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Details of the NOvA Oscillation Analyses Erica Smith, for the NOvA Collaboration

1. Introduction

NOvA is a long-baseline neutrino oscillation experiment that uses the NuMI beam from Fermi-
lab. The NOvA detectors are functionally identical tracking calorimeters; the Near Detector (ND)
measures the flavor content and energy spectrum of the beam before neutrino oscillations and the
Far Detector (FD) measures the oscillated neutrino energy spectrum. The ND is 290 tons, located
1 km from the source, and has a 100 m overburden. The 14 kton FD is located on the surface
810 km from the source in Ash River, MN. The detectors are made of extruded PVC cells filled
with liquid scintillator; the cells are assembled into planes and stacked in an alternating fashion to
allow for 3D reconstruction of events. The detectors are placed 14.6 mrad off-axis of the beam,
resulting in a narrow band beam that peaks at 2 GeV, putting NOvA just above the first oscillation
maximum for electron neutrino appearance and above the visible energy of most neutral current
(NC) backgrounds.

By measuring muon neutrino disappearance at the FD, we can make precision measurements
of the mixing angle θ23 and ∆m2

32; observation of electron neutrino appearance allows us to probe
the mass hierarchy and CP violation, and determine the octant of θ23. These proceedings describe
the event selection, energy reconstruction, and background estimation for the most recent charged
current (CC) analyses which use a dataset of 8.85E20 protons on target in neutrino mode and
6.91E20 protons on target in antineutrino mode.

2. Event Selection

NOvA’s νeCC and νµCC event selection is performed with a convolutional visual neural net-
work (CVN) [1]. CVN is trained on the top and side 2D views of the event’s calibrated hits. The
network trains on each view separately for a given event and the last network layer combines the
neural output from the previous stages in a conventional neural network to form an event classi-
fication. This method yielded an effective increase of 30% exposure from previous methods. To
account for differences between neutrino and antineutrino events, we use separate trainings for
each mode, increasing efficiency in antineutrino mode by up to 14%.

Two data-driven techniques are used to test the robustness of this method. The first, muon-
removed electron-added (MRE), relies on the large statistics sample of νµCC events in the ND.
We select νµCC candidates in data and Monte Carlo (MC), remove the muon, and add a simulated
electron, leaving the hadronic portion of the event intact. We compare the νeCC event selection for
the MRE procedure performed on data and MC. This test allows us to ensure the selection of νeCC
events does not change with the hadronic portion of the event, and also reassures us that if there
are differences in hadron reconstruction between data and MC, we will still select νeCC events
properly. Selection efficiency in neutrino (antineutrino) mode agrees within 3% (2%).

The second data-driven technique used to test CVN is muon-removed bremsstrahlung, or MR-
Brem. This method uses the large statistics sample of cosmic-ray muons at the FD. For cosmic-ray
muons that produce bremsstrahlung, the muon is removed, leaving the electromagnetic shower.
We expect the νeCC selector to respond to these electromagnetic showers in the same way in data
and MC, and the selection efficiency for data and MC agrees within 2% for both neutrino and
antineutrino modes.
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3. E n e r g y R e c o nst r u cti o n

3. 1 ν µ C C

I n ν µ C C e v e nts, n e utri n o e n er g y is t h e s u m of t h e m u o n e n er g y, c al c ul at e d b y c o n v erti n g tr a c k

l e n gt h t o e n er g y, a n d t h e h a dr o ni c e n er g y, c al c ul at e d b y c o n v erti n g visi bl e c al ori m etri c e n er g y t o

tr u e e n er g y. M u o n e n er g y r es ol uti o n is ∼ 3 % a n d h a dr o ni c e n er g y r es ol uti o n is ∼ 3 0 %. Os cill ati o n

s e nsiti vit y f or ν µ dis a p p e ar a n c e d e p e n ds o n t h e a bilit y t o s e e t h e d e fi cit of e v e nts i n t h e ν µ e n er g y

s p e ctr u m at t h e F D; p o or e n er g y r es ol uti o n c a us es e v e nts t o f e e d i nt o t his r e gi o n. T o a v oi d d e gr a d-

i n g t h e s p e ctr u m m e as ur e d usi n g hi g h r es ol uti o n e v e nts b y e v e nts wit h l o w e n er g y r es ol uti o n, w e

s e p ar at e o ur hi g h a n d l o w e n er g y r es ol uti o n e v e nts; b e c a us e t h e h a dr o ni c e n er g y r es ol uti o n is m u c h

l ar g er t h a n m u o n e n er g y r es ol uti o n, w e c a n esti m at e n e utri n o e n er g y r es ol uti o n wit h t h e fr a cti o n

of h a dr o ni c e n er g y i n a n e v e nt. We s plit t h e n e utri n o e n er g y s p e ctr u m i nt o q u artil es b as e d o n t h e

h a dr o ni c e n er g y fr a cti o n a n d e xtr a p ol at e e a c h q u artil e t o t h e F D s e p ar at el y. Alt h o u g h t h e pri m ar y

m oti v ati o n w as t o i m pr o v e t h e e n er g y s p e ctr u m r e c o nstr u cti o n, t his pr o c e d ur e als o is ol at es t h e m a-

j orit y of t h e b a c k gr o u n d i n q u artil e 4, w hi c h i m pr o v es t h e N C s yst e m ati c i m p a ct b y a f a ct or of 2- 4.

Tr e ati n g e a c h q u artil e s e p ar at el y als o all o ws f or b ett er e xtr a p ol ati o n of cr oss s e cti o ns [ 2 ].
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Fi g u r e 1: N e utri n o e n er g y s p e ctr u m f or ν µ -s el e ct e d e v e nts i n t h e N D, s e p ar at e d b y q u artil e. ( F ar l eft)

Q u artil e 1 h as t h e l o w est h a dr o ni c e n er g y fr a cti o n a n d t h us t h e hi g h est e n er g y r es ol uti o n a n d (f ar ri g ht)

q u artil e 4 h as t h e hi g h est h a dr o ni c e n er g y fr a cti o n a n d l o w est e n er g y r es ol uti o n, f or (t o p) n e utri n o m o d e

a n d ( b ott o m) a nti n e utri n o m o d e. D at a ar e s h o w n i n bl a c k, t h e p ur pl e li n es s h o w t h e ar e a- n or m ali z e d M C,

t h e li g ht p ur pl e r e gi o ns s h o w t h e s h a p e- o nl y s yst e m ati c, a n d t h e gr e e n is wr o n g-si g n c o nt a mi n ati o n (ν µ f or

n e utri n o b e a m a n d ν µ f or a nti n e utri n o b e a m).

3. 2 ν e C C

I n ν e C C e v e nts, n e utri n o e n er g y is a c o m bi n ati o n of t h e el e ctr o m a g n eti c e n er g y a n d t h e

h a dr o ni c e n er g y. T h e c al ori m etri c e n er g y of e a c h p o p ul ati o n is c o nsi d er e d s e p ar at el y b e c a us e t h e

d et e ct or r es p o ns e is diff er e nt f or el e ctr o m a g n eti c a n d h a dr o ni c e n er g y. T h e s e p ar at e c o m p o n e nts

ar e i d e nti fi e d wit h a v ersi o n of C V N t h at f u n cti o ns as a p arti cl e i d e nti fi er. T his C V N, c o m pl et el y

i n d e p e n d e nt of t h e e v e nt s el e ct or, is tr ai n e d o n f o ur i m a g es as i n p ut: t h e p arti cl e tr a c k a n d t h e

f ull e v e nt f or c o nt e xt, f or t h e t o p a n d si d e d et e ct or vi e ws. El e ctr o m a g n eti c e n er g y is t a k e n t o b e
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t h e c al ori m etri c e n er g y of all C V N-i d e nti fi e d el e ctr o ns a n d p h ot o ns, a n d t h e h a dr o ni c e n er g y is

t h e diff er e n c e b et w e e n t h e t ot al c al ori m etri c e n er g y of t h e e v e nt a n d t h e el e ctr o m a g n eti c e n er g y.

T h e n e utri n o e n er g y c al c ul ati o n is a q u a dr ati c fit t o t h e el e ctr o m a g n eti c a n d h a dr o ni c e n er gi es,

E = a E E M + b E h a d + c E 2
E M + d E 2

h a d . D uri n g tr ai ni n g, w e w ei g ht t h e e v e nts b y a f u n cti o n t h at fl at-

t e ns t h e tr u e e n er g y s p e ctr u m t h at is i m pli cit i n t h e si m ul ati o n, w hi c h mi ni mi z es t h e bi as i n e n er g y

r e c o nstr u cti o n b et w e e n 1- 4 G e V. T h e r es ulti n g ν e e n er g y r es ol uti o n is 1 0. 7 % ( 8. 8 %) i n n e utri n o

( a nti n e utri n o) m o d e.

4. B a c k g r o u n d Esti m ati o n

Os cill ati o n s e nsiti vit y f or ν e a p p e ar a n c e d e p e n ds o n s e p ar ati n g si g n al fr o m b a c k gr o u n d. T o

a c hi e v e t his s e p ar ati o n, w e bi n t h e ν e e n er g y s p e ctr u m i n t hr e e p arti cl e I D ( PI D) bi ns, t w o c or e

a n d o n e p eri p h er al, a n d ni n e e n er g y bi ns; PI D bi n ni n g s e p ar at es t h e s a m pl e b y p urit y, a n d e n er g y

bi n ni n g s e p ar at es a p p e ar e d ν e fr o m b e a m ν e . C or e e v e nts ar e t h os e t h at p ass pr es el e cti o n a n d

c os mi c r ej e cti o n c uts at t h e F D. P eri p h er al e v e nts f ail eit h er pr e-s el e cti o n or c os mi c r ej e cti o n b ut

p ass a ti g ht s el e cti o n c ut a n d a s e c o n d ar y c os mi c r ej e cti o n; n o e n er g y r e c o nstr u cti o n is p erf or m e d

f or t h es e e v e nts.

R e c o n str u ct e d N e utri n o E n er g y ( G e V)

1

2

3

4

5

 
P

O
T

2
0

1
0

×
 

Ev
e
nt

s 
/ 

8.
0
3

3
1
0

L o w PI D Hi g h PI D

1 2 3 4 1 2 3 4

N O v A Pr eli mi n ar y

N D d at a

T ot al M C

N C

 C Cµν

 C Ceν

 C Cµν

 C Ceν

U n c orr. M C

N e utri n o M o d e

R e c o n str u ct e d N e utri n o E n er g y ( G e V)

0. 2

0. 4

0. 6

 
P

O
T

2
0

1
0

×
 

Ev
e
nt

s 
/ 

3.
1

3
1
0

L o w PI D Hi g h PI D

1 2 3 4 1 2 3 4

N O v A Pr eli mi n ar y

N D d at a

T ot al M C

N C

 C Cµν

 C Ceν

 C Cµν

 C Ceν

U n c orr. M C

A nti n e utri n o M o d e

Fi g u r e 2: N e utri n o e n er g y f or ν e C C-li k e e v e nts i n t h e N D i n (l eft) n e utri n o m o d e a n d (ri g ht) a nti n e utri n o

m o d e f or hi g h a n d l o w PI D bi ns, br o k e n d o w n b y c o ntri b uti o n. D at a ar e i n bl a c k; u n c orr e ct e d M C is

i n di c at e d b y d as h e d li n es a n d c orr e ct e d M C b y s oli d li n es. R e d is t ot al M C, bl u e is N C, d ar k gr e e n is

ν µ C C, li g ht p ur pl e is ν e C C, li g ht gr e e n is ν µ C C, a n d d ar k p ur pl e is ν e C C. M C is s c al e d t o m at c h d at a;

i n n e utri n o m o d e, b a c k gr o u n d c o ntri b uti o ns ar e s c al e d b y t w o d at a- dri v e n t e c h ni q u es, w hil e i n a nti n e utri n o

m o d e, b a c k gr o u n d c o ntri b uti o ns ar e s c al e d pr o p orti o n all y.

At t h e N D, all ν e -s el e ct e d e v e nts ar e b a c k gr o u n d as n o os cill ati o ns h a v e o c c urr e d y et. T his

ν e -li k e p o p ul ati o n is us e d t o c o nstr ai n b a c k gr o u n ds f or ν e a p p e ar a n c e at t h e F D. B e c a us e e a c h

b a c k gr o u n d h as diff er e nt ori gi ns a n d will e xtr a p ol at e diff er e ntl y t o t h e F D, w e n or m ali z e t h e M C

t o m at c h d at a i n a w a y t h at t a k es i n di vi d u al b a c k gr o u n d c o ntri b uti o ns i nt o a c c o u nt. A first or d er

s ol uti o n is t o s c al e u p e a c h b a c k gr o u n d b y t h e s a m e f a ct or u ntil d at a a n d M C a gr e e, w hi c h is t h e

m et h o d us e d f or a nti n e utri n o m o d e. F or t h e n e utri n o m o d e, w e c o nstr ai n b a c k gr o u n ds usi n g t w o

d at a- dri v e n t e c h ni q u es usi n g N D d at a. T h e first t e c h ni q u e d e c o m p os es i ntri nsi c b e a m ν e fl u x i nt o

c o ntri b uti o ns fr o m its h a dr o ni c p ar e nts. Pi o n d e c a ys m ostl y r es ult i n l o w er e n er g y n e utri n os w hil e
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kaon decays mostly result in higher energy neutrinos. Because νes and νµs have the same parents,
we can use contained νµ data to constrain the pion flux, and higher energy uncontained νµ events to
constrain the kaon flux. We see a deficit in the MC for the νµ energy spectrum for νµs from a pion
parent and an excess for νµs from a kaon parent, so we scale the contributions from pion parents
up and from kaon parents down; this scaling is then applied to the pion and kaon contributions to
the beam νe flux. The second technique constrains NC backgrounds by looking at Michel electron
multiplicity. Due to the pion decay chain we expect to have an enhancement of νeCC events when
there are no Michel electrons, and a higher number of NC events as the multiplicity increases. For
a given number of Michel electrons, we find the ratio between NC and CC events, then scale the
MC to the data based on this ratio. Both methods are done separately for every PID and energy bin.

5. Summary

NOvA uses a convolutional visual neural network (CVN) for event selection, which gives an
effective 30% increase in exposure over traditional methods. The robustness of this event selec-
tion is tested with two data-driven techniques, which show a data/MC agreement to within a few
percent. Muon energy is calculated from the track length, and the hadronic energy is calculated
from the visible calorimetric energy; neutrino energy is taken to be the sum of these quantities. For
νeCC events the electromagnetic and hadronic populations are selected using a version of CVN
that serves as a PID, and the total energy is a quadratic sum of the calorimetric energies of these
populations. Backgrounds for the νeCC appearance at the FD, such as intrinsic beam νes and NC
events, are estimated using data from the ND and extrapolated to the FD separately.

References

[1] A. Aurisano et al., JINST 11, P09001 (2016).

[2] J. Wolcott [NOvA Collaboration], PoS NUFACT 2018, 098 (2018).

4


