have been reported in the charmonium and bottomonium spectra.
The most prominent one is the ‰c1(3872) (formerly X(3872)), first observed in 2003 in B-decays
in the final state J/Â fi

+
fi

≠ (see Fig. 15.2). Even more remarkable is the observation of isovector
(charged) candidates decaying into cc plus a charged pion, such as the Z

±(4430) decaying into
Â(2S)fi±, which a priori excludes an interpretation as true cc (charmonium) state. Similar states are
also observed in the bottomonium spectrum. Some of these states may be tetraquarks (e.g. cqc̄q̄),
molecular structures (e.g. cq̄c̄q) made of pairs of mesons such as D, Ds and D

ú
, D

ú
s excitations, or

their B and B
ú counterparts. They could also be mimicked by kinematical e�ects such as triangle

singularities. Details and references can be found in recent reviews [23], [24] and in the review
“Heavy non-qq̄ Mesons” .

QCD predicts the existence of extra isoscalar mesons which cannot be addressed by the quark
model. In the pure gauge theory they contain only gluons, and are called glueballs. The ground
state glueball is predicted by lattice gauge theories to be 0++, the first excited state 2++. Errors
on the mass predictions are large. From Ref. [25] one obtains 1750 (50) (80) MeV for the mass of
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  or may be tetra-quark

 and exotic mesonscc̄

spin-parity quantum numbers
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Recent Tetra-quark Candidates

6.5 7 7.5 8 8.5 90

20

40

60

80

100

120

140

160

180

C
an

di
da

te
s 

/ 2
5 

M
eV

Data Fit
1BW 2BW
3BW Background

Interfering BWs

 (13 TeV)-1135 fb

CMS

6.5 7 7.5 8 8.5 9
 [GeV]ψ/Jψ/Jm

2−

0

2

St
at

. u
nc

.
D

at
a-

Fi
t

X1 X2 X3

What is special about the recent Tetra-quark candidates?

— for the first time composed of 4 heavy c, c, c̄, c̄
— may allow us to understand the structure!
— now need to measure its properties!
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Back to the Strong Nuclear Force

quark exchange

July, 2024

neutron

proton

What holds nucleus together?

about

— it is still strong force, but more complicated:
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What holds nucleus together?

protonneutron
color-neutral
charge-neutral

color-neutral

no strong or EM force at large distance 

Nuclear force - based on strong force, but works differently
than binding force of mesons and baryons

(electric charge)

Nature of the Nuclear Force
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It gets more complicated, but gluons still connect it all:

color-neutral

meson exchangequark exchange

July, 2024

neutron

proton

Nature of the Nuclear Force
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Nature of the Nuclear Force

proton
neutron

Yukawa potential at larger distances:

r

V(r) = g ⋅
e− mπc

ℏ r

r
range d ∼

ℏ
mπc

∼ 1.4 fm

∼ 1.4 × 10−15 m

VQCD(r) = −
4αS

3r
+ krCompare for  (colored):qq̄

July, 2024

note 
pion 
mass
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2024: What is  ?X → J/ψ J/ψ

 composite 
particle

X

?
One popular model is a “molecule”
kind of a bound state of two mesons
connected by a strong nuclear force
like proton and neutron in a nucleus… 

V(r) = g ⋅
e−

mηcc
ℏ r

r

note 
 

mass
(cc̄)

 heavier× 22

binding would be 
much weaker than
in a nucleus or
light “tetra-quarks” 

Strong argument against “molecular” nature!
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2024: What is  ?X → J/ψ J/ψ
True tetra-quark connects 
two colored objects  and  — it is an exotic meson (cc) (c̄c̄)

c̄B̄c̄Ḡ

cGcB

c̄R̄c̄B̄ c̄Ḡc̄R̄

cBcR cRcG
We still need to learn a lot more about  …X
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The same mechanism in nucleons?
If this happens in tetra-quarks, why not in protons? 

d u d u

u
B̄B

— there is evidence of  binding in proton(qq)anticolor

— final structure is superposition of all combinations

u

proton

uRuG

dB

⇔
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How to study the nature of X

23

XJ/ψ J/ψμ

μ

μ

μ

̂z1 ̂z2

July, 2024

If this happens in tetra-quarks, why not in protons? 

— determine spin-parity quantum numbers
— follow spin correlations in decay chain 
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Determine the nature of X

24

XJ/ψ J/ψμ

μ

μ

μ

→ ←
0 0
← 0
0 →
→ 0
0 ←
← ←→ →

JX
=

0
JX

=
1

JX
≥

2

Jz1 Jz2

̂z1 ̂z2

A++
A−−
A00
A+0
A0+
A−0
A0−
A+−
A−+

helicity amplitude

← →
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g

25

X g

J/ψ

J/ψ

Determine the nature of X
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Determine the nature of X

26

XJ/ψ J/ψμ

μ

μ

μ

̂z1 ̂z2
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Decay: Angular Distributions

27

XJ/ψ J/ψμ

μ

μ

μ

̂z1 ̂z2

A++
A−−
A00
A+0
A0+
A−0
A0−
A+−
A−+

Explicit Distributions for any Spin J (MELA)
F J

0,0(θ
∗) ×

[

4 |A00|
2 sin2 θ1 sin2 θ2 + 2|A++||A−−| sin

2 θ1 sin2 θ2 cos(2Φ − φ−− + φ++)
]

+ |A++|
2
(

1 + 2Af1 cos θ1 + cos2 θ1

) (

1 + 2Af2 cos θ2 + cos2 θ2

)

+ |A−−|
2
(

1 − 2Af1 cos θ1 + cos2 θ1

) (

1 − 2Af2 cos θ2 + cos2 θ2

)

spin = 0 & ≥ 1

+ 4|A00||A++|(Af1 + cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ + φ++)

+ 4|A00||A−−|(Af1 − cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ − φ−−)

+F J
1,1(θ

∗) ×
[

2|A+0|
2(1 + 2Af1 cos θ1 + cos2 θ1) sin2 θ2 + 2|A0−|

2 sin2 θ1(1 − 2Af2 cos θ2 + cos2 θ2)

+ 2|A−0|
2(1 − 2Af1 cos θ1 + cos2 θ1) sin2 θ2 + 2|A0+|

2 sin2 θ1(1 + 2Af2 cos θ2 + cos2 θ2)

+ 4|A+0||A0−|(Af1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ + φ+0 − φ0−)

+ 4|A0+||A−0|(Af1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ + φ0+ − φ−0)
]

spin ≥ 1

+F J
1,−1(θ

∗) ×
[

4|A+0||A0+|(Af1 + cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(2Ψ − φ+0 + φ0+)

+ 4|A0−||A−0|(Af1 − cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(2Ψ − φ0− + φ−0)

+4|A+0||A−0| sin
2 θ1 sin2 θ2 cos(2Ψ − Φ − φ+0 + φ−0) + 4|A0−||A0+| sin

2 θ1 sin2 θ2 cos(2Ψ + Φ − φ0− + φ0+)
]

+F J
2,2(θ

∗) ×
[

|A+−|
2(1 + 2Af1 cos θ1 + cos2 θ1)(1 − 2Af2 cos θ2 + cos2 θ2)

+ |A−+|
2(1 − 2Af1 cos θ1 + cos2 θ1)(1 + 2Af2 cos θ2 + cos2 θ2)

]

spin ≥ 2

+F J
2,−2(θ

∗) ×
[

2|A+−||A−+| sin
2 θ1 sin2 θ2 cos(4Ψ − φ+− + φ−+)

]

+ other 26 interference terms for spin

where Ψ = Φ1 + Φ/2 and F J
ij(θ

∗) =
∑

m=0,±1,±2

fm dJ
im(θ∗)dJ

jm(θ∗)

Andrei Gritsan, JHU XXXIII 29 November 2012
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Summary

 composite 
particle

X

Quark model has been successful for ~50 years

?One popular model is a “molecule”
kind of a bound state of two mesons
connected by a strong nuclear force,
like proton and neutron in a nucleus 

Recent exotic states from quarks (?)
— explains our existence

Another — true tetra-quark connects 
two colored objects  and  
through direct strong interactions
like quarks in a proton or neutron 

(cc) (c̄c̄)

Fundamental study of matter at quark level…


