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Noncoplanarity effects in proton-proton bremsstrahlung

Yi Li and M. K. Liou
Department of Physics and Institute for Nuclear Theory, Brooklyn College of the City University of New York,
Brooklyn, New York 11210

R. Timmermans
Kernfysisch Versneller Instituut, University of Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands

B. F. Gibson
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 9 July 1998

Noncoplanarity in proton-proton bremsstrahlung is investigated. Significant effects are observed for certain
photon polar anglesy, . Such noncoplanarity effects, not of dynamical origin, are possibly responsible for
past disagreements between theory and experiment. The Harvard noncoplanar coordinate system, which avoids
kinematic singularities in the cross section, is used in our calculations and is recommended for use in the
analysis of experimental data. Alternative methods of presenting cross sections are discussed.
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During the last three decades proton-proton bremsstraltstrahlung, a significant effect which has not been systemati-
lung (ppy) has been studied with great interest experimen<ally investigated.
tally and theoretically, primarily because of its promise as a The first successful measurement gy noncoplanar
probe of the off-shell properties of the nucleon-nucleon in-Cross sections was performed by the Harvard gfgjgome
teraction. Because sensitivity to off-shell effects increases a80 years ago. The experimental arrangement has since be-
the bombarding energy is increased and the scattering angk®me known as the “Harvard geometry.” The two outgoing
of the two final-state protons is decreased, reppntexperi- ~ Protons and the photon in the final state have momenta de-
ments[1,2] measured cross sections and analyzing powers atoted bypl, pz, andK, respectively. In the conventional
energies between 190 MeV and the pion production threshspherical coordinate system, these three momenta are ex-
old and for small scattering angles; additional experimentgpressed in terms of the polar anglend the azimuthal angle
have gone above the threshold for pion producti8]; ¢ as
measurements reported in Refs, 6] were only for cross
sections. The cross section measuremghtswvhich showed > )
unexpected large discrepancies with theoretical expectations, Pi =pi(pi . 0i.¢), (i=12
were particularly exciting. The discrepancies remain unre-
solved and challenged experimentalists to perform more pre-
cise measurements and theorists to improve their model cal-

=p/ sin 6, cos ¢iex+p; sin 6; sin e,

culations. +pi cosfie;, (13
Various theoretical avenues have been explored in the ef-

fort to resolve differences with the data. Because (e K=K(K b))

process involves two identical protons, the leading electric Oy

dipole terms cancel and no photon emission results from =K sin 6., cos¢.e,+K sin 6, sin ¢.&

single-meson exchange between the two protons at the tree X Y

level. Therefore, most theorists have focused their attention +K cos Gyéz- (1b)

upon higher order effects and corrections such as rescattering
terms relativistic spin corrections, negative energy states,

A-isobar admixtures, electromagnetic form factors, h|ghefr he Harvard noncoplanar coordinate system is instead de-
order exchange currents, and the difference between pseudired by introducing two new anglesﬁ and ¢> (See the
scalar and pseudovectaiN couplings. Estimates for contri- Appendix of Ref[8] for the definitions. By using these new
butions from some of these effects have been significantingles, one can mel, pz, andK as
especially at extrem@orward and backwandphoton angles.

However, the magnitude of the overall correction has not

resolved the discrepancy between theory and experiment. p;=p;(p;.01,1)
The discrepancy in angular dependence of the cross section - .
for asymmetric proton angles has been a particular problem. =P;COS ¢3Sin 618,
The primary purpose of this Rapid Communication is to L= —a L
report on the noncoplanarity aspect of proton-proton brem- +P1COS $1C0S 618, P3SN ¢,y (29
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) FIG. 2. The cross section ratio 3cdd01d02d¢7/
"~ (d3a/dﬂld92d¢y)g:o as a function ofy, at an incident energy of

190 MeV for 6,=6,=8° and $=O°,2°,4°,6°,8°. Calculations
were made using auTtsamplitude[11,12.

In terms of the spherical coordinate system we can choose
the set ¢1,¢1,0,,¢,,0,) to be independent variables and
express the differential cross section in the form
d3cr/dﬂld92d0y. For the coplanar case, this cross section is
well behaved when plotted as a functionéfover the entire

¢ (deg) range from 0° to 360°. However, this form ot recom-
_ mended for the noncoplanar situation, because the cross sec-

FIG. 1. Noncoplanappy cross sections %#/d0,d0,dy, as @ {ion exhibits kinematic singularitief9] when plotted as a
function of the noncoplanarity angtg at an incident energy of 190  fynction of 9,; the range of allowed,, no longer extends
MeV for 6,=6,=8° and variousy, . The solid curves were cal- from 0° to 360°.
culated using &uTts amplitude[ll,lZ, while the dashed curves The purpose of introducing the more Comp|ex Harvard

represent results from an OBE mod&D]. noncoplanar coordinate system is to remove the kinematic
L o singularities. Using that coordinate system we can choose the
P2=Pa(P2,02,¢2) set (01, 1,62, $,,1,) to be the independent kinematic vari-
L= = ables and express the cross section in the form
=~ P2C0S ¢,Sin 6,8, d®0/dQ,d0,dy, . There are three advantages to expressing
, = —a , A the cross section in this fornii) d3a/d(21dQZdz,/;y reduces to
+P2C0S $2C0S 028, + PoSiNn ¢y, (2b) d®o/d,d0,d0, asy, reduces tad,, in the coplanar caséi)
e e = — the angley,, always runs through 2, so that the cross sec-
K=K(K.,8,,¢,) tion can be define% as a function ¢f, for the full 0°< 4,
— . — — <360° range{iii) d°a/dQ,dQ.dy, is free of kinematic sin-
=K cos ¢,sin §,e,+K cos ¢, gularities. '?herefore, welha\zlel/lizlvestigated the noncoplanar

d%/dQlszdzp,/ cross section as a function ¢f,, the non-

coplanarity anglep, and the bombarding energy.

There is another important photon polar angigemployed Most theorists have calculated coplanar cross sections of
in the Harvard noncoplanar coordinate system. It is definedhe form d‘a/dQldQZday. Because the measured cross sec-
as follows: There are the three noncoplanarity anglesi tions involve contributions from noncoplanar events, the ex-

—1,2+. The angled= (b, + &,)/2 has a kinematically al- perimental cross sections must be “corrected” in order to
Y angled (¢1F ¢2) y compare with these theoretical predictions. Historically one

lowed limit ¢pq,, termed the maximum noncoplanarity paq calculated the double differential cross sectidten re-

angle. The corresponding photon in this limiting case istgrreq to in the literature as the integrated cross sektion
called “the limiting gamma ray”; its momentum is

5|=(i(q,00,$0), which is given by Eq(2c) with (K,?y,gy)

replaced by @, 6y, bo), respectively. To defing.,, one con- d?old,d0,= f (d®o/dQ,dOdys )y, 3
structs a new photon momentusi =K' (K’,1.,0) from K

andg, K'=K—aq, where the scala is chosen such that a5 a function of the noncoplanarity angkeand has used the

K’ lies in the XZ reference plane and has a polar angleesult to determine a constant correction factor for converting
equivalent toy,, . the experimentalnoncoplanarcross sections into a coplanar

X cos 6,&,—K sin ¢.e, . (20)



RAPID COMMUNICATIONS

R1882 Yl LI, M. K. LIOU, R. TIMMERMANS, AND B. F. GIBSON PRC 58
2.0 T T T T T T T T 2.0 T T T T T T T T
[ 190 MeV — =0 ] i 190 Mev
16>-16° 9=t ] °_16°
--e- §=3 8'-16
1.6 |- ——— =5 - 1.6 | k
L ——— $=7° 4
- k=)
9 o
e 12[ ] 512
mb ':\\ d s -g. I
-E més’;\?—-—-—-‘—“"""_ ,,,,, SRT ’z/ — S
S NN TN e s 'g
= 0.8 | S ———— NN ’, 7 e ~ 0.8
- \ AN s G
ko] Mol e N e - pid o]
TN e ~ \\ = e G“
BN e /// -Q
04 | N e E B 0.4
~ o«
e e ko] r
0.0 —_ L 0.0 . L L L
0 60 120 180 0 60 120 180
V,(deg) y,(deg)
FIG. 3. The cross section ratio 3(dd91d()2dz/x,// FIG. 4. Noncoplanar cross section%m(:ljﬂldﬂzd4//7 as a func-

(d%/d()ldﬂzdl/z_y)g:ias a functi@ ofis, at an incident energy of tjon of ¥, at 190 MeV for @,@)=(8°,16°) and E
190 MeV for 6;=6,=16° and ¢=0°,1°,3°,5°,7°. Calculations =0°,1°,3°,5°,7°. Calculations were made using aTts ampli-
were made using aAuTtsamplitude[11,12. tude[11,12.

result. As was shown in Reff8,10], this double differential
cross section ?dr/dﬂldﬂz is typically a monotonically de-

significant in the regiong,<15° and,>150°, while it is
quite small aroundy,=90°. Because of this significant an-

creasing function of. This feature is rather general, as it is gular dependence of the noncoplanarity, a better procedure to
fairly independent of the theoretical model used and this hagse in approximating the “experimental” coplanar cross sec-
been confirmed by other experiments. The correction factofion is

obtained via this procedure is a constant. That is, one relates
the experimental noncoplanar cross section
(BordQ,dO,dy.) exp @t ¥, 10 an “experimental” coplanar

(Bo/dQ,dO,d 0,) exp=[C( z//y)(d?’o/dQlszd(//y)exp] b0
cross section (%lr/dﬂldﬂzdey)exp at ¢, as follows:

(5

(old0,005d6.) o= CL(PoTd2 00 ) exgly ~

4) where C,) is an angular dependent correction factor. For a

giveny,,, the curves shown in Fig. 1 can be used to estimate
where C is the constant correction factor. It is in this approxi-C(#,).
mation that (ao'/dﬂldﬂzdﬂy)exp has been obtained for com-  To make this noncoplanarity effect clear, we illustrate in
parison with theoretical calculations ofedd(,dQ,d9, . Figs. 2 and 3 the calculated cross section ratio

We point out that (8/d();dQ,d6,) ey, Obtained in this
manner from Eq(4), is not an actual coplanaczS( 0°) cross
section. Therefore, it should not be used to compare witt
theoretical coplanar cross section calculations. The reasc
can be seen from the result of our investigation on the de
pendence of the noncoplanar cross secti?)zr/d:Qlszdz,//7
upon ¢ for the entire range of,,. In Fig. 1 we plot various
noncoplanar curves fof; = 6,=8° at an incident energy of
190 MeV, the energy of the high statistics KVI experiment 5~
[2]. Each curve represents the noncoplanar cross section as dvos
function of qS for a given¢, . For this case one haﬁmaX <
=8.46°. In order to demonstrate that the shape of these no1 3

. . . . B 0.4

coplanar curves is fairly independent of the theoretical apeg
proach, we have used bothTai Tts soft-photon approxima-
tion [11,12] and a one-boson-exchange mo@&0] in our
calculations. The noncoplanarity effeghe dependence of
d3(r/d(21d02d¢7 upon ¢) differs markedly as a function of
¥,. In particular, for a given¢, the cross section FIG. 5. Noncoplanar cross section®ti(),d,dy,, as a func-
d°a/dQ),dQ.dy, is not necessarily a monotonically decreas-tion  of Y, at 190 MeV for (6;,0,)=(16°8°) and b
ing function of ¢. Any noncoplanarity correction factor will =0°,1° 3°,5°,7°. The curves fop=1° and ¢=0° are indistin-
not be a constant in the angular range<0f,<180°. For  guishable. Calculations were made usingTaTts amplitude
example, we see from Fig. 1 that the noncoplanarity effect i$11,12.
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d3a($) d3g/dgldgzd¢y obtain C@,). To avoid this uncertainty, experimentalists
Bo($=0) = (PoldQ,dQdy,) 5o ®  should preferably present their data as a functionpofas

was done by the Harvard groyi@]. If it is not possible to

as a function ofy,, for various¢. The maximum noncopla- measure noncoplanar cross sections as a fUlflCtiQ;l dfien
narity ang|egmax is 7.69° for @1,32)=(16°,16°) at 190 (da/d(2,d),d6,) ¢4, Should be quoted along with the experi-

MeV. If the noncoplanarity effect is small, then the value ofmental constraints, bins, efficiencies, etc. In that less than

the ratio should be approximately unity. In Figs. 4 and 5 Weideal situation, theorists could then compare with the experi-

show the actual cross sectioﬁodtjﬂldﬂzdzp,/ as a function g;e/n(;gl ((jjgtz by calcfulatn."lg the_ nochpIanar crqss section
of ¢, for selectedy. These figures also demonstrate explic- OTER 21 52 yyasa unction oqu.an then averaging over
itly that the noncoplanarity effect is significant for somg the published constraints to optam the appropriate cross sec-
and that the correction factor @() varies withy, . tion for comparison. Altern_atlvely, theorlsts_ must provide
A comparison of Figs. 4 and 5 reveals, for t?le first time noncoplanar results with which experimentalists can “Monte

that the noncoplanarity correctiofin the range 0%y, Carlo™ a proper comparison with the data.
<180° is much more important for the case in which
(61,6,)=(8°,16°) than for the case in which 6, 6,)
=(16°,8°). Although it requires further study, one may an-  The research of M.K.L. was supported in part by the City
ticipate better overall agreement between theory and experignjversity of New York Professional Staff Congress-Board
ment for cases witl9;> 6, than for cases witl9; < 6,. of Higher Education. That of R.T. was made possible by a

Even though Eq(5) provides a significant improvement fellowship of the Royal Netherlands Academy of Arts and
in estimating the coplanar cross section from the experimenSciences. That of B.F.G. was performed under the auspices
tal data, obtaining Gf,) represents a practical problem of of the U.S. Department of Energy. We thank our experimen-
some consequence. Furthermore, presenting “data” in thigal colleagues at the KVI for discussions and their comments
manner may leave unspecified the exact procedure used tegarding the manuscript.
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