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Motivation for LBL Exp




Neutrino (lepton) mixing in 3v-paradigm
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Neutrino (lepton) mixing in 3v-paradigm
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Where is the first oscillation maximum for Am%z?

Am? . L
sin? (m—) ~ 1

/ 4hcE

Am3, ~ 1077 eV?

N\

L
=~ 10% to 10° km/GeV

Hundreds of kilometers away with ~GeV energies
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Neutrino Beams




Neutrino beam

Beam Rock
Horns Decay pipe stop
Protons ég/ musiE
from Ml o — i Il V.
Hadron H M ;
monitor uon monitors

e Neutrinos come from decays of secondary 7 and K produced in collisions of
high-energy protons with a target (graphite)

5, KE = uF + v/,

e Switching polarity of the focusing horns to select oppositely charged particles means
effectively switching between v and 7 dominated beams
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Neutrino beam energy spectrum
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e The v source is not point-like, at least from the perspective of the near detectors.

e There is also extra contamination from K and secondary p decays.
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Why use neutrino beams?

Dominant direction, not isotropic like natural neutrino sources

Precise timing helps with backgrounds

Multi-level monitoring via beam monitors and near detectors
Can be tuned to the desired neutrino energy
Beam intensity is a matter of technological advancement, not natural occurrence

CONS: It is sort of expensive
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LBL Concept




Ove rview § EIOV-A’ Far Detector (Ash River, MN)

e Find a lab to provide neutrino beam

e Build a huge detector about hundreds of
kilometers away, while a smaller one nearby

e Shoot neutrinos, see what happens

Fermilab
4

Super-Kamiokande '
(ICRR, Univ. Tokyo)H
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1S
Measurement conceczg"f\sﬁpm

signal 55 section detector

. L ~
- Ny = f Plug — v5) x O(E,) x 0(E,, T) % (T) dEy o petector
&£~ L) Near Detector Ewin
» \f v ‘ nuisance parameters
AW A —_ -
N R vo [V,
'h ’ } Long baseline O(~100 km) {

v, disappearance = 1 - v, survival V,u é f

(and anti-neutrino counterparts)
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Disappearance oscillation probabilities

\"
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vV, =9,29,
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. - 2 3
Leading order sin“ 20>3 and Amj, g 1 — Am2,=2.5x10° eV2, sin8,,=05 |
. Am2 L Am?
P(v, — v,) = 1 —sin’ 20,3 - sin? <—‘°’2
4F |
0.5f e

sin2 2923 .
mixing angles rule the oscillation amplitude
Am§2 : ol % H |

e At 0.5 1 1.5 2 25 3
squared mass-splittings rule the oscillation frequency

E, (GeV)

Max sin? 26,3 = 1 corresponds to max mixing of 0p3 = 45°
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Appearance oscillation probabilities

\"
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Leading order sin? 023,sin2 26013 and Am:,z’2 in vacuum £ [ ]25°0Off-axis v flux 1
2 0.08 — 6,=0° NH, v .
Am3,L 8 — §,,-270°% NH ]
P(v, — ve) & sin® 03-sin® 203 -sin® | ——2— -
(Y c) 23 13 iE il e G0 N, !
. c --s- 6,,=270° NH, T
+ dcp dependent terms violating CP ool i .
+ dcp dependent terms conserving CP -
+ other terms 0.02}
dcp = m/2 : less vy, — Ve, more Uy — De A i .
dcp = —7/2 : more v, — Ve, less Uy — De 0.5 1 1.5 2 2.5 3

Matter effects

Ve coherent forward scattering on pseudo-free electrons of matter
Modify v;, — ve, depends on the sign of Am%2 (mass ordering)
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LBL experiments with L/E ~10>7 km/GeV are sensitive to

Am2,, NO/IO

What is the ordering of the v masses?

Normal (NO) or inverted (10)?

- v, -, Ve
e 190 v, I 19en
V: 2 1.11 2
’ N
Vil 111n
2
Ams; >0 Am3, <0
1.99n
1 |vo—
Amz 1.99 1.961
v, I 137 v - 195

Vs
W Ve
< .
AN .

Is 23 mixing maximal? p7r symmetry?

Is 623 < 45°7

... also 643

dcp, Jcp

Is there significant CP violation

in the lepton sector?

B16 BANG sou
AN MME TRy

_ 2 .
Jop = s13¢73512C12523C235IndCP
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Recent LBL experiments




LBL generations

Next Generation

Previous Generation Current Generation .

.y DEEP UNDERGROUND
MINOS TZ’E\ @ <\ M =\ et
K2K AO~vA < Hyper-Kamiokande
OPERA
2010 i 2030
i NOVA collects first
v beam data. 1
T2K collects first H
beam data. H
1
v

We shall gather the most mature fruits
of this generation in the coming years!
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.
Ash River, MN

Fermilab Far Detector

Near Detector 810 km
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NOvVA - FNAL E929
Run: 161/26
Event: 1/ --
UTC Thu Jan 1, 1970
00:00:0.005000000



- .nﬂ.n-..u
B Dty S
B e e

© oo
COO OGO
Oicle

COGO6'G 6000
Co0n o




Neutrino energies

e Both experiments have their detectors located slightly off-axis
(2.5° T2K, 0.84° NOvA) to get narrow and highly pure v, /7,
spectra

NOvVA peak at ~ 2 GeV
T2K peak at ~ 0.6 GeV

e Different v energy corresponds to different phenomenological
types of interactions

NOvA:
transition region, mixture of QE, 2p2h, RES 7 production and DIS

T2K:
mostly QE with 2p2h and RES, DIS in tail

@ (Arbitrary Units)

Neutrino flux

4
E, (GeV)




Baselines

NOvA: 810 km
T2K: 295 km

T
NOvA L=810 km
5in*26,,=0.085
NO N OvA IAm2,=2.44X10”e V2
sin1925=0.5

MATTER EFFECTS

e Higher energy and longer baseline enhan-

ces the mass ordering dependent matter
o effects, which are degenerate with CP vio-
L L L lation effects

P( ViV, ) %
~
T 1T [ T 11 | T 17T | LN |

K 2 y * > L d sh baseli d
Neutrino energy (GeV) e Lower energy and shorter baseline reduces
the matter effects to get less degenerate
3 T T T T2KL—‘29S - —] CPV values of 5cp
° T2K 5in26,,=0.085 ]
i oM, Bm}=244x10°%ev? ] The impact on P(v,, — ve) and
= sin’0,,=0.5 ] P(o,, — De) differs for each experiment
T, 4 =
5 ]
2. 5 : —NO 6p=0
A~ .
) — ] 10 8, E[-TV2.102)
0 \ | | T — — —]
0 1 2 3 4 5
: — Vae
Neutrino energy (GeV) e
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Lifting degeneracies

NOvA: L=810 km, E=2.0 GeV T2K: L=295 km, E=0.6 GeV
e T —
L 276 = .2 in220. = _
) . . 87 sin"26,,=0.085 T sin?26,; b 20,.=0.085 1
e Different energies and baselines gt 32 . E—
L oS ' I 21=2.5x10%V? | Im2,|=2.5% 107V
give different oscillation probabili- - 5 .
ties and parameter sensitivit o &l e 1 sin‘8,,=0.5 ]
P y R 6 . T \ ]
(7]

NOVA: = %, ‘601)) 1

. e 8. )
o Better mass ordering sensitivity T:s_ 4 10 Ny T
o Degenerate for around > i

dcp = /2 and —7/2 (CPV |
cp=m/ /2 (CPV) = of Matter NO OvA T2K i
T2K: I 1 ]
o Better §cp sensitivity 00=0 ed=m12 100=0 ed=m2 sin? 053 1
o Degenerate for around O'Df):‘“  wb=n2 ~ qodem wd=m2 ]
dcp =0 and 7 (no-CPV) 0 2 4 6 80 2 4 6 8
) o,
P(Vp—’VeJ o P(Vu—ﬂ)e) %

e Joint analysis probes both spaces
lifting degeneracies of individual _ _
experiments NO: P(Vu — Ve) T P(V/L — Ve) 4

10: P(v, = ve)l P(@, — )T
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Reactor constraints
Some LBL

Recall the oscillation probabilities: 623 vs. 613 ambiguity

T2}i2\ P(v, — v.)  sin® a3 sin” 2013
AN O -~

1—P(p, > 7,) x sin® 615
-~

Simple @13 dependence

Recent 2D constraints from Daya Bay PRL 130 161802 o 1E
also from RENO PRD 111 112006

Ay

2.8F

2.7F

Amee ~ COS 612\Am31| + sin 012|Am32|

AmZ, [107%eV?]

24F

23 b

E |
0.075 0.08 0.085 0.09 0.095
sin229|3

51015
Ay?
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ANO~o

Notables for 2024 (since 2020)
e Recently out arXiv:2509.04361
o 26.6e20 POT v (+96%), 12.5¢20 POT &

o New low energy ve-like sample

e CNN-based cosmic rejection

50 — —— r
— o posterior range Both MO
45 ¢ FDData ]
7]
o —Normal MO
_‘8 aor — Inverted MO ]
2
© 35 -
[+]
| @
2 80F 0 5,-0,2r ]
< o 8 =m2
25F a SCP: 3n/2 ]
o SCP =
20 1 A, o (e !
100 150 200 250

All v, candidates

Basic analysis strategy

e Exploit similarity of the Far and Near detectors through F/N technique
to cancel out interactions and flux systematic uncertainties

e Near detector data-driven prediction of signal and ve beam bkg.

e Energy reconstructed from p path, otherwise calorimetrically,
vy, samples of different Ep,4 fractions

e CNN (Neural Network) for identification, ve samples of low and high PID

e Peripheral v sample of not-fully-contained v.-like events

v-beam

L LowPID High PID ]
B FD Dat : _ BestFit 1
801 +roa & Predition .
L . Wrong Sign 1-o syst. i
F > bkgd. . [ range — 1
6oL 2 Beam © -
a @ bkgd. o8 1
c | (7] Cosmic Qla 1
O, 2| bked Ol5 ]
> 40 3 o —
wL 9 1
20 -
07 = STy : b )

0515 2 3 4 2 3 4

Reconstructed Neutrlno energy (GeV)
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https://arxiv.org/pdf/2509.04361
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[ Bayesian Credible Interval T 1r Inverted MO T Normal MO T
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T 002 -+ —1F -+
e -+ - -+ B
R
= 1 ] 1 i
2 4 ] 4 J
7]
3 1 ] 1 i
o 001 -+ el -+ .
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Amz, (107 eV?)

AmZ, (10° eV?)

O\

With 2D Daya Bay ::
Constraint

25 24 24

AmZ, (10° eV?)

25

Notable preference for NO, more pronounced with Daya Bay (reactor) constraints on sin? 2013 (1D
constraint) and sin? 2613 + Am?2, (2D constraint) from PRL 130 161802

BF = Bayes Factor



https://doi.org/10.1103/PhysRevLett.130.161802

N O~
e The sensitivity to Jop (sin dcp) is highly correlated

- Bayesian Crefl. Int. - ' Marginalized jointly 7 ; a
F - ] with other oscillation parameters (namely 6
2 0.012F with 1D Daya Bay constraint over orderings = P ( y 23)
K7] 0 01:_ 3 e Degenerate effects of matter and CPV sin dcp
s 0o =BothMO  —15 7 Woak _ 5
T 0.008F =Inverted MO --2¢ § ¢ YVeakconstraints on ocp
] o ==Normal MO -. 3¢ |
2 0.006F = F . . 3
% 0.004f . 0_02:_ . 1o _:
o 31 2 r . 2c -
o 0.002 15 F ]
E < 0.01— 3o —
. S T A —_———————— ———— & F.__.. ]
Both MO [H———i--------- 4 -~ ———+-—h -4+ = St e 1
Inverted | b — 1 |3 Flatinsin®c) 1
I 1 o o001 3
Normal H t : t _|_'-_-_1..““\“"-“"'-____- o E E
I Tt 0.02|— Bayesian Cred. Int. =
0 2 321[ 2n |- With 1D Daya Bay constraint Both MO
L / ) ]
60P -0.05 0 0.05

— 2 i
JCP_S1 3013812C12523C238! r18CP
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ANO~o

e The sensitivity to Jop (sin dcp) is highly correlated
Both MO with other oscillation parameters (namely 623)

. Bayesian Cred. Int.

I With 1D Daya Bay constraint .
R e Degenerate effects of matter and CPV sindcp

o Weak constraints on dcp

= T , _
002 M -
= I W2 ]
g - 3 ]
) 0.01; G ?
e I Flatin 8., ]

ie) 0

IS C Flat in sin(S¢p) ]
8 o001 E
m F -
0.02|— Bayesian Cred. Int. 1
- With 1D Daya Bay constraint Both MO
= L I .

-0.05 0 0.05

— 2 i
JCP_S1 3013812C12523C238! r18CP
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T2K

Basic analysis strategy

CCQE and CCl7t v-like SK samples, energy from kinematics
Identification based on Cherenkov rings shape e-like vs. p-like

Numerous ND280 v, and 7, CCOm and bkg. samples by FS particle
multiplicity to constrain interaction models (NEUT generator)

Consequential (ND280—SK) or simultaneous (ND280+SK) fitting

Notable updates for 2023

Minor update on 2022 analysis version with extra SK u-like
sample recently on arXiv:2506.05889

21.4e20 POT v (+9% on EPJC 83 782), 16.3e20 POT

Improved selection of Michel es (needed after Gd loading,
applied to all data)

Improved SK detector systematics model further reducing
the uncertainties

Antineutrino mode e-like candidates

26

24

22

20

T2K Runi-11 Preliminary

68% syst err. at best-fit
Best-fit
—e- Data (68% stat err.)

«

T[T T[T [T [ TT T TT T[T [T TTT

P PRI B P B
a0 20 40 60 80 100 120 140
Neutrino mode e-like candidates
beam e-like u-like

1Ring-e+0Me 1Ring-u+0-1Me

v 1Ring-e+1Me  Multi-Ring-p+1-2Me

U 1Ring-e+0Me 1Ring-u+0-1Me
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https://arxiv.org/abs/2506.05889
https://doi.org/10.1140/epjc/s10052-023-11819-x

T2

e The only (single-)experiment capable of

T2K 2023 Preliminary constructing the 30 Cls on dcp
A o,
Best-fit value —0° Normal ordering ® CP-conserving values excluded at >90% CL
el b6cp =0 ormal ordering (not confirmed in 2 of 18 studies of fake data sets)

 loCL. e Best-fit cp very close to CPV maximal —m/2
B 90%C.L.
20C.L %om _{{x‘x[ﬂgé‘_
r —— prior flat in .
30CL S ol pror e 3
50 F prior flat in sind.,
& ot —— 1 ]
- _ ° — ° 8005 [~ A
6cp= — 90 6cp =90 S - iy :
o || e % ]
0.03 :— 9 < < _:
F | : i ]
002 [ - : -
oot [ 5 3
6cp= £180° F i ]
ERUT YT YT === SO IERRT IRRTE PO

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.1 0.02 0.03 0.04 0.05
J = 8150%5812015821C0SiNdp

30/39



T2K

-3

x10
NX20*"""""""T2K2023Pre|iminary"""'""fNé'ﬁwzs-'”"”“””“”' ——
< E ) R [ T2K 2023 preliminary ]
F — Normal ordering B P ) B
16— Inverted orderi . “F ----e8%C.L : g B
B nverted ordering E F o sow oL .
“E /] 1o CL = 26F - 99.7%CL /v .
12F- [ 90% CL 3 Foemean [ e ;
10~ 3 251 ‘ 3
8f— - [ 3
E 7 2.4 ) —
6:— _: [ — Latestanalysis ]
E J I Prev. analysis 4
e - 23— 3
2 = - .
E e ool L L L L L L]

83 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.3 04 0.45 05 0.55 06 ) 0.65

sin%,, Sin“f,

Small preference for upper octant of 3, minor improvements in precision of Am2,, insignificant NO
preference, overall consistent with previous analysi(e)s (for 10 years already)
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T2 K\+

N O~ No significant
Lk :> correlations between

MODEL the experiments
e Full detailed likelihood functions for both experiments

e Full detailed energy reconstruction, detector effects, etc.

No significant
e Consistent statistical inference methods DETECTOR :>

correlations between
MODEL : fons betw
o In-depth review of exp. analysis methods the experiments

e CON: Correlations in “non-transferable” interaction models . .
CROSS- Investigate the impact

.. . SECTION :> of correlations in the
Notables from the joint analysis MODEL joint analysis
e Based on 2020 analyses EPJC 83 782 (T2K) and PRD
106 032004 (NOvA)
e Combined at the level of likelihoods C::;rr:;lts CEI::::::ts
Likelihood Likelihood
e Still dominated by statistics

e Minimal correct analysis as correlations do not matter

Likelihood

k-l

]

<}
=
©
=
a

pooounsyI
VAON

poooyiax1I
VAON

e The data from both experiments is described well

Systematics Systematics
Penalty Penalty
Terms Terms
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T2

Neither ordering has a preference for ¢p values around

i 2|
Sin“6,,

+

ANANO~ A

+7/2 (outside 30 CI)

Normal ordering allows for a broad range of d¢p
If inverted ordering, CPC Jcp values outside 30 Cls

Robust under change of dcp prior

Fitter: MaCh3 post-BANFF

- Bayesian Cred. Int.
B Wn.h reactor constraint

NO Conditional

Areuiwipid Mz1-VAON

=

Posterior density

Posterior density

0.05

—0.05

Fitter: MaCh3 post-BANFF

Bayesian Cred. Int.
With reactor constraint

_zT 0
2

)

Fitter: MaCh3 post-BANFF

CpP

NO Conditional

Io [2c

(30

Areurwi[ald MZL-VAON

[ Flatin 8.,
| Flat in sin(3.,)

Bayesian Cred. Int.

| With reactor constraint
L A

NO Conditional

Bic
26
[13c

Areurwatjoid MZIL-VAON

20.05 o
Jarlskog

0.0

W
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e Neither ordering has a preference for §¢p values around

+ &)

ANANO~ A

+ /2 (outside 30 ClI)

e Normal ordering allows for a broad range of jcp
e If inverted ordering, CPC §cp values outside 30 Cls

e Robust under change of d¢p prior

Fitter: MaCh3 post-BANFF

[ Bayesian Cred. Int. 10 Conditional | Z2
@)
6. S
: >
i .
[¢) n N
RS - =
S [t

c ~T 0
.m i (:_i
i 3.
A ]
T —15 ——20 e % 2
L. | | L <

- _I 0 It n

2 2
6CP

Posterior density

Posterior density

Fitter: MaCh3 post-BANFF

I Bayesian Cred. Int. 10 Conditional
107! E—With reactor constraint
E fic [l26 [J3c
1072
107
1074 IHJ
5| R
107~ _I 0 T T
2 2
8CP
Fitter: MaCh3 post-BANFF
B 10 Conditional
0.2 fic
i f2o
L [130
Flatin 8,
| Flat in sin(8p)
—().2|-Bayesian Cred. Int.
‘With reactor constraint
E. 1

20.05 o
Jarlskog

0.0

Areurwi[ald MZL-VAON

Areurwatjoid MZIL-VAON

W
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T2

+

ANANVO~ o\

Modest preference for sin? 623 > 0.5,

Bayes factor 3.6

Very weak preference for 10, Bayes

Posterior probability 57% for Am%2 <0
Posterior probability 43% for Am2, > 0

Consistent with other measurements

Smallest uncertainty in Am2, < 2 %
(newest NOVA 2024 results competitive)

Marginalizing over Am_%2 < 0 separately leads to

NO/IO “conditional” credible regions

2
A'”32‘“)

—2.48T%%, x 1073 eV

2 - +0.04 -3 2
Amdy o = 2437005 x 1073 eV

factor 1.3

Posterior density

Fitter: MaCh3

ost-BANFF

Fitter: MaCh3 post-BANFF

Kreuiwipld M21-YAON

[ Bayesian Cred. Int. BothMO | 2 Bayesian Cred. Int. Both MO
[ No reactor constraint (@] With reactor constraint
r I B 0o |5 003 15 f2c [30
0.02] '4‘
REACTOR
- CONSTRAINT
[ g
<
0 05 06 0 04 05 06
sin0,, Sin6,;
Fitter: ARIA
I Inverted MO T Normal MO
SH —— ] NOvA+T2K —
- 10 T+ — ooy NO A
B T —— T2K Only T

Posterior density

|
Areurwa1[aid MZL-VAON

PRI ST R

-2.6 =25 2.4

23 24 25 26
Am3,x107%eV?
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Pre-Conclusion
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Conclusions




Conclusions

e LBL neutrino oscillation experiments are sensitive to CP violation, mass ordering and
other important aspects of neutrino physics

o CP-conserving values of dcp outside 90% CL (T2K)
o Notable synergy with reactor exps. on MO (NOvA)
o If 10, CP-conserving dcp values outside 30 CL (T2K+NOvA)

e Current LBL measurements of NOvA, T2K, and NOvA+T2K provide leading
constraints on several neutrino oscillation parameters

e T2K and NOVA precision era has just begun

e Future next-generation “discovery machines” of Hyper-Kamiokande and DUNE will
rely on T2K and NOVA experience in LBL programs to provide high-precision neutrino
measurements and answer critical questions of neutrino physics

39/39



BACKUP




The “my-precious” channel v, — v,
P(vy = ve; LLE,A) =

+ 8cF3512513%23 (C12C23 COScp — S12513523) €05 Agp sin Az sin Agy other CPC

2 2 (2 2 2 2 2 -2
+ 4sircis (P23 + 512533573 — 2€12C3512523513 COS Ocp) Sin® Agy

solar CPC

‘

sj=sinf;,c; =cos; Ay = 4E" A(E,) =2V2GpN,E,, ©: A— —A,dcp — —bcp
AmZ,=2.455x10° eV?, 3.,=174, L=295 km
T T T
£ Long-baseline acc. | 2/2 \ ®
5 y UPER
= .
2 Atmospheric > K
S —— Leading Osin’d,, —— Solar CPC [sin’0,, |
& ~—— Other CPC — Matter 0N, ] . .2 - _ .
- —CPV Oysine, — Touipw, vy | Crucial sin® 613 from reactor 7, — 7. experiments
n | n n n n | n n n n |
0.5 1

E. (GeV)



NOvVA detectors

Single Cell
I A
To APD
Readout
Scintillatic
Light
| R4
e Two functionally similar detectors 810 km apart — Near (ND) and Far (FD) il
e FD on the surface, ND about 100 m underground 7 F
e Consist of extruded plastic cells with alternating vertical and horizontal ’}f;fcl,f,,y
orientation for 3D reconstruction of neutrino interactions
e Filled with liquid scintillator, tracking calorimeter with 65% active mass (FD Waveshifting
14 kton, ND 0.3 kton) Fiber Ry
e Energy estimation from p range, EM and hadronic shower calorimetry i

3.9cm



NOvVA detectors

-u"
500 _.-"' -
B el e ] Single Cell
B _.-" 4
L 1
200 _;-' 1 To APD
. Readout
1600 1800 2000 2200 2400 2600 2800
Z(cm)

NOvA - FNAL ES29

Run: 35546/ 32 2 £ie
Event: 4710/~ 1 B
I - e I il " Scintillation
: Light

UTC Sun Feb 8, 2020 5 7] ) 55! T
218 Z0 == =24 = 228 10 10 10

03:48:44.645283440 t (usec) qQ(ADC)

e Two functionally similar detectors 810 km apart — Near (ND) and Far (FD) <

e FD on the surface, ND about 100 m underground L i

e Consist of extruded plastic cells with alternating vertical and horizontal ?f;,';f’tf,,y
orientation for 3D reconstruction of neutrino interactions

e Filled with liquid scintillator, tracking calorimeter with 65% active mass (FD Waveshifiing ‘
14 kton, ND 0.3 kton) Fiber S

e Energy estimation from p range, EM and hadronic shower calorimetry A oem



T2K detectors

Japte om arXiv:1910.03887v2
80[- "~ T2K Data B v, and v, CC

§ E v, and v, CC Neutral current 1
Rl :
o L
ND280 E 60 —
e TPC tracker with excellent PID § [
e Plastic scintillator target (C) + water layers (O) r
40~
e MAGNETIZED to distinguish v, and 7, t -
. . L <
e Selected neutrino events with reconstructed p track [
and number of m: CC1u0m, CClulm, CClm 20

UAT Magnot Yoke *ND280 now [ ++ + ++++*H :
—— - M+ ‘,|+‘++I+_++,+ e

0
-2000 -1000 0 1000 2000
e/p PID discriminator

Super-Kamiokande
e 50kt water Cherenkov detector

EraE | o Excellent 41/ e-like Cherenkov rings separation (v, vs
‘ ve CC interactions)

e Reconstruction from lepton kinematics



NOvVA analysis strategy

ND sees the neutrino spectrum as a combination of neutrino flux from NuMI, CC cross sections, detector
acceptance and selection efficiency

The ND measured spectra are used to correct FD MC oscillated predictions using the Far/Near (F/N) transformation

Due to functional similarity of both detectors, this procedure largely cancels detector correlated uncertainties (v flux
and cross sections)

3 E E - -
[Oh) = - = =
- F E ——ND data F E G
PRl o - - = R
2°F E . . E E
2. E —— Base Simulation 3 .2
C 3 - 1 >
S:F E —— Data-Driven Prediction F 4.4
%, E E E 4 =
ok = - —_r r = 3°
s E 3 E = = E s
§'E E E 1E 3 = =2
SE E E IE E E ER
B = HF E = -5
s E 3 E | o = E I
8.F 3 1 3 E ,|I" 3.8
g E 3 E 3 1E E EE
s = E = = | E -
E E E E =|3 E E

ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v,) FD Events FD Reco Energy (GeV)



NOvVA analysis strategy

ND sees the neutrino spectrum as a combination of neutrino flux from NuMI, CC cross sections, detector
acceptance and selection efficiency

The ND measured spectra are used to correct FD MC oscillated predictions using the Far/Near (F/N) transformation

Due to functional similarity of both detectors, this procedure largely cancels detector correlated uncertainties (v flux
and cross sections)
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T2K analysis strategy

e Fit to ND280 data move the model parameters from their -pre-fit values and also constrain them

e This data fit might be sequential (ND fit — constrained model — FD fit) or simultaneous (ND+FD data
simultaneous fit)

FGD1v, CCox Pre-fit FGD1v, CCOn Post-fit
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NOvVA vs T2K Comparison

Experiment NOvA T2K
Country USA Japan

Laboratory Fermilab KEK, J-PARC
Started 2014 2010

Baseline 810 km 295 km

v energy peak 2 GeV 0.6 GeV
Off angle 0.84° / 14.6 mrad 2.5° / 43.6 mrad
v Source 120 GeV protons, max 760 kW 30 GeV protons, max 515 kW

v+ v POT 2020

(1.36 + 1.25) x 102!

(1.97 + 1.63) x 102!

Near Detector

NOvA ND
liquid scintillator
tracking calorimeter
NO MAGNET

ND280
TPC trackers
targets of pl. scintillator or water
magnetized to distinguish v,, /7,

Far Detector

NOvA FD 14 kt
liquid scintillator
tracking calorimeter

SuperK 50 (22.5) kt
water Cherenkov
13k (11k) PMTs

v interactions

QE, 2p2h, RES, DIS mix

Mostly QE, 2p2h and RES bkg

Near-to-far

Direct correction of FD MC
based on the ND data (F/N trans.)

Fit to ND data which constrains
the interaction and flux parameters

Energy estimator

Lepton and hadronic calorimetry

Lepton kinematics (elastic)




T2K+NOvVA models and systematics

What? When? How much? ... to correlate common physics parameters between the two experiments?

No significant

FLUX e Different energies
o Different external data tuning = correlations between
MODEL e Different treatment in the analysis the experiments
e Different detector designs and technologies .
DETECTOR e Different selections No Slgnlﬁcant
o Inclusive vs exclusive outgoing 7 = correlations between
MODEL o Different reconstruction techniques the experiments
o Calorimetry vs lepton kinematics
e Expecting correlations from common physics - -
CROSS- o Different interaction models and generators InveStlgate the 'mpaCt
SECTION o Optimized for different energies = of correlations in the
MODEL e Systematics designed for individual models joint analysis

and analysis approaches



T2K+NOVA checks on impact of correlations

One example of a study to assess the

Strategy importance of inter-experimental correlations
e Study parameters and their inter-experimental corre-
lations with a significant impact on the parameters

of interest d¢p, sin? 03, Amg2 F"Am? Nightmare Fake Data 16 Cls

2.5 With reactor constraint —
Fully correlating v, /ve and 7, /De cross-section un- N> 2 4:_ @ E
certainties, treatment is identical (large dcp impact) © E . ) w ]
« p3f * Sim. Point =
Otherwise, no direct mapping of the systematic 9 — Fully Correlated J ==
parameters between the experiments x C Un:correlated ;
e Fabricated, simulated and studied a fully correlated w23 Anticorrelated

bias for Am%2 or sin? a3

e Impact of correlations merits further investigation K—\
for future analyses with increased statistics 25

e Given current (2020) statistics, the overall sensitivity . ‘ .
gains from correctly correlating systematics would be 04 0.5 0.6

small, while incorrectly correlating leads to bias sin26
23




Goodness of fit, compatibility of datasets

T2K v, appearance With reactor constraint
T T T

T T
Far Detector data: 4
Posterior range:ll 1ol 20| 30 N

e Joint analysis uses data collected by each experiment until 2020

NOVA: 1.36 (v) + 1.25 () x10%2* POT
T2K: 1.97 (v) + 1.63 () x10%! POT

e Using posterior predictive p-values (PPP) to assess the goodness of fit
(good PPP is around 0.5)

e The data from both experiments is described well by the joint fit

0.2 0.4 06 08 1
Reconstructed neutrino energy (GeV)

Channel NOvA T2K Total NO . S i !With :'eactor o{onstre:int
Ve 82 94(Ve) 190 40 - Far Del{eclor data: 4 1 g
14(u517r) Posterior range:ll To M 20 [ 30

Te 33 16 49 ol — 1
Vi 211 318 529 2

D 105 137 242 5, i ]

10 F N

kBB

1
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Reconstructed neutrino energy (GeV)



Goodness of fit, compatibility of datasets

T2K v, appearance With reactor constraint
T T T

T T
Far Detector data: 4
Posterior range:ll 1ol 20| 30

15

e Joint analysis uses data collected by each experiment until 2020

NOVA: 1.36 (v) + 1.25 () x10%2* POT
T2K: 1.97 (v) + 1.63 () x10%! POT

e Using posterior predictive p-values (PPP) to assess the goodness of fit
(good PPP is around 0.5)

e The data from both experiments is described well by the joint fit
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Reconstructed neutrino energy (GeV)

P-value NO v ce, i i With :'eactor oonstre'lint
Channel NOvA T2K Combined I " ' i
0.19 40 Far Detector data: - 7]
Ve 0.90 " (Ve) 062 Posterior range:ll 1o 20 30
0'79(’/elﬂ') 30 |- B ]
Ve 0.21 0.67 0.40 £
Vi 0.68 0.48 0.62 s b ]
Ty 0.38 0.87 0.72 i i
All 0.64 0.72 0.75 b & 1
NS " ..,
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