VOLUME 85, NUMBER 25

PHYSICAL REVIEW LETTERS

18 DECEMBER 2000

Using Kaon Regeneration to Probe the Quark Mixing Parameter cos2f3 in B — s K Decays
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We suggest a novel method to determine the sign of cos28 in the decays B — /K, by creating
interference between K; and K final states via “regeneration,” that is propagation through a matter

target region to convert some K; to K.

The determination of this quantity resolves an ambiguity

between B and 90° — B that remains after the standard measurements of sin23 and may turn out to be
important in resolving whether the result is in agreement with standard model predictions or indicates the
presence of new physics. We find the measurement is feasible at a B factory, but requires several years
of high-luminosity running with a regeneration target affecting a significant fraction of the detector.

PACS numbers: 12.15.Hh, 11.30.Er, 13.20.Eb, 13.25.Hw

The determination of the parameters of the quark-
mixing or Cabibbo-Kobayashi-Maskawa (CKM) [1]
matrix as a consistency test of the standard model is a
priority in current high-energy physics research. The
BABAR [2] and Belle [3] Collaborations have announced
preliminary results from the study of the CP-violating
asymmetry in the decay B — /Ky [4] which attain a
precision comparable to the earlier CDF measurement [5].
Eventually, these and other experiments will provide us
with an accurate and clean determination of the CKM-
parameter sin23. Unfortunately, knowledge of sin2f
determines only the angle 8 up to a fourfold ambiguity,
meaning that new physics could be hiding under an
apparent confirmation of the standard model [6,7]. A
measurement of the sign of cos2f would remove the
B — 90° — B ambiguity.

The interference between the Kg and the K; decays
to 77 in principle provides enough information in the
time dependence of the decay chain B — ¢ K — (7 7)k
to extract cos23. However, the CP suppression of the
K; — 7 decay makes such a measurement unrealistic.
Kayser has suggested the use of semileptonic kaon de-
cays to avoid the CP suppression, but this again leads
to tiny effects because of the small Kg — 77€» branching
ratio [7,8].

Here we propose to utilize neutral kaon regeneration
[9] to enhance the Ks—K} interference, leading to a mea-
surement of cos2fB in the decay B — ¢y K — (mar)k
that does not suffer from CP suppression nor from
small branching ratios. Regeneration hinges on the fact
that the eigenstates in matter and in vacuum do not
coincide. They are related through K 1 ~ K, + rKg and
K§ ~ Kg — rK;, where

L (1)

mg AA
is the regeneration parameter. Here, N is the density of
scattering centers, Af = f — f, f " (f) is the elastic for-
ward scattering amplitude of K° (K9), whose imaginary
part is related by the optical theorem to the total cross
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section o7 (07), AA = Amg — ZAFK/Z = AL — Ag,
and A, = m, — il',/2 are the vacuum eigenvalues cor-
responding to the two kaon mass eigenstates with masses
m, and widths I', for n = S and n = L. We use the
approximation mg = (m; + mg)/2.

Consider the situation depicted schematically in Fig. 1,
where an initial |B°) state evolves at proper ¢ as

els5/2|BO(15)) = cos(Amptp/2) |BY)
— igp/prsin(Amptg/2) [BO). (2)

Here Amgp is the difference between the masses of the
two B mass eigenstates By and By, I'p is their average
width (the difference can be neglected), and gp/ps
is defined via the relation |By 1) = pg|B°) * gp|B?). At
time tp the B mixture decays into a ¢ and a kaon. The re-
sulting kaon state is given by |K¢om o)) = (WK°|T| X
B%(tp)) K + (¢ KO|T|B(t3))|K®), which may be
rewritten as ag|Ks) + ab|K,), with [7,8]

V2al g = AB® — K )e Tun/?
X [cos(Amptg/2)e'? = isin(Amptg/2)e P].
(3)

We have used Eq. (2), written the kaon states in terms
of the mass eigenstates, inserted —qp/ppA(B® — K?)/
A(B® = ¢yK%pk/qkx = exp(—2iB) [10], and dropped an
irrelevant overall phase factor.

We now consider the evolution of this kaon state. The
short- and long-lived components evolve independently
until the kaon hits the regenerator at kaon proper time 7,
at which time «, (7)) = exp(—i\,71)a?, with n = S, L.
These components mix as the kaon state evolves through

FIG. 1. The diagram illustrates the B — i fx evolution when
the kaon traverses a regenerator before decaying into fx.
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matter, until proper time 7, = 7; + 87 when the kaon
emerges from the regenerator of length x. The kaon
components at that instant may be written as [11-13],

e—N(er+ET)x/4e—F557/2 Z mija’j(Tl) ,
J

where i, j = S, L. To linear order in r, we have mgg ~

1, msy ~ mps ~ rlexp(—iAAS7T) — 1], and my; ~

“)

aj(m2) =

exp(—iAAS7). Thereafter, the two components evolve
independently again according to a,(7) = exp[—i X
Au(7 — 7)]a,(12). At proper time 7g the kaon state
decays into fg.

Factoring out the K lifetime and decay rate, we obtain
that the total decay rate [which we denote by I'g(t5, 7x)]
is given by the expected normalization factors 1/2 e~ s
I“[BO . lﬁKo] ¢~ Nlor+a1)x/2 e—FSTKF[KS N fl(] multi-

| plied by

lass + mars|*[1 — sin2B sin(Amptg)] + las, + mars|*[1 + sin2B sin(Amprp)]

+2Im[(ass + mars) (as, + mapr)*]cos2Bsin(Amgtg) + 2Re[(ass + naps) (asy + nagpr) cos(Amgtg). (5)

We have defined n = A(K;, — fx)/A(Ks — fk), ass =
mgs, asy — mgsy, exp(—iA/\Tl), ars = exp[—iA)\(TK -
7)mps, and app = exp[—iAA(Tg — 72)]mps exp(—i X
AA7). The second (first) subindex in a;; indicates the
vacuum eigenstate before the kaon state reaches (after it
leaves) the regenerator. Equation (5) and the relations be-
tween a;; and m;; are valid for any value of r. However,
when r is large we must use the complete expressions of
the m;; in terms of r, which can be found in Ref. [13]. A
similar expression applies for B decays, TB(IB, Tk), with
the sign of all sin(Ampzp) and cos(Amptg) terms reversed.

Kayser [8] has considered the case without a regener-
ator. In that case, agr, ars, x, and 67 vanish. The first
term in Eq. (5) is proportional to e 's™*I'[Kg — fx1:
it arises from the decay path B® — ¢Kg — ¢fx. It
shows how one measures sin28 in the CP-violating
asymmetry of B® — Ks. The second term, propor-
tional to e "**I'[K; — fx], arises from the decay path
B — yK; — fx and shows that the CP-violating
asymmetry in B — K; has the opposite sign to the
asymmetry in B — /K. At intermediate times these
two paths interfere and one has access to the cos2f
term on the second line, which in vacuum is given by
2|nlexp(—ATg1x/2) sin(AmgTg — argm) [8].  This
interference vanishes with 7 and is maximized for
semileptonic decays, where || = 1. A simple estimate
shows that measuring cos28 in B — (7w {€v)g should
require around a few hundred to a thousand times as many
events as the measurement of sin28 from B — Ky [7,8].

One advantage of using a regenerator is that the
interference term exists even when 7 = 0. Indeed,
in that case the third term of Eq. (5) becomes propor-
tional to 2|r|[exp(—ATx7,/2)sin(Amg7, — argr) —
exp(—ATg71/2)sin(Amg7; — argr)], which determines
the asymmetry arising from the cos2 term. Since 7, —
71 = xmg/px (Where pg is the momentum of the
kaon), this term is related to the matter absorption
expl—N(or + &7)x/2] which determines the rate. To
achieve the maximum sensitivity to cos23 we must find
the optimal balance between the two effects.

The observable of interest is the decay rate asymmetry
Ip(tp, 7x) — I'g(ts, k) ©)
Lp(tp,7x) + Tpltp, 7x)’
shown in Fig. 2 for a kaon momentum of 2 GeV/c and
tp fixed at the mean B lifetime, in comparison with the

Ap(tg, 7g) =

asymmetry obtained with Kayser’s semileptonic method,
where the rate is very small. It is convenient to inte-
grate the decay rates behind the regenerator as the depen-
dence on the kaon decay time contains little information on
cos2 8 compared to the regeneration effect. Neglecting the
small contributions from K; — 27 decays, the asymmetry
simply becomes

T,B(tB,T2) — I'p(tp, m2)
Lp(tp, ) + Tpltg, 12)

We assume that sin2 will be known with good preci-
sion by the time such an experiment will be considered.
The experimental task will then consist in determining
which of the two hypotheses, 8 or 90° — B, is favored
by the data. To compare the probabilities of the two
hypotheses we calculate the logarithm of the likelihood
ratio [14],

ASE (1) = ™)

1 re;
10gR(lB) dtg = El’lﬁ(l‘g)dtg Z [1+ kABg(IB)]

k==*1
1 + kA% (1)
X log |, ®
1+ kA90°—,B(tB)

where ng(tg)dtp denotes the total number of K — 27
decays behind the regenerator for which the K originates
from a B that decayed in the time interval [fp,p + dig].
Integration over the B decay time yields the average like-
lihood ratio:

(logR) = Ty fo

e T logR(1p) diy . )
The average likelihood ratio is a good measure of the ex-
pected discrimination power of an experiment and there-
fore may be used as a figure of merit to optimize the
regenerator geometry.

To obtain a first estimate of the number of events
needed to establish the sign of cos28 we calculate (logR)
for a tungsten regenerator of varying thickness at varying
distance. We propose tungsten for this experiment be-
cause it gives large regeneration effects. Since the elastic
forward scattering amplitudes f and f for K* and K9 in
tungsten are not known, we use an empirical scaling law
as determined by Gsponer and Collaborators from their
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C FIG. 2. B° — B0 decay rate asymmetries
in the K channel as a function of the
kaon decay time for various kaon decay fi-
nal states: (a) 27r; (b) 27 with a tungsten
regenerator 12 cm thick at a distance of
14 cm; and (c) 7w € v (Kayser method).
The solid (dashed) lines mark the asymme-
tries for 8 = 70° (20°). A kaon momen-

tum of 2 GeV/c is assumed. To illustrate
the statistical requirements we show in the
lower thirds of the figures the number of

expected decays per 7g bin for 10000 B —
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measurements in C, Al, Cu, Sn, and Pb for kaon momenta
between 20 to 150 GeV/c. They found that (o7 +
o7)/2 = or(Kr) = 23.5 mb (A/gmol 1)%840 [15] and
|Af] = 1.13 fm (A/g mol~1)0738 (px/GeV ¢~ 1)0-386
[16,17]. The last result exhibits a power law momen-
tum dependence in accordance with Regge theory [18],
which also predicts that argAf should be constant and
given by —(1 + 0.386)7/2 = —0.6937 [17]. As a
result, r = 0.033 %97 (p/gcm™3) (A/gmol 1) ~0-242
(px/GeV ¢~ 1)2386 where p is the density of the mate-
rial used. The power-law approximation is fairly good
down to a few GeV/c momentum, where low-energy
resonances set in [19]. Such resonances can enhance or
degrade regeneration effects, but are not expected to alter
significantly the conclusions of this work. At an asym-
metric e*e” collider operating at the Y (4S) resonance
the average kaon momentum from B — /K decays lies
around 2 GeV/c, so that r = 0.24¢%%%7 for tungsten.

Using these numbers we find that for 8 = 0° (sin28 =
0), (logR) has a rather broad maximum for regenerator
distances around R,p; = 17.3 cm and thicknesses of about
Xopt = 11.9 cm. For this case, (logR) equals 0.006 times
the total —initial Kg and K;—number of (flavor-tagged)
B — K decays with the kaon aiming at the regenerator.
This means that in order to get a likelihood ratio of 370
(corresponding to a 30 separation) one would need about
980 such events. If B = 70° (sin2B = 0.7), the optimum
position and thickness are not much different, but (logR )
drops by a factor of 1.7. Table I contains more examples
at different kaon momenta and can be used to estimate
the requirements at various facilities. At high momenta
regeneration effects become smaller and more events are
needed to probe cos2f.

A more realistic estimate of the statistical requirements
needs to take into account experiment-specific details such
as the geometry of the detector and the phase space oc-
cupied by the kaons from the B decays. As an example,
we have modeled regenerator geometry as a cylinder in the
BABAR detector.

At BABAR, 9 GeV electrons collide with 3.1 GeV
positrons, copiously producing BB pairs via the Y (4S)
resonance. The tight constraints between the kaon mo-
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mentum and the polar angle due to the kinematics of the
decay chain Y (4S) — BB followed by B — K allow us
to optimize the position and thickness of the regenerator.
In this experiment one B decays to a flavor-identifying
mode, or tag, and the other to /K. In this case Eq. (9) be-
comes (logR) =T [, e Vsl logR (1) dt, where t =
tyk — twg is the time between the two decays. The
value (logZR) is maximal for the 9 cm thick cylindrical
regenerator placed at a radius of 5 cm and a polar angle
of 120°. At this point each kaon aimed at the regenerator
contributes 0.008 to (logR), which implies that about
600 perfectly tagged events would achieve a 30 separa-
tion between 8 = 0° and 8 = 90°. For a regenerator
occupying 25% of the instrumented solid angle around
the optimal point, we estimate that [with a merged J /¢
and (2S) sample] a luminosity of about 300 fb~!
would be needed to reach 3¢ separation, where we have
used the reconstruction efficiency and effective tagging
efficiency currently achieved by BABAR [2] and assumed
that tagging particles that hit the regenerator are lost. If
B = 70° then about 600 fb~!' would be needed.

We have also briefly considered the application of this
method at a hadron collider experiment where hundreds
of thousands of reconstructed ¢y K decays and an effective
tagging efficiency of =10% are expected. However, this

TABLE I. Optimal distance and thickness of a tungsten re-
generator for the geometry depicted in Fig. 1, and for vari-
ous kaon momenta. Also shown is the average total number
of B — K events (with the kaon aiming at the regenerator)
needed to achieve a separation of the * cos23 hypotheses cor-
responding to 30.

B =0° B =10°
Pk Ropt Xopt Ropl Xopt
GeV/c cm cm  NQGo) cm cm NQ3o)
1 7.1 9.4 680 4.9 1.7 1230
2 173 119 980 13.7 10.1 1670
5 495 144 2070 444 127 3200
10 105 15.5 4200 99 14.2 6000
50 570 16.3 26k 570 15.7 34k
100 1190 16.3 60k 1180 15.9 75k
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statistical advantage is offset by the reduction in the size of
the regeneration effect, because the difference between the
K and the K cross sections drops with momentum (see
Table I) and because the broad spectrum of kaon momen-
tum makes it impossible to design a regenerator optimal
for all decays. A regenerator optimized for 2 GeV/c av-
erages about 38% of its optimum for momenta between
1 and 10 GeV/c. So, an experiment carried out in the
central region where kaon momenta are modest might be
more effective.

In passing we would like to point out that a tungsten tar-
get inside the detector would not only act as a regenerator,
but also as a strangeness indicator via reactions such as
K% — K~ por K — Axm™, etc. The outgoing strange
particle unambiguously identifies the strangeness of the
neutral kaon at the time of the interaction in the regen-
erator, just as the lepton from a semileptonic decay tags
the strangeness at the time of decay, allowing us to apply
Kayser’s method with considerably higher statistics. Com-
paring Figs. 2b and 2c we see that an optimized regenera-
tor would also be in the right position for this method to
be sensitive to cos23. Depending on the capability of the
detector to reconstruct and identify such events, combined
analysis of the two effects may substantially reduce the
number of events needed to determine the sign of cos2.

If the measurement of the sign of cos28 becomes an
issue of significant interest, then the method suggested
here offers an opportunity to measure it at a high-
luminosity B factory. It requires insertion of a tungsten
target deep inside the detector, affecting a significant por-
tion of the detector solid angle. Thus it is not without cost
for other physics measurements, so it will be a question
of competing priorities to decide whether to implement
this approach. Similar considerations will apply in a
hadronic B-physics experiment, but detailed simulation of
the actual situation is needed before one can say which
configuration of machine, target, and detector offers the
best choice for this measurement.
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