Neutrino Interactions Systematics
and the
Fermilab Short-Baseline Neutrino Program

Joseph Zennamo,
University of Chicago, Enrico Fermi Institute

Nulnt 2015, Osaka, Japan
November 17th, 2015

Rxd THE UNIVERSITY OF

v CHICAGO




oo Ve proionoeanr
LANSCE accelerator

N * \We have many hints for
‘ aeC;(:argeertbeamsto 1t .

@\pp : additional neutrino states from a
2N LSND Detector , V al’l ety Of e Xperl ment S

* [wo accelerator based
experiments have inspired the
Short-Baseline Neutrino program

K LSND, scintillator detector
L - Woronr experiment at the Los Alamos
j pron MNP g | LANSCE accelerator in the 90's
| @ | - MiniBooNE, Designed to
i follow up on LSND using a

different baseline and energy
but same L/E

¢ f . e

J. Zennamo, UChicago



Phys.Rev. D64 (2001) 112007

[/} =
0 r— —
g): 17.5 V'u % VG? ® Beam Excess
Lé 1 5:, B p(\’/“—ﬁ'e,e*)n
§ 1251 B pw,e)n
10 -
751 u
5 7 —e—
25}
0 L ——

04 06 0.8 1 1.2 14
L/E, (meters/MeV)

Phys.Rev.Lett. 110 (2013) 161801
% | € - . D.ata staglerr —

* Both of these experiments found
excesses of electron-like neutrino
iInteractions in beams composed
mostly on muon neutrinos

* They had very different systematics

e |LSND relied on inverse beta
decay and used a stopped-pion
neutrino source

 MiniBooNE studied “CCQE"
events using a pion-decay-in-
flight beam with a peak energy of
300 MeV
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Can be interpreted as
oscillations by including one
additional neutrino with a
mass around 1 eV

[ SND and MiniBooNE
both have significances
around 3o for this
Interpretation

This interpretation of the
data leaves a fairly large
amount of parameter space
to explore




Short-Baseline Neutrino Program

(EJNPY =800 MeV

AND T

YR ™

112t Active Mass §
_110m Baseline |

| 89t Active Mass |

476t Active Mass §
L 500m Baseline |

* We hope to provide a definitive answer to the question of
sterile neutrinos with masses around 1 eV
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Atmospheric Neutrino

Mixing Scale | P ro g ra m

L/E = 500 km/GeV

Sterile Neutrino
Mixing Scale

L/E ~ 1 km/GeV

(EJNPY =800 MeV
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* [hanks to this large mass splitting we can situate three
similar detectors along a short-baseline and decouple
ourselves from standard three neutrino oscillations
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Short-Baseline Neutrino Program Status

..........
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| Started delivering
Commissioned and data taking | neutrinos Oct. 15th!

has commenced!

%
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iy (, S TARGET
- ‘}\ .' <,'o

ST weee e X ?
T | [ Detector and cryostat design
Building construction and detector are quickly maturing with
refurbishment are fast underway! large international collaboration

First T300 in Cleanroom at CERN
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Short-Baseline Neutrino Program Status

Started delivering
neutrinos Oct. 15th!

K10

o

Building construction and detector
refurbishment are fast underway!

First T300 in Cleanroom at CERN
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\ssue with E\eetron Appearance

One iIsSsue that plagues
appearance measurements are
electromagnetic backgrounds not
coming from electron-neutrino

INnteractions

* BNB energies: m9—=yy or A—=Ny

 LArTPCs provide two handles to
suppress these backgrounds

* Thanks to the spatial resolution of

the detectors we wil
resolve the small ga
vertices and photon

J. Zennamo, UChicago
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Liquid Argon T|me PrOJectlon Chambers

> ,

. An additional handle for _g :: 'T' R C IR
- rgoNeu —— electrons =

electron-photon separation 035 RA M
comes from the calorimetric —
information of the shower " -
O [ e ———— o -

v — et +e T o T T it

Energy Deposited, dE/dx [MeV/cm]

 [Thanks to this calorimetric £ GEANT4 MC predictions
. . S 35 ArgoNeuT ___ proton
information LArTPCs also have 2 | Y, o
powerful PID capabilities 5ol
 This allows us to carefully
characterize the hadronic oo
final state L —— e
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Searching For Oscillations
 Electron Appearance =~ Muon Disappearance -

: Accepted

e
No Gap g ‘

’ Rejected Gap |

(Photon like

shower) C. Adams, Yale §

 \WWhen we select events we do so on a topological basis

* For example, relying on gaps between showers and
vertices to suppress photon induced backgrounds

J. Zennamo, UChicago 13




Search atons
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- T600, 6.6e+20 POT (600m) -y,
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SearchmFor Osmllaﬂons
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* Jo Iinterpret any appearance signal as oscillations we should
also be able to observe muon neutrino disappearance

Fairly background free but oscillation effects can be small
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We need to address a host of systematic uncertainties before
we can address how confident we are in observing any signal

- Background Systematics

e Beam induced, detector |

external - highly
detector specific

e Cosmic Induced -

surface detectors, so we |

can measure this
background to high
accuracy

J. Zennamo, UChicago

- Flux Uncertainties

 Dominated by hadron
production uncertainties,
also includes focusing
effects and secondary
iInteractions

- Cross Section Uncertainties

e Study systematic variations
of neutrino interaction
models

16



Estimating Systematics
l F|UX U"CGTtalntleS-‘-' .’ __Phs th0720' (09) 1

Relied on the MiniBooNE flux uncertainty framework to help us
accurately account for these systematic variations

- Cross Section Uncertainties

Used GENIE event reweighing package to vary the normalization
systematics that would most affect our class of events

Parameter Description 1o Uncertainty (%)
MXCQE Axial mass for CC quasi-elastic -15%+25%
MECRES Axial mass for CC resonance neutrino production +20%
My NCRES Axial mass for NC resonance neutrino production +20%
Rg,ffcm Non-resonance background in vp, CC 17 reactions. +50%
Rg,fécmﬂ Non-resonance background in vp, CC 2w reactions. +50%
RZ,:ZCCIW Non-resonance background in vn, CC 17 reactions. +50%
RZ,ZZCC% Non-resonance background in vn, CC 27 reactions. +50%
RZ,fS’JNCIW Non-resonance background in vp, NC 1w reactions. +50%
RZIZ’JNC% Non-resonance background in vp, NC 27 reactions. +50%
R, S;NCM Non-resonance background in vn, NC 17 reactions. +50%
R, S;NC% Non-resonance background in vn, NC 27 reactions. +50%
NC Neutral current normalization +25%
DIS-NuclMod DIS, nuclear model Model switch

J. Zennamo, UChicago 17



How to Estimate Impact of Systematics

* Create a large number of “universes” by randomly drawing a
variation for each of the systematic variables from a gaussian
centered at the mean for each parameter with a width of 1o

* Using these universes we can then estimate the overall
uncertainties and in the end estimate our sensitivity

e

Error Matrix Definition

n

1 | |
Eij:gZ[ch Npn] X {Név—]\%}

]

X2 a2 Z [Ngzull o NZ-OSC} (Eij)—l [N]null £d NJQSC}

J. Zennamo, UChicago i,7 Sensitivity Surface Definition 18




Correlation Matrices
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Correlation Matrices
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Flux and Cross Section Correlation Matrices

Protons




Oscillation Sensitivities

Electron Appearance
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Muon Disappearance

1 02 — vmode, CC Events s <
[ Stat, Flux, Cross Section Uncerts. o
— Reconstructed Energy
~ 80% v, Efficiency ST
| Shapeand Rate N\ .o
10 T
15
i 90% CL
i —— 3oCL
10—1 — 50 CL
- e MiniBooNE + SciBooNE 90% CL
_ SBND (6.6 x 10%° POT)
MicroBooNE (1.3 x 10#' POT) and T600 (6.6 x 10?° POT)
] IIIIIII| ] IIIIIII| ] I T I I
_3 _ _
10 107 107
n 22
sin“20

uu




Electron Appearance
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etet@ryStematlcs

One uncertamty that was not
addressed Is the detector-to-
detector differences

e All three are LArTPCs but
can have differences Iin
wire-orientation, electric
flelds, etc which can
iIntroduce uncorrelated
uncertainties

 We need to keep detector
systematics at the 2-3%
range otherwise they will
degrade our sensitivities

J. Zennamo, UChicago
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_~adaitional

 We have shown that cross section normalization uncertainties
will not hamper our abillity to resolve an oscillation signal

e |t we find a signal we will want to interpret it within the
osclllation parameter space

e Systematics which affect our neutrino energy reconstruction
will bias our measurement of these parameters

* All SBN detectors are on the surface so associating neutron
scatters with the primary neutrino interaction could be difficult

ArgoNeuT

J. Zennamo, UChicago 25



Neutrmo Energy Reconstructlon

. LAr PCS enable the use of multlple EV defmltlons

* Each definition of the neutrino energy will be sensitive to
different systematics

CCQE-Assumption Calorimetric Method

m2

_
ES?E _ mNEM 5 EgalO — E,u _|_ § Tp
my — L, +p, cosb,

Calorimetric Method with Missing pT [rhysRevps, @01
EgaleLp(T = Ly, + Z Ip + Lsep + \/}V/TQ _MEX np — MA—np

Unaffected Slightly Biased Highly Biased

J. Zennamo, UChicago 26



Neutrmo Energy Reconstructlon

. LAr PCS enable the use of multlple EV deﬁmhons

e Each definition of the neutrino energy will be sensitive to
different systematics

CCQE-Assumption Calorimetric Method
E,?E: mNEM_% Egalo _ E,u _I_ZTP

my — b, —I—pIuCOS@

Unaffected olightly Biased Highly Biased

J. Zennamo, UChicago 27



INitlal Nucleon Momentum

F. Berruto, et al. ‘
Phys.Rev.D73 (2006)

| BNB Flux §

e

I

D/50MeV/m2/1 0%POT

.......

 The BNB produces
fairly low energy I e B \ ;
neutrinos, with a peak  t———r () 000200700 i 500600 7000
energy of ~800 MeV

w0,

(D(V)LAH N

Ecalo—l— v Takes into account
1% momentum imbalance

* |fthe nucleon we
scatter off has a
sizable local
momentum It can bias
the energy calculation

Ecal 0) Introduce or reduce
1 energy from the system

EQ E = Assumes stationary
~v nucleons for QE

J. Zennamo, UChicago 28



I\/\ulh—nuc\eon Correlat|ons

. I\/IuIt| nucleon Correlatlons
will change the final state
composition and
introduce additional final
state energy

e [arge sample of neutrino
interactions in SBND to
estimate the magnitude
of this eftect

By correcting for the
L calo+yr missing pr these event
v will be balanced

" The introduction of energy
not due to the neutrino
will introduce a bias

Understanding which
observables are most
sensitive will allow us to
constrain them better

J. Zennamo, UChicago

Assumes scattering of
single nucleon
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Fina

* Final state interactions will
play two important roles in our
measurement

* |t will modulate the energy
of the hadronic side of the
iINnteraction

* Modify the shape and
composition of the Ecalo—l—p/T
backgrounds that we v
expect to see

Missing energy creates
a bias but missing pr
correction reduces impact

No missing pr correction
so full impact on missing
energy

* LArIAT will measure these
effects, scaling can then be

.applled. 0 move the If the event is truly CCQE
iInteraction into the nuclear EQE then only the lepton matters

medium v but could hide true topology
J. Zennamo, UChicago 30




 While we will have a large data a jz

sample to validate all of our .
background predictions having

a robust and mature estimate N

10

of those backgrounds will be
hugely important

* This includes having the £
various backgrounds included ™
in our generators with realistic ..
branching ratios of the
resulting hadrons

J. Zennamo, UChicago
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Conclusions

102 - . =
g = Te0,66es20p0Te00m) | ®  [NE Near detector allows us to
B T MicroBooNE, 1.32e+21 POT (470m) .
i i SBND, 6.6e+20 POT (100m) COﬂStI’aI N maﬂy Of the
10 E_ o v mode, CC Events ”TteraCtIOH SyStemaUCS aﬂd
—~ - 5% v, Efcioncy allows high statistics
> B ﬁﬁﬂ. Stat., X-Sec., Flux, Coimlc;::; D|I:r|':
O P measurements of background
o s ,y///// - 90% CL
£ Ty, hannels
< % secr c
7 B + Thanks to the LArTPC
ey technology we can rely on a
10-2 Lol Lol Lol [ AN Varlety Of neutrlno energy
107 107 1072 107" 1

sin2 6, reconstruction methods

Understanding impact of systematics associated with Ey biases
are essential to properly interpret any observed oscillation signal

J. Zennamo, UChicago 32



* The ICARUS-WA104 Collaboration

M. Antonello’, B. Baibussinov®, V. Bellini®, P. Benetti®, S. Bertolucci®, H. Bilokon", F. Boffelli*, M. Bonesini", J. Bremer®, E. Calligarich®, S. Centro®,
A.G. Cocco”, A. Dermenev®, A. Falcone®?, C. Farnese®, A. Fava®, A. Ferrari®, D. Gibin*, S. Gninenko®, N. Golubev*, A. Guglielmi*, A. Ivashkin®,
M. Kirsanov®, J. Kisiel*, U. Kose®, F. Mammoliti’, G. Mannocchi”, A. Menegolli*?, G. Meng*, D. Mladenov’, C. Montanari*?>, M. Nessi®, M. Nicoletto*,
F. Noto®, P. Picchi®, F. Pietropaolo®, P.Ptlonski®, R. Potenza’, A. Rappoldi®?, G. L. Raselli*, M. Rossella*, C. Rubbia "5, P, Sala®, A. Scaramelli®, J.
Sobczyk*, M. Spanu®, D. Stefan®, R. Sulej*, C.M. Sutera’, M. Torti*, F. Tortorict’, F. Varanini*, S. Ventura®, C. Vignoli*, T. Wachala®, and A. Zani*

The LAr1-ND Collaboration

C. Adams®, C. Andreopoulos®, A. Ankowski*, J. Asaadi*, L. Bagby", B. Baller", N. Barros®*, M. Bass*, S. Bertolucci’, M. Bishai’, A. Bitadze*, J. Bremer®,
L. Bugel®*, L. Camiller?’, F. Cavanna*,”, H. Chen?, C. Ch?’, E. Church®, D. Cianci’, G. Collin*, J.M. Conrad*, G. De Geronimo®, R. Dharmapalan', Z. Djurcic',
A. Ereditato?, J. Esquivel®, J. Evans®, B.T. Fleming®, W.M. Foreman’, J. Freestone”, T. Gamble”, G. Garvey*, V. Genty’, D. Go6ldi’, H. Greenlee",

R. Guenette™, A. Hackenburg®, R. Hann1*, J. Ho’, J. Howell®, C. James", C.M. Jen*, B.J.P. Jones*, L.M. Kalousis*, G. Karagiorgi®, W. Ketchum®, J. Klein®,
J. Klinger”, U. Kose®, 1. Kreslo?, V.A. Kudryavtsev”, D. Lissauer’, P. Livesly”?, W.C. Louis*, M. Lul/thi?, C. Mariani*, K. Mavrokoridis*, N. McCauley?*,
N. McConkey?”, I. Mercer?, T. Miao", G.B. Mills*, D. Mladenov®, D. Montanari®, J. Moon*, Z. Moss*, S. Mufson", M. Nessi‘, B. Norris', F. Noto®,

J. Nowak?>, S. Pal”’, O. Palamara ", J. Pater*, Z. Pavlovic", J. Perkin”, G. Pulliam®, X. Qian’, L. Qiuguang®, V. Radeka’, R. Rameika", P.N. Ratoff>,

M. Richardson”, C. Rudolf von Rohr?, D.W. Schmitz 7, M.H. Shaevitz’, B. Sippach’, M. Soderberg®, S. S6ldner-Rembold?*, J. Spitz*, N. Spooner”,

T. Strauss?, A.M. Szelc*#, C.E. Taylor*, K. Terao’, M. Thiesse”, L. Thompson*, M. Thomson*, C. Thorn’, M. Toups®, C. Touramanis®, R.G. Van De Water*,
M. Weber’, D. Whittington", T. Wongjirad*, B. Yu’, G.P. Zeller", and J. Zennamo’

The MicroBooNE Collaboration

R. Acciarri®, C. Adams®, R. An", A. Ankowski*, J. Asaadi®, L. Bagby", B. Baller", G. Barr®*, M. Bass*, M. Bishat’, A. Blake*, T. Bolton*, C. Bromberg”,
L. Bugel®, L. Camilleri’, D. Caratelli’, B. Carls", F. Cavanna*, H. Chen’, E. Church”, G.H. Collin*, J.M. Conrad*, M. Convery”, S. Dytmam*, B. Eberly®,
A. Ereditato?, J. Esquivel®, B.T. Fleming**, W.M. Foreman’, V. Genty’, D. G6ldi?, S. Gollapinni*, M. Graham®, E. Gramellini*, H. Greenlee", R. Grosso®,
R. Guenette®, A. Hackenburg®, O. Hen*, J. Hewes®, J. Ho’, G. Horton-Smith*, C. James'", C.M. Jen*, R.A. Johnson®, B.J.P. Jones®, J. Joshi’, H. Jostlein",
D. Kaleko’, L. Kalousis*, G. Karagiorgi®, W. Ketchum®, B. Kirby?, M. Kirby", T. Kobilarcik™, I. Kreslo?, Y. L1’, B. Littlejohn", D. Lissauer’, S. Lockwitz",
W.C. Louis*, M. Lul/thi’, B. Lundberg", A. Marchionni®, C. Mariani*, J. Marshall*, K. McDonald*, V. Meddage*, T. Miceli*, G.B. Mills*, J. Moon®*,
M. Mooney’, M.H. Moulai*, R. Murrells*, D. Naples*, P. Nienaber*, O. Palamara*", V. Paolone*, V. Papavassiliou*, S. Pate*, Z. Pavlovic", S. Pordes",
G. Pulliam®, X. Qian’, J.L. Raaf, V. Radeka’, R. Rameika", B. Rebel"”, L. Rochester”, C. Rudolf von Rohr?, B. Russell*, D.W. Schmitz’, A. Schukraft",
W. Seligman’, M. Shaevitz’, M. Soderberg®, J. Spitz*, J. St. John®, T. Strauss®>, A.M. Szelc**, N. Tagg®, K. Terao’, M. Thomson*, C. Thorn’, M. Toups®,
Y. Tsai®, T. Usher”, R. Van de Water*, M. Weber’, S. Wolbers"”, T. Wongjirad®*, K. Woodruff*, M. Xu"”, T. Yang", B. Yu’, G.P. Zeller*", J. Zennamo’,
and C. Zhang®

Additional Fermilab Contributors

W. Badgett", K. Biery", S. Brice', S. Dixon', M. Geynisman'’, C. Moore", E. Snider", and P. Wilson"



Back-up Slides



20 —

18 —

16

| [ | E T600, 6.6e+20 POT (600m)
C C i MicroBooNE, 1.32e+21 POT (470m)
— INTERNAL
- v mode, CC Events
= Reconstructed Energy
— B 80% v, Efficiency
B\ i Stat., X-Sec., Flux, Cosmics, Dirt
% v, Only Fit
N\/ TE wy —90% CL
- = ///// —30CL
< - // --50 CL
107" mmmLsSND 90% CL
= [JLSND99% CL
C % LSND Best Fit
L + Gilobal Best Fit (arXiv:1303.3011)
| 544¢ Global Fit 90% CL (arXiv:1303.3011)
+ Gilobal Best Fit (arXiv:1308.5288)
- gzzzz Global Fit 90% CL (arXiv:1308.5288)
-2 | | IIIIII| | | IIIIII| | L1111l | L1 I1ll
10 P, | .~ D PR, |
m ° C
SenS|t|V|ty to 3+1 Y S|g naI along the LSN D 99 /o L
Il SR R R R e R R Rt REE SRt kiR EE R EERREEE : ;' .............................................................
[ a
— e ; ; . (W B2 ; T
R R I L R L N R R R L L L L R R R R R L R R R R B R R L L R L L N R R R ) d e nwwnn :-' ----------- e s d s rd e nnnneEEe. % amw e d e d ot CACRCL DR

sz

Significance

14

12

10

*-..-"#T'-- R e ...
—‘------h-'---‘ .

=h—'-:-:-*d---*-d-'—hhhﬂ-------ﬂ--dﬁd---h-d--hh-":

A i Lo iiiil I | EEgEEEE | | 8 i Lo oiiiil

107" 1 10 10°

A m? (eV?)

50

30
90% CL



