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e Neutrino-nucleus cross section
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f Hadronic tensor

The cross section in terms of the response functions R(q,®):
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Nucleon properties — Form factors: Electric G;, Magnetic G,,, Axial G

Nuclear dynamics — Nuclear Response Functions R(g,®) <> Nuclear Matrix elements

Isovector R, (t); Isospin Spin-Longitudinal R (T ©.q); Isospin Spin Transverse ;. (T 6xq)
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Our theoretical model for Nuclear Response Functions

. V
Ro =3 |(n|Ow)|0)? 8l — (B, — Eo) R(@.q) = ——Im[[@. q.q)
n#0
1p-1h 1p-1h 2p-2h:
Quasielastic (A->1N) 1t production two examples

Unified description of several channels
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Bare responses in semi-classical approximation — local Fermi gas

NN 2p-2h NA 2p-2h
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Short Rang Correlations  jnterf. or 1b-2b interf.

Local Density Approximation (LDA) .
ke (1) =[3/2 7% p(r)]*°

Density profiles taken from experimental
nuclear charge density distribution

g8

also called A mediated MEC

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)
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Switching on the interaction: random phase approximation (RPA)

* External force acting on one nucleon is transmitted
. to the neighbors via the interaction

[ ]
r'| ng * The nuclear response becomes collective

. ZL - 0 0
a II=11"+11""VII
L ImIl = [T1)° ImV 4+ [1 +TTV|* ImIT°

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)
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Examples of RPA nuclear responses

Isospin Spin Transverse R Isospin Spin Longitudinal Rox(m) coherent
T. Katori, M. Martini, J. Phys. G 45 1, 013001 (2018)
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Testing our responses in other processes
Electron scattering

Martini,J.Phys.Conf.Ser. 408 (2013) 012041

Pion scattering
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Rapid Review of our results
related to neutrino cross sections
onh carbon
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First explanation of the MiniBooNE CCQE-like cross section and M, puzzle

Inclusion of the multinucleon emission channel Genuine CCQE \

(np-nh = 2p-2h + 3p-3h) Ll N’

16 MinIiBoo:VE d:wta, IPhysl. Revl. D 8Il, 09I2005I (201ID) . | . : . | . | . : . | . | ‘ Q
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o I R PR R PR S PR R R R A \Y ’ : Q
. 2 o . 5o . . . . .
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. . W+ absorbed by a pair of nucleons
CCQE-like = Genuine CCQE + np-nh~ \ yap ns/
M. Martini, M. Ericson, G. Chanfray, J. Marteau, Phys. Rev. C 80 065501 (2009)

Agreement with MiniBooNE without increasing M,
Starting from this result the 2p-2h attracted a lot of interest in the neutrino community
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MiniBooNE CCQE-like flux-integrated double differential cross section
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Good agreement with data without increasing M, once np-nh is included 12
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MiniBooNE CCQE-like flux-integrated double differential cross section
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Similar agreement also for antineutrino scattering
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The T2K d?c CCOt measurement on12C

CCOm = CCQE-like without subtraction of w absorption background

In the last years it has become more popular to present the data in terms of final state particles (e.g. 1, On)

T2K collaboration: Abe et al. Phys. Rev. D 93 11012 (2016)
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Some comparisons between models and T2K CCOr data

A. Branca et al. Symmetry 13 (2021) 9, 1625 T2K, Phys. Rev. D 101 112001 (2020)
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MiniBooNE Phys. Rev. D 83 052007 (2011)

dzﬁ/(dcosﬂ dTM) (10'4zcm2/MeV)
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60

150< T <200 MeV

17 production channel
MiniBooNE flux-integrated CClm+ d?c in terms of p variables

200< T“-<2250 MeV

250< T“<i300 MeV

350< T“<4(}0 MeV

The general agreement between our evaluation and the data is good

M. Martini, NuFact2022

I I I 1 1 1 1 I60 I | | I | I 6(} I | I I 1 8()
MiniBooNE | a
45— 60
15 20
| | | | O | | | I 1 0
-1 05 0 05 1-0.5 0 0.5 I
00 80 — —60 ——T—
950‘51"“41]000 MeV] 1 l(:)[:l*iTu<-’~l200 MeV]
75 60 — 145 —
50 40 — 30
25 20 — 15
0 0 — gL——L
I 0.6 0.8 I 0.6 I 0.8 0.9 |
COS 9 M. Martini, M. Ericson, Phys. Rev. C 90 025501 (2014)

16



dzof(dpp dcosB) (10~ ecm’/A(GeV/c))

T2K flux-integrated CC inclusive differential cross sections on carbon
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T2K v, CCinclusive data with increased angular acceptance and higher statistics

T2K data: Phys. Rev. D 98, 012004 (2018)
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Remarkable agreement in all the analyzed bins; small deviations for cos6>0.92 and p >1.5 GeV
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Results for argon —
Comparison with MicroBooNe
CC inclusive
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From 12C to #°Ar results passing through 4°Ca calculations

To keep our description close the one on *2C, we perform the LFG+RPA calculations of nuclear responses by
approximating the proton and neutron density profiles of 4°Ar by the proton density profile of 4°Ca

0.006

4”Ar,‘ q=|800 MeV/c | M. B. Barbaro et al., Phys. Rev. C 98 035501 (2018)
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Umo 150 200 250 300 350 400 450 500  to calculate the responses for the symmetric #°Ca
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Our approximation for the CC inclusive v-40Ar cross section calculation

22
* QE rescaled according to the number of active nucleons (neutrons) (‘2420 =50 QEG

* No rescaling for 1nt production since both p and n are active fﬁc = fﬁo
. - - 40 Ar - _ Ca
2p-2h and 3p-3h AA calculated for 4°Ca AAD = AAO' 40 40
* 2p-2h NN and NA by rescaling the 2C results (linear A-dependence) NNG =1 N]\Clo AZO' = 1 NXG

Quasi-deuteronic 2p-2h contribution ~p,,p;,
ZN 1822 20—-220+2 400—-4 _
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First MicroBooNE measurement: inclusive d“o/dp,dcos6,,
PHYSICAL REVIEW LETTERS 123, 131801 (2019)
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Our calculations of MicroBooNE flux-integrated inclusive d?c on argon
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MicroBooNE data: PRL 123, 131801 (2019)
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* The overall agreement is reasonable, though not as good as in the 12C T2K inclusive case

* Adisagreement shows up for low p,
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SuSA and SuSAv2 calculations display a similar trend

SUSA

Barbaro et al. Universe 7 (2021) 5, 140

T T T N T T T
-10<cosl <-0.5

0<cosh, <0.27

p'll GeVic)

T T T T
027 ‘-n:usau\'fll.-li

. —
- _,_1."9‘:-

0.45<cosf <0.62

Py (GeVic) P (GeVic)

T T
0.76 su-)nﬂuiﬂ.ﬂﬁ

+ |

== = g

T T T
-—f 0.86<cash, <0.94

0.5 1 15
plL (GeVic)

p, (GeVic)

20 05 1 15 2

P,u (GeVic)

(10~8em? /GeV/nucleon)

d*o | dcosh,dp,,

mQE + MEC + A + DIS(PDF)

mQE + MEC + A + DIS(BC)
mA
+ Exp. Data

QE + MEC

—1.0 < cos, < —0.5
0.4

0.3
0.2
0.1

0 u BN ~ -
0 025 05 0.75
0.27 < cosfl, < 0.45

0 - .

0O 03 06 09

5 0.76 < cosf, < 0.86
20 )
15
1.0
0.5

0 05 1.0 15 20

pu(GeV)

SuSAv2

Gonzalez-Rosa et al. PRD 105 (2022) 9, 093009

. —0.5 < cos, < 0.0

0.4
0.3
0.2
0.1

0 025 05 075
0.45 < cos), < 0.62
5 -

1.0
0.5
0 03 06 09
0.86 < cosf, < 0.94
2.0
15 +
1.0
05
0} e
0 05 1.0 15 20

pu(GeV)

0 0.0 < cosf, < 0.27

0.8
0.6 |
0.4
0.2

0.6
0.62 < cosf,, < 0.76

0 =
0 03 0.9

YAN

0 05 10 15
0.94 < cosf,, < 1.00

0 0510152025
pu(GeV)

At backward angles the predictions of the different models are slightly shifted to lower values of p ,,
whereas the reverse occurs at forward angles
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Recent energy-dependent MicroBooNE cross sections measurements

PHYSICAL REVIEW LETTERS 128, 151801 (2022)
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First Measurement of Energy-Dependent Inclusive Muon Neutrino Charged-Current
Cross Sections on Argon with the MicroBooNE Detector
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Experimental results presented for the first time as a function of true neutrino energy E and

transferred energy (v or w)

This has been made possible by a new procedure (based on the comparison between the data and the
Monte Carlo predictions constrained on the lepton kinematics) allowing the mapping between the true
E,and w on one hand, and the reconstructed neutrino energy E ¢ and hadronic energy E, ¢ on the

other hand
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o (10738 cm?)

Inclusive total cross section as a function of the neutrino energy

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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Good agreement up to E,= 0.7 GeV

This is not the case of other models (GENIE v3, MicroBooNE MC,

NEUT and NuWro) which underestimate the data

A possible reason is that GENIEv3, MicroBooNE MC, NEUT
and NuWro implement np-nh contribution deduced by
Nieves et al. which is smaller than our by about a factor 2
Beyond E,= 0.7 GeV our evaluation as well underestimates

the data

M. Martini, NuFact2022
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Comparison between argon (MicroBooNE) and carbon (SciBooNE) o(E,)

Argon - MicroBooNE Carbon - SciBooNE
M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022) M. Martini, M. Ericson, Phys. Rev. C 90 025501 (2014)
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e Similar behavior

* Good agreement up to E = 0.7 GeV

* Underestimation of the data for E, > 0.7 GeV

* This underestimation is due to inelastic channels missing in our description such as

21t production

4/8/2022 M. Martini, NuFact2022 26



MicroBooNE flux-averaged differential cross sections d<5/dEH
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* Llackof Strength- It appears in the same muon kinematical M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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More quantitative analysis by applying an additional smearing ‘ % 3

(result of regularization in the data unfolding) and by
calculating the x2 (smearing and covariant matrices shared by
MicroBooNE):

* The effect of the smearing is small

do/dE, (10738 cm2/GeV)

* x2\ndf=27.9/11. Larger than the one of most of the other -

models. Probably due to the absence in our model of R -V 12775
M
inelastic channels (2m,...,DIS) included in the Monte Carlo
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MicroBooNE flux-averaged differential cross sections do/dw

A new type of measurement for neutrinos
The cross section function of the transferred energy allows a better separation of the different channels

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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* At low energy transfer the cross section is dominated by the quasielastic channel which is quenched

by RPA effects in our theoretical calculations
* Alack of strength shows up for 0.2 < w < 0.6 GeV but the additional smearing should be applied to

our curves before drawing any conclusions
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do/dw (10738 cm?/GeV)

do/dw before and after the additional smearing

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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do/dw (10738 cm?/GeV)

Quantitative analysis of do/dw

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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* Our model including RPA effects: x2/ndf = 17.2/8
*  Our X2 comparable with the one of GiBUU and better than all the Monte Carlo predictions
* A possible reason is that GENIEv3, MicroBooNE MC, NEUT and NuWro implement np-nh

contribution deduced by Nieves et al. which is smaller than our by about a factor 2 for neutrinos
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Impact of missing inelastic channels

M. Martini, M. Ericson, G. Chanfray, Phys. Rev. C 106, 015503 (2022)
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Our underestimation, which remains even after the additional
smearing, seems to start at w=2m_

It may signal the absence in our description of 2rt production
and other inelastic channels

This absence could explain the underestimation of the inclusive
MicroBooNE d?c at low p,, (previously shown)

This underestimation does not appear for the inclusive T2K d?c
data (previously shown)

The reason of this difference is related to the different neutrino
energy profiles of MicroBooNE and T2K, the MicroBooNE one
having a larger high energy contribution

21t production and other inelastic contributions are more
relevant for MicroBooNE than for T2K
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Investigation of the MicroBooNE inclusive neutrino cross sections on Ar

Summary

We have compared the MicroBooNE inclusive dzo/dpudcose, o(E,), do/dE and do/dw to our
theoretical approach

Overall we find an agreement with the data, in spite of a tendency of underestimation in
some specific regions

Our model is particularly efficient in the case of the do/dw data, a new type of measurement

These data allow a better separation of the different reaction channels, even after the
additional smearing needed for comparing models and data

The low w region is dominated by the quasielastic. At larger w our predictions underestimate
the data

The two pions production and other inelastic contributions which are not taken into account
in our description are the natural candidates to explain this underestimation

These channels are more relevant for MicroBooNE than for T2K, due to the different energy
profiles of these neutrino beams
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Smearing Matrices Covariant Matrices
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Inclusive CC cross section on Carbon

SciBooNE, Phys. Rev. D. 83, 012005 (2011)
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