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✦ Low-density magnetic spectrometer
B = 0.4 T, ρ ∼ 0.1 g/cm3, X0 ∼ 5 m

I high resolution tracking
=⇒ mom. resolution ∼3.5% (p<10GeV/c);

II fine-grained calorimeter
=⇒ σ(E)/E = 3.2%/

√
E[GeV]⊕ 1%;

III excellent lepton identification
& charge measurement
=⇒ can detect νµ, νe, ν̄µ, ν̄e CC .
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A �̄e CC candidate in NOMAD
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DETERMINATION OF (ANTI)NEUTRINO FLUXES
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Neutrino fluxes at NOMAD experiment
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Figure 13: Total Energy-Dependent Uncertainties in the νµ Flux: The relative flux uncertainty

as a function of Eν is presented[24].
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✦ Detailed calculations developed for νµ → νe appearance search (LSND at high ∆m2):
● FLUKA+GEANT3 description of primary target, beam focusing elements and secondary particle
propagation along beam line

● Constraints on K/π vs. p from dedicated SPY/NA56 hadroproduction experiment
(p on Be target at 450 GeV)

✦ Validation of ν and ν̄ fluxes from comparison with different CC spectra in NOMAD:
● Standard/reversed horn polarity (focusing);

● Horn / Reflectors switched off

✦ Normalization of absolute flux νµ flux to world average DIS cross-section σ(E)/E in
the range 40 GeV < Eν < 150 GeV (∼ 2.1% precision)
=⇒ Need only extrapolation of relative flux below 40 GeV

Roberto Petti USC
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MONTE CARLO SIMULATION

✦ Quasi-Elastic (QE) neutrino scattering:
● Based upon the Smith-Monitz approach

● Vector form factors FV and FM parameterized following the well-known GKex(05) form

● Axial form factor with the dipole parameterization FA(Q2) = FA(0)
[
1 +Q2/M2

A

]−2

✦ Single pion production via intermediate resonance state
● Based upon the Rein-Sehgal (RS) model

● Set of 18 baryon resonances with masses below 2 GeV as in RS with parameters updated from PDG

✦ Deep Inelastic Scattering (DIS)
● Primary interaction with modified LEPTO 6.1

● Hadronization and decays with JETSET 7.4

● Structure functions re-weighted with LO GRV 98 Bodek-Yang (BY),
as well as with full NNLO calculation Alekhin, Kulagin and P. (AKP)

✦ Benhar-Fantoni parameterization of momentum distribution n(k) in nucleus

✦ Final State Interactions (FSI) modeled with the DPMJET package based on the
concept of the formation zone intra-nuclear cascade

✦ Cross-check signal and background efficiencies with NUANCE and GENIE event
generators interfaced with the NOMAD detector simulation and reconstruction

Roberto Petti USC
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Signal identification procedure: n p QEL scattering

α

P⊥
mis

ϕh

p

µ−

θh

νµ

• E = P2 +m2 1 2, P = k

• E = P cos + Ph cos h

• Q2 = 2E (E P cos ) m2

• proton identification: momentum – range relations,
• angle between the transverse components of the charged primary tracks:
0 8 ! ! 1,

• missing transverse momentum Pmis ! 0 8 GeV,
• angle h between the proton momentum and the z axis: 0 2 ! h ! 0 5,
• Likelihood ratio ( Pmis pr ) " 0.
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The set of variables = Pmis h can be associated with some likelihood ratio:

= ln P( QEL)
P( RES)

where P( QEL) and P( RES) are the probabilites for the signal and background
events to have kinematic variables .

E⌫ = Eµ + Ep

Q2
= 2E⌫ (Eµ � Pµ cos ✓µ)�m2

µ

SELECTION OF QE EVENTS: 2-TRK SAMPLE

✦ Topologies classified based on # of reconstructed
tracks with NHITS ≥ 7 −→ L ∼ 18 cm

● 1 track sample (µ) =⇒ complementary (control)
● 2 track sample (µ+ p) =⇒ golden sample
● 3 track sample etc.

✦ Muon ID and 0 ≤ φµ ≤ π

✦ Proton ID with momentum-range relations

✦ Pre-selection cuts:
● Angle in transverse plane 0.8 ≤ α/π ≤ 1
● Missing transverse momentum Pmiss

⊥ ≤ 0.8 GeV/c
● Proton angle with beam 0.2 ≤ θh/π ≤ 0.5

✦ Energy range 3 ≤ Eν ≤ 100 GeV

✦ Kinematic selection with 3D likelihood function:
L = [pmiss

⊥ ,α, θh]
with discriminant lnλ = lnLQE/LRES

=⇒ Selected 3663 QE candidates in data
with εQE = 13% and purity of 74%.

Roberto Petti USC
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Fig. 10. The θh distributions for single track νµ (left) and ν̄µ (right) samples: comparison of MC distributions (histograms)
with the real data (points with error bars).

Run 15049 Event 11514Eν = 57.00 GeV

Q
 2

 = 0.60 GeV
 2

W
 2

 = 1.44 GeV
 2

Pt
mis

 = 0.05 GeV
Muon track: P = 56.39 GeV; θ = 0.78˚ 

Proton track: P = 1.02 GeV; θ = 52.7˚ 

Fig. 11. A typical example of data event (run 15049 event 11514) identified as νµn → µ−p in this analysis. Long track is
identified as muon, short track is assumed to be proton.

An example of the 2-track event from real data iden-
tified as νµn → µ−p is displayed in Fig. 11.

E⌫ =
MEµ�m2

µ/2

M�Eµ+Pµ cos ✓µ

Q2 = 2M (E⌫ � Eµ)

SELECTION OF QE EVENTS: 1-TRK SAMPLE

✦ Only one reconstructed track with # of hits
NHITS ≥ 7 −→ L ∼ 18 cm

● Tighter fiducial volume cut than 2-trk sample
● No reconstructed track segments other than the muon

✦ Muon ID and 0 ≤ φµ ≤ 2π

✦ Calculate neutrino energy Eν and missing kine-
matic variables (θh etc.) assuming QE kinematics
with nucleon at rest

✦ Transverse momentum of muon PT
µ > 0.2 GeV/c

✦ Calculated energy (QE) range 3 ≤ Eν ≤ 100 GeV

✦ Muon emission angle θµ/π ≤ 0.1

✦ Calculated proton angle 0.35 ≤ θh/π ≤ 0.5

=⇒ Selected 10358 QE candidates in data
with εQE = 21% and purity of 50%.

Roberto Petti USC
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Quasi-elastic �µ CC candidate in NOMAD

Proton 0.178 GeV/c

Muon 6.702 GeV/c
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Quasi-elastic �µ CC candidate in NOMAD

Proton 0.238 GeV/c

Muon 6.836 GeV/c
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Fig. 15. Comparison of NOMAD ⟨σqel⟩νµ measurements with previous experimental data on νµ scattering off heavy nuclei
(ANL 69 (Spark-chamber) [1], NuTeV 04 (FermiLab) [23], CERN HLBC 69 (CERN, Heavy Liquid Bubble Chamber) [14],
CERN GGM 77 (CERN, Gargamelle BC) [15], CERN GGM 79 [17], IHEP 85 (IHEP, spark-chamber) [20], IHEP SCAT 90
(IHEP, BC) [22]). The solid line corresponds to the MA value obtained in the NOMAD experiment, the error band takes
into account both statistical and systematic uncertainties of the present analysis. Nuclear effects are included into calculations
according to the relativistic Fermi gas model by Smith and Moniz [71] for Carbon with binding energy Eb = 25.6 MeV and
Fermi momentum PF = 221 MeV/c.
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Fig. 16. Comparison of NOMAD ⟨σqel⟩νµ measurements with previous νµD experimental data (ANL 73 (Argonne 12-foot
BC) [2], ANL 77 [3], BNL 81 (Brookhaven 7-foot BC) [6], FNAL 83 (FermiLab 15-foot BC) [9], BEBC 90 (CERN, Big European
Bubble Chamber) [18]; corrections for nuclear effects have been made by the authors of the experiments). The solid line and
error band corresponds to the MA value obtained in the NOMAD experiment.

lows us to exclude the MC sets with τ0 = 0.6 and 2.0 from
further considerations.

Fig. 14 shows a comparison of our ⟨σqel⟩νµ
measure-

ments as a function of the neutrino energy in the 1-track
and 2-track subsamples (for the best parameter τ0 = 1.0)
with the final ⟨σqel⟩νµ

values measured using the full event
sample.

Similarly we have observed that when using the full
sample (1-track and 2-track) the measured MA is not very
sensitive to modifications of the αF

mod parameter. And us-

ing the NUANCE simulation code as a cross check gives
a very consistent picture: the MA value extracted from
the 1-track sample is also different from the one extracted
from the 2-track sample, while the value obtained with
the combined sample nicely agrees with our measurement
with the best FSI parameters. Thus, our results for the
neutrino case are:

⟨σqel⟩νµ
= (0.92 ± 0.02(stat)± 0.06(syst)) × 10−38 cm2

MA = 1.05 ± 0.02(stat) ± 0.06(syst) GeV (24)
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Fig. 17. Comparison of NOMAD ⟨σqel⟩ν̄µ measurements, Table 8, with previous experimental data on νµ scattering off heavy
nuclei (CERN GGM 77 [15], CERN GGM 79 [16], IHEP 85 [20], IHEP SCAT 90 [22] and NuTeV 04 [23]). The solid line and
error band corresponds to the MA value obtained in the NOMAD experiment, the error band takes into account both statistical
and systematic uncertainties of the present analysis. Nuclear effects are included into calculations according to the standard
relativistic Fermi gas model.

This result (24) is indeed in agreement with both the stan-
dard fit of the Q2 distribution:

MA = 1.07 ± 0.06(stat)± 0.07(syst) GeV (25)

and the fit of the combined σ⊗dσ/dQ2 distribution of the
NOMAD data:

MA = 1.06 ± 0.02(stat)± 0.06(syst) GeV (26)

(see Table 9, these results are obtained with a QEL MC
using MA = 1.03 GeV).

We use the 2-track sample only to extract MA from
the fit of the Q2 distribution since in this case the purity
of QEL identification is rather high (∼ 74%, see Table 4).
The results depend on the input MC parameters (axial
mass and formation time) but still are in nice agreement
with the results of the extraction of MA from the measured
QEL cross-section based also on a 2-track sample analysis.
This can be considered as an additional confidence for our
measurements using the full QEL sample.

The measured cross-section of the νµn → µ−p reac-
tion as a function of the neutrino energy is presented in
Table 7 and is shown in Figs. 15 and 16. These results are
compared to the previous measurements performed with
deuterium and heavy nuclei targets (see discussion in Sec-
tion 2).

8.2 ν̄µp → µ+n sample

In the ν̄µ case the event topology is just a single µ+, thus
the uncertainties in the treatment of FSI effect almost do
not influence the event selection. Since our measurement
of the cross-section of the ν̄µp → µ+n reaction is based
on a 1-track sample only, we do not show the dependence

of the results on the variation of the τ0 and αF
mod pa-

rameters. Instead we display a dependence on the input
MA in Table 10. The results for the measured MA are
found to be quite stable. In Fig. 17 we show the mea-
sured ν̄µp → µ+n cross section as a function of the an-
tineutrino energy superimposed with the theoretical curve
drawn with MA = 1.06±0.12 GeV and with nuclear effects
according to the standard relativistic Fermi gas model.
Table 8 summarizes our results for the ν̄µp → µ+n cross-
section measurement in the different antineutrino energy
intervals. The cross-sections are measured on a Carbon
target and also recalculated for a free nucleon. The sta-
tistical and systematic errors are both provided. The ob-
served number of events in the data, the predicted number
of background events, the background subtracted and ef-
ficiency corrected number of events are also shown.

Our final results for the antineutrino case are:

⟨σqel⟩ν̄µ
= (0.81 ± 0.05(stat)± 0.08(syst)) × 10−38 cm2

MA = 1.06 ± 0.07(stat) ± 0.10(syst) GeV (27)

9 Conclusions

The cross-section measurement of the νµn → µ−p and
ν̄µp → µ+n reactions on nuclear target was performed and
reported in this article. The samples used in the analysis
consist of 14021 neutrino and 2237 antineutrino events,
which were identified as quasi-elastic neutrino scattering
among the experimental data collected by the NOMAD
collaboration.

We have discussed in details the analysis procedure
and the most significant sources of systematic error. Spe-
cial attention was paid to the influence of the FSI effects
on the measured physical quantities. The DPMJET code
was used to simulate these FSI effects. We also proposed

PUBLISHED NOMAD MEASUREMENT (2009)

✦ Overall νµ CC QE candidates selected in data 14021 (1-trk + 2-trk) with total QE
selection efficiency εQE = 34% and purity of about 50%

✦ Overall ν̄µ CC QE candidates selected in data 2237 (1-trk) with total QE selection
efficiency εQE = 64% and purity of about 38%

✦ Measurement of total QE cross-sections:
σν
QE = [0.92± 0.02(stat.)± 0.06(syst.)]× 10−38cm2

σν̄
QE = [0.81± 0.05(stat.)± 0.08(syst.)]× 10−38cm2

✦ Determination of the effective axial mass MA from fit to σ(E)⊕ dσ/dQ2:
MA(ν) = [1.06± 0.02(stat.)± 0.06(syst.)]GeV
MA(ν̄) = [1.06± 0.07(stat.)± 0.10(syst.)]GeV

Roberto Petti USC
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NEW IMPROVED ANALYSIS

✦ A new measurement of QE cross-sections in NOMAD has been completed and is
expected to be published next year

● Use complete kinematic range 0 ≤ φµ ≤ 2π and larger fiducial volume

● More efficient kinematic selection (likelihood function and pre-selection)

● Better understanding of reconstruction systematics

● Calibration of backgrounds in control regions

=⇒ Total 2-trk QE candidates selected ∼ 16800
with efficiency εQE = 25% and purity of 57%

=⇒ Total 1-trk QE candidates selected ∼ 18600
with efficiency εQE = 29% and purity of 57%

=⇒ High purity samples with tighter kinematic cuts

✦ Measurement of total QE cross-section σ(E):
σν
QE = [0.914± 0.013(stat.)± 0.038(syst.)]× 10−38cm2 avg. 1-trk + 2-trk

✦ Measurement of differential cross-section dσ/dQ2

✦ Model-independent study of nuclear effects and Final State Interactions (FSI) from
comparison of 2-trk and 1-trk samples

Roberto Petti USC
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Characteris*cs+of+selected++
νµ+QE+events+

+
NOMAD+values+

QE+event+selec*on+ 2"trk&sample:&1&iden2fied&muon&+&1&iden2fied&proton&
1"trk&sample:&1&iden2fied&muon&without&any&other&rec.&trk&&

Nuclear+target+ 64%&C,&&22%&O,&6%&N,&5%&H,&1.7%&Al&

Neutrino+flux+range+ 2.5&<&Eν&<&300&GeV!

Sign>selec*on?+ yes&

Muon+angular+range+ 00&<&|&θµ |&<&&1800&track&reconstruc2on&
00&<&|&θµ |&<&&500&acceptance&muon&ID&

Muon+energy+range+ Eµ&>&2&GeV&for&muon&ID&

Proton+detec*on+threshold++ P&~&200&MeV/c&

How+is+Eν+determined?+ i)  Sum&of&muon&Eµ&+&proton&Ep&from&p&fit&in&B&field&(0.4&T)&&
ii)  Comparison&with&Eν&from&QE&kinema2cs&(from&muon&only)&gives&direct&

measurement&of&nuclear&effects&
iii)  Comparison&of&2"trk&vs.&1"trk&gives&measurement&of&FSI&&!

How+is+Q2+determined?+ 2"trk&sample:&Q2&=&"mµ
2&+&2Eν&(Eµ"pµcosθµ)&

1"trk&sample:&Q2
QE&&

Monte+Carlo+generator+ NOMAD&generator&(LEPTO/JETSET/DPMJET)&checked&with&NUANCE&
(tuned!with!NOMAD!data,!resonance!Rein7Sehgal)!

QE+measurements+and++
associated+publica*ons+

σ(Eν):&&Eur.Phys.&J.&C&&63&(2009)&355"381&
dσ/dQ2,&nuclear&effects&and&FSI&in&C&(new&analysis)&&



HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

FUTURE QE MEASUREMENTS WITH LBNE ND

✦ Next generation High-Resolution Near Detector (ND) for LBNE based upon the
NOMAD concept:

● Low density magnetic spectrometer: B = 0.4 T, ρ ∼ 0.1 g/cm3, target (C3H6)n
● Straw Tube Tracker with ×12 higher granularity than NOMAD

● Complete 4π coverage of calorimetry and muon ID

=⇒ Improved p resolution and recontruction efficiency w.r.t. NOMAD

✦ Expect to collect ∼ 10(5)× 106 ν(ν̄) QE events in 5y ν + 5y ν̄ data taking with
energy range 0.5 ≤ Eν ≤ 20 GeV

Roberto Petti USC

 iµ CC QE in HiResMi at LBNE
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✦ Protons easily identified by the large
dE/dx in tracker & range

✦ New NOMAD QE analysis also used for
sensitivity studies in LBNE ND
=⇒ Same reconstruction & selection

✦ Use multi-dimensional likelihood func-
tions incorporating the full event kine-
matics to reject DIS & Res backgrounds
=⇒ On average ε = 52% and η = 82%

for CC QE at LBNE
(New NOMAD ε = 54%, η = 57%)
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