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mperial Colege N atrin0s oscillations )

* Neutrinos change flavour as they travel 3 neutrinos leading order disappearance
« Nobel Prize 2015 for Kajita-san (SK) and Art McDonald probability: ,
(SNO) . 5 . 1.27Am32L
- Py, — v,) =1 —sin” 20,5 sin
* Oscillations depend on , , , E
A = —
» Travel distance and energy of neutrinos 3y = 1M = 13
» 3 angles of “rotation”: 6,,, 63 and 6,,
« 2 differences of mass squared: Am322 and Amlz2
1 phase: dcp
* Matter density (through the MSW effect)
v, 1 0 0 C13 0 spe (¢, s, 0)/(r
Ll= |0 ¢ s 0 1 0 —s, ¢, 0|2
% 0 =3 3 —s;3€%r 0 ¢ 0 0 1)\ = sind
13 13 s;; = sinb;
atmospheric, beam  reactor beam  solar, reactor c;; = cosO;
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e a Colege Neutrinos oscillations

e Unknowns left to discover/measure

<+
e Oo3 octant / maximal mixing: is sin26e3 = 0.57 I V3
. Na: Si 2257 | -, 1.27Am3,L
Mass ordering: sign of Am2s," P(y, — v,) = 1 — sin® 20 sin’ = 32
o Charge parity violation: is écp = 07?7
m? 4
q V3 vy B2
Amitm -
Amitm
GROWING FROM THE BIG BANG |
% R4 _ V3
Normal ordering Inverted ordering
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ondon 9 NOVA experiment

 NOVA (NuMl Off-axis electron-v Appearance
experiment)

NOvA
Ash River

vl

International @
Falls

buuth « L O

MN
* Long baseline neutrino experiment

Minneapolis ®

* Taking data since 2014, ~250 physicists

 AIms to measure v, disappearance and ve
appearance in a v, beam

e 3 parts

 NuMI proton accelerator, target and neutrino beam
ine producing a 2 GeV v, beam (km 0) @ Fermilab

* Near detector (300 tonnes of liguid plastic scintillator,
1 km away) @ Fermilab

* Far detector (14 ktonnes, 810 km away) @ Ash River
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o Coege NuM| beam

 NuMI proton accelerator

I | I I I I | I I I I I I
NOVA Far Detector —V

« Capable of delivering ~850 kW (current record at 893 kW) of 120 GeV
protons

e Collimated to a 1m graphite target

Produces a lot of 7z, which decay into v, 1
NOVA Far Detector —V

—_
o
[6)

e 7 propagate in an intense magnetic field produced by the horns and

decay in the 675 m decay pipe 0 S Neutring ol o (GoV) 15

Neutrinos / m?/ GeV /5 x 10'° POT

—i
o
N

Detectors sit 14 mrad from the beam axis and see v, of energy 2 GeV
(off-axis effect)

—
o
TTTI

e Horn current can be inverted:

e FHC “forward horn current” = neutrino beam o 5 Ne;trilnole:\oeréyl(elevl) T 20

e RHC “reverse horn current” = anti-neutrino beam

Target Focusing Horns Decay Pipe
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NuMI beam
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London

 Near and far detectors are functionally
identical (km 1 and 810)

* [racking calorimeters

 Extruded plastic cells tilled with liquid
scintillator

* Alternate in vertical and horizontal position

Readout

e \Wavelength shifting fibre running s == 7/,

through each cell — i |-

e Avalanche Photodiode readout L

Trajectory

Waveshiftin
Fiber Loop

Neutrino
from — /Zd“
Fermilab 3.9cm ©

NOvVA Cell
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Imperial College N OV A events ®

AN~
3 _ CCv, * Neutrino oscillation formula needs
~ ----- i e v flavour \\//
: B - | . “

E ccv.|l «FE T T

* Detailed images of the neutrino
Charged Current (CC) events @ NOVA

' allows:
d iy NC |
| Y : ; * Event classification = Convolutional
: g - : Neural Network
. N::- = !

Y

; | | - | Energy reconstruction
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oo olege Energy reconstruction

. Muon neutrinos CC: Eyﬂ =Lyt E, ; cCv, |
(calorimetry and range) energy resolution: 9% :

. Electron neutrinos CC: E, = f(Ey, 4, E,) (both e T :
with calorimetric estimation) average energy | S _
resolution: 11% = - - * - ‘ ' =S

' : : ' o] ' CC ve “
 NC interactions: Calorimetry (14~17% resolution) _
j NE.
l.. Y - =
. T et Eat A
N::y- -

10 10° 10° q (ADC)
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Imperial College Why NOVA? ®

Far Detector True E, "'mock study”

AN~

®, X0, X Py, - v,

GROWING FROM THE BIG BANG

of the observable universe

g
2
O
S
3
Q

®, X0, X Py, - v,

dcp =0
250 1 Sop = 1/)2
e Effect of 5CP 200
= 150
* No effect on the v, spectra 2 1001 4 %- er =0
dop =7/
" 15 1 2
e Tiny effect due to matter effect N | 3
| | 1 2E (GeV) : 4 <10
* V. = Ve OScClllations are T
reduced compared to the P ~ 1 — sin®26,, sin? 1278mpl
| . o . (v, = v,) =1 —sm"20,;smn 3 IR ~_
anti-neutrino equivalent at : ; ! ;
: S5 ., : E (GeV) A 2L
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Imperial College Why NOvVA? ®

London Far Detector True E, samples
m? A
_ V3 | V2 80 1 normal ordering
Amgol inverted ordering
| V1 |
Arrn’gfcm ?60
ATn’itm \340_
12 2
2
AmSOl ‘ v 3001 normal ordering 20
M1 I E— va inverted orderin
Ve Y Vr 250 - ; 0] =
Normal ordering Inverted ordering S aw- i éE o 3 :
© e
=150
» Effect of the mass ordering T o0l /
normal ordering
* y, channel (FHC/RHC): moves the oscillation 507 20 inverted ordering
dlp a blt O- 1 2 é 4 "_\15_
. . E (GeV) &
» Disappearance sensitive to |Am?2ay) < 0.
A ;
* Ve channel: changes the normalisation in P ) 1 — sin20,. sin? 1.27Am3,L ;.
. v —v)~1—sin sin
opposite way for FHC/RHC S =3 E .
y 0-
L | | | |
. . . 32
. Appearance sensitive to Am?2s» via matter effect P(t, = v,) = sin” 6,3 sin” 26, ; sin TR J(Ocp) : 1 (Gev) ’ !
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Imperial College Extrapolation

London Simplified view

— ND data
Base Simulation

) Data-Driven Prediction

10° ND Events/1 GeV
FD Events/1 GeV

True Energy (GeV)
True Energy (GeV)

1

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)

 Makes extensive use of the functionally identical detectors

* Basic idea is to unfold the ND spectra to true energy, add oscillation, corrections (beam divergences etc.), and
fold it again to the FD

* Able to drastically reduce systematic uncertainties
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oo oleae -ar detector v, samples >

N O~
v-beam NOVA Preliminary bear NOVA Preliminary beam NOVA Preliminary
40f auertleton ez - | +FD data 5 ol tFodaa
30l 4-FD data T —2020 Bestit %20 ) —2020 Bestfit > — 2020 Best-fit
— No oscillation Background - O 1-0 syst. range O 8 B -+ 1-0 syst. range |
- 20E -0 syst. range | 5-15:— "LJ_'_ Background _ E; : *J_ Background _
S 10§ ! I 2 | I Sef i -
= | t | oop { ‘]’ -]— 1 et at :
— Of s e e : w [ 1 i 4[
% 402— Quartile 3 —— Quartile 4 - 5 ’I +
> - I
Ll

worst resolution _L‘_I_’- — 5 _ _IL . : <].+i+ { _

— I T |
I‘++Illlllll|llll|llll :‘:IITIIIIIIIIIIIIIIIII

: | | | | : : T | | | l E
e SoF— T = foe— =
=044 E o V4t E
_ t 5 0.2 TL | | = 5 0.2F 4 | | E
, , , , , , , o oL 1 | I I I o oL | | I I I
o 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
 Fitted: Enag fraction quantile * Typical dip for the disappearance of (anti-)v.
* Muon [pT] bins are extrapolatec » FHC observed: 211 v, (BG: 8.2)

separately
 RHC observed:105 v, (BG: 2.1)
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Imperial College Far detector ve samples

o Split by PID score from a convolutional neural network
« FHC observed: 82 (BG: 26.8)
« RHC observed: 33 (BG: 14)

v-beam NOVA Preliminary S-beam NOVA Preliminary
30 |||||||| ! ||||||| | | | | 20 ||||||| ! ||||||| | | | |
= - Low PID i High PID - } Low PID i High PID il
) I < | : _
o T ' - - .

qJ B i FD data — | — : . — —
— | —— 2020 best-fit © ] 8_) - ¢ FDdata ; I Wrong sign bkg © -
8_) ool \1/\-/0 syst .rangi o g Q0 B 80 5[~ 2020 best-it Total beam bkg g 2 -
S - [ Wrong sign bkg l —8— (®) % - — i 1-0 syst range . Cosmicbkg © g‘ i
o Total beam bkg ! o é - | | o N
k” i Cosmic bkg a ) O - o -
X - 10+ ]
3 | | " ‘ o 1 -
. — E — - B i a
c:—) 10— | : — {2 B -.-I .
~ B : _ - | |
C T : T - o F _
D | A & u o _

et P | f
i (Gt [om - = -
0 . I;v—=l=. . 51541 . . 0 ‘_%_ . : - . i

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
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rperial College FD systematics )

* Yo Samples are statistically limited — effect of systematics on dcp and 613 IS
negligible

 Main effects for v, samples

e (Calibration and neutrino cross section

NOVA Simulation NOVA Simulation NOVA Simulation
Detector Calibration - —
Neutrino Cross Sections - - —
Neutron Uncertainty § B e
Near-Far Uncor. H B e
Lepton Reconstruction i il o
Beam Flux Il o
Detector Response i i
Systematic Uncertainty R I I
Statistical Uncertainty | [ R e
] ] ] ] ] ] ] ] ] ] ] ] | ] ] ] i ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0.5 0 0.5 ~0.02 0 002 —0.05 0 , 005
Uncertainty in 8/ Uncertainty in sin°6,, Uncertainty in Ams, (x10™ eV
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Imperial College

London Cross section systematics

e (Should be) every LBL neutrino physicist’s nightmare

* Alot of unanswered questions that have a high impact on long baseline
neutrino experiments

* NOVA uses GENIE v3.0.6 as neutrino nucleus interaction generator

* Tuned by the GENIE collaboration and us (so-called N1810j_0211a - — G. Zoller

NINJA" tune) S Rev. Mod. Phys. 84, 1307
31.4
o« /-expansion Quasi-Elastic Form Factor N
p t1.2
* Extra systematics "'3: 1
* Low Q2 suppression Yo
0.8
» Multi nucleon knockout (2p2h/MEC) 0.6
* Final State Interactions (FSI) :
20.4
Y [~ 7 I~ & a 0
o
T 80.2
U Q
W %4 ; / > > 0 T
n ",:L\.,\ p ” - U 10.1 1 10 102
n p p p u g v S (GGV)
QE MEC DIS
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Imperial College

London Disappearance parameters

)

* “Disappearance parameters” = 623 and Am2s2 (l.e. typical
atmospheric parameters first seen by SK)

 Weak preference in upper octant normal mass ordering

 Bayes factor (ratio of steps):

° BFN_O — 2.1
10
° BFU_O — 1.7
LO
Mass ordering
--------------------------------------- o Toftal
Normal Inverted
Upper 41.7% 20.9% 62.6%
Octant
Lower 25.8% 11.5% 37.4%
Total 67.5%  325% = 100%

AN~

N
warrra,,
Ta
.
.

25 |-

.
‘e,
.

~§
Y
~
~ -
- -

-="
------------

- Bayesian Cred, Int.:

- - I
- -

o
o
.

I —) 1 I 1 1 1 1

035 04

0.45 0.5 0.55 0.6 0.65
sin“(0,,)
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o eiom _olege Appearance parameters =

* "Appearance parameters” = 613 and ocp, although they can't be observed without
disappearance parameters...

o Strong correlation between mass hierarchy and dcp
 Normal ordering: dcp = 1.5 r outside the 2 o credible intervals (Cl)

* |nverted ordering: écp = 0.5 7 outside the 3 o ClI

NOVA Preliminary NOVA Preliminary

O

o

S

>
[

I I I I I I I I I I I I I
Bayesian Cred. Int.: .1 o .2 o[ |30

I I I I I I I
Bayesian Cred. Int.: .1 o .2 o |_J|30

o

o

S

o)
[

o

o

o

=~
I

O
o
o
=

0.002 -

o
)
S
N

Posterior Probability Density
Posterior Probability Density

o
o

T “3n on 0

NIa
|
NI
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Imperial College NOVA’'s own 613 parameter measurement ®

London

Both Orderings

N O~

00121 Bayesian Cred. Int: @0 @2 O3] * POSsible to remove the reactor constraint and check the posterior of
= 001 - the 613 from a NOvVA only fit
go.ooa - - B _ e
T 0006 1 ¢ Electron neutrino appearance probabillity Is:
o
S 0.004 : . . 9 . A’77322[4
€ 0.002] J 1 . Py, = v,) = sin“ 0y sin” 20,5 sin i - f(Ocp)

B R . o
P MReactor WLO.WUO- 1 e 50 623 (from vy survival probability) and 613
0151/ ] (from ve appearance probability) should be
anti-correlated
t O S 1 * ve disappearance (reactor neutrino) and
Ve appearance data (NOvA) have high
| e | e appear . ( ) g
0.05 | - degree of consistency
- Bayesian Cred. Int.: —10 -- 20 30 Bayesian Cred. Int.: '
iy, BReactor 1 B, B2 8o
0.4 0.45 0.5 0.55 0.6 0.005 0.01 0.015
Sin°0,, Posterior Probability
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ey College Jarlskog invariant )

e Jarlskog invariant is a measure of CP violation,
independent of the PMNS parameterisation

_ 2 ° ' i j
+ J = c0s 0,08 0308 O3 5in O}, s1n O3 51 O3 51N Ocp Both Orderings NOVA Preliminary

" Prior uniform in si'n(SCPj ' ‘Bayesian Cred. Int.: .
0.01  Pio 20 30 ]

e Basic idea:

e J=0— CPis conserved

e J=0 — CPis violated 000571

« NOVA has weak sensitivity to J, so the choice of
prior matters

()

0.02
| Prioruniformind,, ~ : 0
o [lat prior in 5CP—>J::Omore preferred -0.04 -0.02 0 0.02 0.04

« Flat prior in Sin op (related to what we see)

Posterior Probability Density

. BFsz0 = 1.5 (from the Savage-Dickey method)

J=0
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o 0 eg€ Conclusion

* Analysis of the NOVA data shows

e No deviation from PMNS 3 neutrino flavour model

 Marginal preference tor the upper octant of 823 and normal neutrino mass ordering

 No hints of CP violation in the neutrino sector

e Future of NOVA

 More POT: we analysed 26x1020 POT, collected 12x1020 since 2020 dataset, and should get
around 60x1020 py the end of NOVA

e Jest beam

e Joint analysis with T2K

Thanks for your attention!
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Backup
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London ¢0° Jarlskog invariant

Sign of J is governed by the sign of sin op

* |ninverted ordering: 2 o exclusion of J = 0

* |In normal ordering no exclusion of J =0

- NOVA Prellmlnary - NOVA Prellmlnary
= 0010 2

‘D - Prior uniform in sin(d,p) BayeS|an Cred. Int.: "D - Prior uniform in sin(6.p) BayeS|an Cred. Int.: .
S . @ @2 [O% S 001F . Bc @2 @8
O a i : l
> | >

= 0.005 = -

Q i S 0.005

© ©

Qo Qo

S S

al . 0 "

- v w U

2 : O _

o 001 _ S 001]

S 002 | 5 3 % E

Q- | Prior uniformin § : Q- 0.02 |- Prior uniformin 8, .

004 002 0 o002 o004 004 002 0 0.02 0.04
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Reactor constraint )

N O~ o\

e Jypically long baselir

measurement on 613 to enhance their sensitivity

e neutrino experiment use the reactor neutrino experiment's

'O OCP

With reactor constraint Without reactor constraint
Both Orderings NOVA Preliminary Both Orderings NOVA Preliminary
0.65_""|" -+ r T T 1 T T 1 T ] 0.65""|""|""|Illl
0.6 | 0.6 [ronramansasaneazacaasazaeecy
055 055
&~ 05 E 05
- -
= =
0.45 0.45
04l WY e —————— ——
L L Bayesian Cred. Int.: —10 20 =30 ]
i [ ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! L
0.35 0.35 : < 3 o
2
Ocp
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Imperial College Why NOvVA? ®
London Far Detector True E, samples

True variables

300
= max Mmixing 80 1 m—Max Mmixing
» Effect of the octant (623 bigger or smaller than 45°) =] pper octan’ upper octan
— 200 — 007
» Same effects in FHC/RHC & x
150 —
S < 40
* vy Cchannel: O 00 -
20 1
« Maximal disappearance at 623 = 45° any movement o0
away from that = v, disappear less 0 0
1 2 3 4 1 2 3 4
. Disappearance o sin’ 20,, E (GeV) E (GeV)
P, - v )Xo, XO P, - v)Xo, X
* s channel: ( H //‘) Vi vy ( Iz e) Ve v,
- ., L27TAm3,L
» Sensitive to octant Py, = v,) =~ 1 —smn"20,;sn 3

2L

. ) . . . m
Appearance o« sSin” 65, P, —v,) =~ sin” 6, sin” 26, ; sin 4;2 + f(Ocp)
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rberial College Fhag extrapolation )

Reconstructed Neutrino Energy (GeV)

x10

300

200

100

x10°

800

600

400

200

* Energy reconstruction depends on the
hadronic energy fraction

o Split the hadronic energy fraction in
quartiles

o Extrapolate ND — FD each of them
iINndependently
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opeia College o7 extrapolation )

N O~ o\
| | v Beam NOVA Preliminary
e ND and FD have different sizes 0.20—————— T T
i —4+— ND Data v, +V, CC Sel. _
, , —— NDMC v, +V, CC Sel. -
e [ransverse muon momentum is different 2osf —— FDMC v, +¥, CC Sel. -
= :
>
e Separate into 3 prt bins and extrapolate 5. F
each of them independently s |
@)
©
v Beam NOVA Simulation L 0.0517
I NearDdtector | [ ] e
:VM+VMCCSeI. | 5
L Quatrtile 2 S 0.00 L L L
1.5 — 0.0 0.5 1.0 1.5
‘ i ?03 Reco ‘Bt‘ (GeV)

Near Det.

Reco ‘52 | (GeV)

0.5

_—
: . 2 - . Far Det.
| 1
0.0 —- R R B J 1
0 1 2 3 4 5

Reco E, (GeV)
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mperial College Detector Calibration )

 Done with cosmic muons e Limitation
* Select stopping muons  Hadronic energy deposition is quite different
from MIP!

e Measure distance from the end of the track

 Hoping that the test beam can help us
 Compare dEdx for MC and data and adjust

* Note these are plots from 2017! Got better since

NOv A Preliminary NOvA Preliminary

B I ] m 2N L N L
50000 - 80000/ a
_§ 40000:— — FD Data _: _§ eoooo__ :I: — FD Data B
s — FD MC ‘ S — FD MC -
2 30000 — 2 I
& i S 40000 .
= 20000[- B c i
2 - %) -
T : T 20000|— -
10000 — :
0: T N e —— 0— | o : S
0 20 40 60 80 0 2 3 4 5 6
Corrected response / cm Calibrated dE / dx (MeV/cm)
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e Colege Multi-nucleon knockout

0

. 1.2 : . 1.2 : .
* oMec Needs a huge increase to l l
. 11~ No NOvA Weights 0.6 11—~ NOvA 2020 Tune
agree with ND data | woeme | woeme 1N
> 08} - > 08} - *
D . ) -
. . o » 04 o o » o
* Not theory motivation oo 08 & > o 20
= (= = (=
( ) ' : 0'4» 0.2 - : 0'4, -
e “Good” answer requires a lot of . | ~ |
work from both phenomenology : :
: % 02 04 06 08 12 O % 02 04 06 08 12 O
;
and experiment data e [l (GeV) e [l (Gew)
- L B B BN LA I L L L IR
251~ No NOVA Weights  Neutrino Beam ] 25— .. Detault GENIE Neutrino Beam -
" i v, +Vv, CC Selection _ - Nova2020Tune v, + Vv, CC Selection
V,J u 20__ ¢ ND Data ] 20__ ¢ ND Data _
i [ JMEC i i [ IMEC i
O 15 - [ ] Res — O 15 [ JRES —
| T i - []Dis i _’ T = []DIS i
| 5 i B Other i 5 [ it . I Other
' = 10} - ~ 10
ME S 5
N N' O P T [T T T I T T T 0 nn_ g n o q n o q i n g
N 0 01 02 03 04 05 06 0 01 02 03 04 05 06
Visible E,_, (GeV) Visible E, _, (GeV)

GENIE NOvVA's GENIE
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o Coege Fvent classification

* Preselection
e Quality cut (detector was running normally)

* (Contained cut (nothing seems to be exiting
the detector)

o Cosmic rejection Boosted Decision Tree (the
event doesn'’t look like a cosmic ray)

 PID with Convolutional Neural Network
(CNN)

* Jopology-based algorithm
 High purity samples

Plerre Lasorak

Convolution Convolution
5x5 stride 2 5x5 stride 2
32 filters 32 filters

Bottleneck Block Bottleneck Block
CRIGIES x1 16 filters x1

Average Pooling Average Pooling
2X2 2Xx2

Bottleneck Block
24 filters X2

Bottleneck Block

24 filters X2

Elementwise
Maximum Pooling

| 1x1 Convolution

Average Pooling 6Xx expansion
2x2

Depth-wise
3x3 Convolution

1x1 Convolution

Averagze 2Poo|ing Bottleneck Filters
X

Bottleneck Block
48 filters x4

Bottleneck Block
64 filters X3

Average Pooling

2x2

Bottleneck Block
96 filters X3

Bottleneck Block
160 filters x1

Global Average
Pooling

Dense Layer
1024 Units

Dense Layer
4 Units
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o 0 eg€ Fvent classification

Convolution Convolution
5x5 stride 2 5x5 stride 2

® P re S e ‘ e Ct | O n 32 filters 32 filters

e QU

Cosmics
e CO

the

-V NC

‘e-Excite

Ve CC i

®
vy, CC

pense Layer
1024 Units

Dense Layer
4 Units
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o 0 eg€ Fvent classification

Convolution Convolution
5x5 stride 2 5x5 stride 2

® Prese ‘ eC'“O n 32 filters 32 filters

e QU

Cosmics

¢ Co ‘
th r = _-__------:
W g :
} B Vx N C E
e CO E
of ' E
=\V/- _ | E
) .:1 ‘e-Excite
A
e — B ve CC I

« PID|| __
o C O ). ,‘ﬁ.‘&' R SR ¢ |
)
] - 4 ! .
O

pense Layer
1024 Units

Dense Layer
4 Units
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o 0 eg€ CVN confusion

Color is efficiency NOVA Simulation

Cosmic -

K, NC -
QO
©
-
©
Q
G
@
. B 04
o Nue -
- 0.2
Numu
. . 0.0
Numu Nue NC Cosmic
True Label
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