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We analyze the prospects for observid@ T violation using neutral-mesoR®-P° systems. Before one can
claim a measurement @ PT violation, one must be able to rule out the possibility that its result is due to
simpler new-physics effects. In particular, one must be able to separateRfeviolating quantities from
parameters violating thAP=AQ rule of semileptonic decays, and from new-physics contributions to the
production mechanism of the neutral mesons. One can isGIRfE violation using the semileptonic decays of

single, tagged neutral mesons; unfortunately, this situation cannot be implementedYq#®)e For P°P°

pairs produced in a correlated parity-odd state we show that, by combining the di-lepton with the single-lepton
decays, it is in principle possible to extract unambiguously ©@Rel-violating parameter. Finally, we develop

the formalism necessary for describing new-physics effects in the production mechanism; this includes both
cascade decays and violations of the rule of associated produ@iab56-282199)04617-3

PACS numbs(s): 11.30.Er, 12.60-i, 13.20—Vv

I. INTRODUCTION . . . —0 . .
CPT-violating effects in theBS-BY system[6]. Detailed ex-

The “CPT theorem” states that any local field theory periments on th&°-K® and B3-BJ systems are planned at
with Hermitian, Lorentz-invariant interactions obeying the the ¢- andY (4S)-factories, respectively.
spin-statistics connection is necessa@ T invariant [1]. Most of these experiments involve one or both of the
Although the assumptions of this theorem—and thus the vafollowing crucial steps(1) determining the flavor of the ini-
lidity of its conclusion—are generally taken for granted, thetial meson(this procedure is called “tagging; (2) deter-
question of whethe€ P T is violated or not should ultimately Mining the flavor of the meson at decay time, which is usu-
be settled through accurate, high-precision experiments. f"‘”y done_by looking f(_)r sgmlleptonlc final states. Wh(_an one

The most elementary consequencesCiT invariance is searching folCPT violation one must fa_ce the possibility
are the equal values of the masses and lifetimes, and tr8at both steps are affected by new physics; one must make

symmetrical values of the magnetic moments, of a particl$Uré that what is assumed to be a measuremer@ RT

and its antiparticle. Unfortunately, in these cases the prospediclation is not, in reality, a measurement of a much less

tive CPT violation is expected to be a small perturbation in '€volutionary new-physics effect. .

quantities which are dominated by much stronger interac- 1€ Sémileptonic decays of the mesons obey, in the stan-
tions. For instance, the difference between the massks of dar_d model(SM) and to first 0 rder in the electroweak inter-
andK~ has an experimental bouri@] |my — mq-|/(mg+ action, theAP=AQ rule (Q is the hadro_ns’ charge_, arfel
+my-)=10"% however, this bound is not very meaningful, the flavor quantum number of the heaviest quark in the de-

. . . O
sincemy + andmy- are dominated by the strong interaction, c&iNg meson That is, in the SM, the decays
while one would expecEPT violation to be at best of mi- — X173, and P°—=X*| "y, are allowed, while the decays

liweak or even super_vv_eak strength. PO X*1~ 3 and P°—X"1*», (which haveAP=—AQ)
In contrast, the mixing between a neutral mes$hand  re only possible at second order in the electroweak interac-
its antiparticleP® (hereP°® may be eithek®, D°, B], orBY)  tion. (Here, X* denotes a pair of arbitrar P-conjugate
is a second-order electroweak effect. The smallness of thkadronic stateslt is usual to define the parameters
mixing makes it an ideal setting to look for small violations
of the symmetrieCP, T, andCPT. In fact, CP violation (X7|+V||TW
was first establishef] in the K°-K° system, and has thus X= m’
far eluded experimental detection in any other system. Re- !

cently, the CPLEAR Collaboration has presented the results o — vk
of its search for T violatior[4] and CPT violation [5] in ;_<X |7 | TIP®)

= 1= — .
K°-K° mixing, and the OPAL Collaboration has looked for (XF1 7| T|PO)*

D)

Their phases are not rephasing-invariant and, therefore, they
*Email address: i009@beta.ist.utl.pt. are physically meaningless. On the other hand, the magni-
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tudes ofx, and ofx, are physically meaningful, and they are the Y (4S); we confirm his result here.

generally assumed to be small. Xf and?, do not vanish, In th'S a_r'ucle we present a gtudy O.f the measurements .Of

then they will obscure the identification &PT violation. .CPT v_|olat|on enabled by semlleptonlc decays, and of their
The tagging strategies used in most experiments assuni@Pediment due to new-physics effects. We assume through-

that, for any given event, there is a clear signal of the initial®Ut that the CP- an@PT-violating parameters are Lorentz-

flavor of the neutral meson. The basic idea is rooted in thd"varant, i.e., that they do not depend on the 4-momentum

fact that the interactions of the gluon, photon, afiare of the n_eutral mesons. This a;sgmption i_s hidden, but
flavor-conserving. For example, in the CPLEAR experiment’r€Seént, in the overwhelming majority of previous phenom-

4.5] the neutral kaons are produced by the stron interactioﬁmlogicaII anal_yseg,, as well as in all previo_us expe_rimental
[4.5] P y g work on CPT violation. Some of the conclusions which we

through the reactionpp—K ™ 7K® and pp—K* 7 K% (and most other peopleiraw are strictly valid only within

the sign of the charge of the charged kaon identifies thenis scenario, and are likely to be revised in theorie€ BT

initial flavor of the associated neutral meson. This is knownjp|ation which are not Lorentz-invariant. In particular, our

as the rule of assouateq product|0n: Another e_xample OCCUgnalysis does not apply to the string-inspired theories re-

at theZ® pole, wh(_enBO is produced in association with~  cently proposed by Kosteleckand collaborator§25], since

and a set of particles with total chargel. Detecting the  those theories violate Lorentz invariance together @GfT.

B™, either by reconstruction or through its subsequent semim any case, the results of our analysis must be taken into

leptonic decay—assuming theB=AQ rule—one tags the account, as well as the general point that we make, that one

initial flavor of the neutral meson. This was the strategy fol-myst be able to rule out any simpler new-physics effects

lowed by the OPAL Collaboratiofi6]. In these cases, the pefore one may claim the experimental detectionCd?T

production of the “wrong” neutral meson would mean the y;ig|ation.

existence of aAP| =2 interaction. However, given that such e consider for the first time the impact of mis-taggings

an interaction would also contribute ®°-P° mixing, its  in the production process, and we relate our results to Xing's

contribution to the production process is usually assumed tgonclusion on the impossibility to disentanglé T-violating

be negligibly small. amplitudes fromAB=—AQ amplitudes in di-lepton events
This is no longer the case when the production process igt the Y (4S). However, we also consider single-lepton

due to the|]AP|=1 interaction of theW boson, such as in events, and we show that that separation is in principle pos-

cascade decays. For example, one may wish to study trsible through a compinat_ion of single- and di-lepton events.

KO-K® system in the decay chaBf—J/yK°—J/yf. In the We stress that the situation described by tagged decays can-

: ! . not be implemented at th€(4S), if we allow for violations
SM, the analysis of this decdy] is based on the fact that the of the AP=AQ rule.

decay Bg—ﬂ/lﬁK_o_ does not exist at tree level: there are e define our notation in Sec. Il. In Sec. Il we discuss
AB=—AS transitions, but noAB=AS transitions. How-  decays in which one has tagged the initial flavor of the neu-
ever, new-physics effects might alter this situation. One musfral meson through the rule of associated production. In Sec.

be able to rule out such effects before these processes can lewe focus on neutral-meson pairs produced in a parity-odd
used to look for violations of£PT. Similarly [8], one has

access to théd%-D? system through the decay chaBi

state, such as th€°K° pairs from the decay of the reso-

nance, and th85B pairs produced at th¥ (4S). In Sec. V
—K {D°D%—K~f. Here the situation is more compli- we show that the presence of new physics in the production
cated because both amplitudeB™—K D° and B~  process will impede the extraction of tP T-violating pa-
—K~D? exist, even within the SNI8,9]. rameters. We draw our conclusions in Sec. VI.

Measurements o€ P T violation in tagged decays of neu-
tral kaons have been discussed in the literature, sometimes
including the possibility that thaS=AQ rule is violated
[10-14. The subject has resurfaced in recent analyses
[15,16 of the claim of an observation df violation by the
CPLEAR Collaboration4]. The possibility of a measure-
ment of CP T-violating effects in the regeneration of neutral
kaons has also been discusdddl,17. Measurements of
CPT violation at theY (4S)-factories have been considered
either assuming thAB=AQ rule [18—20, or making some
simplifying assumptions about the nature of teB=
—AQ amplitudeg21]. Conversely, the experimental search
for AS= —AQ amplitudes in neutral-kaon decaj22], and
the theoretical discussion of a search AdB=—AQ ampli-
tudes at thé/' (4S)-factories[23], have been made assuming _ 0 POy
CPT invariance. Xing 24] has recently shown that it is im- |90} = OPT)+ (0[P @
possible to disentangle the violation &PT from AB=
—AQ transitions by using exclusively di-lepton decays ofis given by

II. MIXING FORMALISM

We start by discussing the mixing &° and P° in the
Wigner-Weisskopf formalism, whe@PT violation is al-
lowed for. We do this in order to introduce a convenient
parametrization of the violation aGfandCPT in the mixing,
and to establish our notatioAll equations in this section are
exact and we are careful to identify the reparametrization-
invariant quantities; only those quantities are physically
meaningful.

The time evolution of
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ig 1) (R Ry (¢1(t) or about the relative phase (#°) and|P°). Indeed, one is
dtl go(t)) \Rax Roof \iha(t)) free to change the phase of the kE28) and|P?):
The eigenvalues dR are denotedgk, and u,. Their sum is |P%)—el7| PO,
given by the trace oR:
Mat mp=Ry1t Rao. (4) |PO)—e'7|P%). (12
The right-eigenvectors d® corresponding to the eigenvalues The invariance of the state vecta¥(t)) under this rephasing
e and up, are (0,,9.)" and Py, —qs) ', respectively: implies that
(Rn R12) ( pa) B (pa) () —e (1),
R21 R22/\0a fa Qa/’ —
Pa(t)—ein(t). (13
(Rll Rlz)( Pb )_ ( Pb ) )
Ry, Ryl | — s Mb —qy) Therefore, from Eq(3),
Therefore, Ri;—€' (7" YRy,,
Qa_ Ma— R11: Ra1 R21—>ei(7_7)R21- (14)

Pa Rz Ma—Roo’

while Ry; andR,, do not change. The trace and the determi-
b Ruy—wmp R nant ofR are invariant under the transformation in E(s4).
Po Ry Ry © Therefore,u, and uy, are invariant too. Thugj is invariant

under a rephasing diP°) and |P?). Both the real and the
imaginary parts of) are physically meaningful. They violate
da O Ja Oo| Ry—Rys CP andCPT. Qn the_ conf[rary, the phase of thg pa_rameter
——— —t == (7) g/p in Eg. (8) is not invariant under the rephasing in Egs.
Pa Py Pa  Po/  Ha™ Kb (14); as a result, it is physically meaningless. However, the
In order to avoid using the three non-independent quantitie§'0dulus ofa/p is physically meaningful; the real parameter
Ja’/Pa, 9u/pPp, @anda, it is convenient to introduce 2
q q )_|R12|_|R21|

2
o=[1-|2 14]o |=1o2 2 (g5

q /Ga0s  [Ra ( ‘p )/ ‘p |R12+ Rz 19

—=\-——=V\Vo 8

p PaPb Rz

violatesCP andT.

Equations(4) and(6) imply

0:

Notice that we do not define the quantitigsand p sepa- In summary, theP®-P° mass matrix has twe&P- and
rately; we only define the ratig/p. From Eqs(7) and(8) it CPT-violating parameters (Re and Imé), and oneCP-
follows that andT-violating parameter§). In addition, it has fouC-, P-
and T-invariant quantities:
\/1—92=29/ (%4'%). 9)
p Pa  Po m,=Reu,, T,=—2Imu,,

The CPT-violating parametep will later be assumed to be
small. We shall then make the approximatigh— §°~1.
It follows from Egs.(2), (3), and(5) that the states

mbzRe/-Lb! Fb=_2 |m/.Lb. (16)

These are sometimes traded for

|Pa>:pa|P0>+qa|PO>v my+my Fa'f'rb
POy m=——2 F:T’ (17)
|Po)=po| P%) —ap|P°) (10
evolve in time as and
- - r,-T
P (t) =€ I'uatp ) :ma my __a b
Putt)=e 1Py M Taly ,
|Pp(t))=e""#b!|Py). (11)

In Appendix A we have collected some formulas relating
We do not have to make any assumption about the normabur parametrization o€ PT andT violation in the mixing of
ization of|P,) and of| P,). We also do not have to make any neutral mesons to other parametrizations found in the litera-
assumption either about the relative phas¢Ryfy and|P,),  ture.
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ll. TAGGED DECAYS the quantities in Eqg22) by tracing the time dependence of

Let us consider a neutral meson which is identified as dhe decays of single, taggeRf’ or P°. However, if for in-
Pl . . tance the two eigenstates have equal decay widths, i.e., if
PO (P% at timet=0. Using Eqs.(7)(11), one finds that = ) : :
this(sta%e is given at timeb;? as{7)-11 I',=T,, then the function Rey* (t)g_(t)] will vanish and
less information will be available. Thus, in the ensuing dis-
q S cussions we address the best possible scenario. Actual ex-
[PO(t))=g.(1)] P0)+g_(t)(avl— 6% |P%)— 0|P°>), periments may be considerably more problematic.

— — ( p 5 o T) A. Decays into semileptonic final states
P(1))=g4+(1)|P°)+g_(t)| =v1—06° |P")+6|P") |, . . : .
P1)=9+()IP7)+9-() q [P+ 6[P%) Consider the particular case of the semileptonic decays.

19 The parameters, and?, were defined in Eq91). We shall

respectively. Here, not need to assume any relationship betWEpandZ; in
particular, we shall not assun@P T invariance of the decay
g+ ()= z(e '#alxe M), (200  amplitudes. Now,x, and x, are not invariant under the

. 0 O . .
We now seek the quantities which can be measured Whe_rlgphasmg of|P") and |P%) in Egs. (12). The rephasing-

) _ _ invariant, physically meaningful quantities are
[PO(t)) and|P°(t)) decay into a final state We define

q

Ar=(f[T[P%), A;=(f|T|P%). 21) T

M= (24)

Equations(19) depend on two independent functions of the They will be assumed to be small. If one observes the tagged

decay time,g.(t) andg_(t). Therefore, one will in prin-  gecays to the semileptonic staxe | v, one can in prin-

ciple be able to measure the ratio of the coefficients of th%i le measure the correspondin arametErsand E.
two functions, p p gp .

namely,
A
E:E_f 1_02_0' \/1—02)\|—0~)\|—0,
P At
b A V1—6%(N) T+ o~(\) L (25)
E=— —J1-6%+0. (22) o
a4 Ar If one observes the tagged decaysxtol ~v;, one measures
We cannot compare the normalization of the decay rates cor- —_ —_
VI=6°(\) " t=o~(\)7H,

responding to different final states unless simplifying as-

sumptions are made. For example, some authors assume that .

there are no electromagnetic final-state interactions, or that V1= 62N+ 0=\ + 6. (26)
CPT violation is absent in the decay process, or that there is

no T violation in the mixing of the neutral mesons. We |n both Egs.(25) and(26) we have made the approximation
would argue that all these effects must be considered whesf neglecting the products of any two small parameters like
looking for CPT violation, which is in itself dramatically 0, \, orﬁ. One sees that, by using the decays of single
non-standard. tagged mesons, one can in principle separate the

We stress that the observables in E(2) containthe ¢ pT.yjolating parametes from theAP=—AQ parameters
maximal informationthat may be extracted from the time — L .
; and \;. Thus, one can measure CPT violation with

dependence of the decay rate. It is possible that particul

. ) o agged decays
phenomenological or experimental conditions only allow the Unfortunatelv. as will be shown in section 5.1. this strat-
extraction of part of this information from the actual decay cannot be yr,n lemented at tN¢4S) -
curves. In order to see this, consider the explicit decay rate§9Y 'mp '

TPt —f]=|A¢¥|g.(D)|*+]E[*lg-(D)[? B. About the searches forAP=—AQ amplitudes

+2 R4Eg* (1)g_(1)]}, The primary aim of this article is to stress the impact that
simple new-physics effects may have on experiments seek-
“50/+ A2 2. =2 2 ing to measure violations @& P T. We now want to point out
FIPA()—f]=[Ad g+ ()" +|E[g- (V) that the converse is also true. In particular, the experiments
4192 Re{Eg* g (O] (23) performed in the 1970s in order to measure violations of the
" N AS=AQ rule in the semileptonic decays of the neutral kaons
Since the functionfy ., (t)|2, |g_(t)|% R4 g* (t)g_(t)], and have disregarded the possibility GfPT violation. Let us
Im[g* (t)g_(t)] are linearly independent, one can measuretake P° to beK® and P° to beK°. For the subscripts which
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label the eigenstates of propagation we wselL andb  wherek and —k denote the opposite three-momenta of the
— S, referring to the long-lived and to the short-lived neutral two mesons. Consider what can be measured using the cor-

kaon, respectively. Denoting related state in Eq(30). Let the meson with momentutk
decay at timé; into a statd, and the meson with momentum

o TR, c
_a{m e |TIKD) —Kk decay at time, into a stateg. Using Egs.(19) one finds

e

P (m= e v|TIKO)' that the decay amplitude may be written in the form
T p (m e v[T|K? 27) (11,0, 6| Tl )=alg: (t1)g+ (o) —g-(11)g ()]
= 7
9 (e v|TIK) +b[g. (t)g(t2) —g-(t) g+ (t2)],
one easily finds (31)
~e* | TIKO 2 where
F[Ko(t)—>ﬁ_e+y]=|<w Z| | >| -
a:Ang—Ang,
X (1= V1= 0PN+ ) 4
+(14 11— 2\~ O)e 12, b=1- BZ(SAng— %K@,)
e y|T|K)|? + 0(AAL+AA,). (32)
F[Ko(t)—>ﬂ'+e_y]:|<’rr 1:1| | >| Mg Mg

Since the decay amplitude in E@1) depends on two inde-
x| (V1- gz_fe_ gfe)e—iust pendent time functions, we may in principle extract the ratio

L of their coefficients:
—(V1— 6%+ Ne— ONp)

- A iha s P Ean - LT AR
Xe,iqul 5. 28 b 0Ang+0Ang+a 1_0Ang_5 1-0°AtAq
1+6 F=—-= == :
a AtAg—AA,
These expressions should be compared with those used in (33

fitting the experimental dat22],
Indeed, by observing the shape of the dependendg and
I'[Kot)—77e* V]oc|(1+xe)e*iﬂsti(1_Xe)e*imt|2_ ont, of the decay rate,
(29)
[(f.t1:9,t Tl 7)|?=]al?e” (1)

2
; | coshTy(t;—t,)]

It is seen that the parametgg to which the decay curves
have been fitted becomes ill-defined when one allows for
CPT violation; in one case one hag~ 6—\., in the other
one it iIsXg~— \e.

Anyway, we may state that the search h6=—-AQ

+ReF sinfT'y(t;—t,)]

amplitudes has provided a loose, indirect bound@RT —ImFsinI'x(t;—t5)]
violation in K%-K° mixing; since one has obtaines, 1-[F[?
=102, one can also state thats 10 2. Indeed, if§ were + ——5—cogI'x(ti—t2)],
much larger than this, its effect should be visible in the
analysis of the decay curves in Eq28). (34
Similarly, the search foAB=—AQ amplitudes at the
Y (4S)-factories has been discussed assun@®T invari-  one can determinE. It turns out that, as a matter of fact, one
ance[23]. can measuré& even if one integrates the decay rate otser
+t,, as long as one still follows its dependencetor t,.
IV. DECAYS FROM A CORRELATED STATE Indeed,
Let us consider the correlated state withand C-parity te )
—1 which, at timet=0, is flt t lzd(t1+t2)(f,t1;g,t2|T|¢_>| (35)
172
¢—:i[|p0(|2)>|p0(_|2)>_|P0(|2)>|p0(_|2)>], is identical with the ri_ght-gand side of E(34) but for the
J2 overall factor, which is|a“exp(~T|t;—t,|)/(2I') instead of

(30 |al?exd —TI'(t;+1y)].

056003-5



L. LAVOURA AND JOAO P. SILVA PHYSICAL REVIEW D 60 056003

A. Di-lepton decays We thus conclude that, by using the decays of the corre-

In the measurable quantity of E@®3), let us suppose that Iated'state(b*, one qan—at least in principle—measure the
f is the semileptonic stat& | »,, while g is another semi- four linear combinations of small parameters
leptonic state, which has a charged lepton with the same

electric chargeX'1 %, . The quantityF in Eq. (33) then A=Ay,
reads

M=

6x|,+0x|+g\/l—02— %\/1—02x,X|, (40)
oy ~(\p=A) -
=X +N =
36 6+N —\,
We have once again made the approximation of neglecting 9+r|—)\|'

the products of any two small parameters lige \,, and
\;». Let us now suppose thdtis the semileptonic state ) o ) )
This means thatit is impossible to disentangle the

X*17 v, while g is the semileptonic staté’ * I’ ", , with i B
a charged lepton with the same electric charge. The quantitgljpT'V'OIatmg parameters from the AP=—AQ param-

F then reads eters\; and\, by using di-lepton events alonghis conclu-
sion was also arrived at by Xin@4].

P — 9
X} + OX;, + q 1—- 0% X/, — —1—6° B. Single-lepton events

X —xF ~(\ =) Let us consider again the correlated state in ). We
! r 37) shall now study events in which the final stdtis observed
in one side of the detector, irrespectively of the decay occur-
If, instead, the two semileptonic states detected in oppositéng in the opposite side. This corresponds to integrating
sides of the detector have charged leptons with opposite ele@vert, and summing over all final statgs Using the uni-
tric charge, then the quantity in E¢B3) is either tarity conditions in Eqs(B5) and(B6) of the Appendix, one
easily showg26] that

% p — 2 *_9 — 2 +
9+9X|X,,+a\/1 0%}, p\/l 0°X F[d,*_,f](tl):fo dtz% (|¢f t1:0,t| | 7)|2

1 % %0+r|1_)\|
—X X )
- @9 gt 4TI
_ where [ PO(t f] is the rate for a single, taggee® to
0+ 0x|,x|*+E\/1—02xl*_9\/1_02)(', _[ (1)_—> ] | sing : gge’ t
q P O N\ decay into the final statkat timet,, while I'[P°(t;)—f] is
~ | A =

1—x|,;,* the decay rate for a single taggPd. These rates have been
(39 given in Egs.(23). One finds

— 1+ 62 — 26 _
Tl =TI =10+ OP AP+ AT +g- (O | 101 +]1= 01— | (AP A% + 1= 0% — (|Ad*—[Af%)
+2 Re{ewl—az(gAfA_?—gA?A_f) +2 Re[gt(t)g(t)[a(lA_flz—mflz)
2 q * A p N*
+yJ1-6 BAfAeraAfAf . (42

Consider the particular case in whitks the semileptonic staté ™1 *»,. The small parameters as(which violatesT and
CP), 6 (which violatesCPT andCP), and\, (which violates theAP=AQ rule). Working out Eq.(42) to subleading order
in those parameters, one finds
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I[¢ =X n](t)
(X717 | T[PO)?

~[g (D)2 +]g-(H)[4(1+26)

+2Rdgi(t)g_(t)][—Red
+2(1+ 8)Re\,]
+2Im[g%(t)g_(1)]

X(Im@+25ImN)). (43

Let us instead takd to be the semileptonic final state
X*17 v, We find

T[¢ =X 1" 1](b)
(X171 T|PO)[2

~[g+ (D[*+]g-(1)*(1-24)

+2 R4 g} (1)g_(1)][Red+2(1
—8)ReN]-21m[g* (1)g-(1)]

X(Im 6+25ImN\,). (44)

. Regi(1)g-(1)],
and Infg%(t)g_(t)] are independent. Therefore, the three
ratios of their coefficients may in principle be extracted from

experiment. One sees that, if one neglects the subleading

terms, then the coefficients of the time function
Im[ g% (t)g_(t)] yield the CPT-violating parameter Ind.
On the other hand, R cannot, even in this approximation,

be separated from Re or Re)\|

PHYSICAL REVIEW D 60 056003

Combining the first lines of Eqg46) and (47) we may ex-

tract 2 Re@+\,—\,), which is the same information as in
the first line of Eq.(45). Thus, Red cannot be disentangled
from Re(\|—\)).

On the other hand, one can combine the di-lepton and
single-lepton events to extract Ifén In fact, we may combine

the second lines of Eqg46) and (47) to extract&lm(ﬁ

—\;). This yields Im@,—\,), provided one is able to deter-
mine & from the coefficients ofg_(t)|2 in the single-lepton

events. Then, by comparing Im(—X\,) with the second line
of Eq. (45), one can determine I unambiguously.

We conclude that the decays of the correlated dtate
can, in principle, be used to disentangle violationsCd? T
from violations of theAP=AQ rule in semileptonic decays.
However, this only happens in the imaginary parts of the
parameters; the real parts remain un-separated, even if one
takes into account both di-lepton and single-lepton events.

It is important to observe that this determination of dm
is possible even in the cade,=I",,, which is expected to

hold to a good approximation in tH&J-B system. Indeed,

in that case the measurement of the first lines of E45—

(47) will be impossible, but the measurement of their second
lines will still be feasible. Thus, the extraction of Iénwill

not be impeded by an approximate equality of the decay
widths of the two eigenstates of mixing.

V. NEW-PHYSICS EFFECTS
IN THE PRODUCTION MECHANISM

We have shown in Sec. Ill that one may in principle sepa-
rate theCPT- violating parameterd from the AP=—-AQ

If one does not neglect the subleading terms, then one caparameters\; and \; by following the time dependence of

determine theT-violating paramete$ from the coefficients
of the function|g_(t)|2. On the other hand, even if one
measures a non-zero coefficient of [ (t)g_(t)], one
cannot ascertain that one has fou@® T violation. This is
because of the subleading terfi$m A, or §Im\;, which
are CP T-invariant.

C. Combining single-lepton and di-lepton events

So far, we have separately discussed the impaciGirat

violation and wrong-charge semileptonic decays have on

the semileptonic decays of single tagged mesons. We recall
that by “tagged meson” we mean a neutral meson whose
flavor has been unequivocally determined at tirse. This

is normally done by evoking the rule of associated produc-
tion, which is based on the flavor-conserving nature of the
interactions of the gluon, photon, @P, that are responsible
for most production mechanisms. It states that, if an initial
statei decays into a neutral meson together with a tagging
staten, then the flavor ofn is opposite to the one of the
neutral meson.

To be specific, let us consider the conditions at CPLEAR.

correlated decays into two semileptonic and into one semid here one starts with=pp and one looks for the charge of

leptonic final state. Schematically, we have found that

Red+Re\,—Re\,
b =t = _ (45)
Imé+ImN —Im\,,
- 2 Re\,—Red, "
¢ == 25ima +mo, (46)
2 Re\,+Red,
o == — (47)
26ImN\,+1m 6.

the kaon in the state=K ™~ 7*. Since the strong interaction
preserves flavor, this will identify ak® the neutral meson
produced in association with. Conversely, if the charged
kaon has positive charge, then=K* 7~ and the neutral

meson isK®. In reality, there could be a smglAS|=2 in-

teraction enabling the production procqs§—>K+7T‘K0.
This would destroy the rule of associated production, and
one would lose the notion of tagged decays. However, that

|AS|=2 effect would also contribute t&°-K® mixing and,
thus, one would expect it to be negligibly small.

On the contrary, new-physics effects in the production
mechanism may be important when the production is due to
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the interaction of th&V boson. Here we should consider two
cases, depending on whether the leading-order SM produc-
tion mechanism allows for only ongay, P%) or both (P°

iy =ci|P%) +¢| PY). (49)

— _ . Using Egs.(19), we find that this state evolves into
and P%) neutral mesons to be produced in the final state.

The decayBi— J/¢/K° constitutes an example of the first I
case. To leading order in the SM this decay takes place]#i(t))=g.(t)(ci|P%)+ci|P%)+g_(t)

while Bg—>J/¢//K° does not.(These processes are called
“semileptonic-type decays” by Kosteleckgind collabora- — 6|PO)
tors[21].) In principle one could use the subsequent evolu-

tion of the neutral kaon in order to test its properties; in

practice, since those properties are rather well tested in direeit timet. Suppose that one observes experimentally the time
decays of neutral kaons, these cascade decays should be usiehendence of the overall process

instead to probe the properties of tB§-BS system[7]. In o

this particular case, the initial state can evolve intoGB i—n{P%P%—nf. (51
conjugate. We shall not consider such cases any further, but

we stress that even a small new-physics amplitude to thRecalling thatg. (t) and g_(t) are independent functions,

o| T P

g\/ﬁf POy + 9@)

+c; (50)

procesng_)J/d,KO will affect those analyses. we conclude that this allows in principle the determination of
There are also cascade decays in which both neutral me-

sons can arise in the intermediate state, even within the SM. 4 ——>- —(P —— —

For example, one may want to use the copious production of p L=0°Ai= 0A¢ | +ci q L= 0°At 0A;

B~ at the Y(4S), together with a subsequent decBy E= — :

—K~DP, in order to probe the decays of tB¥ into some
final statef. However, in this case there is another possibility.

Although suppressed by about an order of magnitude in am- — -
g PP y 8ol g Clearly, if the staten correctly tagsP?, i.e., if ¢;=0, thenE

plitude, the procesB™—K ™D is also allowed in the SM.  ¢oincides withE in Eq.(22). Conversely, ifn really identifies
Thus, if bothD°—f andD°—f are allowed, there are two PO, ie. ifc;=0, thenE=E.

(52

interfering decay paths:B™—K DK f and B~ Let us defing8,9]
—K DO—K™f.
This is actually at the root of the Gronau-London-Wyler cp (nPY|Ti) p
[27] and Atwood-Dunietz-Sonj28] methods to determine f=——= T (53
the CP-violating phasey. In those methods one assumes that ¢ia (nP°[Tli)d

there is noD®-D° mixing; in that case, there is no interfer-

andgi= 1/¢;,. The parametek; describes the interference

. - . - O 0
ence effect for those final statesto which eitherD™ or D between the production process, represented by the two am-
cannot decay. Recently, Meca and Si[@&have shown that _ — 050
plitudesc; andc;, and the subsequef®-P~ mixing, de-

00 s . . :
the presence oD™-D” mixing gives rise to a new interfer- geripeq bhyg/p. We want to consider cases in which, al-
ence effect, between the amplitudes of the decays into the ; o o .
oo L thoughn is not a perfect tag foP"~ (or for P"), the mis-
D"-D” system, on the one hand, and the mixing in that SYStqaing is small. Then. we mav trest (or?) as a small
tem, on the other hand. One of the consequences of th'éfrgm%ter ' ' y treg :

result is that, even if we look for a final stdtento which DO Whenfis the Sem”eptonic statg™ | v, We may in prin_
cannot decay, there will be two interfering paths: the un-ciple measure, i; is small,

mixed decay patlB~—K D°—K ™ f; and the mixed decay

pathB-—K D°—K D°-K™f. This effect makes it pos- 1602\ — 0+ 11— 6%&+ 0EN, _

sible to test new sources GfP violation, and might provide E= Y ~N— 01§

a handle om\m in the D°-D° system[8,9]. (54
We shall consider the general situation in which the initial

statei can lead both to the statetogether withP®, and to  or, ifzi is small,

the staten together withP°. That is, we assume that o
E_ V1-— 0z§i)\| —0&+ V11— 62+ O\,

ci=(nPT|i) and Ei:(rmﬂi) (48) gi“L}"

~(&+N) L
(55

are both non-vanishing. Then, the production process leaqg f:X+I‘7| then we may in principle measure, & is
to the superposition oP® and P° given by small,
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== N+ 1—PEN + 0 If one observes the decay of that left-moving meson into any
E= L §idi+ 04 ~(N+ &)L other state, at any other time, then we are effectively working
N+ & with a (mis)tagged state having
(56)
L X' 1", | T|PO _
or, if & is small, gizg - % =—\. (59)
. (X1 | T|PO)
L~ 1= PE—OENFVI-N+0 — —
E: §I gl ! ! %§|+)\|+6

The decays of thé&/'(4S) into one semileptonic state and
(57) another final staté thus become equivalent to mis-tagged
decays, i.e., to decays in which the tagging strategy does not

In all cases we have made the approximation of neglectin/ork properly. _ S
products of small parameters. This analysis has a very important implicatidthe case of

Equations(54)—(57) should be compared with Eqe25)  tagged decayswhich would allow us to extract unambigu-
and (26). We see that, if both neutral mesons can be proously theCPT-violating parametes) can never be imple-
duced in association with, then we may no longer disen- Mented at the('(4S), if one allows for the existence afP
tangle theCPT-violating parameterd from the effects of ~#AQ amplitudes _ o
both mis-tagging and P=—AQ amplitudes. The same “no-go theorem” applies to almost all existing

Notice that we have only considered cases in which th@r Proposed-physics experiments. Indeed, one looks almost
initial statei cannot evolve intoi. This includes cascade always for the decay of the mesons produced in association
ﬁ/ith the neutralB meson which one wishes to tag, and that

decays originating in baryons or charged mesons, but no m Iso be affected by new phvsics. This is clearl
cascade decays which start from a heavier neutral-mesoff~cay May &S0 be aflected by new pnysics. This 1S clearly

antimeson system. In the latter cases the analysis is motbe case for correlated or uncorrela@B° production, but
complicated[7,9] because there are two distinct neutral-it also occurs for the production @~ B°X™, if one only
meson systems evolving in time. identifies theB™ through the sign of the lepton in the final
state. The exception occurs in the casoB°X ™ produc-
tion, if one detects thé8~ by a full reconstruction of the
o ) ) S ) ) event. Although inefficient, this method guarantees, in prin-
Itis mstrucuve }o view the difficulties Wlth di-lepton de—. ciple, that the tagging meson is indee®a and thus, bar-
cays, discussed in Sec. IV, as a particular case of Misjng new effects in the production mechanism, it identifies
tagging. Let us review the tagging strategy usually evokeqhe neutral meson at the time of productionBss
for measurements at thé(4S). It is generally assumed that  \ye should point out that we have not discussed the pos-

there are no violations of thABzAQ rule in.semileptonic sibility that there might be neyAB| =2 effects in the decay
decays. Then the following reasoning appli€b: although o

o 5 _ . oftheY(4S). In this case, th83BS wave function would no
the By and theBy produced at th_é((4S) oscillate, the anti-- longer have the form in Eq30); it would also haveBJBY
symmetry of the wave function is preserved by the linearity ——— ] o ]
of the evolution;(2) hence, if at some instant the right- @ndBgqBq components. This possibility was hinted it not
moving meson is foundfrom its semileptonic decayto be ~ €Xplored by Yamamoto in the first article ¢£6]; he pointed
BY, then the left-moving meson at that instant is certainlyPUt that it would invalidate Eq41).

Bg; (3) that left-moving meson will evolve from that instant

EN L

A. Di-lepton decays and mis-tagging

= VI. CONCLUSIONS
onwards as a taggeEO; (4) therefore, time-dependent ex- ) ) ) )
periments starting from the stalé(4S) and observing at In this article we have discussed ways to uncover a signal

least one semileptonic decay automatically reproduce the r@f CPT violation using semileptonic decays. We have
sults obtained with tagged decays. stressed the fact that such a signal must be disentangled from

If we allow for violations of theAB=AQ rule, then the new-physics effects in the tagging procedure. These can be

situation obtained, in Eq$36)—(39), is the same as the one due t0AP=—AQ amplitudes in semileptonic decays; but
in the right-hand sides of Eq&54)—(57), but with the sub- also to flavor-conservation violations in the production

stitutions &= —\,, and &=—\,,. The reason is simple: mechanism.
. e lro e s pie. If one assumes the latter to be absent, then one concludes
since we are assuming violations of th@&=AQ rule, the

; ) ; ; hat:

semileptonic decay; 'do not provide a perfect tagging of the (1) The separation between violations@P T and viola-
neut_ral mesons originated from thl§(4$). If, _th_e right- tions of theAP=AQ rule is possible using tagged decays;
moving meson decays at some instant iKto'l’~ v, then  ynfortunately, these studies cannot be implemented at the
we know that the left-moving meson is, at that instant, in ay (4S) and are difficult to implement elsewhere.

state which has zero probability of decaying o'’ ~ v,/ ; (2) One cannot disentangle violations of theP=AQ
that state is rule from violations of CPT using di-lepton decays of the
o _ _ state|¢ ).
X 7w [ TIPOY PO — (X1 7wy | TIPOY|PO). (59 (3) This can be achieved if one uses both di-lepton and
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single-lepton decays, but even then one can only determine 6= —cosbg,
the CPT-violating parameter In#, while Reé remains un-
known. JV1—6*=sinég. (A3)

However, one cannot exclude the possibility that there are
also new interactions in the production process. Such effect€ P T is violated if and only if cogiz#0. T is violated if and
may destroy the notion of “tagged decays.” They are ex-only if Im ¢r#0, as
pected to be negligible when the production mechanism is
mediated by gluons, photons, or by th& boson; the rule of s=tani(im ¢g). (A4)

associated prodgcnon .ShOUId then hold to sufficient aCCUi should be pointed out that some authors use a particular
racy. However, if that is not the cagas, for example, in

cascade decaysthen the clear identification & PT viola- phase convention and claim that Bg0 also corresponds

tion usina onlv semileptonic decavs becomes impossible to T violation. If we take into account that physics is inde-
A finaiqwor)cg of cauﬁon is in or():i/er Given the geep coﬁ- pendent from phase conventions, however, we see that that

. . . ) statement is false.
nections betweerCPT invariance and the foundations of .
field theory, even mild assumptions on the nature of th Other authorgfor instance{5,17)) use two complex pa

CPT-violating phenomenology may prove inadequate in thgrameters,es and ds, and write

context of a specific model o€ PT violation. Throughout Oa 1—es+ s
this paper we have assumed B® T-violating parametep p_: 1t e oo
to be constant and experiment-independent; however, there a s s

is in the literature a specific model G&fP T violation [25] in 0 1—es—ds

which @ is found to depend on the magnitude and orientation —_—= (A5)
of the 4-momentum of the neutral mesons used in a given Pp 1testds
experiment. Analogously, odd and unexpected features ma@')bviously then,
characterize other models G6fPT violation, and they might
open up different avenues for experimental exploration. Still, q /(1— €o)?— 52
our point that any tagging strategy based on the decay of one o == (AB)
of the neutral mesons originated in thg4S) is bound to p (1+ 63)2—52
fail whenever the new-physics effects destroy the flavor- ) )
specific nature of that decay, is a robust conclusion whictf>P T invariance corresponds @=0, as
remains valid in all cases.
Our aim is to encourage experimentalists to search for 255 (A7)

CPT violation in as many ways as possible, and to devise o 1+ 62— €2

analyses that rule out other new-physics effects. Towards

this end, we have proposed a method that allows the uriF invariance corresponds to R (1+ e3—52)]=0. The

equivocal identification ofCPT violation, by combining authors who use this parametrization, however, always do so

single-lepton with di-lepton events. in conjunction with the assumption thag and eg are small.
Then,

APPENDIX A
9~25s,

The way we parametriZ€ andC P T violation in the mix-
ing of neutral mesons is different from the parametrizations J1—6P~1-2682; (A8)
used by some other authors. For ease of reference, we collect
here formulas summarizing the relationships among differenfOreover,
parametrizations.

Some authorgfor instance[18,19) introduce two com- o~2 Rees. (A9)
plex anglesfr and ¢r by writing It should be kept in mind that thB-parametrization is
q p exact and general, while tH&parametrization is interesting
2 gitr tan?R, only when using a phase conventiéR|P°) = =|P°), which
Pa implies thatCP conservation corresponds to vanishifg
andeg.
: 0 S
Io_ gitr cotR. (A1)
Pb 2 APPENDIX B
Obviously then, In this appendix we discuss the unitarity conditions. They
are needed in order to prove E@ll). We start from the
- equation
%:e'¢R. a2y
d
— — ()| (1)) = Tl(t))|?, B1
Moreover. ar(OI©)=2 KalTlww)] (B1)
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which expresses the conservation of probability in the decagn the Hermiticity of the Hamiltonian. We would agree with

of the state in Eq(2). Using Eq.(3) for arbitrary values of Tanner and Dalit13], who argue that any theory which

1(t) and ¢,(t), one finds that Eq(B1) yields violates Eq.(B1) should probably be regarded as physically
unacceptable.

> IAg|2= —21ImRyy, We need the following integrals:
g

2

oo +x2—y
_ f dt|g. (t)|*= 2 7
> [Agl2=—21ImRy,, 0 2l (1-y?)(1+x?)
¢]
o X242
S A*A=i (R~ R (B2) f dtlg-(vl*= 2 (1+x2) "
= PgAg=1{R127Ra)- 0 2I'(1=y9)(1+x9)
We now express the matrix elements Rfin terms of the +wdt (g (t _—y(+x) —ix(1-y?)
physical parameterg,, up, 6, and 8. We thus obtain the 0 g3 (19-()= 2T (1-y2)(1+x2)

unitarity conditions in the presence of violations@PT: (B4)

Remembering Eq419), one may use Eq$B3) and(B4)

2__ _
% |Agl*=T'(1+x1Im 6—yRed), to show that

Eg: |Ay|?=T(1—x1m 6+y Red), fo dt% gl TIPO(1))|*=1,
q ,— _(y+iox)Reyl—6*—(x—idy)Imy1-¢? Ty PO 2= 1 B5
% pAA=T s : fo t% (gl TIPP(D))[*=1, (B5)
(B3)

as one would expect. Also,
In Egs.(B1)—(B3) the sums run over all the available decay .
modesg. * 0 TS0 ik

Kenny and Sachf29] have questioned the use of some fo dtzg (g TIPEWXg[TIP(1)* =0. (B6)
simpler unitarity conditions when testingP T invariance,
on the grounds that one of the assumptions ofGireT theo- Equation(41) follows from Egs.(B5) and(B6). A result
rem is the Hermiticity of the interactions. However, our deri- similar to Eq.(41), but with ¢~ substituted by the state with
vation of the unitarity conditions is directly rooted on the P- andC-parity + 1, also hold$26], as one would expect on
conservation of probability expressed by EB1), and not the basic grounds of the conservation of probability.
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