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We search forCP nonconservation in the decays ofleptons produced vie*e~ annihilation aty/s
~10.6 GeV. The method uses correlated decays of pairslgptons, each decaying to ther®v_ final state.
The search is done within the framework of a model with a scalar boson exchange. In an analysis of a data
sample corresponding to 1X2.0° producedr pairs collected with the CLEO detector, we find no evidence of
violation of CP symmetry. We obtain a limit on the imaginary part of the coupling constant parametrizing the
relative contribution of diagrams that would leadGd violation to be—0.046<Im(A)<0.022 at 90% C.L.
This result provides a restriction &&P nonconservation in tau lepton decays. As a cross-check, we study the
decay angular distribution and perform a model-independent search @ &iolation effect of a scalar
exchange in single— w7°v, decays. The limit on the imaginary part of thescalar coupling is—0.033
<Im(A)<0.089 at 90% C.L.
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[. INTRODUCTION in the standard model, but appears as a consequence of vari-

Violation of the combined symmetry of charge conjuga-ous extension$10]. Models predicting lepton flavor viola-
tion and parity CP) has been of long standing interest as ation often also predic€ P violation in lepton decaygl1,12.
possible source of the matter-antimatter asymmidthyn the  Among theoretically best-known are the multi-Higgs-doublet
Universe. Efforts to search fo€P-violating effects have models(MHDM's) [13—15. Studies of thez— 77~ pro-
concentrated so far on the hadronic sec®P violation in  cess[16,17] showed no indication of the weak dipole mo-
strange meson decay has been the subject of intensive invesent of tau lepton which would indicate@P violation of
tigation since its first observation in 1962]. Recent studies the Z— 7" 7~ production vertex. Precision studies of muon
of hadronic[3] as well as semileptoni4—6] kaon decays decay parametefd 8,19 provide negative results for @P
provided precision measurements of @B violation param-  violation in such decay. In this paper, we studf violation
eters. Searches for corresponding asymmetrieB meson in 7 decay, in the context of a model with scalar boson ex-
decays are the focus of several large ongoing experimenthange[20,21]. CP symmetry at ther production vertex is
[7,8]. Recent indications of possible neutrino oscillatipds  assumed. The results of the search are general but are easiest
make it important to reexamine the questionGI® noncon- to interpret for a specific choice of MHDM’s. Previous at-
servation in the leptonic sector. Such a violation is forbiddertempts to study this question in tau dec42®,23 provide

092005-2



SEARCH FORCP VIOLATION IN 7— 77%v. DECAY PHYSICAL REVIEW D 64 092005

only weak restrictions on th€ P violation parameters. A, A, elfeid

The search is carried out using data collected with the
CLEO detector operating at the Cornell Electron Storage
Ring (CESR, wherer leptons are produced in paiesse- A + e
— 7" 7. Specifically, we study events in which botts
decay to ther#%v, final state. In such events, interference
between the standard model process involwltdposon ex-
change and a non-standard-model one involving scalar boson FIG. 1. Interference between two amplitudes witF-even and
exchange can give rise to observal@@®-violating terms. -0dd relative phases and ¢.
For each event we compute a quantity for which a nonzero
expectation value would constitute evidencecd? violation. _ CPAt i

F'I)'his paper is organized as follows. A general description<§>‘cp—’fcp_f (Eevent €oad) P dL'pS_f (Eeven't €oda)
of CP violation in the leptonic sector is given in Sec. Il. An
observable used to search fGiP violation is described in X(Poyen— Podd)dLipS:J eperPeverdLips
Sec. lll. The data analysis and its results appear in Secs. IV
and V. A model-independent search for scalar-mediated
decays is described in Sec. VI. Derivations of elements of the - f €oddPoagdLips. (4)
probability density distribution for a pair of leptons each
decaying intor7%v_ final states and theoretical calculations if P
used in optimizing the choice of th€ P-sensitive variable cp
are given in appendices.

odd iS not equal to zero, the(¢); . ¢#(&)icp_scp and
is violated.

A lepton decay process described by two amplitudes illus-
trated in Fig. 1 may hav€ P-even and -odd phas&sand ¢
relative to each other. The probability density for such a
process is given by

CP violation generates a difference between the patrtial o S
decay width for a processif) amc(dP theCFE:orresponding |A[P=(A1+ A€ %) (A +Ae™ Pe 1)
width for its CP-conjugated process{"—f~"). Any kine- A2, A2 _ : :
matical observable associated with a decay can be de- = ALt Ayt 2A1A2008$ c0SS w
scribed as a sum df P-even andC P-odd components: 5)

II. CP VIOLATION IN LEPTON DECAY

The last, underlined, term i€P odd since the phase
&= Eevent odd- (1) changes sign undeEP conjugation. In this example the
CP-odd term is not equal to zero K, , A,, sin¢, and sind
e not equal to zerd\; and A, denote the amplitudes and
r physical processes they must be different from zero. Thus
he CP-odd term is not equal to zero if the factoe® and
e'? differ from zero and are compléxWe discuss in the
following section a theoretical model that satisfies these re-
quirements.

The average value of this observable is equal to an integraﬂ]r
of ¢ over all available phase space multiplied by the prob-t
ability density,P, for the decay. This probability density also
can be, in general, decomposed i@t®-even and -odd com-
ponents:

P=Peent Podd- 2 A. CP violation in 7 decays

A possible scenario foE P violation in 7 lepton decays is
described 13] by the interference of the standard model de-
cay amplitude mediated by tW¥ boson(amplitudeAyy) with
the amplitude mediated by the charged Higgs boson in the
multi-Higgs-doublet modé&l (amplitude A,). These ampli-
(&)= f (€epent Eoqg)PdLips= f (€epent Eodd) (Pepen tudes play the roles d&; andA, of Eq. (5). In this scenario,

the charged Higgs couples to quarks and leptons with com-
plex coupling constants and, thus, there can be a weak com-

The average value df is

+Pogg)dLips= j $evenPevendLips

1In general CP violation can occur even if a strong phase has no
imaginary component. The presence of-add term in a squared
matrix element can also violateP in the absence of an imaginary
part of a strong phase.
Under CP conjugationP,44 changes sign and the average 2The three-Higgs-doublet modé8HDM) is the least complicated
value of the observabléfor the decay of th&€ P-conjugated extension of the standard models allowing foP violation in 7
state is decayd 24].

+f €oddPodgdLips. ©)
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(a) v(k) z(py) (b) v(k) z(Py)
Ag~u(v)(1—y5)u(T) [ m, Z*X —myZ*Y]
fv fs mH' s
Ay = Ay 88
w A
X M,
7(q, o) ﬂo(Pz) 7(Qq, ) ﬂo(Pg) f,i ©)
\fle’s

FIG. 2. Amplitude for(a) standardW exchange andb) scalar
exchange. wherem,, Myiqqs, My, andmy are the masses of the tau
lepton, charged Higgsy quark, andd quark, respectively.

plex (CP violating) phase (sim+0). The usual choice for X, Y, andZ are the ratios of the complex Higgs couplings
the CP-even phas@ is a strong phasi25] which arises due to u andd quarks and leptons relative to the standard model

. . . 0
to the QCD final state interactions between quarks. In thgveak couplings. Th.e overall Higgs coupling to ther” sys-
following, we consider onlyr decays into hadronic final (€M iS denoted by:
states and a neutrino. Thedecay process is described by a

sum of two amplitudes: standard mod& exchange illus- A= MuZ* X—mgZ*Y 10
trated in Fig. 2a), and a scalar exchange illustrated in Fig. mnggS[ d 1 (10
2(b).

To maximize our sensitivity to possibleP-violating ef-  BecauseA is complex, theCP-odd phaseg, comes from
fects, we optimize our experimental procedures in the conthe imaginary part of the coupling constant:
text of a specific model that allows us to calculate the matrix
element and the probability density function f@rdecay A=RegA)+ilm(A)=|A|(cosp+ising). (12
[26]. We have elected to studydecay into ther™ v, final
state due to its large branching fraction, its distinctive experi\We parametrize the hadronic current as a product of a dimen-
mental signature, and its relatively simple hadronic dynamsional quantityM =1 GeV/c* providing overall normaliza-

ics. However, the procedure is general and can be applied #on, and a scalar form factdi,=|fe'%. Here 5 is a com-
a number of other final states. plex strong phase associated with scalar exchange.
The standard model amplitude ferdecay into two pions The choice off is not unambiguous. We study three
via the W exchange can be written as cases: one witf;=1, the second witl ¢ described by the
a,(980) Breit-Wigner shape, and the third with described
Ap~u(v)y, (1= ys)u(1) f, O~ (6) by ay(1450) Breit-Wigner shapgsee Eq.7)] with a width
given by
\fyle’®
where the hadronic current is parametrized by the relative m | s—4m? V2 " o 12
I —| — if s>(2m
rilor;mentu_m between the charged and neutral plQfis- pf rs)={ s\ m—am? (2m,) 12
p5 multiplied by the vector form factof,, , described by a
p Breit-Wigner shape 0 elsewhere.
5 The matrix element for the— 7#°v_ decay is given by
f = —m @) the sum of theV and Higgs exchange processes,

s—m?+imI'(s) S
M(r~—a 7 v)=Awt+Ay, (13

wheres s a squared invariant mass of two pions, amdnd  and is given by a sum of terms defined by E@®.and (9),
I'(s) are the mass and the momentum-dependent width of

the resonance, respectively. The latter is defined as M(r~ -7 %,)~u(k) y,(1— ys)u(q,s)|f,|e"Q*
m( s—am2 | *? 55 (2m +A u(k)(1+ y5)u(q,s)|fe'*M,
— — I - 14
L(s)=1{ Vs\m?*—4m? ® a9
0 elsewhere, whereq is the 4-momentum vector af, sis the polarization
of 7, andk is the 4-momentum vector of the neutrino.
. . After calculations detailed in Appendix A, the squared
wherem, is a pion mass. matrix element takes the form
Here we neglect the contribution from tpé resonancé27]. IMP% . o, ~G+s o, (15
The amplitude for ther decay intom= #° via a charged
Higgs boson in the 3HDM model can be written[4S] where the spin-averaged component of the total width is
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G=2|f,[[2(qQ)(kQ) — (kq)Q?]+ 2| A|?|f{*M?(qk) To design an optimal method for searching ®P viola-
tion, we separate th€ P-even and -odd terms in thepro-
+4 Ree(A)|f,||f{ McossM (QK) duction and decay probability densfizq. (18)]. We refer to
—41m(A)|f,]|f Msin SM (QK), (16) the sum of allCP-even and -odd terms d3,,e, and Pqq,
respectively:
and the product of the tau polarizatietr and the polarimeter P=Peent Podg- (19)
vector w,, describing the spin-dependent component of the ’
decay width is Formulas forPg,., andP,44 are given in Appendix C. Both

) ) Die i2nr CP-even and -odd parts of the cross section are functions of
w,={+2|f,|°M [2Q,(kQ)—k,Q?]1=2|A[?[f|*M*M k,  the kinematical quantities that characterize te and =~

+4Ree(A)|1,|f| Mcos Q, (ka) ~k,(4Q)] decays.

*41m(A)|f,[|fg Msind[Q,,(ka)—k,(qQ)] IIl. EXPERIMENTAL METHOD

+4 Ree(A)|f,||f{ Msinde,, ,z,0"QPk” A. Optimal variable

+41m(AY)[F,]|fd Mcos&ewﬁyq“QBkV}. 17) A common method used in searches@® violation is to

define aCP-odd observabl&, such as, e.g., a triple product
of independent vectors, and then average its distribution over
Me data set. An average éfifferent from zero indicates the
presence of & P-odd componenP,44(A) of the probability
density which, in general, depends on scalar coupn@he
choice of theCP-odd observable is not unique. One can
always add anyCP-odd term to any selecte@P-odd ob-
servable to obtain anoth€P-odd observable. Different ob-

B. CP violation in correlated decays of7 pairs servables have, in general, different sensitivityQtB viola-

For a singler decay we do not know the polarization tion. To maximize the sensitivity of our search we construct
vector, and consequently cannot construct the spin-dependedft optimal variable with the smallest associated statistical
term. However, the situation is different for decays of pairs€Tor. Such a variable was proposed by Atwood and Soni
of s produced ine*e~ annihilations, where the parent vir- [28] and by Gunion and GrzadkowsKi29] for other
tual photon introduces correlations of thé and 7~ spins.  Searches. The derivation 6fis described in detail in Appen-

In the following we denote the momenta of the particlesdix D. The variable is equal to the ratio of ti@P-odd and
deriving from 7+ with an additional bar symbol in order to -€ven parts of the total cross section assuming that the abso-
distinguish them from the momenta of the decay prod- lute value of the coupling\ is unity:

ucts. The probability density for the reactiefie” — 7~ P 1

can be written &5 £= odd(1) 20

and scalar exchanges is denoteddass, — 6s. The param-
eter A" is defined to be equal td for 7~ and equal to its
complex conjugateA*, for 7", Underlined terms ar€ P
odd.

Peuen

PT+T_~>7T_7TOV 7T+‘ITO;: GX [(pa)z_l— (p_q)2+ mT(Ep)] X 6

+ wl;C"“’w,,, (18

The average value df is

Poad( 1 .
(0= [ " b P A)dLips

wherep, E a, andaare the momenta of the electron, posi- Peven
r i+ . .
tron, 7~, and7", respectively. The polarimeter vectorsof _f Poad(1)Pogd(A)

and r* are contracted through the spin-correlation matrix
C*# (see Appendix B for detailed calculations

The probability density forr-pair production and the sub-  sinceP,, 44 is proportional to the imaginary part of, we can
sequent decay of eachinto the ° final state consists of express it as
all CP-even and -odd terms from the singtedecay con-
tracted either through the spin-averaged production ofrthe Podd(A)=Im(A)Pyqaq(1) (22
pair (pg)?+ (pq)?+m,(pp) or through the spin-correlation
matrix C*” with CP-even and -odd terms of the other
decay[Eqg. (15)]. Due to the spin correlation, these con- Pogd(1)?
tracted terms are no longer proportional to the spins of the <§)=Im(A)j P—dLips. (23
individual 7 leptons and, therefore, they do not vanish after even

integration over all Lorentz-invariant phase space. The integral in Eq.(23) is always larger than or equal to
zero, and equality occurs only if the odd part of the cross
section vanishes. Therefore, we expect that the average value
Here we assume a standard model production of tau pairs.  of & will be proportional to the imaginary part of the Higgs

dLips. (22

Peven
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FIG. 3. Optimal observablé for (a) Monte Carlo simulation with n& P violation, and(b) Monte Carlo simulation with a maxim& P
violation Im(A)=1.

coupling constant and will be positive if IM()>0 and solution. The Monte Carlo procedure used to calibrate this

negative if Im(A)<0. Monte Carlo simulation of thé dis-  effect is described in Sec. V.
tributions for the three choices of scalar form factors and no

CP violation* are shown in Fig. @). The same distributions IV. DATA ANALYSIS
for the CP violating case Im\)=1 are shown in Fig. ®).

The structure in these distributions is due to the resonant
structure in the vector and scalar form factors. The data used in this analysis were collected at the Cor-
nell Electron Storage RinCESR at or near the energy of
the Y(4S). The data correspond to a total integrated lumi-
o nosity of 13.3 fo * and contain 12.2 10° 7" 7~ pairs. Ver-

To calculate a value of as described in Sec. Il A, we  qi¢ of the CLEO detector employed here are described in

equivaiently the directions o S. [N cases Where botns - . qictent withe e~ — 7 7~ interactions where each de-

decay to semihadronic final states with two missing neutn-cr_ ys into ther %y, final state. We refer to such events as

nos we can use energy and momentum constraints to dete . L . . .
mine these directions with a twofold ambiguf§1]. We as- PP events since this final state is dominated by production

sume that in the* e~ annihilation the two taus are produced &1 decay of the(770) resonance. The event selection cri-

back to back, and we ignore the effects of initial state radial€ra are summarized in Sec. IV B.

tion. We cannot distinguish the correct solution from the in-  TO estimate backgrounds we analyze large samples of
correct one. We check that the wrong solution does not inMonte Carlo events following the same procedures that are
troduce any asymmetrigiscussed belowand we sum th¢ ~ applied to the actual CLEO data. The physicsregair pro-
distributions obtained from the two solutions. Finally, we duction and decay is modeled by therRALB event generator
calculate the mean value of the summédiistribution to  [30], while the detector response is handled wittBENT-
search for any evidence of asymmetry. based[34] simulation of the CLEO detectors. For back-
To assess the possible bias in compujadilues, we use grounds coming fromr decays other than— 77%v,, we
the KORALB Monte Carlo procedure to calculate the meananalyze a Monte Carlo sample containing 3710° 747~
value of theCP-odd observable for the correct and incorrectevents in which all combinations ef” and7~ decay modes
solutions separately, as well as for the sum of the two. Withirare present, except for our signalp process.
errors, we observe no artificial asymmetry in elistribu- Non-r background processes include annihilation into
tion for the false soIL_Jtlon in the stande}rd moqlel Monte Carlomultihadronic final states, namelyete"—qq (q
sample. However, in the sample wit@P violation, the

— +a— =y
asymmetry obtained using just the false solution is signifi-—Y d: S, ¢ quarky and e’e” —Y(4S)—BB, as well as
cantly different from that obtained using the correct production of hadronic final states due to two-photon inter-
actions. Backgrounds from multihadronic physics are esti-

mated using Monte Carlo samples which are slightly larger
“We use a modified version of theuoLA 7 decay simulation than the CLEO data, and contain 42 60° qq and 17.3

package[30] to generate Monte Carlo samples corresponding toX 10° BB events, respectively. The background due to two-
different values of the complex couplinty. photon processes is estimated from Monte Carlo simulation

A. Data and Monte Carlo samples

B. Experimental issues
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of 37556 2y— "7~ events, using the formalism of Budnev 1200—————T T T
et al. [35]. All non-tau backgrounds are found to be negli- (a) — Signal MC
gible (see Sec. IVE

To study the potential bias of the mean value of the ob-
servableé [Eq. (20)] that can be introduced by data selec-
tion, we use Monte Carlo samples generated with and with- 400

800

out CP violation. The “standard model” sampléno CP >
violation) consists of 2.410° p-p events. The equivalent E
integrated luminosity of this Monte Carlo samples corre- T ©
sponds to four times that of the CLEO data set. Each sample %800
of the CP-violating Monte Carlo contains 1:510° events. &
i 400 -
B. Event selection
Tau leptons are produced in pairsdiie” collisions. The 200

event selection follows mostly the procedure developed
originally for the study of ther— pv, decayd36]. At CESR -
beam energies, the decay products of tfieand r~ are well Y S
separated in the CLEO detector. We require an event to con- 0 0.25
tain exactly two reconstructed charged tracks, separated in
angle by at least 90°. The net charge of the event must be FIG. 4. Energy of the neutral pionga) signal Monte Carlo
equal to zero. Both tracks must be consistent with originatingimulation,(b) tau background.
from e*e™ interaction region to reject events arising from
beam-gas interactions or from cosmic muons passingackground dependence on selection criteria cuts were made
through the detector. Each track must have a momentunh Ref. [36] and confirmed by the present work.
smaller than 0.85,c,m t0 minimize background from
Bhabha scattering and muon pair production. The momenta C. Estimate of the remaining background
of all charged tracks are corrected fE/dx energy loss in ) ) o
the beam pipe and tracking system. No attempt is made to After applying the same ielectlon criteria to the Monte
distinguish 7 from charged leptons oK* mesons: all Carlo simulation ofe’e”—qq ande’e”—e"e” yy pro-
charged particles are assumed to be pions. cesses, we estimated that the remaining background from
Clusters of energy deposition in the calorimeter are conthose sources represents less than 0.1% of the selected data
sidered as candidates for photons frath decay if they are sample. Consequently we ignore this background in our ex-
observed in the central part of the detectfwog6/<0.707,  traction of(&). We also find no evidence of a contribution of
whered is the angle between the positron beam axis and th€osmic ray or beam-gas interactions in the selected data. The
photon directio, are not matched to a charged track, andmain remaining background is due to thepair events in
have energy greater than 30 MeV. A cluster must have a
transverse energy profile consistent with expectations for a LI L L L B L B L
photon, and it must be at least 30 cm away from the nearest ar- Signal MC |
track projection. We select events with only four photon can- i
didates. Pairs of photons with a reconstructed invariant mass
M,, between—4 and+ 3 standard deviationsof(,,) of the
m° mass are considered to b€ candidates. Ther® invari-
ant mass resolutionr,,, varies from 4 to 7 MeW¢?, de-
pending on ther® energy and decay angle. To reject events
with spurious7° candidates resulting from random combi-
nations of low energy clusters, the’ energy is required to
be greater than 250 MeYéee Fig. 4 Each#° candidate is
associated with the nearest in angle charged track to form a
m° candidate. Monte Carlo studies show that this method
of assignment is correct 99% of the time.
The event selection criteria successfully rejects back-
ground from high multiplicity multihadronic evente{e”

—qq). Background from low-multiplicity two-photon —
(ete”—e'e” yy) events are rejected by requiring that the 0
missing transverse momentum be larger than 200 MeV/c and

that the missing mass of the event to be smaller than 7.5 FIG. 5. Transverse momentum and missing mass of the event
GeV/c? (see Fig. 5. Overall, the data selection efficiency is for the data and signal Monte Carlo simulation. The vertical line
estimated to be 7.4%. Extensive systematic studies of thiadicates the position of the cut.

1 I 1 1 1 1
0.75 1.00
Minimal Energy of a Neutral pion (GeV)

1 I L
0.50

Transverse Momentum of the Event (GeV / ¢)
o

25 5.0 Z.S
MM of the Event (GeV / c<)
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0250 ————— T —T—— T T T T TABLE I. Average values of the optimal observalg for the
i 7 standard model Monte Carlo prediction and the proportionality co-

| Afs=1 M : .
[ O fs = BW[a0(980)] efficient ¢ for the CP asymmetry fits for different scalar form fac-

L o fs = BW[a0(1450)] tors.
0.125 . 3
Form factor,f (¢), 10 c, 10
1 0.7+0.6 66.8-4.3
A BW(a,(980)) 1.0:1.1 586.4-19.4
v 9 BW(a,(1450)) 0.5-0.8 145.8-7.3

fifth order polynomial(see Fig. 6. Using these distribution

we find the ranges of for which (¢) is linear in\. As an

additional cross-check of our method, we searcHdod find

; no evidence ofterms proportional to even powers ®f

—oo50ll b . .1 ] Measurement errors can introduce a bia_s in gmistri— .
210 ~0.5 0 05 1.0 bution [see Eq.(20)] as well as change the linearity coeffi-

A cientc [Eqg. (24)] due to event selection, reconstruction, and
desolution. Therefore, this coefficient is calculated after ap-
plying selection criteria to events generated with GaANT-
based detector simulation and pattern recognition software.
For each choice of the scalar form factty we use five
samples of 200000 signal Monte Carlo events generated
ith different values o in the region wheréé) is linear in
. For each sample, we calculate the average value of the

-0.125

FIG. 6. A dependence on average value of optimal observabl
(¢), for different assumptions on the scalar form facter

which one of ther’s decays intp v, while the other decays

into m27°v_ and the photons from one of the®’s are not

detected. The contamination from this background source |§/
|-

1 0,
estimated to be 5.2%. The second largest background Contoptimal observable and plot it as a functionaf For each

bution of 2.1% is due to one of thés decaying into the .
K* v, final state producing a neutral pion plus a chargec{o.rm .Of the ecalar com.pone.nt, the caleulated asymmetry dis-
kaon which is mistaken for a pion. Al other tau decavs pro-toution is fit to a straight line to obtain the calibration co-
vide much smaller Contributiorlf]s With the largest bei)rlwg ﬁ)essefficients. To check that the selection criteria do not create an
than 0.7%. The total background contamination from tau def’.lrtIfICIaI asymmetry we calculate the mean value of the op-
cavs is estimated to be 9.9% timal observable for standard model Monte Carlo samples

y T for each choice of the scalar form factor. We list these values
along with calculated coefficientsin Table I.

V. RESULTS We observe that the event selection criteria do not intro-

A. Calibration of the parametrization duce an artificial asymmetry in thé distribution. For all

after applying selection criteria

To relate the observed mean value of the optimal observ- 6000_ - Data 07 ('a') |
able({¢) to the imaginary part of the coupling constantthe 4000|— Standard Model MC5 i
Im(A) dependence of¢) must be known. To simplify the
notation, in the following we defina to be the imaginary 2000
part of the scalar coupling constafut

The CP-even terms for each single tau decay are either 0 1 T T

independent ok or proportional tox?, while CP-odd terms

are either linear functions of or proportional tox3. There- °§"2°°° 3 E
fore, £, which is a product ofc P-even andC P-odd terms, % 1000 M
must have only odd power terms Mexpansion and to the I .
first order the mean value is proportionaltawvith a propor- 0 H+—+—+—+—f—+—+—++F+—+++++—+++
tionality coefficientc: 3000 L] (¢)]
(§)=CXN\. (24) 2000 3
1000 =
To check this assertion and to calculate the regions of ok 3
where the linear dependence holds we generated 21 event- -1.0 =05 0 0.5 1.0
generator-level Monte Carlo sampl@so detector simula- §
tion) with different values ofA varying between -1 and 1,  FIG. 7. The distribution of th€ P violation sensitive variablé

and calculated the mean val(§) for each one. Each sample for the data(dots compared to the standard model Monte Carlo
comprised 10 events. For each form of the scalar compo-prediction(solid line) for (a) f<=1, (b) fs=BWa,(980)], and(c)
nent, the calculated asymmetry distribution was then fit to &,=BW a,(1450)].
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TABLE II. Average value of the optimal observableafter subtracting the average value for standard
model Monte Carlo protection, calculated value of m( and 90% C.L. limits on ImX).

Form factor (&), 103 Im(A), 102 Im(A), 90% confidence limits
fs=1 —-0.8x1.4 —1.2+21 —0.046<1<0.022
f.=BW ay(980)] —0.6-2.4 ~0.1:0.4 —0.008<\<0.006
f .= BW[ao(1450)] 0.2+17 0.1+1.2 ~0.019<1<0.021

three form factors, the mean value éffor the standard To check the symmetry of the CLEO detector tracking, an

model Monte Carlo sample is consistent with zero within itsindependent analysis was done using leptonic tau decays.

statistical error. This fits show no indication tH@) deviates Such decays have been studied witd.1% precisior{37]

from linearity within the range determined by event- and at that level show no deviation from the standard model.

generator-level Monte Carlo study. We then use the coeffiTherefore, any observed asymmetry would indicate detector

cients from Table | to calculatk. effects. We find the detector response symmetric with respect
to the charge within a precision of 0.2% and the detector

B. Observed mean values asymmetryA, in momentum distribution is

For each choice of the scalar form factor, we obtain a
distribution in &, with two entries per event for the two so- —0.4%<A<0.2%at 90% C.L.
lutions for the tau lepton direction as described in Sec. lll.
These distributions are shown in Fig. 7, with those from the 2. Track reconstruction efficiency

standard model Monte Carlo simulations overlaid. From \ye study the systematic effects due to a possible differ-
these distributions we compute the mean valigs after e of the track reconstruction efficiency for and =+ as
subtracting the average value for standard model Montg fnction of the pion momentum. To estimate the size of this

Carlo, which are reported in the first column of Table Il. In oftact in Fig. 8a) we plot the momentum distribution for
each case, we use the appropriate empirically-determined CRharged pions in the reactior” — = 7°v.. The ratio of

efficient given.in Table | 'Fo derive a valu_e for .the imaginary these distributions shown in Fig(® is consistent with 1.
part of the Higgs coupling\, as described in Sec. VA. 1hq introduction of a= 1o slope to the ratio plotted in Fig.
These values along with the 90% confidence limits ONg(h) does not change the value of the coefficienbut

Im(A) are reported in the second and third columns of Tab'%hanges the value of IM() by =0.003. We take this as a

II. measure of a systematic error.

C. Systematic errors 3. Momentum reconstruction

In principle, several possible sources of systematic error another possible source of systematic error is due to an
can contribute to this analysis. We found no sizable effect tqmperfect Monte Carlo simulation of the momentum distri-
alter the limits shown in Table IIl. We describe most signifi- p tions for the tau decay products. Monte Carlo describes
cant effects below. the data very wel[see Figs. &) and 8d)]. We estimate the
size of the systematic error by introducing artificiallo
shifts in the slopes of the charged and neutral pions momen-

The detector can create an artific@P asymmetry due to  tum distributions. These shifts do not bias f# measure-
the imperfect tracking, detection efficiency, and resolutionment, but change the calibration coefficienThe systematic

1. Detector asymmetry

5000 ===t 10000 (==t I B
[ a - @) ] [ (e) ]

dN (z%) dp
a

dN (z%) /dp
[4))
o
=3
(=]

FIG. 8. Momentum distribu-
tions for (8 #~ and w* in the
data,(b) 7 /«* ratio in the data,
(c) charged pions, an@) neutral
pions.

5000

Data (x~/a*)
dN (2°) /dp

0
p (GeV/c)
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error onc is estimated to be 2:210 2 and has a negligible ference and linearly proportional to the scalar coupling con-
effect (~10 °) on the value of Im{\). stant A. In general,A is complex, and the term linear in
cosé,,. is proportional to the real and imaginary parts of the
4. Background scalar coupling with coefficients; andc,, respectively:

Another source of possible distortion of the result is an
asymmetry of the¢ distribution induced by the remaining dN
background. In order to estimate this effect, we denotédy dcod,.
and &g the values ofé from the signal and background
events, respectively. If we denote the number of signal and +bcost,,. (28)

background events bg and B, then, the observed average _ i i
value of ¢ is The observation of the terms proportional to cosine of the

helicity angle would indicate the scalar exchange in the tau

decays. In the following, we discuss a model independent

Dbt E X ks S > & B method used to extract confidence limits on the imaginary

(&)= STB =5 X8t B XS part of the scalar coupling..

(25) In order to calculate the helicity angle we must know the

tau rest frame. Due to the unobserved neutrino, the tau rest
Since the number of background events in this analysis i§ame can only be reconstructed with a twofold ambiguity.
much smaller than the number of signal events, then thi§Ve can avoid such ambiguity by using the pseudohelicity

~a+c.Re(A)cosé,..+coIm(A)cosh,, ..

equation can be simplified, angle 6* . This pseudohelicity angle is obtained by replacing
the tau rest frame with the laboratory rest frame where it is
E Z defined as an angle between the directionréfin the 7 a°
&s ¢e B rest frame and the direction of thew® system in the lab

(~grg T 5 X~ (é9t(é)Xg, (20  frame. The difference between the pseudohelicity distribu-
tions for ther* and 7~ decays is expected to have the same

where(£s) is a mean value due to signal af#h) is a mean form as given by Eq(28), but with a different numerical
value due to background. We estimatés)B/S using a  coefficients.
Monte Carlo approach: The term including Im{\) changes sign for tau leptons of
opposite charges. Therefore, the difference of the pseudo-
helicity distributions for positive and negative tau leptons
has the term linear in ca® proportional to the imaginary
part of the scalar coupling. only:
Thus the systematic uncertainty arising from this source is
negligible on the scale of the sensitivity of our measurement. dN(77)  dN(7")

B
(ég) Xg= (0.04+0.04) x 1073

~2c,Im(A)coso*. (29

* *
D. Summary d cos¢* d coséd

Within our eXperimental preCiSion we observe no Slgnlfl'The presence of this term indicat€® violation.
cant asymmetry of the optimal variable and, therefore, no |n this study, we use the same data sample as for the
CP violation in 7 decays. Due to the uncertainty in the previous analysis with the same selection criteria except for
choice of the scalar form factor we select the most conselthe requirement of the successful cone reconstruction. The
vative 90% confidence limits correspondingfte=1: pseudo-helicity distribution for~ and =¥ is given in Fig.
9(a).
_ 0,
0.046<)<0.022 at90% C.L. The structure in Fig. @ is due to the variation in the
These limits include the effects of possible systematic error efficiency as a fgnctlon of charged pion momentum aiid
energy. To obtain the product of the imaginary part of the
scalar couplingA and a linearity coefficient, [see Eq.
VI. SEARCH FOR SCALAR-MEDIATED 7 DECAYS (29)], we fit the difference of the two pseudohelicity distri-
The helicity angled,,. is defined as the angle between the butions for negative and positive tau leptons to a first order
direction of the charged pion in the=° rest frame and the Polynomial. To minimize systematic effects due to soft pion
direction of thewr#° system in ther rest frame. In the stan- reconstruction we perform the fit in the region ef0.7
dard model, the helicity angle is expected to have a distribu=€0s¢" <0.8, which corresponds to pions with momentum
tion Corresponding to a vector exchange; hlgher than 0.3 Ge\d. The obtained value of the slope for
the data distribution is

dooss ~2+DeoSOrr. (27) CoIm(A)=(4.2+3.6)x 1074,

For scalar-mediated decays, there is an additional term prand is illustrated in Fig. @). It is consistent with zero within
portional to co9,., that corresponds to th®-P wave inter-  statistical error.
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FIG. 9. (a) Pseudohelicity dis-
tribution for 7~ and 7* in the
data. (b) Difference between
pseudo-helicity distributions for
7~ and 7t in the data. The solid
line is a linear fit, and dashed lines
show an extrapolation to the re-
gion excluded from the fit.

[ ——
I B,

0 1 1 l 0.010 1 L |
1.0 0.5 0 0.5 1.0 1.0 0.5 0 0.5 1.0
cos 6*
To determine the proportionality coefficiecy we follow —0.026(GeV/c? )—1

the procedure described in Sec. V. We calculate the slope of
the difference of pseudo-helicity distributions after applying . .
selection criteria using five samples of 200 000 signal Monte <—5—[myIm (Z7Y) —myim (Z*X) ]

Carlo events generated with different valueshofThen we

mHiggs

fit the calculated slope dependence as a function, afsing <0.012(GeVLc? ) L.

a straight line to obtair,:

c,=(107.5-12.6 X 104,

An interpretation of the above limits can only be done in the
context of a specific model for which the relations>¢find
Y are well defined.

We use this coefficient to obtain the value of the imaginary

part of the scalar coupling InX):

Im(A)=0.028-0.037 or—0.033<Im(A)
<0.089 at90% C.L.

As expected, the limit on the InA() is less strict than the one

obtained using the optimal observable.

VIl. CONCLUSIONS

We have discussed a method of searching
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for @ APPENDIX A: CALCULATION OF THE SQUARED
0

violation in the correlated decays of the two tau leptons each MATRIX ELEMENT FOR THE DECAY 7" —a ™ @ v,
. . + 0 . . . . . i ) .
decaying into ther~ v final state. The limit on the imagi-  The matrix elements and their conjugates have the follow-
nary part of the Higgs coupling constant is model dependen§ng forms:
and depends on the choice of scalar form factor. The most
conservative choice of scalar form factty=1 leads to a M(7~ — 7 7%.)~f,Q*u(k)y,(1— y5)u(q,s)
T ys )

conservative limit on a scalar coupling:

—0.046<Im(A)<0.022 at 90% C.L.

Using the pseudohelicity method we obtain a limit on a
imaginary part of the scalar component in the tau decays:

—0.033<Im(A)<0.089 at90% C.L.

+AfMuU(K)(1+ y5)u(q,s),
(A1)
M* (77—~ WOVT)NfT/Q’uU(q,S) ¥u(1=ys)u(k)

+A*fEMu(q,s)(1— ys)u(k),
(A2)

Both limits agree with each other, and restrict the size of the ~ — ‘0 o
contribution of multi-Higgs doublet model diagrams to the M(7 =7 mv,)~—f,Q*v(q,5) y,.(1-ys)v(K)

lepton decay.

We can relate the limit on In) to the limit on the prod-

+A*fsMU(q,S)(1_ ’}/S)U(k),

uct of multi-Higgs model coupling constarftsee Eq.(10)]: (A3)
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M* (7" + 00 Y~ — £* Olp (k 1— , Reducing to the traces, we can write the matrix element
(77— mmy,) VR (k) 7,(1=¥5)v(q.) squared as follows:
+AFEMU(K)(1+ y5)v(q,s). (A4)
° ’ IM2~2[f\|7[2(q- Q) (k- Q) —(q-k)Q?]
The momentum vectors, K, andQ and form factors, and +2|A|3f?M3(q-k)+ 4 REAfsFE)MmM(Q-k)
fs are defined in Sec. Il A. We used the following rules to ) 2
form complex conjugates: we conjugate all complex num- +2[fy|"m[2(s- Q) (k- Q)= (s:k) Q7]
bersu—u, v<uv, and they ethange placesﬁ]lﬁ Y5 —2|A|3f¢g*M?m(s-k)+ 4 REATsFEM[(s Q)
— Y5, Yu Yu»r Yu¥Ys5< YuYs. The minus sign at the vector
hadronic current of Eq$AM3) and(A4) is due to the antisym- X(q-k)=(s-k)(q-Q)]
metric behavior of the under the isospin rotation. To form +4 Im(Afgf2)M eﬁaﬂpsﬁanMkp, (A10)

the squared matrix elemef|?=M*M, we use
IM?[~2|f,|2[2(q-Q)(k-Q)—(q-k)Q?]
+2|A|?|fg?M?(q-k)+4 REAfgfE)MmM(Q-K)
U(PU(T)=(q%ya+m)(1+5Pyzys), (A6) —2|fy|?m[2(s- Q)(k-Q)—(s-k)Q?]
+2|A|3f¢*M?m(s-k)—4 REATsFEM[(s Q)

u(r)u(v)=kPy,=v(v)o(v), (A5)

=(Q%y — P
v()v(7)=(q%ye=M)(1+8"y575), (A7) X(q-K)—(5-K)(q- Q)]
where s? is the spin vectdaxial) of the tau. Multiplying +4IM(AFSFYIM€g,,,,5Pq QM KP. (A11)
matrix elements by their complex conjugates gives us the
absolute value of the squared matrix element: Combining these two equations, dropping the overall factor
of 2, and using\ "=A for 7~ andA *=A* for r* gives us
IM|2=M* M~ |f,|2Q“Q"(q%y,+m)(1+ 557375) the follgwing expression for the squared matrix element of

Tt—>’7T_ 7TOVT:

IM?[~[fy[?[2(q- Q) (k-Q)—(q- k) Q*]+[A[*fg*M?(q-k)
+2 RgA " fsfy)Mm(Q-k) = [fy|?m[2(s- Q) (k- Q)
— (s QI F|A[?|f*M?m(s-k)
+2 REA T TSTY)MI(s:Q)(q-K) +(s-k)(q- Q)]

X ¥, (1= y5)KPy, (1= v5) +|A[*fo]*M?(q*y,
+m)(1+5Py5y5) (1 y5)kPy,(1+ ys)
+AFSFEMQH(q%y, +m)(1+5Py4ys)

Xy, (1= y5)kPy,(1+ ys) + A* 5 FyMQ*(qy,
+m)(1+5Py5y5) (1= y5)K ¥, 7, (1= vs),  (A8)

+2 IM(A T F5f3)M €ga,,,S7q QK. (A12)
IM[?=M* MN|fV|2Q#Qv(qa7“_m)(1+sﬁyﬁy5) We can separate théP-even and -odd parts in the squared
Xy, (1= ys)KPy, v, (1= ys) + A f5*M*(q*y, matrix element by using the following equivalents:
—m)(1+5%y5y5) (1= y5)K y,(1+ vs) Re(ATfsfE)=Re(A)|f,||fs] coss=Im(A)|f,||fdsins,
AT FMQH(Q Y, — M) (1+5776) (1 5) (ALY
XKPy,7,(1— v5) — AfsfEMQM(q%y,—m) IM(A " ffy) =Re(A)|f,|[f] sind=Im(A)|f,[[f4 00(214)
X(1+5Py575) ¥, (1= ¥5)KP ¥, (14 ¥s). (A9)

Now we can rewrite Eq(A12) as
|

IMIZ e 0, ~ 11200 Q) (KQ) — (k) Q21+ |A[?f42M?(qk) +2 ReA)[f, || f[Mcos & M (QK)
—21Im(A)[f,[[f M sing M (Qk)+s*{£]f,|’M (2Q,(kQ)—k,Q?) F|A[?[f*M*M k,
+2 ReA)|f,[[f| M coss [Q,(ka)—k,(qQ)]F2IM(A™)|f,[[f M sins [Q,(kq)
—k,(qQ) 1+ 2 RgA)|f,[|f M sinG e,,z,0*QPk?+2 Im(A)|f,|[f M coss e,,.z,q°Q°k™}.
(A15)
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APPENDIX B: 7-PAIR PRODUCTION CH'=—g"[(p1- 42)(P2- A1) +(P1-G1) (P2 d2) — (P2 P2)
AND SPIN CORRELATIONS

X(01- Gp)]—m?psp; —mPpips—(p1-P2)asay
+(p1-d1)a5P5+ (P1-d2)P5A:+ (P2- d1) A5 P1

M~[u(r)y*o(rH)][v(e")y,u(e)].  (BL) +(Pp2- A2) PAay— (Q1-G2) P4 PL— (q1- G2) PLPS.
(B5)

The matrix element o e~ — 777~ can be written as

We denote the 4-momenta of asq, andqs, their spins as
s, ands,, respectively, the mass of tau lepton s the
4-momentum of the positron a5, and the 4-momentum of
the electron ap,. We then write the squared matrix element
as

The explicit form of the spin-correlation matrix is equal to

IM|2~Tr(B1y,b27,) THL(L— ysbo) (o +m) y“(1— yg8y) Cv= ce?

1 1——
g,ua_ Eqﬂqa gBV_ m_EquV‘| (BG)

X(4,—m)y"]. (B2

APPENDIX C: CP-EVEN AND -ODD PARTS
OF TAU PAIR CORRELATED DECAY RATE

INTO (7~ wv,)—(&" 170;7)

Calculating the traces, we obtain the following expression:

2~ . . . . 2 .

IMI*~(P1-02) (P2 G2) + (P1-02) (P2 0a) + M*(P1-P2) The total probability density for the tau pair decays is
—(S1-52)(P1-d2)(P2-01) —(S1-S2)(P1-d1)(P2- d2) given by Eq.(18),
+(S1-52)(P1- P2)(01- d2) — M*(S1- P2)(Sz- p1)

—m?(S1-P1)(S2-P2) = (P1- P2)(S1-G2) (S2- A1) P . o 4 o*=G><aX6+wM'(V3“";,,, (C1)

7T —m mly iy

—(P1-P2)(S1-91)(S2-02) +(P1-d1)(d2-S1)(P2-Sz)

+(P1-d2)(P2-S1)(d1-S2) + (P2 d1)(d2- S1)(P1° S2) _
where G and G are the spin-averaged matrix elements
+(P2-92)(P1-S1)(d1-S2) — (d1-d2)(P2-S1)(P1-S2) squared forr—, 7" decay[Eq. (15)], cr=(pa)2+(p_q)2
—(01-92)(P1-S1)(P2-Sy). (B3) +m?(pp) is the_spin—averaged cross section efe”
—7777, o* andw” are the polarimeter vectors fei and
" [Eq. (17)], and 'CM is the spin-correlation matrikEq.
The gauge conditioncf - s;) =0 leads to a vanishing under- (Bg)]. Both the spin-averaged matrix element and polarime-
Iingd term. Rewriting the_ squared matri?< element in terms ofer vector of each tau decay conta@P-odd andC P-even
spin-averaged productionP and spin-dependent part {e;ms Those terms are contracted with @-even tau pair
$1,,S2,C*", we obtain an explicit form of the spin-correlation qqyction cross section and spin-correlation matrix. There-
matrix: fore, the totalCP-odd part of Eq.(18) is a product of the
CP-even terms of one tau decay contracted withGieodd
) , terms of the other tau decay, i.e., it is a linear function of the
IM[#~P+s51,5,,C*"=(p1- A1) (P2 d2) +(P1- d2) (P2" 1) CP-odd terms. Similarly, theCP-even part of Eq(18) is

+mA(P1-P2) + 51,524 — 9* [ (P1-G2)(P2- G1) equal to theC P-even terms of one tau decay contracted with
Pa:P2) 81,924 = 0" 1P G2) (P2 s the CP-even terms of the other tau plus t@é>-odd terms of
+(P1- 1) (P2-G2) = (P1- P2)(d1- d2) ] — m?pspy one tau decay contracted with ti@P-odd ones from the

other tau decay. This is a sum of the nGiR-violating terms

m2AMAY . M~V . K~V
M=pTP2—(P1-P2)G5 01+ (P Gu) A2 P2 of tau decays and the contraction of tB&-violating terms

+(p1-Q2)PAay+ (P2 a1) g p;+ (p2-G2) Piay for both decays simultaneously, where each term remains
CP even. The matrix element for the tau decay is given by
—(d1-92)p5P7— (d1-A2) PYP2} (B4)  Egs.(15), (16), and(17), where the terms underlined aB
odd. Thus theCP-even term of the total cross section is
or equal to
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Peven=1{lf,|12(aQ)(kQ) — (ka) Q2]+ |A|?|f|2M?(qk) + 2 Re(A)|f, || T M coss M (QK)}x ox{[f,|2[2(qQ)(kQ)
—(kq)Q?]+|A|?f¢2M?(gk) + 2 REA)[f,|[f M cosé M (QK)}+[—2 Im(A)|f,|[f M sind M,(Qk)]

X o X [=2Im(A*)[T,|[fd M sing M (Qk)]+{|f,[*M [2Q,(kQ)~k, Q%] [A[*[f{>M?M k,

+2 ReA)|f,[[fg| M cosé [Q,(ka)—k,(qQ)T+2 REA)[T,|[f M sins e,,5,q°Q8K”}
XTHX{ = [F,|M.[2Q,(kQ) —k, Q2]+ [A[?[f*M?M k,— 2 Re(A)[f,|[f{| M coss [Q,(ka)—k,(aQ)]
+2 ReA)[T,|[f{ M sinS e€,,5,9°QPk7} +{~21m (A)[f,||fJ M sins [Q,(ka)—k,(qQ)]

+2IM(A)|f,][f M €OSS €,,5,0°QPk" X TH X {2 Im(A*)[f,|[f M sind [Q,(ka)—k,(qQ)]

+2 IM(A*)[f,[[T| M 0SS €,44,0°QPK}. (C2)

Similarly, the expression foE P-odd part of the tau pair production decaying inter®v_ state is
Poaa=1{If,1[2(4Q)(kQ) — (ka)Q?]+|A[*f¢|*M?(qk) + 2 ReA)|f,[|fs coss M (Qk)}x o
X[(=2IM(A*)[f, [T M sing M (QK))+[—2 Im(A)[f,[|fg M sins M.(QK)]x o x{[f,|2(qQ)(kQ)

—(ka) Q%1+ |A|?f2M2(qk) +2 REA)[f,|[f M coss M (QK)}+{|f,I?M(2Q,(kQ) —k,Q?)
—|A%|f?M?M Kk, +2 ReA)|f, || M coss [Q,(ka)—k,(qQ)]+2 ReA)|f,||f M sins e,,z,0QPk?}
XTH {2 1m (A*)[f,|[f M siné [Q,(ka)—k,(qQ)]+2 Im (A*)[f,[[f{ M coss e,.z,0°QPk?}

+{—2Im(A)|f,[|f M sins [Q,(ka)—k,(qQ)]+2 Im(A*)|f,[|f M coss e,,s,a"Q K"}

XCTHX{ = [1,12M (2Q,,(kQ) —k,Q?) +|A|?[f|>M2M k,— 2 Re(A) [T, || Mcoss [Q,(ka)—k,(aQ)]
+2 REA)|f,|[f M sing e,,s,q°QPk"}. (C3)

APPENDIX D: OPTIMAL OBSERVABLE

] ] N sz P dLips (D3)
There is a freedom of choice of ti&P sensitive observ-

able£ used in our searchTo maximize the sensitivity of the o .
measurement we need to selgcwith a minimal relative  The sensitivityS of this method to the presence of a nonzero
statistical error. FON events, the statistical error on the av- Value of Im(A) is measured by the number of standard de-

erage valud ¢) is given by viations of( &) with respect to zer8:
Aé= \/w. (D1) Jg P dLips
N SERCE E— (D4)
Ag - [(E)-(8)°
If the contribution of theCP-odd term is smal[i.e., Im(A) N

is smalll, the (£)? term is proportional tdim(A)|? [see Eq.

(23)], and can be neglected. Therefore, We can simplify this expression by separating he-odd

and CP-even parts of the probability densify [see Eg.
\/@ /fgzdeipS 9]
A§~ W: N T ' (DZ) P= I:’ewn'l' Podd- (DS)

where P is a probability density of the process ahdis a  The sensitivity becomes
normalization factor, equal to

The average of the observalgiés equal to zero if there is nGP
SWe assume that the observabled® odd. violation.
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2 2
(J ¢ Poyd dLips) (f EPoad dLips)
S=+N I'R where R= R=

fgz(Peven"' Poda)dLips f§2Peuen dLips
(D6)

We can further simplifyR by using the fact thag?Pqq is a
CP-odd function:

(D8)

The only ¢ dependent factor in the expression for the sensi-
tivity is R. In order to find an observable which is most
sensitive to theCP-odd term, we need to find a functian
f & Pogq dLips=0 (D7) for which the value oRR is maximal. We use the functional
differentiation methodR is in extremum when its first de-
and rivative with respect t& is equal to zero:

2
SR 2Pode' f F>odd dLipsf 52 Peuen dLips—2§ Peven(j f Podd dLips

oE ) 2 =0 (D9)
£ Peyen dLips
|
or One of the possible conditions for the extremunRois
. 2 . POdd
Podd| & Poda dLips| £ Peeen dLips fethAP , (D12
even

2
—¢ Peuen( £ Poyg dLips) =0. (D10) WhereAis an arbitrary constant. The const#ntnust be real
for the variable¢ to be CP odd. We can decompose any

If ¢ Poy4q dLips=0, then the condition above is satis- CP-0dd observable¢ into £e, and the reminderé= ¢
fied, but the sensitivity is equal to zefsee Eq(D6)], thus ~ — &ext:
such case is not a proper solution.flf P,qq dLips#0,

then we can simplify Eq(D10) to obtain £=A Podd Ty (D13)
Peven .
2 . _ -
POddf & Peyen dLips=¢ Peve”f ¢ Pogq dLips. Substituting the value of into Eq.(D8) gives us the follow-
(D11 ing result:
|
Pzdd ~ 2
UAP" dLips+f EPoug dLips)
— even (D14)

p2 R i .
fAz (Oldd dLips+2Af Pogdé dLips+J' gzpeven dLips

We can simplify this equation using that fact that valuéRof of Eq. (D14) vanish. To determine the value Af we multi-
does not depend on a const@nfsee Eq(D12)]. We define  ply left and right sides of Eq(D12) by P,q4, and integrate
A such that over the phase space:

2

f Pogaé dLips=0. (D15) P2,

| s dLins=a [ 52 dLips+ [ EPouy dLips
even
Then the numerator and one of the terms of the denominator (D16)

092005-15



P. AVERY et al. PHYSICAL REVIEW D 64 092005

PZ P2 2
f %Podd dLips=f§Podd dLips—Af POdd dLips (f POdd dLips
cen R=—0 = . (D19)
=0 (B17) J odd dLips+j EPyqq dLips
PEUen
i The numeratof [ (P2,4/Peyen) dLips]? and the first term

of the denominatod(Pgdd/PeUen) dLips are positive and
do not depend o. R has a maximal value when the last

_ term in the denominator is equal to zero. This is possible

f éPogq dLips only whené is equal to zero. Therefore, the valueRfs at

A= B — (D18)  maximum foré=A(Pyqq/Peyen), andé& is most sensitive to

f odd dLips the CP-odd part of the decay rate. Since the sensitivity does

Peven not depend on a value of the consta@ntwe chooseA=1,

corresponding to
ChoosingA in this way, we can simplifyR, using the prop- &= Pogd _ (D20)
erty of Eq.(D15), Peven
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