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The three-body photodisintegration of3He 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 number(s): 21.45.1v, 25.20.2x

I. INTRODUCTION

The study of the electromagnetic properties of the3He
nucleus is the optimal starting point to assess the importance
of many-body interactions between nucleons in nuclei[1,2].
In particular, in theg 3He→ppn reaction, three-nucleon cur-
rents dominate in certain regions of phase space[3–5]. In
fact, app pair has no dipole moment with which to couple
and the charge-exchange current vanishes within app pair,
so that the one- and two-nucleon currents are suppressed in
those regions. The small number of nucleons involved makes
possible kinematically complete experiments, and exact Fad-
deev ground-state wave functions, as well as exact wave
functions for the continuum three-body final state at low en-
ergies (below the pion-production threshold), are available
[6,7].

Although the calculations of the3He ground-state wave
function have reached a high level of accuracy in reproduc-
ing the bound-state properties[6,7], the calculation of the
continuum three-nucleon wave function is less developed at
higher energy; a full treatment of the three-body photodisin-
tegration of 3He has been possible only at energiesEg

ø300 MeV. As the energy increases, the number of partial
waves and open channels becomes very large and, so far, no
calculations that are both exact and complete have been done
in the GeV region. Not only would a very large computa-

tional effort be required to do so, but also a treatment of the
absorptive part of the nucleon-nucleon interaction(coupling
to other open channels that is not taken into account in
potential-based calculations) should be implemented.

A different approach has been taken by Laget[3,8–11],
who has employed a diagrammatic model for the evaluation
of the contribution of one-, two-, and three-body mecha-
nisms in the cross section for the photodisintegration of3He.
Rather than relying on a partial-wave expansion, this ap-
proach relies on the evaluation of the dominant graphs whose
amplitudes are related to one- and two-body elementary am-
plitudes. The parametrization of these elementary amplitudes
incorporates absorptive effects due to the coupling with other
channels, which become more and more important as the
energy increases. The comparison of these model predictions
with experimental data provides us with a good starting point
to understand the nature of three-body interactions in3He for
photon energies in the GeV region.

At stake is the link with three-body forces. In the3He
ground state, three-body forces involve the exchange of vir-
tual mesons between nucleons and the creation of virtual
baryonic resonances. The incoming photon can couple to
each of these charged particles. Below the pion-
photoproduction threshold, all the particles remain virtual
and the corresponding three-body meson-exchange currents
(MEC) 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-shell[1]. The corre-
sponding sequential scattering amplitudes are considerably
enhanced and can dominate certain well defined parts of the
phase space. Kinematically complete experiments allow one
to isolate each of the dominant sequential rescattering ampli-
tudes. They analytically reduce to three-body MEC at lower
energy, and put constraints on the corresponding three-body
current.

*Present address: Institut de Physique Nucléaire ORSAY, F91406
Orsay, France.

†Present address: Systems Planning and Analysis, Alexandria, VA
22311.

‡Deceased.
§Physikalisches Institut der Universität Glessen, 35392 Glessen,

Germany.
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Several low-energys,100 MeVd experiments have been
performed since the publication of the results of the first
measurement of the three-body photodisintegration of3He in
1964 [12], but only a few have been performed at interme-
diate photon energies up to 800 MeV, in limited kinematics
[13–15] as well as with large-acceptance detectors[16–18].
They show good agreement with Laget’s predictions pro-
vided that the 3N mechanisms, based on sequential pion ex-

changes andD-resonance formation, are included in the cal-
culations. Since these mechanisms dominate well defined
parts of the phase space, a better understanding of the nature
of many-body interactions requires one to perform a high-
statistics full 4p investigation, probing the three-body
breakup process for all angular and energy correlations of the
three outgoing nucleons. Also, the extension to the high-
energysEgù1 GeVd 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 of3He 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. II, the
salient points of the data analysis in Sec. III, 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.

II. EXPERIMENTAL SETUP

The experiment was performed at the Thomas Jefferson
National Accelerator Facility, in Hall B, using the CEBAF
Large Acceptance Spectrometer(CLAS) [20] and the brems-

FIG. 1. Coincidence time for a subset of the raw data. The
vertical lines in the upper panel indicate the time window for ac-
cepted events. Random coincidences from neighboring beam pulses
are visible in the lower panel.

FIG. 2. Velocityb=v /c spectrum, as a function of particle mo-
mentum, for charged particles detected in the CLAS.

FIG. 3. Distribution of thez component(along the beam line) of
the proton vertex. The solid line represents data obtained with a full
target and the dashed line represents data taken with an empty tar-
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 −7 cm,z
,7 cm (vertical lines) has been chosen to select thepp events.
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strahlung photon tagger[21]. The electron beam energy was
1.645 GeV, corresponding to two passes of the CEBAF ac-
celerator; the current was 10 nA during regular production
runs and 0.1 nA during tagging-efficiency calibration runs.
The photon beam was produced by the electron beam strik-
ing the radiator, a thin layer(,5310−5 radiation length) of
gold deposited on a thin carbon backing, which was placed
50 cm before the entrance of the tagger magnet. The elec-
trons interacting in the radiator were deflected by the mag-
netic field of the tagging magnet, and those with energy be-
tween 20% and 95% of the incident electron beam energy
were detected by two layers of scintillators(E-counters, mea-
suring the energy of the electron, and T-counters, measuring
its time[21]) placed in the magnet focal plane. Thus, photons
in the energy range from 0.35 to 1.55 GeV were tagged. Two
collimators were placed in the beamline between the tagger
and the3He target, in order to eliminate the tails from the
photon beam and to give a small and well defined beam spot
on the target. The data were obtained using a cylindrical
cryogenic target, 18 cm long and 4 cm in diameter, filled
with liquid 3He and positioned approximately 20 m down-
stream of the tagger radiator in the center of the CLAS. A
lead-glass total absorption counter(TAC), almost 100% effi-
cient, placed approximately 20 m downstream from the cen-
ter of the CLAS detector, measured the tagging efficiency
during low-flux calibration runs.

The CLAS is a magnetic toroidal spectrometer in which
the magnetic field is generated by six superconducting coils.
The six azimuthal sectors are individually equipped with
drift chambers for track reconstruction, scintillation counters
for time-of-flight measurement,Čerenkov counters for
electron-pion discrimination, and electromagnetic calorim-
eters to identify electrons and neutrals. The polarization of
the CLAS torus was set to bend the negatively charged par-

ticles toward the beam line. In order to achieve a good com-
promise between momentum resolution and negative-particle
acceptance(required by other simultaneous experiments), the
magnetic field of the CLAS was set to slightly less than half
of its maximum value, corresponding to a torus current of
1920 A. A coincidence between the tagger and the time-of-
flight scintillators defined the Level-1 trigger for accepting
the hadronic events. For the first time in CLAS, a Level-2
trigger, which selected the events from among those passed
through Level-1 that have at least one “likely track” in the
drift chambers, was also used[20]. More than a billion
events of production data were obtained with3He (plus a few

FIG. 4. Angular coverage for the identified protons. The gray
areas represent the fiducial regions of the six CLAS sectors inside
which the protons for the present analysis have been accepted.

FIG. 5. Missing mass of theg 3He→ppXsystem, for a subset of
the selectedpp events. One can easily distinguish the peak at the
neutron mass at about 0.94 GeV/c2 ss,0.017 GeV/c2d from the
competing reaction channels.

FIG. 6. Examples of missing-mass histograms fitted with a
Gaussian curve plus an exponential(solid curve) for 0.43,Eg

,0.45 GeV (a1) and 1.13,Eg,1.15 GeV (a2), for 0.08,pn

,0.10 GeV/c and 0.45,Eg,0.55 GeV (b1) and 0.42,pn

,0.44 GeV/c and 0.75,Eg,0.85 GeV (b2), and for −0.88
,cosun,−0.84 and 0.35,Eg,0.45 GeV(c1) and 0.72,cosun

,0.76 and 0.95,Eg,1.05 GeV (c2). The background alone is
shown as the dashed curves.
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million events taken with the target empty), at a data-
acquisition rate slightly greater than 3 kHz.

III. DATA REDUCTION AND ANALYSIS

A. Channel identification

In order to isolate theppn channel, app coincidence
(with no other charged particles) in a time window of ±1 ns
with a tagged photon defined the minimum condition for an
accepted event, since the time interval between beam pulses
is 2 ns. This coincidence time is shown in Fig. 1 for a subset
of the raw data. The two protons were identified by their
mass, deduced from their momentum measured in the drift
chambers and their velocity measured with the time-of-flight
scintillators, as shown in Fig. 2.

A cut on the interaction vertex, based on the analysis of
empty-target runs, was performed to eliminate the back-
ground frompp events originating outside the target volume.
Eliminating the events having thez component(wherez is
measured along the beam line) of the vertex more than 7 cm
away from the center of the target, as shown in Fig. 3, re-
duced this background to less than 1%[19].

The particle-detection efficiency of the CLAS is not uni-
form and constant throughout its volume. At the edges of the
active regions, delimited by the shadows of the six supercon-
ducting coils, the acceptance decreases and varies rapidly. In
order to avoid errors, including poorly reconstructed tracks
in the low-acceptance regions, a set of fiducial cuts, empiri-
cally determined, has been applied both to the momenta(p1,
p2.300 MeV/c, p,300 MeV/c being the CLAS detection
threshold for protons) and tothe polar and azimuthal angles
(u, f) 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
is shown in the light gray areas of Fig. 4.

Since the photon energy and the four-momenta of the two
detected protons are known, and thus theppn kinematics is
completely determined, a missing-mass analysis can be per-
formed to identify the neutron. Figure 5 shows the missing-
mass distribution of the systemg 3He→ppX. The first peak
corresponds to the missing neutron, the second one to the

other competing reaction channels, such as those producing
pions which had not been detected by the CLAS, e.g.,
g 3He→ppsnp0d or g 3He→ppspp−d. 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
its loss of energy while passing through the cryogenic target
material, the target walls, the carbon-fiber scattering cham-
ber, and the start-counter scintillators.

B. Background subtraction

After channel identification, the data were binned in pho-
ton energy, particle momentum, and particle angle. For each
of these bins, a histogram of the two-proton missing-mass
distribution was accumulated. Eachpp missing-mass histo-
gram was fitted with a Gaussian curve plus an exponential in
order to reproduce the neutron peak and the background un-
derneath it. The background is due both to misidentified or
badly reconstructed protons and to the tail from competing
reaction channels(see Fig. 5). Once the parameters of the fit
are extracted, the yield is given by the area under the Gauss-
ian curve. In this way, the contribution of the background is
excluded. Some examples of the quality of these fits for vari-
ous bins in photon energy, neutron momentum, and neutron
angle, chosen to be typical of the character of the data for
various conditions, are shown in Fig. 6. The background-to-
signal ratio varies from less than 1% to 8%, depending on
the kinematics.

To estimate the systematic uncertainty introduced by the
fitting procedure used to subtract the background from thepp
missing mass, the yields obtained with two kinds of fitting
functions for the background(exponential and polynomial)
have been compared with each other[19]. The deviations
are, on average, of the order of 2%.

C. Efficiency

Since the neutron is reconstructed using the missing-mass
technique, the detection efficiency for this channel is given
by the probability of correctly detecting and identifying two
protons in the CLAS. This has been evaluated with the aid of
a Monte Carlo simulation. Theppnevents, generated accord-
ing to the three-body phase-space distribution, were pro-
cessed by aGEANT-based code simulating the response of the
CLAS, and were reconstructed and analyzed using the same

TABLE I. Systematic uncertainties in the measured cross sec-
tions. The total is the sum in quadrature of the individual
uncertainties.

Quantity
Uncertainty

%

Target length and density 2

Background subtraction 2

Detection efficiency 5

Photon flux 6

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%.
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procedure adopted for the experimental data. The efficiency
inside the CLAS fiducial region for a given kinematical bin
Dt is defined as

«sDtd =
Nr

N0
, s1d

whereDt lies inside of the CLAS fiducial region,Nr is the
number of reconstructed events withinDt, and N0 is the
number of events generated withinDt. The efficiency so
computed is more or less constant as a function of photon
energy, momentum, and angles, and its average value is
slightly less than 95%.

In order to evaluate the systematic uncertainties in the
efficiency for detecting theppn events in the CLAS, the
results obtained with the phase-space distribution have been
compared with the efficiency computed with three other
event distributions[19]. The result of the calculations of the
efficiency inside of the CLAS fiducial region turns out to be
independent of the model used to simulate the reaction, apart
from the effect of bin migration due to the finite resolution of
the detector, which has been found to be small. The resulting
systematic uncertainty was determined to be no greater than
5% [19].

D. Cross sections and normalization

Three kinds of CLAS-integrated cross sections have been
measured and are reported here. They are(i) total cross sec-
tions, defined as

s =
Nppn

L«
; s2d

(ii ) semidifferential cross sections with respect to momen-
tum, defined as

ds

dp
=

Nppn

DpL«
; s3d

and(iii ) semidifferential cross sections with respect to cosu,
defined as

FIG. 8. Diagrams used in Laget’s model[3,8–11] in the calcu-
lation of the3Hesg ,ppdn cross sections:(a) 1N absorption mecha-
nism; (b) 1N1final state interactions(FSI); (c) 2N absorption;(d),
(e), and(f) 2N+FSI; (g) and(h) 3N mechanisms; and(i) 3N+FSI.
The open circles represent full transition amplitudes(T matrices);
the filled circles aregNN andpNN Born terms.

FIG. 9. Triangular Dalitz plot for theppn data.Tp1, Tp2, andTn

are the center-of-mass kinetic energies of the three nucleons.

FIG. 10. Totalppn cross section integrated over the CLAS ac-
ceptance plotted as a function of photon energy on a logarithmic
scale for the fullEg range. Theppn cross section(circles) is com-
pared with Laget’s full model(solid curve), with the model result
without the three-body mechanisms(dashed curve), and with the
one including only three-body processes(dotted curve). The error
bars include statistical and systematic uncertainties, as in all the
following experimental distributions.
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ds

dV
=

Nppn

2pDscosudL«
, s4d

whereNppn is the number of events in the bin,« is the de-
tection efficiency defined in Sec. III C, andL is the luminos-
ity, which is defined as

L = Ng

rzNA

A
, s5d

where r=0.0675 g/cm3 is the density of the target,z
=14.0 cm is the effective target length,A is the atomic mass
of the targetsA=3.016 g/mold, NA is Avogadro’s number,
andNg is the number of incident photons.

The systematic uncertainties in the target length and den-
sity are of the order of 2%. The photon flux was measured by
integrating the tagger rate over the data-acquisition lifetime.
The tagging efficiency was measured during low-flux runs,
using the lead-glass total absorption detector. For each
T-counteri, the tagging efficiency is defined as[21]

Tef fsid = sTi ·TACd/Ti
raw, s6d

whereTi ·TAC is the rate of coincidences between tagger and
total absorption counter, andTi

raw 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 6%[19]. 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, wasL.8.731035 cm−2 for this experiment.

IV. MODEL CALCULATION

As mentioned in the Introduction, the only theoretical
model currently available for calculation of the cross section
for the three-body photodisintegration of3He in the GeV
energy region is the one by Laget. In this model, the fivefold
differential cross section in the laboratory system for the

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.
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
the dashed lines represent the
model including one- and two-
body mechanisms only. ForEg

.0.95 GeV, the model predic-
tions at pn,250 MeV/c (to the
left of the vertical dotted-dashed
line) are scaled by a factor 0.1 to
fit in the plots.
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g 3He→ppn reaction is connected through a Jacobian to a
reduced cross section,

d5s

dpdV1dV2
=

Enp2
3p1

2

E1pn
2uEnp2

2 − E2pWn · pW2u
SQ

p
D

cm

3
d5sred

sdV1dcmdpndVn
, s7d

where sE1,pW1d, sE2,pW2d, and sEn,pWnd are, respectively, the
four-momenta of the two outgoing protons(1 and 2) and the
neutron in the laboratory frame, andp andQ are the proton
momentum and the total energy measured in the center-of-
mass frame of the two protons.

The reduced cross section depends on the transition am-
plitude Tsg 3He→ppnd [4,5],

d5sred

sdV1dcmdpndVn
~ zkCppnuTuC3Helz2. s8d

The fully antisymmetrized3He bound-state wave function
uC3Hel is the solution of the Faddeev equations[22] for the
Paris potential[23]. It is expanded in a basis where two
nucleons couple to angular momentumL, spinS, and isospin

T, the third nucleon moving with angular momentuml. Each
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 nucleon[24].
Fermi-motion effects are taken fully into account in the two-
body matrix element, and partially[3] 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
prohibitive computation time. All of the S, P, and D compo-
nents of the3He wave function are included. The energy and
momentum are conserved at each vertex, and the kinematics
is relativistic. The continuum final stateuCppnl 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 potential) where 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
is achieved by exchanging the roles of the three nucleons
[10]. The transition amplitudeT is expanded in a truncated

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.
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series of diagrams that are thought to be dominant. These
diagrams, that were thought to include the most likely one-,
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
Feynman diagrams included in the present version of the
model are shown in Fig. 8. The open circles represent the full
transition amplitudes(T matrices), which have been cali-
brated against the corresponding elementary channels, and
the filled circles are just thegNN andpNN Born terms.

The first two diagrams,(a) and (b), describe one-body
photoabsorption;(c), (d), (e), and(f) represent two-body pro-
cesses[25,26]; and (g), (h), and (i) are three-body mecha-
nisms, with two-meson(p or r) exchange. Pion absorption
by a T=1 (pn or pp) pair has been found experimentally to
be strongly suppressed[27], at least at low energies, and has
not been included in the model at this stage. The 3N absorp-
tion mechanism shown in diagram(g) represents the primary
3N process for the3Hesg ,ppdn reaction. Above the photon
energy corresponding to the pion-production threshold, the
calculation does not contain any free parameters, since all of
the basic matrix elements have been fixed independently us-
ing relevant reactions induced on the nucleon and on the
deuteron[4,5]. The calculated cross section involves a loga-
rithmic singularity associated with the on-shell propagation
of the “first” exchanged pion, which shows up, and moves
when the photon energy varies, in a well defined part of the
phase space. Below the pion threshold, both exchanged pions
are off their mass shells, and the three-body exchange cur-
rents can be linked by gauge invariance to the corresponding
three-body forces[3,8–11].

All model calculations discussed in the following sections
have been performed with Monte Carlo sampling over the
CLAS geometry to produce cross sections that can be com-
pared with the experimental results. The small-scale struc-
tures which are seen in some of the model results result from
this Monte Carlo treatment, although the major structures are
real features of the model calculations.

V. RESULTS

A. Cross sections integrated over CLAS

The use of a triangular Dalitz plot is very suitable to look
for the deviations of an experimental distribution from pure
phase-space predictions and to identify correlations between
three final-state particles. In particular, this technique can be
used to identify and select the regions of the phase space
where three-body processes can be dominant. IfTp1, Tp2, and
Tn are the center-of-mass kinetic energies of the two protons
and the neutron, respectively, andT is their sum, we can
define the Cartesian coordinates of the triangular Dalitz plot
as

x =
1
Î3

Tp1 − Tp2

T
and y =

Tn

T
.

Figure 9 shows the distribution of theppn events on the
Dalitz plot after applying the selection cuts. The wide accep-
tance of the CLAS allows us to fill the physically accessible

region—delimited by the boundary circle—almost com-
pletely.

The shading of the boxes indicates the yield of the ob-
servedppnevents. Areas of increased yield are visible where
theTp1 andTp2 axes intercept the boundary circle, as well as
where Tn<0. These areas correspond to quasi-two-body
breakup and neutron-spectator kinematics, respectively; they
are discussed in detail in Secs. V A 4 and V A 2 below. The
depletion areas in the upper left and upper right sides of the
circle correspond to the kinematics where one of the protons
has low momentumsp1,p2,300 MeV/cd and therefore is
not detected by the CLAS. The central top area where the
two protons are emitted in nearly the same direction is ex-
cluded by the requirement of detecting the two protons in
two different sectors(see Sec. III A above). The central re-
gion, near the intersection of the three axes, consists of
events where all three nucleons have nearly equal energies,
and is called the “star” region(see Sec. V A 3 below).

In the following sections, CLAS-integrated cross sections
for the full acceptance and for the three selected kinematics
listed above, each chosen to illustrate its two-body or three-
body character, are presented and compared with distribu-
tions obtained both with three-body phase space and with the
results of the Laget model.

1. Full CLAS acceptance

The ppn total cross section integrated over the CLAS ac-
ceptance has been measured as a function of the incident
photon energyEg. The photon-energy spectrum, ranging
from 0.35 GeV to 1.55 GeV, has been divided into 60 bins,
each 0.02 GeV wide. The results are shown in Fig. 10. The

FIG. 13. Cross section integ rated over the CLAS for the
neutron-spectator kinematics plotted as a function of photon energy.
The data are compared with the predictions of the full model(solid
curve), the s1+2d-body part (dashed curve), the three-body part
(dotted curve), and the one-body part alone(dashed-dotted curve).
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cross section, ranging between 10mb and 0.01mb, decreases
almost exponentially as the photon energy increases. Fitting
the data with an exponential functionssEgd~e−bEg yields a
slope b.5.3 GeV−1. The data are compared with the full
calculation (solid curve), including one-, two-, and three-
body mechanisms, as well as with the results for the one- and
two-body mechanisms only(dashed curve), and the three-
body mechanisms only(dotted curve), as shown in Fig. 8. It
is important to note that the theoretical curves representab-
solute cross sectionscalculated within the CLAS
acceptance—they are not normalized to the data. The results
of the model calculations that do not include the three-body
mechanisms are almost a factor of 10 smaller than the data at
lower energies, while they approach the data as the photon
energy increases and exceed the data at higher energies. The
full-model results agree better with the data, but still are too
low at low energies and too high at high energies.

Figure 11 shows the partial differential cross section as a
function of neutron momentumpn, for 12 0.1-GeV-wide
photon energy bins. The data are compared with phase-
space-generated event distributions(dotted curves) normal-
ized in each energy bin in order to match the area under the
experimental distribution, with the results of Laget’s full

model (solid curve), and with the model with no three-body
mechanisms included(dashed curve). The neutron momen-
tum distributions are related to the projection of the data in
Fig. 9 onto theTn axis.

In the photon-energy range between 0.35 and 0.95 GeV,
the data show a broad central distribution in the middle of
the neutron momentum spectrum(e.g., at about 400 MeV/c
for Eg=0.4 GeV and 500 MeV/c for Eg.0.5 GeV), which
is reproduced reasonably well by the phase-space distribu-
tion (better at low photon energies than at high energies). Up
to about 0.6 GeV, a comparison of the data with the shape of
the model results reveals the presence of three-body mecha-
nisms. In the middle range of neutron momentum, two-body
mechanisms are seen to contribute increasingly starting from
Eg=0.65 GeV. These contributions stem from low-energy
S-wavenp rescattering, which causes the increased yield in
the quasi-two-body kinematics, corresponding to the left and
right sides of the Dalitz plot(Fig. 9). This yield projects onto
the middle range of the neutron-momentum distribution.

A peak, roughly 0.04 GeV/c wide, is observed at a neu-
tron momentum of about 0.12 GeV/c, independent of the
photon energy. The relative strength of this peak increases
with increasing photon energy, but it is not accounted for by

FIG. 14. Differential cross sec-
tions integrated over the CLAS
for the neutron-spectator kinemat-
ics with respect to cosu of the
neutron in the laboratory frame
for photon energies between 0.35
and 1.30 GeV. The data are com-
pared with the results of the full
model (solid curves) and those of
the one- plus two-body-only
model (dashed curves), for 0.35
,Eg,0.75 GeV only, because at
higher energies the model calcula-
tions differ by more than an order
of magnitude from the data.
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the three-body phase-space distribution. However, this struc-
ture is expected by the model, and it is predicted to be
largely due to two-body mechanisms. It reflects the Fermi
distribution of the spectator neutron. This feature has been
exploited to select the neutron-spectator kinematic region, as
is explained in Sec. V A 2 below.

At photon energies from about 0.9 to 1.2 GeV and high
neutron momenta, a third structure appears in the data, which
is present neither in the phase-space distribution nor in the
s1+2d-body model results, but is predicted by the full model.
This structure can therefore be considered to be a signature
of three-body mechanisms as well.

The differential cross section as a function of the cosine
of the neutron polar angle cosun 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 higherEg. Their shapes are reasonably
well reproduced by both phase-space and the full-model cal-
culations.

2. Spectator neutron

Guided by Fig. 11, the events where the neutron is a spec-
tator in the photobreakup of a proton pair have been selected

by requiring the conditionpn,250 MeV/c. These are all the
events in the lower neutron-momentum peak(within 3s
from its center).

Figure 13 shows the cross section as a function of photon
energy integrated over the CLAS for the events satisfying
this condition, compared with the predictions of the model.
After an initial steep drop, the cross section has an exponen-
tial dependence on the photon energy above 0.6 GeV, this

FIG. 15. Differential cross sec-
tions integrated over the CLAS
for the neutron-spectator kinemat-
ics with respect to cosupp of the
proton in the pp-pair center-of-
mass frame for photon energies
between 0.35 and 1.30 GeV. The
data are compared with the results
of the full model (solid curves),
and those of the one- plus two-
body-only model(dashed curves),
for 0.35,Eg,0.75 GeV, be-
cause at higher energies the model
calculations differ by more than
an order of magnitude from the
data.

FIG. 16. Kinematics of the star configuration in theppn center-
of-mass frame. The anglesu*, between the normal vector to the star
plane and the photon-beam direction, andf*, the neutron azimuthal
angle in the star plane, define the reaction.
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time with a slopeb.4 GeV−1. The agreement between the
experimental cross section and the model prediction is good
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 ofscosundlab,
which is plotted in Fig. 14 for eight photon-energy bins,
shows a generally flat distribution. This is expected, because
in the neutron-spectator kinematics the two-body part of the
reduced differential cross section is proportional to the
neutron-momentum distributionrsnd times the center-of-
mass differential cross section for thepp-pair breakup[8],

dsred

dVcmdpWn

= s1 + bn cosundrspnd
ds

dVcm
sgpp→ ppd. s9d

Both thes1+2d-body part and the full-model results agree
fairly well, in shape and magnitude, with the experimental
distributions up to 600 MeV. At higher energies, the calcu-
lation predicts the contribution of two-body mechanisms to
be much too large.

In the neutron-spectator kinematics, the primary physics
is contained in the angular distribution of thegpp→pp sub-
channel. Figure 15 compares this angular distribution with
the model. While the magnitude of the experimental cross
section is well reproduced at low energy by the model, the
shape of the angular distribution is markedly different. The
model curve exhibits a minimum at 90°, where the measured
differential cross section has a broad maximum. It can be
seen from Fig. 13 that three-body diagrams do not contribute
significantly to the total cross section, but their interference
with the two-body diagrams brings the shape of the angular
distributions closer to the experimental ones. However, this
effect is not strong enough to cancel the huge contribution of
the two-body part at high energy.

Since thepp pair that absorbs the photon has no dipole
moment for the photon to couple with, charged-meson ex-
change currents and intermediate-D production[Fig. 8, dia-
grams (c) and (d)] are strongly suppressed and one-body
mechanisms[diagrams(a) and(b)] and related FSI[diagrams
(e) and (f)] contribute more significantly to the two-body
photodisintegration cross sectionsds /dVdsgpp→ppd. At
low energy, the one-body amplitude is driven by dipole pho-
ton absorption, which is suppressed. At high energy, it in-
volves all other multipoles and, as a result, the corresponding
cross section remains almost constant. This process probes
the relativepp wave function at a momentum which in-
creases with the incoming photon energy—typically
400 MeV/c at Eg=400 MeV, increasing to 1.5 GeV/c at
Eg=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 gd→pn reaction[28]. We may have entered a region
where quarks become the relevant degrees of freedom
[28,29], or perhaps a description in terms of Regge-type cal-
culations[30] is more suitable.

3. Star configuration

The center of the Dalitz triangle corresponds to the three
particles having equal kinetic energies and their three-
momentum vectors forming angles of 120° with each other

(in the ppn center-of-mass frame). For this reason, this kine-
matical arrangement, shown schematically in Fig. 16, has
been called thestar configuration. In this region, the three-
body mechanisms are expected to be dominant because if the
momentum is equally shared between the three nucleons, the
contribution from two-body mechanisms is minimized. This
is therefore considered to be a good place to study three-
body mechanisms.

The events for this kinematics have been selected by re-
quiring that the three nucleons satisfy the condition

FIG. 17. Dalitz plot for the CLASppn events selected for the
star configuration.

FIG. 18. Cross section integrated over the CLAS acceptance for
the star configuration plotted as a function of incident photon en-
ergy. The CLAS data are compared with the predictions of the full
model (solid curve), to the one- plus two-body-only part(dashed
curve), and to the three-body-only part of the model(dotted curve).
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uui j − 120 °u , du, s10d

where

ui j = arccosSpi
W · pj

W

pipj
D s11d

is the angle between the momenta of nucleonsi and j , in the
center-of-mass frame, and the angledu, which expresses the
allowed deviation from the pure “star” kinematics, has been
chosen to be 15°, as shown in Fig. 17.

In Fig. 18, the cross section integrated over the CLAS for
the star configuration is plotted as a function of photon en-
ergy. It decreases exponentially, with slopeb.5.8 GeV−1, as
the photon energy increases, much more steeply than for the
neutron-spectator kinematics.

As expected from the kinematics, for the star configura-
tion the contribution of two-body mechanisms is negligible,
while the bulk of the cross section comes from three-body
mechanisms. At low energy, the model misses the experi-
mental cross section by approximately a factor of 4. The
probable reason for this discrepancy is that only the Born
term and theD-formation term[31] have been retained in the

calculation of thegN→pN vertex [the upper blob in Figs.
8(g) and 8(h)]. The addition of the contributions of the
Ns1520dD13, Ns1440dP11, and Ns1535dS11 resonances also
might improve the agreement with the data. At highEg, the
Blomqvist-Laget Born term matches the Regge amplitudes
[32] that reproduce thegN→pN cross section in this energy
region. The pion-rescattering amplitude[Figs. 8(g)–8(i)] is
parametrized in terms of partial waves up to and including
G-waves.

The differential cross section as a function of cosu*, the
cosine of the angle between the incident photon and the nor-
mal vector to the three-nucleon center-of-mass plane(see
Fig. 16), is plotted in Fig. 19 for eight photon-energy bins
between 0.35 GeV and 1.30 GeV. Since the two outgoing
protons are indistinguishable, the orientation of the normal
vector to the star plane,pW13pW2, is arbitrary. Thus, the distri-
bution is symmetric around cosu* =0. The shape of the
cross section is very well reproduced by phase space at low
energy, while at high energy the model better reproduces the
curvature of the experimental distribution. At all energies,
the three-body mechanisms are dominant.

Figure 20 shows, for eight photon-energy bins between
0.35 GeV and 1.30 GeV, the differential cross section as a

FIG. 19. CLAS-integrated dif-
ferential cross sections with re-
spect to cosu* for the star con-
figuration. The data, for photon
energies between 0.35 and
1.30 GeV, are compared with the
full-model results (solid curves)
and the one- plus two-body-only
part (dashed curves). The dotted
curves are the phase-space distri-
butions multiplied, for each
photon-energy bin, by the con-
stants used to normalize the full-
Dalitz cross sections.
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function of the anglef* between the neutron direction in the
star plane and the projection of the photon-beam direction
in the same plane(see Fig. 16). As is the case foru*, the
angular distribution is symmetric, here around 180°.
It also follows a phase-space distribution, except forEg

.0.95 GeV, and its shape(but not its magnitude) is repro-
duced fairly well by the model as well. Again, three-body
mechanisms are seen to be dominant.

The photoproduced pion described by the diagrams(g)
and (h) of Fig. 8 can propagate on-shell, since the available
energy is larger than the sum of the masses of the pion and
the three nucleons. This causes the development of a loga-
rithmic singularity in the three-nucleon amplitude, which
shouldenhancethe contribution of three-body mechanisms.
The effect of this singularity can be seen in Fig. 21, in which
is plotted the cross-section differential inmX

2 /mp
2, wheremX,

defined from the relation

mX
2 = sEg + mp − End2 − skg

W − pn
W d2, s12d

is the missing mass in thegp→p+n reaction, assuming that
the proton is at rest.

At photon energies above about 0.6 GeV, the pion singu-
larity appears clearlysmX

2 /mp
2 .1d in both the experimental

distributions and the model results. At high energy, the mag-
nitudes of the two peaks are comparable but the shift of the
theoretical one with respect to the experimental one reflects
the approximate treatment of Fermi motion effects in the
model. At lower energy, the theoretical peak is smaller than
in the experiment. The inclusion of higher-lying resonances
in the sequential scattering amplitude in the model will en-
hance the peak nearmX

2 /mp
2 .1, but will probably not fill the

gap aroundmX
2 /mp

2 .−15 for Eg=400 MeV.
These findings indicate a deviation from the sequential

rescattering three-body mechanisms, which may be a hint in
the search for more genuine three-body processes.

4. Quasi-two-body breakup

The third region of the Dalitz plot examined corresponds
to the quasi-two-body breakup, where a proton and an un-
bound deuteron(a pn pair) are emitted back-to-back in the
center-of-mass frame. For this kind of event, one of the two
protonssp1d is emitted with 2/3 of the total available energy,
and thepn pair travels in the opposite direction, with 1/3 of
the total energy, and withTp2=Tn= 1

6T. This kinematics cor-

FIG. 20. CLAS-integrated dif-
ferential cross sections with re-
spect tof* for the star configura-
tion. The data, for photon energies
between 0.35 GeV and 1.30 GeV,
are compared with the full-model
results(solid curves) and the one-
plus two-body-only part(dashed
curves). The dotted curves are the
phase-space distributions, multi-
plied, for each photon-energy bin,
by the constants used to normalize
the full-Dalitz cross sections.
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responds to the events in the two populated areas shown in
Fig. 22. These areas have been selected by requiring that the
angle between the high-energy proton and each of the other
two nucleons be close to 180°, and that the difference be-
tween the energies of the two low-energy nucleons be small.
Using the formalism defined above,

uup1p2 − 180 °u , 20 ° ,

uup1n − 180 °u , 20 ° , s13d

and

uTp2 − Tnu
T

, 0.15

for the events on the right side of the Dalitz plot(where the
proton labeledp1 has higher energy), and

uup1p2 − 180 °u , 20 ° ,

uup2n − 180 °u , 20 ° , s14d

and

uTp1 − Tnu
T

, 0.15

for the events on the left side of the Dalitz plot. Since pro-
tons “1” and “2” are indistinguishable, the two regions of the
Dalitz plot are equivalent.

FIG. 23. Cross section integrated over the CLAS for the quasi-
two-body breakup plotted as a function of photon energy. The data
are compared with the predictions of the full model(solid curve),
thes1+2d-body calculation(dashed curve), and the three-body-only
calculation(dotted curve). The full-model calculation agrees quan-
titatively with our experimental results only up to about 0.55 GeV.

FIG. 21. Distributions ofmX
2 /mp

2 [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,
while the solid curves are the full-model results.

FIG. 22. Dalitz plot for our CLASppnevents selected as quasi-
two-body breakup.
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In Fig. 23, the CLAS-integrated cross section for this pro-
cess is plotted as a function of photon energy. It decreases
exponentially with a much steeper slope than for the other
kinematicssb.7.3 GeV−1d. The full-model result is in good
agreement with the experimental cross section only for the
low part of the photon energy range, and seriously underes-
timates it above aboutEg=0.55 GeV. Thes1+2d-body cal-
culation gives a cross section that is smaller than the data by
a factor of 5 or more for all photon energies. However, this
kinematic region is expected to be strongly influenced by
final-state interactions(FSI) [14]. Only S-waveNN scatter-
ing has been included in the model calculation. Furthermore,
a factorization approximation has beenmade to estimate the
ninefold integral in Fig. 8, graph(i). A full treatment, in the
terms of Ref.[33], might help to reduce the discrepancy
between the data and the model predictions.

It also turns out that the logarithmic singularity in the
two-step sequential scattering[Figs. 8(g) and 8(h)] moves in
the Dalitz plot as the photon energy varies. At lower photon
energies, aroundEg=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
from FSI as well. As the photon energy increases, the singu-

larity moves toward the top of the Dalitz plot, and the con-
tribution of sequential scattering to the quasi-two-body cross
section becomes negligible. Here, the difference between the
experimental cross section and the full-model result is a
strong hint of a possible contribution of other three-body
mechanisms that do not reduce to sequential scattering.

In Fig. 24, the differential cross section is plotted as a
function of the cosine of the polar angle of the higher-energy
proton in the three-body center-of-mass frame. Data from
eight photon-energy bins between 0.35 and 1.30 GeV are
shown. The experimental cross section shows a forward peak
whose relative strength grows with increasing photon energy.
This feature is also seen in thes1+2d-body model and in the
full calculation forEg.0.55 GeV. The predicted strength of
the forward peak is, however, much too small to match the
data. For lower energies, the full calculation predicts a cross-
section enhancement at backward angles that is not seen in
the data.

B. The ppn “three-body” cross section

Previous experiments measuring theg3He→ppn channel
in an extended part of the phase space have been performed

FIG. 24. Differential cross sec-
tions integrated over the CLAS
for the quasi-two-body breakup
with respect to cosu of the high-
energy proton in the center-of-
mass frame for photon energies
between 0.35 and 1.30 GeV. Our
data, for 0.35,Eg,0.75 GeV,
are compared with the results of
the full model (solid curves) and
of the s1+2d-body-only model
(dashed curves).
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with the DAPHNE[18] and TAGX[16] detectors. Except for
differences in thef coverage, the CLAS event-selection cuts
are very similar to the other two experiments, as seen in
Table II; however, differences in the selection criteria of the
three-body events exist between the TAGX experiment on
the one hand and the DAPHNE and CLAS experiments on
the other.

The ppn “three-body” cross section is defined as

s3bodysEgd =
N3bodysEgd

NgsEgdAccsEgd
rzNA

A

, s15d

whereN3body is the number of events extracted by applying
the selection cuts given in Table II andAcc is the acceptance
of the CLAS detector for theppn events calculated with the
phase-space Monte Carlo simulation. The low-momentum
neutronsspnø150 MeV/cd have been excluded in order to
select only those events for which all three particles partici-
pate in the reaction, thus diminishing the importance of two-
body processes[16,18]. In this kinematics, the phase-space
result describes the process reasonably well.

Figure 25 showss3body as a function of the photon energy
Eg. The full circles represent our CLAS data, the empty tri-
angles the data of the TAGX Collaboration[16], and the
empty squares the results obtained in the experiment carried
out at MAMI with the DAPHNE detector[18]. The error
bars on the CLAS data are statistical only. The systematic
uncertainties delineated in the previous section are shown by
the vertical lines in the upper part of the figure.

In the overlap region of the three experiments from
0.35 to 0.80 GeV, the CLAS data are in good agreement
with the DAPHNE results, but differ from the TAGX cross
sections by about 15%, most likely due to the above-
mentioned difference in the three-body event selection.
Above 0.80 GeV, no previous data are available.

The phase-space extrapolation to the unmeasured regions
has been done only for comparison with the previous experi-
ments, which adopted the same procedure to extracts3body.

VI. SUMMARY AND CONCLUSIONS

The three-body photodisintegration of3He has been mea-
sured with the tagged-photon beam and the CEBAF Large
Acceptance Spectrometer in Hall B at the Thomas Jefferson
National Accelerator Facility in the photon-energy range be-
tween 0.35 and 1.55 GeV. This measurement constitutes a
wide-ranging survey of two- and three-body processes in the

g 3He→ppn reaction channel, as a consequence of the high
statistics and large kinematic coverage obtained with the
CLAS.

Total and partially integrated differential cross sections
for the full ppn data set and for selected kinematics were
extracted and are compared with phase-space distributions
and with the predictions of the diagrammatic model of Laget.
This model reproduces some of the main trends of the ex-
perimental energy distributions, and for these cases can be
taken as a qualitative guide to understanding the reaction
mechanisms.

From the analysis of the neutron-momentum distribution
for the full Dalitz plot, the kinematic region corresponding to
the photodisintegration of app pair in the presence of a
spectator neutron has been identified. Here, the effects of
two-body absorption mechanisms dominate and the model
results are very close to experiment at low energy, up to
Eg=600 MeV. At higher energies, the discrepancy, which
increases with energy, might be a hint that we are approach-

TABLE II. Selection cuts applied to the TAGX, DAPHNE, and CLASg 3He→ppn experiments in order
to extract the “three-body” total cross section.

TAGX DAPHNE CLAS

15°øup1,p2ø165° 22°øup1,p2ø158° 15°øu1p1,p2ø125°

0° øfp1,p2ø40° 0°øfp1,p2ø360° CLASf fiducial cuts

pp1,p2ù300 MeV/c pp1,p2ù300 MeV/c pp1,p2ù300 MeV/c

“Nonspectator” neutron pnù150 MeV/c pnù150 MeV/c

FIG. 25. Total “three-body” cross section as defined by Eq.(15)
for theg 3He→ppn reaction plotted as a function of photon energy.
The CLAS data(full circles) are compared with the results from
DAPHNE [18] (empty squares) and TAGX [16] (empty triangles).
The error bars on the CLAS experimental points are statistical only.
The CLAS systematic uncertainties are represented by the vertical
bars in the upper part of the figure.
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ing the limit of models based on meson and baryon degrees
of freedom.

A strong contribution of three-body sequential meson-
absorption mechanisms is manifested over all the available
phase space, but most especially in thestar kinematics, the
spatially symmetric configuration of the three final-state
nucleons. These events are dominated by the coupling to the
D resonance, and they strongly confirm its role in three-body
forces. The deviations from the predictions of the diagram-
matic model point not only toward the necessity of imple-
menting processes which involve higher-lying baryonic reso-
nances, but also toward possible additional three-body
mechanisms beyond sequential scattering.

The 4p-integrated “three-body” cross section is in excel-
lent agreement with previous experimental results from
DAPHNE up to 800 MeV. For the first time we now have
provided access to a higher energy range, up to 1.5 GeV.

This work breaks new ground in the experimental study
of the three-body photodisintegration of3He. However, be-
fore making contact with the elusive three-body forces, it
calls for a more complete treatment of three-body mecha-

nisms which go beyond the dominant sequential meson ex-
change andD formation in the intermediate energy range,
and which take into account possible coupling with partonic
degrees of freedom in the highest energy range.
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