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Multiquark hadrons. I. Phenomenology of Q?Q? mesons*

R. J. Jaffe'
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
and Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 15 July 1976)

The spectra and dominant decay couplings of Q?Q? mesons are presented as calculated in the quark-bag
model. Certain known 0" mesons [€(700),S*,8,«] are assigned to the lightest cryptoexotic Q*Q? nonet. The
usual quark-model 0% nonet (QQ L = 1) must lie higher in mass. All other Q?Q? mesons are predicted to be
broad, heavy, and usually inelastic in formation processes. Other QQ? states which may be experimentally
prominent are discussed.

The hadron with four quarks plus one antiquark was developed by Strottman in 1979

PHYSICAL REVIEW D VOLUME 20, NUMBER 3 1 AUGUST 1979

Multiquark baryons and the MIT bag model PRD 20 (1979)

D. Strottman
Theoretical Division, Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 87545
(Received 4 December 1978)

The calculation of masses of ¢°G and ¢°g° baryons is carried out within the framework of Jaffe’s
approximation to the MIT bag model. A géneral method for calculating the necessary SU(6)>SU(3) & SU(2)
coupling coefficients is outlined and tables of the coefficients necessary for ¢‘G and ¢°3° calculations “are
given. An expression giving the decay amplitude of an arbitrary multiquark state to arbitrary two-body final
states is given in terms of SU(3) Racah and 9-Ap recoupling coefficients. The decay probabilities for low-
lying 1/2~ ¢°g baryons are given and compared with experiment. All low-lying 1/2~ baryons are found to
belong to the same SU(6) representation and all known 1/2~ resonances below 1900 MeV may be accounted
for without the necessity of introducing P-wave states. The masses of many exotic states are predicted
including a -1/2~ Z0 at 1650 MeV and 1/2~ hypercharge —2 and + 3 states at 2.25 and 2.80 GeV,
respectively. The agreement with experiment for the 3/2~ and 5/2~ baryons-is less good. The lowest ¢’
state is predicted to be a 1/2% A* at 1900 MeV.
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The name pentaquark was first proposed by Lipkin in 1987
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New Possibilities for Exotic Hadrons - Anticharmed Strange Baryons*
Harry J. Lipkin

Vi PLB 195 (1987) 484
Submitted to Physics Letters

May 20, 1987

ABSTRACT
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Volume 193, number 2,3 PHYSICS LETTERS B 16 July 1987

POSSIBILITY OF STABLE MULTIQUARK BARYONS

C GIGNOUX #, B SILVESTRE-BRAC?®and JM RICHARD #°

2 [nstitut des Sciences Nucléaires, 53, avenue des Martyrs, F-38026 Grenoble Cedex, France
® Laboratoire de Physique Theorique et Hautes Energies ', T16-E 1, Unverstite Pierre et Marie Curte,
F-75252 Paris Cedex 05, France

Received 8 April 1987
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POSSIBILITY OF STABLE MULTIQUARK BARYONS

C GIGNOUX * B SILVESTRE-BRAC® and JM RICHARD 2°

2 [nstitut des Sciences Nucléaires, 53, avenue des Martyrs, F-38026 Grenoble Cedex, France
® Laboratoire de Physique Theorique et Hautes Energies ', T16-E 1, Universite Pierre et Marie Curie,

Y =2 STATES IN SU(6) THEORY*

Freeman J. Dysontf and Nguyen-Huu Xuong
Department of Physics, University of California, San Diego, La Jolla, California
(Received 30 November 1964)

Two-baryon states. —The SU(6) theory of strong- We now propose the hypothesis that all low-
ly interacting particles!s? predicts a classifi- lying resonant states of the two-baryon system
cation of two-baryon states into multiplets ac- belong to the 490 multiplet.® This means that
cording to the scheme Ssix zero-strangeness states shown in Table I

. In al t T
56056 = 462©1050@ 1134®490, (1) should be observed. In all these states odd

goes with even J and vice versa.,
— N Y -~ N\ Y i
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Categorizations

meson(qq)

baryon(gqq)

Conventional
Quark Model



Categorizations

@

meson(gq) baryon(ggq)

Conventional
Quark Model

tetraquark pentaquark dibaryon
Exotic
P~ _ Molecular > [\_hadron

> ldentifying exotic states is one of the most important issues of particle physics
» Various experimental signals provide us good platform to identify exotic state



Theoretical explanations of experimental signals

Resonant : Non-Resonant
® Conventional hadrons Many exotic states lie very close to open-
: charm threshold; It’s quite possible that
5 some threshold enhancements are not
® Exotic states real resonances.
» Molecular states: ‘ Y (4260) ‘° Kinematical effect
loosely bound states composed of :

a pair of mesons/baryons; probably .
bounded by the pion exchange. :

» Multiquark states:

bound states of four/five /six quarks;
bounded by colored-force between
quarks; there are many states within
the same multiplet.

» Hybrids: .
bound states composed of a pair of .
quarks and one valance gluon.

Opening of new threshold
Cusp effect
Final state interaction

Interference between continuum
and charmonium states

Triangle singularity due to the
special kinematics



Theoretical explanations of experimental signals

Resonant Non-Resonant

® Conventional hadrons Many exotic states lie very close to open-
5 charm threshold; It’s quite possible that

: some threshold enhancements are not
® Exotic states : real resonances.

Y(4é60)

> Molecular states: Kinematical effect

loosely bound states composed of

a pair of mesons/baryons; probably * Opening of new threshold

bounded by the pion exchange.

Y(4220)
> Multiquark states: Many Y’s?

bound states of four/five /six quarks;
bounded by colored-force between

Cusp effect

* Final state interaction

quarks; there are many states within

the same multiplet. * |nterference between continuum

and charmonium states
» Hybrids: :
bound states composed of a pair of * Triangle singularity due to the
quarks and one valance gluon. special kinematics



Theoretical methods/models

H.-X. Chen et al., Phys. Rept. 639, 1 (2016);

» Various quark models H.-X. Chen et al., ROPP 80, 076201(2017);
> Various effective methods E. Klempt et al., RMP 82, 1095 (2010);
. . N. Brambilla et al., EPJC 74, 2981 (2014);
» Chiral unitary model S. L. Olsen et al., Front. Phys. 10, 121 (2015);
> One boson exchqnge mode| E. Oset et al., JMPE 25, 163001 (2016);
. . J. M. Richard, Few-Body Syst 57, 1185 (2016);
» Diquark/triquark model A. Hosaka et al., PTEP 6, 062C01 (2016);
> QCD sum rules R.A. Briceno et al. CPC 40, 042001 (2016);
> Lattice QCD R. F. Lebed et al., PPNP 93, 143 (2017);
A. Esposito et al., Phys. Rept. 668, 1 (2017);
EEXEEES Y. B. Dong et al., PPNP 94, 282 (2017);

F. K. Guo et al., arXiv:1705.00141.

» Various non-resonant explanations

» Many methods/models to study productions and
decay patterns of exotic hadrons



Theoretical methods/models

Various quark models
Various effective methods

Chiral unitary model - |From Hadron Level

One boson exchange model
Diquark /triquark model

QCD sum rules - | From Quark Level

VVVYVYYVYYVYY

Lattice QCD i

A\

Various non-resonant explanations

» Many methods/models to study productions and
decay patterns of exotic hadrons



From Hadron Level

The methods/models at the hadron level
usually take the molecular picture

» Chiral unitary model
» One boson exchange model

The Molecular Picture

I D mesons |<' """

The masses of Pc(4380) and Pc(4450) are close to the
3 (2455)D" and 2_.(2520)D" thresholds, respectively.

PI 2_baryons

Deuteron: loosely bound state of proton and neutron
Nucleon force: short-range, mid-range, long-range

0 and o exchanges

Scalar ¢ with mass
around 600 MeV

Pion exchange




From Quark Level

The methods/models at the quark level
can take both the molecular picture
and the (compact) multiquark picture
» Diquark /triquark model

» QCD sum rules

» Lattice QCD

These studies help to understand the internal structure of hadrons

Recent LHCb Experiment [arXiv:1703.04639]

fine structure of QCD?

Candidates / (1 MeV)
(8]

3000 3100 3200 3300
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QCD SUM RULE

« In sum rule analyses, we consider two-point correlation functions:
I1(g?) & i [ d*xe'™(0|Tn(x)n*(0) |0)
~ 2n{0 ) nin*]0)

where n is the current which can couple to hadronic states.

« In QCD sum rule, we can calculate these matrix elements from QCD (OPE) and
relate them to observables by using dispersion relation.

Hadron Level

Observables: Low energy

Quark and Gluon Level Cluark-Hadron Duality

Operator Product Expenszion

spectral densities




Hidden-Charm Pentaquarks P.(4380)&P.(4450)

* Final states /1Y p = ccuud
I =1/2,SU(3)r octet
e Spin-parity J¥ =3/27&5/2%,3/2t&5/27, or 5/27&3/2".

* Masses and widths are known.

* We systematically construct all the hidden-charm pentaquark

1 35

currents with the quark content ccuud and the spin | = 21505



A |//U p] current

‘ ‘ ‘ ‘ ‘ flavor contents

[Ca () Yuca()][47¢ (ug (x)Cdp(x))Y5uc(x)]

‘ ‘ ‘ ‘ color indices




A |//U p] current

‘ ‘ ‘ ‘ ‘ flavor contents

[Ca () Yuca()][47¢ (ug (x)Cdp(x))Y5uc(x)]

color indices

We can construct various interpolating currents to reflect the
internal structure of hadrons




Two Configurations:
abc

[Cacall€** qaqpqc] and [Caqall€**Ccaqpnqc]

These two configurations, as a whole, can be related to each other
through (this suggests that decaying into [/ /1) N| may be possible)

* The Fierz transformation

(sat)(Soa) = —{(atta) () + (50700) (377 ) + 5 (S ) (510

—(BaVu5Ua) (57" v5db) + (3av5Ua) (5 y5dy) } -
* The color rearrangement

5deeabc — 5daeebc 4+ 5db6aec 4 Sdceabe

However, each single current belonging to these two configurations
lead to different QCD sum rule results.



Configuration [Cc ] [e“bcqaqb qc]

® There are hundreds of currents belonging to this configuration.

® Due to the color structure, these currents well couple (quickly

decay) to [J /1 N ()], ete.

e We can not use any of these currents to obtain reliable QCD

sum rule results.

e This seems to be reasonable because /1 and N )do not

have strong correlation.




Configuration [C;q,] [EabCCaqb q.]

® There are more currents belonging to this configuration.

® Due to the color structure, these currents well couple (quickly
decay, if allowed) to [5(*)22*)] and [5(*)A(C*)], etc.

e We find some mixing currents, which lead reliable QCD sum

rule results.

e The results suggests that the P.(4380) and P.(4450) can be
interpreted as [5(*)22*)&5(*)A?)] molecules.




Hidden-charm pentaquark with | = 1/2 and J¥ = 3/2~

JN,S/Q— — COS (91 X 536,u + sin (91 X wgu

= cos b x [ (u, Cysdsy) Y v5C] CaYuystha] | DOAL

+ sin 6y X [eabc(ugO%ub)%%CC] CaVudal , 5(*)22*)

M3 o = 4407753 GeV
e Our result suggests that the P.(4380) can be interpreted as

hadronic molecule of /¥ = 3/2".

e [t may contains S-wave [D*X.], S-wave [D;A.(1P)], P-wave
[D,A.], and D-wave [DA_], ete.

e It can directly decay to [/ /Y N]|.



Hidden-charm pentaquark with | = 1/2 and J¥ = 5/2%

J,LLV,5/2—I— — CO8 (92 X 615;u/ + sin 92 X ¢4,u1/

cos Oy x [€°(us Cyuysdy)cel[Catuia) D (*)AE:*)

+sinfy X [€

abC(uZC’}/uub>Cc] [Cavuysdal + {p < v}, 5(*)22*)

My o+ = 4.50%55 GeV
e Our result suggests that the P.(4450) can also be interpreted
as hadronic molecule of J¥ = 5/27,

e [t may contains P-wave [DX}], S-wave [D*A.(1P)], and P-
wave [D*A,], ete.

e It can directly decay to [/ /Y N]|.



Hidden-charm pentaquark with other spin-parity

Mo+ = 4.4070 18 GeV |
Ms/p- = 443735 GeV.

® These values are also consistent with the experimental
masses of the Pc(4380) and Pc(4450), suggesting that

they may also be interpreted as hadronic molecules of

J¥ =3/2% and 5/2~ containing [5(*)22*)&5(*)/\(:)] :




Hidden-charm pentaquark with other isospin: | = 3/2

M /5~ = 4.60101> GeV -- S-wave [DZ,]
M3/p- = 4777315 GeV -- S-wave [DE;&D*Z,]
Ms/p- = 4951213 GeV -- S-wave [D*Z}]

e All the above mass values are significantly larger than
the masses of the Pc(4380) and Pc(4450).

e They can not decay to [/ /1 N| due to isospin symmetry,
so their widths may not be very large.




Exotic Hadrons

* Every signal of exotic hadrons is of particular interest.

* We still know little about them. Especially, their internal structure

are quite complicated and difficult to be understood.

* To know more about the internal structure of hadrons, we also

study heavy mesons and heavy baryons.
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Internal structure of heavy mesons

* Based on the heavy quark effective theory, the leading order
Lagrangian does not depend on m. Hence, the two heavy hadrons

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): [ =35, + (L + Sq)jz



Internal structure of heavy mesons

* Based on the heavy quark effective theory, the leading order
Lagrangian does not depend on m. Hence, the two heavy hadrons

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): [ =35, + (L + Sq)j
z
=1/2 =1/2




Internal structure of heavy mesons

* Based on the heavy quark effective theory, the leading order
Lagrangian does not depend on m. Hence, the two heavy hadrons

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): [ =35, + (L + Sq)j
z
=1/2 =1/2

L=0:j=1/2,]"=(07,17)

L =127 =001
=1°: kjl _ 3/2’]}) — (1+, 1+)
(. —_— —_—
L:2:<]l=3/2’]P=(1 12)
i =5/2,]" =(27,37)



Internal structure of heavy mesons

* We can construct relevant interpolating fields to well describe the
above internal structure, and use the method of QCD sum rules to

study the mass spectra of heavy mesons.

* Using our method, the mass splitting within the same doublet can be

evaluated quite well with much less uncertainties.

* We propose to observe higher excited heavy mesons in future

experiments.



D-wave

F-wave

Multiplets
L=0,j,=
L=1,j =
L=1,j,=
L=2j =
L=2j =
L=3j =
L=3j =

0~
1~
O+
1+
1+
2+

Experiments

D
p

D (2400)

D,(2420)

D,(2430)

D3 (2460)

D3 (2760)

D(2750)?

D3(2760)

Ours

2.75 GeV
2.78 GeV
2.72 GeV
2.78 GeV

Ds mesons (c-s)

Experiments
Dy
Dy
D, (2317)
D¢, (2460)
D, (2536)
D%, (2573)
D%, (2860)

D:,(2860)

Ours

2.81 GeV
2.82 GeV
2.81 GeV
2.85 GeV
3.45 GeV
3.50 GeV
3.20 GeV
3.26 GeV



What is more interesting: heavy baryons

QMssc)
E¢ (usc) =¢ (dsc)
L
S (uue)  M(ude)  ={(dde) A¢ (ude)
6, 3

* The internal structure of heavy baryons is more complicated than

heavy mesons, but still understandable: A-excitation and p-excitation.

e The Pauli principle can be directly applied to the two light quarks.



heavy baryons (Q-qq): | = 5o + (L + Sq1 + qu)]_l

=1/2 =1/2| [=1/2




heavy baryons (Q-qq): | = 5o + (L + Sq1 + qu)]_
l

=1/2 =1/2| [=1/2

g

) jl=O]P=1/2+ 3F Acw-‘c
Ji=1]" =(1/2%,3/2%) 6,: (5., %), (BL, L), (Qp, Q1)

P-wave {]l = 1,JP = (1/2-.3/27) 3 {(AC(2595),AC(2625))

(2.(2790),E.(2815))

D-wave _ P __ + + (AC(2860),AC(2880))
{fl 2,]" = @/27,5/27) 3p: {(56(3055),50(3080))



The doubly heavy baryon 2/ (3621)

* The heavy quark effective theory may not be very appropriate to
study the doubly heavy baryons, but their internal structure is still

interesting.

* We propose to search for the doubly heavy baryon Z;, of J© = 3/2%

via its electromagnetic transition:

F(EHT - yESD) = 13.782%7 keV.



Several Remarks

« Thanks to the efforts of experimentalists, various signals of
exotic hadrons were observed in recent years, making hadron
physics popular once more. However, it seems that we still know
little about exotic hadrons.

« Oppositely, it seems that we well know the internal structure of
heavy mesons and heavy baryons. Especially, the heavy quark
effective theory plays an important role. \We propose to search for
higher excited heavy mesons and (doubly) heavy baryons in
future experiments.



« A hint from heavy baryons may be useful: there are more heavy baryons
containing strangeness than those not containing strangeness. Moreover, their

widths are usually not large.

« However, no signals of exotic hadrons containing open strangeness are
observed. We propose to search for them in future experiments:

Tetraquarks Pentaquarks

X(3872), Y(4260),  Pc(4380), Pc(4450)...

Z¢(3900), Zc(4020)...

Tetraquarks Pentaquarks

with strangeness with strangeness
Zcs(4777) ... Pcs(4777) ...

Dibaryon
d*(2380)...



Pes(ccuds) in £, = J/YPY A K~ decay

We need to consider

> weak decay

> hadronization

» final state interactions

Our result suggests that
a strangeness hidden-
charm pentaquark state,
the counterpart of the

Pc(4450), can be clearly
seen.

dI'/dM;, 4 (arb. units)

250 |

200 |
150 |
100 |

50 |

S
fu + dd + 3s ( :
d > > d
s > g §
i (d)]
E ‘ no Pcs ]
‘ 3 — = \r=4550
: : 5 Mr=4650
.- E: ------- MR=4750
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Thank you very much!





