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Atmospheric neutrino
Cosmic rays strike air nuclei and 
the decay of the out-going 
hadrons gives neutrinos.

✓Flux measurement by several experiments 
✓Model calculation is consistent with data.
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Consider all the sub-leading effects (Δm221, matter) 
•Mass ordering : resonance in multi-GeV νe or νe 
•Octant θ23 : magnitude of the resonance 
•δCP : interference btw two Δm2 driven oscillation

4

3 flavor neutrino oscillation analysis

Fractional change of upward νe flux (cosθzenith = -0.8)
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2
✓13, sin

2
✓23, �,�m

2
21,�m

2
32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2

,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m
2
32 > 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m
2
32 < 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓13 resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓13 is a few

“Fractional change of upward νe flux (cosΘzenith=-0.8)”

sin2θ23=0.4 or 0.6

CP=40o or 220o

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.

Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation study
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happens with neutrinos in the case of normal mass hierarchy (�m
2
32 > 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m
2
32 < 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 
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sin2θ23=0.4 or 0.6

Hierarchy is 
NO or IO

Super-K atmospheric neutrinos

Super-K Neutrino Results & Gd Status, Thomas Wester, NNN20232023/10/12

Status of Atmospheric Mixing Parameters
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NOvA 2020
T2K 2022
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Super-K

MINOS: Phys. Rev. Lett. 125, 131802

NOvA: 10.5281/zenodo.4142045

T2K: arXiv:2305.09916 [hep-ex]

IceCube: Phys. Rev. D 108, 012014

Data favors: 
• maximal mixing 
• δCP ~ -π/2 
• Normal mass ordering

Preliminary
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Consider all the sub-leading effects (Δm221, matter) 
•Mass ordering : resonance in multi-GeV νe or νe 
•Octant θ23 : magnitude of the resonance 
•δCP : interference btw two Δm2 driven oscillation
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3 flavor neutrino oscillation analysis
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Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation study

IceCube atmospheric neutrinos

!" disappearance: Latest results
• New measurement of !" disappearance with 8 years of IceCube data
• Uses a “golden” sub-sample of ~23,000 track-like events
• Clean events with low levels of photon scattering à robust to ice modelling

13Tom Stuttard

All contours at 90% C.L.
Normal mass ordering

Consistent with LBL accelerators
Best fit at near-maximal mixing

#$%& '&( = 0.505 / Δ.(&& = 2.41 ×103(45&

DeepCore 2021
2020

T. Stuttard, Neutrino 2022
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Atmospheric neutrino oscillations in IceCube-DeepCore
• !(20 GeV) Earth-crossing "# near maximally oscillate to "$
• Same L/E as LBL accelerators but in DIS regime and with very different systematics
• Observe both %& and %' (above the "$,)) kinematic threshold, ~3.5 GeV) 

9Tom Stuttard
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Consider all the sub-leading effects (Δm221, matter) 
•Mass ordering : resonance in multi-GeV νe or νe 
•Octant θ23 : magnitude of the resonance 
•δCP : interference btw two Δm2 driven oscillation
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3 flavor neutrino oscillation analysis
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Through the matter effect in the Earth, we study on
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3-flavor oscillation study

ANTARES / KM3NeT (ORCA) atmospheric neutrinos

JHEP, 2019, 6., 113

A. Heijboer, Neutrino 2022

Aart Heijboer – KM3NeT – Neutrino 2022

Neutrino oscillations

23

J. High Energ. Phys. (2019) 2019: 113

• See oscillations
• Measure atm. mixing parameters
• Neutrino Mass ordering
• New physics (sterile, decay, NSI)

Aart Heijboer – KM3NeT – Neutrino 2022

Neutrino oscillations : ORCA 6

24

1 year of data with 6 lines of ORCA
≈1 kton-year.
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Prospects for neutrino oscillation
Mass OrderingNMO with the IceCube Upgrade (+JUNO)

45Tom Stuttard

arXiv:1911.06745

NO

IO

Strong mass ordering sensitivity with Upgrade alone

Even better when combined with JUNO

Note: Projections use preliminary analysis tools

IceCube Upgrade (+JUNO)

B Atmospheric neutrinos 231
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FIG. 150. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 152. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 151. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.

J
H
E
P
0
3
(
2
0
2
2
)
0
5
5

Figure 5. NMO sensitivity as a function of time for only JUNO (red), only ORCA (blue), and
the combination of JUNO and ORCA (green), assuming baseline (solid) or optimistic (dashed)
systematics.

∆χ2 minimum value and thus yield the same NMO sensitivity for the ORCA-only analysis.
However, the optimistic approach provides a much tighter constraint on ∆m2

31, as shown
in figure 4, which causes the combination to reach sensitivities that are 1–2σ higher than in
the case of the baseline scenario. This comes from the difference in the implementation of
the energy scale systematics. The energy scale implementation at flux level (optimistic) is
indeed highly correlated to a change in normalization of the flux because of its power-law
behavior. On the contrary, the energy scale applied as a shift in all detector response
functions (baseline) produces an effect similar to shifting the observed position of the first
oscillation maximum, which mimics a variation of ∆m2

31. As a result, the energy scale ap-
plied at the detector response (baseline) is more strongly correlated with ∆m2

31 compared
to the energy scale at the unoscillated flux (optimistic).

5 Further sensitivity studies

5.1 Impact of energy resolution in JUNO and 10 reactor cores scenario

One of the most challenging design specifications of JUNO is the required energy resolution
of the central detector. Reaching a level of about 3%/

√
E/MeV is essential for JUNO to

be able to reach a 3σ sensitivity to determine the neutrino mass ordering by itself. In
this sense, if the energy resolution worsens to 3.5%/

√
E/MeV, the required time to reach

a 3σ sensitivity would increase by more than a factor of 2 [27]. A significant amount of
effort has been made within the JUNO Collaboration to reach this goal of 3%/

√
E/MeV,

and a description of how to get there using a data-driven approach relying on calibration
data has been presented in ref. [75], where a 3.02%/

√
E/MeV energy resolution has been

achieved, with a worsening of this energy resolution to 3.12%/
√
E/MeV after considering

– 17 –

Hyper-K

JHEP, 2022, 03., 055

PRD 101, 032006 (2020)

arXiv. 1805.04163

Expect to be determined
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Prospects for neutrino oscillation

Aart Heijboer – KM3NeT – Neutrino 2022

future improvement

soon
• More data 355 -> 540 days
• Better selection & particle identification
• Neutrino Sample increased by a factor 4
• Unblind in next months

25

90% CL

3 years of full ORCA operations

later

• Completed ORCA detector will
reach unprecedented sensitivity 

Nufit 5.0

KM3NeT ‘21 best fit IceCube Upgrade: Oscillation sensitivities

44Tom Stuttard

Note: Projections use preliminary analysis tools and make conservative assumptions

Poster DT01-691

!" disappearance

!# appearance

6% precision
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Mass Ordering

• If mass ordering is not known, combina\on of beam measurements with 
atmospheric neutrino observa\ons resolves parameter degeneracy
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J. Wilson, Neutrino 2022

Hyper-K 10 years

Precise measurements with several experiments
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Atmospheric neutrino

Cosmic ray (p,He,...) 

L=10~20 km 
π±, K± 

µ± 

νµ
e± 

νµ
νe 

νµ
νe 

L~ up to13000 km 

Physics targets other than neutrino oscillation
✓Foreground for studying astrophysical 
neutrinos such as DSNB. 
✓Probes of very forward particle production 
phase space.

Flux prediction is important

ϕνi
= ∑

A

ϕA ⊗ R ⊗ YA→νi

Primary cosmic-ray flux

Geomagnetic field and atmosphere

Hadron interactions
(dominant uncertainties)

K. Sato, A. Fedynitch, 
Neutrino 2022

•Energy region up to ~100GeV 
•3D Monte Carlo -> Honda, Bartol 
•Higher energy region 
•Solve cascade equation -> MCEq



NNN23, Procida, Italy, 12 Oct., 2023
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Improvement of hadron interaction errorhadronic interactions

10

p
h (p,n,π,K)

h
π,K

μ

ν

X

X

X

primary CR

: hadron interaction with nucleus in air detector

• chain of hadron interactions before producing ν 
→ hadron production d3σ/dp3 on each vertex contributes to ν flux uncerainty

Page 19

Atmospheric leptons = alternative view on interactions

AF, F. Riehn, R. Engel, T.K. Gaisser, T. Stanev, PRD 100 2019YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

parent hadron of νμ
A. Fedynitch et.al. PRD100, 103018 (2019)

Page 19

Atmospheric leptons = alternative view on interactions

AF, F. Riehn, R. Engel, T.K. Gaisser, T. Stanev, PRD 100 2019YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

total
π K

charm

Relevant Hadronic Interactions
• Focus on Neutrinos from 0.1-10 GeV

Neutrino Energy
0.1 GeV

1 GeV

10 GeV

Mass 
Hierarchy

�cp
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• Baryon to Baryon Interactions are less crucial as governed by 
conservation numbers

• Pion production dominates in regions we are interested in
7

types of hadron interactions on the chain
(plot by L. Cook w/ Bartol flux simulation)

incident particle: 
nucleon  

produced meson: 
 π±, K

→ p + Air → π,K + X is important

doesn't contribute in low E

collisions of meson-Air 
are not dominant.

p(n)+Air → π + X

p(n)+Air → p + X

p(n)+Air → K + X

π,K+Air 

102 104 106 Eν [GeV]

10-1 1 10 102 Eν [GeV]

almost only from the ! decay, we use the sum of the
experimental error and the residual of the reconstruction
as the !"# in Eq. (9) (see Fig. 15 of Paper I). Then we
replace $! in Eq. (8) with !!"#="#""%, where "% is the
sum of ! and K contributions for a conservative estima-
tion. The estimated uncertainty is depicted by the solid line
above 1 GeV in Fig. 11.

For the $K, we used the modified calculation schemes
studied in Sec. III. We assumed the maximum neutrino flux
difference from the modified DPMJET-III among them as
$K. The maximum difference for all kinds of neutrino for
vertical direction is depicted by the dashed line in Fig. 11,
since that variation is the largest of all zenith angles. Each

difference is a little larger, but similar to that shown in the
left panel of Fig. 10. Note, the maximum difference from
the modified DPMJET-III is seen in the modified primary
flux model in most of the cases.

For $&, we assumed the difference j!"# # !"%j in the
Fig. 10 of Paper I. Since the uncertainty of the interaction
cross section works with opposing effects for atmospheric
muons and neutrinos, the error of the interaction cross
section introduces an error in the calibration of interaction
model with the atmospheric muon flux data. On the other
hand, as we use the observed atmospheric density profile,
the calibration is not affected by the error of the atmos-
pheric model. We use !"% only in Fig. 9 of Paper I as the
$air. All these uncertainties, $!!$#", $"K, $"&, $"air, and
$tot, are summarized in Fig. 11. Note, the estimations are
conservative, and the maximum uncertainty is shown for
all kind of neutrinos and zenith angles.

We note, Eq. (9) is valid only for * 1 GeV. We have to
estimate $! without using the atmospheric muon flux data
at ground level. In Fig. 12, we show the study of the muon
flux at balloon altitudes at Fort Sumner [27]. The modified
DPMJET-III reproduces the muon flux within $10% at
%1 GeV=c, and p#=p% ratio for the same momentum of
parent !’s remains %3 even at the lower momenta, due to
the small energy loss of muons at balloon altitudes.
However, the distance of the production and observation
places are longer than the muons observed at ground level.
The muon decay in this distance make Eq. (9) less accurate
for & 1 GeV. We conservatively estimate 20% errors for
pion productions responsible to the atmospheric neutrino at
%0:3 GeV.

Note, the uncertainty studied above is for all the kind of
neutrinos, and for all zenith angles. Limiting the kind of
neutrino and the zenith angle, we may get a smaller esti-
mation for the uncertainty. Especially, the uncertainties in
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FIG. 11 (color online). The uncertainty of each error source for
atmospheric neutrino flux and their sum with Eq. (8). Note,
Eq. (9) loses its validity in the shaded region. The total error for
& 1 GeV is estimated differently from Eq. (8), as stated in the
text. Note the statistical and systematic error are not shown in the
figure.

CALCULATION OF ATMOSPHERIC NEUTRINO FLUX . . . PHYSICAL REVIEW D 75, 043006 (2007)

043006-9

uncertainty of each source
PRD 75, 043006 (2007)

}Hadron production
cross-section

Arising from model uncertainty

Accelerator-data-driven tuning

8

p
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ν
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• Three flavor oscillation analysis are performed 
to extract the neutrino oscillation parameters by 
atmospheric neutrino data. 

• Current unknown parameters are expected to 
be determined by the atmospheric neutrino 
measurements in the next generation detectors. 

• The flux uncertainty is important also for other 
physics, and will be reduced in near future.

Summary of atmospheric ν



Solar neutrino



NNN23, Procida, Italy, 12 Oct., 2023

13

Solar neutrinos
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Solar neutrinos
Recent results
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ARTICLERESEARCH

Extended Data Fig. 1 | The Borexino detector. Schematic view of the 
‘onion-like’ structure of the Borexino apparatus. From outside to inside: 
the external water tank; the Stainless Steel Sphere, where about 2,200 

photomultiplier tubes (PMTs) are mounted; the outermost nylon vessel, 
which serves as a barrier against radon; the innermost nylon vessel, which 
contains 300 t of liquid scintillator, the active detection medium.

© 2018 Springer Nature Limited. All rights reserved.

Borexino

Super-K

Precision of the measurements becomes better and better.
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Solar neutrinos
Recent results of neutrino oscillation by Super-K
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Solar neutrinos
Recent results of neutrino oscillation by Super-K
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Solar neutrinos
Recent results of neutrino oscillation by Borexino

ARTICLERESEARCH

identical results. We obtain an upper limit of <8.1 counts per day per 
100 t (95% C.L.) for the CNO neutrino interaction rate, in agreement 
with the Borexino sensitivity to CNO studied with Monte Carlo.

For completeness, we also perform a search for the hep neutrinos, 
emitted by the proton capture reaction of 3He (Fig. 1). The expected 
flux is more than two orders of magnitude smaller than that of 8B neu-
trinos. Despite their higher end-point energy, this signal in Borexino 
is extremely small and covered by background, particularly cosmo-
genic 11Be decays (Q = 11.5 MeV, β−, τ = 19.9 s) and 8B neutrinos. 
We perform a dedicated analysis on the whole dataset (0.8 kt yr) and 
in the energy region 11–20 MeV we find 10 ± 3 events, consistent 
with the expected background. We obtain an upper limit for the hep 
neutrino flux of 2.2 × 105 cm−2 s−1 (90% C.L.) to be compared with 
the expected flux 7.98 × 103 cm−2 s−1 (8.25 × 103 cm−2 s−1) assuming 
the HZ (LZ) SSM.

Discussion and outlook
The measurements reported in this work represent a complete study of 
the solar pp chain and of its different terminations by means of neutrino 
detection in a single detector and with a uniform data analysis proce-
dure. These measurements can be used either to test the MSW-LMA 
paradigm assuming SSM flux predictions or, alternatively, to probe our 
understanding of solar physics assuming the validity of the neutrino 
oscillation mechanism.

The interaction rates of pp, 7Be, pep and 8B neutrinos reported  
in Table 2 can be used to infer the electron neutrino survival  
probability at different energies. Assuming the HZ-SSM fluxes18  
and standard neutrino-electron cross-sections27, we obtain the electron 
neutrino survival probabilities for each solar-neutrino component: 
Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV) = 0.53 ± 0.05, 
and Pee(pep, 1.44 MeV) = 0.43 ± 0.11. The quoted errors include the 
uncertainties on the SSM solar-neutrino flux predictions. The 8B elec-
tron neutrino survival probability is calculated in each HER range 
following the procedure described in ref. 24. We obtain Pee(8BHER, 
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and 
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized 
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
trinos, the Pee value is quoted for the average energy of neutrinos that 
produce scattered electrons in the given energy range.

Borexino provides the most precise measurement of the Pee in the 
LER, where flavour conversion is vacuum-dominated. At higher energy, 

where flavour conversion is dominated by matter effects in the Sun, 
the Borexino results are in agreement with the high-precision meas-
urements performed by SuperKamiokande31 and SNO32. Borexino is 
the only experiment that can simultaneously test neutrino flavour con-
version both in the vacuum and in the matter-dominated regime. We 
performed a likelihood ratio test to compare our data with the MSW-
LMA and the vacuum-LMA predictions (pink and grey bands in Fig. 3, 
respectively). Our data disfavour the vacuum-LMA hypothesis at 98.2% 
C.L. (see Methods). Overall, the results are in excellent agreement with 
the expectations from the MSW-LMA paradigm with the oscillation 
parameters indicated in ref. 19.

Since solar neutrinos are detected on Earth only about 8 min after 
being produced, they provide a real-time picture of the core of the Sun. 
In particular, the neutrino fluxes determined experimentally can be 
used to derive the total power generated by nuclear reactions in the 
Sun’s core33. By using exclusively the new Borexino results reported in 
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1 10

P
ee

0.2

0.3

0.4

0.5

0.6

0.7

0.8

pp

7Be
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Fig. 3 | Electron neutrino survival probability Pee as a function of 
neutrino energy. The pink band is the ±1σ prediction of MSW-LMA 
with oscillation parameters determined from ref. 19. The grey band is the 
vacuum-LMA case with oscillation parameters determined from refs 38,39. 
Data points represent the Borexino results for pp (red), 7Be (blue), pep 
(cyan) and 8B (green for the HER range, and grey for the separate HER-I 
and HER-II sub-ranges), assuming HZ-SSM. 8B and pp data points are set 
at the mean energy of neutrinos that produce scattered electrons above the 
detection threshold. The error bars include experimental and theoretical 
uncertainties.

Table 2 | Borexino experimental solar-neutrino results
Solar neutrino Rate (counts per day per 100 t) Flux (cm−2 s−1) Flux–SSM predictions (cm−2 s−1)

pp ± −
+134 10 10

6 . ± . ×− .
+ .(6 1 0 5 ) 100 5

0 3 10 . . ± . ×5 98(1 0 0 006) 10 (HZ)10  
. . ± . ×6 03(1 0 0 005) 10 (LZ)10

7Be . ± . − .
+ .48 3 1 1 0 7

0 4 . ± . ×− .
+ .(4 99 0 11 ) 100 08

0 06 9 . . ± . ×4 93(1 0 0 06) 10 (HZ)9  
. . ± . ×4 50(1 0 0 06) 10 (LZ)9

pep (HZ) . ± . − .
+ .2 43 0 36 0 22

0 15 . ± . ×− .
+ .(1 27 0 19 ) 100 12

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

pep (LZ) . ± . − .
+ .2 65 0 36 0 24

0 15 . ± . ×− .
+ .(1 39 0 19 ) 100 13

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

8BHER-I . − . − .
+ . + .0 136 0 013 0 003

0 013 0 003 . ×− . − .
+ . + .(5 77 ) 100 56 0 15

0 56 0 15 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER-II . − . − .
+ . + .0 087 0 010 0 005

0 080 0 005 . ×− . − .
+ . + .(5 56 ) 100 64 0 33

0 52 0 33 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER . − . − .
+ . + .0 223 0 016 0 006

0 015 0 006 . ×− . − .
+ . + .(5 68 ) 100 41 0 03

0 39 0 03 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

CNO <8.1 (95% C.L.) < . ×7 9 108 (95% C.L.) . . ± . ×4 88(1 0 0 11) 10 (HZ)8  
. . ± . ×3 51(1 0 0 10) 10 (LZ)8

hep <0.002 (90% C.L.) < . ×2 2 105 (90% C.L.) . . ± . ×7 98(1 0 0 30) 10 (HZ)3  
. . ± . ×8 25(1 0 0 12) 10 (LZ)3

Measured neutrino rates (second column): for pp, 7Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding 
analysis threshold. Neutrino "uxes (third column) are obtained from the measured rates assuming the MSW-LMA oscillation parameters19, standard neutrino–electron cross-sections27 and a density of 
electrons in the scintillator of . ± . ×(3 307 0 003) 1031 electrons per 100 t. All "uxes are integral values without any threshold. The result for pep neutrinos depends on whether we assume HZ or LZ SSM 
predictions to constrain the CNO neutrino "ux. The last column shows the "uxes predicted by the SSM for the HZ or LZ hypotheses18.

5 0 8  |  N A T U R E  |  V O L  5 6 2  |  2 5  O C T O B E R  2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.

Nature, 496 (2018) 505

Consistent with the expectation from standard scenario (MSW-LMA).
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Prospects for solar neutrino
Neutrino oscillation
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High-energy solar neutrinos from 8B
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Solar neutrinos
Seasonal variation
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Euler Gamma function that generalizes the factorial for
x 2 R to a continuous variable.

Figure 3 shows the median sensitivity for the ex-
pected power spectrum at one cycle/year obtained from
toy Monte Carlo pseudo-experiments generated with
and without the expected signal over a Borexino-like
time series event rate.

Figure 4 (Top) shows the time series of the Borex-
ino rate in the RoI in time bins of 30 days. The figure
clearly shows secular trends in R(t), which could bias
the measured amplitude of periodic modulations [34].
A detrending procedure is thus carried out by subtract-
ing an empirical combination of exponential trends:

R(t) = RAe�t/⌧A + RBe�t/⌧B ⇡ RAe�t/⌧A + RB

 
1 �

t
⌧B

!
,

(8)
where RA, RB, ⌧A, and ⌧B are free parameters. The
last approximation holds because ⌧B is visibly much
larger than the length of the data set. The faster decay
is associated with leakage of alpha events through the
MLP as well as with 210Pb mixing. The slower decay
includes the slowly varying 210Bi and, possibly, 85Kr
backgrounds, as discussed in Sec. 2. Figure 4 (Bottom)
shows the residual rate after the detrending subtraction.
The blue curve is a sinusoidal fit showing a clear an-
nual modulation present in the time series. Details of
this particular fit in relationship with the Earth’s orbital
parameters is described in Sec. 4.

Finally, Fig. 5 shows the GLS periodogram obtained
from the residuals shown in Fig. 4 (Bottom). Frequen-
cies are reported in terms of number of cycles per year
(cycles/year), equal to 2.73 ⇥ 10�3 cycles/day. A sig-
nificant peak with GLS power of 16.4 corresponding to
one cycle/year frequency is clearly visible in the peri-

Figure 5: GLS power spectrum in ��2 units of the residual rate of Fig.
4 (Bottom). Frequencies are reported as cycles/year. A clear peak at
one cycle/year frequency emerges from the full periodogram.

odogram. It is noted that the frequency definition uses
the anomalistic year of 365.2596 days, defined as the
time taken by the Earth to complete one revolution with
respect to its perihelion. Considering the null hypothe-
sis distribution e�S, the p-value of the peak is 5.9⇥10�8

corresponding to 5.3� significance using the one-sided
Gaussian distribution. The validity of the analytical
formula for the estimation of the p-value was verified
with a toy Monte Carlo simulation containing up to 30
million pseudo-experiments generated with pure white-
noise. The absence of realizations above the measured
GLS power at 1 cycle/year confirms the reported signif-
icance at more than 99% CL.

Figure 5 shows a second prominent peak around 0.7
cycles/year with GLS power of 7.5. At face value, the
significance of this peak would be ⇠ 3� for a modu-
lation at an expected frequency. When considering the
so-called Look-elsewhere e↵ect (LEE), the actual sig-
nificance drops to 1.8� (see Sec. 5 for further details).

7

Borexino

Prelim
inary

Sun

Earth

Observed seasonal variation 
is consistent with the 

expectation by the Earth’s 
orbital eccentricity.
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Solar neutrinos
Metallicity problem

Heavy element abundance:
Z/X=0.02292 (GS98)    -> HZ model 
Z/X=0.01780 (AGSS09) -> LZ model

HZ model seems to be better from 
helioseismology

3. Results

Here we present the main results of the B16 SSMs for GS98
and AGSS09met compositions and discuss differences with
respect to our previous SFII models. Table 4 presents a
summary of the most relevant quantities linked to the
calibration of SSMs and helioseismic quantities. In Table 5,
we quantify the agreement between SSMs and solar data and
Table 6 gives results for solar neutrino fluxes. Model errors and
theoretical correlations among observable quantities have been
obtained from MC simulations that are discussed insome detail
in Section 4.

3.1. Helioseismology

Two helioseismic quantities widely used in assessing the
quality of SSMs are the surface helium abundance YS and the
location of the bottom of the convective envelope RCZ. Both
are listed in Table 4 together with the corresponding seismic
values. The model errors associated with these quantities are
larger in B16 models than previously computed Bahcall et al.
(2006) generations of SSMs because of the different treatment
of uncertainties in radiative opacities (see Section 4 for details).
Compared to SFII models, we find a small decrease in the
predicted YS by 0.0003 for both compositions and a decrease in
the theoretical RCZ by 0.0007 :R , also for both compositions.
The Pearson correlation between these quantities in SSMs is

( )S � �Y R, 0.35S CZ and −0.41 for B16-GS98 and B16-
AGSS09met models, respectively, as obtained from the MC
calculations. A comparison of models and data for these two
quantities yields D � 0.912 and D � 6.452 for GS98 and
AGSS09met compositions that translate into 0.5σ and 2.1σ
differences between models and data. This is summarized in
Table 5.

Figure 2 shows the fractional sound speed difference as a
function of solar radius. The solar sound speed differences have
been obtained for each of the two SSMs by performing new
sound speed inversions, using the appropriate reference solar
model, based on the BiSON-13 data set (a combination of
BiSON+MDI data) as described in Basu et al. (2009). The
resulting Ec c curves are not too different with respect to SFII
models. This is expected because the differences between the
two generations of models are mostly due to changes in the
nuclear reaction rates. All rates have a negligible impact on the
solar sound speed profile except for the ( )O�p p, e de rate. It is
the newly adopted rate for this reaction that introduces the
small differences with respect to the older generation of SSMs.
This is shown in Figure 2 by including the sound speed
difference for the previous SFII-GS98 SSM as a dashed line. A

change in the p+p rate leads to structural changes in the
structure of the model that are non-local (Villante 2010) due to
the constraints imposed in building an SSM, in particular, :R
and :L , so the model sound speed is also affected at larger
radii, where nuclear burning is negligible.
A quantitative assessment of the agreement between model

and solar sound speeds is not straightforward. It requires a
proper evaluation of model errors and correlations. Also, given
a set of observed frequencies, extraction of the sound speed
profile is sensitive to uncertainties in the measured frequencies,
numerical parameters inherent to the inversion procedure and
the solar model used as a reference model for performing the
inversion. Such detailed analysis was carried out in Villante
et al. (2014), in which the SSM response to varying input
parameters was modeled using power-law expansions and the
three uncertainties related to the extraction of Ec c from
observed data were taken directly from Degl’Innoccenti
et al. (1997).
In this work, we use large MC sets of SSMs (Section 4) to

account for model errors and correlations instead of using
power-law expansions around a reference model. The total

Table 5
Comparison of B16 SSMs against Different Ensembles of Solar Observables

GS98 AGSS09met

Case dof D2 p-value ( )T D2 p-value ( )T
�Y RS CZ only 2 0.9 0.5 6.5 2.1

Ec c only 30 58.0 3.2 76.1 4.5
Ec c no-peak 28 34.7 1.4 50.0 2.7

( ) ( )' � 'Be B7 8 2 0.2 0.3 1.5 0.6
All ν-fluxes 8 6.0 0.5 7.0 0.6

Global 40 65.0 2.7 94.2 4.7
Global no-peak 38 40.5 0.9 67.2 3.0

Table 6
Model and Solar Neutrino Fluxes. Units Are: 1010(pp), ( )10 Be9 7 ,

( )10 pep, N, O8 13 15 , ( )10 B, F6 8 17 ,and ( ) � �10 hep cm s3 2 1

Flux B16-GS98 B16-AGSS09met Solara Chg.

( )' pp ( )o5.98 1 0.006 ( )o6.03 1 0.005 ( )
( )
�
�5.97 1 0.005

1 0.006 0.0

( )' pep ( )o1.44 1 0.01 ( )o1.46 1 0.009 ( )
( )
�
�1.45 1 0.009

1 0.009 0.0

( )' hep ( )o7.98 1 0.30 ( )o8.25 1 0.30 ( )
( )
�
�19 1 0.47

1 0.63 −0.7

( )' Be7 ( )o4.93 1 0.06 ( )o4.50 1 0.06 ( )
( )
�
�4.80 1 0.046

1 0.050 −1.4

( )' B8 ( )o5.46 1 0.12 ( )o4.50 1 0.12 ( )
( )
�
�5.16 1 0.017

1 0.025 −2.2

( )' N13 ( )o2.78 1 0.15 ( )o2.04 1 0.14 -13.7 −6.1
( )' O15 ( )o2.05 1 0.17 ( )o1.44 1 0.16 -2.8 −8.1
( )' F17 ( )o5.29 1 0.20 ( )o3.26 1 0.18 -85 −4.2

Note.
a Solar values from Bergström et al. (2016). Last column corresponds to the
relative changes (in %) with respect to SSMs based on SFII nuclear rates,
which are almost independent of the reference composition.

Figure 2. Fractional sound speed difference in the sense
( ):E � �c c c c cmod mod . The gray shaded regioncorresponds to errors

from the inversion procedure (see the text for details). The red shaded region
corresponds to errors from the model variation, which we chose to plot around
the AGSS09met central value (solid red line). An equivalent relative error band
holds around the central value of the GS98 central value (solid blue line),
which we do not plot for the sake of clarity. Dashed line shows, for
comparison, results for the older SFII-GS98 SSM.
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Table 2, we find L =  . ×− .
+ .(3 89 ) 100 42

0 35 33 erg s−1, in agreement with the 
luminosity calculated using the well measured photon output34,35, 
L = (3.846 ± 0.015) × 1033 erg s−1. This confirms experimentally the 
nuclear origin of the solar power with the best precision obtained by a 
single solar-neutrino experiment. Considering that it takes around 105 
years for radiation to flow from the energy-producing region to the 
surface of the Sun, this comparison proves also that the Sun has been 
in thermodynamic equilibrium over this timescale.

Furthermore, we derive the ratio RI/II between the 3He–4He and the 
3He–3He fusion rates, which quantifies the relative intensity of the two 
primary terminations of the pp chain (pp-II and pp-I; see Fig. 1), a 
critical probe of solar fusion. Neglecting the 8B neutrino contribution, 
this ratio can be extracted from the measured pp and 7Be neutrino 
fluxes by the relation36, RI/II = 2Φ(7Be)/[Φ(pp) − Φ(7Be)]. We find  
RI/II =  . − .

+ .0 178 0 023
0 027, in agreement with the most up-to-date predicted 

values of RI/II = 0.180 ± 0.011 (HZ) and 0.161 ± 0.010 (LZ)18.
Finally, the Borexino measurements can be used to test the predic-

tions of SSMs with different metallicity. Indeed, the assumed metal-
licity determines the opacity of solar plasma and, as a consequence, 
regulates the central temperature of the Sun and the branching ratios 
of the different pp-chain terminations. To perform this test, we use 
only the results for 7Be and 8B neutrinos, whose fluxes are very dif-
ferent in the HZ- and the LZ-SSM theoretical predictions (differences 
of 9% and 18%, respectively). Figure 4 shows the results of Borexino 
(green-shaded ellipse), together with the predictions for the HZ- and 
LZ-SSMs18 (red- and blue-shaded ellipses, respectively). Note that the 
errors in the Borexino measurements are in both cases smaller than the 
theoretical uncertainties. The theoretical error budget is dominated by 
uncertainties on the astrophysical factor S34 of the 3He + 4He reaction, 
on the opacity of the Sun, and on the astrophysical factor S17 of the  
p + 7Be reaction as discussed in ref. 18.

The Borexino results are compatible with the temperature pro-
files predicted by both HZ- and LZ-SSMs. However, the 7Be and 8B 
solar-neutrino fluxes measured by Borexino provide an interesting hint 
in favour of the HZ-SSM prediction. A frequentist hypothesis test based 
on a likelihood-ratio test statistics (HZ versus LZ) was performed by 
computing the probability distribution functions with a Monte Carlo 
approach. Assuming HZ to be true, our data disfavour LZ at 96.6% C.L. 
This constraint is slightly stronger than our sensitivity (the median 
sensitivity is at 94.2% C.L.). A Bayesian hypothesis test37 yields a Bayes 

factor of 4.9, confirming a mild preference for HZ (see Methods for 
more details on both the frequentist and Bayesian studies).

For the sake of completeness, we performed a global fit including the 
results presented in this work together with all the other solar + 
KamLAND data. Following the procedure described in ref. 27, we leave 
the oscillation parameters θ12, ∆m12

2  and the 7Be and 8B neutrino fluxes 
free to vary in the fit. Figure 4 shows the allowed regions in the Φ(7Be)–
Φ(8B) space determined from this global analysis. The oscillation 
parameters returned by the fit are consistent with the ones obtained in 
ref. 19. It is clear from the output of this global fit that when the Borexino 
results are combined with those of all other solar-neutrino experiments, 
the small hint towards HZ further weakens.

In summary, we have reported simultaneous measurements of solar 
neutrinos from all the reactions belonging to the pp nuclear fusion chain. 
This study confirms the nuclear origin of the solar power and provides 
the most complete real-time insight into the core of our Sun so far.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0624-y.
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Fig. 4 | Borexino results and analysis in the Φ(7Be)–Φ(8B) space. 
Borexino results for 7Be and 8B neutrino fluxes (green point and shaded 
area). Allowed contours in the Φ(7Be)–Φ(8B) space are obtained by 
combining these new results with all solar and KamLAND data in a global 
analysis, and leaving free the oscillation parameters θ12 and ∆m12

2  (grey 
ellipse, marked as GLOBAL). The theoretical prediction for the low-
metallicity (LZ) (blue) and the high-metallicity (HZ) (red) Standard Solar 
Models (SSM)18 are also shown. The fit returns the following oscillation 
parameters: tan2θ12 = 0.47 ± 0.03 and ∆m12

2  = (7.5 × 10−5) ± 0.03, in 
agreement with what is reported in ref. 19 (sin2θ13 is fixed to 0.0217; ref. 19). 
All contours correspond to 68.27% C.L.
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CNO by Borexino

Results (statistical errors only)
Rate(CNO)= 6.6 +2.0 

-0.7 cpd/100t

New results on CNO neutrinos

33

Results (including sys errors)
Rate(CNO)= 6.7 +2.0 

-0.8 cpd/100t
φ(CNO)= 6.6 +2.0 

-0.9 x 108 ν cm -2 s -1

Log-likelihood profile for CNO

We disfavor the hypothesis CNO=0 with ~ 7σ significance

New results on CNO neutrinos

More details about the CNO analysis on Davide Basilico’s poster #612
35

Latest results: 
Rate (CNO) = 6.7+2.0-0.8 cpd/100t 
φ(CNO) = 6.6+2.0-0.9 x 108 νcm-2s-1

B. Caccianiga, Neutrino 2022

Disfavor the CNO=0 hypothesis with ~7σ
Borexino only (+KL)

• We include only Borexino results, (8B, 

7Be,CNO) +KamLAND;
• Φ(Be), Φ(B) and Φ(CNO), together with 

θ12 and ∆m2
12  are free parameter of the 

fit;
• The results agree well with the output of 

SSM-HZ(1) model, while feature a small 
tension  with the SSM-LZ (2) model (p= 
0.018);

• This small tension is created mostly (but 
not only) by the addition of the CNO 
result (p-value goes from 0.196 Æ
0.018);

Comparison with predictions of SSM: BX only

--- BX+KL     68.27% C.L.

--- SSM-HZ  68.27% C.L

--- SSM-LZ   68.27% C.L

40(1) SSM-HZ= B16-GS98: Vinyoles et al. Astr.J. 835 (2017) 202 + Grevesse et al.,Space Sci.Rev. (1998)85
(2) SSM-LZ= B16-AGSS09met: Vinyoles et al. Astr.J. 835 (2017) 202 + A. Serenelli er al.,  Astr. J. 743,(2011)24

Disfavor the SSM-LZ at 3.1σ
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Prospects for solar neutrino
CNO by JUNO 

Expect more knowledge on metallicity problem 
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Figure 10. Relative uncertainty of the CNO rate as a function of exposure and time without and with
a constraint on the pep neutrino rate (left and right panels, respectively). Very Low, Low, Medium,
and High background scenario trends are shown respectively in green, light blue, blue, and purple
solid lines. The Borexino results with and without the systematic uncertainties are reported as black
dotted and solid horizontal lines respectively; each of these two errors is reported as an average of the
left and right uncertainties [15]). Note that these Borexino results have been obtained constraining
the pep neutrino rate and putting an upper limit on the 210Bi rate. As discussed in the text, the fit
produces biased results on CNO rate for High scenario without pep rate, even after many years of
data taking; for this reason, these results are not shown in the plot.

5.4 Sensitivity results on 13N and 15O neutrinos

The CNO solar neutrinos come mainly from two reactions, the 15O æ 15N + e+ + ‹e (produc-
ing the so-called 15O neutrinos) and the 13N æ 13C + e+ + ‹e (producing the so-called 13N
neutrinos). In the previous paragraph, the spectral distribution of electrons scattered by
CNO neutrinos has been used in the fit as a whole, keeping the relative contributions from
13N and 15O neutrinos fixed to the SSM value, which are 47.6% and 52.4%, respectively. The
sub-dominant 17F neutrinos have a degenerate energy spectrum with 15O. These numbers
take into account the electron-scattering cross section: indeed, at production the relative
proportion of 13N and 15O is 57% and 43% respectively, but 15O neutrinos have a slightly
higher probability of interacting in JUNO since their energy distribution extends to higher
values. Thanks to the large exposure and high energy resolution, JUNO might be able to
extract individually the rates of 13N and 15O neutrinos from the fit. Note that a separate
measurement of these neutrino fluxes ≠ never achieved by any experiment so far ≠ would be
an important step forward towards understanding the metallicity of the solar core.

The 13N and 15O sensitivity studies were performed both with all the species free to
vary in the fit and, secondly, constraining the pep neutrino rate as it was done for the full
CNO analysis (see section 5.3). The results for both 13N and 15O neutrinos are shown in the
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Prospects for solar neutrino
hep neutrino

244 III.1 NEUTRINO OSCILLATION
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FIG. 160. Expected solar neutrino fluxes with neutrino oscillation in Hyper-K. The horizontal axis is the

energy threshold in electron total energy and the vertical axis is expected event rate in the energy range

from the threshold up to 25MeV in 10-year observation in Hyper-K. BP2004 SSM fluxes are assumed. The

e↵ect of background events, reduction e�ciencies, systematic uncertainties are not considered.

8B solar neutrinos comparing to SK-III/IV.

Figure 161 shows an estimation of hep neutrino detection sensitivity. A spectrum fit analy-

sis is performed here, considering the spallation background, detection e�ciency and systematic

uncertainties of the energy scale and resolution. The statistical error due to remaining spallation

background is the dominant source of ambiguity. When we simply scale the current remaining

spallation background level in SK-IV solar analysis, with the cosmic muon rate at Tochibora, the

uncertainty of the hep neutrino flux will be ⇠60% (⇠40%) and the non-zero significance will be

1.8� (2.3�) in ten (twenty) years observation in Hyper-K. Due to the higher energy resolution of

Hyper-K, there is still chance to improve the sensitivity. If we can reduce the remaining spallation

background to the SK-IV level, the uncertainty of hep neutrino flux will be ⇠40% (⇠30%) and

non-zero significance will be improved to 2.5� (3.2�) in ten (twenty) years observation. Here the

same systematic uncertainties of detector energy scale (0.5 %) and resolution (0.6 %) as SK-IV are

considered.

Spectrum with/without hep neutrino 
in HK 10 years (~2σ)

Solar neutrinos

(*) F. Capozzi et al PRL 123 (2019) 13

- observable sensitive only to electron  neutrino flavor

- observable sensitive to all neutrino flavors. 

DUNE sensitive to

On-going work on solar neutrinos
Sensitive to 8B and hep fluxes
Measure oscillation parameters

Proposals for the 4th module to enhance
low energy physics programme

11/10/2023 M. Tenti, DUNE status and prospects, NNN2330Expect the first detection
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• Solar neutrinos except for hep were detected. 
Recent results provided good accuracy of each 
solar neutrino flux. 

• There is a tension in Δm221 between Solar and 
KamLand. It will be solved in the next generation 
detectors. 

• CNO neutrino is important for metallicity problem.

Summary of solar ν



Thank you for your attention!


