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General treatment of 7 semileptonic decays by polarized-partial-width measurements
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The most general Lorentz-invariant spin-correlation functions+#for-p” v, a; v, K* “v, 7 v, K" v are
expressed in terms of eight semileptonic parameters. The parameters are physically defined intelecspf
partial-width intensities for polarized final states. The parameters are also expressed in term¥ ef/®) “¢
additional chiral coupling” structure in thacehpe}[,%edcurrent, so as to bound effective-mass scalder “new
physics” such as arising from lepton compositeness, lept@cviolation, leptonicT violation, = weak
magnetism, weak electricity, and/or second-class currents. The two tests for lep@niolation in —pv
decay are generalized to—a,» decay and to two additional tests if there asg and v, couplings. For
10°(s~,7") pairs at 10 GeV, from thép~,p™} mode and using the four-variable distributiby, the ideal
statistical percentage errors are, £10.6%, for{, 0.7%, foro, 1.3%, and forw, 0.6%.CP tests are typically
J2 worse. Parameters sensitive to leptohidolation arew, and the following from théa i ,a;} mode: using
| 5 the errors are, for, 0.6%; using ;, for ', 0.013; and usingj;, for »’, 0.002. In the future, by stage-two
spin-correlation techniques, polarized-partial-width measurements should be useful in studying tojVguark,
Z°, and Higgs boson decayS0556-282(96)05509-9

PACS numbeps): 13.35.Dx, 11.30.Er, 14.60.Fg

|. INTRODUCTION A couplings andm, =0, £~ (lg|*~19rl*)/(Ig.1*+|grl?)

o ) ) _ and the “stage-one spin correlation” parameter¢; see
The principal purpose of this paper is to provide a generape|ow.

treatment of two-body decayd 1] which only assumes Lor-  The subscripts on thE’s denote the polarization of the
entz invariance and exploits the treelike structure of theinal p, either “L=longitudinal” or “ T=transverse;” su-
dominant contributions to the” =" production-decay se- perscripts denote * for sum/difference of the, versusvg
quence. In particularCP invariance and a mixedM+A)  contributions.” Such final-state-polarized partial widths are
structure of ther charged current is not assumed. For in-physical observables and, indeed, the equivalent semilep-
stance, we introduce eight parameters to describe the mognic parameters,, ... can bemeasured by various spin-
general spin-correlation function for the decay sequenceorrelation techniques.
2%y —7 7" —(p v)(p* ) followed by p*"—7*"7° including The remaining partial-width parameters are defined by
both v ,vg helicities and bothvg,v, helicities. Thus, by
including the p polarimetry information that is available =T =T\ =Tt =TH/(7T).
from the p"—7*7° decay distribution, the polarized partial ST, o= =TI, 0. @
widths for 7 —p v are directly measurable. Depending T4 describe the interference between theand pg, ampli-
principally on the absence of other interfering decay mOdeSbudes, we define
direct measurements of polarized partial widths and of the
associated “longitude-transverse” interference intensities 1=/ P — 17
should also be possible in top quark decayswin and z° W=D, =D,
boson decays, and in Higgs meson decays.

The eight 7 semileptonic decay parameters for
T —p v, ..., aredefined for the four polarizeg, v, 5 ) ) -
final states: The first parameter is simfly=I" | +T ; ie. where the measurableT-interference intensities are
the full partial width forr——p~». The second is the chirality . . .
parameteré=(I'_ +I'7)/T". Equivalently, £&=(Prob v, is 12,=1A(0,— 3)[|A(—1,— 3)|cos B,
v )—(Probwv_is vg), or

w'=1;1(2,), n'=151(%,]), ®)

+|A03)|IA(L3)]cos BT,

+

e=(v|v )P = (vrlvol|% 1) 15=|A0,— D||A(=1,—3)|sin B,

+|A0)I|AL5)]sin BT 4)
So a valueé=1 means the coupled, is purev, . v| (vR)
means the emitted neutrino has left-fhanded(R-handedd  Here B,=¢? ,— ¢§, andBR=¢2,— ¢8R are the measur-
polarization. For the special case of a mixture of oviland  able phase differences of the associated helicity amplitudes
AN, \,)=|Alexpue). B
The definition foro in Eq. (2) implies thato=(Probp is
*Electronic address: cnelson@bingvmb.cc.binghamton.edu p)—(Probp is pt1), where
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TABLE I. Comparison of parameters’ values for unique Lorentz  TABLE II. Analytic form of the semileptonic parameters for
couplings: entries are fgs~ (a7, if value differs. Numerical val-  unique Lorentz couplings: In this and following tables, the mass
ues are to one digit. The first three parame{€f§o), plus the full  ratios are denoted by/7 =m,/m_, etc.; for the other exclusive
partial width I'(z"—p~v), give the polarized-final-state partial decay modes, such as—a,», simply replacep by a;, ./, by
widths, I', for the fourp, tv_ g final-state combinations. The latter ./, , etc. We do not tabulate’ and " becausen’=»'=0 if either
four parametersw,n,0',7') give the complete — pr interference (i) there is a unique Lorentz couplingi) there is no leptonicl
intensities,I" 1. violation, and/oxiii ) there is a 'V andA,m,=0" masking mecha-
nism; see remarks) in Sec. .

VFA StP fy+ fe fu—fe
e VFA S+P fy+fe fu—fe
& *1 +1 1 -1 I's
s +0.50) *1 —0.8(—0.6) 0.3
S0 0.50) 1 —-0.8—0.6) -0.3 3 *1 -1 1 -1
FLT’S — + + 2 1
'( 2 _'< Z + —24+ 1
e +0.4+0.5 0 0.30.5 ~0.2-0.7) 7L Y 1 22 (g//;) +1
Rym 0.4(0.5) 0 0.30.5 0.200.7) +(p°l7) 1
o 0 0 0 0 o 7, 1 —2+(p¥ ) -3
7 0 0 0 0 2+ (p?l 1)
I'it's
=0, T =7, 0 V2(pl7) V2
2+ (p?l7?) 37
is the analogue of the neutrino’s chirality parameter in Eq.;//,gp77 #, 0 J2(pl7) J2p
(1). Thus the parametes, or o, measures the degree of NP
polarization of the emitte@. The parametef=.",{ charac- p 37

terizes the remaining odd-odd mixture of theand p spin
polarizations. The full partial-width' characterizes the even-
even mixture. Notice that we introduce “tilde” accents to
denote the relative-partial-width-intensity parameters which
occur when the hadronic factors,, or.7,, are faclored out.
Similarly, we define ©=7,0, @'=7w", 7=7,m  Such formulas for the associated “stage-two spin-
n E%pﬂ/- correlation” (S2SQ functions in terms of these eight semi-
In Sec. I, there is further discussion of these polarizeqeptonic parameters are discussed below.
partial widths |n the hellClty formalismin the Jacob-Wick (5) The hadronic factorsf//p and_%p have been exp||c|t|y
phase convention inserted into the definitions of the semi-leptonic decay pa-
rameters, so that qualities such qa§=m§ can be smeared
Important remarks over in application due to the finite width. For thep mode
they are given byrh=m,)

ny=1(3+cos 2,+ 0.7 ,[1+3 cos 2.]),

Nafa=2(&[1+3 c0sD,]+ L7, [3+cosH,]).  (6)

(1) The numerical values of £¢,0,..." are very distinct
for different uni ings; . _

; que Lorent/z couplings; see Tables I and i 1 2(mi/m2) o \/E(mp/m)

(2) Primed parameters’#0 and/or ' #0=Tgg is vio- S = 7 Sp= 5.

lated (see Sec. Il beloyw 1+2(my/m?) 1+2(mg/m?)

)

tior(é) Bz(rereed Fs)aercam?lterig'r' ) t'hggf ti%;ﬂgzgoufngggg" We have introduced the important factors, and .7,
T —p*p.... . Therefore, anygﬁf,ﬁg’, __S5CP is vio- because, guided by experiment, we are analyzing versus a

. referenceJ,‘;hpatg%edtheory consisting of “a mixture of only
!ﬁ:rec?d -I(-;Z?jt ,'[2 Cﬁgiifgr-pgriwgterif_ gthe a;orégctg’f andA couplings withm,=0.” For such a theory these had-
! u 2 quantify 9 ronic factors have a simple physical interpretation: for

violation. - - &= _ .
(4) These same parameters appear in the general angulf%rﬁpL'Tv the factor7,,=(Probp, ) - (Probpr), and the fac

distributions for the polarizedr —p~ v— () decay r 7,=the “geometric mean of these probabilities
chain, J(Probp,)(Probpy). These factors are not independent
since.s 5+4.725=1.
dN N1+ fcos” If experiments had suggested instead a different dominant
d(co®])d(co%,)d b, Na[ 1% facos; ] Lorentz structure tharV—A, say “fy+fg,” then per
_ Table 1 we would have replaced”, everywhere by
+(12)singsin20, 7, (—2+pA P2+ pA ), etc.
- - It is reasonable at present to perform a general analysis
X[w cospat+ 7'sing,], (5  versus a “reference theory” consisting of ““a mixture of only
V and A couplings withm,=0": From experimentd1] by
with upper (lower) signs for al-handed(R-handedl =, the ALEPH, ARGUS, CLEO II, and OPAL Collaborations,
where the leading contribution in the's Jfghpatg%edcurrent is consis-
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tent with (V—A) to better than the 5% level. For the nominal dicted by it. So, what are the best current limits on such
10" event rates, we find that the S2SC functignis insen- ~ SU(2) couplings int physics?
sitive, see Table | in Ref2], to m,<23.1 GeV, the present  (8) In a separate paf@i, it has been reported that
ALEPH bound. Lorentz-structure effective-mass scales\gf~few 100 GeV

In such a reference theory, each of the eight semileptonifo" réal coupling constantg; (i=V+A,StP,fy*xfg,...)

parameters has a simple probabilistic significance fofa" Pe probed using, at M, center-of-mass energy in un-
hev are each directl roportional 18, £ 7., or polarizede™e™ collisions. Lorentz-structure scales of 1-2
they y prop L&,

T~ o o~ p pr TeV can be probed usint, at 10 or 4 GeV. Such scales

Sy 0=S 0=, nzl%ngﬁ,%ip,zgﬁg, ‘é’_’f' Nzote inthis \\ould arise because of ag?undamental additional chiral cou-

reference theory£=(|g.|"=|gr[)/(|9.[°+[grl®) and I'  pling or be induced as a consequencer tépton composite-

=2m,q,(|9.|?+|grl?) (2+m?/m?) in units of the Appen- ness.

dix. For pure imaginary couplings, the statistical error limits
Note in this reference theory, any leptoflicviolation is  obtained in the present paper for the leptofic/iolation

“masked” sincew’=17'=0 (i.e., B2= f°=0) automatically. parameterso, 7,0’ ,7' show that there will be significant im-

This “V and A, m,=0" masking mechanism could be at provement by use ofs, | 5, and/orl ; versus the Ref[61

least partially the cause for why leptoriicviolation has not  results which used, and gave limits of {;)°=(30 GeV)

been manifest in previous experiments even if it were nofor pure imaginary couplings.

suppressed in the fundamental Lagrangian. In Sec. lll, as a step towards a precision answer to the
(6) The “additional structure” due to additional Lorentz duestion of additional Lorer)tz structures, the semileptonic

couplings inJfa@e?can show up experimentally because of Parameters are expressed in terms of ¥-4A) + addi-

its interference with the \(—A) part which, we assume, tional chiral coupling” structure in theliggigy current6].

arises as predicted by the standard lepton model. Inclusion w0 tables display the resulting values of the parameters

the p polarimetry information that is available from the When the various additional chiral couplingg;2A;) are

p a0 decay distribution, generalizes the “stage-oneSTMall relative to the standad—A coupling @,). .

spin-correlation” (S1SQ function [3,4] I(E,, Eg). Since Sectl_on \% gives the mo§t9ene£aI+Lorentz-lnvarlant spin-

this adds on spin-correlation information from the next stagéorelation functions fore e”—7 7" followed by 7—

of decays in the decay sequence, we call such an energﬁ-”' a,v, K*v including bothy, g helicities and bothvg,
angular distribution a “stage-two épin-correlatior(SZSO elicities. Since these same parameters appear in(8g.
functior{5]. they could someday be measured by means of longitudinally

The simplest useful S2SC is,=I(E. . E-—0,.6,). The pola_rize_d beams at acharm factory or at 8 factory with
Kinematic vpariables inl, are tgsé‘ us(uapl “gphlericza)ll” ones longitudinally polarized beams. At the end of Sec. IV several

which naturally appear in the helicity formalism in describ- independent tests for leptonicviolation are proposed.

ing such a decay sequence. The first stage of the decay sg- In Sec. V, the twolyesés for Ieptog(bP violagon in T_)’ga.
quencer ,7 —(p v)(p'v,) is described by the three vari- _eca?/[S] ar«_af gﬁnera 1€ t@d_’_al” elt_:ay 6;” to two addi-
ables#?, 63, cosg, where¢ is the opening/ between the Uonal tests it there are and »_coup ing$7].

two decay planes. These are equivalent to e or v* Shectlon VI”treatSr_’d—mIT’v, K]:V decay. Theseh modé@l]
center-of-mass variabIeEl,, E, cosy. Here ¢y="opening e?ch gener_? y provide Iess in ormatlgn since eréa cl)gnyftwo
7 between thep~ and p’ momenta in thez/y* c.m.”, ©f the semileptonic parameters can be measured. But from

When the Lorentz “boost” to one of the rest frames is the = mode there is good separationl127 GeV from CLEO

. :
directly from thez/* c.m. frame, the second stage of the ! dat@ of V—A from aT"+Tg coupling, whereas these

decay sequence is described by the usual two sphericgtPL”:’”ng.S cannot be separated in th‘.ind.al modes. T_here
angles for ther™" momentum direction in thas rest frame: Is also direct measurement of the chirality paraméteri.e.,
0"1 51 for py —my 70 and52 gz for ps—mjm0. (See fig- of the probability that the emitted, is L handed. Unfortu-

ures in Ref[5].) Similarly, a; polarimetry information can nately, the fundamentzS‘* and P couplings which do not
be included from ther —ajv—(m 7 7 )v,(m°7%7 v cc_)ntnb_ute t_07-—>pv,a1v,K v are found to be suppressed in
decay modes. T —m v,K” v decay.

(7) In addition to model independence, a major open issue Sectio_n \./” contains several tables giving the asspciatet_j
is whether or not there is an additional chiral coupling in the'deal statistical errors for measurement of these semileptonic

7s charged current. A chiral classification of additional parameters based on S2SC functions at 10 GeV, 4 GeV, and

structure is a natural phenomenological extension of th&tMz. . _ . .

symmetries of the standard SU(2)U(1) electroweak lep- In conclusion Section VIII contains some additional re-
; r~a 7 ks.

ton model. The requirement a{p,) — u(p,) 3(1+ ys) and/or mar . . . .

u(k;) = 3(1=y)u(k,) invariance of the vector and axial cur- In the épp;endr:x we list the\(gch);,éldhehcny amplitudes

rent matrix element¢|v#(0)|7) and(v|a*(0)|7), allows OF 7 —p vforthe most generaligyo,current.

only gi, gsip, gs-+p-,0 =fu+fe, andg, =T +Tg Il. PARAMETRIZATION OF 7 SEMILEPTONIC

couplings. From this SU(2) perspective, the relevant ex- DECAY MODES

perimental question is what are the best current limits on

such additional couplings? Similarly,u(p,)—u(p,) The reader should be aware that it is not necessary to use
3(1—ys) andloru(k,)— 3(1+1vs) u(k,) invariance selects the helicity formalism 8] because the parameters are funda-
the complimentary set afg, 9s_p, 9s-_p-,9_=fy—fg, mentally defined in terms of decay partial width intensities

andg_=T"—T4Z couplings. The absence of SU{RFou- for polarized final states. However, the helicity formalism
plings is simply built into the standard model; it is not pre- does provide a lucid, neat, and flexible framework for con-
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necting Lorentz-invariant couplings at the Lagrangian level To describe the contributions from the interference be-
with Lorentz-invariant spin-correlation functions. In practice, tween the longitudinall() and transverseT() vector-meson
the helicity formalism also frequently provides insights andamplitudes in the decay process, we introduce the four addi-
checks on the resulting formulas and their symmetries. Wéional parameteréw,n,0’,%7’). These depend on the measur-
present the discussion for the channel, but the same for- ableLT-interference intensities:
mulas hold for thea; v and K* v channels. See Sec. VI for
the 7v andK» channels. | ,=Re[A(0,— 3)*A(—1,—3)=A(0,3)*A(1,3)}

In the 7 rest frame, the matrix element fer —p~ v is

= |A(0!_ %)' |A( -1,- %)|C0$a

T AT Ly N\ n1R* 7 o7
<9 ’¢l’)\P’)\V|2’)\l> D?\]_,,U« (¢110110)A()\P1)\'V)1 (8) ilA(O,%)||A(1,%)|CO$§, (11)
where u=\,—\, and \; is the = helicity. For the CP- + Clvkar 41 1ok 1
conjugate pprocess,*—>p+v_—>(w+w°)7,in the 7" rest frame, 17 =Im{A(0.—2)*A(=1,=2) £ A(02)*A(12)}
- 1 AR*, v ar :|A(O!_%)||A(_1!_%)|Sinﬂa
(03,5 Arhtb M) =D (43,6,0B(0A5),  (9) L
+[A(0,3)[|A(1,3)[sinBy , (12
with w=N\;—\;- . R_ R
These pformulas only assume Lorentz invariance and dgvhere 'Ba.z $21- 95, Ba=¢i- S are th? .measura.ble
not assume any discrete symmetry properties. Therefore, it Rhase differences of the associated helicity amplitudes

easy to use this framework for testing for the consequenceé: |Alexple).

of such additional symmetries. In particular, fofr—p » For theCP conjugate r_nodes;_*—>p+vand T —aj v the
and 7t —p*v a specific discrete symmetry implies a specific definitions for their semileptonic decay parameters are the
relation among the associated helicity amplitudes: same except that all quantities are “barred,” and there is the
substitution of _helicity amplitudesA(X,y)—B(—X,—Y).
=) A(=N,, =N =AN,\,), For__instance, é&=(Prob v, is wvg)—(Prob v, is v|)
= +I'7)/T, and
B(—A; =M =B\ A5,
C BA A =AM, ©={|B(0,5)[[B(13)|cosy,

CP BINSA D) =A(= N =N\,

Tes A=A, here T '=[B(04)*=[B(0,-3)]°, Tr=[B(1})
A=A =B(A— where L = 1B(02)1"=[B(0,~3)I% TR
B* (A A =B(A A7), +|B(~1,-3)[%

CPTes B*(A;A)=A(—A75—\3).

—|B(0,~ )[|B(—1,— })|cosBL}/(.22,D),

Depending on the experimental situation, and/or the new

Measurement of a nonreal helicity amplitude implies a vio-Physics under investigation it may sometimes be advanta-
lation of Trg invariance when a first-order perturbation in an 9€ous to rewrite the spin-correlation functignof interest
“effective” Hermitian Hamiltonian is reliable. SaTgg in-  directly in terms of the above final-state-polarized partial
variance is expected to be violated when there are significaf¥idths andLT-interference intensities, instead of using the
final-state interactionsT s invariance is to be distinguished abover semileptonic d+eca3/ parameters. Likewise, in appli-
from canonicalT invariance which requires interchanging cations to top quarkV=, Z%, Higgs boson, etc., decays the
“final” and “initial” states. Actual time-reversed reactions Polarized partial widths themselves may be the most useful
are required for a direct test dfinvariance. and fundamental quantities.

Note that the trigonometric structure of E¢$1) and(12)

A. Remarks on definitions by partial-width intensities implies the two constraints

for polarized final states

~ L~ i gl 1 ~. 7
The 7 semileptonic decay parameters fer—p~ v, and (n* @)%+ (7' =6 )ZZZ[(lig)z_(‘Ti 0% (13
likewise for 7~ —a; v and 7 —K* v, are defined above in
the Introduction. The helicity formalism is useful so as to beor
clear about the terminology and sign conventj8hs For
7 —p v decay, in terms of the helicity amplitudes 2|7 *o'|=V(1+£)2— ()2 4(75*3)?
A(\,,\,) the final-state-polarized partial widths are

among thez,7’,w,0’ parameters which test for leptonic
' =|A0,—)|?=|A03)|?, violation. Consistency, i.e., unitarity, requires the argument
of the square root must be non-negative. Equivalently, there
+ are the two right-triangle relations
T3 =|A(~1,- H[2£[ALD)2 (10 gn-ang
, o "2+ (17)2=T T,
Recall [5] that by rotational invariance the\(1,— 3) (7)7+05) LoT
=A(—1,3)=0; similarly for the p© mode in 7" decay, o2 L VRStV
B(1,~H=B(~1, )=0. (L (7=
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in terms of the algebraically convenient Recall [10] that ., =1 for J=0, s0.7, 4 k+ SUp-
presses the S1SC signatures wlien0. On the other hand,

1 1 1 B on = i ir se-
IV)/L,VRE_“ tE1)=|A O’I_)HA( 11’1_) coseg'R L/Z’p,allK does not _appear fq 0 Chgnnels since their se
7 227 2 2 quential decay chains end with the first stage.
r
==(9*=a), I1l. SIGNIFICANCE OF SEMILEPTONIC PARAMETERS
2 VERSUS “CHIRAL COUPLINGS”
7 1(| fis) ‘A(O _l)HA( . _1) gL The most general Lorentz coupling for —p~ v g is
7 =gzl y)= - +1+5]|sIinBy’ .
2 2 2 PEU, (DT u(K), (14)
r . .
==—(n'+a'), wherek.=q,+p,. It is convenient to treat the vector and
2 axial vector matrix elements separately. In Etd),
o 1 - 2 r ~ fm Os- s
Ptr=s 000 )=‘A(0,12) =7 (1+o*éx)), Ly=gvy*+ 5w (k=p)y+ S (k=p)#+ o= (k+p)#

2 +

AR
T VR=E(IT+tIT)—‘A(Il,+ ) L isseed, Tap et ke,
2 2 4

[ L i M= H f_E MV e — gi e
with B5= B, (we normally suppress suthsuperscripts If Pa=0a7*ys+ 5 10*(k=p),ys+ 5= (K=p) s
there are only v couplings, 1"?=1"R=TR=T"R=0;
equivalentlyp=w, 7'=0’, £=1, {=0. gp TS

Since all partial widths must be positive, there implicitly +ox (kKEp) yst oo (k+p),ys. (15

are obvious inequalities among these semileptonic param-
eters which could be used empirically for analysis of system- The paramete’A = “the effective-mass scale of new

atic effects and in making cuts on thé —p v—(m 7)v  physics.” In effective field theory this is the scale at which
data set. For example, there can be contamination fromew particle thresholds are expected to occur or where the
a;— 7 27° where oner” is missed, from particle misiden- theory becomes nonperturbatively strongly interacting so as
tification, or from interference between thé€'s from p~ and  to overcome perturbative inconsistencies. It can also be in-
p" decays which has not been included in these S2SC fungerpreted as a measure of a new leptonic compositeness
tions. scale. In old-fashioned renormalization thedrys the scale

The hadronic factors”, and.”2, do depend on the par- at which the calculational methods and/or the principles of
ticular 7 semileptonic decay channel. For thg,K* modes, “renormalization” breakdown; see for exampll&1]. While
replace respectivelyn,—m, ,my+. The treatment in this pa-  some terms of the above form do occur as higher-order per-
per assumes that the momentum dependéregthe depen- turbative corrections in the standard model, such standard
dence orqi, etc) of the form factorgy, andg; is negligible. ~ model (SM) contributions are “small” versus the sensitivi-
Depending on the application and on the desired experimeriies of present tests inphysics in the analogous cases of the
tal test, more sophisticated treatments of dﬁeetc. depen- 7S neutral-current and electromagnetic—CU(rent_couplings; cf.
dence could be used such as ones which incorporate results2]- For charged-current couplings, the situation should be
from recent QCD calculations for decays[9] and ones the same. . . _ _
which include possible contributions from additional reso-  Without additional theoretical, cf6], or experimental in-
nances such as the. Because of the smearing and the con-PUts, it is not possible to select what is the “best” minimal
tinually improving understanding of QCD methods in  Set of couplings for analyzing the structure of #@charged
physics, we do not expect this to be a fundamental difficultycurrent. For instance, by Lorentz invariance, there are the
in practice, but rather a technical matter that requires suffieduivalence theorems that for the vector current

cient care. _ i .
These factors numerically aré”, %), k+»=0.454, S=Viiw, T'=-V+S (16)

0.445; —0.015, 0.500; 0.330, 0.472. Because of the finiteand for the axial-vector current
a, width, Fa1~400 MeV, the.V’al factor vanishes in the

interval (m, +T/2) at the pointqs =m?/2=(1.257 GeV”, P~—A+fg, Tg~A+P". (17)

So for ay, in applying spin correlation distributions, tilde op the other hand, dynamical considerations such as lepton
functions &(q%) =7, ¢ and o(g?)=., o should be con-  compositeness would suggest searching for an additional ten-
structed(e.g., using Table )| convoluted with the Breit- sorialg, =fy,+ fg coupling which would preservé=1 but
Wigner resonands), and then fit to determine if more than a otherwise give non¥{—A) values to the semileptonic pa-
V—A coupling is present. Foa;, ¢ and o should not be rameters. For instance;=¢#1 and n=w+#1.

treated in the same manner as the other semileptonic param- The matrix elements of the divergences of these charged
eters. currents are
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TABLE lIl. Analytic forms and numerical values of the partial width intensities for polarized final states
for unique Lorentz couplings. Numerical entries are to one digit and arp fda,, if value differs. For
VA, the entry before the semicolon is fgr— A, after forV+A.

VFA Stp fu+fe fu—fe

Analytic form

Lo +3(1+.7,) +1 p? +1
27'2-|-p2
L7/ +3(1-7,) 0 272 ~2
2?+pz
rfm *3(127,) 1 p? ~2
2?+p7
r#m *3(1%.7,) 0 27 ~1
27’2+p2
Numerical value
NI +0.7(+0.5) +1 0.00.2 +0.3
r{/r +0.3(+0.5 0 1.00.9 -0.7
rHr 0.7(0.5;—-0.3(—0.5 1 0.00.8 —-0.7
r{ir 0.3(0.5;—-0.7(—0.5 0 1.00.8 -0.3
s , 9s, , “1” subscript on the new-physics coupling scald;” when
(k=p),V#=|gv(m,—m,) + 5=+ 5= (mz—m;) it is obvious from the context of interest.
In the case of “multiadditional” chiral contributions, the
gr+ o |— general formulas foA(\,,\,) which are listed in the Ap-
+ox @ - Im—m,J9 u,u,, (18)  pendix can be substituted into the above definitions so as to
derive the expressigg for the “multiadditional” chiral
Ogp- dp
(k=p) A¥=| —ga(m,+m,)+ ﬁq2+ TR 2—m?) TABLE IV. Semileptonic decay parameters for—p~ v, etc. in
the case of a single additional chiral coupling,)( which is small
gt relative to the standarf —A coupling (@, ). This table is for the
p _ : X .
+ ﬁ(q2_[mT_|_ m,]1%) [u, ysu, . (199 VHA z_md for theSi P cogpllngs. The next table is for gddltlonal
tensorial couplings. In this paper Ren) denote respectively the

. o real (imaginary parts of the quantity inside the parentheses. Ex-
Both the weak magnetisriy/2A and the weak electricity pressions for ‘4,..., f * are Egs.(39).

fE/ZA terms are divergenceless. On the other hand, since

q =m§, even whenmm,=m_ there are nonvanishing terms VEA Additional S+ P
due to the coupling$™ T AP, TZ.
Table Il gives the analytic form of the semileptonic pa- Pureg.  Plusgg Plusgs. p Plusgs-p

rameters for unique Lorentz couplings. Table Il gives the
analytic forms and numerical values of the partial-width in-I"'s
tensities for polarized final states for unique Lorentz cou-

: ¢ 1 [gul’~Igrl® 1 1

plings. 07+ 0w/
*
A. Semileptonic parameters’ form in terms of g_ plus 1 ¢ + M 1,bﬁ’ ?
an “additional chiral coupling” (m,=0) 9 9 ,

We first display the expected forms for the above semi-a ! ! ¢ 1+c 9s-p
leptonic parameters for the—pv,a,v,K* v decay modes for , 9
the case of a pur® —A chiral coupling as in the standard Iir's
lepton model. We assume that the mass ofitheutrino and 1 ¢ Re(@} Us. p) g pl2
antineutrino are negligible. Next we will give the form for 1- B e‘—
the case of a single chiral coupling;(2A;) in addition to - 9
the standard/—A coupling. In this case, we first list the ” ! ! @ @
formula for an arbitrarily large additional contribution. o' 0 0 Im(g gs- p) 0

In Tables IV and V we list the formulas assuming that the - 9.2
additional contribution is small versus thé—A coupling. ) 0 0 »’ 0

Throughout this paper, we usually suppress the entry in the
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contributions. Frequently we will suppress the subscript on v+ A also present:
m,.
Pure V—A coupling:

L {=é, w=§,
{(=o=w=n=¢=1, o=1, n=1,
[ _ 2_ 2 2 2 [
o'=7"=0. (20 ¢=(locl*~1gr»/(l9d/*+|9rl*)  @'=7"=0. (21)
|
S+ P also present:
AT P
=203 )19+ 1| 1~ 2| Re(9L s p)
{=o0= 211 2 /(/ (7} (22)
w128l ge ol
2A m2 S+P
£=1, (23
m2
w=7n= \/—_<|9L|2+_[1__}Re(g|_gs+P)) /(-%)pffr),
m,[, .
o' =7'= =250 1= 3 Im(gi s p)/ (2,77, (24)

where
2

N
m
= 1+2#)|9L|2+ >

m
N m? Re(g{ gsip) +

m,z) ,_ [ m [
{o=\|1-22 g%+ ﬂ_l—

m m2])? .
Al o2 |9s+p|°.

2
)“ |gSP|2) /(V/pff), (25

S—P also present:

|3
NI N

3

where the uppeflower) sign on the right-hand sid€RHS) m2 2
goes with the first(secondl entry on the left-hand side (1 2m—§)|gL|2+ —2Re(glg,)
(LHS) (=0= m2 2 /(/ (/‘*'
+Tp[ 2+_ |g+|2
£=1, (26) (28)
§=1,
w=n= —|9L|2/(/?3J ), w'=7'=0, (27) 5
- m;
w=7= f— l9u?= 5|1+ —2|Re(gl 9.)
where 2
m, 2 B ot
w 112 W|9+| (72,75,
2 [ M m; )
1+2 5/lgul*+ Al me l9s-pl*.

m2
[1 _Z}Im(ng+)/(‘/g 77, (29

futfg also presentfor this case we write the coupling
constant of the sum of the weak magnetism and the weawhere

electricity couplings as 5

m’ 2
1+2—2
m

B m
7= l9u/*~3—Re(g] 9.)

g+:fM+fE'

mz

. . + -

In this notation, 4A2

m2
2+

|g+|2
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TABLE V. Same as Table IV except this table is for additional tensorial couplings. #leref,,*fg
involvesk.—p,,, Wherea§i=g;q+ involvesk .+ p, ; see Egs(14) and(15). Expressions for ‘f,...,0"
-5
are Eqs.(39).
Additional fy, + fg Additional T" +TZ2
Plusg, Plusg_ Plusg., Plusg_
I''s
3 1 g2 1 lg |>—|mg_/2A|?
p— —_— ﬁ
K (97 +[mg-72A]
4 +gRe(9fg+) 1-h% 2 1 &
lgu|? 9
o ¢ P2 1 1
LS
9
I'it's
o Re@;g+) g2 1 ¢
L PV 1-n—
|9l 9
n ® 2 1 1
1-0 =
9
o' Im(g7g+) 0 0 0
— f —
ol
7' ' 0 0 0
fu—fe also presentsimilarly, we write the coupling con- Also
stant of the difference of the weak magnetism and the weak L,
electricity couplings as w=n=1 w'=7"=0 (34)

g_=fy—fe A single additionaf“+=gT+++T+ coupling does not change
5
and so the values from that of the pun— A coupling.
T*—T. also presentwe let
( M| o, 2)
= — + & o) ~
Go=\|1-23]|0 "% 372(9- (S0 7)), (30) g_:g;iT;

where the uppélower) sign on the RHS goes with the first-
(secondl entry on the LHS. Also,

and so

{=¢, o=1, (35
m; AP
— 2 o ~
&= 1+2W) 9" ~3zp2|9-) /o7 BD o 1oL 122 a9
|gu[*+[mg_/2A[*
m m; o
o, n=\2 2 1o PF 5 3510-1°|1(2,97),  o'=7'=0. w=¢ =1 o'=7'=0 (37)
(32) A single additiona[j,=g;_T; coupling is equivalent to a
Here single additionaV + A coupling, except for the interpretation
of their respective chirality parameters.
m?2 m?
= — p 2 P 2
Iy = 1+ZHZ> [ +34A?|g*| : B. Semileptonic parameters when “additional chiral
coupling” is small
+
T'+Ts also presentwe let In Table IV for theV+ A and for theS P couplings, we
- " list the “expanded forms” of the above expressions for the
9+=9T++T;- case in which there is a single additional chiral coupling
(gi/2A;) which is small relative to the standakt—A cou-
In this notation, pling (g.). Similarly, in Table V is listed the formulas for
the additional tensorial couplings. The tensorial couplings
[=0=¢=1. (33 include the sum and difference of the weak magnetism and
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electricity couplingsg.=fy=*fg, which involve the mo-
mentum differenceq,=k.—p,. The alternative tensorial
couplings’éi:g;ﬂﬁ instead involvek,+p,,.

-5

Notice that, except for the following coefficients, the for-

mulas tabulated in these two tables are short and simple. AS,

above we usually suppress the entry in thié’'subscript on
*“A;”. For Table IV these coefficients are

4ami (1—m?/m?)
©mA (1-4my/m?*)’

d—m 1
“aA

a

2
_ M

m2

(1—2m2/m?)
(1+2m2/m?)’

m? (1—m2/m?)?
T 2A2 (1—4m;/m*)’

m? (1—m5/m?)?
TAN T 1r2m)

(1_

The additional coefficients for Table V are

B m? (1—m?2/m?)2

C_P(1—4m§/m4)’

m

BETN (39

|3
NI N
—_—

m

2m? (1—4m2/m?)
mA (1—4m/m*)’

g:

m(1+9m3/m?+2m}/m*)
C o 2A(1+2mim?)

m’ (1—4m’/m?)
2A2 (1—4my/m*)’

ma(2+m2/m?)
n= ryp
2A%(1+2mi/m?)

h=

2 27,2
_m, (1—mg/m?)

mA(1—m2/m?)
1= A2 (1—4m/m®*)’

°T 2A2 (1t 2m? Iy

2
3mp

k= :
2A2(1+2m?/m?)

(39

Notice that?(1/A) coefficients occur in the case of an
interference with theg, coupling, and that otherwise

(1/A?) coefficients occur. Should experimental measure-

ments indicate other than a puge value of a semileptonic
parameter, a smearing and more sophisticated treated
these coefficients may be warranted. Ber as discussed at
the end of Sec. Il tilde function&(q?) anda(g?) should be
fit. For K*, the (1—4m2/m?) factor in the numerators af
andh almost vanishes. Fqr, these ‘ato 0” coefficients are
0.1-1.8 except foh~0.08; there is at most a factor of 0.6
change overr,=I7/2).

In comparing the entries in these two tables, notice @hat
a single additiona5+=g;”5+ coupling does not change

the values from that of the puh— A coupling, and thatii)

a single additiona@',:g;fﬁ is equivalent to a single
5

additional V+A coupling, except for the interpretation of
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their respective chirality parameters. This follows as a con-
sequence of Eqg16) and(17) and the absence of contribu-
tions from theS™ and P~ couplings to thep, a;, andK*
modes.

We have displayed this equivalence in Table V to empha-
e that while the commonly assumed total absencg.of
couplings in7 lepton decays is supported by the generally
weaker tests of the experimental/theoretical normalization of
the decay rateésuch as by universality tests in lepton phys-
ics), V-A(V+A) empirical values of the semileptonic decay
parameters discussed in the tables for gha;, K* modes
will not imply the absence of . (g_) couplings.

IV. SPIN-CORRELATION FUNCTIONS IN TERMS
OF THE SEMILEPTONIC PARAMETERS

A. The full seven-variable S2SC function

For the production decay sequence e'—Z°
V=1 7 —(p v)(p*v) followed by p"—7N7° the full
S2SC function including bothy ,vg helicities and both
vr, v, helicities is given by

17=1(E1,E,, ; 0a, da; Op  bp)

- 2 R
=2 [T(hy,hy)] Rn, .h,Rn, h,

+eT(++)T*(——)ry 1,

+e WT(—)T*(++)r_,r_., (40)
whereh, =2\, with A\; the 7 helicity, etc. The amplitudes
T(hy,h,) are the production helicity amplitudes given in
Ref. [13] which describez® y*—7 7. This formula also
holds if either, or both7"—a i v followed byai —(37)~.
The specificr™ decay channel determines which “composite
decay density matrix”Rhl,hl, or Rn, h,» is to be inserted.
The 0,, ¢, angles describe the” momentum direction in
the p~ rest frame forp~ — 7 #° when the Lorentz boost is
from the 7 rest frame, etc. See Figs. 3 and 4 and the dis-
cussion in Ref[5].

The literature on polarimetry methods and spin-
correlation functions inr physics includes Ref$3-5,7,14.
The S2SC functions given in the present paper were derived
in the same manner as those in Hé&fl.

Formulas for 7—pv

Including bothy, andvg helicities and using a “compact
Bpldface formalism” to denote this inclusion of bothhe-
licities, we find[7] the composite decay density matrix for
T —p v—(7 )vis

|

In terms of the semileptonic parameters, the diagonal ele-
ments are

Ris

R

e“”fu)
. (42

e*L‘ﬁIrfJr R__

R+ =n[1+f,co0]]F (1/\/2)sin 6] sin 26,7,[w cosp,

+7'sin ¢,]. (42
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These give_ _ the angular distributions
dN/d(cost;)d(cosd,)d¢p, for the polarizedr decay chain;
see Eq(5) above. The off-diagonal elements depend on

ry—=(r_,)*=nyf,sinf;

+(11\2)sin26,.72,{cosHi[ w cOS o+ 7' siNGS,]

+ 1w sing,— 7' cosp,]}. (43
In Egs.(40) and (41),
2 | =cod, rrf -2 Sif, - FT (44)
or equivalently
ny=2(3+cosd,+ o ,[1+3 cosd,]),
A= L 1+3 cosD, ]+ 7 [3+ cosX®,]). (45

Similarly, for the conjugate process —p v— (7 ) v
including bothvg and v helicities,
_ R.. e“%r,.
R= o — . (46)
e “or_, R__

In terms of the semileptonic parameters, the diagonal ele-

ments are

=ny[1+f, cos 67]

T

+(1/\/2)sin 63 sin 26,72,[@ c0S ¢p— 77" SiN bp]

(47)
and
oo =(r_)* = —nyfusing3— (11\/2)sin26,.72,{cosh}
X[ cosp,—7"singy]
+ [ @ Singy+ 7' cospy]}. (48)
In Eqgs.(47) and (48),
( n:?b) =co<6, FF_ + i Shds FF; (49)
or equivalently
ny=3(3+ cos§b+?9‘;[1+ 3 cosdy,)),
Nofp=3(£[1+3 cosBy]+ (.7, [3+cosDy,]).  (50)

Formulas for r—ajv

For the kinematic description of 7~ —ajv
—(my m, m3)v, the normal to thém; 7, w3) decay triangle
is used in place of ther~ momentum direction of the
7 —p v—(7 7°)v sequential decajl5].

Including bothy_ andwvg helicities, we find the composite
decay density matrix fOﬂ'_HaIVH(’iTI’}TZ_’IT;)V is
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R'=S/R"+S/ R, (51)
whereR™ have the same the same form as the earlier matrix,
Eqg. (41), except the elements now also have-™ super-
scripts; see belows; depend on the strong-interaction form
factors used to describe the decay — 71 7, w3 . How-
ever, when the three-body Dalitz plot is integrated over, only
the S; term remains, so it can be absorbed into the overall
normalization factor which removes any arbitrary form-
factor dependence. In E9), theR™ composite decay ma-
trix elements are

Ri.={Eq. (42 with (1V2)—(-112)},
ri_=(’,)*={Eq. (43 with (1N2)—(-12)},

(52
with
Na| .~ 10 Iy
(nafa) smzeaT (1 = sirfe ) T (53
or equivalently
Na= (10— 2 cosd,— o/, [5+3 cosd,]),
afa= 75 (— €[5+ 3 cOSP,]+ {.7,[ 10— 2 cos B,).
(54)

Similarly, theR™ composite decay matrix elements are

R:.=—n;[1Ff, cosf]]F( \/E)sineisin'éa%al[ 7COSh,

+w'sing,], (55)

with
( n;‘}a_) = coé@arTT (56)

or
= 30D [ -7,

n,f, =%cosh,[1— o/ ] (57)

Also

re_=(r_p)*=sinfn, f; + \/Esinnéa%al{cosei[ 7 COSh,
+@'SiNg,] + o[ 7 Sing,— ' cosp,1}. (58)

For the conjugate process —ajv— (w7, w3 v,
R'=S/R"+S/R". (59)

The R™ matrix elements are

Ri.={Eq. (47) with (1V2)—(—1/2)},

ri_=@r7)*={Eq. (48 with (1/\2)—(—-12)},
(60)
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F: = Formulas for 7—pv
" | i, | 1- = sife, | — (6D - (770w, with 7 helici
Nefi b T 5 b| ¥ For 7 —p v—(m 7 )v, with 7 helicity \;=h/2
1 dN
or Pan= T d(cos9])d(cosh,)
— B o~ 1 ~ 1 ~
nb—%(lo—Z Cosmb_0'<,/p[5+3 cosd,)), =§(3+Cos$1)8+ 3—2(l+3003291)D, (68)
Npfp= 15 (— €[5+ 3 cosD, ] +§_.7;,[10— 2 cosdy]). 2 where
62

_ S=1+h{ cod7, (69
The R™ matrix elements are

o D=—-S(1—-cos2v,)+(0.”,+h& cofT)(1+ 3 cosdv,)
L.=—n,[1*f, cosp5]F V2 Sing3sin6y, 72, [ 7COShy

+hw.72,4\2 sin2w,sing]. (70)
—wsingy], (63) . . -
It is very important to note that th8 contribution only
appears in stage-one spin-correlation functions. This is the
and reason for the breakup in t6 and D contributions in this
section. Formulas for the Wigner rotation angies, which
E_:(r—:+)* =singjn; fy + /2 sinzb%a re_spec_tively are s_ole_zly functions of ﬂpﬁ e_nergiesEllz_ are
! given in5]. If 6, is integrated out, i.e., if the polarimetry
X {cosp3[ 77 cospy,— w"singhy] information from thep™ —(2m)~ stage is not included, then
o _ D does not contribute. In this mannéris measurable. Then
+ [ 7 singp+ w” cos ¢y}, (64)  inclusion of the #; dependence giveD and also enables
separation of and w because of their differing dependence
with on 6. . _ _—
For the CP conjugate process’ —p v— (=" 7%, with
_ 7" helicity \;=h/2,
" G, (65)
ng fy °T —_ 1 dN_
I' d(cosd3)d(cosd,)
or
1 -~ — 1 U
L =§(3+cosa92)s+ 3—2(1+3 cosd,)D, (71)
Ny =3 COS[E— .71,
_ o where
N, fy =3 coB[1— 0.7, ]. (66) o o
S=1-h{v,cos;, (72
B. The simpler four-variable S2SC function D=—S(1-cos2vp)+ (?y)?— h¢ cos)(1+3 cosv,)
The simpler four-variable S2SC function including beth — hw_.%?p4ﬁ Sin2w,sing; . (73

and bothy helicities is
|4:|(E1'E21’511’52)
_ _\]2 - _ 2 -
=T ep——+ T ) —ps For +—ajv—(3m) v, with = helicity \,=h/2
+|T(+.+)|2P++P+++|T(—.—)|2P77P77- where

(67) 1 dN
Phh

Formulas for 7—a v

~ T d(cos])d(coD
This formula is in terms of théntegratedcomposite decay (cosf;)d(coshy)

density matrices for the”—p~ v and/or for ther™ —ajv 1 ~ 1 -

decay chains with*—(27)* andaj —(3)*. Note that as = 7(3+00sP1)S, — 55(1+3 cosPy)D,,, (74)
for the R’s in the preceding section, in E¢67) the p's in-

clude both neutrino helicities. Here for convenience, unlike o -

in Sec. IV A, we suppress a “boldface font” for thes. Salzl+h§‘/alcosgl’ (75)
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D, =S,,(3+€082wy) + (0.7, +h¢ cos])

X (14308 ) +hw 7, 4\2 sin2wysing]. (76)

The remarks above, following the analogous formulas in the

p case, also apply here. o o
For theCP conjugate process” —a; v—(3m) " v, with
7 helicity A ,=h/2,

— 1 dN
Phh= F_d(coa9§)d(co§2)
1 -~ — 1 _
= Z(3+003292)Sa1— 3—2(1+3 cosZ?z)Dal, (77)
where
S,,=1—h{7, coss3, (78)

D_611:§a1(3 +¢0S2w,) + (0.7, hé cosd3)(1+3 cosv,)

—hw 2, 42 sin2w,sing . (79)

C. The five-variable S2SC functions
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—COoSwq(1+3 cosﬁl)]
1 e T ' H s
+ m.,/ﬁal[w cosf1— vn']sin2w4(1+ 3 cosd,)

(81

and again for theCP conjugatea; mode,p,_=
with the same subscript substitutions.

For the “minus” Dalitz distribution for thea; mode,
there are,with the same normalization as for the “plus”
expressions given above,

—[ps_I*

Prn=COSI1{ 3C081[ — E+ (o +h(1— 0.7, )coS:]

+hy2 Sinw;SiNGY 7.7, } (82
and for theCP conjugatea ; there isp = —[p —p, _p]. For

the five-variable distribution for the “minus” Dalitz distri-
bution, there is

p._=3(1-07, )smalcos;ulcosﬁl

—\27, [ 1 cob]— 1o]sinwicosd; (83

andp,_=[p;_T*.

In order to measure some of the parameters which test for
leptonic T violation, we use thep dependence of the spin
correlation plus the variables Ip. Recall thate is the open- By unitarity and the assumption that only the minimal
ing angle between the twae decay planes. For the ideal helicity amplitudes are needed, one can easily derive other
statistical errors considered later in this paper, we assumexpressions for measuring the phase differences between the
that the 7 lepton direction is known from a silicon vertex helicity amplitudes.

D. Tests for leptonic T violation

detector and so both c@® and sirf¢) are known. The five-

variable S2SC function is listed in E¢.15 in Ref.[5], so

here we only list the additional composite density matrix

In the case of only, neutrinos, it follows that

p
elements: cosa™ /p)° o
r.r 1-(L7,
For the symmetric “plus” Dalitz distribution, for the™ \/ T \/ (67
mode there is and that
1 ~
p+—-=55& Sing7(1+3 cosv,)(1+ 3 cosd,) |7 20" 7
32 sinBa= . (89
N Jl—(gyp)

1 —~
+ 3—24’,,3/;,sin0{[ 11+ cos,

In the case of bothy, andvg couplings, there are instead

1
+c0S2w,(1+3 cosP;)]— Rl 0 cof1—1n'] 1"t 2.7 (w+ 1)
427" COBy=—T—— S >. (86)
_ ~ O v 2 Lot )
X sin2w4(1+ 3 cosd,) (80
— Th h physicall fi heir indi h lar-
and for theCP conjugate mode there 75, = —[p. _T* with ough physically transparent from their indices, the polar

the usual subscript changes-2, a—b as in Ref.[5].
Similarly, for thea; mode there is

1 ~
py_= —3—25 sin 7(1+3 cosvy,)(1+ 3 cosd,)

i —~
+ 3—2§t5//a13|n61[21— oS,

ized partial widths and intensities in these expressions,

FR s+ andl ;LI, are explicitly defined in Sec. Il. For thg

phase difference

Il; 2.72,(n— )
JURTR (12— (/LoD

coBR= 87)

Also
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_ 1" 27, (w0 +7') vg exist, there are two simple tests for “non-Cabibbo-
SiNBy=—T=—-= — 5. (89) Kobayashi-Maskaw@&KM-)type” leptonic CP violation in
VIR V(14977 [o+ D) 7—pv decay. Normally a CKM leptonic phase will contrib-
, ute equally at tree level to both the decay amplitudegfor
with exceptions, see footnotes 14 and 15 in R&f). These two
Y ) tests follow because byCP invariance B(A;5)\3)
|7 272,(n' — ') =ycpA(— N5 —\3). So the two tests for le toni@lg vio-
SinBa=———== — 5. (89 JeR e P
\/FLRFTR J(1—§)2= (o= ation are
The two constraint equations, E(.3), in Sec. lll A imme- Ba=pp first test, (90)

diately follow from these expressions. a a b b
Measurement o3, #0 (8,#0) implies a violation offT ~ WhereB,=¢%,— ¢4, By=¢1— ¢o, and
invariance int —p (7" —p v) or the presence of an un-

expected final-state interaction between thand p~. Be- ra=rp second test, (91

cause of the further assumption of no unusual final state in-

teractions, see Sec. Il, one is actually testing T  Where

invariance. Canonical invariance relates —p v and the

actual time-reversed procegSv— 17 which is not directly |A(—1,—3)| [B(1,3)] ©2
i i fa=———————, [I,= .

accessible by present experiments. a AOQ— )| b IBO.)|

For sensitivity levels for—pv decay, see Ref6].
This analysis can be easily generalif@dito the r—a,v
decay mode in which tha; has the opposit€P quantum
By CP invariance each of the barred semileptonic paramfiumber to that of the: For ther” —ajv— (7 7 7")v,
eters should equal, within experimental errors, its unbarredz°#°#")r modes, the composite-decay-density matrix is
associate. However, as was shown in Rg}, if only v, and  given by

V. TESTS FOR NON-CKM-TYPE LEPTONIC
CP VIOLATION

~ 1 ~] r2 ~
phn=(1+h cos)) sin2w1c0§01+(1— > sinzwl)sinzal + f(l—h cosd])| (1+codw,)cos b,
1 o~ la P ~ 1 -~
1+5 sirfw, | sirf 6, _hﬁ C0gB,Sinf] sin2w,| cog H;— 5 Siré e, |. (93

Table VI shows that the sensitivity of tleg mode, versus  —1/2)|/|B(0,1/2) give the moduli’s of thevg andv, ampli-

that of the p mode, is about two times better for thg  t,des versus the standard amplitudes. The corresponding
measurement and is about five times worse for fwea-  composite density matrices for—pv with v; and v, final
surements. The simpldr, function was used for the error gtate particles are given by the substitution rules:

6(r,) and the fulll ; was used for the othet’s. The CP and

CPTgg predictions for the phase relation betwegnand g3y, R R R

are opposite, see Table IlI {2], so this provides a method Phh=P-h,~h(ra=3.Ba—Ba), (99
for distinguishing between a new physics effect due to an _ -

unusualC P-violating final state interactiond,= — ;) and TABLE VI. The ideal statistical errors for the two tests for

one with a different mechanism ofCP violation “non-CKM-type” leptonic CP violation in 7~ —aj v deca;i in-
AEAEN) cluding botha; —@27 #") and (27°7") modes. TheCPTgs,
a .

t%P,TFS labels denote the symmetries which would respectively be
violated if ry#r,, B#0, etc. Note thatB=pB,—B, and
B'=Ba+By. At My we assume 10Z bosons and assume 10

7~ 7" pairs at each of the other center-of-mass energies. To compare
with the analogous values faf —p~ v; see the tables in Ref5].

It is also easy to generalize these simple tests so as
include vg and v couplings. The necessary four-variable
S2SC is given by

I(E, ,E;01,6,)

— B a(ra) a(B)=0(Ba) a(p’)

=14+ (\R)%4(p—p )+ (N2 4(p—p") Ecm. CPTes, CP CP Tes CPTes, CP
— — M 0.3% ~10° ~15°
+ONRM)a(p— ", p— 1), (94) 1oZGev 0.05% ~3° ~3°
4 GeV 0.05% ~4e ~5e

where Ng=|A(0,1/2)//|A(0,~ 1/2)|, A.=|B(0,
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Prn=pP_h_n(r—T5,Bo— BE), (96) Erx=[IA(= 112>~ |A(12)|PJI[|A(- 112>+ |A(1/2)|?]

and thel'(r —a v), or I'(+" —K™v), partial width. The
where thevg and v, moduli ratios and phase differences are (g|ative phase of thé(\,)=A(F %) amplitudes cannot be

defined byr3 _|A(1 1/2)|/|A(0 1/2)| fo= |B( 1-12)/  measured unless, e.g., the and g have a common final

|B(0,~1/2)|, Ba=¢i~ $5", Br=¢"1 _¢p - The two  gecay channel. For —7 v, orK v, the (k,+ p,) effective
additional tests for “non-CKM-type” leptonicCP violation couplings k,+p,), V% and k,+p,),A?, are equivalent to
if R-handedr andL-handedw exist are the standardy, ,V %, andq,, ,A %, couplings. Here/ ¢, and
A¢_are as in Eqs(14) and(15). Thef,, andfg couplings do
BR=pL  first vg/v test, (97)  hot contribute. TheS™ and P~ couplings can contribute to
the =~ and K~ channels, whereas they do not for the
rR=r; secondvg/v_ test. (98)  p.a;,K* modes. However, sincg- V~(m2/2A)gs- andq

- A~(m2/2A)gp- their contribution is strongly suppressed
for A>(~1 GeV) scales.
By Lorentz invariance, there are the equivalence theorems
The only observables for each of the »m v, K"v  thatS ~S~T "~V andP ~P~TZ~A. The general he-
modes which can be measured by spin correlations are tHiity amplitudes forr~—# v, or K™ v, for the aboveq-V
chirality parameter andqg- A couplings are

VI. DESCRIPTION OF 7 —@m@ v, K™ v

1
(15) 9u(E,*q,) Vm(E,*=q,) +9r(E,*0,) vm(E,*0q,) +

A ){QS-FP"_QS p+(9s-+p-+0s—p-)

X

m2
Ez—z”{(Ep—qw)V m.(E,*q,)+(E,+d,) Vm,(E,*0q,)}

){ -1+ mz )(Ep—q INMAE,207) +| 1+ -5 )(E *0,)Vm.(E,*0q,) }
2 m2
) l+ 7T )(E 77) mT(EthﬂT)J’_ -1+ mZ_WmZ)(EpIqﬂ') VmT(EVIq‘IT)}' (99)

The ¢, parameter can be measured by the stage-one energggbulated in the following tables. We concentrate on the
correlation functionI(E{,E7) where p..=1*¢ cos], S2SC distributions with the fewest variables.
p.o=1F¢, cosbj. See Table VII for the errors fai,{,0,0) based orl 4. In
The associated ideal statistical errors fgrare given in  general, the values for the” mode are slightly less than 1%.
Table VII in Ref.[6]. These errors fog, are about three The CP tests for these semileptonic parameters are about
times worse than those fromy for ¢, at each of the three /2 worse. Typically thea, values are about three times
Ecm.- The three variablé(E, ,E,, ¢) is identical in structure  worse than the values. Thea, errors are generally smaller
to Eqg. (4.19 in Ref. [5], including the si term. Because when obtained from thép,a;} modes than fronja; ,a;}.
p+—=p_ =—§&,sind], 13 does not depend on additional For comparison, use of the full seven-variabjevould only
semileptonic parameters beyohd and ¢ . give a factor of about 2 improvement; see Tables VIII and
From Eq.(99) the effectiver=|g.q/g, | value follows for  |X. Notice that the statistical errors faf using the simpler
3 2\ 2 I(E;,E,) distributions in Ref[4] cannot be directly com-
[(r—mv,) N mz [1-m/m; (100  Pared with those listed here because Réfassumes a mix-
[(m—py,)  2mm, | 1-m2/m’ ture of onlyV andA couplings inJ&ased Except forl,, in
this section in using S2SC functions to determine ideal sta-

For example, tistical errors, we assume that the direction is known from

5 a silicon vertex detector. Otherwise a Wigner rotat[&h

Ne oz |14 M: Os+p|, Ao =1 m, 9+ 1— Mz112 must be included in usink, and the siip) correlation is not
S+P 2A g | "9+ 2A 9, m? available inlg and| 5 . For completeness, Tables X and XI

give the analogous ideal statistical errorsh for a 10
sample ofZ° events.
To test for leptonicT violation, besides the parameter
For the 10 (7 ,7")'s at 10 GeV, and a like number at 4 which can be measured froh in both thep anda, modes,
GeV, we determine the ideal statistical errors in the saméhere is ther’ parameter which can be obtained frdgin
manner as in our earlier papers; see R4J. The results are both thep anda; modes. Also there are the and o' pa-

VIl. ASSOCIATED IDEAL STATISTICAL ERRORS
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TABLE VII. At 10 GeV and at 4 GeV: ideal statistical errors for TABLE IX. At 4 GeV: for measurements based on the seven-
measurements of the fundamental paramefels o, andw by the variable S2SC functioh,, ideal statistical errors fof, ¢, o, o, and
stage-two spin-correlation functidp for the sequential decay of an #’. In this and following 4 GeV tables, the number of events for
off-mass-shell photon* —7 7 with 7 —p v and 7 —p*, etc. each sequential decay mode is the same as in Table VII.

For each parameter, the first row assun@#%invariance, for in-

stanceé=¢; then the following row contains the corresponding sta- p~ values a; values
tistical errors for measurement of the same parameter not assuming {p~p"} {p.,a;} modes {aj,af} {a;,p} modes
CP invariance. The column headed byg,a;} modes” is for the
{p~,a;} and the{aj ,p*} sequential decay modes, etc. At 4 GeV:
13 0.0055 0.013 0.020 0.012
_ _ CPfor ¢ 0.0089 0.018 0.035 0.017
p~ values a; values ¢ 0.0091 0.019
L teay I G, CPfor¢  0.013 0.027

tpp7y modes {a;.ai} modes 0.0027 0.0033
No. of events 605 160 867 925 324 000 885600 CPfor o 0.0039 0.0046
At 10 GeV: 10} 0.0053 0.013 0.022 0.013
& 0.0060 0.021 0.046 0.020 CP for o 0.0092 0.018 0.038 0.019
CP for ¢ 0.0100 0.030 0.081 0.028 7 0.0047 0.013 0.019 0.014
14 0.0070 0.022 CP for 7' 0.0094 0.019 0.038 0.019
CPfor ¢ 0.011 0.031
7 0.013 0.033 the corresponding “plus” distribution’s normalization. For
CPfor o 0.016 0.047 instance, to normalize; , thel plus distribution’s relative
@ 0.0057  0.020 0.037 0.017  normalization was needed; so the ideal statistical errors
CP for » 0.010 0.028 0.069 0.024  \were investigated but the errors were generally not signifi-
At 4 GeV: cantly better than those fdj so we have not listed them. All
& 0.013 0.033 0.080 0.044  the “plus” distributions are normalized by the available
CPfor & 0.020 0.047 0.14 0.062  number of events. Only by actual experimental analyses can
4 0.016 0.039 it be shown whether the “minus” distributions will have
CP for ¢ 0.024 0.056 enough sensitivity for interesting tests of this type. See Ref.
o 0.028 0.046 [16] for detailed treatments of the hadronic form factors. For
CPfor o 0.028 0.064 determination of thé 5 andl ; statistical errors, we use the
® 0.015 0.041 0.059 0.034 minus distribution only for one side, e.g., the in
CP for o 0.025 0.058 0.11 0.049 ¥*, Z2°—~ 7 7" and use the plus distribution for the other

side, e.g., ther".

Table XV shows that the' parameter can be much better
rameters which only appear in S2SC distributions forahe measured by the full; distribution. This suggests that for
modes. See Tables XII-XIV. To normalize the “minus” measurement ok’ the best few-parameter distributions are
Dalitz distributionsl 5 and |7, we have assumed that the not I, or either thels's. From Table VIII, one similarly
form factor dependence in E(p1) leads to an extra factor of concludes that there should be a better observable;fat
% in the overall “minus” distribution normalization versus 10 GeV.

TABLE X. At M3 : the ideal statistical errors fdj, {, o, andw
for measurements based on the stage-two spin-correlation function
|, for the sequential deca®’— 7~ 7+ with 7 —p vandrt —p™»,
etc. The entries can be compared with those in Table VII for 10 and
4 GeV center of mass energies.

TABLE VIII. At 10 GeV: for measurements based on the seven-
variable S2SC functioh,, ideal statistical errors fof, ¢, o, », and
7'. In this and following 10 GeV tables, the number of events for
each sequential decay mode is the same as in Table VII.

p~ values a; values p~ values a; values

{p"p"} {p.,a;} modes {a; ,aj} {a;,p} modes {p.as} {a1,p}
AL10 GeV- {p~p"} modes {ai,af}  modes
& 0.0032 0.0078 0.013 0.0076 No. of events 20303 29119 10870 29119
CPfor & 0.0052 0.011 0.022 0.011 At M:
I4 0.0055 0.012 & 0.027 0.081 0.20 0.094
CPfor ¢ 0.0080 0.017 CPfor & 0.045 0.11 0.32 0.13
s 0.0026 0.0032 I4 0.032 0.084
CPfor o 0.0037 0.0045 CPfor ¢ 0.048 0.12
w 0.0031 0.0081 0.014 0.0086 o 0.059 0.13
CPfor o 0.0054 0.011 0.024 0.012 CP for o 0.073 0.18
7' 0.0031 0.0085 0.013 0.0088 ® 0.026 0.076 0.16 0.082

CPfor %' 0.0060 0.012 0.025 0.012 CP for w 0.045 0.11 0.27 0.12
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TABLE XI. At Mz: for measurements based on the seven- TABLE XIlIl. For measurements of " —aj v from the sequen-

variable S2SC functioh,, ideal statistical errors fof, ¢, o, w, and tial decay modda; ,af} by the five-variable S2SC functidry .

7'. In this and followingM ; tables, the number of events for each Ideal statistical errors for and '.

sequential decay mode is the same as in Table X.

{a;.a;} At 10 GeV At 4 GeV AtM,

p~ values a; values

W)l modes (agai) fauo}modes 1 o7 oms oo
At M, ' 0.25 0.23
3 0.013 0.033 0.056 0.034 CP for ' 0.35 0.32
CPfor & 0.022 0.047 0.097 0.048
14 0.023 0.051
Cpfor{  0.034 0.072 “purity” of detector components and of the data analysis by
o 0.014 0.017 distinguishing which coefficients are or are not equal be-
Cpforo 0019 0.025 tween various experimental data sets analyzed separately for
® 0.013 0.034 0.065 0.040 the +* modes[17].
CPforw  0.022 0.048 0.11 0.056 Assuming only», couplings, a simple way for one to use
7 0.014 0.037 0.059 0.041 a Monte Carlo simulation to te§18] for possibleCP viola-
CPfor o' 0.027 0.053 0.11 0.058 tion is to add ar5+ P coupling (to the standard/— A cou-

pling) in the p decay mode such that ti&+ P contribution
has an overall complex coupling factorc™ in the 7 mode
and a complex factor d’ in the 7~ mode. By Table VIII of
Ref. [2], c.f. Egs.(Al) and (A5) below, this will generate a

Typically the errors are a factor of 2 worse at 4 GeV than
at 10 GeV. However, there is an important exception: th

, o : . . \
error for thes' parameter forr —p v usingls is about five difference in moduli and phases between thenodes. Then

times better at 4 GeV than at 10 GeV. Con i
Notice that the S2SC functions do not enable a measurethe two tests foiCP violation [5] are whetheitc|=|d| and

ment of any relative phase between the and vg helicity argS(c)=a:jg(d) Experin;ert_al(ljy. d d of
amplitudes, so the helicity amplitudes can only “almost” be = >€cond, to be model independent and of greater use to

completely determined from knowledge of the eight Sem“ep_theorists, experimental analyses _should not assume a mixture
tonic parameterf2]. of only V andA current couplings in- decays. For the, a,,

andK* modes, by consideration of polarized partial widths
there are several fundamental quantities besides the chirality
parameter and the total partial width which can be directly
measured. For example, for thg mode there are three logi-
cally independent tests for only couplings:é=1, (=0, and

The major conclusions are given in the abstract, Introduc®™= 7, if T violation occurred then the nonzero parameters
tion, and in the ideal statistical errors given in the preceding? =7 if there are onlyy, couplings. For they mode there
section, so here we will only make a few additional remarksare also these tests except that oalgnd ' can be directly

In the context of modern Monte Carlo simulations such agneasured by S2SC functions; bothand »" must be deter-
KORALB and TAUOLA, it should be simple and straightfor- Mined indirectly by the two constraint equations of Sec. Il A.
ward to build in the amplitudes for production bfpolarized It would be part|culf_1rly interesting, as well as stralghtfor-
and T-polarizedp’s or a,’s from distinct Lorentz-structure ward, to seqrch for evidence for Iepton compositeness in the
sources. Thereby, the results in Tables IV and V in this pape0st massive lepton, the, where naively such structure
can be used for many systematic checks. For example, thé}ight be expected to be most easily observed. In analogy
could be used to experimentally test 8B and T invariance with the Pauli anomalous_magnetlc moment, such structure

could show up as an additional tensorigl=f,,+ fg cou-

TABLE XII. Ideal statistical errors for measurements of the ~ Pling which would preservg=1 (only v, couplings but

parameter by the sigh) term in the S2SC functiohs for the se- give non{V—A) values to the other semile_ptonic parameters.
quential decay of an off-mass-shell photoyf —7 ' with ~ From Table V, or Eqs(28) and(29), there is the prediction

T —p vand T+_)p+y' etc. AtM, the corresponding errors are thato= {#1 and n=w#l with the constraint foA Iarge that
several orders of magnitude larger than unity.

VIIl. OTHER CONCLUSIONS

TABLE XIV. For measurements of  —a v from the sequen-

p values a; values tial decay modeqa; ,p*}+{p~,a7} by the five-variable S2SC
{p"p"ymode {ar,ai} {a;,p} modes function| 5 . Ideal statistical errors fop and w'.
7A7f 10 Gev: 011 061 035 {a;,p} At 10 GeV At 4 GeV AtM,
CP for ' 0.23 2.1 0.49 n 0.0021 0.0036 0.014
At 4 GeV: CPfor 0.0030 0.0051 0.020
7' 0.026 0.13 0.056 o' 0.13 0.062

CPfor %' 0.040 0.60 0.079 CPfor o' 0.19 0.088
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TABLE XV. For measurements of —a » from the sequen- couplings andn, arbitrary are fory, so )\V:_%,
tial decay modda; ,a; } by the seven-variable S2SC functibp .
Ideal statistical errors fop and w'.

- 1 E,+q
{a7.,a7} At 10 GeV At 4 GeV AtM il p Y
A 01 2 gL mp mT(EV+qp)

7 0.0026 0.0050 0.0094
CPfor 0.0036 0.0071 0.013 Ep_ a,

- vm_(E,—q,), Al
' 0.0021 0.0045 0.011 9r m, AEy q”) (A1)
CP for o’ 0.0030 0.0064 0.016

g | =g, J
((-1)=(1-w)~-. (101) A _1:_5 =0L 2m7(Ev+Qp)_gR 2mT(EV_Qp)
(A2)
By Egs.(39) the ratio "‘g/I"" is a known function ofm, and
m,. Numerically@/1),=0.079[20]. At 10 or 4 GeV, by the and forvg so\,= 3
p~ (a;) modes, compositeness in thdepton could be re-
spectively probed5] to 1.2 TeV (1.5 TeV).
Third , in a completely general analysis, the values of the 1 E g

semileptonic parameters should not be carelessly combined A(O _) =—g, —2—/m(E,—q,)
from different modes because that could inadvertently mask 2 o m, AE, =8,
an additional Lorentz contribution. For instance, measure- E 4
ment of &£, from the = mode only strongly constrains the +ng_qp /mT(Ey+q,,), (A3)

V+ A chiral coupling; see Table VIl di6]; its measurement m,
in 7—v does notsignificantly constrain the presence of
scalar or tensorial couplings.
Lastly, in contrast to the purely leptonic modé$®)], the 7 1
semileptonic modes are qualitatively distif2t] since they A( 1, —) =—gV2m(E,—d,) +grV2m(E,+q,).
enable a second-stage spin correlation. This important differ- 2
ence is a tool that can be used in many important reactions of
contemporary interest. It can and must be exploited in
searching for new physics.

(Ad)

Note thatg, ,gg denote the “chirality” of the coupling and

\,=%3 denote the handedness of ;. For (S=P) cou-

plings, the additional contributions are
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5 )
APPENDIX: THE HELICITY AMPLITUDES IN TERMS 1 2q,
OF THE CHIRAL COUPLINGS A(O 2) gs+p( m—\/ AE, -0, )
In Sec. Il, the simple symmetry relations among the am- ’
plitudes are possible because of the Jacob-Wick phase con- 2

ventions that were built into the helicity formalis[8]. In

combining these amplitudes with results from calculations of (A6)

similar amplitudes by diagrammatic methods, care must be

exercised to insure that the same phase conventions are being

used(c.f. appendix in first paper ifL3]). The two types of tensorial couplingg,. = fy = fg andg.
The helicity amplitudes forr™—p~ v g for both (V+A) gT+iT; , give the additional contributions
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Alosl)=5g. )| B % mE ey - M BT mrET) [ro | )| - M Bt ey
’ 2 g+ 2A mp T v—qp mr mp T v qp _g, ZA mr mp T v—qp
paate — _~ [m\|E,xq, m, E,*q, —
+ \/mT(Ev+qp) +04 ﬂ m \/mT(Eviqp)—'_Fm—\/mT(Ev"_qp)
P P T P
mT

m m

T P P

m, E,*q E,+q —
)[—MJmAEvtqm% mT<Ey+qp>},

m'T

T
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N
-

m’T

)[meEyrqu %meEyiqp)}r ﬁa_(

)[%JmT(Eytqm meEﬁqp)}.
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