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excitation: Processes below pion-production threshold
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Electron scattering from the three-nucleon bound state with two- and three-body disintegration is described.
The description uses the purely nucleonic charge-dependent CD-Bonn potential and its coupled-channel ex-
tension CD-BonnA. Exact solutions of three-particle equations are employed for the initial and final states of
the reactions. The current has one-baryon and two-baryon contributions and couples nucleoaidsofitar
channelsA-isobar effects on the observables are isolated. Aigobar excitation yields an effective three-
nucleon force and effective two- and three-nucleon currents beside Mbtisebar effects; they are mutually

consistent.
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[. INTRODUCTION [6-10 and of this paper turn out to be qualitatively quite

gimilar where comparable.
Section |l recalls our calculational procedure and espe-

cially stresses its improvements. Section Il presents charac-

isobar. The available energy stays below pion-production . 2. =
threshold; thus, the excitation of tikeisobar remains virtual. eristic results for observableA,-|soba_r effects on those ob-
servables are isolated. Section IV gives a summary and our

The A isobar is therefore considered a stable particle; itconclusions
yields an effective three-nucleon force and effective ex- '
change currents beside oth&fisobar effects.

The paper updates our previous calculatiftisof three- Il. CALCULATIONAL PROCEDURE
nucleon electron scattering. Compared to Héf, the de- . . . .
scription is extended to hi%her enpergies, and three-nucleon The_kmt_—zma’ucs Of the_ considered processes in electron
breakup is also included; however, energetically the descri §catte_r|ng IS ShOW’? In '.:'g' 1. The calculational procedure,
tion is only valid below pion-production threshold. Exclusive including the notation, is taken over from Refd.2]. We

and inclusive reactions are described. The employed dynan’i‘-amind the reader shortly. of that proce(_jure in order to point
ics is the same as in RaR] for photo reactions. The under- out changes and to describe the extension to three-body elec-

lying purely nucleonic reference potential is CD Bof8]. tro disintegration and to inclusive processes, not discussed in

Its coupled-channel extension, called CD Bom+s em- Ref. [1].

ployed in this paper; it is fitted in Ref4] to the experimental

two-nucleon data up to 350 MeV nucleon lab energy; itisas  A. Description of exclusive reactions with three-body
realistic as CD Bonn. The exact solution of the three-particle disintegration

scattering equations is used for the initial- and final-state 1o g matrix and the spin-averaged and spin-dependent
h_adromc interactions. They are _solved by Chepyshev eXpankoss sections for two-body electrodisintegration of the tri-
sion of the two-baryon transition matrix as interpolation nucleon bound state are given in REf]. In this subsection

techniqu¢[5]; that technique is found highly efficient _and we add the corresponding quantities for three-body electro-
systematic. The employed electromagnégan) current is

structurally the same as in R¢2] for photo reactions. Itis a

coupled-channel current tuned to the used two-baryon poten-

tials as much as possible. It contains one- and two-baryon

parts. Compared with Rejff2] it is augmented with e.m. form

factors. Q Q
An alternative description of e.m. processes in the three-

nucleon system is given in Reff6—1Q; Refs.[6-10 em-

ploy a different two-nucleon potential and a different e.m.

current; nevertheless, the theoretical predictions of Refs.

Electron scattering from the three-nucleon bound state i
described allowing for the excitation of a nucleon tdAa
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kei kB ke,‘ kB

FIG. 1. Schematic description of electrodisintegration of the
*On leave from Institute of Theoretical Physics and Astronomy,three-nucleon bound state. Momenta are assigned to the particles
Vilnius University, Vilnius 2600, Lithuania; Electronic address: involved. The lines for the deuteron and the three-nucleon bound
deltuva@itp.uni-hannover.de state are drawn in a special form to indicate their compositeness.
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disintegration. The right part of Fig. 1 recalls the employed kg

notation for the individual particle momenta of the trinucleon fps = 3 : =5 %3

bound state, the three nucleons of breakup and the electron; (2h)"64c ke,mB

i.e., kg, kj, and k.. They are on-mass-shell four-momenta. 5 0 10 or )

The corresponding par(t)icleoenergieg are the zero components x{killkal(k; +k3) = kokz - (Q ~ky)]

of those momenta, i.ekgC, k]- ¢, andkgc; they are relativistic + k§[|k1|(k(1) + kg) _ k(l)kl Q- kz)]z}_m, (2b)

ones with the respective rest massgs my, andm,, in con-
trast to the nonrelativistic baryonic energies of the nonrela-
tivistic model calculation of baryonic states without rest

0

_ i 21,251, 2 . _ 2
masses, i.e.,Eg(kg)=Eg+k3/6my, Eg being the three- ps_(zﬂ,ﬁ)864cskgmNmBklk?{k1[2|k2| k- (Q=ky]
nucleon binding energy, arie(k;)=k?/2my. !

We give two alternative forms for th®matrix elements: +k3[2|k,q| - Ky - (Q —ky)]222, (20)
PSP = — i (27h) ki + ko + ka— k. —k Equation(2c¢) is the nonrelativistic ve.rsion of E@2b); dSis
(PSP = —i@7h) ke, + ks + o+ ks — ke ~ ko) the element of arclengt® as used in Ref[2]. The cross

X (s|M|s)(27h)~° section(2a) is still spin-dependent. The spin-averaged eight-

fold differential cross section is
X [2k3 c2kge2kg c2kee2kye2kae] 2, (1a)

d80' _ 1 dBO'in .
_ i ) dE(ke ke dSK 0%k, 455 dEq(Ke) A%k dSEK, Ak,
(fP{|SiP;) = - %6(kefc +En(ky) + En(ko) + En(kg) —keC 3)
- Eg(kg)) (ke + K1+ Ky +ks—Ke —Kp) in figures it is denoted bylo/dE.dQdSd2,d(),, the tradi-
tional notation. The experimental setup determines the iso-
« 1 [2K c2K2 ¢]~1/2 spin character of the two detected nucleons 1 and 2; their
(2m2 % T isospin character is not followed up in our notation.
A2 We calculate the matrix eleme(¥|M|s) in the lab frame
_ e . . . -
xu(kefsef) yﬂu(kqsq) > using t_h_e following c_omputatlonal strategy. The strategy is in
(kef B kei) the spirit of Ref.[2]; it is nonunique, since the model calcu-
1 lations, due to the limitations of the underlying dynamics,
><—<t//f{)(pqu)vof|j“(Q,K+)|B>. (1b) miss the trinucleon binding energy; the necessary correction
€pC for that miss has arbitrary features:

. . . (1) The experimental four-momentum transfer
Equation(1a) introduces a covariant form, whereas Etp)

is the noncovariant quantum mechanical realization & it Q=ke — ke, (49
the total momentum including the one of the electigyK)
the Jacobi momenta of the three baryons according to Ref. Q=ky+ky+ky—kg (4b)

[11]; K,=K;+Kj; i andf indicate the initial and final states )
of the reactionu(ks) is the Dirac spinor of the electron with determines the total energy and the total momentum of the
positive energy in the normalizatiamks’)u(ks) =m,c28y hadronic part of the system in the final channel. This step is

(s|M[s) is the singularity-free matrix element for three- done using relativistic kinematics and the true experimental

nucleon electrodisintegration, from which the differential Frmucleon binding energy. The experimental momentim

cross section is obtained. Its dependence on the spin projeI 1 the lab frame wittK;=ks=0 determme_s the total momen-
tionss, and. M of electron and trinucleon bound state in the umK and trTe Fr:)erngO(pquKf) Ef the f:jnal three-nui:Ieon
initial channel, collectively described ksy, and on the spin iystemﬂl]n tr € I?in rarr]n(:, |.e(Kf—}(<Q)anf IEO(E")ifanlei_tEBi
projectionss,, andm of electron and nucleons in the final thgofr.ue eex ee?il:‘n enqta? oengﬁghpdgf tr:e ZX eerimea;tzlivso—san q
channel, collectively described sy, are explicitly indicated. three-bod % Kup th h Id ’ 5 duced
(sfM|s)) is Lorentz-invariant in a relativistic description and rée-body breakup threshods are exactly reproducea.

) (2) The matrix elements;M|s;) is calculated in the lab
can therefore be calculated in any frame. However, when i _shell el under nonrelativistic
calculated according to E¢lb) in the framework of nonrel- systerl'n ason e'nergyf S ﬁ elementind Ki h
ativistic quantum mechanicés;|M|s) loses that property of mode qssumptlons or gdrpn dynamics. Taking the com-
being a Lorentz scalar. puted trinucleon m<_)del b|nc12|ng enerdds and the average

The lab cross section takes the following compact form nucleon massmy, i.e., myc*=938.919 MeV, the energy
transferQ, to be used for the current matrix element results,
. L i.e., Quc=Ey(p:q;K;)—Eg; the three-momentum transf€)
d°o; ¢ = (s M|s)[*fpsdEc(ke)d’ke dSctkad®k, (28 14 be ysed for the current matrix elementQs VQZ+QK,
with the true experimental value &?; note that we define
with the abbreviation fps for a phase-space factor; in the lalthe square of the spacelike four-momentum transfer positive
frame fps is asQ2=Q2—Q§. Since the model trinucleon binding energy is
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not the experimental one, the components of the resultingRef. [1], and with the inclusive response functioRs(Q),
four-momentum transfeQ do not match precisely their R{(Q), R/(Q), andRy./(Q) given in the Appendix. The lon-
experimental values when calculating the partgitudinal and transverse response functiBn@) andR(Q)
(5 (psa) vor| QK ,)|B) of the matrix elements{M[s)  refer to a spin averaged targ&% (Q) andRy,/(Q) are char-
according to Eq(5) below; this strategy is chosen in order to acteristic for the spin structure of the target. Experiments
preserve the experiment@? as in photo reactiong2]. The  usually measure the asymmetyng), i.e.,
internal three-nucleon energy part of the final state is

[ dBo(lng  dBo(-1,np) ]

PF/ My +307/ 4my=Eq(paK ) —KF/6my.
(3) The lab cross section is calculated nonrelativistically; dEu(Ke )d2|2e dEe(ke)dzlze
it is constructed from the following form of the matrix ele- ro f '
ment |: d?’o'(l,nB) . dio(- 1,ng) :| (73

h 4mé? dEq(ke)d%ke,  dEd(ke)dke,
(sMls) = < (2h) %k, nu(kqse,)(ke—_”ek?

Alng) = v (QBO) R (Q)Ng, + v/ (QB) Ry (Q)Ngy
° v (QBIR(Q) +v1{(QBIRHQ)

1
X (U (P vori#(Q.Q)[B)
b (7b)

X [2mye?]* 2mge?] (®) - .

When orienting the target spin parallel to the momentum
and from the nonrelativistic phase-space factor fps in theransfer Q, i.e., ng=(0,0,1), the transverse asymmetry
form (2¢). As discussed in Ref.2] one could choose the A[,=A(ngy) is selected; when orienting the target spin per-
hadronic kinematics nonrelativistically for the dynamic ma-pengicular to the momentum transf@r but in the electron
trix element(s{M|s)) on one side and relativistically for the scattering plane, i.e.,ngr=(1,0,0, the transverse-
kinematical factors on the other side. That split calculationalongitudinal asymmetryd, =A(ngr.) is selected.
strategy can be carried out with ease for the observables of
exclusive processes. However, when total cross sections or
inelastic structure functions in inclusive processes are calcu- . RESULTS
lated, we resort to a particular technical scheme as already ) )
described in Ref[2] for the total photo cross section: The e present results for spin-averaged and spin-dependent
energy-conserving-function in the phase-space element isobservables in electro d|5|ntegrat|(_)n of the three-nucleon
rewritten as imaginary part of the full resolvent and that full Pound state. The presented exclusive results refer to three-
resolvent has to be made consistent with the employed nof0dy disintegration. Results of exclusive two-body disinte-
relativistic dynamics of the model calculations. Thus, thedration are not shown; results for them are given in fREf.
split calculational strategy, developed in REf], cannot be control calculations indicate that the results of Ré@fl do

carried through for total cross sections and inelastic structurB0t g€t any essential physics change, though the hadronic
functions. We therefore do not use it in cstandard calcu- Interaction and the e.m. current are improved compared with

lational procedure we use it only for exclusive cross sec- Ref. [1]. ) ) )
tions when testing the validity of the employed nonrelativis- | "€ results of this paper are based on calculations derived
tic kinematics. rom the purely nucleonic CD-Bonn potentifiB] and its

coupled-channel extensiofd], which allows for single
A-isobar excitation in isospin-triplet partial waves. The
_ _ _ isobar is considered to be a stable particle of spin and isospin
We assume that the electron beam is polarized witf wijth a rest massn,c? of 1232 MeV. In contrast to the
the electron helicityh, and that the trinucleon target is coypled-channel potential constructed previously by the sub-
polarized ~according to the polarization vectong  traction techniqug12] and used in the calculations of Ref.
=(sin 05 cos g, Sin g Sin ¢, oS blg); the angles are taken [1], the new one of Refi4] and used in this paper is fitted
with respect to the directio®. We use the same definition of properly to data and accounts for two-nucleon scattering data

B. Description of inclusive reactions

coordinate axes as Réfl]. with the same quality as the original CD-Bonn potential. We
The inclusive spin-dependent differential cross sectiortescribe first thstandard calculational procedunehich this
has the form paper follows.

3 The baryonic potential is taken into account in purely
M:U (v (QBIR(Q) + v(QB)RH(Q) nucleonic and in nucleon- partial waves up to the total
dEe(ke)dzﬁe Mot L el two-baryon angular momentui=3. The calculations omit

! ! the Coulomb potential between charged baryons. Neverthe-
+hv1(QO)R (Q)Ng, less, the theoretical description is charge dependent. For re-

actions on®He the proton-protor(pp) and neutron-proton
*or (QORr (Qneyd} ) (np) parts of the potentials are used, for reactions'drthe

with the Mott cross sectiowry; and the kinematical func- neutron-neutror(nn) and np parts. Assuming charge inde-
tions v (Q6y), v1(Qb,), v1(Qb), and v (Qb,) given in  pendence, the three-nucleon bound state and nucleon-
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deuteron scattering states are pure states with total isospifhe results for the considered e.m. reactions appear fully
T:%; the three-nucleon scattering states have total isospinonverged with respect to higher two-baryon angular mo-
7=5 and ng, but those parts are not coupled by hadronmental, with respect taA-isobar coupling and with respect
dynamics. In contrast, allowing for charge dependence, alio higher three-baryon angular momenfaon the scale of
three-baryon states ha@z% and Tz% components which accuracy which present-day experimental data require, the
are dynamically coupled. For hadronic reactions that couexception being only exclusive observables in the vicinity of
pling is found to be quantitatively important in thg, partial  the quasielastic peak which show poorer convergence with
wave [13]; in other partial waves the approximative treat- respect tq7.

ment of charge dependence as described in[R8&Ff.is found

to be sufficient; it does not couple total isospir 5 andg

channels dynamically. The same holds for the hadronic dy- A E.m. form factors of the three-nucleon bound state

namics in e.m. reactions considered in this paper: The effect and detailed choice of current
of charge dependence is dominated by'Bgpartial wave; it The trinucleon form factors refer to elastic electron scat-
is seen in some particular kinematic situations, but we refrainering. The form factors are calculated in order to check how
from discussing them in detail in this paper. However, therealistic the underlying current operators are for the momen-
calculations of e.m. reactions require total isosﬁmg com-  tum transfers required later on in inelastic electron scattering;
ponents of scattering states afl considered isospin-triplet they are calculated in the Breit frame, i.e., as functions of
two-baryon partial waves, since the e.m. current couples th©=Q?=|Q|; we will make sure in the text that the magni-
T:% and ng components strongly. tude Q will not be confused with the four vect@. As cus-
The three-particle equations for the trinucleon bound statéomary we giveQ in this subsection in units of fm with
|B) and for the scattering states are solved as in F&f.in 1 fm™1~200 MeV/c in contrast to the remainder of the pa-
fact, the scattering states are calculated only implicitly ager. The operator forms are defined in Appendix A of R2f.
described in the Appendix. The resulting binding energies ofvith the hadronic parameters of the CD Bonn and CD
®He are -7.941 and -8.225 MeV for CD Bonn and CD Bonn+A potentials and with the following additional choices
Bonn+A, respectively. If the Coulomb interaction were for the baryonic and mesonic e.m. form factors.
taken into account, as proper faHe, the binding energies We employ the recent parametrization of the nucleonic
shift to —7.261 and -7.544 MeV, whereas the experimentaé.m. form factors as given in Reffl7]; it is tuned to new
value is —7.718 MeV. Nevertheless, we use the purely hadform factor data for the proton and the neutron and is there-
ronic energy values and bound-state wave functions for corfore rather different at momentum transfers larger than
sistency when calculating the current matrix elements, sinc8 fm™* compared with older parametrizations as those of
we are unable to include the Coulomb interaction in the scatRef. [18], used by us previously in Reffl,16]. We take the
tering states. Sachs form factorge(Q?) and gy(Q? of Ref. [17] as the
Whereas the baryonic potential is considered up=8, form factorse(Q?) and u(Q?) in Appendix A of Ref.[2]; in
the e.m. current is allowed to act between partial waves up téhe context of the two-baryon potentials CD Bonn and CD
I=6, the higher partial waves being created by the geometrgonn+A of this paper the two-baryon exchange currents of
of antisymmetrization. The e.m. current is taken over fromeqgs.(A5)—(A7) in Ref.[2] are used with the isovector form
Ref. [2] augmented by e.m. form factors. Whereas the emfactors eV(QZ):g\E’(QZ) instead of the Dirac form factor
ployed current operators depend on the three-momentuf¥(Q?), used previouslyl,16] in the context of the potentials
transferQ only, the added e.m. form factors depend on theparis and Paris4. However, the two-baryon exchange cur-
four-momentum transfe@?=Q?-Qj as discussed in Appen- rents, corresponding to nondiagonal meson exchanges ac-
dix A of Ref. [2], Qo being taken as the energy transfer to thecording to Eqs(A5) and(A6) of Ref.[2], are used with form
nuclear system. The current is expanded in multipoles aﬁactorsfpﬂ_y(QZ):gpﬂ_yff(QZ) andf,,(Q) =g,y fY(Q?. In
described in Refs[14,13; current conservation is imposed contrast to Ref[2], we choose for the nuclech-transition

explicitly by replacing the longitudinal current part by its form  factor QX,\%(QZ) the coupling strength asgk",i(O)
charge part. The technique for calculating multipole matrix:4_59,uN

elements is developed in Rgfl4]; a special stability prob pv being the nuclear magneton. The coupling
; - i i : MLy =35
lem [16] arising in the calculation requires some modifica—Strength 's in accordance with the reIaugkk(O) 26u(0)

tions of that technique as described in R&b]. The electric to tzf Tr\rjmls '28? (rg;e\_ggeotéc morPeR@;f,l(Ol)gant?]wm:( ItSr?r;(p(ra];I-l
and magnetic multipoles are calculated from the one- andfental vaiu€sy (L) =2.U0 iy of ke - [19), the experimenta

two-baryon parts of the spatial current; the Siegert form of‘éalue be_:_r;]g a bit larger thafn tze qugrk model Z\/alue
electric multipoles isiot used. The Coulomb multipoles are 2-63#n- The momentum-transfer dependence Q@)

. .02 .
calculated from diagonal single-nucleon and singl@arts IS taken asgk",&(QZ)/%Xﬁ(O):e ” /(1+Q2/A§N)2 with
of the charge density; the nuclednitransition contribution =0.21(GeV/c)™? andA$,=0.71GeV/c)? according to Fig. 2
as well as two-baryon contributions are of relativistic orderof Ref. [19]; the momentum-dependent fall of the form fac-

and are therefore omitted in the charge-density operatdor gg"ﬁ,(QZ) is slightly faster than for a dipole.
when calculating Coulomb multipoles. Figure 2 shows the trinucleon charge form factors. The

The number of considered current multipoles is limited byrelativistic operator corrections as given in Egal11) of
the maximal total three-baryon angular momentumy,,  Ref.[2] and the additional corrections pfand w exchange
=2§5, taken into account for the hadronic scattering statesof Ref. [20] are necessary to account for the data at least
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10° . . . . . . TABLE |. Magnetic momentse of He and®H in units of the
nuclear magnetojy.
3
107§ \ e uCHe) uCH)
- . é\.\ CD Bonn -2.073 2.906
w107 '\ ... ] CD Bonn+A -2.139 2.970
RO Experiment -2.127 2.979
10-3 3 *“l’ %%"’&%
; % . - .
'.; %,,4 tum transfers relevant for the considered disintegration pro-
10 : - : - : : cesses; they are therefore fully included in standard cal-
6 1 2z 3 4 5 6 7 culational procedure In the context of the potentials CD
Q (fm™) Bonn and CD Bonn4, the use of the isovector form factors
10° ' - - - - - g\E’(QZ) for diagonal meson-exchange currents is absolutely
necessary; the use 6f(Q?) instead moves the first minima
o b Sq out, i.e., beyond 7 frit.
\ At the larger momentum transfe@>3 fm™ we note a
" sensitivity of the theoretical predictions for the charge and
E 102 | 5 : magnetic form factors upon the parametrization of the under-
N lying charge and current operators, especially on the e.m.
. j’ form factors of baryons. Furthermore, as already discussed in
10 ' Ref.[2], the match between hadronic and e.m. dynamics has
'.; deficiencies, i.e., the two-baryon potentials being nonlocal,
10 , , L whereas the employed e.m. currents being local; also the use
0o 1 2 3 4
Q (im™ 10° ' : ' ; ' '
FIG. 2. Charge form factorf¢ of *He and®H as function of 107 } e
momentum transfeQ. Results of the coupled-channel potential
with A-isobar excitation withoutsolid curve$ and with selected 102 f
relativistic charge operator correctioidashed curvgsare com- = 3 .
pared. The results of the purely nucleonic CD-Bonn potential are % 107 : °f°°;°“’°°%q><}1,
almost indistinguishable from the respective results of CD Bonn 104 | ”:' N N
+A. The experimental data are from RE23]. "
roughly at larger momentum transfers. Those relativistic cor- 10°} ‘ f
rections are, however, omitted in ostandard calculational 100 , , , , , ,
procedurefor electrodisintegration. Most disintegration pro- 0 1 2 3 4 5 6 7
cesses, considered in this paper, require the current up to Q (fm™)
momentum transfer®|~2.5 fm'L; in that kinematic regime 100
the employed relativistic corrections are still small. However,
even in that limited kinematic regime the predictions based 107 | 34
on thatstandard calculational procedurshow more devia-
tions from data with increasing momentum transfer. The 102 }
found agreement between data and the theoretical predictions s
with relativistic corrections for the trinucleon charge form w 107 e,
factors is comparable with the results of Rgl,22, based 104 | N >
on other baryonic potentials. In contrast to the relativistic N
corrections, the nonrelativistit-isobar effect on the charge 108 L v I
form factors is minute and therefore not separately shown in '
Fig. 2. 10°® : : : : : :

0 1 2 3 4 5 6 7

The trinucleon magnetic moments are given in Table | and a ™
m

the magnetic form factors are shown in Fig. 3. The agree-
ment between data and theoretical predictions is quite satis- |G 3, Magnetic form factor§,, of *He and®H as function of
factory for the magnetic moments and for the form factors Ugnomentum transfeQ. Results of the coupled-channel potential
to Q=5 fm™%; beyondQ=5 fm™ the predicted form factors \ith A-isobar excitatiorisolid curves are compared with reference
are too small in magnitude and have a shape not consistefsults of the purely nucleonic CD-Bonn potentidhshed curves
with the data around the secondary maximum. In contrast t@he experimental data are from RgZ3). Both, data and theoretical
the charge, exchange corrections of the spatial current are gfedictions, are divided by the experimental magnetic moments as
nonrelativistic order and they contribute already at momengiven in Table |I.
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-
o
T

o
—

d®6/dE dQ,dSdQ,dQ, (pb MeV2 sr)
d®o/dE dQ,dEdQ,dQ, (pb MeV2 sr®)

102

. A A . . A 100 200 300
0 20 40 60 80 100 120 140 Ky, (MeV/c)
S (MeV)

FIG. 5. Eightfold differential cross section Blf-le(e,e’pp)n re-

FIG. 4. Eightfold differential cross section of three-body elec- action at 563.7 MeV electron lab energy as a function of the mag-
trodisintegration ofHe, i.e.,*He(e,e’pp)n, at 390 MeV electron  nitude of missing momenturk,,=Q—k;—k,. The electron scatter-
lab energy as a function of the arclendtelong the kinematical ing angle, the momentum and energy transfer ége-27.72°,
curve. The electron scattering angle, the momentum and enerd®|=305 MeV/c and Q,=220 MeV/c, respectively. The observ-
transfer aref,=39.7°,|Q|=250.2 MeVk andQy=113 MeV/c, re- able refers to the configuratiqs3.8°, 0.0°, 92.9°, 180.0°Results
spectively. The observable refers to the configura@®d°®, 180°, of the standard coupled-channel potential witiisobar excitation
45°, 1809 the angles are given with respect to the direction of the(solid curve and of its modified versioidashed-dotted curyare
incoming electron; the notation is standard, e.g., explained in Refcompared with reference results of the purely nucleonic CD-Bonn
[15]. Results of the coupled-channel potential withisobar excita-  potential(dashed curve
tion (solid curveg are compared with reference results of the purely

nucleonic CD-Bonn potentigtiashed curvgs elasticities, but they show clearly unphysical, resonating and

therefore unwanted structures in th2, two-nucleon partial

of a nonrelativistic description of the hadron dynamics atwave as already demonstrated in Rpf], casting serious
those momentum transfers is questionable. However, the olfoubts on the size of the calculatadisobar effect in Fig. 5.
served theoretical uncertainties and the discrepancies withihus, a modified version of CD Bonm+with more realistic
data, occurring at larger momentum transfers, are not relphase shifts above pion-production threshold is developed
evant for most disintegration processes, considered in thipr exploratory reasons and also used for the predictions in
paper. Fig. 5; it yields an expected reduction of theisobar effect,
though the effect remains rather strong. The modified version
of CD Bonn+A works with a reduced coupling strengijia
of the ¢ meson to the\ isobar. The quality of the fit to the

To the best of our knowledge, there are no fully exclusiveyyo-nucleon scattering data up to 350 MeV nucleon lab en-
experimental data of three-nucleon breakup in the consideregtgy remains practically unchanged, but, unfortunately, the
energy regime. As in hadronic and photo reactions we obpeneficialA-isobar effect on trinucleon binding gets almost
serve more significanA-isobar effects at higher energies. completely lost—the resulting binding energy’bfe includ-
Figure 4 presents sample results for the spin-averaged eighkg the Coulomb interaction is —7.329 MeV. Other modifi-
fold differential cross section of the three-body electro disin-cation schemes of CD Bonm+have not been tried yet. Any-
tegration of°He with a moderate-isobar effect. how, the data of Ref[24] deserve a theoretical description

~ Referencg24] presents results for the eightfold differen- \ith a two-baryon potential, extended realistically above
tial cross sectiord®o/dEdOJE,dQ,d(), averaged over a pion-production threshold.

rather large experimental detection volume. However, the ex-
citation energy in the experiment of R¢24] is well above
pion-production threshold. Thus, the theoretical predictions
of any model neglecting pionic channels as our potential CD Figures 6-9 present sample results for inclusive longitu-
Bonn+A should be taken with severe caution. Neverthelessdinal and transverse response functiésand Ry of unpo-

we present our results for that higher energy in Fig. 5; we uséarized *He and®H.

the representation of Reff24], but for simplicity we do not Figures 6 and 7 contain results for threshold data of siz-
perform the averaging. We note largeisobar effects in par- able momentum transfer, i.e., 4%Z3Q|<927 MeV/c; they
ticular kinematical regimes where the purely nucleonic cal-are_given as functions of the excitation enerds
culations presented in Fig. 7 of RgR4] clearly underesti- =\mic*+2mgc®Qy— Q%c?~mgc®. The longitudinal response
mate the data; the inclusion of tileisobar may therefore be R, shows only a relatively smalh-isobar effect, not docu-
able to reduce that discrepancy. However, we emphasize thatented in the plot, but there is a clear need for relativistic
the employed potentials CD Bonn and CD Bonkare un-  corrections as seen already in the trinucleon charge form
realistic above pion-production threshold; in contrast to CDfactors; the same operator corrections are used there and
Bonn, the coupled-channel potential CD Borkyields in-  here. The transverse resporigeis rather well described, as

B. Exclusive three-nucleon breakup

C. Inclusive response functions
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FIG. 6. °He inclusive longitudinal respong® near threshold
for the momentum transféQ|=487 MeV/c as function of the ex-
citation energyE,. Results of the coupled-channel potential with
A-isobar excitation withougsolid curve$ and with selected relativ-
istic charge operator correctiofgashed curvesare compared. The
experimental data are from RéR7].

Ry (10°Mev™)

the trinucleon magnetic form factors in Fig. 3 are, by the
inclusion of theA isobar; the purely nucleonic calculations
of this paper as well as those of R§25], based on a differ-
ent two-nucleon potential, fail in accounting for the experi-
mental data at higher momentum transfers.

Figures 8 and 9 contain results for the responses at higher
energy transfers including the region of the quasielastic peak.
The A-isobar effects are rather insignificant. The overall
agreement with the experimental data is satisfactory, though
a consistent displacement of the quasielastic peak for the
responses at higher three-momentum transfer in Fig. 9 is
obvious. The displacement occurs in all responses, but it is
more discernible for the transverse responses whose peaks
are more pronounced. We think that that displacement is due
to the use of nonrelativistic kinematics for the baryons in-
volved:

(1) The estimates for the position of the quasielastic peak, 0
i.e., Q%/2my with relativistic kinematics and?/2my with
nonrelativistic kinematics differ just by that displacement.

(2) In the plane-wave impulse appro?(lmatlon of the re- FIG. 7. ®He inclusive transverse respong near threshold
sponses by one of the present authors in B8} the use of  514ynd the momentum transfel®@|=473, 862, and 927 Me\/
relativistic kmematl_cs in the final phase_—space e!ement IS IMfrom top to bottom as function of the excitation enefgy Results
portant for the achieved agreement with experimental datay the coupled-channel potential with-isobar excitation(solid
However, a calculational improvement with respect tocurvey are compared with reference results of the purely nucleonic
baryon kinematics is not straightforward when the full dy- cp-Bonn potential{dashed curvesThe experimental data are from
namics is included. Ref. [25], |Q| being the value at threshold there.

Figures 10 and 11 present results for asymmetiigs),
measured in the experiments of Ref80,31] around the
four-momentum transferQ?=0.1 and 0.2GeV/c)2. The old. Its particular focus is three-body disintegration and in-
A-isobar effects are rather insignificant. The overall agreeclusive reactions in inelastic electron scattering. The spe-
ment between the experimental data and the theoretical préialty of the description is the use of a realistic coupled-
dictions is rather good for the lower four-momentum trans-channel potential with singled-isobar excitation for the

fer, whereas at h|gher momentum transfer there are Som@|t|a| and final hadronic states and the use of a Correspond-
discrepancies. ing coupled-channel e.m. current with two-baryon contribu-

tions. TheA-isobar effects on observables therefore result
from the effective three-nucleon force—and a
A-modification of the effective two-nucleon force—and from
The present paper completes our discusg§ib2,1§ of  corresponding effective two- and three-nucleon exchange
e.m. three-nucleon processes below pion-production threstourrents, all effective hadronic and e.m. interactions medi-

Ry (10°Mev™)

5 10 15 20 25
E, (MeV)

IV. SUMMARY AND CONCLUSIONS
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0.02 T T 0.01

0.01 | FIG. 8. ®*He and®H inclusive

longitudinal and transverse re-
sponse function®_andRy for the
momentum transfer  |Q]

. . 0.00 . . =300 MeV/c as functions of the
50 100 150 50 100 150 energy transfeQ,. Results of the
Qp (MeVvrc) Qo (MeVrc) coupled-channel potential with
0.01 , y A-isobar excitation(solid curve$
are compared with reference re-
sults of the purely nucleonic CD-
Bonn potential (dashed curves
The experimental data are from
Ref. [28] (®) and from Ref.[29]
(@).

R. (Mev)
R. (Mev)

0.00

0.01

Ry (Mev)
Rr (Mev)

: : 0.00 : :
50 100 150 50 100 150

Q, (MeVic) Qq (MeV/c)

0.00

ated by theA isobar and based on the exchange of all con- (1) As already discussed in RgR], the employed bary-
sidered mesons. onic potentials and the respective e.m. currents are not fully
We find large and beneficidl-isobar effects for the trans- consistent, the potentials being nonlocal and the currents be-
verse response in the threshold region at rather high momeimg local. According to our exploratory investigatigiab]
tum transferfQ|>800 MeV/c; all purely nucleonic calcula- this lack of current conservation is practically not serious for
tions fail in accounting for the corresponding experimentalthe observables of electrodisintegration considered in this pa-
data. We also predict rather significawtisobar effects for per. Nevertheless, conceptually the development and the use
the exclusive differential cross section in particular kinemati-of an improved and consistent e.m. current is quite desirable.
cal regimes. For the considered response functions and inclu- (2) Future experiments will focus on processes above
sive asymmetries up t®|=500 MeV/c the foundA-isobar  pion-production threshold, even if only purely nucleonic

effects are small. channels are selected for the explicit observation. The data of
We see a need for an improvement of the presented thedref. [24] corresponding to our predictions of Fig. 5 are only

retical apparatus in three respects: one example. Thus, for those processes the present descrip-

0.01 : ; 0.01

_ ®He _ 3H

B )2 >

[} [)]

= =3 FIG. 9. *He and®H inclusive

o« o longitudinal and transverse re-

i

sponse function®_andRy for the
momentum transfer  |Q]
=500 MeV/c as functions of the
energy transfeQ. Results of the
coupled-channel potential with
A-isobar excitation(solid curve$
are compared with reference re-
sults of the purely nucleonic CD-
Bonn potential (dashed curves
The experimental data are from
Ref. [28] (®) and from Ref.[29]
(@).

o

0.00 0.00

50 100 150 200
Q, (MeV/ic)

0.01

0.01

Ry (Mev™)
Ry (MeV")

0.00 0.00

50 100 150 200 50 100 150 200
Qg (MeVic) Q, (MeV/c)

034004-8



THREE-BODY ELECTRODISINTEGRATION OF THE. PHYSICAL REVIEW C 70, 034004(2004)

2 6
0Fr 4|
< <
o2t 2
4 . . . 0 .
40 60 80 10 20 30
Qp (MeV/c) E, (MeV)
0 6
Q% = 0.2 (GeVic)? Q% = 0.2 (GeV/c)®
2t 4t
< <
4+ 2
8 ) . . f 0
80 100 120 140 . (MeV)

Qq (MeV/c)
FIG. 11. The inclusive asymmetryA around (6g,¢g)
=(135°,09 in °He(é,e’) process around the four-momentum

H BLA(E A 2
in °He(e,e rocess at four-momentum transf€<=0.1 and . .
€) P transferQ?=0.1 and 0.2GeV/c)? as function of the excitation en-

J . S
0.2Gev/o)” as functlon of the energy transf@. The incident ergy E,. The incident electron energies are 778 and 1727 MeV, and
electron energy is 778 MeV. Results of the coupled-channel poten: . . o N
i . . o - . the electron scattering scattering angles are 23.7° and 15.0°, respec-
tial with A-isobar excitation(solid curve$ are compared with ref-

erence results of the purely nucleonic CD-Bonn poteritialshed :';/t?(% (F?s?)ﬁgltcs:u?:/ge;rce)uElcfrg;)Cahrzgn\?vlitaoi?gfelrﬁhfggazse):;'-the
curves. The experimental data are from RE30)]. purely nucleonic CD-Bonn potentigtlashed curvgs The experi-

mental data are from Ref31].

FIG. 10. The inclusive asymmeti around(6g, ¢g)=(0°,0°)

tion of _the d.y.namlcs ywthout an e>§pI|C|t_ pion g:hannel IS APPENDIX: INTEGRAL EQUATION FOR CURRENT
clearly insufficient; an improvement is quite desirable. That MATRIX ELEMENT

improvement is also quantitatively important as Fig. 5 ) ) .
proves. In this appendix the current matrix elements for

(3) The four-vector e.m. current is a relativistic concept.fWo- and three-body electro( 9isintegration of the trinucleon
Thus, the description of the hadronic initial and final statedound  state, ie., (¥, (q)v,|i*(Q.K,)[B)  and

should be based on covariant dynamic equations. Such e(rd/g)(prIf)Von“(Q,K+)|B>, are calculated.

extension of the present theoretical description is highly The antisymmetrized fully correlated three-nucleon scat-
desirable. tering states of internal motion in nucleon-deuteron channels,

ie., <¢f;)(qf)vaf|, and in three-body breakup channels, i.e.,
(wg")(pqu)vofL are not obtained explicitly; they are calcu-
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tion matrix andP the sum of the cyclic and anticyclic per- = 1(1/\s’§)(0,1,ii ,0) and e(QN=0)=(1,0,0,0. The latter

mutation operators of three particles. Equati@da) is an  choice assumes current conservation, i.e., the longitudinal

integral equation fofX*(Z)), analogous to that for the mul- part of the spatial current is replaced by the charge density

tichannel transition matrixJ(Z) of Ref. [5]: Both equations jO(Q,K+)=j”(Q,K+)eM(Q)\=O), resulting in the effective

have the same kernel, only their driving terms are differentform of «(Q\=0) different from the standard one as given,

We therefore solve EqAla) according to the technique of ¢ g in Ref.[1]. In contrast to the rest of this paper, we

Ref. [5], summing the Neumann serig&1b) for XMZ)) by indicate the dependence on the spin projectioty of the

the Padé method. Ong¥“(2)) is calculated, the current ma- yincleon bound state in EqeA3) explicitly. Note that all

trix elements required for the description of two- and three-_, 1, ) L . o

body electro disintegration of the trinucleon bound state ar&uu,(Q With Mg+A’#Mg+) vanish. The auxiliary

obtained according to state G(E;+i0)j“(Q,K,)|B) of Eqg. (A3b) is related to

1 |X“(E;+i0)) according to

<l;[/Ez_)(qf) Vaf|j#(Q1K+)|B> = ?<¢a(qf) Vaf|XM(Z)>7 L. 1 . .
V3 G(E; +i10)j*(Q,K,)[B) = 5(1 + P)Gy(E; +i0)[j*(Q,K ,)[B)

(A2a) +T(E; +i0)Go(E; +i0)

X |XH(E; +i0))]. (A30)

1
(06 (Praa) vo |i*(Q,K.)B) = “=(bo(Ps) v | (1 +P)
Yo (Pra Of“ | V3 otPrls Of| The spin-averaged longitudinal and transverse response

. functions R (Q) and Ry(Q) and the spin-dependent trans-
X[~ L T

[i(QK B + T(2)Go(2) verse and transverse-longitudinal response functiyneQ)
X|XMZ)]. (A2b)  andRy./(Q) are calculated according to

When calculating the inclusive response functions, the in- R =L T{ROO Ada
tegration over all final hadronic states is performed implic- LQ=2 TIRHQI, (Ad3)
itly, following the strategy of Ref{2] for calculating the total

cross section of photo disintegration. We define the general Ri(Q) = % > TH{RMQ)], (A4b)

spin-dependent response function as follows, i.e., A=£1

A - ’ IIriv T _ _
RMéMB(Q) - GV(Q)\ )<BMB|[J (Q1K+)] 5(E| HO HI) RT’(Q) — %- A Tr[R}\)\(Q)O_BL‘l’ (A4C)
X j4(Q,K.)[BMp)e,(QN), (A3a) A=xl
: 1 . _ R (Q) =1> TR . Add
Ri (@ === Im{e(QV)(BM["(Q K] (@ % RHQr] (Asd
B°'B T

XG(E; +i0)jQ,K ,)[BMpg)e, (QM)} In Egs. (A4) traces are calculated with respect to the spin
quantum numberdg of the trinucleon bound statejs are
the ordinary spins particle spin operators, i.e., the Pauli ma-
with the effective polarization vectorse(Qr=%1) trices, which refer in this context to the three-nucleon target.
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