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Light Quark Meson Spectroscopy
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Radial excitations



QCD is a theory of quarks and gluons

What role do gluons play in the meson
spectrum? 

Lattice calculations predict a spectrum
of glueballs. The lightest 3 have JPC

Quantum numbers of 0++ , 2++ and
0-+. 

The lightest is about 1.6 GeV/c2

Glueball Mass Spectrum

Morningstar et al.
f0(980)

f0(1500)

f0(1370)

f0(1710)

a0(980)

a0(1450) K*0(1430)



Flux Tubes and
Confinement
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+\EULG�PHVRQV

1RUPDO�PHVRQV
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From G. Bali



Normal Mesons 1RUPDO�PHVRQV�RFFXU�ZKHQ�WKH
IOX[�WXEH�LV�LQ�LWV�JURXQG�VWDWH
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Excited Flux Tubes
How do we look for gluonic

degrees of freedom in spectroscopy?
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(L = qq angular momentum)
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f0(1500)

f2(1270)

f0(980)

f2(1565)+σ
700,000 π0π0π0 Events

Crystal Barrel Results: antiproton-proton annihilation at rest

f0(1500)

250,000 ηηπ0 Events

Discovery of the f0(1500) 
Discovery of the a0(1450)

f0(1500) a ππ, ηη, ηη’ , KK, 4π

f0(1370) a 4π



The Scalar Mesons

1.5

0++ ρρ

2.5 2.51.5

0++ σσ

Central Production WA102
Observes
f0(1370)
f0(1500)
f0(1710)

Overpopulation
Strange Decay Patterns
Seen in glue-rich reactions
Not in glue-poor

Glueball and Mesons
are mixed, but what is
the mixing scheme?

J/Ψ Decays?

f0(1370) seen
f0(1500) ????
f0(1710) seen

Awaiting CLEO-c

What about 2++ and 0−+ ?



π−S −> ηπ− SE852 Results (18 GeV)

The a2(1320) is the dominant
signal. There is a small (few %)
exotic wave.

Interference effects show
a resonant structure in 1−+ .
(Assumption of flat background
phase as shown as 3.)

π1(1400) Mass = 1370 +-16+50
-30       MeV/c2

Width=  385 +- 40+65
-105   MeV/c2

a2 π1



π1(1400) 

Crystal Barrel Results: antiproton-neutron annihilation

Mass = 1400 +- 20 +- 20 MeV/c2

Width=   310+-50+50
-30 MeV/c2

Same strength as the a2.

Produced from states with one unit
of angular momentum.

Without π1 χ2/ndf = 3, with = 1.29

ηπ0π−



E852 Results π−p → π+π−π−p

π+π− At 18 GeV/c

suggests π−p → ρ0π− p

→ π+π−π−p

to partial wave analysis

π +π −π −

M(π+ π−π −)  GeV / c2[ ] M(π+π−)   GeV / c2[ ]



Results of Partial Wave Analysis

a1

a2

Benchmark
Resonances

a1(1270)
a2(1320)
π2(1670)

π2

Benchmarks
are needed to
show resonant 
behavior.



An Exotic Signal in E852
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M(π+ π−π −)  GeV / c2[ ]

π�������

3π m=1593+-8+28
-47 Γ=168+-20+150

-12
πη’ m=1597+-10+45

-10 Γ=340+-40+-50



Current Evidence 

Glueballs Hybrids

2YHUSRSXODWLRQ�RI�WKH
VFDODU�QRQHW�DQG�/*7

SUHGLFWLRQV�VXJJHVW�WKDW
WKH�JOXHEDOO�DQG�WKH�

VFDODU�PHVRQV�DUH�PL[HG

-3&  ���� VWDWHV�UHSRUWHG

π��������→   ηπ

π��������→   ρπ,η’π

by BNL E852, CBAR
and VES

Complication is
mixing with conventional qq

States

Need to observe additional
glueball states

Not without controversy

Not in expected decay modes

Have gluonic excitations been observed ?



Collaboration
US Experimental Groups

A. Dzierba (Spokesperson) - IU
C. Meyer (Deputy  Spokesperson) - CMU
E.  Smith (JLab Hall D Group  Leader)

L. Dennis (FSU) R. Jones (U Conn)
J. Kellie (Glasgow) A. Klein (ODU)
G. Lolos (Regina) (chair) A. Szczepaniak (IU)

Collaboration Board
Carnegie Mellon University

Catholic University of  America

Christopher Newport University

University of Connecticut

Florida International University

Florida State University

Indiana University

Jefferson Lab

Los Alamos National Lab

Norfolk State University

Old Dominion University

Ohio University

University of Pittsburgh

Renssalaer Polytechnic Institute

University of Glasgow

Institute for HEP - Protvino

Moscow State University

Budker Institute - Novosibirsk

University of Regina

CSSM & University of Adelaide

Carleton University

Carnegie Mellon University

Insitute of Nuclear Physics - Cracow

Hampton University

Indiana University

Los Alamos

North Carolina Central University

University of Pittsburgh

University of Tennessee/Oak Ridge

Other 
Experimental Groups

Theory Group
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New Arc

5 New
Cryomodules

5 New 
Cryomodules

Photon 
Tagger

Hall D

The Jlab 12 GeV UpgradeThe Jlab 12 GeV Upgrade

Up to 11 GeV 
electrons

12.2 GeV
electrons

Polarized
Photons

20 Cryomodules

20 Cryomodules

Intense tagged, linearly polarized photons
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Detector
Lead Glass

Detector

Solenoid
2.5Tesla

Electron Beam from CEBAF

Coherent Bremsstrahlung
Photon Beam

Tracking

Target

Cerenkov
Counter

T ime of
Flight

Barrel
Calorimeter

Note that tagger is
80 m upstream of

detector

(YHQW�UDWH WR�SURFHVVRU�IDUP�
���N+] DQG�ODWHU�����N+] FRUUHVSRQGLQJ
WR��GDWD�UDWHV RI��� DQG�����0E\WHV�VHF

UHVSHFWLYHO\



Solenoid & Lead Glass Array

$W�6/$&

1RZ�DW�-/DE

Recycling  of existing equipment

%HLQJ�0RYHG�WR�-/DE

%1/�(����3E�*ODVV�$UUD\
/$66�0(*$�6ROHQRLG
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���*H9�HOHFWURQVCoherent
Bremsstrahlung

This technique provides 
requisite energy, flux 

and polarization

FROOLPDWHG

,QFRKHUHQW�	
FRKHUHQW�VSHFWUXP

WDJJHG
0.1% resolution 
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Optimal Photon Energy
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Why Photoproduction ?

$�SLRQ�RU�NDRQ EHDP��
ZKHQ�VFDWWHULQJ�RFFXUV�

FDQ�KDYH�LWV�IOX[�WXEH�H[FLWHGπ  or� Κ
beam

4XDUN�VSLQV�DQWL�DOLJQHG

0XFK�GDWD�LQ�KDQG�EXW�OLWWOH
HYLGHQFH�IRU�JOXRQLF�H[FLWDWLRQV
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Very little photoproduction data exist.
What little there is hint at a different
resonance structure than what is seen
in pion production.

,Q�RQH�\HDU�RI�LQLWLDO
UXQQLQJ��H[SHFW����
WLPHV�SLRQ�VWDWLVWLFV

,Q�RQH�\HDU�RI�LQLWLDO
UXQQLQJ��H[SHFW����
WLPHV�SLRQ�VWDWLVWLFV



'HWHFWRU�GHVLJQHG�WR�GR�3DUWLDO�:DYH�$QDO\VLV

'RXEOH�EOLQG�VWXGLHV�RI��π ILQDO�VWDWHV
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'HWHFWLRQ�RI�([RWLF�0HVRQV

π1        f1π , b1π (high multiplicity) ρπ,  ηπ, η’π
η1 a1π , a2π                                                        

Hybrids predicted to decay to S+P mesons
S=π,ρ nonets    P=bj,aj nonets

3UHGLFWHG 2EVHUYHG"

γS��!�>ππππ ��ηπππ��ωππ] Ν



Hybrid Decays

+DOO�'�ZLOO�EH�VHQVLWLYH�WR�D�ZLGH�YDULHW\�RI�GHFD\�PRGHV�� WKH�
PHDVXUHPHQWV�RI�ZKLFK�ZLOO�EH�FRPSDUHG�DJDLQVW�WKHRU\�SUHGLFWLRQV�

7R�FHUWLI\�3:$�� FRQVLVWHQF\�FKHFNV�ZLOO�EH��PDGH�DPRQJ�GLIIHUHQW�
ILQDO�VWDWHV�IRU�WKH�VDPH�GHFD\�PRGH��IRU�H[DPSOH�

b1 → ωπ
ω → π0γ → 3γ

ω → π0π+π− → 2γπ+π−

 
 
 

  
6KRXOG�JLYH
VDPH�UHVXOWV

*OXRQLF�H[FLWDWLRQV�WUDQVIHU�DQJXODU�PRPHQWXP�LQ�WKHLU�GHFD\V�WR
WKH�LQWHUQDO�DQJXODU�PRPHQWXP�RI�TXDUN�SDLUV�QRW�WR�WKH�UHODWLYH DQJXODU
PRPHQWXP�RI�GDXJKWHU�PHVRQ�SDLUV�� WKLV�QHHGV�WHVWLQJ�

X → π + b1
)RU�H[DPSOH��IRU�K\EULGV� IDYRUHG

QRW�IDYRUHGX → π + η0HDVXUH�PDQ\�GHFD\�PRGHV�
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γp → Xn → π+π+ π−n

γp → Xn → ηπ0π0n
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Acceptance is high and uniform



&RPSOHWH�6WXG\�RI�QHXWUDO�DQG�FKDUJHG�ILQDO�VWDWHV

+\EULGV�DUH�H[SHFWHG�WR�GHFD\�LQWR�FRPSOLFDWHG�ILQDO�VWDWHV�
([RWLF�41·V�DUH�VPRNLQJ�JXQV��EXW�WKHUH�DUH�QRQ�H[RWLF�41·V�DV�ZHOO�

1HHG�WR�NQRZ�GHFD\�SDWWHUQV�WR�XQGHUVWDQG�PL[LQJ�

,QLWLDO�UXQQLQJ�ZLOO�EH�DW����� γ�V��ZLOO�HYHQWXDOO\�UHDFK����

2QH�\HDU�RI�LQLWLDO�UXQQLQJ�ZLOO�\LHOG�����WLPHV�SLRQ�VWDWLVWLFV
LQ�WKH�3π FKDQQHO��0DQ\�ZHDNHU�FKDQQHOV�ZLOO�KDYH�VXIILFLHQW
VWDWLVWLFV�IRU�IXOO�3:$���:LOO�SUREH�IUDFWLRQ�RI�QE�FURVV�VHFWLRQV�

3:$�LV�VHQVLWLYH�WR�FKDQQHOV�DW�DERXW������RI�PDMRU�FRPSRQHQW�DQG
WR�ZLGWKV�RI�VHYHUDO�KXQGUHG�0H9�

,I�([RWLFV�DUH�WKHUH��WKH\�ZLOO�EH�VHHQ��,I�WKH\�DUH�QRW�WKHUH�
WKHQ�ZH�ZLOO�QHHG�WR�UHH[DPLQH�RXU�XQGHUVWDQGLQJ�RI�4&'�

7KH�ILUVW�KLQWV�RI�H[RWLF�VWDWHV�DOUHDG\�GLVDJUHH�ZLWK�ZKDW
ZH�WKLQN�ZH�XQGHUVWDQG�DERXW�WKHP�



PROJECT STATUS

January     1999    Letter of Intent to Jlab PAC
December  1999    Cassell Committee Review of Project
August       2000    Key Part of the JLAB 12 GeV Upgrade
December  2000    Presentation at NSAC Town Meeting
April          2001    Reccomendation in NSAC    LRP
August       2001    DOE Review of JLAB, push for CD0
January     2002    NSAC LRP Released
Winter       2002    CD0 Status at DOE

....  
2007    Start Data Taking (hopefully).
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4&'�SUHGLFWV�D�VSHFWUXP�RI�VWDWHV�GLUHFWO\�DVVRFLDWHG�

ZLWK�WKH�JOXRQLF�GHJUHH�RI�IUHHGRP�DQG�FRQILQHPHQW�
([RWLF�4XQWXP�QXPEHUV�DUH�D�GHILQLWLYH�VLJQDWXUH

([SHULPHQWV�KDYH�VWDUWHG�WR�REVHUYH�VWDWHV�ZLWK�H[RWLF
TXDQWXP�QXPEHUV��EXW�WKH�REVHUYDWLRQV�DUH�IHZ��DQG
QRW�LQ�DJUHHPHQW�ZLWK�WKHRUHWLFDO�H[SHFWDWLRQV�

3KRWRSURGXFWLRQ�LV�H[SHFWHG��YHFWRU�PHVRQ�EHDPV��DUH�
H[SHFWHG�EH�D�YHU\�JRRG��\HW�XQH[SORUHG�ZD\�WR�
SURGXFH�WKHVH�VWDWHV�

+DOO�'�ZLOO�EH�DEOH�WR�PDS�RXW�D�GHWDLOHG�SLFWXUH�RI�WKHVH�VWDWHV
DQG�WKHLU�GHFD\V�ZLWK�VWDWLVWLFV�����WLPHV�EHWWHU�WKDQ
FXUUHQW�SLRQ�H[SHULHPHQWV��6XFK�LQIRUPDWLRQ�ZLOO�\LHOG�
LPSRUWDQW�GDWD�RQ�WKH�G\QDPLFV�RI�JOXH�DQG�LWV�UROH�LQ�4&'�


