[SUNY BING 11/25/95]

TAU TESTS FOR NEW PHYSICS -

CHARLES A. NELSON* J=

Department of Physics, State University of New York at Binghamton
Binghamton, NY 13902-6016, USA
E-mail: cnelson@bingvmb.cc.binghamton.edu

ABSTRACT Himin?

By use of exclusive tau semi-leptonic decays, there are simple and general tests
for violation of CP, T, and/or (V — A) symmetry. The most general Lorentz
invariant spin-correlation functions for 7= — p~v,a] v, K* v, 7" v, K~ v are ex-
pressed in terms of eight semi-leptonic parameters. The parameters are physi-
cally defined in terms of tau-decay partial-width-intensities for polarized-final-
states. The parameters can be used to test for a “(V — A) + additional chiral
coupling” structure in the JC'”"gedLep,m current. This bounds the effective
mass scales A for “new physics” such as ansing from leptonic CP violation, lep-
tonic T' violation, tau weak magnetism, tau weak electricity, and/or leptonic

second=Class currents.

1. Introduction

The emphasis in this talk ! is on general tests ? for violation of C'P, 7', and/or
(V — A) symmetry in the Jc”’”gedhpmn current in exclusive tau semi-leptonic
decays ®. By means of the associated stage-two spin-correlation functions in 77 —
p~v,aj v, effective mass scales of A = few 100GeV can be probed * at My center-
of-mass energy. Mass scales of 1 — 27TeV can be probed at 10GeV or 4GeV in
unpolarized e”e* collisions. If only vy’s are coupled, leptonic C'P and/or T violation
can be tested ® to 8(r,)/rs ~ 1%(0.1%) in the two helicity amplitudes’ moduli ratio,
and tested to ~ 3°(< 1°) in their relative phase difference at Mz (10, or 4GeV).

For 77 — p~v,ai v, K*" v, we discuss
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e A general parametrization by partial-width-intensities for polarized-final-states.

e Tests for additional Lorentz-structure in a “(V-A) + something” structure in
the JCharoed; . . current.

e Tests for non-CKM-type leptonic CP and/or T violation.

From the decays 7= — 7~ v, K~ v less information can * usually be obtained.
In particular, for these spin-0 meson modes there are

e Poor present and potential (< 1GeV) effective-mass bounds on the S~ 4 P~
couplings which cannot contribute to the p and @, modes.

However, there is

*Invited talk at “Int’l. Symp. on Heavy Flavor & Electroweak Theory”, 16-19 August 1995, Beijing.
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e Good separation (> 127GeV from CLEO II data) of V — A from a TF + T
coupling, whereas these couplings cannot be separated in the p and a@; modes.

e Direct measurement of the chirality parameter &, i.e. of the probablity that
the emitted v, is L-handed.

This talk compliments recent discussions of tests for new physics from purely
leptonic tau decays ¢ and from analysis of tau neutral-current couplings 7 in
VASOMEES

2. General Parametrization by Eight Partial-Width-Intensities
for Polarized-Final-States

Traditionally; in the study of the weak-interaction J*™#** current in muonic
and in hadronic reactions, it has been important to determine the complete Lorentz
stucture directly from experiment and in a model independent manner. So here, we
introduce 8 parameters to describe the most general spin-correlation function for the
decay sequence Z°,v* — 71+ — (p~v)(p* v) followed by p** — 7°*7° including both
vy, vg helicities and both g, v, helicities.

Table 1: Comparison of parmeters’ values for unique Lorentz couplings:
entries are for p~ (a7, if value differs).

VA S +P m+ fE fm— fE
I''s
¢ +1 +1 1 1
S,¢ +0.5(0) 41 —0.8(—0.6) 0.3
S,0 0.5(0) #1 —0.8(-0.6) —0.3
I'yr's
R,w +0.4(£0.5) 0 0.3(0.5) —0.2(—-0.7)
R 0.4(0.5) 0 0.3(0.5) 0.2(0.7)
W 0 0 0 0
7' 0 0 0 0
The 8 tau semi-leptonic decay parameters for 7= — p7v,..., are defined for the

four polarized prrvp g final states: The first parameter is simply I' = I‘Z + I'f,
i.e. the full partial width for 7= — p~v. The second is the chirality parameter
= &(I'y +I'7). Equivalently, £ = (Prob v, is 1) — (Prob v, is vg), or

E=|<ulv.> > =| <vrlv-> |2 (1)

Thus, a value £ = 1 means the coupled v, is pure v;. For the special case of a
2 2
mixture of only V & A couplings and m,. = 0, § — loal —lorl  5nd the “stage-one

, lgz[*+lgrl
spin correlation” parameter ( — £, see Table 2.



Table 2: Semi-leptonic decay parameters for 7= — p~v,... in the case of a single
additional chiral coupling (g,) which is small relative to the standard V' — A coupling
(g9r.)- This table is for the V + A and for the S + P couplings. The next table is for

additional tensorial couplings. Expressions for “a, ...” are in Ref. 2.
VA Additional S + P
Pure g;, Plus gr Plus gs,p Plus gs_p
I's
1 gL 2o 9Rr 2 1 1
lor!"+lorl . 5
1 ¢ 1+ a—b—f——"“fgj's“’) 1 — bls=z
& 1 1 ¢ 1t o=z’
Cir's
w 1 1 - gRelisger) 1 —ofes=z|
n 1 1 w w
7 . IM(9'95+P) -
w 0 0 f—lgﬁz— 0
n 0 0 w' 0

The subscripts on the I'’s denote the polarization of the final p~, either “L=longitudinal”
or “T=transverse”; superscripts denote “+ for sum/difference of the v, versus vg con-
tributions”. Such final-state-polarized partial widths are physical observables and,
indeed, the equivalent semileptonic parameters £,(,... can be measured by various
spin-correlation techniques.

The remaining partial-width parameters are defined by

(= =Tp)/ST), o= —IT)/(SD) (2)
To describe the interference between the py, and pgr amplitudes, we define

w=1Ig (R,D), 0= [(R,D) -
W =17 [(RD), ' =IF [(R,T)

where the measureable LT -interference intensities are

I = |40, )| |A(=1,—1)| cos Ba  |A(0, })| |A(1, })| cos B @)
IF = |A(0, — )| |A(=1, =1)|sin B, & |A(0, )| |A(1, 3)| sin BT
Here 3, = ¢%, — ¢2, and BF = ¢? — #2F are the measurable phase differences of of
the associated helicity amplitudes A(A,, \,) = |A| exp ¢¢.

Important Remarks:

(1) the numerical values of “¢,(,0,...” are very distinct for different unique

Lorentz couplings, see Table 1.



Table 3: This table is for additional tensorial couplings. Here g+ = fapr & [ involves
k; — p, whereas §s = gt 4 LT involves k, + p,.

Additional fy + fg Additional T+ + T
Plus ¢4 Plus ¢ Plus g4 Plus ¢g_
I's
2 lgLl*~ n;i_
¢ 1 1 — k| 1 :
oo+ ";i_r
: 2
I A
2
o ¢ 1—-j|&= 1 1
Cir’s
_ yRE(979+) | 2=
w 1 = ) 1-m |gL|2 1 ¢
n w l—n(L= 1 1
S 9L
W' —O-T(ffag*—) 0 0 0
n' w' 0 0 0

(2) ' # 0 and/or 7' # 0 => TFs is violated.

(3) Barred parameters £, (, . .. have the analogous definitions for the CP conjugate
modes, 77 — pty,. ...
Therefore, if any € # £,{ # (,... = CP is violated.

(4). These same parameters appear in the general angular distributions for the
polarized 7= — p~v — (7~ 7°)v decay chain,

dN

__ —n,[l4f,cos07] F (1/v/?2)sin 07 sin 20, R, [w cos , + 1’ sin ¢,
deon T d(cos By, = Mell £ ecos 6] F (1/V2)sin €] sin 28, Ry cos g + ' sin ]

()

with upper(lower) signs for a L-handed 7~ (R-handed), where

nfl —
n, t‘a. =

(3 4 cos 20, + 08,[1 + 3 cos 26,])

({[1 + 3cos 267@] + CSp[3 + cos Zéa]) )

Q=00 |

The formulas for the associated S2SC functions in terms of these 8 semi-leptonic
parameters are listed in Ref. 2.

(5) The hadronic factors S, and R, have been explicitly inserted into the defini-
tions of the semi-leptonic decay parameters, so that quantities such as ¢, = m,? can
be smeared over in application due to the finite p width. For the p mode they are

given by

] — B0 32 %e
'Sp = ::'j 5 Rp = ",an . (7)
1+Z1—n—§- 1+2;n—§



We have introduced the important factors S, and R, because, guided by experi-
ment, we are analyzing versus a theory with “a mixture of only V & A couplings with
m, = 07. For such a theory these hadronic factors have a simple physical interpreta-
tion: for 77 — p7 [ pv the factor S, = (Prob py) — (Prob pr), and the factor

R, = the “geometric mean of these probablities” = \/(Propr)(Propr).

[From experiments by the ALEPH, ARGUS, CLEO II, & OPAL collaborations,
the leading contribution in the tau’s JC"r9ed; . current is consistent with (V — A)
to better than the 5% level. For the nominal 107 event rates, we find that the S2SC
function I4 is insensitive, see Table 1 in Ref.9, to m, < 23.1GeV, the present ALEPH
bound. |

(6) The “additional structure” due to additional Lorentz couplings in JEher9ed
can show up experimentally because of its interference with the (V — A) part which,
we assume, arises as predicted by the standard lepton model. Inclusion of the p
polarimetry information that is available from the p* — 7<"7° decay distribution,
generalizes the “stage-one spin-correlation” (S1SC) function I(E,, Eg). Since this
adds on spin-correlation information from the next stage of decays in the decay se-
quence, we call such an energy-angular distribution a “stage-two spin-correlation”
(525C) function.

The simplest useful S2SC is Iy = I(E,, E;,0;,0,). The kinematic variables in I,
are the usual “spherical” ones which naturally appear in the helicity formalism in
describing such a decay sequence. The lst stage of the decay sequence 77,7 —
(p~v:)(ptw,) is described by the 3 variables 07,07, cos ¢ where ¢ is the opening £
between the two decay planes. These are equivalent to the Z°, or 4* center-of-mass
variables, E,, E;, cos . Here 1 =“opening / between the p~ and p*momenta in the
Z[~* em”. When the Lorentz “boost” to one of the p rest frames is directly from
the Z/~* cm frame, the 2nd stage of the decay sequence is described by the usual 2
spherical angles for the 7°* momentum direction in that p rest frame: 01, é, for pL —

xyn?, and 0y, ¢y for pf — wiwd. (See figures in Ref. 5.) Similarly, a; polarimetry

information can be included from the 7= — ajv — (7 7 7%) v, (7°7°7~) v decay
modes.

(7) The equivalent definitions for these 8 semi-leptonic parameters in terms of the
7% decay helicity amplitudes are given in Ref. 2. In the 7~ rest frame, the matrix
element for 7= — p7v is

(017 ‘lr’/\m/\l’“/z’)‘l) =D ( 17071_70)/'1 (/\07/\1/) (8)

o /\11/-"
where p = A, — A, and A, is the 7~ helicity. For the C P-conjugate process, 7+ —

ptv — (rt7x°)p, in the 77 rest frame

1—*
<0;7 ;”\57 A:7|1/2,/\2> = D:?

Az,

(#2,05,0)B (A5, A5) (9)



3. Tests for a “(V — A) + additional chiral coupling” Structure

Besides model independence in a directly-from-experiment determination of the

JCharged | ion current, a major current issue is whether or not there is an addi-

tau’s
tional chiral coupling beyond the standard (V — A) structure. A chiral classification
of additional structure is a natural phenomenological extension of the symmetries of
the standard SU(2);, X U(1) electroweak lepton model.

The requirement of i(p,) — u(p,)3(1+~s) and/or u(k,;) — 7(1 —~s)u(k,) invari-
ance of the vector and axial current matrix elements (v |[v*(0)| 7) and (v |a*(0)| 7), allows
only g1, 9s+p,9s-+p- 9+ = fm + [E,and g = Tt + T couplings. From this SU(2),
perspective, the relevant experimental question is “What are the best current limits
on such additional couplings in tau lepton physics?”

Similarly, u(p,) — @(p,)3(1—7s) and/or u(k,) — 1(14~s) u(k-) invariance selects
the complimentary set of gr, gs—p, gs-—p- g— = fm— fe,and §g- = Tt —T4 couplings.
The absence of SU(2)r couplings is simply built into the standard model; it is not
predicted by it. So, “What are the best current limits on such SU(2)gr couplings in
tau lepton physics?”

The most general Lorentz coupling for 7~ — p~yppis

Pt (p) THur (k) (10)

where k, = ¢, + p,. It is convenient to treat the vector and axial vector matrix
elements separately, so

Al

v =gv1" +f—w’“’(£~p) +9L(/€ p)* +—(/<:+ p)* +—w “(k+p), (11)

2A 2A 2A 2A
= ga7"" s + Ltcr“”(k~p) 75+—(k Pt e (’€+1f1)““rs+gT5+ ta™(k+p)uvs
2A v 2A 2A 2A v

(12)

Both the weak magnetism é“ and the weak electricty 2 Zfi terms are divergenceless.

The parameter A = “the scale of New Physics”. In effective field theory this is the
effective-mass scale at which new particle thresholds are expected to occur or where
the theory becomes non-perturbatively strongly-interacting so as to overcome pertur-
bative inconsistencies. In old-fashioned renormalization theory A is the scale at which
the calculational methods and/or the principles of “renormalization” breakdown.

Tables 2 & 3 list the semi-leptonic parameters’ form in terms of g, plus a single
additional chiral coupling (g,) which is small relative to the standard V — A coupling.
The coefficients “a, ..., 0" are listed in Ref.2 and are of order m, /A and/or (m,/A)>.
In these Tables, RE ( ZM ) denote respectively the real (imaginary) parts of the
quantity inside the parentheses.



Without additional theoretical or experimental inputs, it is not possible to se-
lect what is the "best” minimal set of couplings for analyzing the structure of the
tau’s charged current. For instance, by Lorentz invariance, there are the equivalence
theorems that for the vector current

SxeV+fu, TV -V 45 (13)
and for the axial-vector current

Pr—A+ fp, TS =~A+ P~ (14)

Table 4: “Chiral Couplings”: Limits on A in GeV for Real g,. For the p and a,
modes, a small addtional T+ + T coupling is equivalent to a pure V — A coupling;
and Tt — T¢" is equivalent to V + A.

{p~,p*} mode {a7,a{} mode

At M5 10, or 4 GeV At My 10, or 4 GeV
V + A, for &4 0.006 0.0012 0.010 0.0018
S+ P, for A 310GeV 1,700 64 350
S — P, for (A)? (11GeV)? (25)2 (4)? (7)2,(10)*
far+ fu, for A 210GeV 1,200 280 1,500
fM = fE-; for (A)2 (9G6V)2 (20)2 (10)2 (24)2

Table 5: “Chiral Couplings”: Limits on A in GeV for Pure Imaginary g,

{p~,p"} mode {ay,a]} mode

At M, 10, or 4 GeV At M5 10, or 4 GeV
V+ A, for €4 0.006 0.0012 0.010 0.0018
S+ P, for(A)?  (11GeV)? (25)2 (4)? (10)2
S—P,for (A)2 (11GeV)? (25)* (4)? (7)%,(10)?
fur + fe, for(A)? (9GeV)? (20)? (10)? (24)?
fM = fE; for (A)Z (906V)2 (20)2 (10)2 (24)2

Tables 4 & 5 give the effective-mass limits “A,” for a purely real, or purely imagi-
nary, coupling constant for a single addtional chiral coupling beyond the usual V — A
chiral coupling of the standard lepton model. These limits use the simpler 4-variable
“stage-two spin-correlation” distribution [(E,, E;,y,6;) and assume 107 Z°’s or 107
(77,7%) pairs at the v* center-of-mass energies. The limits are weaker in the case of
an additional purely imaginary g, for then it is not an interference effect.

4. Tests for non-CKM-type Leptonic CP and/or T Violation

By CP invariance each of the barred semi-leptonic parameters should equal, within



experimental errors, its unbarred associate. However, if only vy, and vy exist, there
are ° also two simple tests for “non-CKM-type” leptonic CP violation in 7 — pv
decay. Normally a CKM leptonic-phase will contribute equally at tree level to both
the 7~ — p~vy, decay amplitudes (for exceptions see footnotes in first paper in Ref.
5).

Table 6: 2 Tests for “Non-CKM-Type Leptonic CP Violation” in 7= — p~ v decay
(ideal statistical errors):Note 8 = 3, — f, and ' = B, + B.

Eem _ o(ra) o(B) ~ Ugﬂa) 3 o(B)

CPTrs,CP CP Trs CPTys,CP
Mgz 0.6% o ~ 3°
10GeV 0.1% ~ 0.4° ~ 0.7°
4GeV 0.1% ~ 0.9° ~ 1.1°

Table 7: 2 Tests for “Non-CKM-Type Leptonic CP Violation” in 7~ — aj vy, decay,
both (27~ #*) and (27°7~) :

Ecm _ o(ra) a(B) = o(fa) . o)

CPTps,CP CP  Ts CPTys,CP
My 0.3% ~10° ~15°
10GeV 0.05% ~ 30 ~3°
4GeV 0.05% ~ 4 ~ 5°

These two tests follow because by CP invariance B ()A;, ;) = vepA (=5, —\s)
with ycp = %1 respectively for p & a;. So the two tests for leptonic CP violation
are:

Ba = By first test (15)
where ﬁa == d’a ¢07 By = ¢b ¢ga and

P = Fy second test (16)

where

_aCLoy)l 1By
T T () o

For sensitivity levels for 7 — pr decay, see Table 6, and for 7 — a,v decay, see Table
7. Note that the a; has the opposite CP quantum number to that of the p. The



sensitivity of the ay mode, versus that of the p mode, is about 2 times better for the
r, measurement and is about 5 times worse for the # measurements. The simpler I,
function was used for o (r,) and the full I7 was used ®? for the other o’s. The C'P and
C PTys predictions for the phase relation between (3, and 3, are opposite. So, this
provides a method for distinguishing between a new physics effect due to an unusual
C P-violating final state interaction 8, = —f, and one with a different mechanism of
C P violation |3,| # |Bsl-

These 2 tests should be compared with the classic CP test for the equality of the
partial widths of CP-conjugate reactions

Ar = —= (18)

where, e.g. for 7 — pv decay, ' = ['(1~ — p~v) and [' = (vt — pt5). So, Ap
tests for CKM-type CP violation and for r,/r, # 1, but it is not sensitive to 3, # Gs.
Quantitatively, for Ay, = A + 8a, Agmp = A, then Ar = daf/A > (1 — 4%) since for
7 2-body modes the denominator is known to 1 — 4%. Whereas, as shown in Tables
6 & 7for 7 — p a7 v, bry/re = (0.1 — 1%).

5. Description of 7~ - 7 v, K v

The only observables for each of the 7= — 77v, K~v modes which can be mea-
= |A(-%)’z—|A(%)|: and the

a5 +46)|
I'(r— — 7~ v), or I'(t— — K~v), partial width. By Lorentz invariance, for these
spin-0 meson modes there are the equivalence theorems that S~ ~ S ~ T+ ~ V
and P~ ~ P ~ T} ~ A . In principle, the S~ and P~ couplings can contribute
to the 7= and K~ channels, whereas they cannot for the p,ay K* modes. However,

sured by spin-correlations are the chirality parameter &,

since ¢ - V ~ %gg— and g - A ~ %z*—gp_ their contribution is strongly suppressed
for A > (~ 1GeV) scales. Nevertheless, as noted above in the “Introduction”, these
spin-0 meson modes do provide *? some useful information on the complete Lorentz

JCha,rged

structure of the tau’s Lepton current.

6. Conclusions

The history of lepton physics is replete not only with unexpected developments,
but also with accounts going “from dream to discovery”. In this regard, it seems to
us that the systematic exploration of the fundamental physics and origin of the tau
lepton system 7%, v;, U, has only just begun.

For searching with tau’s for such “new physics”,

e There is a general parametrization 2 of exclusive tau semi-leptonic decays in
terms of partial-width-intensities for polarized-final-states:
T~ — p~prver with (§,(,0,...), and 77 — pt, pop o with (,(,5,...).



e There are tests 42 for additional Lorentz structure to effective-mass scales of

1 —-2TeV.

e There are tests ®7 for leptonic CP, and/or T, violation in tau decays and 7 in
Z°y* — 7,

e Also at 10GeV & 4GeV , there are 3 tests for C' and P invariances in v* — 777+
[see Table 16 in Ref. 9].
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