arXiv:1302.3890v2 [hep-ph] 23 Feb 2013

Axial Mass and Strangeness from MiniBooNE Neutral Current Elastic Cross Section Measurement

Tomasz Golan, Krzysztof M. Graczyk, Cezary Juszczak, and Jan T. Sobczyk Institute for Theoretical Physics, Wrocław University Plac Maxa Borna 9, 50-204 Wrocław, Poland

Results of an analysis of the MiniBooNE (MB) experiment data for the neutral current elastic neutrino scattering on the CH2 target with the NuWro Monte Carlo generator are presented. The main focus is on the investigation of the impact of a meson exchange current contribution (MEC) on the axial mass (MA) estimation. It turns out that inclusion of the MEC leads to the value of MA which is consistent with the old estimations based on the neutrino-deuteron scattering data. Indeed, the model including the MEC contribution gives MA = 1003 ± 87 MeV, while in the absence of MEC the value of M^{ef f}_A = 1312 ± 93 MeV is obtained. The latter result is consistent with the original MB analysis [1]. An estimation of the strange quark contribution to the nucleon spin was also attempted, but the data is not precise enough to get conclusive results.

PACS numbers: 13.15.+g, 13.40.Gp, 24.10.Lx, 12.15.Mm, 25.30.Bf Keywords: axial nucleon form factor, elastic neutrino-nucleon scattering, strangeness of nucleon, monte carlo generator, meson exchange currents, 2p-2h contribution, final state interactions

1. INTRODUCTION

There has been a lot of interest in neutrino interactions in the few GeV energy region, coming from neutrino oscillation experiments and their need to better constrain systematic errors. Despite a vivid activity in the field [2, 3] the neutrino-nucleon cross sections uncertainties are still around 20-30%. There are several reasons for that:

(i) in all the cross section measurement experiments the

neutrino flux was known with poor precision, both the overall normalization and the spectrum;

(ii) in all recent attempts to measure neutrino cross sections, interactions occur on nuclei with many complications coming from nuclear effects.

For neutrino energies around 1 GeV the most abundant reaction is the charged current quasi-elastic (CCQE) scattering: ν_l + n → l^− + p, where l ∈ {e, μ}. It is the most important process in the investigation of the oscillation phenomenon, e.g. in the T2K experiment [4]. After applying G-symmetry arguments the weak transition matrix element of the hadronic current entering the CCQE cross section formula can be expressed in terms of two vector and two axial form-factors. The former ones are known from electron scattering experiments due to the CVC (conserved vector current) hypothesis. The latter are proportional to each other due to the PCAC (partially conserved axial current) hypothesis, hence only one independent axial form factor remains. It is usually assumed to have a dipole form (Eq. 8) parametrized by the axial mass M_A.

Recent neutrino cross section measurements, notably the high statistics muon double differential cross section results from the MiniBooNE (MB) experiment [5], suggest significantly larger M_A values than estimations based on older deuterium target neutrino measurements or on the pion electro-production data [6]

In the MB experiment the signal events (CCQE-like) were those with no pion in the final state. CCQE sample of events was obtained after subtraction of an estimated (based on the data / Monte Carlo (MC) comparison) contribution from pion production and absorption.

In the last years it is becoming clear that the MB analysis neglected a large two body current contribution to the cross section [7, 8] giving rise to events that can be easily confused with genuine CCQE events unless one carefully investigates the final state nucleons. Older and recent M_A measurements can be consistent, because in the case of neutrino-deuteron scattering this contribution is small [9].

Several groups attempted to explain the MB CCQE double differential cross section data with models containing a significant contribution from the np−nh mechanism (n particles and n holes, n ≥ 2, i.e. n nucleons in the final state). The np − nh mechanism is also called meson exchange current (MEC), multi-nucleon knockout or two-body current contribution. The IFIC group performed a fit to the MB CCQE data and obtained M_A = 1.077±0.027 GeV [10]. A good qualitative agreement was reached within the Lyon group model [11] as well as the optical potential model [12] and slightly worse within the superscaling approach [13] and also the transverse enhancement (TE) model [14, 15]. Even though the theoretical models are able to explain the large M_A result of the MB measurement, but their predictions for the size of the np − nh contribution in some cases (2D bins as used by the MB collaboration) differ by a factor of two.

The theoretical models of the MEC contribution give quite different estimates of a significance of the effect in the case of antineutrino scattering. Recently the MB collaboration published the first antineutrino large statistics CCQE cross section results [16]. The data has been already analyzed by IFIC group [17]. In [18] the ratio of CCQE-like cross sections (defined as explained above) for neutrinos and antineutrinos was discussed as a function of neutrino energy. This data can allow to discriminate between the models^1. The results seem to favor the IFIC model but the data suffers from large errors and only the superscaling approach seems to be in trouble.

The importance of the CCQE reaction gives a strong motivation to look for alternative ways to evaluate M_A and/or investigate the size of the two body current contribution. An interesting option is provided by the neutral current elastic (NCEL) reaction: ν_l + N → ν_l + N, where N denotes proton or neutron.

As explained in Sect. 2 the basic theoretical framework to investigate NCEL scattering is similar to the one used in CCQE. The hadronic current is expressed in terms of vector and axial form factors. An interesting feature is that the NCEL form factors are linear combinations of the form factors present in the CCQE reaction with the addition of terms sensitive to a strange quark content of nucleons, see Eq. 6 and 7. Thus, the NCEL scattering data allows to estimate both M_A and the strange quark contribution to the form factors. In fact, most of the interest in NCEL reaction comes from its potential to measure strangeness of the nucleon.

Historically, the first estimations of the nucleon strange quark content were based on the analysis of the deep inelastic scattering (DIS) data from CERN, SLAC, DESY, and Jefferson Lab, for a review see [20]. There is an interesting relation between the quantities measured in DIS and the nucleon form factors. For instance, from the asymmetry measurement of longitudinally polarized leptons off proton one can establish the first moment of the proton structure function g_1. Assuming a naive parton model and taking into consideration the isospin symmetry as well as an appropriate sum rule, it can be shown that the fraction Δs of strange quarks and antiquarks which contribute to the total spin of the proton, corresponds to g^A_s = G^s_A(0), see Eq. 11. Old measurements suggested the nonzero value of Δs, see [21], however, more recent estimations give results consistent with zero [22].

The axial strange form factor can be determined from the NCEL neutrino-nucleon or neutrino-nucleus scattering data. The first results were obtained by the BNL E734 experiment [23]. The analysis of the νp → νp and ν̄p → ν̄p data gave: M_A = 1.06 ± 0.05 GeV and g^s_A = −0.15 + ±0.09. For later discussions of these data see [24, 25].

1 Notice, however, a criticism of the adopted energy unfolding procedure explained in [19].

About three years ago the MB collaboration measured the flux averaged NCEL differential cross section in Q^2 on the CH_2 target [1]. The MB proposed also an observable, a proton enriched sample of events, sensitive to the strange axial form factor. The first measurement relied on the MB detector ability to analyze the scintillation light even in the absence of Cherenkov light from the final state muon. The Q^2 dependent differential cross section on an almost isoscalar target depends very weakly on g^A_s , so a conclusive simultaneous extraction of both M_A and g^A_s parameters is impossible. In the second measurement, a high energy (above the Cherenkov radiation threshold) proton enriched sample of events were selected. The MB performed two separate parameter extractions. Assuming g^s_A = 0 the value of M^{ef f}_A = 1.39 ± 0.11 GeV was obtained. Taking M^{ef f}_A = 1.35 GeV from the CCQE analysis [5] lead to the estimation of g^s_A = 0.08 ± 0.26.

In the MB analysis the values of M_A used in modeling scattering off carbon (the value is floating) and off free protons, were different. In the case of proton the M_A was fixed at 1.13 GeV. For carbon the axial mass was treated as an effective parameter. A large value of effective M_A is expected to account for the MEC contribution present in neutrino-carbon scattering but absent in neutrino-proton scattering. MB considered also a non-zero value of the κ parameter enhancing the Pauli blocking effect at low Q^2. Because the CCQE data are consistent with κ = 0 and the physical interpretation of this parameter is unclear we did not include it in our analysis.

The data from [1] was already discussed in several phenomenological papers. Butkevich and Perevalov [26] investigated an impact of using a more realistic nuclear model in the MB data analysis. The application of a relativistic distorted wave impulse approximation (RDWIA) [27] model lead to the values M_A = 1.28 ± 0.05 GeV and g^A_s = −0.11 ± 0.36, consistent with those reported in [1]. The spectral function formalism was applied by Ankowski in [28], with a result that the shape of the MB measured distribution of events in Q^2 is reproduced with M^{ef f}_A = 1.23 GeV. However, there is a 20% discrepancy for the overall normalization with the MB results (the measured cross sections are larger). Meucci, Gusti and Pacati analyzed the predictions of four nuclear models [29]. It turned out that relativistic Green function (RGF) model is able to reproduce MB NCEL data with a value of M_A close to those obtained in deuterium-target experiments. Apparently, the optical potential discussed in the RGF formalism accounts for the MEC contribution.

The main purpose of this paper is to analyze the MB NCEL data with the NuWro Monte Carlo event generator [30] with the MEC contribution and final state interactions (FSI) effects implemented there. Out of three

MEC models available in NuWro, in the current analysis we decided to apply the (TE) model [14]. We adopted the same approach as proposed in the original paper for the charged current scattering: the MEC contribution is defined by the same modification of the magnetic form factor [31]. The existing models for the MEC contribution give predictions for the final muons only. To obtain final state nucleons, we use a procedure proposed in [32]. This approach is universal and was applied also to two other MEC models implemented in NuWro. We expect that the differences between the three MEC models predictions for nucleons are small and we decided to work with the TE model because of its simplicity.

Another important difference with respect to previous studies of the MB NCEL data lies in a treatment of nuclear effects. In our analysis we follow closely the approach proposed by Perevalov in his PhD thesis [33]. We distinguish three scenarios for nucleons arising from the initial NCEL interaction on carbon:

(a) a proton leaves nucleus without reinteractions;

(b) a proton from the primary interaction is subject to reinteractions and not specified nucleon/nucleons are knocked out;

(c) NCEL interaction occur on a neutron.

We also take into account NCEL scattering on hydrogen and the irreducible background (a pion production in primary vertex, which is absorbed during FSI). In all five cases we calculate visible energy using response matrices provided in [33]. The probabilities of scenarios (a) and (b) depend on the details of the cascade models implemented in NUANCE (used by the MB Collaboration) and in NuWro. In the MEC events there are typically two nucleons after a primary interaction and both propagate independently through nucleus. For those events we had to invent a procedure connecting their kinetic energies with the visible energy (see Sect. 4).

Our main result is the conclusion that after taking into account the MEC contribution, the MB NCEL experimental data can be reproduced with the M_A value that is very close to those obtained in old deuterium target experiments. The procedures estimating the visible energy was verified by repeating the MB analysis without the MEC contribution. Despite the difference in modeling of the FSI effects by NUANCE and NuWro, our M_A estimation is similar to the value obtained by the MB collaboration.

Our paper is organized as follows: in Sec. 2 a general description of our theoretical model for the NCEL reaction is given; in Sec. 3 the main features of the NuWro generator are summarized; Sec. 4 contains a details of the data analysis and an energy unfolding procedure; in Sec 5 we present main results and our conclusions can be found in Sec. 6.

2. ELASTIC NEUTRAL CURRENT REACTION FORMALISM

Let us consider neutral or charged current neutrinonucleon scattering:

ν(k) + N(p) → l^′(k^′) + N^′(p^′), (1)

where N, N^′, l^′ denote the initial and final nucleon and the final lepton with four momenta: p, p^′ and k^′, respectively. The transfer of four momentum is given by q^μ ≡ k^μ − k^{′μ} = (ω, q), Q^2 ≡ −q^2.

In the Born approximation the scattering matrix element factorizes into leptonic and hadronic parts: iM^{(1)}_{cc,nc} ≈ −if_{cc,nc} G_F √ 2 j_μh^μ_{cc,nc}, Q^2 ≪ M^2_W , M^2_Z , (2)

where f_{cc} = cos θ_C , f_{nc} = 1, θ_C is Cabibbo angle, G_F is the Fermi constant, while j_μ and h^μ_{cc,nc} are the expectation values of the leptonic and hadronic currents. The leptonic part is easy to derive:

j_μ = ū(k^′)γ^μ(1 − γ_5)u(k), (3)

while getting the hadronic contribution requires an extra phenomenological input. The most general form of the expectation value of the hadronic current reads

h^μ(q) = u(p^′)Γ^μ(q)u(p), (4)

where Γ^μ is an effective hadronic vertex modeled by form factors.

In order to construct the neutral current hadronic vertex for the elastic neutrino-nucleon scattering, one has to follow a general pattern given by the Standard Model. Indeed, if one takes into consideration u, d, and s quarks then one can construct the one body quark current, which accounts also for the strangeness contribution. The CVC theory, the PCAC hypothesis and the SU(2) isospin symmetry relate the neutral current form factors to those present in electormagnetic and charged current hadronic matrix elements [20]. The neutral current hadronic vertex reads

Γ^μ_{NC,p(n)} = γ^μF^{NC,p(n)} 1 + iσ^{μν} q_ν 2M γ^μF^{NC,p(n)} 2 − γ^μγ_5G^{NC,p(n)}_A , (5) where indices p and n refer to proton and neutron. The neutral current form factors can be expressed as: F^{NC,p(n)} 1,2 (Q^2) = ± 1 2 { F^p_{1,2}(Q^2) − F^n_{1,2}(Q^2) } − 2 sin^2 θ_W F^{p(n)}_{1,2} (Q^2) − 1 2 F^s_{1,2}(Q^2), (6) G^{NC,p(n)} A (Q^2) = ± 1 2 G_A(Q^2) − 1 2 G^s_A(Q^2), (7)

+/− signs refer to proton/neutron, θ_W is Weinberg angle, sin^2 θ_W = 0.23120. F^{p(n)}_{1,2} are proton (neutron) electromagnetic form factors, G_A is the axial nucleon form factor,

G_A(Q^2) = g_A ( 1 +^{Q2}_{M 2A}

)_2 , gA = 1.267. (8)

F^s_{1,2} and G^s_A are the vector and the axial strange form factors.

The electromagnetic form factors are obtained from the analysis of the elastic eN scattering data (for a review see [34]). They can be expressed by the electric and magnetic form factors:

F^{p(n)}_1 (Q^2) = 4M^2 Q^2 + 4M^2 [ G^{p(n)}_E (Q^2) +

Q^2 4M^2

G^{p(n)}_M (Q^2) ] , (9) F^{p(n)}_2 (Q^2) =

4M^2 Q^2 + 4M^2 [ G^{p(n)}_M (Q^2) − G^{p(n)}_E (Q^2) ] ,(10)

where M =^1_2 (M_p + M_n) is an average nucleon mass.

In the Breit frame, at low Q^2, the electric (G^{p(n)}_E ) and magnetic (G^{p(n)}_M ) nucleon form factors are related to the electric and magnetic charge distributions inside the nucleon. For instance, for the electric proton form factor G^p_E (Q^2) ∼ G^p_E (0)+^{⟨r2p⟩}_6 Q^2 +O(Q^4), where ⟨r^2_p⟩ = − 6^{dGpE}_{dQ2} | | |_{Q2 =0} is the mean-square radius of the charge distribution.

Analogically, we can introduce the electric, G^s_E , and magnetic, G^s_M , isoscalar strange form factors. In the first approximation one can assume that “the effective size” of the proton and neutron strange sea is the same, therefore we use the same strange form factors. The latest global analysis of the elastic PV ep and νN BNL scattering data suggests that the vector strange form factors are consistent with zero [22], consequently, in our analysis we set G^s_{E,M} = 0.

In order to estimate the axial strange form factor we assume that the radius of the strange sea is comparable with the axial “charge” radius of the proton. Therefore we take the same dipole form of the strange axial form factor as in Eq. 8,

G^s_A(Q^2) = g^s_A ( 1 +^{Q2}_{M 2A}

)_2 , (11) and only g^s_A has to be established from the data In our numerical analysis we use BBBA05 vector form factors [35]. However, for completeness, we also checked a possible impact of the form factors corrected by twophoton exchange effect [36, 37].

3. NUWRO MONTE CARLO EVENT GENERATOR

3.1. Generalities

NuWro is a Monte Carlo event generator developed at the Wrocław University. It simulates neutrino-nucleon and neutrino-nucleus charged and neutral current interactions including: (quasi-) elastic scattering, pion production through Δ resonance (with some contribution from a non-resonant background), more inelastic processes (in neutrino MC community often called deep inelastic scattering) and coherent pion production. NuWro covers neutrino energies from ∼ 100 MeV to TeV. There are two nucleus models implemented in NuWro: the Fermi gas (FG) model and an approach using spectral function. All hadrons from primary vertex are propagated through the nuclear matter using the NuWro cascade model. A detailed description of NuWro and its physical models can be found in [30]. NuWro is an open-source project and the code is available from the repository [38].

3.2. Meson Exchange Current Contribution

There are three MEC models available in NuWro: the IFIC model, the Lyon group model and the TE model. In each of them the double differential cross section for the final state muon is the main external input and the hadronic part is modeled using the scheme described below.

In our analysis we use the transverse enhancement model described in [14]. Initially, the TE model was introduced to describe CCQE interactions, but it can be applied to neutral current reactions in a similar way [31]. The MEC contribution to the NCEL scattering cross section on carbon is introduced by a modification

FIG. 1: [Color online] Total cross section per nucleon as a function of a neutrino energy for NCEL scattering (with MA = 1350 MeV) and TE model on cabon.

of the vector magnetic form factors: G^{p,n}_M → G̃^{p,n}_M = √ 1 + AQ^2 exp ( − Q^2 B ) G^{p,n}_M (Q^2), (12) where A = 6 GeV^{−2} and B = 0.34 GeV^2. Using G̃^{p,n}_M in the NCEL differential cross section formula one obtains a cross sections for NCEL scattering with the MEC contribution included. The MEC cross section is calculated from the difference between cross sections with modified and standard magnetic form factors:

d^2σ^{MEC} dqdω ≡ 1 2 {( d^2σ^{NCE} dqdω (G̃^p_M ) − d^2σ^{NCE} dqdω (G^p_M ) )

+ ( d^2σ^{NCE} dqdω (G̃^n_M ) − d^2σ^{NCE} dqdω (G^n_M ) )} .(13)

Note that the value of the axial mass is set to be M^{MEC} A = 1014 MeV, as assumed in [14]. The total cross section predictions for the model are shown in Fig. 1. At typical MB flux neutrino energies, E_ν ∼ 700 MeV, the MEC contribution is about 15% of the NCEL cross section.

For a description of nucleons a multinucleon ejection model from [32] is used. Correlations between two initial nucleons are neglected, which significantly simplifies the calculations and does not have noticeable influence on the final nucleons kinematics. With this assumption our procedure is the following:

1. set randomly the four-momenta (p_1 and p_2) of the initial nucleons from the Fermi sphere with radius determined by the local nuclear density;

2. calculate the four-momentum of the hadronic system

W = p_1 + p_2 + q, where q is the four-momentum transfered to the hadronic system;

3. repeat steps 1. and 2. until the invariant mass in the hadronic center of mass system is larger than mass of two nucleons (W^2 > 4M^2);

4. make Lorentz boost to the hadronic center of mass system;

5. select isotropically momenta of two final nucleons;

6. boost back to the laboratory frame.

Each of final nucleons undergoes final state interactions.

In the case of neutrino charged current MEC reactions there may be neutron-neutron or proton-neutron pair in the initial state. The probability of the mixed pair is given by a free parameter p_{CC} , with default value p_{CC} = 0.6.

For neutral current MEC interactions each isospin pair is possible (n-p, n-n, p-p). To keep the same proportion between n-n and p-n pairs we introduced the parameter p_{NC} = (2/p_{CC} − 1)^{−1} giving the probabilty of the mixed pair to be present in a neutral current MEC reaction. Both n-n and p-p pairs are assumed to be equally likely.

We checked that changes to the parameter p_{CC} have negligible impact on the final results.

3.3. Nucleus Model

In order to describe the carbon nucleus, present in CH_2 molecule, the local relativistic Fermi gas model is applied. The impulse approximation is assumed for all dynamical channels but the MEC and coherent ones. Final state nucleons present in the primary vertex are propagated through nuclear matter as modeled by the NuWro cascade:

1. the nucleons are assumed to be in the potential well of depth V = V_0 + E_F , where E_F is the Fermi energy and V_0 = 7 MeV;

2. a formation zone is applied, see [30] for details, and the following steps are repeated:

3. nucleon’s free path (λ) is drawn from the exponential distribution taking into account nucleon-nucleon cross section and the local nuclear density;

4. if λ ≤ λ_{max} = 0.2 fm the nucleon is propagated by λ, the interaction kinematics is generated and a check for Pauli blocking occurs to decide if the interaction happened;

5. if λ > λ_{max} the nucleon is propagated by λ_{max}.

In the cascade the Fermi motion of target nucleons is taken into account, so each nucleon from the nucleus brings an extra kinetic energy. When the nucleon leaves the nucleus, V is subtracted from its kinetic energy, setting it on-shell. If its kinetic energy is smaller than V , the nucleon is stuck inside the nucleus.

For more detailed description of the NuWro cascade model see [30].

4. DATA ANALYSIS

We are going to discuss two samples of data provided by the MB. The first one is called the NCEL sample and contains the total reconstructed kinetic energy distribution of all nucleons in the final state normalized to the number of events seen in the detector.

The second sample of data, the high energy NCEL sample, describes numerator and denominator of the ratio: η = X̃(νp → νp)/X(νN → νN), (14) where X̃ denotes a contribution from a special class of events, called single proton or proton enriched. Those are the events with visible Cherenkov light and kinematical cut on the proton angle θ < 60^0. The biggest contribution to those events comes from the NCEL scattering on protons, which then do not undergo reinteractions. In the case of multiple proton events, the energy of individual proton is in general too low to produce Cherenkov light. Even if a high energy proton appears in the multiple proton event, it has usually larger scattering angle than proton unaffected by FSI. The denominator (X) denotes a contribution from all NCEL interactions.

Both samples are presented as a function of reconstructed energy^2 (ν), that is seen in the detector. To compare those data with the theoretical predictions given in terms of true kinetic energy (μ), one needs an unfolding procedure, allowing a passage from μ to ν.

In our analysis, we follow the main steps of the procedure adopted by the MB collaboration as it is described in [33]. We had to propose a consistent treatment of the MEC events, which were not considered in the MB analysis. In the next subsections we describe the original MB unfolding procedure and the one used in this paper. We checked, that in the case of the absence of MEC, both procedures lead to similar results.

2 We keep the original notation from [33].

4.1. MiniBooNE Procedure

The energy unfolding procedure is the same for both samples of data. Five different types of signal giving contribution to the final distribution are distinguished:

1. NCEL on hydrogen;

2. NCEL on a proton from carbon unaffected by FSI effects;

3. NCEL on a proton from carbon with FSI effects;

4. NCEL on a neutron from carbon;

5. irreducible background (pions produced in a primary vertex and absorbed during FSI).

For each type of the signal events, k = 1, 2, ..., 5, there is a proper response matrix (R^{(k)}), which simulates the energy smearing, the detector efficiency and defines the relation between true and reconstructed energy distributions:

ν^{(k)}_j = ∑ i R^{(k)}_{ij} μ^{(k)}_i . (15)

R^{(k)} are either 51 × 51 or 30 × 30 matrices for NCEL sample and NCEL high energy sample, respectively. The columns of matrices label the true kinetic energy bins and rows label the reconstructed energy. There are 50 bins starting from 0 MeV to 900 MeV plus an extra overflow bin for the NCEL sample in the true kinetic energy. For NCEL high energy sample there are 28 bins, starting from 300MeV to 900MeV plus the underflow and the overflow bins.

To obtain the reconstructed kinetic energy distribution and compare it with the data from [1] one should follow the following steps:

1. use a theoretical model and calculate the fluxaveraged distributions for five different types of signal events using the same bins as in the response matrices;

2. use the proper response matrices to translate each histogram to the reconstructed kinetic energy distribution;

3. sum all the histograms and add the background events (ν^{BKG} contains dirt, beam-unrelated, and other backgrounds) provided by the MB to get the total reconstructed energy spectrum:

ν^{MC}_j = ∑ i R^{(1)}_{ij} μ^{(1)}_i + ∑ i R^{(2)}_{ij} μ^{(2)}_i + ∑ i R^{(3)}_{ij} μ^{(3)}_i + ∑ i R^{(4)}_{ij} μ^{(4)}_i (16) + ∑ i R^{(5)}_{ij} μ^{(5)}_i + ν^{BKG}_j

4. use the provided error matrices (M_{ij} ) to calculate χ^2:

χ^2 = ∑ i ∑ j ( ν^{DAT A} i − ν^{MC}_i ) M^{−1}_{ij} ( ν^{DAT A} j − ν^{MC}_j ) (17) Note that unlike in the CCQE MB data published in [5] here the normalization error is included in the error matrix M_{ij} .

4.2. Our Procedure

An alternative way to convert the true kinetic energy to the reconstructed one is to translate it on the event by event basis. Each value of the true kinetic energy is related to the corresponding column in the response matrix. This column gives a distribution with an information how given true energy is smeared out in the detector, normalized to the efficiency. To obtain reconstructed kinetic energy distribution one proceeds as follows:

1. for each event calculate total true kinetic energies of all nucleons in the final state (μ) and get a bin number j; 2. find the kind of signal (k), see Sect. 4.1;

3. choose j-th column of the R^{(k)} response matrix as the probability distribution;

4. use the MC method to decide if the event is accepted (according to efficiency) and, if so, what energy would be visible in the detector.

This strategy allows us to treat each nucleon from MEC event individually, which is required in the NuWro based analysis of the data.

MEC Events in NCEL Sample

In the MB analysis there are no MEC events included and no response matrices were prepared for them. To take MEC events into account, we had to express them in terms of five signals defined by MB.

Naive interpretation may suggest a treatment of each nucleon from the MEC events separately. However, it would be incorrect, because any of two individual nucleons may not create enough PMT hits to be visible in the detector, but together they can make it [39].

In our analysis we treat both nucleons from a MEC event together and sum up the energies of all nucleons in the final state as if they were coming from one nucleon. After that, we apply response matrix for the fourth signal (NCEL on neutron from carbon) if there were two

FIG. 2: [Color online] Number of events as a function of the reconstructed kinetic energy of all nucleons in a final state measured by MiniBooNE together with our best fits for two cases: the MEC contribution was not included (solid line) and the MEC contribution was included (dashed line)

neutrons in primary vertex or for the third signal (NCEL on proton from carbon affected by FSI effects) in other cases [39].

MEC Events in High Energy NCEL Sample

In a MEC event the energy transfer is shared by two nucleons, so the probability that there will be a proton with energy high enough to produce Cherenkov light is very low. If there is a proton with the azimuth angle below 60^0, the second response matrix (NCEL proton from carbon unaffected by FSI effects) is applied to its true kinetic energy to check if it is over the Cherenkov threshold and decide if it contributes to the numerator of the ratio η.

In both, the numerator and the denominator, we use the reconstructed energy of the event similarly as for the NCEL sample.

5. RESULTS

The χ^2 defined in Eq. 17 was minimized for two models: with and without the MEC contribution. The procedure described in Sec. 4.2 allowed us to treat the nucleons from MEC events properly, however, we checked that the results (for the case without the MEC contribution) are similar if the original MB unfolding procedure described in Sec. 4.1 is used.

We assume a fixed value of axial mass for hydrogen M_A = 1030 MeV and we minimize χ^2 distribution for an effective axial mass for carbon (M^{ef f}_A ) using the data for the reconstructed energy distribution. As shown in [33]

FIG. 3: [Color online] The ratio η (see Eq. 14) as a function of the reconstructed kinetic energy of all nucleons in a final state measured by MiniBooNE together with our best fits for two cases: the MEC contribution was not included (solid line) and the MEC contribution was included (dashed line)

this distribution is essentially insensitive to the strange quarks contribution, so here we assume g^s_A = 0. Best fits for both cases are presented on Fig. 2.

In the case without the MEC contribution the value

M^{ef f}_A = 1312 ± 93 MeV (18)

was obtained with χ^2_{min}/DOF = 26.1/50 (a confidence level (CL) 99.8%). This value is consistent with the MB result from [1] (M^{ef f}_A = 1390 ± 110 MeV).

Inclusion of the MEC contribution leads to

M_A = 1003 ± 87 MeV (19)

with χ^2_{min}/DOF = 25.8/50 (CL 99.8%). This result is consistent with the world average axial mass value and confirms that the difference between recent and older axial mass measurements can be explained by taking into account the 2p − 2h constribution.

To see how the choice of the electromagnetic form factors parametrization affects the results of our analysis, we applied the form-factors corrected by the two-photon exchange [36, 37]. We obtained M^{ef f}_A = 1322 ± 80 MeV with χ^2_{min}/DOF = 25.8/50 (CL 99.8%) for the model without the MEC contribution and M_A = 1002±83 MeV with χ^2_{min}/DOF = 25.4/50 (CL 99.9%) with the MEC included. This means that our results do not depend on the choice of parametrization of the electromagnetic form factors.

Repeating the computations under the assumption that the value of the axial mass is the same for a free proton and bound nucleons, we obtained M_A = 1032 ± 93 MeV with χ^2_{min}/DOF = 25.7/50 (CL 99.8%).

Using the data for η ratio (Eq. 14) we examined the strange quark contribution to the NCEL cross section.

We assumed a fixed value of axial mass: 1030 MeV for hydrogen, 1003 MeV for carbon when the MEC contribution is included and 1312 MeV if it is not. Best fits for both cases are shown in Fig. 3.

We found the strange quark contribution to be

g^s_A = −0.04 ± 0.45

with χ^2_{min}/DOF = 27.8/29 (CL 52.9%), when the MEC contribution was not included. This results is consistent with values published by MiniBooNE [1] and BNL E734 [23].

MEC events contribute mostly to the denominator of the ratio η. Also lower M_A, makes the ratio η smaller. To compensate for those two effects a lower value of g^s_A is required. Indeed, with the MEC contribution included, we got the value

g^s_A = −0.92 ± 1.13

with χ^2_{min}/DOF = 30.6/29 (CL 38.5%). The obtained value is still consistent with zero.

6. CONCLUSIONS AND OUTLOOK

The impact of the MEC contribution on the analysis of the MB data for neutrino NCEL scattering on CH_2 was investigated in detail. This is the first analysis of this kind yet. The final results confirm that recent large axial mass measurements can be explained by the twobody current contribution to the cross section.

The value of M_A = 1003 ± 87 MeV was obtained for carbon nucleons after assuming M_A = 1030 MeV for free protons. The assumption that M_A is the same for carbon and hydrogen led to value of M_A = 1032 ± 93 MeV.

Our study relies extensively on the performance of the NuWro nucleon cascade model. The final results indicate that the model works well. This is encouraging, because an unambiguous separation of the two body current contribution from genuine CCQE events can only be done by looking at final state nucleons [32, 40]. This is quite challenging, because a good control of nucleon final state interactions (FSI) effects is necessary. In particular, a good resolution of final nucleons with a low threshold for momenta of reconstructed tracks is required. There is a hope that a liquid argon detector is able to provide necessary information and can be used to benchmark the performance of MC cascade models [41].

The strange quarks contribution to form factors was extracted using a sample of NCEL proton enriched events. The result is consistent with zero, however, due to limited accuracy of the data, the uncertainty of the best fit value of g^s_A is very large.

Recently MiniBooNE made public preliminary results from the antineutrino NCEL analysis [18]. They are supplementary to those discussed in this paper. When the data become available a combined analysis will have more potential to measure the MEC contribution and put more constraints on g^s_A.

We would like to notice that there is an interesting idea for an alternative measurement of the NCEL cross section described in [42]. The authors investigate the relation between the rate of observed γ rays coming from nuclear deexcitation in water-Cherenkov detectors and the NCEL cross section.

Acknowledgments

The authors were partially supported by the grant No. UMO-2-11/M/ST2/02578. We would like to thank to Denis Perevalov, Arie Bodek and Eric Christy for useful information.

[1] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], Phys. Rev. D 82 (2010) 092005.

[2] H. Gallagher, G. Garvey, and G.P. Zeller, Annual Review of Nuclear and Particle Science 61 (2011) 355.

[3] J.G. Morfin, J. Nieves, and J.T. Sobczyk, Advances in High Energy Physics 2012 (2012) 934597.

[4] K. Abe et al. [T2K Collaboration], Nucl. Instrum. Meth.

A 659 (2011) 106.

[5] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], Phys. Rev. D 81 (2010) 092005.

[6] V. Bernard, L. Elouadrhiri, and U. G. Meissner, J. Phys.

G 28 (2002) R1.

[7] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys. Rev. C 80 (2009) 065501.

[8] J. Nieves, I. Ruiz Simo, and M.J. Vicente Vacas, Phys.

Rev. C 83 (2011) 045501.

[9] G. Shen, L. E. Marcucci, J. Carlson, S. Gandolfi, and R. Schiavilla, Phys. Rev. C 86 (2012) 035503.

[10] J. Nieves, I. Ruiz Simo, and M.J. Vicente Vacas, Phys.

Lett. B 707 (2012) 72.

[11] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys. Rev. C 81 (2010) 045502.

[12] A. Meucci, C. Giusti, Phys. Rev. D85 (2012) 093002. [13] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W.

Donnelly, and J. M. Udias, Phys. Rev. D 84 (2011) 033004.

[14] A. Bodek, H.S. Budd, and M.E. Christie, Eur. Phys. J.

C 71 (2011) 1726.

[15] J. T. Sobczyk, Eur. Phys. J. C 72 (2012) 1850. [16] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], arXiv:1301.7067 [hep-ex].

[17] J. Nieves, I. R. Simo and M. J. V. Vacas, Two Particle-Hole Excitations in Charged Current Quasielastic Antineutrino–Nucleus Scattering, arXiv:1302.0703 [hep-ph].

[18] J. Grange, R. Dharmapalan, MiniBooNE ν̄μ CCQE and NCE Cross Section, a talk given by J. Grange at NuInt12, Rio de Janeiro, 2012.

[19] J. Nieves, F. Sanchez, I. Ruiz Simo, and M.J. Vicente Vacas, Phys. Rev. D85 (2012) 113008.

[20] W. M. Alberico, S. M. Bilenky and C. Maieron, Phys.

Rept. 358 (2002) 227.

[21] M. Anselmino, A. Efremov and E. Leader, Phys. Rept.

261 (1995) 1 [Erratum-ibid. 281 (1997) 399]. [22] S. F. Pate and J. P. Schaub, J. Phys. Conf. Ser. 295 (2011) 012037.

[23] L. A. Ahrens et al., Phys. Rev. D 35 (1987) 785. [24] G. T. Garvey, W. C. Louis, and D. H. White, Phys. Rev.

C 48 761 (1993).

[25] W. M. Alberico, M. B. Barbaro, S. M. Bilenky, J. A.

Caballero, C. Giunti, C. Maieron, E. Moya de Guerra, and J. M. Udias, Nucl. Phys. A 623 (1997) 471; Phys. Lett. B 438 (1998) 9.

[26] A. V. Butkevich and D. Perevalov, Phys. Rev. C 84 (2011) 015501.

[27] A. V. Butkevich and S. A. Kulagin, Phys. Rev. C 76 045502 (2007).

[28] A. M. Ankowski, Phys. Rev. C 86 (2012) 024616. [29] A. Meucci, C. Giusti, and F.D. Pacati, Phys. Rev. D 84 (2011) 113003.

[30] T. Golan, C. Juszczak, and J.T. Sobczyk, Phys. Rev. C 86 (2012) 015505.

[31] A. Bodek and M.E. Christy, private communication. [32] J. T. Sobczyk, Phys. Rev. C 86 (2012) 015504. [33] D. Perevalov, Neutrino-Nucleus Neutral Current Elastic Interaction Measurement in MiniBooNE, Ph. D. thesis, University of Alabama, 2009, FERMILAB-THESIS- 2009-47.

[34] C. F. Perdrisat, V. Punjabi and M. Vanderhaeghen, Prog. Part. Nucl. Phys. 59 (2007) 694.

[35] R. Bradford, A. Bodek, H. Budd, J. Arrington, Nucl.

Phys. B (Proc. Suppl.) 159 (2006) 127-132. [36] K. M. Graczyk, Phys. Rev. C 84 (2011) 034314. [37] K. M. Graczyk, P. Plonski and R. Sulej, JHEP 1009 (2010) 053.

[38] http://borg.ift.uni.wroc.pl/nuwro/ [39] D. Perevalov, private communication.

[40] O. Lalakulich, K. Gallmeister, U. Mosel, Phys.Rev. C 86 (2012) 014614.

[41] K. Partyka, Exclusive CCQE Topologies in ArgoNeuT, a talk at NuInt12, Rio de Janeiro, 2012.

[42] A. M. Ankowski, O. Benhar, Takaaki Mori, Ryuta Yamaguchi, and Makoto Sakuda, Phys. Rev. Lett. 108 (2012) 052505.