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Determination of the CP Violation Angle y Using B — D*V Modes
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We propose a method to determine the angle argV,;), using theB — D*V (V = K*, p) modes.
The D* is considered to decay tBz. An interference of the8 — D*'V and B — D*0V amplitudes
is achieved by looking at a common final stgtein the subsequent decays BFP/D°. A detailed
analysis of the angular distribution allows determination, not only @find|V,,| but also of all of the
hadronic amplitudes and strong phases involved. No prior knowledge of doubly Cabibbo suppressed
branching ratios oD are required. Larg€P violating asymmetries{30% for y = 30°) are possible
if DO — f is doubly Cabibbo suppressed, whil® — £ is Cabibbo allowed, for decays &* or B°.
[S0031-9007(98)05912-2]

PACS numbers: 13.25.Hw, 11.30.Er, 11.80.Et, 12.15.Hh

CP violation is one of the unsolved mysteries in In this Letter we extend these proposals to the corre-
particle physics. In the standard model, however, it issponding decays oB into two vector mesons, by con-
parametrized by including a phase in the unitary Cabibbosidering B — D*V, whereV is either aK* or p. The
Kobayashi-Maskawa (CKM) matrix [1]. The aim of the D*°/D*0 will decay intoD?/DY which, if it subsequently
several upcoming factories and detectors dedicated tdecays to a final statg that is common to botth° and
studying B physics is to test this parametrization, by DO, then the two decay channa®V and D*0V can in-
measuring the three angles of the unitarity triangle [2]terfere, giving rise to the desiredP violating effects.
The angley, which is the phase of the elemeW, of  The several amplitudes provided by the various partial
the CKM matrix, is one of the most difficult to measure waves of a single vector-vector final state enable us to
[2]. ¥ is also important, as its nonvanishing value is aextracty, all the relevant hadronic amplitudes, and strong
signal of directCP violation. AlthoughCP violation was phases, thereby removing any hadronic uncertainties. Our
seen inkK system more than 30 years ago, no signature chpproach does not require a prior knowledge of the poorly
direct CP violation has yet been established. known doubly Cabibbo suppressed branching ratiod of

One of the promising methods of measuring the anglevhich in fact can be determined here, due to interference
v is the so-called Gronau, London, and Wyler (GLW) effects.
method [3,4]. In this methody is obtained from anin- ~ The most general covariant amplitude forBameson
terference of the modB — DK with B — DK, which  decaying to a pair of vector mesons has the form [7,8],
occurs if and only if bothiD? and D9 decay to a common
final statef; in particular,f is taken to be aCP eigen-  A[B(p)— V,(k)Va(q)]
state. This technique of extractingrequires a measure-

ment of the branching ratio f#* — D°K™ whichisnot ~ «u ., N P (P
experimentally feasible as pointed out in Ref. [5]. More-~ €1 €2 \ 48wy T © 0 - Puby T L0 0 Cvva gk dT )
over, theCP violating asymmetries tend to be small as @

the interfering amplitudes are not comparable. The use
of nonCP eigenstates f” has also been considered [6] Wheree,, e; andm;, m; represent the polarization vectors
in literature. Recently Atwood, Dunietz, and Soni (ADS) and the masses of the vector meséfisand v, respec-

[5] extended this proposal by considerifigo be noncpP  tively. The coefficientsz, b, andc can be expressed in
eigenstates that are also doubly Cabibbo suppressed modegms of the linear polarization basid, A°, andA* [8].
of D. The two interfering amplitudes then are of the samdf both of the vector mesons subsequently decay to two
magnitude, resulting in large asymmetries. Their proposabseudoscalar mesons, i.&; — P;P; and V, — P,P5,

is to use two final stateg, and f, with at least one be- the amplitude can be expressed as

ing a non€P eigenstate. The use of more than one final _ AL

state enables not only the determinatiomofbut also of AB = Viva) = dlkalla]
all of the strong phases involved and the difficult to mea-

. . . X | —A® cosé; cose
sure branching ratid(B* — D°K ™). However, an in- < ! 2

put into the determination of is the branching ratio of Al

the doubly Cabibbo suppressed modelof Although D - ﬁ sin#, sinf, cos¢

decays have been studied for a long time, only one doubly |

Cabibbo suppressed mode has been observed with an error 4 A- . . )

that is currently as large as 50%. ! V2 singsind sing ). (2)
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wheref, (6,) is the angle between thg (P,) three-momentum vectdErl (1) intheVy (V,) rest frame and the direction
of total V; (V,) three-momentum vector defined in tRerest frame. ¢ is the angle between the normals to the planes
defined byP; P{ and P, P} in the B rest frame.

The differential decay rate is then given by [8,9]

dl = N<|A°|2cos"0 cos 6, + Hsin219 sin’ 6, sirt ¢ + wsinze sirn’ 6, cos ¢
d cosfd cosb,d ¢ ! 2 2 ! 2 2 ! 2
ReA%AlF) _ Im(ALAY) . .
————=5sin260; sin26, cos¢p — ————=sin260; sin26, sin
N5 | 2 COS¢ 272 1 2SIng
ImA+tall) . .
- %sm2 6, sin’ 6, sm2¢>, (3)
whereN = %%B(D* — D). Therich kinematics' whereot = —1, 0%l = 1,

of the vector-vector final state allows separation of each of We conside*’/D*0 decaying intaD®7°/D%7", with

the six combinations of the linear polarization amplitudesthe D°/D° meson further decaying to a final statethat

in the above. Using the Fourier transform ¢nand the is common to bothD® and D°. f is chosen to be a

orthonormality of Legendry Polynomials in c8s(cosd,), ~ Cabibbo allowed mode ab® (hence, doubly suppressed

it is possible to construct weight functions that project outmode of D?). To be specific, we may také = K p™*,

each of these six combinations. Anobservableanthen as this has the largest branching ratio among two-body

be determined from its weight factoW;, given in Table I,  hadronic decay mode(D? — K p*) = 10.8% [10].

by using The accompanying/ decays toKz for V = K* and
W, AT to 77 for V. = p. In the D° — DO system, CKM

0; = ] d cosfd costrdp — . predicts negligible mixing effects, which we disregard.

N dcosf,dcostrd¢ The amplitudes for the decays B8f", B~ to a final state

The weight functions in Table | are not unique and theyinvolving f and its CP conjugate will be a sum of the

can be optimized through numerical simulations. Nocontributions fromD*® andD*° and can be written as
additional measurements are required in the determinatiorl\

A Apt +
: =A"(B" — »
of these observables, as the reconstruction of the vector-/ ( [L71p ﬂf ¥ o
vector modes itself generates the angular distributions = VB (V. Ve, ALe!® + ViV, R AN D),

required. AL = AMBT = ([T Vo
We first focus our attention to the case of a ChargedAf A%(B [[f]DW]é Y ) o
B meson decaying td*V, V € {K*,p}. These final = o"B (Vi Vi, A + Vo Vi R AL ™),

states involve only tree level amplitudes and no penguinA)\ _

= A T = % -
contributions. The amplitude for thi&" decays for a given j=AB [Lflomlo-V)

linear polarization stateX” can be written as = an/E(VuijqRﬂﬁe“s?e"A + Vchvjqﬂﬁei‘s?) ,
AMBT — DOV = ViV, Ale, Az = ANB* = [fIomlp-V7)
A+ N0 — * A isA _ \/_ ® Rﬂ/\ i8) JiA ® J’Zl’\ i8}
A (B — DV ) - Vcquqﬂce “ (4) B(VubVCq ue e+ VcbV“q c€ )’
whereg = s for V=K* andg =d for V. =p; A = 6)

{0,1I, L}. It may be noted thatA* and A} are real. where[X ]y, indicates that the statg is reconstructed to

Since D and D*0 belong to different isodoubletsA?  have the invariant mass of; B = B(D° — f), R? =
and A%, as well as the corresponding strong phasgs B(D° — f)/B(D° — f), and A is the strong phase
ands?, are not related No assumption is made regarding difference beﬂvoeem" — fandD’ — f (or that between
the explicit form of the amplitudes?, or the strong D°— f andD" — f, sinceD — f andD" — f have
phasess? . For instance, the amplitudes?, could the same strong phase).
include contributions fromV-exchange and annihilaton A measurement of the angular distribution given in
diagrams as well, since these involve the same CKMEG. (3), for each of the four modes noted above in
phases. Further, our approach does not require the ué@) yield a total of twenty-four observables, six for
of factorization approximation. The amplitude for the €ach mode. These can be extracted experimentally using
antiparticle decayA*(B — D* V), has the same strong Table I. This is much larger than the sixteen unknowns:
phases but opposite weak phases to that'éB — D*V). R, A, v, [V.s| and three variables for eacty,, A7, 8,
In addition, using CPT invariance for th~ decays, we and 8!. Thus, y would be overdetermined and sign
get ambiguities possibly resolved. Sin¢g,,V;, IR A, <
N e, N . A ish [Vep Vgl A2, the last two equations in Eq. (6) may not
ABT = DTVT) = 0 Ve Vg Ace™, be distinguishable, i.eA}| = |44]. This reduces the
ANB™ = DOV7) = oMV, Vi A, (5) number of independent equations to eighteen, but still
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allows y to be determined. The condition®,, %f < 1, can also help reduce the sign ambiguities.

It is well known that a study of the angular correlations can be used to exirastiolating asymmetries [11].
addition to the usual signature 6P violation,

AP — 1AZ17 = 4V, VeV Vil X RBAGALSING! — 85 + A)siny, 7)

the complete study of the angular distribution of vector-vector final states provides the following alternative signatures
for CP violation:

Im{(A*AP"); + (A*AP")7} = 2|V, Ve Ve,V | R B siny
X {ArXAP cogs) — 67 — A) — A2 AL cogs) — 8 + A}, (8)

Im{(A*AP"); + (A*AP)7} = 2|V, Ve Ve, Vi) | R B siny
X {A* AP cogs) — 6P + A) — AP AL cogs) — 87 — A}, 9)

IM{(A*AP%); + (AMAP*)7 + (A*AP"); + (AMAP*)7} = 4|V, Ve Ve Vg [R B siny cosA
X {A} Al cods, — 87) — AYALcogs) — 80)),  (10)

whereA = L andp = || or 0. The signals in Egs. (8)—| Note that since all of the amplitudes and strong phases
(10) are coefficients of sip and sir2¢ in the angular involved in the right-hand side of Eq. (6) are solved, using
distribution in Eq. (3). The advantage here is that thes¢he observables constructed from these amplitudes, we
signals of CP violation are not diluted by sine of strong need not disentangle the strong phases associated with
phase as was the case in Eq. (7) and also that they are okach isospin state of the various partial waves.
tained by adding? andB events. We wish to emphasize In the case of neutraB mesons theD*K* decay
that the anglep between the planes of the decay productamode is self-tagging [4] ifK*°/K*0 is seen in the
of D* andV plays a crucial role. If one measures only K* 7~ /K~ 7% mode. Hence, no time dependent
|A%12, |A21?, |A}]?, and|A%|?, and were to overlook the in- measurements are required, and the observables for the
terference terms of the helicity amplitudes that appear imlecays ofB° and B? to any final statef and its CP
the complete angular distribution, one would have twelveconjugate may be obtained by the replacement of the
observables by considering all three polarizations with a&hargedB decay amplitudesﬁg’c by the corresponding
total of thirteen unknowns. Unless one of the variables iseutralB amplitudesa? . in Eq. (6). Within factorization
assumed to be measured elsewhereannot be extracted. approximationg. differs from A, due to the fact that the
The situation would be worse ifA}| ~ |A%|, as there chargedB decay amplitudes include contributions from
would be even fewer observables than un{<nowns rendeboth color allowed as well as color suppressed diagrams,
ing y truly unmeasurable if thd*A”*(A # p) terms are whereas neutraB decay amplitudes come only from
ignored. the color suppressed diagrams, and A,,, however, are
identical. The signatures af P violation are similar to
Egs. (8)—(10), withA., replaced bya.,. Even in the
TABLE I. The weight factors corresponding to the observ-Case where tagging is not possihig, andB’ observables
ables in the angular distribution [Eq. (3)] fé& — VV decays. can be added resulting in an asymmetry independent of
Note that the weight factors would give identical results underhe m|x|ng parameters&m/r and B, and agam of the

b1 < 0 same form as in Egs. (8)—(10). The additionR and
Observabled; Weight W, B" observables reduces the number of available equations
o R and, hence, we need to considBP/EO decaying not
A% Tor (15c08 61 — 3) only to the final statef but also to an additionatP
Il 3 9—15c0 6, eigenstate. Further, all three linear polarization states will
AT Tor (76 + 12008 ¢ + > ) have to be analyzedThis makes it possible to extragt
|AL]? 2 (6-12c08 ¢ + 1305 ) without any need for time or flavor tagging.
1om ? Next, we constructCP violating asymmetries corre-
Re(A°Al) z f 2 cos¢h cosh cost, sponding to the signals suggested in Eq. (8). As pointed

out earlier, the coefficients of the stnand sir2¢ terms

need to be isolated in order to obtain (4tA%) and

Im(A~AlF) —8isin2¢ Im(A+A¥) terms, respectively. The coefficient of the
z sing term in Eg. (3) can be determined by defining the

Im(ALA%) _ {
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following asymmetry: DO. The corresponding asymmetries for the neufi's
vanish identically, under the factorization approximation
2 dlaum ’ !
<f(7)7 - f:)fhﬁ [p dcosby [}, costr i in the absence of strong phases. This is due to the fact that
1 = . . . . . . . _ A
(2)77 d¢ [sdcosd [dcosd d;am the factorization approximation implieg! = a?. A test

of this relation would provide a unique model independent

= [° [\ 4Q = dcosoidcostrdd test of the factorization approximation.
and I *1_ {1“0(,B [ FlpmloV) + T(B ’ In conclusion, we have extended the GLW and ADS
sum - DT |D* -

= — . . ._proposals to measurg using vector-vector final states.
gs{;]r%;]el;;)‘//i)ie;l?vzimr{gmg the angular integrals, this The rich kinematics of these modes_provide; a large num-
ber of observables that can be obtained using appropriate
—22 Im{(A+A%), + (ALAO*)7} weight functions, if the angular distributions are available.
A= - S (A + |AA|2)A (11)  The reconstruction of these modes generates the angular
A=TIlo ! f distributions required. One particular final state is enough
to extracty as well as all of the hadronic amplitudes and
Yet another symmetry comes from the coefficient of thestrong phases involved.

sin2¢ term in Eqg. (3) and is defined as We are extremely grateful to Professor L. M. Sehgal
AT for detailed discussions and valuable suggestions. We
Ay — Jod¢ sdcost: [sdcost Tz also thank Professor G. Rajasekaran for discussions and
(2)” de¢ [gdcosh; [gdcosh, % encouragement.
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