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ABSTRACT: We analyse the process 7= — v,m 7’ allowing for anomalous weak
charged current magnetic and electric dipole moment interactions and determine
the effects on the differential and total decay rates. Using recent experimental data
we determine the following values for the anomalous magnetic and electric dipole

moment parameters, respectively: x = 0.16 & 0.08; and |&| = 0.887032.
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1. Introduction

In the Standard Model the charged current interactions of the tau lepton are mediated
by the W boson with a pure V — A coupling. We consider new derivative couplings
in the Hamiltonian which are parametrised by the parameters £ and &, the (CP-
conserving) magnetic and (CP-violating) electric dipole form factors respectively [I;,
2]. These are the charged current analogues of the weak neutral current dipole
moments, measured using Z — 7777 events [B, 4, 5, 8, 7], and the electromagnetic
dipole moments [, 9], measured using Z — 77777 events [10, 11, 12]. The only
limits so far obtained for x and K are derived from analyses of the partial widths for
T~ = 0y, for £ =e, p &, 13, 14].

In this paper we consider for the first time the effects of anomalous charged cur-
rent dipole moments on tau decays involving hadrons. We analyse the 7= — v, 7°
process which has largest branching fraction of all the tau decay modes. This pro-
cess is particularly topical due to a recently reported difference of 2.20 between the
measured 7- — v, 7 branching fraction and the (lower) value predicted using
ete” — wtn~ data in the neighbourhood of the p meson resonances and the Con-
served Vector Current (CVC) hypothesis [15]. While this could be attributed to
a fluctuation, we note that non-zero values of x and K would also yield a higher

measured value for BR(7~ — v,m~70).



We present predictions for the differential 7= — v, 7~ 7% decay distributions and
the partial width, I'(r~ — v,7~7°), as functions of x and %. The sensitivity of the
differential distributions is analysed for typical samples of 7= — v,.7~ 7% decays in
ete” — 7177 events which are reconstructed by the LEP and SLC experiments. The
partial width is compared to the experimental measurements of BR(7~ — v,7n~7°)
to yield quantitative constraints on x and k.

2. Parametrisation of anomalous couplings in 7= — v,7 7" de-
cays

The matrix element for the decay 7= — v, 7~ 7 is given by

M = % waJ " H,, (2.1)
where Gy = (1.16639+0.00001) x 107°GeV ~? is the Fermi constant, V,4 = (0.9740 +
0.0010) is the appropriate CKM matrix element [16], and J* and H,, are the leptonic
and hadronic currents respectively. The effects of anomalous weak charged current
dipole moment couplings at the 7v,. W vertex are parametrised by augmenting the
usual V' — A charged current such that J* is given by

Oy — i/%%)) " (2.2)

= (7” (1)~ %

where o#”=2%[y" "], ¢" is the four-momentum transfer, and m,=(1777.055:33) MeV
[16] is the tau mass. The parameters x and & are in general complex but henceforth
we assume that & is real, as required by C'PT invariance. The hadronic current is
parametrised as

H" = V2F(¢*) (a1 — ¢2)" , (2.3)

where ¢; denote the four-momenta of the two final-state pions and F(¢?) is a form
factor.

A convenient choice for the kinematic observables, following Kiithn and Mir-
kes [17], is ¢2, the invariant mass-squared of the hadronic system; cos 6, the cosine of
the angle between the tau spin-vector and the hadronic centre-of-mass direction as
seen in the tau rest frame; and cos 3, the cosine of the angle between the charged pion
and the axis pointing in the direction of the laboratory viewed from the hadronic
centre-of-mass frame (henceforth referred to as the z-axis).

2.1 Differential decay rate, dI'(7— — v, 7°)/dg*d cos 0d cos 3

After integration over the unobservable neutrino direction and the azimuthal angle
of the charged pion, and neglecting the mass difference between the charged and



neutral pions, the differential decay rate is given by

1 Gy 2 (2|2 2 243/2(, 2 _ 212
dlI' = (47T)3m‘VUd‘ |F(q )‘ SE'W(q _4m7r) / (mT —dq ) X
<{ [fo + Re(w)fy + (5f? + 7 fa] + Pe[gn + Re(w)ga + Rlm(x)g2] |
dq?® dcos3dcosf
24
where m2 = (m2_ 4+ m2,)/2 and P, is the tau polarisation. The factor of Sgy =

1.0194 accounts for electroweak corrections to leading logarithm [18]. The functions
fi and g; (i = 0,1,2) are given by
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and v is the angle between the tau direction of flight in the hadronic rest frame and
the z-axis. At LEP energies the following approximation is valid:

1+ cos 6 m?2 — ¢

—_— ith = 2.
1+mncosf’ W K (27)

cos) = ——
¥ m2 + ¢2

F(q?) describes the resonant structure of the two-pion invariant mass and the model
used to describe it is discussed in more detail in the following section.
2.2 Dependence of apparent polarisation on anomalous couplings

The usual determination of tau polarisation from energy and angular distributions
of decay products of the tau depends crucially on the assumed V' — A structure of the



charged current to serve as a polarimeter. Additional couplings in 7 — pv decays
will produce measured values of polarisation which differ from analyses of other 7
decay modes and the predictions from global fits to Electroweak parameters in the
context of the Standard Model. The observed agreement of polarisation measured in
7= — vym 70 decays with other determinations may be used to constrain x and &.

We first integrate the differential width presented above with respect to ¢* and
cos 3. The ¢? dependence of F must be explicitly considered prior to this integration.
F(q?) for the 7= — v,m~ 70 channel is dominated by the p(770) vector meson with
a small admixture of p/(1450) and a negligible contribution from the p"(1700), as
verified by the ALEPH experiment [19]. We work within the context of the Kiihn
and Santamaria model [20] in which the p and p’ resonances are each described by a
Breit-Wigner propagator with an energy-dependent width [21]

2

Bala) = m2 — ¢ jﬂL;C\/EFI(q?) ’ (28)
where
2\ _ om_i p(q2) ’
r() =1 (HE)) 29)
and

p(s) = %\/s —4m2. (2.10)

where T is a constant. The normalisation is fixed by chiral symmetry constraints in
the limit of soft meson momenta, such that the form factor is given by

F(q2) _ Bp(q )1—:_ﬁﬁBP’(q ) .

where § = —0.145 [2U]. The differential width, retaining only the § dependence, is
of the form

(2.11)

dl = T°(A + BP, cos@)dcgse . (2.12)

Where I'? is the partial width in the absence of anomalous couplings, i.e. k = & = 0.
It is determined from ete™ — 777~ data using CVC [15], as discussed below. The
coefficients A and B depend on k and & and are given by

A =1+ Re(r)f{ + (|6 + &) f3

B = g} 4+ Re(k)g! + &Im(k)g}, (2.13)
where, for § = —0.145, we obtain the following numerical values
11 =0.202
f1 = 0.037
g0 =0.399
gl = —0.067
g4 = 0.059 (2.14)



Comparison of the results for the measured “apparent polarisation” from 7= —
v.m~m° channel with other channels or the results of Electroweak fits would permit
constraints to be placed on k and k.

2.3 Dependence of the total width, I'(t~ — v,7~7°) on anomalous couplings

Integration of eq. 2.12 over cos @ yields the effect of the anomalous couplings on the
total rate

Lt~ = v 7)) =T° [1 + fiRe(k) + fi(|6> + /%2)} : (2.15)

which naturally is independent of the polarisation (the polarisation term is propor-
tional to cosf and therefore integrates to zero).

3. Sensitivity of the differential decay rate to x and &

The sensitivity of eq. 2.4 to the dipole moment couplings was studied for the case of
CP-conserving interaction, i.e. x real and k = 0. We consider the quantity

/dQ% (%ﬂ o (3.1)

as a function of the 7 polarisation, where o is the expected error one standard

oV N =

deviation on k, N is the number of 7= — v, 7% decays, and dfQ is the elemental
phase space volume. The choice of the quantity ov/N simply reflects the 1 / VN
dependence of the statistical error o.

The distribution f is given by eq. 2.4 for the 7= — v,.7~7° channel and eq. 11 of
Rizzo [0 for 7= — v, ,0~. Figure, shows oV/N as a function of P, for the particular
case k ~ 0 for (a) the 7= — v,7~7° decay mode, and (b) the 7= — v, ¢~ decay
mode (¢ = e or u, not both combined).

%4.35 ~ (a) %22‘5
o 43 - 5 20 F
- 17.5 E
4.25_— 15;
42 12,6 E
4,15 + 10 &
- 7.5 E

4.1 _— 5;
P I B B E

Figure 1: The k sensitivity quantity, oV N, as a function of P, for k ~ 0, for (a) the
7= — v,m 7° decay mode and (b) the 7~ — 1,74~ decay mode.



The 7= — v,7~7° mode is intrinsically more sensitive than the leptonic decay
modes and is less dependent on the 7 polarisation. In addition, the branching fraction
for 7= — v.m~ 7" is larger than each leptonic channel.

For example, at the Z peak (P, ~ —0.15) with a typical sample of reconstructed
decays for each LEP experiment (~ 45000 7= — v,m 7% decays and ~ 30000
7~ — v, 0~ decays) the predicted statistical errors are:

o, ~0.020, and oy ~ 0.065, (3.2)

where detector effects are neglected, apart from their influence on the reconstruction
efficiency which is reflected in the number of decays assumed. The corresponding
statistical error for the combined e and p channels is ~0.046 which is more than a
factor of two less precise than from the 7= — v, 7~ 7 channel alone.

A practical disadvantage of the semileptonic decay is the multi-dimensional char-
acter of the distribution function. In the analysis of the tau polarisation, this problem
has been overcome using a single “optimal variable” [22]. Although the optimal vari-
able for the tau polarisation is not the optimal variable for x (nor for &), we find it
still provides distinguishing power. We fit hypothetical distributions of the optimal
variable for simulated samples of 45000 7= — v,m 7 decays each, generated with
P. = —0.15 to represent 7’s produced at the Z peak. Typical errors are o, ~ 0.038
which is degraded compared to the full multi-dimensional fit but is still statistically
more sensitive than the combined e and p channels.

The apparent disadvantage of the leptonic channels is, however, mitigated by
the need to know F(q?) for the 7= — v,m 7° channel which has a non-negligible
systematic error, as discussed below.

In this paper we cannot derive constraints on x and % from fits to the differential
decay distributions due to a lack of the necessary experimental information. We can,
however, determine constraints from the (intrinsically less sensitive) measurements
of BR(7~ — v, 7), as described below.

4. Constraints on x and & from BR(7~ — v,m 70)

We derive quantitative constraints on x and K by considering the likelihood for
the theoretical prediction for BR(7~ — v,7m 7%) to agree with the experimentally
determined average value [23] of

BR(7™ — vy 7°) = (25.31 + 0.18)%, (4.1)

as a function of k and £. IV of eq. 2715 is determined from ete™ — 7+~ data using
CVC. A combined analysis of all data, allowing for radiative corrections and p — w
interference, yields the CVC prediction of [15]

BR(7™ — v, 7°) = (24.52 4 0.33)%, (4.2)



where the error includes statistical and systematic uncertainties and conservatively
allows for a possible systematic discrepancy of the DM1 data compared to CMD,
CMD-2, and OLYA. The experimental value of BR(7~ — v,7~7) is higher than the
CVC prediction by 2.2 standard deviations of the combined error.

We fix I'? to the CVC prediction of

BR(7~ — v,n 7°) so that only fi and 57 (@)
fZT depend on the description of hadronic 47;
spectral function. This reduces the sen- 5 3
sitivity of the results to the details of = 2-
the hadronic modelling. 1,

We construct likelihoods as a func- oEw"m_m"m_m‘w_m‘w_wm
tion of Kk and & assuming in each case -0.5-04-03-02-0.1 0 0.1 02 03 04 0.5
that the other parameter is zero. The K
errors are propagated numerically [24] 0.8
taking into account the error on the ex- 075 (b)
perimental measurement of BR(7~ — o
v, 7°) (eq. 4.1), the uncertainty on % 8451:
the CVC prediction (eq. 4.9), a system- = 0.3%
atic error of 0.5% for radiative correc- 023
tions not included in Sgy [1§], and a O'(I)EHH‘mwmww‘m_m_m_m
systematic error of 0.3% for the effect of 2 -5 -1 05 0 05 1 15 2
p — w interference [25]. Figure ¥ shows X

the likelihood distributions for (a) k and

(b) % The distribution for  has a single Figure 2: The likelihood distributions for (a)

. d (b) <.
peak due to the dominance of the term o and (b) &
linear in & in eq. 2.15. The distribution

for & has two symmetric peaks due to the lack of a term linear in & in eq. 2.15,
therefore it is more appropriate to constrain the quantity |%|. We determine

k=016+0.08, and |k =0.88"02%, (4.3)

where the errors correspond to the 68% confidence level. At the 95% confidence level
we constrain x and K to the ranges:

000<rk<032, and 0.13<|&| <133, (4.4)

The effect of neglecting the mass difference of the charged and neutral pions was
estimated by varying m, between mo and m,—. This changed f] and f] by < O(1%)
and had negligible a effect on the results for x and |&|.

These results are slightly more than two standard deviations from the SM expec-
tations of zero which, though intriguing, cannot be considered statistically compelling
evidence of new physics.



The results may be compared to complementary results previously obtained from
purely leptonic tau decays [13], which are x = 0.001 + 0.008 and & = 0.00 & 0.16 or
—0.014 < k < 0.016 and |&| < 0.26 at the 95% C.L. [13]. These are more restric-
tive than those we obtain from 7= — v,7 7° decays. This is partly due to the
larger uncertainties in the theoretical and experimental values of the 7= — v.7—7°
branching fractions. In principle these effects could be counteracted by a higher
intrinsic sensitivity of the 7= — v,m 7" channel due to larger values of a; and as
relative to the leptonic modes. From our calculations, however, we see in retrospect
that the numerical values for a; and ay are smaller than their leptonic counterparts
(0.5 and 0.1 respectively). Therefore, if only the total rate information is used the
7= — v, 7° channel is less sensitive than the leptonic channels, in contrast to the
higher statistical sensitivity of the 7= — v,m~7° channel when the differential decay
distribution is analysed.

5. Summary

We present calculations of the differential and total decay rates for the process
7= — vymm, allowing for anomalous charged current magnetic and electric dipole
moments, x and K respectively. This constitutes the first such analysis of a hadronic
tau decay mode.

The analysis of the differential distributions for the 7= — v, 7~ 7° decay mode
is found to be statistically more sensitive than the corresponding analysis of purely
leptonic modes, 7= — v,.f, irrespective of the tau polarisation. The branching
fraction, BR(7~ — v,m~7), is also sensitive to k and & although less so than for the
leptonic branching fractions.

By comparison of the measured value of BR(7~ — v,7~7°) with the predictions
of CVC, we determine x = 0.16 4 0.08 and |&| = 0.887022. which differ from the SM
expectations by approximately two standard deviations.

The values for £ and & obtained from BR(7~ — v, ¢~ ) are consistent with zero.
This could mean that the measured result for BR(7~ — v,m 7°) and CVC differ
only due to a fluctuation, or that there is an experimental or theoretical uncertainty
which is not correctly taken into account. For example, it is worth noting that the
theoretical predictions for the 7= — v,m~ channel changed by 1.1% between an
initial calculation [IL8] and a later and more detailed calculation[26].

The new ete” — 77~ data in the neighbourhood of the p meson resonances
should reduce the experimental uncertainty in the CVC prediction by a factor of
almost two in 1999 [15]. Hopefully these data will clarify whether this is a statistical
or systematic effect or the first indication of some new physics which affects hadronic
tau decays but not purely leptonic decays.



Acknowledgments

We acknowledge gratefully the financial support of CONICET and the Fundacién
Antorchas, Argentina (M.T.D. and P.L.) and the NSF, USA (J.S. and L.T.).

References

[1] T.G. Rizzo, Phys. Rev. D 56 (1997) 3074 [hep-ph/9704337).

[2] M.V. Chizhov, On the muon decay parameters, hep-ph/9612399.

[3] OPAL Collab., K. Ackerstaff et al., Z. Physik C 66 (1995) 31

4] L3 Collab., M. Acciarri et al., Phys. Leti. B 436 11398) 307,

[5] ALEPH Collab., Search for CP wviolation in the decay Z— 7 7~. In Paper PA08-030
contributed to the 28th International Conference on High Energy Physics, Warsaw, 27
July — 4 August 1996.

[6] DELPHI Collab., M.C. Chen et al., Test of CP wviolation in ete™ — Z — 7t7~ and
upper limit on the weak dipole moment of the T lepton. In Paper contributed to the
HEP’97 Conference, Jerusalem, 19-26 August 1997. DELPHI 97-70 CONF 56.

[7] T. Barklow, SLD measurement of weak dipole moments. In Proceedings of the TAU 98
Workshop, A. Pich and A. Ruiz, eds., Santander, Spain, 14-17 September 1998. to
appear in Nucl. Phys. B (Proc. Suppl.).

8] J. Bicbel and T. Riemann, 7, Pjsik C 76 (1997753 [bep-ph/3810437.

9] S.S. Gau, T. Paul, J. Swain and L. Taylor, Wil Pl B 523 [1998) 13
[hep-ph/9712360).

[10] OPAL Collab., K. Ackerstaff et al., Phys. Lett. B 431 (1998)_188 [hep-ex/9803020].

[11] L3 Collab., M. Acciarri et al., Phys. ekt B 434 [1999) 160.

[12] L. Taylor Anomalous magnetic and electric dipole moments of the tau. In Proceedings
of the TAU 98 Workshop, A. Pich and A. Ruiz eds., Santander, Spain, 14-17 September
1998, hep-ph/9810463, to appear in Nucl. Phys. B (Proc. Suppl.).

[13] M.T. Dova, J. Swain and L. Taylor, {Phji, R4, 1) 88 (1998] 015003 [Eep-ph73712369

[14] M.T. Dova, J. Swain and L. Taylor, Constraints on anomalous charged current cou-

plings, tau neutrino mass and fourth generation mixing from tau leptonic branching
fractions. In Proceedings of the TAU 98 Workshop, A. Pich and A. Ruiz eds., San-

(Proc. Suppl.).


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD56%2C3074
http://xxx.lanl.gov/abs/hep-ph/9704337
http://xxx.lanl.gov/abs/hep-ph/9612399
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC66%2C31
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB426%2C207
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC76%2C53
http://xxx.lanl.gov/abs/hep-ph/9610437
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB523%2C439
http://xxx.lanl.gov/abs/hep-ph/9712360
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB431%2C188
http://xxx.lanl.gov/abs/hep-ex/9803020
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB434%2C169
http://xxx.lanl.gov/abs/hep-ph/9810463
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD58%2C015005
http://xxx.lanl.gov/abs/hep-ph/9712384
http://xxx.lanl.gov/abs/hep-ph/9811209

[15] S.I. Eidelman and V.N. Ivanchenko, Present status of e" e~ — hadrons. In Proceedings
of the TAU 98 Workshop, A. Pich and A. Ruiz eds., Santander, Spain, 14-17 September

[23] Particle Data Group, C. Caso et al., European Phys. J. C3 (1998) 1. p 293. We use the
slightly less precise “average value” rather than the “fit value” to avoid a potential
dependence on the assumptions which are made in the constrained fit for all tau
branching fractions (pp 289-290).

10


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHZ%2C76%2C319
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC56%2C661
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C61%2C1815
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC76%2C15
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC48%2C445
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA%2CC58%2C445
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB306%2C411
http://xxx.lanl.gov/abs/hep-ex/9712015
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHZ%2C55%2C181
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB438%2C17
http://xxx.lanl.gov/abs/hep-ph/9403385



