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DUNE Flux Uncertainties
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• Dominant flux uncertainties come from 40% xsec uncertainties on interactions in the target and 
horns that have never been measured (or have large uncertainties/spread).

• Lack of proton and pion scattering data at lower beam energies that NA61 has access to. 
• Reduction of flux uncertainties improves physics reach of most DUNE near detector 

analyses.  New hadron production measurements support the DUNE oscillation program 
by increasing confidence in the a-priori flux predictions and ND measurements.
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• Reasonable assumptions:
• No improvement for π production where ~5% measurements already exist 
• 10% uncertainty for K absorption (currently 60-90% for p<4 GeV/c, 12% for p>4 

GeV/c)
• 10% on quasi-elastic interactions (down from 40%) 
• 10% on p,π,K + C[Fe,Al] —> p + X (down from 40%)
• 20% on p,π,K + C[Fe,Al] —> K± + X (down from 40%)
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EMPHATIC
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• Experiment to Measure the Production of Hadrons At a Test beam In 
Chicagoland
• Uses the FNAL Test Beam Facility (FTBF) (eg, MTest)
• Table-top size experiment, focused on hadron production measurements 

with pbeam < 15 GeV/c, but will also make measurements with beam from 
20-120 GeV/c. 

• Ultimate design:
• compact size reduces 

overall cost
• high-rate DAQ, 

precision tracking and 
timing

• International 
collaboration, with 
involvement of experts 
from NOvA/DUNE and 
T2K/HK.
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EMPHATIC: Permanent Magnet
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all measurements are in mm

EMPHATIC Dipole Magnet
16 NdFeB (N52) segments

104 kg

Note: we already have two quotes from companies for this design.

Halbach Array Segments made 
from large segments 
of Neodymium
permanent magnets.

4Slide from A. Konaka

Many companies 
with expertise 
dealing with these 
magnets for the 
windmill industry.
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EMPHATIC: Magnet
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Field maps generated using COMSOL simulation.
50 Gauss



Jonathan M. Paley

EMPHATIC: Si Strip Detectors
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30 cm

30 cm

• Left: Large-area SiSDs with 122 μm pitch available from Fermilab SiDet.  
New chips and some DAQ development needed. Or…

• Right: Large-area SiSDs with 80 μm pitch available from ATLAS SCT 
group, using FASER design and DAQ. 

• Upstream tracking to be done by existing SiSDs (60 μm pitch) at the 
FTBF.

FIG. 13. Illustration of the ATLAS SCT barrel module to be used in FASER.

be enclosed in dry air with a dew point low enough to prevent condensation.
The low trigger rate (expected to be ⇠ 600Hz, as described in Sec. IX), the very small

occupancy of the tracking detector (generally a few hits per plane from a single muon
traversing the detector, along with a small number of noise hits), and the low radiation
level all combine to greatly reduce the challenges of reading out SCT modules in FASER,
compared to ATLAS. A simpler readout architecture than ATLAS, based on shipping the
data to a custom made board via flex cable, has therefore been chosen. The readout board
contains a single FPGA, which carries out simple data processing and error handling before
sending the data to an event builder process running on the surface. Whether one readout
board per tracker plane (nine total) or per tracking station (three total) will be required is
still under study. Either way, the readout system consists of only a small number of boards;
these need to be situated about 1 m from the detector to minimize data cable lengths, while
remaining out of the stray magnetic field.

The readout system must also collect calibration data from the SCT modules during
beam-o↵ periods, when all strips are read to measure noise and e�ciency and to tune
thresholds. Preliminary calculations show that the proposed architecture can complete the
most bandwidth-intensive calibration for the full detector in short downtimes (⇡ 30 minutes).

B. Module Selection and Quality Assurance

SCT modules for the FASER tracker will be selected based on a series of Quality As-
surance (QA) tests. For module QA, a so-called Chimaera digital board attached with a
Tengja trigger card will be used (see Fig. 14). These were originally developed for a test
system of the LHCb RICH upgrade at Cambridge University and were later used for cosmic
muon tomography with eight spare SCT modules [27].

The Chimaera digital board is FPGA-based. It sends commands and reads data to/from
the module, operated by a PC connected via Ethernet. The Tengja card is an interface

23

FIG. 16. Left: A full FASER tracker plane, with two rows of four SCT modules. Right: To allow
the edges to overlap, modules are staggered in and out of the plane by several millimeters.

C. Mechanics

The tracker consists of three stations deployed between magnet sections. A station com-
prises three planes of eight SCT modules, arranged over two rows as shown in Fig. 16.
The tracker as a whole thus uses 72 of the 80 SCT modules provided by ATLAS, with the
remaining 8 available as spares.

1. SCT modules

Mechanical assembly of tracker modules into planes re-uses most of the existing parts of
an SCT module (Figs. 17 and 18). The aim is to retain the module’s primary assembly (two
tilted silicon planes + TPG backbone + hybrid) apart from the cooling pipe. Attachment
will be made through the three existing kinematics mounts (shown in Fig. 17) so that no
major modifications to the SCT modules themselves are necessary, saving time.

Overlap between adjacent modules (a minimum of five silicon strips) is optimized to
guarantee full geometric e�ciency for near-normal tracks over the entire area of a plane.
The arrangement of the two rows is chosen to minimize the material in the central region
(no hybrids, connectors, TPG). This mechanical design also allows replacement of any
individual module of a plane, if necessary.

2. Module frame

Tracker planes are mounted in a module frame (see Fig. 19) that serves several purposes:

• Provide stable attachments for the kinematic mounts of each of the eight modules in
a plane,

• Provide attachment and alignment within 30 microns for each of the three planes
within a station,

25

24 cm

24
 c

m
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EMPHATIC: Momentum Resolution
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• Preliminary study based on COMSOL magnetic field maps, resolution-
smeared truth (122 μm pitch), and Kalman Filter reconstruction.

• Resolution < 6% below 8 GeV/c, < 10% below 17 GeV/c.

MF region

Silicon strip detectors (SSDs)
● Very precise tracking is crucial for 

momentum measurement in a small detector
● CMS technology
● Smaller SSDs upstream from the target and 

in front of the magnet
○ Pitch: 60 μm
○ 3.8 ⊗ 3.8 cm2

● Large SSDs after the magnet
○ Pitch: 122 μm
○ 30 ⊗ 30 cm2

50

Preliminary

5 cm 18 cm 8 cm

Multiple scattering

●

●
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EMPHATIC: PID Detectors (from JPARC E50)
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Ring Imaging Cherenkov from E50 design�9

96

50
75

Using 1/2 scale and only left part here 
Could use 3-inch PMT’s from E61 

Kπ

  50mrad x 75cm = 3.8cm radius 
250mrad x 75cm = 19cm radius

Multi-gap Resistive Plate Chamber (MRPC)

200~300 μm

~10 kV Glass resistive plate
Carbon electrode
Insulator (G10)

Readout strip

Spacer

• Resistive Plate -> Avoid discharge
• Smaller gap -> Better time resolution
• Multi gap -> Higher efficiency, better time resolution

• Can be used under magnetic field

• Low cost

E50 Pole face 
& Internal 
TOF detector

• ~60 ps high time resolution in large area

Amp
Amp

GroundGround

� Developing Čerenkov timing counter
¾Čerenkov lights emit in an extremely short time. 
9Reduce the time spread of photons                  

reaching to the optical sensor
9Having a fast timing response
9It has the advantage to measure 

the better time resolution.

¾Use “Cross shape” acrylic, called X-type, 
which is cut from an acrylic board
9In order to cancel position dependences of 

the time resolution in the Čerenkov radiator

¾The Čerenkov counter is made up of X-type 
acrylic and MPPC with a shaping amplifier 
circuit.

It is the first time to use the Čerenkov
detector for a timing counter                          
with the X-type acrylic.

4
2018/8/28Physics with General Purpose Spectrometer in the High-momentum Beam Line

X-type Čerenkov

X-type Čerenkov
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EMPHATIC: PID Detectors (from JPARC E50)
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2018/8/28Physics with General Purpose Spectrometer in the High-momentum Beam Line

X-type Čerenkov

X-type Čerenkov

Prototype aerogel RICH 
detector built at TRIUMF, 
currently undergoing beam 
tests.

Built and tested (Japan),
will be shipped to Fermilab
this winter.
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EMPHATIC: Complementarity to NA61/SHINE and MIPP
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• EMPHATIC will make measurements with 
beam energies below 15 GeV.

• EMPHATIC has excellent acceptance in 
the forward region, enabling precision 
quasi-elastic scattering measurements.

• EMPHATIC’s run plan is singularly 
focused on the issue of neutrino flux 
modeling. 

• EMPHATIC will not make measurements 
using the neutrino production target.

NA61/Shine Spectrometer

EMPHATIC Spectrometer

• EMPHATIC will not require an “interaction 
trigger” (simplifies analysis and reduces 
uncertainties). 

• EMPHATIC needs to operate 3-4 weeks/
year over 3 years.

• Compact spectrometer = low cost.

• EMPHATIC establishes a hadron production 
program at Fermilab focused on meeting the 
needs of the Fermilab program.  

• EMPHATIC could be a first step to a future 
LBNF spectrometer.
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EMPHATIC: Initial beam test from Jan. 10-23, 2018
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• Proof-of-principle/engineering run enabled primarily by 2017 US-Japan 
funds
• Japan: aerogel detectors, emulsion films and associated equipment, 

travel
• US: emulsion handling facility at Fermilab
• Critical DAQ, motion table and manpower contributions from TRIUMF

~2m

Gas
Ckov
Detectors,
Scint. Trigger

Aerogel
Threshold
Ckov

Target 
Material

Pb-
Glass
Calo

• ~20M beam 
triggers 
collected in ~7 
days of running

• Beams of p,π at 
20,31,120 GeV

• Targets: C, Al 
and Fe (+ MT)

SSDs SSDs
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EMPHATIC: Thin-target data w/ silicon tracking only
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PROTON-NUCLEI CROSS SECTIONS 613 

scattering was less than 10~o of that due to single scattering. At larger angles the 
relative importance of plural scattering decreased rapidly and became smaller than 
1 ~o at O > 5 mrad. Multiple and plural scatterings were evaluated with the Moli6re 
theory, using the formulae given by Bethe and Ashkin s). The data presented below 
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by the p ro ton-p ro ton  differential cross section. 
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G. Bellettini et al., Nucl. Phys. 79, 609 (1966)

Total xsec from optical theorem

Coherent elastic scattering
QE scattering 
(off a single
nucleon)

|t| ' p2beam✓2scatt
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EMPHATIC: Thin-target data w/ silicon tracking only

Systematic uncertainties

1. Beam contamination (kaons in proton beam) → negligible << 1% contamination
2. Upstream interactions in the trigger scintillator or SSDs → negligible < 0.5%
3. Pixel interactions (shape) → only forward bins negligible above t=0.01 GeV2

4. Secondary particles (not leading protons or kaons) <6%
5. Efficiency uncertainty (model dependance) <3%
6. Normalization (target thickness and density + pixel POT correction)

a. Dominated by density uncertainty (2%) + pixel normalization uncertainty (0.5%)
34

Strategy:
● Use data to estimate systematics
● If not possible use MC → largest difference between models

results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019

1. Beam contamination (kaons in proton beam) ➜ negligible << 1% contamination
2. Upstream interactions in the trigger scintillator or SSDs ➜ negligible < 0.5%
3. Interactions between upstream SSDs and target (shape) ➜ negligible for t > 0.01 GeV2

4. Secondary particles (not leading protons or kaons) < 6%
5. Efficiency uncertainty (model dependence) < 3%
6. Normalization (target thickness and density) ➜ 2%
7. POT correction for upstream losses ➜ 0.5%
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EMPHATIC: Thin-target data w/ silicon tracking only

Systematic uncertainties

Strategy:
● Use data to estimate systematics
● If not possible use MC → largest difference between models

results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019

1. Beam contamination (kaons in proton beam) ➜ negligible << 1% contamination
2. Upstream interactions in the trigger scintillator or SSDs ➜ negligible < 0.5%
3. Interactions between upstream SSDs and target (shape) ➜ negligible for t > 0.01 GeV2

4. Secondary particles (not leading protons or kaons) < 6%
5. Efficiency uncertainty (model dependence) < 3%
6. Normalization (target thickness and density) ➜ 2%
7. POT correction for upstream losses ➜ 0.5%

Note: Since this presentation, we have redefined our 
signal (deliverable) to be the model independent measurement
of 

p + C → A + X± 

where A is the final-state nucleus and X is a charged particle
with a scattering angle < 20 mrad.

Systematics are being re-evaluated.
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36

χ2 = 47.8 χ2 = 48.5

χ2 = 48.5

dof = 37

�18

EMPHATIC: Thin-target data w/ silicon tracking only
results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019
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χ2 = 190.5 χ2 = 179.0

χ2 = 90.8

dof = 37

�19

EMPHATIC: Thin-target data w/ silicon tracking only
results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019
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χ2 = 359.2 χ2 = 335.9

χ2 = 108.2

dof = 37

�20

EMPHATIC: Thin-target data w/ silicon tracking only
results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019
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χ2 = 153.6 χ2 = 147.1

dof = 14

�21

EMPHATIC: Thin-target data w/ silicon tracking only
results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019

First measurement of this type for kaons!
Simulations seem to underpredict by ~20%.
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EMPHATIC: Thin-target data w/ silicon tracking only

Impact of the current results (I)
● Quasi-elastic cross-section measurements can significantly impact the flux 

uncertainty in NOνA
● Assuming 10% uncertainty on proton-nucleus quasi-elastic interactions

44

Before After

L. Aliaga, L. Cremonesi

results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019

A similar reduction in flux uncertainties is expected for DUNE…
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EMPHATIC: Proposed Future Runs

20

Component Purchase Cost Labor Cost Total Cost Total Time
and Lead Time (FTE & Type)

SSDs $100k $100k $200k 4 months
1.5 months (4 months Eng.)

Magnet $120k $25k $125k 4 months
4 months (1 month Eng./Tech.)

Triggering & $0 $25k $25k 1 month
Clock Dist. 1 month (1 month App. Phys.)
Total Cost $220k $150k $370k

Table IV. Cost and timeline for the components and labor requested from Fermilab.

Phase Date Subsystems Momenta Targets Goals
Beam Gas Ckov +

Spring Beam ACkov + 4, 8, 12, Improved elastic and quasi-elastic
1 2020 FTBF SiStrip Detectors + 20, 31, C, Al, Fe scattering measurements, low-

Small-acceptance magnet (borrowed) + 60, 120 acceptance hadron production
Downstream ACkov measurements

Time-of-flight
Beam Gas Ckov +
Beam ACkov +

Spring FTBF SiStrip Detectors + 4, 8, 12, C, Al, Fe, H2O, Full-acceptance hadron production
2 2021 New Large-area SiStrip Detectors + 20, 31 Be, B, BN, B2O3 with PID up to 8 GeV/c

Full-acceptance magnet + 60, 120
Downstream ACkov +

Time-of-flight

3
Spring Same as Phase 2 + 20, 31, 60, Same as Phase 2 + Full-acceptance hadron production
2022 Extended RICH 80, 120 Ca, Hg, Ti with PID up to 15 GeV/c

Table V. Details of the proposed 3-phase EMPHATIC run plan. Each phase will have a duration of 3-4 weeks at the FTBF,
not including pre-installation preparations.

straints). Therefore we propose to use a small-acceptance1070

magnet either provided by Fermilab or borrowed from a1071

university. Such a magnet, combined with the PID capa-1072

bilities of the Ckov detectors, will enable improved back-1073

ground rejection for the elastic and quasi-elastic scatter-1074

ing measurements, as well as low-acceptance hadron pro-1075

duction measurements. Particle production with beams1076

above 31 GeV/c will have limited impact because the sec-1077

ondary PID will limited to a maximum momentum of 81078

GeV/c.1079

Phase 2 will incorporate the large-area silicon strip de-1080

tectors and full acceptance magnet. This will enable full1081

acceptance hadron production with PID up to 8 GeV/c.1082

The same targets and beam momenta as in Phase 1 will1083

be remeasured, and new targets will be included. In1084

Phase 3, the capabilities of the downstream RICH de-1085

tector will be expanded with the inclusion of a volume1086

with a gas with an index of refraction that enables PID to1087

15 GeV/c. Hadron production measurements at higher1088

beam momenta, and an extended list of targets, will be1089

made during this final phase of the experiment.1090

We estimate that at each beam and target configura-1091

tion, approximately 100k proton and pion interactions1092

with hadrons produced in the final state can be collected1093

in the matter of a few hours on a 5% interaction-length1094

target (depending on the beam intensity, which can be1095

only a few kHz at very low momenta). Kaon rates in the1096

FTBF beam are typically low, and so measurements of1097

kaon interactions will require longer running. Therefore,1098

in Phase 1, the data collection will take approximately1099

200 hours. We expect some extra time will be required1100

to achieve stable operations, but nevertheless, a 3 week1101

run should be enough time to install and commission all1102

detectors and collect all the data.1103

IX. CONCLUSION1104

The broad-based, international EMPHATIC Collabo-1105

ration proposes to collect new hadron production mea-1106

surements with percent-level uncertainties. EMPHATIC1107

is complementary to existing e↵orts to collect new hadron1108

production data to reduce neutrino flux uncertainties,1109

since the beam energies at the FTBF are considerably1110

lower than what can easily be achieved elsewhere. Some1111

data will be collected at higher energies in order to com-1112

pare to existing measurements.1113

EMPHATIC is very low risk for several reasons: very1114

little R&D is required since the detectors either already1115

exist or the technology is well established, the compact1116

design of the spectrometer results in a low cost of the1117

detectors needed for particle tracking and identification,1118

and the high-rate of data-collection using simple triggers1119

reduces the actual running time of the experiment. We1120

have already demonstrated the feasibility of high-quality1121
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EMPHATIC: Planned 2020 Run

Semi-permanent Table

Si Pixel 
Detector

1X x 1Y SSD Stations

immovable

(electronics below)

immovable

0.53 m
2.7 m

Wall

Beam

MT6.1 - Possible Setup #2 for 2020 Run
Top View

2X x 2Y SSD Stations

2.16 m

M
ag

ne
t

3X x 3Y SSD Station

ACkov 
Detector

Target (leave 0 spare strips)

RPCs Calorimeter(?)

Top View - MT6.1a

• Dates of run are set: April 1 - April 21, 2020

• Small-aperture magnet purchased by TRIUMF

• Will reconfigure existing SSDs at FTBF for larger acceptance than they 
currently provide.
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Summary

�25

• New hadron production data are needed if we want to reduce neutrino flux 
uncertainties.

• EMPHATIC offers a cost-effective approach to reducing the hadron production 
uncertainties by at least a factor of 2.

• EMPHATIC is complementary to the existing efforts by NA61 to collect important 
hadron production data for improved flux predictions.

• EMPHATIC is a strong international collaboration with a mature design of the 
spectrometer and run plans for 2020-22.  

• Analysis of data collected during an engineering run in January 2018 is complete 
and under collaboration review.  Publication expected very soon.

• Critical detectors from Canada and Japan are funded and will be ready for the 
2020 run.

• We have requested and received Stage 1 approval from the Fermilab PAC.

• New collaborators are welcome!
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description were largely incorrect, the calorimetric energy
seen in Ref. [30] could be described, but not the untracked
energy which is sensitive to details of the low energy
particles.
As described in Sec. VIII the effect of the 2p2h enhance-

ment has a systematic uncertainty derived by three different
applications of the fit to various potential contributors,
np-pair 2p2h, nn-pair 2p2h, and QE only. Figure 37
shows the effect of these variations on the vertex energy
distribution.
The sample has enough events to further break these

vertex energy distributions into bins of pt, shown in
Figs. 38 and 39. Regions with noticeable differences
between the simulation and data include low pt with
large vertex energy. Overall, the single-track sample
has a χ2 of 355 per 247 degrees of freedom, while the
multitrack sample has a χ2 of 195 per 104 degrees of
freedom, so both samples have significant disagreements
with the MINERvA GENIE tune v1.
Events with no second track reconstructed and pt <

0.4 GeV2 show a prediction of more events with larger
vertex energy than seen in data. This is also seen in the
multitrack events at low vertex energy for pt < 0.4 GeV2.
The predicted fraction of the event rate by different signal
and background processes is shown in Fig. 40. The regions
of Monte Carlo excess correspond to regions of the vertex
energy where resonant pion production contributes more to
the signal.

X. CONCLUSIONS

This analysis measures a double differential cross section
with respect to the longitudinal and transverse momentum
of the muon for quasielastic-like events. A suite of various
additional processes and models was added to GENIE and is
compared to the data.
The MINERvA GENIE tune v1 models the data well

except low and high pt. At low pt, and in turn low Q2
QE, the

addition of a low Q2 suppression to resonant events would
better replicate the data. At high pt a plausible explanation
of the Monte Carlo data difference is the current model of
the axial form factor does not work in this region.
Finally, a detailed look at the energy deposited near the

interaction vertex shows very good agreement with the
MINERvA GENIE tune v1 for overall vertex energy but
deviates when separated into bins of pt. These results are
consistent with the previous MINERvA result [7], and
demonstrate that the enhancement of 2p2h processes
provides a model for such additional low energy protons.
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APPENDIX: QUASIELASTIC RESULT

A similar analysis was done with a different signal
definition to provide a measurement for predictions which
cannot produce a post-FSI signal. The model dependence
of this result appears in the cross section modeling and FSI
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with a quasielastic signal definition. In addition, results from the
MiniBooNE measurement are included.
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Flux Uncertainties - Why Should We Care?
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• Flux is a limiting 
systematic for all 
neutrino cross 
section 
measurements by 
current 
experiments.  

• Current 
measurements are 
being used to tune 
neutrino scattering 
models.

• Uncertainties in 
these models 
impact the 
sensitivity of the 
future DUNE 
physics program.
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Flux Uncertainties - Why Should We Care?
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• Flux is a limiting 
systematic for nearly all 
single-detector 
measurement.

• Single-detector searches 
for sterile neutrinos are 
severely limited by flux 
uncertainties.

• Percent-level v-e 
scattering 
measurements can also 
be used to constrain 
“new v” physics, eg NSI, 
v magnetic moments, 
etc.  But again these 
constraints will be limited 
by flux uncertainties.

MINERvA, arXiv:1906.00111v1 (2019)
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the main analysis cuts except that dE/dx⟨4⟩ is required
to be between 4.5 and 10 MeV/1.7 cm.

The sidebands are designed to constrain four cate-
gories of background: 1) neutral-current coherent π0 pro-
duction, 2) charged-current νµ interactions, 3) neutral-
current νµ interactions (excluding diffractive and coher-
ent π0 production), and 4) νe interactions. Sideband
1 is approximately 30% νµ charged-current interactions,
50% νµ neutral-current interactions (excluding diffractive
and coherent π0 production), 10% coherent π0 produc-
tion and 10% νe interactions. Sideband 2 is composed of
approximately one third νµ interactions and two thirds
non-diffractive or coherent νµ neutral-current interac-
tions. Sideband 3 is approximately 50% νe interactions,
with the remaining half split roughly evenly between
νµ charged-current and non-diffractive, non-coherent νµ
neutral-current interactions.

Prior to background constraint, there is an excess in
data in Sideband 4, the high dE/dx⟨4⟩ sideband. This
sideband is populated by all of the background sources
discussed above except νe interactions, and according to
the simulation it consists primarily of events with π0s
in the final state. A similar excess was seen in a sep-
arate MINERνA measurement of νe quasi-elastic-like
scattering [27], and it was found to be consistent with
neutral-current diffractive π0 production [28]. The GE-
NIE model for neutral-current diffractive scattering used
here predicts very few events in the signal or sideband re-
gions of this analysis, but significant contributions from
similar coherent π0 production3. The excess in sideband
4 is attributed to coherent events, allowing the normal-
ization of that background to float in the background
fits, which are performed by computing a χ2 summed
over distributions in each of the four sidebands. Be-
cause MINERνA studies of both neutral-current diffrac-
tive [28] and charged-current coherent π0 production [29]
have found significant discrepancies with GENIE predic-
tions that vary with energy, the normalization of the co-
herent background is allowed to vary separately for each
of the six electron energy bins. For the other three back-
grounds, the fit includes a single normalization factor
that is constant with reconstructed energy. The best fit
normalizations of each of the floated background compo-
nents is shown in Table I.

3 GENIE does not currently contain a model of coherent photon
production, but this process may also be present and would ap-
pear similar to coherent π

0 production background events in the
MINERvA detector.

Process Normalization
νe 0.87± 0.03

νµ CC 1.08± 0.04
νµ NC 0.86± 0.04

NC COH 0.8 < Ee < 2.0 GeV 0.9± 0.2
NC COH 2.0 < Ee < 3.0 GeV 1.0± 0.3
NC COH 3.0 < Ee < 5.0 GeV 1.3± 0.2
NC COH 5.0 < Ee < 7.0 GeV 1.5± 0.3
NC COH 7.0 < Ee < 9.0 GeV 1.7± 0.8

NC COH 9.0 < Ee 3.0± 0.9

TABLE I. Background normalization scale factors extracted
from the fits to kinematic sidebands, with statistical uncer-
tainties.

To obtain a background-subtracted electron energy
spectrum in data, backgrounds predicted by the sim-
ulation are scaled by the factors given in Table I and
subtracted from the electron energy spectrum in data as
shown in Fig. 5. This spectrum is then corrected us-
ing the efficiency shown in Fig. 4. The electron energy
spectra in the data and the simulation after background
subtraction and efficiency correction are shown in Fig. 6.
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FIG. 6. Reconstructed electron energy after background sub-
traction and efficiency correction. The data error bars include
both statistical and systematic uncertainties, as described
in Sec. VI. The highest energy bin includes all events with
Ee > 9 GeV events, including events with Ee > 20 GeV.

VI. SYSTEMATIC UNCERTAINTIES

The background-subtracted, efficiency-corrected dis-
tribution shown in Fig. 6 forms the basis of the flux
constraint described in the Sec. VII. This distribution
is subject to a variety of systematic uncertainties, which
are summarized in Fig. 7 and Table II. The distribu-
tion, uncertainties and covariance matrix are also avail-
able in Table III. These are evaluated by identifying un-
derlying uncertain parameters in the simulation, shifting
those parameters by their uncertainty, and performing
the analysis (including background subtraction and effi-
ciency correction) with the shifted simulation. The re-
sulting change in the background subtracted, efficiency

7
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FIG. 7. Summary of fractional systematic uncertainties on
the background subtracted, efficiency corrected distributions.

corrected spectrum is used to form a covariance ma-
trix that encapsulates the systematic uncertainties due
to that parameter and their correlations. In some cases,
it is appropriate to shift a parameter by +1 and -1 sigma,
which produces two covariance matrices. These covari-
ance matrices are averaged to estimate the covariance of
a distribution due to the parameter in question. In the
case of the neutrino flux uncertainties, there are many
underlying uncertain parameters that are highly corre-
lated with one another. In this case, the many universes
method is used, wherein many simulations are created,
with each of the flux parameters pulled randomly from
their probability distributions. The total flux covariance
matrix is formed from the average of the covariance ma-
trix obtained with each simulation.

There are several systematic uncertainties associated
with electron reconstruction, such as the electromagnetic
energy scale of the MINERνA detector. Uncertainty
on the energy scale in the tracker and electromagnetic
calorimeter was estimated by comparing energy of re-
constructed π0 candidates in charged-current νµ events
between data and simulation. This comparison indi-
cated that the tracker energy scale was well-modeled in
the simulation, and this conclusion was supported by
data-simulation comparisons of the spectra of low en-
ergy electrons from stopped muon decays. The π0 sam-
ple indicated a 5.8% mismodeling of the energy scale
in the electromagnetic calorimeter. Energy deposits in
the calorimeter were adjusted by 5.8% and an overall
uncertainty of 1.5% in the electromagnetic response of
the tracker and electromagnetic calorimeter was applied,
based on the precision of the π0 sample. A conserva-
tive 5% uncertainty on the energy scale in the hadronic
calorimeter was assumed, based on a small sample of elec-
trons reconstructed in the MINERνA test beam detec-
tor [30, 31]. These energy scale uncertainties result in
a small (0.1%) uncertainty on the measured number of
neutrino-electron scatters.

A. Electron Reconstruction Uncertainties

In the previous MINERνA measurement of this chan-
nel [10], one of the largest systematic uncertainties was
due to the electron reconstruction efficiency. That un-
certainty was estimated from a study of muons recon-
structed in the MINOS near detector that were projected
backwards into MINERνA, which found a 2.7% differ-
ence between efficiencies in data and simulation due to
accidental NuMI beam activity. Improvements in the
simulation of accidental activity have reduced that dif-
ference to 0.4% for this analysis. Additionally, a visual
scan of event displays of electrons that failed reconstruc-
tion in the simulation was performed for this analysis.
Most of these failures were caused by accidental activity,
but a small (0.4%) fraction of electrons were misrecon-
structed for reasons that could not be discerned and were
unrelated to accidental activity. A conservative 100% un-
certainty is assigned to these events, resulting in a total
0.4

⊕

0.4 = 0.57% uncertainty on electron reconstruction
efficiency, which in turn becomes a 0.57% uncertainty on
the neutrino-electron scattering rate.

B. Beam Uncertainties

Small uncertainties in both the background estimation
and efficiency estimation arise from sources related to
the NuMI beam. Uncertainties in the NuMI neutrino en-
ergy spectra arise primarily from hadron production and
beam alignment. These are estimated using the same
procedure used for the LE configuration of the NuMI
beam [7]. Uncertainties in the νµ flux range from 7-12%
depending on energy, and result in a 0.2% uncertainty in
the measured neutrino-electron scattering rate, primarily
through the background subtraction procedure. Uncer-
tainty in the angle of the NuMI beam is estimated by
comparing muon angular spectra in charged-current νµ
candidates with low hadron recoil in data and simulation.
This results in a 0.5 mrad uncertainty in the beam angle,
leading to a 0.1% uncertainty on the neutrino-electron
scattering rate.

C. Interaction Model Uncertainties

The largest category of systematic uncertainty is that
associated with the neutrino interaction models used in
the simulations. These are largely assessed using the
reweightable model parameter knobs available in the GE-
NIE event generator. Several uncertainties are also added
in addition to those provided by the GENIE developers,
as described below.
Electron neutrino charged-current quasi-elastic scat-

tering at low Q2 is a significant background. The anal-
ysis is particularly sensitive to uncertainty in the shape
of the simulated Q2 spectrum that is used to extrapolate
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Flux Uncertainties - Where Do They Come From?

• We measure flux*xsec in our detectors.
• Very difficult to measure the flux by itself.
• We rely on simulation to predict the flux.
• Simulations need the production cross sections 

for p,π,K hitting a broad range of nuclear 
targets across a broad range of energies.

• Uncertainty on the flux is obtained by 
varying the cross sections of all processes 
within their uncertainties, and varying the 
beam focusing parameters within their 
tolerances, in the simulation.

• Hadron production cross section 
uncertainties are the dominant contribution 
to the neutrino flux uncertainty.

• Hadron production uncertainties are 
significantly smaller for interactions that 
have been measured.

• There are a lot of relevant interactions that 
have not been measured [well].

Production target = Series of thin 
graphite [or Be] slabs

Horns = Aluminum

Lots of other materials for particles 
to interact with
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Figure 16: PPFX hadron production flux uncertainties for ⌫µ (top) and ⌫e
(bottom) at the NOvA near detector split in the PPFX categories.

21

NuMI and Booster Flux Uncertainties

�31

• Reduction of flux 
uncertainties 
improves the 
impact that cross 
section 
measurements by 
NOvA, MINERvA 
and SBN will have 
on the global effort 
to improve v-A 
models.

Figure 16: PPFX hadron production flux uncertainties for ⌫µ (top) and ⌫e
(bottom) at the NOvA near detector split in the PPFX categories.
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• Reasonable assumptions:
• No improvement for π production where ~5% measurements already exist 
• 10% uncertainty for K absorption (currently 60-90% for p<4 GeV/c, 12% for p>4 

GeV/c)
• 10% on quasi-elastic interactions (down from 40%) 
• 10% on p,π,K + C[Fe,Al] —> p + X (down from 40%)
• 20% on p,π,K + C[Fe,Al] —> K± + X (down from 40%)

DUNE Flux Uncertainties - Can we do better?

Before
After

}
Not covered by current data

Note: flux uncertainties determined by EMPHATIC, not DUNE



Jonathan M. Paley

• Reasonable assumptions:
• No improvement for π production where ~5% measurements already exist 
• 10% uncertainty for K absorption (currently 60-90% for p<4 GeV/c, 12% for p>4 

GeV/c)
• 10% on quasi-elastic interactions (down from 40%) 
• 10% on p,π,K + C[Fe,Al] —> p + X (down from 40%)
• 20% on p,π,K + C[Fe,Al] —> K± + X (down from 40%)

DUNE Flux Uncertainties - Can we do better?

Before
After

}
Not covered by current data

Note: flux uncertainties determined by EMPHATIC, not DUNE



Jonathan M. Paley

• NA61 proposes to measure the hadron yield off the LBNF target.  Such a measurement 
should be at the ~3% level.

• However, there are many interactions outside of the target that result in neutrinos see by 
our detectors.

• In T2K, ~50% of all wrong-sign neutrinos come from interactions outside of the target.  
Studies are underway to determine this fraction for DUNE, but it should be similar.

• Improved thin-target measurements are needed if we want to get the final hadron-
production flux uncertainty to be < few percent.

• And then of course there is the thin vs. thick target “anomaly”…

DUNE Flux Uncertainties - Can we do better?
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FIG. 10: Ratios of flux predictions. (a) The flux predicted using data from thick target experiments

divided by the flux prediction that uses only thin target data. (b) The thin and thick target flux

predictions divided by the in situ flux measured using the low-⌫ technique. The error bands on

each curve account for uncertainties in the numerator and denominator, including the e↵ect of

significant correlations between the thick and thin target predictions.
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The interaction length weight corrects the predicted neutrino yield based on the
distance d travelled by propagating ancestor hadron through di↵erent materials before
interacting:

w(p, d) =
�data

�model
exp

⇣
�⇢d

⇣
�data � �model

⌘⌘
, (2)

where ⇢ is the target material number density, p is the propagating hadron’s momen-
tum and � ⌘ �(p) is the hadronic production cross section. The production cross
section is assigned an uncertainty equal to the quasi-elastic cross section, to reflect
the observed preference of the replica-target measurements for the proton production
cross-section of ⇠200 mb (see Fig. 2).
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Figure 2: Replica-target positive pion w(p, ✓, z3) multiplicity weights (left side). Ratio
of replica- and thin-target constrained flux predictions, with ratio errors propagated
from the assigned production cross section uncertainty (right side).

4 Results and conclusions

Neutrino flux uncertainty from the hadronic interaction model, as a function of neu-
trino energy, are shown in Fig. 3 (SK in neutrino mode). The pion rescattering error
was estimated using HARP double di↵erential pion cross section measurements [11].
The nuclear error comes from constraining secondary and tertiary baryon interac-
tions using Feynman scaling and target nucleus scaling for extending the coverage of
existing hadron production measurements. Around the T2K neutrino flux peak, the
replica-tuned flux uncertainty is ⇠50% smaller than the thin-tuned flux uncertainty.
In particular, the hadron interaction length uncertainty, related to constraining the
hadronic production cross section, is substantially reduced at lower neutrino energies.
The hadronic multiplicity and pion rescattering uncertainties are also reduced.

The preliminary results suggest a 50% reduction in the hadronic interaction com-
ponent of the neutrino flux uncertainty, which could open up attractive prospects for
the T2K neutrino cross section measurements programme.
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EMPHATIC: Time of Flight
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Multigap Resistive Plate Chambers (MRPCs)

● Cooperation with E50 collaboration 
from Japan
○ Testing of RPCs in EMPHATIC

● TOF measurement → complementary 
to ARICH (particles below Cherenkov 
threshold)

● Timing resolution ~70 ps
● PID up to 1.5 GeV/c
● Acrylic Cherenkov start counter

○ 40 ps resolution (intrinsic + TDC)
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Note: Fig. 21 of the proposal has the wrong plot, this is
the correct one:
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EMPHATIC: Aerogel RICH
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Aerogel RICH

● Based on Belle II RICH detector
● Advances in aerogel production (Chiba U.)

○ new lower index aerogel of n=1.02-1.03 (instead of 
1.04-1.05 for Belle II) with good transmittance is 
developed

● Beam test at TRIUMF in August
● 2σ π/K separation < 7 GeV/c
● 1σ π/K separation < 10 GeV/c

n1 n2Aerogels Multianode PMT

ARICH

●
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• Based on the Belle II RICH detector

• Aerogels with lower indices of refraction 
(n=1.02-1.03) and good transmittance 
available thanks to advances in aerogel 
production at Chiba U.

• 2σ π-K separation for p<8 GeV/c. 

• Beam test at TRIUMF happening now.

Bea
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EMPHATIC: Initial beam test from Jan. 10-23, 2018
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• Two setups in this run:  one with emulsion bricks, another with thin targets
MT6.1-A

Si strip 
detectors

Si strip 
detectors

Trigger 
counter Si pixel 

detectors Space for 
target

• In each case, we 
used the existing:
• SSDs for tracking 

upstream and 
downstream of the 
targets

• Aerogel Ckovs and 
Pb-glass 
calorimeter 
downstream

• Two differential gas 
Ckov detectors 
upstream to tag the 
beam (1 w/ two 
mirrors)

Beam
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EMPHATIC: Initial beam test from Jan. 10-23, 2018
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• Two setups in this run:  one with emulsion bricks, another with thin targets

• In each case, we 
used the existing:
• SSDs for tracking 

upstream and 
downstream of the 
targets

• Aerogel Ckovs and 
Pb-glass 
calorimeter 
downstream

• Two differential gas 
Ckov detectors 
upstream to tag the 
beam (1 w/ two 
mirrors)

MT6.1-B

Lead glass 
CH counter 
(L~50cm)

Aerogel CH 
counters

n=1.013n=1.045

n=1.026
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EMPHATIC: Thin-target data w/ silicon tracking only
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Targets for Silicon Measurement
• Placed graphite, aluminum, and iron targets on motion table 
• Also empty target run can be performed
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Iron 
(4.6mm)
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EMPHATIC: Thin-target data w/ silicon tracking only
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Data Taking Statistics
• Number of collected events by DAQ 
• There is actually SSD trigger efficiency (due to limited measurement size)

16

Graphite Aluminum Iron Empty

120 GeV 1.63M 0 0 1.21M

30 GeV/c 3.42M 976k 1.01M 2.56M

-30 GeV/c 313k 308k 128k 312k

20 GeV/c 1.76M 1.76M 1.72M 1.61M

10 GeV/c 1.18M 1.11M 967k 1.17M

2 GeV 105k 105k 183k 108k

Number of min. bias triggers

Note: min. bias trigger efficiency is 100%
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EMPHATIC: Thin-target data w/ silicon tracking only
results presented by M. Pavin, Fermilab JETP Seminar, May 10, 2019
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Bellettini et al.
● Angular coverage 1.5 - 20 mrad
● Momentum measurement → 

contamination of inelastic events 
1%

● Uncertainties are not known

Bellettini et al., Nucl.Phys. 79 (1966) 609-624

≠

EMPHATIC and Bellettini do not 
measure the same thing!
● EMPHATIC includes 

resonance production


