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What do you love about MINERVA?

\}Neutrino Physics A Nuclear Physics

“I want to measure neutrino “I want to measure nucleon
oscillations” structure”
MINERVA will. .. MINERVA will...

» help me understand » Use a probe sensitive to
neutrino energy flavor and axial structure
reconstruction

» reduce my uncertainties
from cross sections and
nuclear effects
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Neutrino Oscillations
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Priority: o( E, ) \}
Neutrino-Nucleus Interactions

» Heavy nuclear targets used to get necessary statistics
» Carbon, Iron, Lead, Water, Argon

» Nuclear effects are significant in neutrino scattering
» Affects energy smearing and event rate

» Neutrino interaction simulation (models) rarely handle
nuclear modifications well

» They need data to test models

Must understand nuclear
effects in neutrino scattering!
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Probing Nucleon Structure A
Deep Inelastic Scattering (DIS)

» Lepton strikes quark, breaks apart nucleon
» Cross section a function of goled 0

» Probe (lepton) momentum XP \

» Interaction kinematics \\ E,

» Target (quark) momentum - Encoded in structure functions — Fy, F,, Fg

d2ov7 B GEF M,E,
dedy — w(1+ Q2 /ﬂ'fﬁfrz)z

xy M,
2F,

o
[%23:1?1(3;@2) n (1 _y— ) Fy(z,Q%) + y(1 — g)mﬁ(m:(ﬁ}]

[ y— F_ E ] [ y = FE,/E  Inelasticity ]

2 . . .
Q? = —q* = 2B (E' — p'cos () . () BJorkgn scaling varllable
90\ Fraction of nucleon’s momentum

carried by the struck quark
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Structure Functions

2\ _ . 2 _ 2
Fy(z,Q°) =2 Z 2q(2, Q%) +24(, Q)] sym of all quark and antiquark momentum

g=ti.d,...

rF3(x, Q%) = 2 Z (2q(x, Q%) — zq(x, Q)]  Sum of valence quark momentum

q=te,d,...

1+ 4M?2?/Q?
QIFl(I.,IQE) — FE(I.,(QZ) il - j" 2

1+ Re(z, Q%)

How much do they contribute to the DIS cross section?
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*Calculated for neutrino-neutron at Q%=1 GeV?, E, =4 GeV
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Charged Lepton Data

Charged lepton data show structure
function F, effectively changes when
nucleon bound in nucleus

u/e — Ca Ratio

Physics Letters B
Volume 123, Issues 3—-4, 31 March 1983, Pages 275-278

Abstract:

“Using the data on deep inelastic muon scattering on
iron and deuterium the ratio of the nucleon structure
functions F,(Fe)/F, (D) is presented.

The observed x-dependence of this ratio is in
disagreement with existing theoretical predictions. °

(

... much experimental and theoretical effort ...

CERN COURIER

1.2
. EMC Fermi matio
] NMC ) .
l E139 Aﬂtl-S H YwWingy
I:l L ]
o ] E665
3,
0.9
0.%
04 Shaduwil:flé EMC effect
0.001 "6.01 X 0.1 1

sea quark valence quark

Apr 26, 2013
The EMC effect still puzzles after 30 years

Thirty years ago, high-energy muons at CERN revealed the first
hints of an effect that puzzles experimentalists and theorists

alike to this day.
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Priority: o( x )

No comparable neutrino data!

Plot of ratio (R) of NUTEV (v-Fe)
data to theoretical predictions of
free nucleon F,. Compared to fits

to ratio from charged lepton data.
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Advances in High Energy Physics, vol.
77T 2012, Article 1D 934597
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Expectations for neutrino nuclear
structure function modification

» Neutrinos sensitive to structure
function xF;
o (Charged leptons are not)

a Gives neutrinos ability to separate
valence and sea

» Neutrinos sensitive to axial
piece of structure function F,

o (Charged leptons are not)
o Axial effect larger at low X, low Q2

October 11, 2013
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MINERVA
Main INjector ExpeRiment v-A

» Collaboration of 80 nuclear and particle physicists

University of Athens Otterbein University
University of Texas at Austin Pontificia Universidad Catolica del Peru
Centro Brasileiro de Pesquisas Fisicas University of Pittsburgh
Fermilab University of Rochester

University of Florida
Université de Genéve
Universidad de Guanajuato
Hampton University

Inst. Nucl. Reas. Moscow
Mass. Col. Lib. Arts
Northwestern University
University of Chicago

Rutgers, The State University of New Jersey

Tufts University

University of California at Irvine

University of Minnesota at Duluth
Universidad Nacional de Ingenieria
Universidad Técnica Federico Santa Maria
William and Mary

+ O™ =g |B|L

October 11, 2013

Fermilab Seminar - MINERVA - Brian G. Tice




The MINERVA Detector
Calibration and Performance
M I N E RVA DetECtO r arXiv:1305.5199 [physics.ins-det]
o 120 modules for tracking and calorimetry (~32k readout channels)

a Active element is polystyrene (plastic scintillator)

o Construction completed Spring 2010. He and Water added in 2011

» MINOS Near Detector serves as toroidal muon spectrometer
Elevation View
A
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Previously from MINERVA
Quasi-Elastic Scattering on Scintillator

Side HCAL
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eS8 gg | us
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IcT °s | ®8
u.2 g o
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g | :
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neutrino @G- A. Fiorentini et al. (MINERVA Collaboration)

Phys. Rev. Lett. 111, 022502 (2013)

antineutrino

L. Fields et al. (MINERVA Collaboration)
Phys. Rev. Lett. 111, 022501 (2013)

Nuclear effects are significant.

Even in this most basic interaction.
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Today from MINERVA
Inclusive Scattering on Nuclear Targets
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Flux, Cross Sections

NuMI Low Energy Beam Flux
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Dataset
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250 kg 500kg
Liquid He Water

Active Scintillator Modules

1” Fe/1” Pb e e .5” Fe /.5” Pb
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Targets used for today’s result

Active Scintillator Modules

v v v v v v
N R S O S 111
3" C/1” Fe/1” Pb -
17 Pb /1” Fe || 166kg/169kg/121kg || ©0-3” Pb
266kg / 323kg 228kg

5”Fe/.5” Pb
161kg/ 135kg
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Nuclear Target Ratios Analysis

w:l:

MINERVA
Main INjector ExpeRiment v-A

Main INjector Experiment for Ratios of v-A
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Event Display

outer hadronic calorimetry
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Event Selection

20— X View BERII
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Event Topology Interaction Material
Muon must be matched to a Vertex must be in passive nuclear
momentum- and charge-analyzed target or adjacent scintillator plane

track in MINOS ND
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http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5

Event Selection
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October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice 21


http://minerva05.fnal.gov:8080/Arachne/arachne.html?det=MV&recoVer=v10r6&run=2000&subrun=7&gate=119&slice=5

Event Reconstruction

s X View Pl
[ \
) g \\J | g
a0 — = | T — - 7
70
60 .
This Event 5
o Run: 2000
un:
O 4p- L I 0 P 5 S e, [ S il B ol Y ) L] ] 4
- Subrun: 7
S 30 K
Z 0 ¢ Gate: 119 2
Q .. Sliges5| || | [ [ [ [/ [l
=
T -1
(D 0 11T 1T 1T 1T 11 D e b e e e e e e e e e e e D D D e D D D O D
G-4-20 246 8101214 1618202224 262830323436384042 4446548505254565860 62646668 707274767880828486858909294969310003040808141314
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Vertex Location | Target 2 Target 3 Target4 Target5 Tracker

Recoil Energy

(¥ | 1.78 1.67 1.59 1.57 1.60

Sum of non-muon visible energy,
weighted for passive material traversed

material Scintillator Carbon Iron Lead

Ca|or|metr|c Erecoil =X ZCiEi dEdx ( MeV/ gfem?) 1.936 1.742 1.451 1.122
|
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Event Reconstruction
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Need to reconstruct muon energy, muon angle, hadronic energy
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Forming a Cross Section

(da): _ 25 Uij(dj = b))

E E?j((I)T)A:E?‘_

(dj —b;) » data — background = signal
Uij « Unfolding matrix
» From reco bin j to “true” bin i

¢, o Efficiency forbini
(DT) Flux times target number

» Flux may depend on bin
Ar; » Bin width
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Background
1. Rock Muons

Affected only target 2 in the earliest data

Uninstrumented planes reduced tracking efficiency. Veto wall was not installed yet.

Target 2 = 50% of iron, 33% of lead. Early data = 30% of all neutrino data.

-2 < 1% flat correction

This Event () |
110= el e e e e e e ey e e — 11
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o0 Subrun: 79
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Module Number ———
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Background
2. Neutral Current and v, Events
Small background ( <0.5% ). Let MC apply correction.

Backgrounds - Iron of Target 2

~— Neutral Current +—- Wrong Sign (V)

0.01

0.008

0.006

0.004

0.002|

Fraction of Events in Channel

=R, LT . S O
2 4 6 8 10 12 14 16 18 20
Wrong sign contamination Neutrino Energy (GeV)
is smaller in the beam’s
focusing beam
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Background
3. Misidentified Nucleus

True Event Origin - Iron of Target 2
10

g ? — Carbon —— Iron ~—— Lead
d=J B = Upstream Scint. ~ Downstream Scint.
>
m 1 E il i s b . ' -‘ e * -=-—=-++-|--|—|-
o -
3 - | | N — : :
TN T gt sy e L | Significant impurity of
T - scintillator events.
n B -|- Expect ~23% from fiducial
o 10 3 ‘h- 1' -l-|- +H _I_ 'I'H-l-fl- ‘I‘J[ I mass of iron vs. scintillator
- — + T1IT
o B T 1% 1%
T & - + T 1[ J[ _______ T 1 — — el Few carbon/lead events
E S J[ J[ t }[ 1[ migrating into iron sample
L . 1
10_4 1 L | N ! ! ! I ! ! ! I ! ! ! !
-100 -50 0 50 100
Vertex X (cm)
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An event from target 3
Lead candidate
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An event from target 3
Carbon candidate
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One track events from passive target ~
have a vertex in the first plane
downstream of the target
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Project the one track events to the
passive target's center in Z L — . — .
This is the best guess of the vertex

«10° True Event Origins - Reconstructed Vertex Z
% 1 E_ Each Qunch A.rea—NDrrﬁaIized | —4+— Data
T - Tgt2 [ Carbon
s o0 Iron
L S I [ Lead
) s a Scmtlllatur
i 1 U T | | e s e S
q=; n
> 8| Use events in the tracker
; = modules to predict and
| | | | | | | subtract the plastic
al || i background
oL '.B o« |'T'L. W | | | |

450 500 550 600 650 ?DU ?50 800 850
Adjusted Vertex Z (cm)
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Subtract the Plastic Background

» Predict spectrum of background using:

Events in the Tracker

Geometric Acceptance

Reconstruction Efficiency
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Predict spectrum of background using:

Events in the Tracker

3 True Event Origins - Reconstructed Vertex Z

x10
. . Q - :
Selection of events in tracker S [ cnPunehAvestomalzed [ —4- Data
. 8 -, [ Carbon
volume done in both data. = ofl - %'L'g;d_
Does not use cross section model. 2 1of : = Seintliater
Data-driven background z o R
4 PSR e
2__ .
B Y
oL .‘.q.ﬁﬁ. L |'."'.". ol
450 500

| 1 I. 1 1 1 |. | | [ ? B S A | - Gl Gl el
550 QDO 650 700 750 800 90
Adjusted Vertex Z (cm)
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Predict spectrum of background using:

%1 03 True Event Origins - Reconstructed Vertex Z

Geometric Acceptance 3 | sooecriesiomsz 4 pata
'8 -, Carbon
s o0 :I::d
» Muon-only Geant4 simulation measures & °
probability muon will hit MINOS el -
g <
» Function of muon energy, muon angle, vertex Eah oM.
_ %50 500 550 600 650 700 750 800 850
o Does not use neutrino interaction model Adjusted Vertex Z (cm)

Acceptance for Tracker Modules 45-50

Acceptance at E u=3 GeV, 6,=6 deg for Tracker Modules 51-56

§ E .-E-. 1000: 1 3
S E;‘ g 800 0.9 §
3 £ > 600 s 3
I"JEJ S s 400 o7 §
c § E 200 —06 g
= -200; 0.4
_40(); Hq-h J
-600; 0.2
-800; 0.1
i i i C_ L | | | | | | | | | | L |
15 2 25 3 35 4 ° -1000h00 7500 0 500 1000 °
Muon Energy (GeV) Vertex X (mm)
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Predict spectrum of background using:

Geometric Acceptance

» Muon-only Geant4 simulation measures
probability muon will hit MINOS

» Function of muon energy, muon angle, vertex

» Apply reweight factor to each event in tracker

o “For every 1 event like this in the tracker, there will be X in the background”

tarqget
- ace” (L, 0pu)
RW — ! / /

fl/(l(A(/ E/“H/,)

acc
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Predict spectrum of background using:

Reconstruction Efficiency

» Efficiency also depends on hadronic energy

» Shower can obscure muon. Not addressed by geometric acceptance.
» Measure remaining efficiency with simulation

o GENIE 2.6.2 and Geant4

120
10
110+ |
]
100 T =
an [ a
80— T 7
70 | I 0 7 —— I [N N T I S S [ S S S ) N S 1 — IS S S —— . =
- L 5%
80 — n .
i
5':' Q) - - - . 5
LEJ = {: e ] . el e e e s — 4~ =
40 - ia 4
E .
30 = . mAE .
S i
S -3 e e
[ - = »
P .
w4 ¢n Module Number > >Zu "SREES I
D _1
| D I I I I rrrrrrrrrrrrerrrrrrrrr i rrrrrrr T rrrTrrre T rror Tl
G-4-20 246 8101214 1618202224 26283032343638404244464850525456586062646668707274767868082848688909294969210003040808101314
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Predict spectrum of background using:

» Unique correction for each nuclear target

Reconstruction Efficiency

» Errors are MC stat. and an additional correlated error

o Additional uncertainty scale determined by adding uncorrelated uncertainty on

top of stat. until \?/dof =1

» Additional uncertainty applied as correlated event-to-event and target-to-target

Correction Applied to BG Prediction, Iron of Target 5

1.3
1.2

1.1

1
0.9
0.8 is stat. error
0.7 |

0.6

IIII|I I |III |_+I_II|I

True BG / Muon-Gun Prediction

L | | T R R T S T T
05 i 2 3 4

Reconstructed Hadronic Energy (GeV)

5

Estimated BG / True BG

1.6

1.5

1.4
1.3
1.2
1.1

0.9
0.8
0.7

0.65—

Plastic BG Uncertainty from %2, Iron of Target 5

-~ Stat. Error Only x%ndf = 14.40/7 = 2.06
Full Systematic ¥2/ndf = 6.49/7 = 0.93

Tick marks are stat. error

QT[T
++;_ _
h

is additional

.. Systematicerror
4 6 8 0 12 14 16 18 20
Reconstructed Neutrino Energy (GeV)
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Accuracy of Background Estimation

Events in the Tracker Geometric Acceptance  Reconstruction Efficiency

Plastic BG Prediction for Iron of Target 5 (MC) Plastic BG Prediction for Iron of Target 5 (MC)
¢ 1.5¢ o 1.5¢
: 1.4 ;_ Stat Efrors Ofly : 14;_ Stat. Errors Only
8 13 8 13
CU - m —
£ 12 £ 120
@ e | | E 1.1F
_6 1%+_+ _______ —+‘_+__+_ ________________________________________________________ — —_ 1; |
g os g o08f
= oo7f E o7
0.6 B P 0.6 - -
06E . 1. 1. Xindf=18698=234 & || - | (ndf=6.04/5=121 |
' 4 6 8 10 12 14 16 18 20 05%—"02 04 06 08 1
Reconstructed Neutrino Energy (GeV) Reconstructed Bjorken x
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N Events / 0.10

- >_(103 Sample - Iron of Target 5
dO' o 2 POT-Normalized" | —#— Data
 — p— o - 2.94e+20 POT Monte Carlo
d o 1.8F ' || MC Background
L 7 © 16 — | © DataBackground
8 14
o 12[ |¢
> ~
w1
< 08F
0.6
o
0.4f
02 e — ' ................. |
I e
%10 Sample - Iron of Target 5 02 4 6 8 10 12 14 16 18 20
2 ornemaised [ —4— Data - Reconstructed Neutrino Energy (GeV)
18 2.94e+20 POT Monte Carlo -
- . MC Background
1.6 = Data Background
1455 ' .
1 o ..__._.._.._ A separate estimated
LS | background for data and MC
0.8;_ ..................................
0.6}
04 ;_ . ........
0.2}
0: P ST HRNATRRI AN f A
0 0.2 0.4 0.6 0.8 1

Reconstructed Bjorken x
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Kinematic Content

Signal Kinematics
2 < Neutrino Energy < 20 GeV
0 < Muon Angle < 17 deg

Invariant hadronic mass

W =+/M?+2Mv — Q2

<10° Iron of Target 2

2'5__Area—qumaIized
[ Stat. Errors Only

—4— Data
CC-QE

1B . [

N Events / 0.10

IIIJ}T]'II]I]II

0.5

[ ] W < 1.3 inelastic

[11.3<wW<20
l@%<1,w>2
T ai>1,w>2

0 0.2 0.4 0.6 0.8
Bjorken x

N Events / 0.5 GeV

x10°

Iron of Target 2

1.2[—Area-Normalized
[ Stat. Errors Only

0.8
0.6

0.4

0.2

| —— Data

CC-QE
[ 1W< 1.3 inelastic
[113<wW<20
[ l@*<1,w>2
T Q?>1,w>2

Neutrino Energy (GeV)

G. Zeller

e

S O O « :
© N B O 0O o N

v cross section / E, (1 0% cm? / GeV)

. Mbd. Phys., 2012

TOTAL
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Bin Migration

do Zj Ui idj — bj)

dr ).~ €(®T)Ax;

7

» Unfold in neutrino energy

o lterative Bayesian unfolding
with 4 iterations

o Fold true x distributions

o Multiply by this matrix =
o Avoids model dependence

o Migration in x is significant

Generated Neutrino Energy (GeV)

Generated Bjorken x

0.2

20

0.8

Migration - Lead of Target 5

Reconstructed Neutrino Energy (GeV)

Migration - Lead of Target 5

oe:— ...........
0.4l S -
R T T T

0 0.2 0.4 0.6 0.8 1

Reconstructed Bjorken x

P R IR P IR
10 12 14 16 18 20

x10%

2.5

Sum of entries in this hin

)
—15
—1
—o5s
—a
x10% c
4 5
.
35 &
£
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25 @
—
=]
2 E
3
)
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Reconstruction Efficiency (£) -

Iron of Target 5

2 < Neutrino Energy < 20 GeV

Signal Kinematics

0 < Muon Angle < 17 deg

g m Efficiency e Purity
°
20.8_—
L.
0.6 000y g .
0.4} .
"t e
0.2%
0__...|...|.. IR BN AP SO AU B
2 4 6 8 10 12 14 16 18 20

Generated Neutrino Energy (GeV)

MINOS-match requirement
Muon momentum
threshold ~ 2 GeV

Fraction

Iron of Target 5

1- m Efficiency e Purity
0.8+
I R
0.4

‘._._____.___—l »
0.2]

o 1

0 02 04 06 08 1
Folded Bjorken x

2 Uijld; — b))

E?_j((I)T)A:E?‘_

Iron of Target 5

c 1 : i
° - | m Efficiency e Purity
:'3 i
© 0.8
[I'.
0.6__. > 9 @ € 9 9 & &9 *
 m
0.4} .
I =
.
| h |
0.2 T
B b -
- | .
o el

0 2 4 6 8 10 12 14 16
Generated Muon Theta wrt Beam (deg)

MINOS-match requirement
Geometric acceptance primary
driver for efficiency loss
Angular threshold ~ 17 deg
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Systematic Uncertainties

Muon Reconstruction

Hadronic Energy Reconstruction

Primary Interaction Models

Final State Interaction Models

| very similar to recent quasi-elastic analysis

Need to reconstruct muon energy, muon angle, hadronic energy

[Ev — EM—I_E}Lad] [ vV = Elf — E,U«] Y= Ehﬂdf{Eﬂ ]

i (-22
[ (2'2 — QEH {E;L — PuCos (H#:])] = Q*MMJ

\_
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Muon Energy Scale

» All muons used in this analysis are momentum analyzed in MINOS ND

Muon momentum
scale uncertainties
O 1400
%
MINOS range: MINOS NIM A 596, 190 (2008) S 1200 c
o —M
+2% for all p, =
o 1000 -+-Data
MINOS curvature: arXiv:1305.5199 [physics.ins-det] -'2 800
()]
+2.1% for p, < 1.0 GeV/c o
600
+3.3% for p, > 1.0 GeV/c .
|
400 '
MINERvVA Tracker (Targets) :
|
+11 (17) MeV (mass model) 200 !
+30 (40) MeV (dE/dx) :
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
muons lose ~0.5-1.5 GeV in MINERVA 1 1 G V'1]
= = eVic
PCUI’V Prange
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Muon Tracking Resolutions

Vertex Y Residual, pHEZOGE’Wt: dY/dZ Residual, p <20GeV/c
14000
12000
10000
8000 Data
6000 MC

2000
™20 =20 0 20 40 0302 04 0 01 02 03
residual (mm) residual (rad.)
Split-track study of clean 2 —>

muons In tracker region —

October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice 45



Hadronlc Energy Test Beam

Thanks to AD and MTest!

protons

N
a1

+30% variation in
ionization saturation
(Birks’ constant)
shown

mean dEdX [MeV/plane]
- N
a o

10

>
9 - 5 1 1 1 1 1 1 1 1 1
:Cj 0.65 2 1.10

B x 1.05
2 B ¥ i 5
£ B - 1.00 [ ]
Q 0.60[—
2] 0.95 : . . . . . . .
£ i 16 14 12 10 8 6 4 2 0
?, B planes from end
g | L
S 0.55
e [ .
T [ Points: data —_ high-energy charged
c PRI [N T TN T N T T T NN TN T S [N T SN S [N T T N N SO M|
w 06 08 10 12 14 16 1.8 uncertainty = 5%

Pion Total Energy = Available Energy (GeV)

October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice 46




Hadronic Energy

Energy Source

Uncertainty

Proton

Detector Response

Neutron (KE =150 MeV)

Sources of Visible Energy for Eha g [0.2,1.0] GeV

Visible Energy Source
[ ] x-talk [ u 78%
le+y+n° Bl + K \

_17.0%

i

Muon
T Fn. e
x*, Kaon
Cross talk

Other

3.5%
25%
10%

2.4%
10%
5%
20%

20 %

/ .8.6%

\\6.7 %

B P n

213 %

Sources of Visible Energy for Eha = [0.0,0.2] GeV

Sources of Visible Energy for Eha g = [2.5,5.0] GeV

38.6 %
—38d % 215% ——_5.1%
\5.7 %
7.5%
3.7 %
1.3%
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Primary Interaction Model

» Enters measurement through efficiency correction

o Data-driven background subtraction avoids model dependence

» Efficiency calculated with GENIE 2.6.2

Cross Section Errors on Efficiency in Iron of Target 2

vl [ -E - [— Total Sys. Error — DIS |
‘% 0.03 :— — Quasi-Elastic  —— Resonance|.i.........f....
- - 5 ; E :
+ @ =
1'% ] e S
= |
— 2 s e—— L —
P A 5 -
B ¢'+ 2 o015 e .
v [ pw o
3\/ T e s S s .
v _ L
+ E l 0 005 — S
W ~_" : :
d S B A R A
U W % o0z o4 06 08 1
1 L 0 Folded Bjorken x

——________’J'E_,K,ﬂ:
n—" T/ p
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\ @

» FSI enters measurement through hadronic energy

» Calorimetric energy scale tuned with Monte Carlo

» Event selection not sensitive to FSI | |
n+ C total reaction cross section
4000 F————
e * Ashery dala
: S0 Allardyce data
Model parameter 800 | ® GENIE calc
pion/nucleon mean path +20% 700 |
600 [ , .
ion/nucleon charge exchange +509 : Genie Manual .
ety & 5 £50% 500F June 1513 -
pion absorbtion +30% a00f 1'%,
. . . . 300F ;  %F . ;
pion/nucleon inelastic cross-section +40% | " PRI Bt S
200 * g :
. . 100 [ :
elastic cross sections +10-30% o . . . . | ;
0 200 400 600 800 1000 1200
KE (MeV)
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Errors on Absolute
Cross Section

Uncertainties on o™

— Total Error  ---- Statistical

'E‘ B : :
|| m Flux — Detector Res. | ...

S 0.25 == FSI Models —— MC Stat. : :
v |~ | — Normalization —— Scint. BG
(T - |[—— XSec Models
O 02— TR - N S
c B
= | |
© 015 | ——— e . . .
5 | Flux is dominant systematic
=
o N IO R S . _______________________________________________________________________________________
< 0.1
| . :
=

0.05f= i_i.=

e el AR A S B R A R
02 4 B 8 10 12 14 16 18 20

Neutrino Energy (GeV)
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Errors on Absolute
Cross Section

Uncertainties on o™

-E‘ _ |=— Total Error  ---- Statistical i |

L (25 |==Flux — Detector Res. |- i

U - |— FSI Models — MC Stat. 5 i

T [ |— Normalization —— Scint. BG

Q - | XSec Models

o 02 e

< B

> i i

(S T o) i R S e e e S

C .

2 :

o 5

0 A O O R . _______________________________________________________________________________________

2 0.1

Lo :

L
0.05f= : """"""" e S R R NCp

FITT | : H : : : :

2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

(

d_J) 2 Uijdj —bj)
dx/ i () Az;

(

dJ) . Z U:}( )
dx E?(@T)Ai’f

Flux is the same
throughout detector

Take ratio of cross
sections to ~cancel flux
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Form Ratios

» Combine targets
» E.g. Add events from all lead pieces after efficiency correction

» Divide C, Fe, Pb cross sections by Cross section
» Each nucleus divided by a statistically independent scintillator
measurements

» Scintillator measurement is specific for each nucleus, to use the
same transverse area
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Comparison of All Targets, x=[0.0,0.7]

c 14r :
o - ®Data OMC
Q 1.3-Stat. Errors Only...—=
g - Normalized to Scintillator Isoscalar Corrected
c 1.2_
— ~
3 1.1b
|
g 1 s = v
(&) — 3 )
o - 5 Y e |*| - v
0.9 ' :
0.8
07EC e e e £ & & 8
L3 ]
— . o Lo Ty o & b= uwy
- F | = | = | E" | E" e E‘

Target Section
Isoscalar correction — remove effect of neutron excess.

_Zop+(A—Z)on 2 Calculated with GENIE 2.6.2
op + op A

r(A)
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Fractional Uncertainty

Errors on Absolute Errors on Ratio of
Cross Sections

Cross Section

Uncertainties on o™

B — TotaI'Error o Stat'isticall
0 25| === Flux — Detector Res. |
- | — FSI Models — MC Stat.
|~ | — Normalization —— Scint. BG
- | — XSec Models g
O. 2 __ __________ , ______________ .LJ,.J ______________
0.15 —
o T
O.05f==| i :a-*
T | ; H
O...'...|...|...|...|...|...i...i...
2 4 5} 8 10 12 14 16 18 20

Neutrino Energy (GeV)

Fractional Uncertainty

o
I

0.12

0.1

0.08

Errors on Ratio of ¢ : ¢!

[ — Total Error -~ Stat:istical: """""""

| Flux — Detector Res.
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- — XSec Models .
s O e S
AN |

[~ --? : i

16 18 20

Neutrino Energy (GeV)
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Results Cv
Charged-Current Inclusuve Ratios of Cross Sections

Signal Kinematics
2 < Neutrino Energy < 20 GeV
0 < Muon Angle< 17 deg

oC o oPb

—

S do¢/dx dof/dx do"?/dx
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Cross Section Ratios — Carbon

Ratio of o€ : oCH

1.
E 6: ¥24ndf = 11.48/8 = 1.43 —— Data
O 15 294e+20POT - BB Monte Carlo
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Cross Section Ratios - Iron

Ratio of ¢ : ¢%H

Neutrino Energy (GeV)

1.
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Cross Section Ratios - Lead

pr / 0-CH

Fractional Uncertainty

Ratio of oP? : gCH

1.
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Neutrino Energy Summary

Ratio of o€ ; ¢!

1.
5 6: x¥ndf = 11.48/8 = 1.43 —¢— Data
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Try Removing Elastic-like Events

nuclear effects are different for elastic and inelastic channels

Select an inelastic sample (no quasi-elastic, no resonances)

Cut based on inverse of the cut we used in quasi-elastic analysis
Inelastlc Slgnal Inelastlc Background

-y
o

Y
o

N INERvA Prelzmmar - - M[NERvA Preliminary . . .
L .;M Y 4 Purity — inelastic
® DIs(Q’ 51 Ger? W>2 Gev) ] I ® orL i . o
' DIS (0°>1 GeV? W<2GgV)— = " @ Resonant . sample IS 93% DIS

. @ Coherentn _

K SoﬁDIS(Q<]GeV)
o e ' H L.

(inclusive was 35%)

%]
LA L_
|

CCQE Extra Energy (GeV)
CCQE Extra Energy (GeV)

Inelastic sample is
22% size of inclusive

10
Reconstructed Q? (GeV?)

0 ”Q\

00 / \
CCQE Extra Energy T \ NARRBBES!
Non-muon hits that are not in ; \__/

hadronic calorimetry.
Exclude area 300mm around vertex.

Strip Number
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Low X Summary

» At x=[0*,0.1], we observe a
deficit that increases with the
size of the nucleus

» This effect is not modeled In
simulation

* Simulation suggests events down to 0.005
No events really at O
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Simulation of Nuclear Modification
GENIE 2.6.2 | Our MC A. Bodek, U. K. Yang

arXiv:hep-ph/1011.6592

» Bodek-Yang Model (2003) » Updated Bodek-Yang (2013)
s Fitto Charged Iepton data a \ery similar to widely-used E139 fit
» All nuclei has same modification |* Specific fits for C, Fe, Pb
a All treated as isoscalar iron
Bodek-Yang 13 Modifications at & = 0.25 GeV?
Nuclear modification fit for % 1.15p : :
N - All Nuclel BY-03
iron to deuterium ratio =~ 116 seint.
0.001 13 456?0'01 203 4567 0.1 1003 4567 1 '{tl.l.':\I - E Carbon
1.1 :|. A L B N B L I N B N B L B B T B I'II'I.!: 1.1 105:_ Iron
A. Bodek, U. K. Yang 7 - Lead
arXiv:hep-ex/0308007 } 1
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- aE(}ﬁSCafD_ E
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078, .o 1 sl o vl v 1y /H0T -
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X

October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice 64



Do our data prefer a model?
Using MINERVA bins and acceptance

Comparison of predicted for cross section ratio

{ No Modification
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» Charged lepton data suggest we should see < 1% effect
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Low X Summary

» At x=[0,0.1], we observe a
deficit that increases with the
size of the nucleus

» Data show effects not
modeled Iin simulation

/ Expected Neutrino Differences \

Neutrinos sensitive to
structure function xF;

Neutrinos sensitive to axial
\piece of structure function F,
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Conclusions

o First results from nuclear targets in MINERVA

» First precise direct measurement of nuclear-dependence of
neutrino cross sections in the few GeV regime

» Deficit increases with A at x=[0,0.1] (Pb < Fe < C)

o Not modeled in simulation
» Excess increases with A at x=[0.7,1.1] (Pb > Fe > ¢)
a Not modeled in simulation

» Extensions of this analysis are very promising

o Enhanced statistics (>10x) in higher energy, intensity NOvA-era beam

@ Higher energy—>lower x reach. Much more DIS—>extract structure functions.

o Inelastic sample selection demonstrated. Needs more data.

s (teaser) Combine quasi-elastic and nuclear target analyses
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Backup
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nother Module

Scintillator - tracking
- EM calorimetry
Steel - hadronic calorimetry

Fermilab Seminar - MINERVA - Brian G. Tice

October 11, 2013

Charge sharing fdr Improved position
resolution (~3 mm) and alignment
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Active Scintillator Modules
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Liquid He Water

Active Scintillator Modules

1” Fe/1” Pb e e .5” Fe /.5” Pb
166kg / 169kg / 121kg || 0-3" PDb A T

PEs B 228kg
- Fine™ N S—— —
: T‘A" -,.’ ! 2 el ’.\"\ ". o . . 1 .". ; a

October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice 71



NuMIl Beamline

Delivers ~35x1012 protons on target
(POT) per spill at ~0.5 Hz, a
beam power of 300-350 kW.

~7E9 neutrinos / m2 @ MINERVA

120 GeV proton - Carbon target
pC > m*rand K*
Magnetic horns focus + or -

m /K> pty, or /K> py,

Pipe
Target Horns Decay Fip ’
r Ry o )
B e —
‘ » 'Jilll
PSS, S s
10 m 30m «————— ' Hadron
675 m Monitor
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Alignment and Strip Response
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Where do the muons go?

I I | l I I I

LE Monte Carlo
. I contained in Inner Detector (ID)

i enters Outer Detector (OD)

. i track ends in ID/OD border region
. i matched with energy in MINOS 7
. i matched with a track in MINOS -

0.04

0.02

Normalized by Number of U s

0 5 10
True Energy [GeV]
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Muon Tracking Efficiency

MINERVA muon
tracking
efficiency
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Muon Tracking Efficiency

MINOS muon tracking
efficiency

Detector
Would-be path if there were < plane

no multiple scattering

Transverse
/ displacement

Actual path

use scattering in MINERVA
ECAL+HCAL to split into high
and low momentum samples

Total Corrections m antineutrinos

p, < 3.0GeV/c (-10.1+4.7)% (-7.8+3.4)%
p, > 3.0GeV/c (-6.7+2.6)% (-4.5+1.9)%

MINOS efficiency
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Stability

Neutrino CC events/10'® POT vs. Integrated POT
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Reconstruction Stability

~4 months running
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Clusters /0.1 MeV

Energy Scale
and Stability
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Michels, i, and e/y Separation

Mean dE/dx at first 4 planes (MC)
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Events accepted from low energy run
Expected kinematic distribution of data shown today

Event statistics for LE neutrino run

. . - 0.7
Simulation I
GENIE 2.6.2

10

107"

Bjorken Q
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Events accepted during NOvA-era run
Expected kinematic distribution of data now being collected

Event statistics for ME neutrino run

: Simulation 40
GENIE 2.6.2 '
10 r

Bjorken :;I
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GENIE FSI Systematics

rp Description of P dPfP
ITHEE’}' Pion transverse momentum (py) for Nx states in AGKY -
zjﬂlﬁy Pion Feynman x (rg) for N states in AGKY -
Tg, Hadron formation zone +50%,
rpmN Pion angular distribution in A — «V (isotropic <+ RS) -
zg;x*’l-’ Branching ratio for radiative resonance decays +50%%
zgzx““ Branching ratio for single-n resonance decays +50%

rp Description of P dP/P
N sp Nucleon mean free path (total rescattering probability) +20%
I:il_ Nucleon charge exchange probability +50%
=N MNucleon elastic reaction probahility +30%

;.";;d MNuecleon inelastic reaction probability +40%
:I::::",H Nucleon absorption probability +20%
= MNucleon w-production probability +20%
To.sp 7 mean free path (total rescattering probability) +30%
xl,. 7 charge exchange probability +50%
b  elastic reaction probability +10%
ri.g 7 inelastic reaction probability +40%
rh.  m absorption probability +20%
rZ 7 w-production probability +20%
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GENIE Cross Section Systematics

rp Description of P aP{P
TppNeEL Axial mass for NC elastic +25%
TyNeEL Strange axial form factor 5 for NC elastic +30%
T)ecqE Axial mass for CC quasi-elastic -15% +25%
TerQE—Norm Normalization factor for CCQE
ToeQE-Faulisup  COQE Pauli suppression (via changes in Fermi level kp) +35%
TCCQE-VecFF Choice of CCQE vector form factors (BBADS + Dipole) -
L i ) ) . T pop. O Nop-resonance bkg in vp CClr reactions +50%
FOCRES— Norm Normalization factor for CC resonance neutrino production bl
INCRES—Norm  Normalization factor for NC resonance neutrino production IH:f;CC“‘ Non-resonance bkg in vp C'C27 reactions +50%
Typgores Axial mass for CC resonance neutrino production +20% IH::;EE'* Non-resonance bkg in vn CClr reactions +50%
TpgocrES Vector mass for CC resonance nentrino production +10% T pen, o2 Non-resonance bkg in vn C'C27 reactions +50%
By
Ty NERES Axial mass for NC resonance neutrino production +20% T o NC1x Non-resonance bkg in vp NC17 reactions +50%
By
T Vector mass for NC resonance neutrino production +10 . — . -
M{eRES P % T pop, WO Non-resonance bkg in vp NC'27 reactions +50%
. Bl
Ty ooHp Axial mass for CC and NC coherent pion production £50% . . ) _
A T pen N1 Non-resonance bkg in vn NClm reactions +50%
T peonp Nuclear size param. controlling 7 absorption in RS model +10% e
T o NO2x Non-resonance bkg in vn NCO27 reactions +50%
L
T my A higher-twist param in BY model scaling variable £, +25%
Tpsy By higher-twist param in BY model scaling variable £, +25%
Togy Cy1e 1 valence GRVO8 PDF correction param in BY model  £30%
Togy oy u valence GRV93 PDF correction param in BY model  +40%
ToeDis Inclusive CC cross-section normalization factor
o 7 CC ratio
TS —Nucl Mod DIS nuclear modification (shadowing, anti-shadowing, EMC)
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Fractional Bin Migration

Bin Migration in Neutrinc Energy (GeV) - Lead of Target 5
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Cross section model

ErrOr on EfflCIenCy uncertainty enters the

measurement through
efficiency only

Cross Section Errors on Efficiency in Iron of Target 2 Error Sources on Efficiency in Iron of Target 2
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Error on Efficiency

Cross Section Errors on Efficiency in Iron of Target 2
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Cross section model
uncertainty enters the
measurement through
efficiency only

Error Sources on Efficiency in Iron of Target 2
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Isoscalar Corrections - Inclusive
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Isoscalar Corrections - Inelastic
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Comparison of All Targets, x=[0.0,0.1]

1.4
1.3 Stat. Errors Only

®Data OMC
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Comparison of All Targets, x=[0.1,0.3]

1.4
1.3 Stat. Errors Only

®Data OMC

— Normalized to Scintillator Isoscalar Corrected

.

1.2
1.1

Occ Per nucleon

i
. 2
T}
—4—}
| @)
.-
o
b

0.9
0.8
0.7
0.6

Tgt.3 C

Tgt.2 Pb
Tgt. 3 Pb
Tgt. 4 Pb

Tgt. 2 Fe
Tgt. 5 Fe

Target Section

October 11, 2013 Fermilab Seminar - MINERVA - Brian G. Tice



Comparison of All Targets, x=[0.3,0.7]

1.4
1.3 [Stat. Errors Only
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Inclusive vs. Inelastic Sample

Target | data QEL RES DIS,(Q? = 1 DIS, )% < 1 other
yield (%o) (%o) (GeV/e)? (%) | (GeV/e)? (%) (%0)
Inclusive selection
C 5400 | 29.67 £0.26 | 3346 £0.27 | 1283 £0.19 21.82+£024 | 223 £0.09
Fe 17954 | 2990 £ 0.15 | 33.25+0.15 | 13.68£0.11 21.72£0.13 | 1.45£0.04
Pb 20488 | 3143 +0.14 | 31.74+0.14 | 1381 +£0.10 2205+0.12 | 097 +£0.03
Inclusive and inelastic selections
C 1217 1.70 £ 0.18 5.27 £ 0.31 61.83 + 0.67 3028 £ 063 | 091 £0.13
Fe 3699 1.45 £ 0.09 537+ 0.18 66.30 + 0.37 2628 £0.34 | 0.59 £ 0.06
Pb 4370 1.77 +£ 0.09 5.16 £0.16 66.03 + 0.34 26.74+£0.32 | 031 +£0.04

October 11, 2013

Fermilab Seminar - MINERVA - Brian G. Tice

94



CIGCH
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GFE / GCH
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GPb / GCH
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Convolution of o, Flux, AE, \}

G. Zeller

31_4:— V J.A. Formaggio and G.P. Zeller, p T2K Collaboration
--1 22_ H Rev. Mod. Phys., 2012 13”_‘5,_,1_,':_]- , I,Dhys', ReVP 87, 912901, (2013) .
:é: T I'H - v, Far/Near Ratio -
T ' i :
= F —el TOTAL 5 0.8 _
ui0-8F N : A 1 e‘f ) rl_[ i
- 1 FR e asiiai L i _
§0.6[- [ | 1 v f -
[ C = 0‘6_ —
%0.4_— =t i i
2 F St _
00.2[~ i :
g 0 N L1 i siea o B . :} 0‘4 B N
10” 1 10 102 " Unoscillated flux i
Ev (GBV) A
. . _ 10" 1 10
» Different flux means different sampling E, (GeV)

of interaction channels

- Energy smearing is ~ flux dependent
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Energy Reconstruction Problem \}
Final State Interactions

» Example: Pion absorption

o Pions can be absorbed in interaction nucleus

o Energy and signature of pion is missing

o Pion absorption is A-dependent

-2 Energy smearing is A-dependent
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Priority: o( E, )

Uncertainty on v.-Appearance

Oscillation probability before 2
and after energy reconstruction

Both plots: O. Lalakulich, U. Mosel, and K. Gallmeister

Phys. Rev. C 86, 054606 (2012)

5“' T T T T

o 14y E,"™® (x10 for oscillated events) - - - - - ]
NE 12 | E,"° (x10 for oscillated events)

O ;s

o 10 + 16 .

q}E 8 vO ;_x—\,__‘l1 VvV, appearence
65 61 QE-like

s 4 T2K flux

*

> 2|

Tz' 0 = — =
z 0 2

o

V

< Event rate for signal-type events in
T2K before and after energy
reconstruction

0.1 S T T T ST

0.08 t E rec

— 006 .

—V

= 0.04
o

(v

0.02

October 11, 2013

Fermilab Seminar - MINERVA - Brian G. Tice 100



PDFs

Parton Distribution Functions (PDFs)
Probability that parton in proton has
this value of x, when probed at Q?

08 T T T I v 1
g 0 =100 GeV’
0.6 . -
CJ12mid
H
e d J. F. Owens, A. Accardi,
Q1 04 F and W. Melnitchouk -
\#_-::, Phys. Rev. D 87, 094012
< T4 (2013)
- 02k -
0
d—ii
B 3 1 | | M | M ]
0 0.2 04 06 0.8 1
X
Note: free nucleon PDFs
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Neutrino Data at x>1

CCFR

Data

103k

Number of Events

10 2L
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s=8.3

— Exponential
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= (c)
[ | | 1 ] ]
06 070809 1 1.106070809 1 1.1 1.2

X

M. Vakili et al. (CCFR collaboration)
arxiv:hep-ex/9905052

FIG. 2.

(a) Measured x distribution.

an exponentially falling F» with s=8.3. All error bars repre-

sent only the statistical errors.
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Comparison of
measured z distribution and (b) distribution predicted by
Buras-Gaemers structure functions and by CTEQ4M struc-
ture functions, (c¢) distributions predicted by a flat Fermi gas
model and by the Bodek-Ritchie model, (d) distributions with



Kulagin-Petti predicts very large

KU Iag INn-Petti shadowing for neutrinos.

(large deficit at low x for heavy nuclei)

Comparison to our data in progress

Kulagin, Sergey A., and R. Petti. "Neutrino inclusive inelastic
scattering off nuclei.” Physical Review D 76.9 (2007): 094023.

F2(Fe) nuclear modification xF3(Fe) nuclear modification
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Kul ag in-Petti Kulagin-Petti predicts very large

shadowing for neutrinos.

12 p

F*(PBNF #{{p+nj2)

0o |
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Comparison to our data in progress (large deficit at low x for heavy nuclei)

Kulagin, Sergey A., and R. Petti. "Neutrino inclusive inelastic
scattering off nuclei.” Physical Review D 76.9 (2007): 094023.

F2(Pb) nuclear modification

XF3(Pb) nuclear modification
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A More-Detailed Look at Differences
¢ NLO QCD calculation of F¥* + F5* in the ACOT-VFN scheme

v charge lepton fit undershoots low-x data & overshoots mid-x data

v low-Q? and low-x data cause tension with the shadowing observed in
charged leptnn ddtd

Slice courtesy of J.G.Morfin
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do/dQ? Shape

v, CCQE

v, CCQE

1.8

1.6

1.4

Ratio to GENIE

——— NuWro SF M,=0.99 =

data ——— NuWro RFG M ,=1.35 -+ data NuWro RFG M ,=1.35
— GENIE RFG M,=0.99 ----- NuWro RFG M,=0.99 + TEM — GENIE RFG M,=0.99 ----- NuWro RFG M,=0.39 + TEM
NuWro RFG M ,=0.99 NuWro RFG M =0.99 NuWro SF M,=0.99

1.5<E, <10 GeV

Area Mormalized
| 1 1 1 1 1 1 1 I

1.5<E <10 GeV
Area Normalized

107" 1 1072
2
Q7. (GeV?)

10 1
2
Q7. (GeV?)

October 11, 2013

Fermilab Seminar - MINERVA - Brian G. Tice




Vertex Energy - Neutrinos
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Vertex Energy - Antineutrinos
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