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Neutrino flavour conversion

= Neutrinos can also be described in terms of mass

eigenstates v, ﬂ heutrino matrix

matrix
|VOL ) — Z?zl Uot‘(

= Simple fime evolutions of the vector v(t)= (v (1).v,(T).v(1)):

z—‘v ))=H|v(t)

dt there exist a

probability of a

1 a
= U Diag[0,my—m; , my—m; ] U™ Cha"Q? of the
2E neutrino flavour
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Neutrino flavour conversion

Flavour changing transitions

2
—im, L

P(vo=ve)=|(vel vo ()] =|2, Uy e 2 U2

Fogli et al. Phys.Rev.D86,013012 (2012)

Parameter Fit results
6, 33.36°081 .
613 8.667044 ; 4
6,5 40.0°21 More precision: systematics
0 3007°° ;34 must be taken under control
Am2,, (102 eV?)  2.47+007
Am2,, (10°eV?) 750018
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Problems. ..

= Here mainly (but not only) interested to the Charge Current Quasi
Elastic Scattering (CCQE)

= We want to measure mixing parameters, that is tfo understand transition
probabilities
Am’ L
4F,

P=sin’(20) sin’

= P's are extracted from the number of the “"easy to see” CCQE events

muan

[

= If Evis not well reconstructed, mixing parameters extraction is wrong !

Grazie Camillo...
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Problems. ..

= Ev reconstruction is necessary because of the broad neutrino beam

* Inaccuracies in the reconstructed energies can be larger than previously
assumed if the reaction process is not correctly identified

First category of problems Second category of problems
The reaction process of QE scattering The nuclear effects can smear out
must be unequivocally identified the reconstructed energy
Other reaction mechanism may look Final state interactions make difficult
indistinguishable in the experiment to identify the initial QE scattering on

a bound, Fermi-moving nucleon
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Defining true QE
Let us define the true QE:

va— U p

very well identified in a tracking detector,
not so in a Cherenkov detector

Signal is defined as a single No further rings should appear in
Cherenkov ring from the outgoing p such an event
N /
NG

true QE events are defined as those with 1 muon, O mesons
and any number of nucleons in the final state
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Defining true QE

) Marco Martini, talk given at Nufact11
Let us define the true QE:

Genuine CCQE
/H\ N’ "\, onhe nucleon ejected

/" CCQE-like, e.g. MiniBooNE

v : . ‘r{ . /.q and nciv
. 0@,
\

10/13/2013 Davide Meloni 8




Defining QE-like
= non true-QE origin:
— + ++
Vp—ou pm vp—u A

T g

Tl s are absorbed in the nucleus through
final state interactions (stuck pion events)

!

Such an event is counted as QE-like
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Two other difficulties

- ZQ'Zh / IJ N, N: \
Events in which the incoming neutrino / LA | A ®
interacts with 2 or more nucleons v N N 5

\__ Two nucleons ejected /

non QE-origin + 2p-2h = fake QE events
The measured QE cross
&> section is contaminated by these events

= Nucleon may rescatter and produce pions — » Disregarded as QE

event
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Putting all together

Lalakulich, Mosel, Gallmeister

Phys.Rev.C86 (2012) 054606 GiBUU model for neutrino CC scattering
vt —mmm—mm—m—m——— .
[ 0 pions = Cherenkov QE-like _ _ . - ----"""" ]
~ gl V C O i
o s . 4
mg [ ‘,J"r true QE ——— ]
P . s Cherenkov QE-like, QE origin - - - - | a Cherenkov detector sees
s | e OEMko Dot ———. 1 almost all true QE events,
= |  but also a large part of the
o DIS -- -- 1
3 fake QE-events
. 2p2h ==
R s et e e ]
1 1.5 2
E, (GeV)

only 2p-2h because other processes
are kinematically forbidden
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Energy reconstruction based on QE kinematics

= Example: how it works in MiniBooNE

Formula based on the assumption of QE scattering on a nucleon at rest

- | - Neglected any Fermi motion
(M, -Ep)E, - [.Ef; -IM Ep+ mi + .ﬂM"?} effects
, - - Binding taken into account with a
: [M” ~ Ep — By + by cost) constant binding energy Eg

rec
=

&> Admixture of other reaction mechanism leads to an
incorrect reconstruction of energy
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E

vs E

true rec

Lalakulich, Mosel, Gallmeister
Phys.Rev.C86 (2012) 054606

N(E, e, E, %) (10%® cm?/GeV?)

. piell J'N (Etrue, Erec) dErec dEl‘rue:<O_0n>

s e e o 15 5o .
e 2 g 8 s
P & ] P RS - ..
o o - for the MiniBooNE flux
S A : S A
= ST =
8 : o 8 ) o - for true QE:
0 0.5 1 1.5 0 0.5 1 1.5 symmetric around E.. =E
true E, (GeV) true E, (GeV) 4 true “rec
2p2h A
o i i e TS P - - for 2p2h:
S f----- 1.5 . S [ 15 ----- ]
GE 2 E}:g 1 af® 1 E}:g ' £ Er‘ece |:O"\'E’rr'ue:| for small ETrue
S 05 | g ¢ ] S 05 | v g A
Eost 45 0 1 Bt ET  for
& E e et 1 & i LneT 1
¢ 0 —— 0 SR E...€[0~E,..]always
0 0.5 1 1.5 0 0.5 1 1.5
true E, (GeV) true E, (GeV)
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N(E," E,*9) (10" cm%/GeV?)

E1‘r'ue VS Er'ec

Martini,Ericson,Chanfray

Lalakulich, Mosel, Gallmeister
Phys.Rev.C86 (2012) 054606 Phys.Rev.D87 (2013) 013009

35 . S 60— ——s —
E, =051 —— - * Dashed: true QE
30 1 rec | 50—
. ’ E, %°=0.75 ---- =
5t [\ N S
AT ST o
i '| £ J =
= ||| II| III I"il' b EerbE: 1.25 -oeeeeee %O "
1 1 . L 30k
15+ [ \ i - rec —
£ fi' \1 2 I E,~=1.51 :> |
10 + llll \;\ '|ll v , |m> sk
| \ : Y i [
v, s =2
5 /II ," Jd:?‘\-i:"'_\x\_,-\_“l 10
D' /-'-—"fl""-'#_: "'.‘.l--\:%l_-_l\_\-\-\_:—‘l:-_—i'_-.'-._;'_;- Er- L.
0.5 1 15 2 0,
Evtn.ie (GeV)
- sizable long tails towards larger ftrue energies reconstructed

- 2p2h (leftéright plots) + stuck-pions (left only)
events lead to a shift of the reconstructed
energies toward smaller values

14
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E

True VS Er'ec

Nieves, Sanchez,Ruiz Simo, Vicente Vacas
Phys.Rev.D85 (2012) 113008

QE(tel - RPA), Eree = 0.5, 0.75, 1., 125 GeV 22, Eree = 05, 0.75, 1., 1.25 GeV

—_

QE contribution

/

0.4 0.6 0.8 1 1.2 14 1.6 1.8
E [GeV]

2p2h contribution 20

_@
[oe]

12
0

[em] =
= e

[
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NN
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[l

do/dFrec /(A — Z) [1078em?/GeV]

-

.

0.4 0.3

do/dFrec/(A — Z) [103em?/GeV]

E [GeV]

- sizable long tails towards larger true energies
- 2p2h (left&right plots) + stuck-pions (left only) events lead to a shift of the
reconstructed energies toward smaller values
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Effects on the oscillation probabilities in T2K

Lalakulich et al.,Phys.Rev.C86 (2012) 054606

E 12 " EVH'LJE _____
w~ 10F v O E rec
E | ] W
u | Il.'-
5 8 .
= ' /! v, survival
DE i I "-5__ QE-like
X 4t // far defector Tokfiux
'i—;' 2 | Foas N
= [
T D L i P 1 ‘I_- s —
= 0 0.5 1 1.5 2 2.5
i E, (GeV)
i Martini et al.,Phys.Rev.D87 (2013) 013009
= L e A R O
) -—- NDo®E,)
Ng | - __ NDD_(E,) ]
o 151 . FDoBE,) |
= [ — DD, )
'E;m; i
L
5
o S i
=
w [ - o SO
B/ 0 ! ':/ I I B! \r'--\‘"l‘ PN NI T T IR NI ST
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2 13 14 15

E, orE, (GeV)
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Amy=2.5%10"el?

e

sin20,,=1

-main effect: minimum shifted to
a higher energy, by about 50 MeV

!

the situation can be mimicked by a
smaller Am?in E

true

2.65X10 eV ?—>243%x10 el?
rec

2
Ami;:

True
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Effects at the LBNE

Flux picked at around 2.5 GeV and extending to several tens of GeV

Lalakulich, Mosel, Gallmeister, arXiv:1311.7288

0.3
ﬁ O-pion events distribution
> 025 |
3 l
P
N‘_E) 0.2 ND:
= o1 - 0.5 GeV shift at the ND
g 0.1 .'
= f FD:
g 005 . :
F - filling and flattening of
00(;1.5 1 15 2 25 3 35 4 45 5 55 6 65 7 7.5 8 the minimum

Neutrino energy (GeV)
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A quantitative estimate

* in Coloma and Huber, 1307.1243: a guantitative estimate of the impact
of nuclear effects on the determination of 6, and Am®

Key observation: non-QE with pion production where Ttis
absorbed in the nucleus is not detected

!

Events added in the QE sample

QF —like OF A 7QF non—QF { ynon—QFE
N =5 MO N3, nS M N
»
non-QE processes

10/13/2013 Davide Meloni
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QE vs QE-like

Mij from Lalakulich, Mosel and Gallmeister, Phys.Rev. C86 (2012) 054606

5 years of data taking at nominal exposure, v — v channel

150} E ---- QE ~ 850 |

= i

= | —— QE-like
S 100!

"a‘_‘ -

£

QO

-

LLI

E'[GeV]
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Disappearance at T2K

= Inpuf values: 6,, = 45°, Am* = 2.45 x 107 eV*

* Check the ability to reconstruct such true values

= X° analysis including: 20% normalization error, 20% shape error with
true distribution computed according to:

QFE—like QF QF non—QFE « rnon—QF
N M= MPNP+3, o= M N

Two extreme situations

R

Nuclear effects completely ignored Nuclear effects perfectly known

N%=c (E)o(E) PW(E) N " as above

l
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A ma 2107 V]

10/13/2013

Disappearance at T2K

Between the two extremes:

l

N (o)=a N +(1—o) NI~

l

R

Nuclear effects completely ignored: a=1

Nuclear effects perfectly known: a=0

< Effects of a near detector included

+ 0=0.3 still in the 1 0 range
+ interestingly enough:
(Am) = (Amd)
(A m§3)a20
(sin” 623)a21_<5in2 0,3 )~

(sin2 623)0‘20

~0.02

~0.09
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Now on real data

Meloni&Martini, Phys.Lett. B716 (2012) 186-192

Effects of considering two different cross sections

* FG = Fermi Gas R. A. Smith, E. J. Moniz,Nucl. Phys. B43 (1972) 605

* RPA= Random Phase Approximation martini et al., Phys. Rev. 80, 065501 (2009)

0 0.25 0.5 0.75
E.(GeV)
10/13/2013 Davide Meloni
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Latest T2K results in appearance

Michael Wilking, talk at the EPS Conference in July 2013

*Run 1-4 data » 6.39 x 10* pot

» Observed 28 events (expected 20.4 + 1.8 for sin“26, _=0.1)

against 4.64 background events \\k> v_beam contamination
1y

—v,)=sin"(20;) sin’(0,;) sinz(

—4— T2K RUNI1-4 data
—— Best fit spectrum

7777 Background componen 1 F ( vV
g !

u

Am°L
4 F

7.5 o significance for non-zero 6,

-
=
=
L]
=
-
-
=
W
=
Gt ]
o
=
=
-
=
3
]
L
=
o
=
-
=
g
=
=

i (for sin®26,.=1, 55=0, and normal mass hierarchy)

Reconstructed neutrino energy (MeV)
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Reproducing the T2K data

*  We compute the appearance events (in the energy range [0; 1.25] GeV)

= To take into account detection efficiencies €, we normalize to the
expected events (for sin“26,_=0.1)

* Energy smearing to mimic uncertainties in the reconstructed v energy

OF —like __ OF »1OE
E,) =% NZFT=3 M NS
/

Migration matrix: prob. that an event with a E™ in the bin j ends up

being reconstructed in the energy bin i
Meloni&Martini, Phys.Lett. B716 (2012) 186-192

signal=20.4 total bkg=4.64
P

152=NC 312 =v beam contamination
It turns out that e~ 0.34
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Reproducing the T2K data

Marginalized over all other parameters (kept fixed in the T2K analysis)

3_ |||||||||||||||||||||||||||||||| 3_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2t 2t

I} FG ] 1F MECM

o 0 63%CL and 90%CL ' 0 68%CL and 90%CL

| X2 =19.8 ) X2 . =19.2

| -2 _ - P2 —
| sin< (26,5) = 0.126 | sin< (26,;) = 0.08

f Scp ~ 26° -t Scp ~ 1.4°

_3:_ |||||||||||||||||||||||||||||||| _3:_ ||||||||||||||||||||||||||||||||
0.0 0.1 0.2 0.3 04 0.5 0.6 0.3 0.4 0.5 0.6

sin’(263) sin’(2613)

larger signal, must be compensated by smaller 6,

10/13/2013 Davide Meloni
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Comparing FG and MECM

Showing the difference x2-x?, .. as a function of 6,5

min

LO[ o e
8:_ marginalized over 6 SiIlZ ) GﬂG —0. 14j(())(())56
£ | '
>|< i
o4f —  MECM - . 2~ AMECM +0.03
: ; sin“20;;  =0.11-7
2 -~ Fermi Gas 1
ob— @
0.0 0.3 0.4
sin>26;3
. 2
Asin” 20, 0.2
. 2 MECM V-
(sin“20,)
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The disappearance channel

0.0034 | 0.0034

—  MECM | 90%CL
0.0032 90%CL 0.0032
Fermi Gas |
_0.0030 | _0.0030
3 e e | > L
£ 0.0026 | x | | £ 0.0026 (/
0.0024 hoSe A 0.0024 Yo e
0.0022 __ i s _._________..--". 0.0022. ) -
0.0020 | 0.0020
30 35 40 45 50 55 60 0.75 0.80 0.85 0.90 0.95 1.00
823 Siﬂ22923
Best fit sin20,; range Am?,; range (eV?)
(sin?26,5, Am?,,) )
A ( A m23) ~0.02
FG (0.99,2.56) >0.86 (2.22-2.90) (Am2 )MECM :
23
MECM (1.00,2.62) >0.91 (2.31-2.93)
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0,3 and 0 discovery potentials at B-beams

(y.L) = (100; 130 Km)

10/13/2013

»

antineutrinos from 3 decays

1.0
' Appearance channel
- SF
0.8j _________ FG
RPA-2p2h
0.6l - RPA 4 : .
g Vor i We are in the region around 0.1, where
g . the differences among the models and FG
= - , .
0.4} is roughly 7%
0.2t e
: : CP fr'C(CT|On E.Fernandez-Martinez and D.Meloni,
00 1 o L 1 L1 L1l PhYS.Le'H'.B697, 477 (2011)
1074 1073 1072 107"
S'il'l2 29]3
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More on the uncertainty on neutrino energy

reconstruction

O.Benhar and D.Meloni, Phys.Rev.D 80, 073003 (2009)
O.Benhar and N.Rocco, arXiv:1310.3869

* From the requirement of having a CCQE process:

_E“ _ JIPE — 'J"I'!-i — .Ei + E-Ep -Er.! o 21{.'1 " Pn + |l:"n .
2E, — _E|IJ + |l~{|IJ COS H“ — |pn|cosfy,)

subscript "n" refers to the struck neutron

!

E, not uniquely determined by E, and 8 but distributes according to
the energy and momentum distribution on the struck neutron

E, depends on the nuclear model
employed for the target ground state
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More on the uncertainty on neutrino energy
reconstruction

- |p,| and E can be sampled from the probability distribution

_ _ D"gD:" R L L

|pn|2 P(Pn,E) 0.15 | N E:; ng' Mev—;
/\ Fermi gas (FG) _ 0-10;
SF: O.Benhar et al., LEQ S osk

Phys.Rev.D 72, 053005 (2005) -

E 0.00
e 2 x 104 pairs of (|p,|,E) 5 =0
@ ;‘ 0.15}
momf

shifted towards higher energy by ~ 20 MeV, | .t
with respect to the FG results, and exhibit a

tail extending to very large values of Ev 1.0
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Conclusions

= Energy reconstruction based on QE kinematics is a key issue for
oscillation experiments

= Minima and maxima of probabilities shifted by tens of MeV

Rough estimate of systematic uncertainties on the extraction of
mixing parameters

Asin® 26,5/sin® 283 A(AmM?Z,3)/Am® . Asin® 28,3/sin” 20,4
~20% ~2% ~4%

\ L

from Coloma-Huber

from T2K dataq,
at the best fit points

10/13/2013 Davide Meloni
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Specific models The Spectral Function Approach

The Spectral Function Approach

Benhar et al.,, Phys.Rav.D72:063005,2005

dQJ_{A
dNdE;
d2 Telem
dQdE,

® P(p,

E) is the

il
5 [ e P, )

2
[ e pp, ) S

dQdE,
G2 V2, |k 1

32?‘1’2 ‘k}‘ 4Ep E|p—|—q|

f

L=

1 o
WH(p, q)

target spectral function |.

4 Ep Eip4q

probability distribution of finding a

nucleon with momentum p and removal energy E in the target nucleus

it encodes all the informations about the initial struck particle



Specific models The Spectral Function Approach

Benhar et al.,Nucl. Phys. A 579 {1994) 493

Phys. Rev D72 (2005) 053005

@ overwhelming evidence from electron scattering that the energy-momentum

distribution of nucleons in the nucleus is quite different from that predicted
by Fermi gas

@ the most important feature is the presence of strong nucleon-nucleon (NN)
correlations (virtual scattering processes leading to the excitation of the
participating nucleons to states of energy larger than the Fermi energy)

spectral function extends to |p| & pp and E 5 ¢

[=3
2 1 PILE) [GeV

momentum distribu- —
tion o

n(p) = /dE P(p, E)

=

o 200 400 B0o0 0o



The MECM model

model based on
Martini et al., Phys. Rev. €81, 045502 (2010)
Martini et al., Phys. Rev. €80, 065501 (2009)

Nuclear response function calculated in random phase approximation
Multinucleon emission taken into account
kinematical factors

d°c,, %l

dQ—dEIOCZi Kl. Rl. — > response functions:

Lowest order contributions
to the 2 nucleon ejections
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Numerical tools

* GloBES, to simulate the T2K experiment

P. Huber, M. Lindner, W. Winter, Comput. Phys. Commun. 167, 195 (2005)

P. Huber, J. Kopp, M. Lindner, M. Rolinec, W. Winter, Comput. Phys. Commun. 177, 432-438 (2007)

= MonteCUBES, to fit the experimental data

M. Blennow and E. Fernandez-Martinez, Comput. Phys. Commun. 181, 227 (2010)

Caveat:

-we use an energy resolution function to "mimick" the relation
between the true and reconstructed neutrino energy (more on this later)

-we assume nuclear effects completely known

* M. Martini, M. Ericson and 6. Chanfray, Phys. Rev. D 85 (2012) 093012
* J. Nieves et al., Phys. Rev. D 85 (2012) 113008
* O. Lalakulich and U. Mosel, Phys.Rev. €86 (2012) 054606
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Strategy

statistics is foo small to draw definite conclusions but the exercise
may serve to illustrate how to use "real" data to study v-N cross
sections

> we first use GLoBES to reproduce the official T2K analysis
(cross sections are based on Fermi Gas)

O\

Normalization at the ND Computation of events at the FD

» we then change the cross section and repeat the analysis

!

Estimate of the systematics related to the cross section
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The Relativistic Fermi gas model

* Many MonteCarlo codes ( , NuWro, Neut, Nuance) use some
versions of the Fermi model

* farget nucleons are moving (Fermi motion) subject to a nuclear
potential (binding energy)

* the ejected nucleon does not interact with other nucleons (Plane Wave
Impulse Approximation)

* Pauli blocking reduces the available phase space for scattered particle

= In terms of spectral function:

probability of removing a nucleon of Average binding energy

momentum p, leaving the residual 6 thA
system with excitation energy E P ppou=|——7>—19 (p—P)o <E13_ E,+E)
Pr
P

Fermi momentum
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The disappearance channel

Disappearance probability

P(v,—v,)=1-sin’(20,) sin’(Am’L/4E)

Analysis based on Phys. Rev. D 85, 031103 (2012):

* 31 data events, grouped in 13 energy bins
= the sample extends up to 6 GeV and it is mainly given by v,

CCQE, v, CC non-QE, v, CC and NC

s FG cross section normalized to the total rates: 17.3,9.2, 1.8
and < 0.1 events for v, CCQE, v, CC non-QE, v, CC and NC

* adopted a conservative 15% normalization error and energy
calibration error at the level of 10-3 for both signal and back
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The disappearance channel

0.0034 | 0.0034

— MECM | 90%CL
0.0032 90%CL 0.0032
Fermi Gas |
_0.0030 | _0.0030
3 e e | > L
£ 0.0026 | x | | g 0.0026 (/
0.0024 hoSe A 0.0024 Yo e
0.0022 __ i s _._________..--". 0.0022. ) -
0.0020 | 0.0020
30 35 40 45 50 55 60 0.75 0.80 0.85 0.90 0.95 1.00
823 Siﬂ22923
Best fit sin20,; range Am?,; range (eV?)
(sin?26,5, Am?,,) ,
FG (0.99,2.56) >0.86 (2.22-2.90) (Am2 )MECM :
23
MECM (1.00,2.62) >0.91 (2.31-2.93)
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Reproducing the T2K data

= Simple x? analysis

2 (N _NData>
Op+Ny+N, +S

28 data in 25 energy bins

—— T2K RUNI-4 dan
—I?r shiL spes l!’li'll
1 Ba ckgro

n
-

1000

] NCOI’T\’ ND = ComPU"'ed number' of Rﬂcnmtruclcd neutrino energy (MeV)

* S =total systematic effects =
(Sp Np)? * (Sne Naed? + (Sp N, )

-
=
=
L)
=
w
-
=
o
=
LH)
2
]
=
-
=
]
o
L
-
o
=]
-
2
E
=
prat

oscillated events and the data °0p = bin uncertainties on the data

@ Ny, N, = event rates for NC and v,

- @ Sy =0.07 and Sy = 0.3 are sys. errors
contamination

on the (data, v,) and N,
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