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relativistic model’’ ’

A. Yu. Korchin,1,2 D. Van Neck,3 O. Scholten,1 and M. Waroquier3
1Kernfysisch Versneller Instituut, NL-9747 AA Groningen, The Netherlands

2NSC ‘‘Kharkov Institute of Physics and Technology,’’ 61108 Kharkov, Ukraine
3Department of Subatomic and Radiation Physics, University of Gent, B-9000 Gent, Belgium

~Received 7 March 2000; published 8 December 2000!

In response to the preceding Comment we clarify the points raised and show that the arguments presented in
the Comment are poorly substantiated.
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In the Comment@1# the author mentions several poin
which he regards as problems. We use this Reply
strengthen the arguments for the approach we followed
Ref. @2#.

~i! It is indeed correct that thepdt vertex (t for 3He),
we have taken, does not obey an ‘‘orthogonality’’ conditi
~called gauge invariance in Ref.@3#!. While for truly
elementary ~point! particles one may argue that th
condition should be obeyed, it is not clear what the pro
treatment is for composite particles which are not gauge
ticles. There does not exist a convincing argument why
coupling to off-shell composite particles may not have
component in the direction of the ‘‘unphysical’’ lower-sp
component~s!. For example, for spin-3/2 particle, in the co
ventional relativistic description of theD resonance@4,5# this
orthogonality condition is not satisfied. As an aside, an
ample where imposing such a condition for a massive sp
particle leads to absurd results was pointed out in@4#. If one
discarded spin-0 component in the propagator of theW bo-
son, then the matrix element of the weak decay of the p

p→ l n̄ l ( l stands for electron or muon!, would be identically
zero.

The general structure of thepdt vertex is given in Eqs.
~9! and ~10! of @2# for the case when at most one particle
off-shell. This form is more general than that in Eq.~1! of
@1#. In the calculation we followed Ref.@6# and used the
more restricted form in Eq.~11!, which depends only on the
relativepd momentum but is of course consistent with Lo
entz andCPT invariance. This vertex has a more direct r
lation to a nonrelativistic wave function, written in terms
the S andD components.

The Ward-Takahashi identities~WTI!’s for the off-shell
and on-shell electromagnetic vertices of the deuteron are
the same, contrary to what is stated in@1#, Sec.~i!. For a
discussion of the half-off-shell case, which is of interest
pd capture, see Ref.@7# and Ref.@2# ~Sec. II A and Appendix
A!. For the on-shell case the WTI reduces to current con
vation. In our paper@2#, as well as in the previous Ref.@8#,
the deuteron vertex is constructed in such a way that the W
is exactly satisfied. Using agdd vertex which does not obe
@9# the proper WTI may cause problems with gau
invariance.
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~ii ! In the construction of the contact term~internal radia-
tion amplitude! we followed Ref.@8# as was stated explicitly
This term resembles what is obtained if one follows t
minimal substitution procedure proposed by Ohta@10#, but
differs in the kinematical point at which finite differences a
calculated. Other methods also exist, for example, w
known @11# and less known@12# for the two nucleons in the
Bethe-Salpeter formalism,@13# for pion photoproduction,
new methods are also possible@14#. It was reassuring to
know from @1# that the ‘‘minimal photon insertion’’ proce-
dure@9#, preferred by the author of the Comment, leads t
similar expression. Apparently the derivation has not be
published yet.

However, since the claim in section~ii ! of @1# is made, we
attempted to reproduce Eq.~3! of the Comment. First, it is
easy to see that the internal contribution in Eqs.~15! and~16!
of @2#, applied for real photon~and omittingG2 , H2) gives
the result

Jint
mn52Q3

mS Mr

m2
R2

n2
Mr

m1
R1

nD
1gmnFMr

m1
H1~Q1

2!2
Mr

m2
H1~Q2

2!Gg5 , ~1!

which differs from Eq.~3! of the Comment by an inter
change ofm1 andm2 in the first term.

In our notation m1 , m2, and m3 is the mass of
the proton, deuteron, and3He, respectively, andMr is
the reduced mass of thepd system. p1 , p2, and p3 are
the corresponding momenta,Q1

25Q3
222q•Q3(Mr /m1),

Q2
25Q3

212q•Q3(Mr /m2), Q3 is the relative pd four-
momentum in the initial state, andq is the photon momen-
tum. R1,2

n are expressed through componentsG1 , H1 of the
pdt vertex ~see@2#, Sec. II B!.

Second, let us consider the vertex in Eq.~11! of our paper
@2# An(p1 ,p2 ,p3)5An(Q)5@gnG1(Q2)2QnH1(Q2)#g5
which depends on the relativepd momentum Q
5(Mr /m1)p12(Mr /m2)p2 ~discardingG2 and H2). In-
serting this vertex in Eq.~2! of @1# and carrying out integra-
©2000 The American Physical Society02-1
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tion ~for q250) we obtain the internal amplitude@labeled by
a tilde to contrast it with@1# and Eq.~1!#

J̃int
mn52Q3

mS Mr

m2
R2

n2
Mr

m1
R1

nD
1

Q3
mqn

qQ3
FMr

m1
H1~Q1

2!2
Mr

m2
H1~Q2

2!Gg5

1S Q3
mqn

qQ3
2gmnD 1

2qQ3

3F E
Q3

2

Q1
2

H1~x!dx1E
Q3

2

Q2
2

H1~x!dxGg5 . ~2!

Further simplification is not possible without specifying t
explicit form of the functionH1(Q2). Comparison of this
equation with our original real-photon amplitude in Eq.~1!
@and with Eq.~3! of the Comment# shows that the claim in
section~ii ! of @1# is wrong.

We would like to mention that the procedure suggested
@8# applies for virtual photons as well. It was used to calc
late electron scattering on3He @2# and production ofe2e1

pairs inpd capture@8#. Also for virtual photons the interna
amplitude of@8,2# is different from that obtained from Eq
~2! of @1#.

The amplitudes in Eq.~1! and Eq.~2! have equal four-
divergences, i.e.,qmJint

mn5qmJ̃int
mn , and thus differ by a term

which is gauge invariant by itself. HoweverJint
mn andJ̃int

mn give
different contributions to observables. The situation is an
ample of an ambiguity inherent in methods of deriving t
internal radiation amplitude for composite particles.

~iii ! The term in the electromagnetic vertex of3He, pro-
portional tokeff2k, is indeed introduced in@2# ~Sec. III A!
on anad hocbasis~as was stated! with the interesting resul
that with it a longstanding discrepancy between data
calculation for the cross section could be removed. It i
matter of simple algebra to rewrite this term as a four-po
~contact! term which is current conserving by itself. There
thus no question about double counting. Moreover, ther
no modification of the anomalous magnetic momentk of
3He, because, by construction,keff coincides withk if the
excitation energy is zero.

The caveat in the argument presented in~iii ! of @1# is that
it is assumed that the relativisticpdt vertex, extracted~fol-
lowing a certain procedure! from a nonrelativistic ground-
r,
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state wave function of3He, corresponds to a reducible ve
tex. The latter would include predictions for the structure
the vertex also for off-shell3He momenta, i.e., for invarian
massW not equal to the bound-state massm3. Among other
effects, this would be determined by mesonic and iso
components in the off-shellt leg. It is hard to believe tha
these processes are completely included in the nonrelativ
wave function. To account for possible physics occurring
finite off-shellness of the3He we introduced the self-energ
~which is equivalent to a contact term! in the approach@2#.

~iv! Contrary to what is stated in the Comment our tre
ment generates an imaginary component to thepdt vertex
only for an invariant mass of thet leg above particle breakup
(W>m11m2), fully consistent with unitarity conditions
Since a complete inclusion of the initial-state interaction c
only be done based on~relativistic! Faddeev equations, w
used the approximate method of including a complex ph
in the vertex which is similar to what is known as the Wa
son theorem in pion photoproduction. The phase is dire
related to thepd-scattering phase shift, and the inelastic
accounts for the loss of flux to theppn channel. For energies
W below the breakup of3He the imaginary part vanishes an
the vertex is expressed in terms of the real-valued functio
There is no violation of the time-reversal invariance.

~v! As argued in sections~i! and~iii ! thepdt vertex is not
unique. In our paper we have written how the compone
G2(Q2), H2(Q2) of the vertex, which are present in gener
for off-shell proton or3He, were included. We followed Ref
@6#, where arguments were presented for this particular c
struction. In short, only the positive-energy part of the fe
mion propagator should remain in the low-energy limit. Th
natural assumption was thoroughly investigated in@15#.
Though the solution suggested in@6,15# is not unique we
found it reasonable and used it in the calculation. Note t
putting G2(Q2), H2(Q2) equal to zero~another solution
which seems to be favored by the author of@1#! cannot be
shown to be theoretically ‘‘better’’ in any sense. Actually th
effect on observables turns out to be very small anyway
was demonstrated explicitly in Fig. 2 of@2#.

In summary, we have found no reasons to change
conclusions of our previous paper@2#. We also hope that the
discussion presented in this Reply may draw attention
some issues in effective~‘‘elementary-particle’’! relativistic
approaches for electromagnetic processes in the th
nucleon systems, as at present, a fully consistent microsc
description is absent.
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