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NN\NNp¿ reaction near threshold in a chiral power counting approach
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Power-counting arguments are used to organize the interactions contributing to theNN→dp,pnp reactions
near threshold. We estimate the contributions from the three formally leading mechanisms: the Weinberg-
Tomozawa~WT! term, the impulse term, and theD-excitation mechanism. Subleading but potentially large
mechanisms, includingS-wave 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 reactionpp→ppp0, the computed cross sections are
considerably smaller than the data. We discuss possible origins of this discrepancy.

PACS number~s!: 13.75.Cs, 12.39.Fe, 25.10.1s, 11.40.Ha
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I. INTRODUCTION

Computations of pion production in nucleon-nucle
(NN) collisions near threshold allow a confrontation of o
understanding ofNN interactions with data in a kinemati
region for which chiral symmetry, and therefore quantu
chromodynamics~QCD!, could be very important. The reac
tion pp→ppp0 near threshold has attracted much attent
in the years since the first IUCF data appeared@1# and ex-
posed serious disagreements with earlier theoretical calc
tions@2–5#. The existence of many conflicting models claim
ing to explain this discrepancy@6–9# calls for a principle to
organize the several potentially significant mechanisms
pion production. Chiral perturbation theory (xPT) has been
applied to mesonic@10,11#, one-baryon@12–15#, and nuclear
@16–23# processes where typical momenta of the order of
pion mass,mp , allow a systematic expansion of observab
in powers ofmp /MQCD, whereMQCD;1 GeV. Cohenet al.
@24# have adapted the power counting and appliedxPT to
near-threshold pion production, where momenta are of o
AmpmN, mN being the nucleon mass. They estimated le
ing and next-to-leading contributions, the latter including i
portant short-range contributions, related to the isosc
components of the potential~and possibly described bys
andv meson exchanges! @6#. Subsequently, van Kolcket al.
@25# showed that next-to-next-to-leading contributions~e.g.,
from r-v meson exchange! are smaller but also relevan
suggesting convergence, albeit slow. Data could then be
plained within the very large theoretical uncertainties ass
ated withS-wave pion rescattering and the short-range str
ture of the nuclear force. OtherxPT-inspired calculations
have also stressed the importance of understanding resc
ing @26# and the effect of loops@26–30#. Since thesexPT-
inspired calculations comprise mechanisms considered
other, model calculations, one concludes that a large theo
ical uncertainty plaguesall neutral-pion production calcula
tions performed to date.

Study of other channels may help clarify these issues.
natural to examine them using the same techniques. Her
0556-2813/2000/61~3!/034613~12!/$15.00 61 0346
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are going to discussNN→dp and→pnp, which tradition-
ally have been considered better understood thanpp
→ppp0 . We consider energies near threshold where
calculation simplifies, because the pion emerges mostly in
S wave. We will show that an understanding of these ch
nels is still in the future.

We adopt here the conventional nuclear approach
grouping allNN interactions generated by mesons of sm
momentum in a potential, while the contributions associa
with energies comparable tomp are accounted for in a kerne
to be evaluated between wave functions generated by
potential. Splitting the problem this way, one should s
strive to calculate wave functions and kernels from the sa
theory or model, otherwise ambiguities arise from off-sh
extrapolations~or equivalently, from nucleon-field redefini
tions!. xPT is the only known tool for performing this task
and at the same time is consistent with QCD, because
symmetries are treated correctly.xPT is also unique in that it
offers the possibility of doing systematic calculations: an e
pansion in momenta provides a power counting to organ
the calculation even though coupling constants are not sm

xPT separates interactions in long-range effects calcula
explicitly with pion exchange and short-range effects a
counted for by contact interactions with an increasing nu
ber of derivatives. Parameters not constrained by chiral s
metry depend on details of QCD dynamics, and are at
present unknown functions of QCD parameters. In the st
dard case of processes involving momenta of ordermp , pre-
dictive power is not lost, because at any given order in
power counting only a finite number of unknown paramet
appear; after they are fitted to a finite set of data, all else
be predicted at that order. These predictions are called ‘‘lo
energy theorems.’’ Since the Lagrangian ofxPT is the most
general one consistent with QCD symmetries,xPT is a gen-
eralization of current algebra.

Unfortunately, the onlyNN potential derived inxPT @17#
and fitted to low-energy phase shifts@18# produces poor re-
sults for phase shifts at energies near the pion produc
threshold. Attempts to remedy the situation are in progr
©2000 The American Physical Society13-1
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@22,23#. For the time being we will rely on modern, ‘‘realis
tic’’ phenomenological potentials which fitNN data very
well. By considering more than one of those, we can e
mate the otherwise uncontrolled error stemming from
inconsistent use of potential and kernel. We are going to
that, in contrast to neutral pion production, the error is sm
in the channels considered here. Because such realistic
tentials reproduce low-energy phase shifts with identi
long-range tails, they must contain the equivalent to the le
ing order in the chiral expansion. Although our approa
should be considered phenomenological, our leading-o
result will be an approximation to a low-energy theorem.
subleading orders in the expansion, an apparent ambig
arises, concerning the correct treatment of the energy tr
ferred in pion rescattering. This can be seen in the conflic
results of estimates of the same kernel@24,26#. This issue is
under study@31#; here we will limit ourselves to the mos
natural prescription that the transferred energy is.mp/2.

We will concentrate most of our efforts on the kernel. W
will discuss a reasonable power counting for pion product
that generalizes forpd andppn channels the discussion o
Ref. @24#. In leading order, the new ingredient here is pi
rescattering using the Weinberg-Tomozawa~WT! term that
dominates isospin-dependentpN scattering. This term doe
not contribute to the reactionpp→ppp0 . In the latter, the
leading nonvanishing order consists only of an impulse te
~IA !, in which a single pion is emitted from a nucleon, and
similar contribution from the delta~D!. This leading order
underpredicts the experimental data by a factor of appr
mately 5, due to two cancellations not incorporated in o
power counting:~i! among different regions in coordinat
space for each term evaluated between initial and final w
functions; and~ii ! between the total impulse and delta co
tributions. Oversight~i! results from our present inability to
treat the potential and the kernel on the same footing. O
sight ~ii ! is somewhat accidental, but actually expected fr
the fact that, in energy, the pion threshold sits midway
tween the elastic threshold and the delta pole. The sensit
of the delta contribution to the realistic potential used is
main source of dependence on theNN potential of the final
result.

As a consequence of the accidentally small leading or
effects which are usually negligible acquire prominence
pp→ppp0 . One effect is isospin-independent pion resc
tering. xPT is critically necessary to assess the size of
contribution. First, in principlexPT allows one to determine
from pN data not only the momentum- and energ
independent 2pN†N vertex, but also terms which are qu
dratic in energy and momentum. This is important in view
the fact that in pion production the virtual pion has energy
ordermp/2 and the combination of parameters of relevan
is thus different from the combination that appears at thepN
scattering threshold. There is by now a number of consis
estimates of the relevant parameters to third order@13,14#.
An estimate of the uncertainty of this contribution to pio
production can be made by using also a lower-order de
mination @15#. Second,xPT is the only way to account fo
rescattering as a component of a Feynman diagram with
destroying chiral symmetry. There have been attempts to
03461
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timate rescattering by simply connecting a nucleon line t
pN amplitude with an arbitrary off-shell extension@7,8#. By
considering field redefinitions in the most general chiral L
grangian, it is easy to show that the off-shell ambiguity in t
pion leg is equivalent to a set of short-rangep(N†N)2 inter-
actions, and that an inconsistent treatment of both effe
leads to violation of chiral symmetry in a way that is contr
dictory with QCD@32#. UsingxPT, it was found@24,26# that
rescattering interferes destructively with the leading-order
fects in pp→ppp0 . This further interference makes agre
ment with data more difficult. Although the magnitude of th
effect is still being assessed@31#, it is certain that the uncer
tainty stemming from different determinations of thexPT
parameters is large@25#.

This disagreement between theoretical evaluations
cross-section data forpp→ppp0 can be largely removed i
s, r and other heavy mesons are included@25#. When first
suggested@6#, it looked as ifpp→ppp0 was a clear signa
of these otherwise elusive mechanisms. Among the first c
rections in our power counting, one finds two-pion-exchan
loop graphs andp(N†N)2 counterterms~that behave prop-
erly under chiral symmetry!. A full xPT calculation requires
the calculation of these loops, and although some steps h
been taken in this direction@28,30#, it is a herculean task tha
remains to be completed. Even then, it will still require th
the counterterms be fitted to some pion production data~say,
right at threshold! so that other data~say, the energy depen
dence close to threshold, or other channels! be predicted. In
the case ofpp→ppp0, even the most sophisticated phenom
enological models have to recourse to such a fit of a sh
range counterterm@33#. In any case, after all this one woul
then be interested in determining whether such counterte
are of natural size, and whether they can be further und
stood as the result of heavy-meson exchange. In view o
other uncertainties, the authors of Ref.@24# took the point of
view that an estimate of this class of subleading contri
tions could more easily be made by modeling them w
meson exchange in Z-graphs, following Ref.@6#. It turns out
that the counterterms so produced are of natural size, w
lends them credence, but that they are not sufficient
achieve agreement with data. In order to study converge
further meson exchanges~chiefly r-v! that contribute to
higher-order counterterms were considered, and shown t
smaller but still relevant@25#.

The conclusion of Ref.@25# was that it is possible to
describe thepp→ppp0 reaction consistently with QCD
reasonable meson exchanges, and realistic potentials,
only within a very large theoretical uncertainty. It is ou
intention to assess here our theoretical understanding o
NN→dp,→pnp reactions by analyzing the effect of th
same microscopic mechanisms.

Early theoretical analyses of the reactionpp→dp1, like
in ours, split it into a kernel and effects of initial- and fina
state interactions. The numerical results of the early analy
@2# were that this reaction is dominated by the Weinbe
Tomozawa~WT! term @Fig. 1~b!#. The main competitor pro-
cess was thought to be the impulse term~IA ! @Fig. 1~a!#. The
early estimate of this IA gave a small contribution@2# due to
a cancellation in the matrix elements between theS and D
3-2
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waves of the deuteron final state. It was believed that the
term alone could account for the essential features of
data.

With the advent of accelerators capable of producing
tense high-quality beams of protons with GeV energies
very precise detecting systems, good and accurate dat
np→dp0 @34#, pp→dp1 @35,36#, andpp→pnp1 @37,38#
near threshold became available. For the deuteron chan
the new data show that the theoretical calculations starte
Koltun and Reitan were in the right direction. More rece
calculations of the WT and IA mechanisms@39,40,27#, how-
ever, indicated that their strength might not be sufficient
explain the new data. A calculation@41# using IA, on-shell
pion rescattering, ands,v Z-graphs@Fig. 1~c!# finds good
agreement with data in allppp0, pnp1, anddp1 channels
with a softpN form factor.

Our motivation here is to examine what a chiral pow
counting suggests for the pion production in thepp→dp1

and pp→pnp1 reactions near threshold. In Sec. II we d
cuss the power counting and the chiral Lagrangian. In S
III the kernel is obtained; we consider not only the WT, I
and s,v Z-graph mechanisms, but also other rescatter
contributions—such as theD term @Fig. 1~d!#, the Galilean
correction to the WT term@GC, Fig. 1~b!#, and isospin-
independent seagull terms@ST, Fig. 1~b!#—and other short-
range contributions—such asr-v exchange@Fig. 1~e!#. In
Sec. IV the calculation of the cross sections is outlined. S
tion V describes our input and discusses our results. An
look is presented in Sec. VI.

II. IMPLEMENTING xPT

Near threshold for pion production the total energy of t
two colliding nucleons is of order 2mN1mp , so that the
center-of-mass initial kinetic energy of each nucleon
mp/2. This energy is smaller than the nucleon mass, so
can use a nonrelativistic framework. The nonrelativistic
netic energy formula holds; the mass 2mN plays no dynami-
cal role, and the typical momentum of real and virtual p
ticles involved in this process isptyp;AmNmp. This requires
some adaptation of the usual effective theory ideas wh
have been developed for momenta typical of most nuc
systems,Q;mp . Because the mass difference between
delta isobar and the nucleon,d5mD2mN , is numerically of
order of the typical excitation energy we are interested
mp , the D must be included explicitly as a degree of fre

FIG. 1. Various contributions to thepp→dp1,pnp1 reactions.
A single ~double! solid line stands for a nucleon~delta! and a single
~double! dashed line represents a pion~sigma, omega, rho!;
C i (C f) is the wave function for the initial~final! state.
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dom in the Lagrangian. On the other hand,AmNmp is
smaller than the characteristic mass scale of QCD,MQCD
;1 GeV, at least in the chiral limitmp→0, so that the
contribution of other states~the Roper, ther meson, etc.! can
be buried in short-range interactions.

We thus seek a theory of nonrelativistic nucleons and d
tas interacting with pions that is consistent with the symm
tries of QCD.xPT is implemented via the most general L
grangian involving these degrees of freedom aided
power-counting arguments. The seminal idea was conta
in a paper by Weinberg@10#. This idea was developed sys
tematically for interactions of mesons@11# and for interac-
tions of mesons with a baryon@12,13#. The generalization of
these techniques to describe properties of more than
baryon was also due to Weinberg@16# and was carried out in
detail in Refs.@17–19#; see also Refs.@20,21,23#.

When dealing with typical momenta of orderQ;mp , the
usual power counting suggests that we order terms in
chiral Lagrangian according to the ‘‘index’’D5d1 f /222,
whered is the sum of the number of derivatives, the numb
of powers ofmp , and the number of powers ofd; andf is the
number of fermion field operators. In the following we wi
consider interactions withD up to 4.

The Lagrangian withD50 for each interaction@10–
13,16,18,19# is

L (0)5
1

2
~ṗ22~¹W p!2!2

1

2
mp

2 p21N†F i ]02
1

4 f p
2

t

•~p3ṗ!GN1
gA

2 f p
N†~t•sW •¹W p!N1D†@ i ]02d#D

1
hA

2 f p
@N†~T•SW •¹W p!D1H.c.#1•••, ~1!

where f p593 MeV is the pion decay constant,d5mD

2mN is the isobar-nucleon mass difference,gA is the axial-
vector coupling of the nucleon,hA is theDNp coupling, and
SW andT are the transition spin and isospin matrices, norm
ized such that

SiSj
15

1

3
~2d i j 2 i« i jksk!, ~2!

TaTb
15

1

3
~2dab2 i«abctc!. ~3!

Notice that we defined the fieldsN andD in such a way that
there is no factor of exp(2imNt) in their time evolution.
HencemN does not appear explicitly at this index, corr
sponding to static baryons. We also wroteL (0) in the rest
frame of the baryons, which is the natural choice.~Galilean
invariance will be ensured by including terms with addition
derivatives.! Chiral symmetry determines the coefficient
the so-called Weinberg-Tomozawa term@N†t•(p3ṗ)N#
but not of the single-pion interactions (gA ,hA).

The Lagrangian withD51 is @12,13,18,19#
3-3
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L (1)5
1

2mN
FN†¹W 2N1

1

4 f p
2
„iN†t•~p3¹W p!•¹W N1H.c.…G1

1

f p
2

N†F S c21c32
gA

2

8mN
D ṗ22c3~¹W p!222c1mp

2 p22
1

2

3S c41
1

4mN
D « i jk«abcsktc] ipa] jpbGN1

dmN

2
N†F t32

1

2 f p
2

p3p•tGN1
1

2mN
D†@¹W 21•••#D

2
gA

4mNf p
@ iN†t•ṗsW •¹W N1H.c.#2

hA

2mNf p
@ iN†T•ṗSW •¹W D1H.c.#2

d1

f p
N†~t•sW •¹W p!N N†N

2
d2

2 f p
« i jk«abc] ipaN†s jtbN N†sktcN1•••, ~4!
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where theci ’s are coefficients ofO(1/M ), dmN;md2mu is
the quark mass difference contribution to the neutron-pro
mass difference, and thedi ’s are coefficients ofO(1/f p

2 M ).
These seven numbers are not fixed by chiral symmetry, b
is important to point out that Galilean invariance requir
that the other coefficients explicitly shown above be rela
to those appearing inL (0) . This in particular fixes the
strength of the single-pion interactions in terms of t
lowest-order coefficientsgA and hA , and of the common
massmN .

The Lagrangian withD52 is @24#

L (2)5
d181e1

2mNf p
@ iN†t•ṗsW •¹W N N†N1H.c.#

2
e1

2mNf p
@ iN†t•ṗsW N •N†¹W N1H.c.#

1
e2

2mNf p
@N†t•ṗsW 3¹W N •N†sW N1H.c.#1•••,

~5!

where theei ’s are other coefficients ofO(1/f p
2 M ).

Among the Lagrangians with higher indices, we find@25#

L (4)5
g

2mNf p
@ iN†t•ṗsW •¹W ¹W N•N†¹W N1H.c.#1•••,

~6!

whereg is a coefficient ofO(1/f p
2 M3).

The two nucleons in theNN→NNp reaction can interac
repeatedly by the exchange of mesons of momentaQ;mp

before and after the emission of the pion. We account for
through the iteration of a potential, which produces init
and final wave functions that differ from the free ones. T
emission of the pion, on the other hand, involves the lar
momentum ptyp;AmNmp. The subdiagrams that involv
such typical momentum form the kernel of ‘‘irreducible di
grams,’’ which is evaluated between wave functions.

The unusually high momentum in the kernel requir
modification in the usual power counting. While in the usu
power counting energy and momenta are counted as eq
here energies are;mp but momenta;AmNmp. This
changes the usual correspondence between index and o
03461
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The leading nucleon propagator, for example, includ
both the static term in Eq.~1! and the kinetic term in Eq.~4!
at the same order in power counting for pion productio
contrary to the situation inxPT applied to one-baryon sys
tems. The nucleon propagator then is;1/mp . Relativistic
correctionsp4/8mN

3 1••• are relatively smaller by;mp /mN

and can be considered higher-order insertions. Note that
is completely consistent with our decomposition of the f
amplitude into a kernel and wave functions obtained from
Schrödinger equation, and, contrary to what is stated in R
@29#, doesnot imply the need of a relativistic framework
The delta propagator differs from the nucleon by the pr
ence of the mass differenced;2mp . As pointed out first in
Ref. @24#, the delta propagator is then actually;21/mp and
tends to interfere destructively with the nucleon contrib
tions to the kernel. The pion propagator, on the other hand
;1/mpmN . In interactions, each time derivative is asso
ated with a factor ofmp , while a space derivative a factor o
AmNmp. Finally, a loop brings a (mNmp)3/2mp /(4p)2 .

A detailed analysis of various contributions can be fou
in Ref. @24#. The new elements here are those associated
the isospin-dependent WT pion rescattering. The order of
WT contribution is evaluated as follows. The term propo
tional to ]0p of Eq. ~1! yields an explicit factor ofmp / f p

2 ;
the pion-nucleon interaction provides a factor
Amp mN/ f p , and the pion propagator (mp mN)21 . The total
net result is of orderO( f p

23Amp /M ), which is the same
order of the impulse approximation and the delta contrib
tion @24#. Therefore due to power counting arguments,
expect the contributions of WT, IA, andD terms to have the
same importance; they constitute our leading order. We
also include other terms which are of ordermp /M or higher
relative to the leading one: the isospin-independent pion
cattering~SG!, the Galilean correction to the WT term~GC!,
and contact terms, modeled by the heavy meson excha
~s, v, andr-v!.

III. THE KERNEL

We now obtain the explicit forms of the various contrib
tions by evaluating the most important irreducible diagra
in momentum space. Our notation is as follows:vq

25qW 2

1mp
2 is the energy of the~on-shell! pion produced with mo-

mentumqW in the center of mass;pW (pW 8) is the center-of-mass
3-4
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momentum of the incoming~outgoing! nucleon labeled ‘‘1’’
~those of nucleon ‘‘2’’ are opposite!; kW5pW 2pW 8 (k05mp/2)
is the momentum~energy! transferred;vk

25kW21mp
2 ; PW 5pW

1pW 8; sW ( i ) is the spin of protoni; SW a5sW (1)ta
(1)2sW (2)ta

(2)

where a is the isospin of emitted pion; andSW 5(sW (1)

1sW (2))/2. We define theT-matrix in terms of theS-matrix
via S511 iT.

According to the previous discussion, we expect the le
ing contributions to arise from the diagrams in Figs. 1~a!,
1~b!, and 1~d!. In the case of the Weinberg-Tomozawa d
gram @Fig. 1~b!#, we get

Ta
WT52

gA

4 f p
3

eabctb
(1)tc

(2) vq1k0

vk
22~k0!2

SW •kW . ~7!
e
le
in
tr
ll

r-
tio
ch
t o
-

-

ym
ffi

03461
-

-

The Galilean correction to WT contribution is smaller by
factor of mp /M and is given by

Ta
GC52

gA

8mNf p
3

eabctb
(1)tc

(2) 1

vk
22~k0!2

kW•PW SW •kW . ~8!

The impulse term@Fig. 1~a!# is discussed in detail in@24#.
We will calculate the impulse approximation directly fro
Eq. ~6! in Ref. @24#, in the same fashion as done by Koltu
and Reitan@2#. Recoil corrections are expected to be smal
by a factor ofmp /M . ~In pp→ppp0 this was verified ex-
plicitly @24#.! Since the impulse contribution will prove to b
small, we can ignore the recoil contributions in this first a
proach.

The D contribution@Fig. 1~d!# to the kernel is given by
Ta
D5

2 igAhA
2

18mNf p
3

1

vk
22~k0!2

vq

d22vq
2 F ~kW2vq2kW•PW d!SW a•kW1

i

2
vq„ta

(1)sW (1)
•kWsW (2)

•~PW 3kW !2ta
(2)sW (1)

•~PW 3kW !sW (2)
•kW…G

1 i eabctb
(1)tc

(2)F ~vq kW •PW 2d kW2!SW •kW2
i

4
d„sW (1)

•kWsW (2)
•~PW 3kW !1sW (1)

•~PW 3kW !sW (2)
•kW…G . ~9!
rna-
nts
use

p-

r

r
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Results similar to Eq.~6! in Ref. @24# and Eq.~9! follow for
shorter-range terms where the two nucleons exchang
heavier meson rather than a pion. In the case of a nuc
intermediate state, such a contribution is automatically
cluded in the potential. In any reasonable model, the con
butions from a delta intermediate state turn out to be sma
than those in diagram of Fig. 1~d!. For example, they could
arise froma1 exchange, but then the relatively higha1 mass
suppresses this contribution; the contribution from ther
which is formally of higher-order is likely to be more impo
tant. Since, as we are going to see, the delta contribu
from pion exchange is not large, we will not go into su
detailed analysis for the purpose of estimating the effec
theD: we use Eq.~9!. We will further discuss the uncertain
ties related to the delta contribution below.

There are other corrections of ordermp /M compared to
the leading terms. Figure 1~b! represents also isospin
independent rescattering:

Ta
ST5 i

gA

f p
3

1

vk
22~k0!2 H F S c21c32

gA
2

8mN
D k0vq22c1mp

2 G
3SW a•kW2

dmN

8
@d3atW (1)

•tW (2) ~sW (1)2sW (2)!

1sW (1)t3
(1)ta

(2)2sW (2)ta
(1)t3

(2)#•kW J . ~10!

The short-range mechanisms provided by theD52,3,4
Lagrangians involve several unknown constants. Chiral s
metry tells us nothing about the strength of these coe
a
on
-
i-
er

n

f

-
-

cients. We can use data to determine some of them. Alte
tively, we can use a model to determine these coefficie
and then try to explain the experimental results. Here we
the mechanism first proposed by Lee and Riska@6# and by
Horowitz et al. @7#, where the short-range interaction is su
posed to originate from Z-graphs withs andv exchanges, as
shown in Fig. 1~c!. In this case,

Ta
s,v52

i gA

4 f pmN
2

vqF S gs
2

kW21ms
2

1
gv

2

kW21mv
2 D SW a•PW

2 i
gv

2 ~11Cv!

kW21mv
2

sW (1)3sW (2)
•kW~ta

(1)1ta
(2)!G , ~11!

where ms (mv) and gs (gv) are the mass and the vecto
coupling to nucleons of thes ~v! meson, andCv denotes the
ratio of tensor to vector coupling for thev meson. In the case
of pp→ppp0, the contribution due tor-v exchange@Fig.
1~e!# is not negligible@25#, so we also include it here in orde
to get an estimate of the convergence of our expansion. T
contribution leads to

Ta
r2v52

i grgvgprv

4mN
2

vq

mv
S gr

2

kW21mr
2
•

gv
2

kW21mv
2 D

3$~21Cr1Cv!~kW2SW a•PW 2kW•PW SW a•kW !2 i ~11Cr!

3~11Cv!kW2 sW (1)3sW (2)
•kW ~ta

(1)1ta
(2)!%, ~12!
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wheregprv is the prv coupling @25# and the other coeffi-
cients have the same meaning as in the previous equatio
momenta much smaller than the meson masses, these s
range contributions are indeed contact interactions.

IV. CROSS SECTION

We want to evaluate the matrix elements of the abo
operators between initial and final state wave functions. C
servation of parity, angular momentum, and isospin c
strains the possible channels for the reactions. In the cas
unbound final nucleons, sufficiently close to threshold
strongS-wave two-nucleon interaction implies that the mo
important channels should be those in which the final nu
ons have relative orbital angular momentumLNN50, that is,
the transitions are mostly3P1→3S1 for pp→pnp1 and
3P0→1S0 for pp→pnp1 and pp→ppp0 . In the case of
the deuteron final state the effect of theD wave is also im-
portant, and it is incorporated in the following. The cro
section fornp→dp0 is related to that ofpp→dp1 by isos-
pin considerations. There is a relative factor 2 frompp being
pure isospinI 51 and np having I 51 and I 50 in equal
probabilities; and there are Coulomb effects. If the expe
mental data forpp→dp1 are corrected for these electro
magnetic effects, then both reactions near threshold ca
viewed as a determination of the single constanta related to
the slope of the total cross section for the deuteron chan
as function ofh5q/mp , whereq is the maximum pion mo-
mentum. For thedp1 reaction, we will compute the cros
sectionspp but will disregard the Coulomb interaction i
both the initial state—which is not so important due to t
not-so-small initial energy—and final state. This means
can only compare with Coulomb-correctedpp data. We will
see thatspp is, as expected, approximately linear withh at
threshold, so our result can be considered a calculation oa.
Alternatively, it is a calculation of 2snp . We will also dis-
regard the Coulomb interaction in thepnp1 final state.

A. The pp\dp¿ reaction

We are concerned with evaluating the matrix elements
the above operators between the initial3P1 and the deuteron
final wave functions. To evaluate the influence of the pot
tial in the amplitudes, we use Reid93@42# and Argonne V18
@43# potentials which, for a givenpp channel, are local po
tentials. Thus we evaluate the operators between coordi
space initial~i! and final~f! wave functions expressed by

^rWu i &57
A2

pr
iu1,1~r !eid1,1~A2pA3!u3P1&, ~13!

where2 ~1! is for third-component of the angular mome
tum MJ511 (21), and

^rWu f &5
1

r
@u~r !u3S1&1w~r !u3D1&], ~14!

where the deuteron radial and spin-angle wave functions
normalized to unity.
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We convert the operators of Eqs.~7!–~12! to configura-
tion space by inverting the Fourier transforms. The result
operators can then be used in configuration-space matrix
ements. We define the matrix elements of the operator
Eqs.~7!–~12! as

M X5^ f uTXu i &57
A12p i

p
eid1,1E

0

`

drF u~r !

Amp

HS
X~r !

1
w~r !

A2mp

HD
X~r !G u1,1~r !, ~15!

whereX represents WT, IA, etc., andHS,D
X (r ) is the corre-

sponding operator. To compare results before the cro
section evaluation, we define dimensionless amplitudesJX,
whereX5WT, IA, D, etc. via

M X57 A12p ieid1,1
gA

f p
3

mp

4p
A2

3
JX. ~16!

We will plot JX5*dr(dJX/dr) in terms ofh to evaluate the
energy dependence of the amplitude, anddJX/dr in terms of
r to study ther dependence of the integrand.

The explicit expressions for the operatorsHS,D
X (r ) can be

obtained straightforwardly. We follow Ref.@7# by including
the effects of form factors in the heavy-meson contributio
as given in the Bonn potential@44#. The results are given in
Ref. @45#; they are similar to the expressions found in R
@24#.

The final steps consist of computing the total matrix e
mentM,

M5M WT1M GC1M IA1M ST1M D1M s,v1M r2v,
~17!

squaring it, and integrating over the available phase sp
We find

s5
1

16p

mp

p
Ed vq huMu2, ~18!

wherep is the magnitude of the center-of-mass 3-moment
and Ed is energy of the produced deuteron of massMd ,
Ed5AMd

21q2.

B. The pp\pnp¿ reaction

As we did in the deuteron case, we evaluate the ma
elements for the unbound final state using the same opera
of Eqs. ~7!–~12!. We will consider here just the absolut
threshold limit whereLp(NN)50. According to selection
rules, we have 2 channels:3P1→3S1 (Ti51, Tf50) and
3P0→1S0 (Ti51, Tf51). Again, to evaluate the influenc
of the potential in the amplitudes, we use Reid93@42# and
Argonne V18@43# potentials which, for a givenpp or pn
channel, are local potentials. Thus we evaluate the opera
between coordinate space initial~i! and final~f! wave func-
tions for the two channels, expressed by
3-6
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3P1→3S1 channel:

^rWu i &57
A2

pr
i u1,1~r !eid1,1~A2pA3! u3P1&,

^rWu f &5
1

p8r
i u0,1~r !eid0,1A4p u3S1&, ~19!

3P0→1S0 channel:

^rWu i &5
A2

pr
i u1,0~r !eid1,0A4p u3P0&,

^rWu f &5
1

p8r
i u0,0~r !eid0,0A4p u1S0&, ~20!

where2 ~1! is for third-component of the angular mome
tum MJ511 (21).

We convert the operators of Eqs.~7!–~12! to configura-
tion space by inverting the Fourier transforms. The result
operators can then be used in configuration-space matri
ements. We define the matrix elements of the operator
Eqs.~7!–~12! as

3P1→3S1 channel

M X5^3S1uTXu3P1&57 4p A3iei (d0,11d1,1)
gA

f p
3

1

4p
A2

3
JX,

~21!

3P0→1S0 channel

M Y5^1S0uTYu3P0&54p A2iei (d1,01d0,0)
gA

f p
3

1

4p
JY,

~22!

with

JX5
mp

p p8
E

0

`

dr u0,1~r ! HX~r ! u1,1~r !, ~23!

JY5
mp

p p8
E

0

`

dr u0,0~r ! HY~r ! u1,0~r !, ~24!

whereX andY representsD, IA, etc., JX andJY are dimen-
sionless integrals,HX(r ) and HY(r ) are the corresponding
operators, obtained using the matrix elements given in
Appendix, which are the same used in the deuteron final s
~for the 3P1→ 3S1 channel! and in thepp→ppp0 @24# ~for
the 3P0→ 1S0 channel!. We will plot JX andJY in terms of
p8 to evaluate the energy dependence of the amplitude,
dJX/dr anddJY/dr in terms ofr to study ther dependence
of the integrand.

For the 3P1→ 3S1 channel, the coordinate space expre
sions for the amplitudes are pretty much the same as
S-wave deuteron amplitudes. For the3P0→1S0 channel, the
expressions follow closely the work of Cohenet al. @24#, the
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isospin matrix elements being the only difference. As we
in the deuteron case, we include the effects of form fact
when dealing with heavy meson contributions.

The final steps consist of computing the total matrix e
ment M for the two channels, using Eq.~17! for the 3S1
final state and the same equation but without WT and the
terms for the1S0 final state, since in this state the isovect
contributions are zero.

The cross section is obtained by squaring the total am
tude, and integrating over the available phase space. We

s5 (
spins

1

v E0

pmax8
dp8

p82 q

~2p!3
uMu2

mN

2mN1vq
, ~25!

wherev is the laboratory velocity of the incident proton,p is
the magnitude of the center-of-mass initial 3-momentum a
pmax8 5Ap22mNmp. TheSspins indicates that~a! a sum over
final spin states and~b! an average over initial spin state
must be made, which result in factors of 3/4 for the3S1 and
1/4 for the 1S0 final states.

V. INPUT PARAMETERS AND RESULTS

The various amplitudes considered in the last section
pend on several parameters that we can determine from o
processes. The WT, GC to WT, and the impuls
approximation operators depend on the pion mass,mp

5139.6 MeV@46#, and on

gA

f p
5

gpNN

mN
; ~26!

we use the value ofgpNN appropriate for each potential. Th
D operator of Eq.~9! further depends on theD-N mass split-
ting d5294 MeV @46# and on thepND coupling constant,
hA . This has been fixed fromP-wave pN scattering~see,
e.g., Ref.@47#!,

hA

gA
.2.1. ~27!

The seagull operator of Eq.~10! depends on four param
etersc1,2,3 and dmN . The ci ’s can be obtained by fitting
S-wavepN scattering. In Ref.@13# they were found to be

F4c11
dmN

4mp
2

2S c21c32
gA

2

8mN
D G52

2.31

2mN
, ~28!

from thes term, the isospin-even scattering length, and
axial polarizability, toO(Q3). We refer to this as ‘‘SeaI.’’ A
different determination from anO(Q2) fit to pN subthresh-
old parameters@15# gives 20.29/2mN instead. We refer to
this as ‘‘SeaII.’’ Newer determinations@14# give values
closer to the more negative value SeaI, but we use both
ues in order to estimate the importance of this contributi
Note that the analysis of Ref.@13# does not include the isoba
explicitly. Since the inclusion of thepND interaction only
affectsS waves at one order higher than theci ’s, the above
values can still be used to estimate the effect ofS-wave res-
3-7
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cattering. The parameter,dmN , can in principle also be de
termined from S-wavepN scattering, but would require
careful analysis of other isospin-violating effects. Chi
symmetry relates it to the strong interaction contribution
the nucleon mass splitting, which is also difficult to dete
mine directly. Estimates of the electromagnetic contribut
d̄mN are more reliable,d̄mN;21.5 MeV @48#, and give
dmN;3 MeV. To be definite, we use

dmN53 MeV. ~29!

Finally, thes,v, and ther-v operators involvegh , Lh ,
mh , and Cv , parameters listed in Table A.3 of Ref.@44#.
They also involvegprv , discussed in Ref.@25#. These
heavy-meson contributions correspond to chiral Lagrang
coefficients of natural size:d181e1'21.5(1/f p

2 M ), e1

'22(1/f p
2 M ), e2'2(1/f p

2 M ), andg'4(1/f p
2 M3).

A. The pp\dp¿ reaction

The relative sizes of the various contributions to the m
trix elementJ of this reaction as function ofh are shown in
Fig. 2 for the Reid93 potential. The sums of all contributio
are denoted ‘‘SumI’’ and ‘‘SumII’’ if they include SeaI an
SeaII, respectively. The results for the AV18 potential a
very similar; only theD contribution is somewhat different in
magnitude, but still small.

Our leading order comprises WT, IA, andD. The first
noticeable observation is that WT is by far the largest c
tribution. This is a consequence of cancellations in IA andD
which were not anticipated by the power counting. In Figs
4, and 5 we can see typical integrands for the three con
butions ath50.3, in the case of the Argonne V18 potentia
While for WT the contributions from theS andD deuteron
waves add and are dominated by the region aroundr 51.5
fm, for IA andD theSandD waves tend to interfere destruc
tively, and contributions from differentr regions approxi-
mately cancel. These cancellations are missed by our sim
power-counting argument, but explain why the WT dom
nates.

FIG. 2. Matrix elementsJ as function ofh for the various con-
tributions to pp→dp1, calculated with wave functions from th
Reid93 potential.
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Our formally subleading contributions are all conside
ably smaller than WT. This suggests that the theoretical c
trol of this reaction is greater than forpp→ppp0 . More-
over, subleading contributions come with different sign
partially canceling. In fact, thes, v and GC terms come ou
with similar size—as predicted by the power counting—b
with opposite signs; there is an almost complete accide
cancellation between them.r-v exchange is of higher orde
and indeed very small. As a result, when the small contri
tion from the combination of seagull parameters SeaII is c
sidered, the sum of all subleading contributions is small. T
sum is somewhat larger and of opposite sign to leading o
when SeaI is used.

In Fig. 6 we compare our leading and subleading res
for thepp cross section~without Coulomb! using the Reid93
potential with data from Refs.@34–36#. We see that our
curves are approximately constant, as expected. Recent
points for h,0.1 are not all consistent, but they clust

FIG. 3. Typical integrands~h50.3! of the Weinberg-Tomozawa
contribution topp→dp1 as function of the radial coordinater for
deuteronSandD waves of the Argonne V18 potential. TheSwave
is given by the dashed line, theD wave by the dot-dashed line, an
the sum by the solid line.

FIG. 4. Typical integrands~h50.3! of the impulse contribution
to pp→dp1 as function of the radial coordinater for deuteronS
andD waves of the Argonne V18 potential. Lines are as in Fig.
3-8
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around an averagea of about 180 to 190mb. The value ofa
in leading order~WT1IA1D! is a factor of about 1.5 below
data. The destructive interference with next-order contri
tions increases the disagreement by an amount dependin
the value ofpN isoscalar rescattering term. The change
bigger when SeaI is used. This can be seen in Fig. 6 as S
and SumII. Because of the cancellations among sublea
terms, the result exhibits comparable dependence on
short-range contributions, as can be seen in Fig. 6 as ‘‘Su
without s, r, v.’’ We summarize our results in Fig. 7 wher
we show the sum of all the contributions we considered
the two sets of seagull parameters, and for the two potent

B. The pp\pnp¿ reaction

The relative sizes of the various contributions to the m
trix elementJ of this reaction as function ofp8 are shown for

FIG. 6. Reduced cross sections/h for pp→dp1 as function of
h calculated with the Reid93 potential in leading order~WT1IA
1D!, in leading plus subleading order with two sets of parame
~SumI and SumII!, and in leading plus subleading order witho
heavy-meson exchange~SumII withoutr, s, v!, and compared with
data from TRIUMF ~circles! @34#, COSY ~diamonds! @35# and
IUCF ~squares! @36#.

FIG. 5. Typical integrands~h50.3! of the delta contribution to
pp→dp1 as function of the radial coordinater for deuteronS and
D waves of the Argonne V18 potential. Lines are as in Fig. 3.
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the 3S1 final state in Fig. 8 and for the1S0 final state in Fig.
9, both for the Reid93 potential. Again, results for the AV1
potential are very similar.

Here again the WT contribution is the largest; since
contributes only to the3S1 final state, this channel is domi
nant. Most of the other contributions are much smaller a
tend to cancel to some extent. The exception is theD, which
has a significant destructive interference with WT in the3S1
state. The IA contribution is small due to the same type
cancellation observed before among different regions in
ordinate space. In Fig. 10 we summarize our results for
two potentials considered and compare them to the s
data. We see that the theory produces a correct shape fo
h dependence but fails in magnitude by a factor of;5. Use
of SeaI further worsens the results. Once again the dif
ences between the two potentials are minimal.

s

FIG. 8. Matrix elementsJ as function ofp8 for the various
contributions topp→pnp1, calculated with wave functions from
the Reid93 potential:3S1 final state.

FIG. 7. Reduced cross sections/h for pp→dp1 as function of
h for the sum of all the contributions considered with two se
parameters~SumI, SumII! for the Reid93~solid line! and Argonne
V18 ~dashed line! potentials, compared with data from TRIUM
~circles! @34#, COSY ~diamonds! @35# and IUCF~squares! @36#.
3-9
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C. Discussion

The dp1 final state has been considered before in
literature. Reference@2# has found that the impulse term wa
very small due to the strong cancellation between theS and
D waves in the matrix element shown above. Mostly due
the WT, a of 146 to 160mb was obtained using the olde
higher value of thepNN coupling constant; using the mor
recent value, we get 124 to 136mb. A similar analysis@39#
included also form factors at theppNN vertices, which led
to a decrease of approximately 20% in the cross section;
the more modern coupling constants, the overall result
near 100mb. Recently, Ref.@33# reanalyzed this reaction
using a covariant approach. The result fora using only the
WT term was again near 100mb, but the amplitude contain
what we refer to as the Galilean correction to the WT ter
which has an opposite sign. Our results for the WT te
alone are in numerical agreement with these works, since
find that it gives ana of about 100mb.

FIG. 9. Matrix elementsJ as function ofp8 for the various
contributions topp→pnp1, calculated with wave functions from
the Reid93 potential:1S0 final state.

FIG. 10. Reduced cross sections/h2 for pp→pnp1 as func-
tion of h for the sum of all the contributions using SeaII: Reid
potential~dotted line!, Argonne V18 potential~solid line!, and data
from IUCF @37,38#.
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Other contributions tend to worsen the description of
data. Particularly damaging are the contributions of the r
cattering type. Here, as forpp→ppp0, theS-wave seagulls
tend to interfere destructively with the leading mechanism

As in the case of thepp→ppp0 reaction, theD contribu-
tion shows appreciable dependence on the potential u
But unlike that reaction, here it generates relatively sm
dependence on the potential in the final result, as con
quence of the large relative size of WT. TheD contribution
is the one that presents the largest change when we com
pn andd final states. A comparison between the radial d
tributions of the delta contribution for the3S1 pn final state
at p850.18 fm21 and for the deuteron final state shows th
they both have two peaks of opposite signs, one atr;0.6 fm
which is constructive with WT, another atr;1.8 fm which
is destructive; in thepn case the outer peak is larger, whi
in the d case the inner peak is larger.

Note, however, that theD contribution is subject to large
uncertainties. First, thepND coupling constant is not pre
cisely determined and appears squared; although we do
know whether this coupling should be bigger or smaller th
the value used here, it could contribute to a decrease of thD
effect. Second, thepND form factor seems to be muc
softer than the correspondingpNN form factor; our neglect-
ing both enhances theD contribution relative to the WT
term. Third, we have neglected theD2N mass difference in
energies; since theD mass would appear in the denominato
the delta contribution would decrease by a factor
;2mN /(mN1mD). Fourth, we have neglected the kinet
energy of the delta, account of which would further decre
its amplitude. Fifth, it is known that there can be some c
cellation between the pion- and rho-exchange delta ter
including the latter would also diminish the delta contrib
tion. Assuming each of these gives a 10% decrease, we c
very well be overestimating theD contribution by 50% or
more.

If we neglect this contribution altogether, we obtain t
results in Fig. 11 for the cross section in thed channel and in
Fig. 12 for the cross section in thepn channel. This brings
theory to underestimate both sets of data by a common fa
of .2. This implies that there must be further corrections
the amplitude of about 50%. This is not unlike thepp
→ppp0 reaction considered in Ref.@25#, where theory tends
to fail by a similar factor. The case for failure of theory the
is less clear-cut, however, because of the lack of a la
contribution as for the WT term here. As a consequence,
usually small effect of other mechanisms is enhanced and
result is dominated by shorter-range dynamics; more se
tivity to the potential and seagull terms surfaces, and i
possible to find a combination of parameters that inclu
data @25#. No such gimmicks work here. For example, w
find that heavy-meson exchange—hailed as solution in
pp→ppp0 reaction—does not help much in→dp1 and
→pnp1, in agreement with the findings in Refs.@40,41#.
The dependence on theD contribution~which is a particular
type of rescattering! suggests that we need better cont
over longer-range contributions, such aspN rescattering and
two-pion exchange.
3-10
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VI. CONCLUSION

We have calculated the cross section near threshold
the reactionspp→dp1,→pnp1, using a chiral power
counting to order interactions. We have seen thatspp is, as
expected, approximately linear withh at threshold; for the
pnp1 final state, our cross section also has an energy de
dence similar to the data.

Moreover, we showed that the WT term is indeed t
dominant one, not only for the3S1 pnp1 final state but also
for the deuteron channel, which is consistent with the ea
analyses for this final state. The IA term is smaller than W
because of cancellations between different regions in coo
nate space, and between theS andD waves of the deuteron
final state. The same cancellations affect the contribu
from an explicitD in the intermediate state, more so in th
dp1 channel than in thepnp1 channel. The relative small

FIG. 12. Reduced cross sections/h2 for pp→pnp1 as func-
tion of h. The lines show the sum of all the contributions, excludi
the D: Reid93 potential~dotted line!, Argonne V18 potential~solid
line!, and data from IUCF@37,38#.

FIG. 11. Reduced cross sections/h for pp→dp1 as function
of h. The graph shows the sum of all the contributions, exclud
the D: Reid93 potential~dotted line!, Argonne V18 potential~solid
line!, and data from TRIUMF~circles! @34#, COSY ~diamonds!
@35#, and IUCF~squares! @36#.
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ness of this term here reduces the effects of using diffe
NN potentials compared to thepp→ppp0 reaction. How-
ever the delta contribution is affected by a number of unc
tainties. We included also the same subleading terms
proved important in thepp→ppp0 reaction: isospin-
independent rescattering and heavy meson exchange sim
ing short-range mechanisms. The subleading Galilean
rection to the WT term was included as well. The
contributions are all relatively small.

It is apparent, then, that our calculation suggests a be
convergence in the channels considered here than in the
tral channel: the sum of leading-order interactions is mu
larger than of the subleading mechanisms that were includ
indeed, the latter are a;30% effect in the amplitude, a
expected from the size of the expansion parame
;Amp /mN. Of course, a more convincing demonstration
the conjecture of convergence has to wait the inclusion
one-loop diagrams.

However, our computed results typically fall a factor
about two below the data. Corrections to the amplitude
about 50% would solve the problem. Our kernels vary as
cube of a generic meson-nucleon coupling constant, so s
discrepancy can be parametrized as a 12% deficiency in
coupling constants. The pion-nucleon coupling constan
known to higher precision than that, but not to much high
precision. Thus the discrepancy we find might not be a v
serious problem.

The interactions included contain most of the interactio
found in the literature. In particular, they include mech
nisms used in various models of pion production. This is
consequence of the fact thatxPT is constructed so that i
does not exclude any dynamical contribution that is con
tent with the symmetries of QCD. Therefore, the failure
completely describe the various pion production chann
cannot be blamed onxPT, but is common to all calculation
that include sufficiently many known mechanisms.~Like-
wise, if one-loop diagrams are eventually shown to be
large for convergence, this will be a problem for all oth
approaches as well, since they all will also have to inclu
such loops.!

Our main conclusion is that a relatively long-rang
mechanism—such aspN rescattering and/or two-pion
exchange—is needed for the description of these reacti
Accordingly, we suggest that advance in understanding p
production inNN collisions must follow not from the study
of pp→ppp0 by itself—as has been the trend of theoretic
study to date—but from focus on an understanding of lo
range effects that afflict all channels.
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