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ﬁ PentaQuarks were theoretically anticipated...

D.Diakonov, V. Petrov and M. Polyakov (hep-ph/9703373)
""Exotic Anti-Decuplet of Baryons: predictions from Chiral Solitons"

©*(1540) uudds
(nK* or pK®)

11—

Prediction of exotic baryon:
Mg, #1530 MeV

[g: <15 MeV

JP =1/2*

| =0

charge

N(1710)

Ssauaduens

=(1862)

belonging to:
]I) Of SU(3)f ddssu uussd

(E 1" or I°K') (Z%* or £*K%)
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£ Experimentall Evidence of Pentaquarks

mass and width measurements of @ PENTAQUA'::(W 3
pen;aq::arly'/ g
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6e -— HERMES: "D 751240 _
. - ITEP: wA, A 8.7 ®+—> N K+
4 = r-— SAPHIR: vp 4B detectors
B = s CLAS: vD 85.34+080 peaLon
2 . - DIANA: K™ Xe 440 pentaquark _» QJ{
- - LEFS: v *C 460 i f@? . %
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D " "
1520 1540 1560 0 20 40 \‘
mass (MeV) width (MeV) \
- other particles

World average: m=1530.5+2.0 MeV
Also evidence for: Ot—pK,

NA49: = -~ (ddssu ) Fixed target: valence quarks
H1l: ®, (uuddc) High energy: fragmentation
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HERA: ep/Collider mﬁg

Y

HERMES:

polarised e + fixed target

920 GeV protons
27.5 GeV positrons

Halle NORD {H1)
Hall NORTH {(H1)
Hall nord (H1)

Halle OST {HERMES) 4
Hall EAST (HERMES)
Hall est (HERMES)

Halle WEST {HERA-B)
Hall WEST {HERA-B)

Hall oues! (HERA-B) EIII:HMFETFI Posifronan
el — ctrors £ Postrons
Elactrons f Positarns

Synchrofranstrmhlung
=Y Bynchroror Hadiakion
Aayormamant Syrcty dror

Halle SUD (ZEUS)
Hafl SOUTH (ZEUS)

Hall sud (ZELIS)

ZEUS: ep interactions
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ﬁ Strange quark production in DIS

Flavour excitation Boson-gluon fusion  Gluon-Splitting

S/ 5
Yk// g A
§ 0
- £ K
» & N
@ :
) g S

Secondary scattering will mainly produce baryons

The anti-baryon ©- pentaquark (uudds )
can only be produced in fragmentation!!!
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ﬁ The ®*search in ZEUS

- — ZEUS
+ 0 - 0 x 10 ————————— T T
@ —)Ksp(® _)Ksp) Emoo— i
g -IJ_;_EUSQG-OO
0 — o — Fit
Reconstruct the K¢ p (p) Inv. mass o o
g 1000 Q > 1GeV” .
0
Inclusive DIS event sample (121 pb1) £
E
| K$)>03,n(K)|<15 8 -
K selection: Pr(K;) n( S).
remove A and y conversions
¢ ID.IJrBl J ID.L;E-ET--T"I"ti.rg-lm;"T0.52 | 0.54
i M(z') (GeV)

Secondam Peak: 498 +0.01 MeV

vertex

\ Background: < 6%
rres E— Candidates: ~ 870,000
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E Parenthesis: KcKe riesonances in ZEUS

Primary K? ) n
Vertex

Several resonances observed
f,(1710): glueball?
Gluon rich enviroment

Events/15 MeV

ZEUS

18 L | ' |
| 1,(1270)/2%(1320)
60

,(1525)

® cos6,, <0.92
O €086y, > 0.92
——3 B-W + Background

Breit-Wigner
----- Background

1T 1 ] ]
ZEUS 96-00

2.4

Ll
26 2

M(K2K9) (GeV)
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US Proton identification

Energy loss measurement dE/dx
In the central tracking chamber ZEUS

E; ? I]iosliti:ﬁfel charge |
. e .
e dE/dx > 1.15 mips % .
e momentum(p) < 1.5 GeV 3
~ 60% proton purity
K<p Resolution: 2 £0.5 MeV/ oo

(MC estimation consistent with K* measurement
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ﬁ The ®f search in ZEUS

Q2 > ZOGGV2 ZEUS

30t K p(p)
| Q%20 GeV?

M :1521.5 + 1.5(stat) *25(syst) MeV

e Gaussian W: 6.1+1.6 MeV
e BW Fit: =8+ 4 MeV

—> compatible with experimental 2001~
resolution ~ 2 MeV _
e Fit: 3P Background + 2 Gaussians

m— 46 9 1uuf— '

2501
s & ZEUS 95-00

— Fit

------ Gaussian

----------- Background

[ ARIADNE MC

Combinations / 0.005 GeV

T
200

1&3-—
160}~
A 4?2/ ndf=35/44 1401
peak=1521.5 + 1.5 MeV 130/ | |
width= 6.1+ 1.6 MeV o[ 11
events=221+ 48 sol §
sofyf

150

Signal seen in|K°p = O 12—

u_'J | ITL L I‘-"J'.r*:'L L Il“.l | L1 1 1 | L 1 1 | | | I
1.45 | 1.5 1.55 1.6 1.65 1.7

> bump at 1480 MeV? M (GeV)
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E @+ cross sections;and/ratio o(@* —K. p)/c(A)

2 2
p;>05GeV,[n <15 ,Q%>20GeV
ZEUS ZEUS

3\ 300_ T |' L | TTrTT [ T 1171 | L [ L | TTrTT |' I1__ 2\- 0-16_ T [ T | T I rrTT | T [ T | T [ |1__
o < i -
= e ZEUS (prel.) 96-00 L 01al e ZEUS (prel.) 96-00 -
=) - - = -

o 250 = ) i
. i - ¥ o0.12f -
T - 0.04<y<0.95 - x 0.04<y < 0.95 -
@ 200 P, >0.5 GeV - + - P, >0.5 GeV -
= i i @ oi- -
- nl<1.5 ) © C nl<1.5 -
150 T - 0.08- T -
i ! - - T I
i - 0.06 )| -
100 | = i 1l -
- - 0.041- T -
%or - 0.021- -
D_lll""|""|""l""l""l""l"_ 0_|||||||||||||||||||||||||||||||||||_

20 25 30 35 40 45 50 20 25 30 35 40 45 50

2 2
Qi (GeV) Q7n (GeV)

Ratio shows no significant dependence on Q2
c(ep = e®* X = eKpX):125+ 27(stat) "2 (syst) pb
(@ > K% p)/o(A)=4.240.9(stat) "2 (syst)%
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) e The @F searchin HERMES

+ + 0 2160
E&fé e +D - 0 +X > pK  +X

K peak after p id. 80
Peak at: O(1000) K candidates | , |
» Mw s

M — 1527i23 |\/|eV ;70 [M=1527 + 2.3(stat) MeV os o045 05 oss :._ﬁ

@ [ 6=9.2 + 2(stat) MeV Mix'r) [GeV]
c =9.2+2 MeV =60 |
['=17 =9 = 3 MeV £s0 |

E4(]' 5

« Significance: Ng / 6Ng =4.3
» Excellent hadron identification RICH:
n: 1-15 GeV, p: 4-9 GeV

 Full MC simimulation
—no peaks generated from acceptance & cuts 0

PYTHIAG
excited Z* hyperons (not included in Pythia)

W
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—_——
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o

—
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>
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1.6 1.65 1.7
M(nt'np) [GeV]
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RMES: ©F Vs 3

VB

* |Is peak a new Z™* or a pentaquark state t gg
e If peak is =** = also see a peak in M(Ax*) S

— member of baryon octect: b.r.(An*)/(pK,) >3/2
— member of decu olet*: b.r.(An*)/(pK,)~3/2(M.Polyakov)

-
"-"-E Tt T 140 F

R

N(A,)=202+ 33

200 F 7 120 F
00 E 3 = HERMES PRELIMINARY
= 1 500 oF
700 E - =
600 E 4 400 E 80 [
500 F 3 =
£ 1 300 F :
400 E = n 60
300 = 200 F Y
200 F 1 100 | wl
100 |

0 [

01 2 1.4 1.6 1.8 o) Ot 205 22 225 b3 235 24 245 25
- . . M [ GeV ] An" -mass (GeV)
No peak in Ant spectrum near 1530 MeV But A; clearly seen

—>mass peak cannot be a sigma resonance
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The ®fsearch iIn HERA-B

MA

L

% [ [ J[ + T

o 4

E 100 = T i ! HERA
= I P+ o

o

o 0 coadoo by oy by oy by

1.4 1.475 1.55 1.625 1.7
pKgmass (GeV)

No ®+ signal found

Assuming an atomic mass dependence of o, oc A%/
for the production cross section,

the UL(95%) for B-do/dy|,-, for ®* production is:
e 3.7 ub/nucleon @ 1530 MeV

e 22 ub/nucleon @ 1540 MeV
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) e s there a @t at HERA?

HERMES ZEUS

=700 | M,=1522.7+1.2(stat) MeV E 700 .'%EI'JSQ('S_ T T ! — _:
- it ]

N O oemee igna ) ]

?‘:’600 8 600 ... gagckglround + K P -]
E e = Rl o 8 t n
£500 g 500 4l ++$+ 4 &
= g - t TS . %ﬁ:} %(:)%:& c:x}%(? w# (:)4,#;:
= 400 n

400 g 0 A ¢¢¢¢¢¢¢¢¢¢¢§¢¢¢¢@¢%¢¢¢ ARAAACI L
300 'E 300+ ¢¢¢¢¢¢¢¢ -
Q 5:)¢¢ K'p ]

o 200 ;—‘:’ 2/ ndf =76 / 73 ]

2‘00 ~ peak= 1518.5 + 0.6 MeV E

- L= 137+ 2.1MeV 7

100 1990 g2.1 gev? ) .
el IO L PR R beimidi
0 % | ‘P.44 1.46 1.48 1.5 1.52 1.54 1.56 1.58 1.6
145 1.5 155 1.6 1.65 1.7 M (GeV)

M(pK’), M(pK") [GeV]
= Clear Signal for well established A(1520) —» pK-

* No Signal for @+ - pK* —— ®™* Isoscalar
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—>AOt-
—pn-

e Inclusive DIS event sample (105 pb-1)
e High statistics, small background

ZEUS
E1m__"' "|'1'"|""""__E1m__'"'|"'|' T
T [ » zEUS(prel) 9600 I'\ 1T
aisoonl __Fit J isaoal ]
2 :---Es[*gmund \ a ] % F - b ]
S14000] ’ 1 Sta0c0] i 1
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%qm_|l |||| |||||| ||I|_ >4m-_l II IIIII IIIII II||__
s [ r FEUS (prel) sc-00 1 L ]
fam- = o | *as
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'-Ezuo— . Eam— ! |
[TT . lw [ ' ]
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amgl 1361t 46 ] 50 1303+ 43 ]
zoo[ 4 anal ]

w AT ’w { = At

S R
UL S -
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100
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The NA49isignal (E=

Jisearch in ZEUS MEF;

ZEUS

ZEUS

% — i - % 1m: L T A DL B ' B
E z;— ” M . ZEUS [Prel)QB-DD - _5 E ::: ;Iz:ius(preuss-on :
— TE f = & ]
E Eg;_ m +|'+ *+1+ +|' Jf {l' ##H#H#HHHH +‘|:||+.|++++||#+#+ +1++"|i|.-|-+ﬁ.+'|+++ “|||H'|++++'+‘t|.+#ﬁ+ﬂ'l;n +t.,|4|."+* ”qﬂﬁlh; E 120;— Q >1 GEV —E
E 60— | antn::lpatad NMQ mgnal O = m__ U ﬂ E
aof- | i f HH HlH +# —= 3 candidates=162+34 E
— HH“NWW*H{' h 1++ ! T 4 '|+ 4 = 60|~ | peak=1533.5+1.4 MeV —_
235_ ++|'+ | | { 1 Hj*"lﬁ-l- } + Hﬂmﬂ#ﬂ'ﬁ*‘tﬂﬁhﬂﬁ h'|'+++ ++‘+Jq,|,¢|-,|,|. +#+# *"'*tﬂ"m‘t‘ “ +* “T;—“ 40:_ o=7.612.4 MeV A | m MNKMW
ﬂ];— H E .|.TE ) _; mf_ anﬁcipai.INMQ signal w ﬂ
405— ++H,-H+++H#H+¢HMH'IHHH ki | _5 93 e i 2z 22 24 e
Eg? AR ! *HHH* Hh M f.++**1+#“+l++ﬁ-#+ﬁﬂ+” W +1H’|'|'ﬂﬁ++h+'|+* I 500 b, Sttt ZEUS e Een
60 =t L | (prel) E
40 — E E «+ ZEUS (prel.) 96-00
=3 s +**++”H++#+H*++++++#++++*H+ i P } -
225 ) {' % {H P *m”‘ﬂwﬂwm”wﬂnﬂwwmwmh addtde % : N M } 020 GeV?
'| ﬁ 1.3 2 2.2 24 26 2.8 w 30— ]
M(En)(GeV) s Mw ”m w | E
| AT
Clean = (1530) but ... ﬁ rosnse LT i M *@MM i

No pentaquark signal e e e
Four channels comblned
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$£°  The NA49 signal (E 55 search in HERA-B

NA49

600

ajom

N
o

Counts / 7.5 MeV/c?

i
400

—
@)

s00F

N
O
~
>
O
=
™
-~
2]
b
c
-
o
o

o

++

ol L 14 18 22 26
14 16 18 2 22 Mass GeV/c?

Mass GeV/c? .
No =~ signal seen

Exotic Hadronic States at HERA, Monica L. Vazquez Acosta (NIKHEF) Hadron Structure 2004 Conference, August 31, 2004 - 17




ﬁ Charm guark production in DIS

Main contribution comes from boson-gluon fusion

D* meson

+
e e+ /

p

proton remnant

Charm tagging is efficiently done by reconstructing D*

Golden channel: D™ —» D’rng - (Kn)ng

D™ — D’y — (Knnn)m,

Exotic Hadronic States at HERA, Monica L. Vazquez Acosta (NIKHEF) Hadron Structure 2004 Conference, August 31, 2004 - 18



&£ The Charmed Pentaguark search in H1

Q2> 1GeV? (DIS)
96 — 00 H1 data (75 pb™)

p-(D7)>1.5GeV
P+ (K)+p; () > 2 GeV

~15<|n(D) 1
z(D)>0.2
Signal region ~ 3400 D”

Good signal/background ratio

D" - Dy = (Kn)m

~ 1000
= .
o ‘ H1
o
= 800 o Kin'n?
3‘ + wrong charge D
]
= 600
= ¢
Lu
LN ]
400
¢
¢ ¢ (]
200 > il
Kt~
0

0.15 0.16 0.17

0.13  0.14
T T AM,,. [ GeV ]

Signal region
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) Proton identification

Energy loss measurement dE/dx
In the drift chamber

dE/dx [ MIP ]

Parametrisation precision ~3-5%
MIP resolution ~8%

Use normalised likelihoods
L(w) + L(K) + L(p) =1

Use dE/dx for background suppression
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£ | The charmed pentaguark search in H1
M(Dp) = m(Knzngp) —-m(Knng )+ mM(D")ppe

@ * *
_ = - _
= Dp + +  Hi = Dp ++ H1
T 30| H e D p+D*'p T 30| e D"p+Dp
Q - 7] i
s wrong charge D Q.
n 7 prMmc g
@ i
— 20 | o 20 |
S VNPT R
10 | | 10 I
0 i T | | | | : : ; .I I = 0 - | | : | : 3 : s i |
3 3.2 3.4 3.6 3 3.2 34 3.6
M(D*p) [ GeV ] M(D*p) [ GeV ]
°>1GeV? D
Q > € B No enhancement in D* Monte Carlo

L] No enhancement in wrong charge D

Narrow resonance at M =3099 +3(stat) +5(syst) MeV

No significant signal in same charge combination
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£ | The charmed pentaguark search in H1

Signal also seen In iIndependent sample of photoproduction

- i ' I ' I ]
&€
100 -
E i TP H1 1
- [ e Dp+D"p ]
3 75 N + wrong charge D ]
9 : :
E 50
25 b
ol

3 3.2 34 3.6
M (D*p) [ GeV ]

More combinatorial background
D™p peak at the same mass

Narrow resonance at M =3103 4 MeV
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£ | The charmed pentaguark search in H1

Q°>1GeV®  High momentum region: no dE/dx cuts

O S 20
= 2 pp+Dp  HI1 =
=] o
f.': > ® signal region : 15
3 | side bands g_ '
& 4 o
£ 10 +++ = 107
L L
1 0 . . | .. e -':: .; : Legl '1
ﬂ 3 3.2 34 3.
0 1 2 3 4 5 M(D*p) [ GeV ]

p(p) [GeV ]

The momentum spectrum of the particles At large proton momentum

In the signal region is harder than in the - -
M(D"p) side bands the signal is more pronunced
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&£ | The charmed pentaguark search in H1

Q°>1GeV?

= 40 —_—
@ i i background + signal hypothesis Fit:
= H1
= i o o Mass: 3099 + 3(stat) + B(syst) MeV
| » [ d
T 30 ¢ p+r= P 1  Width: 12 £3 MeV
=1 — Eignal + bg. tit . i+h . | luti
g i - Bg. only fit : (consistent with experimental resolution)
% 20 — Numbers of signal and bg. within 20
L - + | + + ; N, = 45.0 + 2.8
10 L [§ Cal (N % | i Ny =50.6 £ 11.2 ( ~ 1% of D™ yield)
'-“-" ; : i
0 1 | 1 1 | 1 +| 1 + | 1 +| 1
3 2 3.4 36
5.4 M(D"p) [ GeV ]

Background only hypothesis: N, =51.7+2.7

Background fluctuation probability: 4x10-8 (Poisson)=5.4 o (Gauss)
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£ | The charmed pentaguark search in ZEUS

D" — (Kn)n, ZEUS D" - (Knnm)m,

- 'l 20000 T 114000
95-00 ZEUS data (126 pb ) E’ 1go00 (@) , @ ZEUS 95-00 ._512000; (b) 0+~ (kanmyz, -
< % 16000 | L \?v?gh rgﬁg%e j - ' ?Js{)gogiz 250 -
* S 14000 D™  (Knr, 10000 | :
D — (KTC)TCS IE .g {5000 oo N(D*) = 42680 + 350 8000:
p-(D7)>1.35GeV o £ gk
e . .
j 8 6000 | 4000 |
(o) g - -
D —» (Krnn)r |
S 0 | o J S Y
* B - (d) @?>1Gev?
0. (D) > 2.8 GeV PR
2500 | i i 4830+ 120 |
* 2000 | | - | i
Number of D N | s
bl 1500 | | _

op] 1000 |

D 1000:
Total sample > 62000

DIS sample > 13000 ]l

0.14 0.15 0.16 017 0.14 0.15 0.1
M(Knr,) - M(Kn) (GeV)  M(Knrnn) - M(Knnn) (GeV)

500 |

Exotic Hadronic States at HERA, Monica L. Vazquez Acosta (NIKHEF) Hadron Structure 2004 Conference, August 31, 2004 - 25



MA

dE/dx (mips)

o == N W A~ O OO0 = N WO b~ O O

—k
o EEEEEREE BRI EE R TTT T T1T II|I:||I||III||||I|II

Proton identification

ZEUS
T

ZEUS 1995-2000

(8) D= (Km)m,
 M(D*p) < 3.6 GeV

(b) D* > (Knrm) e
M(D*p) < 3.6 GeV

Energy loss measurement dE/dx
In the central tracking chamber

Expectations tuned using
tagged protons and pions from
A & K.decays

_ [IN(AE/ dx) ~ IN(AE / dX) el

2 2

G inderdx) = al \Npigs

2
G nde/dx)

|,: probability to produce the observed
or larger value of y?

Acceptance A(l, >0.15) =85 +0.1 %
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ZEUS finds NOIche

d pentaquark ... mﬁb

D" — (kn)x,

All events DIS events

D" — (knnr)w,

ZEUS ZEUS ZEUS
- 500 SERRER = RAREERAREE RERRY % 5 e 2 ..... 2. T s 300 e "_'_'_i"_‘ S ——————
g s (@) e ZEUS 1995- 2000 = 100 - (a) ZEUS1995 2000 Q=1 GeV : § " (a) ¢ ZEUS 1995-2000, D** —)(KTETUI)TI:
o r D** — (Km)m, o F D** — (Km)m, - o 250 - i i
T 400 - - like-sign combinations T 75 - like-sign combinations I - "L like-sign combinations
@
g e u"*""m’m 0’0’,0 "oy, bht by s g i { ++
2 200 = < 2 150 pH
2 2 S [ f ;
g £ 8 q00 -
£ g -,
o o a 50 I I
3 8 § ¥ A events
(o R I R |

o — (B  Q°>1GeV?

S

30 |

102__':: :
% F ()

20 -

10 |
0o 3 31 32 33 34 35 3 %9 3 31 32 33 34 35 3 %9 3 31 32 33 34 35 3
M(D’p) = AM® + M(D™)pp (GeV) M(D’p) = AM®™ + M(D"")pp (GEV) M(D’p) = AM* + M(D™")pp (GeV)

No signal seen in different channels or selections
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ﬁ ZEUS upper: limits;for:charmed pentaquark

No signal in either channel o zEUS
or for Q2> 1 GeV?2 2 500 ~(a) D*i—>(Kn:)'jrtS T *ZEUS 9500
o *é 400 |- i et T %Qh%ﬁgé%?ns -
Upper limit at 95% CL o 300 -
R=N(®. — D'p)/N(D") é 20 -
S 100 [
?<023% N O_I'IHI::::;::::H::::
R< 0.35% for Q2 > 1 GeV? 80 _—(‘3) c[:)in (|3<ev2 —__—(d) gi>1 (}3.<{a,v‘2 -
R<0.29% for Q2< 1 GeV? o B M
. . . 40
Universal upper limit +
20 —
f(c>0.) B, _,, <0.16% N R

3 32 34 36 3 32 34 3

R~19%0 excluded at 9o M(D'p) = AM® 4 M(D™)5 (GeV)
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ZEUS data wielection cuts mﬁb

ZEUS
45EIFI1|II1I|IIII|I!1FIIIII|IIIF|III
— (a) e ZEUS 1995-2000, D** — (Km)m,
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SUMMARY
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Summary: the ®rsearch at HERA

: +
mass and width measurements of @

10 o

[} 1
1520 1540 1560
mass (MeV)

World average: m

0 20 40
width (MeV)

ZEUS measurement:
e One of the most precise (largest number of candidates)
e Smallest width due to one of the best resolutions in the K¢ p channel

COSY: pp -+ I*Ksp

SVD-2: pA
ZEUS: ¥°p

CLAS 2: ¥p

HERMES |M:1527+2.3 MeV

ITEF: A, vA
SAPHIR: yp
CLAS: »D

DIANA: K™ Xe

LEPS: 3 #¢

S+lo
5.6
500

T708+£1.00

6T
4 80
534060
440

4 6o

1530.5+2.0 MeV

M :1521.5 +1.5(stat) *5(syst) MeV

ZEUS |84 4 Mev

[':17+£9+3 MeV

HERA-B
The UL(95%) for B-do/dy|y=0
for ®+ production is:
3.7 ub/nucleon @ 1530 MeV
22 pb/nucleon @ 1540 MeV
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&£ Summary: the @7 search at HERA

H1 sees narrow resonance at M =3099 +3(stat) 5(syst) MeV

Pucquuund + signal hypothesis Fit:

- 40 [ T T T T LB —

2 H1 | Mass: 3099 + 3(stat) + 5(syst) MeV
T - s D p+Dp ] _

g OF Ty Width: 12 +3 MeV

2 i --- . only tit

':é"—’ 20 - et (consistent with experimental resolution)
Ll L

Numbers of signal and bg. within 2o
N, =45.0+ 28
"3 32 34 3 N, = 50.6 + 11.2 ( ~ 1% of D* yield)

M(D*p) [ GeV |

ZEUS does not see a narrow resonance

10 -

R< 0.35% for Q% > 1 GeV?

—_ * * -~ O
R=N(®. > Dp)/N(D )~ 1% excluded at 9o R<0.29% for Q? < 1 GeV?

fc>0.)-B p<0'16%
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©M.Medinnis

Puzzle!! : exciting times ahead
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