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Experimental status of Pc(4380) and Pc(4450)

|&d Selected for a Viewpoint in Physics week ending
PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015
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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.



With two Pc states to fit the data
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3. 3 (color online).  Fit projections for (a) mg, and (b) m;,,,, for the reduced A* model with two P states (see Table I). The data are
wn as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
ribution. The (blue) open squares with the shaded histogram represent the P,.(4450)" state, and the shaded histogram topped with
rple) filled squares represents the P.(4380)" state. Each A* component is also shown. The error bars on the points showing the fit
1lts are due to simulation statistics.

Without two Pc states to fit the data
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FIG. 6 (color online). Results for (a) mg, and (b) m;,, for the extended A* model fit without P states. The data are shown as (black)
squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics. 5



The A* resonances included in the data analysis

TABLEI. The A* resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5/2 for
the J? of the A(2585). The number of LS couplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B, = (1,0) for A(1520). A zero

entry means the state is excluded from the fit.

State JF M, (MeV) ', MeV) Number Reduced Number Extended
A(1405) 1/2° 1405.11}3 50.5+2.0 3 4
A(1520) 3/2° 15195+ 1.0 156 1.0 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
A(1800) 1/2- 1800 300 4 4
A(1810) 1/2+ 1810 150 3 4
A(1820) 5/2+ 1820 80 1 6
A(1830) 5/2- 1830 95 1 6
A(1890) 3/2+ 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2+ 2110 200 1 6
A(2350) 9/2* 2350 150 0 6
A(2585) ? ~2585 200 0 6

If describing the experimental data, iwo Pc
states are introduced. Otherwise, the mass
distribution of J/Yp cannot be understood




Resonance parameters of two Pc states
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FIG. 8 (color online). my,, in various intervals of mg,
for the fit with two P} states: (a) mg, < 1.55 GeV, (b)
1.55 <mg, < 1.70 GeV, (¢) 1.70 < mg, < 2.00 GeV, and
(d) mg, > 2.00 GeV. The data are shown as (black) squares
with error bars, while the (red) circles show the results of the fit.
The blue and purple histograms show the two P} states. See
Fig. 7 for the legend.

| P(4380) P(4450)*

Significance 9 120

Mass (MeV) 4380 £ 8 + 29 44498 +1.7 £ 2.5
Width (MeV) 205+ 18 £ 86 39+5+19
Fit fraction(%) 84+0.7+4.2 41+05+11
B(A) - PFK; (2.56 £ 0.22 +£1.28%338)  (1.25+ 0.15 + 0.33%343

X 107> X 107>

P - ] /yp)
Branching ratio results are submitted to Chin. Phys. C (arXiv:1509.00292)
Ref: 8B° - Z=(4430)K*;Z~ - J/Yymn~) = (3.4 £ 0.5193 £ 0.2) x 1075

Argand diagrams show the
resonance behavior of two Pc states
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Decay angular distributions
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FIG. 7 (color online). Various decay angular distributions for the fit with two P states. The data are shown as (black) squares, while
the (red) circles show the results of the fit. Each fit component is also shown. The angles are defined in the text.

The preferred JP are of opposite parity, with one state

having J=3/2 and the other 5/2
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Accelerators * Experiments Physics Computing Engineering Updates .

* The LHCb experiment at CERN’s Large Hadron Collider has reported the

discovery of a class of particles known as pentaquarks.

Possible layout of the quarks in a pentaquark particle. The five quarks might be tightly bound (left). They might also be assembled into a meson

(one quark and one antiquark) and a baryon (three quarks), weakly bound together (Image: Daniel Dominguez)




A summary of the observed XYZ states

nRLE

X (3872) Y(4260)  X(3940) X(3915) Z,(10610)
Y (3940) Y(4008)  X(4160) X (4350) Z,(10650)
Z+(4430)  Y(4360) - Z(3930) Z.(3900)
Z+(4051)  Y(4660) - - Z,(4025)
Z+(4248)  Y(4630) - - Z,(4020)
Y(4140) - - - Z.(3885)
Y(4274) - - -

X. Liu, Chin. Sci. Bull., 59: 3815-3830 (2014)

In past decade, more and more XYZ states have been reported
by experiments
BaBar, Belle, CDF, DO, CLEOc, LHCb, CMS, BESIII
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In general, the observed XYZ states can be categorized into five groups

X. Liu, Chin. Sci. Bull., 59: 3815-3830 (2014)

B meson decay e"e~ annihilation
X(3872) Y (4260)
Y (3940) & & g e Y(4008)
Z+ (4430 z
Z*E 4051§ b o Y Y (4360)
Z1(4248) Y (4660)
Y (4140) a ) I et : |Y(4630)
Y(4274) (a) (b) —
N
_ Y e
X(3940) ‘ X(3915)
X(4160) X (4350)
FTTR ¢ 17(3930)
the double charm production vy fusion process

These observations provide good chance to study exotic states
14
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Z (3900)

Observation of a charged charmoniumlike structure ine’e” — (D*D*)i7ﬁ at /s = 4.26GeV

7 (4025)

Observation of a Charged Charmoniumlike Structure Z.(4020) and Search for the Z.(3900) in e e = he

7 (4020)

Z (3885)




Je €
. * Below 1 GeV, the multiquark exotic states do not exist individually but mix with .

regular structures. Moreover, in a pentaquark component might exist in the total
» wave function of a nucleon. C. Amsler and F. E. Close, Phys. Lett. B 353, 385 (1995)
K. T. Chao, X. G. He and J. P. Ma, Phys. Rev. Lett. 98, 149103 (2007)
B. S. Zou and D. O. Riska, Phys. Rev. Lett. 95, 072001 (2005)

* States that decay into charmonium may have particularly distinctive signatures.

X.-Q. Li and X. Liu, Eur. Phys. J. C74 (2014) 3198

° Lighf sector . Heavy sector

Exotic in structure

 Exotic in structure
charmonium-like resonances X(3872), etc.
light scalar mesons a(600), k(800), etc.
« Meson: Exotic in quantum numbers

-« Exotic in quantum numbers
charged charmonium-like resonances Z.(3900), Z(4430), etc.

,(1400), ,(1600) with [¢JP¢ =171~
1 ) ) with I Baryon: Exotic in quantum numbers

Six- k state d"(2380
ix-quark state d'( ) hidden-charm pentaquarks P (4380) and P (4450) —
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_Theoretical studies

e Some earlier studies
e Studies at the hadron level
one-boson exchange model

* Studies at the quark-gluon level

QCD sum rules



The history of multiquark states

Phys.Lett. 8 (1964) 214-215

8419/TH. 412

Volume 8, number 3 PHYSICS LETTERS 1 February 1964 21 .February 1969_-

M *
A SCHREMATIC MODEL GF BARIONS AND NESORS AN SU, MOIEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

3
M.GELL-MANN - *)
California Institute of Technology, Pasadena, California
Received 4 January 1964 G. Zweig
e CERNw~--Geneva
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
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Quark Model
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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.

e —
10
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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
Department of Nuclear Physics
Wsizml::: Institute of Science PLB 1 95 (1 987) 484
76100 Rehovot, Israel

Submitted to Physics Letters
May 20, 1987
ABSTRACT

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 -barxon 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 Six zero-strangeness states shown in Table I

. In all these states odd T
56856 = 46201050®1134@490, (1) should be observed. In all these states od

goes with even J and vice versa.,

- \./ 9 { /
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Prediction of narrow N* and A* resonances with hidden charm above 4 GeV

Jia-Jun Wul2, R. Molina?3, E. Oset?3 and B. S. Zou'3

1. Institute of High Energy Physics, C'AS, Beijing 100049, China

2. Departamento de Fisica Teorica and IFIC, Centro Mixto Universidad de Valencia-CSIC,
22085, 46071 Valencia, Spain

Institutos de Investigacion de Paterna,

Aptdo.

3. Theoretical Physics Center for Science Facilities, C'AS. Beijing 100049, China

(Dated: June 25, 2010) arXiv:1007.0573

Pr~eey P2 Y v, Lyyvy = ig(V“[V""ﬁ”VL])
Lppy = —ig(V!|P, 0,P])
V- % _ i — ,
Lppv = g((Byw.|V¥.B]) + (Bv.B)(VH))
0, =1) D.AT D=, D=L
B, B, B B, 1213 1.37 3.25 0
(@ () 4403 0 0 2.64

FIG. 1: The Feynman diagrams of pseudoscalar-baryon
or vector- baryon (b) interaction via the exchange of a vect
meson. Py, Py is D7, D or D7, and Vi, Vs is D*—, D*°
D:™, and By, Bais ¥, AT, 2., 2 or Q, and V* is p, K*,

or w.
DAY 0 —v2 0 1 0 \/g \/g —/
D=. ~-1 0 2 -2 J: /5 O
D=, -1 —\/3yi-yz 35 O
nelA 0 0 0 0 0

TABLE III: Pole positions zr and coupling constants g, for

the states from PB — PB.

(1,5) zr (MeV) a

(1/2,0) D*Y, D*AF
4418 2.75

0, =1) DAF  D'E. D'
4370 1.23 3.14 0
4550 0 0 2.53

TABLE IV: Pole position and coupling constants for the

bound states from VB — VB.




CPC(HEP & NP), 2012, 36(1): 6-13 Chinese Physics C Vol. 36, No. 1, Jan., 2012

arXiv:1105.2901
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Ls; Possible hidden-charm molecular baryons composed
o E S

Lps) of an anti-charmed meson and a charmed baryon
Ly,

YANG Zhong-Cheng(#/841)" SUN Zhi-Feng(#Di&ilE)>4  HE Jun(fi] %)%
Ly, LIU Xiang(X##)>42  ZHU Shi-Lin(AtH#)13)

VvV Z .

: In this work, we have employed the OBE model to

_ASIV m ey + " -
32 6w v study whether there exist the loosely bound hidden-

charm molecular states composed of an S-wave anti-
Lpse = —(s(Bgo Bg). charmed meson and an S-wave charmed baryon.[Our
numerical results indicate that there do not exist A, D
and A_D* molecular states due to the absence of
. — | bound state solution.|which 1s an interesting observa-
tion in this work. Additionally, we notice the bound

Uit Bt SEY state solutions only for five hidden-charm states. i.c..
_ 1 0 1 =0 — . — — — _
so= | am % = | [0 stateslwith 1(7) = ) EE]220). 260 b
1 =+ 1 =0 0 . — r
= vite and X, D state with 2(37). We also extend the same

= Nl N ~1

NS 'l
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A possible global group structure for exotic states

Xue-Qian Li'2, Xiang Liu3-2

Abstract Based on the fact that the long expected pen- G = SU.(3) x SUx(2) x SUL3),
taquark which possesses the exotic quantum numbers of

, where the subscripts ¢, H, and L refer to color, heavy, and
B = 1and § = 1 was not experimentally found, although

light, respectively. The SUj (3) corresponds to the regular

.exotic states of XY Z have been observed r.ecently, we con- quark model for the light quarks u, d, s and the newly intro-
jecture that the heavy flavors may play an important role in duced SUy(2) involves ¢ and b quarks (antiquarks). This
stabilizing the hadronic structures beyond the traditional gg idea is inspired by the heavy quark effective theory (HQET)
and ggg composites. [27,28].

Prediction:

Therefore, we would predict that the pentaquarks should
be ccqqq and bbgqq. However, such baryons would have

the same quantum numbers as the regular baryons, unlike
their mass spectra, and it 1s hard to identify them as an exotic
state. By contrast, the pentaquark bcqqgq [38] would have

17



* There hidden-charm pentaquarks are studied in the chiral unitary appraoch:

—— J. J.Wu, R.Molina, E. Oset and B. S. Zou, Phys. Rev. Lett. 105, 232001 (2010)
T. Uchino, W. H. Liang and E. Oset, arXiv:1504.05726

—~

* Especially, the hidden-charm molecular baryons of I(]P) = %(g ) were first

investigated and predicted to exist within the one boson exchange model in

Z. C. Yang, Z. F. Sun, J. He, X. Livu and S. L. Zhu, Chin. Phys. C 36, 6 (2012)

* More references:

W.L. Wang, F. Huang, Z.Y. Zhang, and B.S. Zov,
Phys.Rev. C84 (2011) 015203

chiral quark model

S. G. Yuan, K. W. Wei, J. He, H. S. Xu, B. S. Zoy,
Eur.Phys.). A48 (2012) 61

hyperfine interaction

Yin Huang, Jun He, Hong-Fei Zhang, Xu-Rong Chen,
J.Phys. G41 (2014) 11, 115004

=

photoproduction

kaon-induced reaction Xiao-Yun Wang, Xu-Rong Chen, Eur.Phys.). A51 (2015) 7, 85 L/

isospin-exchange attraction M. Karliner and J. L. Rosner, arXiv:1506.06386 )
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pentaquarks

S Journals ~ Help/Feedback
physics

PHYSICAL REVIEW LETTERS

moving physics forward

Highlights Recent Accepted Authors Referees Sear

EDITORS' SUGGESTION

|[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

20



The corresponding flavor wave functions

N W N W

€

I3

,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].

[12] Z.C. Yang, Z.F. Sun, J. He, X. Liu, and S.L. Zhu,
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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

zD " (1=1/2, J=3/2) £eD (1=1/2, J=5/2)
50 50
o} ® | ®
> - 2 - /
2 -50F P3s0) S50 P (4450)
o ‘ 06 S, . o 0.6
> 100k E 04 100 b ‘E 04
I = 02 NI = 02
150 F S o 150 S .
i 0 2 4 6 i 2 9 6
_200 ........... _200 ...........
0 | 2 3 4 5 6 0 | 2 3 -+ 5 6
r [fm] r [fm]
£ D (1=3/2, J=1/2) 2D (1=3/2, J=1/2)
50 50
oL (©) _ oL (@
%' 50 . E=-80 MeV %
- - = - ye -
O | & oo} <,
> -100 “g 04 >
[ - 02
-150 f > 0o o 415
0 2 4 6
200 lllllllllll
0 1 2 3 4 5 6
r [fm]

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 Rules

Towards exotic hidden-charm pentaquarks in QCD

Hua-Xing Chen', Wei Chen?,” Xiang Liu**" T. G. Steele®,* and Shi-Lin Zhu>®7$
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for Nuclei and Particles in the Cosmos, Beihang University, Beijing 100191, China
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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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_Internal structure of hadrons

* The internal structure of hadrons is of interest, but we do not know much.

* An example: There are many excited heavy mesons well observed in

experiments, such as A.(2595) of J* = 1/27 and A,(2625) of J* =3/2".

* They both contain one orbital excitation, but we do not know whether this
orbital excitation is between the two light quarks or between the light quarks

and the heavy quark.

* We can construct different interpolating currents to study this subject using the
method of QCD sum rule.
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_A [J/Y p] current

r’

[Ca () Vuca ()] [4° (Ug (x)Cdp(x))Y5uc(x)]

flavor contents



L

. . 4
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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onfiguration [C;q EabCCaqb dc

L Currents of [20,)[e%u,d,c,] Eamy = [0 Cyyysds

* The currents of this type are more complicated.

In this subs
configuration

the curmrents of the color Fap =

L3
1

T "
Cyyyadsder

* The physical states are probably their mixings.

{1y Cyplly I e

* Some currents may well couple to the physical
states, but the problem is that we do not know

this at the beginning.

* Hence, we select some of them to perform the

QCD sum rule to see whether we can obtain

T 3 - -
2 CF Yoy her, e . ot = e Cor ey Jorye )
CoryYstdyrcl[Eay

T, 3
Cory ysdyhrayse

reliable /stable sum rule results.

oy ey

Ceryy ysidp e

* In the present work we selected altogether 30

cellEayrstal .

currents.

(o Cy,dyyse

Eage = [ (ug Cyvd)ec][Earoysual
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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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Qcb-$UM RULES

« 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 rules, 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 rules (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
HPhZVS(q ) T qZ — M?2 Pphys (5) — )Lxﬁ(s — Mx) + -
(Positivity)
(for baryon case) O
=

(Sufficient amount of Pole contribution)

Q) 0 M s, vs

) 4 ~ A
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~ Q€D Sum Rules

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
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_Parity of Pentaquark

4

Y. Chung, H. G. Dosch, M. Kremer and D. Schall, Nucl. Phys. B 197, 55 (1982)

D. Jido, N. Kodama and M. Oka, Phys. Rev. D 54, 4532 (1996)

Y. Kondo, O. Morimatsu and T. Nishikawa, Nucl. Phys. A 764, 303 (2006)

K. Ohtani, P. Gubler and M. Oka, Phys. Rev. D 87, no. 3, 034027 (2013)

* Assuming J is a pentaquark current, Y] is its partner having the opposite parity.

* They can couple to the same physical state through

<O0[J|P(q) > = fpu(q),

< 0|ys/ |P(q) >= fpysu(q).

* The same pentaqiark current | can couple to states ¢if both positive and negative

parities through

<0[J|P(q) > =[fpulq),

<O0|J|P'(q) >=fpvsu'(q.

where |P(q) > has the|same parity as J, while |P'(q) > las the opposite parity.

. g+ M
fP Pats 2
q M

L~ + M

u-\/ O /

o y ' A
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_Numerical Results

* Technically, in the following analyses we use the terms proportional to |

evaluate the mass of P.(4380) and P.(4450), which are then compared

with those proportional to q to determine its parity.

* We perform QCD sum rule analyses using nf%ﬁud = nfﬁuud — ng;““d and

ngfﬁﬁ}d of the [C ¢ 4] [Eabcqaqch] configuration, but the results are not useful.

2 D*X. ;DX D Vi
* We also perform QCD sum rule analyses using /,, ™, J, C,]{W}C,]{WC}, and

]{l_i;%c of the [€;q4][€%*PCc,q,q,] configuration.

\./\/ !
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. . D*x
The sum rule results obtained using ]M “(J=3/2) are -/
—’ _ _ +0.18
Mips,32- = 43751, GeV.
> 0% 0 150
4.8~ 4.8 i i i 148
E 4.6 E 4.6+ . : . 146
22 4.4 - ;‘; 4.4+ E E “E ______________ 14.4
42+ 42+ i i ihh T T 4
4.0 L ) 4.0, 1 1 i i i 1 4.0
15 17 19 21 23 25 2.5 3.0 3.5 39 41 43 4, 5.0
so [GeV?] Borel Mass® [GeV *]

FIG. 1: The variation of M|p-y 13,,- With respect to the threshold
value s (left) and the Borel mass Mg (right). In the left figure, the Nl

u\_) u\ )

W 4 '



£ \ 4
DX’ D*A
The sum rule results obtained using ]{WC} and ]{W}C are not useful.

However, their mixing gives reliable mass sum rules (J=5/2) -/

@ J{fo&D*A = sin @ X J + cos 6 X JD#=A .
: tanf = —1.25

O 19

5.0-

4.8 -

[GeV]

4.6-

Mmix

4.4

4.2 L L 1 1 1 . . I I | 1 | |
15 17 19 20 22 24 25 2.5 2.9 3233535 3.7 4.1 45
so [GeV?] Borel Mass? [GeV ?]

FIG. 2: The variation of M|ps:¢p-a,.15/2+ With respect to the threshold ~—’
value sy (left) and the Borel mass Mp (right). )

N ) - \
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_Summary

* We have performed a QCD sum rule investigation, by which the P.(4380) and
P.(4450) states recently observed by LHCb are identified as hidden-charm

pentaquark states composed of anti-charmed meson and charmed baryon.

A : 5 y
* We use the interpolating current ]M “ to perform QCD sum rule analysis. The result

is consistent with the experimental mass of the P (4380) state, which supports the
P_.(4380) state as a [D*X,.] hidden-charm pentaquark, and of quantum numbers
e—3/2".

k DX.&D*A A ;
* We use a mixed current ]{WC}  to perform QCD sum rule analysis. The result is

consistent the experimental mass of the P.(4450) state, which implies a possible

mixed hidden-charm pentaquark structure of the P.(4450) state, as admixture of
[D2%] and [D*A.], and of quantum numbers J¥ = 5/27%,

\./\/ et

=
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More: doubly hidden-charm/bottom tetraquark states

24.00 — _ .
20.00 [~ = - -
B e T ey By By | Y T JEC S-wave P-wave
16.00 |- _ _ 0™ p(IS)mA8), J/ud - n(1S )y (1P), J/h (1P)
5 i ] 1 0~ n.(18Weo(1P), J/wh (1P) JIwd (v
% 12o0f- . . 0 Iy (1P) Jn(1S)
i 1 1 1+ - JIWho(1P), (18 )y o1 (1P),
800 — — (18 )y o(1P)
= e T oo e e || =
1+ JIum.(1S) Iy o (1P), J/ Wy (1P),
100} - | (18 )h.(1P)
- - - 17 J/yhe(1P), (1S )y 1 (1P) -~
0o+ ott 1— 1+t 1 ot o 1] 177 J/xo(1P), J/hy 1 (1P), J/ym(15)

7.(15)h.(1P)

FIG. 3: Summary of the doubly hidden-charm/bottom tetraquark

spectra labelled by J”¢. The red and black rectangles are the mass-  TABLE II: Possible decay modes of the cccc states by spontaneous
es of the ccé and bbbb states, respectively. The vertical size of the  dissociation into two charmonium mesons.

rectangle represents the uncertainty of our calculation. The green and

red solid (dashed) lines indicate the two-charmonium (bottomonium)

thresholds 7.(15)n.(18) (,(1S)n,(15)) and J/@J /& (T(1S)Y(1S)), | ) s

respectively. \ )) 9 \.

D
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We still need more theoretical and experimental joint efforts
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Thank you for your
attention
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More/:hidden-charm baryonium states

S’
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FIG. 5: Spectrum of hidden-charm baryonium states obtained using
the method of QCD sum rules. The blue lines are obtained using the
currents of Type D, and the red lines are obtained using the currents
of Type F.





