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Charge-symmetry breaking in the nucleon-nucleon force is investigated within an effective field theory,
using a classification of isospin-violating interactions based on power-counting arguments. The relevant
charge-symmetry-breaking interactions corresponding to the first two orders in the power counting are dis-
cussed, including their effects on tRele-*H binding-energy difference. The static charge-symmetry-breaking
potential linear in the nucleon-mass difference is constructed using chiral perturbation theory. Explicit formulas
in momentum and configuration spaces are presented. The present work completes previously obtained results.

DOI: 10.1103/PhysRevC.68.024003 PACS nuni$)erl3.75.Cs, 21.45.v

[. INTRODUCTION determined in terms of pion couplings to the nucleon, which
are fewer and in many cases determined from processes in-
Significant advances in understanding isospin violation involving a single nucleon. Perhaps the most significant result
the nuclear force have been made in the past decade. Expeof this method is the first derivation of a two-pion-range
mental progreséwhich is reviewed and summarized in Refs. potential consistent with the approximate chiral symmetry of
[1-3]) has been supplemented recently by the advent of chiQCD [5-7]. This two-pion-exchange potenti@fPEP has
ral perturbation theorfChPT) [4—8]. This powerful tech- been incorporated in the Nijmegen phase-shift analysis
nique casts the symmetries of QCD into effective interac{11,12. Pion-nucleon couplings determined from two-
tions of the traditional, low-energy degrees of freedom ofnucleon data were found to be in good agreement with other
nuclear physicqviz., nucleons and pionsThese building determinations based on pion-nucleon scattering. We note
blocks (in the Lagrangiancan then be combined in a sys- that there is a significant body of older work that properly
tematic way to produce nuclear forces that violate isospin iremphasized the chiral-symmetry aspects of this problem, but
exactly the same way as in QCD. that older work did not systematically accommodate broken
An important feature of effective field theories is power chiral symmetry and effective multipion vertices.
counting, which is the technique used to organize calcula- In effective theories, isospin-breaking interactions can be
tions [4-6,8—10Q. A well-defined ordering of terms in the classified[5] according to whether their origin is the mass
Lagrangian according to scales intrinsic to QCD and nucledifference betweemn and d quarks or hard electromagnetic
is used to generate all terms of a particular size. Terms in thé€EM) interactions at the quark level. The soft EM interac-
Lagrangian are labele@in the conventional way£ () by  tions (such as the Coulomb forcean be constructed in the
the number of implicit poweré) of the inverse of the large- usual way[13,14.
mass scale of QCDA~1 GeV. When considering pro- The power counting for isospin-violating interactions was
cesses where the typical momentum is of the order of theleveloped by one of uU$], and it explains the sizes of the
pion massQ~m,_, amplitudes are expanded in powers of various isospin structures present in the nuclear force. A con-
Q/A. The limitation of this approach is that it is appropriate venient and universdll] classification for nuclear isospin is
only for low energies. The expansion breaks down as thas follows: clasgl)—isospin conserving; clag$l)—charge-
energy or momentum becomes a significant fractior of independence breakif@IB) of isospin, but charge symmet-
Much work has been done in the past few years regardingc; class(lll )—charge-symmetry breakin@SB) of isospin;
the derivation of the isospin-symmetric part of the nuclearclass(IV)—isospin mixing in thenp system betweeid =0
potential[8]. The components of short{A 1) range inthe and T=1. Power counting can be used to demonstf&ie
potential come from(renormalized contact interactions that a class(N) force appears only at order=N—1 or
whose strengths are not determined by symmetry. The conftigher. We, therefore, deduce on the basis of QCD a result
ponents of longer range arise from pion exchanges, and athat was noticed before on an empirical basis: clbsforces
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are stronger than clagdl), which are stronger than class Il. SIZES
(111), which are stronger than clagy/).

. . . . . . In the chiral Lagrangian, the largest isospin-violatin
Using this formalism, several of the various isospin com- grang g P g

f th I Al h b lcul terms are those that determine the mass differences of nucle-
ponents of the nuclear potential have been calculatef,q 4ng piongd5]. In order to compare these and various
[5,15,14,16-18 In particular, we have computed the long- other contributions, it is useful to estimate relative sizes of

range components of the clagh [4-7] and class(ll)  gnp and quark-mass effects. The pion-mass splitting provides
[5,15,14,18 two-nucleon potentials, up to order=3. The 5 good starting point.

class(l1l) isospin violation is the purview of this work. The pion-mass splitting (squared,  sm2=(m:)2
Charge symmetry19] can be loosely defined as invari- _ (%2 receives contributions from both the difference be-
ance under turning neutrons into protons and protons iNtQyeen the masses of theandd quarks and EM interactions.
neutrons. It has long been considered a particularly interesiecause of the chiral transformation properties of the pion,
ing aspect of isospin violation because the difference inthe contribution from the quark-mass difference is propor-
quark masses is a source of CSB. On the other hand, a sigonal to (m2/A)2. The proportionality constantef) is of
nificant interaction that violates this Symmetry is the electro-the order of the square of the difference of quark masses
magnetic interaction, which is large between two protons andjivided by their sum é~0.3). The pion-mass difference is,
very small between two neutrons. Moreover, the Coulomizherefore, mostly due to EM interactions. It is nominally of
interaction between protons is long ranged, while it has ahe order ofn=—2, but the large strength implied by this
nuclear range for two neutrons and is, therefore, indistincounting is compensated by the small fine-structure constant
guishable from nuclear interactions. There are corrections ofa~1/137), which reduces the strength by slightly more
the order of 112 to the static Coulomb interactidwhereM than two orders of magnitude. The size of the pion-mass
is the nucleon magswhich are part of the Breit interaction. splitting is then rather accurately described b@m,zT
Although these familiar electromagnetic interactions domi-=aA?/, with A~m,, the mass of the meson[5]. This
nate the CSB in nuclei, we will largely ignore them and suggests that the relevant dimensionless parameter for the
concentrate on the nuclear mechanigis|. In the nuclear EM-induced isospin violation iﬁmi/Azza/TrEZX 103,
force, the comparison that interests us is the difference imvhich numerically is close t@mf,/A3~2>< 10" 3. Since the
forces between two protons and two neutrons, which is rekatter would ordinarily correspond in power counting o
stricted to theT=1 channel for two nucleons. =3, we deduce a convenient mnemonic of adding 3 to the
The long standing interest in CSR9] has been high- order of the EM-induced isospin-violating Lagrangian when
lighted recently by two exciting new experiments. One ex-comparing sizes with quark-mass-induced mechanisms.
periment, carried out at TRIUMF and currently undergoingHenceforth, our power counting for EM-induced interactions
final stages of analysis, measures the front-back asymmettill contain this additional factor of 3e.g., n=-2 as
of the pion produced in the reactiomp—d=° close to ~counted above will be counted as=1 below. _
threshold[20]. Another experiment has just been completed "€ power counting has been used in R&t.to classify
at IUCF, and measures the near-threshold cross section fygrious contributions to the nuclear potential. The leading
the reactionrdd— a#° [21]. It has been argued in RgR2] |sosp|n-.break|ng _mt_eractlon gppearsnat 1.’ when the pion-
that the chiral properties of two different contributions to the MaSS difference is inserted in the one-pion-exchange poten-

nucleon-mass difference can give a relatively large effect iryfll (O;E&B'zllt gzlvet§ a Cl‘ésgg) ]Eggcel\,/l Wh'Chﬂ;S oflrelaf:ve
np—dx°, of opposite sign to more well-known mecha- strength sm’/m’, (times P[5 Many other classil)

nisms. A similar phenomenon might existdid— a 7° [22]. forces appear up to order=3. There are three EM mecha-

There is reason to hope that these data will allow a modell > of roughly the same relative strengfizr (times the

independentalbeit crude determination of both quark-mass usual OPEP produced byn=3 terms in the Lagrangian or

. -~ _from loops. They are the two-pion-exchange potential with
and electromagnetic components of the nucleon-mass d'ﬁeHiﬁerent charged and neutral pion mas&e], CIB in the
ence. i

) _ . pion-nucleon coupling constarfil5] and consequently in
An issue that arises naturally is the role of the nucleongpep ang ther-y-exchange potentidll4]. Moreover, there

mass difference in the two-pion-exchange nucleon-nucleogre OpEP corrections that arise from higher-order isospin-

potential. Referencgl?] calculated the crossed-box contri- conserving pion-nucleon interactiotisuch as recoil in the

bution, and it contains a comprehensive discussion of th@sual pion-nucleon couplingand from second-order effects

older literature[ 23,24], where aspects of chiral symmetry are due to the pion- and nucleon-mass differencgs

not emphasized. More recently, R¢L8] calculated a CSB Here we concentrate on the clag) mechanisms. It is

seagull contribution using the formalism of R3] worthwhile to discuss briefly the various mechanisms that
In this paper, we discuss the relative sizes of CSB intereontribute to CSB in theNN system and in the trinucleon

actions in effective field theories, and calculate the two-system gHe-*H), their relative sizes, and their relationship

nucleon potential of two-pion range that arises from thein the context of power counting.

nucleon-mass difference. Pieces of this potential have ap- The bulk of the CSB is due to the soft EM interactions.

peared befor¢17,18. Here we complete the calculation of The 764 keV binding-energy difference dHe and 3H is

the long-range component of the cla$d) potential up to  largely accounted for by the 648 keV Coulomb energy dif-

(and including ordern=3. ference[25] plus ~29 keV from the small Breit corrections
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plus vacuum polarizatiorf26,13,27—29 Calculations of total nuclear isospinT,. The latter term will contribute to a
these contributions appear to be rather robust, and we henc€SB shift in the nuclear kinetic enerdfor simplicity, we
forth ignore them. The remaining mechanisms that generatesstrict ourselves to only two nucleons in their center-of-
~87 keV are contained in ChPT, and we discuss them bemass(c.m) frame],

low.
The most obvious signature of CSB due to nuclear forces My
is the difference in the scattering lengths of two neutrons and T=—To Tz (10

two protons, once all EM mechanisms are accounted for and

the effect of the different nucleon masses on the kinetic engnere T is the usual c.m. kinetic energy for two nucleons
ergy [see Eq.(1c) below] is treated. T.he resulting “experi- \ith equal masses, anf,=t,(1)+1t,(2) for two nucleons.
mental” a,,—a,, scattering-length differenck?,3,13 of  the CSB nucleon-mass difference will also lead to a modi-
—1.5(5) fm is then attributed to CSB in the nuclear force.fication of the nuclear potential energy. The CSB part of Eq.
Typlcally, one treats only the §hort-rangjas opposed to (18 (SMyT,) will commute with an isospin-conserving
pion-rangg¢ CSB force, by adjusting the force to produce the yamiltonian and, therefore, will play no role to ordé
desired difference in scattering lengths. This CSB modifica-except inside certain loop&viz., crossed-box and triangle

: > 3 Y

tion of the force then produces a contribution to fiite*H  giagrams that involve exchanging two charged pions. In the
binding-energy difference-65(22) keV, a number that also |atter case for a process initiated by two identical nucleons of
appears robus28—3Q and can accommodate the 87 keV gne type, the intermediate state would contain two nucleons
binding-energy difference missing after soft EM processesy the other type. Exchanging neutral mesons clearly does
are taken into account. Note that this scattering-length differy, ot invoke this mechanism. nor does ladder approximation
ence is generated by the total CSB nuclear force, and doggequential exchanges of neutral megdos two protons or

not differentiate between components of different ranges. o neutrons. Because this effect requires a loop, it is of the
_ The mass of a single nucleon can be expressed in terms gfger of n=3. Thus although nominally of the order of
isospin operatorgthe Pauli isospin operator satisfies =1 (by itself, the nucleon-mass difference actually first

=21, wheret, gives +1/2 for a proton and-1/2 for @  ¢ontriputes in the much higher order=3, which is a reduc-

neutron): tion in size typical of loop contributions. In addition to these
loop insertions, there are associated triangle-graph interac-
tions from seagullgdiscussed below

(1a Other contributions in the Lagrangian begin at order
1 . =2 for the quark-mass terni{ge., they are the largesand

whereM =3 (M, +My) is the average nucleon masiy arise from two types of CSB nuclear forces: short-range

=(M,—M,) is the nucleon-mass difference apdM 7, is L )
a CSB nucleon-mass interaction. The nucleon-mass diI"ferf-orces(SUCh as those arising froprw [31] anda,-f, [32]

. L mixing), and from isospin violation in the pion-nucleon cou-
ence My receives contributions from both the quark-mass i del for the | . ided
difference SM{" and EM interactions at the quark level pling constant(a model for the atterclss;B provided by-7
SMEM N ' mixing [24]). We denote the former bygz” and the latter by

VB, To leading ordef5] for two nucleons, one has

MN:%(Mp+Mn)+%(Mp_Mn)TzEM+%5MN721

SMy=oMIM+ oMM 1b — — -
o B Ve (et VAN T+ (74 7 VAN (D) 5T,
(We neglect here mixed contributions of higher ord&he 2
piece due to the quark-mass difference is the sole CSB con- R
tribution of the order oh=1, implying that this quantity is Wherer is the separation of nucleons 1 and 2, adandV,
proportional tom2/A. The parameteem?/A2~10 2 plays ~ have unit volume integral. Constanjg and y, stem from
an important role in the power counting for isospin violation, the quark-mass difference and are of the ordemot/f2 A2,
and would lead to a nucleon-mass difference of the order ofvhile y, andy,, are EM corrections of the order aff 7rf? .
8 MeV (a factor of 3 higher than most model estimates, andrhis implies a potential strengtN§§B~(emi/ AZ)VQFE‘,
therefore reasonableThe corresponding nucleon-mass termyhereVY is the expectation value of the short-range inter-
from EM interactions at the quark level is of order 2, but  4ction between either thep pair in 3He or thenn pair in
is numerically comparable to the quark-mass tdsume- 3y A 34-channel calculation using the AV18 poteni&B]
what smaller and of opposite sighecause it implicitly con-  gives —7.6 MeV for the latter, or an estimate of about 45
tains a power of the fine-structure constant. keV for the contribution of the CSB short-range interaction
The largest CSB interactions in the Lagrangian thus comg, the 3He-3H binding-energy difference. This interaction
from the nucleon-mass difference of the orderaefl and2 a5 traditionally always been a part of CSB studies.

for the two different mechanisms. The effects of the nucleon- 1he OPEP contains a CSBoupling constantmodifica-
mass difference on nuclear amplitudes are somewhat supgp, [5,15]

pressed, however. Summing Eda) over all nucleons pro-

duces an overall constanfdetermined by the average (B1+Ba)

nucleon mass which can be removed by a shift in the zero V. =v, t(l)-t(2)—MTz =\V0+VCSB (3
of energy, and a term proportional to taeomponent of the 20a T
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where V?Tszt(l)-t(Z) is the usual isospin-conserving

OPEP, and we do not writéhigher-order recoil corrections | ______

explicitly. Here, 8;~em2/A? is the (quark-mass induced e

CSB pion-nucleon coupling constant agy~a/7 is the [~

(EM-induced CSB pion-nucleon coupling constant. The size

of VE5Bis constrained only by an upper limit of, + 33, @ © ©@ @

arising from the Nijmegen phase-shift analysisNi data FIG. 1. Two-pion-exchange graphs that contribute to isospin-

[15]. A numerical estimate 0¥S° in the trinucleon system  conserving nucleon-nucleon scattering.

can be obtained from E@3), which shows that the contri-

bution to the trinucleon binding-energy difference is approxi-for 6T of 25 keV. As we will see below, however, the loop

mately(ViSB)z—4(ﬁ1+E3)V’7\'TN/gA, wherevﬁ’\' is the ex- Integrals in this case only giv_e one power Ofﬂ'().‘rl..The

pectation value of the potential energy due to OPEP betweefySB TPEP then likely supplies a larger contribution than

either thepp pair in 3He or thenn pair in 3H. A 34-channel expected on the basis of power counting.

Faddeev calculation using the AV18 potenfiaB] produces Note that the CSB TPEP contribution is algo a part qf the
. : traditional short-range nuclear CSB mechanism, and its ef-

—1.67 MeV for the latter. Using the experimental value off . . .

— 5 cs ect is, therefore, included in the 2)-keV short-range part
(B1+B)=0(9)x10"° from Ref. [15] produces(VZ™)  of the trinucleon binding-energy difference. One can, of
~0(50) keV of uncertain sign. The dimensional estimatecoyrse, accommodate all of these short-range mechanisms
[5,15] using Bi~emZ/A*~102 produces (V5°%  ysing modelg31,30. Alternatively, one can hope that a so-
~50 keV, and also of uncertain sign. Thus a substantial pafshisticated partial-wave analysis of nucleon-nucleon scatter-
of the “short-range” contribution to CSB55(22) keV]inthe  ing, such as that carried out by the Nijmegen gréi,11,
trinucleons could come from CSB in OPEP, rather than frommay be able to disentangle the CSB interactions of one-pion
a shorter-range interaction. In any event, the two mecharange, two-pion range, and short range, each of which con-
nisms are predicted by power counting to be the dominanfains an unknown parameter that must be fitted to the data.
hadronic contributions and to be roughly comparable in sizeincorporating these forces into their procedure should be

The next order in ChPT for CSB is=3. The modifica-  straightforward, although there may not be enough sensitiv-
tion of the nuclear kinetic energy induced by the differentity in the data to distinguish between the three mechanisms.
nucleon massefEq. (10)] is of this order, and is always A full analysis of few-nucleon systems within effective field
taken into account, both in theN interaction and in the theory [6,33,34 will eventually include all these CSB
trinucleon CSB, where it contributes a robust 14 keVmechanisms.

[13,26—-29. A power-counting estimate of its size can be In summary, there are two mechanisms for CSB of the
made by usingm, to estimate the average value of the order of n=2 at the Lagrangian levelCSB short-range
nucleon momentum in the trinucleons, which produces dorces in Eq.(2), and CSB OPEP in Ed3)] and one of the
value ~ (m%/M?) My~ 25 keV (and within a factor of 2 of  order ofn=3 [nuclear CSB kinetic energy in E¢Lc)] that

the actual value The size of this contribution illustrates the should make roughly comparable contributions in a nucleus.
general caveat about power counting: even though thi¥he TPEP modified byyM " and M ﬁ“", together with the
kinetic-energy modification is an order smaller in the La-associated CSB seagull interactiofal given in Egs.(9)
grangian than the potential couplings<3 vsn=2), they  below], should be somewhat smaller.

can make actual contributions in a nucleus that are not very

m————

_____

different in size. This contribution added to the soft-EM IIl. CSB TPEP
mechanisms discussed earlier leaves about 73 keV to be ex-
plained by the various CSB nuclear potentials. Isospin-conserving TPEPs are an old problem with a new

The other mechanism of the order nf=3 is the two- twist. In static ordefcontaining only terms that remain when
pion-exchange CSB arising from the nucleon-mass differthe nucleon mas#1 or the large-mass scale of QCRQ,,
ence in certain loops, which we discussed above and wilbecomes very largethe diagrams of Fig. 1properly sym-
treat below. It depends not simply on the full proton-neutronmetrized contribute to the TPEP. The vertices and propaga-
mass difference, but 0AM ™ and SMEM separately. Since tors follow from the leading-order Lagrangian for pions and
these two components of the nucleon-mass difference areucleons,
presently unknown, we can only estimate the impact of this L
potential on observable quantities. Power counting suggests gy . - = 5 9 +
that this contribution is one order smaller than fitieree 4 )_E[ﬂz_(vw —me ]+ N
previously discussed mechanisms. We can make a numerical
estimate of its contribution to théHe-*H binding-energy 9a - o
difference using naive dimensional analysis. Again assuming + EN o-V(rmN, 4
that the typical momentum in the nucleusQs-m_ and that
the loop integral gives the usual factor off¥ 2, we expect  where thewraN term is the Weinberg-Tomozaw@VT) in-
in coordinate spac&/5>°~(m#/647f2A2)5My, which is  teraction[35] and thewN term is the usual interaction that

w

more than an order of magnitude smaller than the estimatdepends on the axial-vector coupling constgptand the

N

o .
i dg— FT'(#X )

m
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for this problem because of the isospin symmetries of the
WT (antisymmetri¢ and CSB seagullsymmetrig vertices.

.. .- .- We find a result that is a pure clagi$l) potential. Our
/?*i\ N <. . . results in momentum space are given below, with both pion
) ~~ - momentaq;=k+3q and g,=—k+1q pointing into the

seagull vertex. The loop momentum ksand g is the mo-

@ ® @ @ mentum transfer. Writing
FIG. 2. Two-pion-exchange graphs that contribute to charge- 1 Oa 2 R
symmetry breaking in nucleon-nucleon scattering. Gréphvan- égBC(q)— 7 [1,(1)+75(2)]0*P%(q) (8)
ishes because of the symmetry of isospin operators.&Tlsgmbol ™\ (2f )
indicates a CSB vertex, either a seagull(@ and (d), or a mass
insertion in(a) and (b). and
3

pion-decay constanf... Terms with additional pions or va,b,C(a):SWf d’k udPe(q,,q,), 9)
nucleons are neglected here, as they only contribute to the 3 12

nuclear force at higher orders. The WT term has a specific
normalization ¢ 1/4f2) required by the underlying chiral graph 2a) gives
symmetry.

The nucleon-mass difference corresponds to Lagrangian
terms that arise from both quark-mass differenés" and
from EM interactions at the quark leveiME™ . The largest
term of the first type i$5] (ql d2)*+0(1)- 01X Gp0(2) g1 X 0y

(95+m2)(g5+m2)
N, 5 (9a)

while graph 2b) generates

1
+
2 2 2 2
q1+m’7T q2+m7T

ua(ﬁl ’az) == g§5M N

LiD=—MI™NT| 5 75— a2 T

w

and the leading-order term of the EM type[§

- di- Gz
Ub(quqz):_gMN 2 2 2 2. (gb)
LGP == MRUNT| 33— — (7?1377 @) [N. (6) (q1+m2)(0z+m?7)
" and finally graph &) produces
As with the WT term, ther#N interactions in Eqs(5) and ..
(6) arerequiredby chiral symmetry and have a fixed strength UE(Gy ) = (SMy— L oMM d:-02
(—1/4f2) relative to the mass terms. We again drop terms 142 N 27N (2+m2)(g2+m2)
that involve more pion fields and do not contribute to the (90)

nuclear potential in low orders.
The CSB TPEP can be computed in a straightforward The integrals in these expressions are divergent, requiring
way. We simply consider all insertions of the mass and in+egularization and renormalization by the spin-independent
teraction terms above into the diagrams of Fig. 1, includingiucleon-nucleon contact terms given in E@). The loop
external lines. Alternatively, we implement then mass- integration ovelk gives for the nonanalytic terms
difference mechanism by including the simjplen mass dif-
ference[i.e, the sum of the first terms in each Lagrangian in q>+ Zmi
Egs. (5) and (6)] in the initial and final nuclear states, and v(Q)=gaoMy ZTarctar(
2m}  o(1)Xq-o(2)Xq { q )
- - arcta
SMcsg= 3 SMy(7,— 70), (7 q*+4m’ 4 2m;

+6m,

2m
then compensate for this addition by a subtraction. That is, i

we write for a single nucleon

(8a)

where 72 is the reference value of, for that nucleon. The

expectation value of this contribution for all the nucleonsgndg

will vanish, as does the contribution from uncrossed-box dia-

grams. The crossed-box diagram shown in Fig) 2nd the boc am q+ Zmi q
triangle diagram in Fig @) can also be easily computed. In v H(g)=— My 2q arctan 5 ——| +m
addition, there are seagull terms involving two pidfrem N (8b)

the second parts of the two Lagrangians in E§sand(6)],

which will generate triangle diagrams-ig. 2(c)], and in The long-range part of the potential in configuration space
principle, “football” diagrams[Fig. 2(d)]. The latter vanish is independent of the regularization procedure. It is simplest

e
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to derive it by introducing a cutoffform” ) factorF(qg?) for  cisely known observable, the quantigM{™ is not (yet).
each pion line carrying a momentugnin or out of a vertex. Note that our expression@a and (8b) contain only one
The three nucleon-nucleon potentials depicted in Figspower of (4r) %, while usually a loop contributes two pow-
2(a—9 are ers. IgnoringdM{™ and treating the dimensionleb$x) and
any of its derivatives as order 1, we gevs-c
~(m%/8f2A?) M, which is about half the estimate féil
of 25 keV. Numerical estimates of the effect of ter(@s)
(100 and (90 have already been publish¢d7,18. At present,
. only the effect of the sum of the one-piofithe just-
with calculatedl two-pion, and short-range CSB potentials is con-
a2 ) , ) strained by experiment, while none of the individual terms
(%) =2gaoMn({h(X) Vh(x) +x h"(x)V*h(x) are uniquely specified.
, - ~ In summary, we have calculated the additional two-pion-
—2[h' (1%} + o(1)- o(2){h(x) V*h(x) exchange CSB nucleon-nucleon force that is the same order
—h(x)h' (X)/x+[h’ (x)]2} as (and complemenjsthe two-pion-exchange two-nucleon
CSB force previously calculated in Refd.7,18. This force
_(}(1).F(}(2).F {h(x)Vzh(x)—3h(x)h’(x)/x has been developed using ChPT, and should be somewhat
smaller than the other CSB interactions that we discussed.
+[h"(x)]%}), (108 we have also discussed the interplay between the CSB OPEP
and short-range CSB force, both of which are larger than the
CSB TPEP. The observed CSB in thide-H system is con-
b+c oy — / 2 sistent with modern calculations. No model-independent
07" (x) = MNTTh ()T (100 resolution of the CSB nuclear potentials into components of
different range has yet been made, because each force of
one-pion, two-pion, or short range contains(aa yej unde-
termined constant. It is hoped that by completing the one-

m2 | 2 .
( (92’} )2) [7(1)+ 7,(2)Jo®PC(m,r)

Vese(r) = (472

and

In these potentials we have defineet m_r, all derivatives
are with respect ta, andh(x) is the regulated Yukawa func-

tion, . . . ;
pion-range and two-pion-range parts of these potentials in
d3l F2(12m2) - . e X ChPT, a phase-shift analysis of nucleon-nucleon scattering
h(x)z4wf s—5 €' *->—, (1)) data that incorporates this information, may be able to dif-
(2m)® (1°+1) X ferentiate the components of various ranges. In addition to

the two-pion-exchange nucleon-nucleon force derived here

= 2
where the last form holds only fd?_.l' Note thatV h(_x) and in Refs[17,18, there will be two-pion-exchange three-
generates a purely short-range contributioe., a4 function nucleon CSB forces of the order nE 3, which we have not
if F=1) that is indistinguishable from other short-range CON~raated herein '

tributions. 1t is, therefore, permissible to ignore such terms
and replac&’?h(x) by h(x).

Equationg10), (10a), and(10b) form our main result: the
model-independent, long-range part of the CSB TPEP. This We would like to thank Rob Timmermans and Bob Wir-
result can now be used, for example, as added input to thigga for several very helpful discussions about CSB. U.v.K.
Nijmegen phase-shift analysi$2]. is grateful to the Department of Physics at the University of

The contribution from the crossed-box diagram, B#),  Washington for its hospitality, and to RIKEN, Brookhaven
is proportional to the totap-n mass differenc&dMy. Our  National Laboratory and the U.S. Department of Energy
results agree with the functional form of REE7] in momen-  (Grant No. DE-AC02-98CH10886or providing the facili-
tum space. A potential in configuration space was not preties essential for the completion of this work. The work of
sented there. The contribution from the CSB seagull, EqJ.L.F. was performed under the auspices of the U.S. DOE,
(90), was first calculated in Ref18]. The triangle with mass G.L.P. was supported in part by the U.S. DOE, S.A.C. was
insertion, Eq(9b), has not been previously calculated. Theresupported in part by the U.S. National Science Foundation,
are cancellations between the latter two terms, which makand U.v.K. was supported in part by the U.S. DOE Outstand-
them proportional to the quark-mass compon@ity" of the  ing Junior Investigator Program and the Alfred P. Sloan
nucleon-mass difference. While the quantity is a pre- Foundation.
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