
k′νT
µν = kµT

µν = 0 gia to �jroisma twn dÔo diagramm�twn kaiìqi gia to kajèna apì aut�.Qrhsimopoi¸nta
 ìti (p+ k)2 = s kai (p− k′)2 = u kaiagno¸nta
 thn m�za tou hlektron�ou, ta dÔo pl�th g�nontai

M1 =
1

s
ǫµǫ

′∗
ν e

2 ū(s′)(p′)γν(p/+ k/)γµu(s)(p)

M2 =
1

u
ǫµǫ

′∗
ν e

2 ū(s′)(p′)γµ(p/− k/′)γνu(s)(p)

ja prèpei t¸ra na upolog�soume to |M1 +M2|2. A
upolog�soume pr¸ta to |M1|2

|M1|2 =
1

2 · 2
1

s2
e4 Tr

[

p/γµ′

(p/+ k/)γν′

p/′γν(p/+ k/)γµ
]

ǫµǫ
′∗
ν ǫ

∗
µ′ǫ′ν′Gia ta fwtìnia èqoume: ǫµǫ∗µ′ = −gµµ′ kai ǫ′∗ν ǫ′ν′ = −gνν′ (bl. to217



Par�rthma) kai to |M1|2 g�netai

|M1|2 =
1

4

1

s2
e4 Tr [p/γµ(p/+ k/)γνp/

′γν(p/+ k/)γµ]

=
1

4

1

s2
e4 (−2)(−2)Tr [p/(p/+ k/)p/′(p/+ k/)]

=
1

s2
e4 Tr [p/k/p/′(p/+ k/)]

=
1

s2
e4 Tr [k/p/′k/p/] =

1

s2
e4 4 [(kp′)(kp) + (kp)(kp′)] =

=
4e4

s2
2
s(−u)

4
= −2e4u

sìpou sthn tr�th kai sthn tètarth isìthta qrhsimopoi same ìti
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p/2 = p2 = 0. 'Omoia, to �llo di�gramma d�nei

|M2|2 = −2e4 s

u'Askhsh 40 De�xte ìtiM1M∗
2 = 0Epomènw
,

|M1 +M2|2 = |M1|2 + |M2|2 = 2e4
(

−u
s
− s

u

)

'Askhsh 41 An to fwtìnio e�nai dunhtikì, opìte
k2 = −Q2 6= 0, de�xte ìti |M|2 = 2e4

(

−u
s
− s

u
+ 2Q2t

su

)
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H Dom  twn Adron�wnH skèdash qrhsimopoie�tai gia thn anagn¸rish th
 dom 
 toustìqou. Qrhsimopoi¸nta
 thn gwniak  katanom  touskedazomènou ��bl mmato
�� (p.q. hlektrìniou), mporoÔme nap�roume plhrofor�e
 gia thn dom .H genik  idèa e�nai h eÔresh tou par�gonta morf 
 (form

factor) F (q)

dσ

dΩ
=

dσ

dΩ

∣
∣
∣
∣shmeiakì
 stìqo
 |F (q)|2me q h metaferìmenh orm  metaxÔ tou prosp�ptonto
��bl mmato
�� e kai tou stìqou: q = ki − kf . Xekin�me me thskèdash e se stìqo qwr�
 spin, me fort�o Zeρ(x) ìpou

220



∫

ρ(x) d3x = 1Gia statikì stìqo èqoume
F (q) =

∫

ρ(x)e−iq·x d3xen¸

dσ

dΩ

∣
∣
∣
∣shmeiakì
 stìqo
 =

dσ

dΩ

∣
∣
∣
∣
Mott

=
(Zα)2E2

4k4 sin4 θ
2

(

1− v2 sin2 θ

2

)

A
 doÔme p¸
 ft�noume s' autì. Gia statikì fort�o me tim  Zeja èqoume Aµ = (V, 0) me
∇2V (x) = −Zeδ3(x) gia shmeiakì fort�o
∇2V (x) = −Zeρ(x) gia fort�o me puknìthta ρ221



Opìte, gia to shmeikì fort�o

∫

e−iq·x∇2V (x) d3x = −
∫

Zeδ3(x)e−iq·x d3x

(−iq)2

∫

e−iq·xV (x) d3x = −Ze
∫

e−iq·xV (x) d3x =
Ze

q2ìpou sthn deÔterh isìthta odhghj kame me dipl  olokl rwshkat� mèrh (kai mhdenismì tou epifaneiakoÔ oloklhr¸mato
 pouprokÔptei k�je for�). Gia to fort�o me puknìthta ρ èqoume
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ant�stoiqa
∫

e−iq·x∇2V (x) d3x = −
∫

Zeρ(x)e−iq·x d3x

(−iq)2

∫

e−iq·xV (x) d3x = −ZeF (q)

∫

e−iq·xV (x) d3x =
Ze

q2
F (q)

T¸ra gnwr�zoume ìti

Tfi = −ie
∫

d4x Ψ̄fγ
µΨiAµ = −ie

∫

d4x ū(kf )γ
µu(ki)e

−i(ki−kf )xAµ
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Gia Aµ = (V (x), 0) ja èqoume

Tfi = −ie
(
ūfγ

0ui

)
2πδ(Ei − Ef)

∫

d3x e−i(ki−kf )·x V (x)

= −ie
(
ūfγ

0ui

)
2πδ(Ei − Ef)

Ze

q2
F (q)ìpou q = ki − kf kai F (q) = 1 gia shmeiakì fort�o. Gia na p�mesthn diaforik  energì diatom 
, pa�rnoume

dσ =
|Tfi|2
T

d3kf

(2π)32Ef

1

2Ei

1

v
=

= (e4Z2)

[
1

2

∣
∣ūfγ

0ui

∣
∣2
](

F (q)

q2

)2

2πδ(Ei − Ef )
d3kf

(2π)32Ef

1

2Ei

1

vìpou qrhsimopoi same ìti (2πδ)2 = T2πδ kai h agkÔlh uponoe��jroisma sta spin. 224



Gia statikì ped�o, h enèrgeia tou hlektron�ou den all�zei(δ(Ei − Ef )), opìte kai |kf | = |ki| kai E2 = k2 +m2 →
EdE = kdk. 'Etsi, d3kf = k2

fdkfdΩ = kfEfdEfdΩ. To dσgr�fetai
dσ = Z2e4

(
F (q)

q2

)2

2πδ(Ei − Ef )
kfEfdEfdΩ

(2π)32Ef

1

2Ei

1

v

[
1

2

∣
∣ūfγ

0ui

∣
∣
2
]

=
Z2α2

4(q2)2

[
1

2

∣
∣ūfγ

0ui

∣
∣
2
]
[
F (q2)

]2
dΩ

ìpou qrhsimopoi same ìti kf/Ef = v. A
 upolog�soume t¸rathn agkÔlh (Ei = Ef = E kai |ki| = |kf | = k)
1

2

∑

sf ,si

∣
∣ūfγ

0ui

∣
∣2 =

1

2
Tr [(k/i +m)γ0(k/f +m)γ0]
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=
1

2

[
Tr [k/iγ0k/fγ0] +m2Tr

[
γ2

0

])

= 2
(
2EiEf − kikf +m2

)

= 2
(
2E2 − (E2 − k2 cos θ) +m2

)

= 2
(
2E2 − (E2 − k2 cos θ) + E2 − k2

)

= 4E2

(

1− v2 sin2 θ

2

)

me v = k/E h taqÔthta tou hlektron�ou. Opìte,

dσ

dΩ
=

Z2α2

4k4 sin4 θ
2

E2

(

1− v2 sin2 θ

2

)

[F (q)]2 (23)

me q2 = (kf − ki)
2 = 2k2(1− cos θ) = 4k2 sin2 θ

2

. Gia shmeiakì
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stìqo, ìpw
 e�pame, F (q) = 1. 'Opìte, pr�gmati,

dσ

dΩ
=

dσ

dΩ

∣
∣
∣
∣shmeiakì
 stìqo
 [F (q)]2

'Askhsh 42 An to hlektrìnio e�qe spin 0, de�xte ìti h èkfrash

4E2

(

1− v2 sin2 θ

2

)

antikaj�statai apì to 4E2 kai h Ex.23 g�netai

dσ

dΩ
=

Z2α2

4k4 sin4 θ
2

E2 [F (q)]2

Opìte, mpa�nei h er¸thsh: giat� to mh sqetikistikì hlektrìnio,dhlad  gia v → 0, me spin=1/2 den diafèrei apì to ��hlektrìnio��me spin=0? 227


