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Three Flavor Mixing in Lepton Sector

* Create neutrinos in one lepton flavour state, observe in another
state

* Flavour and mass states mixing quantum mechanically; each
flavour state is a superposition of different mass states

Source Detector

27/05/2024 3
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Three Flavor Mixing in Lepton Sector

@ ™ @
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27/05/2024 912' 023' 0131 (SCP 4



University

= of Glasgow

v, Disappearance Channel v, Appearance Channel
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Open Questlons e Whatis the order of the masses?

Normal (NO) Inverted (I0)
e —— A '¢ Mlgl e QOctant of 923?
V1 | | [ ] _ o _
a2, o |f 023 = 45° then ‘UHB‘ — |UT3|
a3, * Maximal mixing
V2 | |v |
$Am§1 v

vy | ] V3 [ |

* CP Violation in the lepton sector?
* Leptogenesis?

27/05/2024 6
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T2K Experiment -+~ "&-==7 NOvA Experiment

Neutral current

e T2K uses different o |
technologies for its far and
near detectors

* Two functionally identical,
| finely granulated tracking
1 calorimeter detectors

v-like v,-like

Number of events
N
o
[

* Energy of the incoming * Energy reconstruction for

neytrlno |s.recons.tructed QW + + 1 both detectors use
using QE kinematics: ) . ady +++++++++ﬂ+++ ] combination of lepton and
* ND: Selection based on o [ L W 3| hadronic component
-2,000 -1,000 0 1,000 2,000
reCO n Stru Cted m u O n Electron or muon PID discriminator
track and number of
pions

 FD: Cherenkov rings
(incoming angle and
momentum)

27/05/2024



Analysis Strategy

- Model
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Why Joint Fit? i
* Different baselines, energies — lift degeneracies %;z
in 5cp and sign of Am3, Sl
* Different peak neutrino energies %04
T2K: primarily Quasi-Elastic and 2p2h =
interactions
NOvVA: mix of Quasi-Elastic, 2p2h, Resonant = ||| N0vA - -
and DIS interactions e R
* NOvVA baseline much longer than T2K & o :
« Different dependance on matter effects; L S AV
NOVA more sensitive to mass hierarchy A B
e T2K flux had larger relative impact on §¢p 7 j T2K U
* More Data! = of ]

27/05/2024 S T 5 12
Neutrino energy (GeV)
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Joint Analysis Strategy

e Construction:
e Poisson likelihood from

each experiment External constraints External constraints
° Systematics likelihood I Clllglelele
marginalised using / -
data-driven pI’IOF.S ToK NOVA T MCNN?c\:IAF,i?ter NOVA
e External constraints on [[FSYes likelihood likelihood \umtyv=Nans i\ - lihood
2
013, 012, Am3, AN
 Output: postgrlor densities Systematics Systematics
and credible intervals for Penalty terms Penalty terms

bayes factor for discrete
model preferences Red represents T2K codebase & blue shows NOVA codebase.

27/05/2024 13
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Models & Systematics

 Flux and detector model

* Different between experiments due to different energies,
detector technology etc.

* No significant correlations

* Cross-section model
* Use different interaction models and generators
* Investigate impact of models and correlations

27/05/2024 14
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Correlations in cross-section systematic parameters

* Evaluate a range of artificial scenarios to
evaluate the impact of possible correlations - 0,, Nightmare Fake Data 1o Cls

i S With react traint
* Example: Fabricated parameters for each - it reactor constraimn
4 (ga
3

experiment which bias oscillation g .
e Sim. Point

parameters and study impact of correlating, - Fully Correlated
uncorrelating and anti-correlating " —— Uncorrelated
2.3 - — Anticorrelated E

parameters

s _F , ]
2.4F -
* Final conclusion: no need to correlate < Py s Q -

systematic parameters at this exposure , . .
0.4 0.5 0.6

)
sin 923

) Y v .
» Exception: */,_ and ”/Ve cross-section
uncertainties where treatment is identical*
* Fully correlated in the fit

27/05/2024 15
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Alternate Neutrino Interaction Models —

T — ll\/Iin‘erva‘ Sc.| ‘ IBOIth MO‘ ]
(\l> 26:— —— FDS w/ corr. _:
* Evaluate the robustness of the fit against various IS §
S 2.5 \ —
alternate models % @ :
"o 24 =
* Pre-decided thresholds for bias: E I :
~ 23 —68%ClL -
* Change in the width of the 1D intervals <10% FoooReL
. 04 0.5 0.6
* Change in central value < 50% of systematic sin’0,, | ,
.  Example: Suppression |r12§|ngle pion channel
uncertalnty based on tune to the MINERVA data*
° . - I—IIVIincI:rvz{ se. BOIth MOI .
 Conclusion: No alternate model tests failed the preset 5 [ —swen :
. . . ‘w0021 lo
threshold bias criteria 5 '20
Tl o
E) 0.01[-
5
oW
O — g0 0.6

27/05/2024 i
*Phys. Rev. D 100, 072005 (2019) 23 16



https://doi.org/10.1103/PhysRevD.100.072005

Universit
> of Glasgovg @

AN O~

27/05/2024




University

= of Glasgow

D a t a S a m p le S Channel NOvA T2K Combined

190

This fit uses data collected by both experiments up until 2020 * ** ) e (

Reactor constraint used: sin®26,3 = 0.0850 + 0.0027 N ! N

Goodness of fit evaluated using posterior predictive p-values

« Compare likelihood best fit data and fluctuated predictions

* Criteria for this analysis requires the post-fit model p-value
is greater than 0.05

Also checked p-values for individual detector samples

e 105 137 242

Total 431 579 1010

* The oscillation fits can be marginalised over
each mass ordering : inverted, normal and

both
Channel P-value NOvVA T2K « Conditional: intervals constructed in a
particular mass ordering
Be 0.62 0.90 0.19 (ve), 0.79 (v 1) * Non-conditional: intervals constructed
Ve 0.40 0.21 0.67 across both mass orderings

Uy 0.62 0.68 0.48
*K. Abe et al., Phys. Rev. D 103, 112008 (2021)

ﬁu 0.72 0.38 0.87 ** M. A. Acero et al, Phys. Rev. D 106, 032004
Total 0.75 0.64 0.72 (2022)

18
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Results: sin“0,5; and sin“04-

* Small preference for lower octant of 8,5 if no reactor constraints applied

 Upperoctant preferred if PDG reactor constraint applied

* Without reactor constraints the joint fit measurements have a degeneracy in
the mixing angles

No reactor constraint 1D reactor constraint

Bayes factor 1.17 3.58
Posterior density 54% (LO) : 46% (UQO) 78% (UO): 22% (LO)
0.05¢ Bayesian Cred. Int. Both MO 093 \B;\Z}t]lelsri;larllctccj)rreg(;rlllslttr'aint i

. .

T T T T I T T T T I T T T T
- /\
I [
I [ ‘ F
i </

Posterior density

Posterior density

L Bayesian Cred. Int. Both MO
~ With reactor constraint
0.03
- B
- B2c
00l  R.C
L L ;
0 04 0.5 0.6
sin’0.,,
| Bayesian Cred. Int. Both MO
: No reactor constraint
0.02}- lic
'No R.C W2c
L 136
0.01—
0

04 0.5 0.6
)
sin 923
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Results: Mass Ordering

* Small preference for inverted ordering from the fraction of posterior

density
* Bayes factors give no conclusive statement about preferred mass ordering

Inverted Normal

0.04 " Bayesian Cred. Int. s ' ' al ]
> ) - With reactor constraint +
N
Z’ 0.03 ]
=2 L No reactor 1D reactor
= B constraint constraint
.S 0.02- N
§ § Bayes factor 2.45 1.38
é 001~ - Posterior density 71% (10) : 29% (NO)  58% (I0): 42% (NO)

06 252423 23 24 25 2.6

27/05/2024 Amg2 [10%eV?] 20
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Results: 0 CP Bagesan O .| Both MO " NO Condifional |

L With reactor constraint A et

" <: Q@

* Both MO: higher s SN O

. . N d N \_

posterior density 5 51 S AN

T ,__ e

around §.p = —3 1 ]

* NO: Wider range of = |
values, higher

posterior density [ BayesianCred.Int. 1O Cor ]

E:' 0.()4:— ]:’)a 'esi'an'Crled.'Iné. B —: B Withﬂl‘_fi?.g_t_ql:_c_(_)_qﬂl_‘a}_i{l.t. ]

Close to 6CP — iT[ g 0035 Wi}t]h reactor constraint == Both MO —lo ] 06_—//"'—§\\ 7

5} UoF Inverted MO  --"2c B ( 4 ]

* |O: Enhanced % oo —NomalMO 30 & BN P ¢ ]

'E N 0.5 E —

preference for 2 oof = 5 LY /g :

T - L= —— et j [ e \_/ ]

5CP = — E Both MO [Feeei—== = - -~ oo 0.4F .

Inverted I k- - RS - - - | | i — lo —— 2 @ - 3G ]

b1 —T 0 T

-7 T 0

T
2 2
27/05/2024 Ocp Ocp 21
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NO Conditional

Results: Jarlskog Invariant

> .10
 Parameterisation independent measure of CPV: Z %i“
Q
= " Flatin 8 °
50
_ 2 . 6 ,8 | Flat in sin(8 )
J = $13€{3512€12523C23SIN0cp g [
2] L
. i Both MO Q? 005__Bayesian Cred. Int.
° If] = 0 — CP conservation > o1l Bic e} Withreactlorconstraint |
* IfJ #0 — CP violation g T B2 005 0 0.05
o L 130 J=58,5C138, €15 8,33 8;
O LFlatin 8, cp
g - Flat in sin(5p) .
* Both MO: Broad range of g I 02l -
N - .
C —0.1f 2 o
prObable] - | Bayesian Cred. Int. g L 26
 NO: Broad range of probable J p With reactor constraint S s 130
. . . -0.05 0 0.05 at1in ocp
¢ |O ] == O pOIht IS OUtS'de 30- J = 313 C%3 312 C12 323 023 SS § 0 Flat in sifl(SCP) M
: . = I
credible interval, also true for - g |
. . 5 o L
a Change In the prlor on cP to - —(0 2}Bayesian Cred. Int.
b e ﬂ. at in Sin 5CP i Wlth reactor constraiunt |

1 I 1 1 1 1 1 1 1
005 0 0.05
27/05/2024 J=513¢13815C13 823 €23 85 22
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Comparlson to T2K Only and NOvVA Only Results

Joint fit gives a tighter constraint in IO and relieves L n—— el
[ — NOVA Only ayesian Cred. Int
differences in NO 0_6§—momy | Wit eactor constint
. [ . . [ . @ [ /
 Small preference for mass ordering flips with the joint fit s |
. . o 05—
 Enhances the precision for Am3, k
x10-3 Fitter: ARTA 04
Inverted MO | 7 | | Normal MO ! L .
SH ——|:| NOvA+T2K — 0 T n 3n 2n
.é\' - -+ —-— TZIZOnl;ly N 0.7 .
7 n 4 . - EE NOVA+T2K NO Conditional
SEN T N | — Nova oy B o
,_g i T i r —T2KOnly
;_4 - . . -
24 -+ -
L) » 4 .
3 R 4 i
8 | i -
& T B
—26—25—24 2.3 23 24 25 26
2
27/05/2024 AIn32><10 eV 23
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Comparison to Other Experiments

 T2K-NOVA joint fit has the smallest

uncertainty on Am%z compared to previous
measurements

Inverted mass ordering

NOvA+T2K —e— 2.477+0.035 1.4%
T2K —e— 2.53 +0.05 2.0%
NOvA —— 244 +005 2.0%
MINOS+ ——— 2.45 00 3.1%
SuperK+T2K —— 2.484f8:828 2.4%
IceCube —— 2.41 4007 2.9%
SuperK —_— 2.40 Y 3.8%
Daya Bay nGd —— 2.571+0.060 2.3%
RENO nGd ® 2.79 +012  4.3%
RENO nH ° 2.58 02 11.6%

22 23 24 25 26 27 28 29
|Am3,|, 1072 eV?

27/05/2024

Inverted Ordering

NOvA ®

—0.560 925
T2K —— —0.4507018
SuperK o —0.55770353
SuperK+T2Kl | =1 | | | | | | —0.47070159
-1.00 -0.75 —-0.50 —=0.25 0.00 0.25 050 0.75 1.00
6CP77T

« T2K-NOVA joint fit is consistent with
other 6.p measurements

24
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Summary

* Joint analysis fits both experiments datasets successfully
* No strong preference for mass ordering, small preference (58%:42%) for
Inverted ordering
* Both experiments previously had a small preference for NO
* Normal Ordering allows for a wide range of d.p values, while in Inverted
Ordering CP conserving values fall outside of the 3o credible intervals
* Similar conclusions found for Jarlskog invariant
» Strong constraint on Amj3,
* Both experiments continue to collect data and improve individual analyses
* T2K ND upgrade, improved models, continue data collection

27/05/2024 25
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: NOVA collects first
v beam data.

T2K collects first
beam data.
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3 (ADC)

Uy CC Event

v, CC Event

NC Event
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Energy Spectrum

Neutrino flux

e

=
&)

® (Arbitrary Units)
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Priors

Parameter ARIA sampling prior MaCh3 sampling Prior Priors used for the analysis
0, Uniform in 0, Uniform in sm2923 Uniform in Sin2923
0, Uniformin Uniform in 5ir122913 Uniform in Sin22913 & Gaussian

reactor constraint

IAm232| Uniform in |Am232| Uniform in IAmZ__ﬁZI Uniform in |Am232|
MO Uniform in MO with a 507% switch Uniform in MO with a 50% Uniform in MO with a 507 switch
probability switch probability probability
Scp Uniformin &, Uniformin &, Uniformin g, &

Uniform in sin 5 (for J)

27/05/2024 31
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Why Joint Fit?

NOvA: L=810 km, E=2.0 GeV T2K: L=295 km, E=0.6 GeV

1 1 L [ Ll L Ll | L ] T T L l 1 1 ' I 1 I | I I I ] I 1 ] I l
8 sin“20,,=0.085 + sin°28,,=0.085 .
IAm3,1=2.5x 10 gV? lAmZ,1=2.5x107°eV? |
sin°,,=0.4,0.5,0.6 sin‘0,,=0.4,0.5,0.6

— -

:c. 5=0 ed=n/2 Inverted ordering 108=0 e §=n/2 Inverted ordering
-0 d=T -la=3n/2 Normal ordlering 10 S=1 .15=3n/2 lNormal olrdering 1
0 2 4 6 8 2 4 6 8

o o
27/05/2024 P( Vu_)ve ) Yo P( V“—)Ve ) Yo -

1
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NOVA Extrapolation

> E =

8 8 :— —: 80 %

=3 = E — ND data ©

,jij E E Base Simulation o £
- ] T

2 .E E Data-Driven Prediction » 5

e E .

|

1

True Energy (GeV)
True Energy (GeV)

1

NIIIIIIIIIIIIIIIIII Ll

2 3 4 50 00 2 3 4 5

1 1
ND Reco Energy (GeV) 10° ND Events 10° F/N Ratio P(v,—v,) FD Events FD Reco Energy (GeV)

o
-
-
n

0
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Correlations

Am*'Nightmare Fake Data'10€I8<__ " Both'MO 4

- With reactor constraint 4 ©

T
2 . . 2" « Sim. Point B
* Am3, bias mock data (nightmare) study (fully =~ —Fuy Comelated
_ . O 0l Uncorrelated -
correlated = correct assumption) S -
— . I dE
~ Am” Nightmare Fake Data 1o Cls [ i 2 -
2 .5 With reactor constraint - < i J &
o - -] —
> 24F > = 1 l
O . - w B -7 L
e -« Sim. Point = 0.4 0.5 0.6
o *F - Fitter: MaCh3 | sin’0
— - — Ifully Correlated - [ Am’ INigl‘ltma're Fake Data'lo CIs ' i =
X N Uncorrelated 1~ - With reactor constraint 4 C©
ae=23 - — Anticorrelated ER 0.03[~ « Sim. Point gl
-24F ’x 4 = - — Fully Correlated .
_2.55_ //@/ —f e CDQ i Uncorrelated i
C . . . ] e 0.025 | — Anticorrelated o
04 0.5 0.6 R7 . . i
Sin 623 i J i
0.02F - =
: | L L L L | L | :
27/05/2024 04 0.5 0.6 34
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: - 6,, Nightmare Fake Data 10 Cls F '
O r re at I O n S 2 .5FWith reactor constraint
N C
< 24F
23k

e Sim. Point

* sin“0,; bias mock data (nightmare) A
St U d y ng 3 - — Uncorrelated

- — Anticorrelated

il h3 F ~24F 1=
J-c T . 1 T T 1 T T T [ 0 I — : :
6,, Nightmare Fake Data 10 ClIs ~<__JBoth M Z, ~2.5F s
- With reactor constraint - - . . . ]
04 0.5 0.6
1 ) ) — sin’0
21 e Sim. Point 23
- — Fully Correlated 109 i .
Q—i ’ T T | T T T T '
UOU 0ol=— Uncorrelated - [0, Nightmare Fake Data 15 CIs Both MO ]
. - ‘ - With reactor constraint .
| — Anticorrelated | 0.03[ « Sim. Point 1
- - — Fully Correlated 1
_E o B 11
> — — — | Uncorrelated -
D )
i ] = 0.025 [— Anticorrelated 1
.5 i | ‘
_J'c I 1 1 1 1 1 1 1 / 1 1 : :
04 0.5 0.6 0.02}- —
. i |
sm@23
27/05/2024 04 05 35 0.6
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g —————T T T T T ] v-beam NOVA Preliminary
5) B ] [ Not Extrapolated ~ | T T T T T o~
[5 10—_ — Lepton Reconstruction | 0 Extrapolated O B %
i ] Neutron Uncertainty * 8
8 - - =
B g Detector Response ‘ >
61— o — Beam Flux
i £ - i B B
- = 7 - Detector Calibration
4 ' 7 o — —
B - ] Neutrino Cross Sections
i \ 27 ] | _
21— & — Near-Far Uncor.
. = = Systematic Uncertainty
0 F— 1 | L L 1 | 1 1 1 | L 1 L | 1 1 1 | 1 L L P o r—E )
0 0.2 0.4 0.6 0.8 1 1.2 -20 ;10 o 10 20
Signal Uncertainty (%)
Reconstructed v-energy [GeV]
Eur, Phys. ), C (2023) 83:782 (2023)
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VIA VERITAS VITA

== o Credible [ntervals

Correlations

Oscillation Largest NOvA Largest T2K
Parameter Systematic Systematic

e == |7 Credible Intervals

-ee 2 ble Inte
s g Credible Intervals o Credible Intervals

= = True Simulated Value
= True Simulated Valoe

Pl BPETETET s

posterior probability

posterior probability

dcp second class currents ov./ oy, cross section
and radiative corrections | and antineutrino equivalents
sin? 03 neutron visible energy 2p2h C-O scaling
Am2, calibration 7% SK energy-scale*

I
)
g
L
i

]

I

RETRTTE I (4 10 L | vl Jx10
27 -26 -25 2.4 -23 23 24 25 26 27

L
* Correlating largest @ fcr ) o

2‘ T T I LI B I Trrr Trrr l TIrr1rr l T1irr1 71 a [T T I TrIrrr I LI B l LN B I LN I L
® = L No Coerelaticn = = i Credible Intervals - = F No Correlation = = 10 Credible Intervals 3
systematics on Am 8 1 Ef ]
o } —— 100% Correlation sss=ss g Credible Intervals B [V =** 20 Credible Intervals —
32 il I S
o 100% Anticorrelation ——— Truc Simulated Valse - ° F 100% Anticorrelation True Simelated Value -
Q r ! b Q r 3 ]
o = [ | i ] = F [ 3
o | i 1 ot | E
dCross potn experiments 5 | 1 3 :
° e r | . ICHN S [ 3
[0 5 4 [ 4
o f ] o F | 3
Q r 3 e b 3
Ll b, W LD e
0.35 0.4 0.6 0.65 0.019 0.02 0.021 0.022 0.023 0.024 0.025

P2 in2
sin“6,, sin“6,,

27/05/2024 (C) Sill2 923 (d) SiIl2 013 37
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VIA VERITAS VITA

[ ]
Ll ! I T I | B [ I I e [ I [
r No Corelation = = lo Credible Intervals 7 No Correlation = = lo Credible Intervals
— 100% Correlaticn =es=ss g Credible Intervals = — 100% Correlaticn === 2a Credible Intervals

100% Anticorelation True Simulated Valoe

100% Anticoerelation | True Simulated Valoe

posterior probability

Oscillation Largest NOvA Largest T2K
Parameter Systematic Systematic

posterior probability

dcp second class currents ov./ oy, cross section
and radiative corrections | and antineutrino equivalents
sin? 03 neutron visible energy 2p2h C-O scaling
Am2, calibration 7% SK energy-scale*

I A 0 W el A1 ]x107

-27 -26 -25 -24 -23 23 24 25 26 27
A,

(b) Am3,

.
 Correlating largest
3 :V Tr7r I T [ T l I I ':
= r No Correlation ==l Credible Intervals g
M - 2 ﬁ [ —— 100% Corelation weeass 20 Credible Intervals 1 é‘ S
e I I l I l = L No Correlation — = 10 Credible Intervals .
SyS a I C S O n Sl 2 3 'g - 100% Asticorrelation —— True Simulated Value . % 2 iﬂ Cr:m . _:
o f ok o ]
= [ o I 100% Anticorrelation True Simalated Value -
. 2 - i |
I th experiment 2L S i :
° o [ o E 3
a 2 B | =
- » F .
. o f | E
u Q 3
o1 - -]
0.35 0.4 o s ]
L. Laie o L 4wy Ny L1y
0.019 0.02 0.021 0.022 0.023 0.024 0.025
sin’e,,
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VIA VERITAS VITA

Correlations

2 Z [T T T I T T
8 - S S
M M g % Anticoerelation —— Truc Simulated Valoe
Oscillation Largest NOvA Largest T2K g 2
Parameter Systematic Systematic 2 2 ]
. 3z g
dcp second class currents ov./ oy, Cross section g
and radiative corrections | and antineutrino equivalents
sin? Oy, neutron visible energy 2p2h C-O scaling ]
Am2, calibration 7% SK energy-scale* i
|
clecteenten e bedbe b A B Y 1 X107
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Alternate Models

* Alternate models that had the largest impact on T2K’s 2020 fit and the
two cross-experiment model checks were done for the joint analysis:

* Non-QE: ND280 CCOmt data are under-predicted by the T2K pre-fit prediction.
This difference can be taken accounted for by the large freedom in the CCQE
model. To check this large freedom does not cause bias, an alternate model
where this under-prediction is attribution to only non-QE processes is
produced.

* Minerva1Pi: suppression of CC and NC resonant pion production at low-Q?
to describe for GENIE v2 implementation of Rein-Seghal model to describe
the data.

* Pion Sl: replaced GEANT4 model* was replaced with NEUT’s Salcedo-Oset
model**

* S. Agostinelli et al., (The GEANT4 collaboration), Nucl. Instrum. Meth. A 506 (2003) 250-303 SLAC-PUB-9350

** L. L. Salcedo, E. Oset, M. J. Vicente-Vacas, and C. Garcia-Recio, Nucl. Phys. A 484 (1988) 557-592 Print-87-1084 (Valencia)
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Alternate Models: HF-CRPA - wemm 7 B ESESsErte

— FDMC NOvA

FDMC CRPA-like

* Hartree Fock (HF) — Continuum Random Phase ol . ]
Approximation (CRPA)* - _

* Applies modifications to the nuclear models (Spectral
Function for T2K, Local Fermi Gas for NOVA) : w

Events

* Recent T2K analyses have included an additional o o
smearing on Am%, based on variations seen when k 1 2 . 4 2
considering the HF-CRPA nuclear model.

* Both NOVA and T2K independently studied the
impact of this alternate nuclear model on their
2020-era analyses.

* When taken together in the context of the joint fit,
the bias is no larger than the thresholds set for any
of the fake data metrics.

27/05/2024

—— CRPA FDS
post-BANFF
[[I7]] Fit to FDS
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Alternate Models: CCO E
|n T2K vs NOVA LR

n,reconstructed Elepton

In T2K the py of the lepton is used to measure the recoiling energy by "

two body quasielastic kinematics.

5

‘jy___m

x13|) x 0.2
\\ L \.‘\ Yy ,

=
3
L. L. ;:’J 15}{ 0.08 <q* (GeV) <012 0.12<q* (GeV) <0.16
* InNOVA, the visible recoil is measured. % 1ot y
[0 x 0.
* Inthis T2K-NOVA analysis, we are not relying on a single model to ié’ 5F\E}Q\\ xf\\\\
. . . . 15 P 24 24 < eV) <0.32
simultaneously describe these variables, but we may in the future g o H e o2ty (G <00
e = : 06| Y~O\d
* MINERVA compares the two types of energy measures: recoil in bins of RN OGJ\\
Jo2" (the energy T2K adds to the muon energy) w1 osp<iieonsom]  ososq <o
. . . i 10 }
* Agreement with this model is poor g% = I ‘14 4 ‘26
* Events where the QE hypothesis says there should be lots of proton = € = 22
" 060<q (GeV) <0.80 0.2 0.4 0.6
energy added, but MINERVA does not see that energy! © 10 ; ..
—+— MINERVA data
* T2Kand NOVA naturally continue to investigate improvements in their “latt i';m“L — ottieae
cross section models. We appreciate the continued theoretical and 00 02 04 06 T ot
— — QELike QE neutron
experimental effort in the community =T, (GeV)
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Events

15—

10—

Prediction from
ND 'obs' (Minerva)
—— Baseline Model -

True' FD
spectrum (Minerva)

5(— |
0_ ® P R R B
0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)
NOvA
v, sample
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*Phys. Rev. D 100, 072005 (2019)

Events

—_ T T T I T T T T I T T T T I T T T T T T T T I T T T -
181 ° Mock Data .
= MINERVA1pi
16— =
C — Baseline Model —
14— 7 =
= ] Prediction from ]
C IND Mock Data _—]
12 -
10— =
8 :— _:
6 :— _:
4 :— _:
2 i

oE
0 0.5 1 15 2 25 3

T2K v, sample

Reconstructed Neutrino-Energy [GeV]
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Results: d.-p, no reactor | B o Condon

No reactor constraint

. 2
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3 B2 g1
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2 f g :
'@ 0.03F Bic 8
5 [ N2o
o - 3 T T
5 B | Bayesian Cred. Int.
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g Y =2 T
= i
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il _TI 0 1 7t i
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CP 8 002
72} L
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Results: Jarlskog Invariant

e L R I B L LA B R
! : ]ISa}lesilanICr«Iad.I Iné. o - 107! E_Ba.yesian Cred. Int. . NO Conditional E
" With reactor constraint . > = With reactor constraint 3
é’ 107" e lel1 Hic [26 []30c = = N Hic [26 []3c 1
2 ; - S 107 E =
< = 11111'111 . QO = 3
S 107F E S :
— - ] ~ -3 I ]
9 3 B . 8 10 3 E
S = — — ]
3 107¢ E % B ]
7)) B i _
ST E < 107 3 3
1 0—5 I L [ . T L R R | 10—5 i L T | L |
—0.04 —0.02 0 0.02 0.04 —0.04 —0.02 0 0.02 0.04
Jarlskog Jarlskog
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constraints
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Results: Am5,, no reactor

constraints
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VIA VERITAS VITA

Fitter Comparisons oot
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T2K & NOvA Comparisons e
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Comparison to Other Experiments

 Daya Bay highest precision on sin“8;5

* Ingeneral, LBL experiments have much
less precise measurements but are
consistent with reactor experiment

results
........ Inverted mass ordering
T2K . 11.091733
NOvA+T2K e 10‘08:?%
NOvA ° 9.2 19
Daya Bay  nGd —— 8.5140.24
RENO nGd — 8.92+0.63
Daya Bay nH 7.1 +1.1
RENO nH o 8.6 +12
Double CHOOZ ® 10.2 +1.2
6 8 9 10 11
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sin2 2913, 10_2

8.5%
14.2%
20.1%

2.8%

7.1%
15.5%
14.0%
11.8%

Normal mass ()I'(l()l‘ing

Daya Bay nH

> 7.1 +11
Daya Bay  nGd —— 8.51+0.24
Double CHOOZ 10.2 +1.2
NOvA ¢ 8.4 14
NOVA+T2K © 8.9211 33
RENO nH ® 8.6 +1.2
RENO nGd —— 8.92+0.63
T2K ° 10.03*}33

7 8 9 10 11

. 9 _c
sin® 26,3, 1072
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15.5%

2.8%
11.8%
20.8%
15.9%
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12.3%



