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Impact on Oscillation Measurement of Neutrino xsec models
— focus on next steps: aka, how to get the neutrino energy right
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Oscillation analysis: the basics
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The oscillation probability v_ - v_ which you want to

estimate: it depends on the parameters you want to
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measure (long baseline experiments: 6_,, 6., Am?_ 6_,)



Dependence on neutrino energy

To extract the oscillation parameters, the oscillation probability must be evaluated as a
function of neutrino energy, since the neutrino beams are not monochromatic:
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- we need to know the number of neutrinos as a function of Ev at near and far detectors

N, (E,)=¢(E,)xo(E,)dE,

flux= number of neutrinos produced by the

accelerator per cm?, per bin of energy, for [f(])(EV>dEV]E[(I)]=[Cm_2POT_1]

a given number of protons on target

cross-section = probability of interaction of the . p)
neutrinos in the material of the detector [G] — [Cm ]



Flux and cross-section

m S0 the oscillation probability becomes:
predicted number of nsutrino interactions at the FD (w/o oscillations)
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measured number of neutrino interactions at the ND

We measure flux and xsec for v_(and v_) at the ND and we use our models to
extrapolate at the far detector

— systematic minimized if same flux (eg, same off-axis angle) and same target material.
But even in that case there are intrinsic differences | problems which induce model

dependency



ND - FD: different energy

N.°(E,)
N, (E,)

o.°(E,)
¢y, (E,) oy (E,)

NPvm-wa,(E'v) X

11

_~ 1 0 rJrrrjrrrjrrit _-a > 800 -

o DUNE Simulation : 3 OUNE , Dieappesrnce
O —v ] B 700 sin%,, = 0.580

o M S AmZ, = 2.451 x 107 eV?
T 10 - 3.5 years (staged)
g . . [} b4 g

o 0 oscillation 2 °% —i= Signaly, CC

- v,
S & 500 | NC
& 3 B (. + V) CC

Y. 10° (v. + v.) CC

T —/ 400

o

% Pl 200

8 -

Q 10
NE " 200

1) JF 100

> 1 0 L1 1 PR | I I Pl || ey
. 2 4 6 8 10 o 2 3 a4 5 8 ; 8

Neutrino enerqgy ( GeV) Reconstructed Energy (GeV)



ND - FD: different energy: PRISM!

Reproduce the ‘oscillated’ spectrum at ND by combining different the flux at different off-
axis angles
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ND - FD: different energy: PRISM!

Reproduce the ‘oscillated’ spectrum at ND by combining different the flux at different off-
axis angles
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ND - FD: acceptance

DB, p$R(E) OP(E
Ny (B, dv, (Ey) o, (E,)

Recent example from NOVA:

- Due to different detector size, the
acceptance of ND and FD is different:
transverse momentum of the muon is
larger when larger energy/momentum
transferred to the nucleus
(more inelastic events)
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Recent example from NOVA:
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Need model-dependent efficiency corrections to extrapolate ND xsec to FD xsec



ND - FD: flux-xsec anticorrelation

Flux and xsec extrapolation from ND to FD are different - we need to separately
estimate flux and xsec at the ND
But we measure only the product of the two (strong anti-correlation between them)
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- strong anticorrelation between

flux*xsec ~2.6-2.8% — , fuxand xsec |
(would be ~5% if uncorrelated)

Total ~17% ~355% — _
(+ xsec not accessible at ND, SK - flux*xsec constitutes ~50% of the
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Energy reconstruction
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From the detector observables (E.="all” particles in the final state), we need to
‘unfold’ back to the true neutrino energy, to extract the oscillation parameters

.
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v [v_appearance: §_, measurement

Search for CPV and measuring dCP are two very different experimental targets.
Prospects for dCP precision ~10-15 degrees from each experiment of next generation
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Model dependency

Even if the PRISM approach minimize the impact of important systematic uncertainties
(notably, obtaining a virtually identical ND and FD energy spectrum)

There are still intrinsic model-dependent systematics due to

- difference between ND and FD (eg. acceptance)

(and it is impossible to separate flux and xsec from ND data)

- neutrino energy ‘unfolding’
(I will mostly focus on this aspect on the following...)

Need of a good model of xsec and flux to minimize these residual systematics
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Neutrino cross-section
and neutrino energy reconstruction
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Neutrino “signal” and “background”

Neutrino can interact with target nucleons in our detector materials

Vu/\/e u/e Vu/Ve ut+/e+ v v
W+/- W+/- 70
— — . —
N hadrons N hadrons N hadrons
R Neutral Current (NC
Charged Current (CC) main signal: background (NC)
* outgoing lepton well visible in the detector to Sometimes the outaoin
tag interactions - allow to identify the hadrons can be migider?tified
incoming neutrino flavour and 'charge as lepton in the detector —

background that need to be
estimated and subtracted
from data distributions

e full final state can be reconstructed in the
detector — allow to estimate the
Incoming neutrino energy

(in realistic detectors this actually relies on (I will discuss CC but everything
various approximations) can be 'easily' extended to NC)



o vs E_ for different processes
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Vu I
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final state through excitation of
the nucleon to a resonant state -
A p,n
* DIS (Deep Inelastic Scattering)
= the nucleon is broken -

probing the quark structure

of the nucleons -
shower of hadrons
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Need to propagate the xsec from ND to FD: each process has a different E_
dependence, different resolution and acceptance effects - need to know the xsec of

each process separately
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Nuclear effects
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Nuclear effects
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Nuclear effects

average binding energy per nucleon (MeV)
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Nuclear effects

average binding energy per nucleon (MeV)
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Nuclear effects
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Nuclear effects

average binding energy per nucleon (MeV)
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Inclusive energy reconstruction: lepton only

m? — (m, — Ep)* — m?2 +2(m, — Ey)E CCQE formula:
- _ ''p 1itn b 1 «\Itn b4 . . .
By = Ev calculated from muon only kinematics is a perfect

2(my — Ey— B, + pucos6,)

estimator for elastic scattering on a free nucleon at rest
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Inclusive energy reconstruction: lepton only

The motion of nucleons inside the nucleus (Fermi momentum)

= m.;,‘j — (m, — Ep)? — mi +2(m, — £)E, cause a smearing on E '

2(my — Ey— B, + pucos6,)

1
The energy needed to extract the nucleon from its shell
(removal or binding energy) induces a bias on E "°
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Inclusive energy reconstruction: lepton only

on my — (m, — E)* —mj, +2(m, — E,)E,  CCQE formula is not a good estimator of true E, for non-

v 2(my — Ey— B, + pucos6,) CCQE events: eg, 2p2h where the second nucleon goes
undetected (eg neutron, or proton below threshold) and
CC1pi with pion absorbed in nucleus by FSI

_25000 . SR
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Inclusive energy reconstruction: lepton only

B m; — (m, — Ey)* — m-i + 2(my, —

Eb)E,u

1

2(m, — Ey— E, + p,cosb,)

CCQE formula

Notice that similar formulas could be built also in case of pion production:

Reconstruct neutrino energy from lepton

kinematics only, assuming A++ resonance
(mostly true in FHC at T2K energ

Resolutions at SK with detector effects:
Phys.Rev.D 96 (2017) 9, 092006
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Energy reconstruction

with exclusive analysis

Energy reconstruction using muon and kinetic energy of the nucleon
(proton for v, interaction or neutron for v, interactions)

MC Events

Vi
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rec __ kin
E —EM+EN
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x10°
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o00 - €nergy Rl R -
- hlgh blndlng ]
150" energy -
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Great improvement on the resolution of neutrino energy reconstruction




Energy reconstruction

with exclusive analysis . .
\ /
Energy reconstruction using muon and kinetic energy of the nucleon =
(proton for v, interaction or neutron for v, interactions)
rec __ kin n~ CCQE p
E, =E +Ey
10° Generator level With ND280-upgrade detector efﬂmency and resolution
= 250—|'k‘)d'"""_ @ 30000 e e e
) E ow DIn |ng ; i kin E c - : : : 3 i ‘ + km : .
@ 200 energy | E“+Ep - 525000 = /E .E | E
€ [ high blndlng - ] S 20000 - 17 =
150 - energy E 5000 F ho
bk EVCCQE CCQE formula - . JE CCQE CCQE
(| e. usmg the muon info only) 10009 2 formula (i.e4using
50 - . —: 5000 - the muon |an only)
905 —-04 03- 0-2 01 OO 01 02“013 0‘4 05 (10?5 0. : —(;3 |—0.2| —01 0001 0.2 03 0i4 05
(Erec Etrue)/Etrue (E:/ec Etrue)/EE/rue

Great improvement on the resolution of neutrino energy reconstruction

- A new generation of analysis is being developed at T2K, with ND280 upgrade, which fully
exploits the proton/neutron measurement.

— This is also the way DUNE will recontruct energy: very good exclusive reconstructiow +
large xsec at high energy (multipion)



New challenges

“Missing energy”:
- neutrons

" - protons and pions which are re-absorbed by Final State Interactions

- the energy which is below tracking threshold

Final State
Interactions (FSI)

- Part of this ‘missing’ energy could be detected ‘calorimetrically’ (aka vertex activity):
all energy is ultimately emitted as low energy hadrons (n+,n-,m0,p,n) and nuclear

— clusters (eg a, d, t...) through FSI and nuclear de-excitation

— need to control the response of the detector to such different particles to ‘unfold’ to their

kinetic energy and, ultimately sum it up to get the true Ev

From model point of view we will need to control:
- pion, proton, neutron FSI

- nuclear de-excitation
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Impact of missing energy: neutrons

) (1/GeV)
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- Impact of missing energy on DUNE-like
calorimetric energy reconstruction
(phenomenological study)

- Large contribution from nuclear effects
(neutrons! Hadrons below tracking) and
entangled with detector calibration

- Neutrons can bias v/v Ev reconstruction since
different neutron rate for v/v interactions
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Phys.Rev.D 107 (2023) 3, 032012

Neutrons@DUNE

Crucial next step: measurement of fraction of Ev which goes to neutrons: need to measure
the neutron multiplicity and kinematics for different neutrino interaction processes
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ND280 Upgrade will measure neutrons for the first time in neutrino interactions!
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Study of impact of neutrons

on E,¢1n DUNE

Study of ND280-upgrade like detector in DUNE flux at
near detectors: just looked at CCQE for now....

Phys.Rev.D 107 (2023) 3, 032012
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Andy Furmanski

Protons below tracking "«

The capability of tracking protons (and pions) depends on their momenta: to correct
for un-tracked particles we need to know the ‘missing’ protons (below tracking)
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momentum efficiency
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Uncertainties:
* MC needed to correct for these

lost protons

* mis-ID protons counted as pions —
== energy wrong, or muons — event

12000 _
All Reconstructed
(S— BNB Protons
Correctly Identified i
(— Reconstructed BINB Protons
8000 —
—L o
4000 —
s S
0 L1 1 il_‘_ =y Lo iy
0 200 400 600 800
Proton Kinetic Energy [MeV]
| e L IS [N S AL
0.8 I o —Protons ¥
E et — MUONs j
“,??E' T «=u: aUtrons o =.=__..u:
“763 -.\,__,;"hr'.“ L _.:
E: ane o ]
0.5
04
0.3E
0.2
0.1 ]
l::35..1..|...|...|...|...|...$
0 200 400 G g00 1000 1200 1400

True momentum (MeV/c)

topology wrong

Need good FSI model to know how many protons loose energy in the nucleus and go*’
below detecting threshold



FSI effects on calorimetric energy

- Effects on neutrino calorimetric energy reconstruction for oscillation analysis:

= some energy get lost in the rescattering in the nucleus and cannot be reconstructed

= efficiency corrections for low momentum particles from MC need reliable model of
charge, multiplicity and kinematics of outgoing hadrons

arXiv:1704.07835

2.6 ' ' ' '

Bias in the reconstructed energy if FSI are | (b) -
neglected with 'realistic’' detector performances '
(phenomenological study)
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F S I Elder Pinzon (York U.) — NulNT 2017

Bipy

v NEUT, NuWro, GENIE hN, FLUKA, Geant4 use Intra-Nuclear Cascade Models

* Particles are stepped within the nucleus
* At each step within the nuclear radius the mean free path is
calculated:
‘ lstep(r) = [Umicmsopicp(r)]-l
* Using Monte Carlo method decide if interaction takes
place

* If not, continue to next step

* A-dependence introduced through p(r)
* Three-parameter Fermi model for Oxygen,

* Two-parameter Fermi model for other nuclei

p(r) B 1—|~w£—§
n ~ Trem (=)

10
r [fim]
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F S I Elder Pinzon (York U.) — NulNT 2017

v NEUT, NuWro, GENIE hN, FLUKA, Geant4 use Intra-Nuclear Cascade Models

* Particles are stepped within the nucleus
* At each step within the nuclear radius the mean free path is
calculated:
‘ lstep(r) = [Umicmsopicp(r)]-l
* Using Monte Carlo method decide if interaction takes
place

* If not, continue to next step

* A-dependence introduced through p(r)

Bipy

* Three-parameter Fermi model for Oxygen,

* Two-parameter Fermi model for other nuclei

p(r) B 1+w£—§
n ~ Trem (=)

10
r [fim]

FSI model is tuned to external data: pion-Nucleus and proton-Nucleus cross-
section. 35



Pions data v e v
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® Pjon-nucleus cross-section: very sparse data available

= Recent (2017) measurement from DUET experiment at TRIUMF used for improved tuning

Phys.Rev.D 99 (2019) 5, 052007
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Pions data
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® Pjon-nucleus cross-section: very sparse data available

= Recent (2017) measurement from DUET experiment at TRIUMF used for improved tuning
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Pions data

® Pion-nucleus cross-section:
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New HADES data:
n- + C/W @ 0.7GeV exclusive analysis
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Pions data: A-dependence

® Pjon-nucleus cross-section: sparse data available for various nuclei

Phys.Rev.D 99 (2019) 5, 052007

Reference Polarity Targets px [MeV/e] Channel(s)
B. W. Allardyce et al. [26] Tt 0T AL TPh 710-2000 REAC
A. Saunders et al. [27] xt et 116-149 REAC
C. J. Gelderloos et al. [28] x~  2C, ¥AL BCu, *"Pb  531-615 REAC
F. Binon et al. [20] " o 219-395 REAC
0. Meirav et al. [30] rt R U 128-169 REAC
C. H. Q. Ingram [31] Tt %0 211-353 QE
S. M. Levenson et al. [32] T 20 194-416 QE
M. K. Jones et al. [33] at 0, T PL 363-624 QE, CX
D. Ashery et al. [34] xt 20, TAL PR 175-432 QE, ABS+CX
H. Hilscher et al. [35] - e 156 CX
T. J. Bowles [30] xt %0 128-194 CX
D. Ashery et al. [37] rt s M Bk 265 4,
K. Nakai et al. [35] | HAL Py 83-395 ABS
E. Bellotti et al. [39] at = 230 ABS
E. Bellotti et al. [40] at B 230 CX
I. Navon et al. [41) xt s e 10 128 ABS+CX
R. H. Miller et al. [42] T el 2D - 254 ABS4+CX

E. S. Pinzon Guerra et al. @3] =7 20 206-295 ABS, CX




Pions data: A-dependence

® Pjon-nucleus cross-section: sparse data available for various nuclei - the
best way to tune FSI properly is to fit to all nuclei together: important
info on FSI dynamic could be extracted from A-dependence

Phys.Rev.D 99 (2019) 5, 052007
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Pions data on Argon

= LArIAT: FNAL LAr on n- beam
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Phys.Rev.D 106 (2022) 3, 032009
e-Print: 2309.05410 [hep-ph]

More sophisticated FSI models

Recent study on proton FSI with more sophisticated model (INCL) put in evidence new
effects: production of nuclear clusters!
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https://arxiv.org/abs/2309.05410

Phys.Rev.D 106 (2022) 3, 032009
e-Print: 2309.05410 [hep-ph]

More sophisticated FSI models

Recent study on proton FSI with more sophisticated model put in evidence new effects:
production of nuclear clusters!
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Vertex activity / calorimetric energy

For events with FSI, using only the leading outgoing nucleon is not enough: need to
reconstruct multiple nucleons and clusters for good neutrino energy reconstruction

Generator level - detector
effects very difficult to control
for such low momentum/high
mass particles (quenching,
secondary interactions...)
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ND = FD: Ve/\/u

Appearance of v. in v, dominated flux: useful for 6,3 octant determination + dc, measurement
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First order systematics on CPV

> (=5 = EI :
_ Ply,—=v,)-PV,—7,) sin 26,5 5in 0 ‘ o
Acp = — — —— A,, + matter effects ,
' Plv, = v.)+ PV, —>7,) sinf, tan 4

0.,#20,m means to demonstrate v_/v_asymmetry # 0

N

Most important systematics is v_/ v_ rate prediction (xsec*flux*det)
What matter is the ANTICORRELATED uncertainty between v_and v_

- We use v,/v, at ND to constrain the v_/v_ model. So the relevant uncertainty for oce is on the
ratio velvyvelv,
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Ve Uncertainties

- Flavor universality holds: the ve/v, uncertainties fully comes from dependence of the
cross-section on the lepton mass (miep)

- Two main effects:
- dependence on m, of the v-nucleus cross-section at leading order

- dependence of the radiative corrections: the correction itself is expected
to be small (NLO) but the dependence on mass can be enhanced

- In both cases if the v-nucleus cross-section is correctly modeled, the proper
mass dependency can be calculated without uncertainties.
There is no “intrinsic” uncertainty in extrapolating from v, to ve

- In reality the model of the cross-section has uncertainties and these uncertainties may
affect differently ve and v, due to the me, dependency of the part of the cross-section that is
mis-modeled.

— we express this in terms of uncorrelated uncertainty between v, and v,

(but there is no “uncorrelation” in any single specific model of cross-section, it is just a way

to say that we do not know the proper model both for ve and v, )
48



Ve, Vu, Ve, Vu UNcCertainties

- Both for radiative corrections and for nuclear effects, the mass dependency is the same for
ve and ve SO the uncertainty is expected to be mostly correlated between v. and ve

- All the theoretical uncertainties which may have anticorrelated effects between v and v
(Coulomb corrections, 2p2h) are mostly correlated between v, and ve

- So in our present understanding of the theory: uncertainty on velv,velv, should be
very small except in specific regions of the phase space (where v,/v, uncertainty
become relevant for ve/v, differences)
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Phys.Rev.D 108 (2023) L031301

Recent results: nuclear effects
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FIG. 3: The flux-averaged uncertainties in percent obtained by comparing the different cross section models shown
in table I: A, . (left), Ag ;5. (centre), A, 5 (right). The lower triangle is averaged over the event rate
distribution predicted by the model given on the horizontal-axis, while the upper triangle contains the resulting
alues from the averaging over the model on the vertical-axis, resulting in an asymmetric matrix.
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Nature Commun. 13 (2022) 1, 5286

Radiative corrections

- Electrons and muons tend to emit soft and collinear gammas with different
probabilities depending on m,,, (small electron mass gives more emission)

This is a small effect (at NLO level) on the total cross-section but can get enhanced in
specific kinematics regions (when gammas very soft and very collinear)
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Radiative corrections

- Electrons and muons tend to emit soft and collinear gammas with different
probabilities depending on m,,, (small electron mass gives more emission)

This is a small effect (at NLO level) on the total cross-section but can get enhanced in
specific kinematics regions (when gammas very soft and very collinear)

- NLO/LO Xsec for ‘realistic’ flavour selection
- muons including soft gammas and vetoing hard gammas

- electrons including soft and collinear gammas
and vetoing hard gammas

- should reproduce what we measure in detectors P

Very similar NLO correction
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Radiative corrections

do, /doy,

- Electrons and muons tend to emit soft and collinear gammas with different
probabilities depending on m,,, (small electron mass gives more emission)

This is a small effect (at NLO level) on the total cross-section but can get enhanced in
specific kinematics regions (when gammas very soft and very collinear)

- NLO/LO Xsec for ‘realistic’ flavour selection
- muons including soft gammas and vetoing hard gammas

- electrons including soft and collinear gammas
and vetoing hard gammas

- should reproduce what we measure in detectors
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Conclusions for radiative corrections

Nature Commun. 13 (2022) 1, 5286

: , 9 _
arXiv:2105.07939v1 [hep-ph] 17 May 2021 E., GeV g, — 1%

R T2K/HyperKk 0.6 v 284+0.06+0.37

Specifically, T2K and NOvA currently assume 7 1.84+0.08+0.20
2% ‘uncert‘a,inties on the e?ctrapolbation from muon NOVA/ BT » N NP
(anti)neutrino to electron (anti)neutrino due to radiative

. . . DUNE

corrections. Our results show that corrections to inclu-
sive cross sections are roughly consistent with that esti- v | 020+0.01+0.19

mation, with an uncertainty smaller than the assumed _ - . N _
Inclusive electron-to-muon cross-section ratios fér neutrinos and antineutrinos without kine-

matic cuts. Uncertainties at leading order are from vector and axial nucleon form factors. For the
final result, we include an additional hadronic uncertainty from the one-loop correction to the
first uncertainty, and provide a second uncerfainty as the magnitude of the radiative correction.

Difference between velv, xsec is small (<3%)
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Conclusions for radiative corrections

Nature Commun. 13 (2022) 1, 5286

O

arXiv:2105.07939v1 [hep-ph] 17 May 2021 E,, GeV 1%
R T2K/HyperK 0.6 v 284+0.06+0.37

Specifically, T2K and NOvA currently assume 7 1.84+0.08+0.20
2% ‘uncert‘ainties on the e?ctrapol.ation from muon NOVA/ 20 y 054£0.0140.22
(anti)neutrino to electron (anti)neutrino due to radiative

. : ; DUNE

corrections. Our results show that corrections to inclu-
sive cross sections are roughly consistent with that esti- v | 020+0.01+0.19

mation, with an uncertainty smaller than the assumed _ - . T _
Inclusive electron-to-muon cross-section ratios fér neutrinos and antineutrinos without kine-

matic cuts. Uncertainties at leading order are from vector and axial nugleon form factors. For the
final result, we include an additional hadronic uncertainty from the one-loop correction to the
first uncertainty, and provide a second uncerfainty as the magnitude of the radiative correction.

Difference between velv, xsec is small (<3%)
Size of the radiative effect is small (<1%)
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Conclusions for radiative corrections

arXiv:2105.07939v1 [hep-ph] 17 May 2021

Specifically, T2K and NOvA currently assume
2% uncertainties on the extrapolation from muon
(anti)neutrino to electron (anti)neutrino due to radiative
corrections. Our results show that corrections to inclu-
sive cross sections are roughly consistent with that esti-
mation, with an uncertainty smaller than the assumed

Nature Commun. 13 (2022) 1, 5286

E., GeV ﬁ—# -1,%
T2K/HyperK 0.6 v  2.84+0.06+0.37
7 1.84+0.08+0.20
NOVA/ 2.0 v  0.54+0.01+0.22

DUNE

i 0.20+0.01+0.19

Inclusive electron-to-muon cross-section ratios for neutrinos and antineutrinos without kine-

matic cuts. Uncertainties at leading order are from vector and axial nucleon form factors. For the
final result, we include an additional hadronic uncertainty from the one-loop correction to the
first uncertainty, and provide a second uncertainty as the magnitude of the radiative correction.

We will need to use this theory calculation to get the kinematics right (but not so
important, to first order, for CPV but important for precision measurement of dCP)
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e by n=ep ! b e o 5 .
— 1 GV Ny
E, =2 GeV Ey—an X {  And again v and v
L1 4 L1+ 1 behave in the same way
..'-::' w - e g ] T L AL prveieitd (Correlated
e g | e _@.}"_ﬂ e R T o o e L 1 1
= 1.0+ e Y = . L R e ~ UnCertalnueS
- ") £
¥ E; spectrum :
a T e = energy in cone
09 AE = 10 MeV, AD = 10° i s T |
—-—— Eg+ Exl. spectrum ——= E;+ E‘.' spectrum
0 I 0’ ' 10 I 15 's ' ' ' 5 >0
= : = 0 05 1.0 15

Q7. GeV?

2 rnev? 10



Summary

The LBL domain is moving from inclusive (lepton-only) to exclusive analysis (lepton+hadrons)
analysis to improve the resolution of neutrino energy reconstruction.
Actually, compulsory at energy higher than CCQE as in DUNE.

Need to control new effects: ‘missing energy’

— Important input from ND280 upgrade neutron measurements

- Important to tune FSI models to external data (HADES!) to correct for hadrons below
threshold

(A joint effort of the LBL domain on FSI tuning would be welcome!)

A ‘calorimetric’ energy reconstruction is not really inclusive given to the different response of
detector to different particles: need to model exclusive final states to ‘unfold’ detector effects
properly

(Recent FSI studies shows production of much more different particles: eg, nuclear clusters)

velv, 1S the leading systematics on CP-violation discover (and MH determination) but

theory/phenomenological studies keep confirming small effects for xsec differences
(except in very specific phase space regions)
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Osclllation probability

L.Kormos NuFact 2022

~ Appearance -

P(v,?v,) = 4c3;51353:5in" A, | 188 2@2] (1—52;3)) < Leading term
Ekk A, &

+8C73512513553(C15C03COS8 — 5,5 5,35,3) €OS Agysin A, sin A, <1 CP Conserving
US\;;IV F8C),55.55,C05 A, sin 331% (1—2s7,) < Matter effect
ehenge $8C13C12C2 512813 S238in 8sin A3,sin Ay, sin Ay, CP Violating
+45122C?3(C12C23+5§25%35§3_2012023512513323 cosﬁ)sinzﬂ.n < Solar term

i c;,=cosB;, , s,=sin0, Ay= 5’";% | a=2v2Gn, EJ y

6., dependence Octant sensitivity CP-odd phase

- leading dependence on 6c, and MO (prop. to L), changing sign for v and v
- need large 65 to access sindcp (sensitivity to dcp from v only if 613 well known)

- subleading dependence on cosdcer — important for dcp precision measurement
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Likelihood

... = main observable E o = oscillation parameters (6j, dcp, M%)
obs — rec — :
+ others: 6" (3pr, ...) to constrain f = systematic parameters (xsec, flux,

systematics and separate Sig/BaGkgr\ detector model)

I:[{;""u":___’i“", u]h}_ O .f H |:Jf_, {'.,iru]}a uh'-; ﬂ f } W L-.-.,-.[ f:l

sesamples

L Z [(‘H:ﬁ:ll o ‘_.1%_-.;:-]::;_) 4+ ;.H.-IEIIIJ:;_ w% In ( \riﬂ:“ Ir_"'n,.i‘:]})] J{::-;}':-il = exp ( — 0.5 Z v ..qu J)

1= hins 1,7

Covariance matrix of the
systematics (constrained from ND
fit + external measurements)

NEXP- _ H]}Iﬂf]

LA

NP (o) = ZT{:/, e,b) X FPosc(v,¢,0)

£

Maximize the likelihood over o and f (ie, for Nexp =~ Nobs).
How to treat the ‘nuisances’ = parameters which are not of direct interest (systematics

but also other oscillation parameters when we project on 1-dimensional results) 0



Profiling versus marginalization

- Profiling (‘frequentist’) is ‘easy’... = minimize over all parameters
(0, f)Bestit = arg max 1:(.-“&-"”“""_ z°% o, f)
o.f

... actually, difficult to cover ‘discrete’ options: different MH, different octants due to
local minima — multiple fits and then chose the lower chi2

- ‘Bayesian’ approach = marginalization (better take into account non-gaussianity?)
El[l.m'g(ﬂ'r“!m'- E”hﬁ'. ﬂ') — /(lf ﬁ(ﬁyuim,‘ :E_UI‘]H_.‘ o. f}

f‘lf Lovet (F) = — i Throw N toys over nuisances distribution: N could be
o N =~  *really* large for high statistics (= N fits)

— Distribution of (marginalized) likelihood versus the parameter of interest
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Complex likelino

The likelihood may have multiple minima

+ you can have complex functional inter-dependency

of the parameters

(certainly true for oscillation parameters in PMNS
paradigm: see oscillation formula) L

Real life in oscillation
measurementsl!

SN
W
- :

e,
o

anﬁ'*q'ﬁ%:-?-_-#” -
R :
N

—10-19

Ideal world




Profiling vs marginal

Profiling ~ marginalization, if error on
POl s ~ constant over b nuisances
If error on POI s changes with nuisance b
values and/or non linear correlation then
results can be widely different!

b

1.2

0.8 T
0bs is const. vs. s

0.6

L(s,b)/L(s,bs)

— B

0.4

0.2




Non Gaussi

MINUIT (or any other algorithm) will find the minimum for you

A . i
L How to define “1 sigma” error on a.?
If the likelihood is a %2, ie all your uncertainties
Loin+1 | N\ k. have a Gaussian distribution then you have the
L L | | simple %2 rules
min } ’ }‘
~ Minimum Lmin + 1 - Otmin +I- 80t
1 | ‘ .
0 o
OLmin-O0L Olmin  Olmin+OQL 0
>
- - 2 . Actual distributions
Typically real world is never perfectly Z A4 Maybevery —_—
: different than rom your toys
Gaussian what you

68.3% distribution

P

I—min critical Lmin'LASImovmin

- toys: run many fits sampling the
nuisances parameters around ‘true’
values

— look at distribution of L-Lie

e.g. integrate over 68% of your results
to know the AL~'10’ error




Credible vs confidence intervals

Posterior probability density

EEE B

Credible intervals: evaluate the data
likelihood for different values of the
parameter of interest o

Etllat'g{hmbs', ﬂ_'!DIE', G} hot p(ﬂ)

;m[ﬂl h,rulxs.‘ muhs.) -

[ do’ }C“mrg(‘,ﬁhﬁ:lm._‘ :E'[.Ib:i., UF;} % p(ﬂ")

This is the (in-)famous ‘prior’

X10*
T L] U T I LI T I | L) U L) U | ' ! L) U I T T T T
60 99% Credible Interval
90% Credible Interval
40 @ 68% Credible Interval

T2K Run 1-10 Preliminary

2
<

Confidence intervals (Fieldman Cousin):

throw toys over the MC likelihood around best

fit value — build distribution of likelihood
values and define critical values which
correspond to 1/2/3 o looking at the % of toys

(68.3, 95.45, 99.73)

Actual
distributions
- from your toys

- Theoretical y?
distribution

~

1 Lmin

critical

Lmin'LASImovmin
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Credible vs confidence intervals

Credible intervals: evaluate the data Confidence intervals (Fieldman Cousin):
likelihood for different values of the throw toys over the MC likelihood around best
parameter of interest o fit value
’é 40:| 17 1771 I T T P ) | 1T 177 | LI | T 1T T l T T 7T B
1 ‘ = 35 — M T2K Run 1-10, 2022 preliminary
p(o| Nov: gobs:y = _Lmarg(N*>, 27, 0) X p(0) ook E
) [ do’ ﬁ.nm.-g(f‘-'r”'”"‘-. :E.Hb:i., UF;} % p(ﬂ'] ! ; g
25F P S
This is the (in-)famous ‘prior’ 20F & O

15F
3 10 ,,,,,, 30FCline  _N\_...
> XIQ T L LR B B B '9‘;9} t Lll'l:;llll T 'l' T e sy .
s o Credible Interva u
= 160 o 00% Credible Interval ARG 11 S
% 140 - 68% Cl‘edlble lnlerval O_ 2 - =T | | | PO Tl vk i i i
o> T2K Run 1-10 Preliminary -3 =2 -1 0 1 2 3
=120 8
b, CP
e
= 100 oy FT T T T R
e < a5 .
% 80 [ — Normal ordering B
la 60 203_ — Inverted ordering _f
0 40 - B .
8 C Y 90% cL =)
= 15~ Ef 2w -
n? 20 C [ JsecL Y
0 [ ]
-3 2 e 0 ! 2 3 O ]
8. (rad.) SE- :
% 166
0—3 =2 -1 I 0 | 1 2 3
b



Priors / sampling

) T P E S PR P EEE G

Bayesian results depends on prior: g OsE Hitin 8, Fibinsindy, 3

. . . = = - ]

Eg, how to sample 8cp? Flat in 8cp or flat in sindcp? & 7 — ol - 5

The result is different! g %, . I % E

& 05F : N

045— : 3

A ‘practically similar’ dependency is present in 03E ! 5 “'

Feldman Cousin confidence intervals: how you 2 E
sample the nuisances in Feldman Cousin toys? 0.1

0 -3 =2 -1 0 - 1 2 3

T2K choice for dcp: the sinB,;, dm2; parameters S

are generated according to the result of an
Asimov fit corresponding to the best-fit point

A i e

— we do have seen sizable difference on critical
values expected at high statistics by changing
the sampling distribution of sinB,3, dM?23

izl baaiil i i A i
3 03% D4 04% 05 035 05 OB 07
5

(Another interesting problem: sample the

systematic nuisance over priors or posterios?) , : g , -
(b) Amg, vs. sin” a3 (NH) (c) |Amszy| vs. sin” #a3 (IH)

67
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At the core of the problem...

Non gaussianity is due to cyclic nature of parameters (eg angles between 0,n) +
degeneracies (dcp VS MH) + boundary conditions (PMNS limits)

T2K Runl-10 Preliminary

Antineutrino mode e-like candidates

._I|IIIIIIIIIIIlFIIllII|IIIIIII|I_.

' B

r'|r1r1|'1IIIIIIII|IIIIF'IT'IT'|T'IT'I|"IT'IT'|T

3

S

L

8

Total events - antineutrino beam
8

I'I|IIIIIIIIIII|I:II|II1|IIIIIIIII"

1 J 1

th
=
=
.‘-'-..I-

— 5in’0,, = 0.45,0.50, 0.55, 0.60
—— Am2, =2.49x10" eV?
---- Amj, = -2.46x10™ eV

9

O

O
L

100

L1 | L1 1
110

Neutrino mode e-like cnp_didates

120

68% syst err. at best-fit
v Best-fit

—5= Data (68% stat err.)

=

NOVA Preliminary
ol LETE ST | L LIS [
L NOVA FD -
_ 13.60x10%° POT-equiv (v) 3
- 12.50x10?? POT (%) =
e el
OQ’:? Y \}\_\E,;g'{
- 7 2\ 2
A
o ECP=I:I' L] ﬁCP= nf2
= dop=m = acp=3lmf2 l* 2020 best fit |
20 40 60 80 100 120

Total events - neutrino beam



Better parametrizations?

Phys.Lett. B544
. — 2002) 286-294
P(v,?vy)~A,zsin 6+B,4c08 6+C 4,=A,;S+B,;C+C,, %2

Where we can take S and C to be free parameters between -inf, +inf and projected back
into whatever parametrization (eg PMNS) we wish (after the fit!) — much more ‘Gaussian’ fit

Results from fit to
‘linearized’ model

Sind vs C0so unitarity constrain:
likelihood profile could be
projected (‘sampled’) on this
smaller parameter space

Probably possible also for sin?0,; (normalization) but more difficult for dm?2... 69



Beyond PMNS

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by
fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).

In particular it assumes - minimal 3-flavour scenario (unitarity!)
- standard neutrino interactions for production and detection
- standard matter effects along propagation
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Beyond PMNS

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by
fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).

In particular it assumes - minimal 3-flavour scenario (unitarity!)
- standard neutrino interactions for production and detection
- standard matter effects along propagation

- Combination of HK and DUNE beyond the PMNS paradigm useful for
- bounds on New Physics in specific models (eg, Non Standard Interactions)

- A reharsal: T2ZK+NOVA combination (already showing tension, but limited by statistics)

SM SM + NSI (&g,,) SM + NSI (&)

U._l"[]: T T T T T T T LN S S B S B B ] {10 | o S e e e e T | L U.T(J': LI R L B | 1 L ] PhyS . Rev_ Lett. 126
C a T2K NO 1 E TZK ! E m TK NO 1
Ul()ﬁ:_ NOW A . f].l‘ﬂﬁ:'_ - NOw A Uﬁs:'_ NOv A _: (2021) 5, 051802
0.60 g e 3 0.60F 0.60f 3
£ 055F . 1 Joss £ 0,55 E
N= E E "'1,: E «l
7 050F 1 7 0.50F = 0.50F .
04sF - = 0.45F 0.45F 3
0.40F = 0.40F 0.40F =
0.35: PN T S TN NN TR TN TN RN (N SN TN SN TN N (N T S 1 E (]_35: PR T S T N T T T 1 PR T | P ”_35" IS N T TR N TN SN N NN NS TN NN SN TR N NN S N
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Ocp/m Ocp/m Ocp/m
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Beyond PMNS

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and not motivated by
fundamental symmetries (mixing angles and neutrino masses are ‘accidental’ numbers).

In particular it assumes - minimal 3-flavour scenario (unitarity!)
- standard neutrino interactions for production and detection
- standard matter effects along propagation

- Combination of HK and DUNE beyond the PMNS paradigm useful for
- bounds on New Physics in specific models (eg, Non Standard Interactions)

- more than the sum of sensitivities: effects of New Physics can obfuscate ‘standard’
PMNS interpretation and induce degeneracies: comparison between experiments at
different L/E solve them

Eg: new sources 1 movingto omrrrr 20
of CP-violation ol odgme0  wo-ue  different . S
in Non Carve (varies o1 Y5, =nm (L)E | 3 g
Standard _, 0% o = 312 - 0 55
Interactions T oo 3
from = 2
non-diagonal 2
terms in matter s

potential B0l R " osi 008 ot 72



Study of L

- Expand the oscillation study with a more general paradigm: with next generation of
experiments we will look at oscillations with a much more open-mind approach:
we want to characterize the L/E dependency of flavour mixing

Eg: can we search for fundamental CP L A
violation in a more model-independent way? -~ — No good fit with
0.067 ... True Prob. — 3L (HKK) L-even terms
- allow for arbitrary (non-standard) matter effect - 005 = —4L — 3L (ESS) é‘o only —
- allow for arbitrary (non-unitary) mixing between 0.04 : T-Violation !
flavour and energy eigenstates (even different for : 3nu probability

production and detection) o 0.03 with 8cp = 90°
0.02
— search for T-violation - look for L

dependency of oscillations at fixed energy

0.01]

0 300 600 900 1200 1500
L [km]
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Study of L

- Expand the oscillation study with a more general paradigm: with next generation of
experiments we will look at oscillations with a much more open-mind approach:
we want to characterize the L/E dependency of flavour mixing

Eg: can we search for fundamental CP ArXIv:Z106. 16099 fnep-ph

- - - ) E =0.75 GeV
violation in a more model-independent way? - = ——— No good fit with
0.06/ ___ True Prob. — 3L (HKK) L-even terms
- allow for arbitrary (non-standard) matter effect 005! 4L — 3L (ESS) %Q/ only —
- allow for arbitrary (non-unitary) mixing between 0.04 (f/z\‘L' = > T-Violation !
flavour and energy eigenstates (even different for S A /\\ 3nu probability
production and detection) o 0.03 with 8cp = 90°

0.02
- search for T-violation - look for L a0l
dependency of oscillations at fixed energy 000/
0 300 600 900 1200 1500
L [km]

- Combination of experiments will be crucial for a comprehensive and open-minded
characterization of v oscillations

Crucial to have a coherent program of Near Detectors + establish a common language in
terms of nuclear models, ...

A reharsal: T2K+NOVA combination (really though!!)
It is difficult! — Start to plan for it well in advance! 74


https://arxiv.org/abs/2106.16099

Summary

- Correct statistical treatment of oscillation measurements at high statistics is challenging.
There is a lot of (possibly arbitrary) choices which needs to be made

— Important to have detailed and wide discussion inside the LBL community

(eg PHYSTAT workshops: T2K and NOVA are opening the road!)

The target is not necessarily to use the same approach but to understand each other!
Especially important in view of future joint fits

- Generic but ‘clever’ beyond PMNS parametrizations are common in phenomenology studies:
we should also start to investigate them in the experimental community (T2K is moving in that
direction)

— joint fits are absolutely crucial for beyond-PMNS characterization of oscillation behavior

- Joint fits are incredibly difficult in LBL domain: a lot of (partial) correlation in the
xsec and flux modeling - need to discuss and plan for it well in advance!
Today is not too early!
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Flux tuning
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Neutrino 'beams':

T2(H)K and DUNE examples

Beam dum
— H‘-Dms = Vi ’ ND280
p ﬁ_p ),-_____.___"._. T }_ - () _ B
Target —_— n 3 e o B * Super-K
Decay volume (96 m) | Muon monitor
| |
Om 118 m 28{} m
Apex of Embankment
:?v;:::-?:;tmt MI-10 Point of Extraction =—
Mear Detector Absorber Hall Target Hall Complex
Service Building Service Building (LBNF-20) Primary Beam

A il Service Building
u.ul (LBNF-30) S (LBNF-5)
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Flux (/50 MeV/em*/10°' pot)
[ .
= =

[

=
-
=

o
=
E=]

10°H

-
[
T T

-
—
T TTTT

T2(H)K

; OF
=% a : ; :
& S
= 1077 F 1'"""-*—.
KU i

0 5 10 15 20
E, (GeV)

— All — v
— KU—H{
™ — UV
— =V
Kt — v
ND, On axis
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Flux (/50 MeV/em*/10°' pot)

T2(H)K
[ DUNE
10"} - . . :
1011_ ﬁ . -.J| Il.l L/I.L —_— A]f)l — UV
s OO F L — K" =
= [ ; ; k
10" g . 'i_‘ ™ — UV
ol E_“' 10 ':- 111_""‘—. — UV
s = B .
- = B ! -
108} 210710 | 3 Ki — UV
- > ND, On axis
0 5t 10 15 20 - :
0 1 ‘..2....3...‘4....s....ﬁ.‘..7....s...‘ 10 E, (GeV)
E_ (GeV)
T2K
Flux percentage of each(all) flavor(s)
Parent )y vy, Ve Ve
S i d‘- - . . . .
j:fn ary 60.0(55.6)% 41.8(2.5)% 31.9(0.4)% 2.8(0.0)% Proton interactions in the target - productlon
R 31.9(0. B(0. , )
K+ 10(3.7)% 4.3(0.3)% 26.9(0.3)% 11.3(0.0)% Of 'secondary’ hadrons on Carbon
K? 0.1(0.1)% 0.9(0.1)% 7.6(0.1)% 49.0(0.1)%
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T2(H)K

[
=

-

b
T —

[

=
-
=

Flux (/50 MeV/em*/10°' pot)

[

=
-
=

[w—y
=
L=

10° 4

v, fem? /POT per 1 GeV

HI'I”“S”H9“”10
E. (GeV)

108

109

DUNE
0 5 10 15 20

E, (GeV)

ND

All — v
KU—H{
T — UV
[ — U

KT & v
On axis

Proton interactions in the target — production
of 'secondary’ hadrons on Carbon

T2K
Flux percentage of each(all) flavor(s)
Parent )y vy Ve 7
Secondary
Tt 60.0(55.6)% 41 8(2.5)% 31.9(0.4)% 2.8(0.0)%
K 4.0(3.71)% 4.3(0.3)% 26.9(0.3)% 11.3(0.0)%
K} 0.1(0.1)% ﬂ‘}(ﬂ' 1% 7.6(0.1)% 49.0(0.1)%
Tertiary
¥t 34.4(31.9)% 50.0(3.0)% 20.4(0.2)% 6.6(0.0)%
Kt 1.4(1.3)% 2 6(0.2)% 10.0(0.1)% 8.8(0.0)%
K} 0.0(0.0)% 0.4(0.1)% 3.2(0.0)% 21.3(0.0)%

Re-interactions of hadrons with target, horns,
vessel, beam dump...

- production of

'tertiary hadrons' on C (or other materials)
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Flux tuning

Simulation of hadron interactions with the target and all the beamline with GEANT
and FLUKA

The simulations are tuned using external measurement from hadro-production experiments
(NA61/SHINE and more...)

Total probability of hadron interactions and outgoing hadron multiplicity

as a function of incoming proton momentum and outgoing hadron momentum and angle
are tuned to match the hadro-production measurements:

Yoshikazu Nagai
WANP 2022 @Nagoya, Japan

Interaction length Multiplicity

Prima ry tune Oproa(p+C) to NAB1 measurement Mostly 30 GeV p+C data by NAG1

“Vertex™ weight
protons

e d2n d’n
- ; At interaction ODATA / OMC dp dd dpdé
---------- ’%3/ DATA MC

p. #: outgoing particle kinematics

“Attenuation” weight

For distance L
T+ traversed in matter

/

e~ Ppata—omc) PL

Important point: due to pion rescattering (in target and in beamline material) need

data for different targets + at different proton and hadron energy! -



Example of tuning factors

Tuning weight

flux tuned

flux simulated

1
W Pion Tuning
| --- Kaon Tuning
1.4 www Int. Rate Tuning
1.2}
1
._ 1 1 1 | 1 1 1 |
0 2 4

Flux(v/ m? /GeV / 10°POT)

Flux Ratio

100

0.5

NuMI Low Energy Beam

Thin Target Flux

Vu

6 8 10 12 14 16 18 20
Neutrino Energy (GeV)
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Need for replica target

re-interactions in the beamline

Fraction of neutrinos ¢
from re-interactions 08 p Vu @ ND ek
) ) 3 2L vy @ ND
In the t_arget and in the\uﬁ i H
beam line (~40%) 06 :
. 0.5
0.5 F P s
: = —— g ~ 10% @ peak
o BT 0.4
04t 5 - energy
- measurement of sl 03f
_ - c e
hqdr? prqductlon ’ il ~ 40% @ peak 0af - mﬁg{:}*—l—
with ‘replica target n: Doy N S PO
(= same target i T
0o 02 04 06 08 1 1.2 14 1.6 Fl'r% ‘__2 01] 02 04 06 08 1 12 14 16 E1.[§:=‘r_]z

geometry as the
neutrino experiment)
allows to tune 90% of
the flux

(60% with thin target)
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NAG1 results with replica target

[(rad - GeVic)")

d'n

N, dpob

1

S e ] A NEET Plenty of detector-unfolded results:
UL 0. P PP 0.9 S I SE0 S n+, n-, K+, K-, p yields as a function of p, 0, Zarget

—— NAB1/SHINE =*

SO i SRS e 220 directly used to tune flux simulation
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Fractional Error

B ——— Mult. Error .. -
0.3 Pion Rescatter Error Uncertainties on _
B ——— Nucl. Error _ ha{:lrnn 7
i ——— Int. Length Error interactions
i Untuned Int. Errar . ]
0.2 L. - Replica 2009 Error -
] wwo Thin Error |
0.1H -
IJ_ T .l [
107 | 10
E, (GeV)
z
Total flux uncertainties today: -
- low energy: hardon-interactions B
(especially total xsec evaluation) 2
- peak energy: modeling of (non-target) =
beamline material
- high energy: beam profile
& off-axis angle

Flux uncertainties

Huge improvement (~factor 2) of
hadron-interaction uncertainties using
NA61/SHINE replica target data
(<5% in the flux peak)

SK: Neutrino Mode, v,
: I L] L] 1] T ] T T T I -
03 ==vmwm Hudron Interactions b=E,, Arb. Norm. 7]
= . o Material Modeling =
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Number of Protons
= == Hom Current & Field P, -
21bvl
K Hormn & Target Aliznment === 1371 ]
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Future prospects

di

10 Dorts or co =
/'/' INE "~ Ehadro ic interactions in the e

Thin targets from various materials
(Al, Fe, Ti, H20 etc.), with different
hadrons beam incident on them

- New ‘table-top’ experiment at FNAL: 195an —
EMPHATIC (targeting low energy S
especially interesting to cover the ; vl

Booster beam for MicroBoone)

_ _ , B85 na- e
Particularly interesting to measure total -

proton cross-section (the other main left
uncertainty) since both interacting and not-
interacting events can be measured ——
(fwd TPC in NA61 can also help for that!)

Side view

350mrad
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Flux In T2K: wrong sign

Neutrino Mode Flux at ND280 aka Forward Antineutrino Mode Flux at ND280 aka Reverse
L I B L B R R L IUREURE IR Horn Current LS L R HOI’ﬂ Current
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The 'wrong sign’ background (important for dce and MO) comes from high p, pions

(kaons) which cannot be defocused properly because they miss the horns
— fractional contribution larger at high neutrino energies
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Flux In T2K: wrong sign

d*c/(dpd ©) [mb.(rad.GeV/c)']

Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280
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The 'wrong sign' background is larger in antineutrino mode since

when proton hits the target it is more probable to create positive charged hadrons
than negative ones
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How to constrain |IS/9FSI

New kind of observables including the proton (neutron) information

< 3D Projection v Transverse Plane

| will use single transverse
variables as a proxy: many
more can be thought (p_, Ehad,

vertex activity...)

| will mostly discuss protons,
neutrons, similar arguments
holds for pions

arXiv:1901.03750
T T | T T T | T T T | T T T

« The bulk of dp, is sensitive to initial state

——— LFG SuperFGD ] ] ] _
effects: Fermi momentum distribution

--------- LFG No 2p2h SuperFGD

I LFG No FSI SuperFGD * Fundamental interaction: separate

— RFG SuperFGD CCQE from 2p2h [p, tail

Benhar SF SuperFGD
* What about FSI?

A5 1

_00" A P B ik - = N SROR B
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How to constrain IS/I/FSI

New kind of observables including the proton (neutron) information
~. 3D Projecti — _ _
e | i e e | will use single transverse
variables as a proxy: many
more can be thought (pn,
Ehad, vertex activity...)

| will mostly discuss protons,
neutrons, similar arguments
holds for pions

arXiv:1901.03750
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daT is sensitive to FSI:

how much acceleration/deceleration of the
proton in the nucleus — 00_ shape

(~flat without FSI)
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Usefulness of Carbon

The capability of separating the different effects (IS/s/FSl) in these variable is only
‘partial’, there is always some degeneracy in the shapes between the different effects

Measurement of da_/lp. for different targets

help disentangling IS/S/FSI effects!
Since they all have a different dependence on
nucleus size A

Difference between C vs Ar give enough
leverage for extracting A-depending effects
separately

> FSI can be extracted from [ shape:

preliminary parametrization of A-dependence can
be extracted from electron scattering data and
further tuned with ND data

Physics Letters B 351 (1995) 87-92
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Fig. 1. Nuclear transparency for A(e,e’p) as a function of Q2.

The inner error bars are the statistical uncertainty, and the outer
error bars are the statistical and systematic uncertainties added in
quadrature. The open points at 02 = 0.33 (GeV/c)? are from
Ref. [27] for C, Ni, and Ta targets.
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Usefulness of Carbon

The capability of separating the different effects (IS/0/FSI) in these variable is only
‘partial’, there is always some degeneracy in the shapes between the different effects

—_ 025 )(1|0_‘39| 1 T — 1 1 1 T T T 1] 1 T 1T
> f LFG SuperFGD f Measurement of [0 /0p_ for different targets
L — I I |
E o200 LrG No 2p2h superrap | NEIP disentangling IS/I/FSI effects!
£ AN 1 Since they all have a different dependence on
— 0.15 :_ / /~\'\.\. ——————— - LFG No FSI SuperFGD _: nucleus size A
o) - — — RFG SuperFGD 1
() L ,J, S 3 \ _ - -
S 040 BenharsFsuperkad | Difference between C vs Ar give enough
Z 1 leverage for extracting A-depending effects
o £05 - separately
TR .
© i
ooo L T e w1 ]
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BpT(IVIeV/c)
— v > |Initial state effects (Fermi momentum) can be extracted
B e (Mevre from the width of the Op, distribution
Lithium 165 . - . ]
Carbon 278 (other variables are sensitive to binding energy)
Magnesium 230 Fermi momentum dependence on A from
_ s _
Aluminan 230 electron scattering
Calcium 241
Iron " PHYSICAL REVIEW C 65 025502
?::ke] fj'j SuSaV2 model: these values applied to Relativistic Mean
Gold ;45 Field model assure scaling of 2" kind in the super-scaling 93
Lead 248 functions for neutrino scattering

Phys. Rev. C 71, 065501




Usefulness of Carbon

The capability of separating the different effects (IS/0/FSI) in these variable is only
‘partial’, there is always some degeneracy in the shapes between the different effects

x10% i
< 0.25 73 Measurement of 00/Ip. for different targets
2 .k —— LFG SuperFGD ] help disentangling IS/I/FSI effects!
L TR e LFG No 2p2h superFGD | Since they all have a different dependence on
(&} 015 :_ _r-" ;% -~ LFG No FSI SuperFGD _: nUCIEUS Size A
e TR
Dkt — — RFG SuperFGD ] . -
3 010 Ly 1 Difference between C vs Ar give enough
‘Zé ' Benhar SFSuperFGD 1 Jeverage for extracting A-depending effects
< .~} Rep. Error | separately
o %&05 _ -
RdiS | ~
0.00 I N P (ko o St RV R
0 200 400 600 800 1000
SpT(IVIeV/c)

> Fundamental interaction, eg. 2p2h/CCQE, affect the height of peak/tail in Ip,

2p2h and CCQE cross-section have different A dependence
(e.g. SuSa model: 2p2h ~ A*k >, CCQE ~ A/k.)

A-dependence of the cross-section is a powerful handle to evaluate CCQE and 2p2h
separately (thus extrapolating properly the xsec from ND to FD)

94



F(y")

1.000

0500

0.100

0.050

0.010

0.005

0.001

] — T
ar O n to | /\ e
— \ kp=200 MeV fc
] 4t 250 MeV fc -
s { 300 MeVjc =
S 3} ,r
RS 2+
R
1
U v
(]
6
T8
= A4
U "
e I e e e T 3
bt 2-':-; 2
= 4 il =
I s 1 ,
o2 & - 0 L - ;
r o ’ﬁ" 1 3 -2 -1 0 1 2 3 4 5
L ~ | b 4
1 YMEC
L+ 56 A
o
B 197 , a |
P Figure 7: A demonstration of that the scaling behaviour of 2p2h interactions is broadly
~ it m independent of nuclear target (given by the targets Fermi momentum, kr) over a range
L ' J
"
E) 1
-&E‘ 5 12 T T T T ]60 & T T T ]40 o T T T
- g - 240 € dam 1 4op T 120f AT
F g ] 5qs.  — SuSAV2MEC |
— ' | ¢ --- QE 120+ it
C § 1 300 - 2plh 2
F 2 1 i_ 25 Inelastic™ 1 8O- 80
‘m‘ 1 iy 20 1 60+ 1
’ 2 | 60-
S b b b b by 10 / 40wt W g 1
20 -15 -10 05 0.0 0.5 10 A e | 2l 20k ok 1
qp’ it oy e ot i S (S e e R oY [ ERRES P ¢
=975 13 22 e 15,13 %29 15, 18 22
E'(GeV) E'(GeV) E'(GeV)

Figure 4: The scaling function (which characterises the difference between a nuclear cros:
section from a free-nucleon cross section) of as a function of the scaling variable fo
different nuclear targets (the colours present different ‘A" values). The main purpose o
showing this plot here is to demonstrate that the scaling function is nearly identical it
the IpLh dominated region (¥ < 0). This figure is taken from reference [19].

Figure 3: A comparison of the SuSAv2 model (based on RMF) to inclusive electron
scattering data on a variety of nuclear targets, including Argon. This figure is taken from
reference [8]. This reference also shows how modifications to RMF (via and RMF-RPWIA
blending function, described in section 2) motivated from electron-Carbon scattering data
are necessary to describe this electron-Argon scattering data.
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EMPHATIC first results

—+— EMPHATIC Data

S 10° Model
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| essons learned

Fractional Error

- First order: pC - , K multiplicity and kinematics

- With replica target: able to tune also re-interactions in target + minimize the impact of total
proton cross-section uncertainty
(important to define exactly what do we measure for proton xsec: see Y.Nagai@WAMP )

- Next: re-interactions in the other elements of the beamline (not C) + hadrons outside the
present NAG1 acceptance

Example for next LBL (DUNE): clear need of

T2K (with intensive tuning from NA61 data-taking!) measurements on replica of future targets
! o B Far detector, v-mode, v,
B ——— Mult. Error _— . 25
0.3 Pion Rescatter Error Uncertainties on _ = 0.25 —— Total hadron prod.
B ——— Mucl. Error ] ha{:’ron ] E i Other
i ——— Int. Length Error interactions 7 = 0.2 pC — 7
. untuned Int. BITOr oK Work in Progress 4 = | rescattering in target —— PC—=K
02 — Replica AN0 Emor I ' —— Meson inclusive
“t: m---- Replica 2009 Error ] é 0.157 and elsewhere —» NucleonA
- v Thin Error 4 i(eg non-C) ——— Target absorption
il _ i ng 0.1 H Other absorption
014 Flepllca 2009 Replica 2010 7= & s |
lr------ 1 e '4:': - __
: % 0.05 |
" SHN: e
"o %0 5 10 15 20
10 1 10 J J

E, (GeV) E, (GeV)



Prospects

Fractional Error

Prospects for DUNE and HK: factor 2-3 better sin®0,, measurement than today for each single
experiment - need control at ~<1% on flux normalization

T2K (as an example for HK) DUNE

5 T ] 0.25 ‘

- — Mult. Error Uncertainti 1 = __ —— Total hadron prod.
0.3 Pion Rescatter Error ncertainties on . _ = Other

B ——— Nucl. Error _ hadron 4 -z 0.2 1 pC —

i ——— Int. Length Error interactions | + — pC—=K

i Untuned Int. Error , 1 & —— Meson inclusive
o[ —— Replica2010Emor T2K Work in Progress 1 Eé 0.15 [ — NucleonA

SR Replica 2009 Error 4 - L ——— Target absorption

- s TN ErrOF 1 = 0.1H Other absorption

R . g B [

F 7 e, REPliCa 2009 Replica 2010 == =5 :

i =k e —

] 0 ! . - : ! i T : : : :

0 0 D 10 15 20
—1
10 | 10 E, (GeV)

E, (GeV)

A systematics with leading impact on total flux rate is the total proton cross-section (aka
interaction length): today ~2%

98



Prospects

Fractional Error

Prospects for DUNE and HK: for each single experiment factor 2-3 better Am? measurement
then global fit today and precise dCP - control at ~<0.5% on “energy scale”

T2K (as an example for HK
( P ) DUNE
m T ——— ] , o
I | 0.25
0.3 r;,'izl;' Ff;:::ratter Error Uncertaintieson _| = [ —— Total hadron prod.
~ ——— Nucl. Error hadron { = 0.2 1 Other _
i ——— Int. Length Error interactions | = | pg — ‘I‘(
i Untuned Int. Error . 1z ! — bV —+E y
i — Replica 2010 Error T2K Work in Progress 4 & 0.15 Ik —— Meson inclusive
02~ ____. Replica 2009 Error -1 = . | —— NucleonA '
N - Thin Error 1 - L ——— Target absorption
N 1 ng 0.1H Other T]Z)S(Jr].)tiﬂll
o - Flepllca 2009 Replica Eﬂﬁl"'?., —— 4% E
| e S g Eé 0.05 —
i 5 : e
| 0 =", n i f i L I r s ; :
0 0 D 10 15 20
107! | 10 I5 v
E. (GeV) oy (GeV)

Most challenging systematics on flux shape comes from hadron rescattering error and
untuned interactions (outside NA61 phase space)

Thanks to replica target in T2K: ~ 30% reinteractions in target now under control - still

10% of re-interactions in beamline. New measurements on other target material
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Prospects

For today best fit values of 0, we expect both HK and DUNE to reach ~4-5 sigma sensitivity to
reject the wrong octant: huge increase in statistics of ve sample

@ A L B B B B osc v, CC O 160 Normal Ordering
S aspl S o sin’26,, = 0.088
= N B osc 7, CC S 140 sin’8,, = 0.580
W ~ - NC = 3.5 years (staged)
= C a —— signal (v, + 7)) CC
o 200 I:l v, CC _,E 120 B Beam (v, + 7,) CC
2 Z W NC
£ - []v. cc > 100 -, + 7 CC
- 4+ T
2 1501 [ v,/v, cC o
- — 80
100 — 60
B _ 40
50— —
n ] 20
0 — u ______
v beam 0 0.2 0.4 0.6 0.8 | 1.2 1 2 3 4 5 6 7 8
1-ring e-like + 0 decay e v Reconstructed Energy (GeV) Reconstructed Energy (GeV)

The most important background is the intrinsic ve component inside the flux (already
present before oscillation): ~10%

To measure ve oscillated signal normalization at ~1% (octant degeneracy breaking) need {g,
have a relative precision on the v. intrinsic background <5 %



ve flux today

Today uncertainty on v. flux already at 5% level before ND constraints and strong
correlation between v, and v. flux uncertainties:

Correlations of T2K flux uncertainties
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Ve flux vs v, flux
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Flux in T2K: Intrinsic ve

g‘ : g‘ 10 total
L1012} T10F Yo — 0°
N:"‘ F N:"‘ _ K+ el
£ £
%1011 Z — K
=101 =
9
10 108}
108 H
P B P S ISP ERPI PR ISP wrwrwrarss BUPRATE BT 10T_\||||||
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
E_(GeV) E, (GeV)
Source
v Flux rtoram  KtorK- (K2) K'or K- (K3) K9 ptoor g
species Abund. (E,) % (E.) % (E.,) % (E.,) % (E.) it (E,)
v, 1.0 0.84L 955 ]0.69 4.2 4.15 0.2 2.13 0.1 210 < 0.01 0.80
v, 0.0692 1.19 858 1.13 4.0 3.21 0.2 1.70 1.2 2.12 8.8 0.66
v. 00110 141[ 1.0 |1.58 3.7 248 111 252 0.62
v, 0.0016 2.26 0.4 240 13.6 1.91 76.7 2.49 0.2 (.88

- Small intrinsic background to v. appearance measurements (important for 6ce and MO).
- It can also be used to measure v, xsec at the near detector (with limited statistics)

One useful feature is that low-energy ve mostly come from muon and kaon (to pi0) decays
so they do not follow the 3-body decay rule: different energy-angle dependence than v, 103



Prospects

Prospects for next generation: 56 on CPV and MH

What is really important are ve/ve anticorrelations, they must be below 2% (the lower, the better
- direct impact on sensitivity and ultimate limitation to it)

No direct anticorrelation from flux uncertainties (but need to constrain v contamination
into v [aka wrong sign])

Correlations of T2K flux uncertainties
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NAG61/SHINE

SPS Heavy lon and Neutrino Experiment: Fixed target experiment using CERN SPS

proton beam 6m
(same as neutrino
experiments) on a
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neutrinos @ near detector
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Momentum measurement with
TPC in magnetic field
(0p/p*>~0.005 GeV?)

Angular measurement
with 3-4 mrad resolution
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SPS Heavy lon and Neutrino Experiment: Fixed target experiment using CERN SPS

NAG61/SHINE

dE/dx [mip]

[
w e

o]

=

=2
=X

Vertex magnets

B

VTPC-2

dE/dx + ToF measurement for clean PID

q<0

q>0

-
w

\II i 1
1 1.5

log(p/[GeV/c])

mZ, [(GeV/c*f]

20

MTPC-R

.

+7m

ITC:F-L

ToF-F

55

PSD

ToF-R

dE/dx [mip]



(Old) results

Fractional Errors
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MIPP results for NuMI

N(=*)/(GeV/c)/POT
N{n*}nmfﬂ{n*} MC

F
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Cross-section normalization

Ohadroprod =04t~ O™ qu

O tot

(normalized to number of carbon
nuclei in the target)

Need to correct for events with actual interactions

. . Target
can be extracted from beam instrumentatiofam , —— ——

4}& ......

. . . . . - ._.__'_:5_ E
In anti-coincidence with S4 =

/ VTPC-1

=

in S4 using model 5 ff:r%%_fﬂ i rzw L i =
. . . . fie BPD-1 BFD-2 BPD-3 =
O ge quasi-elastic scattering on single y 2 e— e

nucleon in the carbon nucleus which get
ejected (from GEANT)

elastic scattering on carbon nucleus

(from previous measurements compared to GEANT
- largest uncertainty

Oproa = 230.7 +2.8(stat) = 1.2(det) '$I(mod)mb

| —=— Denisov, et. al.
' —8— Denisov, et. al. (QE Subtracted)
280__ —&— Carrol, et. al.

r —&— Bellettini, et. al.

S 260_— —¥— NA6I
g i .
A I TR
2 240F
© i +
220_—¢} ; : : +
200_—|....|....|....|....|..
20 30 40 50 60
p (GeV/c)

FIG. 37: Production cross-section measurements for
protons on graphite targets for momenta 20-60 GeV/c.
The data from Denisov et al. are shown with and
without the quasi-elastic estimate subtracted since the
quantity that is measured is ambiguous.



Flux uncertainties
due to hadro-production
using “thin targets” data (before ~2020)

These results improved greatly the flux uncertainty at LBL (~10%). not C/target

Fractional Error

Interactions

SK v, Flux 0.22
““*C_ Hadron Production Uncertainties v
03 T T T T T 1 1T 171 T T T T 1 T 17T - (t]
I — Total 1 0.2 = meson inc. target att. absorption
------ Pion Production T 0018 | —pC X nC — aX leon-A
Kaon Production 7] ."—3 016 - pC—Kx pC — nucleonX others
B — — Secondary Nucleon Production 7] = = — total HP
0.2 o . _ T4 tota
. =rmree Production Cross Section o .
— : u 0-12___
= 01
R I  I— —LI_'_I_IQ*FIJJ_ E 0.08 ;—
Ol 7 Go.06F
N . . -
T e L T oot Ly
e 1—-—|_I_ _;_ .. UIDEH" _‘_I_\_‘_‘—|_—__
= , S — | LI EYTETT O T g1 Ty e
0 | 1 1 1 I e e 1 1 Pl ST | Dﬂ 9 2 3 4 5 ﬁ
107! 1 10 v energy (GeV)
E, (GeV)

The remaining uncertainties were dominated by the total production cross-section and re-
Interactions in the horns
- new NA61 measurement ‘more directly portable’ to T2K 110



The basic variables: q,,

Only leptonic leg:

- o
4,=P,-P,

w=E -E
v o u

(Q% q,,w)

) Q2= (pv_pu)z.. ZEMEV(l-COSG)

Cross-section can be parametrized
as a function of E , q,,®
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The basic variables: ep scattering

Only leptonic leg !

E=2500 MeV, 8=15", q,,.=658.6 MeV/c
T T T T T

Cross-section can be parametrized 300007 (e-scattering data) ],
as a function of E , q,,® 250007 S
20000+ . <
. . . r —{]_E D
- Quasi-Elastic scattering on nucleon 150005 1 2
at rest 10000} _ To e
soo0f o T 1"
97T 05 08
o (GeV)
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The basic variables: ep scattering

e_ q3:pe-pe
w=E -E
e_ e
Q?=(p_-p_ )~ 2E_E_(1-cos0)
E= Z'iﬂﬂ MeW, 'El 15", qQ[_—ﬁ'iHE\-'IEV;’L
Cross-section can be parametrized 300007 w (e scattering data) T

as a function of E , q,,®

- Quasi-Elastic scattering on nucleon at rest

- Quasi-Elastic scattering: nuclear effects
on initial state nucleon
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The basic variables: ep scattering

Cross-section can be parametrized
as a function of E , q_,»

- QE scattering on nucleon at rest

- QE scattering: nuclear effects on initial
state nucleon

'l'l_*]

0.8

0.7

- non-QE event (multiple particle in the final state)

02 04 ﬂ.ﬁ' 0.8

g3 (GeV)
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Back to neutrinos...

w- a,=P, P,
m= EV'EM

Q2= (pv-pu)2~ 2E E (1-cosb)

E=2500 MeV, 8=15", q,,.=658.6 MeV/c

Cross-section can be parametrized 300007 (e-scattering data) Jyq
as a function of E , q,,® 25000 A
20000 . <
- 408 ©
- QE scattering on nucleon at rest 15000F 12
_ o 10000 Tor e
- QE scattering: nuclear effects on initial soof J 10
state nucleon L e
0 0.2 0.4 0.6 0.8
- non-QE event (multiple particle in the final state) o (GeV)

but the E_is only known on average (flux) - q,, o are not known event by event
from the leptonic leg only

— Need to consider the hadronic leg to get Ev: strongly affected by nuclear effects 115
e.g intial nucleon momentum distribution, binding energy...



Neutrino cross-section: Q2 dependence

The fundamental variable is the transferred 4-momentum to the nucleus (Q?)

Q2:(pu_pv)2 ~
=~ 2E,E,(1—cos0)

Nucleon K e

form Nuclear effects on collectwe nuclear

factors the initial state effects of xsec
screening/lenhancement

(RPA)

Need to measure the muon in large phase space (high angle and backward)

116
to measure the Q% dependence



Nucleon form factors

®m The vector form factors are well known from electron scattering data — but what about
the axial form factor?
Tuned from old bubble chamber data neutrino on deuterium (ANL, BNL, BEBC, FNAL, ...)
and old data of pion photo-production

Dipole function usually assumed:

FA(Q)

ga

(14 Q2/MER)?

m Not well motivated! A lot of interest recently: fit to bubble chamber data repeated with other
models based on QCD rules ('z expansion') or informed from pion photo-production

15

x10°%

T T T T TTT] T
—Phys. Rev. D 93, 113015

MM M,=4 z expansion
E= m, = 1.014(14) dipole
11 II 1

|

10"

Neutrino-nucleon xsec

uncertaintiesre-evaluated 0I\\Illll\‘lllll\lllll\llII\\llllllq\llllllll|l\\\
1 15 2 25

E,[GeV]

10
0.2

0.8

-~ Soft Pion (fit)

Dombey and Read (data)
Dombey and Read (fit)
Furlan (data)

Furlan (fit)

Soft Pion (data)

Partially Conserved Axial Current (data)
Partially Conserved Axial Current (fit)

A production (data)
A production (fit)
Dipole

Allasia90 (nu data)
Baker81 (nu data)
Miller82 (nu data)
Kitagaki83 (nu data)
Kitagakig0 (nu data)

Fitting toge
production
scattering (

Fresh from my laptop...

ther pion photo-
and neutrino
Jata with model in

Phys. Rev.

0

3 35 4 45 5

Q? [GeV?]

C 78, 031201
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Nuclear model

par
o

Various distributions of the momentum and energy of the nucleons in the nucleus

Relativistic Global Fermi Gas (RFG)

Fixed binding energy
Nucleus is a box of constant density

Local Fermi Gas (LFG) :
momentum (and binding energy) depends o/_
the radial position in the nucleus, following the
density profile of the nuclear matter

RFG

017kg m’’
[

1

Cca

Density i

. 0 1 2z 3 4 5 6 7 5 9 10
SPECtI‘a| funCtlon Nuclear radius in fm

More sophisticated 2-dimensional distribution .

of momentum and binding energy SFI s N

120 MNuWro, NuMl flux, v G, QE

10 [ — Global relativistic Fermi gas ]

—— Local Fermi gas

- — Benhar Spectral Function ] 0t |
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Final state interactions

m Both pions and protons rescatter before exiting the nucleus: this change the
kinematics, multiplicity and charge of the hadrons in the final state

This process is simulated with approximated ‘cascade' models
tuned to pion-nucleus and proton-nucleus scattering cross-section

This is not a small effect!

Phys.Rev. D94 (2016) no.5, 052005
Physics Letters B 351 (1995) §7-92

1.2 —. 100

. = - @l v+ CHowsm+ X L pata(3.04ezo POT)
i < Proton transparency in § | hrea Normalzad = Final State
. = . = — Multi-r —
TS L _electron scattering: S B = Inolactic
0.84 " in Ar FSI corrections for S ol O = N eracing |-
. . " Mon-Interactin
RSN I # 1+ %] proton production is ~50% T —
o,ﬂ@ 3 " § %Fe_ /';u 40
. LT
i Au Minerva CClr sample: = 0
0.2 - B - - -
>50% pions re-interacted < : ;
0.0 T T T i E
o qu(Ggﬁjc)ae 5 in the nucleus 8 00 02 04 06 08 10 12 14 16 18 20

Q% (GeV?)
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FSI effect on topology reconstruction

m CC-RES events move into CCQE-like signal (CCOx)

If we observe a muon and proton in the final state and no pions, we do not know if
that event was:

or a RES event where the pion has
a 'real' CCQE event been reabsorbed in the nucleus

vy

p " nucl
nucleus uceus -

P
Detector | Detector 2
The rescattering of the pion in the F Mot
detector (outside) the original i
interacting nucleus is also relevant  Vu S e

(Secondary Interactions) ~<d

— -~ -
€co
ns f‘ucte o
ac,
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Real measurement:
background subtraction and efficiency corrections

measured — at— FD FD measured —at — ND ND
N X p N X
FD _ Vi N ND __ Y
N _— vV

Vo FD « ND
€ €

(o3

signal — measured
N g

v efficiency corrects for events which escape the detection

€= Nsignal (threshold, acceptance, containment...)
V(X
N measured Nbackground N signal —measured purity corrects for background
p= Yo —_ Ve (events wrongly identified as v )
N measured N measured “
Vg Vo

Need to know efficiency and purity in order to correct for them - any possible mis-
modeling of them causes a systematic uncertainty in the oscillation analysis

N zleasured —at—FD END FD
~——— X X
p Vo™V measured —at— ND FD ND
N, € p

o

What really matter is the difference between ND and FD (even when identical
technology): eg, purity depends on ne/numu ratio, efficiency depends on size... 121



v [v_appearance: §_, measurement

Search for CPV and measuring dCP are two very different experimental targets.
Prospects for dCP precision ~10-15 degrees from each experiment of next generation

Pv, »v,)—- PV, —>7,) sin 26,5 8in d
.,4(:,1, = — — — Y —— - &21 + matter effects ,
F I:r,r”. —v,)+ I (uﬁ —7,) sinf; tan 6, - - - -
Pl'ung—hum‘h'n.l' = Sinz 2913 Sil]2 9'23 Sin2 A
ACtua”y at Second Order: F a sin 26,3(sin dcp |cos O3 sin 26,5 sin 2653 sin® A
detailed formula " - - - . 5
. + « sin 26y5| cos dcp|cos B3 sin 2045 sin 26023 cos A sin“ A
Pa ~ +/- Asind + Bcosd + >
pperarance .

9 9 s . 3
+ a? cos® 0,3 sin® 20,5 sin’ A
23 12

with @ = Am2,/Am2, and A = Am3,L/(4E,).

m At d_,~ +/-/2 the precision on o, (~Papp R

derivative vs §_,) is dominated by the second i |
H Nominal ==
term: precise energy spectrum measurement 1025 | — IPshiftindep —
- - 5% energy scale shi :
(cosd_, dependance) dominate the resolution 1o |
HK 10 years QTERPOT 13 v¥) 1015 | Example from HK J ol el |
g 2501 =§::,_’$ E o1 | L.Munteanu |
g F — = us | Nufact2021 [ |
5 2000 Clv.ce Nooe B
v C [lv.cc (7774 \ 7:‘: I !
Z 1s0p Evy/v, cc I /% o9es =
B ] 1/ = i
100 - ' 0.99 y 11
- . 0.985 LI_I
50— — .
L 1 098

i 0.2 (b4 0.6 LIRS | 2

0
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Flux constraint from the ND

Parameter Variation

The ND measures the rate of neutrinos therefore it further NND<EV): o (Ev>>< O(EV) dE .,

constrain the flux Va
ND280 FHC vy

13

E, [GeV)
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Flux constraint from the ND

The ND measures the rate of neutrinos therefore it further ND .
constrain the flux qu (Ev>_¢(EV>XO(EV)dEV

ND280 FHC v, ND280 RHC v,
ERER H i 1. — — r -

ND280
magnetized

— measurement
of wrong sign
background
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Flux constraint from the ND

Parameter Variation

The ND measures the rate of neutrinos therefore it further NND<EV>_ o (Ev>>< O(EV) dE .,

constrain the flux

ND280 FHC v,

Parameter Variation

ND280 RHC v,

E. IGeV]

Vv

o

ND280
magnetized
— measurement

ND280 FHC v,

of wrong sign
background

Parameter Variation

Low intrinsic ve

stat - constrained\té |

only through

correlations with v, - CE;;;;;;

E, iGeV}
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Flux constraint from the ND

The ND measures the rate of neutrinos therefore it further
constrain the flux

ND280 FHC v,

N. (E,)=¢(E,)xo(E,)dE,

o

ND280 RHC v,

Parameter Variation

Parameter Variation

ND280
magnetized

— measurement
of wrong sign

ND280 FHC v,

Parameter Variation

background

Low intrinsic ve \ |

stat —» constrained "t

only through

correlations with v+ CE;;‘;;

Pre- ND fit Post- ND fit

flux ~5% ~2.8-3.0% - Today xsec uncertainties
cross-section | ~10-15% ~3.5-3.8% dominate b(-afore the- fit

- strong anticorrelation between flux
flux+xsec ~2.6-2.8% and xsec

——» (would be 5-10% if uncorrelated)

Total ~17% ~3.5-5%
(+ xsec not o - flux*xsec constitutes ~50% of the
S S final systematic error budget
ND, SK y 9 126
detector)




From ND to FD flux extrapolation

N (E) (E)x w B 0 (E)
NP(E,) T 0P(E)) oP(E,)

Different acceptance of pion angles - different neutrino energies for same pion kinematics

to far
fargel ﬂ?;tiﬂ) . Eefe.jf e
o
\ﬂ@m '
Decay Pipe ND N u MI
> o L
A= (?r.r,”f'rn.(ﬁ_hr:,jg)E[m;ﬂ g
(L5505 S
©
_______ 9 = 16° . n
-— “~
T~ Q
-] 2
=
.8 =30 : L =
""""""" g~
1 1 }\
12 >
(GeV) =
LE v
: . o
Extrapolation ND->FD uncertainties £ -
smaller (~1%) than overall flux - QP TR PR e
Zz

uncertainties (10% - 5%)

0 5 20

10

Neutrino Energy in Near Detector (GeV)
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Flux correlations

Flux Correlations

T2K

SK ¥,
v Mode
0-3 GeV

==

2
cov . 1]

O

Z(f-—<f->)<f-—<f,->)

SK ¥,
vV Mode
0-3 GeV

SK v,
v Mode
0-3 GeV

SK vy,
v Mode
0-3 GeV

¢Z fi=F0) 20 (F = ))7

ND ¥,
vV Mode
0-3 GeV

ND vy,
v Mode
0-3 GeV

At

SK v

v Mode
0-3 GeV

SK v

e

v Mode |V
0-3 GeV |0-3

E

SK V.,
v Mode
0-3 GeV

1

&
00

|
o
o))

0.2

.

Correlation

* large correlation between
ND and SK fluxes

* Large correlations between
different bins in the same
'mode' - flux uncertainty
Is to large extent an overall
normalization (shape
uncertainties are smaller)

* Correlations between
different modes and
neutrino flavors: (to a certain
extent) we can use v, data to

constrain v _or v, fluxes
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A bit of (recent) history...

SuperKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)
1998 Discovery of v oscillation 1999 - 2006

from zenith angle dependence 2001 Solution of solar

of atmospheric v_rate puzzle: v_/Zv_~1/3
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A bit of (recent) history...

g SUperKamiokande
1 1996 - today!

Sudbury Neutrino

Observatory (SNO)
1998 Discovery of v oscillation 1999 - 2006
from zenith angle dependence 2001 Solution of solar
of atmospheric v_rate puzzle: v_/Zv_~1/3

Precision from accelerator experiment:
high purity and tunable neutrino flux

v
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A bit of (recent) history...

(1999-2006) K2K

e SUPerKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)
1998 Discovery of v oscillation 1999 - 2006
from zenith angle dependence 2001 Solution of solar

of atmospheric v_rate puzzle: v_/Zv_~1/3

Precision from accelerator experiment:
high purity and tunable neutrino flux

Y v
_ , ! ]
, — i= ]
ﬁ‘ﬁ a with oscillations {1 ® 5| ]
=} - i
214 | without oscillationg 2 |~ .--7" 7"
S12 | . NE 4 r
@ 1 = L
10 ] 3 .
8 [ f .
‘f N
. e K2K 68% Teeeald
A b _ K2K 90%
T 1F --o--. K2K 99%
2 [ + [ omemememems SK L/E 90%
0 o : . ' :
2 e S L 0.4 0.6 0.8 1
E" GeV sin?(20)
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(1999-2006) K2K

SuperKamiokande
1996 - today!

1998 Discovery of v oscillation 1999 - 2006
from zenith angle dependence 2001 Solution of solar

of atmospheric v, rate

A bit of (recent) history...

Sudbury Neutrino
Observatory (SNO)

puzzle: v_/Zv_~1/3

Precision from accelerator experiment:

hlqh purity and tunable neutrino flux

6
- 18 1& |
& 16 i illati 1% |
& with oscillations 1 .® 5 |
A without oscillations 2, | .--7 777
) E 4r
@ 1 a E
3¢
2f
e K2K 68%
_ K2K 90%
1F oo, K2K 99%
[ omemememems SK L/E 90%

GeV

5 02 0.4 0.6 8 1
sin?(20)

(2008-2012) OPERA : 5 v, — v _events obs.
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SuperKamiokande
1996 - today!

of atmospheric v, rate

1998 Discovery of v oscillation
from zenith angle dependence

Precision from accelerat

Sudbury Neutrino

A bit of (recent) history...

Observatory (SNO)
1999 - 2006

or experiment:

hlqh purity and tunable r

1eutrino flux
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(2008-2012) OPERA : 5 v, — v _events obs.

eyond v, disappearance (8,, and Am,,): large
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— Observation of v_apperance
T2K (2010 - today)

— to measure MH, longer baseline:
NOVA started 2014
— T2K Nature 2020 first results on Ocp
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Status of PMNS measurements:

joint fits

Recent reference with full details:

Three flavour oscillation parameters

global analysis NuFIT 5.1 results www.nu-fit.org

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP'20 [2007.14792]

Normal Ordering (best fit)

Inverted Ordering (Ay® = 7.0)

bfp £1e do range

bfp +1e 3o range

0.012

0.30474:012
33.4510:71

0.269 — 0.343

31.27 — 35.87

sin® 12

012/"
=n+0.019

0.450 0.016

iz 141

0.408 — 0.603

39.7 — 509

. 2
sin” fas

thaa /'’

sin® 13 0.02246 ) ones  0.02060 — 0.02435
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Valencia: e.g. deSalas et al., 2006.11237

+0.013

0.30475 015
33.4519-7%

0.269 — 0.343
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NO, 10 (w/o SK-atm)
NO, 10 (with SK-atm)
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Status of PMNS measurements:

NO, IO (wio SK-atm)

| NUFIT 5.1 (2021) |

=====: NO, IO (with SK-atm)

=il L joint fits
10 HF - Solar parameters: 0:2, Am?;

- - known with ~few% precision since
50 10 h KamLAND (no recent updates)

i ] - future prospects: JUNO <1%
'D I | | L i1 Ll I | L - | I_ _I | I Ll 1 L1 1 | L1 1 I_
0.2 0.25 0.3 0.35 0.4 6.9 7 ?.:5 & 8.5

sin° 8,, jm; [10° eV
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Status of PMNS measurements:

NO, IO (wio SK-atm)
=====: NO, IO (with SK-atm)

| NUFIT 5.1 (2021) |
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sin2913
0.5 measured with

reactor experiments
at ~1% precision

o
N

1
7 it
2 5 2
Am;,. [107 eV

8

=) IR

joint fits

Solar parameters: 0,2, Am?;
known with ~few% precision since
KamLAND (no recent updates)

- future prospects: JUNO <1%
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Status of PMNS measurements:

NO, IO (wio SK-atm)
NO, 10 (with SK-atm)

| NUFIT 5.1 (2021) |
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joint fits
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10 s - Solar parameters: 0:2, Am?;
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at ~1% precision

Vi Vo V3
Exploring unitarity from different rows

2 2 2
UUT= UTU=I = many equations!! |U”| + |U22| + |Ul3| = 1
~ best limit expected from electron top row: 6, 13/

from reactors and 0, from JUNO
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Status of PMNS measurements:

NO, IO (wio SK-atm)
=====: NO, 10 (with SK-atm)
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e joint fits

\

Solar parameters: 0.2, Am?;
known with ~few% precision since
KamLAND (no recent updates)

- future prospects: JUNO <1%
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at ~1% precision
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Atmospheric parameters:
- 023 ~few% precision @1c (improved by a factor of 2 in the
last 10 years) but ~25% precision @3o: octant degeneracy,
need high stat v. appearance
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Status of PMNS measurements:

NO, IO (wio SK-atm)
=====: NO, 10 (with SK-atm)

| NUFIT 5.1 (2021) |
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reactor experiments
at ~1% precision
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joint fits

Solar parameters: 0.2, Am?;
known with ~few% precision since
KamLAND (no recent updates)
- future prospects: JUNO <1%

Atmospheric parameters:
- 023 ~few% precision @1c (improved by a factor of 2 in the
last 10 years) but ~25% precision @3o: octant degeneracy,
need high stat v. appearance

- |JAm?3y32| ~1% (not so robust...) - important to get <1%
(see later) challenging to control systematics uncertainties
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3.2

2.8
2.6
24

Am31

2.2

2.2
-2.4
-2.6

, [107 eV

Am

-2.8

-3.2

Status of PMNS measurements:
Z00m on ‘Am231(32)‘
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NuFIT 5.1 (2021) | &

— Normal ordering

Inverted ordering
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(b) T2K + reactor

T2K: 2% precision with 1%
shift between NO and IO

Similar resolution and shift in NOVA
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v [v_apperance: MH, ocp

Experiment CP

asymmetry
T2K (T2HK) ~30%
Nova ~30%

- T2K: clean GCP measurement

Mass _ =
Hierarchy with small MH sensitivity

~10% - NOVA: degenerate §_, and MH:
~30% (0. 37/2 and IH = 5_, /2 and NH)

Using 2020 results in the following (2022 improved analyses confirmed the situation)

T2K Runl-10 Preliminary ______NOvVA Preliminary
% [T T T T LI I I L B Y B 60 _ILIOVA FD [ [ | | &l
7 24 [N ~ - .
o C "o ] e | 13.60x10%° POT-equiv (v) y
= r ° ] © [ 12.50x10%° POT (v) .
e 22F ] (0]
5 F . S 50~
.E 20 m, — E i
o C ] 5
o8k - 2 |
v f i £ a0
I C ] = S
g 16F = © i
e C ] o k
3 C ] > B T
£ 12 - %
= - . B onal S
< 10p — =200 5,.=0 ® 8=/ e N
O 1 I L1 1 1 I 1 11 1 | 111 1 I L1 11 | L1 1 1 I 11 11 | 111 1 I 1 I_ .
50 60 70 80 9 100 110 120 B I I o i
. o ‘ 20 40 60 80 100 120
Neutrino mode e-like c:dp_dldatEh Total events - neutrino beam
; O b . =xn
— sin’0,, = 0.45,0.50, 0.55, 0.60 e 68% syst err. at best-fit
37 - 2 m b= 42
— .ﬁma-, =2409%10 " eV v Best-fit ]_41
----Amg = -2.46x10 " e e 5 = _mpo - Data(68% staterr.)
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Results

T2K preliminary 19.7x10%° POT v + 16.3x10%° POT v

—— Normal ordering

Inverted ordering

-1 0 1 2 3
d

CP

Significance (o)

NOVA FD 13. 5><102° POT e-quw v+ 12.5x10°° POT ¥

5 ——— 1=

i --- NH Lower octant 10

[ -~ —_ 1<
af- e .“\ NH Upper octant ] >

- ---|H Lower octant | —

B — IH Upper octant i
31~ 15

i R g'
2 <
1
0 i . 1 . !

0 T T 3n 27

2 2

- Large region disfavoured at 3o (T2K Nature cover in 2020). And for T2K even some

region at 5o but precision of statistical treatment will be discussed later.

Similar region disfavoured at T2K for NH and IH, while 3o exclusion in NOVA only for 10
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> T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Results

—— Normal ordering

Inverted ordering

Antineutrino mode e-like candidates
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Results

> T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Inverted ordering
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Results

T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Inverted ordering
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Results

T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Inverted ordering
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Results

T2K preliminary 19.7x10%° POT v + 16.3x10%° POT v
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—— Normal ordering

Inverted ordering
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Results

NOvA FD
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- Before 2020 NO favoured (Ax*=10.4 >30!)

- Lost some NO significance due to T2K-NOVA mild

tension in 2020

- MO sensitivity dominated by SK
— shift best 6_, in combination with T2K+NOVA

. CP conservation disfavoured at ~2o0
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Combinations for MH: prospects

Very bright prospects for the future (and still not including SuperKamiokande!):

Am’,, [107 eV ]

5

1'.'! [ 1 I I 1 | I 1 I 1 | I 1 I 1 | I 1 1 1 _|| 1 1 1 I | I 1 I I | I 1 I I | I ]
) 11k (a) ofAm’, ) = 1% 1 https:/arxiv.org/pdf/2008.11280.pdf
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Combinations for MH: prospects

Asimov sensitivity |G]

Further combination including ORCA (missing NOVA, T2K and SuperKamiokande):

JUNO ORCA

baseline systematics

——— optimistic systematics

Combination

True Normal Ordering

True Inverted Ordering

10 ¢

Asimov sensitivity [o]

<« JUNO+ORCA

f https://arxiv.org/pdf/2107.00344.pdf

4 6 8 10
Time [years]

2 4 6 8 10

Time [years]

Large boost of sensitivity from |Am?sysz)| discrepancy (for wrong mass hierarchy) between
ve (JUNO) and v, (ORCA) disappearance

S0

True Normal Ordering (test 10)

True Normal Ordering (test NO)
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Anatomy of T2K and NOVA
oscillation analysis




12K
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super-Kamiokande ND280 near detector

Super-Kamiokande T2K experiment

Side Muon Range Defector
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W cherenkov detector
¥ (50 kTon) with
optimal u/e
identification to
distinguish v_, v,

UAT Magnet
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L
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SuperKamiokande samples

- Reconstruct Cherenkov ring from charged particles
(above Cherenkov threshold)

- Use information of time, position and amount of light
In the ring to estimate momentum and direction of
particle (likelihood algo ‘fitqun’)

- ‘ring fuzzyness’ to distinguish e/u (note: m~w)

- Michel e- from muon (or t->u) decay: e- ring delayed
in time

- Main channel at T2K energy:
single ring events (e or p)
= Quasi-Elastic channel: can reconstruct

neutrino energy from lepton kinematics only

[with nuclear physics uncertainty: see Martini lecture]

2 (my — Ep) Ey + (2m,, — Ep) Ey + m2 — m2 —mj

ECCQE _
rec 2(my,, — Ey — E; + |pi| cos 0;)

where m,,, m, and m, are the masses of neutron, proton, and the charged lepton, E; = 27 MeV is the
nominal nucleon binding energy of oxygen, E; and p; are the reconstructed energy and three-momentum
of the lepton, and #; is the reconstructed angle of the lepton with respect to the neutrino beam. The
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SuperKamiokande samples

- Reconstruct Cherenkov ring from charged particles
(above Cherenkov threshold)

- Use information of time, position and amount of light
in the ring to estimate momentum and direction of
particle (likelihood algo ‘fitqun’)

- ‘ring fuzzyness’ to distinguish e/u (note: m~w)

- Michel e- from muon (or t->u) decay: e- ring delayed
in time

" T - Additional channels with pion production (FHC),
subleading and mostly at higher energy:

multi-ring

- 1 ring electron (from v ) with 1 Michel electron
— add statistics for v_ sample

- 1 ring muon (from v ) + 1,2 Michel electron(s)

and/or other ring from x
- add high-energy ‘control sample’ for v,

- mi++ —m? —m? +2m,E, Reconstruct neutrino energy from lepton
E)* = 5 I 2 kinematics only, assuming A++ resonance 156
(m, — E; + p;cos0) (mostly true in FHC at T2K energy)




SuperKamiokande samples

5 MeV

-

Mumbser of evenis/|
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v-mode
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SuperKamiokande samples

Mumbser of evenis'l 25 MeV

v-mode
T I T T T

1 1 1 I
13— = Eun -7 Dhata

(7A48<10™ POT)

B Ox. v, CC
B o v, CC
[ v, oC

LA (e - Beam v %, OO

Backgrounds

= Intrinsic v, from m,K decays (v, = v,)
Especially v, wrong sign background in v. RHC sample dangerous
for dcp: need to control v /v_flux and xsec with near detector

V-mode

31—
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SuperKamiokande samples

Mumbser of evenis'l 25 MeV

V-mode
! |

1 1 1 1 I
13— == Eun -7 Dhata

(7A48<10™ POT)

B Ox. v, CC
B o v, CC
[ v, oC
- - Beam v %, OO
B

Backgrounds

= Intrinsic v, from m,K decays (v, = v,)

= NCsingle m0 production
= Overlap of gammas

= Asymmetric decay ,, 7
¢

Vu Ve ,1’
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V-mode
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> | ! O, v, O 1
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| ] &
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1230
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SuperKamiokande samples

Mumber of evenis/1 25 MeV
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SuperKamiokande samples

Mumber of evenis/1 25 MeV

Mumber of evenls/100 MeV
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- Main disappearance channel:
] v, with 1 mu-like ring

CC-nonQE does disappear but
- higher energy

- hot at oscillation maximum

- but much less precise E."¢

Important to have a dedicated
CC-1n sample at far detector
for x-check ‘feed-down’ 161
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SuperKamiokande samples

5 MeV
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s = T2K near detectors

ND280 : off-axis (2.5°) Measure flux and xsec
for oscillation analysis

Full tracking and particle
reconstruction (magnetized!):
measure precisely neutrino and
antineutrino rate before oscillation

e fully magnetized (0.2 T)

* FGD scintillators : x-y bars (C and passive water)

* TPC - good tracking efficiency, resolution (10%
at p,~1GeV) and particle identification

* POD sampling scintillator for piO detection (water
in/out)

b ¥ b Iﬂ'? L —'I - |7 .
VYVVYVYYY [ INGRID : on-axis

mowo Beam stability monitoring: position and direction

__—~Vvertical

moades — (off-axis: Ev depends on angle)

* iron plates alternated with CH scintillator
(+ proton module : fully active scintillator)

Piroton Module

* coarser granularity, not magnetized but larger
mass : 2.5x10%* nucleons (Fe) + 1.8x10% nucleons (CH)




T2K ND selection

- Require one muon + separate sample based on proton, pion and y multiplicity (full
exclusive final state reconstruction)

- Until now, similar to SK: only lepton kinematics used for neutrino energy assessment
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T2K ND selection

- Require one muon + separate sample based on proton, pion and g multiplicity (full
exclusive final state reconstruction)
- Until now, similar to SK: lepton kinematics only used for neutrino energy assessment

- Two sets of samples for FGD1 (CH only) and FGD2 (CH+water)
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T2K ND selection

- Require one muon + separate sample based on proton, pion and g multiplicity (full
exclusive final state reconstruction)
- Until now, similar to SK: lepton kinematics only used for neutrino energy assessment

- Two sets of samples for FGD1 (CH only) and FGD2 (CH+water)

- RHC mode: p+ (v,) and p- (v,) separate
samples
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T2K ND selection

- Require one muon + separate sample based on proton, pion and g multiplicity (full
exclusive final state reconstruction)

- Until now, similar to SK: lepton kinematics only used for neutrino energy assessment

- Two sets of samples for FGD1 (CH only) and FGD2 (CH+water)

- RHC mode: u+ (v,) and p- (v,) separate samples

- ve at ND: too low statistics (~8% precision) due to the very good v,/v. purity of the beam.

What really matters for 6cr in v /v_flux and xsec (from nuclear theory ~<2%)

Dedicated v. cross-section measurement shows agreement with model but with large stat and
systematics uncertainties.
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T2K ND fit

!

" ND measurement v dGV
Ryp=11P (E L
ND f ( V) dE\, d v
. : vy’ do"
RFD:f(I) (EV)POS_)C (EV) dE dEV
‘ A%

|

- cross-section must be extrapolated from ND to
FD (different neutrino energy distribution)

- flux and xsec must be disentangled

~same flux at ND and FD J

what we want to measure:
oscillation probability
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T2K ND fit

!

do’
dE.

® ND measurement Vv’
Ryp= f

o' (E,) dE,

do’
dE.

Ryp=J @' (E,)P}) (E,)

(ONY &

dE.

|

- cross-section must be extrapolated from ND to
FD (different neutrino energy distribution)

- flux and xsec must be disentangled

— Mmeasurement as a function of energy

- nheeds to rely on models (tuned to ND data)

~same flux at ND and FD J

what we want to measure:
oscillation probability
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T2K ND fit

!

= ND measurement Vv’ v dOV
Ryp=11P (E L
ND f ( V) dE\, d v
. : vy’ do"
RFD:f(I) (EV)POS_)C (EV) dE dEV

~same flux at ND and FD J

what we want to measure:

oscillation probability

® Fit to ND observed distributions:

!

RJVVD(EV):(DV(Ev)

do"

dE,

|

- cross-section must be extrapolated from ND to
FD (different neutrino energy distribution)

- flux and xsec must be disentangled

— measurement as a function of energy

- nheeds to rely on models (tuned to ND data)

F (

puﬁ COSGM;OLND: O('model)

nuisances = parametrization of
(detector systematics), flux and
nuclear physics uncertainties
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T2K ND fit

!

= ND measurement v do’
RND:f(D (Ev) d(Ej dE,

v/ v vav' dO'V’
RFD:f(I) (EV)POS_)C <EV) dE dEV

|
~same flux at ND and FD J - cross-section must be extrapolated from ND to

hat ntto m e FD (different neutrino energy distribution)
\c/)vscfillla\(\t/iec}) xvarobgbiliiasu €. - flux and xsec must be disentangled
P y — measurement as a function of energy

= Fit to ND observed distributions: - nheeds to rely on models (tuned to ND data)

A%
, do
Vv R . ( .
RND(EV)_(I) (Ev) dE =F pu:COSGWOLND) model)

A%

nuisances = parametrization of
(detector systematics), flux and

® Tuned model used for flux and cross-section ear physics uncertainties

disentagling and their extrapolation to FD
+correct reconstruction of energy at the far detector

Ev:R(pu)COS eM;O('FD:OLmodel)
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T2K ND: data fit

Simultaneous fit to all ND separate samples (only example of main channel shown)
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T2K ND: data fit

Simultaneous fit to all ND separate samples (only example of main channel shown)
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T2K ND: data fit

Simultaneous fit to all ND separate samples (only example of main channel shown)
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SuperKamiokande tuned dlstrlbutlon

(Only main samples shown)

FHC 1r|ng M

FHC 1r|ng e
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522 5 —=Pr|orNZ}
(i) ﬂJ:
B 20 B —;Post—N)
= = |
EIB - ?—G 3 |
o O 8f

16 L

14 3

12 6_

10 [

B~ 4

B k

= 2

2 3 Sl
ok 0'_|11II —
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Reconstructed Neutrino Energy [GeV]

Reconstructed Neutrino Energy [GeV]

Before the ND fit

lringu | lringe —
Error source (units: %) || FHC RHC | FHC RHC FHC/RHC
Flux 5.0 4.6 4.9 4.6 4.5
Cross-section (all) 158 136 | 16.3 13.1 10.5
SK+SI+PN 2.6 2.2 3.1 3.9 1.3
Total All | 16.7 146 | 173 144 11.6

AABUIE B BVETIS

RHC 1ring u

mpﬂm ND .......
RHC 1r|ng e

Prior-ND

Py, B
1

| — Post-ND
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Qscillated events
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T T

=
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. —PostND

1 1. 2 25 3
Reconstructed Meutring Energy [GeV]

0.6 08 1 1.2
Recaonstructed Meutrino Energy [GeV]

After the ND fit

lringuw — lring e
Error source (units: %) || FHC RHC | FHC RHC FHC/RHC
Flux 2.8 2.9 2.8 3.0 . fp)
Xsec (ND constr) 3.7 3.5 3.8 3.5 24
Flux+Xsec (ND constr) || 2.7 2.6 2.8 2.7 2.3
Xsec (ND unconstr) 0.7 2.4 2.9 3.3 3.7
SK+SI+PN 2.0 i B 3.1 3.8 1.2
Total All 3.4 3.9 5.2 5.8 4.5
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SuperKamiokande fit

c FHC lringun _ _ FHC 1ring e
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SuperKamiokande fit

(NO) /|Am3 | (I0) [eV?]

2
32

Am

c . FHC lringun _ _ FHC 1ring e

- The finally, SuperKamiokande 2 * 8 o
expected distributions (ND- 2 af o
tuned) are fit to SK data to & 2 o
extract measurements of g o
oscillation analysis parameters o i3
(SuperKamiokande detector 0' zf .
systematics are evaluated from & g o '
atmospehric neutrinos and from 5 i

. £ 0.&1? ] e 132
dedicated control samples) £ 8 wﬂéﬁﬂ ﬁ’j],. s o {;H_i-p#ré#m

552 OTOAG 08 1 12 14 16 18 :: %05‘ -0‘2 ~1~0‘4 - - ::TJF L)

Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]

- Both a joint ND+FD fit and sequential ND - FD fit are done and compared.
Both frequentist and bayesian analysis are performed and compared
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NOVA

NUMI beam at FNAL

14mrad off-axis
(narrow-band spectrum)

Baseline: 810km

10° v CC/ 6E20 POT / KTON / 50 MeV

flry
S
(=]

sy

T T TTITIT

_.
2

-
<
ra

FHC

NOvVA Simulation

T TTTIT

WIIIIIII T ]l[l[lll

—Total

E(Gev) ° 15

RHC NOvA Simulation

% ; — Total i
C v,
vV

T T TTIT

[=]

178



—Total

NOVA FHC . 'NC!)\..r,ﬂI\S'!muIatlioz

3 10e
S E B
> LN\ o
NUMI beam at FNAL i / v,
14mrad off-axis Qo =
(narrow-band spectrum) S
Baseline: 810km S W
P | ....iFL.UKM.1..
—S‘-ngle _~— ~ 0 5 E (GeV) 10 15
r A .
| Extruded PVC cells filled with [
| 10.2M liters of scintillator
] . - instrumented with
. Same teChnOIOgy (“qu'd . wavelength-shifting fibre and
scintillator) for near and far v APDs
detector P . |3
Near Detector: 300T underground Ty
Far detector: 14 kT on the surface vl
Fiber Loop
*3“9::[;-6.6(:111 97 ,?
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= Same technology (liquid
scintillator) for near and far

detector ;
Near Detector: 300T underground ey
Far detector: 14 KT on the surface -

\ 3.92:;-15;“”‘ /

NOVA FHC_

—_
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(narrow-band spectrum)
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—Total
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10.2M liters of scintillator
instrumented with

wavelength-shifting fibre and
APDs

E(GeV)

Extruded PVC cells filled with [

= How systematics on nuclear effects still affect ND to FD extrapolation:

- different Ev at ND and FD (before and after oscillation) - different E_ /Ev, different resolution..

- still need to disentangle flux and xsec since they depends on Ev differently

- different acceptance (in p,) at ND and FD due to different size

15
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What do we measure?

{ Muons (if contained)
Vi CC - 5
¥ Vi ]
_ o A, Electrons as shower
Vo CC - ./’ Shorter, wider, fuzzy shower .
E ....... -\}-eo-"» “mm E
- >- B
i m+p
i 1| &2 e,
N C L Diffuse aCtiVitV from _E (simulated events with 2 GeV visible) v_u"/
"""" ;,"""" nuclear recoil system 1 ) L
g | Hadrons (mostly as diffuse activity +
— s Iracks)
High energy flux: pion _ [ = A RS
production and DIS - 3 | ; az;";:jj::j'j:‘:‘::je
|arge fraction Of EV -.E: -_ --- Simulated background
. @ 3 ND area norm.
goes into hadrons =r 3.72 x 10% POT
_ = i
E, = Eu +E . s
o';-‘”‘i-“gl”lzl"us y T 2 3 0 1 2 3 a -5

Muon energy (GeV)

Hadronic energy (GeV) Neutrino energy (GeV)



Ev reconstruction

= Ev reconstructed with hadronic deposits:

» Different reconstruction and energy resolution for v _and v_

- important difference v — v: proton vs neutron (~undete

- proton/pion energy smeared by Final State Interactions

200 —

Ejpqq from calorimetry,
~30% resolution

v, Events

E, from length, ~4% resolution
2200 2400 ] 2600 2800 3000 3200
z{cm)

100 — -

Egy from calorimetry, v, Events
o ~10% resolution :
- 300 __ —
=400 — —

JHI{I} E{JI(JH EIIH'[] 24-:[1(} Eﬁi}l] I}GI{I} R{JI(I}
z{cm)

10* Events

d)

Final State Interactions

Important to tune model predictions
forE NOVA Preliminary
——~ ~ ~ 1 1 T 1 1 '
] — Default GENIE Neutrino Beam ]

5 NOVA 2020 Tune v, + Vv, CC Selection ]
20__ ¢ ND Data _
B [_IMEC .

3 [ el ]
15 [ RES —
& [_Jpis n

B Il Cther ]
10F —
"

0.4 0.6
Visible E, _, (GeV)
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ND to FD extrapolation

Bhy S oo e Lo C ol
T = %ﬁ’@p cr i:’i—"--"‘ e,
i
® — NI Dala 2.74:10%" FD POT-equiv. 2
B — Base Simulation 1.66:10"" ND POT 5
i : . ; ;

= — Data-Driven Prediction g
= w

| . =

. o ] M1 i

4 \] _)_.r"/ I|.'I J I W
[ | / [ T
3, I, | / eal
= | L \ /r B, t &
g | ) / i,__ . :
g 2 { } / ! 2 W

| X ¥ ¥ ] |

= | ."/ e | g

1 i | [ f 1

i $i] e
2 3 q a0 [i} 40 ] 1 2 3
Ni} Estimated Energy (GaV) ND EvenisiGeV Y ENRatio " Py, —v. ) FD Events/Gel FD Estimated Enargy iGa:n."!l

» Subtract NC expectation in ND, reweight MC in reco energy to match
» Transform to true energy, transport to FD with oscillations

» Transform to reco energy, add FD NC expectation back in

» Dependence on MC for|background subtraction and true/reco matrix

y

Not only detector systematics but also theoretical uncertainties (FSI, multiplicity in
the final state, fraction of neutrons...) do affect the true — reco correspondance
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Resolution, efficiency, acceptance
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Resolution, efficiency, acceptance

Events / 9x10%° P.O.T.
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- Due to different detector size, the

acceptance of ND and FD is different:
transverse momentum of the muon is

larger when larger energy/momentum

transferred to the nucleus
(more inelastic events)

v >

_r

I.I'

Fraction of Events

Each process has different

neutrino energy resolution and

efficiency: dependence on

hadron multiplicity, =° fraction,

kinematics of leptons ...
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Selection

ND distributions

m |nclusive selection: require m_.".‘?‘?ﬁ“‘f‘. E— _vbeam
one muon/electron. : $NDData | of LOWCNN,,  HighCNN_ -
Convolutional Neural 200 TomMc 1 it NDData v, GG ]
Network (CNN to separate : : L Uncorr. MC. ¢ :
Vi, Ve, NC, cosmogenic 150} Jéﬁ;gm‘ 1 *Ine [vwm.cc
background) m_ .Wmng_sign _: of |
- Electron-like sample > | 1 s " pgi —j
subdivided by CNN score 2 s} @ of : =,
(different purity) ° | s | .| Bins

. 21w G 3 Sbeam E
- Muon-like sample 2 10! = | :
subdivided by fraction of D oo 3f ]
hadronic energy (different T [ :
resolution) i of I-‘::L ]
60 : ]
- All samples subdivided wof : o= ™ ]
in lepton transverse ol T =
momentum to minimize : ] L e
i i 0 1 2 3 4 B 1 2 3 4 1 2 3 4
Impact of different Reco. v, / v, energy (GeV) Reco. v, / V, energy (GeV)

acceptance at ND and FD

® Measurement of all the visible energy in the event to estimate the neutrino energy a6



Far detector results

Events /0.1 GeV

v-beam v- beam
T 50 ] . . w
st $FDData  —Best-fit Pred ] Low CNN,,, High NN, { Fitto FD data with "ND-
| fosyst. 1 af +FD Data Bestfit 1 tuned” distribution
20} M Bkg. range : B pm‘d || - extractmeasurement
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Far detector results

———————— Normal Ordering
- Normal Ordering 90% CL —
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Limitations and future challenges
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Ocp. Statistically limited

The 3_, measurements are dominated by stat uncertainty (limited number of v, v_events)

- further data at T2K and NOVA (and next generation of experiments with more powerful
beams and enlarged far detector mass)

T2K Run 1-10 Preliminary v-beam NOVA Preliminary
35 __I T T I T I T T T I T T T I T T T I T T T __ 30 (——— L L e e ! T T .l T T T T T
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— . R = m =3 | i | ]
30 F-=- Tot. Pred., 6 .= 5 Vi Vg Ogp=0 o 8— I + FD data _ e
- — [ —— 2020 best-fit ; ©
C Vo Bop=0 o i 1-c systrange | ol ]
25 R G- 207 Wrong sign bikg | S|e B
C 3 8,:, [ Total beam bkg : Ol ]
Background ' D
w . F ackgroun 3 = | [ Cosmic bkg o l
<€ 20 — S T T
S F ] = -
@ q5F v-mode - - 10— —
C - P - _
- both ] g L ]
10— samples o0 T
5E ] O =2 441 5 3 ¢
C ] Reconstructed neutrino energy (GeV)
10_ v-beam NOvVA Preliminary
— 4 o ybeam -
B ] 20 LowPID |  HighPID _
gl ] = [ ]
- . 8 ¢ FD data i I Wrong signbkg | ® -
- _ - 151 oopobestit | [l Totalbeambkg @ | & o
o gk — v-mode _} 4 : _ oy ]
- B | v 1-csystrange ; [[]Cosmicbkg @ |&=
@ [ | reee{eeeeebs : .
@ f . B o | & ]
4 E = I .
D T . 2 -
2 — § 5[ ]
i o r ]
%~"02 04 06 08 1 1.2 i M 190
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Statistical treatment: Fieldman Cousin

When uncertainties are not Gaussian, you cannot simply calculate o as units of Ay?
(i.e. the test-statistic has not x? distribution — need to run toys over all the parameters)

T2K Run 1-10 Preliminar

<

F‘F{ FT T+~ v [ r T [ T T 1T
= -

—— Mormal ordering

For each values of true 6CP R

look which x? corresponds to
68%, 95% ...

20 :_ Inverted ordering

----- 3¢ CL critical Ay® J—

=
- [
Iy
L Py
- A
“hadid I I |
N T I T 1 L LT N I Y O I

~ ™~
______ = How to sample nuisances?
st /” [In Bayesian terms: which prior on
oL T . nuisances?]
-3 —2 =1 0 1 2

[=7]

n
-

Treatment of 'nuisances’' = parameters in the fit which are profiled or marginalized
(e.g. 6, and Am? in plots of §_,, MO sensitivity)

cP’

- Near the §_, minimum, obvious way to sample the nuisances: from data results (asimov at best fit)

Far from minimum (or for parameters with low sensitivity from data) is less obvious:
eg, sample over nuisances distribution for Asimov at that true §_, value?

Safe at 3o but what about >30? Studies on-going

- Effect become important because of degeneracies and boundary effects

- Important effect for (future?) high stat results: in practice the region of 5¢ 191
exclusion may change and does not scale like 1/sqrt(N)!



Statistical treatment: prior

What is the ‘physical parameter’:

Ocp OF SINO 2 CPV = sign of Jarlskog invariant

Is CPV 6.,not O,z or sind ., not 07 (still impact from prior assumption:
Different priors are possible... flat on §_, or sind_,?)
_é\ Posterior, with flat prior in ﬁcp Posterior, with flat prior in sinécp
5 ;.. | L | | I .I | .I L | | L L | L L I N | | | | —I-
_céj - - - - Priorflatin &, - = = - Priorflatin sin3 g - T2K prellmlnary 7
a 8 — —
: > | — prior flat in O, ]
8 3T prior flat in sin(§p) -
8 L — — 1o credible interval |
o - . . |
oy e 20 credible interval |
— [l e 30 credible interval —
n ﬁ < _
= B B - | : -
= Posterior, with flat prior in acp Posterior, with flat prior in 5'"acp I
2 i | : ]
0 1
o = = = = Priorflatin acp = = = = Prior flat in siné—cp B | I =
o 1
§ — B | | : : -1
-.q_'! I i .:. —
g g i E § i
% [ | I 11 | | I 11 1 | 1 11 1 11 e S | I JE L1 I | | | |

7 -0.04 -0.03 -0.02 -0.01 O 0.01 0.02 0.03 _0.04
L J= 513{3;13:3.512(:12523’[3235"n6

1 208060402 0 02 04 06 08 |
sinéSCP



Impact of systematics will hit first in
v, disappearance

As already discussed yesterday:

- precision sinf,3 requires precision on neutrino rate at oscillation maximum
- precision on |[Am?sy32)| requires precise neutrino energy reconstruction

P(v, = vy), %
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I 58 0.5% shift in Am~3;
| I . 1.04 L 0.5%: energy scale shift
80 I ~5in%(206,3) 156 5 |.0% energy scale shift
| 0 1]
= 1.02
60 | 1548 % | ™
| oh E |
| v z :
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2011 -
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wam
- ~ &mglz 46
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E, GeV Energy [GeV]

Need improved flux and xsec models (and tuning: NA61, Minerva, ...) and improved near
detectors to better constrain model, notably for precise reconstruction of full final state ;g3
— Improved neutrino energy reconstruction



ND280 —» ND280 upgrade

SMRD

UA1 Magnet Yoke

Downstream

Barrel ECAL _ o
3D 'pixeled' scintillator

(1cm:3 cubes)

- New target with much lower threshold for track reconstruction (p,n)

- High angle TPCs with resistive Micromegas: coverage at high
angle and improved momentum resolution

- Scintillator planes all around the new detectors for Time of Flight
measurement of charged particles
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ND280 upgrade

- larger statistics from new target +
improved angular acceptance

Muons in TPC or
stopping in SuperFGD -
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ND280 upgrade

T2K Work in Progress

- larger statistics from new target +

Improved angulaire acceptance

- proton kinematics measurement down to

low momentum threshold

Detector size: 0.6 x 1.8 x 2.0 m
Cube size: 1x1x1lcm®
Number of cubes: 2,160,000
Number of readout channels: 58,800

>
ND280 FGDs are ‘2D’
scintillating detectors
ND280 measurement o
C AN PN 7T S ] PR RO, T B KRN TR YT R ERN. RN EYO. B CR S P PR (RSN T Y | ]
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ND280 upgrade (v MC):
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.| I background {1.05%)
- | Il OO SFGD FV {0.22%

Number of events [bin]
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New ‘3D’ scintillating
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\
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Overall RMS = 5.76%
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ND280 upgrade

New analysis features are also preparing the road to the analysis of ND280 upgrade data:

. Time-of-flight technique
- larger statistics from new target +

iImproved angulaire acceptance

- proton kinematics measurement down to |

low momentum threshold S R

- neutron measurement event-by-event: j

NEW!! =
p \

New generation of near detectors/analyses : full exclusive reconstruction of final state for
best neutrino energy ‘reconstruction’ from outgoing interaction particles
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0.25F L onl 2o K
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Last remarks

Change of gear: from statistically dominated experiments to precision physics. Transition is
happening in the next few years with T2K new runs (after beam and ND280 upgrade) and
future NOVA runs.

The role of T2K and NOVA is similar to LEP to open the road to LHC:

- establish analysis strategies and best detector design (notably in terms of ND)

- some ~3o (or more) indication for CPV and MH can already happen in next future
from combination of experiments, including JUNO and ORCA

If we want to build a safe path to 5o results for next generation of experiments (DUNE
and HK), the work to do is still long:
we need to validating our model with better precisions with T2K and NOVA data.

If we had today the huge flow of data expected for next generation, we would be very
soon limited by systematic uncertainty...
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Systematics

®m Crucial role of Near Detectors:

!

v y d ()'V ND measures rate vs
RND — f b ( EV) dEV neutrino energy
dE.

do’
dE.

Ry,=J @' (E,)P, (E,)

(0N &

dE.

|

cross-section must be extrapolated from ND
to FD (different neutrino energy distribution)

-~ nheed good neutrino energy reconstruction
and good nuclear model

~same flux at ND and FD J

what we want to measure:
oscillation probability

Important systematics for d_, (MH):

- difference between n and [ (xsec and flux)
Notably, “wrong sign” background: n in I mode (p* focused beam)

- [, intrinsic background: [_ produced in the beam by K/ p->m decays
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Near detectors and nuclear theory

ND measures rate vs neutrino
energy before oscillation
- characterize flux and xsec

Ryp=|

do’

= dE
de,| "

®'(E, )

Rip=[ ®"(E,)

P (E,)

do
—\dE
dE. |

\
~same flux at ND and FD ¢

what we want to measure:

oscillation probability

Flux simulation and tuning
(NAG61/SHINE + MIPP)

Horns v
1T i u
Ia—-é---ﬁa__-— e —E'-‘-'\—"--N_;} :
Target “’ B
Decay volume
Target Decay Pipe g

Target Hall

120 Ge\\

protons h o —
» L B e

From Y m

Main Injector H()rns#2 |\

10 m 30m

%

cross-section must be extrapolated from
ND to FD:

- different neutrino energy distribution

- ND measure flux times xsec

Need nuclear theory models!

SK: Neutrino MOd’e’ Vu T2K Work in Progress

T
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Near detectors and nuclear theory

ND measures rate vs neutrino

energy before oscillation

- characterize flux and xsce

R)p=

v’ Y dO'V'
Ry,=|d (E,)—|dE
ND f ( V) dEV d A%
v vy’ d(j\/,
o (E,)P E . )——dE
( V) 0SC ( V) dEV d \

\
~same flux at ND and FD

what we want to measure:
oscillation probability

v-nucleus interaction
modeling and tuning

) b

v

S
a0 [

L
> 0 9

Free Imtlal Nuclear
Nucleon State

Extra Nuclear
Effects

(and similarly for pion(s) production)

%

cross-section must be extrapolated from

ND to FD:
- different neutrino energy distribution

- ND measure flux times xsec
Need nuclear theory models!

o
../:1
« ¢

[

o 9

Final State
Interactions (FSI)

- Nuclear theory

- External data (eg e-scattering)

- v-nucleus xsec measurements at
near detectors and dedicated
experiments (Minerva, ArgoNeuT, ..)

— fundamentally the name of the201

game: precise Ev reconstruction



W — Stay tuned for more data!

i haam NOVA Prelir 5 -beam NOVA Prelirgu
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Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

- Stillin n I 0_ (so d,, measurements) the statistic uncertainties at the far detector is
dominant over the systematics

- The model of systematics is extremely different in T2K and NOVA and their impact and
treatment is extremely different

- The evaluation of systematics is the big challenge for the next years: T2K and NOVA are

crucial to open the road to higher-statistics future LBL
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Further constraint from the ND (2)

One nice exception: a cross-section which we know very well (no nuclear effects!)

A% A%
Neutrino scattering on electrons:
simple electroweak Neutral Current process for v, and v,
(some Neutral Current — Charged Current interference for v )

ZO
Difficulties: very small xsec (10 wrt to total CC v interaction)
large backgrounds from n°->yy and v_ CC
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Constraints from v-e scattering

—_

N Events / 2 GeV

Probability (arb units)

0o} + Flux uncertainty is larger than the uncertainty on
sob the measurement (stat.+syst) —» can be used to
: - J— constrain the flux
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Constraints from low-v method

Neutrino (Flux Sample)

—— Total
Energy scales
— - — Normalization

\ ------- Cross section model

..... ESI

......
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— — =>0.12
aw AT T T 4 ) £ F
v= energy transferred to the nucleus £0.10F
In the limit of v->0 the xsec does not 5 B
depend on Ev < 0.08[
D =
_. event rate at low v can be used to/ = f
constraint the flux shape as a function of Ev = 0.06[-
50.04:—
Limitations: L 0.02F
* difficult to reconstruct the energy transferred I
to the nucleus: look at energy deposits 0.00%
around the vertex (vertex activity) — correct 0
for neutrons and invisible energy (nuclear
excitation, binding energy) below threshold 1151
7

* flux normalization cannot be constrained 1_103_
* independence on Ev is an approximation

. 1.05
— nheed to correct with xsec models:

L

o’ (V) (v < g, E) 1.00
o¥(v)(v < vy, E — 00)

LI

5 (@)(vo, E) =

0.95 ks

N

~E
o)1

' R FETE NS
8 1012 14 16 1

T
8 20 22

Neutrino Energy (GeV)

Neutrino

'l I A s P R S e |
8 10 12 14 16 18 20 22
Neutrino Energy (GeV)

205



Non standard

beams and fluxes

Pion decay at rest (DAR) in contrast
to standard pion decay in flight (DIF)

AA  well known energy of neutrinos

- low energy — well known cross-
W7 section:IBD (v_+p - e*n)andv-e

elastic scattering

~ low energy - very low xsec need
- .
= VERY Intense sources

-~
4

Low energy protons (eg from cyclotron)
Impinging on target surrounded by
absorber to avoid DIF

Flux (Arb. units)
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Non standard beams and fluxes

®m Neutrinos from Stored Muons (nuSTORM):
beams from the decay of 3.8 GeV muons
confined within a storage ring

AA

well known energy of neutrinos

AA

<5 large v_ statistics

/

® \lonitor the production of electrons in standard v
beam: uncertainty on v_flux improved by one

order of magnitude

A. Longhin, L. Ludovici, F. Terranova EPJC 75 (2015) 155

v (m? 50 MeV 102! POT)"
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