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We analyze the one loop corrections to hadrahidecays in arR-parity violating extension to the minimal
supersymmetric standard model. Performing a global fit to all the hadronic observableg petile we obtain
stringent constraints on thHRviolating coupling constants’ and\”. The presence of these couplings worsens
the agreement with the data relative to the standard model. The strongest constraints come bFasythe
metry parameterd,, andAgg(b). From aclassicalstatistical analysis we find that the couplings, , \{3,, and
N3, are ruled out at thed level, and thai /33 and N34 are ruled out at the @ level. A Bayesianstatistical
analysis weakens the bounds, but the correspongftgjare uncomfortably large, rendering the relevance of
the Bayesian bounds suspect.

PACS numbgs): 12.60.Jv, 12.15.Lk, 13.38.Dg

I INTRODUCTION wherel;, E;, Q;, U;, andD, are the MSSM superfields
defined in the usual fashiofb], and the subscripts,j,k
R-parity conservation is often assumed in supersymmetric=1,2 3 are the generation indices. These interactions can
model building in order to prevent a host of phenomenologigive potentially sizable radiative corrections to the hadronic
cal complications such as fast proton decay. This also servashservables depending on the size of the coupling constants
to make the lightest supersymmetric parti¢leSP) stable X, \’, and \”. The A couplings are already tightly con-
and thus provide a dark matter candidate. HoweReguarity  strained to b& (10 2) or less, and their effect on tiepeak
conservation is not aecessarygondition for avoiding many observables is negligibls].! The constraints on the’ and
of these problems. For example, the imposition of other disx” couplings are much less stringent. However, they cannot
crete symmetries, such as conservation of either baryon nunpe present simultaneously in the Lagrangian since this would
ber or lepton number, may be adequate to provide phenomead to unacceptably fast proton de¢ay. Therefore, we can
enologically acceptable model&or recent reviews, see Ref. make the further simplifying assumption that only one or the
[1]) Furthermore, the evidence for neutrino mass recentlyinar of the operatorg;O;D, and U;D:D, is present at a
observed at Super-Kamiokan{] gives improved motiva- ime. ' !
tion to consideR-parity violating extensions to the minimal  \yhen constrainingR-violating interactions using experi-
supersymmetric standard modeISSM). Therefore, one is  menta| data, it is important to provide a consistent account-
led to question just how mucR-parity violation can be in- jng of the corrections from thB-conserving sector also since
troduced without conflict with current experimental data. INthey may be sizable depending on the choice of supersym-
this paper, we study the radiative corrections fréfparity  metric (SUSY) parameters. It is also important to inclual
violating extensions of the MSSM to the electroweak observine affected observables in a global fit since different observ-
ables in hadroniZ decays, namely the ratios of hadronic 4165 may pull the fit values in opposite directions. This was
partial widths and the parlty+V|oIat|ng asymmetries. EXperi-justrated in our previous papdf] in which violation of
mental data from the CERN" e collider LEP and SLAC jenton universality was used to constrain the couplings.
Large Detector(SLD) place stringent limits on the size of Tpere thez-line-shape observables alone preferreda 2
(fese cortections, thereby consiraining the possible NGt of [14,]<0.30, but a global fit resulted ifhgs|
N <0.42. Neither of these points were considered in previous
We focus on the effects of tifé-parity violating superpo- . works such as Ref8] whereR-conserving corrections were
%eglected altogether, and only corrections to the ratios of
hadronic to leptonic partial widthsR =T/ (I
=e,u,7) Were considered. It is clear that these ratios receive
R-conserving corrections from top-quark—Higgs-boson and
chargino-sfermion loops, as well as QCD and gluino correc-

soft-breaking term$3]. This simplification allows us to ro-
tate away the bilinear termigl]. In this case, theR-parity
violating superpotential has the following form:

1 . 1 o tions which depend strongly ong(M ). Consequently, the
W= NijLil i Bt N LiQiDict 5N UiD{ Dy, resulting 1o bound of| X%/ <0.50 of Ref.[8] is hardly ro-
(11) bust.

In this paper, we consider all the purely hadronic observ-
ables which can be expressed as ratios of the quark couplings

*Email address: lebedev@quasar.phys.vt.edu
"Email address: loinaz@alumni.princeton.edu
*Email address: takeuchi@vt.edu They do not affect the quark couplings in any case.
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to the Z, i.e. the ratios of hadronic partial widths and the (3) 1PI diagrams with two fermions and one scalar in the
parity violating asymmetry parameters. These are unaffecteldop, with two mass insertions on the fermion lines.
by QCD and gluino corrections since they modify the left- (4) Fermion wave function renormalization diagrams.
and right-handed quark couplings multiplicatively, leaving In these diagrams, it is clear that the scalar must be the
the ratios of the couplings intatt.The rest of the sparticle while the internal fermion must be an ordinary lep-
R-conserving sector induces relevant corrections toléfte  ton or quark. The invariant masses of the external gauge
handedquark couplings only, whereas tiebreaking sector boson and the external fermions must be serlnﬁoand mg
affects predominantly theight-handed quark couplings. ~0, respectively.
This allows us to parametrize and constrain Rreonserving Of the four classes, the third class is finite while the 1/
and R-breaking corrections separately, thereby constrainingoles of the first two classes cancel against the poles in the
the R-breaking sector without makingd hoc assumptions  fermion wave function renormalizations. An explicit evalua-
about theR-conserving sectot.Also, since we incorporate tion of the finite pieces of the diagrams reveld$that they
into our fit the corrections to the forward-backward and po-lead to numerically significant contributions only when the
larization asymmetries which are much more sensitive thafermion running in the loop is heavy. In fact, the amplitude
R, to the shifts in theight-handedquark couplings, we are of a diagram with a massless internal fermion is only about
able to substantially improve the limits on thebreaking  10% of that with an internal top quark, assuming that the
interactions. scalar(sfermion) mass is the same. Since each diagram is
This paper is organized as follows: In Sec. Il we discussproportional to\’ or \” squared dropping these 10% con-
the approximations we make to simplify our analysis. Intributions to the amplitude will result in a 5% uncertainty in
Secs. Il and IV we discuss how theé and\” interactions  the limits obtained for the.” and\”. We can therefore ne-
affect the couplings of the quarks to t@e Section V dis-  glect any diagram which does not involve a top quark. This
cusses the corrections from tReconserving sector. In Secs. means that the onlR-violating couplings which are relevant
VI and VII, we parametrize thB-conserving andR-violating  to our discussion are/s, (9 parameter)sand)\gjk (3 param-
corrections to the LEP and SLD observables and fit them teterg.
the latest expermental data, and then translate the result into Frthermore, the values of the top-quark diagrammat

Iimits on\’ _an_d \". In Sec. Viil, we provi_de_the Baye_sian —0 provide an excellent approximation to the full integral.
confidence limits or” and\" with thea priori assumption  Henceforth we work in this approximatioie note that the
that the MS.SM withR-violation is the correct underlying diagrams carrying only massless fermions would vanish in
theory. Section IX concludes. this limit even if we had previously retained them.

In the limit m2—0, the four classes of diagrams can be
written in terms of the ¥ pole piece and two independent
functions of the fermion-scalar mass ratie- m?/m2 which

As we stated in the Introduction, we only consider superWe callf(x) andg(x). Their explicit forms are shown in the
symmetricR-violating interactions and neglect the effects of Appendix. We note thag(x), the function which appears in
soft-breakingR-violating terms* We also neglect tha in-  the two-scalar one-fermion and the fermion wave function
teractions and consider only thé or the\” interactions ata renormalization diagrams vanishes rapidlyas 1. Thus,
time. In addition, left-right squark mixing is neglected sincethe finite pieces of the the two-scalar one-fermion and the
their effects are expected to be unimportgfit Even with ~ wave function renorr_nallzat|on d|gg_rams may be neglectgd
these simplifications, we still have 27 independkhtcou-  for small scalar-fermion mass splittings. Note further that if
plings or 9 independent” couplings which must be consid- the poles of these diagrams can¢as is the case for dia-
ered. grams involving gluinos, for examplethe m§=0 finite

However, a careful look at the diagrams which must bepieces WiII_ also cance_l. These cpnsidera}tion_s apply_equ_a_lly to
calculated begets a further simplification. The corrections tdR-conserving corrections, leading to significant simplifica-
theZqEvertex generated by the’ and\” interactions in the tions in their contributions as well, the details of which will
superpotential fall into four classes: be discussed in Sec. V.

(1) One particle irreduciblé1lPl) diagrams with two sca-
lars and one fermion in the loop. [ll. CORRECTIONS FROM THE A\’ INTERACTIONS

(2) 1PI diagrams with two fermions and one scalar in the
loop.

II. PRELIMINARY SIMPLIFICATIONS

The R-parity violating\’ interactions expressed in terms
of the component fields take the form

, - - -
2We assume degenerate squark masses. ALp= )\i’ik[ Vit + dju dirvie + d:RViCLdjL
3Similar methods have been used in RE8.and[10] to constrain
flavor specific vertex corrections while taking into account the fla-
vor universal oblique corrections. (3.1
“See Ref[3] for a discussion on their possible effects. LEP and
SLD hadronic observables can also be affected by resonamAs discussed in the previous section, the dominant correc-
sneutrino productiof11]. tions to hadroniZ decays from these interactions are those

_(eiLdkRUjL+UdekReiL"r‘d’cheicLUjL)]‘f' H.c.
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FIG. 1. One-loop corrections t@—d_dy_
dip, involving the R-parity violating\’ couplings.
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which involve the top quark. These are shown in Fig.The
diagrams with an internal top quark and external leptons 5hi3k~—2|)\i’3k|2F(x) (3.5
were considered in Ref7].) This necessarily means that 2(4)
only the couplings of theight-handed down-typquarksdiR
to theZ are corrected in our approximation.

Using notation established in Réf/], the corrections to
the Z decay amplitude from these diagrams are X (

where

FOO=f(0+900= 1=

1 m?
1—x 1+ ——Inx|, x=—7.

1-X m;
ZH(P+0) Qe (P) Yl (@) (3.6

For mg=100 GeV, this becomes

—INT 12| —j
IN{ail? —i COSOyy
X (1a):2hg C54(0,0mZ;me,mg ,mg. )

. Sz~ —0.215%]\ /g, |2 (3.7
X (1b):hy [(d=2)C4(0,0m ;g ,my,my) " N

The full shift to the coupling of the qualdkkR to theZ due to

R-violating\" interactions is then obtained by summing over
the slepton generation indéx

- mECZS(anmg 1 mé”_vmt 1mt)]
X (1¢):—h, mfCo(0,0m3 ;g ,m;,my)

X (10)+ (1€):2hq B (0:my, M, ) 3.2 ohE = Shige~—0.2159%> [\izl? (3.9
I 1
where
Observe that this is a different combination)of couplings
hi, =13~ Qsinfly, h;,=—Qssirgy. (3.3  thanthe combinatioiX |\ /5,2 which is constrained by lep-
ton universality in Ref[7].

The tree level amplitude ibdm times the expression in the

square brackets. These corrections can be expressed as a shiftV. CORRECTIONS FROM THE A" INTERACTIONS

in the couplinghy,: The R-parity violating\” interactions expressed in terms

A of the component fields take the form
Shig=— |\ sl *[2he Coa(my N, G, )

" 1 " 3 3 i
+hy {(d=2)Coq(mg, ,m;,my) ALy= Z N[ uididg +uidf di+uf didi] +H.c. (4.1)

_2A _ 24
Mz Coa(Me, M, M)} — hy M Co(Mg, My, my) The SU(3) color indices are suppressed. Note thgf is

(3.4 antisymmetr_ic in the last two indices due to color anti-
symmetrization.

Again, the corrections involving a top quark are necessar-
Henceforth we assume a common slepton Mags=nmg,  jly those with a right-handed down-type quark on the exter-
i=1,2,3. The full expression fosh;s is well approximated nal legs as shown in Fig. 2. Their respective contributions to
by the Ieadingn§=0 piece of the expansion in tiemass: the amplitude are

+hg Ba(m,mg, ).
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FIG. 2. One-loop corrections tZ>—>deEjR in-
volving the R-parity violating\” couplings.

(d) ()

The full shift to the coupling of the quart; _ to theZ due to

cosfyy Z%(p+a) Qjr(P) 7,.9;r(Q) R-violating \" interactions is then obtained by summing over
the slepton generation indéx

— 2Nyl i

X (2a): —2hy Cpqy(0,0mZ;my,mg_,mg, )

Iéi _ n 2
. shE = sha~—0.43%>, N2 |2 4.6
X(2b): —hy [(d—2)Cpy(0,0mZ ;g m;,my) 4r Ek: 3ik OEk:| 3 “49

—m2C4(0,0m2 MG, oM. my)] In contrast to thex case,\” interactions danot correct
any of the lepton couplings to thé Thus they do not give
rise to lepton universality violations, and no additional con-
straints on\” couplings arise from analysis of the lepton
X(Zd)+(29)12hdR51(0;mtam&kR)- 4.2 sector. Thus, all significa_rfR—vioIating N _shifts to_Z pole
observables appear as shifts to the effective coupling af the

The common leading factor of 2 in this equation is a consel© fight-handed down-type quarks.

guence of the identity

x(2¢):hy, mECo(0,0m3 ;g ,m;,m;)

V. CORRECTIONS FROM R-CONSERVING
8abc£a'bc:25aa’ . INTERACTIONS

These corrections shift the coupling of the right-handed ffASt s”fes_?/?dl [[?nthﬁltlr:troguﬁt'ovz" Ir?1 ortderr to rIISO|atre r::‘_e
down-type quarkn to theZ by effects ofR-violating interactions we must properly para
R

etrize theR-conserving radiative correctiorfa partial study
R of these effects has also been performeldLz]). We work in
Shgje=—2| )\/éjk|2[ —2hg Cog(me,mg, ., MG, )

—hy {(d— 2)624(makR, My ,My)
- mgé%(mam, mt ymt)}+ hULmIZCO( makR, mt 1mt)
+hy By(my,mg, )] 4.3

We assume a common squark Megs_= g, k=1,2,3. As

in the\’ case, we have neglected all diagrams which vanish
in the limit m,—0 in the above expression. Applying the
same approximation to the leading diagrams leaves

1
Shai o~ —— |\ [2F(x 4.4
sk g Nkl F 00 (4.4

(© (d)

; — 22 _ .
with X_m‘/ma' Formg=100 GeV, this becomes FIG. 3. Examples of leading 1MR-parity conserving chargino-

v o2 sfermion contributions subsumed ine?. There are analogous dia-
5h31k* _0-43%|7\3jk| . (4.9 grams withu, quark final states and with lepton final states.
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by 5 b, A shift proportional to the isospin can be written as an

H'/ tr overall multiplicative change in the coupling and a shift in
7 WN::' th 7 WW::*' - the effective value of sfg,:

H_\ {R = . S|n2 0W

by by hi, =13i(1+ 8)—Qsin’ Oy =(1+ ) ls—Q 75

(a) (b) (5.3
_ Sir? Oy
hi,=—Qsir’ 6y,=(1+6)| —Q 155 |-

Since we utilize only observables which are ratios of cou-
plings, the multiplicative correction cancels and only the
shift in sirf 6, is measurable.

Charged Higgs-bosortop quark (Higgsinetop-squark)
(c) (d) loops The charged Higgs-boson—top-quark corrections

by [Figs. 45_;1), 4(d), 4e)] an_d_the supersymr_netri_zed versions of

these diagrams containing the chargino-right handed top
squark loopgFigs. 4b), 4(c)], as well as the corresponding
wave function renormalizations, are peculiar to thefinal
states. Higgs boson and Higgsino couplings to lheand
other fermion final states are suppressed by the light fermion

b masses and are neglected. The model generically predicts
() 5h[,‘i995>0. This is a result of the fact thdt) the charged

FIG. 4. Leading 1PR-parity conserving contributions specific Higgs contribution is always positivEL3] and (2) explicit

to Shi9%. calculation shows that the leadipg/m? Higgsino contribu-
tion vanishes.

the limit of degenerate sfermion masses andgart large. Gluino-squark loopsThe leading (2=0) contributions
In this limit, only two parameters are necessary to accountrom the diagrams shown in Fig. 5 vanish as a result of the
for R-conserving effects. relation (see the Appendjx

We list all relevant vertex corrections froR-conserving
MSSM interactions: [2 (;24(0,0m§;m§ MG, MG) + B4(0;n,1m) ]m§:o=0-

Chargino-sfermion loopsThe fermion interactions with
the gaugino component of the chargino can generate substan-
tial corrections to the left-handed couplings of all the fermi-
ons (Fig. 3). The correction to the up-type and down-type
quark couplings from the diagrams shown in Figd)33(c),
3(d) are proportional to

(5.9

Even for the subleading terms, in the limit of degenerate
squark masses the gluino—squark loops induce only a univer-
sal shift to all of theZ-quark couplings. Just as for QCD
corrections, this shift cancels in the ratios of hadronic widths
(3b.c.0) . 5 and asymmetries and therefore does not enter into our analy-
5hu|_ w O(ZhdL C24(m;(vmaLvmaL)+huLBl(mXamaL)i Sis.
(5.1) Neutralino-sfermion loopsThe gaugino component of)the
(3b,c,d) P - neutralino generates shifts to all of the couplingsy. 6).
ONg e 2y Cod My, MG, MG, )+ g Ba (M, MG, ), However, the only(potentially significant diagrams are all
of the two scalar, three sparticle variety. When these are
where the dependenc_:ez on the external momenta has beggmpined with wave function renormalization diagrams, the
suppressed. In the limih;— 0 andmaLzmaL, it is clear(see leading m§=0 pieces cancel in the sufisee Eq.(5.4)].

the Appendix that Therefore, these can be neglected altogether.
Oblique correctionsin addition to all these vertex correc-
5hffib'c'd): - (Shg‘ib'“’)oc(huL—hdL)z(l—sin2 Ow). tions, R-conserving interactions can also affepeak ob-

(5.2) servables through vacuum polarization diagrams, also known
as oblique corrections. Oblique corrections can all be sub-
A similar relation exists for the correction to the leptonic sumed into a shift in the parameter and the effective value

vertices providedn; =nv, . In addition, the diagram of Fig. of sir? 4, the first of which cancels in all of the observables

3(a) changes sign with the isospin of the final-state fermionhat we considef14].

As a result, the combined contribution from all the diagrams

in Fig. 3 is proportional to the isospin of the final-state fer-

mion but otherwise universal in the limit that all thkeft- SFor the purpose of this analysis, we treat Higgsino and gaugino
handed squark and slepton masses are degenerate. contributions separately.
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FIG. 5. Gluino-squark corrections to tIZ&qE
vertex.

Thus, in our approximation, the onR-conserving effects These observables have the convenient property(ihdhey
we need to consider afd) a shift in the left-handet cou-  are insensitive to QCD and gluino-squark corrections @nd
pling from charged Higgs or Higgsino correction, af@l a  the only dependence on oblique correctigmacuum polar-
universal shift in the effective value of €ifi, which sub- izationg comes from a shift in the effective value of %y, .
sumes the isospin-proportional correction due to charginoThis will permit us to constrain the parameters we are inter-

squark loops as well as the oblique corrections. ested in without complicating the fit procedure by introduc-
ing gluon-gluino corrections or corrections to theparam-
VI. FIT TO THE DATA eter.

Of the leptonic observables, we will include the ratio of

As we have seen, thie-violating A" couplings correct the electron to neutrino width®,,,=1",, /T ¢+.- and the elec-
left-handed couplings of the charged leptons and the rightiron asymmetry parameters, and AFB(9)=%A§ to help
handed couplings of the down-type quarks while Xffecou-  constrain the univers#&-conserving and oblique corrections.
plings correct the right-handed couplings of the down-typecorrections toA, must be considered in any case since it is
quarks only. TheR-conserving chargino-sfermion correction present in the hadronic observabhes;(q). Though the left-
is absorbed into a universal shift of 86y, (provided that all  handed lepton couplings receive corrections fromxthen-
the sfermions are degenergtehile the Higgs-boson—top-  teractions, the size of the correction particular to the electron
quark correction is only relevant for the left-handeduark. s already so tightly constrained to be small by other experi-
Since we have already discussed the limits placed omthe ments that we can neglect it entirely. We drop allor =

couplings from the leptonic observables in a previous papegependent observables from our fit so that we can use the
[7], we will concentrate on the corrections to the quark ob-resylt to constrain both the’ and\” cases.

servables and perform a fit which encompassed botinthe |y Table | we list the experimental data we use in our fit
and\” cases. with correlation matrices shown in Tables Il and Ill. We
In order to constrain the size of these corrections we Wi”caution the reader that many of these numbers are pre”mi_
use theratios of the hadronic partial widths nary results announced during the summer 1999 conferences,
so they, and our resulting fit derived from them, may be
r— h§L+ hﬁR subject to change. Some comments are in order:
Ry= rqq = (g=c,b), (1) The ratio
had 2 2
> (h o thy)
q'=u,d,s,c,b L R FV: h,sz
Rv/e: =
r— h2 +h? Tere hg +he
R/ = qq _ L R
q oot Tagt+Tes 2 (h2,+h2,) is calculated from the first siX-line-shape observables. Its
g=uds 9 correlation toAgg(€) is +28%. Its correlations to the and
7 observables, which we drop, are negligibly small.
(a=u,d.s), (2) The 7 polarization data have been updated from Ref.
o [15] with new numbers from DELPHI16,17]. We keep only
and the parity-violating asymmetry parameters A, and dropA._..

(3) The SLD value ofA g (which is the same thing &)
3 is from hadronic events onl, is from the leptonic events.
Ars(0)= 7AeAq, (q=u.d,s,c,b). Its correlations to the dropped, and A, are negligibly
weak. (The errors are dominated by statistjds].)

2 42
_th th
a2 2

th+th

q

\
"
<4 =2
N
\

FIG. 6. Neutralino-squark corrections to the
Zqq vertex.

K
2 ¢
h
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TABLE |I. LEP and SLD observables and their standard modelThere is a+31% correlation betweeA’gB(s) and AEB(U)

predictions. The ratidR,;o=I",, /T ¢+e- was calculated from the

[19]

Z-line-shape observables. The standard model predictions were cal- (5) The DELPHI measurement @fq5(s) assumes stan-
culated usingzrITTER v.6.21[23] with m;=174.3 GeV[24], my

=300 GeV, andag(my;)=0.120 as input.

Measured ZFITTER
Observable Reference Value Prediction
Z-line-shape variables
my [16] 91.1872:0.0021 GeV  input
r, [16] 2.4944+0.0024 GeV —
o [16] 41.544-0.037 nb —
Re [16] 20.803+0.049 —
R, [16] 20.786+0.033 —
R, [16] 20.764+0.045 —
Arg(€e) [16] 0.0145+0.0024 0.0152
Arg(p) [16] 0.0167-0.0013 —
Arg(7) [16] 0.0188+0.0017 —
R,/e 1.9755+-0.0080 1.9916
T polarization at LEP
Ae [16] 0.1483+-0.0051 0.1423
A, [16] 0.1424+0.0044 —
SLD left-right asymmetries
ALr [17] 0.15108-0.00218 0.1423
Ae [17] 0.1558+0.0064 0.1423
A, [17] 0.137+0.016 —
A, [17] 0.142+0.016 —
Light quark flavor
R.* [OPAL] [19] 0.392+0.062 0.360
Afg(s) [OPAL] [19] 0.075-0.029 0.100
Afg(u) [OPAL] [19] 0.086+0.037 0.071
AEL (s) [DELPHI] [20] 0.1008:0.0120 0.1006
A% [SLD] [21] 0.85+0.092 0.935
Heavy quark flavor
Ry [16] 0.21642+0.00073 0.21583
R. [16] 0.1674+0.0038 0.1722
Agg(b) [16] 0.0988+0.0020 0.0997
Agg(C) [16] 0.0692+0.0037 0.0711
Ap [16] 0.911+0.025 0.934
Ac [16] 0.630+0.026 0.666

(4) The OPAL measurements &, Agg(s), andAgg(u)
assume standard model values Rf=0.359 andAgg(d)

=0.100. To account for the shifts in the down observables in

dard model values oArg(u)=0.0736 andArg(d)=0.1031.
It should be interpreted as a measurement of the following
linear combinatiorf 20]:

£8 (S)=Agg(s) —0.156 Agg(u) —0.0736
—0.117Agg(d)—0.1031.

(6) The SLD measurement &, [21] assumes standard
model values foA,, Aq, R|,, andR. (The dependence on
the heavy flavor variables is weak and negligibl€o ac-
count for shifts in these input parameters the measurement
should be intepreted as constrainir&g]:

A* =A,—0.0602A,—0.668 —0.046TAy— 0.936]
~1.37R,—0.280 - 1.2q R}~ 0.360).

(7) The heavy flavor data are the combined fit to the LEP
and SLD data compiled by the LEP Electroweak Working
Group [16]. The central values oA, and A; are shifted
compared to the original SLD values of

Ap,=0.905-0.026

A.=0.634+0.027.

Using these numbers instead of those shown in Table | will
result in a slightly tighter constraint on thRviolating cou-
plings, but we will present the results using ttEPEWWG
numbers to be on the conservative side.

We denote the shift in sf¥, due to oblique and
chargino-sfermion corrections b§s® and the shift from the
Higgs interactions specific to the left-handed coupling of the
b by 5h§1995. The R-violating shifts specific to the right-

handed couplings of the, s, andb quarks are denoteﬁwﬁ‘R,

ohg, ., and 5h§R. Then the shifts in the couplings of the

guarks, the electron, and the neutrino are given by

sh, =0
L
She = 657

She, = 65

our model, the data should be interpreted as constraining the
following linear combinations:

R'*=R!+1.83 [R,—0.359

AFg(s)=Agg(s) —0.39 Agg(d) —0.100

Afg(u)=Agg(u)—1.49 Agg(d) —0.100.

2 2
5h“|_: - §5S

2 2
5hUR: — § oS

1 2
5hdL: § oS
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TABLE II. The correlation of thez-line-shape variables at LEP.

mgz I'; (o ﬂad Re R, R, Arg(e) Apg(u) Agg(7)
my 1.000 —0.008 —0.050 0.073 0.001 0.002 —0.015 0.046 0.034
T, 1.000 -0284 -0006 0008 0000 —0002 0002 —0.003
ey 1000 0109 0137 0100 0008 0001  0.007
Re 1.000 0.070 0.044 —-0.356 0.023 0.016
R,_L 1.000 0.072 0.005 0.006 0.004
R, 1.000 0.003 —0.003 0.010
Acs(€) 1.000 -0.026 -0.020
AFB( 7') 1000
1 Ik _ 2 R _ R
e = 2 557+ 5h§R SR.* =0.151557 +0.24250% —0.00585n"
X SAEe(U) =3.74552+0.2620h5
she, = — 5 65
L3 A R
5A%e(S) = — 3.72552+0.05586hf; —0.1746hf
2
oh, =— = 552 **x — 2 R _ R
=3 SAZS (5)= — 4.15552+0.0200h5 —0.1740hf
1 . SAY = —0.321852— 0.04446h% —1.375hR
5hsL: § s S ' : dg : SR

1
ohy, = 85>+ ohf.

SR 3

1

5th: 3

1 2
Shy, = — = 852+ shfy .

3

The dependence of the observables on these fit parameters
can be calculated in a straightforward manner. For instance,

2 Higgs
9s°+ ohy/

R

we find
SRyje _ 26h,, B 2he She +2hg ohe_
vae hvl_ th‘F th
2he +2h,_
=—| —5 | 65°=0.6455
heL+ heR
or

8R,je=1.1755>

where the coefficient has been calculated assumirfgagin

=0.2315. Similarly,

A= —7.6165?

S5Arg(€) = —1.6365?

5Ry=0.039255?~0.03960hf; —0.03966hf
+0.1416hR —0.7715h90s
R L

5R,= —0.060565%— 0.03165h’} —0.03165n’

~0.03166hfl +0.1735h}99°

SArg(b) = —5.4065~ 0.1726hf} —0.03155h}199°
SArg(C) = —4.175s°
5Ay=—0.63655?— 1.615n —0.2056h}190°
SA.= —3.4555” 6.1

Fitting these expressions to the data in Table I, we obtain

TABLE lll. The correlation of the heavy flavor variables from
LEP and SLD.

Rp Re Arg(b)  Arg(c) Ap Ac
R, 1.00 -0.14 -0.03 0.01 -0.03 0.02
R, 1.00 0.05 —0.05 0.02 -0.02
Agg(b) 1.00 0.09 0.02 0.00
Agg(C) 1.00 -0.01 0.03
Ay 1.00 0.15
A, 1.00
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TABLE IV. The correlation matrix of the fit parameters. Lo e
- A(SLD) feiid
2 R R R Higgs 1 :
L . L L ! Autt e
552 100 001 -006 —042 —0.15 27 1t
ShR 1.00  —0.30 009 -0.75
2R
5th 1.00 0.05 —-0.22 thn oo
ShR 1.00 0.30 ~
R
Shp 99° 1.00

-0.5

8s?=—0.00092+ 0.00022

01 ~0.005 — o005 001
shlf =0.081-0.077 s
FIG. 8. Constraints in thész-éth plane from various observ-
A ables.
5hSR= 0.055-0.043
stringent constraint oﬁhﬁR comes fromAfg(u), while Figs.
5h'§R:O.026t 0.010 8, 11, 14, and 15 show that th%hfR is constrained byA?

andA%g (s). Figures 10, 13, 15, and 16 show thmgiggs is
largely fixed byRy,. It is clear from Figs. 12, 14, and 16 that

; R
with the correlation matrix shown in Table IV. The quality of the strongest constraint Q?th _comes fromAs, andAFB(_b)_'
the fit was y2=12.0/(16-5). The standard model predic- However, a careful look at Fig. 9 shows that the limit on
tions were obtained usingFITTER v.6.21 [23] using m, 5th is strongly correlated with the value @s?. Because

=174.3 GeV[24] and m,=300 GeV. Except fords?, the A . and other measurements prefer a slightly negafisie
best-fit values and uncertainties of the parameters are virt R

ally unchanged when the standard model Higgs boson maige preferred value oﬁth from Arg(b) is shifted to the
is varied between 100 GeV and 1 TeV. By far the largesiositive side[9].
contribution to the y? is from those observables
[R,/e,Arg(C) andA, contribute a combined 8}&vhich serve
only to compete withA  in determiningss?. VII. LIMITSON A" AND \”

In Figs. 7—16, we show the limits placed on the five pa- : ) .
rameters by various observables projected onto two dimen- Usmg. E_q. (3.8, we, can translate our f'F results in Eq.
sional planes. Figures 7, 11, 12, and 13 show that the moé?'z) to limits on the\” couplings constants:

Sh}9%°= — 00031+ 0.0042 (6.2

1.0 UL B I ¥ 4T B 0.10 T IR T L I
A(SLD) |eitd Agpl(e)
i At o I M =] frs(c)
05 [ R 0.05 — X : -
S Ay ]
éth 5/1& 0.00 ; .... §-— 3 N —
-0.05 :— —
'\ Arp(b)
o0 L AR LN ‘
-0.01 —0.005 0 0.005 0.01
852
FIG. 7. Constraints in thész-éhi plane from various observ- FIG. 9. Constraints in thész-ﬁhSR plane from various observ-
ables. ables.
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0.10 ST B - i 010 T T T T
A, (SLD) | I X : // ]
L Arg & I AFB(u) ey j
0.05 — — 0.05 — ’ —
A.(LEP) i ]

/lFB(C) g L
iggs | O S

5h?ng 0.00 & thR 000 " il

YA _—

-0.05

-0.05 _
AFB(G)
:45‘5(())
o1 b LR I L ];:i
"-0.01 ~0.005 0 0.005 0.01 -0.10 " : . L ! L "

shl,

FIG. 10. Constraints in theSsz-(ShEiggs plane from various -
observables. FIG. 12. Constraints in theshy -éh,_  plane from various
observables.

N aq|?2=—38+36
Ei I\{adl zi INlal?<—6 (14) [34]

2 [\gg?=—26+20 (7.0 2 Ngd?<=7.4 (-2.8 [19].

This imposes the following (2) [30] limits on the indi-
> IN/sg?=—12.1+4.7. vidual couplings in the sum:
i

IN/31/=<(5.8) [8.4]
The correlations between the fit values of the couplings are )
relatively small(see Table IV. The 1o (207 [30] upper N3 =<(3.8) [5.9] (7.3
bounds are then

Nz =<(—) [1.4].

2 |7\i,31|2$ —2 (34) [70] (7.2 Fori=1 andi =2, stronger constraints at ther2evel on the
i relevant couplings are available from other types of experi-

1AO|||||||||:|:|||||v O_IOIVII[II

Shi Shifiess o0 |
“os |- e - 005 [~
PP N R | R I R N ANV | EE B .
-1 -0.5 0 0.5 1 -1 -0.5 o} 0.5 1
Shf, h,
FIG. 11. Constraints in the§h§R-5h§R plane from various FIG. 13. Constraints in theﬁhﬁR-éhbéR plane from various
observables. observables.
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0.10 T T T T A VAR 0.10 T L T v ,'A‘ .“
i Az (s) \ﬁ, V ] i : |
- = Abs(s) 1 I Ars(s) [ | 1
0.05 — Q_'.' — 0.05 ! -
L e \ Ab 4
.................... W
TSR Y ) NS S — y \‘ """"""""" - 5hy % 0,00
-0.05 — <4 A: — -0.05
i - R,
L . .:..:.I.H‘ B A1RRS
-0.10 o o5 1 010 ) 05 1
hl, ShE
FIG. 14. Constraints in the?h?R-éhffR plane from various FIG. 15. Constraints in the‘)‘hﬁR-éhbéR plane from various
observables. observables.

ments[6], so these constraints fail to improve previous re- -

sults. The strongest constraint is ba 3, where the best-fit Ek Naad"=—3 (7) [17] (7.9
value of the sum of squared couplings is negative even at

20. This constitutes a significant improvement in the upper

bound on|\/3) over previous bounds on these couplings ; IN3al’=—3.7 (-1.4 [0.9].

which were nonzero at the o2 level. These results are

complementary to those obtained in RET], in which @ Recall that the” couplings are antisymmetric in the last two
different combination of\" couplings was constrained. In jndices; thus, each of the sums above consists of only two

particular, for thex{3; couplings, theo from the lepton uni-  terms. The (2) [3¢] upper bounds on the individual”
versality constraints is much smaller, but the best-fit value otouplings are then

the squared couplings from the hadronic constraint is nega-

tive by an even greater statistical significafice. N5 =<(2.7) [4.1]
Next, we consider the constraints on th& couplings. (7.6)
These couplings have hitherto been constrained by experi- IN3g|<(—) [0.96].
ment only weakly or not at all. Using Ed4.5, we can
translate Eq(6.2) into the bounds Thus,\33, and\ 35, are excluded at the®level, and\ 3, is

excluded at the & level. These bounds significantly improve
) the 1o bound of|\%4]<0.50 fromR, [6,8].

Ek A3y l*=—-19+18 These improvements on the bounds)df and \” are a
consequence of the fact that while the data prefgresitive
shift in the right-handed coupling of thg which is nonzero

D I\l |2=— 13+ 10 (7.4) by 2.60, both\’ and\” corrections shift the coupling in the

R ' negative direction. This situation is not mitigated by increas-
ing tang [26].

> [Njal?=—6.0+2.3. VIIl. BAYESIAN CONFIDENCE INTERVALS
. FOR A’ AND A"

Again, the correlations between these constraints are rela- In the previous section we performedlassicalstatistical
tively weak, so we neglect them henceforth. The (20) analysis; i.e., we performed a fit to the data without any
[307] upper bounds are then priori assumptions about the viability of the model. In par-
ticular, we made no assumptions about the signs of the cou-
pling shifts when fitting the data. As a consequence, the best-
2 INjul?<—1 (17) [35] fit values for the squares of thieviolating couplings were
K negative, resulting in strongeland 2o bounds.
An alternate method for calculating confidence levels is to
use Bayesian statistical analysis. This technique assumes that
®A strong independent constraint aris; will be available from  R-violating SUSY is the correct underlying theory, and
the measurement of the invisible width of theresonanc¢25). therefore that the shifts to the right-handed couplings are
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010 value of 5h};'%%° consistent with the model is zero; as a result

of this tension, the corresponding increases even further.
To be quantitative concerning the largé of the con-

strained fit confidence intervals, we present the following

example. They? corresponding to the 68% and 95% confi-

dence intervals foﬁhfR are

0.05

Hi r
Shy, % 0.00

68%: x°’/Npe=26.1{16—1)— probability=3.7%

I (8.9
—00s |2 95%: x%/Npg=33.6(16—1)— probability=0.4%.

We see explicitly that the bounds obtained using the
: - Bayesian analysis are weak, but theassociated with these
L T - s o bounds is uncomfortably large. If the error bars continue to

-0.10
Shi shrink and the central values stay unchanged, the relevance
" of the constrained fit bounds must be questioned.
FIG. 16. Constraints in the?hs -6ht19% plane from various
observables. ROH IX. SUMMARY AND CONCLUSIONS

_ We find that the hadroni@-decay data from LEP and
only permitted to be negative arrihﬂiggs positive! The re-  SLD can be used to place significant constraints on the size
sulting confidence intervals for the couplings squared ar®f R-parity violating\’" and \" couplings. This is possible
positive, and the preferred values are those of the standakfcause the dominarR-violating interactions correct the
model(i.e. zerg. couplings of the right-handed down-type quarks only while

However, care should be taken when using these bound#)e dominantR-conserving MSSM interactions correct only
since they hide the fact that th& of the corresponding fitis the left-handed couplings. The parity violating asymmetry
quite large even at low confidence levels. The probability ofparameterg\, are particularly sensitive to shifts in the right-
these bounds arising as a result of statistical fluctuations iganded quark couplings while blind to shifts in the left-

therefore quite small. handed couplings. This allows us to constrainfaolating
Below we list the 68% (95%) confidence levels from the interactions independently from tieconserving sector.
constrained fit; Current data prefer a shift in right-handed quark couplings
oppositeto the direction predicted by the theory. As a con-
6h§ >—0.0046 (—0.010 sequencegll of the R-violating shifts considered in this work
R

are excluded at thed level. In the\’ case the strongest
& bound is on the\35, which are excluded at®and on which
ohg =—0.031 (-0.064, (8.)  we have set the @ bound:

i3 =<1.4. .
shf} =~ 0.061 (~0.123. \sd<1.4 9.1
For the\” case, the\3;, and\ 33, couplings are excluded at

The corresponding confidence limits on the couplings are he 25 level, and\Y,, is excluded at &. The (20) [30]

" upper bounds are
INlg|<1.0 (1.5 PP

) NG =<(2.7) [4.1]
N3] =<2.7 (3.9 (8.2 9.2

IN3g]=<(—) [0.96].

All bounds are calculated assuming a common sfermion

IN3d<1.4 (2.2

N5 <3.8 (5.6) mass of 100 GeV. For largécommorn) sfermion masses the
' above bounds may be interpreted as bounds|af|,(\"|)
N3] <5.2 (7.6) 8.3 X VF(X)/F(Xg), whereF(x) is defined in Eq{(3.6) and x,
i : .6). :

=mt2/(100 GeVY. We have also performed a Bayesian sta-
The best-fit value for&hgiggs is negative. However, the tistical analysis and obtained corresponding confidence lev-
L els. The results are collected in Table V.

Generically, R-violating interactionsreduce the magni-
tude of the couplings of the right-handed quarks toZtend
leave the left-handed couplings unchanged. Current LEP-

"We take the prior probability for the coupling shifts to be uni- SLD data prefer shifts whicincreasethe magnitude of the
form on the region permitted by the theory and zero elsewhere. right handed coupling, to the extent that even the standard

model generically predicts a positiv&wﬂiggs. The best-fit
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TABLE V. Classical and Bayesian bounds Brviolating cou-  pear in this work are proportional to the following expres-
plings. Here, F(X)=[x/(1-x){1+[1/(1-x)]Inx} with x sions:
=mZ/m?, xo=m?/(100 GeVY, and m is the common sfermion
mass. For the Bayesian limits, we assumed a uniform prior prob- 3 X , L .
ability for the coupling shifts in the region permitted by the theory. L [(d = 2) Caa (0,0,mE; e mg,my) = Cis (0,0, mEs may g, my )|
Note that previous efforts cited in Refl6] have ignored
R-conserving and QCD corrections, rendering questionable the va- ~o L E <A( n m_;) +f(z)] (A1)
lidity of those results. #

Bounded Quantity Classical Bayesian o 260 (0.0, mZim s moim.) A — 1 [1(, _lnm_} e
10 (20) [30] 68% (95% ["‘ (OO mEimpmam) & [2< ‘ u2) sl )}
N VFOIF(x) — @7 [410 27 (39 (A2)
IN5g | VF (X)/F(Xo) i (—) [0.96] 1.0 (1.5 mm}é’o(O,O,mZZ;ms,mI,m/) ~ -t [f(z) + g(2)]
p - : (4m)?
IN{31l VF(X)/F (xo) (58 [84 52 (78
I\ {32 VF (X)/F (Xo) — (B8 [59 3.8 (5.9 (A3)
N FOOIF() — — () [14 14 (22 by > o [ (- 2) o0
ek (4ny |2 w
o . _ (Ad)
model prediction is in only marginal agreement with the here
data. Future reductions in the experimental uncertainties i
the asymmetry parameters without changes in the central 1
values would eventually rule out both the standard model f(x)z——z(x2—1—2 Inx)
and the MSSM withR-violating couplings of either the’ or 4(1-x)
\" variety under the moderate assumption of degenerate sfer- (A5)

mion masses. 1 1
X)=—=Inx+ ————[ = (1—x)(1—3x)+2x%Inx
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1 1
f(x)%zlnx+ Z+ e
APPENDIX: FEYNMAN INTEGRALS (A7)
The integrals we use here are defined explicitly7h In

1 1
the approximatiorm2=0, the one-loop diagrams which ap- g0~ = Zlnx=Z 4~ =100
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