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The determinations di,4|? with super-allowed FermB decay in nuclei and of the weak charge of cesium
in atomic parity violation deviate from the standard model predicitions &yo?2 more. In both cases, the
standard model overpredicts the magnitudes of the relevant observables. | discuss the implications of these
results forR-parity violating (RPV) extensions of the minimal supersymmetric standard model. | also explore
the possible consequences for RPV supersymmetry of prospective future low-energy electroweak
measurements.

PACS numbses): 24.80+y, 11.30.Er, 12.15.Ji, 23.40.Bw

The search for physics beyond the standard m(#lel) is  of the results in Eqs(1) and (2) as well as the observed
one of the primary objectives of present and future high-magnitudes. After making some general observations about
energy collider experiments. At the same time, there exist she impact of new interactions on these observables, | illus-
variety of low- and medium-energy atomic and nuclear studirate using extensions of the minimal supersymmetric SM
ies making important contributions in the search for newhaving R-parity violating (RPV) interactions. | show that
physics. For example, measurements of superallowetbw-energy electroweak data place severe constraints on this
nuclear FermiB decay provide the most precise determina-scenario. Nevertheless, at the 2evel, there exists a small
tion of theud element of the Cabibbo-Kobayashi-Maskawa but nonvanishing region in the parameter space of RPV cou-
(CKM) matrix, V4. When combined with determinations of plings and sfermiom masses which may account for ghe
|V,d and |V, from K and B meson decay$l], nuclear decay and APV results. | also show that, within this frame-
Fermi 8 decay provides a stringent test of CKM matrix uni- work, consistency of the low-energy results with rare decay
tarity. In the neutral current sector, the Boulder group hadimits does not appear to require significant mass hierarchies
obtained a precise determination of the weak charge of thi the sfermion spectrum. Finally, if RPV supersymmetry is
cesium atomQyy, using atomic parity violatiofAPV). In responsible for the results in Eg€l) and (2), observable
both cases, the results deviate from the SM predictions bgonsequences may also follow for other prospective low-
20 or more. Denotingvud@M as the value implied by CKM energy precision measurements. | discuss three such cases:

unitarity andQ3," the weak charge computed in the SM, one (i) @ measurement of the PV Mer scattering asymmetry,
has[2-5] (i) a determination of the weak charge of the proton using

parity violating electron scatterinPVES, and (ii) a mea-
(|Vud2x— |Vud i)/ Vud iy= —0.0029-0.0014, (1)  surement of ratios of APV observables for different atoms
along an isotope chain. The sensitivity of all three measure-
(QEX*—QaM/QyM=—0.016+0.0086, (2)  ments to new RPV interactions differs substantially from that
of B decay and APV. | discuss the conditions under which
where “EX” denotes the experimental value for the corre- these new measurements may impose further constraints on
sponding observable and where the experimental and sy$ie RPV parameter space.
tematic errorgincluding theoreticalhave been combined in In general, the presence of new physics may modify low-
quadrature. The APV results correspond to a single experienergy semileptonic electroweak observables in two ways:
ment, whereas thg decay results have been obtained by(i) directly, via a new semileptonic interaction or modifica-
averaging over nine different decays. Interestingly, the relation of the SM semileptonic interaction, ari) indirectly,
tive deviations from the SM in both cases are negative.  through a modification of the relative normalizations of lep-
Assuming the deviations in Eg$l) and (2) cannot be tonic and semileptonic amplitudes. Indirect effects may arise
explained by conventional hadronic, nuclear, or atomic efbecause semileptonic SM amplitudes are expressed in terms
fects, they may hint at the presence of new physics. In thiof G, , the Fermi constant measuredqndecay. In the SM,
respect, the cesium APV result has sparked considerable ré-is related to the semiweak couplings as
cent attention. Among the more interesting possbilities is that
an additional neutral weak gauge boson is the culprit behind

the observed deviation. The sign of the observed deviation G,SLM: ’ +rad. corr= ’ [1+Ar,] 3)
has a natural explanation in the contexigftheorieq 6—9]. V2 8M2, ' '_3|\/|\2N m

The presence of an additional(1) symmetry alone, how-
ever, would not help account for the longer-standidg
decay result. where “rad. corr.” andAr , denote the appropriate radiative

In what follows, | investigate whether new physics sce-corrections to the tree levgl-decay amplitude. The presence
narios exist which might account for both the common signof new leptonic physics modifies the relati¢8) as
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G g2 GSM out requiring the interpretation of Eq&l) and (2). In the
—E=——(1+Ar,+A,)=—=(1+4A,), (4 case of APV, however, thd ,-dependence oQy, cancels
V2 8mg, V2 against theA ,-induced modification of the overall normal-

At Al Py PV 2
denotes the new physics correction to the tree'zatlon.‘ yielding a_negl|g|b_le_ net effect from,, onGe °." To
see this cancellation explicitly, one may exp&D&J,(AM) to

first order inA , using Eq.(6), yielding

where A ,
level SM u-decay amplitude. When the SM is used to com-
pute B8 decay or APV amplitudes, one requirg%/M\zN as
input. SinceG,, is one of the three most precisely measured
electroweak input parameters, it is standard to rewrite
g?/M, in terms ofG,, using Eq.(3). Thus, the presence of
A, would modify the normalization of thg decay and APV
amplitudes via Eq(4).

GEY~G,QW(1—-Ar,+Arpy+ €A, +Apy), (1D

where

— _1_ 0
In the case of PV neutral current amplitudes, an additional §=—1=(4ZIQuwhx, (12
A ,-dependence arises from the determination of the weak
mixing angle. At the tree level in the SM, the weak charge is N~ X(1=x) 1 13
given by ¥ 1-2x 1-Ar’
0_
Quw=Z(1-4x)—N, ©) For cesium£~0.05 when the weak mixing angle is defined

in the MS scheme. Thus, while a nonzero value by,
might account for the reduction iG£ from its SM value, it
is an unlikely source of the 1.6% reduction@g" . Instead,
one must look to new semileptonic neutral current interac-
5 , (6) tions to generate the observed APV effect.
\/EG#MZ(l_Ar_A,U«) Extensions of the minimal supersymmetric standard
and where the precise valuesofind the radiative correc model (MSSM) containing RPV interactions can generate
tions Ar depenc? on the choice of renormalization schemei[ree level contributions ta,, , Arg, andArpy. The MSSM
i ] is a popular candidate for SM extensions. Although no direct
The A ,-dependence of sty in Eq. (6) translates into & gyigence for supersymmet(BUSY) has yet been obtained,
corresponding dependence &f, in Q. _ ‘there exist compelling theoretical arguments as to why it
In order to delineate the effects of new leptonic and semigpoyid be correctfor a review, see Ref10]). The MSSM
leptonic physics in the semileptonic observables of interestan pe extended to include terms in the superpotential which
here, it is useful to define effective Fermi constants for theyg not conserve the quantum numbgg=(—1)3E-L+2S,
latter: where B and L denote baryon and lepton number, respec-
tively, andSis the spin of a given particle. Such RPV inter-
GE=GulVud (1= Ar, +Ar5=A,+4p), @) actigns result in thepLagrangia[m:{szﬁ3

wherex=sir? 6, is computed in terms ofr, G
from the relation

andM,

Mmoo

es
X(1—x)=

GEV=G,QW(A ) (1—Ar,+Arpy— A, +Apy), 8 e g
PTG QUAIATANEAN AT Ren B Nkl + ekl + (B (W) el (i ])]
where Ar ; and Arpy denote the appropriate SM radiative ~i P P~ i
B PV ’ i JK i Ak i Kyx (o T\cHi
corrections to the charged curre@itdecay and neutral cur- +H.CA N[ v drdi +didry +(dr)™ (v1)di
rent PV amplitudes, respectively, and whekg and Apy, i dful —TidKel — (dX)* (e Cul T+
denote the corresponding semileptonic new physics correc- eLdrUL ~ULdRe ~ (dR)" () uL ]+ He., (14
tions. TheA ,-dependence oy, arises for the reasons dis-

cussed aboveThe experimental results imply that where thei, j, andk indices denote generation and where

the'f denotes the supersymmetric partner of the correspond-

GErEX/G§'SM< 1, (9) ing fermionf. Both the\ and\’ terms in Eq.(14) violate
lepton number conservation.
va,Ex/va,SM<1, (10) At low-energies, the exchange of a sfermion between SM

fermions yields four fermion effective interactions. Upon Fi-
where the SM values are computed usitg=Az=Ap, €2 reorderi_ng, these'interactions take on the structure of the
=0. The conventional interpretation of the reduction in ef_correspondlng effective current-current interactions in the
fective Fermi constants is given in Eq4) and (2). SM. Consequently, one expecfikpy to induce corrections
At first glance, it appears that a positive value by, to low-energy electroweak observables. In the present con-
would reduce the effective Fermi constants from their SMtext, one may express these corrections in terms of the quan-
values and explain the sign of the observed deviations withtities A5 (ef), Ajy(d), Af;;(ql), where

Yt is conventional to define the SM weak charge @é,M 2This cancellation was first noted in R¢fL1] in the context of
= QS\,(lfArM+ArPV). oblique corrections to electroweak observables.
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|)\ |2 0.007
~ 12k
A8 = ——o0 (15)

: 242G "M 0.006 |

~ ~ 0.005
with e'§ being the exchanged slepton, and Wher’ﬁk(d',;)

and Aj;,(q}) are defined as in Eq(15) but with \x 0004 |

2 2 2 2
— My Mg—Mge andhga—Nyj;, Mg—Mg, , respec- g
tively. In terms of these quantities, which are nonnegative, 093
one has
0.002

Y ~K L N A
Ap—A,~A1y(dg) —Aga(eg), (16) o001 [ m\_x&&y_/ ___________________
~ 2Z+N - 0 : L . s
APV+ gAM~ O.OEAm(eR) — 2( —N i]k(dlé) 0 0.002 o.oozm 0.006 0.008
2N+Z A (a 1 FIG. 1. The 2 constraints on RPV corrections, (ek) and
N 12(a0)- 17 A, (dK) from precision electroweak data. Dark solid lines give

constraints from superallowed nucle@rdecay. Dashed lines indi-

. h L h itted I cate APV constraints, while light vertical solid line corresponds to
In arriving at the expression in E¢L7) | have omitted sma bounds of Eq(22). Dot-dashed line gives upper bound from,

contributions to the tree-level amplitude involving 1 decays. The allowed region is indicated by shading.
—4sir? 6. Note thatAj, and A;, cancel against each

other in theB-decay amplitude. In contrast, the impact of )
A y P P ]has been measured precisely at PIF] and TRIUMF[17].

the A’ terms are enhanced by the factors Z(2N)/N Comparing the Particle Data Group averagjewith the SM
~2(2N+2Z)IN~5 value as calculated in R€f18] one has
Typically, limits on the RPV interactions of Eq&l4) are

obtained assuming all but one of thg, and\jj, vanish. In Ex

the present case, however, a common explanation foBthe Reju _
decay and APV results does not obtain if only one of the RS/% 0.9958+0.0033=0.0004 (19

terms in Eq.(14) is nonvanishing. For example, taking
A;2>0 butAj,=0=Ag;; could not account for the com-
mon sign of both thgd decay and APV deviations. Similarly, where the first error is experimental and the second is theo-
taking A,5=0 but eitherAj;#0 or Aj;;#0 would not retical. In terms of RPV interactions, one has

generate the observed phadespotentially successful sce-

nario may arise when the both a leptonic and a semileptonic

RPV interaction occur. Re/y R, R,
To illustrate, consider the case in whichys>A], sw — 1+ 2[Agy(dg) — Agy(dr) ] (20)
>A1j;=0. In Fig. 1 | show the values of these corrections elu

needed to account for the low-energy results at thdedel.
By themselves, these results allawy and A1y, to differ
from zero over considerable ranges. A further restriction o
the allowed region is obtained by studying the resultsref
decays. The ratio

Note that the leptonic correctiah,, to the overall normal-

Nzation cancels from the ratio of these charged current de-
cays, leaving only the new semileptonic contributions. As-
suming A}, (d&)>A%,(d%)=0 one obtains strong upper
bounds omA},,(dK) from the results in Eq(20). The corre-
o= - . - - (18) sponding 27 bounds are also shov.vn'in Fig. 1.

F(r —p v, tm—u v,y) In principle, an additional restriction on the allowed re-
gion arises from the the self-consistency of electroweak pa-
rameters. For example, one may relﬁié'\" to other param-

3 recent analysis of APV and other semileptonic data in terms ofeters in the SM 13,14

leptoquark interactions has been reported in Ri]. In that analy-
sis, no new purely leptonic interactions were included. These au-

M(r"—etvetat—etvyy)

R

thors find, as noted here, that the APV and charged current decay o
results are not consistent witk;,, >0 in the absence of new lep- GM= > , (22)
tonic physics. V2ME, sirf 0u(M)ie 1— Ar(My)s]
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whereAr (Mz)is denotes a radiative correction to this rela- results and rare decay limits can be accomodated in the RPV

tion in the MS-scheme. From a comparison Gf, with the
value of the Fermi constant computed according to (24)),
one obtains the & limits*°

—0.0035< A 1%4<0.0040. (22
This constraint is also shown in Fig. (6imilar constraints
can be obtained in other renormalization schemas.this
level, the bounds from Eq22) do not significantly impact

MSSM without requiring mass heirarchies in the soft SUSY-
breaking sector.

The viability of RPV supersymmetry in the present con-
text would be further constrained by improved limits on rare
B and 7 decays. In the light flavor sector, it may be tested by
future low-energy electroweak measurements. New measure-
ments of pion, neutron, and Fermi nuclgadecay will fur-
ther test the deviation o6£ from the SM value. A new
determination of the °C(0",g.s.)~1%B(0",1.74 MeV)

the allowed region. The approximate centroid of the a”owedoranching ratid20] yields a value folG£ consistent with the

is given by (A 15,=0.0025, A;,,=0.0010). This point corre-

sponds to a—0.15% shift in GE and a—0.5% change in
GEY from the SM values.

SM value, though the errors are considerably larger than
those corresponding to E¢L). A 0.7% determination of the
neutronB decay asymmetry parametdrhas been obtained

In general, experimental limits on flavor-changing neutralat Institut Laue-LangeviriLL) [21]. When combined with
currents and other rare processes impose stringent limits ahe world average for the neutron lifetime, the new value for
products of the\;j, and)\i’jk couplings when two or more are A implies an even smaller value f@{f than obtained from
simultaneously nonvanishing. The case considered above ihe average of superallowed decays, with a similar uncer-
no exception. However, when the purely leptonic correctiontainty. A future, precise determination &fis underway at

A (ef) involves the exchange of a slepton k=3), the

Los Alamos.

limits from rare processes do not appear to rule out the si- Among neutral current studies, a PV Mo scattering
multaneous occurrence of a leptonic and semileptonic RP\#xperiment is planned for the Standard Linear Accelerator

interaction. For example, if the;,3 and\ 1, (k=2 or 3 but
not both interactions are both nonzero, then the dedays

— 7 u* (k=3) or 7— uK® (k=2) can occur via the ex-

change of a7/eL. The corresponding branching ratios &té
(90% C.L)

B(r— uK®%<1x1073, (23
B(B%— 7" u*)<8.3x10 4. (24)
These results imply that
VIN M 124 <0.1( M;L/100 GeV, (25)
VIN113 124 <0.036 M;L/100 GeVj, (26)

By comparison, takingA iy (ef)=0.0025 andAj,(dX)
=0.0010 as above would require

[\12 =0.04AM3/100 GeV),

|)\i]k|=0.026Ma;/100 GeV. (27
If M;2~MEE~M3|§, then Eq.(27) implies
VIN 5N 12 ~0.033 M7/100 GeV, (28

where M3 is a common sfermion mass scale. Comparing

Egs.(28), (25), and(26), one sees that the decay and APV

“Note thatA ;=0 according to Eq(15).

Center(SLAC) [22]. The Mdler asymmetry is sensitive to
the leptonic correctior\ 1 . At tree level, one has

S.=AA r(ee)/ATN(ee)

Ag(eR). (29

+ 4 A
1-4sirt 6y
Including the O(a) electroweak corrections iy [23]

leads to&ew—31A12k(E‘,§). The expected precision for this
experiment is=7%. Thus, a result implyings5*=0.11
would begin to impact the @ constraints in Fig. 1.

In the semileptonic sector, additional experiments are
planned in APV. These measurements will consider ratios of
PV observables along an isotope chain in order to reduce the
effect of atomic theory uncertainties. For example, if
Apy(N) denotes an APV observable for an isotope with
neutrons, one may consider

o= APN) —Apv(N)_ Qu(N') —~ QudN)
Apy(N)+Apy(N)  Qu(N')+Qu(N)

Letting R=R SM(1+ 63), whereR SM denotes the value in
the SM, one ha$7,24]

(30

2Z .
N _ ~k ro Ak A (R
5R~2(—N,+N)[ 2N, A x(€R) + 24 1y (dg) — Agja(at) ]

(Za)?(3I7) 8(AXy). (31)

- (m
Here, | have followed Refd.25,26] and approximated the
nucleus as a sphere of constant neutron and proton densities
out to radiiRy and Rp, respectively. The parametérXy
=(Ryr—Ry)/Rp and SA X, denotes the uncertainty in this

SFor a similar analysis in terms of the oblique parameters, see Refjuantity. Note that unlike the correction to the PV amplitude

[19]

for a single isotope, the dependence &f on the purely
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leptonic new physics is not negligible. Given the allowedorder in the new interactions. This feature is general and
region in Fig. 1, the first term in Eq31) could range be- applies to situations other than the RPV SUSY scenario dis-
tween—0.0006 and 0.0019. Although one anticipates an excussed herg¢7]. From Eq.(32), one would expect-0.03
perimental uncertainty id; of ~0.001-0.003, the uncer- <AQ},/Qf,<0.4 for the allowed region in Fig. 1. Alterna-
tainty in the nuclear structure term is likely to be lar§él.  yely, a 3% determination o@p, would begin to tighten the

The sensitivity of isotope ratio measurements to possmI%U allowed region if5EX5—0.02. Recently, a letter of in-

RPV effects is thus complicated by nuclear structure b 0 X
uncertainty. tent to measur®)yy, at the 3-5% level with PVES at the

Alternatively, one may access the RPV corrections with 2/€fferson Lab has appearl/]. In contrast to the situation
PV electron scatteringPVES measurement of the proton’s with the isotope ratios, the interpretation of a 3% PVES de-
weak charge. The relative shift induced in this case is  terminationQf, does not appear to be limited by strong in-
teraction uncertainties. Such a measurement could place new

and interesting constraints on the possibility of low-energy

Sp=AQN/Qh~ ( ) [— 2N A (e RPV effects.

1—4 sir? 6y
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where a small contribution to the coefficient &f, propor-
tional to (1—4 sirf 6,) has been omitted for simplicity of
illustration. Note that, apart from the latter, the dependenc
of Qf, on new RPV physics is the same as thaffto first
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