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Alexa L. C. et al. (Je�erson Lab Hall A), Phys. Rev. Lett. 82, 1999, 1374;
� ïðåäëîæåíèÿ ïî èçìåðåíèþ ýëåêòðîðàñùåïëåíèÿ äåéòðîíà ïðè
Q2=4.25 (GeV/c)2 â JLab Hall C E12-10-003
Boeglin W. U. et al., arXiv:nucl-ex/1410.6770,
JEFFERSON-LAB-EXPERIMENT-E12-10-003;
� ãëóáîêîíåóïðóãîå ðàññåÿíèå ýëåêòðîíîâ íà òðåõ÷àñòè÷íûõ ÿäðàõ ïð
E = 10.6 GeV (Je�erson Lab MARATHON Coll.)
E12-10-103 Abrams D. et al. (Je�erson Lab Hall A Tritium), Phys. Rev. Lett.
128, 2022, 132003;
...
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1. Òåðìèíîëîãèÿ è îñíîâíûå ïîíÿòèÿ

Óðàâíåíèå Áåòå-Ñîëïèòåðà äëÿ àìïëèòóäû ÁÑ

E.E. Salpeter and H.A. Bethe, A Relativistic equation

for bound state problems, Phys. Rev. 84, 1232�1242, 1951

Àìïëèòóäà ÁÑ:

Φαβ(x1, x2) = ⟨0 | Tψα(x1)ψβ(x2) | P ⟩,

ψα(x) � îïåðàòîð ñïèíîðíîãî ïîëÿ, ãðå÷åñêèå ñèìâîëû � ñïèíîðíûå èíäåêñû,
T � îïåðàòîð õðîíîëîãè÷åñêîãî óïîðÿäî÷åíèÿ, | P ⟩ � âåêòîð ñîñòîÿíèÿ
ñâÿçàííîãî ñîñòîÿíèÿ ñ ïîëíûì èìïóëüñîì P (P 2 =M2).
Âåðøèííàÿ ôóíêöèÿ ÁÑ:

Φαβ(P, p) = S(1)
αγ (

P

2
+ p)S

(2)
βδ (

P

2
− p) Γγδ(P, p).



Óðàâíåíèå Áåòå-Ñîëïèòåðà äëÿ àìïëèòóäû ÁÑ

Óðàâíåíèå ÁÑ äëÿ âåðøèííîé ôóíêöèè Γαβ(P, p)

Óðàâíåíèå ÁÑ â èìïóëüñíîì ïðîñòðàíñòâå:

Γαβ(P, p
′) = i

∫
d
4k

(2π)4
Vαβ;ϵλ(p

′, k;P ) Φϵλ(P, k)

p′, p � îòíîñèòåëüíûå èìïóëüñû â íà÷àëüíîì è êîíå÷íîì ñîñòîÿíèÿõ
V (p′, p;P ) � ÿäðî âçàèìîäåéñòâèÿ

S(1)(k;P ) = 1/
(
1
2 P · γ + k · γ −m

)(1)
S(2)(k;P ) = 1/

(
1
2 P · γ − k · γ −m

)(2)
ñâîáîäíûå ôóíêöèè Ãðèíà



Ïàðöèàëüíîå ðàçëîæåíèå, êëàññèôèêàöèÿ ñîñòîÿíèé
Ðåëÿòèâèñòñêèé äâóõíóêëîííûé áàçèñ: |aM⟩ ≡ |π, 2S+1Lρ

JM⟩

S - ïîëíûé ñïèí
L - óãëîâîé îðáèòàëüíûé ìîìåíò
J - ïîëíûé óãëîâîé ìîìåíò ñ ïðîåêöèåé M
ρ, π - ρ-ñïèí è ïðîñòðàíñòâåííàÿ ÷åòíîñòü

U
ρ=±, 1/2
m - Äèðàêîâñêèå áèñïèíîðû (Uρ=+1/2 ≡ u, Uρ=− 1/2 ≡ v)

YLmL
- ñôåðè÷åñêèå ãàðìîíèêè

Cj m
j1m1j2m2

- êîýôôèöèåíòû Êëåáøà-Ãîðäàíà

UC = iγ2γ0 - ìàòðèöà çàðÿäîâîãî ñîïðÿæåíèÿ

Ñïèí-óãëîâûå ôóíêöèè (â ÑÖÌ):

YJM :LSρ(p)UC = iL
∑

mLmSm1m2ρ1ρ2

C
Sρρ
1
2ρ1

1
2ρ2

CJM
LmLSmS

CSmS
1
2m1

1
2m2

YLmL
(p)

ïðåäñòàâëåíèå ïðÿìîãî ïðîèçâåäåíèÿ

×Uρ1
m1

(1)(p)⊗ Uρ2
m2

(2)(−p)

ìàòðè÷íîå ïðåäñòàâëåíèå

×Uρ1
m1

(1)(p)⊗ (Uρ2
m2

(2)(−p))T



Ïàðöèàëüíîå ðàçëîæåíèå, êëàññèôèêàöèÿ ñîñòîÿíèé
J.J. Kubis, Partial-wave analysis of spinor Bethe-Salpeter equations

for single-particle exchange, Phys. Rev. D6, 547�564 (1972)

Ñîõðàíåíèå ïðîñòðàíñòâåííîé ÷åòíîñòè, ïðèíöèï Ïàóëè

äëÿ äåéòðîíà JP = 1+, S = 1:

3S++
1 ,3D++

1 ,3 S−−
1 ,3D−−

1 ,3 P+−
1 ,3 P−+

1 ,1 P+−
1 ,1 P−+

1

äëÿ ñèììåòðèè (e) = ((+−) + (−+))/
√
2, (o) = ((+−)− (−+))/

√
2

Óðàâíåíèå äëÿ âåðøèííîé ôóíêöèè - ïàðöèàëüíûå ñîñòîÿíèÿ:

ga(p0, |p|) =
∑
cd

i

∫
dk0
4π3

∫
k2d|k|Vac(p′0, |p′|; k0, |k|; s)Scd(k0, |k|; s) gd(k0, |k|)

Vac(p
′
0, |p′|; k0, |k|; s) � ðàäèàëüíûå ÷àñòè ÿäðà V

ga(k0, |k|; s) � ðàäèàëüíûå ÷àñòè âåðøèííîé ôóíêöèè



Ìàòðè÷íîå ïðåäñòàâëåíèå ñïèí-óãëîâûõ ôóíêöèé: ïàðöèàëüíûå
ôóíêöèè

Γα̃,++
M (p) =

p1 · γ +mN√
2Ep(mN + Ep)

1 + γ0
2

Γ̃α̃
M(p)

p2 · γ −mN√
2Ep(mN + Ep)

,

Γα̃,−−
M (p) =

p2 · γ −mN√
2Ep(mN + Ep)

−1 + γ0
2

Γ̃α̃
M(p)

p1 · γ +mN√
2Ep(mN + Ep)

,

Γα̃,+−
M (p) =

p1 · γ +mN√
2Ep(mN + Ep)

1 + γ0
2

Γ̃α̃
M(p)

p1 · γ +mN√
2Ep(mN + Ep)

,

Γα̃,−+
M (p) =

p2 · γ −mN√
2Ep(mN + Ep)

1− γ0
2

Γ̃α̃
M(p)

p2 · γ −mN√
2Ep(mN + Ep)

,

α̃
√
8π Γ̃

α̃

M
3S1 ξM · γ
3D1 − 1√

2

[
ξM · γ + 3

2 (p1 · γ − p2 · γ)(pξM)|p|−2
]

3P1

√
3
2

[
1
2ξM · γ(p1 · γ − p2 · γ)− (pξM)

]
|p|−1

1P1

√
3(pξM)|p|−1



Ìàòðè÷íîå ïðåäñòàâëåíèå ñïèí-óãëîâûõ ôóíêöèé: êîâàðèàíòíàÿ
ôîðìà

Ψ1M(P, p) = h1 ξM · γ + h2
pξM
mN

+

h3

(
q1 · γ −mN

mN
ξM · γ + ξM · γ q2 · γ +mN

mN

)
+

h4

(
q1 · γ + q2 · γ

mN

)
pξM
mN

+

h5

(
q1 · γ −mN

mN
ξM · γ − ξM · γ q2 · γ +mN

mN

)
+

h6

(
q1 · γ − q2 · γ − 2mN

mN

)
pξM
mN

+

q1 · γ −mN

mN

(
h7 ξM · γ + h8

pξM
mN

)
q2 · γ +mN

mN
.



Íîðìèðîâêà

2Pµ = ı

∫
d4k

(2π)4
Γ̄(P, k)

∂

∂Pµ

[
S(1)(P/2 + k)S(2)(P/2− k)

]
P 2=M2

B

Γ(P, k).

Ïîñëå ïàðöèàëüíîãî ðàçëîæåíèÿ

1 =
∑
a

pa

pa = N

∫
dk4

∫
k2dk ωa |ϕa(k4, k)|2

wa : (++) = (2Ek −MD), (−−) = (2Ek +MD), (e, o) =MD

pa - ïñåâäîâåðîÿòíîñòè ñîñòîÿíèÿ a



Ñåïàðàáåëüíîå ÿäðî âçàèìîäåéñòâèÿ

Ñåïàðàáåëüíûé Anzats äëÿ ïàðöèàëüíîãî ÿäðà âçàèìîäåéñòâèÿ âûãëÿäèò
ñëåäóþùèì îáðàçîì:

V =
∑

λijgigj

λ � ïàðàìåòðû ÿäðà, g � ôóíêöèè ÿäðà.
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u uV (p′, p) g(p′) g(p)



Ðåøåíèå äëÿ ðàäèàëüíîé ÷àñòè àìïëèòóäû ÁÑ

ϕ =
∑
ij

S λij gicj(s),

ãäå êîýôôèöèåíòû cj(s) óäîâëåòâîðÿþò îäíîðîäíîé ñèñòåìå ëèíåéíûõ
óðàâíåíèé:

ci(s) −
∑
k,j

hik(s)λkj cj(s) = 0.

hik(s) =

∫
S gi gk



Ðåëÿòèâèñòñêîå ÿäðî Graz-II, III ðàíã (J = 1 :3 S1 −3 D1 ïàðöèàëüíûå
ñîñòîÿíèÿ)

g
(S)
1 (p0, p) =

1−γ1(p
2
0−p2)

(p2
0−p2−β2

11)
2

g
(S)
2 (p0, p) = − (p2

0−p2)

(p2
0−p2−β2

12)
2

g
(D)
3 (p0, p) =
(p2

0−p2)(1−γ2(p
2
0−p2))

(p2
0−p2−β2

21)(p
2
0−p2−β2

22)
2

g
(D)
1 (p0, p) = g

(D)
2 (p0, p) =

g
(S)
3 (p0, p) = 0
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(a) (b)

Ñâîéñòâà äåéòðîíà è íèçêîýíåðãåòè÷åñêîãî 3S1 ðàññåÿíèÿ
pD(%) ϵD (ÌýÂ) ρD/S r0 (Ôì) a (Ôì)

Graz II (ðåë.) 4 2.225 0.02408 1.7861 5.4188
Graz II (íåðåë.) 4.82 2.225 0.0274 1.78 5.42
Ýêñïåðèìåíò 2.2246 0.0263 1.759 5.424



Îäíîìåçîííûé îáìåí: ëåñòíè÷íîå ïðèáëèæåíèå
A.Yu. Umnikov, L.P. Kaptari, K.Yu. Kazakov, F.C. Khanna,

A Relativistic approach to deep inelastic scattering

on the deuteron, Phys.Lett.B 334 (1994) 163-168

ßäðî ñ îáìåíîì îäíèì ìåçîíîì:

p1

p2

p′1

p′2

k = p1 − p2

F
(1)
b

F
(2)
b

V (p′, p) =
g2b
4π

F
(1)
b ⊗ F

(2)
b

k2 − µ2
b + i0

gb - êîíñòàíòà ñâÿçè, F
(1)
b (k) = (Λ2

b − µ2
b)/(Λ

2
b − k2)γb - ìåçîí-íóêëîííàÿ

âåðøèíà, µb - ìàññà ìåçîíà, k = p′ − p - èìïóëüñ ìåçîíà.



Ðåøåíèå óðàâíåíèÿ äëÿ àìïëèòóäû ÁÑ â ëåñòíè÷íîì ïðèáëèæåíèè ñ ó÷åòîì
5 îáìåííûõ ìåçîíîâ (π, ω, ρ, σ, η, δ). Äëÿ ðåãóëÿðèçàöèè ïðîïàãàòîðîâ è
ÿäðà èñïîëüçóåòñÿ ïîâîðîò Âèêà p4 = ip0. Óðàâíåíèå ðåøàåòñÿ â
ïñåâäîåâêëèäîâîì ïðîñòðàíñòâå g(p0, p) → g(p4, p).

ìåçîí êîíñòàíòà ìàññà ïàðàìåòð îáðåçàíèÿ èçîñïèí
b g2b/(4π); [gt/gv] µb, GeV Λb,GeV

σ 12.2 0.571 1.29 0
δ 1.6 0.961 1.29 1
π 14.5 0.139 1.29 1
η 4.5 0.549 1.29 0
ω 27.0; [0] 0.783 1.29 0
ρ 1.0; [6] 0.764 1.29 1

mN = 0.939 GeV, ϵD = −2.225 MeV

Ïñåâäîâåðîÿòíîñòè ïàðöèàëüíûõ ñîñòîÿíèé äëÿ äåéòðîíà

Ñîñòîÿíèå 3S+
1

3D+
1

3S−
1

3D−
1

Pα(%) 95.014 5.106 −0.002 −0.003
Ñîñòîÿíèå 1P e

1
3P o

1
1P o

1
3P e

1

Pα(%) −0.010 −0.082 −0.015 −0.008



2. Óïðóãîå eD → eD ðàññåÿíèå

Ðåàêöèÿ óïðóãîãî eD → eD ðàññåÿíèÿ â îäíîôîòîííîì ïðèáëèæåíèè

�
�
�
�
��

- �
�
�3

PPPPPPPP

PPPPPPPP��������

��������
z

D: K,M D′: P = K + q,M′

q

ke

k′e

Àäðîííûé ìàòðè÷íûé ýëåìåíò ïàðàìåòðèçóåòñÿ òðåìÿ ôîðì ôàêòîðàìè:
F1, F2, G, êîòîðûå ñâÿçàíû ñ ôèçè÷åñêèìè ôîðì ôàêòîðàìè: ýëåêòðè÷åñêèì
FC(q

2), êâàäðóïîëüíûì FQ(q
2) è ìàãíèòíûì FM(q2).



Ðåëÿòèâèñòñêîå èìïóëüñíîå ïðèáëèæåíèå
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Q
Q
Q
Q

Q
QQs

-z z
D: K,M D: P = K + q,M′

q

ke

k′e

⟨D′M′|jµ|DM⟩ = i

∫
d
4p

(2π)4
Tr

{
Ψ̄M′(P ′, p′)Γ(S)

µ (q)ΨM(P, p)S−1
2 (P, p)

}
,

Âåðøèíà γNN -âçàèìîäåéñòâèÿ âûáèðàåòñÿ â âèäå

Γ(S)
µ (q) = γµF

(S)
1 (q2)− γµq · γ − q · γγµ

4m
F
(S)
2 (q2)



Ïðåîáðàçîâàíèÿ Ëîðåíöà ôóíêöèè è àðãóìåíòîâ

Ïîñêîëüêó ðåøåíèå äëÿ ôóíêöèè íàõîäèòñÿ â ñèñòåìå ïîêîÿ, òî íåîáõîäèìî
ïðåîáðàçîâàòü ñàìó ôóíêöèþ è åå àðãóìåíòû â ñèñòåìó ðàñ÷åòà:

ΨM(P, p) = Λ(L)ΨM(Pc.m.,L−1p)Λ−1(L),

Ψ̄M′(P ′, p′) = Λ−1(L)Ψ̄M′(Pc.m.,Lp′)Λ(L),

Λ−1(L)S(−1)
2 (P, p)Λ(L) = S

(−1)
2 (Pc.m.,L−1p)

ãäå Λ - îïåðàòîð äëÿ Ëîðåíö-ïðåîáðàçîâàíèÿ P = LPc.m., P
′ = L−1Pc.m.,

p = Lpc.m., p
′ = L−1pc.m..

Ñâÿçü àðãóìåíòîâ íà÷àëüíîãî è êîíå÷íîãî äåéòðîíîâ:

p′0 = (1 + 2η)p0 − 2
√
η
√
1 + ηpz −Mη,

p′x = px, p′y = py,

p′z = (1 + 2η)pz − 2
√
η
√
1 + ηp0 +M

√
η
√

1 + η,

ãäå p0, px, py, pz � êîìïîíåíòû 4-èìïóëüñà p â ëàáîðàòîðíîé ñèñòåìå.



ÝÌ ìîìåíòû äåéòðîíà
L.P. Kaptari, A.Yu. Umnikov, S.G. Bondarenko, K.Yu. Kazakov

F.C. Khanna et al. Phys.Rev.C 54 (1996) 986-1005

Ìàãíèòíûé µD è êâàäðóïîëüíûé QD ìîìåíòû èç óñëîâèÿ íîðìèðîâêè ÔÔ:

µD =
mN

MD
lim
q2→0

FM(q2), QD =
1

M2
D

lim
q2→0

FQ(q
2).

FM =
1

MD

√
2

⟨P ′M′ = +1|jx|PM = 0⟩
√
η
√
1 + η

,

FQ =
1

2MD

⟨P ′M′ = 0|j0|PM = 0⟩ − ⟨P ′M′ = +1|j0|PM = +1⟩
2η

√
1 + η

,

Ñèñòåìà Áðåéòà: P0 = P ′
0 = E, P = −q

2 , P ′ = q
2 η = −q2/4M2

D

Ñõåìà âû÷èñëåíèé:
- øïóð
- ðàçëîæèòü äî µD:

√
η, QD: η

- ïðîèíòåãðèðîâàòü àíàëèòè÷åñêè ïî Ωk - îáðàòèòü â íîëü µD: (
√
η)0, QD:

(
√
η)0, (

√
η)1

- îêîí÷àòåëüíûå èíòåãðàëû îò ðàäèàëüíûõ ôóíêöèé∫
dk4

∫
k2dk Fab(k4, k)ϕa(k4, k)ϕb(k4, k)



Ðåëÿòèâèñòñêèå ýôôåêòû

Ðåëÿòèâèñòñêèå ýôôåêòû îòëè÷àþùèå îïèñûâàåìûå ìàòðè÷íûå ýëåìåíòû îò
àíàëîãè÷íûõ íåðåëÿòèâèñòñêèõ âûðàæåíèé:
(i) âêëàä P -ñîñòîÿíèé àìïëèòóäû ÁÑ è ñîñòîÿíèé ñ îòðèöàòåëüíîé ýíåðãèåé

(â îñîáåííîñòè, íåäèàãîíàëüíûõ ïåðåõîäîâ ìåæäó 3S+
1 ,

3D+
1 è 1P

(e),(o)
1 ,

3P
(o),(e)
1 âîëíàìè);

(ii) çàâèñèìîñòü àìïëèòóäû ÁÑ îò íóëåâîé êîìïîíåíòû îòíîñèòåëüíîãî
4-ìîìåíòà p0 � òàê íàçûâàåìûå �ýôôåêòû çàïàçäûâàíèÿ�;
(iii) ýôôåêòû Ëîðåíö ïðåîáðàçîâàíèÿ àðãóìåíòîâ àìïëèòóä ÁÑ:
îòíîñèòåëüíûõ 4-ìîìåíòîâ (p, p′);
(iv) ýôôåêòû Ëîðåíö ïðåîáðàçîâàíèÿ ñàìîé àìïëèòóäû ÁÑ.



Ìàãíèòíûé ìîìåíò äåéòðîíà
Ðåëÿòèâèñòñêîå âûðàæåíèå äëÿ ìàãíèòíîãî ìîìåíòà:

µD = µ+ + µ−,

(+) - âûðàæåíèÿ ñ ñîñòîÿíèÿìè ñ ïîëîæèòåëüíîé ýíåðãèåé, (−) - îáîçíà÷àåò
ìàòðè÷íûå ýëåìåíòû ïåðåõîäîâ, â êîòîðûõ åñòü õîòÿ áû îäíî ñîñòîÿíèå ñ
P -âîëíàìè èëè âîëíàìè ñ îòðèöàòåëüíîé ýíåðãèåé.
Ìîæíî âûäåëèòü íåðåëÿòèâèñòñêîå âûðàæåíèå:

µ+ = µNR +∆µ+.

µD = µNR +∆µ.

∆µ = R+ +∆µ− + µ3−.

Íåðåëÿòèâèñòñêîå âûðàæåíèå äëÿ ìàãíèòíîãî ìîìåíòà äåéòðîíà:

µNR = 0.850718 (e/2m)

µNR = (µp + µn)−
3

2
(µp + µn − 1

2
)pD.

µp, µn � ìàãíèòíûå ìîìåíòû ïðîòîíà è íåéòðîíà, pD � ïñåâäîâåðîÿòíîñòü
ðåëÿòèâèñòñêîé 3D+

1 -âîëíû â äåéòðîíå



Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ äëÿ µD

Ýêñïåðèìåíòàëüíîå çíà÷åíèå:

µexp = 0.857406± 10−6 (e/2m)

Íåðåëÿòèâèñòñêîå çíà÷åíèå:

µNR = 0.850718 (e/2m) (−0.78% îò ýêñïåðèìåíòà)

Ðåëÿòèâèñòñêîå çíà÷åíèå:

µD = 0.856140 (e/2m) (−0.15% îò ýêñïåðèìåíòà)

(i) ñàìóþ áîëüøàÿ ïîïðàâêà µ3− = 6.099 · 10−3 (e/2m), ∼ 0.71% îò ïîëíîãî
çíà÷åíèÿ - ïåðåõîäû ìåæäó ñîñòîÿíèÿìè 3S++

1 ,3D++
1 è P -ñîñòîÿíèÿìè

(1P e
1 ,

1 P o
1 ,

3 P e
1 ,

3 P o
1 )

(ii) R+ = −9.75 · 10−4 (e/2m), ∼ −0.11% îò ïîëíîãî çíà÷åíèÿ -
êèíåìàòè÷åñêèå ïîïðàâêè (Ëîðåíö-ïðåîáðàçîâàíèÿ àðãóìåíòîâ ôóíêöèé è
ôîðìû ôóíêöèé 3S++

1 ,3D++
1 âîëí)

(iii) ∆µ− = 2.99 · 10−4 (e/2m), ∼ 0.04% îò ïîëíîãî çíà÷åíèÿ - âñå îñòàëüíîå



Êâàäðóïîëüíûé ìîìåíò äåéòðîíà

QD =
∑
a,a′

∑
ρ,ρ′

⟨a′ρ
′

|Q̂|aρ⟩ =
∑
a,a′

∑
ρ,ρ′

[
⟨a′ρ

′

|Q̂C |aρ⟩+ ⟨a′ρ
′

|Q̂LB
C |aρ⟩

+⟨a′ρ
′

|Q̂M |aρ⟩+ ⟨a′ρ
′

|Q̂LB
M |aρ⟩

]
,

C � âêëàä çàðÿäîâîé è M � ìàãíèòíîé ÷àñòåé ôîòîí-íóêëîííîé âåðøèíû,
LB � âêëàä ïðîèñõîäèò îò ôàêòîðà, ñîîòâåòñòâóþùåãî Ëîðåíö-
ïðåîáðàçîâàíèþ àìïëèòóä ÁÑ è ïðîïàãàòîðà.

- 3S++
1 -P ïåðåõîäû

⟨3S+
1 |Q̂C |1P e

1 ⟩ = 0.0052 Ôì2, ⟨3S+
1 |Q̂C |3P o

1 ⟩ = −0.0027 Ôì
2

- 3D++
1 -P ïåðåõîä ⟨3D+

1 |Q̂C |1P e
1 ⟩ = −0.00007 Ôì

2

- ïåðåõîäû â íå÷åòíûå ñîñòîÿíèÿ ⟨|Q̂C |⟩ = −0.0007 Ôì
2

- ïðîèçâîäíàÿ ïî p0 ⟨|Q̂p0

C |⟩ = 0.0006 Ôì
2

- ïðîèçâîäíàÿ ïî LB ⟨|Q̂LB
C |⟩ = −0.0029 Ôì

2

- ñóììàðíàÿ ïîïðàâêà îò �ìàãíèòíîé� ÷àñòè ⟨|Q̂C |⟩ = −0.0005 Ôì
2



Ýêñïåðèìåíòàëüíîå çíà÷åíèå:

Qexp
D = 0.2859± 0.003 Ôì2

Ñóììàðíî:

QD = 0.2678 Ôì2 = QNR + δQrel = (0.2690− 0.0007− 0.0005) Ôì2,

ãäå QNR îïðåäåëÿåòñÿ �áîëüøîé� êîìïîíåíòîé àìïëèòóäû ÁÑ è íå çàâèñèò
îò ïðîèçâîäíûõ è Ëîðåíö-áóñò ýôôåêòîâ, δQrel. � âêëàä îñòàâøèõñÿ ÷ëåíîâ,
èìåþùèé ÷èñòî ðåëÿòèâèñòñêóþ ïðèðîäó. Ïîïðàâêà îòðèöàòåëüíàÿ è íà 6%
ìåíüøå ýêñïåðèìåíòà.



3. Óïðóãîå ïðîòîí-äåéòðîííîå ðàññåÿíèå

L.P. Kaptari, B. K�ampfer, S.M. Dorkin, S.S. Semikh, Phys.Rev.C 57 (1998)

1097-1111; Few Body Syst. 27 (1999) 189-206

p + D = p′(θ = 1800) + D′.

Äèôôåðåíöèàëüíîå ñå÷åíèå â ñ.ö.ì.

dσ

dΩ
=

1

64π2s
|M |2,

√
s - ïîëíàÿ ýíåðãèÿ íà÷àëüíûõ ÷àñòèö,

Â ñ.ö.ì. 4-èìïóëüñû ÷àñòèö:

D = (E,p), p = (ϵ,−p), D′ = (E,−p), p′ = (ϵ,p),

4-âåêòîðû ïîëÿðèçàöèè:

ξM = (
pξM
MD

, ξM + p
pξM

MD(E +MD)
)ξ′M ′ = (−pξ′M ′

MD
, ξ′M ′ + p

pξ′M ′

MD(E +MD)
),



ξ, ξ′ 3-âåêòîðû ïîëÿðèçàöèè â ñèñòåìå ïîêîÿ äåéòðîíà:

ξ+1 = (−1, i, 0)/
√
2, ξ−1 = (1, i, 0)/

√
2, ξ0 = (0, 0, 1).

Â ëàáîðàòîðíîé ñèñòåìå:

pf = plab =
M2

S −m2
N

s
pi, s =M2

D +m2
N + 2MDEi, EI =

√
p2I +m2

N

Êèíåìàòè÷åñêèé ïðåäåë: åñëè pi → ∞, òî plab → M2
D−m2

N

2MD
= 0.702 GeV/c

Â ñëó÷àå îáðàòíîãî ðàññåÿíèÿ àìïëèòóäà pD ðàññåÿíèÿ îïðåäåëÿåòñÿ 4
íåçàâèñèìûìè ïàðöèàëüíûìè àìïëèòóäàìè

M = Ψ+
s′ F Ψs

F = A (ξMξ+M ′) + B (nξM )(nξ+M ′) + iC (σ · [ξM × ξ+M ′ ])

+iD (σn)(n · [ξM × ξ+M ′ ]),

n - åäèíè÷íûé âåêòîð ïàðàëëåëüíûé íàïðàâëåíèþ ïó÷êà, A,B, C,D -
ïàðöèàëüíûå àìïëèòóäû óïðóãîãî pD ðàññåÿíèÿ íàçàä.



Èìïóëüñíîå ïðèáëèæåíèå: îäíîíóêëîííûé îáìåí

y-

-

-

-

-

6

-y

D

0

�

D

�

D

0

p

D

n

p

0

Àìïëèòóäà:

M = ū(p′) Γ(D, q) S̃2 Γ̄(D
′, q′)u(p).

Γ(D, q) - âåðøèííàÿ ôóíêöèÿ ÁÑ, S̃2 = 1/
(
D̂/2− q̂ +m

)
- íóêëîííûé

ïðîïàãàòîð, D̂ = Dµγµ

Γ(D, q) = [h1ξ̂ + h2
(qξ)

m
] + [h5ξ̂ + h6

(qξ)

m
]
D̂/2− q̂ +m

m
,

hi - èíâàðèàíòíûå ñêàëÿðíûå ôóíêöèè ñ àðãóìåíòàìè q2 è Dq.



Äëÿ ðàñ÷åòà ñå÷åíèÿ è ïîëÿðèçàöèîííûõ õàðàêòåðèñòèê íåîáõîäèìî âîçâåñòè
â êâàäðàò, ïîäñòàâèòü ðåëÿòèâèñòñêèå ñïèíîâûå ìàòðèöû ïëîòíîñòè,
âû÷èñëèòü øïóð. Ñå÷åíèå âûðàçèòñÿ ÷åðåç ôóíêöèè hi, êîòîðûå ìîæíî
âûðàçèòü ÷åðåç ïàðöèàëüíûå ñîñòîÿíèÿ.
Âîñïîëüçîâàâøèñü ñîîòíîøåíèåì Ãîðäîíà, àìïëèòóäó ìîæíî ïåðåïèñàòü â
âèäå:

M =

6∑
i=1

R̃i ū(p
′)Ri u(p)

ôóíêöèè R̃i âûðàæàþòñÿ ÷åðåç ôóíêöèè hi, à ôóíêöèè Ri ÷åðåç âåêòîðà
ïîëÿðèçàöèè äåéòðîíîâ è 4-èìïóëüñû.

R1 = ξ̂ξ̂′, R2 =
pξ′

m

p′ξ

m
, R3 = ξ̂

pξ′

m
+ ξ̂′

pξ′

m
, R4 = ξ̂(D̂ − p̂′)ξ̂′,

R5 =
pξ′

m

p′ξ

m
(D̂ − p̂′), R6 = ξ̂(D̂ − p̂′)

pξ′

m
+ (D̂ − p̂′)ξ̂′

p′ξ

m
.

Ñêàëÿðíûå ôóíêöèè
R̃i = R̃i(hi, Dp, p

2).



Èñïîëüçóÿ Äèðàêîâñêóþ àëãåáðó ìîæíî âåëè÷èíû ū(p′, s′)Ri u(p, s)
ïåðåïèñàòü ÷åðåç 3-âåêòîðû ïîëÿðèçàöèè äåéòðîíà è ïðè âîçâåäåíèè â
êâàäðàò ââåñòè ñïèíîâûå ìàòðèöû ïëîòíîñòè ïðîòîíà �2x2� è äåéòðîíà �3x3�:

Hλ,H→λ′,H′ =
Tr (FσλDHF+σλ′DH′)

Tr (FF+)
,

çäåñü λ è H (λ′ è H ′) îòíîñÿòñÿ ê ïîëÿðèçàöèîííûì õàðàêòåðèñòèêàì
íà÷àëüíîãî (êîíå÷íîãî) ïðîòîíà è äåéòðîíà.

√
4πh1 =

1√
2
g1 −

1

2
g3 +

√
3mN

2MDPlab
(2Ep −MD)g5,

√
4πh2 = − mN√

2(mN + Ep)
g1 −

mN (mN + 2Ep)

2P 2
lab

g3 +

√
3mN

2PlabMD
(2MD − Ep)g5,

√
4πh5 = −

√
3mNEp

2MDPlab
g5,

√
4πh6 = − m2

N√
2MD(mN + Ep)

g1 +
(Ep + 2mN )m2

N

2MDP 2
lab

g3 +

√
6m2

N

2MDPlab
g7,

gi - ïàðöèàëüíûå ñîñòîÿíèÿ âåðøèííîé ôóíêöèè ÁÑ: 1 - 3S++
1 , 3 - 3D++

1 , 5 -
1P+−

1 , 7 - 3P+−
1 .



Àíàëîãè íåðåëÿòèâèñòñêèõ âîëíîâûõ ôóíêöèé:

ΨS(|Plab|) = N g1(0, |Plab|)
2Ep −MD

, ΨD(|Plab|) = N g3(0, |Plab|)
2Ep −MD

,

ΨP5(|Plab|) = N g5(0, |Plab|)
MD

, ΨP7(|Plab|) = N g7(0, |Plab|)
MD

,

Íåðåëÿòèâèñòñêèå âûðàæåíèÿ äëÿ íàáëþäàåìûõ:

σNR = 3
(
u2(q) + w2(q)

)2
,

ANR =

(
u(q) +

w(q)√
2

)2

,

BNR = −3

2
w(q)

(
2
√
2u(q)− w(q)

)
,

CNR =

(
u(q) +

w(q)√
2

)(
u(q)−

√
2w(q)

)
,

DNR =
3√
2
w(q)

(
u(q) +

w(q)√
2

)



Ýôôåêòû Ëîðåíö-áóñòà Ðàñêëàäûâàÿ ïî P 2
lab/2m

2 ìîæíî ïîëó÷èòü
íåðåëÿòèâèñòñêèå âûðàæåíèÿ è ðåëÿòèâèñòñêèå ïîïðàâêè

σ0 ∼
(
Ψ2

S(Plab) + Ψ2
D(Plab)

)2 (
1 +

P 2
lab

2m2
+

29P 4
lab

16m4
+

83P 6
lab

32m6
+ · · ·

)
,

A0 ∼
(
ΨS(Plab)−

ΨD(Plab)√
2

)2

L(Plab),

B0 ∼ 3

2
ΨD(Plab)

(
2
√
2ΨS(Plab) + ΨD(Plab)

)
L(Plab),

C0 ∼
(
ΨS(Plab)−

ΨD(Plab)√
2

)(
ΨS(Plab) +

√
2ΨD(Plab)

)
L(Plab),

D0 ∼ 3√
2
ΨD(Plab)

(
ΨS(Plab)−

ΨD(Plab)√
2

)
L(Plab),

ãäå îïåðàòîð Ëîðåíö-áóñòà L(Plab)

L(Plab) =

(
1 +

P 2
lab

4m2
+

7P 4
lab

8m4
+ · · ·

)
.



Ýôôåêòû ïàðöèàëüíûõ P -ñîñòîÿíèé
Êîíå÷íûå âûðàæåíèÿ äëÿ ðåëÿòèâèñòñêèõ ïîïðàâîê ñ P -âîëíîâûìè
ïàðöèàëüíûìè ñîñòîÿíèÿìè:

σ = σ0 + δσ,

δσ =
24
√
6m3P 3

lab√
s

(Ψ2
S +Ψ2

D)
(
ΨS +

√
2ΨD

)(
ΨP5

+
2
√
2P 2

lab

3m2
ΨP7

)

+
2
√
6mP 5

lab√
s

(Ψ2
S +Ψ2

D)
(
9
√
2ΨD + 33ΨS

)
ΨP5

+ · · ·

äëÿ òåíçîðà ïîëÿðèçàöèè

T20 = TNR
20 + δT20,

δT20 = −
2
√
3
(
ΨS +

√
2ΨD

)
(ΨS −ΨD/

√
2)2

(Ψ2
S +Ψ2

D)2
m

Plab
(ΨP5

+
2
√
2P 2

lab

3m2
ΨP7

+ · · · )

äëÿ ïåðåäà÷è ïîëÿðèçàöèè

κ = κNR + δκ,

δκ =

√
6(ΨS −ΨD/

√
2)((2

√
2ΨD −ΨS)

2 − 9Ψ2
D)

(Ψ2
S +Ψ2

D)2
m

Plab
(ΨP5

+
2
√
2P 2

lab

3m2
ΨP7

· · · ).



Íåïîëÿðèçîâàííîå ñå÷åíèå êàê
ôóíêöèÿ èìïóëüñà êîíå÷íîãî
ïðîòîíà â ëàáîðàòîðíîé ñèñòåìå.
Ïóíêòèð - âêëàä âîëí ñ
ïîëîæèòåëüíîé ýíåðãèåé, äëèííûé
ïóíêòèð - âêëàä ðåëÿòèâèñòñêèõ
ïîïðàâîê, ñïëîøíàÿ ëèíèÿ - ñóììà,
êîðîòêèé ïóíêòèð - ðàññå÷åò ñ
áîííñêîé ôóíêöèåé



Òåíçîðíàÿ àíàëèçèðóþùàÿ ñïîñîáíîñòü T20 ∼ H0,0→0,NN . Ïóíêòèð - âêëàä
âîëí ñ ïîëîæèòåëüíîé ýíåðãèåé, òî÷êè - âêëàä ðåëÿòèâèñòñêèõ ïîïðàâîê,

ñïëîøíàÿ ëèíèÿ - ñóììà, êîðîòêèé ïóíêòèð - ðàñ÷åò ñ ïàðèæñêîé ôóíêöèåé



Êîýôôèöèåíò ïåðåäà÷è ïîëÿðèçàöèè κ ∼ H0,N→N,0. Ïóíêòèðíàÿ ëèíèÿ -
âêëàä âîëí ñ ïîëîæèòåëüíîé ýíåðãèåé, òî÷êè - âêëàä ðåëÿòèâèñòñêèõ

ïîïðàâîê, ñïëîøíàÿ ëèíèÿ - ñóììà



Âåêòîð-âåêòîðíûé êîýôôèöèåíò ïåðåäà÷è îò íà÷àëüíîãî ïðîòîíà ê
êîíå÷íîìó



Âåêòîð-âåêòîðíûé êîýôôèöèåíò ïåðåäà÷è îò íà÷àëüíîãî äåéòðîíà ê
êîíå÷íîìó



Òåíçîð-òåíçîðíûé êîýôôèöèåíò ïåðåäà÷è îò íà÷àëüíîãî äåéòðîíà ê
êîíå÷íîìó



Òåíçîð-òåíçîðíûé êîýôôèöèåíò ïåðåäà÷è îò íà÷àëüíîãî äåéòðîíà ê
êîíå÷íîìó H0,LN→0,LN îáóñëîâëåííûé òîëüêî ðåëÿòèâèñòñêèìè ýôôåêòàìè



Ïèîíûé îáìåí
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Äèàãðàììû ïèîííîãî îáìåíà äëÿ ðåàêöèè óïðóãîãî ïðîòîí-äåéòðîííîãî
ðàññåÿíèÿ



T s′,M ′

s,M = ı

∫
d4q

(2π)4
ū(p′, s′)

√
2gπNNγ5

π2 − µ2 + ıε
ΦM (p1, p2) Â

M ′

p2+p→π++D′ u(p, s),

(1)
gπNN - êîíñòàíòà ñâÿçè, µ - ïèîííàÿ ìàññà, ΦM (p1, p2) - àìïëèòóäà ÁÑ,
ÂM ′

p2+p→π++D′ àìïëèòóäà ïðîöåññà p2 + p→ π+ +D′. Èñïîëüçîâàëàñü

àìïëèòóäà fM
′

s2,s ïðîöåññà p+ p→ π+ +D íà ìàññîâîé ïîâåðõíîñòè
Â êîíå÷íîì èòîãå àìïëèòóäà âûðàæàåòñÿ êàê

T s′,M ′

s,M =
∑
s2

{
δM0

(
aM

′

s2,s + dM
′

s2,s

)(
δs2 1

2
δs′− 1

2
− δs2− 1

2
δs′ 1

2

)
+ aM

′

s2,s

(
−
√
2δM1δs2 1

2
δs′ 1

2
+
√
2δM−1δs2− 1

2
δs′− 1

2

)}
, (2)

ãäå a, d ñîäåðæàò ôóíêöèè ÁÑ äëÿ ïîëîæèòåëüíûõ âîëí, à òàêæå àìïëèòóäó
fM

′

s2,s(p, p2;π,D
′) íà ìàññîâîé ïîâåðõíîñòè. Àìïëèòóäà f áðàëàñü èç ôàçîâîãî

àíàëèçà ñ Ëîðåíö ïðåîáðàçîâàíèåì èç ñ.ö.ì äâóõ ïðîòîíîâ â ëàá ñèñòåìó pD.
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Íåïîëÿðèçîâàííîå ñå÷åíèå: ïóíêòèðíàÿ ëèíèÿ - îäíîíóêëîííûé îáìåí, òî÷êè
- âêëàä ïèîííîãî îáìåíà, ñïëîøíàÿ ëèíèÿ - ñóììà. (a) - ñ ó÷åòîì

P -ñîñòîÿíèé â îäíîíóêëîííîì îáìåíå, (b) - áåç ó÷åòà
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T20: ïóíêòèðíàÿ ëèíèÿ - îäíîíóêëîííûé îáìåí, ñïëîøíàÿ ëèíèÿ - ó÷åò
ïèîííîãî îáìåíà
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κD→p: ïóíêòèðíàÿ ëèíèÿ - îäíîíóêëîííûé îáìåí, ñïëîøíàÿ ëèíèÿ - ó÷åò
ïèîííîãî îáìåíà



Ðàñùåïëåíèå äåéòðîíà pD → ppn

Ó÷åò âçàèìîäåéñòâèÿ â êîíå÷íîì ñîñòîÿíèè: Ψ(p∗f ; pf , Pf )

1. ñèëüíàÿ çàâèñèìîñòü îò ïîñòàíîâêè ýêñïåðèìåíòà - ó÷åò ÂÊÑ

2. íåëüçÿ ïðîâåñòè ïðîöåäóðû ïîâîðîòà Âèêà â êëàññè÷åñêîì ñèûñëå,
íåîáõîäèìî ó÷èòûâàòü ïîëþñà âíóòðè êîíòóðà èíòåãðèðîâàíèÿ
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