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We analyze the one loop corrections to leptovicand Z decays in arR-parity violating extension to the
minimal supersymmetric standard model. We find that lepton universality violation i# time-shape vari-
ables alone would strengthen the bounds on the magnitudes af theuplings, but a global fit on all data
leaves the bounds virtually unchangeda | <0.42 and\ }4|=<0.50 at the 2 level. Bounds fromV decays
are less stringent 33| <2.4 at 20, as a consequence of the weaker Fermilab experimental bounds on lepton
universality violation inW decays. We also point out the potential of constrairiggrity violating couplings
from the measurement of thé invisible width.

PACS numbes): 12.60.Jv, 12.15.Lk, 13.38.Be, 13.38.Dg

I. INTRODUCTION 1 .. 1
Wézi)\ijkLiLjEk—i_)\i,jkLinDk+ z)\,’]kUlDle,

The assumption dR-parity conservation in supersymmet- (1.2
ric model building has long been an economical mean(4)of
avoiding certain phenomenological problems in supersym- o R
metry (SUSY) models(e.g., proton decdy(2) ensuring that WwhereL;, E;, Q;, U;, andD; are the MSSM superfields
the lightest supersymmetric particle is available as a cure fo#efined in the usual fashidi7], and the subscrift=1,2,3 is
the dark matter problem, ar@) reducing the SUSY model the generation index. Sinca priori the interactions de-
parameter spacéFor recent reviews, see Rdfl].) How-  scribed by this superpotential have an arbitrary flavor struc-
ever, the recent discovery of neutrino mass at Superture, we generically expect that in the contextwfand Z
Kamiokande[2] provides improved motivation foR-parity ~ decays these will give rise to lepton universality violations.
violating extensions to the minimal supersymmetric standardn this paper, we estimate the size of this violation and derive
model (MSSM). Detailed analyses of the phenomenologicalconstraints on thé-parity violating couplings from CERN
constraints on such models are thus warranted to quantify the € collider LEP and Fermilab measurements of the lep-
amount of R-parity violation permitted by current experi- tonic observables iW andZ decays.
mental data. It is clear that the purely baryonic operatofD;D, is

In this paper we consider the effectsRparity violating irrelevant to our discussion. The other two operators may
extensions to the MSSM olepton universalityin WandZ  affectW andZ decays at one loop through vertex corrections

decays. Th&-conserving sector of the MSSM generates lep-g the W, » andZI, [, vertices, with superparticles running
ton universality violations proportional either to the leptoni, the loop. However, the couplings;, are already tightly
Yukawa couplinggdue to Higgs interactio®r to the mass .\ ained to be at mog&2(10 ), as the operatok;L;E,
splittings of the sleptonejug to gauge mteraptmhfffects violates lepton universality in lepton decays at tree ¢8¢l
due to the Higgs sector will be considered in a future wor he constraints on\’.. are much less strin Previ

iik gent. Previous

[3] but will in general be negligible unless tg@nis quite limits ci bound , | h
large[4]. Effects due to gauge interactions are negligible if'MS CIt€ upper bounds on;, as large as the gauge cou-
lings(i.e., as large as 0)&ith the SUSY scale at 100 GeV

the slepton mass splittings are small. This is the case, f h anifi o .
example, in supergravitySUGRA models with universal _1]. One may thus expect significant radlatlye corrections
induced by these couplings. Henceforth we will focus on the

soft-breaking scalar masses at the supergra(8yGRA) P Ss
scale, in which the mass degeneracy is broken only by renogffects of the operatdr; Q;Dy only.

malization group running effects involving small Yukawa It is important to note that very strict constraints on the
couplings. InR-parity violating models, howeveR-parity ~ products ofdifferent Rviolating couplings already exist from
violating interactions provide additional sources of leptonflavor-changing processes, eg— ey constraing A j;;\ ;|
universality violation which may be significantly larger than <4.6x 10 * [9]. However, these constraints can be easily

these smaller effects. satisfied by requiring only one of these couplings to be very
The R-parity violating superpotential has the following small leaving the other coupling ill-constrained. TWeandZ
form:! decay processes we consider here are flavor-conserving and

involve thesame Rviolating coupling squared. Thus we can
constrain the individual couplings rather than their products.

*Electronic address: lebedev@quasar.phys.vt.edu We emphasize that, in the absence of a complete calcula-
TElectronic address: loinaz@alumni.princeton.edu tion in the full theory, focusing attention on the violation of
*Electronic address: takeuchi@vt.edu lepton universality provides a clear advantage over studying

'Because we are neglecting the soft breaking terms, we can rotatbe effects ofR-breaking couplings on the individual lepton-
the bilinear terms awafs]. For possible effects of the soft breaking gauge boson couplings separately. This is because the
terms onW andZ decays see Ref6]. R-conserving sector induces significamtiversal corrections
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FIG. 1. Vertex corrections tW‘—>eiL7iL from R-parity violat-
ing interactions.

to the lepton couplings which depend strongly on the choiceW
of SUSY parameters. These correctigakng with the cor-
rections to the hadronic partial widthsancel when consid-
ering violations of lepton universality. Thus, the study of
lepton universality violation lets us isolate the effects of
R-breaking interactions withouad hoc assumptions about (c) (d)
corrections from thdR-conserving sector.
In the following calculations we neglect left-right squark  FIG. 2. Wave function renormalization corrections W~
mixing. Left-right squark mixing could be large only for the —>eiL;i|,_ from R-parity violating interactions.
top squark. However, since diagrams involving the top
squark contain down quarks with negligible mass, it will betrino flavor may differ from that of the tree level vertek (
seen that the contributions from these diagrams are numeri#i’) as a result of th&-parity violating interactions. Since
cally small(subleading in an expansion ina, or m3). Fur-  neutrino flavor is indistinguishable in the detector, we should
ther, because of the chiral structure of fRéoreaking inter-  in principle sum over all three generations of antineutrino in
actions, two left-right mass insertions would be required inthe final state. However, since this is a one loop effect which
the diagram. Thus, such contributions would be further supeoes not interfere with the tree level flavor conserving decay,
pressed as long as the mixing parameter is perturbativelye will neglect it in our analysis and seti’.
small. The amplitude of each diagram in Figs. 1 and 2 are
Radiative corrections to individuaZ—11 partial widths
due toR-breaking interactions have previously been consid- g _
ered in Ref.[10] but lacked a consistent treatment of the —N|\j[? =i EW"(F)JFQ)eiL(p)mViL(Q)
R-conserving corrections. In this paper, we study the viola-
tion of lepton universality inW and Z decay to isolate the
effects of R-breaking couplings and constrain their sizes. In
determining the limits orR-breaking fromZ decay, we per-

% (1):2C54(0,0my ;0 Mg, )

form a global fit to all the relevant LEP and SLAC Large (1b):(d—2)C,4(0,0mfy;mg, .My ,0)

Detector (SLD) observables in which the corrections from A :

both R-breaking andR-conserving interactions are param- —m\2,\,023(0,0m\2,\,;mam,mu_,0)
]

etrized and fit to the data. This provides a consistent account-
ing of R-conserving effects and allows us to improve the
existing bounds on thB-breaking\’ couplings. A compan-

ion study of constraints on’ and\” couplings from LEP or
SLD hadronic observables has been performed in R4i. (2b):Bl(O;0majL)

(22):B4(0;051;, )

Il. LEPTONIC W DECAYS (2):B1(0;my, ,mg, )

The relevantR-parity violating interactions expressed in
terms of the component fields take the form (2d): Bl(O;O,makR). (2.2

ALE= N [ Vi dyrdj +dj dygri + digrf dj — (B dkrU;.  The expression in the square brackets is the tree level ampli-
- o tude. The definitions of the integral;,, C,3, andC,, are
+Uj direiL T dir€iL UjL) ]+ H.C. (21 presented in the Appendix. In the above expresshigs 3
is the number of colors, and j, k are family indices; the
The one loop diagrams contributing to the dec®y final result must be summed ovemndk to obtain the full
—e; v, are shown in Figs. 1 and 2. At one loop, the neu-correction for final state flavar. We have set all the down
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type quark masses to zero. The up type quark masses The contributions of the diagrams with massless quarks
will also be set to zero except for the top qual'"FG’ mu are numel’ically Sma”er and VaniSh Hﬁv—>o The correc-
—my) ®  tion with massless up-type quarks<1,2) is
=m,).

Combining the expressions in E.2), with appropriate 5

1 . . : _ o}

fa.ctors of3 for the W?.VG functlon_renormalllzatmns, we ob ijk 20.22%)\6”2 (=12, 2.6
tain the one-loop shift of th&/g, »; coupling due to the g
\jjx interaction:
" @ The approximate form to leading ordern'nﬁ\,/m?1 is
0Gijk = 09Kk T Ojjik

5g_(_u) N m2 m2
599 1 LI A A L T P 3
J] E_NC|)\ijk|2 2C24(O’mj|_’maj|_) g (477)2| |]k| 9ITT§ 3 ( 7)
n EBl(O,mﬁ. )+ EBl(O,ma_ )}, For mg=100 GeV, this gives 0.31%{jk|2 which suffices
2 i 2 i for our purpose.
w The diagrams with down-type quarks contribute
5gijuk

_=_NC|)\i,jk|2[(d_2)624(makRvmu-:O) 5q(®

g ] gl]k 2
A 1

— M Cas MG, My ,0)+ 5 B1(0.MG, )

2 the approximate expression being

1
+ 5 Ba(my,mg, ) | (2.3 sol) N o ™
T”mp\ijd Tart| (2.9
We have suppressed the external momentum dependence of q

the B and C functions to simplify our expressions. The con-

tributions of diagrams involving the down-type quark haveFor m;=100 GeV, this gives 0.07%/;,|* to the accuracy

been combined insgf) and those involving the up-type Shown. o

quark in g}y . The 1 poles of dimensional regularization ~ Note that each contr|but|on,2Eqéz.5), (2.7, and (2.9

cancel separately in each of these combinations so they afgparately decouples in the limit. — o< as they should. Col-

finite. lecting everything together, the shift in the coupling of the
In the following, we evaluate the size of these shifts for aith generation lepton to thé/ is given by

common squark mass of;=100 GeV. To facilitate esti-

mations for different squark masses, we provide approximate 59

formulas. —= z
First, we evaluatesg'y), the contribution from diagrams 9 Ik

involving the top quarkus. For my,=m=175 GeV, my . . . -

=81 GeV, andn;=100 GeV, we find +0'29/°Ek INiad +0'29/°Ek INiud (2.10

= —0.95% |\ /g2
k

o )
g g

595

=—1.02%\ /5|2 (2.4) yvhe(;elz(we have summed over all possible generation indices
j andk.

] ) ] _ The current bound on lepton universality violation in lep-
An approximate expression can be obtained by eXpa”d'nﬁbnichecays from D0s [13]

the full expression ofg(4) in powers ofm3;:

9-
59%) N X =" =1.004+0.019 stat) + 0.026 syst).
o T\l {x—1-(2-x)nx} 9e
g (4)°? 4(1—x)?
) This places a constraint on
My
+——{1—x+|nx}] (2.5
2 W2 , Ol o
™ 31 %)= 2% o1
e

where x=mt2/m§. For m;=100 GeV, this expression is

equal to (-1.11+0.09)%\ /5, /2. Compared to the exact re- Note thatR-conserving corrections do not contribute since
sult above, we see that the leading order approximation ithey cancel in the ratiog,/g.. The constraint on the
already fairly accurate. R-breaking couplings is thus
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FIG. 3. Vertex corrections td—e; & from R-parity violating

interactions.
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FIG. 4. Wave function renormalization corrections
—€ & from R-parity violating interactions.

Ek I\]4]2<0.079. (2.13

The i=3, j=1 couplings are also well constrained from
R.z=I(r—mv)/I'(m— pnv,). Again, using the & limits
cited in Ref.[14] we find

; N4y, |2<0.036. (2.14

Therefore, we can neglect the;;, and A3y terms in Eq.
(2.12 and obtain

> IN5al?-0.3>) [Nhu?=—-0.4+32 (215
k k

where the systematic and statistical errors have been added
(212 in quadrature. If we neglect the B2erm with a smaller
numerical coefficient, this places a-120) upper bound on

Of the couplings\j, appearing in this expression, the 1 the 3% term:

couplings are already well constrained from neutrino-less

double beta decay, neutrino masses, atomic parity violation,

and low energy charged current universality. Using tlae 2 Nowl?2<2.896.0 21
limits for the individual couplings cited in Ref14], we find Zk Naad"=<2.86.0, (2.19

for mg; =100 GeV

> IN14]2<0.00088,
k

> [N]x/2<0.0055,
k

which in turn translates into the limit

INjal <1.7(2.4). (2.17)

Non-zero values of 5, Will weaken this bound.

As we will see laterZ decay data places a constraint on
= IN33/? at the=0.1 level. Therefore, for thev decay data
to be competitive with th& decay data, the error must be
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improved by more than an order of magnitude. While the Tevatron Run Il may provide enough data to improve the statistical
error considerably, improving the systematic error may prove a challdrige

Ill. LEPTONIC Z DECAYS

We next consider the effect &parity violating interactions on flavor-conserving IeptoﬂidecayszﬂeiLgi,_ . Note that
the N’ interaction in Eq.(1.1) involves only the left-handed lepton field. Therefore, at the one-loop level the right-handed
coupling is unaffected. Neglecting all down-type quark masses, the amplitudes of the diagrams shown in Figs. 3 and 4 are

_NC|)\i,jk|2 —i Cosawzﬂ(p"‘Q)giL(p)YﬂeiL(Q)

X (3a): —2hy, Co(0,0mZ;0m; My )
X(3b):+ 2Ny Co4(0,0mZ;m, Mg, Mg, )
X(3c): —hy [(d—2)Coy(0,0mZ; Mg, ,,my ;M )~ M5C5q(0,0mZ ;Mg My, M, )]
X(3d):+hg [(d—2)Cpy(0,0m3; m;,,0,0)— m2C,4(0,0m3 :m;,.0,0)]
X (3e): huRmﬁjCO(0,0m§ M, My M)
X(42)+(4b):2he B4(0;0/m; )
><(4C)+(4d):2heLBl(0;muj,makR) (3.9
where
hi, =13—Qssinfy, h; =—Qssinfby. (3.2

The tree level amplitude is, times the expression in the square brackets. These corrections can be expressed as a shift in the
coupling heL:

Sh{f)=—Nel N’ = 2hy Cod 0 M, ) +hg {(d—2)Cou(m ,0,0)~m3Cog(miy ,0,0)}+he By(0m; )]
5hi(juk)E —N¢| )\i,jk|2[2hdRéZ4( My, M, Mg, ;) —hy {(d— 2)6324(makR, My, :muj) - méézs(mam, My, ,muj)}

+hy mg Co(ma,, .My My ) +he Ba(my, ,ma, )] 33

Again, the dependence on the external momenta has been N
suppressed. The corrections which depend on the down-type shiW~ — < > N3l 2F (%) (3.5
quark have been grouped togetherdh(f) and those that 2(4)
depend on the up-type quark }:?hi(jk). These combinations
are separately finite. For simplicity, we again evaluate these h
shifts for a common squark mass wf;=100 GeV. where
We begin with the top quark dependent contribution. For
m=175 GeV,m,=92 GeV, andm;=100 GeV, we find

X
FOO= 1

1
1+ ——lIn x) (3.6
Sh{8)=0.63%\ /5|2 (3.4)

andx= mf/ms. Formz=100 GeV, this gives 0.65¢k/5|%.
This is well approximated by the leadimg, =0 piece of the = The subleading terms from the individual diagrams contrib-
expansion in th& mass: uting to sh{4) are
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Nchg m 1 For mg=100 GeV, this gives-0.09%\,,|*.
(3b): — | i3k|2_2 _> Combining everything together, and summing over the
(4m)? 2me 1 X generation indice§ and k, the shift of theith generation
lepton coupling to th& due toR-violating interactions is
Nchy, ,m m3
3c A —f X ,
( )(4 )2| a5 () 5hf‘=% [sh{+ sh(]= 0.61%; IN/32
Nehy zmz —0.08%, |\/y2—0.08%>, [Ny |2
(Se):—(4 )ZI |3k| 9(x) (3.7) T ik Tk
where %0.61%; DNE (3.14
1
f(x)=— — 4[2x4—9x3+ 18— 11x—6xIn ] where we drop the subleading terni$his is equivalent to
18 (1-x) keeping only the diagrams involving the top and the gtop.

(3.9
IV. FITS AND NUMERICAL ANALYSES

[ 4 3 2 2 L .
9I0=13 (1_X)4[X 6x7+ 3x"+2x+ 6x7In X]. In order to place limits on tha, couplings fromZ de-

(3.9 cay, we need to know how the observables at LEP and SLD

will be affected by the shift§hi'£‘ in the left-handed coupling
The total subleading contribution fomg=100 GeV is  of ¢ to the Z, as well as by otheR-conserving vertex and

—0.03%\ [, |°. oblique corrections.
In Ref. [10] the leading and subleading contributions of  The relevant observables are

diagrams(3b) and (3c) are showh but the subleading con-
tribution of diagram(3e) appears to have been omitted. We

. . . . 2 2
also disagree with the expression f@b) in Ref.[10] by a Ne > (hg, +hgy)
factor of 3. However, the numerical impact is negligible. IZF(Z—>hadron$ __ amudseb (4.1)
The corrections involving massless quark loops vanish in L(z—1717) (h2 +h2 )
the limit my;—0 and give numerically small contributions.
For the massless up-type quarkg €u andu,=c) we find g9
Shij) = —0.0294\ [, |2. (3.10 b2
IL_ IR
The leading order term im%/mg is A|—h2 +h? 4.2
2 2 2
m m m
hit)~— o —5|1-3In—| —hy —=5|. aswellas
omg ) e,
(3.11 Ars(1)= Z7AA 4.3

For mg=100 GeV, this gives-0.01%\ />

The massless down-type quark dependent correction is \yhere| —e, u, 7. The shift inR, due to shifts in the cou-

pling constants is

sh{)=—0.06%\ [, /2. (3.12
The leading order term im%/mg is R OThag 2h|L5hIL+2hIR5h| B 2h g
R Thag h? +h? R h2+h2
2 I Ir L R
D= SNl ‘
' (47)2 Ll&m =AR+4.36h, (4.9
m% m% where we have subsumed all the hadronic corrections and the
—hg,—>|1-3 |ﬂg (38.13  Ilepton flavor independent oblique and vertex corrections into
q q a single parametehr, and the coefficient oﬁh,ﬁ is calcu-
lated for the value sfit,,=0.2315.
We note that the.’ couplings we are trying to constrain
2Cf. Eq. (9) of Ref.[10]. also contribute toAg throughI'\4q Since they modify the
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anvemceg as well as theZll vertices. However sincAg TABLE I. LEP or SLD observables and their standard model
also subsumes highlynodel dependertorrections from the ~ Predictions. TheZ line shape observables are from Rif6]. The

R-conserving sector, it can be considered an independent p

rameter froméhf in our fit.
Similarly, the shift inA, is given by

oA 4h|Lh|2R5h,L—4h|2Lh|R5h|R

Lest of the data is from Ref$17] and[18]. The standard model
predictions were calculated using ZFITTER v.6.219] with m,
=174.3 GeV[20], my=300 GeV, andag(m;)=0.120 as input.

Observable Measured value ZFITTER prediction

Z line shape variables

A h,“L— h,“R m, 91.1872-0.0021 GeV input
r, 2.4944+0.0024 GeV unused
4h, hi. . oy 41.544-0.037 nb unused
=Apt R oh, Re 20.8030.049 20.739
I Mg R, 20.786+0.033 20.739
4 i 20.764+0.045 20.786
=Ap—256h (4.9 A(e) 0.0145+ 0.0024 0.0152

where we have subsumed all the lepton flavor independerﬁ
oblique and vertex corrections into a single paramatgr

() 0.0167+0.0013 0.0152
ea(7) 0.0188-0.0017 0.0152

and the coefficient oﬁh,’ée is again calculated for the value 7 polarization at LEP
sirfé,=0.2315. We do not need to introduce another flavorAe 0.1483+0.0051 0.1423
independent parameter féig(1) since A, 0.1424+0.0044 0.1424
SAeg(l)  6Ae  SA SLD left-right asymmetries
A A—e + o =28a- 255h§— 255hf‘ . (48 Ax 0.15108-0.00218 0.1423
ra(l) e ! A 0.1558+0.0064 0.1423
Therefore, we can express all corrections from bothf« 0.137£0.016 0.1423
R-breaking andR-conserving interactions in terms of just 5 A 0.1420.016 0.1424
parametersAg, A,, and 5h|’§, I=e,u, 7. A five parameter
fit cannot be conducted, however, since a change in any one SR
parameter can always be absorbed into the other four. We ezAR
therefore define Re ¢
=Ar+4.
ARE AR 435he, RM:AR6+4-35MQ
o
Ap=Ap— 2550,
8,0= 0"~ 5hE, =g, 430
5,.=5hR— shk 4.7
A,
and perform a four parameter fit instead. Note that the pa- Ae =Aa
rameters
— 0 r|2 r|2 5AM
5ue—0-61/ zk: |)\23k| _Zk |)\13k| Au =AA6—255#6
' / oA,
6Te=0-61%[2k Nal?— 2 lmlz] A =0a,~ 255,
(4.9
. . N 6Arg(e
are measures of lepton universality violation. The depen- F_B()z A
dence of all the observables we use in our fit to the four fit Arg(e) ¢
parameters is ()
OArp(
m: 2AAe_ 255#9
3The flavor dependence &violating corrections to théqaver-
tices can be used to constrain and\” by looking at purely had- SArs( T)=2A — 255 (4.9
ronic observablefl1]. Arg(7) Ae e: :
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TABLE Il. The correlation of theZ line shape variables at LEP.

mgz I'; (o ﬂad Re R, R, Agg(e) Apg(u) Agg(7)
my 1.000 -—-0.008 —-0.050 0.073 0.001 0.002 —0.015 0.046 0.034
| 1.000 —-0.284 —0.006 0.008 0.000 —0.002 0.002 —0.003
0ad 1.000 0.109 0.137 0.100 0.008 0.001 0.007
Re 1.000 0.070 0.044 —0.356 0.023 0.016
R, 1.000 0.072 0.005 0.006 0.004
R, 1.000 0.003 —-0.003 0.010
Ars(€) 1.000 —0.026 —0.020
Ars(w) 1.000 0.045
Arg(7) 1.000

In Table I, we show the most recent data of these observ-
ables from Refs[16—18. The standard model predictions ; |)\§3k|2—2k I\ ial?=—0.02£0.10
were calculated byFITTER v6.21 [19] with standard flag
settings for the input values ah,=174.3 GeV[20], my
=300 GeV, andag(m,)=0.120. The limits on lepton uni- > Ixé;«I"‘—E IN}a|?=—0.083+0.093.
versality violation is insensitive to the choice of the Higgs k k
boson mass since Higgs couplings within the standard model )
do not violate lepton universality by any appreciable amount!f We neglect the 18 terms since they are already con-
The correlation matrix of the LER line shape data is shown Strained to be smallrecall that Eq.(2.13 shows the 2
in Table II. upper boundl we obtain the following & (20) upper
The result of the four parameter fit to all the data in TablePounds for the 28 and 3% terms:
I is
bl =<0. :
8,,6=0.00038+ 0.00056 Ek N2al"<0.16 (0.25

8..=—0.00013-0.00061 > IN4al?<0.08 (0.18 (4.12
k
A, =0.052£0.012

or

Ag_ =0.0007-0.0020 (4.10 I\ jad <0.40 (0.50
with the correlation matrix shown in Table Ill. The quality of
the fit wasy?=8.3/(12-4). In Figs. 5 and 6 we show the
1o constraints placed 0@, and &, in the Ay =Ag =0
plane by each observable. It is seen that the strongest cor
straints come fronR,, R, andA, from the 7 polarization
measurement at LEP. In Fig. 7, we show the 68% and 90% 0.002
confidence contours on thg,.-6.. plane.

The limits on 6, and J,, translate into limits on the
R-breaking couplings:

|N4a]<0.28 (0.42). (4.13

0.003 l||l[I[IllTIIIIlI:IIIIIIIIII!I

i

0.001 )

|lll||
S
N
=
=
=
=
Ky

2 .
> INoad?= 2 INad?=0.062£0.093 (411 e 0000 ek ::::::::i::::::“:
k k o -
TABLE lIl. The correlation matrix of the fit parameters using -o.o01 v ]
all data. C 7
—0.002 - -
5#8 57’9 AAe ARe B 7
S 1.00 0.53 0.22 -0.76 : | | 1R | 1
M _0003 i) 1 011 1111 1 1 1 L1111 111
Ore 1.00 0.28 —0.63 -0.003 -0.002 —0.001 0 0.001  0.002 0.003
An, 1.00 ~0.23 S e
Ag 1.00

FIG. 5. 1o constraints on lepton universality violation.
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0.03

:I LI I L I T l T ,EI T T I'I T | 1T I:
0.02 :— —:
C r(LEP) koo ]
001 [ A1 —
C I E A.(SLD) 7
2 - 1k ]
‘o 000 :._. ............... : ..'_.:... .............. __—‘
= == =
001 oo i ......... thofgeep
C Ap(LEP) | ] I :
-0.02 [— 1 AL(SLD) ]
—O 03 _l J I | L1t 1 | 1 ; 1 |.I 1 1 | 1111 | L i1 I_
"-0.03 -0.02 —0.01 0 0.01 0.02 0.03
0 e

FIG. 6. 1o constraints on lepton universality violation. Note the
larger scale with respect to the previous figure.

The limit on A54 should be interpreted as a limit ox,,
since N 53, and N 545 are already fairly well constrained by
other experimentgl4]. If any of the 1&-terms(in particular,

\ 13, With a 20 upper bound of 0.2814]) are non-zero, these
limits will be weakened.

It is interesting to note that since the measured value of

R, is smaller than the measured valueRyf, this pair prefers
a negative value of . [cf. Eq.(4.9)]. The same can be said
of the pairAgg(e) andAgg(7). On the other hand, the mea-
sured values oA, (LEP and SLD and A  are all larger
than the measured values Af (LEP and SLD so these
observables prefer a positive value &f,. (This is not ap-

PHYSICAL REVIEW D 61 115005

TABLE IV. The correlation matrix of the fit parameters using
the Z line-shape data only.

5/.Le 57‘8 AAe ARe
Sue 1.00 0.60 0.32 —-0.79
56 1.00 0.29 —-0.69
An, 1.00 -0.33
Ag, 1.00

A =0 plane) Due to this conflict, the central value of.
preferred by the global fit is virtually zero which satisfies
neither theR’s nor theA’s. In fact, A, from LEP, with its
smaller fractional error, actually accounts for 2.8 out of 6.8
of the x? of the fit.

If we perform our fit on the siXZ line-shape parameters
only, the result is

8,,6=0.00002+ 0.00061
8,e= —0.00082+0.00070

A, =0.055-0.033

Ag_ =0.0022+0.0022 (4.19
with x?=1.9/(6—4), and the correlation matrix is shown in
able IV. The 90% confidence contour in thg.-6.. plane
is shown in Figs. 7 and 8. This translates into

> [Njad?= 2 [N1ad?=0.00+0.10 (4.15
k Kk

- . - 8 Nigl?— 2 [Njad?=—-0.13+0.11
parent in Figs. 5 and 6 since they show the constraints in the Ek M2 Ek Miad
0.003 T T T 1T | T T | T T T I T T T 0.010
0.002 | —
- All data ] 0.005
0.001 |— -
[ asymmetries ]
o k.. only - R
= B T~ T =
«© 0.000 |— R — © 0.000
—0.001 - / ] B lineshape dat_a only -
. - , . r i
i ! ] ~0.005 |— —
C ! ] L i
-0.002 [— \ . — i i
C 7 lineshape data only - - 4
_O 003 _I | -l | i 111 | | I T | l | | I 1 1t 1 | 1 11 l_ _0010 i 1 1 1 i | 1 1 L 1 | L L L 1 | L L L !
720.003 ~-0.002 -0.001 0 0001 0.002 0.003 ~0.01 -0.005 0 0.005 0.01
¢ )

e

FIG. 7. Confidence contours from all dat&8% and 90%, in
gray), theZ line-shape data onl{90%, dashed line and the asym-
metry data only(90%, dot-dashed line

FIG. 8. 90% confidence contours from all ddggay), Z line-
shape data onl{dashed ling and asymmetry data onl{got-dashed
line). Note the different scale with respect to the other figures.
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TABLE V. The correlation matrix of the fit parameters using the

LEP 7-polarization and SLD leptonic asymmetries only.

5,u.e 5re AAe
Ope 1.00 0.05 0.12
5o 1.00 0.41
Ap 1.00

E |)\§3k|2—2 |)\§3k|2: —0.138+0.097.
k K

Again, neglecting the I8term, we obtain the following &
(20) limits:

> [N jgl?<0.10 (0.20
k

> IN4al?<-0.02 (0.09 (4.1
k
or
|\}q/=<0.37 (0.49
INjal=< (0.30. (4.17)

The negative central value fat,. leads to a reduced upper
bound for|\ 34/

If we perform our fit on the twor-polarization observ-
ables and the four SLD observables only, the result is

5,=0.0040+ 0.0046
8,.=0.0025-0.0013
Ap,=0.062£0.013 (4.18

with x2=0.84/(6—3), and the correlation matrix is shown in
Table V. The 90% confidence contour in thg.-6, plane

PHYSICAL REVIEW D 61 115005

> [N4al?<0.62 (0.85
k

or

INpgl<1.2 (1.5

IN33]=<0.79 (0.92. (4.2)
This time, the upper bounds are considerably larger.

This shows that had we used only tAdine-shape vari-
ables, which has been the case in previous analyses by other
authorg[10,12, or only the leptonic asymmetries, we would
have reached drastically different conclusions concerning the
limits on the R-breaking parameters. Only throughgbobal
analysis were we able to constrain the parameters in a con-
sistent way.

V. SUMMARY AND CONCLUSIONS

We find that flavoreonservingleptonic Z and W decays
can be used to place significant constraints on the size of
R-parity violating\" couplings. Current bounds from lepton
universality violation in leptonicZ decays from combined
LEP and SLD data are

I\g]=0.40 (0.50

[N33/=<0.28 (0.42 (5.0

at the 1o (20) level, assuming a common squark mass of
m;=100 GeV and the suppression by couplings. For
larger(common squark masses the above bounds should be
interpreted as bounds dR’| X JF(x)/F(Xy), whereF(x) is
defined in Eq(3.6) andx,=m?Z/(100 GeVY.

Numerically, our numbers are not a significant improve-
ment over those cited in Refl4]. However, the methods
used to derive previous limit§10,12 were intrinsically
flawed in that(1) R-conserving effects were not properly
taken into account an@®) R-breaking effects on only the
leptonic widths of theZ were considered. Indeed, had we

for this case is also shown in Figs. 7 and 8. This translateg|so considered only the leptonic widths, our limits would

into

> ad?= D [M4l?=0.66£0.75
k k

E |)\:/33k|2_2 |7\i3k|2=0.41t 0.22
k K

> N2 |Njg/?=—0.25+0.77.
X R

(4.19

Neglecting the 18 term, we obtain the following & (20)
limits:

}k) N jgl2<1.4 (2.2 (4.20

have been those of Eq4.17). The analysis of this paper
avoids these problems by focusing t¢epton universality
violation and performing aglobal fit on all LEP or SLD
observables. ThR-conserving effects are taken into account
by parametrizing and fitting them to the data al&®imilar
methods have been used in RgX1] to constrain flavor spe-
cific vertex corrections while taking into account the flavor
universal oblique corrections.

Current bounds on lepton universality in leptom¢de-
cays provides the constraint

INsgl<1.7 (2.9 (5.2

at the 1o (20) level. While not currently competitive with
the Z decay bounds, the Fermilab results are complementary
independent measurements, and they can be expected to im-
prove dramatically at Tevatron Run II.
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If the error on the LEP or SLD observables continue to ACKNOWLEDGMENTS
shrink with the current central values, then eventually the
region allowed by the line-shape variables and the asymme;.

tries will fail to overlap in Fig. 8. In suph a situation, ot matrices. Helpful communications with Gautam Bhatta-
only the SM but the MSSM witfiR-parity violating couplings  charyya James E. Brau, Herbi Dreiner, Apostolos Pilaftsis,

would be ruled out. In fact, no theory which introduces lep-granco Rimondi, and Peter Rowson are also gratefully ac-

ton universality violation in only the left-handed couplings knowledged. We thank the hospitality of the Fermilab Par-

would be viable. ticle Theory Group, where part of this work was conducted
Currently, the LEP and SLD observable provide the bestinder the auspices of the Summer Visitors' Program. This

limits on the\ 34 couplings. However, one can potentially work was supported in pafO.L. and W.L) by the U. S.

place a limit on the\’ couplings by looking at invisible Department of Energy, Grant No. DE-FG05-92-ER40709,

decays of theéY and J/i resonances at thB and r-charm  Task A.

factories[22]. The current bounds oi;5; imply that the

correction to the invisible width of th¥ resonance can be as APPENDIX: FEYNMAN INTEGRALS

large as 30%. A rough estimate shows that if thenvisible Here we make explicit our notation for the scalar and

width is found to agree with the standard model predictioniensor integrals that appear in the calculation. The definitions

with 5% accuracy, tha." coupling would be constrained to of the integrals are similar to those of RE24], but there are

be [\/3d=<0.16 at the 2 level. In addition, constraints on some small alterations made to take advantage of symmetries

IN334 will be available from forthcoming Fermilab Tevatron of the problem. The hat on the tensor integrals serves as a

studies of the decaly— b [23]. reminder of these differences.

We thank Morris Swartz and Robert Clare for providing
with the latest LEP-EWWG data including the correlation

1. Scalar integrals

We define the functions, andC, by

B[ p? 1=i 4,df d’ 1 AL
oLPT My, My (=1
(2m)* (K*=m][(k+p)*~mj]
Colp?,0%, (p—a)%mg,my,m ]—if o - (A2)
0 i l - l 1 2,13 ]= .
(2m)* (K2=mD)[(k+p)?~m3][(k+q)?—m3]
The general form 0B, is given by
-1 m3In(m3/ u?) — m3lin(m3/ u?)
Bo[p2Jm1,m2]=—2 e > +1+F(p%my,my)
(4m) mi—m;
whereA =[2/(4—d)]— yg+In4m, and[25]
1/ mi| 1 1-3+J1-23 +A?
F(p%my,my)=1+ = ——A)In — ——\/1—22+A2In( A3
(P%imy,my) =1+ 7| 3 mg) 2 1-3—\1-23+A? A9
with
2 2 2 2
mé+m mi—m
_m _ 2, _m _ 2. (Ad)
p p
The functionF(p?;m,,m,) is well-behaved in the limip?>—0. For smallp?<m?2,m3, the behavior is
p? 2mim; [ mi
F(pZmy,my) = —————| mi+mj— =2+ A5
(p 1 2) 2(m§—m§)2 1 2 m%_m% mg ( )
02
F(pz;m,m)=w+--~ (A6)
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p2
F(pZ0m)=——+---. (A7)
2m

Useful special cases of th&, function are

[ 4m? ]
1-—+1
-1 m? 4m? p?
Bo[p%m,m]= S| Aemin—+2-\/1-—n (A8)
(4m) M P 4m?
1-—-1
L p i
1 [ m2 m2 pz
2. —_ N _ - -
Bolp ,O,m]—(‘h_r)2 A, Inlu2+2 1 pz)In 1 3 (A9)

The general form of th€, function is fairly complex and we refer the reader to R&#]. It simplifies considerably for the
following cases:

&o[0,0p%m,0,0] —t i (pz)l 1+ p2)+L' pz) (A10)

H ;my H = Y n s n ) I 5

0 P (477)2 pz m2 m2 2 m2

. -1 1 1-3+1-235+A? m?

Co[0,0p%0m;, my]=—— — n2( ~In? —; (A11)
(4m)? 4p? 1-3—\1-23+A? m3

whereX andA are defined as in EqA4).

The following CO could be expressed in terms a sum of dilogarithms, but for our purposes it is simpler to reduce them to

a Feynman parameter integral and either perform the integration numerically or, if an expansion is needed, to expand the
integrand directly and then integrate:

&.[0,0p%:m,M,0] ! fld ! (m?— M*)x+ M? (A12)
H ;m! t = X
o>EP (4m2Jo pA1—x)+m? | (1—x)(M2—xp?)
Eo[0,0p% MM, M] ! fd ! (m?—M%)x+M* (A13)
s ym, M, = X n .
oL %EP (4m2Jo pA1—x)+(M2=M?) | —p2(1—x)+M?
2. Tensor integrals
Definition and general form oB;:
B[ ]=i 4"’] d' e Ba[ p? ] (A14)
My, My =1 = ;my,m
e Y e
BALp%im ml= — SBalpPimy el —— | T p2im, ) (A15)
‘mp,my]=—= mp,my]+ —— | ——— ‘my,m,).
1LP™ My, My 2 PolP™ My, My (am)?\  2p? pTmg,m;
From Eq.(A5), we find that in the limitp?—0:
B4[0 ] 1B [0 1+ ! ! 24+ m? 2mimz i (A16)
;my,my]=— =Be[0;m;,m m3— nl—||.
BT 2P am? amE-md) |t mEem2 |\ md
Other special cases:
B[ p%0,m] t ! A~ m +2 m (1 m2)2| 1 P (A17)
;0m]=——= A ~In| — -—-|1-—| In|1-—
P (4m)? 2 W p? p? m?
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2

P01 1 A
(477)25 —In ; +§. (A18)
Useful relations among thB-functions:
0=Bo[ p%;my,m,]+ B[ p%my,my]+ B[ p%m,,my], (AL19)
0= (m§—m3)Bo[0;my,m,]+ (M3—m3)Bo[ 0;m;,Mg] + (M3 —m3)Be[ 0;mg,my]. (A20)
Definition of theC-functions(note the difference from the definitions in RE24]):
Cﬂ[p,fﬁml:mz:ms]:if . s =p,C11+0,Cu,
(2m)* (KR=m)[(k+p)*~m3][(k+q)®~mg] "
d kK,
Cutpimmemel=iu 2 (T (ke L o]
=p.P,Cortd,4,Cort (P8, +A,0,) Cost 9,,Cos (A21)

For the purpose of this paper, we will only need to evaluate these functions’ foq2=0 (we neglect final state fermion
masses Q%= (p—q)2= —2p-q will then be the invariant mass squared of the initial vector bdgear. this parameter choice,

the C-functions can be expressed in terms of Byunctions andC, as

n 1 n
Ciy=- &{BO[O;ml ,My] = Bo[ Q% My, mg] — (M} —m3) Co} (A22)

“ 1 n
Ci=- E{BO[O;mlamS] —Bo[ Q% my,mg] — (mi—m3)Co} (A23)
(d—2)Cyp= — B[ Q% My, mg]+(mZ—m3)Cyy+ miCy (A24)
—Q?Cya+2Cy= —B1[ Q% My, mg] — (M —m3) Cio= — By[ Q% mz,my] — (mZ—m3)Cyy. (A25)

We do not list expressions fd,, nor C,, since we do not use them in this paper.

“We caution the reader thatandq defined here are different from those appearing in the figures.

[1] H. Dreiner, inPerspectives on Supersymmetlited by G. L.
Kane (World Scientific, Singapore, P8), pp. 462479,
hep-ph/9707435; G. Bhattacharyya, hep-ph/9709395.

[2] Super-Kamiokande Collaboration, Y. Fukuds al, Phys.
Rev. Lett.81, 1562(1998; 82, 1810(1999; 82, 2430(1999.

[3] O. Lebedev, W. Loinaz, and T. Takeuchi, hep-ph/0002106.

[4] J. Hisano, S. Kiyoura, and H. Murayama, Phys. Lett3®9,
156 (1997).

[5] L. J. Hall and M. Suzuki, Nucl. Phyd8231, 419(1984).

[6] M. Nowakowski and A. Pilaftsis, Nucl. PhyB461, 19(1996.

[7] H. E. Haber and G. L. Kane, Phys. Rdd.7, 75(1985; S. P.
Martin, hep-ph/9709356.

[8] V. Barger, G. F. Giudice, and T. Han, Phys. Rev4@ 2987
(1989.

[9] B. de Carlos and P. L. White, Phys. Rev.58, 3427(1996.

[10] G. Bhattacharyya, J. Ellis, and K. Sridhar, Mod. Phys. Lett. A
10, 1583(1995.

[11] O. Lebedev, W. Loinaz, and T. Takeuchi, hep-ph/9911479.

[12] J. M. Yang, hep-ph/9905486.

[13] CDF and DOCollaborations, F. Rimondi, presented at 13th
Topical Conference on Hadron Collider Physics, Mumbai, In-
dia, 1999, FERMILAB-CONF-99-063-E.

[14] B. C. Allanach, A. Dedes, and H. K. Dreiner, Phys. Re\6@
075014(1999.

[15] F. Rimondi(private communication

[16] J. Mnich, CERN-EP/99-143; M. Swartz, talk presented at
Lepton-Photon’99, Stanford, 199@ransparencies available
from http://www-sldnt.slac.stanford.edu/Ip998. Fahey and
G. Quest, talks presented at EPS-HEP’99, Tampere, Finland,

115005-13



OLEG LEBEDEV, WILL LOINAZ, AND TATSU TAKEUCHI PHYSICAL REVIEW D 61 115005

1999 (transparencies available from http:// TM-2084.

neutrino.pc.helsinki.filhep9p/ [21] T. Takeuchi, A. K. Grant, and J. L. Rosner, Bnoceedings of
[17] SLD Collaboration, K. Abeet al., hep-ex/9908006. DPF'94, edited by S. Seide(World Scientific, Singapore,
[18] The SLD Collaboration, J. E. Brau, talk presented at HEP 1995, hep-ph/9409211; W. Loinaz and T. Takeuchi, Phys.

EPS-99, Tampere, Finland, 199@ransparencies available Rev. D60, 015005(1999.

from http://www-sld.slac.stanford.edu/sldwww/pubs.htniP. [22] L. N. Chang, O. Lebedev, and J. N. Ng, Phys. LetdR, 419

C. Rowson(private communication (1998.

[19] The ZFITTER package: D. Bardiet al, Z. Phys. C44, 493  [23] T. Han and M. B. Magro, hep-ph/9911442.
(1989; Nucl. Phys.B351, 1 (1991); Phys. Lett. B255 290  [24] G. 't Hooft and M. Veltman, Nucl. Phy8153 365(1979; G.
(1991); CERN-TH-6443/92, 1992; 99-070, hep-ph/9908433. Passarino and M. Veltmaihid. B160, 151 (1979.

[20] The Top Averaging Group, L. Demorti@t al., FERMILAB- [25] W. F. L. Hollik, Fortschr. Phys38, 165(1990.

115005-14





