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MESON SPECTROSCOPY WITH HIGH ENERGYPHOTON BEAMS AT JLAB�Adam P. Sz
zepaniakPhysi
s Department and Nu
lear Theory CenterIndiana University, Bloomington, IN 47405, USA(Re
eived June 21, 2000)The physi
s motivation and 
urrent status of the Hall D proje
t at JLabis reviewed.PACS numbers: 14.40.�n, 13.60.Le, 25.20.Lj1. Introdu
tion: histori
al ba
kgroundThe goal of the Hall D proje
t is to 
arry out experimental studies ofmeson spe
trum in the 1.5�2.5 GeV mass range, using real, linearly polarizedphotons. The primary goal is to identify exoti
 mesons and map out theirprodu
tion and de
ay 
hara
teristi
s.The e�ort was initiated at a workshop at Indiana University in 1997.Sin
e then, 10 workshops were organized by a 
ollaboration whi
h 
urrentlyin
ludes over 80 physi
ists from 20 institutions. In January 1999 the Hall Dproposal was presented to the JLab Program Advisory Committee. Follow-ing PAC re
ommendation an external review of the proje
t was 
ondu
tedin De
ember of 1999. The review 
ommittee, re
ognizing the fundamentalrole of exoti
 meson spe
tros
opy in understanding QCD and the poten-tial of this experiment, re
ommended that a full 
on
eptual design reportbe prepared. More information on the 
urrent status of the proje
t 
an befound in [1℄. 2. Exoti
 mesonsExoti
 mesons play a spe
ial role in meson spe
tros
opy. Exoti
 mesonsare de�ned as states whose spin, parity and 
harge 
onjugation quantumnumbers, JPC do not belong to a sequen
e that 
ould be asso
iated with aquark�antiquark system, for whi
h one has� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2605)



2606 A.P. Sz
zepaniakPQ �Q = (�1)LQ �Q+1 ;CQ �Q = (�1)LQ �Q+SQ �Q : (1)Here ~SQ �Q, ~LQ �Q and ~JQ �Q = ~SQ �Q+~LQ �Q are the spin, orbital and total angularmomentum of the quark�antiquark pair. Thus, in parti
ular, states withJPC = 0��; 0+�; 1�+; 2+�; : : : (2)are exoti
. As a 
onsequen
e, exoti
 mesons 
annot be des
ribed in termsof the valen
e quarks alone.2.1. Theoreti
al 
onsiderationsEven though, dominan
e of valen
e quarks hadron stru
ture and inter-a
tions is not a rigorous predi
tion of QCD, phenomenologi
ally, valen
eapproximation has been quite su

essful. In fa
t, essentially all 
onstituentmodels of hadrons are limited to the valen
e region. As su
h, however, va-len
e models do not give mu
h insight into the dynami
al origins of thee�e
tive intera
tion between quarks. Thus, in 
urrent phenomenology 
on-�nement and dynami
s of low energy gluons enter indire
tly e.g. may be
onstrained by hyper�ne or spin�orbit intera
tions [2℄. Exoti
 mesons, whi
hby de�nition go beyond the valen
e quark dominan
e dire
tly probe gluondynami
s and in prin
iple would allow study of the gluon propagator, quarkpair produ
tion me
hanisms in presen
e of gluoni
 ex
itations and the na-ture of residual hadron�hadron intera
tions.Current latti
e simulation predi
t the ground state exoti
 meson to haveJPC = 1�+ and mass around 1.9�2 GeV [3℄. Analysis based on 1=N
 expan-sion suggests that de
ay widths of exoti
 mesons should s
ale like 1=N
 i.e.be 
omparable to the widths of ordinary meson resonan
es [4℄. It is quitepossible, however, that the 
urrent latti
e estimates do not yet representthe physi
al masses sin
e 
orre
tions from quark loops (unquen
hing) and
orre
tions due to �nite, and large quark masses used (
hiral extrapolation)may be important. These are di�
ult to implement in numeri
al simulationsand get further insight into the underlying dynami
s, theoreti
al models ofexoti
 mesons have been studied. These 
an be divided into three 
lassesa

ording to the way they des
ribe gluoni
 degrees of freedom: 
onstituentmodels [5℄, bag models [6℄ and �ux tube [7℄ models. In the 
onstituentmodel gluons are treated in a similar way to the 
onstituent quarks. Theexoti
 meson wave fun
tion 
an be 
onstru
ted by 
oupling radial, spin andorbital motion of a Q �Q pair to that of a JP = 1�, transverse magneti
,
onstituent gluon. Unfortunately no detailed predi
tion for exoti
 meson
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opy with High Energy Photon Beams at JLab 2607spe
trum exists and there are still un
ertainties in the underlying e�e
tiveintera
tion. The problems with the model have been pointed out in [8℄where the 
onstituent gluons spe
trum was studied in presen
e of a stati
Q �Q pair. When quarks are in�nitely heavy, gluon wave fun
tion 
an bede�ned in terms of the proje
tion of the total (gluon) angular momentumalong the Q �Q axis, � = 0; 1; 2 � � � = �;�;�; � � �, 
ombined parity and 
harge
onjugation, PC = g(+1); u(�1) and the Y = �1 parity 
orresponding tore�e
tion in a plain 
ontaining the Q �Q axis. For a purely 
entral poten-tial between 
onstituent gluons and the quarks one expe
ts S-wave gluonorbital to be the lowest energy state, whi
h translates into the �YPC = ��g
on�guration for stati
 quarks to be of the lowest energy.

Fig. 1. Latti
e predi
tions for the energy of a Q �Q system as a fun
tion of the Q �Qseparation (in units of r0 = (430 MeV)�1) for various 
on�gurations of the gluoni
�eld. From Morningstar et al. [9℄.Latti
e simulations [9℄, however, (Fig. 1) predi
t the ��u 
on�gurationfor the ground state. This implies that, if the 
onstituent gluon model isto be taken seriously, the e�e
tive potential should have a signi�
ant non-
entral 
omponent.In the bag model, dis
rete modes of the gluon �eld are obtained byimposing boundary 
onditions on the 
hromomagneti
 �eld at the surfa
e ofthe bag. It turns out that this leads to the JP = 1+, transverse ele
tri
 beingof lower energy then the JP = 1� 
on�guration [6℄. This is 
onsistent with



2608 A.P. Sz
zepaniaklatti
e results. Similar results are obtained in the �ux tube pi
ture, wheregluons 
orrespond to 
olle
tive, phonon ex
itations of a nonrelativisti
 stringrepresenting the 
hromoele
tri
 �ux between the quarks.In summary, latti
e data and models 
onsistently predi
t that lowestgluoni
 orbitals have JP = 1+ and thus (in the 
onstituent language) 
omefrom 
oupling a spin-1� obje
t to one unit of orbital angular momentum.When models for exoti
 mesons are supplemented with a quark�antiquarkprodu
tion me
hanism one 
an test the underlying stru
ture by studyingexoti
 meson de
ays. It is usually found that two-meson exoti
 de
ays aredominated by S +P 
hannels i.e. de
ays with one of the �nal state mesonshaving quarks in the S-wave orbital and the other in P -wave [10℄. Individ-ual models, however, lead to signi�
antly di�erent predi
tions for ratios ofpartial waves (if there is more then one) 
ontributing to a given �nal state.As summarized in Table I, for the JPC = 1�+ exoti
 it is expe
ted that theb1� and f1� de
ay 
hannels dominate followed by the �� 
hannel. In the b1�de
ay 
hannel the S wave is expe
ted to be mu
h larger then the D wavein the model of [11℄ whi
h is not predi
ted in [10℄. Both models are basedon the �ux tube des
ription with di�erent assumption on the Q �Q formationpro
ess. TABLE IPredi
ted, dominant JPC = 1�+ exoti
 meson de
ay modesJPC = 1�+(1:8 GeV) b1� [MeV℄ f1� [MeV℄ �� [MeV℄Model I [11℄ S 73 S 9 P 13D 1 D 0.04Model II [10℄ S 51 S 14 P 12D 11 D 72.2. Role of photoprodu
tionThe predi
ted, not too small 
oupling of the 1�+ exoti
 to the �� 
hannelis en
ouraging. So far the best experimental 
andidate for the exoti
 meson
omes from the E852 BNL experiment [12℄. In this experiment the rea
tion��p! (�0��)p! �+����p was studied at E = 18 GeV beam energy. The�0�� system was observed to be dominated by the 2+ partial wave withmaximum at M�� � 1.3 GeV due to de
ay of the a2 resonan
e, and the2� wave near 1.6 GeV from the de
ay of the �2 resonan
e. A signi�
ant1� resonant wave, however, was also fund atM�� � 1:6 GeV. Sin
e the �0��system has negative G parity and it belongs to an isove
tor multiplet its



Meson Spe
tros
opy with High Energy Photon Beams at JLab 2609neutral partner will have positive 
harge 
onjugation and thus the observedresonan
e should be a member of an isove
tor exoti
 multiplet. Even thoughthe �� is not expe
ted to be the dominant de
ay 
hannel (the b1� de
ay
hannel is 
urrently being analyzed) it is possible that theoreti
al predi
tionswill have to be modi�ed on
e �nal state intera
tion e�e
ts are taken intoa

ount. For example strength in the b1� 
hannel 
an be redu
ed in favorof the �� 
hannel as a result of res
attering via ! ex
hange (this e�e
t maybe signi�
ant due to large b1 ! !� de
ay width and large g�!� 
oupling).The majority of exoti
 meson sear
hes have so far been performed inhadroni
 rea
tions. It is possible, however, that exoti
s may be mu
h easierto produ
e with real photons instead. The argument is simple and goes asfollows. In the �ux tube model (and similarly in other) the intrinsi
 parityand 
harge 
onjugation of low lying exoti
 mesons are given byP = PQ �Q(�1)L�LQ �Q+1 ;C = CQ �Q(�1)L�LQ �Q ; (3)where the quark�antiquark intrinsi
 parity, PQ �Q and 
harge 
onjugation,CQ �Q are given in Eq. (1) and L is the total angular momentum of the Q �Qgluon system. In high energy, low t peripheral produ
tion photon s
atterso� a meson 
loud with a large probability of �u
tuating �rst into a ve
tor,1�� meson, (Ve
tor Meson Dominan
e) i.e. to a Q �Q system with SQ �Q = 1and LQ �Q = 0. Without the ne
essity of �iping quark heli
ities (S-
hannelheli
ity 
onservation) the meson 
loud 
an �plu
k� the �ux tube, promotingit to the �rst ex
ited state (as dis
ussed above, the low lying exited gluestates are expe
ted to have one unit of orbital angular momentum) and thus
hanging the 
harge 
onjugation resulting in an exoti
 state,
 VMD�! � (JPC = 1��) OPE�! �1 (JPC = 1�+) : (4)
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Fig. 2. Expe
ted, dominant photoprodu
tion me
hanism of the exoti
 meson reso-nan
e.
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zepaniakThe 
harge ex
hange, peripheral 
p ! (�0�+)n ! �+���+n rea
tion,whi
h is expe
ted to be dominated by one pion ex
hange (OPE), may thusbe a preferred rea
tion for exoti
 produ
tion (Fig. 2).The existing photoprodu
tion data is very limited, however, interestingsignatures are found in the old SLAC bubble 
hamber experiments whi
hare in fa
t quite di�erent from what was observed with e.g. pion beams.Condo at al. [13℄ studied the rea
tion 
p!X+n!(�0�+)n!�+���+nat two average photon energies E
 � 19:4 GeV and E
 � 4:8 GeV. Theobserved 3� mass spe
trum is dominated by the a2 resonan
e, similar tothe E852 
ase, but no visible a1 signal nor �2 is seen. Instead, a sharppeak at M3� � 1:77 GeV appears. Limited statisti
s does not allow for anidenti�
ation of the underlying JPC , however, the analysis is 
onsistent withit being JPC = 1�+; 2�+ or 3++. The ben
hmark, a2 produ
tion was foundto be 
onsistent with OPE with absorption. In Ref. [14℄ 
harge ex
hangephotoprodu
tion of the 3� system was studies using relativisti
 Lippmann�S
hwinger formalism in the isobar model 
oupled with the OPE produ
tionme
hanism. The 
al
ulated 3� mass spe
trum agrees with the measuredone, and in parti
ular, the enhan
ement at M�� � 1:7 GeV 
an easily bea

ounted for if an exoti
 1�+ sate is in
luded with mass 
onsistent withthe E852 measurement and 
� and �� 
ouplings 
onsistent with theoreti
alexpe
tations. The model also explains the relative weakness of the a1 andthe �2 
ontributions. The predi
ted mass spe
trum is shown in Fig. 3. Thefour lines are obtained using ele
tromagneti
 widths of the exoti
 meson of,��1!�
 = 400 keV (higher) and 200 keV (lower) and strong 
oupling to the�� 
hannel, ��1!�� = 100 MeV for the solid lines and ��1!�� = 200 MeVfor the dashed lines.
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Fig. 3. Theoreti
al predi
tion for the 3� mass spe
trum in the rea
tion 
p !�+���+n at E
 = 8 GeV. The peak at M3� � 1:7 GeV is due to an exoti
resonan
e.
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tros
opy with High Energy Photon Beams at JLab 2611Another important feature of photoprodu
tion is polarization. In pe-ripheral produ
tion understanding of the produ
tion me
hanisms plays andimportant role in theoreti
al analysis and together with the partial waveanalysis provides information on parameters of produ
ed resonan
es. Itturns out that linear polarization is ne
essary to isolate natural from unnat-ural parity ex
hanges and it is very helpful in the partial wave analysis. The
onne
tion between liner polarization and naturality of parti
les parti
ipat-ing in the rea
tion follows from 
onsidering transformation properties underparity. At the produ
tion vertex parity 
onservation impliesA
!eX(�
 ; �X) = �e�X(�1)�X��
A
!eX(��
 ;��X) ; (5)where �(= P (�1)J) is the naturality of either the ex
hanged parti
le, (e) orthe produ
ed resonan
e (photons whose linear polarization, in the rest frameof the resonan
e is either in dire
tion perpendi
ular to the produ
tion plane,jyi = i=p2 (j�
 = +1i + j�
 = �1i) or parallel to it, jxi = 1=p2 (j�
 =�1i � j�
 = +1i), Eq. (5) impliesA(x; x); A(y; y) / (1 + �e�X) ;A(x; y); A(y; x) / (1� �e�X) : (6)Here A(i; j) represents produ
tion amplitude of a resonan
e linearly polar-ized along the j(= x; y) dire
tion due to a photon linearly polarized alongthe i dire
tion. It thus follows that, if OPE dominates, then dire
tion oflinear polarization of unnatural parity resonan
es, e.g. a1 or �2 is parallelto the dire
tion of photon polarization and if a natural parity resonan
e isprodu
ed (e.g. a2 or the exoti
, �1) its dire
tion of polarization should beperpendi
ular to photon polarization. It is possible to tra
e orientation ofpolarization of the produ
ed resonan
e to the angular distribution of pro-du
ed pions and �nd asymmetries whi
h will dis
riminate between the twotypes of resonan
es e�e
tive providing a �lter of the exoti
 [14℄.3. Experimental 
onsiderationsIdenti�
ation of exoti
 mesons and determination of their de
ay 
har-a
teristi
s will require detailed partial wave analysis. This 
an be a
hievedprovided high statisti
s is available and the dete
tor is hermeti
 minimiz-ing a

eptan
e 
orre
tion. The s
hemati
 layout of the Hall D dete
tor isshown in Fig. 4. The two major elements, the super
ondu
ting solenoid andthe lead glass 
alorimeter already exist. The magnet was used originally inthe LASS experiment at SLAC, and the LGD was used in the E852 experi-ment. After CEBAF energy upgrade ele
tron beam will rea
h 12 GeV and
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hemati
 layout of the Hall D dete
torfor Hall D purposes, via 
oherent bremsstrahlung it will be used to produ
ehigh �ux, 107
=s of linearly polarized photons. With su
h rates the datasample produ
ed in one year will already ex
eed the existing world data onphotoprodu
tion by several orders of magnitude.The is a number of fa
tors whi
h determine the optimal energy range.These in
lude the requirement of high linear polarization, high meson yieldsand the dominan
e of peripheral produ
tion. Coherent bremsstrahlung al-lows for high degree of linear polarization while maintaining high �uxes.The degree of polarization, however, de
reases with photon energy. On theother hand, higher energies are desirable in order to de
rease the e�e
ts ofthe overlap with baryon resonan
es and to minimize the e�e
ts from a �-nite, minimum momentum transfer. Combination of su
h e�e
ts leads tothe optimal energy being between 8 and 9 GeV whi
h makes the JLab to bea unique fa
ility for exoti
 meson studies.This work was supported in part by the US Department of Energy grantunder 
ontra
t DE-FG02-87ER40365.REFERENCES[1℄ A. Dzierba et al. http://dustbunny.physi
s.indiana.edu/HallD/.[2℄ E. Ei
hten, F. Feinberg, Phys. Rev. D23, 2724 (1981).[3℄ C. Bernard, et al., Phys. Rev. D56, 7039 (1997).



Meson Spe
tros
opy with High Energy Photon Beams at JLab 2613[4℄ T.D. Cohen, Phys. Lett. B427, 348 (1998).[5℄ D. Horn, J. Mandula, Phys. Rev. D17, 898 (1978).[6℄ T. Barnes, F.E. Close, F. de Viron, J. Weyers, Nu
l. Phys. B224, 241 (1983).[7℄ N. Isgur, J. Paton, Phys. Rev. D31, 2910 (1985).[8℄ E.S. Swanson, A.P. Sz
zepaniak, Phys. Rev. D59, 014035 (1999).[9℄ K.J. Juge, J. Kuti, C.J. Morningstar, hep-ph/9711451.[10℄ N. Isgur, R. Kokoski, J. Paton, Phys. Rev. Lett. 54, 869 (1985).[11℄ E.S. Swanson, A.P. Sz
zepaniak, Phys. Rev. D56, 5692 (1997); P.R. Page,E.S. Swanson, A.P. Sz
zepaniak, Phys. Rev. D59, 034016 (1999).[12℄ G.S. Adamset al., Phys. Rev. Lett. 81, 5760 (1998).[13℄ G.T. Condo, et al., Phys. Rev. D48, 3045 (1993).[14℄ A.V. Afanasev, A.P. Sz
zepaniak, hep-ph/9910268.


