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Constraints on R-parity violating couplings from lepton universality

Oleg Lebedev,* Will Loinaz,† and Tatsu Takeuchi‡
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We analyze the one loop corrections to leptonicW andZ decays in anR-parity violating extension to the
minimal supersymmetric standard model. We find that lepton universality violation in theZ line-shape vari-
ables alone would strengthen the bounds on the magnitudes of thel8 couplings, but a global fit on all data
leaves the bounds virtually unchanged atul33k8 u<0.42 andul23k8 u<0.50 at the 2s level. Bounds fromW decays
are less stringent:ul33k8 u<2.4 at 2s, as a consequence of the weaker Fermilab experimental bounds on lepton
universality violation inW decays. We also point out the potential of constrainingR-parity violating couplings
from the measurement of theY invisible width.

PACS number~s!: 12.60.Jv, 12.15.Lk, 13.38.Be, 13.38.Dg
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I. INTRODUCTION

The assumption ofR-parity conservation in supersymme
ric model building has long been an economical means of~1!
avoiding certain phenomenological problems in supersy
metry ~SUSY! models~e.g., proton decay!, ~2! ensuring that
the lightest supersymmetric particle is available as a cure
the dark matter problem, and~3! reducing the SUSY mode
parameter space.~For recent reviews, see Ref.@1#.! How-
ever, the recent discovery of neutrino mass at Sup
Kamiokande@2# provides improved motivation forR-parity
violating extensions to the minimal supersymmetric stand
model ~MSSM!. Detailed analyses of the phenomenologic
constraints on such models are thus warranted to quantify
amount of R-parity violation permitted by current exper
mental data.

In this paper we consider the effects ofR-parity violating
extensions to the MSSM onlepton universalityin W and Z
decays. TheR-conserving sector of the MSSM generates le
ton universality violations proportional either to the lept
Yukawa couplings~due to Higgs interactions! or to the mass
splittings of the sleptons~due to gauge interactions!. Effects
due to the Higgs sector will be considered in a future wo
@3# but will in general be negligible unless tanb is quite
large @4#. Effects due to gauge interactions are negligible
the slepton mass splittings are small. This is the case,
example, in supergravity~SUGRA! models with universal
soft-breaking scalar masses at the supergravity~SUGRA!
scale, in which the mass degeneracy is broken only by re
malization group running effects involving small Yukaw
couplings. InR-parity violating models, however,R-parity
violating interactions provide additional sources of lept
universality violation which may be significantly larger tha
these smaller effects.

The R-parity violating superpotential has the followin
form:1

*Electronic address: lebedev@quasar.phys.vt.edu
†Electronic address: loinaz@alumni.princeton.edu
‡Electronic address: takeuchi@vt.edu
1Because we are neglecting the soft breaking terms, we can r

the bilinear terms away@5#. For possible effects of the soft breakin
terms onW andZ decays see Ref.@6#.
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l i jk L̂ i L̂ j Êk1l i jk8 L̂ i Q̂j D̂k1

1

2
l i jk9 Û i D̂ j D̂k ,

~1.1!

where L̂ i , Êi , Q̂i , Û i , and D̂ i are the MSSM superfields
defined in the usual fashion@7#, and the subscripti 51,2,3 is
the generation index. Sincea priori the interactions de-
scribed by this superpotential have an arbitrary flavor str
ture, we generically expect that in the context ofW and Z
decays these will give rise to lepton universality violation
In this paper, we estimate the size of this violation and der
constraints on theR-parity violating couplings from CERN
e1e2 collider LEP and Fermilab measurements of the le
tonic observables inW andZ decays.

It is clear that the purely baryonic operatorÛ i D̂ j D̂k is
irrelevant to our discussion. The other two operators m
affectW andZ decays at one loop through vertex correctio
to theWlLn̄ andZlL l̄ L vertices, with superparticles runnin
in the loop. However, the couplingsl i jk are already tightly
constrained to be at mostO(1022), as the operatorL̂ i L̂ j Êk
violates lepton universality in lepton decays at tree level@8#.
The constraints onl i jk8 are much less stringent. Previou
limits cite upper bounds onl i jk8 as large as the gauge cou
plings ~i.e., as large as 0.5! with the SUSY scale at 100 GeV
@1#. One may thus expect significant radiative correctio
induced by these couplings. Henceforth we will focus on
effects of the operatorL̂ i Q̂j D̂k only.

It is important to note that very strict constraints on t
products ofdifferent R-violating couplings already exist from
flavor-changing processes, e.g.m→eg constrainsul1i j8 l2i j8 u
,4.631024 @9#. However, these constraints can be eas
satisfied by requiring only one of these couplings to be v
small leaving the other coupling ill-constrained. TheW andZ
decay processes we consider here are flavor-conserving
involve thesame R-violating coupling squared. Thus we ca
constrain the individual couplings rather than their produc

We emphasize that, in the absence of a complete calc
tion in the full theory, focusing attention on the violation o
lepton universality provides a clear advantage over study
the effects ofR-breaking couplings on the individual lepton
gauge boson couplings separately. This is because
R-conserving sector induces significantuniversal corrections

ate
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to the lepton couplings which depend strongly on the cho
of SUSY parameters. These corrections~along with the cor-
rections to the hadronic partial widths! cancel when consid
ering violations of lepton universality. Thus, the study
lepton universality violation lets us isolate the effects
R-breaking interactions withoutad hoc assumptions abou
corrections from theR-conserving sector.

In the following calculations we neglect left-right squa
mixing. Left-right squark mixing could be large only for th
top squark. However, since diagrams involving the t
squark contain down quarks with negligible mass, it will
seen that the contributions from these diagrams are num
cally small ~subleading in an expansion inmW

2 or mZ
2). Fur-

ther, because of the chiral structure of theR-breaking inter-
actions, two left-right mass insertions would be required
the diagram. Thus, such contributions would be further s
pressed as long as the mixing parameter is perturbati
small.

Radiative corrections to individualZ→ l l̄ partial widths
due toR-breaking interactions have previously been cons
ered in Ref.@10# but lacked a consistent treatment of t
R-conserving corrections. In this paper, we study the vio
tion of lepton universality inW and Z decay to isolate the
effects ofR-breaking couplings and constrain their sizes.
determining the limits onR-breaking fromZ decay, we per-
form a global fit to all the relevant LEP and SLAC Larg
Detector~SLD! observables in which the corrections fro
both R-breaking andR-conserving interactions are param
etrized and fit to the data. This provides a consistent acco
ing of R-conserving effects and allows us to improve t
existing bounds on theR-breakingl8 couplings. A compan-
ion study of constraints onl8 andl9 couplings from LEP or
SLD hadronic observables has been performed in Ref.@11#.

II. LEPTONIC W DECAYS

The relevantR-parity violating interactions expressed
terms of the component fields take the form

DLR”5l i jk8 @ ñ iL d̄kRdjL1d̃ jL d̄kRn iL1d̃kR* n̄ iL
c djL2~ ẽiL d̄kRujL

1ũ jL d̄kReiL1d̃kR* ēiL
c ujL !#1H.c. ~2.1!

The one loop diagrams contributing to the decayW

→eiL n̄ i 8L are shown in Figs. 1 and 2. At one loop, the ne

FIG. 1. Vertex corrections toW2→ei L
n̄ i

L8
from R-parity violat-

ing interactions.
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trino flavor may differ from that of the tree level vertex (i
Þ i 8) as a result of theR-parity violating interactions. Since
neutrino flavor is indistinguishable in the detector, we sho
in principle sum over all three generations of antineutrino
the final state. However, since this is a one loop effect wh
does not interfere with the tree level flavor conserving dec
we will neglect it in our analysis and seti 5 i 8.

The amplitude of each diagram in Figs. 1 and 2 are

2NCul i jk8 u2F2 i
g

A2
Wm~p1q!ēiL~p!gmn iL~q!G

3~1a!:2Ĉ24~0,0,mW
2 ;0,mũjL

,md̃jL
!

~1b!:~d22!Ĉ24~0,0,mW
2 ;md̃kR

,muj
,0!

2mW
2 Ĉ23~0,0,mW

2 ;md̃kR
,muj

,0!

~2a!:B1~0;0,mũjL
!

~2b!:B1~0;0,md̃jL
!

~2c!:B1~0;muj
,md̃kR

!

~2d!:B1~0;0,md̃kR
!. ~2.2!

The expression in the square brackets is the tree level am
tude. The definitions of the integralsB1 , Ĉ23, and Ĉ24 are
presented in the Appendix. In the above expressionsNC53
is the number of colors, andi, j, k are family indices; the
final result must be summed overj and k to obtain the full
correction for final state flavori. We have set all the down

FIG. 2. Wave function renormalization corrections toW2

→ei L
n̄ i

L8
from R-parity violating interactions.
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type quark masses to zero. The up type quark massesmuj

will also be set to zero except for the top quark (j 53, mu3

5mt).
Combining the expressions in Eq.~2.2!, with appropriate

factors of 1
2 for the wave function renormalizations, we o

tain the one-loop shift of theWeiL n̄ iL coupling due to the
l i jk8 interaction:

dgi jk5dgi jk
(u)1dgi jk

(d) ,

dgi jk
(d)

g
[2NCul i jk8 u2F2Ĉ24~0,mũjL

,md̃jL
!

1
1

2
B1~0,mũjL

!1
1

2
B1~0,md̃jL

!G ,
dgi jk

(u)

g
[2NCul i jk8 u2F ~d22!Ĉ24~md̃kR

,muj
,0!

2mW
2 Ĉ23~md̃kR

,muj
,0!1

1

2
B1~0,md̃kR

!

1
1

2
B1~muj

,md̃kR
!G . ~2.3!

We have suppressed the external momentum dependen
the B andC functions to simplify our expressions. The co
tributions of diagrams involving the down-type quark ha
been combined indgi jk

(d) and those involving the up-typ
quark indgi jk

(u) . The 1/e poles of dimensional regularizatio
cancel separately in each of these combinations so they
finite.

In the following, we evaluate the size of these shifts fo
common squark mass ofmq̃5100 GeV. To facilitate esti-
mations for different squark masses, we provide approxim
formulas.

First, we evaluatedgi3k
(u) , the contribution from diagrams

involving the top quarku3. For mu3
5mt5175 GeV, mW

581 GeV, andmq̃5100 GeV, we find

dgi3k
(u)

g
521.02%ul i3k8 u2. ~2.4!

An approximate expression can be obtained by expand
the full expression ofdgi3k

(u) in powers ofmW
2 :

dgi3k
(u)

g
'2

NC

~4p!2
ul i3k8 u2F x

4~12x!2
$x212~22x!ln x%

1
mW

2

mt
2

x

3~12x!2
$12x1 ln x%G ~2.5!

where x5mt
2/mq̃

2 . For mq̃5100 GeV, this expression i
equal to (21.1110.09)%ul i3k8 u2. Compared to the exact re
sult above, we see that the leading order approximatio
already fairly accurate.
11500
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The contributions of the diagrams with massless qua
are numerically smaller and vanish asmW→0. The correc-
tion with massless up-type quarks (j 51,2) is

dgi jk
(u)

g
50.22%ul i jk8 u2 ~ j 51,2!. ~2.6!

The approximate form to leading order inmW
2 /mq̃

2 is

dgi jk
(u)

g
'

NC

~4p!2
ul i jk8 u2

mW
2

9mq̃
2 S 123 ln

mW
2

mq̃
2 D . ~2.7!

For mq̃5100 GeV, this gives 0.31%ul i jk8 u2 which suffices
for our purpose.

The diagrams with down-type quarks contribute

dgi jk
(d)

g
50.07%ul i jk8 u2 ~2.8!

the approximate expression being

dgi jk
(d)

g
'

NC

~4p!2
ul i jk8 u2S mW

2

18mq̃
2D . ~2.9!

For mq̃5100 GeV, this gives 0.07%ul i jk8 u2 to the accuracy
shown.

Note that each contribution, Eqs.~2.5!, ~2.7!, and ~2.9!
separately decouples in the limitmq̃

2→` as they should. Col-
lecting everything together, the shift in the coupling of t
i th generation lepton to theW is given by

dgi

g
5(

j ,k
Fdgi jk

(u)

g
1

dgi jk
(d)

g G520.95%(
k

ul i3k8 u2

10.29%(
k

ul i2k8 u210.29%(
k

ul i1k8 u2 ~2.10!

where we have summed over all possible generation ind
j andk.

The current bound on lepton universality violation in le
tonic W decays from D0” is @13#

gt

ge
51.00460.019~stat.!60.026~syst.!.

This places a constraint on

dS gt

ge
D5

dg3

g
2

dg1

g
. ~2.11!

Note thatR-conserving corrections do not contribute sin
they cancel in the ratiogt /ge . The constraint on the
R-breaking couplings is thus
5-3
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20.461.9~stat.!62.6~syst.!

5H(
k

ul33k8 u220.3(
k

ul32k8 u220.3(
k

ul31k8 u2J
2H(

k
ul13k8 u220.3(

k
ul12k8 u220.3(

k
ul11k8 u2J .

~2.12!

Of the couplingsl i jk8 appearing in this expression, thei 51
couplings are already well constrained from neutrino-l
double beta decay, neutrino masses, atomic parity violat
and low energy charged current universality. Using thes
limits for the individual couplings cited in Ref.@14#, we find
for mq̃5100 GeV

(
k

ul11k8 u2<0.00088,

(
k

ul12k8 u2<0.0055,

FIG. 3. Vertex corrections toZ→ei L
ēi L

from R-parity violating
interactions.
11500
s
n,

(
k

ul13k8 u2<0.079. ~2.13!

The i 53, j 51 couplings are also well constrained fro
Rtp5G(t→pnt)/G(p→mnm). Again, using the 2s limits
cited in Ref.@14# we find

(
k

ul31k8 u2<0.036. ~2.14!

Therefore, we can neglect thel1 jk8 and l31k8 terms in Eq.
~2.12! and obtain

(
k

ul33k8 u220.3(
k

ul32k8 u2520.463.2 ~2.15!

where the systematic and statistical errors have been a
in quadrature. If we neglect the 32k term with a smaller
numerical coefficient, this places a 1s (2s) upper bound on
the 33k term:

(
k

ul33k8 u2<2.8~6.0!, ~2.16!

which in turn translates into the limit

ul33k8 u<1.7~2.4!. ~2.17!

Non-zero values ofl32k8 will weaken this bound.
As we will see later,Z decay data places a constraint o

(kul33k8 u2 at the60.1 level. Therefore, for theW decay data
to be competitive with theZ decay data, the error must b

FIG. 4. Wave function renormalization corrections toZ

→ei L
ēi L

from R-parity violating interactions.
5-4
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improved by more than an order of magnitude. While the Tevatron Run II may provide enough data to improve the st
error considerably, improving the systematic error may prove a challenge@15#.

III. LEPTONIC Z DECAYS

We next consider the effect ofR-parity violating interactions on flavor-conserving leptonicZ decays,Z→eiLēiL . Note that
the l8 interaction in Eq.~1.1! involves only the left-handed lepton field. Therefore, at the one-loop level the right-ha
coupling is unaffected. Neglecting all down-type quark masses, the amplitudes of the diagrams shown in Figs. 3 an

2NCul i jk8 u2F2 i
g

cosuW
Zm~p1q!ēiL~p!gmeiL~q!G

3~3a!:22huL
Ĉ24~0,0,mZ

2 ;0,mũjL
,mũjL

!

3~3b!:12hdR
Ĉ24~0,0,mZ

2 ;muj
,md̃kR

,md̃kR
!

3~3c!:2huL
@~d22!Ĉ24~0,0,mZ

2 ;md̃kR
,muj

,muj
!2mZ

2Ĉ23~0,0,mZ
2 ;md̃kR

,muj
,muj

!#

3~3d!:1hdR
@~d22!Ĉ24~0,0,mZ

2 ;mũjL
,0,0!2mZ

2Ĉ23~0,0,mZ
2 ;mũjL

,0,0!#

3~3e!:huR
muj

2 Ĉ0~0,0,mZ
2 ;md̃kL

,muj
,muj

!

3~4a!1~4b!:2heL
B1~0;0,mũjL

!

3~4c!1~4d!:2heL
B1~0;muj

,md̃kR
! ~3.1!

where

hf L
5I 32Qfsin2uW , hf R

52Qfsin2uW . ~3.2!

The tree level amplitude isheL
times the expression in the square brackets. These corrections can be expressed as a sh

couplingheL
:

dhi jk5dhi jk
(u)1dhi jk

(d)

dhi jk
(d)[2NCul i jk8 u2@22huL

Ĉ24~0,mũjL
,mũjL

!1hdR
$~d22!Ĉ24~mũjL

,0,0!2mZ
2Ĉ23~mũjL

,0,0!%1heL
B1~0,mũjL

!#

dhi jk
(u)[2NCul i jk8 u2@2hdR

Ĉ24~muj
,md̃kR

,md̃kR
!2huL

$~d22!Ĉ24~md̃kR
,muj

,muj
!2mZ

2Ĉ23~md̃kR
,muj

,muj
!%

1huR
muj

2 Ĉ0~md̃kL
,muj

muj
!1heL

B1~muj
,md̃kR

!# . ~3.3!
be
ty

es

o

ib-
Again, the dependence on the external momenta has
suppressed. The corrections which depend on the down-
quark have been grouped together indhi jk

(d) and those that
depend on the up-type quark indhi jk

(u) . These combinations
are separately finite. For simplicity, we again evaluate th
shifts for a common squark mass ofmq̃5100 GeV.

We begin with the top quark dependent contribution. F
mt5175 GeV,mZ592 GeV, andmq̃5100 GeV, we find

dhi3k
(u)50.63%ul i3k8 u2. ~3.4!

This is well approximated by the leadingmZ50 piece of the
expansion in theZ mass:
11500
en
pe

e

r

dhi jk
(u)'2

NC

2~4p!2
ul i3k8 u2F~x! ~3.5!

where

F~x!5
x

12x S 11
1

12x
ln xD ~3.6!

andx5mt
2/mq̃

2 . For mq̃5100 GeV, this gives 0.65%ul i3k8 u2.
The subleading terms from the individual diagrams contr
uting to dhi3k

(u) are
5-5



o
-
e

i
.

is

he

.

LD

the
nto

n

OLEG LEBEDEV, WILL LOINAZ, AND TATSU TAKEUCHI PHYSICAL REVIEW D 61 115005
~3b!:2
NChdR

~4p!2
ul i3k8 u2

mZ
2

2mq̃
2 f S 1

xD
~3c!:

NChuL

~4p!2
ul i3k8 u2

mZ
2

mt
2

f ~x!

~3e!:2
NChuR

~4p!2
ul i3k8 u2

mZ
2

mt
2

g~x! ~3.7!

where

f ~x![2
1

18

1

~12x!4
@2x429x3118x2211x26x ln x#

~3.8!

g~x![
1

12

1

~12x!4
@x426x313x212x16x2ln x#.

~3.9!

The total subleading contribution formq̃5100 GeV is
20.03%ul i jk8 u2.

In Ref. @10#, the leading and subleading contributions
diagrams~3b! and ~3c! are shown2 but the subleading con
tribution of diagram~3e! appears to have been omitted. W
also disagree with the expression for~3b! in Ref. @10# by a
factor of 1

2 . However, the numerical impact is negligible.
The corrections involving massless quark loops vanish

the limit mZ→0 and give numerically small contributions
For the massless up-type quarks (u15u andu25c) we find

dhi jk
(u)520.02%ul i jk8 u2. ~3.10!

The leading order term inmZ
2/mq̃

2 is

dhi jk
(u)'2

NC

~4p!2
ul i jk8 u2FhuL

mZ
2

9mq̃
2 S 123 ln

mZ
2

mq̃
2D 2hdR

mZ
2

18mq̃
2G .

~3.11!

For mq̃5100 GeV, this gives20.01%ul i jk8 u2.
The massless down-type quark dependent correction

dhi jk
(d)520.06%ul i jk8 u2. ~3.12!

The leading order term inmZ
2/mq̃

2 is

dhi jk
(d)'2

NC

~4p!2
ul i jk8 u2FhuL

mZ
2

18mq̃
2

2hdR

mZ
2

9mq̃
2 S 123 ln

mZ
2

mq̃
2D G . ~3.13!

2Cf. Eq. ~9! of Ref. @10#.
11500
f

n

For mq̃5100 GeV, this gives20.09%ul i jk8 u2.
Combining everything together, and summing over t

generation indicesj and k, the shift of thei th generation
lepton coupling to theZ due toR-violating interactions is

dhi
R”5(

j ,k
@dhi jk

(u)1dhi jk
(d)#50.61%(

k
ul i3k8 u2

20.08%(
k

ul i2k8 u220.08%(
k

ul i1k8 u2

'0.61%(
k

ul i3k8 u2 ~3.14!

where we drop the subleading terms.~This is equivalent to
keeping only the diagrams involving the top and the stop!

IV. FITS AND NUMERICAL ANALYSES

In order to place limits on thel i jk8 couplings fromZ de-
cay, we need to know how the observables at LEP and S

will be affected by the shiftsdhi
R” in the left-handed coupling

of ei to the Z, as well as by otherR-conserving vertex and
oblique corrections.

The relevant observables are

Rl5
G~Z→hadrons!

G~Z→ l 1l 2!
5

NC (
q5u,d,s,c,b

~hqL

2 1hqR

2 !

~hl L
2 1hl R

2 !
~4.1!

and

Al5
hl L

2 2hl R
2

hl L
2 1hl R

2
~4.2!

as well as

AFB~ l !5
3

4
AeAl ~4.3!

where l 5e, m, t. The shift inRl due to shifts in the cou-
pling constants is

dRl

Rl
5

dGhad

Ghad
2

2hl L
dhl L

12hl R
dhl R

hl L
2 1hl R

2
5DR2

2hl L

hl L
2 1hl R

2
dhl

R”

5DR14.3dhl
R” ~4.4!

where we have subsumed all the hadronic corrections and
lepton flavor independent oblique and vertex corrections i

a single parameterDR , and the coefficient ofdhl
R” is calcu-

lated for the value sin2uW50.2315.
We note that thel8 couplings we are trying to constrai

also contribute toDR through Ghad since they modify the
5-6
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Zqq̄ vertices3 as well as theZl l̄ vertices. However, sinceDR
also subsumes highlymodel dependentcorrections from the
R-conserving sector, it can be considered an independen

rameter fromdhl
R” in our fit.

Similarly, the shift inAl is given by

dAl

Al
5

4hl L
hl R

2 dhl L
24hl L

2 hl R
dhl R

hl L
4 2hl R

4

5DA1
4hl L

hl R
2

hl L
4 2hl R

4
dhl

R”

5DA225dhl
R” ~4.5!

where we have subsumed all the lepton flavor independ
oblique and vertex corrections into a single parameterDA ,

and the coefficient ofdhl
R” is again calculated for the valu

sin2uW50.2315. We do not need to introduce another fla
independent parameter forAFB( l ) since

dAFB~ l !

AFB~ l !
5

dAe

Ae
1

dAl

Al
52DA225dhe

R”225dhl
R” . ~4.6!

Therefore, we can express all corrections from b
R-breaking andR-conserving interactions in terms of just

parameters:DR , DA , anddhl
R” , l 5e,m,t. A five parameter

fit cannot be conducted, however, since a change in any
parameter can always be absorbed into the other four.
therefore define

DRe
[DR14.3dhe

R” ,

DAe
[DA225dhe

R” ,

dme[dhm
R” 2dhe

R” ,

dte[dht
R”2dhe

R” ~4.7!

and perform a four parameter fit instead. Note that the
rameters

dme50.61%H(
k

ul23k8 u22(
k

ul13k8 u2J
dte50.61%H(

k
ul33k8 u22(

k
ul13k8 u2J

~4.8!

are measures of lepton universality violation. The dep
dence of all the observables we use in our fit to the four
parameters is

3The flavor dependence ofR-violating corrections to theZqq̄ ver-
tices can be used to constrainl8 andl9 by looking at purely had-
ronic observables@11#.
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dRe

Re
5DRe

dRm

Rm
5DRe

14.3dme

dRt

Rt
5DRe

14.3dte

dAe

Ae
5DAe

dAm

Am
5DAe

225dme

dAt

At
5DAe

225dte

dAFB~e!

AFB~e!
52DAe

dAFB~m!

AFB~m!
52DAe

225dme

dAFB~t!

AFB~t!
52DAe

225dte . ~4.9!

TABLE I. LEP or SLD observables and their standard mod
predictions. TheZ line shape observables are from Ref.@16#. The
rest of the data is from Refs.@17# and @18#. The standard mode
predictions were calculated using ZFITTER v.6.21@19# with mt

5174.3 GeV@20#, mH5300 GeV, andas(mZ)50.120 as input.

Observable Measured value ZFITTER prediction

Z line shape variables
mZ 91.187260.0021 GeV input
GZ 2.494460.0024 GeV unused
shad

0 41.54460.037 nb unused
Re 20.80360.049 20.739
Rm 20.78660.033 20.739
Rt 20.76460.045 20.786
AFB(e) 0.014560.0024 0.0152
AFB(m) 0.016760.0013 0.0152
AFB(t) 0.018860.0017 0.0152

t polarization at LEP
Ae 0.148360.0051 0.1423
At 0.142460.0044 0.1424

SLD left-right asymmetries
ALR 0.1510860.00218 0.1423
Ae 0.155860.0064 0.1423
Am 0.13760.016 0.1423
At 0.14260.016 0.1424
5-7
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TABLE II. The correlation of theZ line shape variables at LEP.

mZ GZ shad
0 Re Rm Rt AFB(e) AFB(m) AFB(t)

mZ 1.000 20.008 20.050 0.073 0.001 0.002 20.015 0.046 0.034
GZ 1.000 20.284 20.006 0.008 0.000 20.002 0.002 20.003
shad

0 1.000 0.109 0.137 0.100 0.008 0.001 0.0
Re 1.000 0.070 0.044 20.356 0.023 0.016
Rm 1.000 0.072 0.005 0.006 0.00
Rt 1.000 0.003 20.003 0.010
AFB(e) 1.000 20.026 20.020
AFB(m) 1.000 0.045
AFB(t) 1.000
er
s

-
gs
od
n

n

ble

f
e

co

0

n-

g

In Table I, we show the most recent data of these obs
ables from Refs.@16–18#. The standard model prediction
were calculated byZFITTER v6.21 @19# with standard flag
settings for the input values ofmt5174.3 GeV @20#, mH
5300 GeV, andas(mZ)50.120. The limits on lepton uni
versality violation is insensitive to the choice of the Hig
boson mass since Higgs couplings within the standard m
do not violate lepton universality by any appreciable amou
The correlation matrix of the LEPZ line shape data is show
in Table II.

The result of the four parameter fit to all the data in Ta
I is

dme50.0003860.00056

dte520.0001360.00061

DAe
50.05260.012

DRe
50.000760.0020 ~4.10!

with the correlation matrix shown in Table III. The quality o
the fit wasx258.3/(1224). In Figs. 5 and 6 we show th
1s constraints placed ondme and dte in the DAe

5DRe
50

plane by each observable. It is seen that the strongest
straints come fromRm , Rt , andAt from thet polarization
measurement at LEP. In Fig. 7, we show the 68% and 9
confidence contours on thedme-dte plane.

The limits on dme and dte translate into limits on the
R-breaking couplings:

(
k

ul23k8 u22(
k

ul13k8 u250.06260.093 ~4.11!

TABLE III. The correlation matrix of the fit parameters usin
all data.

dme dte DAe
DRe

dme 1.00 0.53 0.22 20.76
dte 1.00 0.28 20.63
DAe

1.00 20.23
DRe

1.00
11500
v-

el
t.

n-

%

(
k

ul33k8 u22(
k

ul13k8 u2520.0260.10

(
k

ul33k8 u22(
k

ul23k8 u2520.08360.093.

If we neglect the 13k terms since they are already co
strained to be small@recall that Eq.~2.13! shows the 2s
upper bound#, we obtain the following 1s (2s) upper
bounds for the 23k and 33k terms:

(
k

ul23k8 u2<0.16 ~0.25!

(
k

ul33k8 u2<0.08 ~0.18! ~4.12!

or

ul23k8 u<0.40 ~0.50!

ul33k8 u<0.28 ~0.42!. ~4.13!

FIG. 5. 1s constraints on lepton universality violation.
5-8
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The limit on l23k8 should be interpreted as a limit onl2328
since l2318 and l2338 are already fairly well constrained b
other experiments@14#. If any of the 13k-terms~in particular,
l1328 with a 2s upper bound of 0.28@14#! are non-zero, these
limits will be weakened.

It is interesting to note that since the measured value
Rt is smaller than the measured value ofRe , this pair prefers
a negative value ofdte @cf. Eq. ~4.9!#. The same can be sai
of the pairAFB(e) andAFB(t). On the other hand, the mea
sured values ofAe ~LEP and SLD! and ALR are all larger
than the measured values ofAt ~LEP and SLD! so these
observables prefer a positive value ofdte . ~This is not ap-
parent in Figs. 5 and 6 since they show the constraints in

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

FIG. 7. Confidence contours from all data~68% and 90%, in
gray!, theZ line-shape data only~90%, dashed line!, and the asym-
metry data only~90%, dot-dashed line!.
11500
f

e

DAe
50 plane.! Due to this conflict, the central value ofdte

preferred by the global fit is virtually zero which satisfie
neither theR’s nor theA’s. In fact, At from LEP, with its
smaller fractional error, actually accounts for 2.8 out of 6
of the x2 of the fit.

If we perform our fit on the sixZ line-shape parameter
only, the result is

dme50.0000260.00061

dte520.0008260.00070

DAe
50.05560.033

DRe
50.002260.0022 ~4.14!

with x251.9/(624), and the correlation matrix is shown i
Table IV. The 90% confidence contour in thedme-dte plane
is shown in Figs. 7 and 8. This translates into

(
k

ul23k8 u22(
k

ul13k8 u250.0060.10 ~4.15!

(
k

ul33k8 u22(
k

ul13k8 u2520.1360.11

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

dme dte DAe
DRe

dme 1.00 0.60 0.32 20.79
dte 1.00 0.29 20.69
DAe

1.00 20.33
DRe

1.00

FIG. 8. 90% confidence contours from all data~gray!, Z line-
shape data only~dashed line!, and asymmetry data only~dot-dashed
line!. Note the different scale with respect to the other figures.
5-9



r

n

te

ther
ld
the

con-

of
n

of

be

e-

ly

e
ld
r

nt

or

tary
o im-

he

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

ul33k8 u22(
k

ul23k8 u2520.13860.097.

Again, neglecting the 13k term, we obtain the following 1s
(2s) limits:

(
k

ul23k8 u2<0.10 ~0.20!

(
k

ul33k8 u2<20.02 ~0.09! ~4.16!

or

ul23k8 u<0.37 ~0.49!

ul33k8 u< ~0.30!. ~4.17!

The negative central value fordte leads to a reduced uppe
bound forul33k8 u.

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

dme50.004060.0046

dte50.002560.0013

DAe
50.06260.013 ~4.18!

with x250.84/(623), and the correlation matrix is shown i
Table V. The 90% confidence contour in thedme-dte plane
for this case is also shown in Figs. 7 and 8. This transla
into

(
k

ul23k8 u22(
k

ul13k8 u250.6660.75

(
k

ul33k8 u22(
k

ul13k8 u250.4160.22

(
k

ul33k8 u22(
k

ul23k8 u2520.2560.77. ~4.19!

Neglecting the 13k term, we obtain the following 1s (2s)
limits:

(
k

ul23k8 u2<1.4 ~2.2! ~4.20!

TABLE V. The correlation matrix of the fit parameters using t
LEP t-polarization and SLD leptonic asymmetries only.

dme dte DAe

dme 1.00 0.05 0.12
dte 1.00 0.41
DAe

1.00
11500
s

(
k

ul33k8 u2<0.62 ~0.85!

or

ul23k8 u<1.2 ~1.5!

ul33k8 u<0.79 ~0.92!. ~4.21!

This time, the upper bounds are considerably larger.
This shows that had we used only theZ line-shape vari-

ables, which has been the case in previous analyses by o
authors@10,12#, or only the leptonic asymmetries, we wou
have reached drastically different conclusions concerning
limits on theR-breaking parameters. Only through aglobal
analysis were we able to constrain the parameters in a
sistent way.

V. SUMMARY AND CONCLUSIONS

We find that flavor-conservingleptonic Z and W decays
can be used to place significant constraints on the size
R-parity violatingl8 couplings. Current bounds from lepto
universality violation in leptonicZ decays from combined
LEP and SLD data are

ul23k8 u<0.40 ~0.50!

ul33k8 u<0.28 ~0.42! ~5.1!

at the 1s (2s) level, assuming a common squark mass
mq̃5100 GeV and the suppression ofl13k8 couplings. For
larger~common! squark masses the above bounds should
interpreted as bounds onul8u3AF(x)/F(x0), whereF(x) is
defined in Eq.~3.6! andx05mt

2/(100 GeV)2.
Numerically, our numbers are not a significant improv

ment over those cited in Ref.@14#. However, the methods
used to derive previous limits@10,12# were intrinsically
flawed in that~1! R-conserving effects were not proper
taken into account and~2! R-breaking effects on only the
leptonic widths of theZ were considered. Indeed, had w
also considered only the leptonic widths, our limits wou
have been those of Eq.~4.17!. The analysis of this pape
avoids these problems by focusing onlepton universality
violation and performing aglobal fit on all LEP or SLD
observables. TheR-conserving effects are taken into accou
by parametrizing and fitting them to the data also.~Similar
methods have been used in Ref.@21# to constrain flavor spe-
cific vertex corrections while taking into account the flav
universal oblique corrections.!

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

ul33k8 u<1.7 ~2.4! ~5.2!

at the 1s (2s) level. While not currently competitive with
the Z decay bounds, the Fermilab results are complemen
independent measurements, and they can be expected t
prove dramatically at Tevatron Run II.
5-10
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If the error on the LEP or SLD observables continue
shrink with the current central values, then eventually
region allowed by the line-shape variables and the asym
tries will fail to overlap in Fig. 8. In such a situation, no
only the SM but the MSSM withR-parity violating couplings
would be ruled out. In fact, no theory which introduces le
ton universality violation in only the left-handed coupling
would be viable.

Currently, the LEP and SLD observable provide the b
limits on thel33k8 couplings. However, one can potential
place a limit on thel8 couplings by looking at invisible
decays of theY and J/c resonances at theB and t-charm
factories @22#. The current bounds onl i338 imply that the
correction to the invisible width of theY resonance can be a
large as 30%. A rough estimate shows that if theY invisible
width is found to agree with the standard model predict
with 5% accuracy, thel8 coupling would be constrained t
be ul i338 u<0.16 at the 2s level. In addition, constraints on
ul3338 u will be available from forthcoming Fermilab Tevatro
studies of the decayt→tb @23#.
11500
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APPENDIX: FEYNMAN INTEGRALS

Here we make explicit our notation for the scalar a
tensor integrals that appear in the calculation. The definiti
of the integrals are similar to those of Ref.@24#, but there are
some small alterations made to take advantage of symme
of the problem. The hat on the tensor integrals serves a
reminder of these differences.
1. Scalar integrals

We define the functionsB0 and Ĉ0 by

B0@p2;m1 ,m2#[ im42dE ddk

~2p!d

1

~k22m1
2!@~k1p!22m2

2#
~A1!

Ĉ0@p2,q2,~p2q!2;m1 ,m2 ,m3#[ i E d4k

~2p!4

1

~k22m1
2!@~k1p!22m2

2#@~k1q!22m3
2#

. ~A2!

The general form ofB0 is given by

B0@p2;m1 ,m2#5
21

~4p!2 FDe2
m1

2ln~m1
2/m2!2m2

2ln~m2
2/m2!

m1
22m2

2
111F~p2;m1 ,m2!G

whereDe5@2/(42d)#2gE1 ln 4p, and@25#

F~p2;m1 ,m2!511
1

2 S S

D
2D D lnS m1

2

m2
2D 2

1

2
A122S1D2lnS 12S1A122S1D2

12S2A122S1D2D ~A3!

with

S[
m1

21m2
2

p2
, D[

m1
22m2

2

p2
. ~A4!

The functionF(p2;m1 ,m2) is well-behaved in the limitp2→0. For smallp2!m1
2 ,m2

2, the behavior is

F~p2;m1 ,m2!5
p2

2~m1
22m2

2!2 Fm1
21m2

22
2m1

2m2
2

m1
22m2

2
lnS m1

2

m2
2D G1••• ~A5!

F~p2;m,m!5
p2

6m2
1••• ~A6!
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F~p2;0,m!5
p2

2m2
1••• . ~A7!

Useful special cases of theB0 function are

B0@p2;m,m#5
21

~4p!2F De2 ln
m2

m2
122A12

4m2

p2
lnSA12

4m2

p2
11

A12
4m2

p2
21

D G ~A8!

B0@p2;0,m#5
21

~4p!2 FDe2 ln
m2

m2
122S 12

m2

p2 D lnS 12
p2

m2D G . ~A9!

The general form of theĈ0 function is fairly complex and we refer the reader to Ref.@24#. It simplifies considerably for the
following cases:

Ĉ0@0,0,p2;m,0,0#5
21

~4p!2

1

p2 F lnS p2

m2D lnS 11
p2

m2D 1Li2S 2
p2

m2D G ~A10!

Ĉ0@0,0,p2;0,m1 ,m2#5
21

~4p!2

1

4p2 F ln2S 12S1A122S1D2

12S2A122S1D2D 2 ln2S m1
2

m2
2D G ~A11!

whereS andD are defined as in Eq.~A4!.
The following Ĉ0 could be expressed in terms a sum of dilogarithms, but for our purposes it is simpler to reduce t

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

Ĉ0@0,0,p2;m,M ,0#5
1

~4p!2E0

1

dx
1

p2~12x!1m2
lnF ~m22M2!x1M2

~12x!~M22xp2!
G ~A12!

Ĉ0@0,0,p2;m,M ,M #5
1

~4p!2E0

1

dx
1

p2~12x!1~m22M2!
lnF ~m22M2!x1M2

2p2x~12x!1M2G . ~A13!

2. Tensor integrals

Definition and general form ofB1:

Bm@p;m1 ,m2#5 im42dE ddk

~2p!d

km

~k22m1
2!@~k1p!22m2

2#
[pmB1@p2;m1 ,m2# ~A14!

B1@p2;m1 ,m2#52
1

2
B0@p2;m1 ,m2#1

1

~4p!2 S m1
22m2

2

2p2 D F~p2;m1 ,m2!. ~A15!

From Eq.~A5!, we find that in the limitp2→0:

B1@0;m1 ,m2#52
1

2
B0@0;m1 ,m2#1

1

~4p!2

1

4~m1
22m2

2!
Fm1

21m2
22

2m1
2m2

2

m1
22m2

2
lnS m1

2

m2
2D G . ~A16!

Other special cases:

B1@p2;0,m#5
1

~4p!2

1

2 FDe2 lnS m2

m2D 122
m2

p2
2S 12

m2

p2 D 2

lnS 12
p2

m2D G ~A17!
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⇒
p2→0 1

~4p!2

1

2 FDe2 lnS m2

m2D 1
1

2G . ~A18!

Useful relations among theB-functions:

05B0@p2;m1 ,m2#1B1@p2;m1 ,m2#1B1@p2;m2 ,m1#, ~A19!

05~m1
22m2

2!B0@0;m1 ,m2#1~m2
22m3

2!B0@0;m2 ,m3#1~m3
22m1

2!B0@0;m3 ,m1#. ~A20!

Definition of theC-functions~note the difference from the definitions in Ref.@24#!:

Cm@p,q;m1 ,m2 ,m3#5 i E d4k

~2p!4

km

~k22m1
2!@~k1p!22m2

2#@~k1q!22m3
2#

[pmĈ111qmĈ12

Cmn@p,q;m1 ,m2 ,m3#5 im42dE ddk

~2p!d

kmkn

~k22m1
2!@~k1p!22m2

2#@~k1q!22m3
2#

[pmpnĈ211qmqnĈ221~pmqn1qmpn!Ĉ231gmnĈ24. ~A21!

For the purpose of this paper, we will only need to evaluate these functions forp25q250 ~we neglect final state fermion
masses!. Q25(p2q)2522p•q will then be the invariant mass squared of the initial vector boson.4 For this parameter choice
the C-functions can be expressed in terms of theB-functions andĈ0 as

Ĉ1152
1

Q2
$B0@0;m1 ,m2#2B0@Q2;m2 ,m3#2~m1

22m3
2!Ĉ0% ~A22!

Ĉ1252
1

Q2
$B0@0;m1 ,m3#2B0@Q2;m2 ,m3#2~m1

22m2
2!Ĉ0% ~A23!

~d22!Ĉ2452B1@Q2;m2 ,m3#1~m1
22m2

2!Ĉ111m1
2Ĉ0 ~A24!

2Q2Ĉ2312Ĉ2452B1@Q2;m2 ,m3#2~m1
22m3

2!Ĉ1252B1@Q2;m3 ,m2#2~m1
22m2

2!Ĉ11. ~A25!

We do not list expressions forĈ21 nor Ĉ22 since we do not use them in this paper.

4We caution the reader thatp andq defined here are different from those appearing in the figures.
.
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