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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)
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The discovery of O

Narrow peak in KT n invariant mass:

—> a pentaquark: suudd, S = +1, exotic baryon resonance
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The discovery of O

Narrow peak in KT n invariant mass:
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The discovery of O

Narrow peak in KT n invariant mass:

— a pentaquark: suudd, S = +1, exotic baryon resonance
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LEPS, DIANA, JLab (5.3 £0.50), ELSA: I = 0, HERMES, v(7)N |,
WA21QCERN, LGT... consistency between experiments ?

g% 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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Most precise experiment so far:

CLAS Collaboration at JLab
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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.

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

126 BELTAC2958) mWASS (WEY)

N 839.0 100.0 HEWDRY 74 MPHA PL
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HOEWLER 79 HARDBOOK OF PE-H SCATTERIMG, PHYSIK DATEW 12-1
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~3000 MEY REGION - FORMATION EXPERIMENTS
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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,
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12479

Baryons
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.?
One new partial-wave analysis® has been published
since our 1982 edition. As usual, the results permit no
definite conclusion — the same story heard for 135 vears.
The general feeling, supported by the prejudice against
baryons not make up of three quarks, is that the sugges-
tive counterclockwise movement in the Argand diagram
of some of the partial waves is not real evidence for true
Breit-Wigner resonances. But until the dynamics of the
KN system is better understood, the possibility that Z*
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

important ...
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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 — S
for S < 0, simple: <= counting s-quarks.

for S > 0: A(#s+ #5) = 3
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Theory

But sometimes predicts too many exotics

KN — KN
Experiment I Experiment II Skyrme Model
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7mN, KN, KN Scattering, Skyrme Model vs. Experiment (Karliner & Mattis, 1986)

Itzhaki, Klebanov, Ouyang & Rastelli: WZ normalization 7
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Theory

= 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

7 -
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Theory

= 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

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 21



Theory

effective quark masses from baryons and mesons

Mg — My, and Mg /My,

same values from baryon and meson masses,
with hyperfine interaction properly isolated
(Sakharov & Zeldovich, DGG):

Msud_Muud — MA—MN =177 MeV

3(My_;—My )+Mp_—Mp ;)  3(Mgx—Mpy)+Mg—M;

(Ms—My) Mes = 0 I — 179 MeV

(ms) _ Ma - My :1.53z<m8) _ My = Mr 6
My / Bar My — My, My J Mes Mg~ — Mk

YV and P: vector and pseudoscalar mesons

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 22



Theory

Generalization to other flavors

for vector and pseudoscalar mesons containing ¢; or ¢; and a

spectator x:

Vi) = lg:z) "=, Vj) = lg;Z)"=,
Pi) = |q:T)”=>, Ps) = lg;Z) "=,
<m B > . S(MVz - MVj) + (Mpz - ij)
qi qj /xMes — A

(does not work for s because no light P — anomaly)
baryons: only N and I =0 wudq: A, A. and Ay
where hyperfine for © and d only — drops out of all mass difts:

for |B;) = |qiud), |B;) = |gjud),

<mqi o mqj>dBa7“ — Mqiud — quud = MBi — MBj

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 23



TABLE I - Quark mass differences from baryons and mesons

observable baryons mesons
i | B Vi Vs Pi P MeV MeV
(mg mu) g sud uud sd ud sd ud L7 -
= N K* | »p K -
(ms Moy e cs cil 5 T o
D} D* D D
(ms — may)yp bs b bs . »
BY | BY | Bs | Bs
e = ivala — o ud cd | wud 1346 1360
Ac AT D* p D =
(me may)e c@ wue e UE oos
Y D* Nc D
(me ms)g cud sud cd sd il sd oo o
Ac - D* [ k* | D K
(me ms)e c@ si e SE oor
w DS Tc DS
p =~ el — o wd | bd | ud 4685 4700
A N B* P B P
(my, M) s bs us bs = o1s
Bf | K* | Bs K
(my, ms)q bud sud bd sd bal sd o0s oo
e meld e e o cd bd cd 3339 3341
Ab Ac B* D"< B D
<mb Mme) s bs cs i 5 on
B;k D;k BS Ds

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003
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baryons: M(2") — M(5")
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Theory

m./ms, m./m, from mesons and baryons

extract m./ms and m./m, same way as mg/m,,

isolating 1/m, terms from mass differences

—_
&
|
<
=
-
U

mesons: M (

baryons: M (2

—> same values from mesons and baryons +2% :

) M — M ) Myr — M
(m> _ 2 2 :2.84:(7”) =0 K _ 981
ms Bar ME;‘ _MEC ms Mes MD* _MD

(m ) _ AT :4.36:(m ) — — 4.46
Mu ) Bar ME? - MEC Mu ) Mes Mp~ — Mp

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003
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meson and baryon relations agree to £3%.
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Theory

4-th flavor — new relations between meson and baryon masses:

Me — My, Mg . MEC o MAC — 9216
Mg — My, Mc ) gar B My, — My B .
(mc My ms) _ (M,—M)—(Mp-—Mp) _ s
Ms — My Me ) pros (M,—My)—(Mg~—Mg) '

meson and baryon relations agree to +3%.

Similarly, for Ay and yet unmeasured >:

Ms, = My, _ (M, = My) = (Mp- —Mp) _,
My — My (M, — M) — (Mg- — Mg)

— My, — My, = 194MeV — My, = 5818 MeV

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 28



effective m, depends on the neighbors:

effective m, — m,, strongly dependent on “spectator” quarks:

3(Mpcx—M,)+My — M,

<m8 — mu>dMes — 1 = 179 MeV
VS.
S(Mpx — Mpx)+Mp — M
<ms — mu>cMes — ( Ds D i D D — 103 MeV
S(Mpx — Mpx)+ Mg — M
<ms — mu>bMes — ( Bs & ) B b = 91 MeV

4

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 29



effective m, depends on the neighbors:

effective m, — m,, strongly dependent on “spectator” quarks:

3(Mpcx—M,)+My — M,

<m8 — mu>dMes — 1 = 179 MeV
VS.
S(Mpx — Mpx)+Mp — M
<ms — mu>cMes — ( Ds D i D D — 103 MeV
S(Mpx — Mpx)+ Mg — M
<ms — mu>bMes — ( Bs & ) B b = 91 MeV

4

effective m, in |qx) includes Vg and Eiiy <= ¥ (Mg, My, Vep)

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003
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effective m, depends on the neighbors:

effective m, — m,, strongly dependent on “spectator” quarks:

3(Mycx — M)+ My — M,

<m8 _ mu>dMes — A = 179 MeV
VS.
(Ms — Mu)erres = (Mpy = Mp<) + Mp, =Mp i rey

4

3(Mpx — Mpx)+ Mg — M
<ms — mu>bMes — ( Bs & i b b — 91 MeV

effective m, in |qZ) includes V.g and Eii <= V¥ (my, My, Veg)

try to reproduce the trend with Vg = V; - log(r/r)

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003
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effective m, depends on the neighbors:

effective m, — m,, strongly dependent on “spectator” quarks:

3(Mycx — M)+ My — M,

<m8 _ mu>dMes — A = 179 MeV
VS.
(Ms — Mu)erres = (Mpy = Mp<) + Mp, =Mp i rey

4

3(Mpx — Mpx)+ Mg — M
<ms — mu>bMes — ( Bs & i b b — 91 MeV

effective m, in |qZ) includes V.g and Eii <= V¥ (my, My, Veg)

try to reproduce the trend with Vg = Vj - log(r/r9)  [cc, bb]
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quark double mass differences — theory vs. experiment

Experiment Theoretical
(my —mj)a prediction
observable . (m; —mj)g y (my —mj)y I —— with Vg
MeV MeV MeV MeV
(ms — Mmy,) d 179 c 103 76 51
(Me — My,) d 1360 c 1095 265 202
(Mme — mg) d 1180 c 991 189 151
(ms — Mmy,) c 103 b 91 12 18
Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 32




quark double mass differences — theory vs. experiment

Experiment Theoretical
(m; —mj)q prediction
observable . (m; —mj)g y (mi —mj)y I ——— with V,z
MeV MeV MeV MeV
(ms — Mmy,) d 179 c 103 76 51
(Me — my,) d 1360 c 1095 265 202
(Mme — mg) d 1180 c 991 189 151
(ms — Mmy,) c 103 b 91 12 18
can improve on log potential with generalized
Vo r\" r\ "
Vog=— — — | — ) n >0
eff 2n [ ( To ) ( To ) ]
(for n = 0 get back the log potential)
Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 53
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Theory

application: unravelling ©" quark structure

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

e hint: “flavor antisymmetry principle”:

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

— hyperfine interaction always repulsive for same-flavor quarks

Marek Karliner — Pentaquark Workshop, Jlab, Nov. 7, 2003 36
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e OT is light! = Goldstone-like component(s): minimize Fj,;

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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e minimize hyperfine interaction: clustering & spin configuration
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n KT 3. 3.
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Theory

application: unravelling ©" quark structure

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

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
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Theory

application: unravelling ©" quark structure

e OF: 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 of the uudds pentaquark
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— J' = , I =0, 100fSU3f.
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l+
2

Ashery-Piasetzky: do K™p — OT#xt vs KD — ©1p @ BNL

— JP=3", I =0, 10 of SU(3);. Parity?!
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Theory

O©F properties from diquark-triquark

o |ud dus):
e wud diquark: [ =0,

3.

5
S = 3. withudin S =1

|
MIH O

e wuds triquark: I =0,

— JP =17 1=0, 10 of SU(3);. Parity?!
Ashery-Piasetzky: do K*p — Otnt vs KTD — ©1Tp @ BNL

e compute hyperfine interaction:
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Theory

O©F properties from diquark-triquark

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

3.
3. withudin S =1

|
MIH O

— JP =17 1=0, 10 of SU(3);. Parity?!
Ashery-Piasetzky: do K*p — Otnt vs KTD — ©1Tp @ BNL

e compute hyperfine interaction:

— %(MA — My) =~ 50 MeV stronger binding than in KN
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Theory

O©F properties from diquark-triquark

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

3.
3. withudin S =1

|
MIH O

— JP =17 1=0, 10 of SU(3);. Parity?!
Ashery-Piasetzky: do K*p — Otnt vs KTD — ©1Tp @ BNL

e compute hyperfine interaction:

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

e estimate cost of P-wave excitation of {ud} {dus} system:
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Theory

@—I—

properties from diquark-triquark

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

3.
3. withudin S =1

|
MIH O

— JP =17 1=0, 10 of SU(3);. Parity?!
Ashery-Piasetzky: do K*p — Otnt vs KTD — ©1Tp @ BNL
compute hyperfine interaction:

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

estimate cost of P-wave excitation of {ud} {dus} system:

reduced mass ~ reduced mass of c¢s in D, system
—> 0BT %% ~ 350 — (mps —mp,) = 207 MeV
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Theory

O©F properties from diquark-triquark

lud dus):
ud  diquark: I =0, S=0, 3.
uds triquark: [ =0, §S= %, 3. withudin § =1

l+

, I =0, 10 of SU(3)¢. Parity?!

Ashery-Piasetzky: do K™p — ©Tnt vs KTD — ©Tp @ BNL

compute hyperfine interaction:
—> 2(Ma — My) ~ 50 MeV stronger binding than in KN
estimate cost of P-wave excitation of {ud} {dus} system:

reduced mass ~ reduced mass of cs in D, system
—> 0BT %% x~ 350 — (mps —mp,) = 207 MeV

me+ =~ 1592 + 50 MeV vs. 1542 + 5 MeV (EXP). but...
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['(©,— DN) ~ (1+2)x 21 MeV.
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['(©,— DN) ~ (1+2)x 21 MeV.
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['(©,— DN) ~ (1+2)x 21 MeV.

e5—0b: — O : {ud}{dub} JF=1",1=0
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['(©,— DN) ~ (1+2)x 21 MeV.

o5 —b: = Of : {ud}{dub} JP =17

M@;r = 6398 £ 50 MeV

1
§ ,I:O
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['(©,— DN) ~ (1+2)x 21 MeV.

o5 —b: = Of : {ud}{dub} JP =17

M@;r = 6398 £ 50 MeV

1
§ ,I:O

(O — BN) ~ (1+2)x4MeV.
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['(©,— DN) ~ (1+2)x 21 MeV.

o5 —b: = Of : {ud}{dub} JP =17

M@;r = 6398 £ 50 MeV

1
§ ,I:O

(O — BN) ~ (1+2)x4MeV.

— look for unexpectedly narrow peaks
in D~p, D°n, B% and B*n.
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['(©,— DN) ~ (1+2)x 21 MeV.

e5—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 B*n.

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