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Renaissance of QCD Spectroscopy

Several new surprising experimental results:

e two new extremely narrow mesons containing
c and § quarks (BaBar, CLEO, Belle)

® New Very narrow resonance

precisely at D" D threshold (Belle, CDF)
e enhancements near pp thresholds (BES, Belle)
e a A.p resonance (Belle)

e exotic 5-quark resonances: ©7 (K N), =5, O,

QCD bound-state dynamics still a challenge!
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The discovery of O

a narrow peak in KT n invariant mass:
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—> a pentaquark: suudd, S = +1, exotic baryon resonance
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distribution of K™ n invariant mass (CLAS/JLAB):
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0 +
mass and width measurements of ®
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World average: m=1530.5+2.0 MeV
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caveats:

e consistency between experiments 7

"data" from a normal distribution

possible reasons: systematics, statistical fluctuations, 2nd state
e final state: Kt n is uudds but K,p is uudds or uudds (X*)

e cross section ~ p-barns, so sophisticated cuts needed

e negative/null results
+. HERA-B, PHENIX, H1
£~ : WAS9, ZEUS ®.: ZEUS, FOCUS

Marek Karliner — DIS 2004, Strbské Pleso, April 14, 2004



so far only upper bound on width,

because of experimental E resolution

but extremely narrow width from indirect analysis!

@ re-analysis of old KN data:

g+ < 1 MeV (Nussinov, Arndt et al.)
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so far only upper bound on width,

because of experimental E resolution

but extremely narrow width from indirect analysis!

@ re-analysis of old KN data:

g+ < 1 MeV (Nussinov, Arndt et al.)

but analysis indirect: no exp. coverage of relevant energy
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so far only upper bound on width,

because of experimental E resolution

but extremely narrow width from indirect analysis!

@ re-analysis of old KN data:

g+ < 1 MeV (Nussinov, Arndt et al.)

but analysis indirect: no exp. coverage of relevant energy

Cahn & Trilling: I'g+ = 0.9 £ 0.3 MeV from DIANA K*Xe data
'+ < 1—4 MeV from older exps
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Pentaquark Workshop, JLab, Nov. 6-8, 2003
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Theoretical prejudices can be dangerous...

1984 Review of Particle Properties:

Particle Data Group: Review of particle properties 5243

For notation, see key at front of Listings. Baryons

A(2950) K Status: +»
) 124 DELTALZYSD, JP=15/2e) =372 K3 15

126 BELTAC2958) mWASS (WEY)

A(2950), A(~3000), Z's, Z,(1780)

NOTE ON THE S = +1 BARYON SYSTEM

The evidence for sirangeness +1 baryon resonances
was thoroughly reviewed in our 1976 edition,! and has
been reviewed more recently by l(.‘:lly2 and by Oades.?

M 4300 100.0 HEMDRY 4 MPNA PLYTORPIH 12/79
L] 29%0.0 100.0 HOEHLER 79 1PuA PL NTOPI K 12/79 = - 4 .
e One new partial-wave analysis” has been published
126 BELTACZS30) VIO (HEV since our 1982 edition. As usual, the results permit no
v Hn e Noeitts i Tewa  mmiostu 133 | definite conclusion — the same story heard for 15 years.
--------------- s The general feeling, supported by the prejudice against
126 DELTA(Z950) PARTIAL DECAY MWOOES .
I ) vecer mazses t{m}vmr. not make E:p of three quarks, is that the sugges-
Re2ID hT N PR g tive counterclockwise movement in the Argand diagram
Ao N S Aidice of some of the partial waves is not real evidence for true
Es BRLTAL2938) INTO (K PI3/TaTAL v 78w e e Bre:t»W!ggef resonances. But until the dynamics of the
.04 Q.02 WOEHLEA 79 1pua BL M TORPI N 12479 KN system is better uNderstood, the DOSS.IbiliI}' that Z*
Rallisd

REFEREMCES FOR BELTALZ950)

HENPAY 73 PAL &% 222 A W HEWDRY CIND=LELMEJP
o THE AWALYEIS AND AESULTE ARE 315CUSSED WRE ‘ULLV IN HEWORY B1.
HOEWLER 79 HARDBOOK OF PE-H SCATTERIMG, PHYSIK DATEW 12-1

N, KIKI! F!Efl\llllw (KARLYC P
50 88 TDFOHTG COMF 3 A KDCH (KAL) E4@
H‘Iﬁl'f BY RNR 125 A W HENZRY (Eupy

aeraie
asvane

~3000 MEY REGION - FORMATION EXPERIMENTS

W7 DELTA(-3090) 1=3/2

ME LIST SFRE MISCELLAMEQUE HIGHW-NASS CAWDIOATES FOR
15C8PIN-3/7 AESOHARCES FOUND EN PARTIAL-WAVE ANALYSES.
S0 FAR, WO AMALYSIS OF THIE REGION WAS USEQ ALL THE
AVAELABLE DATA OR CWCORPGAATED AVALYTICITY COMSTRAINTS.

CUR 1982 EDITION ALSO HAD & DELTAC2350) AND A OELTA (3250,

NOTHING HAS BEEW HEARD FROM THEm IN 1D TRRRS, ARD UNOER THE
AUTHORITY GRAWTED UNTO US BY THE STATUYE OF LIPTTATIONS, NE
DECLARE THEM TO BE DEAD. THE EVIDEW{E FOR THEW WAS OFDUCED FROM
TOTAL-CRN53-SECTION AND 180-DEG-ELASTEC-CROSS-SECTION MOASLAEYENTS,
PLACED 1M THE WAIN BARYOH YABLE IN THE AKYTHING-SAES 1960'S, THEY
REMAINED THEAD OUE TO IMATTENTION UNTEL THES EDLFION.

resonances exist will net be finally laid to rest.
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Theory

A beautiful prediction from Skyrme model:

Praszatowicz(’87), Diakonov, Petrov & Polyakov(’97): mg+ ~ 1530 MeV,

P __1°T _
Tor <15MeV, JP=1",T=0 . .
L e ©7(1530)
10 Of SU(S)f .
¥(1890)
53/2(2070)
=7 or x K~ =0+ or YHKO
ddssu uussd
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Theory

A beautiful prediction from Skyrme model:

Praszatowicz(’87), Diakonov, Petrov & Polyakov(’97): mg+ ~ 1530 MeV,

P _ 1+t _
P+ <15MeV, JPF=1*, T=0 . .
L wdds ©7(1530)
10 Of SU(3)f .
¥(1890)
Z3,2(2070)
= or K~ =0t or XtKO
ddssu uussd

important: SU(3) breaking linear in Y = B — S
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A beautiful prediction from Skyrme model:

Praszatowicz(’87), Diakonov, Petrov & Polyakov(’97): mg+ ~ 1530 MeV,

P _ 1+t _
Tor <15MeV, JP=1"1=0 . .
_ e ©7(1530)
10 Of SU(3)f .
¥(1890)
Z3/2(2070)
= or K~ =0t or XtKO
ddssu uussd

important: SU(3) breaking linear in Y = B — S
for S < 0, ordinary baryons — simple: counting s-quarks.
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Theory

A beautiful prediction from Skyrme model:

Praszatowicz(’87), Diakonov, Petrov & Polyakov(’97): mg+ ~ 1530 MeV,
Tor < 15 MeV, JP =17
E of SU(3)f ‘

) I:O nK* or pK°

2 0+ (1530)
uudds

E 71 or XK~ =07t or XTKO

ddssu uussd

important: SU(3) breaking linear in Y = B — §
for S < 0, ordinary baryons — simple: counting s-quarks.
for S > 0, a bit subtle: need to understand quark WF first.
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Quark content of the other states in 10:

(1890)

/\/\/\Emw

e start from |©T) = |uudds) e i

e apply U-spin lowering operator U_ repeatedly (cf. I ):
[_|u)=""1|d) - U_|d) = |s)
I_|d) = —|a) U_|5) = —|d)

e get the other states in each row applying [

e |p*) = U_|uudds) = \/7\uuddd +\[\uudss
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Quark content of the other states in 10:

%(1890)

/\/\/\Em(m)

e start from |@+> — |uudd§> - o K- . y oA

ddssu uussd

e apply U-spin lowering operator U_ repeatedly (cf. I_):

I |u) = !C_l> P U—|6_1> = |s)
I_|d) = —l|a) U_|5) = —|d)
e get the other states in each row applying /_
o |p*) = U_|uudds) = f luud dd) + f luud ss) “crypto-exotic”
e “hidden strangeness” (like in ¢)
2 4
(#s + #5)pr =2 X ( %) =3
o ZT) =U[p*), [ETT)=ULIET") = |uussd)
1 s
.A<#S+#§>:§ —_ AMNW; l
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But can’t expect 1% precision for meg-+

—> Re-examine Skyrme/XSM predictions hep-ph/0401127
e light 10 a qualitative success
e realistic error estimate: dmyy < 100 MeV
e DPP mz=-- off by 200 MeV: antiquated >y
e modern >,y — central value of m=— - vV
e 'z ~ O(1/N2)
e with realistic couplings hard to get I'yz < 10 MeV

e key prediction: light 27 with J& = ng

= O-like I = 1 state within 100 MeV of ©1(I = 0)

XSM & quark model: complementary description of hadrons
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= Need to understand ©" in quark language

e QCD: nothing prevents 5q states

e but no direct QCD spectrum calculation yet (LC, lattice ?...)

e Constituent Quark Model:

—» —»

M = Zmz ZV XZ \ mj

z>]

7

"~

hyperfine interaction

m,; : effective quark mass, X: SU (3)c generators, &: Pauli spin operators

1 -

Marek Karliner — DIS 2004, Strbské Pleso, April 14, 2004

21



= Need to understand ©" in quark language

e QCD: nothing prevents 5q states
e but no direct QCD spectrum calculation yet (LC, lattice ?...)
e Constituent Quark Model:

hyperfine interaction

m,; : effective quark mass, X SU(3). generators, &: Pauli spin operators

—> color-spin SU(6) algebra:
symmetric in color x spin <«— attractive

antisymmetric in color X spin +«+—  repulsive
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application: unravelling ©" quark structure

e O7: K'™n and K% <= {uudds}
e OT is light! = Goldstone-like component(s): minimize E;,;

e hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color x spin (Pauli)

—> hyperfine interaction always repulsive for same-flavor quarks
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application: unravelling ©" quark structure

e O7: K'™n and K% <= {uudds}
e OT is light! = Goldstone-like component(s): minimize E;,;

e hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color x spin (Pauli)

—> hyperfine interaction always repulsive for same-flavor quarks

e maximize u — u and d — d distance
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application: unravelling ©" quark structure

e O7: K'™n and K% <= {uudds}
e OT is light! = Goldstone-like component(s): minimize E;,;

e hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color x spin (Pauli)

— hyperfine interaction always repulsive for same-flavor quarks
e maximize u — u and d — d distance

e minimize hyperfine interaction: clustering & spin configuration
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application: unravelling ©" quark structure

e O7: K'™n and K% <= {uudds}
e OT is light! = Goldstone-like component(s): minimize E;,;

e hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color x spin (Pauli)

— hyperfine interaction always repulsive for same-flavor quarks
e maximize u — u and d — d distance
e minimize hyperfine interaction: clustering & spin configuration

o {udd}{us} — {ud}{dus} “mate swapping”...
n KT 3. 3.
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application: unravelling ©" quark structure
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— hyperfine interaction always repulsive for same-flavor quarks
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e minimize hyperfine interaction: clustering & spin configuration
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n KT 3. 3.

o JP :likely 1" — 1 =1:
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application: unravelling ©" quark structure

e O7: K'™n and K% <= {uudds}
e OT is light! = Goldstone-like component(s): minimize E;,;

e hint: “flavor antisymmetry principle”:

at short distances ident. fermions antisym. in color x spin (Pauli)

— hyperfine interaction always repulsive for same-flavor quarks
e maximize u — u and d — d distance
e minimize hyperfine interaction: clustering & spin configuration

o {udd}{us} — {ud}{dus} “mate swapping”...
n KT 3. 3.

o JP :likely 1" — 1 =1:
color molecule of 3. and 3. in a P-wave

e hyperfine int. short range — acts only within clusters
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diquark-triquark configuration:

Kn configuration diquark - triquark configuration of the uudds pentaquark

P-wave diquark-triquark molecule. No S-wave <= h.f. repulsion
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e compute hyperfine interaction:
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@—l-

properties from diquark-triquark

lud dus):
ud  diquark: I =0, S
uds triquark: I =0, S =

, 3¢
, 3., withudin §=1

|
= O

N
-L
~
|

0, 1_0 of SU(3)f

a similar proposal: [(ud)s—o]° §, but no hf. for 5 (Jaffe & Wilczek)

compute hyperfine interaction:

— %(MA — My) =~ 50 MeV stronger binding than in KN
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@—l-

properties from diquark-triquark

lud dus):

ud  diquark: I =0, S=0, 3.

uds triquark: I =0, S= %, 3., withudin §=1
_|_ -

JEP =17, 1=0, 10 of SU(3);

a similar proposal: [(ud)s—o]° §, but no hf. for 5 (Jaffe & Wilczek)
compute hyperfine interaction:
— %(MA — My) =~ 50 MeV stronger binding than in KN

estimate cost of P-wave excitation of {ud} {dus} system:
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OF properties from diquark-triquark

o |ud dus):
e ud diquark: I=0, S
e wuds triquark: =0, S=

, 3¢
, 3., withudin §=1

|
= O

<
av
|

N |—

1 +
~
|

0, 1_0 of SU(3)f

a similar proposal: [(ud)s—o]° §, but no hf. for 5 (Jaffe & Wilczek)
e compute hyperfine interaction:

— %(MA — My) =~ 50 MeV stronger binding than in KN
e estimate cost of P-wave excitation of {ud} {dus} system:

reduced mass ~ reduced mass of ¢s in D; system
—> 0BT %% ~ 350 — (mps —mp,) = 207 MeV
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OF properties from diquark-triquark

o |ud dus):
e ud diquark: I=0, S
e wuds triquark: =0, S=

, 3¢
, 3., withudin §=1

|
= O

<
av
|

N |—

1 +
~
|

0, 1_0 of SU(3)f

a similar proposal: [(ud)s—o]° §, but no hf. for 5 (Jaffe & Wilczek)
e compute hyperfine interaction:

— %(MA — My) =~ 50 MeV stronger binding than in KN
e estimate cost of P-wave excitation of {ud} {dus} system:

reduced mass ~ reduced mass of ¢s in D; system

—> 0BT %% ~ 350 — (mps —mp,) = 207 MeV
e mg+ ~ 1592 £ 50 MeV vs. 1542 +£5 MeV (EXP).
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analogous triquark-diquark configuration predicts
—— =1720 £ 50 MeV

m

(1]

vs exp, NA49:

m=-- = 1862 2 MeV, TI'z-- <18 MeV

(1]

= N
o o 8
I I I

o

S
I
S f

Entries/ 7.5 MeV/c?

=
o
I

o
]
=
=
—

N
o
T

\ \ L
14 16 18 2 2.2 24 2.6 2.8

M (=) [GeV/c?]

generic for all correlated quark configurations
but =~ (1862) 400 MeV above Zx threshold vs 100 MeV for ©F
—> challenge for theory: additional degrees of freedom 7
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a mass inequality for == * and ©*

hep-ph /0402008

e for unbroken SU(3);:
M(Z=*) = M(©") as both in same 10

e SU(3)s breaking: m, > m,

_*.

e variational wave function for =
U(OT) with u — s, § — u

= upper bound on M(=~77):

M(E"7) < M(O7)+ms—mu+(0Vhyp(5 — @) e+ +{0Viyp(u — 5))or

M=) — M(0%) < 300 MeV
vs. EXP: 330 MeV

e need confirmation of exp. mass values
e strong constraints on models of 5q structure
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wil | =9%1530) T

12 |

10

ke ." elimina

0 N & o om
| L
==

1.4 1.6 1.8 2 2.2 2.4

26 28
M(Em)[GeV/icT]

but 10 does not couple to 10 + 8 in SU(3): 10 A10 ® 8
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14

lmina

1 |
1.4 1.6 1.8 ) 2.3

12 |

1o b .

0 N & o om
L
==

M(Em)[GeVic ]

but 10 does not couple to 10 + 8 in SU(3): 10 A10® 8

[1]

— ~(1855) ¢ 10  but rather exotic 8 or 27 (J&W)
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a possible explanation for narrow ©7 width

hep-ph/0401072

« two almost degenerate 2¢-2¢-s configurations: ©; and O,
« both can decay via quark rearrangement to isoscalar K /N
e so they mix by a loop diagram: ©; — KN — O

« diagonalize the mass matrix:  M;; = My(0,|T|KN)(KN|T|0,)

O)s =cosd - [O1) +sing - [Os)
©)r =sin¢g - [01) + cos¢ - |O2)

 the lower eigenstate, ©;, decouples from the K /N channel

destructive interference !
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width suppression in presence of ©;, O, splitting

e.g. for AM =40 MeV and I'g, = 120 MeV

suppression factor = 1/36

— F@L S 3 MeV
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couplings to A*/N channel not suppressed
so look at

baryon-exchange /K p reactions with /i going backward in CM:

K = - = n, N*O

5 N KO K*
K—p— K°n; Kp— K*“n K p— K°N* suppressed
K—p — K*N*° unsuppressed
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experimental challenges

f—*__

e confirmation of ©T and =

e parity measurement
(a) KTp - ©TnT vs. K™D — ©™p
(b) polarization asymmetry in pp — XTOT, pn — AOT
(c) polarization asymmetry in yn — K~ OF

e search for new states:
(a) 53— ¢,b
(b)©t: J=2withL=1,5=7; = 10 with J =3
(¢) higher reps: 27, 35, ...

a new spectroscopy !

Marek Karliner — DIS 2004, Strbské Pleso, April 14, 2004
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Mg+ = 6398 = 50 MeV

b
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_|_

es—b: = O : {ud}{dub} JF =1
M@;r = 6398 £ 50 MeV

=0

[(©F — BN) ~ (1+2)x4MeV.
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_|_

es—b: = O : {ud}{dub} JF =1
M@;r = 6398 £ 50 MeV

, [ =20

[(©F — BN) ~ (1+2)x4MeV.

— look for unexpectedly narrow peaks
in D~p, D°n, B% and Btn.
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_|_

es—b: = OF : {ud}{dub} JF=1",1=0

Mg+ = 6398 & 50 MeV
[(©F — BN) ~ (1+2)x4MeV.

— look for unexpectedly narrow peaks
in D~p, D°n, B% and Btn.

— look for protons coming out of charm/bottom decay vertex
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Evidence for

©. from H1?

40 I !
[ AT e D"p+D“p
30 _ u = —— Signal + bg. fit
[ --  Bg. only fit

Entries per 10 MeV

| +| .++, ,+;+,+_'+

3 3.2 3.4 3.6
M(D*p) [GeV ]

e a narrow resonance in D*~ p and D*T p channels: uuddé and wuddc:

m = 3099 + 3+ 5 MeV [' =12+ 3 MeV 5.4 o
e not seen by ZEUS, despite larger data sample
e D~ p: more phase space. Suppressed? (c¢f. KN vs K*N couplings of ©7)

o if T(OF) > 2= 3 MeV then I'(0,(3099)) = 20 + 30 MeV
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Pentaquark production in B decays
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expect reasonable BR for B — baryon + antibaryon

a striking signature: B — O% 4 charmed antibaryon

FE and p conservation in B CM frame:

unlike multihadron reactions, no kinematical ambiguities!

in ©F — K, p decay, K, flavor tagged by antibaryon
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Pentaquark production in B decays
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Pentaquark production in B decays
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expect reasonable BR for B — baryon + antibaryon

a striking signature: B — O% 4 charmed antibaryon

FE and p conservation in B CM frame:

unlike multihadron reactions, no kinematical ambiguities!

in ©F — K, p decay, K, flavor tagged by antibaryon
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Pentaquark production in B decays

d - c+d+u+d—
d)

tbu) - eé+utu+d—
bd
bd

—c+d+ut+d—

) —c+d+u+s —
) —mc+d+u+s —

tbu) > +utu+s—a+utu+s+(d

c+d+u+d+ (u)+ (dd) — O, + 7
c+d+u+d+ (ut) + (dd) — 0, + A’
c+u—+u+d+ (dd) + (dd) — O, + A
c+d+u+s+(dd)+ (ua) — O, + A
c+d+u+ 5+ (dd) + (uva) — OT+ A,
C+u+u+35+(dd) + (dd) — OT + X9
(uit) + (dd) — T+ p
(dd) + (dd) — ©T+ 7

Cabibbo hierarchy: e preferred

o suppressed

e doubly suppressed

o P°(csuud) — the “original pentaquark”: Bgs(bs) — P° +n

and in charm factories

Y — 01T + X
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