
To F (q = 0) = 1. Gia mikrè
 timè
 tou |q| mporoÔme naanaptÔxoume to ekjetikì
F (q) =

∫ (

1− iq · x− (q · x)2

2
+ ...

)

ρ(x) d3x

An ρ(x) = ρ(|x|), dhlad  sfairik� summetrik , o deÔtero
 ìro
tou oloklhr¸mato
 mhden�zetai, giat� epillègonta
 q = (0, 0, q),

q · x = qz = qr cos θ kai d3x = r2 sin θdθdφdr
∫

q · xρ(x) d3x =

∫

qr cos θρ(r)r2 sin θdθdφdr

All� ∫ π

0

sin θ cos θ dθ = 0
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O tr�to
 ìro
 g�netai

−
∫

(q · x)2

2
ρ(r)d3x = −1

2

∫
∑

i

(qixi)
2ρ(r)d3x

Lìgw sfairik 
 summetr�a

1

3

∫

(x2
1 + x2

2 + x2
3)ρ(r) d

3x =

∫

x2
iρ(r) d

3x, i = 1, 2, 3opìte

− 1

2

∫
∑

(q2
i x

2
i )ρ(r)d

3x = −1

2

∫

(q2
1x

2
1 + q2

2x
2
1 + q2

3x
2
1)ρ(r)d

3x =

− 1

2

(∑

q2
i

)∫

x2
1ρ(r)d

3x = −1

2

(∑

q2
i

)∫ 1

3

(∑

x2
i

)

ρ(r)d3x =

− 1

6
q2

∫

r2ρ(r)d3x = −1

6
q2 < r2 >
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ìpou < r2 > e�nai h mèsh tim  tou r2. Opìte

F (q) = 1− 1

6
q2 < r2 >Dhlad , gia mikrì |q|, h skèdash metr� akrib¸
 aut  th mèshtim  tou r2. To mikrì m ko
 kÔmato
 tou fwton�ou mpore� naxeqwr�sei mìno ton sunolikì ìgko tou fort�ou ρ(r).'Askhsh 43 An h puknìthta fort�ou ρ(r)  tan th
 morf 


e−mr, de�xte ìti o par�gonta
 mof 
 e�nai
F (|q|) ∝

(

1− q2

m2

)−2

Skèdash hlektron�ou-prwton�ou. Par�gonte
morf 
 tou prwton�ouDÔo e�nai ta stoiqe�a pou diaforopoioÔn to prwtìnio-stìqo
 apì230



ta prohgoÔmena: to prwtìnio den e�nai ��statikì�� kai toprwtìnio èqei magnhtik  rop . An, par' ìla aut�, to prwtìnio tan shmeiakì me magnhtik  rop  a la Dirac �sh me e/2M ,mporoÔme na qrhsimopoi soume to tÔpo pou e�qame bre� gia thnskèdash hlektron�ou-mion�ou, b�zonta
 M thn m�za touprwton�ou ant� tou mion�ou
dσ

dΩ

∣
∣
∣
∣
lab

=
α2

4E2 sin4 θ
2

E ′

E

[

cos2 θ

2
− q2

2M 2
sin2 θ

2

]

ìpou

E ′

E
=

1

1 + 2E
M

sin2 θ
2K�nonta
 thn �dia doulei� ìpw
 me thn skèdash hlektron�ou -mion�ou, ja gr�fame 231



Tfi = −i
∫

jµ

(

− 1

q2

)

Jµ d4xìpou q = k − k′ = p′ − p kai jewr¸nta
 pia to prwtìnio w
 MHshmeiakì

jµ = −eū(k′)γµu(k)e
−i(k−k′)x

Jµ = eū(p′)[...]u(p)e−i(p−p′)x
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Akrib¸
, gr�fonta
 [...] de�qnoume ìti to prwtìnio den e�naishmeiakì kai den mporoÔme apl� na gr�youme γµ. Par' ìla aut�,to Jµ ja prèpei na e�nai èna tetradi�nusma, kai epomènw
 japrèpei na qrhsimopoi soume thn pio genik  morf  enì
tetradianÔsmato
 qrhsimopoi¸nta
 ti
 ormè
 p, p′ kai q kaj¸
kai tou
 γ p�nake
. MporoÔme, telik�, na fti�xoume dÔoanex�rthte
 posìthte
: mia an�logh tou γµ kai mia deÔterhan�logh tou iσµνqν .'Askhsh 44 H pio genik  morf  gia to Jµ e�nai (q = p′ − p)

F1γ
µ + F2iσ

µνqν + F3iσ
µν(p+ p′)ν + F4q

µ + F5(p+ p′)µ

De�xte ìti telik� mènoun mìno dÔo anex�rthtoi ìroi pouantistoiqoÔn sta F1 kai F2 233



Opìte, gr�foume
[...] = F1(q

2)γµ +
κ

2M
F2(q

2)iσµνqν (24)ìpou κ e�nai h an¸malh magnhtik  rop  tou prwton�ou. Prosèxteìti to q2 e�nai h mình anex�rthth bajmwt  metablht  sthnkoruf  tou prwton�ou (p2 = p′2 = M 2). Ep�sh
, to p · q den e�naianex�rthto mia
 kai
(q + p)2 = p′2 →M 2 + q2 + 2p · q = M 2 → 2p · q = −q2. An to

q2 → 0, dhlad  ìtan to fwtìnio èqei meg�lo m ko
 kÔmato
, denmporoÔme na diakr�noume dom  sto prwtìnio kai parathroÔmeswmat�dio me fort�o e kai magnhtik  rop  (1 + κ)/2M .Peiramatik�, to κ = 1.79. Jumhje�te ìti
eū(p′)γµu(p) =

e

2M
ū(p′)(p+ p′)µu(p) +

e

2M
ū(p′)iσµνqνu(p)234



Opìte, o ìro
 γµ sthn Ex.24 perièqei thn ��kanonik �� rop  en¸o �llo
 ìro
 prosfèrei thn an¸malh rop  tou prwton�ou, kai japrèpei na epilèxoume, s' autì to ìrio,

F1(q
2 → 0) = 1, F2(q

2 → 0) = 1Gia to netrìnio, oi ant�stoiqe
 timè
 e�nai F1(q
2 → 0) = 0,

F2(q
2 → 0) = 1 kai κn = −1.91. Qrhsimopoi¸nta
 loipìn, giaton upologismì th
 energoÔ diatom 
, thn Ex.(24), ja p�roume

dσ

dΩ

∣
∣
∣
∣
lab

=
α2

4E2 sin4 θ
2

E ′

E

[(

F 2
1 −

κ2q2

4M 2
F 2

2

)

cos2 θ

2

− q2

2M 2
(F1 + κF2)

2 sin2 θ

2

]

Aut  e�nai h sqèsh Rosenbluth. Apotele� mia parametropo�hsh235



th
 �gnoi�
 ma
 gia thn dom  tou prwton�ou. Parathr ste ìtigia F1 = 1 kai κ = 0 katal goume sthn skèdash apì shmeiakìstìqo. Peiramatik� oi par�gonte
 morf 
 metrioÔntai seskèdash (sun�rthsh th
 gwn�a
 skèdash
 tou hlektron�ou).Sthn pr�xh qrhsimopoioÔntai dÔo grammiko� sunduasmo� twn F
GE = F1 +

κq2

4M 2
F2, GM = F1 + κF2kai h energì
 diatom  gr�fetai

dσ

dΩ

∣
∣
∣
∣
lab

=
α2

4E2 sin4 θ
2

E ′

E

[
G2

E + τG2
M

1 + τ
cos2 θ

2
+ 2τG2

M sin2 θ

2

]

me τ = −q2/2M . Prosèxte ìti me aut n thn allag  denup�rqoun ìroi an�logoi tou GMGE.236



Anelastik  Skèdash ep→ eXTi g�netai ìtan megal¸sei h enèrgeia pou q�nei to hlektrìnio?Dhlad  ìtan to −q2 e�nai meg�lo. Gia mesa�a −q2parousi�zontai di�fora swmat�dia-suntonismo� (resonances):

ep→ e∆+ → epπ0. S' aut n thn per�ptwsh h anallo�wth m�zatwn proðìntwn W 2 ≃M 2
∆. Gia pio meg�lh metaferìmenh enèrgeiato prwtìnio ��sp�ei�� kai qreiazìmaste èna kainoÔrgioformalismì gia na perigr�youme to gegonì
.
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Sthn ellastik  skèdash antikatast same, sto anallo�wtopl�to
, to ūγµu tou mion�ou me ūΓµu kai qrhsimopoi same thnpio genik  morf  gia to Γµ. T¸ra oÔte autì g�netai. Ja prèpeina p�me �mesa sthn energì diatom  (dhlad  sto tetragwnismènoanallo�wto pl�to
) kai ant�
dσ = L(e)

µν

(
L(µ)

)µν

pou isqÔei gia thn per�ptwsh tou mion�ou, na gr�youme

dσ = L(e)
µν W

µν

To leptonikì komm�ti paramènei to �dio. To W µν parametropoie�thn sunolik  ma
 �gnoia gia thn morf  tou reÔmato
 sthn meri�tou prwton�ou. Kai p�li ja prèpei na gr�youme to W µν me thnpio genik  morf  qrhsimopoi¸nta
 ta pµ, qµ kai to gµν . Prosèxte238



ìti p′ = p+ q kai ep�sh
 den mporoÔme na qrhsimopoi soume γp�nake
 mia
 kai gr�foume to tetr�gwno tou anallo�wtoupl�tou
 ìpou èqoume ajro�sei sta spin. Epomènw
 gr�foume

W µν = −W1gµν +
W2

M 2
pµpν +

W4

M 2
qµqν +

W5

M 2
(pµqν + qµpν)

Krat same to W µν summetrikì stou
 de�kte
 mia
 kai to L(e)
µνe�nai summetrikì. K�je mh summetrikì komm�ti tou W µν den jasuneisèfere sto dσ. Ta W ja exart¸ntai apì ta mìno dÔobajmwt� megèjh pou sqet�zontai me thn koruf  tou prwton�ou.MporoÔme na epilèxoume ta

q2 kai ν =
p · q
MH anallo�wth m�za th
 telik 
 kat�stash
 sundèetai me ti
 dÔo239



parap�nw metablhtè

W 2 = (p+ q)2 = p2 + q2 + 2p · q = M 2 + 2Mν + q2

H diat rhsh tou reÔmato
 odhge� sti
 sqèsei


qµL(e)
µν = qνL(e)

µν = 0, kai qµW (e)
µν = qνW (e)

µν = 0Oi dÔo teleuta�e
 sqèsei
 odhgoÔn se susqètish metaxÔ twntess�rwn diaforetik¸n W . Opìte, xanagr�foume

W µν = W1

(

−gµν +
qµqν

q2

)

+W2
1

M 2

(

pµ − p · q
q2

qµ

)(

pν − p · q
q2

qν

)

'Askhsh 45 De�xte ìti h diat rhsh tou reÔmato
 sthn
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adronik  koruf  (dhlad  qνWµν = 0) odhge� sti
 sqèsei


W5 = −p · q
q2

W2, W4 =
M 2

q2
W1 +

(
p · q
q2

)2

W2

Upenjum�zoume ìti ta W1 kai W2 exart¸ntai apì ta q2 kai ν.Sun jw
 qrhsimopoioÔntai, ant' aut¸n, oi x kai y
x =

−q2

2p · q =
−q2

2Mν
y =

p · q
p · kìpou k h (tetr)orm  tou eiserqìmenou hlektron�ou.Upolog�zoume t¸ra thn energì diatom  ep→ eX.

Lµν
(e)Wµν = 4W1(k · k′) +

2W2

M 2

(
2(p · k)(p · k′)−M 2k · k′

)
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pou sto sÔsthma ergasthr�ou g�netai (me = 0)

Lµν
(e)Wµν

∣
∣
∣
lab

= 4EE ′
[

W2 cos2 θ

2
+ 2W1 sin2 θ

2

]

'Askhsh 46 De�xte thn parap�nw sqèsh.Telik� h energì
 diatom  gr�fetai
d2σ

dΩdE ′

∣
∣
∣
∣
lab

=
α2

4E2 sin4 θ
2

[

W2(ν, q
2) cos2 θ

2
+ 2W1(ν, q

2) sin2 θ

2

]

(25)
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B�jmish Bjorken kai to prìtupo twn parton�wnQrhsimopoi¸nta
 ti
 nèe
 metablhtè


Q2 = −q2 = 4EE ′ sin2 θ

2
= 2EE ′(1− cos θ), ν = E − E ′

èqoume (jewr¸nta
 azimoujiak  summetr�a, opìte ∫ dφ = 2π)

dΩ = 2πd(cos θ), (cos θ = (−1, 1))

∂ν

∂E ′ = −1,
∂ν

∂ cos θ
= 0

∂Q2

∂E ′ = 2E(1− cos θ),
∂Q2

∂ cos θ
= −2EE ′

dνdQ2 =

∣
∣
∣
∣
∣
∣





∂ν
∂E′

∂ν
∂ cos θ

∂Q2

∂E′

∂Q2

∂ cos θ





∣
∣
∣
∣
∣
∣

dE ′d(cos θ) = 2EE ′dE ′d(cos θ)
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h Ex.(25) gr�fetai
d2σ

dνdQ2
=

πα2

4E2 sin4 θ
2

1

EE ′

[

W2 cos2 θ

2
+ 2W1 sin2 θ

2

]

O Bjorken prìteine ìti sto ìrio
Q2 →∞
ν →∞







me x =
Q2

2Mν
= stajerì

oi sunart sei
 W g�nontai
MW1(Q

2, ν)→ F1(x), νW2(Q
2, ν)→ F2(x)pr�gma pou ta peiramatik� dedomèna to epibebai¸noun.Shmantikì stoiqe�o th
 upìjesh
 tou Bjorken e�nai ìti sto ìrioautì, oi sunart sei
 F1 kai F2 e�nai peperasmène
.248



P¸
 katalaba�noume aut n thn b�jmish?O Feynman prìteine na jewr soume elastik  skèdash meshmeiak� fort�a (partìnia) pou br�skontai mèsa sto prwtìnio.To fwtìnio mpa�nei baji� kai blèpei eswterik  dom  stoprwtìnio.An gr�youme pµ
i = xP µ (kai mi ≃ xM), dhlad  ìti to partìnio ièqei k�poio kl�sma th
 orm 
 tou prwton�ou, elastik  skèdashtou hlektron�ou me to partìnio ja d�nei

d2σ

dνdQ2
=

πα2

4E2 sin4 θ
2

1

EE ′

[

e2
i cos2 θ

2
+ 2e2

i

Q2

4m2
i

sin2 θ

2

]

δ

(

ν − Q2

2mi

)

pou ja prèpei na sugkrije� me thn
d2σ

dνdQ2
=

πα2

4E2 sin4 θ
2

1

EE ′

[

W2 cos2 θ

2
+ 2W1 sin2 θ

2

]

249



'Ara ja prèpei h suneisfor� sta W1 kai W2 apì èna e�do
parton�ou na e�nai
W i

1 = e2
i

Q2

4xM 2
δ

(

ν − Q2

2xM

)

W i
2 = e2

i δ

(

ν − Q2

2xM

)

Gia Q2, ν →∞ jewroÔme ìti oi suneisforè
 twn parton�wnajro�zontai asÔmfwna (incoherently). 'Ara, ajro�zoume gia ìlata e�dh twn parton�wn kai oloklhr¸noume gia ìla ta x = (0, 1).Bèbaia, to olokl rwma sta x ja prèpei na èqei kai k�poiasun�rthsh b�rou
 fi(x) gia k�je e�do
 parton�ou. Autè
 oisunart sei
, pou kaloÔntai katanomè
 pijanìthta
, den250



problèpontai apì autì to prìtupo. Epomènw
,

W2(ν,Q
2) =

∑

i

∫ 1

0

dxfi(x)e
2
i δ

(

ν − Q2

2xM

)

kai epeid 
δ(g(x)) =

δ(x− x0)
∣
∣ dg
dx

∣
∣
x=x0

, me g(x0) = 0

ja èqoume

δ

(

ν − Q2

2xM

)

= δ

(

x− Q2

2Mν

)(
Q2

2Mx0

)−1

= δ

(

x− Q2

2Mν

)(x

ν

)

Epomènw
,

νW2(ν,Q
2) =

∑

i

e2
ixfi(x) ≡ F2(x)
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ìpou x = Q2

2Mν

.An�loga pa�rnoume
MW1(ν,Q

2) =
1

2

∑

i

e2
i fi(x) ≡ F(x)

opìte

F2(x) = 2xF1(x)H teleuta�a sqèsh, sqèsh Callan-Gross e�nai �mesa sundedemènhme to ìti ta partìnia èqoun spin=1/2.To prìtupo twn kou�rk-parton�wnA
 upojèsoume ìti ta partìnia e�nai ta kou�rk tou Gell-Mann meti
 gnwstè
 idiìthte
 (fort�o, tim  tou barionikoÔ arijmoÔ, th
paradoxìthta
 k.lp.). Tìte gia thn allhlep�drash fwton�ou me252



ta kou�rk, ja èqoume
F ep

2 (x) = x

[
4

9
(u(x) + ū(x)) +

1

9

(
d(x) + d̄(x) + s(x) + s̄(x)

)
]

me u(x), d(x), s(x), ... h katanom  pijanìthta
 gia k�je èna apìaut�. 'Isw
 fa�netai ìti antikatast same mia �gnwsth posìthta,

F2, apì èxi �gnwste
 posìthte
! All�, oi �die
 posìthte
parousi�zontai, me diaforetikoÔ
 sunduasmoÔ
 bèbaia, gia stìqonetron�wn (ant� prwton�wn)  , akìma, gia qr sh netr�nwn kaiantinetr�nwn ant� fwton�wn. Gia par�deigma, gia stìqo netron�wn(qrhsimopoi¸nta
 thn diat rhsh tou isospin) mporoÔme nagr�youme gia to netrìnio

u(n)(x) = d(p)(x) ≡ d(x), d(n)(x) = u(p)(x) ≡ u(x)253



opìte
F en

2 (x) = x

[
4

9

(
d(x) + d̄(x)

)
+

1

9
(u(x) + ū(x) + s(x) + s̄(x))

]
Mia
 kai ìle
 oi sunart sei
 pijanìthta
 prèpei na e�nai jetikè
,apodeiknÔetai ìti

1

4
≤ F en

2

F ep
2

≤ 4sqèsh pou epibebai¸netai kai peiramatik�.

'Askhsh 47 Apode�xte thn parap�nw sqèsh.Ep�sh
, gia to prwtìnio kai to netrìnio me paradoxìthta 0, jaisqÔei

∫ 1

0

dx [s(x)− s̄(x)] = 0
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Apì to fort�o tou prwton�ou kai tou netron�ou èqoume ti
sqèsei

∫ 1

0

dx

[
2

3
(u− ū)− 1

3
(d− d̄)

]

= 1, gia to prwtìnio

∫ 1

0

dx

[
2

3
(d− d̄)− 1

3
(u− ū)

]

= 0, gia to netrìnioApì ti
 parap�nw dÔo sqèsei
 pa�rnoume ti


∫ 1

0

dx [u− ū] = 2

∫ 1

0

dx
[
d− d̄

]
= 1pou akrib¸
 de�qnei thn per�sseia twn kou�rk u kai twn kou�rk

d se sqèsh me ta anti-kou�rk. 255



Akìma mia endiafèrousa sqèsh phg�zei apì to gegonì
 ìti xfi(x)e�nai to kl�sma th
 orm 
 pou metafèrei to kou�rk i. Opìte

∫ 1

0

dx x
[
u+ ū+ d+ d̄+ s+ s̄

]
= 1− ǫ

ìpou me ǫ dhl¸noume to kl�sma th
 orm 
 tou prwton�ou pou denmetafèretai apì ta kou�rk. Peiramatik� to ǫ ∼ 1/2, pouupodhl¸nei ìti meg�lo kl�sma th
 orm 
 metafèretai apìafìrtista antike�mena. Kat� thn Kbantik  Qrwmodunamik , taantike�mena aut� e�nai ta gklouìnia.MporoÔme na p�roume kai �llou
 tètoiou
 kanìne
 anproqwr soume se jewrhtik� prìtupa gia ti
 katanomè
 twnkou�rk. 'Etsi, eis�goume thn ènnoia gia ta kou�rk ��sjènou
��kai ta kou�rk ��j�lassa
��. Gia par�deigma, gia to prwtìnio oi256



katanomè
 twn kou�rk u kai d parametropoioÔntai

u = uv + qs, d = dv + qsen¸ gia ta kou�rk s kai ta anti-kou�rk

ū = d̄ = s = s̄ = qs'Etsi, oi èxi �gnwste
 sunart sei
 antikaj�stantai apì trei
.Fusik�, up�rqoun parekl�sei
 apì thn b�jmish Bjorken kai toaplì prìtupo pou perigr�yame parap�nw, all� h KQD d�neiapant sei
.
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