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Cross section in the factorized scheme

ARV
SN
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Neutrino-nucleon Initial nuclear Extra nuclear Final state
scattering state effects interactions

— Neutrino-nucleon scattering: elementary interaction cross section

— Initial nuclear state: modeling nucleons in the nuclear medium
before the weak interaction

— Extra nuclear effects: multiple-nucleon interactions or correlations

— Final state interactions: in-medium outgoing particle propagation
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NuWro blueprint
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' quasi Fenergy transfer
; | energy transfer
QE . elastic « -| t modification
scattering Lin the SF model

' resonant

RES i pion

! production

hole
spectral
function

SF

effective
spectral function

quantum mechanical

1
1 global
FG 1 fermi gas

semi-classical
' deep

DIS | inelastic —

! scattering C q
' coherent ascade

1
local

LFG E fermi gas

COH 1 pion

! production

effective momentum

dependent potential " meson

MEC : exchange

' current

Bodek-Ritchie
fermi gas

AN _

Kajetan Niewczas SPP in NuWro 10.02.2021 3/24



Single-pion production off the nucleon

m
v/l |
A— N’

N

The following resonant channels are considered in NuWro:
V+p—= 1T+ (A wp+m orn+n)

v+p—= I+ (AT s p+h)
V+n— I+ (A" > n+mn)

v+n= 1"+ (AT wp+nlorn+mt)
v¥) +p—=v(¥) + (AT s p+nlorn+nh)

v(V)+n— v(V) + (AO —p+7m orn-+ 7(0)

+ nonresonant background extrapolated from the DIS formalism into lower regions of W, Q2
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Single-pion production off the nucleon

To produce an event, one needs 72 ——— —
information about the produced pion i 1

Delta decays in the hadronic CMS:

d2op . d*o, deA(OZ)
dozdw ~ dQgaw * Tdas

EVENTS/(0.1)

Pion angular distributions are essential

12 .
to generate the kinematics |
o 1 1 | ) 1 1 1 1 1
s . -l0 -06 -02 02 06 10

In NuWro, it is taken from experimental cos(8)

results (ANL or BNL) FIG. 15. Distribution of events in the pion polar an-
gle cosO for the final state u~p7™, with M(prt) < 1.4

S.J. Barish et al., Phys.Rev. D19 (1979) 2511 GeV. The curve is the area-normalized prediction of
the Adler model.

G.M. Radecky et al., Phys.Rev. D25 (1982) 1161

T. Kitagaki et al., Phys.Rev. D34 (1986) 2554 Radecky et al. [ANL Collaboration], PRD 25 (1982) 1161
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Dimensionality of the problem

A-resonance ' Pion production ! Pion production
excitation (free nucleon); off the nucleon ! on a nucleus
d2o | d*c | déc
dQ2dw ! dQ2dwd QO ' d@2dwWdQr dE,dp,,
W \y
Include angular information Put the target nucleon inside
about the A decay (().) a nucleus (Eq,pm)

+1 invariant variable: the cross section is always symmetric w.r.t. 1 azimuthal angle, e.g., ¢,
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Ghent Low Energy Model

e The model of Ref. [R. Gonzalez-Jiménez et al., PRD 95 (2017) 113007]

e The low-energy part based on the Valencia model

Resonances ChPT background
P33(1232), P11 (1440), D13(1520), S11(1535)

/ Q Pk + N N N N
™ d

’ , -

L‘\i‘ 4 \'\"3'\'\’ d
’ N ’ C
N Res N N Res N 2 7 « /,(ﬁ Y
-y » —

based on [PRD 76 033005, PRD 87 113009, PRD 93 014016] N N N N N N

o Bottleneck for the implementation is the code execution time

o Adding a nuclear model will further slow down the implementation
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Philosophy of the implementation

e Itis common to use tabularized (d?c/d|G|dw) cross sections

— enough to get the lepton kinematics right

Quasielastic 10-4
scattering .

Single-pion 10-15
production

Two-nucleon

2 knock-out
2 5
(CCQE) 0 (RES) 0

w [MeV]

(2p2h)
w [MeV]
1,000 ¥ 1,000 e 1,000

Tooo |91 [MeV/c] 500
500 =

|q] [MeV /c] 500 1q] [MeV /c]

1,000 1,000

do/d|qldw [em?2/(MeV?2 /c)/nucleon]

o We add the information from more differential d®c, d*o...
— we sample the next variable with previous already fixed

— we minimize the number of code evaluations

o Mathematically, we do the importance sampling:

fsp(x) Bp(x)
fp(x) Hp(x)

Jf4D(X)[U(X)dX] R J (3 (0)u(x)dx] — J [fap (x)u(x)dx]
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Single-pion production off the nucleon

Scattering plane

Py’

Reaction plane

Within such frame, one can factorize the ¢}, dependence:

d4c F2 k; N N ] . ) i
dQPAWdQ:  (2n) K [A+ Bcos (¢p7) + Ccos (2d7) + Dsin (¢7) + Esin (2d7 )]

— where A,B,C,D,E are functions of (Q%,W,cos 0%)

J.E. Sobczyk et al., Phys.Rev. D98 (2018) 073001
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4D algorithm

d4c F? k. . . ] . . i}
dQ2dWdQr, = (27_()4 kTZ [A+ Bcos (¢r)+Ccos (2¢7) + Dsin (b)) + Esin (2¢%)]

e Sample the 4D phase space (Q?,W,cos 0%,%)

e For every point calculate the weight from an explicit calculation

3D algorithm
d*o * dc F? K 2 *
J 40P awd0: " = d0PaWd coser — (o i |2TAQH Wi cosOr)]

e Sample the 3D phase space (Q?,W,cos 07%)
e For every point calculate the weight from an explicit calculation

o Only for the accepted events sample the forth variable ¢,
from d*o/dQ2dWdQ,
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The A function

Q2 =0.5 (GeV/c)2, W = 1230 MeV Q2 =0.5 (GeV/c)2, W = 1310 MeV Q2 =0.5 (GeV/c)2, W = 1450 MeV

— Afunction
Lo 3 points (320.38)
-=== 5 points (15.43)
|l - - - 7points (2.29) ke

— Afunction ' —— Afunction
i ----- 3 points (1.02) 1 |/ - 3 points (1.67)
-~~~ 5 points (0.77) I/ -~~~ 5points (1.03) |
i o ?poilnts (9'98). ) o ?poilnts (.1'1) )
-1 -0.75-0.5-0.25 0 0.250.50.75 1 -1 -0.75-0.5-0.25 0 0.250.50.75 1 -1 -0.75-0.5-0.25 0 0.250.50.75 1
cosO cosOy cosO;

o For most of the phase space, the function is a parabola
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2D algorithm

J d*o . d?c F2 K

_ _ ks , . .
dQZdeQ;dQ“ T @AW T (2m)t K2 U 2mA(Q°, W, cos 67 )d cos 07,

e Sample the 2D phase space (Q?,W)

e For every point calculate the weight using precomputed arrays

o Only for the accepted events sample the third variable cos 0};:
— (k = 3) Fitting a parabola and using an analytical inversion

— (k =7) Fitting a polynomial of the order k — 1 and using
a numerical inversion

— (table) Using tabularized distributions

o Only for the accepted events sample the forth variable ¢,
from d*o/dQ*dWdQz,
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Performance

o How many times the cross
section is calculated?
(per accepted event)

o 4D alg.: 1
o 3D alg.: 2
o2Dalg. (k=3): 4
o2Dalg. (k=7): 8
o 2D alg. (table): 1

e +1 for the neutron target
because of 2 channels
(p+m° n+mt)

Kajetan Niewczas

2000 [ T
—— 4D algorithm || E, = 1 GeV
1500 F —O— 3D algorithm
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i)
500
0 —
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—A— 2D algorithm (k= 7) || E, = 1 GeV
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Performance

N 1
SN:N-T-(1+OC)+(E—N)-T:N-T~(E+OC).

N - accepted events T - trial event cost [arb.u.] € - efficiency o - additional cost for accepted events

model T € 14 Sim model T € o4 Sim
4D alg. 8.01e-07 0.12 - 6.9 4D alg. 1.83¢e-06 0.15 - 12.1
3D alg. 8.02¢-07 0.13 1.0 6.9 3D alg. 1.83e-06 0.18 05 11.2
o (k=7) 4.04e-08 0.16 1439 6.1 o (k=7) 4.11e-08 021 1694 7.2
g (k=3) 4.04e-08 0.16 72.0 3.2 Z" (k=3) 4.10e-08 021 851 37
N (table) 4.03e-08 0.16 186 1.0 « (table) 4.08e-08 0.21 220 1.1

(a) E = 1.0 GeV neutrinos off proton target.

(b) E = 1.0 GeV neutrinos off neutron target.

model T € (o4 Sim model T € o4 Sim
4D alg. 8.04e-07 0.08 - 9.9 4D alg. 1.84e-06 0.14 - 13.5
3D alg. 8.01e-07 0.10 1.0 8.8 3D alg. 1.83e-06 0.18 05 114
o (k=7) 3.98e-08 0.12 1491 6.3 o (k=7) 419e-08 020 169.6 7.3
E (k=3) 4.08e-08 012 726 3.3 g (k=3) 4.13e-08 0.20 86.0 3.8
N (table) 4.04e-08 0.12 19.0 1.1 N (table) 4.12e-08 0.20 223 1.1

(C) E = 2.5 GeV neutrinos off proton target.
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(d) E = 2.5 GeV neutrinos off neutron target.
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Double-differential cross section

Ve+p->e +p+1t

Ve+N->e +p+ 10

Ve+N->€ +n+T1t

10 T T 3 T T

8 = -

6 = -
& 4T .
>
[o)
o 2t .
2
& o . . 0 . . 0
> 11 1.2 1.3 1.4 1.1 1.2 1.3 1.4 11 1.2 1.3 14
'\g """ 2D alg. (table) at Q= 0.1 GeV2 -~~~ 2D alg. (table) at Q? = 0.5 GeV? exact calculations
<
=} H+n->et+n+1m Gp+p->et+n+md wtp->et+p+1r
Z s : : 14 : : 08 : :
% 4 1.2
3 1 0.6
g 3 0.8
© 04

5 06

| 0.4 0.2

0.2
0 L 0 0
1.1 1.2 1.3 14 1.1 1.2 1.3 1.4 .
W [GeV] W [GeV] W [GeV]

(total number of 107 events across the whole phase space)
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Triple-differential cross section

do / dW dQ? dcosB,, [1047 cm? / GeV / GeV?]

Ve+p->e€ +p+mt Ve+N->e +p+ 10 Ve +N->€ +n+Tt

T T T 1.6 T T T 1 T T

T

! ! | 0 | | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5
""" 2D alg. (table) at W =1230 MeV ~ ---- 2D alg. (table) at W = 1270 MeV
2D alg. (table) at W = 1310 MeV exact calculations
Vet+n->et+n+1m G+p->et+n+rd Vet+tp->et+p+1w
25 T T T 1 T T T 0.6 T T T
08 4 051 ]
04 .
0.6 k. . i
. 0.3 i
0.4
0.2
0.2 01l i
0 " | | 0 | | | 0 | | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5
cosfy, cosBy; cosfy,

(total number of 107 events across the whole phase space)
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Quadruple-differential cross section

Ve+p->€ +p+Tt Ve+N->e +p+ 10 Ve+N->e +n+1t
e 0.16
0.14
0.12
8 0.1
e: 0.08
0.06
0.04
. - = 0.02
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
| do/dw dQ?dcosy dor [107 cm?/ GeV / Gev2/rad] | | 2D alg. (table)
Vt+tn->et+n+1w Vp+p->et+n+md Vet+tp->et+p+TT
m
w2 I
3 L
u‘_‘ 0 ]
E r
=2
-2 i I
-
-1 -0.5 0 0.5 1

cosBy;

(total number of 107 events across the whole phase space)
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Quadruple-differential cross section

O [rad]

¢ [rad]

Ve+p->e€ +p+Tt

m
w2
0
2
T 05 0 05 1

0.4
0.3
0.2

Ve+n->e +p+10

Ve+N->e +n+T1"

do /dW dQ? dcos; doy; [1047 cm?/ GeV / GeV? / rad]

| exact calculations

Vw+n->et+n+mw

s
2
0
2
Ty 05 0 05 1

cosBy

p+p->et+n+md

cosBy

Vt+p->et+p+Tw

0 0.5
cosBy

(numerical results on a dense grid with selected kinematics)
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Quadruple-differential cross section

Ve+p->€ +p+mt Ve+n->e +p+10 Ve+N->€ +n+mt

e’ T

O [rad]

™ a
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
| do/dw dQ? deosy dor [10%7 cm?/ GeV / GeV2/rad] | | isobar Nuwro |
Vet+n->et+n+m G+p->et+n+rd Vet+tp->et+p+m0
11
w2
= 0 ‘
e
&
-T2
-
-1 -0.5 0 0.5 1 0 0.5

cosBy; cosB;

(total number of 107 events across the whole phase space)
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Summary
o We have implemented the Ghent Low Energy Model into NuWro

— only off the nucleon

— theoretical predictions for angular pion distributions

e We have investigated various methods of optimization in SPP

— different trade-offs between efficiency, precision,
and reliance on precomputed assets

— the framework is model-independent

o arXiv:2011.05269 (submitted to PRD)

Angular distributions in Monte Carlo event generation of weak single-pion production

K. Niewczas,'? * A. Nikolakopoulos,': T J. T. Sobczyk,? N. Jachowicz,' and R. Gonzalez-Jiménez*
! Department of Physics and Astronomy, Ghent University, Proeftuinstraat 86, B-9000 Gent, Belgium
*Institute of Theoretical Physics, University of Wroctaw, Plac Maza Borna 9, 50-204 Wroctaw, Poland
SGrupo de Fisica Nuclear, Departamento de Estructura de la Materia, Fisica Térmica y Electrénica

Universidad Complutense de Madrid and IPARCOS, CEI Moncloa, 28040 Madrid, Spain
(Dated: November 16, 2020)

o we are investigating a consistent approach to the v-nucleus case...
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Backup slides



Single-differential cross section

do / doy; [100 cm? / rad]

9.5

26

1.4
0

Ve+p->€ +p+T1H ve+n->e'+p+n°

Ve+N->€ +n+T1t

T T T 3.5 T T T 2.6

T T T

L L L 15 L L L
w2 n 32 2n 0 w2 ¢ 32 2n

""" 2D alg. (table)

exact calculations

H+n->et+n+1m Gp+p->et+n+md

wtp->et+p+1r

T T T 1.8 T T T 1.8
1.6
1.4
1.2

9
0.8

T T T

L L L 0.6 L L L 0.6
0

O [rad] or [rad]

(total number of 107 events across the whole phase space)
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Single-differential cross section

ANL v, +p->p +p+mtt

60 T
55 | 1
50 |- 1
e
o 45 m
=
40 |- —
35 1
30
-1 0 1 0 180 360
——— 2D alg. (table) BNL vy +p->p +p+1t [ exact calculations ‘
200 T 160 T
180 - 1 140+ 1
160
o 140 120 w
2
> 120 100 | 1
100
80 - 1
80 |- a
60 60
-1 0 1 0 180 360
cosOy or [deg]

(total number of 107 events across the whole phase space)
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Importance sampling

efficiency ~ 39% efficiency ~ 53%

1.2 T T T T T
Rl T S 3
2 AR X R.0° & 00g © 2
o« 08F o ® o g o
5] + o+ © o o o S
L 01 Tt o0 9% ] — %
° \ q ©
S oaf £ INC 8 o =
5 P + o o & 5
g 02" e e T Ng © ] 5

0 + L £ L+ ri

0 200 400 600 800 1000
T, [MeV]
[ rixipeaax E

p(x) - nominal distribution g (x) - importance distribution  p(x)/g(x) - likelihood ratio

o useful, if we can sample [g(x)dx] analytically

o also in many dimensions, if we sample more efficient ones first!
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