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Neutrino
5

NuWro RFG RFG RFG SF

Model +TEM

MA (GeV/c2) 0.99 0.99 1.35 0.99

Rate �2
/d.o.f. 3.5 2.4 3.7 2.8

Shape �2
/d.o.f. 4.1 1.7 2.1 3.8

TABLE III: Comparisons between the measured d�/dQ2
QE

(or its shape in Q2
QE) and di↵erent models implemented us-

ing the NuWro neutrino event generator, expressed as �2 per
degree of freedom (d.o.f.) for eight (seven) degrees of freedom.
The �2 computation in the table accounts for significant cor-
relations between the data points caused by systematic un-
certainties.

figures/nu_vtxE_sharedaxis_vert.pdf

FIG. 5: Reconstructed vertex energy of events passing the
selection criteria in the data (points with statistical errors)
compared to the GENIE RFG model (shown with systematic
errors) for Q2

QE < 0.2 GeV2/c2 (left) and for Q2
QE > 0.2

GeV2/c2 (right).

corresponding result in the antineutrino mode [33], in
contrast, prefers the removal of a final state proton in
10±1(stat)±7(syst)% of the events. The systematic un-
certainties for the two samples are positively correlated
with a correlation coe�cient of +0.7, implying that the
observed di↵erence is unlikely to be due to one of the
systematic uncertainties considered. The systematic un-
certainties are primarily from the detector response to
protons and uncertainties in reactions in the target nu-
cleus that absorb or create final state protons. Inde-
pendent of models, elastic and inelastic nucleon reac-
tions which might produce additional final state pro-
tons in the neutrino data should have analogous reac-
tions in the anti-neutrino data, and the di↵erence in the
two results makes it unlikely that any modification of
final state nucleon interactions can explain the discrep-
ancy. Pion FSI processes, especially absorption, would
produce more protons in the neutrino reaction and neu-

trons in the antineutrino reaction, but the associated un-
certainties are included in the total systematic errors.
The observed patterns in the neutrino and antineutrino
channels, combined with the observation that electron
quasi-elastic scattering with multinucleon final states in
carbon produces primarily final state np pairs, suggests
an initial state of strongly correlated np pairs also may
participate in the neutrino quasi-elastic interaction.
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FIG. 3: The anti-neutrino quasi-elastic cross-section as a func-
tion of Q2

QE compared with several di↵erent models of the in-
teraction described in the text. The inner (outer) error bars
correspond to the statistical (total) uncertainties.
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FIG. 4: The data and models of Fig. 3 shown by Q2

QE shape
and as a ratio to the reference GENIE prediction.

agreement with deuterium data and includes an enhance-
ment of the magnetic form factors of bound nucleons that
has been observed in electron-carbon scattering [? ]. The
MA = 1.35GeV and TEMmodels have a similarQ2

QE de-
pendence at low Q2

QE but are distinguished by the kine-
matic reach of the data at Q2

QE > 1GeV2.
Transverse enhancement is included as a parametriza-

tion a↵ecting the Q2

QE dependence in our analysis but
is thought to be due to underlying multinucleon dynam-
ical processes [? ? ? ? ? ? ? ]. Such processes

Q2
QE Cross-section Fraction of

(GeV2) (10�38cm2/GeV2/proton) Cross-section (%)

0.0 � 0.025 0.813 ± 0.035 ± 0.102 3.45 ± 0.15 ± 0.22

0.025 � 0.05 1.061 ± 0.045 ± 0.134 4.50 ± 0.19 ± 0.31

0.05 � 0.1 1.185 ± 0.033 ± 0.150 10.05 ± 0.28 ± 0.63

0.1 � 0.2 1.096 ± 0.024 ± 0.135 18.59 ± 0.41 ± 0.83

0.2 � 0.4 0.777 ± 0.016 ± 0.101 26.38 ± 0.55 ± 0.62

0.4 � 0.8 0.340 ± 0.009 ± 0.050 23.11 ± 0.61 ± 0.98

0.8 � 1.2 0.123 ± 0.009 ± 0.024 8.35 ± 0.61 ± 1.15

1.2 � 2.0 0.041 ± 0.004 ± 0.010 5.57 ± 0.59 ± 0.94

TABLE II: Table of absolute and shape-only cross-section re-
sults. In each measurement, the first error is statistical and
the second is systematic.

NuWro RFG RFG RFG SF

Model +TEM

MA (GeV) 0.99 0.99 1.35 0.99

Rate �2
/d.o.f. 2.64 1.06 2.90 2.14

Shape �2
/d.o.f. 2.90 0.66 1.73 2.99

TABLE III: Comparisons between the measured d�/dQ2

QE

(or its shape in Q2

QE) and di↵erent models implemented using
the NuWro neutrino event generator, expressed as �2 per de-
gree of freedom (d.o.f.) for eight (seven) degrees of freedom.
The �2 computation in the table accounts for significant cor-
relations between the data points caused by systematic un-
certainties.

FIG. 5: Reconstructed vertex energy of events passing the
selection criteria compared to the GENIE RFG model for
Q2

QE < 0.2 GeV2/c2 (left) and for Q2

QE > 0.2 GeV2/c2

(right).

could have an e↵ect on the vertex and recoil energy dis-
tributions that we do not simulate. Motivated by these
concerns and by discrepancies observed in our analysis
of ⌫µ quasi-elastic scattering [? ], we have also studied
the vertex energy to test the simulation of the number
of low energy charged particles emitted in quasi-elastic
interactions. Figure 5 shows this energy compared to the
simulation. A fit which modifies the distributions to in-
corporate energy due to additional protons is not able
to achieve better agreement. This might be explained if
the dominant multibody process is ⌫̄µ(np) ! µ+nn [? ]
since MINERvA is not very sensitive to low energy neu-
trons. We have done a similar analysis on neutrino mode
data which indicates additional protons in the final state
and is helpful in drawing further conclusions about the
e↵ect of the nucleus on quasi-elastic reactions [? ].
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MINERvA construction project. Construction support
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versity of Rochester. Support for participating scientists
was provided by NSF and DOE (USA) by CAPES and
CNPq (Brazil), by CoNaCyT (Mexico), by CONICYT
(Chile), by CONCYTEC, DGI-PUCP and IDI/IGI-UNI
(Peru), by Latin American Center for Physics (CLAF)
and by RAS and the Russian Ministry of Education and
Science (Russia). We thank the MINOS Collaboration
for use of its near detector data. Finally, we thank the
sta↵ of Fermilab for support of the beamline and the de-
tector.
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CCQE in the Future
• Low Energy:

• Two-track dσ/dQ2 with Michel veto.

• Include non-MINOS-matched muons, reconstructing Q2 
via the proton arm.

• Separate set of ratio measurements in the nuclear 
targets.

• d2σ/dTμdθμ for neutrino and antineutrino. 

• d2σ/dTpdθp for neutrino? (Statistics are a major challenge.)

• Repeat everything in the Medium Energy beam.

• Not underway yet...
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MINERνA Summary
QE Characteristics Values

Event Selection
1 Muon, Recoil consistent with QE Q2. The number of tracks and vertex energy are 

not used in event selection. (No Michel veto in current publication.)

Nuclear Target Mostly CH.

Neutrino Flux Range
[1.5 GeV, 10 GeV]

(Higher energy is possible. Lower energy is accessible via proton-arm reconstruction.)

Sign Selection Yes.

Muon Angular Range
[0 degrees, ~20 degrees]*

(*MINOS-matched sample. [0 degrees, 180 degrees] accessible via proton-arm) 

Muon Energy Range
~[1.5 GeV, 10 GeV]

(Higher energy is possible. Lower energy is accessible via proton-arm reconstruction.)

Proton Detection 
Threshold ~80 MeV KE for tracking. ~50 MeV KE for Isolated Shower. ~? to see anything...

Neutrino Energy 
Determination QE Formula with RFG assumptions.

Q2 Determination QE Formula - unfold to true muon kinematics.

MC Generator GENIE. (+ some NuWro for specific studies and comparisons at the generator level.)

QE Measurements & 
Publications

Future: Two-track dσ/dQ2, d2σ/dTμdθμ
dσ/dQ2: 10.1103/PhysRevLett.111.022501, 10.1103/PhysRevLett.111.022502

6Monday, December 2, 13
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Now, with details...
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Detector & 
Event Selection
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MINERνA

A status report on the 
MINERA neutrino 

Experiment 

Steven Manly, University of Rochester 
Representing the MINERA collaboration 

 
HEP 2012, Valparaiso, Chile 

January 4-10 , 2012 

• Fine-grained resolution for 
excellent kinematic 
measurements.

• Low-energy cross-section 
program well-suited to next-
generation oscillation 
experiments.

• Nuclear effects with a variety 
of target materials ranging 
from Helium to Lead. 
Especially important for ME 
run.

ν

Another Module
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The MINERνA detector is comprised of a stack of MODULES of varying composition, 
with the MINOS Near Detector acting  as a muon spectrometer.  It is finely segmented 

(~32 k channels) with multiple nuclear targets (C, CH, Fe, Pb, He, H2O).

The Best Thing Since Sliced Bread...

Magnetized

Thanks for the 
charges, MINOS!
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OD Towers
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V View
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MINERvA CCQE

• Single muon/anti-muon momentum and sign analyzed in MINOS.

• Reconstructed topology cuts to remove extra particles.

• Recoil (tracker + E-cal) consistent with CCQE at event Q2.

• The region around the vertex is special.

Module number ➛
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Track
Vertex

Non-vertex Recoil

TRACKER ECAL HCALBeam

5.57 ton fiducial
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CCQE Selection

• Antineutrino

• 10 g/cm2 vertex region

• Contains < 120 MeV 
KE protons

• Contains < 65 MeV KE 
pions

• ≤ 1 isolated shower 
outside the vertex.

• Neutrino

• 30 g/cm2 vertex region

• Contains < 225 MeV 
KE protons

• Contains < 100 MeV 
KE pions

• ≤ 2 isolated showers 
outside the vertex.
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Selection Performance

Antineutrino
16,467 events
54% efficiency

77% purity

Neutrino
29,620 events
47% efficiency

49% purity
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Results
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Neutrino
5

NuWro RFG RFG RFG SF

Model +TEM

MA (GeV/c2) 0.99 0.99 1.35 0.99

Rate �2
/d.o.f. 3.5 2.4 3.7 2.8

Shape �2
/d.o.f. 4.1 1.7 2.1 3.8

TABLE III: Comparisons between the measured d�/dQ2
QE

(or its shape in Q2
QE) and di↵erent models implemented us-

ing the NuWro neutrino event generator, expressed as �2 per
degree of freedom (d.o.f.) for eight (seven) degrees of freedom.
The �2 computation in the table accounts for significant cor-
relations between the data points caused by systematic un-
certainties.

figures/nu_vtxE_sharedaxis_vert.pdf

FIG. 5: Reconstructed vertex energy of events passing the
selection criteria in the data (points with statistical errors)
compared to the GENIE RFG model (shown with systematic
errors) for Q2

QE < 0.2 GeV2/c2 (left) and for Q2
QE > 0.2

GeV2/c2 (right).

corresponding result in the antineutrino mode [33], in
contrast, prefers the removal of a final state proton in
10±1(stat)±7(syst)% of the events. The systematic un-
certainties for the two samples are positively correlated
with a correlation coe�cient of +0.7, implying that the
observed di↵erence is unlikely to be due to one of the
systematic uncertainties considered. The systematic un-
certainties are primarily from the detector response to
protons and uncertainties in reactions in the target nu-
cleus that absorb or create final state protons. Inde-
pendent of models, elastic and inelastic nucleon reac-
tions which might produce additional final state pro-
tons in the neutrino data should have analogous reac-
tions in the anti-neutrino data, and the di↵erence in the
two results makes it unlikely that any modification of
final state nucleon interactions can explain the discrep-
ancy. Pion FSI processes, especially absorption, would
produce more protons in the neutrino reaction and neu-

trons in the antineutrino reaction, but the associated un-
certainties are included in the total systematic errors.
The observed patterns in the neutrino and antineutrino
channels, combined with the observation that electron
quasi-elastic scattering with multinucleon final states in
carbon produces primarily final state np pairs, suggests
an initial state of strongly correlated np pairs also may
participate in the neutrino quasi-elastic interaction.
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correspond to the statistical (total) uncertainties.
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FIG. 4: The data and models of Fig. 3 shown by Q2

QE shape
and as a ratio to the reference GENIE prediction.

agreement with deuterium data and includes an enhance-
ment of the magnetic form factors of bound nucleons that
has been observed in electron-carbon scattering [? ]. The
MA = 1.35GeV and TEMmodels have a similarQ2

QE de-
pendence at low Q2

QE but are distinguished by the kine-
matic reach of the data at Q2

QE > 1GeV2.
Transverse enhancement is included as a parametriza-

tion a↵ecting the Q2

QE dependence in our analysis but
is thought to be due to underlying multinucleon dynam-
ical processes [? ? ? ? ? ? ? ]. Such processes

Q2
QE Cross-section Fraction of

(GeV2) (10�38cm2/GeV2/proton) Cross-section (%)

0.0 � 0.025 0.813 ± 0.035 ± 0.102 3.45 ± 0.15 ± 0.22

0.025 � 0.05 1.061 ± 0.045 ± 0.134 4.50 ± 0.19 ± 0.31

0.05 � 0.1 1.185 ± 0.033 ± 0.150 10.05 ± 0.28 ± 0.63

0.1 � 0.2 1.096 ± 0.024 ± 0.135 18.59 ± 0.41 ± 0.83

0.2 � 0.4 0.777 ± 0.016 ± 0.101 26.38 ± 0.55 ± 0.62

0.4 � 0.8 0.340 ± 0.009 ± 0.050 23.11 ± 0.61 ± 0.98

0.8 � 1.2 0.123 ± 0.009 ± 0.024 8.35 ± 0.61 ± 1.15

1.2 � 2.0 0.041 ± 0.004 ± 0.010 5.57 ± 0.59 ± 0.94

TABLE II: Table of absolute and shape-only cross-section re-
sults. In each measurement, the first error is statistical and
the second is systematic.

NuWro RFG RFG RFG SF

Model +TEM

MA (GeV) 0.99 0.99 1.35 0.99

Rate �2
/d.o.f. 2.64 1.06 2.90 2.14

Shape �2
/d.o.f. 2.90 0.66 1.73 2.99

TABLE III: Comparisons between the measured d�/dQ2

QE

(or its shape in Q2

QE) and di↵erent models implemented using
the NuWro neutrino event generator, expressed as �2 per de-
gree of freedom (d.o.f.) for eight (seven) degrees of freedom.
The �2 computation in the table accounts for significant cor-
relations between the data points caused by systematic un-
certainties.

FIG. 5: Reconstructed vertex energy of events passing the
selection criteria compared to the GENIE RFG model for
Q2

QE < 0.2 GeV2/c2 (left) and for Q2

QE > 0.2 GeV2/c2

(right).

could have an e↵ect on the vertex and recoil energy dis-
tributions that we do not simulate. Motivated by these
concerns and by discrepancies observed in our analysis
of ⌫µ quasi-elastic scattering [? ], we have also studied
the vertex energy to test the simulation of the number
of low energy charged particles emitted in quasi-elastic
interactions. Figure 5 shows this energy compared to the
simulation. A fit which modifies the distributions to in-
corporate energy due to additional protons is not able
to achieve better agreement. This might be explained if
the dominant multibody process is ⌫̄µ(np) ! µ+nn [? ]
since MINERvA is not very sensitive to low energy neu-
trons. We have done a similar analysis on neutrino mode
data which indicates additional protons in the final state
and is helpful in drawing further conclusions about the
e↵ect of the nucleus on quasi-elastic reactions [? ].
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Antineutrino

Neutrino (Left), Antineutrino (Right)
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Vertex Energy

• Energy near the vertex is not used as part of the event selection because 
we are not confident in our MC to produce a realistic hadron spectrum.

• Indeed, in the data, we see a harder vertex energy distribution for 
neutrinos, and a slightly softer distribution for antineutrinos.

Neutrino Antineutrino
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radius

• Study annular rings out to 10 g/cm2 (antineutrino, 
~120 MeV KE proton), 30 g/cm2 (neutrino, ~225 
MeV KE proton).

• Examine energy deposition profiles and attempt to 
fit for extra particle content under a proton 
hypothesis.

Stopping profile.

Penetrating.
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• In our neutrino data, we find that 
adding an additional low-energy proton 
(KE < 225 MeV) to (25 ± 9)% of QE 
events improves agreement.

Neutrino
0 < Q2 < 0.2 GeV2

Neutrino

Neutrino
0.2 < Q2 < 2 GeV2
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In our antineutrino data, we find no such 
evidence.

Indeed, there is some evidence of an 
over-prediction in the number of protons 
with the data preferring (-10 ± 7)% of QE 
events to have an extra proton.

Antineutrino

Antineutrino
0 < Q2 < 0.2 GeV2

Antieutrino
0.2 < Q2 < 2 GeV2
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Back-Up
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Q2
QE = �m2

µ + 2EQE
⌫

⇣
Eµ �

q
E2

µ �m2
µ cos ✓µ

⌘

EQE
⌫ =

2 (Mn � EB)Eµ �
h
(Mn � EB)

2
+m2

µ �M2
p

i

2

h
(Mn � EB)� Eµ +

q
E2

µ �m2
µ cos ✓µ

i

Quasi-Elastic Scattering

⌫l + n ! l� + p

⌫̄l + p ! l+ + n

p

νµ µ-

n

W+

Eμ = Tμ + mμ Muon Energy

Mn, Mp, mμ Neutron, Proton, Muon Mass

EB Binding Energy (~30 MeV)

θμ Muon Angle w.r.t. Neutrino Direction

(Flip nucleons for antineutrino scattering.)
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NuMI Beamline 

• 120 GeV P  Beam  →  C  target →  π+ − & K+  − 
• Have roughly 35x1012 protons on target (POT) per 

spill at 120 GeV with a beam power of 300-350 kW at 
~0.5 Hz 

• 2 horns focus π+ and K+ only 
• Mean Eincreased  by moving target and one horn

• π+ and K+ →  μ+νμ 
• Absorber stops hadrons not 
• absorbed by rock, →  detector

 S. Manly - Univ. of Rochester 7 

μ+ π+ 

figure  courtesy  Ž.  
Pavlović 

νμ 

HEP 2012, Valparaiso, Chile, Jan. 4-10, 2012 
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Beam Flux
• Tune the hadron production spectrum (FTFP) to world data (mostly NA49 for 

MINERvA).

• Complicated by relatively sparse data, and the problems associated with thick targets.
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NuMI Beamline 

• 120 GeV P  Beam  →  C  target →  π+ − & K+  − 
• Have roughly 35x1012 protons on target (POT) per 

spill at 120 GeV with a beam power of 300-350 kW at 
~0.5 Hz 

• 2 horns focus π+ and K+ only 
• Mean Eincreased  by moving target and one horn

• π+ and K+ →  μ+νμ 
• Absorber stops hadrons not 
• absorbed by rock, →  detector

 S. Manly - Univ. of Rochester 7 

μ+ π+ 

figure  courtesy  Ž.  
Pavlović 

νμ 
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Rethink the procedure for Minerva:

Now, exploring to fit the MC invariant cross sections of the Now, exploring to fit the MC invariant cross sections of the 
interactions in the neutrino history to match the data.interactions in the neutrino history to match the data.

Beam Flux
"Special Runs"

Vary target position and horn current.

6

Pion Plus Parametrization

  FTFP: dots FTFP: dots 
    ABC  : line.ABC  : line.
    Parametrized ABC : linesParametrized ABC : lines

ABC for π+

Dots: FTFP
Solid: ABC
Solid: Parameterized ABC

5

d
2
N

dxF dpT
=[ A( xF)+B (xF ) pT+D( xF) pT

2 ]e
−C ( x

F
) p

T

E( x
F
)

ABC, ABCD and ABCDE

  ABC     :     D = 0 and E = 1 .5

  ABCD   :     E = 1.5

  ABCDE :     E in [1.4, 1.6]

  In the next slides, I show this parametrization for π+.

  ABCDE histograms are fitted to get a complete parametrized yield    

   of the hadron that exit the target.

  Multi-parameter fitting assuming xF dependency:  

  for every particle (π+, π+, K+, K-)

  Code at Ana/BeamStudies/scripts/BeamFitting

Anew=( par [ i ]+ par [i+1] xF )A

Parameters: 
●  ABC     :  24 
● ABCD   :  32  
● ABCDE:  40  

Thick targets!
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• Four basic module types:

• Tracker: two scintillator planes in stereoscopic 
orientation.

• Hadronic Calorimeter: one scintillator plane and 
one 2.54-cm steel absorber.

• Electromagnetic Calorimeter: two scintillator 
planes and two 2-mm lead absorbers.

• Nuclear Targets: absorber materials (some with 
scintillator planes).

• Instrumented outer-detector steel frames.

• 120 Total Modules: 84 Tracker, 10 ECAL, 20 HCAL, 
6 Nuclear Targets.

Modules have an outer detector 
frame of steel and scintillator...

...and an inner detector 
element of scintillator 
strips and absorbers/

targets.

MINERνA Modules

Installed Module 
Stack Industrial Scale!
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Extruded scintillator & 
wavelength shifting 

fibers.

Charge-sharing for improved position 
resolution (~3 mm) & alignment.

Fibers bundled into 
cables to interface 
with 64 channel 

multi-anode PMTs.

Strips are bundled 
into PLANES to 

provide transverse 
position location 
across a module.

Plastic Scintillator Strips:
The Active Detector 

Elements.

17 mm

16.7 mm
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Planes are mounted  stereoscopically in UX 
or VX orientations for 3D tracking. There are 

typically two planes per module.

One Module

Another Module

σ = 2.65 mm
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Water Iron Lead Carbon

2.5 cm; 230 kg Fe/Pb 2.5 cm; 230 kg Fe/Pb
2.5 cm; 110 kg Each Fe/Pb

7.5 cm; 140 kg C

0.75 cm; 170 kg Pb 1.5 cm; 115 kg Fe/Pb~23 cm; ~625 kg H2O

“1”“2”

“3”“4”“5”
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Water target installed in November, 2011.

Target Installation
Water

“1”“2”“3”“4”“5”

Solid targets installed in Spring 2010
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Liquid helium target installed in Spring, ‘11. Filled Summer ’11.

Liquid Targets
H2O Target Event Candidate

He Target Event 
Candidate
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TargetID TargetZ
Fiducial 

Area
(cm^2)

Areal Mass
(g/cm^2)

Mass (kg) N Protons N Neutrons N Nucleons

2 26 1.60E+04 2.01E+01 3.21E+02 9.00E+28 1.03E+29 1.93E+29

2 82 9.03E+03 2.91E+01 2.63E+02 6.27E+28 9.57E+28 1.58E+29

3 6 1.25E+04 1.33E+01 1.66E+02 4.99E+28 5.00E+28 9.99E+28

3 26 8.34E+03 2.02E+01 1.68E+02 4.71E+28 5.41E+28 1.01E+29

3 82 4.17E+03 2.89E+01 1.21E+02 2.88E+28 4.39E+28 7.27E+28

4 82 2.50E+04 8.98E+00 2.25E+02 5.35E+28 8.17E+28 1.35E+29

5 26 1.60E+04 1.01E+01 1.62E+02 4.53E+28 5.20E+28 9.73E+28

5 82 9.03E+03 1.49E+01 1.34E+02 3.20E+28 4.89E+28 8.08E+28
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