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ABSTRACT

Contribotions from physics beyond ihe Standard Model, strange quarks in the
nucleon, and nuclear siructure effects to the lefi-right asymmetry measured in
parity-viclating (PY) electron scablering from "2C and Lhe proton are discussed.
It in shown how lack of knowledge of the distribution of strange quarks in the
nucleon, as well as theoretical unceriainties associated with higher-order disper-
aion amplitisdes and noclear Boapin-mixing, enter the extraction of mew limits on
ihe elecirowsak parameters 5 and T fromn thess PV cheervables. It is found thal
 seriea of elastic PY electron scatiering mensurements using *He coald signif-
icantly consirain the squark eleciric form factor if other theoretical weuea are
resclved, Such comsirainis would reduce the associated form factor uncerininty
in the carbon and proton saymmetiies below & level needed Lo permil extraction
u[imtin'; low-emergy constraints on 5 and T from these observables. For
comparisai, the much smallet scale of s-guark contributbons to the weak charge
measured in atomic PY is quantified. It is likely that oaly in the case of heavy
mussnke atoms could micleon slrangenoss suber the weak charge st an observahle
lewel.

1. Introduoction

It has recently been puggesied thal measaremenis of the “lefi-right® helbity
difference asymmetry (A q) in parity-violating (PV) elastic eleciron scatiering
from '2C nuchel amd of the weak charge (Qw) in stomic PV experiments using
M7s are potentially sensitive to cerinin extensons of the Standard Model al
a significant level.! In particulsr, these observables carry & pon-negligible de-
pendemce an the so-called $-parameter characterizing exfensiona of the Standard
Madel which involve degenerste maltiplets of beavy fermibons,? It is argued that &
1% messurement of A,.('*C) or & 0.7% determination of Q' ('*Ca) (equivalent
lo a 1% determination of the wesk mixing angle) would constrain 5 to [§5] < 0.6,
a gignificant improvement over the present limitof §5 = 2.0 (exp't) £1.1 {th'y)
obtained from Quw("™Ca)." The level of systematic precision achisved in the re-
cently completed MIT-Baten measurement of 4, »(17C),? along with prospects for
improving stabistical preciston with longer run times at CEBAF or MIT-Bates,
suggrst that & 1% Ay a(**C) measurement coubd be feasible in the foreseeshle
fture. Similarly, improvements in atomic stractare calculations® have reduced
the theoretical error in e[ “2Ch) to roughly 1%, and the prospects for push-
ing the experimentsl unceriainty below thia level also appear promising.® If such
high-precision, low-energy measurementa were achieved, the resultant conslraints
an won-standurd physics would complement those obtainable from messarements
in the high-energy seclor. The lalier are generally equally sensitive to both 5
and the T-parametes, where the latter characierizes standard model exiensions
involving non-degenerate heavy multiplets.!: ¥

In this work, we point out the presence of terms in A, o(**C) not considered
im Ref. [1] involving nucleon and muclsar stracture physics which must be ex-
perimentally andfor theoretically constrained in order to achieve the limits on
5 suggesied abovwe. Specifically, we consider contributiona imvolving the diatri-
bution of stramge quarks in the pucdleon, mulii-boson “dBspemion comections™ Lo
tree-level electromagnetic (EM) and weak neatral current (NC) amplitodes, and
isoepin impuritien in the nuclear ground state. 'H’:d:n'mlllﬂd"lmh#d
Fa, Uhe dimensionles mean square “strangoness radiug™, introduces uncertaintie
into A, o) at & potentially problematic level. We further show how a series
of bwo measurements of Ay for elastic seattering from YHe could constrain g,
sufficienily Lo reduce the amociated uncertainty in A, (Y*C) o below 1% . In
addilbon, we observe that an improved theoretical understanding of dispersion
corrections and sospin impurities for scallering from (J*, 1) = (0%, 0) nuclei is
moided im order both to determine p, at an interesting bevel and to constrain 5
to the level suggested in Rel. |1]. For comparsson, we alss discuss briefly the



inkerplay of oucleon strangeness and non-stamdard physica in PY elastic £p sest-
tering and atomic PV, In the former inatance, & 10% determination of A, .(&p)
al forward-anghes could yield low-energy constraints on 5 and T complementary
to those obtained from either atomic PY or A, n['?C), if the sirangencss radias
wire constrained to the same level as appears possible with the alorementioned
serien of YHe measurements. A determination of p, with 'Y &p statlering alone
would not be sufficient for this porpose. In comtrsst, the impact of eteangenes
on ihe interpretation of O (*2Ca) in significantly smaller, down by ab least an
ofder of magnitude from the dominant stomic theory ancertainties. Cmly n L
mdﬂnpu‘hﬂﬁﬂhlqtuqizmmh emter at & potentindly
observable level, Other prospective PV electron scaliering experiments = such
as elastic scatiering from the deuleron or quansielastic scattering - are discussed
elaewhere ¥ ¥

2. Hwidronic nentral corrent, new physics and stranganess

The low-energy PV ohservables of interest here are dominated by the change
(i = 0) component of Lthe hadronic vector MO, In terms of quark fields, the nuclear
veckor N operator may be written in terma of the scscalar and Boveclor EM
currents and a strange quark current:®

RE =G = D4V = 0+ 8V (1)

where Vo' = By,s and the £,'s are couplings determined by the underlying
electroweak gauge thoory. In writing Eq. (1), we have eliminaled lerms involving
(e, ,t) quarks, since their contributions to nuclear matrix elements of J7*° are
suppressed (poe below). In the minimal Standard Model, one has

&= —[1 + mM
VA" = —dain® 0.1 4+ BRI (2)
£07 =201 - Jin® 8 )[1 + R
where gin® # is the weak mixing angle and the B2 are higher-order correc-
Licna Lo Lees-level dlectron-nuclens NO amplitudes. In addition, one may define
couplings which govern the lows |G| NC charge scattering from the neutren smd
|prodon:
£ = tIVEE" + 607" = (1 — 4sin® 6, )[1 + %)
VAT - =<1+ KT . (3}
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Al the operstor leved, the £, '8 are determined entirely in terms of couplings of
the 2% to the (u,d,s) quarks, including contributions from radiative corrections
within or beyond the framework of the Siandard Model, bolk of which may
be included in the R{".'" Upon taking muclear matrix elements of J¥°, one
must include in the BL" additional contributions arising from strong interactions
between quarks in inlermediate states.'® ' Furiher contributions arising from
soapin imparities in the nuclenr ground state are discussed below, Correclions
owing bo neglect of the (e, b, 0) quarks in writing Eq. (1) have been estimated
in Hef. [17) and may be included in the B* for a = 0 and [ = 0 == R —
RN ewk) = Ay, where A, ~ 10—*, No such corrections enter RI=1,

The motivation for considering PV ebsctron seatbering as & probe of pew
physica may be seen, for example, by noling the 5- and T-dependencies of the
R Following Ref. [1], in which M5 rencrmaliestion was used in computing
ane-loop elecirowenk corrections, one has

RI=%(new) = 0.0165 — 0.003T

R (mew) = ~0.0145 4 0.017T (4)
R (new) = —0.2065 4 0,152T
R (new) = 0L00TET

Within the framework of Hel. [1], a value of the top-quark mass dilfering from
140 GieV would also generate n non-gero contribution to T. The different linear
combinations of 5 and T appearing in Eqe. (4) suggest thal & combination of PY
eleciron scallering experiments could provide interesfing low-energy constrainta
on these bwo paramefens. e such scenario is ilhestrated in Fig. 1, where the con-
straints sttainable from & 1% messuremant of Ay x['*C) and & 10% determination
of 5 from a forward-angle A, .{p) measurement are shown. For comparison,
the present constraints from Qe ("*Cs) are also ghown, One expects these con-
siraints o be tightensd by & Tector of bwo Lo three with fulure measurements, '
While o ("**Cs) s effectively independent of T, both A, .(**() and the forward-
angle &p mymmetry carry & non-negligible dependence on T. Hencs, one or both
of the lntter could complement the former a8 & low-energy probe of new physics.In
addition, ome might also consder PV eleciro-excitation of the A(1232) resonance
as & means of extracting Rf=". This quantity is relatively more sensitive to T
than are RI=", B, and @ ('™ Ca), so that a determination of the former would
further complement sny low-energy constraints attained from the Intter," It is
unlikely, however, that the experimental and theoretical uncertainties associated
with A o (N — A} will be reduced to the level nocessary Lo make such a mea-
surement relevant ns an electroweak test in the near term.® ¥ Consequently, a
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combination of PV scattering experiments on "0 andfor the proton, togother
with atomic PV, appear to hold the most promise for placing bow-energy, semilep-
tonie comstiaints on new physics, Befors such n scennrio is realised, however,
olher hadronic physics dependent Lerms entering the PY asymmetries must be
analyzed. We now consider these additional contributions, focissing firsd on Lhe
simplest case of '*C.

3. PV slnstie seattoring from enrbon

Im the limit that the "’Epmnd stale 1= am :'gu-lllen‘ltm-;iq'm,
matrix slements of the iovector component of the current in Eq. (1) van-
ish. Moreover, since this nucleus has zero apin, ooly mopopole matrix ele
ments of the charge operator condribute. In the absence of the strange-quark
term in Eq. (1), one has {ga. [|#"| g2} = =g [l g8}, 8o that
Aal'C) o (g, 1| g2}/ (g0, 11e"™]| g:2) = VI In short, the ssymume-
try becomes independent of the muclear phynics contained in the EM and NC
malrix elements'® ¥ and carries a dependence only on the undﬁtljil;“;uup
theory conpling, £2=°. Upon including the strange-quark term one has®

1)
Acn("C) = Ao [dsin 00 (1 4 RY°) + ”&}—Eﬂu + R'PJI] .18

where Ay = G, /(dvira) = 899 x 10-*GeV~?,.G, in the Fermi constant
messured in muon decay, @ = & — [§]* £ 0 is the four-momentum transfer
squared, and G5(Q7) and GI™(GY) are the Sachs elociric form factors' ap-
pearing in single-nucleon matrix elementa of V" and J®¥(I = 0). Note that st
the one-body level, the strangeness and EM charge dennsily operators, 50 and
ATMLD = 0), reapectively, are identical, apart from the single nucleon form fac-
tors which enker multiplicatively. Consequently, any dependence on the nuclesr
wavefunction cancels from the asymmetry, leaving only the ratio of form factors
in the second term of Bq. (5). For RI™¥ one has

RIS = R0(at'd) 4+ RI™(new) - BU""(QED) + R=(had) + T - A, , (6)

where RI*%gt'd) are Standard Model sloctroweak radistive corrections Lo broes-
level electron quark PY NC amplituden, B/=*(new) denote contributions from
extensions of the Standard Model as in Eqe. (4), RI=(QED) are QED radiative
eorreclions to the EM amplitide entering the donominator of Ay x(""C) (henee,
the minus sign in Eq. (8)), /="(had) are strong-interaction hadronic costri-
bations to higher-order electrowenk smplitudes, T is & comection dee to iscapin

immpuribies in the 132 groand :ll..lhzl" amd A, is the heavy-quark correclion dies
cussed previously. The correction Ry appearing in the second term of Eq. (5)
may be wrilten in & similar form, For fized top-quark and Wiggs masses, the
_ﬂi?"{ﬂ'd} and H‘F"{QED] can be determimed lll.l'l:l'l:ni[ﬂm.llh'I up to hadronic
umcertainties associated with quark Ioops in the Z® — 1 mixing tensor and two
boson-exchange “box” diagrams { ses, e.q., Bel. [11]).

Before discussing the remaining terma in Eq. (), we note here an additional
feature of spin-0 muchsi which simplifies the interpretation of the PY ssymmetry.
In general, when working to one-loop order, one must also include bremsstrahlong
contribulivng to the belicity-d=pendent {-independent) cross seclions enlering the
naEErator {-Ih:lﬂﬂill‘.ﬂ": nf.ul,“-. These conlribulbons, ﬂl'hul,;h nk Iunpm
tions, enter the croas section al Lhe ssme order i o a8 one-loop amplitades and
shoubd be formally inclsded in the BL="(st'd) and R{.’"{QED}. A low meomen-
taum Lransfer, one need oaly copsider bremmstrahlung from the scatienng electron
(Fig. 2), since the target experiences very small recoil and is unlikely to radiate.
The sontributions to the EM and EM-NC ioterference cross seclions from Lhe
amplitode of Fig. 2 are

Al o | M, MyP = MOMS + MM+ MM + MM (7
de™ o M MT 4+ MM+ MyM? + MyM] 4 c.c. (&)

where the M; are the amplitudes sssocialed with the diagrams in Fig. 2. For
nimplicity, we consider only the first Lerms on the right aide of Eqa, (7-8). The
arguments for Lhe remaining Lerims ane similar, For these terma one has

M, M. = “—-;i:': L=, (9)

Moz =2 Sy, (10)

whire the W& are hadrowic tensom formed from produocts of the hadronic elec-
tromagnetic and weak meutral and where the L, are the

tensors formed from Lhe leplonic side of the dingrams in Fig. 2. The W™ are
idemiical o the bree-level hadronic temsors, since the oaly differences beiween
the diagrams of Fig. 2 snd the tres-level graphs imvolve the leplon line. For
mthﬂolinm.m hins after wveraging over initinl and summing over final
Alitea

L5 = UK + 0 = md) D (A 444 mm(4md) (1)
XK 4 mon (K 44+ mve (K +me) fete”
L = (K" + ) = md P Te{ K"+ + my)

T



gy + 9271+ 1ah) {12)
(K +mon K+ 4+ mne(K 4 ma)fe'e |

where K, (K]} are the initial (final) electron moments, g, is the momentum of
the ouigoing photon having polarization Ep, By ia Lhe inikial eleciron spin, and
go (gt} are the vector (axinl vector) NG couplings of the electron.

Taking the eleciron and radisted photon on-shell (K? = K = md, ¢ = 0)
and working in the extreme relativistic limit [E;/m, >> 1) for which s, —
(hfm, K., with b being the dleciron helicily, one has

MM = ﬂl(;)’

@ I\IE
*Te{ K+ ek BlK + K fete WL (3
. dwa)® G, hf 1 4
M= i'l'-“ E(ﬂﬂ"-t)
x| K + K K+ Drekn) (4)

AT U+ dre K R + m,ﬁ'}l W,

For elastic scatlering from spin-0 neclei, only the p = » = ) components af
the HP* are non-vamishing. Since the trace multiplying gl in Eq. {l-I] i amti-
Eymimetric in @ snd o, this term doss pot contribute, Adding Eqs. (13-14) to the
abaolule squares of the corresponding tres-level amplitudes leads Lo

oz + oz ~ 19 [ frupe i} +

T
(amafTe{ 30l "+ e K TR + ek Jee” (WES (15)

_E[-l.rur]

2 8 E’,'ﬁﬂ [“{'ﬂl?t"l'ﬂx} +
(e Tk’ + oK K+ ok Jee”| Wiz, (1)

doylry & depr ~

Sinee Apw = (dof,, = do,, )/drgy, and since the quantitics inside the square
brachets an Fos, (15} and [16) are identical, they cancel from the ssymmelry, 1t

]

in straightforsard to show that this eancellation ocours even when the remnining
terms in Ege. (T-B) are included. In short, the bremsstrahlung contributions drop
oul enbirely from A, », leaving the expression of Eq. (§) uschanged. One could, of
comrse, attempt to be more rigorous and inlegraie bremssirahlung cross secticns
over the deterior neceptances, efc. In doing so, however, one would only modify
the form of the expressions inside the square brackets in Bqgs, (15-16) and mot
change the fact that they are identical in the two squations. The cancellation af
bremastrahlung contributions to the asymmetry wouald still obtain in this case.
We note that this result dess not carry over to nwclei having apin > 0. 1o the
lalier come, A, o receives conbributions from the leplonbe wector NC (firsl Lerm
on the right side of Eqs. (13-14)). There exials oo term in deb™ (o cancel the
corresponding contribution from doftfr.

Heturning Lo Lhe remaining termas in Eq. (), we emphasize that in contrasi Lo
ihe firnl three terma, the remaining terms are theorstically uncerlain, due Eo the
present lack of tractable methods for calculating low-energy sirong interaction
dynamica from fimt principles in QD). OF particular concern are multi-boson-
exchange disperston conttibutions to RI=P(had), swch as thoss generated by the
dingrama of Fig. 3. We note that neither the GU'-term of Eq. (5) nor the
nuclear, many-body comtributions to the dispersion corrections were included in
the discussion of Ref, [1].

We firsk consider the impact of sirangeness on the extrsction af 5§ from
Apnl*C). To that end, we employ an “extended” Galster izakion?!
for the singhe-nucleon form factors appearing in Eq. (§): G = § [ + @),
Gk = G5, 0% = —parO5Es, A = prGEE,, whore py is the peutron mag-
petic moment, = — Q¥ fdmd, GF = [1 4 ALr)™7 is the standard dipole form
factor appearing in nuchson form factors, and £, = (14 ..l‘:'"}f]'i allow for
mare rapid high-}Q7] fall-off than that given by the dipole form factor. From
pari ing electron seattering, one has A} es 4.07 and Ay & 587 Tt is
poasible that 2" falls off more rapidly st high-| Q%] than the 1/0% behavior
exhibited by this parameterization, bul for Lthe momentam transfers of inter-
est bere,?? this choice is sufficient. The parsmeters p, and AL charncterize
the bow- and moderate-jg%| behaviar, respectively, of 3 and are presently un-
congtrained, Because the nuckeom has mo net stramgencss, 7 must vanish at
& =0 = r. Hemes, like G, which also must vanish at the photon point, the
&4 carrien » linear dependence on [(7] near the photon polnt. While no exper-
irnenial information o l'.'-"_'h'] exiats, theoretical predictions for the mesn-squars
siramgeness radis (of which g, I8 & dimensionless version) have been made using
different miodels -9 W Siaen these models generally predict qualitatively dif-
ferent behaviorn of G at moderate-JG7], we choose the simple and conventent
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Oalster-like parameterization in which varialions in Lhis Irhhlnal-r—iﬂﬂ behaviar
are characterized by n single parameler .15."" L be consleained by experiment.

Under these choices, the strange-quark term in Eq. (5) mduces a fractional
shift in the A, o [17C) asymmetry given by

Adis ré,
7 PP T A7)

neglecting L. Taking the average value for p, predicted in Ref. [22), choosing
AP = A, and working st the kinematics of the recent MIT-Bates A, ,('*C)
measurement (v & 0.007), Eq. (17} indicates aboial a -3% ahift in Ay ('*C).
Any snceriminty in G“" an Ih-. scale would weaken I:-'_r [actor of Uhree Lhe limils
on 5 predicted in Rel. [1].

From the standpaint of reducing the uncertainty in A, »{"?C) Standard Model
tests, as well as that of learming aboul the distribation of strange quarks in the
proton, it is clearly desirable Lo constrain Gy &8 tightly & posible. To that and,
a combination of two measurements of A,y on a (0, 0) targel could constrain
GU? sufficiently to reduce the f -induced error in a subsequent determination
of 5 from Ay x(12C) o below [65] = 0.6, Por this purpose, we consider YHe rather
than 1°C. The statistical precision, §4,a /A, ,, achbevable for either nucleus goss
a8 F~Y3 where the figure of merit F = od,,”, with & being the EM cross
weckion.” For both nudel, §4, ./ Aon displays & succesion of bocal minima as &
funstion of ||, corresponding Lo suocesnive local maxima in the cross seclbon.
Since the relative sensitivity of G4 to p, and A}' changen with |(7], & mea-
surements of Ay (0%, 0) in the wicinity of different qu] H'I1II'I:I! in A nfArn
would impoes somewhal different joink constrainls l:fnf . Thet EM s
seetion falls off more gently with [G?] for *He than for 120, s Il!.iliu-ﬂh former,
the firsl two 54,/ A s minima are more widely separated in [QF] than for the
latter. Consequently, Lhe constraints on Gy obtainable with two measurements
cnrried out, reapectively, st the first two 4.0 /A, , minimaon *He could be more
reabrictive than with & similar seriea involving "C.

To complete this analysis, we consider & combination of two such A, .(YHe)
experimenia carried out roughly under condilions Lhal are represeatative of what
could be schievable with a moderate solid angle detector al CEBAF: luminos-
iy £ = 5 x 10Mem™%"!, mm.mn; angle # = 10", solid angle Afl = 0.01
sleradians, heunpnl-umhuuf = 100%, and run time T = 1000 howrs
mmmu resulting from these two prospective measurements are shown in
Fig. 4. Since nothing st present is know experimentally about G, we assume
two different models Tor illustrative purposes: (A) (o], 38"} = (0, Aa) and (B)

1]

(loal, 35"} = (2. An). The value of |g,| in model (B) corresponds roughly o the
wverage prediction of Ref. [22]. From these resulis, we find that for model [B),
Lt umerTEainky remaining in l'_'|":.'.II after the series of *He measurementa would be
safficicasly small Lo keep the sssociated error in & lower-|Q7| Standard Model Lest
with either 12C ot *He below 1%. In the ease of model (A}, even though Ay is
not constrained, the lower-|Q?| messurement appears to keep the G -induced
M:':I?I'm & (0, 0) Standard Model teat bedow 1% | independent of the value of
.

Hefore such *He conatraimis could be attained or & 1'% Standerd Model test
performed, ambiguities associated with dispersion corrections in ™" (had) and
with Lhe issspin-mixzing parameler ' mist be pesolved. Tuming first to the for-
mee, we foeus on auefear many-body coptributions bo the amplitudes associated
wikh Fig. 3. Since A, x(0%,0) ~ MZE(] = 0)/MIS(T = 1), where MZX([ = 0)
{MZZ(] = 0)) are the isoscalar parity-viclating (-conserving) scatlering, ampli-
tuden, and since the dispersion corrections enter a8 (o) corrections to the tree.
level amplitades, ome bas RE=%{disp) ~ YY" (I = 0)— KT’ (1 = 0), where BY"" ia
a dispersion correction Lo the tree-level Z%-exchange amplitude involving cne or
mare eavy vector hosons and RBTT & the bwo-pholon correction o the isosealar
electromagnetic amplitude. Although one might naively hope for some cancella-
tion between these two corrections, the different QP -dependences carried by each
makes such a possibility unlikely. Whuﬁuﬂ'"—»ﬂulﬂ*l-ﬁl} mince the Lres-
level EM amplitude has a pole at @7 = 0, YY" need not vanish in this lmit
since Lhe tree-level NG amplitade haa Ipnhul.'}'-h‘ 3

(enerally speaking, one expecis Lhe seale of badrosic contributions to
RI=0(dinp) ko be of Ofa/4x). Indeed, theoretical estimates of such comtribu-
tiona o the 2-y, PO, ep scabtering amplitude indicate that B3 (ep) S 1% ab in-
termediate energies,” * However, experimental information on KBTT suggests
that the dispermion correclions for scallering (rom mscled ean be significantly
larger than the cne-body (ep) scale. Results from the recent MIT-Bates mes-
surement of BI7(1 = 0) for "0 show that this correction could be as large an
0% In the first difftaction minimum aed several pescent in the regoas oulside
the mimimum where a (0%, 0) Standard Model test or GU'-determination might
be undertaken 3 In the latter regions, the experimental error in 37(1 = 0) is of
the anme order as the correction itself, and the overall bevel of agreement between
these resulis and theoretical enleulations™ is rather pooe. In short, experimen-
tally and theoretically umcertain many-body effscis sppear to enhance the scale
of RE'(I = 0) to & level which is important for the interpretation of Ay«(0%,0).

In the case of PV amplibudes, no sxperimental information exists on BY (1 =
). It is wnlikely that this quantity will be messured directlly, 8o that one must
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rely on nuclear ludd—depmﬁml theoretical eatimatia of its seale, OF particular
concern is the Z° =5 dispersion amplitede which, for elementary e — g scallering,
conkains logarithme invoelving the ratice | M3 /5| and |M7 /u], where the scale of
the imvariant variables 5 and u ks sel by the incoming ebectron momentum and the
typieal momentum of the quark bound in the target nucleus.'® This logarithmic
scale minmatch suggests that comtributions from low-energy intermediate states
in\u;lhinl hinrd-to-calculate hadromic collective excitations {:.;.. the nuscbear p'ﬂ.u.l.
resomance) could be important. Given the seals of the KT (7 = 0) reaulis, the
d-ﬂepuq-llhlhmlj' and the need for a thearetical estimate of BE7(1 = 0),
d;nli:-ut progress in theoretical understanding of many-body contributions to

mmmhlﬂdhuﬂhwmmM unsertainty
in Aya(0%,0) below cne percent.

The quaatity Ilg) (g = |f|}th [ﬂ}luhﬂl introducsd Lo take into
mecound the fact thal neclel such as H:-lnﬂ'ﬂlnn-ul::l:lt#-l.llun‘
stromg isospin with [ = 0, Sinee, the EM interaction does mot conserve ospin,
u-u:rp-nd.:mhnhghﬂrlnhptm as amall [ o)) componsnts in the
nuclear ground states. For puclei whose major configurations involve cither the La
aball (YHe) or tha 1p shell (Y*C) the Bospin-mixing correction Tig) ia likely to be
quite small st low momentum tranafer (|75 1%).1* This special situation arises
bepenuse of the difficulty of supporting sovector bresthing modes in the relevant
nuclear model spaces; since primarily a single type of radial wave funclion plays
i role, radial excitations are suppressed.

We emphasize that this conclusion nesd mod spply Lo spin-0 nocls beyond
the ls — lp shell. For nuclei in the 28 — 1d shell, for example, one has wave
funzticma which display different radial distributiona (we., 29 and 1d), making
it possible Lo bave imporiant isovector breathing-mode admiziares introduced
into the puclear ground states. For nuclei beyond 7 an additionn] issue arises.
Binee in this region the stable 0% puchs bave N > Z and, thua, T 3 0 from the
owlsel, both isoscalar and isovecior matrix elements of the monopole operators
ember [m im the nhsence -nl";lnq:in-:rqn:inl} In this case, iscapin-mixing effects
appear in two ways: (1) several sigenstales of scspin can mix Lo lorm Use physical
slates (a8 above) and (2) the mean fields in which the protons and neuirons in
the necless move may be alightly different, This latter effect was axplored in
Ref. [19], where it was found that A.. for elasiic scallering from OF & = 2
nucke i rather semsitive o the difference between By and iy, the radii of the
proton and nestron distribotions in the noclear ground state, respectively, The
reason for this sensitivity is that [€2] == £ |, making the NC “charge” densities
for the newtrom and proton roughly commparable in magnitude.

These observations imply thai the extraction of imteresting consiraints on
5 T and G{;r fromm measurements of A, . for upin-ﬂ nucled o Lhis Ml:l'm'l I

i

likely to be mone difficalt than for spin-0 nocled in the 18- 1p shell. On the other
hand, such measurements could provide s mew window oo cerlaln aspecis of
nuzbear stracture. Since the EM charge radius can be determined quite precisely
usbng, e.g, parily-conserving (PC) electron scattering, s measuresenl of 4. .
would provide a way to determine f,. A 1% delermination of R, appears Lo be
achievable. For s nucleus such ns *Cs, with ita importance for stomic PV, it
may prove nseful to employ elsciron scallering Lo explore some of Uhess msues.
The charge and meutron distributions eould b studied, therehy belping to redues
Ry uncertaintics appearing in Qu('%2Cs) (see Eqa. (21-24) below), and some
indication concerning the degres of iscapin-mixing [Eq. (24]] could be obtained,

4. PV elastic scattering from the protom

As illustrated in Fig. 1, A (fp) cartios a stronger dependence on T than
either (" ™08) or Ay n(**C), so that a messurement of the former, in combi-
nation of ane or both of the latter, could provide an interssting set of low-energy
constrainis on 5 and T'. Waively, one might expect the interpretation of A, .(£p)
1o be simpler than that of A, .("2C), since ome has o many-body nueclsar effscta
to take into sccount, Nowever, the spin and isespin quanium mumbern of Lhe
prodon allow for the presence of several form factors in Ay o(fp) not appearing in
the 20 amymmetry, with the result that the interpretation of PY £p scatlering =
in soame respecta more involved than that of elastic scattering from (0%, 0) sucle,
A detailed discussion of PY elastic &p scatiering can be found in Refs. [8, 31, 32,
and we [ocus bere salely on scattering in the forward direction,

At low momentum transfer and in the forward direction, the &p asymmetry
bas the form®

A..[E‘p]ﬂl.fi{ﬂ ~{e+ ' o +cth}] 400 . )

where o, &2 1 x 10~%. The fimi term on the right side of Eq. (18] [containing
E8) s nominally independent of badronic physics for sssentinlly the same reasons
a= is the first term in the carbom asymmetry of Eq. (5). The terms coatained
inside the curly brackets all enter at O(r), since both G} and 7y’ vanish at
ihe pholon poini. From Eq. (18) one sem immediately the additional complexity
af the proton asymmeiry in comparison with that of carbon. The neutron EM
farem factors appear in Ags(&p), since the Bovertor amd iscscalar EM currents
enter the hadronic neatral current (Eq. (1)) with different weightings than im
the hadremic EM curremt. The presemce of these form {aciors miroduces one
source of uncerlainly not present st the same bevel in Ag[""C). In addition,
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tenth the ebectric and magnetic sirangeness [orin [sclors conbribuale al ﬂ[r}. and
their presence also complicates the interpretation of the asymmetry.

A in the case of Apn(170C), the r-dependence of the terms in Bq. (18] sug-
gests & bwo-fold siralegy of measurements: [a) a very low-r measurement to
determine €7, with an eye Lo oblaining the constraints indicated in Fig. 1, and
(b} & moderate-r measurement aimed ab constraining the linear combination of
form faciors appearing im the secomd term of Eq. (18). The second of thise mes-
mirements eould be of interesi for a number of reasoms: Lo extract limils on Lhe
strangeness form factars, Lo comstrain ' far purposes of interpreting A, »("*C)
a8 & Standard Model test, or Lo consirain this term for the same purposs but with
a very low-r A, .[fp) measurement, Considering first scenario (a), we note that
it s mot posaiblbe to perform a Standard Model Lest ab arbitearily low-r, sinee Uhe
statistical uncertainty mervases for decressing momentum transfer, For purposs
af illustration, them, we analyze & prospeclive measurement al the limits of ¢ and
forward scallering angle expected Lo be achievable st CEBAF Hall C. In order
to achieve the 10% stalistical uncertainty neaded for the constraints in Fig. 1, 8
1000 bour experiment would be nesded, sssuming 100% beam polarization. Un-
der these conditions, the impact of form faclar wncertaintis on & determination
af £ is mon-negligible. The dominant uncertainty is introduced by G4, An
uncertainty in the strangesess radins of g, = 42 (cormesponding Lo the magni-
tude of the prediction in Ref. [22]) would induce nesrly & 3% uncertainty in the
axtrscted value of £5, & fuetor of three greater than the uncertainky assumed in
Fig. 1. Similarly, an unceriainly in the valee of g, of £0.3, also corresponding to
the magnitude of the prediction in Ref. [22], would gemerate roughly a 20% error
m £

{;\mnq.;u'rhq}l.l.pniltl.uth meed for bebler constrainis on the slrangeness
form factom if an interssting Stamdasd Model test is to be performed with PV £p
seattering, Turning, then, to strategy (b}, we consider the constrainis cne might
place on these form faclors with a moderate-v Ay 5 (FF) measurement. The diffi-
ently here is that it is not posmibbe Lo separate the form factors with £p scallening
alone. As discussed in Hel. [6], s “perfect™ backward-angle A, »(fp) measurement
(0% experimental error) might ultimately allow a delermination of g, with an
error of =£0.12, thereby reducing the g, -induced uncertainty in & forward-angle
Standard Model test below n problematic level. A subsequent determination of
the second term in Exq. (18) might then sllow & determination of G4, We shaw
in Fig. 4 the constrainta in (p,, AL'") apace such a measurement might achiove, as-
suming experimental conditions similar to those of recent CEBAF proposals -5
We note that these consirninls would not be sufficient to permit either & 10%
determination of £f from & low-r A, 5(fp) measurement or a 1% Standard Model

£]

test with elastic scattoring from "C, In Uhe former case, the Gy -induced uncer-
tainty in £F would still be on the order of 20% . In (sct, na Fig. 4 illestraten, it
appears that a series of A, ("He) measurements could place far more stringent
Himits om G than appears possible with PV &p scallering slone. Indesd, these
limmits would be sufficient Lo permit one to probe new physics with both A, (fp)
and Ago{"*C) st the level sssumed in Fig. 1.

5. Atomic PV

Ome should expect the impact of form factor uncertainties on the inberpreta-
tiom of Qs to be copsiderably smaller than for eleciron scatlering ssymmetries,
due to the very small effective momentam-transfer associabed with the inberac-
tiom of an atomic eleciron with the nucleus. Beolow, we quantify this statement
with regard to the sirangenem form factoms, and nole that oaly in the case of
PY experiments with besvy muonic atoms might suwdeon stramgensss conbribute
at an observable bevel. To that end, consider the PV atomic hamilicnian which
induces mixing of opposite-parity alamic stabes and leads to the presence of Ol
dependent atomic PV observables:

iz = e [ Sedlimin @@+ 19)

where ¥,{F) is the electron field and g™ () is the Fourier Transform of p*°(§),
the matrix ebement of the chargs component of Eq. (1), For simplicity, we have
omitted terms involwing Lhe spalial components of the nuckear vector NG as well
an the nuchesr axial weetor NC, For a heavy atom, the leading berm in Eq. (19) s
significantly snhaneed relative to the remaining terms by the coberent bebavior of
the nuclear charge operator. Conseguently, ome typically ignores the contribubion
from all magnetic form factons. Following Rel. [36], we write the matrix element
of the leading term in H25™ between atomic S)y5 and Py states in the form

{P||!-I{£h-.i.:ﬂ§s:| m N E)f(x), where A ia & known overall pormalization,
Capl Z) is an atomic structure-dependent function, and flz) = 1- 4{z/=2.)" 4- -
given the spatial-dependence of the electron axial charge density. In a simple
model where a charge- 2 nucleus is taken a8 & sphere of constant electric charge
demsity cut to radiua 7, one has 2, = B/ Za neglecling small corrections involving
ibe eleciron mass, In this case, stomic matrix elements of Eq. (18) beooms

(PIAREIS) = SN C(2) [0 + AQE " + A0 + 2G|+ (20)

where
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Z+NY 1
==)e (21)

A
AQRe ™ = y[VEEL™ + 5 (B 11} M1+ ma(E)b(ze )] Lo}

A
+3[VEET — €07 o 113 Mt — mlk)IA(oa)l] Je}  (22)
k=]

A
Agl = 'nr{ﬁ}]{;, "§ Vik(za)l| fa} (13

A
AQE = xgl= [{h | Meadra(B 1)+ (1 = )] 4 L (24)
k=1

with hiz} = fiz) — 1, and with (s (1] fo) demoting reduced matrix elements
of & nueclear operator O in o neclear ground state having mominal scapin fp,
The terms in Eq. (21) are ibose usually considersd in analyses of . The
term AL * carrien & dependence on the ground-state neviron rading, Ry, The
impact of uncertninties in B, on the oee of Qu for high-precigion ebetroweak
itents has been discussed in Hebs [36, 37]. Ege. (23) and (24) give, respectively,
the keading contributions to Q' from G2 and from iscapin impurities in the
nuclens ground siate, In arriving st Eqa. (21-34), we h‘u lq:-l Lerma in fiz)
only up through quadratic order and employed B = r AY2, r, & 1 fm, for the
nuaclear radius, We have shown explicitly oaly the mlﬂhul‘.hu o .ﬂ.ﬂ'-'i
from the mixing of & singhe state of iscepin [ mhl.h:pnumlﬂnhnl’mmll
isspin [y with strength A, Additional contributions o Qe arising from tbe
single-micleon EM charge radii are discussed elsewhere 5

According to Ref. [1], neglect of all but Eq. (21) leads to the prediction
Q™8] = —73.20—0.8 5—0.005 T, o that a 0.7% determination ufq.['“{:-}
would copstrain 5 to [65] < 0.6, As noted in Rel. [36], & 10% uncertainty in
R would generate & 0.7% error in Qe (Y*Cs). While hadron-nucless scattering
typically permits a § - 10% determination of R for beavy nuckei,'™ * no ex-
perimental information on Ry, for cestum isolopes presently exisis. A series of
PC and PV eleciron scatiering experimenta on "™ (s could determine ita nen-
tron radius to reughly 1% accurscy.” In the mesntime, one msst rely on nuclesr
meade] calculations of R, The scale of the amociated theoretical uncertainty in
Quw (™ Ca) in presestly the subject of debate. ™

Fromm Eq, (23), we find that an uncerlainty in the sicangeness radius mduces
an error in the weak charge of 80 ("% = —0.0258p,. For 8p, on the order

1

of the average valoe of Ref. [22], the corraponding uncertainty in Qw ('™ 0s) in
alightly lisa than 0.1% , more Lthan an order of magaitisde below Lhe dominant
theoretical error associated with atomic structure’ * and well below the level
needed, for an inleresting Qw{'33Cs) Standard Model teal. As expected, the situ-
atbon differs sharply from that of PV eleciron scaltering. Indeed, a messurerment
of Aga('*C) would have to be earried out st | § | = 30 MaV /e — roughly as
order of magnituwde smaller than in the experiment of Hel. [3] - to be equally
insensitive to Gl .

We close with observations on the possibility of cbearving Gla ! using PV wxper-
iments on muwonic mtoms. [E has been noted recently that 1 - 1% messurements
of PY obeervables for muonic boron may be feasible in the fubore at PSLI%
Simce the ratio of Bobr radii of faf = m,/m, ~ 307, the meon in these atoms
is more Lghtly bound for & given set of radial sand angular momenium quan-
tum numbers, Owme might expect, then, an enhanced semsitivity to short-range
comtribulboms to O, sach &8 those associated with Be or g, To anslyie the
latter pomibility, we solve the [Nrac equation for & muon orbiting a spherically-
eymimetric nuclear charge distribution, kesping terms involving my, 2 The result
of this procedare is to make the replacement =, = BfZo — [3R/4m, Za]'¥? in
the function A{z) in Eqs. (21-24). The scale of AQL! is correapondingly enhanced
by dm,R/1Zn ~ dmur,AY* {320 over its magnitude for an electronic atom. In
the case of "MCe, this enhancement fsctor s s 8, making §e{pCs) roughly as
sensitive to p, a8 la A, L(&p). The sensitivity of AQL for & msonkc lead stom
is roughly two times greater than AQMNuCs). For light muonic stoms, on the
athar hand, the p, contribation ks atill suppressed. [n the case of muonie boron,
for example, unterlaintien associated with p, would nol enter the parsmelers
EL and £5 at an cheervable bevel, Consequently, ome must go to beavy muecnic
aboms. While the sensitivily of the lalter bo Ry-unceriainties la also enbanced,
therae apcertaintien could be reduced throogh a combination of PC and PY elastic
electron scatbering experiments.® ¥ Given the simplicity of atomic structure cal-
culationa for muonic Cs or Pb (essentially a one-lepton problem), the theoretical
atomic strocture uncertaintbes entering Ow-determinations should nol enter al
& level problematic for GU' determinations. Thus, an experiment of this type
could complement FY eleciron scableting aa a probe of sirange quarks in the
nuchtan, The remaining obstacke ia the experimental cne of achieving sufficient
precision. To this end, it would be desirable o find a beavy msoniem transition
for which the PV sigonal is enhanced by accidental near degeoeracien between
oppoaile-parity atomic levels,



8. Conclusions

With any attempl at a precision eleciroweak lesl involving a low-energy
hadronie aystem, oss must ensure that all sources of theoretical hadronie physica
unceriainties fall below the requisite level. The situstion contrasts with purely
leptonic or high-energy eleciroweak tests. In the former case, given a model
of dleclroweak interactions, one ean maks procise and unambigocus predicitions
for different ohservables, up o uncertainties associated with unknown parame-
ters (.., 7y and M) snd with badroic loope, |n (he lstter imsbance, strong-
interaciion nmcertainties are controllable through the wse of & pertmrbative ex-
pangion and CCD, In the nos-perturbative low-onergy regimes, however, one misst
rely on the use of symimetries as well as model estimates of, or independent exper-
imeental constraints on, hadronic effocts, The scaly of uncertainty in & low-snergy
semi-leplonic eleciroweak Lesi, then, is set by experimental input and, where sach
i lacking, sny reasomable model estimate, In the foregoing discussion, we have
miled Lhal completion of one or more PY eleciron scaliering experimenis s
the potential to complement atomic PY as & low-energy probe of mew physics.
AL present, however, experimental limits on nuclear dispersion corrections, as
well as theoretical predictions for the nucleon’s strangeness form fretors, indi-
cale that Lhese bwo soarces of hadronde physics unceriainly are too large Lo make
interenting electroweak temtn pomible with low-energy polarizsed slectrons.  We
have abown how s series of PY elastic scatlering experiments with YHe could re-
duce the uncertainty associated with the strangeness radius below a problematic
lewel. Achbeving s beller understanding of miclear dispersion correclbons rermalns
a challenge for koth experiment and theory.
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FIGURE CAPTIONS

prramelerization of non-
standard physica from bow- and intermediate-energy 'Y observablen. Shori-
dashed lines give presont constrainis from cesium atomic PY.Y % ® Solid
lines give consbraints from & 1% A, 2("2C) measurement. Long-dashed lines
correspond to s Iﬂﬁdzl:nninll.:imn{ﬂ: frm‘q;.hm.rd-ln,;hn'_munl
of Auw(fp). Por smplicity, it 5 assumed that all sxperimenis agres on
commmon central valiees for 5 and T, so that unl;ﬂ:::lﬂmlml'mmmm
values are plotted.
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Fig. 2. Electron bremsstrahlung for ebectromagnotic (Fig.  2ab) and weak
neutral current (Fig. Qcd) seattering from o badromic target. Targel
bremastrahlang & asomed to be negligible for low-rnesgy (amall recoil)

Fig. 3. Disporsion corrections to treelevel EM and NC deoctron-nucleus seal-
tering amplitude. Here, V, V' are any one of the 2% W 5 veclor besons
and 6 {|f)) mre initial (final) ouclear slates.

Fig. 4. Constraints imposed on (74 from proapective PV elastic scatiering
experiments, Dashed-dol curves and solid curves give, respectively, con-
straints from pessible bow- and moderate- Q7] measurements of A, .(*He).
Dashed limes give comstraints from serbes of forwand- and backward-angle
Apnlfp) messurements. Panels {a) and (b) correspond Lo bwo models for

G discussed in the text, where the cancnical values of (g |, AL") are
indieated by the large dot.
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