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Radiative proton-deuteron capture in a gauge invariant relativistic model
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A relativistic model is developed for the description of the progessd—3He+ v*. It is based on the
impulse approximation, but is explicitly gauge invariant and Lorentz covariant. The model is applied to
radiative proton-deuteron capture and electrodisintegratiotHef at intermediate energies. Results for cross
sections and vector and tensor analyzing powers are pres¢B8@E56-28189)03504-9

PACS numbegs): 21.45+v, 25.40.Lw, 25.20-x

[. INTRODUCTION Special attention is paid to the construction of a conserved
e.m. current. It is known that at small photon energies the
Considerable progress has been achieved up to now ireaction amplitude is dominated by radiation from the exter-
theoretical studies of radiative proton-deuteron capture andal proton, deuteron, antHe legs, and this consideration led
the reverse process of the photodisintegratioriléé in the  to the development of low-energy theorerlsETs). For
nonrelativistic framework. Being limited in space we men-bremsstrahlung in scattering of charged particles, the LET
tion here only several studies. Calculations including onlywas derived by Low[13]. For deuteron photodisintegration
the nucleon Born terrfil,2] were not succesful in explaining the LET was established by Sakitd4], and later on ex-
the pd capture data, whereas other calculatip®s5] were  tended15] to other light nuclei. These LETSs are based on an
restricted to low energies. If6—8] the effects of different expansion of the amplitude in powers of the photon energy
realistic nucleon-nucleon potentials were investigated. Mord=,, and on gauge invariance.
references can be found in a recent review artjélp An In kinematical conditions where the photon energy is not
alternative approach was developed[i®], in which only ~ small one may still assume the dominance of the above ex-
selected terms for the amplitude were taken into account. tiernal amplitude, however, without applying the expansion in
included contributions of meson exchange currdiM&C) E, . Imposing gauge invariance restricts to a large extent the
and thepd interaction explicitly, and these were found to be so-called internal contributions which are not explicitly
important. Although more phenomenological in its approachpresent in the external amplitude. We suggest a method to
this allowed for reasonably accurate estimates for the crossonstruct the internal amplitude which accounts for a part of

sections at high energies. MEC andpd rescattering, and converges to the LET at small
One of the main ingredients in the description of the cap{photon energies.
ture process is the nuclear electromagnégion) current. In In our approach we start from the covariant modd]1d],

most calculations it is chosen in the impulse approximationwhich was developed for low-energy radiatipe capture.
i.e., it is the sum of the e.m. currents for the free nucleonsAiming at higher energies we supplement this model by the
Therefore the requirement of gauge invariance is, in generainternal amplitude, which turns out to give a sizable contri-
not fulfilled. Siegert’'s theorem is often applied, as it allowsbution at all energies considered. An important input in the
one to express part of the electric transitions through thenodel is thepd®He vertex function, for which recent calcu-
one-body charge density operator, thereby reducing considations[17—-19 of the *He WF are used.
erably the complexity of the problem. This approach has also The amplitude obtained in this way may be called a
been used in the recent Faddeev calculations reported auge-invariant relativistic impulse approximation. In this
[11,12. With increasing photon energy, however, thisamplitude propagators of all particles are taken as free propa-
method becomes less adequate and one is forced to includators, which might not be appropriate for composite par-
explicitly all contributions to the e.m. current. ticles like 3He ord. To improve on this we study the effect
Another aspect of the capture reactions at intermediatef self-energy corrections to thBHe propagator. This ap-
energies is the large value of the momenta of the involvegears to be important in the capture cross section at energies
particles. For example, at a proton energy of about 200 Me\6f about 200 MeV. The resulting amplitude still has the
one probes the wave functidiVF) of 3He at momenta of shortcoming of being purely real. To account for the unitar-
about 350 MeV, implying that relativistic corrections may ity requirement we include thpd scattering phase shifts in
be appreciable. the channell’=%", which generate the imaginary part of
In this paper we develop a covariant model for the reacthe amplitude. The latter is crucial for the proton analyzing
tion p+d«>He+ y*, wherey* is a real or virtual(space- powerA, in pd capture. The phase shifts are included in such
like) photon, at proton energies of up to a few hundred MeV.a way that gauge invariance is preserved. The rescattering in
the 2~ channel is approximately taken into account via an
excited state of théHe.
*Permanent address: National Science Center “Kharkov Institute The model is tested for capture cross sections, and proton
of Physics and Technology,” 310108 Kharkov, Ukraine. and deuteron analyzing powers. We also extend the model to
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q

virtual (spacelikg photons and calculate the electrodisinte- __Pu N
gration of *He in the kinematical conditions of NIKHEF and | >Eé
Saclay experiments where either the proton or the deuteron is — A

detected in concidence with the electron. Calculations within  *2 ™
the same framework for the case of virtual photons in the
timelike regime, i.e.e*e™ production inpd capture, have
been presented earlig20]. N

We should mention that the so-called field-theory ap- Mex=®“(P3.P2,P1~A)S(P1—04,M)I*(p1—q,py1)
proach for photonuclear reactions was suggested earlier in B _ _ papln
[21] and applied in[22] for the 3He photodisintegration. T P3. P2 0P A gy (P2 TP o)
This relativistic formulation is somewhat similar to our +I'“(p3,p3+0)S(ps+9,mz)P*(p3+0,p2.P1),
model and also includes radiation from d, and He. The 3)
method for constructing the internal amplitudealled the
contact term in22]) and its explicit structure is, however,
different. whereS(k,m)=(k—m+i0)~ ! is the free propagator of the

The outline of the paper is as follows. In Sec. Il we de-spin- particle with massn and the deuteron propagator is
scribe the model for thgd—>Hey* reaction. The conse- A g,(k)=(—gs,+kgk,/m3)(k?*—m5+i0)~*. The structure
quences of gauge invariance are considered and the internafl the pd— 3He vertex function®“ will be discussed later.
amplitude is derived. The relations between the relativistic We note here that in this formulation theamplitude
pd3He vertex function and the nonrelativistic WF #fle are  (third diagram in Fig. 1takes into account the pole contri-
also discussed. In Sec. Ill self-energy corrections toHe  bution (but not the regular contributiomf the initial-statgpd
propagator angpd rescattering effects are considered. Theinteraction, and hence takes care of the problem with the
comparison of the calculations with the radiatiet capture  orthogonality between initial and final states mentioned in
experiments and with Saclay and NIKHEF data for[23].
3He(e,e’d)p and 3He(e,e’p)d reactions is presented in For the moment we neglect explicit off-shell effects in the
Sec. IV. A summary and conclusions are given in Sec. V. Ine.m. vertices and self-energy contributions to the propagators
Appendix A the half-of-shell e.m. vertex of the deuteron is(in Sec. lll self-energy corrections to tHgle propagator are
discussed. Appendix B contains the expression for theonsiderefl Correspondingly the e.m. vertex function for
gauge-invariant amplitude. Finally, we have collected in Ap-spin4 particles is chosen in the form
pendix C the expressions for response functions, cross sec-
tions, and vector and tensor analyzing powers in terms of the
matrix elements.

FIG. 1. Diagrams corresponding to the external amplitude.

I'“(p—q,p)=I*(p,p+q)

ya
=Zyt =i Fy(d?)
Il. DESCRIPTION OF THE MODEL 2m
The four-momenta of the proton, deuterditje nucleus, +ZF (g2 (94— g?yH), 4

and (virtual) photon are denoted bg;, p,, p3, andq re-
spectively. The amplitude for thed—3Hey* reaction can

be written as where F1(q°) and F,(g“) are, respectively, the Dirac and

Pauli e.m. form facto(FF), F;(q?)=[1-F;(q?]/g? and
. _ . . Z=1(2) for theproton GHe). Note that this vertex obeys
rg= €L (N )U(P3, M) M#CU(P1,Np)Ea(Na), the Ward-TakahashWT) identity for the half-off-shell case
D [24]
The expression for the half-off-shejldd vertex is more
involved. It can be written aésee Appendix A for detai)s

M
N Ap

where e is the proton chargeﬁ(ﬁg,)\h)[u(ﬁl,xp)] is the
spinor for 3He [proton], and helicities of the particles are

denoted by\’'s. The polarization vectors of the photon reet(p,—q,po)

e,(\,) and the deuterog,(\y) satisfy the Lorentz condi- N N

tion ‘ = —g"*(2p,~ 9)*+ (P~ )’g"
+F1(a9)g”[a*(2p— 9)*—q- (2p2— 9)q*]

A-€(\,)=Ppo- é(\g)=0. @ N
+F2(9%) (99— q“g"*)
In the next subsections we will discuss different ingredi- Fa(q?)
ents needed for constructingxythp)\d. +——19°9“(2p.—q)*

2

i . 1
A. Radiation from external lines _Eq.(zpz_q)(qagﬂp+quﬂa) , (5)
First we considefvirtual) photon radiation from the ex-

ternal lines of the particleffirst three diagrams of Fig.)1

The external amplitude reads and fulfills the WT identity for the half-of-shell case:
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FPe%(p,—0,p2) £a(Ng) ki—m
Al P2 A Pe (e (kg g k) = ¢ (Ka. ko ko) + 6 (ke K k)5
=[A7H(p)P*= AT (p2—q)"*]1€a(Ng) 1

=[=a-(2p2=a)g"*+ (P2~ )" q“]€a(Na), +k32;1';”3 b (K Kz, ky), 9)
(6)

- a__ 2 a a H .
whereA ™ *(k)**=(m;—k?)g"* +k’k is the inverse propa- \yhere the last two terms contribute when the proton or he-

gator. ) _ lion are off their mass shells, and momentum conservation
In Eq. (5), Fi(q°) are related to the charge, magnetic, andimplies ky=k, + k,. The Dirac structure o can be writ-
quadrupole e.m. FFs of the deuter@ee, e.g.[25]): ten as

2
2\ _ 2, < 2
Celd=Fu(a)* 378(d), 9 (ks kaky) =(7"C, ~k{H1, ~k§Ho.) 35, (10

Gw(9?)=F(g?),

Go(9?) =F1(q?)—F4(q?) + (1+ 7)F4(g?), and ¢% , and ¢% |, are expressed similarly in terms of
G_p.Hi p,Hy pandG_,Hy ,Hy py, respectively.
92 In the following we will use a more restricted forf6],
n=— 4—2 (7) in which the vertex is expressed only through the relatisle
m;

four-momentumQ®= (M, /m)ki— (M, /m,)ks [whereM,
=m;m,/(m;+m,) is the reduced mass of thml systen.
B. Internal radiation amplitude The vertex then becomes

Apart from the external amplitude there are other more
complicated processes, such as initial-staterescattering
and MEC. This contributionthenceforth called the internal
amplitudeM;,;) can be constrained by imposing the gauge
invariance requirement for the total amplitudéd =M g

¢ (K ko k) =[7°G+(Q) = Q"H . (Q%)]7s,

+Mint- 2 p(Kz Kz, k)= o2 (K3, Kz, k) = p% (K3, Kz K1)
ContractingM ¢, with the photon momentum and impos- " ) N )
ing gauge invariance for the total amplitude leads to the fol- =[v*G_(Q9)—-Q*H_(Q9)]ys, (11)

lowing condition:

na__ ra _ Fya —
AuMint'= ~0uMey = %(P3,P2,P1~0) whereG_ (Q?) andH_ (Q?) can be directly related with the
+®*(p3,p2—0,p1) —20%(p3+,p2,P1). nonrelativistic WF. For the’He, proton, and deuteron dia-
®) grams in Fig. 1 the relative momenta take the val@s
=(M,/my)p§— (M, /mp)p3, QF=Q5—(M,/m;)g" and
So far we have not specified the form of theé®He vertex  Q5=Q35+ (M, /m,)q®, respectively.
function. For the case where at most one particle is off its Using the structure of this vertex and the Dirac equation

mass shell it has the following general structure: for initial and final spinors one obtains, from E®)
|
9. Mi={[7*G_(Q)—QfH (Qz)]i— i[7“G (Q5)—Q5H_(Q)]+g” %H (QD— &H (Q3)
#Yint - 1 1t = 1 2m1 m3 - 3 3T = 3 m, + 1 m, + 2
+7“[G+(Q§)+G+(Q§)—2G+(Q§)]—Q§”[H+(Q§)+H+(Q§)—2H+(Q§)]] Y5 (12
|
Now one can write an finite-difference identity for the com- G (Q)=[G.(Q%)-G,(Q3](Q*-Q?), (149
bination appearing on the right-hand side of Etp), +HQD=IG.(Q; +HQIQI= Qs
2 2y 2 wherei=1,2,3 and the four-momentu@,, used as the ex-
G (QD+G1(Q3)—2G(Q3) pansion point, is in principle arbitrary.
— G (Q)(Q%- Q) + G (Q2)(Q2- QD) If we chooseQ2=Q3, then from Eqgs(12) and (13) it

o follows that a solution for the internal amplitude can be con-
—2G(Q3)(Q3—Qp), (13)  structed aM “&= M~ ¥(1)+M~EX(2), i.e.,

int — "lint int
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Mfaf“(1>={[vae_<Qi>—QfH_<Qi>] o

‘}/M
—m—[y“G-(Qﬁ)—Qé“H—(Qi)]]ys
3

po Mr 2 r 2
+9 m_1H+(Q1)__H+(Q2) ¥s, (19
N M,
M.’r‘n(Z)— (q 2|01)“R1+—(q 2py)*“R3
Mr 2pa)“(RE+RS 1
+m1+m2(q+ P3)*“(Ri+R3), (16)
where we used the notation R*=[y*G/ (Q?)

H'.(Q?)]ys (for i=1,2), andH’, (Q?) is defined simi-
larly to Eq. (14). In deriving Eq.(16) the relations

2=A &._2 2= A &._2
Q1 +m1q (d—2py), Q3 +m2q (9—2py),

Qf=A~ ;4 (a+2ps) (17

my

have also been used, where

3
2)~2Mr(|8h|_|8d|)

A=M,(m;+my— myrm
(18

ms)| 1+

accounts for the difference between the binding energies of

the deuteron andHe. Note that the amplitude in EL6)
remains finite in the special case wh&%—Q3 or Q3

Of course one could choose, instead @§=Q3 in Eq.
(16), Q3=Q?, or Q3=Q3, or an “averaged” momentum

Q5 =x1Q% +x,Q5+x35Q3, (19

with parameters; , independent ofj*, satisfying the condi-
tion X1 +X,+x3=1. Forreal photons all choices lead to the
same transition amplitude.

To verify this we apply again Eq13) for the averag(QS

(and similar equation foH ) in Eq. (12) and find the am-
plitude M;«(2) in a different form(marked by “tilde”)

M
MEe(2) = m—;(q—2p1)“[(x2+x3)Rf—X1R§’+2x1R§f]

M
+ m—zr(q—2p2>ﬂ[<x1+xg>R§—x2R%+2x2R§]

(A 2p0)"

X[2(X1+X2)R5+X3R{ +X3R5]. (20

This reduces to Eq16) if x;=x,=0 andxz=1.
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Using Eq. (19, and a relation m;Q%+m,Q3
—(m;+m,)Q3=M,q? which follows from Eq.(17) and
energy-momentum conservation, one obtains

’ ) M, M,
Q1—Qo=—2q- Q3 (1 X1)+_X2

, M, M,
Q53— Qé=2q: Q3 (1 X2)+m_xl

M, )
— Xy .

m, (21)

M
Qg—Q?):ZQ-Qs(m—er—
1
Finally we consider the contraction ®fl;(2) with the
photon polarization vector. As a result of the conditmpne
=0, the momentunp4 can be replaced bp/+p5 in Eq.
(20). Then the four-momentum in front &7 reduces to

: (22)

M,
(1 x1)+—x2

- 2Q3

and comparing this expression with the first relation in Eq.
(21) one observes that the factor in square brackets involving
X, andx, cancels in the amplitude E¢0) with the similar
factor in the definition oR7. Similar cancellations occur in
the terms related t& andRS. Also G, (Q2) andH, (Q3)

drop out due to a cancellation between the three different
contributions and one arrives at

€. MEX(2) TG, (QD)+G,(Q3)—2G,(Q)]

—Q§[H+<Ql>+H+<Q2>—2H+<Q§>]}y5-
(23)

The seeming singularity &5-q=0 is fictitious because any
differenceQ?— Q7 (i#=1,2,3) is proportional t®-q [as
can be seen from E@21)].

This expression does not depend»rand oan, which
is what we set out to prove. Although E@O) looks differ-
ent from Eq.(16), they give identical results when contracted
with €, .

In the case of theirtual photons Eq(20) does not lead to
Eq. (23), and Eq.(16) and Eq.(20) give different results. A
convenient choice for the average momentum in this case is
Q3=Q2 because this variable is a function of only the in-
variant energys= m3+q (g+2p3) (or the incoming proton
energy and does not depend on the scattering afege Eq.
7]

It is of interest to consider the limit of small photon en-
ergies. From Eq(17) it is seen that fog—0 one hasQ?
=Q35=Q3—A. The finite differences introduced in EG.4)
then reduce to the derivativeG’ (Q?)=dG,(Q?)/
dQ?g2-,. This case would correspond to the situation
where aII particles in the@d®He vertex are on their mass
shells. Although this is excluded because of energy-
momentum conservation, this limit may be used for deriving
a soft-photon approximatiorl5] for real photons. To obtain
the soft-photon amplitude one has to expahd(Qiz) and
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H+(Qi2) aroundA and keep terms of orday ! andq® in  ferences in Eq(26) then become very large and the choice
M g, and terms of ordeq® in M,.. As a check of our results Q3=A would be the most unfortunate. Only in the limit of
we verified thatM = M .+ M;,; reproduces the amplitude of g—0 does Eq(25) become equivalent to E¢16) and both
[15] whenq—0. amplitudes converge to the LET. This implies that the am-
One consequence of the internal amplitude derived abovplitudes in Eg.(16) and Eq.(25) coincide in the leading
is a cancellation of the terms proportional to the “negative-order ofg®, but differ in higher orders.
energy” componentg? with the corresponding terms in the In the calculation we include the dominant components
external amplitude which are related to thyé part of the [17—-19 of the *He WF, i.e. gon pair in the deuteron state or
e.m. vertex. For the proton amplitude we have, e.g., in the 1S, (quas) boundd* state, coupled to a proton. The
pd—pd* capture mechanism via the spin-flifs,+3D;
w p1—4—m; " —15, transition has been showj6] to be important and is
¢=(P3,P2,P1~0Q) 2m; S(p1=q.my)y therefore included explicitly. The corresponding amplitude

B (see Fig. 1, last grapltan be written as

Y
=% —q) —. 24
P~ (Po:P2Pr W om, 24 M= 0 (p3.p2— P A (P~ T (p—.Py),
This term exactly cancels the first term in Ef§5). A similar @7
cancellation occurs between the ;econd term in(Eg). and whereA (k) = (k2—m22+i0)~ ! and the e.m. vertex has the
the ¢* contribution from the®He diagram. As a result, the form
¢“ terms contribute only to the part of the amplitude related
to the anomalous magnetic moments of the proton and he- i
lion. In fact, this cancellation is not very surprising if one I'“*(p,—q,ps)=— —Mvs““””qp(pz)yF(qz). (28
recalls the derivation of the LET for bremsstrahlufisg] my
(see alsd26]). There negative-energy contributions due to _ _ )
gauge invariance also did not contribute in the leading orderlere 4, = up— un is the isovector magnetic moment of the

g 1 andq®, and appeared in the amplitude only in highernucleon,m3 is the mass of the* ,F(g?) is the transition
orders. form factor, and®(p3,p,—q,p;) is the pd*3He vertex

It is seen from the structure oﬂint that it can be com- function. This contribution is gauge invariant by itself, and
bined with the external amplitude into a sum of “effective ” does not affect the above discussion on the internal ampli-
proton, deuteron, andHe terms: M =M g+ M =A;+A,  tude.

+ Az, where each amplitudd; is gauge invariant by itself,

i.e., q,A!“=q,A5"=q,A5“=0. Expressions forA; are C. ®He vertex function

?I\Ilfﬁln n Apfpend|x B. Note th"."t Vﬁe checkgd IeprI|C||tIy_ the In order to relate the invariant functions
ulfillment of gauge invariance in the numerical calcu at'onS'Gi(QZ),Hi(QZ) to the overlap integrajd|*He) we recall

Of course we realize that the above construction of thqhat the latter is written aEL9]
internal amplitude is not unique, and terms which are gauge
invariant themselves and vanish in the limit=0 may be . am s R
added toM;,;. In the method outlined above one particular Ypa(N)= 2 Cim, smCimguram RL(MYim, (1)
ambiguity stems from the choice of the reference pQét LMLSMs P
A possible choice igQ3=A, which cannot be cast in the oA -
form of Eq.(19) with constant parameters. This results in (r=[r[, r=rir), (29
a different amplitudeM,(2) (denoted below by a capjet

wherer is the relativepd coordinate,Rq(r)[R,(r)] is the

I\A/Ii’;f“(2)=&(q—2p1)"lf2‘f+ &(q—sz)”ﬁg (D] radial WF corresponding to the total spifis], and
My ma m,, Mg, andm, are the spin projections for helion, deu-
2M, A teron, and proton, respectively.
+ (g+2p3)*R3, (25 In momentum space this WF can be represented in the
my+my form
where
- 1 -
N ~ ~ — _ ___*
Ri=[7"G4(QN)~Q§AL(QN)]17s, Vp(P) =5 Xy U(PI (M)

GL(Q)=[G.(Q)—G,(A)(Q?-A). (20

The cross sections for this amplitude, however, prove unsat-
isfactory (factor of 30 too largewhen compared with cap-
ture data at energies about 200 MeV. The reason is the fol-
lowing: the functionsG_(Q?) and H,(Q?) are rapidly
varying when going from the poir®?=A>0 to the values where£(my) are the deuteron polarization vectgrsppen-
Qi2 which are negative in the physical region. The finite dif- dix C, Eq.(C8)], u(p)=Ry(p), v(p)=R,(p), and

1 NN A o
—Ev(p)[Bo'pf(md)p—U'f(md)]

X Yoo P) X, (30
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_ 2 (= of the overlap function{d*|*He) maximal. The sumN,q
Ru(p)=it\/= j jL(pPRL(r)r?dr. (8D +N,4 =2.61 gives the bulk of the normalization but does
not exhaust it.
The relation betwee® . (Q2),H.(Q?) in Eq.(10) and com- _The second ongalled model “b”) is the parametrization
ponentsu,v reads[16] as N in [16], which was based on calculations in REE7] with

the Argonne v14NN+Urbana VII N interaction. In the

1602 .| . model[16] the pd andpd* pairs are assumed to occurirle
G.+(Q)=Nlu(|Qh+—= —v(IQN) [(Q*+a?), with equal probability, and together to saturate the normal-
\/E ization integral, i.e.Npq=Nq, = 3/2.
32
H, (Q2%)=—N]| u(|Q])+ % 8 1+ jzmz) U(|(j|)1 D. Electromagnetic form factors
2« In order to calculate the e.m. FFs of the proton we used
X (3%+ a?), the extended vector meson dominance m¢a8]. The deu-
teron FFs were taken from the calculation[ @8] with Ar-
1 @2 gonneNN interaction(including 3N forces, MEC and rela-
G_(Q)=N— _v(|(§|)((j2+ a?), tivistic correction$ and we used the parametrization of the
V2 a? FFs of the®He as given if30]. For the FF of the transition
., d—1S, we used an approximation consistent with treating
1 Q? m;m, 220 o s, as a quasibound state. The FF is calculated as the deu-
H_(Q* )_H T_z 1+? v(|QN(Q*+a%), teron electric FF with only theS component of the WF

(32) (model from[31] has been usedThe reason is that thg?
dependence of the threshold deuteron electrodisintegration is
with the normalization constarMl=m\ms/(6m;M,) and known to be strongly influenced by the MEC. At the same
a=2M,(m;+m,— mg)~A. time at the relatively smallg?| <0.15 GeV the effect of the
This relation has been obtained[ib6] in the nonrelativ- MEC is opposite to that of th® wave in the deuterof82],
istic limit following the formalism developed previously for and theq® dependence is approximately governed by $he
the deuteron27] (see alsd28]). Strictly speaking, the func- component.
tions G_ andH_ cannot t3)e obtained unambiguously from At the real photon point the FFs are normalized to
the nonrelativistic WF of°He. In particular, the last two
equations in Egs(32) are based on certain assumptions FE(O):FQ(O):GC(O):L FS(O)z,up—l,
about the negative energy part of the fermion propagators at

low energies. by Mg _m 2
The pd* *He vertex® (ps,p,—q,p1)=1(Q3?) is related Fz(O)—m—th—Z, GM(O)—EM, Go(0)=m3Qq,
[16] to the overlap integral,q, (p) =(d*|*He): (35

1 - where Qu=0.2859 fnt is the quadrupole moment of the
Yoo (P) = \/—th W(P) Yool P) Xm,» deuteron and the magnetic moments of the proton, deuteron,
and 3He (in nuclear magnetons are Mp=2.7928, ug

I(Q2)=w\/mw(|é|)((§2+a*2), 33 =0.85774, anqu,= —2.12755, respectively.

where the variable®} , M}, anda* can be obtained from, Ill. ADDITIONAL EFFECTS IN THE *He CONTRIBUTION
respectivelyQ,, M,, and« for the deuteron amplitude by
changingm, to m5 .

The effective number gbd pairs andpd* pairs is given,
respectively, by the integrals

So far the propagators for the proton, deuteron, and helion
were taken as the propagators of elementary spin-1/2 and
spin-1 fields. For composite objects this may be a poor ap-
proximation and in this section we investigate the effects of

w0 possible modifications. These may occur because of the in-
dizf [lu(p)|?+|v(p)|?1p?dp, ternal structure, which is manifested in possible resonances

0 and decay modes. One can expect these effects to be most
important for propagation in the continuum where the invari-

N_— ” w(p)|2p2dp. 34 ant masd\V is larger than the mass of the free particle; there-
pd J wip)["p dp 34 fore we will focus on the®He contribution for whichw,
= \/§> ms.

Two models for the®He WF have been used in calcula-
tions. The first modelcalled model “a”) is a recent calcu- R
lation [19] with the Argonne v18\N+Urbana IX N inter- A. “He self-energy
action. This calculation yield®l,;=1.33 andNyg, =1.28. The modification of the propagat& p) for a spins par-
Here the(quasiboungid* WF was replaced by a bound WF ticle with massm is most easily discussed in terms of the
by multiplying the NN potential in the!S, channel by a self-energy 3(p), in terms of which S(p)=[p—m
factor which was determined so as to make the normalizatior 3 (p)]~X. The self-energy can be written aX(p)
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=A(p?)p+B(p?)m, with (complex scalar functionsA(p?) Note that the construction of the internal amplitude for the
andB(p?) that must satisfy the conditions p+d—3He+ y* reaction in Sec. Il B remains unchanged

d independent af(p?).
A(m?) +B(m?)=A(m?) +2m’[A’(m?) +B'(m?)]=0, and independent ot(p")

(36) B. Effect of pd rescattering
in order to leave the pole positigiat the physical mass) Another aspect to include is the effect of the initial-state
and the residue at the pole unchanged. The prime abowed rescattering. In the channel with quantum numb&?s
stands for the derivative/dp. =17 the latter can be approximately taken into account by

If we make the assumption thai(p2) = —B(p2), where  modifying thepd®He vertex® to
A(p?) vanishes ap?=m?, then the conditions of E(36) R _ R R
are automatically fullfilled. In this case the propagator be- Vis(|Q[.E)=[1+iTs(E)]®s(|Q|)~VSis(E)®is(|Q)),
comes (40)

p+m where | is the angular momentuns is the total proton-
S(p)=[1+ a(p?) o3, (37)  deuteron spin, and where the partiamatrix is defined in
pT—m terms of thepd scattering phase shifi,s(E) and the inelas-
ticity parameter ng(E) via the S matrix Sg(E)
where we have_ introdyced a parameter(pz)z[l = mis(E)e?9s(E) = 1+ 2iT (E) [6]. This creates a complex
+A(p?)]7*—1, which vanishes ap’=m?. We will treat  function with a phase related to tipel phase shift, as should
a(p?) as an adjustable phenomenological parameter in thge expected from unitarity argumens3].
®He self-energy when comparing calculations with the ex-  This procedure can be justified by considering a separable
perimental data in Sec. IV. model for thepd T matrix. When constructing the amplitude
Intimately related to the self-energy are the so-called offfor the diagram of Fig. 1 where the photon is radiated from
shell effects in the e.m. vertex. In Constructing the vertexhe 3He, it was |mp||ed that th@ matrix was approximated
care should be taken of the WT identity-T'(p+0d,p) by the pole contribution from théHe bound state only:
=Z[S Y (p+q)—S X(p)] (Z=2 is the charge of théHe).
For initial on-mass-shell and final off-shell states the e.m. T*4(Q,Q";P)~VEf(Q,Q’;P)
vertex can be written as L
=0*(Q)(P—my) 'PAQ"), (41
K
T4(p’,p)u(p)={Zy*[1+a(p'?] 1+Iﬁ0"”qv}uw) where P=(4/5,0),®%(Q) = y®%(Q) Ty, is the 3He—pd
(38)  vertex. The pole contribution is expressed through the vertex
d%(Q)=d*(Q;s=m3) which is a real function dependent

for a real photon with momentumandp’ =p+q. It should ~ On the relativepd momentumQ.

be noted that since the magnetic contribution is not fixed by We will treat nowVg(E) as the interaction kernel in the
the WT identity, this construction of the vertex is not unique. Bethe-Salpeter equation for tiel system:

We have opted for a choice which is most convenient for our
application where only the convection current part of the
vertex is modified.

~ [ ~
T(E)=VB(E)+(2—)4VB(E)®G(E)®T(E), (42
The contraction of the e.m. vertex with the propagator T

leads to where E=\s—mj; is the excitation energy or “off-
shellness” of the helion, the integration over the intermedi-
S(p")I'“(p",p)u(p) ate relative momentum is implied, deuteron tensor indices
, are supressed, ai@(E) is the product of the free proton and
_Z(p+pH)* (p) 1 deuteron propagators.
p'2—m? p'2—m? The separable form fovg(E) results in a separable solu-

) tion for T:
, B Am o
X|Z+[1+a(p'9)] klio* g u(p).

2m T%(Q,Q";P)=Q)(P—my) "WAQ'E), (43
(39 where
The first term on the right-hand side is the same as one i
would obtain with the unmodified propagator and vertex. It V(E)=0+ : dG(E)®T(E) (44)
thus appears tha (p) modifies only the anomalous mag- (2m)* '

netic momentx, which is replaced byes=«[1+ a(p?)].

In general, for any e.m. vertex satisfying the WT identity = This generates a complex-valued vert#X(Q;E) which

only the magnetic part of the produs{p’)I"*(p’,p)u(p) in addition contains a dependence on the invariant mass of
gets modified. One gets a similar expression for the initiathe intermediate’He and reduces t®%(Q) at zero energy.
off-shell and final on-shell states. These results can easily b€o relate W (E) to the on-shellT matrix we pick out the
generalized for virtual photons. contribution to the integral in Eq44) coming from the pole
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part of the propagatoG(E). After applying Cutkosky’'s [ E — 100 MeV
rules and partial wave decomposition one then obtains Eq. 400 L
(40). Now we identifyrl' with the measured on-shéllmatrix
which is expressed through tpe scattering phase shifts and
inelasticity parameters.
In implementing this in the calculation of the photon ra- 200
diative amplitude care should be taken of the counter terms
(or the internal amplitudeintroduced to obey gauge invari-
ance(see Sec. Il B Since there is no unique procedure to — 200
follow, we have opted for one particular choice. Part of the @
contributions from the proton and deuteron diagrams of Fig. } 150
1 (for which the excitation energi;=E,=0) are current =
conserving by themselves. For these magnetic terms the e E
- o . . 5 100
original real vertex®“(Q) is used. For the corresponding NG C
contribution from the helion diagram in Fig. (iwhere the ) C
excitation energye;~2/3T, is positive and large we use © 50 E e
the modified¥ “(Q3;E3) instead ofd“(Q3). C L : ——
Gauge invariance closely relates the convection-current o "
contribution from the different external radiation diagrams E = 500 MeV
with the internal one. For this reason we use the modified 100 =
vertexW*(Q;Ejz) in all of these terms. These contributions L
to the amplitude combined can be put in the form i
50 |-
0. Mr )"“ I
2p-q* M, %% m 9 >
q,a(Ql;E:i) D T 2_N2 (45) 0 I B 11117
1 Mmoo Q1~Q3 0 60 120 180
- Y ¥, (c.m.) [deg]
(2p,—a)* M, <2Q3+ m_zq) FIG. 2. Cross sections for thpd—>3Hey reaction at proton
+W(Q2;E3) D m, 0—Q2 laboratory energies 100, 200, and 500 MeV, calculated with the
- 2 2 2 3 (46) wave function[19]. Solid lines, default calculations; dotted lines,
calculations without the negative-energy compone@ts, H_ in
- M u the pd®He vertex; and dashed lines, calculations without the inter-
(2Q3— _fq) nal amplitude.
(2ps+aq)* M, my
+W¥*(Q3;E3)| 2 — 72 o Tup @
i BE mp Q1—Q3 ME“=T*"(p3,p3+a)Sp,(P3+ Q)P *(P3+0,P2,P1),
(49
r M
M, <2Q3+ m2q> where Sg,(p3+0q) is the Rarita-Schwinger propagator in-
m, o=z |’ (47 cluding the decay width.

For many observables the inclusion d rescattering is

which closely resembles the equivalent terms in Egd), only of secondary importance. It is crucial, however, for the
(B5), and(B7) of Appendix B. vector analyzing poweA, . Since the corresponding spin-

In order to have an idea of the effectjod rescattering on density matrix is imaginary, nonvanishing values Ay are
other partial waves, we included the intermediate reso- obtained only if the matrix elements have nontrivial complex
nanceRs,-, situated at 14 MeV excitation energy and with Phases. As a result of the low excitatation energy of ihe
a decay width of 10 MeV. This resonancelike structure had€Sonance, it has a sizable effectApand some other spin
been observed in thed phase shift analysi84] and in other observables irpd capture at small energies in the range of
reactions (see [35] and references therginFor the pd about 5-20 MeV. At higher energies it has a small effect.
—Rg,- and Ry,-— y*He vertices the following couplings
have been used, respectively: IV. RESULTS OF CALCULATIONS AND DISCUSSION

i Before comparing to the experimental data, we first study

®PY(p3+q,pa,P1)=— 2—61(5)(ng”“— pP5Y*) s, in Fig. 2 the importance of some of the ingredients of the
M3 model to thepd— y®He cross sections at energies above

100 MeV. First, one notices that the internal amplitidg,

has a substantial effect at angles less then 120°. As a result,

the calculation including only the external radiati@ashed

lines) would strongly underestimate the déasmown in Fig. 3

The corresponding amplitude can be written as and Fig. 4. The calculations are performed in the Coulomb

i
I'“P(pg,pz+q)=— Z—nth(s)(qQ”B—qﬁy’*)- (48)
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TABLE I. Values used for the paramete(p?) (see Sec. IIl A.
T',fb is quoted for proton capture on the deuteron.

T2 [MeV] TS5 [MeV] ES" [MeV] @
100 65.9 70 1.0
150 98.3 102 1.3
200 130.3 133 1.4
300 193.3 192 1.2
350 224.4 221 1.0
400 255.0 249 0.7
450 285.5 277 0.5
500 315.6 305 0.3

tions, where the MECs have been shown to be important at
small energiessee, e.g[9]). Note that the large effect of the
internal contribution for the electron asymmetry in the
3He(e,e’p)d reaction had been noticed earlier[#0]. Sec-
ond, the contribution of the negative-energy componénts
andH_ in the pd®He vertex turns out to be small. This can
be explained by the partial cancellation of these terms in the
external and internal amplitude, as was mentioned in Sec.
Il B. The effect of G_ and H_ increases with energy as

laboratory energies 100, 150, 350, and 500 MeV. The points argx_pected, thoggh we do not ascribe too much signifi(_:ance to
from [38], [39], and[1]. Solid lines are the default calculations for this as thepd°He vertex was calculated on the basis of a

the wave function{19]. Dotted lines show the effect of théHe
self-energy, and dashed lines are calculations inclugohgcatter-

ing phase shifts.

gauge; of course only the total amplitude includii,; is

nonrelativistic *He WF.

In Appendix C we collected definitions of the various
observables which are discussed in this section. We will refer
to calculations based on the expressions in Sec. Il as “de-
fault.” Apart from this we will also present results obtained

independent of the photon gauge. The large contribution ofither by including the self-energy correctiéBec. Ill A) or
the internal amplitude persists at small energies down t&Y including the phase shiftSec. Il B), and compare them
~10 MeV. This goes in line with nonrelativistic calcula- t0 the experimental data.

FIG. 4. Cross section and analyzing powgr for proton labo-
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Figures 3 and 4 show the angular distributions and the
proton analyzing power for th@d— y°He at the proton
laboratory energyl , in the interval 100-500 MeV. The de-
fault calculation is in qualitative agreement with experiment.
However, at energies less than 350 MeV it underpredicts the
cross sections at angles larger than 90°. The analyzing
powerA, is identically zero since the matrix elements are all
real valued.

The effect of the self-energy is shown by the dotted lines.
The self-energy is parametrized using the valuesafp?)
as given in Table I. An excellent fit to the observed cross
sections is obtained. At energies exceeding 150 MeV, where
the D-wave contribution to the cross section is dominant, this
parameter efficiently enhances the cross sectiof, darger
than 90°. At 100 MeV the effect af(p?) on the cross sec-
tion is only minor, probably reflecting the dominance of
electric radiation at these energies. The parametpef) has
been chosen real for simplicity. Taking complex values for it
strongly affectsA, and a good fit to both cross section and
analyzing power at 200 MeV could be obtained, but since
this would introduce another free parameter in the fit, we
have not explored this freedom further.

Curiously enough, the values far(p?) given in Table |
show a resonance like trend with the maximum near the pion
production threshold. This suggests that the phenomenologi-

ratory energy 200 MeV. Notation for the curves is the same as ir¢al parameter(p?) might be related to the virtual produc-

Fig. 3.

tion of the pion in thepd— 3Hey process. In a model for the



PRC 59 RADIATIVE PROTON-DEUTERON CAPTURE INA . .. 1899

—T— 0.15 —r—F——T——
no resonance :

------- 3/2° resonance 1t T
; : 2
/ 0.104 & 0

—
Ey = 10 MeV

—
Egy=19.8 MeV
no resonance

3/2" resonance

0.05

0.00

-0.05 +

-0.10

Analyzing powers

Analyzing powers

0.02 |-

| IR NI N R R Ll / N N T
0 30 60 90 120 150 180 0 30 60 90 120 150 180

8, (c.m.) [deg] 64 (c.m.) [deg]

FIG. 5. Deuteron analyzing powefs and proton analyzing FIG. 6. Deuteron tensor analyzing powers at deuteron laboratory
powerA, at the deuteron laboratory energy 10 MeV. Data are fromenergies 19.8 and 45 MeV. Data are frg4®] and [11], respec-
[41]. Solid lines show results of the default calculation for the Wwavetjyely. Notation for the curves is the same as in Fig. 5.

function[19]; dashed lines include tt‘%’ resonance with excitation

energy 14 MeV and width 10 MeV. o o
(see two lower panels in Fig.)5This indicates that thed

) . 3 . )
He self-energy where théHe propagator is dressed with g‘tﬁriﬁt'?nf'?hth? tStrati nlwa1Z)i/nbe reviponsmrllzfr t?er?]/pl'lcal
pion loops, the imaginary part of the self-energy grows lin- ehavior ot the vector analyzing po @My, andA, at sma
early with the pion momentum starting at the threshold. Ap_energ|es. .
Results forT,o and Ay, = (—1/7/2) T~ 3T, at higher

plication of a dispersion relation results in a cusplike struc- ; h in Fia. 6. Th h of th
ture, at the same position, for the real part of the self-energyE"€"d1€s are shown in Fig. 6. The strength of the resonance

This could explain the peak observed in the fitted values of'aS been chosenhthe same 2_5 in Fighugh, ir;fgeneral, it
a(p?). However, in preliminary calculations using a simple may depend on the en_etng IS contribution affects\, at
one-pion loop model, the order of magnitude of the peak wafackward angles and, in particular, changes the tren, pf

not reproduced. at4s Mev. . .
The inclusion ofpd rescattering has a relatively small N the experiments disscused above neither the proton,

effect on the calculated cross sectitashed curves As deuteron, orHe contribution was close to the corresponding

argued above, it is of crucial importance for the vector anaP?!€; i-€., the intermediate states in the diagrams on Fig. 1
lyzing power. As is shown in Fig a reasonable agreement '€ al\_/vays far off shell. The cross section is therefore a reSL_JIt
is obtained forA, at 200 MeV. The agreement fok, at of an interference between different terms in the total ampli-

other energies is unfortunately not as good, and results atté'de'_ . , .

not shown. The reason is probably that at 200 MeV3kaad It is also of interest to test the model in conditions where

the D components of the WF are both large and of Cornpa_either the proton or the deuteron contribution dominates.

rable magnitude. Since fok, relative phases between the These conditions are realized in experiments on the electro-
. y - ) 3 .

matrix elements for different spin projections are importantdisintegration of*He, where either the proton or the deu-

the calculation is rather accurate at this energy. At lowef€ron is detected in coincidence with the electron. Figure 7

H H ’
energies the cross section is dominated by Sheave, and Presents the exclusive cross sections for thie(e.e’p)d

3 .
contributions, which have relatively small effects on the&d the3 He(e,e/’d)p reactions. ,
cross section, will strongly affed The “He(e,e’p)d experiments with detection of the pro-
7 y -

In Fig. 5 we present the deuteron analyzing powgs ton have been performed at Sac[@ﬁ] and NIKHEF[43].
and the proton analyzing pow#y;, at small deuteron energy The experimental arrangement is suph that the energy-
10 MeV (the equivalent proton energy is 5 MeV). The de- momentum transfer is Igept constant while the angle between
fault calculation (without self-energy and phase shifts knocked-out proton ang varies. The WF of*He is probed
shown by the solid lines, gives a reasonable description fokt high missing momenturfthe deuteron recoil momentym
all T, exceptiTq; for which the calculation predicts zero. ppis=|p1—d|>230 MeV  (NIKHEF) and 300 MeV
Including the5~ resonance, where we take;(s)G,(s)= (Saclay. Our calculationtwo top panels in Fig. J7overpre-
—1, gives quite a good agreement fdr;;, andA, as well  dicts the experiment at 250 Me¥p,;;<450 MeV and gives
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_ I T eep) | E,-090 MoV ] From the two models of théHe WFs which have been

LR B 0=113MeV |q] =250 MeV used, the one calculated with the Argonne W& interac-

ng : . o  NIKHEF ] tion [19] gives better overall agreement with the

< 3 g 1 3He(e,e’d)p andpd capture data.

0% el 1 Finally we note that irf20] the capture reaction for the

S R model b ] timelike virtual photons € e~ production has been studied
074 . . . . . r 3 in the same approach. We checked that the inclusion of the

g = (300 400 L 3He self-energy opd phase shifts has a small effect on the

g 1= (e,0p)  E,=560Mev ] response functions the dilepton production. Only the trans-
P77 o ®=200MeV |q] =279 MeV 7 verse response function is influenced to the same extent as

do/dE

© Saclay ] the cross section for real photons.

1078 3
T Bt sl ] V. CONCLUSIONS
00 J S O ] A covariant and gauge-invariant model for the reactions
T T T T p+d—3He+ y* has been developed. The model is a gener-
Ly S (ee'd) parallel  E, = 390.3 MeV < alization of the approactil6] to higher energies, and is
iﬁm o b . lap=sso ey ] based on the assumption of the dominance of the radiation
S from the external particle lines. An important element of the
2 102f 4 model is an additional internal amplitude needed to ensure
© E SO gauge invariance. The contribution of this amplitude is siz-
oty oy able, especially for real photons.
0 50 100 150 200 Results of calculations have been compared with experi-

[ MeV] ments for the radiatived capture and the electrodisintegra-
tion of He. Some of the results for thet+ *He— p+d have

FIG. 7. Cross sections for théHe electrodisintegration: two been presented in a previous publicatj@a).
upper panels show the(e'p) reaction in ,w) kinematics; lower In general, the model seems to account for the basic
panel, ,e’d) reaction in parallel kinematics. Discontinuity in the mechanism of these reactions over a wide range of energies.
upper panel shows the change in the calculation from “left” to | order to improve the description of the capture cross sec-
“right” kinema_tics which corre_sponds _to the conditions of the tion at high energies 100-500 MeV, additional mechanisms
NIKHEF experiment{43]. Data in the middle and the bottom are | ,e heen included. In particular the introduction of a self-
from [4‘1?] and[45]’ respectively. S.’Ol'ddaShem“neS are the default energy correction in théHe propagator leads to a redistri-
calculations with the wave function froffl9] ([16]. bution of the strength in the angular dependence of the cross
sections and brings the calculation very close to the data.
This effect has been included via a phenomenological pa-
rametera(p?), which appears to have a resonancelike de-
endence as a function of the proton energy, peaking at the
ion-production threshold. Eventhough this is suggestive, we
were unable to reproduce this feature in a simple one-pion
n)top calculation for the’He self-energy.
. . ; The imaginary part of the amplitude has been generated
tion of the NIKHEF data has been achieved/#7], where through thepd scattering phase shifts as required by unitarity

the inital and final & states are calculated.exactly in the arguments. Only rescattering in tHe' channel has been
Faddeev approach. Based on these calculations, we can cq

. - iRcluded. This allows us to reproduce the proton analyzing
clude that the above discrepancy in Fig. 7 may be due t _ ) . ;
neglect ofoff-shell pdrescattering in our model. %owerAy atT, =200 MeV; however, we failed at energies

. . 3 , 100 and 150 MeV. At small energies, Ty
At the NIKHEF k_|nemat|cs[45] for the He(e,e d)p re =10 MeV,19.8 MeV, and 45 MeV, the approach describes
action(lower panel in Fig. Y the deuteron is detected in the

o - ) tensor analyzing power$,y, T,1, andT,, resonably well.
direction ofq, and as the energy transfer apprommately COrThe vector analyzing poweid 1, andA, are reproduced by
responds to quasifree knock-out of the deutetde., 4o jncluding the 2~ resonance with the excitation energy
~q?/2m,), the deuteron contribution is enhanced. In this14 MeV and width 10 MeV. With only a single strength
kinematics one probes only two response functiRES,  parameter an excellent description of boliy; and A, at
WT(Srqzre'y: O) andWL(srqzve'y: O)v wheres andq2 vary. 10 MeV is obtained.

The missing momentunp,s=|p,—q| (the momentum of Comparison with the’He(e,e’d)p reaction shows an al-
the recoil protohvaries from~ 10 to 200 MeV. As is seen most perfect agreement between the calculation and the NI-
from Fig. 7 (lower panel the two models for theHe WF ~ KHEF data in parallel kinematics. For thitle(e,e’p)d re-
give different results, in particular, the WF of “b” yields action in the |, w) kinematics description of the experiment
larger cross section at small,s. In these conditions théS, is worse, especially at missing momenta less than 400 MeV.
diagram also becomes important. On the whole, the descripFhis shortcoming, which is probably related to the “off-
tion of these data with the Argonne v18 Wikodel “a”) is  shell” rescattering effects which have been neglected in our
good. model, remains to be investigated in detail.

pmis

a reasonable description at highsys. Inclusion of the self-
energy in the®He propagator and thed phase shifts has a
minor effect and does not improve the agreement.
Calculations of this reaction have also been performed irg
Refs.[6,46,47 in a nonrelativistic framework. (6] the pd
interaction has been included; however, no better agreeme
with the data was obtaing@Fig. 13 in[6]). A good descrip-
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rees(p’,p)é,={9"[(p+p")*g:1—a*g.]+[0°g**— q*g*"1gs—[9°g*“+ q“g*’1g,
—[qUg"’+(p+p')"g**1gs—[q“g"’—(p+p' ) g**1g6— P'*q“[(p+P')*(g7—Us)
+0“(910— 99) 1+ PP — (P+ P')*(911F 912) + 4*(9131 F14) 1}, (A1)

where g=p—p’ and the conditiong?>=m? and p-£=0 For the half-off-shell vertex in EqtA1) one has to impose
have been used. There are ten independent combinations thie WT identity Eq.(6). The latter takes the form
functions g;(p’2,m?,g%) in this equation, we denote them

fi(p'?,m?,q%), wheref,=g; for i=1,....,6,f;=9,—0g,

f10=910~ 99, 1170111 912, andf14=gi3+ g1a.

a ’ _ N2
Charge conjugation imposes the relatibggp’2,p?,q°) 9"[a-(p+p")f1—07f]
:gi(pZ,p/Z'QZ) for i:1!316!7!10111112 an@i(plzapziqz) +p'Po2f,+2f;— ( + ')f - 2f
=—gi(p?p'?,q? fori=2,4,58,9,13,14. These relations are Praflatat2fea- (prp)li=d 210]
of particular importance for the on-mass-shell cagé=(p 2 +pPa(—2f4=2fs—q- (p+P")F1at 9714

_ 2 . .
=m-), as they result in the constraints ——g’q-(p+p’)+p'"q°. (A6)

92=04=05=0g=0o=013=014=0. (A2)

Correspondingly one has As a consequence the following relations fogp’?,m?,q%)

(M2, m?,q?) = f o(m?,m2,q?) hold:
= f5(m?,m2,q?)
=f,(m?,m?,q%) =0, (A3) a-(p+p')(1+fy)—g?f,=0,

and using the conditiog’* - p’ =0 one recovers the on-shell
vertex 24+ 2fs+q-(p+p’)f1;—qf14=0, (A7)

gorrer(p’,p)é,=¢&' 19" (p+p')Hfy
+(9°g"*—q g’ (f3+fe)
—ag°q*(p+p')*f11]é,. (A4)

The functionsf; 3 :{mM?,m?,g?) can further be identified
with the deuteron e.m. form factors in Eq):

2f,+2f—q-(p+p')f;—q%f1=1. (A8)

Note thatq-(p+p’)=m?—p’?, and this product vanishes
on shell. As a result of Eq(A3), Egs. (A7) are trivially
satisfied whemp’?=m?. From Eq.(A8) we get the additional
FL(M2m2,02) = — F1(?) (A5)  constraint(when puttingp’?=m?)
2 2 ~2 2 2 N2\ — 2
fa(m2,m?,g2)+ fg(m?,m2,g2) =F,(g?), 2fs(m?,m?,g%) — q?f 1,o(m?,m?,g%)=1 (A9)

F3(g?)

2 2 A2\ —
fll(m M=, q )_ 2m2 .

and, from the second equation in E¢A5),
- 2

q
fa(m2,m2,q2) =F,(g%) — = — —f,o(m2,m2,q?).
Yn [14] f,, is erroneously indicated as an even function &pas al a’) 2(9°) 2 2 1ol a’)
an odd one. (A10)
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Now we neglect the dependence 6f, f3, fg, f7, 3(q2)
f10, f11, andf,, on the off-shell variablep’?. Using Egs. f4(p'2,m?,g%) +f5(p'2,m?,q°) = 2q (p+p’) :
(A7), (A8), and(A5) we find the remaining functions

(A11)
2
fa(p'?,m?,0%)=q-(p+p’ )ﬁ
In this way all functions are expressed in terms of the
on-shell form factors and the functiorfs and f,5 which
1 remain unconstrained.
fa(p'%,m?,g%) = 59-(p+ p’)f7(p'%m?,q%), The off-shell vertex takes the form

! ! F (q )
I'Pe#(p .p)§a=[ 9P (p+p' ) +p'Pgh*+gr[(p+p' ) a*—q-(p+p’ )q“]q—+(qu”“ q*g“?)F,(g?)

, 1 , , |Fs(a?
PPt P =5l (PP g g (PP | =

)+p’”[—q“(p+p')“

+g#eq- (p+p")]f(m?,m?,g?) +p’*(q2gH*— q“q“)flo(mz.mz,qz)] &y (A12)

Contributions fromf; and f,, are gauge invariant them- and (=1,2)
selves and it is not possible to fix them without microscopic
calculations. It is seen that ttig, term gives no contribution R
for real photons and we put it equal to zero. We will also % () =[G (Q)—Q5H(Q)]vs, (B3)
make the assumptiof, = F3(q2)/2m§, which allows one to

obtain the quadrupole part in the simpler form .
where the difference betweeh, and¢. is only in the term

3(q2) proportional toH , .
g°q“(p+ p’)”— (q“g"’+0a°g”“)q-(p+p’) : After adding the internal amplitud®;,(1)+M;,(2) to
M o We obtain the total amplitude in the forM=A;+ A,
(A13) +A;.

Finally, we arrive at the vertex in E@5) of Sec. Il A. This The effective proton contribution, takes the form

vertex reduces to the on-mass-shell form wipe& m? and

satisfies the half-off-shell WT identity. (2 p1 o)
AL=¢%(1)

APPENDIX B: GAUGE-INVARIANT AMPLITUDE
M, [2Q3— (M, /m;)q]*

In this appendix we present the expression for the total - ¢+( )— —
amplitude. M (Ql Q3)
It is convenient first to separate the convection current M,
and the normal magnetic moment current of the proton. One +g”“FH+(Q"{) v5t+ @, (1)
can use the identity 1
_q,yli
x D—1+S(pl—q,m1)
(b1—d—my) Y u(p1,\p) B
- . qu 2 k-
=[(2p1— )"+ (g~ d4y*)]u(P1.\p). (BD) X\ T, FAa) T
o"'q, =
A similar identity can be applied to théHe term. +¢2 (1)—[ o Fa(q®)+T#|, (B4)
For further convenience we introduce the notatian (
=1,2,3)

o o whereD; = (p;—q)*~mf andT#=F (9% (q*d—q*»*).
dL()=[y"G(Q)) —Qi'H-(Q)]vs (B2) The effective®He contribution reads
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(2p3+Q)“ M, [2Q3—(M,/my)q]*

ALY =
* D3 ml (Ql Qg)

_& [2Q3+ (M, /my)q]*
m(Q3-Q3

]¢‘1(3)

—qg“+ g o, L o
- ®
+|2 D, +| —i 2, Fo(q)+2I'
X S(pz+0d,mg) |5 (3)
+| =i WqVF( 2)+ 2T~ L(p“(s) (B5)
2m, 29 2mg

with D3=(p3+ q)z—m§ and the same notation fai* as in
Eq. (B4).

Finally, the effective deuteron contribution can be written

in the form

A,=A,(ch)+A,(mag + A,(quad, (B6)

with charge, magnetic, and quadrupole terms given, respec-

tively, by
20— Q4 2p,— )~
A?“(ch)=[u)é—2q—ﬂ(q2)(wé—fq2+q“
q* R
X|—¢4+(2)-(p2—q)+ ¢5(2)
m;
+(2 M,
M—Hm(czém
m3 2
M [2Q3+(M/my)q]”.
$(2), (B7)
m2 Q53— Q3 ¢
» F( ?)
A5%(mag = ——(9°g"“—q“g"")
<[P 9oy (2).(py-a)- 6.2, |,
2
(B8)
and
F3(a®)[(2p—q)* 1
A5“(quad = qu{ P2 a5 (g grge)
m; 2
X P Doy 9) (p,-a)-b.(2),|. (BO)
2
In the above formulaﬁ)zz(pz—q)z—m§ and
¢+ (2)-(Pr— @) =[(M+M3)G,(Q))
—(P2—4)-Q;H.(Q3)1ys. (B10)

RADIATIVE PROTON-DEUTERON CAPTURE INA . ..

1903

It is now straightforward to verify that all terms are sepa-
rately gauge invariant, i.e., satisfy the requiremeng{“
=0 fori=1,2,3.

APPENDIX C: CROSS SECTIONS AND ANALYZING
POWERS

We use standard kinematics for the reactiphd— 3He
+ y*. In particular, for virtual photons the orientation of the
lepton plane is determined by the out-of-plane anglwith
respect to the reaction plane. Calculations forgheapture
are performed in the center-of-mass frame and those for elec-
tron scattering in the laboratory frame of tfiele.

First we define the RFs, which contain all hadronic infor-
mation, as follows:

1|7
WL_6 2

qg polar

1
Wr=2 2 (1342+]3,1%),
polar

1
Wrr=g 2 (13,2=13,4%),
polar

! HE 22 RgJ,3%),

C1
6 Jo polar €D

LT= —

whereqg is the (virtual) photon energy, and the components
of the e.m. currentl#= u(p3 )M“”‘u(p1 Np)éa(Ng) are

evaluated in the system with th@Z axis anng(i. In these
expressions gauge invariance has been used to eliminate the
charge component of the current. Note that RFs depend on
three variablesWizwi(s,qz,ey), where 6,, is the photon
angle with respect to the proton direction ase (m;
+m,)2+ 2m,T, is the invariant energy. These definitions
are chosen to be consistent with definitions used previously
in [23,26,2Q for the production oke*e™ pairs. In the latter
caseq? in Eq. (C1) is positive.

The p+d—3He+ vy cross section then reads

do  amymsq/

dQ, 4mps

Wr(s,0,6,), (C2)

whereq/ = (s—m3)/2\/s stands for the real photon momen-
tum, p. is the proton c.m. momentum, and is the fine-
structure constant.

In terms of RFs one can also express the cross section for
the reactione+3He—e’+p+d. The cross section for
3He(e,e’d)p in the laboratory frame isee, e.g.[36])

do _ (TMm1|52|
dE. dQedQy/

vrt+Sw
167r3m3frecvd (Srvr+ 30,
+ Sr1uTTCO0S 26+ S v 7 COSP).
(C3)

Here oy is the Mott cross section, fcq
=|1+(|p,|do— E,|q|cosay)/|p.my| is the recoil factorfy is

the angle between the photon and deuteron momenta, and the
electron kinematical factors af&6]
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1 0 1 L2+ [3,2= 3 € (+1)|2+]3- €5 (= 1)|2,
vr=zhttats, v =A% vpr= -5, 35+ [y [*=[3- e (+ D) +[3- (= 1)]
3,12~ 13,/2=2 ReJ- €* (+1)[J- * (— 1)]*},
ee)ll2 |97
=— —| Attarf—=| , A=—. c4 2
ULt \/E 2 qz (CH m|JZ|2=|J-E*(O)|2,
0
The 3He(e,e’'p)d cross section is calculated from Eq. vig |\/§R 1%
(C3) using the relation % CEUN
q2
do do |5l|frecd | 2| Re{‘] E*(O)[‘J € ( 1)_J-E*(+1)]*},
= = (CH
dEed QedQ,  dEed Qed Qq |Poffrecy -

where use has been made of current conservation. These re-
with the corresponding recoil factofe.,=|1+(|ps|q, lations in particular show that the RFs defined in EQ1)

_E1|a|0059p)/|51|ms|- are Lorentz invariant. o

RFs in electron scattering are traditionally define36] To calculate the RF§ for electron.scattermg in the labo-
somewhat differently from EqC1). Using time reversal one ratory frame one can first calculaf® in the c.m. frame and
can obtain the relations then use Eq(C6).

Finally, we will need the following analyzing powers for
vector polarized proton beam:

RE
ST:3WT! SL 3| |W|_ y
q° . _
Ay=i 2 (My = 1M} _ =M, - MY ST,
Nd ' n ’)‘y p p p p
|l (C10
Srr=3Wrr, SLT=_3\/—WLT1 (Co)
|97] and tensor- and vector-polarized deuteron beams
between the two sets of RFs, where factor of 3 accounts for 1
the deuteron spin degeneracy. Tom— > {IM, _.4)?
It is convenient to introduce the following set of polariza- 2 Nphnihy ‘
tion vectors for the timelike or spacelike photémhere the _
>otors for the P photoa FIMy - aP2IMy 3STL (€1
OZ axis is alongq):
1 . 1. To=V3 2  (My,-_M} _.))S™%  (C12
e (+1)=—(0,¥1,,0, €*(0)=—==(|ql,0,000), N kp oA d d-
2 Vo] P
(C7) \F s
T=\/% M M3
and for the deuterofmoving in the direction specified by the 2 2 Ny X0y ( MmO A=
unit vectorns,) —de=+1de:o)S_ , (C13
|p2| Ea(p2) ) -
N)=|— (A N+ -1 N)-ny]|, 3
E00) = | LR E001LE0) + 1| = = =1 [E0) - Ry] lm—l\[z ST
Ap Np oA
- 1 - -1
&+1)=-—=(¥1,-i,0, £©0)=(0,0,1). (C9 +M*d:‘1MM:°)S ’ (€19
V2
where
Here the helicity states are specifieddy +1,0. These vec-
tors satisfy the Lorentz condition, EQ), are mutually or-
thogonal, and are normalized as follow§* (Ag)-&(\g) _ 2
= —1 (for all Ag),e*(\,)-e(\,)=—1 (for A, =*1), and S_)\p,)\%y,xd Moy aphl ™ (C19

€*(0)- €(0)=—0%/|q?.
Using Eq.(C7) we can rewrite RFs in EqC1) through  These expressions are consistent with definitions of [B&t.
the products of the curredtwith €* (\): (Chap. 4.
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