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QES of neutrino on the nucleon

QES section:

G2.M 2\ ddE/
= _(1+ Q2 L“W(,g :
1672 (kp) M, 2k,

Lepton tensor:
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Weak lepton currents:
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Weak form factors of the nucleon

Weak hadron current is given by

Ja(p.p) = Vg ™M (p )T (p, @) tin (p).-
Basis expansion of I',(p, ¢) comes to

B
. q q,
Lo(p,q) = valv + waﬁmFM"‘Man-i-

_|_
+ (’Vafﬁ- paF + 4 ZFp

M M >
Standard dipole parametrization of the axial form factor is

) Q"
Fa(Q%) = g (1 + MA2> : g4 = —1.2695.
PCAC gives the formula for pseudoscalar form factor:
2M*
Fp(Q?*) = —/———I4(Q?).
H@) = (@)
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World survey of M4

The current best-fit value:
M4 = 0.95+ 0.06 GeV1.

The bands:
and 20 st. deviations.

LKuzmin, Lyubushkin & Naumov,
2008;
Kuzmin & Naumov, in prepara-

tion.
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Neutrino experiments

Antineutrino experiments
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MiniBooNE

The flux-weighted double
ferential cross sections for
vun — pp reaction.

dif-
the

The MiniBooNE result!:
My =1.35+0.17 GeV.

The gray bands are calculated
by using the nuclear model of
Martini et al.2.

Does the RFG model® work at
low energies?

LAguilar-Arevalo et al.
Collaboration), 2010.

2Martini, Ericson & Chanfray, 2011.
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Effective (RFG) and current My

MiniBooNE (antineutrino beam, 2013)

We dO not have proper|y \:: MiniBooNE (neutrino beam, 2011)

working nuclear model for all ~ 1.4

energy ranges! Effective (RFG) axial mass

/

NOMAD (neutrino beam, 2008)
There is some dependence on 12
FE, in experimental values of
M4 extracted with the RFG
model. 1

Il\

Fundamental (current) axial mass

So, we can fit experimental
data to get MST(E,) using ©8
which will compensate nuclear
effects.

0.6l Ll L
1 10

Mean (anti)neutrino energy (GeV)
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Effective (RFG) and current M

Ep\™
M =My (14 (2
(+(2) )

My = 0.964 + 0.044 GeV,
Ey =0.356 £0.076 GeV,
aop = 0.846 % 0.220.

Only MininBooNE data are
used to fit the J[ifF curve.
Only selected experimental
points are shown.

O. Petrova (JINR)

M, (GeV)

1.65‘ ‘

14

MiniBooNE (antineutrino beam, 2013)

MiniBooNE (neutrino beam, 2011)

Effective (RFG) axial mass

NOMAD (neutrino beam, 2008)

0.8F

0.67\\\\

Fundamental (current) axial mass

1
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QES cross section analysis

T T
converted to free neutron 3E v, H,

o (107 em?)

T T
converted to free proton

o (107 em?)

_ 1 Total QES vyn & D,p cross
sections measured in ex-
periments with deuterium,

- - - Fitto MiniBooNE 2010
—-=- Fitto NOMAD 2009

© %

- Fitto MiniBooNE 2013
- Fitto NOMAD 2009

hydrogen & carbon/propane
targets.!

()
L

10 1 10 10’ 10" 1 10
E, (GeV)

3

[5Z3 Asratyan etal.,FNAL 1984 (Ne-H,)
s Ammosov etal.,FNAL 1987 (Ne-H,)
*  Aguilar-Arevalo et al., FNAL MiniBooNE 2010-2013(CH,)
= Alcaraz-Aunion et al., FNAL SciBooNE 2010 (CjH,),
= Budagov etal., HLBC 1969 (C,H,)
Allasia et al., CERN BEBC 1990 (D,)
= Martinez de la Ossa Romero, LAr TPC 2007 (Ar)
« Lyubushkin et al.,CERN NOMAD 2009 (C)
o Kikawa, T2K 2013 (carbonaceous target), PRELIMINARY
Abe et al., T2K 2013 (carbonaceous target), PRELIVINARY

Mann et al., ANL 1972 (D,)
Mann etal., ANL 1973 (D,)
Barish etal,ANL 1975 (D,)
Singer etal. ANL 1977 (D,)
Barish etal,ANL 1977 (D,)
Fanourakis et al.,BNL 1980 (H,)
Baker etal.,BNL 1981 (D)
Auerbach et al.,LSND 2002 (C)
Kitagaki et al.,FNAL 1983 (D,)

@@ o x e @ o0 &

PRELIMINARY

10 . . .
& e 'Kuzmin & Naumov, in preparation.
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NuMi Off-axis v, Appearance (NOvA) experiment

The NOvA experiment goals:
@ neutrino mass hierarchy investigation

® 013 measurement in v, appearance mode NOvA
@ constraining of §op 810 km baselm.e
0 ot 14 mrad off-axis
@ (/o3 rectitication E, ~ 2GeV
@ precise measurement of |Am3,| 3 years v, 3 years 7
@ other physics:

@ neutrino cross section measurement
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NOvA detectors

\ L___ J
156 m\ S

Far

Detector

O. Petrova (JINR)

Detectors:

Near: 330 tons
Far : 14 ktons

Detector
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NOvA event topology

NOvA Monte Carlo

Muon ":7Eee-

v, Charged Current

wtn=pu+p

--.._Michel & A i

Proton
e e T

L+
Electron

v, Charged Current

V.+n-e+p /

Proton
] i
ISy

n° (-’VV).""'---.:__

Neutral Current

v+ X=2v+X

NC with 7© final state

@ multiple displaced EM showers

@ possible gaps near event vertex

O. Petrova (JINR)
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v, CC

@ long  well-defined

p-track

@ short p-track with
large energy depo-
sition at the end

v, CC
@ single EM shower

@ characteristic
development of
EM shower
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FD:

dN/dE, 1/POT (1 / Bin Width)
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QES event rates in the Near Detector (¥ mode)

.

Ny (arbitrary units)
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Conclusions

@ The M4 value essentially affects the predicted count rates.

@ The effect should be taken into account.

@ Using the effective axial mass instead of the constant values like:

o 1.35GeV (MiniBooNE)! or 1.39 GeV (T2K)?
o 1.05GeV (NOMAD)?

should improve the validity of the mixing parameter values.
@ The estimations presented herein are preliminary.

! Aguilar-Arevalo et al. (The MiniBooNE Collaboration), 2010.
2Hadley (The T2K Collaboration), 2013.

3Lyubushkin (NOMAD Collaboration), 2009.
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QES of neutrino on the nucleon

(k) =(K) (k) (k)

qG | W
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Electroweak form factors of the nucleon

B
. q- do
Fa(p, q) = ’YaFV +ZUQ,B2M1NA\1+J\ZI~,\'+

Pa pf;y do
+ Fo+ 22" fap 4 fop
(7“ A M TP

C and T invariance of the hadron current =
scalar F'g = tensor Fr = 0.

Dirac and Pauli electromagnetic form factors:

o Gep+2Guy .  Gu-—-Gg where 2/ — Q?
VE Ty 0 M T T YVER
Sachs form factors:
GE:G%—G%, GM:G%—G”,
BBBA(2007) model is used for GR" & Ghy'.
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Martini et al. model

Martini et al. model incorporates relativistic corrections in the nuclear re-
sponse functions and includes the multinucleon component of the “particle-
hole” (2p-2h and 3p-3h contributions) processes. The model describes pa-
rameters of the “particle-hole” force which governs the collective aspect
of the nuclear response via the random phase approximation. In the case
of the MiniBooNE experiment multinucleon ejection is not distinguishable
from single-nucleon production. The quasielastic cross section thus defined
contains a certain proportion of 2p-2h and 3p-3h excitations. This propor-
tion is large for neutrinos, which may be the interpretation of the increase
in the axial cutoff mass needed to describe the data in the relativistic Fermi
gas.!

Martini, Ericson & Chanfray, 2011.
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RFG model

O. Petrova (JINR)

—2 -
dUb: G%'Mt <1+ Q2 ) LQ/BT ﬁ
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F0,0) = v (@)1 = np(p)]
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MiniBooNE »

T T
+09<c0s8, <+ 10 +01<00s8,<+02

T T T T T
02<E,<0.3Gev

T T T
0.9<E,<10Gev

L

<d’o/ dE,deos8,> (10" e’/ Gev)

T T T T T
03<E,<04Gev

T T T
10<E,<11Gev

e

i3 ES ]
o A e e
] RS A A e aaanas T BRI
S +08<cos0,<+09 00<c0s0, < +0.1
s ) u
< oaF E E
L
Baaanans;
+07<c0s6,<+08
A E(

x2 x2

TIINTINNIEE -wiia= S

T
+06<cos8,<+0.7 7

L5(fit to double differential MiniBooNE 2010ckta)

x2
\ Lo .
; SR AN
+0S<amg,<+06 I -03<amg<-02] 1
2
x3 x3 9
Lo L Lo , i
R R R e S S LARABON BN §
1F +0acamg<+05 I -O4camg<-03] =
x3 x3 F
L L L L L L Sl L e
AR R e SR ARBADRAL H
+03camg,<+04 J  -0S<amg<-04] 2
s
H
£ 8
x x318 &
et L
T T T T T T T T T T E oz
ks +02<s6,<+03 J ~06<as,<-05 § £ T
[
x3 x3 ‘ i
| L | | | L | = N |
[ T TR S ¥ F R I T Y
E, (Gev) £, (Go)

O. Petrova (JINR)

Mf4fr and QES event rates

T T T
0.4<E, <05Gev

T T
11<E,<12Ge

T T T
05<E,<06GeV

=

T T T
06<E,<0.7Gev

= 100.8/73:

1 NDF

T T T T T
0.7<E,<08Gev

T T T T T
0.8<E,<0.9GeV

——  Effectiveaial parameter
M, = 151+ 0.04Gev,

in the NOvA ND

16 / 16



Neutrino oscillation theory

L
Paﬁ(El/y L)= E Vai‘/bj(Vangi)* exp (271'1'[/. >
ij ij

;. _ ArEy
A Amfj
V = 0930 pO13T 01511,

I'p = diag(l,l,ei‘s), Ly = diag(ei¢17ei¢27l)

C12 S12 0 C13 0 S13 1 0 0
012 = —S12 C12 0 s 013 = 0 1 0 y 023 = 0 C23 523
0 0 1 —S813 0 C13 0 —S823 C23

Sij = sméij, Cijj = COS 0¢j
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Event rates

Flux of leptons [ generated by QES of neutrino on one atom of iEl per
second:

dO’,jl _ .
v (Ey)dE,, if El = H;
leEl f dpl ll(El ) -
= d dok
dp; [ 2Z5wE) +A- 20 0E,) ) dE,, ifE1£H,
dp dp

on one gramm ElTlLlEl?12 ... EL}' per second:

AN, Ny dNE"
_ = n
dpp  p " dpy
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QES cross

o (107%em?)

& (107 em?)

section analysis

10
E, (GeV)

* Kustom etal., ANL 1969 (Steel)
Suwonjandee, FNAL NuTeV 2004 (Fe)
Franzinetti et al., CERN HLBC 1966 (CF Br)
Young, CERN HLBC 1967 (CF,Br)

Eichten et al., CERN GGM 1973 (CF,Br)
Bonetti et al.,CERN GGM 1977 (CF,Br)

Rollier et al., CERN GGM 1978 (C,H,-CF,Br)
Armenise et al., CERN GGM 1979 (C,H,CF,Br)

Pohl et al., CERN GGM 1979 (C,H,CF Br)
Makeev et al., IHEP SKAT 1981 (CF,Br)
Grabosch et al.,IHEP SKAT 1988 (CF,Br)
Brunner et al., IHEP SKAT 1990 (CF,Br,
converted to free nucleons)

Ammosov et al., IHEP SKAT 1992 (CF,Br)
Belikov et al., IHEP-TEP 1981 (Al)
Belikov et al., IHEP-TEP 1982 (Al)
Belikov et al., IHEP-TEP 1985 (Al)

QES of vyn & 7,p on alu-
minium, iron/steel & freon
targets.

The gray points are excluded
from the global fit being
either superseded by newer
experiments, or not satisfying
selection criteria.!

'Kuzmin & Naumov, in preparation.
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QES cross section in Minerva
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QES cross section in T2K

fT L L e e IR T IS L, (N UL T T L
E 55 ND280 stat a3
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Off-axis experiment idea

off—axis
P
10 T T T T T T on—axis T
g L Fo=0 |
= ] + +
>t —
31 I G )
= 1 0 =7 mrad J 2 202
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I | dE, m2 | (1 1 ~202)2
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5 20 25
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Numr Off-axis v, Appearance (NOvA) experiment

=14 mrad = E, ~ 2 GeV = L = 810 km

£
ol M:Iwaukfe

Michigan

"V, CC events / kt/ 1E21 POT /0.2 GeV

2

]

—— On axis
— 7 mrad
— 14 mrad
21 mrad

*e (Gev)°

2014
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Far detector

Fermilab Ash River

ND: 3.9 x 3.9 x 14.3 m?, 330tons; FD: 15.7 x 15.7 x 63 m?3, 14 ktons

el i A\
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g

L |

v CC/6E20 POT /kTON /50 MeV
Q
3

Uy CC

R
3
o
o
o

3

NOvA Preliminary NOvA Preliminary

; Total | il —Total 3

: FD ] ND | -+

? g —V, ¥ v, E:
10

g

10° v CC / 6E20 POT / KTON / 50 MeV

J
b E (GeV) i = E (GeV) !
[1.3]GeV [0,120]Gev x108 [1.3]GeV [0,120]Gev
Total 63.5 103.8 Total 539 95.0
Numu 621 97.6 Numu 52.6 89.5
Anti-Numu 1.0 39 Anti-Numu 09 35
Nue+Anti-Nue 0.4 23 Nue+Anti-Nue 0.4 20
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U CC

7 mode:

=]

NOvA Preliminary

v CC /6E20 POT /kTON /50 MeV
g

FD

—Total

3
s 1 veuul

NOvA Preliminary
T

ND

—Total

=
FEERTITT BRI

J

10° v CC / 6E20 POT / KTON / 50 MeV
Q

T
J

0 15 ] :
E (GeV) E (GeV)
[1.3]GeV [0,120]Gev x108 [1.3]GeV [0.120]Gev

Total 251 46.7 Total 21.4 42.3

Numu 24 13.2 Numu 29 1.9

Anti-Numu 225 322 Anti-Numu 19.1 20.3

Nue+Anti-Nue 0.2 1.3 Nue+Anti-Nue 0.2 1.1
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QES event rates in the Near Detector (¥ mode)
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