
The sun in neutrinos from Super-K

Figure 1: Images of the Sun: whereas the neutrino emission originates in the dense core of 
the Sun, photonic observations originate in the solar surface and atmosphere. From top 
left: Neutrino ‘image’ of the Solar core (Image credit: R. Svoboda, K. Gordan, LSU), radio 
emission from the solar atmosphere (Image credit: S. White, University of Maryland, 
NRAO/AUI), infrared image from the solar chromosphere (Image credit: National Solar 
Observatory, Kitt Peak/NOAO), visible image of the solar surface (Image credit: SOHO/
ESA/NASA), extreme ultraviolet emission from the corona (Image credit: NASA/SDO/
AIA), X-ray emission from the solar corona (Image credit: Yohkoh).
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Figure 14.1: Spectrum of solar neutrino fluxes predicted by SSM calculation in [41]. In addition
to standard fluxes, ecCNO neutrinos have been added based on [42]. Electron capture fluxes are
given in cm≠2s≠1. Taken from [43]

14.6.1.2 Detection of solar neutrinos and the solar neutrino problem
Experiments which observed solar neutrinos are summarized in Table 14.2.
A pioneering solar neutrino experiment was carried out by R. Davis, Jr. and collaborators at

Homestake starting in the late 1960s [44]. The Davis’ experiment utilizes the reaction ‹e + 37Cl æ

e
≠ + 37Ar. Because this process has an energy threshold of 814 keV, the most relevant fluxes are the

7Be and 8B neutrinos. The detector contained ≥ 615 t of C2Cl4. The produced 37Ar, which has
a half life of 34.8 d, was chemically extracted and introduced into a low-background proportional
chamber every few months. The Auger electrons from electron capture of 37Ar were counted to
determine the reaction rate.

From the beginning, the observed number of neutrinos in the Homestake mine experiment was
significantly smaller than the prediction by SSM — it was almost one third. After thorough check
of both experimental and theoretical work, the discrepancy remained. This became to be known
as the solar neutrino problem. The final result from Homestake experiment is 2.56 ± 0.16 ± 0.16
SNU [45], where SNU (solar neutrino unit) is a unit of event rate, 1 SNU = 10≠36 captures/(s
atom). On the other hand, prediction based on SSM is 8.46+0.87

≠0.88
SNU [46].

The detection of neutrinos from other production processes was recognized as an important
input to investigate the origin of the solar neutrino problem. In particular, the pp neutrino is most
abundant, and its flux prediction has the smallest uncertainty. Using the radiochemical technique
with gallium, the reaction ‹e + 71Ga æ e

≠ + 71Ge has an energy threshold of 233 keV and can be
used for the pp neutrino detection. According to the SSM, more than a half of the events on 71Ga
are due to the pp neutrinos, with the second dominant contribution coming from the 7Be neutrinos.
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observed 8B neutrinos via three di�erent reactions. In addition to the ES scattering with an
electron, with D2O target the charged current (CC) ‹e + d æ e

≠ + p + p and the neutral current
(NC) ‹x + d æ ‹x + p + n interactions are possible. The CC reaction is sensitive to only ‹e, while
NC reaction is sensitive to all active flavours of neutrinos with equal cross sections. Therefore, by
comparing the measurements of di�erent reactions, SNO could provide a model independent test
of the neutrino flavour change.

)-1 s-2 cm6 10= (eq
0 0.5 1 1.5 2 2.5 3 3.5

)-1  s
-2

 c
m

6
  1

0
=  ( o

+q

0

1

2

3

4

5

6

 68% C.L.CC
SNO

q

 68% C.L.NC
SNO

q

 68% C.L.ES
SNO

q

  68% C.L.ES
SK

q

 68% C.L.SSM
BS05

q

 68%, 95%, 99% C.L.o+
NC

q

Figure 14.2: Fluxes of 8B solar neutrinos, „(‹e), and „(‹µ,· ), deduced from the SNO’s CC, ES, and
NC results [60]. The Super-Kamiokande ES flux is from [61]. The BS05(OP) standard solar model
prediction [40] is also shown. The bands represent the 1‡ error. The contours show the 68%, 95%,
and 99% joint probability for „(‹e) and „(‹µ,· ). The figure is from [60].

In 2001, SNO reported the initial result of CC measurement [62]. Combined with the high
statistics measurement of ‹-e elastic scattering from Super-Kamiokande [58], it provided a direct
evidence for existence of non-‹e component in solar neutrino flux. The result of NC measurement
in 2002 [63] established it with 5.3‡ of statistical significance. Figure 14.2 shows the fluxes of
electron neutrinos („(‹e)) and muon and tau neutrinos („(‹µ,· )) with the 68%, 95%, and 99% joint
probability contours, obtained with the SNO data. Finally, together with the reactor neutrino
experiment KamLAND (see Sec.14.6.4), the solution of solar neutrino problem was found to be
the MSW adiabatic flavour transitions in the solar matter, the so-called large mixing angle (LMA)
solution, with parameters ∆m

2
≥ 7.5 ◊ 10≠5 eV2 and sin2

◊ ≥ 0.3.
From a combined result of three phases of SNO [64], the total flux of 8B solar neutrino is found

to be (5.25 ± 0.16+0.11

≠0.13
) cm≠2s≠1, consistent with the SSM prediction. This consistency is one of

major accomplishments of SSM.
In order to understand the SSM as well as to study the MSW e�ect for the solar neutrino,

measurements of solar neutrinos other than 8B are important. The Borexino experiment at Gran
Sasso, Italy, detects solar neutrino via ‹-e scattering in real time with a low energy threshold.
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3 flavor oscillation formula with CP phase
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FIG. 26. Two-dimensional vertex distributions of the observed ⌫e CC1⇡+ candidate events in (X,Y ) and (R2, Z). The arrow
indicates the neutrino beam direction and the dashed line indicates the fiducial volume boundary. Events indicated by open
square markers passed all of the ⌫e CC1⇡+ selection cuts except for the fiducial volume cut.
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where sij ⌘ sin ✓ij and cij ⌘ cos ✓ij , ✓ij are the three
mixing angles and �CP is the CP-violating phase. The
Majorana phases are neglected here as the three-flavor
oscillation probability is invariant under their rotation.
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TABLE XXV. Best-fit results and the 1� confidence interval
of the T2K data fit with the reactor constraint with normal
and inverted hypotheses.

Parameter
Normal ordering Inverted ordering

Best-fit ±1� Best-fit ±1�
�CP -1.728 [-2.538;-0.877] -1.445 [-2.170;-0.768]

sin2 ✓23 0.550 [0.465;0.601] 0.5525 [0.470;0.601]
�m2

32 2.54 [2.460;2.621] 2.51 [2.429;2.588]
(10�3 eV2/c4)

The 1D ��2 surface obtained with the Feldman-Cousins
approach is used to evaluate the 90% confidence intervals
for �CP in both ordering cases, as shown in Fig. 43. In
this analysis, CP-conserving values of �CP = 0, ⇡ are
excluded at 90% and 2� confidence levels respectively.
Values of �CP in the intervals [-2.95,-0.44] ([-1.47, -1.27])
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FIG. 38. A comparison of one-dimensional constant ��2

contours for normal ordering for �CP using T2K-only data
for the four- and five-sample fits.

are allowed at 90% confidence for normal (inverted) or-
dering.
A useful way to visualize the results is to compare

the observed number of events in the ⌫-mode (in both
CCQE-like and CC1⇡+-like samples) and ⌫-mode e-like
samples with the expected events for di↵erent values of
�CP, sin

2 ✓23, and mass ordering. As it is shown in Fig. 44
the T2K data falls outside the physically allowed region.
In order to quantify whether the T2K dataset is consis-

tent with the PMNS framework in terms of significance,
an additional toy MC study was performed. An ensemble
of 10,000 simulated datasets was obtained in the same
way as described in Sec. VIII for the Feldman-Cousins
method, with �CP = �⇡/2 and normal mass ordering.
The values of �2� lnL that contain 68.3% and 95.5%
of the MC toys were computed and compared to the
distribution obtained with the fit of the T2K dataset.
As shown in Fig. 45, the T2K data �2� lnL distribu-

T2K 2017
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Figure 14.7: Ratio of the observed ‹̄e spectrum to the expectation for no-oscillation versus L0/E

for the KamLAND data. L0 = 180 km is the flux-weighted average reactor baseline. The 3-‹
histogram is the best-fit survival probability curve from the three-flavour unbinned maximum-
likelihood analysis using only the KamLAND data. This figure is taken from [150].

1383 m from the center of an array of six 2.8 GWth reactors. The mass of gadolinium-loaded liquid
scintillator is 16 t per detector. RENO started data taking with both near and far detectors from
August 2011.

All the three reactor neutrino experiments published first results in 2012. First, Double Chooz
reported an indication of reactor electron antineutrino disappearance with the ratio of observed to
expected events of R = 0.944 ± 0.016 ± 0.04, ruling out the no-oscillation hypothesis at the 94.6%
CL [154]. Daya Bay observed R = 0.940 ± 0.011 ± 0.004, corresponding to 5.2‡ significance of
non-zero value of ◊13 [155]. RENO also reported R = 0.920 ± 0.009 ± 0.014, indicating a non-zero
value of ◊13 with a significance of 4.9‡ [156]. These results established non-zero value of ◊13.

In the latest analysis, both Daya Bay [139] and RENO [140] report results constraining mass-
squared di�erence as well as the mixing angle by using both relative ‹̄e rate and energy spectra
information. Double Chooz has reported the first analysis based on both far and near detectors [141]
for the mixing angle, using neutron capture on any elements (primarily gadolinium and hydrogen)
to increase the e�ective target mass. Figure 14.8 shows the energy spectra of the prompt signals
observed in the far detector of three experiments.

In all three experiments as well as in the NEOS experiment [142], an excess of ‹̄e events over
expected energy spectrum have been observed around 5 MeV as mentioned earlier. This excess
is observed in both near and far detectors and scales with the reactor power. Thanks to the
cancellation between the near and far detectors, the neutrino oscillation measurements are not
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ity of 6 ⇥ 10�7 relative to the best oscillation fit and a
�2/ndf = 47.1/17.3 with a probability of 0.02%.

Fig. 5 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown in
the figure, there is agreement among all three data sets.
Assuming two-neutrino oscillations, the curves show fits
to the MiniBooNE data described above. Fitting both
MiniBooNE and LSND data, by adding LSND L/E data
as additional terms, the best fit occurs at (�m2, sin2 2✓)
= (0.041 eV2, 0.96) with a �2/ndf = 22.4/22.4, corre-
sponding to a probability of 42.5%. The MiniBooNE
excess of events in both oscillation probability and L/E
spectrum is, therefore, consistent with the LSND excess
of events. The significance of the combined LSND (3.8�)
[1] and MiniBooNE (4.7�) excesses is 6.0�, which is ob-
tained by adding the significances in quadrature, as the
two experiments have completely di↵erent neutrino ener-
gies, neutrino fluxes, reconstructions, backgrounds, and
systematic uncertainties.

In summary, the MiniBooNE experiment observes a

FIG. 5: A comparison between the L/EQE
⌫ distributions for

the MiniBooNE data excesses in neutrino mode (12.84⇥ 1020

POT) and antineutrino mode (11.27⇥1020 POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The curves show fits to the MiniBooNE
data, assuming two-neutrino oscillations, while the shaded
area is the MiniBooNE 1� allowed band. The best-fit curve
uses the reconstructed neutrino energy, EQE

⌫ , for the Mini-
BooNE data. The dashed curve shows the example 1� fit
point.

total ⌫e CCQE event excess in both neutrino and an-
tineutrino running modes of 460.5 ± 99.0 events (4.7�)
in the energy range 200 < EQE

⌫ < 1250 MeV. The Mini-
BooNE allowed region from a two-neutrino oscillation fit
to the data, shown in Fig. 4, is consistent with the al-
lowed region reported by the LSND experiment [1]. On
the other hand, a two-neutrino oscillation interpretation
of the data would require at least four neutrino types
and indicate physics beyond the three neutrino paradigm.
The significance of the combined LSND and MiniBooNE
excesses is 6.0�. All of the major backgrounds are con-
strained by in situ event measurements, so nonoscilla-
tion explanations would need to invoke new anomalous
background processes. Although the data are fit with a
two-neutrino oscillation model, other models may provide
better fits to the data. The MiniBooNE event excess will
be further studied by the Fermilab short-baseline neu-
trino (SBN) program [39].
We acknowledge the support of Fermilab, the Depart-

ment of Energy, and the National Science Foundation,
and we acknowledge Los Alamos National Laboratory for
LDRD funding.
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12.5 Implications beyond the SM
The e�ects in B, Bs, K, and D decays and mixings due to high-scale physics (W , Z, t, H in

the SM, and unknown heavier particles) can be parameterized by operators composed of SM fields,
obeying the SU(3) ◊ SU(2) ◊ U(1) gauge symmetry. Flavor-changing neutral currents, suppressed
in the SM, are especially sensitive to beyond SM (BSM) contributions. Processes studied in great
detail, both experimentally and theoretically, include neutral meson mixings, B(s) æ X“, X¸

+
¸

≠,
¸

+
¸

≠, K æ fi‹‹̄, etc. The BSM contributions to these operators are suppressed by powers of
the scale of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable e�ects of BSM interactions are encoded in their coe�cients. In the SM, these
coe�cients are determined by just the four CKM parameters, and the W , Z, and quark masses.
For example, ∆md, ≈ (B æ fl“), ≈ (B æ fi¸

+
¸

≠), and ≈ (B æ ¸
+

¸
≠) are all proportional to |VtdVtb|2

in the SM, however, they may receive unrelated contributions from new physics. The new physics
contributions may or may not obey the SM relations. (For example, the flavor sector of the MSSM
contains 69 CP -conserving parameters and 41 CP -violating phases, i.e., 40 new ones [129]). Thus,
similar to the measurements of sin 2— in tree- and loop-dominated decay modes, overconstraining
measurements of the magnitudes and phases of flavor-changing neutral-current amplitudes give
good sensitivity to new physics.

To illustrate the level of suppression required for BSM contributions, consider a class of models
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