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Power-counting arguments are used to organize the interactions contributing\tdlthe 7, pnar reactions
near threshold. We estimate the contributions from the three formally leading mechanisms: the Weinberg-
Tomozawa(WT) term, the impulse term, and theexcitation mechanism. Subleading but potentially large
mechanisms, includingwave pion rescattering, the Galilean correction to the WT term, and short-ranged
contributions are also examined. The WT term is shown to be numerically the largest, and the other contribu-
tions are found to approximately cancel. Similarly to the reagtipr- pp7°, the computed cross sections are
considerably smaller than the data. We discuss possible origins of this discrepancy.

PACS numbgs): 13.75.Cs, 12.39.Fe, 25.10s, 11.40.Ha

[. INTRODUCTION are going to discusBlN—d# and — pnar, which tradition-
ally have been considered better understood them
Computations of pion production in nucleon-nucleon —ppx®. We consider energies near threshold where the
(NN) collisions near threshold allow a confrontation of our calculation simplifies, because the pion emerges mostly in an
understanding oNN interactions with data in a kinematic Swave. We will show that an understanding of these chan-
region for which chiral symmetry, and therefore quantumnels is still in the future.
chromodynamic$QCD), could be very important. The reac- We adopt here the conventional nuclear approach of
tion pp— pp#° near threshold has attracted much attentiongrouping allNN interactions generated by mesons of small
in the years since the first IUCF data appedredand ex- momentum in a potential, while the contributions associated
posed serious disagreements with earlier theoretical calculavith energies comparable to,. are accounted for in a kernel
tions[2-5]. The existence of many conflicting models claim- to be evaluated between wave functions generated by the
ing to explain this discrepand¥$—9 calls for a principle to  potential. Splitting the problem this way, one should still
organize the several potentially significant mechanisms o$trive to calculate wave functions and kernels from the same
pion production. Chiral perturbation theoryRT) has been theory or model, otherwise ambiguities arise from off-shell
applied to mesonifl0,11], one-baryorj12—-15, and nuclear extrapolationgor equivalently, from nucleon-field redefini-
[16—23 processes where typical momenta of the order of theions). YPT is the only known tool for performing this task,
pion massm,,, allow a systematic expansion of observablesand at the same time is consistent with QCD, because its
in powers ofm_ /M qcp, whereMocp~1 GeV. Coheretal.  symmetries are treated correcthfT is also unique in that it
[24] have adapted the power counting and apphétll to  offers the possibility of doing systematic calculations: an ex-
near-threshold pion production, where momenta are of ordgpansion in momenta provides a power counting to organize
vm,my, My being the nucleon mass. They estimated leadthe calculation even though coupling constants are not small.
ing and next-to-leading contributions, the latter including im-  xPT separates interactions in long-range effects calculated
portant short-range contributions, related to the isoscalagexplicitly with pion exchange and short-range effects ac-
components of the potentidhnd possibly described by  counted for by contact interactions with an increasing num-
and w meson exchangg$6]. Subsequently, van Kolckt al.  ber of derivatives. Parameters not constrained by chiral sym-
[25] showed that next-to-next-to-leading contributidesy., metry depend on details of QCD dynamics, and are at the
from p-o meson exchangeare smaller but also relevant, present unknown functions of QCD parameters. In the stan-
suggesting convergence, albeit slow. Data could then be exitard case of processes involving momenta of order pre-
plained within the very large theoretical uncertainties associdictive power is not lost, because at any given order in the
ated withS-wave pion rescattering and the short-range strucpower counting only a finite number of unknown parameters
ture of the nuclear force. OtheyPT-inspired calculations appear; after they are fitted to a finite set of data, all else can
have also stressed the importance of understanding rescattéie predicted at that order. These predictions are called “low-
ing [26] and the effect of loop$26—30. Since theseePT-  energy theorems.” Since the Lagrangiany®T is the most
inspired calculations comprise mechanisms considered igeneral one consistent with QCD symmetrigBT is a gen-
other, model calculations, one concludes that a large theoreéralization of current algebra.
ical uncertainty plagueall neutral-pion production calcula- Unfortunately, the onl\NN potential derived inPT [17]
tions performed to date. and fitted to low-energy phase shifts8] produces poor re-
Study of other channels may help clarify these issues. It isults for phase shifts at energies near the pion production
natural to examine them using the same techniques. Here wkreshold. Attempts to remedy the situation are in progress
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[22,23. For the time being we will rely on modern, “realis- timate rescattering by simply connecting a nucleon line to a
tic” phenomenological potentials which fiNN data very  «N amplitude with an arbitrary off-shell extensi¢n,8]. By
well. By considering more than one of those, we can esticonsidering field redefinitions in the most general chiral La-
mate the otherwise uncontrolled error stemming from ouigrangian, it is easy to show that the off-shell ambiguity in the
inconsistent use of potential and kernel. We are going to segion leg is equivalent to a set of short-rangeNTN)? inter-
that, in contrast to neutral pion production, the error is smalkctions, and that an inconsistent treatment of both effects
in the channels considered here. Because such realistic pkeads to violation of chiral symmetry in a way that is contra-
tentials reproduce low-energy phase shifts with identicaldictory with QCD[32]. Using xPT, it was found 24,26 that
long-range tails, they must contain the equivalent to the leadrescattering interferes destructively with the leading-order ef-
ing order in the chiral expansion. Although our approachfects inpp— pp#°. This further interference makes agree-
should be considered phenomenological, our leading-ordenent with data more difficult. Although the magnitude of the
result will be an approximation to a low-energy theorem. Ateffect is still being assess¢@dl], it is certain that the uncer-
subleading orders in the expansion, an apparent ambiguityinty stemming from different determinations of th®T
arises, concerning the correct treatment of the energy tranparameters is larg25].
ferred in pion rescattering. This can be seen in the conflicting This disagreement between theoretical evaluations and
results of estimates of the same ker[4,26]. This issue is  cross-section data fgrp— pp° can be largely removed if
under study{31]; here we will limit ourselves to the most o, p and other heavy mesons are includ@8]. When first
natural prescription that the transferred energy-is./2. suggested6], it looked as ifpp— ppn° was a clear signal
We will concentrate most of our efforts on the kernel. We of these otherwise elusive mechanisms. Among the first cor-
will discuss a reasonable power counting for pion productiorrections in our power counting, one finds two-pion-exchange
that generalizes forrd and wpn channels the discussion of loop graphs andr(N'N)? countertermgthat behave prop-
Ref. [24]. In leading order, the new ingredient here is pionerly under chiral symmetjy A full xPT calculation requires
rescattering using the Weinberg-TomozaieT) term that  the calculation of these loops, and although some steps have
dominates isospin-dependenN scattering. This term does been taken in this directidr28,30, it is a herculean task that
not contribute to the reactiopp— ppx°. In the latter, the remains to be completed. Even then, it will still require that
leading nonvanishing order consists only of an impulse ternthe counterterms be fitted to some pion production ¢,
(IA), in which a single pion is emitted from a nucleon, and aright at threshol@iso that other datésay, the energy depen-
similar contribution from the delt&A). This leading order dence close to threshold, or other channbks predicted. In
underpredicts the experimental data by a factor of approxithe case op p— pp=°, even the most sophisticated phenom-
mately 5, due to two cancellations not incorporated in ourenological models have to recourse to such a fit of a short-
power counting:(i) among different regions in coordinate range counterterrf83]. In any case, after all this one would
space for each term evaluated between initial and final waveéhen be interested in determining whether such counterterms
functions; and(ii) between the total impulse and delta con-are of natural size, and whether they can be further under-
tributions. Oversighti) results from our present inability to stood as the result of heavy-meson exchange. In view of all
treat the potential and the kernel on the same footing. Oversther uncertainties, the authors of Rgf4] took the point of
sight (i) is somewhat accidental, but actually expected fromview that an estimate of this class of subleading contribu-
the fact that, in energy, the pion threshold sits midway betions could more easily be made by modeling them with
tween the elastic threshold and the delta pole. The sensitivittneson exchange in Z-graphs, following Rie]. It turns out
of the delta contribution to the realistic potential used is thethat the counterterms so produced are of natural size, which
main source of dependence on K&l potential of the final lends them credence, but that they are not sufficient to
result. achieve agreement with data. In order to study convergence,
As a consequence of the accidentally small leading orderffurther meson exchangeghiefly p-w) that contribute to
effects which are usually negligible acquire prominence inhigher-order counterterms were considered, and shown to be
pp—ppm°. One effect is isospin-independent pion rescat-smaller but still relevanf25].
tering. xPT is critically necessary to assess the size of this The conclusion of Ref[25] was that it is possible to
contribution. First, in principledPT allows one to determine describe thepp— pp#° reaction consistently with QCD,
from 7N data not only the momentum- and energy-reasonable meson exchanges, and realistic potentials, but
independent 2NN vertex, but also terms which are qua- only within a very large theoretical uncertainty. It is our
dratic in energy and momentum. This is important in view ofintention to assess here our theoretical understanding of the
the fact that in pion production the virtual pion has energy ofNN—d,— pn# reactions by analyzing the effect of the
orderm_/2 and the combination of parameters of relevancesame microscopic mechanisms.
is thus different from the combination that appears atsthe Early theoretical analyses of the reactipp—d«™, like
scattering threshold. There is by now a number of consisterih ours, split it into a kernel and effects of initial- and final-
estimates of the relevant parameters to third ofd&;14. state interactions. The numerical results of the early analyses
An estimate of the uncertainty of this contribution to pion [2] were that this reaction is dominated by the Weinberg-
production can be made by using also a lower-order deteffomozawaWT) term[Fig. 1(b)]. The main competitor pro-
mination[15]. Second xPT is the only way to account for cess was thought to be the impulse téif) [Fig. 1(@)]. The
rescattering as a component of a Feynman diagram withowgarly estimate of this IA gave a small contributid] due to
destroying chiral symmetry. There have been attempts to es cancellation in the matrix elements between $hand D
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o 0 o o o dom in the Lagrangian. On the other hangmym. is
smaller than the characteristic mass scale of Q®Rjcp
\ ~1 GeV, at least in the chiral limim,—0, so that the
contribution of other stateghe Roper, thep meson, etg.can
be buried in short-range interactions.
PR SEENR D
@ ) © @ ©

We thus seek a theory of nonrelativistic nucleons and del-
tas interacting with pions that is consistent with the symme-
tries of QCD.xPT is implemented via the most general La-
grangian involving these degrees of freedom aided by
power-counting arguments. The seminal idea was contained
in a paper by Weinber§l0]. This idea was developed sys-
tematically for interactions of mesoii41] and for interac-

i . tions of mesons with a barydi2,13. The generalization of
waves of the deuteron final state. It was believed that the W aqe techniques to describe properties of more than one
term alone could account for the essential features of th%aryon was also due to Weinbditg] and was carried out in

data._ .. detail in Refs[17-19; see also Refd20,21,23.
With the advent of accelerators capable of producing in-  \yhen dealing with typical momenta of ord@~m._, the

tense high-quality beams of protons with GeV energies angiq 5| power counting suggests that we order terms in the
very precise detecting systems, good and accurate data fof; g Lagrangian according to the “indexA =d+ f/2—2,

0
np—dz® [34], pp—dm* (35,36, andpp—pnm" [37.38  \yhered is the sum of the number of derivatives, the number
near threshold became available. For the deuteron channe powers ofm._., and the number of powers of andf is the

the new data show that the theoretical calculations started By, mber of fermion field operators. In the following we will
Koltun and Reitan were in the right direction. More recent ., cider interactions witt up to 4.

calculations of the WT and IA mechanisii9,40,27, how- The Lagrangian withA=0 for each interaction[10—
ever, indicated that their strength might not be sufficient to;3 16 13 19is

explain the new data. A calculatidd1] using IA, on-shell e

FIG. 1. Various contributions to thgp—d=",pn7" reactions.
A single (double solid line stands for a nucleddeltg and a single
(double dashed line represents a pidsigma, omega, rho
¥, (W) is the wave function for the initialfinal) state.

pion rescattering, and,o Z-graphs[Fig. 1(c)] finds good 1 1 1
agreement with data in aip=°, pnm", andd=" channels £ (O=Z (22— (Vm)?)— Sm2a?+ N i9g— —57
with a soft N form factor. 2 2 f2

Our motivation here is to examine what a chiral power
counting suggests for the pion production in fhe—dz*
andpp—pn=z" reactions near threshold. In Sec. Il we dis-
cuss the power counting and the chiral Lagrangian. In Sec.
[l the kernel is obtained; we consider not only the WT, 1A ha e
and 0,0 Z-graph mechanisms, but also other rescattering + 5 [IN(T-S:VmA+He]+- -, 1)
contributions—such as th& term [Fig. 1(d)], the Galilean i
correction to the WT tern{GC, Fig. Xb)], and isospin-  \here f_=93 MeV is the pion decay constansi=m,
independent seagull termiST, Fig. Xb)}—and other short-  _m_ is the isobar-nucleon mass differengg, is the axial-

range contributions—such gsw exchangelFig. 1)]. In  yector coupling of the nucleoi, is theAN# coupling, and

Sec. IV the calculation of the cross sections is outlined. Secg y 41 are the transition spin and isospin matrices, normal-
tion V describes our input and discusses our results. An ouﬁ-

look is presented in Sec. VI. zed such that

9

N+2f7r

(X ) NT(7 o Va)N+AT[ig,— 5]A

Sis.*:E

: 3(25ij_i8ijk0'k)v 2

IIl. IMPLEMENTING xPT

Near threshold for pion production the total energy of the
two colliding nu_ck_a(_)ns i_s of order rBy+m_, so that the _ TaT;:E(zaab_isabcTc)- (3)
center-of-mass initial kinetic energy of each nucleon is 3
m_/2. This energy is smaller than the nucleon mass, so we
can use a nonrelativistic framework. The nonrelativistic ki-Notice that we defined the field$ and A in such a way that
netic energy formula holds; the masmg plays no dynami- there is no factor of exp{im\t) in their time evolution.
cal role, and the typical momentum of real and virtual par-Hencemy does not appear explicitly at this index, corre-
ticles involved in this process s,,~ Vmym,,. This requires ~ Sponding to static baryons. We also wraté® in the rest
some adaptation of the usual effective theory ideas whicfirame of the baryons, which is the natural choi@®alilean
have been deve|0ped for momenta typ|ca| of most nuc|eaiﬂvariance will be ensured by inCIUding terms with additional
systemsQ~m_.. Because the mass difference between thdlerivatives) Chiral symmetry determines the coefficient of
delta isobar and the nucleofi=m,—my, is numerically of the so-called Weinberg-Tomozawa tefiN'7- (mrx @)N]
order of the typical excitation energy we are interested input not of the single-pion interactiong/,h,).
m,., the A must be included explicitly as a degree of free- The Lagrangian witi\=1 is[12,13,18,19
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The leading nucleon propagator, for example, includes

the quark mass difference contribution to the neutron-protoiboth the static term in Eq1) and the kinetic term in Eq4)

mass difference, and th's are coefficients of)(1/f2M).

at the same order in power counting for pion production,

These seven numbers are not fixed by chiral symmetry, but gontrary to the situation iyPT applied to one-baryon sys-
is important to point out that Galilean invariance requirestems. The nucleon propagator then~sl/m, . Relativistic
that the other coefficients explicitly shown above be relatectorrectionsp*/8ms + - - - are relatively smaller by-m_/my

to those appearing inC(?). This in particular fixes the

and can be considered higher-order insertions. Note that this

strength of the single-pion interactions in terms of theis completely consistent with our decomposition of the full

lowest-order coefficientg, and h,, and of the common
massmy .

The Lagrangian witl\=2 is [24]
di+e;
2myf .

L£@= [INT7 mo- VN N'N+H.c]

€1
2myf

[iNT7 woN -NTVN+H.c]

€2

* 2myf

[N'7 g x VN -NfoN+H.c]+- -,

©)

where thee;’s are other coefficients c(t)(llfiM).
Among the Lagrangians with higher indices, we f{r2é]

g

(4) =
£ 2myf

[iNT7 o VVN-NTVN+H.c]+- -,
(6)

whereg is a coefficient of(9(1/ffTM3).
The two nucleons in thBIN— NN reaction can interact
repeatedly by the exchange of mesons of moméntam ;

amplitude into a kernel and wave functions obtained from a
Schralinger equation, and, contrary to what is stated in Ref.
[29], doesnot imply the need of a relativistic framework.
The delta propagator differs from the nucleon by the pres-
ence of the mass differenée-2m_.. As pointed out first in
Ref.[24], the delta propagator is then actuaty— 1/m_ and
tends to interfere destructively with the nucleon contribu-
tions to the kernel. The pion propagator, on the other hand, is
~1/m_my. In interactions, each time derivative is associ-
ated with a factor ofn,,, while a space derivative a factor of
Jmym,,.. Finally, a loop brings arym,,)%%m_ /(4)2.

A detailed analysis of various contributions can be found
in Ref.[24]. The new elements here are those associated with
the isospin-dependent WT pion rescattering. The order of the
WT contribution is evaluated as follows. The term propor-
tional to dy7r of Eq. (1) yields an explicit factor ofnq,/ffT;
the pion-nucleon interaction provides a factor of
Jym, my/f .., and the pion propagaton(, my) . The total
net result is of orde@(f;3\/mwlM), which is the same
order of the impulse approximation and the delta contribu-
tion [24]. Therefore due to power counting arguments, we
expect the contributions of WT, IA, antl terms to have the
same importance; they constitute our leading order. We will
also include other terms which are of oraef./M or higher

before and after the emission of the pion. We account for thig€lative to the leading one: the isospin-independent pion res-
through the iteration of a potential, which produces initial cattering(SG), the Galilean correction to the WT tert@C),

and final wave functions that differ from the free ones. Theand contact terms, modeled by the heavy meson exchange
emission of the pion, on the other hand, involves the Iargeffﬂ , and p-).

momentum py,,~Vmym,. The subdiagrams that involve
such typical momentum form the kernel of “irreducible dia-

grams,” which is evaluated between wave functions.

The unusually high momentum in the kernel requires
modification in the usual power counting. While in the usual o
power counting energy and momenta are counted as equdll momentum space. Our notation is as follo

here energies are-m_ but momenta~mym,. This

Ill. THE KERNEL
We now obtain the explicit forms of the various contribu-
tions by evaluating the most important irreducible diagrams
s, = g
+ me is the energy of théon-shel) pion produced with mo-

changes the usual correspondence between index and ordmrentumﬁ in the center of mas:ﬁ (p’) is the center-of-mass
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momentum of the incomin¢putgoing nucleon labeled “1”  The Galilean correction to WT contribution is smaller by a
(those of nucleon “2” are opposifek=p—p’ (k°=m_/2)  factor ofm_ /M and is given by
is the momentunienergy transferredw?=k?>+m2; P=p

+p’; o is the spin of proton; iazf}(l%gl)—%&(z)zgz) T8C- — 9a SR ONC
where a is the isospin of emitted pion; an&=(o® 8myf7

+a®)/2. We define theT-matrix in terms of theS-matrix
via S=1+iT.

According to the previous discussion, we expect the lead
ing contributions to arise from the diagrams in Fig$a)l
1(b), and 1d). In the case of the Weinberg-Tomozawa dia-
gram|[Fig. 1(b)], we get

1 5 a >
k-PS-k. (8)
wg—(K%)?

The impulse terniFig. 1(a)] is discussed in detail if24].
We will calculate the impulse approximation directly from
Eq. (6) in Ref.[24], in the same fashion as done by Koltun
and Reitarf2]. Recoil corrections are expected to be smaller
by a factor ofm_/M. (In pp—pp=° this was verified ex-
plicitly [24].) Since the impulse contribution will prove to be

A o +K _ small, we can ignore the recoil contributions in this first ap-
TXVT: -3 EabcTE)l)TS:Z)zq—OZS' K. (7) proach.
f= wic—(K°) The A contribution[Fig. 1(d)] to the kernel is given by

_—igahi 1 wq
18myf2 wi—(k%)? 82— o]

A
a

(K2wq—k P&, k+ qu(Tgl)(r(l)- ka@. (Pxk)— 7P (Pxk)o®-k)

+ieaperid (qu-P—5k2)S-k—Zﬁ(0(l)-k(r(z)-(P><k)+o-(l)-(P><k)o-(2)~k) . 9)

Results similar to Eq(6) in Ref.[24] and Eq.(9) follow for cients. We can use data to determine some of them. Alterna-
shorter-range terms where the two nucleons exchange tavely, we can use a model to determine these coefficients
heavier meson rather than a pion. In the case of a nucleoand then try to explain the experimental results. Here we use
intermediate state, such a contribution is automatically inthe mechanism first proposed by Lee and Rigkaand by
cluded in the potential. In any reasonable model, the contriHorowitz et al.[7], where the short-range interaction is sup-
butions from a delta intermediate state turn out to be smalleposed to originate from Z-graphs withand w exchanges, as
than those in diagram of Fig(d). For example, they could shown in Fig. 1c). In this case,

arise froma, exchange, but then the relatively high mass

suppresses this contribution; the contribution from fhe )

which is formally of higher-order is likely to be more impor- co_ iga 9 n gczu S .p
tant. Since, as we are going to see, the delta contribution a - 4f .m3 “q K2+m2  K2+m? al
from pion exchange is not large, we will not go into such

detailed analysis for the purpose of estimating the effect of _ gi(1+ C.,) -

the A: we use Eq(9). We will further discuss the uncertain- oMxa@.k(+P+73) |, (11
ties related to the delta contribution below.

There are other corrections of order,/M compared to

Fhe leading terms. Eigure () represents also isospin- \ypere m, (m,) andg, (g,) are the mass and the vector
independent rescattering: coupling to nucleons of the (w) meson, andC,, denotes the
5 ratio of tensor to vector coupling for themeson. In the case
ST 9a 1 [ (c tCam i) Kow. — 2¢ mz} of pp—>pp7r°, t'hg contribution due 't(p-a) ex.changci[Fig.
a ff;wﬁ—(ko)z 2773 8my q 1 1(e)] is not nggl|g|ble[25], so we also include it here m_order _
to get an estimate of the convergence of our expansion. This
contribution leads to

2 2
ke+m;,

_ om iy - -
X3, k— TN[ 8307 D). 7@ (g1 — 5(2)
: 2 2
(1) (1) (2) _ 2(2) (1) (2)7. | pro_ _ _ZP po 74 P
+oHry S =o'y k]. (10 Ta 4m§ m, I22+m§ |22+mi
The short-range mechanisms provided by the2,3,4 x{(2+C,+C,) (kS ,-P—k-P3,-k)—i (1+C,)
Lagrangians involve several unknown constants. Chiral sym- o2 (1) 2(2) C (1) (2)
metry tells us nothing about the strength of these coeffi- X(1+C, k=o' X ot K (3 + 7))}, (12
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whereg,,,, is the mpw coupling[25] and the other coeffi- We convert the operators of Eq¥)—(12) to configura-

cients have the same meaning as in the previous equation. fibn space by inverting the Fourier transforms. The resulting

momenta much smaller than the meson masses, these shayperators can then be used in configuration-space matrix el-

range contributions are indeed contact interactions. ements. We define the matrix elements of the operators of
Egs.(7)—(12) as

IV. CROSS SECTION

. X Xy A2 o [ pun)
We want to evaluate the matrix elements of the above M =(f[T"i)=F 0 et dr \/_—HS(F)
operators between initial and final state wave functions. Con- 0 My
servation of parity, angular momentum, and isospin con-
. . . w(r)
strains the possible channels for the reactions. In the case of + Hé(r) Uy 4(r), (15)
unbound final nucleons, sufficiently close to threshold the vam, '

strongS-wave two-nucleon interaction implies that the most

important channels should be those in which the final nuclewhere X represents WT, 1A, etc., and§ 5(r) is the corre-

ons have relative orbital angular momentugy=0, thatis, sponding operator. To compare results before the cross-
the transitions are mostl$P,—3S, for pp—pnwt and  section evaluation, we define dimensionless amplituties
3Py—1S, for pp—pnw' and pp—pp7°. In the case of whereX=WT, IA, A, etc. via

the deuteron final state the effect of tbewave is also im-

portant, and it is incorporated in the following. The cross X — s .9a Mg \F X

section fornp—d? is related to that opp—d=" by isos- M7= J12mie Mf_gﬂ 3% (16)

pin considerations. There is a relative factor 2 frombeing g

pure isospini =1 andnp having 1 =1 and|=0 in equal \yq iy biot 7%= [dr(dJ¥/dr) in terms of to evaluate the

probabilities; and there are Coulomb effects. If the experi- . .
mental data fopp—d=" are corrected for these electro- energy dependence of the amplitude, &idd/dr in terms of

magnetic effects, then both reactions near threshold can bret0 study the_r dependt_ance of the integrand.
The explicit expressions for the operatdﬂé’D(r) can be

viewed as a determination of the single constam¢lated to . . ) )
the slope of the total cross section for the deuteron channe ﬁbe:a;rf}zgt:tg??ohrio?év(?t:)drg.ir:/\t/ﬁef%”eogy/y?ﬂi (?%/ (I:giltliidblzgons
as function ofy=q/m,, whereq is the maximum pion mo- as given in the Bonn potentiff4]. The results are given in

I ) i
mentum. For thej_” reaction, we will compute the CTOSS pet. [45]; they are similar to the expressions found in Ref.
section o, but will disregard the Coulomb interaction in [24]

both the |n|t|a_1I .s.tate—wh|ch IS not so important due to the The final steps consist of computing the total matrix ele-
not-so-small initial energy—and final state. This means we

can only compare with Coulomb-correctpg data. We will mentM,
see thato, is, as expected, approximately linear withat M= MW+ MECt MIA L MST+ MA+ MOt pP@

threshold, so our result can be considered a calculatien of (17)
Alternatively, it is a calculation of &,,. We will also dis-
regard the Coulomb interaction in thn " final state. squaring it, and integrating over the available phase space.
We find
A. The pp—d=™ reaction
. . . 1 m
We are concerned with evaluating the matrix elements of o= —— _”Ed ) 77|M|2, (18)
inid 16w p q

the above operators between the initi&; and the deuteron

final wave functions. To evaluate the influence of the poten- . .
tial in the amplitudes, we use Reidpa2] and Argonne V18 wherep is the magnitude of the center-of-mass 3-momentum
[43] potentials which, for a givepp channel, are local po- and Eg is enzergy of the produced deuteron of madg,
tentials. Thus we evaluate the operators between coordinafer= VMa+a”
space initial(i) and final(f) wave functions expressed by

B. The pp—pn=t reaction

(r]i)y= I\/—Eiull(r)eiﬁl-l( V2m3)3Py), (13 As we did in the deuteron case, we evaluate the matrix
pr =~ elements for the unbound final state using the same operators
) ) of Egs. (7)—(12). We will consider here just the absolute
where — (+) is for third-component of the angular momen- (hreshold limit whereL ,(yy=0. According to selection
tumM,=+1 (-1), and rules, we have 2 channelsP;—3S, (T;=1, T;=0) and
L 3Py—1S, (Ti=1, T¢=1). Again, to evaluate the influence
SlE\ T 3 3 of the potential in the amplitudes, we use Reid42] and
(rlf)= r [u(r)PS)+w(n)I"D )], (149 Argonne V18[43] potentials which, for a givemp or pn
channel, are local potentials. Thus we evaluate the operators
where the deuteron radial and spin-angle wave functions areetween coordinate space initi@l and final(f) wave func-
normalized to unity. tions for the two channels, expressed by
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3p,—3S, channel: isospin matrix elements being the only difference. As we did
in the deuteron case, we include the effects of form factors
R \/5 s 3 when dealing with heavy meson contributions.
(rliy= +ﬁ' U i(r)ea(y2my3) [°Py), The final steps consist of computing the total matrix ele-
ment M for the two channels, using Eq17) for the 3S;

1 final state and the same equation but without WT and the GC

(r|f)= —iUg4(r)e %1\/417 |3S,), (190  terms for the'S; final state, since in this state the isovector

pr contributions are zero.
The cross section is obtained by squaring the total ampli-

3 1 .
Po—"Sp channel: tude, and integrating over the available phase space. We find

N \/E . 12
<r||>:_| ul,O(r)elalvo\/47T |3PO>1 = Efplfnaxd ’ Pq M 2 My 25
pr 7 SF%SU o P (277)3| | 2my+ g’ (25
1 ‘ i i inci i
Sy T iSe 1 wherev is the laboratory velocity of the incident protgnmis
(rf) p'r [ Updr)eooy4m [ Sy), (20 the magnitude of the center-of-mass initial 3-momentum and

Pha= VP2 —mym,.. The X g,insindicates thata) a sum over
where — (+) is for third-component of the angular momen- final spin states an¢b) an average over initial spin states
tumM;=+1 (—-1). must be made, which result in factors of 3/4 for t#® and

We convert the operators of Eq&)—(12) to configura-  1/4 for the 'S, final states.
tion space by inverting the Fourier transforms. The resulting

operators can then be used in configuration-space matrix el- V. INPUT PARAMETERS AND RESULTS
ements. We define the matrix elements of the operators of
Egs.(7)—(12) as The various amplitudes considered in the last section de-
3 3 pend on several parameters that we can determine from other
P1—"$; channel processes. The WT, GC to WT, and the impulse-
1 5 approximation operators depend on the pion mass,
M=) |TYPP)=F 4 J3iei(Gort 514)?_? e \[§in =139.6 MeV[46], and on
" (22) 9a _ 9mnn,
e (26)

3pPy—1S, channel
we use the value df .y appropriate for each potential. The
5 9A 1, A operator of Eq(9) further depends on th&-N mass split-
f_s E‘J ' ting 6=294 MeV [46] and on themNA coupling constant,
g (22) h,. This has been fixed frorR-wave 7N scattering(see,

e.g., Ref[47)),

MY =S| TY|PP) =47 \2ie! (410t %,

with
ha
—=2.1. (27)
X m"IT * X gA
Ji=——1] drug(r) H(r) uy «(r), (23)
pp /o The seagull operator of E¢10) depends on four param-
etersc, ,3 and dmy. The ¢i’'s can be obtained by fitting
v My [~ v Swave 7N scattering. In Ref[13] they were found to be
IY=—"-| drugr) HY(r) ug(r), (24)
pp /o sm 2
N Ja 2.31
whereX andY representd\, IA, etc.,J” andJ’ are dimen- 4m§T 8my 2my

sionless integralsH*(r) and HY(r) are the corresponding

operators, obtained using the matrix elements given in th&om the o term, the isospin-even scattering length, and the

Appendix, which are the same used in the deuteron final stataxial polarizability, to®(Q?%). We refer to this as “Seal.” A

(for the 3P,;— 3S, channel and in thepp— pp#° [24] (for  different determination from at(Q?) fit to =N subthresh-

the 3Py— 1S, channel. We will plot J* andJ" in terms of  old parameter$15] gives —0.29/2my instead. We refer to

p’ to evaluate the energy dependence of the amplitude, antlis as “Seall.” Newer determination§l4]| give values

dJ*/dr anddJY/dr in terms ofr to study ther dependence closer to the more negative value Seal, but we use both val-

of the integrand. ues in order to estimate the importance of this contribution.
For the 3P;— 23S, channel, the coordinate space expres-Note that the analysis of ReflL3] does not include the isobar

sions for the amplitudes are pretty much the same as thexplicitly. Since the inclusion of therNA interaction only

Swave deuteron amplitudes. For tHB,— 1S, channel, the affectsS waves at one order higher than tbés, the above

expressions follow closely the work of Cohehal.[24], the  values can still be used to estimate the effecBofave res-
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FIG. 2. Matrix elementd as function ofz for the various con- FIG. 3. Typical integrandé»=0.3) of the Weinberg-Tomozawa
tributions topp—d= ", calculated with wave functions from the contribution topp—d# " as function of the radial coordinatefor
Reid93 potential. deuteronSandD waves of the Argonne V18 potential. TlSavave

is given by the dashed line, tizwave by the dot-dashed line, and
cattering. The parametefmy, can in principle also be de- the sum by the solid line.
termined from S-waverN scattering, but would require a
careful analysis of other isospin-violating effects. Chiral Our formally subleading contributions are all consider-
symmetry relates it to the strong interaction contribution toably smaller than WT. This suggests that the theoretical con-
the nucleon mass splitting, which is also difficult to deter-trol of this reaction is greater than farp—pp=°. More-
mine directly. Estimates of the electromagnetic contributionover, subleading contributions come with different signs,

EmN are more reIiabIeEmN~ —1.5 MeV [48], and give partially canceling. In fact, the, o and GC terms come out

Smy~3 MeV. To be definite, we use with similar size—as predicted by the power counting—but
with opposite signs; there is an almost complete accidental
omy=3 MeV. (29 cancellation between themp:-w exchange is of higher order
and indeed very small. As a result, when the small contribu-
Finally, the 0,0, and thep-» operators involveg,, Ay, tion from the combination of seagull parameters Seall is con-

my, andC,,, parameters listed in Table A.3 of R¢#4].  sidered, the sum of all subleading contributions is small. The
They also involveg,,,, discussed in Ref[25]. These sum is somewhat larger and of opposite sign to leading order
heavy-meson contributions correspond to chiral Lagrangiaiwhen Seal is used.

coefficients of natural sized;+e;~—1.5(1f2M), e, In Fig. 6 we compare our leading and subleading results
~—2(12M), e,~2(1/2M), andg~4(1/2M?). for the pp cross sectiottiwithout Coulomb using the Reid93
potential with data from Refg34—36. We see that our
A. The pp—d=* reaction curves are approximately constant, as expected. Recent data

. . . o points for »<<0.1 are not all consistent, but they cluster
The relative sizes of the various contributions to the ma-

trix elementJ of this reaction as function of are shown in
Fig. 2 for the Reid93 potential. The sums of all contributions
are denoted “Suml” and “Sumll” if they include Seal and
Seall, respectively. The results for the AV18 potential are
very similar; only theA contribution is somewhat different in 0.2
magnitude, but still small.

Our leading order comprises WT, IA, amil The first
noticeable observation is that WT is by far the largest con-=~ 00 <
tribution. This is a consequence of cancellations in IA and &
which were not anticipated by the power counting. In Figs. 3,%
4, and 5 we can see typical integrands for the three contri-
butions at»=0.3, in the case of the Argonne V18 potential.
While for WT the contributions from th& and D deuteron —0.4
waves add and are dominated by the region araund.5 RTINS VRPN VRTINS VRPN PR PP
fm, for IA and A the SandD waves tend to interfere destruc- 2 4 . (ffn) 8 10 12
tively, and contributions from different regions approxi-
mately cancel. These cancellations are missed by our simple FIG. 4. Typical integrand$;=0.3) of the impulse contribution
power-counting argument, but explain why the WT domi-to pp—d=* as function of the radial coordinatefor deuteronS
nates. andD waves of the Argonne V18 potential. Lines are as in Fig. 3.

T T T
dJ/dr for IA term

Argonne v18 Potential

o
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r (fm) 7
FIG. 5. Typical integrand$»=0.3) of the delta contribution to FIG. 7. Reduced cross sectioty for pp—d#* as function of

pp—d=™" as function of the radial coordinatefor deuteronS and n for the sum of all the contributions considered with two sets
D waves of the Argonne V18 potential. Lines are as in Fig. 3. parametergSuml, Suml) for the Reid93(solid line) and Argonne
V18 (dashed ling potentials, compared with data from TRIUMF
around an average of about 180 to 19Qub. The value ol (circles [34], COSY (diamonds [35] and IUCF (square}[36].
in leading ordefWT+1A +A) is a factor of about 1.5 below
data. The destructive interference with next-order contribu-
tions increases the disagreement by an amount depending gn 5 . . - . -
the value of7N isoscalar rescattering term. The change isthe Sy final state n Fig. 8 an_d for théso final state in Fig.
bigger when Seal is used. This can be seen in Fig. 6 as Surt P0th for the Reid93 potential. Again, results for the AV18
and Sumll. Because of the cancellations among subleadingPtential are very similar. o
terms, the result exhibits comparable dependence on the Heré again the WT contribution is the largest; since it
short-range contributions, as can be seen in Fig. 6 as «gumf§ontributes only to the’s; fma_l state, this channel is domi-
without o, p, .” We summarize our results in Fig. 7 where nant. Most of the other contributions are much smaller and
we show the sum of all the contributions we considered fof€nd to cancel to some extent. The exception isXhehich

the two sets of seagull parameters, and for the two potential§2S @ significant destructive interference with WT in fisg
state. The IA contribution is small due to the same type of

cancellation observed before among different regions in co-

ordinate space. In Fig. 10 we summarize our results for the
The relative sizes of the various contributions to the ma+two potentials considered and compare them to the same

trix elementJ of this reaction as function gi’ are shown for  data. We see that the theory produces a correct shape for the

n dependence but fails in magnitude by a factor-&. Use

of Seal further worsens the results. Once again the differ-

300 L NN - dm — Reid 93 | ences between the two potentials are minimal.

T g T
200 | @% §Q§§ [ | |

B. The pp—pn=t reaction

400 T T T T T

@% % L Amplitudes for NN - NNm
04 —
L Reid93 Potential 4

7=0.3 - °P, » IS, channel

a/n (ub)

L WTHARA

100 — Sumll — .
- _ _ _ _ _ ___ _ __ 1 2
80 [ Sumll without p, @, @ T T 2
o

70 %
Suml 2

60 [ g
s s L 3

0.01 0.02 0.1 0.2 5
R

FIG. 6. Reduced cross sectiott for pp—d=" as function of
7 calculated with the Reid93 potential in leading ord&/T+I1A
+A4), in leading plus subleading order with two sets of parameters 0 ot P (tm_l)o‘z 03
(Suml and Suml, and in leading plus subleading order without
heavy-meson exchang8umll withoutp, o, @), and compared with FIG. 8. Matrix elements) as function ofp’ for the various
data from TRIUMF (circle [34], COSY (diamond$ [35] and  contributions topp— pns*, calculated with wave functions from
IUCF (squares[36]. the Reid93 potential®S; final state.
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Other contributions tend to worsen the description of the
data. Particularly damaging are the contributions of the res-
cattering type. Here, as fgrp— pp=?°, the Swave seagulls
tend to interfere destructively with the leading mechanism.

As in the case of the p— pp#° reaction, theA contribu-
tion shows appreciable dependence on the potential used.
But unlike that reaction, here it generates relatively small
dependence on the potential in the final result, as conse-
quence of the large relative size of WT. Thecontribution
is the one that presents the largest change when we compare
pn andd final states. A comparison between the radial dis-
tributions of the delta contribution for th&s, pn final state
atp’=0.18 fm * and for the deuteron final state shows that
they both have two peaks of opposite signs, one-&d.6 fm
which is constructive with WT, another at-1.8 fm which

is destructive; in theon case the outer peak is larger, while
in the d case the inner peak is larger.

FIG. 9. Matrix elements) as function ofp’ for the various
contributions topp— pn= ™", calculated with wave functions from

the Reid93 potential'S, final state.

C. Discussion

Note, however, that thA contribution is subject to large
uncertainties. First, therNA coupling constant is not pre-
cisely determined and appears squared; although we do not

The d=* final state has been considered before in th&know whether this coupling should be bigger or smaller than

literature. Referenci2] has found that the impulse term was the value used here, it could contribute to a decrease df the

very small due to the strong cancellation betweenSland

effect. Second, therNA form factor seems to be much

D waves in the matrix element shown above. Mostly due tosofter than the correspondingNN form factor; our neglect-
the WT, a of 146 to 160ub was obtained using the older, ing both enhances thA contribution relative to the WT
higher value of therNN coupling constant; using the more term. Third, we have neglected the- N mass difference in

recent value, we get 124 to 13/. A similar analysig39]
included also form factors at the7wNN vertices, which led

energies; since th& mass would appear in the denominator,
the delta contribution would decrease by a factor of

to a decrease of approximately 20% in the cross section; with-2my/(my+m,). Fourth, we have neglected the kinetic
the more modern coupling constants, the overall result wasnergy of the delta, account of which would further decrease
near 100ub. Recently, Ref[33] reanalyzed this reaction its amplitude. Fifth, it is known that there can be some can-

using a covariant approach. The result fousing only the

cellation between the pion- and rho-exchange delta terms;

WT term was again near 1Qb, but the amplitude contains including the latter would also diminish the delta contribu-
what we refer to as the Galilean correction to the WT termtion. Assuming each of these gives a 10% decrease, we could
which has an opposite sign. Our results for the WT termvery well be overestimating thA contribution by 50% or
alone are in numerical agreement with these works, since wenore.

find that it gives anx of about 100ub.

a/n% (ub)

103

102

1ol

100

FIG. 10. Reduced cross sectiorz? for pp—pna" as func-

NN - NNw

dots: Reid93
solid: Argonne v18

0.1 0.2
n

If we neglect this contribution altogether, we obtain the
results in Fig. 11 for the cross section in tthehannel and in
Fig. 12 for the cross section in tign channel. This brings
theory to underestimate both sets of data by a common factor
of =2. This implies that there must be further corrections to
the amplitude of about 50%. This is not unlike tip
— pp=° reaction considered in R4R5], where theory tends
to fail by a similar factor. The case for failure of theory there
is less clear-cut, however, because of the lack of a large
contribution as for the WT term here. As a consequence, the
usually small effect of other mechanisms is enhanced and the
result is dominated by shorter-range dynamics; more sensi-
tivity to the potential and seagull terms surfaces, and it is
possible to find a combination of parameters that includes
data[25]. No such gimmicks work here. For example, we
find that heavy-meson exchange—hailed as solution in the
pp—ppm reaction—does not help much ir-d7* and
—pn#", in agreement with the findings in Ref&0,41.

The dependence on thecontribution(which is a particular

tion of # for the sum of all the contributions using Seall: Reid93 type of rescatteringsuggests that we need better control

potential(dotted ling, Argonne V18 potentia{solid line), and data

from IUCF[37,38.

over longer-range contributions, such7aN rescattering and
two-pion exchange.

034613-10



NN—NNz" REACTION NEAR THRESHOLD IN A CHIRA. . .. PHYSICAL REVIEW C 61 034613

800 T T T T
700
600

500

ness of this term here reduces the effects of using different
NN potentials compared to thep— pp=° reaction. How-
ever the delta contribution is affected by a number of uncer-
tainties. We included also the same subleading terms that
300 [ 1 proved important in thepp—pp#® reaction: isospin-
% % B independent rescattering and heavy meson exchange simulat-
200 i @45 ing short-range mechanisms. The subleading Galilean cor-
% % rection to the WT term was included as well. These
100 — —

NN - dm without A — Sum II
400 -

f @
% m@ﬁl

a/n (ub)

contributions are all relatively small.

It is apparent, then, that our calculation suggests a better
convergence in the channels considered here than in the neu-
tral channel: the sum of leading-order interactions is much
larger than of the subleading mechanisms that were included,;
40 : : —— indeed, the latter are a30% effect in the amplitude, as
0.01 0.02 0.1 0.2 . .

n expected from the size of the expansion parameter
~+m_/my. Of course, a more convincing demonstration of

FIG. 11. Reduced cross sectiotty for pp—dm" as function  the conjecture of convergence has to wait the inclusion of
of n. The graph shows the sum of all the contributions, excludlngone_|00p diagrams.

the A: Reid93 potentialdotted ling, Argonne V18 potentia{solid However, our computed results typically fall a factor of

line), and data from TRIUMF(circles [34], COSY (diamond$ o0t two below the data. Corrections to the amplitude of
[35], and IUCF(square}[36]. about 50% would solve the problem. Our kernels vary as the
cube of a generic meson-nucleon coupling constant, so such
discrepancy can be parametrized as a 12% deficiency in the
We have calculated the cross section near threshold fag¢oupling constants. The pion-nucleon coupling constant is
the reactionspp—d=",—pnw"*, using a chiral power known to higher precision than that, but not to much higher
counting to order interactions. We have seen thafis, as  Precision. Thus the discrepancy we find might not be a very

expected, approximately linear with at threshold; for the Serious problem.
pnﬂ-"' final state, our cross section also has an energy depen- The interactions included contain most of the interactions

dence similar to the data. found in the literature. In particular, they include mecha-
Moreover, we showed that the WT term is indeed thehisms used in various models of pion production. This is a
dominant one, not only for thdS, pnz " final state but also  consequence of the fact thgPT is constructed so that it
for the deuteron channel, which is consistent with the earlyloes not exclude any dynamical contribution that is consis-
analyses for this final state. The IA term is smaller than wTtent with the symmetries of QCD. Therefore, the failure to
because of cancellations between different regions in coordcompletely describe the various pion production channels
nate space, and between tBand D waves of the deuteron cannot be blamed OﬁPT, but is common to all calculations
final state. The same cancellations affect the contributiodhat include sufficiently many known mechanisntkike-
from an explicitA in the intermediate state, more so in the Wise, if one-loop diagrams are eventually shown to be too

d#* channel than in thenz* channel. The relative small- large for convergence, this will be a problem for all other
approaches as well, since they all will also have to include

such loops.

3 Our main conclusion is that a relatively long-range

3 N~ NN without & ] mechanism—such asrN rescattering and/or two-pion

] exchange—is needed for the description of these reactions.
Accordingly, we suggest that advance in understanding pion
production inNN collisions must follow not from the study

of pp—ppm? by itself—as has been the trend of theoretical
study to date—but from focus on an understanding of long-
range effects that afflict all channels.

70

80 r
60

solid line: Reid 93
50 dashed line: V18

VI. CONCLUSION

103 I . . T T

a/n® (ub)

1ol

dots: Reid93
solid: Argonne v18
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