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Ïîëóèíêëþçèâíîå ãëóáîêîíåóïðóãîå ðàññåÿíèå
ïîëÿðèçîâàííûõ ÷àñòèö

l⃗(k1, ξ) + N⃗(p, η) → l ′(k2) + h(Ph) + X (pX )
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Â ñèñòåìå p = (M, 0⃗) îïèñûâàåòñÿ 6-þ ïåðåìåííûìè

(q = k1 − k2):

1. x =
−q2

2p · q
,

2. y = 1− p · k2
p · k1

,

3. z =
Ph · p
p · q

,

4. t = (q − Ph)
2 èëè pt ,

5. ϕh óãîë ìåæäó (k1,k2) è (Ph,q),

6. ϕη óãîë ìåæäó (k1,k2) è (η,q).

Ýêñêëþçèâíûé ïîðîã îïðåäåëÿåòñÿ M2
X = (p + q − Ph)

2:

M2
X > (MN +mπ)

2 � ïîëóèíêëþçèâíûé ïðîöåññ

M2
X < (MN +mπ)

2 � ýêñêëþçèâíûé ïðîöåññ



Óãëû è âåêòîð ïîëÿðèçàöèè ìèøåíè

y

z

x

hadron plane

lepton plane

0

?

ηtk1
k 2

ph

pt

ϕη

ϕh

cosϕh = −
kµ1 P

ν
h g

t
µν

ktpt
,

sinϕh = −
kµ1 P

ν
h ε

t
µν

ktpt
,

εtµν =
εµνρσp

ρqσ√
S2
x + 4M2Q2

, g t
µν = εtµρε

ρ
tν ,

η =
3∑

i=1

ηie
h(i), η1 = ηt cos(ϕh − ϕη) = −

pµh η
νg t

µν

pt
,
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νεtµν
pt

, η3 = − M(q · η)√
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Òðåíòî êîíâåíöèè: A. Bacchetta, U. D'Alesio, M. Diehl, C. A. Miller, Phys. Rev. D 70, 117504 (2004)



Ïðèáëèæåíèå îäíîôîòîííîãî îáìåíà
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Ñå÷åíèå ïðîöåññà

l⃗(k1, ξ) + N⃗(p, η) → l ′(k2) + h(Ph) + X (pX )

èìååò âèä:

dσ =
(4πα)2

4q4
√
(k1 · p)−M2

Nm
2
l

LµνWµν(2π)
4 d3k2
(2π)32k20

d3Ph

(2π)32Ph0

Ëåïòîííûé òåíçîð õîðîøî èçâåñòåí:

Lµν =
1

2
Tr[(k̂2 +ml)γµ(k̂1 +ml)(1 + γ5ξ̂)γν ]

Àäðîííûé òåíçîð èìååò áîëåå ñëîæíóþ ñòðóêòóðó.



Ìîäåëüíî-íåçàâèñèìàÿ ýëåêòðîìàãíèòíàÿ ïîïðàâêà

íèçøåãî ïîðÿäêà ep → ehX

▶ Èññëåäóåìûé âêëàä íèçøåãî ïîðÿäêà.

▶ Èçëó÷åíèå ðåàëüíîãî ôîòîíîâ èç
ëåïòîííîé ëèíèè ñ íåóïðóãèì
êîíå÷íûì àäðîííûì ñîñòîÿíèåì.
Ñîäåðæèò èíôðàêðàñíóþ ðàñõîäèìîñòü.

▶ Èçëó÷åíèå ðåàëüíîãî ôîòîíîâ èç
ëåïòîííîé ëèíèè ñ ýêñêëþçèâíûì
êîíå÷íûì àäðîííûì ñîñòîÿíèåì. Íå
ñîäåðæèò èíôðàêðàñíóþ ðàñõîäèìîñòü.

▶ Âêëàä äîïîëíèòåëüíûé âèðòóàëüíûõ
÷àñòèö. Ïîñëåäíèé ãðàôèê ñîäåðæèò
èíôðàêðàñíóþ ðàñõîäèìîñòü.



Ïðåèìóùåñòâà ìîäåëüíî-íåçàâèñèìîé ïîïðàâêè

▶ Çàäà÷à ìîæåò áûòü ðåøåíà òî÷íî.

▶ Âêëàä ìîäåëüíî-íåçàâèñèìîé ïîïðàâêà äîâîëüíî

çíà÷èòåëüíûé èç-çà íàëè÷èÿ òàê íàçûâàåìîãî

ëèäèðóþùåãî ëîãàðèôìà log(Q2/m2).

▶ Íåîïðåäåëåííîñòè â ìîäåëü-íåçàâèñèìîé ïîïðàâêå

âîçíèêàþò òîëüêî îò ïðîäãîíîê è ìîäåëåé, èñïîëüçóåìûõ

äëÿ ñòðóêòóðíûõ ôóíêöèé.

▶ Ðàñ÷åòû ìîäåëüíî-çàâèñèìûõ ïîïðàâîê (äâóõôîòîííûé

îáìåí, èçëó÷åíèå ðåàëüíûõ ôîòîíîâ èç àäðîííîé ëèíèè)

òðåáóåò äîïîëíèòåëüíîãî ïðåäïîëîæåíèÿ îá àäðîííîì

âçàèìîäåéñòâèè, ïîýòîìó îíè èìååò äîïîëíèòåëüíûå ÷èñòî

òåîðåòè÷åñêèå íåîïðåäåëåííîñòè, êîòîðûå òðóäíî

êîíòðîëèðîâàòü.



Ðàñ÷åòû âûïîëíåííûå ðàíåå

Áåç ó÷åòà ýêñêëþçèâíîãî ðàäèàöèîííîãî õâîñòà

▶ ïîïðàâêè ê íåïîëÿðèçîâàííîìó òðåõìåðíîìó ñå÷åíèþ
dσ

dxdydz

À.Â. Ñîðîêî, Í.Ì. Øóìåéêî. ßÔ. 49 (1989) 1348-1358

▶ ïîïðàâêè ê ïîëÿðèçîâàííîìó òðåõìåðíîìó ñå÷åíèþ
dσ

dxdydz

À.Â. Ñîðîêî, Í.Ì. Øóìåéêî.. ßÔ. 53 (1991) 1015-1020

ÿâëÿþòñÿ îïöèåé SIRAD ÔÎÐÒÐÀÍ êîäà POLRAD 2.0

I.Akushevich, et al. Comp.Phys.Comm. 104 (1997) 201-244

▶ ïîïðàâêè ê íåïîëÿðèçîâàííîìó ïÿòèìåðíîìó ñå÷åíèþ
dσ

dxdydzdϕhdpt
I.Akushevich, N.Shumeiko, A.Soroko. Eur.Phys.J. C10 (1999) 681-687

ÿâèëèñü îñíîâîé äëÿ ñîçäàíèÿ ÔÎÐÒÐÀÍ êîäà HAPRAD.

▶ ÊÕÄ è ÊÝÄ ïîïðàâêè ê ïîëÿðèçîâàííîìó ïÿòèìåðíîìó ñå÷åíèþ
dσ

dxdydzdϕhdpt
T. Liu, W. Melnitchouk, J. W. Qiu and N. Sato, JHEP 11, 157 (2021)



Ðàñ÷åòû âûïîëíåííûå ðàíåå

Ñ ó÷åòîì ýêñêëþçèâíîãî ðàäèàöèîííîãî õâîñòà

▶ Âêëàä ýêñêëþçèâíîãî ðàäèàöèîííîãî õâîñòà â ïÿòèìåðíîìîå

ñå÷åíèå
dσ

dxdydzdϕhdpt
âïåðâûå áûë îöåíåí â ðàáîòå

I.Akushevich, A.Ilyichev, M.Osipenko. Eur.Phys.J. C10 (1999) 681-687

è âêëþ÷åí â ÔÎÐÒÐÀÍ êîä HAPRAD.



Àäðîííûé òåíçîð è ñòðóêòóðíûå ôóíêöèè â

ïîëÿðèçîâàííîì ïîëóèíêëþçèâíîì ðàññåÿíèè

Êëþ÷åâûì ìîìåíòîì ïðè ÷èñëåííîé îöåíêè ìîäåëüíî-íåçàâèñèìûõ
ïîïðàâîê ÿâëÿåòñÿ çíàíèå ñòðóêòóðû àäðîííîãî òåíçîðà, à òàêæå
ïàðàìåòðèçàöèè ñòðóêòóðíîé ôóíêöèè. â äîñòàòî÷íî øèðîêîé
êèíåìàòè÷åñêîé îáëàñòè êàê äëÿ ïîëóèíêëþçèâíîãî, òàê è äëÿ
ýêñêëþçèâíîãî ïðîöåññîâ.
Ñîãëàñíî ðàáîòå Aram Kotzinian. Nucl.Phys. B441 (1995) 234-248 àäðîííîé
òåíçîð äëÿ ïîëóèíêëþçèâíîãî ïðîöåññà ñ íà÷àëüíûì ïîëÿðèçîâàííûì
íóêëîíîì èìååò âèä:

Wµν =
3∑

a,b=0

eγ(a)µ eγ(b)ν (H
(0)
ab +

3∑
ρ,i=0

ηρeh(i)ρ H
(S)
abi ).

eγ(a,b) (eh(i)) ÿâëÿþòñÿ ïîëíûì íàáîðîì áàçèñíûõ âåêòîðîâ äëÿ
ïîëÿðèçàöèè 4-âåêòîðîâ âèðòóàëüíîãî ôîòîíà (íóêëîíà) â ñèñòåìå ïîêîÿ
íóêëîíà. Îäíàêî, ïðè ó÷åòå çàêîíîâ ñîõðàíèÿ ÷åòíîñòè è òîêà,
ýðìèòîâîñòè è pη ≡ 0 îñòàåòñÿ òîëüêî 5 ñïèí-íåçàâèñèìûõ H

(0)
ab è 13

ñïèí-çàâèñèìûõ H
(S)
abi ñòðóêòóðíûõ ôóíêöèé. Âñå îñòàëüíûå ñòðóêòóðíûå

ôóíêöèè ïîëîãàþòñÿ ðàâíûìè íóëþ.



Àäðîííûé òåíçîð è ñòðóêòóðíûå ôóíêöèè â

ïîëÿðèçîâàííîì ïîëóèíêëþçèâíîì ðàññåÿíèè

Äðóãîé íàáîð ñòðóêòóðíûõ ôóíêöèé ìîæíî íàéòè â

A. Bacchetta et al. JHEP 0702 (2007) 093

dσ

dx dy dψ dz dϕh dp2t
=

α2

xy Q2

y2

2 (1 − ε)

(
1 +

γ2

2x

){
FUU,T + εFUU,L +

√
2 ε(1 + ε) cosϕh F

cosϕh
UU

+ ε cos(2ϕh) F
cos 2ϕh
UU

+ λe
√

2 ε(1 − ε) sinϕh F
sinϕh
LU

+ S∥

[√
2 ε(1 + ε) sinϕh F

sinϕh
UL

+ ε sin(2ϕh) F
sin 2ϕh
UL

]

+ S∥λe

[√
1 − ε2 FLL +

√
2 ε(1 − ε) cosϕh F

cosϕh
LL

]

+ |S⊥|
[
sin(ϕh − ϕS )

(
F
sin(ϕh−ϕS )

UT,T
+ ε F

sin(ϕh−ϕS )

UT,L

)
+ ε sin(ϕh + ϕS ) F

sin(ϕh+ϕS )

UT
+ ε sin(3ϕh − ϕS ) F

sin(3ϕh−ϕS )

UT

+
√

2 ε(1 + ε) sinϕS F
sinϕS
UT

+
√

2 ε(1 + ε) sin(2ϕh − ϕS ) F
sin(2ϕh−ϕS )

UT

]

+ |S⊥|λe

[√
1 − ε2 cos(ϕh − ϕS ) F

cos(ϕh−ϕS )

LT
+

√
2 ε(1 − ε) cosϕS F

cosϕS
LT

+
√

2 ε(1 − ε) cos(2ϕh − ϕS ) F
cos(2ϕh−ϕS )

LT

]}



Ýêñêëþçèâíûå èíâàðèàíòíûå àìïëèòóäû

âêëàä ýêñêëþçèâíîãî ðàäèàöèîííîãî õâîñòà

dσex
R ∼ W µν

ex LRµνdΓ
ex
R ,

âûðàæàåòñÿ ÷åðåç øåñòü èíâàðèàíòíûõ àìïëèòóä Ai

F. A. Berends, A. Donnachie and D. L. Weaver, Nucl. Phys. B 4, 1-53 (1967),

êîòîðûå ìîãóò áûòü èçâëå÷åíû èç MAID 2007.

Mµ = ū(pu)
(∑6

i=1 AiΓ
µ
i

)
u(P)

Γµ1 = − i

2
γ5 (γ

µq̂ − q̂γµ) ,

Γµ2 = 2iγ5

[
Pµq ·

(
Ph −

1

2
q

)
−
(
Pµ
h − 1

2
qµ
)
q · P

]
,

Γµ3 = −iγ5 (γ
µq · Ph − q̂Pµ

h ) ,

Γµ4 = −2iγ5 (γ
µq · P − q̂Pµ)− 2mNΓ

µ
1 ,

Γµ5 = iγ5
(
qµq · Ph − Pµ

h q
2
)
,

Γµ6 = −iγ5
(
q̂qµ − γµq2

)
.



Ýêñêëþçèâíûå ñòðóêòóðíûå ôóíêöèè

Ýêñêëþçèâíûé àäðîííûé òåíçîð:

W µν
ex = − 1

8πα
Tr
[
Γµex(p +M)(1 + γ5η)Γ̄

µ
ex(pu +M)

]
èìååò òó æå ñòðóêòóðó, ÷òî è ïîëóèíêëþçèâíûé. Îäíàêî, äëÿ

êîìïàêòíîãî ïðåäñòàâëåíèÿ èñïîëüçóåòñÿ äðóãîé íàáîð èç

øåñòè àìïëèòóä ×ó-Ãîëäáåðãåðà-Ëîó-Íàìáó Fi

G. F. Chew, M. L. Goldberger, F. E. Low and Y. Nambu, Phys. Rev. 106

(1957), 1337-1344

ϵµū(pu)

(
6∑

i=1

AiΓ
µ
i

)
u(P) =

4πW

M
χ†
fFχi ,

ãäå χi è χf îáîçíà÷àþò íà÷àëüíûé è êîíå÷íûé ñïèíîðû Ïàóëè,

a F ëèíåéíàÿ êîìáèíàöèÿ ïðîèçâåäåíèé Fi íà ìàòðèöû Ïàóëè.



Ïðèáëèæåíèå âåäóùèõ ëîãàðèôìîâ
k

q

k

φ

1

2

z

x

y

p
q z

θ

θz h

h

h

Çàìåíèâ â k1 + p = k2 + k + ph + px èìïóëüñ ôîòîíà k íà

ks = (1− z1)k1 èëè kp = (1/z2 − 1)k1 ïîëó÷èì 2 �ñäâèíóòûå�

áîðíîâñêîå êèíåìàòèêè

z1k1 + p = k2 + k + ph + px

k1 + p = k2/z2 + k + ph + px



Ïðèáëèæåíèå âåäóùèõ ëîãàðèôìîâ
Ðàäèàöèîííûå ñå÷åíèÿ

dσR
s =

α

2π
lmdz1

1 + z21
1− z1

plsS
2
x

pl(z1S − X )2
σB(z1S , z1Q

2, xs , zs , pts , ϕhs),

dσR
p =

α

2π
lmdz2

1 + z22
z22 (1− z2)

plpS
2
x

pl(S − X/z2)2
σB(S , z

−1
2 Q2, xp, zp, ptp, ϕhp).

lm = logQ2/m2 èíôðàêðàñíî ðàñõîäÿòñÿ ïðè z1,2 → 1

xs =
z1Q

2

(z1S − X )
, zs =

zSx

(z1S − X )
, λYs = (z1S−X )2+4z1M

2Q2
, pls =

zSx (z1S − X ) − 2M2(z1V1 − V2)

2M
√
λYs

,

pts =

√
z2S2

x

4M2
− p2

ls
− m2

h
, cosϕhs =

(z1S + X )(2z1zSxQ
2 + (z1S − X )(z1V1 − V2)) − λYs (z1V1 + V2)

4z1pts
√
λYsλ1

,

xp =
Q2

(z2S − X )
, zp =

zSx

(S − z−1
2 X )

, λYp = (S − z−1
2 X )2 + 4z−1

2 M2Q2
,

plp =
zSx (S − z−1

2 X ) − 2M2(V1 − z−1
2 V2)

2M
√
λYp

, ptp =

√
z2S2

x

4M2
− p2

lp
− m2

h
,

cosϕhp =
z2[(S + z−1

2 X )(2z−1
2 zSxQ

2 + (S − z−1
2 X )(V1 − z−1

2 V2)) − λYp(V1 + z−1
2 V2)]

4ptp
√
λYpλ1

.



Ïðèáëèæåíèå âåäóùèõ ëîãàðèôìîâ

(+)-îïåðàòîð P(z) =
1 + z2

(1− z)+
, áûë ïðåëëîæåí äëÿ ÊÕÄ

Þ.Ë. Äîêøèöåð ÆÝÒÔ. 73, 1216 (1977).

Â.Í. Ãðèáîâ, Ë. Í. Ëèïàòîâ ßÔ. 15, 1218 (1972).

G. Altarelli and G. Parisi, Nucl. Phys. B 126, 298 (1977).

è îáîáùåí íà ÊÝÄ

J. Blumlein, Z. Phys. C 47, 89 (1990).

J. Kripfganz, H. J. Mohring, and H. Spiesberger, Z. Phys. C 49,

501 (1991).

1∫
x

dzP(z)f (z) =

1∫
x

dz
1 + z2

1− z
(f (z)− f (1))− f (1)

x∫
0

dz
1 + z2

1− z
.



Ýëåêòðîííûå ñòðóêòóðíûå ôóíêöèè
D(z

1
 ,Q

2
) D(z

2
 ,Q

2
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k
1

z
1
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1

k
2

k
2
 /z

2

p

p
h

Å. À. Êóðàåâ è Â. Ñ. Ôàäèí,

ßÔ. 41 (1985) 733-742

Å. À. Êóðàåâ, Í. Ï. Ìåðåíêîâ è Â. Ñ. Ôàäèí,

ßÔ. 47 (1988) 1593-1601

Îñíîâíîå óðàâíåíèå

σin
hL =

1∫
zm1

dz1D(z1,Q
2)

1∫
ẑm2

dz2
z22

D(z2,Q
2)
p̂lS

2
xσhard(z1S ,

z1
z2
Q2, x̂ , ẑ , p̂t , ϕ̂h)

pl(z1S − X/z2)2

ãäå
σhard = σBorn + σRC − σs

RC − σp
RC



ÐÏ ôàêòîð δ = σRC/σB + 1
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ÐÏ ôàêòîð δ = σRC/σB + 1

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 1.83 GeV
2

   = 0.138

    = 0.22 GeV
2

0.6

0.8

1

1.2

1.4

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 1.83 GeV
2

   = 0.138

    = 0.67 GeV
2

0.85

0.9

0.95

1

1.05

1.1

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 2.89 GeV
2

   = 0.235

    = 0.22 GeV
2

0.8

0.9

1

1.1

1.2

1.3

1.4

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 2.89 GeV
2

   = 0.235

    = 0.67 GeV
2

0.85

0.9

0.95

1

1.05

1.1

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 3.6 GeV
2

   = 0.278

    = 0.22 GeV
2

0.8

0.9

1

1.1

1.2

1.3

0 200

δ

φ
h

Q
2

x

p
t

  
2

z=0.22

z=0.495

z=0.77

    = 3.6 GeV
2

   = 0.274

    = 0.67 GeV
2



Àñèììåòðèè Êîëëèíçà è Ñèâåðñà

A
sin(ϕh−ϕη)
UT =

2π∫
0

dϕη

2π∫
0

dϕh sin(ϕh − ϕη)σ
UT

2π∫
0

dϕη

2π∫
0

dϕhσ
UT

Àñèììåòðèÿ Êîëëèíçà îïèñûâàåò ðàñïðåäåëåíèå íåïîëÿðèçîâàííûõ êâàðêîâ âíóòðè ïîïåðå÷íî

ïîëÿðèçîâàííîãî ïðîòîíà.

A
sin(ϕh+ϕη)
UT =

2π∫
0

dϕη

2π∫
0

dϕh sin(ϕh + ϕη)σ
UT

2π∫
0

dϕη

2π∫
0

dϕhσ
UT

Àñèììåòðèÿ Ñèâåðñà ðàñøèôðîâûâàåò ôóíäàìåíòàëüíóþ êîððåëÿöèþ ìåæäó ïîïåðå÷íûì

ñïèíîì ôðàãìåíòèðóþùåãîñÿ êâàðêà è ïîïåðå÷íûì èìïóëüñîì îáðàçîâàâøåãîñÿ êîíå÷íîãî

àäðîíà.
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Âûâîäû

▶ Ïîëó÷åííûå âûøå àíàëèòè÷åñêèå ðåçóëüòàòû äëÿ òî÷íîé
îäíîïåòëåâîé ïîïðàâêè áûëè îïóáëèêîâàíû â I.Akushevich, A.Ilyichev.
Phys.Rev. D100 (2019) no.3, 033005

▶ Èñïîëüçóÿ ìîäåëü WW-SIDIS äëÿ ïîëóèíêëþçèâíûõ ñòðóêòóðíûõ
ôóíêöèé

S. Bastami et al., JHEP 1906, 007 (2019)

è ýêñêëþçèâíûå àìïëèòóäû ñ ïàðàìåòðèçàöèåé MAID2007
ðàçðàáîòàíà íîâàÿ âåðñèÿ ÔÎÐÒÐÀÍ êîäà HAPRAD, êîòîðàÿ
ïîçâîëÿåò âû÷èñëÿòü ðàäèàöèîííûå ïîïðàâêè äëÿ ïîëÿðèçîâàííîãî
ïîëóèíêëþçèâíîãî ãëóáîêîíåóïðóãîãî ðàññåÿíèÿ.

▶ Ðàçíèöà ìåæäó òî÷íûì è ëèäèðóþùèìè ÐÏ â íåïîëÿðèçîâàííîì
ñëó÷àå óâåëè÷èâàåòñÿ ñ ðîñòîì z è pt .

▶ Ðàäèàöèîííûå ïîïðàâêè äëÿ àñèììåòðèé Ñèâåðñà è Êîëëèíçà
ïîêàçàëè, ÷òî â îáëàñòÿõ ìàëûõ z è áîëüøèõ pt äîâîëüíî
ñóùåñòâåííûé âêëàä ïðîèñõîäèò îò ýêñêëþçèâíîãî ðàäèàöèîííîãî
õâîñòà. Êðîìå òîãî, ðåçóëüòàòû ïîêàçûâàþò äîâîëüíî õîðîøåå
ñîîòâåòñòâèå ìåæäó òî÷íûìè ïîïðàâêàìè è ïîïðàâêàìè
ëèäèðóþùåãî ïîðÿäêà â êèíåìàòèêå ýêñïåðèìåíòîâ JLab.
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