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Constraints on T-odd, P-even interactions from electric dipole moments, reexamined
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We construct the relationship between nonrenormalizable, effective, time-reversal vidiBdingparity-
conserving(PC) interactions of quarks and gauge bosons and various low-energy TVPC and TV parity-
violating (PV) observables. Using effective field theory methods, we delineate the scenarios under which
experimental limits on permanent electric dipole moméRi3M's) of the electron, neutron, and neutral atoms
as well as limits on TVPC observables provide the most stringent bounds on new TVPC interactions. Under
scenarios in which parity invariance is restored at short distances, the one-loop EDM of elementary fermions
generate the most severe constraints. The limits derived from the atomic EDW¥PHIj are considerably
weaker. When parity symmetry remains broken at short distances, direct TVPC search limits provide the least
ambiguous bounds. The direct limits follow from TVPC interactions between two quarks.
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I. INTRODUCTION P-conserving(TVPC) observable has been reported by the

CPLEAR Collaboration, which measured tK€-K° decay
The search for physics beyond the standard mt@) is  asymmetry[6]. The results are consistent with the value ex-

a topic of considerable interest in high-energy particle physpected from the measureziP-violating parametet and the
ics. Concurrently, efforts are also underway to uncover SigcpT theorem. No new physics is required to explain this
natures of new physics at low- and medium-energies usingagylt. In theAS=0 sector, a variety of direct searches for
atomic and nuclear processes. In this respect, there exist taftypc effects have been carried out. These efforts include
talizing hints of new physics in results of neutron and supersdies of detailed balance in nuclear reactibi y-ray
allowed nuclearg decays, which imply a value fdVugl  correlations in nucleay-decay[8,9], five-fold correlations
differing from the SM unitarity requirement by two or more (Ec) in the scattering of epithermal neutrons from aligned
o [1]. Similarly, the weak charge of the cesium atd@y,  nuclear target§10,11], charge symmetry breakingSB) in
measured in atomic parity violatiofAPV) by the Boulder np scattering[12—14, and thed-(p,xp,) correlation in

group, has been found to differ from the SM prediction by neytrong decay[15]. Thus far, all studies have yielded null
2.50 [2]. (See, however, Ref3].) If conventional many- resylts. The limits from the purely hadronic reactions imply
body atomic and nuclear effects can be ruled out as thgTS fewx 103, wherea gives the ratio of TVPC nuclear
source of these deviations, tjfedecay and APV results im- matrix elements to those of the residual strong interaction.
ply the existence of new physics at the 1-10 TeV sp&jg]. Limits on AS=0 TVPC interactions involving light
This possibility has motivated a variety of additional atomicquarks may also be derived indirectly from results for
and nuclear new physics searches, including new measuratomic, neutron, and electron electric dipole moments
ments of the neutrog-decay parameters, APV observables(EDM’s). As observed in Refl16], the presence of both a
along a chain of isotopes, and parity-violatifR)\) electron- new TVPC interaction and a conventional PV interaction
electron and electron-proton scattering. (e.g., in the standard modetould conspire to generate a
One possible manifestation of new physics not probed byon-zero EDM, whose interaction with an external field vio-
the aforementioned experiments would be the existence détes bothP and T. To the extent that PV radiative correc-
new low-energy interactions involving a single generation oftions to possible new TVPC interactions can be calculated,
fermions which violate time-reversal invarianC® but con-  one can derive limits on new TVPC interactions from EDM
serve parity invarianceR). Such interactions are allowed in results. Attempts to do so were first reported in Haf].
the SM when quarks of different generations participate. ReThe calculation involved two external elementary fermions
cently, the first nonzero result for AS=1 T-violating, (e.g., two valence quarks in the neutroand a one-loop
Z-boson radiative correction to dimension seven, four-
fermion, TVPC operators. Two-loop effects, involving a
*Previous address: TRIUMF, 4004 Wesbrook Mall, Vancouver,single external fermion, for the electron EDM,, and neu-
B.C., Canada V6T2A3. tron EDM, d,,, were later studied in Ref17]. Naively, one
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might expect the most stringent bounds on new TVPC interTVPC contributions. For the sake of argument, one might
actions to be derived at one-loop order from the experimentadssumeM/A +ypc<1 so that the first term in Eq1) domi-
limit on the atomic electric dipole moment of mercury, nates. In this case, the low-energy effects of TVPC interac-
da(*®*Hg), since the latter is nearly two orders of magnitudetions would be negligible. In the more general situation,
more severe than the bound dp. It was argued in Ref. however, one would have to use direct TVPC searches to
[17], however, that the two-loop effects @ andd, gener-  constrain the new TVPC interactions under this scenario.
ate considerably more stringent bounds than do the results of The analysis of Ref417,1€ implicitly assumes scenario
d, . Subsequently, the authors of REf8] recast the analysis (A). The EDM calculations performed by these authors,
of Refs.[16,17] into the framework of low-energy effective however, do not display the properz\ﬁvpcscaling behavior
field theory(EFT). It was argued in Ref.18] that the results which follows from EFT. The reasons for this failure are
of Ref.[17] imply bounds on new TVPC interactions in ex- discussed in Refl20] and summarized below. It was also
cess of those presently achievable with direct TVPC searcheshown in Ref.[20] that there exist additional TVPC opera-
by several orders of magnitude. These conclusions have hadrs, not considered in Refil6—18, which contribute to the
a discouraging effect on further direct TVPC searches. elementary fermion EDM at one-loop order. Under scenario
Recently, it was argued that the conclusions of R&T) (A), these one loop effects yield the most stringent con-
are inconsistent with the separation of scales underlying EF$traints on the size of TVPC effects.
[20]. In brief, the argument is as followR1]. Let Atypc In what follows, we extend the analysis of R¢20] to
denote the mass scale below which use of an EFT involvingnclude many-quark TVPC contributions to the neutron
nonrenormalizable TVPC operators makes sense. One m&DM—first studied in Ref[16]—and to atomic EDM’s. We
expand the EDM of an elementary particle, neutron, or atontoncentrate on scenari@), since under scenariB) one
as cannot use EDM'’s to derive unambiguous information about
TVPC new physics. In the case of the neutron EDM, we
. complete the one-loop analysis of REL6], including addi-
d_'B5C5ATVPC+BGC6A$VPC+'B7C7A$VPC+ T tional diagrams required by electromagnetic gauge invari-
(1) ance. We show that the impact of these new diagrams is as
large as the one-loop effects considered previously in Ref.
where theC, denote the set da priori unknown coefficients [16]. We also compute tree-level contributions arising from
of dimensiond nonrenormalizable operators in the effective dimension seven TVPC operators not considered in Ref.
Lagrangian, theBy are calculable quantities arising from [16].
loops or many-body matrix elements, aMIi<Aypc is a In the case of atomic EDM'’s, we consider the situation in
mass scale associated with the appropriate dynamical degregiich they arise from purely hadronic TVPC interactions in
of freedom in the EFT. Th€, parametrize one’s ignorance the nucleus. Traditionally, the effects of non-leptonic
about the short-distancep& Atypo) dynamics of the new T-violation in nuclear and atomic processes have been ana-
time-reversal violating physics. The first contributions fromlyzed using collective degrees of freedémesons and bary-
new TVPC interactions appear in tigs. ong, rather than fundamental quark-quark or quark-gluon
One may now consider Eq1) under two scenarios: interactions. TheT-violating effects are characterized by
Scenario (A).Parity symmetry is restored at some scalehadronic coupling constants which may be related to the un-
usAtypc. In this case, all of the coefficients; andCg  derlying quark and gluofi-violating interactions using stan-
must vanish at tree level in the EFT since parity invariancedard hadron structure techniques. In this context, two had-
holds at short distances. Consequently, the first contributionsonic effects are of interesta) the presence of a purely
to the EDM arise from loops involving the TVPC; opera- TVPC meson-nucleon interaction aio) the presence of a
tors. SinceM/A+1ypc<l1, these contributions presumably TVPV meson-nucleon interaction.
dominate the remaining terms in the series. Hence, one may The leading “long-range” TVPC effect arises from
use experimental EDM limits to constrai®;/A3,pc. As  p-meson exchange, where the TVRRGIN vertex is charac-
shown below, the limits obtained from EDM's under this terized by a coupling strengt, and an interactiof19]
scenario vastly exceed those obtainable from direct searches.
Scenario (B).Parity symmetry is restored at=Atypc.
In this case, theC; and C4 do not, in general, vanish at
tree-level in the EFT since both PV and TV interactions take
place at short distance. There exists no reason to assume they
fail to conspire in generating the lowest dimension TVPV
effective interactions. Consequently, the TVPC interactionsvheref ,=2.79 andk,=3.70. A time-reversal violating par-
do not generate the leading contribution to the EDM as inty violating (TVPV) nuclear effect arises when the second
scenario(A). Without independent information on th@s  vertex in the exchange is parity-violating. Alternately, a
one cannot use the EDM as a direct handle on the T@?C TVPV atomic moment can be generated by a TVPC nuclear
terms. The latter may be more or less suppressed relative pexchange and the PV exchange afZ-hoson between the
the lower dimension contributions depending on the size ofiucleus and atomic electroiisee Fig. 1
M/Atypc. Since one has na priori information on Similarly, the longest-range TVPV effects generally arise
M/A+ypc, One can say very little about the importance offrom m-exchange. In this case, the relevant TVEANN

2
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n
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roughly 1000 times weaker. In order fdp(***Hg) to pro-
vide competitive limits, the precision of the atomic EDM
experiments would need to improve by roughly nine orders
of magnitude®

(3) Under scenaridA), one expectsrr=<10 1%,

@ > © (4) For scenario(B), experimental limits orﬁp derived

. o . from FC in neutron transmission and CSBnp scattering
FIG. 1. Representative contributions to atomic EDB:TVPV  produce the strongest limits on TVPC new physics. In terms
nuclear effect plus atomic P\(¢) long-range TVPV nuclear effect strong TVPC physics. An improvement of six orders of mag-

involving TVPV 7NN coupling. Open circle denotes strong meson- it de in experimental precision would bring this lower
nucleon coupling; crossed circle gives TVPC coupling; open squarg 5 nd up to the weak scale

is TCPV coupling; and crossed square is TVPV coupling.

The analysis leading to these conclusions is presented in
_ —y, _ ~ the remainder of the paper as follows. In Sec. Il, we review
couplings areg;’", where the superscript denotes the isos-the framework of EFT for new low-energy TVPC and TVPV

pin channel and corresponds to the interactions interactions. In Sec. Il we illustrate the application of this
. o . framework by considering the EDM of an elementary fer-
LIVNV=N[g"O 7. 7+ gV 70+ g2 (37,7°— 7. ) IN. mion, as discussed in RgR0]. In Sec. IV, we discuss the

3 renormalization of effective TVPV four-fermion operators
arising from PV radiative corrections to effective TVPC in-
Non-zero values 05(71)' may arise from either new TVPC teractions. Here, we take particular care to implement elec-
interactions plus weak radiative corrections, or from morelfomagnetic gauge invariance. The latter implies the exis-
conventional TVPV interactions, such as thgerm in the tence of additional contributions to the EDM'’s of composite
QCD Lagrangian. The latter have been considered exterfystems not considered in RgL6]. In Sec. V, we relate the
sively elsewher¢19], and we concentrate on the former.  effective TVPC and TVPV operators tg, and the_S'r)’ ,
Upper bounds 0'|'9p| have been derived from a variety of respectively, using the quark model, factorization, and cur-
T-violating, P-conserving experiments, including the studiesrent algebra. We also compute new many-quark contribu-
of detailed balance in nuclear reactid@$ neutron transmis- tions tod, generated by new operators—including those re-
sion through an aligned®Ho target[10], and CSB terms in  quired by gauge invariance—not considered in R&6]. In
the np scattering cross sectioii2]. In addition, measure- Sec. VI, we compare the implications of the many-quark

: — tributions for the scale of new TVPC interactions with
ments ofd, andd, yield bounds org,, when PV and TVPC con _ ;
interactions conspire to generate an EDM. Under scenari1ose obtained from the study of Rg20]. We also consider

L. —_ 1 . .
(A), the EDM limits ong, may be stronger than those ob- t_he_ limits ong, and the_(w) obtained from a_tom_|c E.DM.
tained from TVPC nuclgar processg27]. Regarding the limits and direct searches and the corresponding implications
) . . . ) . for new TVPC interactions under the two scenarios outlined
»’", experimental EDM limits yield the most stringent

. . o above. Section VII summarizes our conclusions.
bounds. As discussed in detail in REF9], d,, andd(***Hg)

are sensitive to different linear combinations of @9},\)’. Il. EEEECTIVE EIELD THEORY AND NEW TVPC
Roughly speaking, the EDM upper bounds on [ | are INTERACTIONS
of the order of a fewx 10" 1%,

In this paper, we relatgp and thea®)’ to the underlying Herczeget al. have shown that TVPC interactions be-

TVPC quark and gluon operators, and use limits on the hadWween qu_arks cannot arise fr.0m tree-leyel bosqn exchange in
ronic couplings to infer limits on these underlying interac- fenormalizable gauge theori¢8]. Such interactions could,
tions. We then compare these limits as well as those obtaind¢Pwever, be generated by higher-order or non-perturbative
from the one-loop many-quark contributionsdpwith those ~ €ffects. Whatever new physics producésconserving
obtained from the EDM's of elementary fermions as in Ref. T-violation among light quarks and gluons must be charac-
[20]. We find: terized by some heavy mass scalesypc. Given that the
(1) Under scenaridA), the one-loop elementary fermion underlying renormalizable gauge theory fBrconserving
EDM studied in Ref[20] produces the most stringent limits T-violation is not known, it is natural to ponS|der the low-
on new TVPC interactions when applied to the electron an@nergy consequences of such a theory in the context of an
neutron. Many-quark effects,, or d, are suppressed by at efflglent field theory(EFT) valld- below the scaleAtypc. _
least five orders of magnitude. Letting Lyew denote the effective, low-energy Lagrangian
(2) By making certain naturalness assumptions, one mafP’ new physics, we follow Ref.18] and expand in inverse
use experimental EDM limits to derive lower bounds onPowers ofArypc:
Atypc- Under scenaridA), one infers fromd, (single-
quarkd,) limits that Atypc=260 TeV (~110 TeV if the
new TVPC physics is strong. The corresponding bounds de-However, at some point, improved precisiondig would tighten
rived from many-quark effects id, and d,(***Hg) are at  the bounds om, .
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Lnew=La+ Lot 21 Lot —5—Lo+ Te = Wiy ¥ vs(D,+ D) g 17
ATVP ATVPC ATVPC t — — < >
@ O =1y i1 ,,v5(D . +D ) thy (18)
where the subscripts denote the dimension of the operators
appearing in each term and where —llﬂm’ Ysth1th1:0,,(D,—D )ty (19
O =iy st vs(D =D ) v (20
L= ckok 5 7h f t¥irys(U, w) Vs
d ; dOd 5
ff
: . . ) | =iyy"(D"+D") 10 Vst (21)
with the sum running over a complete set of dimensibn f z e
operatorg OK}. The lowest dimensiofi-violating operators e —
peratord O} o O =gy ys(D,~ D) ity (22

appear inls. These operators are TVPV only. Of particular

interest here are the electric dipole fermion-gauge boson inrpq specific forms of othed=5 TVPV operators andi

teractions:
O5'=— iﬂf%yswﬂ” (6)
O5f= - iﬂmmwfzw )
Og'=- ig%owysxawfea“”, ®

whereF#?, Z** andG&*" denote the photorZ-boson, and
gluon field strength tensors, respectively, and xfieare the
Gell-Mann matrices.

The term Lg contains the lowest-order TVPV four-

fermion operators, which include

O =iythths voibs 9
Ot =1 PN N ysiby. (10
O =0, by " ysiby. (12)

6d—“/ff)\ Uﬂy'/ffl/ff')\ao'“ Ysibir (12

and so forth.
The lowest-dimension TVPC interactions arise Ah.
Here, we consider the following three:

OFL =i91750,,(D,+D,) by Y ysihes + He. (13
OR =10\ athiGL°F,, (14
O = h10,, I ZHF,. (15)
The operatorO " was first considered in Ref$16, 17_|

while 09} was mtroduced in Ref.18]. The mteractlorO
was subsequently considered in Re&X0].

=7 TVPC operators are not relevant to the present discus-
sion, so we do not list them explicitly.

A key ingredient underlying the expansion of E4g) is a
separation of scales and an associated power-counting
scheme. Specifically, the contribution toTaviolating ob-
servable from any physics associated with scales
= Atypcis contained in the operator coefficien®;. These
short-distance contributions are not calculable since the un-
derlying theory(e.g., renormalizable gauge thepmgspon-
sible for TVPC effects is not knowhConsequently, th€,
can only be determined from experiment. Contributions from
physics havingu<Aqtypc live in loops and many-body
(e.g., hadronic matrix elements containing the non-
renormalizable operator®, and physical degrees of free-
dom having masses and momenta less than the Agglec.

Only these “long-distance” contributions can be computed
using the EFT.

As a consequence of this scale separation, one obtains a
systematic power-counting scheme by which to organize
contributions to any low-energy-violating observable. Ifi
is the lowest dimension of an effective operator which con-
tributes to such an observahle™©PP, then

d-4

P +..

ATVPC

AT—ODDNCd(

" (23

wherep denotes a mass or momentum smaller thagpc.
To the extent thap<Atypc, contributions from higher-
dimension operators will be suppressed relative to those
from Oq4 by powers of /A+ypc). In general, one may thus
truncate the expansion o T~ ©PP at the first or first few
orders in p/Atypo). In our analysis of the EDM, we find
is one of the following: elementary fermion mags,; weak
gauge boson masb];; QCD scale Aqcp; inverse hadron
size, 1fyap; and long wavelength photon momentue,

The renormalization of th&y by loops involving any one
of the O4 and, e.g., degrees of freedom appearing jrmust
be carried out in a manner which preserves the EFT scale
separation. In particular, only intermediate states with mo-
menta and energies belowy,pc must contribute to loop

Thed=7 Lagrangian also contains several TVPV opera-

tors. Among those relevant to us are

O =gey"(D,—D ) b ysihs (16)

2f this underlying theory were known, one would have no need to
employ the expansion in Eg4) in the first place.
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integrals. Higher-momentunp=Aypc) States have been Since the baryon magnetic moments are typically of order
effectively integrated out in arriving at the expansion in Eqg.unity, the tree-level relation implies that the. are also of

(4). Consequently, we regulate all loop integrals using di-order unity. Alternatively, one may use E@5) to estimate
mensional regularizatiofDR), which preserves the separa- the scaleA . If the low-energy constants in Eq4) are of
tion of scales. Since the subtraction scalearising in DR order unity, the one must have,~mg~1 GeV. Since the
only appears logarithmically in any regulated amplitude ancthiral symmetry of pionic interactions implies that,
never as a power, the use of DR does not alter the EFEF4x7F_~1 GeV, the tree-level magnetic moment relation
power counting described above. We emphasize that the cuproduces a self-consistent value for the scale of chiral sym-
off regulator used in Ref$16,17] does not preserve the EFT metry breaking when the leading low-energy constants are
scale separation. In those analyses, loop integrals were cohosen to be of order one.

off at momentap~ Atypc. Consequently, in Ref$16,17 In a similar way, one may use the tree-level relation be-
the renormalization of the EDNDs, due to loops involving tween the EDM and the coefficients of the appropridte
any d>5 operator scales as A4fypc and not as =5 operators to estimate the scale,pc. This relation is
(p/Atyp 5% (1/A1ypo) as implied by EFT power count- ;

ing. As we show below, this loss of power counting prevents do= Cg’ 26

one from deriving any information about tlte=7 operators " Aqypc (26)

from experimental EDM limits. In this respect, our conclu-
sions differ dramatically from those of Refgl6,17. We We follow a standard convention for parametrizing the

illustrate this point in the following section. strength of new physics interactions and tﬂéé=4m(2e.
Using the present limit for the EDM of the electrdd,|
IIl. ELEMENTARY EERMION EDM <4x10 2" ecm[1,34], one obtains from Eq26) the limit

Atypc>10"«? GeV. Thus, if the new TVPC physics is
The application of EFT for new TVPC interactions to the “strong” ( k>~ 1), one obtains a tremendously large value

EDM of an elementary fermion was considered in R24]. for the corresponding mass scale.

In what follows, we summarize the arguments of that analy- For both EFT’s in Eqs(4),(24), loop corrections involv-
sis, as they illustrate the general principles of EFT to be usethg light, dynamical degrees of freedom modify the tree-
in the remainder of this study. To that end, we first observaevel relations in Eqs(25),(26). Single pion loop amplitudes,
that if, as in scenario B, both new TVPC interactions and PVfor example, generate corrections to isovector magnetic mo-
interactions(e.g., in the standard modegxist at momentum  ments of O(m, /A ) relative to the tree-level contribution.
scalesp= Arypc, then there exists no reason to assume thathe 7 loops are quadratlcally divergent, yet generate a finite
the coefficients of the TVPV effective operators in B4} contribution to thed=5 magnetic moment operator. Power-
vanish at tree level. Although we have no detailed knOW'-Counting implies the appearance of one additional mass fac-
edge of the dynamics of short-distance TVPC and TCPMor in this finite contribution. When DR is used to regulate
interactions nOthing preventS their Conspiring to generat@he |ntegra| this mass factor becorﬂe§ resumng in the
non-vanishing low-energy TVPV interactions. In part|cu|ar m, /A, suppression relative to the tree level relation. This
the coefficients of thal=5 electric dipole operatorsCf” scallng behavior of the loop contributions, which follows
should be non-vanishing at tree-level unless some fortuitouffom the EFT separation of scales, provides for a chiral ex-
fine-tuning of the short-distance TVPC and TCPV interac-pansion in powers op/A, (wherep<A,) which may be
tions occurs. reasonably truncated at any order. Slmllarly, if the EFT of

The situation here is analogous to the chiral expansion ofq. (4) is well-behaved, one would expect the loop correc-
the octet baryon magnetic moments. In the latter case, thgons to the relation in Eq(26) to be suppressed by powers
leading order contribution occurs at tree level from the of p/A;ypc, Where p<Aqypc iS @ mass scale associated
=5 magnetic moment Lagrangi&@2]: with the dynamical degrees of freedom in tBggy.

For purposes of illustration, we assume that the only dy-
namical degrees of freedom operative beldw,pc are
those appearing in the standard model. Under scenario A,
_ additional degrees of freedom—such as the right-handed

+b_Tr(B,[Ns+\g/V3,B,])F (24 neutral gauge boson in left-right symmetric theories—would

also generate loop contributions. These additional degrees of

where theB, are the octet baryon fields for states of velocity freedom would be required in order for parity symmetry to
v¥ S*is the spin operator, and  is the scale of chiral pe restored foru<Atypc. As noted below, however, the
symmetry breaking. The tree level relationship between &tudy of only the standard model contributions yields conser-
baryon magnetic moment and the low-energy constantis  vative upper bounds on the=7 TVPC operators. In order
to avoid introducing model-dependence associated with par-
ity restoration scenarios, we restrict our attention to these
SM effects. In this case, the leading loop corrections are
generated by PV standard model radiative corrections to the
wheremg is the mass of the baryona™ denotes its SU3) d=7 operatorsOQ,,_.. These corrections have been com-
indices, andb? is the appropriate combination of the. . puted in Ref[20] for O, . using the diagrams in Figs. 2 and

e —
L= 5 €urap0 “(0-TH(B, S hat ks /V3.B,))}

Mg

A

X

M= be, (29
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z It is straightforward to verify that when the corresponding
term linear ink and quadratic i, the photon momenturhis
added to the expression in EO0) and the divergenceq(

f .. LI +Kk)“T .\, COmputed, one obtains the finite, textbook result
for k?=q°=0 [23].
v The closed fermion loop of Fig. 3b contains axial vector

insertions from®-, and from the coupling of th&-boson to
the internal fermion. The external fermion line contains the
FIG. 2. One loop contribution to elementary fermion EDM from vector currentZ-fermion coupling. This sub-graph diverges
the TVPC operato® . Coupling symbols are as in Fig. 1. quadratically and must be renormalized by the appropriate
modified minimal subtraction schem®§) before the re-

3. All of the loop amplitudes corresponding to Figs. 2 and 3maining loop integration is performed. In all cases, the am-
are superficially quadratically divergent. The loops are reguplitudes are infrared-finite. Consequently, we follow Ref.
lated using DR and the poles removed by the correspondingl7] and neglect the fermion mass dependence entering the
counterterm in the renormalize@d’ in the MS subtraction 100pS.

scheme. The closed fermion loop subgraph in Fig. 3a is At leading-log order, the results are

nominally linearly divergent and corresponds to the Adler-

Bell-Jackiw anomaly diagram. In this case, the vector current M 2/ 4 1 M2

insertions arise from thes and Z couplings to the internal waecgz( z ) ( >gf( )In—z (31)
fermion, while the axial vector insertion arises frafty, . ° Atvec) \swew/ A 1677 u?

Since the EDM operator is linear in the photon momentum

d,. we follow Ref.[17] and retain only the terms linear in S . )

q,, arising from this sub-graph. Denoting its amplituge e, for the one-loop .con'gr|but|on in Fig. 2, \_Nh|ch contalﬁlsc.

we choose the loop momentum routing to satighT ., [24]. The Ioopg in Fig. 3, which contain the four-fermion
=0=Kk"T ,\., Wwhereq, andk, are the photon and-boson operatorOz,, yield

momenta, respectively. The result is the usual anomalous

term in (Q+Kk)“T ... To linear order ing, there exist three M 2 GLM2 112 M2
structures which satisfy these vector current conservation Cf~—eC§f'( z ) Qsg' df Fz <_2) In—2
conditions: 5 Atvpe VEAL 2 J\8w 2
(32)
Na — Apa ag\pa
Arre=K.qk,e""Pr—kHeT P K, (27
for the amplitude of Fig. &) and
B;L)\a: quVE)\,uva_ k)\epﬂvakpqv (28)
Crha=faering, k 29 cf~—ec;f'(i)( Mz )ZQ ol S
op 5 12 ATVPC fYVYA \/E

The loop integrals fol“** are nominally linearly divergent. 1 \2 M% 2
As a check on the calculation, we regulate the integrals using X F) In—2 (33
two different regulators—Pauli Villars and DR—and obtain m M

identical results in each case. The result is finite:

for the amplitude of Fig. ®). Here,s,y andc,y, denote the
sine and cosine of the Weinberg angle, respecti\@@yand
gL denote the vector and axial vector couplings of the
) Z-boson to fermiorf, and Qs is the corresponding fermion
« Jldx X“(1—x) (309 electromagneti¢EM) charge®

0 mf,+x(1—x)k2' As expected from general considerations, the results in

Egs. (31),(32) display the p/Atypo)? suppression relative

to the tree-level relation in Eq26), where in this case
=M. Thus, if theC; have natural size

1
Tu)\a:ﬁ[AM)\aJr_ SB,u)\a_ 3Cp,)\a]

SObtained from Eq(30) by kg, u—X.
@ ®) © “We have not considered loop effects involviedy, . Since they
contribute to the EDM at two-loop order, however, we expect them
FIG. 3. Two loop contributions to the elementary fermion EDM to be no more important than the two-loop contributions involving

involving the TVPC operato© " . Symbols are as in Fig. 1. off".
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Cra=4mK? (34 For scenaridB) in which CL does not vanish at tree level
(e.g., PV persists at short distangethe situation is more
Ao subtle. In this case the EDM results do not provide direct
Cr.=4mK’eg= qcm (35 constraints on thel=7 operators. Nevertheless, one might

argue from the EDM limits that the low-energy effectsdf
and if A is determined from the experimental limit on =7 operators should be considerably smaller than the
Tvec b present sensitivity of direct TVPC searches. Comparing Egs.

d. via Eq. (26), then the loop corrections to the tree-level N . )
EDM will be suppressed by more than 25 orders of magni—(31) (33) to Eq. (36), we infer that the low-energy TVPC

tude for new strong interactionsct~1). In this case, tree- effects of thed=7 operators should be suppressed relative to
level dominance of the EDM implies that EDM limits do not the corresponding contributions to an EDM by

provide direct bounds on thie=7 operators appearing in Eq.
(4). The situation here is analogous to that of the baryon
magnetic moments. Since the latter are generally dominated
by the tree-level term, they cannot be used to determine thg . . _ I

meson-baryon couplings which enter the one-loop, sub-ﬁ’ in addition, thed=7 loop contributions are already sup-

leading contributions. Instead, the meson-baryon interactioRress.eOI relative to the tree-level EDM by many ord_ers of
must be determined directly from, e.grN scattering and magnitude, one would conclude that the corresponding ef-

the results used as input into the chiral loop corrections. fects in low-energy =1 GeVic) TVPC processes would

The experimental EDM limits could be used to constrainggarecvhegeigﬁcﬁr_certa'nly well below the present direct
thed=7 TVPC operators directly if—as in scenarid)— y. . -
cf vanishes at tree level in the EFT. Such a situation could Nevertheless, this line of reasoning is not airtight. If
5 . C o ; Atvpc—My, it is conceivable that the tree-level and loop
arise under scenarios, such as left-right symmetric gauge

theories, in which parity symmetry is restored at some scal ontributions to the EDM can be comparable in magnitude
' P ty y y ; nd that, due to possible cancellations, the magnitude of ei-
well below A1y pc. In this case, there would exist no short-

. ) : : . ther term can be considerably larger than the EDM limit
distance PV interactions to conspire with the new TVP Y. arg

hvsics i . | he leadi i itself. An analogous situation arises, for example, in the chi-
physics in generating a tree-levél. The leading contribu- expansion of the isoscalar nucleon magnetic moment. In

tion to an elementary fermion EDM would then be given by s case, the leading corrections to the tree-level relation in
the results |n.Eqs(.31)—(33), with M replaced by, e.g.,.the Eq. (25) arise from kaon loops. Sincey and A, do not
scale of parity-restoratiorisuch as the mass of a right- iffer appreciably, the loop corrections are considerably
handed gauge bosprand with the appropriate combinations |5rqer than the isoscalar magnetic moment. A similarly large
of couplings. Since the low-energy scakeg., Mz) eglters short-distance(tree-leve) contribution is needed to cancel
quadratically, a conservative upper bound on@&ATypc  the loop effect and obtain the small isoscalar magnetic mo-
for this scenario can be obtained by using the standard modglent. In this case, the use of the isoscalar magnetic moment,
results given above. The most stringent constraint resultgygether with power counting and wai dimensional analy-
from the one-loop amplitude in E¢31) applied to the elec-  jg, to infer either the size of , via the tree-level relation
tron EDM. Using the parametrization of E(S), we obtain  gq_(25) or the size of the one-loop effects would lead to
A1vpc=260¢*® TeV. The corresponding two-loop limits erroneous conclusions. An independent determination of the
are about a factor of five-(167%)"® weaker. The one-loop strength of the loop contributiofe.g., of the kaon-baryon
constraints from the neutron EDM are also slightly weakerjnteraction is needed. Should a similar situation obtain for
given the somewhat less stringent experimental limitslon  the EDM, then direct TVPC searches would still be needed
[29]. to ascertain the scale of tiie=7 contributions.

The results of the foregoing analysis have important im-  Before concluding our discussion of the elementary fer-
plications for low-energy direct TVPC searches in light mion EDM, we emphasize the differences between our
quark systems. These implications are most transparent UBnalysis and that of Ref17]. In that work, a calculation of
der scenario A. In this case, EDM limits constrain the ratiothe amplitudes in Fig. 3 was used to try and estimate the size

2
X (1/loop factors. (37)

Mz

C7/A3ypc Via the one- and two-loop results of Eq81)—  of the short-distance contributions. This estimate was imple-
(33). As noted in Ref[18], one expects the ratier to scale  mented by regulating the two-loop integrals corresponding to
as Fig. 3 with a form factor of the type

ar~Cq(p/Atypo)®, (36) Fo(p?)=(pYAfypc—1) T (38)

where p is a momentum characteristic of low-energy had-The use of this regulator causes the loop integrals to be
ronic interactions. Takingg=1 GeV/c and using the one- dominated by contributions from intermediate states having
loop electron EDM results, one obtains a limit af; p~A+ypc, thereby blurring the separation of scales crucial
=10 15 By comparison, the present direct TVPC searchto the EFT expansion of E¢4). Consequently, the two-loop
limits are considerably weakeri;<10"3. In short, under results of Ref[17] scale, incorrectly, as Ak pc rather than
the parity-restoration scenarid), the EDM results provide as 1A$VPC. The corresponding implications for low-energy
the most stringent bounds by many orders of magnitude. direct TVPC observables are, therefore, erroneous.
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More generally, as noted in R420], the use of a cut-off
regulator destroys the power-counting which justifies trunca- ¢ 2 N
tion of the EDM analysis atl=7. This loss of a systematic z h . % *- z ..
expansion can be seen by considering the tower of operatorf%/ \f SN \ SN
TS g @) (b)
O75on= D , ysi ()" s v ysiby (39

FIG. 5. PV weak radiative corrections t8%, generatingd

wheren=0,1, .... Thetwo-loop calculation of Ref[17] — 7 TVPV operators. Symbols are as in Fig. 1

may be repeated by replacing the insertior(’bffa' by each
of the operators in Eq39). To regulate the divergences, one
may, as the calculation of Ref17], regulate the integrals
with a form factor

As this example illustrates, the preservation of the scale
separation is crucial to the power counting arguments which
justify truncation of the expansion of the EDM at a given
order. When dimensional reductiéfR) andMS subtraction
is used, for example, the contributions of each operator in the
tower (39) will be suppressed by successive powers of
?MZ/ATVPC)Z. To the extent thal; /Atypc<1, truncation
atd=7 makes for a reasonable approximation. In the re-

242 N(n2/A2  _4y-n mainder of this study, we therefore work with DR aktb
(P Azved (P ATvRc— 1) 4 subtraction in treating loop effects.

Fa(p?)=(p*Afypc—1) M. (40)

The corresponding loop integrals will be the same as those i
Ref. [17] but with additional factors of

=(p?ASypc— 1) "[(PYAFypc—1)"

n n(p2/A12-vp&n_1_ ] (42) IV. FOUR-QUARK TVPV OPERATORS
The previous discussion considered the EDM of an el-
=1+n(p?/A%ypd" HpAAZype—1) "= ementary fermion. For a composite system such as a neutron,
(43)  for example, one must also consider many-body contribu-
tions involving more than one quark degree of freedom. A
appearing in the integrand. The first term 1) on the RHS  generic contribution of this type is shown in Fig. 4. The
of Eqg. (43) will yield the same leading-log contribution as operators which describe these many-quark effects include
obtained in the calculation of R€fL7]. The remaining terms the TVPVd=6,7 operators listed in Eq$9),(16). As in the
will generate sub-leading contributions, finite a@s;ypc  case of the single fermion EDM)I—,V, thed=6,7 operators
—. Thus, at leading-log order, each operator in the towemay exist at tree-level in the EFT if parity is violated at
will generate thesamecontribution, apart from the operator sufficiently high scalegscenario B. Similarly, these opera-
coefficientcfﬂzn, so that the EDM will be proportional to  tors may be renormalized by PV radiative corrections to the
d=7 TVPC operators. As withOL”, the OfY"" will be
* ) dominated by these loop effects if parity symmetry is re-
>, it (44)  stored foru<Atypc (Scenario A. In what follows, we com-
n=0 pute the relevant loop effects. ey
. . . The leading corrections to th@g 7~ * are generated by the
In_thls case, there exists no reason to isolate the_effects of thseet of graphs illustrated in Fig. 5, where the operator inserted
d=7 operators from those of any other operator in the tower, f ) ; | ]
All contribute with equal weight. It would be erroneous, IS O7a - The diagrams of Fig. (&) were considered previ-
therefore, to truncate the seriesdat 7, as was done in Ref. 0usly in the study of Ref16]. The diagrams for Fig. (6),
[17], and to argue that the EDM limits constrain the magni-Which are required by electromagnetiéM) gauge invari-

tude of only one term in this infinite series. ance, were not included in that analysis. The inclusion of
these graphs is needed in order to obtain the pieces of the
d=7 TVPV operators containing the photon field. As we
Yé : M discuss in Sec. VI, the contributions from thegénsertion
| diagrams to the neutron EDM are numerically as large as the

: contributions arising from the graphs of Figah The reason

\ - e for this situation is relatively straightforward. The diagrams

[ in Fig. 5(a) yield the pieces of thd=7 operators containing

! a derivative, as well as contributions to tde=6 operators
proportional to one power of quark masgvhen the deriva-

@) () tive operator acts on quarks inside the hadron, the result is of

In><n]

FIG. 4. Contributions from four-quark TVPV operatorsdg:
(a) second order contribution involving a mixture of opposite parity
states|n) into neutron;(b) first-order contribution arising from SSince thed=6 operators do not preserve chirality, they cannot be
vy-four quark TVPV operators. Symbols are as in Fig. 1. induced dynamically by massless quarks.
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order =Aqcp. The resulting contribution to the neutron extent thatA ocp/AM is of order one, the magnitude of the
EDM, as in Fig. 4a) for example, will therefore go as two sets of contributions should be comparable.
Agcp/AM, whereAM is the mass difference between the  The amplitudesMs, of Fig. 5 are logarithmically diver-
neutron and one of its excited staf@sg., an unboundr—p gent. As before, we regulate the loops using DR and define
pair). The y-insertion diagrams of Fig.(#) do not produce the finite results usin®1S subtraction. At leading-log order,
such derivative operators, and their corresponding neutrothe sum of all twenty-six diagrams yields the following lin-

EDM contributions contain no\ocp/AM factors. To the  ear combination of theg%":

i a % (gh+ah)
_ I ~ afat off +qf A YA it of'f
Ms A%vpc 32Wsalc\2/vog(M§) 6m¢ gy9a O6a gv—2 [307¢ 0141
’ ! ’ ! ! ! ! 3 ’ ! 1 ’ ’
+Mp g GVO 6. +(9h GV~ 2049 — 2040y )05 = 59A0y O+ 59400 OF' - (45)

The expression in Eq45) is obtained by keeping the external fermion lines off shell. Doing so allows us to identify uniquely
the contributions of thel=7 TVPV derivative operators and verify the gauge invariance of the overall result.

In order to compare our result with the calculation of R&6], we use the equations of motion and let the quarks go on
shell and convert to momentum space. We obtain
H 6im¢/gyga UsysUiUp U —2ime gy(ga+09a )UsU U ysUg

7log

> 32ms5,Co

N
Atvec

. ! b b . ’ ’ ’ 7 1| — ’ —_—
+'mf’g,f'-\g{/Uf'ySo'MVUfo’G';wUf/"_' 2929{/_9/&9{#5929{/ Usys(ps +pe)*UsUsr y, Uy

: (46)

1 y— —
+59a0v Ut UUr (py,+Pr), v, vsUre

whereU;=U(ps) andeEU(p]:) are the spinors for incom- anq of neutral atoms. Doing so requires that one calculate
ing and outgoing fermion§ respectively. various hadronic matrix elements of two- and four-quark op-
The first three of the terms on the RHS of Hd6) are grators. A first principles treatment of these matrix elements
identical to those appearing {16]. Our coefficient of the N QCD goes beyond the scope of the present study. More-
fourth term, however, differs from the corresponding expres©Ver, since we seek only to derive order of magnitude con-
sion in[16], and the fifth term does not appear in that work Straints on new TVPC interactions and not to obtain defini-
at all. We trace part of the difference on the fourth term totiveé numerical results, it suffices to draw upon various
diagrams in Fig. &) where theZ® boson connects to initial @PProximation methods. To that end, we turn to the quark
and final quarks of the same species. It is unclear from th&'0del[25,26, factorization, and chiral symmetry.
discussion of Ref[16] whether those authors included this ~ Below, we estimate a number of different matrix elements
class of diagrams. Given that our sum of the amplitudes forelevant to the neutron EDM and couplings andg(j):
Figs. 5a) and 3b) satisfies a gauge invariance self- (1) The contribution tad,, from quark EDMs(Fig. 6).

consistency check, we are confident in our result. (2) The relationship betweeg, andd=7 TVPC opera-
tors[Fig. 7(a)] and the relationship betwe@g andd, [Fig.
V. HADRONIC MATRIX ELEMENTS 7(b)].

The operators obtained in the previous sections can be
used to compute contributions to the EDM of the neutron

pt+ Y
y  Elementary fermion EDM . A .
= > ( O» -
(")
quarks

FIG. 7. (a) Contributions tog, from Of!; (b) contribution to
FIG. 6. Contribution tad,, from individual quark EDM’s. Sym-  d, arising from TVPCpNN and PV 7NN interactions. Symbols
bols are as in Fig. 1. are as in Fig. 1.
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n p ! g + / \
—@—b— — O
(a) (b) Z
J
FIG. 8. (a) Contributions tog!’ arising from TVPV many- j \
quark operatorgib) leading-oder contributioin m_) to d,, arising
from TVPV NN interaction. Symbols are as in Fig. 1. FIG. 9. Tree-level, many-quark contribution dq generated by

0O%Y. Symbols are as in Fig. 1.
(3) The contribution tod,, from the four-quark—photon

TVPV operators appearing in E¢5) [Fig. 4(b)]. and expression for the axial vector charge

(4) The contribution to th@f‘) from the purely hadronic
terms in Eq.(45) [Fig. 8@a)] and the relationship between the g :EJ dgx( u2— E|2> (49)
9% andd, [Fig. 8b)]. A3 3 )

(5) The tree-level contribution frorﬁ)%c7 (Fig. 9. ]
whereg,~1.26. From EQgs(48),(49) one obtains

A. Two-quark TVPV operators

Relating the EDM of a constituent quark to that of the f dx
neutron using the quark model is a straightforward exercise.

As shown in Ref[20], this relationship is given by
f d3x , (47 Deriving the relationship between the effective hadronic
couplinggp and the four-quarkl=7 TVPC operatorgFig.
where u and | are the upper and lower component quark7(a)] requires more thought than_in thg case of evaluating
model radial wave functions, respectively. The integral intWo-auark matrix elements. For simplicity, we focus on the
Eq. (47) can be estimated using the wave function normalfour-quark operato© ", . We make a simple estimate using
ization condition factorization. Doing so requires use of the Fierz transformed
version of this operator, since the interaction in E2). in-

volves onlyp=. The Fierz transformed form of the operator
is

1 1
2 —2:_
u+3l) 7

6
2+ ggA) ~0.88. (50

B. Four-quark TVPC operators

1 |4 1
— Cd_ _CU
Atvec °

dh 375 3

1
2, 72
u+3l

f d3x(u+13)=1 (48)

, 3—.  — 3— - 3— . 3— — - [ —
Ot == (waaywww Yottt gt e V0 VD bt Uy b b G g0,y e 0y

[ — - i— . — i— - . 3— . _
+ Z‘//f Yl e 0400, 5 — Z%”fﬁﬂwl/ff/l/ff/ Yutbi— Z‘r/ffo'uv‘r/ff’l/’f' Yudyihst Z‘/ff&v'ySI//f' i1y, Vs

3— - . 3— . — 3— — N i— - _
+ Z‘//f Ysir bt ¥, Y50, — Z'//fo"y?’ﬂsl//f/llff')’sl//f_ Zl/fm’y)’sl//f"//f/ YuYsd, it Zlﬂfﬁﬁsawlﬂf”ﬁf' YsYuibt

i— — - [ — i— — -
+ Zl/lf )’50'#,,{/1}1 e VSYM[?wa—F waav’)/S’)/,uwf’ e 750-/LVllbf+ lef 75’)/,(/,‘:0]” wf’ ’)/SO-,LLV(?VI//f . (51)

In the factorization approximation, one makes the replacepf flavor a and color, and?olqu_quozqil denotes any of

ment the products of quark bilinears appearing in Esfl). Note
that since hadrons are color singlets, one has

(N"[0;7040,%0,%0,0;"|Np)—(0]q;'0,4;% o)

_ 1 _
e (0]0i'040;%|p) = % 8;(0la"0410, [ p) (53
X(N'[a0.q/[N),  (52) S 3

- 1 -
whereN andN’ denote nucleonsy? is the field for a quark (N'[0;20,9,"|Ny= §5ij<N'|Qm202qml|N>y (54)
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where repeated indices are summed over. Hence, each fagtant. By redefining the phase of the rho meson, we can
torization contribution contains a factor of eliminate the Dirac structure* in Eq. (58). We begin by

1 1 L writing Eqgs. (58) and (60) together as

_5ijx_5ji:_' (55)
3 3 8 ‘CpNN: \/EprI: i

Since any pieces of the interaction above which involve

1+ A
fp

the y5 will not give rise to ap meson-vacuum matrix ele- i Ky 1+.82mn o “ N
ment, we are concerned with only the first eight terms of the : 2m, ! f OO T Py
Fierz transformed interaction. We may also reduce the num- .
ber of terms to be evaluated using the equations of motion. +2f N ¢l 1- 1A
Of the resulting operators, we keep only those containing no R )
powers of the quark mass, since the latter generate significant )
suppression factors. In the case whéreepresents an up VA PR N + -
quark andf’ represents a down quark, the remaining struc- i 2m; 1-iB f K o7 puN (62)
tures are
where
1— — 1_V_* i— —
Euayddy U+§U’y dd&,,u—Zu&,,dedo“ u 1 ng mi 1.05 1.29
"6, T, R R (63
i . Azvpc To Ll T n
+—ugh? .
4U0' ddy,d,u (56) L cul
o o . B=> —"(01?@5 0122>
In the factorization approximation, the matrix elements re- 6 ATVPC f
quired are (64)
(0]ud,d|p~){n|dy“u|p), We then observe that sincetiA/f ~ exp(A/f,) and 1
o . +iB2m, /(f ky)~ exp[ZiBmJ(prV)j, the phases of the rho
(OJuy*d|p~)(n|dd,u|p) (57  mesons can be redefined a§—p,, exp(~iA/f,) and p,
. R —f[); exp(A/f,). This allows us to rewrite the total Lagrang-
(0lud,y,d|p~)(n[da""ulp), ian as
— o 3
(O[uc™d|p~)n|dy,d,|p), [~ 3t q i g | TN
plus the corresponding matrix elements fofn—p [note
that in Eq.(57) the color indices have been suppressed for B2m, A\ kv ~ ~
o i ; ; ; —\/—f N —— | s—a""q,(7 70 )N
simplicity]. A detailed evaluation of these matrix elements P\ ey f,)2m, Pu Pu
appears in Appendix A. The resulting TVRN Lagrang- ’
ian is (69
cud 1.05 1.29 The quantityg, is then
=iz f_ Nwr R =3 :
TVPC P n a C mp 1 (1.05 1.293) Ky
— == v
R, P 3 A3y pc) forull Ry R, /2my
+i(0.17q:\>—p—0.122)q,,a'w (T_p;—T+p;)N. R,
59 —(0.17 —0.122” (66)
(59 GR—p
It is customary to write the standard rho-nucleon Lagrang- Where
ian and the TVPC rho-nucleon Lagrangian in the respectlve
forms[see, e.g., Eq2)], 1.05 1.293 «y 0.17 R, 0129~ —0.023

L= \/—fﬁ( "‘+|2—0'" q)\>(7 pM+T p.IN (60) (67

As calculated in Refl27], g, may contribute to the neu-
(61) tron EDM via the loop diagrams of Fig(l) as well as to the
atomic EDM via process like those shown in Fig&)1(b).
_ _ _ The d, calculation of Ref[27] included the introduction of
wherexy is the anamolous isovector magnetic momemt,  form factors at the hadronic vertices in order to render the
is the mass of the nucleon arfiglis the pNN coupling con-  loop integrals finite. The result is

Lrypc=V2 pp2 NO’ M (7T PM_T PM)N
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d, h,TNng,,yfpgva., ap, we can find neutron matrix elements using the quark
e 16y27? F(m,,m,,my,A)  (68)  model. We identify the appropriate quark model expression
My for the electric dipole moment,

whereg,,.,= 0.4 and the PV pion-nucleon couplittig.yy is ) , i

constrained by the P\-decay of ¥F to lie in the range: i(n\ |j d*x3 75" [N\ ) qu
h,an=(0.73£2.3)g,., whereg,=3.8x10 8 characterizes
the strength of the charged currehS=0 hadronic weak

dn 3n1 ’ 2
interaction. The functiofr depends on the masses appearing e f d*pu(p.\)oosysu(p. M) A(p)I"
in the loop integral as well as the form factor cut-off param- (70)
eter,A.

We note that the use of E468) and the experimental Here,|n\) is a neutron in th&,=\ state, thep(p) are used
limits on d,, to derive bounds on TVPC interactions entails in the wave packet description of the momentum eigenstates
several ambiguities. First, the value bf,y measured in as discussed in Appendix A, and thép,\) are the neutron
nuclei such ast®F may differ from the value appropriate to spinors. Choosing =\'=1/2 we have
the single nucleon or few-nucleon systems. Many-body
nuclear effects may renormalize the long range I®M in- 3 eff _
teraction in such a way as to shift the value of the effective (n1/2|f 75" In1/2) o=
PV 7NN coupling from the value appropriate for E@8).
This ambiguity may be resolved by future experiments, suc

d

e (71

HNe evaluate the two matrix elements needed and find

as the measurement of the- p—d-+ vy asymmetry planned _ 8 0.8623

at LANSCE[28]. (nluysudyod|n)=i = (72)
Second, the use of a form factor to render the loop inte- T

gral finite can introduce considerable ambiguity. The form . . 4 0.8623

factor chosen in Ref27] was taken from the Bonn potential, (nfuc®udysy,din)=5 ——. (73

with A=1.4 GeV. One may just as well have chosen a cutoff 9 4mR;

?A\_len bétzeo'?\éiros.ej'ze of E)hee had.rf(?géag?e'\\/llirfgogs gue t?Jsing these matrix elements, we obtain the following expres-
IS sprea ices can signit ' FEOVET, 85 sion for the neutron EDM:

argued in Sec. lll, the use of cut-off regulators can render

one’s effective theory devoid of any systematic power count- d cud 1 o 2
. o . . n 7a M
ing, leaving it poorly defined. For these reasons, we will not P 5 2| 30m 22 log —2) (74)
use Eq.(68) to derive limits on thed=7 TVPC operators. € Tvee| AfypcRy/ 32mSyCy T\ M7
0.4
C. Four-quark TVPV operators XE[gg(g,{—i- g%)+5.50%g4]. (75

We consider the relationship between tde6 andd
—7 TVPV operators and the neutron EDM. We specify hereSincegi+ga~0 in the standard mod&lthis contribution to
to scenario(A), in which case the TVPV operators arise the neutron electric dipole moment is approximately propor-
entirely from PV radiative corrections to the TVPC opera-tional to gﬂg{‘,.
tors, as in Fig. 5. First, we estimate the contribution from the The second way TVPV operators contributedgis by
pieces of thed=7 operators containing the photon field. mixing states of opposite parity into the neutron ground state
These contributions can be understood diagrammatically g$ig. 4@)]. The lightest state which may contribute is ther
shown in Fig 4b). Starting from expression in E45), we  S-wave. In the chiral limit, its contribution is dominated by
see that the TVP\}-four-quark interaction can be written as the loop diagrams of Fig.(B). The TVPV NN7 couplings

are just th _(71)’ , generated from the TVPV quark operators

L TVPVEM_ g 7effan
eff » as in Fig. 8a). Theg!!’ also contribute to the atomic EDM

Cf7; a via the meson-exchange interaction of Fi¢c)1In what fol-
—c 2o I late theg')’ to th ly hadronic parts of th
Afvpc 32mSuCw ows, we relate the’' to the purely hadronic parts of the

operators in Eq(45).

w? oo e Following Ref.[16], we carry out the calculation in the
xlog M2 [[9v 9a—9v(ga +94)] factorization approximation while using the on-shell form of
z the TVPV operators given in Eg46). First, we consider the
X 0 e g VsV T_VP\/_ NNz _ coupling. The (_)nly Dirac structures which
give rise to pion-vacuum matrix elements arg andysy*.
+0% 9h3i v st e vy e JAN (69  Therefore the structure in the third line does not contribute.

For simplicity, we consider the case whefrés an up
quark andf’ denotes a down quark. As in our estimate of ®The sum is exactly zero at tree level.
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The last two structures in E@46) do not contribute in the The coefficient can then be written as
factorization approximation. This conclusion follows from

symmetry argumentsp’p’o,,=0, and the equations of C——\/_C—gg f,m2 a o %
motion p“Nvy,N=0. For the remaining structures we use 3 | A3,/ 32msicly 9 m2z
E(Oﬁ” u—dy*ysd| 7% =if p*exp(—ip-X) Mg ud L w3 4y
2 Y s Y s P P-X). T 49vyga— EngA+ 29v9A |- (86)
(76) M Ma
Taking the divergence of Eq76) and using the conse- 1he last piece 8Ygi/4 comes from applying equations of
quences of isospin symmetry motion to the derivative terms, as discussed in Appendix B.
Expressed in terms of A, B and C, the PVTV pion-
<0|U75u+5y5d|770>:0 (77) nucleon couplings from Eq3) are
yields the following two matrix elements needed in the cal- g =(B—A)/6+2C/3 (87)
culation:
o 2 o' =(A+B)/2 (88)
(Oluysuln®)=—i = -exp—ipx) (79 -
) 9'?'=(B-A)6— ——. (89)
oy 0 i o T i, 3 2
(0|dysd| ) =i =y exp(—ip-X). (79

- ) ) In the chiral expansion of the EDM, the dominant contri-
~ Inaddition, we require the nucleon matrix elements of thepytion tod,, from the TVPV NN interaction arises from the
light quark scalar densities. From the quark model @l |oops in Fig. 8b), where the intermediate state contains a

sigma term, one obtains pm . In this case, only the consta@tcontributes. The loop
(n|Uu|n>=(p|Ed|p)~5 (80) calculation, first performed in Ref30], yields
_ _ d C 9. m
(n|dd|n)=(p|uu|p)~6. (81) o = Imin ™ (90)

. . . € \/E 47T2mN m’lT .
Using these results, we obtain for TVPV neutral pion

nucleon couplingAn=’n andBp=°p, with Written explicitly in terms of the TVPC scalé\typc, the
neutron electric dipole moment takes the form

ng fﬂ'm127 a | (/‘LZ My 36[ u~d
= — |0 —_— —
3 A‘:lg'VPC 327TS\ZNC\2N ? M% mu+md ngA dn ( ng ) me fv)l o gaNN m,
10, . 4 e \Arvec/ | AZ,pc) \MN/3 32msycy 472 gm_N
+§3gv(gA+gA) (82
2
m 1 3
cu f,m o (4P od e log(M—g o mg| 40V0A~ 3 QVOA+ 7 0V0A|. (9D
3 Alee 327TS\Z/VC\Z/\/IOQ M2/ my+my VoA . .
where we have kept only the leading, non-analytic loop con-
2 tribution proportional to logt,./my) and whereg .\ IS the
+§9v(gA+gA) . (83  strong 7NN coupling. We note that an evaluation of the

analytic contributions has been performed using sidewise
Here again, sincga+g2=0 at tree level in the standard dispersion relations in Ref31]. In addition, loop contribu-
model, the terms proportional gf(‘,g,‘i make the largest con- tions involving then=° intermediate state have been consid-
tribution. ered in Refs[32,33.

In order to determine the couplings of the charged pion
with the nucleon, we Fierz transform E@6). The result is
listed in Appendix B. As discussed in Appendix B, we esti- ) . )
mate the strength of th@Ew‘n coupling using the first two There exists one way in which thie=7 TVPC operators

terms in the Fierz transformed expression. The remainin#nay contribute tod, without the consideration of loop ef-

terms do not contribute in the factorization approximation. In'€Cts: AS shown in Fig. 9, thg‘ operatorz¢ generates a tree
this case, we require the following matrix elements: level contribution when th&" is exchanged and couples to

) the second quark’s axial vector current. Naively, one might
— _ = . f.ms expect this contribution to compete with the one-loop quark
(Ouysd|m™)=(m"|dysul0)=i\2 my+ Mg 84 Epm generated by?®%? in Fig. 2. The calculation of the
. . process in Fig. 9 is tedious but straightforward. Using the
(n|du|p)=(p|ud|n)~1. (85 quark model, we obtain

D. Tree-level contributions
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i
ATVPC

2.04
[0 600100~ 10012007100~ To( 11007

Zyn~d
C7¢9a

2S5y

d 1

n 0.34
e Atvpc

MZMwR;

X > o (n12uf(m’ e )u(m’,a)d’(m,Bg)d(m,8)|n1/2), (92

mm’,a, ...

where the sum runs over all spinm(m’) and color are given in Tables | and Il. It is also useful to convert our

(@,B, ...) indices. Evaluating the integrals and quark expressions fog, and theg'® into numerical form. In the

model contractions yields case ofg_ we have
P
( g )2
ATVPC

Comparing the result in E¢93) with one-loop amplitude o o —a)
in Eq. (31), we observe that the tree-level contribution con-Similarly, the combinations of thg;” relevant tod, and

C7794

2Swy

0.162
M3MyRE

d, 1
e  Atypc

. (93

Epm_cgg(MZ/ATVPC)sX(ZX10710)' (95)

tains the suppression factor da(**Hg) are, respectively,
0.162 864102 94) 9@ — g0~ —CY(M,/Aypo)X (6X1071)  (96)
MIMWRY

The difference results from the contributions of high- for dn and

momentum p~Mj) intermediate states in the loops of Fig.

2. The tree-level process, in contrast, is dominated by states —o) , <11), ~=(2)._ _ ~ud 3 11
with momentap= A gcp~0.00M, . Since the TVPC opera- m T 0 2077~ Cra(Mz/ATvpd) "X (310 )(97)
tor has dimension seven, and since the momentum trans-

ferred throughz®-boson propagator in Fig. 9 iSAqgcp,

one would expect a suppression factor ofgep/Mz)*  for da(***Hg).

~10" 1 for the process of Fig. 9. Scenario AUnder this scenario, the first two terms in Eq.
(1) vanish, so that the leading terms in the expansion of the
VI. EXPERIMENTAL CONSTRAINTS EDM are the(’)(l/A%VPc) contributions from the TVPC op-

) ) ~ erators. As in the case of the effective hadronic couplings, it
The foregoing analysis allows us to make a quantitativgs yseful to express our relationships between the EDM'’s and
connection between various observables and effective coyhe TVPC interactions in numerical form.
pling constants on the one side and the EFT of TVPC inter-  For the elementary fermion EDM's arising from the one-
section, we use those relationships to derive bounds on th/g_ Since the typical momentum of a quark in the neutron is
'kl)'VPCCZj |r?teract|onsf. Ir: is also |nstruct|ve_|:co ||f]1terprzt these_NAQCD, we takeM:AQCD- The appropria_te choice fat,
ounds in terms of the mass scalesypc. To that end, we s probably smaller, on the order of the typical momentum of
adopt the parametrization of Eq84),(35) and present con- 4 glectron bound in a heavy atom. Since thelependence

straints in terms of\rypcandx. o of d; is only logarithmic, however, the precise choice of
In what follows, we use experimental, and d, limits  gcqie is not decisive. To be conservative, we also use

directly as well as the limits og, and theg'® derived from = A ¢, for d,. The corresponding results are

several sources. The corresponding limits on these quantities

me-rl;gl_-}LE I. Present experimental limits on electric dipole mo Eewczg(MZ/ATVPC)gxmxlo,ﬂ cm)

Observable Experimental limie(cm) Ref. ~CIl (4malsy)(Mz/Atypd3X (4X 10717 cm)

de <4x10° 77 [34] ~CHf' (M, /A 3% (8x 10 cm 98

dn =8X 10726 [29] 7a ( z TVPC) ( ) (

da(***Hg) <1.3x10°% [36]

and
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TABLE II. Experimental limits on TVPC and TVPV hadronic couplings. The valua2f} is the “best
value” given in Ref.[35].

Coupling Experimental limit Observable
g, <9.3x1073 da(***Hg) and atomic PV
g, <0.53x10 3(h2RN/h ) d,
a‘, <5.8x10°? FC in neutron transmission
g, <6.7x10°3 CSB innp scattering
g2 —gl)| <5.7x10 12 d,
99+ g+ 26| <1.8x10° 1 da(**Hg)
d, (4 , 1, o bounds generated by this mechanism are roughly three or-
— 392~ 39a] X(0.88 X— ders of magnitude larger than those obtained from the many-
e 3 3 e S .
quark effects. The reason for this difference is clear. The
~CEY(Mz/Atypo)®X (6X 10 Yem) one-loop graphs are dominated by high-momentum (
) ~Mj) intermediate states, whereas the many-quark matrix
~Cf7fa (M2/A1ypo)3X (1x 10 cm), (99 elements are governed by physics at scates\ gcp. Since

the dimension of the TVPC operators is greater than that of
where we have used the naturalness relation of(B§.t0  the EDM by two, the EDM must contain at least two powers
expres<C5? in terms ofC@fa/ and where the 0.88 factor in Eq. of the relevant mass scale. Hence, the one-l0gg effects
(99 is the value of the bag model integral in E§47) and  should be at Ieasth/AQCD)2~2>< 10° larger than the
(50). Since the two-loop effects involving ' are sup- many-quark effects inl,. _
pressed relative to the one-loap%? contributions, we do We emphasize the comparison between the one-loop el-
not give explicit numerical formulas for the former. ementary fermion EDM limits and those obtained from
For the contribution tad, from the TVPV y-four quark da(*®**Hg). In the latter case, the strongest bounds are de-
interaction of Fig. 4b), generated by the loops of Fig(ts,  rived from the combination of the'® appearing in Eq(97).
we find Since these couplings scale ad (., one would require
an improvement of nine orders of magnitude in the experi-
mental limits ond,(***Hg) in order for the atomic EDM to
compete withd, andd,.” We also note that were it not for
the one-loop elementary fermion limits, the diagrams of Fig.
while the process of Fig. 9 yields 5(b)—required by gauge invariance but omitted in Ref.
q [16]—would yield the most stringent constraints on new
N , - X .
;NC;;(MZ/ATvpc)3><(4><10 28 cm), (101 TVPC interactions under scen'ar(Al By far thfg weakest
bounds follow from the extraction af, from da( *Hg).
The limits in Table Ill can be translated into an expecta-

where we have again used H5). ion f X ; h | i
We now apply these expressions to the experimental limtion for ar under scenaridA). Using the general scaling

its given in Tables I and II. The results are listed in Table 11, arguments of Ref.18] which imply
Clearly, the one-loop elementary fermion EDM'’s generated
by radiative corrections tcO%g yield the most stringent
bounds onAtypc. Whether one used, or d., the lower

d
Enwcgg(MZ/ATVPC)SX(SX 100% cm), (100

L
M2

3
) (102

3 3
[ il
ATVPC a ATVF‘C

TABLE llI. Limits on new TVPC interactions derived from and using the naturalness assumption of B§) we have
EDM'’s under scenarigA).

ff
at~Cz,

3
Lower bound ar~(7X10 1% x P ) . (103

Observable  on\qypc/«?° (TeV) Mechanism 1GeV,
de 260 single electron®3Y loop For a low energy TVPC process wifh—1 GeV, the sce-
d, 110 single quark® % loop nario (A) EDM limits of Table Ill imply that the size of the
d, 0.39 Figs. 4b), 5(b) effect should be roughly I0d°. Current direct search limits
d, 0.21 w-loop, Fig. &b) are at the 10° level for .
d, 0.036 Fig. 9
da(***Hg) 0.25 9@ [Fig. 1(0)]
da(*¥*Hg) 0.0006 Ep atomic PV[Fig. 1(b)] ’An improvement of this magnitude, however, would likely ren-

der the atomic EDM as the most precise probel of
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TABLE IV. Limits on new TVPC interactions derived from problem is the maintenance of a scale separation. The short-

direct searches under scenafi). distance p=Aty,po TVPC physics about which we are ig-
norant is parametrized by theepriori unknown coefficients
_ Lower bgg”d of the nonrenormalizable effective interactions. Long dis-
Coupling  onAryec/«x™ (TeV) Qbservahble tance p<Ar1ypo) physics may be treated explicitly in the
g, 3% 1074 CSB innp scattering guise of loops and many—body matrix elements involving
g, 7% 10-4 FC in neutron degrees of freedom having masses and momenta below

Atypc. As we illustrated for the example of the cut-off
regulator used in the loop calculations of Reff$6,17, a
failure to adhere to this scale separation can lead to disas-
Scenario B.As argued above, experimenta| EDM limits trous results. Indeed, in that example, the blurring of scale
do not apply to TVPC interactions when PV persists at shorgeparation impliegerroneously that the EDM is propor-
distances. In this case, one must rely on direct TVPC testgjonal to an infinite series of unknown coefficients of non-

from which limits ong, may be extracted. The most precise fenormalizable operators of arbitrarily high dimension. With-
— .’ g out the truncation scheme implied by the EFT scale

separation, one is unable to learn anything from experiment
about a given TVPC interactiofor even finite set of such

transmission

determinations ofy, from TVPC observables are obtaine
from charge symmetry breakin@€SB) terms innp scatter-

ing cross sectionfl2] and fivefold correlation$FC) in the ¢ :
transmission of polarized neutrons through spin aligned Holinteractions.

mium[10]. The limits ongp obtained from these observables ratiﬁ?] Eiirrr?ulsads Eti;:t]eor?:t;euts(t)fc?rj]rs%z?etﬁetr;gwE-ngefcaliosnesrﬁ-
are given in Table Il. In addition, a proton-deuteron trans- P 9y

mission experiment proposed for COSY would be sensitivel4ences of TVPC new phyS|cs_ under two scenarios: parity-
restoration belowA 1y pc (scenario A and parity-restoration

to g, at the 10° level [13]. Further improvements in thep above A1ypc (scenario B. In the case of scenario A, the

CSB limits may also be pOSS|b[§4]. EDM is dominated by PV radiative corrections tb=7
_The bounds omypc from direct TVPC searches aré 1ypc gperators. The most significant impact arises from the

given in Table IV. At present, the data imply new TVPC gy of elementary fermions, generated by a one-loop graph

physics could arise at scales as light as a few GeV. Idea”ymvolving O%;/. Interpreted in terms of a mass scale, this

future experiments would push these bounds closer to th%echanism taken with the experimental limitscyrandd,,

weak scale. Such a sensitivity would be comparable to th?mply that A = 100-250 TeV when the TVPC new
present and anticipated new physics sensitivities of atomig, &2 "o “Q’rpoﬁw,, (~1). The impact of many-quark
PV and PV electron scatering experimefds. Achieving 2ff)écts which co?\tribute bbth directFI) td, as wel?/a?s to
such sensitivity, however, would be a daunting task, requir- a y W,

19 H ; ~ Nr
ing at least six orders of magnitude improvement in precisiorP0th dn and da( *Hg) via the couplingsg, and g§'—is
beyond the present state of the art. considerably smaller than that of the one-loop elementary

fermion EDM. Indeed, for the many-quark mechanism to
compete with that of the elementary fermion EDM, one
would require an improvement in the limits o (***Hg) of
Measurements of EDM’s provide one of the most power-nine orders of magnitude. The impact of direct search limits
ful probes of possible new physics. Thus far, null results foris even weaker under this scenario. We conclude, then, that
de, d,, andd, lead to tight constraints on a variety of new d, andd, provide the most powerful probes of new TVPC
physics scenarios. In this paper, we have studied the impliphysics when parity symmetry is restored at short distances,
cations of EDM’s for TVPC new physics. We have also while the atomic EDM measurements are better suited to
developed relationships between effective TVPC and TVP\tonstraining other new physics scenarios.
hadronic couplings, on the one hand, and TVPC interactions Under scenario B, the implications of EDM'’s are ambigu-
involving quarks and gauge bosons, on the other. This relasus at best. The existence of parity-violation at short dis-
tionship has not been systematically delineated in the pastances implies thatl<7 TVPV operators contribute to the
Consequently, some confusion about the respective implicdEDM along with the radiatively corrected=7 TVPC op-
tions of EDM’s and the values of hadronic couplings ex-erators. Consequently, no single TVPV observable con-
tracted from direct TVPC searches has ensued. We beliew&rains the latter unless one invokes additional assumptions.
that our analysis has helped clarify these implications. In contrast, the relationship between TVPC observables—
While the possible origin of TVPC interactions in the such as CSBip scattering cross sections or FC in neutron
context of a renormalizable gauge theory has yet to be delinransmission—is not clouded by the additional unknown
eated, one may, nevertheless, address the issue using t@nstants which enter the EDM. In this case, however, the
framework of EFT. This framework affords a systematiclimits obtained from direct TVPC searches are rather weak:
method for treating nonrenormalizable interactions and foA+ypc= 1 GeV (for k~1). As a long term benchmark, one
carrying out the associated phenomenology. Since the operavould ideally search for new TVPC physics at least up to the
tors we have treated here hade-4, EFT is the natural weak scale. Achieving this goal would require an improve-
framework for performing our analysis. As emphasizedment in the precision of direct TVPC searches by six orders
above, a key ingredient in the application of EFT to thisof magnitude. While achieving such improvement would

VII. CONCLUSIONS
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seem formidable, any intermediate progress would constitute

a welcome step.
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APPENDIX A: QUARK MODEL MATRIX ELEMENTS

Here, we evaluate the matrix elements appearing in Eq.

(57). We define the following quantitiesP=py+pp,q

K
n:

PHYSICAL REVIEW D 63 076007

d®x s e — I G#mi
J WEXD(—IP'XKOWMC”P Yom=9(p) fa?
(A5)

We use thew=3 component of the above equation to find an
expression forg(p). This, taken together with the vector
current matrix element produces

d®e "PX(0[ud,d|p dou
=fp/\/§mi(ae#+bpﬂ)j d3xe™ P X(0[uysd|p Hom-

(AB)

Upon evaluating both quark model matrix elements, we

=p,=Pn—Pp, € is the p polarization. Since the TVPC find b=0. while

pNN Lagrangian is linear in thg momentum operator, we

retain only those terms in the matrix element products linear m2 2
in g. The fourth matrix element product in E7) is qua- a= f—p gf
dratic inq since the nucleon matrix element vanishes to first P

order ing. Thus, the last product does not contributeay,o

For the remaining matrix element products in Esjf), we

duI oul dl
E ul/r Ua

rzdr/f(uz—lzl3)r2dr.

(A7)

Here,u and | are the upper and lower components of the

first require thep to vacuum matrix element, parametrized in quark model wave functions, respectively. The final expres-

the standard way as

2
— m .
(Oluy,dlp™) =2 F-e,eP™ (A1)
p

sion is
— 1.05 —m? .
<0|U(9Md|p_>=—R—\/Ef—pi(:‘,ue_lp‘x. (A8)
P p

In this expressionR,=3.3-3.5 GeV! is the radius of the

wheref§/4ww2.5. The rho matrix element with the deriva- rho meson in the bag model. In the following we shall also
tive may be evaluated using wave packets in the quarkiseR,=1 fm for the bag model radius of the nucleon. The

model, using the approach of Donoghue and Johii26h

nucleon matrix elements also may be evaluated with the

We begin by assuming the following structure for the matrixquark model. We drop exponents for simplicity.

element,

(0lud,d|p~)=(ae,+bp,)eP~ (A2)

wherep,, is the momentum of the rho-meson aag is the

polarization vector. We solve for the coefficienssand b.

(n|dy,ulp)=un(y*+0.168R,0*"q,)u,  (A9)

(n|dd,ulp)=0.634wu,y,u, (A10)

wherew=2.04/R,, is quark energy inside the bag.
For the third matrix element product, we obtain using

The quark model matrix element may be written using WaV&imilar methods and Eq$48),(49)

packets as

. - dSp/
(O, ou= [ 5

$(p')(0lud,dlp™) (A3)
wp/

Multiplying each side of the equation bfd3x exp(—iﬁ
X)/(2m)3, results in(for t=0)
d3x e
f Wexp{—lp-x)wlu&#dlp )om

_$(p)
T 2w

(ae,+bp,). (Ad)
p

1 . .
5(0lu(9,y,=d,7,)dlp™)

5+3g, M

:lmm(fuq#—%%)

— 5
(n|da“”u|p>=1—2(1+% Uno™ up+ - - -,

where the+ - - - denote terms higher order o

APPENDIX B: FIERZ TRANSFORMED FOUR-QUARK
OPERATORS

In calculating the TVPV#*-nucleon couplings, we re-

The expression fop(p) may be obtained from the vector quire the Fierz transformed form of the amplitude in Eq.

current matrix element EqAL),

(46). The transformed amplitude is
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cft! a 2 o1 _ _ _
MEIER?= 109 —|{im¢| 494 9y~ 59Vgh | (UrysUg U Ug+U U UgysUy)
A%vp c 32msy Ly M2 2

(UfJ’MUf'Uf'7”75Uf_Uf7M75Uf/Uf'7”Uf)

- fre Lo
+1imyg 29A9v+§gng

i A _ i . _
—me'Q{/(QL\JrgL)UfUWUf'UstUWUf+ me'QI/QLUf)’sUWUf'Uf'UMUf

S ulontr g Lo )l 5 = -
+i(ps+pPs) 29A9v_gv9A+§9A9v Z(Ufo'Uf'Y,n’ Ui=Usy,ysUs Ug Uy)

. ’ ! ’ ’ 7 ’ 1 _— e J— P ,
+i(pf +pf>ﬂ(2gL 9y — 9V Gat 59A0V ) 7(Ur7sUrUp v, U+ Uy, Un Up ysU ) = (pi+pp)

X

I 7 ! 7 ! 1 —_— —_— —_ - ,
20400 — 9y Op+ Eg,&g{/ ) Z(UfO'WVSUf'Uf/?’VUf_Uf)’VUf/Uf'U',w?’sUf)_(pf +pp)*

X

! ’ ’ 7 ! 1 _— —_— _— [—
2ng5—ng2+§ng5)Z(UnyYSUfruffaMVuf+uf%uf/uf/ywsua
3 tali(p! Ury,Un Uyl UgyeUnUpryaUs) — —gtalli(p!
+8gAgV|(pf’+pf’)p,( #¥ UpUpysUs+UrysUp Ugry, Uy) 89A9v|(pf/+Pf')#
_ _ _ 1 . _ _
X (U, 75U UpUs=UU Uy, 500 = g Oagy (P + Pro) u(Ur, U Upr o, vsUs

_ _ 1., _ _ _ _
+Uf7v75uf’uf’o'v,uuf)+gg,&g{/(pff+pf’)M(UnyUf’Uf’YSvaUf_Uf75UVﬂUf’Uf’7va) . (B1)

Only the first two terms on the RHS of E@1) contribute in the factorization approximation. The terms on the second line,

such adJ¢y, U Ug y*ysUs will not contribute in this approximation. The reason is that the pion-to-vacuum matrix element
will be proportional to the pion momenturg, which equals the change of the momentum of the nucleon. When contracted
with the nucleon matrix element of the vector current, the result vanishes by current consefvagjlacting the smalh-p

mass difference The terms on the third line will not contribute for symmetry reasons.

The remaining terms involve derivatives on the quark fields. In each case the derivative pair is split, so one derivative acts
on a quark field in one quark bilinear and the second derivative acts on the second. Some of these terms may be rewritten using
equations of motion for the on shell quarks. Doing so yields new contributions to the first four lines of the RHSBL)EQ.
requiring an adjustment in the coefficients. The remaining terms involve derivative operators, such as

Uspf, Up U y*ysUs and U'pf, y°U Upr y#Us. (B2)

Factorization matrix elements of these operators vanish by either symmetry or current conservation.
Finally, tensor structures such Uép{MyVUf,Uf,a“Vy5Uf cannot produce a pion-vacuum matrix element, while those such
asU¢p¢,7,ysUs Up o Uy will vanish from symmetry considerations.
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