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A method is proposed for tagging the flavor of neutral B mesons in the study of CP-violating decay
asymmetries. The method makes use of a possible difference in interactions in B~ or B*~systems with

isospins 2
and 2, and would be particularly clean if the I =

2 systems can be detected as "B**"reso-

nances.

PACS number(s): 13.25.+m, 11.30.Er, 14.4Q.Jz

I. INTR@DUCTION

So far, CP violation has been seen only in decays of
neutral kaons. The leading contender for the description
of this e6'ect, a nontrivial phase in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [I], makes specific
predictions for CP-violating asymmetries in decays of
mesons containing a b quark. These asymmetries are
particularly easily interpreted in decays of neutral 8
mesons to CP eigenstates such as J/QKs [2]. In this
manner, uncertainties associated with unknown final-
state interactions can be circumvented. However, the
identification of the flavor of the initial 8 has proved to
be nontrivial. Methods proposed up to now rely on the
production of a 8 or 8 in association with a particle of
the opposite b-Aavored quantum number, whose decay
serves to tag the Aavor of the neutral 8 of interest.

In the present article, we describe a method of tagging
the Aavor of a neutral 8 meson which makes use of the
(strong) interaction of the decaying b or b quark with oth-
er quarks before the time of decay. The method is ex-
pected to be successful if there is a clearly identifiable
difterence between low-mass pion-8 interactions in chan-
nels with isospin —,

' and those with isospin —,'. Such a
difIerence would exist, for instance, if there is a well-
defined region of positive-parity pion-8 resonances in the
mass range below 5.8 GeV.

The presence of a ~+ in a low-mass combination with a
neutral 8 meson is then circumstantial evidence that the
8 meson is a 8, and not a 8 . We show here how to
convert such circumstantial evidence to a quantitative
measurement.

A method similar to the one we propose, making use of
g+ ~

—]p +the decay chain D*—~ D m —,has been in use for some
time for tagging the flavor of neutral D mesons [3]. In
the case of 8 mesons, there is not enough energy for the
8* (the S, state of a b quark and a light antiquark) to
decay to the 8 (the 'So state) and a pion. The 8* always

decays to a 8 and a photon of about 46 MeV. However,
it is highly likely that there exists a region of positive-
parity J =0, 1, and 2 resonances corresponding to the P-
wave levels of a b quark and a light (u or d ) antiquark
which decay to B~ and/or B*m.. As a result, one can
identify (on a statistical basis) the liavor of a neutral 8
meson by making use of its correlation with an appropri-
ately chosen charged pion.

Since production of positive-parity charmed meson
("D**")resonances appears to account for about 20 or
30% of D meson production in the e+e continuum
[3,4], the corresponding production of "8 *"resonances
at higher e+e energies, and perhaps at hadron colliders
as well, is likely to be non-negligible.

A general description of the tagging method is given in
Sec. II. One must measure decays of a neutral 8 or 8
to states of definite flavor in order to calibrate production
rates. The fact that neutral 8 and 8 mesons mix with
one another introduces some unavoidable dilution of the
statistical power of this method.

A simplified approach to tagging, described in Sec. III,
is applicable to charge-symmetric production processes
such as pp and e+e reactions. In this case, the mea-
sured asymmetry is related to the desired quantity by a
dilution factor common to all measured asymmetries,
which cancels if one takes their ratio for two diferent
final states. Such ratios have been shown to provide use-
ful information about the fundamental CKM parameters
[&l.

A special circumstance allows one to calibrate neutral
8 production using decays of charged 8 mesons. When
the initial state has zero isospin, processes involving neu-
tral and charged 8 mesons can be related to one another
by means of a simple isospin refIection. This case is de-
scribed in Sec. IV.

The method yields useful results only when there are
nontrivial correlations between the charged pion and the
decaying B. The most promising example of such corre-
lations occurs when the charged pion and the 8 are decay
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products of P wa-ve bu and bd resonances (or their charge
conjugates). We describe the expected behavior of such
resonances in Sec. V, and mention kinematic cir-
cumstances which require one to know the properties of
these resonances rather precisely. A more general pic-
ture under which such correlations are expected, based
on quark fragmentation, is also described.

We conclude in Sec. VI.

II. GENERAL TAGGING METHOD

The method we propose relies upon the detection of
neutral 8 mesons with identified flavor (8 or 8 ) in con-
junction with a pion of positive or negative charge nearby
in phase space, and the detection of a CP eigenstate f as a
8 or 8 decay product (we do not know which, a priori)
in conjunction with a similar pion. We begin by discuss-
ing the states of identified Qavor.

A B or B may be accompanied by a charged pion
nearby in rapidity (equivalently, in a state of low effective
mass with the 8 or 8 ). We propose that a 8 =bd is
more likely to be accompanied by a a+=du, while a
B =bd is more likely to be accompanied by a ~ =du.0

This may be seen either from a simple picture of fragmen-
tation, or from the likely existence of positive-parity reso-
nances in the pion-B or pion-B* systems. Such reso-
nances are expected to have isospin —,'. We shall discuss
them more extensively in Sec. V. There we shall specify
more precisely how the accompanying pion is to be
chosen.

We define the relative rates of production of B and B
mesons in low-mass combinations with charged pions to
be

N(8 m )—:Pi, N(8 ir+)=P2,

N(B m+)—=Ps, N(B rr )=P4 . —

The first and third channels are "nonexotic, " and are the
ones in which we might see some resonant enhancement.
The second and fourth channels are purely I =

—,', and no
such enhancement is expected. Hence we anticipate that
P, &Pz and P3) P4. In the limit of complete resonance
dominance, we would have P2 =P4=0.

Let us denote a flavored state which we know to have
come from a 8 by T (for "tag") and the corresponding
state for a B by T. Examples of states T include D
and J/gK *,where the K * is seen to decay to K + ir
(We are using the usual convention in which a 8 meson
contains a b quark. ) We can measure four separate corre-
lations of states T or T with charged pions. These mea-
surements serve to normalize the production of B and
8 in combination with the pion of either char~e. We as-
sume that the decay rates of B to T and B to T are
equal. For the D ir+ and J/QK* final states, this is
true in the standard picture of CP violation [6], where a
single amplitude dominates the decay. The assumption
can, of course, be directly verified.

Because of B -B mixing, an initial B has relative
probabilities (1—

gd ) and gd of decaying to the states T
and T, respectively. The parameter gd is related to the
mass mixing parameter xd —= (Am /1 )d =0.71+0.14 [7]

for neutral B mesons by

yd =xd /(2+2xd ) =0.17+0.04 . (2)

The relative numbers of Tm. states of various types are
then given by

N(Tn)=. (1 yd
—)P, +ydP~,

N ( Tm +
) = (1 yd

—)P2+yd Pi,
N(Tm+ ) =(1—

gd )Pi+gdPi,
N(Tm )=(1 yd

—)P4+ydP, ,

(3)

(4)

(6)

where we have omitted an overall branching ratio. These
equations can be solved pairwise for the P;, since yd is
very far from —,'. For example, we have

Pi =[1—
2yd ] '[(1 yd )N(—Tm) yd'—N(Tm)], .

P4 = [1—2yd ] '[(1 yd )N (—Tir ) gd N —( Ter )],
with similar expressions for P2 and P3 but with ~
The error on yd itself is expected to decrease in the fu-
ture, but some amplification of the experimental errors in
N ( Ter*) and N ( Tir +) will n—onetheless occur in the
course of inverting the relations (3)—(6) to obtain the P;.

Now let a state which was produced as B at time t =0
decay to a CP eigenstate f with probability Df, while a
state which was 8 at t =0 decays to f with probability
Df. We are interested in the (time-integrated) asymmetry

I (8, o f)—I (8, 0 f) Df Df-
A(f)=

r(8,', f)+r(8,', f) Df+5 f
For the final state f =J/gK ist has been shown that

the asymmetry 3 (f ) measures the angle P of the unitari-
ty triangle (a fundamental parameter of the CKM matrix)
to a very good approximation [8] (for notation see, e.g. ,
Ref. [5]):

Xd
A (J/PKs ) = — sin2P,

1+xd

since a single amplitude contributes to each decay
8 ~J /gK and 8 ~J/PK . There are some questions
[8] as to whether the same is true for the ir+ir final
state, but in the simplest case one has

Nf =N(f rr )=P4Df +P—]Df (13)

where a is another angle in the unitarity triangle.
Now we measure the numbers of CP eigenstates f in

conjunction with charged pions, always taking the same
mass range for fm.—as we took for the decays to states of
identified fiavor. Let the numbers of final states f~
(where the charged pion is that referred to above) be
denoted by Nf+. Then the number offm states will be-

Nf + =N( f~+ ) =P3Df +P—2Df, (12)
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As long as PiP3 —P2P4%0, we can invert Eqs. (12) and
(13) to find

Df (PiNf + PQNf )/(P, P3 PPP4 )

Df (P3Nf — P4Nf + )/(PiP3 PP—P4 )

(14)

Since it is likely that Pi )P2 and P3 & P4, we expect to be
able to perform this operation. Its validity depends on
the existence of nontrivial correlations between charged

I

(P i +P4 )Nf + —(P3 +P2 )Nf&(f)=
(P, P4)N—f++(P3 P2 )Nf

(16)

An explicit form in terms of "tagging" final states comes
from solving Eqs. (3)—(6):

pions and neutral B mesons. These correlations can be
searched for experimentally.

The asymmetry 3 (f ) = (Df D—f ) /(Df +Df ) is then

[N ( Ter )+N ( T~ ) ]Nf + —[N ( T~+ )+N ( T~+ ) ]Nf
( I+xd ) 2 (f ) =

[N(T~ ) —N(Ter )]Nf++[N(Tm+) —N(Tm+))Nf
(17)

This is our central result.

III. CHARGE-SYMMETRIC PRODUCTION

Let us consider a production process such as pp or
e+e annihilation, in which the cross sections for pro-
duction of B and B states should be equal. In the pp
case this follows from the charge-conjugation invariance
of the strong interactions. In electron-positron annihila-
tion the production of a b quark is always accompanied
by production of a tp quark, and the subsequent fragmen-
tation into hadrons conserves charge symmetry.

In the present case we have P, =P3 and P2 =P4, and a
simpler result

1Vf + —Xf P i
—P2

N +N P +Pf+ f — 1 2
(18)

follows from Eq. (16). The first factor corrects for the di-
lution of the observed eA'ect as a result of the tagging pro-
cess. In order that it be nonzero, we require only that
P, WP2. As we have mentioned, P, )P2 is most likely
for appropriately chosen pions, and P2=0 in the limit
that the interaction in the I = —,

' channel is dominant. In
terms of "tagging" final states, one may write

N(T~ )+N(T~+)-
N(T~ ) —N(T~+)

(19)

for the case of charge-symmetric production.
Note added in proof. The decay rates of 8 to the tag-

ging final state T and B to T may not be equal if CP is
violated. However, these rates cancel in the ratios of Eq.
(4) to Eq. (3) and Eq. (6) to Eq. (5). When P3=Pi and
P4=P2, these ratios can be solved for P2/Pi as long as

The ratio P2/Pi should be the same for the two
cases as a result of C invariance of the strong interac-
tions. It can then be used in Eq. (18) to relate the ob-
served asymmetry to the physical asymmetry. Equation
(19) is valid in this case in spite of CP violation in Bo~T.

Since the required number of events to see an observed
asymmetry A,b, at the level of 5 standard deviations is
(S/A, b, ) [6], this number is proportional to a factor
(Pi+Pz) /(Pi P2) ) 1. This factor is to—be compared
with ones involved in tagging via the associated B, which
typically involve a branching ratio to a leptonic or other

final state. There, it is the inverse branching ratio which
governs the required number of events.

Even if the dilution factor is unknown, it cancels out if
we study two diferent final states f and f ':

3 (~+~ )/2 (J/PKs)= sin2a/sin2/3, (21)

leading to simple geometric constraints on the unitarity
triangle [5].

IV. ISQSCALAR PRODUCTION

A. Cases of isoscalar production

We shall be able to make use of isospin reAection sym-
metry whenever the initial state leading to a B~ reso-
nance has isospin zero. Cases in which this can occur in-
clude the following.

(1) The reaction e e+~bb If the curr.ent (acting
through a virtual photon or virtual Z ) produces the bb
pair directly, that pair is of course produced with zero
isospin. The subsequent fragmentation to hadrons also
conserves isospin.

(2) Hadronic collisions involving projectiles with I =0,
such as deuterium-deuterium, carbon-carbon, oxygen-
oxygen, or" Ca- Ca collisions.

(3) Production of the bb state and its fragmentation
products (including the pions in the Bm resonances) from
an initial gluonic state, as occurs in any perturbative
QCD description of hadronic bb production. This condi-
tion can be violated if the pions do not come from frag-
mentation of the b quarks.

B. Isospin relations

When isospin reAection I3 —+ —I3 is a good symmetry,
one has the following relations between final states in-
volving B's and associated pions:

+N N +Nf+ f— f'+ f'—

The ratio of decay asymmetries for the final states a+~
and J/QKs, for example, provides interesting informa-
tion on the parameters in the Cabibbo-Kobayashi-
Maskawa matrix, if the reservations expressed in Ref. [8]
can be dealt with [9]. In that case, we have just
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N(B m+)=N(B vr )=P~, N(B ~ )=N(B m+)=P~,

N(B+n )=N(B sr+)=P3, N(B+rr+)=N(B vr )=Pq,

(22)

(23)

where we have used the definitions of Sec. II. One must be careful that isospin splittings between charged and neutral
8**resonances are not so large as to cause measurable effects, but this appears highly unlikely. The situation is quite
different in the case of the decays D' —+De, where some channels are actually closed as a result of such splittings.

The result of Sec. II for decay asymmetries now may be transcribed directly. Expressed in terms of ratios of mea-
sured numbers of events, it is

N +[N(B sr+)+N(B+m+)] —N [N(B vr )+N(B vr )]

NJ+ [N(B m+ ) N(B—+m. + )]+N/ [N(B+~ ) N(B—~ ) ]
(24)

One needs nontrivia1 8-pion correlations which differ in
exotic (I =

—,
'

) and nonexotic channels in order for the re-
lation to be useful.

As in Sec. III, the assumption of a charge-symmetric
production process allows the above relation to be ex-
pressed in terms of the product of a dilution factor, now
given in terms of charged 8 rates, and an observed asym-
metry. Explicitly, we have

wave charmed meson multiplet until all four states have
been identified. However, it is likely that the spin-
averaged mass M~(D) of the P wave cha-rmed mesons lies
at or below that of the J = 1 candidate at 2420 MeV. We
estimate the mass difference associated with a P-wave ex-
citation by comparing this value with the spin-averaged
mass of S-wave charmed mesons:

Ms (D)—:[3M (D * )+M (D) ]/4= 1973 MeV, (27)

A(f)= N(B ~+)+N(B ~+) N/+
N(B sr+) N(B+vr—+) N/++N/—

(25) where we have used averages over isospin splittings.
Consequently, we estimate that

This is the case in e+e annihilation. Mz(D) Mz(D) ~—450 MeV . (2&)

V. CORRELATIONS OF $ MESONS AND PIONS

A. Resonance spins and decay channels

B (J =0)~Bm, B(J=1)~B. *w,

B (J =2)~Bvr, B*m. .
(26)

Detection of the soft photon emitted in 8 * decay could
help identify the P-wave states with maximum efficiency.

8. Mass estimates:
Extrapolation from charmed mesons

In the limit of heavy-quark symmetry [11],the energy
required to excite a light antiquark bound to a heavy
quark should be independent of the mass of the heavy
quark. Accordingly, we shall use the masses of the ob-
served P-wave charmed mesons to estimate those of the
corresponding excited 8 mesons.

There are candidates for P-wave charmed mesons at
2420 and 2460 MeV [4]. It is likely that the state at 2420
MeV corresponds to one or both of the expected J =1
levels, since it decays only to D*m. The state at 2460
MeV probably corresponds to the J =2 level, since it is
seen to decay both to Dm. and to D*a..

We will not know the fine-structure splitting in the P-

A b quark and a light antiquark can form P-wave
positive-parity resonances with J =0, 1, and 2. The J =0
and J =2 states are pure spin triplets, while two physical
J=1 states are expected to be linear combinations of
spin-singlet and spin-triplet states with definite values of
light-quark total angular momentum (spin + orbital an-
gular momentum) [10,11]. The allowed decay channels
are

To reduce the uncertainty on this number, it would be
very helpful to detect the J=O state, decaying only to
Dm.

The spin-averaged mass of S-wave 8 mesons is

Ms(B) = [3M(B*)+M(B)]/4=5315 MeV . (29)

If M~(B) Ms(B) 450 M—eV as suggested by the corre-
sponding value for charmed mesons, we expect a region of
P-wave Bm or B*~resonances lying below 5.8 GeV.

The detection of a photon from the decay 8*~By
may be difficult, since the photon will only have 46 MeV
in the 8* center of mass. If a resonance of mass 5.8 GeV
or less decays to a 8* meson and a pion, and the photon
in the decay of the 8 * meson is not detected, the result-
ing B~ system will also have an effective mass less than
5.8 GeV, but should still be confined to a rather narrow
mass interval since the photon is so soft.

The fine-structure splittings in heavy-quark —light-
quark systems are characterized by two distinct scales
[10,11]. First, the light quark and the orbital angular
momentum are coupled up to a total angular momentum
J&Ight —,

' or —,
' . The mass difference associated with

J&Ight 2 or —,
' wil 1 not change when we go from D to 8

mesons. It could be considerable; we do not know, since
we have only seen two states [D (2420) and D(2460)] so
far. Second, J»gh, couples to the spin of the heavy quark.
When Ji; h,

=
—,', we get states of total spin J =0, 1, while

when J&;gh,
=

—,
' we get J =1,2. The splitting of the two

states with a given J»gh, should behave as the inverse of
the heavy-quark mass. If the D(2420) and D(2460) are
both states of J~; h,

=—', , for example, their 8 meson ana-
logues may be closer together in mass. This proximity
could be an advantage in reducing backgrounds.



1992 MICHAEL GRONAU, ALEX NIPPE, AND JONATHAN L. ROSNER 47

C. Isospin considerations

Let us henceforth ignore the soft photon which may be
emitted in 8' decay, and speak of resonances in the 8~
system as standing for both B~ and 8 m. These reso-
nances should occur only in I =

—,
' ("nonexotic") and not

in I =
—,
' ("exotic") channels. Similar behavior is noted

for resonances involving strange particles. Nonexotic
mesonic channels correspond to states which can be
formed of a quark and an antiquark, while exotic mesons
require at least two quarks and two antiquarks. No exot-
ic mesons have been observed up to now.

We expect resonances in the channels 8 ~+, 8 ~
8 +~, and 8 ~+, but not in the channels 8 ~, 8 m

8+~+, or 8 ~ . All channels with a neutral pion
should contain resonances, but with strength one-half of
that in the isospin-related channels involving charged
pion s.

It is most likely that accidental exotic combinations of
a pion and a 8 can be avoided when the fragments of the
corresponding antiparticle are far away in rapidity.
Thus, the method we propose may not be particularly
useful for production of a bb pair near threshold. The
reaction e e+~Z ~bb would seem to be ideal for
present purposes, if sufhcient statistics can be obtained.
The program we propose includes measurements which
will check whether nonexotic and exotic Bur combina-
tions show a different mass spectrum.

D. Fragmentation of b and b quarks

Another argument in favor of nontrivial correlations
between pions and 8 mesons, at least when the 8 —~ sys-
tem is of low effective mass, may be presented in the
language of quark fragmentation. At the same time, this
argument exposes a source of potential dilution of the
correlation.

Let us consider a b quark to fragment to a 8 =bd
meson. Somewhere not far from the 8 in phase space
there should then exist a d quark, which is the partner of
the dd pair which has been produced in the fragmenta-
tion process. This d quark is more likely to give rise to a

than to a m+. However, its probability for generating
a ~+ in a low-mass combination with the 8 is nonzero.
For example, the d quark could fragment to a p meson,
which then decays to a+m

For such reasons, the detection of correlations between
pions and 8 mesons may require experimental study rath-
er than mere theoretical speculation. There may be par-
ticularly favorable regions of phase space which we have
not anticipated for which the difference between nonexot-
ic and exotic 8~ channels is most pronounced.

The present method appears to be a special case of a
more general approach. The basic idea behind this gen-
eralization is the fact that the charge of the leading quark
can propagate through and become visible in the jet con-
taining the 8 meson. Such a jet-charge method has been
employed in the identification of light quarks„ for in-
stance in Ref. [12j. First, this can result in a definite
charge relation between the whole jet and the 8 flavor.
Second, one might expect differences in the shape of
properly chosen kinematical variables, now taking all

pion fragments of the jet into account. Such variables
are, for example, the mass of the B~ system, or the
momentum or transverse momentum of the pion in a
suitable frame. In a manner equivalent to the calibration
process described above, one can extract these distribu-
tions directly from the data and use them as input for a
(multidimensional) fit or even a neural network analysis.
We have described a method which places the most em-
phasis on the leading pion since those differences are ex-
pected to be most obvious for it.

E. Some kinematic considerations

Some simple examples show that it may not be trivial
to reduce combinatorial backgrounds in establishing 8~
correlations. These examples underscore the importance
of a detailed understanding of resonances in the 8~ and
8 *~ systems.

Let us consider the effective mass of a B~ system in
two reference frames: one in which the pion is at rest,
and one in which the pion has 300 MeV of energy and is
traveling transverse to the B.

In the first frame, the ~8 effective mass does not
exceed the value of 5.8 GeV (our proposed upper limit for
the lowest positive-parity resonances) until the B energy
exceeds about 21 G-eV. A 8 produced in e+e annihila-
tions at the Z mass has an average energy of 30—35
GeV, but a hadronically produced 8 is unlikely to have
such an energy with regard to any of its fragments since
the hadronic production processes favor bb final states
not far above threshold. The pions formed as a result of
the filling of the rapidity gap between b and b may be
fairly soft with respect to both the b and the b.

The second frame is probably a more realistic represen-
tation of a centrally produced pion in the bb center of
mass in either a high-energy e+e or hadronic collision.
Here, the 8 energy corresponding to an effective 8~ mass
of 5.8 GeV is only about 9 GeV. Accordingly, accidental
low-mass combinations of a 8 and a "wrong" pion are ex-
pected to be less frequent.

In order to solve the system of equations in Sec. II for
Df and D&, one must be able to see a difference between
exotic and nonexotic channels. It may be necessary to
make rather strict cuts on B~ systems such that they
have a high probability of having originated in the lowest
positive-parity resonances. Identification of the soft pho-
ton in 8* decay could help in making use of the specific
masses of the J =1 resonances, and could also enhance
the signal from the decay of the J =2 state, but may not
be essential, since its omission would shift and broaden
the B~ mass distribution only slightly.

VI. CONCLUSIONS

We have suggested a way to identify the flavor of a 8
or 8 decaying to a CI' eigenstate by means of a pion

0

forming a low-mass combination with the neutral 8
meson. The most natural source of this combination is a
band of positive-parity J=0, 1, and 2 resonances lying
somewhere below 5.8 GeV. If this band is rather narrow,
the presence of a m+ in this combination is circumstantial
evidence in favor of the neutral 8 having been a 8, while
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a m suggests an initial B .
We have not discussed a corresponding method for

tagging B, decays. Isospin forbids the decay B,**~B,~,
while B**~B,K is likely to be kinematically forbidden.
A method of tagging a B, with an accompanying kaon in
a jet has been suggested in Ref. [13].

We have proposed several means of converting "cir-
cumstantial evidence" to quantitative measurements
which can be interpreted in terms of CP-violating asym-
metries. The number of events required to observe a
given asymmetry is proportional in certain simplified
cases to a factor (P, +P2) l(P, Pz)—, where P, and P2
are the relative probabilities for nonexotic and exotic
low-mass Bm correlations. What is needed at present is
an experimental study of the nature of these correlations
in various production configurations, to see if they are
strong enough to provide the needed information. The
potential for tagging a neutral B via a particle nearby it

in phase space, rather than via the decay (e.g., to leptons)
of an associated b-Aavored hadron, has interesting impli-
cations for lepton identification and detector size in fu-
ture experiments searching for CP violation in the B
meson system.
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