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Introduction

Neutrino experiments are reaching precision era measurement. Spoiler Alert!!!

Inverted ordering

Recently join fit between two experiments T2K and NOvA has NOVAST2K . T e 0%

finished and got published in Nature 646 (2025) 8086, 818-824 — 263 s005 2.0%
—— 244 005 2.0%
—— 245 997 31%
To reach this precision, we need to have uncertainty under control lceCube —— 240 "33 1.9%
SuperkK+T2K — 248 +o008 2.4%
. . . . . . . Superk —— 248 '3 3.6%
Especially modelling of neutrino interactions is challenging Daya Bay nGd e 0 571 + 0000 2.39%
RENO nGd —_—— 262 *31) 4.4%
Daya Bay nH . 2.83 5013 51%
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Prologue: Neutrinos



Neutrino Oscillations

Neutrinos while travelling can change the flavour, this phenomenon is called @
neutrino oscillations. |

The crucial objective of current neutrino experiments is to study if there is CP
violation in the lepton sector or not. Appearance channel
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Neutrino Oscillations

Neutrinos while travelling can change the flavour, this phenomenon is called
neutrino oscillations.

Y.

o

The crucial objective of current neutrino experiments is to study if there is CP
violation in the lepton sector or not. Appearance channel
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CP violation in lepton sector means that neutrino oscillation probabilities are Jarlskog Invariant in general
1

different than for antineutrino. = - I [Uys Uy U U]

Parameter describing CP violation is dp. Jarlskog Invariant In lepton sector

JCP_.,[ = 0.033 SiI’l(é(;p)
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Neutrino Oscillations

Neutrinos while travelling can change the flavour, this phenomenon is called @
neutrino oscillations.

Y.

The crucial objective of current neutrino experiments is to study if there is CP
violation in the lepton sector or not. Appearance channel

v

P (v, — ve) ‘ , [ 1.2TAm2,L m3 f 2,
; ~ sin”(2613) sin*(#a3) sin” ( 32 ) —[L-27Am;, L SJcp sin? L2TAms, L
CP violation in lepton sector means that neutrino oscillation probabilities are Jarlskog Invariant in general
different than for antineutrino. 1 ;
I = g Im [Uz:;ulgu;zu%]

Parameter describing CP violation is dp. Jarlskog Invariant In lepton sector

Jcpﬁg = 0.033 SiI’l((s(,?p)

Neutrino CP violation can be three magnitudes larger than in the quark sector.
Jarlskog Invariant In quark sector

Studying this effect has potential to answer the question of why there is more =
matter than antimatter in the Universe. ‘]CP,q = 3 x 10
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Mass Ordering

We do know neutrinos have mass.

However, we do not know if 3rd eigenstate is largest or
smallest

This is what we call mass ordering.

Normal Ordering (NO) Inverted Ordering (10)
m? 4 A m?
Bl I R Vo
Amgol
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A(‘m’g,tm
Amgmtm
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v
s e [0 I
Ve Vy Vr
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Two Long Baseline Neutrino experiment T2K and NOvA @

RO~

'..r' o o.'.
" Ash River, MN ™.,

Scheme:

1. Produce neutrino

2. Measure in Near Detector where oscillations are
negligible

3. Measure in Far detector after oscillations.

Super Kamiokande

Mit. Moguchi-Goro
2024 m

Ll el . adimb o
1360 —-— e

o

T N Fermilab Far Detector

295 km i i E i

- Near Detector 810 km i
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Long Baseline Neutrino Experiments
Two Long Baseline Neutrino experiment T2K and NOvA I_zm

Scheme:

1. Produce neutrino

2. Measure in Near Detector where oscillations are
negligible

3. Measure in Far detector after oscillations.

Japan

................

L =295 km
[ ) I
To measure neutrino oscillation probabilities, one simply ”l LT S
need to measure ONLY NEUTRINO ENERGY i, — | e106m
ﬂl . "_
/

Appearance channel

P (v, — v.)

L (1.27Am2, L OTAM2
~ sin”(26;3) sin®(fa3) sin? ( M52 )—1 27TAm5, L

L E E

8.Jc p sin? ( 1.27Am§2L)

P (v, — )

Rotbway Kamil Skwarczyriski 9



Measure neutrino energy



Chapter |: Measuring Energy




Protons hit graphite and hadrons (1, K) which
are focused and then decay into neutrinos
Can select v/v beam mode based on horn

polarity

= ut vy, K™ = u" 4,
T —u + Uy, K‘—>y‘—|—17,,,

=>=@- -
Target and horns

=0

Decay tunnel

—_—_——-
'b

|
0

Beam dump

118m\

(4 monitor

~280

INGRID
on-axis

. ---->Super-K

ND280
off-axis



Neutrino Flux

* Protons hit graphite and hadrons (1, K) which
are focused and then decay into neutrinos
* Canselect v/v beam mode based on horn

polarity
= ut 4y, Ko ut 4y,

= U Uy, K‘—>]f—|—17y

Therefore, we don’t know Energy of incoming
neutrino we have spectrum/flux!!!

ﬁ @_ . — —— e .
Target and horns W - —->Super-K
Decay tunnel th  ND230
! ! o 1 off-axis
0 / 118 m\ ~280 m

Beam dump 4 monitor

INGRID
on-axis

neutrino spectrum

® (Arbitrary Units)

4
E, (GeV)
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Neutrino Interaction

We can’t measure neutrino itself as they interact only weakly.
In neutrino interaction of Charged Current charged lepton is produced.
We have to try to measure neutrino Energy using product of interaction.

If we observe muon (electron) this means muon (electron) neutrino
interacted.

Kamil Skwarczynski
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Reconstructing Neutrino Energy - NOVA
NOVA detector NOvVA ﬁ'ﬁteCtFJﬁ'S______ I

* Consist of extruded plastic cells with alternating vertical
and horizontal orientation for 3D reconstruction of
neutrino interactions

vy energy

400 2600

* v, energy is a sum of p energy and hadronic part energy
* v, energy is a sum of p energy and hadronic part energy

* Hadronic energy calorimetric reconstruction
* What about particles not leaving signal in detector

Rorioway Kamil Skwarczynski
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Reconstructing Neutrino Energy — T2K

Super-Kamiokande

Lepton kinematics plays a crucial role in T2K. We may get
neutrino energy from the following formula (for two body
process):

mzzo - (mn _ EB)2 _ mg + (mn _ EB)EZ
2(m,, — Eg — E; + p;cos6;)

Only uses particle masses, lepton kinematics and nuclear model. \M

107

rec —
E-U -

X

700
600
500

400 In ideal situation reconstructed

300 should equal true.

200
100

MC Events (2.7 10%* POT)

P S I I I I D D I
-08 06 -04 -02 0.0 0.2 0.4t 0.6t
rec rue rue
(E™-Ej e)/E"
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Reconstructing Neutrino Energy — T2K

T2K far detector is water Cherenkov detector which do not see low v I
energetic proton. Cannot use calorimetric measurement like NOVA ~N——
We may get neutrino energy from the following formula (for two body
process): w
prec — mgza — (mn — EB)Z — mg + (mn - EB) ” b > o p
V) - @)
Z(mn — EB — + ) O
Only uses particle masses, and nuclear model.
25000 ,
= C i ; : :
o = P -
:\?20000 - .
e ¢ Neutrino interacts with nucleons in nuclei which smears
5;5000 E . reconstructed energy due to binding energy and nucleon
B 0000 - ] & momentum in nuclei.
NIRRTl '
%5000 - / | =
T IS et I T s = S

-08 06 -04 02 00 02 04 06 0.8
(Erec_ EII‘UG‘)/EII’UE
v hd v
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Reconstructing Neutrino Energy — T2K

Lepton kinematics plays a crucial role in T2K. We may get
neutrino energy from the following formula (for two body
process):

- (mn - EB)2 _ mg + (mn - EB)EZ
2(m,, — Eg — E; + p;cos6;)

ETrec —

Only uses particle masses, lepton kinematics and nuclear model.

~=5000

102 POT,
Q
S

L
a1
o
o
o

o
o
o
o

5000 -

MC Evenis (2.

l'l]llll]l']ll'llll'lll

N SR D Pt DU DU D
—08 —06 -04 02 00 02 04 06 08

(Erec_ ELFUE)/EUUB
v A%
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PWIA: Plane wave
Impulse approximation

Initial state

Lo
o ¥

Binding energy,

momentum
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Measure neutrino energy



Chapter Il: Modelling of
Interactions

Summary
* To measure v oscillation one need only energy
 We can measure Energy using products of v interaction



Reconstruct Neutrino Energy

Neutrino can undergo several different reactions.

Each reactions use

* Slightly different model

* Different set of uncertainties
e Different challenges

PWIA: Plane wave
impulse approximation

- Initial state

Binding energy,
momentum

Weak interaction

v v, -
X Z W

)

V-A current

Kamil Skwarczynski

On,0/E, (10738 cm? /GeV /Nucleon)

NEUT 5.8.0, v, — H,0

Fluxes

B T2K Flux, ©

—— CC Total —— CC-Other
—— CC-Omeson === NC o x Plvy-vy)
CC-1m* ® X P(v, = Ve)
| ; : leb
| T2K Flux
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o
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Plot from L. Pickering
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Reconstruct Neutrino Energy

’PWIA: Plane wave ‘

CCQE or CC Omeson. impulse app‘rolxri‘:::::te N
v < "N ‘CQ:.} i
* Simple topology O e curent
NEUT 5.8.0, v, — H;0 Fluxes
* Main signal for T2K and important for energy reconstruction —— CCTotal =~ —— CC-Other ~ W T2KFlux, ®
—— CC-Omeson === NC o x Plvy-vy)
method.
CC-1m* ® X P(v, = Ve)
-'":"- | : : leb
o ]
9 0.8} T2K Flux — ]
3 —
<
CCQE - CC Omeson > 0.6
\\/v/ g
Vu B ~
I 504
W | S
! o | /AN T e
/\ = 0.2
Wy
n p >
S 0.0
' 0.5 1.0 1.5
E, (GeV)

Plot from L. Pickering
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Reconstruct Neutrino Energy

PWIA: Plane wave
impulse approximation

CC1m™ - mostly coming though resonance decay.

.. | Initial state  Weak interaction

VWV /.“} v vl
-0~ 20 * ﬁ
\&\ \\.: // P PN

*  Much more difficult due to numerous resonances. A e ciment
 T2K dominated by very well-known delta resonance. NEUT 5.8.0, v, — H,0 Fluxes
—— CC Total —— CC-Other W T2K Flux, ®
—— CC-Omeson === NC o x Plvy-vy)
CC-1m* ® X P(v, = Ve)
I ; : le6
0.8} T2KFlux T

—

o
o
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On,0/E, (10738 cm? /GeV /Nucleon)

O
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o
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———2———
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Plot from L. Pickering

)
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Reconstruct Neutrino Energy

Shallow and Deep-Inelastic Scattering
* Background for both experiments.

* Very diverse final state.

y, CC-Other - DIS

pN

hadrons

Kamil Skwarczynski

On,0/E, (10738 cm? /GeV /Nucleon)

PWIA: Plane wave
impulse approximation

Initial state

v .

= e
- -.e "~ © O ) X
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Weak interaction
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W
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Because interaction is happening inside nucleus there can be PYAL Pieine Weve:
) i impulse approximation
some inner nucleon correlations.

. | [Initial state  Weak interaction
v v,

X ZW

Then neutrino is interacting with two nucleons and two
nucleons are ejected.

Binding energy,
momentum

V-A current

Often refers as two particles two holes (2p2p).

® o
%' ®
v

&spectator
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Correlations

Because interaction is happening inside nucleus there can be
some inner nucleon correlations.

Then neutrino is interacting with two nucleons and two
nucleons are ejected.

Often refers as two particles two holes (2p2p).

There can be more correlation resulting in even 3p3h

Rorioway Kamil Skwarczynski

PWIA: Plane wave
impulse approximation

Initial state

| ee

, = @ | B
@ Binding energy,

momentum

Weak interaction

v v, -
ZW
V-A current
26



Final State Interactions - Cascade

Up to this point we discussed ,initial interaction”
After initial interaction particles have to ,leave” nucleus.

We assume billiard ball like interactions often call it cascade

Due to cascade for example pion can be absorbed.

In other words, this means CC1pi+ interaction can be ,,seen” as CCOpi ®

PWIA: Plane wave
Impulse approximation

Initial state Weak interaction Final state

v -
; : Vv v, interaction
€e-0 @® 7 2w X (@Y
Bi‘r‘mding energ;y. ‘ \ ’ O ’

momentum V'A curre nt Intranuclear cascade

Figure from Seisho
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Final State Interactions - Cascade

Up to this point we discussed ,initial interaction”
After initial interaction particles have to ,leave” nucleus.

We assume billiard ball like interactions often call it cascade

Due to cascade for example pion can be absorbed.

In other words, this means CC1pi+ interaction can be ,,seen” as CCOpi ®

There is also deexcitation but less important for T2K and NOvVA but it becomes more

relevant.
PWIA: Plane wave

Impulse approximation

Initial state Weak interaction Final state Deexcitation

v I-
|- r P.NnSg,
\é/’ Q& 1Z v, mteractlon | $ O 7 der / Mey,
N Q X ZW X CK‘ @

" Compound

nucleus S~ GroUnd
Binding energy, state |
momentum V-A current Intr anuclear cascade Compound process

Figure from Seisho
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T2K + NOVA

Due to different neutrino flux, importance of T2K NOvA
different reaction reactions varies between T2K and %1 aF Formaaaio, Zaiiss
NOVA. St
E1.2
o B
: ¥
0.8
- E
60.6[
2 F
80.4f-
30.2:—
s -k
° 0

-k
S

cross sections E, (GeV)
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T2K + NOVA

Due to different neutrino flux, importance of T2K NOvA
different reaction reactions varies between T2K and %1 afF Eoimandio. Zalis
- S
NOVA. ~ r
1.2
T2K is much more dominated by CCQE. 80 1E b 5 i
< | ol TOTAL
This is why T2K can effectively use Erec formula w08 ol 1 TF okl | 1
o e 'l‘ Q g v -vu' !.'.
50.6[ ) ]
prec — mgzp — (my, — Eg)* — mg + (m, — Eg)E, §o_4:—
v 2(m,, — Eg — E, + p,;cos0)) @ I
00.2[
(8] e .
Only uses particle masses, lepton kinematics and nuclear i = =
model. .
cross sections E, (GoV)
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Different Neutrino Generators

Neutrino generator have access to Q NEUT used by T2K and other Japanese based experiments
different models and vary how A’f’? * Development driven by needs of these experiments
J .

consistently modelled are Wide range of processes
implemented. ( GENIE used by NOvA and other USA based experiments

* Developed experimentalists and theorists
* Wide range of processes

Kamil Skwarczynski 31




Generator have access to different
models and vary how consistently
modelled are implemented.

In neutrino physics we have wide
range access to generators

Allow exploring impact of different
effects and analysis biases

Different Neutrino Generators

n

2
<

A

\
>

-

& GLOBAL FIT

Wro

<
joo v

“ACHILVES”

u
» .
F vo
v - »
° o
n V/ -
. e
s
c
©
*, &
¢
Cring €v°

7
X )

NEUT used by T2K and other Japanese based experiments
* Development driven by needs of these experiments

* Wide range of processes

GENIE used by NOVA and other USA based experiments

* Developed experimentalists and theorists

* Wide range of processes

NuWro

* Mainly developed by theorists

 Wide range of processes

GiBUU

* Mainly developed by theorists

e Consistent theoretical framework for physics processes
ACHILLES

* Development driven by theorists

* New generator
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Generator have access to different
models and vary how consistently
modelled are implemented.

In neutrino physics we have wide
range access to generators

Allow exploring impact of different
effects and analysis biases

Example of generator differences

_3
1] L A——

18-
16F
14

12F

# events

10f
8¢

6
al
SF
0

Different Neutrino Generators
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©
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Cring €v°

NEUT used by T2K and other Japanese based experiments
* Development driven by needs of these experiments

* Wide range of processes

GENIE used by NOVA and other USA based experiments

* Developed experimentalists and theorists

* Wide range of processes

NuWro

* Mainly developed by theorists

* Wide range of processes

GiBUU

* Mainly developed by theorists

e Consistent theoretical framework for physics processes
ACHILLES

* Development driven by theorists

* New generator
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Is the increased rate of CCle from oscillations?
s it a poorly modelled NC1mt® background?
Is NC1mE mistaken for CC1u?

295 km, NuFit 5.2 295 km, NuFit 5.2

— Sgp=m/2 — Jgp=-m/2
— 9¢p=0 — 8p=0
— Ogp=m/2 o §p=m/2
— Sgp=m — Ogp=m

|

‘IIII]II|IIIIIIl|IIIIIIIIIIIIIII
02 04 06 0.8 1 12 14 16 18 2 0.2 04 06 0.8 1 12 14 16 18 2
E, (GeV) E, (GeV)

Plots from Clarence



https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf

s the frequency of the oscillation due to Am?,,, or biases in
neutrino energy reconstruction from mismodelling?

295 km, NuFit 5.2
— Am5,=2.51x10°% eV

—— Am2,=2.60x10° eV?

0.1
OI“III|III II|III|IIII|II|III|IIIIIII

02 04 06 0.8 1 12 14 16 1.8 2
Plots from Clarence E, (GeV)



https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf

Chapter IlI: Electron Scattering

Summary
* To measure v oscillation one need only energy
 We can measure Energy using products of v interaction
* Modelling of interactions is difficult ®



Electron Scattering - Introduction

Electron scattering, we have very good control of incoming
and outcoming angle and momentum

Both neutrino and electron scatterings can be simulated using

the same nuclear model.

* Alot of old electron scattering data

PWIA: Plane wave
impulse approximation

Inltlal state

Q.Q’
- (¢®*

Bmdlng energy,

momentum

ROYAL

HOLLOWAY

Weak interaction
v v, |-

V-A current

OR

EM interaction

V current

elecktron beom

Ehin metal

Somp\.e

< Only by replacing the
description herel!

Final state Deexcitation
, NS
mteractlon Z e o

/‘ 7
\/
K Compound P

nucleus ,N Ground
/
—— state

Compound process

Figure from Seisho

Intranuclear cascade

Kamil Skwarczynski
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We can measure initial state with electron PWIA: Plane wave
. impulse approximation
scattering

Initial state

s

Binding energy,
momentum

~

We know the incoming e — energy / momentum in
e-scattering experiments!

Phys Rev C, 49, 2 (1994)
(M. Leuschner et al.)

¥ ROYAL
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Improving Initial State Description

We can measure initial state with electron clectron bean K PWIA: Plane wave
. < i ; impulse approximation
Scatterlng Ehin metal j g y i Initial state
some X =) oo
: : : Y detecks
We know the incoming e - energy / momentum in .’ ;- Q
e-scattering experiments! | Bmdmg erery,
“ 160 (e.e'p)'*N
80 < p, < 160 MeV/c
200
| etp>e’+p

5o | , e~ e~

)W. Fl e | EmiSS =W - Tp B Trem \//

= ' . (before FSI corrections)

3 '; | w=Ee-Ee’

— 100

11 ] L

’ J r 1 ® @

>0 | ‘ ‘ p @ ). p
| A B & —~@
..... M_LM\]I\{._M_J
e VIR, S Phys Rev C, 49, 2 (1994) Based on
mlSS (MBV) (M. Leuschner et al.) ased o

Stephen’s

ROYAL

HOLLOWAY Kamil Skwa rczyr,\Ski
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https://indico.cern.ch/event/1011452/contributions/4448410/attachments/2290748/3894688/sDolanNuXSec_part1.pdf

Improving Initial State Description

We can measure initial state with electron R PWIA: Plane wave

eleckron beom | : impulse approximation

: . ,

Scatterlng Ehin metal ) y i Initial state
Socnple \f’ Q.’

We know the incoming e — energy / momentum in OO /..Q

Bmdmg energy,

e-scattering experiments!

——
‘ 1%0(e.e'p)'*N !
. B0 < pu < 160 Mo/ Can get initial state nucleon momentum:
= _ Y Y
- | etpSe+p’ Pmiss = DPe Pe Ep. - -
e ; o e e e
% sl /2 | Emiss =w-Tp - Trem \/,/ ¥ v A 4
=, | '  (before FSI corrections) ¥ **&; /\
:;_: [ \ == . / . 1D s / 1
% 100 | ‘ | SEIEE - . % Y !
E > ; ]
£ | | 4 z W\* f\ \ |
7 : 1 [ | ) < }\ f \ i!c
50 - | ‘ ‘ p o o D \‘J" 'R
1 Q@ ; i ).0 MeV
el | J ot | & e 01 \;
/2 /= \i
T 20 Can get initial state nucleon momentum; - N
o ol Based on 200 100 0 100 200
mlSS (M@V) Pmiss = Pe = Pe =Py Pmiss (MeV /)

Stephen’s

HOLLOWAY Kamil Skwa rczyr,]Ski 40
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https://indico.cern.ch/event/1011452/contributions/4448410/attachments/2290748/3894688/sDolanNuXSec_part1.pdf

) PWIA: Plane wave
Scan through E,,;;sc and measure p,y,;ss (Or vice- impulse approximation

versa) to build probability of what initial state is.

Initial state

s

Binding energy,
momentum

~

190 (e,e'p)'*N ] [ —— WSdd J
80 < p,, < 160 MeV/c ] 100 + === Kel90n Pas2
200 + ‘[ - - SC E, = 6.3 MeV

! 3/2 ’ -
— X F 7
T 150 \?m—\*
A -f St
‘E-z' \ | ~ v
T T e B
: | =
— 100 i QE. 1 2
< = 0
g i ' 0 50 100 150 200 250 300 350 400
<5
n

Pmiss (MeV /c)

y———y—r

1/2*

' ]k_ 3 , AMM_

12 14 16 18 20 22 24 26

|
| '
2 B IR, | " Phys Rev C, 49, 2 (1994)

—izloo 100 0 100 200 (M Leuschner et al)
Eies (MeV) Pmiss (MeV /c) Based on

¥ ROYAL
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https://indico.cern.ch/event/1011452/contributions/4448410/attachments/2290748/3894688/sDolanNuXSec_part1.pdf

Electron Scattering - PWIA

.. _Electron Scattering.. _

Neutrino Scattering

% R ; -:'Jm L V\,/e generally O_bserve large C, 0.86 < cos®, < 0.9 C, 0.93 < cosf, < 1
5 Sood | discrepancy using same model 0 T Lo B . -
sl , o |8 12F Z el E E
< < between electron and neutrino E[2 F ] £|ls TE 5
O‘J 0,‘15 0‘2 0.25 0,65 Dl1 0.15 D!Z 0.25 . %0 g 10 B _- %o g 6 : _:
o (GeV) ®(GeV) | c - h ! c - ]
e R ?1%6°=o.oassf:.:ozghc::5kw T daia Scatterlng. ‘9 % 8 : _: ‘9 % ° F E
e T O &t E O 4f E
oz Due to nature of neutrino B 4t E |2 Z’ - ;
§ § . . o [&] N ] ~ [s} = L _:
interactions, we cannot make b EL: . OIS i E
P perform as precise Cop L e o . 4
t lect 107" 2x10° 1 7 24¢& 10 A * 2 345
measurement as electron Muon momentun ——g— um (GeV/c)

scattering —— GENIE v3 SuSa v2 (103.5)
NuWro SF (114.5)
- = NEUT LFG (44.8)
— GiBUU (112.7)

ROYAL
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doldaide (nblsr/GeV)

do/da/de2 (nbisr/GeV)

Electron Scattering - PWIA

Neutrino Scattering

o8 : ':'wh i V\_/e generally O_bserve large C, 0.86 < cosf, < 0.9 C, 0.93 < cosf, <1
S discrepancy using same model @ T3 Lo B . 5
s : o |8 12F 2 V29 E
= between electron and neutrino E[2 F : £ls ¢ 5
0 0,65 Dl1 0.15 D!Z 0.25 . %0 g 10 B _' go g 6; _:
51%61-0033::::;%:;250, T daia Scatterlng. I‘? ; 8 f _f e ; 5 ; _E
_f e, e 3 f ] & af E
Due to nature of neutrino B of E |2 Z’ - E
T L . . | © X . ~| © =i E
interactions, we cannot make °[S22f - °[C=4F o E
perform as precise P teem—es Cop .
T lect 107" 2x10° 1 7 24¢& 10 A * 2 345
measurement as electron Muon momentun —g— um (GeV/c)
scattering —— GENIE v3 SuSa v2 (103.5)
: NuWro SF (114.5)
Main problem is we used model with Plane Wave - = NEUT LFG (44 .8)
Impulse approximation. PWIA: Plane wave
Impulse approximation
Because lepton is travelling through nucleus there Initial state Weak interaction
are guantum mechanical effects ,,DISTORTING” Q.' v v,
wave.

~ (. X Z W

Binding energy,

They are very important for low Energy transfer
phase-space

V-A current

momentum
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Electron Scattering - DWIA

When accounting for distorted wave and
including elastic FSI we can recover
mismatch with electron scattering.

RDWIA: Relativist Distorted Wave Calculated together

Impulse Approximation

Elastic FSI

Initial state Weak interaction

“.' ) 1 v, |- )
- le® 1 2

Final state
mteractlon g ®

ol

Compound

Deexcitation

nucleus ~ Ground

Binding energy, 7 e state,
momentum V-A current Intranuclear cascade Compound process
Figure adapted from S. Abe and Jake
Electron Scattering
Low “gq0"” mismatch is recovered
2C(e.e’): E, = '.’Iny.\[--\', #; = 36 ¢ 5, = 320 ,\h;\' 0 = .:v-_)()‘[—‘)("(v ') E; =161 MeV, 6, = 60 N eutrl no Scatte rl ng
i ' q
oo 150 ' 0.8 < cos(6)) < 1.0 ; 0.3 < cos(Bp*- ) <08
= —4.2x10-39 .
s oo} J. McKean ol ]
S ol !l Preliminary I - Plane Wave
< ’ S ox10-0L ]
Py l . S i ]
= 100 =9 100 L T, i % ]
I3 BCE.¢) E= 100 MeV, 0, =36° BC(e,e'): E, = 0680 MeV, §; = 60° Ce,'): E, =730 MeV, §, = 37.1 © a0l ]
T[T ‘ 3F ' M e ‘ e gnore rest ]
efE ;J.')(l ) ~+  Data E 3 T 1
B 8 0o 2r 7 [ NEUT ED-RMF z 3x10-40F % T -
~ { I NEUTSF ke 1—‘ :
50 i NEUT SF* 3 . ' 3
L - 77 NEUT DCC 0 0.6 1.0
g 0 100 l’il’l L 0 250 500 4 0 250 500 (
Energy transfer w [MeV] arXiv:2207.02086V2
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Electron Scattering — Summary

Some data is old from 60/70 errors not understood and hand scanning plots ®
Not every model has ability to switch to electron scattering like popular 2p2h
Nieves model ®

Perfect agreement with electron scattering doesn't guarantee great agreement for
neutrino ®

Kamil Skwarczynski
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Electron Scattering — Summary

Some data is old from 60/70 errors not understood and hand scanning plots ®
Not every model has ability to switch to electron scattering like popular 2p2h
Nieves model ®

Perfect agreement with electron scattering doesn't guarantee great agreement for
neutrino ®

However

More and more generators and model have ability to use electron scattering ©
There are new collaboration build on providing electron scattering for neutrino
measurements ©

If model doesn't agree with electron scattering it is very unlikely it will ever agree
with neutrino ©

Kamil Skwarczynski
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Chapter IV: Neutrino Scattering

Summary
* To measure v oscillation one need only energy
 We can measure Energy using products of v interaction
* Modelling of interactions is difficult ®
e Using electron scattering to develop better models



Both T2K and NOVA have near detector (2 ] PN

* Oscillations are negligible (due to small L)

* Relatively high number of events, order of
hundred thousands vs hundreds in Far
Detector

* Measure neutrino cross-section

e Constrain fit parameters

E Fermilab Far Detector

! i

Near Detector 810 km i

¥ ROYAL
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Neutrino Scattering

Axial form factor are property of weak interactions
Need neutrino data.
Using neutrino scattering allows us to measure

parameters like , axial mass” necessary to describe
form factors.

OYAL
HOLLOWAY

Weak interaction

PWIA: Plane wave
impulse applroximation

momentum V curren\{/ Intranuclear cascade Compound process
1.6
1.4 = = LQCD average
Lo == MINERvVA
e Deuterium (envelope)
. 1.0 * “ —— Deuterium [Phys.Rev.D 93 (2016)]
<038 \
~0.6 '
0.4
0.2
0.0
0.00 0.25 0.50 0.75  1.00 1.25 1.50 1.75 2.0
Q*/GeV?

Kamil Skwarczynski

Initial state
QO' i :
.~?

Bmdlng energy,

v v, |-
Z W
V-A current
OR

EM interaction

< Only by replacing the
description here!

Final state Deexcitation
interaction % B.nSey,,
Q,
Compound y
nucleus N Ground
N state /
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T2K+NOVA

There has been impressive progress of theory inputs.
Allowing to get better models and more realistic uncertainties describing reactions like CCQE,

RES FSI etc.

Near detectors are becoming more significant as the number of uncertainties rises.

100 A

80 A

60 A

40 A

20~

10

20 1

30 A

Cross sect. syst. count

40

50 A

60 4

70

ROYAL

HOLLOWAY

[Breakdowns from tables™ in long-form papers, augmented with insider info from C. Wret]

1plh

2p2h
RES
MNonres
. DIS

L * % , ,_ k * , Ak ﬁﬁ%’;}*m“

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

_I’_’_’_’_’_’_’_’_’I_’_’_’_’_ EB numu

DIS

‘
. Nonres

RES

See Jeremy’s talk

2p2h
iplh

[Breakdowns from NOvARwgt (non-public versions for >2021)]
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https://indico.ectstar.eu/event/216/contributions/5208/attachments/3451/4863/2024-10-21%20Wolcott%20NOvA%20and%20T2K%20osc%20experience%20-%20ECTstar.pdf

Impact of near detectors

. ~ [ LI N DL NN BN IR B B TZW LA B B B B B BN BB B LA BN B
i - ¢ Data Bl v CCQE = E ¢ Data v CCQE 3
Near Detector allows to improve data MC o b Shma o omvoces 3 Sty d SDuw  EETCCOE
H LY o @ C v CC Coh 1x v CC Other ] D F v CC Coh In v CC Other m
[ ] C T
agreement significantly S 4000 £ I R Tmodes = 1200 £ NG vmodes
C ] - 2 3
S c 3 S 1000 |- 3
§3000 :— —: ;_ 800 |— 4
2! C 1 |72} F I
£ 2000 — 3 = 000 =
o C . e - —
2 1000 [ = = F =
= - 7] = 200 —* —
126 E 14 F =
sl 012 5 3 2 F -
Z§ ZE (l}:g E:..........'...'.r.‘..q.i.'..‘.?.1.'..0...f.‘..a...’...‘....'...!...‘....i ..... ."'é Z§ ZE (13'.3 L """‘"'!"!"!'!"!'"'!"'i"'!' ...... S P E
0.6 = = 0.6 = =
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
P, [MeV/c] P, [MeV/c]
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Impact of near detectors

Near Detector allows to improve data MC
agreement significantly

But also, significantly reduces uncertainty
on predictions in fat detector.

Notice scale of events observed at ND and
FD

ROYAL

HOLLOWAY

wn
=
=
=)

4000

3000

2000

Events/(100 MeV/c)

Nouta
Nuc
Somme=
EXTIASES

LI 1
¢ Data -v CCQE

A B BN B B B
¢ Data v CCQE

— EEvCC2p2h Qv CCResltx — > 1400 EEVCC2p2h MEVCCReslt —
C & v CC Coh 1x v CC Other 7 Q :_ v CC Coh 1In ¥ CC Other _:
- et v NC ¥ modes = = 1200 | . BV NC v modes =
- ] < 1000 | —
= = — - 3
- ] ;_ 800 — =
- 7 & = -
ul = = 600 — 3
- 4 5 = 3
- 7] = 200 —* —
= — 14 — —
o 0 00%00%0 %0 e E L 0 0 K 4 FF o] HIE s T L LN N SN S SO —
r i Z |Z 08 [ L] i
- 0.6 &
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Qf \ 1

20— Z ]
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5__
O B | 1 L m | 1 | | 1 | | | (] 1 | 1 1 | | 1 | | | 1 | 1 I 1 i
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Reconstructed v-energy [GeV]
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Impact of near detectors

We can see for NOVA ND also allows to
significantly reduce uncertainties.

Especially one related to modelling of
neutrino interactions.

v-beam NOvVA Preliminary
B Not Extrapolated | '
| Extrapolated 1M

Neutron Uncertainty| Before ND
Detector Response| After ND ‘

Beam Flux *

Lepton Reconstruction

uonos|es °a

Detector Calibration

Neutrino Cross Sections

Near-Far Uncor.

Systematic Uncertainty

20 o 0 0 20
Signal Uncertainty (%)
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Chapter V: T2K+NOVA
Methodology

Summary
* To measure v oscillation one need only energy
 We can measure Energy using products of v interaction
* Modelling of interactions is difficult ®
* Using e/v scattering to develop better models
* Near detectors are used for v scattering and error reduction



T2K+NOVA

Both T2K and NOvVA have used their Bayesian Markov Chain Monte Carlo (MCMC) fitters.
Both produce same output format: Posterior densities and credible intervals for

parameters-of-interest.

Independent implementation of the framework provided rigorous validation of the joint fit.

External constraints
likelihood

External constraints
likelihood

/

likelihood likelihood

N\

likelihood

Systematics
Penalty terms

Systematics
Penalty terms

Red represents T2K codebse & blue shows NOVA codebase.
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Simulated Data Studies

We have plethora of generators with multiple models

available
B nerator have access to different -S NEUT used by T2K and other Japanese based experi

We can run data fit with only one models configuration.
. . . . . . - 88 dels and vary how consisten X * Development driven by needs of these experiment]
Uncertalntles are bUIIt for Slngle Conflgu ratlon ¥ :e:led:reir:pr;emented.t tl\" ] . \.I:',Videlr:nge cffprocessis " ’

GENIE used by NOVA and other USA based experime

dineutrino physics we have wide * Developed experimentalists and theorists
ge access to generators .~ * Wide range of processes

Different Neutrino Generators

We know uncertainties can’t cover all effects.

ow exploring impact of different St o - NuWro
(¥ects and analysis biases i * Mainly developed by theorists

- *  Wide range of processes
. | | ; GiBUU
How to treat such unknown uncertainty? E ‘ +" Mainly developed by theorsts
| ¢ “+  Consistent theoretical framework for physics procg
ACHILLES
* Development driven by theorists
* New generator

ACHILLES”

BAAAAANAAAAAARAAANAAANADAAANAANIAAARAAAAIAMIINIIGAIIARRDS

Kamil Skwarcaviski
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Simulated Data Studies

How to treat such unknown uncertainty?

We use simulated data to evaluate the robustness of the fit
against various alternate models

Reweight MC to alternative model and treat it as (simulated)
,data”.

Perform fit both for near and far detector

Compare with default fit

Events

ROYAL

HOLLOWAY Kamil Skwa rczyr,lSki

Events

18

[ rr+r o[ rrrr o T
™

- . Mock Data —_
C MINERvA1pi
16— T2K v, sample N
Z — Baseline Model
14— -
C Prediction from
1ol . |ND Mock Data _
10 .
8- —
6 =
4 =
£
0 : - L J 1 A il A l L L L L ] 1 ' il L l L L L L ] 1 L A
0 0.5 1 1.5 2 2.5 3
Reconstructed Neutrino Energy [GeV]
B T | T T T T I T T T T [ T T T T | T T T T i
R — Prediction extrapolated]
- NOvA from ND mock data
15— v, sam ple Baseline Model —
i ® MINERVA Ix ]
| mock data 4
10 —
5 L —
| o A T B B B
00 1 2 3 4

5
Reconstructed Neutrino Energy (GeV)
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Simulated Data Studies

How to treat such unknown uncertainty?

We use simulated data to evaluate the robustness of the

fit against various alternate models

Reweight MC to alternative model and treat it as
(simulated) ,, data”.

Perform fit both for near and far detector
Compare with default fit

Run fit and analyse.

All simulated data were below set criterion

No need to inflate error due to out of model effects

ROYAL

HOLLOWAY

Kamil Skwarczynski

|Am§2 | x107 eV?2

Posterior density

- +- - ' ‘Both MO A

| . Nominal scaled to i

2 6 MINERVA 1 statistics -
[ = MINERVA 17 FDS fit ]
2.5k .
24 -
23F — 68%CL. 3
- ---90% C.l. ]

B N N N ]

04 02.5 0.6
sin“B,,

I _I Nominal scaled to ‘Both MO -

i MINERvVA I statistics 1

[ =— MINERvVA 11t FDS fit 7]
0.02F lo —
| 2o ]

L -
001 —
0 I . |
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Impact of Correlations — Nightmare Studies

T2K and NOVA uses different neutrino generators and =

. . . . e Different Neutrino Generators
different models and interaction uncertainties. | | ——

NEUT used by T2K and other Japanese based expe!
§: * Development driven by needs of these experi
L J

* Wide range of processes

GENIE used by NOVA and other USA based e:
* Developed experimentalists and theorists

Direct correlation of models impossible ® ! o e

How exploring impact of different tanyys NuWro
i E ects and analysis biases $ V/ * Mainly developed by theorists
1 0 ...+ Wide range of processes
| GiBUU
*: E ‘ * Mainly developed by theorists
. — —_— . . . | s ¢ “s Consi theoretical fi k for physics pre
Exception Vu/ V, and Vu/ V, cross-section uncertainties,

a * Development driven by theorists

treatment is identical (large 6 ¢p impact) 8 - vt

"
..........................................................................

NOVA Xsec Model
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Impact of Correlations — Nightmare Studies

T2K and NOVA uses different neutrino generators and
different models and interaction uncertainties.

Direct correlation of models impossible ®

Exception Vu/ V, and Vu/ V, Cross-section uncertainties,
treatment is identical (large é-p impact)

Fabricated parameters for each experiment to simulate a

fully correlated bias for Am?;, or sin?0,,

* Keeping the parameters either fully correlated,
uncorrelated, or fully anti-correlated in the fit

 Uncorrelated and correlated (to follow simulated
bias) agree well while incorrectly correlating
systematics leads to biases

* Impact of correlations merits further investigation for
future analyses with increased statistics

Kamil Skwarczynski
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Epilogue: All Comes Together

Summary

* To measure v oscillation one need only energy

 We can measure Energy using products of v interaction
* Modelling of interactions is difficult ®
* Using e/v scattering to develop better models
* Near detectors are used for v scattering and error reduction
* T2K+NOvVA performer several simulated data studies all
successful below threshold



FD Data Samples

With reactor constraint With reactor constraint
I ] L L L I
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50 | Posteriorrange:ll 1c 20 30 § 15 L Posteriorrange:ll1c 20 30 ]
> Good agreement between [ _
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- data and MC for FD 2| in backup
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(NN i 5 i
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25 ———————————————— \Aflthl relacltorl c?nsllre}ml > With reactor constraint
I Far Detector data: 4 ] L L
. . ] - I Low PID II III
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o I ‘UE) |
~— - 4
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Ly !F | |
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FD Data Samples

With reactor constraint
L] | Ll T L] | Ll T Ll I T T T |

With reactor constraint

Far Detector data: + i L Far Detector data: 4
Posteriorrange:ll 1c 20 3o ] 15 B Posteriorrange:ll1c 20 30

] Good agreement between I

data and MC for FD

samples at T2K and NOvA E:
L
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N
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in backup
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S 8

10 | :
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0 0. 2 0 4 0.6 0.8 1.2
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P (v, — ve)

P (v, — )

Jarlskog-invariant is a parameterization independent way

= sin?(2013) sin® (0o3) sin? (

Jarlskog and CP Violation

Appearance channel

E

1.27Am§2L> __1.27Am3,L

to measure CP violation.

J =0: CP-Conservation
J 1= 0: CP-Violation

For Normal Ordering, a considerably wider range of

probable values for J
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Fitter: MaCh3 post-BANFF

0.04 _—g??t';Siaﬂ'CfEd-'Iﬂ‘- _' -+ 'Non-'Conilitiohal—_

. [ With reactor constraint - L ; Mild preference for inverted ordering
= - T W2o 1
g 002 0% ]
5 - T .
"g‘ B 1 |
& 0.01:— —:— —:
o T .

26-25-24-23 23 24 25 26
Am3, X107 eV?
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Fitter: MaCh3 post-BANFF

0.04 _—g?_yt';Siaﬂ'CfEd-'Im- ) -+ 'Non-'Con'ditiohal—_

S, [ heechreonsummt ] Mild preference for inverted ordering
£ 00 0 flo NO 7]

A + W20 1 Smallest uncertainty in Am2 32<2 %
S 002 1 B3 ]
5 5 T ]
"g‘ B 1 ]
I~ 0.01:— —:— —:
o T 1

26-25-24-23 23 24 25 26
Am3, X107 eV?

. Normal mass ordering _ _ . Inverted mass ordering
Daya Bay nGd ——— 2.466+0.060 2.4% —— 2.571+0.060 2.3%
IceCube —— 241 x007  2.9% —— 241 0071 29%
MINOS+ . 2.40 008 35% —— 2.45 00T 31%
NOvA —— 2.39 +005 21% —— 244 +005 2.0%
NOvA+T2K e 242070939 1 59 —e— 2.477+0035 1.4% ;
NuFIT 5.2 —e— 2.4327002 119 —e— 24861005 11%
RENO nH - 2.48 102 121% . 2.58 103 16% -
RENO nGd . 2.69 012 4.5% .- 2.79 012 4.3% :
SuperK —— 2.40 007 3.3% —_— 2.40 10 a8% =
SuperK+T2K —— 2.51170080 2.4% —— 248470000 2.4%
T2K —— 248 005  2.0% —— 2.53 +0.05 2.0%
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Bonus: Looking Beyona

Summary
 To measure v oscillation one need only energy
 We can measure Energy using products of v interaction
* Modelling of interactions is difficult ®
* Using e/v scattering to develop better models
* Near detectors are used for v scattering and error reduction
* T2K+NOvVA performed several simulated data studies all successful below threshold
 T2K+NOvVA performed measurement of mass ordering parameter



One Step Back

Some may ask why | focused so much on modelling
uncertainties if we have huge statistical error.

T2K v, d|sappearance With reactor constraint
—_—

I Far Detector data + 1

50 - Posteriorrange:[ll ic 20| 30 ]
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30 F .

Events /0.1 GeV
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o o
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T2R\
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|
4 ’ Tokai
Kamioka' 205 km T
A s

X;;N }{
”yper- _ J-PARC accelergto
'.4«.‘..,..............,........-u....J.u-.........,...5......... i
Kamloka
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Hyper Kamiokande

Current experiment will be replaced with new much larger at
scale.

Successor of T2K will be Hyper-Kamiokande (Japan)

HR ta‘vef‘\;\
>
. ‘;
N 7
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Hyper Kamiokande and DUNE

T2/ Current experiment will be replaced with new much larger at ™ : %
-y scale. WOV

" AshRiver, NN+,

-

.,’ Successor of T2K will be Hyper-Kamiokande (Japan) - &’j

Kamioka/’ 285
i

............... L

Successor to NOVA will be DUNE (USA).

H
Tk %
ey N
l-: Sanford Underground

Research Facility

(e] 'Q--.-....,,_"_._- (Proposed)
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".4--“-,,_"
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i =
‘ Kaml?ka Fermilab
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Precision

New experiment can expect thousand of events.

With such high number of events stat error will be much
lower.

Thus, progress on modelling done in current experiments will
directly transfer to future.

Around 500 events for this sample Around 9k events for this sample

With reactor constraint

T T T [ T T T T [ I L i i
- Far Detector data: 4 1 Far detector, v mode, 1-ring pi-like + O decay e

S0 Posterior range:[ll 1c 20 30 . P o S ' 3
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summary

* To measure v oscillation one need only energy
* We can measure Energy using products of v

Inverted ordering

NOVA+T2K —— 2.48 *0% 1.4%

interaction Y 253 1005 2.0%
* Modelling of interactions is difficult ® —— 244 1005 2.0%
 Using e/v scattering to develop better models o S - S
* Near detectors are used for v scattering and error SuperksT2K —— 248 s006 2.4%

reduction Superk —— 2.48 *5% 3.6%
* T2K+NOvVA performed several simulated data studies Day:;a; 23 R zzz%iz

all successful below threshold DayaBaye e 28 gt 5%
e T2K+NOvVA performed measurement of mass ordering 24 mg?'i‘z_aevz) 28

parameter

* Future Experiments like HK and DUNE will require
more sophisticate modelling
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Flux
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Fitter: ARIA Fitter: ARIA

0.7 0.7 —
= NOVA+T2K NO Conditional % - EEm NOvA+T2K 10 Conditional %

—— NOVA Only b [ —— NOVA Only b
—— T2K Only > - —— T2K Only >
0.6 o= _'% 0.6 — *l%
2 S8 ] ¥
&P |~ P ~
= T o B= i -

; . 03 =

| i — —g
2. ] =

0.4 g 04 - g

k< u 1 1 1 1 I 1 1 L 1 ' 1 1 1 L ' 1 1 Il 1 k<

- Tt =Tt i 0 T Tt
2 2

; ROYAL

HOLLOWAY



T T T T T T T T T T T T

——
NOVA L=810 km
sin*20,,=0.085
NO NOvA AmZ,|=2.44 X10 e V>
sin*0,,=0.5

P(Vu_)\)e)%
I
llllllllllllllll

OO
_
1
W
=~
W

Neutrino energy (GeV)

8 T TKL=295km ]

o sin*20,,=0.085 4
"f\___.. 6 T2K 21=2.44X107%V2 ]
~° sin®0,,=0.5 )
T 4 =
) i
> ]
A 2 E
§ ‘ i ) ) ) ) ) ) { ) e - = = — il

O T 2 3 4 5

Neutrino energy (GeV)




Posterior
probability
% % A

<

0.6

.-}
sin Em
=
wm

0.4

107" 1072 10° 107

ROYAL
HOLLOWAY

bl ol 2ol sl

= T2K-only 1o
= NOvA-only 1o

%S % <
Posterior
probability

pt

0.6

o

wm

.2
sin '923

— 0.4
'|||||H |||u|uj |||||H TRAI|

10™* 10 1072 10



NOvA:

o Better mass ordering sensitivity
o Degenerate for around

dcp = 7/2 and —7/2 (CPV)
T2K:

o Better dcp sensitivity
o Degenerate for around

dcp = 0 and 7 (no-CPV)

NOvA: L=810 km, E=2.0 GeV

T2K: L=295 km, E=0.6 GeV
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T2K Preliminary

post-fit correlation matrix
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.............. Normal Ordering
NOvA — - *—  0.890% (0 60.7%
NOVA+T2K —=e — —0.870’:3-;3?3 32.2%
NuFIT 5.2 ———— —0.711793% 24.2%
SuperK : . - —0.5571030% 57.5%
SuperK+T2K ———— —0.59670 352 33.6%
T2K o —0.63070370 38.1%
~1.00 —0.75 —050 —025 0.00 025 050 075 1.00
Ocp, T

NOvA ' . ‘ —0.560703% 44.6%
NOvA+T2K ——— —0.470t3;-{§3 34.0%
NuFIT 5.2 —— —0.46770181 303% -
SuperK . —0.557" 0358 60.2% i
SuperK+T2K e —0.470791%9 318%
T2K —— —0.45070 100 40.0% .
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Analysis Flow

I
I
I
I
l 4
S Cross : ra o .
ND I Sﬁg’gg:" : ND / Cross o e
D at a % ; / I y 7 Section \\Constraints’,'
LR ND I Data i Model P y
\ ' : I .
---1 Detector B N : I ! |
Model Y | E Detector | !
£ Data | I [ B Model
i\ Constraints/ I 1ol
N 53 i vy VvV V
{ These fits can also be | f;rr{z%?_f
ND compmed into a s[ngle : mations
Constrained simultaneous fit I
Model :
) FD 1
FD ~~-_ | __-A-1 Detector |: I FD . FD
Data Vi Model : Data | ™ Predictions
¥ I
g . 1 VvV v
Oscillation ; Oscillation
Fit . Fit
|
‘L ' ¥
- - ' - ' -
Oscillation ; Oscillation
Parameters Parameters

Rotbway Kamil Skwarczyriski 81



80— —e— T2K Data I v,and v, CC 1
- v,and v, CC Neutral current 1

Super-Kamiokande
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Fitter: MaCh3 post-BANFF
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In the case of maximal CPV, 6C P = -1t/2, Hyper-Kamiokande
reaches a definitive 50 discovery in less than three years.

—e— Statistical errors only
------ e-----.  Improved syst. (v /v, xsec. error 2.7%) : : ; i
e T2K syst. Ref.[4] (v./7. xs6c. error 4.9%) even with a very conservative assumption on the systematic
Em— R uncertainties Hyper-Kamiokande will reach 50 sensitivity in less
;10__ ....................................................................................................................... than 6 yearS.
§ o o9
S F o : i
5 [ 045 If we consider the degenerate case of §6C P = -1t/2 and inverted
o 6_ e PETLLI S A . . L. .
"y T e ordering and the Hyper-Kamiokande sensitivity to MO using
[7e) A et B @ Y . .
& 4 g A S atmospheric and beam data, the CPV discovery would be
o A S S delayed to 6 years also in the case of improved systematic
N A R R uncertainties.
0 2 4 6 8 10

HK years (2.7x10%' POT/year 1:3 vv)
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Fitter: MaCh3 post-BANFF

* Bayes factor of 3.6 for upper octant preference 0.1 Bayesian Cred, Tot. Both MO
(modest) with RC _ With reactor constraint
* Very weak preference for 10, Bayes factor 1.3 « 0.09
- i
o =
R i
7 0.08
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RDWIA: Relativist Distorted Wave  Cg|culated toget her

Impulse Approximation

Initial state  Weak interaction Final state Deexcitation
e interaction

Binding energy,

momentum V-A current : Intranuclear cascade Compound process
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Meme

PWIA: Plane wave
impulse approximation

Initial state Weak interaction

V\§T l-é ‘:.'\ cti
3 ‘e® -

Binding energy,
momentum

V-A current

PWIA: Plane wave
impulse approximation

Weak interaction ~ Final state
12 v, |- interaction

& .

V'A current Intféndciear cascade

Blndlng energy
momentum

PWIA: Plane wave
impulse approximation

Weak interaction ~ Final state Deexcitation

v v, |- mteractlon A P n eve, a
f ey
x QR < =)
Compound
\ nucteus i Ground
Binding energy Z \ state

momentum V'A current Intranuclear cascade Compound process

RDWIA: Relativist Distorted Wave Calculated together

Impulse Approximation

Y i | Initial state Weak interaction Elastic FSI Final state Deexcitation
d ) interaction e"efa/
o w $ /« a , d, Mel/

\K‘ Compound >
\ nucleus ~, Ground
Z \ state ,

Binding energy,
momentum

Intranuclear cascade Compound process
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