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The differential cross section for the procgge, e’ p) 7 has been measured@f=2.4 and 3.6 (GeW)? at
center-of-mass energies encompassing3h€1535) resonance. The latter point is the high@stexclusive
measurement of this process to date. The resonance width and the helicity-1/2 transition amplitude are ex-
tracted from the data, and evidence for the possible onset of scaling in this reaction is shown. A lower bound
of ~0.45 is placed on th&,,(1535)—p# branching fraction[S0556-282099)00417-8

PACS numbses): 13.60.Rj, 13.40.Gp, 13.60.Le, 14.20.Gk

[. INTRODUCTION +p—e' +5,,(1535)—=e’+p+ 7 and an extraction of the
helicity-conserving transition amplituda,, at Q?=2.4 and
Baryon electroproduction allows the measurement of tran3.6 (GeVk)?. We also use a recent analysis of inclusive
sition form factors, which test models of hadronic structure(e,e’) data to put a lower bound on th®;(1535)—p#
in ways that static baryon properties alone cannot. Recentlgranching fraction.
much effort has gone into attempts to reproduce observed
transition form factors over a large range of four-momentum Il. EXPERIMENT
transfer. At low four-momentum transfer, @2, the focus
has been on incorporating relativistic effects into the con- The experiment was performed in Hall C of the Thomas
stituent quark modelCQM) [1], using light-front[2—4] and ~ Jefferson National Accelerator FacilityJefferson Lah
other [5,6] approaches. At highef?, perturbative QCD shown in Fig. 1. The Short Orbit Spectromet8OS, which
(PQCD sum rule calculation$7] and valence PQCI)8] is a resistiveQDD device, was used to detect electrons. The
have been employed. The applicable rang&for these  High Momentum SpectrometéHMS), which is a supercon-
various approaches is not clear. ducting QQQD spectrometer, was used to detect protons.
Among the most interesting of baryon case studies is th&igure 2 shows the HMS detectors, which include drift
S;1(1535) resonance, which is one of the most strongly exchambergDC1 and DC2 for determining track information,
cited states over alD?, and which is easily isolated because scintillator arrays(S1X/Y and S2X/¥ for triggering and
it is the only resonance that has a large branching fraction ttime-of-flight measurement, and a threshold gase@kov
the ». The reproduction of thé&;;(1535) form factor has and electromagnetic calorimeter for particle identification
become a goal of many models, but the effort has been haniPID). The SOS detectors are configured similarly.
pered by a lack of precise electroproduction data. In addition, The incident electrons had energigs- 3.245 and 4.045
the uncertainty in th&,;(1535) transition amplitude is lim- GeV for theQ?=2.4 and 3.6 (GeW)? points, respectively.
ited by knowledge of the full width and branching fraction to At each of the twaQ? points, the electron spectrometer was
the . We report here on a measurement of the reaation fixed in angle and momentum, thus defining a central three-
momentum transfeq and direction of a boosted decay cone
of protons. The proton spectrometer was stepped in angle
*Present address: Thomas Jefferson National Accelerator Facilitgnd in momentum to capture as much of this decay cone as

Newport News, VA 23606, USA. Email: csa@jlab.org possible. Data were obtained at @) kinematic settings at
"Present address: University of Minnesota, Minneapolis, MNthe low (high) Q? point.

55455, Target protons were provided in the form of liquid hydro-
*present address: Physics Program, Louisiana Tech Universitgen at 19 K flowing through a target of length 4.36 cm. The

Ruston, LA 71272. relative current of the electron beam was measured by two
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FIG. 1. A plan view of the Hall C end station at Jefferson Lab.
The electron beam enters from the left, and the scattering takes FIG. 3. The response of the SOS calorimeter aede@kov for
place in the cryogenic target placed in the beamline. In this experievents of a typical data run. The calorimeter respdigg is the
ment, outgoing particles were detected by two magnetic spectrontetal energy deposited normalized to the particle momentum, while
eters: the Short-Orbit Spectromet&@0S was used to detect elec- the Cerenkov responsbl, . is the number of photo-electrons de-
trons and the High-Momentum Spectrome(eiMS) was used to  tected. The events ail,, =0 are 7~ (note the peak aEgy
detect protons. ~0.25). The events &, >0, E.,;>0.7 are electrons. The events

atNpe >0, Ecy~0.3 are caused by~ that produced knock-on

resonant-cavity current monitors, which were calibrated eeIECtronS that triggered thee@nkov. Note that the axis is on
Y P logarithmic scale.

riodically using the absolute beam current measurement of a

parametric current transformer. The combined measurement IIl. DATA ANALYSIS
had an absolute accuracy et=1.5%.
Electrons were identified in the SOS using ther€hkov The data were corrected for trigger and PID inefficiencies

detector and lead-glass calorimetsee Fig. 3. In the HMS,  (<1%), track reconstruction inefficiencies~5%), com-
protons were separated from pions using the time of flighputer and electronic dead times:§%), current-dependent
measured between two pairs of scintillator arrégse Fig. target density changes<3%), andprotons undetected due
4). In both spectrometers, tracking information was obtained© interactions in the detector stacsz%) Thedata were
from the drift chambers. Details of the experiment and analybinned inW, cosd, ¢,7 , andM (with 6, 10, 6, and 20 bins,
sis are given in Refl9], and information on a simultaneous respectively. HereW is the mvarlant masst? is the polar

measurement of tha(1232) can be found in Ref10]. angle between the direction of the and the three-
momentum transfeq in the center-of-masgc.m,) of the

resonance¢> is the azimuthal angle of the with respect to
the electron scattering plane, aMi2 is the square of the
missing mass fop(e,e’p) X. The » mesons were identified
in the final state usingfl)z(. Figure 5 shows the missing mass
distribution for a typical kinematic setting.

Modest backgrounds irIVI)Z( due to accidentals~2%,
shown in Fig. 4 and protons penetrating the HMS collimator
and magnet apertures=@4 %) were measured and subtracted
from the data. The remaining continuum background in
missing mass was due to multi-pion4) production(rang-
ing from 30% to 50% of the resonance datad a small
(<2%) contribution from target-window interactions. Two
independent techniques were used to subtract these remain-
ing background events. The first technique fitted a polyno-
mial plus peak inM? to the data in each (cag, ¢7) bin
(integrated over th& acceptance for that kinematic setting

FIG. 2. A side view of the HMS detector stack, as seen from theand then subtracted the background contribution from each
door of the detector hut. The detected particles travel from left tdin. The second technique scaled a Monte Carlo—generated
right (along positivez). n background to match the data above and below the

. Pb-glass
gas Cerenkov Calorimeter

DC1
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FIG. 6. Fits to thel\/li distribution for several typical (coﬁ;,

FIG. 4. Velocity from time of flight 8,ys) and coincidence ¢:) bins, one kinematic setting.

time (the difference in time of arrival for the two spectromejdos
events of a typical data run. The band of eventgBafs~1 are .
", while those aiBys ~0.8 are protons. The real proton coinci- €rgy loss, and to correct for experimental acceptance and the

dences are d@t=0 ns, and the nominal 2 ns radio frequency struc-effect of radiative processes. Once tie background was
ture of the beam is visible in the adjacent accidental peaks. Theubtracted from both experimental and simulated spectra, the
low-Byus tail emanating from the real coincidence peak is mostexperimental yields were corrected to account for fige
likely due to protons undergoing interactions in the detectors afteacceptance. The differential cross section was then given by
the drift chambers. the ratio of experimental to simulated yield in eadW,(

o . cosdy, ¢7) bin, normalized by the simulation resonance
missing-mass peak and then subtracted this background fropyoss section for that bin.

each W, cosf,, ¢7) bin. _ The cross sections obtained using the differemtmodels
Three different models were used to S|mu|ate+z the  and the two background subtraction techniques all agreed
background in the Monte Carlo programp—e’'p7~ 7,  within 2%; both the following figures and our final results

ep—e'A" "7 —e'pm" 7, and a crude approximation of \ere obtained using the first subtraction technique together
three-body phase space. The Monte Carlo simulation wagith a background generated by combining two of the
also used to simulate multiple scattering and ionization enmodels. Figure 6 shows data and fits for several typical
(cosd; , ¢7) bins of one kinematic setting. Figure 7 shows
the result of fits for several kinematic settings, where for
each setting we have integrated both the data and their re-
spective fits over the sixty individual (c@, ¢7) bins.

Using similar techniques we verified the well-known
'H(e,e'p) cross sectiof11] to within 2%.

1000
800

600-
IV. RESULTS

400 The fivefold differential cross section for thep—e’p7
process may be expressed as the product of the transverse

virtual photon quxl“T (Hand conventiorf12]) and the c.m.
cross section for the electroproduction of {he pair:

200

2 a2 b ' ' do do
M [GeV'/c™] =L —(np—p7). @
dQdEdOQY  TdOX

FIG. 5. A plot of M)z( for one kinematic setting. The peak at
M2~0.3 (GeVk?)? corresponds to undetectegl mesons in the . o o
final stateg[the peak aM2~0.02 (GeVE2)? corresponds ter®, the  Previous data indicate that the c.jp— p» cross section is
subject of Ref[10]]. Note the presence of the multi-pion back- dominated byS waves arising from the,;;(1535) [13,14).
ground as well as the radiative tail extending to the right of she This dominance was confirmed by the present data, which
peak. showed that terms other th&wave were less than 7% and
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Q’ = 2.4 (GeV/e)
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FIG. 8. Angular distributions for th€@?=3.6 (GeVk)? data.
Each plot shows the ca distribution for a single {V, ¢7) bin.

FIG. 7. Results of background fits for several typical kinematic The r.ows*correspond to different biTS\M the columns to different
settings. Data are on the left and the corresponding Monte Carl8ins in ¢, . Data corresponding tg), =+90° are not shown; the
result is on the right. Each figure shows the integration of sixtyout-of-plane experimental coverage was complete only for the low-

individual (cos#,, ¢7) bins and their respective fit$ike those
shown in Fig. 6. The solid line is the sum of the background and

est W bin (where the data looked similar to that in th@ bins
shown herg and was almost nonexistent at high®r The lines are

peak fits; the dashed line shows the background only. The lines arwave fits to the data.
the bottom of the data plots show the small contribution from the

accidental coincidence and HMS collimator backgrounds.

whereWg is the resonance masEy is the full width, AZ,
and B, are theQ2-dependent magnitudes of the resonant

consistent with zero within the statistical uncertainty of theand nonresonant termk is the equivalent real photon en-

data. Angular distributions for th©?=3.6 (GeVk)? data
are shown in Fig. 8.

From Swave fits to the angular distributions, the total
cross section was calculatéat eachQ? point) as a function
of W

do

dQ

Ot(W)=4m

(vwp—p7). )

*
7

This cross section, which consists of resonant and nonres

nant parts, was fitted with a relativistic Breit-Wigner plus
nonresonant background curve,

Tt (W) = 0e5(W) + 07y (W)

o IPyIW WRI'R
MK (W2 WA)2+ WET2(W)

+ Bnr \/W_ Wthr ’

)

ergy [K=(W?—m})/(2m;)], and p} is the three-
momentum of they in the c.m. of thep»n system. Thep»
production threshold is atVy,, ~1486 MeV (in the lowest
W bin). At both values ofQ?, the fitted value of the phenom-
enological nonresonant termB, VW—W,,,,) was consistent
with zero (with an uncertainty of 1% of the resonant term

The energy-dependent resonance wib{iw) of Eq. (3)
was parametrized in terms of the branching fractitns
(=I',/ITg atWg), b, andb . according to Walkef15].
At present the Particle Data Gro@ipDG) gives an estimated
ange for thexn branching fraction of 0.38b,<0.55[16].

herefore, fits tar,.s(W) were made assuming three sets of

values for the branching fractiond {:b:b..), which we
define as fits 1-3, respectively: (0.55:0.35:0.10),
(0.45:0.45:0.10), and (0.35:0.55:0.10). A consequence of
the p» threshold is that the fit ter,(W) cannot constrain
the branching fractionf9] (i.e., the three fits result in curves
that are virtually indistinguishable

Based on a branching fraction constraint presented below,
we consider fit 11, =0.55) too (W) to be the preferred
fit. The fits for bothQ? points are shown in Fig. 9. With the
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6 _ TABLE I. Results. The uncertainties are systemdincluding
Oégj estimated uncertainties inz andb,, for Af,) and statistical added
5 Q*=24 GeVl)®  06F in quadrature. The top\}, result is for Q?=2.4 (GeVk)?, the
= . 83 bottom is forQ?=3.6 (GeVk)?. Fit 1 is preferred for reasons
3 T O s s 16 16s discussed in the text. The “best value” fbr, assumesS;; domi-
. 3F nance aQ?=4 (GeV/c)2.
L L
o L ) ) : )
F Quantity Fit 1 Fit 2 Fit 3
B Q*=3.6 GeV/e)?
E Wk [MeV] 1532+5 15275 15215
L - N ' [MeV] 154+20 150819  147:19
148 15 152 154 156 158 16 162 164 166 APL10°° Gev-12) 50+ 7 55 g 639
W [GeV] AP{1073 Gev 2] 35+5 39+ 6 44+6
FIG. 9. Fit 1 tooes(W) for the two Q? points of this work b,=I,/Tr >0.45; best value~0.55

(errors on the data are statistical onljote the presence of thenp
threshold. The inset shows te dependence of this cross section ] ) 5
as measured by the present washlid line, [x=154 MeV), Ref. the $;;(1535) begins to dominate, and byQ

[13] (dashed line'g=203 MeV), and Ref[14] (dotted line,I'g =4 (GeVlc)? it is expected that th&,;(1535) is respon-
=68 MeV). The curves in the inset have been normalized to thesible for over 90% of the resonant cross section\Vt
same magnitude. ~1535 MeV[14]. Assuming that the resonant part of the

inclusive cross section is the incoherent sum of the resonant
fit 1 branching fractions, we obtain a full widthz=(154 contributions of the various decay channels, we can use the
+20) MeV. This width changed less than 10 MeV over theinclusive and exclusive resonant cross sections to put a lower
range of branching fraction assumptions. The uncertainty i®ound onb,, [9]:
statistical added in quadrature with systematic. Our result
agrees with the PDG estimate=(50 MeV) [16], and ap- Ores(S11—P7)
pears lower than the recent Mainz measuremEpt: (203 =
+35) MeV [13] (see inset of Fig. P These recent results
disagree with the value dfg=(68+7) MeV obtained from
the highQ? measurement of Ref14]. The form of the

(6)

7" oes(inclusive)’

where both cross sections are takenWt1535 MeV. A
value of b, =0.55 results in good agreement between the

Breit-Wigner parametrization used by the three groups is Sigh-Q? ponint of this work and the inclusive fit: a value of
sentially the same, and so does not account for the differy ~_ L . !
b,=0.35, on the other hand, implies an inclusive cross sec-

ences inl'g.

As noted above, the fit tor,.s(W) cannot constrain the
branching fractiorb, , but a comparison between this work
and a recent fit to inclusivee(e’) scatterind17] can. The fit
by Keppel and co-workers models the inclusive cross sectio
in terms of transverse resonamrT{es) and nonresonant

tion 50%greaterthan the fit to the measured inclusive cross
section, which is strong evidence that the branching fraction
is not this low. With the incoherent summation ansatz given
above, and assigning a 10% uncertainty to the inclusive fit,
We find a lower bound ob,=0.45 with a 95% confidence
level. Assuming complete $, dominance at Q2

(o7, contributions using =4.0 (GeVk)?, we find a best fit ob,=0.55.
Neglecting resonances other than 81¢(1535), we relate
do the amplitudeA?, to o by [13,19
——=I'Jor (1+eR,)+0 . (4)
dage, oL R For, ]

Wgl'g Ures(QzaWR) vz
2mpb,  1+eR

AL(Q%) = )

In that work, the resonant contribution from each of the three
resonance region@ssumed to be entirely transverse fit
using a Breit-Wigner form. The transverse component of theéHere ¢ is the longitudinal polarization of the virtual photon,
nonresonant contribution is fit using the phenomenologicahnd R=0'L/(TT. For R we assumed a parametrization based

form on a quark-model calculatiof20]. The expected impact of
the longitudinal-to-transverse rati®on the final physics re-
sult is small: a 100% error in the assumed vdlee4% at
Q?=2.4 (GeVk)?] corresponds to an uncertainty of less
than 1% in the quoted value @f},.
where theC,(Q?) are fourth-order polynomials i®?2. The Table | gives final results for fits 1—-3. The uncertainties
longitudinal component of the nonresonant cross sectionare systematic and statistical added in quadraturédfgiwe
which enters through the longitudinal-to-transverse ratiancluded estimates for the uncertainties frdrg and b,,
Ry, is taken from a fit to deep inelastic d4tE8]. which were obtained by varying these quantities over reason-
The resonant part of the second resonance region is domable range$150—200 MeV and 0.45-0.6, respectivednd
nated at lowQ? by the D,5(1520). At higherQ?, however, studying the effect on the helicity amplitude.

3
‘T:n; Cr(Q)(W— Wi )"~ 22, (5)
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TABLE II. Dominant sources of systematic uncertainyt in-
cluding'g andb,, (which affectAf),).

Fractional uncertainty ) in

Quantity Lo A,
dQ’;,

Monte Carlon# model 1%-7% 1%
nar subtraction 1%—-6% 1%
Knowledge ofE 1%-10% 0.8%
Knowledge ofé, 0.2%-11% 1%
Experimental acceptance 1%-6% 1%
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0.35
F O Previous ep — e’pn, W = 1535 MeV data
03 L ® This work (TINAF)
& I bt Exponential fit to this work
= P 171 (pQCD, high Q°) &
% 0.25 ——— [17] (fit to inclusive) /
02 e
L K] -
~ : 0. b, = 0.55
vy 015 -
< F
QT r ST
< O.l I s @
MO r =)
E .8
0.05 - '
iﬁ.l R B BRI
0

—

2 3

Q* [(GeV/c)

Table 1l lists the dominant sources of systematic uncer-

tainty in the measurement and their impact on the differential L] M2\
cross section and on the helicity amplitude. The uncertainty@shed line is an exponential fit to

in d?c/dQ* is given as a range, where the largest uncertain
ties are for the highesw bins.

Figure 10 shows the helicity amplitude results, along with
points calculated from previousp—e'p#n data and some

theoretical predictions. All data points in the figure were cal-

culated using Eq.(7) assumingl'r=154 MeV andb,
=0.55; if either assumption is wron@ll data points will
scale together. Not included for any of the data points in th
figure are the uncertainties iig and b,. Note the good
agreement between the hi@? point of the present work
and the inclusive fit forb,=0.55; assumption of a lower
branching fraction shifts the datep relative to the inclusive
fit.

The present result differs from previous work in both the
strength and the slope of tH&;(1535) form factor; most
notably, we find a cross section 30% lower than that of Ref

160 —

F ¥ [13] NRCQM
C * 14] - 3
140 - v %21% %4%
3 A [22] - [5]
120 L [23] -- 6]

: A4 oo [26] ,

¢ [25] ----- [7] (pQCD, high Q7),

g

[17] (inc. fit, high Q%)
This work (TINAF)
[Q%=2.4,3.6 (GeV/e)]

Al [107 GeV'A

S
2.5

T B
0 1.5 2

Q* [(GeV/c)l)

FIG. 10. The helicity amplitudeAl,(Q?) of the S;4(1535),
measured vieep—e’'py, together with some theoretical predic-
tions. The data point§13,14,21-2% and the present woykwere
calculated usin@’g=154 MeV,b,=0.55, and the parametrization

FIG. 11. The quantityQ3A%(Q?) for the S;,(1535). The dot-

the cross section given by the
two points of the present worko(es=16.5 exp—0.5689%] ub,
whereQ? is in [(GeV/c)?]), and the solid line is a fit to inclusive
data(as in Fig. 10. The errors that are shown, and the assumed

values forT'g, b,, andR, are the same as in Fig. 10.

[14] [found by interpolating the results of this work @?
=3 (GeVlc)?]. This difference is reduced in the amplitude

Dy the square root relating?;, to the cross sectiofEq. (7)].

Although the present data were taken at a different value of
than those of Ref[14], a longitudinal cross section is not
responsible for the difference between the two measure-
ments; a value oR~2.3 (which is ruled out at lowQ?
[21,22)) would be necessary to account for the discrepancy.

Of the various CQM curves shown in Fig. 10, none ex-
hibit a slope as shallow as that of the data. Those that indi-
cate an amplitude a®?~3 (GeV/c)? roughly consistent
with experimental data also predict excess amplitude at
lower Q2. Our data also have consequences for a recent
coupled-channel model for th® (1535)[27]; the proposed
quasi-bounKz, (five quark state is expected to have a form
factor that decreases more rapidly than is observed.

Figure 11 shows the quantit®>AP,, for the S;4(1535),
which is predicted by PQCD to asymptotically approach a
constant at highQ? [7]. As has been pointed out elsewhere
[28], such scaling might be due to non-perturbative contribu-
tions. While there is natrongscaling evident in the figure,
our data indicate tha3A},, may be approaching a constant
value byQ?~5 (GeV/c)?.

V. CONCLUSIONS

We have presented the results of a precise, high statistics
measurement of thep—e’p#n process alW~1535 MeV
and atQ?=2.4 and 3.6 (GeW)? [29]. The contribution of
terms other tharSwave multipoles is observed to be less
than 7%, which is consistent with previous measurements.

of R referenced in the text. The errors shown on previous data ar¥lore importantly, the cross section obtained from the new
statistical only. The errors shown for the present work include bottfiata is about 30% lower and indicates a full width twice that

statisticaland systematic uncertainties, with the exceptions noted inOf the only other exclusive measurement at compar@fle

the text. The theoretical curves of Reff3-6,26 are based on vari-
ants of the CQM. The curve from RdfZ] is the result of a PQCD
calculation. The curve from Ref17] is a fit to inclusive data.

[14].
While the new data exhibit no strong perturbative signa-
ture, they do have 2 dependence that is markedly differ-
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