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Introduction

e Conventional mesons: qq

J=L+3§
P =(=)""
Co(_yts (7 CP

e EXxotic mesons
JP¢ =0, 0t—, 1+, 2%~ ...
—> (gqg + g) or (¢g + 4qq)

CP = (-)% in the flux-tube model



Resonances

e Breit-Wigner form:

Mass—= wg and Width= T
Effective mass= w

r

2 .
w§ — w? — i Mo wo

= e'%(®) sin §(w)

e Phase Shift:

2 _ .2
cot§(w) = Do

Mo wo



Decay in helicity quantization

Q = (0, ¢) for the primary decay
Q, = (0, ¢p) for the secondary decay

For |JM) — |sA) 4+ |ov), the decay amplitude is
Aiy(e) ¢) M) X 'Dj\]fjl;\—y(qs) 0) O)F}{y

M. Jacob and G. C. Wick
Ann. Phys. (N.Y.) 7,404 (1959)

If the angles are zero,

AiV(O, 0O;\—v) Fj\IV



Decay in canonical quantization

For |JM) — |sm1) 4 |om2), the decay amplitude is
AEJS(H,QS; mimo M) x GEJS (sm1omo|Sms)

Y (tm Sm|TM) Y56, )

If the angles are zero,

AgS(O, 0; m1momg) GEJS (sm1om2|Smg) (L0 Sms|Jmy)

and mi1 = A and mo = —v.

Therefore, with § = A\ — v,

1/2
P o= Z <2£-|— 1)
v \20+1
(£0 S8|J8) (SX 0 —v|S6) G/

M. Jacob and G. C. Wick
Ann. Phys. (N.Y.) 7,404 (1959)



Two-body decay: J —»> s+ o

Parent Daughter 1 Daughter 2
Spin J S o
Parity n, Ns No
Helicity A v
Momentum P q k
Energy P, q, k,
Mass %% m I
Energy/Mass Vs Yo
Velocity Bs Bo
Wave function | ¢*(\ — v) w(A) e(—v)
where
g, q k, k
Ys — — YsBs = —, YYo= — and .0, = —
m m % %
and

d=A—v and r=gq—k



Momenta and Wave functions

p* = ( W; 0, O o )
¢ = ( qQo; 0, O q )
= ( ysm; 0, O YsBsm )

ke = ( ko 0, O —q )
— ( fyd,u'; O; O _70'/30'/1' )

r* = ( g—ko, O, O 29 )

and

(1) = F5 ( 0; 1, #i, O
$*(0) = ( o, 0, O, 1
wr(+) = :F% ( 0; 1, 4i, 0
wa(O) — ( 75/85; O, 0 Vs
e(+) = :F% ( 0; 1, +i, O
e*(0) = ( —vB, O 0, 7

Transversality condition:

Pa®®(A) = gaw(A) = kae®(A) =0

S NS S N S NS



Wave functions—continued

pap“(m) = O
¢Z(m)¢a(ml) — _5mm'
D da(m)gs(m) = Gap(W)

where the ‘rest-frame metric’ is given by

PaPp

gaﬁ(W) — _gaﬁ _I_ W2

— Pag(W)

and P,3(W) is the spin-1 projection operator.

The wave functions w and £ obey similar relationships
but with their own rest-frame metric:

. _ Gaq

gaﬁ(m) — —9Gup _I_ 2B
m

~ _ kok

Jap(n) = —Gap+ u2ﬁ

and similarly P,g(m) and P,s(u).



The spin-2 wave function can be written

¢*F(m) = Z (1m1 1m2|2m)¢®(m1)é° (m2)

M1

where m = m1 + mo».
Sinilarly, the spin-3 wave function is

¢*(m) = > (2n11ms|3m)¢* (n1)4”(m3)

1Mo

= Z (1m1 1m2|2n1)(2n1 1m3|3m)

MMM 13

¢*(m1)¢’(m2)¢" (ms3)
where m = m1 + mo + ms.

Note that it is orthogonal to p, symmetric and tracelss,i.e.

9o P (M) = Gopg(W) ¢*P(m) = 0

P. R. Auvil and J. J. Brehm
PR 145, 1152 (1966)



The spin-J wave function is

¢51..-5,(m) — [aJ(m)]1/2 Z 2m0/2
Z ¢ (+) - ¢ (0) - (=) -
P
where

(J 4+ m)I(J —m)!
(2J)!

a’(m) =

The number of terms in the summation is

J!

m4!molm_!

bJ(m) mO) —

where 2my = J + m — mg and

mo: 0(1),2(3),---,J —m = even(odd)

S. U. Chung
PR—to be published



Invariant /S-coupling amplitudes

Define a projection operator for orbital angular mo-
menta. It should be a tensor of rank 2¢

Pt = Z t(m)m**(m)

m

Relevant invariant amplitude

oL ]1/2

[Tﬁ*(m)®rr...} :cE’I"E(SmO, c£:£||:(2£)|

Consider now a wave function x°(m,) defined in the
J rest frame corresponding to |Sm)

Xgl...as;ﬁl...ﬁa(ms) = Z (smq omp|Sms)Xs,...q,(Ma)X3,...5,(M3)

Mg

This is a tensor of rank s + o. The projection operator
for the instrinsic spin S is a tensor of rank 2(s + o)

pP® = Z XS(mS)XS*(mS)

m,



Relevant invariant amplitudes are

[x°* (ma) ® w(N)] £3(¥s) S
[XU*(mb) & 5(_’/)] = f7(¥) Omy—v

and the overall invariant amplitude for pure spin S

[w(N) ® x**(ms) ® e(=v)] = (sX ov|S8) F3(7s) 7 (Vo) s

The f-functions are

fi(v) = al(m) 3 ¥ (m, mo) (27)™

Examples are

(1)(7) = 1 for A=4#£1
v for A=0

and

1 for =42
~ for A=4#£1
2 5

— — for A=0
37—|—

INKG)



Covariant helicity-coupling amplitudes

Nonrelativistic:

1/2
P = Z 20+ 1
o \20+1
(L0 S6|J8) (SX 0 —v|S8) G/

with § = )\ — v.



Relativistic:

20+ 1\ 12
" ¢S <2J-|- 1) ( OIS

(W/Wo)" (r/ro) 3 (vs) Fo(v0) G,

where
n=1 if s+o+{—J=odd

n=0 if s+o+£L—J=even



Number of independent
helicity-coupling amplitudes

Define

Ny=(a+b+1)(a—s4+0c+1)+(s+0c—-0a)(2J+1)

where

a =min{J,s + o}
b=min{J,s — o}

and

NP =Wy +1)/2, Ff #0,
it n,(=) = 4+n(=)n.(-)

N =(N;-1)/2, Ff =0,
it n,(=) = -n(=) n(-)°



Number of Independent Amplitudes

13
15
15




I. w(1600) — p(770) + 7

Since 1= -1~ +0~, one must have £ = 1.

Using the notation,

[abed] = [abcd] = €npys ¥ d°

the decay amplitude is

Fy o< [prw(X) ¢*(A)]

so that

Fo=0 and Fy=—-F «xWr

in the rest frame of w(1600).



II. 5;(1320) — w(782) + =

Note: 1t — 1~ 4+ 0~ implies £ = 0 or 2.
Since (p-¢*) = (q-w) =0 and p = q + k,
the decay amplitude could be

Fy o< g[w(A) - ¢*(MN)] + g.lk - w(M)]g - ¢7(A)]

where

[a - b] :§a5aabﬁzaaba = agq b®

so that

F, =F_ g,
Fo = —vs[g, + 9.(W/q,)q"]



IIa. b1(1320) - w(782) + 7
The decay amplitude can be written
Fyoc g, Y [w(X) - x*(m)][x(m) - ¢*(M)]
. + 9, [r-m(m) - rllw(X) - 7(m) - ¢*(N)]
o< g, fr(s) [X(A)TW{()\)] + g,c, 7* [w(A) - 7(0) - ¢*(A)]

so that, with ¢, = 1/2/3,

1
F{ =g — —gr?
-+ g, 392

2
Fy =, (go + §g2r2>

where J = 1. Or, one can use the general formula, to

find
Fg = (\/ggo — \/ggf) Vs
Note

— \/T and — \/5
9, 390 g, 292



IIa. Example continued

Consider the angular distribution in cos¢

1(9) o 3 [d3y(9)]? |FY P2

A

where J = 1.
This leads to a distribution

I(9) o |Fg|? cos®(9) + |F{|?sin?(9)

so that
1(9) o g2[(72 = 1) cos*(9) + 11
+ 20.0.7°1(22 + 1) cos*(9) — 1]

+ 5 r((402 — 1) cos?(9) + 1

Note

in the J rest frame.



ITII. Higgs boson decay

Consider a decay H > WTw—.
Since H is a scalar particle, one must have £ = S = 0,
{=S=1o0orf=5=2. Assuming parity nonconserva-

tion,
Fi \/T = \/7
— p— ’I" ’I"
+4 3900 \/—911 + g22
Fgo = +° <—\/7900 + \/7922?° )

where W, is the Higgs mass.

In the limit
W, = o

Fy, dominates over F{,, i.e. W's behave like spin-zero

particles (Goldstone bosons).



III. Conclusions on J —+ s—+o
¢ Rank-J tensor with a given m

Derived a general form for a rank-J tensor with a
definite m, tensor analogue of the ket state |Jm).

e Relativistic /-S coupling

Introduce relativistic concept of total intrinsic spin
S and orbital angular momentum £, with two in-
termediate wave functions x(m,) and 7(m) (tensor
analogues of the ket states |Sm,) and |[fm).

e Covariant helicity-coupling amplitudes

Covariant helicity-coupling amplitudes F{V depend
in general on W, r, v and ~,:

1. W", n=0 or 1.
2. rt where £ is the orbital angular momentum.

3. F{ is a polynomial of order s — |A| in s
or of order o — |v| in ~,.

4. Photons can be treated on an equal footing
(Coulomb gauge).



