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Ancient History: Hadron Spectroscopy & Flavor SU(3)
Gell-Mann, “The Eightfold Way” & Ne’eman, Nucl.
Phys. 26, 229 (1961): SU(3) classification symmetry
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1. INTRODUCTION

N trying to understand the structure of the strong
. interactions, several higher symmetry schemes

have been proposed. " These higher symmetries
should conserve the isospin I and the hypercharge
Y. Especially interesting in this respect is the octet
model (unitary symmetry) proposed independently

by Oell-Mann' and Ne'eman. 4 In this model one
assumes the strongest interactions to be invariant
under transformations belonging to SU(3), i.e.,
under unimodular unitary transformations in some
three-dimensional complex linear vector space ("uni-
tary spin space"). The symmetry of these strong
interactions is broken by some unknown weaker
mechanism, but in such a way that the isospin and
the hypercharge are still conserved. A still weaker
interaction, the electromagnetic interaction, breaks
this lower symmetry in such a way that only the
hypercharge and the third component of isospin are
conserved. In this unitary symmetry model one as-
signs groups of strongly interacting particles with the
same quantum numbers (not the same are I, Y, I3,
and directly related ones as strangeness, charge,
6 parity, etc.), to irreducible representations (IR's)
of the group SU(3). The lowest nontrivial IR in the
octet model, which is physically possible (i.e., has
integer quantum numbers for the hypercharge), is
the IR {8}.The eight well-known baryons X,A, Z,
and, as well as the eight pseudoscalar mesons,

K,g,~, and K, are assigned to IR's {8}.One assumes,
moreover, the existence of eight vector mesons which

On leave from the University of Nijmegen, Nijmegen,
The Netherlands.

I A very nice survey of the different higher symmetry
schemes in strong interactions is given by R. E. Behrends,
J. Dreitlein, C. Fronsdal, and B. W. Lee, Rev. Mod. Phys.
34, 1 (1962). The reader is referred there to the large existing
literature about this subject.

2 D. R. Speiser and J. Tarski, Math. Phys. 4, 588 (1963).
3 M. Gell-Mann, California Institute of Technology, Re-

port CTSL—20, March, 1961 (unpublished); Phys. Rev. 125,
1067 (1962).

4 Y. Ne'eman, Nucl. Phys. 26, 222 (1961).

belong to such a representation. Perhaps the mesons

p, co,K*, and K* constitute this octet. A difFiculty here
is which K* to take. There seem to be two (Kvr)
resonances, one' at 730 MeV and the other' at 888
MeV. One favors the 888-MeV resonance because
it seems to have all the correct quantum numbers.
The next higher IR can contain 10 particles. It is
suggested' that the familiar (3,3) pion-nucleon
resonance, the Y*, (1385 MeV), the recently dis-
covered" I = —,', x resonance at 1532 MeV and a
still unknown baryon 0 (Y = —2, I = 0, & 1685
MeV) belong to this IR {10}.A discovery of this 0
would be a great triumph for this octet model.
Okubo" has derived a mass formula for the different
members belonging to the same IR. I&'or the octets
(IR {8}),this formula reduces to a mass relation
between the different members. This mass relation
is very well satisfied for the baryons and for the
pseudoscalar mesons. However, for the vector
mesons, neither the 888-MeV nor the 730-MeV
(Km.) resonance fulfills this relation. For the IR {10}
this mass formula is again very well satisfied. Cole-
man and Glashow" have given a relation connecting
the electromagnetic mass differences within the
baryon octet. This relation is also very well satisfied.

The main purpose of this paper is to derive the

& G. Alexander, G-. R. KalMeisch, D. H. Miller, and G. A.
Smith, Phys. Rev. Letters 8, 447 (1962).

6 For extensive references, see, Proceedings of the 1968 An-
nual International Conference on High-Energy Physics, at
CERX (CERN, Geneva, 1962), p. 781.

& M. Gell-Mann, Proceedings of the 1968 Annual Inter-
national Conference on High-Energy Physics, at CERN (CERN,
Geneva, 1962), p. 805.

8 G. M. Pjerrou, D. J. Prowse, P. Schlein, W. E. Slater,
D. H. Stork, and H. K. Ticho, Proceedings of the 1968 Annual
International Conference on High-Energy Physics, at CERN
(CERN, Geneva, 1962), p. 289.

9 L. Bertanza, V. Brisson, P. L. Connolly, E. L. Hart, I. S.
Mittra, G. C. Moneti, R. R. Rau, N. P. Samios, S. S. Yama-
moto, M. Goldberg, L. Gray, J. Leitner, S. Lichtman, and
J. Westgard, Proceedings of the 1968 Annual International
Conference on Hi gh-Energy Physics, at CERN (CERN,
Geneva, 1962), p. 279.

I0 S. Okubo, Progr. Theoret. Phys. (Kyoto) 2'7, 949 (1962).
II S. Coleman and S. L. Glashow, Phys. Rev. Letters 6, 423

(1961).
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Ancient History: Hadron Spectroscopy & Quarks
1964: Gell-Mann (“quarks”) and Zweig
(“aces”) noticed that observed multiplets
could be constructed from elementary spin- 1

2

flavor triplets—isospin doublet (u, d) and
strange isospin singlet s, according to the rules
meson = qq̄ and baryon = qqq.

Y

I3

s

ud

SU(3) flavor algebra:
3⊗ 3̄ = 1⊕ 8;

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10

“Of course, the whole quark idea is ill-founded. So far, quarks have
escaped detection. This fact could simply be taken to mean that they
are extremely massive and therefore difficult to produce, but it could also
be an indication that quarks cannot exist as individual particles but, like
photons in a crystal, can have meaning only inside the hadrons. In either
case, nevertheless, the dynamical system of such quarks binding together
to give the observed hadrons that has the properties demanded by the
applications, is very difficult to understand in terms of conventional
concepts. The quark model should, therefore, at least for the moment,
not be taken for more than what it is, namely the tentative and simplistic
expression of an as yet obscure dynamics underlying the hadronic world.”

—Jaap Kokkedee, 1969
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Establishing the quark paradigm: pointlike constituents
Bjorken scaling in deeply inelastic scattering

19. Structure functions 23

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.
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Figure 19.8: The proton structure function F
p
2 measured in electromagnetic scattering of electrons and

positrons on protons (collider experiments H1 and ZEUS for Q2 ≥ 2 GeV2), in the kinematic domain
of the HERA data (see Fig. 19.10 for data at smaller x and Q2), and for electrons (SLAC) and muons
(BCDMS, E665, NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown.
The H1+ZEUS combined values are obtained from the measured reduced cross section and converted to F

p
2

with a HERAPDF NLO fit, for all measured points where the predicted ratio of F p
2 to reduced cross-section

was within 10% of unity. The data are plotted as a function of Q2 in bins of fixed x. Some points have
been slightly offset in Q2 for clarity. The H1+ZEUS combined binning in x is used in this plot; all other
data are rebinned to the x values of these data. For the purpose of plotting, F p

2 has been multiplied by 2ix ,
where ix is the number of the x bin, ranging from ix = 1 (x = 0.85) to ix = 24 (x = 0.00005). References:
H1 and ZEUS—H. Abramowicz et al., Eur. Phys. J. C75, 580 (2015) (for both data and HERAPDF
parameterization); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given in [86]) ;
E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys. B483, 3
(1997); SLAC—L.W. Whitlow et al., Phys. Lett. B282, 475 (1992).

R ≡ σ(e+e− → hadrons)/σ(e+e− → µ+µ−)

51. Plots of cross sections and related quantities 5

σ andR in e+e− Collisions
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Figure 51.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2015. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

R = 3
∑

flavors

e2
q

Idea of quarks as color triplets resolves

spin-statistics problem of JP = 3
2

+
Ω−(sss),

suggests SU(3)color symmetry, color gauge theory.
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Color confinement, perturbation theory, concrete quarks
Asymptotic freedom
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Spectrum of charmonium (cc̄) states

96. The charmonium system 1

96. The Charmonium System

 = PCJ − +0 − −1 + +0 + +1+ −1 + +2
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The level scheme of the cc states showing experimentally established states with solid
lines. Singlet states are called ηc and hc, triplet states ψ and χcJ , and unassigned
charmonium-like states X . In parentheses it is sufficient to give the radial quantum
number and the orbital angular momentum to specify the states with all their quantum
numbers. Only observed hadronic transitions are shown; the single photon transitions
ψ(nS) → γηc(mP ), ψ(nS) → γχcJ (mP ), and χcJ (1P ) → γJ/ψ are omitted for clarity.

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
December 1, 2017 09:37
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Heavy-flavor hadrons

Spectrum of bottomonium (bb̄) states

98. The bottomonium system 1

98. The Bottomonium System

 = PCJ − +0 − −1 + −1 + +0 + +1 + +2 − −2
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The level scheme of the bb states showing experimentally established states with solid
lines. Singlet states are called ηb and hb, triplet states Υ and χbJ . In parentheses it is
sufficient to give the radial quantum number and the orbital angular momentum to specify
the states with all their quantum numbers. E.g., hb(2P ) means 21P1 with n = 2, L = 1,
S = 0, J = 1, PC = +−. The figure shows observed hadronic transitions. The single
photon transitions Υ(nS) → γηb(mS), Υ(nS) → γχbJ (mP ), and χbJ (nP ) → γΥ(mS)
are omitted for clarity.

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
December 1, 2017 09:37

tt̄ in the DØ experiment at Fermilab

...
.
.
..
.
.
.
.
.

.............

.......

..................
........

.
......
.......
.......

.......................
....
............
.............
...........

.......

.....

......

..
.
.
.
.
.
.
.
.
.
.

.

.
...
.
.
..
.
.
..
.
.
.
..
....
.
..
.
.......
....... ..... .......

.......

....................
..........................

.......
..............

......

...........
.........

...............

..........................
.
.......

.
......
..
.
...
.
....
.
..
.
...
.
.
......
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

......

..

.

.

.

.

.

.

..

..

.

..............

.............

.......
..............
............. ...... .......

..............

..
......
.....
.....
....
.....
.....
....

.....

.............

........
.
.
.
.
....

.............

.......

.................
.............

...

.......

......

..

...........

.
...
....
........
...
....
...
.
...
......
.
...
.
...
.
...
.
...
..........
..

.

.
.
.
.
.
.
...
.
.
......

..

.

.

.

.

.

..

.

..

.

..

.

..

.

.
.
.
.
..
..
.
.
.
.
.
.
.
..
..
.
.
.
.
.
.
.
.
.

.............. ...... .....
..............
......

...........................

...................

.......

..............

..

.......

......

.........

...

..............

............
............
.

..

.
.
.
..
.
..
.
..
.
..
.

...
.....
.....
.
.
..
.
..
.
..
.
..
.
.
.
..
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

............

..........

...................

.
.
...
...
.....

............. ....... ......
.............
.......

....
.
...
......
......
....
.
.....
........

.......

.......

Chris Quigg (Fermilab) Stable Tetraquarks Utrecht · 04.04.2018 6 / 30



Hadron masses from Lattice QCD
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∗ η φ N Λ Σ Ξ ∆ Σ∗ Ξ∗ Ωπ η′ ω0

500

1000

1500

2000

2500

(M
eV

)

D, B D
*, B

*

D s
,B s

D s
* ,B s

*

B
c

B
c

*

© 2012−2014 Andreas Kronfeld/Fermi Natl Accelerator Lab.

B mesons offset by −4000 MeV

Update of arXiv:1203.1204
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Recent Prehistory (2002–2003) . . .
BELLE observes η′c(3654) in B → KKsK

−π+ decays (now η′c(3636)).

ELQ advocate B-meson gateways to missing charmonium levels
hc(1 1P1), ηc2(1 1D2), and ψ2(1 3D2)

BELLE observes X (3872) in B± → K±π+π−J/ψ decays (D0D̄∗0 mass!)

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K����J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘�‘� < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from � conversion products and curling
tracks, we require the ���� invariant mass to be greater
than 0.4 GeV. To reduce the level of e�e� ! q �qq (q �
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos�Bj< 0:8, where �B is the
polar angle of the B-meson direction in the CM frame.

Candidate B� ! K�����J= mesons are recon-
structed using the energy difference �E � ECMB �
ECMbeam and the beam-energy constrained mass

Mbc �
��������������������������������������
�ECMbeam�

2 � �pCMB �2
q

, where ECMbeam is the beam

energy in the CM system, and ECMB and pCMB are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j�Ej< 0:030 GeV.

Figure 1(a) shows the distribution of �M �
M�����‘�‘�� �M�‘�‘�� for events in the �E-Mbc

signal region. Here a large peak corresponding to  0 !
����J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- �BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M�����J= �
determined from �M�MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at �M � 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M����J= < 3780 MeV) and the M �

3872 MeV (3770 MeV<M����J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, �E, and M����J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M����J= signals are single Gaussians; the
�E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for �E and M����J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the �E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM � 3872 MeV region, the
Mbc peak and width, as well as the �E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M����J= , and �E
signal-band projections for the M � 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7�
6:8 events has a statistical significance of 10:3�, deter-
mined from

�����������������������������������
�2 ln�L0=Lmax�

p
, where Lmax and L0 are

the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X�3872�.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX � Mmeas
X �Mmeas

 0 �MPDG
 0

� 3872:0� 0:6�stat� � 0:5�syst� MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is �0:5� 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X�3872� peak is � � 2:5�
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M�����‘�‘�� �M�‘�‘�� for se-
lected events in the �E-Mbc signal region for (a) Belle data
and (b) generic B- �BB MC events.

TABLE I. Results of the fits to the  0 and M � 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M � 3872 MeV region

Signal events 489� 23 35:7� 6:8
Mmeas
����J= peak 3685:5� 0:2 MeV 3871:5� 0:6 MeV
�M����J= 3:3� 0:2 MeV 2:5� 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-3 262001-3
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X (3872) ; Renaissance in hadron spectroscopy . . .
X (3872) 6= ψ2(1 3D2): JPC = 1++

cc̄ state modified by coupling with open channels?
Threshold “cusp” phenomenon?

D – D̄∗ molecule? / hadrocharmonium
Tetraquark (diquark–antidiquark) meson?

QM superposition of several Fock states
Isospin violation likely

Other new states invite hybrid (cc̄g) interpretations, etc.

Clarity from change with heavy-quark mass (cc̄), (bc̄), (bb̄)?
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X (3872) ; Renaissance in hadron spectroscopy . . .
XYZ Mesons Stephen Lars Olsen
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neutral XYZ mesons
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Z(4430)+
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Z2(4250)+

MD+MD*

_

Zc(4020)+

Zc(4200)+

Figure 2: The spectrum of charmonium and charmoniumlike mesons.

according to my best guess at their JPC quantum numbers. A reasonably up-to-date list of the XY Z
candidate states, together with some of their essential properties, is provided in Table 1 and some
recent reviews can be found in Refs. [28, 29, 30, 31].4 The designation of these states as X , Y , or
Z was initially haphazard, but now has settled into a pattern in which researchers engaged in this
field (but not the Particle Data Group (PDG) [21]) designate JPC = 1−− neutral states as Y , those
with isospin=1 as Z, and all of the rest as X . However, a few exceptions to this pattern persist.

3.2 A whirlwind tour

Moving from left to right in Fig. 2, I review reasons that the XY Z states are poor matches for any
of the unassigned charmonium states. (Experimental references are given in Table 1.)

4In Table 1 and the rest of this report, the inclusion of charge conjugate states is always implied.

5

S. L. Olsen, Front. Phys. (Beijing) 10, 121
(2015) [arXiv:1411.7738].

R. F. Lebed, R. E. Mitchell, E. S. Swanson,
Prog. Part. Nucl. Phys. 93, 143 (2017)
[arXiv:1610.04528].

A. Esposito, A. Pilloni, A. D. Polosa, Phys.
Rept. 668, 1 (2016) [arXiv:1611.07920].

A. Ali, J. S. Lange, S. Stone, Prog. Part. Nucl.
Phys. 97, 123 (2017) [arXiv:1706.00610].

S. L. Olsen, T. Skwarnicki and D. Zieminska,
Rev. Mod. Phys. 90, 015003 (2018)
[arXiv:1708.04012].

F.-K. Guo, C. Hanhart, Ulf-G. Meißner,
Q. Wang, Q. Zhao, and B.-S. Zou. Rev. Mod.
Phys. 90, 015004 (2018).
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Charged states invite tetraquark interpretations

Lo-o-o-o-ng history, dating to foundational papers of the quark model
G. Zweig, “An SU(3) model for strong interaction symmetry and its breaking,” CERN-TH-401 (1964);
“An SU(3) model for strong interaction symmetry and its breaking. 2,” CERN-TH-412 (1964).

M. Gell-Mann, “A schematic model of baryons and mesons,” Phys. Lett. 8, 214–215 (1964).

Application to (light-)meson spectroscopy: broad scalars a0(980), f0(980)
R. L. Jaffe, “Multi-Quark Hadrons. 1. The Phenomenology of (q2q̄2) Mesons,” Phys. Rev. D 15, 267
(1977); “Multi-Quark Hadrons. 2. Methods,” Phys. Rev. D 15, 281 (1977).

Tetraquark interpretations of XYZ complicated by many thresholds
Tetraquark advocate: L. Maiani, “Exotic Hadrons,” CERN Heavy-hadron Spectroscopy, July 2017

Can we unambiguously demonstrate the reality of tetraquarks?
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http://dx.doi.org/10.1103/PhysRevD.15.267
http://dx.doi.org/10.1103/PhysRevD.15.281
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Heavy-quark symmetry implies stable heavy tetraquark mesons QiQj q̄k q̄l
In the limit of very heavy quarks Q, novel narrow doubly heavy

tetraquark states (DHTQ) must exist.

HQS relates DHTQ mass to masses of a doubly heavy baryon,
heavy-light baryon, and heavy-light meson.

The lightest double-beauty states composed of bbūd̄ , bbūs̄,
and bbd̄ s̄ will likely be stable against strong decays.

Heavier bbq̄k q̄l states, ccq̄k q̄l states, and mixed bcq̄k q̄l states,
will likely dissociate into pairs of heavy-light mesons. Some might
be seen as “double-flavor” resonances near threshold.

Observing a weakly decaying double-beauty state would
establish the existence of tetraquarks and illuminate the role of
heavy color-3̄ diquarks as hadron constituents.
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When tetraquarks resemble the helium atom . . .

Factorized system: separate dynamics for compact “nucleus,” light quarks

4He |r1 − r2|

e1

r1

r2

e2

(QQ)

q̄

q̄

(Attractive, repulsive) one-gluon exchange for (QQ) in color-(3̄, 6)
3̄ half strength of QQ̄ attraction in color-1
also for string tension [Nakamura & Saito]

In heavy limit, idealize a stationary, structureless (color) charge
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Stability in the heavy-quark limit

1) Dissociation into two heavy-light mesons is kinematically forbidden.

Q ≡ m(QiQj q̄k q̄l)− [m(Qi q̄k) + m(Qj q̄l)] =

∆(qk , ql)︸ ︷︷ ︸
light d.o.f.

−1
2

(
2
3αs

)2
[1 + O(v 2)]M + O(1/M) ,

M ≡ (1/mQi + 1/mQj)
−1: reduced mass of Qi and Qj

∆(qk , ql)
M→∞−−−→ independent of heavy-quark masses

For large enough M , QQ Coulomb binding dominates, Q < 0
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Stability in the heavy-quark limit

2) Decay to doubly heavy baryon and light antibaryon?
(QiQj q̄k q̄l)→ (QiQjqm) + (q̄k q̄l q̄m)

Core QiQj is color-3̄, same as Q̄x . Up to contributions from Q motion
and spin interactions,

m(QiQj q̄k q̄l)−m(QiQjqm) = m(Qxqkql)−m(Qx q̄m)

(spin configurations matter) RHS has generic form ∆0 + ∆1/MQx

Using m(Λc)−m(D) = 416.87 MeV and m(Λb)−m(B) = 340.26 MeV,
we estimate ∆0 ≈ 330 MeV (asymptotic mass difference).

All < m(p̄) = 938 MeV
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No open strong decay channels in the heavy-quark limit!

As M →∞, stable QiQj q̄k q̄l mesons must exist

Implications for the real world?
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Does a tiny quasistatic diquark core make sense in our world?

At large Qi – Qj separations, q̄k q̄l cloud screens QiQj interaction

(QQ)

q̄

q̄

(QQ)

q̄

q̄

(QQ)

q̄

q̄

q̄

q̄

Q Q

Growing separation alters 3̄, 6 mix ; division into heavy–light mesons

In a half-strength Cornell potential, rms core radii are small on tetraquark
scale: 〈r 2〉1/2 = 0.28 fm (cc); 0.24 fm (bc); 0.19 fm (bb). (lattice, too)

∴ core-plus-light (anti)quarks idealization should be reliable.
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Mass estimates (beyond the heavy-quark limit . . . )

Use heavy-quark-symmetry relations,

m({QiQj}{q̄k q̄l})−m({QiQj}qy) = m(Qx{qkql})−m(Qx q̄y)

m({QiQj}[q̄k q̄l ])−m({QiQj}qy) = m(Qx [qkql ])−m(Qx q̄y)

m([QiQj ]{q̄k q̄l})−m([QiQj ]qy) = m(Qx{qkql})−m(Qx q̄y)

m([QiQj ][q̄k q̄l ])−m([QiQj ]qy) = m(Qx [qkql ])−m(Qx q̄y) .

+ finite-mass corrections, δm = S
~S · ~j`
2M +

K
2M

(hyperfine + light d.o.f.) to estimate QiQj q̄k q̄l masses
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Masses, etc., for ground-state hadrons containing heavy quarks
State j` Mass (j` + 1

2 ) Mass (j` − 1
2 ) Centroid Spin Splitting S [GeV2]

D(∗) (cd̄) 1
2 2010.26 1869.59 1975.09 140.7 0.436

D
(∗)
s (cs̄) 1

2 2112.1 1968.28 2076.15 143.8 0.446
Λc (cud)3̄ 0 2286.46 – – –
Σc (cud)6 1 2518.41 2453.97 2496.93 64.44 0.132
Ξc (cus)3̄ 0 2467.87 – – –
Ξ′c (cus)6 1 2645.53 2577.4 2622.82 68.13 0.141
Ωc (css)6 1 2765.9 2695.2 2742.33 70.7 0.146
Ξcc (ccu)3̄ 0 3621.40 – –

B(∗) (bd̄) 1
2 5324.65 5279.32 5313.32 45.33 0.427

B
(∗)
s (bs̄) 1

2 5415.4 5366.89 5403.3 48.5 0.459
Λb (bud)3̄ 0 5619.58 – –
Σb (bud)6 1 5832.1 5811.3 5825.2 20.8 0.131
Ξb (bds)3̄ 0 5794.5 – –
Ξ′b (bds)6 1 5955.33 5935.02 5948.56 20.31 0.128
Ωb (bss)6 1 6046.1

Bc (bc̄) 1
2 6329 6274.9 6315.4 54 0.340
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Kinetic-energy shift differs in Qq̄ mesons and Qqq baryons . . .
Consider δK ≡ K(ud) −Kd :

[m((cud)3̄)−m(cd̄)]− [m((bud)3̄)−m(bd̄)]

= δK
(

1

2mc
− 1

2mb

)
= 5.11 MeV

; δK = 0.0235 GeV2

m({cc}(ūd̄))−m({cc}d) :
δK
4mc

= 2.80 MeV

m((bc)(ūd̄))−m({bc}d) :
δK

2(mc + mb)
= 1.87 MeV

m({bb}(ūd̄))−m({bb}d) :
δK
4mb

= 1.24 MeV

Small! (only slightly larger than isospin-breaking effects we neglect)
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Estimating ground-state tetraquark masses

RHS of
m(QiQj q̄k q̄l)−m(QiQjqm) = m(Qxqkql)−m(Qx q̄m)

is determined from data

One doubly heavy baryon observed, Ξcc ; others from model calculations?

LHCb: M(Ξ++
cc ) = 3621.40± 0.78 MeV

?We adopt Karliner & Rosner, PRD 90, 094007 (2014)

Strong decays (QiQj q̄k q̄l) 6→ (QiQjqm) + (q̄k q̄l q̄m) ∀ ground states

Must consider decays to pairs of heavy–light mesons case-by-case
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Expectations for ground-state tetraquark masses, in MeV
State JP m(QiQj q̄k q̄l) Decay Channel Q [MeV]
{cc}[ūd̄ ] 1+ 3978 D+D∗0 3876 102
{cc}[q̄k s̄] 1+ 4156 D+D∗+s 3977 179
{cc}{q̄k q̄l} 0+, 1+, 2+ 4146, 4167, 4210 D+D0,D+D∗0 3734, 3876 412, 292, 476
[bc][ūd̄ ] 0+ 7229 B−D+/B0D0 7146 83
[bc][q̄k s̄] 0+ 7406 BsD 7236 170
[bc]{q̄k q̄l} 1+ 7439 B∗D/BD∗ 7190/7290 249
{bc}[ūd̄ ] 1+ 7272 B∗D/BD∗ 7190/7290 82
{bc}[q̄k s̄] 1+ 7445 DB∗s 7282 163
{bc}{q̄k q̄l} 0+, 1+, 2+ 7461, 7472, 7493 BD/B∗D 7146/7190 317, 282, 349

{bb}[ūd̄ ] 1+ 10482 B−B̄∗0 10603 −121

{bb}[q̄k s̄] 1+ 10643 B̄B̄∗s /B̄s B̄
∗ 10695/10691 −48

{bb}{q̄k q̄l} 0+, 1+, 2+ 10674, 10681, 10695 B−B0,B−B∗0 10559, 10603 115, 78, 136

Cf. M. Karliner & J. L. Rosner model, Phys. Rev. Lett. 119, 202001 (2017) [arXiv:1707.07666].
Estimate deeper binding, so additional bc and cc candidates.
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Real-world candidates for stable tetraquarks
JP = 1+ {bb}[ūd̄ ] meson, bound by 121 MeV

(77 MeV below B−B̄0γ)

T {bb}
[ūd̄ ]

(10482)−→ Ξ0
bc p̄, B−D+π−, and B−D+`−ν̄︸ ︷︷ ︸

manifestly weak!

JP = 1+ {bb}[ūs̄] and {bb}[d̄ s̄] mesons, bound by 48 MeV
(3 MeV below BBsγ)

T {bb}[ūs̄] (10643)−→ Ξ0
bcΣ

− T {bb}
[d̄ s̄]

(10643)0→ Ξ0
bc(Λ̄,Σ

0
)

SELEX M(Ξ+
cc) = 3519 MeV ; m({cc}[ūd̄ ]) = 3876 MeV, at threshold for dissociation

into a heavy-light pseudoscalar and heavy-light vector. Signatures for weak decay would
include D+K−`+ν and Ξ+

c n̄. (D0D+γ at 3734 MeV)
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Lattice studies also suggest stable double-beauty tetraquarks

P. Bicudo, K. Cichy, A. Peters and M. Wagner, PRD 93, 034501 (2016)
[arXiv:1510.03441]:
JP = 1+ {bb}[ūd̄ ] meson, bound by 90+36

−43 MeV static bb, mπ ≈ 340 MeV . . .

A. Francis, R. J. Hudspith, R. Lewis and K. Maltman, PRL 118, 142001 (2017)
[arXiv:1607.05214]: JP = 1+ {bb}[ūd̄ ] meson, bound by 189± 10 MeV NRQCD
bb, mπ ≈ 164 MeV . . .
JP = 1+ {bb}[ūs̄] and {bb}[d̄ s̄] mesons, bound by 98± 7 MeV
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Unstable doubly heavy tetraquarks

Resonances in “wrong-sign” (double flavor) combinations DD,DB ,BB?

JP = 1+ T {cc}++

[d̄ s̄]
(4156)→ D+D∗+s : prima facie evidence for non-qq̄ level

Double charge / double charm

(New kind of resonance: no attractive force at the meson–meson level.)

Also, 1+ T {bb}++
[q̄k q̄l ]

(10681), Q = +78 MeV 1+ T {bc}++
[q̄k s̄] (7272), Q = +82 MeV

0+ T {bc}++

[ūd̄ ]
(7229), Q = +83 MeV 1+ T {cc}++

[ūd̄ ]
(3978), Q = +102 MeV

Aside: 3D3 and 3F4 cc̄ mesons still to be found in DD̄, etc.
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Production of stable tetraquarks?

Undoubtedly rare! We offer no calculation, but note

Large yield of Bc in LHCb: 8995± 103 Bc → J/ψµνµX candidates in
2 fb−1 pp collisions at 8 TeV

CMS observation of double-Υ production in 8-TeV pp collisions:
σ(pp → ΥΥ + anything) = 68± 15 pb

Ultimate search instrument? Future e+e− Tera-Z factory
Branching fractions Z → bb̄ = 15.12± 0.05%, bb̄bb̄ = (3.6± 1.3)× 10−4

; many events containing multiple heavy quarks
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Homework for experiment

Look for double-flavor resonances near threshold.

Discover and determine masses of doubly-heavy baryons.
needed to implement HQS calculation of tetraquark masses
intrinsic interest in these states: comparison with heavy–light mesons,

possible core excitations
Resolve Ξcc uncertainty (SELEX/LHCb)

Find stable tetraquarks through weak decays. Lifetime: ∼ 1/3 ps ??
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Homework for theory

Develop expectations for production.

Refine lifetime estimates for stable states.

Understand how color configurations evolve with QQ (and q̄q̄) masses.

Investigate stability of different body plans in the heavy-quark limit.
. . . up to (QiQj)(QkQl)(QmQn): B = 2, but QpQqQr color structure?
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Other QiQj q̄k q̄l configurations

All quarks heavy, one-gluon exchange prevails: No stable QQQ̄Q̄
(equal-mass) tetraquarks in very-heavy-quark limit. Support for binding
of bbq̄q̄. Study Nc dependence.
A. Czarnecki, B. Leng, M. B. Voloshin, “Stability of tetrons,” arXiv:1708.04594.

Lattice–NRQCD study of bbb̄b̄: No tetraquark with mass below ηbηb,
ηbΥ, ΥΥ thresholds in JPC = 0++, 1+−, 2++ channels.
C. Hughes, E. Eichten, C. T. H. Davies, “The Search for Beauty-fully Bound Tetraquarks Using Lattice
Non-Relativistic QCD,” arXiv:1710.03236.
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Heavy-quark symmetry implies stable heavy tetraquark mesons QiQj q̄k q̄l

In the limit of very heavy quarks Q, novel narrow doubly heavy
tetraquark states must exist.

Mass estimates lead us to expect that the JP = 1+ {bb}[ūd̄ ],
{bb}[ūs̄], and {bb}[d̄ s̄] states should be exceedingly narrow,
decaying only through the charged-current weak interaction

Observation would herald a new form of stable matter, in
which the doubly heavy color-3̄ QiQj diquark is a basic building
block.

Unstable QiQj q̄k q̄l tetraquarks with small Q-values may be
observable as resonant pairs of heavy-light mesons
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