





Experimental status of Pc(4380) and Pc(4450)
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Observation of J/yp Resonances Consistent with Pentaquark States
in A) - J/wK p Decays

R. Aaij et al.”
(LHCb Collaboration)
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FIG. 1 (color online). Feynman diagrams for (a) Ag — J/wA*
and (b) A) - P/K~ decay.
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The measured invariant mass spectra
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FIG. 2 (color online). Invariant mass of (a) K~ p and (b) J/y p combinations from Ag — J/wK~ p decays. The solid (red) curve is the
expectation from phase space. The background has been subtracted.
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FIG. 4 (color online). Invariant mass spectrum of J/wK p
combinations, with the total fit, signal, and background compo-
nents shown as solid (blue), solid (red), and dashed lines,
respectively.












The history of multiquark states

Phys.Lett. 8 (1964) 214-215
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A SCHREMATIC MODEL GF BARIONS AND NESORS AN SU, MOIEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
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A simpler and more elegant scheme can be
constructed if we allow non-integral values for the *)  Yersion I ie CERN int B162/TH. 401, 7 7 1964
charges. We can dispense entirely with the basic ereiom & 48 preprin 48Ty Jane 1T, ’
baryon b if we assig'n to the triplet t the following -
properties: spin 3, z = -3, and baryon number
We then refer to th bers u, d-3, and s~} of 6)
e then reier to the members u , and 8~ 3 o In general, we would expect that baryons are built not only from the product

the triplet - "qu:‘rks" Gl: q m%au;e membe;s Ofbthe of three aces, AAA, but also from IAAAA, EAAAAA, etc., where I
c onstructed O . ;u(:rui; quusing ﬁgscgfnnbl:a:ioﬁs denotes an anti-ace, Similarly, mesons could be formed from ZA, TAAA
(QQQ), (qqqqq) etc., while mesons are made out etce For the low mass mesons and baryons we will assume the simplest
of (q q), (qqqq), etc. It is assuming that the lowest possibilities, AA and AMA, that is, "deuces and treys",

gurdtion (qqq) gives just the represen-

tatmns 1, 8, and 10 that have been observed, while

The muliquark states were predicted at the birth

of Quark Model







PHYSICAL REVIEW D VOLUME 15, NUMBER 1 I JANUARY 1977
HELE PRD 15 (1977) 267

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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Identify exotic hidden-charm

pentaquarks
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|[dentifying Exotic Hidden-
Charm Pentaquarks

The pentaquarks discovered by the LHCb
Collaboration could be molecular bound states

of a charmed baryon and a meson. Observing
the predicted isospin partners would allow for
this interpretation to be verified.

Rui Chen, Xiang Liu, Xue-Qian Li, and Shi-Lin
Zhu
Phys. Rev. Lett. 115, 132002 (2015)
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The peculiarity of two Pc states: “

 The masses of Pc(4380) and Pc(4450) are close to the

2c(2455)D* and Z¢*(2520)D* thresholds, respectively.

* According to their final state J/Y+p, we conclude that
the two observed Pc must not be an isosinglet state,
and the two P¢ states contain hidden-charm quantum
numbers.

* The discovery of Pc(4380) and Pc(4450) inspires us
interest Iin revealing their underlying structures under
molecular state assignment
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The corresponding flavor wave functions

N W N W
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,l> _ SRty - L s+ peoy These favor wave |
2 . v3 ~ functions with 1=1/2 |
l> _ L s0rpey _ 2 | match the discussed |
2/ V3 3 Pc(4380) and Pc(4450)
§> = [2&7** D)

l> _ L @+ pey 4 Astpo, We need to perform a
2/ V3 3 ‘dynamical calculation
l> A Dy 4 L se0 g0y of the structures of
2/ V3 V3 >c(2455)D* and

§> — 50Dy, > c*(2520)D*
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One pion exchange (OPE) model

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

and o exchanees Scalar ¢ with mass
° & around 600 MeV &

The coupling of r with nucleons reads

L = gnnaiysTyY -,

the non-relativistic nucleon-nucleon potential via 7 meson exchange can be obtained as

3 3 —mMgr
1+ - ]} ¢

myr  mir? r

2 2 3(0y - :
v = 8NN ey - 2) {al_oﬁ (o1-1)(02-T)
4m 12my,

— 010
r? ]
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One conclusion:
Pion exchange play crucial role to form heavy flavor molecular states

It is the reason why we adopt one pion exchange model
to study two Pc states




The effective Lagrangian relevant to the deduction of OPE

potential:

.29
Lppp =1,

T

'Uaeaywlb Z”TD Zﬂ@vpab,
= g%y, Tr[Bgy,7,0,PBg),

= —i =1 My, Tr(Bt,0,PBE, ),

‘ential In
nace

The eftective po

momentum. S

where g = 0.59 £ 0.07 £ 0.01 is extracted from the width
of D* [25] as is done in Ref. [26], and g; = 0.94 was fixed
in Refs. [12,24].
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Possible hidden-charm molecular baryons composed of
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Scattering amplitude

M

V(Q) ~ -

Fourier transformationl

V(r)

24

V2E4\2Es \2Ec \2Ep

The effective potential in coordinate space



The effective potentials of 2¢(2455)D* and 2¢*(2520)D*

systems
1
VZCI-)* (r) gg21 V2Y(A m,, r)jogo, 1 A2 — 2
3 f (A m, r) yp- (e—mr _ e—Ar) _ STA e—Ar
1 S I ———ShhImm—————m
szb*(r) 2‘.gfgzl V2Y(A m,, r)jlgl,

TABLE 1. The values of the 7; and G; coefficients. Here, S, L,
and J denote the spin, orbital, and total angular quantum numbers,
respectively. S denotes L = 1 since we are interested in the S-wave

interaction of the X.(2455)D* and X} (2520)D* systems.

I Go g1 2HL) Jo J1
1/2 1 —1 28(1/2)) —2 5/3
3/2 ~-1/2 1/2 *Si3/2)) 1 2/3
6§(5/2)> -1

By solving Shrouding equation, we try to find
bound state solutions
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Numerical results
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FIG. 1 (color online). The variations of the obtained OPE
effective potentials for the z&*)D* systems to r, and obtained
bound state solutions. Here, the masses of P,.(4380) and
P_(4450) can be reproduced well under the £_.D* with (I = 1/2,
J =3/2) and X}D* with (I = 1/2,J = 5/2) molecular assign-
ments, respectively. A =2.35GeV and A =1.77 GeV are
taken for the X_.D* and X}D* systems, respectively. The blue
curves are the effective potentials, and the red line stands
for the corresponding energy levers. Additionally, the obtained
spatial wave functions are given here.
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Conclusions @

 The masses of Pc(4380) and Pc(4450) can be reproduced
- Pc(4380) and Pc(4450) as 2¢(2455)D* and 2¢*(2520)D*
molecular states with (1=1/2,J=1/2) and (1=1/2,J=3/2),
respectively.
e Qualitatively explain why the width of Pc(4450) is much
narrower than that of Pc(4380)
S-wave: Pc(4380)—> J/Y+p
D-wave: Pc(4450)—> J/Y+p
* Predict two isospin partners of Pc(4380) and Pc(4450)
>c(2455)D* with (1=3/2,J=1/2) and binding energy -80 MeV
>c*(2520)D* with (1=3/2,J=1/2) and binding energy -28 MeV
Decay modes: A(1232)J/w and A(1232)7,




S Our Study through QCD Sum Rule

Towards exotic hidden-charm pentaquarks in QCD

Hua-Xing Chen', Wei Chen?,” Xiang Liu**" T. G. Steele®,* and Shi-Lin Zhu>®7$
'School of Physics and Nuclear Energy Engineering and International Research Center
for Nuclei and Particles in the Cosmos, Beihang University, Beijing 100191, China
2Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, SK, S7N 5E2, Canada
3School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
4Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern Physics of CAS, Lanzhou 730000, China
3School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

®Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
"Center of High Energy Physics, Peking University, Beijing 100871, China

Inspired by the P.(4380) and P.(4450) recently observed by LHCb, a QCD sum rule investigation is per-
formed, by which P.(4380) and P.(4450) can be identified as exotic hidden-charm pentaquarks composed of
an anti-charmed meson and a charmed baryon. Our results suggest that the P.(4380) and P.(4450) states have
quantum numbers J” = 3/27 and 5/2*, respectively. As an important extension, the mass predictions of hidden-
bottom pentaquarks are given. Searches for these partners of P.(4380) and P.(4450) is especially accessible at
future experiments like LHCb.
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Two Configurations:
~ abc ~ abc
[Cacall€™ qaqnqc] and [Cqqqll€™“caqnqc]
These two configurations, as if they are local, can be related
to each other through
* The Fierz transformation
1 1
(§aub)(§bda) = _Z{(gaua)(gbdb) + (EQWMUG)(%v“db) + E(Eaawu&)(%a’wdb)
—(SavpuY5a) (o v5dp) + (Sav5ta) (Spv5ds) } -
* The color rearrangement
Sdecabc — sdaebc 4 sdbaec 4 sdc -abe 0
S

x../ \/ u /



Configuration [C;¢4][€*P€q,q,9,] ~

p—

e There are three independent local * We can construct the currents of the
abc

light baryon fields of flavor-octet configuration [Cz¢4]1€*°“9,9p 9]

and having a positive parity:
* Those containing J=3/2 components are

H. X. Chen, V. Dmitrasinovic, A. Hosaka, K. Nagata and S. L. Zhu,

Phys. Rev. D 78, 054021 (2008) [acalINY 1, [EayscaIN 1 [Eayuca [N},
NY = e ™ We(qi Cap)ysqp [avuyseallNYa1 [avucalNN L [avuyscal NN,
NY = epee™®P AN (5T Cysabgs (a0 Cal [N, [Caoveal N3]
Ny, = eance P Apc(al Cruysan)ysdc - * Three of them of J=3/2&5/2 couple
* Together with light baryon fields well to the combination of //1) and
having negative parity and the proton
charmonium fields: - ) -
My = [Cavucall€awe(u, Cdp)ysucl,
Cacq [07]. CayscalO7], 775;'”” = [Cayucall€amc(ul Cysdp)ucl,
CavuCa 171, Cayuysca [17], Caopvea [17], U(z({;flvlf{ = [Cayucalleamel Cyyysdshuc] + {1 < v} . mmf

u\/ ~ /

\ 4 - \
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- | Configuration [¢;q4][€**“c,q,9,]

o

The currents of this type can not be systematically constructed so easily, so we

just transform the previous currents to this configuration, and select those

related to D /D" and A, /2. /Z.

We shall investigate the following currents of J=3/2

JE*Z(- - [E’d?/udd][Eabc(l/thyvub)y"ySCC] ,
D _
J/»IJj = [CdYde][Eabc(l/lgcj/plxlb)cc],

We shall investigate the following currents of J=5/2

Dy _
J{I;V}( = [Cayudalléamc Wl Cyup)ysce] +{u < v},
px;: _
Jowi = [Caviysdall€ae(g Cyvip)ec] + {u < v},
J{lf)lv/}\ = [Cavuudl [Eabc(’/fc{ Cyyysdp)ce] + {u < vi,
S \ / &
. J ' \
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QCD$UM RULE

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

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

- By using the dispersion relation, we can obtain the spectral density

s —q% —ic

« 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 Quark-Hadron Duality

Operator Product Expension

spectral densities




~ SVZ sum rule (Shifman 1979)
, uark and Gluon Level

(Convergence of OPE)

~—’ dispersion relation . .
HopE(qz) 3 ~pope (S) =a, s"+a,_;s
- A
Quark-Hadron Duality
Hadron Level W
+ M
7 | _ 2 2
HPhYS(q ) T q2 — M2 Pphys (5) — )Lxﬁ(s — Mx) + -
(Positivity)
(for baryon case) O
"~/

(Sufficient amount of Pole contribution)

Q) 0 M Sy vs

3 4 ~ N\
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~ Q€D Sum Rule

S_—

® Borel transformation to suppress the higher order terms:

2 /2 a2
(M%) = f2e ™ /M :/ e—s/Mb p(s)ds

® Two parameters

Mg, 5o
We need to choose certain region of (Mg, s;).
® Criteria

1. Stability
2. Convergence of OPE
3. Positivity of spectral density

4. Sufficient amount of pole contribution

~ o/












We still need more theoretical and experimental joint efforts
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