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Introduction

A new  baryon reso-

nance was obser ved

at Spring8/LEPS,

ITEP/DIANA, Jlab/CLAS

and Bonn/SAPHIR, the
@+ﬁmm5v

It has strang eness S = +1

(,e. contains a S quark)
and cannot be a three—quark

state. Its minim um quark

is (ududs)

configuration

and it i1s called
PENTAQUARK.
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The disco very was repor ted in newspaper s, major journals, Is hotly

debated, is a central issue at physics conferences.

Why is the ®7(1540) so impor tant ?

and, iIf it is impor tant,

What is the experimental evidence for it ?
and if it really exists,

What do we know about it ?



Quark models,
Baryons are described as states of three

constituent quarks bound by a (linear) confinement potential.

SUCCesses
Ground state baryon masses, magnetic moments,
shell structure , negative-parity resonances.
Constituent quarks arise naturall y from

spontaneous breaking of chiral symmetry.

- - - and fallures.
Sea quarks play no dynamical role
In baryons. Contact to deep inelastic

scattering Is lost.
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(27: Predicted by Gell-Mann in 1964 Triumph of SU(3)

. Found by V. E. Barnes et al. in 1964 and the quark model



The chiral soliton model predicts

the existence of an antidecuplet :

Antidecuplet
1 uudds

©1(1530) S=+1

4/3 uud(1/v/3dd + /2/3ss)

N°(1710) NT(1710) S=+0

5/3 uus(1v/3s5 + /2/3dd) .
3
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The quark model

Valence
guarks
0
000000
O @ O @ O quarks
000000

... versus chiral soliton models

Quarks and sea quarks are dynami-
cally coupled. The equations of mo-
tion suppor t soliton solutions which
can be organised into multiplets. The
lowest lying multiplets are 8 and 10
and 10.

For u and d quarks spin and isospin

are coupled:
N S=1/2 I=1/2
A S=3/2 I1=3/2
~ 1700 S=5/2 1=5/2 fall-apart state.
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"Discovery" of a baryon with S=+1

DIANA / ITEP LEPS / SPring—8
hep—ex/0304040 hep—-ex/0301020
Kn— 0'—= p KO yn —=K0O — KKn
formation _u:oﬁou_oan_co:o:
o<<_mﬂqm5 org| __.‘ g ._.O_u
hamb E\\\\ §\ g
dipol magnet —

photon beam
o =2.7GeV
=10 /s

liquid Xenon
Bubble Chamber



LEPS/SPRINGS:

Spring8: syncr oton radiation facilitiy

Photons (~ 3.5eV, Ar 351 nm) backscat- target

vertex detector
tered off 8 GeV electr ons

tagged y’s beam, 1.5t0 2.4 GeV dipol magnet H._a\.

Tagging by bending angle of scattered

electr ons

Reaction studied:
v2C - 0T K™ + X; 0" - nK*

104

Counts

1031

Charged particle tracking in magnetic 5
field (0.7T) 0 |

3 silicon strip detector s, 3 drift chambers, op = 1 EEE
|“_.. *

-0.5 0 05 1 1.5

6 Mev/c at 1 GeVI/c _<_\H9ﬁ % ij:@m AOm<\oNv

Partic le identification by time—of—flight
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e Calculate mass of ®" as missing mass in yn - K~ O

® ZZOOHH — 7\.—”7\.—”

YK~

YK~

e Find 108 events and 36 ®™
e ML —=154+001Gev. ', =25+ 0.01MeV. 0 = 4.6
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DIANA/ITEP: Charge exchang e expt.

e K'n — ©(1540)

e 'quasifree’ in Xe bubble chamber

e KtXe — Xe'pK¢

e K™ momentum from rangein Xe

— pK?
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CLAS/Jlab :

e Torus magnet with 6 super -

conducting coils

e Liquid Ho/Dy target, trigger

counter s

e Drift chambers with 35,000

cells

® TOF system

e Electromagentic Pb/sci sand- Reactions studied:

wic h calorimeter vd = K p(K  npics)

® Gas Cerenkov counter s, e/ _
/ vp = KT (K nppe6)

separation
" P — HAMAHA.THHEWL



500 asol
: 300 At | < 0.75 ng
. & 0250
400r w 200
i 150
I 100
I 43001 50 |-
Study of the reaction =TT ;
1 - 08 09 1 11
-+ = 200 B MM(pK K’) [ GeV/c’]
vd — pnK™K |
100F

e Detected: K™ K™, p, hence

"no spectator’ nucleon 0808500005 1 1.051.1 11512 1.25
MM(pK *K) [ GeV/c? ]

e TOF for particle identification
e Missing mass calculated and

neutr on reconstructed

e Proposed reaction mecha-

nisms;:




The KTK~ invariant

mMass

The pK™ invariant mass

¢ and A(1520) excluded
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The nK™ invariant mass 35F
30F
25
o
I 20 B \ \
S
Me+ = 1542£5Mev .|
Ter < 21 MeV : ,
Decay: nK™ 10F N
Yield: 212 A(1520), 5F I
. 1=
O L PR T I T T TR R
1.6 1.7

M(nK ) [ GeV/c ]



possible reaction mechanisms:

K=,
y N
. K* &~
Study of the reaction REET
— 4+ ) KT
vp — nKTK™ 7 o
p ©) ~n
S F S 80
m 1000 - m \
_w 800 rﬂ mow

e Detected: KT, K, T

e TOF for particle identification :

e Missing neutr on reconstructed from : —— ) ST SOOI o )V
. . Mmiss/GeV M, =+/GeV
kinematics KT

«»n 1540 MeV
T 250 ! . )
g no signal without
TR further cuts !
HmoH
Hoow
mow

22 2.4

M(nK *) /GeV



®7"(1540) seen after cut in

angle =

Does the ®*(1540)
come from a N*(2400)
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e Tracking in drift chamber in ~
0.18T field

cAninin :

e TOF with limited resolution

e Well suited for forward angles

down to 0° drift chambers| - Tof
e Reaction studied: Yyp —

likely via K* exchange

SAPHIR event
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SAPHIR results:

Mg+ = 154245 MeV
I'e+ < 21 MeV
Decay: nK*
Yield: 530 A(1520),
128 O
Warning: sighal strength

Cross section estimate not consistent with uppertimit- from CLAS for the
same reaction. The cuts in angular distrib ution are diff erent ! Masses are
diff erent !



100 noo”
80
Y K™
0 60
40
Chams KT
20
P P i

quintet with I = 2, with charges mass(pK*)/GeV
3+,2+,1+4,0, —1. The production am-
plitude for the OTT is then fixed by
Clebsc h—Gordan coeff. We expect >

5000 @,

pK™ mass from yp — pKTK™

the ® has isospin zero



GRAAL Experiment
Antidecuplet Y = )

&= -
=225 F
©1(1540) s=+1 Ao iir
7s B ot Quasi—free nn
150 | % L_ﬁ_ _
N°(1640 N+(1640) S=+0 12y b it
( ) ( ) S=+ ek % _H_ 4
75 Mlﬂﬁ +4
50 y R BT oV
Is 25 F e e,
MuIA”_.ﬂmmv MU+A”_.,NWWV S=-1 T 5 P e R
15 16 17 18 19
W, GeV,
o Is the NY(1640) — nn
=-(1862) =27(1862) =°(1862) =1(1862) s=-2 disco vered ?

Graal, collaboration, N*2004, Grenob le,

vp — NT(1640) weak
vp — IN°(1640) strong

preliminar y
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A new pentaquark =

NA49 experiment at CERN

158 GeV protons on LH9

Tracks, dE/dx from multiple TDC's
Secondar y vertices to A

—

A7 to form =

+ invariant mass

-
— T
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) MeV

60|
Jor 50 a)
ol a)=Tt 40F
O 301
S 20|
or W 10}
0 : : : : _w::ih}jzz Lzl 7 0 ﬂ._i._vlfﬂr?::;?: AT | S
x Uv =Tt % 30k Uv
_W 20
. 12 L EEEFZEZL_:: i J Lo 108
isf c)="m 0
10 -10 _ _ _ _ _ l
14 1.6 1.8 2.2 2.4 2.6 2.8
:: 1 1 %?j?ﬁ;b:j 0 1 110 _/\_Am:v HO®<\ON”_
d) =t _
Mass = (1862 £+ 0.002
oL H:_@F: :7 . égém LZ;N_@_Z allo Width = < 10Mev
MEn [GeVicl  Strang eness, 1sospin 2 32
Quark model conf. ddssu



2]2

ke [GeV/c

T ~Isthe ©T a kinematical
3
reflection ?
40 _ _ _ _ _ _
2| \ _
ﬁmmsamw . T
30 - ® e
°®
w = 2.6 GeV
w =24 GeV P
1 " [ 0000 e T
y w=21Gev  IE *Tle
2.5 3 3.5 4 W 20 - — o o o
M2 2,2 W - | ®
KN [GeV/c™] I\w ) 1 /0/
? 1 ®

0.2~ ® o

10 + o °® ——

- C K )
0.15+—

i o

o.HW

- 0 : _ _ _ | _
0.05 1.4 1.5 1.6 1.7

[ M(nK") [GeV/c]

O\| | | | | | | |

, ,“_..m, - ,“_..m, - ,“_..N, - ,“_..m, - ,“_..o, - ,N — ,N.“_.

M(nK ) [GeV/c?]



Pentaquark searches

® Exclusive reactions
- CLAS, SPRINGS, Crystal-Barrel: photo-pr oduction
-COSY: pp — O (1540)X7

® Inclusive reactions
- CERN, Fermilab: A — pK!
- Hermes, Zeus, Compass: e (1) + A — pKYX
-RHIC: A + A — pKYX
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The O from neutrino—induced reactions

CERN: WA21 WA25 WADSL9 FNAL: E180 E632

Neon plus Deuterium




The O from the HERMES
experiment

® Quasi real photons from 27.6 GeV positr on
beam of the HERA storage ring at DESY.

e D» target.

e Integrated luminosity of 250 Uclﬁ

e OF = pK?2 — prnTm™ decay chain.
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The ©T at IHEP, Protvino:

M=1526+3.1(stat.) MeV/¢
0=10.2:2.7(stat.) MeV/&

N/15 MeV/c*

m rr +++++;+

FRITIOF backgroung
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1.45 1.50 1.58 1.40
MK’ GeVic?

The @N‘mv invariant mass spectrum The @Wm invariant mass distrib ution from the
in the reacton pA — pK? + X.reaction pp — X TK%p at COSY.

The dashed histogram represents back-

ground obtained from simulations.




The ©7 in Mongolia and at Erivan

Data are from a 2m propane bubble chamber experiment at Dubna.

T P A PR e il CRe
z____: = 153346 MeVic
T = mmﬁn -..F.c
i s s Totdl K'+proton 5554 camb,
¥ _ u?mmﬂ.mm.mﬂ_u._.w.uv”__.ﬂw\n gt CaHe = (K0 Poam= 10 Gev /o
- b TR i 00 H| r=33.3+£7.2
. S o,

o i ! L TR1E. £ 103 Ihey /o’

P m,:m_ C (4.8+£0.5) 5.0,
=01 2 f=219%43

B
2% > (1810,6E11 DiMev/et

7 C L [6.Dx0.E}d.
401 125 - M=33.9+7.1

L 100
an|- :

M 75 H

BT ¥ ndt=101 /470
H.ﬂ” S0 O (-)Background + Bw
10~ - &
ﬂ... { 0 _ .__.m _ __u_ ._1m _ _ u_ m _ _ _ Mjm _ _ _ M._#

i ™ M, Gev /e

1.6 1.65 ’
: 1 : 2
M GeVic . .
pic* Proton induced reactions, momenta be-

2
The pK? invariant mass distrib ution from tween 0.35 < p < 0.9 Gev/c® or p >
1.7GeV/c?

12c-12¢c scattering.
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The © at HERA

d x®/ndf=35/44
peak=1521.5 + 1.5 MeV 19|

width= 6.1+ 1.6 MeV
events=221 + 48

-
s

O O P SRS

® ZEUS 96-00
—— Fit
...... Gaussian

___________ Background
[ ARIADNE MC

200
180[
160}
140

100[
80
60

1.45

15 155

Invariant-mass spectrum for the Nm@ and
K%p channel for Q% > 20 GeV? at HERA.

e Solid line is result of a fit (three-

parameter background)

e Histogram shows the prediction of the
ARIADNE MC normalised to the data in

the mass region above 1650 MeV.

® Inset shows the Hmm@Ao_oms circles) and
the Wm@ (black dots) candidates.



The ©" at CERN: K*p — K% at 1.69GeV/c

600+ 1.69 GeV/c ; B
aoo} L ;
200 -

° m.w .”olomo:..uﬂ.mu ~wo N».NM 0.4 o..m RMM.Q/ a'L..mVI o_.N 2.\ ryg u.>u 3.9
M3(p % MA(K® ) M(pK)  Gev’

Small peak at /s = 1.53 GeV
Cross section ~ 100ub — Normal hadronic cross section



The charming pentaquark from DESY

M(D*p)

from opposite-c harge

distrib ution

D*p combinations in
deep inelastic scattering
of electrons off protons.
The solid line represents
a fit with a Gaussian peak
plus a two—parameter
background, the dashed

line afit background only.
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Summar y of measurements of pentaguarks. The systematic errors given
In parentheses are not quoted in the papers but were estimated to be

small.

Mass Width Nevent Statist. Reaction Experiment
(MeV) (MeV) signif .
®+(1540)
1540 +10+5 <25 19428 ~270¢ ~C — CKTK~™ LEPS
1539 +2+2 <9 29 ~3.00 ~p — nKTK? DIANA
15642 +£24+5 <21 43 ~ 350 ~vd— pnKTK~™ CLAS
1540 £ 4(+3) <25 63+13 4.80 vp — nKTK? SAPHIR
1533 £ 5(+£3) <20 27 ~ 4.00 v-induced CERN, FNAL
1555 +-1+10 < 26 41 ~4.00 ~p—nKTK 7t CLAS




Mass Width  Nevent Statist. Reaction Experiment
(MeV) (MeV) signif .
1528 + 4 <19 ~ 60 ~ 40 ~*—~induced HERMES
1526 £ 3 £ 3 < 24 o0 3.90 p-p reaction SVD-2
1530 £ 5 < 18 3.70 p-p reaction COSY
1545 =12 <35 ~ 100 ~ 40 p-A reaction YEREVAN
1532 + 6 <26 ~T70 ~4.60 A-A reaction Mongolia
1521.5+1.5725 <6 221 4.60  Fragmentation ZEUS
=(1862)
1862 < 21 4.60 v—induced NA49
©.(3099)
3099 +3+5 5.40 ~v*—induced HERA




Where |Reaction Mass Limit Comment

interval
BES ete >J/y 2 KNX |1520-1560 |<10-5 Azimov: ¢ 10-5
(branching)
HERA-B | pA—> K% X 15 N/A vs NA49,5VD
PHENIX | dAu~> K*n X 1500-1600 |N/A vs STAR, Dubna

CDF PP ¢M¢ Ko X 1525-1545 | <87(79) events | vs ZEUS, STAR
ALEPH |e*e 2>Z> K% X 1525-1545 | <.003 (events) | No D-events (K-L)

DELPHI |e*e->Z-> K% X 1500-1750 | <.006(events) |No D-events (K-L)
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OF summary

There is evidence for a narrow positive—strang eness baryon

resonance O from several sour ces

All experiment have statistical significance of ~ do

No absolutel y conc lusive evidence , but agreement is impressive
Produced by photon interactions (and hadronicall y in DIANA)
Production mechanism partly contr oversial

Spin and parity unkno wn

Predicted by chiral soliton model

should have J¥ = 1/2% and

be member of an (anti-) decuplet with 3 exotic states (=~ ~ and

Production and decay predictions for non-strang e member
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