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Neutrino oscillation experiments

P2f(νµ → νµ) = 1−sin2(2θ) sin2
(

∆m2L
4Eν

)
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Erec

ν =
2(Mn − EB)Eµ − (E2

B − 2MnEB + m2
µ)

2[Mn − EB − Eµ + |~kµ| cos θµ]
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Nuclear response
⌫µ 0.8 < cos ✓µ < 0.9
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Purpose of generators

Provide cross sections:

• for every significant channel

• over the whole phase space

• 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 K. Niewczas J. Nowak J.T. Sobczyk J. Żmuda

Notable supporters
Warsaw CA, U.S. U.K.

D. Kiełczewska
(passed away in 2016)

P. Przewłocki A. Ankowski L. Pickering P. Stowell

General,
many discussions

NuWro at T2K Spectral function Reweightning tools
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NuWro blueprint

Initial state Interaction channel FSI
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Intranuclear cascade

• Propagates particles
through the nuclear medium

• Probability of passing a
distance λ:

P(λ) = e−λ/λ̃

where λ̃ = (ρσ)−1

ρ - local density
σ - cross section

• Implemented for nucleons
and pions

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

Phys.Rev. C86 (2012) 015505

• Semi-classical – neglects quantum
mechanical effects
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FSI effects
• Reduction

 0

 10

 20

 30

 40

 50

 60

 0  20  40  60  80  100  120  140  160  180

d
σ
/d
θ
π
 
(1
0
-4
2
 
c
m
2
/d
e
g
/n
u
c
le
o
n
)

θπ (deg)

w/o FSI

w/ FSI

• Redistribution

 0

 2

 4

 6

 8

 10

 12

 14

 16

 0  100  200  300  400  500  600

d
σ
/d
T
π
 
(1
0
-4
2
 
c
m
2
/M
e
V
/n
u
c
le
o
n
)

Tπ (MeV)

w/o FSI

w/ FSI

• 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

νµ

µp

∼ 40% with FSI

νµ

µ

p
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NuWro comparison with data
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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, e′p) D. Dutta et al., PRC 68 (2003), 064603

Exclusive QE proton knockout
at fixed kinematics:

• beam: Ee

• electron: Ee′ , θe′ , φe′

• proton: Ep, θp, φp

Transparency:

〈T 〉θp =
σexp
σPWIA

σPWIA - expected value without FSI
(model dependent)

e

e′

θe′

p

θp

φe′ = φp
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How precisely are the kinematics
fixed?

• electrons:
∆p
p ± 10%

∆θ ± 2.4◦

∆φ± 4.7◦

• protons:
∆p
p ± 20%

∆θ ± 3.4◦

∆φ± 2.3◦

Cuts on "missing" variables:

• energy: Em = ω − Tp′ − TA−1

• momentum: ~pm = ~pp′ − ~q

Em < 80 MeV, |~pm| < 300 MeV/c

This ultimately ensures lack of FSI
→ the definition of soft interactions!

0.64 !GeV/c"2 and 1.8 !GeV/c"2. In order to get a good
separation, data should be taken at as divergent values of !
[Eq. (1)] as possible, which translates into a large ! point at
small (electron) angle and large incident energy and a low !
point at large angle and small energy (Table I). The cross
section decreases rapidly with increasing angle and so it was
only possible to cover one side of the proton cone at !
=0.31, Q2=1.8 !GeV/c"2 and even at Q2=0.64 !GeV/c"2
there was time for only one point on the low-angle side of
the cone. Furthermore, no gold data were taken at the larger
angle and higher Q2 !1.8 !GeV/c"2".

Spectral functions

In the plane wave impulse approximation the cross sec-
tion can be factorized into a product of an elementary
electron-proton cross section "ep and a nuclear spectral func-
tion S!Es, p!m", i.e.,

d6"
dEe!d#e!d

3p!
= K"epS!Es, p!m" , !8"

where K is just a kinematic factor. The spectral function
for protons in a nucleus S!Es, p!m" is defined as the prob-

ability of finding a proton with separation energy Es and
momentum p!m inside that nucleus. Obtaining spectral
functions was a major objective of the present work and
this section details how the spectral functions were de-
duced from the measured missing energy and missing mo-
mentum spectra.

Hydrogen data

A missing energy and a missing momentum spectrum
were obtained at each data point. For the hydrogen target this
served as a measure of the response of the system while for
the other targets these are the spectra from which the spectral
functions are determined. Hydrogen missing energy spectra
along with the Monte Carlo calculated spectra at the various
kinematics are shown in Fig. 2. The fact that the low-energy
tail is well reproduced out to the highest missing energy
accepted !80 MeV", shows that the radiative corrections are
being handled correctly. Missing energy resolution, which is
not of primary importance in the present work, is clearly not
well incorporated into the code in that the calculated zero
missing energy peak is always narrower than that observed.
The peaks get broader with increasing energy of the scattered
particle (see Table I), as could be expected, and this effect is
not adequately accounted for. The effect is most dramatic at
the two values of Q2 where data were taken at two different
electron angles, and the peak is much broader at the forward
angle where the electron energy is higher, while the proton
energy remains the same. The missing energy resolution

TABLE I. Table of kinematics for experiment E91-013. The
central proton angles in bold represent the conjugate angle.

Central Central Central Central
Beam electron electron proton proton Q2

energy energy angle energy angle !
(GeV) (GeV) (deg) (MeV) (deg) !GeV2/c2"

36.4,39.4
43.4,47.4

2.445 2.075 20.5 350 51.4,55.4 0.64 0.93
59.4,63.4
67.4,71.4
75.4

27.8
31.8 0.64 0.38

0.845 0.475 78.5 350 35.8,39.8,
43.8,47.8

32.6.36.6,
3.245 2.255 28.6 970 40.6, 1.80 0.83

44.6,48.6,
52.6

22.8,
1.645 0.675 80.0 970 26.8,30.8 1.83 0.31

34.8

2.445 1.725 32.0 700 31.5,35.5 1.28
39.5,43.5 0.81
47.5,51.4
55.4

3.245 1.40 50.0 1800 25.5 3.25 0.54
28.0,30.5

FIG. 2. (Color online) Measured missing energy spectra for hy-
drogen (dark line) compared to spectra calculated using the Monte
Carlo code SIMC (light line). The top left and middle right panels
refer to the forward and backward electron angle kinematics, re-
spectively, at Q2=0.64 !GeV/c"2 and the middle left and bottom left
panels refer to the forward and backward electron angle kinematics,
respectively, at Q2=1.80 !GeV/c"2. These are the L-T separation
kinematics.

QUASIELASTIC !e, e!p" REACTION ON 12C, 56Fe,… PHYSICAL REVIEW C 68, 064603 (2003)

064603-7
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Main problems in experimental comparison

• We use νe NC on protons
(kinematics is the same, σEM ∝ Q−4)

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

• Experiements provide transparency as a function of Q2

(FSI is mainly a function of proton momentum)

• Definition of soft interactions by "missing" variables
(energy: Em = ω − Tp′ − TA−1, momentum: ~pm = ~pp′ − ~q)
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NuWro simulation

• Variables in the exclusive QE process: Ee′ , θe′ , φe′ ,Ep, θp, φp′

• Differential cross section: d5σ
dEe′d cos θe′dEpdΩp

→ cross section is independent on one of the φ angles!

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

• We fix the kinematics by:

pe′ ± 10%, θe′ ± 2.4◦, pp ± 20%, θp ± 3.4◦, θep ± 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 GeV2

• Lepton kinematics
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• Proton angle without FSI
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• Proton angle with FSI
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• Cuts on "missing" variables
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Carbon, experimental results
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Carbon, NuWro vs data
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Carbon, NuWro vs data
• Local Fermi Gas
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• Spectral Function
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ranges from !=2.1 MeV at Q2=0.64 !GeV/c"2 (backward
angle) to !=6.0 MeV at Q2=1.8 !GeV/c"2 (forward angle).
The ratio of the observed to predicted e-p elastic scatter-

ing yield is shown in Table II. The typical systematic uncer-
tainty for these measurements was 2.3%. However, the large
uncertainty in the !e, e!p" yield at Q2=3.25 !GeV/c"2 is due
to an uncertainty in the proton efficiency due to malfunction-
ing wire chambers in the HMS. For all of the other points,
including the single-arm electrons at 3.25 !GeV/c"2, calcu-
lated and measured yields agree to within about 1%. The
setting for Q2=3.25 !GeV/c"2 was the only one at which the
protons were detected in the HMS and this efficiency prob-
lem was corrected before the data on the complex nuclei
were taken.
At Q2=0.64 !GeV/c"2, there is little difference between

the form factors obtained from Rosenbluth separations [9,10]
and those from polarization transfer [11] and the form factors
obtained from our measured cross sections at two values of
epsilon are in agreement with both. At Q2=1.80 !GeV/c"2,
where we also took data at two widely separated epsilons,
the electric scattering contributes less than 20% of the cross
section. The polarization transfer method only measures
GE/GM [11,12] and so all that can be compared is the relative
cross sections at the two epsilon points and at this Q2 these
differ by only 5%. Thus, while our measurements are in bet-
ter agreement with previous Rosenbluth determinations our
systematic uncertainties are too large for these results to be
considered as evidence against the polarization transfer de-
terminations. The Rosenbluth separation determinations are
used in analyzing the present data and, where relevant, the
implications of the results of [11] are noted.

Missing energy spectra for the nuclear targets

A missing energy and missing momentum spectrum were
obtained at each data point for all three nuclear targets. These
are the raw spectra from which the spectral functions were
extracted after unfolding the radiative effects, the phase
space weight, and the e-p cross-section weight. The raw
missing energy spectra are shown in Figs. 3, 4, and 5.
Figure 3 shows the missing energy spectra for carbon. At

Q2=0.64 !GeV/c"2 the spectra show a rather sharp peak cor-
responding to populating low-lying levels in 11B which can
be attributed to removing p-shell protons from 12C and a

FIG. 3. Measured missing energy spectra for carbon at the dif-
ferent Q2. The top left and middle right panels refer to the forward
and backward electron angle kinematics, respectively, at Q2
=0.64 !GeV/c"2 and the middle left and bottom left panels refer to
the forward and backward electron angle kinematics, respectively,
at Q2=1.80 !GeV/c"2. These are the L-T separation kinematics.

FIG. 4. Measured missing energy spectra for iron at the different
Q2. The top left and middle right panels refer to the forward and
backward electron angle kinematics, respectively, at Q2
=0.64 !GeV/c"2 and the middle left and bottom left panels refer to
the forward and backward electron angle kinematics, respectively,
at Q2=1.80 !GeV/c"2. These are the L-T separation kinematics.

TABLE II. Ratio of observed to predicted yield for e-p elastic
scattering. Uncertainties are statistical only, except for the !e, e!p"
point at 3.25 !GeV/c"2 where there is an additional systematic un-
certainty that is discussed in the text.

Q2 " Data/simulation
!GeV/c"2 H!e, e!p" H!e, e!"

0.64 0.93 1.006±0.005 1.015±0.005
0.64 0.38 0.986±0.005 0.997±0.005
1.28 0.81 1.007±0.005 1.009±0.005
1.80 0.83 0.991±0.005 1.003±0.005
1.83 0.31 0.987±0.005 0.989±0.005
3.25 0.54 0.94±0.012±0.06 0.991±0.007

D. DUTTA et al. PHYSICAL REVIEW C 68, 064603 (2003)

064603-8
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Initial state models
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Carbon, LFG vs SF
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Carbon, NuWro vs data
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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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