Observation of a Coherence Length Effect in Exclusive p' Electroproduction

The HERMES Collaboration
K. Ackerstaff®, A. Airapetian*, N. Akopov3?, 1. Akushevich®, M. Amarian342%% E.C. Aschenauer® 131425,
H. Avakian!®, R. Avakian®*, A. Avetissian®®, B. Bains'®, S. Barrow?”, C. Baumgarten??, M. Beckmann'?,
St. Belostotski?®, J.E. Belz%3%3! Th. Benisch®, S. Bernreuther®, N. Bianchi'?, S. Blanchard?*, J. Blouw?®,
H. Bottcher®, A. Borissov®14, J. Brack?, S. Brauksiepe!'?, B. Braun®?23, B. Bray?3, St. Brons®, W. Briickner!4,
A. Briill'* E.E.W. Bruins?®, H.J. Bulten!'®2%33 R.V. Cadman'® G.P. Capitani'®, P. Carter®, P. Chumney?*,
E. Cisbani?®, G.R. Court'?, P. F. Dalpiaz®, P.P.J. Delheij?', E. De Sanctis'®, D. De Schepper??, E. Devitsin??,
P.K.A. de Witt Huberts?®, P. Di Nezza'?, M. Diiren®, A. Dvoredsky?, G. Elbakian3*, J. Ely*, J. Emerson3%:3!,
A. Fantoni'®| A. Fechtchenko?, M. Ferstl®, D. Fick!?, K. Fiedler®, B.W. Filippone?, H. Fischer'?, H.T. Fortune?”,
B. Fox*, S. Frabetti®, J. Franz'?, S. Frullani?®, M.-A. Funk® N.D. Gagunashvili’, P. Galumian®, H. Gao%'%20,
Y. Garber®, F. Garibaldi?®, G. Gavrilov?®, P. Geiger!*, V. Gharibyan®*, V. Giordjian'®, A. Golendukhin'®3%,
G. Graw?3, O. Grebeniouk?®, P.W. Green'3!, L.G. Greeniaus'3!, C. Grosshauser®, M.G. Guidal?®, A. Gute®,
V. Gyurjyan'?, J.P. Haas?>*, W. Hacberli'®, J.-O. Hansen?, D. Hasch®, O. Haussertl®®3' F.H. Heinsius'?,
R.S. Henderson?', Th. Henkes?®, M. Henoch®, R. Hertenberger®®, Y. Holler®, R.J. Holt'®, W. Hoprich!*,
H. Thssen®?2® M. lodice?®, A. Tzotov?®, H.E. Jackson?, A. Jgoun?®, C. Jones?, R. Kaiser?"3!| E. Kinney*,

M. Kirsch®, A. Kisselev?®, P. Kitching!, H. Kobayashi®?, N. Koch!'®, K. Kénigsmann'?, M. Kolstein?®, H. Kolster??,
V. Korotkov®, W. Korsch®'® V. Kozlov??, L.H. Kramer?®''| B. Krause®, V.G. Krivokhijine”, M. Kiickes3®3!
F. Kiimmell'?, G. Kyle?*, W. Lachnit®, W. Lorenzon?”?' A. Lung® N.C.R. Makins?'®, F. K. Martens',
J.W. Martin?’, F. Masoli®, A. Mateos?®, M. McAndrew'”, K. McIlhany?, R.D. McKeown?, F. Meissner®
F. Menden'23t D. Mercer*, A. Metz?3, N. Meyners® O. Mikloukho?®, C.A. Miller!:3!, M.A. Miller!5, R.G. Milner??,
V. Mitsyn?, A. Most'®?! R. Mozzetti'?, V. Muccifora'®, A. Nagaitsev’, Y. Naryshkin?®, A.M. Nathan'?,

F. Neunreither®, M. Niczyporuk?®, W.-D. Nowak®, M. Nupieri'?, P. Oelwein'*, H. Ogami3?, T.G. O’Neill2,
R. Openshaw?! | J. Ouyang?®!, B.R. Owen!® V. Papavassiliou?*, S.F. Pate?®24 M. Pitt3, H.R. Poolman??,

S. Potashov??, D.H. Potterveld?, B. Povh'*, G. Rakness*, A. Reali’, R. Redwine??, A.R. Reolon'?, R. Ristinen®,
K. Rith®, H. Roloff®, G. Réper®, P. Rossi'?, S. Rudnitsky??, M. Ruh'?, D. Ryckbosch'3, Y. Sakemi??, 1. Savin?,
C. Scarlett?, F. Schmidt®, H. Schmitt'? G. Schnell?*, K.P. Schiiler®, A. Schwind®, J. Seibert'?, T.-A. Shibata?®?,
T. Shin?°, V. Shutov?, C. Simani® A. Simon'%24 K. Sinram®, P. Slavich®1?, J. Sowinski'*, M. Spengos?”°,
E. Steffens®, J. Stenger®, J. Stewart!”, F. Stock!*®, U. Stoesslein®, M. Sutter??, H. Tallini'?, S. Taroian3?,

A. Terkulov??, D.M. Thiessen3%3!, E. Thomas'®, B. Tipton?®, A. Trudel3®3!, M. Tytgat!'3, G.M. Urciuoli®®, J.J. van
Hunen?®, R. van de Vyver!?, J.F.J. van den Brand!®?%33 G. van der Steenhoven?®, M.C. Vetterli3®:3!,

V. Vikhrov?®, M. Vincter3!, J. Visser?®, E. Volk'*, W. Wander®, T.P. Welch?®, S.E. Williamson!®, T. Wise!8,
T. Wolfel®, K. Woller®, S. Yoneyama®?, K. Zapfe-Diiren®, H. Zohrabian®*, R. Zurmiihle?”

! Department of Physics, University of Alberta, Edmonton, Alberta T6G 2J1, Canada
2 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843, USA
SW.K. Kellogg Radiation Lab, California Institute of Technology, Pasadena, California 91125, USA
* Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0446, USA
SDESY, Deutsches Elektronen Synchrotron, 22603 Hamburg, Germany
SDESY Zeuthen, 15738 Zeuthen, Germany
7 Joint Institute for Nuclear Research, 141980 Dubna, Russia
8 Physikalisches Institut, Universitit Erlangen-Nirnberg, 91058 Erlangen, Germany
® Dipartimento di Fisica, Universita di Ferrara, 44100 Ferrara, Italy
10 rstituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, 00044 Frascati, Italy
! Department of Physics, Florida International University, Miami, Florida 33199, USA
2 Fakultdt fiir Physik, Universitit Freiburg, 79104 Freiburg, Germany
3 Department of Subatomic and Radiation Physics, University of Gent, 9000 Gent, Belgium
Y Max- Planck-Institut fiir Kernphysik, 69029 Heidelberg, Germany
> Department of Physics, University of lllinois, Urbana, lllinois 61801, USA
'8 Department of Physics and Astronomy, University of Kentucky, Lexzington, Kentucky 40506, USA
Y7 Physics Department, University of Liverpool, Liverpool L69 74E, United Kingdom
'8 Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA
¥ Physikalisches Institut, Philipps- Universitit Marburg, 35037 Marburg, Germany
20 Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2! Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120, USA
22 Lebedev Physical Institut, 117924 Moscow, Russia
28 Sektion Physik, Universitit Miinchen, 85748 Garching, Germany

hep-ex/9811011 6 Nov 1998



24 Department of Physics, New Mexico State University, Las Cruces, New Mezico 88003, USA
2% Nationaal Instituut voor Kernfysica en Hoge-Energiefysica (NIKHEF), 1009 DB Amsterdam, The Netherlands
26 Physics Department, Oregon State University, Corvallis, Oregon 97331, USA
2T Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396, USA
28 Petersburg Nuclear Physics Institute, St. Petersburg, 188350 Russia
2 Istituto Nazionale di Fisica Nucleare, Sezione Sanitd and Physics Laboratory, Istituto Superiore di Sanitd, 00161 Roma,

Ttaly

39 Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 156, Canada
SLTRIUMF, Vancouver, British Columbia V6T 2A3, Canada
52 Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan
3% Department of Physics and Astronomy, Vrije Universiteit, 1081 HYV Amsterdam, The Netherlands
% Yerevan Physics Institute, 375036, Yerevan, Armenia

Exclusive incoherent electroproduction of the p°(770) meson from 'H, ?H, ®He, and '*N targets
has been studied by the HERMES experiment at squared four-momentum transfer Q* > 0.4 GeV?
and positron energy loss v from 9 to 20 GeV. The ratio of the '*N 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.

PACS numbers: 13.60.1.e, 24.85.+p, 25.30.Rw, 14.40.Cs

The space-time evolution of a virtual quantum state,
such as a quark-antiquark (¢g) fluctuation of a photon,
can be probed by studying its propagation through a
perturbing medium. The unperturbed virtual state can
travel a distance [, known as the “coherence length,”
in the laboratory frame during its lifetime. The inter-
actions between the state and the medium can be stud-
ied at different values of /. by varying the kinematics at
which the state is produced. In this letter, interactions
of a ¢q fluctuation with the nuclear medium are studied
by measuring the nuclear dependence of the exclusive p°
electroproduction cross section.

Studies of the hadronic (¢g) structure of high-energy
photons started with ground-work by Yang and Mills,
Sakurai, Gell-Mann and Zachariasen, and Berman and
Drell in the early 1960’s [[[]. The hadronic structure arises
from fluctuations of the (real or virtual) photon to short-
lived quark-antiquark states of mass Myq and propaga-
tion distance l. = 2v/(Q*+ quq) [E—ﬂ], where —Q? and v
are the squared mass and laboratory-frame energy of the
photon (adopting units where A = ¢ = 1). The ¢¢ fluc-
tuations are assumed to dominate many photon-induced
reactions in the laboratory frame [ For example in ex-
clusive production of the p meson, a ¢¢ pair is scattered
onto the physical p° mass shell by a diffractive interaction

with the target [B-.

In nuclear targets, photon-induced reactions can be
affected by the initial state interactions (ISI) of the ¢¢
states with the nuclear medium. The ISI are maximized
when . is large compared to the nuclear radius R4, and
the photon converts to the ¢g pair before entering the nu-
cleus [E—E] The hadronic ISI vanish in the limitl, < Ra
of negligible ¢q interaction path. The dependence of the
IST on [. can be measured explicitly in exclusive p° pro-
duction experiments, where a single mass—namely, the

p° mass—dominates Mgy and I. [E—E] Due largely to
limited coverage in [, previous experiments have not yet
seen the expected [. dependence [E,ﬂ]

In exclusive reactions a specific final state is produced
without additional particles, for example eN — ep’N
(here N is a nucleon). The effect of the nuclear medium
on the particles in the initial and final states of such re-
actions can be characterized by the nuclear transparency
T4. It is defined as the ratio of the measured cross sec-
tion to that expected in the absence of these initial and
final state interactions (ISI and FSI). If the ISI and FSI
amplitudes factorize from the exclusive scattering ampli-
tude, then T4 is the probability that no significant ISI
or FSI occur. The transparency has been used to study
the space-time dynamics of several exclusive reactions
[,E—E] This paper reports measurements of the nuclear
transparency for exclusive incoherent p® electroproduc-
tion on 2H, *He, and "N targets at Q% > 0.4 GeV?,
9 GeV < v < 20 GeV, and 0.6 fm S 1. < 8 fm. The data
provide an explicit demonstration that the interactions
of the photon with the nuclear medium depend on the
propagation distance I, of the ¢ pair.

The data were obtained during the 1995-1997 running
periods of the HERMES experiment using 'H, 2H, 3He,
and *N internal gas targets in the 27.5 GeV HERA
positron storage ring at DESY. The scattered et and
the 7t 7~ pair from the p° decay (a~ 100% branching ra-
tio) were detected in the HERMES forward spectrometer

.

The p° production sample was extracted from events
with exactly three tracks: a scattered positron and two
oppositely-charged hadrons. The relevant 4-momenta
are: k (k') of the incident (scattered) positron, ¢ = k — k'
of the virtual photon, P of the struck nucleon, P+ and
P,- of the detected hadrons, v = Py++Pj,- of the p° can-



didate, and Py = P + ¢ — v of the undetected final state
Y. The relevant Lorentz invariants are: Q% = —¢? > 0;
v =gq-P/M (here M is the proton mass); an exclusiv-
ity measure AE = (P2 — M?)/2M; the invariant mass
M,r = Vv? assuming the detected hadrons are pions;
the squared 4-momentum transfer ¢ = (¢ — v)? to the
target; the maximum value ¢y of ¢ for fixed v, Q?, Pg,
and M, .; and the above-threshold momentum transfer
t=1—1y<0.

For nuclear targets, the diffractive interaction with the
target can occur incoherently from individual nucleons or
coherently from the nucleus as a whole. The incoherent
exclusive p® production signal was extracted in the kine-
matic region # < —t' < 0.4 GeV2, =2 GeV < AFE <
0.6 GeV, 0.6 GeV < Mzr < 1 GeV, and 9 GeV < v <
20 GeV. The lower —t' limit, ¢}, is chosen separately for
each target and [, bin to maximize statistics while keep-
ing small the contribution from coherent scattering; ¢ is
0.03 to 0.06 GeV? for 2H, 0.03 to 0.14 GeV? for 3He, and
0.05 to 0.09 GeV? for 1*N.
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FIG. 1. (a) Measured events as a function of exclu-
sivity variable AFE for the 'H, ?H, ®He, and "N data
passing the experimental cuts; the distribution is shown
for 0.1 GeV? < —t' < 0.4 GeV? (open circles) and for
0.7 GeV? < —t' < 5 GeV? (histogram, scaled to the same
total counts at AF > 3 GeV). (b) Invariant mass distribu-
tion for the exclusive events at 0.1 GeV? < —t' < 0.4 GeV?2.

The distribution of the selected events in AFE is shown
for all targets in Figure Ela. Exclusive eN — ehth™ N
events, where the undetected final state consists of a
nucleon recoiling without excitation, occur at AE = 0.
Non-ezclusive events that involve the production of ad-
ditional, undetected particles appear at larger AE. The
events with AF 2 3 GeV are predominantly due to deep
inelastic scattering (DIS). The AE dependence of DIS

events is measured at 0.7 < —t' < 5 GeV? where the
diffractive exclusive signal is negligible (see histogram
in Figure [la). The DIS background below the exclu-
sive peak is subtracted for each target and kinematic bin
separately, assuming the shape of the background is in-
dependent of ¢’ and normalizing to the number of events
measured at t) < —t' < 0.4 GeV? and AE > 3 GeV. The
difference at AE ~ 2 GeV between the two distributions
shown in Figure ma is due mainly to the radiative tail
of the exclusive peak and to p° production events where
the diffractive interaction excites the nucleon. Except for
small kinematic shifts, these processes do not affect the
propagation of the virtual photon or outgoing p° through
the nuclear medium.

The exclusive M, distribution, shown in Figure Elb, i
dominated by resonant production of the p°(770), with
small interfering contributions from exclusive production
of non-resonant 7+ 7~ pairs and of the w(782) resonance
(in its 2% decay branch to wtz~ [E]) Background
from the two-kaon decay of exclusively-produced ¢(1020)
mesons, which would appear at My, < 0.5 GeV, is elim-
inated by requiring that the two-kaon invariant mass be

greater than 1.04 GeV.
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FIG. 2. Distribution of momentum transfer ¢ for

exclusive p°-production from 'H, *H, ®*He, and "N tar-
gets. The solid curves are fit to aN(bNebNtl + fAbAebAH),
the dotted lines are extrapolations beyond the fit interval
—t' < 0.4 GeV?, and the dashed lines are the inferred inco-
herent contributions.

The exclusive —#' distributions for the 'H, ?H, 3He,
and N nuclei are shown in Figure Pl The data ex-
hibit the rapid falloff expected for a diffractive process.
To isolate incoherent scattering, the data are fit to a
shape giving the sum of incoherent and coherent con-
tributions, byetnt' 4 fAbAebAtl (solid curves). Here fy
is the ratio of coherent to incoherent total counts and



ebnt’ (eb*‘tl) represents the product of the p° and struck
nucleon (nucleus) elastic form factors, squared [[]. The
incoherent slope parameter by for each nucleus (mea-
sured to an accuracy of about 0.5 GeV~?) is consistent
with the hydrogen value by = (6.8240.15) GeV~2. The
coherent slope parameters by = (33.3 £ 9.8) GeV ™2,
bape = (32.545.7) GeV~2, and buay = (57.243.3) GeV 2
are consistent with the values predicted by the rela-
tionship b4 ~ R%/3 [[J and the measured electromag-
netic RMS radii Reg = 2.1 fm, Rsge = 1.9 fm, and
Risny = 2.5fm [@]

In the absence of ISI and FSI, the cross section ¢4
for incoherent p° production from a nucleus with A nu-
cleons would be Aoy (assuming the expected isospin
symmetry o, = og [E], where n and H refer to the
neutron and 'H). The nuclear transparency is therefore
Ta =ca/(Aog) = NaLpy/(ANgLa), where the second
equality follows from the A-independence of the exper-
imental acceptance. Here N4 g is the number of inco-
herent events in the range #] < —t' < 0.4 GeV?; N, is
corrected for the coherent contribution using the #' fit for
each I, bin (] is chosen so that the correction factor is less
than 1.05 with an uncertainty of less than 4%). The inte-
gral La m of the effective luminosity is determined from
the number of inclusive DIS positrons and the published
nuclear DIS structure functions [[[4], with a correction for
the efficiency (2 0.8) for tracking the hth~ pair.

The dominant systematic uncertainties are from pos-
sible differences in the spectrometer performance for the
nuclear and 'H data (estimated by studying the time
dependence of Ng /L a g and other normalized yields)
and from the treatment of the non-exclusive background
(estimated by studying the dependence of T4 on AE).
The systematic uncertainty in the overall normalization
of Toy, Tsge, or Than 18 2.7%, 5.5%, or 5.9% respectively.
The additional point-to-point systematic uncertainty in-
cludes the fit uncertainty in the coherent contribution.
The T4 results are unchanged at the 3% level (and the
systematic uncertainties are essentially unchanged) if the
non-exclusive background is not subtracted.

The nuclear transparencies for ?H (filled diamond),
3He (open square), and N (filled circle) are shown as
functions of the coherence length I. in Figure E Within
uncertainties the 2H and 3He transparencies are indepen-
dent of l;: Teyr = 0.970 &+ 0.024 (statistical) +0.040 (sys-
tematic) and Tepe = 0.862 4 0.042 + 0.061. The consis-
tency of the deuterium transparency with unity suggests
that ¢, ~ om and that the ISI and FSI are small in 2H.
The average *He transparency is 1.9 standard deviations
below unity.

The nitrogen transparency exhibits the decrease ex-
pected from the onset of hadronic ISI as [, increases. The
decrease from 0.681+0.060 at I, < 2 fm to 0.401 4 0.054
at I > 3.6 fm (errors exclude normalization uncertainty)
has a 3.5 standard deviation statistical significance. In
the absence of IST variations, the transparency would ex-

hibit a small (< 3%) increase with I, due to the known
[E] energy dependence of the p® N cross section.
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FIG. 3. Nuclear transparency 74 as a function of I.

for a) ?H (filled diamond), b) ®He (open square), and c)
YN (filled circle) targets. The error bars include statistical
and point-to-point systematic uncertainties added in quadra-
ture. The systematic uncertainty in the overall normaliza-
tion of T4 is not shown. Panel (C) includes comparisons with
previous expriments with photon (open diamonds) [H] and
muon (open circle) [B] beams. Due to the acceptance for
20 < v < 370 GeV, the three Q* bins measured by [E] cor-
respond to broad ranges in I. (horizontal error bars). The
dashed curves are the Glauber calculation of Hufner et al.

for “He and "N [E]

Figure ﬂc also shows the transparency to incoherent
p® production measured at Cornell with 4 and 8 GeV
photons [E] and by the E665 collaboration at FNAL with
470 GeV muons [B] These results are consistent with the
present data but give no indication of a variation with /..
The E665 Tiay values are inferred from the published A-
dependence [f]. The E665 value for Tiay at I ~ 8 fin
was measured at v 2 100 GeV and Q% > 3 GeV? [H],
and may therefore be influenced by color transparency.
Color transparency implies that at high @Q? and v the q¢
pair (and the subsequent p°) is produced and propagates
in a non-interacting configuration of reduced transverse
size, resulting in Ty — 1 [E,E,@,@]. For this reason data
collected by the NMC collaboration with a muon beam



at 40 GeV < v < 180 GeV and Q2 > 2 GeV? [] are not
included in Figure Ec.

The Tian and Tiye data are consistent with a recent
prediction (dashed curves in Figure ) of the coherence
length effect [E], although the statistics for Tap,. are not
sufficient to demonstrate the [, variation. The prediction
uses Glauber multiple-scattering theory [@], where the
total p° production amplitude is the sum of the ampli-
tudes from each nucleon, modified by elastic and inelastic
rescattering of the outgoing p” on the other nucleons. In
this model, the ¢ fluctuation from which the p° origi-
nates is found to interact with the nuclear medium like
a p° |E] The strength of the p° and ¢§ interactions gov-
ern the transparency at small /. and its [, dependence,
respectively. The consistency of the model with the data
therefore suggests that when [, is large, the ¢q IST are ap-
proximately as strong as the p? FSI. For the v values of
the present measurement, color transparency is expected
to produce little deviation from the Glauber prediction
B

The data support the hypothesis [E,IE] that absorption
of the photon’s ¢¢ component contributes to the shad-
owing observed in real and virtual photon nuclear cross
sections. Shadowing denotes that the cross sections grow
more slowly than linearly in A. It is observed for inclu-
sive DIS at small Bjorken = Q?/2Mv and for elastic
and inclusive real photon scattering at high energies.

In summary, the transparency of the 2H, *He, and '*N
nuclei to exclusive incoherent p° electroproduction was
measured by the HERMES experiment as a function of
the coherence length of ¢¢ fluctuations of the virtual pho-
ton. The measured transparencies agree well with previ-
ous data and with a prediction using the standard treat-
ment of high-energy initial and final state interactions.
The transparency of the nitrogen nucleus exhibits a sig-
nificant decrease with [., which is attributed to initial
state interactions of the ¢g fluctuation from which the p°
originates.
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