CP-Violation or Nuclear Excitation@

The crucial role of neutrino-nucleus inferaction
modelling in neutrino oscillation measurements
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Overview

* Nevutrino Oscillations

» Accelerator-Based Experiments
» v Interactions for v Oscillations

» Reconstructing Neutrino Energy

« The Path to Precision Measurements
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Neutrino Osclillations

U
* Neutrinos are produced in partficular

weak eigenstates (v, vy, v;) wt
AVAVAVAVAVAV

Vu
Weak state
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Neutrino Osclillations

U
* Neutrinos are produced in partficular
weak eigenstates (v, vy, v;) wt
NN\ ——
« These are linear combinations of mass ) Yu
. Wi
eigenstates (v4,v,,v3) related by a eak state
unitary matrix, Upyns
k %k *
Ve el e2 e3 3!
_ * * *
Vi — /.il ,Li2 ;i3 V2
Vr 71 T2 73 V3

PMNS = Pontecorvo-Maki-Nakagawa-Sakata
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Neutrino Osclillations

U
* Neuftrinos are produced in particular Mass state
weak eigenstates (ve, v, v;) wt .

NNV <
« These are linear combinations of mass . Yyt .
eigenstates (vq,v,,v3) related by a cak state

unitary matrix, Upyns

. . . Ve :1 :2 53 1
« Neutrinos propagate in their mass y _ “ “ *3 Vo
. . . 7 -
eigenstates, losing their flavour v ’il ’i2 ‘i3 Vs
T T T

identity as they go
PMNS = Pontecorvo-Maki-Nakagawa-Sakata

Ti onature
‘ ime

Mass states

AVAX - JOSSE - \WAVA )V,
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Neutrino Osclillations

U
* Neutrinos are produced in partficular
weak eigenstates (v, vy, v;) wt )

e +
Mass state
" wt
AN

AN 4

« These are linear combinations of mass Vit ;V ‘:e
eigens’ro’reg (VltVZrV3) re|0-|-ed by q Weak state eak state
unitary matrix, Upyys

; : - Ve Un Ugs e3 41

« Neutrinos propagate in their mass ” U Ul ”

eigenstates, losing their flavour U, Uy, Ul ”

identity as they go

) ) ) PMNS = Pontecorvo-Maki-Nakagawa-Sakata
« When the neutrino inferacts, it 9

collapses into a weak state again with
a (ve, vy, v;) probability which depends
on its admixture of mass states

‘ Time

onature

Mass étates

AV )OOV - NVAVAE )V
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Neutrino Osclillations

H et
« Neutrinos are produced in particular Miiss shade
weak eigenstates (v, vy, v;) ’\/\/\Vy\;\/\/ ) . w+
. AVAVAVAVAV
« These are linear combinations of mass Vi ™ ;Vea‘:estate
eigenstates (vy,v,, v3) related by a Weal state
unitary matrix, Uppyns
U, *1 *2 *3 %)
o . . (& e e
« Neutrinos propagate in their mass y “ “ *3 Vo
. . . K H 7 7
eigenstates, losing their flavour U, O UY, Uk ”

identity as they go

L : PMNS = Ponfecorvo-Maki-Nak -Sakat
« When the neutrino interacts, it v -Nakagawa-sakatd

collapses into a weak state again with The probability of finding a neutrino
a (ve, vy, v;) probability which depends » as a particular flavour “oscillates™
on its admixture of mass states As Ifs mass states evolve

onature

‘ Time

Mass étates

AV )OOV - NVAVAE )V
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Neutrino Osclllation

10 L=295 km (~T2K)
« The oscillation probability depends on: f
- The neutrino energy &
- The fravelled distance (“baseline”) &
0.5
(Two-flavour mixing )
_ _ Am?L)[eV?][km] 0.0+ 5 3 i 5
\pva_’va = 1 — sin? (29)Sln2 (1.27 £ [GeV] E,(GeV)
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Neutrino Osclllation

1.0 L=295 km (~T2K)
« The oscillation probability depends on: ﬂ

;1
« The neutrino energy 11 L=800 km (~NOVA)
- The travelled distance (“baseline”) =
0.5 L=1300 km (~DUNE)
(Two-flavour mixing )
| | Am7L)(ev?][km] I N S B
Pygovg, = 1 — sin?(26)sin? (1.27 B [GeV] E,(GeV)
vV
\_
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Neutrino Osclllation

Am3, = 2.24x1073eV

1.0
« The oscillation probability depends on: f

« The neutrino energy = AmZ, = 2.54x10 3¢V

- The travelled distance (“baseline”) &

« The difference in masses of v4,v,, V3 05 Measurements of
mass splitting typically
require good energy

resolution!
(Two-flavour mixing )
_ _ (Am32L [eV?2][km] 007 i 5 5 ) 5
Dvgovg = 1— sin?(26)sin? (1.27 @L (GeV] E,(GeV)
%
g
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Neutrino Osclillations

Am3, = 2.24x1073eV

« The oscillation probability depends on: f

« The neutrino energy = AmZ, = 2.54x10 3¢V

- The travelled distance (“baseline”) &

« The difference in masses of v4,v,, V3 05 Measurements of
mass splitting typically
require good energy

resolution!
(Two-flavour mixing )
2 0.0+ ; : : | .
B L L ‘@L [eV=][km] 1 2 3 4 5
Pvy-v, = 1 — sin“(26)sin (1.27 E, (GeV] E,(GeV)
g
Normal Ordering (NO) Inverted Ordering (NO)
m2 4 A m?
e A2 « Neutrino oscillations in a vacuum are,
, = to first order, sensitive only to the square
Am3; of the mass splittings.
| Am3,
AmZ, « We don’'t yet know the right "ordering”
4 5] I
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Neutrino Osclillations

« The oscillation probability depends on: f
« The neutrino energy & sin%(0,3) = 0.5 (max mixing)
« The travelled distance (“baseline”) &
« The difference in masses of v4,v,, V3 05 Measurements of mixing
. The mixing parameters angles typically require
good normalisation

RN
~N determination!

(Two-flavour mixing

AmZL [eV 2] [km] 0073 5 3 3 5
E, [GeV]

Pygovg = 1 — sin?(26)sin? (1.27
\-

U= (53 cose)
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Neutrino Osclillations

« The oscillation probability depends on: f
« The neutrino energy & sin%(0,3) = 0.5 (max mixing)
« The travelled distance (“baseline”) ~
« The difference in masses of v4,v,, V3 05 Measurements of mixing
« The mixing parameters angles typically require
good normalisation
7 ~ determination!
Three-flavour mixing |
: 0.0- v : : : ‘
" —im2 1 2 3 4 5
Pasp = |(vs(t)Iva)” = Z‘UaiUmF iL/2E E,(GeV)
. J
c1o  S12 0 C13 0 sy3e” % 1 0 0 :
sij = sin 0j;
U= —S12 C12 0 0 1 0 0 C23 S23
+is cij = cos 0j
0 0 1 —S13€ 0 C13 0 —s23 o3
« Three mixing angles: 6,,,605,0--
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Neutrino Osclillations

« The oscillation probability depends on: f
« The neutrino energy & sin%(0,3) = 0.5 (max mixing)
« The travelled distance (“baseline”) ~
« The difference in masses of v4,v,, V3 05 Measurements of mixing
« The mixing parameters angles typically require
good normalisation
7 ~ determination!
Three-flavour mixing |
2 0.0 v : : : ‘
" —im2 1 2 3 4 5
Possp = [(p(®)lva)* = |> Uz U m"?F E,(GeV)
- ’ y,
c1o  S12 0 C13 0 sy3e” % 1 0 0 :
sij = sin 0j;
U= —S12 C12 0 0 1 0 0 C23 S23
+is cij = cos 0j
0 0 1 —S13€ 0 C13 0 —s93 o3
« Three mixing angles: 6,,,605,0--
Predominantly from From reactor experiments Measuring
KamLAND reactor (e.g. Daya Bay) and from P(vy = v
neutrino experiment measuring P (v, = ve)
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Neutrino Osc:ﬂ\o’nons

3 _T2K B.F. 2018, L= 295 kun, 5Cp =0
 The oscillation probability depends on:  +  J il — Ye=ve =
« The neutrino energy 10.05 |
- The fravelled distance (“baseline”) &
« The difference in masses of v4,v,, V3
« The mixing parameters

"""""""

No CP-Violation |

Max CP-Violation dcp = 3m/2]

\

(Three-flavour mixing

Pasys = [(vs(t)lva)|” =

2

------------

Plo’r from L, P|cker|nq

Z@k—imfww

0 vy vt . ) .
i 0 0.5 1
\ / E,(GeV)
ci2  s12 0 13 0 sy3e” % I 0 0 55 = sin 8
U=| —s12 c2 0 U 0 0  co3  S23 e = cos B
0 0 1 —s13eT® 0 C13 0 —s23 cC23 ’ :
« Three mixing angles: 6;,, 63,0 « One CP-Violating phase: §.p

Required to have a difference
between nevutrino and anti-
neutrino vacuum oscillations
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https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf

Overview

* Neutrino Oscillations

* Accelerator-Based Experiments
» v Interactions for v Oscillations

» Reconstructing Neutrino Energy

« The Path to Precision Measurements
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Accelerator-Based Experiments

Near Detlector

__ Far Detector

_____
N~ .
“““““
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Accelerator-Based Experiments

Near Detlector

- ».‘,‘L.‘g«;

Far Detector

____________
o
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S
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Accelerator-Based Experiments

Near Detlector

____________
- .
e

E,

N, (Ey) = g(E,)P, (Ev)e(Evz\

At the near detector

Interaction
Cross section

Detector
effects

Neutrino flux

Stephen Dolan

Far Detector

[ —

UA1 Magnet Yoke

POD ECal

’§UD‘ super-FGD
POD

Downstream Magnetized Tracker

System for moving the LArTPC and tracker up to 30m transv

erse to the beam

/
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Accelerator-Based Experiments

Near Detector

Fa r Detector

S —_~_.!§~
‘‘‘‘‘

10 L=295 km (~T2K)
N m
T
2 L=800 km (~NOVA)
g

05 L=1300 km (~DUNE)
At the near detector Ev
Nu(Ev) — O-(Ev)q)v(Ev)ecEv) 1
. o N 0.07 ] 3 3 4 5
In’rerochgn Detector E,(GeV)
Cross section Neutrino flux effects
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Accelerator-Based Experiments

Near Detlector

Far Detector

e P &
. i~ &
"""""""""

=

At the near detector Ev
Nu(Ev) = U(Ev)¢v(Ev)E(Ev2\

Interaction Detector
cross section Neutrino flux effects
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Accelerator-Based Experiments

Near Detlector

Fa r Detector

S —_~_.!§~
‘‘‘‘‘

At the near detector Ev Ev
NI,I,(EV) = O-(Ev)q)v(Ev)e(Evz\
Inferaction Detector
cross section Neutrino flux effects
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Accelerator-Based Experiments

Near Detlector

__ Far Detector

______________
------
S

At the near detector Ev At the far detector Ev
Nu(Ev) = O-(Ev)q)v(Ev)E(Evz\ N/,L(Ev) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
Interaction Detector Ne(E,) = P(Vu - Vv,)o(E,) P, (E,)e(E,)
Cross section Neutrino flux effects T
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Accelerator-Based Experiments

u

= A . : ; Neutrino-mode
20 - A s ; ... T2K Runs 1-10, 2022 Preliminary T2K Runs 1-10, 2022 Preliminary
SPSY SO MU 1 s« S OO O SO : o - . | . O F
16
14

° = ~ © - l
O & a N o @ o s
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[ 1 12
Reconstructed neutrino energy [GeV]
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. ‘: F

6 o ) O I A . E

: K oz o4 oz o4
4 ,,,,,,,, : : : : ,44: ..........
Py =E : A— — —
ST 1 I it =0 I O T W I o 1L -
0 0.2 . . . 1.2 1.4 1.6 1.8 2

Reconstructed neutrino energy [GeV]

At the near detector Ev At the far detector Ev
Nu(Ev) = g(E,) P, (E,)e(E,) N/,L(Ev) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
- No(E) = P(y, = ve)a(E) 0, (B )e(Er

Interaction Detector
cross section Neutrino flux effects
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Accelerator-Based Experiments
I —

- \
/ Vu = VY
3 l I l I ] ; + FD Data — Best-fit
Z 5| +FDData  —Best-fit Pred. pred.
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3le
(0]
o

w0
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Reco. v, / v, energy (GeV)

0 1 2 3 2
\ Reco. v, energy (GeV)

V

At the near detector Ev At the far detector Ev
Nu(Ev) = U(Ev)¢v(Ev)E(Ev2\ N/,L(Ev) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
Interaction Detector Ne (Ev) = P(Vﬂ - ve)O-(EV)CDV(EV)E(EV)
Cross section Neutrino flux effects T
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How're we doinge¢

www.nu-fit.org

Parameter Bestfit 1o 2016
sin? 8, 0.307%3513 ~4%
sin? 6,4 0.574%93-938 ~25%
sin? 6,5 0.02217X39%7  ~6%

Scp [°] 272%81 ~63°
AmZ, [1075 eV?] 7.491019 ~3%
Am3,[1073 eV?]  2.4847%35% ~2%
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How're we doinge¢

www.nu-fit.org

Parameter Bestfit £10 2016 2018
sin? 8, 0.307%3513 ~4% ~4%
sin? 0,4 0.538%3 025 ~25% ~13%
sin? 0,5 0.02206%399972  ~6% ~3%

Scp [°] 234133 ~63° ~37°
Am3, [107° eV?] 7.401521 ~3% ~3%
Am3, [1073 eV?]  2.4947%0933 ~2% ~1%
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How're we doinge @

Parameter Bestfit £10 2016 2018 2022
sin? 8, 0.303%3:513 ~4% ~4%
sin? 6,5 0.57215:933 ~25% ~13%
sin? 0,5 0.02203%5:99925  ~6% ~3%
Scp [°] 1971322 ~63° ~37°
Am3, [107° eV'?] 7.411021 ~3% ~3%
Am3,[1073 eV?]  2.511%3:938 ~2% ~1%

Precision neutrino-oscillation physics!

Nature 580, 339-344 [l

28
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Precision oscillation physics

Parameter Bestfit £10 2016 2018 2022
__sin?65, 03031888 ~4%  ~4%  ~4%
! sin? 6,5 0.572%3:835 ~25% ~13% ~3% |

~sin?6;;  0.02203F00005¢ T g% ~3%  ~3%
Scp [°] 1971322 ~63° ~37° ~34°

Am3, [107° eV'?] 7.411021 ~3% ~3% ~3%

Am3, [1073 eV?]  2.511%3938 ~2% ~1% ~1%

But still plenty more to find out:
« Maximal 8,3 miXing?¢ (flavour symmetries?)
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Precision oscillation physics

Parameter Bestfit £10 2016 2018 2022
sin® 6, 0.30315-912 ~4% ~4% ~4%
sin? 6,5 0.57215:933 ~25% ~13% ~3%

__sin®0i5 0022031888058 ~6% _ ~3% __ ~3%
! 5cp [°] 1971322 ~63° ~37° ~34° |
AmZ 1075 eV?] ~ " 7410217 77 T 139 T T <39 ~3%
AmZ,[1073 eV?]  2.511%3328 ~2% ~1% ~1%

But still plenty more to find out:
« Maximal 8,3 mixing?
« A new source of CP-violatione (implications for cosmology and leptogensis)
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Precision oscillation physics

Parameter Bestfit £10 2016 2018 2022
sin? 8, 0.303%9:513 ~4% ~4% ~4%
sin? 6,5 0.57215:933 ~25% ~13% ~3%
sin? 0,5 0.02203%5:99925  ~6% ~3% ~3%

Scp [°] 1971322 ~63° ~37° ~34°
Am3, [1075 eV?] 7.411%21 ~3% ~3% ~3%
‘Am2,[1073 eV?]  2.511%0928 <206  ~1%  ~1%

Normal Ordering (NO) Inverted Ordering (NO)

But still plenty more to find out: m® 4 g m?
: .. 5 s — R v
« Maximal 8,3 mixing¢ AmZ,
A new source of CP-violation? Am2, "
*  What's the neutrino mass ordering? AmZ,
Am3, 2
V1 [ T I ]
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Precmon oscﬂ\chon ONYSICS
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MiniBooNE “low energy excess”

But still plenty more to find out:

« Maximal 8,3 mixing?

A new source of CP-violation?

« What's the neutrino mass orderinge
« Physics beyond PMNS¢
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What's Nexte
T« N

> Hyper— Kamiokande

Baseline: 295 km

Beam: Narrow band, ~0.6 GeV
Far detector: Water Cherenkov
Far detector mass (FV): 187 kt

\Expected N,.: ~2000 /

But still plenty more to find out:

° IIF/\oximoI 6,3 MIXing?
1A new source of CP-violatione

. :WhoT’s the neutrino mass ordering?

* \Physics beyond PMNS?¢

- e e - e o .- o o o o O O O e e e e e e .

Stephen Dolan

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Baseline: 1200 km

Beam: Wide band, ~3 GeV
Far detector: Liquid Argon TPC
Far detector mass (FV): 68 kt
Expected N,. ~1500

-—
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What's Nexte

(g

b Hyper— Kamiokande

Flux [A.U.]

o
ol
= B
< 10— [ True 8., = -m/4
~— C
o .:
2 8
172 -
= B
S e rreswaeenAREEEENEE
() U it
o N
Il S
S 4 .....................
& B a-’-.: """""""""""
w T g
~—~ - "
g 9 _ .
%) Y 7 L LR LY Improved syst. (v./V, xsec. error 2.7%) |
B s T2K 2018 syst. (Vo/Ve xsec. error 4.9%) 7]
0 AR S P T Y VU T U 7O O U VA U TV U U U Y Y T T U o 0 R P L Y
0 & 2 3 4 5 6 7 8 9 10
Hyper-K preliminary

HK Years (2.7E21 POT 1:3 vV)

True normal ordering (known)
sin’(0,5) = 0.0218 sin’(6,) = 0.528 |Am3,| = 2.509E-3 eV/c*

But still plenty more to find out:

: IIF/\QximoI 6,3 MIXing?
1A new source of CP-violatione

. :WhOT’s the neutrino mass ordering?

* \Physics beyond PMNS?

Stephen Dolan
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What's Nexte
él B > 800 DUNE v, Disappoarance

(,*4_"'|"'|"'|"'|"'_\
700 sinf,, = 0.580 S — DUNE (1.2 MW) -
| g AmZ, = 2.451 x 10° eV? X i —— MINERVA ]
DEEP UNDERGROUND 8 600 Y ol e = 3 f — NOVA ]
NEUTRINO EXPERIMENT 2 . v, cc O i i
> —
Varving § § 500 mmN < | BNB (SBND) ]
. E IyINg Ocp w [ (v + v)CC [ - T
3 SOF gemow  — NO 8, = -2 400 S 2r B
@ goof sires=05 T ng gcp = (’)‘/2 \E i Flux at the i
g 7o op = 300 ] |
3 S I Near Detector -
* s +H 200 = 4q4if i ]
o ki ol A
300f - : H ]
a00f 100 V=V, 5 ]
100f- Vu = Ve I|_ 0 00 E N\ A, S| Y
S T T T 1 2 3 4 5 6 7 _ 8
\ ’ 1 : Rseconst:ucted Esv (G-eV)6 Reconstructed Energy (GeV) ? ‘ ° EVB(GeV1)O/

But still plenty more to find out:
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Beyond beyond the SM

> 800 -
: _ : : : : : _ 8 DUNE v, Disappearance
E 2 E T2K Runs 1-10, 2022 Preliminary |, [ v = v, 0.5=0 --- Totalpredicted, dcp=-% _] 0 sinzen =0.580
5 22F — B Ve Ocp *="2 ] Q 700 ) -~
§ 203 b - Background | Total predicted, d¢p = +§ 1 = Amg, = 2.451 x 107 e
@ r e Data ] 2 600 3.5 years (staged) 5
E 20~ ] —4— Signal v, CC i
= - ] - i
o V=V Vu 7 Ve : 2 mmv.cC . Varying o,
14F C ] S 500 [ NC ® goof PUNEFD Y. —NO SCP =-1/2
E [ 15— - > . (v, + ve) CC o | Staterrors only — NO 5. = /2
125 | | r b w (v, + v,) CC g 800F sin0,, =05 cp =
1:5 i I " r 7 400! g 7002_ } NO SCP = 0
g T T g ] g 600f
°E ! ! . ] 300 * ook
4F H_ "“‘:'-I_ } F E > 500F +++
E si E £ +
2F Fitt + 1 _l_ + [ ] 400F
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Reconstructed energy (GeV) 100 100 E_ v - ve :‘_
E 1 IM 1 1 1
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Reconstructed Energy (GeV) Reconstructed E, (GeV,
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Beyond beyond the SM
(resent e )

_ > 800y DUNE v, Disappearance
< T2K Runs 1-10, 2022 Preliminary |, [ g 700 sin%,, = 0.580
F N Am32, = 2451 x 107 eV?
r o
b P 3.5 years (staged)
i - 2 600 ; .
H - n Qo —— Signal v, CC
'| 1;” > vpL . o by Varying 6c1>
N | r g 500 0 NC E 900 [DUNEFD — NO 3§ = -n/2
oden T sf 2 - . 9 CC o aof o —NO 8, = W2
| 400 5 700f- t NO 3., =0
dl R e N 5 600F-
| I iV F Ll 300 e 500;_ _+_+_+_
i i e == +
Tt Ll R P 200 ok
oons(:dgled neLirmo ;;gy [ 0_ 02 0 200 g
100 E
Vv, =V E Vv
u 100

-
E u VGI‘_
1 1 1 1 1
™2 3 4 5 6 7 8 0 T 2 moas
Reconstructed Energy (GeV) Reconstructed E, (GeV,

Facilities for exploring physics beyond the standard model + PMNS

 DUNE and Hyper-K will offer a characterisation of neutrino
oscillations with unprecedented precision (10-50 times more statistics)
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Beyond beyond the SM
(resent e )

> 800 -
v DUNE v, Disappearance
5 - F (0] in%
T2K Runs 1-10, 2022 Preliminary | ,; 19 700 sin°0,, = 0.580
L o 2 3 ay2
N 3 AmZ, = 2.451 x 10° eV
o = 3.5 years (staged)
.. 3 N .
'| ] vy = % 600 — Slgé\cal v, CC Varyulg 6CP
C - - vl
[ | L L C S 500 [ ] NC 3 900 :’::::“ —NO 80P =-1/2
- | s @ - (¢ 79 OO @ aoof. sroun —NO 5, = w2
LTl i ‘ S ook } NO 8 =0
| 400 a;., 700 cp
il ERme A 5 600F
| I %, E
e T r | et 300 > s00F +h+
ﬂ- 1- +|+ 'I' 5: |5 : 200 Aooi— +
T2 16 18 [ 300;—
constructed neutrino energy [ 200 .:_
100 E
vy VM 100F V

-
E 24 VGI‘_
1 1 1 1 1
2 3 4 5 6 7 8 A 1 2 345
Reconstructed Energy (GeV) Reconstructed E, (GeV,

Facilities for exploring physics beyond the standard model + PMNS

 DUNE and Hyper-K will offer a characterisation of neutrino
oscillations with unprecedented precision (10-50 times more statistics)

« Opportunities to see new physics feeding down to create
deviations from PMNS behaviour (e.g. “NSIs”)
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Beyond beyond the SM

IceCube

5 Talk from Jodo Coelho
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Facilities for exploring physics beyond the standard model + PMNS
 DUNE and Hyper-K will offer a characterisation of neutrino
oscillations with unprecedented precision (10-50 times more statistics)

« Opportunities to see new physics feeding down to create
deviations from PMNS behaviour (e.g. “NSIs”)

« Physics Beyond PMNS: a complementary approach to pushing
back the frontiers of particle physics

Stephen Dolan CEA-Saclay Seminar, 18/12/23 39



https://indico.ijclab.in2p3.fr/event/8021/contributions/29779/attachments/21332/29996/JCoelho_20230704_SFP.pdf

Beyond beyond the SM

5 Talk from Jodo Coelho HEP12 (2020)
10 KM3NeT 1 T 1 ||||||| |d68||||| T 1 I"II’,IIII
IceCube - i}
1000852 , ’/
1
0 nx sAgane 0.75 |
'g' 100
< |
0] S
£ 10¢ QZ 0.5 —
g ‘ Daya Bay 7
Y 1 SuperChooz =—————— MINOS+ ND
s} = ICARUS
SB Reactor BRGRTINE 0.25— —
0.10k Sroup —— SBND 3 .
‘ LLOY) snD PSBL !
001- N 3 0 | Ll IIIIII Il Ll IIIIII | sI\_I—I_II/I]

0.001 0.100 10 1000 e TR .
\ Neutrino Energy [GeV] sin” 613 /

Facilities for exploring physics beyond the standard model + PMNS

 DUNE and Hyper-K will offer a characterisation of neutrino
oscillations with unprecedented precision (10-50 times more statistics)

« Opportunities to see new physics feeding down to create
deviations from PMNS behaviour (e.g. “NSIs”)

« Physics Beyond PMNS: a complementary approach to pushing
back the frontiers of particle physics

Stephen Dolan CEA-Saclay Seminar, 18/12/23 40



https://indico.ijclab.in2p3.fr/event/8021/contributions/29779/attachments/21332/29996/JCoelho_20230704_SFP.pdf
https://arxiv.org/abs/2008.01088
https://arxiv.org/abs/2008.01088

Talk from Jodo Coelho A ] l ,
/104 KM3NeT 1 R T dl_éESPnll% (2|0|2§,)|’,)|m " _%%\Xl(ﬁ%lé?lizations \
A E |

IceCube LO5F

1! 3 '
i No=3"|Ual?
/ ,’ Z:z 1k | k=1
= 0.5 ,’, ,', ] Current
JEﬂ //I 0.95+ _| Future
" /
o S
= L 05 oo . JHEP12 (2020)
g r Daya Bay % _068
@ 1] SuperChooz ————— MINOS+ ND 5k -+
m B == ICARUS e 1
SB Reactor BRGRTINE 0.25— — S
0.10¢ o —— SBND - | =
- |
‘ _— ?.SND PjLL
_____ _ 0.
001- N 3 0 | | IIIIIII Il | IIIIIII | LIl
0

0.001 0.100 10 1000 10_3 1(]_2 10_1 1 1 1 1 | 1 1
" 12 5 5 0.9 095 1 1.05 1.1
sin’ 013 09 095 1 105 11
\ Neutrino Energy [GeV] N, N,

Facilities for exploring physics beyond the standard model + PMNS
 DUNE and Hyper-K will offer a characterisation of neutrino
oscillations with unprecedented precision (10-50 times more statistics)

« Opportunities to see new physics feeding down to create
deviations from PMNS behaviour (e.g. “NSIs”)

« Physics Beyond PMNS: a complementary approach to pushing
back the frontiers of particle physics
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Current uncertainties

Current long-baseline experiments Current systematic uncertainties

X0 tematonsl Confrenca on Neutrina Physics snd Asroph

Source (T2K\) N(v,)
T2k ©)

N~
Total Syst. 5.2%
Baseline 295 km 800 km
Nj¢¢ (v-mode) 318 211
Nreé¢ (v—-mode) 94 82
At the far detector
Reconsfructed events in samples N,(E)) = P(v, = v)o(E,)) P, (E,)e(E))

at the experiment’s far detectors No(E,) = P(vy - vo)a(E,)®,(E,)e(E,)
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Future uncertainties

Future long-baseline experiments Current systematic uncertainties
Coming 2027-2032 NEUTRINO 2022
YPER ; Source (T2K\) N(v,)
HE sune
LRV
arXiv:1805.04163 arXiv:2002.03005 Total Syst. 5.2%
Baseline 295 km 1300 km
Ny (v-mode)  ~10000 ~7000
NFe¢ (v-mode) ~2000 ~1500
A T ate loteust oot f At the far detector
pproximare iare-srage projecrions ror
reconstructed events in samples at the Ny (Ey) = P(vy = v, )0 (E,) Py (Ey)e(Ey)

experiment’s far detectors N.(E)) = P(v, = v.)o(E,) P, (E,)e(E,))
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Future uncertainties

Future long-baseline experiments Current systematic uncertainties
Coming 2027-2032 NEUTRINO 2022
wpER . : Source (T2RR\) N(v,)
H M -~ Cross-section models | 3.8%
arXiv:1805.04163 arXiv:2002.03005 Total Syst. 5.2%
Baseline 295 km 1300 km

e B o i I o o e B R R
[ True 5, = -1/2
| [ True 8, = -m/4

Ny (v-mode)  ~10000 ~7000

0 exclusion (VA—XZ)
S

o
Ng¢¢ (v-mode) ~2000 ~1500 o e
‘Q;:J E ..---...-?-7::"‘: """""""" —— Statistics only
7 2 - £ 0 =esamem Improved syst. (V./V, xsec. error 2.7%) ]
» e T2K 2018 syst. (V./V, xsec. error 4.9%) 7]
T A
L e L HK Years (2.7E21 POT 1:3 v¥)
sin’(6,;) = 0.0218 si]f(e:,,) =0.528 |Am3,| = 2.509E-3 eV/c*
A T ate loteust octions f At the far detector
pproximare lare-stage projecrions ror
reconsfructed events in samples at the Ny (Ey) = P(vy = v, )0 (E,) P, (E,)e(Ey)
M ]
experiment’s far detectors N.(E)) = P(v, = v.)o(E,) P, (E,)e(E,))
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Future uncertainties

Future long-baseline experiments Current systematic uncertainties
Coming 2027-2032 NEUTRINO 2022
Source (T2R\) N(ve)
" E e
LA VE Cross-section models | 3.8%

5.2%

Total Syst.

NFe¢ (v-mode) ~2000 ~1500

& KOO . l 10
yper-K preliminary .
True normal ordering (known) TE21 POT 1:3 v¥)

sin’(8,,) = 0.0218 sin’(8,,) = 0.528 |Am3,| = 2.509E-3 eV7/c*

2

A o ate Igteust octions f At the far detector

pproximate late-stage projections for

reconstfructed events in samples at the Ny (Ey) = P(vy = v, )0 (E,) P, (E,)e(Ey)
experiment’s far detectors N.(E,) = p(vﬂ - v,)o(E,) P, (E,)e(E)
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Overview

* Neutrino Oscillations

» Accelerator-Based Experiments
v Interactions for v Oscillations
» Reconstructing Neutrino Energy

« The Path to Precision Measurements
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Where are we so fare

« Current neutrino oscillation experiments are mostly
statistics limited

« Systematic uncertainties related to neutrino-nucleus
interactions are offen dominant and are unacceptably
large for the next generation of experiments

« Key questions:

1. Whyis modelling neufrino interactions so difficulte

Stephen Dolan CEA-Saclay Seminar, 18/12/23 47




Where are we so fare

« Current neutrino oscillation experiments are mostly
statistics limited

« Systematic uncertainties related to neutrino-nucleus
interactions are offen dominant and are unacceptably
large for the next generation of experiments

« Key questions:
1. Whyis modelling neufrino interactions so difficulte

2. What exactly do we need fo understand in order fo
reduce uncertainties on oscillation measurementse
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Where are we so fare

« Current neutrino oscillation experiments are mostly
statistics limited

« Systematic uncertainties related to neutrino-nucleus
interactions are offen dominant and are unacceptably
large for the next generation of experiments

« Key questions:
1. Why is modelling neutrino interactions so difficult?

2. What exactly do we need fo understand in order fo
reduce uncertainties on oscillation measurementse

Stephen Dolan CEA-Saclay Seminar, 18/12/23 49




Neutrino-nucleus intferactions

CC-QE CC-2p2h

(Charged-Current Quasi-Elastic)  (Two-Particle-Two-Hole)
2 T % ¥ 5 ¢ b & hod % ok & ok & & e & Y 1% Y K
| GENIE 2.128, 0,,cu (E,) v, Flux (arbitrary norm.) |
—— CC-Total [ T2K: ND off-axis
S CC-RES Il NOvA: ND off-axis w
1.5 | s cC-QE +2p2h [l DUNE CDR Ref. .
...... NC-Total I MINERvA LE. ] v

=T

CC-SPP CC-DIS
(Single Pion Production) (Deep Inelastic Scattering)

Vi iz Vi ©

=
)

o(E,)/E, (1038cm?nucleon'GeV 1)

0
0 1 2 3 1 5

Plot from L. Pickering E, (GeV) < X
7r+ /v’u,/ Vg
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Neutrino-nucleus scattering

« Even the most simple “CCQE" \:\/K/

interaction is hard to describe ...

2
g 1 — 17 /\\
M~?WM_5V [uuyu(l - Vs)uv] [up(---)un] n p
1
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Neutrino-nucleus scattering
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Neutrino-nucleus scattering

v
v, |
A, ¢
| | |
| l |
| L |
| |
|
| nuclear model ||prrmary lnteractlon|\ hadronization | hadron transport l
Rt - s’ e e ATl ey e e s Sl " i - —— N i Tea—— 0 g
- Benhar SF — LiFG 0.14
— RFG NEUT 5.5.0, 1,60 | R [{
2 0.1 LFG — |1
= i SF — ||
S 008
£ o006}
e}
< 004}
0.02 |
0 I I L
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Nucleon momentum [GeV/c]
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5 iv. f; 5 .pdf
https://arxiv.org/pdf/2106.15809.pd pn (MeV/C)
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Neutrino-nucleus scattering

F__\

f:
| 1 I
| I |
| 1 |
| ® ® .
| | Il Ll
| nuclear model ' | primary interaction \ hadronization i hadron transport

— e e e o’ — e— e =’ — e — — — e e—— e

Ly Elastic
Scattering

« Hadrons re-inferact inside the nuclear medium:

Final State Interactions e
« Impractical to solve exactly, forced to use |
approximate methods ‘ Absorption

Pion Production
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Neutrino-nucleus scattering

| | primary interaction| \ hadronization
i’

— e e e =’ — e — —

Long range nuclear

Multi-nucleon correlations
Interactions
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Comparisons to measurements

« Lepton-nucleus cross-section measurements provide a crucial
means to benchmark interaction models

* In general, models are unable to describe modern measurements

--G2018
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L159GeY: Lon e

4.50 <Muon P, / GeV < 5.50 5.50 < Muon P,/ GeV < 6.50 6.50 < Muon P, / GeV < 8.00

Muon P, (GeV)

Stephen Dolan

'g V)
o 3r - E
S i * ; <1 i x 2.0
; Z.ﬁ\\ | N ﬂ\
> \ m
Q 1— (] - L
9
g 0 8.00 < Mu:m P,/GeV < |2.0‘0 12.00 < Mu.on P,/ GeV < 200.0 i -
g3 F Jf b
8, i} - x10.0 { { { x70.0 carbon
g 2r AN i ' water J:'
b | ¥ 4
v | N

0L . — —lead

- N

o

Ratio to MnvGENIEv1

CEA-Saclay Seminar, 18/12/23

v o »u o

12 f10.86<cos6, <093 |

P

0.93 < cosf, <1

o 1 2

3 1

2 3

Muon momentum (GeV/c)

3.50 < P, [GeV] < 8.00

000<P,, . <0.15

015<P,,_ <025

28 N
0.0 05 1.0

15 00 05 10 1.5

LT, (GeV)

56



Where are we so fare

« Key questions:
1. Whyis modelling neufrino interactions so difficulte

2. What exactly do we need to understand in order to
reduce uncertainties on oscillation measurements?
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Event rates to oscillation parameters

— CC-Inclusive - CC-QE

[N]
T T
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Event rates to oscillation parameters

— CC-Inclusive - CC-QE
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Event rates to oscillation parameters

Am3, = 2.24x1073eV

« For a precision probe of oscillation . 10
parameters, reconstructing the shape 1
of the oscillated spectrum is crucial §
0.5
— CC-Inclusive - CC-QE
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Event rates to oscillation parameters

Am3, = 2.24x1073eV

« For a precision probe of oscillation 10 1
parameters, reconstructing the shape |
of the oscillated spectrum is crucial

P(v, — v,)

« Require a good control over cross 05
section energy dependence and

energy reconstruction!
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross ~ 0-1 rye T2K B.F. 2018, L=295 km, dcp = 0
o N N _ _
section energy dependence and S e Uy — e
energy reconstruction! 005 F i A e .
« Constraints on é.p rely on differences ~ No CP-Violation
between electron neutrino and anti- 0.0 . — 5 — 3' 7
neutrino appearance Ny Max CP-Violation or =
! 0.05
S
<
0
0
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross ~ 0-1 rye T2K B.F. 2018, L=295 km, dcp = 0
o N N _ _
section energy dependence and S e Uy — e
energy reconstruction! 005 F i A e .
« Constraints on é.p rely on differences ~ No CP-Violation
between electron neutrino and anti- 0.1 . ——; — n P
neutrino appearance Ny Max CP-Violation or =
T
+ But we mainly measure muon neutrino z0.05 f &
interactions at the near detector BT i
0
0
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross
section energy dependence and
energy reconstruction!

- T2K B.F. 2018, L=295 km, dcp = 0

_________

No CP-Violation |

« Constraints on é.p rely on differences
between electron neutrino and anti-
neutrino appearance

| Sop = 3m/2
Max CP-Violation or W/-

« But we mainly measure muon neutrino
interactions at the near detector

. O 1-: i
- A good modelling of v, /v, cross 0
section ratio is essential
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum
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Three things we need to model

(a non exhaustive list)
1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum

3. Differences in the cross section for v, /v, (and v/v)
« SO we can use v, appearance to probe CP-violation
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum

3. Differences in the cross section for v, /v, (and v/v)
« SO we can use v, appearance to probe CP-violation
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Overview

* Neutrino Oscillations

» Accelerator-Based Experiments
» v Interactions for v Oscillations

» Reconstructing Neutrino Energy

« The Path to Precision Measurements
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Reconstructing E,

« Experiments use methods of neutrino energy reconstruction tailored to
their capabilities
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Reconstructing E,

« Experiments use methods of neutrino energy reconstruction tailored to
their capabilities

“Calorimetric method”
E, =E, + Ehad,vis

+ Add the lepton energy ! !
to the sum of all visible
hadronic energy

« But not all hadrons
deposit all their energy
inside the detector

v ‘ _/“ —A:»/—-—‘/'“'!(
IIIIII-I%J; ‘ .
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Reconstructing E,

« Experiments use methods of neutrino energy reconstruction tailored to

their capabilities

“Calorimetric method”
E,=E,+ Ehad,vis

Add the lepton energy !
to the sum of all visible
hadronic energy

But not all hadrons
deposit all their energy
inside the detector

e
V N,
,

>
IIIIII-IL\%'.._,

Stephen Dolan

“Kinematic method”

mgzg — (my, — Ep)* — m; + 2Ep(my, — Ep)

E., =
v 2(m,, — Eg — Ep + p; cos 8))
v !
- Usesonly the outgoing = ~——~——""
lepton kinematics
w

« Assume elastic scatter
off a stationary nucleon "
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Nuclear effects and E,, (T2K/HK)

CCQE (1p1h)
v [
v
w
n p
&
.é 1_—_ I I I ' I_ I I I __
& 08: E E _mzzo _(mn_EB)Z —mﬁ + 2E,(m;, — Ep)
< E E v Z(mn—EB—E{)+p{)COSH{J)
0'6;_ 4 Proxy for E,, from lepton kinematics is exact only for
0.4 1 CCQE elastic scattering off a stationary nucleon
0.2f- -

P AP | i
98 06 04 =02 0 02 04 06 08
Evn'uc_Evrec

Evtrue
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Nuclear effects and E,, (T2K/HK)

CCQE (1p1h) 0.14
v ! 012 RFG = |1
5 | SF — ||
> 0.08
W £ 006
< 004
) _
n L Ce p 0.02
» e ——— ~
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il Nucleon momentum [GeV/c]
@ 0.08 T T T | T T
. 2 2 2
5007 o _my —(my — Eg)® —mj + 2E,(m,, — Ep)
0.06 =
< v 2(m,, — Eg — Ep + p;cos 0,)
0.05

The motion of the nucleons inside the nucleus
(Fermi motion) causes a smearing on E,,
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Nuclear effects and E,, (T2K/HK)

@ 0.08——

E 0.07
'E 0.06
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,
> o

CCQE (1p1h)
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mgzo - (mn B EB)Z - m; + ZE{’(mn T EB)
2(m, — Eg — E; + ppcos b))

The motion of the nucleons inside the nucleus
(Fermi motion) causes a smearing on E,,

E, =

The energy loss in the nucleus (to extract the struck
nucleon from its shell) introduces a bias

Stephen Dolan
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Nuclear effects and E,, (T2K/HK)

Final state interactions
CCQE (‘Iplh) CCRES 2p2h

(FSI) can cause different

Vv l 1% l . .
‘ L interaction modes to ’ \\
have the same final state \r/lb' \
\
) !
!
g w w o
i/ I |
) N : '
n ¢C® b n - ‘e P Interactions off a bound : l
— s TT—e o— é 4 , @ | state of two nucleons can : !
~ L) result in 2p2h final states %
\ .[
8 008 T T T A
EO-OE‘ — Al CCOn E 5 m3 — (my, — Eg)* —mj + 2E,(m,, — Ep)
< 006 — CCQE E v 2(m, — Eg — Ep + p, cos 6))
0.05sF- —2p2h B
ooub. — Other 3 The motion of the nucleons inside the nucleus
0035_ 3 (Fermi motion) causes a smearing on E,,
0.02;- < The energy loss in the nucleus (to extract the struck
0.01F V < nucleon from ifs shell) infroduces a bias
- . : .J- : -

%8 —06 —04 02 0 02 04 0.6 rQCS Not a good proxy for non-CCQE events: 2p2h and
E B ccimwith pion abs. FSI

true
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Nuclear effects and E,, (T2K/HK)

Final state interactions
CCQE (1p1h) y CCRES : (FSI) can cause different 2p2h
v L 1 interaction modes to ’ \\
have the same final state \T/'V “
) !
|
” W ./I(/.|
/ |
) ° I I
S S n = ‘s P Interactions off a bound L 1
o i, T —9 o— é 4 . @ | state of twonucleons can . "
i result in 2p2h final states \ .
\ .[
g 0.8 T A
<0 — BouE 1 2(my — E — E; + pg cos 0,)
0.0s5 — 2p2h 3
0oar. ~ Other 2 First-order effects
003 2 Fermi motion causes a smearing on EZF
0.02f -
0.01F 4 Nuclearremoval energy effects introduce a bias
D% 06 04 02 0 02 04 06 08 2p2h and pion abs. FSI cause further bias
E/"-E/”
Evtrue
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WhOT we need TO knOW (a non exhaustive list!)

T2K/HK

(“kinematic” E,, proxy)
Critical

* Nuclear ground state: Fermi
motion and “binding energy”

* 2p2h and pion absorption FSI
conftributions to O1T final states

« Subftle nuclear physics processes are crucial in order to understand how
we can franslate from what our detectors see to true neutrino energy
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WhOT we need TO knOW (a non exhaustive list!)
T2K/HK DUNE/NOVA/SBN

(“kinematic” E,, proxy) (“calorimetric” E,, proxy)

Critical Critical
* Nuclear ground state: Fermi » Fraction of energy found in
motion and “binding energy” neutrons

« 2p2h and pion absorption FSI « Charged pion multiplicity

conftributions to OrT final states

« Subftle nuclear physics processes are crucial in order to understand how
we can franslate from what our detectors see to true neutrino energy
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WhOT we need TO knOW (a non exhaustive list!)
T2K/HK DUNE/NOVA/SBN

(“kinematic” E,, proxy) (“calorimetric” E,, proxy)

Critical Critical
* Nuclear ground state: Fermi » Fraction of energy found in
motion and “binding energy” neutrons

« 2p2h and pion absorption FSI « Charged pion multiplicity

conftributions to OrT final states

« Subftle nuclear physics processes are crucial in order to understand how
we can franslate from what our detectors see to true neutrino energy

Neutrino interaction modelling is crucial for all upcoming experiments, but
different experiments have different priorities: complementary approaches!
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Overview

* Neutrino Oscillations

» Accelerator-Based Experiments
» v Interactions for v Oscillations

» Reconstructing Neutrino Energy

 The Path to Precision Measurements
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Path to Precision Measurements

Improved near detector Engagement with the
capabilities nuclear iheory community

wnstream Magnetized Tracker

GIBUU

\V/

System for moving the LArTPC and tracker up to 30m transverse to the beam

UNIVERSAL NEUTRINO GENERATOR
\ & GIOBAL FIT

Dedicated lepton-nucleus cross-
section measurement programs

SBN

Program
$— P — 3
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Undetectable, you saye¢

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930
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Well, have | got vs for you!

Vv

More than 1M v, CC events in our selection

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930
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Well, have | got vs for you!

N~

L. Cremonesi {/A /2020 Phys. Rev. D 104, 092007

Using these criteria, a sample o

More than 1M v, CC events in our selection

4.105.696

interactions

was selected. The simulation predicts an average selec-
tion efficiency of 64% in the ps-p| phase space, where

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930
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Well, have | got vs for you!

—— Data (Stat. + Syst.)

------ GENIE 3.00.06"
B —— GiBUU 2019
NO vaN NEUT 5.4.0
L. Cremonesi w — NuWro 2019
- ~ Phys. Rev. D 104, 092007
NOVA Preliminary NOVA Preliminary
v "0.50 < coso, < 0.56 1 o 0.80 < coso, <0.85
® ' : L 5 ' ]
x 10 - x
5 A ® ] 5 T 4 0.00<p, <007 0.07 <p,<0.15 0.15<p, <025 025<p, <033
E] 3 S 20
g® ] g 2 x14.7 x 4.5 x 2.1 x1.2
3 ] 2 =) 2
2 s . 2 15 £
Tea . 10 S 9 0.33<p, <040 0.40<p <047 0.47<p <055 | 055<p, <0.70
0% : o [0]
%58, » _ qbg 5 g ol x0.9 x 0.7 x0.6 x0.5
o ] o “é
I 1l X | 1 A h o NN ]
8 ! e % 1, @e%° B ! " el 2 9 0.70<p <085 085<p <100 [ 100<p <125 125<p <150
_ NOVA Preliminary - NOVAProliminay 8
_ ' 0.94 <cosb, =0.96 _ [ 0:99'<cosh, =1.00 |
2 eo- | 2 6 %
s |l s L = 2 1.50 < p <2.50
g | g | i ; — MINERVA data —— MINERVA Tune v1
21 2t © 2 e —— QE+2p2h R t
3 @ > 40 p: esonan
6] L (0] L
| T | ol — True DIS Soft DIS
s | S | 4 10 20 40604 10 20 40 60
20 =20 —— Other CC
- % » Q}g i Muon Longitudinal Momentum (GeV/c)
L 85 1 5 2 e’
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A bright future for Argon

Short Baseline Program: Fermilab liquid Argon detectors in “Booster” beam (~0.8 GeV)

* MicroBooNE: already producing interesting results
« |[CARUS: taking physics data

« SBND: enormous event rates coming soon (1M v/y)

Beyond SBN:
 DUNE “2x2" prototype: measurements at DUNE energies
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Tailored electron scattering é#l/

Nature volume 599, pages565-570 (2021)

CEBAF

Large
Acceptance
Spectrometer

« QOur models are becoming more able to
make neutrino and electron scattering
predictions in the same framework

DC: Drift Chamber

?g::sl‘:m:::::lst?cug::rimour — _+_ Data
10k — SuSAv2 (Total)
—QE —MEC
_ —RES —DIS
5
« New data from CLAS (e-scatting): 2
specifically to help better 3 05
understand neutrino scattering
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https://www-nature-com.ezproxy.cern.ch/

arXiv:1901.03750

Improved near detectors
T2k

UA1 Magnet Y

ToF

4

4 \U P- su -FGD
per
\OD

HA-TPC

2 High Angle TPCs 1 SuperFGD

| Module Frame '
New read-out concept

NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
JINST 15 P12003 (2020)

Novel detector concept 150 ps time resolution

89
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arXiv:1901.03750

Improved near detectors

« 411 angular acceptance

piresh~300 MeV /c

« Lower tracking thresholds pthresh < 100 MeV /c

> = N 3, l:l LA B B N
2 o9f Muons in TPC or == £ o9k
(0] - = 1 > g
- S stopping in SuperFGD et é 3
£ - e —_— 0.8E
o " —_———— g = -
o A 4 4 i 0.7E
“WE 3 ™ 0.65
0sE- f 0.5
04F- -~ = 045
0sE- =~ Muons in 035
g " TPC only =
0.2 — =il
T _""Current e
e . efficiency 0.1=
Eeaa ey (R S i Tl T A G FY A 11 1 1l = -
1 -0.8 —OI.6 -0.4 -0.2 (I) 0.2 0.4 0.6 0 8 1 00 200
true cos 6

Muon angular acceptance

T2k

UAT1 Magnet Yoke SMRD

[N C— — A =
_.,:_—;,_—A—w—'

POD ECal Barrel ECal

Stephen Dolan

l T 1 7T I L I T

Proton tracking threshold

T I | Sl I T T 1 I T

ND280 Upgrade
Current ND280

+_¢.,...-+-+

IlIIIIIIIIlII llllllllllllllllllI[llllllllllllll

JeSRe I o [ | l fo—t 1 l 1
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arXiv:1901.03750

Improved near detectors
T2k

« 411 angular acceptance

UA\MognePKme SMRD

piresh~300 MeV /c
« Lower tracking thresholds pthresh < 100 Mev/c | [N
« Substantially improved resolutions W _
Apyp/vp < 5% : \ W FGDl E
'\ggb Super-FGD TPCl’ TPCQI l#ds J

_— HA-TPC
~

12||||||||||||

? B T T T | T T T | T T T | T T T I .l T T I_
£ [ = protons Momentum resolution
: f— -
S 10, —
E r muons . ]
2 s . O |
e [ RN i
£ - o o0 8
s 6F P .
E [ - [ ] (\\ -
= - ° ((6 _
E 4 o QC\) ™ ]
B ot il )
2__ o, ¢ "smmmsm . - ]
C Current ND28O ~9% ]
C 1 1 | Il 1 1 | Il 1 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 I 1 1 1 I_

%" ""200 200 600 800 1000 1200 1200 1600

momentum (MeV)
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arXiv:1901.03750

Improved near detectors
T2k

« 411 angular acceptance

UAT1 Magnet Yoke SMRD

piresh~300 MeV /c
« Lower tracking thresholds pthresh < 100 MeV /c

POD ECal Barrel ECal 0B
| N\ ™ “\
« Substantially improved resolutions | Al
Phys. Rev. D 105, 032010  APp/Pp < 5% %mE

/NVp- FGD
Neop S0P e PCll TPCQ’ )

 Beftter timing resolution enables neutron A

energy measurements! Ap,/p, <30%

Phys. Rev. D 101, 092003 (2020)
arXiv:2310.15633

J—

= N RN LARRE ERRRE LA RRRRE RARRE RRRRE RAREY
O 250 - —— Carbon ]
o
S —— Hydrogen
O 200 — Total
ANy
v X S
....................................... * = 150
T~.n S
“>>100
0N I > Ll i
e : 50 [t
p\ ' O:”,,|,,,,|,,,'| ,,,,,,,, | L]
0 50 100 150 200 250 300 350 400 450 500

5 p. [MeV]
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Summary and outlook

« Neutrino oscillation measurements are entering an era of precision
measurements

o Present: few-% precision on most PMNS parameters, first significant constraints
on d¢.p. closing in on the mass ordering

o Near future (~2030): determination of mass ordering, exclusion of CP-
conserving values of §qp (if 6¢p is large)

o Longer term: physics beyond PMNS, tests of unitarity, a powerful
complementary program fo search for new physics
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Summary and outlook

« Neutrino oscillation measurements are entering an era of precision
measurements

o Present: few-% precision on most PMNS parameters, first significant constraints
on d¢.p. closing in on the mass ordering

o Near future (~2030): determination of mass ordering, exclusion of CP-
conserving values of §qp (if 6¢p is large)

o Longer term: physics beyond PMNS, tests of unitarity, a powerful
complementary program fo search for new physics

« A detailed understanding of neutrino-nucleus interactions is crucial for
current and future experiments to realise their extraordinary goals

- This is challenging task mismodelling of subtle nuclear processes can
cause leading-order biases on measurements of oscillations

«  We've made enormous progress in neutrino interaction physics over the
last 10 years, but still have some way to go

« Expect plenty of exciting new results and a continued exponential growth
of the field in the run up to DUNE & Hyper-K.
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Backups
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T2K+SK Joint Fit

« Stronger constraints w.r.t. T2K and SK naive combinations

« CP-conservation (J=0) excluded at ~20 ,\/@5
« Preference for normal mass ordering /\/\h&“‘\‘ P

o ~90% posterior probability \5\:@;\3,/

12K, NuTel 2023

N\

Both ordering SK+T2K preliminary, Analysis1 . =~ = e - SK+T|2K P rlel.irfﬁ.n?r.}” Alnalysm
[ T l T T T I T T T I T T T I T T T I T = .ﬁ - —
= L 1 "« E =
= T .
§ 2501~ Flatin ., Flatinsind,, 1 3 12 ’?‘12<K+ T2K i
o C B o ---lo 1 = - ]
.§ 200 I 20 ---- 20 = 2 10 — SK(+ND) o
9 - 30 e 30 x &w) . —— Normal ordering -
@ C 1 Qo - e Inverted ordering —
o = 4 & 8 ]
Q_‘ = = - -
- ] 6 -
100 _ _ - :
C ‘ 7] 4 — —
50— - 2 ]
0 : E ) . | | L L N | i : (9 [T g —’I"‘l'--l [ g P‘T.T-T’:-T.T‘ R n'.‘|::'.f- N

004 002 0.00 002 0.04 30 035 040 045 050 055 060 065 0.70
; 5.5
J = 8,5675815C183C,381Nd sin“6,,
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Generators vs data: a horror story

- No generator can come close to See many more informative

describing global lepton nucleus generator comparisons in the
sco’r’rering data TENSIONS 2019 report (arxiv:2112.09194)

—— GENIE G1802a0211a, XZ/dof= 3535.69/67

« All models are “wrong”, but

—— GENIE G1810a0211a, xz/dof= 1308.98/67

. P ---GiB No FSI (85.8/13) —GiB FSI (17.3/13)
They are each wrong in sob [T L ypuNerseay G Es G —— GENIE GI810b021 1, y/dof=3624.32/67
— teod 3 1Crob 00 ata Al 4] N
: & I T B e NuWro 19.02.1, x*/dof = 1196.09/67
different ways B 4or ' [FSTNGTST — —— NEUT 5.4.0, /dof=4067.26/67
8 H 4 } Data
2z 30 P - =4[ 0.20 < q; [GeV] <0.30
2 N = 02 04 0.6 S
. 20k s S
XaliModels »> Npins EE ' uB<@<{ Ell
10 S — N% 2 H
.............. 3
1 I Sosssess ~
1e=39 % 0.2 0.4 06 08 “g
— gl —— GENIE G1802a0211a, y/dof=69.06/8 op, [GeVic] :r.o 0
E) —— GENIE G1810a0211a, 1 /dof=18.50/8 ~SuSav2 (Tol)] 2 6f
S —— GENIE G1810b0211a, 7*/dof = 13.09/8 Hk 1.159 GeV —QE -MEC =
% 6 B NuWro 19.02.1, %’ /dof=65.32/8 --G2018 —RrES = |
% —— NEUT 5.4.0, ' /dof=6.11/8 ) o 4
O { Data : % I
Nk’ /| — 1 st
A : |
= | 2
£ T :
©
S I‘;
0 0.2 0.4 0.6 0.8 1.0 0.6 0.8 1 8.0 02 04 0
8pT [(GCV/C)] ET'GC [GeV] avail [ € ]
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Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

€f2V 55
2M

fp f3A B B
+ far?ys + 207 + 57 (B + P) s | un

f3V g

J —up [flv’)/ + 71— M

qs + ——

i
M= (M,+M,)/2 q=p,—pu=Py—P, &= p,— pn o =5 "7

fav, fa4 Qre “second class currents”, typically set to O for cross-section calculations, & is
the difference between proton and neutron anomalous magnetic moments

« The other f factors are the “form factors” (read “fudge factors”)

« These give us a way of parameterising the fact that the nucleon we
interact with in an extended object.

|t furns out that the Fourier transform of form factors
are what represents a physical distribution

4 (0
- A dipole form factor represents an fa (q2) — f4(0) 5
exponential distribution (1 B A(i[_:;)

A
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

Equation shamelessly lifted from

T h e h O d ro n iC C U rre ﬂ-l- G. Perdue’s other 2012 INSS lecture

B _ §fov s fav S f3a

Sy = Uy [flV’Y +22M o qs + =~ i ¢’ + far” ’75+A; 4’5 +V(P£+Pf)75 Un
)

M= (M,+M,)/2 q=p,—pu=Py—P, &= p,— pn o =5 "7

*  fiv, fov (vector form factors) can be extracted from electron scattering
experiments. f,, can be related fo f, (“Partially Conserved Axial Current Hypothesis”)

« fa1., we guess the form of! Usually we take a dipole with one free
parameter: the infamous nucleon axial mass (My)

«  We constrain the axial form factor with
bubble chamber neutrino-nucleon (or light
nucleus) data. fa(0)
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Llewellyn-Smith CCQE

« Putting this all together gets us to the cross section

&‘(vn—»ﬁ p) bpcchszO [A(q2)¥B(q2)(s —u) C(Q )(s_u)z]
8wE? M? M*

dig?|
(s—u=4ME + q*—m?).

Neutrino reactions at accelerator energies, Llewellyn Smith, 1972

vp->'t*n

2

~ s (1 = 18a1) + gz (vl + € 1fav [+ 174 + 4€Re (fav £51))
352
T 1600 favl”
1 1 2 2 & |fav|?
B~ =372 (Re (fivfa) +&Re(fav fa))t C =1 (lfIVI + | fal” — e )
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Journal of Physics G: Nuclear and Particle

The nucleon axial mass

Argonne (1969) ' i ; |
«  We constrain the axial form factor S o T
with bubble chamber neutrino- Argonne (1977) —.—t |
nucleon (or light nucleus) data. ot 1500 A
BNL (1981) —e—i
° H Argonne (1982) et
The results seem prefty consistent Femmilab (1983) : .
with M,~1 GeV BNL (1986) e
BNL (1987) | —e—i
BNL (1990) é—‘—l
Average f—f—i

0.85 0.95 1.05 1.15 1.25

M, [GeV]
= 2.51 —_
c - BNL, PRD 21, 562 (1980), H
8 & ANL, PRD 16,3103 (1977), D, A GGM, NC A38, 260 (1977), CH,CF Br o) 1.4 - A GGN’l NP B '2 565 (19 '9 M. CF B
° o BEBC,NPB343,285(1990),D, ¢  MiniBooNE, PRD 81, 092005 (2010), C Q@ o = A ’ 152, 365 (1979), 5 8 “aor
3 2 s BNL PRD 23,2499 (1981), D, 4+ NOMAD, EPJ C63, 355 (2009) g 1 2_ = Nomad, EPJ C63, 355 (2009), C
c FNAL, PRD 28, 436 (1983), D L v Serpukov, ZP A320, 625 (1985), Al
. , \ , v Serpukhov, ZP A320, 625 (1985), Al c -
N\ s NUANCE (M_=1.0 GeV) ’ x  SKAT, ZP C45, 551 (1990), CF Br ~ - X SKAT, ZP C45, 551 (1990) & others, CF Br
£ 15 A o 1 —— NUANCE (M,=1.0 GeV) —.— L
o VF £ N
® n © o
@ - o 0.8f
o [ v N
- 1 o -
= B = 0.6 %
Q. B —_— B +
[ ~ .= -_
= 05} = 04f Hﬁ
c C f 0.2
= G— sl A | T | Q'i 5
> _ |> 1 al |
5 107 1 10 10 T 0 2
1 10 10
_ E, (GeV) E, (GeV)
J. A. Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307
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The nucleon axial mass “puzzle”

« Some heavier nuclear target
experiments also try to measure M,

 Now things don't look so good

« We'll come back to this ...

-~ 25
c i
8 o ANLPRD16,3103(1977,D, A  GGM,NC A3, 260 (1977), CH,CF Br
S o BEBC,NPB343,265 (1990, D, o  MiniBooNE, PRD 81, 092005 (2010), C x107°° | MiniBooNE vs. NOMAD v, CCQE cross section on 2C target (per nucleon)
= 2 a BNL PRD 23,2499 (1981), D, 4 NOMAD, EPJ C63, 355 (2009) —
< e FNAL PRD 28,436 (1983), D, v Serpukhov, ZP A320, 625 (1985), Al 16 5_ (b) —k— ll‘jg)g[l)AdD dal?i :llh ul)tal error
o ——— NUANGE (M, =1.0 GeV) %  SKAT,ZP C45, 551 (1990), CFBr 14 = b S
S ) g 105 g errafer
[y} B ! —
o B ~ 8 = g ViniBooNE data with total error
= 1 8 B A e RFG model with M{'=1.03 GeV, =1.000
= } 4= RFG model with M{"=1.35 GeV, k=1.007
.D' - ’ p | S — Free nucleon with M 1=1.03 GeV
B -1
! :/q/ 10 1 10 e
c n
= 0 el ] Ll
< -1 2
5 10 1 10 10

E, (GeV)
J. A. Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307
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Resonant Pion Production
CCRES

CC Single Pion Production (SPP) final states

vup = p P, Tup—ptpr
I/Mn—>,u_p7r0, ?“p—>,u+n7r0

-t +o = e
vy — 0 nm, U,n— Wi nm

D. Rein and L. Sehgal, Ann. Phys.
133, 79 (1981)

Stephen Dolan
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Neutrinos can excite a nucleon into a
resonance state, which then decays to
give a nucleon + meson final state

The dominant intermediate resonance is
the A(1232) but others can contribute, as
can non-resonant pion production

And the conftributions from each should
have interference terms ...

Resonance models are complicated!

Whilst CCQE scattering on the nucleon
can described fully with one variable the
multi-particle final state for SPP requires 4.

do Contains polar
and azimuthall

dWdQ2dQ, “  ande
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Resonant Pion Production

CCRES Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

« The model’s used in foday’s neutrino experiments
are based on an approximate model from the 1970s

gence of the axial-vector current matrix elements. Starting only from these two constants,
the slope of the Regge trajectories, and the masses of the particles, 75 matrix elements are
calculated, of which more than § agree with the experimental values within 40%. The prob-

ficing theoretical adequacy for simplicity. We

shall choose a relativistic theory which is naive ’ The mOdel |ﬂC|U.deS Its OVYﬂ form fCICTOI'S,
and obviously wrong in its simplicity, but which iIncluding an axial part with an analogous

is definite and in which we can calculate as many H Y H H
things as possible - not expecting the results to MA (Ond an additional UncerTOmTy n the

eres cxaclly T caverinert. bt to gee how form factor numerator) , £ (0)
closely our “shadow of the truth” equation gives fa (q ) —

2
a partial reflection of reality. In our attempt to 1 _ 4 )
maintain simplicity, we shall evidently have to . Mi
violate known principles of a complete relativistic ® Theoretical developmen’rs are

field theory (for example, unitarity). We shall Underwoy bUf H"S scfe 1-0 soy CCRES

attempt to modify our calculated results in a gen-

eral way to allow, in a vague way. for these errors. is less well understood than CCQE!
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Deep Inelastic scattering
CCDIS

« Given enough energy, neutrinos can resolve the
quarks within a nucleon. This is deep inelastic
scattering.

« At high energies, the inclusive (i.e. integrating
over possible hadronic final states) cross-section
is fairly well understood (perturbative QCD):

nucleon Hadron
Shower

2ov7  GLME,
dedy  m(1+ Q2/M§V’Z)2

- The F;(x, Q%) are nuclear structure functions,

Q2 which are dimensionless and encompass the
T — 2Mv — 2ME,y quark structure of nucleons
Y = Epaa/Ey

« The first two can be measured with e-scattering,
the last one is from the weak VA interference
term: only accessible with neutrinos!

Q?* = —mi +2E,(E, — p, cosb,)
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https://arxiv.org/abs/1012.0261

Deep Inelastic scattering
CCDIS

- Atlow energies (or actually low Q%) QCD
becomes non- perturbative.

« Bodek-Yang: extrapolate down to low Q2
assuming some parametrised scaling. Fix the
details with e-scatting, apply to v- scattering

« But this is an empirical treatment that comes

s it with uncertainties
1.05 . T ——T —— - T
=025><1o*9
UL Ly, «
g B n. ""'.. \ .
: [~ % — No Correction 100
% 0% -
ol __ 095f
sigs— 7\ L NEUT Simulation ¢
- e=1] 090F  §  NLO/LO: xFy/F, with TR-VFS
01— '-":".:'q Parameterization
" \ H"'%h, 085
"L BY Correcti
f‘ Olrre<..,|c>n -'-H-H 0-80‘ | N | e b
0 05 1 15 2 25 3 35 4 45 5 00 02 04 04 08 10
Q2 (GeV) X
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https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS

The hadronic side of DIS interactions requires
more empirical freatments

Often the PYTHIA generator is used, but this is
really built for much higher energies than used in
most neutrino experiments

T. Katori
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DIS-RES Transition Region

« There is no cut off where we better describe inferactions in a DIS
framework compared to In a RES framework

« In general we use models that extrapolate between regions which
are definitely DIS (e.g. W>5 GeV) and that are definitively RES (e.g.
W<2 GeV)

W = interaction invariant mass

« But this is an imprecise
method applied to a
region that will be 3000
important for DUNE 2500

5|<KN0 PYTHIA
>

i

events
W
g

— Total
[ ]Quasi-elastic
[CJResonance

pIs

._J_,]{' f uonisues |

llllll]l'llll[llll]]llllll]lllllllllll

Invariant mass W (GeV/c?)
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 Discussed neutrino-nucleon
inferactions

« Butit's been along time since
we've measured this process!

« Almost all modern experiments
use nuclear targets

§1.4 § 0.4

o >0.35

%1.2 L

g 1 $° 0-3

= 20.25

w08 u 9.2

c c

%0-6 20.15

20.4

g a 0.1

00.2 ©0.05 ,

(] (&) .,

> 0 e Sy S 1> al TSI | P . T sl ——
10" 1 10 102 10 1 10 10?

E, (GeV) ;. A Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307 Ev (GeV)
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Neutrino-nucleus scattering

T. Katori
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Where are we so fare

« Key questions:

1. Whyis modelling neufrino interactions so difficulte

2. Why does the near detector not allow a better
cancellation of uncertainties?

3. What exactly do we need to understand in order fo
reduce uncertainties on oscillation measurementse
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Neutrino-nucleus cross sections

CC-QE CC-2p2h

(Charged-Current Quasi-Elastic)  (Two-Particle-Two-Hole)
2 T % ¥ 5 ¢ b & hod % ok & ok & & e & Y 1% Y K
| GENIE 2.128, 0,,cu (E,) v, Flux (arbitrary norm.) |
—— CC-Total [ T2K: ND off-axis
S CC-RES Il NOvA: ND off-axis w
1.5 | s cC-QE +2p2h [l DUNE CDR Ref. .
...... NC-Total I MINERvA LE. ] v

=T

CC-SPP CC-DIS
(Single Pion Production) (Deep Inelastic Scattering)

Y Iz Y 5

=
)

o(E,)/E, (1038cm?nucleon'GeV 1)

0
0 1 2 3 1 5

Plot from L. Pickering E, (GeV) < X
7r+ /v’u,/ Vg
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Neutrino-nucleus cross sections

— CC-Inclusive = -=-- CC-QE CC_QE CC-2p2h
----- CC-2p2h CC-SPP - CC-DIS . : .
. . (Charged-Current Quasi-Elastic)  (Two-Particle-Two-Hole)
5 g Vi H Vi H
@ 1§
&8 S
S | z.
St =
© 5 ’
“ I g
E 0.5 °
9{«3 i é n p »
Y < CC-SPP CC-DIS
F:.: i >§ (Single Pion Production) (Deep Inelastic Scattering)
[ LS, Vi M
0 0.5 1 1.5 2

E,(GeV)
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Event rates to oscillation parameters

— CC-Inclusive - CC-QE CC_QE CC-2p2h
o CC-2p2h CC-SPP_ - CC-DIS __ (Charged-Current Quasi-Elastic)  (Two-Particle-Two-Hole)
[ 1 = v
O 1 g ek peooow
A~ 8 ©
= L 5
2 7 <
=~ >
Z 6 S v
U B ~~ D
C\l\ B NE
E 0.5 °
. - ok :
Sl 3 CC-SPP CC-DIS
F:.: i >§ (Single Pion Production) (Deep Inelastic Scattering)
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.
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Event rates to oscillation parameters

— CC-Inclusive - CC-QE

----- CC-2p20 CCSPP_ CCDIS  Near / farratios don’'t fully
" cancel systematics:

0]
T
—

- Dramatic change in E,
distribution due to oscillations

D
T T T

Flux (10'¢ /em?/GeV /1021 POT)

o(E,)/E,(1073 cm?/GeV /Nucleon)

' 1% + v, at ND vs v, at FD (for
) i appearance)
: « Different ND/FD design,
%0 0.5 1 15 >! acceptance
E,(GeV)
At the near detector At the far detector
Nu(Ev) = U(Ev)q)v(Ev)E(Ev) N[L(EV) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
Interaction Detector Ne (Ev) - P(Vﬂ - ve)O-(EV)CDV(EV)E(EV)
Cross section Neutrino flux effects T
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Event rates to oscillation parameters

— CC-Inclusive - CC-QE

----- CC-2p20 CCSPP_ CCDIS  Near / farratios don’'t fully
" cancel systematics:

0.]
T

- Dramatic change in E,
distribution due to oscillations

2 /GeV /Nucleon)

D
T T T T

[N}
T T T T

Flux (10'¢ /em?/GeV /1021 POT)

o
T T

W
K -..‘—-------

iny. ¢
At the near detector At the far detector
Nu(Ev) = g(E,) P, (E,)e(E,) N[L(EV) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
Interaction Detector Ne(E,) = P(Vu = V)o (E)) P, (Ey)e(Ey)
Cross section Neutrino flux effects T
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E n e r d e e n d e n C e Wilkinson, Dolan, Pickering, Wret,
A substandard candle: the low-v

o(E.) (x 108 cm?nucleon)

Plots from

method at few-GeV neutrino energies
arXiv 2203.11821, accepted by EPIC

What matters ND—FD extrapolation is the
shape of total cross section as a function of E,,

Models differ by 5-10% in the region of interest for DUNE and Hyper-K

Given expected statistics (~1000 v,, ~6000 v,), this may be concerning

Mitigation by direct measurements of cross section energy
dependence (e.g. via multiple off-axis samples) is likely to be crucial
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Nuclear eftects and o (v,)/o(v,)

* Ratio of v, to v, critical for future oscillation analyses
*  Measure v, at ND but need to know about v, to measure §¢p

« This is also subject to subtleties in the nuclear physics...

0, = 10°

g .
$ Ll v HE — 1« If the outgoing nucleon exits the
S 10y ” HF.PWIA - - A nucleus as a “plane wave” (no FSl):

8 + .HF-PWIA ----- .
S 6 X HEPWIA oo ] 0(ve) > (V)
oE 4 L &’ "~ . PWx0.2 ]
O 2+ T - .
ci : =42 ]
N 10
T 8 « If the outgoing nucleon is distorted
T 6t by the nuclear potential (FSI):
e
N ;1 i S PWx0.2 | 0(Ve) <o (Vy)

20 40 60 80

Phys. Rev. Lett. 123, 052501 & (MeV)
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Nuclear eftects and o (v,)/a(v,)

do./dcost
do, /dcosd

« Different models can predict quite
different cross section ratios!

Model 5° 60° 5° 60°
 Important for T2K/HK? \ REG 0.64 1.61 0.97 1.03

E, =200 MeV E, = 600 MeV

(w/PB)
SF (full) 1.41 1.92 1.04 1.03
CRPA ~0.5 ~1.4 ~0.9 ~1.0
do./dcost
- do, /dcost Tabulated from Phys. Rev. C 96, 035501 and the left figure
220 These differences are predicted
500 in regions that are relevant to
= 450 T12K/HK oscillafion analyses
\Ec_i 400 3 ig Bronner, NUC

R

R 350

0 (degrees
Number of Events

300
250

o®
(=]
T T T T T [T rrryres

200

10 20 30 40 50 0 02 04 06 08 L 12
v Reconstructed Energy (GeV)
Phys. Rev. Lett. 123, 052501 6, (degrees)
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Nuclear eftects and o (v,)/o(v,)

1.2 14 512 1.4
[}
1 2 1.2 (‘2' 1 . 1.2 SUSA

1 w 1 HF-CRPA PW
0.8 0.8 - 0.8 HF-CRPA C
0.6 0.6 : 0.6 HF-CRPA

Ve/vy uncertainty [%]
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FIG. 1: R}, (top-left), RS “CRPA (bottom left), "
SF w/o PB 4 0.
R (top—rlght) and REB}VCRPA (bottom-right) are oo
shown as a function of outgoing lepton angle and the SF Mg 1.03 1
neutrino energy. The contour lines highlight the regions e [05 05 0 .
where the ratio significantly deviates from unity. £ 3w ErE <z
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Nuclear eftects and o (v,)/o(v,)

arXiv:2301.08065
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FSI and neutrino energy
reconstruction

E O noFSI o E - o FSI
- 0.16:— —FSI Ei A 0412_— — FSI
014 ¥ -
C 0.1—
0.12— E
0_13— NuWro 19.02.1 008 GENIE 3.02.00
- Default configuration vos - G18_10a_00_000
""E CCinclusive "L cCinclusive
006~ v, DUNE on-axis flux oos— vy DUNE on-axis flux
ooa—  Artarget - Ar target
C i 0.02— 5
0.02|— T - e
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Plots from

Advanced FSI cascades |5 mmsnna

and NuWro cascade models
Phys. Rev. D 106, 032009

« More advanced treatment of FSls is available via the
INCL model (pnys. Rev. C 87 01460¢)

« INCL’s treatment of nucleon absorption and nuclear cluster production gives
a different distribution of energy among outgoing hadrons

« Might expect a significant impact on neutrino energy smearing
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Plots from:
Franco-Patino et al.,
arXiv:2207.02086

See also:
Nikolakopoulos et al.,
Phys. Rev. C 105, 054603

FSI beyond the cascade

 |Instead of cascades, FSI can be modelled via a distortion of

the outgoing nucleon wave function by a nuclear potential

« Recent theory effort has allowed a calculation of exclusive observables with

such freatments
«  Example below: missing tfransverse momentum
« In general: high §p;y - more missing hadronic energy - larger E, reconstruction bias

« Key conclusions
« Significant differences in predictions for different nuclear potentials
«  Sometimes all of these deviate strongly from the cascade approach
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Plot from:

Impact on analyses iy

« DUNE runs a study where it fits as data a model where 20% of final

state proton energy in its nominal model instead goes into neutrons
« A plausible consequence of alternative FSI models

« At the same time, the cross

section is altered to leave the 2.54[- DUNE Sensitivity B 7 years (stagec)
H 1 : . All Systematics (I 10 years (staged)
profon momentum distribution 252k _ 15 years (staged)
«94[™ Normal Ordering s Nominal Fit
uncC h an g e d 25 ':_ sin®26,, = 0.088 unconstrained On-axis Only Example:
- Another plausible change to T | s0%CL2dot) L e ol eneroy
the cross section model 4 2480
L. x 2.46F
- The result: a large bias in > F
° ° ~ 244
oscillation parameters o8 TE
=] L
< 2421
« Possible mitigation by creative 04F
use of the near detector :
: 2.38-
« Off-axis samples :
- Additional nuclear targets e S T T T TR T
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Improved near detectors

Downstream Magnetized Tracker

Array of modular

System for On-Axis S
LArTPCs.

Neutrino Detection

Ha

System for moving the LArTPC and tracker up to 30m transverse to the beam

126
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DUNE PRISM

« A mobile 50 t liquid argon detector with a downstream spectrometer

« ~59 M neutrino interactions per year!

* Moving the detector changes the neutrino flux in a predictable way,
taking linear combinations of measurements at different positions
allows a construction of the oscillated specirum at the near detector

e Beftter cancellation of uncertainties in oscillation measurements

/__.\.
2 3 4 5
Neutrino Energy (GeV)

3
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—3 30

Neutrino Energy (GeV) See Zoya Vallari's NUFact 2022 talk
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