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Motivation and background.

The MINERVA experiment and detector.

*MINERVA calibration and event
reconstruction.

eDiscussion of past nuclear target
charged current inclusive result.

Nuclear target charged current deep
Inelastic scattering result.

Future directions, medium energy
analysis.

Conclusions.
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Motivation and Background
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CERN COURIER
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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Neutrinos: The Next Frontier

This Is an exciting time for neutrino physics:

We are building more
powerful beamlines
PARTIGLE (L BN F) e

DETECTOR (upgrade)

EXISTING PROTON
ACCELERATOR

* This is a good position to be in.
* We are building the tools today
for a very successful physics

program tomorrow.

..And bigger
detectors (NovA)!
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Neutrinos: The Next Frontier

*More precise detectors mean better
measurements (MicroBooNE).

*Massive detectors and intense
beamlines mean higher event rates
(DUNE).

* Future experiments rely on the
measurements we can make today if
they are to reach their full potential.

MicroBooNE TPC: excellent
energy reconstruction of EM
final states.

SUNE

DEEP UNDERGROUND NEUTRINO EXPERIMENT

2= ArgoNeuT has the ability to
untangle complicated final states.
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Neutrinos in Nuclear Media

«One common theme of the experiments .
mentioned: they rely on large A
materials (Fe, Ar, C, H O etc.)

Neutrino sca ttering
*Problem: nuclear effects caused by is

nucleons bound in a nucleus distort the®2/9"terward.
measured kinematics of the neutrinos.

* Two detectors will not solve your N
problem: these effects modify the near
and far energy spectra differently.

Effects not well understood in neutrino
physics. General strategy has been to
adapt nuclear effects from electron
scattering into neutrino scattering.

...Until it's not!
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Charged Lepton Nuclear Effects

!,l/ Cc — Ca REltiO « Shadowing and

Anti-shadowing: Depletion

1.7 ; of cross section at low X,
E I]?JT{C Fermi magio presumably compensated
11 - Eng Anti-shadowin by a enhancement from x ~
~ . s, 0.1 -0.3. ShadOV\_/lng Is well
£ E665 = understood experimentally
— I : and theoretically.
Y L;t « EMC Effect: no universally
H- 0.9 ¥ accepted cause (though
' many theories). What is
known is that it is a strong
0.8 / function of local nuclear
Shadnwiu{ EMC effect density.
0.7 / . _Ferml motion: Each quark
0.001 0.01 x 0.1 | is allowed to have a
sea quark valence quark  maximum momentum of x =
Q)? Scaling variable Bjorken x. In the A, s0 Increasing A Increases
€r = OME, , Ppartonmodel, x is the fractional maximum allowable x.

momentum of the struck quark
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Shadowing

*Several theoretical models successfully

describe the shadowing effects observed in \ v
charged-lepton nucleus scattering. i \
,
(o) ~
*Most are based on hadronic fluctuations of . N:
the Y (or W/Z for neutrinos) P
*These fluctuations then undergo multiple |
scatterings off leading nucleons in the \ v
nucleus. g \
,
*The scattering on the leading nucleons lead (o) B
to no scatters on thg downstream nqcleons A ///m)f‘\
resulting in a depletion of cross section at low —
values of x.
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EMC Effect

*Named for_ the Euro_pean Muon Seely, J. et al. Phys.Rev.Lett. 103
Collaboration experiment in 1983. (2009) 202301 arXiv:0904.4448
. . .. ) S 1.2 Q?=4.06
*Priorto EMC: ariseininA/Dratioas 2 |[aad%aso
X increases past x > 0.4 (valence 11 [ groass
guarks) was expected due to Fermi -
motion.

* Opposite was observed! Valence _
guarks in a bound nucleus carry less T

momentum than expected. 2 03 o
X
Ratio of carbon to deuterium cross
e Currently there are no agreed upon section in different bins of
cause(s). four-momentum transfer squared (Q?).
Solid line is a fit to SLAC data. The dip

« But the conclusion is clear: binding above x > 0.35 is the EMC effect.

nucleons together changes the
momentum distribution of the quarks.
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Example: Medium Modifications

’Vé’_c’te%f ?_Uafk NU?’eaft wave *Bound quark distributions are
ISTrI I0NS NCtion .
. n convoluted with the nuclear wave

v o function
04(z4) /o dyAfo A~ valfelialiel) e ot the valence quarks as a quark —
Nucleon quark distributions di-quark pa:II‘. _

: *End result is a good theoretical
description of the EMC effect data on
a variety of nuclel.

*Has the advantage of predicting the
flavor dependence of EMC.

A Ll Z/N = 82/126 (lead) ,",-1:5 ]
gz 1 g 1 I. C. Cloet et.
3 ool B ool al. Phys. Rev.
% 0.8 (2) 0.8 f Lett. 109

0.7 0.7+ . _. . Rgﬁ - - —- da/dy 12823201

0.6 R%C ........ u,A/uf Q% = 5GeV? _ 0.6 Rgb """" U’A/uf Q* = 5GeV? 1 ( Ol )

' ‘ ' ' . 0 0.2 04 06 08 1
T

1 1 1 1
0 0.2 0.4 0.6 0.8
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X Dependent Nuclear Effects

*There is no one theory which explains all of these
effects.

*MINERVA is the first chance to see x-dependent effects
In neutrinos!

*Neutrino nucleus deep inelastic scattering data can
provide some power to distinguish between different
models.

*|t IS also a way to probe the fundamental physics
differentlly.

*For example, neutrinos are sensitive to the axial and
vector components of xF_and F,. Charged leptons are

only sensitive to the vector component.
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The MINERVA Experiment

MINERVA

MINERVA under construction

*Experiment
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MINERVA Detector

Most MINERVA Analyses

Planes of scintillator strips, surrounded happen here...

by steel outer frames make up hexagonal modules.
| Elevation View
4 M
Side HCAL l / L
Side ECAL / JENNNNNAEE: e
I O
;u 1l .§’A v-Beam \//0/ o 2
o|| | L ¢ 2 \ B 5 o @ &
2o w T D S £ L 2 a °
e qé,f Y Active Tracker g £ § £ E L% = ']
HIE 2 g g2 52 |95 | 25
e % E $) 8.3 tons total § o o 7N c
@ < 15tons | 30 tons E p—
Side ECAL 0.6 tons
7 Side HCAL 116 tons
A 4
5m > ”
(—27‘
yreuttrlr&obbeam Today's result: Nuclear targets in MINOS near
- er?nﬁ ) KI " the same neutrino beam allow detector used for
be 'I."" u MINERVA to make A-dependent escaping muon ID
eamiine hhysics measurements. and reconstruction.
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500kg
Water:

Active Scintillator Not used
Modules In today's
‘ analysis
\J \J \J v \J
o0 I .

v
1” Pb | 1” Fe 3"CI1"Fel 1" Pb 0.3” Pb 5" Fe | .5” Pb
266kg | 323kg 166k91169kgl 121k 228kg 161kgl 135kg
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The NuMIl Beamline

Absorber Muon Monitors
Target Decay Pipe - \ 1 l 1 5

| \ Target Hall
b .

MINERVA | MINOS

Horns w MMl * U,
10 m 30m i
675 m / . Rockl Rockl |Rock
Hadron Monitor >m 12m 18m  210m
 MINERVA's neutrinos are produced by the NuMI

NuMI Low Energy Beam, FTFP, May 2013 be_amllne' ) .
hadron production * Primary beam is 120 GeV protons from the Main

corrected flux I nj € CtO I
—Vu * Protons collide with a 2 A graphite target. Decaying
mesons produce a beam of 98% v,

* Modeling expected flux is difficult. Typical strategy
IS to use external data to model hadron production
In target.

P e  Other in situ measurements possible from muon

02 8 BN memergyaewy,  MONItOrs, geometry runs and neutrino electron

scattering are possible.

flux(neutrinos/m?/GeV/10°POT)
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Low Energy Run Data Collected

e Low energy Physics

-
(o]

?EroT delivered by NuMI - run collected 3.98E20
1.8 recorded by MINERVA - POT of neutrinos from
V V V vV |V V - 03/2010 until 05/2012.

Special Special Special

55% of MINERVA) RUN
Run Run

Today's analysis uses
- 3.12E20 POT of
neutrino data.

-
N

‘III‘III‘II\‘I\I‘\II‘III‘III‘III‘I\I
9

—

Protons on Target per day (1e18)
I

Currently, have

0.8
collected 5.50E20 POT
06 .~ of Medium Energy data
04 ~ (not used today)
o2 -+ We extend our thanks
o HENEEEINESE i IINEN BN I i - to AD for the years of
§ > 4 ? F£& reliable beam!
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Event Reconstruction
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Event Selection and Reconstruction

Primary Muon track is matched to

— MINOS. Matching acceptance is poor for
8 ..|high angle muons, so we only accept
= events with® < 17° ~_
S 110 M
Z 100 . - \
Q This track is used as an “anchor” to \
(% reconstruct an event vertex T
80 / N
/ N
470 / ™~
60 / | i | 4 | | ) —
o / ooy Y
- T e , T E
VL = Additional hits not associated with
20 /4 the muon are summed |using ?
L 3 “ g« _calorimetry to measure E.___ 1
/l L ] had

0— I I I I I I I I I I I I I I I I -0
-5 O/ 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

If available, additional tracks Module Number
are used to improve the
vertex fit iteratively.
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MINOS Reconstruction

* High energy muons in MINOS will not range out in the near detector

 Muons must be reconstructed by curvature in the B field of MINOS.

 Curvature algorithms break down as the particle approaches the MINOS
magnetic coil, or exit from the sides of MINOS.

* High energy MINERVA analyses are statistics limited; we cannot afford to be as

conservative with coll radius cuts compared to MINOS.

\
Electromagnetic \ Given a

Calorimeter _—" track her
p
MINOS Near

Hadronic
Calorimeter \ ' Detector

SUo} G|

SuU0} 0€

F 3

“-—2.14 m—m—m—>

< - - 3.45m >
yCan we find it

here? \*\ |

wz—>

MINOS Near Detector

(Muon Spectrometer) COIL HOLE

Figure adapted from P. Adamson et. al.
Phys.Rev. D91 (2015) 012005
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MINOS Coil Cuts

Accept Events in this
region...

e Another
possible failure
mode: tracks
stopping in (or
traveling
through) the
MINOS caoll.

* Two different
radii cuts tuned
to avoid muons
traveling
through the
colil, or exiting |
the sides. - COIL HOLE Reject' Events

In these regions

_—m

NCH
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Recolil Reconstruction

*Recoll energy = all non-muon energy in a [-25,30] ns window

) hits
of the vertex time. Erea=ax S E

-Calibrated energy deposits (E) in the detector Weigheél by

the energy lost in passive material (c; see table).

Energy lost by a minimum ionizing particle Recoil energy resolution in scintillator
in each material

o
3

T T T I T T T T I T T T T .
SIMULATION =

Overall scale factor (a)
computed from simulation

_- PRELIMINARY ]
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I_

0'00 5 10 15 20 25

True recoil energy, E (GeV)

0.2

Calorimetric energy resolution, 6/E
o
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Hadronic Energy Resolution

Resolution an Hadronic Energy (GeV), Lead of Target 2. 0.00 <x < 0.10 Resalution on Hadronic Energy (GeV), Lead of Target 5. 0.00 <x < 0.10 Resolution on Hadronic Energy (GeV), Tracker Modules 45-50. 0.00 <X < 0.10
C MINERVA Preliminary 160 MINERVA Preliminary C MINERVA Preliminary
140— - l 600|—4# N +
Mean : 0.06 \ I"' 140 (Mean :0.05 I Mean : 0.04 ++
. . q
S 120 RMS : 0.20 I aa bl S 120 RMS:0.18 Pe S 500 RMS : 0.17 +
i M ;" ; :
O 100f i O ok I O
2 I g 10 T 19 4001 *
S & S , S }
L el f
i C

L%; 60 | l | L%’ 60 + | 2 t

- L C ¢
Z g z l+ +l = 2000

B + 40 i 1 B ¢

- C C ¢

K ) t B [ ) 100 ¢

“r Ty tey 2 1 ' B ¢ .
ol lpge +H“H “““ L Yoy 40 & ] — HHm.’uH‘H‘H‘{’fww.w ol L1 lgee® .‘.HH“H‘H.‘.‘.‘.‘--
-1 -08 -06 -04 02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1 1 -08 -06 -04 02 0 02 04 06 08 1
(Reco-True)/True: Hadronic Energy (GeV) (Reco-True)/True: Hadronic Energy (GeV) (Reco-True)/True: Hadronic Energy (GeV)

* Our event selection and abllity to reconstruct x accurately is
highly dependent on our hadronic energy reconstruction.

« Accuracy of high-energy, low x hadronic showers is very similar
between nuclear targets and tracker modules.

« Our simulation adequately accounts for the different geometry

encountered by hadronic showers, regardless of where they
originate.
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Test Beam

* The MINERVA detector's hadronic
energy response is measured using a
dedicated test beam experiment at the
Fermilab Test Beam Facility (FTFB)

e Custom built beamline collected data
during the summer of 2010.

*In addition to a Birk's Law calculation, MC with syst uncertinty
hadronic energy reconstruction TR T N PN R

pion total energy = available energy (GeV)

uncertainty Is estimated from difference Aliaga L. et. Al. Nucl.Instrum.Meth.

EH positive pions

— data with stat. uncertainty

e
~
|

e
=]

e
o
T 1

energy response / incoming energy

between test beam data and GEANT A789 (2015) 28- 42
SI m u Iatl O n . > 0.7 EH negative pions
Custom built beamline | Plus miniature

5=

T e & -

detector

0.5 data with stat. uncertainty

MC with syst. uncertainty

08 1 12 14 16 18
pion total energy = available energy (GeV)

energy response / incoming energy
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Charged Current Inclusive Review

Elastic Inelastic

*CClInclusive

Joel Mousseau 25



|Isoscalarity

Heavier nuclei (Fe, Pb) are composed of an unequal
number of protons and neutrons (e.g. Pb: 82 protons, 125
neutrons).

« The v, + N cross section is different for protons and

neutrons; v, want to couple to d quarks, and the neutron

contains more d than u quarks.

*This effect is x dependent (higher x — more valence quarks
— more d quarks.

«Currently, the MINERVA data does not correct for this
difference; this requires some theory input.

a(vng)
1+ (Ns/ZB) g(up}{) Isoscalar correction of two nuclei A
and B with Z protons and N

neutrons.

fisoz(AXB) K(ZBX’ZA) a(vny)

1+ (NA/ZA}S(U—W

Joel Mousseau



Inclusive Ratios: do /dx

Ratio of %:dg_;" Ratio ofddLFe:d"—cH Ratio ofd"—ph:M
20r 2.0¢ x ° dx 20 dx " dx
o y¥ndf = 6.05/6 = 1.01 ol y¥ndf = 25.87/6 = 4.31 ol y¥ndf = 58.46/6 = 9.74 '
T I ! I !
z . 1.6; ;gir:\ulation C Ci__i 1.6; ;gintillation F:/C H z y 1.6; ;gintillation t)/C:H
ol B i } 3° ..
3° 14 14f ! 51" 14
B 124 | 12/ g%_é 12t
10 107 | 10f
0.8 0.8} 0.8}
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Reconstructed Bjorken x Reconstructed Bjorken x Reconstructed Bjorken x
e Data are presented in reconstructed x: we do not correct for detector

smearing.

« Our neutrino interaction simulation is GENIE version 2.6.2
(C.Andreopoulos et al., Nucl.Instrum.Meth.A614:87-104,2010.)

 GENIE assumes an x dependent nuclear effect from charged lepton
scattering, applies the same to each nuclei (C, Fe, and Pb).

*In this case, we observe an excess in the data at large x, and a deficit at
low X, both of which grow with the size of the nucleus.

Tice, Datta, Mousseau et. al,
Phys. Rev. Lett. 112, 231801 (2014).
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Inclusive Ratios: do /dx

Ratio of%:dg—;H Ratio ofddi;e:dg—;H Ratio ofdg—::%
207 207 207
|/ 7Aindf =6.05/6:=1.01 | 7Aindf = 258716 = 4.31 | ndf=58466=974 /"
s T ! T !
L +D'ata . e . L +D'ata . F)/CH L +D'ata . /
Eb% 1.6; ~— Simulation L/ LI__I 1.6; ~— Simulation 1 L + Eb_é 1.6; ~— Simulation t)/C:
ol 1.4: 7N\ 1.4: ':’\ 1.4:
B 124 [ | \ 12 B 12f
1o} 10/} + 1.0;’
o.sf 0.8f 0-8f
00" 02 04 06 08 10 1214 00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Reconstructed Bjorken x Reconstructed Bjorken x Reconstructed Bjorken x
X, QE DIS OTHER At large x (x >0.7) we observe an
00-01 113%  59%  77.4% ehxcegs mfthhe datalwhlch grows with
01-03 13.6% 16.7%  685%  oI¢ Slze orihe nucleus.
03_07 | 327% 11 8% . * These events are a mixture of CCQE
A i - ° | 0° and other events (see table).
4.3%  405% < This makes interpreting this result
2.8% 34.4%  (difficult, since the physics between the
1.9% 28.4% CCQE and resonant events is different.
0.6% 20.2% Tice, Datta, Mousseau et. al,

Phys. Rev. Lett. 112, 231801 (2014).
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Inclusive Ratios: do /dx

Ratio of do® , do™ Ratio of ddi;e : do® Ratio of dg_;b : do®

20 dx ' dx 20 dx 20 dx
1 Bf ¥¥ndf = 6.05/6 = 1.01 1 Sf y¥ndf = 25.87/6 = 4.31 1 Sf ¥¥ndf = 58.46/6 = 9.74 ;
T I I !
B —4-Data L —4- Data F; / C‘H L —4- Data
< 1.6 = Simulation Gy I G 1 | 16 = Simulation 1 4 - 16 = Simulation S
‘.’8% 1.4[\ C/CH 1.4;’\ + "%-,’_5, t)/C'H
ok 14\\ | A 3t
1, 1.0
000 02 04 06 08 10 12 14 000 02 04 06 08 10 12 14 000 02 04 06 08 10 12 14
Reconstructed Bjorken x Reconstructed Bjorken x Reconstructed Bjorken x
X, QE DIS OTHER <At low X (x < 0.1) we observe a deficit

00-01 113% | 59% | 77.4% I?] the dflta which grows with the size of
01-03 136% 167% 685% enucleus. g
* This could possibly be additional

0.3-07 327%  11.8%  55.3% 7 .

i i i nuclear shadowing in neutrino
0.7-0.9 55.1% 4.3% 40.5% scattering.
09-11  62.7% 2.8% 34.4%  «\We can study shadowing more directly
1.1-15 69.9% 1.9% 28.4%  with DIS.

>1.5 79.1% 0.6% 20.2% Tice, Datta, Mousseau et. al,
Phys. Rev. Lett. 112, 231801 (2014).
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Charged Current DIS Analysis

[L
W+
——
. \
Q? > 1.0 (GeVic) ®
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Charged Current DIS Analysis

[L
W+
——
. \
Q? > 1.0 (GeVic) ®
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How Deep is Your Scattering?

Event statistics for LE neutrino run

* The resolution of how fine you can
resolve distances proportional to the
momentum transferred between your
probe and target (Heisenberg).

* The Mandelstam invariant Q°* measures
momentum transfer: Q° = |k — k'|>.

* We consider Q% > 1.0 (GeV/c)® to be
enough momentum transfer to resolve
the quark structure of the nucleons.

Q%(GeV?)

‘ W(GeV)

k k' Transition and DIS

W > 2.0 (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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From Inclusive to DIS

*We isolate a deeply inelastic sample from the inclusive sample by making
cuts on the four momentum transfer (Q?) and final state invariant mass
(W)

*Require Q°> 1.0 (GeV / c)* and W > 2.0 GeV / c. These cuts remove the
guasi-elastic and resonant events from the inclusive sample, and allow us
to interpret our data on the partonic level.

« Cuts are illustrated for CH events between 5 and 50 GeV EU and 9H <17°.

Signal - Tracker Modules 45-50

. x 1 03 | Signal - Tracker Modultas 45-50 _ %1 03
G 14| MIERR Prelininacy ~— Data D {4l POT-Netmalzed ~- Data
3 1.2F Szes0POT — Simulation S - 3.126+20 POT —— Simulation
O C o 12| -
= . Q%= 2E,(E -p cos(6,))| : W = || M242ME, , - @
S ~ 10
= ..g -
2 o 8
c >
S Loos
I < -
pa 4r
2k
[ * ) L -
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Reconstructed Q* (GeV/c)? Reconstructed W (GeV)
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Backgrounds (Kinematic):

DIS Candidates: Lead of Target 4

—
~
o

background of events with true Q?
< 1.0 (GeV/c)* and W < 2.0 (GeV/c)
__________ éé that migrate into the sample.

8 o ot e « After making kinematic cuts on Q?
= joo] EmuEw <20 and W, we are left with a

z

=

50

Reconstructed Neutrino Energy (GeV) e Estimate this bac kg round in the
DIS Candidates: Tracker Modules 33-38 N uclear targ ets and SCi ntl I IatOr
o EEm using MC.
[ TRUEW < 2.0

200f
50, || *MC is tuned to data using events

adjacent to W = 2.0 (GeV) and Q°
= 1.0 (GeV/c)?

N Events / 1.0 GeV

10

25 30
Reconstructed Neutrino Energy (GeV)

50
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Sidebands

Sidebands - Tracker Modules 45-50

e Two regions of
data (sidebands)
are drawn to fit
background
templates:

* Reconstructed Q°
> 1.0 (GeV/c)?,1.3 5B
<W < 1.8 GeV/c S

Reco W (GeV)

i
B
ST

!
P la
>
Rt
]
it
ey
e
s

T i ':‘:_'s;q;' Yl 7
ks E-'-.-'-r'.'.-pﬂi

b ST
b

‘Reconstructed Q2 "5 -0 e kel et IR
<0.8 (Gev /C)Z’ W 1;_;_-.‘ _______________ — e ;_'. " 1\"‘".,?‘:«.‘,;*:*&;,vs,:* 2 *
> 20 GeV.C (lOW 0.5: L | L | I___I- o 1 ..I.-I..._T.m .T S I_.-. I __I.,I-._..I‘ o3

> 0 0.5 1 1.5 2 2.5 3
Q ) Reco Q° (GeV/c)?

e Each sideband is tuned to limit the amount of signal in each band (green
points).
 Sidebands are identical in each target.
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Fitting Sidebands

DIS Candidates: Tracker Modules 33-38

Scale factors applied to simulation (statistical error only) § ol E?S‘SEDLS
AEs iR wRzo I ReswEEel [ |,
- - )
C 0.87+0.07 1.42+0.10 %t =
-
CH 0.90+0.01 1.45+0.01 ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ___________
e ==
Fe 0.93%0.04 1.36%0.05 ififff”'”ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
Pb 0.85+0.04 1.19+0.04 " Reconstructed Neutrino Energy (GeV)
* The MC of both sidebands are fit Before Fitting
simultaneously over the region 5 < E <50 GeV 5 Sandles: ke T 220
250 ] TRUEDIS

...... ] TRUEQ%<1.0W 220
......... [ TRUEW<20

using a X* minimization.

[uned Non-DIS Background

* The data and MC of each target is summed by ;= | =
material prior to fitting, so we end up witha = wp

scale factor for C, CH, Fe and Pb. e T

MINERVA Preliminary

N Events / 1.0 GeV

05 10 15 20 25 30 35 40 45 50

 Primarily, the data prefer more backgrounds. Reconstructed Neutrino Energy (GeV)

After Fitting
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Background Events (Wrong Nuclei)

True Origin of DIS Events - Iron of Target 2

2 F = orerton Events occasionally
T} B Upstream Scint. Downstream Scint. &= Other Carbon -
=0 truly occur in the
3 " scintillator surrounding
R R e the nuclear target, but
o -
5 10 fTI =|='=|= + +TIT passive target. This
5§ I+ T T makes up a second
S 10°E | | I
© - T background.
L = L
4 ‘ . ‘ . M‘INE‘RVQ Prella.ma.‘mrr‘y . ‘ . ‘ .
10,100 50 0 50 100

Vertex X (cm) Vertex is

reconstructed
in the Fe
(green).
However, the
true vertex of
the event is in
the scintillator
(yellow).

True vertex (blue
star) is in the same
material as the
reconstructed vertex
(orange star).
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Number of Events

Background Subtraction (Wrong Nuclei)

Event Origin DIS

« We subtract this background by

700

Carbon

: : MINERVA Preliminar
—4— Data ¥

measuring the event rates in the

Lead
Iron

downstream tracker, and

Scintillator

extrapolating these events

upstream to the nuclear target
region.

 Downstream events are
weighted for MINOS acceptance

Ougn;\ !

Vertex Z (cm)

Fe \ ref.
ref. \

P e g
500 550 600 650
...Used to predict BG events here

= basedon E , 9 .
VR

e Background is extracted by
matching the same transverse
section of the detector between
modules.
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Wrong Nuclei BG (Data / MC)

Plastic BG Prediction for Iron of Target 2 .Wrong nUC|eI baCkgroundS are
R SCCEN extracted separately for data and MC,
2 In each variable (E , x, etc.)
2 -
§ 15
o ormelized |n each case, the non-DIS events have
10 :
: been subtracted using the procedure
SF* - previously described. o
N S T FORUR TUR DO DOV IV OO OO  Prediction
5 10 15 20 25 30 35 40 45 50 .
Reconstructed Neutrino Energy (GeV) accuracy 1S
Plastic BG Prediction for Iron of Target 2 Plastic BG Uncertainty from x2 Iron of Target 2 measured from
- 200?’””“‘"’" Limi —- Data g 1.6~ Stat. Error Only y*ndf = 4.74/4 =1.18 ty-
S gof == Simulation © " Full Systematic x?/ndf = 3.91/4 = 0.98 MC. Additional
C - .
£ o £ systematic
140 -~ B . .
E 120 Q 12 uncertalnty IS
100; P%Z’Z'\E‘j;g“g‘c'jied é ;;;;;i:iiii;;;;;iiiii;;;;;iiiii;;;;;;iiiii;;;iiiii;;;;;;ii“i;;;;;iiiiigggggiiiiiigggggiiiiigggggiiiiiigggggiffff555555555555555555 CaICulated from
£ osf the
[7/] - .
: W o6l disagreement.
O~ 676203 04 05 08 07 04510z 03 04 05 06 07
Reconstructed Bjorken x Reconstructed Bjorken x
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N Events / 1.0 GeV

Putting it Together

DIS Sample - All Carbon

90: MINE;RVA Préliminai‘y

POT-Normalized —+— Data
80 _____ 3'.”1'2’é’4’2’?"P’OT | Simulation
70 » Data Background ..

| Sim. :Backgrou

o %
QLRI i
R ILRRLRALLLRLELES

XXX
5 10 15 20 25 30 35 40 45 50
Reconstructed Neutrino Energy (GeV)

Joel Mousseau

Data events
reconstructed in C,
with non-DIS events
subtracted.

Simulated DIS events,
reconstructed in C

CH events in
scintillator
surrounding
target, with
non-DIS
events
subtracted.




Putting it Together

DIS Signal - All Carbon

MINERVA Preliminary

% E POT-Normalized —4- Data
g 50[ 31220 FOT — Simulation
Take our sample of 2
reconstructed DIS events in :>j 30/
carbon with CH events... z 0
DIS Sample - All Carbon 10 i
90: MINERVA Pre lirfu'na 3’ + D E | | |
80 amesoror ms;:,z,aﬁon %570 15 20 25 30 35 40 45 50
>  70F + Data Background.. Reconstructed Neutrino Energy (GeV)
o - Sim. Background
=) 60
T 500 ! T
:>: 30
= 2004 | ...And subtract those events to obtain a
10*%%%% : sample of DIS on carbon in data and MC.
) e e ar | Large uncertainties in neutrino flux,
Reconstructed Neutrino Energy (GeV) measure ratios of C, Fe and Pb /CH where

flux will cancel.
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Migration and Unfolding

 Detector resolution smears the .

reconstructed values of x and i
E_from their generated 05
quantities (right plot). fod
0.3F

- Correct for this smearing using .

. 10
unfolding separately for each .
: 0 01 02 03 04 05 06 07
target, since detector response Reconstructed Bjorken x
IS slightly different. Migration Warning! Unfolding introduces
Matrices used correlations between bins
DIS Signal - All Carbon as |nput DIS Signal - All Carbon
— MINERVA Preliminary - 3507 MINERVA Preliminary
g C PQOT-Normalized —+-Data o C POT-Normalized =+ Data
; ; 312042001 — Simulation ;’ 300; *20 PQT — Simulation
§ = £ o0
T 2T
> E > 2005—
E > 150
Unfold using 100 4
i S Bayesian unfolding
OEM N D P R T With 1 iteration 05””
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Reconstructed Bjorken x Unfolded Bjorken x
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Efficiency Correction

*\We correct for detector acceptance, using an efficiency correction
derived from the MC. However, we only correctup to E =50 GeV and

0 <17°.
Vi
« Efficiency is corrected target by target, since it is a function of the

distance from the target to MINOS.
e Largest source of inefficiency is MINOS matching requirement. This

acceptance improves as we move downstream in the detector.

Total Efficiency: Iron of Target 2 Total Efficiency: Lead of Target 5

0.3 0.31
5 " Stat. Errors Only ? - Stat. Errors Only
S 025:MINERVA Preliminary O (5[ MINERVA Preliminary
o r .2 : + —t
= 0 Y L
W ool W o2f =
0.15F - 0.15: :
ot * Downstream toward 0]
0.05F MINOS 0.05F
0 570 15 20 25 30 35 40 45 50

5 10 15 20 25 30 35 40 45 50

True Neutrino Energy (GeV) True Neutrino Energy (GeV)
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DIS Ratios: do /dx

. dGC dGCH . dGFe dGCH . (tij dGCH
Ratio of =>: =2— Ratio of =—: = — Ratioof =—: =—
18 dx * dx 18 dx ~ dx 18 dx " dx
C MINERVA Preliminary —4- Data C MINERVA Preliminary —4 Data r MINERVA Preliminary -4 Data
r 3.12e420 POT — Simulation r 3.12e+20 POT — Simulation r 3.12e+20 POT — Simulation
1-6f NOT Isoscalar Corrected 1-6f NOT Isoscalar Corrected 1-6f NOT Isoscalar Corrected
14 T 14- F-e/C!_.! r 1.4
iy iy s 0 Pb/C
ub % Eo ) e o5 - .8 5 -
BT 12 Sl g2 > 12
~ ~ B B
0 | % - & % flx
g s s o
0.8 C/ H 0.8 0.8 +
0.6} 0.6 0.6
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

*Results are now shown for the deeply inelastic events in C, Fe, Pb
and CH (not isoscalar corrected).

* X dependent ratios directly translate to x dependent nuclear effects.

*However, we cannot reach the high x events with our current beam
energy.

 Currently, our simulation assumes the same x-dependent nuclear
effects for C, Fe and Pb based on charged lepton scattering.
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DIS Ratios: do /dx

Ratio of dixc: dg—c Ratio of d%;e: dg% Ratio of dg—?: dg—?
1.8 1.8 1.8
[ MINERVA Preliminary —4- Data C MINERVA Preliminary —4 Data r MINERVA Preliminary -4 Data
r 312420 POT = Simulation r 312e420POT = Simulation - 312%20PQT = Simulation
1-6, NOT Isoscalar Corrected 1-6, NOT Isoscalar Corrected 1.6 | NOTIsoscalar Corrected
1.4F 1.4F Fe/CH 1.4F
iy s S “b PbIC
AL C omen Ub 5 L (o] ] L
b|D ° 3
BT 12 Sl g2 12
~ b ~ L ~~ L
ub‘ v 10 _ ,_‘,‘_’b >< 00 Eb X ‘0
A E —~ .G-U T UU s
08} C./ H 0.8} 0.8} +
0.6} 0.6 0.6
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

* Our data suggest additional nuclear shadowing in the lowest x bin
(0 < x<0.1) than predicted in lead.

*There are some hints of this as well in Iron.
eLowest x bin is a <x> ~ 0.07 and <Q*> ~ 2.0 (GeV/c)*

*In the EMC region (0.3 < x < 0.75), we see good agreement
between data and simulation.
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Ratio Uncertainties

Errors on Ratio of do” do™ Errors on Ratio of dLFe: do™ Errors on Ratio of do™ : do™
dx = dx _ dx °~ dx _ dx "~ dx

2 | [— Total Error -~ Data Stat. 2 016 (—TotalError Data Stat, 2 018——TotalError Data Stat,
€ 0.25(—| — Detector Res. —— FSI Models c I | — Detector Res. —— FSI Models c I | —— Detector Res. —— FSI Models
‘T [ |— Flux+Mass = — Interaction Models '@ 0.14—| —— Flux+Mass  —— Interaction Models '® 0.16/— —— Flux+Mass  —— Interaction Models
v [ [—— Scint. BG v [ [—— Scint. BG v F [—— Scint. BG
8 020k MINERVA Prel 8 012: MINERVA Preliminary 8 014: MINERVA Preliminary
c L c 5 € 012F
= C 2 0.10% 2 o
§ 0.15f E 008: E 0.10F
9 : S ¥ S 008}
=3 - - - = -

0.10 . -
8 Tk g 0061 @ 0.06F
|: ................... I |.‘|: 0.04} |.‘|: B

0.05F — i 0041

: 0.02F 0.02
[ el T T e
0'08.0 01 02 03 04 05 06 07 0'08.0 01 02 03 04 05 06 07 0'08.0 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

*Ratios are dominated by data statistics for the most part.
Scintillator background is a larger uncertainty in X.

eCorrelations in data introduced from unfolding are NOT
accounted for in data stat. uncertainty.
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DIS Ratios: o(E)

Ratio of o©: %™ Ratio of oF¢: 0% Ratio of o™ : o®™
18 18 18
r MINERVA Preliminary —4- Data C MINERVA Preliminary —4 Data r MINERVA Preliminary -4 Data
r 3.12e+20 POT — Simulation r 3.12e+20 POT — Simulation B 3.12¢+20 POT — Simulation
15? NOT Isoscalar Correcte 15? NOT Isoscalar Correcte 1-6T NOT Isoscalar Correcte:
1.4 Tl = 141 Fe/CH 1.4 Ph/iCH
= - | | C/CH : - z ;l i /A |
b 12f | 4 L
o b a
o 10 b 1.0 b 10f pif +
0.8} 0.8} 0.8}
0.6} 0.6 0.6
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 5 10 15 20 2 30 35 40 45 50
Neutrino Energy (GeV) Neutrino Energy (GeV) Neutrino Energy (GeV)

« The cross section ratios as a function of Ev In data do not

show any significant deviations from the simulation.
*GENIE does not simulate any nuclear effects as a function of
E .

*There Is a general trend of the data being below the MC at
high energy.
*This trend is larger in the lead than in the iron.
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Ratio Uncertainties

Errors on Ratio of o€ : ¢¢H Errors on Ratio of o™ : ¢ Errors on Ratio of ¢ : ¢CH

> [ [—— Total Error -~ Data Stat. > ;_TtlE ............ Data Stat. > [ [—— Total Error -~ Data Stat.

E 0'30: —_— Dgtaectc::(ges.  — Fglal\llogels E 0.16|— Dgt:ctg:%lres. ) Fglal\llogels E 0'16: ) Dgt:ctg:(lges. ) FglaMogels

‘T - |~ Flux+Mass  — Interaction Models 'S I | — Flux+Mass  —— Interaction Models 'S 014 — Flux + Mass =~ — Interaction Models

£ o5 l— Scint. BG T 014 Scint. BG £ = Scint. BG

@ L MINERVA Preliminary o r MINERVA Preliminary)| o C MINERVA Preliminary|

g L g 0.12 g 0.121

5 0.20f =) 010: =) 0.10?

® g ® L © -

C 0.15F c - £ 0.08f

9 - o 0.08 9 i

=3 B e - s -

[T} B Q B Q .

8 o10f g 006} g 0

w - L 0.04f L 0.04f

o e e e T .H‘\HH\HH:HH\HH\HHHHH.HH. :HH‘.HHHHHHH\HH\HH\HHHH
0'005 10 15 20 25 30 35 40 45 50 0'005 10 15 20 25 30 35 40 45 50 0'005 10 15 20 25 30 35 40 45 50

Neutrino Energy (GeV) Neutrino Energy (GeV) Neutrino Energy (GeV)

*Most of the uncertainty stems from data statistics.

*This makes the medium energy beam invaluable for this
analysis.

eCorrelations in data introduced from unfolding are NOT
accounted for in data stat. uncertainty.
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DIS Compared with Inclusive

i0 of 4o, do™
Ratio of o dx

18 18 & d
’ r MINERVA Preliminary —4- Data ' r MINERVA Preliminary =$= Data
r 3.12e+20 POT = Simulation r 3.126+20 POT = Simulation
1.6/ NOT Isoscalar Corrected 1.6 NOT Isoscalar Corrected
AN 14] z|, 14F
- % B
LI 3° 12f
~ ~ L
2 | x £ | 1 07
L §o
0.8[ f
0.6} y%/ndf = 5.18/5 = 1.04 06] y¥ndf = 3.27/5 = 0.65
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
Reconstructed Bjorken x Reconstructed Bjorken x
CCDIS (note different axis range)
: do™® . dot Ph e CH
Ratio of =—:=— i of 4070, dot
20 dx " dx 20 Ratio of o dx
L W2 = 716 = r
ol * Indf = 25.87/6 = 4.31 - v2Indf = 58.46/6 = 9.74 |
O 18
L —4- Data B -4 Data T
- 16 = Simulation - 16 = Simulation
ob'g L + LR -
T 14 | T ° 1 47
~ = ~ L
£ ‘x : £ C
X B
.8'5 1.27 *} .g-u

0.8

00 02 04 06 08 10 12 14

Reconstructed Bjorken x

0.8}
00 02 04 06 08 10 12 14
Reconstructed Bjorken x

CC Inclusive (note different axis range)
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*In this case: Bjorken x
IS now smeared by
detector effects (no
unfolding).

In both cases; we
observe a deficit in low
X events for the heavy
nuclei (Fe, Pb) which is
larger for Pb.

*There is some
suggestion of a
stronger effect for DIS.

e Our current neutrino
energy Is not sufficient
to measure Fermi
motion effects in DIS.




Alternative x-Dependent Models

Bodek-Yang '13 Modifications at Q® = 5.00 GeV?

T E T T aeniEzes  GENIE's current parametrization of
e R o] — cator nuclear effects assumes the same x
S el — Leac dependence for all nuclei heavier than
1/ x He.
095F * Not very physically motivated. We
o N~ know, for example, the EMC effect is
08 N—_ strongly dependent on nuclear density.
07556z 63 w4 05 s o7 os  °bodekYang 2013: update to GENIE's
Bjorken x existing model, assumes a scaling

dependent on A (top left).

* Cloet calculation: theoretcial
calculation by lan Cloet and other
Argonne collaborators of the nuclear
medium modification.

1.1

e
=] —

EMC ratios

R;:C ........ UA/uf QZZSGEVE i

L 1 L
0 0.2 0.4 0.6 0.8 1
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Alternative x-Dependent Effects

oo do€, do® dofe, do™ do® . do®
Ratio of dix' ' Ratio of dx : dx Ratio of <3~ ©
1.6p 1.3 1.3
- MINERVA Preliminary B MINERVA Preliminary L MINERVA Preliminary
1 5E 3:120+20-POT 5 3.126+20 POT 5 3.126+20 POT
1 4; NOT Isoscalar Corrected 1.2—NOT1soscalar Corrected 1.2—NOT1soscalar Corrected
F L | L
z x 1.3F 5 x 1.4F 5 x 1.4F
8° 12- 3° & 3°
- E ~ 1.0F ~ 1.0F
0 1.1E o B a [
b‘ X - bls ¢
TIC 10 3° 09 B° 09
09 = —$— Data (syst. + stat.) [ —4— Data (syst. + stat.) [ —4— Data (syst. + stat.)
“F —— Cloet C/CH 0.8~ —— Cloet Fe/ CH 0.8~ —— CloetPb/CH
08F —— BY13C/CH i —— BY13Fe/CH i —— BY13Pb/CH
C —‘GENIE‘ZGZC/(‘)H ‘ B —‘GENIE‘262Fe/‘CH ‘ B —‘GENIE‘262Pb/‘CH ‘
0'6.0 01 02 03 04 05 06 07 060 01 02 03 04 05 06 07 060 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

« Our data currently lacks statistical precision to differentiate between
different effects, particularly on the edges of the distribution.

« But the models themselves show significant disagreements from each
other, especially in the EMC region (0.3 < x < 0.7).

* This is strong motivation to accumulate and analyze additional medium
energy neutrino and anti-neutrino data, which will be able to resolve
these discrepancies.

* Additionally, better observe these differences in shadowing between e
and v

I

Joel Mousseau



Medium Energy

Neutrino Flux

X

b

<
w

- o161 —

S_’ B —— Medium Energy ]

S 0.14F —

() - .

Q [ —— Low Energy ]

e 0.12|- -

5 N ]

g C ]

£ 0.10- ]

2 0.08F .

= C MINERVA Preliminary.

0.06f -

x10° - X

|_0.016__MINERVA Preliminary B ]

O [~ Statistical Errors Only 0'04._ -

20.0145Area Normalized C ]

I - 7.81e+19 POT 0.02[- E

20.012F- 5 ]

*Medium E S oo 000 24" "8 10 12 14

r - Energy (GeV)
00.008—
N B
©0.006
— |
90.004H
S -
>0.002-
w -
%

Muon Energy (GeV)
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Future Directions

Neutrino Flux

eFuture studies of nuclear
effects will benefit greatly
from MINERVA's increased
energy and intensity run,
taking data as we speak.

*EXxpect much better
sensitivity at high and low x
with increased beam energy. ="

—— Medium Energy

—— Low Energy

DIS Region-

Neutrinos/cm%GeV/POT

MINERvVA Preliminary.

6 8 10 12 14

Enerav (GeV)

*Models predict a significant

difference In target ratios for Fe/CH / . Neutio
antineutrinos vs. Neutrinos. - + Anieutino
Minerva will be able to T
resolve these differences T

with ME antineutrino datal -Cloe.tpredictioh of Fe / CH for

neutrinos and anti-neutrinos
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Improvements to Ratios in ME

Fractional Stat Uncertainty on Neutrino Fractional Stat Uncertainty on Anti-Neutrino

OFe/OCH ore/0CcH

20 0.1 20 0.1
18 !0.09

16
—0.08

18 0.09
16

0.08

Reco QF (GeV?)

Reco Q7 (GeV?)

14 4 Jdooz 14
E —0.07

12 12

—0.06
10 —10.06
—0.05
8 —0.05
—0.04
6 0.04
0.03 )
4
0.03
0.02 5
0.01 0.02
01 02 03 0.4 05 086 0.7 08 0.9 1 01 02 03040506 070809 1
Reco x Reco x

12E20 POT Exposure

*\We expect the ability to analyze the high x rise ( 0.75 < x <1.0) with
better than 10% statistical accuracy with medium energy data set.

* Significant improvement in the EMC range as well, with stat. errors
on the 5% level.
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Structure Function Extraction

« Additional neutrino and anti-neutrino data provided by Medium Energy
beam will allow the extraction of nuclear structure functions for neutrinos.

e Structure functions = form factors within the expression for the DIS cross
section. They describe the distribution of quarks within the nucleon or
nucleus as a function of x.

o Structure function ratios are the most direct route to observing
x-dependent nuclear effects.

e Neutrino nuclear structure functions are also vital for future experiments

and theory.
d?e¥®4  GLME, [y°
dedy — m(1+Q2/M2) | 2

20

F{J(E}A

T

!

Three structure functions describe the \)H + N and GH + N DIS cross section

Joel Mousseau




Structure Function Sensitivity

Fractional Stat Uncertainty on Fractional Stat Uncertainty on
Fy x o, + 03 zFy x o, — 0
= =
QD QD
a o 18 !0.09
:Eé ng 16 ~Ho.08
9 =
@ £ 14 ~o.07
12 —0.06
10 -0.05
8 —0.04
6 - —0.03
4 0.02
010203040506070808 1 ° 010203040506070808 1 ©
Reco x Reco x

12E20 POT Exposure
*\We expect better than 10% accuracy for structure function

extraction.
However, requires anti-neutrino data be taken and analyzed.
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Conclusions

*MINERVA has made a measurement of neutrino DIS events
on multiple nuclel in an identical neutrino beam.

*Unlike our previous inclusive measurements, these
measurements may be interpreted directly as DIS
Xx-dependent nuclear effects.

*\We currently observe a deficit in our lead data suggestive of
additional nuclear shadowing.

*Our data in the EMC region shows no deviation from theory,
however we lack the precision to distinguish between different
theories.

 Future higher energy measurements will be higher statistics
as well as the ability to resolve larger x values.

Joel Mousseau
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Isoscalar Correction:

Correction as a function of x Correction as a function of E,
1.2 — = 12—
| - —— C/CH | ——

& : : :
-

2

w1

085 | b Capline T e .85kt
0.8 i i i i i i | 0.8 N RN RN TN SN T RN
0 01 02 03 04 05 06 0.7 5 10 15 20 25 30 35 40 45 50
Bjorken x E, [GeV]

-An example iso scalar correction as a function of x and E

&

* The correction is largest at large x for lead. Note there is not
much depedence on energy; the d quark content is dependent on
x and not E_
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Ratio of 6© : ¢°"

16¢

6; XHndf = 11.51/8 = 1.4 —- Data
15 E 2:94e+20POT —— Monte Carlo
145
13E ~1r™
1 25 l (// H
(RS

1 g
09 Z'ZZZZ
0.8§|
0.7F
06, %% & 10 12 14 16 18 20

Neutrino Energy (GeV)

Inclusive Ratios: o(E )

Ratio of ¢ ; o1

r 16p
Q F yndf=9.71/8 = 1.2 —4 Data
E 1.5E 2:94e+20 POT ~— Monte Carlo
£ 14F
° ’ 35 e~
i Fe/Ck

4
T

Y 4

-
Neutrino Energy (GeV)

g 10 12

Ratio of ¢ : 61

—4— Data

E ¥ndf = 5.55/8 = 0.69
2:94e+20'POT =—— Monte Carlo

pr / GCH

Pb/CH

——

) 4

b

T8 10 12 14 16 18 20
Neutrino Energy (GeV)

* Previously published by MINERVA,; ratios of the total cross section C, Fe

and Pb to CH for all charged-current neutrino interactions between 2

and 20 GeV.
- As of version 2.6.2, GENIE does not simulate any E nuclear effects.

« Our data tend to support that position.

Joel Mousseau

Tice, Datta, Mousseau et. al,
Phys. Rev. Lett. 112, 231801 (2014).
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Shadowing

*\Why does shadowing occur at low x?

*The lifetime of the hadronic fluctuation has to be sufficient to allow for
these multiple diffractive scatters:

t=2__1 (Q% + m?)

C

«For a given Q° need large E__, toyield sufficient tc which implies

small X.

*m is larger for the vector current than the axial vector current; for a
given Q* you need more E_ for the vector current than the axial

vector current to have sufficient tc.

*This implies you can have shadowing at higher x with neutrinos than
with charged leptons



Explanation(s) of EMC Effect

* Nature prefers dynamic scaling? Nachtmann Scaling:

« Bjorken scaling isn't special; nuclear — | 2%
scaling may be a more complicated 1+ vq 4+ 4M2:::2/Q2
function of Q“and target mass.

Medium modifications to the quarks'
wave functions.
e Quarks bound inside nucleus
“feel” the nucleus' wave function.

eConnection to short range S
correlations. ‘
 Lepton probe (charged
Or neutrino) interacts with

a nucleon-nucleon pair
vS. a single nucleon

Not an
exhaustive list!

Joel Mousseau



Detector Technology

64 channel multi-anode PMT

8x8 pixels

280m

Scintillator sirip

.

& o

¥

Fraction of
Measurements

Tracker Position
Residual
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A MINERVA Module

Outer Detector
Frame

Scintillator
Bars

Lead collar Steel

= < S _ ivj‘j\"“n&_x_&:ﬁ\ . . |
2 S X -
o] N X | =
RS N :
! 1 \\ Q
Il . ' 0 \
X N N \}.-\
‘ I I ~ N S \'\\\\\:}\ - ’ I l ‘
S, §\ = ’
| supports used
for hanging

modules on

Inner Detector: rails.
Plastic scintillator strips




Curvature Significance

Muon track'is curved
in the MINOS B field
p=B/R

*Muons travelling in the MINOS B bend toward
the coll, the radius of the track is inversely
proportional to the momentum of the muon.
*Algorithm for calculating the radius of this bend
returns a significance, which is a measure of
how curved the track is relative to a straight
line.

*Higher p muons have smaller curvature; and
thus poorer momentum reconstruction.
*Require at least 5 ¢ significance of curvature.

Joel Mousseau



Event Table

ij (unfolded) C Fe Pb

0-0.1 90 220 230 o Shadowing
0.1-0.2 270 840 930

0.2-03 250 800 940 :> Q:“gaowing
0.3-0.4 140 390 520

0.4-0.75 100 250 350 :> EMC

Ol 1 1 1 <+— Fermi Motion
TOTAL 850 2500 2970

* Most of our events are in the anti-shadowing and shadowing region; but
we do have a large number in the EMC region.

Joel Mousseau



X-Dependent Effects from Theory

* GENIE's model for DIS and transition events is based on
Bodek-Yang 2003. This includes a parametrization of identical x
dependent nuclear effects for C, Fe and Pb.

*Bodek-Yang 2013. Update to 2003, incorporates separate
parametrization for Fe, C and Pb.
- Kulagin-Petti. Theoretical calculation based on computed 2xF1, F»

and xF4g for each nucleus A.
* The variations from theory are too small to explain our data!

G

C/CH

Ost

%

KP
A%

BY
A%

G

Fe/CH

Ost

%

KP

BY

A% A%

G

Pb/CH

Ost

%

KP

BY
A%

0.0-0.1
0.1-0.3
0.3-0.7
0.7-0.9
0.9-1.1
1.1-1.5

1.050
1.034
1.049
1.089
1.133
1.111

1.0
0.7
0.8
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2.2

0.3
-0.3
-0.1
-0.1
-0.1

0.0

0.0
0.0
0.0
0.0
0.0
0.0

1.011
1.017
1.049
0.995
0.948
0.952

0.5
0.3
0.4
0.9
1.1
1.1

0.0
0.4
0.2
0.0

0.4y 1.2
-0.7)|-0.5

0.0
0.1
0.0

0.0

1.037
1.071
1.146
1.045
0.985
1.036

0.5]-1.
0.3]-1.

0.4
0.9
1.1
1.1

-0.7]

0.8

0.6
0.7
0.2
0.0
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