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Bounds on the Tau Magnetic Moments: Standard Model and Beyond
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We obtain new bounds for the magnetic dipole moments of the tau lepton. These limits on the magnetic
couplings of the tau to the electroweak gauge bosons (v, W, Z) are set in a model independent way using the most
general effective Lagrangian with the SU(2)r ® U(1)y symmetry. Comparison with data from the most precise
experiments at high energies shows that the present limits are more stringent than the previous published ones.
For the anomalous magnetic moment the bounds are, for the first time, within one order of magnitude of the

standard model prediction.

1. INTRODUCTION

The fermion dipole moments are some of the
best measured quantities in physics. While the
limits for the CP-violating ones, the electric
dipole moments, are impressivelfl]] ( 10726 —10-25
e-cm for the electron and the neutron), the agree-
ment between the measurement of the anomalous
magnetic dipole moments of the electron and of
the muon and its theoretical prediction is such
that provides the best determination of the fine
structure constant. Since the first prediction for
the electron anomalous magnetic moment com-
puted by Schwinger[f], the magnetic properties of
the leptons played a central role in testing sym-
metries and the quantum prediction of the the-
ory. This could be done thanks to the relativ-
ity long lifetime of the muon and the stability of
the electron in ordinary atoms. For the heavy
fermions the situation is very different. As short
lived-particles, there is no possibility of such high
precision experiments. Nevertheless, the mag-
netic dipole moments are, for on-shell particles,
physical magnitudes that not only contain im-
portant information about the interactions, but

*Work supported by CICYT-Grant AEN-99-0692, by
DGESIC-Grant PB97-1261, by DGEUTI of the Generalitat
Valenciana under the Grant GV98-01-80 and by Agencia
Espainola de Cooperacién Internacional.

may also give some insights on the mechanism of
mass generation. Due to the high mass of the
tau lepton (and other heavy fermions) the mea-
surement of the dipole moments is an interest-
ing test for the standard model and possible new
physics that may show up there. As expressed by
M.Perl[ﬂ] in the section Dreams and odd ideas in
tau research: ”... It would be very nice to mea-
sure p, with enough precision to check this [the
Schwinger term «/27], as it was checked for the e
and the u years ago.At present such precision is
a dream.” Previous bounds on the tau magnetic
moment a. are indirect H], or include a partial
analysis of the amplitudes in the considered pro-
cesses[fJfi]. In the first case they come from the
observation that in general extensions of the stan-
dard model (SM) it is very difficult to generate a
weak magnetic moment, az, for a lepton without
originating a coupling of the Z boson to the lep-
ton of the same order of magnitude. This weak
magnetic coupling is strongly bounded by LEP1,
therefore, by assuming that the magnetic moment
of the lepton (a.) has the same size, one obtains
a rather strong bound on it. On the other hand,
far from the resonance the a, magnetic moment
couplings of the tau is more important and should
be taken into account in the theoretical and ex-
perimental analysis. Finally, the tau-W magnetic
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coupling was first considered in the W decays into
tau plus leptons@] and also at low energies in the
tau decays into leptons and pions[E].

While these arguments are plausible, a com-
plete analysis of the data coming from tau-lepton
production at LEP1, SLD and LEP2, and data
on W decays into tau leptons from LEP2 and pp
colliders, allows for a better understanding of the
magnetic moment couplings of the tau to the pho-
ton, the Z and the W bosons. More technical
details of what follows can be found in [g.

1.1. Dipole moments in the standard
model and beyond

The anomalous magnetic moments of the tau
lepton, as the rest of the leptons, receive the stan-
dard contribution from the Schwinger term. How-
ever, in the case of the tau lepton, larger contri-
butions from new physics are still allowed. At the
electroweak scale those can be studied within the
effective Lagrangian approach. Magnetic dipole
moments are usually defined with all particles
in the magnetic moment vertex on-shell because
these are the gauge invariant quantities of the the-
ory, as shown in the classical paper .

For the a, tau magnetic dipole moment there
is no available experiment satisfying the above re-
quirement and to determine it one has to resort to
general and consistent (gauge invariant) param-
eterizations of all physics in which the magnetic
moment could play a significant role. The most
general of those parameterizations is based on the
effective field theory language which will allow us
to relate off-shell matrix elements with the physi-
cal on-shell anomalous magnetic moment a,. In-
stead, the az can be determined on-shell: we have
tau pair production at the Z-peak at various ex-
periments and specific observables proportional
to the weak magnetic moment have been calcu-
lated (1] and measured[Lg].

The effective Lagrangian approach [LJ] we use
is described in section 2 where we also fix the
notation. Magnetic moment are generated by
non-renormalizable couplings, their effects grow
with energy and, therefore, high energy experi-
ments, though not as precise as experiments at
lower energies, can still be relevant. This is the
case for LEP1 and SLD measurements as com-

pared to LEP2 ones. Besides, while the former
are only sensitive to the Z-magnetic couplings,
LEP2 is sensitive to both Z and photon magnetic
moments (az and a,). Far from the resonance
the statistics rapidly decreases and the precision
is not as good. In general, lower energy experi-
ments do not provide stringent bounds: the sup-
pression factor (Ejow/mz)? has to be compen-
sated by higher precision in the experiment (see
Er instance the bounds obtained from tau decays

).

Observables are studied in section 3 where tau
production is considered in universality test and
transverse polarization at LEP1-SLD, total pro-
duction rates at LEP2, and lepton universality in
W decays in LEP2 and hadron colliders.

What are the observables related to the mag-
netic moments? There is no symmetry guide as,
for example, in CP-violation by electric dipole
moments, where specific CP-odd observables can
be constructed. However, magnetic couplings flip
chirality, so in order to select the physical ef-
fects of the magnetic moments one should take
these properties into account. In the standard
model the only source of chirality flips are fermion
masses, much lower than the electroweak scale.
This means that any contribution to inclusive
observables are either suppressed by the fermion
masses or need two operator insertions and then,
they come as the electroweak magnetic moments
squared. Furthermore, any new physics terms,
not only that related to the magnetic moments
will appear in these observables. It is therefore
convenient to also include observables that are ex-
actly zero when chirality is conserved: these will
be only sensitive to fermion masses and/or mag-
netic moments and will depend linearly on the
couplings. Up to now, observables of this kind
have been studied at LEP1 but not at LEP2.

There are only two gauge invariant dimen-
sion six operators contributing to magnetic mo-
ments in the effective Lagrangian. Therefore
gauge invariance imposes a relationship among
the three weak and electromagnetic magnetic mo-
ments.Therefore one can achieve some insight on
tau magnetic moments by studying W decays into
tau leptons. There exist good bounds on uni-
versality of W decays into leptons coming from



LEP2,UA1, UA2, CDF and DO that can be trans-
lated into limits on the magnetic moments.

In section 4 we present the combined analysis
of the observables, compare them to other bounds
found in the literature and discuss the results.

2. NEW PHYSICS AND THE EFFEC-
TIVE LAGRANGIAN

The new physics phenomenology at low energy,
i.e. at energies much lower than the scale of this
new physics, can be parametrized by an effective
Lagrangian built with the standard model parti-
cle spectrum and gauge symmetry, having as zero
order term just the standard model Lagrangian,
plus higher dimension gauge invariant operators
suppressed by the scale of new physics A. The
leading non-standard effects will come from the
operators with the lowest dimension. Those are
dimension six operators and among them there
are only two operators that contribute to the tau
magnetic moments:

1

Op = FLUPUWTRB‘W , (1)
11— oy

OW = FLLTSDUMUTRW . (2)

Here L = (vi,7r) is the tau leptonic doublet,
@ is the Higgs doublet, B*¥ and W are the
U(1)y and SU(2)., field strength tensors. Other
dimension six operators like

1 —
FLLU;UJ pLLB#V ) (3)

reduce to the operator of eq. ([]) after the use
of the standard model equations of motion. The
effective Lagrangian is

ﬁeff:OABOB—I—OzWow—I—h.C. , (4)

where we will take the couplings ap and ayy real.

After spontaneous symmetry breaking, the
Higgs gets a vacuum expectation value and, as
usual, the interactions in () can be written in
terms of the gauge boson mass eigenstates A",
Z" and WH. Our Lagrangian, written in terms
of the mass eigenstates, is

a~€ aze

T = g = ny
Leps = 1 Tou T 4 1 TOuwWTZ
1L’T 1L’T

B W 5
where one can recognize the usual couplings re-
lated to the magnetic moments. X,, = 9, X, —
0, X, (for X = F,Z,W,) is the Abelian field
strength tensor for the gauge bosons. We have
not written the non-Abelian couplings involving
more than one gauge boson because they do not
contribute to magnetic moments at leading order.
The above new physics magnetic moments can be
written as

uv2m.,

ay = (ap —aw) A2 (6)
U\/gm‘r
Gy = _(awc%/v—i—ags%v)m s (7)
u2v2m.,
W QWT = —2sw (cwaz + swa,) (8)

where u/v/2 is the Higgs vacuum expectation
value and sy = sinfyw, cw = cosby . The La-
grangian (E) gives additional contributions to the
anomalous standard model electromagnetic mo-
ment of the tau a.YSM. The same is true for the
other magnetic moments that have been intro-
duced for the weak magnetic moments: ayz for the
Z-boson[[LT], and x" for the W-boson[fi]. Some-
times it will be convenient to consider the follow-
ing dimensionless couplings, proportional to the
magnetic moments

ay = 271z€,, 9)
1
ay = 2 rz €z , (10)
SW Cw
o= 2V2rgew . (11)
where 7z = m,/mz. We would like to stress

the following point. In the effective Lagrangian
approach, ezxactly the same couplings that con-
tribute to processes at high energies also con-
tribute to the (magnetic moment) form factors,
Frev(g?), at ¢ = 0. The difference F*¥(q?) —
F™e*(0) only comes from higher dimension op-
erators whose effect is suppressed by powers of
q%/A?, aslong as ¢ < A as needed for the consis-
tence of the effective Lagrangian approach. This
means that any measurement (bound) for the new
physics contributions to magnetic moments, at an



energy scale where some of the gauge bosons or
other particles are off-shell, can be directly added
to the on-shell standard model prediction in or-
der to get a value (limit) on the magnetic dipole
moments.

The effects of the operators in ([) are sup-
pressed at low energies. This means that the
most interesting bounds will come from the high-
est precision experiments at the highest available
energies. At present they are LEP1 and SLD (Z
decay rates and polarization asymmetries), LEP2
(cross sections and W decays rates), CDF and DO
(W decay rates). Consequently in the following
section we will study all those observables.

3. OBSERVABLES

In this section we will present the observables
best suited to set bounds on the magnetic mo-
ments.

3.1. Universality in tau pair production at
LEP1 and SLD

We begin with tau pair production in eTe™ —
7T77 from threshold to LEP2 energies. There-
fore we will include both photon and Z-exchange
with standard model vector and axial couplings to
fermions, plus additional magnetic moment cou-
plings given by eq. ({). The expressions for the
cross section can be found in [97 It can be
separated into three types of contributions: i) the
standard model tree level contribution , which is
the dominant one, ii) a contribution which is pro-
portional to the tau mass. This comes together
with an insertion of the magnetic moment oper-
ators (non-standard contribution) or with an in-
sertion of another fermion mass (standard model
contributions) or both, two insertions of magnetic
moment operators and two mass insertions (non-
standard contributions), and iii) a contribution
free of masses but with two insertions of the mag-
netic moment operators.

This can be easily understood, since standard
model couplings of gauge bosons to fermions
conserve chirality, while mass terms and mag-
netic moment couplings change it, therefore inter-
ference of magnetic moment contributions with
standard ones should be proportional to the

fermion masses and only the square of magnetic
moments can be independent of fermion masses.
In the limit of zero tau mass only the contribu-
tion iii) is relevant, however there could be some
range of the parameters in which contribution ii)
is higher than iii). In fact for any finite value of
the tau mass it is obvious that for large enough
A ii) will always dominate over iii). In order to
be as general as possible we will include all three
contributions.

Bounds on the couplings a., and az can be ob-
tained from LEP1-SLD universality tests by as-
suming that only the tau lepton has anomalous
magnetic moments (muon and electron electro-
magnetic moments have been measured quite pre-
cisely [ll]). In order to compare with experimen-
tal data it is convenient to define the universality
ratio:

R  o(eter = 7177) Ty
e 0'(€+6_ - M+/14_) s:mQZ a I‘Hﬁ
R
= R—ERSM+R1+R2. (12)

Here R, = Thea/Tup and Ry = Thea/I'-7 are
the quantities directly measured [[4], Rsas is the
standard model contribution (including lepton-
mass corrections), and Ry and Ry are the linear
and quadratic terms, respectively, in the tensor
couplings. Notice that this quotient eliminates
the hadronic part that, although very well deter-
mined in experiments, has much higher theoret-
ical uncertainties than R,,. The theoretical ex-
pression for R, can be computed from the cross
sections, and it is

v? — 2a?
Rsy = \/1— 473 [1—0—27"227”2_’_&2} . (13)
Ry =—12/1— 412 rg —— (14)
1= 72T g Y
1
/ 2 2
R2:2 1—4T2Z [1+8TZ] mﬁz (15)

with @ = a. = a; = a,, v = v = v, = v,. Notice
that in the ratio eq. (@) the electroweak radiative
corrections cancel to a large extent and, there-
fore, we can use tree-level formulae. However, if

needed, the expressions in egs. (E—%? can be im-

proved by using effective couplings [[LJ]. From the



Table 1

Combined experimental data for the 77 77 cross sec-
tion from ALEPH, DELPHI, L3, OPAL at LEP2 en-
ergies (in GeV). (/s’/s is the cut in the invariant

mass of the tau pair.
Vs o3 (pb) or7(pb) Vs'/s
3.43+0.18 0.85

182.7 3.45
188.6 3.21 3.135+£0.102  0.85

very precise experimental LEP1 and SLD mea-
surements [[[4] we obtain

R;, =1.001140.0027 . (16)
Comparing the equation ([Ld) with ([[2) one gets
0.0007 < 7.967 €% + 0.037 ez < 0.0061 (17)
that leads to the following two bands for ez:
—0.030 < ez < —-0.012 (18)
or

0.007 < ez <0.025 (19)

3.2. Tau pair production at LEP2

At LEP2, the contributions coming from the
photon-exchange are dominant over those com-
ing from the Z-exchange, and as a result both
magnetic moments, a, and az, will enter into the
constraints.

Present experimental errors from ete™ —
777 cross section are much milder at LEP2 than
at LEP1. A combination of the LEP2 data [[L6]
on this cross section, for s’ (the invariant mass of
the pair of tau leptons) so that y/s’/s > 0.85,
is listed in table El This combination of data
has been only made for the 183 GeV and 189
GeV data-sets as they have the highest luminos-
ity and center-of-mass energies. For comparison
we also present the standard model prediction for
the cross section. In both, experimental results
and standard model predictions, initial-final state
radiation photon interference is subtracted. For
LEP2 let us define the ratio R.> as:

R olete” —1tr7) _

0’(€+€7 — 7'+7'7)SM
FY(s) ey + 3 (s) €2 + FZ(s) ez
FZ(s) % + F2(s) eze, (20)

+ o+

Table 2
Coefficients of the anomalous contributions to R,z
for the different center of mass measured energies (in
GeV) at LEP2.

NG F/ F) Fy Fs I

130 0.079 0.682 0.028 5.258 0.286

136 0.083 0.784 0.026 5.152 0.304

161 0.092 1.221 0.022 5.272 0.384

172 0.094 1.427 0.021 5.497 0.424

183 0.096 1.642 0.020 5.789 0.467

189 0.096 1.765 0.019 5.971 0.491

For the range of energies used by LEP2 experi-
ments, the coefficients F;(s), obtained from the
cross sections, are given in table Pl Direct com-
parison of eq. (@) to experimental data will pro-
vide bounds on the anomalous couplings. We
have checked that, even though coeflicients in
table E are obtained with no initial state radia-
tion, its inclusion only changes the coefficients by
about a 10% and this does not affect significantly
the obtained bounds.

All data are used independently in the global fit
discussed in the final section. Just as an example
of how well the new couplings can be bound from
LEP2 let us find the limits on e, obtained by
using only the data at 189 GeV. The experimental
value for the ratio R,z is in this case:

R =0.978 +0.032 (21)

TT |exp

to be compared with the theoretical prediction
(assuming that ez is well bounded from LEP1-
SLD, as it is)

Rrzly, = 1.00 + 1.765¢5 + 0.096e., . (22)
From the two previous equations we find:
—-0.10 <e, <0.05, (23)

This 1o bound is comparable to the one obtained
in the global fit given in the final section where
all available data have been included.

3.3. Tau lepton transverse polarization
Chirality flipping observables vanish for mass-
less taus and depend linearly on magnetic mo-
ments. On the other hand they will not get con-
tributions from physics conserving chirality. In



that sense they are truly magnetic moment ob-
servables. At LEP1, with the 7 direction fully
reconstructed in the semi-leptonic decays it has
been shown[[L1] that one can measure the anoma-
lous weak magnetic moment az by measuring
an azimuthal asymmetry on the tau and tau de-
cay products angles. This asymmetry selects the
leading term in the weak magnetic moment in the
tau pair production cross section, that appears in
the P-odd, chirality flipping transverse tau polar-
ization. The expression one finds for the proposed
asymmetry is:

1 a
AT = :Fah§m [-vrz +ez] , (24)
where o, = (m2 —2m3)/((m2 +2m3), is the po-
larization analyzer for each hadron channel (h =
T, p), a = a. = ar, and v = v, = v,. In addition,
the SM contribution to this observable is doubly
suppressed with respect to the non-standard one:
by the fermion-boson vector coupling v and by
the rz factor.

Within 1o, the LEP1 measurement of this
asymmetry and the SLD determination of the
transverse tau polarization[L], translate into the
following values for the ez coupling

-2
. _{ (0.0 4+ 1.7+ 2.4) x 102 (LEP1) , (25)

(0.28 +1.07 £ 0.81) x 102 (SLD)

Combining these results one gets the bound:
ez =0.002£0.012 . (26)

Note that even though the transverse tau po-
larization has been measured at LEP1-SLD with
a precision one order of magnitude worse than
the universality test R, (2-4% typically for the
asymmetry, and 0.5% for the tau-muon cross sec-
tion ratio), the obtained bound eq. (24) is as good
as the one coming from universality eq. ([L9). This
is so because the asymmetry depends linearly on
the couplings.

At present there does not exists a similar mea-
surement at LEP2. This would allow to disentan-
gle the v components from the Z components of
the magnetic moments.

3.4. Lepton universality in W decays.

The Lagrangian eq. (E) shows that the same
couplings that give rise to electromagnetic and Z-
boson magnetic moments, also contribute to the
couplings of the W gauge bosons to tau leptons.
The couplings appear in a different combination
than that in the photon or Z couplings, so their
study gives additional independent information
on magnetic moment couplings. As was noticed
in Ref. [f]] the best place to look for effects of the
ey coupling is in the W decay widths.

Using our effective Lagrangian we can easily
compute the ratio of the decay width of the W-
gauge boson in tau-leptons (with magnetic mo-
ments) to the decay width of the W to electrons
(without magnetic moments).

(W — rv)

RV = —~— <
e (W — ev)

= (1= )" x
iy 2 4.2
1+7+3\/§rw ew ew + (1+27%)ed, | (27)

where ry = m. /mw, and ey can be rewritten in
terms of e, and €z as in eq. ). Note that RW,
like the cross sections studied in subsection (1),
is a chirality even observable. The decay of the
W into leptons has been measured to a rather
good precision at LEP2, UA1, UA2, CDF and
DO0. There, results are presented in the form of
universality tests on the couplings [@,@] that we
rewrite as a measurement on the ratio RY. defined
above

RY =1.002 4+ 0.030 , (28)

Then, from eqs. (§-R7), we obtain the following
limit on the W-boson magnetic moments.

—023< ey <0.15 . (29)

4. COMBINED ANALYSIS AND RE-
SULTS

We have performed a global fit, as a function
of the two independent couplings €, and €z, to
the studied observables :

e
e Lepton universality R,, = %

at LEP1 and SLD;



e the ratio of cross sections R, =
oyt .
M, for the two highest ener-

gies measured at LEP2;

e the transverse tau polarization and polar-
ization asymmetry AJ, measured at SLD
and LEP1 ;

e lepton universality of W decays RY =
L'(W—Tv)
T'(W—ev)
ers.

measured at LEP2 and pp collid-

In fig. [l| we present, in the plane a,—az (or e,
€z) the allowed region of parameters at 1o and
20. For comparison we also present (at 1o) the

-0.01 -0.005 0
——— r
0.03F LEP2 cross section -0.003
e ]
[ o B
0.02:— ¢§ ] 0.002
: E§ ___________ -]
ootf 85 || 5 qoou
r 2 3
N of E ]
w0 £ o Y
z2 ]

-001F -0.001

-0.02f

LEP1-SLD !
cross sectiofh

4-0.002
—0.03F — e ]

El et e e e e e e, 70003
-025 -02 -0.15 -0.1 -0.05 0 005 01 015 0.2

&

Figure 1. Global fit including all constraints; 95%
CL and 68% CL contours are shown. The bands
between straight lines show the allowed 1o regions
coming from the different experiments: solid (LEP2-
189 GeV), dashed (LEP1-SLD cross section), dot-
dashed (asymmetry). We also have plotted the line
ez = —siye, (dotted line). This relationship appears
when only the operator Op contributes.

relevant limits set independently by the different
observables, as discussed in the text. By project-
ing onto the axes one can read off the 1o and
20 limits on the different non-standard contribu-
tions to the anomalous electromagnetic and weak

magnetic moments a-, az

0.005 < a,, < 0.002 ,

(1o) — { 0.0007 < ag < 0.0019, 39
0.007 < a, < 0.005 ,

(20) = { —0.0024 < az < 00025 Y

Using the relationship among €, €z, ap and
aw at a given value of the scale of new physics,
one can easily obtain bounds on ap and ayw. Al-
ternatively, by assuming that ap/47 or aw /47
are order unity one finds a bound on the scale of
new physics: A > 9 TeV.

We note that, for the first time, the bound for
a~ is of the order of magnitude of the prediction
computed long ago by Schwinger a,?ED ~ 0.0012.

Bounds on the anomalous electromagnetic mo-
ment for the 7 have been considered and mea-
sured from the radiative decay Z — 77 77 «
at LEP1 [f[ff]. There, only the anomalous cou-
pling a, is taken into account, while the con-
tributions coming from the tau Z-magnetic cou-
pling az or the effective 4-particle vertex are ne-
glected. The interpretation of off-shell form fac-
tors is problematic since they can hardly be iso-
lated from the other contributions and gauge in-
variance can be a problem. In the effective La-
grangian approach all those problems are solved
because form factors are directly related to cou-
plings in the effective Lagrangian, which is gauge
invariant, and as discussed above, the difference
Frev(g?) — Frev(0) only comes from higher di-
mension operators whose effect is suppressed by
q?/A?. Using this approach, the analysis of the L3
and OPAL collaborations lead to the PDG 95%
CL limit[f]:

~0.052 < a, < 0.058 (32)

As can be seen from eq. (BI) our result, coming
mainly from LEP2, is about one order of mag-
nitude better than the ones obtained from the
radiative Z-decay.

The standard model prediction for the weak
magnetic moment az, which was computed in
[L1]], is far below the present bound.

The above bounds are completely model inde-
pendent and no assumption has been made on
the relative size of couplings ap and ayw in the



effective Lagrangian (H) For the sake of compar-
ison with published data [[] we present now the
limits that can be found by considering separately
only operator Op or only operator Oy in the La-
grangian (f). Consider that only Op is present,
as in Ref. [{], is equivalent to impose the relation
€z = —S%VE»Y or equivalently cywaz = —sw a,.
Thus, from fig. m, it is straightforward to obtain
that the bounds on the anomalous magnetic mo-
ment (at 20) are reduced to —0.004 < a, < 0.003,
while little change is found on the weak-magnetic
moment —0.0019 < az < 0.0024.

Universality tests in W decays do not pro-
vide any interesting constraint on az and a,. In
fact, the straight lines coming from the direct
lo bound from universality tests in W decays
lie well outside the figure. However, because of
the relationship (f), the LEP1-SLD and LEP2
constraints on €z and e, can be translated into
constraints on ey (or k" defined in eq. (L)),
the weak magnetic moment couplings of the W-

gauge-boson to taus and neutrinos. One obtains
the 95% CL limits

—0.003 < " < 0.004 . (33)

We have shown that the use of all available data
at the highest available energies (LEP1, SLD,
LEP2, DO, CDF) leads to strong constraints in
all the magnetic moments (v, W, Z) of the tau lep-
ton without making any assumption about nat-
uralness or fine tuning. The obtained bounds

(eq. (BI)) and eq. (B)) are, to our knowledge, the
best bounds that one can find in published data.
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