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Ingredients of success
Close collaboration between theory 
and experiment proved beneficial 

E.g., solar neutrino predictions  

Discovery of the MSW effect 

Synergies between fields which are 
traditionally separate disciplines 

Nuclear and particle physics, 
astrophysics, chemistry, etc
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momentum transfer. More specifically, we can
say that the ratio of the magnetic to the electric
radius of the deuteron is

r /r = 0.93+0.038.
Vl e'

In conclusion we can say that, both from the
static magnetic moment and from our measure-
ments, there is some evidence that other contri-
butions besides the impulse approximation have to
be taken into account to understand the magnetic
structure of the deuteron. %e also have some
evidence that the form factor connected with this
anomalous contribution decreases less rapidly,
as the momentum transfer increases, than the
form factor obtained from the impulse approxi-
mation.
It is a pleasure to thank Professor %. C. Bar-

ber for his continuous support and many useful
discussions. Our understanding of the problems
connected with the deuteron form factors has
greatly improved through discussion with various
people, in particular, Professor S. Drell, Pro-
fessor L. I. Schiff, Mr. R. Adler, and Mr. E.
Erickson. Dr. G. Vanpraet and Mr. G. Gosta
have been of great help in the data taking period.
Mr. %. Ewings is responsible for the manufactur-
ing of the particular hydrogen cell that made this
experiment possible.

*Work supported in part by the joint program of the
U. S. Office of Naval Research, the U. S. Atomic
Energy Commission, and the U. S. Air Force Office of
Scientific Research.
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SOLAR NEUTRINOS. I. THEORE TICAL*
John N. Bahcall

California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-sequence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle. ' The fusion reactions
are thought to be initiated by the sequence 'H(P,
e+v)'H(p, y)'He and terminated by the following
sequences: (i) 'He('He, 2p)'He; (ii) 'He(a, y)~Be-
(e v)'Li(p, a)'He; and (iii) 'He(a, y)'Be(p, y)'B-
(e v)'Be~(a)'He. No direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

star is typically less than 10 "of the radius of
the star. Only neutrinos, vtith their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy genera-
tion in stars.
The most promising method~ for detecting solar

neutrinos is based upon the endothermic reaction
(Q = -0.81 MeV) Cl(vsolar, e )' Ar, which was
first discussed as a possible means of detecting
neutrinos by Pontecorvo' and Alvarez. ~ In this
note, we predict the number of absorptions of
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SOLAR NE UTRINOS. II. EXPERIMENTAL*

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New York

(Received 6 January 1964)

The prospect of observing solar neutrinos by
means of the inverse beta, process 'Cl(v, e )"Ar
induced us to place the apparatus previously de-
scribed' in a mine and make a preliminary search.
This experiment served to place an upper limit
on the flux of extraterrestrial neutrinos. These
results will be reported, and a discussion will be
given of the possibility of extending the sensitivity
of the method to a degree capable of measuring
the solar neutrino flux calculated by Bahcall in
the preceding paper.
The apparatus consists of two 500-gallon tanks

of perchlorethy1. ene, C,C14, equipped with agita-
tors and an auxiliary system for purging with he-
lium. It is located in a limestone mine 2300 feet
below the surface' (1800 meters of water equiv-
alent shielding, m. w. e. ). Initially the tanks were
swept completely free of air argon by purging the
tanks with a stream of helium gas. ' Ar carrier
(0. 10 cm') was introduced and the tanks exposed
for periods of four months or more to allow the
35-d "Ar activity to reach nearly the saturation
value. Carrier argon along with any "Ar pro-
duced were removed from the tanks by sweeping
them in series with 5000 liters of helium. Argon
was extracted from the helium gas stream with
activated charcoal at 78'K. Finally the argon was
desorbed from the charcoal, purified and counted.
The over-all efficiency of the processing was de-
termined by "Ar isotopic analysis of the recovered
argon. The recovery of carrier argon was always
greater than 95%. The entire argon sample was
placed in a small proportional counter 1.2 cm long
and 0. 3 cm in diameter to measure the "Ar activ-
ity. Pulse-height analysis was used, and counters
were recorded in anticoincidence with a ring of
proportional counters, and an enveloping NaI crys-
tal. The counter was provided with an end window
to permit exposure of the counting volume to "Fe
x rays for energy calibration and determination
of the resolution of the counter. The resolution,
full width at half-height for the 2. 8-keV Auger
electrons from the 'Ar decay, was 26Vo. The
over-all counter efficiency for "Ar in the full peak
was 46Vo. The counting rate with the sample was
3 counts in 18 days and this is the sa,me as the
ba,ckground rate for the counter filled with air
argon. Therefore the observed counting rate of

3 counts in 18 days is probably entirely due to the
background activity. However, if one assumes
that this rate corresponds to real events and uses
the efficiencies mentioned, the upper limit of the
neutrino capture rate in 1000 gallons of C,C14 is
~ 0. 5 per day or cpa ~ 3 x10 "sec ' ("Cl atom) '.
From this value, Bahcall' has set an upper limit
on the central temperature of the sun and other
relevant information.
On the other hand, if one wants to measure the

solar neutrino flux by this method one must use
a much larger amount of C,C14, so that the ex-
pected "Ar production rate is well above the back-
ground of the counter, 0. 2 count per day. Using
Bahcall s expression,

(solar) o
V abs

= (4+2) x10 "sec ' ("Cl atom) ',
then the expected solar neutrino captures in
100000 gallons of C,Cl, mill be 4 to 11 per day,
which is an order of magnitude larger than the
counter background. On the basis of experience
obtained with the present experiment, an increase
in the volume of liquid to 100000 gallons would
not present any insuperable difficulties. The re-
sult of such an experiment would provide a valid
test for the present theory of the solar energy
generation process. The important features of
the method are that small amounts of ' Ar can be
removed efficiently from large volumes of liquid
by the simple procedure of sweeping with helium
and that the characteristic decay of 'Ar can be
observed in a counter with an essentially zero
background. There are, however, a number of
other processes that could produce "Ar at these
low levels in a tank of perchlorethylene in an un-
derground mine; these other effects constitute an
undesirable background. Alvarez made a thorough
analysis of these unwanted effects in his original
proposal some years ago. In general, background
effects may arise from cosmic-ray muons, from
fast neutrons from the surrounding rock wall, and
from nuclear reactions arising from internal con-
taminations in the liquid.
Cosmic-ray background effects underground

arise by the '7Cl(P, n)' Ar reaction from the pro-
tons produced in muon interactions. The magni-
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Initial Discovery Era -> 
Precision Era

Initial discoveries were measuring large effects (often factor 2-3) 

Modern experiments look for O(10%) or smaller effects in search for 
subtle signatures of CP violation, mass hierarchy, new physics  

-> more stringent requirements not only for experiment, but also 
for theory 

There are also other major developments, such as precision 
cosmology, improvements in lattice QCD, 3D simulations of 
supernova explosions, etc 

Results of neutrino experiments should be analyzed in broad 
context



Misbehaving neutrinos
Neutrinos are notorious for completely disrespecting our 
carefully crafted partitions between DOE Offices, Frontiers, etc 

Even the 3x3 neutrino mixing matrix has been split between 
DOE offices

Solar Reactor Accelerators Atmospheric

Nuclear HEP



Cross sections: an urgent 
challenge



Let’s talk about  (DUNE)δCP

P( ) -> We need to reconstruct 
neutrino energy -> some of it is 
going to be missing in LArTPC 
(neutrons, mis-IDed charged 
particles) -> must rely on the 
generators to fill in missing info! 

Very nontrivial in the GeV regime!

Eν

Missing energy budget for 4 GeV 
neutrinos in LAr is complicated

Terrible
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FIG. 12. Hadronic energy budget after fully propagating neu-
trino events (cf. Fig. 6). The averaging was performed over a
set of 10,000 4 GeV ⌫µ CC interactions. Shown are the frac-
tions of the hadronic energy that go into ionization charge
(charge) above and below the CDR thresholds, that are lost
to recombination (rec), lost to nuclear breakup (nucl) and,
finally, that escape as decay neutrinos (⌫). As in Fig. 10,
the corresponding processes for neutrons are shown separately
(n).

able, consistent with the behavior observed for the ten
events of Sec. IVA. A lot of statistics is then required to
fully characterize it.

Moreover, since the loss fractions may change with the
incoming neutrino energy, large samples must be gener-
ated for each energy value of interest. The study in ques-
tion is thus by necessity computer-intensive. We report
its findings below, in several steps.

First, let us specialize to a fixed neutrino energy.
To this end, we return to the 10,000 CC neutrino-
argon 4 GeV scattering events we previously discussed
in Sec. III A. We run all of them through FLUKA and
perform averaging over the results. To make the com-
parison with the earlier discussion straightforward, we
also impose the CDR thresholds (according to Table I).
The di↵erence with Sec. III A is that now we apply them
consistently, to the low-energy particles produced at all
stages in the events.

The outcome of this analysis is summarized in pie-
chart form in Fig. 12, which should be compared with
Fig. 6. It is immediately apparent that the new pie
chart is qualitatively di↵erent: the energy budget now
has many components, with none clearly dominating the
rest, in agreement with what we already saw in Fig. 10.
The contrasts are numerous. For example, loss to nu-
clear breakup comprises a significant part of the overall

energy budget in Fig. 12, especially the part caused by
neutrons. This category is not present at all in Fig. 6.
Even among the categories that are common between
the two pie charts, there are notable di↵erences. The
neutron-related slices in Fig. 12 together add up to 30%
of Ehad, significantly more that the corresponding slice
in Fig. 6. The di↵erence is made up by secondary neu-
trons knocked out in propagation. The fraction of energy
that goes to subthreshold losses is as large as 20% in
Fig. 12, dramatically larger than the corresponding slice
in Fig. 6. Clearly, considering full propagation qualita-
tively changes every aspect of the problem.

The total visible energy in Fig. 6 is seen to be only
40%, significantly lower than in Fig. 12. We see that
this number strongly depends on the experimental per-
formance: it can be as low as 29% if all neutrons are
also missed, a maximally pessimistic scenario, or as high
as 60%, if all neutron-created charge is detected and all
thresholds are lowered to zero.

We see that a consistent application of the CDR
thresholds to entire events in DUNE leads to dramatic en-
ergy losses. In this respect, it should be kept in mind that
the CDR thresholds are extremely conservative and in no
way reflect fundamental technology limitations. Indeed,
as already mentioned in Sec. III B, liquid argon detectors
can observe much less energetic particles [31, 32], even
down to MeV-scale deposits from de-excitation gamma
rays, as recently shown by ArgoNeuT [33]. Accordingly,
while lowering thresholds all the way to zero may not be
realistic, it is of interest to consider what can be achieved
under optimistic assumptions. To this end, if we impose
hit-finding thresholds [31–33] of 100 keV (applied to ac-
tual ionization charge), the below-threshold slice in Fig. 6
shrinks from 20% to as little as 2%. For the rest of this
section, we will adopt such optimistic values.

With this setup, we can now turn to our general results.
We repeat the same full event simulations as done before,
for a set of neutrino energies in the range of 0.1–5 GeV,
which encompasses the spectrum of the DUNE beam.
The results are presented in the left panel of Fig. 13. This
time, we specialize to ⌫e+40Ar scattering and include the
electron shower in the overall energy budget, so that the
total adds up to the incoming neutrino energy. We also
impose low particle thresholds of 100 keV per hit, as
discussed earlier.

While some variation with energy is observed, over-
all the fractions are quite stable. This result is perhaps
surprising, given the significant change of the final-state
composition as the neutrino energy is varied between 1
and 5 GeV. The main changes with energy are in the
fraction of hadronic energy that gets lost to charge re-
combination and in the fraction that goes to neutrons.

Because of its high importance, we carried out a dedi-
cated investigation of the energy dependence of the neu-
tron channels. For this, we simulated complete prop-
agation in liquid argon of neutrons with initial kinetic
energies from 100 MeV to 1 GeV, averaging, as before,
over 10,000 events at each energy value. Table II shows

see AF, S. Li, 
arXiv:1811.06159,  
arXiv:2007.13336



Cross sections at DUNE 
energies

Below perturbative QCD 

But above the domain of traditional 
nuclear physics 

Modeled as a combination of quasielastic, 
resonant and DIS processes, with multi-
nucleon effects and final-state 
interactions 

Has both vector and axial interactions 

The axial part is particularly challenging 

The vector part can be studied with 
electron scattering

Electron scattering comparisons 
are very fruitful: known 

kinematics allows to zoom in on  
Specific processes

Terrible

(a)

total

DIS

res

MEC

QE

5.766 GeV @ 18.00◦

+50%

+30%

+10%

−10%

−30%

−50%

ω (GeV)

d2
σ
/d

Ω
dω

(µ
b
/s
r
G
eV

)

2.01.51.00.5

0.5

0.4

0.3

0.2

0.1

0.0

(b)3.595 GeV @ 16.02◦

+50%

+30%

+10%

−10%

−30%

−50%

ω (GeV)

d2
σ
/d

Ω
dω

(µ
b
/s
r
G
eV

)

1.51.20.90.60.30.0

5

4

3

2

1

0

(c)2.222 GeV @ 15.54◦

+50%

+30%

+10%

−10%

−30%

−50%

ω (GeV)

d2
σ
/d

Ω
dω

(µ
b
/s
r
G
eV

)

1.00.80.60.40.20.0

50

40

30

20

10

0



Mapping out the pattern of 
discrepancies
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Figure: A. Ankowski, AF, Phys. Rev. D (2020)



Common challenge for 
today’s generators

Regimes where the models overlap several contributions, such 
as RES and DIS, or QE, MEC, and RES are a common challenge 

Rather than trying to address this by blind tuning, need to 
develop sound physics (theoretical framework). 

Ankowski, Friedland., Li, to appear
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Fundamental physics 
problem
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FlG. 1. The function vW2 plotted versus Id' = (2Mv
+m )/q, with m =M . The solid lines are smooth
curves drawn through the 0 = 6' data at various incident
electron energies. The dashed curve is the same in all
cases and is a smooth curve through large v and q~

(3 &q &7 GeV,, W —2 GeV), 8 = 10' data. All data are
plotted assuming R=o s/o. r ——0 (see Ref. 1). Note that
the E = 7 GeV, 0 = 6' data involve values of q2 all of
which are outside the scaling region.

=to+ m'/q' with m' =1 GeV'). This variable orig-
inally arose in the analysis' of the large-angle
inelastic eP data near w =1. In the scaling limit
where v and q'- , the variables u' and v are
clearly the same. For finite values of q' there
is a difference; in particular, the elastic peak is
no longer at co' =1, but appears at Io'=1+m'/q'
&1, and moves to smaller values of w' as q' in-
creases, just as the other resonances do. '
The results of making such a plot versus m'

=1+s/q'=Io+M'/q' are shown in Fig. 1. The
dashed line, which is the same in all cases, is
a smooth curve through the high energy 0 =10
data' in the region beyond the prominent reso-
nances (W & 2.0 GeV) and with large q (3 & q
&7 GeV'). This is a region where the scaling be-
havior has occurred experimentally, and we call
this the "scaling limit curve, " vW, (nI'). The sol-
id lines are smooth curves through 6 data at in-
cident electron energies of 7, 10, 13.5, and 16
GeV, and typical values of q' of 0.4, 1.0, 1.7,

and 2.4 GeV', respectively. As q' increases the
resonances move toward +'=1, each clearly
following in magnitude the smooth scaling-limit
curve. As similar graphs of the 10' data in the
resonance region also show, the prominent reso-
nances do not disappear at large q' relative to a
"background" under them, but instead fall at
roughly the same rate as any "background" and
closely, resonance by resonance, follow the
scaling-limit curve. We emphasize that this be-
havior of the resonances, which is of central im-
portance in our arguments, can be seen by care-
ful examination of the data when they are plotted
with respect to other variables; with respect to
m' it just becomes obvious at a glance.
Thus the resonances have a behavior which is

closely related to that of vS'~ in the scaling limit.
For large values of &', the data for vQ', with
q'& 0.5 GeV' are consistently on a single curve
which falls with increasing u, just as when plot-
ted versus w. We therefore propose that the
resonances are not a separate entity but are an
intrinsic part of the scaling behavior of vW„and
that a substantial part. of the observed scaling be-
havior of inelastic electron-proton scattering is
nondiffractive in nature. Appropriately averaged,
the nucleon and the resonances at low energy
build, in the duality sense, the relevant non-
Pomeranchukon exchanges at high energy, which
result in a falling vR'2 curve.
What is unique to electroproduction is the ex-

perimentally observed scaling behavior which
allows us to consider points at the same v' aris-
ing from different values of q' and s =W', both
within and outside the low-energy resonance re-
gion. If we choose v and q' in the region where
vQ', scales, i.e., beyond the region of prominent
resonances and where vW, (v, q') = vW, (Io') = a
smooth function of v (see Fig. 1), then a finite-
energy sum rule for vS', at fixed q' tells us that

~m
d v vW, (v, q')0

d III' vW, (Io'),
1

since the integrands are the same for v& v or
nI' & (2M v +m')/q' (by the assumption that v
and q' are in the region where vWa scales).
Equation (1) states that for v & v„, vW, (&o') acts
as a smooth function which averages vWa(v, q )
in the sense of finite-energy sum rules. Thus,
because we can vary the external photon mass in
electroproduction and have scaling, we can di-
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SCALING, DUALITY, AND THE BEHAVIOR OF RESONANCES
IN INELASTIC ELECTRON-PROTON SCATTERING*

E. D. Bloom and F. J. Gilman
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 25 June 1970)

We propose that a substantial part of the observed behavior of inelastic electron-pro-
ton scattering is due to a nondiffractive component of virtual photon-proton scattering.
The behavior of resonance electroproduction is shown to be related in a striking way to
that of deep inelastic electron-proton scattering. We derive relations between the elas-
tic and inelastic form factors and the threshold behavior of the inelastic structure func-
tions in the scaling limit.

High energy inelastic electron-nucleon scatter-
ing provides a unique way to probe the instanta-
neous charge distribution of the nucleon and to
search for possible substructure. ' If one ob-
serves only the scattered electrons' energy and
angle, then the results of such scatterings are
summarized in the structure functions lV, and
W„which depend on the virtual photon's labora-
tory energy v and invariant mass squared q'.
Considered as a collision between the exchanged
virtual photon and the proton, one is studying the
total cross section for the process "y"+P-had-
rons, where the hadrons have an invariant mass
8' which is related to v and q by W =g = 2Mv
+M'-q'.
Experiments have revealed a very large cross

section for inelastic eP scattering —a cross sec-
tion which when integrated over v at fixed q is
the same order of magnitude as the Mott cross
section for scattering from a point proton. ' This
has led to descriptions of the scattering in terms
of pointlike constituents of the proton (partons),
and to the proposal of scaling, ' i.e., as v andq'-, W, (~, q') and ~W, (~, q') are to become func-
tions of the single variable w = 2M~/q'. lf we re-
strict ourselves to the region W ~ 2.0 GeV (above
the prominent resonances) and q2 ~ 0.5 GeV',
then the resulting subset of data is consistent
with scaling, i.e., with a single smooth curve
for vW, (and W, ) as a function of ~. This curve
(for vW, ) starts at zero at &u =1, the position of
the elastic peak, rises to a maximum at ~ =5,
and then appears to fall off at large co.' Since
vW, is proportional to the virtual photon-proton
total cross section, such a falloff of v%', at large
(u implies the presence of a nondiffractive (non-
Pomeranchukon exchange) component of virtual
photon-proton scattering. In hadronic r eactions,
at least, such a nondiffractive component at high
energy is correlated with the presence and be-
havior of resonances at low energy. For exam-
ple, the K'P total cross section, which shows no

prominent resonance bumps at low energy, is
constant at high energy, while the K P total
cross section, with many Y* resonances at low
energy, falls at high energy. This correlation
between resonances at low energy and non-Pom-
eranchukon exchanges (falling total cross sec-
tions) at high energies is part of the more gener-
al concept of duality, and takes quantitative form
in terms of finite-energy sum rules. We then
direct our attention to the behavior of the reso-
nances in electroproduction and the comparison
of their behavior with that of vR', in the scaling
limit, v and q'-~. In particular we want to in-
vestigate whether the resonances disappear at
large q' relative to a "background" which has the
scaling behavior, or whether the resonances and
any "background" have the same behavior, which
might then be related to scaling and the apparent
falloff in ~R', at large ~.
When vS; is considered as a function of w, the

resonances occur at values of + & 1, with the po-
sition of any given resonance moving towards
~ =1 as q' increases. On the other hand, the
zeroth resonance or nucleon pole, corresponding
to elastic scattering, always occurs at a fixed
value of m =1. There have been recent attempts~
within the framework of parton models to derive
a connection between the q dependence of the
elastic form factors and the behavior of vS', in
the scaling limit near ~=1. But when vW, is con-
sidered as a function of m the elastic peak is
always at ~ =1 where vW, vanishes in the scaling
limit. With the nucleon pole always at w =1,, and
the resonances at varying values of w &1, from
a duality point of view it is difficult to compare
either elastic scattering or resonance electro-
production with the scaling behavior of vW, .
One can easily see the behavior of the reso-

nances and of elastic scattering in comparison
with vS", in the scaling limit by plotting the data,
for vW2 versus the variable cu'=(2Mv+M )/q2
=1+s/q'=u&+M /q' (or more generally, cu'
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Fundamental problem: theory 
in the strong-weak transition 

regime  
-> quark-hadron duality



Axial form factors & LQCD
Lattice QCD has made tremendous progress in 
the last decade in modeling nucleon FF 

Excited state contamination identified and 
subtracted 

Although different methods are used by 
different groups (ETMC, NME, RQCD), the results 
agree, conserve PCAC, all disagree with the old 
dipole anzats  

Cf. work by Hill, Paz, Meyer et al 

Tthe implications of these results for neutrino 
physics must be fully explored 

Need to untangle the form-factor and MEC 
effects

Kevin Quirion Indiana University5

Progress in Lattice QCD

After 2018: 

Low energy excited state was identified 
and accounted for


Low  data supports a low value for the 
axial mass


High  data supports a high value for 
the axial mass

Need precise lattice data throughout 

 in order to fully 
parametrize the axial form factor

Q2

Q2

0 ≤ Q2 ≤ 1 GeV2

Figure credit: E. Passemar and K. Quirion (Indiana U)



Supernova and DUNE



Matter profile around the core gets 
imprinted on the neutrino signal  
Streaming neutrinos heat the 
material surrounding the core -> 
neutrino-driven outflow 

This outflow can be smooth or 
with shocks. Different neutrino 
flavor evolution thanks to 
matter effect! 

The difference should be 
observable in DUNE 

Details in: A.F., P. Mukhopadhyay, PLB (2022)



Collective neutrino 
oscillations

Just above the collapsed core the 
number density of streaming neutrinos 
is ~ 108 moles/cm3. Their “self-MSW”
couples flavors of different neutrinos. 
One has to evolve neutrino ensemble as 
a whole. These conditions can’t be 
reproduced in the lab 

Rich many-body quantum system, with 
many regimes (lots of work since 2005) 

Connections to QIS! 

ν-sphere Collective

turbulence

front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _



DUNE as a probe of  
nucleosynthesis
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About 1/4 of molybdenum on 
Earth comes in the form of two 
neutron-poor isotopes, 92Mo and 
94Mo 

Their origin has been a famous 
problem for decades 

Neutrinos around the collapsed 
core could solve this mystery 
(“Nu-p process”, Frohlich et al) 

We find that the signal at DUNE 
may tell us whether the conditions 
are optimal for this process 



Short-baseline anomaly 
meets precision cosmology



Neutrinos and cosmology
Modern cosmological data are very sensitive to 
neutrino mass and energy density in the early universe

The Hubble tension  
was suggested to 

Be a sign of  
sterile neutrinos

E.g. Wyman, Rudd, Vanderveld  
and W. Hu, PRL (2014)

Battye & Moss, PRL (2014)



This requires new physics in 
the neutrino sector

What’s needed is N_eff ~ 3.4, which means that the additional neutrino state is 
only partially populated 

A minimal sterile neutrino with the Mini-BooNE parameters would be completely 
thermalized in the early universe, via oscillations + collisions 

A neutrino with hidden interactions, could, however, be only partially thermalized, 
yielding N_eff ~ 3.2-3.4. CMB lensing + BAO limit the mass of this neutrino. 

The full implications of such scenarios are yet to be understood 

It was suggested, e.g., that strongly self-interacting neutrinos could fit the data 
and help alleviate the Hubble tension (e.g., Kreisch, Cyr-Racine, Dore, 1902.00534)   



We might know very soon
Short-baseline program is going to give results within 
the next several years 

The next step in cosmology is the Simons Observatory, 
which is designed to have sensitivity of N_eff ~ 0.1 
and should give its results on the same timescale 

An ideal situation is if the cosmology and lab results 
are in apparent disagreement -> new physics in the 
neutrino sector!



To sum up
The neutrino program at Fermilab SNB+NOvA+DUNE+… 
brings a lot of exciting and rich physics together: 

Lattice QCD, hadronic physics, nuclear physics, SN 
explosion astrophysics, collective oscillations and QIS 
connections, BSM physics, nuclear EOS, nucleosynthesis, 
CMB and LSS cosmology … 

Close collaboration between theory and experiment has 
proven very fruitful in neutrino physics before. It looks to 
be even more essential going forward



Backup



Does this really matter for 
oscillation measurements?

Figure from NOvA,
arXiv:1906.04907



Mayly Sanchez - ISU

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

2

4

6

8

Ev
en

ts
 / 

0.
1 

G
eV

FD Data
Prediction

 syst. rangeσ1-
CCµνWrong Sign:

Total bkg.
Cosmic bkg.

Antineutrino beam NOvA Preliminary

All Quartiles

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)

0

2

4

6

8

10

12

Ev
en

ts
 / 

0.
1 

G
eV

FD Data
Prediction

 syst. rangeσ1-
CCµνWrong Sign:

Total bkg.
Cosmic bkg.

Neutrino beam NOvA Preliminary

All Quartiles

P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75NOvA 2019

 implies maximal depletion of  at the osc. 
maximum
θ23 = π/4 νμ

Figure from NOvA,
arXiv:1906.04907



cf. NOVA 2016
More events at the osc. maximum could be interpreted as 
evidence of nonmaximal mixing -> energy resolution is key!Contours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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See Poster P1.029 by L. Vinton and  
B. Zamorano for more detail on systematics 

No FC Correction 


