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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 violating~TV!, parity-
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 moments~EDM’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 EDM of199Hg 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

The search for physics beyond the standard model~SM! is
a topic of considerable interest in high-energy particle ph
ics. Concurrently, efforts are also underway to uncover s
natures of new physics at low- and medium-energies us
atomic and nuclear processes. In this respect, there exist
talizing hints of new physics in results of neutron and sup
allowed nuclearb decays, which imply a value foruVudu
differing from the SM unitarity requirement by two or mor
s @1#. Similarly, the weak charge of the cesium atom,QW ,
measured in atomic parity violation~APV! by the Boulder
group, has been found to differ from the SM prediction
2.5s @2#. ~See, however, Ref.@3#.! If conventional many-
body atomic and nuclear effects can be ruled out as
source of these deviations, theb-decay and APV results im
ply the existence of new physics at the 1–10 TeV scale@4,5#.
This possibility has motivated a variety of additional atom
and nuclear new physics searches, including new meas
ments of the neutronb-decay parameters, APV observabl
along a chain of isotopes, and parity-violating~PV! electron-
electron and electron-proton scattering.

One possible manifestation of new physics not probed
the aforementioned experiments would be the existenc
new low-energy interactions involving a single generation
fermions which violate time-reversal invariance~T! but con-
serve parity invariance (P). Such interactions are allowed i
the SM when quarks of different generations participate.
cently, the first nonzero result for aDS51 T-violating,
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P-conserving~TVPC! observable has been reported by t

CPLEAR Collaboration, which measured theK0-K̄0 decay
asymmetry@6#. The results are consistent with the value e
pected from the measuredCP-violating parametere and the
CPT theorem. No new physics is required to explain th
result. In theDS50 sector, a variety of direct searches f
TVPC effects have been carried out. These efforts inclu
studies of detailed balance in nuclear reactions@7#, g-ray
correlations in nuclearg-decay@8,9#, five-fold correlations
~FC! in the scattering of epithermal neutrons from align
nuclear targets@10,11#, charge symmetry breaking~CSB! in
np scattering@12–14#, and the Ĵ•( p̂e3 p̂n) correlation in
neutronb decay@15#. Thus far, all studies have yielded nu
results. The limits from the purely hadronic reactions imp
aT& few31023, whereaT gives the ratio of TVPC nuclea
matrix elements to those of the residual strong interactio

Limits on DS50 TVPC interactions involving light
quarks may also be derived indirectly from results f
atomic, neutron, and electron electric dipole mome
~EDM’s!. As observed in Ref.@16#, the presence of both a
new TVPC interaction and a conventional PV interacti
~e.g., in the standard model! could conspire to generate
non-zero EDM, whose interaction with an external field vi
lates bothP and T. To the extent that PV radiative correc
tions to possible new TVPC interactions can be calculat
one can derive limits on new TVPC interactions from ED
results. Attempts to do so were first reported in Ref.@16#.
The calculation involved two external elementary fermio
~e.g., two valence quarks in the neutron! and a one-loop
Z-boson radiative correction to dimension seven, fo
fermion, TVPC operators. Two-loop effects, involving
single external fermion, for the electron EDM,de , and neu-
tron EDM, dn , were later studied in Ref.@17#. Naively, one

,
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might expect the most stringent bounds on new TVPC in
actions to be derived at one-loop order from the experime
limit on the atomic electric dipole moment of mercur
dA(199Hg), since the latter is nearly two orders of magnitu
more severe than the bound ondn . It was argued in Ref.
@17#, however, that the two-loop effects inde anddn gener-
ate considerably more stringent bounds than do the resul
dA . Subsequently, the authors of Ref.@18# recast the analysis
of Refs.@16,17# into the framework of low-energy effectiv
field theory~EFT!. It was argued in Ref.@18# that the results
of Ref. @17# imply bounds on new TVPC interactions in e
cess of those presently achievable with direct TVPC searc
by several orders of magnitude. These conclusions have
a discouraging effect on further direct TVPC searches.

Recently, it was argued that the conclusions of Ref.@17#
are inconsistent with the separation of scales underlying E
@20#. In brief, the argument is as follows@21#. Let LTVPC
denote the mass scale below which use of an EFT involv
nonrenormalizable TVPC operators makes sense. One
expand the EDM of an elementary particle, neutron, or at
as

d5b5C5

1

LTVPC
1b6C6

M

LTVPC
2 1b7C7

M2

LTVPC
3 1•••,

~1!

where theCd denote the set ofa priori unknown coefficients
of dimensiond nonrenormalizable operators in the effecti
Lagrangian, thebd are calculable quantities arising from
loops or many-body matrix elements, andM,LTVPC is a
mass scale associated with the appropriate dynamical de
of freedom in the EFT. TheCd parametrize one’s ignoranc
about the short-distance (p*LTVPC) dynamics of the new
time-reversal violating physics. The first contributions fro
new TVPC interactions appear in theC7.

One may now consider Eq.~1! under two scenarios:
Scenario (A).Parity symmetry is restored at some sca

m&LTVPC. In this case, all of the coefficientsC5 and C6
must vanish at tree level in the EFT since parity invarian
holds at short distances. Consequently, the first contribut
to the EDM arise from loops involving the TVPCC7 opera-
tors. SinceM /LTVPC,1, these contributions presumab
dominate the remaining terms in the series. Hence, one
use experimental EDM limits to constrainC7 /LTVPC

3 . As
shown below, the limits obtained from EDM’s under th
scenario vastly exceed those obtainable from direct searc

Scenario (B).Parity symmetry is restored atm*LTVPC.
In this case, theC5 and C6 do not, in general, vanish a
tree-level in the EFT since both PV and TV interactions ta
place at short distance. There exists no reason to assume
fail to conspire in generating the lowest dimension TVP
effective interactions. Consequently, the TVPC interactio
do not generate the leading contribution to the EDM as
scenario~A!. Without independent information on theC5,6
one cannot use the EDM as a direct handle on the TVPCC7
terms. The latter may be more or less suppressed relativ
the lower dimension contributions depending on the size
M /LTVPC. Since one has noa priori information on
M /LTVPC, one can say very little about the importance
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TVPC contributions. For the sake of argument, one mi
assumeM /LTVPC!1 so that the first term in Eq.~1! domi-
nates. In this case, the low-energy effects of TVPC inter
tions would be negligible. In the more general situatio
however, one would have to use direct TVPC searches
constrain the new TVPC interactions under this scenario

The analysis of Refs.@17,16# implicitly assumes scenario
~A!. The EDM calculations performed by these autho
however, do not display the proper 1/LTVPC

3 scaling behavior
which follows from EFT. The reasons for this failure a
discussed in Ref.@20# and summarized below. It was als
shown in Ref.@20# that there exist additional TVPC opera
tors, not considered in Refs.@16–18#, which contribute to the
elementary fermion EDM at one-loop order. Under scena
~A!, these one loop effects yield the most stringent co
straints on the size of TVPC effects.

In what follows, we extend the analysis of Ref.@20# to
include many-quark TVPC contributions to the neutr
EDM—first studied in Ref.@16#—and to atomic EDM’s. We
concentrate on scenario~A!, since under scenario~B! one
cannot use EDM’s to derive unambiguous information ab
TVPC new physics. In the case of the neutron EDM,
complete the one-loop analysis of Ref.@16#, including addi-
tional diagrams required by electromagnetic gauge inv
ance. We show that the impact of these new diagrams i
large as the one-loop effects considered previously in R
@16#. We also compute tree-level contributions arising fro
dimension seven TVPC operators not considered in R
@16#.

In the case of atomic EDM’s, we consider the situation
which they arise from purely hadronic TVPC interactions
the nucleus. Traditionally, the effects of non-lepton
T-violation in nuclear and atomic processes have been a
lyzed using collective degrees of freedom~mesons and bary
ons!, rather than fundamental quark-quark or quark-glu
interactions. TheT-violating effects are characterized b
hadronic coupling constants which may be related to the
derlying quark and gluonT-violating interactions using stan
dard hadron structure techniques. In this context, two h
ronic effects are of interest:~a! the presence of a purel
TVPC meson-nucleon interaction and~b! the presence of a
TVPV meson-nucleon interaction.

The leading ‘‘long-range’’ TVPC effect arises from
r-meson exchange, where the TVPCrNN vertex is charac-
terized by a coupling strengthḡr and an interaction@19#

L rNN
TVPC5 iA2ḡr f r

kV

2mn
N̄sml~t2]lrm

12t1]lrm
2!N, ~2!

wheref r52.79 andkV53.70. A time-reversal violating par
ity violating ~TVPV! nuclear effect arises when the seco
vertex in the exchange is parity-violating. Alternately,
TVPV atomic moment can be generated by a TVPC nucl
r-exchange and the PV exchange of aZ-boson between the
nucleus and atomic electrons~see Fig. 1!.

Similarly, the longest-range TVPV effects generally ari
from p-exchange. In this case, the relevant TVPVpNN
7-2
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couplings areḡp
(I )8 , where the superscript denotes the iso

pin channel and corresponds to the interactions

L pNN
TVPV5N̄@ ḡp

(0)8tW•pW 1ḡp
(1)8p01ḡp

(2)8~3tzp
02tW•pW !#N.

~3!

Non-zero values ofḡp
(I )8 may arise from either new TVPC

interactions plus weak radiative corrections, or from mo
conventional TVPV interactions, such as theu-term in the
QCD Lagrangian. The latter have been considered ex
sively elsewhere@19#, and we concentrate on the former.

Upper bounds onuḡru have been derived from a variety o
T-violating, P-conserving experiments, including the studi
of detailed balance in nuclear reactions@7#, neutron transmis-
sion through an aligned165Ho target@10#, and CSB terms in
the np scattering cross section@12#. In addition, measure
ments ofdn anddA yield bounds onḡr , when PV and TVPC
interactions conspire to generate an EDM. Under scen
~A!, the EDM limits onḡr may be stronger than those o
tained from TVPC nuclear processes@27#. Regarding the
ḡp

(I )8 , experimental EDM limits yield the most stringen
bounds. As discussed in detail in Ref.@19#, dn anddA(199Hg)
are sensitive to different linear combinations of theḡp

(I )8 .

Roughly speaking, the EDM upper bounds on theuḡp
(I ) 8u are

of the order of a few310211.
In this paper, we relateḡr and theḡp

(I )8 to the underlying
TVPC quark and gluon operators, and use limits on the h
ronic couplings to infer limits on these underlying intera
tions. We then compare these limits as well as those obta
from the one-loop many-quark contributions todn with those
obtained from the EDM’s of elementary fermions as in R
@20#. We find:

~1! Under scenario~A!, the one-loop elementary fermio
EDM studied in Ref.@20# produces the most stringent limit
on new TVPC interactions when applied to the electron a
neutron. Many-quark effectsdn or dA are suppressed by a
least five orders of magnitude.

~2! By making certain naturalness assumptions, one m
use experimental EDM limits to derive lower bounds
LTVPC. Under scenario~A!, one infers fromde ~single-
quark dn) limits that LTVPC*260 TeV (;110 TeV! if the
new TVPC physics is strong. The corresponding bounds
rived from many-quark effects indn and dA(199Hg) are at

FIG. 1. Representative contributions to atomic EDM:~a! TVPV
nuclear effect involving TVPC and PVrNN interactions;~b! TVPC
nuclear effect plus atomic PV;~c! long-range TVPV nuclear effec
involving TVPV pNN coupling. Open circle denotes strong meso
nucleon coupling; crossed circle gives TVPC coupling; open squ
is TCPV coupling; and crossed square is TVPV coupling.
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roughly 1000 times weaker. In order fordA(199Hg) to pro-
vide competitive limits, the precision of the atomic EDM
experiments would need to improve by roughly nine ord
of magnitude.1

~3! Under scenario~A!, one expectsaT&10215.
~4! For scenario~B!, experimental limits onḡr derived

from FC in neutron transmission and CSB innp scattering
produce the strongest limits on TVPC new physics. In ter
of mass scales, these limits giveLTVPC*1 GeV for new
strong TVPC physics. An improvement of six orders of ma
nitude in experimental precision would bring this low
bound up to the weak scale.

The analysis leading to these conclusions is presente
the remainder of the paper as follows. In Sec. II, we revi
the framework of EFT for new low-energy TVPC and TVP
interactions. In Sec. III we illustrate the application of th
framework by considering the EDM of an elementary fe
mion, as discussed in Ref.@20#. In Sec. IV, we discuss the
renormalization of effective TVPV four-fermion operato
arising from PV radiative corrections to effective TVPC i
teractions. Here, we take particular care to implement e
tromagnetic gauge invariance. The latter implies the ex
tence of additional contributions to the EDM’s of compos
systems not considered in Ref.@16#. In Sec. V, we relate the
effective TVPC and TVPV operators toḡr and theḡp

(I )8 ,
respectively, using the quark model, factorization, and c
rent algebra. We also compute new many-quark contri
tions todn generated by new operators—including those
quired by gauge invariance—not considered in Ref.@16#. In
Sec. VI, we compare the implications of the many-qua
contributions for the scale of new TVPC interactions w
those obtained from the study of Ref.@20#. We also consider
the limits on ḡr and theḡp

(I )8 obtained from atomic EDM
limits and direct searches and the corresponding implicati
for new TVPC interactions under the two scenarios outlin
above. Section VII summarizes our conclusions.

II. EFFECTIVE FIELD THEORY AND NEW TVPC
INTERACTIONS

Herczeget al. have shown that TVPC interactions b
tween quarks cannot arise from tree-level boson exchang
renormalizable gauge theories@9#. Such interactions could
however, be generated by higher-order or non-perturba
effects. Whatever new physics producesP-conserving
T-violation among light quarks and gluons must be char
terized by some heavy mass scale,LTVPC. Given that the
underlying renormalizable gauge theory forP-conserving
T-violation is not known, it is natural to consider the low
energy consequences of such a theory in the context o
efficient field theory~EFT! valid below the scaleLTVPC.
Letting LNEW denote the effective, low-energy Lagrangia
for new physics, we follow Ref.@18# and expand in inverse
powers ofLTVPC:

1However, at some point, improved precision indA would tighten
the bounds ondn .
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LNEW5L41
1

LTVPC
L51

1

LTVPC
2 L61

1

LTVPC
3 L71•••,

~4!

where the subscripts denote the dimension of the opera
appearing in each term and where

Ld5(
k

Cd
kO d

k ~5!

with the sum running over a complete set of dimensiond
operators$O d

k%. The lowest dimensionT-violating operators
appear inL5. These operators are TVPV only. Of particul
interest here are the electric dipole fermion-gauge boson
teractions:

O 5
f g52

i

2
c̄ fsmng5c fF

mn ~6!

O 5
f Z52

i

2
c̄ fsmng5c fZ

mn ~7!

O 5
f g52

i

2
c̄ fsmng5lac fG

amn, ~8!

whereFmn, Zmn, andGamn denote the photon,Z-boson, and
gluon field strength tensors, respectively, and thela are the
Gell-Mann matrices.

The term L6 contains the lowest-order TVPV four
fermion operators, which include

O 6a
f f 85 i c̄ fc f c̄ f 8g5c f 8 ~9!

O 6b
f f 85 i c̄ fl

ac f c̄ f 8l
ag5c f 8 ~10!

O 6c
f f 85 i c̄ fsmnc f c̄ f 8s

mng5c f 8 ~11!

O 6d
f f 85 i c̄ fl

asmnc f c̄ f 8l
asmng5c f 8 ~12!

and so forth.
The lowest-dimension TVPC interactions arise inL7.

Here, we consider the following three:

O 7a
f f 85 i c̄ fg5smn~DQ n1DW n!c f c̄ f 8g

mg5c f 81 H.c. ~13!

O 7b
gg5c̄ fsmnlac fGa

maFa
n ~14!

O 7c
Zg5c̄ fsmnc fZ

maFa
n . ~15!

The operatorO 7a
f f 8 was first considered in Refs.@16,17#,

while O 7b
gg was introduced in Ref.@18#. The interactionO 7c

Zg

was subsequently considered in Ref.@20#.
The d57 Lagrangian also contains several TVPV ope

tors. Among those relevant to us are

O 7d
f f 85c f̄g

m~DQ m2DW m!c f c̄ f 8g5c f 8 ~16!
07600
rs

n-

-

O 7e
f f 85c̄ fc f c̄ f 8g

mg5~DQ m1DW m!c f 8 ~17!

O 7 f
f f 85 i c̄ fg

nc f c̄ f 8smng5~DQ m1DW m!c f 8 ~18!

O 7g
f f 85 i c̄ fg

ng5c f c̄ f 8smn~DQ m2DW m!c f 8 ~19!

O 7h
f f 85c̄ fg

mc f c̄ f 8g5~DQ m2DW m!c f 8 ~20!

O 7i
f f 85 i c̄ fg

m~DQ n1DW n!c f c̄ f 8smng5c f 8 ~21!

O 7 j
f f 85 i c̄ fg

ng5~DQ m2DW m!c f c̄ f 8smnc f 8 . ~22!

The specific forms of otherd>5 TVPV operators andd
>7 TVPC operators are not relevant to the present disc
sion, so we do not list them explicitly.

A key ingredient underlying the expansion of Eq.~4! is a
separation of scales and an associated power-coun
scheme. Specifically, the contribution to aT-violating ob-
servable from any physics associated with scalesm
*LTVPC is contained in the operator coefficients,Cd . These
short-distance contributions are not calculable since the
derlying theory~e.g., renormalizable gauge theory! respon-
sible for TVPC effects is not known.2 Consequently, theCd
can only be determined from experiment. Contributions fro
physics havingm,LTVPC live in loops and many-body
~e.g., hadronic! matrix elements containing the non
renormalizable operatorsOd and physical degrees of free
dom having masses and momenta less than the scaleLTVPC.
Only these ‘‘long-distance’’ contributions can be comput
using the EFT.

As a consequence of this scale separation, one obtai
systematic power-counting scheme by which to organ
contributions to any low-energyT-violating observable. Ifd
is the lowest dimension of an effective operator which co
tributes to such an observableA T-ODD, then

A T-ODD;CdS p

LTVPC
D d24

1•••, ~23!

wherep denotes a mass or momentum smaller thanLTVPC.
To the extent thatp!LTVPC, contributions from higher-
dimension operators will be suppressed relative to th
from Od by powers of (p/LTVPC). In general, one may thu
truncate the expansion ofA T2ODD at the first or first few
orders in (p/LTVPC). In our analysis of the EDM, we findp
is one of the following: elementary fermion mass,mf ; weak
gauge boson mass,MZ ; QCD scale,LQCD ; inverse hadron
size, 1/r HAD ; and long wavelength photon momentum,q.

The renormalization of theOd by loops involving any one
of theOd and, e.g., degrees of freedom appearing inL4 must
be carried out in a manner which preserves the EFT s
separation. In particular, only intermediate states with m
menta and energies belowLTVPC must contribute to loop

2If this underlying theory were known, one would have no need
employ the expansion in Eq.~4! in the first place.
7-4
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integrals. Higher-momentum~p*LTVPC) states have bee
effectively integrated out in arriving at the expansion in E
~4!. Consequently, we regulate all loop integrals using
mensional regularization~DR!, which preserves the separ
tion of scales. Since the subtraction scalem arising in DR
only appears logarithmically in any regulated amplitude a
never as a power, the use of DR does not alter the E
power counting described above. We emphasize that the
off regulator used in Refs.@16,17# does not preserve the EF
scale separation. In those analyses, loop integrals were
off at momentap;LTVPC. Consequently, in Refs.@16,17#
the renormalization of the EDMO5a due to loops involving
any d.5 operator scales as 1/LTVPC and not as
(p/LTVPC)d253(1/LTVPC) as implied by EFT power count
ing. As we show below, this loss of power counting preve
one from deriving any information about thed57 operators
from experimental EDM limits. In this respect, our concl
sions differ dramatically from those of Refs.@16,17#. We
illustrate this point in the following section.

III. ELEMENTARY FERMION EDM

The application of EFT for new TVPC interactions to th
EDM of an elementary fermion was considered in Ref.@20#.
In what follows, we summarize the arguments of that ana
sis, as they illustrate the general principles of EFT to be u
in the remainder of this study. To that end, we first obse
that if, as in scenario B, both new TVPC interactions and
interactions~e.g., in the standard model! exist at momentum
scalesp*LTVPC, then there exists no reason to assume t
the coefficients of the TVPV effective operators in Eq.~4!
vanish at tree level. Although we have no detailed kno
edge of the dynamics of short-distance TVPC and TC
interactions, nothing prevents their conspiring to gener
non-vanishing low-energy TVPV interactions. In particula
the coefficients of thed55 electric dipole operators,C5

f g

should be non-vanishing at tree-level unless some fortuit
fine-tuning of the short-distance TVPC and TCPV intera
tions occurs.

The situation here is analogous to the chiral expansion
the octet baryon magnetic moments. In the latter case,
leading order contribution occurs at tree level from thed
55 magnetic moment Lagrangian@22#:

LM .M5
e

2Lx
emnabva

ˆb1Tr~B̄vSb$l31l8 /A3,Bv%!‰

1b2Tr~B̄v@l31l8 /A3,Bv# !Fmn, ~24!

where theBv are the octet baryon fields for states of veloc
va, Sa is the spin operator, andLx is the scale of chiral
symmetry breaking. The tree level relationship betwee
baryon magnetic moment and the low-energy constantsb6 is

ma5S mB

Lx
Dba, ~25!

wheremB is the mass of the baryon, ‘‘a’’ denotes its SU~3!
indices, andba is the appropriate combination of theb6 .
07600
.
-

d
T
ut-

ut

s

-
d
e

at

-
V
te
,

s
-

of
he

a

Since the baryon magnetic moments are typically of or
unity, the tree-level relation implies that theb6 are also of
order unity. Alternatively, one may use Eq.~25! to estimate
the scaleLx . If the low-energy constants in Eq.~24! are of
order unity, the one must haveLx;mB;1 GeV. Since the
chiral symmetry of pionic interactions implies thatLx

54pFp'1 GeV, the tree-level magnetic moment relatio
produces a self-consistent value for the scale of chiral s
metry breaking when the leading low-energy constants
chosen to be of order one.

In a similar way, one may use the tree-level relation b
tween the EDM and the coefficients of the appropriated
55 operators to estimate the scaleLTVPC. This relation is

df5
C5

f g

LTVPC
. ~26!

We follow a standard convention for parametrizing t
strength of new physics interactions and takeC5

f g54pk2e.
Using the present limit for the EDM of the electronudeu
,4310227 e cm @1,34#, one obtains from Eq.~26! the limit
LTVPC.1014k2 GeV. Thus, if the new TVPC physics i
‘‘strong’’ ( k2;1), one obtains a tremendously large val
for the corresponding mass scale.

For both EFT’s in Eqs.~4!,~24!, loop corrections involv-
ing light, dynamical degrees of freedom modify the tre
level relations in Eqs.~25!,~26!. Single pion loop amplitudes
for example, generate corrections to isovector magnetic
ments ofO(mp /Lx) relative to the tree-level contribution
Thep loops are quadratically divergent, yet generate a fin
contribution to thed55 magnetic moment operator. Powe
counting implies the appearance of one additional mass
tor in this finite contribution. When DR is used to regula
the integral, this mass factor becomesmp , resulting in the
mp /Lx suppression relative to the tree level relation. Th
scaling behavior of the loop contributions, which follow
from the EFT separation of scales, provides for a chiral
pansion in powers ofp/Lx ~where p,Lx) which may be
reasonably truncated at any order. Similarly, if the EFT
Eq. ~4! is well-behaved, one would expect the loop corre
tions to the relation in Eq.~26! to be suppressed by powe
of p/LTVPC, where p,LTVPC is a mass scale associate
with the dynamical degrees of freedom in theLNEW.

For purposes of illustration, we assume that the only
namical degrees of freedom operative belowLTVPC are
those appearing in the standard model. Under scenario
additional degrees of freedom—such as the right-han
neutral gauge boson in left-right symmetric theories—wo
also generate loop contributions. These additional degree
freedom would be required in order for parity symmetry
be restored form,LTVPC. As noted below, however, the
study of only the standard model contributions yields cons
vative upper bounds on thed57 TVPC operators. In orde
to avoid introducing model-dependence associated with
ity restoration scenarios, we restrict our attention to th
SM effects. In this case, the leading loop corrections
generated by PV standard model radiative corrections to
d57 operatorsO7a2c . These corrections have been com
puted in Ref.@20# for O7a,c using the diagrams in Figs. 2 an
7-5
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3. All of the loop amplitudes corresponding to Figs. 2 and
are superficially quadratically divergent. The loops are re
lated using DR and the poles removed by the correspon
counterterm in the renormalizedC5

f in the MS subtraction
scheme. The closed fermion loop subgraph in Fig. 3a
nominally linearly divergent and corresponds to the Adl
Bell-Jackiw anomaly diagram. In this case, the vector curr
insertions arise from theg and Z couplings to the interna
fermion, while the axial vector insertion arises fromO7a .
Since the EDM operator is linear in the photon moment
qm , we follow Ref. @17# and retain only the terms linear i
qm arising from this sub-graph. Denoting its amplitudeTmla,
we choose the loop momentum routing to satisfyqmTmla
505klTmla , whereqm andkl are the photon andZ-boson
momenta, respectively. The result is the usual anoma
term in (q1k)aTmla . To linear order inq, there exist three
structures which satisfy these vector current conserva
conditions:

Amla5k•qkremlra2kmeslraqskr ~27!

Bmla5k2qnelmna2klermnakrqn ~28!

Cmla5kaesmlrqskr . ~29!

The loop integrals forTmla are nominally linearly divergent
As a check on the calculation, we regulate the integrals us
two different regulators—Pauli Villars and DR—and obta
identical results in each case. The result is finite:

Tmla5
1

8p2 @Amla15Bmla23Cmla#

3E
0

1

dx
x2~12x!

mf 8
2

1x~12x!k2
. ~30!

FIG. 2. One loop contribution to elementary fermion EDM fro
the TVPC operatorO 7

gZ . Coupling symbols are as in Fig. 1.

FIG. 3. Two loop contributions to the elementary fermion ED

involving the TVPC operatorO 7
f f 8 . Symbols are as in Fig. 1.
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It is straightforward to verify that when the correspondi
term linear ink and quadratic inq, the photon momentum,3 is
added to the expression in Eq.~30! and the divergence (q
1k)aTmla computed, one obtains the finite, textbook res
for k25q250 @23#.

The closed fermion loop of Fig. 3b contains axial vect
insertions fromO7a and from the coupling of theZ-boson to
the internal fermion. The external fermion line contains t
vector currentZ-fermion coupling. This sub-graph diverge
quadratically and must be renormalized by the appropr
modified minimal subtraction scheme (MS) before the re-
maining loop integration is performed. In all cases, the a
plitudes are infrared-finite. Consequently, we follow Re
@17# and neglect the fermion mass dependence entering
loops.

At leading-log order, the results are

C5
f ;eC7

gZS MZ

LTVPC
D 2S 1

sWcW
DgA

f S 1

16p2D ln
MZ

2

m2
~31!

for the one-loop contribution in Fig. 2, which containsO7c
@24#. The loops in Fig. 3, which contain the four-fermio
operatorO7a , yield

C5
f ;2eC7

f f 8S MZ

LTVPC
D 2

Qf 8gV
f 8gA

f S GFMZ
2

A2
D S 1

8p2D 2

ln
MZ

2

m2

~32!

for the amplitude of Fig. 3~a! and

C5
f ;2eC7

f f 8S 5

12D S MZ

LTVPC
D 2

QfgV
f gA

f 8S GFMZ
2

A2
D

3S 1

8p2D 2S ln
MZ

2

m2 D 2

~33!

for the amplitude of Fig. 3~b!. Here,sW and cW denote the
sine and cosine of the Weinberg angle, respectively,gV

f and
gA

f denote the vector and axial vector couplings of t
Z-boson to fermionf, andQf is the corresponding fermion
electromagnetic~EM! charge.4

As expected from general considerations, the results
Eqs. ~31!,~32! display the (p/LTVPC)2 suppression relative
to the tree-level relation in Eq.~26!, where in this casep
5MZ . Thus, if theC7 have natural size

3Obtained from Eq.~30! by k↔q, m↔l.
4We have not considered loop effects involvingO 7b

gg . Since they
contribute to the EDM at two-loop order, however, we expect th
to be no more important than the two-loop contributions involvi

O 7a
f f 8 .
7-6
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C7a54pk2 ~34!

C7c54pk2eg5
4pa

sW
C7a ~35!

and if LTVPC is determined from the experimental limit o
de via Eq. ~26!, then the loop corrections to the tree-lev
EDM will be suppressed by more than 25 orders of mag
tude for new strong interactions (k2;1). In this case, tree
level dominance of the EDM implies that EDM limits do n
provide direct bounds on thed57 operators appearing in Eq
~4!. The situation here is analogous to that of the bary
magnetic moments. Since the latter are generally domin
by the tree-level term, they cannot be used to determine
meson-baryon couplings which enter the one-loop, s
leading contributions. Instead, the meson-baryon interac
must be determined directly from, e.g.,pN scattering and
the results used as input into the chiral loop corrections.

The experimental EDM limits could be used to constra
the d57 TVPC operators directly if—as in scenario~A!—
C5

f vanishes at tree level in the EFT. Such a situation co
arise under scenarios, such as left-right symmetric ga
theories, in which parity symmetry is restored at some sc
well below LTVPC. In this case, there would exist no sho
distance PV interactions to conspire with the new TVP
physics in generating a tree-levelC5

f . The leading contribu-
tion to an elementary fermion EDM would then be given
the results in Eqs.~31!–~33!, with MZ replaced by, e.g., the
scale of parity-restoration~such as the mass of a righ
handed gauge boson!, and with the appropriate combination
of couplings. Since the low-energy scale~e.g., MZ) enters
quadratically, a conservative upper bound on theC7 /LTVPC

3

for this scenario can be obtained by using the standard m
results given above. The most stringent constraint res
from the one-loop amplitude in Eq.~31! applied to the elec-
tron EDM. Using the parametrization of Eq.~35!, we obtain
LTVPC*260k2/3 TeV. The corresponding two-loop limit
are about a factor of five;(16p2)1/3 weaker. The one-loop
constraints from the neutron EDM are also slightly weak
given the somewhat less stringent experimental limits ondn
@29#.

The results of the foregoing analysis have important
plications for low-energy direct TVPC searches in lig
quark systems. These implications are most transparen
der scenario A. In this case, EDM limits constrain the ra
C7 /LTVPC

3 via the one- and two-loop results of Eqs.~31!–
~33!. As noted in Ref.@18#, one expects the ratioaT to scale
as

aT;C7~p/LTVPC!3, ~36!

where p is a momentum characteristic of low-energy ha
ronic interactions. Takingp51 GeV/c and using the one
loop electron EDM results, one obtains a limit ofaT
&10215. By comparison, the present direct TVPC sea
limits are considerably weaker:aT&1023. In short, under
the parity-restoration scenario~A!, the EDM results provide
the most stringent bounds by many orders of magnitude
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For scenario~B! in which C5
f does not vanish at tree leve

~e.g., PV persists at short distances!, the situation is more
subtle. In this case the EDM results do not provide dir
constraints on thed57 operators. Nevertheless, one mig
argue from the EDM limits that the low-energy effects ofd
57 operators should be considerably smaller than
present sensitivity of direct TVPC searches. Comparing E
~31!–~33! to Eq. ~36!, we infer that the low-energy TVPC
effects of thed57 operators should be suppressed relative
the corresponding contributions to an EDM by

S p

MZ
D 2

3~1/loop factors!. ~37!

If, in addition, thed57 loop contributions are already sup
pressed relative to the tree-level EDM by many orders
magnitude, one would conclude that the corresponding
fects in low-energy (p&1 GeV/c) TVPC processes would
be even smaller—certainly well below the present dir
search sensitivity.

Nevertheless, this line of reasoning is not airtight.
LTVPC;MZ , it is conceivable that the tree-level and loo
contributions to the EDM can be comparable in magnitu
and that, due to possible cancellations, the magnitude o
ther term can be considerably larger than the EDM lim
itself. An analogous situation arises, for example, in the c
ral expansion of the isoscalar nucleon magnetic moment
this case, the leading corrections to the tree-level relation
Eq. ~25! arise from kaon loops. SincemK and Lx do not
differ appreciably, the loop corrections are considera
larger than the isoscalar magnetic moment. A similarly la
short-distance~tree-level! contribution is needed to cance
the loop effect and obtain the small isoscalar magnetic m
ment. In this case, the use of the isoscalar magnetic mom
together with power counting and naı¨ve dimensional analy-
sis, to infer either the size ofLx via the tree-level relation
Eq. ~25! or the size of the one-loop effects would lead
erroneous conclusions. An independent determination of
strength of the loop contribution~e.g., of the kaon-baryon
interaction! is needed. Should a similar situation obtain f
the EDM, then direct TVPC searches would still be need
to ascertain the scale of thed57 contributions.

Before concluding our discussion of the elementary f
mion EDM, we emphasize the differences between
analysis and that of Ref.@17#. In that work, a calculation of
the amplitudes in Fig. 3 was used to try and estimate the
of the short-distance contributions. This estimate was imp
mented by regulating the two-loop integrals corresponding
Fig. 3 with a form factor of the type

F0~p2!5~p2/LTVPC
2 21!21. ~38!

The use of this regulator causes the loop integrals to
dominated by contributions from intermediate states hav
p;LTVPC, thereby blurring the separation of scales cruc
to the EFT expansion of Eq.~4!. Consequently, the two-loop
results of Ref.@17# scale, incorrectly, as 1/LTVPC rather than
as 1/LTVPC

3 . The corresponding implications for low-energ
direct TVPC observables are, therefore, erroneous.
7-7
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More generally, as noted in Ref.@20#, the use of a cut-off
regulator destroys the power-counting which justifies trun
tion of the EDM analysis atd57. This loss of a systemati
expansion can be seen by considering the tower of opera

O712n
f f 8 5c̄ fDJ mg5c f~]2!nc̄ f 8g

mg5c f 8 , ~39!

where n50,1, . . . . Thetwo-loop calculation of Ref.@17#

may be repeated by replacing the insertion ofO 7a
f f 8 by each

of the operators in Eq.~39!. To regulate the divergences, on
may, as the calculation of Ref.@17#, regulate the integrals
with a form factor

Fn~p2!5~p2/LTVPC
2 21!2(11n). ~40!

The corresponding loop integrals will be the same as thos
Ref. @17# but with additional factors of

~p2/LTVPC
2 !n~p2/LTVPC

2 21!2n ~41!

5~p2/LTVPC
2 21!2n@~p2/LTVPC

2 21!n

1n~p2/LTVPC
2 !n212•••# ~42!

511n~p2/LTVPC
2 !n21~p2/LTVPC

2 21!2n2•••

~43!

appearing in the integrand. The first term (51) on the RHS
of Eq. ~43! will yield the same leading-log contribution a
obtained in the calculation of Ref.@17#. The remaining terms
will generate sub-leading contributions, finite asLTVPC
→`. Thus, at leading-log order, each operator in the tow
will generate thesamecontribution, apart from the operato

coefficientC712n
f f 8 , so that the EDM will be proportional to

(
n50

`

C712n
f f 8 . ~44!

In this case, there exists no reason to isolate the effects o
d57 operators from those of any other operator in the tow
All contribute with equal weight. It would be erroneou
therefore, to truncate the series atd57, as was done in Ref
@17#, and to argue that the EDM limits constrain the mag
tude of only one term in this infinite series.

FIG. 4. Contributions from four-quark TVPV operators todn :
~a! second order contribution involving a mixture of opposite par
statesun& into neutron; ~b! first-order contribution arising from
g-four quark TVPV operators. Symbols are as in Fig. 1.
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As this example illustrates, the preservation of the sc
separation is crucial to the power counting arguments wh
justify truncation of the expansion of the EDM at a give
order. When dimensional reduction~DR! andMS subtraction
is used, for example, the contributions of each operator in
tower ~39! will be suppressed by successive powers
(MZ /LTVPC)2. To the extent thatMZ /LTVPC,1, truncation
at d57 makes for a reasonable approximation. In the
mainder of this study, we therefore work with DR andMS
subtraction in treating loop effects.

IV. FOUR-QUARK TVPV OPERATORS

The previous discussion considered the EDM of an
ementary fermion. For a composite system such as a neu
for example, one must also consider many-body contri
tions involving more than one quark degree of freedom.
generic contribution of this type is shown in Fig. 4. Th
operators which describe these many-quark effects incl
the TVPV d56,7 operators listed in Eqs.~9!,~16!. As in the
case of the single fermion EDMO 5

f g , the d56,7 operators
may exist at tree-level in the EFT if parity is violated
sufficiently high scales~scenario B!. Similarly, these opera-
tors may be renormalized by PV radiative corrections to
d57 TVPC operators. As withO 5

f g , the O6,7
TVPV will be

dominated by these loop effects if parity symmetry is
stored form,LTVPC ~scenario A!. In what follows, we com-
pute the relevant loop effects.

The leading corrections to theO6,7
TVPV are generated by the

set of graphs illustrated in Fig. 5, where the operator inse

is O 7a
f f 8 . The diagrams of Fig. 5~a! were considered previ

ously in the study of Ref.@16#. The diagrams for Fig. 5~b!,
which are required by electromagnetic~EM! gauge invari-
ance, were not included in that analysis. The inclusion
these graphs is needed in order to obtain the pieces of
d57 TVPV operators containing the photon field. As w
discuss in Sec. VI, the contributions from theseg-insertion
diagrams to the neutron EDM are numerically as large as
contributions arising from the graphs of Fig. 5~a!. The reason
for this situation is relatively straightforward. The diagram
in Fig. 5~a! yield the pieces of thed57 operators containing
a derivative, as well as contributions to thed56 operators
proportional to one power of quark mass.5 When the deriva-
tive operator acts on quarks inside the hadron, the result i

5Since thed56 operators do not preserve chirality, they cannot
induced dynamically by massless quarks.

FIG. 5. PV weak radiative corrections toO 7a
f f 8 , generatingd

57 TVPV operators. Symbols are as in Fig. 1.
7-8
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order &LQCD . The resulting contribution to the neutro
EDM, as in Fig. 4~a! for example, will therefore go as
LQCD /DM , whereDM is the mass difference between th
neutron and one of its excited states~e.g., an unboundp2p
pair!. The g-insertion diagrams of Fig. 4~b! do not produce
such derivative operators, and their corresponding neu
EDM contributions contain noLQCD /DM factors. To the
-

es
rk
to

l
th
is
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lf-

b
o

07600
n

extent thatLQCD /DM is of order one, the magnitude of th
two sets of contributions should be comparable.

The amplitudes,M5 , of Fig. 5 are logarithmically diver-
gent. As before, we regulate the loops using DR and de
the finite results usingMS subtraction. At leading-log order
the sum of all twenty-six diagrams yields the following lin
ear combination of theO6,7

TVPV:
uely

on
M55
C7a

f f 8

LTVPC
3

a

32psW
2 cW

2 logS m2

MZ
2D H 6mf 8gV

f gA
f 8O 6a

f f 81gV
f

~gA
f 1gA

f 8!

2
@3O 7e

f f 81O 7g
f 8 f #

1mf 8gA
f 8gV

f O 6c
f 8 f1~gA

f 8gV
f 22gA

f 8gV
f 822gA

f gV
f 8!O 7 f

f 8 f2
3

2
gA

f gV
f 8O 7h

f 8 f1
1

2
gA

f gV
f 8O 7 j

f 8 fJ . ~45!

The expression in Eq.~45! is obtained by keeping the external fermion lines off shell. Doing so allows us to identify uniq
the contributions of thed57 TVPV derivative operators and verify the gauge invariance of the overall result.

In order to compare our result with the calculation of Ref.@16#, we use the equations of motion and let the quarks go
shell and convert to momentum space. We obtain

M55
C7a

f f 8

LTVPC
3

a

32psW
2 cW

2 logS m2

MZ
2D F6imf 8gV

f gA
f 8Ū fg5U fŪ f 8U f 822imf 8gV

f ~gA
f 1gA

f 8!Ū fU fŪ f 8g5U f 8

1 imf 8gA
f 8gV

f Ū fg5smnU fŪ f 8smnU f 81 i S 2gA
f 8gV

f 82gA
f 8gV

f 1
7

2
gA

f gV
f 8D Ū fg5~pf81pf !

mU fŪ f 8gmU f 8

1
1

2
gA

f gV
f 8Ū fs

mnU fŪ f 8~pf 8
8 1pf 8!ngmg5U f 8G , ~46!
late
p-
nts
re-

on-
ni-
us
ark

nts
whereU f[U(pf) andŪ f[Ū(pf8) are the spinors for incom
ing and outgoing fermionsf, respectively.

The first three of the terms on the RHS of Eq.~46! are
identical to those appearing in@16#. Our coefficient of the
fourth term, however, differs from the corresponding expr
sion in @16#, and the fifth term does not appear in that wo
at all. We trace part of the difference on the fourth term
diagrams in Fig. 5~a! where theZ0 boson connects to initia
and final quarks of the same species. It is unclear from
discussion of Ref.@16# whether those authors included th
class of diagrams. Given that our sum of the amplitudes
Figs. 5~a! and 5~b! satisfies a gauge invariance se
consistency check, we are confident in our result.

V. HADRONIC MATRIX ELEMENTS

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

FIG. 6. Contribution todn from individual quark EDM’s. Sym-
bols are as in Fig. 1.
-

e

r

e
n

and of neutral atoms. Doing so requires that one calcu
various hadronic matrix elements of two- and four-quark o
erators. A first principles treatment of these matrix eleme
in QCD goes beyond the scope of the present study. Mo
over, since we seek only to derive order of magnitude c
straints on new TVPC interactions and not to obtain defi
tive numerical results, it suffices to draw upon vario
approximation methods. To that end, we turn to the qu
model @25,26#, factorization, and chiral symmetry.

Below, we estimate a number of different matrix eleme
relevant to the neutron EDM and couplingsḡr and ḡp

(a) :
~1! The contribution todn from quark EDMs~Fig. 6!.
~2! The relationship betweenḡr and d57 TVPC opera-

tors @Fig. 7~a!# and the relationship betweenḡr anddn @Fig.
7~b!#.

FIG. 7. ~a! Contributions toḡr from O 7a
f f 8 ; ~b! contribution to

dn arising from TVPCrNN and PVpNN interactions. Symbols
are as in Fig. 1.
7-9
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~3! The contribution todn from the four-quark–photon
TVPV operators appearing in Eq.~45! @Fig. 4~b!#.

~4! The contribution to theḡp
(a) from the purely hadronic

terms in Eq.~45! @Fig. 8~a!# and the relationship between th
ḡp

(a) anddn @Fig. 8~b!#.
~5! The tree-level contribution fromO 7c

Zg ~Fig. 9!.

A. Two-quark TVPV operators

Relating the EDM of a constituent quark to that of t
neutron using the quark model is a straightforward exerc
As shown in Ref.@20#, this relationship is given by

dn5
1

LTVPC
F4

3
C5

d2
1

3
C5

uG E d3xS u21
1

3
l 2D , ~47!

where u and l are the upper and lower component qua
model radial wave functions, respectively. The integral
Eq. ~47! can be estimated using the wave function norm
ization condition

E d3x~u21 l 2!51 ~48!

FIG. 8. ~a! Contributions toḡp
(I )8 arising from TVPV many-

quark operators;~b! leading-oder contribution~in mp) to dn arising
from TVPV pNN interaction. Symbols are as in Fig. 1.
ce

07600
e.

l-

and expression for the axial vector charge

gA5
5

3E d3xS u22
1

3
l 2D , ~49!

wheregA'1.26. From Eqs.~48!,~49! one obtains

E d3xS u21
1

3
l 2D5

1

4 S 21
6

5
gAD'0.88. ~50!

B. Four-quark TVPC operators

Deriving the relationship between the effective hadro
coupling ḡr and the four-quarkd57 TVPC operators@Fig.
7~a!# requires more thought than in the case of evaluat
two-quark matrix elements. For simplicity, we focus on t

four-quark operatorO 7a
f f 8 . We make a simple estimate usin

factorization. Doing so requires use of the Fierz transform
version of this operator, since the interaction in Eq.~2! in-
volves onlyr6. The Fierz transformed form of the operat
is

FIG. 9. Tree-level, many-quark contribution todn generated by
O 7c

Zg . Symbols are as in Fig. 1.
O 7a
f f 852S 3

4
c̄ f]Q nc f 8c̄ f 8gnc f1

3

4
c̄ fc f 8c̄ f 8gn]W nc f1

3

4
c̄ fgn]Q nc f 8c f 8c̄ f1

3

4
c̄ fgnc f 8c̄ f 8]

W
nc f1

i

4
c̄ f]Q ngmc f 8c̄ f 8smnc f

1
i

4
c̄ fgmc f 8c̄ f 8smn]W nc f2

i

4
c̄ f]Q nsmnc f 8c̄ f 8gmc f2

i

4
c̄ fsmnc f 8c f 8ḡm]W nc f1

3

4
c̄ f]Q ng5c f 8c̄ f 8gng5c f

1
3

4
c̄ fg5c f 8c f8̄gng5]W nc f2

3

4
c̄ f]Q ngng5c f 8c̄ f 8g5c f2

3

4
c̄ fgng5c f 8c̄ f 8gng5]W nc f1

i

4
c̄ f]Q ng5smnc f 8c̄ f 8g5gmc f

1
i

4
c̄ fg5smnc f 8c̄ f 8g5gm]W nc f1

i

4
c̄ f]Q ng5gmc f 8c̄ f 8g5smnc f1

i

4
c̄ fg5gmc f 8c̄ f 8g5smn]W nc f D . ~51!
In the factorization approximation, one makes the repla
ment

^N8uqī
1O1qj

2qj̄
2O2qi

1uNr&→^0uqī
1O1qj

2ur&

3^N8uqj̄
2O2qi

1uN&, ~52!

whereN andN8 denote nucleons,qi
a is the field for a quark
-of flavor a and colori, andqī
1O1qj

2qj̄
2O2qi

1 denotes any of
the products of quark bilinears appearing in Eq.~51!. Note
that since hadrons are color singlets, one has

^0uqī
1O1qj

2ur&5
1

3
d i j ^0uqk̄

1O1qk
2ur& ~53!

^N8uqj̄
2O2qi

1uN&5
1

3
d i j ^N8uqm̄

2O2qm
1uN&, ~54!
7-10
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where repeated indices are summed over. Hence, each
torization contribution contains a factor of

1

3
d i j 3

1

3
d j i 5

1

3
. ~55!

Since any pieces of the interaction above which invo
the g5 will not give rise to ar meson-vacuum matrix ele
ment, we are concerned with only the first eight terms of
Fierz transformed interaction. We may also reduce the n
ber of terms to be evaluated using the equations of mot
Of the resulting operators, we keep only those containing
powers of the quark mass, since the latter generate signifi
suppression factors. In the case wheref represents an up
quark andf 8 represents a down quark, the remaining str
tures are

1

2
ū]Q ndd̄gnu1

1

2
ūgndd̄]W nu2

i

4
ū]Q ngmdd̄smnu

1
i

4
ūsmndd̄gm]W nu. ~56!

In the factorization approximation, the matrix elements
quired are

^0uū]Qmdur2&^nud̄gmuup&,

^0uūgmdur2&^nud̄]Wmuup& ~57!

^0uū]Q ngmdur2&^nud̄smnuup&,

^0uūsmndur2&^nud̄gm]W nup&,

plus the corresponding matrix elements forr1n→p @note
that in Eq.~57! the color indices have been suppressed
simplicity#. A detailed evaluation of these matrix elemen
appears in Appendix A. The resulting TVPCrNN Lagrang-
ian is

L5 iA2
C7a

ud

LTVPC
3

mr
2

f r

1

6
N̄F S 1.05

Rr
2

1.293

Rn
Dgm ~58!

1 i S 0.176
Rn

Rr
20.122DqnsmnG~t2rm

12t1rm
2!N.

~59!

It is customary to write the standard rho-nucleon Lagra
ian and the TVPC rho-nucleon Lagrangian in the respec
forms @see, e.g., Eq.~2!#,

L5A2 f rN̄S gm1 i
kV

2mn
smlqlD ~t2rm

11t1rm
2!N ~60!

LTVPC5A2ḡr f r

kV

2mn
N̄smlql~t2rm

12t1rm
2!N ~61!

wherekV is the anamolous isovector magnetic moment,mn

is the mass of the nucleon andf r is therN̄N coupling con-
07600
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stant. By redefining the phase of the rho meson, we
eliminate the Dirac structuregm in Eq. ~58!. We begin by
writing Eqs.~58! and ~60! together as

LrNN5A2 f rN̄FgmS 11
iA

f r
D

1 i
kV

2mn
S 11 iB

2mn

f rk DsmlqlGt2rm
1N

1A2 f rN̄FgmS 12
iA

f r
D

1 i
kV

2mn
S 12 iB

2mn

f rk DsmlqlGt1rm
2N ~62!

where

A5
1

6

C7a
ud

LTVPC
3

mr
2

f r
F1.05

Rr
2

1.293

Rn
G ~63!

B5
1

6

C7a
ud

LTVPC
3

mr
2

f r
S 0.176

Rn

Rr
20.122D .

~64!

We then observe that since 11 iA/ f r' exp(iA/fr) and 1
1 iB2mn /( f rkV)' exp@2iBmn/(frkV)#, the phases of the rho
mesons can be redefined asrm

1→ r̃m
1 exp(2iA/fr) and rm

2

→ r̃m
2 exp(iA/fr). This allows us to rewrite the total Lagrang

ian as

L'A2 f rN̄Fgm1 i
kV

2mn
smnqnG~t2r̃m

11t1r̃m
2!N

2A2 f rN̄S B2mn

f rkV
2

A

f r
D kV

2mn
smnqn~t2r̃m

12t1r̃m
2!N.

~65!

The quantityḡr is then

ḡr5
C7a

ud

3 S mnmr
2

LTVPC
3 D 1

f r
2kV

F S 1.05

Rr
2

1.293

Rn
D kV

2mN

2S 0.176
Rn

Rr
20.122D G ~66!

where

S 1.05

Rr
2

1.293

Rn
D kV

2mN
2S 0.176

Rn

Rr
20.122D;20.023.

~67!

As calculated in Ref.@27#, ḡr may contribute to the neu
tron EDM via the loop diagrams of Fig. 7~b! as well as to the
atomic EDM via process like those shown in Figs. 1~a!, ~b!.
The dn calculation of Ref.@27# included the introduction of
form factors at the hadronic vertices in order to render
loop integrals finite. The result is
7-11
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dn

e
5

hpNNgrpg f rḡrkV

16A2p2mr

F̃~mp ,mr ,mN ,L! ~68!

wheregrpg50.4 and the PV pion-nucleon couplinghpNN is
constrained by the PVg-decay of 18F to lie in the range:
hpNN5(0.7362.3)gp , wheregp53.831028 characterizes
the strength of the charged currentDS50 hadronic weak
interaction. The functionF̃ depends on the masses appear
in the loop integral as well as the form factor cut-off para
eter,L.

We note that the use of Eq.~68! and the experimenta
limits on dn to derive bounds on TVPC interactions enta
several ambiguities. First, the value ofhpNN measured in
nuclei such as18F may differ from the value appropriate t
the single nucleon or few-nucleon systems. Many-bo
nuclear effects may renormalize the long range PVNN in-
teraction in such a way as to shift the value of the effect
PV pNN coupling from the value appropriate for Eq.~68!.
This ambiguity may be resolved by future experiments, s
as the measurement of thenW 1p→d1g asymmetry planned
at LANSCE @28#.

Second, the use of a form factor to render the loop in
gral finite can introduce considerable ambiguity. The fo
factor chosen in Ref.@27# was taken from the Bonn potentia
with L51.4 GeV. One may just as well have chosen a cu
given by the inverse size of the hadron. The variations du
this spread of choices can be significant@22#. Moreover, as
argued in Sec. III, the use of cut-off regulators can ren
one’s effective theory devoid of any systematic power cou
ing, leaving it poorly defined. For these reasons, we will n
use Eq.~68! to derive limits on thed57 TVPC operators.

C. Four-quark TVPV operators

We consider the relationship between thed56 and d
57 TVPV operators and the neutron EDM. We specify he
to scenario~A!, in which case the TVPV operators aris
entirely from PV radiative corrections to the TVPC oper
tors, as in Fig. 5. First, we estimate the contribution from
pieces of thed57 operators containing the photon fiel
These contributions can be understood diagrammaticall
shown in Fig 4~b!. Starting from expression in Eq.~45!, we
see that the TVPVg-four-quark interaction can be written a

L e f f
TVPV,EM5eJ l

e f fAl

5e
C7a

f f 8

LTVPC
3

a

32psW
2 cW

2

3 logS m2

MZ
2D †@gV

f 8gA
f 2gV

f ~gA
f 81gA

f !#

3c̄ fslmc f c̄ f 8g5gmc f 8

1gV
f 8gA

f 3i c̄ fg5c f c̄ f 8glc f 8‡A
l. ~69!

For simplicity, we consider the case wheref is an up
quark andf 8 denotes a down quark. As in our estimate
07600
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-
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e
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f

ḡr , we can find neutron matrix elements using the qu
model. We identify the appropriate quark model express
for the electric dipole moment,

i ^nl8u E d3x3J 0
e f funl&QM

5
dn

e E d3pū~p,l8!s03g5u~p,l!uf~p!u2.

~70!

Here,unl& is a neutron in theSz5l state, thef(p) are used
in the wave packet description of the momentum eigenst
as discussed in Appendix A, and theu(p,l) are the neutron
spinors. Choosingl5l851/2 we have

^n1/2u E d3x3J 0
e f fun1/2&QM5

dn

e
. ~71!

We evaluate the two matrix elements needed and find

^nuūg5ud̄g0dun&5 i
8

9

0.8623

4pRn
2 ~72!

^nuūs0mud̄g5gmdun&5
4

9

0.8623

4pRn
2 . ~73!

Using these matrix elements, we obtain the following expr
sion for the neutron EDM:

dn

e
52

C7a
ud

LTVPC
S 1

LTVPC
2 Rn

2D a

32psW
2 cW

2 logS m2

MZ
2D ~74!

3
0.4

4p
@gV

d~gA
u1gA

d !15.5gA
dgV

u #. ~75!

SincegA
u1gA

d'0 in the standard model,6 this contribution to
the neutron electric dipole moment is approximately prop
tional to gA

dgV
u .

The second way TVPV operators contribute todn is by
mixing states of opposite parity into the neutron ground st
@Fig. 4~a!#. The lightest state which may contribute is theNp
S-wave. In the chiral limit, its contribution is dominated b
the loop diagrams of Fig. 8~b!. The TVPV NNp couplings
are just theḡp

(I )8 , generated from the TVPV quark operato

as in Fig. 8~a!. The ḡp
(I )8 also contribute to the atomic EDM

via the meson-exchange interaction of Fig. 1~c!. In what fol-
lows, we relate theḡp

(I )8 to the purely hadronic parts of th
operators in Eq.~45!.

Following Ref. @16#, we carry out the calculation in the
factorization approximation while using the on-shell form
the TVPV operators given in Eq.~46!. First, we consider the
TVPV NNp0 coupling. The only Dirac structures whic
give rise to pion-vacuum matrix elements areg5, andg5gm.
Therefore the structure in the third line does not contribu

6The sum is exactly zero at tree level.
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The last two structures in Eq.~46! do not contribute in the
factorization approximation. This conclusion follows fro
symmetry arguments,pp

mpp
n smn50, and the equations o

motion pp
mN̄gmN50. For the remaining structures we use

1

2
^0uūgmg5u2d̄gmg5dup0&5 i f ppm exp~2 ip•x!.

~76!

Taking the divergence of Eq.~76! and using the conse
quences of isospin symmetry

^0uūg5u1d̄g5dup0&50 ~77!

yields the following two matrix elements needed in the c
culation:

^0uūg5uup0&52 i
mp

2 f p

mu1md
exp~2 ip•x! ~78!

^0ud̄g5dup0&5 i
mp

2 f p

mu1md
exp~2 ip•x!. ~79!

In addition, we require the nucleon matrix elements of
light quark scalar densities. From the quark model andpN
sigma term, one obtains

^nuūuun&5^pud̄dup&'5 ~80!

^nud̄dun&5^puūuup&'6. ~81!

Using these results, we obtain for TVPV neutral pi
nucleon couplingsAn̄p0n andBp̄p0p, with

A5
C7a

ud

3

f pmp
2

LTVPC
3

a

32psW
2 cW

2 logS m2

MZ
2D md

mu1md
36FgV

ugA
d

1
10

36
gV

u~gA
u1gA

d !G ~82!

B5
C7a

ud

3

f pmp
2

LTVPC
3

a

32psW
2 cW

2 logS m2

MZ
2D md

mu1md
30FgV

ugA
d

1
2

5
gV

u~gA
u1gA

d !G . ~83!

Here again, sincegA
u1gA

d50 at tree level in the standar
model, the terms proportional togV

ugA
d make the largest con

tribution.
In order to determine the couplings of the charged p

with the nucleon, we Fierz transform Eq.~46!. The result is
listed in Appendix B. As discussed in Appendix B, we es
mate the strength of theCp̄p2n coupling using the first two
terms in the Fierz transformed expression. The remain
terms do not contribute in the factorization approximation.
this case, we require the following matrix elements:

^0uūg5dup2&5^p2ud̄g5uu0&5 iA2
f pmp

2

mu1md
~84!

^nud̄uup&5^puūdun&'1. ~85!
07600
-

e

n

g

The coefficient can then be written as

C52A2
C7a

ud

3 S f pmp
2

LTVPC
3 D a

32psW
2 cW

2 logS m2

MZ
2D

3
md

mu1md
S 4gV

ugA
d2

1

2
gV

ugA
u1

3

4
gV

dgA
u D . ~86!

The last piece 3gV
ugA

d /4 comes from applying equations o
motion to the derivative terms, as discussed in Appendix

Expressed in terms of A, B and C, the PVTV pio
nucleon couplings from Eq.~3! are

ḡp
(0)85~B2A!/61A2C/3 ~87!

ḡp
(1)85~A1B!/2 ~88!

ḡp
(2)85~B2A!/62

C

3A2
. ~89!

In the chiral expansion of the EDM, the dominant cont
bution todn from the TVPVpNN interaction arises from the
loops in Fig. 8~b!, where the intermediate state contains
pp2. In this case, only the constantC contributes. The loop
calculation, first performed in Ref.@30#, yields

dn

e
5

C

A2

gpNN

4p2mN

log
mN

mp
. ~90!

Written explicitly in terms of the TVPC scale,LTVPC, the
neutron electric dipole moment takes the form

dn

e
5S C7a

ud

LTVPC
D S mp

2

LTVPC
2 D S f p

mN
D1

3

a

32psW
2 cW

2

gpNN

4p2
log

mp

mN

logS m2

MZ
2D md

mu1md
S 4gV

ugA
d2

1

2
gV

ugA
u1

3

4
gV

dgA
u D , ~91!

where we have kept only the leading, non-analytic loop c
tribution proportional to log(mp /mN) and wheregpNN is the
strong pNN coupling. We note that an evaluation of th
analytic contributions has been performed using sidew
dispersion relations in Ref.@31#. In addition, loop contribu-
tions involving thenp0 intermediate state have been cons
ered in Refs.@32,33#.

D. Tree-level contributions

There exists one way in which thed57 TVPC operators
may contribute todn without the consideration of loop ef
fects. As shown in Fig. 9, the operatorO 7c

Zg generates a tree
level contribution when theZ0 is exchanged and couples t
the second quark’s axial vector current. Naively, one mi
expect this contribution to compete with the one-loop qu
EDM generated byO 7c

Zg in Fig. 2. The calculation of the
process in Fig. 9 is tedious but straightforward. Using
quark model, we obtain
7-13
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dn

e
52

1

LTVPC
FC7c

ZggA
d

2sW
G S MZ

LTVPC
D 2F 0.34

MZ
3MWRn

4G
3E

0

2.04

x2dx@0~x!2 j 08~x! j 1~x!2 j 0~x! j 1~x!2 j 18~x!2 j 0~x! j 1~x!3/x#

3 (
m,m8,a, . . .

smm
3 ^n1/2uu†~m8,a8!u~m8,a!d†~m,b8!d~m,b!un1/2&, ~92!
rk

n

h-
g.
at
-
an

iv
co
te
th
t

se

-

tit

ur

q.
the

, it
and

e-

is

of

of

o-
where the sum runs over all spin (m,m8) and color
(a,b, . . . ) indices. Evaluating the integrals and qua
model contractions yields

dn

e
5

1

LTVPC
FC7

ZggA
d

2sW
G S MZ

LTVPC
D 2F 0.162

MZ
3MWRn

4G . ~93!

Comparing the result in Eq.~93! with one-loop amplitude
in Eq. ~31!, we observe that the tree-level contribution co
tains the suppression factor

0.162

MZ
3MWRn

4
'8.64310212. ~94!

The difference results from the contributions of hig
momentum (p;MZ) intermediate states in the loops of Fi
2. The tree-level process, in contrast, is dominated by st
with momentap&LQCD;0.002MZ . Since the TVPC opera
tor has dimension seven, and since the momentum tr
ferred throughZ0-boson propagator in Fig. 9 is&LQCD ,
one would expect a suppression factor of (LQCD /MZ)4

;10211 for the process of Fig. 9.

VI. EXPERIMENTAL CONSTRAINTS

The foregoing analysis allows us to make a quantitat
connection between various observables and effective
pling constants on the one side and the EFT of TVPC in
actions of quarks and gauge bosons on the other. In
section, we use those relationships to derive bounds on
TVPC interactions. It is also instructive to interpret the
bounds in terms of the mass scale,LTVPC. To that end, we
adopt the parametrization of Eqs.~34!,~35! and present con
straints in terms ofLTVPC andk.

In what follows, we use experimentalde and dn limits
directly as well as the limits onḡr and theḡp

(a) derived from
several sources. The corresponding limits on these quan

TABLE I. Present experimental limits on electric dipole m
ments.

Observable Experimental limit (e cm! Ref.

de <4310227 @34#

dn <8310226 @29#

dA(199Hg) <1.3310227 @36#
07600
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are given in Tables I and II. It is also useful to convert o
expressions forḡr and theḡp

(a) into numerical form. In the

case ofḡr we have

ḡr'2C7a
ud~MZ /LTVPC!33~2310210!. ~95!

Similarly, the combinations of theḡp
(a) relevant todn and

dA(199Hg) are, respectively,

ḡp
(2)2ḡp

(0)'2C7a
ud~MZ /LTVPC!33~6310212! ~96!

for dn and

ḡp
(0)1ḡp

(1)12ḡp
(2)'2C7a

ud~MZ /LTVPC!33~3310211!
~97!

for dA(199Hg).
Scenario A.Under this scenario, the first two terms in E

~1! vanish, so that the leading terms in the expansion of
EDM are theO(1/LTVPC

3 ) contributions from the TVPC op-
erators. As in the case of the effective hadronic couplings
is useful to express our relationships between the EDM’s
the TVPC interactions in numerical form.

For the elementary fermion EDM’s arising from the on
loop graphs containingO 7c

Zg ~Fig. 2!, we require a choice for
m. Since the typical momentum of a quark in the neutron
;LQCD , we takem5LQCD . The appropriate choice forde
is probably smaller, on the order of the typical momentum
an electron bound in a heavy atom. Since them-dependence
of df is only logarithmic, however, the precise choice
scale is not decisive. To be conservative, we also usem
5LQCD for de . The corresponding results are

de

e
;C7c

Zg~MZ /LTVPC!33~4310217 cm!

;C7a
f f 8~4pa/sW!~MZ /LTVPC!33~4310217 cm!

'C7a
f f 8~MZ /LTVPC!33~8310218 cm! ~98!

and
7-14



CONSTRAINTS ONT-ODD, P-EVEN INTERACTIONS . . . PHYSICAL REVIEW D 63 076007
TABLE II. Experimental limits on TVPC and TVPV hadronic couplings. The value ofhpNN
DDH is the ‘‘best

value’’ given in Ref.@35#.

Coupling Experimental limit Observable

ḡr
<9.331023 dA(199Hg) and atomic PV

ḡr
<0.5331023(hpNN

DDH/hpNN) dn

ḡr
<5.831022 FC in neutron transmission

ḡr
<6.731023 CSB in np scattering

uḡp
(2)2ḡp

(0)u <5.7310212 dn

uḡp
(0)1ḡp

(1)12ḡp
(2)u <1.8310211 dA(199Hg)
.

lim
III
te
t

or-
ny-
he
(
trix

t of
rs

el-
m
de-

ri-

r
ig.
f.
w

ta-

n-
dn

e
;S 4

3
gA

d2
1

3
gA

u D3~0.88!3
de

e

'C7c
Zg~MZ /LTVPC!33~6310217cm!

;C7a
f f 8~MZ /LTVPC!33~1310217cm!, ~99!

where we have used the naturalness relation of Eq.~35! to

expressC7c
Zg in terms ofC7a

f f 8 and where the 0.88 factor in Eq
~99! is the value of the bag model integral in Eqs.~47! and

~50!. Since the two-loop effects involvingO 7a
f f 8 are sup-

pressed relative to the one-loopO 7c
Zg contributions, we do

not give explicit numerical formulas for the former.
For the contribution todn from the TVPV g-four quark

interaction of Fig. 4~b!, generated by the loops of Fig. 5~b!,
we find

dn

e
;C7a

ud~MZ /LTVPC!33~5310225 cm!, ~100!

while the process of Fig. 9 yields

dn

e
;C7a

f f 8~MZ /LTVPC!33~4310228 cm!, ~101!

where we have again used Eq.~35!.
We now apply these expressions to the experimental

its given in Tables I and II. The results are listed in Table
Clearly, the one-loop elementary fermion EDM’s genera
by radiative corrections toO 7c

Zg yield the most stringen
bounds onLTVPC. Whether one usesdn or de , the lower

TABLE III. Limits on new TVPC interactions derived from
EDM’s under scenario~A!.

Lower bound
Observable onLTVPC/k2/3 ~TeV! Mechanism

de 260 single electronO 7c
Zg loop

dn 110 single quarkO 7c
Zg loop

dn 0.39 Figs. 4~b!, 5~b!

dn 0.21 p-loop, Fig. 8~b!

dn 0.036 Fig. 9
dA(199Hg) 0.25 ḡp

(a) @Fig. 1~c!#

dA(199Hg) 0.0006 ḡr , atomic PV@Fig. 1~b!#
07600
-
.
d

bounds generated by this mechanism are roughly three
ders of magnitude larger than those obtained from the ma
quark effects. The reason for this difference is clear. T
one-loop graphs are dominated by high-momentump
;MZ) intermediate states, whereas the many-quark ma
elements are governed by physics at scalesp;LQCD . Since
the dimension of the TVPC operators is greater than tha
the EDM by two, the EDM must contain at least two powe
of the relevant mass scale. Hence, the one-loopO 7c

Zg effects
should be at least (MZ /LQCD)2;23105 larger than the
many-quark effects indn .

We emphasize the comparison between the one-loop
ementary fermion EDM limits and those obtained fro
dA(199Hg). In the latter case, the strongest bounds are
rived from the combination of theḡp

(a) appearing in Eq.~97!.
Since these couplings scale as 1/LTVPC

3 , one would require
an improvement of nine orders of magnitude in the expe
mental limits ondA(199Hg) in order for the atomic EDM to
compete withde anddn .7 We also note that were it not fo
the one-loop elementary fermion limits, the diagrams of F
5~b!—required by gauge invariance but omitted in Re
@16#—would yield the most stringent constraints on ne
TVPC interactions under scenario~A!. By far the weakest
bounds follow from the extraction ofḡr from dA(199Hg).

The limits in Table III can be translated into an expec
tion for aT under scenario~A!. Using the general scaling
arguments of Ref.@18# which imply

aT;C7a
f f 8S p

LTVPC
D 3

5C7a
f f 8S MZ

LTVPC
D 3S p

MZ
D 3

~102!

and using the naturalness assumption of Eq.~35! we have

aT;~7310216!3S p

1GeVD
3

. ~103!

For a low energy TVPC process withp;1 GeV, the sce-
nario ~A! EDM limits of Table III imply that the size of the
effect should be roughly 10215. Current direct search limits
are at the 1023 level for aT .

7An improvement of this magnitude, however, would likely re
der the atomic EDM as the most precise probe ofdn .
7-15
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Scenario B.As argued above, experimental EDM limi
do not apply to TVPC interactions when PV persists at sh
distances. In this case, one must rely on direct TVPC te
from which limits onḡr may be extracted. The most preci
determinations ofḡr from TVPC observables are obtaine
from charge symmetry breaking~CSB! terms innp scatter-
ing cross sections@12# and fivefold correlations~FC! in the
transmission of polarized neutrons through spin aligned H
mium @10#. The limits onḡr obtained from these observable
are given in Table II. In addition, a proton-deuteron tran
mission experiment proposed for COSY would be sensi
to ḡr at the 1023 level @13#. Further improvements in thenp
CSB limits may also be possible@14#.

The bounds onLTVPC from direct TVPC searches ar
given in Table IV. At present, the data imply new TVP
physics could arise at scales as light as a few GeV. Idea
future experiments would push these bounds closer to
weak scale. Such a sensitivity would be comparable to
present and anticipated new physics sensitivities of ato
PV and PV electron scattering experiments@4#. Achieving
such sensitivity, however, would be a daunting task, req
ing at least six orders of magnitude improvement in precis
beyond the present state of the art.

VII. CONCLUSIONS

Measurements of EDM’s provide one of the most pow
ful probes of possible new physics. Thus far, null results
de , dn , anddA lead to tight constraints on a variety of ne
physics scenarios. In this paper, we have studied the im
cations of EDM’s for TVPC new physics. We have al
developed relationships between effective TVPC and TV
hadronic couplings, on the one hand, and TVPC interacti
involving quarks and gauge bosons, on the other. This r
tionship has not been systematically delineated in the p
Consequently, some confusion about the respective imp
tions of EDM’s and the values of hadronic couplings e
tracted from direct TVPC searches has ensued. We bel
that our analysis has helped clarify these implications.

While the possible origin of TVPC interactions in th
context of a renormalizable gauge theory has yet to be de
eated, one may, nevertheless, address the issue usin
framework of EFT. This framework affords a systema
method for treating nonrenormalizable interactions and
carrying out the associated phenomenology. Since the op
tors we have treated here haved.4, EFT is the natural
framework for performing our analysis. As emphasiz
above, a key ingredient in the application of EFT to th

TABLE IV. Limits on new TVPC interactions derived from
direct searches under scenario~B!.

Lower bound
Coupling onLTVPC/k2/3 ~TeV! Observable

ḡr
331024 CSB in np scattering

ḡr
731024 FC in neutron

transmission
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problem is the maintenance of a scale separation. The sh
distance (p*LTVPC) TVPC physics about which we are ig
norant is parametrized by thea priori unknown coefficients
of the nonrenormalizable effective interactions. Long d
tance (p!LTVPC) physics may be treated explicitly in th
guise of loops and many-body matrix elements involvi
degrees of freedom having masses and momenta be
LTVPC. As we illustrated for the example of the cut-o
regulator used in the loop calculations of Refs.@16,17#, a
failure to adhere to this scale separation can lead to di
trous results. Indeed, in that example, the blurring of sc
separation implies~erroneously! that the EDM is propor-
tional to an infinite series of unknown coefficients of no
renormalizable operators of arbitrarily high dimension. Wit
out the truncation scheme implied by the EFT sc
separation, one is unable to learn anything from experim
about a given TVPC interaction~or even finite set of such
interactions!.

As argued at the outset of our paper, the EFT scale se
ration implies that one must consider the low-energy con
quences of TVPC new physics under two scenarios: par
restoration belowLTVPC ~scenario A! and parity-restoration
aboveLTVPC ~scenario B!. In the case of scenario A, th
EDM is dominated by PV radiative corrections tod57
TVPC operators. The most significant impact arises from
EDM of elementary fermions, generated by a one-loop gra
involving O 7c

Zg . Interpreted in terms of a mass scale, th
mechanism, taken with the experimental limits onde anddn ,
imply that LTVPC* 100–250 TeV when the TVPC new
physics is ‘‘strong’’ (k;1). The impact of many-quark
effects—which contribute both directly todn as well as to
both dn and dA(199Hg) via the couplingsḡr and ḡp

(I )8—is
considerably smaller than that of the one-loop element
fermion EDM. Indeed, for the many-quark mechanism
compete with that of the elementary fermion EDM, o
would require an improvement in the limits ondA(199Hg) of
nine orders of magnitude. The impact of direct search lim
is even weaker under this scenario. We conclude, then,
de and dn provide the most powerful probes of new TVP
physics when parity symmetry is restored at short distan
while the atomic EDM measurements are better suited
constraining other new physics scenarios.

Under scenario B, the implications of EDM’s are ambig
ous at best. The existence of parity-violation at short d
tances implies thatd<7 TVPV operators contribute to th
EDM along with the radiatively correctedd>7 TVPC op-
erators. Consequently, no single TVPV observable c
strains the latter unless one invokes additional assumpti
In contrast, the relationship between TVPC observable
such as CSBnp scattering cross sections or FC in neutr
transmission—is not clouded by the additional unkno
constants which enter the EDM. In this case, however,
limits obtained from direct TVPC searches are rather we
LTVPC* 1 GeV ~for k;1). As a long term benchmark, on
would ideally search for new TVPC physics at least up to
weak scale. Achieving this goal would require an improv
ment in the precision of direct TVPC searches by six ord
of magnitude. While achieving such improvement wou
7-16
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seem formidable, any intermediate progress would consti
a welcome step.
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APPENDIX A: QUARK MODEL MATRIX ELEMENTS

Here, we evaluate the matrix elements appearing in
~57!. We define the following quantities:P5pN1pP ,q
5pr5pN2pP , e is the r polarization. Since the TVPC
rNN Lagrangian is linear in ther momentum operator, we
retain only those terms in the matrix element products lin
in q. The fourth matrix element product in Eq.~57! is qua-
dratic inq since the nucleon matrix element vanishes to fi
order inq. Thus, the last product does not contribute toḡr .

For the remaining matrix element products in Eq.~57!, we
first require ther to vacuum matrix element, parametrized
the standard way as

^0uūgmdur2&5A2
mr

2

f r
emeip•x ~A1!

where f r
2/4p'2.5. The rho matrix element with the deriva

tive may be evaluated using wave packets in the qu
model, using the approach of Donoghue and Johnson@25#.
We begin by assuming the following structure for the mat
element,

^0uū]Qmdur2&5~aem1bpm!eip•x ~A2!

wherepm is the momentum of the rho-meson andem is the
polarization vector. We solve for the coefficients,a and b.
The quark model matrix element may be written using wa
packets as

^0uū]Qmdur2&QM5E d3p8

2vp8

f~p8!^0uū]Qmdur2& ~A3!

Multiplying each side of the equation by*d3x exp(2ipW

•xW)/(2p)3, results in~for t50!

E d3x

~2p!3 exp~2 ipW •xW !^0uū]Qmdur2&QM

5
f~p!

2vp
~aem1bpm!. ~A4!

The expression forf(p) may be obtained from the vecto
current matrix element Eq.~A1!,
07600
te

k
n-
d
n

q.

r

t

rk

e

E d3x

~2p!3 exp~2 ipW •xW !^0uūgmdur2&QM5f~p!
emmr

2

f rvpA2
.

~A5!

We use them53 component of the above equation to find
expression forf(p). This, taken together with the vecto
current matrix element produces

E d3xe2 ipW •xW^0uū]Qmdur2&QM

5 f r/A2mr
2~aem1bpm!E d3xe2 ipW •xW^0uūg3dur2&QM .

~A6!

Upon evaluating both quark model matrix elements,
find b50, while

a5
mr

2

f r

2

3E Fdu

dr
l 22ul/r 2u

dl

drG r 2drY E ~u22 l 2/3!r 2dr.

~A7!

Here, u and l are the upper and lower components of t
quark model wave functions, respectively. The final expr
sion is

^0uū]Qmdur2&52
1.05

Rr
A2

mr
2

f r
i eme2 ip•x. ~A8!

In this expression,Rr53.3–3.5 GeV21 is the radius of the
rho meson in the bag model. In the following we shall al
useRn51 fm for the bag model radius of the nucleon. Th
nucleon matrix elements also may be evaluated with
quark model. We drop exponents for simplicity.

^nud̄gmuup&5ūn~gm10.168iRnsmnqn!up ~A9!

^nud̄]W nuup&50.634ivūngnup ~A10!

wherev52.04/Rn is quark energy inside the bag.
For the third matrix element product, we obtain usi

similar methods and Eqs.~48!,~49!

1

2
^0uū~]Qmgn2]Q ngm!dur2&

5 i
513gA

1513gA

mr
2

21/2f r
~enqm2emqn!

^nud̄smnuup&5
5

12S 11
gA

5 DuN̄smnuP1•••,

where the1••• denote terms higher order inq.

APPENDIX B: FIERZ TRANSFORMED FOUR-QUARK
OPERATORS

In calculating the TVPVp6-nucleon couplings, we re
quire the Fierz transformed form of the amplitude in E
~46!. The transformed amplitude is
7-17
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M 5
FIERZ5

C7a
f f 8

LTVPC
3

a

32psW
2 cW

2 logS m2

MZ
2D H imf 8S 4gA

f 8gV
f 2

1

2
gV

f gA
f D ~Ū fg5U f 8Ū f 8U f1Ū fU f 8Ū f 8g5U f !

1 imf 8S 2gA
f 8gV

f 1
1

2
gV

f gA
f D ~Ū fgmU f 8Ū f 8g

mg5U f2Ū fgmg5U f 8Ū f 8g
mU f !

2
i

4
mf 8gV

f ~gA
f 1gA

f 8!Ū fs
mnU f 8Ū f 8g5smnU f1

i

4
mf 8gV

f gA
f 8Ū fg5smnU f 8Ū f 8smnU f

1 i ~pf81pf !
mS 2gA

f 8gV
f 82gV

f 8gA
f 1

7

2
gA

f gV
f 8D 1

4
~Ū fU f 8Ū f 8gmg5U f2Ū fgmg5U f 8Ū f 8U f !

1 i ~pf81pf !
mS 2gA

f 8gV
f 82gV

f 8gA
f 1

7

2
gA

f gV
f 8D 1

4
~Ū fg5U f 8Ū f 8gmU f1Ū fgmU f 8Ū f 8g5U f !2~pf81pf !

m

3S 2gA
f 8gV

f 82gV
f 8gA

f 1
7

2
gA

f gV
f 8D 1

4
~Ū fsmng5U f 8Ū f 8g

nU f2Ū fg
nU f 8Ū f 8smng5U f !2~pf81pf !

m

3S 2gA
f 8gV

f 82gV
f 8gA

f 1
7

2
gA

f gV
f 8D 1

4
~Ū fg

ng5U f 8Ū f 8smnU f1Ū fsmnU f 8Ū f 8g
ng5U f !

1
3

8
gA

f gV
f 8i ~pf 8

8 1pf 8!m~Ū fgmU f 8Ū f 8g5U f1Ū fg5U f 8Ū f 8gmU f !2
3

8
gA

f gV
f 8i ~pf 8

8 1pf 8!m

3~Ū fgmg5U f 8Ū f 8U f2Ū fU f 8Ū f 8gmg5U f !2
1

8
gA

f gV
f 8~pf 8

8 1pf 8!m~Ū fsnmU f 8Ū f 8gng5U f

1Ū fgng5U f 8Ū f 8snmU f !1
1

8
gA

f gV
f 8~pf 8

8 1pf 8!m~Ū fgnU f 8Ū f 8g5snmU f2Ū fg5snmU f 8Ū f 8gnU f !J . ~B1!

Only the first two terms on the RHS of Eq.~B1! contribute in the factorization approximation. The terms on the second
such asŪ fgmU f 8Ū f 8g

mg5U f will not contribute in this approximation. The reason is that the pion-to-vacuum matrix ele
will be proportional to the pion momentum,q, which equals the change of the momentum of the nucleon. When contr
with the nucleon matrix element of the vector current, the result vanishes by current conservation~neglecting the smalln-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 deriva
on a quark field in one quark bilinear and the second derivative acts on the second. Some of these terms may be rewri
equations of motion for the on shell quarks. Doing so yields new contributions to the first four lines of the RHS of Eq~B1!,
requiring an adjustment in the coefficients. The remaining terms involve derivative operators, such as

Ū fpf m8 U f 8Ū f 8g
mg5U f and Ū fpf m8 g5U f 8Ū f 8g

mU f . ~B2!

Factorization matrix elements of these operators vanish by either symmetry or current conservation.
Finally, tensor structures such asŪ fpf m8 gnU f 8Ū f 8s

mng5U f cannot produce a pion-vacuum matrix element, while those s

as Ū fpf m8 gng5U f 8Ū f 8s
mnU f will vanish from symmetry considerations.
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