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A new era for neutrino oscillations
Neutrino oscillations entered the precision era :
- huge statistics from neutrino atmospherics experiments
- neutrino from reactors become a benchmark to study nuclear physics
- long-baseline experiments enable the unique

possibility to compare oscillation in controlled beams
of neutrinos and antineutrinos separately

The challenge move
from precision to
accuracy !
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Neutrino oscillations (at LBL)
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Neutrino oscillations (at LBL)
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CERN support to LBL detectors

The LBL program requires development of new detectors/technologies:
large-scale efforts

— crucial role of the Neutrino Platform :

unique environment for availability of infrastructure and expertise



ProtoDUNE

ProtoDUNE LAr modules Horizontal and vertical drift
(>700t, >200m?3) [
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Upgrade of JPARC near detector (ND280)
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testbeam & —+ WIf i i :
mechanical tests *" X ToF prototype test beam, full

of the box assembly and test of final

detector

e 2 TPCs : multiple test-

S

0/ beam prototypes,
2 =~ Micromegas production
and characterization,
metrology, full assembly
and test of final detector



HyperKamiokande multi-
PMTs and electronicl )

£

Water Cherencov Test Experiment
(4m d x 4m h) on test beam

@En: B
tronics (900 boxes, ~4500 cards) :
¥ integration, calibration, assembly and test
underpressure and underwater 10




...and future LBL detectors

Support neutrino detector developments for further upgrades/detectors:
ND280++, DUNE Phase2 (eg, Theia), and more ...

Very interesting detector developments ahead (and interesting synergy between HK and
DUNE technologies)
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Power Is nothing w/o control

- Wonderful near and far detectors needs extremely good control on the systematics on
their response (eg energy scale) + extremely performing reconstruction algorithms

- Prototypes at CERN are at the forefront of these developments : first implementation of
algorithms and results on real data !
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Systematics due to nuclear physics

The neutrino oscillation measurement in a nutshell

NP (E ) <|) D (E )O’FD (E )
e~ | P, ,, (Ey)X—5—-X—>=—=R(E{"“—~E,)dE,
W)~ Pron (B oo R

Intrinsic systematics due to flux and xsec modelling

- difference between ND and FD (eg, acceptance, energy spectrum)
(and it is impossible to separate flux and xsec from ND data)

- heutrino energy ‘unfolding’
(I will mostly focus on this aspect on the following, with 2 specific examples...)
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Missing energy from nuclear effects

free
Nucleen

Some energy ‘lost’ to remove
the nucleon from the nucleus
(~tenths of MeV)

+

nucleon has already some (~hundreds
of MeV/c) momentum in the nucleus

=

® 9
~ 8 A : =
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| & a ] o . o
; s
Fermi Nuclear
Metion correlations

Example : T2K missing
energy distribution from
NEUT MC
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Electron-scattering

e'(k)

e’(k-

O Isn’t the same thing ? Not exactly (V-A current in
EWK) but still the nuclear effects (‘before’/'after’ the
interaction) are the same... so, shouldn’t we
know everything about nuclear effects
already from old e-scattering data?

15



Electron-scattering

e'(k) ek O Isn’t the same thing ? Not exactly (V-A current in

; interaction) are the same... so, shouldn’t we
i >77(@) know everything about nuclear effects

//\\ already from old e-scattering data?
n p //\\
.P(p) p(p+q)

Typical example from old data/models :

Actually e-scattering data are much more ‘precise’
(you can select a monchromatic beam of e-)...
but this was actually exploited by old e-scattering

experiments to focus in specific Ec regions
(eg, QE-enhanced, pion production...)

For v scattering we need full model of xsec for
all energies (also complex regions were different
processes overlaps).

(o] Phys.Rev.Lett. 26 (1971) 445-448

L 22l Mevig

OB T "25 Mev

B0 |.l-'_{:- 1:%4] Iéﬂl i R

wiMeV]

Good data-model agreement for fixed Ee, fixed €’

angle (only when exactly on peak of pure QE)

EWK) but still the nuclear effects (‘before’/'after’ the

15



Electron-scattering

e'(k) e (k-

_P(p) p(p+q)

Actually e-scattering data are much more ‘precise’

(you can select a monchromatic beam of e-)...

but this was actually exploited by old e-scattering
experiments to focus in specific Ec regions

(eg, QE-enhanced, pion production...)

For v scattering we need full model of xsec for
all energies (also complex regions were different

processes overlaps).

O Isn’t the same thing ? Not exactly (V-A current in
EWK) but still the nuclear effects (‘before’/'after’ the
interaction) are the same... so, shouldn’t we
know everything about nuclear effects
already from old e-scattering data?

Typical example from old data/models :

(o] Phys.Rev.Lett. 26 (1971) 445-448

L 22l Mevig

OB T "25 Mev

wiMeV]

0 Also Only sparse eX_C|U5ive (e,e’p) scattering data  Good data-model agreement for fixed E., fixed e’
(measuring all the final state particles are sparse) angle (only when exactly on peak of pure QE) 15



Electron test beams

More/new e-scattering measurements would be extremely useful !
Electron test beams on LBL detector prototypes would provide new measurements with

modern analysis/detector techniques + casted to LBL needs

Eg, JLab recent examples : = Tuning of model from new e-Ar exclusive (e’+p) data
m e-C data reconstructed with v » " ) T
technique - test of the models é“ éﬂ L
4 Data 5‘5 8 | % 20 |]l ;E 20 #{h Al
10F _ELE}SI‘;"?Y:;E?: 5 j hﬂﬂ{mfﬂﬂﬂmm}ﬂmw S ol ﬂ#HHﬁWHHHHﬁh = 10 “H ﬁﬂ#ﬁl}ﬁmﬂﬁﬂ
_ —RES —DIS , 0 o 2 055 5 ++W¢ 0 )
= /e 10 30 50 70 E 10 30 50 70
E E,(MeV) 7 E,(MeV) E,(MeV)
= : Al Missing
Sy’ o . energy in
= } s bins of
o ’”.’h < 'H“* missing
G, R 1
(, e ﬁ‘*"**’f”“**“m..._ U ! -*f**i‘.*”“”_*ﬂ% momentum
Cle.e)y, Eqe (GeV) 7 E,,,(MeV)J f 7 E,(MeV) 7
Nature volume 599, pages 565-570 (2021) PHYSICAL REVIEW D 105, 112002 (2022)



https://www.nature.com/

Final State Interactions: &, p test beams

Final State
Interactions (F3I)

Pions and protons in nuclei can change kinematics, charge or even be fully
re-abosrbed

FSI Model tuned from pion-nucleus and proton-nucleus scattering
experiments.
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Final State Interactions: &, p test beams

Pions and protons in nuclei can change kinematics, charge or even be fully
re-abosrbed

FSI Model tuned from pion-nucleus and proton-nucleus scattering
experiments.

ST N R ProtoDUNE-SP Run 5779 Event 12360 @2018-11-04 16:38:23 UTC

2202 d3HDI ‘oelq aA-bBuaH

B Pion charge exchange candidate (Data)
Final State g % ;gaﬁuu :
Interactions (F3I) i

Very sparse data and mostly  omoobNES?  sbwpin  DUNEPeeWESe o Chae Sxhwge
inclusive : no data on the kinematics —owns | _
of the outgoing pion/proton il » ? Rt | S0[ Reweighting Method 3

- - Reweighting Method
— |mportant measurements Tl Fuol- |
being done with protoDUNE data  ° | :
and planned with WCTE 2L

x G[J 2[]0‘ , , I3(;0 1000 E]0 I I2{I)[JI I I4[;0 BEIJOI I IB(;{}'I I I100[]

400 600
Kinetic Enerav IMeV1 Kinetic Energy [MeV]

° N & o @ =
Chargeftick/channel (ke)

|
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Flux : hadroproductlon uncertalntles

- Neutrino flux depends on, — dT(ljme? V(;Ilth
hadro-production from protons \/ edicate

protons hitting the target experiment at  =—-<=gj |

CERN :
NABL/SHINE  + dpsfi—




Flux : hadroproductlon uncertainties

- Neutrino flux depends on,
hadro-production from protons

protons hitting the target S

_______

- Uncertainties from hadro-production :
T2K (as an example for the future LBL)

E —| T T T T T T T 1 |
= o Mult. Error
e ) e
— 03 Pion Rescatter Error Uncertainties on
g B Nucl. Error ] hﬂf:"ﬂ" -
= i Int. Length Error interactions
= B
= Untuned Int. Error .
i 02 B Replica 2010 Error T2K Work in Progress
b me--- Replica 2009 Error
] s THiN EFror
0 I_ ’ Replica 2009
0
107 1

e o

- Tuned with

dedicated v
experiment at =< ¢
CERN :

NA61/SHINE e

- First order: pN - 7, K multiplicity and kinematics

- With replica target: able to tune also re-
interactions in target + minimize the impact of
total proton cross-section/int. lenght uncertainty

1L

Crucial to repeat NA61 measurements on
the target of the future LBL experiments,
and we actually need go beyond...
17



NAG61/SHINE for next LBL

023 Am?;; : a factors 2-3 times better — rate at better than 1 % and energy shape (eg energy peak/scale at 0.5 %)
(Energy shape also important for dcp precision measurement

CPV and MO (ve/ve asymmetry) : aiming to an uncertainty < 3 %

SK: Anti-neutrino Mode, v, T2K Preliminary

- Complex systematics comes from hadron 5 0251 . .
rescattering (also in the beamline ‘after’ the target) = e i
. . . g 02 eson Rescatter eplica Weights
and untuned interactions (outside present NA61 g == Baryon Rescatter —— 2022 Toul hadronic
g [ e Interaction Length - - - 2020 Total hadronic
phase space) E 0.5 )

e
il

Largest impact on v.lv. ratio comes from this

\IIIII1|.III\|IIII|IIII

|[LII|III!|II!|1|||||||l||

meson rescattering 005
rescattered pions have ‘different’ kinematics, more difficult to
focus/defocus correctly — easier to get wrong sign comtamination ol T B =
107 1 10

- hew measurements at lower energies and other targets is crucial 18



NAG61/SHINE
for atmospheric neutrinos

Future LBL will rely on LBL+atm and/or atm crucial for beyond-PMNS (eg NSI)

- correlations between beam and atmospheric fluxes?

NAG61 performs hadro-production measurements also for atmospherics : need to investigate
needed measurements and correlations (right now very different physics models)

19



Protons

Atm flux modeling :

fwd detectors at LHC

Need good control of very forward and high energy hadron gt
production to model properly the atmospheric flux [
(eg, muon puzzle)

onel
Charged Charged LG W

Can be “e,,
ef 2
Neutrinos particles g8 o pRrlich Neutrinos
measurEd at CR o PP == L o " W

. . Residual dk Residual ~

new regime in 2\ ome nactons o ¢ Ny E
S 480 m 480 m 5
LH C fO rward s pp‘g:hﬁzns Run 3 FASER Simulation vy + 0y
3500 ian harm Stat, Error B
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. 3000+ N

- ==

FASER and -

2000 .
1 1

1500+ L
\ FAGER spectrometer
Veto : interface with 0.55T magnet

i silican tracker 1000+ I

Voo st emulsion/ —E=—
& EM Calorimeter \ungsten detector o — -
72<n<84 | | M ,>ss c
. | |
RS on-axis 100 400 700 1000 =1000

@ Beam collision axis Neutrino Energy [GeV]



Future solution : monitored beam

Measure the leptons in
the decay tunnel

IHSU'HH

emed

t, deg.

o505y T Beas
\v - e

N | e

-

Need slow extraction (for a reasonable rate) - transfer line
(instead of pulsed horns) + fast detectors (and radiation hard)
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Monitored beam : R&D @ CERN

Measure the leptons
the decay tunnel

Mep,
n.ﬂ']‘ne v (50 d;?Ca 1y

\(e

in@

Beam
dump

”?i:;,

Proton beam

Preliminary studies : propagating hadro-production
uncertainties to lepton observables - v, and v. rate
from5 % to 1 %

Need slow extraction (for a reasonable rate) — transfer line
(instead of pulsed horns) + fast detectors (and radiation hard)

SiPM

y veto

modular sampling
calorimeter

neutron shield

.. Prototype
d4. succesfully
UL tested on
M\ CERNT9
' beamline
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extracted intensity [p*/s]

-

A monitored neutrino beam at protoDUNE

A possible implementation at CERN

10%

w

proton 400 GeV - focused w,K of 8.5 GeV = 10 %

nnnnnnnnnnnnnnnnn

~

T e

oAl ProtoDUNE 50m after the hadron dump
ST L 0.7M v, CC with 120 POT . 10000 v, CC with ~1€20 POT

% il : " (can be further improved with beamline optimization)

=)

— tager

J> Unique return : precise neutrino cross-section measurement at

— 1 protoDUNE with 1 % flux rate uncertainty !
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and then a tagged neutrino beam !

. . . Insy
Event-by-event time coincidence : m?;”}?nr d decy,,
. . (&)
tiepton IN beam — t, in detector B C0m) Beam
- virtually perfect flavour and very precise energy . enmp
reconstruction of each neutrino interaction ' -
250 175 .
. True ‘ Perfect time resolytion . True 200ps+200ps time resolution
200 (including badly focused 150 IL - further proposal to use ‘NA62-
|I pions and Ke3, 125 like’ Si tracking| (100ps)
" Fake | Combinatorics with 9 Fake |
5150 4.8s extraction time) 9100
% ! Fake Il il = 75 I. Fake Il ENUBET + NUTag -
o II 5 PBC short-baseline
50 s I L beam project
- .II.IL e et U Jhsls . (PBC@SBN)
0—20 -15 -1.0 —05 0.0 20 0—2.0 -15 -10 -05 00 05 1.0 15 20
ﬂltu et [DS] le3 Atu—e" [DS] 1e3

Neutrino
detector

t,
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and then a tagged neutrino beam !

. . . Insy
Event-by-event time coincidence : mf,;”f”f d decy,
c (5

tiepton IN DEAM — 1, IN detector Dk Vm) Beam Neutrino
- virtually perfect flavour and very precise energy el enmp detector

reconstruction of each neutrino interaction ' b '

250 175

Fue ‘ Perfect time resolytion Fue 200ps+200ps time resolution
200 (including badly focused 150 - further proposal to use ‘NA62-
pions and Ke3, 125 IL like’ Si tracking| (100ps)
" Fake | Combinatorics with v Fake |
5150 4.8s extraction time) 2100
% ! Fake Il il = 75 I. Fake Il ENUBET + NUTag -
=100 < .
v 3 PBC short-baseline

wu
o

Il -
beam project
PR ..IquL TR T i (PBC@SBN)

—20 -15 -1.0 —05 0.0 20 -2.0 -15 -10 -05 0.0 05 1.0 15 20
ﬂltu et [DS] le3 Atu—e" [DS] le3

u
=]

Ih-
L
1
;
E
|

Extremely precise xsec measurements : finally a ‘real’ xsec measurement (independent
from the flux) with precision comparable to electron-scattering experiments

(This would be the first worldwide demonstration of this extremely powerful technique !) 23



Summary & prospects

- Neutrino Platform is crucial
- Unique path for strong and distinct European role in overseas LBL

- Allot to do in the next years to ensure LBL accuracy (detector development, xsec
measurements) and to prepare the future technologies
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Summary & prospects

- Neutrino Platform is crucial
- Unique path for strong and distinct European role in overseas LBL
- Allot to do in the next years to ensure LBL accuracy (detector development, xsec
measurements) and to prepare the future technologies

- And more : NA61, SND/IFASER, Physics Beyond Colliders inserting neutrino
physics into the larger prospectives.

- CERN as a ‘hub’ for neutrino theory and analysis :
pivotal role on LBL systematics and at the interface between HK and DUNE

24



Summary & prospects

- Neutrino Platform is crucial
- Unique path for strong and distinct European role in overseas LBL

- Allot to do in the next years to ensure LBL accuracy (detector development, xsec
measurements) and to prepare the future technologies

- And more : NA61, SND/IFASER, Physics Beyond Colliders inserting neutrino
physics into the larger prospectives.

- CERN as a ‘hub’ for neutrino theory and analysis :
pivotal role on LBL systematics and at the interface between HK and DUNE

- Neutrino physics is an extremely promising door for New Physics, crucial role for
astrophysics and for cosmology.

Neutrino oscillation is going in the next decade to produce crucial new measurements :
notably possible discovery of Charge-Parity violation in the lepton sector !

- Investing in the neutrino domain today is a ‘safe bet’ : crucial opportunity for CERN
to contribute to major physics results in the next decade 24
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- Neutrino flux depends on
hadro-production from protons

Flux : hadroproductlon uncertainties

Primary

protons hitting the target ~ —=SE=s

- Uncertainties from hadro-production :

Fractional Error

0.3

0.1

4_: | L I 1

| LI L |

T2K (as an example for the future LBL)

Mult. Error .y

Pion Rescatter Error Uncertainties on
Nucl. Error ] ha-::.Imn
Int. Length Error interactions

Untuned Int. Error .
Replica 2010 Error T2K Work in Progress

Replica 2009 Error
Thin Error

S

Fractional uncertainty

- Tuned with

dedicated

experiment at =< ¢

CERN :

NA61/SHINE R

DUNE prospects

0.25
—— Total hadron prod.
Other
0.2 pC—m
— pC—= K
—— Meson inclusive
=
0.15 —— NucleonA

o

o <
o [
%

Target absorption
Other absorption
|

|

o
o
U:l[

—
=

15 20
E, (GeV)
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NAG61/SHINE for next LBL

Crucial to repeat NA61 measurements on the target of the future LBL experiments
and we actually need to go beyond :

0.3 AM?3, : a factors 2-3 times better — need control of rate at better than 1 %

and energy shape (eg energy peak/scale at 0.5 %)
(Energy shape also important for dcp precision measurement

SK: Anti-neutrino Mode, v,

T2K Preliminary
I_ | T | T T T T T T I_

=2
[\
W

Challenges ahead :

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

-+=== Meson Multiplicity ®xE,, Arb. Norm.
——————— Meson Rescatter ———- Replica Weights _
e Baryon Rescatter —— 2022 Total hadronic ]
-------- Interaction Length === 2020 Total hadronic

Fractional Error
(o]
[\)
|

=

O
|
|

- Very challenging systematics on flux shape comes fro :
hadron rescattering error (also in the beamline ‘after’ the o1 -
and untuned interactions (outside present NA61 phase ¢ I -

005}

ol

10
. E, (GeV)
— hew measurements on other target material and on lower energies Is crucial
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NAG61/SHINE for next LBL

Crucial to repeat NA61 measurements on the target of the future LBL experiments
and we actually need to go beyond :

SK: Anti-neutrino Mode, vy T2K Preliminary

o
[\e]
N

5 1 ' T
s £ --=-= Meson Multiplicit, x rb. Norm.
C PV and M O (Ve/\’e asym metry) : cEv 02 xeson :ieslc:t):er ' S li:p}?i::’aAWt;i:hts
B | g CO rre | at' On VH to ’Ve (J'[; é M ﬁ e) an d b | g _g e ?aryon Besialterh —— 2022 Total hadronic
. - I nteraction Lengt| === 2020 Total hadronic
correlation v/v (m*/r) ... £ :

)
e = ;
— W
IIIIJlIII\lIIlIlI\I

... but big impact of meson rescattering on ve/ve ratio :
rescattered pions have ‘different’ kinematics, more difficult to
focus/defocus correctly — easier to get wrong sign comtamination L&

Future LBL will rely on LBL+atm and/or atm crucial for beyond-PMNS (eg NSI)
— Correlations between beam and atmospheric fluxes?
NA61 do perform hadro-production measurements also for atmospherics : need to investigate

needed measurements and correlations (right now very different physics models) 19



Enu from radial position

10-cm radial ‘slabs’ Error bands visualize the _rms of the energy distributions

0.06 {7 r v, fromr™ @ R=010m _ ]>+ + 3 ! i / _{; v, = 4.0 GeV
cC — sfromz® @ R=190m S IE o o == : . Sl o i

5 | v, fromK* @ R=190m ; ‘"]»‘\}\{

7 parents g + +"‘“++HH
03 . . S . L_J:'J | )
0.02 © Kparents 3 {““{’-ﬂl[h%\*\ WU IR DYSHIOWE WIS ST S
Lo oli 1 1 V{M}L‘"F‘}H e
m | &

0.0 ' . . : . . | .
[i' 5 IIlJ 0.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 1.0

_ E, [Ge V] r [m]

(Note : protoDUNE large enough to make a PRISM-like measurement with
fixed detector, using the neutrino vertex location :

- first implementation of PRISM-like technique at DUNE energy !
- X-check of neutrino energy reconstruction !



New challenges

“Missing energy”:

- neutrons

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

- the energy which is below tracking thr.eSIR,

- Part of this ‘'missing’ energy could be detected ‘calofimetrica

@

Final State
Interactions (F3I)

o (E o S
’ (Ia a vertex activity): all energy is ultimately

emitted as low energy hadrons (n+,n-,m0,p,n) and nuclear clusters (eg a, d, t...) through FSI and nuclear de-

—— excitation

- need to control the response of the detector to such different particles to ‘unfold’ to their kinetic energy and, ultimately

sum it up to get the true Ev

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

- nuclear de-excitation

39



Phys Rev.D 106 (2022) 3, 032009

More sophisticated FSI models™

Recent study on proton FSI with more sophisticated model (INCL) put in evidence new effects: production of nuclear

clusters!

Final State
Interactions (FSI)

Average Number of Particles per Event

Nuclear

cluster

S production

" Reflection
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(s =5 —
e —
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alpha cascade

- alpha de-excitation
—— D cascade

- D de-excitation
——— proton cascade

- proton de-excitation
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https://arxiv.org/abs/2309.05410

Cross-section

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

Need to control new effects: ‘missing energy’
— important input from ND280 upgrade neutron measurements

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

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

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

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



Ve flux vs v, flux
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