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89 :; <=>? @ :A :; :B =C D = 9 : => < B E? =? C B C F :> <=C > U11G :H B : E> : <I =? C B <; F A? =J G :

Udp→dp = δ(Ed + Ep − E′
d − E′

p)J =< 1(23)|[1 − P12 − P13]U11|1(23) >

K A =ML N> < E EO :> P :> L Q < BG 9 < E : RJ <=? C B E DC > > : <> > < B P :; :B = C F :> <=C > ES
U11 = t2g0U21 + t3g0U31

U21 = g−1
0 + t1g0U11 + t3g0U31

U31 = g−1
0 + t1g0U11 + t2g0U21



T= :> <=? B P K N QL : RJ <=? C B EJ F =C E :IC BG C > G :> = :> ; EC U :> tC B :C O = <? B E

Jdp→dp = JONE + JSS + JDS

V B :L WJ I A :C B L X @ I 9 < B P :

JONE = −2 < 1(23)|P12g
−1
0 |1(23) >

Q? B P A :L Q I <= = :>? B P

JSS = 2 < 1(23)|tsym
3 |1(23) >

YC J O A :L Q I <= = :>? B P

JDS = 2 < 1(23)|tsym
3 g0t

sym
2 |1(23) > Z

[ 9 :> : BC = <=? C B E DC > < B =? E \; ; :=> ? ] :G C F :> <=C > E 9 < U : O : :B ? B => C G J I :G
tsym
2 = [1 − P13]t2 < BG tsym

3 = [1 − P12]t3^
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_C > :B ] => < B E DC > ; <=? C B

L(~u)p1 = (E∗, ~p)

L(~u)p2 = (E∗, −~p)[? = 9 U :AC I? = \

~u =
~p1 + ~p2

E1 + E2

89 : I ^; ^ :B :> P \C DC B :C D = 9 : B J I A :C B E E∗? E> :A <= :G [? = 9 ` < BG :A E= <; U <>? < O A : sO \

E∗ =
√

s/2 .

_ :=ba E? B => C G J I : B : [ U <> ? < O A : E ~Q < BG ~k [ 9? I 9 I < B O : : @ F> : E E :G = 9 > C J P9 ~p1 < BG ~p2

~Q = ~p1 + ~p2

~k =
(E2 + E∗)~p1 − (E1 + E∗)~p2

E1 + E2 + 2E∗ .



K = [C L B J I A :C B E= <= :? B = 9 : (~p1, ~p2) E \ E= :; ? E IC B B :I = :G [? = 9 < = [C L B J I A :C B E= <= :? B = 9 : I :B = :> LC DL ; < E E O \ = 9 :> :A <=? C B

|~p1, ~p2 >= J−1/2(~p1, ~p2)W1/2(~p1, ~u)W1/2(~p2, ~u)|~k, ~Q > ,

[ 9 :> : W1/2c ? P B :> > C = <=? C B C F :> <=C >
W1/2(~pi, ~u) = exp {−iωi(~ni~σi)/2} = cos(ωi/2)[1 − i(~ni~σi)tg(ωi/2)]

89 : [ < U : DJ B I =? C B C D = 9 : OC J BG E= <= : => < B E DC > ; E? B = 9 : E <; : [ < \ < E = 9 : E= <= :C D< E? B P A : F <> =? I A :

W (L~u′)| ~P >=

√

E~Q

E~P

W1(~Q, ~u′)| ~Q > ,

[ 9 :> : = 9 : W1? E = 9 : c ? P B :> > C = <=? C B C F :> <=C > DC > E F? B 1 F <> =? I A :
W1(~Q, ~u′) = exp

{

−iω(~n′~S)
}

< BG

L(~u′)~P = ~Q



89 :G :J = :> C B [ < U : DJ B I =? C B ? B = 9 :> : E= 9 < E = 9 : E= < BG <> G DC > ;

< mpmn|Ωd|Md >=
1

√
4π

< mpmn|
{

u(k) +
w(k)
√

8
[3(~σ1k̂)(~σ2k̂) − (~σ1~σ2)]

}

|Md >

u(k) < BG w(k)L S− < BG D−IC ; FC B :B = EC D = 9 :G :J = :> C B ^

89 :B = 9 :G :J = :> C B [ < U : DJ B I =? C B ? B = 9 : ; C U? B P D> <; :? E

< ~p1 ~p2, m1m2|Ωd| ~Q, Md > ∼ < ~k ~Q, m′
1m

′
2|W

†
1/2(~p1, ~u)W †

1/2(~p2, ~u)Ωd|~0, Md >



Y :J = :> C B [ < U : DJ B I =? C B ? B = 9 : ; C U? B P D> <; :

< ~p1 ~p2, m1m2|Ωd| ~Q, Md > = < ~p1 ~p2, m1m2|g1(~k, ~Q) + g2(~k, ~Q)(~σ1~n)(~σ2~n) +

+ g3(~k, ~Q)(~σ1~σ2) + g4(~k, ~Q)(~σ1k̂)(~σ2k̂) +

+ g5(~k, ~Q)[(~σ1 + ~σ2)~n] +

+ g6(~k, ~Q)[(~σ1k̂)(~σ2~n × k̂) + (~σ1~n × k̂)(~σ2k̂)]| ~Q, Md >

gi <> : IC ; O? B <=? C B EC D = 9 : S− < BG D−IC ; FC B :B = EC D = 9 :G :J = :> C B [ < U : DJ B I =? C B

d u < BG w e
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JONE = −
1

2
(Ed − Ep −

√

m2
N + ~p 2 − ~Q2) ·

< ~p′m′; − ~QM′
d|Ω

†
d(23)[1 + (~σ1~σ2)]Ωd(23)| ~QMd; ~pm >
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JSS =

∫
d~q ′ < − ~QM′

d|Ω
†
d|~q

′m′′, − ~Q − ~q ′m′
3

>

< ~p ′m′, − ~Q − ~q ′|
3

2
t1

12
+

1

2
t0

12
|~pm, ~Q − ~q ′m′

2
>< ~q ′m′′, ~Q − ~q ′m′

2
|Ωd| ~QMd >
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< κ′m′
1m

′
2|t|κm1m2 > = < ~κ′m′

1m
′
2|A + B(~σ1N̂

∗)(~σ2N̂
∗) + C(~σ1 + ~σ2) · N̂∗ +

D(~σ1q̂
∗)(~σ2q̂

∗) + F (~σ1Q̂
∗)(~σ2Q̂

∗)|~κm1m2 >

[ 9 :> : = 9 :C > = 9 C BC > ; < A O < E? E? E IC ; O? B <=? C B EC D = 9 : B J I A :C B E> :A <=? U : ; C ; :B = <? B= 9 :? B? =? < A ~κ < BG H B < A ~κ′ E= <= : E

q̂∗ =
~κ − ~κ′

|~κ − ~κ′|
, Q̂∗ =

~κ + ~κ′

|~κ + ~κ′|
, N̂∗ =

~κ × ~κ′

|~κ × ~κ′|

< ~p′~p′
3; m

′m′
3|t|~p~p3; mm3 >∼< κ′m′

1m
′
2|W

†
1/2(~p

′)W †
1/2(~p

′
3) t W1/2(~p)W1/2(~p3)|κm1m2 >
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JDS = NN ′
∫

d~q ′
∫

d~q′′ < − ~QM′
d|Ω

†
d|~q ′m′

2,
~Q − ~q ′ m′

3 >

< m′m′
2m

′
3|

{

t1
12(

√

s′
12, ~κ, ~κ ′)t1

13(
√

s13, ~k,~k′) +

1

4
[t1

12(
√

s′
12, ~κ, ~κ ′) + t0

12(
√

s′
12, ~κ, ~κ ′)][t1

13(
√

s13, ~k,~k′) + t0
13(

√
s13, ~k,~k′)]

}

1

Ed + Ep − E′
1 − E′

2 − E′
3 + iε

|mm2m3 >< − ~Q − ~q ′′ m2, ~q ′′ m3|Ωd|Md >

1

E − E′ + iε
= P 1

E − E′ − iπδ(E − E′)
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� > :? = E \ E= :;

Ed = E′
d =

√

M2
d + ~Q2, Ep = E′

p =
√

m2 + ~p2

(~p ~Q) = −~Q2

Î �� � $ �� " �  �� "  
  �' �0 1 � !� !

~z =
~p − ~p′

|~p − ~p′|
= −Q̂, ~x =

~p + ~p′

|~p + ~p′|
= p̂ + Q, ~y = ~z × ~x = p̂ × Q̂
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