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Neutrino oscillations
In long-baseline experiments:
how do they happen?
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Neutrino oscillations
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» differences: Am2ij

Am? fixes the energy and baseline of experiments:
maximal sensitivity when sin~1 this phase ~ n/2 (and 3n/2, ...)

3 mass eigenstate — two Am?

|Am®_| ~ 2.4x10%—»

AM?,_~7.4x10°  » KamLAND (~180 km, ~4 MeV)

(solar v experiments like SNO actually rely on matter effect)
[Am? | =]Am?_|+cos %0, Am? ~2.6x10° > Reactor experiments (~1-1.5km, ~3MeV)

Long baseline accelerator experiments (~300-1300 km, ~0.5-3 GeV)
(atmospheric experiments integrate many oscillations)




Status and open guestions
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® Precision measurements of flavour mixing pattern:
- very large mixing (6_, ~7/4 would imply maximal mixing, ie Uw~UTi , If not which octant?)

- 6, smaller but not so small (U_)) — access to 6_, phase
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® Precision measurements of flavour mixing pattern:
- very large mixing (6_, ~7/4 would imply maximal mixing, ie U,,fuﬂ , If not which octant?)

- 6, smaller but not so small (U_) — accessto 6_, phase

=, parametrizes different oscillations for v and v what is its value? If not 0,t then new
fundamental source of CP violation (and first in leptonic sector!)



Status and open guestions
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- very large mixing (6_, ~7/4 would imply maximal mixing, ie Um~UTi , If not which octant?)

- 6, smaller but not so small (U_) — accessto 6_, phase

=, parametrizes different oscillations for v and v what is its value? If not 0,t then new
fundamental source of CP violation (and first in leptonic sector!)

® Mass Hierachy : is the mass ordering the same for charged and neutral leptons?

- in combination with cosmological measurements can constrain the neutrino mass

- important input to Ovp measurement



Long-baseline experiments

m Oscillation probability estimated by comparing v (and v) rate by flavor between source
(near detectors) and far detectors:
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Long-baseline experiments

m Oscillation probability estimated by comparing v (and v) rate by flavor between source
(near detectors) and far detectors:
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|Am232\
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v, disappearance: sin“26,,,

Am’;[eVZ]L[km])  (simplified 2-flavors

P(v, — vz) = sin*(20) sin” | 1.27 approximation)
(Vo B ) = /( ) \ E.[GeV]
amplitude ~
frequency

FHC 1R,

+ sin°20,, ~ amplitude of the v (v ) .

disappearance (height of spectrum § - —— Mean prediction %
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v /v_appearance: o_,and MH
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B Normal Mass Hierarchy
B Inverted Mass Hierarchy

-—- Vacuum Oscillation

10

matter effects .

Matter effects are different between
neutrinos and antineutrinos, since they rise
effectively from the charged-current
interaction with the Earth matter

- All neutrinos (v, Vo v ) interact with matter

(e,p,n) through Z0 exchange (Neutral Current) —
overall phase in mass eigenstate evolution which
can be subtracted.

- v_also makes charged current interactions (W+-) with
electrons in matter
- additional potential in matter of opposite sign for
Iv .
YeéVe 4= 42V2GrN.E,

- larger neutrino energy and longer baseline -
larger the matter effect

(Earth crust~constant density and at LBL below
MSW effect)

13



v /v_appearance: o_,and MH
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So can we just focus on v lv_counting (CPV discovery is mostly a counting experiment)
and forget about all the complications of precision physics on v (relatively high statistics
already now) ?

My personal opinion: NO!

- would a claim of 50 discovery on CPV be trusted if we cannot describe the v, oscillated

spectra? Most of systematics (both for detector and for flux and cross-section model) are
correlated between v, and v,

- flux and cross-section of v_cannot be precisely constrained by near detector because
very few v, in the flux before oscillation — use v to constrain v, and this could be done

only if we trust the model enough to extrapolate from one flavour to another

- in the CPV-MH degeneracy regions, precise v_ energy spectrum helps disentangling
' the two effects

- on the long term, the measurement of 6_, requires good precision in v, energy
_spectrum

- v, systematic uncertainties are important and will be constrained mostly by v,

. . 15
precision measurements



From CPV discovery to o_, measurement

Asking if 8_,#0,mx or asking what is its value are two different questions:

Py, —v,)-PV,—>7,) sin 26, sin § o
Acp = = — — —— A, + matter effects
Plv, —»v.)+Pv, —>7,.) sinf, tanfl,, - - - :

my i P . By
Piong—baseline == |sin” 26,3[sin® fa3fsin” A

o sin 20,3/ sin dcp |cos By 5 sin 2645 sin 2653 sin® A

Actually at second order:
] detailed formula
~ +/- Asind + Bcosd + ... >

apperarance

; . ; : . 9
a sin 26,3| cos dcp|cos #13 sin 26,5 sin 2053 cos A sin” A

+ + H

2 2 . . 92
a” cos” fagsin” 26015 sin” A

with & = Am2,/Am3, and A = Am3 L/(4E,).
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From CPV discovery to o_, measurement

Asking if §_,#0,mx or asking what is its value are two different questions:

Aqp =

Plv, = v,)

: - P(W,—>7,)

sin 26,

sin o

Py, = v.)

; +P@, =7,

Actually at second order:

apperarance

detailed formula

sin 6'13 tan 323

A, + matter effects ,

« D « 9
sin” #a3lsin® A

—
sin” 26,3

Huny-lurm‘.'m.r

F « sin 26,3sin dcp

+ a sin 26,3 cos dcp

~ +/- Asind + Bcosd + ...

>

+

2 2 i ¥ . 2
a” cos” fagsin” 26015 sin” A

COS 913 sin 2913 sin 26“221 Sill:{ A

. F % F .
cos 03 sin 26,5 sin 2053 cos A sin® A

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

At 8_,~ +/-m/2 the precision on o, (~PaIOIO derivative on 9_,) is dominated by the second term:
precise energy spectrum measurement (cosd_, dependance) dominate the resolution

Ratio to nominal

1.03 1

1.02 1

1.01 4

1.00 4

0.99

0.98 -

v mode e-like
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—— 0.5% energy scale shift
—— 12 degree dcp shift

Ratio to nominal

0.6 1.0 1.2

energy(GeV)

0.2 0.4 0.8

1.020 4

1.015 4

1.010 ~

1.005 A

1.000 A

0.995
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0.985

anti-v mode e-like
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—— 0.5% energy scale shift
—— 12 degree dcp shift

0.6 0.8 1.0

energy(GeV)

0.2 0.4

L.Munteanu
Nufact 2021
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Neutrino oscillations
In long-baseline experiments:
how do we measure them?



Neutrino ‘beam’
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Beam: protons — pions

Horns i Beam dump
|| u
- -
p e\ R )5 T v i
A Target ‘-‘IL‘"* i W T,
Decay volume (96 m) \ Muon monitor &
0 m 118 m 280 m

- Proton beam:
30 GeV JPARC, 120 GeV NuMi FNAL - 500 kW and above (next generation 1-2MW)

P(EW) < POT (10%°) x E, (GeV)/T (107 s)

- Horns to focus all pions (kaons) of the right sign

- T WVM Forward Horn Current (FHC) - V, flux

- W~ WV, Reverse Horn Current (RHC) - Vv, flux

20



Beam: off-axis

Horns v Beam dump
—— j} f.-l_} ND28&0
] B | - [ e s e ] - o T Y -3 .
: Target ‘Tf‘“* i L VRN [_ "> Super-K
'l L
‘Decay volume (96 m) \ - Muon mionitor
| - I
0 m 118 280 m

Energy of v emitted in 2-body decay at an angle relative to &t direction is only weakly
dependent on parent's momentum

Tune the angle - tune the energy

Ey (GeV)

20
i to be at the peak of v,
16 disappearance (~E/L)
1'2 50 _7. E/)r:j:"iiisol‘l'—axis ]
L > = 14 mrad off-axis
O B {5’ — 21 mrad off-axis
i S 60 - -
0.4 S |
0.0 39 ‘- | NOVA". |
§20 __ -
j 21
05 ' 10

4 6
E, (GeV)



Flux

Neutrino Mode Flux at ND280
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- v_intrinsic background

- Wrong sign background
(v in v beam)

- Flux tuning with hadroproduction
measurements at dedicated
experiments.

Example from NAG61 with replica-
target of T2K
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From near to far detector
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Oscillation analysis: the basics

Q& .
RO baseline 300-3000 km — Vu VelVd) 1V, Ve (V)
& Near Far
\ _ 4
OC’Q/ Vi / Vi petector Detector
?\
N, ~P,,, XN~
V. V,?V, vV,
Number of neutrinos at the \
Far Detector (FD) of a given Number of neutrinos at the
flavour o' (a=e,u,t) Near detector (ND)

The oscillation probability v_ - v_ which you want to
estimate: it depends on the parameters you want to

. : _ )
measure (long baseline experiments: 6_,, 6., Am?_ 6_,)
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Dependence on neutrino energy

To extract the oscillation parameters, the oscillation probability must be evaluated as a
function of neutrino energy, since the neutrino beams are not monochromatic:

2
1.27 A m21L>
4F

Vv

P .. (E, )=sin’20sin’(

Va2V,

— we need to know the number of neutrinos as a function of Ev at near and far detectors

N, (E,)=¢(E,)xo(E,)dE,

flux= number of neutrinos produced by the

accelerator per cm?, per bin of energy, for [f q)(EV>dEV]E[(I)]:[cm_2 POT_l]

a given number of protons on target

cross-section = probability of interaction of the

. p)
neutrinos in the material of the detector [G] — [Cm ]
25



Flux and cross-section

predicted number of nsutrino interactions at the FD (w/o oscillations)

N.°(E,) ¢ (E,) oi°(E,)
NP s (B ) X5 X
N,°(E,) oy (E,) o, (E,)

measured number of neutrino interactions at the ND

— systematic minimized if same flux (eg, same off-axis angle) and same target material
(same acceptance is not possible due to different size of ND and FD)

But the most complicated part is :

1) the neutrino energy spectrum is different at ND (before oscillation) and at the FD (after
oscillation)

— S0 we measure the xsec and flux at a given energy and we need to extrapolate to a
different energy

2) flux and xsec extrapolation from ND to FD are different -~ we need to separately
estimate flux and xsec at the ND

But we measure only the product of the two (strong anti-correlation between them)

26




The difficult part ...

The following issues induce an unavoidable model dependency in any oscillation
analysis and make the evaluation of systematics in oscillation measurements a difficult task:

* how to reconstruct energy from the final state of neutrino interactions

* extrapolation of xsec and flux to different energy spectrum

* separate flux and xsec evaluation from ND data

Need reliable models of flux and neutrino-nucleus cross-section models

27



Specifics of v /v (- CPV)

Due to low statistics v [v_at the near detector, we use vMIVM to constrain all systematics
which are correlated between v_and v,
— main remaining systematics are:

| - difference in cross-section between v Jv_and viv,

- lepton universality holds! In any given model of v-nucleus interaction the v_ — v,
extrapolation is straightforward (different mass)

) - we do not control well v-nucleus interaction even in v.:.a lot of work on-going
to improved the models and have good tuning of them from near detector

- difference in flux: v_at oscillation peak energy mostly T WV,
. . + +
from muons - strong correlation with v_ Kfsury, W2 EVeY,

\
\\\ )

— - solution: very precise measurements of at near detector vMIVM

- difference in far detector systematics between v_and v, (in general, having very

different reconstruction/resolution/efficiency for e and u is a weak point) ”



Present status of
oscillation parameters
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Status of PMNS measurements:
joint fits

Recent reference with full details:

——— NO, IO ({w/o SK-atm}
=====: NO, 10 (with SK-atm) NUuFIT 5.1 (2021)

]5 _I TTT | lI TT | TTT :|r TTr T I_ _I T I\\I | L | TTTT l' TITT I_
Three flavour oscillation parameters 1t 3
il aE ]
. , Fr 1t ]
global analysis NuFIT 5.1 results www.nu-fit.org o 1F ]
- . ) _I L | 111 III|IIII|I_ _I | 1111 | 1| IIII_
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP'20 [2007.14792] %2 0z 03 o0 04 65 7 75 8 &5
sin® 0, -_\mi1 [ 0° eV?]
Normal Ordering (best fit) Inverted Ordering (Ayx~ = 7.0) AAAMAARRE Rnan RARAY B 1n i MAAMAAY (A2 AN AR
bfp +1o 3o range bip £1o 3o range AN Ul B ! ]
sin? 012 0.30413:012 0.269 — 0.343 0.30479:013 0.269 — 0.343 {1t i
= | B2/ 33.4510.17 31.27 — 35.87 33.4515:78 31.27 — 35.87 e 511 ]
S For T i ]
£ | sin® a3 045010010 0.408 — 0.603 0.57079:01¢ 0.410 — 0.613 - 1t i 1
£ 0. ).022 a 3 A ” ]
2 | fag)' 12132 39.7 — 50.9 49.01123 39.8 — 51.6 C . eag 1r i ]
E | sin? 013 0.02246T0-9°52 (02060 — 0.02435 | 0.0224170-00072 02055 — 0.02457 plliin “""'N | FEVITE ENTY U AR
= "",'" i 0.000e2 ) 04 045 05 055 06 0.65 26 25 24 24 25 26
| Bis)f 8821012 8.25 — 8.98 8611019 8.24 — 9.02 sin” 6, amZ, [10°eV? am?,
e ol
.;I_E bt '23“?_:‘-: 144 — 350 27*:-_:'_,1 194 —s 345 15 __I TT }I] l\“l L L f} ] |__ JTATeT, [T Tk | 1‘| TTT TTT |['|__
- A ‘ : \l \‘ ; : :
M3 - 40p+0.2 ).2 v g - b ! 4L
ﬁ (. AR 6.82 — 8.04 7421020 6.82 — 8.04 ol g 5 i
A N:‘f L e
”‘:- = 0.02 LW L 9 rg- C 0.026 g == - ) r 1 G
T +2.510% 037 +2.430 — +2.593 —2.490F) 028 —~2.574 — —2.410 P ek
. C |k | | S /I{ 1 | A L I_ _I [0 9% || l'rT | |
Comparable reSUItS {%JPB 0.02 0022 0024 0.026 0 80 ]‘80 270 360
Bari: e.g. Capozzi et al., 2107.00532 sin®6,,
Valencia: e.g. deSalas et al., 2006.11237
Th. Schwetz - Neutrino 2022 — 1. 6. 2022
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NO, IO (wio SK-atm)
NO, 10 (with SK-atm)
TTT rT 1T T T 7T T

| NUFIT 5.1 (2021) |

|
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0.2
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sin E|1

11 Ll
0.3

2

N s ™ N Iy |
7 79

2 5 2
Am;,. [107 eV

|
8.5

Status of PMNS measurements:

joint fits
Solar parameters: 6_, Am*

known with ~few% precision since
KamLAND (no recent updates)
- future prospects: JUNO <1%
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Status of PMNS measurements:

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

| NUFIT 5.1 (2021) |
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613 measured with

reactor experiments
at ~1% precision
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joint fits
Solar parameters: 6_, Am*

known with ~few% precision since
KamLAND (no recent updates)
- future prospects: JUNO <1%
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Status of PMNS measurements:

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

| NUFIT 5.1 (2021) |

III|III|IIII;IIII|I

II'|.I|IIII|IIIIL'IIII_

joint fits

15 — \ h - \
101 1k 4  Solar parameters: 6, Am’®
' 1t - known with ~few% precision since
5 als ~ KamLAND (no recent updates)
- - - - future prospects: JUNO <1%
_I L1 1 | L i1 L1l | L - | I_ i | L1l | 1 1 Ll [ I_
0.2 0.25 0.3 0.35 0.4 6.9 7 ] & 8.5
sin” 6., .-jm; [1ID'5 e‘u’E]
s . Best avenue for PMNS unitarity test:
R - = best precision
10 |- = Ve P
5[ ] Vi = OK precision
0 i I EEE A (I T | VT . .
0.018 0.02 0022 0.024 0026 = poorest precision

sir'|2 8,4
613 measured with

reactor experiments
at ~1% precision

Vi V2 V3
Exploring unitarity from different rows
2 2 2
UUT - UTU= I = many equations!! |U”| + |U22| + |Ul3| o 1

— best limit expected from electron top row: 0,
from reactors and 0, from JUNO
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Status of PMNS measurements:

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

15

I

=
IIII|IIII|IIII|

IIIlIIII;IIIIlI

e joint fits

\

Solar parameters: 8_, Am* |

known with ~few% precision since
KamLAND (no recent updates)
- future prospects: JUNO <1%

. 2
sin” 6,

Dﬂ.é‘ 0.25 0.3 0.35 0.4

15

10

IIII|IIII'|IIII|

£
1

sir'|2 8,4
613 measured with

reactor experiments
at ~1% precision

[
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o

1
7 ] &
2 5 _\2
Amj, [107 eV7]

Atmospheric parameters:
- 8,, ~few% precision @1c (improved by a factor of 2 in the

last 10 years) but ~25% precision @3o: octant degeneracy,
need high stat v_appearance
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Status of PMNS measurements:

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

| NUFIT 5.1 (2021) |

|IIII||'IIII|I

joint fits

15 _I | _I |'I.‘| | LI | T T T |I-ll'l T I_
101 - 4 Solar parameters: 6, Am’®
B ' ] known with ~few% precision since
5 - ~ KamLAND (no recent updates)
- - - - future prospects: JUNO <1%
_I L1 1 | L i1 L1l | L - | I_ _I | I - | Ll 1 L1 1 | L1 1 I_
ﬂﬂ.E 0.25 0.3 0.35 0.4 6.9 7 ] & 8.5
sin” 6., .-jm; [1ID'5 e‘u’E]
Atmospheric parameters:
151~ - 8,, ~few% precision @1c (improved by a factor of 2 in the
: last 10 years) but ~25% precision @3o: octant degeneracy,
10~ need high stat v_appearance
- - |Am231(32)| ~1% (not so robust...) - important to get <1%
5 . . —
- (see later) challenging to control systematics uncertainties
- 155'IlllllrlII|III1'|IrII|I::I I__II 1|:I||||||||:||]:!||1||||r1|||]r_
0 I (AT I 11 11 : : i ]
0.018  0.02 0022 0024 0.026 AR JL ii
sin” 0,4 o\ 1k §§ -
6,, measured with F LW\ 1r §§ )
reactor experiments 5 ol ii —
at ~1% precision i P 1t ii §
D-JJJ'I' -’fllll]]]] ] -lIJJIllIJJIllIIIIlllJJJl JJIIl
04 045 05 055 06 065 -26 -25 24 24 25 26
sin® B, &mgg [1ID'3 eVE] &m§1



v /v, apperance: MH, o_,

Experiment CP

asymmetry

T2K (T2HK)
Nova

~30%
~30%

Mass
Hierarchy

~10%
~30%

T2K Runl-10 Preliminary

24

Y,

22

20

18

16

14

12

Antineutrino mode e-like candidates

10

60 70 80

I";'_
=

— 5in°0,, = 045,050, 0.55, 0.60
—— Am2,=2.49x107 eV?
---- Am?, = —2.46x10" eV?

1| | 11 |
90 100

1 | 1| | 1
110 120

Neutrino mode e-like capﬂidates

0O dp=m
B S,=+m/2
O 6,=0
® d..=-n2

68% syst err. at best-fit 0 §op= T

v Best-fit

—&- Data (68% stat err.)

- T2K: clean ch measurement
with small MH sensitivity

- NOVA: 6_, and MH with
degeneracies
(0., 37/2 and IH = 5_, /2 and NH)

NOVA Erellimjneliry

| 1 1 T
—NOVA FD
| 13.60x10°° POT-equiv (v)
- 12.50x10%° POT (v)

o)}
o

4]
o

IS
o

Total events - antineutrino beam

30

i @]

[0 85p=0 * gp=m/2 q
 8cp=3n/2 %k 2020 best fit

[ 0 5 a g | N TR 7|

20 40 60 80 100 120
Total events - neutrino beam
36

Using 2020 results in the following (2022 in next talks!)
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Using 2020 results
(2022 results in next talks!)

CP

-2AInLL

251

20

15

10

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

AT

2) | 2 3
h

—— Normal ordering

Inverted ordering

20 difference at T2K minirﬁlam (max CPV,
NH) but still common regions at 1o

. 2
sin 623

( NOvVA Preliminary

—
Normal Hierarchy

T2K, Nature 580: = BF — <90%
NOvA: + BF [| <90%

CL --- <68% CL
cL .<68%CL

o = i

2 Scp

31: I I 2n
2

II“L".I.IIIIlIIII

NOvA FD

'''''

Ceel NH Lower octanl
— NH Upper octant
- - - IH Lower octant
— |H Upper octant

~
(-

13. 5x102° POT equw v+ 12.5x10°° POT ¥

"I.I|IIII|IIII

Areuiwaid YAON

2
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Using 2020 results
(2022 results in next talks!)

0

CP

-2AInLL

T2K preliminary 19.7x10%° POT v + 16.3x10?° POT v NOVA FD  13.6x10%° POT equiv v + 12.5x10%° POT ¥
25: T T T | L | T |_ | T T 1T | T T T 1 | 1 T 1 | 5 T T T T T T T T T T T T T T T T T T T
i 1L i - --NH Lower octant %
N 4L —— Normal ordering L e — NH Upper octant 4 <
20_ — - b 4 | . ~\\ pp ] I;
I 1f Inverted ordering - [ 7 . ---IH Lower octant | g
. 1r g [ — IH Upper octant | o
B ar m B r__‘ 5'
[ il O 5 1
10F P = 13
TR . C i
B S )
s N 1
N B
I P B N 0 — ' ;rll; ' T ' '
0 0 n 37 27
-) | 2 3 2 5 ?
s, CP
20 difference at T2K minimum (max CPV, _
NH) but still common regions at 1o N‘.J.F.'F IZ.Q?Q. — -
( NOVA Preliminary -~ | \ — 11;18: %8 %?hss%ig)
0.7 NormaIIHierarchy | | o -
L Agreement in
0.6 7 1O gives a
o 4 penalty to NO
L 05 P
= In NO shift on
0.4 o, favoured
T2K, Nature 580: = BF — <90% CL --- <68% CL Value
NOvA: + BF [ <90%CL [ <68%C RN N /I Ll 38
I S S Te— 0 90 180 270 360
2 S 2 - JHEP 09 (2020) 178 [arXiv:2007.14792]

CP


http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792

Mass Hierarchy: 2019 - 2022

—— NO, IO (w/o SK-atm)
= NO, IO (with SK-atm)
f ]

= \

"YTT | NUFIT 4.1 (2019) |

IIIIIIIII||I|||IIIIII-I
i‘ \\ | NUFIT 5.0 (2020) |

/
III|IIIII

v b NG 0 90 180 270 360

0 9 180 270 36
5
o 1 B

- MO sensitivity dominated by SuperKamioande AaBRSARAN  RAnaS , [NUFIT 5.1 (2021) ]
\ \

/ \

- Before 2020: NO favoured (Ayx*=10.4 >30!)

- In 2020 lost some NO significance due to T2K-NOVA mild
tension in 2020 (Ax*=7.1)

- NuFit 5.0 updated with SK |-V analysis presented at
Neutrino 2020

— shift best §_, in combination with T2K+NOVA

-
IIIIIIIIIII II..#'I|IIIII

-~ NO favoured at 2.70 0 90 180 270 366
— CP conservation disfavoured at ~2o0 o

39
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Beyond PMNS

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

In particular it assumes - minimal 3-flavour scenario

- standard neutrino interactions for production and detection
- standard matter effects along propagation

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

40



Beyond PMNS

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

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

- Expand the oscillation study with a more general paradigm: with next generation of
experiments we will look at oscillations with a much more open-mind approach:

we want to characterize the L/E dependency of flavour mixing arXiv:2106.16099 [hep-ph]
E =0.75 GeV
. g R No good fit with

Eg: can we search for funda}mental CP ) 0.06] ___ True Prob. — 3L (HKK) L_e\?en o
violation in a more model-independent way? . _ 4 —3LESS) & only

- allow for arbitrary (non-standard) matter effect - 0.04 o T-Violation !

- allow for arbitrary (non-unitary) mixing between - D

flavour and energy eigenstates (even different for Q™ - with 5cp = 90

production and detection) 0.02 \./
- search for T-violation - look for L 0.017 |
dependency of oscillations at fixed energy 0.00{f" | | -2

0 300 600 900 1200 1500
L [km]
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Beyond PMNS

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

In particular it assumes - minimal 3-flavour scenario

- standard neutrino interactions for production and detection
- standard matter effects along propagation

- Expand the oscillation study with a more general paradigm: with next generation of
experiments we will look at oscillations with a much more open-mind approach:

we want to characterize the L/E dependency of flavour mixing arXiv:2106.16099 [hep-ph]
E =0.75 GeV
Eg: can we search for fundamental CP 0.06 | ' No good fit with
violation in a more model-independent way? e L-even terms
- 0.05! — 4L — 3L (ESS) %‘w’(/ 0n|y R

- allow for arbitrary (non-standard) matter effect - 0.04 o T-Violation !

- allow for arbitrary (non-unitary) mixing between - D

flavour and energy eigenstates (even different for Q™ with 8cp = 90

4

production and detection) 0.02

_. search for T-violation - look for L 0.017 |

dependency of oscillations at fixed energy 0.001f | | &

0 300 600 900 1200 1500
L [km]

- Combination of experiments will be needed for a comprehensive, precise and open-

minded characterization of v oscillations

Crucial to have a coherent program of Near Detectors + establish a common language in 42

terms of nuclear models, ...


https://arxiv.org/abs/2106.16099

Stay tuned!

- Neutrino oscillation in long-baseline experiments is entering the precision era:

- atmospheric parameters from v, disappearance (sin22623, |Am231(32)| ), as well

as future d_, precision measurement needs good control of systematics

— new generation of near detectors, improved flux tuning from dedicated
hadro-production experiments, improved models of neutrino-nucleus
interactions

— Increased analysis sophistication

- v, (v ) appearance is today statistically limited — interesting prospects in the next

future to get to 30 on CPV and MH already with T2K, NOVA, Superkamiokande and
their combinations (- lifting degeneracies!)

- Next: 50 generation experiments (HyperKamiokande, DUNE)

- hext-to-next: oscillation measurements beyond present (strict) assumptions
requires a joint effort between experiments

(today combination of T2K, NOVA, SuperKamiokande is a good ‘reharsal’)
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Beam: monitoring

[mrad] [eventsfe1s POT]

® Monitoring of the beam: intensity, position, direction

Horns Beam dump
— : ' INGRID
> g G s [N G
Target R ’ o o
Decay volume (96 m)™, MUGW
| N . | |
Om m 280 m
] | OTR Light for 9.0x10" Protons on Ti Alloy Foil |
- looking at protons z *1 b
- looking at muons £ by ratons

- looking at neutrino

18¢ e LSS U : A -
12f s .
pema |
O E  —+— Horn ' i
0l : i+ Hom-250kA [ ;

- Horizontal beam direction - INGRID |
05F ont? recu ! —— MUM ’ N i

o
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: Vertical beam direction
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Atmospheric parameters: v, disapp

P(v, — v,) = 1 — sin®20a3 cos’ f13sin

1001

D.Carabadijac, T2K

i

]

i

i

|

]

I

]

i

S

~Am3, . .

0.5 1.0 1.5
E, GeV

» Am3,L
4E

Io.oo3o

40.0028

10.0026>
[F]

o
~Nr

10.0024 §

I0.00ZZ
5 0.0020
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Atmospheric parameters: v, disapp

R2eT FHC 1R,
. " m —_ 100
P(v, — v,) = 1 — sin®2023 cos® #13sin? —32— A —— Mean prediction |0
4E % 20:_ Data 80
100f D.Carabadjac, T2K IO‘0030 : 15,5_ 60
80f 90.0028 mé_ o
R :_ 20
°. 60t 10.0026> - 10
:1 : 0‘:\ 0: 0
T‘.'.. 40 I NE“" 0 Retenstrucion neu:rigoens:ég:(se\r)z
2 : 10.0024 § _ )
S ol - Precise measurement of neutrino energy
L . . .
| \ 10.0022 event by event is crucial: good resolution on
o le—> I neutrino energy reconstruction + avoid bias
~Ams, .
05 N I5 20 D000 In energy scale

E, GeV

Precision at few % level (- few MeV)



Atmospheric parameters: v, disapp

Ao FHC 1R,
. " m —_ 100
P(v, — v,) = 1 — sin®2023 cos® #13sin? —32— A —— Mean prediction |0
4E “IE r Data 80
100f D.Carabadjac, T2K IO‘0030 : 15,5_ 60
80 0.0028 10%— 40
R :_ 20
°. 60t 10.0026> - 10
3 1 o :
1 l oF " SE T I B
3 - : -0.00245 _ )
= oLl - Precise measurement of neutrino energy
L . . .
: \ 10.0022 event by event is crucial: good resolution on
o le—> I neutrino energy reconstruction + avoid bias
~ ams; .
0.5 1.0 15 2.0 00020 In energy scale
B OeY Precision at few % level (- few MeV)
T2K runs 1-9
v-mode 1.49 x 10®' POT
%10~ v-mode 1.64 x 10°' POT
5 3:""\""I""""I""I""I""I"":
. B c:-;.). 293_ Dtu parameters —90% C.L. _E
- Correlated effectsinvandv 3t % v
(assuming CPT invariance) i 2_75_ _
SRS =
L asE =
< ]
2.4:— =
235_ | | | | | | | _g 48
2'%.3 035 04 045 05 055 06 065 07

) s
sin“0,, (sin’b,,)



Atmospheric parameters: v, disapp

2
~ . 4 . 2 Am3,yL
P(v, — v,) = 1 —|sin“ 2623 |cos” f13 sin —2F
D.Carabadjac, T2K
100 D.Carabadjac, T2K - J
| W jac, FHC 1R 0.30+
i
58 =~ 100
801 ~sin%(2655) % N —— Mean prediction 50 0.25}
-56 E 20— Data 80 o
© 0 s *F °.0.20
°. 60} 154 9 g r Bt
Kl = R . & T
= & - 1 015
T 152© o 3
5 40 & 10 w0 8010
a 150D E 30
20} o ” 0.05}
A N 0.00
op - le— 8 PRy EROR R B 30 45 450 495’.5 460 465 470
-~ m onstructed neutrino ener e
| 3'2 | | | 23
0.25 050 0.75 1.00 1.25 1.50
E, GeV

- Measurement proportional to number of observed muon neutrino at oscillation maximum
— need control of v, overall normalization at few %

(again correlated between v and v)
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Atmospheric parameters: v, disapp

2
~ . 4 . 2 Am3,yL
P(v, — v,) = 1 —|sin“ 2623 |cos” f13 sin —2F
60 D.Carabadjac, T2K
100} \ D.Carabadjac, T2K FHC 1R, .l
58 =~ 100
801 ~sin%(2655) - % B —— Mean prediction 90 0.25}¢
E o Data 80 -\0
3 R L, >.0.20f
L% 60f 154 © E - =
=1 — I B 80
= E 15— T 0.15
LI | 52T C -y
= A 1o w2 0.10
[+ 450D - 30
20} s 50 0.05r
a8 - B
o 0.00[ I I i [ I I
oF! 46 ) ] ) ] iz 14 16 182 ° 440 445 450 455 46.0 46.5 47.0
. 33 ﬂm%ﬂ . . . Reconstructed neutrino energy (GeV) b3
0.25 050 075 1.00 1.25 1.50
E, GeV

- Measurement proportional to number of observed muon neutrino at oscillation maximum
— need control of v, overall normalization at few %

(again correlated between v and v)

- Maximal mixing 0,,~m/4 would be a very interesting symmetry.

Away from that, octant degeneracy due to quadratic dependence

1a2 = Upper octant |
on sin“20 @ 0»3 € [0; 7/4] - lower octant ]

© 0»3 € [/4, m/2] - upper octant




v_appearance

sin® 2013 |sin® B3 sin

D.Carabadjac, T2K

o~ S]h2[2513}

2 Am3,L
4E

9.0

8.8

@
o
013, degrees

oo
=

@
(]

8.0

- 8, well measured by
reactor experiments (~1.5%)
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v_appearance

: . 05 Aiagle
P(v, — ve) =~ sinZ 2613 |sin? fa3lsin® —32—
4E
9.0
71 D.Carabadjac, T2K I
3 8.8
R 5 0
- 8.6
S 4f o
T 2
=3r 8.4 &
a ©
2r .
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1 8.2
U I' I i i 8
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9 1
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! 144,00
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923

- 8, well measured by
reactor experiments (~1.5%)

- sensitivity t0 8,
— break degeneracy on 6_,
octant (~1% effect)
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v_appearance

P(v, — ve) ~|sin®20;3 |sin? O3 sin? Am—%gl_ + ~sSinO__ X sind~
1 e 13 23 4F 13
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7 D.Carabadjac, T2K I - 0, well measured by
6} 88  reactor experiments (~1.5%)
5t )
869 _ sensitivity to 0
4} o y 23
3 say — break degeneracyon6
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v /v, apperance: MH, o_,

\

Experiment CP

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

- T2K: clean GCP measurement

Mass _ =
Hierarchy with small MH sensitivity

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

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

T2K Runl-10 Preliminary ______NOvVA Preliminary
% [T T T T LI I I L B Y B 60 _ILIOVA FD [ [ | | &l
7 24 [N ~ - .
o C "o ] e | 13.60x10%° POT-equiv (v) y
= r ° ] © | 12.50x10°° POT (v) .
e 22F ] (0]
5 F . S 50~
g 20F w . g1
o C ] 5
O 18k - 2 |
o — . .£ a0
I C ] = S
g 16F = © i
g C ] @ | 4
3 C ] > B T
£ 12 - %
= - . B onal S
{ |U— _ }— 20__0 aCF: 0 BCP= ) Q&O |
O 1 I L1 1 1 I 1 11 1 | 111 1 I L1 11 | L1 1 1 I 11 11 | 111 1 I 1 I_ .
50 60 70 80 9 100 110 120 B I I o i
. . ‘ 20 40 60 80 100 120
Neutrino mode e-like c:dp_dldatEh Total events - neutrino beam
; O b . =xn
— sin’0,, = 0.45,0.50, 0.55, 0.60 e 68% syst err. at best-fit
37 - 2 m b= 42
— .ﬁma-, =2409%10 " eV v Best-fit 54
----Amg = -2.46x10 " e e 5 = _mpo - Data(68% staterr.)

CP



A bit of (recent) history...

- SuperKamiokande Sudbury Neutrino
1996 - today! Observatory (SNO)
1998 Discovery of v oscillation 1999 - 2006
from zenith angle dependence 2001 Solution of solar
of atmospheric v_rate puzzle: v_/Zv_~1/3
Precision from accelerator experiment:
(1999-2006) K2K hlqh purity and tunable neutrino flux o
L <] 2003 - 2015 MINOS (- - 2016 MINOS+)
g‘s F with oscillatons {1 ® 5 | e
a1t without oscillationg 2 | erTTTes 5 = :gwﬁ MINOS: data L S —
%12 ] 15] 4 : : T ] 1400:—_M|NOS‘ MINOS. combin Ed'][(;}'] S 3 sol N V- -enhanced beam]
10 [ 3 L 1200;— 3.36 x IGa;POTv MINOS — L 336x10% POT
8 | : 31000; B RIS, _contamed vertex ¥, 1
& ’ 2 g - KEZKGB% - ; E 800; EGO' .': |
o R M+ 5 o |14
2 [ R ] F o SK L/E 90% f 400 c40f !
U j e 3 4+ s Q%2 04 06 08 1 200 2 '
v GeV sin2(26) o g (I !
(2008-2012) OPERA : 5v - v_events obs. o <l |
Beyond v disappearance (6,, and Am_,): large b B s ot e A %Nz 48 8 101214
Reconstructed v, Energy (GeV) eutrino Energy e
statistics ex eriments looking for v_appearance

— observation of v_ apperance ae ’;,:bam
T2K (2010 - today) e / R
— to measure MH, longer baseline: AN
NOVA started 2014
— T2K Nature 2020 first results on 6, T L.

075 080 085 090 095 1.00
sin2923 sin?(26) or sin®(26)




v_appearance full formula

~— Appearance

L.Kormos NuFact 2022

V VS. v
sign
change

c,; = cos@,

.

5
. . N 2(a) 2
P(vp ')'Ve) g 4C1351352351ﬂ A31X 1 i 2 (1_513) L Leading tEI"m
m— A,
+8C33515513S23(C12Cp3 COS® — S15 513 503) COS Ag,8in A4, sin A, <"1 CP Conserving
S 2 [ . [?]‘L 2
F8C);5755,,C08 A, sin Am-—r = (1—2s7,) < Matter effect
F8C32, €15 C03 512513523810 8sin A ,8in A, sin Ay, CP Violating
2 2 2 2 2 = 2 L
H 8 O O O F 5 10585520 15 P 515 Sin SaCOS O )SIN"A Solar term
o L ' . )
Sy = SlI'lE'” "ﬁ"lj — -&m;a | a:2v’2 Gen, EJ y

6., dependence Octant sensitivity CP-odd phase

- leading dependence on 6_, and MO (prop. to L), changing sign for v and v

- need large 6__ to access sind_, (sensitivity to 6_, from v only if 6_, well known)

- subleading dependence on coso_, — important for d_, precision measurement



Impact of systematics will hit first In
v, disappearance

As already discussed yesterday:

- precision sin6__ requires precision on neutrino rate at oscillation maximum
- precision on |[Am?____| requires precise neutrino energy reconstruction

31(32)
60 v Mode p-like
100f 1.06 ;
Nominal
58 0.5% shift in Am~3;
B . 0.5% energy scale shift
80 156 o |.0% energy scale shift
ﬂ 1.02 = i
60 _54E '_—E: o o L
o E '
v 2 -
40 i 1520T =} I [_ = =
ﬁ E . . — |
150 E 098 o B ] o oz
20F -
48 0,96 - L—
| R 46
i 42 i i | 0.94 - : : .
025 050 0/ 100 125 150 0 0.2 0.4 0.6 0.8 I 2
E, GeV Energy [GeV]

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



3,2
, [107eV] Am,,

Am

Status of PMNS measurements:
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zoom on |[Am?

NUFIT 5.1 (2021)
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Proton beam

Pion spectra for different proton momenta

S - n L
E —— 450 GeV/c3 - X
. - po = 450 GeV/c - o G .
106 L 120 GeV /] - 1 po (GeV/e) | (ng) | {pr) (MeV/c) | K/m

E [ 10 0.68 389 0.061
T o, 80 GeV/e 3 7 20 1.29 379 0.078
= s 40 GeV/c 1 5 10 |219 372 0.087
x 0F 2Q Gev/c 1 & 80 [350 370 0.091
O - 1 < 120 4.60 369 0.093
N At | > 450 10.8 368 0.098
7 10 F ERPEN
o - 1 © _ _
“'_;u. . . 2} Roughly speaking: higher
v 107F E g proton energy produce
= - 1 5 more pions without
ok i U R increasing much their
O 10 k& 4 &
~ - R T = transverse momentum
- - . 1 O
© A M > .

o L o = (but lower energy typically
* allows larger repetition rate)
- 3
1 | codl by eall |
" 10, 197 0 025 05 075
p. (GeV/c) SR

Pr (GCV/C) >



®m Shape: cylindrical (or ruler) along proton beam direction to maximize the
probability of protons to interact (~50-100cm)

(but re-interactions of hadrons inside the target are an additional complication)

Transversal section should be ~3c of proton beam width (~5-10mm)

® Low Z (Aluminium, Berillium, Carbon, ...) high probability of proton interacting and
low probability of radiating (loosing energy in the target)

= Need cooling (air or water): larger the beam intensity — hotter the target

Graphite core
1G-430U Graphite
26mm¢g x ~90cm sleeve

60

Ti-6Al-4V shell
(0.3mmT)



Horns ocus nt*" parallel to beam axis
N Vu or VM beam (aka Forward/Reverse Horn

Current)

Homi o, T2K-horns
arget (+/-) 250 KA current
Wom Horn3 o Mem
| Horn?2 10cm _ ;_J
o o e
________q:_‘::________ - -F""ﬂ“-—_____hh
180
| NuMI beams
> 140
% 120
gloo HE Beam
E 80
&
60
@]
- 40

E, (GeV)

* multiple horns to

P - 2r p’
(parabolic: same 6
kink for all angles)

Y
Al

J— _é__ S :._ S
profon

recover pion trajectories
not properly focused in
the first horn

=
= underfocused

Horn 2 only
—w=forn 1 only
unfocused

overfocused

[ T
\k \
Horn 2

1 Horn 1

* the pions with smallest angle are the
most energetic — to focus them need

to move the horns

NuMI: 3 possible configurations — 3 beam energies

| LE ME HE |
— = g —» K—» K
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2nd Homn 2nd Horn
—Z=220m _z_.m_nq__l

P—

Target 2nd Horn
z=-396m z=100m
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v T2K flux
Decay volume P
- most v,’s from i ]

m et the hadrons to decay in (u and) v: 2-body decays:

Flux/(cm*50 MeV-10*' p.o.t)

+ +
] + +

p ° ——yay-{ . K-, i . /@

Target il 0 2 4 6 8 10

E, (GeV)

_Decay volume (96 m, v, background in T2K flux

I = mOSt 'Ve’S from i lﬂm; " — ‘Total ND280 v, Flux _

0 I =i H ‘:N_l_ Pion Parents i

3_b0dy decays: E 10° .‘__,," 2222 Kaon Parents h

. ) 2 HH Muon Parents ;

Decay volume (T2K: He filled): W — €V, = ol E

* Long to let most of the pion decaying K* - wle*v, k] . f L 5

. . 2 §
« not too long to avoid muon decay (v, pollution) E i e / -

0 2 4 6 8 10

v, background in T2K flux
-v, [ v largerats

Tolsl NDIED L Flux

high energy due : x—I‘ijJ‘au'nlh %
- lnm £ Kaon Parents -
to hlg h pL Jt- HHHE Muon Parents 3

which cannot be g I’

(de-) focused

Flux/em”50 MeV-10%' p
=3
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Beam monitoring

[mrad] [eventsfe1s POT]

® Monitoring of the beam: intensity, position, direction

Horns Beam dump
— : ' INGRID
> g G s [N G
Target R ’ o o
Decay volume (96 m)™, MUGW
| N . | |
Om m 280 m
] | OTR Light for 9.0x10" Protons on Ti Alloy Foil |
- looking at protons z *1 b
- looking at muons £ by ratons

- looking at neutrino

18¢ e LSS U : A -
12f s .
pema |
O E  —+— Horn ' i
0l : i+ Hom-250kA [ ;

- Horizontal beam direction - INGRID |
05F ont? recu ! —— MUM ’ N i

o

[TETANRTNE FENNE FEET1 i

I
rB"
I
I
L
|

: Vertical beam direction
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Playing around with the muon monitor

Muon beam profile X center (cm)

* Example from T2K: sensitivity to horn current and proton beam position
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[=n} - E _—
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Proton beam X center at the baffle {mm)

Proton beam Y center at the baftle {mm)

e Correlation between muon profile and proton beam position depends on the current
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Tuning the neutrino energy

Horns - . Beam dump
_‘_-'é---r:;__._'_ : K ;
A ad B e e,
Targe T
Decay volume (96 m) \ Muon monitor
| N . | |
0Om 118 m 280 m

E, (GeV)

Energy of v emitted in 2-body decay at an angle
relative to &t (K) direction is only weakly
dependent on parent's momentum

2.0 |
- E = (1 - (THJI/HI‘J’(?T.I{II)E)E[?T,fir}l
1.6 : (1 +~262)
12+ /o ___ _ d = 15° .
0.8 ~-= ]
04 ... ® =230° i
0.0 1 1 |

Off-axis — narrow flux at the
maximum of the neutrino oscillation
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NuMI beam
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Change energy by
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Flux tuning
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Flux simulation

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

Re-interactions of hadrons with target, horns, vessel, beam dump... - production of
'tertiary hadrons' on C (or other materials)

T2K NuMI low energy
\ Flux percentage of each(all) Havor(s) Material
Parent Yy i, U, 7,
Secondary Projectile C Fe Al Air He H,O Be
Tt {iﬂ.ﬂ{ﬂﬂ.{i}‘:fﬁ’;. 41\8(2.5)% 31.9(0.4)% 2.8(0.0)% p 1175 2.0 1.0 11 15 01 0.1
K+ 4.0(3.1)% 4.

(0.3)% 26.9(0.3)% 11.3(0.0)% at 21 13 1.8 02 ... 0.4

ff.'g 0.1(0.1)% 0.9{0.1)% 7.6(0.1)% 49.0(0.1)% = - 1.3 02 02
Tertiary ‘ I K+ 0.6 0.1 0.1
Tt 34.4(31.9)% 50.0(3.0)% 20.4(0.2)% 6.6(0.0)% K0 0.6
K* L4(1.3)% 2.6(0.2)% 10.0(0.1)% 8.8(0.0)% |

-0 . : AZ 1.0

Kp 0.0(0.0)% 0.4(0.1)% 3.2(0.0)% 21.3(0.0)%

(average number of hadron interactions x 100 for each v )

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

68



Flux tuning

The simulations are tuned using external measurement from hadro-production experiments
T2K

NuMI
Experiment Beam Mom. (GeV/c) Target  Particles NAZ 1 v
NAGL/SHINE [11][12] 31 C =, K IpC @158GeV  (+HARP)
Eichten et al. [27] 24 Be, Al, ... p, 7", K* MIPP pC @ 120 GeV
! r Q] ¢ ; =+ e
Allaby et al. [28] 19.2 ) Be, Al ... p.‘ﬂ' K ' Barton et Al [Phys. Rev. D 27, 2580 (1983)]
BNL-E910 [29] 6.4 - 17.5 Be T

(need scaling to different targets, available at different proton energy)

Total probability of hadron interactions and outgoing hadron multiplicity

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

P(2; 0prod) = DTOproape” "ol probability of proton to travel a path x in the
P(z;0),04) target and interact in AX

W= __ Pof
P'[-'f:? ﬂjn'uri}
dn . 1 do .
— (0, pin, A) = —(0, pin, A). o : :
d.p': Pins £) Tprod(Pin, A) ff.pl: Pins ) hadron multiplicity (with a certain angle and momentum)

1950, pins Al for each proton interaction

W ('P'.frr.-. AJ = fr'ri :
[éTI:H1EJ?'Tr.-. AJ’]:‘;H? .




Tuning factors

Tuning weight

flux tuned

flux simulated

16— Pron Tuning
| --- Kaon Tuning
1.4~ v Int. Rate Tuning

Flux(v/ m? /GeV / 10°POT)

Flux Ratio

100

0.5

NuMI Low Energy Beam

Thin Target Flux

Vu

6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

Uncertainties from theory corrections (scaling to different proton energies, targets,
not covered phase space...) and from hadro-production data (statistics and

systematics uncertainty)
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NAG61/SHINE

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

proton beam 6m™ s " 47m
(same as neutrino —_—
experiments) on a Vertex magnets
(thin 2cm~4%.) )|_/
| ToF-F
target \ VTPC-1 | GAP
TPC
i ~}--1  psp
sS4 55
Measure p, m, K }f"'f._-f ] Vo ToF-R
. ) 7 CEDAR THE |5|2|
in fwd region i & e § MTPC-R
N |
(good acceptance —__ BP0 BRD-2
match with T2K) S
Phase space covered by m* 3 * v Momentum measurement with
= 045 . . .
(corrected spectrum) NAG1 o T e, i TPC2|n magnetIC flleld
;:z 0As neutrinos @ near detector (0 /p ~0.005 GeV )
= - in T2K P
s00 Angular measurement
250 1000 . .
0 with 3-4 mrad resolution
12 o 71
50 |
i 0

L L
20 25 30
p (GeVic)



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

NAG61/SHINE

dE/dx [mip]

[
w e

o]

=

=2
=X

Vertex magnets

B

VTPC-2

dE/dx + ToF measurement for clean PID

q<0

q>0

-
w

\II i 1
1 1.5

log(p/[GeV/c])

mZ, [(GeV/c*f]

20

MTPC-R

.

+7m

ITC:F-L

ToF-F

55

PSD

ToF-R

dE/dx [mip]



(Old) results

Fractional Errors
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MIPP results for NuMI

N(=*)/(GeV/c)/POT
N{n*}nmfﬂ{n*} MC

F
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Cross-section normalization

Ohadroprod —O4ot— O~ qu

O tot

(normalized to number of carbon
nuclei in the target)

Need to correct for events with actual interactions

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

4}& ......

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

/ VTPC-1

=

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

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

elastic scattering on carbon nucleus

(from previous measurements compared to GEANT
- largest uncertainty

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

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

r —&— Bellettini, et. al.

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

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



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

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

Fractional Error

Interactions

SK v, Flux 0.22
0.3 - e : e "< Hadron Production Uncertainties v
I — Total 1 0.2 = meson inc. target att. absorption
------ Pion Production T 0018 | —pC X nC — aX leon-A
Kaon Production 7] ."—3 016 - pC—Kx pC — nucleonX others
B — — Secondary Nucleon Production 7] = 0.14 = — total HP
0.2 ... Production Cross Section ] % TF
— — ] u 0-12:__
= 01
N I I —LI_'_I_I“*._IJJ_ E 0.08 ;—
Ol 7 Go.06F
— . . _
T e L T oot Ly
e 1—-—| —_ _;_ .. UIDEH" _‘_I_\_‘_‘—|_—__
- . e eees — 7 S T TOT CITEPSS HHA T RS 1111 10 e
0 | 1 1 1 s 1 1 1 PRI S Dﬂ 9 2 3 4 5 ﬁ
107! 1 10 v energy (GeV)
E, (GeV)

The remaining uncertainties were dominated by the total production cross-section and re-
Interactions in the horns
- new NA61 measurement ‘more directly portable’ to T2K 76



Need for replica target: T2K example

Fraction of neutrinos £ | re-interactions in the beamline
from re-interactions T osp vy @ ND ]
' i 3 2L @ ND
in the target and in the —*7¢ b
beam line (~40%) i T }
05k 0.5
. ”M%MH— - ~10% @ peak
. energy
-~ measurement of 03f 03f
hadro-production 0zf ~ 40% @ peak 02} gmg,{ﬁ'—l—
Wlth ‘repllca tal‘get’ 0.1 — energy o1f HH""I—HM
(= same target 6 becspsnnen o s TR
0 02 04 06 08 1 1.2 14 1.6 Ellr%.e\-'% '30 02 04 06 08 1 12 14 16 E.l._[:gqu

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

(60% with thin target)

v, energy spectrum at SK

-
[
T

i
LB

Flux (/50 MeV/ecm? 10" POT)
= [=]
=23 =)

Measurements of hadron multiplicity vs 02 _ :§
angle and momentum (dn/dpd®) in o SR -
longitudinal bins of the target (particles in £, [GeV]

different longitudinal bins follow a different path

- . . = H i
inside the horns and are focused differently) p—’lm-b?_% 77




NAG1 results with replica target

[(rad - GeVic)")
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Fractional Error

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

Flux uncertainties

Huge improvement (~factor 2) of
hadron-interaction uncertainties using
NAG61/SHINE replica target data
(<5% in the flux peak)

SK: Neutrino Mode, v,
: I L] L] 1] T ] T T T I -
03 ==vmwm Hudron Interactions b=E,, Arb. Norm. 7]
= . o Material Modeling =
B mremm—— Froton Beam Profile & Off-axis Angle _'m e _I clng o
Number of Protons
= == Hom Current & Field P, -
21bvl
K Hormn & Target Aliznment === 1371 ]
0.2 =
=, -
0.1




Future prospects

Table 1. Fraction of simulated hadronic interactions in the
T2K flux that are tuned by replica or thin target data [T3.

Fraction of Hadronic Interactions
Horn Maode IR Py e e
Neutrino Mode 0.97 C 0.87 H091 C077)
Antineutrino Mode| 0.87 096 077  0.92

- Interactions not tuned are due to Kaons (for v )

and to low energy interactions in beamline
materials

- NAG61 future: low energy beamline (<15 GeV),
(also improvements to present results: major
systematics is due to bwd extrapolation

- new small TPC downstream the target)
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Future prospects

Table 1. Fraction of simulated hadronic interactions in the
T2K flux that are tuned by replica or thin target data [T3.

Lead glass
Fraction of Hadronic Interactions RPC ToF "*“""jjfl;\\
Horn Mode Iy Py e e counter i \
Neutrino Mode 097 C 0.87 H0.91 C0.77
Antineutrino Mode| 0.87 096 0.77  0.92
Permaneant
rmaget

- Interactions not tuned are due to Kaons (for v )

and to low energy interactions in beamline | =
materials . L

- NAG61 future: low energy beamline (<15 GeV),
(also improvements to present results: major

Beam aerogel
counters Target

[
0@
0

systematics is due to bwd extrapolation s ‘___‘ 7 ssoma
- new small TPC downstream the target) / | i
- New ‘table-top’ experiment at FNAL: EMPHATIC B

(targeting low energy especially interesting to cover
the Booster beam for MicroBoone)

Particularly interesting to measure total
proton cross-section (the other main left
uncertainty) since both interacting and not-
interacting events can be measured

(fwd TPC in NA61 can also help for that!)

o I‘Z:' | i‘ Side view

T 350mrad




EMPHATIC first results

& ——t— EMPHATIC Data
o 10f ——— Model
% Coulomb
S 10° Elastic
i : ; — Quasielast
Total xsec can be measured by combination of 2 .  coutlm
& ——— Non-interacting
fan) — .
- . . Ne — N —ndoiot % 10° —Ee._\_‘_‘_‘_*_ ——— Inelastic
transmission method Ns = Nge o .
. . . 2 2 E 102
- optical theorem: Im part of limit at t°=0 GeV 10
of scattering amplitude 1 e N , ]
S
. ] o o 05F + —+-
First pilot run for proof of principle I e et T TS S L
e-Print:2106.15723 [physics.ins-det] a —0-51;_
= 0 0.02 004 006 008 01 012 _ 0.14
i p2__ 67 [(GeV/cy]
tot inelastic elastic
400 : . . 325 N 100 . . .
+ EMPHATIC data Y| EMPEATICdata
369y Bellettini et al. | 300 i 90 Bellfettini et al.
360 +  Schiz et al. 275 ! | + - _ Y| Schizetal.
5340 | [I| Ez0l ¢4 4oy + EMPHATICdata | £ . !
E 320 I5og Bellettini et al. E
S ° +  NAG61/SHINE &
300 200 <+ Denisov et al.*
280- % s MIPP 50
<+ Schiz et al.
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20 40 60 80 100 120 140 160 180 o [GeV/c] p [Gevic]
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Flux In accelerator experiments
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Flux In T2K: wrong sign

Neutrino Mode Flux at ND280 aka Forward Antineutrino Mode Flux at ND280 aka Reverse
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The 'wrong sign' background (important for 6__, and MO) comes from high p,_pions

(kaons) which cannot be defocused properly because they miss the horns
- fractional contribution larger at high neutrino energies

= underfocused

targer e Yy Horn 2 only

! A = = ~==Horn 1 only~

T . s - F = unfocused )
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Flux In T2K: wrong sign

d*c/(dpd ©) [mb.(rad.GeV/c)']

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

when proton hits the target it is more probable to create positive charged hadrons
than negative ones
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Flux in T2K:

INtrinsic v,

o
[—]
—
[
T

—

[—]
—
—

Flux (/50 MeV/em*/10*' pot)

—

[—]
—
-

Flux (/50 MeV/em?/10*' pot)

Ve __ total

+
KeJ

9
107 103}
1034
Lol A 10?_....\...| .HI..I.
0 1 2 3 4 5 6 9 10 0 1 2 3 5 6 7 8 9 10
E_(GeV) E_ (GeV)
Source
v Flux rtoram  KtorK- (K2) K'or K- (K3) K9 ptoor g
species Abund. (E,) % (E.) % {E,) b (E,) Yo o (E.) it (Ey,)
v, 1.0 0.84L 955 ]0.69 4.2 4.15 0.2 2.13 0.1 210 < 0.01 0.80
v, 0.0692 1.19 858 1.13 4.0 3.21 0.2 1.70 1.2 2.12 8.8 (.66
v. 00110 141[ 1.0 |1.58 3.7 248 111 252 0.62
v, 0.0016  2.26 0.4 2.40 13.6 1.91 76.7 249 9.2 (.88

- Small intrinsic background to v_appearance measurements (important for 6

and MO).
CP

- It can also be used to measure v_xsec at the near detector (with limited statistics)

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

Parameter Variation

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

constrain the flux Va
ND280 FHC vy

13

E, [GeV)
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Flux constraint from the ND

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

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

ND280
magnetized

— measurement
of wrong sign
background
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Flux constraint from the ND

Parameter Variation

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

constrain the flux

ND280 FHC v,

Parameter Variation

ND280 RHC v,

E. IGeV]

Vv

o

ND280
magnetized

— measurement
of wrong sign
background

Parameter Variation

Low Intrinsic v ~ b

stat — constrained

ND280 FHC v,

only through

correlations with vufg £

E, iGeV}
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Flux constraint from the ND

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

ND280 FHC v,

N. (E,)=¢(E,)xo(E,)dE,

o

ND280 RHC v,

Parameter Variation

Parameter Variation

ND280
magnetized

— measurement
of wrong sign

ND280 FHC v,

Parameter Variation

background

Low Intrinsic v \
stat — constrained -

only through

-~ correlations with v  +

Pre- ND fit Post- ND fit

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

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

——» (would be 5-10% if uncorrelated)

Total ~17% ~3.5-5%
(+ xsec not o - flux*xsec constitutes ~50% of the
Sl S final systematic error budget
ND, SK y 9 90
detector)




From ND to FD flux extrapolation

N (E) (E)x w B 0 (E)
NP(E,) T 9P(E) oP(E,)

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

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

uncertainties (10% - 5%)
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10

Neutrino Energy in Near Detector (GeV)
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Flux correlations

Flux Correlations

T2K

SK ¥,
v Mode
0-3 GeV

==

2
cov . 1]

O

Z(f-—<f->)<f-—<f,->)

SK ¥,
vV Mode
0-3 GeV

SK v,
v Mode
0-3 GeV

SK vy,
v Mode
0-3 GeV

¢Z fi=F0 ) 20 (F = ))7

ND ¥,
vV Mode
0-3 GeV

ND v,
v Mode
0-3 GeV

At

SK v

v Mode
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SK v

e

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

E

SK V.,
v Mode
0-3 GeV

1

&
00

|
&
o)

0.2

.

Correlation

* large correlation between
ND and SK fluxes

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

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

constrain v or v, fluxes
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v /v, apperance: MH, o_,

Experiment CP

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

- T2K: clean GCP measurement

Mass _ =
Hierarchy with small MH sensitivity

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

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

T2K Runl-10 Preliminary ______NOvVA Preliminary
% [T T T T LI I I L B Y B 60 _ILIOVA FD [ [ | | &l
7 24 [N ~ - .
o C "o ] e | 13.60x10%° POT-equiv (v) y
= r ° ] © | 12.50x10°° POT (v) .
e 22F ] (0]
5 F . S 50~
ﬁ 20 m, — E i
o C ] 5
O 18k - 2 |
o — . .£ a0
I C ] = S
g 16F = © i
g C ] @ | 4
3 C ] > B T
£ 12 - %
= - . B onal S
{ |U— _ }— 20__0 aCF: 0 BCP= ) Q&O |
O 1 I L1 1 1 I 1 11 1 | 111 1 I L1 11 | L1 1 1 I 11 11 | 111 1 I 1 I_ .
50 60 70 80 9 100 110 120 B I I o i
. . ‘ 20 40 60 80 100 120
Neutrino mode e-like c:dp_dldatEh Total events - neutrino beam
; O b . =xn
— sin’0,, = 0.45,0.50, 0.55, 0.60 e 68% syst err. at best-fit
37 - 2 m b= 42
— .ﬁma-, =2409%10 " eV v Best-fit 93
----Amg = -2.46x10 " e e 5 = _mpo - Data(68% staterr.)
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Results

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

—— Normal ordering

Inverted ordering

-1 0 1 2 3
d

CP

Significance (o)

Areuiwaid YAON

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

5 T T 1 1 1

i | . NH Lower octant i
4 - et — NH Upper octant -

i ’ ---IH Lower octant

B — IH Upper octant
31~ 7]
5 ]
1
0 i . . | . . . .

0 I T 3n 2T

2 2

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

region at 5o but precision of statistical treatment will be discussed later.
Similar region disfavoured at T2K for NH and IH, while 3o exclusion in NOVA only for 10
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> T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Results

> T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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T2K preliminary 19.7x10% POT v + 16.3x10%° POT v
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Combinations for MH: prospects

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

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

Asimov sensitivity |G]

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

JUNO ORCA

baseline systematics

——— optimistic systematics

Combination

True Normal Ordering

True Inverted Ordering

10 ¢

Asimov sensitivity [o]

Large boost of sensitivity from |Am?

1<« JUNO+ORCA

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

4 6 8 10
Time [years]

2 4 6 8 10

Time [years]

31(32)

v_(JUNO) and v (ORCA) disappearance

S0

True Normal Ordering (test 10)

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




12K

Mt.Ikenoyama Near Detector |
v 1,360m '
T sea level ]
v_ "y 1,000m
v € 1] :
Ty v Muon Neutrino Beam
e 295km
VT T V}l |
super-Kamiokande ND280 near detector

Super-Kamiokande T2K experiment

Side Muon Range Defector

huge water

W __ cherenkov detector
¥ (50 kTon) with
optimal u/e
identification to T
distinguish v_, v,

UAT Magnet

Eleciromagnetic
Calorimeter (ECal) POD ECal

J-PARC facility:
neutrino beam

Atmospheric v

[T RAA Rl LALD RALY AR LALE

L
e-like <7 p-like
wnf 4 . .
ccoe  #t CCQE
o ]
t alectran {+ muon j
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SuperKamiokande samples

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

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

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

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

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

neutrino energy from lepton kinematics only

[with nuclear physics uncertainty: see Martini lecture]

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

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

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

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

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

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

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

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

multi-ring

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

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

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

- mi o —m2 —m? +2m,E, Reconstruct neutrino energy from lepton
B- = > 5 2 kinematics only, assuming A++ resonance 108
(m, — E; + p;cos0) (mostly true in FHC at T2K energy)




SuperKamiokande samples

5 MeV

-

Mumbser of evenis/|

15

Reconstructed v enerzy (MeV)

v-mode
1 [ T T T —i [ i V-mode
= Eun -7 Dhata -1 yE | T T T T T
(7 4% 10™ POT) ] 3 == Run5.7 [hata
J’jﬁi D {7 47=10™ POT)
N Osc, v OC > T
-’ v 4 -l O 7,00
] v~ cC 1 =2 T !m.-. v, r.f
| TR A | = B | L
Al - . i } . - Beam v /%, OC
Wi S
| = | B s
£ B
&
]
]
ST
F |
&
250 SO TS [N 1250 0 —

2 M) T30 L]

Reconstructed v enerzy (MeV)

- Main signal: v_(v.) appearance
~with single e-like ring

1 interactions e
. & v
B ) @
[ )
neutron $ proton

1230
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SuperKamiokande samples

Mumbser of evenis'l 25 MeV

v-mode
T I T T T

1 1 1 I
13— = Eun -7 Dhata

(7A48<10™ POT)

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

LA (e - Beam v %, OO

Backgrounds

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

V-mode

31—

Mumber of eventsf 25 Me'V
1

I}(I{u —v,) — P(TJM —7,)

sind ~ Pl

‘U,u. — ‘U[-:J + F }(F;;. — F::}

+ meene - Main signal: v_ (v.) appearance
e with single e-like ring
B o v, CC 1
1 v, o - interactions =
= '::::ln v IV, OC | \r“ Ve . /
| m—————— >

Reconstricled v enerzy (MeV)
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SuperKamiokande samples

Mumbser of evenis'l 25 MeV

V-mode
! |

1 1 1 1 I
13— == Eun -7 Dhata

(7A48<10™ POT)

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

Backgrounds

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

= NCsingle m0 production
= Overlap of gammas

= Asymmetric decay ,, 7
¢

Vu Ve ,1’

nucleon 50

V-mode
Y AN IS I 4 mesow - Main signal: v_ (v ) appearance
| {74710 POT) ! . . N .
B i v: € with single e-like ring

> | ! O, v, O 1
s |} 1 v, o 3 interactions e
£ 2 e B ecam v v, OC 5 - /
| B [ ——
| ] &
-f neutron & proton
E | ——

1230

Reconstricled v enerzy (MeV)
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SuperKamiokande samples

Mumber of evenis/1 25 MeV

| =T 1] 1 | L L L L
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112

1250



SuperKamiokande samples

Mumber of evenis/1 25 MeV

Mumber of evenls/100 MeV
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Keconstructed v energy (MeV)

- Main disappearance channel:
] v, with 1 mu-like ring

CC-nonQE does disappear but
- higher energy

- hot at oscillation maximum

- but much less precise E ™

Important to have a dedicated
CC-1n sample at far detector
for x-check ‘feed-down’ 113
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SuperKamiokande samples

5 MeV

-

Mumber of events/1

Mumber of evenls/100 MeV
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s = T2K near detectors

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

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

e fully magnetized (0.2 T)

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

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

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

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

mowo Beam stability monitoring: position and direction

__—~Vvertical

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

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

Piroton Module

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




T2K ND selection

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

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

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

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

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

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

- RHC mode: p+ (VM) and p- (vu) separate
samples
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T2K ND selection

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

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

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

- RHC mode: n+ (VM) and p- (vu) separate samples

- v_at ND: too low statistics (~8% precision) due to the very good VM/VG purity of the beam.

What really matters for o _, in v /v, flux and xsec (from nuclear theory ~<2%)

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

!

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

|

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

- flux and xsec must be disentangled

~same flux at ND and FD J

what we want to measure:
oscillation probability
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T2K ND fit

!

do’
dE.

® ND measurement Vv’
Ryp= f

o (E,) dE,

do’
dE.

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

(ONY &

dE.

|

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

- flux and xsec must be disentangled

— Mmeasurement as a function of energy

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

~same flux at ND and FD J

what we want to measure:
oscillation probability
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T2K ND fit

!

= ND measurement Vv’ v dOV
Ryp=11® (E L
ND f ( V) dE\, d v
. : vy’ do”
RFD:f(I) (Ev)Pos_c) <EV) dE dEV
‘ A%

~same flux at ND and FD J

what we want to measure:

oscillation probability

® Fit to ND observed distributions:

!

RJVVD(EV):(DV(Ev)

do"

dE,

|

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

- flux and xsec must be disentangled

— measurement as a function of energy

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

F (

puﬁ COSGM;OLND: O('model)

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

!

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

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

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

hat ntto m e FD (different neutrino energy distribution)
\c/)vscfillla\:\tli% xvarobgbili?asu €. - flux and xsec must be disentangled
P y — measurement as a function of energy

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

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

A%

nuisances = parametrization of
(detector systematics), flux and

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

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

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

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

PREFIT FGD1v, CCon

o L B L L R
) = - Data Bl v CCQE -
— 5000 — @lvcc2ph [vCCResln |
- - -
o o Exg @l v CC Coh1x [Jv CC Other -
2 4000 — v NC modes []V modes -
= C 3
gsooo c =
3 -
= 2000 — =
S E ]
= 1000 :— —:

N[Iatn
Nue
comm-
Sk

0 200 400 600 800 1000 1200 1400 1600 1800 2000
T2K Preliminary P, (MeV/c)

Tuning of flux and xsec model

ND280 FHC v,

Parameter Value

Parameter Variation

- ' .
(xm -upnar) Orior

POSTFIT FGD1v, CCOn

L e L B B S B 7
) = =% Data Bl CCQE .
;5000 = @lvCcc2pzh [EvCCResln
e - [l CC Coh In [Jv CC Other .
z 4000 — [Ov NC modes []V modes _—
— C -
gsm - -
:_]ﬁ - =
= 2000 — 3
g C ]
= 1000 :— —:

.!.....o..........'..o..........,.l.l.............-.......I...i.....n....:

14 —
E El.z __
= 1.0
2= o3 F
0.6 =

0 200

T2K Preliminary

400

600

800

CCQE
3_
25—
2E-
15—
1B
0.5
o
0.5
21
0
uJ"—Fnllm{ 1 1 1 1 1 I ] 1 1 1 1 |>'>‘1>{I>‘I
<5g5391?5959902020‘?192020O@oooo‘lp"—’o
EEE 2P 0 L0
gggEEE%%EEEE£$1'm—’m— S =
S &6 & 5 6 6 oniE 3 =3 o E =
BhH222T 232 2S00 L EEELEE
;;;H-U.QEELLLLLLOU-U—=uuuuoo
EEBEBESc=223555g=2=292s500n0a0
TITTIT==0F T Tzz=0FF Hl0d0dgg
[ c £ © T O 22 === = 0 O
£ £ el L e w232 2 2E =
2] DD EHE B [ ] T § ® @ & B
owm P %agp I e -
“_'n_"’ o o

1000 1200 1400 1600 1800 2000

P, (MeV/c)

Actually hundreds of
parameters (only main flux
and xsec channel shown)
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T2K ND: data fit

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

PREFIT FGDLY, CCon POSTFIT FGDLY, CClx
L B B LI L B B L B B LA B L B B
) - —;— Data Bl v CCQE - ) - -:— Data Bl CCQE -
"‘>“ 5000 — @lvCcC2p2h  [@vCCResln  —| ;" 5000 — BlvcC2p2h [@vCCResln
) C 1T [l v CC Coh Ix []v CC Other 7 ) C [l v CC Coh In []v CC Other ]
2 4000 = v NC modes []V modes — z 4000 = v NCmodes []V modes _—
- C ] [—] C ]
S 3000 3 < 3000 =
S L _ Ml L |
} C ] } C ]
= 2000 — - = 2000 — .
g C 7 g C ]
= 1000 :— —: = 1000 :— —:
14 14 —
g w12 g ul2 | 3
ZS ZEJ (l)g ZS ZE {I}g ;..!..................'.-...........9.l.l.............-.......I...'........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

T2K Preliminary P, (MeV/c) T2K Preliminary P, (MeV/c)

Tuning of flux and xsec model

ND280 FHC v,
E q =y ........;.....
£ 4_ e
E w =n
= pi - i
&2 szl
= .;-......._;_:t—‘ ....... —*—._t_::*_:. E
L Errhe AT M- ._+_

wE

Actually hundreds of
parameters (only main flux
and xsec channel shown)

All parameters got correlated
from the fit
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T2K ND: data fit

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

PREFIT FGD1 v, CCOn POSTFIT FGDLY, CClx
> £ +nm""iv‘éé@"""§ > £ @Dm"”iv'éédé"'g
;5000 — @lvCcC2p2h  [@vCCResln  —| ;5000 — BlvcC2p2h [@vCCResln
) C 1T [l v CC Coh Ix []v CC Other 7 ) C [l v CC Coh In []v CC Other ]
2 4000 = v NC modes []V modes - z 4000 = v NC modes []V modes .
S = = = - =
gsooo - = gsm - =
Z - = Z - =
= 2000 — — & 2000 — —
) C 7 @ C 3
= 1000 = ‘ 2 1000 - =
F _ 1
Zg ZEJ (I)g ZE Z‘L‘J {I}g :.! N PR YTY SN LT T SRR R I ..:
%0 0 200 400 600 800 1000 1200 1400 1600 1800 2000 06 {}_ 200 400 600 800 1000 1200 1400 1600 1800 2;(}(]
T2K Preliminary P, (MeV/c) T2K Preliminary P, (MeV/c)
Tuning of flux and xsec model —_ ~ Actually hundreds of
= NDtOFHOY, = 1 AR i 1 W, = parameters (only main flux
3 | .5 and xsec channel shown)
£ " All parameters got correlated
. *® from the fit
0

—0.2

Tuned model used to estimate
-4 flux and xsec at far detector
6 and tune Ev reconstruction at

EsERREA <% far detector
I i) 111 . 126




SuperKamiokande tuned dlstrlbutlon

(Only main samples shown)

FHC 1r|ng M

FHC 1r|ng e

£ E

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

16 L

14 3

12 6_

10 [

B~ 4

B k

= 2

2 3 Sl
ok 0'_|11II —

0.5 1 15 2 25 3 0.2 04 0.6 0.8 1 12

Reconstructed Neutrino Energy [GeV]

Reconstructed Neutrino Energy [GeV]

Before the ND fit

1ring u lring e
Error source (units: %) || FHC RHC | FHC RHC FHC/RHC
Flux 5.0 4.6 4.9 4.6 4.5
Cross-section (all) 158 136 | 16.3 13.1 10.5
SK+SI+PN 2.6 2.2 3.1 3.9 1.3
Total All | 16.7 146 | 173 144 11.6

AABUIE B BVETIS

RHC 1ring u

mpﬂm ND .......
RHC 1r|ng e

Prior-ND

Py, B
1

| — Post-ND

0.4

Qscillated events

= = =

[ T @
T T

=
ol

. —PostND

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

0.6 08 1 1.2
Recaonstructed Meutrino Energy [GeV]

After the ND fit

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

c FHC lringun _ _ FHC 1ring e
- The finally, SuperKamiokande 2 8 b
expected distributions (ND- 2 af o
tuned) are fit to SK data to Dol 2 o
extract measurements of g o
. . - 10 C
oscillation analysis parameters g o
5F 4C
(SuperKamiokande detector ; 27 1
. 0 H i
systematics are evaluated from & i o
atmospehric neutrinos and from 5 N | Jr
dedicated control samples) R 3 . mﬂﬁ ﬂ’j],‘ s o T i.,..pj-m #4.&__&
% 02 04 06 08 1 1f2l 14 16 18 o 30:_ -0‘2 ~1~0‘4 e ‘ “'%I Bese v
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
¢ — RHC1ringun 5 7 RHC 1ringe ——
'g 142— c ;
2 g i3
i
8:— 3
6;— ‘l\ 2; 11 1
OjHH ||||11H 0: e e . 1 L
¢ 3 8 25;
A S 20
§ 12: %-”I: .--.I s g 152_ l-
P b b 35 L thiled 1)
0 02 04 06 08 1 12 14 16 1.8 0 0.2 0.4 0.6 0.8 1 1.2
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]

(Only main samples shown)



SuperKamiokande fit

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

2
32

Am

c . FHC lringun _ _ FHC 1ring e

- The finally, SuperKamiokande 2 * 8 o
expected distributions (ND- 2 af o
tuned) are fit to SK data to & 2 o
extract measurements of g o
oscillation analysis parameters o i3
(SuperKamiokande detector 0' zf .
systematics are evaluated from & g o '
atmospehric neutrinos and from 5 4

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

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

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

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

x107
2 _7 : LN B | | T 1T T | LI . 6 3 7_| [ I\L.l I- -

N 7 @ ~ v". ) H B
2.6 -] > [ T2K Run 1-10,2022 pre]iminaryu""z.,z. ]

N ] E — Normal ordering -
25 - 1 1 } Inverted ordering %

E E - + Best fit n
24— — O ---68%CL. -

r . - —90%CL. .
23; . i _1:_ """ 99.7% C.L. _:

T2K Run 1-10, 2022 preliminary + Best fit . r ]

[ — Normal ordering - GG L, . - —
22 —90% C.L. ] -2 s ]

- Inverted ordering .. 997% C L. - C ) ]

- | | | ! | ! ! ] 3E | i I S N Lo by ] 129

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — L1 1 L1 1 | | N - | 25 I | [ENEY) T T O P T I | 11 1 1 L 11 1 11 1 1

2'6 3 0.35 04 045 05 0.55 0.6 0.65 0.7 0 0005 001 0015 0.02 0025 0.03 0035 0.04 0045 0.05

.2 z o2
sin“0,, sin“0,;



NOVA

NUMI beam at FNAL

14mrad off-axis
(narrow-band spectrum)

Baseline: 810km

10° v CC/ 6E20 POT / KTON / 50 MeV

flry
S
(=]

sy

T T TTITIT

_.
2

-
<
ra

FHC

NOvVA Simulation

T TTTIT

WIIIIIII T ]l[l[lll

—Total

E(Gev) ° 15

RHC NOvA Simulation

% ; — Total i
C v,
vV

T T TTIT

[=]
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—Total

NOVA FHC . 'NC!)\..r,ﬂI\S'!muIatlioz

3 10
= -
> LN\ :ﬁi

NUMI beam at FNAL i / v,
14mrad off-axis Qo =
(narrow-band spectrum) S
Baseline: 810km S
P | ....iFL.UKM.1..
m — 0 5 E (GGV) 10 15
r A _
| Extruded PVC cells filled with [
| 10.2M liters of scintillator
. . - instrumented with
. Same tEChnOIOgy (quUId . wavelength-shifting fibre and
scintillator) for near and far - APDs
detector P . |3 .
Near Detector: 300T underground Ty
Far detector: 14 kT on the surface vl
Fiber Loop
*3“9::[;-6.6(:111 97 ,?
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NOVA

FHC

—_
[=]

= Same technology (liquid
scintillator) for near and far
detector

Near Detector: 300T underground
Far detector: 14 kT on the surface

NUMI beam at FNAL

14mrad off-axis

(narrow-band spectrum)

Baseline: 810km

Single Cell
-

To APD
Readout

Scin
Light
o

Particle
Trajectory

weeT

Waveshifting
Fiber Loop

-

-4
+ A&
3.9 6.6cm

T TTTIT

-

LI [[III\I

T [[IIIII

—_
<
ra

NOvVA Simulation

—Total

| FLUKA11

10% v CC / B6E20 POT /KTON /50 MeV
(=]

=
o
I3
[=]

10.2M liters of scintillator
instrumented with

wavelength-shifting fibre and
APDs

E(GeV)

Extruded PVC cells filled with [

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

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

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

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

15
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What do we measure?

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

Muon energy (GeV)

Hadronic energy (GeV) Neutrino energy (GeV)



Ev reconstruction

= Ev reconstructed with hadronic deposits:

y (cm)

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

- proton/pion energy smeared by Final State Interactions

-200

=300

Ejpqq from calorimetry,
~30% resolution

E, from length, ~4% resolution

v, Events

P i

2200

2400

2600 2800

3000 3200
z(cm)

100 — -
N Egy from calorllmetry, v, Events

_or ~10% resolution :

- 300 __ -

=400 — ]
JHI{I} E{JI(JH EIIH'[] 24-:[11 Eﬁi}l] 2}!}'{1} R{JI(I}

z (em)

10* Events

d)

Final State Interactions

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

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

3 [ el ]
15 [ RES —
& [_Jpis n

B Il Cther ]
10F —
"

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

1:.1I’.‘l.! oS
2.74x10°" FO POT-equiv.
1.66x10"" ND POT

— ND Data
— Base Simulation
— Data-Driven Prediction

MO Events
FD Ewenta

N

True Energy [Gev)

™

[~

[

uik

.-".
-
o
1 //
| -
#

1 s
1 A

[

10"

ccm

”

1] [™] [
True Energy [BeV)

P

1 2 3 i
MND Estimated Energy (Ga\V)

] 04 0
MDD Evenis/iGey

FINRatio -

LT
" FD EventsiGeV

1 2 3 Fl
FO Estimated Enargy (GaV)

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

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

background subtraction and true/reco matrix

y

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

» Dependence on MC for




Resolution, efficiency, acceptance

Events / 9x10%° P.O.T.

3
| I I I |

s
L=

]
(=]

0 1

| Reco

2 3
Reconstructed E, (GeV)

NOvVA Simulation
" JvEC
e
I Res
s

Far Detector -

Selected v, CC Events :

NOvA Simulation

50

Events / 9x10

. 1501
= B

100

2 3
True E, (GeV)

' EMEC

B aE
I RS
B ois

Far Detector

Allv, CC Events 1

NOvVA Simulation

- FD MC
T F
N - — MEC
= _
£ [
o - — QE
p -
o -
< [ —RES
S5
< —— DIS

|
—

-0.5

|

0

(True - Reco)/True

,QIIII|IIII|IIII|IIIIIIIII

Each process has different
neutrino energy resolution and
efficiency: dependence on
hadron multiplicity, =° fraction,
kinematics of leptons ...

NOVA Slmulatlon
I T T T

" Far Detector —— MEC i
Selected v, GC Events T e i
8 o8 —
Sl — RES i
< i i
% B — DIS N
S 06— S ST .
& [ N Tt +d:..-++ )
% : + -___+_~::::—_—+-—-~...+++++ ++"$ ;i'%i | | I

a 04— N il ___ - __..._,_-h-o-_.. e
= - N @ - _
o) B - = i
o L T e 1
Y S -
: e ++ :
E Sy | | | 1]
O 3 5
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Resolution, efficiency, acceptance

Events / 9x10%° P.O.T.

@
o

40

20

NOvVA Simulation

| Reco

1

= v ]

2 3
Reconstructed E, (GeV)

NOvA Simulation

[ Jei
B RS
B0

Far Detector -

. 1501
= B

100 _—
Selected v, CC Events :

50—

Events / 9x10

2 3
True E, (GeV)

s ERvEC ]

B aE
I RS
B ois

Far Detector

Allv, CC Events 1

- Due to different detector size, the
acceptance of ND and FD is different:
transverse momentum of the muon is
larger when larger energy/momentum
transferred to the nucleus

(more inelastic events) !

_r

v >

Fraction of Events

Each process has different

neutrino energy resolution and

efficiency: dependence on

hadron multiplicity, =° fraction,

kinematics of leptons ...

0.10

0.05

—4— ND Data | .
— NDMC v, + v, CC 7
— FDMC v, +¥, CC |
—— FDMC v, + Vv, CC |

0.5 1.0
Reconstructed P, (GeV)



Selection

ND distributions

m |nclusive selection: require 25{3._.".*?":'?5."“. e e
one muon/electron. : $NDData | of LOWCNN,,  HighCNN_ -
Convolutional Neural i ] E E

200 ~ToaiMc | o T NDDa@ g cc

Network (CNN to separate [ 1 ] ' Uncorr. MC. :

i i o syst. ] d " ]

Bm,kne, N%,)cosmogemc 150} range —: *ING Dv_ufv_u CC

ackgroun 1 ] N ]

[ Wrong-sign - ; ]

100 I 5 !

- Electron-like sample 2 | 1 4f '! IQ-;i ]

subdivided by CNN score 2 =| @ of : o L

(different purity) © | § | - el

E F I, E_ _ ——t -t ——]

C 140¢ [ V-beam s ]

- Muon-like sample 2 10! e | :

subdivided by fraction of D oo af ]

hadronic energy (different T [ :

resolution) o of I-‘::L f

E{J- | OO 1

- All samples subdivided a0l ! = Ml

in lepton transverse o ; j

momentum to minimize : ] L e
impact of different 0 t2 8 4 B i 2 3 4 1 2 3 4

X Reco. v, / v, energy (GeV) Reco. v, / V, energy (GeV)

acceptance at ND and FD

m Measurement of all the visible energy in the event to estimate the neutrino energy



Far detector results

Events /0.1 GeV

v-beam v- beam
T 50 ] . . w
st $FDData  —Best-fit Pred ] Low CNN,,, High NN, { Fitto FD data with "ND-
| fosyst. 1 af +FD Data Bestfit 1 tuned” distribution
20} M Bkg. range : B pm‘d || - extractmeasurement
WS bkg- | losyst|g of oscillation parameters
30f range ol|o® ]
[ Beam | ols
bkg. ; Ofs
2L Cosmic o
- bkg. :
10 ]
75 i ]
g I ﬁ—* ———— ——t—t—]
[ V-beam D 15[ V-beam '
' [
10 E
- =3
: 5
5 o

1T 2 3 4 1 2 3 4

Reco. v, / v, energy (GeV) Reco. v,/ v energy (GeV) 159



Far detector results

———— Normal Ordering
- Normal Ordering 90% CL —
- —— NOVA — - MINOS+ 2020 n 0 6
3.0— ---- T2K Nature 580 ... lceCube 201 — '
L -.-.SK2018 § o
S et - ey
mﬂJ i B PR ",__ 1 f= 05
= ' i 7
— N ] M
)4 ! . o BF — <90% CL - <68% CL -
<] B | i Nat. 580 - ° - ° i
B i 03[  NOVA: +BF | | <90%cL [ <e8%cL ]
- . ——t— 3
2.0 * Best fit _ 0.7F | .
. ! L ! ! | Inverted Ordering ]
0.4 0.5 0.6 B |
$'n2923 0.6:— —:
Detector Calibration i ]
Neutron Uncertainty [ ]
Neutrino Interaction Model B T2K . R ]
Near-Far Differences - Nat. 580 - — <90% CL ]
Detector Response - NOVA: <90% CL | | <68% CL 1
Lepton Reconstruction : : ; B S A N R B
Beam FIUX ...................... '.: ..................... el i;. .................... L i; ................. 0 g ’]’c E 2]_E
Total Syst. Unc. | I —— [ ] I ﬁcp 2
| . | N | N | 2 | 2 | . | . | . 1 o
-0.02 0.00 0.02 -0.02 000 0.2 -0.2 0.0 0.2

. - .2
Uncertainty in sin“0,,

Uncertainty in Am?, ( x10° eV?)

Uncertainty in 8,/ n



Limitations and future challenges
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0.,: Statistically limited

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

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

T2K Run 1-10 Preliminary v-beam NOVA Preliminary
35 __I T T I T I T T T I T T T I T T T I T T T __ 30 (——— L L e e ! T T .l T T T T T
- - = - Low PID : High PID v [
— . R = m =3 | i | ]
30 F-=- Tot. Pred., 6 .= 5 Vi Vg Ogp=0 o 8— I + FD data _ e
- — [ —— 2020 best-fit ; ©
C Vo Bop=0 o i 1-c systrange | ol ]
25 R G- 207 Wrong sign bikg | S|e B
C 3 8,:, [ Total beam bkg : Ol ]
Background ' D
w . F ackgroun 3 = | [ Cosmic bkg o l
<€ 20 — S T T
S F ] = -
@ q5F v-mode - - 10— —
C - P - _
- both ] g L ]
10— samples o0 T
5E ] O =2 441 5 3 ¢
C ] Reconstructed neutrino energy (GeV)
10_ v-beam NOvVA Preliminary
— 4 o ybeam -
B ] 20 LowPID |  HighPID _
gl ] = [ ]
- . 8 ¢ FD data i I Wrong signbkg | ® -
- _ - 151 oopobestit | [l Totalbeambkg @ | & o
o gk — v-mode _} 4 : _ oy ]
- B | v 1-csystrange ; [[]Cosmicbkg @ |&=
@ [ | reee{eeeeebs : .
@ f . B o | & ]
4 E = I .
D T . 2 -
2 — § 5[ ]
i o r ]
%~"02 04 06 08 1 1.2 i M 142

1 2 3 4 1 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed neutrino energy (GeV)



Statistical treatment: Fieldman Cousin

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

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

T2K Run 1-10 Preliminary
_l T T T T I T T T T I T T T T 1 1 1 1

. F
=1 25

For each values of true 6CP R

look which 2 corresponds to
68%, 95% ...

—— Mormal ordering

20 Inverted ordering

----- 3o CL critical Ax® P
P -

How to sample nuisances?
[In Bayesian terms: which prior on
nuisances?]

=
- [
I
L Fy
- o
“hoo A | | I
I O I L L | I O O I N |

|
)
|
[
|
=
ta -
[=7]

n
=

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

Far from minimum (or for parameters with low sensitvity from data) is less obvious:
eg, sample over nuisances distribution for Asimov at that true 5, value?

Safe at 3o but what about >307? Studies on-going

- Effect become important because of degeneracies and boundary effects

- Important effect for (future?) high stat results: in practice the region of 5¢ 143
exclusion may change and does not scale like 1/sqrt(N)!



Statistical treatment: prior

What is the ‘physical parameter’:

Ocp OF SINO,? CPV = Jarlskog invariant sign

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

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

1 208060402 0 02 04 06 08 |
sinéSCP



ND280 —» ND280 upgrade

SMRD

UA1 Magnet Yoke

Downstream

Barrel ECAL _ o
3D 'pixeled' scintillator

(1cm:3 cubes)

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

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

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

- larger statistics from new target +
improved angular acceptance

Muons in TPC or =
stopping in SuperFGD =

0.9

0.8

efficiency

_+_—+——+—
—— " T —

A A A —

0.7

: —+ Muons in
-+~ TPC only

e e [

f
f
i
{

1 I 11 1 | 11 | I 11 1 | 1 1 1 I 11 1 | 11 | | 11 1 | 11 | | 11 1
-08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

true cos 6

T

Leptons at larger z = g " g SORARARRARRAE ¥
- = "= ND280 acceﬁmnce

angle correspond to :
more inelastic events

1000 1200 o = e

PR A | L L
Pp [MeV/c] 400 800 1000 1200 ?
Momentum p,_ (MeV)

S.Bolognesi (CEA Saclay)



ND280 upgrade

T2K Work in Progress

- larger statistics from new target +

Improved angulaire acceptance

- proton kinematics measurement down to

low momentum threshold

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

>
ND280 FGDs are ‘2D’
scintillating detectors
ND280 measurement o
C AN PN 7T S ] PR RO, T B KRN TR YT R ERN. RN EYO. B CR S P PR (RSN T Y | ]
12 - t b i =
I S GGOmNp p_<500 MV ]
10 0 CCOmNp p,>500 MeV'™_]
C §:\\ CC 2
8 R —— CCOther =
: ‘\\\\ = Cthar :
6 .._ \\\\ __
4 N
L e e R “\\\‘\\*\ ]
' i M & = - )
0 200 400 600 800 1000 1200 1400
p;?“’ (MeV)

ND280 upgrade (v MC):
400:_.! e L L T I -

Il v, CCOx (90.79%)
- VnGC‘L‘l' (1 _50%)
H v, CCother (6.43%)
.| I background {1.05%)
- | Il OO SFGD FV {0.22%

Number of events [bin]

: 04 06 08 1 1.
Proton reconstructed momentum P, [GeV]

Number of events [bin]

ie 4

New ‘3D’ scintillating
detector

\

- Overall mean-=2.70% - [l

Overall RMS = 5.76%
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S.Bolognesi (CEA Saclay)



ND280 upgrade

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

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

Improved angulaire acceptance

- proton kinematics measurement down to |

low momentum threshold S R

- neutron measurement event-by-event: j

NEW!! =
p \

New generation of near detectors/analyses : full exclusive reconstruction of final state for
best neutrino energy ‘reconstruction’ from outgoing interaction particles

- g | T T T T
= 0.3f e
& r LY C ) .
; +proton —2 | —— neutrino (with protons)
0.25F L onl 2o K
- y E S ------- anti-neutrino (with neutrons)
0.2} . £ 5 ]
: : e f ;
0.15F E 5 40 e
e . % F ]
n 2 1) — ]
0.1F . s 3 i
[ ] ¥} [ ]
N . ! 2__ .
0.05F : s F ]
g ] g 1 =
ﬂ] & F =
‘6 I}'ﬁ {"_ PR [N S N NN TN NN TN NN TR WO AN SO TR SO TN N SR N N Xl'ﬂ
0 5 10 15 20 25
. Prot target
S.Bolognesi (CEA Saclay) rotons on targe 11



Last remarks

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

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

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

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

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

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

® Crucial role of Near Detectors:

!

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

v’ v Vv’ dO'V’
RFD:f(I) (Ev)P . (Ev)

dE
0SC d E y v
|

|

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

-~ nheed good neutrino energy reconstruction
and good nuclear model

~same flux at ND and FD J

what we want to measure:
oscillation probability

Important systematics for d_, (MH):

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

- n_ intrinsic background: n_produced in the beam by K/ p->m decays
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Near detectors and nuclear theory

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

Ryp=|

do’

= dE
de,| "

®'(E, )

Rip=[ ®"(E,)

P (E,)

do"
—I|dE
dE. |

\
~same flux at ND and FD ¢

what we want to measure:

oscillation probability

Flux simulation and tuning
(NAG1/SHINE + MIPP)

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

Target Hall

120 Ge\\

protons h o —
» L B e

From Y m

Main Injector H()rns#2 |\

10 m 30m

%

cross-section must be extrapolated from
ND to FD:

- different neutrino energy distribution

- ND measure flux times xsec

Need nuclear theory models!

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

T

T ) 3_ =+ Hadron Interactions === Material Modeling T

= Number of Protons —
= L e Proton Beam Profile & Off-axis Angle umber of Frotons B
D) — Replica 2010
8 ~ === Hom Current & Field - - - Replica 2009 -
S B ==+ Hom & Target Alignment .. Thin T
_(6 12— WxE, . Arb Norm. |
c =g |
O B —
=]
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I i : i 2010 ===
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Near detectors and nuclear theory

ND measures rate vs neutrino

energy before oscillation

- characterize flux and xsce

R)p=

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

\
~same flux at ND and FD

what we want to measure:
oscillation probability

v-nucleus interaction
modeling and tuning

) b

v

S
a0 [

L
> 0 9

Free Imtlal Nuclear
Nucleon State

Extra Nuclear
Effects

(and similarly for pion(s) production)

%

cross-section must be extrapolated from

ND to FD:
- different neutrino energy distribution

- ND measure flux times xsec
Need nuclear theory models!

o
../:1
« ¢

[

o 9

Final State
Interactions (FSI)

- Nuclear theory

- External data (eg e-scattering)

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

— fundamentally the name of the153

game: precise Ev reconstruction



W - Stay tuned for more data!

i haam NOVA Prelir 5 -beam NOVA Prelirgu
IR I T TR R TR ! T T T T T T T | V 12_ ¥ T T T T T ! T T T T T T v
> 30 Low PID 5 High PID € hn Low PID ; High PID e
T | -FDdata S i = = qof -4 FDdat 7
:’.’_ - — NOVA Best-fit . O I —NOvABestfit ! .
O - ... T2K Best-fit B & 3— - ..o T2K Best-fit : I i
o - pl2 . o i ; e|2 —
s|E o 8 - 5|E

E 20 Q=T — ~— o : ole -
o L & : < T | . ¢ ]
—-— L X% '

x B ! g 6 : N .
w i — o ; - .
] i ~ i 1
10 | [ : ]
o c i : ‘
2] T O B ; == -
L - o 5 L .
S T i i 2 |F ‘ ; H: L]a_‘ 4
> i y i ¢ i
w . B i £

D1é'é'4'_1'élé4 | : 01'2":3'4'_1'é'él'4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

- Stillin n_ 11, (so d_, measurements) the statistic uncertainties at the far detector is
dominant over the systematics

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

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

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

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

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

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

10
4 N & . = a0
EEE s 1e0r rmalizec e ]
:; L F%Egr;t)rl;éiud Data O 80 t POT-Normalized —4— Data
| % 100 H‘“’ 116.1 g TR 3.438+20 POT N 121
Neutrino _— - ———=R = S ve 112
e e = = Electron o 80| m\-ecc 51.5 = E\'.CC 211.9
1 1 & = F £
: S ef B ne 97 o B ne 1182
5 = [ w
g I v, CC 45.0 -
" El 4".]_—
= z
e "’W%’Iﬁ. : 20
5 L Bl e .
0 PO i Py o
0 10 12 14 16 18 20 X
1 dE/dx (MeV/1.7cm) E & (GeV x radian?)
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Constraints from v-e scattering

—_

N Events / 2 GeV

Probability (arb units)

0o} + Flux uncertainty is larger than the uncertainty on
sob the measurement (stat.+syst) — can be used to
: - J— constrain the flux
B0
mf_ POT-Normalized 10% stat + 5-10% syst - prospects for high
: i 343e+20 POT precision with future high intensity beams and large
“r J_I_L‘ near detectors
— 5 I T 20
Electron Energy (GeV)
OF 2 220F
60E Before Constraint g 200F Before Constraint
[ — After Constraint L 180F —— After Constraint
50F & 160
P 2 140F Mean (before): 27.9
3 pran E:ﬁ::;f’;;:g"‘ = 120F Mean (after): 25.9
: - - m :
30F RMS (before): 12.7 < 100f RMS (before): 2.4
[ RMS (after): 7.3 S sof RMS (ufter): 1.6
20F A ok After/before CV: 0.927
F Frac err (before): 0.087
10| 40:_ ]_LL Frac err (after): 0.060
[ 20F
n- L 1 :H-Ll-.-""‘— L Lbh.o L m E 1 PRI 1 1 1
80 100 120 140 160 % 20 30 40 50 60 70

Number of ve — v e Events
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Constraints from low-v method

Neutrino (Flux Sample)

—— Total
Energy scales
— - — Normalization

\ ------- Cross section model

..... ESI

......

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

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

. 1.05
— heed to correct with xsec models:

L

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

LI

5 (@)(vo, E) =

0.95 ks

N

~E
o)1

' R FETE NS
8 1012 14 16 1

T
8 20 22

Neutrino Energy (GeV)

Neutrino

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

beams and fluxes

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

AA  well known energy of neutrinos

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

elastic scattering

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

-~
4

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

Flux (Arb. units)

IBD Cross Section {cmz}
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Non standard beams and fluxes

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

AA

well known energy of neutrinos

AA

<5 large v_ statistics

/

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

order of magnitude

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

v (m? 50 MeV 102! POT)"

1,000 - our—v, |
... l.-. '-I ...
:l ." ... i‘-
SU'D -— : .'j '. .. —
4 L
ﬂ/ 1 ] 'k 1
0 2,000 4,000
E,(MeV)
Kt —> nletv

Shashlik
calorimeter
(e/m
separation)

Photon veto
(v from rt°
decay)
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Alternative concept: NUPRISM

Flux at different off-axis angle = different E  spectra

wii'”

b [ 4,07 Off-axis Flux

Arty, Mo,

Combine measurements at
different angles to

Arh, Mo,

W ohoE o=
b

-

z

o]

=

=

e build monochromatic flux — T s
measure xsec vs energy -
f: ;n 1.0° Off-axis Flux
* build flux shape similar to oscillated : .
flux at far detector - 0
decrease the ND — FD extrapolation ) ]
uncertainty R
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