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comparison with experimental data

eDescription of our theoretical model
- nuclear response functions in RPA

- np-nh excitations

eComparison among theoretical models

Phys
Phys
Phys
Phys
Phys
Phys

. Rev. C 80 065501 (2009
. Rev. C 81 045502 (2010
. Rev. C 84 055502 (2011
. Rev. D 85093012 (2012
. Rev. D 87 013009 (2013
. Rev. C 87 065501 (2013

)
)
)
)
)
)



Review of our main results
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MiniBooNE CC Quasielastic neutrino cross section on Carbon
10739 AIP Conf. Proc. 1189: 139-144 (2009); Phys. Rev. D 81, 092005 (2010)
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Comparison with predictions using M,=1.03 GeV (standard value) reveals a discrepancy

In the Relativistic Fermi Gas (RFG) model an axial mass of 1.35 GeV is needed to account for data
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An explanation of this puzzle

Inclusion of the multinucleon
emission channel (np-nh)
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Agreement with MiniBooNE without increasing M,
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CCQE and CCQE-like

MiniBooNE Phys. Rev. D 81, 092005 (2010)
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e.g. MiniBooNE

Cherenkov detectors measure CCQE-like which includes np-nh contributions
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MiniBooNE CCQE-like flux-integrated double diff. X section
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Model independent measurement

MiniBooNE, Phys. Rev. D 81, 092005 (2010)
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Flux-integrated double differential cross section
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Agreement with MiniBooNE without increasing M, once np-nh is included

Similar conclusions in Nieves et al. PLB 707, 72 (2012)
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Flux-integrated v CCQE double differential X section versus T
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Delicate balance between

RPA quenching and np-nh enhancement but...
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Charged current Q? distribution

Historically of interest for the determination of the axial form factor
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Neutral current Q2 distribution
Exp. Data: MiniBooNE, Phys. Rev. D 82, 092005 (2010)

obtained indirectly from the energy of ejected nucleons
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Antineutrino MiniBooNE CCQE-like d?o

Recent Measurement
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Our results for V
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Antineutrino do/dTu
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Our results are fully compatible with experimental data.
Nevertheless a small but systematic underestimation shows up.
We remind the additional normalization uncertainty of 17.2% in the MiniBooNE data not shown here.
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do/dcos6
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Phys. Rev. C 84 055502 (2011)

Phys. Rev. C 87 065501 (2013)
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CC Q? distribution
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* Antineutrino Q? distribution peaks at smaller Q? values than the neutrino one

* RPA effects disappears beyond Q? > 0.3 GeV? where the np-nh contribution is required
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Real and effective cross sections versus E,
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Inclusive CC cross section on Carbon

Less affected by background subtraction with respect to exclusive channels
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T2K Flux-integrated inclusive double differential cross section
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Neutrino energy reconstruction problems and
neutrino oscillations
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Our theoretical model
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Neutrino-nucleus interaction
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Nuclear dynamics — Nuclear Response Functions:
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Neutrino - nucleus interaction @ E,~ O (1 GeV)
[MiniBooNE, T2K energies]
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Response picture

Response functions R(w,q) = Y Im([Tl(w, q, q)]

T
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The nuclear response (@) @Q
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Bare polarization propagators

Quasielastic
fﬁ“sj
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Delta in the medium
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Switching on the interaction: random phase approximation
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Effects of the RPA in the v genuine quasielastic scattering

QE totally dominated by isospin spin-transverse response Ro(m)

RPA reduction

eexpected from the repulsive character of p-h interaction in T channel
emostly due to interference term RN2 < 0
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Testing our model: pion-nucleus cross-section
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Dominated by R longitudinal

Reshaped by collective effects

A MeV]

R

Softening of the responses

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

300 I T 1771 LI I LI I LI I LI I LI I LI
- I—_\\
200 I —
% B
: | — i ]
b - -
/ \-\
100 |- / =
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
150 200 250 300 350 400 450 500
o [MeV]
4/12/2013
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Coherent channel

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

I B LA AL I IR LR LR
L =300 MeV/c — “c ]
B e )
__ 40('21 __
B -- _Pb 4
- per nucleon -
3 ; mon-shell i ;
[ r—l e \|/ ol 1~u ]
0 100 200 300 400 500 600 700
o [MeV]
Test: 1t - 12C elastic cross-section
g 2
elas r coh
o (w)=|=———) mqz R} (w, qx)
2My
2 _ 2 .9
q: = w"—m:
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Coherent pion production and Adler’s theorem

In the forward direction where g=m only the spin longitudinal response contribution survives.
It is possible to relate the forward neutrino cross section to the pion cross section (Adler’s theorem)

( 920 )COh G cos*0, 2B — )
1Q0w ™

_ T[3 O,elas(a))
6=0

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009) Difference in kinematics:

2-5 i T T T 1T 17T T 1T T | T 1T | T T T T | T T 7 | T 1T 1 | T T 1 ]
- ) E=1Gv 1 ¢g=w forv
2 60 | g =g, = /0> —m’ forn
3 15__ 4 By multiplying the result obtained from
5 | the experimental () (red points)
% [ 1 by the factor L (blue points)
< 1 —
g - i T
BT 1 the agreement with our theoretical
o5k b prediction (black line) improves
0 . 1 1 1 { 1 [ 1 ‘ | 11 1 | I 1 1 1 | 11 1 | I 1 1 1 | | I | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
o [GeV]
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Testing our model: transverse response in electron scattering

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

003 L T T T T T T T T T | T T T T T T T T T T T T T T T T T T I T T ]
- =550 MeV/c :
— I total .
- . i
§ 0.02 - ~
@) .

"~ 0.01F —
Q [ }
2 - _
- ‘,é
: )
O_I 1 1 1 Lng B 11 1 11 |__|_4-r"|’|T| 1 1 1 I I\'l\_

0 100 200 300

o [MeV]

np-nh creates a high energy tail in the nuclear response above the QE peak
Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)
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Two particle-two hole sector (2p-2h)

Three equivalent representations of the same process

2 body current 2p-2h matrix element 2p-2h response
} \P/h P/ AN
/ |
1 T e L

Cut
(optical theorem)

Final state: two particles-two holes

4/12/2013 M. Martini, INT Seattle 36



Some diagrams for 2 body currents

Nucleon-Nucleon / Meson Exchange Currents (MEC) \

correlations

Pion in flight Contact Delta

\_ /

4/12/2013 M. Martini, INT Seattle 37




Some diagrams for 2p-2h responses

/N N correlations \
X)":;“O O&
e

KlG diagrams /

/////////

I\/IEC

DO 00 O
JO"OQ"@ Q"U




Where 2p-2h enter in V-nucleus cross-section?

2
o0 Ok - - (k ) cos” g [GQE qu) RNN isovector nuclear response

M — M
+ G2 2 al @ isospin spin-longitudinal
2 qu . .
+ (G 7 —+ G ) (q + 2 tan? 5) |sosp|n spin-transverse
k+ K v
+ 2G4Gyy Vi tan? 5 interference V-A
N

The 2p-2h term affects the magnetic and axial responses
(termsin G,,, G,)
(spin-isospin, ot excitation operator)
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Other processes, with the same excitation operator (oT),
where 2p-2h are relevant
ePion absorption
Two-nucleon mechanism: mNN --> NN  (rtN --> N strongly suppressed)
Dominated by p-n initial pairs
Ejected pairs will be predominantly:
p-p for v CC

V Scattering n-n for antiv CC
p-n for NC

First results of MINERVA seem to confirm this
prediction (PRL 111 022501, 022502 2013)

ePhoton absorption

@7
ot = 27T25RT(CL q)

eTransverse response in electron scattering

dZO, (a)2 . q2)2 , 0 a)2 _ q2
A O’M{ 7 R (w,q) + [tan (5) — Ve }RT(a),q)}
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Electron scattering
d2o w2 — g2)2 0 w2 — g2
oM {( q4q : Ri(w,q) + [tan2 (—) - 2q ] RT(a),q)}

do dw 2 2q

1'0: o I L o T T T T T g ]
B LONGITUDINAL | B m e

0.8 —A = 56 - 08— A = 56 4}%%3 ‘ i "'—

0.6 — 0 q=570 %N]

T
11
P
Lo
|
Donnelly et al. PRC 60 ‘99
(V)
5
4{-—_&_ oy
e
e

R 0y TN
X D 0'4__ $% + &q]miﬂ]#ﬁ]# ]
ﬁmﬁ * i ) i O )Ek % ]
0.2 $ % % . ] - g | #& ]
°f o! e EtLﬂmi ‘ 021 B x | -
i @ o B g TRANSVERSE ]

0.0_2 1 ' (D_hlJ — — [|] ' |1 " 0.0 L@ | ! ! ! ! | ! ! L | ! ! ! !
wa -2 -1 OJ 1 2

g —w’ Ri(w.q) m i Ri(w, q)

am  7(GE)’ + N(Gp)* >~ 7(GL) + N(GY,)?

Excess in the transverse channel likely due to 2-body currents (MEC and correlations)

A.Bodek et al. Eur.Phys.J. C71 (2011) : parametrization of the enhancement in T channel in terms of correction to Gy,(Q?)
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Further details of our model in the np-nh sector

3

12

—

(do/dw)™™ 110 em’/GeV]

E_=0.7 GeV

— NN 2p-2h
— NA 2p-2h
— AA 2p-2h
AA 3p-3h

] | |
0.3
o [GeV]

4/12/2013
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AA contributions to np-nh in our model

eReducible to a modification of the Delta width in the medium

. . E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987):
A 2p-2h £ 3p-3h N
MR ST TaA =Ta Fp—2Im(Xa)
AR roAay
p p p
Im(Ea(w)) = — |Co(=)* + Capon(—)" + Capan(—)"
dl S £0o PO P0o

Nieves et al. in PRC 83 (2011) and in PLB 707 (2012) use the same model for these contributions

eNot reducible to a modification of the Delta width

Microscopic calculation of  absorption at threshold: w=mn
Shimizu, Faessler, Nucl. Phys. A 333,495 (1980)

Extrapolation to other energies

Im(llyy) = —dmp

4/12/2013 M. Martini, INT Seattle
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NN correlations and NA interference contributions to 2p-2h

Stigw)

A S6Fg
[ e Carthy A=370 Mev/c Starting point: a microscopic evaluation of R;
—Total
500 | —To-h RPA Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)
w00 b --—MEC only
T
300 | e N 1 Transverse magnetic response of (e,e’)
- , 1
200 | e N P for some values of g and w,but:
100 ‘ \ S6FEA i 12 :
A e o Fe, instead of “C and responses available
0 BT 100 150 200 only for few q and w values
fw (MeV)

Our work

g2 —w? Extrapolation to

eParameterization of these contributions in terms of 7 — SV cover neutrino region
/| N

eGlobal reduction = 0.5 applied to reproduce the absorptive p-wave n-A optical potential
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A comparison between our parameterization of 2p-2h (PRC 2009) and
the one of the PRC (2010) paper of Amaro et al. on electron scattering

Alberico et al. Ann. Phys. 154, 356 (1984)

Amaro et al. PRC 82 044601 (2010)

A (not yet inserted in neutrino calculations)
“bFe 500 S —
500
q=410 MeV/c i
400 ~ total 400 1p-1h bare
. . 300 F
300 1p-1h RPA I ~
- ~ Ly n
L~ N 200 F
200 b > N
e 2p-2h Alberico......\ R
100 L N 100 +
...... - —;:;-.—’::-:E'L:::_—__—__L our 2F])-2h \‘\ L . (0 = . | \ !
! 50 100 150 200 0 50 100 150 200
w [MeV] w [MeV]
Our parameterization is quite close to the results of Amaro et al.
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[MeV'

12
(ee’) C R,

R; of 12C: comparison with data and with calculations of Gil, Nieves, Oset

0.035

0.03

o
]
2
Uh

0.02

0.015

0.01

0.005

(=}

Our calculation J.Phys.Conf.Ser. 408 (2013) 012041

eTwo evaluations of 2p-2h: same order of magnitude

eAgreement with data

46

B T T T T | T T T T | T T T T | T T T T I T T T T | T T T T | T T T T | I I_
- q =300 MeV/c 1
R Barreau et al. |
- *  Jourdan
n -- lp-1h
C — np-nh
L 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 -‘:‘T"r"r_
0 20 40 60 80 100 120 140

m [MeV]

Re (MeV™")

.03

.02

.01

Gil, Nieves, Oset NPA 627, 543 (1997)

f ¥ I |' r 1 1 I

I 1 i | I T I I I 1 I I

- & ]
i q=300 MeV i
:f 1p-1h + 2p-2h ]
- 1p-1R -
I T BT B RS TR e
40 60 80 100 120 140

w (MeV)

N.B. Some discrepancies in the two experimental data sets

4/12/2013
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Our results vs experiment for other g values

003 [ | [ | I | I | [ 003 [ | [ | | I | I
| =380 MeV/c | | q=400 MeV/c 1
*  Jourdan = Barreau
0.025 - E —{ 0.025
i | ;F | \]‘ _
— 002+ ? % — 0.02
o ¥ L
0.015— I.-"f | 1'-. — 0.015
— ~ Ti I'n I'. £ ) —
=, I LB
s _._.I' i ,_ e
5 001 %% \ I if— — 001
L N i
i Vo
/ Y
0.005 / v\ 4 0.005
.I'il 1.\ R
| !
oy . p
/ \ e
0 I I T I TR R el 0
0 50 100 150 200 250 0 50 100 150 200 250
m [MeV] w [MeV]
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Our results vs experiment for other g values

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

‘_.‘I_I q=550 MeV/c ] i q=570 MeV/c 1

> 0.03 - = Barreau ef al. - 0.03- *  Jourdan N

O : ——— QE+A . R ——— QE+A .

2 L — QE+A+np-nh| 4 - — QE+A-+np-nh| |

I B ] B 7]
- i -
m 0.02 — 1 0.02
~ i -
— 001+ 0.0l —
VY L -
G.)n - B
O i -
p—— L L

O | | | | | | | | | | | | | | | | O //I | | | | | | | | | | | | | | |

0 100 200 300 0 100 200 300

® [MeV] ® [MeV]

Conclusions: various evaluations of 2p-2h contributions to R;are compatible among them and the data
in the DIP region are never overestimated.

This test is important for v cross section which is dominated by the transverse response.
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In order to avoid confusion further comments on our model for the np-nh sector

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)

l"\ I I T | T | T | I | T | T | I | I T T I I
— [ ® MimiBooNE .
£ [|== QE+np-nh "new" 7
2 10H— QE+np-nh "old" -
= f==-Q | =Pt eememmmmmm TS ;
S i
g sk ]
S C -
oL NI NI N EIN NI NI
0 or 02 03 04 05 06 07 08 09 1 L1 12
E, [GeV]
M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009)
1 T T T I T 1 1 T I T T T 1 I T 1 L T I T T 1 T I 1 T T 1
- E =0.7GeV .
10 | —— Total np-nh "new" Sec. 4.3 |_|
| == NN 2p-2h "new" Sec. 4.3
- ‘II . = = NA 2p-2h "new" Sec. 4.3 | 4
I7 —— Totalnp-nh "old" Sec. 3.3
i fi i ---- NN 2p-2h "old" Sec.3.3| ]
i |'." «=-- NA 2p-2h "old" Sec.3.3]

(do/de)™™ (107 em’/GeV]

_—

“~ .
s mo® oE m o Em.E BN &R oEow s oo, ,

L
.= -
« " - L)

; -
2
3

0.1 0.2 0.3 0.5

o [GeV]

0.4

4/12/2013

In the paper
Martini, Ericson, Chanfray, Marteau, PRC 80 (2009)
we considered 2 different parameterizations of np-nh

4 “old” red: )

Extrapolation from 2p-2h mt absorption (Delorme, Guichon)
used for total neutrino cross section in:

Marteau, Delorme, Ericson, NIM A451 (2000) 76-80
Sometimes called “The Marteau model”

M. Martini, INT Seattle

Oversimplified: no q dependence in NN and NA contributions
iny o dependence -

4 N

“new” blue:
The more realistic parameterization
described previously
deduced from Alberico et al.

\ )

These two approaches give results

very similar for the total cross section
very different for the differential cross sections

The “New” parameterization is the only one
we have considered in all our later papers
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Comparison between the two approaches in electron scattering

003 T | I | I | | | I | I | I 003 I | I | I | | | I | I | |
q=550 MeV/c =570 MeVic —
- ] B —— Martini et al. Total | 7
—— Marteau et al. Total
0.025— — 0.025 = — — Martini et al. np-nh |7
- i — — Marteau et al. np-nh | |
>
é’ 0.02 0.02
— _
a
0.015 0.015
@) _
o
~ 001 0.01
O"\
o _
A
0.005 0.005 |~
0 N A A R B A
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
o [MeV] o [MeV]

In the “old” model too much accumulation of strength at low o reflecting the absence of g dependence
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Comparison between the two approaches in neutrino scattering
V 0.3 GeV < T, <04 GeV 0.6 GeV <T <0.7GeV

15 T | T | T | T 25 T | T | T | 1
MiniBooNE
flux folded

MiniBooNE
— Martini et al.
— Marteau et al.

20

—
o

15

u

10

d°6/(dcos® dT ) (10” cm’/GeV)

T T 1 I T T 1 I T T 1 I T T 1 I T T 1

-1 -0.5 0 0.5 1 0 0.25 0.5 0.75 1
cosO cosO

The “old” (Marteau) model does not hold for the neutrino double differential cross sections.
It is obsolete. Don’t use it to study neutrino energy reconstruction problems.
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Some comparison among models
treating the np-nh excitations

4/12/2013 M. Martini, INT Seattle 52



Theoretical studies on np-nh excitations in CCQE-like

M. Martini, M. Ericson, 6. Chanfray, J. Marteau (Lyon, IPNL)

Phys. Rev. C 80 065501 (2009) v ctotal

Phys. Rev. € 81 045502 (2010) v vs antiv (ctotal)

Phys. Rev. C 84 055502 (2011) v d?c , do/dQ?

Phys. Rev. D 85 093012 (2012) impact of np-nh on v energy reconstruction

Phys. Rev. D 87 013009 (2013) impact of np-nh on v energy reconstruction and v oscillation
Phys. Rev. € 87 065501 (2013) antiv d?c , do/dQ?

J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas, F. Sanchez, R. Gran (Valencia, IFIC)

Phys. Rev. € 83 045501 (2011) v, antiv ototal

Phys. Lett. B 707 72-75 (2012) v d?c

Phys. Rev. D 85 113008 (2012) impact of np-nh on v energy reconstruction
Phys. Lett. B 721 90-93 (2013) antiv d%c

arXiv 1307.8105 (2013) extension of np-nh up to 10 GeV

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly , I M. Udias, C. F. Williamson

Phys. Lett. B 696 151-155 (2011) v d2c (Superscaling)
Phys. Rev. D 84 033004 (2011) v d2 , ctotal
Phys. Rev. Lett. 108 152501 (2012) antiv d%c , ctotal
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Sources and References of 2p-2h

M. Martini, M. Ericson, G. Chanfray, J. Marteau

Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1964) ( e/e? ’Y Tt
*Oset and Salcedo, Nucl. Phys. A 468, 631 (1987) Tt 7Y

Shimizu, Faessler, Nucl. Phys. A 333,495 (1980) Tl

Delorme, Ericson, Phys.Lett. B156 263 (1985)
Marteau, Eur.Phys.J. A5 183-190 (1999): PhD thesis V pioneer works
Marteau, Delorme, Ericson, NIM A 451 76 (2000)

J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas et al.

Gil, Nieves, Oset, Nucl. Phys. A 627, 543 (1997) (e,e’)
*Oset and Salcedo, Nucl. Phys. A 468, 631 (1987) Tt Y

J.E. Amaro, M.B. Barbaro, J.A. Caballero, TW. Donnelly et al.
De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004) (e,e’) |
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Analogies and differences of 2p-2h

M. Martini, M. Ericson, G. Chanfray, J. Marteau
[ Genuine CCQE (1p-1h): LRFG+RPA ]

Axial and Vector NN corr. A-MEC NA interf.
] ng’
N e
J. Nieves, |. Ruiz Simo, M.J. Vicente Vacas et al.
[ Genuine CCQE (1p-1h): LRFG+SF+RPA ]
n,p,8]

Axial and Vector NN corr. MEC N-MEC interf.

J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly et al.
[ Genuine CCQE (1p-1h): Superscaling ]

Only Vector MEC

4/12/2013 M. Martini, INT Seattle
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2p-2h contributions in the different approaches

Po G2 ocos? 0. (K .0 [ o @ J v~
0ok 22 cos” 3 [G (qz) By
Ma — My )?

2 g*

2 2 N
T (Cﬂ d +G2> (qg+2tangg> %
S q YN

"

(
+ G?Ll RUT(L) '

Qﬂ. Martini, M. Ericson, G. Chanfray, J. MarteaD Contribution to all terms in G,and G,

to all the terms

‘ J. Nieves, I. Ruiz Simo, M.J. Vicente Vacas et al.

J.E. Amaro, M.B. Barbaro, J.A. Caballero, TW. Donnelly et al. only tothe Gy, term

Relative role of 2p-2h for neutrinos and antineutrinos is different
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Neutrino vs Antineutrino-nucleus cross-section

The asymmetry between neutrinos and antineutrinos interactions is important for the
investigation of CP violation effects.

Nuclear effects generate an additional asymmetry due to interference term

2 / 5
8582 gk’ — GF (OQS 926 (k) COS g [GQ (qg)2 R]TVN isovector nuclear response
, i q
My — My )?
-+ G,Qq | A2q2 ) RJT(L) isospin spin-longitudinal
w? q, , 0
" (G q +G2> ( qu —I—Qtan 5) R;TT(T) isospin spin-transverse
k+k L0
{+ Eﬁz :l: 2 GA GA’[ M taHQ 5 RO’T(T) ] interference V-A

— (v N

In our model :

* The 2p-2h term affects the magnetic and axial responses (terms in G,2,Gy,? G,G,)

* Theisovector response R_(term in G;?)is not affected
(remember: Superscaling analysis of (e,e’) data displays no tail above the QE peak in R )
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Various response contributions to the v and v CCQE

The role of interference term (in G,G,,) is crucial: it enhances the contribution of Rot(T) for neutrinos.
For antineutrinos instead the destructive interference partially suppresses this contribution leaving a
larger role for isovector Rt which is insensitive to 2p-2h.

5 T T T T T T T T T T T T N'_| 15 L ! L I I I T I T T T 1 1 T T
! | | ] £ | = MiniBooNE | 12' ! ! I i
Qo H| — = QE bare +
45— |— ouT) v — i vV
L | — oun v 1 & _ 1o QErRPA o T
4 .- ot(L) vand ¥ - — [| — QE+np-nh bare PP IR ]
| e T vandV | : | — QE+np-nh RPA - .
35— _| [\I] 5_— —
B . < i - (a) ]
" 3 1 B ol S P S PO E PO NN PO B R
3; i ] o o1 02 03 04 05 06 07 08 09 1 .1 1.2
s 25 B E [GeV]
= 0 | ST T T T T T T T
< 2 ] g E[—- QEbare 3 12
i | S 4 ERPA v+ C -
15— - o F— Q T ]
i %  3H— QE+npphbare | ° 7 =" =
- E C| — QE+np-nh RPA . 3
—2 === - —
0 N - m T T 3
0.5 — 1F S (b) -
[ © L A T EEP NP R R RO NI BV B
00 o 01 02 03 04 05 06 07 08 09 1 .1 1.2

E, [GeV]

Relative role of 2p-2h smaller for antineutrinos
M. Martini, M. Ericson, G. Chanfray, J. Marteau, Phys. Rev. C 81 045502 (2010)
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Summary

* Nuclear responses treated in RPA
-Quasielastic
-Pion production
-Multinucleon emission (np-nh excitations)

 There are some differences in the various theoretical approaches
in the way to include the np-nh

e Our model (PRC 2009) with the inclusion of np-nh is in good agreement
with all available neutrino experimental data
-V CCQE o, dzo/(dTLl dcosB) , do/dQ? (MiniBooNE PRD 2010)
- V NCQE do/dQ? (MiniBooNE PRD 2010)
- V CCQE o, d20/(dT, dcos6), do/dQ? (MiniBooNE PRD 2013)
- V CClInclusive o (SciBooNE PRD 2011)
= V CClnclusive d*c/(dp, dcosB) (T2K PRD 2013)

* Next step: extension at higher energies
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Relativistic corrections
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Martini, Ericson, Chanfray, Phys

. Rev. C 84 055502 (2011)
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From nuclear matter to finite nuclei

5 =500 MeVi/c
0.025 . e ,—

0.02—

A comparison between a finite nucleus (Woods-Saxon +
continuum RPA) and pure nuclear matter calculation shows = oois-
that nuclear matter at these energies is a good |
approximation of the nucleus.

[MeV

o 001

0.005

%0 50 100 [11\%10\]] 200 250 300
The agreement further improves introducing the Local density Approximation (this is the case of our

model)

; Local Density Approximation §z I 12~ “
2k \-g- .25
p — 37z_|:2 kF % kI: (r) 0.2 (SdG)

constant

in nuclear matter kF (r) — [3/ 2 ﬂ.zp(r)]ll?a

LT, (9, w) —> 1} by (9, w)

0.15

HY*=2.471 fm

III|IH [l Il[f TT

T




From nuclear matter to finite nuclei

Semi-classical approximation

—~ 03
= C 12
1 = oo2s — C

(SdG)

M(w,q,q') = /drez(q Q)TH()( (q+q’),r>

Local density approximation kr(r) = (3/272 p(r))/?

NJ

aHY*=2.471 fin

of a+q q+q N
11 (Wa > ) Hkﬂr)(? 9 ) ) 2 T rEm

e.g. Lindhard funct. for QE

o +q’

, Lo LY\
HO(L)(w,q,q) = 47r;(2l1—|—1)(212—|—1)( 6 5 0 )

< [ AR i (aR) (I, 0.

AN A V o« 2J 4+ 1
, 0(J
R?;fi;,& )= ) [T, (9,0, )

QE.2p-2h,.. Longit., Transv., Charge
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Details: p-h effective interaction

V:r\r_,'\,. = ( -+ I/T + I»‘r + L‘;J')'T]_-TZ V. - (2%‘,}\)21:‘3 _ ;122 — o1.0 O2.G
V:'VA = (Vr -+ 1/ —+ ‘/ )’Tl.Tg Ag 2 q2 "

Vav = (Vo +V, + V) T1.7 Vo= (Fi) O g i
Vaa = (Ve +V, + V) T1.T4. Vv, - (25{[ )ng i oo

M

Ji 9-\: *f aa C,=1.5 Filg) = (A2—m?)/(A2—
G /G =GL/Ga=["/f=22 A, — 1 GeV A, = 1.5 GeV
RPA

n=1"+1'vi
14+0OV)y*II=0+0OV)*II" + 14+0OV)*II°VII
I+ IFV*I = (14I1V)*II° (1 + VII)
Im (IT) = |II]* Im (V) + |1 + V II|* Im (II°)

exclusive channels:
QE, 2p-2h, A—>nN ...

coherent
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Main difficulties in the 2p-2h sector

eHuge number of diagrams and terms
16 from NN“a)_r_r_e—lations 49 from MEC 56 from _i;m_t—e-r}érence
Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

fully relativistic calculation (just of MEC !):

3000 direct terms More than 100 000 exchange terms
De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004)

eDivergences in NN correlations
prescriptions:

-nucleon propagator only off the mass shell (Alberico et al. Ann. Phys. 1984 )

-kinematical constraints + nucleon self energy in the medium (Nieves et al PRC 83 )

- regularization parameter taking into account the finite size of the nucleus

to be fitted to data (Amaro et al. PRC 82 044601 2010)
M. Martini, INT Seattle
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316 A. De Pace et al. / Nuclear Physics 4 726 (2003) 303—-326

0.08 ] | | | I | I I I | : 0.03 I | I | | | | :
' q=1140 MeV/c
0.06
% 0.02 |-
]
p=
= 0.04 -
S
=)
F 0.01

0.02

0 0
0 100 200 300 400 500 0 250 500 750 1000
o (MeV) ® (MeV)

Fig. 8. The relativistic transverse response function R7(g,w) at ¢ = 550 MeV/c and g = 1140 MeV /¢
calculated with €» = 70 MeV (solid) and with €» = 0 (dot-dashed). Only the direct contribution is shown. The
non-relativistic results are also displayed in order to shed light on the role of relativity in the response (dotted).
For the sake of comparison the relativistic results obtammed i DBT are displaved (dashed). In all mstances
kp=1.3 fm—!.
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Comparison between our approach and the one of Nieves et al.

eV]

Al
b

d*c/dcosB,/dT, 10" *¥ecm?/C

4/12/2013

Morfin, Nieves, Sobczyk Adv.High Energy Phys. 2012 (2012) 934597

Genuine QE
12¢3 Folded with MiniBooNE flux

Genuine QE bare and RPA very similar
in Martini et al. and Nieves et al.

3
51 0.8 < cosfl, < 0.9 -
2 RPA (Martini et al.,) —— -
] S RPA (IFIC)
o _f“ ) %, no RPA (Martini et al.,) ===--- 7]
L > S \\ no RPA (IFIC) e
51 L only QF 4
Ay
'g}'“a,,!..

0 ] T g

0 1 1.5 2

1, [Ce]

<

eV]

4
x

d?c/dcost,/dT, [10%Fem?/C

QE + np-nh
12C Folded with MiniBooNE flux

0.8 < costl, <09

} RPA+2p2h (Martini et al.,) ——
RPA+2p2h (IFIC)

2p2h (Martini et al.,) ===« -

2p2h (IFIC) v

MBooNE |

OF-like -

0.5 1 1.5 2

Factor ~2 for the np-nh contribution

Both models compatible with MiniBooNE
(additional normalization uncertainty of 10% in the MB data not shown here)
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Comparison with v data
pion production
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Charged current total 1m" production over QE ratio

MiniBooNE, Phys. Rev. Lett. 103, 081801 (2009)

08 —
e MiniBooNE (observed)
o7k == (A (TN)+1 coh)/(QE+np-nh) ]
0.6 —
} N
o 05 —
~
@] N i
L -1
+E 04 - - —]
©

=] o
] 8]
I I

\
\
\
\
\
\
\
I |

-
//I l
0.1 | ’il | —
-
0 P e 1 | I | 1 | | I |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
E_[GeV]

In our model ™ FSI are not included;
a reduction of ~ 15 % is expected
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NC n° production cross sections

Total cross section MiniBooNE PRD 81, 013005 2010 Our model
0 [107-40 cm”2/nucleon] 0 [107-40 cm”2/nucleon]
v @ 808 MeV 476 £0.05 st +0.76 sy 5.42
V@ 664 MeV 1.48 +0.05 st + 0.23 sy 1.37
Incoherent exclusive NC 1m° Our model
corrected for FSI effects
v @ 808 MeV 5.71 £ 0.08 st + 1.45 sy 5.14
V@ 664 MeV 1.28 + 0.07 st + 0.35 sy 117
m0 total NC/ SciBooNE PRD 81 033004 '10 Our model
o total CC
7.9 102
g+ 0. + 0. 102
V@ 116eV (7.7£0.5s1£0.55y) 10 (without np-nh: 9.8)
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Coherent pion production

Ratio of o Experiment Our model
SciBooNE
1+ coherent CC/ ul@E, 1.16GeV 071102
o total CC 0.67 102 (without np-nh: 0.89)
PRD 78 112004 ‘08 without ipnit- =
MiniBooNE

110 coherent NC/

(19.5+1.1+2.5) 102

6 102

m0 total NC Phys. Lett. B 664,41 08
SciBooNE
m0 coherent NC/ (0.7:0.4) 10 0.4 10-2

o total CC

PRD 81033004 10

(without np-nh: 0.5)

1+ coherent CC/
70 coherent NC

SciBooNE
014 +0.30-0.28
PRD 81 111102 '10

1.5

coherent puzzle

M. Martini, INT Seattle
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Coherent puzzle

Boyd S. et al. AIP Conf. Proc. 1189 60 (2009)

e SciBooNE:

P . 7+ coh.CC +0.30
e m0 coh. NC 0'14_0'28

Theoretical models:

T+ COh. CC :1 ~2 ”
" 110 coh. NC 2 B

Maut = ———

Mudrneg == =—-

Muwrg — ———

Cenia
Schallo—Faschog =======--

[N R SR T AN TN TN NN NN NN TN TR TR MO AN SN N M

]
)
-
L
I
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V, induced coherent pion production off 12C

Differential cross section

T T I T I T T I T I T I ) T
I | L 12C 1
03 - — 015F ,\ —
[ i ccl T NC |
025 M ~o1sk 1\ .
= AR T\ — E,=0.5GeV
v | a0 i . 1 \ - _ i
) q00v 1 v —— E =1GeV
. . L v _ | 1 " _ 71
Total cross section Il I R “ra o N BOS6R
'?C B ! \\ i 7] 1 \\ b
o 1 " 1
0.07 T I T T I T I T T I T I 0.15 — J \\ '.‘. ] 0.075 — : \\\ ]
= - ; \\ . - = \\ -
1 ‘. ]
0.06 |- 0.1f1 N — 005f ‘ -
1 \ * AS
- - \ - - \ -
~ 1 \\ .. N
0.05 | 0.05H N .= 0.025 N —
~ - ~
- ~ ~
. \\ - o '\.\ -1
‘= 0.04 |- YA A R R E. ol 1 N1 1, S
o 0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 0.8
= B T, [GeV] T, [GeV]
S 003
I pion kinetic energy
0.02 -
0.01 |
0 : IR IR R R R
0 0.2 0.4 0.6 0.8 1 1.2 1.4
E, [GeV]
neutrino energy
74
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V,induced coherent pion production

0.05 1 [ T [ T [ T [ T T T | T | T
E =1GeV

of. - 12
0.04 |- c | -
* ® [ ] (:J\a

. 4o

0.02 —

do/dw /(A-Z) [ 10_38cn12f"GcV]

0.01

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
m [GeV]
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Neutrino energy reconstruction problems
and neutrino oscillations
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Towards the neutrino oscillation physics

Neutrino oscillation experiments require the determination of the neutrino ARRAE
energy which enters the expression of the oscillation probability. ~
The neutrino energy is unknown. We know only broad fluxes. o T2K
The determination of the neutrino energy is done through ':_5
Charged Current QuasiElastic events. o
; 9 s -] SciBooNE -
V,nh— pp CCQE E*r | MiniBooNE _
e.g. for u u @ =S H' e K2K
. L L
- S |t
Vu beam | /ﬁ' g e
E,and 6 measured = 1 2
, Ev (GeV)
Reconstructed neutrino energy
e 2
F L EM mu/(QM) via two-body
v o kinematics
1—(E, —P,cos6)/M

EV = E,, is exact only for CCQE with free nucleon

reconstructed neutrino energy E:/ ﬁ E,/ true neutrino energy
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QE Scattering with free nucleon at rest:
two-body kinematics

A w=E,6 — E/J
W+ A (w0) °=E’+ p>—2E,p, cosO
V a),q q v py 1% py
N (E..P.) 9
¢ —w =4E,+wkE, sin2§ —m + 2(E, +w)(E, — py) cos 0
1000 T T T T I T T T
The nuclear response function is proportional to E, and 6 fixed
the delta distribution
5[a)—(\/q2+|v|2—|v|ﬂ :
>
The intercept of the hyperbola with the QE line e S00r
fixes the possible w and q values for given E, and 6. S 'g
3 I
Hence the neutrino energy is determined
b, = E,u + Wintercept OO DTS
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QE Scattering with nucleons inside the nucleus

1 particle- 1 hole (p-h) excitation

q<2kg
0005 [ : | \ w I T \ T \ ' T ] 1000 L B
7z M0 T QE Nuclear response - E, and 0 fixed
Z 0.003 — / | I 91
Ej_n.unz _// _| |
E (mmij — =y 'wmax
= U
' 0 | | | | | | 1 1 1 | § 500 T T TTT——=
4] 100 200 300 400 500 GO0 =t
® (MeV) S
Fermi motion spreads 6 distribution (Fermi Gas) ! /
Wiin 0 =
Pauli blocking cuts part of the O S0  ioo0 1500
q (MeV)
low momentum nuclear response . .
Broadening of the neutrino energy
RPA collective effects
E, =E, +(®n S O< 0pp)

np-nh excitations

0.03

* np-nh creates a high energy tail above the QE peak

* np-nh enlarges the region of response to the whole (w,q) plane

o
=)
]

.12 -1
(ee) 'C R [MeV']

=]

o

no reason to fulfill the QE relation for Ev reconstruction

0-|
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A. Neutrino energy distributions
with fixed muon variables (Ep and 0)

d?o

dw dcost

d(E,)dE,
w=F,—F, l

Neutrino flux
3 cases for example

f(E,, E,,0)dE, = C

\

Neutrino-nucleus double i e et
differential cross section J<F — %gg’;cgfjf 1
o : : : o . T2KSK v,
*Main ingredient of this calculation - i
» We consider our theoretical model - oL S sk o (Am3, LY\ _np -
. . i ' L . - ® V,) o sin P v, )
which was quite successful in the % I TNt rarc (V) AE, 72r (V)]
reproduction of MiniBooNE QE data = 50 7\ ]
m [
5 |
o I
0.5

(=
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Given Ep and © |:> Unique Ev reconstructed value (vertical green line) but a
broadening of the true neutrino energy due to nuclear
effects (Fermi motion, RPA, np-nh)

Tu = 0.35 GeV with T2K ND flux

240 B L] I T I T I 1 I I I 1 i ]20 | I I T I T I ] I 1 |
I cosO = 0.85 1 . ‘ cosO =0.5 |
leor O o & -
— - — +np-nh | 7 i i
>~ [\ - n - R i
N e p_nh i i i
)] % I 1 B S - E bare= FG | | _
[l 2 & 80 Q 40
Q ~ [ i - '
c .0 = [ j i )
(] TR Il\ L 1 I ] 1
v "5 & %3 05 06 07 08 09 1 0a 1.2 1.4
g £ \% 60 B 1 I 1) I 1 I 1 I I I 1 i 30 B 1 I 1 I 1 | 1 I 1 I 1 I I |
T _'& o) . cosO = 0.2 ] - cosO =-0.2
B2 osp -4 20p -
0 O m [ ] - .
Z = 20F 4 10f -
: Tropeo™ | . | L : : ’ o L :
%.4 06 08 1 12 14 1.6 %.4 06 08 1 1.2 1.4 1.6 1.8
E, (GeV)

Sizeable deviations from the reconstructed energy
Hardening or softening depending on 6
Tails created by the np-nh contribution
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Neutrino energy distributions with fixed Ey and ©

H

f(E,.E ,6)(10” cm’/GeV")

4/12/2013

TM =0.75 GeV
125 I I I I I | I 15 | I | I
MiniBooNE flux ] i MiniBooNE flux|
100 cosO = 0.85 ] cos8 = 0.6
| 10
75 ---- QERPA i
—— QE RPA + np-nh [] -
SO 0 1 A | i
i S5
25 — a _
0 0
0. 1.8 0.8
6
I I | I I I | I | !
50 —
T2K ND flux A - T2K ND flux T
40 cos0=0.85 4= cos0=0.6 —
30 — i
20 —] by -
10 — _
........ | =
0 ' 0
0.8 1 1.2 1.4 1.6 1.8 0.8

E, (GeV)
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f

Remember: response region and hyperbolas

30 B | | 1 I I | I I | I | I T ] 1200
i cosO = - 0.2]
20 - 1000
B B G
B ] >
u _ Q
10 - —~ =800
- — SN’
) i 3
B Z ; ] | ] i
9L4 06 0.8 1 1.2 14 1.6 1.8 0u0
E, (GeV)
400
At large muon angle the portion of hyperbola
inside the quasielastic region is very large 200
0
4/12/2013 M. Martini, INT Seattle

IIII|IIII|II-IIII_,I_
L ’_‘_

1, = 350 MeV- fii]

i
L.

0.5
0.2
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1 | | I I | | I | | | I | | | I | | | | 1 |

sh | | |
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0 500 1000 1500
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2000
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Response region and hyperbolas for several Ty and ©

1200 | L | 1T 1T 1 l L .J |.'| | L f','}' 1200 1T 1T 1 I | L | LI .r I I J,’
(T =350MeV: /' /7 [T =750MeV . ///]
| N e | R Iy Ry

1000 - L 1000 ]

300 |- - 00 ]
600 |- - 600} .
400 1 400 §
200 4 200 4 -
[ ] [ Ay ]
- . P A .
O 1= 71.; |.| 1 1 1 1 I 1 1 1 1 | 1 1 1 0 o =5l 1 .I 1 1 ll =1 | 1 1 1 I 1 1 1
0 500 1000 1500 2000 "0 500 1000 1500
q (MeV)

With increasing muon angle the portion of hyperbola
inside the quasielastic region become very large
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B. Neutrino energy distributions
with no specification of lepton observables

Neutrino reconstructed energy Ev is fixed
Many couples of Ep and © can lead to the same Ev
One has to sum over these couples

by — mi/(QM)
T 1- (E, — P,cos0)/M

E_,,PMCOSQ—FM(E—EM)—E_VEu+fmi/2:Oh F,

S R RARE R AR AASE RARD ARSI RARES BBEEEAF
cos (L, Ey) s the cosine solution 0sp E
of this equation for given Ev and Ep F ;
=g 02f -
= of :
2 oaf 3
E
-O.GE— _E
08k E
L S 1 e S S e S S B R
E, (GeV)
_— d(E,) Eii d’o
BB B) = T g 8(B M| G dcostd
f v ( ’/) Eppin W Acos w=E,—FE,, cosf=cos0(E,,E,)
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Probability distribution before normalization

max
_— d(E,) i d*o —
thiae TaE,(Ey) Jpwn " | @ deosd _ =B B)
v v B W acos w=FE,—FE,, cosO=cosO(E, E,)
3 [ T T I T | I I I 40 T I T I I I | T | T | T
Ll MiniBooNE flux - i MiniBooNE flux 7|
I\ 30 -
T ---- QERPA 7 .
> -y — QERPA +np-nh| {4 20
L i
Q T 10 I
o~ -
g |
Cho 0 i 0 |
(ag]
'E 0.2 0.2 0.
p— 3 | 1 | I I I | I I I 40 I I I I | I | I | I | I
— L T2K ND flux | B b T2K ND flux 4
I 30 ik —
> 2 ] — IF -
=
— . 20 —
| 10 — —
! 0_ 1 /’| “““ TR B e T
02 04 06 08 1 12 14 1.6
E, (GeV)
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Probability energy distributions
with no specification of lepton observables

— (B, B d?
F(E, ) = e 2w / dE, { ° ]
f dEVq)(E’/) Eppin dw dcost w=E,—FE,, cosf=cos0(E,,E,)

[dE, F(E,,E,) =1

‘_/-\ 12_||| n||||||||||{|'|||||||||_ 8,,||,|,|||||||||||||||||||
'> 10 ' MiniBooNE flux 7] i . T2K SK flux - _
D) ~ E — 7 6_ '\\\ — ] .
(D . .: 1|| Ev_ 0.250 GGV_ I \ Ev= 0.375 GeV ] EV-
= L I 1.0 7] wvertical
- :‘\ I \ °
=S - QE Tt ; 1 green line
> i i\ — QE+np-nh| ] 5| ! |
aa Ty ] ]
—’ 2 HIEAN i [ _
LT—i B / ] ,’, S |
O Liiis v PN Lo N 0II1|.LI|III|I"I~.1 A
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

E (GeV)

High energy tail due to the np-nh contribution
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Distributions in terms of true E for fixed values of reconstructed E,

Martini, Ericson, Chanfray, PRD 85 093012 (2012)

7 . : : —
6 with MiniBooN!E flux Ev (GeV)
5 — Q3|
4 0.4 _
I 0.6
SN 3 : /,I b ; 0.8 7
> 2 12 T
() 1 2 ~. =
9 s B . "f.fk“
Gy 0 % .6 0.8 1 1.2 1.4 1.6
I 7 : : ——
B 6 with{ T2K ND flux -
S 5 : —
4 ‘\ _
3 % ot _
9, 0.6 0.8 | 1.2 1.4 1.6
E, (GeV)
* The distributions are
not symmetrical around Ev.
* The asymmetry favors higher
energies at low Ev and smaller
energies for large Ev.
e Crucial role of neutrino flux.
4/12/2013

O. Lalakulich, U. Mosel, K. Gallmeister PRC 86 054606 (2012)

35 ‘
< 2051 ——
> :
NQ 30 reC_ 75 ———-
o o=0.
5 25 €101 <= -
[ap]
9 20 TBC=1 D5 sreseiaas
g_‘ 15 rec_1 51
>
'-'{ 10
E
ﬁLIJ> 5
= 0 Eaiina
1.5 2

J. Nieves, F. Sanches, I. Ruiz Simo, M.J. Vicente Vacas
QE(rel+RPA), Bree = 0.5, 0.75, 1., 1.25 GeV PRD 85 113008 (2012)

-1 @

V/H'l?('

/

J \ \\x//»' \ / \/‘ \

e I ]

01 06 0.3

do JdFree/(A — Z) 107 Fem?/GeV]

1
E [GeV]

2p2h, Eree = 0.5, 0.73, 1., 1.25 GeV

0.8 v, 120

do [ dBreo/(A — Z) 10 em?/GeV]

04 06 08 1 12 14 16 15
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True neutrino energy I > Reconstructed energy
6 1 I 1 1 1 1 I I I I I ) 1 I 1 ) 1 I I I 1

— | . _ Experiment (EV‘) ——>|CHEP 2012
% S ,’, \ I Drec(ﬁve) ]
= | ———. o®(E,) -
% \ e
Q4 n
E | -]
5 3 -
>
ML i
v
5
S 2 o
>
Mk -
%
S -
H

e NPT ] ] L L 1 1 I\\:_-“—I""“*:‘:‘I:—:::I_:_____I:=

0 250 500 750 1000 1250 1500
E, orE (MeV)
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Number of v, candidate events /(50 MeV)

p—

-

=

L 4

2 . 2 ] 4 T . 2 I

— —4— T2K RUNI1-4 data

Best fit spectrum

~ 1 Background component

Reconstructed neutrino energy (MeV)




Vl_l —_ ve Tz KK PRL107 (2011), PRD 88 (2013)

2013: 28 e6vents

T T T I T T T T T T I T T T I T T T

i « T2KRUNI-4 data (E,) i
% 5 B - Drec(Eve) —_— -
=t e OD(E) .
O (]
4 - —
~
@ r o I O L -
8 L4 | | |\\‘
LE 3 — I;" T 1 1 \\\ —
2 | - /\\ I
% /] \
o2F T H-4A4 S AT T -
N ) \
ML ; ' J
SIS & - \xgk 41 -

I ,’/ \:—\:

0 / _l_——l*-‘--—h. l-”ll I 1 | | | | 1 1 | | | 1 | | | —I_h-
0 200 400 600 800 1000 1200

E orE (MeV)
Ve Ve

The reconstruction correction tends to make events leak outside the high flux region especially towards
the low energy side, in agreement with the observed trend
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Number of events

T2

20
18
16
14
12
10

o = O

T2K Vu disappearance

K PRD

85, 031103 (2012)

No-disappearance hypothesis

Best-fit oscillation hypothesis

—e— T2K Run 1+2 data

1 2 3 4 5
Reconstructed energy (GeV)

4/12/2013
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T2K far detector
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In the first peak region: the smeared curve can be reproduced in the unsmeared case with
a lower value of the oscillation mass parameter
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M. Martini, M. Ericson, G. Chanfray, PRD 87 013009 (2013)
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Vu —> Ve MiniBooNE

PRL 98 (2007), PRL 102 (2009), PRL 105 (2010), PRL 110 (2013)
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Oscillations induced by sterile neutrino; 3+1 hypothesis
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Some considerations on the oscillation parameters
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Taking now into account the smearing procedure

M. Martini, M. Ericson, G. Chanfray, PRD 87 013009 (2013)
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A large mass value allows the same quality of fit of data than is
obtained in the unsmeared case with a much smaller mass.

The energy reconstruction leads to an increase of the . i
oscillation mass parameters s’

I:> Gain for the compatibility with the existing constraints
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The case of smaller mass values
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The smeared curve is shifted at lower energies (displacement of the peak ~ 80 MeV).
It is impossible to reproduce the smeared curve with an unsmeared one even
taking a very small mass.
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Antineutrinos
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Similar effects, although less pronounced, are present for antineutrinos.
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TABLE II: x? wvalues from oscillation fits to the antineutrino-
mode data for different prediction models. The best fit
(Am?,sin” 20) wvalues are (0.043 eV*, 0.88), (0.059 eV?,
0.64), and (0.177 eV?, 0.070) for the nominal, Martini, and
disappearance models, respectively. The test point x° values
in the third column are for Am?* = 0.5 eV? and sin® 20 = 0.01.
The effective dof values are approximately 6.9 for best fits and
8.9 for the test points.

Y2 values
Prediction Model Best Fit Test Pt.
Nominal 7—mode Result 5.0 6.2
Martini et al. [25] Model 5.5 6.5
Model With Disapp. (see text) 5.4 6.7

arXiv: 1303.2588; PRL 110 (2013)
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Ve background

and
effective cross sections
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MiniBooNE electron events distribution for Ve background
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The electron event background is underestimated for low reconstructed
heutrino energies E < 0.6 GeV and overestimated for larger ones
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MiniBooNE muon events distribution
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Real and effective cross sections for v and v,
Let’s define the effective cross section through Drec (EV) — (T;c/,ff(EV)(I)(EV)

Let’s then ignore the difference between the true and reconstructed neutrino energies
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The effective cross section is not universal but
it depends on the particular beam energy distribution

(here we used v, and v, MiniBooNE fluxes)
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