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Overview of talk

Tt
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® Neutrino cross-sections and MINERVA
® MINERVA - the detector design
® The NuMI beam line - neutrinos for MINERVA
® Data analyses in MINERVA
® The Charged Current Inclusive analysis with neutrinos
® The cross-sections ratio analysis on the Nuclear Targets (Iron & Lead)
® The Charged Current Quasi-Elastic analysis with anti-neutrinos
® MINERVA’s first cross-section measurement ! World Premier !
® The Charged Current Quasi-Elastic analysis with neutrinos

® Conclusions and Outlook

Jyotsna Osta CIPANP, 2012
Fermilab St. Petersburg, Florida



Why study neutrino cross-sections ! L .

. d

Reconstructed neutrino energy (E, ™*=1500 MeV)

Precision neutrino oscillation parameters :

2 np-nh ——
. . . . (RS ——— only 2p-2h
® Cross-sections are an important systematic, precision :g omy 35_3h LE
measurements of them help nail precise oscillation oo8 & [ 1 d
- | | LV R
arameters. e I
P 006 i & ————————— \ w3
| | . .\,é__’g,(\\ | X
® Oscillation measurements use dense nuclear targets for g4} e -
statistics. Understanding neutrino-induced interactions in P
. . 02 e | AT T :
nuclear media crucial. 0.0 NAOY© | &
O - 1 1 -
® Quasi-elastic interactions provide inputs for neutrino 0 500 1000@5 1500 2000 2500
oscillation measurements (neutrino energy & interaction Eree [MeV]
P ro babl I |t)') . v, = v, Appearance Probability in Matter
P g1afi;  Inverted Hierarchy, L =1250.0 km,0,,=015 ]
® Relationships between observables (Ejepton, Olepton) and LB T Armeutmnos o - 00 ]
. . i R —— Neutrinos, 8¢, = /2
output are modified by nucleus. Dynamics not clear ! o1o Bl 4 e Antineutinos, o, =2 :

® Searches for CP violation will involve ~% level
measurements of oscillation probabilities, both for

neutrinos and anti-neutrinos (Schwetz et. al. JHEP 0803
(2008) 021).

® Relative cross-section error can affect CP sensitivity. — Energy (GeV)
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Why study neutrino cross-sections ? P

® Extracting nuclear effects from neutrino interactions :

® Neutrinos are a Weak, hence unique probe of the nuclear structure.

® Provide a complimentary and different angle when compared to electro-
production.

® Axial form factors determined via neutrino scattering.

® The ability of neutrinos and anti-neutrinos to taste different flavors of
quarks can help isolate PDFs and structure functions.

e EMC effects have been studied in detail in electron scattering experiments.
® use neutrinos as a complimentary probe for these.

® With theoretical input we may disentangle a challenging mix of multiple
nuclear effects e.g. np-nh and Final State Interactions (FSI).
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The NuMI (Neutrinos at the Main Injector) beam line

Muon Monitors

Figure courtesy Z. Pavlovi¢
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Also see A. Marino’s talk from Wednesday ! Neutrino Mode MC Flux

® Neutrino energy spectrum of the NuMI beam is : NuMI'Beam MC
tunable ! 150 |

c : —LE

® |n the “low energy” configuration, MINERVA has g —ME
recorded: < 100 -
, - C\E ! FLUKA ]
® Neutrinos: 3.98x10%° Protons On Target (PO.T.). £ [ Production
E B Models ]
® Anti-neutrinos:1.70x10%° PO.T. s 90 ]| ]
® Plans to take data concurrently with NoVA starting - .
Spring 2013. NovA plans > 36x10%° PO.T. over 6 0 h T 15._%

years. Neutrino Energy (GeV)
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MINERVA - the detector design
Elevation View
A
Side HCAL H
//
Side ECAL 4]
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® Detector composed of 120 stacked modules of varying composition.
® Finely segmented (~32 K readout channels), side ECAL & HCAL well instrumented

® MINOS near detector acts as magnetic spectrometer > muon charge and momentum
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MINERVA - the detector design

Charge sharing for improved position
resolution (~3 mm) and alignment

Track Node Residual
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Steel Shield
Scintillator Veto Wall

® Detector composed of 120 stacked modules of varying composition.

Liquid
Helium

MINERVA - the detector design
Elevation View
A
- 1| .
L Thank you to the g2
Ei’:s MINOS collaboration for \[t i | 25
hg ~N o a - <T n w -
FET their co-operation in iy 89
S 2 , zZ5
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' ns Z -
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® Finely segmented (~32 K readout channels), side ECAL & HCAL well instrumented

® MINOS near detector acts as magnetic spectrometer > muon charge and momentum
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MINERVA contains an array of massive targets
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Helium Target flfe (T :.;,I % f
Fiducial Mass : 1 T e
0.25 tons | | e
1l 1l s '; o WATER TARGET
L JUUL — Fiducial Mass :
‘ | ‘ 625 kg H>0
NUC.TARGET | NUC.TARGET 2 NUC.TARGET 3 NUC.TARGET 4 NUC.TARGET 5
Fiducial Mass : Fiducial Mass : Fiducial Mass : Fiducial Mass : Fiducial Mass :
Fe: 323 kg/ || Fe:323 kg/ C: 166 kg Pb:228 kg || Fe: 161 kg/
Pb: 264 kg ||_Pb:266 kg |Fe: 169 ke/Pb: 121 ke Pb: 135 kg

Iron/Lead Lead/lron Graphite Lead Iron/Lead
| \
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The Charged Current Inclusive
Analysis with neutrinos

u-

One(+) Track
Plus Recoil !

N X

* using only ~ 25% of the accumulated Protons On Target !

Jyotsna Osta I CIPANP, 2012
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Event Signature & Analysis Technique

Vit N->-pu +X
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Module number >
® Event selection criteria :
® Single Muon track in MINERVA, well reconstructed and matched into MINOS detector.
® Reconstructed vertex inside fiducial tracker region of detector (fiducial mass = 5.3 tons).
® Recoil energy computed calorimetrically.
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Kinematic variables from CC Inclusive Events
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L.
The Cross-sections Ratio Analysis

for CC Inclusive Events on the
Nuclear Targets

u-

One(+) Track

Plus Recoil !

* using only ~ 25% of the accumulated Protons On Target !
* using only 2 out of the 5 nuclear targets !
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Event Signature & Analysis Technique
Vit N->-u +X
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Module number >
® Event selection criteria:
® Single Muon track, well reconstructed and matched into MINOS detector.
® z-position of reconstructed vertex must be near nuclear target.
® Vertex must be more than 2.5 cm away from materials partition in target.
® Recoil energy computed calorimetrically.
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Backgrounds & Acceptance

Target

4 x Tracker
Modules ™

Reference

Begin with cross-section ratios to cancel flux and acceptance systematics.
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Backgrounds for this analysis

X

RN

o
w

True Event Origins - Reconstructed Vertex Z

IIIIIIlll‘[lll|IIII‘IIII|IIII|II T

Preliminary 4 Data

[[] Carbon of Target

o
do Pb 3
. (@)
Double ratio of dX; s
X-sec . doCH g
(Plastic to dX; G
Ll
cancel x-y, Pb/ doF'e >
Fe to cancel z dX;
& flux) doeCH
dX;
450 —
% Preliminary 4 Data
O 400 == Monte Carlo
Tp) MC Background
o o Data Backgrounc
~ 350
..‘9 POT-Normalized
c 9.54e+19 POT
S 300
>
L 250
pd

50
O | |/|/|/| |/|c/)| /?/I /|/|?/|?/|?4'W
0 5 10 15 20

Jyotsna Osta
Fermilab

Neutrino Energy (GeV)

Area-Normalized

Tt
L. 2

SFAUX” TARGETS

4

o]
RPN PSR R R R - x10°
48 5 52 54 56 58 6 6.2 64 66
Vertex Z (mm)
Error Sources on Signal in Iron of Target 5 on Monte Carlo
.a" 05__ ———— Total Error (Stat. & Sys.) Preliminary
_E L eeseaeaa Statistical (Monte Carlo)
E - ———— Flux_BeamFocus
- B —— Flux_NA49
8 04_ m— Flux_Tertiary
- . ——— GENIE
- | = Normalization
— 0.3 Hadronic_Energy
g B ~—Muon_Energy S
o M ——1
= 02 L._I"""-|_|—- LT
T <L L
© |
S n
LL B
0.1 [!
==y el evees === _—
O_ . fl;l-. | u—l—' ! | ! I
0 ) 10 15 20
|7

Neutrino Energy (GeV)



Results - Double Ratios for the nuclear targets
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Error Sources on Signal in Iron of Target 5
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The Charged Current Quasi Elastic
(CCQE) Analysis with anti-neutrinos

Y Bt

One Track

Plus Nothing !

p n

* using only ~ 16% of the accumulated Protons On Target !
* detector partially (55%) built during accumulation of this data
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Event Signature & Analysis Technique
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° Event selection criteria :

®  Single anti-Muon track, well reconstructed and matched into MINOS
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Background estimation technique

Scale backgrounds in the recoil distributions in MC to
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Four-momentum transfer in bins of anti-neutrino energy *
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Differential cross-section (do/dQ?) *
do 1 bkdg
<d722>z- TG (eT)AQ2 zj: <MZ’J’ (Ndata’j - data’j)) v

Data compared to GENIE event generator (used by MINERVA)
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http://www.genie-mc.org
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Data compared to NuVVro event generator

>
1073 Statistical and Systematic Errors =
p— X O 8
5 16 preliminary g S
e’ B a o~
O 14 ¥ data o=
\Q : ':'\‘ § &
T o12F [\ NuWro FGM M,=1.35, No MEC 5 O
m = :. “‘\ g -2>\
O AR NuWro FGM M,=0.99, No MEC O =
C\l\ 10 B o \“\ A E L:uS
g 3 2l S S\ - N NuWro FGM M,=0.99, MEC v
" -] W 5
“'00 6 R NuWro Spectral Function, MEC S
E : “‘s\ T\é f—')
S C 3
o) 41— N €
— s¢¢¢~ % R
21— ““ - (;DE E‘
B o
0 — I [ [ [ [ I [ [ [ [ I [ [ [ L 1 .8. g
0 0.5 1 1.5 2 2z >§
2 Zz 5
True Q_

Data seems consistent with a Fermi Gas Model with Ma=0.99 and no MEC.
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do/dQ? Systematic Uncertainties on Data
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Tt
L. 2

The Charged Current Quasi Elastic
(CCQE) Analysis with neutrinos

Y M

One Track W'

Plus Nothing !

* using only ~ 25% of the accumulated Protons On Target !
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Event Signature & Analysis Technique

Vu+n—>p'+p

20-. — — \_ | IS ------;-;--------;-;--------;-A ml

:10_{ Beam JTT | TRACKER ECAL HCAL
100

a0

_‘{

f
J

30

“ Track- )

20

! |
|
A HE :
[ ] I |
8 1
| 1 |
g 80— - - e — 1 . ] 1 ,
c i (Non-vertex Recoﬂ) i
04— 8 [ & | LA oL g || | 1 | |7
o ", > i
S 60 -
o 50 i 1 ¢ = |
(@) i I ' ._;.—M‘—k.. i
S 40 - Vertex )= e
£ o 1
(})J —1 1 |
A ]
.

10

04 1 111 T R el el e s et el e it el e et R T e

6 4 -2 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100102104106108110112114
_ o Module number >

° Event selection criteria :

> |—— v, CCQE
0 u
® Single Muon track, well reconstructed and matched into MINOS ‘-"; — nonv, CCQE..
detector. S 0.8 :
5
®  Reconstructed vertex inside fiducial tracker region of detector 3 0.6
(fiducial mass = 5.4 tons). &
::‘5 0.
®  Number of shower-like activity regions <= 2. 9
S 0.2
®  Cut on recoil energy away from vertex (10 cm radius) as a function of < :
2 - |
Q~ % 02 04 06 08 1
2 2
®  Reconstructed neutrino energy < 10 GeV. Reconstructed Q° (GeV~)
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Muon kinematics from CCQE events
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L. 2
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Four-momentum transfer in bins of neutrino
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Four-momentum transfer - systematic uncertainties
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Conclusions and Outlook *

® MINERVA has gotten off to a good start via its first Physics analyses results

® First iteration for these analyses are almost complete. Future iterations involve re-
optimizations, reductions of systematic uncertainties.

® Analyze with more data (next anti-neutrino data set is for complete detector).
® |nitiate a virtuous loop by providing feedback to theoretical community.

® Better theoretical models for neutrino interactions expected from the first round of
MINERVA analyses, will be used broadly.

® A large array of MINERVA analyses are currently in the offing :
® CC quasi-elastic where proton is tracked (higher Q?).
® FElectromagnetic final states.
® Pion production channels.
® [ook at vertex activity in CC quasi-elastic analyses - np-nh models.

® So this is only the beginning - stay tuned and glued to http://minerva.fnal.gov !
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Thank you for your time !
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BACKUP SLIDES
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NuMI Low Energy Flux

NuMI Low Energy Beam

hadron production
corrected
—Vy,

—V

-
-

o
=

L

no correction

flux (neutrinos / m* / GeV / 1DEF“DT}
-
=

neutrino energy (GeV)
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Here is where MINERVA steps in !

® MINERVA sits in a very intense neutrino beam -

®  Will provide exclusive and inclusive cross-sections across a wide range of neutrino energies
(1-20 GeV) and Q2.

® Fine-grained detector -

® Study the underlying mechanisms of the quasi-elastic process for this range, measure its A-
dependence so that results are consistent across experiments.

® Understanding the energy reconstruction and kinematics will provide insight into some
of the outstanding issues in the understanding of this process.

® Possesses a suite of nuclear targets -
® Probe EMC-effects with neutrino as a probe.

® Measure muon + n nucleon effects off of different nuclear targets (e.g. He, H20, C, Fe, Pb) in
the same beam conditions, thus minimizing flux uncertainties.

® Sensitive detector -

®  Exclusive cross-section measurements will shed light on the final state interaction models.
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Measuring the flux in MINERVA - very important *

"::: Xg= 0.0
310 =0.05(x10") ® Flux determination : Leveraging existing hadron
% 10 production data from NA49 (hadron prod. expt.)
£ -3
- =0.15(x 10
! ( ) ® Use NA49 data to tune hadron production
.0 . model predictions at the NuMI target
= 0.25 (x 107)
10° ® Use these tunings to re-weight flux.
10°p- =0.40 (x 107)
- =050 (x10%) ® NA49:158 GeV/c protons on thin target.
- ® NuMl: 120 GeV/c protons on thick target (~2Aint).
10° ® Re-interactions are a 20-30% effect.
107
® NuMil pions in the focussing peak have xr ranging
19 ) from 0 - 0.15.
10° n
-10111111111111111’[L1”1

10
0.5 1 1.5

P, (GeVic)
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CC Inclusive Neutrino Vertex & Lepton Angles *
Area Normalized & Statistical Uncertainties Only v
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What are we measuring here !

We're measuring a double ratio of cross-sections here !

e iy wkem V7 (X.)
% <1>,§7H1Tgu1£ A%{i NCH(X;)
dg)ie cbllfeéﬂffc Ai{i NFe(X;)
% c1>1§7H1Tgng A_lxi NEH(X5)

are the same

. NPb

Pb
N. background

measured

NPb (Xz) _

Pb Pb

Pb

* Eother

Assuming that flux is the same for all the targets

Acceptance correction based on XY position
Acceptance correction based on Z position

Bin sizes of the variable are the same

Target mass in MINERVA is known rather precisely (~2%) Other effects dependent on nuclear target

B
dG.Pb TEHE Eoptéter
Pb
dXi, . Tnuc % Eother s
F o (. H . H
dd(?")(e T”'};LC Cother g
i Lr e e H CH
nuc Eother N?‘(rji,ea,s._Nbg

] MINERVA’s advantage : this analysis minimizes flux uncertainties since all the targets sit in the same beam !
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Sample, N Events / 0.5 GeV

Background estimation technique

Tt
L. 2

Speciality of this technique: background estimates are derived from Data, not from Monte Carlo predictions of cross-sections
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Events / 250 MeV

Events / 15.0 Degrees

Kinematic variables for v-induced CCQE events
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Side Band Plots - for background adjustment
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®  Substantial bleed-in from Resonance channel.
®  Currently in the process of understanding these, then tune backgrounds using this info.
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» Muon Energy - POT:
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Muon Categories

( Muon Type & Efficiency by Energy )
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Purity of Q? for CCQE anti-nu events
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Reductions in Systematics for future

Tt
L. 2

For future round of analyses :
Muon reco uncertainties :
Data studies of muons reaching MINOS
Adding muons that range out in MINERVA

Hadronic uncertainties :
Test beam data studies
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