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• GENIE is main event generator in n work
• neutrino-nucleus physics is covered well,
but not much BSM included
• How can we do better?



What is GENIE?
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} Collaboration of a) computational experimenters with 
varying interests in theory and b) theorists who want to 
spread their models much more widely.
} Almost every experimental collaboration (e.g. MicroBooNE) uses

GENIE for simulations → efficiency, systematic uncertainties
} It has models for all n, e, and hadron processes for all nuclei at 

~all energies (10 MeV →10 TeV).  Quality varies widely.
} GENIE has a somewhat complicated structure.

} Models are grouped into CMCs or tunes which can be easily used
} These models are aimed at specific audiences, e.g. VHE and VLE.

} I would recommend different CMC for MicroBooNE and MINERvA

} Like all event generators, roster of people insufficient for 
requirements.  
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Collaboration
Luis Alvarez-Ruso (IFIC),  Costas Andreopoulos (Liverpool and STFC/RAL), Adi Ashkenazi (Tel Aviv), 

Joshua Barrow (Tel Aviv; MIT), Steve Dytman (Pittsburgh), Hugh Gallagher (Tufts), 
Alfonso Andres Garcia Soto (Harvard and IFIC), Steven Gardiner (Fermilab), Matan Goldenberg (Tel Aviv), 

Robert Hatcher (Fermilab), Or Hen (MIT), Timothy Hobbs (Fermilab), Igor Kakorin (JINR), 
Konstantin Kuzmin (ITEP and JINR), Anselmo Meregaglia (Bordeaux, CNRS/IN2P3), Vadim Naumov (JINR), 

Afroditi Papadopoulou (MIT), Gabriel Perdue (Fermilab), Marco Roda (Liverpool), Beth Slater (Liverpool), 
Alon Sportes (Tel Aviv), Noah Steinberg (Fermilab), Vladyslav Syrotenko (Tufts), Júlia Tena Vidal (Tel Aviv), Jeremy Wolcott (Tufts)

[Faculty, Postdocs, PhD Students, Master Students]
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● 25 active authors
○ With many different backgrounds
○ 11 institutions from various countries

● About 10 past authors
● Many contributors for specific projects that are not authors

Collaboration at present

• Much larger than any other EG group, therefore many more 
features.

• No one is 100% on GENIE, very few >50%
• Julia Tena-Vidal (Liverpool) and Marc Vololoniaina (Madagascar) are 

first PhD students with primary goal of GENIE work
• 2 FNAL staff, growing this group is a primary concern



Features 
See Eur. Phys. J. ST 230 (2021) 24, 4449 
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} Excellent ties to experiment – flux and geometry
} Nuclear models – Fermi Gas and Spectral Function
} QE+2p2h – Llewelyn-Smith, Valencia, SuSav2, Rocco
} Resonance – Rein-Sehgal, Berger-Sehgal, Minoo, DCC 

(Sato-Lee) in progress
} FSI – hA, hN (home-grown), INCL++, GEANT4, DCC in 

progress
} electron and hadron scattering in parallel with n

scattering.  Electron scattering model incomplete, added 
after n modeling well-established.  Improperly linked.  

} CEvNS at very low energy and HEDIS at very high energy
} Extensive tuning code (private)



Example of comparisons possible
Eur. Phys. J. ST 230 (2021) 24, 4449
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} Can confront any 2 models with identical conditions
} Here, show CCQE and CC2p2h comparisons for nµ Ar

using MicroBooNE flux
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GENIE comparisons with data
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} Easy to do with Comparisons section (private)
} Here, various CMCs compared to MINERvA pion and 

MicroBooNE inclusive data
} More modern calculations ‘usually’ better 



Links to BSM models
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} Hooks for other generator events (Event Library Interface)
} Built for GiBUU. Plows, Lu recently put NHL in this way
} This allows use of many GENIE tools
} Interesting exercise would be to try to use it for other BSM models

} P decay, nnbar models from interested experimenters
} Dark Neutrino Model (Bertuzzo et al.) available now
} Dark matter scattering (Berger et al.) mostly complete

} Need many processes (QE, RES…) which isn’t simple
} These are all incoherent with existing models, but able to 

use all GENIE flux, geometry, and FSI code.
} Allowing interference between normal and BSM models complicated
} Modern QE models written as SLµnHµn, so linkage is feasible 



BeamHNL mentioned on Wed.
Great use of Event Library Interface in GENIE
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} Sketch of what Plows, Lu did (DUNE talk)



GENIE and Theory
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} GENIE is a bridge between theory and experiment
} Any theory model in GENIE can be used, e.g. Valencia QE+2p2h is 

now standard for low energy neutrino experiments (e.g. uB)
} GENIE is as good as its models and ability to describe data.  
} Inability to describe data → tuning and/or constraints 

to internal data.  Good and bad!?!
} Models for theory participation

} Papers with formulas – least successful
} Provide C or C++ code - most successful
} Theorist collaborating with GENIE author is very 

beneficial, e.g. SD and Valencia group
} GENIE has 2 BSM models, not much

expertise within our group.

Our vision for MC generators 
● Connect neutrino fluxes and observables

○ predict event topologies and kinematics

● The community wants more
○ Coverage of physics processes
○ Uncertainty validation against data
○ Tune against data in order to obtain

■ Optimised initial configuration
■ Data-driven constraints of the generator parameters

○ Capability to propagate configuration changes to prediction
■ Usually reweighting

○ Support for geometry and flux
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● Core Mission
○ Framework “... provide a state-of-the-art neutrino MC generator for the world experimental neutrino community ...”
○ Universality “... simulate all processes for all neutrino species and nuclear targets, from MeV to PeV energy scales ...”
○ Global fit “... perform global fits to neutrino, charged-lepton and hadron scattering data and provide global neutrino 

interaction model tunes ...”



BSM in GENIE – theory paper
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} Dark Neutrino Portal Model – Bertuzzo et al. Phys. Rev. 
Lett. 121 (2018) 24, 241801
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current Jem
µ . We will take mND > mZD , so the dark neu-

trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
the ZD can only decay to electrons and light neutrinos.
The dark neutrino decay width into ZD + ⌫0s is simply
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while the ZD decay width into e+e� and light neutrinos
are, respectively,
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3
mZD , (4)
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3
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We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
For simplicity, we focus on the case in which both

ND and ZD decay promptly. Taking the typical en-
ergy END , EZD ⇠ 1 GeV, and assuming for simplic-
ity |Ue4|

2, |U⌧4|
2
⌧ |Uµ4|

2, we can estimate � c ⌧ND ⇡

4 ⇥ 10�8m2
ZD

[MeV2]/(m4
ND

[MeV4]↵D |Uµ4|
2) cm and

� c ⌧ZD ⇡ 6 ⇥ 10�8/(m2
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[MeV2]↵✏2) cm. So for ↵D ⇠

0.25, |Uµ4|
2
⇠ 10�8 and ↵✏2 ⇠ 2 ⇥ 10�10, 5 MeV .

mZD < mND would guarantee prompt decay for both
particles. We will see shortly that mND and mZD be-
tween a few tens to a few hundreds of MeV is exactly
what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be
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◆
d�p
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FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

where F (Er) is the nuclear form factor [22] for Carbon,
while �coh

C and �p are the elastic scattering cross sections
on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [23] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [24]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [25])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [26]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
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Universidade de São Paulo, C.P. 66.318, São Paulo, 05315-970, Brazil
2Department of Physics and Oklahoma Center for High Energy Physics,

Oklahoma State University, Stillwater, OK 74078-3072, USA
3Theory Department, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA

(Dated: January 23, 2019)

We present a novel framework that provides an explanation to the long-standing excess of electron-
like events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds
of MeV. Dark neutrinos are produced via neutrino-nucleus scattering, followed by their decay to
the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-
pretations in the literature [10–14], typically invoking eV

sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a new sector dark [20]

composed by a new vector boson, ZD, coupling directly
solely to a dark neutrino, ⌫D, which mixes with the stan-
dard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
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is the Z coupling in the SM, while ✏ and ✏0 parametrize
the kinetic and mass mixings, respectively. The electro-
magnetic and Z currents are denoted by Jem

µ and JZ
µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0

µ⌫ [21], the SM hypercharge and
the dark field strengths, as a way to achieve a naturally
small coupling between the ZD and the electromagnetic
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the benchmark point mND = 420 MeV, mZD = 30 MeV,
|Uµ4|

2 = 9 ⇥ 10�7, ↵D = 0.25 and ↵✏2 = 2 ⇥ 10�10, are
depicted as the blue lines. The light blue band reflects
an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 33.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.2� preference for our model.
In our framework, as the dark boson decays domi-

nantly to charged fermions, the constraints on its mass
and kinetic mixing are essentially those from a dark pho-
ton [27]. In the mass range 20 ⇠ 60 MeV, the experi-
ments that dominate the phenomenology are beam dump
experiments and NA48/2. Regarding the dark neutrino,
the constraints are similar but weaker than in the heavy
sterile neutrino scenario with non-zero |Uµ4|

2 [28, 29].
Since ND ! ⌫e+e� is prompt, limits from fixed tar-
get experiments like PS191 [30], NuTeV [31], BEBC [32],
FMMF [33] and CHARM II [34] do not apply. Besides,
W ! `N ! `⌫e+e� in high energy colliders can con-
strain |Uµ4|

2 > few ⇥ 10�5 for mND > O(GeV) [35]. Fi-
nally, we do not expect any significant constraints from
the MiniBooNE beam dump run [36] due to low statis-
tics.

In Fig. 3 we see the region in the plane |Uµ4|
2 ver-

sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = 30 MeV,
↵ZD = 0.25 and ↵✏2 = 2 ⇥ 10�10. Other values of these
parameters can also provide good agreement with the
data. We also show the combined non-oscillation bounds
from meson decays, muon decay Michel spectrum and
lepton universality compiled in Refs. [28, 29], which ex-
clude the region above the red line. The ship hull shape
region can be divided in two parts: a high mixing region
at |Uµ4|

2
⇠ 10�4

� 10�8, corresponding to mND & 300
MeV, and a low mixing region for |Uµ4|

2 . 10�8 and
mND . 200 MeV. The latter seems to be favored by
spectral data. As a side remark, we have checked that
the typical opening angle ✓e+e� of the e+e� pair satisfy
cos ✓e+e� > 0.99, ensuring that MiniBooNE will identify
these events as electron-like.

The MicroBooNE experiment at Fermilab [37] is cur-
rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. In addition our
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 420
MeV, mZD = 30 MeV, |Uµ4|2 = 9 ⇥ 10�7, ↵D = 0.25 and
↵ ✏2 = 2⇥ 10�10 are also shown as the blue lines.

framework allows for the possibility of the experimen-
tal observation of the KL ! ⌫D⌫D, via o↵-shell ZD ex-
change, by the KOTO or NA62 experiments as B(KL !

⌫D⌫D) can go up to O(10�10) for mND < mK [38].
We also have inquired into the possible e↵ects of ND

and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with
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2 = 9 ⇥ 10�7, ↵D = 0.25 and ↵✏2 = 2 ⇥ 10�10, are
depicted as the blue lines. The light blue band reflects
an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 33.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.2� preference for our model.
In our framework, as the dark boson decays domi-

nantly to charged fermions, the constraints on its mass
and kinetic mixing are essentially those from a dark pho-
ton [27]. In the mass range 20 ⇠ 60 MeV, the experi-
ments that dominate the phenomenology are beam dump
experiments and NA48/2. Regarding the dark neutrino,
the constraints are similar but weaker than in the heavy
sterile neutrino scenario with non-zero |Uµ4|

2 [28, 29].
Since ND ! ⌫e+e� is prompt, limits from fixed tar-
get experiments like PS191 [30], NuTeV [31], BEBC [32],
FMMF [33] and CHARM II [34] do not apply. Besides,
W ! `N ! `⌫e+e� in high energy colliders can con-
strain |Uµ4|

2 > few ⇥ 10�5 for mND > O(GeV) [35]. Fi-
nally, we do not expect any significant constraints from
the MiniBooNE beam dump run [36] due to low statis-
tics.

In Fig. 3 we see the region in the plane |Uµ4|
2 ver-

sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = 30 MeV,
↵ZD = 0.25 and ↵✏2 = 2 ⇥ 10�10. Other values of these
parameters can also provide good agreement with the
data. We also show the combined non-oscillation bounds
from meson decays, muon decay Michel spectrum and
lepton universality compiled in Refs. [28, 29], which ex-
clude the region above the red line. The ship hull shape
region can be divided in two parts: a high mixing region
at |Uµ4|

2
⇠ 10�4

� 10�8, corresponding to mND & 300
MeV, and a low mixing region for |Uµ4|

2 . 10�8 and
mND . 200 MeV. The latter seems to be favored by
spectral data. As a side remark, we have checked that
the typical opening angle ✓e+e� of the e+e� pair satisfy
cos ✓e+e� > 0.99, ensuring that MiniBooNE will identify
these events as electron-like.

The MicroBooNE experiment at Fermilab [37] is cur-
rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. In addition our

FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 420
MeV, mZD = 30 MeV, |Uµ4|2 = 9 ⇥ 10�7, ↵D = 0.25 and
↵ ✏2 = 2⇥ 10�10 are also shown as the blue lines.

framework allows for the possibility of the experimen-
tal observation of the KL ! ⌫D⌫D, via o↵-shell ZD ex-
change, by the KOTO or NA62 experiments as B(KL !

⌫D⌫D) can go up to O(10�10) for mND < mK [38].
We also have inquired into the possible e↵ects of ND

and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with
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BSM in GENIE - implementation

16 Dec 2022GENIE and BSM11

} SBND wanted BSM inside GENIE, assigned a student (Iker de 
Icaza) who worked with GENIE (Marco Roda)
} It is well-integrated into GENIE as a separate model, ‘easy’ to add to 

existing models without conflict.
} IMHO This integration style isn’t ideal, need more buy-in from theorists

} Time was slow because experimenters had to figure out model
} Discussion with theorist (Pedro Machado) was helpful, but not ideal

} It is in GENIE v3.2 and anyone can use it.
} GENIE needs a cross section.  Plot

shows what we used.  

20 Will be inserted by the editor

0 1 2 3 4 5 6 7

(GeV)
0

0.2

0.4

0.6

0.8

1

1.2

1.4

)2
cm

-3
8

(1
0

nu
cl

ea
r

σ

COH Dark neutrino production

Heavier mediator: +230 %
Lighter dark neutrino: -20 %
Stronger dark alpha: +100 %

Author best fit

Fig. 13. Integrated cross section for COH dark neutrino scattering from ⌫µ on Ar for di↵erent
parameters. The values used for the black curve are the one obtained from the MiniBooNE
excess fit by the model authors in [111] and they are: MN = 420 MeV, MZD = 30 MeV and
↵D = 0.25. Other curves varies one parameter at a time, according to the legend: the new
values are selected purely for plotting purposes.

an improved model of the elastic scattering process which includes a pseudoscalar
form factor.

4.2 Dark neutrino generator

Dark neutrinos interactions arise from an extension of the SM Lagrangian adding a
fourth neutrino flavour that mixes with the SM neutrinos [111]. This extension can
explain the low energy electromagnetic (EM) excess detected by short baseline exper-
iments. These new dark neutrinos are relatively heavy (O(100) MeV). This extension
comes with a new light neutral boson (lighter than the dark neutrino) that couples
with both EM and weak charge, although the coupling with the weak charge is con-
sidered negligible as shown from model developers’ fits. The new Lagrangian predicts
a dark equivalent for every existing NC SM interaction. These new interactions are
not interfering with the normal interactions as they have a di↵erent final state as
they produce the dark neutrino in the final state. At the moment only the dominant
interaction is implemented: the COH Dark (Quasi) elastic interaction, which is the
dark equivalent of CE⌫NS. The implemented cross section was given to us by Pedro
Machado, one of the model’s authors. Details of the implementation, including the
di↵erential cross section, can be found in a GENIE public note [112].

The model depends on several parameters: the masses of the dark particles (MN

dark neutrino and MZD mediator), the neutrino mixing and the coupling between
the dark boson and the EM charge. All these parameters a↵ects the cross section:
some just the intensity (mixings and ↵D) while the masses control the production
threshold and the way that the cross section decreases as a function of Q2. Example
of di↵erent parameters configurations can be seen in Fig. 13.

5 Summary

As neutrino physics continues to move into its precision era, the need for high-quality
simulations of neutrino-nucleus scattering and related processes will only continue to



MicroBooNE tune - Phys. Rev. D 105 (2022) 7, 072001
how we provided nonBSM ‘background’

16 Dec 2022GENIE and BSM12

} A few of us (4 in the end) were asked to provide this
tune on somewhat short notice.  True tune takes >1 yr.
} Goal was to use outside data to make up the shortfall (~30%) 

seen in uB internal data vs GENIE v3 (G18_10a_02_11a)
} Use of outside data alleviates issue of double-counting
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Fit parameters

16 Dec 2022GENIE and BSM13

} We decided on T2K 2016 CC0p inclusive data
} Similar n energy flux (~0.8 GeV) but lighter target (CH vs. Ar) 
} Focus on QE and 2p2h (not FSI, RES!)
} Invented shape systematic knobs (normalization already included)

} Based on theory deficiencies
} QE shape variable was strength of Valencia RPA
} 2p2h variable was difference between GENIE Empirical and Valencia
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Tensions workshop output
M. Buizza Avanzini et al., Phys. Rev. D 105 (2022) 9, 092004

16 Dec 2022GENIE and BSM14

} Goal is to examine data sets in detail, make recommendations.
} MiniBooNE data (right) is less reliable, use with care
} Pion production (right) is much harder than QE
} Transverse imbalance variables (left) give new insight into 

underlying physics 
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Fit results

16 Dec 2022GENIE and BSM15

} c2 wasn’t horrible 
at beginning but 
shortfall similar 
to what we saw 
w/r uB data.

} Definite
improvement in
c2!

} Fit was done
with Minuit inside 
Nuisance (4 
params)



Aside on correlations

16 Dec 2022GENIE and BSM16

} Experiments quote a variety of systematic uncertainties, many
of them (esp. flux) strongly correlated

} This can confuse fitting programs (Peele’s pertinent paradox)
} Main fit was with diagonal uncertainties.  We used T2K fix for 

PPP, keep normalization separate.  That’s the alternate fit. 
} Results are almost identical (couldn’t change because uB

oscillation work was well underway) 
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TABLE IV. Tuned parameter values and uncertainties after fitting to T2K CC0⇡ data for the nominal simulation and three
tunes that build to the final four parameter tune. Note that post-fit �2 values are quoted here only for the 58 bins included in
the fit (excluding the highest muon momentum bin in each cos ✓ bin), and using diagonal elements of the covariance matrix
only. In the text and figures, pre- and post-fit �2 comparisons are also quoted for the full T2K data set of 67 bins.

MaCCQE fitted
value

CC2p2h Norm.
fitted value

CCQE RPA Strength
fitted value

CC2p2h Shape
fitted value

T2K
�2
diag/Nbins

Nominal (untuned) 0.961242 GeV 1 100% 0 106.7/58

Fit MaCCQE +
CC2p2h Norm.

1.14±0.07 GeV 1.61±0.19 100% (fixed) 0 (fixed) 71.8/58

Fit MaCCQE +
CC2p2h Norm. +
CCQE RPA Strength

1.18±0.08 GeV 1.12±0.38 (64±23)% 0 (fixed) 69.7/58

Fit MaCCQE +
CC2p2h Norm. +
CCQE RPA Strength +
CC2p2h Shape

1.10±0.07 GeV 1.66±0.19 (85±20)% 1+0
�0.74 52.5/58

TABLE V. Parameter values and uncertainties from nominal GENIE v3.0.6, the “MicroBooNE Tune,” and the “alternate fit.”
Post-fit �2 values are quoted only for the 58 bins included in the fit (excluding the highest muon momentum bin in each cos ✓
bin) using the diagonal elements of the covariance matrix only (�2

diag), the Koch norm-shape covariance matrix [49] (�2
Koch),

and the full covariance matrix (�2
full). Note that �2

diag is the figure-of-merit that is minimized in the “MicroBooNE Tune” fit.

MaCCQE
fitted value

CC2p2h
Norm.
fitted value

CCQE
RPA
Strength
fitted value

CC2p2h Shape
fitted value

T2K
�2
diag/Nbins

T2K
�2
Koch/Nbins

T2K
�2
full/Nbins

Nominal (untuned) 0.961242
GeV

1 100% 0 106.7/58 149.83/58 97.56/58

“MicroBooNE Tune” 1.10±0.07
GeV

1.66±0.19 (85±20)% 1+0
�0.74 52.5/58 110.58/58 103.84/58

“Alternate fit” 1.04±0.10
GeV

1.44±0.42 (67±16)% 0.91+0.09
�0.18 55.51/58 100.59/58 91.68/58



Effect on MicroBooNE data

16 Dec 2022GENIE and BSM17

} Very positive, much better agreement and oscillation 
people were happy! (they could then forget us)

} See slide 10 for ‘before’ plots

13

A. “MicroBooNE Tune” Comparison to
MicroBooNE Data

Because the aim of this tuning work is to support Mi-
croBooNE analyses, it is important to compare the “Mi-
croBooNE Tune” to MicroBooNE data. While the T2K
data are in a similar energy range to MicroBooNE, they
are on a di↵erent nuclear target. Therefore it is imper-
ative to check that the fitted result within uncertainties
can predict MicroBooNE’s measured argon-target inter-
actions. Comparisons of the tuned and untuned GE-
NIE v3 models to MicroBooNE data are provided in this
section for generic neutrino scattering, ⌫µ CC inclusive
events, and exclusive one-muon, one-proton (1µ1p) final
states consistent with CCQE kinematics. The goal is to
have meaningful comparisons, but no attempt is made to
be comprehensive. As is the case for any neutrino inter-
action model, the suitability of the “MicroBooNE Tune”
(and its associated uncertainties) for any specific anal-
ysis must be determined on a case-by-case basis. Fur-
ther data-driven model constraints will often be essen-
tial for achieving su�cient precision. However, based on
the overall improvement seen in the description of Mi-
croBooNE data across many event selections and observ-
ables, the collaboration has adopted the “MicroBooNE
Tune” described herein as the base neutrino interaction
model for all current analyses, including those investigat-
ing the MiniBooNE LEE [3–7] and neutrino-argon cross
sections [52, 53].

Figure 9 shows the events selected in the MicroBooNE
detector using the generic neutrino detection described
in Ref. [54], plotted as a function of visible energy. The
same selected data events are shown in both panels, but
the simulation uses untuned GENIE v3.0.6 G18 10a 02
11a in Fig. 9(a) and the simulation computed with the
“MicroBooNE Tune” is applied in Fig. 9(b). The tune
increases the normalization of the simulation, decreasing
the data/simulation ratio from 1.12 (untuned) to 1.01
(“MicroBooNE Tune”).

Figure 10 shows GENIE v3.0.6 G18 10a 02 11a and
the “MicroBooNE Tune” central value (neglecting un-
certainties on the predictions) compared to the double-
di↵erential cross section for CC inclusive interactions
measured in the MicroBooNE detector as a function of
lepton momentum and cos(✓µ) [55]. Table VI provides
a comparison of �2

full values using the full covariance
matrix for the complete data set and binned in angle.
As seen elsewhere, a major e↵ect of the tune is to in-
crease the normalization of the prediction. However,
the value of �2

full/Nbins in Table VI for the full angu-
lar range increases from 105.41/42 (untuned GENIE pre-
diction) to 140.55/42 (“MicroBooNE Tune”). Although
the match is poor in both cases, we find that the large
�2
full/Nbins value is driven by the highest muon momen-

tum bins for cos(✓µ) approaching 1. For example, the
measurement sits below both predictions and has a very
small uncertainty in the highest muon momentum bin in
the 0.86  cos(✓µ)  0.94 angular bin. Removing this
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(a) Simulated neutrino interactions predicted by GENIE v3.0.6
G18 10a 02 11a
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(b) Simulated neutrino interactions predicted by the “MicroBooNE
Tune” applied to GENIE v3.0.6 G18 10a 02 11a

FIG. 9. Total visible energy of events selected in the Mi-
croBooNE detector using the generic neutrino detection de-
scribed in [54], compared to MicroBooNE simulation before
and after the “MicroBooNE Tune” has been applied. The
gray area indicates uncertainties on the cross-section model
only (including uncertainties on the tuned parameters, the
new uncertainties presented in Sec. VA, and other uncer-
tainties as recommended by the GENIE collaboration). The
tuned model shows significantly better agreement with the
data.

bin from the comparison gives an overall �2
full/Nbins of

69.7/41 (GENIE v3) or 90.2/41 (“MicroBooNE Tune”).
It also reduces the �2

full in the 0.86  cos(✓µ)  0.94
angular bin to 6.2 (GENIE v3) or 8.3 (“MicroBooNE
Tune”). We find that the tuning has provided a better
description of the data in some regions of phase space, no-
tably at moderate muon production angles and momenta.
However, there remains room for improvement in the de-
scription at high muon momentum and at very forward-
going scattering angles. The alternative fit using [49]
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(a) Simulated neutrino interactions predicted by GENIE v3.0.6
G18 10a 02 11a (�2

CNP /Nbins = 32.00/19)

(b) Simulated neutrino interactions predicted by the “MicroBooNE
Tune” applied to GENIE v3.0.6 G18 10a 02 11a

(�2
CNP/Nbins=24.96/19)

FIG. 12. Reconstructed neutrino energy of 1µ1p events se-
lected as input to a constraint for the MicroBooNE 1e1p LEE
analysis described in Ref. [5]. The bottom panel is taken
directly from that publication and uses the “MicroBooNE
Tune” of GENIE, while the top panel provides a similar com-
parison to the untuned GENIE v3.0.6 G18 10a 02 11a predic-
tion. The gray hashed region in both indicates uncertainties
on the model prediction (including uncertainties on the cross-
section modeling, detector modeling, and neutrino flux), and
the quoted �2 includes all uncertainties. Significantly better
agreement with the data is achieved with the tuned GENIE
model.



Effect on physics interpretation

16 Dec 2022GENIE and BSM18

} Oscillation folks don’t care.
} Result only makes sense for the GENIE model used!
} Needs enhanced QE and 2p2h.  Shape prefers Gaussian 

shape for 2p2h mildly.  (traditional finding!)
} Interesting aside: GENIE tune was more complete (more 

data, more parameters).  They saw same result.



Problems I have heard

16 Dec 2022GENIE and BSM19

} Implementation too slow/cumbersome
} GENIE requirements to maintain configuration structure
} Not enough hooks (FSI, event input)
} Too few theorists in GENIE

} Improper citation
} Need more GENIE papers
} Need a way to access full bibliography (Josh Isaacson)

} Work in event simulation tough way to build a career
} Young people need to be theorist or experimenter to get a job



Achilles

16 Dec 2022GENIE and BSM20

} Alternate event generator started by Josh Isaacson 
(FNAL) and collaborators recently

} Goal is to have a platform for BSM models more
welcoming than GENIE
} To do this, they need to have similar capability as GENIE?

} Multiple models for a variety of processes possible?
} Nuclear model, QE, 2p2h, FSI…!
} GENIE group is large and took years of effort to get where we are

} What do people at this workshop think?



Summary+outlook

16 Dec 2022GENIE and BSM21

} GENIE tries hard to service the broad neutrino community
} All targets, broad range of energies with many kinds of physics
} Dozens of models included
} Even with recent additions of people, needs still outweigh capabilities
} Experiments devote very few resources to event generators

} BSM still new to us 
} no expertise in our group
} Willing to work with you if you are willing to work with us
} Problems with theorist interactions remain, I consider this as my

personal challenge
} Need better hooks for models

} Event Library Interface is excellent start
} Including BSM models that can interfere with nonBSM models is 

special challenge


