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Facts and Mysteries
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Ordering schemes

» help to understand the principle of underlying physics
» help to make make predictions of missing pieces

» Dmitry Ivanovich Mendeleev (1834-1907)
» Zeitschrift fiur Chemie 12, 405-6 (1869)

gunehmenden Atomgewichten in ve

Ueber die Beziehungen der Eigenschaften su den Atomgewlohten
dor Elemente. Von D. Mendelejeff. — Ordnet wan Elemente nach
] cale Reihen so, dass die Horizontal-
reihen analoge Elemente enthalten, wieder nach zunehmendem Atomge-

B

abe 7o

taung des Korns mit der

mmen 7,644 Proe.
lso betriigt die Differenz

iose Differenz im Stiirke~
bestimmen lisst. — Die

wicht geordnet, so erhiilt man folgende Zusammenstellung, aus der sich =
einige allgemeinere Folgerungen ableiten lassen, A
T s Bl Lrsa 90
Va5l Nboa= 94
01 == 52 Mo == 96
Moe=bb  Rhae 104,4
Flo w5 R e 1044
Ni = Coms 59 Pd wmn 106,06
H e | U 34 AR e 108
Bé s ﬂj Mg e 240 X lﬂﬂ&:ﬁ Ode=1]2
Bl Alm2id @655 Uremilo
Cowmi2 . Bl 282 w70 5 Snes 118
N .= 14 Paaiil™ 8767 She=122
O - 16 Se=i2 % Se=T04 To126?
Feaul9 Clow355 **Bt 8 J =121
Liwe 7 Na == 23 Rb == 85,4 Ch e 133
Sree 876 Ba w137

Cﬂ.—ﬂﬂ
Di = 06
The=118?

o =hhelgb bt S RO
(2253 -ngzaial 28
:ec@-% ehm;’dg's‘ :‘t;
& 6. One.
et e R A =5
--gganalogE
LR R 1

) T
Liw== 7 Na =23

disgovery. Of.

haben
it

withi afomic.weig

der Elemente und bis zn einem gewissen G

s will probebi |
omic weight 128, but rather 123-126.

? le Klefe enthfelt, stimmte
el "ﬂ] wurde gefunden :
v
Toh e 182
W o 186 NaO PO,
30,704 49,720 == 102,141,
Plo=197 "' welchem 13 Proe. Kleie
[r e=e 108
(@ s [M
Na0 PO
HH s 200 3 1,878 48,761 s 100,943,
Ch. Pharm, 149, 343.)
A wm 1977
s den Atomgewichten
net wan Elemente nach
]].i == 2110 T 50, dass die Horizontal-
zunehmendem Atomge-
enstellung, aus der sich
== 90 P e 180
Tl == 204 - % Ta—id2
—_1 = 156
Ph == 207 w1044 Phem 1974
e 1044 Ir ee 198
o 106,608 == 199
s 108 Hig see 200
—1]2
w16 Auw= 1977
§ =118
& w122 Bi == 2107
i e e 1387
Cle= 355  Bre=80 J e 127
Kee39  Rbem854  O8e=183 Tl = 204
Cat e 400 Sres87,6  Baw=137 Ph s 207
Teeds  Cowat?
TEr e 56 Lt e 04

Yt e 60

aloge Elemente

Di s 056
e 1157

+Hany.new.elements, for example

entweder il

Si01.65-75.

o der Vomhiudenlm{ im

yereqguire“correction; for example



The Particle Zoo

» during the 50s and 60s many new elementary particles were
discovered (particle zoo)
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» 1962 Murray Gell-Mann and, independently, Yuval Ne'eman
suggested the eightfold way (baryon octet)



Quark/Aces model (1964)

» substructure of hadrons
» Murray Gell-Mann > quarks

» George Zweig - aces
» quarks: &
» fractional electric charge! !’:;1.;,:1‘{;
» spin 1/2 e/ % A
» come in flavors (up, down, ...) Gell-Mann Zweig
o quark spin charge baryon strangeness
P @ t Q/e | number B S
& up  charm  ftop u 1/2 +2/3 1/3 0
@ @ b d 1/2 | -1/3 1/3 0
down  sirange  botliom S 1/2 ‘1/3 1/3 -1
1 1 1
» baryons = three quarks B=-+-+5=1
3 3 3
: . 1 1
» mesons = quark-antiquark pair B = 373" 0



Quark Model

» Quark model in SU(3) (u, d and s quark have similar mass):
» three valence quarks define flavour content of a baryon

» Octet and Decuplet

4 S A~ A° R A A

n p

v
~
W

[1]

» Success: prediction of W- (Gell-Mann, 1964) and subsequent
observation (V.E. Barnes et al., 1964)



The Omega baryon
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Pentaquarks

common believe is that the states should be color neutral
but: quark model does not exclude systems of more than 3 quarks
in case of 5 quarks this implies a ggggg to be color neutral

two cases for baryons
» antiquark has same flavor than another quark

¥y ¥ v.v¥

qqqq:q; :

1 1 1 1 1
B s i1
(99q9q.q;) = R A
Q(gqqqg.q;) = Q(gqq) =-1,0 or 1

5(99qq.9;) = S(qqq) =0,-1,-2 or -3

» Ssame quantum numbers as ordinary baryons
» antiquark has unique flavor

qqqqqQ :
1,11 1
B _ T T Tyt =_
(99949Q) 3+3 ===
Q(gqqqQ) = Q(gqqg) = -2,-1,0, 1,2 ddssu
5(gqqqQ) = -2,-1,0,+1 uudds

» exotic quantum numbers or combinations possible



Group classification of ggggg

» B.G. Wybourne, hep-ph/0307170
» antidecuplet and octet

uddss, uuddu uuddd, uudss

-32 uddsu uudsd | +32 I
| — - e/
ddsss
uussd




Beyond Meson and Baryons

GLUON NUMBER
O NW AL, WU

O 1 2 3 45 6 7
QUARK NUMBER

» Until a year ago many signals of narrow exotic resonances have
appeared, but all disappeared after detailed studies again !

» ...for example the “famous” U-particle at 3100MeV/c2 (diquonium)
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WAG62: 135 GeV/c X + Be

WAG2 , Phys. Lett. B 172, 113 (1986)
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BIS 2: 135 GeV/c n+ A

» BIS 2, Z.Phys. C47, 533 (1990)
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1. Experimental facts
Part 1: ©*t(1540)



How to make a Pentaquark ©+(1540)

» exclusive: yn - KO+ — K K*(n) [Spring=8
— K K%p)
P - KOO+ > KOKO(n) -AB
— KO KO(p) ELSA

pp —» O0+tX* — pKO(Z+) COSY

» baryon can be detected (easy: p) or can be reconstructed from missing
mass (diffcult: n)

» inclusive: yd > 0+X Ko (X) HERMES
pp - ©0*X K% (X) CERN
K+Xe— ©*Xe' ->K°% (Xe') 11ep
+ many more






LEPS @ SPring-8 (1)

™ T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003)

16))

Q
IS » Compton backscattering of photons, E =1.5-2.4GeV
\’b » plastic scintillator (C:H=1:1) v K
» p or n from missing mass of N(y,K*K")X C KK
» Cuts <
7 " ‘n(p)
» total 4.3-10
hK+K—pa|r 8000 III\III\II\I|II\\|I
» SC target 4000 — b)
[ Ey<2.35GeV 3200 o 15
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» M(KK)¢[1.00,1.04] 270 A
> —yp—KHKp 109 N 10
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» M(Ot) = 1540 MeV
» <25 MeV 0
» 4.60 significance




DIANA @ ITEP (2)

Ny V.V. Barminet al., Phys. Atom. Nucl. 66, 1715 (2003)
9 » bubble chamber, KtXe — K%pXe’

’\
V‘Q > (P, )=470MeV/c K - KYKY)
K'n— 0" - K° —
P N
n n(p)
5 ) Nev=541

30 —

20 —

» M(O+) =1539+2 MeV " 0 M o e
> I_S 9 MeV 1.4 1.45 1.5 1.55 M(Knp;,.zev/cg 1.65 1.7 1.75 1.8
» 4.4c significance




CLAS (d) @ TNAF (3)

M S. Stepanyan et al.,
Q Phy. Rev. Lett. 91, 252001 (2003)

S’ » yd—>K*tKp(n); n from missing mass
)

» M(®+) = 1542 MeV : Ll
» <21 MeV L - WA T A T R
» 5.8c significance M@nK") [ GeV/e® ]




Is the ©* a reflection?

0.2

» Reflections von f,, ps3
» A.R. Dzierba et al.,hep-ph/0311125

» total energy w of the KKN System in CLAS U
experiment: w=2.1-2.6GeV
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SAPHIR @ ELSA (4)

0oy ). Barth et al., Phys. Lett. B 572, 127 (2003)
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vCC interactions @ CERN (5)

Q”? A.E. Asratyan et al., hep-ex/0309042

. » reanalysis of neutrino data collected at CERN in bubble chambers
o2  (WA21, WA25, WA59, E180, E632)

» targets: p, d, Ne
» dominated by Ne

» M(®+) = 1533+£5 MeV
» <20 MeV
» 6.70 significance

14

10
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(=] L] e 2] o3
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Neon plus Deuterium

2 o 22
m(Ksp) , GeV

Chi2 [ ndf =22.33/ 21
mass =1.533+0.004737
i sigma =0.008379 £0.002043
Sh Ifted excess =25.56+6.417
1 p3  =1.214+0.5881
blns pd  =17.71+4.732

1.6 1.7 . 1.8 1.9
m{KSp} 1 GeV



CLAS (p) @ TNAF (6)
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HERMES @ DESY (7)

Qn) A. Airapetian et al., hep-ex/0312044
- » yd—>KO% X
QJ(J
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SVD (8)

QV. A.Aleev et al., hep-ex/
IS » 70GeV p+C, Si, Pb - pK? + X

\’b

N:) 60 —
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» no significant A dependence: consistent with o«A0-7



COSY-TOF (9)

QV‘ external beam at COSY; 2000 + 2002 data
» pp — pKO(Z*)
¥ » p,=2.85, 2.95and 3.2 Gev/c2

» 0.t(2.95GeV/c?)=12.7ub
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ZEUS (10)

™ S. Chekanov, hep-ex/0405013
. » efpandep
é,Q » C.m. energy 300-318 GeV
< » Q2>1GeV?
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JINR C;Hg (11)

QV P. Zh. Aslanyan et al., hep-ex/0403044
¢ » 10GeV/c p+CsHg
é@’ » propane bubble chamber
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40 [ (133357 4)Mev/ "
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0 L (1B812.5£13.1)MeV /c?
i r=23646.0
L 1
80 - (3.840.5) 5.d.
r (1821.0£11.00Mev,/c?
C / r=35.9+12.0
50
40
i 1980,
30—
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JINR H, (12)

™ hep-ex/0404003
» 1m H, bubble chamber at JINR

N np — npK*K P, =5.20 GeVic
a b ¢
' 1541 ) 1.606 ) 1.687
30 A
40 - G-s
6.8 D SD.
o ” b ~ 20 1
4 = 2
== @ 30 - =
3 20 - - g 8
S |14a7 1.687 = 2
= =) o
o o 2 A o
1] 1] 0
€ I= € 10
© 19 - o 4
11| L 1] ~
10 - e
n i - T T l] T T T T T ﬂ T
1.428 1.628 1.424 1.690 1.956 1.719
M i+ (GeVic?) M i+ (GeVic?) M i+ (GeVic?)
-0.70 <cos @, -0.70 <cos @, <0.70
2.05 <M _, _<2.15 210 <M, _<2.24 224 <M, <229
224 <M, <2.28 2.28 <M, _<2.50



PHENIX (preliminary) (13)

™ C. Pinkenburg, Quark Matter 2004

J\,Q » d+Au, Vs=200GeV
Y} . nkK’ PHENIX PRELIMINARY
@ < 180 d+Au Vs =200 GeV
S 160 Centrality>30%
140 —
120
100 —
80 i_ — mixed Event bkg
60—
40—
20— !
B - T e e
_ ZTndf 11.32716
£ soE- Constant 37.27 + 11.59
3 a0/ Mean_value 1.543 + 0.002166
© E Sigma 0.006336 = 0.00226
;2; * } k { Offset 1.274 + 3365
10F-
ué—ﬂl | |} ‘|H|~ Hﬁ H Wl H ‘H J[ +‘|‘ + +++—|+..H--+-—+"-+—'-
uE H i I g
20— } Jf
PO
1.4 1.5 1 1

1.7 1.8 9 2
Invariant Mass GeVich2

» Excess at 1.54 GeV in nK invariant mass
» o< 6MeV ~ T,
» "We ain't saying it's there and we ain’t saying it’s not there.”



PHENIX (update)

QV proceedings: nucl-ex/0404001

o timing corrections

V‘Q

nK"  PHENIX PRELIMINARY

2250 .
ST E d+Au Ns =200 GeV
200 Centrality>30%
150 —
100 :_ — mixed Event bkg
50—
0; 1 L1 1 1 1 I 1 1 L 1 I L L 1 L I 1 1 o= ot
1.4 1.5 1.6 1.7 1.8 1.9 2
Invariant Mass GeV/c*2

Currently it is unclear what mechanism is behind the appearance of the peak at
1.54 GeV/c? and whv the control K¥ 7 invariant mass distribution did not exhibit
the ¢+ Don't stop when you see what you expect. eutron

capal _ d anti—
siom: Try to disprove yourself! + their

1 ] M= - =~ 1 n 1 1+ 7 # 1 1 1 i ] 1 1



Summary of published Observation

7\\\\‘\{\\\\\\”\\\\‘\:\\\‘\\\\W\\\\‘\J\\\\\\7
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AR

A

“"Poor Mans” High Statistics Experimen

VY

» Adding all spectra
» fine binning (0.25MeV) because of different bin limits
» equal distribution of counts within an original bin
» adding corresponding sub-bins
» re-binning in 10 resp. 15 MeV bins

400 BEEERE
_ 300
5 +++
3 ¢
200 +
(%) ** ***+
© 100 "

O | | ‘ | 11 1

1400 1450 1500 1550 1600 1650 1/00
mass (MeV/c?)



Experimental status of ©*(1540)

» Presently 12 experiments have seen a signal around 1.54 GeV/c?
» 9 published
» 3 preliminary

- o + —— x10 4 ZEUS
» T — 1 NA49
- HeH + —e— 4 SVD
HeH 1 —— { HERMES
- e + - 1 NEUTRINO
- H-eH + —e— -
- e T+ — - DIANA
H—e—+ 1 - PK® .
L1 1 1 | 1 l | l
1.6 1.56 0 60 100

mass (GeV/c?) number of events



Summary of published Observations
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The unseen ©+(1540) 2?77

» pointed out by V.D. Burkert,
Pentaquark 2003 Workshop

1.540MeV/c>

600- 1,69 GeVk peak 6 |
| background 160 | -

400}

200

.o

el
4

- T

O P = =i i b Z 1

25 150 175 2.0 225 04 06 08 10 12

MZ(p 77 MZ(K® 77

» K*p interactions at p,=1.2-1.7GeV/c
» A. Berthon, Nucl. Phys. B 63, 54 (1973)



The unseen ©*+(1540) !

» A. Berthon, Nucl. Phys. B 63, 54 (1973)

3000+ ;.'. |.38 GeV/c

2000}
no signal!

1000}

Beware of low statistics !
e one has to use Poisson statistics
S.I. Bityukov NIM 452, 518 (2000)

e the statistical significance of a peak depends on the
number of histogram one looked at during the search

see e.g. M. Zavertyaev, hep-ph/0311250




New LEPS experiment 2004: yd > K*Kprg:

QV Ken Hicks (Ohio University),
A Denver APS Meeting, May 2,
éb 2004
» O-peak:
» 2003: 18 events
» 2004: ~100 events
» (x5-10 fold statistics)

» But: Why is the

signal:background ratio so J -

much smaller?
- . :--\ | | I | | ‘ I | | [
» we better wait for the final | 15| 16 17 18
paper! i MMS,.~ (GeV/c?)

b)

—
(@)

(&)

Events/(0.02 GeV/c?)
o
7T 1T | T T 1 ‘ 7 1T T | 17

o

Preliminary!

MM(K—)



HERA-B (preliminary) (2)

QV- T. Knodpfle, Quark Matter 04, Oakland, January 11 - 17, 2004
» p+C, Ti, W; p,=920GeV/c
'Sfb » expected mass resolution for dM(0©*)=3.2+0.2MeV

[

, .
-50 | T‘ ‘H, +_
-100 - —
| after background subtraction i
_150 | 1 1 ] Kg 1 | | 1 l? ] | 1 | | 1 ] 1
114 1.475 1.55 1.625 1.7

pKs mass, GeV/c’

» at mid rapidity ©+(1540)/A(1520)<0.002
» F. Becattini et al., hep-ph/0310049: ©+(1540)/A(1520)~0.6
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OPAL (3)

QV Georg Lafferty, 6. Jan 2004 (unpublished)

. » www.hep.man.ac.uk/u/gdl/xmas.pp’

'5,0 » Used 5M hadronic Z° decay
events from the LEP 1 data sample = -« -
» Track combinations from I
displaced vertices make KO, Gaco |
candidates ’
» Use of dE/dx allows for 1200 |-
proton identification ’
» Various other uninteresting 100 |-

standard cuts

800 —

600 —
400 —

200 -

coa b b b b b b b b s
1.45 1.475 1.5 1.525 1.85 1.575 1.6 1.625 1.65

Mass / GeV




DELPHI  (4)

QV. T. Wengler, Moriond 2004
¢ » XXXIXth Rencontres de Moriond - March 28th-April 4th 2004 QCD
$ and Hadronic interactions at high energy

» http://moriond.in2p3.fr/QCD/2004/WednesdayAfternoon/Wengler.pdf
» hadronic Z decays

3
i
g

pK* inv. mass - pKC inv. mass

Eventa (bina of 5 MaY/e)
(A=) h
5]
T
of

g

1o - 5 100
_ < Exclusion range > / <> Exclusion range

| DELPHI L e

N RIS I PN N A I o B PPN PP PPN PR PN
1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.45 1.5 1.55 1.6 1.65 1.7 .75 1.8

m {Gav/ch) m {Gav/c")

Nothing 2  multiplicity limits

{ N(o++)) < 0.006 { N(e+)) < 0.015


http://moriond.in2p3.fr/QCD/2004/WednesdayAfternoon/Wengler.pdf

ALEPH (5)

QV. DIS04
o ” 3.5M Hadronic Z decay

V‘Q » 2800 A(1520)
Ng+

N A (1520)

< 0.10

1000

800
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400
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<>

—>

X'/ ndf 7942 / 64

A0 0.1742E+06 + 32.45

Al 0.3069E+06 =+ 27.61
-0.1788E+06 + 16.87

AB [0-3458E+05 + 7.522

Max excess=57

Search region
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p+TKO0s mass

1.9




H

YPER-CP (E871) (6)

Qb" M.J. LOﬂgO, QN P2004 POS BEAM,—50.1.Z.It,150,MOM3.gt.0.5+Ptot
E D 36
« » htt ://WWW. np2004.or / . 0 5 Entries 8284
N\ K
(o) . 240 3 P Mean 1.525
N > mixed beam (p, n, K, Y) 175 £ RMS  0.4942E-01
150 F UDFLW 0.000
— - - ONFLW 365.0
» p=120-250GeV/c EZ 3 ALLCHAN 7819,
» poOs. and neg. beam = E T
» mass resolution <2MeV oE
0 Ell vl b Py b P P Pov v b laaag
145 1,475 1.5 1525 155 1.575 1.6 1.625 1.65 1.675
K°, p mass (GeV)
2500 D 38

Entries 141227
Mean 1.559
2000 RMS D.5564E—D1
UDFLW 0.000

1500 CWELW 0.1035E+05

LALLCHAN  D.1309E4D6

%L\ﬂlx

D IIII|IIII|IIII|IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIII
1.45 1472 1.5 1.525 1.55 1.57% 1.6 1.625 1.65 1.675

K?, p mass (GeV)

The ratio of 8% to total K9, p 1s <0.25% at 90% confidence
level. This is compared to 2-8% for 6" — K, p sightings

1000

200




E690 (/)

» D. Christian, QNP 2004

» pK. in 800 GeV/c pp 2 pK.Krtp
» Monte Carlo pKs ma: zzs g
b
b

5000 A(1520) above 2 £

175 E
Yield of ®(1530) < 2 150 E
125 E
100 £
75 F
50 F
25 E

E g PR T R T N SR
U1+4 1.45 1.5

L L L L | L L L I L L L L
1.85

1.8 1.65 1.7

pKs maoss for KsKpi {2 MeV bins)

700 [
800 [ A(1520)
500 |
aoo |
300 F
200 |
100 F

ﬂ_llllllllllll
1.4 1.45 1.5

[ I
1.5b

AR N TN S T NN AN T T N |
1.8 1.63 1.7

pK = muoss for Kakpi {2 MV bing)



BABAR (8)

™ J. Coleman, 2004 APS April meeting
» ete’, sqrt(s)=10.58 GeV

k~
V‘Q » 98000 A(2285)

r'l_' | ! | ! | ! | ! 4
1 10010 I T L —
20000 o —
L = =
= 18000 ©"(1530) =
™, 16000 . 3
A - R L
E 14000 . g 14000?;’*% _E =
L 000 . < Y E —
[ ~ S oooof- M, — E
L0000 sl ™y, 1 =
~ - = = o * . =
20010 :_ 5000:— %‘"“w MMMAC(2285) = =
:_ = 4000 | M = _:
ns.r:n:m:lE - —— -
4000 Qe
1000 Mass [GeVe 7] —
I:I: i I i I i I 1 ;
1.4 1.45 1.5 1.55 1.6

Mass [GeVe ]



Ghost tracks (HYPER-CP)

» ghost tracks can cause a peak around 1540 MeV
» postive track from A—pr is used twice (as proton and =nt)
» final ,ghost" state prn*n

200 [ o 36
800 E j 47815
= 1.577
70 e RORGE—01
e00 0.000
500 E 5662,
- ALLCHAN  0M215E+05
40
200 E
100 £
["I, :I =1 1 I L1l 11 L1 1 1 Ll 11 L1 11 L1 1 1 I L1 11 | L1 11 L1 11 | L1 11 |
- D k)
20 3 Entries 1265
B E no ghost cut Mean 1.551
70 E RMS 0.5173E—01
so £ L required UDF L 0.000
= OVFLW 108.0
i E ALLCHAN 1157,
40 F
30 E
20 E
10 F
G :I | 1 1 | | I .| I L1 11 | L1 11 | L1 11 | | I | | 1111 I L1 11 I L1 11 | L1 1 1 |

145 1475 1.5 1525 155 157> 16 1.6825 165 71.E7S

KY,p mass (GeV)



Status of Width Ig

» Ot-Experiments

» in most experiments the observed width is compatible with the

experimental resolution (FWHM)

SPring8 <25 DIANA
CLAS (d) <21 SAPHIR
ITEP (n) <20 CLAS (p)
SVvD <24 COSY-TOF

» some indications for width =10MeV
HERMES: [ =19+x5+2MeV
ZEUS: [ =10x2(stat) MeV

» From KN scattering data
» R.A. Arndt et al., nucl-th/0311030

<9

<25
<26
<18

MC: 14.3 MeV
MC: 4 MeV

» J. Haidenbauer et al., hep-ph/0309243
> examined K*p and K*d scattering database
> no structure in present data at p ,, «=0.44GeV/c
> Compatible with a resonance around 1540MeV only if g<1MeV



2. Theoretical situation

"Everything should be made as simple as
possible, but not simpler.”

A. Einstein
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What are these Peaks?

» KN molecular interpretation unlikely
» O is above the KN threshold by 105 MeV; width <10 MeV
» assume simple potential scattering
> width and depth of a potential is related to position and width of

resonance N

> for illustration: p-wave v

> width of potential ~0.05fm centri_fuga
» but | barrier

» typical scale of strong interaction 1fm

» No mechanism known to produce a r
resonance atr ~0.05fm unless
high L waves involved

> D.E. Kahana and S.H. Kahana, hep-ph/0310026

» even if possible: kaon and nucleon _/
would loose their identity at r=0.05fm

» KnN molecule
» P. Bicudo and M. Marques, hep-ph/0308078
» M(KY)+m(z)+m(N)=1570MeV
» binding energy of 30 MeV typical
» possible but: implies bound =K system (nhot observed so far)
> T. Kishimoto and T. Sato, hep-ex/0312003

v




What are these Peaks (if they are real

» What can it be:
K*(us)n(udd)
» decay into a baryon = It must be a baryonic system
» the small width <10MeV = must decay via strong interaction
» strong decay conserves strangeness
= particle must contain strange antiquark

» minimal quark configuration

uudds

» is the mass of ©*t(1540) consistent with a pentaquark state?
» naive quark model:

m(®@*)= 350 x 4 + 500 = 1900 MeV

» need additional ,interaction™ between quarks
> solitons
> diquarks
= ...



Pentaquarks in Lattice QCD

hep-ph/0406196 v2 21 Jun 2004

Ul U= LD

A study of pentaquarks on the lattice with overlap fermions

N. Mathur @, F.X. Lee ®°, A, Alexandru ®, C. Bennhold ®, Y. Chen 4,

S.J. Dong ®, T. Draper ¢, I. Horvidth ¢, K.F. Lin ¢, 8. Tamhankar ¢, J.B. Zhang
* Department of Physics & Astronomy, University of Kentucky, Lexington, K'Y 0506, UVSA
¥ Center for Nuclear Studies, Department of Physics,

The George Washington University, Washington, DC 20052, US4
® Jefferson Lab, 12000 Jefferson Avenue, Newport News, VA 23606, USA
¢ Institute of High Energy Physics, Academia Sinica, Beijing 100039, P.R. China
® CSSM and Department of Physics, University of Adelaide, SA 5005, Australia

‘We present a quenched lattice QCD calculation of spin-1/2 five-quark states with uwudds quark
content for both positive and negative parities. We do not ohserve any hound pentaquark state in
these channels for either ] = 0 or [ = 1. The states we found are consistent with KN seattering
states which are checked to exhibit the expected volume dependence of the spectral weight. The
results are based on overlap-fermion propagators on two lattices, 12° x 28 and 16° x 28, with the
same lattice spacing of 0.2 fm, and pion mass as low as ~ 180 MeV.

PACS numbers: 12.38.Gc, 14.20.Gk, 11.15.Ha

I. INTRODUCTION

Since the reported discovery [1] two years ago of an ex-
otic S-quark resonance, named O% (uudds), with a mass
of about 1540 MeV and a narrow width of less than 20
MeV, there has heen a rapid growth of interest in the
subject. More independent experiments have reported
the observation of the state [2]. It also stimulated the
search for other pentaquarks [3]. It should be pointed
out, however, that there are also a number of experi-
ments reporting negative results [4]. One has to wait
for high statistics experiments to clarify the sitnation in
order to estahblish the exotic state bevond doubt.

The strangeness quantum number of O+ is § = +1,
but its isospin and spin-parity assignments are undeter-
mined by the experiments. Based just on the valence
quark content, the isospin could be 0, 1. or 2. The spin-

figuration of a product of color-nentral meson and baryon
interpolation fields,

XTF = e (uT O d) [u (8°95d®) F {u—d}], (1)

where sum over all the color indices {a, b, c, e} is implied.
The minus sign is for isospin I=0 and plus sign for I=1
respectively. The explicit spin-parity of this interpolat-
ing field is %_ By explicit, we mean the time-forward
correlation with projection to the upper Dirac compo-
nent using the (14 -4) projector. A slight variation with
a different color contraction is given by

XT = €™ (u*Crsd”) [uf (3%7sd”) F {u s d}], (2)

where the color indices e and e are positioned ditferently.
Both interpolation fields in Eq. (1) and Eq. (2) have
been used in lattice caleulation to study the pentaguark




3. Experimental facts
Part 2: =(1860)

“"The first principle is that you must not fool
yourself--and you are the easiest person to
fool. So you have to be very careful about
that. After you've not fooled yourself, it's
easy not to fool other scientists.”

Richard Feynman
Cargo Cult Science (1974)



NA49: Observation of - Pentaquark

Q) servation of an Exotic S = —2, ) = —2 Baryon Resonance in Proton-Proton SSd du
Collisions at the CERN SPS L J o\ )

G
*I C. AlL.” T. Anticic?” B. Baatar.® D. Barna.* J. Bartke.% M. Behler.'® L. Betev.1™® H. Biatkowska, '® —_— —
(J A. Billmeier,” C. Blume,”® B. Boimska,'™ M. Botje,! 1. Bracinik,® R. Bramm,” R. Brun,'? P. Bunei¢,™ 1" = /4
V. Cerny.® P. Christakoglon,? O. Chvala,'® 1.G. Cramer,*® P. Csaté,* N. Darmenov.'™ A. Dimitrov,17
P. Dinkelaker,” V. Eckardt, ™ G. Farantatos.? P. Filip."* D. Flierl,® Z. Fodor,* P. Foka,” P. Freund ™
V. Friese, 1% . GAlL* M. Gagdzicki,? G. Georgopoulos.® E. Gladysz,” 8. Hegyi* C. Hohne'® K. Kadija,2"
A, Karev," S, Kniege," V.I. Kolesnikov.® T. Kollegger,® R. Korue,'* M. Kowalski,® 1. Kraus,” M. Kreps,®
M. van Leeuwen,* P. Lévai ! L. Litov,}T M. Makariev,'™ AL Malakhov,® C. Markert,” M. Mateev 7
B.W. Mayes,'t G.L. Mellkumov,® C. Meurer,” A. Mischke,” M. Mitrovski,® J. Molndr,* St. Mréwezyriski, ! S
G. Pélla.* A.D. Panagiotou.? D). Panayotov,!'7 I, Perl.*® A. Petridis.? M. Pikna.® L. Pinsky.!! F. Piihlho”
J.G. Reid'® R. Renfordt,” W. Retyk," C. Roland.® G. Roland.® M. Rybezyriski,'? A. Rybicki,% ™ A, Sa- 4
H. 5'411111."' N. Schmitz,'* P. Seyhoth,™ F. Siklér ! B. Sitar,® E. Skrzypezalk,!® G. Stefanek,'? R. 8 @ (1 530)
H. Strithele. T. Susa,?® 1. Szentpétery,® J. Sziklai,* T A. Trainor, 'S D. Varga? M. Vassilion.? Q.1
C. Vesztergombi ! D. Vranié,” A. Wetzler,® Z. Wilodarczyk.'? LK. Yoo.” 1. Zaranek.” and J. 7
(NA49 Collaboration)
INIKHEF, Amsterdam, Netherlands,
*Department of Physics, University of Athens, Athens, Greece.

) Comenius University. Bratislava, Slovakia.
KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hunga
SMIT, Cambridge, MA, USA. N (1 71 O)
" Institute af Nuclear Physics. Cracow, Poland.
" Gesellschaft fir Schwerionenforschung (GSI), Darmstadt, German
SJowmnt Institute for Nuclear Research, Dubna, Russia.
“Fachbereich Physik der Universitdt, Frankfurt, Germany.
""CERN, Geneva, Switzeriond.
" University of Houston, Houston, TX, USA.
2 Swietokrzyska Academy, Kielce, Poland.
Y Fachbereich Physik der Universitit, Marburg, Gerr
) "4 Maz-Planck-Institut fiir Physik, Munich, Germ
*Institute of Particle and Nuclear Phusics, Charles Universitu. F 2— (1 890)

)

8 Oct 2003

N*(1710)

O
=°(1890)

nep-ex/0310014 vl

O
=(2070)

=(2070)
ddssu

=°(2070)
dussd



(o]
(&)
- —_ -
600 - =
% I b) =
2 20+
on
~ =
5
E 400 | 0
LE 15 -
o 0
200 |- % sk
—
Ly
- 0
seler oo 5 =T
| | | =
8 ESRSTY

1 .125 1.3 1.35 1.4
/ M(AT) [GeV/c’]

ﬁﬂl"mhr—'J‘wu\nILH]ﬂmnuum'lnn L0 in

» = combined with primary &= [ ”_ -
» 1640 =-, 551 =+ o ) =

n(E") n(E" - 1 sk

n(z) nE) 50 NJ\MMH

T = Am = 1862 -1321 MeV ~140MeV i H HI 3. z?h X

In50 In50 ) [GeV k]



The WA89 Experiment

>~ and n- beam of 340 GeV/c, n-beam of 260 GeV/c
C, Cu targets

>
b
» 1993, 1994 data taking Hypero.  .n
b

4-108 interactions (IVA49: 6.5-10° events) 1993 layout
- beam identification

Si-u-strip vertex near target
MWPC: tracking

RICH: n/K separation
Calorimeter: e,y N p—pum

ul:]

100 cm

Lead Bpalal
Ghas -

DCNWPRC NWPRC Dc Hod 1 Hod 2

Target area Decay area amega spectrometer RICH Calorlmeters
HBeam 3l TRD Beam 3| Targets Vertex 5|
1dem
]
‘ ‘ “ = “ ‘ ‘ ‘ ““ “ ’ ““ ‘ ‘
S0mleron S0mleron Sein
Scin Bein 12 x 25mloron BSxB 5cm

12 x ZBmlcron 5005 .0ocm
Sa50mlcron5.0xE.0em
Target area Ang les: 0,905 +45



Cross sections

h- more than 20 I T T \ T I T T T L] I L] L] L] L] I L]
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=:0(1690) b =-m*

» =0(1690) b =-n*
= A0
- pmn 3

=0(1530)

X
-
1©
4 W

» M(Z0)=1685+4 MeV/c2 *°
» =10+ 6 MeV/c?
» o'BR=6.8+£0.2ub

Euro. Phys. J. C 5, 621 (1998)

fﬁ
=9(1860)?:

sk h)_' """ [ S I | R R llr’- A

=T 4 15 16 17 18 165 17  1.75
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=~ @ WAS89 (final result)

> hep‘EX/o405042 1.4 16 1.8 2 29 B 214
- 676000 E— 25000 : I —— ‘ I —— ‘ L B B L B B ‘ I —— :
E o> Arn > pr 20000 O>
n- from =- decay lw’y E
reconstructed as o~ B -
double track J 10000 | E
> : |
= - ]
3 5000 f :
S 0 fet—H — ‘ :
S 14000 | | -
» if relative detection = - -
efficiencies are similar 3 12000 |- -
“ 10000 .
e(E7) N e(27) E
(&) WA89 (&) NA49 8000 ~
6000 | | | | | .

we would expect

17000 =—(1860)—>=1 1.7 18 185 19 195 2

m(Zn7) (GeV/c?)



= @ WAS9

» hep-ex/0405042 1500 NN
» different kinematic cuts i
- 1000 |
2P, I
X = u
S Vs 500 |

2
|

11—

counts per 5MeV/c

2000 1HuIhuEﬂﬁ_nLHT—LJI“L=1r_HL~uLE
1000 | :
7 x>0.3 |
0’\\\\\\\\\\\\\\\\\\\\\\\ N
175 18 185 19 195 2

m(=Z"r) (GeV/c?)



Limits for cross section

» tried xg-cuts, p,-cuts, angle-cuts...
» extrapolation to cross section per nucleon

Onuct = Oo - A2/3
» 0.15<x<0.9
» C target: BR:6,,q<16ub BR: 65<3.1ub
» Cu target: BR:6,,4<55ub BR: 6,<3.5ub

» Other cross sections (0<xg<1)
» =(1320): 6,=1000ub
» =9(1530): c,=200ub
» =°(1820): BR - 55=20ub
» =°(1950): BR-oy=12ub




NA49 vs. WA89

» What is different between NA49 and WARS89?
» target: P © CorCu
» beam energy: 158GeV < 340GeV

> all known cross section have smoth beam momentum dependence in
this energy regime

» beam: p {uud} < >~ {dds}
> ¥~ has probably [ds] diquark structure [also possible for =—(1860)]
> no penalty factor compared to = production expected

» Xg range for observed = : [-0.25,+0.25] > [0.1,1]

Interesting situation!
» if the = (1860) exists it has an exotic production mechanism

» what about other experiments?



HERA-B (preliminary)

QV- T. Knépfle, Quark Matter 04, Oakland, January 11 - 17, 2004
. » p+C, Ti, W; pp=920GEV/C HERA

Q = P+A ST @s =41.6 GeV
\’b » C: 76M events ﬂ-!.l ;
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ZEUS

QV. S. Chekanov, DIS04, hep-ex/0405013
e > ep Vs=300-318GeV
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ALEPH
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CDF

QV. Igor Goreloc, DIS04
& > 19150 =
V‘Q » 18 x statistics of NA49

CDF Run Il Preliminary
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BABAR

QV. V. Halyo, 2004 APS April meeting
» ete’, sqrt(s)=10.58 GeV
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Summary of X—(1860)

Experiment number of =-
e NA49 1640 (incl. bg)
J  WAS89 676000

J HERA-B 11000

J ZEUS 1361

J ALEPH 3350

J CDF 19150

J  BABAR 258000




Last but not least...

» H1 collaboration, hep-ex/0403017

» predicted mass M(0.)=2704MeV/c?
» Bin Wu & Bo-Qiang Ma, hep-ph/0402244
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» not seen by ZEUS and CDF



Summary
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Quintessence

» On the experimental side...
» The number of experiments, which have seen signatures of the © +(1540)
IS quite impressive
...but
So far only low statistics experiments have seen signals for pentaquarks
No experiment has seen both decay channels of the © *(1540)
Masses of the observed peaks are barely consistent
Consistency with KN scattering data not clear

All present high statistics searches for the observed structures have
failed so far

» It would be extremely surprising if the pentaquarks were only produced
in specific reactions

¥ ¥ ¥ ¥ 7

» New experiments are scheduled to confirm the ©* in reactions
where they were seen before

» Spring-8, JLAB, ELSA, COSY...
» typical improvement: factor 10
» ...let’s wait for the final result



The Myth of Sysiphus

"The struggle itself toward
the heights is enough to fill
a man's heart. One must

imagine Sisyphus happy.”

Albert Camus (1955)




Cargo Cult Science

» Richard Feynman

From a Caltech commencement address given in 1974
(Also in Surely You're Joking, Mr. Feynman!)

» ..the idea is to give all of the information to help others to judge the
value of your contribution; not just the information that leads to
judgement in one particular direction or another.

» The first principle is that you must not fool yourself--and you are
the easiest person to fool. So you have to be very careful about
that. After you've not fooled yourself, it's easy not to fool other
scientists.

» If you've made up your mind to test a theory, or you want to
explain some idea, you should always decide to publish it whichever
way it comes out. If we only publish results of a certain kind, we
can make the argument look good. We must publish BOTH kinds of
results.
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