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Observation of a Coherence Length Effect in Exclusivgp® Electroproduction
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Exclusive incoherent electroproduction of thé(770) meson from'H, 2H, 3He, and“N targets
has been studied by the HERMES experiment at squared four-momentum tr@hsfe0.4 Ge\? and
positron energy loss from 9 to 20 GeV. The ratio of thEN to 'H cross sections per nucleon, known
as the nuclear transparency, was found to decrease with increasing coherence length of quark-antiquark
fluctuations of the virtual photon. The data provide clear evidence of the interaction of the quark-
antiquark fluctuations with the nuclear medium. [S0031-9007(99)08858-4]

PACS numbers: 13.60.Le, 14.40.Cs, 24.85.+p, 25.30.Rw

The space-time evolution of a virtual quantum state R, of negligible ¢g interaction path. The dependence of
such as a quark-antiquaflgg) fluctuation of a photon, the ISI onl. can be measured explicitly in exclusiy€
can be probed by studying its propagation through groduction experiments, where a single mass—namely,
perturbing medium. The unperturbed virtual state carthe p° mass—dominates/,;, and /. [2-4]. Largely
travel a distancé., known as the “coherence length,” in because of limited coverage i, previous experiments
the laboratory frame during its lifetime. The interactionshave not yet seen the expectedlependence [2,6].
between the state and the medium can be studied atIn exclusive reactions a specific final state is produced
different values of,. by varying the kinematics at which without additional particles, for exampleN — epN
the state is produced. In this Letter, interactions of ahereN is a nucleon). The effect of the nuclear medium
qq fluctuation with the nuclear medium are studied byon the particles in the initial and final states of such reac-
measuring the nuclear dependence of the exclupiVe tions can be characterized by the nuclear transpargpcy
electroproduction cross section. It is defined as the ratio of the measured cross section to

Studies of the hadroni¢gg) structure of high-energy that expected in the absence of these initial and final state
photons started with groundwork by Yang and Mills, interactions (FSI). If the ISI and FSI amplitudes factor-
Sakurai, Gell-Mann and Zachariasen, and Berman anize from the exclusive scattering amplitude, thenis the
Drell in the early 1960s [1]. The hadronic structure probability that no significant ISI or FSI occur. The trans-
arises from fluctuations of the (real or virtual) photonparency has been used to study the space-time dynamics
to short-lived quark-antiquark states of mak%; and  of several exclusive reactions [2,6—9]. This paper reports
propagation distance = 2v/(Q? + ng) [2—4], where  measurements of the nuclear transparency for exclusive in-
—0? and v are the squared mass and laboratory-framgoherentp? electroproduction ofH, *He, and'“N targets
energy of the photon (adopting units whele= ¢ = at 0> > 0.4 GeV?, 9 < » <20 GeV, and0.6 < [, <
1). The gg fluctuations are assumed to dominate many8 fm. The data provide an explicit demonstration that the
photon-induced reactions in the laboratory frame [2]. Foirinteractions of the photon with the nuclear medium depend
example, in exclusive production of the meson, agg  on the propagation distanég of the ¢g pair.
pair is scattered onto the physica mass shell by a The data were obtained during the 1995-1997 running
diffractive interaction with the target [2—5]. periods of the HERMES experiment in the 27.5 GeV

In nuclear targets, photon-induced reactions can b&ERA positron storage ring at DESY. Stored currents
affected by the initial state interactions (ISI) of thg  ranged from 5 to 40 mA. Integrated luminosities of 93.7,
states with the nuclear medium. The ISI are maximized3.6, 100.3, andt0.5 pb~! were collected on'H, 2H,
when, is large compared to the nuclear radi®s, and *He, and'*N internal gas targets, respectively. The re-
the photon converts to theg pair before entering the Sspective time average target thicknesses Wefrex 10,
nucleus [2—4]. The hadronic ISI vanish in the limit< 1.6 X 10>, 0.8 X 105, and 1 X 10' nucleongcn?.
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The thicknesses were varied from roughly half to roughly 2000 +—
10 times these values, depending on how much the 1500_5
HERMES internal target was allowed to limit the HERA 2 ]
beam lifetime. The scattered and ther* 7~ pair from § 1000 -
the p° decay &100% branching ratio) were detected in 3 500_5
the HERMES forward spectrometer [10]. ]
The p° production sample was extracted from events 0-
with exactly three tracks: a scattered positron and two op-
positely charged hadrons. The relevant four-momenta are

the following: k (k') of the incident (scattered) positron, 600

g = k — k' of the virtual photon,P of the struck nu- 500 1

cleon, P~ and P,- of the detected hadrons, = P,+ + a 400—§

P, of the p° candidate, and®Py = P + ¢ — v of the £300

undetected final stat&. The relevant Lorentz invari- 22004

ants are the following: Q> = —¢> > 0; v = gP/M 100 é %,

(here M is the proton mass); and exclusivity measure 05 ki e
AE = (Py — M?)/2M; the invariant mas#/,,, = v/v? 02 04 06 08 10 12 14
assuming the detected hadrons are pions; the squared M_ (GeV)

four-momentum transfer = (¢ — v)? to the target; the . .

. . ) i FIG. 1. (a) Measured events as a function of exclusivity
maximum value, of ¢ for fixed v, Q°, Py, andM,;and | 4riable AE for the 'H, 2H, °He, and N data passing
the above-threshold momentum transfer= ¢+ — t0 < 0.  the experimental cuts; the distribution is shown fal <

For nuclear targets, the diffractive interaction with the—+ < 0.4 Ge\? (open circles) and fon.7 < —t' < 5 Ge\?
target can occur incoherently from individual nucleons(histogram, scaled to the same total counts\at > 3 GeV).
or coherently from the nucleus as a whole. The inco-(b) Invariant mass distribution for the exclusive events at
h 0 . . S0 < —t <04 GeVR.

erent exclusivep” production signal was extracted in
the kinematic regiom; < —t' < 0.4 Ge\?, —2 < AE <
0.6 GeV, 0.6 < M,, <1GeV, and9 < v < 20 GeV. small interfering contributions from exclusive production
The lower—¢' limit, 7/, is chosen separately for each tar- of nonresonantr* 7~ pairs and of thev(782) resonance
get and/. bin to maximize statistics while keeping small (in its 2% decay branch ter "7~ [11]). Background
the contribution from coherent scattering;is 0.03 to from the two-kaon decay of exclusively produced
0.06 Ge\2 for 2H, 0.03 t00.14 Ge\2 for *He, and 0.05 ¢(1020) mesons, which would appear a¥,, <

t0 0.09 Ge\? for 4N. 0.5 GeV, is eliminated by requiring that the two-kaon
The distribution of the selected eventsAE is shown invariant mass be greater than 1.04 GeV.

for all targets in Fig. la. ExclusiveN — eh™h™ N The exclusive—¢' distributions for the'H, 2H, 3He,

events, where the undetected final state consists of @ad'*N nuclei are shown in Fig. 2. The data exhibit

nucleon recoiling without excitation, occur &fF = the rapid falloff expected for a diffractive process. To

0. Nonexclusiveevents that involve the production of isolate incoherent scattering, the data are fit to a shape
additional, undetected particles appear at latggr The  giving the sum of incoherent and coherent contributions,
events WithAE = 3 GeV are predominantly due to deep bye?" + fabse!' (solid curves). Herg, is the ratio
inelastic scattering (DIS). ThAE dependence of DIS of coherent to incoherent total counts asfd” (e?+") rep-
events is measured &7 < —¢ < 5 Ge\? where the resents the product of the and struck nucleon (nucleus)
diffractive exclusive signal is negligible (see histogram inelastic form factors, squared [12]. The incoherent slope
Fig. 1a). The DIS background below the exclusive peakparameterby for each nucleus (measured to an accu-
is subtracted for each target and kinematic bin separatelyacy of about.5 GeV2) is consistent with the hydrogen
assuming the shape of the background is independent sfilue by = (6.82 = 0.15) GeV 2. The coherent slope
t' and normalizing to the number of events measured gtarametershzy = (33.3 * 9.8) GeV 2, by = (32.5 +
1) < —t' <04 Ge\V? andAE > 3 GeV. The difference 5.7) GeV 2, andbuy = (57.2 = 3.3) GeV ? are consis-
at AE ~ 2 GeV between the two distributions shown tent with the values predicted by the relationship =
in Fig. 1a is due mainly to the radiative tail of the R3/3 [12] and the measured electromagnetic rms radii
exclusive peak and t@° production events where the Ry = 2.1 fm, Ryge = 1.9 fm, andRuy = 2.5 fm [13].
diffractive interaction excites the nucleon. Except for In the absence of ISI and FSI, the cross sectignfor
small kinematic shifts, these processes do not affect thimcoherentp® production from a nucleus with nucleons
propagation of the virtual photon or outgoipd through  would beAoy (assuming the expected isospin symmetry
the nuclear medium. o, = oy [2], wheren andH refer to the neutron anldH).
The exclusiveM .. distribution, shown in Fig. 1b, is The nuclear transparency is therefdte= o,/(Aoy) =
dominated by resonant production of tpé(770), with  NsLy/(ANgL,), where the second equality follows from
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The nuclear transparencies fot (filled diamond); He
(open square), antdN (filled circle) are shown as func-
tions of the coherence length in Fig. 3. Within un-
certainties théH and*He transparencies are independent
of I.. Ty = 0970 = 0.024 (stap = 0.040 (sysh and
Tsge = 0.862 = 0.042 = 0.061. The consistency of the
deuterium transparency with unity suggests that= oy
and that the ISI and FSI are smallid. The averagéHe
transparency is 1.9 standard deviations below unity.

The nitrogen transparency exhibits the decrease ex-
pected from the onset of hadronic ISl/iasncreases. The
decrease fron0.681 *= 0.060 at [, < 2 fm to 0.401 =
0.054 atl. > 3.6 fm has a 3.5 standard deviation statisti-
cal significance. These errors comprise statistical land
dependent systematic uncertainties added in quadrature;
the normalization systematic uncertainty is not included,

FIG. 2. Distribution of momentum transferfor exclusivep® ~ D€cause it does not influence thedependence. In the
production from'H, 2H, 3He, and'*N targets. The solid curves absence of ISl variations, the transparency would exhibit

are fit to the shapéye?" + fibse?, the dotted lines are
extrapolations beyond the fit intervalt’ < 0.4 Ge\?, and the

Events

dashed lines are the inferred incoherent contributions. 1.2 —e I — .
10 — ¢ 3= 2).
SNSRI z
the A independence of the experimental acceptance. Here 0.8 3 o°H |
Napy is the number of incoherent events in the range 0.6 Pt
1 < —t' <04 GeV?; N, is corrected for the coherent 14 ]
contribution using the’ fit for each!. bin (¢ is chosen 12 F % b)-f
C
so that the correction factor is less than 1.05 with an &5 1.0 —F Lo ]
uncertainty of less than 4%). The integral, of R @ I B ]
the effective luminosity is determined from the number 0.8 ¢ 0 % 0 *He ]
of inclusive DIS positrons and the published nuclear 0.6 b = ]
DIS structure functions [14], with a correction for the o7
efficiency(=0.8) for tracking theh* 1~ pair. i c)
The systematic uncertainties are separated ifto 0.8 -[ 8
independent and.-dependent contributions. The re- S 8 i I !
spective contributions from possible differences in the 06 [ 7
spectrometer performance for the nuclear anddata T i ®-F.. e ]
are estimated to be no more than 5.2% and 4% for any 04 [ = >—
nucleus by studying the time dependenceNafy/Lau [ OEE65 i ]
and other normalized yields. The respective contribu- 02 I oCornell 2C ]
tions from the treatment of the nonexclusive background [ - Huefner ef al. o UN ]
is no more than 3.5% and 1.6%, based on the depen- 00 Bt el
dence ofT, on AE. For the incoherent events selected 10 jlo(fm) 10
c

in the analysis and target thicknesses of less thar?
radiation lengths, internal and external radiative effectsIG. 3. Nuclear transparend, as a function of,. for (a)?H
are determined to cancel to high precision0.3%) in  (filed diamond), (b)*He (open square), and (&N (filled
the nuclear ratio. The resulting kinematics-independengircle) targets. The error bars include statistical and point-

systematic uncertainty in the overall normalization ofto-point systematic uncertainties added in quadrature. The

. . respective 2.5%, 5.5%, and 5.9% systematic uncertainties in
Toy, Tye, OF Ty is 2.7%, 5.5%, or 5.9%, respectively. yo" gverall normalizations ofy, Twye, and Ty are not

The kinematics-dependent point-to-point systematic Unshown, since they do not influence the significance of fthe
certainty includes an additional contribution from the fit dependences. Panel (c) includes comparisons with previous
uncertainty in the coherent contribution, and is neveexperiments with photon (open diamonds) [6] and muon (open

0 circle) [8] beams. Because of the acceptance2or< v <
I?i;gelr th?n 5'5 /f[)h Théf? res;J.Its are %n_cf:_anged at the 70 GeV, the threeQ? bins measured by [8] correspond to
/0 leve (@n € systematic uncertainties are esSelf; 5 ranges iri. (horizontal error bars). The dashed curves
tially unchanged) if the nonexclusive background is notare the Glauber calculation of Hufnest al.for *He and

subtracted. N [3].
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