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The three-body photodisintegration H#fle has been measured with the CLAS detector at Jefferson Lab,
using tagged photons of energies between 0.35 GeV and 1.55 GeV. The large acceptance of the spectrometer
allowed us for the first time to cover a wide momentum and angular range for the two outgoing protons. Three
kinematic regions dominated by either two- or three-body contributions have been distinguished and analyzed.
The measured cross sections have been compared with results of a theoretical model, which, in certain
kinematic ranges, have been found to be in reasonable agreement with the data.

DOI: 10.1103/PhysRevC.70.064003 PACS nunm®er21.45+v, 25.20—x

[. INTRODUCTION tional effort be required to do so, but also a treatment of the
absorptive part of the nucleon-nucleon interactioaupling
The study of the electromagnetic properties of fee  to other open channels that is not taken into account in
nucleus is the optimal starting point to assess the importangeotential-based calculationshould be implemented.
of many-body interactions between nucleons in nulez). A different approach has been taken by Laf&B8-11,
In particular, in they *He— ppnreaction, three-nucleon cur- who has employed a diagrammatic model for the evaluation
rents dominate in certain regions of phase sp@é]. In  of the contribution of one-, two-, and three-body mecha-
fact, app pair has no dipole moment with which to couple nisms in the cross section for the photodisintegratioﬁ-tﬁ.
and the charge-exchange current vanishes withipair, ~ Rather than relying on a partial-wave expansion, this ap-
so that the one- and two-nucleon currents are suppressed Rioach relies on the evaluation of the dominant graphs whose
those regions. The small number of nucleons involved make3MPplitudes are related to one- and two-body elementary am-
possible kinematically complete experiments, and exact Facphtudes. The parametrization of these elementary amplitudes

deev ground-state wave functions, as well as exact wavincorporates absorptive effects due to the coupling with other

functions for the continuum three-body final state at low en_channels, which become more and more important as the

ergies (below the pion-production threshojdare available ~SN€rgy increases. The comparison of these model predictions
6.7 with experimental data provides us with a good starting point

Although the calculations of thdHe ground-state wave to understand the nature of three-body interactioridim for

function h hed a hiah level of . d photon energies in the GeV region.

.uncﬂgonbave dre?i eda '%. éeve tﬁ acclura}ci/' n refp:ﬁ UC™ At stake is the link with three-body forces. In tHele

Ing the bound-state proper 1¢6, 7], '€ caicufation ot IN€ = o5 ng state, three-body forces involve the exchange of vir-
continuum three-nucleon wave function is less developed

) ) ~~. “tual mesons between nucleons and the creation of virtual
higher energ%/, a full treatment of the three-body phOtOd'S'nbaryonic resonances. The incoming photon can couple to
tegration of °He has been possible only at energies h of th h. : :

. . r rticles. Below th ion-
<300 MeV. As the energy increases, the number of parti ach of these charged particles elow the pio

d h is b | q ¢ hotoproduction threshold, all the particles remain virtual
waves and open channels becomes very fargé and, so far, Qfty o corresponding three-body meson-exchange currents

IZ‘I@IEC) contribute only weakly to the cross section. When the
photon energy increases above the various meson- or
resonance-production thresholds, these virtual particles can
become real—they can propagate on-slig]l The corre-
*Present address: Institut de Physique Nucléaire ORSAY, F91408ponding sequential scattering amplitudes are considerably

in the GeV region. Not only would a very large computa-

Orsay, France. enhanced and can dominate certain well defined parts of the
TPresent address: Systems Planning and Analysis, Alexandria, Vhase space. Kinematically complete experiments allow one
22311. to isolate each of the dominant sequential rescattering ampli-
*Deceased. tudes. They analytically reduce to three-body MEC at lower
SPhysikalisches Institut der Universitat Glessen, 35392 Glesserenergy, and put constraints on the corresponding three-body
Germany. current.
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vertical lines in the upper panel indicate the time window for ac-the proton vertex. The solid line represents data obtained with a full
cepted events. Random coincidences from neighboring beam pulst¥9et and the dashed line represents data taken with an empty tar-

are visible in the lower panel.

Several low-energy<100 MeV) experiments have been
performed since the publication of the results of the first

get. The two inner peaks are events produced in the target walls, the
two outer peaks represent protons produced in the superinsulation
of the target cell and in its axial heat shield. The range —&an

<7 cm (vertical lineg has been chosen to select e events.

measurement of the three-body photodisintegratiotHefin . . .
1964[12], but only a few have been performed at interme-changes and-resonance formation, are included in the cal-

diate photon energies up to 800 MeV, in limited kinematics
[13-15 as well as with large-acceptance detecids—19.

culations. Since these mechanisms dominate well defined
parts of the phase space, a better understanding of the nature

They show good agreement with Laget's predictions pro_of many-body interactions requires one to perform a high-

vided that the Bl mechanisms, based on sequential pion ex:
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statistics full 47 investigation, probing the three-body
breakup process for all angular and energy correlations of the
three outgoing nucleons. Also, the extension to the high-
energy(E, =1 GeV) region, where no experiment has been
performed until now, can be expected to open a window on
other kinds of many-body processes.

This paper reports on a measurement of the three-body
photodisintegration ofHe performed in Hall B at Jefferson
Lab [19]. Photon energies between 0.35 GeV and 1.55 GeV
were used, and wide angular and momentum ranges for the
outgoing particles were covered. These features, along with
the high statistics collected, allow us to select the most inter-
esting two- and three-body processes, to compare their rela-
tive importance, and to determine their variation with photon
energy.

The experimental setup is described briefly in Sec. Il, the
salient points of the data analysis in Sec. Ill, and the model
calculation in Sec. IV. Our results for several kinematic re-
gions are presented in detail and compared with the model
calculation in Sec. V, and summarized in Sec. VI.

2.05 Il. EXPERIMENTAL SETUP

The experiment was performed at the Thomas Jefferson

FIG. 2. Velocity B=v/c spectrum, as a function of particle mo- National Accelerator Facility, in Hall B, using the CEBAF

mentum, for charged particles detected in the CLAS.

Large Acceptance Spectromet@LAS) [20] and the brems-
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FIG. 5. Missing mass of thg *He— ppX system, for a subset of
40 | the selectegp events. One can easily distinguish the peak at the
g neutron mass at about 0.94 Ge¥/(c~0.017 GeV£?) from the
competing reaction channels.
20
i ticles toward the beam line. In order to achieve a good com-
| | | promise between momentum resolution and negative-particle
0090 80 20 s  acceptancerequired by other simultaneous experimegriise

¢ (deg) magnetic field of the CLAS was set to slightly less than half

) - of its maximum value, corresponding to a torus current of

FIG. 4. Angular coverage for the identified protons. The gray1920 A. A coincidence between the tagger and the time-of-
areas represent the fiducial regions of the six CLAS sectors inSidﬁight scintillators defined the Level-1 trigger for accepting
which the protons for the present analysis have been accepted. the hadronic events. For the first time in CLAS, a Level-2

strahlung photon taggéR1]. The electron beam energy was trigger, which selected the events from f\_mong thos”e_ passed
1.645 GeV, corresponding to two passes of the CEBAF ac’ghrough Level-1 that have at least one “likely track' in the
celerator; the current was 10 nA during regular productiorfd"ift chambers, was also usg@0]. More than a billion
runs and 0.1 nA during tagging-efficiency calibration runs.8Vents of production data were obtained witte (plus a few

The photon beam was produced by the electron beam strik-
ing the radiator, a thin layer~5x 107 radiation length of ¥
gold deposited on a thin carbon backing, which was placed 6°°°:_

™ 80

] 60f

50 cm before the entrance of the tagger magnet. The elec§4ooo r 1 40:
trons interacting in the radiator were deflected by the mag-§ L 1
netic field of the tagging magnet, and those with energy be- 2000} £ 20
tween 20% and 95% of the incident electron beam energy 1 [ o
were detected by two layers of scintillatgEs-counters, mea- 800 | ] sg Fr
suring the energy of the electron, and T-counters, measuring L
its time[21]) placed in the magnet focal plane. Thus, photons g 3 ] eor
in the energy range from 0.35 to 1.55 GeV were tagged. Twoa 400 |- 1 40
collimators were placed in the beamline between the tagge 200 F- 1 205
and the®He target, in order to eliminate the tails from the C 17
photon beam and to give a small and well defined beam spo oF 1 of
on the target. The data were obtained using a cylindrical 1900F 1 30¢
cryogenic target, 18 cm long and 4 cm in diameter, filled g 750 | 1 ot
with liquid *He and positioned approximately 20 m down- 3 5005 e
stream of the tagger radiator in the center of the CLAS. A g 1 1of

lead-glass total absorption count&@AC), almost 100% effi- 250 1
cient, placed approximately 20 m downstream from the cen- ok
ter of the CLAS detector, measured the tagging efficiency
during low-flux calibration runs.

The CLAS is a magnetic toroidal spectrometer in which g 6. Examples of missing-mass histograms fitted with a

the magnetic field is generated by six superconducting coilsgaussian curve plus an exponentiablid curve for 0.43<E,

The six azimuthal sectors are individually equipped with<g 45 Gev (a1) and 1.1 E,<1.15 GeV (a2, for 0.08<p,
drift chambers for track reconstruction, scintillation counters< .10 Gevt and 0.45< E,<0.55 GeV (bl) and 0.4xp,

for time-of-flight measurementCerenkov counters for <0.44 GeVt and 0.75< E,<0.85 GeV (b2, and for -0.88
electron-pion discrimination, and electromagnetic calorim-<cos6,<-0.84 and 0.35 E,<0.45 GeV(cl) and 0.72<cos6,
eters to identify electrons and neutrals. The polarization 0k0.76 and 0.95E,<1.05 GeV (c2). The background alone is
the CLAS torus was set to bend the negatively charged pashown as the dashed curves.

8 09 1.1 08 09 1 1.1
MM (GeV/c?) MM (GeV/c?)
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L L S S B B B B TABLE I. Systematic uncertainties in the measured cross sec-
tions. The total is the sum in quadrature of the individual
uncertainties.

.-&>,'0.75 [ ——— 7
o - T TTT——— ]
S 3 .
£ 05 i Uncertainty
B 1 I 0,
2 Run 22183 Quantity )
=]
= .
Soos [ 1 Target length and de‘nsny 2
Background subtraction 2
b Detection efficiency 5
0 10 20 30 40 50 60 Photon flux 6
T-counter ID Total 8

FIG. 7. Tagging efficiency as a function of T-counter number

measured in one particular low-flux run. The average efficiency is ) ) _
about 70%. other competing reaction channels, such as those producing

pions which had not been detected by the CLAS, e.g.,
y3He— pp(n7®) or y3He— pp(p7). About 25% of the
two-proton events;-5 million events, are thus identified as
belonging to theppn channel.

The momentum of each detected proton was corrected for

million events taken with the target emptyat a data-
acquisition rate slightly greater than 3 kHz.

IIl. DATA REDUCTION AND ANALYSIS its loss of energy while passing through the cryogenic target
material, the target walls, the carbon-fiber scattering cham-
A. Channel identification ber, and the start-counter scintillators.
In order to isolate thegppn channel, app coincidence
(with no other charged particles a time window of +1 ns B. Background subtraction

with a tagged photon defined the minimum condition for an After channel identification, the data were binned in pho-
accepted event, since the time interval between beam puls?gh energy, particle momentu;”n and particle angle. For each
is 2 ns. This coincidence time is shown in Fig. 1 for a subsebf these bins a histogram of t'he fwo-proton missing-mass
of the raw data. The two protons were identiﬁed. by theif istribution W:’:ls accumulated. Eapip missing-mass histo-
mass, deduced frqm the|.r momentum measure_d n the.d” ram was fitted with a Gaussian curve plus an exponential in
chgmbers and their velpcny measured with the time-of-fligh rder to reproduce the neutron peak and the background un-
scintillators, as s_hown In Fig. 2. . Eerneath it. The background is due both to misidentified or
A cut on the interaction vertex, based on the analysis o adly reconstructed protons and to the tail from competing
empty-farget runs, was perf(_)rmed to eliminate the baCk'reaction channelgsee Fig. 5. Once the parameters of the fit
grpu_nd frompp events originating outside the target voI.ume. are extracted, the yield is given by the area under the Gauss-
Eliminating the events having thecomponenwherez is ian curve. In this way, the contribution of the background is
measured along the beam lref the vertex more _thar_1 7.cm excluded. Some examples of the quality of these fits for vari-
away fro_m the center of the target, as shown in Fig. 3, ®bus bins in photon energy, neutron momentum, and neutron
duced this background to less than 134]. angle, chosen to be typical of the character of the data for

The particle-detection efficiency of the CLAS is not uni- , g conditions, are shown in Fig. 6. The background-to-
form and constant throughout its volume. At the edges of thesignal ratio varies from less than 1% to 8%, depending on

active regions, delimited by the shadows of the six superco he kinematics

ducting COHSZ the acceptance decreases and varies rapidly. In To estimate the systematic uncertainty introduced by the
_order to avoid errors, mclgdmg poorly re_con_structed trac_k_sfitting procedure used to subtract the background fronpiine
in the Iow-aqceptance regions, a set of fiducial cuts, emplrl'missing mass, the yields obtained with two kinds of fitting
cally determined, has been applleq both to the mom(em_ﬁa functions for the backgroungexponential and polynomigl
p,>300 MeV/c, p~300 MeV/c being the CL.AS detection have been compared with each ottigB]. The deviations
threshold for protonsand tothe polar and azimuthal angles are, on average, of the order of 2%
(0, ¢) of the protons. The requirement of having the two =~ ' '
protons in two different sectors of CLAS has also been ap-
plied, in order to avoid inefficiencies in the reconstruction of
close tracks. The angular coverage for the accepted protons Since the neutron is reconstructed using the missing-mass
is shown in the light gray areas of Fig. 4. technique, the detection efficiency for this channel is given
Since the photon energy and the four-momenta of the twdyy the probability of correctly detecting and identifying two
detected protons are known, and thus pips kinematics is  protons in the CLAS. This has been evaluated with the aid of
completely determined, a missing-mass analysis can be pea-Monte Carlo simulation. Thepnevents, generated accord-
formed to identify the neutron. Figure 5 shows the missing4ing to the three-body phase-space distribution, were pro-
mass distribution of the system®He— ppX The first peak cessed by &EaNT-based code simulating the response of the
corresponds to the missing neutron, the second one to tHeLAS, and were reconstructed and analyzed using the same

C. Efficiency

064003-5
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FIG. 8. Diagrams used in Laget’s mod@&,8—117 in the calcu-
lation of the®He(y, pp)n cross sectionsta) 1N absorption mecha- FIG. 9. Triangular Dalitz plot for th@pn data.Ty, Ty, andT,
nism; (b) 1N+final state interactiong=Sl); (c) 2N absorption{d), are the center-of-mass kinetic energies of the three nucleons.
(e), and(f) 2N +FSlI; (g) and(h) 3N mechanisms; and) 3N+FSI.
The open circles represent full transition amplitug&€smatrices;
the filled circles areyNN and 7NN Born terms. do - Nppn . (3)
dp ApLe’
procedure adopted for the experimental data. The efficiency
inside the CLAS fiducial region for a given kinematical bin
A7 is defined as and(iii ) semidifferential cross sections with respect to €os
defined as
s(An) =, ®
NO L0 e s e s B B A

whereAr lies inside of the CLAS fiducial region, is the
number of reconstructed events withinr, and N, is the
number of events generated withixir. The efficiency so

Full CLAS acceptancef

® Present data

computed is more or less constant as a function of photor | -, —— Laget full model 4
energy, momentum, and angles, and its average value i F v N e Laget (1+2)-body only ]
slightly less than 95%. B R Laget3-bodyonly |

In order to evaluate the systematic uncertainties in the
efficiency for detecting thegpn events in the CLAS, the
results obtained with the phase-space distribution have beeS1o " for .
compared with the efficiency computed with three other © : R R S ]
event distributiong19]. The result of the calculations of the I do
efficiency inside of the CLAS fiducial region turns out to be I ""‘*"*'-;- |
independent of the model used to simulate the reaction, apal 4 +
from the effect of bin migration due to the finite resolution of 10 F E
the detector, which has been found to be small. The resulting -
systematic uncertainty was determined to be no greater tha

5% [19]. s
10'3.|...|...|...|...|...|...
D. Cross sections and normalization 04 06 08 E,(Ge1V) 12 14 16
Three kinds of CLAS-integrated cross sections have been
measured and are reported here They(armtal Cross sec- FIG. 10. Tota|ppn cross section integrated over the CLAS ac-
tions, defined as ceptance plotted as a function of photon energy on a logarithmic
scale for the fullE, range. Theppn cross sectiorfcircles is com-
_ EE@ pared with Laget’s full mode{solid curve, with the model result
o= Le ' 2 without the three-body mechanisnidashed curve and with the

- o _ _ _ one including only three-body processe®tted curve The error
(i) semidifferential cross sections with respect to momenbars include statistical and systematic uncertainties, as in all the
tum, defined as following experimental distributions.
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3 >
e e
8 8
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3 3

T FIG. 11. Differential cross sec-
tions integrated over the CLAS as
a function of the neutron momen-
tum in the laboratory frame for 12
0.1-GeV-wide photon-energy bins
between 0.35 GeV and 1.55 GeV.

do/dp [ub/(GeV/e)]
do/dp [ub/(GeV/c))

The points represent our CLAS
data. The error bars include both
statistical and systematic uncer-
tainties. The dotted curves are the
distributions  for phase-space
events generated within the CLAS

acceptance and normalized in
each energy bin to match the total
area of each experimental distri-
bution. The solid curves represent
the full Laget-model results, while

g i E, = (0.65:0,75) GeV ] 5
3 °f *‘ﬁﬂ“#‘l' ~.,,.'x 1 %
% £ ey, %
g ' 1s
g g o002
© ©

or — 0
= 15| 1
g : E, = (0.75-0.85) GeV 13 0.06
8 jp— ] 8
s o, 1 Soo4

T ]

g A +“Hﬂ++m +H+ ] g
g 1 8002
3 K

the dashed lines represent the
model including one- and two-
body mechanisms only. FoE,
>0.95 GeV, the model predic-
tions at p,<250 MeV/c (to the
left of the vertical dotted-dashed

do/dp [ub/(GeVic)]
1
do/dp [ub/(GeVic)]

line) are scaled by a factor 0.1 to
fit in the plots.

0.5 1
P, (GeVic) LAB

o Mo _ @
dQ ~ 2mA(cos)Le’

whereN,,, is the number of events in the bin,is the de-
tection efficiency defined in Sec. Il C, ahdis the luminos-
ity, which is defined as

PZNa

L=N,=,

©)

where p=0.0675 g/cm is the density of the targetz

=14.0 cm is the effective target lengthy,is the atomic mass
of the target(A=3.016 g/moal, N, is Avogadro’s number,

andN, is the number of incident photons.

1
pa (GeVic) LAB

Terdi) = (T; - TAQ/T™, (6)

whereT,;- TACis the rate of coincidences between tagger and
total absorption counter, anf{®" is the rate in the tagger
alone. A typical tagging efficiency spectrum, as a function of
T-counter number, is shown in Fig. 7.

To estimate the systematic uncertainty for the photon flux,
the variations with time of the tagging efficiency and of the
proton yield normalized to the photon flux for each tagger
scintillation counter have been studied. The resulting system-
atic uncertainty is, on average, approximately gP9]. The
values of the systematic uncertainties in the measured cross
sections are summarized in Table I. The luminosity, inte-
grated over the entire running time and over the full photon-
energy range, wak=28.7X 10°® cm 2 for this experiment.

IV. MODEL CALCULATION

The systematic uncertainties in the target length and den-
sity are of the order of 2%. The photon flux was measured by As mentioned in the Introduction, the only theoretical
integrating the tagger rate over the data-acquisition lifetimemodel currently available for calculation of the cross section
The tagging efficiency was measured during low-flux runsfor the three-body photodisintegration dfle in the GeV
using the lead-glass total absorption detector. For eachnergy region is the one by Laget. In this model, the fivefold

T-counteri, the tagging efficiency is defined §&1]

differential cross section in the laboratory system for the
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FIG. 12. Differential cross sec-
tions integrated over the CLAS as
a function of the cosine of the
neutron polar angle in the labora-
tory frame for 12 0.1-GeV-wide
photon-energy bins between 0.35
GeV and 1.55 GeV. The points
represent our CLAS data. The er-
ror bars include statistical and sys-
tematic uncertainties. The dotted
curves are the distributions for
phase-space events generated
within the CLAS acceptance and
normalized in each energy bin to
match the total area of each ex-
perimental distribution. The solid
curves represent the full model re-
sults, while the dashed lines repre-
sent the model including one- and
two-body mechanisms only.

v3He— ppn reaction is connected through a Jacobian to &, the third nucleon moving with angular momentlinEach
component is approximated by the product of the wave func-
tions, which describe the relative motion of the two nucleons
inside the pair and the motion of the third nuclef#¥].

reduced cross section

d°c Enpgpi

dpdQ,dQ, - Elpﬁ|Enp§ ol =7 I o

5
P 0req

X i~ N 4 o~ L
(dQl)cmd pndQ'n

where (E1,p,), (E,,p,), and (E,,p,) are, respectively, the
four-momenta of the two outgoing protofs and 3 and the
neutron in the laboratory frame, apdandQ are the proton
momentum and the total energy measured in the center-o

mass frame of the two protons.

plitude T(y *He— ppn) [4,5],

dsO'red
(dQl)cmd pndQn

The fully antisymmetrized®He bound-state wave function
|W3,o is the solution of the Faddeev equatidi2g] for the

|

Q
p

& |<\I,pprJT|W3He>|2'

.

)

(8

Fermi-motion effects are taken fully into account in the two-
body matrix element, and partial[\8] in the three-body ma-

trix element. However, it has been ascertained that the effect

of the Fermi motion in the three-body matrix element does

not significantly affect the results; therefore, it has not been
implemented in the version of the model which has been
used here with the Monte Carlo procedure in order to avoid
Erohibitive computation time. All of the S, P, and D compo-
nents of the’He wave function are included. The energy and
momentum are conserved at each vertex, and the kinematics

The reduced cross section depends on the transition am-" ativistic. The continuum final Stale’ ) is approxi-

mated by a sum of three-body plane waves and half-off-shell
amplitudes (which are the solutions of the Lippman-

Schwinger equation for the Paris potentiahere two nucle-

ons scatter, the third being a spectator. Only S-wave NN

scattering amplitudes have been retained in the version used
in this work. The antisymmetry of the continuum final state

Paris potential[23]. It is expanded in a basis where two is achieved by exchanging the roles of the three nucleons

nucleons couple to angular momentilyspinS, and isospin

064003-8
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series of diagrams that are thought to be dominant. Thesty W pF—T——T T T+ T T
diagrams, that were thought to include the most likely one-, i
two-, and three-body mechanisms, are computed in momen
tum space. Among all the possible three-body mechanisms
meson double scattering is the most likely to occur. The

Neutron spectator

B ® Present data

. . . . 1F —— Laget full model ]

Feynman diagrams included in the present version of the "F N~ Laget (1+2)body only

model are shown in Fig. 8. The open circles represent the full La .
.......... get3-bodyonly

transition amplitudegT matricey, which have been cali-
brated against the corresponding elementary channels, an_
the filled circles are just thgNN and 7NN Born terms. 201
The first two diagrams(a) and (b), describe one-body ®©
photoabsorption(c), (d), (e), and(f) represent two-body pro- S
cesseq25,2q; and(g), (h), and(i) are three-body mecha- [ e e
nisms, with two-mesorim or p) exchange. Pion absorption . |
by aT=1 (pn or pp) pair has been found experimentally to 10 | bt
be strongly suppressgé?], at least at low energies, and has : t + ]
not been included in the model at this stage. TNeaBsorp- [ k
tion mechanism shown in diagrafg) represents the primary |
3N process for théHe(y, pp)n reaction. Above the photon 4 e
energy corresponding to the pion-production threshold, the 1 o2 o8 o8 1 12 14 16
calculation does not contain any free parameters, since all o E, (GeV)
the basic matrix elements have been fixed independently us-
ing relevant reactions induced on the nucleon and on the FIG. 13. Cross section integ rated over the CLAS for the
deuteron[4,5]. The calculated cross section involves a loga-heutron-spectator kinematics plotted as a function of photon energy.
rithmic singularity associated with the on-shell propagationThe data are compared with the predictions of the full mgsielid
of the “first’” exchanged pion, which shows up, and movesturve, the (1+2)-body part(dashed curvg the three-body part
when the photon energy varies, in a well defined part of thddotted curvg, and the one-body part alortdashed-dotted curye
phase space. Below the pion threshold, both exchanged pions
are off their mass shells, and the three-body exchange curegion—delimited by the boundary circle—almost com-
rents can be linked by gauge invariance to the correspondingletely.
three-body force$3,8—11. The shading of the boxes indicates the yield of the ob-
All model calculations discussed in the following sectionsservedppnevents. Areas of increased yield are visible where
have been performed with Monte Carlo sampling over thghe Ty, andT,, axes intercept the boundary circle, as well as
CLAS geometry to produce cross sections that can be conwhere T,~0. These areas correspond to quasi-two-body
pared with the experimental results. The small-scale struddreakup and neutron-spectator kinematics, respectively; they
tures which are seen in some of the model results result frorare discussed in detail in Secs. VA 4 and V A 2 below. The
this Monte Carlo treatment, although the major structures argepletion areas in the upper left and upper right sides of the
real features of the model calculations. circle correspond to the kinematics where one of the protons
has low momentunip;,p,<300 MeV/c) and therefore is
not detected by the CLAS. The central top area where the
V. RESULTS two protons are emitted in nearly the same direction is ex-
A. Cross sections integrated over CLAS cluded by the requirement of detecting the two protons in
) _ . _ two different sectorgsee Sec. Il A above The central re-
The use of a triangular Dalitz plot is very suitable t0 100K 4ion near the intersection of the three axes, consists of
for the deviations .of.an experlmgntal.d|str|but|0|_1 from pure g, ents where all three nucleons have nearly equal energies,
phase-.space predlct_lons and to !dent|fy qorrelauo_ns betweell,q is called the “star” regiotsee Sec. V A 3 below
three final-state particles. In particular, this technique can be |, the following sections, CLAS-integrated cross sections

used to identify and select the regions of the phase Spagg; the full acceptance and for the three selected kinematics
where three-body processes can be dominaffulfTy,, and  jisted above, each chosen to illustrate its two-body or three-
T, are the center-of-mass kinetic energies of the two protonﬁody character, are presented and compared with distribu-

and the neutron, respectively, afdis their sum, we can qng ohtained both with three-body phase space and with the
define the Cartesian coordinates of the triangular Dalitz plojggits of the Laget model.

as

----- Laget 1-body only

|
——
-
-
-

1T =T T 1. Full CLAS acceptance
S plT Ip2 g =D Lo
V3 T y=7- The ppntotal cross section integrated over the CLAS ac-

ceptance has been measured as a function of the incident
Figure 9 shows the distribution of thgpn events on the photon energyE,. The photon-energy spectrum, ranging
Dalitz plot after applying the selection cuts. The wide accepfrom 0.35 GeV to 1.55 GeV, has been divided into 60 bins,
tance of the CLAS allows us to fill the physically accessibleeach 0.02 GeV wide. The results are shown in Fig. 10. The
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FIG. 14. Differential cross sec-

g g 8 r + - tions integrated over the CLAS
e g & —— —|—_|_ —|— 1 for the neutron-spectator kinemat-
g 8 —+—+ ' ] ; i
5 3 LE —|—|—_- ics with respect to cog8 of the
] neutron in the laboratory frame
2r 7 for photon energies between 0.35
0 e and 1.30 GeV. The data are com-
10| . pared with the results of the full
E, = (0.95-1.05) GeV ] model (solid curves and those of

&F 1 the one- plus two-body-only

[ ] model (dashed curves for 0.35
—|——|—_|__|_ L+ ] <E,<0.75 GeV only, because at
- —+ IR higher energies the model calcula-
] tions differ by more than an order
of magnitude from the data.

do/dQ (nb/sr)
do/dQ (nbysr)

2f :

0 ]
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cross section, ranging between 4b and 0.01ub, decreases model(solid curve, and with the model with no three-body
almost exponentially as the photon energy increases. Fittinmechanisms include@ashed curve The neutron momen-
the data with an exponential functior(Ey)cxe‘bEv yields a  tum distributions are related to the projection of the data in
slopeb=5.3 GeV’. The data are compared with the full Fig. 9 onto theT, axis.
calculation (solid curve, including one-, two-, and three- In the photon-energy range between 0.35 and 0.95 GeV,
body mechanisms, as well as with the results for the one- anthe data show a broad central distribution in the middle of
two-body mechanisms onlydashed curve and the three- the neutron momentum spectrueg., at about 400 Me\¢/
body mechanisms onlgdotted curvg, as shown in Fig. 8. It for E,=0.4 GeV and 500 MeW for E,>0.5 Ge\j, which
is important to note that the theoretical curves repreabnt is reproduced reasonably well by the phase-space distribu-
solute cross sectionscalculated within the CLAS tion (better at low photon energies than at high enejgigp
acceptance—they are not normalized to the data. The results about 0.6 GeV, a comparison of the data with the shape of
of the model calculations that do not include the three-bodythe model results reveals the presence of three-body mecha-
mechanisms are almost a factor of 10 smaller than the data atsms. In the middle range of neutron momentum, two-body
lower energies, while they approach the data as the photomechanisms are seen to contribute increasingly starting from
energy increases and exceed the data at higher energies. Thg=0.65 GeV. These contributions stem from low-energy
full-model results agree better with the data, but still are todS-wavenp rescattering, which causes the increased yield in
low at low energies and too high at high energies. the quasi-two-body kinematics, corresponding to the left and
Figure 11 shows the partial differential cross section as gight sides of the Dalitz plofFig. 9). This yield projects onto
function of neutron momentunp,, for 12 0.1-GeV-wide the middle range of the neutron-momentum distribution.
photon energy bins. The data are compared with phase- A peak, roughly 0.04 Ge\W wide, is observed at a neu-
space-generated event distributigidetted curvegnormal-  tron momentum of about 0.12 Gew,/independent of the
ized in each energy bin in order to match the area under thghoton energy. The relative strength of this peak increases
experimental distribution, with the results of Laget's full with increasing photon energy, but it is not accounted for by
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the three-body phase-space distribution. However, this strudsy requiring the conditiop, <250 MeV/c. These are all the
ture is expected by the model, and it is predicted to beevents in the lower neutron-momentum pe@kithin 3o
largely due to two-body mechanisms. It reflects the Fermfrom its centey.

distribution of the spectator neutron. This feature has been Figure 13 shows the cross section as a function of photon
exploited to select the neutron-spectator kinematic region, agnergy integrated over the CLAS for the events satisfying
is explained in Sec. V A 2 below. this condition, compared with the predictions of the model.

At photon energies from about 0.9 to 1.2 GeV and highagter an initial steep drop, the cross section has an exponen-
neutron momenta, a third structure appears in the data, whigfy, dependence on the photon energy above 0.6 GeV, this
is present neither in the phase-space distribution nor in the ’

(1+2)-body model results, but is predicted by the full model.
This structure can therefore be considered to be a signatur
of three-body mechanisms as well.

The differential cross section as a function of the cosine
of the neutron polar angle cas in the lab system is plotted
in Fig. 12, for 12 0.1-GeV-wide photon-energy bins, be-
tween 0.35 GeV and 1.55 GeV. The distributions are
forward-peaked at low-to-intermediate energies, while they
become flatter for higheg,. Their shapes are reasonably
well reproduced by both phase-space and the full-model cal-
culations.

FIG. 16. Kinematics of the star configuration in thpn center-
of-mass frame. The angl®%, between the normal vector to the star

Guided by Fig. 11, the events where the neutron is a spe@lane and the photon-beam direction, afd the neutron azimuthal
tator in the photobreakup of a proton pair have been selecteghgle in the star plane, define the reaction.

2. Spectator neutron
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time with a slopeb=4 GeV’. The agreement between the T./T
experimental cross section and the model prediction is gooc L
only for low energies, below 600 MeV. The cross section is
clearly driven by two-body mechanisms, as expected.

The differential cross section as a function(06s6,,) .,
which is plotted in Fig. 14 for eight photon-energy bins,
shows a generally flat distribution. This is expected, becaus¢
in the neutron-spectator kinematics the two-body part of the
reduced differential cross section is proportional to the 0 o
neutron-momentum distributiop(n) times the center-of-
mass differential cross section for thg-pair breakug 8,

doeqg do
a0, (1 + B, cos6y)p(pn) dﬂcm(vppﬁ pp). (9)
Both the(1+2)-body part and the full-model results agree  « 7
fairly well, in shape and magnitude, with the experimental & N
distributions up to 600 MeV. At higher energies, the calcu- T2/ T 0 Ta/T
lation predicts the contribution of two-body mechanisms to
be much too large. FIG. 17. Dglitz plot for the CLASppn events selected for the
In the neutron-spectator kinematics, the primary physic$tar configuration

is contained in the angular distribution of thep— pp sub-
channel. Figure 15 compares this angular distribution witH(in the ppncenter-of-mass frameFor this reason, this kine-
the model. While the magnitude of the experimental crosgnatical arrangement, shown schematically in Fig. 16, has
section is well reproduced at low energy by the model, théeen called thetar configuration In this region, the three-
shape of the angular distribution is markedly different. Thebody mechanisms are expected to be dominant because if the
model curve exhibits a minimum at 90°, where the measuregnomentum is equally shared between the three nucleons, the
differential cross section has a broad maximum. It can b&ontribution from two-body mechanisms is minimized. This
seen from Fig. 13 that three-body diagrams do not contributés therefore considered to be a good place to study three-
significantly to the total cross section, but their interferencé?0dy mechanisms.
with the two_body diagrams brings the Shape of the angu]ar The events for this kinematics have been selected by re-
distributions closer to the experimental ones. However, thi§luiring that the three nucleons satisfy the condition
effect is not strong enough to cancel the huge contribution of

the two-body part at high energy. 1;'¢¢I"'I"' AL B B R
Since thepp pair that absorbs thg photon has no dipole A Star configuration
moment for the photon to couple with, charged-meson ex- i “”
change currents and intermediateproduction[Fig. 8, dia- e
(4 ® Present data
grams(c) and (d)] are strongly suppressed and one-body * — Lagetfull model
mechanismgdiagramsg(a) and(b)] and related FSldiagrams o Laget (1+2)-body only

(e) and (f)] contribute more significantly to the two-body 107
photodisintegration cross sectiofo/dQ)(ypp— pp). At

low energy, the one-body amplitude is driven by dipole pho- __
ton absorption, which is suppressed. At high energy, it in-S
volves all other multipoles and, as a result, the correspondinc®
cross section remains almost constant. This process probe

the relativepp wave function at a momentum which in- 443
creases with the incoming photon energy—typically

400 MeV/c at E,=400 MeV, increasing to 1.5 Ge¥/at

E,=1.2 GeV. Above~0.8 GeV, thepp wave function is not

under control, and we are reaching the limits of the model, as

in the yd— pn reaction[28]. We may have entered a region

where quarks become the relevant degrees of freedon s I
[28,29, or perhaps a description in terms of Regge-type cal- 10 0.4 0.6 0.8 1
culations[30] is more suitable. E, (GeV)

.......... Laget 3-body only

FIG. 18. Cross section integrated over the CLAS acceptance for
the star configuration plotted as a function of incident photon en-

The center of the Dalitz triangle corresponds to the thregrgy. The CLAS data are compared with the predictions of the full
particles having equal kinetic energies and their threemodel (solid curve, to the one- plus two-body-only paftlashed
momentum vectors forming angles of 120° with each othekurve), and to the three-body-only part of the mogebtted curve:

3. Star configuration
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0.25
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-1 -0.5 0, 05 1
€oso
|¢9ij -120°| < &, (10) calculation of theyN— @N vertex [the upper blob in Figs.
8(g) and §h)]. The addition of the contributions of the
where N(1520D13, N(1440P;;, and N(1535S;; resonances also
. might improve the agreement with the data. At higj the
_ pi - P; Blomqvist-Laget Born term matches the Regge amplitudes
0j arcco< oip; ) (1D [32] that reproduce theN— =N cross section in this energy

region. The pion-rescattering amplitudleigs. §9)-8()] is

is the angle between the momenta of nucleioasdj, in the  parametrized in terms of partial waves up to and including
center-of-mass frame, and the anglg which expresses the G-waves.

allowed deviation from the pure “star” kinematics, has been The differential cross section as a function of @sthe
chosen to be 15°, as shown in Fig. 17. cosine of the angle between the incident photon and the nor-

In Fig. 18, the cross section integrated over the CLAS formal vector to the three-nucleon center-of-mass plésee
the star configuration is plotted as a function of photon enFig. 16), is plotted in Fig. 19 for eight photon-energy bins
ergy. It decreases exponentially, with sldpe 5.8 GeV'!,as  between 0.35 GeV and 1.30 GeV. Since the two outgoing
the photon energy increases, much more steeply than for th@otons are indistinguishable, the orientation of the normal
neutron-spectator kinematics. vector to the star plang; X p,, is arbitrary. Thus, the distri-

As expected from the kinematics, for the star configura-bution is symmetric around ca& =0. The shape of the
tion the contribution of two-body mechanisms is negligible,cross section is very well reproduced by phase space at low
while the bulk of the cross section comes from three-bodyenergy, while at high energy the model better reproduces the
mechanisms. At low energy, the model misses the experieurvature of the experimental distribution. At all energies,
mental cross section by approximately a factor of 4. Thethe three-body mechanisms are dominant.
probable reason for this discrepancy is that only the Born Figure 20 shows, for eight photon-energy bins between
term and the\-formation term[31] have been retained in the 0.35 GeV and 1.30 GeV, the differential cross section as a
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g 18 | + ] FIG. 20. CLAS-integrated dif-
-1 i =|- T + ferential cross sections with re-
i 1% 1 spect tog* for the star configura-
i tion. The data, for photon energies
between 0.35 GeV and 1.30 GeV,
are compared with the full-model
results(solid curve$ and the one-
plus two-body-only part(dashed
= z curves. The dotted curves are the
2 2 phase-space distributions, multi-
g g plied, for each photon-energy bin,
8 3 by the constants used to normalize
the full-Dalitz cross sections.
g g
3 3

180
¢ (deg)

function of the angles* between the neutron direction in the At photon energies above about 0.6 GeV, the pion singu-
star plane and the projection of the photon-beam directiotarity appears cIearIYmi/mf,zl) in both the experimental
in the same plangsee Fig. 16 As is the case fo®*, the  distributions and the model results. At high energy, the mag-
angular distribution is symmetric, here around 180°.nitudes of the two peaks are comparable but the shift of the
It also follows a phase-space distribution, except By  theoretical one with respect to the experimental one reflects
>0.95 GeV, and its shap@ut not its magnitudeis repro-  the approximate treatment of Fermi motion effects in the
duced fairly well by the model as well. Again, three-body model. At lower energy, the theoretical peak is smaller than
mechanisms are seen to be dominant. in the experiment. The inclusion of higher-lying resonances
The photoproduced pion described by the diagr&g)s in the sequential scattering amplitude in the model will en-
and (h) of Fig. 8 can propagate on-shell, since the availablehance the peak nea/mZ =1, but will probably not fill the
energy is larger than the sum of the masses of the pion angap aroundnZ/m2=-15 for E,=400 MeV.
the three nucleons. This causes the development of a loga- These findings indicate a deviation from the sequential
rithmic singularity in the three-nucleon amplitude, which rescattering three-body mechanisms, which may be a hint in
shouldenhancethe contribution of three-body mechanisms. the search for more genuine three-body processes.
The effect of this singularity can be seen in Fig. 21, in which
is plotted the cross-section differential rimf;/mi, wheremy,
defined from the relation The third region of the Dalitz plot examined corresponds
to the quasi-two-body breakup, where a proton and an un-
- - bound deuteroria pn pair) are emitted back-to-back in the
my = (B, +my=Ep)* = (k, = pn)?, (12) center-of-massmframe. For this kind of event, one of the two
protons(p,) is emitted with 2/3 of the total available energy,
is the missing mass in thgp— 7N reaction, assuming that and thepn pair travels in the opposite direction, with 1/3 of
the proton is at rest. the total energy, and WitfﬁpzzTn:éT. This kinematics cor-

4. Quasi-two-body breakup
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o1 r N— ‘ ] for the events on the left side of the Dalitz plot. Since pro-
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P P T PR TN P FUUTU RURTE P P I Dalitz plot are equivalent.

m,2/m 2 1 —

FIG. 21. Distributions ofmZ/m? [see Eq(12)] for the star con-
figuration exemplified by three 0.1-GeV-wide photon-energy bins.
The dotted lines represent the phase-space predictions, multiplied

by the constants used to normalize the full-Dalitz cross sections, 44 'L

while the solid curves are the full-model results.

responds to the events in the two populated areas shown i
Fig. 22. These areas have been selected by requiring that th~

-
e
.
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FIG. 23. Cross section integrated over the CLAS for the quasi-

_ _ ) two-body breakup plotted as a function of photon energy. The data
for the events on the right side of the Dalitz plethere the  are compared with the predictions of the full modsblid curve,

proton labeledpl has higher energyand

the (1+2)-body calculationdashed curve and the three-body-only

calculation(dotted curve The full-model calculation agrees quan-
|6p1p2 —180°] < 20°, titatively with our experimental results only up to about 0.55 GeV.
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In Fig. 23, the CLAS-integrated cross section for this pro-larity moves toward the top of the Dalitz plot, and the con-
cess is plotted as a function of photon energy. It decreasdsibution of sequential scattering to the quasi-two-body cross
exponentially with a much steeper slope than for the othesection becomes negligible. Here, the difference between the
kinematics(b=7.3 GeV'). The full-model result is in good experimental cross section and the full-model result is a
agreement with the experimental cross section only for thetrong hint of a possible contribution of other three-body
low part of the photon energy range, and seriously underesnechanisms that do not reduce to sequential scattering.
timates it above abouE,=0.55 GeV. The(1+2)-body cal- In Fig. 24, the differential cross section is plotted as a
culation gives a cross section that is smaller than the data bynction of the cosine of the polar angle of the higher-energy
a factor of 5 or more for all photon energies. However, thisproton in the three-body center-of-mass frame. Data from
kinematic region is expected to be strongly influenced byeight photon-energy bins between 0.35 and 1.30 GeV are
final-state interactiongFSI) [14]. Only S-waveNN scatter-  shown. The experimental cross section shows a forward peak
ing has been included in the model calculation. Furthermoreyhose relative strength grows with increasing photon energy.
a factorization approximation has beenmade to estimate thEhis feature is also seen in thg+2)-body model and in the
ninefold integral in Fig. 8, grapki). A full treatment, in the full calculation forE,>0.55 GeV. The predicted strength of
terms of Ref.[33], might help to reduce the discrepancy the forward peak is, however, much too small to match the
between the data and the model predictions. data. For lower energies, the full calculation predicts a cross-

It also turns out that the logarithmic singularity in the section enhancement at backward angles that is not seen in
two-step sequential scatterifiigs. §g) and 8h)] moves in  the data.
the Dalitz plot as the photon energy varies. At lower photon
energies, arouné, =500 MeV, it coincides with the part of
the Dalitz plot where the quasi-two-body events are located
and where the amplitude includes a significant contribution Previous experiments measuring tide— ppn channel
from FSI as well. As the photon energy increases, the singun an extended part of the phase space have been performed

B. The ppn “three-body” cross section
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TABLE II. Selection cuts applied to the TAGX, DAPHNE, and CLASHe— ppnexperiments in order
to extract the “three-body” total cross section.

TAGX DAPHNE CLAS

15°< 6 pp<165° 22°< Oy pp<158° 15°< Oypg pp<125°
0° < pp1 pp=40° 0°< ¢pp1,p2=360° CLAS ¢ fiducial cuts
Pp1,p2=300 MeV/c Pp1,p2=300 MeV/c Pp1,p2= 300 MeV/c
“Nonspectator” neutron p,=150 MeV/c p,=150 MeV/c

with the DAPHNE[18] and TAGX[16] detectors. Except for yHe— ppn reaction channel, as a consequence of the high
differences in theb coverage, the CLAS event-selection cuts statistics and large kinematic coverage obtained with the
are very similar to the other two experiments, as seen ifCLAS.

Table Il; however, differences in the selection criteria of the  Total and partially integrated differential cross sections
three-body events exist between the TAGX experiment orfor the full ppn data set and for selected kinematics were

the one hand and the DAPHNE and CLAS experiments orgXtracted and are compared with phase-space distributions
the other. and with the predictions of the diagrammatic model of Laget.

The ppn “three-body” cross section is defined as This model reproduces some of the main trends of the ex-
perimental energy distributions, and for these cases can be

_ Naboay(E,) taken as a qualitative guide to understanding the reaction
Tapody(E,) = , (15) .
pzZNy mechanisms.
Ny(Ey)ACO(Ey)—A From the analysis of the neutron-momentum distribution

for the full Dalitz plot, the kinematic region corresponding to
whereNg,0qy is the number of events extracted by applyingthe photodisintegration of @p pair in the presence of a
the selection cuts given in Table Il aacis the acceptance spectator neutron has been identified. Here, the effects of
of the CLAS detector for th@pn events calculated with the two-body absorption mechanisms dominate and the model
phase-space Monte Carlo simulation. The low-momenturmesults are very close to experiment at low energy, up to
neutrons(p,=< 150 MeV/c) have been excluded in order to E,=600 MeV. At higher energies, the discrepancy, which
select only those events for which all three particles particiincreases with energy, might be a hint that we are approach-
pate in the reaction, thus diminishing the importance of two-
body processegl6,18. In this kinematics, the phase-space
result describes the process reasonably well.

Figure 25 showsrg,oqy as a function of the photon energy
E,. The full circles represent our CLAS data, the empty tri-
angles the data of the TAGX Collaboratigf6], and the !
empty squares the results obtained in the experiment carrie -
out at MAMI with the DAPHNE detectof18]. The error 30 fa 4o O DAPHNE [18]
bars on the CLAS data are statistical only. The systematic o } .
uncertainties delineated in the previous section are shown b 25 | o A TAGX[16]
the vertical lines in the upper part of the figure. VE 9\

In the overlap region of the three experiments from 20 |
0.35t0 0.80 GeV, the CLAS data are in good agreement -
with the DAPHNE results, but differ from the TAGX cross 45 |
sections by about 15%, most likely due to the above- !
mentioned difference in the three-body event selection.

45

| IIIiIII'I;“I”;“l":"l"lllllIillllllnln;ului..l..: .........

——
40

® CLAS 3

10 |

Above 0.80 GeV, no previous data are available. [

The phase-space extrapolation to the unmeasured regior - . 3
has been done only for comparison with the previous experi- i : '-«,. 1
ments, which adopted the same procedure to extragth, 0 T I”f'ﬁo.g-.,.,.,,;

0.2 0.4 0.6 0.8 1 1.2 1.4

E, (GeV)
VI. SUMMARY AND CONCLUSIONS
o ) FIG. 25. Total “three-body” cross section as defined by (&§)

The three-body photodisintegration Bie has been mea- for the v ®He— ppnreaction plotted as a function of photon energy.
sured with the tagged-photon beam and the CEBAF Largenhe CLAS data(full circles) are compared with the results from
Acceptance Spectrometer in Hall B at the Thomas JeffersopAPHNE [18] (empty squaresand TAGX [16] (empty trianglel
National Accelerator Facility in the photon-energy range be-The error bars on the CLAS experimental points are statistical only.
tween 0.35 and 1.55 GeV. This measurement constitutes Bhe CLAS systematic uncertainties are represented by the vertical
wide-ranging survey of two- and three-body processes in thears in the upper part of the figure.
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ing the limit of models based on meson and baryon degreesisms which go beyond the dominant sequential meson ex-
of freedom. change andA\ formation in the intermediate energy range,
A strong contribution of three-body sequential meson-and which take into account possible coupling with partonic
absorption mechanisms is manifested over all the availabldegrees of freedom in the highest energy range.
phase space, but most especially in #t@r kinematics, the
spatially symmetric configuration of the three final-state
nucleons. These events are dominated by the coupling to the
A resonance, and they strongly confirm its role in three-body We would like to thank the staff of the Accelerator and
forces. The deviations from the predictions of the diagram+Physics Divisions at Jefferson Lab, who made this experi-
matic model point not only toward the necessity of imple-ment possible. Acknowledgments for the support of this ex-
menting processes which involve higher-lying baryonic resoperiment go also to the Italian Istituto Nazionale di Fisica
nances, but also toward possible additional three-bodyucleare, the French Centre National de la Recherche Scien-
mechanisms beyond sequential scattering. tifigue and Commissariat a I'Energie Atomique, the U.S. De-
The 4m-integrated “three-body” cross section is in excel- partment of Energy and the National Science Foundation,
lent agreement with previous experimental results fromand the Korea Science and Engineering Foundation. South-
DAPHNE up to 800 MeV. For the first time we now have eastern Universities Research AssociatiBluRA) operates
provided access to a higher energy range, up to 1.5 GeV. the Thomas Jefferson National Accelerator Facility under
This work breaks new ground in the experimental studyU.S. Department of Energy Contract No. DE-ACO05-
of the three-body photodisintegration dfie. However, be- 84ER40150. The GWU Experimental Nuclear Physics
fore making contact with the elusive three-body forces, itGroup is supported by the U.S. Department of Energy under
calls for a more complete treatment of three-body mechaGrant No. DE-FG02-95ER40901.
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