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Neutrino oscillation experiments
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Purpose of generators

Provide cross sections:
o for every significant channel
¢ over the whole phase space
o taking care of complexity of detector setups

« in efficient way so it can be used for experimental analysis

— we solve this complex integral using Monte Carlo method!
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NuWro team since 2006

(currently active)

T. Golan K. Graczyk C. Juszczak

Notable supporters

5

D. Kietczewska P. Przewtocki

Warsaw

(passed away in 2016)
General, NuWro at T2K

many discussions

Kajetan Niewczas

K. Niewczas J. Nowak

CA, US.

B

A. Ankowski

Spectral function

Nuclear Transparency

J.T. Sobczyk J. Zmuda

L. Pickering P. Stowell

Reweightning tools

07.12.2017 5/29



NuWro blueprint
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Intranuclear cascade

e Propagates particles ¢ Semi-classical — neglects quantum
through the nuclear medium mechanical effects
¢ Probability of passing a Charge Exchange o

Elastic
Scattering

distance A:

P(\) = e
where X = (po) ™"
p - local density
o - cross section

¢ Implemented for nucleons . .
and pions S vg e

pion Production
T. Golan, C. Juszczak, J.T. Sobczyk,

Phys.Rev. C86 (2012) 015505 T. Golan
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FSI effects

e Reduction ¢ Indirect effects
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Nuclear transparency

Definition

Nuclear transparency is the average probability for a knocked-out proton
to escape the nucleus without significant reinteraction.

e.g. measured for Carbon: T ~ 0.60 [D. Abbott et al., PRL 80 (1998), 5072]

~ 60% without FSI ~ 40% with FSI

T\L
»
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NuWro comparison with data

0.572

0.503

Monte Carlo transparency for 12C
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The simplest Monte Carlo transparency definition — no rescattering.
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Experiment: D. Abbott et al., PRL 80 (1998), 5072

(e,€p) D.Dutta et al., PRC 68 (2003), 064603

Exclusive QE proton knockout
at fixed kinematics:
e beam: Eg
e electron: Ey, Og, ¢or
e proton: Ep, Op, ¢p e

Transparency:

_ Oexp
(T, = TPWIA

opwia - expected value without FSI
(model dependent)
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Central Central Central  Central
Beam  electron electron proton proton o

How precisely are the kinematics
energy  energy angle  energy angle
fixed? (GeV) (GeV)  (deg) (MeV)  (deg)  (GeV*c?)

364,394
e electrons: ° protonS: 434474

2445 2.075 20.5 350 514554 0.64

% +10% % +20% 594634

674,714

Af £+ 2.4° Af £+ 3.4° 754
278
Ap+4.7° A¢p £2.3° 318 0.64
0845 0475 785 350 358398,
438478

Cuts on "missing" variables: 326366,
3.245 2.255 28.6 970 40.6, 1.80

44.6,48.6,
52.6

e energy: Em=w — Ty — Ta_1

e momentum: B, = By — G 28,
1.645 0.675 80.0 970 26.8,30.8 1.83
34.8

Em < 80 MeV, |Bm| < 300 MeV/c

2.445 1.725 320 700 315355 1.28
395435

This ultimately ensures lack of FSI o

— the definition of soft interactions! 3245 140 500 1800 255 325
28.0,30.5
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Main problems in experimental comparison

e We use v, NC on protons
(kinematics is the same, o x Q%)

¢ In experiments the kinematics is fixed
(with some precision)

 Experiements provide transparency as a function of Q?
(FSI is mainly a function of proton momentum)

¢ Definition of soft interactions by "missing"” variables
(energy: Ep = w — Ty — Ta—1, momentum: pm = By — G)
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NuWro simulation

e Variables in the exclusive QE process: Ey , 0¢', ¢er, Ep, Op, O

; ; PN dSo
o Differential cross section: dE, dcos 0, A6,

— cross section is independent on one of the ¢ angles!

¢ To resemble the experiment, where the spectrometers are in the
same plane, we chose to fix ¢gp.

o We fix the kinematics by:
pPer = 10%, 0o £2.4°, pp £20%, Op £ 3.4°, Ogp +4.7° +2.3°

around the central, given, values.
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Nucleon-nucleon cross section
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Carbon, Q2 = 0.64 GeV?

¢ Lepton kinematics ¢ Proton angle with FSI
140 T T T — T 450 T T T e
clean L —
120 fix electron b 400 fix e
fix electron, proton ] 350 [ fixe, p b
100 fix electron, proton, plane 300 F fix e, p, plane 4
© 80 ] % 250 | :
X 80 1 X 200 b
%0 | 150 | 1
100 | 1
20 50 F o
0 L 0 Z N n
0.5 1 2 3 4 0 20 40 60 80 100 120 140
Q% [GeV? 8, [deg]
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Carbon, experimental results
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Carbon, NuWro vs data
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Carbon, NuWro vs data
e Local Fermi Gas
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Initial state models
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Carbon, LFG vs SF
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Carbon, NuWro vs data

0.08 T T T T T T T
Abbott H H
007 | bt _® 1 < we compare with squares
0.06 F POST - - - -
n 800 o Q°=0.64 GeV?
0.05 _— 0O Q%=1.80 GeV?
0.04 T 600
s F
0.03 - R
0.02 Naw £
[ E
0.01 £ 300 3
0 L L L L L L S 00 £
20 -15 -10 -5 0 5 10 15 20 100 £ "
E. [P BRI b SR BT B
Aep [deg] 20 15 -10 b 5 10 15 20
A0 (deg)
Prot
1 T T T T T T T A
A ]
08 [ T A X o "
— — g _
S~—— — — L]
06 R — g [ " u °
ry iy L] L] hd
04r 1 Py O * .
A A x ‘4
02 1  —
2 2 0.64 —— 1.80 0.64 R S T
o Q [(:;ieV] ,1.28 7T 38.25 7 183 T—— -15 -10 5 0 5 10 15 20
lab
20 15 10 -5 0 5 10 15 20 A6 (deg)
A8, [deg]

Kajetan Niewczas Nuclear Transparency 07.12.2017 22/29



Carbon, LFG vs SF
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Transparency for Carbon
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Ratio to data for Carbon and Iron
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Transparency, data without spectroscopic factors
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Ratio to data without spectroscopic factors
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Transparency fit to data without spectroscopic factors
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Fitted ratio to data without spectroscopic factors
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