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1 �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
2 ƒμ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ®„Ê¡´ ¯, „Ê¡´ , �μ¸¸¨Ö

3 Š § Ì¸±¨° ´ Í¨μ´ ²Ó´Ò° Ê´¨¢¥·¸¨É¥É ¨³. �²Ó-” · ¡¨, �²³ ÉÒ, Š § Ì¸É ´

„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ pp → {pp}sπ
0, £¤¥ {pp}s Å ¶ ·  ¶·μÉμ´μ¢

¢ ¸μ¸ÉμÖ´¨¨ 1S0 ¶·¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö Epp < 3 ŒÔ‚, ¢ÒÎ¨¸²¥´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
³¥Ì ´¨§³  ¢μ§¡Ê¦¤¥´¨Ö Δ-¨§μ¡ ·Ò. Œμ¤¥²Ó ¶·¨¢μ¤¨É ± Î¥É±μ³Ê ¶¨±Ê, ´ ¡²Õ¤ ¥³μ³Ê
¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  ∼ 0,6 ƒÔ‚ ¨ ´Ê²¥¢μ³ Ê£²¥ ¢Ò²¥É 
¤¨¶·μÉμ´ , μ¤´ ±μ ¥£μ  ¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´  ¸¨²Ó´μ § ¢¨¸¨É μÉ Ô±¸É· ¶μ²ÖÍ¨¨ ¢¥·-
Ï¨´´μ£μ Ë ±Éμ·  πNΔ ¢ μ¡² ¸ÉÓ ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¨ § ´¨¦ ¥É ¤ ´´Ò¥.

The differential cross section of the reaction pp → {pp}sπ
0, where {pp}s is the

proton pair in the 1S0 state at small excitation energy Epp < 3 MeV, is calculated
using the box diagram with excitation of the Δ isobar. The model demonstrates a clear
bump observed in the data at beam energy ∼ 0.6 GeV and zero angle, however, its
absolute value strongly depends on the off-shell extrapolation of the πNΔ vertex factor
and underestimates the data.

PACS: 13.75.Cs; 13.85.-t
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�¥§μ´ ´¸´ Ö ¸É·Ê±ÉÊ· , ´ ¡²Õ¤ ¥³ Ö ¢ ¶μ²´μ³ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ pp →
dπ+ ¸ ³ ±¸¨³Ê³μ³ ¶·¨ ∼ 600 ŒÔ‚, ¡Ò²  μ¡ÑÖ¸´¥´  ³¥Ì ´¨§³μ³ ¢μ§¡Ê¦¤¥´¨Ö
Δ(1232)-¨§μ¡ ·Ò ¢ ¶·μ³¥¦ÊÉμÎ´μ³ ¸μ¸ÉμÖ´¨¨ ¢ ¶μ¤¶·μÍ¥¸¸¥ NN → NΔ [1].
„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¨ ´¥±μÉμ·Ò¥ ¸¶¨´μ¢Ò¥ ´ ¡²Õ¤ ¥³Ò¥ É ±¦¥ ¡Ò²¨
· §Ê³´μ μ¶¨¸ ´Ò ¢ Éμ³ ¦¥ ¶μ¤Ìμ¤¥ ¢ r-¶·μ¸É· ´¸É¢¥ [1, 2]. �¥¤ ¢´μ ¡Ò²
¢Ò¶μ²´¥´ ´μ¢Ò°  ´ ²¨§ ÔÉμ° ·¥ ±Í¨¨ ¢ p-¶·μ¸É· ´¸É¢¥ [3], ¶μ± § ¢ Ï¨°,
μ¤´ ±μ, ÎÉμ Î¨¸ÉÒ° Δ-³¥Ì ´¨§³ ´¥¤μ¸É ÉμÎ¥´ ¤²Ö μ¡ÑÖ¸´¥´¨Ö  ¡¸μ²ÕÉ´μ°
¢¥²¨Î¨´Ò ¶μ²´μ£μ ¸¥Î¥´¨Ö pp → dπ+, ¨ ¶μÔÉμ³Ê ¢ [3] ¡Ò² · ¸¸³μÉ·¥´ ¢±² ¤
¤¨¡ ·¨μ´´ÒÌ ·¥§μ´ ´¸μ¢.
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‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ¦´μ ¨¸¸²¥¤μ¢ ÉÓ ¤·Ê£μ° ± ´ ² ÔÉμ° ·¥ ±Í¨¨, pp →
{pp}sπ

0, ¶·¨ ¡²¨§±¨Ì ±¨´¥³ É¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ, ´μ ¸ μ¡· §μ¢ ´¨¥³ ¤¨¶·μ-
Éμ´  {pp}s ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¸ ´¥¡μ²ÓÏμ° Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö Epp <
3 ŒÔ‚, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ¤μ³¨´¨·μ¢ ´¨¥ 1S0-¸μ¸ÉμÖ´¨Ö. „¥²μ ¢ Éμ³, ÎÉμ ¨§-
§  · §²¨Î¨Ö ¢ ¸¶¨´¥ S ¨ ¨§μ¸¶¨´¥ T ¤¥°É·μ´  (S = 1, T = 0) ¨ ¤¨¶·μÉμ´ 
(S = 0, T = 1) ¶¥·¥Ìμ¤Ò, · §·¥Ï¥´´Ò¥ ¢ ¤¨¶·μÉμ´´μ³ ± ´ ²¥ ¸μÌ· ´¥´¨¥³
Ê£²μ¢μ£μ ³μ³¥´É  ¨ P -Î¥É´μ¸É¨, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö μÉ ¤¥°É·μ´´μ£μ ± -
´ ² . ’ ±, Éμ²Ó±μ ¸¶¨´-É·¨¶²¥É´Ò¥ ´ Î ²Ó´Ò¥ pp-¸μ¸ÉμÖ´¨Ö (S = 1) ¸ μÉ·¨-
Í É¥²Ó´μ° P -Î¥É´μ¸ÉÓÕ · §·¥Ï¥´Ò ¢ ·¥ ±Í¨¨ pp → {pp}sπ

0 ¶μ ¸· ¢´¥´¨Õ ¸
·¥ ±Í¨¥° pp → dπ+, ¢ ±μÉμ·ÊÕ ´ Î ²Ó´Ò¥ pp-¸μ¸ÉμÖ´¨Ö ¸ S = 0 ¨ ¶μ²μ¦¨-
É¥²Ó´μ° Î¥É´μ¸ÉÓÕ ¤ ÕÉ ¢±² ¤. ‘²¥¤μ¢ É¥²Ó´μ, ·¥ ±Í¨Ö pp → {pp}sπ

0 Ö¢²Ö-
¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò³ É¥¸Éμ³ ³μ¤¥²¥°, · §· ¡μÉ ´´ÒÌ ¤²Ö ·¥ ±Í¨¨ pp → dπ+.

��Š‘-„ˆ�ƒ��ŒŒ� ‘ ‚�‡�“†„…�ˆ…Œ Δ-ˆ‡����›

‘μ£² ¸´μ [4], ³¥Éμ¤ ¸¢Ö§ ´´ÒÌ ± ´ ²μ¢ [1], · §¢¨ÉÒ° ¤²Ö ·¥ ±Í¨¨ pp →
dπ+, ·¥§±μ ¶·μÉ¨¢μ·¥Î¨É ¤ ´´Ò³ μ ·¥ ±Í¨¨ pp → {pp}sπ

0 [5, 6]. 
μ²¥¥
¶·μ¸É Ö ³μ¤¥²Ó, μ¸´μ¢ ´´ Ö ´  É·¥Ê£μ²Ó´μ° ¤¨ £· ³³¥ μ¤´μ¶¨μ´´μ£μ μ¡³¥´ 
¸ ¶μ¤¶·μÍ¥¸¸μ³ πN → πN , Ìμ·μÏμ μ¶¨¸Ò¢ ¥É Ëμ·³Ê ·¥§μ´ ´¸´μ£μ ¶¨± ,
´μ § ¢ÒÏ ¥É ¥£μ  ¡¸μ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ¢ 2Ä3 · § . ‚ ¤ ´´μ° · ¡μÉ¥ ³Ò · ¸-
¸³ É·¨¢ ¥³ ·¥ ±Í¨Õ pp → {pp}sπ

0, ¨¸¶μ²Ó§ÊÖ μ¤´μ¶¥É²¥¢ÊÕ ¤¨ £· ³³Ê ¸

¶μ¤¶·μÍ¥¸¸μ³ π0p → Δ → π0p (·¨¸. 1). �μ²´ Ö  ³¶²¨ÉÊ¤  ¤ ¥É¸Ö · §´μ¸ÉÓÕ

¶·Ö³μ£μ ¨ μ¡³¥´´μ£μ Î²¥´μ¢, Adir−Aexch. �·Ö³μ° Î²¥´ (·¨¸. 1,  ) ³μ¦¥É ¡ÒÉÓ
§ ¶¨¸ ´ ¢ ¢¨¤¥

Adir
fi =

fπNN

mπ

(
fπNΔ

mπ

)2 ∫
d3k

(2π)3
f(k, kpp; Epp)
k2

pp − k2 + iε
×

×
FπNN (t)Z1/2(sΔ, m2

p, t)
t − m2

π + iε

FπNΔ(t)Z1/2(sΔ, p2, m2
π)

sΔ − m2
Δ + imΔΓ

�fi, (1)

£¤¥ f(k, kpp; Epp) Å  ³¶²¨ÉÊ¤  pp-· ¸¸¥Ö´¨Ö ´ ¶μ²μ¢¨´Ê ¢´¥ Ô´¥·£¥É¨Î¥¸±μ°
¶μ¢¥·Ì´μ¸É¨ ¢ 1S0-¸μ¸ÉμÖ´¨¨ ¶·¨ ¨³¶Ê²Ó¸¥ kpp =

√
Eppmp; t Å ±¢ ¤· É

�¨¸. 1. �·Ö³μ° ( ) ¨ μ¡³¥´´Ò° (¡) Δ-³¥Ì ´¨§³Ò ·¥ ±Í¨¨ pp → {pp}sπ
0
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4-¨³¶Ê²Ó¸  ¶·μ³¥¦ÊÉμÎ´μ£μ π-³¥§μ´ ; sΔ ¨ Γ Å ±¢ ¤· É ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò
¨ Ï¨·¨´  Δ-¨§μ¡ ·Ò ¸μμÉ¢¥É¸É¢¥´´μ; mi Å ³ ¸¸  i-° Î ¸É¨ÍÒ (i = p, Δ, π);
fπNΔ (fπNN ) Å ±μ´¸É ´É  ¸¢Ö§¨ πNΔ (πNN ). ”μ·³Ë ±Éμ·Ò ¢ ¢¥·Ï¨´ Ì
πNN ¨ πNΔ FπNN (t) = FπNΔ(t) ≡ Fπ(t) ¢Ò¡· ´Ò ¢ ³μ´μ¶μ²Ó´μ° Ëμ·³¥

Fπ(t) = (Λ2 − m2
π)/(Λ2 − t); �fi Å μ¸É ¢Ï¨°¸Ö Ë ±Éμ·, § ¢¨¸ÖÐ¨° μÉ ¸¶¨-

´μ¢. ‡ ¢¨¸ÖÐ Ö μÉ Ô´¥·£¨¨ Ï¨·¨´  Δ-¨§μ¡ ·Ò ¥¸ÉÓ

Γ = Γ0

(
qR

qon

)3

Z(sΔ, m2
p, m

2
π), (2)

£¤¥ Z(sΔ, p2
p, t) = (q2

R + κ2)/(q2(sΔ, p2
p, t) + κ2); §¤¥¸Ó q Å μÉ´μ¸¨É¥²Ó´Ò°

¨³¶Ê²Ó¸ ³¥¦¤Ê ¶·μÉμ´μ³ ¨ ¶¨μ´μ³ ¢ ¢¥·Ï¨´¥ πNΔ, μ¶·¥¤¥²Ö¥³Ò° ± ±
q2(sΔ, p2, t) = λ(sΔ, p2, t)/4sΔ,   λ(a, b, c) Å ËÊ´±Í¨Ö É·¥Ê£μ²Ó´¨± ; ¤²Ö
¶·μÉμ´ , ¶¨μ´  ¨ Δ-¨§μ¡ ·Ò ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ÔÉμÉ ¨³¶Ê²Ó¸ ¥¸ÉÓ
qR = q(m2

Δ, m2, m2
π),   ¤²Ö ¶¨μ´  ¨ ¶·μÉμ´  ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¨

¢´¥³ ¸¸μ¢μ° Δ-¨§μ¡ ·Ò ¨³¥¥³ qon = p(s2
Δ, m2, m2

π). ” ±Éμ·
√

Z(sΔ, p2, t)
¢Ìμ¤¨É ¢ ¢¥·Ï¨´Ê πNΔ. ŒÒ ¨¸¶μ²Ó§Ê¥³ MΔ = 1,232 ƒÔ‚/c2, fπNΔ = 2,15,
fπNN = 1,0, Γ0 = 0,115 ƒÔ‚/c2, κ = 0,180 ƒÔ‚/c. � · ³¥É· μ¡·¥§ ´¨Ö
Λ = 0,55 ƒÔ‚/c ¢§ÖÉ ¨§ [9], É ± ± ± ¸ ´¨³ Ê¤ ¥É¸Ö μ¶¨¸ ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥
¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ dp → {pp}sπN ¶·¨ Ô´¥·£¨¨ ¤¥°É·μ´´μ£μ ¶ÊÎ± 
1,6Ä2,27 ƒÔ‚ [10].

�¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ pp → {pp}sπ
0 ¶·¨ cos θ = 1 ¢ § ¢¨¸¨³μ-

¸É¨ μÉ Ô´¥·£¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ± . Š·¨¢Ò¥ Å ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éμ¢ (¸³. É¥±¸É ¨
·¨¸. 1): 1 Å a; 2 Å ¡; 3 Å ¸Ê³³ ·´Ò° ¢±² ¤; 4 Å ¸Ê³³ ·´Ò° ¢±² ¤ ¸ ¶ · ³¥É·¨§ Í¨¥°
¢¥·Ï¨´ ¨§ [3]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [5, 6] (•) ¨ ¨§ [7] (�)
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—¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ (·¨¸. 2), ÎÉμ ¨¸¶μ²Ó§Ê¥³ Ö ³μ¤¥²Ó μ¡Ñ-
Ö¸´Ö¥É Ëμ·³Ê Ô´¥·£μ§ ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·¨ §´ Î¥´¨ÖÌ
Ô´¥·£¨¨ 350Ä800 ŒÔ‚ ¤²Ö ´Ê²¥¢μ£μ Ê£²  ¢Ò²¥É  ¤¨¶·μÉμ´ , μ¤´ ±μ § ´¨-
¦ ¥É ¥£μ  ¡¸μ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê. …¸²¨ ¨³¶Ê²Ó¸ ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ q
¢
√

Z-Ë ±Éμ·¥ § ³¥´¨ÉÓ ´  qon (ÔÉμÉ ·¥§Ê²ÓÉ É ¶μ± § ´ ´  ·¨¸. 2 ²¨´¨Ö³¨ 1Ä3),
Éμ · ¸Ìμ¦¤¥´¨¥ ¸μ¸É ¢²Ö¥É ∼ 20 %. …¸²¨ ¦¥ ÔËË¥±ÉÒ ¸Ìμ¤  ¸ ³ ¸¸μ¢μ° ¶μ-
¢¥·Ì´μ¸É¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢ ¢¥·Ï¨´´μ³ Ë ±Éμ·¥

√
Z, Éμ · ¸Î¥É´μ¥ ¸¥Î¥´¨¥ ´¨¦¥

¤ ´´ÒÌ ¢ ∼ 4 · § .
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