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ow, Russia(Dated: September 16, 2004)The three-body photodisintegration of 3He has been measured with the CLAS dete
tor at Je�ersonLab, using tagged photons of energies between 0.35 GeV and 1.55 GeV. The large a

eptan
e of thespe
trometer allowed us for the �rst time to 
over a wide momentum and angular range for the twooutgoing protons. Three kinemati
 regions dominated by either two- or three-body 
ontributionshave been distinguished and analyzed. The measured 
ross se
tions have been 
ompared with resultsof a theoreti
al model, whi
h, in 
ertain kinemati
 ranges, have been found to be in reasonableagreement with the data.PACS numbers: 21.45.+v, 25.20.-xI. INTRODUCTIONThe study of the ele
tromagneti
 properties of the 3Henu
leus is the optimal starting point to assess the im-portan
e of many-body intera
tions between nu
leons innu
lei [1, 2℄. In parti
ular, in the 
3He ! ppn rea
-tion, three-nu
leon 
urrents dominate in 
ertain regionsof phase spa
e [3{5℄. In fa
t, a pp pair has no dipolemoment with whi
h to 
ouple and the 
harge-ex
hange
urrent vanishes within a pp pair, so that the one- andtwo-nu
leon 
urrents are suppressed in those regions.The small number of nu
leons involved makes possiblekinemati
ally 
omplete experiments, and exa
t Faddeevground-state wave fun
tions, as well as exa
t wave fun
-tions for the 
ontinuum three-body �nal state at low en-ergies (below the pion-produ
tion threshold), are avail-able [6, 7℄.Although the 
al
ulations of the 3He ground-statewave fun
tion have rea
hed a high level of a

ura
y inreprodu
ing the bound-state properties [6, 7℄, the 
al
u-lation of the 
ontinuum three-nu
leon wave fun
tion isless developed at higher energy; a full treatment of the�Current address: Institut de Physique Nu
l�eaire ORSAY, F91406Orsay, Fran
eyCurrent address: Systems Planning and Analysis, Alexandria,Virginia 22311zDe
easedxPhysikalis
hes Institut der Universit�at Giessen, 35392 Giessen,Germany

three-body photodisintegration of 3He has been possibleonly at energies E
 � 300 MeV. As the energy in
reases,the number of partial waves and open 
hannels be
omesvery large and, so far, no 
al
ulations that are both ex-a
t and 
omplete have been done in the GeV region. Notonly would a very large 
omputational e�ort be requiredto do so, but also a treatment of the absorptive part ofthe nu
leon-nu
leon intera
tion (
oupling to other open
hannels that is not taken into a

ount in potential-based
al
ulations) should be implemented.A di�erent approa
h has been taken by Laget [3, 8{11℄,who has employed a diagrammati
 model for the evalu-ation of the 
ontribution of one-, two-, and three-bodyme
hanisms in the 
ross se
tion for the photodisintegra-tion of 3He. Rather than relying on a partial-wave expan-sion, this approa
h relies on the evaluation of the dom-inant graphs whose amplitudes are related to one- andtwo-body elementary amplitudes. The parametrizationof these elementary amplitudes in
orporates absorptivee�e
ts due to the 
oupling with other 
hannels, whi
h be-
ome more and more important as the energy in
reases.The 
omparison of these model predi
tions with exper-imental data provides us with a good starting point tounderstand the nature of three-body intera
tions in 3Hefor photon energies in the GeV region.At stake is the link with three-body for
es. In the 3Heground state, three-body for
es involve the ex
hange ofvirtual mesons between nu
leons and the 
reation of vir-tual baryoni
 resonan
es. The in
oming photon 
an 
ou-ple to ea
h of these 
harged parti
les. Below the pion-photoprodu
tion threshold, all the parti
les remain vir-



3tual and the 
orresponding three-body meson-ex
hange
urrents (MEC) 
ontribute only weakly to the 
ross se
-tion. When the photon energy in
reases above the vari-ous meson- or resonan
e-produ
tion thresholds, these vir-tual parti
les 
an be
ome real { they 
an propagate on-shell [1℄. The 
orresponding sequential s
attering ampli-tudes are 
onsiderably enhan
ed and 
an dominate 
er-tain well de�ned parts of the phase spa
e. Kinemati
ally
omplete experiments allow one to isolate ea
h of thedominant sequential res
attering amplitudes. They ana-lyti
ally redu
e to three-body MEC at lower energy, andput 
onstraints on the 
orresponding three-body 
urrent.Several low-energy (<100MeV) experiments have beenperformed sin
e the publi
ation of the results of the �rstmeasurement of the three-body photodisintegration of3He in 1964 [12℄. But only a few have been performed atintermediate photon energies up to 800 MeV, in limitedkinemati
s [13{15℄ as well as with large-a

eptan
e de-te
tors [16{18℄. They show good agreement with Laget'spredi
tions provided that the 3N me
hanisms, based onsequential pion ex
hanges and �-resonan
e formation,are in
luded in the 
al
ulations. Sin
e these me
hanismsdominate well de�ned parts of the phase spa
e, a betterunderstanding of the nature of many-body intera
tionsrequires one to perform a high-statisti
s full 4� inves-tigation, probing the three-body breakup pro
ess for allangular and energy 
orrelations of the three outgoing nu-
leons. Also, the extension to the high-energy (E
 � 1GeV) region, where no experiment has been performeduntil now, 
an be expe
ted to open a window on otherkinds of many-body pro
esses.This paper reports on a measurement of the three-bodyphotodisintegration of 3He performed in Hall B at Je�er-son Lab [19℄. Photon energies between 0.35 GeV and 1.55GeV were used, and wide angular and momentum rangesfor the outgoing parti
les were 
overed. These features,along with the high statisti
s 
olle
ted, allow us to se-le
t the most interesting two- and three-body pro
esses,to 
ompare their relative importan
e, and to determinetheir variation with photon energy.The experimental setup is des
ribed brie
y in Se
. II,the salient points of the data analysis in Se
. III, andthe model 
al
ulation in Se
. IV. Our results for severalkinemati
 regions are presented in detail and 
omparedwith the model 
al
ulation in Se
. V, and summarized inSe
. VI. II. EXPERIMENTAL SETUPThe experiment was performed at the Thomas Je�er-son National A

elerator Fa
ility, in Hall B, using theCEBAF Large A

eptan
e Spe
trometer (CLAS) [20℄and the bremsstrahlung photon tagger [21℄. The ele
tronbeam energy was 1.645 GeV, 
orresponding to two passesof the CEBAF a

elerator; the 
urrent was 10 nA dur-ing regular produ
tion runs and 0.1 nA during tagging-eÆ
ien
y 
alibration runs. The photon beam was pro-

du
ed by the ele
tron beam striking the radiator, a thinlayer (� 5�10�5 radiation length) of gold deposited on athin 
arbon ba
king, whi
h was pla
ed 50 
m before theentran
e of the tagger magnet. The ele
trons intera
t-ing in the radiator were de
e
ted by the magneti
 �eldof the tagging magnet, and those with energy between20% and 95% of the in
ident ele
tron beam energy weredete
ted by two layers of s
intillators (E-
ounters, mea-suring the energy of the ele
tron, and T-
ounters, mea-suring its time [21℄) pla
ed in the magnet fo
al plane.Thus, photons in the energy range from 0.35 to 1.55 GeVwere tagged. Two 
ollimators were pla
ed in the beam-line between the tagger and the 3He target, in order toeliminate the tails from the photon beam and to give asmall and well de�ned beam spot on the target. Thedata were obtained using a 
ylindri
al 
ryogeni
 target,18 
m long and 4 
m in diameter, �lled with liquid 3Heand positioned approximately 20 m downstream of thetagger radiator in the 
enter of the CLAS. A lead-glasstotal absorption 
ounter (TAC), almost 100% eÆ
ient,pla
ed approximately 20 m downstream from the 
enterof the CLAS dete
tor, measured the tagging eÆ
ien
yduring low-
ux 
alibration runs.The CLAS is a magneti
 toroidal spe
trometer inwhi
h the magneti
 �eld is generated by six super
on-du
ting 
oils. The six azimuthal se
tors are individu-ally equipped with drift 
hambers for tra
k re
onstru
-tion, s
intillation 
ounters for time-of-
ight measure-ment, �Cerenkov 
ounters for ele
tron-pion dis
rimina-tion, and ele
tromagneti
 
alorimeters to identify ele
-trons and neutrals. The polarization of the CLAS toruswas set to bend the negatively 
harged parti
les towardthe beam line. In order to a
hieve a good 
ompromisebetween momentum resolution and negative-parti
le a
-
eptan
e (required by other simultaneous experiments)the magneti
 �eld of the CLAS was set to slightly lessthan half of its maximum value, 
orresponding to a torus
urrent of 1920 A. A 
oin
iden
e between the tagger andthe time-of-
ight s
intillators de�ned the Level-1 trig-ger for a

epting the hadroni
 events. For the �rst timein CLAS, a Level-2 trigger, whi
h sele
ted the eventsfrom among those passed through Level-1 that have atleast one \likely tra
k" in the drift 
hambers, was alsoused [20℄. More than a billion events of produ
tion datawere obtained with 3He (plus a few million events takenwith the target empty), at a data-a
quisition rate slightlygreater than 3 kHz.III. DATA REDUCTION AND ANALYSISA. Channel Identi�
ationIn order to isolate the ppn 
hannel, a pp 
oin
iden
e(with no other 
harged parti
les) in a time window of�1 ns with a tagged photon de�ned the minimum 
on-dition for an a

epted event, sin
e the time interval be-tween beam pulses is 2 ns. This 
oin
iden
e time is shown



4in Fig. 1 for a subset of the raw data. The two protons
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FIG. 1: Coin
iden
e time for a subset of the raw data. Theverti
al lines in the upper panel indi
ate the time windowfor a

epted events. Random 
oin
iden
es from neighboringbeam pulses are visible in the lower panel.were identi�ed by their mass, dedu
ed from their momen-tum measured in the drift 
hambers and their velo
itymeasured with the time-of-
ight s
intillators, as shownin Fig. 2.
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FIG. 2: Velo
ity � = v=
 spe
trum, as a fun
tion of parti
lemomentum, for 
harged parti
les dete
ted in the CLAS.A 
ut on the intera
tion vertex, based on the analy-sis of empty-target runs, was performed to eliminate the
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FIG. 3: Distribution of the z 
omponent (along the beamline) of the proton vertex. The solid line represents data ob-tained with a full target and the dashed line represents datataken with an empty target. The two inner peaks are eventsprodu
ed in the target walls, the two outer peaks representprotons produ
ed in the superinsulation of the target 
ell andin its axial heat shield. The range �7 
m < z < 7 
m (verti
allines) has been 
hosen to sele
t the pp events.ba
kground from pp events originating outside the targetvolume. Eliminating the events having the z 
omponent(where z is measured along the beam line) of the vertexmore than 7 
m away from the 
enter of the target, asshown in Fig. 3, redu
ed this ba
kground to less than 1%[19℄.The parti
le-dete
tion eÆ
ien
y of the CLAS is notuniform and 
onstant throughout its volume. At theedges of the a
tive regions, delimited by the shadows ofthe six super
ondu
ting 
oils, the a

eptan
e de
reasesand varies rapidly. In order to avoid errors, in
ludingpoorly re
onstru
ted tra
ks in the low-a

eptan
e re-gions, a set of �du
ial 
uts, empiri
ally determined, hasbeen applied both to the momenta (p1; p2 > 300 MeV/
,p � 300 MeV/
 being the CLAS dete
tion threshold forprotons) and to the polar and azimuthal angles (�, �) ofthe protons. The requirement of having the two protonsin two di�erent se
tors of CLAS has also been applied, inorder to avoid ineÆ
ien
ies in the re
onstru
tion of 
losetra
ks. The angular 
overage for the a

epted protons isshown in the light grey areas of Fig. 4.Sin
e the photon energy and the four-momenta of thetwo dete
ted protons are known, and thus the ppn kine-mati
s is 
ompletely determined, a missing-mass anal-ysis 
an be performed to identify the neutron. Fig-ure 5 shows the missing-mass distribution of the system
3He! ppX . The �rst peak 
orresponds to the missingneutron, the se
ond one to the other 
ompeting rea
tion
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FIG. 4: Angular 
overage for the identi�ed protons. Thelight gray areas represent the �du
ial regions of the six CLASse
tors inside whi
h the protons for the present analysis havebeen a

epted.
hannels, su
h as those produ
ing pions whi
h had notbeen dete
ted by the CLAS, e.g., 
3He ! pp(n�0) or
3He ! pp(p��). About 25% of the two-proton events,� 5 million events, are thus identi�ed as belonging to theppn 
hannel.
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FIG. 5: Missing mass of the 
3He! ppX system, for a sub-set of the sele
ted pp events. One 
an easily distinguish thepeak at the neutron mass at about 0.94 GeV/
2 (� � 0:017GeV/
2) from the 
ompeting rea
tion 
hannels.The momentum of ea
h dete
ted proton was 
orre
tedfor its loss of energy while passing through the 
ryogeni
target material, the target walls, the 
arbon-�ber s
at-tering 
hamber and the start-
ounter s
intillators.
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FIG. 6: Examples of missing-mass histograms �tted with aGaussian 
urve plus an exponential (solid 
urve) for 0:43 <E
 < 0:45 GeV (a1) and 1:13 < E
 < 1:15 GeV (a2), for0:08 < pn < 0:10 GeV/
 and 0:45 < E
 < 0:55 GeV (b1) and0:42 < pn < 0:44 GeV/
 and 0:75 < E
 < 0:85 GeV (b2),and for �0:88 < 
os �n < �0:84 and 0:35 < E
 < 0:45 GeV(
1) and 0:72 < 
os �n < 0:76 and 0:95 < E
 < 1:05 GeV(
2). The ba
kground alone is shown as the dashed 
urves.B. Ba
kground Subtra
tionAfter 
hannel identi�
ation, the data were binned inphoton energy, parti
le momentum, and parti
le angle.For ea
h of these bins a histogram of the two-protonmissing-mass distribution was a

umulated. Ea
h ppmissing-mass histogram was �tted with a Gaussian 
urveplus an exponential in order to reprodu
e the neutronpeak and the ba
kground underneath it. The ba
kgroundis due both to misidenti�ed or badly re
onstru
ted pro-tons and to the tail from 
ompeting rea
tion 
hannels(see Fig. 5). On
e the parameters of the �t are extra
ted,the yield is given by the area under the Gaussian 
urve.In this way, the 
ontribution of the ba
kground is ex-
luded. Some examples of the quality of these �ts forvarious bins in photon energy, neutron momentum, andneutron angle, 
hosen to be typi
al of the 
hara
ter ofthe data for various 
onditions, are shown in Fig. 6. Theba
kground-to-signal ratio varies from less than 1% to8%, depending on the kinemati
s.To estimate the systemati
 un
ertainty introdu
ed bythe �tting pro
edure used to subtra
t the ba
kgroundfrom the pp missing mass, the yields obtained with twokinds of �tting fun
tions for the ba
kground (exponentialand polynomial) have been 
ompared with ea
h other[19℄. The deviations are, on average, of the order of 2%.
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FIG. 7: S
hemati
 diagram of the pro
edure adopted to 
om-pute the pp eÆ
ien
y within the �du
ial region of the CLASdete
tor. The generation of the events has been done a

ord-ing to a phase-spa
e distribution. GSIM and GPP are the
odes used to simulate the response of the dete
tor [20℄.C. EÆ
ien
ySin
e the neutron is re
onstru
ted using the missing-mass te
hnique, the dete
tion eÆ
ien
y for this 
han-nel is given by the probability of 
orre
tly dete
ting andidentifying two protons in the CLAS. This has been eval-uated with the aid of a Monte-Carlo simulation. Theppn events, generated a

ording to the three-body phase-spa
e distribution, were pro
essed by a GEANT-based
ode simulating the response of the CLAS, and werere
onstru
ted and analyzed using the same pro
edureadopted for the experimental data. Referring to thes
hemati
 diagram shown in Fig. 7, the eÆ
ien
y insidethe CLAS �du
ial region for a given kinemati
al bin ��is de�ned as "(��) = NrN0 ; (1)where �� lies inside of the CLAS �du
ial region, Nr isthe number of re
onstru
ted events within �� , and N0is the number of events generated within �� .Figure 8 shows the pp dete
tion eÆ
ien
y inside theCLAS �du
ial region as a fun
tion of the in
ident pho-ton energy (top plot), of the neutron momentum (
entralplot), and of the 
osine of the neutron polar angle (bot-tom plot). Its average value is slightly less than 95%.In order to evaluate the systemati
 un
ertainties in theeÆ
ien
y for dete
ting the ppn events in the CLAS, theresults obtained with the phase-spa
e distribution havebeen 
ompared with the eÆ
ien
y 
omputed with threeother event distributions [19℄. The result of the 
al
ula-tions of the eÆ
ien
y inside of the CLAS �du
ial region
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cosθn

ε C
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S

Eγ = 1.1 GeVFIG. 8: Dete
tion eÆ
ien
y for the pp events inside of theCLAS �du
ial region 
al
ulated with a phase-spa
e Monte-Carlo simulation, and plotted as a fun
tion of the photon en-ergy (top plot), of the neutron momentum pn for 0:65 GeV <E
 < 0:75 GeV (
entral plot), and of the 
osine of the neutronpolar angle in the lab system 
os �n for 1:05 GeV < E
 < 1:15GeV (bottom plot).turns out to be independent of the model used to simulatethe rea
tion, apart from the e�e
ts of bin migration dueto the �nite resolution of the dete
tor, whi
h has beenfound to be small. The resulting systemati
 un
ertaintywas determined to be no greater than 5% [19℄.D. Cross Se
tions and NormalizationThree kinds of CLAS-integrated 
ross se
tions havebeen measured and are reported here. They are� total 
ross se
tions, de�ned as� = NppnL" (2)� semi-di�erential 
ross se
tions with respe
t to mo-mentum, de�ned asd�dp = Nppn�pL" (3)� semi-di�erential 
ross se
tions with respe
t to 
os �,de�ned as d�d
 = Nppn2��(
os �)L" ; (4)
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ien
y as a fun
tion of T-
ounter num-ber measured in one parti
ular low-
ux run. The averageeÆ
ien
y is about 70%.where Nppn is the number of events in the bin, " is thedete
tion eÆ
ien
y de�ned in Se
tion III C, and L is theluminosity, whi
h is de�ned as:L = N
 �zNAA ; (5)where � = 0:0675 g/
m3 is the density of the target,z = 14:0 
m is the e�e
tive target length, A is the atomi
mass of the target (A = 3:016 g/mol), NA is Avogadro'snumber, and N
 is the number of in
ident photons.The systemati
 un
ertainties in the target length anddensity are of the order of 2%. The photon 
ux wasmeasured by integrating the tagger rate over the data-a
quisition lifetime. The tagging eÆ
ien
y was measuredduring low-
ux runs, using the lead-glass total absorp-tion dete
tor. A typi
al tagging eÆ
ien
y spe
trum, as afun
tion of T-Counter number, is shown in Fig. 9. To es-timate the systemati
 un
ertainty for the photon 
ux, thevariations with time of the tagging eÆ
ien
y and of theproton yield normalized to the photon 
ux for ea
h tag-ger s
intillation 
ounter have been studied. The resultingsystemati
 un
ertainty is, on average, approximately 6%[19℄. The values of the systemati
 un
ertainties in themeasured 
ross se
tions are summarized in Table I. Theluminosity, integrated over the entire running time andover the full photon-energy range, was L ' 8:7 � 1035
m�2 for this experiment.TABLE I: Systemati
 un
ertainties in the measured 
ross se
-tions. The total is the sum in quadrature of the individualun
ertainties. Quantity Un
ertaintyTarget length and density 2%Ba
kground subtra
tion 2%Dete
tion eÆ
ien
y 5%Photon 
ux 6%Total 8%

IV. MODEL CALCULATIONAs mentioned in the introdu
tion, the only theoreti
almodel 
urrently available for 
al
ulation of the 
ross se
-tion for the three-body photodisintegration of 3He in theGeV energy region is the one by Laget. In this model, the�ve-fold di�erential 
ross se
tion in the laboratory sys-tem for the 
3He! ppn rea
tion is 
onne
ted through aJa
obian to a redu
ed 
ross se
tiond5�dpd
1d
2 = Enp32p21E1p2njEnp22 �E2�!pn � �!p2j �Qp �
m �� d5�red(d
1)
mdpnd
n (6)where (E1;�!p1), (E2;�!p2), and (En;�!pn) are, respe
tively,the four-momenta of the two outgoing protons (1 and 2)and the neutron in the laboratory frame, and p and Q arethe proton momentum and the total energy measured inthe 
enter-of-mass frame of the two protons.The redu
ed 
ross se
tion depends on the transitionamplitude T(
3He! ppn) [4, 5℄:d5�red(d
1)
mdpnd
n / jh	ppnjT j	3Heij2: (7)The fully antisymmetrized 3He bound-state wave fun
-tion j	3Hei is the solution of the Faddeev equations [22℄for the Paris potential [23℄. It is expanded in a basiswhere two nu
leons 
ouple to angular momentum L, spinS, and isospin T , the third nu
leon moving with angu-lar momentum l. Ea
h 
omponent is approximated bythe produ
t of the wave fun
tions, whi
h des
ribe therelative motion of the two nu
leons inside the pair andthe motion of the third nu
leon [24℄. Fermi-motion ef-fe
ts are taken fully into a

ount in the two-body ma-trix element, and partially [3℄ in the three-body matrixelement. However, it has been as
ertained that the ef-fe
t of the Fermi motion in the three-body matrix ele-ment does not signi�
antly a�e
t the results; therefore,it has not been implemented in the version of the modelwhi
h has been used here with the Monte-Carlo pro
e-dure in order to avoid prohibitive 
omputation time. Allof the S, P, and D 
omponents of the 3He wave fun
tionare in
luded. The energy and momentum are 
onservedat ea
h vertex, and the kinemati
s is relativisti
. The
ontinuum �nal state j	ppni is approximated by a sumof three-body plane waves and half-o�-shell amplitudes(whi
h are the solutions of the Lippman-S
hwinger equa-tion for the Paris potential) where two nu
leons s
atter,the third being a spe
tator. Only S-wave NN s
atteringamplitudes have been retained in the version used in thiswork. The antisymmetry of the 
ontinuum �nal stateis a
hieved by ex
hanging the roles of the three nu
le-ons [10℄. The transition amplitude T is expanded in atrun
ated series of diagrams that are thought to be dom-inant. These diagrams, that were thought to in
lude themost likely one-, two- and three-body me
hanisms, are
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π,ρFIG. 10: Diagrams used in Laget's model [3, 8{11℄ in the
al
ulation of the 3He(
; pp)n 
ross se
tions: (a) 1N absorp-tion me
hanism, (b) 1N+Final State Intera
tions (FSI), (
)2N absorption, (d), (e) and (f) 2N + FSI, (g) and (h) 3Nme
hanisms, and (i) 3N+FSI. The open 
ir
les represent fulltransition amplitudes (T matri
es); the �lled 
ir
les are 
NNand �NN Born terms.
omputed in momentum spa
e. Among all the possiblethree-body me
hanisms, meson double s
attering is themost likely to o

ur. The Feynman diagrams in
ludedin the present version of the model are shown in Fig. 10.The open 
ir
les represent the full transition amplitudes(T matri
es), whi
h have been 
alibrated against the 
or-responding elementary 
hannels, and the �lled 
ir
les arejust the 
NN and �NN Born terms.The �rst two diagrams, (a) and (b), des
ribe one-bodyphotoabsorption; (
), (d), (e), and (f) represent two-bodypro
esses [25, 26℄; and (g), (h), and (i) are three-bodyme
hanisms, with two-meson (� or �) ex
hange. Pionabsorption by a T = 1 (pn or pp) pair has been foundexperimentally to be strongly suppressed [27℄, at leastat low energies, and has not been in
luded in the modelat this stage. The 3N absorption me
hanism shown indiagram (g) represents the primary 3N pro
ess for the3He(
; pp)n rea
tion. Above the photon energy 
orre-sponding to the pion-produ
tion threshold, the 
al
ula-tion does not 
ontain any free parameters, sin
e all of thebasi
 matrix elements have been �xed independently us-ing relevant rea
tions indu
ed on the nu
leon and on thedeuteron [4, 5℄. The 
al
ulated 
ross se
tion involves alogarithmi
 singularity asso
iated with the on-shell prop-agation of the \�rst" ex
hanged pion, whi
h shows up,and moves when the photon energy varies, in a well de-�ned part of the phase spa
e. Below the pion threshold,both ex
hanged pions are o� their mass shells, and thethree-body ex
hange 
urrents 
an be linked by gauge in-varian
e to the 
orresponding three-body for
es [3, 8{11℄.All model 
al
ulations dis
ussed in the following se
-tions have been performed with Monte-Carlo sampling

over the CLAS geometry to produ
e 
ross se
tions that
an be 
ompared with the experimental results. Thesmall-s
ale stru
tures whi
h are seen in some of the modelresults result from this Monte Carlo treatment, althoughthe major stru
tures are real features of the model 
al-
ulations. V. RESULTSA. Cross Se
tions Integrated over CLASThe use of a triangular Dalitz plot is very suitable tolook for the deviations of an experimental distributionfrom pure phase-spa
e predi
tions and to identify 
orre-lations between three �nal-state parti
les. In parti
ular,this te
hnique 
an be used to identify and sele
t the re-gions of the phase spa
e where three-body pro
esses 
anbe dominant. If Tp1, Tp2, and Tn are the 
enter-of-masskineti
 energies of the two protons and the neutron, re-spe
tively, and T is their sum, we 
an de�ne the Carte-sian 
oordinates of the triangular Dalitz plot as:x = 1p3 Tp1 � Tp2T andy = TnT :Figure 11 shows the distribution of the ppn events onthe Dalitz plot after applying the sele
tion 
uts. Thewide a

eptan
e of the CLAS allows us to �ll the physi-
ally a

essible region | delimited by the boundary 
ir-
le | almost 
ompletely.The size and shading of the boxes indi
ate the yield ofthe observed ppn events. Areas of in
reased yield are vis-ible where the Tp1 and Tp2 axes inter
ept the boundary
ir
le, as well as where Tn � 0. These areas 
orrespond toquasi-two-body breakup and neutron-spe
tator kinemat-i
s, respe
tively; they are dis
ussed in detail in Se
tionsVA4 and VA2 below. The depletion areas in the upperleft and upper right sides of the 
ir
le 
orrespond to thekinemati
s where one of the protons has low momentum(p1; p2 < 300 MeV/
) and therefore is not dete
ted by theCLAS. The 
entral top area where the two protons areemitted in nearly the same dire
tion is ex
luded by therequirement of dete
ting the two protons in two di�er-ent se
tors (see Se
tion IIIA above). The 
entral region,near the interse
tion of the three axes, 
onsists of eventswhere all three nu
leons have nearly equal energies, andis 
alled the \star" region (see Se
tion VA3 below).In the following se
tions, CLAS-integrated 
ross se
-tions for the full a

eptan
e and for the three sele
tedkinemati
s listed above, ea
h 
hosen to illustrate its two-body or three-body 
hara
ter, are presented and 
om-pared with distributions obtained both with three-bodyphase spa
e and with the results of the Laget model.
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FIG. 11: Triangular Dalitz plot for the ppn data. Tp1, Tp2,and Tn are the 
enter-of-mass kineti
 energies of the threenu
leons. 1. Full CLAS a

eptan
eThe ppn total 
ross se
tion integrated over the CLASa

eptan
e has been measured as a fun
tion of the in
i-dent photon energy E
 . The photon-energy spe
trum,ranging from 0.35 GeV to 1.55 GeV, has been dividedinto 60 bins, ea
h 0.02 GeV wide. The results are shownin Fig. 12. The 
ross se
tion, ranging between 10 �b and0:01 �b, de
reases almost exponentially as the photon en-ergy in
reases. Fitting the data with an exponential fun
-tion �(E
) / e�bE
 yields a slope b ' 5:3 GeV�1. Thedata are 
ompared with the full 
al
ulation (solid 
urve),in
luding one-, two-, and three-body me
hanisms, as wellas with the results for the one- and two-body me
ha-nisms only (dashed 
urve), and the three-body me
ha-nisms only (dotted 
urve), as shown in Fig. 10. It isimportant to note that the theoreti
al 
urves representabsolute 
ross se
tions 
al
ulated within the CLAS a
-
eptan
e { they are not normalized to the data. Theresults of the model 
al
ulations that do not in
lude thethree-body me
hanisms are almost a fa
tor of ten smallerthan the data at lower energies, while they approa
h thedata as the photon energy in
reases and ex
eed the dataat higher energies. The full-model results agree betterwith the data, but still are too low at low energies andtoo high at high energies.Figure 13 shows the partial di�erential 
ross se
tionas a fun
tion of neutron momentum pn, for twelve 0.1-GeV-wide photon energy bins. The data are 
omparedwith phase-spa
e-generated event distributions (dotted
urves) normalized in ea
h energy bin in order to mat
hthe area under the experimental distribution, with theresults of Laget's full model (solid 
urve), and with themodel with no three-body me
hanisms in
luded (dashed
urve). The neutron momentum distributions are relatedto the proje
tion of the data in Fig. 11 onto the Tn axis.

Eγ (GeV)

σ 
(µ

b)

Present data

Laget full model

Laget (1+2)-body only

Laget 3-body only

Full CLAS acceptance

10
-3

10
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10
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1

10

0.4 0.6 0.8 1 1.2 1.4 1.6FIG. 12: Total ppn 
ross se
tion integrated over the CLASa

eptan
e plotted as a fun
tion of photon energy on a log-arithmi
 s
ale for the full E
 range. The ppn 
ross se
tion(
ir
les) is 
ompared with Laget's full model (solid 
urve),with the model result without the three-body me
hanisms(dashed 
urve), and with the one in
luding only three-bodypro
esses (dotted 
urve). The error bars in
lude statisti
aland systemati
 un
ertainties, as in all the following experi-mental distributions.In the photon-energy range between 0.35 and 0.95GeV, the data show a broad 
entral distribution in themiddle of the neutron momentum spe
trum (e.g., atabout 400 MeV/
 for E
 = 0:4 GeV and 500 MeV/
for E
 > 0:5 GeV), whi
h is reprodu
ed reasonably wellby the phase-spa
e distribution (better at low photonenergies than at high energies). Up to about 0.6 GeVa 
omparison of the data with the shape of the modelresults reveals the presen
e of three-body me
hanisms.In the middle range of neutron momentum, two-bodyme
hanisms are seen to 
ontribute in
reasingly startingfrom E
 = 0:65 GeV. These 
ontributions stem fromlow-energy S-wave np res
attering, whi
h 
auses the in-
reased yield in the quasi-two-body kinemati
s, 
orre-sponding to the the left and right sides of the Dalitz plot(Fig. 11). This yield proje
ts onto the middle range ofthe neutron-momentum distribution.A peak, roughly 0.04-GeV/
 wide, is observed at aneutron momentum of about 0.12 GeV/
, independentof the photon energy. The relative strength of this peakin
reases with in
reasing photon energy, but it is not a
-
ounted for by the three-body phase-spa
e distribution.However, this stru
ture is expe
ted by the model, and it
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FIG. 13: Di�erential 
ross se
tions integrated over the CLAS as a fun
tion of the neutron momentum in the laboratory frame fortwelve 0.1-GeV-wide photon-energy bins between 0.35 GeV and 1.55 GeV. The points represent our CLAS data. The error barsin
lude both statisti
al and systemati
 un
ertainties. The dotted 
urves are the distributions for phase-spa
e events generatedwithin the CLAS a

eptan
e and normalized in ea
h energy bin to mat
h the total area of ea
h experimental distribution. Thesolid 
urves represent the full Laget-model results, while the dashed lines represent the model in
luding one- and two-bodyme
hanisms only. For E
 > 0:95 GeV, the model predi
tions at pn < 250 MeV/
 (to the left of the verti
al dotted-dashed line)are s
aled by a fa
tor 0.1 to �t in the plots.



11is predi
ted to be largely due to two-body me
hanisms. Itre
e
ts the Fermi distribution of the spe
tator neutron.This feature has been exploited to sele
t the neutron-spe
tator kinemati
 region, as is explained in Se
tionVA2 below.At photon energies from about 0.9 to 1.2 GeV and highneutron momenta, a third stru
ture appears in the data,whi
h is present neither in the phase-spa
e distributionnor in the (1+2)-body model results, but is predi
ted bythe full model. This stru
ture 
an therefore be 
onsideredto be a signature of three-body me
hanisms as well.The di�erential 
ross se
tion as a fun
tion of the 
o-sine of the neutron polar angle 
os �n in the lab systemis plotted in Fig. 14, for twelve 0.1-GeV-wide photon-energy bins, between 0.35 GeV and 1.55 GeV. The dis-tributions are forward-peaked at low-to-intermediate en-ergies, while they be
ome 
atter for higher E
 . Theirshapes are reasonably well reprodu
ed by both phase-spa
e and the full-model 
al
ulations.2. Spe
tator neutronGuided by Fig. 13, the events where the neutron is aspe
tator in the photobreakup of a proton pair have beensele
ted by requiring the 
ondition pn < 250 MeV=
.These are all the events in the lower neutron-momentumpeak (within 3� from its 
enter).Figure 15 shows the 
ross se
tion as a fun
tion of pho-ton energy integrated over the CLAS for the events sat-isfying this 
ondition, 
ompared with the predi
tions ofthe model. After an initial steep drop, the 
ross se
-tion has an exponential dependen
e on the photon en-ergy above 0.6 GeV, this time with a slope b ' 4 GeV�1.The agreement between the experimental 
ross se
tionand the model predi
tion is good only for low energies,below 600 MeV. The 
ross se
tion is 
learly driven bytwo-body me
hanisms, as expe
ted.The di�erential 
ross se
tion as a fun
tion of(
os �n)lab, whi
h is plotted in Fig. 16 for eight photon-energy bins, shows a generally 
at distribution. This isexpe
ted, be
ause in the neutron-spe
tator kinemati
sthe two-body part of the redu
ed di�erential 
ross se
-tion is proportional to the neutron-momentum distribu-tion �(n) times the 
enter-of-mass di�erential 
ross se
-tion for the pp-pair breakup [8℄:d�redd

md�!p n = (1 + �n 
os �n)�(pn) d�d

m (
pp! pp): (8)Both the (1+2)-body part and the full-model resultsagree fairly well, in shape and magnitude, with the ex-perimental distributions up to 600 MeV. At higher en-ergies, the 
al
ulation predi
ts the 
ontribution of two-body me
hanisms to be mu
h too large.In the neutron-spe
tator kinemati
s, the primaryphysi
s is 
ontained in the angular distribution of the
pp ! pp sub
hannel. Figure 17 
ompares this angulardistribution with the model. While the magnitude of the

experimental 
ross se
tion is well reprodu
ed at low en-ergy by the model, the shape of the angular distributionis markedly di�erent. The model 
urve exhibits a min-imum at 90Æ, where the measured di�erential 
ross se
-tion has a broad maximum. It 
an be seen from Fig. 15that three-body diagrams do not 
ontribute signi�
antlyto the total 
ross se
tion, but their interferen
e with thetwo-body diagrams brings the shape of the angular dis-tributions 
loser to the experimental ones. However, thise�e
t is not strong enough to 
an
el the huge 
ontribu-tion of the two-body part at high energy.Sin
e the pp pair that absorbs the photon has nodipole moment for the photon to 
ouple with, 
harged-meson ex
hange 
urrents and intermediate-� produ
tion(Fig. 10, diagrams (
) and (d)) are strongly suppressedand one-body me
hanisms (diagrams (a) and (b)) and re-lated FSI (diagrams (e) and (f)) 
ontribute more signi�-
antly to the two-body photodisintegration 
ross se
tiond�d
 (
pp! pp) . At low energy, the one-body amplitude isdriven by dipole photon absorption, whi
h is suppressed.At high energy, it involves all other multipoles and, asa result, the 
orresponding 
ross se
tion remains almost
onstant. This pro
ess probes the relative pp wave fun
-tion at a momentum whi
h in
reases with the in
omingphoton energy | typi
ally 400 MeV/
 at E
 = 400 MeV,in
reasing to 1:5 GeV/
 at E
 = 1:2 GeV. Above � 0:8GeV the pp wave fun
tion is not under 
ontrol, and weare rea
hing the limits of the model, as in the 
d! pn re-a
tion [28℄. We may have entered a region where quarksbe
ome the relevant degrees of freedom [28, 29℄, or per-haps a des
ription in terms of Regge-type 
al
ulations[30℄ is more suitable.3. Star 
on�gurationThe 
enter of the Dalitz triangle 
orresponds to thethree parti
les having equal kineti
 energies and theirthree-momentum ve
tors forming angles of 120Æ withea
h other (in the ppn 
enter-of-mass frame). For thisreason, this kinemati
al arrangement, shown s
hemati-
ally in Fig. 18, has been 
alled the star 
on�guration. Inthis region, the three-body me
hanisms are expe
ted tobe dominant be
ause if the momentum is equally sharedbetween the three nu
leons the 
ontribution from two-body me
hanisms is minimized. This is therefore 
onsid-ered to be a good pla
e to study three-body me
hanisms.The events for this kinemati
s have been sele
ted byrequiring that the three nu
leons satisfy the 
onditionj�ij � 120Æj < Æ� (9)where �ij = ar

os��!pi � �!pjpipj � (10)is the angle between the momenta of nu
leons i and j,in the 
enter-of-mass frame, and the angle Æ�, whi
h ex-
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FIG. 14: Di�erential 
ross se
tions integrated over the CLAS as a fun
tion of the 
osine of the neutron polar angle in thelaboratory frame for twelve 0.1-GeV-wide photon-energy bins between 0.35 GeV and 1.55 GeV. The points represent our CLASdata. The error bars in
lude statisti
al and systemati
 un
ertainties. The dotted 
urves are the distributions for phase-spa
eevents generated within the CLAS a

eptan
e and normalized in ea
h energy bin to mat
h the total area of ea
h experimentaldistribution. The solid 
urves represent the full model results, while the dashed lines represent the model in
luding one- andtwo-body me
hanisms only.
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Neutron spectator

FIG. 15: Cross se
tion integrated over the CLAS for theneutron-spe
tator kinemati
s plotted as a fun
tion of photonenergy. The data are 
ompared with the predi
tions of thefull model (solid 
urve), the (1+2)-body part (dashed 
urve),the three-body part (dotted 
urve), and the 1-body part alone(dashed-dotted 
urve).presses the allowed deviation from the pure \star" kine-mati
s, has been 
hosen to be 15Æ, as shown in Fig. 19.In Fig. 20, the 
ross se
tion integrated over the CLASfor the star 
on�guration is plotted as a fun
tion ofphoton energy. It de
reases exponentially, with slopeb ' 5:8 GeV�1, as the photon energy in
reases, mu
hmore steeply than for the neutron-spe
tator kinemati
s.As expe
ted from the kinemati
s, for the star 
on�gu-ration the 
ontribution of two-body me
hanisms is neg-ligible, while the bulk of the 
ross se
tion 
omes fromthree-body me
hanisms. At low energy the model missesthe experimental 
ross se
tion by approximately a fa
torof four. The probable reason for this dis
repan
y is thatonly the Born term and the �-formation term [31℄ havebeen retained in the 
al
ulation of the 
N ! �N vertex(the upper blob in Fig. 10 (g) and (h)). The addition ofthe 
ontributions of the N(1520)D13, N(1440)P11, andN(1535)S11 resonan
es also might improve the agree-ment with the data. At high E
 , the Blomqvist-LagetBorn term mat
hes the Regge amplitudes [32℄ that re-produ
e the 
N ! �N 
ross se
tion in this energy re-gion. The pion-res
attering amplitude (Fig. 10 (g)-(i)) isparametrized in terms of partial waves up to and in
lud-ing G-waves.The di�erential 
ross se
tion as a fun
tion of 
os ��, the
osine of the angle between the in
ident photon and the

normal ve
tor to the three-nu
leon 
enter-of-mass plane(see Fig. 18), is plotted in Fig. 21 for eight photon-energybins between 0.35 GeV and 1.30 GeV. Sin
e the two out-going protons are indistinguishable, the orientation of thenormal ve
tor to the star plane, ~p1 � ~p2, is arbitrary.Thus, the distribution is symmetri
 around 
os �� = 0.The shape of the 
ross se
tion is very well reprodu
ed byphase spa
e at low energy, while at high energy the modelbetter reprodu
es the 
urvature of the experimental dis-tribution. At all energies the three-body me
hanisms aredominant.Figure 22 shows, for eight photon-energy bins between0.35 GeV and 1.30 GeV, the di�erential 
ross se
tion asa fun
tion of the angle �� between the neutron dire
tionin the star plane and the proje
tion of the photon-beamdire
tion in the same plane (see Fig. 18). As is the 
asefor ��, the angular distribution is symmetri
, here around180Æ. It also follows a phase-spa
e distribution, ex
eptfor E
 > 0:95 GeV, and its shape (but not its magnitude)is reprodu
ed fairly well by the model as well. Again,three-body me
hanisms are seen to be dominant.The photoprodu
ed pion des
ribed by the diagrams (g)and (h) of Fig. 10 
an propagate on-shell, sin
e the avail-able energy is larger than the sum of the masses of thepion and the three nu
leons. This 
auses the developmentof a logarithmi
 singularity in the three-nu
leon ampli-tude, whi
h should enhan
e the 
ontribution of three-body me
hanisms. The e�e
t of this singularity 
an beseen in Fig. 23, in whi
h is plotted the 
ross se
tion dif-ferential inm2X=m2�, wheremX , de�ned from the relationm2X = (E
 +mp �En)2 � (�!k
 ��!pn)2; (11)is the missing mass in the 
p! �+n rea
tion, assumingthat the proton is at rest.At photon energies above about 0.6 GeV, the pion sin-gularity appears 
learly (m2X=m2� ' 1) in both the ex-perimental distributions and the model results. How-ever, it is weaker in the lower-energy range. The in
lu-sion of higher-lying resonan
es in the sequential s
atter-ing amplitude in the model will enhan
e the peak nearm2X=m2� ' 1, but will probably not �ll the gap aroundm2X=m2� ' �15 for E
 = 400 MeV.These �ndings indi
ate a deviation from the sequentialres
attering three-body me
hanisms, whi
h may be a hintin the sear
h for more genuine three-body pro
esses.4. Quasi-two-body breakupThe third region of the Dalitz plot examined 
orre-sponds to the quasi-two-body breakup, where a protonand an unbound deuteron (a pn pair) are emitted ba
k-to-ba
k in the 
enter-of-mass frame. For this kind ofevent, one of the two protons (p1) is emitted with 2/3of the total available energy, and the pn pair travels inthe opposite dire
tion, with 1=3 of the total energy, andwith Tp2 = Tn = 16T . This kinemati
s 
orresponds to
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FIG. 16: Di�erential 
ross se
tions integrated over the CLAS for the neutron-spe
tator kinemati
s with respe
t to 
os � of theneutron in the laboratory frame for photon energies between 0.35 and 1.30 GeV. The data are 
ompared with the results ofthe full model (solid 
urves) and those of the one- plus two-body-only model (dashed 
urves), for 0:35 < E
 < 0:75 GeV only,be
ause at higher energies the model 
al
ulations di�er by more than an order of magnitude from the data.
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FIG. 17: Di�erential 
ross se
tions integrated over the CLAS for the neutron-spe
tator kinemati
s with respe
t to 
os �pp ofthe proton in the pp-pair 
enter-of-mass frame for photon energies between 0.35 and 1.30 GeV. The data are 
ompared with theresults of the full model (solid 
urves), and those of the one- plus two-body-only model (dashed 
urves), for 0:35 < E
 < 0:75GeV, be
ause at higher energies the model 
al
ulations di�er by more than an order of magnitude from the data.
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FIG. 18: Kinemati
s of the star 
on�guration in the ppn
enter-of-mass frame. The angles ��, between the normal ve
-tor to the star plane and the photon-beam dire
tion, and ��,the neutron azimuthal angle in the star plane, de�ne the re-a
tion.

FIG. 19: Dalitz plot for the CLAS ppn events sele
ted for thestar 
on�guration.the events in the two populated areas shown in Fig. 24.These areas have been sele
ted by requiring that the an-gle between the high-energy proton and ea
h of the othertwo nu
leons be 
lose to 180Æ, and that the di�eren
ebetween the energies of the two low-energy nu
leons besmall. Using the formalism de�ned above,j�p1p2 � 180Æj < 20Æ;j�p1n � 180Æj < 20Æ; (12)and jTp2 � TnjT < 0:15for the events on the right side of the Dalitz plot (wherethe proton labeled p1 has higher energy), andj�p1p2 � 180Æj < 20Æ;j�p2n � 180Æj < 20Æ; (13)and jTp1 � TnjT < 0:15for the events on the left side of the Dalitz plot. Sin
eprotons \1" and \2" are indistinguishable, the two re-gions of the Dalitz plot are equivalent.
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tion integrated over the CLAS a

eptan
efor the star 
on�guration plotted as a fun
tion of in
identphoton energy. The CLAS data are 
ompared with the pre-di
tions of the full model (solid 
urve), to the one- plus two-body-only part (dashed 
urve), and to the three-body-onlypart of the model (dotted 
urve).In Fig. 25, the CLAS-integrated 
ross se
tion for thispro
ess is plotted as a fun
tion of photon energy. It de-
reases exponentially with a mu
h steeper slope than forthe other kinemati
s (b ' 7:3 GeV�1). The full-modelresult is in good agreement with the experimental 
rossse
tion only for the low part of the photon energy range,and seriously underestimates it above about E
 = 0:55GeV. The (1+2)-body 
al
ulation gives a 
ross se
tionthat is smaller than the data by a fa
tor of �ve or morefor all photon energies. However, this kinemati
 regionis expe
ted to be strongly in
uen
ed by �nal-state in-tera
tions (FSI) [14℄. Only S-wave NN s
attering hasbeen in
luded in the model 
al
ulation. Furthermore, afa
torization approximation has been made to estimatethe nine-fold integral in Fig. 10, graph (i). A full treat-ment, in the terms of Ref. [33℄, might help to redu
e thedis
repan
y between the data and the model predi
tions.It also turns out that the logarithmi
 singularity inthe two-step sequential s
attering (Fig. 10 (g) and (h))moves in the Dalitz plot as the photon energy varies. Atlower photon energies, around E
 = 500 MeV, it 
oin-
ides with the part of the Dalitz plot where the quasi-two-body events are lo
ated and where the amplitudein
ludes a signi�
ant 
ontribution from FSI as well. Asthe photon energy in
reases, the singularity moves to-wards the top of the Dalitz plot, and the 
ontribution
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FIG. 21: CLAS-integrated di�erential 
ross se
tions with respe
t to 
os �� for the star 
on�guration. The data, for photonenergies between 0.35 GeV and 1.30 GeV, are 
ompared with the full-model results (solid 
urves) and the one- plus two-body-only part (dashed 
urves). The dotted 
urves are the phase-spa
e distributions multiplied, for ea
h photon-energy bin, by the
onstants used to normalize the full-Dalitz 
ross se
tions.
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FIG. 22: CLAS-integrated di�erential 
ross se
tions with respe
t to �� for the star 
on�guration. The data, for photon energiesbetween 0.35 GeV and 1.30 GeV, are 
ompared with the full-model results (solid 
urves) and the one- plus two-body-only part(dashed 
urves). The dotted 
urves are the phase-spa
e distributions, multiplied, for ea
h photon-energy bin, by the 
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onstants used to normalize thefull-Dalitz 
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tions, while the solid 
urves are the full-model results.of sequential s
attering to the quasi-two-body 
ross se
-tion be
omes negligible. Here, the di�eren
e between theexperimental 
ross se
tion and the full-model result is astrong hint of a possible 
ontribution of other three-bodyme
hanisms that do not redu
e to sequential s
attering.In Fig. 26, the di�erential 
ross se
tion is plotted asa fun
tion of the 
osine of the polar angle of the higher-energy proton in the three-body 
enter-of-mass frame.Data from eight photon-energy bins between 0.35 and1.30 GeV are shown. The experimental 
ross se
tionshows a forward peak whose relative strength grows within
reasing photon energy. This feature is also seen inthe (1+2)-body model and in the full 
al
ulation forE
 > 0:55 GeV. The predi
ted strength of the forwardpeak is, however, mu
h too small to mat
h the data. Forlower energies, the full 
al
ulation predi
ts a 
ross-se
tion

FIG. 24: Dalitz plot for our CLAS ppn events sele
ted asquasi-two-body breakup.
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tion integrated over the CLAS for thequasi-two-body breakup plotted as a fun
tion of photon en-ergy. The data are 
ompared with the predi
tions of thefull model (solid 
urve), the (1+2)-body 
al
ulation (dashed
urve), and the three-body-only 
al
ulation (dotted 
urve).The full-model 
al
ulation agrees quantitatively with our ex-perimental results up to about 0.55 GeV.enhan
ement at ba
kward angles that is not seen in thedata.
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FIG. 26: Di�erential 
ross se
tions integrated over the CLAS for the quasi-two-body breakup with respe
t to 
os � of thehigh-energy proton in the 
enter-of-mass frame for photon energies between 0.35 and 1.30 GeV. Our data, for 0:35 < E
 < 0:75GeV, are 
ompared with the results of the full model (solid 
urves) and of the (1+2)-body-only model (dashed 
urves).



21B. The ppn \Three-Body" Cross Se
tionPrevious experiments measuring the 
3He ! ppn
hannel in an extended part of the phase spa
e have beenperformed with the DAPHNE [18℄ and TAGX [16℄ dete
-tors. Ex
ept for di�eren
es in the � 
overage, the CLASevent-sele
tion 
uts are very similar to the other two ex-periments, as seen in Table II; however, di�eren
es inthe sele
tion 
riteria of the three-body events exist be-tween the TAGX experiment on the one hand and theDAPHNE and CLAS experiments on the other.The ppn \three-body" 
ross se
tion is de�ned as:�3body(E
) = N3body(E
)N
(E
)A

(E
) �zNAA ; (14)where N3body is the number of events extra
ted by ap-plying the sele
tion 
uts given in Table II and A

 is thea

eptan
e of the CLAS dete
tor for the ppn events 
al
u-lated with the phase-spa
e Monte-Carlo simulation. Thelow-momentum neutrons (pn � 150 MeV/
) have beenex
luded in order to sele
t only those events for whi
hall three parti
les parti
ipate in the rea
tion, thus di-minishing the importan
e of two-body pro
esses [16, 18℄.In this kinemati
s, the phase-spa
e result des
ribes thepro
ess reasonably well.Figure 27 shows �3body as a fun
tion of the photon en-ergy E
 . The full 
ir
les represent our CLAS data, theempty triangles the data of the TAGX Collaboration [16℄,and the empty squares the results obtained in the exper-iment 
arried out at MAMI with the DAPHNE dete
tor[18℄. The error bars on the CLAS data are statisti
alonly. The systemati
 un
ertainties delineated in the pre-vious se
tion are shown by the verti
al lines in the upperpart of the �gure.In the overlap region of the three experiments from0.35 to 0.80 GeV, the CLAS data are in good agreementwith the DAPHNE results, but di�er from the TAGX
ross se
tions by about 15%, most likely due to the above-mentioned di�eren
e in the three-body event sele
tion.Above 0.80 GeV, no previous data are available.The phase-spa
e extrapolation to the unmeasured re-gions has been done only for 
omparison with the previ-ous experiments, whi
h adopted the same pro
edure toextra
t �3body.VI. SUMMARY AND CONCLUSIONSThe three-body photodisintegration of 3He has beenmeasured with the tagged-photon beam and the CE-BAF Large A

eptan
e Spe
trometer in Hall B at theThomas Je�erson National A

elerator Fa
ility in thephoton-energy range between 0.35 and 1.55 GeV. Thismeasurement 
onstitutes a wide-ranging survey of two-and three-body pro
esses in the 
3He ! ppn rea
tion
hannel, as a 
onsequen
e of the high statisti
s and largekinemati
 
overage obtained with the CLAS.

TAGX (1995)

Eγ (GeV)

σ 3b
od

y 
(µ

b)

DAPHNE (1997)

CLAS (2004)

x 10

Eγ (GeV)

σ 3b
od

y 
(µ

b)

0

5

10

15

20

25

30

35

40

45

0.2 0.4 0.6 0.8 1 1.2 1.4FIG. 27: Total \three-body" 
ross se
tion as de�ned byEq. (14) for the 
3He! ppn rea
tion plotted as a fun
tion ofphoton energy. The CLAS data (full 
ir
les) are 
omparedwith the results from DAPHNE [18℄ (empty squares) andTAGX [16℄ (empty triangles). The error bars on the CLASexperimental points are statisti
al only. The CLAS system-ati
 un
ertainties are represented by the verti
al bars in theupper part of the �gure.Total and partially integrated di�erential 
ross se
tionsfor the full ppn data set and for sele
ted kinemati
s wereextra
ted and are 
ompared with phase-spa
e distribu-tions and with the predi
tions of the diagrammati
 modelof Laget. This model reprodu
es some of the main trendsof the experimental energy distributions, and for these
ases 
an be taken as a qualitative guide to understand-ing the rea
tion me
hanisms.From the analysis of the neutron-momentum distribu-tion for the full Dalitz plot, the kinemati
 region 
orre-sponding to the photodisintegration of a pp pair in thepresen
e of a spe
tator neutron has been identi�ed. Here,the e�e
ts of two-body absorption me
hanisms dominateand the model results are very 
lose to experiment atlow energy, up to E
 = 600 MeV. At higher energies,the dis
repan
y, whi
h in
reases with energy, might be ahint that we are approa
hing the limit of models basedon meson and baryon degrees of freedom.A strong 
ontribution of three-body sequential meson-absorption me
hanisms is manifested over all the avail-able phase spa
e, but most espe
ially in the star kine-mati
s, the spatially symmetri
 
on�guration of the three�nal-state nu
leons. These events are dominated by the
oupling to the � resonan
e, and they strongly 
on�rmits role in three-body for
es. The deviations from thepredi
tions of the diagrammati
 model point not only



22TABLE II: Sele
tion 
uts applied to the TAGX, DAPHNE, and CLAS 
3He ! ppn experiments in order to extra
t the\three-body" total 
ross se
tion. TAGX DAPHNE CLAS15Æ � �p1;p2 � 165Æ 22Æ � �p1;p2 � 158Æ 15Æ � �p1;p2 � 125Æ0Æ � �p1;p2 � 40Æ 0Æ � �p1;p2 � 360Æ CLAS � �du
ial 
utspp1;p2 � 300 MeV/
 pp1;p2 � 300 MeV/
 pp1;p2 � 300 MeV/
\Non-spe
tator" neutron pn � 150 MeV/
 pn � 150 MeV/
toward the ne
essity of implementing pro
esses whi
h in-volve higher-lying baryoni
 resonan
es, but also towardpossible additional three-body me
hanisms beyond se-quential s
attering.The 4�-integrated \three-body" 
ross se
tion is inex
ellent agreement with previous experimental resultsfrom DAPHNE up to 800 MeV. For the �rst time wenow have provided a

ess to a higher energy range, up to1.5 GeV.This work breaks new ground in the experimentalstudy of the three-body photodisintegration of 3He.However, before making 
onta
t with the elusive three-body for
es, it 
alls for a more 
omplete treatment ofthree-body me
hanisms whi
h go beyond the dominantsequential meson ex
hange and � formation in the in-termediate energy range, and whi
h take into a

ountpossible 
oupling with partoni
 degrees of freedom in thehighest energy range.
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