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A method is developed for treating the effect of the neutron-proton mass difference in isospin-violating
nuclear forces. Previous treatments utilized an awkward subtraction scheme to generate these forces. A field
redefinition is used to remove that mass difference from the free Lagrag@mhhence from asymptotic
nucleon statesand replace its effect by effective interactions. Previous calculations of static class Il charge-
independence-breaking and class Ill charge-symmetry-breaking potentials are verified using the new scheme,
which is also used to calculate class IV nuclear forces. Two-body forces of the latter type are found to be
identical to previously obtained results. A three-body force is also found. Problems involving Galilean invari-
ance with class IV one-pion-exchange forces are identified and resolved.
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I. INTRODUCTION nuclear potentialgusing Weinberg power countif@,5]) in-
Although isospin violation in nuclear physics is a ratherduc:e ']Ehe pon dec'ay' constafy~ 93 .Mev’hWh'(.:h sets the
mature topic[1,2], it has recently undergone a renaissance>c@l€ for pion emission or absorption, the pion megs
because of chiral perturbation theafyPT) [3,4]. Many of which sets the scale for chual-sy_mmetry preakmg, the typi-
the phenomenology-based mechanisms that underlie the tr al nucleon momentur@~m,,, which is an inverse correla-

ditional approach to isospin violation in nuclear forces have °" Ienﬁ]_thh n r;]“de" lan? the cglaracterlsUc QCD S‘?A]ef
been rederived inyPT [5-12. Most of the results of this ;mp’ which is the scale of QCD bound states appropriate for

reanalvsis are th me as th f the traditional ] eavy mesons, nucleon resonances, etc. The latter are frozen
eanalysis are the same as those ot the traditional approacly,; 5nq go not explicitly appear, although their effect is

which thUIdh be no suhrpriie.dTSere have nelverlthelelss lbe%esent in the counterterms of the effective interactions. The
several mechanisms that had been incompletely calculatg@g,ting field theory is a power series@i A, and the num-

using older techniques and have been recently completed ¥y, of powers of 1A (e.g.,n) is used to label individual
xPT, such as the statie-y exchange forcg7], the two-pion-  terms in the Lagrangiaviz., £™). In this way higher pow-
exchange charge-independence-break{i@) potential[8],  ers denote smaller terms, and this is an integral part of the
and the two-pion-exchange charge-symmetry-breakingrganizing principle ofyPT.
(CSB) potential[12]. The primary innovation ofPT, how- Chiral perturbation theory was originally appli€8,5,16
ever, is the use of power counting to order the sizes of interto ordinary strong forcegclass | in the terminology of Ref.
actions andLagrangian building blocks in a well-defined [1]) and, for the two-nucleon potential, these calculations
way [3,13] so that it is apparent which interactions and have now been completed at the two-loop lguél]. A major
mechanisms are dominant. In some cases this leads to tlseiccess of the program has been the numerical determination
identification of important contributions that had not beenof the coefficients of several counterterms in tWeT La-
considered before, which in turn give results that are signifigrangian whose role had previously been restricted to pion-
cantly different from traditional approaches. An example isnucleon scattering. This determination used partial-wave
charge-symmetry breaking ipn—d=°, where previously analysis of nucleon-nucleon scattering data to isolate the
ignored contributions required by chiral symmetry changecontributions proportional to those counterterfh8].
the sign of the predicted front-back asymmefd#], in The xPT formalism was extended in Rgb] to incorpo-
agreement with subsequent dfi). rate isospin violation in nuclear forces. The extended theory
The most important attribute of effective field theories ishas now been applied to charge-independence-breaking
the underlying power counting that allows a systematic orforces [6-10 (class Il forcey and ordinary charge-
ganization of calculations. In the case @®T, which is the symmetry-breaking force$6,9-13 (class Il force$. The
low-energy effective field theory based on the symmetriedatter are determined by differences between “mirror” forces
and scales of QCD3], the relevant scales for constructing in a given multiplet, such as the difference betwexm(T,
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=+1) and nn (T3=-1) forces within theT=1 isomultiplet accomplished the necessary bookkeeping, although it was
(for later notational consistency we will uniformly use “3” somewhat awkward and would have been difficult to gener-
rather than 2’ to refer to the third component of an isospin alize to more complicated operato(such as three-body
vectoh. In this work we will complete the list by treating forces. In what follows below we will use a field redefini-
class IV charge-symmetry-breaking two-nucleon forfes  tion procedure that simply removes the p mass difference
which lead to transitiongonly) between theT=0 andT=1  from the asymptotic statefgn favor of an average nucleon
isomultiplets in thenp system. We also note that the scales ofmassMN:%(Mn+Mp)] and compensates for this by intro-
isospin violation inyPT were used in the paff] to prove  ducing new effective interactions determined 8\, that
that these forces satisfy (in magnitudg¢  must be treated in perturbation theory.
class I>class II>class llI>class IV. We illustrate the method in the lowest chiral orders, in
While electromagnetic interactions break charge indepenwhich case only the lowest orders &My appear. In addi-
dence in general, the up-down quark-mass difference breakion, for the sake of simplicity, we display in the equations
charge symmetry specifically. CSB observables can, therebelow only those few terms of most interest for the nuclear
fore, be linearly sensitive to the up-down quark-mass differpotential. It should of course be kept in mind that T
ence, while CIB observables that are charge symmetric dtagrangian includes all terms allowed by QCD symmetries,
best depend quadratically on the quark-mass differenceand that at each chiral order all powers of pion fields are
Since the quark-mass difference is small on a typical hadrequired by chiral symmetry.
ronic scale, CIB is for all practical purposes dominated by The leading-order Lagrangian yPT is
electromagnetism. Interest in quark masses takes us to CSB.
At low energies, CSB originates fror_n a variety of Sources, (0 - }[1-72 _ (6 )2 - miﬂ'z] + NT<i00 _ iz"' (77 X ér))N
but the terms favored by power counting are associated with 2 ol
the nucleon-mass difference. In general, in order to under-
stand CSB at low energies we need to include the effects of + %NT& . 6(7. N+ - (1)
the nucleon-mass difference. In Sec. Il we invent a field re- -
definition that removes the nucleon-mass-difference ter
from the low-energy effective Lagrangian at the expense o
new interactions. In Sec. Ill we show that the previous cal-
culations of class Il and Il forces are very easily reproduced
in the new field basis. The implications for class IV forces in
xPT are discussed in Secs. IV and V. In these equationg,=0(1) (ga=1.26 and ¢,=0O(1/A)
(C,~-2 GeV'Y) are parameters not determined by chiral
symmetry, and .” denotes terms that we do not require
[19]. There are three® terms with one pion interacting
The mass difference between the proton and neutrorwith a single nucleon; we will comment further on them
oMy=m,—m,, plays an important role in charge-symmetry below.
breaking. This mass difference arises from two separate In addition to these class | interactions we have isospin-
physical mechanisms. One of these is the up-down quarkyiolating interactions, a comprehensive list of which can be
mass difference, which dominates and makes the neutrofound in Ref.[5]. We are here particularly interested in the
heavier than the proton. The other mechanism is hard eledateractions generated by the quark-masssM{™
tromagnetic(e.m) interactions at the quark level, which :O(fmi//\)] and hard-photofisM§"=0(aA /)] contribu-
tends to make the proton heavier than the neutron. The dions to the nucleon magsMy = MI"+ oM™,
mensionless parameter associated with up-down quark-mass-

hile the sub-leading-order Lagrangian is given by

_ Oa > 2 [ -
ﬁ(l)—mNT{U-p,T-ﬁ}N+f—ZNTNﬂ'2+ . (2

w

Il. THE NUCLEON-MASS DIFFERENCE

difference isospin violation igm?/A?~ 1%, where e=(my _ My MR oMY"
-m,)/(my+m,)~0.3 and we have choseh to be the mass L= 2 N7gN + 4f2 N'7- armsN + 4f2 N (r;m?

of the p meson. Th(la parameter associated with hard e.m. _
interactions isa/ m~ 1%, wherea is the fine-structure con- _ 1o o o 2 B, o o
stant. In addition to t4hese mechanisms, which have an origin 7-7m)N 26]“”(77 ™)+ 4ffT(W2 mIN'N
in short-distance physics, there are also important soft-
photon contributiongsuch as the Coulomb interaction be-
tween protonsthat dominate isospin violation in nuclei. All
three of these mechanisms contribute to class IV forces.
Because asymptotic nuclear states individually reflect th&or reasons that will soon become obvious we have also
appropriate nucleon masses, previous work on class I$hown explicitly the pion-mass-splitting term and a pion-
forces noted that only those nuclear intermediate stateBucleon seagull with the same transformation properties. The
whereZ-N changes will contribute to isospin violation. An pion-mass-splitting term is dominated by the electromagnetic
example would b@p scattering with the emission of tws*  contribution A = (8M2)°M=0(aA?/ ) [ome,
mesons(creating annn intermediate nucleon configuration = (38 MeV)?], since the contribution from the quark masses
with a different massand subsequent reabsorption of theis small,(&nf,)qm:O(ezmi/Az). Because of the quark-mass
pions. In Ref.[12] we adopted a subtraction procedure thatcontribution,6My counts formally as chiral order=1. (See,

Bo

+E(ﬂx NN+ - 3)
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however, the discussion in Sec.) Woting thata/ is nu- Since the maximum number of derivatives at ordeis
merically comparable tcrmf;/A3 and adjusting our power n-f/2+2,wheref is the number of fermion fields, the above
counting of e.m. terms accordingly, the pion-mass-splittingfield redefinition generates a finite number of new terms at
term then counts as=1, and all other isospin-violating in- each chiral order. Four new terms arise from transforming
teractions are of higher ordefi5]. [For example,El is _,C(°>. One of them comes from the nucleon kinetic term, and
O(aA /) andn=2, while B, is O(a/m) andn=3] is equal in magnitude and opposite in sign to the first term in

The average nucleon mabf, has already been removed L;,. Another new term comes from the Weinberg-Tomozawa

from consideration by means of the time-dependent transforipteraCtion(the chiral partner of the nucleon kinetic tem
mationN=eMNIN’, which uses the fact that only the second and has the form of the third term ify, (the chiral partner of

term in Eq.(1) contains a time derivative of a nucleon field the nucleon EM mass-difference texrithe third and fourth

while the exponential multiplyingd’ commutes with every- terms come from the pion kinetic term. In addition, two new

. ) . terms are generated b§/Y, and so on.
thing else. That procedure will not work straightforwardly LT I
for the oMy, term becauseMy s does not commute with The sum of the new isospin-violating contributions to our

other nucleon isospin operators if”. One can eliminate Lagrangian together with the surviving terms from Eg).is

the first term in Eq(3) by an appropriate redefinition of the , ) Mg :
nucleon field, Li, = My(m X )3+ a2 N {7 mmy+[(7 X @) X @]giN
. 1 1
—i OMNTSI2N] = = i ainl = 1 oM
N — e 'VNtTleN cos(zéMNt) |T3S|n<28MNt). __(émi_éMEl)(ﬂ_z_ﬂ_g)_& N
2 4f - My
(4)

In the process, however, we create interactions that are ex-

. . 1 — )
XNYa - p,(7 X m)gIN+ F(ﬁz‘*gézb‘MN)(Wx )3
plicitly dependent on the time unless we also redefine the ”

pion f@lds. Usmg Eq(4) we find NN + ig(ﬁl‘* 4525M§,)(172— W%)NTN el (®
el&MNtTS/ZTie—IﬁMNtT?’/Z - A(éMNt)Ti + B(5M Nt) €ijaT, 4qu
+ C(SMy1) 875, (5) Becausg the quark—ma;s-difference parihfy c_ounts like
two derivativeq12], the first and second terms in &) are
where of ordern=1, the second part of the third and fourth and the

A(2) = cog2) fith terms are of orden=2, and the second part of the sixth

' term is of ordern=3. The £? interactions generate one
B(2) = - sin(2) single-nucleon contribution proportional t&M /M3,
' which hasn=3 (plus another of ordeﬁMﬁ with n=4). Note,

C(2)=1-cos2). ©) however, that in the nuclear potential the energy transferred

by pions isO(Q?/My), and a time derivative produces con-
The transformations for the Cartesian components show  tributions that are effectively the size of contributions with
that they are identical to those of a coordinate rotation abouwo space derivatives. Thus the one-pion-exchange potential
the z axis in isospin space by an angléMyt. This imme- (OPEB derived from this interaction effectively contributes

diately suggests the corresponding form for the pion transat ordern=4. The fifth and sixth terms in E¢8) and terms
formation: stemming from£ (™2 produce a higher-order potential than

we wish to consider.
m — A(OMy) i + B(OMyb) €37 + C(OMNE) Gigmrs. (7) Our new Lagrangian i€ @+ £®+ £/ +---. The nucleon-

To leading order inSMyt this pair of transformations is mass difference has been entirely removed from the
nothing more than the usual §2),, generators fotelectrig asymptotic states and now resides only in the new effective
charge conservation. Application of these transformationdnteractions[see, however, the discussion below E22)].
demonstrates that?, s, 747, and 73 are invariant, as one Among the latter we find novel two-pion seagull terms. The
expects. Only terms that involve a time derivative in thefield redefinition presented here is thus particularly suited to
Lagrangian are not invariant, and these will generate newhe study of nuclear processes.

Lagrangian term$20] that compensate for the rotating iso-

s_pin (_:oordinate system, eac_h of the_m r_nodifyin_g the isospin- IIl. CLASS Il AND Il EORCES
violating Lagrangian. Each time derivative can introduce one
power of SMy into the final result in Eq(8). BecauseSMy is Like any other field redefinition, Eq$4) and(7) do not

of ordern=1, a new term generated by an isospin-symmetridntroduce any new physics; they only produce a new—in this
term of ordern will have ordern+1 or higher. Note that case, useful—bookkeeping of various contributions. We can
terms with an even number of time derivatives can generateheck this result by repeating previous calculations of
new interactions with even powers é&My. Although the isospin-violating forces. Three vertices corresponding to the
original nucleon-mass-difference term in E®) is charge- various terms in Eq(8) are illustrated in Figs. (8)—-1(c).

symmetry breaking, some of the new interactions will beFigure Xd) depicts the usual isospin-conserving OPEP
charge symmetric. (which is class), while 1(e) is generated by vertexld) (and
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A A A
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X —>—@ »
// (a) (b) () (d)
-~ FIG. 2. Two-pion-exchange graphs that contribute to isospin-
conserving-nucleon scattering.
1
(@) (b) (©) 1(b) into single-pion vertices, or Fig.(& into two-pion
seagull vertices. We will ignore the modifications from Fig.
A A A A A A 1(b) because they are nonstatic, and for this reason are higher

order in power counting than was calculated in Réaf].
Likewise, theT, interaction in Fig. {c) contributes to the
potential at higher order.

The remaining terms in the seagull, Figc) consist of
—————— o— — ——X——1 the original seagulfthat in Eq.(3)] plus the My modifica-
tion induced by the transformation@) and (7). Like the
original seagull, the seagull modification vanishes in Fig.
2(d) to orderéMy because of isospin symmetry. The seagull
terms in Fig. 2c) give Egs.(9b) and (9¢) of Ref. [12]; the
original seagull gave Eq9c), while the seagull modification
reproduces Eq(9b). If one ignores the energy transfer be-

FIG. 1. Vertices created by removal of the nucleon-mass differ-_tween nucleons and other nuclear-energy dependgviueh

ences from the basis states of our Hilbert space are showa,in 1S @ higher-order correctionthe graphs that result from
(b), and(c), while the usual one-pion-exchange graph is shown inPion-propagator modification by Fig(d) are greatly simpli-
(d) and additional graphs generated by the interactiapand(b) ~ fied by a symmetry that develops. The integral over the loop
are illustrated inf) and(e). Pions are depicted as dashed lines andfour-momentum(k”) then has a simplified time component
nucleons as solid lines. (i.e., the integral over the loop enerdy), which can be

_ classified according to the pariti®— —k°) of the k, factors.
corresponds to class \\and 1f) is generated by vertexd.  The 7 factors are odd, since each generates one factkft. of
The latter includes a term that is proportional to the energy=ach inverse pion propagator becomes proportiongk®3

transfer(q®, or the time component of the four-momentum anq is therefore even under a sign change, while each
transferg”) between the two nucleons and hence vanishes ipycleon propagator becomes

the center-of-masgc.m) frame. It has a class IV type of
isospin structure, and we will treat both OPEP grafites,
Figs. Xe) and 1f)] in the next section. 1 1 . 0
Figure Xa) also contains the pion-mass splitting and gen- K+ie = ip@ —ima(K), (9)
erates well-known, relatively large class Il forces. The new
5Mﬁ term in the pion-mass splitting results in small class Il
forces. For example, it generates a small class Il OPEP thathereP denotes a principal-value integr@dd in k), while
has been obtained befofg]. However, the field redefinition the &function part[8(k°] is an even function ok,. All
above makes it obvious that the contribution of tmﬁ modifications of Fig. 2 produced by inserting Figajonly
term to higher-order class Il forces can also be obtained frondnce are found to contain an odd numberkbfactors, and
the correspondingim?_contribution by the straightforward have at most one surviving nucleon propagator. Thus if we
substitution émi—> &ni—ﬁMﬁ In particular, this remark use Eq.(9) the k° factors all vanish uporgsymmetrig k°
holds for the two-pion-exchange potential of R}. These  integration except for thé-function part. In this way only
new terms are all expected to be small because fordl§f  the modification of the crossed-box graph in Figb)2con-
is the size of the expected small quark-mass contribution t&ributes (the remaining graphs vanish, as they did in Ref.
om2, O(e2miz/ A?). In addition, the discussion in Sec. V sug- [12]). Performing the trivial integral over thé function
gests thaMZ, in pion-mass splitting should be treated as if leads directly to Eq(9a) of Ref. [12].
it were n=4, rather tham=2, since it is approximatel%% Therefore, the formalism for treating isospin violation
of the usual pion-mass difference. from My using Eq.(8) reproduces previous results but is
We can also reproduce the calculation of static class Ilimuch more direct and transparent. Although we have not
two-pion-exchange potentials that was performed in Refcalculated the corresponding three-nucleon isospin-violating
[12]. The remaining graphs to consider are two-pion-forces, it should prove much easier with the new approach.
exchange graphs such as those in Fig. 2, which must b@/e turn now to the remaining compongass 1\) of the
modified by introducing Fig. (B) into pion propagators, Fig. two-nucleon potential.

(d (e) {®
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IV. CLASS IV FORCES - SMNGE 5 -
y VWV (P =- . X 7)30, - P&, - Viiho(ri).
Two-body class IV forces have traditionally been classi- m1el(P) 4f2M 7 (71 X 7)501 - P0y - Vijholry)
fied into two types with the generic forms in the c.m. frame (18)
IV (= — — — .\
V' (1) = (71 X 75)3(01 X 0p) - Lwg(r) (100 Although this form resembles frame-dependent relativistic
and corrections to nuclear potentials, which were exhaustively
R treated in the pag®21], it has too few powers of M, to be
VL (F) = (71— 1) 3(G1 = G) - Lwg(r) (11)  arelativistic correction to OPEP.

To clarify the role this term plays it is necessary to deter-
ne the contribution of Fig. (f), which also hasn=2 but
vanishes in the two-nucleon c.m. frarf@nd hence is usually
ggnorec}. That contribution is

(wherer=r;-r,). These forms have been simplified by ig- mi
noring possible factors qi?, the square of the common c.m.
nucleon momentund, and thus correspond only to the low-
est order in power counting. Given an isospin operator that i

antisymmetric under the interchange of the two nucleons, N (‘SMNg,Z;2 .= . =

parity conservatior{requiring symmetric radial formshen mU T 30620 A (7 X 7))30i - V05 - Vjy
dictates an antisymmetric combination for the spin vector. mONIE

We note, however, that since antisymmetric isospin vectors X{Pi + Py, - Fijho(rij)} (19

can only induce transitions betwedn=0 and T=1 (two-
nucleon states, the two forms in Eqgl0) and(11) are pro-
portional and effectively equivalent, as are the two spin

The decomposition of this potential into internal and c.m.
parts leads to

vector forms. Thus in an operational sense there is only a N 5MN95\ -
single class IV type, eithgfl0) or (11), even though the two Vaai(P) = 8E2M E (7 X 7)3[20; - Pay - Viho(ry))
isospin(spin) forms have different time-reversal properties. mONTE
The dominant class IV forcen=2) is generated by one- 5. 7= 9 = . % hir
pion exchange using the fourth term in E§) in Fig. 1(e). A +P - Vi Vigho(Tip)] 20
simple calculation in configuration space leads to for the c.m. part, V\ihile th*e internal part is obtained by re-
placjngﬁi andp; by K; andK;, respectively. Since the sum of

SM\g>
M=t > (7

m1e= " g2y & X 7)3{; - B, 0 - Vijho(rip}, all K; in any system vanishes, this force vanishes in a two-
T 17]

body system. In a three-body system, howe\}érﬂzjz

(12 -Ky (i,],k all different), and this force does not vanish. The
where OPEP from Fig. {f) is therefore a peculiar three-body force
1 that violates isospin conservation. Although it has class IV
ho(z) = ——e ™™, (13) isospin dependence, this force does not mix spin representa-
Az tions in the manner of two-body class IV forces. Note that

We have chosen to write the complete frame-dependent forrf{lIs effect is present ianythree-or-more-body system where

of V'V.l,3 for reasons that will become obvious. If one now Momentum is Eransferred to the two-nucleon system.
writes the mass of thigh nucleon in isospin notatiofwhich Adding the P-dependent terms in Eqe20) and (18) to-
is implicit in Eq. (3)] as gether we arrive at a relatively simple form
= 1.3 - M -
Mi =My + 37 oM, 9 VY(P) = 22N (X 7)gP -0l (21)
which expresses the total mass in terms of the 3 component NiZ]
of the total isospin whereas the usudtlass ) OPEP is given by
A
1 y
M= 2, M; =AMy + 2 My, (15) V,T:EE 7Tl (22)
-1 i#]
we can separate each nucleon’s momentum into a c.m. pafhe origin of this unusual force can be understood in simple
(P) and an internal par(ﬂi) using the usual relations terms. Consider a neutron and a proton placed some distance
apart, and place the origin of coordinates on the neuti@n
5_:|z+%|3 (16) simplicity). The center of mass of the system is slightly
I I "
t

closer to the neutron than the proton because the neutron is
heavier. The exchange of a charged pion interchanges the
neutron and the proton, which causes the c.m. to move
(slightly) further from the origin. Thus with differing neutron

Using Eqs(14)—(16) we decompos¥'¥

=1e INtO the form(10)
for the internal part,

Mgz hy(r) and proton masses thusualc.m. does not move in a straight
Wa(f):mT' (17) line in the absence of an external force. This problem is
TN Galilean in origin(see Refs[22]) and is unrelated to the
plus a frame-dependent part specific problems that arise from special relativispch as
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the Thomas precession and Lorentz contragtion mechanisms involving meson exchange. When the mesons
Forming the usual c.m. coordinate vector are frozen out, Eq(27) results. An example of this type of
AL A interaction is provided by-w mixing, which is usually con-
R, =S Mir; _ AMN§O+ 5MNE 3F (23 structed by imitating one-photon exchan@d]. As demon-
= M M, Mo " strated in Ref[6] the usual form of the class Ip-w mixing
force has “natural” size. We will comment below on the cor-
with ﬁozzi‘\:lﬁ/A, it then follows that responding class IV form. Note that in addition to this short-
o _ range interaction, at=4 there exist also loop diagrams that
iP[Rem,Val :VL\T’(P), (24) give rise to class IV forces. For example, we have one-loop

. graphs involving the fourth term in Eq8); however, be-
where the latter quantitjV'/(P)] was derived in Eq(21)  cause they should be suppressed-by2/(4xf )2 with re-
and therefore reflects the fact that OPEP and the usual nogpect to the OPEP term above, the discussion in the next
relativistic c.m. coordinates do not commute. Note thRt  section suggests that these graphs might contribute little. It is
commutes with/;, and the nonvanishing commutator is gen-|ikely that the most important loop diagrams involve the fifth
erated by theSMy term in Eq.(23). term in Eq.(8), sincet, is relatively large due to contribu-
The presence of the term',\T’(P) in the potential is re- tions from the delta isobar.
quired in order to preserve the Galilean invariance of the In addition to these short-range CSB mechanisms, there
matrix element of the Hamiltoniak. Galilean invariance exist class IV forces from photon exchange. The dominant
requires that in an arbitrary frame of reference we have  soft e.m. interaction is the Breit interaction produced by one-
photon exchange. Since the only two-nucleon system with a
-~ = P? class IV interaction is thep system, only the spin-orbit and
(PH(P)[P) = oM. +E, (29 spin-other-orbif23] parts of the Breit interaction are of this
i type, and they correspond to the magnetic moment of the
where the constarit is the useful part of the matrix element neutron interacting with the charge of the proton. This pro-
(nuclear binding energy, for exampleThe presence of duces a class IV interaction of the typkl) with
V!Y(P) in H(P) would ordinarily spoil Eq(25), but the wave

—,

function |I3> is defined aéP)zexp(ils-Rc.mNO), and we re- w(r) = 4:;;:3, (28
call that R. , does not commute witlV_. Expanding the N

plane wave to first order ié@My we find where k,=0(1)(x,=-1.9)) is the neutron anomalous mag-
N o N N netic moment. This interaction i©(Q%/M2) smaller than
(PIV,+ VY (P)|P)y = (P'|V,+V}/(P) Coulomb exchange. If one taked  asem?/ A3, this inter-

- = = = action counts as=3.
=iP[Rem,VA(P)]IP")

=P |V”|P ) (26) V. COMMENTS AND CONCLUSIONS
where [P")=exp(iP-Ro)|0). This cancellation of terms pro-  Much of the recent interest in class IV CSB forces has
portional to My therefore preserves the Galilean structurecentered around two sets of very different experiments. The
of the matrix element of the Hamiltonian. In other words thefirst set of three experiments measured the difference in neu-
formalism we have developed remembers that we have reron and proton analyzing powers in elastip scattering at
moved oMy from asymptoEic states, and corrects for this 183 MeV [25], 347 MeV [26], and 477 MeV[27] neutron
change by introducing/';’(P). The corresponding Lorentz (lab) energies. Some recent reviews of CSB that discuss
caseltreating relativity properly in the matrix element in Eq. these measurements are listed in ReB]. Agreement be-
(26)] is considerably more complicated. tween theory and experiment is quite good. Three dominant
What other class IV forces are expected to be significanttnechanisms contribute to the theoretical descriptianthe
Other forces arise from short-range CSB mechanisms i€.m. Breit interaction between the neutron magnetic moment
higher orders. We note that there are mo3 terms. The and the proton chargmiven by Eq.(28)]; (b) the class IV
leading-order short-range interaction is of order4 and has OPEP given by Eq(17); (¢) the short-rangep-w mixing

the form force. Additional small contributions fromp exchange and
s 27 exchange are sometimes included. G@RT derivation
_ ' i v _v ij ith the previously obtained results for these forces.
V= "LNter NWWTIN o 7.V = V)N ijk gkim agrees Wlt_ (he prev Yy _ _ _
Zfi( 7 7NVIN'o TB( ) ]E“ﬁse The Breit-interaction class |V force was first mentioned in

(27) the context of class IV experimental tests by R¢is29). It
is an important contribution and is included in all compre-
with 51:O(emf,/A4). All other possibilities can be manipu- hensive calculations.
lated into this form. The origin of this interaction cannot be  The importance of the nucleon-mass difference in the
asserted from the symmetries of QCD, and therefore depenggesence of one-pion exchange in a relativistic model was
on the details of the QCD short-range dynamics. In the exemphasized by GerstdB0], who did not calculate a poten-
isting literature, this interaction has been modeled by variousial. A potential was calculated in Reff31], which verified
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that both pseudovector and pseudoscatalfativistic) cou-  p-nucleon tensor-coupling termgp|H|w) is the p-w
pling of a pion to a nucleon gave identical results for themixing matrix element, ane, is the common value chosen
class IV OPEP, presumably because the overall momentufgr the mass of these two mesons. On the basis of

dependence of the force is determined by Galilean invarigrguments given in Ref6] we expect that,=f.g,/m, is

same; pseudoscalar coupling is very dangerous to use if ORgctor meson to the nucleon. We similarly expect that

wishes to preserve chiral symmetry, and for this reason ca IH|w)=—c,em?, wherec,, should be natural. This leads
lead to anomalous results. The Class IV OPEP correspom{g o= por o -y r;z Usi ical f val-
to n=2 in power counting, o0& —cpcwxpcpw[_ emZ/mimy]. Using a typical set of val-
Calculations also include short-range forces frams ~ UES for the coupling constants.used in class IV calculations
mixing. Although thep-w mixing force is part of the short- (€€ Table 1 of Ref[33]) we find ¢,=0.42, ¢,=1.9, c,,
rangexPT countertermand hence of undetermined sizg ~ =0-6, and«,=6.1, and the product of these factors is 2.9,
Eq.(27), its coefficient in the traditional approach is fixed by Which is large but natural. Using the vector-dominance value
p-» mixing experimentg28]. Thus there are no adjustable for , (i.e., 3.7 would lead to a smaller value, as would a
constants in the dominant contributions to the traditionalsmallerc,, [39]. Even larger values of these coupling con-
theory of class IV forces, and this leads to impressive agreestants have been occasionally used in class IV calculations.
ment with experiment. The fact thatp-w mixing seems to provide the necessary
Other ingredients have been used in calculations, includadditional ingredient for conventional calculations to agree
ing two-pion exchange forcef32] and heavy-meson ex- with experiment suggests thaty®T calculation ah=4 will
change modified byM\ [33]. Referencg33] has a particu- also be successful. At this ordeePT includes a contact in-
larly useful catalog of forces based on the exchange oferaction of the appropriate form, and the previous discussion
different types of particles. These mechanisms are smallémplies that a relatively large, but not unnatural, coefficient
than the ones given above. #PT two-pion exchange can be would suffice.
calculated explicitly an=4, and all heavy-meson-exchange  Note that this argument does not rely prw mixing pro-
contributions are subsumed in contact interactions to be fityiding the correct short-range force. For example, an alter-
ted to experiment. native short-range force from isospin violation in the cou-
Recent calculations typically combine the dominantpling constants of vector mesons has been proposed by Ref.
forces with a subset of the smaller orj@-3§. These re-  [40]. That result is compatible in sign and magnitude with
cent numerical calculations point out a potentially serioushe p-w mixing force. The sum of the two mechanisms is too
problem with the power counting. The three dominantiarge to reproduce the experimental data, if the above values
mechanismgBreit interaction, OPEP, and meson mixjrege  for p and w parameters are used. In fact, these two mecha-
all approximately the same size. The power counting woulchisms cannot be distinguished at low energies: only their
suggest that the OPEP should dominate the meson-mixingum, together with an infinite number of other CSB short-
potential by a factor of roughly 30. To understand this dis-range interactions, can be determined. All short-range
crepancy it is useful to substitute the estimat&ef m, for  mechanisms are subsumed & and aé, of about three
gl and [p| in the momentum-space expressions for thesaimes its natural size seems to be appropriate. How much
three forces, while ignoring the spin and isospin factors. Doeach short-range mechanism contributesstacan only be
ing this reveals that all three forces are within a factor of 2 ofdecided at higher energies than those accessibi®To
each other in size. The contradiction with naive power count-  Of course, the above arguments are purely suggestive. A
ing arises from the smaller than normal OP@R a factor of  consistent, model-independent calculation is required before
more than $and the larger than normal meson-mixing force more definitive statements can be made. A framework for
(by a factor of about 8 The reason for the former is that the such a calculation is provided by the Nijmegen partial-wave
OPEP isospin violation is proportional #8My=-1.3 MeV,  analysis(PWA) [41,18. In this PWA long-range forces, in-
while the dimensional estimate for the quark-mass compoeluding Eqgs.(12) and(28), are used as input, and a general
nent of this isem’/A ~7.6 MeV. The physical mass differ- boundary condition at a certain radius, which represents
ence is the result of cancellation between the quark-masshort-range forces, is adjusted until it reproduces data. The
difference effect and the e.m. contributi@f opposite sigh  IUCF and TRIUMF data have not been analyzed in detail
and is fine-tuned to the correct physical value. Its size isset. It will be very interesting to see to what extent a short-
therefore anomalously small and more typicahef3 terms  range parameter equivalent to a natural-sidgadan repro-
in the power counting. duce the available data, in particular their energy dependence
The large class IV meson-mixing force is primarily the [42]. Preliminary estimates suggest that the long-range parts
result of the larggp—nucleon tensor coupling~f,) that has  of the OPEP and Breit interactions alone account for about
been used historically, although this coupling plays only ahalf of the experimental values at all three energies.
minor role in class Il forces. To see this we strip the dimen-  Finally we recall that the original version of the prdéf
sional factors from the-w mixing force in momentum space that isospin-dependent forces satisfgin magnitude
and compare the result to E@7): class I>class II>class IlI>class IV took into account ex-
o _ §2 40 12 licitly the structure of class IV short-range forces, but not
"= f”g/’KPg“’<p|H|w>/m"M ' (29) fhe cgrresponding OPER he latter is momgntum dependent
whereg, and g, are the usuap- and w-nucleon coupling and suppressed by one power Mf;. In Ref. [5], a power
constants, x,=f,/g, determines the strength of the counting was used in whicR/My was counted atQ/A)?,
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rendering this forcen=3.] Although the size of the latter reactions should be further studied. The field redefinitions
estimated from the present power countimg-2) is nomi-  that were invented in Eqg4) and (7) and led to Eq.(8)
nally the same as that of class Il forces, its suppression dueould prove useful in this regard.
to cancellations and fine-tunin@o reproduce the physical In summary, in this paper we have presented a convenient
nucleon magsmakes the class IV OPEP more typicalof framework in which to analyze nuclear effects of the
=3 size, and therefore the results of the proof are not altereducleon-mass difference. We examined in some detail the
The second set of two CSB experiments measuréd class IV force in the context ofPT, stressing its similarities
production:n+p— d+#° [15] andd+d— *He+7° [43]. The  and differences with respect to conventional approaches.
front-back asymmetry is the CSB signal in the first reaction,
while the cross section of the second reaction vanishes in the
absence of isospin mixing. The effect of the second and third
terms in Eq.(3) on then+p— d+#° front-back asymmetry We are grateful to the Department of Physics and the
was calculated in Ref[14]. It was found to be relatively Institute for Nuclear Theory at the University of Washington
large, and of opposite sign to other mechanisms. This predider their hospitality during the period when this work was
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