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The charge symmetry breaking amplitudes for the recently obseatdeda® reaction are investigated.
Chiral perturbation theory is used to classify and identify the leading-order terms. Specific forms of the related
one- and two-body tree-level diagrams are derived. As a first step toward a full calculation, a few tree-level
two-body diagrams are evaluated at each considered order, using a simplified seidef wave functions and
a plane-wave approximation for the initidd state. The leading-order pion-exchange term is shown to be
suppressed in this model because of poor overlap of the initial and final states. The higher-order one-body and
short-range(heavy-meson-exchangamplitudes provide better matching between the initial and final states
and therefore contribute significantly and coherently to the cross section. The consequences this might have for
a full calculation, with realistic wave functions and a more complete set of amplitudes, are discussed.
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[. INTRODUCTION called charge symmetry breakit@SB). There is also a con-
) o _ tribution to CSB because of the different electromagnetic
For most practical purposes, hadronic isospin states Cafteractions of the up and down quarks.

be considered as charge symmetric, i.e., invariant under a opserving the effects of CSB interactions therefore pro-
rotation by 180 arqund the two-axis in isospin spaceyjiges a probe ofm, and my, which are fundamental, but
Charge symmetryCS) is thus a subset of the general isospin 461y known parameters of the standard model. The quan-
symmetry, charge independen@®!), which requires invari- . 1y i |arger thanm,, causing a specific pattern of mass
ance “”d?a”y rotation in isospin space. In q“aﬂt“m chro- splitting between members of an isospin multipf&}. In
modynamics(QCD), CS means that the dynamics are un'particular, the light quark mass difference causes the neutron

changed under the exchange of the up and down quatks to be heavier than the proton. If this were not the case, our

In the language of hadrons, this symmetry translates Intolilniverse would be very different, as a consequence of the

e.g., the invariance of the strong interaction under the exy pendence of big-bang nucleosynthesis on the relative
change of protons and neutrons. However, since the up an

down quarks QO have ditferent mass(m,_a& my) [2’?’]’ th(_a i léziz?ﬁgn?;pésitggﬁczn%rngtétlrsorr:;.s been demonstrated in
QCD Lagrangian is not charge symmetric and neither is theg_

i ; . = > T P-w mixing [4], the nucleon mass splitting, the binding-
strong interaction of hadrons. This symmetry violation 'Senergy difference of mirror nuclei such & and ®He [5],

the different scattering lengths of elastio and pp scatter-
ings [6], and in the minute but well-measured difference be-
*Present address: Department of Physics and Astronomy, Ohitween the proton and neutron analyzing powers of elastic
University, ~Athens, OH  45701. Electronic  address: scattering[7]. A recent theoretical analysis afN scattering
anders@phy.ohiou.edu data found a small CSB effe¢8].
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Studying thedd— a® reaction presents exciting new op- It was demonstrated for the Cl reactionsr— 7 [28],
portunities for developing the understanding of CSB. This#N— &N [18], and NN— NN [29] that the values of the
reaction obviously violates isospin conservation; but mordow-energy constants can be understood as the low-energy
specifically, it violates charge symmetry since the deuteronmit of the exchange of a heavy state. This procedure is
and thea particle are self-conjugate under the charge sym<called the resonance saturation hypothesis. Within this
metry operator, with a positive eigenvalue, while the neutrascheme the other CSB interactions, also caused by the light
pion wave function changes sign. This reaction could notjuark mass differencg6,30, can be viewed as the low-
occur if charge symmetry were conserved, and the cross semomentum limit of standard meson-exchange mechanisms,
tion is proportional to the square of the CSB amplitude. Thissuch asw-7-7' and p-o mixings. Determining the various
is unique because all other observations of CSB involve ininteraction strengths may provide significant information
terferences with charge symmetric amplitudes. Thus a vergbout the quark-mass difference. Since these terms contrib-
clean signal for CSB is obtained through the observation of aite to CSB in the reactionsp—d#° and dd— a#° with
nonzero cross section. Furthermore this process has a clodéferent weights, it is important to analyze both processes
connection with QCD because chiral symmetry plays ausing the same framework.
dominant role in determining pion-production cross sections. Early calculations of CSB imp— d«° [31,33 incorpo-

Lapidus, in 19569], was the first to realize that thed rated most of the relevant mechanisms, giving an
— am reaction would be a useful probe of CSB. Various asymmetry—dominated byr-z mixing—of the order of
experimental groups tried to observe it, but without success2x 1073 for energies near threshol®2]. The combined
[10]. After other attempts yielding only upper limif1], a  pion-nucleon seagull interactions required by chiral symme-
group at the Saturne accelerator in Saclay reported a nonvay generate a larger contribution with the opposite $i88j,
nishing dd— am® cross section afy=1.1 GeV [12]. This  and provide a prediction fokg,(np— d=°) (based on a crude
finding was refuted by members of the same collaboratiorstimate of the strength of the CSB rescattering contribution
who argued that the putative signal fef production actu- that was confirmed by the recent experimental observation.
ally was caused by thédd— ayy background13]. The im-  However, the experimental value is in the lower band of the
portance of this background was confirmed by calculationgredicted range of values @,
of the double-radiative captuf@4], using a model based on ~ Qur aim here is to provide the first study of CSB in the
a very successful treatment of tll— a7 reaction at near thresholddd— a#° reaction using chiral EFT tech-
similar energieg15]. Thus the Saclagid— an® cross sec- niques. The effect ofr-7-7' mixing on this reaction was
tion is almost certainly a misinterpretation of a heavily-cutstudied several years ago®=1.95 GeV[34]. Pion produc-
smoothdd— ayy background14]. tion was assumed to be dominated by the productiom of

There have been two exciting recent observations of CSBind’, followed by -7 or 7r-z’ mixing. Using phenomeno-
in experiments involving the production of neutral pions. |ogical information on these parameters and on #he’
Many years of effort have led to the observation of CSB inangle, the cross section was expressed in terms of existing
np— dz° at TRIUMF. After a careful treatment of systematic data for the production cross sections. This method cannot
errors, the CSB forward-backward asymmetry of the differ-pe used for energies lower than that required to produce an
ential cross section was found to beAs,  meson, and other CSB contributions cannot be evaluated this
=[17.2+gstat)+5.5(sys)] X 10 [16]. In addition, the final  ay.
experiment at the IUCF Cooler ring has reported a very con- |t is necessary to explicitly account for the detailed dy-
vincing dd— an® signal near thresholdr=12.7+2.2 pb at namics of the few-nucleon pion-production amplitudes.
T4=228.5 MeV and 15.1+3.1 pb at 231.8 Mg\superim-  Therefore we will discuss the CSB amplitudes in the first
posed on a smootdd— ayy background[17]. This back- few orders, defined according to a chiral counting scheme
ground is roughly a factor 2 larger than calculations based othat provides a general guide to the expected importance of
Ref.[14], but has the expected shape. The data are consistegiifferent interaction terms. Such schemes do not explicitly
with the pion being produced in @&wave, as expected from account for spin-isospin factors, for the sometimes poor
the proximity of the thresholdT=225.6 MeV}. overlap of wave functions, or for the spin and isospin depen-

Clearly, these new high-quality CSB experiments demandiences of the wave functions. We shall see that selection
a theoretical interpretation using fundamental CSB mecharules resulting from the use of specific wave functions and
nisms. At momenta comparable to the pion ma3s;m,,  the threshold kinematics have a strong impact on the relative
QCD and its symmetrieg@and in particular CSBcan be de- importance of particular diagrams.
scribed by a hadronic effective field theoflgFT), namely, The fast incoming deuteron§p~ 460 MeV/c in the
chiral perturbation theoryyPT) [18,19. This EFT has been center-of-momentunic.m) frame| need to be slowed down
extended to pion productioi20-24 where typical momenta to produce ar particle and ars-wave pion at threshold. The
areQ~\Vm_M, with M the nucleon masgSee also Ref25] resulting large momentum transfer can be transmitted
where pion production was studied neglecting this large mothrough the initial- and final-state interactions or wave func-
mentum in power counting.This formalism provides spe- tion distortions, and through the exchange of a particle in the
cific CSB effects in addition to the nucleon mass difference pion-production subamplitude. Only the latter two possibili-
In particular, there are two pion-nucleon seagull interactiongies will be considered here. The complexities of titkini-
related by chiral symmetry to the quark-mass and electrotial state interaction will be included in a future study. Thus,
magnetic contributions to the nucleon mass differencave expect that a pion-production subamplitude should pref-
[26,27. erentially provide for momentum sharing between the deu-
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terons, in order to avoid forcing the nucleons out into the A. Effective interactions

small, high-momentum tail of the-particle wave function.
Spin, isospin, and symmetry requirements restrict the par- N QCD, the pseudo-Goldstone bosons of spontaneously

tial waves allowed for theld— a® reaction. In the spectro- Proken chiral symmetry, S x SU(2)—SU(2), can be
scopic notatior?S*iL |, whereSLL,J are the spin, orbital, and |den_t|f|ed W|_th the pions. Chiral symmetry th_en strongly con-
total angular momenta of théd state and is the pion an- strains the interactions allowed for pions with matter, and it
gular momentum, the lowest partial waves &f,s and is possible to construct a well-defined, convergent effective
5D, p. Hence, production of aswave pion requires that the field theo.ry for near-threshold pion reactlorjs, namely, phlral
initial deuterons be in a relative wave, with spins coupled Perturbation theory. Reviews with special emphasis on
to a spin-1 state, coupled together to zero total angular mdlucleon systems are provided in, e.g., R¢#8,19. The
mentum. The deuteron spins then need to be flipped, whil€hiral expansion can be adapted to the larger momentum
absorbing the® wave, to form the spin-0 state of the helium Sc@lé inherent in pion production in nucleon-nucleon and
nucleus. The invariant amplitude therefore takes the fornflucleus-nucleus collisiorf20-24. The necessary power se-
p-(e; X €,) wherep is the deuteron relative momentum and €S may con_vergéalbelt slowl;@o for th!s class of reactions
€, , are the polarization vectors of the initial deuterons. On[23,24. Studies of thepp— ppa reaction have shown that
the other hand @-wave pion is produced only when the the resonance-saturation hypothesis does not necessarily lead
deuterons are in a relativ® wave, with spins maximally to couplings of natural size, at least for interactions that con-
aligned to spin 2, requiring either a coupling with.=AS tribute to the producnon ob-wave pions[21]. This issue
=2 or D states ofd or «. This invariant amplitude is of the Should be further investigated.
form p-ep-(e,Xp.)+p-ep-(€,Xp.), where p.. is the We intend to reproduce th&matrix elements of QCD at
pion momentum. Interferences betweseand p waves will momenta m_uch _;maller t_han.the ch|ral symmetry breaking
disappear for any unpolarized observable scale, here identified for simplicity with the nucleon mass

In addition to these momentum-sharing and overall Sym_'I'o do this, the low-energy EFT must contain all the interac-

metry considerations, the spin-isospin symmetries of théions among pionsr, nuclleonsN, andA isobars whiqh are
nucleons in thedd: a system will turn out to be crucial in allowed by the symmetries of QCD. For the following, the

determining which subamplitudes can contribute and WhaEeIevant Cl interactions are

possible meson exchanges can take place. This will be dis-
cussed in considerable detail below. 1. _ <IN I

In this first stage we explore thed— an® production ﬁcF—FN [7-(m X m)IN+ > |NT a-N(V)
process using chiral EFT with the simplest deuteron and g g
a-particle wave functions, and ignoring the effects of initial-

1 .
— = [iNYr 76
state interactions. This will give us an initial test of the am- ZM[IN 7-mo-VN+H.c]

plitudes and provide us with the framework necessary to es-
tablish the ingredients for a full-fledged model. We are +ﬁ NTT-é-A(ﬁwHH c
developing a full model, using realistic wave functions and 2f -

incorporating initial-state interactions, along withadmix- 1 .

tures, and the results will be reported in forthcoming papers. - =[iN'T - @S- VA + H.c.]}. (1)
The chiral power counting scheme is developed in Sec. II, M

resulting in a list of possible CSB amplitudes. Our simplified

model is presented in Sec. Ill. The relative importance of thgyegre the first interaction is the Weinberg-Tomozawa term
amplitudes in this model is investigated in Sec. IV. The papeyhose strength is fixed by chiral symmetry in terms of the
then concludes in Sec. V with a discussion of the resultspion decay constarft,=92.4 MeV. Theother terms repre-
implications for the interpretation of the IUCF experiment, sent the standard axial-vector couplings—including
and future prospects. Some details of the calculation are iecoil—of the pion to the nucleofwith g,=1.26 and to
cluded in the Appendix. the A isobar(with h,=2.8). Note thats and = are the usual

Pauli matrices in spin and isospin spaces, SahdT are
the standardNA spin and isospin transition matrices, nor-

We use the EFT power-counting scheme to classify thénalized such thaﬁ$=%(2@j—i8ijk001 and T,T; =228,
CSB pion-production operators in this section. In addition,i&apc7c)-
the specific forms of the tree-level one- and two-body opera- Charge symmetry breaking can occur either via exchange
tors are derived. A few unknown low-energy constantsof a long-wavelengtitsoft) virtual photon or via short-range
(LECs) appear in the first few orders. Since these cannot bénteractions. The former is generated by writing all allowed
determined by symmetry considerations, we use phenomengauge-invariant interactions of the photon field. The latter
logical transition amplitudes to estimate their size. The ef-are represented by local interactions that come either from
fects of the derived operators are evaluated using a simplifiethe quark-mass difference,—my= e(m,+my) or from the
model in Sec. Ill. This allows us to check that the leadingexchange of short-wavelengtthard photons (“indirect”
nonvanishing operators of the chiral expansion indeed leadlectromagnetic effectsor both. The relevant CSB interac-
to a CSB cross section of the observed order of magnitudetions are

II. CSB OPERATORS

044606-3



A. GARDESTIGet al. PHYSICAL REVIEW C 69, 044606(2004)

oM : M P 35M . .
e R AN

2 2f2 2f2 8M? 2 2f2
35M 3T T — T, 3T T — T, 1
- W[ T(7’3+ %)VZN + (VZN)T<7'3+ f)N} + AMZF2 NT[— 5MV2(7T37'- )

_ 1 _
+ OMV2( a7 - 7w — 7°73) IN+ Wisijk[_ SM(aN) (g7 )0 N + oM (OGN (a7 - 77— ﬁzrg)ak(?j N]

+ B: . 1 -
_ —(IBJ.foS){NTG—:N Vg o NG - TN+ H.c.]} + e 2
[
where 6M:O(emfrlM) and E\A:O(QM/’JT) are, respec- The other LECs are not well-known either. The pion-

tively, the quark-mass-difference and electromagnetic contrinucleon CSB parameteB;+B; is constrained by the
butions to the nucleon mass difference, ang; Nijmegen phase-shift analysis of theN scattering dat§36]

=0(em?/M?) and B;=0(a/ ) are, respectively, the quark- to beB;+B;=(0+9) x 1073 [30]. Below we estimate the im-
mass-difference and electromagnetic contributions to thgact of this interaction following the standard practice of
isospin-violating pion-nucleon coupling. This Lagrangian isneglectingB; and modelings; by -7 mixing [30], which is
consistent with the one from Refi20], with the M term  consistent with the bound froMIN scattering.

added from Ref[33] and the pion-nucleoii3,+3;) term Among the *-" in Eq. (2) there are several CSB short-
from Ref.[30]. This Lagrangian is also consistent with that @g€ pion—two-nucleon interactions that contribute in the
of Ref.[30]. An apparent difference of an overall minus sign °rder we will be considering. One example is

arises because Reff30] used different signs for the pion

field and for SM+&M. The CSB seagull term is consistent — MNTN{ NFGN - V 5 — i[iNTq'.,a&.€N+ H.c.]},
with the one used in Ref33]. These and other CSB EFT 2f, 2M
interactions were considered in Reffg4,26]. (4)

As usual, we have usg@6] naive dimensional analysis to
estimate the strengths of the terms in the Lagrangian, i.e., Wghere we expect that ry1:O[6me/(ffTM3)] and 7,
have assumed that the LECs are of natural size. In principle: o[ o/ (7f2M)], for the quark-mass-difference and electro-
these parameters should be determined using experiment@lgnetic contributions, respectively. We know very little
data. We now discuss some of the information we have aboyhot the LECs appearing in these short-range pion—two-
them. nucleon interactions, and therefore will model these LECs

The first two terms of Eq2) are the pion-nucleon seagull \yith various heavy-meson-exchangéME) mechanisms as
interactions required by chiral symmeti#6,27 and can be  getailed below.

described as the CSB components of the pion-nucleon
term. The strengths are determined by the coefficiéiMs

and oM, with their sum related to the nucleon mass splitting,

to this order, It is necessary to order the various amplitudes according
to the size of their expected contributions to pion production.
— There are several strong-interaction scales in the problem,
oM+ M =AM =M, -M,=1.29 MeV. (3 namely,(1) y=p/M~m_/M, the initial c.m. momentum of
the deuteron divided by the chiral symmetry breaking scale

The coefficients are not well-known separately. With some(here identified with the nucle.on malst, V‘ghiCh we will use
assumptions about higher-energy physics, the Cottingha® the expansion paramet€z) m,/M~ x*, wherem,. de-

sum rule can be used to giviM=-(0.76+0.30 MeV [35]. notes the pion masgd) (My~M)/M~x, with My the A

) i . ) mass[51]—the order assignment given is in line with Ref.
It is desirable to determine these parameters without the 41: and (4) y/M ~ x2, where is the typical nucleon mo-

assumptions. TheSM,sM contribution to other observ- mentum inside the deuteron and thearticle(for simplicity
ables generally depends on a different combination thagye will not distinguish between the two

that in ECI(3) It is difficult to isolate the parameters in Moreover, the Strengths of CSB effects are governed by
7N scattering, so it was suggestg88] that CSB in pion (1) «/ 7, the fine structure constant that appears with every
production could be used instead. The forward-backwargxchange of a virtual photon, typically with an extra factor of
asymmetry innp— dz° was shown to be sensitive @ 7+ and (2) em?/M?, the factors ofm,—my that come from
-6M/2, but it also depends significantly g8y + 5. explicit chiral symmetry breaking via quark-mass tefi5g].

B. Power counting
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We discuss the two types of contributions individually, to Y
first order, in the following sections. Second-order effects in Y
a and e can also be treated, but are truly small, and ignored

here. \

Power counting in systems of two or more nucleons is \
complicated by the fact that some diagrams contain small \
energy denominators, corresponding to states that differ from X---

initial and/or final states only by an ener@)y?/M). Sub-
diagrams that do not contain such enhancements are denoted
as irreducible. Conservation of energy and momentum in

pion production requires that at least one interaction takes
place among nucleons—before, during, or after the pion
emission. This interaction transfers a momentum of opler

~+\m_M. When such interactions happen before or after
pion emission, th‘?y are included in tﬂagh—mome_ntum tail dicates the occurrence of CSB. The dot represents a leading-order
of the) initial- or final-state wave function. In this case we | \ortex.
can speak of a “one-body” pion-emission operator. However,
in order to compare subamplitudes of the same dimensiong[em?/(f3Mp)]. The analogous diagram was identified in
and count powers of, we include these interactions as part Ref. [33], using the present counting scheme, as giving the
of the irreducible pion subamplitude. The full pion- dominant contribution to the forward-backward asymmetry
production amplitude is “reducible,” because it includes fur-jin np— d#°. We shall show that, in theld induced CSB
ther initial- and final-state interactiortsia the deuteron and reaction, selection rules tend to suppress the rescattering via
a wave functiong that transfer momenta of order these seagull terms, if initial state interactions are ignored.
The separation of reducible and irreducible subamplitudes There is no next-to-leading ordeiNLO) contribution
is convenient because it isolates interactions involving th?suppressed by just one power gf. At NNLO, however,
Scale).( in the irre.dUCible-part. Power COUIjting for the initial- there are several contributions, d|Sp|ayed in F|g 2. The en-
and final-state interactions corresponding to momenta ofjrcled vertices stem from subleading Lagrange densities.
O(y) can be done in the usual w4g9]. In this first paper, For example, the subleading vertex in diagra@sand (b)
we use simple wave functions lieu of wave functions ob- arises from the recoil correction of the CSBIN vertex, the
tained in EFT. The needed EFT wave functions may soon bgne in diagram(c) denotes the recoil correction of the Cl
a reality, since chiral three- and four-nucleon calculationszNN vertex, and that in diagrard) represents the recoil
already exis{37]. corrections to the CSB seagulls. Diagrdh) involves the
The loop integrals, propagators, and vertices bring factorgveinberg-Tomozawa vertex.
of momenta, masses, and coupling constants to any given Note that diagrania) can be interpreted as the sandwich
diagram. Dimensional analysis can be used to express amf a one-body CSB operator between Cl initial- and final-
coupling constant as appropriate powerd/bfimes numbers  state wave functions. It is necessary to include the effects of
of order 1(for Cl operator$ or em’/M? or a/x (for CSB  CSB in the wave functions in addition to the diagrams shown
operators Some factors, common to all diagrams, are notin Fig. 2. The easiest way to see this is to compare the size of
written explicitly. For example, since we study a system ofthe LO CSB production operatérescattering via the seagull
four nucleons that are bound in an particle in the final  termg times the LO CI contribution to thiN potential(e.g.,
state, there are always three loops that are controlleg¢.by one-pion exchangavith the LO ClI production operatdres-
Thus, all we need to keep explicitly for anhucleon opera-  cattering via the Weinberg-Tomozawa tértimes the LO
tor (in addition to what can be read from the vertices andCSB contribution to théN scattering—assumed to be one-
propagators directlyis a common factop®/(4m)?]™Y  pion exchange with a CSB coupling on one vertex. This
(here we have only a three-dimensional integral because wshows that CSB in the wave functions should be significant
estimate the measure of a convolution integral with a wavén a NNLO calculation. Typical diagrams are shown in
function). Therefore explicit factors ofy are not included Fig. 3.
explicitly in the assignments of chiral order. The effects of parity conservation suppress the influence
As stressed in Ref§23,24, the hierarchy of diagrams is of CSB in a single deuteron wave function, but CSB does
very different fors-wave pions ang-wave pions. We here occur in the interactions between the deuterons. One such
specialize tos-wave pion production, relevant for the recent term arises from photon exchange as in Fig. 3. The dominant
IUCF experiment. CSB contribution in thea-particle wave function may be
expressible in terms of the point radius difference of the
neutron and protor,—rp, which can be calculated in micro-
At leading order(LO) there is only one contribution: pion scopic models for few-body systems. Results of these calcu-
rescattering, where the CSB occurs through the seagull piodations will be presented in future work.
nucleon terms linked to the nucleon mass splitting—see Fig. Loop diagrams appear already at NNLO. We display only
1, in which the leading ClI interaction is represented by a dothe topology of these diagrams, but it is clearly necessary to
and CSB by a cross. The irreducible part of this diagram isnclude all other orderings. A striking feature of the present

FIG. 1. Leading-order diagram with strong CSB. The cross in-

1. Diagrams proportional toe
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FIG. 2. NNLO diagrams with strong CSB.
Vertices with an additional circle originate from

subleading Lagrange densities. We do not display
- all possible orderings.

© ® ® 6:)

@ @ ®)
analysis is that, at this order, no counterterms are allowed by 2. Diagrams proportional toa
the symmetries. The corresponding counterterms—the CSB ) o )
four-nucleon contact interactions in E&), displayed below Electromagnetic contributions can be ordered relative to

in Fig. 4b)—appear first at RLO. Therefore, those parts of each other i?[] exactly the same fashion. _In this case, _the LOis
the loops that appear at NNLO are to be finite. This situatiorPLeM/(47f2p)]. These diagrams contain Coulomb interac-
is in complete analogy to the CI pion production in nucleon-tions in the initial- or final state. In particular, the effects of
nucleon collisions discussed in detail in RE4]. photon _exchange betwe_en the_lnltlal deuterons, f(_)llowed by
Figure 4 displays some of the higher-order contributionsPProduction by a strong interaction, could be very important.
A contribution with an intermediatd isobar, which appears An €xample of such a term is provided by Fig. 3.
at N°LO, is shown in diagranta). The CSB contact interac- e NLO electromagnetic diagrams—suppressed by one
tions displayed in diagrarntb) start to contribute at 0. ~ Power ofy—that contribute to CSB in the production opera-
Their values will be estimated below using phenomenologifOr aré shown in Fig. 5. It is important to note that in thresh-
cal input. old kinematicqon the two-body level the outgoing nucleons
as well as the produced pion are at yelse two diagramsb)
and (c) cancel—in a realistic calculation we should expect
| some of this cancellation effect to survive. The three-body
CSB diagram(a) should therefore be the one to estimate the pho-
ton effects in the production operator at this order. In addi-

CSB =

(@) (b)

FIG. 3. The influence of strong and electromagnetic CSB in the

initial and final states. The wiggly line represents the exchange of a FIG. 4. Some typical higher-order diagrams with strong CSB. A
photon, while the dashed line represents a meson-exchange contdeuble line represents A isobar. Diagram(a) appears at RLO
bution with one CSB vertex. whereas diagrant) is a N*LO contribution.
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(a) (b) ©

FIG. 5. NLO diagrams with CSB stemming from soft
photons.

tion, higher-order photon couplings in the wave functions
contribute at this order.

There are various other contributions at NNLO—see Fig.

6. In what follows we will explicitly calculate the two-body

PHYSICAL REVIEW C 69, 044606(2004)

@ ®

FIG. 6. NNLO diagrams with CSB stemming from soft
photons.

©

1+7° Ao+ M7\ oy,
y= - 5{—2 VMA“(—O 21 )Eﬁﬂ"N]zﬂ, (6)

where \o 1=\, N, and \,=1.793 and\,=-1.913 are the

operator that involves a photon exchange stemming fronproton and neutron anomalous magnetic moments.

gauging the recoil correction to theNN vertex [53], dia-
gram(a). This will give us an idea of the relative importance
of soft photons compared to the strong CSB effects.

C. Heavy-meson interactions

We assume that EFT LECs can be determined using th
exchange of massive resonances to estimate the impact

D. Explicit form of leading tree-level operators

We now turn to the explicit form of the leading tree-level
two-body operators, in order to exploit the selection rules.
Corresponding expressions for the loops as well as the three-
body electromagnetic term mentioned above will be pre-
Sented in a subsequent publication.
of We start with the formally leading mechanism, Fig. 1,

short-range physics. Such an approach was used in Cl pia@gether with the recoil correction at the pion-nucleon vertex,

production, for example, in Ref$20,21. In principle the
counterterms can be determined by other data, and th

Fig. 2c). The pion-exchange operator coming from the
Seagull terms is

would eliminate the need for our heavy-meson model. In the

present context, we include the exchanges of(thew, and
p) mesons depicted in Fig. 7.

The meson-exchange diagrams can be calculated from the

following Lagrangian:

Lyme =~ igﬂE’)’S‘/’ﬂ + QGEWT - antﬁw“

_ T
=g,y {V,Lp" + Cpgﬁﬁ“p } . (5

Here ¢ is the Dirac four-component nucleon field amgb,
w*,p* are the meson fields. We use the parameter values i
Table | as representative of typical one-boson exchang
(OBE) models[38] and the standard valu€,=6.1 for the
large ratio of tensorr,,,3*/(2M) to vectorvy, coupling for
the p meson. Theyp-nucleon couplingy, will be discussed
below.

The photon-nucleon coupling is described by the La-

grangian(up to dimension five

s

+ T

b)

1 J—
077 1ol M3 7+ 77) = M (7 - 7= 7))

0

1§ L 9 1§ ]
X 2 o+ | (k{7 = k) = o (kT4 k) |, (7)
i#]
ga €M
T = , 8
. 2f,n.47Trij ( )

wherer;;=r;—r; is the relative coordinate of nucleonsnd

j, ki==iV, (k/=iV)) is the initial (final) momentum of
nucleoni, g;=k{ —k; is the momentum transfer to nucleon
H1ere symmetrized with the Yukawa factoand the Yukawa
Barameteru:\53/4m7,._ln our numerical estimates below,

we use the value fobM from the Cottingham sum rule,

which translates intoSM-6M/2=2.4 MeV [33]. In the
fixed kinematics approximation for pion production by
two nucleons, the exchange pion eneq?y:mwlz [39].

It may be noted that the term from E@®), proportional to
g;, actually gives rise to most of the CSBwvave amplitude

FIG. 7. Resonance saturation f@) the CSB
7NN vertex modeled here by-» mixing and(b)
the CSB four-nucleon operators. The ellipsis in-
dicate that additional short-range mechanisms are
to be included, as discussed in the text.
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TABLE I. Table of meson masses and coupling constants. 5 contribution was required by the NN ddié4]. Further-
more, the value of ther-z—mixing matrix element is un-

m (MeV/c?) oA/ 4 certain. With our particular choice we ge8;=-3.5

x10° [30]. Using ¢}/47=3.68 and (n%H|n)=

T 550 7.1 -5900 MeV?, as done in Ref[33], gives 3;=-1.2x 1072,
® 783 10.6 One important issue is the relative sign of this contribu-
p 770 0.43 tion, which is apparently not determined experimentally. The

sign given above is consistent with &)X SU(3) chiral
perturbation theory, which can be formulated in terms of a
in np— d=° [33]. This interferes with Cp-wave production. pseudoscalar octet, and a baryon octet. The sign of the
On the other hand, the CSB-wave amplitude, arising s-7g Mixing is, in leading order, fixed byn,—my. The in-
mainly from the CSB one-body operator shown in B).or  teractions ofmr; and g with the nucleon are determined by
from a CI production operator following a CSB initial-state the standard weak couplinds and F, which are fixed in
interaction, interferes with the G wave and was about as Weak decays. With our definitions @, g,, and 3, given
important in Ref[33], but would be relatively irrelevant here above and the values 8fandF given, e.g., in Ref{45], we
in the absence of such an important interférence at thresholdd 9a> 0 if we definem;==7, g, >0, and(m"|H| ) <0, so
The nucleon recoil tern%%(kﬁki) is smaller, since it is that,31< 0. T.h.ls conclusmn.holds, as it should, regardless of
suppressed by an additional factor./M. However, if the the sign definition ofy, that is, whether one takegas g or

simple deuteron and wave functions of Sec. Il are used, ~7e )
the spin-isospin symmetries prohibit this amplitude for Figure 2b) represents the process where a CSB one-body

. - operator produces a charged pion which then changes into a
nucleons from different deuterons. Theterm will integrate neutral pion as it rescatters on another nucleon via the ClI

to zero inside a single deuteron, leaving ife-deuteron  \yeinperg-Tomozawa term. This contribution is smalldid
recoil as the only allowed contribution. Thus the symmetries_, , -0 gjnce the isospin couplings force the pion exchange
in this particular model suppress the contribution from Fig.tg occur inside one of the deuterons. This is a situation very
1, leaving only Fig. &): the seagull amplitude is reduced gimjlar to the seagull CSB terms, which was discussed
from LO to NNLO and there is no momentum sharing. Thisahove, but with a smaller coefficient. Note that a similar
suppression is expected to be less important once initial-statiagram where the exchanged pion is neutral is also small,
interactions are included and realistic wave functions argince the on-shell?®N— 7°N amplitude receives contribu-

used. tions only at one order higher than that from the Weinberg-
At NNLO there are various other contributions. The one-Tomozawa term. Since the operator in Figd)2is a relativ-
body operator, Fig. @), is istic correction to the leading-order pion rescattering, it has

exactly the same spin-isospin structyexcept its last term
0,= B o -(q- _ i(k/ + k-)) R AIEE a - (k! +k) as can be seen in E@QR). Thus its first few terms are also
26,7\ am 24771 7Y confined to in-deuteron exchanges and since they are already
suppressed by two ordetk/M)2~m_/M, these terms are

9
© negligible. The lastoM/éM term has an extra Pauli spin
matrix and can possibly be important since this may allow
Aj=- &2, (10) for momentum sharing. However, this term always includes
2f.M the momentum of a final nucleon, which is very small near

the pion threshold and this NNLO amplitude is likely to be

The p wave, gi=-p,, term is suppressed in the threshold d I We wil ider th
regime considered. In addition, it is not allowed in our plane-?L:Jr?ﬁéfsse as well. We will not consider these operators any

wave approximation, since it lacks the tensor coupling re- The pion | i i 212K |

quired for the®D,p transition. Thes-wave recoil term is € pion 1oops in igs. @)-2Ak) represent ong-range,

allowed, albeit suppressed by a factofM, hence the pa- nonanalytic contributions as well as short-range, analytic ef-
' ' fects. The latter cannot be separated from the short-range

rameterA ;. This sswave term is NNLO. L ; Lo
The isospin violatingB, is here modeled30] by =7 contributions of Fig. &), originating from a four-nucleon—
mixing [see Fig. 7a)], pion CSB contact interaction. In this flrst.study, we limit
ourselves to an estimate of these effects via resonance satu-
,81:§,7<770|H|7;>/mz, (12) ration from various heavy-meson exchange currents
. (HMECs)— see Fig. ). In the case of thgp— ppn® re-
whereg,=g,f./M=0.25 is thepNN coupling constant and action, heavy-meson exchanges involving the creation of a
(m°|H|7)=-4200 MeV* the m-7-mixing matrix element nucleon-antinucleon paiz graphg were shown to be impor-
[40]. The value ofg, corresponds t@f}/47-r:O.51, similar  tant for the totalCl) cross section near threshqlil,46,47.
to the small values found from photoproduction experi-These exchanges correspond to contact interactions in the
ments[41]. However, other values, based on hadronic exEFT [20,21]. Here, we include the analogous CSB interac-
periments, are as high @/477:3.68 [42] or 2-7 for the tions where CSB occurs in the pion emission or in the meson
OBE parametrizations of the Bonn potentid3]. The  exchange.
charge-dependent Bonn OBE potential assumes a vanish- The HME two-body operators are derived directly from a
ing value forg,, since in the full Bonn model no explicit low-energy reduction of the Feynman rules for the HME

044606-8



SURVEY OF CHARGE SYMMETRY BREAKING..

Lagrangian, Eq(5). This gives theo-meson—exchange two-
body operator

0,=Ass Eo. (k{

I#]

fi + ki),

i fij (12

2 ammyrp
o_ 9o € 7Y

o , 13
g 47M rij ( )

where only the symmetrized recoil term has been used. Note

that the sum is oveir+ j rather than <j.
The w-exchange two-body operator is

1
0,=- AlEE Lo - (ki i + fiok;)

i#]j
+i(oy X ay) - (k] = Fok )1, (14)
2 -m,ri
e (0N
oz o & 11 (15
4’7TM I’ij

Note this has an overall minus sign alq instead ofo;
compared toO,. Finally there is a new term involving the
momentum transferred to nuclegn

The p-exchange two-body operator is

ff + fik;)

O :_Al ETI 7'1[0'] kl ij

H&]

+i(1+C))(o; X oy) - (ki T = ffkp]l,  (16)
2 mri
fﬁ = _gLe - (17)
47M rij

The p HMEC is of order of the small vector times the large
tensor coupling constant and has no contributions of order of

the tensor coupling squared.
The p-o—mixing two-body operator is

Opo==Nps z{(u oy - (K T+ 15k (19
+i[1+ 7271 +C))](07 X ay) - (k] 10 = T2},
(19
Hlw
@ — ggw mi’ —m i —my,"
po = SE0_ 0 (M — g M), (22)

2
47TM|’”- m,— mp

where thep-w mixing is given by (p|H|w)=-4300 Me\?
[40]. A somewhat smaller number ({p|H|w)=

-3500+300 MeV) was obtained in a more recent analysis

[48]. The isospin-independent part of thisw operator is
only of the order of the smalp vector coupling. Note,
however, that there is &7 term that involves the large

tensor coupling.

PHYSICAL REVIEW C 69, 044606(2004)
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FIG. 8. Feynman diagram for pion production in tthé— a°
reaction, indicating the labeling of nucleons and defining basic ki-
nematic variables.

At momenta much smaller than the heavy-meson masses
these HMECs are equivalent to short-range pion—two-
nucleon contact interactions, with specific values for the
LECs. For example, the mechanismEq. (13)] goes into
the interaction shown in Eq(4) with v, given by
192/ (4mm?2M), which is consistent with the naive dimen-
sional estimates.

In addition, we need to consider contributions from soft
photons. There is a Coulomb interaction and a magnetic in-
teraction(Fig. 3), and a three-body terifirig. 5@)]. As a first
estimate, we shall compute the lowest-order two-body dia-
gram with a photon. This appears at NNLO and is shown in
Fig. 6(a).

The soft photon exchange gives a structure very similar to
that of p%w mixing:

E{(1+Tr)a, (k{7 + 7k

H&]

+i[l+Ng+(1+N)T ](o-, X o) - (k fr = fikp},

(22
1 gA w
= SAZ 23
YT 42f_M (23
o
fr=——0mH. 24

Note that the structure of this term is a consequence of gauge
invariance, and this is why no new unknown parameters are
introduced.

Ill. SIMPLIFIED MODEL

The interferences and relative importance of the CSB am-
plitudes of the preceding section can be estimated in a sim-
plified model, using a plane-wave approximation and the
simplest possiblel and « bound-state wave functions, those
of a Gaussian form. A Feynman diagram for this model can
be drawn as in Fig. 8. Assuming spatially symmetric bound-
state wave functions, the invariant amplitude is given by

M= f d®d3p,d%p(A|O|DDY, (25)
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A = V2E, W (1, p1,p2) @), (26)
IDD) = \s®y(py) Py(py)|dd), 27

whereWV , and®, are the spatial parts of the-particle and
deuteron bound-state wave functions, amdiEj is the total

c.m. energy squared. The ket vectgrsand|dd) contain the

PHYSICAL REVIEW C 69, 044606(2004)

Since we have assumed that the orbital parts of the wave
functions are symmetric under the exchange of any pair of
nucleons, we may define the initial- and final-state spin-
isospin wave functions as

1
fully antisymmetrized spin and isospin wave functions. Be- ) = E{((l,2)1,(3,4)1)0[[1,2]0,[3,4]0]0

cause of the symmetry requirements, the plane-vaalscat-
tering wave function is included ildd) as given by Eqs(34)

and(35) below. The invariant amplitude can then be written

as

M=\2E;s J drd3p,dp, W (1, p1.p2)

X(a|O|dd)P4(p1) Py(py), (28)

where(a|O|dd) contains all the spin-isospin couplings of the

nucleons and the pion-production operater
The wave functions are expressed in terms of (&we2)
Jacobian coordinates

R:%(r1+r2+r3+r4) (=0inc.m),
_1
r=5(ri+r-rz—ry),
P1=T17 Ty,

P2=T3— Ty, (29
with the corresponding momenta

K=k;+k,+ks+k, (=0inc.m),
k=3(ky+ko—ks—Kks) =3(p1-py) (=pinc.m),
_1
Kl—E(kl_kz),

Ky = %(ks_ Ka), (30

defined so thakk; -r;=K -R+k-r + k- p;+r5-p,o. The Jaco-

bians are equal to unity in both representations.

- ((ly2)01(374)0)0[[112]11[314]1]0}1 (33)

1
dd) = E(l = Py3— Pyy)|didsy, (34

1
|dy2030 = ((1,2)1,(3,4) D1, 2]01[374]0]06

X[ePT+ (- )te P, (35

where (i,j)s ([i,j]y) are the spin(isospin Clebsch-Gordan
couplings, with magnetic quantum numbers suppressed, for
nucleons, or nucleon pairsandj coupling to spirs (isospin

T). Here, P is the permutation operator of the indicated
nucleons. The symmetry requirements for the exchange of
the deuterons are represented by tharbital-angular-
momentum dependentombination of plane waves in Eq.
(35, with p as the deuteron relative momentum. Even
though the expression for the state seems to single out a
(12)+(34) configuration, it is indeed fully antisymmetric

in all indices. This particular form is used because it
closely matches the form of the initial-state wave func-
tions, simplifying the evaluation of the spin-isospin sum-
mations in the matrix element. Thid wave function can

in practice be simplified to

|ddh = V6((1,2)1,(3,4) )41, 2].[3,4lo]o
X (2L + )ik (prPL(P - ), (36)

The Gaussian functions that represent the ground state
wave functions are explicitly expressed in these coordinates

using = ;(r;—r;)?=4r2+2pi+2p3:

8 1
W, (r,p1,p2) = 7TgTag,zexp{— ?(ZVZ +pi+ Pg)] , (3D

1 1
Dy(p) = Wexl{— z—ﬁgpz) : (32

where the parameter values-2.77 fm andB=3.189 fm are
derived from measured and d rms point radii; (r3)*/2
=1.47 fm and(r3'/?=1.953 fm[49].

since each of the three terms in E84) gives identical con-
tributions to the matrix element, ar@P” +(-)-e 'P' reduces
to 2(2L+1)itj, (pr)P(p-F) for any particular partial wave.

We may obtain selection rules for the CSB amplitudes
that can contribute by comparing this expression for the deu-
terons with thea-particle wave function. It is clear that
matching the first term ofa) involves no nucleon spin or
isospin flips, but to match the second term, the spin and
isospin of two nucleongone from each deuterpmeed to be
flipped simultaneously. Of course, the overall spin has to
change in both cases.
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In an explicit and straightforward representation, the Aq 32734 E sa%?3° p( a2p2>
in-i i i i Mi=—i—4p (e X = - )
above spin-isospin wave functions can be written as 1 > p-(€1X €) (@2 + 2007 8
(42)

|>"LHTTll+liTT—1(TlTl+lTlT
a—z\’% 2

_512(m ,  E,a%B° p(_ aZpZ) 43
+TmeTu)}(pnpnmpnp—pnnp—nppn) 1=y PPz e T ) @

where the exponential stems from the Fourier transform of

ek G S I A O M l){ppnn the a-particle wave function and reflects the dependence on

its high-momentum tail. We will use this one-body estimate

1 as the benchmark for the calculations of more complicated

+nnpp-Z(pnpn+npnp+pnnp+nppn | 1. (37 amplitudes, and also for the full calculation using realistic
wave functions.

-
1’6
Ayt 10 = >=(1 1 | L= | | T 1)(pnpn+npnp-pnnp B. Meson-exchange operators
22 Although the seagull amplitude is leading ordendAT, it
- nppn3ij(pr)P.(p - T), (38)  is suppressed in our plane wave treatment ofdtles a7

o ) o reaction because of the combination of twanatrices and
where the arrows indicate spin projections gmeh proton  gne ¢ matrix, which gives a poor match of the initial and
and neutr(zn isospin states. Note that fordestate, only the  fina| states in our simplified model. Thus, the pion exchange
spin-1,ms=0 state is given. These expressions can then bg ajiowed only between nucleons from the same deuteron,
used.together Wlth the Pauli matrices of the. pion prOdUCt'orforbidding an advantageous momentum sharing between the
amplitudes to find the formulas for the matrix elements.  geyterons. In addition, the, term vanishes, leaving the re-

In the normalization used here, the spin-averaged Crosgyj term (w/M)k; as the only contribution. This term is
section(for s-wave piong is given by NNLO. The pion-exchange matrix element is

=——="=> |M[% 39 =—ji—1p.
7 16ms p 9% | | ( ) M‘n'_ I 2 p (el X 62)4W77! (44)
where the summation is over the deuteron polarizations. A
The CSB operators can now be evaluated in this model W, = Wy —Z(FT; (45)
and studied in more detail. We will start with the simplest i Ay
operator(i.e., the one-body terjrand use its matrix element
as a reference point for the values of the other amplitudes. (51\/| _ %E\/I) ©
A, =—FF——,
" f2 M
A. One-body operator .

(46)

The one-body amplitude is strongly favored by the sym- 1 — .
metries of initial and final states because all of the nucleons  (f1» = . V2Els f d*rd®pad®p2 ¥ f i o(PH D1 D
contribute coherently to the cross section. However, it does .
not provide momentum sharing between the deuterons and is (47)
hence dependent on the shape of the high-momentum tail qfhe matrix element for-

X ; . . meson exchange is
the a-particle wave function. The matrix element for this 9

operator is A
P M, = —I?lp (€1 X €)4W,, (48)
A
My=-i71p (&1 X €4V, (40)
2
V2E,SL [ o a0 s
WU: 0 l_]- d°rd pld pz\Pa

Wy = \J'EQS f dPrdp,dPp, W jo(pr) 1Py, (41) 1 _ .
XEE (= Vif§ + 1{V)3j1(pr)p - TP, (49
where €; and e, are the polarization vectors of the initial 1#l
deuterons and the factor of 4 arises from the sum over all
nucleons. Thus the spin-momentum structure offfys par- =Wi(f1p) +(f19 +(f73)), (50)
tial wave has been separated from the dimensionless form _ -

factor W,. For Gaussian wave functions this matrix elementVnere fijjo(pr) has been replaced by(1/2p)(-Vif;
and the corresponding cross section can be calculated anaf;;V;)j,(pr) because of the symmetrization in E@2). The

lytically. They are (f})) are defined as the averages
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TABLE Il. The Yukawa averagegsee text for definitionsevaluated fordd— an® at the two IUCF
energies, using Gaussian wave functions.

Operator T4=228.5 MeV T4=231.8 MeV
(f12) (f19 (f19) (f12 (f19) (f19)
T 0.0172 0 0 0.0172 0 0
o 0.0292 0.470 0.0220 0.0292 0.490 0.0229
® 0.0228 0.395 0.0106 0.0228 0.412 0.0111
p 0.000 95 0.0165 0.000 46 0.000 95 0.0172 0.000 48
p-w 0.004 45 0.0704 0.003 77 0.004 45 0.0734 0.003 93
Y 0.000 73 0.0032 0.001 09 0.000 73 0.0033 0.00111

(119 = \3E 5 | Hltp oW, o PO 0., WoZ =1 + 2053, 2
! with the same external spin factors as in E48) and with
averages defined as in E¢p1). Due to cancellations, the
(f}3) term cannot contribute.
y 1 \2E,s. ss m e L@ @ The p-exchange amplitude has an isospin facter; that
(flg= W p f drd pyd°py W f15(V, +V 1 =V ) makes it possible to match the initial-state deuterons with the
1 P second term of thex-particle wave functiofEq. (33)], giv-
X3j(pr)p - F PPy, ing sizable exchanges between the deuterons. The large ratio
of the p tensor to vector couplings enhances this amplitude
despite the small value of the coupling constant. The
form factor is

—

<fX/ _i\*’ZEaSA -Jd3rd3 4B ‘I’*(—§ —6 +§ )
¥ p " PAT P2 alm Ve T Vo™ Y2 W,=Wi3[(f) + (L +C)(f) ~(FE)]. (53
X 533]1(pr)p - T D, D, (51)  Similarly, the p-w-mixing amplitude has a7z} term that

involves the largep tensor coupling, which gives a large
contribution to CSB fordd— a#® and possibly also fonp
wherex could be any of the heavy mesons. This separates-d=°. The form factor fordd— a® is
the in-deuteron exchangef, from exchanges between
nucleons from different deuterorg$;; and f;;). Exchanges W
between other pairs of nucleons can be reduced to these two pre
because of the symmetries of tbd and a wave functions.
Some of the necessary integrals are presented in the Appewhich follows immediately from the expressions for the

A,
=WLmEE(3 +C () ~ (L +C ()], (54)
1

dix. and o exchanges. Thé,, term vanishes since the i
The w-exchange form factor is given by term of Eq.(21) gives zero when acting on a deuteron and

TABLE Ill. Matrix elements and cross sections evaluatedddr— a#° at the two IUCF energies. The
matrix elements are given relative to the one-body matrix element, with the relevant CSB mechanism
indicated. The experimental cross sections are also given.

Operator(CSB mech). M(228.5 M(231.8 0(228.5 0(231.8
(My) (My) (pb) (pb)
(oM ,EM) 0.128 0.128 0.011 0.014
1(-7) 1 1 0.688 0.869
o(m-7) 0.522 0.543 0.187 0.256
w(-7) 0.766 0.801 0.404 0.557
p(m-7) 0.344 0.359 0.082 0.112
p-w(p-w) 1.546 1.612 1.645 2.256
v (el.-mag) 1.469 1.517 1.486 1.999
total 5.78 5.96 23.0 30.8
Expt. [17] 12.7+2.2 15.1+3.1
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the oy X 0 term vanishes due to the spin couplings in thethe cross section is not strictly linear in the pion
wave functions. momentum—the momentum transfer in the wave functions
The photon-exchange contribution is introduces a dependence on the deuteron momentum, which
modifies the linearity, at least in this simplified model. For
W, = WlA—Y[(S + 221 - (L+ 20191, (55) example, Eq(43) for the oneTbody term conFains the square
Ay of the deuteron momentum in an exponential.

where again thd,, term vanishes. In the simplified model ~ The relative proportions of the pion-exchandéM

the photon exchange only occurs between pairs of protons—,%éM), photon-exchange p-o—mixing, and - 7—mixing

thus not benefiting from the coherence the other ampli{sum of one-body and HMECcontributions to the matrix

tudes experience. However, the relatively large couplingelement are roughlyr: y: p-w:m-7=1:11:12:21. Thus the for-

makes this amplitude important. mally leading seagull terms make up only about 2% of the
Thus all HMECs have contributions td— a7°. While  total matrix element. The total cross section can be expressed

there are some cancellations of the in-deutdiigp) and the in terms of the relative contributions of the different CSB

derivative(f;;) exchange terms between the different heavymechanisms such that the dependences on the corresponding

mesons, all thd,; contributions are of the same sign. Since parameters are made explicit:

in all casegf;3) is much larger thaif;,) and(f;,) (see Table

I, they dominate the matrix element and the cross section, ( SM

adding coherently with each other and also with the one-¢(228.5 MeV) =(23.0 ph| 0.254 + 0.0186————

body and pion-exchange terms. Also the photon graph is of 2.03 MeV

the same sign. Thus the internal spin-isospin symmetries of M

the dd: a system used here strongly favor the one-body and +0.0034——
meson-exchange amplitudes if the plane-wave approxima- - 0.74 MeV
tion is used. This will be demonstrated quantitatively in Sec. . dan (H| 7
IV. +0.456
V4 - 0.51(- 4200 MeV?)
2
IV. RESULTS +0.265— 300 (w[H]p%) )
470.43 - 10.6- 4300 MeV?)

The matrix elements of the preceding section are evalu-
ated numerically using the simplifig@Gaussianwave func- (56)
tions. At most a double integration with a separate single
integral was needed, which was carried out using standardere the numerical coefficients are the fractions of the ma-
Gauss-Legendre techniques. Explicit formulas for the intetrix element belonging to each of the considered mecha-
grals are presented in the Appendix. nisms, assuming our choice of parameter values. The various

The Yukawa averages are tabulated in Table Il for eacherms are normalized, as indicated, to these values. The
operator and both energies relevant to the IUCF eXPerimenbhoton-exchange diagram is represented by just a number,
The (f;» contributions are the same at both energies sincgince its parameters are well known. Note that the second
the in-deuteron exchange is independent of the energy in ownd third terms are constrained by the neutron-proton mass
plane-wave model. For completeness {fig) values forp  difference[Eq. (3)]. The %-7°—mixing term can be further
-w and photon exchanges are given, even though these, asparated to show the relative contribution of the various
discussed above, do not contribute to the matrix element iIMEs. Thus,
our simplified model. Note that even though {fixexchange,

p-o—mixing, and photon integrals are much smaller than - 2 2
those for the other meson exchanges, they will be multiplied NGy = (2.18\'pb)(0.380 + 0.1989—" + 0,291L
by large constant factors in the definitions of the matrix ele- 4m(7.2) 4m(10.9

ments, Eqs(53)—(55). This drastically increases their rela- g2
tive importance. + 0.131—”—) , (57

The matrix elements and cross sections calculated from 4m(0.43
these averages are given in Table lll, individually for each
amplitude and as a grand total. For comparison purposes, théhereo ,, is the cross section from- contributions alone
experimental cross sections are included and the matrix elénd the first number in the second parenthesis is the one-
ments are given relative to the one-body matrix element. Albody contribution. At the higher IUCF energy the relative
the heavy-meson exchanges are of the same order as tieights of the different contributions in Eq&6) and (57)
one-body term, with the-w mixing being the largest. Add- remain more or less the same, with only minor changes. The
ing all amplitudes gives a total matrix element that is almostsensitivity of the cross section calculation to a different
six times that of the one-body, increasing the cross sectionhoice of couplings can easily be found from these two for-
from a meager 0.69 pb afy=228.5 MeV (0.87 pb at mulas. For example, using instead the Iag§e47-r:3.68 and
231.8 MeVj to 23 pb(31 pb. This is of the same order as (7|H|7%=-5900 Me\? as in Ref.[33], the cross section
the IUCF datar=12.7+2.2 pb and 15.1+3.1 pb. Note that increases from 23 to 118 plI31 to 158 pb at 231.8 MelV
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V. DISCUSSION functions and some diagrams ignored here, such as the long-

Our simplified model keeps a complete treatment of thd@nge part of the various NNLO pion loops and théL
dominant pieces of the Spin-isospin Coup“ngs in the bound[ecqn part .Of' theA-EXCItatlon.term, should be included. In
state wave functions, even though it ignores some dynamidgarticular, it is necessary to include the rnograph part of
of the dd— a7® reaction and the distortion of the initial photon exchange, e.g., the Coulomb interaction in the initial
state. As a result, the symmetries of the bound-state wav@nd final stategFig. 3). Such an investigation is currently in
functions allow us to determine the CSB amplitudes that ar@rogress and will be reported later. The general conclusions
guaranteed to be important for a full calculation. and insights from the present paper provide important guide-

This treatment shows that the L@-rescattering term lines for that work.

(from the the seagull interactions suppressed because ofa We note a very interesting parallel between ttd

poor overlap with the initial- and final-state wave functions.— a7 _process considered here, and the reactjgp
Photon loops, at NLO, vanish due to symmetries and cancef=>Pp7’. In both cases, a formally leading diagram is sup-
lations, while a three-body contribution might survive, butpressed and the subleading diagrams are crucial to explain
has not yet been calculated. On the other hand, the NNLde cross section. Despite several serious efforts that have
one-body amplitude and MO heavy-meson exchanges are Yielded substantial insights into the varioN®i— NN sys-
strongly favored, adding coherently with each other. Theitems, thepp— ppz® reaction is still not completely under-
dominance would be even more spectacular if a larger valugtood, especially regarding spin observalje.

for the 7NN coupling were used. Also the-w—mixing and Higher-order intergctions—su_ch as the heavy-meson-
photon-exchange terms are important and enter at the sang¥change terms, which could increase the role mf
level as the one-body and HMEC terms. mixing—might help improve the agreement between the

We note that our analysis assumes that pions are producddIUMF result for Ag(np—d=) [16] and theoretical esti-
in s waves, as one would expect for a near-threshold reaanates based on reasonable valuessidrand M [33]. It is
tion. This is supported by the IUCF experiment, where thethus necessary that a future calculation®gfinp— d=°) in-
energy dependence is consistent witwave production cludes these higher-order terms. The three reactjops
[17]. — pp7°, np—dn®, anddd— a7 provide important testing

If our simple wave functions and the plane-wave approxi-grounds for any pion-production model that intends to in-
mation are used, then, within the resonance saturation pi¢iude effects beyond leading order.

ture, the dominant CSB mechanisms for thie— a7° reac-
tion are identified withsr-» mixing (one-body enhanced by
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APPENDIX: EXPLICIT EXPRESSIONS FOR YUKAWA AVERAGES
The averages of the different Yukawa factors of Egfl) can be reduced to at most two-dimensional integrals, using the
Gaussian wave functions of Sec. Ill. The angular and one of the radial integrals can be carried out analytically, resulting in the
explicit formulas
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1
(t59= [ doupitie | dpupte?7p arriglone
1

1 2
<f>{3> — ?J dppze—ZpZ/yz{ pYZJ drrj O(pr)e—ZrzlaZJ dr13r13f)i3(e_2(r13_ N2 _ g 2riz+ r)zlvz) _ lg_fj drj 1(pr)e‘2’2"’2drl3rl3f§3
1

X {(”13‘ %2 - rz)e_z(rﬁ" DAY 4 (rr13+ % + rz)e‘Z(r13+ r)zlvz} }

1 49
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2
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