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tion32University of Virginia, Charlottesville, VA 2290133State University of New York at Stony Brook, Stony Brook, NY 1179434Norfolk State University, Norfolk, VA 2350435Florida State University, Tallahassee, FL 3230636North Carolina Central University, Durham, NC 2770737Harvard University, Cambridge, MA 02138We have made the �rst measurements of the ep! ep
 ex
lusive rea
tion at Q2 = 1 GeV2 in thenu
leon resonan
e region. The 
ross se
tion is obtained at CM ba
kward angle ��

 , in a range oftotal (
�p) CM energy W from the proton mass up to W = 1:95 GeV. The data show resonantstru
tures in the �rst and se
ond resonan
e regions, and is well reprodu
ed at higher W by theBethe-Heitler+Born 
ross se
tion, in
luding t-
hannel �0 ex
hange. A 
omparison is made withexisting data in Real Compton S
attering at high W . Our measurement of the ratio of H(e; e0p)
to H(e; e0p)�0 
ross se
tions is presented and 
ompared to model predi
tions.PACS numbers: 13.60.-r,13.60.FzUnderstanding nu
leon stru
ture in terms of the non-perturbative dynami
s of quarks and gluons requires newand diverse experimental data to guide theoreti
al ap-proa
hes and to 
onstrain models. Purely ele
tro-weakpro
esses are privileged tools sin
e they 
an be inter-preted dire
tly in terms of the 
urrent 
arried by thequarks. This has motivated an extensive program of elas-ti
, inelasti
, and deep inelasti
 lepton and photon s
at-tering experiments on the nu
leon. This Letter presents astudy of the nu
leon resonan
e region via the photon ele
-troprodu
tion rea
tion: H(e; e0p)
. For the �rst time, weseparate this pro
ess from the more abundantH(e; e0p)�0rea
tion, and extra
t the ratio of the two 
ross se
tions.The Constituent Quark Model of N. Isgur andG. Karl [1℄ reprodu
es many features of the nu
leon spe
-trum. However, for W > 1:6 GeV, the model predi
ts anumber of positive parity resonan
es [2℄ that have notbeen seen experimentally. The simultaneous study ofboth (N�) and (N
) �nal states of the ele
troprodu
tionpro
ess on the nu
leon o�ers a probe with very di�erentsensitivity to the resonan
e stru
tures. Another moti-vation for the present study is to explore the ex
lusiveep ! ep
 rea
tion at high W , where 
urrent quark de-grees of freedom may be
ome as important as those of
onstituent quarks in the understanding of resonan
es.Quark-hadron duality implies that even at modest Q2,inelasti
 ele
tron s
attering in the resonan
e region 
anbe analyzed in terms of quark degrees of freedom in thet-
hannel of the forward Compton amplitude instead ofnu
leon resonan
es in the s-
hannel [3℄.We de�ne the kinemati
s of the ep ! ep
 rea
tion inFig. 1a. A 
ommon set of invariant kinemati
 variablesis de�ned as �Q2 = (k � k0)� = q2�, s = W 2 = (q + p)2�,t = (p � p0)2�, and u = (p � q0)2�; ��

 and �

 arethe polar and azimuthal angles in the 
?p ! 
p sub-pro
ess 
enter of mass (CM) frame. The ep ! ep
rea
tion was measured below pion threshold at MAMI(Q2 = 0:33 GeV2) [4℄ and at the Thomas Je�ersonNational A

elerator Fa
ility (JLab) (Q2 = 0:92 and1:76 GeV2) [5℄. We present in this letter the �rst mea-

surements of the nu
leon ex
itation up toW = 1:95 GeVat Q2 = 1 GeV2 through the ep ! ep
 pro
ess in CMba
kward kinemati
s (~q 0 opposite to ~q).
== ++ ++

kk k’

pp p’

q’

a) d)c)b)FIG. 1: Kinemati
s for photon ele
tro-produ
tion on the pro-ton (a) and lowest order amplitudes for Bethe-Heitler (b,
)and VCS (d) pro
esses. The in
ident and s
attered ele
tron4-momenta are k and k0, respe
tively. The initial and re
oilproton 4-momenta are p and p0, and the produ
ed real photon4-momentum is q0.In the one photon ex
hange approximation, the ep !ep
 amplitude (Fig. 1a) in
ludes the 
oherent superposi-tion of both the Bethe-Heitler (BH) amplitude (Fig. 1band 1
) [6℄, and the VCS amplitude 
�p! 
p (Fig. 1d).Noti
e that in the BH amplitude, the mass of the virtualphoton (elasti
ally absorbed by the proton) is t. In theVCS amplitude, the mass of the virtual photon (inelas-ti
ally absorbed) is �Q2. The BH amplitude dominatesover the VCS when the photon is emitted in either thedire
tion of the in
ident or s
attered ele
tron. It is im-portant to note that the BH amplitude breaks the sym-metry of the ele
troprodu
tion amplitude around the vir-tual photon dire
tion. Thus, it is not possible to expandthe ep ! ep
 
ross se
tion in terms of longitudinal andtransverse (L,T) photoprodu
tion 
ross se
tions, ex
eptwhen the BH amplitude is really negligible. Althoughthe VCS amplitude is the dominant 
ontribution to theep! ep
 pro
ess in our kinemati
s, we did not performan L-T separation: at low W the interferen
e betweenBH and the VCS Born term is not negligible; and athigher W the experimental statisti
s is low.The experiment was performed at JLab in Hall A. The
ontinuous ele
tron beam of energy k = 4:032 GeV withan intensity of 60-120 �A was sent onto a liquid hydro-2
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nt
s

MX (GeV2)2FIG. 2: Squared missing mass M2X = (k+ p�k0� p0)2 for anexperimental setting at W = 1:2 GeV (a) and zoom aroundthe 
 peak (b). The [-0.005,0.005 GeV2℄ window is used toseparate the 
 events from the �0 events.gen target. The s
attered ele
tron and re
oil proton weredete
ted in 
oin
iden
e in two high resolution spe
trom-eters equipped with drift 
hambers and plasti
 s
intilla-tor hodos
opes. The emitted photon was re
onstru
tedusing a missing parti
le te
hnique. A spe
trum of thesquared missing mass M2X = (k + p � k0 � p0)2 is dis-played in Fig 2. A detailed des
ription of the apparatusand dete
tor a

eptan
e is given in [7℄, [8℄ and [9℄.We extra
t the 5-fold di�erential 
ross se
tion d5� =d5�=dk0labd[
e℄labd[
p℄CM using the method des
ribedin [8℄; dk0lab and d[
e℄lab are the s
attered ele
tron di�er-ential momentum and solid angle in the lab frame, andd[
p℄CM is the proton CM di�erential solid angle. The
al
ulation of the solid angle and radiative 
orre
tions isbased on a simulation [10℄ of the 
oherent sum of the BHand VCS amplitudes. The VCS amplitude is approxi-mated by the Born term only, whi
h 
orresponds to the
�p ! 
p pro
ess in whi
h the intermediate state is anon-shell proton in the s- or u-
hannels.Several experimental 
orre
tions are applied for ea
hsequen
e of the data. They 
on
ern the a

eptan
e,the trigger eÆ
ien
y, the a
quisition and ele
troni
 deadtimes, the tra
king eÆ
ien
y, the target boiling, the tar-get impurity, the integrated 
harge and the proton ab-sorption [8℄. In this analysis, we have to 
onsider someadditional spe
i�
 
orre
tions. The �0 events remainingin the M2X window [-0.005,0.005 GeV2℄ used to de�nethe 
 events have to be subtra
ted. Their amount is es-timated from the simulation, using as a weight of theep ! ep�0 events the MAID2000 
al
ulation [11℄. The
orre
tion remains small (-0.1 to -1.7%). The systemati
and statisti
al errors on the 
ross se
tions depend on Wand range from 10 to about 50 %. The method used toestimate the systemati
 error is des
ribed in [5℄.In Fig. 3 we present the 5-fold di�erential 
ross se
tionsd5� for the six bins in �

 (30Æ wide) as a fun
tion ofW ,at Q2 = 1 GeV2 and 
os ��

 = �0:975. By symmetry,the statisti
s from �

 = 0 to �180Æ are also in
luded.

W (GeV)
d5 σ 

(p
b/

M
eV

/s
r/

sr
)

a)

b)

c)

d)

e)

f)FIG. 3: Ex
itation 
urves for ep ! ep
 at Q2 = 1 GeV2,
os ��

 = �0:975 and �

 = 15Æ (a), 45Æ (b), 75Æ (
), 105Æ(d), 135Æ (e) and 165Æ (f). The full line is the BH+Born
ross se
tion, and the dashed line is the BH+Born+�0 
rossse
tion [12℄ (see text).Additional points as well as the exa
t binning are avail-able in [13℄. The data show strong resonan
e phenomenain the �rst and se
ond resonan
e regions.Real Compton s
attering (RCS) has been intensivelyinvestigated in the �(1232)-resonan
e [14℄ and in thehigh energy di�ra
tive region [15℄. RCS was also stud-ied above the �(1232) at Bonn [16℄, Saskatoon [17℄, andTokyo [18, 19℄. The Cornell experiment [20℄ measuredthe RCS pro
ess at photon energies E
 from 2{6 GeVand angles from 45Æ to 128Æ in the CM frame. A re
entJe�erson Lab experiment [21℄ measured the RCS pro
essat E
 from 3{6 GeV. In Fig. 4, we 
ompare our ba
k-ward angle ep! ep
 
ross se
tion divided by the photon
ux fa
tor (Hand 
onvention [8℄) with existing large an-gle RCS data. For 
omparison purposes, all our 
rossse
tions are averaged over the azimuthal angle �

 .Our data in Figs. 3 and 4 at high W suprisinglyapproa
h the BH+Born 
ross se
tion if we in
ludethe t-
hannel �0 ex
hange diagram [12℄ (denoted byBH+Born+�0). This 
an be interpreted by the reso-nan
e model of Capsti
k and Keister [22℄: for RCS, atba
kward angles all positive parity intermediate states
ontribute 
onstru
tively and all negative parity states
ontribute destru
tively. If there are no di�ra
tive min-ima (as a fun
tion of Q2) in the resonan
e form fa
tors,this e�e
t will remain in the VCS amplitude. Moreover,3
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FIG. 4: Comparison of VCS data (�) (this expt) at ��

 =167:2Æ and RCS data at ��

 = 159 � 162Æ (?) [18℄, ��

 =128 � 132Æ (}) [16℄, ��

 = 141Æ (4) [17℄, ��

 = 130 � 133Æ(Æ) [19℄, ��

 = 131Æ (2) [14℄ and ��

 = 105 � 128Æ (�) [20℄).The solid 
urves are s�6 and s�7 power laws, normalized tothe W = 2:55 GeV Cornell point. The dashed 
urve is theBH+Born+�0 
ross se
tion [12℄ and the dotted 
urve the BHalone.at high W and wide angles (�t and �u large), the RCS
ross se
tion is governed by a s
aling law [23℄: the 
ount-ing rules predi
t that d�=dt s
ales as s�6 at �xed CMs
attering angle (see Fig. 4). The Cornell data [20℄ isroughly independent of angle for ��

 � 90Æ and s
alesas s�7:1�0:4 at ��

 = 90Æ. At large s, the VCS Bornamplitude (Fig. 4) is determined by the Q2-dependentproton form fa
tors and the u-
hannel proton ex
hange,whereas the s
aling law is dominated by the t-dependentCompton form fa
tor [24, 25℄. In our kinemati
s sin
e�t � Q2, �u, the perturbative Compton 
ross se
tionis smaller than the Born 
ross se
tion, equivalently thenegative parity s-
hannel resonan
es should over
ompen-sate the positive parity resonan
es. New ba
kward angleVCS data at largeW would provide a powerful test of theBorn-term versus s�6 s
aling. We 
onsider the agreementbetween our data and RCS in the region ofW � 1:8 GeV(see Fig. 4) as an eviden
e of the suppression of the Q2dependen
e of the VCS 
ross se
tions. This is 
onsis-tent with the quark-hadron duality pi
ture, a

ording towhi
h photons from both RCS and VCS pro
esses 
ou-ple at highW to 
urrent quarks rather than to individualnu
leon resonan
es.From these results and the results presented in [8℄,we have 
omputed the ratio between the ep ! ep
and ep ! ep�0 
ross se
tions at 
os ��

 = �0:975 andQ2 = 1 GeV2 for the entire resonan
e region. In Fig. 5we show the value of the ratio averaged over the six binsin �

 . In the range extending from the rea
tion thresh-old up toW = 1:6 GeV, the result is 
onsistently a fa
tor10 larger than the ratio of the bran
hing fra
tions of any
orresponding resonan
e into (
N ) and (�N ). In the re-gion of the P33 �-resonan
e, the experimental ratio is �vetimes larger than the [BH+Born+�0℄/MAID2000 [11℄
al
ulation. Thus one has to be 
areful when 
orre
ting
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FIG. 5: Ratio of ep ! ep
 over ep ! ep�0 
ross se
tions atQ2 = 1 GeV2 and ��

 = 167:2Æ. The full and dashed 
urvesare the ratios between the BH+Born+�0 
ross se
tion andthe MAID2000 model [11℄ and the MAID2003 lo
al �t of [8℄respe
tively.H(e; e0p)�0 experiments if the resolution does not allowa 
lear separation of the H(e; e0p)
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