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Neutrino DIS In Bound Nucleon

v W

e (anti-)neutrino DIS cross section data are valuable for the
separation of individual quark parton flavors.

e Inclusion of NuTeV and CCFR data in global analyses
of parton distribution functions (PDFs) inside protons.

e Common theme: neutrino experiments need heavy targets
(Fe, Pb, Ar, C, etc) to get high enough statistics yield.

e Challenges

‘_--— -----------------------------
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Nuclear effects:

e Fermi motion § - affect kinematic
e correlations between and distorts

nucleons, / neutrino energy
—

Don’t forget nucleus!

e partonic nuclear reconstruction
effects
[t Comp/ica les th[ng s o determ/neprotonPDFsthe data have to be corrected for nuclear effects



Partonic Nuclear Effect

Phys Rev. D8O 094004 2009

* Nuclear effects still not well understood in oEATSBZ8  ase?
neutrino physics. Difficult to combine
data sets with different neutrino fluxes,
acceptances, thresholds, and resolutions.

« Maybe the same for neutrino DIS...
maybe not. All precise neutrino data is on
Pb or Fe targets!

A R R SLAC/NMC - HKNO?(NLO)-

« We adapt partonic nuclear effects from | T o 1

electron scattering into neutrino D
. . /e — Ca Ratio
simulation model (GENIE) \ 1 Cu
EM Fermi matio

1.1 g}\gg Anti-sh:

« Need more neutrino-nucleus DIS data to i-; " E665

w3l

tell us: A

. . . 0.

 If neutrino nuclear effects are different
to charged lepton. oy D, ‘
: Shadowi EMC effec

- if we have modeled the nuclear effects A A
COI’reC’[ly. . sea quark valence quark

Q2
T = : Bjorken x, scaling of the

2Mv parton structure 3



Current State of Neutrino Scattering

We know neutrino oscillates, but does it violate CP symmetry?

* Recent interest in neutrino interactions in the few GeV energy region comes from the
need of accelerator based neutrino oscillation experiments to reduce systematic errors.

* Oscillation experiments (DUNE, NOVA, T2K, etc.) measure neutrino energy Ey in the
1-10 GeV region, where many interactions channels are active.
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Enter MINERVA

*MINERVA: a dedicated on-axis
neutrino-nucleus scattenng
expermentsunning at

= Fermilab intthe NuM|

L' (Neutninoes atthe Main' Injector)

Deamline.

‘ » Oungoal:

* Vlake highiprecision

’ measurement ol neutrino

; Interaction crossrsections In

[ the energy. region offinterests

| (1=50:Ge\))L

L » Study/nuclear effects
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peaks at 3 GeV. Currently accumulating
data in medium-energy (ME) run which
peaks at 6 GeV.



MINERVA Detector
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MINOS Near Detector
(Muon Spectrometer)

Elevation View
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MINERVA Takes Data on Many Different
Targets, Simultaneously!

t

4 tracker modules between each targe
Helium Target

Fiducial Mass | .

0.25 tons

NUC. TARGET 1 NUC. TARGET 2 NUC.TARGET3 WATER TARGET NUC.TARGET4

NUC. TARGET 5
Fiducial Mass
Fe: 161 kg

Pb: 135 kg

Fiducial Mass Fiducial Mass Fiducial Mass Fiducial Mass Fiducial Mass
Fe: 323 kg Fe: 323 kg C: 166 kg 625 kg H20 Pb: 228 kg | \
Pb: 264 kg Pb: 266 kg Fe: 169 kg

Pb: 121 kg ‘
\ /

Fiducial: within 85 cm apothem of beam spot



CC DIS Event Reconstruction
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vertex z determines if it's a

target event!
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Hadronic system

Summed calorimetricaly!

Only one muon
reconstructed

Muon angle (Bu < 1/79).




Isolating DIS sample (LE)

W: invariant mass of final state

Q?: square of the momentum transfer _
hadronic system

Q* = 4E,E, sin” (%) W = \/m% +(2m3 (E, — Eu)) — @

e We consider Q2> 1.0 (GeV/c)2 to be enough momentum transfer to resolve the
quark structure of the nucleons.

o W =20 (GeV/c) safely avoids the majority of resonances, and gives us
confidence the hadronic shower is from deep inelastic scattering off of a parton.
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J. Mousseau, Nulnt. November 2015
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Differential Cross Section Ratio (LE)

Mousseau, Wospakrik, et. al,
Phys. Rev. D 93, 071101 (2016)
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« GENIE 2.6.2 is the neutrino generator. DIS simulation is based on 2003 Bodek-Yang
model (partonic v," quark cross sections computation at the level using GRV98LO PDFs).

» We measured ratios of cross sections to reduce systematic errors from the neutrino flux
calculation.

 Ratios of the C, Fe, Pb to CH gives the evidence for nuclear effect.
« X-dependent ratios translate to x dependent nuclear effects.

» The shape of the data in low x, especially with Pb/CH is consistent with additional nuclear
shadowing.
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What Medium Energy Brings

Total MINOS+/NOvA protons to 00:00 Monday 20 February 2017
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= NuMI beamline currently running
with increased beam energy mode

which peaks at ~6 GeV (ME mode).

= \\/e have taken ~12E20 POT in
neutrino mode and currently taking
data in anti-neutrino mode.

= About factor of 4 increase from LE
data at 3E20 POT!

= Higher statistics yields improve
comparisons across nuclel

= The peak of energy now moves to
the DIS-rich kinematic region.
Access to expanded kinematics
and nuclear structure functions.
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DIS in LE and ME

e More events shift up to higher Hadronic Invariant Mass (W) range and Q2

10|

— GENIE simulation, v2.6.2

z axis scale: kiloevents/3 tons of carbon/6e20

- - —
" - '07

L E '} M E W(GeV)

Higher statistics with increased beam energy gives us
better sensitivity to probe high and low x

13



Challenge in Medium Energy

 With the increase of our beam energy, we see an increase In the hadronic
showers near the event of interactions.
» Cause more difficulty in vertexing with increase rates of failure in getting the
correct vertex position:
e Events with high invariant hadronic mass tend to have tracks that are created
by secondary interactions or decays.
* Shower activity occludes the vertex region.

reconstructed vertex

1204

100-

[ I . - . v v - .
I 1 I I I | 1 I I | ! I 1 1] T 1
v A\E A ae e oy 2 ai AL en [ & & &en [ " ’E c o ~ WO 100 1AL "es 1

true vertex
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Enter Deep Convolutional Neural Net

]
," Machine learning : “.
' (1)take some data, :
' (2)train a model on that data, :
(3)use the trained model to make predictions on new data. !

Feature learning algorithms
find important common
patterns used to distinguish
classes, then automatically
extract them to be used in a
classification or regression
process -> time consuming

Y55 QEACEINSE (aaes :
o8 pRELOECIE ggg%g

- B lImlSh"lﬂ an.ga
2anet MEEED =N 0l
 Cemh0f ¥ B ehHaRe

http://www.datarobot.com/blog/a-primer-on-deep-learning/

Deep Learning is automatically extracting important features of a dataset without a great deal
10f “by-hand" feature engineering
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Machine Learning Approach To
Determine Event Vertex

e (Goal: Find the location of the event vertex

* Treat localization as a classification problem: DNN gives prediction
which segment out of the 11 segments an interaction is from.

Segment0 1 2 3 4 789 10 —
WIHI{TIW ﬂﬁﬂl r partci vacing Events in MINERVA
ML THEE o (RHE < o are easily
YUY OF:: g5 represented as
i = [ = e - |m |
S A ALt (T ages
et 2 8 4 5
IEidi E AIukCINI e 23 45
Challen.ges: Different e e P A
type of interaction = I H TRTE TSR - 1] v
different characteristics i ShilE e
ENG
Single Track Backward Track Large Shower
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Comparisons to Track Based Vertexing

Row Normalized Event Counts (Tracking) Row Normalized Event Counts (Tracking)
=  MINERVA | | | Sal | | B |
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I 06 == ' |
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bb) H0.2 r o - , \ \ \
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|  Number of segments
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‘q:) Work In Progress g Woerk In Progress Lo i
E © 0.8 [e0) E ' ' ' ' -
5 "n E - originating in the .
: 8 9 "3 % Segment. !
o 'S g © w oW X
0 O] L
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- 1= Even segment: active scintillators
@) | | | | | — 0.0 o L d—25
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Comparisons to Track Based Vertexing

Target

Track-Based Row
Normalized Event Counts Normalized Event

DNN Row

Improvement (%)

Upstream of Target 1
1

Between target 1 and 2

2

Between target 2 and 3

3

Between target 3 and 4

4

Between target 4 and 5

5

Downstream of target 5

(%)

41.11

82.6
80.8
77.9
80. 1
78.0
90.5
/8.3
54.3
81.6
99.6

Counts (%)

68.1
94.4
82.1
94.0
84.8
92.4
93.0
89.0
51.6
91.2
99.3

27.0
11.8
1.3
16.1
4.7
14.4
25
11.3
2.7
9.6
0.3
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Systematics Errors and Outlook

e Currently working on improving the analysis in medium energy by
addressing other challenges:

Reassessing the eftect of larger event pileup to dead time in detector.
Improving resolution of the muon angle which directly improve the Q?

resolution: 0
Q* = 4E,E, sin’ (?“)

Further study to understand the fraction of backward energy in deep
Inelastic scattering.

Optimizing analysis cuts for medium energy.

Study to understand the non-DIS background fraction

in ME and improve technique of non-DIS background fitting.
Study of efficiency.

Have started taking anti-neutrino data (21 Feb this

year!), which will allow x-dependent ratios measurement

at ~5% precision for Fe and Pb and better measurement of
structure function.

19



From MINERVA
~ Collaboration
Thank You!! |
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c=\Ay?

Why care about cross section”

DUNE CDR, arXiv:1512.06148

50% CP Violation Sensitivity
[
9 — )
DUNE Sensitivity E CDR Reference Design.
Normal Hierarchy Optimized Desi
8} sin?26_, = 0.085 [ optimized Design
sin’e,, = 0.45

5%®3% °

-----------------------------

-------------------------------------------------------------

-] I L1 1 l L1 1 I El Ll I L1 1 I Ll IEI L1 1 I L.J
00 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

1% < > 3%

~650 kt-MW-yr ~1200 kt-MW-yr
I |
I I
~2X exposure!

In a period of precision neutrino
oscillation measurements

 Reducing systematics uncertainties
s critical

Reaching low systematics goals
requires control of all systematics,
including neutrino interaction cross
sections.

Oscillation experiments rely on
neutrino-nucleus interaction models In
neutrino event generators.

 Need better model and high
precision data -> goals of MINERVA
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DIS and Transition Region
Simulation in GENIE

* Genie uses the Whitlow parameterization for RL.

* Bodek-Yang accounts for target-mass modification an higher-twist effects by
calculating the nucleon structure functions as a function of a modified scaling
variable

* Coefficients of this scaling variable are tuned to data from a variety of
charged-lepton scattering experiments, and the uncertainties on these fits are
propagated to the analysis.

* The nuclear moditication made to the structure functions is applied identically
to all elements heavier than helium. genie’s predicted total DIS and differential
cross sections of carbon, polystyrene scintillator (CH), iron, and lead are
identical once the differing neutron fractions are taken into account.

* This treatment does not take account of the A-dependence of shadowing and
the EMC effect established in charged-lepton scattering.

* For a given x and Q2, the coherence length of hadronic fluctuations may be
longer for the axial-vector current than the vector current [7 |. This would allow
shadowing to occur for neutrino scattering in the lowest x bin

23



Expected Statistics in Same x bins:

Neutrino Mode

e Hit-level simulation on Medium Energy event sample, using

cuts and reconstruction technigues from Low Energy analysis:

Ratio of
events/POT
ME / LE:

Carbon
Iron

36.1 70.9 55.5 10.9 36.1
Lead 39.3 83.8 66.9 13.1 39.3
Scintillator

307.1 663.0 490.4 95.1 307.1
kEvent rate for 6E20 POT for all events vs x (reconstructed x)

Carbon

Iron 3.0 3.6 3.6 3.5 3.5
Lead 3.4 4.0 4.1 4.1 4.4
Scintillator 4.1 4.7 4.9 4.7 4.8

24



Number of Events/1E20 POT

Current Estimated Data Sets

CC Inclusive Selected Events in Carbon

CC DIS Selected Events in Carbon

x10°
5 F
[ . o 18~
0.14_ 7 < C
i 4 E 16|
0.12 - @ C
- . c 14
= . m -
L - AT C
0.1_ . o 12F
K o C
=3 - q) -
- 10
0.08_ . -g -
- ] Zz sF
0.06_ - C
5 ] 6F
0.04 - -
[ i 4
0.02_ - 2:_
OO 5 10 15 20 25 00

True E, (GeV)

Inclusive Events

True E, (GeV)

DIS Selected Only

A. Norrick, DIS 2015

At increased energy beam, we have higher fraction of
DIS events. DIS sample has low background after
applying the reconstruction cut.
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- Coherent Pion

- Resonance

- Quasi-Elastic

- Low W Inelastic: W<2GeV
- Low Q? DIS: W>2GeV Q°<1GeV?

DIS: W>2GeV Q>1GeV?

Reconstructed Q2 > 1 GeV?
Reconstructed W > 2 GeV



Number of Events/1E20 POT

Current Estimated Data Sets

CC Inclusive Selected Events in Carbon

x10°

0 M FEET FETTI FYTTE FER RS PR RS a1 o SR P M
0.1 0.2 0.3 0.4 05 06 0.7 0.8 09 1

True x

Inclusive Events

CC DIS Selected Events in Carbon

x10°

K LELIL] I LILILELI I LILELEL] I LILELIL] I LILILELI I LILELELI I LELELEL] I LILELELI I LILELEL I LILIL] i
50k -

i FHC i
40l N
30k .
20f -

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1
True x

DIS Selected Only

Coherent Pion

Resonance

Quasi-Elastic

Low W Inelastic: W<2GeV

Low Q2 DIS: W>2GeV Q%<1GeV?

DIS: W>2GeV Q%>1GeV?

Reconstructed Q2 > 1 GeV?
Reconstructed W > 2 GeV

Higher statistics with increased beam energy
gives us better sensitivity to probe high and

lowW X
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Projected Statistical Error on Ratio

p— 0.16 _ ' - Fermi Motion
g 0.14 - antineutrinos on C/CH

: 0.12 =====neutrios on C/CH

k= | | _ EMC Effect
& 0.1 * & * *antincutrinos on Pb/CH

:;_3 0.03 1 neutrinos on Pb/CH | | Anti-

= 0.06 - Sh .
— adowing
= (.04 St

O Ann | T M SN T e T e :
= 0.02 1 — . Shadowing
é 0 ‘ T - ‘ T V , _ Region
—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Bjorken x

A. Norrick, DIS 2015
Integrated over Q2, we can see that the fractional statistical

error Is less than 10% over a large range of Bjorken x,
including the Anti-Shadowing and EMC Effect Region
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Non DIS Background

* DIS Signal: true Q2 > 1 and
true W > 2.

* DIS Background: true Q2 <
1.0 (GeV/c)2 and W < 2.0
GeV/c).

* Use background as
sideband to predict how
many events with low Q2 and
low W are In the data. 05710 15 20 25 30 35 40 45 50

Reconstructed Neutrino Energy (GeV)
» Scale factor are summed per
material: C, Fe, Pb, CH.

DIS Candidates: Tracker Modules 45-50

— + Data |
300 ¢ TRUE DIS
TRUE Q2<1.0W >2.0
1 TRUEW<2.0

250 —

200

INERVA--Preliminary..

POT-Normalized
3.12e+20

150

N Events / 1.0 GeV

100

50

J. Mousseau, Nulnt. November 2015
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Plastic Backgrouno

Signal: Background: . .
. | o, Event selection allows some contamination
True vertexisin True vertexis in p st di e tarcet
ron. AND | scintillator, BUT rom plastic surrounding passive targets.
reconstructed reconstructed
in iron # in iron
1 03 Event Origin DIS
7)) _
E 1.6 —4— Data Stat. Errors Only
(3] - |23 carbon Area Normalized
a 1.4 [ Lead 7.340419 POT
. ~~— 1.2 ;_ 'fOﬂ MINERVA Work In-Progress
Correct the weight of g | Scintillator Events from this
. 1 .
plastic background based € o N » region used to
on their geometrical Z e
acceptance to MINOS oal l background ....
(EM, ©) 02l

0

450
Up here...

Vertex Z (cm)
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Total Cross Section

Mousseau, Wospakrik, et. al,

1.8 i
B —4— Data
L 3.12e+20 POT — Simulation
1-6_ NOT Isoscalar Correcte
¢
1.4
121 i
[ ]
] —_—
1.0 == '
[ ]
0.8| :
; C/CH
0.6
5 10 15 20 25 30 35 40 45
Neutrino Energy (GeV)

50

GFe / GCH

1.8
B —4- Data
L 3.12e+20 POT — Simulation
1-6_ NOT Isoscalar Correcte
14F
1.2 t
0.8F .
: Fe/CH
0.6
5 10 15 20 25 30 35 40 45 50
Neutrino Energy (GeV)

pr / GCH

Phys. Rev. D 93, 071101 (2016)

1.8
B —4— Data
L 3.12e+20 POT —— Simulation
1.6 | NOT Isoscalar Correcte
1.4F
1.2F +
1.0f b0 + t !
0.8
0.6}
5|m10‘m15““20‘m25‘m30‘MC%SHH40IM45M

Neutrino Energy (GeV)

« Results are shown for the deeply inelastic events in C, Fe, Pb and CH.

* We measured ratios of cross sections to reduce systematic errors
from the neutrino flux calculation.

« Ratios of the C, Fe, Pb to CH gives the evidence for nuclear effect.
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MACHINE LEARNING
Convolutional Neural Net

Convolution: mathematical operation describing

.y , : Inputimage Convolution F
the rule of of mixing two functions or pieces of eature map

Kernel

iInformation: 1 -1 -1
(1) The feature map (or input data) and (2) the -1 8 -1
convolution kernel mix together to form (3) a -1 =1 -1
transtformed feature map.
N T T T T T T —atuz.‘m,;a;s:m— - ‘\ * A convolutional neural network
\ oottt o fm::,mamﬁ (CNN) uses convolutional layers
that filter inputs for useful
g information.
, R B * These convolutional layers have
n mo« X parameters that are learned so that
‘ \ these filters are adjusted
T e et R e — — automatically to find the best feature

for the task at hand.
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Uncertainties as percentage of ratio if DIS differential cross sections

Carbon
T I II III IV V VI VII Total
0.00-0.10 13.6 2.6 6.8 3.9 4.5 4.0 3.3 17.4
0.10-0.20 7.3 4.2 3.6 1.3 3.8 1.6 1.8 10.3
0.20-0.30 6.9 3.9 3.9 2.1 3.5 2.8 1.4 10.2
0.30-0.40 80 0.6 5.4 3.5 3.3 1.4 1.4 11.0
0.40-0.75 11.5 5.6 80 3.1 3.5 1.2 1.6 15.9

Iron

T I II III IV V VI VII Total
0.00-0.10 6.3 1.7 3.6 3.4 3.3 4.1 1.9 10.0
0.10-0.20 36 1.2 1.9 14 29 14 1.7 5.8
0.20-0.30 34 0.1 1.9 1.1 2.8 1.1 1.8 5.4
0.30-0.40 3.7 1.0 2.6 1.6 2.8 1.2 1.9 6.0
0.40-0.75 5.0 1.9 3.6 2.3 2.7 0.7 1.8 7.7

Lead
T I II III IV V VI VII Total

0.00-0.10 5.8 1.5 3.5 2.5 2.5 2.0 2.5 8.4
0.10-0.20 3.2 1.1 1.8 0.8 2.4 1.6 1.8 5.2

0.20-0.30 3.1 0.2 1.8 0.9 2.6 1.2 1.7 5.0
0.30-0.40 3.4 0.3 2.4 1.3 2.5 0.9 1.5 5.4
0.40-0.75 4.8 1534193318 1.5 7.6




Conclusion

e Minerva is the first experiment that is able to do precision
measurements to study neutrino deep inelastic scattering
simultaneously on multiple nuclear targets under identical beam.

¢ \We have just finished taking neutrino scattering data using the
Medium Energy beam and currently calibrating and analyzing
the data.

¢ \We have started taking anti-neutrino data (21 February this
year!), which will allow “v-EMC” ratio measurement vs. Bjorken X

at ~5% precision for Fe and Pb

e Stay tuned for our future results!
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