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Charge symmetry breaking in NN scattering with an interaction from effective field theory
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The effect of isospin breaking pions-wave rescattering is included in elasticNN scattering at low energies
using an interaction obtained from effective field theory. Although this mechanism gave a large contribution to
charge symmetry breaking innp→dp0, the effect is rather small inpp vs nn scattering parameters and in the
3H-3He binding energy difference. This smallness is caused by large cancellation of the up-down quark mass
difference contribution and electromagnetic effects to thenp mass difference.
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Charge symmetry is the least broken special case of g
eral flavor symmetry. It is, however, trivially broken by th
electromagnetic interaction, notably the Coulomb force
comparisons of thepp andnn systems and by the magnet
interaction in thenp system. Other well known sources a
the np mass difference andhp- as well asrv-meson mix-
ing. These in turn may be related to the up- and down-qu
mass difference—the microscopic flavor symmetry break
in QCD. One might consider remarkable the fact that,
though the relative quark mass difference is large~>10%!,
the symmetry breaking at the observable hadron level is
orders of magnitude smaller.

Charge symmetry breaking~CSB! has been studied fo
the mirror systempp vs nn for many decades@1#, while its
appearance in thenp system was first seen only a decade a
@2# as the differenceDA5An2Ap elastic analyzing powers
and is presently being searched for also in pionic inelasti
in the reactionnp→dp0 @3#. The CSB observables hav
been seen in calculations to be sensitive to different com
nations of sources. For example, innp scattering above 300
MeV the np mass difference in OPE dominates, while
'200 MeV rv meson mixing and the magnetic interactio
become about equally important@4#. Of traditional CSB
mechanisms in pion productionhp mixing is important and
was seen to dominate at threshold@5#, while at higher ener-
gies thenp mass difference becomes more important@6#.
The CSB effects in thenp system change the isospin of th
two baryons~class IV in the terminology of Ref.@7#!, while
in pp andnn the isospin is conserved~class III!. In class III
the main contribution is expected to be therv meson mixing
@1,8#.

Two-meson exchange in CSB has been studied earlier
tensively by Coon and collaborators@9,10# and in charge
dependence in, e.g., Refs.@9,11–13#.

Recently a new mechanism related to theud quark mass
difference in QCD based effective field theory was sugges
for the CSB forward-backward asymmetry of the cross s
tion in np→dp0 @14#. It consists of CSBs-wave rescattering
of the pion from the second nucleon. ThispN scattering
@depicted in Fig. 1~a!# can be described in effective fiel
theory by the second term of the isospin symmetry violat
Lagrangian@15,16#
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L5
dmN

2 S N†t0N2
2

DFp
2

N†f0f•tND , ~1!

where the nucleon isospin is represented by the Pauli m
cest, Fp5186 MeV is the pion decay constant, anddmN is
the up and down quark mass difference effect in the nuc
masses. The denominator is in principleD511f2/Fp

2 , but
D51 is used here. The isospin violation here originates fr
the rather significant quark mass differencemd2mu' a few
MeV. In addition to the bare quark mass difference o
should include an electromagnetic contributiond̄mN to the
nucleon mass difference changing the effective CSB stren
parameter@14#. We shall come to this correction later.

The above interaction embedded innp→dp0 as rescat-
tering was seen to be a major contributor to the asymmetr
CSB pion production. However, it is clear that returning t
emitted pion back to the first nucleon it can also contribute
elastic scattering as shown in Figs. 1~b! and 1~c!. The ques-
tion is only whether its contribution really is isospin viola
ing and of what type. The aim of this paper is to investiga
this interaction and its effect to the difference of the1S0
scattering lengths~experimentally estimated to beDa5app
2ann51.560.5 fm). Furthermore, a simple estimate of th
effect to the3H-3He binding energy difference is made.

It is straightforward algebra to see that, with the conve
tions of Fig. 1 and neglecting the baryon kinetic energies,
diagram Fig. 1~b! yields in the momentum space a CSB i
teraction of the form

VN~q!5
dmN

Fp
2

f 2

m2E d3k

~2p!3

3
~k22q2/4!~t101t20!

@m21~k1q/2!2#@m21~k2q/2!2#
, ~2!

FIG. 1. CSB mechanisms arising from the up-down quark m
difference in pion rescattering:~a! in np→dp0, ~b! in NN elastic
scattering with a nucleonic, and~c! D intermediate state.
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where f 2/4p50.076 is the pion-nucleon coupling consta
m the pion mass, andt i0 refers to thez component of the
isospin operator of thei th nucleon. With the intermediateD
@Fig. 1~c!# the corresponding result would be

VD~q!5
4

9

dmN

Fp
2

f * 2

m2 E d3k

~2p!3

3
~k22q2/4!~t101t20!~v11v21D!

v1v2~v11D!~v21D!~v11v2!
, ~3!

where now thepND coupling constant isf * 2/4p50.35
from the width of theD(1232) andD is the mass difference
between theD(1232) isobar and the nucleon~the real part of
the D pole is used!. Also a shorthand notation has been i
troduced for the pion energy withv6

2 5m21(k6q/2)2. In
addition, monopole form factors (L22m2)/(L21qp

2 ) are in-
serted for the pion emission and absorption vertices. Cle
the above potentials belong to class III in the classification
Ref. @7#, which violates charge symmetry betweenpp and
nn but not in thenp system.1 For positivedmN they tend to
make thenn interaction more attractive.

An interesting point in these CSB contributions is that t
coefficient multiplying the integrals could be numerica
large as compared with the coefficients in Refs.@10,17# for
CSB arising from thenp mass difference. However, the d
mension is different~depending also on the integral!. One
may ask whether the contribution could be even unreal
cally large to exclude this mechanism from CSB. An expli
calculation is necessary to answer this question.

One may note that there appears large uncertainty in
exact value ofdmN with estimates ranging mostly between
and 3 MeV depending on electromagnetic corrections to
np mass difference. For the moment the valuedmN
52.4 MeV has been used in these results, which represe
the total CSB strength for the reactionnp→dp0 in Ref. @14#
~including also the electromagnetic contribution to thenp
mass difference!. Incidentally, this is close to the value ob
tained from an overall fit to the whole baryon octet@18#. The
contribution toDa scales linearly withdmN . We shall return
to the effect of the electromagnetic corrections later.

The above integrals are numerically easy to perform a
in the same way as in Ref.@17#, the resulting potential is then
transformed into the coordinate space where the final ca
lations are done. Simple fits of the integrals with a form

V~q!5A
B2

B21q2
~4!

1One might note that there is also a contribution with a struct
i (t16t2)(s16s2)•k3q. With the above static approximation fo
the baryons this vanishes in the integration overk. However, if the
baryon kinetic energies are taken into account, there is also an
term in the angular dependence of the denominators allowin
nonzero class IV part as found in Ref.@17#. At low energies this
correction, however, should be significantly smaller than the po
tials ~2! and ~3!.
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V~q!5A
B2

B21q2

C2

C21q2
~5!

lead to a tolerable agreement~although not as perfect as i
Ref. @17#! with the exact results forVN andVD ~Fig. 2!. In
the coordinate representation these turn to Yukawa funct
or their derivatives, shown in Fig. 3. These are very la
potentials, indeed, for charge asymmetry, an order of ma
tude larger than in Ref.@17# for class IV, but this may be in
line with chiral power counting arguments, which stipula
that class III should be stronger than class IV@13,15#. In
these figures the coefficients of the (t101t20) operators are
shown, so thetotal differenceof the pp vs nn interaction
will get still another factor of 4.

The charge symmetric interaction between the nucleon
taken to be the phenomenological Reid soft core poten
@19#. This is then also supplemented with explicit excitati
of ND intermediate states by the coupled channels met
@17#. No other CSB effects are included in the present cal
lation except Eqs.~2! and ~3! @Figs. 1~b! and 1~c!#.

The results for the effective range parameters in the
energy expansionp cotd0'21/a1 1

2 r 0p2 are presented in
Table I. It can be seen that with this model and the monop

e

dd
a

n-

FIG. 2. The momentum space CSB potentialsVN(q) andVD(q)
as functions of the momentum transferq. Solid curves: exact inte-
grals used; dashed curves: fits with forms~4! and ~5!.

FIG. 3. The coordinate space CSB potentialsVN(r ) ~solid! and
VD(r ) ~dashed! obtained from fits of Fig. 2.
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TABLE I. CSB effective range parameters and3H-3He binding energy differences for various mode
described in the text.

Model Da5app2ann ~fm! Dr 05r 0,pp2r 0,nn ~fm! DE ~keV!

Reid SC,NN, only Fig. 1~b! 0.28 0.006 20
Reid SC,NN1ND, Figs. 1~b! and 1~c! 0.55 0.012 41
Reid SC, Figs. 1~b! and 1~c! dipole ff 0.40 0.009 30
Coupled channels 0.50 0.010 36
Coupled channels, dipole ff 0.37 0.007 27
Experiment@1# 1.560.5 0.1060.12 76624 @10#
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form factor massL51 GeV quite a considerable contribu
tion is obtained toDa, about one-third of its experimenta
value and of the same sign~i.e., thenn interaction is the
more attractive of the two!. The fraction is even larger, if on
considers that perhaps 0.4 fm inDa may be attributed simply
to different kinetic energies arising from thenp mass differ-
ence@20#. One half of the calculated effect here comes fro
VN and the other half from theD contributionVD .

The column labeledDE is the contribution to the3H-3He
binding energy difference using the simple prescription

DEGS5~40Da11600Dr 0!keV/fm ~6!

obtained by Gibson and Stephenson for separable poten
@21#. This is likely an overestimate as has been seen w
more sophisticated potentials@10#, but gives an idea of the
order of magnitude of the effect. Here the relevant empiri
result is DEexpt'76624 keV after removing the ‘‘trivial’’
Coulomb repulsion and the effect of thenp mass difference
in the kinetic energy.

For model dependence one can vary the form fact
With softer form factors one normally expects smaller
sults. On line 3 the form factor has been taken to be of
dipole form with the same cutoff mass~or as well monopole
vertices and a dipole form factor inpN scattering!. The re-
sult is about 25% smaller as might be expected. Also
calculation for onlyNN @Fig. 1~b!# was repeated with mono
pole form factors andL ranging from 600 to 1400 MeV. This
caused a variation ofDa between 0.17 and 0.30 fm, respe
tively, as compared with 0.28 fm of the table. The cut
dependence could be rather well described byDa
'(0.333–1.446/L2) fm (L in fm21).

A more interesting and more fundamental comparison
to a phase-equivalent coupled channels calculation with
plicit ND intermediate states included in the charge symm
ric scattering. Details of theNN↔ND transition potential
including bothp and r exchanges are given in Ref.@17#.
The diagonal1S0 Reid soft core potential must be adjust
by a repulsion of 381e23mr /(mr ) MeV to refit the phase
shift from the coupled channels with the original atElab
52 MeV. By unitarity, theNN wave function should be
depleted at short distances and consequently the mechan
of Figs. 1~b! and 1~c! somewhat suppressed. This is, indee
the case as seen on lines 4 and 5 of Table I, but the decr
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is not very large. Since theND excitation must be an essen
tial part of isospin oneNN scattering, this may be considere
as the most realistic estimate.

In principle the presence of theD makes new diagrams
possible, e.g., those with one or both pion-baryon verti
beingpDD or pion rescattering off theD. The knowledge of
these is much inferior topNN or pND. These mechanism
are also of higher order and are not discussed in this w
However, one could note that also the above unitarity dep
tion effect is of higher order in this sense, so that conser
tively one can only say that the effect of coupling to theND
intermediate states is only of the order of 10% in the C
observables.

The above obtained results appear to indicate that C
pion rescattering could be potentially an important effect a
in elasticNN scattering as it was innp→dp0. However, we
have not yet considered another isospin violating term in
effective Lagrangian@15,16#

L5
d̄mN

2 S N†t0N1
2

DFp
2

N†~f0f•t2f•ft0!ND , ~7!

of electromagnetic origin. Hered̄mN is the electromagnetic
contribution to thenp mass difference, typically estimated t
be of the order of21 or 22 MeV. In Ref.@14# this gave a
similar contribution as Eq.~1! and the strength paramete
changed theredmN→dmN2 d̄mN/2. With d̄mN negative this
increased the effect. However, in the present case ofNN
scattering the effect turns out to be the changedmN→dmN

12d̄mN . Now the two mass difference terms tend
cancel each other and the above results should be sc

FIG. 4. The scaling factor needed for consistency with thenp
mass difference and its electromagnetic part.
1-3
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accordingly by a factor (dmN12d̄mN)/(2.4 MeV) shown

as a function ofd̄mN in Fig. 4. It can be seen that for th

most reasonable range ofud̄mNu between 0.5 and 1.5 MeV
@14# the strength of the CSB potentials decreases into a f

tion of the original. For example, usingd̄mN520.76
60.30 MeV from the Cottingham formula@22# yielding the
strength 2.4 MeV for Ref.@14#, the final results here would
be only a quarter of the results in Table I. This means tha
the present situation of understanding thepp vs nn differ-
ence~in particularDa) is considered satisfactory, this unde
z,

C

v.

03700
c-

if

standing is not significantly disturbed by the present mec
nism even if it is large in pion production innp→dp0.

In summary, a newpN rescattering contribution has bee
incorporated in CSB elasticNN scattering using an interac
tion derived from effective field theory. This is potentially
strong effect as was seen for CSB in pion production. Ho
ever, contrary to Ref.@14# in this class III interaction the
quark mass difference and electromagnetic mass contr
tions tend to cancel, so that the effect in, e.g.,Da actually
becomes rather small. Thus even the large CSB contribu
found in np→dp0 can be accommodated without compr
mising the understanding ofpp vs nn differences.
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