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Two soft-photon amplitudes, the Low amplitude and the twtwo-t special amplitude, agree with one
another in the case afpy but disagree significantly in the case mby. The twou—two-+t special amplitude
describes well the availablgpy cross section data. The relationship between the two amplitudes as well as the
reason they agree and disagree is explored. Using these two soft-photon amplitudes plus a one-boson exchange
amplitude, the contribution of the proton and neutron anomalous magnetic mom@mg amdnpy has been
investigated for projectile energies above 150 MeV and for laboratory scattering angles lying between 8° and
35°. The anomalous magnetic moment contribution was found to be significant ppshprocess but insig-
nificant in thenpy process. Additional aspects of the bremsstrahlung mechanism are discussed. Our findings
play an important role in understanding the similarities and differences between the Low amplitude and the
two-u—two-t special amplitude as well as why the twetwo-+ special amplitude calculation agrees well with
the availableppy cross section data.
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During the past four decades, proton-proton and neutronexplains why the TuTts amplitude and the Low amplitude
proton bremsstrahlungpy andnpy) have been investigated yield very differentppy cross sections in some cases. Under-
experimentally and theoretically. Most such theoretical in-standing the difference between the Low and TuTts SPA
vestigations concentrated on nonrelativistic approaches usirgimplitudes, which is due tg, in the ppy case, is one of our
potential models. Here we utilize two relativistic approachessecondary objectives. Furthermore, we point out that the sig-
the soft-photon approximatiofBPA) and an analysis based hificant contribution fromk, in the ppy case would suggest
upon one-boson exchan@®BE) amplitudes, to explore both that the oﬁ-shell_ correction t_o_th_pyp vertex, Wh|9h has
ppy and npy in order to understangthe difference i the begn neglected in most re_lat|V|st|c model calcula_tlons, may
fundamental photon emission mechanism governing thesg® Important at high energies for tpgy process. Given the

basic two-nucleon systems. The OBE approach has been p ck of a pc_)tential model description of the Kyiipy data .
viously discussed in Refd1,2]. Therefore, we focus our 1, our findings may also suggest that one should reexamine

discussion here on the SPA approach. In our SPA calc:ulationtcge electromagnetic operator employed in potential model

we have used the Low amplitude as derived by Nyrf#n alculations.

. Historically, the soft-photon theorem was introduced by
plus a more recently developed amplitude, referred to as thg, [8]. Based upon this theorem, a standard Low procedure
two-u—two-+ special (TuTts amplitude[4—6]. Using these

Ry i has been used to construct Low soft-photon amplitudes for
three relativistic amplituded.ow, TuTts, and OBEwe have  yarious hadron-hadron bremsstrahlung processes, including

investigated the effect of the anomalous magnetic momentge ppy andnpy processe$3]. Such amplitudes, which are

of the proton(x,) and the neutrorix,) in the ppy andnpy  valid through ordeik® (whereK is the photon energycan
processes. A primary purpose of this Rapid Communicatiore calculated exactly in terms of the corresponding elastic
is to report new results for laboratory nucleon-bombardingscattering amplitude and electromagnetic constants of the
energies above 150 MeV and for laboratory scattering anglegarticles involved. For a number of years the Low amplitude
lying between 8° and 35°. In this region precisiopry cross  has been considered the standard soft-photon approximation;
sections, notably the high statistippy measurements from it has been used to predict cross sections for numerous
the Kernfysisch Versneller Institug@VI) experimen{7] are  bremsstrahlung processes in both nuclear and particle phys-
available for comparison. To the best of our knowledge thdcs, even though its realm of validity has not been completely
KVI cross section data have not been successfully describeahderstood.

by any approacirelativistic model or nonrelativistic poten- Systematic experimental measurements of different
tial mode) except for the TuTts SPA amplitude. Prior to the bremsstrahlung processes suctpag, 7*py, andp*?Cy [9]
publication of the KVI data, the contribution of the anoma- have provided sensitive tests of the range of validity of
lous magnetic moment was thought to be understood. Thedwemsstrahlung amplitudes constructed from the SPA and
data show that is not the case. We demonstrate that, while ttather theoretical approximations or models. These tests have
contribution fromx, dominates thepy cross sections, the shown that the Low amplitude failed to adequately describe
contributions fromk, and «, are negligible in thexpy cross  7py and p*°Cy cross section data near a strong resonance.
sections. This explains why all three amplitudes predict veryMoreover, a large discrepancy was also found to exist be-
similar npy cross sections. As will be shown below, it also tween the Low amplitude and certain precisijppy data, in
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particular, the KVI data. These telling experiments haverequired in the determination of the corresponding internal
played a crucial role in the development of alternative soft-amplitude. The TuTts amplitude is free of any derivative of
photon amplitudes, one of which is the TuTts amplitude em+the pp elastic scattering amplitude with respecistand/ort,
ployed here. The TuTts amplitude has been tested by conmand it retains most of the important contributions from all the
paring with the KVI and otheppy data. Its validity in  « -dependent terms. In fact, theggterms dominate thppy
describing existingopy cross sections has been well estab-¢cross section for the kinematics investigated. Thus, one can
lished. A discussion of important features of the TuTts am,nderstand why the TuTts amplitude has been found to be a
plitude can be found in the Appendix of R¢6]. better SPA than the Low amplitude fppy.

The primary difference between the Low amplitude and
the TuTts amplitude lies in the very different on-shell kine-
matic points at which the amplitudes are evaluated. We emy
phasize that this is the essential difference that leads to the
dissimilar predictions for bremsstrahlung cross secti@rs
analyzing powerns That is, the different on-shell conditions
specified for the Low amplitude and the TuTts amplitude
lead to the TuTts SPA providing the better representation of
ppy data. The reason for this is that four different external

One way to understand the relationship between the Low
amplitude and the TuTts amplitude is to expand the latter
bout the on-shell poinfs, t) and to then compare the ex-
panded TuTts amplitude with the Low amplitude. Consider
the general case of nucleon-nucleon bremsstrahlung, where
we follow the notation established in R¢6]. The process is

N3 (PT) + Na(P5) — Ni(P1¥) + Np(P3*) + ¥(K¥),

photon emission processes contribute, because a photon cgfere N,=N,=p for the ppy process, whileN;=n and N,

be emitted from any one of the four proton legs in the pro-—p for the npy process. The TuTts aplitude was derived
cess. That is, the external amplitude is a sum of four differenf, ref. [5]: it was used in Ref[6] to investigate nonco-

half-off-shell amplitudes, and a different off-shell kinematic
condition specifies each of the half-off-shell amplitudes.
Each off-shell kinematic condition is described by a linear
equation involving the three Mandelstam variabisst, u)
and an off-shell factor; a detailed exposition can be found in
Eqgs.(47)—<50) of Ref. [6]. Therefore, four different off-shell
kinematic conditions contribute to a givempy (or npy) pro-

planarity effects inppy. A TuTts anplitude for npy was
recently reported in Ref.10]. If these TuTts anplitudes
are expanded about the on-shell pofstt), then one ob-

M= MY+ M (KY; k) + O(K?),

cess. The four on-shell conditions utilized in the TuTts am-Where, with»=1 for ppy and =0 for npy,

plitude are determined directly from the four off-shell kine-
matic conditions by introducing new Mandelstam variables
“s;” (1,]=1, 2. Each news; for each on-shell condition is
obtained by combinings” with the off-shell factor, so that
there remain only two independent variablesandt) speci-
fying each on-shell condition. We emphasize that the four
on-shell conditions used in the TuTts amplitude are actually
equivalent to the original four off-shell kinematic conditions
of the four half-off-shell bremsstrahlung amplitudes. Thus,
the choice of the four on-shell points in the TuTts amplitude
is both natural and physical.

In contrast, the Low amplitude imposes a common on-
shell condition(s+t+u=4n"?, wheres, t, andu are the aver-
ages, t, andu, respectively, andn is the proton magsto
describe each of the four different photon emission pro-
cesses. This on-shell condition is obtained by averaging the
four off-shell kinematic conditions. Therefore, there is but a
single on-shell poin(s, t) determining the Low amplitude.
Because only one on-shell point is used, each of the four
half-off-shell external emission amplitudes must be ex-
panded abouf, t) before the gauge invariance condition can
be imposed to determine the corresponding internal ampli-
tude. As a result, the Low amplitude depends only upon the
elastic scattering amplitude and its derivatives evaluated at
(3,1). This expansion about the on-shell pogtt) is a stan-
dard process in the Low procedure. For ey process, a
serious disadvantage arises in using this procedure: Part of
the important contribution from the&,-dependent terms is
lost, because tha&,-dependent terms are separately gauge
invariant. Such a loss can be avoided if the TuTts amplitude
is used, because that amplitude depends upon four separate

Low _ pa(D)/pe-1. 2) (1,0
MY =MD (K e) + MP(KO),

MK e =e ( -
w KO = 7 o B K

F(s,1)= 2 Fo5, HUL(DU%2),
MP(KO) = MEKO) + MTPAK; k),

MTAYKO; k) = e FS(S, DIU(P)X]

+ UL U(PyX?

5
MP (KL k) =e> [U*(D)u(PyY

5 o= T
- U(Pi)Yﬁ};u(Pl)ua(z)] +e> %(St)

X[T(P(P; = Py) - KXDu(PYU*(2)
= U (Q)u(Py) (P, ~ Py - KX

on-shell points, and no expansion about the pégit) is  Here we have defined
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Ue(j) =u(P))\u(Py),
i _ =P/ P
X\ = RN, = \RJ,

Y0, = (P = Py - KRN, + (P = Py) - KN R,

with j=1, 2, and

— S ;
o= 2 K1+ 240,02, / (Py-K)

for Py=Py, Py, P3, or Py, and (8, k) =(1, x,) for a proton
and (4, x,)=(0, «,) for a neutron. The tensols, are defined
in Eq. (3) of Ref.[5].

In Egs. (D~4), MP(K%e), MP(K9, and MP (K2, x)
are the terms of ordei%, K, and K, respectively, in the
soft-photon expansiori\/I(D(K‘l;e), which involves only the
charge contribution, is tﬁe leading external amplitUei, t)
is the NN (that is, pp or np) elastic scattering amplitude.
(The pp elastic amplitude is defined explicitly by E@L7) of
Ref. [5].) M;X(KO) includes both the external terms of order
K and the internajgaugg exchange-current contribution of
the same orderThe detailed expression can be obtained
from Ref.[3].) Both M#4K; x) and Mf)(Kl;K) belong to
the external amplitude contribution, and they are functions o
the anomalous magnetic moments of the proton and neutro

Equation(1) demonstrates clearly that the TuTts ampli-
tude reproduces the Low amplitude through ori€rin the
soft-photon expansion. Moreovav[""includes the ampli-
tude Mf)(Kl;K) plus higher-order terms. The difference in

cross sections calculated using the two amplitudes arises piiz M(s)(Kl;

marily from the additional amplitud®‘®(K2: ) in M T
Such a difference is expected to maalﬁf the contributions
from «, and «, are negligible. In contrast, the difference will
be large if the contributions fromk, and «,, are important;
i.e., the difference will be large If/lf)(Kl;K) is important.
We have investigated the size of thg and «, effect in
ppy and npy by calculating the cross sections using three
different amplitudesM "™ M5, andM$PE. In this inves-
tigation we used an exact expression from Rg&s1Q| for
M, T rather than the approximation given in Ed). The
expression foM';f’W is given by Eq(2) for both theppy and

npy processes. In our SPA calculations we used state-of-the

art pp andnp phase shift§11]. For the OBE approximation
the M$®F amplitudes can be found in Refil,2]. We used
two sets of magnetic moment valugg) corresponding to
kp=1.793 andx,=-1.913 and(2) corresponding toc,=k,

=0. Different results calculated for these two sets were ther

compared. Sample results are shown in the figures.

In Figs. 1 and 2 we present coplan@py cross sections,
calculated usingVl}"™ as a function of photon anglg.:
(Fig. 1) 190 MeV for proton angles$6,, 6,)=(8°, 199 and
(Fig. 2) 280 MeV for (64, 6,)=(12°,12.49. The data are
from the KVI [7] and TRIUMF [12] experiments, respec-
tively. The solid curves correspond 1g=1.793 or seil),
while the dashed curves correspondte-0 or set(2). These

curves are calculated using tMe]'"* amplitude. The dotted
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FIG. 1. Coplanappy cross sections calculated usiwi““sand

Mh""", as a function of the photon angig, for the values of
indicated. The data are from R¢gT].

curve is calculated using thti&/I/LLOW amplitude with «,
=1.793. A comparison of the solid curves with the dashed
curves enables one to establish that the contribution fkgm
dominates theppy cross sections in the entire range af,
specially for the higher energy 280 MeV case. Although not
hown here, similar results hold for tHd$®® amplitude.

fhus, we have demonstrated that large magnetic moment

effects inppy are predicted by two relativistioM "™ and

MSPF) amplitudes for the kinematics investigated, in agree-
ment with a similar finding in the nonrelativistic approach
based upon potential mod€$3]. Because the contribution
k) can be important irppy, the Low ampli-
tude (which does not includer)(Kl;K)) fails to describe
much of the KVI data.

Moreover, our results also suggest an explanation for the
finding in Ref.[1] that the off-shellpyp vertex must be used
in ppy calculations using th&1%°= amplitude. That is, the
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FIG. 2. Coplanappy cross sections calculated usiwg:““sand

ML as a function of the photon angle, for the values ofx,
indicated. The data are from R¢f.2].
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FIG. 3. Coplananpy cross sections calculated using Mé‘ms FIG. 4. See Fig. 3.

amplitudes, as a function of the photon angig for the values of

and, indicated plus for just the leading'?(K-1;e) amplitude. . A .
p & P : g, (K& amp three different relativistiopy amplitudesM ;"™ M>°", and

cross section and analyzing power data in the energy regioM5 ") to demonstrate that the anomalous magnetic moments
between 157 MeV and 280 MeV can only be consistently(xp, and «,) play an insignificant role in thepy process for
described by theM9BE calculations when the off-shefiyp ~ the kinematics investigated. We have also observed that the
vertex is included. A possible explanation is that if the con-two amplitudesM;“"*and M,*" predict quantitatively simi-
tribution from «, is so significant that the amplitude lar npy cross sections for mosk, angles[10]. This implies
M®(KL; k) becomes important, then off-shell corrections tothat, due to the insignificant effect ef, and «,,, the contri-

~ .. ; P mag 0. 3/l
the pyp vertex may not be negligible, because such off-shelpution from the amplitudesM;°4K® «) and M " (K*; «)
corrections are of the same ordét asM® (K% ). In gen-  Must be essentially negligible. Therefold, " is approxi-
eral theppy cross sections calculated Lfsing uTts gm- Mately equal_td\/ll““s for the npy case. This explains why
plitude are in good agreement with the KVI cross sectionth® two amplitudes always yield very similapy cross sec-
data[7]. However, the same amplitude does not always enjogions. We point out that thepy cross sections calculated
similar success in describing the analyzing powers. The offith theM -~ amplitude are quite similar to those calculated
shell correction to theyp vertex, which has not been in- Using theM ;" and M. *" amplitudes for most cases which
cluded in theM T amplitude, may be the missing element. We studied. _
The contribution of the off-shell correction to tipe/p vertex As has already been mentioned, the dotted curves were
may also be responsible for some of the large discrepancgalculated using the leading external amplitwd€’(K™;e)
between the KVI data and other relativistic model calcula-as specified by Eq3), which is of ordel™. If we compare
tions. Effects such as explich-A coupling would not re- these dotted curves with the solid curves or with the dashed-
solve the discrepancy, because they do not appear to provi@®tted curves, then we can see that the contribution from the
a significant contribution below the threshold for pion pro-leading order amplitude is small. Hence, the amplitude
duction[14]. MZ"(KO), which is of orderk® and involves the internal ex-

In Figs. 3 and 4 we exhibit the coplanapy cross section change current contribution, dominates they cross sec-
as a function ofy, at 225 MeV for(#6,, 6,)=(28°,289 and  tion. This is not surprising, because the meson-exchange cur-
(20°, 209. The solid curves were calculated using the am-rents have already been identified as the dominant source of
plitude M} “"with «,=1.793 andk,=-1.913 as inpuffrom  bremsstrahlung emission in timpy procesg15,1§.
set(1)]. The dashed-dotted curves were also calculated using In c?nTctIusion, the relationship beLtween the TuTts ampli-
the sameM "™ amplitude but withi,=x,=0 as the input tudeM,"*and the Low amplitudé,;>*, for both theppy
[from set(2)]. The dotted curves were calculated using only@ndnpy processes, has been analyzed. The main differences
the amplitudd\/l(l)(K‘l;e) as specified by Eq3). If we com- between these two agmplltudes is tMﬁ”Ttslncludes an ad-
pare the solid curve with the dashed-dotted curve, we obditional amplitudeM?(K*; x) which is of orderK and a
serve that the difference between the two calculations is negunction of the anomalous magnetic moments. The primary
ligibly small over the entire range af,, in contradistinction focus of this work has been to investigate the contrlbu_tlon of
with the ppy process where the difference is found to bekp andx, to theppy andnpy processes. Using three differ-
consistently large. We have also utilized the Low amplitudeent relativistic amplitudegM "™ M:**, and M%), we
and the OBE amplitud® 9®F to calculatenpy cross sections have arrived at the same conclusion. For fipe process in
using set(1) and set(2) as the input. Again, the difference the kinematics investigated the, contribution becomes so
between thapy cross sections calculated using the two setssignificant that the amplitude)(Kl;K) cannot be neglected
of k, and k, values is negligibly small. Thus, we have usedin the calculation ofppy cross sections. Therefore, in the
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ppy case the ampIitudd&/ILUTtS is a better soft-photon ap- ing contributions from the off-shefyp vertex, should shed
proximation than is the amplitudﬁl;ow_ On the other hand, useful light on the fundamental emission mechanism govern-

for the npy process thec, and «, contribution is so small ing the ppy process.
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