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Low-energy parity-violation and new physics
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The new physics sensitivity of a variety of low-energy parity-violatiiRy/) observables is analyzed. A
comparison is made between atomic PV for a single isotope, atomic PV using isotope ratios, and PV electron-
hadron and electron-electron scattering. The complementarity among these observables, as well as with high-
energy processes, is emphasized. Theoretical uncertainties entering the interpretation of low-energy measure-
ments are discussed50556-28189)03207-0

PACS numbgs): 24.80+y, 11.30.Er, 12.15.Ji, 25.30.Bf

[. INTRODUCTION and the Jefferson Laboratory to measure the left-right asym-
metry A g on a variety of target§13—15. Recently, the
Low-energy parity-violating (PV) observables have attention of the PVES community has returned to the use of
played an important role in uncovering the structure of thethese experiments to probe new phydit6]. In the purely
electroweak sector of the standard model. Now that the prdeptonic sector, work on a high-precision PV Néw scatter-
dictions of the standard model have been tested and coing experiment has begun at SLACY]. In addition, a pro-
firmed at the one-loop level over a wide range of processegram of “second generation” PVES experiments—designed
and energie§l], attention has turned to the search for phys-to look for physics beyond the standard model—is under
ics beyond the standard model. In this regard, low-energgonsideration for the Jefferson Lab. The feasibility of such
parity violation continues to provide important information. PVES new physics searches stems, in part, from the high
As has been noted by several authids4], the recent pre- luminosity and remarkably stable and clean electron beam
cise determination of the cesium weak chai@g in an  achieved by the CEBAF accelerafds8].
atomic parity-violation(APV) experiment performed by the Although numerous discussions @f,(cesium) have ap-
Boulder groug 5] places stringent constraints on a variety of peared in the literature recently, relatively little attention has
new physics scenarios. The importance of this benchmarkeen paid to the other low-energy PV observables mentioned
measurement is reflected, in part, by the efforts of other exabove. In this paper, we therefore consider the new physics
perimental groups to determin@,, for cesium as well as sensitivities of APV isotope ratios and PVES asymmetries,
other atomg6—8]. Future improvements in the APV sensi- making a comparison with the sensitivities @fy and high-
tivity to new physics poses a challenge to both atomic exenergy observables. In doing so, we focus on “direct” new
perimentalists and theorists. Indeed, given the experimentgdhysics, that is, extensions of the standard model which
precision reported by the Boulder group, atomic theory erromanifest themselves at low-energies as new four-fermion
now constitutes the dominant uncertainty associated with theontact interactions. The sensitivity of APV and PVES to
intepretation of atomic PWAPV) observables. Whether this “oblique” new physics has been discussed elsewhere
atomic theory error can be reduced to the level of the experif2,19-21,23* After quantifying the generic new physics
mental uncertainty remains to be seen. An experimentagensitivities of PV observables, we specify to a variety of
strategy for circumventing the atomic theory uncertainty is tomodels in order to illustrate the complementarity of prospec-
measure PV observables for different atoms along an isotopiédve measurements. In particular, we show that to leading
chain. Standard model predictions fatios of such observ- order, the elastiep asymmetryA g(*H) and APV isotope
ables are largely atomic theory independent. Consequentlyatios R are sensitive to the same combination of possible
several groups have undertaken APV isotope ratio measurgew interactions. These two observables, while subject to
ments in the hopes of minimizing the impact of atomic different systematic and theoretical corrections, provide the
theory uncertainties on the extraction of new physics consame window on direct new physics. We also find that a 2—
straints[7-9]. 3% determination oA g(*H) would improve the new phys-
Historically, the use of polarized electrons produced inics reach of low-energy PV by nearly a factor of 2 over the
accelerator experiments has, along with APV, played a pafpresent cesium APV sensitivity. A similar improvement
in testing the standard modgl0—17. In the past decade, would obtain if the present cesium atomic theory error were
however, PV electron scatterin®VES has received less
attention than APV in this respect sin@ the experimental
precision ac_h|evable with APV has |m_proved _markec!ly and !Previously, isotope ratios were shown to display a significantly
(b) 'mereSt_'n PVES has focused on its use in probing thedifferent sensitivity to oblique new physics than do@g, for a
nucleon’'sss sea. The interest in nucleon strangeness hasingle isotope. We show that a similar situation holds in the case of
spawned a program of experiments at MIT-Bates, Mainzdirect new physics.
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improved by a factor of 4. Apart from the Mer asymmetry, Quw=Q%+AQy. (1)
the remaining asymmetries display a smaller new physics
reach tharQ,y, A_r(*H) , or R. In illustrating model varia- Here,QSv gives the contribution in the standard model while
tions on the general pattern of new physics sensitivity, weA Q,y indicates possible contributions from new interactions.
consider additional neutral gauge bosons, leptoquarks, and/e consideQ,y to be generated by the low-energy effective
fermion compositeness. We also discuss the sensitivity of P\ agrangian
observables toR-parity-violating supersymmetric interac- v v
tions and compare this sensitivity with up-dated bounds from L=L syt L new @
superalloweds decay.

The use of low-energy measurements to probe new phys/here
ics requires that conventional, many-body physics associated

with atoms and nuclei be sufficiently well understood. From pv:& e, 5. u

this standpoint, we show that, in principle, PVES provides M zﬁgAey“yseZ gviyet, @
the theoretically “cleanest” new physics probe. This feature

is most apparent for PV Mier scattering, as it is a purely A’ _

leptonic process. In the case of semileptonic PV observables, Liow= Ten)’sez hyfy~f. 4

the reason for minimal theoretical uncertainty is twofdks):
A r depends on a ratio of electroweak amplitudes, from
which the largest hadronic effects cancel, leaving essentiall
a dependence o,y of the target nucleus an®) the largest

remaining hadronic corrections to this cancellation can b
separated fronQ,y and measured by exploiting their kine-

Hereg!=2Tf— 4Qsirf6, andgh= — 2T} are the tree level
¢tandard mode! fermio@? couplings,h!, characterizes the
énteraction of the electron axial vector current with the vector
current of fermionf for a given extension of the standard

matic dependence. Consequently, the dominant uncertain odel, A is the mass scale associated with the new physics,

in the interpretation of PVES new physics studies is likely to nd « sets the coupling strength. Generally speaking,

. - . 2~ .
be experimental. We illustrate these features in the case éltrongly Interacting the?”ﬁs taked 3 thlllel for Wl?eakly
A r(*H) and discuss the kinematics to make such a clea teracting extensions of the standard model one @
separation ofQ,, feasible or scenarios in which the interaction of Ed) is generated

The situation in the case of APV differs from that of by the exchange of a new heavy particle between the electron

PVES. The atomic theory uncertainty associated with exand fermion, the constaiiy,=g3gy , wheregg(gy) are the
tractingQ,y from cesium APV is about four times larger than heavy particle axial vectofvecton coupling to the electron
the experimental error. This situation has prompted the condermion).
sideration of the isotope ratid8, from which the dominant For simplicity, we do not consider contributions AQyy
atomic theory uncertainties cancel. Unfortunaté®ycarries ~ arising from new scalar-pseudoscalar or tensor-pseudotensor
a problematic sensitivity to changes in the neutron distribuinteractions. We also do not considé(e) < A(f) interac-
tion p,(r) from one nucleus to the next along an isotopetions, as they do not contribute @yy. Although the stan-
change. Following on the earlier work of Ref@5-27, we  dard modeN(e) X A(f) interaction is suppressed due to the
analyze the impact which the uncertainties in the neutrorsmall value ofg= —1+4 sirféy, resulting in an enhanced
distributionp,,(r) have on the extraction of new physics lim- sensitivity to new physics of this type, one is at present not
its from R. We consider several atoms presently under exable to extract th&/(e) X A(f) amplitudes from PV observ-
perimental consideration and quantify the levelpgfuncer-  ables with the level of experimental precision attainable for
tainty acceptable in order for relevant new physics limits toQw . Moreover, the hadronic axial vector current is not pro-
be obtained fromR. tected by current conservation from hadronic effects which
Our discussion of these issues is organized as follows. Imay cloud the interpretation of the hadronic axial vector am-
Sec. II, we outline our conventions and definitions and inplitude in terms of new physid9].
Sec. Il we discuss general new physics sensitivities of low- It is straightforward to write down the corrections to the
energy PV observables. In Sec. IV we illustrate these sensiveak charge of a given system arising frmﬁg’w. Specifi-
tivities for different new physics scenarios. Section V con-cally, we consider the nucleon and electron
tains an analysis of theoretical uncertainties. A discussion of

kinematic considerations for a prospective PV elasticex- AQf=¢(2hy+hY), )
periment is also included. In Sec. VI we summarize our con-
clusions. AQY=¢(h¥%+2hY), (6)
AQy=¢hy, (7)
Il. NEW PHYSICS AND THE WEAK CHARGE
] ) ~where

For each PV observable, the quantity of interest here is
the weak charg®,y of the nucleugelectron, which char- 8\/577,(2
acterizes the strength of the electron axial vectonucleus =— (8
(electron vector weak neutral current interaction: AGE
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To the extent that the coupling;i, and h{, enteringQ,y  serve that for atoms having~N, the weak charge is
andAQ,y are of the same order of magnitude, the fractionalroughly equally sensitive to the new up- and down-quark
correction induced by new physics is vector current interactions.

The use of “isotope ratios” involvingASy °(N) and
ANSP(N') largely eliminates the dependence on the atomic
© structure-dependent constaétand the associated atomic
theory uncertainty. We consider two such ratios:

AQy 8V2mk?
QY A%,

A one percent determination d@,, then affords a lower

bound on the mass scale associated with new physics of ARYP(N') = ARTP(N)

1= ; (16)
82?2 ARGP(N')+ANTP(N)
A= T]GF ~20« TeV. (10) and
In short, determinations d®y, at the one percent or better ASSP(N")
level probe new physics at the TeV scale for weakly inter- = 17)

\ | / 2™ ANSID(N) '
acting theories and the ten TeV scale for new strong interac- PV

tions. To the extent thatt does not vary appreciably along the

isotope chain, one has
Ill. OBSERVABLES

In this section, we discuss some of the general features of

_Qu(N)—Qu(N)

the low-energy PV observables used to deternm@qg. In L OWIN)+Qu(N)’ (18)
particular, we consider a general atomic PV observable for a

single isotopeApy(N), ratios involvingApy, for different iso- Qu(N")

topesR, and the left-right asymmetry for scattering polar- Ro= Ow(N) (29

ized electrons from a given targ#yj 5. Of these, the sim-
plest is the atomic PV observable for a single isotop
Apy(N). The nuclear spin-independetiSID) part of this
observable is given by

Stis straightforward to work out the sensitivity of these ratios
to new physics. To this end, we write

_1p0
ANSO(N)= £Qu= € Q0+ ZAQE+NAQN], (1) RimRid+ o), 20
where ¢ is an atomic structure-dependent coefficient andWhere
QY =2Z(1—4sirtgy)—N (12) YT QN+ QYN)
at tree level and o:QS\/(N') o
ZAQP +NAQN={[(2Z+N)hl+(2N+2Z)hd]. (13) 2 QN

A determinationé generally requires theoretical knowledge give the ratios in the standard model afds give correc-
of the relevant atomic wavefunction and, therefore, intro-tions arising from new physics. Lettiny’=N+AN and
duces theoretical uncertainty into the extractiorQgf. The  dropping small contributions containing-4 sirfé,, one has

relative sensitivity ofAN'°(N) to new physics can be seen

by rewriting Q\y as R?~ 2_N 23)
N 1
Qu=QW[ 1+ dy], (14
AN
where Ro~1+ (24)
On=(ZAQy+NAQY)/Qy and
g[ 2Z4N) |, (2N+Z)
~—{|—— — 2z
VLN 51%5(@) (2ht+hd), (25
=—{[(ZIN)(2hj+h)) +(2h{+hY)], (15
where the approximatio@_S\ﬁ —N has been made in light of Sy~ g(E) A_N> (2hY+h9). (26)
the small value for *4sirf6,~0.1. From Eq.(15) we ob- N/ N’
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At first glance, the dependence &f, i=1,2, onAQ\F,’V varying electron energy and angle. For elastic scattering, the
={(2hY+hd) only and not onAQY=¢(2hd+hY) may weak charge term can be isolated by going to forward angles
seem puzzling. To first order iy, however, the shime\% and low energies. In the case of PV Nw scattering, one

Lo ; hasF(q)=0. The present PV electron scattering program at
appearing in the numerator and denominator of &chan- .
cel. In the case oR;, for example, one has MIT-Bates, Mainz-MAMI, and the Jefferson Laboratory

seeks to determine the(q) for a variety of targets, with a
"N ~_ N’ " N special emphasis on contributions from strange quarks.
Qu(N)=Quw(N) N"+N+(N"=N)AQw (27 In order to compare the sensitivities of different scattering
experiments to new physics, we specify the terms in(B#).
for the following processes: elastic scattering from the pro-
ton A_r(*H), elastic scattering from J,T)=(0",0)
nuclei A g(0*,0), excitation of theA(1232) resonance
, _ , , N p A r(N—A), and Mdler scatteringA, (). The correspond-
Qw(N')+Qw(N) (NFN)+(N+N)AQy+2ZAQy ing charge terms aréneglecting standard model radiative
(29 correction$

=(N=N")[1-AQ}] (29)

and

N Qw(*H)/Qem(*H)=(1—4sifoy)[1+ 5p], (32
=—(N+N")|1-AQ},
Qw(0",0)/Qgn(0*,0)= —4sirf [ 1+ 5o, (33)
_ 22 A, 30 Qu(©)/Qem(e)=(—1+4sifoy)[1+ 5],  (34)
N+N while for the N—A transition one replaces the ratio of

] ] N ] charges by the ratio of isovector weak neutral current and
so that in the ratio, the dependence ®Qy, cancels to first  gp couplings

order. Hence, th&;’s are twice as sensitive to new physics .

involving u-quarks than to new physics which couplesdto Qw(N—A)/Qem(N—A)—2(1=2sirf 6y)[ 1+ 55].
guarks. The weak charge of a single isotope, on the other (35
hand, has essentially the same sensitivityt@ndd-quark  The new physics corrections are given by

new physics.

From a comparison ofy with the &,, we also observe S8p={(2hy+h{)/(1~4sirt ), (36)
that, for a given experimental precision, the isotope ratios are U oud ir?
generally less sensitive to direct new physics than is the So0=—3¢(hy+hy)/(4sirroy), (37)

weak charge for a single isotope. This feature is particularly _ e .
evident in the case dR,, sinced, contains the explicit fac- 0=~ (hi/(1-4sirt by, (38)

tor AN{N’. Tak.ingZ~N _for the case ofR.l,. we find that a . Sy={(hY— h{’,)/[2(1—25inzaw)]. (39)
single isotope is three times more sensitive to new physics

which couples tad quarks and 1.5 times more sensitive to  For completeness, we also write down the corresponding
the u-quark coupling. For new physics scenarios which favorexpressions for PV deep inelastic scatteribgS). We con-
new e-d interactions ovee-u interactions(e.g.,Eg models, sider only the case of deuterium, which was the target in the

discussed beloy the weak charge for a single isotope con-first PV scattering experiment and was proposed in the early
sititutes a more sensitive probe. 1990’s as the target for a new SLAC experimgs@,31. An

An alternative method for obtainin@,y is to scatter lon- @nalysis of new physics contributions to the PV DIS asym-
gitudinally polarized electrons from fixed targets. Flipping MUY requires that we consider the more general four fer-
the incident electron helicity and comparing the helicity dif- MOn Lagrangian

ference cross section with the total cross section filters out A7 12 .
the PV part of the weak neutral current interaction. The re- L= A2 > hile y.eq;v*q;, (40)
sulting left-right asymmetry for elastic scattering has the @bl
general form(21-23 wherei andj denote the handedness of the given fermion.
NN MY [0 h{’s of Eq. (4) represent one linear combination Iuﬂ’s:
+ — NC F W
ARTNL NS~ Mew  4y2ra QEM+F(Q>}- h{=(h&z—h{_+hi —hip)/4. (41)

(3D The PV DIS asymmetry for a deuterium targef{24]

Here,N, (N_) are the number of detected electrons for a DIS 2 Gelg? 9(~ -~ [1—-(1-y)?
positive (negative helicity incident beamMgy, and My Lr(“H)= Wg( a;tap m“ (42)
are, respectively, the electromagnetic and parity-violating T
neutral current electron-nucleus scattering amplitudis, where

is the nuclear EM charge, ag{q) is a correction involving

hadronic and nuclear form factors. In general, the latter term =
can be separated from the term containing the charges by !

20 ~
1—§sin20\,\, [1+6,], (43
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TABLE I. Relative sensitivities of PV observables to new phys- charges. The entries for the Mer asymmetry have been
ics, assuming ay=hy, tree-level values for the corresponding modified to account for one-loop electroweak radiative cor-
weak chargegexcept for the Mder asymmetry, as noted in the rections, according to the calculation of R§84]. In the
text), and siri,,=0.2314. The scale factdy=y4;/oy can be used  |atter case, these corrections reduce the asymmetry by
to scale mass bounds from the cesium APV bounds to the bounds400s from its tree-level value. Radiative corrections do not
for observablé assuming the same precision for batg and 5. appreciably alter the relative new physics sensitivities of the
Note that we have assuméy=hy so thatd, =0. other observables listed in Table I.

As Table | illustrates A, g(*H) and A_r(e) display the

Correctiond Scale factorf; e . .
greatest sensitivities to new physics for a given level of error
OnN~5.1 1 in the observables. The reason is the suppressid@Jpfor
01~1.9¢ 0.6 the proton and electron, which goes as{4sirf4,) at tree
0,~0.4( 0.3 level, as well as the additional suppressionQff, due to
Op~407 2.8 radiative corrections. This suppression, however, renders the
Sor~6.5¢ 11 attainment of high precision more difficult than for some of
8e~22 2.1 the other cases, since the statistical uncertaint4,ip goes
8,=0 0 as 1A g [35,21. To set the scale, we note that a 10%
B~12 0.13 A r(*H) measurement would be as sensitive as the present

cesium APV determination to the mass scaleGiven the
performance of the beam and detectors at the Jefferson Lab,
A= (1—4 sirfoy)[1+3,]. (44) it appears t_h_at a future measu_remenAQﬁ(lH) with 5_% or
better precision could be feasilfl&8]. Such a determination
‘would yield new physics limits comparable to those from
cesium APV should the atomic theory error be reduced to the
level of the present experimental error. A 2.%% measure-
ment would strengthen the present APV bounds by a factor
of two. Sensitivity at this level would be competitive with
those expected from high energy colliders by the end of the
= . (2h§‘/—h{’,)~§(2h€,—h{’,)/12, next decadg¢36,37. The physics reach of a 6% determina-
24(1—20sirf 6,/9) tion of the Mdler asymmetry would be similar to that of the
(45 present cesium measurement, though d®/cattering is in
general sensitive to a different set of new interactions than
~ ¢ arise in theeq sector.
52:m Eq: Qqlhie— i +hig—ha.l, In the case of isotope ratios, which depend kg (*H)

(46) on AQ\F,’\,, a 0.5% determinatiofR; would give new physics
limits comparable to the present cesium results. The pros-
pects for achieving this precision are promising. The Berke-

~6.5(2, Qg[hgr—h +hiz—hd], (47)  ley group, for example, expects to perform a 0.1% determi-

d nation of R, using the isotopes of YIN=100—N=106
[8].2 A measurement of such precision would double the
present cesium sensitivity, neglecting nuclear structure cor-

few observations regarding the relative sensitivities the corf€ctions. Similarly, the Seattle group plans to conduct studies

responding observables to new physics. For this purpose, Wi the isotopes of Baions [38]. For both Yb and Ba, the
take hu=h3=1 and specifysy for the case of'3Cs. We scale factorsf, are similar to that for cesium isotopes,

also use cesium for the isotope ratios and take a reasonalM‘@ere""Sf2 depends strongly on the range.

range of neutron numbef=75, N'’=95[32]. In Table | As the discussion of the following section illustrates,

we show thes, in units of¢. The third column gives a scale variations from this general pattern of relative sensitivities
factor f defineld as ' occur when specific new physics scenarios are considered.

For example, our assumption of purely isoscalar new inter-
fi:m_ (49) actions (’1{’,=_ h?,) in arriving at Table | ren_ders the PM

— A correction zero. In the case of purely isovector interac-
The factorf; can be used to scale the cesium APV sensitivitytions, the scale factor for P\ép scattering becomes 6.6
to the new physics mass scaketo those obtainable from while that for the PVYN— A asymmetry is 2.5. In short, the
any other observable when measured with the same precisig¥eak charge for a single heavy isotope is relatively insensi-
asQu(Cs): A(i)=f,A(Cs). Alternatively, the sensitivity of tive to new isovector interactions. As a second example, the
any other observable will be the same as that of cesium when
the precision isf? times the cesium uncertainty. The num-
bers shown in the table are obtained using W8 value 2Nuclear structure uncertainties may cloud the interpretation of
sirf6,=0.2314[33] in tree-level expressions for the weak such a measurement, howeysee Sec. Y.

The 8/'s contain standard model radiative corrections, cor
rections involving the quark distribution functiop®1], and
contributions from new physics. Writing only the latter, we
obtain

~ ¢

o

whereQ is the quark EM charge.
The expressions for the variodd's allow us to make a
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Moller asymmetry is at least an order of magnitude less semmixing angle is~0, however, LEP and SLC measurements
sitive to leptoquarks than are the other observables, eveprovide rather weak constrainiél]. Consequently, we con-
though it generally displays a relatively strong sensitivity tosider the case of zero mixing.

new heavy physicgésee discussion in Sec. JVSimilarly, in For the sake of illustration, we follow thegE&nalysis of

Es models which give rise to leptoquarks, one hgs=0 Ref.[39], in which the different symmetry breaking scenari-
while h+0. In this case, systems having a relatively largeous can be parametrized by writing tdé as

d- to u-quark ratio are advantageous. The scale fatfor , .

PV ep scattering, for example, is reduced to 2.2 when con- Z'=cos¢Z,+singZ, . (49)

sidering such E models. A similar reduction occurs in the , and Z, arise, for example, from the breakdové
scale factors for the isotope ratid®;, since these ratios, SO(10)><U(1)¢ and SO(10)aSU(5)>< U(1),. Since the
X"

such asA, g(*H), are sensitive primarily tai\Q\F,’\,. We also
note in passing that limits from high energy colliders aremuItIpIEtS of SQ10) contain bod andf for the leptons and

sometimes quoted assuming that the new physics coupling%uarks of the standard modél, invariance implies that the

11 andl cuarks are he same as n the sandard modef) %% Mave O Xl veclr coupinge o hese ermions
While there is naa priori reason to invoke this assumption, PV observables In the case of Gl however the left. gy
it would imply that the new physics shiftép and &; (i

g . :
—1,2) are suppressed by the same4isir?a,, factor which handedd quark ande™ live in a dlfferent_mlultlpllet from the
entersQY, at tree level. left-handedd ande™, whereas thes andu live in the same

Finally, we make a few observations regarding the newnultiplet. TheZ, correspondingly has both vector and axial
vector couplmgs to the electron addjuarks, and only axial
physics corrections to the DIS asymmetry. The correcﬂpn u
S . . vector u-quark couplings. In short, &' bosons yieldhy,
depends on the same combination of Mﬂethat arises in the —0 andh® he « sing
other PV observables, but with a differemt and d-quark A d'1 \t/ th ' tati f Eq(4) h f
we|ght|ng than appears anywhere else. As reflected in Table ccording to the notation of Eq(4), we have for &

|, however, the sensitivity 0B, to new physics is much odels

weaker than for most of the other observables. The correc- K’=a', (50)
tion 8,, on the other hand, is significantly more sensitive to

new four fermion interactions than . Moreover, its de- A2=M2,, (51)
pendence on thd!lq differs from that of all the other PV

observables discussed here. In fact, certain scenarios pro- hy=0, (52)
posed for evading the atomic PV limits on th%, such as

SU(12) symmetry[4], would not apply to bounds of compa- hy=—h§=[sir*¢— \15sin¢ cos¢/3]/20,  (53)

rable strength obtained frod,. Unfortunately, a precise de-

termination of thea, term in the DIS asymmetry appears to
be difficult.

where «’ is the fine structure constant associated with the
new gauge coupling. Generally, one H4§)]

a

cog by,

5
IV. MODEL ILLUSTRATIONS a'=s 3 ~2.2x. (59

The interaction of Eq(4) may be specified for different
new physics scenarios. In what follows, we consider three Different models for thezZ’ correspond to different
examples which illustrate the relative sensitivies of PV ob-choices for¢. Examples include th&, (tang=— V3/5)
servables to different model¢a) additional neutral gauge and theZ,(tangp=— \/_3) where the latter is associated
bosons(b) leptoquarks and-parity-violating supersymmet- with an additional “inert” SU2) gauge group not contribut-

ric models, andc) fermion compositeness. ing to the electromagnetic charge. From the standpoint of
phenomenology, it is worth noting the dependencebénd
A. Additional neutral gauge bosons hs on the value of ¢. For ¢:¢c:tan_1(*/5/3)

The existence of additional, neutral gauge bosons is natu=52°, hy=0=h{. For ¢>¢., hj>0. From Eq.(15),
ral in the context of superstring-inspireds Eheories, in we observe thaby is negative forhj=0 andh{>0. The
which the spontaneous breakdown gf§ymmetry results in  most recent value oy, for cesium implies thahd>0 at the
the existence of one or more(l) gauge symmetries beyond one o level, and therefore could not be explained models
the U(1), of the standard mod¢B9—42. Additional neutral  giving ¢< ¢.. The model that gives nearly the largest pos-
gauge bosons may also arise in left-right symmetric modelsible contribution to the weak charge is tB¢, which cor-
[40,42. It is conceivable that at least one of the neutralresponds tap=90"°.
gauge bosons is sufficiently light to be of interest to low- An interesting variation on the idea of extended gauge
energy neutral current processes. WeZeandZ denote the  group symmetry is that of left-right symmetric theories. In
“new” and standard model neutral gauge bosons, respecsuch theories, the low-energy gauge group becomes
tively. The exisentence of a ligit’ which mixes with thez =~ SU(2) X SU(2)gXU(1)g_ , whereB—L =1/3 for baryons
is ruled out byZ-pole observables. In the event that &’ and —1 for leptons. In the case of “manifest” left-
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TABLE Il. Present and prosepctive limits on two species of acterizes the strength of a new U(Idauge interaction rela-
additional neutral gauge bosons. The third column gives the ratio ofie tg the strength of the standard model. In general, mass
Fermi constants as defined in the text. The fourth and fifth COIumn%ounds for thez’ can be obtained from the limits 0@"
give lower bounds on masses for tdg and Z g, respectively, under specific assumptions fof. A comparison of such
assuming the precision given in column two. . h Lo .

9 P 9 mass bounds is often instructive, so we quote such bounds in

M, My, . the final two columns of Table II. Lower bounds &h, are
Observable Precision G//Gy (Ge\X/) (GeV) guoted assuming the maximal value fpr as given .by Eq.
(54). In the case of.R symmetry models with manife&tR
Qw(Cs) 1.3%  0.006 730 790  symmetry, one hag’ =g. The corresponding mass limits for
0.35% 00016 1410 1520 the 7  are given in the final column of Table Il. Since we
R1 0.3%  0.006 740 360 oy discuss the case of manifésR symmetry above, we do
. L 0.1%  0.002 1300 630 not include bounds o/ /G .
Qu(*H)/Qen("H) 10% 0.010 =80 285 The limits in Table Il lead to several observations. Pri-
. . 3%  0.003 1100 520 mary among these is that low-energy PV already constrains
Qw(0”,0)/Qem(07,0) 1% 0.004 910 920 the strength of new, low-energy gauge interactions to be at
Quw(€)/Qem(e) 7% 0.004 910 460 most a few parts in a thousand relative to the strength of the
~ALR(N_’A) 1% 0.013 490 920 SU(2). X U(1)y sector. When reasonable assumptions are
a 1% 015 145 320 made about new gauge couplings strengths, low-energy mass

bounds now approach one TeV. The significance of these
bounds becomes more apparent when a comparison is made

right symmetry the SU(3)and SU(2j couplings are iden- i the results of collider experiments. The present 110

tical. For this case, a second low-mass neutral gauge boson _, — . .
Zr couples to fermions with the strengtfé2] pb™ - pp data set analyzed by the CDF Collaboration yields

a lower bound oMz _ of 620 GeV, assuming manifesR
symmetry[43]. The lower bound foiM z, is 585 GeV, as-

suming noZ, decays to supersymmetric particlgs]. The
sensitivity of cesium APV already exceeds these Tevatron
(56) bounds. In fact, collider experiments and low-energy PV
provide complementary probes of extended gauge group
structure. PV observables are sensitive to the vector cou-
e 3 a(“ 1 ) (57) plings of theZ’ to fermions. For a model for which this

(59)

54\4 2« coupling is small or vanishinfe.g., theZ,, having¢=0 ° in
Eq. (49)], PV observables cannot yield significant informa-
where tion. Collider experiments, on the other hand, retain a sensi-
1—2sirf6,,\ 12 tivity to suchZ' interactions. For models in which tHéZ’
aZ(W) ~1.53. (58)  coupling is not suppressed, low-energy PV presently dis-

plays the greatest sensitivity.

With this set of couplings, the combination appearing in the A look to the future suggests that PV could continue to
correctionAQY, is 2hY+h%~0.012<hY hd. Consequently, Play such a complementary role. Assuming the collection of
the sensitivies of th&; andAg(*H) are suppressed relative 10 fp~* of data at TeV33, for example, the current Tevatron
to their generic scale. The corresponding mass limitMen ~ bounds orM 2 would increase by roughly a factor of 26].

are weaker than those obtainable from cesium APV or "€ Prospective sensitivity of cesium APV, assuming a re-
A_r(07,0). duction in atomic theory error to the level of the present

ties for two species of additional neutral gauge bosons, the-50%. Precise determinations of the isotope rai or
ZX and Zg. In particu|ar, we show lower bounds on the various PV electron scattering asymmetries could also yleld
Fermi constant associated with the new gauge b@ounle-  sensitivities which match or exceed the prospective TeV33

fined as bounds. Only with the advent of the LHC &r60 TeV had-
ron collider will high-energy machines probe masses signifi-
G, g/2 cantly beyond those accessible with low-energy [Bg].
EE W (59 Finally, Table Il illustrates the model-sensitivity of differ-
z, ent PV observables. For the models considered here, the

_ _ _ _ - mass bounds do not scale with theof Table | sincehy,
where g’ is the coupling associated with the additional #hd. Both theZ’ in Es and theZ, r couple more strongly
U(l), gauge group. Low-energy _PV observabl_es_ constraitetrons than protons. Consequently, bRthand A, x(*H)
the ratio @'/Mz/) and do not provide separate limits on the gispjay weaker sensitivity to new gauge interactions than

mass and coupling. Consequently, the ratich(fGF char-  their generic sensitivities to new physics indicated in Table I.
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B. Leptoquarks and supersymmetry

In early 1997, the H44] and ZEUS[45] Collaborations
reported the presence of anomalous events in fggh-e* p
collisions at HERA. These events have been widely inter
preted as arising frons-channel lepton-quark resonances
with massM | o~200 GeV[46,47. Given the stringent lim-
its on the existence of vector leptoquakk€)’s) obtained at

Fermilab[46,48,49, scalar leptoguarks are the favored inter- Qu(Cs)
pretation of the HERA events. Although the results remain

controversial, they are nonetheless provocative and suggesta
consideration of LQ effects in low-energy PV processes. To

that end, we consider general LQ interactions of the form Q,,(*H)/Qgu(*H)

LEo=\s(de grtH.C), (60)

ﬁ\L/Q:)\v(gL?’MQLd’“"' H.c), (61

where ¢ and ¢* denote scalar and vector LQ fields, respec-al

tively. For simplicity, we do not explicitly consider the cor-
responding interactions obtained from E§1) with L—R.

The corresponding analysis is similar to what follows. As-

suminngQ>|q2|, the proces®g—LQ—eq gives rise to
the following PV interactions:

L3v=(\g/2M )’[eqqyse—eysqqel, (62)

EXVZ(AV/ZM LQ)Z[EVMQEY”YSG‘FEY,L%QHY”@]- 63
63

After a Fierz transformation, these become

Lay=(\g22M o) ey, vseay“a—ey,eqy*ysq

1 1—

+ _eo-/.weqa-'uv’)/Sq_ Zeo-,uV’Y5eq0-;LVq )

- (64)

Lpy=—(\y/2M LQ)Z[EYMGEY“ vsQ +E7#75657”Q]-
(65)
In terms of the interaction in Eq4), we may identify
(66)
(67)

andhl=1/2(h}=—1) for scalar(vectop LQ interactions.
Assuming for simplicity that either a- or d-type LQ (but

A?=Mf,,

k2=\?%/16m,

not both contributes to low-energy PV processes, the results

from cesium APV, together with Eq$4) and(15), yield the
following 1o limits on LQ couplings and masses:

0.042M /100 GeV, u type,
As< (68)
0.04M /100 GeVj, d type
and
0.03qM /100 GeVj, u type,
PRVES (69
0.028 M /100 GeV), d type.

PHYSICAL REVIEW C60 015501

TABLE Ill. Present and prosepctive limits on leptoquark inter-

actions. The third and fourth columns givg for a g-type lepto-
quark, as defined in Eq70). The leptoquark sensitivity of Mr
asymmetry does not behave according to E&€), so that no limits
‘on y, are attainable.

Observable Precision Yu Yd
1.3% 0.04 0.042
0.35% 0.021 0.022
0.3% 0.04 0.028
0.1% 0.023 0.016
10% 0.05 0.036
3% 0.028 0.02
Qw(07,0)/Qem(0%,0) 1% 0.033 0.033
Qw(e)/Qewm(€) %
A r(N—A) 1% 0.06 0.06
a 1% 0.14 0.20

Substituting the HERA value d#l, o~200 GeV into Eq.

(68) yields an upper bound ofs<0.08. On general grounds,
one might have expected’~a or Ag~0.6. The cesium
APV results require the coupling for a 200 GeV scalar LQ to
be about an order of magnitude smaller than this expectation.
Alternatively, if one does not interpret the HERA results as a
200 GeV LQ and assume&~ «, the APV bounds on the
scalar LQ mass aré o>1.5 TeV. These LQ constraints
are consistent with those obtained from high-energy collider
experiments, though low- and high-energy processes gener-
ally provide complementary information. The constraints
from the Tevatrori50], for example, are essentiallyg inde-
pendent, while providing bounds oMl o and LQ decay
branching fractiorj46,51].

Table 1l gives comparable bounds on the LQ coupling-
to-mass ratio for the other PV observables discussed in Sec.
[l. The bounds are characterized by the quantity defined
as

whereq denotes the quark flavor.

Note that no bounds are given for the Néo asymmetry,
as LQ’s do not contribute at tree level. The leading contri-
butions arise from the loop graphs of Fig. 1. We have evalu-

e e e
N 7
N v -
\\ // // Y
q q E" A E S +.
7N \
// N \\ q
AN -
Pt I TN
e € e e

(a) (b)

FIG. 1. LeptoquarkLQ) one-loop contributions to PV Migr
scattering.
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ated the amplitudes for these diagrams and obtain the follow- For completeness, we note that low-energy PV is sensi-
ing contributions to the PV effectivee interaction (to  tive to anotheR-breaking term
leading order in fermion masses and momgnta o
y N\ )\ijkl—:_l-f_a(a' (78)
L@~ Tomm =) EYueY 758 (71)

LS WhereE',; contains the right-handed charged-lepton singlet
PV_ aQq[ As In mg oy eevivee (72) fields. This term generates a four-fermion contact interaction
® 127 \ Mg/ Mg Yu€EYTYsS, which contributes tqu decay[52]
wheremy andQ, are the intermediate state qgark mass and L=—(N1x/\2M ¢ER)ZEL3,&V*E7/L¢¢¥ML_ (79
EM charge. FoM =100 GeV, a 7% determination of the

Moller asymmetry would yield Because the strength of the weak neutral current amplitude

As<1.06 (73 (g/M)? is written in terms of theu-decay Fermi constant
G, the interaction(79) induces a correction to low-energy
from graph(a) and PV interactions:
0.88, d type, -
A= 2 G G
0.6, u type P (N yad2V2M e 2= —E[1-A 80
Mz~ 7 (N1ad242 q \/E[ 1], (80)

from graph(b). The limits for a vector LQ are comparable.
The prospective Miéer bounds are more than an order of where
magnitude weaker than those attainable with semileptonic

PV. Any deviation of the Mber asymmetry from the stan- A2

dard model prediction is unlikely to be due to LQ’s. A= 1 . (81
Scalar leptoquarks arise naturallyReparity-violating su- 4\/§GMM oo

persymmetric theories from a term in the superpotential of

the form[52] A 1% determination ofany low-energy PV observablén-

o cluding the Mdler asymmetry would yield the bounds
)\i,jkL:_Q{_B‘(?' (79
S N12<0.08 M 4 /100 GeV. (82)
where the chiral superfields! , Q! , and DY contain the "
left-handed lepton and quark doublets and right handed |t is instructive to compare this bound with that obtained
d-quark singlets, respectively, for generationg,k. This  from superallowedd decay. In the latter case, interaction
term includes a lepton-number-violating electron-quark-(79) would cause the measured value of the CKM matrix

squark interactio52-54 element|V, to differ from a valued implied by CKM ma-
- C— = — . trix unitarity [52]. Letting |V, 4 ex denote the value extracted
L=\l dreLéj + e dkredj — €°UjL drr— UjL " Pyrl, from experiment—assuming only the standard model—and

(76)  |Vydl the value implied by unitarity, one has

where ¢}‘L is the squark of charge-2/3 associated with a |Vud|éX:|Vud|2[1_2Alz<]- (83)
left-handed+ 2/3 charged quark of generatigretc. The first

two terms in Eq(76) contribute to the HERA processes for 114 experimental situation regarding superalloygde-
k=1 when a positron scatters from a valemtquark in the cay has generated some debate about the vall¥ gfcy .
proton, while the last two terms contribute for scatteringAssuming the experimental values for, and|V,,|, one

from a seau quark. Lo_w-ener_gy PV receives a cont_r|but|on finds from a fit to nine precisely measured superallowd
from both terms. For illustrative purposes, we consider Onlyvalues[56 57

the first two. Identifying thex;;; with Ag of Eq. (61), we
obtain |Vugl2x—|Vugl?= —0.0023+0.0013. (84)

)\1j1$0'04M¢;1L/100 GeV (77 A recent measurement of the superallowt B decay,

however, yields a value consistent with CKM unitarity at the
as the bound obtained from cesium APV. The prospective s |evel [58]

bounds attainable from other PV observables may be ob-
tained from Table IIE |Vud|éx_ |Vud|2: —0.001=0.0027. (85)

The 0C result, together with E83), requires that
3The most stringent bounds o, are derived from neutrinoless

double3 decay[55]. 2A 12/ V,4|?<0.0027 (86)
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or TABLE IV. Present and prospective limits on compositeness
scale for theLL scenario.
7\12<<0-03M¢§R/100 GeV. (87)
Observable Precision AL (TeV)
If, on the other hand, one assumes thqt tive dviation is 8w(CS) 1.3% 173
due to some type of new physics, then it could be generate
. : . . . 0.35% 33.3
by the lepton number violating interactigi@9), since A R 0.8% 216
enters Eq.(83) with the correct sigf.In this case, the in- 1 0'10/" 37'4
equalities in Eqs(86) and (87) would be replaced by the L L ' 0° :
appropriate equalities. Qu("H)/Qem("H) 10% 175
3% 31.8
+ +
C. Compositeness Qu(0",0)/Qen(07.0) 1% 216
Qw(€)/Qewm(e) 7% 17.2
The standard model assumes the known bosons and feg— 1% 26

mions to be pointlike. The possibility that they possess inter- "
nal structure, however, remains an intriguing one. Manifes@vcller limits refer to newee compositeness interactions, while
tations of such composite structure could include theother enteries refer teq interactions.

presence of fermion form factors in elementary scattering

processe$59] or the existence of new, low-energy contact where

interactions[60]. The latter could arise, for example, from

the interchange of fermion constituents at very short dis- ~ ( A )2 91
tances[40]. A recent analysis opp—/*/~ data by the KU Ajj (92)
CDF Collaboration limits the size of a lepton or quark to be

R<5.6x10 “ f when R is determined from the assumed The correspondence withy, is given by

presence of a form factor at the fermion-boson vefe. )

More stringent limits on the distance scale associated with k°=1/4, (92)

compositeness are obtained from the assumption of new con- _ L _

tact interations governed by a coupling of strengft= 4. hY=7rr— 7LLT 7RL— TLR- (93
Collider experiments yiel®R~1/A <6x 10" ° f, whereA is

the mass scale associated with new dimension 6 lepton-quark On the most general grounds, one has no strong argument

operatorg59]. for any of thehJ to vanish. Consequently, low-energy ob-
It is conventional to write the lowest dimension contactservables will generate lower bounds &nTo compare with
interactions as the recent CDF limits, we consider the caseppf==*1 and
77RR=77R,_=77,_R=0. In this case, the cesium APV results
Loomp=472, %Ereiajrqj, gy  Vield
v A =17.3 TeV (94)

wherel is any one of the Dirac matrices ang denote the _
appropriate fermion  chiralities (e.g., € exqgr Of  assuminghy=h{= -7 . Regarding other low-energy PV
= . observables, we note that the general comparisons made in
Sec. lll apply here. Hence, a 10% measuremendofvith
W7V ep scattering would yield comparable bounds, while a
measurement of the isotopte ratid, with 0.5% precision
would be required to obtain comparable limits. Were the
. PRR ML MRL LR |— cesiur_n APV theory error reduced to the level pf the present
weyuysez — —— t— ——|ay"q. (89  experimental error, or were a 2—3% determination dpf
a [Agr AL AR Alr achieved, the lower limit94) would double. Specific sensi-
N o o tivities from present and prospective measurements are given
Writing this interaction in terms of a common mass sc&le i, Table IV.
yields As with other new physics scenarios, the present and pro-
spective low-energy limits on compositeness are competitive
with those presently obtainable from collider experiments as
well as those expected in the future. The CDF Collaboration
has obtained lower bounds dn | (eq) of 2.5(3.7) TeV for
7L=+1(—1) [59]. One expects to improve these bounds
“In general leptoquark models where bath and d-type LQ's 10 6.5(10) TeV with the completion of Run Il and 140
contribute tog decay, the sign of the corresponding correction to TeV with TeV33[62]. It is conceivable that future improve-

unitarity may also be consistent with E&4) under certain assump- Mments in determinations @,y with APV or scattering will
tions [51]. yield stronger bounds that those expected from colliders. In

eLv,.eLdrY"*dr, €tc). For simplicity, we restrict our atten-
tion to I'=y*. The quantitiesy;; take on the values: 1,0
depending on one’s model assumptions. In terms of the P
interaction of Eq(4), the contribution fromZ;qp, is

m— ~ ~ ~ ~
Pe%ﬂse% [ 7rr— 7Lt 7RL— LRI (90
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the case of\ | (ee), Z-pole observables imply lower bounds wheref(0)=1. The effect of uncertainties ip1p(>2)—which

of 2.4 (2.2 TeV for 77, =+1(—1) [61]. The prospective are smaller than those jzvh(i)—are suppressed i@,y since

Moller PV lower bounds exceed the LEP limits considerably.qj, is multiplied by the small numbe(D\F,’\,. Consequently, we
The strength of these low-energy PV bounds has inspiredonsider onlyg,, .

various proposals for evading them. These scenarios include To obtain general features, we follow Ref&5,26 and

requiring Leomp to be parity invarianf63] (7rr=7LL, mrL  CONsider a simple model in which the nucleus is treated as a

=7.r) Of to satisfy SW12) symmetry[4] (in effect, 7, = sphere_ of uniform proton ar_\d neutron_number densities_ out
to radii Rp and Ry, respectively. In this case, one obtains

—7ir, that is, the new quark currents are purely axial vecT26]

tor).
An=1—(Za)?f)+---, (99)
V. THEORETICAL UNCERTAINTIES
. ) ) where

The PV Mdler asymmetry is the theoretically cleanest
low-energy PV new physics probe. The dominant theoretical N3, 3,
uncertainties are associated with hadronic contributions to fZZEXN_ %XNJF 450XN1 (100
the Z-y mixing tensor, and they do not appear to be prob-
lematic for the extraction of new physics Ilimif84]. The Xy=Ry/Rp. (102)

attainment of stringent limits on new physics scenarios from

low-energy semileptonic PV observables, however, requiregetting 55 and 8" denote thep,(x) corrections toQy,(N)
that conventional many-body physics of atoms and hadrongng . | respectlvely, we obtain

be sufficiently well understood. At present, the dominant un-

certainty in Qu(Cs) is theoretical. A significant improve- o~ —(Za)*fN(xy), (102
ment in the precision with which this quantity is known re-
quires considerable progress in atomic theory. The issues 52~—(Za)Z(N’/AN)fg"(xN)AxN, (103
involved in reducing the atomic theory uncertainty are dis-
cussed elsewherb,64,65. In this section, we discuss the SN 26N/

s . - . ~—(Za)“f A 104
many-body uncertainties associated with the other semilep- 2=~ (2a)™f7 (Xw)Axn, (109
tonic observables discussed above. where Axy=(Ry—Ry)/Rp. Uncertainties inQy, and R;

arise fromuncertaintiesin these quantities:
A. Isotope ratios

It was pointed out in Ref25,26 that the isotope ratios S(on)~ _(Z“)ZfN (Xn) OXn s (109
R; display an enhanced sensitivity to the neutron distribution ,
pn(r) within atomic nuclei, and that uncertainties gR(r) 8(8D)~—(Za)2(N'/AN)[ Y (xn) S(AXy)
could hamper the extraction of new physics limits from the N
R;. In Ref. [26], only R, was considered, and only the +(Axy)f5 (Xn) Xy, (106)

implications ofp,(r) uncertainties for the determination of
sir4,, were discussed. For completeness, we consider also 8(83)~—(Za)2[ 5 (xx) 8(Axy) + (Axn) FY (xn) ],
R,—which displays a greater new physics sensitivity than (107
R,—and quantify the implications qgf,(r) uncertainties for
the extraction of new physics limits.

In general, one may express the weak charge as

where 6xy is the uncertainty iy, etc.
From the standpoint of extracting new physics limits, the
impact of neutron distribution uncertainties is characterized
vi:ZQ\?/quf NQ\an, (95 by the ratio of thes(8y;) to the new physics corrections
(k=N,1,2). The smaller the size of this ratio, the less prob-
where lematic neutron distribution uncertainties become. In the
case of the isotope ratios, we observe that

=(1UN) f d3x(P|PL(X) ysihe(X)|S)pp(X),  (96)

5(52)/51~—(m>

- 3 SN T (e v

0y = (L) f dx(PFLX) ys e |S)pa(X),  (97) | (Za? [ (0038 + (330015 ) 90

where () is the electron field operatofS) and|P) are ¢ 2hy+hy

atomicS;,, andP,, states, andV'is the value of the electron ~ 8()18,. (108

matrix element at the origin. The latter matrix element may

be written as In short, the relative size of the corrections induced by new

ft o physics and neutron distribution uncertainties is essentially

(Plgre(x) ys(x)|S)=NF (%), (98)  the same, whether one emploRs or R,. AlthoughR; is
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TABLE V. Neutron distribution uncertainties in atomic parity violation. The first line gives results for
13%Cs and following four give results for isotope ratios. The isotope spheds taken from Ref[28] for Cs
and Ba, from Ref[8] for Yb, and from Ref.[26] for Pb. The fourth column gives required precision in
neutron radius and isotope shift in order to keep neutron distribution uncertainty below the level quoted in
column three. The fifth column gives theoretical estimates of neutron distribution uncertainties.

Observable Precision AN Requirement Theory
Quw(Cs) 0.35% 0 Sxy<0.05 Sxny=<0.02
R4(Cs) 0.1% 14 8(Axy) <0.0024 8(Axy)=<0.0033-0.004%
R,(Ba) 0.1% 14 8(Axy) <0.0023 8(Axy)<0.0038
R4(Yb) 0.1% 6 8(Axy)=<0.0005
R4 (Pb) 0.1% 6 8(Axy)=<0.0003 8(Axy)=<0.005
8Reference[27].
bReference[27].
‘Reference[28].
dReference[26].

more sensitive to new physics W/AN as Compared tR,, observables must rely on nuclear theBﬂ].iS conceivable
that the theory uncertainty ixy is 5% or bettef26,27. The
estimate of Ref[27] places this uncertainty closer to 2%.
Consequently, one could argue that even if the atomic theory
error in Q(Cs) were reduced to the present experimental
error, neutron distribution uncertainties should not compli-

it is also more sensitive tpn(i) uncertainties by the same
factor.

To set the scale oﬁn(i) uncertainties, we sety=1 in
Egs.(10)—(107):

8(Sp)~—(3IT)(Za)?6xy, (109  cate the extraction of new physics constraints. The situation
regarding isotope shifts is more debatable.
5 rl‘)w—(N’/AN)(Za)Z[(3/7) S(AXN) + (L8 Axy X ], Explicit studies of isotope shift uncertainties associated

(110 with p,(r) have b_een reported in Re[:§>.5—28.. The auth_ors
of Ref. [26] considered isotopes of lead using a variety of

8(8%)~—(Za)?[(3/7) S(Axy) + (1/8) AxyOXy]. nuclear models and find a model spreads¢ax,)~0.005,
(11D which corresponds to a 100% uncertainty in the model aver-

In general, one hadxydxy<5(Axy) [26]. Consequently, age forAxy . These authors note that the models used suc-

we keep only the terms associated with the uncertainty in th&eSsfully predict the charge radii of even-even nuclei not
isotope shiftd(Axy). used to fit the model parameters. The model spread is a fac-

We specify these expressions for the case of Cs, Yb, B4O" of 10 larger than would be needed to keep the uncertainty
and Pb. Although no studies of cesium isotope ratios ardé R1(Pb) below 0.1%. Although the isotopes of lead are not
planned at present, we include it in order to make a direcPresently under serious consideration for isotope ratio mea-
comparison between the single isotope and isotope ratios f&rements, the scale of the model uncertainties for this well-
this atom. The Yb and Ba isotopes are under study by th&inderstood set of isotopes is striking.

Berkeley and Seattle groups, respectively. We also include The authors of Refl27] employed two different Skyrme
lead since it is one of the best understood heavy nuclei, botfits to computeAxy for Cs and Ba and quote an uncertainty
experimentally and theoretically. The neutron distributionin Axy of roughly 13% for the two series of isotopés the
uncertainties are shown f@,(**Cs) and forR, for Cs, case of cesium, the difference ihxy between the two
Yb, Ba, and Pb. In light of Eq(108), it is sufficient to con-  Skyrme fits is somewhat smaller than the quoted uncer-
sider onlyR,. The fourth column of Table V gives the re- tainty). To our knowledge, there exist no published analyses
quirement on neutron distribution uncertainties for a giverof the p, uncertainties for Yb. From the studies of Pb, Cs,
uncertainty in the corresponding APV observable. Forand Ba, we infer thap, uncertainties are presently larger
QW(Cs), we requireb‘(&r’:‘) to be smaller than the present th-an reqU|r8d for ISOtQpe ratio mgasgrements to _Com_pete
experimental uncertainty. For the isotope ratios, the requirewith those on a single isotope for yielding new physics lim-
ment is 5(57)<0.1%. In either case, the requirement must!ts- o . i i

be met if the present cesium APV new physics reach is to be Obtaining a sufficiently reliable computation afy re-

doubled. In the final column, we list published theoreticalM&iNS an open problem for nuclear theory. It is argued in
esimates of the corresponding neutron distribution uncerRef-[26], for example, that model calculations contain a hid-

tainty. The range in the case &,(Cs) corresponds to using den uncertainty associated with the isovector surface term in
the nominal error of Ref27] (larger valug¢ and the spread
between two models used in the calculatitower valus.

At present, there exist no reliable experimental determi- *Data from proton-nucleus and pion-nucleus exist for some cases,
nations ofxy or Axy, so that the interpretation of APV but the theoretical uncertainties are large. See, e.g.,[R&}.
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the nuclear energy functional. Changes in the coefficient ofising realistic atomic wave functions will be required to
this term may signficantly affect a model calculationdfy  translate PVES information op,(q) into useful input for
without affecting results for other observables. The author@\PV calculations. Indeed, the functidi{x) which weights

of Ref. [27], on the other hand, considered this issue for, (x) in Eq. (97) is not the same as the Bessel function
cesium using a Skyrme interaction with two different param-j (qx) which weightsp,, in the asymmetry. Evidently, a de-
eter sets. For this interaction, changes in the isovector suermination ofp,(q) over some range ig will be required.
face term larger enough to appreciably alfery also pro- Assuming pn()Z) can be sufficiently well determined for a

duce unacceptably large changes in binding energie%- . ; ; :
. 4 2 ~5ingle isotope, it remains to be seen how tightly such a de-
Whether the Skyrme results generalize to other interactions 9 P ghtly

remains to be seen. termination constraint nuclear theory calculationspqfx)
Given the present theoretical situation, a model-&long the isotope chain or elsewhere in the periodic table. A

independent determination pﬁ()?) is desirable. To that end, detailed treatment of these issues lies beyond the scope of

PVES may prove usefiib6,21]. Specifically, we consider a the present study.
(37, T)=(0",0) nucleus, such a§®Ba, noting that the iso-
topes of barium are under consideration for future APV iso-
tope ratio measurements. As shown in REE8,21], the PV From the form of Eq(31), it is clear that a precise deter-
asymmetry for (0,0) nuclei may be written as mination of Qyy from A g requires sufficiently precise
knowledge of the form factor terfa(q). This term is pres-

B. Hadronic form factors

3. . - ently under study at a variety of accelerators, with the hope

4\/§7m b N d*Xjo(ax)pn(X) of extracting information on the strange quark matrix ele-
- Gel o ALr=Qw+ Quw .. L ment(N(p")[svy,sIN(p)). The latter is parametrized by two
J d*Xjo(aX) pp(X) form factorsGE) and GE. The other form factors which

(112 enterF(q) are known with much greater certainty than are
the strange quark form factors. A separation@f, from
Since|Qi/QW| <1, and sincey,(x) is generally well deter-  F(0) requires at least one forward angle measurerf@sit
mined from parity conserving electron scatterifgg is es- | he kinematics must be chosen so as to minimize the impor-
sentially a direct “meter” of the Fourier transform pf (x).  @nce ofF(q) relative toQy while keeping the statistical

At low momentum-transferqRy p<<1) this expression sim- unqertainty in the asymmetry sufficiently ;mall. Thes;e com-
plifies: ’ peting kinematic requirements—along with the desired un-

certainty inQy—dictate the maximum uncertainty i(q)
which can be tolerated. Sina® z(*H) generally manifests
} (113  the greatest sensitivity to new physics, we illustrate the form
factor considerations for P¥p scattering.
SinceQEy=1, theep asymmetry has the form

4\/§7Ta

Gelo?|

_ AR~ z E _

Z N

so that a determination &y, is, in principle, attainable from
Ar.° ALr=2aoT Q{y+FP(a)], (114
In a realistic experiment PVES experiment, one does not L, 5 5
haveqRy p<1; larger values oty are needed to obtain the Whereap~—3.1x10"* and 7=|qg*/4my. The form factor
requisite precision for reasonable running tinié6,21]. In contribution is given at the tree level in the standard model

Ref.[66], it was shown that a 1% determinationmq‘(i) for by [35.21

208pp s experimentally feasible fa~0.5 fm™! with rea- DN APl AN L () P AN
sonable running times. An experiment with barium is par- FA(7) = ~[Ge(Ge+ G + 7Gm (G
ticularly attractive. If the barium isotopes are used in future +G(,\;))]/[(GE)2+ (G2, (115

APV measurements as anticipated by the Seattle group, then

a determination op,(x) for even one isotope could reduce Where Gy, denote the proton or neutron Sachs electric or

the degree of theoretical uncertainty for neutron distributiongnagnetic form factors. Sinc®g,=0 and since the proton

along the barium isotope chain. Moreover, the first excitectarries no net strangeness, b@p and G(ES) must vanish at

state of 13®8a occurs at 1.44 MeV. The energy resolution 7=0. Consequently, we may wrife®(7) as

therefore required to guarantee elastic scattering from this

nucleus is well within the capabilities of the Jefferson Lab. FP(q)=7B(7). (116)
The foregoing discussion illustrates general features of,

and presents order of magnitude estimates for, neutron dis-

tribution effects in APV. A more complete analysis @f B(7)=Bgy(7)+ 6B(7), (117

For the purposes of this discussion, it is useful to write

whereB gives the contribution fronGE, G¢, Gf,, andGy,

%In a realistic analysis of\ g for heavy nuclei, the effects of While 5B contains the contributions fro6(Y and G{; as
electron wave distortion must be included in the analysigf. ~ Well as from 7-dependent higher-order electroweak correc-

For a recent distorted wave calculation, see R&fT]. tions, as discussed in the next section. As noted in [3&l,
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TABLE VI. Conditions for a new physics search with PV elastic
ep scattering. The first 12 lines give conditions for determination of
Q\F,’\, with the precision listed in column four asssuming 10 msr solid
angle detector£=5x10%® cm 2 s !, and 100% beam polariza-
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choices for7 in the first 12 lines correspond roughly to
CEBAF beam energies.

The results entries in Table VI illustrate the trade-offs
between kinematics, desired precisionQﬁ,, and required

tion. The corresponding statistical uncertainty in the asymmetry iﬁ)recision inB(r). For a given scattering angl increasing

listed in column three, while the required precisiorBifr) is given
in column five. The final three lines give present present and pro
spective determinations &(7).

0 T A RIALR 5Qu/QY 5BIB,
12.3° 0.018 0.063 0.112 0.145
0.04% 0.08 0.103
6° 0.004 0.087 0.103 0.59
0.062 0.073 0.42
6° 0.008 0.053 0.08 0.227
0.047P 0.056 0.161
6° 0.012 0.043 0.065 0.123
0.032 0.046 0.087
6° 0.018 0.032 0.057 0.074
0.02% 0.04 0.052
6° 0.024 0.02% 0.05 0.05
0.01& 0.035 0.035
12.3° 0.14 0.16 0.03% 0.196
12.3° 0.14 0.0% 0.03Z 0.065
35° 0.07 0.04 0.03Z 0.057

81000 h of running time.

2000 h of running time.

Jefferson Laboratorysee Refs[15,69)).

9Mainz (see Ref[70]).

€The uncertainty irQ\F,’V in the last three lines is computed using the
hadronic uncertainty of Ref34].

any determination oQ{f\, must be made at such low that

7 decreases the statistical uncertaintyAipg but increases
the contribution fromrB( 7). The latter increase has two ef-
fects. First, it reduces the relative contribution@},, mak-

ing it more difficult to match the fractional uncertainty in
A r with the desired uncertainty i@\?,. Second, it imposes
more stringent requirements on knowledgeBgfr). Conse-
quently, it may be desireable to go to slightly longer running
times and lowerr. Comparing the two possible measure-
ments atd=6°, for example, we see that a 1000 h measure-
ment at7=0.024 yields a 2.5% statistical uncertaintyApg

but only a 5% uncertainty inQ\F,’\,. Moreover, the required
precision onB is slightly more stringent than will be ob-
tained with any of the current PVES measuremeast
three lines. However, a 2000 h9=6 ° experiment atr
=0.018 yields a 4% determination GJ\F,’\, for a 2.3% mea-
surement ofA| g while imposing similar requirements afB.

An even more precise determination @f, would require
reduction in the hadronic uncertainty entering the standard
model radiative corrections.

We emphasize that the entries in Table VI are intended as
illustrative benchmarks. The optimal kinematics for a precise
determination ofQy, require a detailed analysis of acutal
experimental conditions at different laboratories. We also
emphasize that the measured uncertaintyBimt higher r
(last three lines of Table Yidoes not necessarily translate
into the same uncertainty at the lowerneeded for new
physics searches. For example, the strange quark form fac-
tors may not scale with in the same way as the nucleon EM
form factors. Hence, it is likely that measurementsBgfr)

only B(7=0) enters the analysis. The experimental problenover a range of kinematics will be needed to sufficiently

is to measurd(7) with sufficient precision over a sufficient
range ofr such thatr6B(0) smaller than the desired uncer-
tainty in Ql}, in a low-r measurement.

In the first 12 lines of Table VI, we summarize the con-
ditions for several prospective determinationsqﬁ/ with a
measurement oA g(*H). The last three lines summarize
existing or planned forward angle determinationsBdfr).
For both sets of measurements, the third column gives t

h
statistical uncertainty in the asymmetry, assuming a soli(E

angle of 10 msr, a luminosit=5x10® cm™2 s %, an

100% beam polarization for various running times and kine
matics[21]. The fourth column gives the corresponding ex-
perimental uncertainty iQ\?,. The requirements to keep the
error in Q\F,’\, from B(7) smaller than the statistical uncertainty

constrain its value at the photon poiftee, e.g., Refs.
[35,21)). A detailed analysis of this issue would constitute a
critical component of an experimental proposal.

C. Dispersion corrections

The foregoing discussion has implicitly relied upon a first
Born approximation of the electroweak amplitudes contrib-
ting to low-energy PV. A realistic analysis of precision ob-
ervables must take into account contributions beyond the
first Born amplitude. In the case of electron scattering, these
contributions are generally divided into two classes: Cou-
lomb distortion of plane wave electron wave functions and
dispersion corrections. The former can be treated accurately
for electron scattering using distorted wave methods. Results

are given in the fifth column. For the second set of measurepf such a treatment are reported in R&7]. The dispersion

ments(final three rowy only the standard model uncertainty
in Q\F,’v is listed. The dominant uncertainty arises from had-
ronic loops appearing in th&-y mixing tensor[34]. The
uncertainty associated with the experimental value dfégjn

correction, however, has proven less tractable.

The leading dispersion correctigidC) arises from dia-
grams of Fig. 2, where the intermediate state nucleus or had-
ron lives in any one of its excited states. More generally, box

is about a factor of 3 smaller than the hadronic uncertaintyliagrams such as those of Fig. 2 can be treated exactly for

[33]. We note that measurementséat 6° would require the
development of new beam optics for the CEBAF detectors
such developments appear technically feasjti®68. The

scattering of electrons from pointlike hadrons. When at least
pne of the exchanged bosons is a photon, the amplitude is
prone to infrared enhancements. For elastic PV scattering of
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v vanish atq?=0. Using Eqs(118—(120) and expanding the
N v A PV corrections in powers aj? we obtain
————————— /
\\ y: A
\ / LR _ =
N @—Qw[lJr Rww(0) +Rzz(0) +Rz,(0)],+F(q)
% (121)
/ \\
// \ where we replace the form factbi(q) appearing in Eq(31)
v // \\ by an effective form factoF (q):
\
_________ y Vv N -
F(a)=F(a)+a’[Riyw(0) + R;5(0)

e (a) e (b) +R,(0)-R, (g + -], (122

FIG. 2. Two vector boson exchange dispersion corrections. Her
V andV’ denotey, Z° or W=. Double vertical line denotes had-
ronic target.

fvith F(q) containing the dependence on hadronic form fac-
tors as before.

From Eq.(121) we observe that the entirey DC, as well
o as the subleading?® dependence of th&VW, ZZ, andZy
an electron from a pointlike proton, for example, they  pc’s, contribute toA g as part of an effective form factor
amplitude contains infrared enhancement factors such %rmfz(q). SinceF(q)~ g2 for low-|q?| at forward angles,

2 .
In|s/M, wheres is the ep c.m. energy29]. Such factors the DC contributions entering E¢121) will be experimen-

can enhance the scale of the amplitude by as much as qf, constrained along witF(q) when the form factor term

order of magnitude over the nominél(«) scale. Conse- ~ L .

guently, one might expect box graph amplitudes which der (@) is kinematically sepa_lrated from the weak charge term.

pend on details of hadronic or nuclear structure to be a pog:qnsequently, an extraction @y from A g does not re-

tential source of theoretical error in the analysis of precisiorfl!'"® thezoretlcal computations of they DC or of the sub-
eadingq“ dependence of the other DC’s. A determination of

electroweak observables. h « f ; h q X h
Data on the electromagneticy§) dispersion correction the strange-quark form factors, however, does require suc
theoretical input.

for ep scattering is in general agreement with the scale pre- . . . S
b 9 9 g b In order to constrain possible new physics contributions to

dicted by theoretical calculations. The situation regardin , i
electron scattering from nuclei, however, is less satisfyingg.QW* a standard model theoretical calculation Rf,w(0),

Recent data fof?C(e,e’) taken at MIT-Bates and NIHKEF Rz2(0), andR,(0) is necessary. The theoretical uncertainty

disagree dramatically with nearly all published calculations2SSociated wittiRyy(0) andRz7(0) is small, since box dia-

(for a more detailed discussion and references, seq REj. grams involving the exchange are dominated by hadronic

An experimental determination of any electroweak D ( Ntermediate states having momemie M,y. These contri-
=y, V'=W=,7% is unlikely, and reliance on theory to butions can be reliably treated perturbatively. TRg,(0)

compute this correction is unavoidable. As we show belowCOITection, however, is infrared enhanced and displays a

the corresponding theoretical uncertainty is far less problemgreater_ sensitivity to the low-lying part of the '.””C'ear and
hadronic spectrum. Fortunately, the sum of diagrart® 2

atic for a determination o,y from PVES than for the ex- X . o €
traction of information on the strange quark form factors. nd 2b) conspire to suppress this contribution g§=—1
To this end, it is convenient to write th&/(V') DC asa T4 sirf6,,. This feature was first shown in R¢f2] for the

correctionRyy to the tree level EM and PV neutral current ¢@Se of APV. Here, we summarize the argument as it applies

ampltituded 71] to scattering. o _ _
The dominant contributions to the loop integrals for dia-
Mey=MUIS 1+ R,,+--1, (118 grams Za) and Zb) arise when external particle masses and
momenta are neglected relative to the loop momerityimin
MEY = MRV % 1 4 Ry + - - -], (119 g;\l/secase, the integrands from the two loop integrals sum to

where the ellipses denote other higher order corrections to ., 4 € L € ns)— e a® vty TuT*3(1)D(12
the tree level amplitude. Becaud&ls=1/q? while the yy [7ed Y5( Gyt Gars) = 7a(Ov+ Gays)t el (D%

amplitude contains no pole zaf=0, R,, has the general =2ieawﬂlAUy“(g?,yE,ﬂLgi)uT“ﬁ(l)D(Iz), (123
structure
where
Ry,(0%)=0"R,,(0?), (120 _
Taﬁ(l)zf d*x €' X0|T{IEu(x)IE(0)}|0), (124
whereR,,(q?) describes the? dependence of thgy am-

plitude and'liw(O) is finite. Since the tree level NC ampli- D(1?) contains the electron and gauge boson propagators
tude contains no pole af=0, however, the PV DC’s do not when external momenta and masses are neglected relative to
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|, andJg, and Jﬁc are the hadronic electromagnetic and PV ep scattering constitutes the most sensitive probe of new
weak neutral currents, respectively. The terms in @@3 €9 physics(for a given experimental precisipexcept for
which transform similar to pseudoscalars are those contairScenarios in which nevep couplings are fortuitously sup-
ing the EM current and eithefa) both the axial currents Pressede.g., left-right symmetric oEs models. In addition,
Uy“ysu and Jﬁf’: or (b) both the vector currentgy“u and eaph Ilow—ener.gy. procEsshencoulntgrsr:ts own branq of tfheo-
36 The former has the coefficienf— — 1+ 4 sirf4y and retical uncertainties which may limit the interpretation of a

. o given measurement in terms of new physics.
the latter has a the coefficienf,=1. The dependence of ™'\ye conclude that the most thorough search for new phys-

these terms on the spatial currents is giver{ by-0 in Eq. g using low-energy PV would require a program of mea-

(123] surements drawing upon the complementarity of different
o — - 25 processes. Here we summarize the elements of this comple-
gy term:i~uyysu(JemXJIxe), (129 mentarity
. . (a) Both ep asymmetryA g(*H) and the isotope ratioR;
ga term:~uyu(JgmX Ino)- (1260  are sensitive to theamecombination of newe-q interac-

_ . tions[seeA QY of Egs.(7),(25—(26)].
The hadromc_ part of thgv_ term transforms as a polar Vec-  (b) A 2—3 % determination oA_g(*H) or a 0.1% deter-
tor, so that this term contributes to tAg¢e) X V(had) ampli-  mination of ®; would nearly double the prese@(Cs)
tude. The hadronic part of thg terms, on the other hand, sensitivity for some scenarid®.g., fermion compositeness
transfors as an axial vector, yielding a contribution to theand leptoquarksbut not others(e.g., right-handed neutral
V(e) x A(had) amplitude. Hence, only thgf, term contrib-  gauge bosons Moreover, either of these PVES or isotope
utes toQyy, term in the asymmetry. ratio measurements would, together with the present cesium

Sincegy~ —0.1, the contributiorR,.(0) in Eq.(121) is APV result, afford a separate determination of new and
suppressed. For scattering from *(0) nuclei, then, e-d interactions.

Rz,(0)~O(a/10), while for PVep scatteringRz,~ O(«). (c) The planned measurement of the llo asymmetry
Since 1% and 5-10 % determinations @f,(0*,0) and  will provide the best test of lepton compositeness of any
Qw(p), respectively, are needed to constrain new physicelectroweak observable, exceeding the(ee) bounds from
scenarios, large theoretical uncertaintiesRp,(0) should LEP by nearly an order of magnitude. However, B¥scat-
not be problematic. A similar statement applies to APV, fortering is 100 times less sensitive to leptoquark &qplarity-
which contributions tdR;, from excited nuclear states have violating SUSY interactions than are semileptonic PV ob-
yet to be computed. Whether these contributions can be reervables.

liably computed at the 0.3% level remains to be evaluated. (d) The bounds on extra gauge bosons obtained from a
one percent determination & g(N—A) and A gz(0*,0)
could exceed those derived from eith@y, (d), or cesium
APV,

The prospects for future, precise measurements of low- Evidently, at least one additional measurement—in addi-
energy PV observables is promising. In addition to the apition to the cesium APV and planned lar experiments—is
proved PV Mdler experiment and planned APV isotope necessary to provide the complete range of low-energy infor-
measurements, a precise measurementApk for PV~ mation on new neutral current interactions.
electron-proton or electron-nucleus scattering at Jefferson From the standpoint of thiaterpretationof PV measure-
Laboratory appears feasible. Depending on the degree of exaents, the Mber asymmetry provides the theoretically
perimental and theoretical precision realized in each caseleanest probe of new physics. The relevant theoretical un-
future measurements could improve upon the present cesiugertainties in this case are those associated with hadronic
APV new physics sensitivity by a factor of 2. At the same contributions to theZ-y mixing tensor[34] and with the
time, such studies would complement future new physic§smal)) scattering background47]. Neither source of uncer-
searches at high-energy colliders. Indeed, while high-energgainty appears to be problematic for the extraction of new
studies are particularly sensitive to the mass sdakessoci-  physics limits fromA, g(e€).
ated with new interactions, low-energy PV probes the The interpretation of semileptonic observables, however,
coupling-to-mass ratiog/A. For new physics scenarios in requires improved input from atomic, nuclear, and hadron
which g is fixed (e.g.,LR symmetric gauge theories or fer- structure theory. The most challenging theory issues lie with
mion compositenegseven the present cesium APV boundsthe APV observables. A reduction in the cesium atomic
on A exceed those obtained from the Tevatron or LEP2theory uncertainty by a factor of 4 would make it comparable
Taken together, high-energy and low-energy PV measureo the present experimental error. In this case, the cesium
ments provide a powerful, combined probe of physics at thaew physics sensitivity would improve by a factor of 2.
TeV scale. Whether or not such an improvement in the atomic theory

As the discussion of Secs. Ill and 1V illustrates, no singlecan be achieved is an open question. In the case of APV
low-energy PV process is equally sensitive to every newsotope ratios, the attainment of the new physics sensitivity
physics scenario. For example, APV on a single isotope isliscussed above may require an experimental determination
strongly sensitive to new isoscalar interactions but much lesef p,(r) using PVES. At present, there exist no published
transparent to new isovector heavy physics. Similarly, elastiestimates of the isotope shifts ), for Yb. Estimates for

VI. CONCLUSIONS
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cesium and barium suggest that the theoretical isotope shifheasurable in principle. The remaining hadron and nuclear
uncertainty may be about two times larger than desirable fostructure-dependent corrections are fortuitously suppressed.
future new physics searches. In the absence of improve@onsequently, the primary challenge in peforming new phys-

nuclear theory input, measurements of tRewill provide ics searches with PVES will be experimental.

more information on nuclear structure than on new elec-

troweak physics. A precise determinationggfusing PVES,

however, may sufficiently constrain model calculations so as ACKNOWLEDGMENTS
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