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Observables in the decays oB to two vector mesons
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In general there are nine observables in the decay®i@eson to two vector mesons defined in terms of
polarization correlations of these mesons. Only six of these can be detected via the subsequent decay angular
distributions because of parity conservation in those decays. The remaining three require the measurement of
the spin polarization of one of the decay products.

PACS numbds): 13.25.Hw, 11.30.Er

The decay of theB meson into two vector mesor8  The observableX; andY; represent polarizations or polar-
—V,+V,, such aB—p+¥ or B—p+K*, has been calcu- ization correlations of the final vector mesons depending on
lated in many model$1-9]. Here we are concerned with the vectorp. They are given explicitly in the Appendix.
observables from a model-independent viewpoint. We limit ~ The polarization state of a spin-1 particle is giidg] in
this discussion to the case Bf* decays oB° (B?) in the terms of the spir§ and a second rank traceless tensgr.
absence oB°-BY mixing effects Sometimes the tensor polarization is referred to as alignment

9 ; or orientation. The observables can be classified according to

To take advantage of extracting t8d>-odd andC P-even

their properties with respect to pariBrand motion reversal
or T-odd andT-even components more easily, the angular.

distribution is often written in the linear polarizatiofor T. By “motion reversal” [11] is meant the reversal of al

. . X . spins and momenta; a nonzero value of-add observable
_transversny basis. Let us defl_ne the amp"t“d‘? Bf_—>V1V2 signifies time-reversal violation when there are no final state
in the rest frame o¥,. According to their polarization com-

binations, the amplitude can be decomposed fififo interactions. We find

P T
AB—V,V,) =Agel et ﬂ.s_:?e_:T |
V2 0 2 Vi TV, X, 10X, even even
Y5 . Y6 odd odd
A — — Y, even odd
- X
= 2 v, X €, P @ Xs. X odd even

a”?' S|m|I:_;1rIy.forB—>V1V2. In Eq. (1), &, and €V, Aare the " The terms which have opposite behavior unBeand T are

unit polarization vectors o¥; andV,, respectivelyp is the necessarily proportional to the spin polarizat®nor S,.

unit vector along the dlrectlon of motlon 012 in the rest The polarization state of; is analyzed via its subsequent
frame ofV,, € V —fv p ande\, = fv — fv Lp. Itiseasyto decay. If this is a strong or electromagnetic decay into two
1partlcles whose angular distribution is measured, then it is
impossible to detect the spin polarizatiSnand onIyT,, can

the appearance @K? X fvz P, whereasA, andA| are even.  pe detected. This is a consequence of parity conservation

For B decays, the square of the amplitud€A should  since the final decay cannot depend $1k, wherek is the

determine 9 observables proportional to products of the thregs|ative momentum of the decay products. As a result, one
transversity amplitudes. We can choose these as given by cannot determiné,, Ls, andLg in this way.

In general, the angular distribution of the decay in the
transversity basis can be written as

see thafA, is odd under the panty transformat|on because o

Ki=|Aol?, Ks=R€AGA|l, Ly=Im[AFA],

Ko=|All%, Ks=Im[AGA, ], Ls=ReAGA ], d’r 6
dcoseld Cosezd(,b—iZJ_ Kifi(011621¢)1 (3)

Ks=|A %, Ke=Im[AFA,], Le=Re[AfA]. (2
whereK;'s andL,’s are the amplitude bilinears that contain

Then the dynamics and in the case®f would evolve with time
andf,(6,,6,,¢) are the corresponding angular distribution

* —
ATA=K X1+ KXo+ KaXa+ KaXg T LsXs+LeXe+LaYs functions which are orthogonal to one another. Heygor

+KsYs+KgY. #,) denotes the polar angle of one of tig (or V,) decay
*Electronic address: chengwei@andrew.cmu.edu 1The time evolution effects will be addressed in a separate publi-
TElectronic address: lincoln@cmuhep2.phys.cmu.edu cation[12].
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products measured in the rest framevagf(or V) relative to In particular, in the absence of final state interactiesl)
the motion ofV; (or V,) in the rest frame of th& meson, it follows from CPT invariance that only T-odd” terms
and ¢ is the angle subtended by the two planes formed bywill be odd underCP, so that

decay products oY, andV,, respectively.

For the case in which the decays \¢f andV, are both Ki:E, fori=1,2,3,4;
into two pseudoscalar mesons, one can immediately translate
the tensor correlations into angular distributions as shown in K=—K  fori=5.6
the Appendix. The resulting normalized angular distribution ' v "
’ ' ) — — _
of the decay8— V,(— P1P};)V,(— P,P%), whereP{’ and Le=Ls, Le=Lg, La=—Ly: ©)

P{) denote pseudoscalar mesons, is
and the only signals oE P violation arelL,, K5, andKg. In
1 d°r fact, in the absence of FSI a nonzero valud_gfor Ks ¢ by
', d cosé,d cosé,de itself is a signal of time reversal violation. On the other hand,
in the absence o€ P violation (as expected in decays like
9 K B—WK*) a nonzero value oKs g is a signal of significant
2 . . X ,
=81 K cog 6, coSh,+ > Sir? 6, sirf, cog ¢ final state phases. o _
0 In order to haveCP violation there must be two contri-
butions with different weak phase factors; we label these as

K K _ :
+ —> sirPg, Sirf, Siffd+ —= sin 26, sin 26, cose T, andP, where »=0//,L. Then each of the three ampli-
2 242 tudes entering Eq1) has the form
%S qin26, sin 20, sind— 2 sir2e, sirP, sin 26 Ap=e(Ty+ Pye e, "
— —= sin 26, sin 26, sing— —> sifH, sirfd,sin2¢ .
2\/5 1 2 2 1 2

whered,, &, are strong phases anfi, is the relative weak
(4)  phase between the two contributiofis, and P, for ex-
ample, in a picture where the weak amplitude is decomposed
into a tree and a penguin contributions. We obtaip by
changinge,, to — ¢,,. There are in general 12 parameters:
T, P,, 6, ¢éw, and two relative phases of tlt, .

Here 6, (6,) is the angle between th&, (P,) three-
momentum vector in th¥; (V,) rest frame and th¥/; (V,)
three-momentum vector defined in tBeaest frame, andb is

the angle, bgtween the normals to the planes d.efine}@llﬁ’j In many cases,, is expected to be large, leading to the
and P2|:2_1 In the B_rest+frelme. An example is the decay pogsipility of largeCP violation. Thus for decays such as
B —K* p"—=(Km) (7 7). B—K*p or Bs—po, ¢,=v and forB—pp or Bs—K*p,

In order to dgtermin¢4, Ls, andLg it is necessary to by,= B+ . For the parametetié; andKg as well as_,, the
measure the spin polarization of a decay product. For eXcp violation is given by

ample, if V, decays intou™ ™~ andV; decays intoP,P;
then, as shown in the Appendix, the polarization of either Im[A, A*,]— Im[A, A%, ]
muon is given by ' K
=2 sin¢g,[P,T, cod6,—0, +45,)

% sin 260, sinf,(L, sing—Lg cos¢) + % sinfé, cosb,, -P,T,co80,—60,—35,)]. (©)]
(5) Assuming the strong phases are not very large, the major

requirement for a large effect in the abo@d® asymmetry

quantities is thaP, /T, be quite different fronP,, /T, for

n+ n'. For the case oK, to K3, the CP violation is given

by

divided by the sum of the first six terms in Eg\11), where

0, (6,) is, as before, the angle between thg(n ™) three-

momentum vector in th¥, (V,) rest frame and th¥,; (V,)

three-momentum vector defined in tBeest frame, an@ is

the angle between the normals to the planes define®l, By — . .

andu* u” in the B rest frame. For the case bf; it is only A= |ﬁn|2 _ —2T,P,singy,sing,

necessary to measure the polarization of one muon indepen-  |A,|*+|A,|? Tf7+ Pf]+ 2T,P,cos¢,, coss,

dent of observing the decay &f;. The maximum value of

the polarizations is 1 for each of the terms proportional torequiring as noted a significant value for 8in For the pa-

L4, Ls, orLg. rameterK,, Lg, andLg, the CP violation is measured by
For the case in whic; andV, are bothCP eigenstates,

the amplitude given by, corresponds to a final state with RqAﬂA*']_ RG[K,,K*,]

an oppositeC P eigenvalue from the other two. This by itself K K

(€)

has nothing to do witlfC P violation, but it leads to the pos- =—2sing, [P, T, sin6,—0, ,+6,)
sibility that the coefficientKs, Kg involving A, may be " O
good places to look fo€ P violation. —P,T,sinNg,—0,—35,)]. (10
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These require a significant value of sipt-6,,) or sin(s,
—9,y) to have a large effect.

To summarize this paper, we have discussed in a model =8ijk8|mnTﬁTj2mpkpn
independent way the observables in the decay Bfraeson

2X5=€eM* X €2* .petx 2P

to two vector mesons and the relations among them. An al- 1, .2
ternative way of getting the differential angular distribution N §p~(T +T9)-p+ 9" (AS)
is provided in the Appendix. We have also explicitly shown
how one can determinke, 5 s defined in the text by measur- For AjAl" (apart from an overall minus sign
ing the polarization of one of the decay products in the final
state. elxL2* LEI)T. ;)T: ﬁTsz I’j_ (f)Tl ﬁ)(f’ T2. ﬁ)
This research is supported by the Department of Energy —ip-(T2-p)xSt—ip-(TL-p)x
under Grant No. DE-FG02-91ER40682.
-SSP+ (p-SH(p- ).
APPENDIX: CORRELATIONS OF POLARIZATIONS
) ) o For Ag A (apart from an overall minus sign
Analyzing the correlations of polarization vectors appear-
ing in the decay rate provides a way of understanding WhyelLEzLeﬂ)T_ E?.T:f).Tl,TZ.ﬁ
only six of the nine amplitude bilinears show up in the dif-
ferential cross section. The polarization state of a spin 1 par- —(p-TEP)(P-T?-p)+ip-(T?-p)x St
ticle is described by the density matrfig0] which can be P 0l o a ol
written as a sum of a scalar, vector, and traceless second- +Hip-(THP)XS=S-S+(p-S)
rank tensor. Witha=1,2 for V,; andV, mesons, these are X (p- ).
L=, scalar; So the net result foA Al andAg A is
_ a Tl avia T2 4
S'=57eike e, vector; X4=\2[(p-T-P)(p-T?-P)
—p-TH-T2-p—S'- S+ (SH-p)(S-p)],
Ta_l a_ax ax a_g * Y:\/5["-(T1-A)><32+A-(T2-A)Xsl]
=5\ €€ te g gee 8ij |, tensor. 4 p p p p . (A6)
(A1)

* . .
rerelore. we have For AgAT (apart from an):
. ;XE_E_ﬁel*Lez*L:b_(Tl.ﬁ)X(TZ_m_p.Sl><52

€& =Th+ispSct 21, (A2)
i €j ij j 3 _ip.T2~Sl

provided that the polarization vectef are normalized to 1. +ip-THS=i(p-TH-p)(p-S*)
From Eq.(1), one can get the polarization vector correla- +i(p-T2-p)(p- S
tions for each of the amplitude bilinears. After simplification, P P)P '
H H . 2.
we obtain the following results: FqAo|*: With a similar expression foA% A, , we obtain
X, = El* Lélsz* LEZL ~ ~ ~ ~ . ~ .
' Xs=\2[p-T?-S'=p-TH-S+(p- T p)(S-p)— (- T*-P)

X(Stp)]l,
1 o, 1
TP (THHT9 P g (A3)  yg=\2[p-(T-p) X (T?p)—p-S'x S7]. (A7)
For |A)|%: For AjAT (apart from ari):
2X2=FT-GE*)T:”-6_)2T e—ixg.ﬁfT*_T.ﬁT:_ﬁ.(Tl.p)x(TZ.p)
~ ~ ~ ~ 1;\ ~ 2-;\
=TT T+ (0 THP)(P- T2 p) = 5P (TH+T2)-p e (TH T2 Pt 51p- S
f ol 2 a2 i e @ 1 Q2 T
—-2p-T*-T -p+§—2(p~S)(poS)+S'S. (A4) —§|p~S +i(p-TLp)(p- D)
For |A,|* —i(p-T%p)(p-ShH.
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With a similar expression foAﬁ* A, , we obtain The above results can be directly applied to the decays
B—V,(—PP)V,(—PP) to obtain the angular distribution,
Eq. (4), which is uniquely determined by the tensor polariza-
tions of the vector mesons. The angular distributionBof
—V,(—=PP)V,y(—1*17) andB—V,(—Py)V,(—Py) can
Ye=eij(THT2)ipc—p- (TH-p) X (T?-p). (A8)  pe obtained by taking into account that the lepton or photon

Notice that the observables,, X, andXe are linear in 'mot'lons must be perpendllcular tp the parent particle polar-
ization vector and all possible spins are summed over.

St or 2. As a result, as discussed in the text, they cannot bé For th ¢ g int d PRy
detected via the angular distribution of the decay¥ pand or , € case ,0 ecay |no' pseudoscalass= vy
V,. However, in principle they may be observed in more(—P1P1)Va(—P2P2), one can go directly fronX;-X,, Ys,
complicated decays, or in decays such aB and Yy to the angular distribution Eq4). The polarization

—K*(—PP)J/¥(—1"1") by measuring the spin of one of Vectors ofV, directly convert to the outgoing relative mo-
the leptons. In particulaXg containsp-S? andp- St and so ~ mentum vectors of the pseudoscalars. Choo$irg0,0,1),
could be observed by measuring the polarization of one ofthe momentum oP,, k,=(sin#;,0,cosé;), the momentum
the mesons from the decaydf or V, without observingthe ¢ 5 |~ _ (sin 6.cos.sin 6.sin &.cosé,). we have

other decay. 2, Ko=(sin6,c08¢,sin6,sin ¢,c0S6),

2
Xo= 5+ (=89 +(p- T2.p)(S"p)— (p- T~ P)(S* P),

e_i—>(sin 0,,0,cos6,), 6_5—>(sin 0, cos¢,sin b, sin¢,cosbs,),

1 1
sinfg,— 3 0 sing, cosh, Sirfé, cos¢p— 3 sinf@, sin¢g cos¢  sin b, cosh, CoSe
1 . . . . 1 . .
TS 0 -3 0 , T2 | sirf@singcosg  sinPo,sitp— 3 sin 6, cos@,sin ¢
. 1 i . . 1
sinfycosf; 0  cofh,— 3 sin@, cosd, cos¢  sinf, cosb, sin ¢ cog0,— 3

(A9)

Putting Eq.(A9) into Egs.(A3)—(A8) one can immediately get E¢4). Notice that terms involving® make no contribution
to the result.

For the case of the dec&—V,(—P,P1)Vy(—I1"17), suppose we observe that is a right-handed particle and comes
out in the directior@z(sin 6, cos¢,sin 8, sin ¢,cosh,) with p=(0,0,1) and the momentum &f;, IZIz(sin 61,0,cos6,), we
have instead

- - 1
e'—(sin#;,0,cos8;), eza—z(cosaz cos¢+i sing,cosh, sing—i cose, —sinb,),

N
. 1 .
Sirf 6, — 3 0 sing,cosh,
1 sin 6, cos¢
T, 0 -3 0 , 32_>§ siné,sing |,
1 cosé,
sinf,cosf; O cos 6, — 3
2 . . .
cog 0, CoSL P+ Sirfp— 3 —sirff,singcos¢p  —sinb, cosh, COSP
1 ) ) . 2 . .
T2—>§ —sirf 6, sin ¢ cos¢ cos 6, Sln2¢+COSZ¢—§ —sin#, cosh,sing | . (A10)
. . . . 2
—sin#, cosh,coS¢ —sin @, cosh, sing Sirf6,— =

3
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Putting Eq. (A10) into Egs. (A3)—(A8) one can immediately get the differential angular distribution for the degay
—V1(—P1P,)V,y(—1"17) with a right-handed ~ coming out in the final state:
1 d’r 9
I, dcosé,dcosb,dp 167l

K, cog 6, sirff,+ %(sinza1 cog 0, cog ¢+ sint 0, sirf ¢)

Kq

22

K
+ 73(sin201 cos 0, sirf ¢+ sirf 0, cos¢) + sin 26,sin 26, cos¢

. . . Ke . . Ly . .
Sin 20, sin 20, sin— —- Sir? 6, sirf @, sin 2¢+ — sin 26, sin 6, sin ¢

V2

Ks

22

Ls . Le
— — sin 26, Sin 6, cOS¢p+ —- SirfH, coSh, | . (A11)

2 2

Notice that terms involvings' do not contribute to the result. To obtain the result for the other possible final state with a
left-handed outgoing~, one only needs to flip the sign 8f and thus the signs of the coefficientslof, Ls, andLg (namely,

the signs ofY,, X5, andXg). The muon polarization is equal to the sum of the tetmpsLs, Lg divided by the sum of the
other six terms. For the case bf it is seen that the polarization does not vanish after integrating évend ¢ and so the
observation can be made without observing ¥hedecay.
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