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Abstract

We study the decays B ---t J /'l/JT, B ---t J /'l/JV and B ---t J /'l/JS, where T, V and

S are tensor (JP = 2+), vector (JP = 1-) and scalar (JP = 0+) mesons respectively.

Our study is inspired by the recent observation of the decays B ---t J/'l/JK1-(1430),
where X = 0,2. There exist two mesons, a tensor meson K;(1430) and a scalar meson

Ko(1430) at the same mass of 1430 MeV, making it difficult to measure the branching

fraction for B ---t K;(1430), without including contributions from B ---t Ko(1430).
There also exists a vector meson resonances at 1410 MeV, K*(1410), that is close

enough to overlap with the wide K1- (1430) resonances. Since, all of these decay

modes contribute to the same final state B ---t K 7rg+g-, contributions from the various

decay channels cannot be separated by cuts on the kinematics. We show in detail

how angular analysis can be used to separate contributions from each of the decay

modes.

We begin by writing the most general effective matrix elements for each of the

decay channels using Lorenz invariance and current conservation. The decay spectrum

for the final state K 7rg+g- is calculated. The K1- (1430) and K*(1410) are considered

to decay to K7r and J/'l/J to g+g-, We study the angular distribution of the K
in the K 7r center of mass (c.m.) frame and g- in the g+ g- c.m. frame. We also

study the correlation between the K 7r decay plane and the g+ g- decay frame. The

formulation developed here can be applied to include any scalar, vector or tensor

meson, in addition to K1-(1430) and K*(1410). The study performed in this thesis

finds immediate application in the analysis of data collected by the B factories running

at KEK (Japan) and SLAC (U.S.A.).



uocro'ilff&CC')ffiffiLO
@rururniJci16U B -+ JNT, B -+ JNV LDrD~LD B -+ JNS ~@lUrurD6lO[)

u[iu51 UITo-ffi&6\lITLD. CfJ)U~~6U &6lJlITWlrDuQUrD[) B -+ JNKX(1430), x =
0, 2 J6l&~6l.j&51f1bOT ~I.4-UU6lOLLU16U @rururniJ6l.j CLDrDQ&IT6lr6lTUULL~.

CLDC6\l QLbOT Cfo- LblCfITbOT,K2' (1430) LDrD~LD GriJC&6\lITo- LblCfITbOTKo (1430)
~@lU @® LblCfITbOT&(@)LD BC[T .r616lO[Tll..jLbOT(1430 MeV) il2..6lJlITLIT@bOT[}6llT.

@6lOru B -+ Ko(1430) 51bOTU~6lO6llTUU[iu51 ~a)1lUITLD6U B -+ K2(1430) 51bOTU~bOT
~6lTci1L6lOL &ITmrQPl.4-lUITLD6U QCftiJ~ ci1(b1@bOT[}6llT.CLD~LD B -+ K2'(1430)
51bOT[) .r61&~ci16U QruffiLITo- LblCfITbOT(1410 MeV), K* (1410) C~ITbOT~@[}~.

@~ Kl(1430) u[iu51 ~a)1lUci1LITLD6U QCftiJ@[)~.
CLDrD&6lJlITL 516U6\lIT LblCfITbOT&~LD I.4-ffiC& B -+ K 7rl+l- 51bOTU~6lO6llT

~6lOLru ~ IT6U U 6UCru ~ I.4-ffiC& CCf6llT6U&6lr @ lU~@ci1lUroibOT QP6\lLD Uirf1ffi&

QPl.4-lUITLD6UCUIT@rD~. JDITLD ~~@6\lo- U@UUITtiJci1bOT QP6\lLD @6lOru
Bru Qru ITbOTa)1bOTci16lO6lTci16lO6llTffi&IT6lJlITC U ITLD.

Bru Qru IT® I.4-ffiC& CCf 6llT~ffi@ LD Q6\lIT[T6lJlITGriJ QP6lO[)6lOlU U lU6lJlITU (b1~ ~

QU[)UU(b1LD ~6'lfOl1LU16lO6llTUQU~CruITLD. @~bOTQP6\lLD @~~J6l6lO6\l K7rl+l-
ffi&ITbOT I.4-ffiC& GriJQUffiL[TLD &IT6lJlITUu(b1@[)~. K2'(1430), K*(141O)
~@lU6lOru K7r-6lOlUll..jLD, IN 51bOTU~ l+l- -6lOlUll..jLD~6lOLru~IT&ffiQ&IT6lrCruITLD.

JDITLDK 7r I.4-ffiC& ~6lTLD, l+ l- I.4-ffiC& UiC[TLD @[T6lJlIT(b1ffi@LD @6lOLULLL
Q~ ITLo- Ui6lO6llT &IT6lJlITCUITLD.

CLDrDQCfIT6U6\lUULL ru~QP6lO[)LU16U 51Ji:>~ 8® QruffiLITo-, GriJC&6\lITo-

~6U6\l~ QLbOTCfITo- LblCfITbOTLDrD~LD Kl(1430), K*(1410) ~@lUrurD6lO[)
il2..6lr6lTLffi&6\lITLD. KEK(g-gUUITbOT) LDrD~LD SLAC(U.S.A) ~@lUru[iu51bOT B
CUffiLrf1&51f1bOT QLLLIT ffi&6lO6lT u[iu51tiJ u@U UITtiJci16lO6llT .r61&~~~ CLD6U

QCfITbOT6llTru~QP6lO[) LbI@Ji:>~ UlUbOT ~51f1ffi@[)~.
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Chapter 1

INTRODUCTION

The purpose of this thesis is to investigate the angular distribution of the de-

cays B -7 K1f£+£-, where the K1f are produced via the intermediate decays of

K;(1430), K*(1410), Kt(1430) and £+£- are the decay products of J j'l/J. The aim is to

derive the matrix elements by combining the three decay modes B -7 Jj'l/JK;(1430)
(tensor meson), B -7 Jj'l/JK*(1410)(vector meson), B -7 Jj'l/JKt(1430)(scalar me-

son). The processes B -7 K 1f£+£- is described in terms of the kinematical variable Sl

(the invariant mass of the lepton pair), S k (the invariant mass of the K 1f pair) and

cOSel (the angular distribution £- in the £+£- c.m.system). The additional informa-

tion is the distribution in sin ek and cos ek ,where ek is the angle of the K in the K 1f

c.m. frame, and in 4>, the angle between the the planes formed by K 1f and £+£- respec-

tively [1]. The information is sensitive to the polarization state of the tensor meson

K;(1430) ,vector meson K*(1410) and scalar meson Kt(1430) ,and thus provide a

new probe using the effective theory to study in CP violation [1].

We begin by writing the most general effective matrix elements for each of the

decay channels using Lorenz invariance and current conservation [2]. The decay spec-

trum for the final state K1f£+£- is calculated. The Kx(1430),where X = 0,2 and

K*(1410) are considered to decay to K1f and Jj'l/J to £+£-. We study the angular

distribution of the K in the K 1f center of mass (c.m.) frame and £- in the £+£- c.m.

frame. We also study the correlation between the K 1f decay plane and the £+£- decay



frame. The formulation developed here can be applied to include any scalar, vector

or tensor meson, in addition to K1-(1430) and K*(1410).

It is interesting that angular parts can be separated out cleanly from the total

matrix elements. Although the angular parts are separated ,it is not possible to sepa-

rate all partial waves out cleanly for the J /1/JK;(1430) final state. We can separate

out only between CP even and CP odd partial waves because it is not possible to dis-

tinguish between Sand D partial waves in this mode.However, it is sufficient to study

CP violation in these modes [3]. The interference terms will give CP violation in the

mode .Recently large samples of data have collected on the decay B ---t J/1/JK;(1430)
by the B factories running at KEK(Japan) and SLAC(U.S.A). These results will be

useful to perform a detail analysis of the data collected so far.



Chapter 2

MATRIX ELEMENTS

We consider decays of B meson into J /7/J with a momentum q and a either Ko(1430),
K*(1410) or K;(1430) with momentum k. In section 2.1 , the square of matrix

elements in which B decays into J/7/JKo(1430) ,with J/7/J -+ Z+Z- and Ko(1430) -+ K7r

is calculated. In section 2.2 we evaluate the square of matrix elements in which B

decays into J/7/JK*(1410) ,with J/7/J -+ Z+Z- and K*(1410) -+ K7r . In section 2.3 ,

the square of matrix elements in which B decays into J/7/JK;(1430) ,with J/7/J -+ Z+Z-
and K;(1430) -+ K 7r is calculated.In section 2.4 ,interference between the two decays

( B decays into J /7/JKo(1430) ,with J /7/J -+ Z+Z- and Ko(1430) -+ K 7r and B decays

into J/7/JK*(1410) , J/7/J -+ Z+Z- and K*(1410) -+ K7r) is calculated .In section 2.5

,interference between the two decays ( B decays into J /7/JKo(1430) ,with J /7/J -+
Z+Z- , Ko(1430) -+ K7r and B decays into J/7/JK;(1430) , with J/7/J -+ Z+Z- and

K;(1430) -+ K 7r) is calculated .In section 2.6 ,interference between the two decays (

B decays into J/7/JK*(141O) ,with J/7/J -+ Z+Z- and K*(1410) -+ K7r and B decays

into J/7/JK;(1430) ,with J/7/J -+ Z+Z- and K;(1430) -+ K7r) is calculated. In section

2.7 , the square of the total matrix elements in which B decays into the three modes (

B -+ J/7/JKo(1430) ,with J/7/J -+ Z-Z+ and Ko(1430) -+ K7r and ,B -+ J/7/JK*(1410)
,with J/7/J -+ Z-Z+ and K*(1410) -+ K7r and B -+ J/7/JK;(1430) ,with J/7/J -+ Z-Z+
and K;(1430) -+ K 7r) is calculated.



I
I

I
I",e.. 7f

",",",
",'" Kt(1430)

Figure 2.1: Feynman diagram for the process B ---+
J/rfKt(1430) ,with J/rf ---+ Z-Z+ and Kt(1430) ---+ K7T

The vector particle J/1jJ carries the four momentum q and decays into lepton and

antilepton with momentum ql and q2 respectively.

Hence, the matrix element for leptonic part is [4]

Laa, e2 L:L:CUraV) (vrau)

e2tr( q~rQraqgr(:iral)

4e2(qlaq2al + q2aqla' - gaa1ql.q2)

2e2(qaqal - QaQal - gaalq2)

2e2L~al , where L~al = qaqa' - QaQal - gaalq2 (2.2)



The B (pseudoscalar) particle decays into vector particle J /'l/J with momentum q and

scalar particle Kt(1430) with momentum k .On using the general Lorenz structure

and conservation of current, it is possible to write the most general form of the tensor

of rank one for the particle decaying into the constituents particles.

The most general form of the tensor of rank 1, which is a function of the momenta k

and q is [2]

k.q
Fp(k,q) = -kp + q2 qp.

Similarly the Kt(1430) particle decays into pseudoscalar particles K with momentum

k1 and 7r with momentum k2.So, the tensor structure is just constant.

The matrix element for hadronic part is

aFp( k,q) (Jp(J

(k2 - m~ + ic)(q2 - m~ + ic)'
aF(J

x,q), where 6. = (k2 - m~ + ic)(q2 - m~ + ic)

H(J(J'L
S (J(J'

la/2 D(J D(J' ( 2L' )6.2 r (k,q)r (k,q) 2e (J(J'



It is shown in eqn (5.76 ) in Appendix, Ftk,q)F(~,q)L~o-l = X2(1 - cos2 Of). Therefore,

the square of the matrix elements is

Figure 2.2: Feynman diagram for the process B --+
J/'l/JK*(1410) , with J/'l/J --+ l-l+ and K*(1410) --+ K1r

Here the B(pseudoscalar) particle decays into vector particle J/'l/J with momen-

tum q and vector particle K*(1410) with momentum k.On using the general Lorenz

structure and conservation of currents, it is possible to write the most general form



of the tensor of rank two ,from the given two independent momentum k and q ,for

the particle decaying into the constituents particles.

The most general form of the tensor of rank 2 ,which is a function of the momenta q

and k is [2]

(2.11)

(2.12)

Similarly, K*(1410) particle decays into two pseudoscalar particles K with momen-

tum k1 and 7r with momentum k2 .Using the same process as did before, the tensor

structure is

Mv k1 - k2

Kv where Kv = k1 - k2

where (jJ.LV= _gJ.LV + kl'kV (jpa = _gpa + qPq" and
, k2 , q2

Ll = (k2 - m~ + ic)(q2 - m~ + ic)

On simplifying the eqn (2.15), the matrix elements for hadronic part is

Hfr = - ~ (bEa + CF(K,k).qF(~,q) + idcJ.Lpuf3kUqf3 F(K,k)e
pa

)



Hue;' HU HU' *
V V V

{- ~ (bEU + CF(K,k).qF{k,q) + idEJ1.pa{3kaq{3 F(K,k) BPU)}

{I (b* EU' *F, u/"d* a/ {3/ J1./ p/u/)}- 6. + C (K,k).qF(k,q) - ~ EJ1.'p'a'{3,k q F(K,k)B

~2 [lbl2 EU EU' + IcI2(F(K,k).q)2 Ftk,q)F(~,q) +
Idl2 J1.'p'a'{3'ka {3k FJ1. FJ1.' BpuBu'EJ1.pa{3E q a/q{3/ (K,k) (K,k) p/ +
2Re(bc*)F(K,k).qEU F(~,q) + 2Im(bd*)EU EJ1.'p'a'{3,ka' q{3/F(~,k)BP'u' -

2Im(dc*)F(K,k).qEJ1.pa{3kaq{3 F(K,k)BPU F(~,q)] (2.17)

The leptonic part is remain same as in scalar case. Therefore, the square of the matrix

elements is

IMvI
2 Hf/ Luu'

[~2 {lbl2 EU EU' + IcI
2(F(K,k).q)2 F(tq)F(~,q) +

Idl2 J1.'p'a'{3'ka {3k FJ1. FJ1.' BpuBu'EJ1.pa{3E q a/q{3/ (K,k) (K,k) p/ +
2Re(bc*) (F(K,k).q)EU F(~,q) + 2Im(bd*)EU EJ1.' p/a/{3/ kat q{3/F(~,k)BP'u' -

2Im(dc*)(F(K,k).q)EJ1.pa{3kaq{3 F(K,k)BPU F(~,q)) }e2 L~u/] (2.18)

From eqns(5.76),(5.77),(5.78),(5.80),(5.81) and (5.82), the square of matrix elements

is

IMvI2 2e2f32[ IbI2{(k)2 2B 2B . 2B . 2B 2,,-~ - .q cos e cos k + SeSk SIn e SIn k COS 'f'-

1
2Vsesk(k.q) sin 2Be sin 2Bk cos ¢ - (SeSk + X2 cos2 Bk)} +
1c12 X4 sin2 Be cos2 Bk + Idl2 X2SeSk sin2 Bk(cOS2 Be + sin2 Be cos2 ¢) +

1
2Re(bc*)X2{k.qsin2 Becos2 Bk + 4vsesksin2Besin2Bkcos¢}-

2Im(bd*)X {~k.qVSeSk sin 2Be sin 2Bk sin ¢ -

se;k sin2 Be sin2 Bk sin 2¢} +
1
2Im(dc*)X3 VSeSk sin 2Be sin 2Bk sin ¢] (2.19)



On substituting of X2 = (x2 - l)sfsk and k.q = XJSfSk in eqn(2.19) and collecting

the terms without ¢, co-efficient of cos ¢, co-efficient of cos2 ¢, co-efficient of sin ¢,

co-efficient of sin2 ¢,we have the square of matrix elements as

I 12 2e2fPSfSk [I 12 2 2) 2Mv = ~2 b + Idl (x -1 sfskCOS Of +
{lbl2 + Ic12(X2 - l)sfsk + 2Re(bc*)xJSfSk}(X2 - 1) cos2 Ok -

{lbl2x2 + Ic12(X2 - 1)2sfsk + Id12(X2 - l)sfsk +
2Re(bc*)x(x2 - l)JSfsd cos2 Of cos2 Ok +
2{lbl2x + Re(bc*)(x2 - l)Jsfsd sin Of sin Okcos Of COS Ok COS ¢ +

(ldI2(X2 - l)sfsk - Ib12){1 - cos2 Of - cos2 Ok + cos2 Of cos2 0d cos2 ¢ +

2{Im(dc*)(x2 -l)Jsfsk - Im(bd*)x}sin Of sin Ok COSOfCOSOksin¢+

Im(bd*) vi (x2 - 1)J SfSk (1 - cos2 Of - cos2 Ok + cos2 Of cos2 Ok)

sin 2¢] (2.20)

l+

Figure 2.3: Feynman diagram for the process B ----t
J /~K~(1430) ,with J /~ ----t l-l+ and K~(1430) ----t K Jr



Here the B(pseudoscalar) particle decays into vector particle J/'l/J with momentum

q and tensor particle K~(1430) with momentum k .And on using the general Lorenz

structure and conservation of currents, it is possible to write the most general form

of the tensor of rank three ,from the given two independent momentum k and q and

metric tensor,for the particle decaying into the constituents particles.

The most general form of the tensor of rank 3, which is a function of momenta q and

k is [2,7]

~~~~+~~~%+~~~~+~~~%+%~~~+~~~%
+g7q/lqvkp + gsq/lqvkp + id1 E/lpa/3qvkaqi3 + id2E/lpaf3Qvqa k/3 +

°d k ka /3 °d k ak/3 °d ka /3Z 3E/lpa/3 v q + Z 4E/lpa/3 vq + Z SEvpa/3q/l q +

°d ak/3 °d k ka /3 °d k ak/3z 6Evpa/3q/lq + Z 7Evpa/3 /l q + Z SEvpa/3 /lq +

°d k ka /3 °d ka /3·d k ak/3Z gE/lva/3 p q + Z lOE/lva/3qp q + z 11 E/lva/3 pq +

°d ak/3z 12E/lva/3qpq

qPW/lVP

k/lkvW/lvP

g/lVW/lVP

(2.22)

(2.23)

(2.24)

On solving the eqns (2.22), (2.23) and (2.24), the tensor structure is

W - h( q/lqvkp) °f( )ka /3/lVP - g/lPqv - k + Z E/lpa/3qv + Evpa/3q/l q.q

Similarly K~(1430) particle decays into two pseudoscalar particles which momentums

are k1 and k2 respectively. And using the same process as did before, the tensor struc-

(2.26)

(2.27)



,where 8J.Lvcif3' = HBa'J.LBf3'v + Bf3'J.LBa'v)- ~Ba'f3' BJ.LV

On simplifying the eqn(2.28), the matrix elements of the hadronic part becomes

h sa - ~ Fa _ F(K,k)·K Fa _ (F(K,k)·q)2 ka F(K,k)·KF(q,k)·q ka
,were - (K,k)·q (K,k) 3 (q,k) k.q + 3k.q

d Ra - ( + )ka f3( FJ.L FV + F(K,k).KBJ.Lv)Bpaan - EJ.Lpaf3qv Evpaf3qJ.L q - (K,k) (K,k) 3

RaRa'*r r
( __ 1 {hsa+ifRa))( __ l (h*sa' -ij*Ra'))4~ 4~
16~2{lhI2sasa' + Ifl2RaRa' - 2Im(hj*)RaSa'}

The leptonic part is remain the same as in scalar case. Therefore, the square of the

matrix elements is

IMrl
2 H:;a'Laa,

16~2 {lhl2Sa sa' + Ifl2Ra Ra' - 2Im(hj*)Ra sa'}(2e2 L~a')

From eqns (5.83), (5.84) and (5.85) , the square of the matrix elements is

e2f34 2 2 X2 4 ((k.q)2 - ~SfSk) 2
8~2 [-Ihl X slsd (k.q)2 cos Bk - (k.q)2 cos Bk-

SfSk SfSk 4 2 2 1 2
9(k.q)2 + (k.q)2 (cos Bk - "3 COS Bk + 9) cos Bf +

1 . 2 . 2 2 .jSfSk( 2 1). B . B }- sm 2Bk sm Bf cos cjJ - -k- COS Bk - - sm 2 k sm 2 f COS cjJ
4 2 .q 3

+ If 1
2X4 SfSk sin2 2Bk (cos2 Bf + cos2 cjJ sin2 Bf) +



On substituting of X2 = (x2-1)sesk and k.q = XJSeSk in eqn (2.32) and collecting

the terms without c/J,co-efficient of cos c/J,co-efficient of cos2 c/J,co-efficient of sin c/J,

co-efficient of sin2 c/J,wehave the square of matrix elements as

IMTI
2 e2,84(::~x;)slsk [~lhI2 + Ih12(X2 - ~) cos2 (h +

{lfI2x2(x2 - l)SISk - ~lhI2} cos2 el +

{~lhI2 -lfI2x2(x2 - l)SISd cos2 ek cos2 ee-

Ih12(X2 -1)cos4ek -lhl2cos4ekCOs2el +
1

21hl2x sin ek sin el (cos3 ek cos el - "3 cos ek cos ee) cos c/J+
x2{lfI2(x2 - l)SISk - (lfI2(x2 - l)SISk + Ih12) cos2 ek -

If12(x2 - l)SISk cos2 el + (lfI2(x2 - l)SISk +
Ih12) cos2 ek cos2 el + Ihl2 cos4 ek - Ihl2 cos4 ek cos2 ee} cos2 c/J+
8Im(hj*)xJx2 -1-JS[Sksineksinel{cos3ekCOSel-

~ cos ek cos ell sin c/J+ 4Im(hj*)x2Jx2 - I-JS[Sk{ - cos2 ek +
cos2 ek cos2 el + cos4 ek - cos4 ek cos2 el} sin 2c/J] (2.33)



On using the hadronic matrix elements of scalar Kt(1430) and vector K*(1410) , the

scalar-vector interference hadronic tensor is

HUU' HUHU'* + HUHU'*sv s v v s

( aF(~,q))( 1 (b*Eu' *D DU' 'd* kCi' {3'FJ.L' (jP'U'))- ~ - ~ + c r(K,k)·qr(k,q) - 1, CJ.L'p'Ci'{3' q (K,k) +

*FU'
(- ~ (bEU +CF(K,k).qF(~,q) +idcJ.LPCi{3kCiq{3F(K,k)epU))(- a ik,q))

~2 [Re(ba*)EU F(~,q) + Re(cd*)F(K,k).qF(~,q)F(~,q) -

Im(da*)cJ.LPCi{3kCiq{3F(K,k)epu F(~,q)] (2.34)

Therefore, the square of the matrix elements of scalar-vector interference part is

uu'HsvLuu'

~2 [Re(ba*)EU Fk,~ + Re(cd*)FK,k.qFk,qFk,~ -

Im(da*)cJ.LPCi{3kCiq{3F;,kepu Fk,~]2e2 L~u'

From eqns (5.76), (5.78) and (5.81), the square of the matrix elements is

IMsvl
2 = 4e~x [Re(ba*){ k.q cos ek cos2 ee - VSeSk sin ek sin 2ee cos ¢ -

k.q cos ed + Re(ca*)X2(cos ek cos2 ee - cos ek) -

~ Im( da*)X V SeSk sin ek sin 2ee cos ¢] (2.36)

On substituting of X2 = (x2 - l)sesk and k.q = XVSeSk in eqn(2.36 ) and collecting

the terms without ¢, co-efficient of cos ¢, co-efficient of cos2 ¢, co-efficient of sin ¢,

co-efficient of sin2 ¢,we have the square of matrix elements is

4e2f3V(X2 - l)sesk 2
~2 [-{Re(ba*)x+Re(ca*)(x -l)vsesdcosek +

{Re(ba*)x + Re(ca*)(x2 - l)vsesd cos2 ee cos ek -

{2Re(ba*) + Im(da*)vx2 - 1vsesd sin ee sin ek cos ee cos ¢] (2.37)



On using the hadronic matrix elements of scalar Kt(1430) and tensor K;(1430) , the

scalar-tensor interference hadronic tensor is

Haa' Ha Ha'* + Ha Ha'*ST S T T S
aFa 1 1 a*Fa'

( - (k,q) ) ( __ (h *sa' - if* Ra')) + (- - (hSa + if Ra) ) ( _ (k,q) )
~ 4~ 4~ ~

2~2 [Re(ha*)Sa F(~,q) - Im(fa*)Ra F(~,q)] (2.38)

Haa'L
ST aa'

1 [ ( *) sa a' (f *) a a' ] 2 I2~2 Re ha F(k,q) - 1m a R F(k,q) 2e Laa,

On substituting of X2 = (x2 - l)sgsk and k.q = X-jsgSk in eqn (2.40) and collecting

the terms without ¢, co-efficient of cos ¢, co-efficient of cos2 ¢, co-efficient of sin ¢,

co-efficient of sin2 ¢,we have the square of matrix elements is

e2f32(x2 - l)sgsk 1 1
~2 [-"3Re(ha*) + "3Re(ha*) cos2 Og+ Re(ha*) cos2 Ok

- Re(ha*) cos2 ORcos2 Ok + Re(ha*) sin Ogsin Ok cos ORCOS Ok COS ¢ +
21m(fa*)y!(x2 -l)sinORsinOkcosORcosOksin¢] (2.41)



On using the hadronic matrix elements of vector K*(1410) and tensor K2(1430) , the

vector-tensor interference hadronic tensor is

HfJHfJ'* + HfJHfJ'*V T T V

(- ~ (bEfJ + CF(K,k).qF{k,q) + idE/lpfX(3Fiq(3 F(K,k) BPfJ))

( __ 1 (h* SfJ' _ if* RfJl)) + (__1 (hSfJ + if RfJ))4~ 4~
( 1 (b*EfJl * D FfJ' °d* kfX' (3' F/l' BpifJl))- ~ + c r(K,k)·q (k,q) - Z E/l'plfXl(31 q (K,k)

2~2 [Re(hb*)SfJ EfJ' + Re(hc*)F(K,k).qSfJ F(~,q) +
R (fd*)RfJ kfX' (3IF/l' BplfJle E/l'plfXl(31 q (K,k) +

(hd*) SfJ kfX' (3' /l' BpifJl1m E/l'plfXl(31 q F(K,k) -

(f *) fJ fJ' (f *) fJ fJ' ]1m b R E - 1m c F(K,k).qR F(k,q)

HfJfJ'L
VT fJfJ'

2~2 [Re (hb*) SfJEfJ' + Re(hc*)F(K,k).qSfJ F(~,q) +
R (fd*) RfJ kfX' (3' F/l' BpifJ'e E/l'plfXl(31 q (K,k) +

(hd*) SfJ kfX' (3' F/l' BpifJ'1m E/l'plfXl(31 q (K,k) -

Im(Jb*)RfJ EfJ' - Im(Jc*)F(K,k).qRfJ F(~,q)]2e2 L~fJl

From eqns (5.86), (5.87),(5.88),(5.89),(5.90) and (5.91), the square of the matrix

elements is
2

~2 [Re(hb*),83 X y!SfSk{(k.q sin Bf sin Bk cos Bf cos2 Bk +

SkfSksin Bf sin Bk cos Bf( cos2 Bk - ~)) cos ¢ -
.q 3

2 2 1 ( 2y!SfSkCOS BfcosBk(cos Bk-"3)-y!SfSk 1-cos Bf-



2
cos2 ek + cos2 e£ cos2 ek) cos ek cos2 ¢ + 3"yI S£Sk cos ed +

* 3 3 ylS£Sk 2 3 1Re(hc )(3 X yls£sd --k- cos e£(cos ek - - cos ek) +
.q 3

sin e£ sin ek cos e£ cos2 ek cos ¢} + 2Re(Jd*)(33 X3 S£Sk cos ed cos2 e£

- cos2 e£ cos2 ek - (1 - cos2 e£ - cos2 ek + cos2 e£ cos2 ek) cos2 ¢}

- Im(hd*)(33 X2 s£sd ~ sin2 e£ sin2 ek cos ek sin 2¢ +
ylS£Sk (1 . e . e e . e . e e 2 e) . A.}-k - - sm £ sm k cos £ - sm £ sm k cos £ COS k sm 'P +

.q 3
Im(Jb*)(33 X2 s£sd cos ek - cos3 ek - cos2 e£ cos ek +
cos2 e£ cos3 ed sin 2¢ - 2Im(Jc*)(33 X4 yIS£Sk sin e£ sin ek cos e£

cos2 ek sin ¢] (2.44)

On substituting of X2 = (x2 - l)s£sk and k.q = XylS£Sk in eqn (2.44) and collecting

the terms without ¢, co-efficient of cos ¢, co-efficient of cos2 ¢, co-efficient of sin ¢,

co-efficient of sin2 ¢,we have the square of matrix elements is

e2(33(x2 1)1/2(S S )3/2 2 1
- 112 £ k [3"Re(hb*) cos ek + {3" Re(hb*) +

1 (x2 - 1)
----ylS£SkRe(hc*) + (x2 - l)s£skRe(hd*)} cos2 e£ cos ek +
3 x

{(x
2

+ 1) Re(hb*) + (x2 _ l)yls£skRe(hc*) cos2 ek - 2-Re(hb*)}
x 3x

sin e£ sin ek cos e£ cos ¢ - (Re(hb*) + 2(x2 - l)s£skRe(Jd*))

{cos ek - cos2 e{COS ek - cos3 ek + cos2 e£ cos3 ek} cos2 ¢

{- ylx
2

- 1 yls£sk1m(hd*) sin e£ sin ek cos e£ -
3x

ylx2 - 1y1s£sk(2(x2 - 1)yls£sk1m(Jc*) + 2xlm(Jb*)-

~ Im(hd*)) sin e£ sin ek cos e£ cos2 ed sin ¢ +
x

ylx2 -ly1s£sk(Im(Jb*) - ~Im(hd*)){cosek-

cos3 ek - cos2 e£ cos ek + cos2 e£ cos3 ed sin 2¢] (2.45)



Here it is considering that B particle decays into there possible channels .One pos-

sibility is that B decays into a scalar particle and a vector particle then the scalar

particle decays into two pseudoscalar particles and the vector particle decays into

a lepton and an antilepton.And second possibility is that B decays into two vector

particles then one vector particle decays into two pseudoscalar particles and another

vector particle decays into a lepton and an antilepton.And third possibility is that B

decays into a tensor particle and a vector particle then the tensor particle decays into

two pseudoscalar particles and the vector particle decays into a lepton and an antilep-

ton. Therefore on including all the three possibilities, the hadronic matrix elements

HaHa'Laa,

(H~ + Hf, + H:{.)(H~' + Hf) + H:{.')Laa,

(HaHa' HaHa')L (HaHa' HaHa')Ls v + v s aa' + S T + T S aa'
(H:{.Hf) + Hf,H:{.')Laa,

From eqns (2.9),(2.20),(2.33),(2.37),(2.41),(2.45) and (2.47), the square of the total

matrix elements is

IMI2 = ~22 [sesd,82IbI2 + (x2 - 1)(21a12 -1,82Re(hb*) + 712,84sesklhI2)} +

2,8Jx2 - lsesd1,82JseskRe(hb*) - 2xRe(ba*) -

2(x2 - 1)JSeskRe(ca*)} cos ek + (x2 - l)sesd -2Ia/2 + ,82(2seskldI2
1 ,84sesk 2 2 2 1 2 2+3Re(ha*)) + 8x2 (If 1 X (x - l)sesk - glhl )} cos ee +



(32(X2 - 1)sesk{2IbI2 + Re(ha*) + 4XJSeSkRe(be*) + 2(x2 - 1)sesklel2
(X2 -~) -- 1

+(32seSk 2 3 Ih12
} COS

2 Ok + (3Jx2 - lsesd -(32JSeSkRe(hb*) +
X 3

1 -
4xRe(ba*) + (X2 - 1) (4Re(ea*) + (32seSk(-Re(he*) + JseskRe(hd*)}

3x
2 2 {(32sesk(X2-1)(2 2

cos Oecos Ok +(3 SeSk 8 x2 31hl-
X2(X2 - 1)sesklfI2) - 2x21bl2 - (x2 - 1) (Re(ha*) + 2seskldl2) -

4x(x2 - l)JseskRe(be*) - 2(x2 - 1)2seskleI2} cos2 Oecos2 Ok -
1 (x2 - 1)814 x2 (SeSk)2IhI2 cos2 Oecos4 Ok + (3SeSk{ -Jx2 - 1(8Re(ba*) +

4Jx2 - 1Jsesk1m(da*) + ~JseskRe(hb*)) + (3(4xlbI2 +
3x

(32
(x2 - 1) (4JSeSkRe(be*) + Re(ha*) - -sesklhI2)) COSOk +12x

x2 + 1(32Jx2 - 1Jsesk(--Re(hb*) + (x2 - l)JseskRe(he*)) cos2 Ok +
X

1 (x2 - 1)
4"(33 X sesklhl2COS3 Ok} sin Oesin OkcosOecos4> +

,82sesd2(ldI2(x2 - l)sesk - Ibl2 + 11
6
,82(x2 - 1)2(sesk)2IfI2) -

,8Jx2 - 1Jsesk(Re(hb*) + 2(x2 - l)seskRe(jd*)) cos Ok -

1,82(X2 - 1)sesklhl2 cos2 Od(1- cos2 Oe- cos2 Ok + cos2 Oecos2 Ok)

2 2 {Q (x
2

- 1) (*) (( 2 ) ~ ( *)cos 4> +,8 SeSk -fJ----sesk1m hd + 4 x-I ySesk1m de -
3x

,82
4xlm(bd*) + (x2 - 1)3/2(2Im(ja*) - -(sesk)3/2Im(hj*))) cos Ok -

3x
1

,8(x2 - 1)2sesk(2(x2 - l)JS£SkIm(je*) + 2xlm(jb*) - -Im(hd*)) cos2 Ok
X

(x2 _ 1)3/2
+,82 __ - (sesk)3/2Im(hj*) cos3 0d sin Oesin Okcos Oesin 4> +

X

,82J(X2 - 1) (sesk)3/2{2Im(bd*) + ,8J(x2 - l)Jsesk(Im(jb*) -
1 1
"2Im(hd*) + Im(hb*)) cos Ok + "2,82(X2 - 1)sesk1m(hj*) cos2 0d

(1 - cos20e - cos2 Ok + cos2 Oecos2 Ok) sin 24>] (2.48)



2

~ IMI2 = ~2(Jo+hcoscP+hcos2cP+hsincP+j4sin2cP)

,where jp = I: cosm B£ cosn Bk(a'fnn + bfnn sin B£ + c'fnn sin Bk + d'fnn sin B£ sin Bk) and all

the non vanishing co-efficients are given in the table 5.2 [8]



Chapter 3

ANALYSIS

From eqns(2.48) or (2.49) we see that the angular part is separated out cleanly

.From table 5.2 we see that all co-efficients are not nonzero .Some co-efficients are

zero(i.e.some informations are missing).So, we can say that though the angular part is

separable cleanly, it is not possible to separate all the partial waves out cleanly. However,

we can separate all the partial waves out into CP even and CP odd. Consequently, it is

not possible to separate the partial waves out within CP even (i.e.we can't distinguish

between Sand D waves in this mode) .Similarly we can't separate the partial waves

out within CP odd ((i.e.we can't distinguish between P and F waves in this mode)

[9].Therefore, in the decay modes we can get partial information about all the partial

waves. However, it is sufficient information to study CP violation in the decay process.

3.2 Differential Decay Rate



a~2 COS
2 Bg COS

2 Bk + a~4 COS
2 Bg COS

4 Bk + d~o sin 2Bg sin Bk cos ¢ +

d~l sin 2Bg sin 2Bk cos ¢ + d~2 sin 2Bg sin 2Bk cos Bk COS ¢ +
d~3 sin 2Bg sin 2Bk cos2 Bk COS ¢ + a60 sin2 Bg sin2 Bk cos2 ¢ +

2 . 2B .2B B 2", 2· 2B ·2B 2B 2",aOl sm g sm k cos k COS 'f/ + a24 sm g sm k cos k COS 'f/ +
dfo sin 2Bg sin Bk sin ¢ + dfl sin 2Bg sin 2Bk sin ¢ +

d~2 sin 2Bg sin 2Bk cos Bk sin ¢+ d~3 sin 2Bg sin 2Bk cos2 Bk sin ¢+
4 . 2 B . 2 B . 2'" 4· 2 B . 2 B B· 2'"aoo sm g sm k sm 'f/ + aOl sm g sm k cos k sm 'f/ +
4 . 2 B . 2 B 2 B . 2'"a24 sm g sm k cos k sm 'f/

We know that only for angular distribution, differential decay rate is proportional to

the square of matrix elements [9] i.e.

df
dcosBg dcosBk d¢

,where n is proportionality constant and independent of Bg,Bk and ¢ ,
and Bg is the angle of the l- in the l-l+ c.mJrame ;Bk is the angle of the K in the K 7f

system; ¢ is the angle between the two planes l-l+ and K 7f.And the physical regions

3.3 Angular Distribution
df df

We derive one-dimensional angular distributions namely --- ---
d cos Bg' d COS Bk '

from the differential decay rate .These distributions as well as the observable

calculated ,depend on different combinations of the co-efficients 'af/

df
and

d¢
are



This is not vanishing due to the presence of cos ek and cos3 ek; these terms are present

due interference between vector and scalar,between vector and tensor .However, it

vanishes in each separate decay mode

3.3.2 Decay rate as a function of cos Be

{ 0 1 2 1 247fn aoo + -aoo + -a24 +3 15
0101010122}

(aOl + "3 a22 + 5" a24 - "3 aoo - 15a24) cos ee

Similarly the forward-backward(FB) asymmetry in Z-Z+ system

df
d cos ee

A~B = 0

The absence of a term odd in cos ee is connected with the fact that the Z-Z+ system

is in a pure L = 1 state.As a consequence, the forward-backward(FB) asymmetry in

the system vanishes



Finally ,the distribution in the angle ¢ between the lepton and meson planes, after

integration the eqn(3.3) over other variables takes the form

The presence of sin 2¢ term is a clean signal of CP violation in the ¢ distribution in

the decay process.



Chapter 4

CONCLUSION

We used the most general effective matrix elements for each of the decay chan-

nels using Lorenz invariance and current conservation for the angular analysis of B

decaying into scalar, vector and tensor modes. The decay spectrum for the final

state K7rg+g- is calculated. The K-X(1430), X = 0,2 and K*(1410) are considered

to decay to K 7r and J /'lj; to g+g-. We study the angular distribution of the K in the

K 7r center of mass (c.m.) frame and g- in the g+g- c.m. frame. We also study the

correlation between the K 7r decay plane and the g+g- decay frame.

We analyzed the angular part and found , "the angular part is separated out

cleanly, however it is not possible to separate all the partial waves out cleanly;Nevertheless

all the partial waves can be separated out into CP even and CP odd. "This separation

of CP even and CP odd is necessary to study CP violation

df df
We derived one-dimensional angular distributions namely d ()' d ()' and

cos e cos k

~~ from the differential decay rate .These distributions as well as the observable are

calculated. And we found that the forward-backward(FB) asymmetry in K 7r system

is not vanishing due to the presence of cos ()k and cos3 ()k ; these terms are present due

interference between vector and scalar,as well as between vector and tensoLHowever,

the forward-backward(FB) asymmetry in Z-Z+ system vanishes due to the absence



of a term odd in cos 8e is connected with the fact that the l-l+ system is in a pure

L = 1 state. Finally ,the distribution in the angle ¢ between the lepton and meson

planes has calculated and this will be very useful to study CP violation in these modes

Recently, large samples of data have collected on the decay B ---+ KH1430)J/'l/J
by the B factories running at KEK(Japan) and SLAC(U.S.A). These results will be

useful to perform a detail analysis of the data collected so far.



Chapter 5

APPENDICES

S.No. Entities Notation
1. The four momentum of J /'l/J in C.M. Frame of B q

2. The four momentum of K~(1430)/ K*(1410) k
in C.M. Frame of B

3. The four momentum of lepton in C.M. Frame of J/'l/J ql

4. The four momentum of antilepton in C.M. Frame of J /'l/J q2

5. The four momentum of Kin C.M. Frame of k1

K~(1430)/ K*(1410) ,where X = 0,2
6. The four momentum of 7f in C.M. Frame of k2

K~(1430)/ K*(1410) ,where X = 0,2
7. B2 M2

B
8. k2

Sk

9. q2 Sf

10. k2 M2
1 k



S.No. Entities Notation
II. k2 Mf,2

12. For massless leptons qi 0

13. For massless antileptons q~ 0

14. in C.M. Frame of J /'I/J ql - q2 Q
15. in C.M. Frame of K~(1430)/ K*(1410) k1 - k2 K
16. a2 + b2 + c2 - 2ab - 2bc - 2ca A(a, b, c)

17. (Mk-Mk,)
~s.

18.
).1/2(k2 M2 M2 )

(3, k' k'

k2

19. iA(M~, Se, Sk) X2

20. The unit vector along k n
2I. The unit vector along J /'I/J -n
22. The unit vector normal to rf

K1(1430)/K*(1410) frame ,where X = 0,2

23. The unit vector normal to J /'I/J frame d
24. The angle between K~(1430)/ K*(1410) (h

-:-t
plane and k1 ,where X = 0,2

25. The angle between J / 'I/J and qt Be
26. The angle between the planes

J/'I/J and K1(1430)/ K*(1410) ,where X = 0,2 cP

(i.e. between rfandd)



!k.q = ~(M~ - Sk - Se)

In k frame on contracting between k = k1+ k2 and K = k1 - k2 and putting the value

ki = M'f and k~ = M'f, we have

1_. 1/ = I_j.t 1/ _ 1_2 1_2 _ Jf2 Jf2
Ji,. £1 If; £lj.t - If;] - Ji,2 - .lV.1/c - .lV.1/c1

Ik.K = ~Sk

Similarly on contracting between K and K and putting the value ki = M'f ,k~ = M'f,
and 2k1.k2 = k2 - ki - k~

KJ1K
J1

ki + k~ - 2k1·k2

2(ki + kD - k2

2(Mf + Mf') - Sk

And on contracting between Q and Q and putting the value qi = 0 ,q~ = 0 and

2ql.q2 = q2

QJ1Q _ 2 2 2 _
J1 - ql + q2 - ql·q2 - -Se

Iq.Q = 0



In J /'l/J C.M. frame and for massless lepton and antilepton ,the energy of lepton and

antilepton are same and momentum of lepton and antilepton are equal in magnitude

but opposite in sign. so the components of Q in J/'l/J C.M. frame are (0, 2qt) and the-,--t -,--t
uni t vector normal to Kx (1430) IK* (1410) frame If = J ~ - k1":-,n [101. Similarly.

Ik1IL(kp1.)2
-i 7t7t ..

the unit vector normal to J/'l/J frame a = J g- \2'/ . Therefore, on writing the
I qllL( ql .71,)2

value ofk 1 and rt 1 with respect to 7!, d respectively.

Now on contracting between ki and qt

In C.M. frame of B ,the momentum of K1-(1430) or K*(1410) and J/'l/J frames are

equal in magnitudes and opposite in sign .so let the velocity of K1-(1430) or K*(1410)

frame 11 = It1n and the velocity of J/'l/J frame V = _lt1n since, = v'1~V2 so
, = J& . similarly,' = ....!&-yIsk ..jSi

On boosting Q from J /'l/J C.M. frame to B C.M. frame

---:-t
=* Q0 = I k I cos ee



ko Iq I cos Be + 21 k IIqt I cos Be + 2 (-y - 1) Ik IIqt I cos Be

(ko + 21 qt Ii) Ik Icos Be

(ko + qo) I k I cos Be
1M -- )..1/2(M2 k2 q2)cosBB2MB B" e

X cosBe

Ik.Q = x cosBe

Similarly, on boosting K' from K1(1430) orK*(1410) C.M.frame to B C.M.frame

and on contracting between q and K in B C.M. frame

I q.K = ~q.k + fiX cos Bk

I K.Q = ~k.Q + fi[k.q COS Bk cos Be - VSiSk sin Bk sin Be cos 1>] (5.24)

E~VQ~(B~ - q~)KVqQQ~

E~vQ~B~ KV qQQ~ - E~vQ~q~KV qQQ~



_ EovQ(3MBKv qQQ(3

_ MBEvQ(3Kv qQQ(3

- MB(K x 7).Q
= -MB 171 (K x n).a
= - MB 171 [{2kt + 2b' - 1) Ikt Icas ek n +

7'~~lk\!} x 1i].[2qt - 2(7 - 1) Iq; I cosO, Ii]

- -4MB It I (ki x n).qi

- -4MB It I[{(J-lt-1 1-2--(t-1-.n-F -t +
(ki.n)n) x n}.( vlqil2 - (qi.n)2 d + (qi.n)n)]

- -4MB Itllkillqil sin ek sin eg sin ¢ (5.25)

I ep(T qp = 0 I

I ep(TQp = _Q(T I

I ep(Tg - - KP + qPqql
(T(T' - U(TI q2



( pa qPqa)k _ k;' k.q a _ Fa
- 9 +7 P - - + ~q - (k,q)

le'J,V -FI"qv - (q,k)

On contraction between F's and momentum and using the results from kinematics

we have

I F(k,q).q = 0

I F(K,k).k = 0 I



IR Q_k.qXcosBe I(q,k)· - 8k

I D D {3Xk.q ()r(K,k)·r(k,q) = --8e- COS k

R R = k.gX
2

(q,k)· (k,q) 8e8k

(Ka (k.K) ka (q.K) a (k.K) (k.q) a)
- fZ2 - -q;:-q + k2q2 q qa

(k.K) (k.K)
q.K - fZ2k.q - q.K + fZ2k.q = 0

IE.q = 0

Similarly, on contracting between E and k and using the results from kinematics we

get



Now again on contracting between S and four momentums and using the relations

from kinematics we can get

(R RIJ _ F(K,k).K FIJ _ (F(K,k).q)2 kIJ + F(K,k).K F(q,k).q kIJ)
(K,k)·q (K,k) 3 (q,k) k.q 3k.q qIJ

2 F(K k).K 2 F(K k).K
(F(K,k).q) - 3 F(q,k).q - (F(K,k).q) + 3 F(q,k).q

o (5.61)

IS.q = 0

S2q2 = j34X2SlSk{X2cos4e - ((k q)2 - ~8 8 )cos2e -188 }(k.q)2 k· 3 f. k k 9 f. k

Now again on contracting between R and four momenta

So, the value R.q is

lR.q = 0



On contracting between L~I7' and other entities and using the previous relations

The value of 0P' 17'L~I7' is

Op'l7'L' - OP'I7' ( Q Q 2)1717' - ql7ql7' - 17 17' - 91717'q

I OP'I7'L' - Q Qpl (jP' 2 - pi1717'- 17 + 17q q ql7

Similarly, the value of OPI7Op'l7' L~171 is

I OPI7OP'I7'L~171 = -QPQP
I + q20pp' I

I Ftk,q)F(~,q)L~171 = X2(1 - cos20£) I

Using the previous results the value of EI7 EI7' L~I7' is

E17 E171L~171 = ,82 { S£Sk + X2 cos2 Ok - (k.q)2 cos2 O£ cos2 Ok -

.20 .20 2 A-, l}S£Sk sm £ sm k cos 'f' + 2
Js£skk.q sin 20£ sin 20k cos ¢ (5.77)



- f3X {k.q sin2 e£ cos ek +
1
"2)StSk sin 2et sin ek cos ¢}

On contracting between f'T' ,L~a' and Ea

EaDa' L'£(k,q) aa' =

ka' (3' J.L' aep' a' ,EJ.Llpla'(31 q F(K,k)E Laal

ka' (31(_KJ.L (k.K) kJ.L)(E QQpl EP' 2)EJ.Llpla'(3' q + k2 . + q

E Q ka' (3' J.LQPI- . EJ.Llpla'(3' q K
I I a' (3'-E.Q Ep'(3'J.L'a,kJ.LKP q Q

E Q kJ.L' pi a'Q(3'. EJ.L'p'a'(3' K q

13{k.q cos et cos (h - ) StSk sin et sin ek cos ¢}

(-)Stskf3Xsineksinetsin¢) (5.79)

So, the value of Eara' L~a' is

2 (k.q))StSk
-13 X { 4 sin 2et sin 2ek sin ¢ -

St;k sin2 et sin2 ek sin 2¢}

Doing in the same way the value of the following relations are

F{k,q)ral L~al = ~f3X2 )StSk sin 2et sin ek sin ¢

Sasa'L' = f34X2 {X
2

4 eaa' - SISk (k.q)2 COS k-

((k.q)2 - ~StSk) 2 StSk
(k.q)2 cos ek - 9(k.q)2 +

StSk 4 2 2 1 2
-(k )2 (cos ek - - cos ek + -) cos et +

.q 3 9
1 . 22e . 2 e 2 rJ..4" sm k sm t cos 'f/-

)StSk 2 1. .
-k-(cOS ek - -) sm 2ek sm 2e£ cos ¢}

2 .q 3



RfJRfJ'L' fJfJ'

4 3 JSeSk 2 1
-/3 x sesk{-k-(COS Ok - -) sin 20k sin 20e sin cjJ

.q 3
1- 2 sin2 20k sin2 Oesin 2cjJ}

/33 X Jsesd k.q sin Oesin Ok cos Oecos2 Ok COS cjJ+
sesk . 0 . 0 0 ( 20 1) '"-k sm e sm k cos e cos k - - COS 'I" -.q 3

2 2 1
JSeSkCOS OeCOSOk(COS Ok-"3)-

Jsesk(l - cos20e - cos2 Ok +
2 2 2 2 }cos Oecas Ok) COS Ok COS cjJ+ "3J SeSk cos Ok

2 2 JSeSk 2 2 1
/3 X Jsesd-k- cos Oe(COS Ok - -) -

.q 3
sin Oesin Ok cos Oecos Ok COS cjJ

Similarly ,on contracting between R,L' and f so the value of RfJffJ' L~fJ' is

RfJffJ' L~fJ' = (tJ.LpCt/3qv + tVPCt/3qJ.L)kCtq/3( -Ff,kF~,k +
FK,k.K OJ.Lv)ePfJf'L'

3 fJfJ'

( J.L 2 J.L)
- 2q.F K,ktJ.LpCt/3F K,k + "3 K.F K,ktJ.LpCt/3Fq,k

kCtq/3OPfJffJ' L~fJ'

-2q.FK,ktJ.LPCt/3Ff,kkCtq/30PfJffJ' L~fJ' + a
F ffJfJ'L'- 2q. K,k fJfJ'

2/33 x3 SeSk (cos2 Oe + sin2 Oecos2 cjJ) sin2 Ok cos Ok

2/33 X3 sesd cos2 Oecos Ok - cos2 Oecos3 Ok -

(cos Ok - cos2 Oecos Ok - cos3 Ok +
cos2 Oecos3 Ok) cos2 cjJ}



serrer' L~er' f33 X2 sfsd ~ sin2 Of sin2 Ok cas Ok sin 2¢ +
VSfSk (. 0 . 0 0-- sm f sm k cas f-

k.q

sin Of sin Ok cas Of cas2 Ok) sin ¢}

RerEer' L~er' f33 X2 {SfSk (cas Ok - cas3 Ok - cas2 Of cas Ok +
cas2 Of cas3 Ok) sin 2¢ -

2k·QVsfsk sin Of sin Ok cas Of cas2 Ok sin ¢}



5.3 Nonvanishing Co-efficients of Spherical Har-

monics of the Matrix Elements

Table 5.2: Nonvanishing Co-efficients of Spherical Har-
monics of the Matrix Elements

S.No. co-efficients expression
1. 0 e2s£sd,82IbI2 + (x2 - 1)(2IaI2 - ~,82Re(hb*)+aoo

7\,84s£sklhI
2) }

2. 0 e2,8 x2 - ls£skH,8\/s£skRe(hb*) - 2xRe(ba*)-am
2(x2 - l)y/s£skRe(ca*)}

3. 0 e2,82(x2 - 1)s£sd2/bI2 + Re(ha*) + 4Xy/S£SkRe(bc*)a02
(x2 2)

+2(x2 - 1)s£sklcI
2 + ,82S£Sk ",~3 Ih12}

4. 0 e2(x2 - l)s£sk{ -21a12 + ,82(2s£SkldI2 + ~Re(ha*))+a20
f3~!Sk (lfI2x2(x2 - l)s£sk - ~lhI2)}

5. 0 e2,8Y/x2 - ls£skH,82y/s£skRe(hb*)+a21
4xRe(ba*) + (x2 - 1)(4Re(ca*)+
,82s£sk(~~Re(hc*) + y/S£SkRe(hd*)}

6. 0 e2,82s£sk{f3"~lSk (x:;-1)(~lhI2 - X2(X2 -1)s£sklfI2)-a22
2x21bl2 - (x2 - l)(Re(ha*) + 2S£SkldI2)-
4x(x2 - l)y/s£skRe(bc*) - 2(x2 - 1)2s£sklcI2}

7. 0 21,84 (x"-l) ( )2/hI2a24 e R ",2 S£Sk
8. d~o -e2,8s£skY/X2 - 1{8Re(ba*)+

4y/x2 - 1y/s£sk1m(da*) + {y/S£SkRe(hb*)}
9. d~l e2,82s£sk{4xlbI2 + (x2 -1)(4y/s£skRe(bc*)+

Re(ha*) - ,~s£sklhI2)}
10. d~2 e2,82Y/x2 - 1(S£Sk)3/2C";lRe(hb*)+

(x2 - l)y/s£skRe(hc*)}



S.No. co-efficients expression

11. dt3 e2,84(X::l) (SeSk)2IhI2

12. 2 2e2,82sesdldI2(x2 - l)sesk -lbI2+aOO
ll6,82(X2- 1?(sesk)2IfI2}

13. 2 -e2,83Jx2 - 1(sesk)3/2{Re(hb*)+am
2(x2 - l)seskRe(fd*)}

14. 2 2a20 -aDO
15. 2 -(a6o + a64)a02
16. 2 2a2l -aOl
17. 2 2a03 -aOl
18. 2 2 2a22 aOO+ a04
19. 2 ~e2,84(x2 - 1)(sesk)2jhI2a04
20. 2 2a23 aOl
21. 2 2a24 -a04
22. dfo -,83(seSk)2 (x~:l)Im(hd*)

23. dfl ,82seSk{(4(x2 - l)y'sfSkIm(dc*) - 4xlm(bd*)+

(x2 - 1)3/2(2Im(fa*) - ~; (sesk)3/2Im(hf*))}

24. df2 _,83(X2 - 1)2(sesk)2{2(x2 - l)y'sfSkIm(fc*)+

2xlm(fb*) - ~Im(hd*)}

25. df3 ,84(seSk)5/2 (x2
_:)3/2 Im(hf*)

26. 4 2,82J(x2 - 1) (sesk)3/2Im(bd*)aoo
27. 4 ,83(seSk)2(x2 - 1)2{Im(fb*) - ~Im(hd*) + Im(hb*)}am
28. 4 _~,84(X2 - 1)3/2(sesk)5/2Im(hf*)a04
29. 4 4a20 -aDO
30. 4 -(a60 + a64)a02
31. 4 4a03 -aOl
32. 4 4a2l -am
33. 4 4 4a22 aOO+ a04
34. 4 4a23 am
35. 4 4a24 -a04
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