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NEUTRON PrODUCTION 1N "
ATMOSPHERIC NEUTRINO INTERACTIONS



ATMOSPHERIC NEUTRINOS L

THE ATMOSPHERE IS A CONSTANT SOURCE OF ~GEV NEUTRINOS AND ANTI-NEUTRINGS
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ATMOSPHERIC NEUTRINOS ARE A BACKGROUND 17
FOR NUCLEON DECAY (ND) SEARCHES

THE ATMOSPHERE IS A CONSTANT SOURCE OF ~GEV NEUTRINOS AND ANTI-NEUTRINGS

,
1

.
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Uy N} </ U

*Same for electron/tau-neutrinos and anti-neutrinos




AIMOSPHERIC NEUTRINOS ARE A BACKGROUND r
FOR NUCLEON DECAY (ND) SEARCHES Ty ——

o5e35

MINIMAL
SUSY
PREDICTION

THE ATMOSPHERE IS A CONSTANT SOURCE OF ~GEV NEUTRINOS AND ANTI-NEUTRINGS

Proton Decay Lifetime

V)

Vi [DIS — p_

U

>
Urnam . =261
u_, N /U

>
*Same for electron/tau-neutrinos and anti-neutrinos




ATMOSPHERIC NEUTRINOS ARE A BACKGROUND 19

p—e+To

FOR NUCLEON DECAY (ND) SEARCHES e
THE ATMOSPHERE IS A CONSTANT SOURCE OF ~GEV NEUTRINOS AND ANTI-NEUTRINOS M'Nggé#
PREDICTION
;gl 5634
g
Soitirce: ANNIF Fnl
Process Fracuon with at least one neutron produced
v CCQE 38.4(2.2)%
v CCQE 99.9(0.1)%
v CCOther 88.8(2.0)%
v CCOther 94.7(2.1)%
v NC 84.8(1.8)%
7 NC 82.4(2.3)%

v total 61.5(1.1)%
U total 95.6(0.6)%

N - ] ns Total 69.5(0.8)%]|
PROTON DECAY — TYPICALLY NO NEUTRONS

ATMOSPHERIC NEUTRINOS — 707% PRODUCE AT LEAST ONE

> U 4 dd
A——( e
Uy U </ o U

*Same for electron/tau-neutrinos and anti-neutrinos




NEUTRON PRODUCTION IN GeV NEUTRINO INTERACTIONS IS VERY =
IMPORTANT FOR DIFFERENT REASONS

Total

169.5(0.8)%)

Process Fraction with at least one neutron produced

v CCQE 38.4(2.2)%

v CCQE 99.9(0.1)%

v CCOther 88.8(2.0)%

v CCOther 94.77(2.1)%

v NC 84.8(1.8)%

v NC 82.4(2.3)%

v total 61.5(1.1)%

v total 93.6(0.6)% 1. PROTON DECAY TYPICALLY

DOES NOT PRODUCE NEUTRONS:
BACKGROUND REJECTION POTENTIAL



Process

v CCQE

v CCQE

v CCOther
v CCOther
v NC

v NC

v total

U total
Total

384(2.2%)
‘ : 9 1 ) 5

88.8(2.0)%
94.7(2.1)%
84.8(1.8)%
82.4(2.3)%
61.5(1.1)%
95.6(0.6)%
69.5(0.8)%

NEUTRON PRODUCTION IN GeV NEUTRINO INTERACTIONS IS VERY =
IMPORTANT FOR DIFFERENT REASONS

Fraction with at least one neutron produced
2. NEUTRONS FROM ANTI-v CCQE

>
NEUTRONS FROM v CCQE

1. PROTON DECAY TYPICALLY
DOES NOT PRODUCE NEUTRONS:
BACKGROUND REJECTION POTENTIAL




NEUTRON PRODUCTION IN GeV NEUTRINO INTERACTIONS IS VERY

IMPORTANT FOR DIFFERENT REASONS

3. STUDYING CROSS-SECTION MODELS

Process

v CCQE

v CCOther
| v CCOther
1/ NC

1/ NC

U total
U total
Total

v CCQE

Fraction with at least one neutron produced

) 2. NEUTRONS FROM ANTI-v CCQE

99.9(0. 1)% NEUTRONS F>ROM v CCQE
88.8(2. O)%‘
04.7(2.1)%) ‘
84.8(1. 8)%‘
82.4(2.3)%)

 6L.5(1.)%

95.6(0.6)% 1. PROTON DECAY TYPICALLY
69.5(0.8)% DOES NOT PRODUCE NEUTRONS:
BACKGROUND REJECTION POTENTIAL




NEUTRON PRODUCTION MECHANISM IS COMPLICATED

Hadrons

23



NEUTRON PRODUCTION MECHANISM IS COMPLICATED

Lepton GENIE + GEANT4 simulation of
atmospheric neutrinos in heavy water

Charge Exchange

Pion Production

Hadrons

Final State Interactions

Elastic
Scattering

Neutron

Origin

24

Fraction

Neutrino Interaction

33.49%



NEUTRON PRODUCTION MECHANISM IS COMPLICATED

Lepton GENIE + GEANT4 simulation of
atmospheric neutrinos in heavy water

N\

Final State Interactions

Charge Exchange

Hadrons

‘c
T

Neutron

25

Origin Fraction
Neutrino Interaction 33.49%
Neutron Inelastic 34.76%



NEUTRON PRODUCTION MECHANISM IS COMPLICATED

Lepton GENIE + GEANT4 simulation of
atmospheric neutrinos in heavy water

N\

Final State Interactions

Charge Exchange

Hadrons

.c
T

-.-*

26

Origin Fraction
Neutrino Interaction 33.49%
Neutron Inelastic 34.76%
pi/K Inelastic 14.56%
Proton Inelastic 7.90%
Bertini Capture at Rest | 6.11%
1 Capture at Rest 2.14%
Photo-nuclear 0.76%
Other 0.28%




GOALS

1) MEASURING THE NEUTRON PRODUCTION FROM ATMOSPHERIC NEUTRINO INTERACTIONS AS A
FUNCTION OF ENERGY

2) PROVIDE FIRST VALIDATION OF MONTE CARLO MODEL
J) EXPLORE NEUTRON DETECTION IMPACT IN NEUTRINOG/ANTINEUTRINO SEPARATION

>

of neufrons

Averaged number

27



SELECT ATMOSPHERIC NEUTRINO INTERACTIONS 28

AND LOOK FUR NEUTRUN CAPTURES IN COINCIDENCE

~ — HEAVY WATER: ~50ms
| \ 3CL: ~5ms




SELECT ATMOSPHERIC NEUTRINO INTERACTIONS
AND LOOK FOR NEUTRON CAPTURES IN COINCIDENCE

NEUTRON CAPTURE CANDIDATE

ATMOSPHERIC EVENT

Developed algorithm based on SK and MiniBooNE to reconstruct:
- Lepton position and direction

- Particle type: electron or muon

- Multiplicity: single particle or multi-particle

HEAVY WATER]

20—

Events/bin
o

Events/bin
N
o

(\®)
-
T T T

[E—
)
L L

—e- DATA (Stat.)
— MC (Syst.)

CCQE
CCnonQE
NC

60f

\ . O\ /'
N\ N N\ N “A
OO\ N B
N\ \, N\ N\ : A
—.-.— —]
NN\ N B
\ N\ N\ N\

Lol s |

| 1 |:k II l

102 :
Visible Energy [MeV]

3

Events/bin

Events/bin —

CULOADED HEAVY WATER

Used original SNO algorithms:

v HEAVY WATER S

i 20 1= - DATA
20 =
i é 15_ —— _MC
5
10H - = 10
4 |
! AR S S
0 4 6 8 10

-
S

)
-

Energy [MeV]

15p

I ‘ - 20+
I —{ v?/d.of.=13.6/17

Events/bin

\
OO\ OO\ B
\\ \. \\ \ / 7
\ \ P
—|+__|
NN NN B
\, \, \, \ /
\ \ P

102

Visible Energy [MeV]

3

Events/bin

Events/bin

29
1AHEL A A ’
60~ ++
o T4
“+,
204 T e
O ! I I ! m
4 6 3 10
Energy [MeV]
150———
+ v?/d.of.=14.4/14
100~
50

0.02 0.03

At [s]



MEASURED NEUTRON PRODUCTION COMPATIBLE
WITH SK RESULTS

— | | SNO D,0+H,O (Systs.)

—e— SNO D,0+H,0 (Stats. + Systs.)
—4&—— SNO H,O Estimation (Stats. + Systs.)
—@&®— SKH,O (Stats.)

ek
Iol

Averaged number of
produced neutrons

Visible Energy [MeV]



MEASURED NEUTRON PRODUCTION COMPATIBLE
WITH GENIE/GEANT4 MC

I I 1 LI 1 I I I LI | 1 1
CCQE Sclection
—e— DATA

=——— MC (stats. + Sysis.)
m—— NC TRUTH ALL

—— MC TRUTH Primaries

[—
T

T

Averaged number of
produced ncutrons

100 10°
Visible Energy [MeV]

Electron-like Selection
—e— DATA

=——— MC (stats. + systs.)
m—— NMC TRUTH ALL

—— MC TRUTH Primaries

[—
T

)

Averaged number of
produced neutrons

100 10°
Visible Energy [MeV]

0

1 1 I 1 I I I 1 I I I
nonCCQE Sclection .
L'C_J‘ 70 C w
. 10~ —— DATA L o
B E ——— MC (stats. + svsts.) B g
= —— MC TRUTH ALL £ 3
= 2 —— MC TRUTH Primaries = &
= =
=0 B>
o 3 L O
oh s 5 oh 5
& 83
=2 '
0 2 v O
> & z&
<
0 | 2 3
100 10y
Visible Energy [MeV]
1 1 | 1 I I 1 1 1 1 | I
- Muon-like Selection
© 210 —— DaTa
_8 g === MC (stats. + systs.)
== ——— MC TRUTH AII
= = — MC TRUTLI Primaries
g=5
O
en 2 5
o0 3
i
L O
> —
< Q.

() |
100 10°
Visible Energy [MeV]

31

CCQE Selection
10 —e— DATA
——— MC (Stats. | Systs.)
m—— MC TRUTIT ALL
= MC TRUTH Primarics
5 —

-
W

Reco. v Energy [MeV]



MEASURED NEUTRON PRODUCTION COMPATIBLE 32

WITH GENIE/GEANT4 MC

e CCQE Sclection
E £210— —— DATA
_QD) 8 ——— MC (stats. + sysIs.)
= = ——— MC TRUTH ALL
3 & —— MC TRUTH Primaries
] I
3 3
oN = 5—
e
> &
< :
() R I B ] I I I co | \
100 10y
Visible Energy [MeV]
I | L |
- Electron-like Selection |
E 2 1(0)— —— DATA
g e ——— MC (stats. + sys(s.)
= = ——— MC TRUTH ALL —
= z —— MC TRUTH Primaries
g
33 7
50 2 5
S5
—
w O {
Z a.
< E
et
() | | I || , | | | [ | ’3
10° 10y

Visible Energy [MeV]

[—
-

produced neutrons
N

Averaged number of

s
5 210
L O
o =
g 3
é’«:

)
80
Sh 25
=
S
v O
> a.
<

t
nonCCQE Sclection
—e— DATA
m— NC (stats. + svsts.)
= MC TRUTH ALL

-

—— MC TRUTH Primaries

b

100 10°
Visible Energy [MeV]

a
Muon-like Selection

—— DATA

= MC (stats. + systs.)
——— MC TRUTH AL
—— MC TRU'I1l Primaries

|

=t

0"

x L
100 10
Visible Energy [MeV]

CCQE Selection

e
S 210 —— DATA
_Dﬂ') 8 ——— MC( (Stats. | Systs.)
== ——— MC TRUTIT AT
g 8 e M TRUTH Primarics
25
L O
== 5— t
Al
L O
~ &
<
i
0

10°
Reco. v Energy [MeV |

DATA AND MC AGREE AT 20 IN THE ENTIRE ENERGY
RANGE AND FOR ALL SAMPLES

ANTI-v COMPONENT CAN BE CONSTRAINED
AT THE 467 LEVEL

A #NEUTRON CUT CAN ENHANCE THE ANTI-v
COMPONENT BY 10%
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NEUTRON PRODUCTION
BY COSMIC MUONS




NEUTRONS PRODUCED BY COSMIC MUGNS IS A BACKGROUND =
FOR A NUMBER OF ANALYSES

CUSMIC MUON EVENT

NEUTRON CAPTURE TIME: Zzeas
HEAVY WATER: ~30ms ==




SNO CAN IDENTIFY NEUTRONS AFTER COSMIC MUON EVENTS

—e— Data
— MC truth

Counts

.,  Heavy water phase
10° F

{ 48.5+1.3 ms

105-

..L.




SNO CAN IDENTIFY NEUTRONS AFTER COSMIC MUON EVENTS 36

Measured yield [cm?/(g W)]

First measurement of this kind in heavy water

107

107 |

o Hertenberger

+ Boehm

L [¢é e SNO (this result)

= Daya Bay

»+ Aberdeen

»  KamLLAND
o LVD

v Borexino

a LSD
Daya Bay LS fit

0 50 100 150 200 250 300 350 400
Average muon energy [GeV]



NEUTRINO LIFETIME




NEUTRINO OSCILLATION BASICS &

Neutrino flavors are linear combination Oscillation probability from neutrino
of 3 mass states: flavor a to f3: 5
X .2
1% > — : |I/> — 2 _ * —im; L/(2F)
va) = ) Usilvi Pap = |(ws(t)|va)* = |3 UziUpe™™
1 i

Pec = Probability of an ve being detected as ve
Pea = Probability of an ve being detected as va

107 I .
= 15 fraction
\
0.8 - —- ®B spectrum f
S / \
5 0.6 ! \
o ! ‘
.8 J “
— /
Q 047 / ‘ i
— : / \
- / |
_ ) |
0.2 - / 1 N
_ , ‘
_ e
i // \
0.0/ -—-=-=-- mmmaTT T -



SINCE NEUTRINOS HAVE MASS, THEY COULD POTENTIALLY DECAY =
SOLAR NEUTRINOS PROVIDE A LONG BASELINE TO STUDY THIS DECAY

Disappearance and appearance probabilities:

— Zz % Uz’e‘Q
— Zz (0% Ui,u‘Q +¢i|UiT‘2

P..
/ » EO‘ sz

i o e LBk g, —

Neutrino decay factor

|Ve

PCC

1.0

0.4

0.2+

0.8

0.6

0.0 -

Defined mass-scaled lifetime k>

— k=0 s/eV
=~k =10 % s/eV
= ky = 107 s/eV

: No neutrino decay -
] —*-“‘\ — / )
} _ i
- \\ .

0.1

GOAL: MEASURE LIFETIME OF v, MASS STATE BY
MEASURING Pge AND Pea SHAPES




DEVELOPED MULTIVARIATE LIKELIHOOD FIT TO EXTRACT 40
ko PARAMETER

SNO + KamLAND + Borexino +

SNO standalone SAGE + GALLEX +GNO + Homestake
j LT Systematic Parameters Fixed | Combined Profile
4— Includmg SyStemath Uncertainties - 12.5 - _____ 90% C L. (1 099 x 10_3 S /CV)

----- 95% C.L. (1.47x 10 ° s/eV)

----- 09% C.L. (1.04x 10 s/eV)
Previous limit 7.2 x 107 s/eV

k, (s/eV) k, (s/eV)



| ORENTZ SYMMETRY
VIOLATION




LORENTZ VIOLATION IN SOLAR NEUTRINQ OSCILLATIONS 2

Lorentz violation introduces correction factors
into the solar neutrino survival probability

04 0
5Py = Re> Y, (P (E(a)m — EX ()

Jjmyo /

0.015
0.01
0.005
cg'* —ee
3 e
E o - Te
E
Aoy
2
-0.005 — S
~ constants at higher energies
-0.01

. . . . -0.015— REGION OF INTEREST
Lorentz violation could result in annual modulation il L

O

of the solar neutrino survival probability 2 4 6 @ 0 12 14 16 18 20
Energy (MeV)



INDIVIDUAL LIKELIHOOD FIT In practice, we fit for: csxo = D _Wep(Cet)”

(3) ap

1000 - and analogously for: agq
800 nergy =
—  Annual variation
600 25t
400 w t
£ s
200 ® F
=
0 w 1.5 I
8 10 12 14 16 18 20 E [ ‘
S F
T« (MeV) z '
1000 —— 0sE-
Angle wrt the Sun direction s
800 i - I I | I | I
600 0 9000 9500 10000 10500 11000 11500
Julian Day
Mode LV signal Solar flux (10° cm™%s7!) Sin @4
»y 2-35. - ~= (). 0.088-0.078
2 7.0172232 Gev-! 522 4+0.27 33, 0.497 L 0s—0.078
£ sin wt 0.0172 2 % 107" GeV™! 5.15+0.26_ 14 0.577 +4.018-6.009
E cos wt 027322 % 107" Gev~! 5.15+0.26 014 0.577 Lyis—0.000
- . . . s ~ 0.048-0.042
Radial position E* 3013573 % 102 Gev~? 5.22+0.27°0)] 0.537 156190037
E? sin ot 0710417 5 10! GeV2 5.154+0.267014 0.577 13015-0.008
E* cos wt —0.2202H9 % 10! GeV~? 5.15+0.26207 0.577 tgﬁgIg:g.'chg
£2 sin 2ot 5810916 510" GeV~2 5.15+0.26-012 0.577 H0 0150000

2 cos 2wt —4.4-53017 5 10! GeV2 5.15 4 0.26-014 0.577 H3 0150009




INDIVIDUAL LIKELIHOOD FIT

1000

800
600
400
200

0

1000
800
600
400
200

1000

Energy

8 10 12 14 16 18 20

T« (MeV)

Angle wrt the Sun direction

—1 -0.5 0 0.5 1
cos
Radial position
_—Q—_Q_

800
600
400
200

0 0.2 0.4 0.6

Normalized Rate

2.5

: : 4
In practice, we fit for: cé&o = wa,/eg(ceff

(4) )aﬁ

(3) ap
and analogously for: agq
- Annual variation
: I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 {I 1 1 1 1 l 1 1 1
9000 10000 10500 11000 11500
Julian Day
Mode LV signal Solar flux (10° cm™2s~1) sin @,
z 107337 Gev- 522502745 0497 53 7

£ sin wt
{2 cos i
EZ
E? i

2 sin wt
E2 cos wt
2 sin2mt

) ,
- cos 2mt

0.0175 55 x 107" GeV™!
02177 53 x 107" GeV™!
30135727 x 107 GevV~?
0.7104717 % 10! GeV~?
—0.2207115 x 10! Gev—>
58102 105 10" Gev—?
—4.4_021 10 % 10! Gev?

5.15+0.26 014
5.15+0.26 04
5.22+0.277047
5.15+0.26-014
5.15 +0.26-014
5.15+0.26-012
5.15+£0.26-01

0.577
0.577
(0.537
0.577

+0.019--0.010
—-0.018-0.009

+0.019-0.010
=0.018=0.009

FO.048-0.042
-0.049-0.037

FO.019--0.011
-0.018-0.008

0.577 +0.019-0.010

—0.018-0.009

0.577 +0.019—-0.010

—-0.018-0.009

0.577 +0.019—-0.010

—0.018-0.009

NO LORENTZ SYMMETRY VIOLATION OBSERVED

SET LIMITS IN 78 PARAMETERS: 38 PREVIOUSLY UNCONSTRAINED AND 16 IMPROVED



HEP NEUTRINOS



HEP NEUTRINO SEARCH

Last unobserved branch of PP-chain neutrinos

SNO enables hep-v CC on deuterium

Main backgrounds are 8B and atmospheric neutrinos

— pp
- hep
101! /\ PP (0.6%)
— D8
, — pep
Be7 (6%) be7 0
— el 1
109_' ——e 17
—————— P, == nl3
- S T REP (1%) 015
S =T l \
s ul ‘
107 A : |
llh . Jap - L -
o | -
T 2 B8 (12%)
; - |
— - "
'gl'ud 105 / j
/ |
|
- |
107 4 E j
| _ = .
! ;
/:/ : \
: ‘
10° v _ - . 1./‘* - - - - —_— .
101 10° 10*

E [MeV)

p+p—=>‘H+e +v, p+e+p—=>’H+y,

46

99.76% 0.24%

‘H+p—=‘*He+y

16.70%

*He + *He — “He + 2p ‘He + “He — Be +vy ‘He +p—="'He +e' +v,

‘Be+e~—"Li+y, Be+p—=B+y

! !

‘Li+p—>2°He °B —*Be* +e' +v,

ppl pp’i pplll

SNO IS EXPECTED TO REACH WORLD LEADING SENSITIVITY

PAPER UNDER INTERNAL REVIEW



SUMMARY
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NEUTRON PROCESSES MONTE CARLO MODEL 50

Neutron
A\ 4

V

: = o Neutron
ge Exchange ¢ -
™  Elastic | N@Utr on
Scafterine
-' capture
f . T e % a
8, ¢ ¢ Neutron ~eoe’ ~
N y ! 4 =
Absorption W '
v . ' N
4 T .
® @) : ' s
Pion Pjoductic .
. & > >

~
~
-, ”

- Neutron propagation
- Secondary neutron production
- Neutron capture

- Neutrino interaction Official SNO package:
Cherenkov production and

detector response

- Final State Interactions

- De-excitation gamma emission

& GEANT4

A SIMULATION TOOLKIT =

*NeutronHP model

PRIMARY NEUTRONS SECONDARY NEUTRONS




ESTIMATED NEUTRON PRODUCTION FROM ATMOSPHERIC NEUTRINOS IN SN

6— —  A]] neutrons — -

2 vCCQE S vCCQE
O Primary neutrons

=

O

Z.

M)

O

>

=

M)

o

L

a®

-

vCCOther vCCOther

# Produced Neutrons # Produced Neutrons

10° ‘ ’
v energy [MeV | v energy [MeV |



NEUTRINO ENERGY ESTIMATION

RECONSTRUCT NEUTRINO ENERGY UNDER CCQE HYPOTHESIS

NO ATMOSPHERIC NEUTRINO DIRECTION — GET COS(0)/E DEPENDENCY FROM MC

Event/bin

1500

1000

500

52

Reconstructed neutrino energy bias

CCQE %E o=85.0x2.3MeV
CCnonQE ;

/

L

FHHE

</
i S

0
E, Rec. - E, True [MeV]

500



NEUTRON DETECTION EFFICIENCY MODEL VALIDATED WITH A 52Cf SOURCE s

252Cf source deployed at different
. . PIOY As calculated from Monte Carlo
radial positions and compared data and Monte Carlo

0.8 T T
,;100;- —— . T Q:; - -»- Phase |
= 00T v = 2 06 Phase I
Q — - E |
g 805_ —=— Salt phase E o L
E 70;— _; S 04—_ ’ o
- ~--s-- D,0 phase - = | :
60} DOP N c L ——
) — ooy g O 15 37 AVERAGED EFFICIENCY TR
= S s, s
s . E % 2000 2000 6000 3000
- .. = Radius [mm]
20F a3 0.8 —
10f- w S
ot P ENEPETEE PR EP TS EPEEPES BT | L 06—
0 100 200 300 400 500 600 = -
252C . ., . e -
f Source Radial Position (cm) o L
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CROSS-SECTION SYSTEMATICS

GENIE label

Physical parameter

Nominal value

lo uncertainty

MaCCQE
MaCCRES
MaCOHpi
MvCCRES
ROCOHpi

CCQEPauliSupViaKF
AhtBY, BhtBY
CVI1uBY

CV2uBY

AGKYxFIpi
AGKYpTlIp1
FormZone

MFP_pi, MFP_N
FrCEx_p1, FrfCEx_N
FrAbs_pi, FrAbs_N

Cross sections

CCQE axial mass
CC and NC resonance axial mass
CC and NC coherent pion production axial mass
CC and NC resonance vector mass
Nuclear size controlling pion absorption in

Rein-Sehgal model
CCQE Pauli suppression via changes in Fermi level
Higher-twist parameters in Bodek-Yang model scaling
GRV98 PDF correction parameter in Bodek-Yang model
GRV98 PDF correction parameter in Bodek-Yang model

Hadronization

Pion transverse momentum in AGKY model [31]
Pion Feynman x for Nz states in AGKY model [31]
Hadron formation zone

Pion and
Pion and

Pion and

nuc.
nuc.
nuc.

Hadron transport
eon mean free path
eon charge exchange probability

eon absorption probability

A = 0.538, B =0.305

See A
See A

0.990 GeV
1.120 GeV
1.000 GeV
0.840 GeV

1.000 fm

0.225 GeV

0.291
0.189

—15% + 25%

I [

-20%
-50%
-10%

-10%

-35%
=25%
-30%

-30%

See Appendix C of Ref. [9]
See Appendix C of Ref. [9]
See Appendix C of Ref. [9]

pend
hpend

See A

pend

1Xx C of Ref. [9
1Xx C of Ref. [9
1Xx C of Ref. [9

O O

\O

—

-50%

-20%
-50%

I I

-20%
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SYSTEMATIC UNCERTAINTIES SUMMARY

Systematic parameter + 1o uncertainty lo fractional effect Type
High-energy scale See Fig. 12 0.7% Shift
High-energy resolution Smearing
Assumed cos @ in E, reconstruction See Fig. 5 < 0.1% Shift
Particle misidentification e =0L£35%, u=4=L35% < 0.1% Shift
Ring miscounting e =14x+14%, u =11 =9% < 0.1% Shift
High-energy radial bias 28 mm < 0.1% Shift
High-energy radial resolution 160 mm Smearing
Quality cuts efficiency 1.47% 1.5% Reweight
Neutron capture reconstruction See Sec. VII A S < 0.1% Shift, smearing, & reweight
Neutron detection efficiency See Sec. VIIA6 15.9% Reweight
Atmospheric neutrino flux ~15% 1.5% Reweight
Neutrino interaction model See Table. IV 12.5% Reweight
MC statistical error 1.9% Reweight

Total XX 24.9%
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NEUTRINO ENERGY RECONSTRUCTION

The neutrino energy is reconstructed according to the
CCQE hypothesis,

(my, — Ep)* —m? 4+ 2(m,, — E) E

?’)’LQ
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NEUTRON DETECTION EFFICIENCY
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NEUTRON PRODUCTION

N — T — T — T
10 % - = Neutronllnelastic XEEE vl Interaction (primaries)
- m/K Inelastic —— u- Capture at Rest
10° = -..—. Proton Inelastic Hadron Photo-nuclear Neutron Origin Fraction
= Oth : : :
—~ 10 Frms T, ) Neutrino interaction | 33.0(0.2)%
2 e T e T Neutron inelastic 34.9(0.2)%
— 102 7/ K inclastic 15.0(0.1)%
s F e T Proton inelastic 7 3(0.1)%
5 10k et tin, Hadron capture at rest| 6.4(0. 1\ 70
5 F T L capture at rest |2 20( 4)%
Z 1E e Photonuclear 0.90(0.02)%
F i Other 0.29(0.01)%
107 E N
10—2; L] T P T
10 10° 10°

Neutron Energy [MeV ]



vianti-v STATISTICAL SEPARATION

Events/bin
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PRIMARY/SECONDARY NEUTRONS FIT

PRIMARY/SECONDARY NEUTRON COMPONENTS ARE DIFFERENT

HELP DISENTANGLING DIFFERENT NEUTRON ORIGIN

FOR CCQE AND NON-CCQE INTERACTIONS

THROUGH SHAPE LIKELIHOOD FIT

"nonCCQE Selection

—e— DATA (Stats.)

B CCQE Sellect'iorll o
10

ek
-
1 I 1

== Primaries Nominal

= = =« Primaries Fit

=== Total Nominal (Systs.)
= = = Total Fit

N
| | |

Averaged number of
produced neutrons
Averaged number of
produced neutrons

107 TS
Visible Energy [MeV] Visible Energy [MeV]

Best fit

- Primary neutrons:  Best fit MC/Nominal MC = 0.41 = 0.50
- Secondary neutrons: Best fit MC/Nominal MC = 0.95 + 0.25
- x2/dot =14.4/12
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