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A�Pentaquark,� 
a�particle�that�consists�of� 

five�quarks



The�founder�of�quarks,�Gell-Mann

"for his contributions and discoveries concerning the 
classification of elementary particles and their interactions".
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Nobel�prize�laureate,�1969



What�is�a�quark?

Literal�meaning�of�a�quark�
1.�The�smallest�fundamental�particle�that�consists�of�hadrons�

2.�Question�Mark�

3.�【German】Quark:�Low-fat�soft�cheese

Quark: Antagonist  
in Star Trek

Quark, a German soft cheese
Quark inside  
a nucleon

Murray Gell-Mann: Finnegans’ wake by James Joyce
“Three quarks for Muster Mark”

George Zweig called it Ace, at an almost same time.
Yuval Ne’eman, almost forgotten.



What�is�a�quark?

Chapter 4 in Book 2, in Finnegans’ wake by James Joyce

    Three quarks for Muster Mark! 
    Sure he hasn't got much of a bark 

    And sure any he has it's all beside the mark. 
    But O, Wreneagle Almighty, wouldn't un be a sky of a lark 

    To see that old buzzard whooping about for uns shirt in the dark 
    And he hunting round for uns speckled trousers around by Palmerstown Park? 

    Hohohoho, moulty Mark! 
    You're the rummest old rooster ever flopped out of a Noah's ark 

    And you think you're cock of the wark. 
    Fowls, up! Tristy's the spry young spark 

    That'll tread her and wed her and bed her and red her 
    Without ever winking the tail of a feather 

    And that's how that chap's going to make his money and mark! 

This poem might be related to a Celtic legend, Tristan and Isolde



What�is�a�quark?

Nucleon:

pion:

Kinds: up, down, strange, charm, beauty, top 

Spin: 1/2 
Charge:�2/3,�-1/3,�-1/3,�2/3,-1/3,�2/3�

Baryons:��

Mesons: qq̄, qqq̄q̄, · · ·
qqq, qqqqq̄, qqqqqq, · · ·



Pentaquark�mentioned�by�Gell-Mann

Pentaquarks

Tetraquarks



Pentaquark�was�predicted

D.Diakonov,  V. Petrov,  M.Polyakov : Z. Phys A 359, 305 [1997]

Prediction of the pentaquarks: Their widths were extremely 
important!

⇥+ was coined by D.I. Diakonov
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Mitya Diakonov (1949�-�2012)



!10

Victor Petrov & Maxim Polyakov

Victor Petrov Maxim V. Polyakov
Ghil-Seok Yang (Polyakov’s Student), 
A victim by the death of the pentaquark

Hyeon-Dong Son  
(Polyakov’s Student)



Pentaquark:�Prediction�in�1980s

Mass of the pentaquark predicted in 1980s

soliton models: positive parity

Biedenharn, Dothan (1984): 
D10-8 ~ 600 MeV from Skyrme model

Michal Praszalowicz (1987): 
MQ= 1535 MeV from Skyrme model
in model independent approach, second order

Diakonov, Petrov, Polyakov (1997): 
cQM - model independent approach, 
1/Nc corrections
MQ= 1530 MeV, GQ< 15 MeV



Michal�Praszalowicz



Pentaquark:�Prediction�in�1980s

Many Thanks to Michal Praszalowicz for this!



Pentaquark:�Prediction�in�1980s

146 B  (1984) 289



Pentaquark:�Prediction�in�1980s

In the printed version:        From SU(3) to Gravity
Festschrift in honor of Yuval Ne'eman
Eds. E. Gotsman, G. Tauber



Pentaquark:�Prediction�in�1980s



Pentaquark:�Prediction�in�1980s

+3q

+

�10�8 = 590MeV



M⇥+ ⇡ (1520� 1540)MeV

�⇥+!KN < 30MeV

Pentaquark:�Experimentally�found

LEPS Collaboration: First finding
T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003) 

more than 1000 times cited



Pentaquark�that�shook�the�world



Pentaquark�that�shook�the�world

US Department of Energy (DOE)

Finding of the pentaquark by
CLAS experiment is the best  
achievement in Nuclear Physics  
in 2003!



Pentaquark:�Experimental�results

Spring8 ELSA

JLab-p

HERMES

ITEP

pp à S+Q+.

COSY-TOFDIANA

SVD/IHEP

JLab-d

ZEUS
CERN/NA49

H1

Nomad

This is a lot
of evidence.

However,…



Final state:

Ks + p

K+ + n

(Ks + p )

Pentaquark:�Experimental�results

The values of the Theta+ mass lie between 1526 MeV and 1560 MeV. 



Non observation of the Theta+ at higher-energy experiments!

Pentaquark:�Negative�results



Particle Data Group(2006)

Pentaquarks�appear�in�PDG



Particle Data Group(2006)

Pentaquarks�appear�in�PDG



Particle Data Group(2006)

Pentaquarks�appear�in�PDG

In 2003, J.K. Ahn(LEPS), I.K. Yoo (NA49), and HChK were  
in hot discussion on pentaquarks in Pusan.



However…



Pentaquark:�Null�result!

Null results from the CLAS: Alas, a suicidal result!  
Totally opposite to the previous finding! 

CLAS Collaboration, PRL 96, 212001 (2006)

• Previous results (2004)

�d ! pK�K+n

Null Result!!

No ⇥+

��d!pK�⇥+ ⇡ 0.3 nb



Pentaquark:�Null�result!

Null results from the CLAS

CLAS Collaboration, PRL 96, 042001 (2006)

�p ! K̄0K+n

No ⇥+



Pentaquark:�Null�result!

Another null results from the CLAS PHYSICAL REVIEW D 74, 032001 (2006) 

�p ! K̄0K+n

�p ! K̄0K0p

No signal!



Pentaquark:�Null�result!

⇡�p ! K�X

KEK experiment

Physics Letters B 635, 72 (2006)

(2.5� 2.7)�



Time dependent experimental status of Q+

γ + d (n ) reactions

γ + p  → p Ks
0

γ + p → n K+ K- p+

K + (N) → p Ks
0 

lepton + D, A → p Ks
0

p + A → pKs
0 + X

p + p → pKs
0 + S+

Other Q+ Upper Limits

BaBar

CLAS-d2

BELLE

ALEPH, Z
SVD2

LEPS-d2LEPS-C CLAS-d1

DIANA

SAPHIR

SVD2

COSY-TOF

Hermes
JINR

CLAS-p

LEPS-d

nBCZEUS

BES J,Y

CLAS g11

SPHINX HyperCP

HERA-B
FOCUS WA89CDF

2002 2003 2004 2005 2006        2007

DIANA

COSY-TOF

: Positive result

: Negative result

Pentaquark:� 
Time�dependence�of�the�experimental�results



Death�of�the�pentaquark:�2008�PDG�Summary

Taken from the last paragraph

Pentaquark disappeared  
from the PDG(2008) Version.



Death�of�the�pentaquark

US Department of Energy (DOE)

The Null result of the CLAS (Death of the  
pentaquark) is praised as the best achievement 
in Nuclear Physics in 2006!

Though funny, people started to believe that the pentaquarks were  
just physical illusions since the CLAS null results!



So, the Pentaquark is dead……

However, the story of the pentaquark  
will go on…

Almost no theoretical paper after 2008…



LEPS�&�DIANA

Fortitude of mind by an experimentalist: Takashi Nakano

Pentaquark Parties, 2006

LEPS II was started
Kuznetsov found narrow N* 

Takashi Nakano & Maxim V. Polyakov



LEPS�&�DIANA

⇥+(1524)

Nakano etal, LEPS-II Collaboration, PHYSICAL REVIEW C 79, 025210 (2009) 

However, very recent LEP-II data are less  
significant.



LEPS�&�DIANA

Barman et al., DIANA Collaboration, Physics of Atomic Nuclei, 2010, Vol. 73, No. 7, pp. 1168–1175 

⇥+(1537)

� = (0.39± 0.10)MeV

K+Xe ! K0pXe0 (K+n ! K0p)



LEPS�&�DIANA

Barman et al., DIANA Collaboration, PHYSICAL REVIEW C 89, 045204 (2014)

� = (0.34± 0.10)MeV

M⇥+ = (1538± 2)MeV

K+Xe ! K0pXe0



GRAAL

�N ! ⌘NV. Kuznetsov et al. PHYSICAL REVIEW C 83, 022201(R) (2011)

MN⇤ ' 1.685MeV

�  30MeV

Used GRAAL Data but not official  
paper from the GRAAL Collaboration 

Pentaquark N*?



GRAAL

Pentaquark N*?



CBELSA�(BONN�ELSA)

Pentaquark N*? CBELSA/TAPS Collaboration, PRL 100, 252002 (2008) 

M ⇡ 1.68MeV

�n ! ⌘n

Bn-Ga PWA: Interference effect between S11(1535) & S11(1650)?

�p ! ⌘pIn                    , it was almost not 
seen

Isospin asymmetry

Neutron Anomaly

EtaMAID: Interference effects between s-, p-, and d-wave N*s?



A2�Experiment�(Mainz�MAMI)

A2 Collaboration, PRL 111, 232001 (2013) 

�n ! ⌘n

M = (1670± 5)MeV

� = (30± 15)MeV

Neutron Anomaly

Ockam’s razor: Simpler explanation is better than complicated ones.

�p ! ⌘pIn                 , it is not well seen.



A2�Experiment�(Mainz�MAMI)

A2 Collaboration, PRL 117, 132502 (2016) 

�n ! ⌘n
Neutron Anomaly
�p ! ⌘pIn                 , it is not well seen.

“The results have unambiguously established that  
this structure is related to the helicity-1/2 amplitude  
and a comparison of the angular dependence to  
different model predictions favors a scenario with  
a contribution from a narrow P11 resonance.” 
 
Excerpt from PRL 117, 132502 (2016) 



Theory

G.S. Yang, HChK, Progress of Theoretical Physics, 128,  397 (2012) 

Together with Theta+, narrow  
N* is well explained.
Complete analysis in the  
XQSM.

Interesting stories  
about this paper.



Theory

It explains why the eta channel is most preferable to measure N*(1685)!

Prediction with no free parameter!G.S. Yang, HChK, ArXiv:1809.07489
(Second paper at ASRC, JAEA)



Theory

G.S. Yang, HChK, ArXiv:1809.07489
(Second paper at ASRC, JAEA) Prediction with no free parameter!

�n⇤!n�

�p⇤!p�
⇡ 9!
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It clearly explains the neutron anomaly!



Yet�another�evidence�of�N*(1685)

J.-M. Suh, S.H. Kim, HChK, arXiv:1810.05056
(Third paper at ASRC, JAEA)  Comparison with  

the A2 data

16 N*s included together with N(1685). Very constrained model  
based on the effective Lagrangians and Regge approach.

� + n ! ⌘ + n
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Yet�another�evidence�of�N*(1685)

S.H. Kim, HChK, PLB 786 (2018) 156  (First paper published, staying at ASRC)

Comparison with  
the ClAS data

�n ! K0⇤
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Yet�another�evidence�of�N*(1685)

S.H. Kim, HChK, PLB 786 (2018) 156  (First paper published, staying at ASRC)

Comparison with  
the ClAS data

�n ! K0⇤
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Renegades

M.J. Amaryan et al., PHYSICAL REVIEW C 85, 035209 (2012)

M⇥ = 1.53MeV

6�

Statistical significance

CLAS Data was reanalyzed. A complementary analysis: Used interference with phi.
Scientific Director allowed it to go.



Failure�in�cracking�down�on�renegades

ArXiv:1204.1105

But this paper was rejected by Physical Review C!

Prof. Kim said, “They are renegades!”



Moskov�J.�Amaryan

Moskov. J. Amaryan (Old Dominion Univ., an experienced experimentalist)

Amaryan analyzed the same CLAS data with null results and found 10 sigma peak  
for the Theta+. However, he gave up publishing it because committees were against it  
even though they found no single mistake in his analysis. 
Nov. 2017, in an interview: “If nobody wants it, then either you go up to a mountain  
and hang yourself or simply do another job.”



새로운�결과

M⇥+ = 1539.6MeV

SELEX Experiment at Fermi Lab
Cu was used as a target.

Aug. 2016
ArXiv:1608.08523

Caveat! It was seen only in  
a specific kinematical  
region.

Negative experimental results continued to appear after 2010.



Finding�of�Heavy�

Pentaquarks



Heavy�Pentaquarks

Pc(4380)
Wide decay widths

Pc(4450)
Narrow decay widths: a typical signature of the pentaquarks

LHCb Collaboration, PRL 115, 072001 (2015) 



The�world�was�shaken�once�again



Heavy�pentaquarks

LHCb Collaboration, PRL 117, 082003 (2016) 

Pc(4380)
Large decay widths

Pc(4450)

Narrow decay widths

Confirmation of the 2015 data

Light pentaquark was never  
mentioned in the paper.
In fact, the first draft contained them.



Five Omega_cs’ were found by LHCb!

Five       s were found!   ⌦c

LHCb Collaboration, PRL 118 (2017) 182001 



Four Omega_cs’ were confirmed by Belle!

Belle Collaboration, hep-ex 1711.07927

Four     s were confirmed  
by Belle Coll. 

⌦c



Masses and decay widths of Omega_cs

The Widths are rather small, even if we consider the fact that  
heavy baryons have smaller widths than light ones.

LHCb Collaboration, 2007

Belle Collaboration, hep-ex 1711.07927



LHCb data의 해석

From the chiral quark-soliton model
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How can one falsify the present idea?

⌦c(3050) & ⌦c(3119)

⌅+
c K

�

Anti-15plet consists of three Omega_cs (Isovector baryons).
The same peaks with the same strength can be found not only  
in  the            channel but also in            and           .          ⌅+

c K
0 ⌅0

cK
�

HChK, Polyakov, Praszalowicz, Yang, PRD, D96, 094021 (2017).

HChK, Polyakov, Praszalowicz, PRD, D96, 039902 (2017).



Return�of�the�light�Pentaquarks…�When?

An ultimate experiment

K+d ! K0pp
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and/or
K+d ! K+np
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The�Ultimate�&�Golden�Experiment

Sibirtsev et al. Phys. Lett. B 599 (2004) 230.

Window to find Theta+

C.J.S. Damerell, et al., NPB 94 (1975) 374 

W. Slater, et al., PRL. 7 (1961) 378

R.G. Glasser, et al., PRD 15 (1977) 1200 

G. Giacomelli, et al., NPB 42 (1972) 437 

G. Giacomelli, et al., NPB 37 (1972) 577 

Very old experimental data!

k0 ⇠ 420MeV/c ! M⇥+
<latexit sha1_base64="6p/Jl509JzSYzwjI4HZeOT/5H+k="></latexit><latexit sha1_base64="6p/Jl509JzSYzwjI4HZeOT/5H+k="></latexit><latexit sha1_base64="6p/Jl509JzSYzwjI4HZeOT/5H+k="></latexit><latexit sha1_base64="6p/Jl509JzSYzwjI4HZeOT/5H+k="></latexit>

Initial kaon momentum



The�Ultimate�&�Golden�Experiment

Sibirtsev et al. Phys. Lett. B 599 (2004) 230.

Window to find Theta+

�⇥+ . 0.5MeV!
<latexit sha1_base64="2yZnRgsHeIRRgfR8/Mm5SnaHtXI="></latexit><latexit sha1_base64="2yZnRgsHeIRRgfR8/Mm5SnaHtXI="></latexit><latexit sha1_base64="2yZnRgsHeIRRgfR8/Mm5SnaHtXI="></latexit><latexit sha1_base64="2yZnRgsHeIRRgfR8/Mm5SnaHtXI="></latexit>

No wonder why one cannot  
see it in the old data. 

They will be very challenging  
experiments!

High Risk, High Return?

Sekihara, HChK, Hosaka in theoretical  
discussion.



Questions�&�Conclusions

Nobody explained what those signals were, if they were not pentaquarks.
What were those positive signals? Fluctuations? 
If the Theta+ exists, its width should be extremely small (< 1 MeV).
Unexpected hysterical and irrational reactions against Theta+ 
(A personal experience in HNP 2013)
Yet another experience at JLAB workshop
In order to restore scientific mind on Theta+, we need the ultimate  
experiments that can be performed only at J-PARC. 
If it turns out that it does not exist, then we will be still happy and  
finally can have tight sleep.  
If it is found to exist, then it will be historical and reopen the case. 
Heavy pentaquarks: There would be a great number of them.  
(We may need Volume 2 of PDG)



The report of my death 
was an Exaggeration.  
 
              -Mark Twain-



Though this be madness, 
yet there is method in it.

Hamlet Act 2, Scene 2

Thank you very much!


