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Overview

• Introduction to the experiment
- Some motivation and a jargon-decoder
• Year in review
• Operations status
• Physics results
- Strange physics
- Multi-nucleon effects
- Electron-neutrinos
• Wish I had time for more! 

• Ramping up on the “Medium Energy” beam
• Conclusions
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                                                                          MINERνA

• Fine-grained, high-
resolution scintillator tracker 
for detailed kinematic 
reconstruction of neutrino-
nucleus interactions.
• Cross-section program well-

suited to next-generation 
oscillation experiments.
• Nuclear effects with a 

variety of target materials 
ranging from Helium to 
Lead.
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Motivation
• Why measure cross sections?
- Because they’re there. Also…
- Important and useful ingredients for oscillation experiments:
• We measure the rates for important backgrounds.
• We improve models for measuring neutrino energy.
• We help experiments to understand their signal efficiency.

- We’re going to report on results today that illustrate all three of 
these points.

- To properly measure a cross section, you must also understand 
your neutrino flux - we contribute a lot to techniques for doing this 
that are very useful to the whole community. We’re down to ~7% 
uncertainty in our flux.

• New information about the structure of the nucleus that is only 
available with a Weak probe is a natural (and awesome) by-product.
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Reaction channel menagerie
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What we actually 
scatter from…

What we pretend we scatter from…

Two-body current interactions

Plan
MC in experiment

Neutrino interactions
Neutrino interactions
(Q)EL scattering
Baryon RES production
Deep Inelastic Scattering
Two-body current
COH pion production

Nuclear effects

Generating splines

Generating events

Analyzing an output
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2 particles - 2 holes (2p-2h)

Meson Exchange Current (MEC)
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Models in GENIE

■ Effective Dytman-model is currently available

■ IFIC (Nieves et al.) is going to be available soon

We can even 
scatter from 
correlated pairs 
of nucleons - 
“2p2h” events…



Year in Review (from last User’s Meeting)
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• 7 Wine and Cheese Seminars at FNAL (including a back-to-back-to-back run).
• And another Wine and Cheese tomorrow! Double-differential cross sections for CCQE-like 

antineutrinos!
• 6 PhDs awarded
• Papers!
• Measurement of Electron Neutrino Quasielastic and Quasielasticlike Scattering on Hydrocarbon at 

<Eν>=3.6 GeV, PRL 116, 081802
• Identification of Nuclear Effects in Neutrino-Carbon Interactions at Low Three-Momentum Transfer, PRL 

116, 071802
• Measurement of partonic nuclear effects in deep-inelastic neutrino scattering using MINERvA, PRD 93, 

071101(R)
• Measurement of Neutrino Flux using Neutrino-Electron Elastic Scattering, PRD 93, 112007
• Evidence for neutral-current diffractive neutral pion production from hydrogen in neutrino interactions on 

hydrocarbon, arXiv 1604.01728, submitted to PRL
• Measurement of K+ production in charged-current νμ interactions, arXiv 1604.03920, submitted to PRD
• And more coming soon:
• Observation of Coherent Production of K+ in Neutrino Interactions on Carbon Nuclei - Very soon!
• Differential cross sections for Nu-mu-CC-pi-plus and Nu-mu-bar-CC-pi-zero interactions on 

hydrocarbon in the few GeV region in MINERvA - Very soon!
• Neutrino Flux Predictions for the NuMI Beam - Very soon!
• plus several others coming later this year!



Year in Review
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Put in perspective… 

•  We also have two in journal review, three more in 
collaboration-wide review, one in committee review 
and two more in advanced draft stage for a total of 
eight more. 
6 June 2016 DAH, KSM, MINERvA Big Picture 6 

Published σ papers PRL PRD PLB Total 

MINERvA 6 4 1 11 
MiniBooNE 1 7 8 

T2K 1 6 7 
ArgoNEUT 2 2 4 
SciBooNE 4 4 

MINOS 2 2 
NOvA 0 

Measurement of K+
production in charged-current ⌫µ interactions

C.M. Marshall,1 L. Aliaga,2, 3 O. Altinok,4 L. Bellantoni,5 A. Bercellie,1 M. Betancourt,5 A. Bodek,1 A. Bravar,6

H. Budd,1 T. Cai,1 M.F. Carneiro,7 J. Chvojka,1 H. da Motta,7 J. Devan,2 S.A. Dytman,8 G.A. Dı́az,1, 3

B. Eberly,8, ⇤ E. Endress,3 J. Felix,9 L. Fields,5, 10 A. Filkins,1 R. Fine,1 A.M. Gago,3 R. Galindo,11

H. Gallagher,4 A. Ghosh,7 T. Golan,1, 5 R. Gran,12 S. Griswold,1 D.A. Harris,5 A. Higuera,1, 9, † K. Hurtado,7, 13

M. Kiveni,5 J. Kleykamp,1 M. Kordosky,2 T. Le,4, 14 E. Maher,15 I. Majoros,16 S. Manly,1 W.A. Mann,4

D.A. Martinez Caicedo,7, ‡ K.S. McFarland,1, 5 C.L. McGivern,8, § A.M. McGowan,1 B. Messerly,8 J. Miller,11

A. Mislivec,1 J.G. Morf́ın,5 J. Mousseau,17, ¶ D. Naples,8 J.K. Nelson,2 A. Norrick,2 Nuruzzaman,14, 11 J. Osta,5

V. Paolone,8 J. Park,1 C.E. Patrick,10 G.N. Perdue,5, 1 L. Rakotondravohitra,5, ⇤⇤ M.A. Ramirez,9 R.D. Ransome,14

H. Ray,17 L. Ren,8 D. Rimal,17 P.A. Rodrigues,1 M. Rosenberg,8 D. Ruterbories,1 H. Schellman,18, 10

D.W. Schmitz,19, 5 L.A. Shadler,1 C. Simon,20 C.J. Solano Salinas,13 S.F. Sánchez,3 B.G. Tice,14 E. Valencia,9

T. Walton,21, †† Z. Wang,1 P. Watkins,16 K. Wiley,1 J. Wolcott,1, ‡‡ M.Wospakrik,17 and D. Zhang2

(MINERvA Collaboration)
1University of Rochester, Rochester, New York 14627 USA

2Department of Physics, College of William & Mary, Williamsburg, Virginia 23187, USA
3Sección F́ısica, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Apartado 1761, Lima, Perú

4Physics Department, Tufts University, Medford, Massachusetts 02155, USA
5Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

6University of Geneva, 1211 Geneva 4, Switzerland
7Centro Brasileiro de Pesquisas F́ısicas, Rua Dr. Xavier Sigaud 150, Urca, Rio de Janeiro, Rio de Janeiro, 22290-180, Brazil

8Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
9Campus León y Campus Guanajuato, Universidad de Guanajuato, Lascurain
de Retana No. 5, Colonia Centro, Guanajuato 36000, Guanajuato México.

10Northwestern University, Evanston, Illinois 60208
11Departamento de F́ısica, Universidad Técnica Federico Santa Maŕıa, Avenida España 1680 Casilla 110-V, Valparáıso, Chile

12Department of Physics, University of Minnesota – Duluth, Duluth, Minnesota 55812, USA
13Universidad Nacional de Ingenieŕıa, Apartado 31139, Lima, Perú

14Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
15Massachusetts College of Liberal Arts, 375 Church Street, North Adams, MA 01247

16Department of Physics, Otterbein University, 1 South Grove Street, Westerville, OH, 43081 USA
17University of Florida, Department of Physics, Gainesville, FL 32611

18Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA
19Enrico Fermi Institute, University of Chicago, Chicago, IL 60637 USA

20Department of Physics and Astronomy, University of California, Irvine, Irvine, California 92697-4575, USA
21Hampton University, Dept. of Physics, Hampton, VA 23668, USA

(Dated: April 14, 2016)

Production of K+ mesons in charged-current ⌫µ interactions on plastic scintillator (CH) is mea-
sured using MINERvA exposed to the low-energy NuMI beam at Fermilab. Timing information is
used to isolate a sample of 885 charged-current events containing a stopping K+ which decays at
rest. The di↵erential cross section in K+ kinetic energy, d�/dTK , is observed to be relatively flat
between 0 and 500 MeV. Its shape is in good agreement with the prediction by the genie neutrino
event generator when final-state interactions are included, however the data rate is lower than the
prediction by 15%.

PACS numbers: 13.15.+g, 13.20.Eb

⇤now at SLAC National Accelerator Laboratory, Stanford, CA
94309, USA
†now at University of Houston, Houston, TX 77204, USA
‡now at Illinois Institute of Technology, Chicago, IL 60616, USA
§now at Iowa State University, Ames, IA 50011, USA
¶now at University of Michigan, Ann Arbor, MI 48109, USA
⇤⇤also at Department of Physics, University of Antananarivo,
Madagascar

††now at Fermi National Accelerator Laboratory, Batavia, IL
60510, USA
‡‡Now at Tufts University, Medford, MA 02155, USA
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Measurement of Electron Neutrino Quasielastic and Quasielasticlike Scattering on
Hydrocarbon at hEνi ¼ 3.6 GeV

J. Wolcott,1,2 L. Aliaga,3 O. Altinok,2 L. Bellantoni,4 A. Bercellie,1 M. Betancourt,4 A. Bodek,1 A. Bravar,5 H. Budd,1

T. Cai,1 M. F. Carneiro,6 J. Chvojka,1 H. da Motta,6 J. Devan,3 S. A. Dytman,7 G. A. Díaz,1,8 B. Eberly,7,† J. Felix,9

L. Fields,4,10 R. Fine,1 A. M. Gago,8 R. Galindo,11 H. Gallagher,2 A. Ghosh,6,1 T. Golan,1,4 R. Gran,12 D. A. Harris,4

A. Higuera,1,9,‡ M. Kiveni,4 J. Kleykamp,1 M. Kordosky,3 T. Le,2,13 E. Maher,14 S. Manly,1 W. A. Mann,2 C. M. Marshall,1

D. A. Martinez Caicedo,4,§ K. S. McFarland,1,4 C. L. McGivern,7 A. M. McGowan,1 B. Messerly,7 J. Miller,11 A. Mislivec,1

J. G. Morfín,4 J. Mousseau,15 T. Muhlbeier,6 D. Naples,7 J. K. Nelson,3 A. Norrick,3 J. Osta,4 V. Paolone,7 J. Park,1

C. E. Patrick,10 G. N. Perdue,4,1 L. Rakotondravohitra,4,∥ R. D. Ransome,13 H. Ray,15 L. Ren,7 D. Rimal,15 P. A. Rodrigues,1

D. Ruterbories,1 G. Salazar,16 H. Schellman,17,10 D.W. Schmitz,18,4 C. J. Solano Salinas,16 N. Tagg,19 B. G. Tice,13

E. Valencia,9 T. Walton,20,¶ M. Wospakrik,15 G. Zavala,9,* A. Zegarra,16 D. Zhang,3 and B. P. Ziemer21

(MINERvA Collaboration)

1Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
2Physics Department, Tufts University, Medford, Massachusetts 02155, USA

3Department of Physics, College of William and Mary, Williamsburg, Virginia 23187, USA
4Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

5University of Geneva, 1211 Geneva 4, Switzerland
6Centro Brasileiro de Pesquisas Físicas, Rua Doctor Xavier Sigaud 150, Urca, Rio de Janeiro, Rio de Janeiro 22290-180, Brazil

7Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
8Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Apartado 1761, Lima, Perú

9Campus León y Campus Guanajuato, Universidad de Guanajuato, Lascurain de Retana Number 5, Colonia Centro,
Guanajuato 36000, Guanajuato, Mexico

10Northwestern University, Evanston, Illinois 60208, USA
11Departamento de Física, Universidad Técnica Federico Santa María, Avenida España 1680 Casilla 110-V, Valparaíso, Chile

12Department of Physics, University of Minnesota–Duluth, Duluth, Minnesota 55812, USA
13Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA

14Massachusetts College of Liberal Arts, 375 Church Street, North Adams, Massachusetts 01247, USA
15Department of Physics, University of Florida, Gainesville, Florida 32611, USA

16Universidad Nacional de Ingeniería, Apartado 31139, Lima, Perú
17Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA

18Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
19Department of Physics, Otterbein University, 1 South Grove Street, Westerville, Ohio 43081, USA

20Department of Physics, Hampton University, Hampton, Virginia 23668, USA
21Department of Physics and Astronomy, University of California–Irvine, Irvine, California 92697-4575, USA

(Received 30 October 2015; published 25 February 2016)

The first direct measurement of electron neutrino quasielastic and quasielasticlike scattering on
hydrocarbon in the few-GeV region of incident neutrino energy has been carried out using the MINERvA
detector in the NuMI beam at Fermilab. The flux-integrated differential cross sections in the electron
production angle, electron energy, and Q2 are presented. The ratio of the quasielastic, flux-integrated
differential cross section in Q2 for νe with that of similarly selected νμ-induced events from the same
exposure is used to probe assumptions that underpin conventional treatments of charged-current νe
interactions used by long-baseline neutrino oscillation experiments. The data are found to be consistent
with lepton universality and are well described by the predictions of the neutrino event generator GENIE.

DOI: 10.1103/PhysRevLett.116.081802

Current and future neutrino oscillation experiments hope
to measure CP violation in the neutrino sector by making
precise measurements of νeðν̄eÞ appearance in predomi-
nantly νμðν̄μÞ beams. These experiments (such as NOvA
[1], T2K [2], and DUNE [3]) consist of large detectors of

heavy nuclei (e.g., carbon, oxygen, and argon) to maximize
the rate of neutrino interactions. They examine the energy
distribution of interacting neutrinos and compare the
observed spectrum with the predictions based on different
oscillation hypotheses. Correct prediction of the observed

PRL 116, 081802 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

26 FEBRUARY 2016

0031-9007=16=116(8)=081802(6) 081802-1 © 2016 American Physical Society

Identification of Nuclear Effects in Neutrino-Carbon Interactions at
Low Three-Momentum Transfer

P. A. Rodrigues,1,† J. Demgen,2 E. Miltenberger,2 L. Aliaga,3 O. Altinok,4 L. Bellantoni,5 A. Bercellie,1 M. Betancourt,5

A. Bodek,1 A. Bravar,6 H. Budd,1 T. Cai,1 M. F. Carneiro,7 J. Chvojka,1 J. Devan,3 S. A. Dytman,8 G. A. Díaz,1,9

B. Eberly,8,‡ M. Elkins,2 J. Felix,10 L. Fields,5,10 R. Fine,1 A. M. Gago,9 R. Galindo,12 H. Gallagher,4 A. Ghosh,7,1

T. Golan,1,5 R. Gran,2 D. A. Harris,5 A. Higuera,1,10,§ K. Hurtado,7,13 M. Kiveni,5 J. Kleykamp,1 M. Kordosky,3 T. Le,4,14

J. R. Leistico,2 A. Lovlein,2 E. Maher,15 S. Manly,1 W. A. Mann,4 C. M. Marshall,1 D. A. Martinez Caicedo,5,∥

K. S. McFarland,1,5 C. L. McGivern,8 A. M. McGowan,1 B. Messerly,8 J. Miller,12 A. Mislivec,1 J. G. Morfín,5

J. Mousseau,16,¶ T. Muhlbeier,7 D. Naples,8 J. K. Nelson,3 A. Norrick,3 Nuruzzaman,14,17 J. Osta,5 V. Paolone,8

C. E. Patrick,11 G. N. Perdue,5,1 M. A. Ramirez,10 R. D. Ransome,14 H. Ray,16 L. Ren,8 D. Rimal,16 D. Ruterbories,1

H. Schellman,18,11 D.W. Schmitz,19,5 C. J. Solano Salinas,13 N. Tagg,20 B. G. Tice,14 E. Valencia,10

T. Walton,17,** J. Wolcott,4,1 M. Wospakrik,16 G. Zavala,10,* and D. Zhang3

(MINERvA Collaboration)

1University of Rochester, Rochester, New York 14627, USA
2Department of Physics, University of Minnesota—Duluth, Duluth, Minnesota 55812, USA
3Department of Physics, College of William & Mary, Williamsburg, Virginia 23187, USA

4Physics Department, Tufts University, Medford, Massachusetts 02155, USA
5Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

6University of Geneva, 1211 Geneva 4, Switzerland
7Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud 150, Urca, Rio de Janeiro, Rio de Janeiro 22290-180, Brazil

8Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
9Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Apartado 1761, Lima, Peru

10Campus León y Campus Guanajuato, Universidad de Guanajuato, Lascurain de Retana No. 5,
Colonia Centro, Guanajuato 36000, Guanajuato, Mexico
11Northwestern University, Evanston, Illinois 60208, USA

12Departamento de Física, Universidad Técnica Federico Santa María,
Avenida España 1680 Casilla 110-V, Valparaíso, Chile

13Universidad Nacional de Ingeniería, Apartado 31139, Lima, Peru
14Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA

15Massachusetts College of Liberal Arts, 375 Church Street, North Adams, Massachusetts 01247, USA
16Department of Physics, University of Florida, Gainesville, Florida 32611, USA
17Department of Physics, Hampton University, Hampton, Virginia 23668, USA

18Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA
19Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

20Department of Physics, Otterbein University, 1 South Grove Street, Westerville, Ohio 43081, USA
(Received 19 November 2015; published 17 February 2016)

Two different nuclear-medium effects are isolated using a low three-momentum transfer subsample of
neutrino-carbon scattering data from the MINERvA neutrino experiment. The observed hadronic energy in
charged-current νμ interactions is combined with muon kinematics to permit separation of the quasielastic
and Δð1232Þ resonance processes. First, we observe a small cross section at very low energy transfer that
matches the expected screening effect of long-range nucleon correlations. Second, additions to the event
rate in the kinematic region between the quasielastic and Δ resonance processes are needed to describe the
data. The data in this kinematic region also have an enhanced population of multiproton final states.
Contributions predicted for scattering from a nucleon pair have both properties; the model tested in this
analysis is a significant improvement but does not fully describe the data. We present the results as a
double-differential cross section to enable further investigation of nuclear models. Improved description of
the effects of the nuclear environment are required by current and future neutrino oscillation experiments.

DOI: 10.1103/PhysRevLett.116.071802

PRL 116, 071802 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
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0031-9007=16=116(7)=071802(6) 071802-1 © 2016 American Physical Society

Measurement of partonic nuclear effects in deep-inelastic neutrino
scattering using MINERvA

J. Mousseau,1,* M. Wospakrik,1 L. Aliaga,2 O. Altinok,3 L. Bellantoni,4 A. Bercellie,5 M. Betancourt,4 A. Bodek,5

A. Bravar,6 H. Budd,5 T. Cai,5 M. F. Carneiro,7 M. E. Christy,8 J. Chvojka,5 H. da Motta,7 J. Devan,2 S. A. Dytman,9

G. A. Díaz,5,10 B. Eberly,9,† J. Felix,11 L. Fields,4,12 R. Fine,5 A. M. Gago,10 R. Galindo,13 H. Gallagher,3

A. Ghosh,7,7 T. Golan,5,4 R. Gran,14 D. A. Harris,4 A. Higuera,5,11,‡ K. Hurtado,7,15 M. Kiveni,4 J. Kleykamp,5

M. Kordosky,2 T. Le,3,16 E. Maher,17 S. Manly,5 W. A. Mann,3 C. M. Marshall,5 D. A. Martinez Caicedo,4,§

K. S. McFarland,5,4 C. L. McGivern,9 A. M. McGowan,5 B. Messerly,9 J. Miller,13 A. Mislivec,5 J. G. Morfín,4 D. Naples,9

J. K. Nelson,2 A. Norrick,2 Nuruzzaman,16,13 J. Osta,4 V. Paolone,9 J. Park,5 C. E. Patrick,12 G. N. Perdue,4,5

L. Rakotondravohitra,4,∥ M. A. Ramirez,11 R. D. Ransome,16 H. Ray,1 L. Ren,9 D. Rimal,1 P. A. Rodrigues,5

D. Ruterbories,5 H. Schellman,18,12 D. W. Schmitz,19,4 C. J. Solano Salinas,15 N. Tagg,20 B. G. Tice,16 E. Valencia,11

T. Walton,8,¶ J. Wolcott,5,** G. Zavala,11 and D. Zhang2

(The MINERνA Collaboration)

1University of Florida, Department of Physics, Gainesville, Florida 32611, USA
2Department of Physics, College of William & Mary, Williamsburg, Virginia 23187, USA

3Physics Department, Tufts University, Medford, Massachusetts 02155, USA
4Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

5University of Rochester, Rochester, New York 14627, USA
6University of Geneva, 1211 Geneva 4, Switzerland

7Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud 150, Urca, Rio de Janeiro,
Rio de Janeiro 22290-180, Brazil

8Hampton University, Dept. of Physics, Hampton, Virginia 23668, USA
9Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

10Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú,
Apartado 1761, Lima, Perú

11Campus León y Campus Guanajuato, Universidad de Guanajuato, Lascurain de Retana No. 5,
Colonia Centro, Guanajuato 36000, Guanajuato México
12Northwestern University, Evanston, Illinois 60208, USA

13Departamento de Física, Universidad Técnica Federico Santa María,
Avenida España 1680 Casilla 110-V, Valparaíso, Chile

14Department of Physics, University of Minnesota—Duluth, Duluth, Minnesota 55812, USA
15Universidad Nacional de Ingeniería, Apartado 31139, Lima, Perú

16Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
17Massachusetts College of Liberal Arts, 375 Church Street, North Adams, MA 01247

18Department of Physics, Oregon State University, Corvallis, Oregon 97331, USA
19Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

20Department of Physics, Otterbein University, 1 South Grove Street, Westerville, Ohio 43081, USA
(Received 25 January 2016; published 19 April 2016)

The MINERvA Collaboration reports a novel study of neutrino-nucleus charged-current deep inelastic
scattering (DIS) using the same neutrino beam incident on targets of polystyrene, graphite, iron, and lead.
Results are presented as ratios of C, Fe, and Pb to CH. The ratios of total DIS cross sections as a function of
neutrino energy and flux-integrated differential cross sections as a function of the Bjorken scaling variable
x are presented in the neutrino-energy range of 5–50 GeV. Based on the predictions of charged-lepton
scattering ratios, good agreement is found between the data and prediction at medium x and low neutrino
energy. However, the ratios appear to be below predictions in the vicinity of the nuclear shadowing region,
x < 0.1. This apparent deficit, reflected in the DIS cross-section ratio at high Eν, is consistent with previous

*Now at University of Michigan, Ann Arbor, Michigan 48109, USA.
†Now at SLAC National Accelerator Laboratory, Stanford, California 94309, USA.
‡University of Houston, Houston, Texas 77204, USA.
§Now at Illinois Institute of Technology.∥also at Department of Physics, University of Antananarivo, Madagascar.
¶now at Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA.
**Now at Tufts University, Medford, Massachusetts 02155, USA.

PHYSICAL REVIEW D 93, 071101(R) (2016)

2470-0010=2016=93(7)=071101(7) 071101-1 © 2016 American Physical Society
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(Of course, we have 0 oscillation papers. 😁 )

Can’t wait to see 
MicroBooNE, SBND, and 
NOvA on this list!

“Modern” 😁  neutrino 
scattering scoreboard

Measurement of neutrino flux from neutrino-electron elastic scattering
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Muon-neutrino elastic scattering on electrons is an observable neutrino process whose cross section
is precisely known. Consequently a measurement of this process in an accelerator-based νμ beam can
improve the knowledge of the absolute neutrino flux impinging upon the detector; typically this knowledge
is limited to ∼10% due to uncertainties in hadron production and focusing. We have isolated a sample
of 135! 17 neutrino-electron elastic scattering candidates in the segmented scintillator detector of
MINERvA, after subtracting backgrounds and correcting for efficiency. We show how this sample can be
used to reduce the total uncertainty on the NuMI νμ flux from 9% to 6%. Our measurement provides a flux
constraint that is useful to other experiments using the NuMI beam, and this technique is applicable to
future neutrino beams operating at multi-GeV energies.

DOI: 10.1103/PhysRevD.93.112007

I. INTRODUCTION

Neutrino-electron elastic scattering is precisely pre-
dicted in the electroweak standard model because it
involves only the scattering of fundamental leptons. At
tree level and in the limit that the neutrino energy Eν
is much greater than the electron mass me, the νe → νe
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Beam! Lots and lots of beam!

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 20168

Our warmest thanks to the accelerator division for the great beam!



Keeping it all working

• We rely on the MINOS near 
detector for muon sign 
identification.

• Many thanks to the MINOS+ 
collaboration for sharing this 
data with us and for a 
productive and successful 
partnership maintaining the 
Near Detector over the past 
few years.

• Thanks also to the Fermilab 
operations team that has 
helped keep both detectors 
operating smoothly!
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Data quality in the "Medium Energy"
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Recording NuMI neutrinos

4

Thank you for the many years of intense beam ! 

• Taking neutrino data in the “medium energy” (ME) beam mode since Sept. 6, 2013. 

• More than 6x1020 protons on target (POT) accumulated to date ! 

• Total neutrino data in “low energy” (LE) beam mode (Mar. 2010 - Apr. 2012): 3.98x1020 POT. 

• Total antineutrino data in “low energy” (LE) beam mode (Mar. 2010 - Apr. 2012): 1.7x1020 POT.  

TOTAL NuMI PROTONS ON TARGET (Sept. 6, 2013 - June 8, 2015)
Protons for ME Run PITT

60.8⇥1019 POT Sep 6, 2013 at 15:00 - June 7, 2015
Congrats to AD for reaching 6⇥1020 POT

C.L. McGivern AEM 9 / 9 52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

Wednesday, June 10, 15

• NuMI has been running in the "Medium 
Energy" mode since NOvA began taking 
data.
- Low Energy prior to NOvA turn on.

• This is a natural "second epoch" for 
MINERvA.

• The detector is performing well and 
understandably according to all of our 
various data quality metrics in this period.



• Strange production
• Nuclear effects at low three-momentum transfer
• Electron neutrinos
• Medium energy CCQE (early work-in-progress)

Recent physics highlights...

11 Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 2016



Strange physics
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• K+ production by atmospheric neutrinos (especially NC) is an important 
background for proton decay searches, p → Kν
• DUNE background prediction is 1 event per Mton-year*. Are we even close?

• K+ production complements π+ production as a probe of hadronic FSI.

2015-02-05 Chris Marshall - University of Rochester 32

My guess: νμp→μ-K+Σ+

Strip number
Module number

Neutrino 
direction

top view

K+
μ+

μ-

n→pπ+Σ+→nπ+ 

C. Marshall, 
JETP Seminar, 5 Feb 2016

*JHEP 0704 041 (2007)



Strange physics
• Charged current K+ production cross section shows reasonably good 

agreement with simulation.
• This measurement increased the world’s sample of K+ production events from 

neutrinos from dozens to thousands!

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201613
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https://arxiv.org/abs/1604.03920

https://arxiv.org/abs/1604.03920


Strange physics
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C. Marshall, 
JETP Seminar, 5 Feb 2016

• Neutral current K+ production cross section shows reasonably good agreement 
with simulation.

• We need improvements in the interaction and FSI models, but this result 
supports the idea that background estimates in proton decay searches are 
reasonable.



Nuclear effects at low three momentum transfer

• Inclusive charged current events.
• Isolating energy and momentum transfer allows 

us to isolate channels in a fashion (somewhat) 
analogous to electron scattering.

• Default nuclear model struggles to explain data

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201615

P. Rodrigues, 
JETP Seminar, 11 Dec 2015
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We’re going to measure neutrino oscillations precisely with this?!
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Energy transfer and three-momentum transfer distinguish processes

true three momentum transfer (GeV)
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In electron scattering, reconstructing full event kinematics reveals
details of nuclear structure

I Fixed electron energy, so just measure final state electron

e e'

A A

 g (q
0
, q)

Adapted from G. D. Megias, NuFact 2015

q
0

= E
e

� E
e

0

I What could we learn if we had similar variables in neutrino scattering?

��•��•� 18

Electrons

Neutrinos



Nuclear effects at low three momentum transfer

• Build a more sophisticated nuclear model - include RPA (Weak charge 
screening) and 2p2h effects (Nieves, et al. PRC 70, 055503 & PRC 83, 
045501) in private modification of GENIE (now a permanent contribution to the 
generator code).

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201616

These two e�ects turn up in di�erent regions of our 2D space
I Put in both e�ects, take ratio to nominal:

true three momentum transfer (GeV)
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I Use illustrative Nieves et al. calculations PRC 70, 055503 (2004); PRC 83, 045501 (2011)

I Calculations only for 0⇡ final states
��••�•� 26

P. Rodrigues, 
JETP Seminar, 11 Dec 2015

*

* Also with pion production re-tuned.



Nuclear effects at low three momentum transfer

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201617

The inferred cross section will allow model comparisons
GENIE ⇡ production modified
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Phys. Rev. Lett. 116, 071802

What does calorimetric energy really mean?

p

⇡+

n

⇡0

Kinetic energy

Kinetic energy

0

Total energy

On average, we see available hadronic energy E
avail

6= q
0

:

E
avail

=
X

(Proton and ⇡± KE) + (Total E of other particles except neutrons)

��••••• 31



Electron-neutrinos
• "QE-like" (0-pion final state) electron-neutrinos.
- Electron or position.
- Any number of protons and/or neutrons.
- First measurement ever of this channel.

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201618

J. Wolcott / U. of Rochester FNAL JETP / 18 Sept. 2015 18

Signal de�nition

Event display of simulated
~4 GeV ν

e
 interaction in MINERvA 

Signal is really quasielastic-like:

– One electron or positron 
(MINERvA isn't magnetized)

– Any number of nucleons 
(nuclear e4ects; FSI tricky – 
reduce model dependence)

– No other hadrons

(This strategy should seem 
familiar from other data sets – 

e.g., MiniBooNE)

~325 MeV proton

~3.5 GeV electron

Beam direction

J. Wolcott, 
JETP Seminar, 18 Sep 2015

J. Wolcott / U. of Rochester FNAL JETP / 18 Sept. 2015 28

γ e+

e-

e±

Isolating ν
e
events: Photon rejection

The energy deposition pattern early in the track helps 
discriminate between photons (background) and electrons

e+, e- typically overlap, 
follow initial photon direction

2.0 GeV simulated electron

photon (e+ + e-) 
deposits energy at ~2x 

single electron rate 
early in pro?le

2.0 GeV 
simulated photon

Simulated 
single 

particles

Compared 
to data



Electron-neutrinos
• Statistically consistent with the 

generator prediction.
• Q2 (four-momentum transfer 

squared) consistent with MINERvA 
measurement for muon neutrinos.

• Nuclear and kinematic effects are 
consistent with their modeling.

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201619

interaction model, and the flux model, with each contrib-
uting a fractional uncertainty of less than 10%. The overall
systematic errors are typically in the 10%–15% range,
which is sufficiently small for the results presented here to
be statistically limited.
The flux-integrated differential νe CCQE-like cross

sections versus electron energy and angle are given in
Fig. 3, for both the data and the POT-normalized
Monte Carlo samples. The analogous distribution in Q2

QE
is given on the left side of Fig. 4. The measured cross
sections and covariances are provided in tabular form in the
Supplemental Material [25]. The simulation appears to
underestimate the width of the electron production angle
and exhibit a harder spectrum in Q2

QE. However, these
differences are not significant when correlated errors, such
as the electromagnetic energy scale, are taken into account.
In order to compare directly the measured differential

cross section for νe and νμ interactions on carbon as a

function ofQ2
QE, an analysis similar to that described in this

Letter was performed in terms of a CCQE signal (rather
than CCQE-like), as specified by the GENIE event gen-
erator, which can be compared directly to previously
published MINERvA results [33]. The selection cuts for
the νe events were adjusted slightly to ensure the energy
range of included events agreed with that of the νμ analysis.
The ratio of these two results and the corresponding ratio
of the Monte Carlo predictions are given on the right in
Fig. 4. The data for the differential cross section for νe
CCQE interactions agree within errors with that for νμ
CCQE interactions. (Some of the uncertainties evaluated in
this analysis, such as the electromagnetic energy scale,
result in Q2-dependent changes to the data distribution
shape. These can cause trends similar to the upward slope
in Fig. 4. When accounting for these correlations, the shape
of the data curve is consistent with the shape of the GENIE
prediction within 1σ.)
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FIG. 3. Flux-integrated differential νe CCQE-like cross section versus electron energy (left) and electron angle (right). Inner errors are
statistical; outer are statistical added in quadrature with systematic. The band represents the statistical error for the Monte Carlo curve.
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QE to the analogous result from MINERvA for νμ [33]. In both figures, the band represents the
statistical error for the Monte Carlo curve.
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interaction model, and the flux model, with each contrib-
uting a fractional uncertainty of less than 10%. The overall
systematic errors are typically in the 10%–15% range,
which is sufficiently small for the results presented here to
be statistically limited.
The flux-integrated differential νe CCQE-like cross

sections versus electron energy and angle are given in
Fig. 3, for both the data and the POT-normalized
Monte Carlo samples. The analogous distribution in Q2

QE
is given on the left side of Fig. 4. The measured cross
sections and covariances are provided in tabular form in the
Supplemental Material [25]. The simulation appears to
underestimate the width of the electron production angle
and exhibit a harder spectrum in Q2

QE. However, these
differences are not significant when correlated errors, such
as the electromagnetic energy scale, are taken into account.
In order to compare directly the measured differential

cross section for νe and νμ interactions on carbon as a

function ofQ2
QE, an analysis similar to that described in this

Letter was performed in terms of a CCQE signal (rather
than CCQE-like), as specified by the GENIE event gen-
erator, which can be compared directly to previously
published MINERvA results [33]. The selection cuts for
the νe events were adjusted slightly to ensure the energy
range of included events agreed with that of the νμ analysis.
The ratio of these two results and the corresponding ratio
of the Monte Carlo predictions are given on the right in
Fig. 4. The data for the differential cross section for νe
CCQE interactions agree within errors with that for νμ
CCQE interactions. (Some of the uncertainties evaluated in
this analysis, such as the electromagnetic energy scale,
result in Q2-dependent changes to the data distribution
shape. These can cause trends similar to the upward slope
in Fig. 4. When accounting for these correlations, the shape
of the data curve is consistent with the shape of the GENIE
prediction within 1σ.)

 (GeV)eE
1 2 3 4 5 6 7 8 9 10

 / 
G

eV
 / 

nu
cl

eo
n)

2
 c

m
-3

9
 (1

0
e

dE
σd

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

Data

Simulation

/ndf = 7.05/13 = 0.542χ

 POT)20 10×Absolutely normalized (3.49 
Data: inner errors statistical

Simulation: statistical errors only

 (deg)eθ
0 5 10 15 20 25 30 35

 / 
de

gr
ee

 / 
nu

cl
eo

n)
2

 c
m

-3
9

 (1
0

eθd
σd 0

0.1

0.2

0.3

0.4

0.5

Data

Simulation

/ndf = 9.85/15 = 0.665 62χ

 POT)20 10×Absolutely normalized (3.49 
Data: inner errors statistical

Simulation: statistical errors only

FIG. 3. Flux-integrated differential νe CCQE-like cross section versus electron energy (left) and electron angle (right). Inner errors are
statistical; outer are statistical added in quadrature with systematic. The band represents the statistical error for the Monte Carlo curve.

) (GeV2
QE
2Q

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 / 
nu

cl
eo

n)
2

 / 
G

eV
2

 c
m

-3
9

 (1
0

Q
E

dQ
2σd

0

2

4

6

8

10

12

Data

Simulation

/ndf = 8.75/9 = 0.972χχ

 POT)20 10×Absolutely normalized (3.49 
Data: inner errors statistical

Simulation: statistical errors only

)2 (GeVQE
2Q

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Q
E

2
dQ

µν σd
 / 

Q
E

2
dQ

eν
 +

 
eν σd

0
0

0.5

1

1.5

2

2.5

Data
GENIE 2.6.2

/ndf = 5.12/6 = 0.852χ

POT)20 10×Absolutely normalized (3.49 
Data: inner errors statistical
Simulation: statistical errors only

FIG. 4. The flux-integrated differential νe CCQE-like cross section versus Q2
QE (left). Inner errors are statistical; outer are

statistical added in quadrature with systematic. On the right is shown the ratio of the MINERvA νe CCQE differential cross
section as a function of Q2

QE to the analogous result from MINERvA for νμ [33]. In both figures, the band represents the
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Who ordered that?
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Excess

(12.5σ local stat-
only signi?cance; 

3.1σ w/ 
systematics)

J. Wolcott, 
JETP Seminar, 18 Sep 2015
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Excess

A(z,n)

π0

νν

Z

|t|=(q-pπ)2

A(z,n)

PCAC-based NC coherent 
production from nuclei

H

π0

νν

Z

|t|=(q-pπ)2

H

PCAC-based NC di�ractive 
production from H

 (analogous)

● We believe our excess is due to NC di4ractive 
scattering from Hydrogen

– MINERvA tracker is hydrocarbon (lots of H)

– No default model in GENIE

– Event characteristics very similar... (next slide)

https://arxiv.org/abs/1604.01728
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Excess

3. Proton energy 
upstream from 

shower

2. Shower 
axis 

forward 
(coherent

-like)

1. Two-photon shower 
from π0

2. No other energy

● Characteristics of excess:

1) Two-photon π0 shower

2) Coherent-like scattering:

● Forward kinematics

● Very little other energy

3) Visible proton energy

● Predominantly higher-energy 
showers
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(d)

FIG. 3. The data excess (points) as compared (via shape) to GENIE samples of NC coherent and

incoherent ⇡0 production. The comparisons are made as a function of E
shower

(upper left), E
shower

✓

2

(upper right),  (lower left), and in-line upstream energy (lower right). Data uncertainties are

statistcal only; predictions include systematic uncertaintes added in quadrature with statistical.

more in-line upstream energy than the NC coherent process and are more consistent with

the NC incoherent process, suggesting a small nuclear recoil from the neutrino interaction.

Corroborating this hypothesis, the charge-weighted distance from that energy to the shower

vertex was examined in the data sample and seen to fit the exponential decay distance

expected for a photon conversion after propagating through the detector from the interaction

point defined by the upstream activity.

The results described above were supplemented by a visual scan of event displays for

11
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Excess

3. Proton energy 
upstream from 

shower
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● Characteristics of excess:

1) Two-photon π0 shower

2) Coherent-like scattering:

● Forward kinematics

● Very little other energy

3) Visible proton energy

● Predominantly higher-energy 
showers

Total Cross Section for Eshower > 3 GeV Integrated over 
MINERvA flux = 0.26 ± 0.02stat ± 0.08sys x 10-39 cm2/CH

NC diffractive production 
from Hydrogen

Forward (2)

Upstream E (3)

Little else (2)

https://arxiv.org/abs/1604.01728


Medium Energy

• High-statistics dataset in hand, and almost fully calibrated.
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Data Sample

6

minervame1A, B, C and D

Recording NuMI neutrinos

4

Thank you for the many years of intense beam ! 

• Taking neutrino data in the “medium energy” (ME) beam mode since Sept. 6, 2013. 

• More than 6x1020 protons on target (POT) accumulated to date ! 

• Total neutrino data in “low energy” (LE) beam mode (Mar. 2010 - Apr. 2012): 3.98x1020 POT. 

• Total antineutrino data in “low energy” (LE) beam mode (Mar. 2010 - Apr. 2012): 1.7x1020 POT.  

TOTAL NuMI PROTONS ON TARGET (Sept. 6, 2013 - June 8, 2015)
Protons for ME Run PITT

60.8⇥1019 POT Sep 6, 2013 at 15:00 - June 7, 2015
Congrats to AD for reaching 6⇥1020 POT

C.L. McGivern AEM 9 / 9 52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

Wednesday, June 10, 15

Sign-analyzed CC-muon 
neutrinos with a fiducial 
vertex in the tracker

1,110,000

Passing all QE-like (0-pion 
final state) event selection 
cuts

141,000



Medium Energy "QE-like" (0-pion final state)

• The higher energy beam tune gives us a much higher reach in four-
momentum transfer squared (Q2).
• And this is only about 30% of the data for neutrinos!

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201623

1 track 2 tracks



Conclusion

• MINERvA is a results factory with a busy past year and a full pipeline 
looking forward!
- Maybe we'll out-do the Wine and Cheese three-peat?
• Remember to come to the Wine and Cheese tomorrow!

• The detector is working well and we're stock-piling an enormous 
Medium Energy dataset that we've only just begun to analyze.
- Still wrapping up our NuMI Low Energy analyses, and our new data 

offer substantially improved statistics for exclusive state channels.
• Ready to come back after the upcoming shutdown.
• Looking forward to eventually integrating an antineutrino dataset.

• We're learning a great deal about neutrino-nucleus interactions and 
building a rich set of results that nicely span the first oscillation peak at 
DUNE with measurements on a variety of targets bracketing Argon in 
the periodic table.
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• On behalf of the whole MINERvA collaboration…
- ~60 physicists
-  Centro Brasileiro de Pesquisas Fisicas, University of Chicago, Fermilab, University of Florida, Université 

de Genéve, Universidad de Guanajuato, Hampton University, Massachusetts College of Liberal Arts, 
Oxford University, University of Minnesota at Duluth, Universidad Nacional de Ingeniería, Northwestern 
University, Otterbein University, Pontifica Universidad Catolica del Peru, University of Pittsburgh, 
University of Rochester, Rutgers University, Universidad Técnica Federico Santa María, Tufts University, 
College of William and Mary

25 Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 2016
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MINERνA Collaboration
Collaboration of ~ 65 Nuclear and Particle Physicists

Centro Brasileiro de Pesquisas Físicas
University of Chicago
Fermi National Accelerator Laboratory
University of Florida
Université de Genève
Universidad de Guanajuato
Hampton University
Massachusetts College of Liberal Arts
University of Minnesota at Duluth

Universidad Nacional de Ingeniería
Northwestern University

Otterbein University
Pontifica Universidad Catolica del Peru

University of Pittsburgh
University of Rochester

Rutgers, The State University of New Jersey
Universidad Técnica Federico Santa María

Tufts University
College of William and Mary

Done! 

DIS2010 

13 

Wednesday, June 10, 15

Thanks for listening!
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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



MINERνA Modules

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

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

targets.

27

Installed Module 
Stack Industrial Scale!



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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Operations updates
• Many improvements to remote shift and 

monitoring technology.
- We can now monitor the detector via the 

web on a smartphone!
• Water target filled on 22 Feb 2016 (170.3 

gallons).
• Busy shutdown ahead of us:
- New firmware for front end boards and 

our custom VME boards (to reduce 
deadtime in upcoming higher intensity 
Medium Energy NuMI beam).

- Preparing to take over operation of the 
MINOS Near Detector.

- Building new test stands in Lab F for 
electronics and PMT checkout.

Gabriel N. Perdue I 49th Annual Fermilab User’s Meeting | MINERvA 16 June 201630



Existing K+ production data
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Existing K+ neutrino data

W. A. Mann et al., Phys.Rev. D34, 2545 (1986)

ANL 12' bubble chamber BNL 7' bubble chamber

Also Gargamelle: Physics Letters B 73 4-5 (1978)

N. J. Baker et al., Phys.Rev. D24, 2779 (1981)

deuterium

deuterium

C. Marshall, 
JETP Seminar, 5 Feb 2016



Nuclear effects at low three-momentum transfer
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That default prediction again. . .
GENIE ⇡ production modified
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Nuclear effects at low three-momentum transfer
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RPA screening improves agreement at low q
3

, E
avail

GENIE ⇡ production modified
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Nuclear effects at low three-momentum transfer
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Adding 2p2h events is a smaller improvement
GENIE ⇡ production modified
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Nuclear effects at low three momentum transfer
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10–20% systematic error on cross section > statistical error
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