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Introduction

� Conventional mesons� q�q

�J � �L� �S�
P ���
L��

C ���
L�S

�
� CP � ��
S��

� Exotic mesons

JPC � ���� ���� ���� ���� � � �
�� �q�q � g
 or �q�q � q�q


CP � ��
S in the �ux�tube model



Resonances

� Breit�Wigner form�

Mass� w� and Width� ��

E�ective mass� w

��w
 �
��w�

w�
� � w� � i��w�

� ei ��w� sin ��w


� Phase Shift�

cot ��w
 �
w�
� � w�

��w�



Decay in helicity quantization

x y

z

xh = yh × zh

yh ∝  z × zh

zh

Ω

Ωh

� � ��� �
 for the primary decay

�h � ��h� �h
 for the secondary decay

For jJMi � js�i� j��i� the decay amplitude is

AJ
����� ��M
 � D J �

M������� �� �
F J
� �

M� Jacob and G� C� Wick
Ann� Phys� �N�Y�
 ����� �����


If the angles are zero�

AJ
� ���� ���� �
 � F J

� �



Decay in canonical quantization

For jJMi � jsm�i� j�m�i� the decay amplitude is

AJ
�S��� ��m�m�M
 � G J

� S �sm� �m�jSms
X
m

��mSmsjJM
 Y �
m��� �


If the angles are zero�

AJ
�S��� ��m�m�ms
 � G J

�S �sm� �m�jSms
 ���SmsjJms


and m� � � and m� � ���

Therefore� with � � �� ��

F J
� � �

X
� S

�
��� �

�J � �

����

���S�jJ�
 �S� � ��jS�
G J
� S

M� Jacob and G� C� Wick
Ann� Phys� �N�Y�
 ����� �����




Two�body decay� J � s� �

Parent Daughter � Daughter �
Spin J s �
Parity 	

J
	s 	�

Helicity � �

Momentum p q k
Energy p

�
q
�

k
�

Mass W m 


Energy�Mass �s ��
Velocity �s ��

Wave function ����� �
 ��
 ����


where

�s �
q
�

m
� �s�s �

q

m
� �� �

k
�



and ���� �

k




and

� � �� � and r � q � k



Momenta and Wave functions

p� � � W � �� �� � 


q� � � q�� �� �� q 

� � �sm� �� �� �s�sm 


k� � � k�� �� �� �q 

� � ��
� �� �� �����
 


r� � � q� � k�� �� �� �q 


and

����
 � � �p
�

� �� �� �i� � 


����
 � � �� �� �� � 


���
 � � �p
�

� �� �� �i� � 


���
 � � �s�s� �� �� �s 


����
 � � �p
�

� �� �� �i� � 


����
 � � ������ �� �� �� 


Transversality condition�

p��
���
 � q�

���
 � k��
���
 � �



Wave functions�continued

p��
��m
 � �

����m
���m�
 � ��mm�

X
m

���m
����m
 � �g���W 


where the �rest�frame metric� is given by

�g���W 
 � ��g�� �
p�p�

W �
	 P���W 


and P���W 
 is the spin�� projection operator�

The wave functions  and � obey similar relationships
but with their own rest�frame metric�

�g���m
 � ��g�� �
q�q�

m�

�g���

 � ��g�� �
k�k�


�

and similarly P���m
 and P���

�



The spin�� wave function can be written

����m
 �
X
m�m�

��m� �m�j�m
���m�
�
��m�


where m � m� �m��

Sinilarly� the spin�	 wave function is

���	�m
 �
X
n�m�

��n� �m�j	m
����n�
�
	�m�


�
X

m�m�m�

��m��m�j�n�
��n��m�j	m


���m�
�
��m�
�

	�m�


where m � m� �m� �m��

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

g�� �
���m
 � �g���W 
 ����m
 � �

P� R� Auvil and J� J� Brehm
PR ���� ���� �����




The spin�J wave function is

�������J�m
 � �aJ�m
����
X
m�

�m���

X
P

�����
 � � � �����
 � � ��	���
 � � �

where

aJ�m
 �
�J �m
 �J �m
 

��J
 

The number of terms in the summation is

bJ�m�m�
 �
J 

m� m� m� 

where �m� � J �m�m� and

m� � ���
� ��	
� � � � � J �m � even�odd


S� U� Chung
PR�to be published



Invariant �S�coupling amplitudes

De!ne a projection operator for orbital angular mo�
menta� It should be a tensor of rank ��

P � �
X
m

� ��m
� ���m


Relevant invariant amplitude

�
� ���m

 r r � � �� � c� r

� �m�� c� � � 
h ��

���
 

i���

Consider now a wave function �S�ms
 de!ned in the
J rest frame corresponding to jSmsi

�S������s��������
�ms
 �

X
mamb

�sma �mbjSms
�
s
������s

�ma
�
�
�������

�mb


This is a tensor of rank s� �� The projection operator
for the instrinsic spin S is a tensor of rank ��s � �


P S �
X
ms

�S�ms
�
S ��ms




Relevant invariant amplitudes are

�
�s��ma

 ��


�
� f s���s
 �ma ��

����mb

 ����

�

� f�� ���
 �mb ��

and the overall invariant amplitude for pure spin S

�
��
 
 �S ��ms

 ����


�
� �s� ���jS�
f s���s
 f�� ���
 �ms�

The f�functions are

f jm��
 � aj�m

X
m�

bj�m�m�
 ���
m�

Examples are

f ���� ��
 � � for � � ��

� � for � � �

and

f ���� ��
 � � for � � ��

� � for � � ��

�
�

	
�� �

�

	
for � � �



Covariant helicity�coupling amplitudes

Nonrelativistic�

F J
� � �

X
� S

�
��� �

�J � �

����

���S�jJ�
 �S� � ��jS�
G J
� S

with � � �� ��



Relativistic�

F J
�� �

X
�S

�
��� �

�J � �

����

���S�jJ�
�s� ���jS�


�W�W�

n �r�r�


� f s���s
 f�� ���
 GJ
� S

where

n � � if s� � � �� J � odd

n � � if s� � � �� J � even



Number of independent

helicity�coupling amplitudes

De!ne

NJ � �a� b� �
�a � s� � � �
 � �s� � � a
��J � �


where

a � minfJ� s � �g
b � minfJ� s� �g

and

N���
J � �NJ � �
��� F J

�� �� ��

if 	
J
��
J � �	s��
s 	���
�

N���
J � �NJ � �
��� F J

�� � ��

if 	
J
��
J � �	s��
s 	���
�



Number of Independent Amplitudes

s � J N���
J N���

J NJ

� � � � � �

� � � � � �
� � � � � �

� � � � � �
� � � � � 	
� � � � � 	

� � � � � 	
� � � 	 � �
� � � � � �
� � 	 � � �

� � � � � �

� � � � � 	
� � � � 	 �
� � 	 � 	 �

� � � � � 	
� � � � � �
� � � � � �	
� � 	 �  ��
� � � �  ��



I� �������� ������� �

Since �� � �� � ��� one must have � � ��

Using the notation�

�abcd� � �a b c d � � ���	� a
� b� c	 d �

the decay amplitude is

F� � �p r ��
 ����
�

so that

F� � � and F� � �F� � W r

in the rest frame of �����
�



II� b�������� ���	�� � �

Note� �� � �� � �� implies � � � or ��

Since �p � ��
 � �q � 
 � � and p � q � k�

the decay amplitude could be

F� � g
�
���
 � ����
� � g

�
�k � ��
��q � ����
�

where

�a � b� � �g�� a
� b� � a� b� � a� b

�

so that

F� � F� � g
�

F� � ��s�g�
� g

�
�W�q

�

q��



IIa� b�������� ���	�� � �

The decay amplitude can be written

F� � g
�

X
m

���
 � ���m
����m
 � ����
�

� g
�

X
m

�r � � ��m
 � r����
 � ��m
 � ����
�

� g
�
f���s
 ����
 � ����
� � g

�
c
�
r� ���
 � ���
 � ����
�

so that� with c
�
�
p

��	�

F J
� � g

�
� �

	
g
�
r�

F J
� � �s

�
g
�
�

�

	
g
�
r�
�

where J � �� Or� one can use the general formula� to
!nd

p
�F J

� �

r
�

	
g
�
�

r
�

	
g
�
r�

F J
� �

�r
�

	
g
�
�
r

�

	
g
�
r�

�
�s

Note

g
�
�
r

�

	
g
�

and g
�
� �

r
	

�
g
�



IIa� Example continued

Consider the angular distribution in cos�

I��
 �
X
�

�dJ����
�� jF J
� j�

where J � ��

This leads to a distribution

I��
 � jF J
� j� cos���
 � jF J

�j� sin���


so that

I��
 � g�
�
����s � �
 cos���
 � ��

�
�

	
g
�
g
�
r������s � �
cos���
� ��

�
�

�
g�
�
r������s � �
 cos���
 � ��

Note

r � �q and ��s �

�
q� �m�

m�

�

in the J rest frame�



III� Higgs boson decay

Consider a decay H �W�W��
Since H is a scalar particle� one must have � � S � ��
� � S � � or � � S � �� Assuming parity nonconserva�
tion�

F J
�� �

r
�

	
g�� � �p

�
g��WH

r �

r
�

�
g�� r

�

F J
�� � ��

�
�
r

�

	
g�� �

r
�

	
g�� r

�

�

where W
H

is the Higgs mass�

In the limit

W
H
��

F J
�� dominates over F J

��� i�e� W �s behave like spin�zero

particles �Goldstone bosons
�



III� Conclusions on J � s� �

� Rank�J tensor with a given m

Derived a general form for a rank�J tensor with a
de!nite m� tensor analogue of the ket state jJmi�

� Relativistic ��S coupling

Introduce relativistic concept of total intrinsic spin
S and orbital angular momentum �� with two in�
termediate wave functions ��ms
 and ��m
 �tensor
analogues of the ket states jSmsi and j�mi�

� Covariant helicity�coupling amplitudes

Covariant helicity�coupling amplitudes F J
�� depend

in general on W � r� �s and ���

�� W n� n�� or ��

�� r�� where � is the orbital angular momentum�

	� F J
�� is a polynomial of order s� j�j in �s

or of order � � j�j in ���

�� Photons can be treated on an equal footing
�Coulomb gauge
�


