
Îïðåäåëåíèå îïòèìàëüíûõ ïàðàìåòðîâ
àäðîííîãî ãåíåðàòîðà JETSET äëÿ

íàèëó÷øåãî îïèñàíèÿ ðîæäåíèÿ àäðîíîâ â
ãëóáîêîíåóïðóãèõ âçàèìîäåéñòâèÿõ íåéòðèíî
íà îñíîâå äàííûõ ýêñïåðèìåíòà NOMAD

Àðò¼ì ×óêàíîâ

Îáúåäèí¼ííûé èíñòèòóò ÿäåðíûõ èññëåäîâàíèé, Äóáíà

14 èþíÿ 2017



Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé Ýêñïåðèìåíò NOMAD Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ íåéòðèííûõ âçàèìîäåéñòâèé Ñðàâíåíèå äàííûõ è ÌÊ Çàêëþ÷åíèå

Ñîäåðæàíèå äîêëàäà

Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé

Ýêñïåðèìåíò NOMAD

Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ íåéòðèííûõ
âçàèìîäåéñòâèé

Ñðàâíåíèå äàííûõ è ÌÊ

Çàêëþ÷åíèå

Àðò¼ì ×óêàíîâ Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé 13.06.2017 2 / 34



Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé Ýêñïåðèìåíò NOMAD Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ íåéòðèííûõ âçàèìîäåéñòâèé Ñðàâíåíèå äàííûõ è ÌÊ Çàêëþ÷åíèå

×àñòü III:

Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé
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Çà÷åì íóæíî ìîäåëèðîâàíèå âçàèìîäåéñòâèé

• ïðåäâàðèòåëüíàÿ îöåíêà ÷óâñòâèòåëüíîñòè ýêñïåðèìåíòà
(îïòèìèçàöèÿ ýêñïåðèìåíòà)

• îòëàäêà è íàñòðîéêà ðåêîíñòðóêöèè

• àíàëèç äàííûõ

• âëèÿíèå ýôôåêòèâíîñòè ðåêîíñòðóêöèè íà ïîëó÷åííûå

äàííûå

• îòëàäêà è ïðîâåðêà àëãîðèòìîâ

• îöåíêà ýôôåêòèâíîñòè è ÷èñòîòû íàáîðà äàííûõ

• îöåíêà íåîïðåäåë¼ííîñòåé
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Òèïû íåéòðèííûõ âçàèìîäåéñòâèé (ÇÒ)

• êâàçèóïðóãîå (QES): νlN → N ′l

• ðåçîíàíñíîå (RES): νlN → N∗l

• ãëóáîêîíåóïðóãîå (DIS): νlN → Xl

• êîãåðåíòíîå (COH): νlA→ A h l

Ðàñïðåäåëåíèå âçàèìîäåéñòâèé ïî W 2 äëÿ CNGS ïó÷êà

4/c2, GeV2W
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Îñíîâíûå ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé

• GENIE (Generate Events for Neutrino Interaction Experiments)

• NuWro (neutrino Wroclaw)

• NEUT

• GiBUU (Giessen Boltzmann-Uehling-Uhlenbeck)
• NUANCE

• NEUGEN
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Îáëàñòü SIS-DIS â ãåíåðàòîðàõ íåéòðèííûõ
âçàèìîäåéñòâèé

AGKY-ìîäåëü: ïåðåõîä ìåæäó KNO è LUND ìîäåëÿìè.
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Ìíîæåñòâåííîñòü ðîæäåíèÿ çàðÿæåííûõ ÷àñòèö â
íåéòðèííûõ âçàèìîäåéñòâèÿõ
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  Jones et al., CERN WA21, 1992
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Allen et al., CERN WA21, 1981

  Chapman et al., FNAL E45, 1976

  Grässler et al., CERN WA21, 1983

  Saarikko et al., CERN WA21, 1979
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  Bell et al., FNAL E45, 1979
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  Jongejans et al., CERN WA25, 1989
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  Allasia et al., CERN WA25, 1984
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K. S. Kuzmin and V. A. Naumov, Phys. Rev. C 88 (2013) 065501.

KNO ìîäåëü: < nch >= ach + bch · lgW 2
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Ôðàãìåíòàöèÿ ñòðóíû - ìîäåëü Ëóíä

Håéòðèíî ðàññåèâàåòñÿ íà âàëåíòíîì êâàðêå q3 è âûáèâàåò åãî.
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Ôðàãìåíòàöèÿ ñòðóíû - ìîäåëü Ëóíä

Ìåæäó âûáèòûì êâàðêîì q3 è äèêâàðêîâûì îñòàòêîì îáðàçóåòñÿ
ñòðóíà (ïðè ðàññåÿíèè íà ìîðñêîì êâàðêå ìåæäó êâàðêîì è
àíòèêâàðêîì).
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Ôðàãìåíòàöèÿ ñòðóíû - ìîäåëü Ëóíä

Ñòðóíà ðàçðûâàåòñÿ è â íåé ðîæäàþòñÿ êâàðê-àíòèêâàðêîâûå èëè
äèêâàðê-àíòèäèêâàðêîâûå ïàðû (ñâîáîäíûé ïàðàìåòð).

Èäåÿ êâàíòîâîìåõàíè÷åñêîãî òóííåëèðîâàíèÿ:

exp

(
−πm

2
⊥
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)
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(
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2
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)
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(
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2
⊥
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)
Ïîäàâëåíèå ðîæäåíèÿ òÿæ¼ëûõ êâàðêîâ:

u : d : s : c ≈ 1 : 1 : 0, 3 : 10−11
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Ôðàãìåíòàöèÿ ñòðóíû - ìîäåëü Ëóíä

• ðàçûãðûâàíèå äîëè ýíåðãèè ñòðóíû, ïðèõîäÿùåéñÿ íà àäðîí
(ôóíêöèÿ ôðàãìåíòàöèè):

f(z) ∝ z−1(1− z)a exp(−bm2
⊥/z),

a, b - ñâîáîäíûå ïàðàìåòðû

• âûáîð àðîìàòà êâàðêîâ (uū, dd̄, ss̄) - ñâîáîäíûå ïàðàìåòðû

• âûáîð òèïà àäðîíà (ñïèíîâîãî ñîñòîÿíèÿ) - ñâîáîäíûå
ïàðàìåòðû
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Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ âçàèìîäåéñòâèé
â ýêñïåðèìåíòå COMPASS

160 ÃýÂ/ñ µ+ ïó÷îê.
Hàñòðàèâàëèñü âûõîäû ñòðàííûõ ÷àñòèö è ðåçîíàíñîâ:

Λ, K0, Λ, Σ?±, Σ
?±
, Ξ−, Ξ

+

C. Adolph et al., Eur. Phys. J. C 73 (2013) no.10, 2581

Ïàðàìåòð Îïèñàíèå Ïî óìîë÷àíèþ COMPASS

PARJ(1) P(qq)/P(q) 0.10 0.030
PARJ(2) P(s)/P(u) 0.30 0.450
PARJ(3) (P(us)/P(ud))/(P(s)/P(d)) 0.40 0.175
PARJ(4) (1/3)P(ud1)/P(ud0) 0.05 0.078
PARJ(5) P(BMB̄)/(P(BB̄) + P(BMB̄)) 0.50 3.000
PARJ(7) s-meson suppression in BMB̄ 0.50 0.130
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Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ âçàèìîäåéñòâèé
GENIE

Hàñòðàèâàëàñü ìíîæåñòâåííîñòü çàðÿæåííûõ ÷àñòèö

T. Katori and S. Mandalia, J. Phys. G 42 (2015) no.11, 115004.

Àðò¼ì ×óêàíîâ Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé 13.06.2017 15 / 34



Ãåíåðàòîðû íåéòðèííûõ âçàèìîäåéñòâèé Ýêñïåðèìåíò NOMAD Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ íåéòðèííûõ âçàèìîäåéñòâèé Ñðàâíåíèå äàííûõ è ÌÊ Çàêëþ÷åíèå

Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ âçàèìîäåéñòâèé
GENIE

Ïàðàìåòð Îïèñàíèå Ïî óìîë÷àíèþ COMPASS Lund-scan

PARJ(1) P(qq)/P(q) 0.10 0.030 0.02
PARJ(2) P(s)/P(u) 0.30 0.450 0.25
PARJ(3) (P(us)/P(ud))/(P(s)/P(d)) 0.40 0.175 �
PARJ(4) (1/3)P(ud1)/P(ud0) 0.05 0.078 �
PARJ(5) P(BMB̄)/(P(BB̄) + P(BMB̄)) 0.50 3.000 �
PARJ(7) s-meson suppression in BMB̄ 0.50 0.13 �
PARJ(11) P(s = 1)u,d 0.50 � 0.51

PARJ(12) P(s = 1)s 0.60 � 0.57
PARJ(21) σq (GeV) 0.36 � 0.42
PARJ(33) Erem (GeV) 0.80 � 0.47
PARJ(41) a 0.30 � 0.68

PARJ(42) b (GeV−2) 0.58 � 0.35
PARJ(45) aqq 0.50 � 0.74
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×àñòü I:

Ýêñïåðèìåíò NOMAD
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Ýêñïåðèìåíò NOMAD

• ïîèñê νµ → ντ îñöèëëÿöèé

• ýíåðãèÿ ïðîòîíîâ îò óñêîðèòåëÿ SPS (CERN) - 450 ÃýÂ

• ðàññòîÿíèå ìåæäó ðàñïàäíûì êàíàëîì π,K ìåçîíîâ è
äåòåêòîðîì - 620 ì

• ñðåäíÿÿ ýíåðãèÿ íåéòðèíî 〈Eνµ〉 - 24,3 ÃýÂ
• áîëüøàÿ ñòàòèñòèêà: 780 000 νµ ÇÒ, 240 000 ν HÒ ñîáûòèé,
> 20 000 èäåíòèôèöèðîâàííûõ íåéòðàëüíûõ ñòðàííûõ ÷àñòèö
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Äåòåêòîð NOMAD

NOMAD, âèä ñáîêó
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Ïðîãðàììà ìîäåëèðîâàíèÿ íåéòðèííûõ
âçàèìîäåéñòâèé äëÿ ýêñïåðèìåíòà NOMAD

• LEPTO 6.1 (âçàèìîäåéñòâèå íåéòðèíî ñ íóêëîíîì)

• JETSET 7.4 (ôðàãìåíòàöèÿ ñòðóíû)

• GEANT 3 (ïðîòàñêèâàíèå ÷àñòèö ÷åðåç âåùåñòâî äåòåêòîðà)

• DPMJET (âíóòðèÿäåðíûå âçàèìîäåéñòâèÿ)
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Ïàðàìåòðû JETSET ïî óìîë÷àíèþ - êîëè÷åñòâî
çàðÿæåííûõ òðåêîâ
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Ïàðàìåòðû JETSET ïî óìîë÷àíèþ - âûõîäû àäðîíîâ

Àäðîíû ÌÊ (%) Äàííûå (%) ÌÊ/Äàííûå

K0
S 11.8± 0.03 8.66± 0.08 1.36± 0.02

Λ0 9.2± 0.08 6.08± 0.08 1.51± 0.02
Λ̄0 0.77± 0.02 0.52± 0.02 1.48± 0.08

ρ0(770) 25.72 19.50± 1.90 1.32± 0.13
f0(980) � 1.80± 0.40 �
f2(1270) � 3.80± 0.90 �

D∗+ 1.22 0.97± 0.14 1.26± 0.18
D0 2.44 2.69± 0.22 0.91± 0.07
Îòíîøåíèÿ
N(K?+→K0

Sπ
+)

N(K0
S

)
30.3± 0.6 14.3 ± 1.0 2.1 ± 0.2

N(K?−→K0
Sπ
−)

N(K0
S

)
13.5± 0.5 8.1 ± 0.7 1.7 ± 0.2

N(Σ?+→Λπ+)
N(Λ)

16.4± 0.6 4.8 ± 1.0 3.5 ± 0.7

Ñîãëàñèå ìåæäó äàííûìè è ÌÊ:
ðàñïðåäåëåíèÿ ïî îñíîâíûì êèíåìàòè÷åñêèì ïåðåìåííûì (Eν , Q2,W 2, ...)

Ðàçíîãëàñèå ìåæäó äàííûìè è ÌÊ:

èíòåãðàëüíûå âûõîäû ñòðàííûõ ÷àñòèö è ðåçîíàíñîâ, ðàñïðåäåëåíèå ïî

ìíîæåñòâåííîñòè çàðÿæåííûõ òðåêîâ
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Hàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ äëÿ
ýêñïåðèìåíòà NOMAD

• Ïîïåðå÷íûé èìïóëüñ àäðîíîâ (Parj(21))

• Ìíîæåñòâåííîñòü ïåðâè÷íûõ çàðÿæåííûõ ÷àñòèö
(Parj(41), Parj(42))

• Âûõîäû î÷àðîâàííûõ, ñòðàííûõ ÷àñòèö è ðåçîíàíñîâ
(Parj(1) - Parj(17))

Èòåðàòèâíàÿ ïðîöåäóðà: (1) íàñòðàèâàåì âûõîäû ñòðàííûõ
÷àñòèö è ðåçîíàíñîâ, (2) íàñòðàèâàåì ìíîæåñòâåííîñòü ïåðâè÷íûõ
çàðÿæåííûõ ÷àñòèö, (3) ïîâòîðÿåì ïóíêò 1.
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Hàñòðîåííûé íàáîð ïàðàìåòðîâ ïðîãðàììû JETSET

Parameter Description Default ALEPH Lund-scan COMPASS NOMAD

PARJ(1) P(qq)/P(q) 0.10 0.106 0.02 0.030 0.070
PARJ(2) P(s)/P(u) 0.30 0.285 0.25 0.450 0.205
PARJ(3) (P(us)/P(ud))/ 0.40 0.71 � 0.175 0.200

(P(s)/P(d))
PARJ(4) (1/3)P(ud1)/P(ud0) 0.05 � � 0.078 0.005
PARJ(5) P(BMB̄)/ 0.50 � � 3.000 0.600

(P(BB̄) + P(BMB̄))
PARJ(6) ss̄ suppression in BMB̄ 0.50 � � � 0.500
PARJ(7) s-meson suppression 0.50 � � 0.130 0.220

in BMB̄
PARJ(11) P(s = 1)u,d 0.50 0.55 0.51 � 0.550

PARJ(12) P(s = 1)s 0.60 0.47 0.57 � 0.650
PARJ(13) P(s = 1)c,b 0.75 0.65 � � 0.660

PARJ(14) P(S = 0, L = 1, J = 1) 0.0 0.12 � � 0.150
PARJ(15) P(S = 1, L = 1, J = 0) 0.0 0.04 � � 0.100
PARJ(16) P(S = 1, L = 1, J = 1) 0.0 0.12 � � 0.150
PARJ(17) P(S = 1, L = 1, J = 2) 0.0 0.20 � � 0.295

PARJ(19) Leading baryon 1.0 0.57 � � 0.500
suppression

PARJ(21) σq (GeV) 0.36 0.370 0.42 � 0.400
PARJ(32) Emin (GeV) 1.0 � � � 0.200
PARJ(33) Erem (GeV) 0.80 � 0.47 � 0.200
PARJ(41) a 0.30 0.40 0.68 � 1.100

PARJ(42) b (GeV−2) 0.58 0.796 0.35 � 1.400
PARJ(45) aqq 0.50 � 0.74 � 0.400

PARJ(54) εc -0.05 -0.04 -0.165

MSTJ(11) fragmentation type 4 3 3
MSTJ(12) baryon model 2 3 3
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×àñòü II:

Ñðàâíåíèå äàííûõ è ÌÊ â ýêñïåðèìåíòå

NOMAD.

νµ âçàèìîäåéñòâèÿ ïî êàíàëó ÇÒ
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Hîâûé íàáîð JETSET ïàðàìåòðîâ - êîëè÷åñòâî
çàðÿæåííûõ òðåêîâ
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Hîâûé íàáîð JETSET ïàðàìåòðîâ - âûõîäû ÷àñòèö è
ðåçîíàíñîâ

Àäðîíû ÌÊ (%) Äàííûå (%) ÌÊ/Äàííûå
K0
S 8.90 ± 0.06 8.81 ± 0.08 1.00 ± 0.01

Λ0 5.63 ± 0.05 5.91 ± 0.08 0.95 ± 0.02
Λ̄0 0.44 ± 0.01 0.45 ± 0.02 0.98 ± 0.06
ρ0(770) 20.28 19.50 ± 1.90 1.04 ± 0.10
f0(980) 1.87 1.80 ± 0.40 1.04 ± 0.23
f2(1270) 3.93 3.80 ± 0.90 1.04 ± 0.24
D∗+ 0.92 0.97 ± 0.14 0.95 ± 0.14
D0 2.34 2.69 ± 0.22 0.87 ± 0.07
Îòíîøåíèÿ
N(K?+→K0

Sπ
+)

N(K0
S

)
17.1 ± 0.7 17.2 ± 1.2 1.0 ± 0.1

N(K?−→K0
Sπ
−)

N(K0
S

)
9.7 ± 0.5 8.8 ± 0.8 1.1 ± 0.1

N(Σ?+→Λπ+)
N(Λ)

6.0 ± 0.8 6.6 ± 1.5 0.9 ± 0.2
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Hîâûé íàáîð JETSET ïàðàìåòðîâ - ðàñïðåäåëåíèå ïî
Q2 è W 2
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Hîâûé íàáîð JETSET ïàðàìåòðâ - ðàñïðåäåëåíèÿ ïî z
è èìïóëüñó çàðÿæåííûõ ÷àñòèö
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Hîâûé íàáîð JETSET ïàðàìåòðîâ - ðàñïðåäåëåíèå ïî
W 2

Ñðàâíåíèå äàííûõ è ÌÊ, ñðàâíåíèå ñ ãåíåðàòîðîì GENIE

ïîïðàâëåííûå äàííûå ãåíåðàòîð ñîáûòèé
(íåïîëíûé íàáîð, ïðåäâàðèòåëüíî) âçàèìîäåéñòâèÿ íà âîäîðîäå
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Ìíîæåñòâåííîå ðîæäåíèå íåéòðàëüíûõ ñòðàííûõ
÷àñòèö

Êàíàëû Ðåêîíñòðóèðîâàííûå ñîáûòèÿ ÌÊ/Äàííûå
ÌÊ Äàííûå

Λ0X 7115 7164 0.99± 0.02
K0
SX 14055 13642 1.03± 0.01

Λ̄0X 548 577 0.95± 0.06
K0
SK

0
SX 412 294 1.40± 0.11

Λ0K0
SX 375 267 1.41± 0.11

Λ0Λ̄0 50 39 1.29± 0.28
K0
SΛ̄0X 18 14 1.30± 0.46

Λ0Λ0X 15 9 1.68± 0.71
K0
SK

0
SK

0
SX 4 2 2.01± 1.74

Â äàííûõ âûõîäû K±-ìåçîíîâ çàâûøåíû îòíîñèòåëüíî âûõîäîâ
K0-ìåçîíîâ ïî ñðàâíåíèþ ñ ÌÊ
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Çàâèñèìîñòü ìíîæåñòâåííîñòè ðîæäåíèÿ π0 â
íåéòðèííûõ âçàèìîäåéñòâèÿõ

T. Katori and S. Mandalia, J. Phys. G 42 (2015) no.11, 115004.
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Ñðàâíåíèå íàñòðîåííîãî ÌÊ äëÿ ýêñïåðèìåíòà
NOMAD ñ ãåíåðàòîðîì GENIE íà óðîâíå ãåíåðàöèè

ñîáûòèé äëÿ ïó÷êà CNGS

Eν = 10..300 ÃýÂ, W 2 > 9 ÃýÂ2/ñ4

Hadrons NOMAD (%) GENIE (%) NOMAD/GENIE

Λ0 6.48 5.65 1.15
Λ̄0 0.41 0.20 2.05
K0 7.93 5.34 1.49

K
0

5.47 4.08 1.34

ρ0(770) 22.04 22.79 1.07
f0(980) 2.11 2.33 0.91
f2(1270) 4.33 5.34 0.81

D0 2.38 5.84 0.41
D+ 1.18 2.31 0.51
D∗+ 0.91 0 �
K+ 12.29 10.09 1.22
K− 5.44 4.70 1.16

Ñóùåñòâåííîå ðàçíîãëàñèå ìåæäó ãåíåðàòîðîì NOMAD è GENIE (îáà
îñíîâàíû íà ïðîãðàììå JETSET ôðàãìåíòàöèè ñòðóíû).

Âîçìîæíû ñêðûòûå íàñòðîéêè ãåíåðàòîðà GENIE
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Çàêëþ÷åíèå

• ðàññìîòðåíû îñíîâíûå ãåíåðàòîðû íåéòðèííûõ
âçàèìîäåéñòâèé

• ïðîèçâåäåíà íàñòðîéêà ïðîãðàììû ìîäåëèðîâàíèÿ
íåéòðèííûõ âçàèìîäåéñòâèé ñ èñïîëüçîâàíèåì äàííûõ
ýêñïåðèìåíòà NOMAD

• ïîëó÷åíî õîðîøåå ñîãëàñèå ïî âûõîäàì ÷àñòèö è ðåçîíàíñîâ

• ïîëó÷åíî õîðîøåå ñîãëàñèå ïî ìíîæåñòâåííîñòè ðîæäåíèÿ
çàðÿæåííûõ ÷àñòèö

• Ñóùåñòâóåò ðàçíîãëàñèå ìåæäó ãåíåðàòîðîì NOMAD è
GENIE ñ íàñòðîåííûìè ïàðàìåòðàìè ïðîãðàììû JETSET
ôðàãìåíòàöèè ñòðóíû (ïðåäâàðèòåëüíî).
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