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Introduction Studies about pentaquarks before LHCb experiment
LHCb Experiment

Theot er LHC

Studies about pentaquarks before LHCb experiment

Gell-Mann and Zweig proposed not only the existence of the ¢qg mesons and qqq
baryons but also the possible existence of the tetraquarks and pentaquarks.

Gell-Mann, Phys. Lett. 8 (1964) 214

Zweig, CERN Report 8419/TH.401 (1964)

anti-triplet as anti-quarks q. Baryons can now be

constructed from quarks by using the combinations
(qaq), (@qqqd), etc., while mesons are made out
of (qd), (qadd), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives

Theoretical studies

@ The pentaquarks composed of light quarks: 5
Hogaasen and Sorba, Strotmann, Nucl. Phys. B145 (1978) 119 G5
>
8
@ Charmed Pentaquark: o 10
Gignoux et al., PLB193(1987 3
2
e g 5
Lipkin PLB195(1987)484 2
The name “pentaquark” was proposed. 0
15 16 17 18
o ... MM~ (GeV/c’)
v
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LHCb Experiment
Theoretical studies after LHCb experime

Theoretical predictions about hidden-charmed pentaquark

Hidden-charmed N* above 4 GeV

week endin

2L 105, 232001 (2010) PHYSICAL REVIEW LETTERS 3 DECEMBER

Hidden-charmed N* above 4 GeV

Prediction of Narrow N and A" Resonances with Hidden Charm above 4 GeV

Jia-Jun Wu,"* R. Molina, ™" E. Oset,”* and B.S. Zou'*
\nstiute of High Energy Physics, CAS, Beijing 100049, China
Departamento de Fisica Tedrica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Institutos de Investigacidn de Pate
Apartado 22085, 46071 Valencia, Spain
Theoreical Physics Cenier for Science Facilis, CAS, Beijing 100049, China
(Received 5 July 2010; published 29 November 2010)

‘The interaction between various charmed mesons and charmed baryons is studied within the framework
of the coupled-channel unitary ..ppmm with the local hidden gauge formalism. Several mesor-baryon
dynamically generated narrow * resonances with hidd

are predicted with mass above
/GeV and widi smaller mn 100 \IeV The predicted new resonances dehm\cly cannot be accon-
‘modated by quark models with three constituent quarks and can be looked for i the forthcoming PANDA/
FAIR experiments,

Five quark components in IV

p . week endi
| 3L 95, 072001 (2005) PENOIEAL LR LB 12 AUGUST

N experimen

ind model states below 2200 MeV
-

=

At 5§ Component of the Proton and the Strangeness Magnetic Moment
ou

s.

Institute of High Energy Physics, CAS, P.O. Box 918, Beijing 100049, China

150 D.O. Riska'

1500 — Helsinki Institute of Physics m:d [)epurlmm/ u/l’/vmml Sciences, POB 64, 00014 University of Helsinki, Finland
(Received 25 February 2005: published 11 August 2005)

™ A complete analysis s given of the implications of the empirical indications for a positive strangeness

‘magnetic moment z, of the proton on the possible configurations of the uidss component of the proton

A positive value for s, is obtained in the 55 configuration where the uuds subsysiem is in an orbitally

excited state with [4]¢5[22]:(22]; Ravor-spin symmetry, which s likely to have the lowest energy. The

configurations in which the 3 is orbitally excited, which include the conventional KA configuration,

- - - — with the exception of that in which the uuds component has spin 2, yield negative values for fz,. The

. Hidden Suangeness analogues of reconly proposed quark closer models for the 7 penaguirk give
differing signs for 1,

10
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Theoretical

Hidden-charm molecular baryons composed of anti-charmed

meson and
charmed baryon in the OBE mdoel.

AD A e
.0
CPC(HEP & NP), 2012, 36(1): 6-13 Chinese Physics C Vol.36, No 1, Jan 20 3
g -2
—40
Possible hidden-charm molecular baryons composed 32 S
¥ \
. * \
of an anti-charmed meson and a charmed baryon £ 24 \
=6
YANG Zhong-Cheng(Fit4if)!  SUN Zhi-Feng( HE Jun({i%)131 0.8 RS
1)
! De
Research Center & 1y and nstitute o 2
cademny o . Langhon 730000, China =
3 Nuclear Theor nces, Lanhou 730000, China g 20 N,
g \
\
\
—40 \
Abstract: Using the one-boson-exch ol, we studied the possible existence of very loosely bound Y,
hidden-charm molecular baryons composed of an anti-charmed me: nd a charmed baryon. Our numerical 32 \Y
results indicate that the £.D* and ¥ xist, but that th states do not
s indicate that the £.D* and o that ¢ tates do not < 12
Key words: exotic hidden-charm baryons, the one-boson-exchang; molecular state [ N)
PACS: 1420.Pt, 12.40.Yx, 1230.Hg  DOI: 10.1088/1674-1137/36/1/002 o b Sy,

A [XcD*]1/2(3/2-) state was predicted in our OBE model.
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Theoretical predictions about hidden-charmed pentaquark

Other predictions in ha ic molecular state picture

@ Wang, Huang, Zhang, and Zou, Phys. Rev. C84 (2011) 015203

The results show that the interaction between . and D is attractive, which consequently results in a . D
bound state with a binding energy of about 5~42 MeV, unlike the case of the A. D state, which has a

repulsive interaction and thus is unbound.

@ Karliner, Rosner, Phys. Rev. Lett. 115 (2015) 122001

Prediction in a multiquark picture

@ Yuan, Wei, JH, Xu and Zou, Eur.Phys.J. A48 (2012) 61

The low-lying energy spectra of five quark systems uwudéc (I = 1/2, S = 0) and udscc (I = 0,

S = —1) are investigated with three kinds of schematic interaction: the chromomagnetic interaction, the
flavor-spin-dependent interaction and the instanton-induced interaction. In all the three models, the lowest
five-quark state (uudcc or udscc) has an spin-parity JP = 1/27; the mass of the lowest udscc state is

heavier than the lowest uudéc state.

ic molecular states
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LHCb Experiment

The after LHCb experiment

Proposals to search for the predicted hidden-charmed pentaquark

pp — ppne and pp — ppJ /¢ at PANDA Wu, Molina, Oset, Zou, PRC84(2011)015202
® Opp—ppne and Opp s ppa/p: 10~70 nb and 0.02~2 nb.

@ Main contribution comes from the predicted N_(4265) and N (4418) states, respectively.

@ About 9000~60000 and 20~1700 events per day at the PANDA /FAIR facility, respectively.

J/4 photoprodusction at JLab

Huang, JH, Zhang, Chen, JPG41(2014)115004

.
<
]
N

o (nb)
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LHCb Experiment
Theoretic: ter LHC

LHCb Experiment: P,(

Observed in J/vp channel of Ag — J/¢Y K™ p decay.
%z}w
I_s\\s

M = 4380 + 8
M = 4449.8 +

@

ub
Nqy

+ 2
1.7

o %E’K 3/2~ 5/2F 0
e M{ZH—\..A}P“ 3/2% 5/2~ 0.92
5/21 3/2= 2,37
29 MeV, T' = 205 = 18 + 86 MeV. S 52
7+25MeV, T =39 %5+ 19 MeV.

50) and P.(4380)

PRL115(2015)072001

P.(4380) P.(4450) | A(—21n L)

J/br

invariant mass spectrum and Argand diagram

g 8

EVents/(15 Mev)
g

LHCb

8 " -
my,, (Gev]

Lo (@ T ® E
" oosE ES 3

P,(4450)

+ P.(4380) El

iy LHCb + 3

Lonbentn et Bl i i ol
035 03 -025 -02 -015 0.1 005 0 005 01 015 0.1 -005 0 005 01 015 02 025 03 035

Jun He LHCb hidden-charmed pentaquarks as hadronic molecular states



Introduction Studies about pentaquar re LHCb experiment
LHCb Experiment
Theoretical studies after LHCb experiment

Theoretical studies after LHCb experiment

The LHCb experiment has been cited by 273 articles.

Anomalous triangle singularity

@ Liu, Wang, Zhao, PLB757(2016)231

Understanding the newly observed heavy pentaquark
candidates

@ Mikhail Mikhasenko, arXiv:1507.06552

A triangle singularity and the LHCb pentaquarks

Pentaquark (a color singlet)

@ Maiani, Polosa, Riquer, PLB749(2015)289 The New Pentaquarks in the Diquark Model

@ Lebed, PLB749 (2015) 454
The Pentaquark Candidates in the Dynamical Diquark Picture

@ Wang, EPJC76 (2016)70

Analysis of P.(4380) and P.(4450) as pentaquark states in the diquark model

The spin parity can be reproduced.

@ Chen, Chen, Liu, Steele, Zhu, PRL115(2015)172001
Towards exotic hidden-charm pentaquarks in QCD

P.(4380) and P (4450) as pentaquarks with configurations [D* %

and [D*A. — DX}]

clg/a—

armed pentaquarks as hadronic molecular states




Introduction Studies about pentaquarks before LHCb experiment
LHCb Experiment
Theoretical studies after LHCb experiment

Theoretical studies after LHCb experiment

S-wave molecular state : negative parity

@ Chen, Liu, Li, Zhu, PRL115(2015)132002
Identifying exotic hidden-charm pentaquarks

P, (4380) and P (4450) as [D*3c]3/5_ and [D*£%]

5/2— molecular states.

@ Roca, Nieves, Oset, PRD92(2015)094003
LHCb pentaquark as a D* 3, D*>* molecular state

P (4450) as a molecualr state of most [D* %, — D*Z*]g)/z, nature

The positive parity can not be reproduced from S-wave 2&*) D) interaction.

P wave — positive parity

@ Meissner and Oller, PLB751(2015)59

Testing the x .1 p composite nature of the P.(4450)

P, (4450) composed of a P-wave meson x .1 and a proton
@ JH, PLB753 (2016) 547 [arXiv:1507.05200]
D> 7 and D™ X interactions and the LHCb hidden-charmed pentaquarks

P.(4380) and P.(4450) as S-wave [D22]3/2— and P-wave [D* 26]5/2+ molecular states.
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Hadronic molecular state
LHCb pentaquarks as hadronic molecular states Dx*, D* nd D*

Hadronic molecular state

o Many exotic structures are close to thresholds of two hadrons.

@ Theoretically, hadron-hadron interaction can produce bound state or resonance
near the threshold

The exotic structure in experiment <> molecular state from hadron-hadron interaction

particles near the D*) D* / B( threshold

4100 10680
+
7,(4020)*  Z(4020)° Z,(10650)
4000 | DD {88 1 10640
>
g 0
7 Z,,(10610)
a + b
g 7.(3900)° Z,(10610)
= . _
3900 | z,a000° | | o 1 osoo
X(3872) —
DD’
00 u 0 T 5 10560
X Z, PA X Z: X
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Hadronic molecular state

o interactions
on

o P.(4380) and P.(4450) <> DX%(2520) and D*%.(2455) thresholds
o Mass gaps: about 5 MeV and 15 MeV

4520 F s
C
44; o -
80 P.(4450)
< E—— n*
S aso0 | Dz |
= P.(4380)
é 4400 i
Dz,
4360 —
4320 =
DX

@ S wave provides only negative parity state.
o It conflicts with the LHCb experiment: opposite parities for two P, states.

o Higher-wave interaction will be included.
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LHCb pentaquarks as hadronic molecular states Ds%, D
Qusipotential B

DY%, D*Y. and D*X} interactions

Vertex of charmed baryon and light meson

91 Ak o
LpgBgh = ——— <*PA(Bg T Fvav,05P Be),
4fm
Bs9v -
LBaBgy = —im, (Bg @ -V Bg)
c imp. A
impgASIV
- JGT (Bgvuvw (8HVY — ¥V Bg),
F LpgBgo = —tsmBg (Be o Bo).
u u
>< Vertex of anticharmed meson and light meson
u U B
IV e
B0 Bz LT WPy,
_ e
. . Lys = —29smpPyPo,
No OZI suppression for light meson exchange PPo s™TP e Ty
9 . e
— Heavy meson (J /) exchange suppressed B = 7f—eaﬁm7>n/”‘§‘"7>h“a*1?ab,
— Only light meson exchange considered ;
IV sxtpnvsx |
Lpxpry = _7'?7:;'“ 9 Vpgu Vaby
—i2Vampx Agy PRI BEY (0, V0 — 00V ap.
Laupuy =29smpr Py Pylo
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LHCb pentaquarks as hadronic molecular states

DY, D*Y. and D*¥* potential

The DX} interaction

2
B9% [Bs - -
=iV (k2+k2)v(k1+k§)xC-x,—mxgxs(x q

2 |2
B3 (k1 + k) = BY - (k1 + KD =2 - a] Py(a®),

v

Vo = i2tggsmpmyx ] = Py (a?)

acti

3991 apan .
2291 apr 'uﬂ*(k] + k))aDlax

vp o= -

412
BN ey 4 kD) rags BBl Pp(a?),
v o= igp{- WTSU»-I + kL) - (kg + k) D*T . B*s?
+ 2m2:mmusm*? a(S% - gz} - D* - 5% . * . q)
= ~ _ - myx BAg
- D*.qE%-qur-D*t _sr . p*sr gy ——e =
la# (k1 + k)Y = a¥ (kg + kDMID*T - BYSE, 5%, — Apgm px
lau (k1 + *)w — av (kg + KDuIDHTD* ST 22} Py (a?),
Vo = —i2galgmpamgpeSL-22 D" D Ps(e?).

Jun H;

JH, PLB753(2016)547

Interacti

991 5*Bt e pen X ol B A k! 7
Vp = ik e gan DT (kg + K)FD* g e (kg + kb)
P gz B e 2 k),

agr Be Va1 Tar e Pyla?)
BBg
1

Vy = 653 {225 (hy 4 My) - (ko + B DM - BF Eo5 =

(k1 + KDY = ¢¥ (k1 + K))*18cvum e D DY +aggmps
2my_ mpeArg
lap (k1 + kD)o — au (ky + KD B 5.8, - T2 TDY2TS

3
Sely - alay” — a¥v") = (a5 — a“+")y - alSe D DY} Py(a?)
Vo = i2gsbgmprmys SeBe DT D* Py (a?)
Form facto
Propagator:
1 1
2
Pp(q®) = +o— 1,
G 6 g2 — m.%)
1 1
2
a2 = -1 .
Py(a e %)
Po(a®) =

A form factor is introduced to compensate the off-shell effect

of exchange meson as f(q2) = (K2A_§)4
—q
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LHCb pentaquarks as hadronic molecular states DS | 1B 55, & 3% interactions
Qusipotential Bethe-Salpeter equation

Bethe-Salpeter equation (BSE)

A 4D integral equation in Minkowski space

J . J a J
K ky k) ky K
= +

% ko K ks K, ko
i
>

Mk kh, kiko; P) = V(kjkb, kika; P)
d4k'”

’ ’ 1,17 11 1,1
/mv(kle, kY kY PYG (Y K ) M(EY KY | k1 ko P).

N

Reduction to a 3D integral equation

@ Direct solution of the BSE is complicated and much computer time is required.
@ Integrate out the zero component of momentum k'’ k’’°.

@ The 4D integral equation is reduced to a familiar 3D equation on 3-vector momentum k’’.

How to do it?

Jun He
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Quaipotential approximation: 4D BSE — 3D BSE Gross, PRC26(1982)2203

The BSE is equivalent to a pair of Quasipotential approximation

equations Choose Gy in a way that
M = U-UGoM @ G—Goissmall, soU =~ V.
110 H
U = V-V(G-Gy)U @ k'Y can be integrated out.

@ () satisfies the unitarity condition

Infinite choices:
@ BSLT approximation @ Maintains manifest covariance

@ K-matrix method

BS and CST are equivalent when both are

. . solved exactly.
@ Instantaneous approximation

Gives the correct "one body limit”.

Preserves cluster separability.

The covariant spectator theory(CST)

converges more rapidly that the BSE.

CST have been applied successfully to the
study of Deuteron and the NN scattering.

k2 2 . o
2 - m2 The interested audience is referred to the works by Gross et al.
y
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LHCb pentaquarks as hadronic molecular states 3 2 * 3% interactions
Qusnpotent\al Bethe- Salpeter equation

Partial wave analysis: reduce 3D BSE to 1D BSE JH, PRD90 (2014)076008

@ The partial wave decomposition is done directly into the quantum number J% .
o All partial waves based on L related to a certain J¥ are included.

o Advantage: the experiment result is usually provided with spin parity J¥.

The BSE for a fixed spin parity J*

JP ’ “2de JF " " JP "o
My p.p) = Vi S p) + Z/ E Viar (0,0 )Go(p" )M (7, p').
)\//
where A, A’ and A’/ > 0 and M;\’,}; = fk,kog\I,P;\,with fo = % and fyzo = 1.

The potential is defined as

JF ’ J / J ’
Vialp',p) = 27r/dcos@ [d3\ (O)Vara (P, P) +1dZ\x/ (0)Vr_ 5 (P, P)],

where k1 = (W — E, 0,0, —p), ko = (E,0,0,p) and ki = (W — E’, —p/sin 0,0, —p’ cos 0),
kb = (BE’,p’sin 6,0, p’ cos 0) with p = |p| in order to avoid confusion with the four-momentum p.
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Solving the 1D BSE for scattering amplitude JH, PRD90 (2014)076008

We discretize the momenta p, p’ and p’/ by the Gaussian quadrature with weight w(p;),

N
iMy =iV, + D iVi;G5iMjg,

j=0
with the discretized propagator
)p//Z
G = —L 2 Gk},
i>0 (27r) o(pj
G _ Py 3 | e py?
o = -
J 3272W - (2m)3 2W(p;’2 — pg2)

In numerical solution, N should be large enough to produce stable result. Usually, N = 50 is chosen.

For a certain reaction, the initial and final particles should be on-shell. The scattering amplitude is
N = Moo = > [(1—VG) 'o;Vjo. pole:|]l — VG| =0
J
The total cross section can be written as
1 |p| 2J +1 MM/

167s |p| JP A>0N >0 2 A7

Note that the second sum extends only over positive A and A’. Since there is no interference between the
contributions from different partial waves, the total cross section can also be divided into partial-wave cross
sections, allowing a direct access to the importance of the individual partial waves.
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D*3% interactions
ed in experiment?

Results and Discussion

Bound states from DX%, D*Y. and D*X} interactions JH, PLB753(2016)547

Bound state relevant to P.(4380) and P.(4450)

P.(4380): Dx? [3/27,0.7—-1.4], DX [3/27,2.8-5.0], D*%.[3/27,3.0-3.7];
P.(4450): D*%.[5/21,2.7-2.8], D*%.[5/27,2.8—-2.9], D*¥:[5/2",2-2.1].

The values in the bracket are spin-parity of the system and the cut offs in the unit of GeV which produces the
experimental mass within uncertainties.

Identification of P.(4380) and P.(4450) based on mass and spin parity

LHCb experiment:

P.(4380): M = 4380 = 8 £ 29 MeV, JP =3/2-.
P.(4450): M =44498 +1.7+25MeV, JP =5/2+.

Hence, we can identify the P.(4380) and the P.(4450) as

P.(4380) : DX¥[3/27]; P.(4450) : D*X.[5/21].

P.(4450) is a state from P- and F-wave D*¥, interaction!
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Bound states from D

Could P-wave state be observed in experlment
Results and Discussion Summa

Could P-wave state be observed in experiment? Toy Model  un, arxiv:1607.03223

interactions

Two-channel scattering of scalar mesons

Generation channel Observation channel  Coupling
Mass of threshold Mo MB*EC MJ/wp ——
mass of exchanged meson mey moy mp
’

Potential 7V % 0 %

q%2—m2 g2 —m2,

R VP/V Peak observed

V5! p) = 4m [ dcoso P(0)V;; (P, p)
B
<
Generation Transition =
09 -7 . E
Q - 7 - -
s . 5
< ’
50, o P 0" (Swave) 1° (Pwave)
1 p /' Ngc.
g . < K = J
=== Rwith F v
/
o F 2 432 436 440 444 432 436 440 444 448
0.0 05 1.0 15 0.0 0.5 1.0 15 20
Re(2) (GeV)
p(Gev)
P-wave interaction is not so small P-wave state can be observed
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Results and Discussion

Application to the D*Y, interaction

Bound states from DX, D*X. and D* %
Could P-wave state be observed in experiment?

Summary

JH, arXiv:1607.03223

E‘wu j -
2o 4 g
g ! Mgn m E
& oo *4‘; SCEL
a0 o
=
3
bl
432 436 440 444 432 436 440 444
Re(2) (Gev)
Argand
. T e e A
T of () + () E| 0.5
E 3 5+
oosf- E3 3 E 5
04f 2 - (1211 2 0
© (112, 012)
oosf- e E (112,-112)
i P.(4380) E R s (012,012) 0
< 7 < (012,1172)
il E3 E = 02 = (112, 1-172)
0gf E 3 0
ozt I — 1 0.1
i LHCb F E 00 @
O S T D O 0 T 68 ©-02-0100 0102 01 00 01
Re A% Re A® Re(M)
v
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es from DX, D* . and D* 2% interactions
ve state be observed in experiment?
Results and Discussion

Discussion

LHCb experiment Bound state

P-(4380) Po(4450) | A(—2In L) P(4380): DX [3/27,0.7-1.4],
= = Dx? [3/2+,2.8-5.0],
3/2 5/2 0 2 _

3/2+ 5/2- 0.92 D*%.[3/27,3.0-3.7);
_ e P.(4450): D*X.[5/21,2.7-2.8],

5/2F 3/2 2.3 D*%.[5/2— 2
N D*S.[5/27,2.8-2.9),

>5 D*sx[5/2+,2—2.1].

@ Too many bound state are produce from the interactions with different cutoffs.
The cutoff for each interaction should be different and has not been determined
in experiment or theory.

o It is more natural to assign the P.(4380) and the P.(4450) as 3/2~-wave and
5/2%-wave D*¥. state. Only one cutoff is Involved.

@ The existence of two or more resonant signals around 4380 MeV, especially those
with spin parity 3/27, can not be excluded because of the large widths for the
P.(4380) obtained here and in experiment. So, it do not conflict with the
identification based on mass and JF.
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¢ and D* =% interacti
d in experiment?
Results and Discussion

Summary

We study the possibility to interpret two LHCb pentaquarks P.(4380)
and P.(4450) as molecular state from the DX* and D*Y.,. interactions.

@ Many bound states can be produced from the D%, D*S. and the D*X? interactions
@ Two possible assignments of P.(4380) and the P.(4450) :

as 3/27 DX? and 5/27 D*X, molecular state based on mass and J*.

as 3/27 and 5/2% D*S, molecular state base on a two-channel analysis.
@ The P.(4450) is a 5/27 D*3, state.

The P.(4380) may have more complicated origin.

@ P-wave introduction can produce a bound state as well as S-wave interaction.
@ The P-wave state can be observed as well as S-wave state.

@ P wave may be non-negligible even when the S wave is not forbidden.
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