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Preface

The first Magellan Workshop took place on March 17th/18th 2016 in Hamburg. Several topics have been
addressed during the workshop with the most time devoted to discussing stellar physics and supernova
physics. These two key topics are especially interesting to two distinct fields, each with their own
approach, method and extensive knowledge gained: astrophysics and neutrino physics. It is thus no
surprise that the workshop specifically intended to bring these groups together was met with a certain
enthusiasm. 46 scientists working in institutions across seven countries attended a total of 30 plenary
talks during their two days in Hamburg. The workshop then concluded with a trip to the Hamburg
Observatory, for a tour of the historic and current telescopes.
While supernovae of course were a primary topic, the presentations included many different, exciting
projects. From relatively nearby objects in studies on geoneutrinos originating from inside the Earth via
stellar physics in the refinement of solar models to high energy sources across multiple galaxies to the
Cosmic Microwave Background.
One particular subject in the field of supernova physics for the past 29 years of course has been the
supernova SN1987A, mostly owed to its fairly recent explosion enabling modern science to observe
the event from Earth and space alike both in electromagnetic waves and particle fluxes. These mea-
surements have greatly expanded our knowledge as many theories on both the internal mechanisms as
well as the evolution of supernovae could consequently be tested. Not only does the Large Magellanic
Cloud which hosts this famous supernova serve as a pictoral symbol for our workshop, it is also now
commonly named after Ferdinand Magellan, who was not the first to discover this prominent feature
in the southern night sky, but the one whose journey brought news of its marvellous sight to European
astronomers back in the late 16th century. Furthermore this journey shall serve as a symbol of our
own venture as Magellan led the expedition to circumnavigate the globe entirely, thus advancing the
knowledge of his contemporaries with every mile travelled, but in doing so also became a connection
between the Atlantic and Pacific oceans. Finding common ground for scientists of different fields to
meet on thankfully is a much easier task than navigating the treacherous waters of the Magellan Strait,
but nonetheless the Magellan Workshop hopefully opened a strait of sorts for future cooperations.

Benjamin Büttner
Stefan K. G. Dahmke
Mikko Meyer
Laura Vanhoefer
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Ferdinand Magellan

1480 Born at Saborosa in Villa Real, Province of Traz os Montes in Portugal

1505 Magellan joins the expedition of Francisco d’Almeida to India

1512 During a posting to Morocco Magellan is badly wounded

1517 Magellan leaves Portugal and heads for Spain

1518 March: Magellan is promoted to the rank of Commander of the Order of Santiago and gets per-
mission to search for the Spice Islands

1519 10 August: Magellan leaves Seville with five ships

1519 20 September: Magellan leaves Spain to start his voyage

1519 6 December: Crew members spot South America

1520 Easter: While anchored off Patagonia waiting for favourable weather, a mutiny involving three
out of the five ship captains breaks out

1520 October: After a series of delays, Magellan and his crew resume their voyage on the remaining
ships

1520 21 November: Enters the straits which would be named the Magellan Straits becoming the first
Europeans ever to sail across the Pacific Ocean

1521 March 6: Magellan reaches the Pacific island of Guam

1521 16 March: Discovers the Philippines

1521 April 27: Ferdinand Magellan is killed by natives on the island of Mactan. Only 110 of the original
crew members remained so they abandoned one of the ships (Conception). On November 6th the
remaining ships reached the Maluku Islands which was their original destination. Trinidad tried
to return back to Spain the same way they had came but was forced to return to the Spice Islands
where they were imprisoned by the Portuguese. The Victoria was the last remaining ship.

1522 September 6: The Victoria reaches Sanlucar de Barrameda in Spain with only 18 survivors led by
the Spaniard Juan Sebastián Elcano who took over command after Magellan’s death
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Physics Opportunities with Supernova Neutrinos

Ninetta Saviano1

1PRISMA Cluster of Excellence and Mainz Institute for Theoretical Physics, Johannes Gutenberg-
Universität Mainz, 55099 Mainz, Germany

DOI: http://dx.doi.org/10.3204/DESY-PROC-2016-05/16

Core-collapse supernovae (SN) represent a unique laboratory to probe neutrino properties
in the extreme conditions offered by a stellar gravitational collapse. The role of astrophys-
ical messengers played by neutrinos during a stellar collapse is largely associated with the
signatures imprinted on the observable SN neutrino burst by flavor conversions occurring
deep inside the star. At this regard, the dense SN core represents a crucial environment to
investigate neutrino flavor mixing in high-density conditions. Indeed, within a radius of a
few hundred kilometers, the neutrino gas is so dense to become a “background to itself”,
making the neutrino flavor evolution highly non-linear and leading in some situations to
surprising and counterintuitive collective phenomena.

1 Introduction

Core-collapse supernovae (SNe) is one of the most energetic and spectacular phenomena in
the Universe. They are powerful explosions which mark the violent death of massive stars
(M & 8 M⊙) as they become unstable during the late phases of their evolution. The explosion
is driven by a shock wave that eventually ejects the outer mantle of the collapsing star, liberating
a gravitational binding energy EB ≃ 3 × 1053 erg. Remarkably, 99% of this binding energy is
carried away by neutrinos and antineutrinos of all the flavors, making a core-collapse SN one
of the most powerful neutrino source. Therefore, neutrinos emitted during such a process
are a promising tool to probe neutrino mass and mixing properties and to provide valuable
information about SN mechanism itself. The neutrino fluxes and spectra are sensitive to many
details of SN physics, notably the progenitor mass, the nuclear equation of state, and the
occurrence of convection inside and outside the SN core. Originating deep inside the core and
passing through the mantle of the star, the neutrino flavor conversions are affected by dense
matter on their road through the stellar envelope. Moreover, in the deepest SN regions the
neutrino density is so high that can dominate the flavor evolution, eventually producing a
surprising collective behavior in the SN neutrino ensemble. As a consequence of these effects,
the SN neutrino fluxes reaching the detectors would be deeply modified with respect to the
initial ones, carrying fascinating signatures of oscillation effects occurring in the deepest SN
regions. Thus detection of a high-statistics neutrino signal from the next nearby SN represents
a new frontier in low-energy neutrino physics and astrophysics. For a more detailed treatment
see the recent review [1].

Magellan Workshop 2016 1Magellan Workshop 2016 3



Figure 1: Neutrino signal of a core-collapse SN for a 10.8M⊙ progenitor [2]. Left: Prompt
neutrino burst.Middle: Accretion phase.Right: Cooling phase.

2 Neutrino emission

During and after the explosion, the star emits neutrinos in three main phases (Fig. 1).

1. Prompt νe burst : as the shock wave passes through the neutrino sphere, a νe burst, lasting
t ≃ 10 ms, is released due to rapid electron capture on dissociated nuclei (deleptonization
of the outer core layers) e− + p → n+ νe, leading to a sudden rise in the luminosity up to
L = 1053 erg s−1. The fluxes of the other neutrino flavors are negligible compared to νe.

2. Accretion phase: the shock wave quickly loses its energy in dissociating nuclei and stag-
nates at a radius of 150-200 km. Material continues to fall onto the core (accretion shock)
for the following few 100 ms and powers the emission of neutrinos and antineutrinos of all
species, with a luminosity of L = 1052 erg s−1 and caracterized by a strong excess of the νe
species over the others. Pronounced hierarchy of average energies 〈Eνx〉 > 〈Eν̄e 〉 > 〈Eνe〉,
where x stands for any of νµ,τ or ν̄µ,τ .

3. Kelvin-Helmholtz cooling phase: after the successful explosion, the remaining proto-
neutron star cools by neutrino emission over about 10 s. The luminosity is approximately
equipartitioned between different species L = 3× 1051 erg s−1 and the flavor hierarchy of
average energies is probably mild.

A supernova can be roughly considered as a black-body that cools via neutrino emission.
Indeed, supernova simulations typically provide neutrinos emitted with “quasi-thermal” spec-
tra. The spectral characteristics evolve in time, are expected to vary for different supernova
progenitors and depend on uncertain input physics such as the nuclear equation of state and
the treatment of neutrino transport. Typically, one expects 〈Eνe〉 ≃ 10–12 MeV, 〈Eνe

〉 ≃ 12–
15 MeV, and 〈Eνx〉 ≃ 15–18 MeV.

2 Magellan Workshop 2016
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Figure 2: Snapshots of SN potentials for different post-bounce times. Continuous curves refer
to the matter potential λ, dot-dashed to the neutrino potential µ (quoted in km−1). Figure
from [1].

3 Supernova potential profiles

Effects of flavor conversions on supernova neutrinos depend on the different densities encoun-
tered by neutrinos in their propagation in the stellar envelope. In Fig. 2 is represented a snap-
shot of the different interaction potentials associated with different supernova densities obtained
from the Basel-Darmstadt simulations of a 10.8 M⊙ SN progenitor for different post-bounce
times [2]. Self-induced neutrino oscillations, associated with the neutrino-neutrino interactions
are related to the neutrino number densities through the neutrino-neutrino potential (Fig. 2)

µ =
√
2GF [nνe − nνe ] =

1

4πr2

(
Lνe

〈Eνe〉
− Lνe

〈Eνe〉

)
, (1)

which decreases in time as the SN cools.
Matter effects on SN neutrinos depend on the potential

λ =
√
2GFne , (2)

where ne is the net electron density ne encountered by neutrinos in their propagation. The SN
electron density profile is non-monotonic and time-dependent and presents an abrupt disconti-
nuity, corresponding to the position of the shock-front. The two horizontal strips represent the
regions associated with MSW resonant flavor conversions with the atmospheric oscillation fre-
quency ωH (violet band) and with the solar one ωL (light blue) for an energy range E ∈ [1−50]
MeV.

From the comparison of the different densities we realize that in the deepest SN regions
(r < 103 km) nν ≫ ne, except during the accretion phase (t < 0.5 s). When the neutrino density
dominates over the matter one (as during the cooling phase) self-induced flavor conversions
would develop without any hindrance.

Conversely, at larger radii, the flavor conversions will be dominated by the ordinary matter
effects.

Magellan Workshop 2016 3
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4 SN neutrino flavor conversions

4.1 Three-neutrino oscillation framework

The evidence for flavor evolution comes from a series of experiments performed in about four
decades of research with very different neutrino beams and detection techniques. Except for few
controversial results from short-baseline neutrino experiments, that point towards the existence
of extra sterile neutrino states (with m ∼O(1) eV), all the data from the experiments are con-
sistent with the simplest extension of the standard electroweak model needed to accommodate
non-zero neutrino masses and mixings. Namely, three flavor eigenstates νe,µ,τ are mixed with
the three mass eigenstates ν1,2,3 through a unitary matrix U , which in terms of one-particle

neutrino states |ν〉, is defined as |να〉 =
∑3

i=1 U
∗
αi|νi〉 .

A common parametrization for the matrix U is [3]:

U =




1 0 0
0 c23 s23
0 −s23 c23







c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13







c12 s12 0
−s12 c12 0
0 0 1


 (3)

with cij = cos θij and sij = sin θij , θij being the mixing angles and δ ∈ [0, 2π] being the
CP-violating phase 1.

The three-neutrino mass spectrum {mi}i=1,2,3 is caracterized by a “doublet” of relatively
close states and by a third “lone” neutrino state, which may be either heavier than the doublet
(“normal hierarchy,” NH) or lighter (“inverted hierarchy,” IH). Typically, the lightest (heaviest)
neutrino in the doublet is called ν1 (ν2) and the corresponding mass squared difference is defined
as

δm2 = m2
2 −m2

1 > 0 (4)

by convention. The δm2 is traditionally named the solar mass squared difference. The lone
state is then labeled as ν3, and the physical sign of m2

3 − m2
1,2 distinguishes NH from IH.

The second independent squared mass difference ∆m2, called also atmospheric mass squared
difference, is

∆m2 =

∣∣∣∣m2
3 −

m2
1 +m2

2

2

∣∣∣∣ , (5)

so that the two hierarchies (NH and IH) are simply related by the transformation +∆m2 →
−∆m2. Numerically, it results that δm2 ≪ ∆m2.

The latest solar, reactor and long-baseline neutrino oscillation analyses indicate the following
±2σ ranges for each parameter (95% C.L.) taken from [4]

∆m2 = (2.43+0.12
−0.13)× 10−3 eV2 , δm2 = (7.54+0.46

−0.39)× 10−5 eV2 ,

sin2 θ12 = (3.08+0.17
−0.34)× 10−1, sin2 θ23 = (4.37+1.15

−0.44)× 10−1 , sin2 θ13 = (2.34+0.40
−0.39)× 10−2.

(6)

Within the three-neutrino scenario, the most important unsolved problems require probing
the CP-violating phase δ, the mass hierarchy, and the absolute neutrino masses. In this context,
a high–statistics detection of Galactic SN neutrinos could give a unique help to solve some of
these open issues.

1We neglect here extra-phases possible if neutrinos are Majorana particles, since they are not relevant in
oscillations.
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4.2 Self-induced flavor evolution of SN neutrinos

Neutrinos free streaming beyond the neutrinosphere also interact among themselves (neutrino
self-interactions). As pointed out in seminal papers [5, 6], in the deepest regions of a SN
the neutrino gas is so dense that neutrinos themselves form a background medium triggering
large self-induced flavor conversions in the deepest SN regions [7]. Under these circumstances,
neutrinos emitted with different energies would be locked to oscillate in a collective fashion.

The neutrino-neutrino interactions make an additional contribution to the refractive energy
shift in the neutrino propagation. This term is proportional to the neutrino density making
the equations of motion non linear and so numerically challenging. The main complication in
the ν-ν refractive term for SN neutrinos is the angular term coming from the current-current
nature of the weak interactions. Consequently, for the non-isotropic neutrino emission from
the SN core this velocity-dependent term would produce a net current that leads to a different
refractive index for neutrinos that propagate on different trajectories. This is at the origin of
the so-called “multi-angle effects” [7].

The multi-angle flavor evolution described by non-linear partial differential equations, has
not been solved in its full complexity until now.

A few years ago multi-angle simulations were developed within the so-called “bulb model”
where it is assumed that neutrinos are emitted uniformly and half-isotropically (i.e., with all the
outward-going modes occupied, and all the backward going modes empty) from the surface of
a spherical neutrinosphere, like in a blackbody. Moreover, it is assumed that there is azimuthal
symmetry of the neutrino emission at the neutrinosphere and that all the physical conditions in
the star only depend on the distance from the center of the star. Despite the numerous studies
on the subject, at the moment a complete picture of the self-induced flavor conversions in SNe
is still missing. Indeed, it has been recently questioned if removing some of the symmetries as-
sumed in this model, this would trigger new instabilities in the flavor evolution. By means of a
stability analysis of the linearized neutrino EoMs [8], it has been pointed out that removing the
assumption of axial symmetry in the ν propagation, a new multi-azimuthal-angle (MAA) insta-
bility could emerge in the flavor evolution of the dense SN neutrino gas. The presence of MAA
effects unavoidably implies the breaking of the spherical symmetry in the flavor evolution after
the onset of the flavor conversions. This would lead to a challenging multi-dimensional problem
involving partial differential equations. The MAA instability has shown as self-interacting neu-
trinos can spontaneously break the symmetries of the initial conditions. Such insight stimulated
further investigations about the validity of the solution of the SN neutrino EoMs worked out
within the bulb model. It has been recently realized that instabilities may grow once initial
symmetries are relaxed, since self-interacting neutrinos can spontaneously break the translation
symmetries in time [9, 10, 11] and space.

4.3 Suppression of collective oscillations

Predictions are more robust in the phases where collective effects are suppressed, i.e.:

• Neutronization burst (t< 20 ms), where the νe flux is strongly enhanced with respect to
νx, while the ν̄e flux is strongly suppressed.

• Accretion phase, where ne− − ne+ ≫ nν̄e − nν̄x . The multi-angle matter effects could
produce a large spread in the oscillation frequencies for neutrinos travelling on different
trajectories, blocking the self-induced flavor conversions. Dedicated studies have been

Magellan Workshop 2016 5
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performed in [12, 13, 14, 15, 16, 17] using inputs from recent hydrodynamic SN simula-
tions. It has been found that the large matter term inhibits the development of collective
oscillations at early times for iron-core SNe. The matter suppression of self-induced ef-
fects for iron-core SNe makes relatively easy the prediction of the oscillation effects during
the accretion phase, since the neutrino fluxes will be processed by the only MSW mat-
ter effects. As a consequence, the detection of the SN neutrino signal at early times is
particularly relevant for the mass hierarchy discrimination.

5 Observable signatures of SN neutrino flavor conversions

We present some of the possible observable signatures of flavor conversions in SNe and their
sensitivity to the neutrino mass hierarchy. For definitiveness, we will refer to a Galactic SN at
a distance d = 10 kpc from the Earth.

(a) Self-induced spectral splits. Observationally, the most important consequence of
the self-induced flavor conversions is a swap of the νe and ν̄e spectrum with the non-electron
species νx and ν̄x in certain energy intervals, and the resultant spectral splits at the edges
of these swap intervals. Some of the spectral splits could occur sufficiently close to the peak
energies to produce significant distortions in the SN neutrino signal, observable in the large
underground detectors.

(b) Neutrinos from the SN neutronization burst. The νe neutronization burst
is a particularly interesting probe of flavor conversions, since it can be considered almost as a
“standard candle” being independent of the mass progenitor and nuclear EoS. Since self-induced
effects are not operative on the SN νe neutronization burst, the νe flux would be only affected
by MSW effects. At the very early post-bounce times relevant for the prompt burst, MSW
flavor conversions would occur along the static progenitor matter density profile. We expect
that the observable νe flux at Earth would be

Fνe = F 0
νx (NH) , (7)

Fνe = sin2 θ12F
0
νe + cos2 θ12F

0
νx (IH) . (8)

The observation of the neutronization peak would indicate the inverted mass hierarchy, while
we do not expect its detection in NH. Concerning the possibility to detect the νe neutronization
burst, while Mton class WC detectors measure predominantly the ν̄e flux using inverse beta
decay, they are also sensitive to the subdominant νe channel via elastic scatterings on e− (see
Fig.). On the other hand, a large LAr TPC will make the cleanest identification of the prompt
νe burst through its unique feature of measuring νe charged-current interactions, enabling to
probe oscillation physics during the early stage of the SN explosion.

(c) Earth matter effect to discriminate the mass hierarchy. For the SN neutrinos
reaching the detector from “below”, the Earth crossing would induce an energy-dependent
modulation in the neutrino survival probability. The appearance of the Earth effect depends on
the neutrino fluxes and on the mixing scenario. In particular, the Earth matter effect should be
present for antineutrinos in NH and for neutrinos in IH, providing a potential tool to distinguish
between these two cases. The accretion phase is particularly promising to detect Earth crossing
signatures because the absolute SN ν flux is large and the flavor-dependent flux differences are
also large.

(d) Rise time of the neutrino signal. The rise time of a Galactic iron-core SN νe

light curve, observable in large underground detectors, can provide a diagnostic tool for the
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Figure 3: Neutronization events rate per time bin in a 560-kton WC detector for 27 M⊙ and
11 M⊙ SN progenitors at d = 10 kpc for both NH (continuous curve) and IH (dashed curve).

neutrino mass hierarchy. Due to the combination of matter suppression of collective effects at
early post-bounce times and the presence of the ordinary MSW effect in the outer layers of the
SN, one expects that the observable ν̄e flux at Earth would be given by

Fν̄e = cos2 θ12F
0
ν̄e + sin2 θ12F

0
ν̄x (NH) , (9)

Fν̄e = F 0
ν̄x (IH) . (10)

It is clear that the Fν̄e flux at the Earth would basically reflect the original F 0
ν̄x flux if IH occurs,

or closely match the F 0
ν̄e flux in NH. Figure 4 shows the expected overall signal rate R(t) in the

IceCube detector for a Galactic SN.
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Figure 4: Supernova signal in IceCube assuming a distance of 10 kpc, based on a simulation
for a 15 M⊙ SN progenitor from the Garching group. Figure from [1].

Magellan Workshop 2016 7

PHYSICS OPPORTUNITIES WITH SUPERNOVA NEUTRINOS

Magellan Workshop 2016 9



6 Acknowledgments

N.S. have received funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme (grant agreement No. 637506, “ν
Directions”.

References

[1] A. Mirizzi, I. Tamborra, H. T. Janka, N. Saviano, K. Scholberg, R. Bollig, L. Hudepohl
and S. Chakraborty, Riv. Nuovo Cim. 39 (2016) no.1-2, 1.

[2] T. Fischer, S. C. Whitehouse, A. Mezzacappa, F.-K. Thielemann and M. Liebendorfer,
Astron. Astrophys. 517 (2010) A80.

[3] G. L. Fogli, E. Lisi, A. Marrone and A. Palazzo, Prog. Part. Nucl. Phys. 57, 742 (2006).

[4] F. Capozzi, G. L. Fogli, E. Lisi, A. Marrone, D. Montanino and A. Palazzo, Phys. Rev. D
89, 093018 (2014).

[5] J. T. Pantaleone, Phys. Rev. D 46 (1992) 510.

[6] J. T. Pantaleone, Phys. Lett. B 342 (1995) 250.

[7] H. Duan, G. M. Fuller, J. Carlson and Y. Z. Qian, Phys. Rev. Lett. 97, 241101 (2006).

[8] G. G. Raffelt, S. Sarikas and D. de Sousa Seixas, Phys. Rev. Lett. 111, no. 9, 091101
(2013) [Erratum-ibid. 113, no. 23, 239903 (2014)].

[9] G. Mangano, A. Mirizzi and N. Saviano, Phys. Rev. D 89, no. 7, 073017 (2014).

[10] S. Abbar and H. Duan, Phys. Lett. B 751, 43 (2015).

[11] B. Dasgupta and A. Mirizzi, Phys. Rev. D 92, no. 12, 125030 (2015).

[12] S. Chakraborty, T. Fischer, A. Mirizzi, N. Saviano and R. Tomàs, Phys. Rev. Lett. 107,
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Neutrino interactions in proto-neutron star matter are a major determinant for many key
properties of core-collapse supernovae (CCSNe), such as the explosion mechanism or the
nucleosynthesis of heavy elements. Recent works identify a need for increasingly precise
interaction rates. This work presents an alternative way to compute the relativistic Hartree
response for neutrino-nucleon interactions, improving upon previously derived expressions
in several aspects. The result will then be compared to the so called elastic approximation
which is widely used in supernova simulations, to asses the validity and limitations of the
latter.

1 Introduction

The gravitational collapse of the inner core of a massive star at the end of its lifetime releases
a huge amount of gravitational binding energy of the order of several 1053 erg. Eventually the
collapsing core reaches supranuclear densities, where it is stopped by the strong repulsion of
the nuclear interaction. At this point the binding energy is mostly converted into heat, leading
to temperatures of several tens of MeV in the nascent protoneutron star (PNS). Neutrinos are
emitted in large numbers both due to thermal production as well as the desire of the matter to
reach weak chemical equilibrium via electron captures on protons. However for densities above
1011 g cm−3 the neutrino mean free path (MFP) becomes so short that neutrinos are trapped in
the matter, forcing them into local thermal and chemical equilibrium. Nevertheless, due to the
weak coupling of neutrinos to the matter compared to all other interactions in the supernova
core, the diffusion and emission of neutrinos is by far the most efficient way to transport energy
into the envelope of the massive star and beyond. Consequently, it was expected early on that
the vast majority of the gravitational binding energy will be released in the form of neutrinos,
a prediction that was confirmed by the observation of the neutrino signal from SN1987A.

During the first ten seconds after core bounce, the most important region for the formation
of the neutrino spectra is the so called neutrinosphere, where neutrinos decouple from the
matter. The first neutrino signal is an initial deleptonization burst that is emitted after the
supernova shock crosses this neutrinosphere. As the shock heats the matter, the heavy nuclei
of the progenitor star are dissolved into free nucleons. Chemical equilibrium at these high
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temperatures and densities favours then a significantly more neutron rich composition, causing
rapid electron captures on free protons and subsequent emission of electron neutrinos on a
timescale of only several milliseconds. After that, the neutrino spectra can be approximately
understood as thermal emission from the neutrinosphere.

Once the neutrinos are outside of the neutrinosphere the probability of scattering or absorp-
tion in the envelope is rather small. However, since the neutrino luminosity is so large, on the
order of a few 1052erg s−1, the small fraction of neutrinos that do interact can have an enormous
impact on the envelope above the PNS. The most important effect is probably the revival of
the shock that leads to the eventual supernova explosion via the so called delayed neutrino
heating mechanism (for a review on CCSNe simulations and possible explosion mechanisms see
e.g. [1]). After the shock looses most of its energy by photodissociating heavy nuclei in the
accretion flow, it quickly stalls. In the standard core-collapse scenario it is then expected that
the region below the shock (outside the neutrinosphere) is heated faster by absorbing neutri-
nos from the PNS than it can cool by emitting neutrinos itself. This process transfers energy
and momentum from the PNS to the shock, resulting in the eventual explosion. In this context
multi-dimensional hydrodynamics have been identified as a most crucial ingredient, allowing for
multi-D turbulences and convection which help to increase the heating efficiency. This proved
necessary to achieve successful explosion in CCSN simulations. Yet, these advances in hydro-
dynamics have always been accompanied by essential improvements in the neutrino transport
scheme and general relativity, as well as the microphysics of nuclear matter, nuclear interaction,
and weak interaction between neutrinos and matter. Since the predicted explosions still differ
significantly from observed explosion energies, this process of refinement is still ongoing.

Neutrinos also play a very important role in the nucleosynthesis of heavy or rare elements in
CCSNe. One such scenario is the neutrino driven wind (NDW), matter that is ejected from the
PNS surface after shock revival. The idea is again that absorptions of neutrinos transfer enough
energy and momentum to this matter to drive a matter outflow. Once this wind expands and
cools, nuclei are formed, with the possibility of reaching very large atomic numbers. Without
going into the details of nucleosynthesis, the outcome of this scenario depends strongly on the
initial conditions in the NDW, in particular the expansion timescale, the entropy per baryon and
the chemical composition. All of these properties are strongly affected if not fully determined
both by the absolute size of the neutrino flux as well as the specific spectral characteristics and
even spectral differences of the distinct neutrino flavours.

Recent studies strongly hint towards the need to improve the precision of neutrino mi-
crophysics. With respect to the neutrino heating mechanism, it was found that reaching a
successful explosion of a marginal supernova in 3D might depend on 10-20% changes to the
rate for neutrino-nucleon scattering[2].

For the neutrino driven wind, it seems that core collapse supernova will not result in condi-
tions that allow for a so called full r-process [3, 4], building the heaviest elements in the universe.
However, a so called weak r-process is still very much possible [5] and might have contributed
already to the early chemical evolution in the universe. Whether the neutrino driven wind will
eventually allow for a weak r-process and to which extent depends on the detailed composition
of the NDW, which depends in turn on a precise description of neutrino interactions at the level
of 10%.

Eventually, it is predicted that the neutrino signal from a CCSN might undergo significant
modifications due to neutrino oscillations [6]. Although this work will not look in detail on
the topic of oscillations, referring instead to the various complementing contributions in this
proceedings, the resulting neutrino spectra are obviously dependent on the initial spectral
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differences between the neutrino flavours.
All these findings lead to the conclusion, that current research on core-collapse supernova

and related nuclear astrophysics requires a sufficiently accurate description of neutrino interac-
tions in hot at dense matter. The purpose of this contribution is to discuss several problems
and uncertainties at this level of precision and to propose solutions for some of them. Section 2
presents an alternative formalism for the relativistic Hartree response of neutrino-nucleon inter-
actions, an expression that yields very precise values for the neutrino MFP at various conditions
in CCSNe. In Section 3 the relativistic Hartree response is used to assess the limitations of the
so called elastic approximation[7], an analytic expression for the MFP that is widely used in
supernova simulations. Finally, the work is concluded in Section 4.

2 Hartree Response for Neutrino-Nucleon Interaction

The general derivation of the Hartree response for neutrino-nucleon interactions is the same for
charged and neutral-current reactions. This work studies reactions of the type

ν1 +N2 → l3 +N4.

The particle ν1 can represent either a neutrino or an antineutrino, while the final state lepton
l3 will be a neutrino of the same type (neutral current) or the corresponding charged lepton
(charged current). For charged leptons the finite mass is taken into account, so that the descrip-
tion is applicable to charged-current interactions of muon neutrinos. In free space and at the
energies encountered in CCSNe, these weak interactions can be described by a current-current
Lagrangian

L =
G√
2
lµj

µ,

where G = GFVud for charged current and G = GF for neutral current, with GF the Fermi
coupling constant and Vud the up-down element of the CKM-matrix. For reactions with a
neutrino in the initial state the lepton current reads

lµ = ψ̄3γµ (1− γ5)ψ1,

where the ψi are Dirac spinors. Note that for an antineutrino in the initial state, indices 1 and
3 have to be exchanged. The nucleon current is likewise given by

ψ4

[
cV γ

µ +
iF2

2MN
σµνqν − cAγ

µγ5

]
ψ2

The value of the coupling constants cV , cA, and F2 depends on the specific reaction (see e.g.
[15]) For a noninteracting Fermi gas, the Lagrangian L is equivalent to the matrix element.
Hence, using Fermi’s Golden Rule the mean free path λ, considering final state Pauli blocking,
can be computed by

1

λ(E1)
= 2

∫
d3ppp2

(2π)
3

∫
d3ppp3

(2π)
3

∫
d3ppp4

(2π)
3

〈
|M|2

〉

16E1E2E3E4
δ4(P1 +P2 −P3 −P4) f2 (1− f3) (1− f4) ,
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with the particle four momenta Pi. The fi are standard Fermi distributions.
When studying nucleonic matter at densities above 1012 g cm−3 the assumption of nonin-

teracting nucleons is not justified. Both the strong and the electromagnetic interaction affect
the spectra of nucleons and/or the correlations between them. These effects have to be taken
into account for neutrino interactions. One approach is to compute the nucleon response via
the medium polarization tensor in the so called Hartree approximation [8, 9], which takes into
account how the nucleon spectrum is altered by the mean effect of the interaction. Instead,
this work computes the Hartree response by replacing the free space nucleon current with an
effective nucleon current in medium, treating the nucleons as quasi free Fermions. However,
the formalism of the medium polarization allows to go beyond the mean field by computing
the nucleon response via the random phase approximation (RPA) [8, 10, 11, 12, 13]. The
RPA includes correlations among the nucleons, stemming from the residual interaction. This
is particularly relevant for the neutral-current response, where the correlations may be more
important than the mean field, especially for subsaturation densities.

An advantage of the new formalism is that the relativistic Hartree response is analytically
more closed, allowing for a simpler and faster numerical computation. Also, for the first time
a finite lepton mass is taken into account to describe charged current reactions of νµ.

In astrophysical simulations the nucleonic matter is often described by a relativistic mean
field (RMF) equation of state (EOS) [14], in particular by a σωρ-model. Here, the free nucleon
spectrum is replaced by a quasi-particle dispersion relation, given by

En,p =
√
m∗2

n,p + ppp2 + Un,p,

where m∗
n,p and Un,p are the nucleon effective masses and relativistic mean field potentials,

respectively, of neutrons and protons. They are directly related to the mean meson fields.
To compute the Hartree response, one replaces the free nucleon spinors ψi in the nucleon

current by effective nucleon spinors ψ∗
i ,

ψ∗
i =

1√
E∗2

i +m∗2
i

(
χs

σσσ·ppp
E∗

i +m∗
i
χs

)
.

Here χs are normalized Pauli spinors so that χ†
sχs′ = δss′ , σσσ is the vector of Pauli matrices,

and E∗
i is given by

E∗
i = Ei − Ui =

√
m∗2

i + ppp2i .

Note that ψ∗
i becomes the free nucleon spinor for vanishing meson fields. Plugging ψ∗ in

the nucleon current one can derive the squared matrix element in medium
〈
|MHRT |2

〉
. To

compute then the MFP one only needs to adjust the normalization of the phase space integrals
to conserve Lorentz invariance,

1

λ(E1)
= 2

∫
d3ppp2

(2π)
3

∫
d3ppp3

(2π)
3

∫
d3ppp4

(2π)
3

〈
|MHRT |2

〉

16E1E∗
2E3E∗

4

δ4(P1 +P2 −P3 −P4) f2 (1− f3) (1− f4) ,

where the Fermi distributions for the nucleons describe the quasiparticle distributions,

f2,4(E2,4) =
[
1 + exp

([√
m∗2

2,4 + ppp2 + U2,4 − µ2,4

]
/T

)]−1

.
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The MFP cannot be computed fully analytically. However, it can be closed analytically up to
a 2-dimensional numerical integral,

1

λ
=
G2

4π3

1

E2
1

∫ ∞

E2−

dE2

∫ E3+

m3

dE3f2 [1− f3] [1− f4] Itot.

The integration limits E2− and E3+ are constraints that arise from four-momentum conserva-
tion. The term Itot is the fully analytical solution of the relation

Itot =
p1p2p3p4

4π2

∫
dΩ2dΩ3dΩ4dE4

〈
|MHRT |2

〉

16G2
δ4(P1 +P2 −P3 −P4)

with pi = |pppi|. The detailed formalism and derivation will be presented in a future publication.
Previous solutions for the relativistic Hartree response were closed only up to three numerical

integrals [12]. Yet, for neutral-current interactions the above approach can be applied only when
the final state neutrino is either distributed isotropically or when final state neutrino blocking
can be neglected. Otherwise the factor (1− f3) cannot be factored out of the angular integrals.
In that case the relativistic Hartree response as given in the literature cannot be further closed.
The following section will therefore focus on charged-current interactions.

3 Comparison to Elastic Approximation

A simplification of the mean free path for neutrino-nucleon interactions that is often used in
CCSN simulations is the so called elastic approximation [7]. Its advantage is that it delivers
an analytic expression for λ. Starting from the noninteracting Fermi gas approach, the elastic

approximation is inherently nonrelativistic. Expanding
〈
|M|2

〉
in powers of (E1/m2) and

dropping all terms of order 1 or higher, the squared matrix element simplifies to

〈
|M|2

〉

16E1E2E3E4
= c2A (3− x) + c2V (1 + x) ,

where x is the angle cosine between initial and final lepton momenta ppp1 and ppp3. Also, one
assumes that the absolute momentum of the nucleons stays constant, p2 = p4. The final
state lepton energy equals then the initial neutrino energy plus the mass difference between
nucleons, and the mean free path can be derived analytically. It is straightforward to expand
this approximation to consider the quasiparticle dispersion relation for nucleons in the mean
field theory [3],

1

λelst
=
G2

π

(
c2V + 3c2A

)
E3p3 (1− f3)

n2 − n4

1− exp [(η4 − η2) /T ]
Θ(E3 −m3),

with

E3 = E1 +m∗
2 −m∗

4 + U2 − U4 and ηi = m∗
i + Ui − µi.

As an improvement over the elastic approximation, analytic correction factors for finite
nucleon recoil and subleading order terms in the matrix element (often called weak magnetism
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Figure 1: Ratio of mean free path from relativistic Hartree response to elastic approximation
(bright/red) at low densities and temperatures, compared to nucleon recoil and weak magnetism
correction factor(black). Solid and dashed lines correspond to neutrino and antineutrino ab-
sorption, respectively.

corrections) were suggested [15]. Essentially, these correction factors are the ratio of the exact
free space cross section and its nonrelativistic approximation. Multiplying with this ratio shall
correct the simplifications that were made in the matrix element and the final lepton phase
space factor. This approach is nearly exact for nucleons at low densities and temperatures.
However, it can not correct the approximations that were made in the Pauli blocking factors.

For charged-current reactions, the appropriate correction factor is

R(E1) =

{
c2V

(
1 + 4e+

16

3
e2
)
+ 3c2A

(
1 +

4

3
e

)2

± 4 (cV + F2) cAe

(
1 +

4

3
e

)

+
8

3
cV F2e

2 +
5

3
e2

(
1 +

2

5
e

)
F 2
2

}
/
[(
c2V + 3c2A

)
(1 + 2e)3

]
.

Looking at the elastic approximation with nucleon recoil and weak magnetism corrections,
one can compare it to the exact mean free path (bar correlations) from the Hartree response,
in order to assess the precision of the former for various conditions in a CCSN. The situation
at lower densities and temperatures, corresponding e.g. to the region in the neutrino driven
wind, is investigated in Fig.1. Here the ratio between the Hartree response and the elastic
approximation is shown along the analytic correction factor. Note that in both Fig.1 and
Fig.2 the underlying composition and interaction of the nucleons is described by the Hempel-
EOS [14] in the DD2-parametrization [16]. However, all findings presented here are practically
independent of the chosen RMF-parametrization. For a temperature of T = 0.9MeV and
density ρ = 109 g cm−3 one can see a nearly perfect agreement between the two. This seems
reasonable, as final state blocking is probably negligible under these conditions and the mean
free path is almost proportional to the cross section. Also the thermal energy of the nucleons
is not very large, justifying the assumption of an initial nucleon at rest. It seems safe to use
the corrected elastic approximation e.g. to determine the equilibrium electron fraction in the
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NDW when the neutrino spectrum from the proto-neutron star is known.

Figure 2: Ratio of mean free path from relativistic Hartree response to elastic approximation
(bright/red) at low densities and temperatures, compared to nucleon recoil and weak magnetism
correction factor(black). Solid and dashed lines correspond to neutrino and antineutrino ab-
sorption, respectively.

Higher densities and temperatures are studied in Fig.2. At a temperature of T = 5MeV and
a density of ρ = 1013 g cm−3 one finds that the corrected elastic approximation underestimates
the mean free path for almost all energies, both for neutrinos and antineutrinos. The deviation
is on the order of 10%, and it can reach more than 30% for neutrinos in the energy range
around 20MeV, which is particularly important for neutrino transport and emission in CCSN.
Therefore it is likely that this might affect the neutrino spectrum in the early cooling and
NDW phase, starting several hundred seconds post bounce. During the accretion and explosion
phase, the electron type neutrinos decouple mostly from lower densities, where this deviation
is smaller. However, one can find deviations on the order of 10% already above densities
ρ = 1012 g cm−3. Also, for temperatures above 5MeV an increase in the Hartree response
compared to the corrected elastic approximation by several percent is observed, even for the
lower densities, reaching ∼ 10% for T = 10MeV. Such temperatures can be realized at the
neutrinospheres in the early postbounce phase, potentially affecting the accretion and explosion
phase.

The general understanding behind the suppression of the elastic approximation compared to
the Hartree response is that the restrictions on momentum and energy exchange force the final
state particles into configurations with too large Pauli blocking. The correction factor cannot
improve this situation since it does not address the statistical factors. Ultimately, further work
has to be done to understand this observation in more detail. Yet one can conclude that the
elastic approximation, despite adding nucleon recoil and weak magnetism corrections, does not
reach a precision beyond the 10% level for charged current reactions of electron type neutrinos
at high densities (relevant only later times) and/or high temperatures (relevant at early times
postbounce). However, the approximation is well suited for conditions such as in the NDW,
where it reproduces the Hartree response with great accuracy.
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4 Conclusion

The relativistic Hartree response for weak neutrino-nucleon interactions was derived different
from the standard formalism in the literature. For charged-current reactions, the resulting new
expression is analytically more closed and allows to consider finite lepton masses like in charged-
current νµ-absorption. The improvements can also be applied to neutral-current scatterings, if
the neutrino distribution is isotropic or final state lepton blocking is negligible. The Hartree
response was compared to the elastic approximation with nucleon recoil and weak magnetism
corrections to assess the precision of the latter in CCSNe simulations. It was found that the
accuracy will be less than 10% for temperature above 5 to 10MeV and densities higher than
1012 g cm−3. The likely reason is an artificially strong final state blocking enforced by the rigid
kinematic constraints of the elastic approximation. Hence, it must be used with caution both
during the early accretion and explosion phase as well as the initial cooling phase. Nevertheless
it is well suited to describe neutrino-nucleon interactions in the neutrino driven wind, which
takes place at lower densities and temperatures. Future studies should try to understand the
limitations of the elastic approximation better. Also it would be interesting to compare both
the Hartree response and the elastic approximation in the framework of a dynamical CCSN
simulation to quantify the impact of different rates both on the explosion mechanics and the
subsequent neutrino spectrum in the initial cooling phase.
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2 E-46980 Paterna, Valencia, Spain

DOI: http://dx.doi.org/10.3204/DESY-PROC-2016-05/26

ANTARES is the largest undersea neutrino telescope currently in operation. This tele-
scope has been taking data continuously since 2007 with the aim to detect neutrinos from
astrophysical sources. A review of the point-like neutrino sources with the ANTARES
telescope is presented. The latest results of the all-flavour neutrino point-source analysis
with data from 2007 to 2013 and the results of the first combined ANTARES and IceCube
analysis are described.

1 The ANTARES neutrino telescope

ANTARES is the first undersea neutrino telescope [1]. It is in continuous operation since 2006,
and completed since 2008. It is located in the depth of the Mediterranean Sea (2475 m deep)
at coordinates (42◦ 48’ N, 6◦ 10’ E), 40 km South of Toulon (France). It consists of 12 lines of
350 m height with inter-line separations between 60 to 75 m, which house a total of 885 Optical
Modules (OMs). An OM consists of a 10” photomultiplier tube (PMT) contained inside a
17” glass sphere. The OMs are facing downward at an angle of 45◦ in order to improve the
detection of up-going muon-neutrinos. They are organized in triplets, so that there are 25
triplets (storeys) on each line, with a distance between consecutive storeys in the same line of
15m.

The detection principle is based on the indirect detection of high energy neutrinos which
interact via charged current (CC) or neutral current (NC) interactions with a nucleus inside
or nearby the detector volume. In case a muon neutrino interacts via CC, it produces a muon
which can travel a long distance before decaying. Since this muon travels at relativistic speeds
in water, Cherenkov radiation is emitted. This type of events are usually referred as track-
like. A fraction of the photons emitted from this radiation are detected by the PMTs, which
produces a signal or hit. With the collected charge and the time of arrival, a reconstruction of
these events is performed. Tau neutrinos can also produce this type of events.

On the other hand, all neutrinos interacting via NC or electron neutrinos and sometimes
tau neutrinos via CC can produce cascade-like events. In this case, a fraction of the original
neutrino energy is deposited via a hadronic and/or an electromagnetic shower. The photons
coming from these showers expand spherically from the interaction vertex. The reconstruction
is performed with the detected photons coming from the shower.
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2 ANTARES point-source search including cascades

For the first time, a search for point-like sources including cascades has been performed. The
addition of cascades provides the ability to perform these searches with all flavours of neutrinos
both via charged current and neutral current interactions.

2.1 cascade reconstruction

log(EMC/GeV)

2 3 4 5 6 7 8

m
ed
ia
n
ξ/
°

0

2

4

6

8

10

12

14 νe CC
νx NC

Preliminary

log(EMC-Shower/GeV)

2 3 4 5 6 7 8

m
ed
ia
n
E

re
c
o
/
E

M
C
-S
h
o
w
e
r

0

0.2

0.4

0.6

0.8

1

1.2

1.4
νe CC

νx NC

Preliminary

Figure 1: Left: Angular resolution for cascades coming from νe charged current interactions
(red) and from NC interactions of neutrinos of all flavours (blue). Right: median energy
resolution between the reconstructed energy and the deposited energy of the interaction. Both
figures have been calculated for events with neutrino-interaction vertices of |Zvertex| < 200 m,
ρvertex < 90 m from the detector centre. The error-bars in the y axis denote the 1σ region.

A new reconstruction for cascade events [2] was developed to include these events in point-
like source searches. This reconstruction is based on a two-step procedure.

The first step consists on the interaction vertex reconstruction, where an expanding spheri-
cally shell of photons from this point is assumed. This is done via a pre-fit with the information
of all selected hits, in which we assume that they have been produced from the same interaction.
That leads to a set of equations which are minimised via an M-estimator fit,

MEst =

N∑

i

(
qi

√
1 + t2i−res/2

)
(1)

where qi and ti−res denote the charge and the time residual (difference between the expected
and the actual arrival time) of the hit i.

The second step consists on the direction reconstruction. In this case, all hits coming from a
triggered event in a time residual window of -200 < tres < 500 ns are considered, where the tres
is the time residual with respect to the previously fitted vertex. The direction of the cascade is
then obtained by performing a maximisation of a likelihood, defined as:
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L =

Nselected∑

i=1

log [Pqi>0(qi|Eν , di, φi, αi) + Pbg(qi)]

+

NPMTswithout hits∑

i

log [Pq=0(Eν , di, φi)] . (2)

In this equation, Pqi>0 denotes the probability for a PMT, i, to have measured a charge
qi, Pq=0 is the probability for an absence of a detection in a PMT, and Pbg is the probability
for a hit to be originated via background. All of these probabilities depend on the charge of
the hit, qi. Also, Pqi>0 and Pq=0 depend on the neutrino energy, Eν , the distance between the
PMT i and the vertex of the interaction, di, the angle between the neutrino direction and the
vector which connects the PMT i and the vertex of the interaction, φi, and the angle between
the direction of the PMT with the same vector, αi.

The performance of this reconstruction can be seen in figure 1. A median angular resolution
between 2◦ and 4◦ degrees can be achieved for contained events (events within |Zvertex| < 200
m, ρvertex < 90 m from the detector center according to our simulations) with neutrino energies
of Eν between 103 and 106 GeV for electron neutrino events interacting via CC. An estimate
of the angular resolution of the cascade reconstruction can be obtained by using a data sample
dominated by atmospheric muons. These events can be reconstructed both as track-like events
and as cascades. Figure 2 shows the angular difference between the directions obtained from
these two reconstructions for a loose cut dominated by atmospheric muons. The low difference
between the reconstructed directions of both reconstructions shows the performance of the
cascade reconstruction.
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Figure 2: Angular difference between the reconstructed directions given by the track and cascade
reconstructions. Black dots: Values obtained from data. Blue line: Values obtained from
simulations. Magenta line: Values obtained for atmospheric muons from simulations with an
angular resolution in the cascade channel lower than 5◦.
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2.2 Search method

The data sample contains data recorded from Jan 29, 2007 to Dec 31, 2013. The event selection
for the track-like channel is identical to the last published point-source analysis [3], which
consists on a cut on the reconstructed zenith angle, cos(θtrack) < 0.1, an angular error estimate
of 0 < βtrack < 1◦, and a quality of the reconstructed track of Λtrack > -5.2. These parameters
are obtained from the track reconstruction mechanism, which uses a maximum likelihood (ML)
method [4, 5]. This reconstruction is based on a multi-step procedure to fit the direction of the
muon by maximising the Λtrack parameter. The angular error estimate, σ, is calculated from
the uncertainty on the zenith and azimuth angles extracted from the covariance matrix.

The event selection for the cascade channel is obtained via a set of multiple cuts. First of
all, a veto of the events which have been selected in the track channel is performed. Secondly,
only events reconstructed as up-going or with almost horizontal directions (cos(θsho) < 0.1),
and with a reconstructed interaction vertex close or inside the detector volume (ρshow < 300m,
Zshow < 250m) are included. Additionally, a maximum angular error estimate of 10◦ degrees
is allowed. A combined cut on the GridFit Ratio [6] parameter and the number of selected
hits by the cascade reconstruction is performed. Finally, a cut on a muon/cascade likelihood
discrimination parameter and a cut on the ratio between the collected charge before and after
the expected expected time recorded by the OMs is applied.

Afer this criteria, a total number of 6490 track-like and 172 cascade-like neutrino candidates
are obtained. Figure 3 shows the location of these events in equatorial coordinates.

α = −180°α = 0°α = 180°

δ = −90°

δ = −60°

δ = −30°

δ = 0°

δ = 30°

δ = 60°

Tracks

Showers

Preliminary

Figure 3: Skymap in equatorial coordinates of the reconstructed directions of the track-like
(green) and cascade-like (red) events.

An unbinned likelihood maximisation with an extended likelihood definition is performed in
order to search for excesses of events. This likelihood takes into account the directional infor-
mation and the reconstructed number of hits, N as information of each event. The likelihood,
as a function of the total number of fitted signal events, µsig, can be expressed as:
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logLs+b =
∑

S

∑

i∈S
log

[
µS
sig · PSFS(∆Ψi) ·NS

sig(Ni) +B S(δi) ·NS
bkg(Ni)

]
− µS

sig (3)

+ P (µsh
sig|µtr

sig · Ash(δs)/Atr(δs)).

where S denotes the track (tr) or cascade (sh) sample, PSF(∆Ψi) is the point spread function
value for a given event i at a distance ∆Ψi from the assumed source, B(δ) is the background
rate of data events as a function of the declination δ, NS

sig(N ) and NS
sig(N ) are the probability

density functions which give the probability for an event to be signal or background given
the number of hits N , and AS(δs) is the acceptance (proportionality constant between a flux
normalisation, Φ0 and the number of expected events detected given an E−2 source spectrum
at a declination δs). The poissonian term, P (µsh

sig|µtr
sig · Ash(δs)/Atr(δs)) is included to take into

account the expected ratio between the number of signal events between the track and cascade
channels. Figure 4 shows the acceptance for the cascade and track channels.
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Figure 4: Acceptance for the track (blue) and cascade (red) channel assuming an E−2 spectrum.
The cascade acceptance has been multiplied by 3 in this figure.

From this likelihood, a test statistic, TS, is defined so that TS = logLs+b − logLb, where
Ls+b is the maximised likelihood, and Lb is the likelihood value for the background only case.

Different search strategies are followed in order to look for candidate clusters which could
exceed the expected background. In the full sky search, the whole sky is scanned. Per each
cluster, also the direction of the hypothetical source is fitted. In the candidate list search, the
location of 52 known high-energy gamma-ray emitters are considered, where the coordinates of
the source are fixed. A separate candidate list search for the location of the eight track-like
events from the Southern Sky observed by the IceCube experiment in their 3 year High Energy
neutrino sample [7] is considered, where the fitted location of the fitted source is set to twice the
angular error estimate of the IceCube events. Finally, a scan over the region around the galactic
center (half-axis radii of 30◦ in galactic longitude, and 15◦ degrees in latitude) is performed.
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2.3 Results

No significant clusters of events are observed in this analysis. The most significant cluster in the
full sky search is found at a location of (α, δ) = (–46.8◦, –64.9◦) in equatorial coordinates with
a post-trial significance of 4.2% (2.0σ in the two-sided convention). A total of 17(7) track-like
events are observed within 3(1)◦ degrees and 1 cascade event within 10◦. The most significant
cluster of the candidate list search corresponds to the one corresponding to the location of
HESSJ0632+057, with a post-trial significance of 20% (1.27σ). A total of 6(1) track events are
observed within 3(1)◦, and a total of 3 cascades are observed within 15◦. The most signal-like
cluster corresponding with the location of an IC event corresponds to (α, δ) = (130.7◦, 29.5◦),
associated with IC track ID3. Finally, the most significant cluster of the search around the
Galactic Centre is observed at (α, δ) = (110.0◦, 50.8◦) with a post-trial significance of 74%
(0.33σ).

Limits from the 52 candidate sources and the sensitivity at a 90% confidence level for a
fixed-source search with an E−2 energy spectrum are reported in figure 5, which present the
best sensitivities for a large fraction of the Southern sky. The comparison with the 4 year
analysis of IceCube is also presented.
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Figure 5: 90%CL limits and sensitivities following the Neyman approach [8]. The blue dots
correspond to the limits of the 52 candidate sources. The blue line denotes the sensitivity for a
point-source using a fixed-source analysis in this analysis. As a comparison, the sensitivity for
the 4 year point-source analysis from IceCube is present.
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3 Combined ANTARES-IceCube point-source analysis

The results of a search for point-like sources with data collected from the ANTARES and
IceCube experiments were published recently[9]. Despite the significantly smaller volume of
ANTARES compared with IceCube, its location provides a view of the Southern sky with
significantly reduced background for neutrino energies below 100 TeV. The complementarity
of both detectors with respect to sources coming from the Southern sky is due to the different
geographical location, size and atmospheric muon background, allowing for a gain in sensitivity
by combining data from both detectors.

The data sample corresponds to all events coming from the Southern Sky included in the
three-year IceCube point-source analysis [10] and the 2007-2012 ANTARES one [3]. No cascade-
like events were included in this analysis. The ANTARES sample contains data recorded from
Jan 29, 2007 to Dec 31, 2012, whereas the IceCube one corresponds to data collected from Apr
5, 2008 to May 13, 2011 with the partially completed detector, and without the use of the Deep
Core strings.

No significant clusters were found in this search. Figure 6 shows the sensitivities and limits
obtained for the cases of an E−2 and a E−2.5 energy source spectra. They are compared with
the individual samples used in this analysis. The region of improvement due to the combination
of the samples varies with the assumed energy spectrum of the source. An improvement factor
of about 2 can be reached for an E−2 spectrum in regions close to the Galactic Centre. For
steeper energy spectra the area of the sky with an improved sensitivity switches to declinations
closer to the equator.

Figure 6: Point source sensitivities and limits for a 90% CL using the Neyman method [8]
for energy spectra of E−2 (left) and E−2.5 (right). The green line indicates the sensitivity for
the combined search. Red and blue curves indicate the sensitivities for the individual IceCube
and ANTARES analyses, respectively. As reference, the declination of the Galactic Center is
approximately at sin(δ = −29◦) ≈ -0.48.
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4 Conclusions

A review of the latest results of point-like neutrino source searches with the ANTARES neutrino
telescope has been shown. The first search for point-sources using both cascade and track
events has been presented, with no statistically significant signal clusters found. A specific
reconstruction for cascades had to be developed, leading to median angular resolutions between
2 and 4◦ for energies between 103 and 106 GeV. 90% CL limits and sensitivities for this search
have been presented. A brief summary of the first combined analysis using data both from the
ANTARES and IceCube experiments is also given, where an improvement up to a factor of 2
in sensitivity is achieved.
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In this presentation we review the current status of standard solar models (SSMs) and
the solar abundance problem. We show that the most recent generation of SSMs (B16)
yields neutrino fluxes that favors solar models with high metallicity interiors. This is in
agreement with helioseismic probes of the solar interior, which also favor high-metallicity
solar models. For the first time, both solar neutrino fluxes and helioseismology point
towards the same preferred solution. However, because available neutrino data refers
only to fluxes coming from the pp-chain, this preference is not towards a certain solar
composition but rather towards a given internal temperature profile. At this point, the
degeneracy between solar composition and radiative opacities cannot be broken. Future
CNO solar neutrino experiments are the most promising way of elucidating the answer
to this conundrum. In this presentation, we also show that for cases where the detailed
solar composition is not a critical factor, SSMs are an excellent framework over which to
test non-standard physics in solar (stellar) interiors and a laboratory for particle physics
regardless of the solar abundance problem.

1 Introduction

About 15 years have passed since neutrino flavor oscillations were confirmed in solar neutrinos
directly by the measurements of the 8B solar neutrino flux, Φ(8B), by SNO [1, 2]. The discovery
came after more than 30 years of controversy, following the initial results of the Homestake
experiment [3], that have seen neutrino experiments, solar models and incomplete understanding
of the physics of neutrinos being discussed as possible culprits of the solar neutrino problem.
Kamiokande first [4], and the gallium experiments afterwards (SAGE [5, 6] and GALLEX
[7]), confirmed the problem of the missing neutrinos. At the same time they established a
pattern of fluxes with strong indications that an astrophysical solution, i.e. lowering the fluxes
predicted by solar models, could not be reconciled with the experiments. Moreover, during
the mid 90s, helioseismology was established as a reliable diagnostics tool of the structure of
the solar interior, and the agreement between standard solar models (SSMs) and helioseismic
inferences was astoundingly good [8, 9]. As a result, the second half of that decade saw a
rapidly decreasing number of advocates favoring a solar model solution to the solar neutrino
problem. Then, Super-Kamiokande discovered oscillations of atmospheric neutrinos [10]. And
soon, SNO not only discovered solar neutrino oscillations but showed that SSM predictions for
the Φ(8B) flux were spot on [11, 12]. These two experiments then firmly established the reality
of neutrino flavor oscillations, showing at the same time the incompleteness of the standard
model of particles and the soundness of SSMs as an accurate description of many properties of
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the Sun [11, 13]. A recent historical account of the development of solar neutrino experiments
and models can be found in [14].

Coincidentally with the discovery of neutrino oscillations, development of three dimensional
models of the convective solar atmosphere [15, 16] and refinement of spectroscopic techniques
and data (oscillator strengths of line transitions, line formation in non-local thermodynamic
equilibrium) brought about a strong reduction in the spectroscopically determined metal abun-
dances in the solar photosphere compared to older determinations [17, 18]. This is particularly
important for the volatile and abundant carbon, nitrogen and oxygen, which added together
amount to more than 2/3 of the solar metal content. This reduction, that amounts to up to
40% depending on the element and the authors [19], has a strong impact in solar modeling
and puts into question the quality of SSMs as description of the solar interior properties as
determined from helioseismic measurements. The apparent limitations of SSMs are evident in
the predicted sound speed and density profiles, depth of the convective envelope, surface helium
abundance, small frequency separation ratios (e.g. [13, 20]) among other diagnostics. Is the
solar abundance problem in fact a standard solar model problem that shows the limitations of
this framework? If so, then it is extensive to stellar modeling in general. Does the problem
lay in the assumptions (simplifications) entering standard solar model calculations or in the
microphysics (equation of state, radiative opacities, nuclear reaction rates) employed? Is it,
on the contrary, a problem with solar abundances? If so, then it is extensive to almost all
inferences of cosmic abundances, for most of which solar abundances are the yardstick against
which they are determined. Or is the problem in our understanding of atomic physics, or of 3D
solar model atmospheres? All these questions are of paramount importance not only for stellar
astrophysics and astronomy, but for any field for which cosmic abundances are a quantity of
interest.

In this presentation we briefly review the status of the solar abundance problem and present
some results of an up-to-date generation of SSMs for both high (based on 1D model atmo-
spheres, e.g. [17]) and low (based on 3D model atmospheres, [18]) solar metallicity. Theoretical
predictions, based on updated SSMs, show for the first time since the solar abundance problem
appeared, that helioseimic properties of the Sun and solar neutrino fluxes reflect the same strat-
ification in the solar interior, consistent with that of high-metallicity SSMs. We argue, however,
that this is not necessarily an indication of a high-metallicity but rather of a well determined
temperature profile. Also, we discuss the limitations of the framework defined by SSMs and
show that, by allowing variations of the microscopic inputs within the experimentally allowed
space, SSMs continue to offer a good description of the solar interior. Therefore, and despite of
the solar abundance problem, SSM predictions are still a benchmark against which to test more
complex physical descriptions of the solar interior or even to test properties of hypothetical
candidates to dark matter or non-standard properties of particles.

2 B16: a new generation of SSMs

In 2011, a round of SSMs was published [21] that included the nuclear cross sections recom-
mended by the then recently published Solar Fusion II review article [22]. Since then, rates
for some of the relevant nuclear reactions for solar models have been revised following both
theoretical work or a reanalysis of existing experimental data. The changes in the rates are
not dramatic, but Φ(8B) and Φ(7Be) solar fluxes are now measured to excellent precision
[23, 12, 24] so even modest changes in the models translate into differences that are potentially
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Figure 1: Fractional change of the SSM Φ(7Be) and Φ(8B) fluxes with respect to the previous
generation of SSMs based on Solar Fusion II reaction rates.

measurable by current and future neutrino experiments.

The most important changes have occurred for p+ p [25], 3He +4 He [26] and p+7 Be [27].
While the latter only impacts the prediction of Φ(8B), the former two affect Φ(7Be) as well.
It is worth mentioning changes in the astrophysical factor S11(E) stem not only from changes
in S(0) but also in S′(0) and higher order derivatives. The relative variations introduced
by each of these rates in the fluxes are shown in Fig. 1 in black arrows while the red arrow

GS98 AGSS09 Helios.

αMLT 2.18± 0.05 2.11 -
Yini 0.2717± 0.0056 0.2613 -
Zini 0.0187± 0.0013 0.0159 -
YS 0.2426± 0.0059 0.2316 0.2485

±0.0035
ZS 0.0170± 0.0012 0.0134 -
YC 0.6320± 0.0053 0.6209 -
ZC 0.0200± 0.0014 0.0159 -

RCZ/R⊙ 0.7117± 0.0048 0.7224 0.713
±0.001

〈δc/c〉 0.0005+0.0006
−0.0002 0.0021 -

Table 1: Main SSM characteristics from the dif-
ferent sets of MC simulations. Also included are
helioseismically inferred values.

shows their cumulative effect, i.e. the over-
all change from the older generation of SSMs
(SFII) to the new one (Barcelona 2016, B16
in short form). These changes are common
to all SSMs regardless the detailed composi-
tion used to build them, so they are the same
for GS98 and AGSS09 solar compositions. As
shown in the figure, B16 predictions for Φ(8B)
and Φ(7Be) are about 4% lower than for the
SFII SSMs. Changes in other fluxes of the
pp-chains are smaller, and well within the un-
certainty from neutrino experiments.

Helioseismic probes are not sensitive to
the changes in the nuclear rates from SFII
to the newly adopted values to a measurable
level. Only S11 could introduce some changes
but these are too small to be of relevance. Fig. 2 shows results for the sound speed profile of
SSMs corresponding to GS98 and AGSS09, the most widely used compositions. These are re-
sults of two sets of Monte Carlo simulations (Vinyoles et al. in prep.) consisting of 10000 SSMs
each. In each panel, the red curve shows the results for the central SSM, green dotted lines show
the 1-σ contours and the intensity of the color shade represents a histogram of the frequency of
a given δc/c occurring at a given depth r/Rsun. From the figures, it is clear that models based
on AGSS09 do not describe helioseismic inferences properly, as it has been demonstrated often
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Figure 2: Histograms of sound speed profiles of SSMs where intensity indicates the frequency of
δc/c values at given r/Rsun in the MC simulations. Red lines correspond to central values and
green dotted lines represent 1-σ contours of model uncertainties. Black crosses are the sound
speed uncertainties propagated from uncertainties in p-mode frequencies.

in the past. Table 1 offers a summary of SSM properties and uncertainties derived from the
MC simulations. For reasons of space, errors of the AGSS09 set have not been included in the
table, but are quite similar to those of the GS98 MC set.

GS98 AGSS09 Exper.

Φ(pp) 5.99(1 ± 0.006) 6.04 5.971+0.037
−0.033

Φ(pep) 1.44(1 ± 0.01) 1.47 1.448 ± 0.013

Φ(hep) 8.00(1 ± 0.30) 8.27 ≤ 19+12
−9

Φ(7Be) 4.80(1 ± 0.06) 4.38 4.80+0.24
−0.22

Φ(8B) 5.32(1 ± 0.12) 4.37 5.16+0.013
−0.09

Φ(13N) 2.78(1 ± 0.15) 2.05 ≤ 12.7
Φ(15O) 2.05(1 ± 0.17) 1.44 ≤ 2.8
Φ(17F ) 5.30(1 ± 0.20) 3.26 ≤ 85

Table 2: Neutrino fluxes for the different B16
SSMs with the correspondent model errors and
experimental results from a combined analysis
of all neutrino experiments [24].

Results confirm earlier findings, with the
B16 set of SSMs yielding very similar helio-
seismic results than the previous SFII gener-
ation of SSMs. Helioseismic probes of the so-
lar interior clearly favor solar models based
upon the GS98 composition, i.e. a high-
metallicity solar composition, over the more
modern and physically sound AGSS09 values.
It is important to emphasize that the avail-
able set of helioseismic probes is not directly
sensitive to the solar composition but to the
actual temperature-density-pressure compo-
sition which, in turn, depends on the radia-
tive opacity in the solar interior. The im-
pact of metals in the solar structure is mostly
through their importance as opacity sources. Therefore, helioseismic probes should be con-
sidered dependent on the opacity profile rather than on the abundance of metals. The solar
abundance problem still remains open.

Detailed results for solar neutrino fluxes are given in Table 2. SSM results correspond
to the MC sets and, again for reasons of space, fractional errors for the AGSS09 have been
omitted (being very similar to those from GS98). Experimental results correspond to the
results of the combined analysis of all available neutrino data [24] together with the luminosity
constraint. Interestingly, the reduction in the predictions of Φ(8B) and Φ(7Be) in the B16
solar models brings the B16-GS98 results to a closer agreement with experimental results than
its B16-AGSS09 counterpart for which now theoretical predictions are lower than experimental
values. This is at odds with the previous SFII generation of models for which GS98 and
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Figure 3: Comparison of solar neutrino fluxes determined from all available neutrino data (black
lines [24]) and the previous (SFII - dotted lines) and current (B16 - thick solid lines) generations
of SSMs.

AGSS09 compositions led to solar models that had Φ(8B) and Φ(7Be) fluxes in practially
equal agreement with experimental data [21].

The new situation is more clearly illustrated in Fig 3 where model and experimental results
are compared. Fluxes are normalized to experimental values [24]. Results from the older
SFII SSMs are shown in dotted lines and, for GS98 and AGSS09 compositions, are almost
symmetrically located to each side of the experimental result of the corresponding flux, Φ(8B)
or Φ(7Be). With the B16 models, in solid lines, experimental results clearly show a preference
for the GS98 SSM. A detailed quantification of the level of agreement of each of the B16 SSMs
is ongoing work (Song et al. 2016 in prep.).

As stated above, helioseismic probes have a strong preference for GS98 based SSMs, although
as also mentioned this cannot be interpreted as direct measurement of the solar composition
but rather an indirect determination of the opacity profile in the solar interior [28, 29]. For
the SFII models, it was not possible to claim that neutrino experiments had a preference of
models of a given composition. Now, however, this situation has changed and for the B16 set of
models solar neutrino fluxes also show the same results: GS98-based SSMs are to be preferred.
For the first time solar neutrinos and helioseismology favor the same solar interior properties,
consistent with those inferred from high metallicity solar models.

It is important to realize that neutrino fluxes originating in any of the pp-chain reactions
are sensitive also to the temperature stratification in the solar core. This is to say, they are
not directly sensitive to the composition but rather to the opacity profile. The situation is
therefore very much the same as for the helioseismic probes: the sensitivity lies in the opacity
profile, not the composition. For any of these probes, there is a degeneracy between opacity
and metal abundances that needs independent constraints to be broken. At this moment, it
is not possible to state whether AGSS09 metal abundances are too low or all atomic opacity
calculations are intrinsically flawed and underestimate the actual radiative opacity in solar (and
stellar) interiors.

Recently, the first ever experimental measurements of iron opacity under conditions quite
close to those found at the base of the convective envelope of the Sun have become available [30].
These results seem to indicate that, in fact, opacity calculations [31, 32] underestimate the true
iron opacity by large fractions that result in a final Rosseland mean opacity (the one actually
relevant in solar interior calculations) that is underestimated by about 7% at the base of the
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convective envelope. While clearly not enough to bring AGSS09 models into agreement with
helioseismic data because an increase of the order of 15 to 20% is needed, these results are the
first indication that in fact atomic opacity calculations might need a thorough revision. Some
work in this direction has been carried our recently [33], showing that the treatment of line
broadening alone may introduce an uncertainty level of several percents in opacity calculations.

3 Best-fit SSM

In the standard framework of SSM calculations the number of free parameters is kept to a
minimum and phenomenological calibrations are avoided as much as possible (see e.g. [34]
for more details). This strategy ensures that SSMs the recipe with which they are computed,
being well defined, yields robust predictions. But, at the same time, it is clear that physical
phenomena are modeled poorly in SSMs (e.g. near surface convection) or not modeled at all
(e.g. rotation). It is also well known SSMs cannot account for some observations, e.g. the solar
surface lithium abundance (more then 2 orders of magnitude lower than found in meteorites)
among others.

A question that can be asked is: what are the limits of the SSM framework? Or, posed
differently, what is the best possible description of solar interior properties the SSM framework
can offer? The answer is important for several reasons. Among others: SSMs are used to set
limits to exotic particles or non-standard properties of standard particles, SSM framework is the
same entering most of stellar structure and evolution models, SSMs are the reference against
which non-standard stellar physics is tested.

Figure 4: Sound speed profiles as in Fig. 2. The best-fit SSM (see text for details) is shown in
black. The red and grey shaded area show the 1-σmodel and sound speed inversion uncertainties
respectively.

A way of answering this question is to allow input parameters (nuclear reaction rates, com-
position, opacity profile, etc.) in the SSMs as quantities that can be varied to provide the
best possible fit to combined helioseismic and solar neutrino data. This exercise was carried
out initially by [29], where a global χ2 function was built using 32 helioseismic constraints (30
points of the sound speed profile, depth of convective envelope, surface helium abundance) and
the Φ(8B) and Φ(7Be) neutrino fluxes. The response of each of these quantities to changes
in the input parameters was built using power-law expansions and the input parameters were
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allowed to vary around their measured values by introducing the concept of pulls with a penalty
function in the global χ2. χ2 is then minimized with respect to these pulls to offer a set of
varied input parameters that allow the reconstruction of a best-fit SSM.

Later, the idea was extended to produce bounds for properties of exotic particles (axions
and dark photons) [35]. In this approach, the solar composition is allowed to vary freely (no
penalty). In the case of SSMs, the resulting sound speed profile of the best-fit SSM is shown in
Fig. 4, where it is compared to those from GS98 and AGSS09 SSMs. As it can be seen in the
figure, the performance of the GS98 model can be improved if input parameters in the SSM
are varied (usually within 1-σ) from the currently accepted values. Of course, the best-fit SSM
reflects a solar composition close to that of GS98. The idea that SSMs can be used in studies
of particle physics, regardless of the unsolved solar abundance problem, then relies on the fact
that the interaction of these particles with standard matter (e.g. magnetic dipole of neutrinos),
or the energy loss rates (in the case of weakly interacting particles), does not depend (or does so
very weakly) on the detailed composition of the solar interior. This is very often the case, and
under these conditions, the best-fit SSM offers a very stringent limit to the maximum impact
non-standard physics can have in modifying solar interior properties. This has been exploited,
for the first time, to improve existing constraints in axion-photon coupling and dark-photons
kinetic coupling
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The detection of neutrinos resulting from the CNO cycle would be the first direct evidence
of the nuclear process that is believed to fuel massive stars. A precise measurement of the
CNO solar neutrino fluxes would also help resolving the solar metallicity problem, as the
predicted fluxes strongly depend on the inputs of the solar modelling. This articles, part
of the Magellan 16 proceedings, reviews the connections between CNO neutrinos and solar
metallicity, and the experimental attempts to detect them.

1 Introduction

CNO neutrinos are the neutrinos emitted in the CN and NO bi-cycle, one of the two set of
fusion reactions in the Sun. The reactions in the CNO bi-cycle which involves the emission of
neutrinos are the following:

13N → 13C+ e+ + νe (1.19MeV), (1)
15O → 15N+ e+ + νe (1.73MeV), (2)
17F → 17O+ e+ + νe (1.74MeV), (3)

where the energy in parenthesis is the kinetic energy available to the final states of the reactions.
The relevance of the CNO bi-cycle to the total luminosity of the Sun is estimated to be of the
order of ∼ 1%: the contribution to the energy budget of the CNO reactions is marginal in Sun-
like stars and therefore the flux of the CNO neutrinos is low, in the ballpark of one hundredth
of the pp solar neutrino flux, and hard to determine experimentally.

Nevertheless, a precision measurement of the CNO neutrino flux would be of paramount
importance in astrophysics: the accuracy of the physical description of the Sun provided by
Solar Standard Models (SSMs) has been challenged by developments in stellar spectroscopic
techniques over the last decade. An experimental determination of CNO neutrino fluxes is likely
the only probe to settle the challenge.

The accuracy of the description of the physics of the Sun is critical because of the fun-
damental role that Solar Standard Models play in our understanding of the Universe. The
Solar Standard Model is the calibration input for stellar evolution and plays a fundamental
role in cosmology. Examples of the role of the SSM as source of calibration in astrophysics and
cosmology are the following: convection models in stars are calibrated forcing solar models to
reproduce present day solar radius and temperature, the evolution of metals and helium in the
Universe needs input from both Big Bang Nucleosynthesis and initial SSM composition, the
SSM is used as a benchmark against additional physics processes in stars.
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2 The Solar abundance problem

The agreement between solar models and helioseismology has been altered after new spectro-
scopic determinations of the photosphere composition [1]. The new determinations were ob-
tained with an advanced three-dimensional hydrodynamic model instead of a one-dimensional
model, better atomic and molecular data, and non local thermodynamic equilibrium (NLTE)
calculations. Using the new input, the abundances of C, N, O in the Sun are lowered by 20-
30%. The new abundances are challenging for the SSM, because the previous agreement with
helioseismic data is lost.

Does this disagreement question the validity of the Solar Standard Models or stellar models
in general? The answer is not easy. ”It seems clear that the low metallicity solar abundances
are here to stay”, says Serenelli [2]. A good consequence of the Solar abundance problem is that
it motivated further work on solar models, such as nuclear reaction rates, radiative opacities,
and state equations.

Solar opacities and CNO neutrinos play a major role in the Solar abundance problem. A
suitable change of solar opacity profile produces same effects on helioseismic observable and
neutrino fluxes of a change of solar composition, except for CNO neutrinos. CNO neutrinos
can thus break the degeneracy between solar abundances and radiative opacities.

3 Solar neutrinos and solar abundancies

This section is an informal review of the experimental determination of the solar neutrino fluxes
and what the determinations can tell us about the Sun. Both the experimental determination
and SSM predictions are subject to rapid changes over time, so the values reported here are
truncated at the first significant digit or given as order of magnitude. Any reader interested in
more digits can find them in the references.

The solar neutrino detectors which are operative at present day are Borexino [3], 300 ton
(fiducial) liquid scintillator detector at Laboratori Nazionali del Gran Sasso (LNGS) in Italy,
and Super-Kamiokande [4], 22.5 kton (fiducial) water Cherenkov detector at the Kamioka mine
in Japan. Borexino is engaged in the spectroscopy of solar neutrinos, which is possible due
to the low threshold (as low to detect pp neutrino recoils on electrons) and the ultra-pure
detector conditions. Super-Kamiokande is exploiting its big mass and directionality capabilities
to perform a precision measurement the flux solar neutrinos which recoils on electrons with
kinetic energy above 3.5MeV, which are essentially 8B neutrinos (the flux of hep neutrinos is
to low to allow for a detection at present time).

The neutrinos emitted in the pp and pep reactions are the ones whose fluxes are predicted
with the highest accuracy by the SSM, because of the luminosity constraint. The uncertainty of
the pp flux prediction in the SSMs is below the per-mille level, while the uncertainty of the pep
flux is at the percent level. The neutrino fluxes from these reactions are not directly sensitive to
the Solar abundances, but to the radiative opacities. The flux of pp and pep reactions is indeed
mostly driven by the core temperature, therefore to the radiative gradient determined by the
opacity. Neutrinos from pp and pep reactions are not good probes for the Solar abundances,
but they may be excellent probes of the core temperature if their flux is measured with enough
precision, and they provide a test of the solar luminosity.

The experimental accuracy is about 10% for pp neutrinos (Borexino, [5]) and about 25% for
pep neutrinos (Borexino, [6]). The determination of the pp neutrino interaction rate in Borexino
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is challenging because of the backgrounds due to of 14C. The determination of the pep neutrino
interaction rate in Borexino is challenging because of the low statistics (few events per day in
the region of interest and the fiducial volume) and the backgrounds due to the cosmogenic 11C
and the radiogenic 210Bi.

7Be and 8B solar neutrinos are emitted in the proton-proton chain, therefore their fluxes
are subject to the same degeneracy between the core temperature (then radiative opacity) and
the Solar abundances described above. The experimental determination of the 7Be and 8B
solar neutrino flux is more precise than their theoretical counterpart in the SSMs. The best
measurement of the 7Be solar neutrino flux is from Borexino [7], with an accuracy of about 5%.
The uncertainty in the SSM is about 7%. The best measurement of the 8B solar neutrino flux
is from Super-Kamiokande [8], with an accuracy of about 3%. The uncertainty in the SSM is
about 14%.

8B solar neutrinos deserve a few more sentences of merit, even if a bit off-topic. The
measurement of the 8B solar neutrino interaction rate in the SNO experiment, exploiting both
neutral current (sensitive to all neutrino flavors) and charged current reactions (sensitive to
electron neutrino only) in in D2O, firmly established the flavor conversion of solar neutrinos.
Art Mc. Donald, spokesperson of SNO, was awarded half of the Nobel prize in 2015, and
the other half was awarded to Takashi Kajita of Super-Kamiokande for the discovery of the
atmospheric neutrino oscillation in Super-Kamiokande.

Closing this off-topic paragraph on neutrino oscillation and history of physics, we return to
CNO neutrinos. The temperature profile in the solar core is established by the proton-proton
chain (and not by the CNO bi-cycle), therefore the experimental measurement of CNO neutrino
flux may be used to probe the Solar abundances, being the flux linear in the abundance of carbon
and nitrogen. The only experimental limit on the CNO neutrino flux is from Borexino [6].
The limit is about 40% higher than the high metallicity SSM predictions, therefore the Solar
abundances of metals are basically unconstrained.

4 The challenges of CNO neutrino detection

It should be clear from the previous sections that CNO neutrinos are the perfect probe to
determine the solar abundances. The goal should be clear: measure the CNO neutrino fluxes
to get the abundances. Why this has not been done? Because an experimental determination
of the CNO neutrino flux is extremely, extremely, challenging.

The reason why CNO neutrinos are the best probe is also one of the reason why they are so
hard to detect. The solar luminosity and the temperature in the core are driven by the proton-
proton reactions, with the CNO bi-cycle reactions being a marginal source of energy in the Sun.
This means that the CNO neutrino flux can discriminate between the high metallicity and low
metallicity SSM models, breaking the degeneracy with the radiative opacity. But this also means
that the CNO neutrino fluxes from the Sun are low, 3 –5 · 108 cm−2 s−1, at the level of 1% of
the pp neutrino flux. The low flux alone would be not so much of a problem: 8B neutrinos
are even lower in flux (a factor hundred less), but many of their recoils have high enough
energy to be detectable even with water Cherenkov detectors, at energy above backgrounds
from radiogenic and cosmogenic radioactivity. The Nature is not so kind with CNO neutrinos:
the CNO energy spectrum falls below 2MeV, and this means being overwhelmed by natural
radioactivity backgrounds.

Even if a large fraction of the CNO neutrino spectrum is above the Cherenkov emission
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threshold in water, CNO neutrinos are well below the experimental threshold of the water
Cherenkov detector Super-Kamiokande (about 3.5MeV). The only detector type available today
for detecting CNO neutrinos are ultra-pure organic liquid scintillators. Borexino at LNGS is
the most radio-pure detector between 200keV and 2MeV, among the detectors operated at
present time and in the past. Even Borexino could only provide limits to the CNO neutrino
flux, because of the residual radioactive backgrounds and the correlation with pep neutrinos in
determining the fluxes with fit to the energy spectrum.

The main radioactive backgrounds in Borexino, which any future organic liquid scintillator
detector for CNO neutrinos will have to fight, are the radiogenic 210Bi and the cosmogenic 11C.

210Bi is a β− emitter with end point 1.16MeV and five days half-life. The real problem
is that the spectral shapes of 210Bi and electron recoils from CNO neutrinos are very similar
and do not show distinct features like peaks. 210Bi is part of the 238U chain, its predecessor is
210Pb and its daughter is 210Po. 210Bi and 210Po are found not to be in secular equilibrium,
therefore constraining the activity of 210Bi from the rate of 210Po (which is easier to measure)
is not trivial (but not impossible in principle, as shown in [9]). It is particularly challenging to
remove 210Bi by purification methods [10]; it is indeed the only radiogenic β− emitter in the
phase-II of Borexino whose activity is above 10 decays per day per 100 tons (14C is excluded
in this evaluation).

11C is a cosmogenic radioactive isotope, generated in the inelastic scattering of muons on
12C, µ+11C → µ+12C+n. 11C is a β+ emitter with end point 1.98MeV (including the energy
from the annihilation of the electron-positron pair) and 20 minutes half-life. The background
due to cosmogenic isotopes can be of course reduced by increasing the detector overburden.
Another way to reduce the background is to track the muon and locate the neutron capture,
then apply space-time cuts to exclude regions of the detector where it is more likely that 11C
was produced (and decays), like it was done in Borexino [11]. This method however sacrifices
substantial fractions of the total exposure. Also, it is possible to constrain 11C by exploiting
the slightly different scintillation pulse shape for β− and β+ decay in liquid scintillators, mainly
due to ortho-positronium formation [12].

5 The ideal CNO hunter

It should be clear to the reader that hunting CNO neutrinos is not an easy task. I will review
here the features that a CNO neutrino must have in order to have some chances to perform a
measurement.

The detector must be large. The ideal scale is kiloton. The CNO neutrino fluxes and
cross sections are low, therefore the detector should be large enough to collect a relevant number
of CNO interactions. Large detectors also allow for better fiducialization, which is important
because the low energy tails of the external background (due mainly to 208Tl and 214Bi γ-rays)
must be negligible around the CNO neutrino endpoint.

High energy resolution. It is of paramount importance to discriminate the CNO neutrino
electron recoils from the radioactive background and the residual solar neutrinos. In particular,
the energy spectrum of 210Bi decay and CNO neutrino electron recoils are very similar, and
the risk is not being able to resolve the two components if the resolution is not high enough.
Also in absence of any radioactive background (a dream detector), the spectrum due to CNO
neutrinos must be identified below the spectrum of 7Be and pep neutrinos.
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Ultra-pure detector. In particular, the levels of 222Rn, 210Pb, 210Bi, and 210Po must be
ultra-low. 210Bi should be below the CNO interaction rate, which in Borexino is predicted to
be 5 (3) decays per day per 100 tons in the high (low) metallicity SSM. Consider that it is
sufficient to remove the contamination of 210Bi to place limits on the CNO neutrino flux, but
it is necessary to estimate the residual 210Bi activity in the detector to convincingly measure
the CNO neutrino flux.

Deep detector. Cosmogenic backgrounds must not be an issue. It is true that most
of cosmogenic decays can be removed by space-time cuts, but these cuts usually remove a
substantial fraction of the detector exposure.

Stable detector. In order to measure CNO neutrinos, the residual radioactive backgrounds
in the detector must be known. The radioactive backgrounds should be stable in space in or-
der to be measured with enough accuracy. In particular, there must be no convection moving
radioactive contaminants around the detector and changing their concentration over time. Ex-
periments should consider thermal insulation to prevent or decrease convective motions due to
temperature changes in the experimental halls.

Particle identification. Discriminating α backgrounds from β backgrounds allows to tag
210Po, 212Bi-Po, and 214Bi-Po, making it possible to evaluate the activity of branches in the 238U
and 232Th chains, and investigate if the secular equilibrium condition is met. Discrimination
of β radioactivity from γ radioactivity may be helpful to reduce external background and β+

decays.
Directionality. Measuring the direction of recoil electrons, which is correlated to the

incoming direction of neutrinos, would be tremendously helpful and nihil the relevance of mostly
all internal radiogenic backgrounds. Unfortunately, today there is no demonstrated directional
detection technology for neutrino recoils at 1MeV, scalable to kiloton masses.

6 Future CNO hunters

Among experiments under construction, or ready to be approved, or proposed, there are few
that may be good CNO hunters. This list is not exhaustive by purpose (and the space in
this proceeding has a upper bound), therefore nobody should feel offended if their favorite
experiment is not in the list.

SNO+ at SNOLab is a organic liquid scintillator detector with the advantages of being
large (1 kton) and deep (the 11C production rate should be reduced of a factor hundred respect
to Borexino at LNGS). SNO+ may start a solar neutrino campaign after the neutrino-less
double beta decay (in 130Te) phase.

The JINPING Neutrino Experiment is a proposed organic liquid scintillator detector
with the advantages of being even larger (20 kton) and even deeper (China JinPing Laboratory-
II, already under construction, is going to be the deepest underground laboratory) [13]. In the
letter of intent, one can read ”We predict a capacity to discover solar neutrinos from the
carbon-nitrogen-oxygen (CNO) cycle with more than 5 sigma of statistical significance”.

ARGO at LNGS is a 200 ton fiducial two-phase liquid argon time projection chamber
(LAr TPC) for direct dark matter WIMP searches [14]. LAr TPCs have the advantages of
having higher Z and better scintillation light yield and resolution of organic liquid scintillators.
Simulations in [14] show that ”such a detector could measure the CNO neutrino rate with ∼15%
precision”.

Solar neutrinos are going to be a background for the next (or the next to next) generation
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of direct dark matter WIMP experiment. The reader should not be surprised of a possible
growing interest in solar neutrino detection over the next decade(s).

7 Conclusion and outlook

There is a solar abundance problem. And it is likely that the new solar abundances are here
to stay. The experimental measurement of the flux of neutrinos from the CNO bi-cycle can
settle the problem. However, the experimental detection of CNO neutrinos is challenging. Some
future projects may be able to detect CNO solar neutrinos.
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Appendix A: Multidisciplinar workshop

Multidisciplinar workshops, like Magellan, are indeed very useful to strengthen the bonds be-
tween astrophysicist and particle physicists. Recalling a famous quotation from Feynman, even
if we (or academia) split the topics in different subjects, the Nature does not.

A problem with multidisciplinary is that sometimes the lack of a common background is
huge. Question time is very useful construct bridges over this gap. In the question time, I
was asked if it is possible to detect neutrinos from other stars besides the Sun. The answer is
no, except SuperNovae neutrinos. To convince yourself, you can try to compute the number of
neutrino interactions detected in one year in a Borexino-like detector (Borexino detects about
200 neutrinos per day per 100 tons) from a Sun-like star one light year from us.
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The Germanium Detector Array (Gerda) experiment is searching for the neutrinoless dou-
ble beta decay of 76Ge. The observation of this Beyond the Standard Model process would
prove the existence of a neutrino Majorana mass component and provide information on
the neutrino mass hierarchy and absolute mass scale. Gerda operates enriched germanium
diodes, acting simultaneously as the source and detector material, directly submerged in
liquid argon. Phase I achieved the world’s best lower limit of T 0νββ

1/2
> 2.1 · 1025 yr (90%

C.L.). With the recent completion of the upgrade to Phase II, an additional 20 kg of
germanium detectors – for a total of 35 kg – and a liquid argon veto system have been
implemented. The goal is an order of magnitude lower background with a projected sen-
sitivity of 1.4 · 1026 yr for T 0νββ

1/2
.

1 Matter antimatter asymmetry

Today, our universe is completely matter dominated. All galaxies and stars consist of baryons.
Antimatter exists only as a product of high-energy particle collisions. In the early universe, this
was not the case. According to the Standard Model of Particle Physics, the Big Bang should
have created a completely symmetrical universe with equal amount of matter and antimatter.
If this thought is developed further, the quark and antiquark pairs would interact in pairs
leading to the complete annihilation of this symmetrical universe. In reality, a slight asymmetry
introduced in the early stages of the universe is responsible for the small excess of matter in
comparison to antimatter that now makes up our universe. The origin of this asymmetry
could lie in neutrino nature. Determining the nature of the neutrinos is thus of fundamental
importance in modern physics [1].

2 Neutrinos

In 1937, Ettore Majorana suggested that the neutrino could be its own antiparticle [2]. The
recent discovery of neutrino oscillations establish the non-zero mass of neutrinos [3, 4]. The
matter antimatter asymmetry could be explained through an extension of the Standard Model,
wherein the see-saw mechanism introduces right-handed neutrinos. CP violating decays of
these particles then spontaneously generate leptons resulting in a lepton asymmetry in the
early universe. Baryogenesis via leptogenesis could thus lead to the observed matter antimatter
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asymmetry [5]. The prime avenue to directly probe this fundamental characteristic and simul-
taneously obtain information on the absolute neutrino masses is the neutrinoless double beta
decay. This postulated decay channel could involve two Majorana neutrinos, which annihilate
off-shell in a lepton number violating interaction with zero neutrinos in the final state.

3 The GERDA experiment

The Germanium Detector Array (Gerda) experiment is searching for the neutrinoless double
beta decay of 76Ge. It is located underground in Hall A of the Laboratori Nazionali del Gran
Sasso (LNGS) with a 1400 m rock overburden. The isotopically enriched germanium diodes
are directly submerged inside a 64 m3 high purity liquid argon cryostat and act simultaneously
as the source and detector material. Surrounding the cryostat, a 10 m diameter purified water
tank shields the experiment and serves as a Cherenkov muon veto featuring 66 photomultiplier
tubes (PMTs). These shielding and veto layers ensure a substantial reduction of the background
and the highest possible sensitivity for the experiment [6].

Figure 1: The Gerda experiment with its germanium detector array directly submerged in a
liquid argon cryostat, surrounded by a water tank Cherenkov muon veto.

The germanium detectors offer an excellent energy resolution of ∼ 0.15% FWHM at Qββ.
Another advantage is the possibility of Pulse Shape Discrimination (PSD), wherein the induced
signal shapes are used to further reduce the background by identifying single site events (e.g.
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0νββ), multi site events (e.g. Compton scattered γ), and surface events (e.g. α/β events).

Background reduction techniques are crucial as the sensitivity on the half-life of the neutri-
noless double beta decay strongly depends on the background index (BI) as follows

T0ν
1/2 ∝

√
M · t

∆E ·BI
. (1)

Only in a zero background regime can a proportional scaling to the exposure (M · t) be attained
such that

T0ν
1/2 ∝ M · t. (2)

4 GERDA Phase I

In Gerda Phase I, running from November 2011 to May 2013, 15 kg of semi-coaxial and 3 kg
of Broad Energy (BEGe) germanium detectors were used on four strings for a total exposure of
21.6 kg · yr. A tenfold lower background in comparison to previous experiments was obtained
with a background index of around 1 · 10-2 counts/(keV · kg · yr) at Qββ, fulfilling the design
goal. Figure 2 shows the best fit background model including the individual contributions,
performed before unblinding a 40 keV window around Qββ [7].

Figure 2: Phase I background best fit minimum model and individual contributions. The data
inside the blinded window (UB, light grey) of size 40 keV is excluded from the fit. Figure
from [7].

With this progress, it was possible to achieve the world’s best lower limit of T 0νββ
1/2 >

2.1 · 1025 yr (90% C.L.) for the half-life of the neutrinoless double beta decay of 76Ge. Figure 3
depicts the region of interest, the relevance of the PSD, and the lower limit [8].
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Figure 3: The results of Gerda Phase I in the region of interest (with and without PSD),

leading to the lower limit of T 0νββ
1/2 . Figure from [8].

5 GERDA Phase II

For Phase II of the experiment, the active mass of germanium diodes is increased by an addi-
tional 20 kg of BEGe detectors for a total of 40 detectors on 7 strings. The BEGe detectors
offer superior PSD capabilities. A liquid argon hybrid veto system was introduced through the
installation of PMTs and an optical fibre curtain coupled to silicon photomultipliers (SiPMs)
inside the cryostat. The detection of liquid argon scintillation light is used to reject external
background events. Combining all developments, the background can thus be efficiently reduced
by an order of magnitude. The goal is to achieve a median sensitivity of T 0νββ

1/2 ∼ 1.5 · 1026 yr

for a total exposure of 100 kg · yr. Table 1 summarises the Phase I and the aim of Phase II [9].
The upgrade to Gerda Phase II has been finished and the data taking has begun in December
2015.

Phase Active Mass BI T 0ν
1/2

[kg] [counts/(keV·kg·yr)] Sensitivity [yr]

I (finished) 15 10-2 2.1 · 1025
II (expected) 35 10-3 1.4 · 1026

Table 1: Gerda Phase I results and Phase II goals in terms of the active detector mass,
background index and median sensitivity on the 76Ge neutrinoless double beta decay half-life.
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[9] K. T. Knöpfle for the Gerda Collaboration, PoS 109 (TIPP2014).

Magellan Workshop 2016 5

THE GERDA EXPERIMENT: SEARCH FOR THE NEUTRINOLESS DOUBLE BETA DECAY

Magellan Workshop 2016 45





The atmospheric muon charge ratio: a probe to

constrain the atmospheric νµ/ν̄µ ratio

Nicoletta Mauri

INFN - Sezione di Bologna, Viale Berti Pichat 6/2, 40127 Bologna, Italy

DOI: http://dx.doi.org/10.3204/DESY-PROC-2016-05/11

The atmospheric muon charge ratio, defined as the number of positive over negative charged
muons, is an important observable to shed light on the physics of cosmic ray interactions
in atmosphere. It allows studying the features of high-energy hadronic interactions in the
forward region and the composition of primary cosmic rays. In particular, the TeV muon
charge ratio provides sensitivity to the charge ratio of high energy kaons, the principal
parents of atmospheric neutrinos. In this paper the results from the OPERA experiment
in the TeV energy range are reviewed.

1 Introduction

The atmospheric muon charge ratio Rµ ≡ Nµ+/Nµ− is studied and measured since many
decades over a wide muon energy range, from few GeV up to several TeV. It provides relevant
information on both cosmic rays and particle physics through its dependence on several aspects:
primary chemical composition and energy spectrum, hadronic interactions features and, at very
high energy, production and prompt decays of charmed particles.

Atmospheric muons constitute the penetrating charged remnants of cosmic rays under the
Earth’s surface. They are produced when primary cosmic rays, typically protons, impinge on
the Earth’s atmosphere starting a particle cascade, in which secondary particles decay into
muons (and muon neutrinos):

N + air→ π±,K±(, D0, D±,ΛC . . .)→ µ± (−)
ν µ

In the energy range up to ∼100 GeV atmospheric muons come mostly from the decay of sec-
ondary pions. At higher energies, the kaon contribution to the muon flux increases, reaching
the asymptotic value of 27% at about 10 TeV [1]. The pion and kaon components constitute
the conventional muon flux. At even higher energies, at O(100) TeV, also charmed hadron
decays are expected to contribute (prompt muon component).

Atmospheric muon neutrinos share the mesonic origin with atmospheric muons, π±,K± →
µ± νµ(ν̄µ), but the kaon and pion contributions are quite different due to the kinematics of
their two-body decays. The muon carries most of the energy in pion decay (mπ & mµ), so pions
are the dominant parents for atmospheric muons (Fig. 1, left panel). Due to the different kaon
decay phase space (mK � mµ), kaons are more efficient than pions in producing neutrinos and
their contribution is ∼ 80% above O(1) TeV (Fig. 1, right panel).
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• The steepness of the primary spectrum suppresses the contribution of 
secondary interactions (SI) of the form                                 or N ! K ! ⇡ ! µ
N ! ⇡ ! ⇡ ! µ

• The combination of meson abundance, their decay length, the density of the 
atmospheric profile,the branching ratios and the decay kinematics results in 
different meson origin of the observed lepton species

Mesonic origin

13Figure 1: Conventional contributions to atmospheric muon and muon neutrino fluxes as a
function of energy [2]. The steepness of the primary spectrum suppresses the contribution of
secondary interactions (SI).

The results on the atmospheric muon spectrum and charge ratio are essential for a precise
prediction of the atmospheric neutrino flux. This is needed both in the low energy range (from
MeV to TeV) for detailed measurements of neutrino oscillations and mass hierarchy in atmo-
spheric neutrino experiments and in the high energy range (from GeV to PeV) for background
evaluation in the search for astrophysical neutrinos at neutrino telescopes. Moreover, the muon
charge ratio in the TeV range allows to constrain the kaon production in a phase space inac-
cessible to collider and fixed target experiments, so it represents an important benchmark for
neutrino flux calculations and the predicted νµ/ν̄µ ratio.

In the following Secs. the key features of the atmospheric lepton flux parameterizations and
charge ratio are recalled, then experimental results on the muon charge ratio in the TeV energy
range are reviewed.

2 Inclusive production of atmospheric muons and neutri-
nos

The atmospheric leptons detected at the Earth’s surface and underground are produced in the
forward fragmentation region, with a large Feynman x = Emeson/Enucleon ≈ Elepton/Enucleon.
Assuming scaling of particle production in the forward region, the inclusive fluxes of muons and
muon neutrinos are well described by [1]

Φl(El) =
ΦN (El)

1− ZNN

Npar∑

i=1

ail ZNi
1 + bilEl cos θ∗/εi

where ΦN (El) ' Φ0E
−(γ+1)
l is the spectrum of primary nucleons (evaluated at the lepton energy

in the atmosphere El) with spectral index γ + 1 ' 2.7. The sum is over the contributions of
lepton parents, i.e. charged pions, kaons, charmed particles, etc. The constants ail and bil
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contain the kinematic factors for the i-th parent decay into lepton l. The critical energy
εi/ cos θ∗ is defined as the energy for meson i above which interaction processes dominate over
decay, and θ∗ is the zenith angle at the lepton production point.

The spectrum weighted moments for secondary particle production are defined as:

Zij =
1

σij

∫ 1

0

dσij(x)

dx
xγdx

where σij is the inclusive cross-section for the production of a particle j from the collision of
a particle i with a nucleus in the atmosphere and x = Ej/Ei is the energy fraction carried by
the secondary particle. In the scaling approximation the particle production depends only on
x and not explicitly on the energy. The approximation is valid since it holds in the forward
fragmentation region, which is enhanced by the xγ weighting. Using the Z factors makes explicit
that the particle production in cosmic ray cascades is concentrated in the forward fragmentation
region at large x.

For each i-th contribution to the muon flux, at energies below the critical energy εi most
mesons decay and the lepton flux follows the same power law of primary cosmic rays. For
Eµ � εi(θ), the meson interations dominate, so the energy spectrum steepens by one power
and the relative contribution is suppressed. Therefore each contribution to the muon charge
ratio produced by different muon parents can be disentangled by studying the muon charge
ratio as a function of the “vertical surface energy” Eµ cos θ∗.

Considering only the conventional π and K parent mesons, the inclusive muon flux separated
for µ+ and µ− is given by

Φµ±(Eµ) ∝
(

aπZNπ±

1 + bπµEµ cos θ∗/επ
+

aKZNK±

1 + bKµEµ cos θ∗/εK

)

The increasing kaon contribution to the muon flux in the range between 100 GeV and the TeV,
επ < Eµ cos θ∗ < εK , is therefore explained by the two energy scales which determine the pion
and kaon contributions, επ ' 115 GeV and εK ' 850 GeV.

These energies have to be compared with the corresponding value for charmed particles,
εX > 107 GeV. The prompt muon component is therefore isotropically distributed since the
corresponding cos θ∗ factor is suppressed, at least in the TeV region.

2.1 Parameterization of the muon charge ratio

The atmospheric muon charge ratio is larger than unity because the primary cosmic rays are
mostly protons, favoring the production of π+ and K+ over π− and K− in the forward region.
Each meson is likely to have an energy close to the one of the primary nucleon (high xF ) and
comes from its fragmentation (valence quarks, majority of u), therefore the positive charge
excess is preserved.

Considering the pion component, the isospin symmetry Zpπ+ = Znπ− (i.e. the inclusive π+

spectrum from protons is equal to the π− spectrum from neutrons) allows expressing the pion
contribution to the muon charge ratio in terms of the fraction of positive pions fπ+ , depending
only on Z factors and the primary proton excess δ0 = (p− n)/(p+ n) [3]. Assuming Feynman
scaling, the charge ratio does not depend on the energy Eµ nor Eπ. The constant value of
the muon charge ratio measured over the 10–100 GeV energy range, where almost only pion
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contribute, is an experimental evidence of the validity of the Feynman scaling in the forward
region, see Sec. 3.

The kaon component does not have the same isospin symmetry between positive and nega-
tive kaons. The associated production N + air→ ΛK+(+ anything), which has no analog for
K−, largely favors K+ over K− (ZpK+ � ZnK−), therefore the K+/K− ratio is larger than the
π+/π− ratio [1]. Hence the muon charge ratio increases with the increasing kaon contribution.
An analytical description of the contributions in terms of δ0, fπ+ and kaon Z factors is given in
Ref. [3], and used by the OPERA Collaboration to extract the ZpK+ factor (see Sec. 3.1). The
associated production process and ZpK+ in particular cannot be constrained by accelerator ex-
periments (high pseudo-rapidity regions), and the Monte Carlo predictions by various hadronic
interaction generators differ up to several factors. This has a strong impact on the evaluation
of the flux of TeV atmospheric neutrinos, which are dominated by kaon production.

Summarizing, in order to disentangle the different parent components to the muon flux
(π,K, charm) the correct variable to describe the evolution of Rµ is the vertical surface energy
Eµ cos θ∗ [4], as seen in Sec. 2. This approach assumes a constant primary composition. If
the energy dependence of the proton excess δ0 in the primary cosmic rays is considered, the
parameterization described in Ref. [3] should be used. Since δ0 depends on the primary nu-
cleon energy, which has an almost linear relation with the muon energy (EN ' 10Eµ for TeV
muons [3]), the dependency on the surface muon energy Eµ and the zenith projection cos θ
should be considered separately, see Sec. 3.1.

3 Measurements of the atmospheric muon charge ratio

In the pion dominated energy region (Eµ . 100 GeV), the muon charge ratio Rµ has been mea-
sured by several experiments on surface, by balloon-borne detectors and at shallow depths [5].
Its value is constant, Rµ ' 1.27, as expected assuming the validity of Feynman scaling in the
fragmentation region [1].

The increasing kaon contribution from a few hundred GeV to a few TeV causes a smooth
transition to a higher value of the muon charge ratio, Rµ ' 1.38. Recent results were presented
by the CMS [6], MINOS [7, 8] and OPERA [9, 10] Collaborations in this energy range, around
vertical surface energy Eµ cos θ∗ ∼ 1 TeV. Underground experiments naturally select high
energy down-going muons and the minimum energy threshold is fixed by the rock overburden
surrounding the detector. The evaluation of the muon surface energy Eµ depends on the rock
depth crossed by the muon coming from a particular direction and therefore the distribution of
Eµ cos θ∗ is related to the shape of the overburden.

Key elements for the accurate determination of the muon charge and momentum in the
O(TeV) energy range are magnetized detectors and large depth. MINOS and OPERA are long-
baseline neutrino experiments located deep underground, while CMS is a collider experiment
located at shallow depth but provided with an intense magnetic field. In the following Section
the results from the OPERA experiment will be reviewed.

3.1 OPERA results

The OPERA experiment is a hybrid electronic detector/emulsion apparatus exposed to the
CNGS neutrino beam from 2008 up to 2012. It is located in the underground Gran Sasso
laboratory, at an average depth of 1400 m of rock corresponding to 3800 m.w.e. OPERA is
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the deepest experiment able to measure charge-separated atmospheric muons. The minimum
surface muon energy threshold is ∼1 TeV (1.4 TeV averaged over all the directions and rock
depths). The detector is composed of two identical parts, called supermodules, each consist-
ing of a target section and a magnetic spectrometer. The target consists of scintillator strips
interleaved with Emulsion Cloud Chambers, the spectrometer is a large dipole iron magnet
instrumented with Resistive Plate Chambers. The magnetic field is almost uniform, with inten-
sity 1.53 T, and directed along the vertical axis with opposite orientations in the two magnet
arms. A muon crossing the spectrometer is deflected in the horizontal plane. The deflection is
measured by six stations of vertical drift tubes, the Precision Trackers (PT), grouped in 3 pairs
placed upstream of the first arm, in between the two arms and downstream of the second arm.
The charge and momentum reconstruction is performed for tracks crossing at least one magnet
arm using the angle ∆φ in the bending plane, i.e. the difference between the track directions
reconstructed by two PT stations before and after each magnet arm. For nearly horizontal
muons up to four bending angles can be measured in the two dipole magnets.

Cosmic ray induced events in OPERA are reconstruted with a dedicated software procedure
effective at identifying single and multiple muon tracks (muon bundles). Due to the charge-
symmetry of the dipole magnet, the acceptance for µ+ and µ− is the same and, depending on
the track topology, the maximum detectable momentum varies from a few hundred GeV/c up
to 1 TeV/c [11, 10]. Data were collected with both magnetic field polarities in order to minimize
systematic errors due to misalignment of PT stations.

OPERA reported a first measurement of the atmospheric muon charge ratio using the 2008
Run data [9] and the final results using the complete statistics from 2008 up to 2012 [10]. In the
latter analysis the two data sets collected with opposite magnet polarities were combined reach-
ing the most accurate measurement to date of Rµ in the TeV energy region. The muon charge
ratio was computed separately for single muons, Rµ(nµ = 1) = 1.377±0.006 (stat.)+0.007

−0.001 (syst.),

and for muon bundles, Rµ(nµ > 1) = 1.098± 0.023 (stat.)+0.015
−0.013 (syst.). This is the first obser-

vation of a decrease in the charge ratio of high multiplicity events with respect to single muon
events. The dilution effect in Rµ is expected since the multiple muon sample selects events gen-
erated by heavier primary cosmic rays and secondaries with a low value of Feynman-xF , coming
from the central region [11]. Recently also the MINOS Collaboration provided a measurement
of the multiple-muon charge ratio, Rµ(nµ > 1) = 1.104 ± 0.006 (stat.)+0.009

−0.010 (syst.) [12], in
agreement with the OPERA result.

Thanks to the Gran Sasso orography, the amount of rock crossed by muons is not directly
related to the zenith angle, and the high energy tail is not completely suppressed by the cos θ
factor. OPERA presented results on Rµ (for single muons) as a function of the vertical surface
energy Eµ cos θ∗, fitting data to the parameterized model described in Ref. [4]. The atmospheric
muon charge ratio was measured in a large Eµ cos θ∗ range, from 500 GeV up to ∼ 10 TeV,
and plotted in Fig. 2. With an average value 〈Eµ cos θ∗〉 ' 2 TeV, OPERA is the magnetized
experiment measuring the charge ratio at the largest vertical surface energy. The fit of OPERA
and L3+C data, shown in Fig. 2, yields the fractions of charged mesons decaying into positive
muons fπ+ = 0.5512 ± 0.0014 and fK+ = 0.705 ± 0.014. The prompt muon component does
not significantly contribute to Rµ up to Eµ cos θ∗ . 10 TeV.

Taking into account the possible variation of the primary cosmic ray composition requires
to disentangle the energy and zenith angle dependencies [3], as seen in Sec. 2.1. The fit in two
dimensions (Eµ, cos θ∗) yields the proton excess in primary cosmic rays δ0 = (p− n)/(p+ n) =
0.61 ± 0.02 at primary energy 〈EN 〉 ≈ 20 TeV/nucleon, and the spectrum weighted moment
related to the associated kaon production, ZpK+ = 0.0086 ± 0.0004. The ZpK+ factor, here
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Figure 2: The atmospheric muon charge ratio measured by OPERA (black points) as a function
of Eµ cos θ∗. OPERA and L3+C data are fitted together and the fit result is shown by the
continuous line [10]. Results from MINOS Near and Far Detectors [7, 8] and CMS [6] are also
shown.

determined for the first time, allows to predict the atmospheric νµ/ν̄µ ratio in the TeV range:
the expected ratio for muon neutrinos increases from νµ/ν̄µ ≈ 1.5 at low energy to ≈ 2.3 above
a TeV [13].

4 Conclusions

The results on the atmospheric muon charge ratio from the OPERA, MINOS and CMS ex-
periments show an increase of Rµ as a function of the vertical surface energy Eµ cos θ∗ in the
range between hundreds GeV and a few TeV. The measurements of OPERA in the TeV energy
region are compatible with a simple parametric model where the rise is due to the increasing
kaon contribution to the muon flux. No significant contribution from charm decay is observed
up to energies ∼10 TeV. A future experimental measurement of Rµ in the region Eµ cos θ∗ > 10
TeV, with a new detector at very large depths, could shed light on the prompt component even
before the crossover between conventional and prompt muon fluxes.

The OPERA measurement of Rµ in the highest energy range to date allows to constrain the
associated kaon production ΛK+ in high energy primary interactions in the forward region. The
result attains to a phase space inaccessible to accelerator experiments (high xF ↔ high pseudo-
rapidity). It determined for the first time the spectrum weighted moment ZpK+ , fundamental
to accurately predict the atmospheric νµ/ν̄µ ratio [13]. The ZpK+ factor was extracted together
with the primary proton excess δ0, which is consistent with direct measurements of the primary
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composition [3]. The energy behaviour of Rµ measured by OPERA above a few TeV, compatible
with the plateau corresponding to the asymptotic kaon contribution, supports the validity of
Feynman scaling in the fragmentation region up to primary energies/nucleon around 200 TeV.
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Lorentz symmetry violation (LV) arises when the behavior of a particle depends on its
direction or boost velocity. The Standard Model Extension (SME) is a general theoreti-
cal framework that includes both General Relativity and the Standard Model while also
allowing for the breaking of particle Lorentz symmetry through a set of controlling coef-
ficients. A search for LV at the T2K near detectors with baselines of 280 m is described.
The protons-on-target normalized neutrino event rate at the T2K near detectors is used to
search for LV using a shape-only analysis via Fast Fourier Transform (FFT) analysis and
a binned log-likelihood fit. No indication of LV is observed with either method in the T2K
near detector data.

1 Conventional Neutrino Oscillations

For non-interacting neutrinos, the Hamiltonian eigenstates are the mass eigenstates and the
mixing matrix is then equated to the Pontecorvo, Maki, Nakagawa, and Sakata (PMNS) ma-
trix. The PMNS matrix may be parameterized with three mixing angles (θ12, θ23, θ13) and one
complex phase factor (δCP ). The probability of neutrino flavor oscillation in natural units is

Pνα→νβ (L) =δαβ − 4
∑

i>j

Re(U∗
αiUβiUαjU

∗
βj) sin

2(
∆m2

ij

4E
L) (1)

+2
∑

i>j

Im(U∗
αiUβiUαjU

∗
βj) sin(

∆m2
ij

2E
L)

where
∆m2

ij = m2
i −m2

j (2)

is the mass-squared splitting, Uγk are the elements of the PMNS matrix, L is the baseline of the
neutrino experiment, and E is the neutrino energy. Thus, conventionally, neutrino oscillations
are driven by a unique neutrino mass.

2 T2K Experiment

T2K utilizes a 2.5◦ off-axis neutrino beam for optimal detection of νe appearance at a peak
neutrino energy of 0.6 GeV with a baseline of 295km at the Super Kamiokande far detector.
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The experiment consists of a νµ beam produced at the JPARC facility in Tokai, Japan, near
detector site, and a far detector site. An on-axis near detector, called the interactive neutrino
grid (INGRID), monitors the beam stability and intensity while the off-axis near detector, called
the near detector at 280m (ND280), is used to study neutrino interactions for different nuclear
targets as well as study neutrino kinematics. Both near detectors are located at 280m from the
graphite target used to create the T2K neutrino beam.

2.1 INGRID

INGRID was designed to measure the beam intensity and direction by utilizing neutrino inter-
actions on iron [1] and lies on axis at 280m from the graphite target [2]. INGRID is arranged
in a cross configuration with 14 identical modules [4] to detect neutrino interactions from the
beam. In addition to these 14 modules, two shoulder modules exist to check the axial symmetry
of the neutrino beam. Each module consists of alternating layers of scintillator and iron plates.
In each module, there are 11 scintillator tracking planes that consist of 24 horizontal and 24
vertical scintillator bars glued together.

Figure 1: A diagram showing the layout of an INGRID module.

2.2 ND280

ND280 was designed to perform several measurements [2]:

1. Measure the neutrino flux and energy from the beam

2. Measure the inherent νe contamination of the beam

3. Measure neutrino event rates

It is a composite detector encased in the UA1 dipole magnet. The π0 detector, or P0D, [7] was
constructed to measure the following neutral current interaction on a water target:

νµ +N → νµ +N + π0 +X (3)

Downstream of the P0D are three time projection chambers (TPCs). The TPCs measure the
charge, momentum, and particle types of the different charged particles that are produced in
neutrino interactions below a few GeV [2]. Each TPC consists of an inner and outer box [9]. The
inner box contains an argon gas mixture for charged particles to ionize during their interactions.
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Figure 2: A blowout diagram of ND280 showing the different sub-detectors.

The outer box contains a CO2 atmosphere which provides electrical insulation between the inner
box and ground while also keeping atmospheric oxygen from entering the inner box. In addition
to the P0D, two Fine Grained Detectors (FGD) were installed to provide a target for studying
neutrino interactions as well as tracking of charged particles [8]. Each FGD consists of finely
segmented scintillator bars arranged in X and Y planes. The electromagnetic calorimeters
(ECals) of ND280 are sampling calorimeters located inside the magnet yokes and enclose the
various subdetectors of ND280 (P0D, TPCs, FGDs). The ECals serve to measure the energy
and direction of charged particles that exit the sides of the ND280 subdetectors in order to
identify particle types [5]. Each ECal module consists of alternating layers of scintillator bars
and lead sheets. The Side Muon Range Detector (SMRD) system is located between the air
gaps in each magnet yoke and uses scintillator planes to detect high angle muons that escape
ND280 with respect to the beam line and measure their momentum [6].

3 The Standard Model Extension

The Standard Model Extension (SME) is a general theoretical framework conceived to facilitate
experimental investigations of LV and CPT violation (CPTV) [3]. It is an effective field theory
that contains General Relativity, the Standard Model, and all possible Lorentz violating oper-
ators. The SME allows for the breaking of Particle Lorentz symmetry which produces a tensor
background field that permeates throughout the universe. Neutrinos couple to this background
field with some given strength and the physics that the SME predicts becomes dependent, for
example, on the absolute direction of neutrino propagation. This dependency can produce a
number of effects, namely sidereal variations. LV is controlled by a set of coefficients which
experiments may measure while working in the sun centered inertial frame. The probability of
oscillation in the SME at short baselines is given by
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P (νµ → νx) = L2|Cµx + (As)µx sin(ω⊕T⊕) + (Ac)µx cos(ω⊕T⊕)

+ (Bs)µx sin(2ω⊕T⊕) + (Bc)µx cos(2ω⊕T⊕)|2 (4)

where ω⊕ is the Earth’s sidereal frequency and T⊕ is the sidereal time of the neutrino event
in the detector. The various amplitudes associated with each sidereal time harmonic consist of
the SME coefficients (aL)

α
µx and (cL)

αβ
µx , the neutrino energy E, and geographical information

about how the neutrino beam is setup on Earth. Thus, in the SME, neutrino oscillations vary
with sidereal time producing a sidereal variation in the neutrino event rate at a given detector.

4 LV Analysis

To perform a LV search at the T2K near detectors, T2K data taken from 2010 to 2013 is used.
This data was taken in various T2K data run periods throughout this time. For INGRID, all
the data is combined into a single data sample, while for ND280 since the P0D can be configured
with or without water, two data samples are used corresponding to each configuration of the
P0D. The POT normalized neutrino event rate as a function of Local Sidereal Phase (LSP) for
each data set is shown in Figures 3.

LSP = mod
( T⊕
23h56m4.0916s

)
(5)

Figure 3: Corrected νµ event rate versus LSP in INGRID (top left), ND280 water-in (top right),
and ND280 water-out (bottom).

Each data set consists of 32 LSP bins to avoid aliasing effects in the Fast Fourier Transform
method (described below). Each data sample was analyzed for various sources of systematic
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uncertainty that could mimic a LV signal. All sources of systematic error were found to be
negligible compared to statistical uncertainty and corrections were calculated for each source
and applied to the data.

The analysis is broken up into two parts: a Fast Fourier Transform (FFT) method and a binned
likelihood fit method. The FFT method is applied to both INGRID and ND280 data while
only the INGRID data is used to perform the binned likelihood fit as it is a significantly higher
statistical sample.

4.1 Fast Fourier Transform Method

A set of 10,000 data-driven toy experiments is created for which any potential LV signal is
removed by randomizing the various LSP bins for a given sample based off the total number of
beam spills in that sample. An example is shown in Figure 4.

Figure 4: Examples of a ND280 flat toy MC for the water-in and water-out samples (left,
middle) and an INGRID flat toy MC (right).

For a given detector, each toy is passed to a FFT tool which calculates the magnitude of the
FFT. As such, a distribution of magnitude values for a given Fourier mode can be created for
each detector. Such a distribution is shown in Figure 5. A 99.7% confidence level hypothesis
test is performed to determine the significance of the FFT values in data. An overall detection
threshold is calculated from the Fourier mode distributions of each Fourier mode as the largest
detection threshold. A p-value is calculated utilizing the value observed in data, the Fourier
mode distributions, and the total number of toy MC.

The corrected INGRID, ND280 water-in, an ND280 water-out νµ event rate as a function of
LSP was analyzed with the method described above. The results of the FFT analysis can be
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seen in Figure 6, Table 1, Table 2, and Table 3. The Fourier modes of interest to this analysis
are below the 3σ detection threshold.

Figure 5: Distribution of the magnitude of the first Fourier mode for the 10,000 flat toy exper-
iments of ND280 water-out. The distribution is fitted with a Rayleigh function.
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Figure 6: Magnitude of each Fourier mode in case of INGRID data (left), ND280 water-in (mid-
dle) data, and water-out (right) data after all corrections. The red horizontal line corresponds
to the overall 3σ detection threshold.
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Fourier Mode Threshold Magnitude p-value
1 0.026 0.01076 0.35
2 0.026 0.00930 0.48
3 0.026 0.00620 0.69
4 0.026 0.00893 0.51

Table 1: FFT results for INGRID.

Fourier Mode Threshold Magnitude p-value
1 0.4765 0.33537 0.055
2 0.4765 0.28221 0.126
3 0.4765 0.46355 0.004
4 0.4765 0.15999 0.511

Table 2: FFT results for ND280 water-in.

Fourier Mode Threshold Magnitude p-value
1 0.4947 0.10501 0.765
2 0.4947 0.26948 0.162
3 0.4947 0.12856 0.659
4 0.4947 0.10649 0.751

Table 3: FFT results for ND280 water-out.

While the third Fourier mode p-value in the water-in sample is larger than the significance
(0.003), it is still very close to it. If this were truly a LV effect in this data sample, this effect
is expected to appear in the other samples. Since it does not, this affect is attributed to a
statistical fluctuation. Thus, it is concluded that the INGRID, ND280 water-in, and ND280
water-out data are consistent with no sidereal variation in the relevant Fourier modes using the
FFT analysis method. 99.7%C.L. upper limits on the SME coefficients may be extracted for
the each sample utilizing the following procedure:

1. Set all but one SME coefficient to zero

2. Increase the size of the SME coefficient in a set of 10,000 signal toy Monte-Carlo until the
nominal threshold has been crossed

3. Take the corresponding value of the coefficient as the upper limit

The 99.7%C.L. upper limits of the SME coefficients in each sample using this procedure are
shown in Table 4.
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Coefficient ND280 Water-in ND280 Water-out INGRID
aTL - - -
aXL 15.7 GeV 15.4GeV 4.8 GeV
aYL 16.3 GeV 17.4GeV 4.8 GeV
aZL - - -
cTT
L - - -
cTX
L 13.9 10.8 0.9
cTY
L 13.9 13.0 0.9
cTZ
L - - -

cXX
L 54.0 57.0 3.8
cXY
L 25.0 25.0 1.6
cXZ
L - - 3.1
cY Y
L 54.0 57.0 3.8
cY Z
L - - 3.1
cZZ
L - - -

Table 4: Standard Model Extension 3σ upper limits on SME coefficients related to νµ → νe
oscillation, for ND280 water-in and water-out, and INGRID (all values given in ×10−20).

4.2 Binned Likelihood Method

Due to the large degree of correlation, a five coefficient binned likelihood fit was developed in-
stead of a full fourteen-coefficient to extract limits on the SME coefficients. The five coefficients
are the amplitudes associated with each sidereal time harmonic in Equation 4. A binning of 32
bins in LSP was chosen for the likelihood fit, just as in the FFT method. For each LSP bin,
the statistical errors are assumed to be Gaussian and the likelihood may be constructed as:

L =

32∏

i=1

e
− (di−mi)

2

2σ2
i (6)

where, di and mi are the POT normalized number of events in the ith LSP bin for data and
toy MC respectively, and

σi =
Nνµ

NPOT

√
δN2

νµ

N2
νµ

+
δN2

POT

N2
POT

, (7)

with Nνµ and NPOT being, respectively, the number of neutrino events and the number of
protons on target in LSP bin i, with δNνµ and δNPOT the corresponding statistical errors.
The fitter was run over the corrected INGRID data. Table 5 shows the best fit values for each
coefficient.

(C)ab (As)ab (Ac)ab (Bs)ab (Bc)ab
Best fit (10−20 GeV) −0.61+2.63

1.41 0.38+1.83
−2.60 −1.55+4.55

−1.44 0.06+0.87
−1.00 0.38+0.80

−1.57

Table 5: Best fit values with 1σ errors, and 2σ upper limit values on the different Standard
Model Extension coefficients using the likelihood method.

All limits set by INGRID are consistent with zero (i.e. no LV) to 1σ.
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5 Summary

The near detectors of T2K were used to search for indications of LV in the neutrino data.
The two methods utilized (FFT method and binned likelihood fit) show that all data sets used
are consistent with the null hypothesis, namely, no sidereal variations. Figure 7 compares the
results using the FFT method of INGRID and ND280 with MiniBooNE and MINOS (left) and
the results of the likelihood method for INGRID and MiniBooNE (right). For the likelihood,
all limits set by INGRID are consistent with no LV to 1σ. (Bs)ab and (Bc)ab have now been
constrained in INGRID as they previously were not.

Figure 7: Comparison of SME Coefficients associated with νe appearance INGRID and ND280
with other experiments using the FFT method (left) and comparison between the T2K (blue)
and MiniBooNE (red) best fit values and 1σ limits (right).

It should be stressed that this level of precision is still very valuable to theorists. T2K probes
a different direction in the Sun-centered reference frame, and thus samples a different portion
of the coefficient space. This information helps theorist improve their theories so that experi-
mentalists may continue to test them.
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Developing neutrino astronomy requires a good understanding of the neutrino oscillations
mechanism. The European strategy for neutrino oscillation physics sets a high priority on
future long baseline neutrino experiments with the aim to measure the intrinsic parameters
that govern the neutrino oscillations. In this talk we take a look at the next generation of
long baseline experiments and discuss their prospects in future research.

1 Introduction

The dream of using neutrino telescopes as messengers of the universe in the future is built on the
idea that the neutrino oscillation mechanism is eventually resolved in the neutrino oscillation
experiments. The prospects of these experiments include both determining the parameters of
the standard three-neutrino paradigm and probing non-standard interactions (NSI) that may
follow from potential Beyond Standard Model theories.

Neutrino oscillation experiments are typically categorized into solar, reactor, atmospheric
and accelerator-based experiments. In this work we focus on long baseline neutrino experiments
where an intense muon neutrino beam is directed to traverse long distances underground.

In the Standard Model of particle physics (SM) neutrino sector the relationship between
the three neutrino mass states (ν1, ν2, ν3) and the three flavour states (νe, νµ, ντ ) is usually
expressed as a 3 × 3 matrix known as the PMNS matrix after Bruno Pontecorvo, Ziro Maki,
Masami Nakagawa and Shoichi Sakata. The mixing of neutrino states is the source to the
phenomenon that is known as neutrino oscillations. The PMNS matrix can be written in terms
of the three mixing angles and one phase in the form:

U =




1 0 0
0 c23 s23
0 −s23 c23







c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13







c12 s12 0
−s12 c12 0
0 0 1




×diag
(
eiα1/2, eiα2/2, 1

)
(1)

where sij = sin θij and cij = cos θij for i, j = 1, 2, 3, θij = [0, π/2] are the intrinsic mixing
angles, δCP = [0, 2π] is the Dirac CP violation phase and α1, α2 are two Majorana CP violation
phases.
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The transition probability between two neutrino flavour states νl → νl′ is calculated as:

Pll′ =
∑

j,k

U∗
ljUl′jUlkU

∗
l′ke

−iL∆m2
jk/2E , (2)

where L is the baseline length of the experiment and E is the energy of the neutrino pro-
duced. Here neutrino mass squared differences ∆m2

jk = m2
j −m2

k for j, k = 1, 2, 3 are calculated
from the neutrino masses m1,m2 and m3.

The expression in Equation (2) can be further simplified into

Pll′ = δll′ −
∑

j,k;j>k

[
4 sin2 ∆kj ReW

jk
ll′ − 2 sin 2∆kj ImW jk

ll′

]
, (3)

where W jk
ll′ = U∗

ljUl′jUlkU
∗
l′k and ∆kj = ∆m2

kjL/4E. It is seen from expression (3) that the
oscillation probabilities can be tuned to desirable values by choosing L/E conveniently.

In this paper, we analyze the potential of the planned long baseline neutrino oscillation
experiment LBNO at two tasks. On the one hand we study its performance for resolving the
intrinsic θ23 octant degeneracy and on the other hand we study its ability to probe the matter
NSI effects. That is, we derive numerically the values of θ23 for which the octant degeneracy
can be resolved and also calculate the new upper bounds that LBNO could give to |εmαβ | where
α, β = e, µ, τ .

2 Oscillation parameters: A general outlook

The present values of the oscillation parameters are given in Table 1. The values of the reactor
and solar mixing angles (θ13 and θ12 respectively) have been determined in previous neutrino
experiments with good precision, but the value of the atmospheric mixing angle θ23 has yet to
be determined accurately. The other unknown quantities are the sign of ∆m2

31 and the amount
of CP violation δCP in the leptonic sector.

Parameter Value

θ12 31.8◦... 37.8◦

θ13 7.7◦... 9.9◦

θ23 38.8◦... 53.3◦

∆m2
21 (7.11 ... 8.18) · 10−5eV2

|∆m2
31| (2.20 ... 2.65) · 10−3eV2

δCP 0 ... 360◦

Table 1: Standard neutrino oscillation parameters [1]. For the unknown δCP we have denoted
the values considered in numerical calculations, and the extra phases α1,2 only come into play
in double-beta decay experiments.
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3 Simulation of long baseline neutrino experiments

In LBNO the aim is to send neutrino and antineutrino beams, produced at the CERN SPS
accelerator, towards the Pyhäsalmi mine, located in central Finland at the distance 2288 km
from CERN, where they will be measured using a two-phase Liquid Argon Time Projection
Chamber (LArTPC) combined with a magnetized muon detector (MIND). In this experiment,
the size of the LArTPC detector is planned to have 20 kton fiducial mass. In this phase a 0.75
MW conventional neutrino beam from the CERN SPS will be used. In this work we also study
LBNO with other baseline lengths.

The analysis is done by using the GLoBES simulation software [2, 3]. GLoBES calculates
the oscillation probabilities and the corresponding neutrino rates for any given set of oscillation
parameter values. The standard set of the software simulates the neutrino propagation from
source to detector and computes the standard matter interactions (SI) for the distance that
neutrinos travel. A software extension then allows us to perform the same calculation but
may also include all matter-induced NSI effects in the propagation. The software computes χ2

distributions to compare different sets of oscillation parameter values, both with SI and NSI.

We will determine for both mass hierarchies the 1σ, 2σ and 3σ sensitivity limit of the angle
θ23 that LBNO can achieve with 5+5 –years neutrino and antineutrino run, allowing the CP
phase to vary in the range 180◦ to +180◦. We will also determine the new 90% confidence level
upper bounds that LBNO could set to the absolute values of εmαβ parameters that describe the
strength of non-standard interactions between neutrinos and the matter.

4 Determination of the θ23 octant

In long baseline experiments one is interested mainly in the oscillation channels νµ → νµ
(disappearance channel) and νµ → νe (appearance channel). In leading order, whereby omitting
terms proportional to the small quantities ∆m2

21/∆m2
31 and sin θ13, the θ23 dependence of the

oscillation probability Pµµ is of the form sin2 2θ23 sin
2 ∆ where ∆ = ∆m2

31L/4E. Since

Pµµ(90
◦ − θ23) = Pµµ(90

◦), (4)

the measurements of the channel νµ → νµ are not suitable for resolving the octant degen-
eracy. There are non-leading terms that are sensitive to the octant but they are typically too
much suppressed to be useful.

In a future long baseline neutrino experiment this problem with θ23 octants is resolved by
studying the electron appearance from νµ → νe oscillations. The leading term of Pµe has a
dependence on θ23 that is not octant degenerate, and hence the νµ → νe oscillations bring in
the primary component to the determination of θ23 octant.

Using the GLoBES software, we simulated the hypothetical experiment that was described
in the LBNO design study (see [4] for more details).

The results are presented in Figure 1. In both panels the white regions in the plots are the
areas for which the values of θ23, δCP can be established with a confidence level greater than 3σ.
So for all θ23, δCP data points in these areas, one can eliminate with a confidence level larger
than 3 the possibility for these parameters to lie in the other octant. Conversely the coloured
regions illustrate the cases where no such distinction is possible with the indicated confidence
level.
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Figure 1: Determination ability of the θ23 octant in LBNO [4] in normal hierarchy mode.

In Figure 1 we have also marked the MINOS favoured θ23 values 40◦ and 50◦ by green lines.
It is seen that for this particular setup the right θ23 octant can be asserted in NH with at least
3σ confidence level. As for IH this limit is reached for the lower octant, but for the higher
octant it fails to be reached for δCP values between -100◦ and +100◦.

5 Constraining non-standard interaction parameters

In the low-energy regime, NSI can be parametrized in terms of effective charged current like
(CC) and neutral current like (NC) Lagrangians, given respectively by

LCC
NSI = −2

√
2GF ε

ff ′,C
αβ (ναγ

µPLℓβ)(fγ
µPCf

′),

LNC
NSI = −2

√
2GF ε

f,C
αβ (ναγ

µPLνβ)(fγ
µPCf).

(5)

Here f and f ′ label charged leptons or quarks (ℓi, ui, di, i = 1, 2, 3), GF = 1.166 ×
10−5GeV−2 is the Fermi coupling constant, α, β refer to neutrino flavour (e, µ, τ), and C = L,R
refers to the chirality structure of the charged lepton interaction, PL and PR being the chiral

projection operators. The NSI parameters εff
′,C

αβ and εf,Cαβ are dimensionless numbers. It is
assumed here that the effective non-standard interactions have V–A Lorentz structure, and
for the charged fermions we allow both left-handed (PC = PL) and right-handed (PC = PR)
couplings. The charged current Lagrangian LCC

NSI is relevant for the NSI effects in the source
and detector, since both in the creation and detection processes involve charged fermions. The
neutral current Lagrangian LNC

NSI in turn is relevant for the NSI matter effects. The effective
low-energy Lagrangians (5) are assumed to follow from some unspecified beyond-the-standard-
model theory after integrating out heavy degrees of freedom.
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Concerning the propagation in matter, NSI could contribute to the coherent forward scat-
tering of neutrinos in the Earths crust. The effective Hamiltonian describing the time evolution
of a neutrino state would take the form

H =
1

2Eν


U




0 0 0
0 ∆m2

21 0
0 0 ∆m2

31


U † + V


 (6)

where Eν is the energy neutrino, U is the ordinary mixing matrix and V is the effective matter
potential which includes both the SM and NSI matter effects:

V = A




1 + εmee εmeµ εmeτ
εm∗
eµ εmµµ εmµτ
εm∗
eτ εm∗

µτ εmττ


 . (7)

We study numerically how the future neutrino oscillation experiments would constrain vari-
ous NSI parameters. We will concentrate here on the future long baseline neutrino experiments,
using the LBNO setup with a high-intensity beam, a baseline of 2300 km and 20 kt double-
phase liquid argon detector as our benchmark. For each δCP value, we have calculated the 90%
confidence level contour baseline range 100–5000 km and log10 |εmαβ | range from 3.0 to 0.5. In
every case, a 90% confidence level contour is found and the results merged in a contour band.
The bands in (L, εmαβ)–plane are plotted in Figure 2.

Figure 2: Constraining capability of LBNO for the absolute values of the non-standard inter-
action parameters εmeµ and εmeτ . See Reference [5] for more details.
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6 Summary

In this work we have presented the measurement potential of a potential future long baseline
neutrino experiment in the determination of the θ23 octant and constraining the |εmeµ| and
|εmeτ | parameter spaces for non-standard neutrino interactions that arise from the neutrino
propagation in matter. In both cases we have demonstrated the interference both of these tasks
suffer from the δCP parameter whose value is still unknown. We used the recent LBNO design
study as our benchmark model and performed the numerical study with the GLoBES software.
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The Planck satellite has observed the full sky at nine frequencies between 30 GHz and 1
THz from 2009 to 2013. It represents the third generation of satellites dedicated to the ob-
servation of the Cosmic Microwave Background radiation (CMB). The CMB anisotropies
represent the picture of primordial cosmological perturbations that originated the present
structures of the Universe and Planck has performed their measurement with unprece-
dented accuracy in both temperature and polarization. In 2015 the Planck full mission
data and results have been released to the public , here we will present some of the main
cosmological results.

1 Introduction

The Cosmic Microwave Background (CMB) radiation is one of the most important source of
information on the Universe origin, history, present and future status. It is the relic radiation
from the Big Bang and it encodes the status of cosmological perturbations before stars and
structures were formed. It was generated when the universe was cool enough to allow the
recombination of neutral hydrogen (during the phase called recombination), increasing the mean
free path of photons to lenghts of the order of the Universe size. The CMB represents the first
picture of the Universe just 400000 years after the Big Bang and its photons were emitted from
an hypothetical surface called the Last Scattering Surface (LSS). The CMB is almost perfectly
isotropic in the sky with a blackbody spectrum at a temperature of T=2.72548 ± 0.00057 K
[1], the small anisotropies of the order of ∆T/T ∼ 10−5 are none other that the mirror of
primordial cosmological perturbations. The CMB, thanks to the properties of the Compton
scattering, is linearly polarized and polarization represents a crucial additional information for
cosmology. The CMB polarization anisotropies are usually not analysed in terms of Q and U
Stokes parameters but via their combination E and B [2]. Different cosmological models have
different predictions for CMB anisotropies in temperature and polarization and therefore the
CMB is crucial to investigate and constrain the standard cosmological model and its extensions.
In this paper we ill briefly review the main cosmological results by Planck 2015 [3, 4, 5, 6, 7, 8].
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2 Planck 2015

The Planck mission1 is the third generation of satellites dedicated to the observation of the
sky in the microwaves. It is an ESA project and was launched on the 9th of May 2009 and
has observed the sky continuosly from the 12th of August 2009 to the 23rd of October 2013
in 9 bands between 30 GHz and 1 THz, it has angular resolutions between 5 and 30 arcmin
and a sensitivity of ∆T/TCMB ∼ 2 × 10−6 [9]. The satellite is composed by two instruments
based on two different detector technologies: the Low Frequency Instrument (LFI), composed
by radiometers at 30, 44, 70 GHz that operated for about 48 months , and the High Frequency
Instrument (HFI), composed by spider-web bolometers at 100, 143, 217, 353, 545 and 857 GHz
that operated for about 30 months. The first data, and associated scientific results, release
took place in 2013 [10] with the delivery of the first 15 months of temperature data. In 2015
there has been the second data and result release [3] with the full mission data in temperature
and, for the first time, also in polarization. With respect to the 2013 release some changes have
been made to the data, in particular, there has been a strong improvement in the calibration,
bringing the agreement between Planck and WMAP to less than few tenths of percent, the
effect of the feature at ` ∼ 1800 in 2013 data has been removed, plus there have been some
changes in the data analysis tools like the likelihood and the foreground modelling inside the
likelihood.

2.1 Maps

Planck has produced full sky maps at all nine frequencies in temperature and polarization
[11, 12] . But the microwave sky is not only the CMB signal but it is the composition of CMB
and all the astrophysical signals like the contamination by our Galaxy and by unresolved point
sources, which are called foregrounds. In order to separate the different components of the sky
and extract the CMB in temperature and polarization Planck has used four different component
separation methods all giving very consistent CMB maps [4]. In Fig.1 we show the results of
one of the method (SMICA) in temperature and polarization 2.

2.2 Power Spectra

To perform a statistical analyisis of the CMB anisotropies, they are expanded in spherical
harmonics ∆T (~x, n̂, τ) =

∑∞
l=1

∑l
m=−l alm(~x, τ)Ym,l(n̂) . The angular power spectrum is then

defined as Cl = 1
(2l+1)Σm〈a∗lmalm〉. If the primordial fluctuations were Gaussian, the angular

power spectrum would provide a complete description of the CMB anisotropies, whereas in
case of non-Gaussianities, like are predicted in different cosmological models, higher statisti-
cal moments like the bispectrum and the trispectum may be different from zero. In Fig.2 we
show the Planck angular power spectra in temperature and polarization. The spectra shown
are the temperature TT autocorrelation, the E-mode autocorrelation EE, the temperature-
E-mode cross-correlation TE. We show also the B-mode polarization which has been derived

1Planck (http://www.esa.int/Planck) is a project of the European Space Agency (ESA) with instruments
provided by two scientific consortia funded by ESA member states and led by Principal Investigators from France
and Italy, telescope reflectors provided through a collaboration between ESA and a scientific consortium led and
funded by Denmark, and additional contributions from NASA (USA).

2Due to ongoing data analyisis at the time of the release the lowest multipoles ` < 30 of the polarization
map have been filtered out, for a recent update on the low-` polarization see [13]
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Figure 1: The component separated maps in temperature, left panel, and polarization, right
panel.

with a joint analyisis of the Planck and BICEP-2/Keck data [14]. The B-mode polarization
is particularly important since it is not produced by the standard density perturbations, i.e.
scalar perturbations, apart from a late time contribution on small angular scale by the CMB
gravitational lensing. Therefore large scale B-modes in the standard cosmological model are
representative of tensor primordial perturbations and are considered the smoking gun of in-
flation, in fact their amplitude would be directly connected to the enegy scale of inflation 3.

2.3 Lensing

CMB photons travel almost unperturbed from the LSS, but during their crossing of the large
scale structure they are subjected to the gravitational effects of the matter distribution in the
Universe, the CMB lensing. The CMB lensing has distinctive signatures on the angular power
spectra and it has a non-Gaussian contribution to the CMB anisotropies. The effect on the
angular power spectra is a smoothing of the peaks in the temperature anisotropies, but most
important, the lensing of the E-mode polarization generetes a non-zero B-mode polarization
with a peculiar shape which peaks on small angular scales. This signal is crucial since it
represents one of the main contaminants for the detection of the primordial B-mode polarization
from inflation. Using the non-Gaussian contribution of the lensing to the CMB anisotropies
Planck detected the lensing with a significance of more than 40 sigma and was able to extract the
information on the lensing potential with unprecedented precision at the level of 2.5% accuracy
[15]. It was also possible to reconstruct a full-sky map of the projected mass distribution. In
Fig.3 we show the results of both the analyisis.

3 Cosmological Parameters

The Planck data are used to derive the constraints on the standard cosmological models and its
extensions, exploring the cosmological parameter space using a a Markov Chain Monte Carlo
approach, e.g. with the public code CosmoMC [16]. To derive the constraints presented in the
next sections we used the Planck 2015 likelihood, which is described in detail in [5]. The Planck
likelihood uses a hybrid approach with the combination of one likelihood dedicated to low-` and

3Although there are other possible sources of B-modes connected with exotic cosmological models, like the
one which includes primordial magnetic fields.
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Figure 2: CMB anisotropy angular power spectra in temperature and polarization as measured
by Planck 2015. The upper left panel is the temperature spectrum, the upper right is the
temperature-E-mode cross-correlations, the lower left panel is the E-mode and the lower right
panel is the joint analyisis of Planck and BICEP2/Keck of B-mode polarization.

Figure 3: Planck 2015 lensing results, the lensing potential is on the left panel; the reconstructed
matter distribution map on the right panel.
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Parameter TT+lowP TT+lowP+lensing TT,TE,EE+lowP TT+lowP+lensing+ext

Ωbh
2 0.02222 ± 0.00023 0.02226 ± 0.00023 0.02225 ± 0.00016 0.02227 ± 0.00020

Ωch
2 0.1197 ± 0.0022 0.1186 ± 0.0020 0.1198 ± 0.0015 0.01184 ± 0.0012

100θMC 1.04085 ± 0.00047 1.04103 ± 0.00046 1.04077 ± 0.00032 1.04106 ± 0.00041

τ 0.078 ± 0.019 0.066 ± 0.016 0.079 ± 0.017 0.067 ± 0.013

ln(1010As) 3.089 ± 0.036 3.062 ± 0.029 3.094 ± 0.034 3.064 ± 0.024

ns 0.9655 ± 0.0062 0.9677 ± 0.0060 0.9645 ± 0.0049 0.9681 ± 0.0044

H0 67.31 ± 0.96 67.81 ± 0.92 67.27 ± 0.66 67.90 ± 0.55

Table 1: Parameter 68% confidence limits for the base ΛCDM model from Planck CMB power
spectra, in combination with lensing reconstruction (”lensing”) and external data (”ext”,i.e.
BAO+JLA+H0)[6].

another to high-`. The Planck low-` likelihood is a fully pixel-based likelihood with temperature
and polarization with an `-range 2 < ` < 29 in TT , TE, EE, and BB. The likelihood is
based on the foreground-cleaned LFI maps at 70 GHz and the temperature map derived by the
component separation method Commander [5]. This likelihood is denoted as lowP and is based
entirely on Planck data for both temperature and polarization. The Planck high-` likelihood
is based on a Gaussian approximation and covers the `-range 30 < ` < 2500. It uses the half-
mission cross-power spectra of the 100 GHz, 143 GHz, and 217 GHz channels. The likelihood
takes foregrounds and secondary anisotropies into account [5]. It is denoted as Planck TT , for
temperature only, or Planck TT , TE, EE, for temperature plus polarization. In addition to
the likelihood based on the CMB anisotropies, the Planck collaboration has also delivered a
likelihood based on the lensing potential with a conservative range in ell of 40 < ` < 400 [15]. In
addition to the CMB based likelihood Planck uses also a compilation of other non-CMB datasets
denoted as ext which include: BAO acoustic oscillationd from 6dFGS+SDSS+BOSS LOWZ;
supernovae Ia “”Joint Light curve analysis from SNLS and SDSS, a prior on H0 = (73.9± 3.3)
Km/sec/Mpc, for details see [6].

3.1 ΛCDM

The standard cosmological model, the ΛCDM, is described by six cosmological parameters: the
baryon density ωb = Ωbh

2, the cold dark matter density ωc = Ωch
2 , the reionization optical

depth τreion, the ratio of the sound horizon to the angular diameter distance at decoupling θ,
the scalar amplitude ln(As1010), and the scalar slope ns. The constraints derived with Planck
2015 likelihood are presented in Table 1. The ΛCDM is very well constrained and represents a
very good fit to the Planck data.

3.2 Neutrinos

The baseline Planck model assumes a normal neutrino mass hierarchy with
∑
mν = 0.06 eV

dominated by heaviest neutrino. The main effect of the mass of neutrinos is on large scale
structure, the CMB is only slightly affected by neutrinos with masses below 1 eV. This is due
to the fact that the effect of neutrino mass is caused by their transition from relativistic to non-
relativistic, and becoming effectively an extra mass component for the CMB anisotropies, but
this transition takes place well after recombination for masses below the eV. There is anyway
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Figure 4: Constraints on neutrinos, on the first two panesl we shoe the posterior distribution of
the sum of the masses and then the 2D joint distribution of the mass and the Hubble constant.
On the third panel we show the 2D joint posterior for the number of effective neutrinos and
the Hubble parameter.

an effect at recombination which affects the early Integrated Sachs Wolfe effect, caused by the
changes in the gravitational potential wells induced by the transition. If not much can be
said with CMB anisotropies, the lensing is instead strongly affected by neutrino mass, in fact
massive neutrinos suppress the clustering of structures on scaler smaller than the horizon at the
non-relativistic transition affecting the lensing potential. Therefore the lensing becomes a very
powerful tool to constrain neutrino masses. In Fig.4 we show the results for the neutrino mass
constraints. The 95% C.L. limits are

∑
mν < 0.72 eV for Planck TT+lowP;

∑
mν < 0.21 eV

for Planck TT+lowP+BAO;
∑
mν < 0.49 eV for Planck TT,TE,EE+lowP;

∑
mν < 0.17 eV

for Planck TT,TE,EE+lowP+BAO;
∑
mν < 0.68 eV for Planck TT+lowP+lensing;

∑
mν <

0.59 eV for Planck TT,TE,EE+lowP+lensing. The larger constraints with the addition of the
lensing likelihood are due to the fact that the lensing likelihood based on the lensing potential
reconstruction prefers lower values for the amplitude of the lensing signal with respect to the
one derived with the CMB angular power spectra based likelihood and therefore the lensing
likelihood allows for larger masses. Another possibility to investigate the neutrinos with CMB
anisotropies are the constraints on the number of effective neutrinos. In fact, an increased
number of effective neutrinos with respect to the standard prediction Neff = 3.046 would
lead to a faster expansion affecting both the Big Bang Nucleosynthesis predictions and the
damping tail of the CMB anisotropies (it causes the recombination to happen earlier assuming
the same size of the horizon as seen by Planck). The results are shown in the third panel of
Fig.4. The Planck results are perfectly consistent with Neff = 3.046 with single constraints
given by (68% C.L.): Neff = 3.13 ± 0.32 Planck TT+LowP; Neff = 3.15 ± 0.23 Planck
TT+LowP+BAO ;Neff = 2.99 ± 0.20 Planck TT,TE,EE+LowP; Neff = 3.04 ± 0.18 Planck
TT,TE,EE+LowP+BAO. The constraints for the combination of variable mass and number
of effective neutrinos confirms the results of the separate cases:

∑
mν < 0.32 eV and Neff =

3.2± 0.5 Planck TT+LowP+lensing+BAO. If we add a massive sterile neutrino in addition to
the baseline three we have:

∑
mν < 0.52 eV and Neff < 3.7 Planck TT+LowP+lensing+BAO

and
∑
mν < 0.38 eV and Neff < 3.7 Planck TT+LowP+lensing+BAO when restricting the

prior on mthermal
sterile < 2 eV instead of 10 eV of the first result.
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3.3 Inflation

The inflation is a phase predicted in the standard cosmological model, in which the Universe un-
derwent an exponential expansion [17]. Several models of inflation have been proposed through
the years and each has its own predictions on the CMB anisotropies. Two of the main pre-
dictions of the most common inflationary models are a spectral index different from the scale
invariance and the generation of tensor perturbations, therefore a tensor to scalar ratio r dif-
ferent from zero. In the left panel of Fig.5 we show the Planck 2015 and the combination of
Planck+BICEP 2/KEck joint analysis results on the joint posterior distribution ns and r com-
pared with the predictions of some inflationary models. We note how Planck 2015, assuming a
ΛCDM or ΛCDM+tensor model, excludes the scale invariance ns = 0.9655±0.0062 (68% C.L.)
with Planck TT+LowP, and gives strong upper limits on r < 0.11 Planck TT+LowP, reducing
the allowed region of inflationary models [8].

3.4 Curvature, Dark Energy and Primordial Magnetic Fields

Two of the main extesions to the standard cosmological model consider models of dark energy
which are not cosmological constants and the possibility to have non-zero curvature. In the first
case Planck 2015 results are perfectly compatible with a dark energy in the form of a cosmo-
logical constant, this means that the parameter of the equation of state is w = −1. The Planck
results on the dark energy are: w = −1.54+0.62

−0.50 Planck TT+LowP; w = −1.023+0.091
−0.096 Planck

TT+LowP+ext; w = −1.006+0.085
−0.091 Planck TT+LowP+lensing+ext; w = −1.019+0.075

−0.080 Planck
TT,TE,EE+LowP+lensing+ext. Also for the curvature Planck 2015 results are perfectly com-
patible with the standard cosmological model, namely with a flat geometry: Ωk = −0.0512+0.049

−0.055
Planck TT+LowP;Ωk = −0.040+0.038

−0.041 Planck TT,TE,EE+LowP;Ωk = −0.005+0.016
−0.017 Planck

TT+LowP+lensing;Ωk = 0.0000 ± 0.005 Planck TT+LowP+lensing+BAO. The slight prefer-
ence for negative values, closed universe, is due to a geometrical degeneracy and in fact note
how adding the lensing and the BAO which break this degeneracy, brings the value in perfect
compatibility with a flat geometry. The CMB allows to strongly constrain also more exotic
cosmological models and in particular can give strong constrain to the one which considers
the presence of primordial magnetic fields (PMF). PMF can naturally arise in the early Uni-
verse thanks to mechanisms related to inflation or phase transitions and may represent the
progenitors of the fields we observe on large scale structures. PMF have several impact on
CMB anisotropies [19, 18] and therefore CMB anisotropies can give strong constraints on PMF
amplitude.Planck 2015 constraints are shown in the right panel Fig.5. The upper limits (95%
C. L.) are: B1Mpc < 4.4 nG Planck TT+lowP for generic spectral index; BnB=2

1Mpc < 0.011 nG;

BnB=1
1Mpc < 0.1 nG; BnB=0

1Mpc < 0.5 nG; BnB=−1.5
1Mpc < 4.8 nG; BnB=−2.5

1Mpc < 2.4 nG; BnB=−2.9
1Mpc < 2.0

nG [7].

3.5 Conclusions

The Planck results represent a milestone in cosmology. The amount of data released is a legacy
which will be exploited for years and years to come.Planck has confirmed that the ΛCDM model
represents a very good fit to the CMB data, and has measured the cosmological parameters
that describes it with unprecedented accuracy. But there are still a lot of challenges for the
CMB future, the measurements of the B-mode polarization on large angular scales, the large
scale anomalies etc. The final Planck release is expected for late 2016.
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Figure 5: Constraints on inflation on the left and the constraints on primordial mag-
netic fields on the right: solid curve is Planck TT+lowP, compensated modes; the red
dashed is Planck TT,TE,EE+lowP compensated; the green dotted line is PLanck TT+lowP
compensated+passive modes; the blue dot-dashed is the Planck TT,TE,EE+lowP compen-
sated+passive modes. .
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Figure 1: The Orion Nebula (M42) as photographed using Hamburg Observatory’s Great
Schmidt Mirror on 9th March 1959. Credit: Digital Plate Archives of Hamburger Sternwarte



Figure 2: The nearby galaxy in Andromeda (M31) as photographed using Hamburg Observa-
tory’s Great Schmidt Mirror on 31st August 1959. Credit: Digital Plate Archives of Hamburger
Sternwarte



Figure 3: The Comet Mrkos, officially discovered by Czech astronomer Antonin Mrkos on 2nd
August 1957. It probably had been seen by two others up to four days prior, but neither
reported their sighting. Credit: Digital Plate Archives of Hamburger Sternwarte



Figure 4: The Moon. Photograph taken with Hamburg Observatory’s Great Refractor tele-
scope in the night of 27th/28th February 1929. Credit: Digital Plate Archives of Hamburger
Sternwarte



Figure 5: The Moon photographed using the Great Refractor on 17th March 1929. Credit:
Digital Plate Archives of Hamburger Sternwarte



Figure 6: Hamburg astronomers gathered in the library to discuss results. Note Otto Heckmann
and Richard Schorr in the center. Credit: Photographic Archive of the Hamburg Observatory



Figure 7: Hamburg astronomers preparing instruments for the observation of a solar eclipse
in Russia. In the 1920s and 1930s multiple expeditions to various locations in South America
and Asia were conducted to study eclipses or objects not visible from the northern hemisphere.
Credit: Photographic Archive of the Hamburg Observatory



Figure 8: Solar eclipse in 1912 as photographed using Hamburg Observatory’s Lippert Astro-
graph telescope. Credit: Digital Plate Archives of Hamburger Sternwarte



The SNO+ experiment: current status and fu-

ture prospects.

Valentina Lozza1 for the SNO+ Collaboration

1Institut für Kern- und Teilchenphysik, TU Dresden, Zellescher Weg 19, 01069 Dresden, Ger-
many

DOI: http://dx.doi.org/10.3204/DESY-PROC-2016-05/5

SNO+ is a multi-purpose neutrino experiment whose main physics goal is the search for
the neutrinoless double-beta (0νββ) decay of 130Te. With an initial loading of 0.5% (by
weight) of natural tellurium SNO+ is expected to reach a sensitivity on the 0νββ lifetime
of the order of 1026 years at 90% C.L. in a 5-year run. Along with the 0νββ decay search,
SNO+ has the capability to measure the low energy solar neutrinos, like pep and CNO
neutrinos. It has also an extraordinary opportunity to do the first measurement of the
supernova νx energy spectrum.

1 Introduction

The SNO+ experiment is reusing the Sudbury Neutrino Observatory detector which is located
at a depth of 2 km in the Vale’s Creighton mine in Sudbury, Canada. The deep underground
location, the large volume, and the high radio-purity of the materials used allows SNO+ to
explore several neutrino physics topics.

The primary goal of SNO+ is the search for the Dirac or Majorana nature of the neutrinos
via searching for the neutrinoless double-beta (0νββ) decay of 130Te. The neutrinoless double-
beta decay is an extremely rare nuclear process that can only happen if neutrinos are their own
antiparticles, i.e. they have a Majorana mass component. With an initial loading of 0.5% of
tellurium by weight, SNO+ aims to reach a sensitivity on the effective Majorana neutrino mass
smaller than 100meV, exploring the top of the inverted hierarchy region in five years.

The low energy threshold of the SNO+ experiment, the deep underground location and the
high radiopurity allows the measurement of the low-energy solar neutrinos, like pep, 8B, and
CNO neutrinos. The measurement of the pep neutrino flux and of the spectral shape of the
8B-neutrinos will shed like on oscillation models, while the measurement of the CNO neutrino
flux can solve the solar metallicity problem.

Along with these goals SNO+ can measure antineutrinos from nuclear reactors and the
Earth’s crust and mantle, can watch for neutrinos and antineutrinos from core collapse su-
pernovae, and has the potential to search for exotics physics, like invisible nucleon decay, and
axion-like particles.

This article is structured as follows. In Section 2 the SNO+ detector is described together
with the most recent upgrades, and the liquid scintillator and tellurium purification processes.
In Section 3 the physics goals, the expected phases of the experiment and the run plan is
presented. In Sections 4 to 6 the physics program of SNO+ is described: the neutrinoless
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double-beta decay search (Section 4), the measurement of low energy solar neutrinos (Section
5), and the watch for supernova neutrinos and antineutrinos (Section 6). The conclusion will
follow at the end.

2 The SNO+ Experiment

The SNO+ experiment is located at a depth of 5890 ± 94 m.w.e. in the SNOLAB underground
laboratory [1]. The flat overburden provides a shield against the cosmic muons, reducing the
muon flux to 63 muons per day passing through a 8.3m radius circular area. SNO+ will
reuse the SNO detector infrastructure [2, 3] which consists of a spherical acrylic vessel of 12m
diameter and 5.5 cm thickness suspended in a cavity excavated in the rock via a system of high
purity ropes. The vessel will be filled by about 780 tonnes of liquid scintillator and is viewed
by 9300 8 inch PMTs placed on a geodesic stainless steel structure (PSUP) of 19m diameter.
Each PMT is equipped with a light concentrator for an overall coverage of 54%. The volume
between the acrylic vessel and the PSUP and the one outside the PSUP is filled with high
purity water to shield against the radioactivity coming from the rock and the PMTs. Due to
the lower density of the liquid scintillator (LS) contained in the acrylic vessel compared to the
one of the surrounding water a new system of high purity ropes has been installed on the top
of the vessel and anchored to the cavity floor to offset the LS buoyancy [4].

2.1 Liquid scintillator

The SNO+ liquid scintillator consists of linear alkylbenzene (LAB) as a solvent and 2 g/L of
2,5-diphenyloxazole (PPO) as a fluor. The LAB+PPO mixture has been selected among others
due to its chemical compatibility with the acrylic vessel, its high light yield of more than 10000
photons per MeV, its transparency and good optical properties (long attenuation and scattering
lengths), its linear response in energy, and its long term stability. Additionally, the fast decay
time allows to discriminate between alpha-like and beta-like signals.

Despite the high purity levels available directly from the manufacturer, a further purification
of the liquid scintillator is necessary in order to achieve a U- and Th-chain radiopurity close to
the one of Borexino and KamLAND, i.e. less than 10−17 g/gLAB [5]. The scintillator purification
plant of SNO+ is fully described in [6, 7]. Heavy metals and optical impurities are removed by
a multi-stage distillation and high temperature flash vacuum distillation. Gases and residual
water are then removed by a N2/steam gas stripping process. Once the SNO+ detector is filled
with LAB+PPO the mixture can be further purified in-situ by recirculating the scintillator
(about four days for the entire volume) through a rotating-stage liquid-liquid extraction column
and metal scavengers. The liquid scintillator purification plant has been fully installed at the
SNOLAB depth and is currently undergoing commissioning.

2.2 Te-loading

To search for the 0νββ decay SNO+ will load tellurium into the liquid scintillator. The SNO+
collaboration has developed a new technique to load several tonnes of tellurium into LAB
maintaining a high light emission level and good optical properties. In the initial phase SNO+
will load 3.9 tonnes of natural tellurium (a concentration of 0.5% by weight) by forming an
organometallic compound of tellurium and butanediol which is soluble in LAB scintillator. A
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secondary wavelength shifter (bis-MSB) is added to better match the PMT quantum efficiency.
The currently predicted light yield in SNO+ for the 0.5% Te-loaded cocktail is 390Nhits (de-
tected photoelectron hits) per MeV of energy.

The purification technique for tellurium is described in [8]. It has been designed to remove
both the U- and Th-chain impurities and the isotopes produced by cosmogenic neutron and
proton activation of the material during handling and storage on the earth’s surface. The
purification plant for tellurium consists of two stages. Both the stages are expected to hap-
pen underground. A first double-pass acid recrystallization (Stage I) reduces the U/Th and
cosmogenic-induced isotope level of a factor larger than 104. In the second purification stage
(Stage II) tellurium is dissolved in water at 80◦ C and left to cool to recrystallize without further
rinsing. This stage will further reduce the impurity level of a factor larger than 100.

2.3 Detector Upgrades

In addition to the installation of the hold-down rope system several detector upgrades have
been done in the latest years. The read-out boards and the data acquisition system of SNO
have been upgraded with a higher bandwidth one to cope with the higher rate and lower energy
events expected in SNO+. The trigger system has been improved for a more flexible calibration
interface. The electronics and the trigger system have been tested in runs with the detector
empty and partially filled with water. A new calibration hardware has been designed which
consists of a set of radioactive sources (beta, gamma, alpha and neutron) and a set of optical
sources. The optical calibration system consists of deployable sources and a fixed external
system of optical fibers attached to the PSUP as described [9]. The SNO cover gas system,
a sealed system of bags filled with high-purity nitrogen that shields the detector against the
radon contained in the mine air, has been upgraded for a radon reduction of about 105.

3 Physics Goals and Run Plan

The main goal of the SNO+ experiment is the search for the 0νββ decay of 130Te. However,
due to the deep underground location and the high purity of the materials used, SNO+ has
the potential to explore other physics topics: the measurement of the low energy pep and
CNO neutrino flux, the measurement of the spectral shape of the 8B-neutrinos, the watch for
supernova (SN) neutrinos and antineutrinos, and the measurement of antineutrinos produced
in nuclear reactors and in the Earth’s crust and mantle.

Currently, there are planned three main phases for the experiment. During the initial phase
the detector will be filled with about 905 tonnes of ultra-pure water (1, water phase). This phase
will start by the end of 2016 and last for a few months. In this phase the detector performance
and the PMT response will be checked. At the same time SNO+ will search for exotic physics
events, like the invisible nucleon decay, and will watch for SN-neutrinos.

The water phase will be followed by a pure liquid scintillator phase (2) where the detector
is filled with about 780 tonnes of LAB+PPO. Also this phase will last few months. The physics
topics covered are the measurement of the low energy solar neutrinos, the watch for SN neutri-
nos, and the measurement for reactor and geo- antineutrinos. This phase will be also used to
measure the liquid scintillator background and verify the optics model.

Tellurium will be loaded into the detector starting from the end of 2017 with the beginning
of the data taking expected for the summer of 2018. The double-beta decay phase (3) will last
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Figure 1: Energy spectrum plot (stacked) of all backgrounds and an hypothetical 0νββ signal
coresponding to mββ = 200meV. The plot is shown for 5 years live-time, 0.5% Te-loading and a
light yield of 390Nhits/MeV. A fiducial volume of 20% has been applied. External backgrounds
are further reduced by a factor of two, while 214BiPo and 212BiPo are reduced by >99.99% and
98%, respectively. Tββ is the effective kinetic energy.

about 5 years. Simultaneously to the 0νββ search the detector will be live for a potential SN,
and the geo- and reactor antineutrinos can be observed.

4 130Te neutrinoless double-beta decay search

The observation of the 0νββ decay would demonstrate lepton number violation, and shed light
on the ordering of the neutrino masses, both intriguing open questions in the neutrino research
area. The 0νββ decay is a nuclear process in which two neutrons are converted into two protons
and two electrons without the emission of the neutrinos. It can be seen as two simultaneous
β-decays in which the neutrinos from the two weak vertices mutually annihilate. The signature
of the decay is a peak at the Q-value of the reaction in the summed energy spectrum of the two
electrons. The measured observable is the reaction’s rate, from which it is derived the half-life
of the decay. The effective Majorana neutrino mass, mββ, is then extracted from the half-life
as described in [10].

In SNO+ the search for the 0νββ decay is done by loading large amounts of 130Te into the
detector volume. 130Te has a large isotopic abundance of 34.08%, which allows to load several
tonnes of the isotope without the need of enrichment. The Q-value of the decay (2527.518
± 0.013keV [11]) is above many of the U- and Th-chain decays’ endpoints. The half-life of
the associated 2νββ decay (7.0±0.9(stat)±1.1(syst)×1020 yr [12]), one of the main irreducible
backgrounds in the 0νββ decay search, is among the longest of all the 0νββ decay candidates.
Currently, loadings up to few percent (by weight) of natural tellurium in LAB have been
successfully obtained with very good optical properties, high light yield and no inherent optical
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Figure 2: Expected solar neutrino fluxes and backgrounds as detected by the SNO+ experiment.
The background levels are assumed to be similar to the one initially achieved by Borexino. A
fiducial volume cut of 5.5m and a light yield of 400Nhits/MeV are assumed. The 214BiPo
events are rejected by 95% using delayed coincidences, while a 95% reduction is applied to the
210Po and remaining 214Po alpha signals. U and Th-chain backgrounds have a constrain of 7%
and 25%, respectively.

absorption line in the visible wavelength range.
The expected energy spectrum for a 0.5% Te loading and a five-year live-time is shown

in Figure 1. A fiducial volume (FV) cut of 3.5m, corresponding to 20% of the total volume,
has been applied. The region of interest (ROI) for the 0νββ decay search extends from -0.5σ
to +1.5σ around the Gaussian signal peak. The asymmetric ROI considerably reduces the
background events from the 2νββ and the low energy U- and Th-chain decays, leaving as main
background contribution the 8B-ν elastic scattering (irreducible flat background). 214BiPo (U
chain) and 212BiPo (Th chain) events are rejected using a delayed coincidence tagging and,
for the events happening in the same trigger window, pile-up cuts [1]. The 0νββ decay signal

shown in Figure 1 corresponds to a mββ = 200meV, or to a T0νββ
1/2 ∼ 1025 yr using IBM-

2 nuclear matrix elements [13]. The expected sensitivity of SNO+ in 5 years of running is

T0νββ
1/2 > 1.96× 1026 yr at 90% CL, corresponding to a limit on the effective Majorana neutrino

mass of 38 – 92meV (G = 3.96 × 10−14 yr−1 [14] and gA = 1.269), depending on the nuclear
matrix elements used.

5 Low-energy Solar Neutrinos

The solar neutrino spectrum as detected by SNO+ is shown in Figure 2 together with the main
background sources during the pure scintillator phase. With a liquid scintillator purity similar
to the one achieved by Borexino in its Phase I [5], SNO+ can detect pep and CNO neutrinos with
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a sensitivity of few percent. Additionally, a spectral shape measurement of the 8B neutrinos
can be performed also during the 0νββ phase for energies above the 130Te endpoint.

5.1 Pep neutrinos

The pep reaction in the Sun produces monoenergetic neutrinos (1.44MeV) which have very
well predicted flux (1.2% uncertainty) constrained by the Sun luminosity. A measurement of
these neutrinos has the potential to probe the transition region between the vacuum oscillation
(E≤ 1MeV) and the matter-enhanced oscillation (E≥ 1MeV) energy regions of the νe survival
probability. The shape of the survival probability in the transition region is sensitive to alternate
models of neutrino-matter interactions, such as flavor changing neutral currents or mass-varying
neutrinos. A minimum precision of 10% is necessary to discriminate among different models.
To improve the sensitivity to non standard neutrino interactions, the spectral shape of 8B-νs
can be used. Due to their production closer into the core of the Sun, the effect of new physics
is enhanced for these neutrinos.

With a background level similar to the one achieved in Borexino Phase I, MonteCarlo
simulations suggest that, with one year of data and a 50% fiducial volume cut, the expected
uncertainty on the pep neutrinos is 8.9% (13% in six months), while the expected uncertainty
on the 8B neutrinos is about 7% (10% in 6 months).

5.2 CNO Neutrinos

Recent improvements in the solar atmospheric modelling suggest a photosphere’s metallicity
(abundance of elements heavier than helium) about 30% lower than what was predicted by the
older but quite successful model. This broke the excellent agreement between the solar model
calculations and helioseismology, opening the question about the homogeneous distribution of
the elements in the Sun. The prediction for the CNO neutrino flux depends linearly on the core
metallicity and thus can shed light on the solar metallicity problem. Additionally, the CNO-ν
flux can be further constrained by a precision measurement of the 8B-ν flux as it depends on
the same environmental factors.

The major background for the CNO neutrino flux measurement are the 210Bi decays (Q-
value = 1.16MeV). The shape of this decay is very similar to the CNO-ν one making the
discrimination difficult. The separation can be achieved by an ex-situ constraint on the 210Bi
decay rate or using observable different from energy. In one year of data the expected uncer-
tainty on the CNO+210Bi linked data is 4.4% (6.5% in six months). The CNO flux alone has
a predicted uncertainty of 15%.

6 Supernova Neutrinos and Antineutrinos

The high radiopurity of SNO+ and its deep underground location makes it one of the most
promising experiments for the detection of neutrinos from core collapse supernovae (CCSNe).
CCSNe are expected to emit more than 99% of their energy via neutrinos of all flavours and
type. A measurement of these fluxes is expected to shed light on the explosion mechanism.
Current models estimate than about half of the neutrinos are emitted in the first second of the
CCSN’s burst [15].
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Figure 3: Supernova (SN) neutrino energy distribution for the ν-p ES interaction in the SNO+
experiment. A FV cut of 5.5m and a detector threshold of 0.2MeV have been applied. Shown
are the true, reconstructed and best fit energy distribution of the sum of νe, νe, and νx emitted
in the first second of the burst for a 10 kpc away SN with a total 3×1053 erg energy ejected
in the form of neutrinos. The uncertainties shown are statistical (black) and total (blue). The
systematic uncertainty which includes the ν-p ES cross section, the number of target protons,
the proton quenching parameter, the detector’s energy resolution, and the spectral νe and νe
parameters, is too small to be resolved. The best fit spectrum shows excellent agreement.

SNO+ has the potential to measure both the averaged energy as well as the total elec-
tromagnetic energy of the neutrinos emitted in the CCSN. The possible interaction channels
during the pure liquid scintillator phase are summarized in [1]. For a 10 kpc away SN, with
3×1053 erg of binding energy released in form of neutrinos (equally partitioned among all six
flavours and types), SNO+ expects to detect about 195 events via inverse beta decay (IBD)
reactions, and about 119 events via elastic scattering (ES) on protons (for an energy threshold
above 0.2MeV) with a 5.5m FV cut. The reconstructed energy spectrum of νe, νe, and νx
(sum of νµ, νµ, ντ , and ντ ) neutrinos emitted in the first second of the CCSN and detected by
ν-p ES reaction is shown in Figure 3, together with the true neutrino spectrum. The recon-
structed energy spectrum is obtained from the unfolded proton energy, taking into account the
non-linear quenching of the proton energy and the finite detector resolution [1].

7 Conclusion and Outlook

SNO+ is a large-scale liquid scintillator experiment whose primary goal is the search for the
neutrinoless double-beta decay of 130Te. During the initial Te-phase about 3.9 tonnes of nat-
ural tellurium are loaded into the liquid scintillator by which SNO+ is expected to reach a
sensitivity on the effective Majorana neutrino mass on the top of the inverted hierarchy region.
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Additionally, due to the low energy threshold, the deep underground location and the high
purity of the materials used SNO+ is also able to measure low energy solar neutrinos, like pep
and CNO neutrinos. Furthermore, SNO+ can provide the first measurement of the spectral
shape of the νx neutrinos ejected from a CCSN.

Several upgrades have been made to the detector in order to reuse the old SNO vessel and
electronics. We expect to start the water phase data taking soon, with the tellurium loading
foreseen for the end of the 2017.
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Solar neutrinos have been of extraordinary importance for the discovery of neutrino oscil-
lations and allow to study directly the Sun’s innermost core. The Borexino experiment,
located in the Gran Sasso National Laboratory, is an ultra-pure liquid scintillator detector
conceived for the real time spectroscopy of low energy solar neutrinos. We review Borex-
ino’s results and we discuss its upcoming future, since the precision era of solar neutrino
measurements has just started.

1 Solar neutrinos

The Standard Solar Model (SSM) is a theoretical framework which aims to describe the Sun,
and particularly to study the energy production mechanisms, thus predicting the solar neutrino
fluxes coming out of them [1]. The SSM has been continuously refined during the years, in-
cluding results about cross section measurements of relevant nuclear reactions at low energy [2]
and Helioseismology measurements [3, 4].

The Sun produces energy via different nuclear reactions. The so called pp chain, which
results in the fusion of 4 protons into 4He (see the left part of Fig. 1), is the set of nuclear
transitions which gives the most important contribution to the total energy production. The
CNO cycle (see the right part of Fig. 1) involves a subdominant set of reactions in the Sun,
accounting for ∼1% of the Sun’s energy release. However, the CNO cycle plays a key role
in astrophysics, since it is the dominant source of energy in stars more massive than the Sun
and in advanced evolutionary stages of Sun-like stars. A CNO neutrino measurement would
constrain the chemical composition of the Sun, leading to improved models for star formation
and supernova explosions. A direct measurement of the CNO neutrino component could also
solve the long-standing solar metallicity problem [5], for which, basically, two different solutions
are possible, namely the High Metallicity and Low Metallicity.

The theoretical solar neutrino spectra resulting both from the reactions of the pp chain and
the CNO cycle are shown on the left panel of Fig. 2.
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Figure 1: Left: Schematic drawing of the pp reactions chain, [6]. Right: Sketch of the CNO
cycle.

2 The Borexino experiment

The study of low energy solar neutrinos with a ultra-pure liquid scintillator technique is relevant
both for testing the predictions of the Standard Solar Model and for investigating the MSW-
LMA neutrino oscillation scenario in an energy range that is not accessible to water Cherenkov
detectors [7, 8]. In fact, up to a few years ago, spectroscopic measurements were performed
by water Cherenkov detectors above ∼ 5 MeV and concerned only 8B neutrinos for less than
the 1% of the total flux. The bulk of neutrinos at lower energies were detected only with
radiochemical experiments, unable to resolve the individual components. The original main
goal of Borexino [9, 10] was the precise measurement of the rate induced by the monochromatic
electron neutrinos (862 keV) produced by the electron capture decay of 7Be in the Sun. However,
the very high radio purity of the scintillator made it possible for Borexino to largely exceed the
expected performance and broaden the original physics program.

Borexino is a liquid scintillator calorimeter [11] designed for the real-time observation of
low energy solar neutrinos and anti-neutrinos. Neutrinos are detected through their elastic
scattering on electrons and by means of the consequent emission of scintillation light, while
anti-neutrinos are detected through inverse beta decay on protons. A sketch of the experiment
is shown in Fig. 2. It is located at the Gran Sasso National Laboratories (LNGS) in central Italy,
at a depth of 3800 m w.e.. The inner part of the Borexino detector is an unsegmented stainless
steel sphere (SSS) that is both the container of the scintillator and the mechanical support of
the photomultipliers. Within this sphere, the active mass consists of 278 tons of pseudocumene
(PC), doped with 1.5g/l of PPO. The scintillator is contained in a thin (125 µm) nylon Inner
Vessel (IV), 8.5 m in diameter. The IV is surrounded by two concentric PC buffers doped
with a light quencher. The scintillation light is collected by nominally 2212 photomultipliers

Magellan Workshop 2016 3

MEASUREMENT OF SOLAR NEUTRINO FLUXES WITH BOREXINO

Magellan Workshop 2016 97



Figure 2: Left Panel: Solar neutrino spectral components. Right Panel: Sketch of the
Borexino detector.

(PMTs) that are uniformly attached to the inner surface of the SSS. All but 384 PMTs are
equipped with light concentrators that are designed to reject photons not coming from the
active scintillator volume, thus reducing the background due to radioactive decays originating
in the buffer liquid or gammas from the PMTs. The 384 PMTs without concentrators are used
to study this background, and to help identify muons that cross the buffer, but not the IV.

The SSS is supported by 20 steel legs and enclosed within a large tank (WT) that is filled with
ultra-pure water. The WT has a cylindrical base with a diameter of 18 m and a hemispherical
top with a maximum height of 16.9 m. The WT is a powerful shielding against external
backgrounds (γ rays and neutrons from the rock) and is also used as a Cherenkov muon counter
and muon tracker. The muon flux, although reduced by a factor of 106 by the 3800 m w.e.
depth of the Gran Sasso Laboratory, is of the order of 1 m−2 h−1, corresponding to about 4000
muons per day crossing the detector. This flux is well above the Borexino requirements and a
strong additional reduction factor (about 104) is necessary. Therefore the WT is equipped with
208 photomultipliers that collect the Cherenkov light emitted by muons in the water.

The Borexino scintillator has a light yield of ∼ 104 photons/MeV, resulting in ∼ 500 detected
photoelectrons/MeV. The fast time response of the scintillating mixture allows to reconstruct
the events position by means of a time-of-flight technique with a good precision. The signature
of 7Be neutrinos is a Compton-like shoulder at 665 keV in the electron recoil spectrum. The
energy resolution (1σ) at the 7Be7 energy is as low as 44 keV (roughly 5% /

√
MeV).

3 Results from Borexino

7Be neutrinos The measurement of the flux of 7Be neutrinos was the primary goal of Borexino.
The first observation was published in the summer of 2007, after only 3 months of data taking.
The signal of the 7Be solar neutrinos is extracted from the data through a fit of the energy
spectrum of the events collected within the fiducial volume. There is not special signature
other then the shape of the spectrum itself (the Compton like shoulder with endpoint at 665
keV) that allows to distinguish the signal from background. The main background is due to
the radioactive decay of the isotopes 85Kr, 210Po, 210Bi, and 11C contaminating the scintillator,

4 Magellan Workshop 2016

SIMONE MARCOCCI et al.

98 Magellan Workshop 2016



but their contributions can be disentangled very efficiently through the spectral fit, as shown
in Fig. 3.

Figure 3: Two example of fitted spectra for the 7Be solar neutrino measurement, [12]. On the
left, an analytic fit over the 290-1270 keV energy region to a spectrum obtained with statistical
subtraction of the α background is shown. The plot on the right presents a Monte Carlo based
fit over the energy region 270-1600 keV to a spectrum where the α component has not been
removed. The fit results in the legends have units [counts/(day·100 ton)].

The rate of the neutrino-electron elastic scattering interactions from 862 keV 7Be solar
neutrinos in Borexino resulted of 46.0 ± 1.5(stat) ± 1.5(syst) counts/(day·100 ton), [12]. This
corresponds to a νe-equivalent 7Be solar neutrino flux of (3.10 ± 0.15)×109 cm−2s−1 and, under
the assumption of νe transition to other active neutrino flavors, yields an electron neutrino
survival probability of 0.51±0.07 at 862 keV. The no flavor change hypothesis is ruled out at
5.0σ. Borexino also investigated the eventual day-night asymmetry in the 7Be solar neutrino
interaction rate. The measured asymmetry is 0.001 ± 0.012 (stat) ± 0.007 (syst) [13], in
agreement with the prediction of MSW-LMA solution for neutrino oscillations. This result
disfavors MSW oscillations with mixing parameters in the LOW region at more than 8.5σ.
This region is, for the first time, strongly disfavored without the use of reactor anti-neutrino
data and therefore the assumption of CPT symmetry.

pep and CNO neutrinos Thanks to the development of novel data analysis techniques for
the rejection of the cosmogenic 11C and of external gammas (the main backgrounds in the 1-1.5
MeV region), a first evidence of pep solar neutrinos could be obtained. Particularly, a “three-
fold coincidence” vetoing method was developed [14]. It consists in eliminating the parts of the
fiducial volume through which the muon tracks passed, possibly creating the 11C isotope. For
a further reduction of the background of positrons produced by the 11C decays, a pulse shape
discrimination variable for β/β+ events has been developed (see e.g. the left side of Fig. 4). It
exploits the different time distribution of the scintillation photons, due to the possible ortho-
positronium formation [15]. The fit is then performed with a multivariate approach, fitting
simultaneously the energy spectrum, the pulse shape discrimination variable for β/β+ and the
radial distribution of the events, in order to decouple the uniformly distributed neutrino-like
events from the external gammas. All the details can be found in Ref. [16].

The interaction rate of pep neutrinos in Borexino is 3.1 ± 0.6(stat) ± 0.3(syst) counts/(day·100
ton) [16]. The absence of the solar neutrino signal is disfavored at 99.97% C.L., while the ab-
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sence of the pep signal is disfavored at 98% C.L. . The strongest constraint on the CNO
solar neutrino interaction rate (<7.9 counts/(day·100 ton), at 95% C.L.[16]), could be obtained
through the likelihood ratio test shown in the right part of Fig. 4.

Figure 4: Left Panel: Experimental distribution (black) of the pulse shape parameter for
β/β+ discrimination. The best-fit distribution (black dashed) and the corresponding β (red)
and β+ (blue) contributions are also shown. Left Panel: ∆χ2 profile obtained from likelihood
ratio tests between fit results where the pep and CNO neutrino interaction rates are fixed to
particular values (all other species are left free) and the best-fit result.

pp neutrinos The pp reaction in the core of the Sun is the keystone process for the energy
production and is the source of the largest component of the neutrino flux. Its measurement
is a major experimental milestone in solar neutrino physics, and paves the way to a deeper
understanding of the Sun dynamics. This measurement was made possible by the very low
radioactive background, particularly in 85Kr, achieved after an extensive purification campaign
performed in 2010-2011 and thanks to the extremely good performance of the detector as a
whole. Most of the remaining, unavoidable, background is due to 14C β-decays, whose end-
point is 156 keV, very close to the pp region of interest. To estimate its rate independently
from the main analysis, a sample of data in which the event causing the trigger is followed by
a second event within the same trigger window (16 µs long, while physical events last 100-500
ns) has been analyzed. These second events are not subject to the trigger threshold, so they
register down to much lower energies. By fitting this spectrum against the known 14C spectral
shape, the 14C rate in Borexino results of 40 ± 1 Bq per 100 tons.

Because of its high rate, 14C naturally generates a considerable amount of pile-up: two
physical events can occur so close to each other in time that the detector fails to resolve them.
With the above measurement of the 14C rate, the expected rate of 14C-14C pile-up is 100
per day per 100 tons, comparable to the expected pp neutrino interaction rate. The pile-up
component can be determined using an independent, data-driven method: real triggered events
with no cuts are artificially overlapped with random data obtained from the ends of real trigger
windows, uncorrelated with the triggering event. The synthetic events are then reconstructed
using the same software used for real events, and selected with the same criteria. Using this
method, it is possible to obtain the true rate and spectral shape of pile-up in the detector.

The solar pp neutrino interaction rate measured by Borexino is 144 ± 13(stat.) ± 10(syst.)
counts/(day·100 ton) [17]. The spectral fit result is summarized in Fig. 5. The absence of pp
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solar neutrinos is excluded with a statistical significance of 10σ. Once statistical and systematic
errors and the latest values of the neutrino oscillation parameters are taken into account, the
measured solar pp neutrino flux is (6.6 ± 0.7) 1010 cm−2s−1, in accordance with the Standard
Solar Model.

Figure 5: The best fit of Borexino’s spectrum in the pp energy window is shown. The best-fit
pp neutrino component is shown in red, the 14C background in dark purple and the synthetic
pile-up in light purple. The large green peak is 210Po α-decays. The values of the parameters
(in counts per day per 100 t) are in the inset above the figure.

8B neutrinos Borexino could measure for the first time 8B solar neutrinos with an energy
threshold of only 3 MeV. The rate of 8B solar neutrino-induced electron scattering events above
this energy in Borexino is 0.217 ± 0.038(stat) ± 0.008(syst) counts/(day·100 ton [18], which
corresponds to a flux of (2.4±0.4) × 106 cm−2s−1, in good agreement with the measurements
from SNO and SuperKamiokaNDE.

4 Other Borexino measurements

Borexino is a “big” ultra-pure calorimeter and, apart from solar neutrinos, could investigate
many other rare processes. Other results include the study of solar and other unknown anti-
neutrino fluxes [19], a 5.9σ observation of geo-neutrinos with a 98% C.L. evidence of a signal
from the mantle [20, 21], a measurement of neutrino velocity [22], searches for solar axions [23],
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experimental limits on heavy neutrinos [24], and a test of the electric charge conservation and
electron decay [25].

5 Outlook

The high impact of Borexino on neutrino physics is very well summarized by Fig. 6, where the
survival probability of solar neutrinos is plotted as a function of the neutrino energy. For all
the solar neutrino components that Borexino measured, the trend is in good agreement with
the MSW-LMA prediction.

Figure 6: Survival probability of electron-neutrinos produced by the different nuclear reactions
in the Sun. All the experimental numbers are from Borexino’s measurements. The violet band
corresponds to the ±1σ prediction of the MSW-LMA solution.

Apart from the result on the pp solar neutrinos flux, which has been obtained after the
purification campaign, all the other solar neutrino components were measured with data sets
coming from the so called Borexino Phase-I [26]. The Phase-II, which started right after the
purification campaign at the end of Phase-I, is now close to its end, and this will hopefully lead
to a general improvement of all the measurements of the solar neutrino fluxes. Particularly, the
efforts of the Collaboration are pushing to achieve the best possible result (either an eventual
measurement or an improvement of the limit) regarding the CNO flux determination. This
would be of extreme importance, since the CNO flux has not been observed yet, and could
solve the Solar Metallicity puzzle [5].

The Borexino detector will also be used to search for sterile neutrinos by means of and
artificial anti-neutrino source in the framework of the SOX project [27].
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The SOX project aims to test the existence of light sterile neutrinos. A solid signal would
mean the discovery of the first particles beyond the Standard Electroweak Model and would
have profound implications in our understanding of the Universe and of fundamental parti-
cle physics. In case of a negative result, it is able to close a long standing debate about the
reality of the neutrino anomalies. The SOX experiment will use a 144Ce-144Pr antineutrino
generator placed at short distance from the Borexino liquid scintillator detector. Particular
emphasis is devoted in describing how a simulation of a neutrino detector is implemented
and how it can be used to obtain useful information for the future data analysis.

1 Introduction

Although most of the collected neutrino experimental data in neutrino flux rates and their
oscillations fit well into the three-flavour oscillation model, several short-baseline neutrino ex-
periments have reported anomalies which significantly deviates from the three active neutrino
pictures ([1, 2, 3, 4]).

All these anomalies can be related to the presence of a forth type of neutrino with ∆m2
14

of about 1 eV 2. This new particle, not predicted from the standard model, is called sterile
since it is not coupled with the Z0 boson. The SOX project will exploit the unprecedented
performances of the Borexino detector to investigate the existence of unexpected oscillations
in the low L/E region and therefore investigate the existence of sterile neutrinos in the ∆m2

14
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Figure 1: Schematic drawing of the Borexino detector.

region of ∼ 1 eV 2 [5]. The first part of the project consists in deploying a 150 kCi 144Ce−144Pr
νe source in a dedicated pit located 8.5 m below the detector’s center.

2 Antineutrino detection in Borexino

2.1 The Borexino detector

Borexino is an uderground liquid scintillator detector located at Laboratori Nazionali del
Gran Sasso in Italy [6]. It has an active mass of 278 tons of pseudocumene (PC, 1,2,4-
trimethylbenzene), doped with 1.5 g/liter of PPO (2,5-diphenyloxazole, a fluorescent dye).
The scintillator is contained in a thin nylon vessel (125 µm in thickness) and it is surrounded
by two concentric PC buffers doped with 2 g/liter of DMP (dimethylphthalate), a component
that quenches the PC scintillation light. The two PC buffers are separated by a second thin
nylon membrane to prevent radon diffusion toward the scintillator. The scintillator and buffers
are contained in a stainless steel sphere (SSS) with diameter of 13.7 m. The scintillation light
is detected by 2212 8 inch PMTs uniformly distributed in the inner surface of the SSS. The
detector energy and vertex reconstruction performances are respectively 5% at 1 MeV and 15
cm. Antineutrinos are detected in Borexino by means of inverse beta decay (IBD, 1.8 MeV
threshold) on protons. IBD events are clearly tagged using the space-time coincidence between
the prompt e+ signal and the delayed neutron capture (τ = 254 µs [7]) event. Therefore, ac-
cidental background is almost negligible. A 18.0-m diameter - 16.9-m high domed water tank
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(WT) containing 2100 tons of ultrapure water surrounds the SSS providing additional shielding
against external background. Moreover, additional 208 8-inch PMTs instrument the WT and
detect the Cherenkov light radiated by muons in the water shield, serving as muon veto. Right
beneath the Borexino detector, there is a cubical pit (side 105 cm) accessible through a small
squared tunnel (side 95 cm) that was built at the time of construction with the purpose of
housing possible neutrino sources. The existence of this tunnel is one of the reasons why the
144Ce source can be deployed with no changes to the Borexino layout. The center of the pit is
at 8.5 m from the detector center, requiring a relatively high source activity for the source.

2.2 The antineutrino source

The antineutrino source must accomplish to several requirements. To get a reasonable number
of interaction inside the active volume, an activity of about 100 kCi is required. Moreover,
since antineutrinos are detected via inverse beta decay (IBD), an energy spectrum that extends
above the IBD threshold is necessary. Furthermore, the half-life must be reasonably long to
produce and transport the source nearby the detector. The 144Ce source β-decays to 144Pr
(t1/2 = 296 days) which rapidly (t1/2 = 17 min) β-decays to 144Nd emitting a spectrum of νe

part of which falls above the IBD threshold (the endpoint of the 144Pr decay is about 3 MeV).
The 144Ce −144 Pr source has been identified as a suitable νe emitter having a long enough
half-life to allow the source production and the transportation to LNGS.

The production of the source can be realized by isolating and extracting 144Ce from spent
nuclear fuel (SNF). The source is produced as few kilograms of CeO2 containing a few tens of
grams of 144Ce. The source emist also gamma rays that have to be shielded both for biological
protection purposes and to avoid source-induced background. Consequently a cylindrical tung-
sten alloy shielding (density greater than 18 g/cm3) surrounds the source (which is contained
in a stainless steel capsule). The shielding, 60 cm in height and diameter, has been designed
driven by the 2.185 MeV gamma ray emitted with 0.7% intensity. Such dimensions ensure a
19-cm thick shielding and a 1012 gamma-ray attenuation factor along any directions.

3 Data analysis

Borexino can study short distance neutrino oscillations in two ways. The first way is the
standard disappearance technique (rate technique): if oscillations into sterile neutrino occur, the
total count rate in the detector is lower than the expected rate without oscillations. Knowing the
source activity (section 3.1) and measuring the interaction rate, it is possible to investigate the
existence of the sterile neutrino state. The second way is based on an oscillometry measurement
within the detector volume (shape technique).

If the values of m2
14 are of the order of 1eV 2 and the antineutrino energy is of the order of 1

MeV, the typical oscillation length is about a few meters, being smaller that the detector typical
dimension and greater than the spatial resolution. Consequently, the resulting oscillations waves
can be directly seen in Borexino and a direct measurement of m2

14 and θ14 can be performed
(figure 2). Figure 3 shows the best fit values for the current allowed phase space. Consequently,
from the plot it is clear that the SOX experiment will investigate almost all the region of the
neutrino anomaly.
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Figure 2: Oscillometry: waves in the reconstructed 2D spectrum for m2
14 = 2eV 2 and

sin2(2θ14) = 0.15.

3.1 Calorimetric measurement

In case of rate analysis, it is fundamental to have a precise measurement (uncertainties below
1%) of the source activity. In order to infer the source activity, the heat released by the source
is measured by two calorimeters (INFN-TUM and CEA). Both the calorimeters have been
conceived to measure the source activity with high precision by knowing the power released
by the radiation in the tungsten shield and absorbed by a water flow. In the INFN-TUM
calorimeter, the water flows inside a copper heat exchanger in contact with the tungsten shield
[8], while in the CEA calorimeter, the source with the tungsten is directly immersed in the
water contained in the calorimeter apparatus. In both systems, neglecting the heat losses (that
are measured by a calibration apparatus), the power is measured from the difference between
the water temperature entering and exiting from the calorimeter and from the water mass flow.

4 Monte Carlo simulation code and the physics modelling
the detector response

In order to properly take into account efficiencies and signal properties, for both the rate and
shape analyses, a deep understanding of the detector behavior is necessary. Consequently, a
full Monte Carlo simulation code has been developed.

Particles depositing energy in the scintillator produce light (both scintillation and Cherenkov
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Figure 3: Neutrino anomaly region and foreseen sensitivity for SOX.

effect) which propagates inside the detector and it is detected by the 2212 PMTs. For each
event, it is important to relate measurable quantities (the number of photons measured and
the charge collected by each PMT, the time of arrival of each photon) with physical properties
of the event(energy, position, particle identification). Consequently, a precise knowledge of the
detector response for different particle types and energies is important for properly connecting
measurable and physical quantities. The method of evaluation of the detector response function
is based on a Monte Carlo simulation. This code is able to predict the shapes of the signal and
the background both for SOX and solar neutrino analysis. The simulation takes into account
all the processes that can influence the energy deposits inside the detector. The scintillation
and Cherenkov light emission, the light propagation and detection processes are fully simulated.
Moreover the read-out electronics is simulated as well. The Monte Carlo simulation output is a
raw data file with the same format of the real data raw file, allowing an identical data processing.
The simulation of the whole detector, from the energy deposit up to the detection of light is
simulated using the standard GEANT4 [9] package. The simulation of the readout electronics
is performed with a custom c++ code. In view of the Borexino phase II solar neutrino analysis
and the SOX measurement, the Monte Carlo code has been extended. Particular attention
have been devoted in developing generators for sterile neutrino signal as well as in improving
the reliability of the light collection and the detector’s response for events far away from the
center. The code has been widely used for solar neutrino analysis and has been tested and
validated deploying calibration sources inside the active volume and comparing the simulation
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result with the acquired data (an example is reported in figure 4).

Figure 4: Comparison between data and Monte Carlo: several radiactive gamma sources have
been deployed in the scintillator. In black the collected charge for real events, in red for
simulated events. The agreement is better than 1%.

5 Conclusions

The Borexino detector is an ideal tool to search for sterile neutrinos. It is possible to test the
existence of sterile neutrinos using an anti-neutrino source with almost negligible background.
A deep knowledge of the detector response is fundamental for a proper interpretation of the
acquired data. Consequently a Borexino Monte Carlo simulation code has been developed. In
the last years the code has been refined and extended to take into account the SOX needs.
Calibration campaigns with radioactive sources have been performed over the years. A new
calibration is foreseen for the end of this year allowing a final tuning of the code before the
start of the data-taking expected for the first part of 2017.
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Two-phase liquid argon time projection chambers (LAr TPCs) are prime candidates for the
ambitious program to explore the nature of dark matter. The large target, high scintillation
light yield and good spatial resolution in all three cartesian directions concurrently allows
also a high precision measurement of solar neutrino fluxes via elastic scattering. We studied
the cosmogenic and radiogenic backgrounds affecting solar neutrino detection in a 100 tonne
fiducial LAr TPC operating at LNGS depth. Such a detector has the potential to measure
the CNO neutrino rate with 5 σ sensitivity, and to significantly improve the precision on
the measured 7Be and pep neutrino fluxes.

1 Introduction

The study of solar neutrinos has given a fundamental contribution to both astroparticle and
elementary particle physics, offering an ideal test of solar models and, at the same time, rel-
evant indications on the fundamental interactions among particles. Radiochemical (Homes-
take [1], GALLEX/GNO [2, 3], SAGE [4]) and real-time experiments (Kamiokande [5], Su-
perKamiokande [6], SNO [7] and Borexino [8]) have already measured the solar neutrino com-
ponents from the 7Be, 8B, pep, and pp reactions, all belonging to the dominant mechanism for
the energy production in the Sun: the proton-proton chain. At the same time, no neutrino from
the 13N, 15O, and 17F reactions, from the CNO cycle, has been yet observed. The CNO cycle
has a key role in astrophysics, since it is the dominant source of energy in stars more massive
than the Sun and in advanced evolutionary stages of solar-like stars. In addition, constraining
the chemical composition of the Sun will improve astrophysical models like for star formation
and Super Nova explosion.

CNO neutrinos may also solve the long-standing and well–known solar metallicity problem.
The abundance of the heavy elements, Z (aka metals) in the Sun is a critical parameter in the
SSM, since it affects the radiative opacity, and the boundary definition of the convective zone.
In particular, abundances of oxygen, carbon, and nitrogen have a direct impact on the energy
production of the Sun via the CNO cycle. The SSM predicts different neutrino fluxes if assuming
either high–Z [9] or low–Z [10] chemical compositions in the Sun. The largest discrepancy in
the prediction of solar neutrino fluxes resides in the CNO component: a measurement of the
CNO neutrino flux at 10-20% accuracy has the potential to solve the metallicity problem.

The most stringent experimental limit on the CNO neutrino rate is from Borexino [8] using
elastic neutrino-electron scattering. They obtained an upper limit for the interaction rate of
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Neutrino Source
Low Metallicity (LZ) High Metallicity (HZ)
All [0.6-1.3] MeV All [0.6-1.3] MeV

pp 107.9 ± 2.0 0 107.0 ± 2.0 0
pep 2.28 ± 0.05 1.10 ± 0.02 2.23 ± 0.05 1.07 ± 0.02
7Be 36.10 ± 2.60 2.85 ± 0.21 39.58 ± 2.85 3.13 ± 0.23
CNO 3.06 ± 0.30 0.64 ± 0.06 4.28 ± 0.44 0.90 ± 0.09
8B 0.30 ± 0.04 0.035 ± 0.005 0.36 ± 0.06 0.042 ± 0.007
Total 4.63 ± 0.22 5.14 ± 0.25

Table 1: Expected solar neutrino rates in cpd/100 tonne of LAr active mass, comparing the
low-metallicity [11] and high-metallicity [12] predictions using the Standard Solar Model and
neutrino oscillation parameters from the MSW-LMA [13] region with ∆m2 = 7.54×10−5 eV2

and sin2(θ12) = 0.307.

7.9 counts per day per 100 tonnes (cpd/100 tonne) at the 95% C.L., which corresponds to a
flux limit of <7.9×106 cm−2 s−1 [8]. Despite the contamination from 210Bi in the active mass
of Borexino is exceptionally low (∼20 cpd/100 tonne), its spectral shape is very similar to the
expected CNO signal, precluding a positive observation of CNO neutrinos.
Liquid argon (LAr) may represent the ideal target for measuring the CNO neutrino component
from the Sun. LAr, in fact, is a powerful scintillator, 4-5 times brighter than organic liquid
scintillators and, as a liquefied noble element, does not react and does not bond with chemical
species. In addition, the use of a two-phase time projection chamber (TPC) technique can
further abate the background. In a two-phase TPC, a thin gas layer above the LAr target
volume converts the ionization electrons, once extracted and accelerated by an electric field, in
a secondary light signal by gas proportional scintillation. LAr TPC can determine the position
of energy deposit events in the liquid to within a few mm in the drift direction, and ∼1 cm
or better in the two transverse directions, removing backgrounds from surfaces with a sharp
definition of a fiducial volume. Moreover, the identification of multiple-Compton scatter events
and other events having multiple energy deposition sites.
The overall solar neutrino-electron scattering rate expected in LAr is ∼150 cpd/100 tonne,
as shown in table 1. However, the spectral range below 0.6 MeV is inaccessible due to the
intrinsic contamination of 39Ar, a β–decay (Q = 0.565 MeV) produced by cosmic ray spallation
of natAr. Argon extracted from underground gas wells (UAr) has been shown by the Darkside
collaboration to contain only ∼0.7 mBq/kg of 39Ar [14]. But even this level would prevent
extraction of solar neutrino signals in the low energy region, which is dominated by pp neutrinos.
However, 7Be neutrino interactions, whose Compton-like edge is expected at ∼0.66 MeV, would
be accessible thanks to the excellent energy resolution achievable in LAr.
Assuming a light yield of 6,000 photoelectrons / MeV, as measured by MicroCLEAN [15],
the number of expected CNO neutrinos, interacting via elastic scattering in 400 tonne×year
exposure of LAr and above 0.6 MeV, is between ∼900 and 1,300 events, depending on the
metallicity model, as shown in figure 1. The main limitation to their detection is the background
from in situ produced cosmogenic isotopes, radon emanated from the detector inner walls and
distributed throughout the purification/recirculation loop, and from the external background.
In the following sections, we will review the impact of each contaminant on the solar neutrino
detection with a 100 ton fiducial mass two-phase LAr TPC .
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Figure 1: Simulated solar neutrino spectra in a 400 tonne-yr LAr TPC exposure, assuming
σ =1.3% energy resolution at 1 MeV, corresponding to a PE yield of 6 PE/keV. The blue
shaded area represents the tail of the 39Ar contamination, intrinsic to underground LAr.

2 The background

The detector is assumed to be located at the Gran Sasso Laboratory, shielded by 1,400 m
of rock. Despite the deep underground location, the residual muon flux may still produce
measurable amounts of radioactive isotopes by muon–induced spallation on argon. These can
produce dangerous, delayed electron-recoil background in the solar neutrino energy window.
The cosmogenic radionuclide production was simulated with FLUKA assuming a cylindrical
TPC of 3.3 m radius and 3 m height. The TPC sidewall is a 3 cm thick teflon layer, and the top
and bottom ends are covered with 2 mm thick silicon layers, representing silicon photomultiplier
arrays. The 2 cm thick gaseous argon region sits just below the upper silicon layer. The TPC is
contained in a 3 mm thick cylindrical stainless steel cryostat with 3.5 m radius and 3.2 m height.
Gaseous argon is also present in the cryostat, outside the TPC region and above the LAr level.
The cryostat is housed in a Borexino-like veto detector consisting of a 6 m radius stainless steel
sphere filled with liquid scintillator placed within a larger cylindrical tank (17 m height, 16 m
diamater) filled with water. Cosmic muons were generated 3 m above the cylindrical water
tank, crossing 0.7 m rock layer, in order to fully develop the hadronic showers.

The simulation resulted in the production of more than 80 isotopes by muon spallation
on argon, each of them handled by a GEANT4-based simulation, which generated decays and
tracked the products in the full detector geometry. This allowed to estimate the efficiency of
the multiple scattering cut. The predicted single scatter background induced by cosmogenic
isotopes is evaluated in 0.733 cpd/100 tonne a factor ∼7 lower than the overall neutrino signal
in the energy region of interest between 0.7 and 1.3 MeV. The dominant contribution comes
from 32P, 38Cl, and 32P, with a decay rate of 0.332, 0.147, and 0.106 cpd/100 tonne respectively
[16].

The external background contribution is due to radioactive contaminants in the detector
materials. The largest contributions are expected to have origin in the photosensors and in
the cryostat. Gamma-rays are the only events able to reach the active mass and to produce
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a signal that can mimic a neutrino event. The strategy to abate this class of background is
primarily based on the multiple scattering cut and on the fiducialization of the active volume.
We estimated that the attenuation lengths for γ’s induced by 40K, 214Bi, and 208Tl originating
in the photosensors are of the order of ∼4 cm. As a consequence, a 30 cm cut from the TPC
walls in combination with the multiple scattering cut, would reduce such contamination by a
factor ∼106.
In the present work we assume 2 mm thick silicon photomultipliers (SiPM) as photosensors, on
the top and bottom of the TPC, corresponding to ∼300 kg of silicon. A recent measurement by
I. Ostrovskiy et al. [17] quoted an overall contamination in SiPM from 40K, and the 238U and
232Th smaller than 0.1 mBq/kg. In the here–proposed detector, this activity corresponds to an
upper limit of 30 mBq. After the selection cuts, the external background contribution from the
SiPM’s of ∼2.6×10−3 cpd/100 tonne, negligible with respect to the solar neutrino rate.
The dominant contribution for the external background is expected coming from the cryostat,
whose mass is of the order of the tonne–scale. Stainless steel cryostats are contaminated in 60Co
at the level of tens of mBq/kg. The correspondent activity in the LAr target was estimated
to be of the same order of the solar neutrino interaction rate in the energy window of interest,
assuming a fiducial volume of 30 cm from the TPC walls. The 60Co issue could be solved by
either applying stronger fiducial volume cuts or by making the cryostat of titanium, which is
almost free of 60Co [18]. Further, an external active veto as in DarkSide-50 [19] would further
reduce the 60Co background by vetoing events with 60Co gammas detected in coincidence by
the TPC and the veto. In the sensitivity study described in this work, we then assume negligible
the background from external sources.

Contamination of the target argon mass by 222Rn represents the most critical background
for the solar neutrino measurements. 222Rn can be emanated into the active argon from the
TPC materials in contact with the LAr target and/or distributed throughout the LAr fill by
the recirculation loop. The main goal of this work is to evaluate the maximum contamination
of 222Rn not preventing the CNO neutrino measurement. In particular, only the 214Pb and
214Bi isotopes of the 222Rn decay segment can provide a signal that could mimic the neutrino
one. In fact, α’s can be efficiently discriminated by the use of the LAr scintillation pulse
shape discrimination, which has a rejection power at the 107–108 level [20]. β–decays with
simultaneous emission of γ-rays produce multi-site energy deposits, that can be identified and
rejected by means of the multiple scattering cut. The simulations indicate that only 6.9% (5.9%)
of 214Pb (214Bi) decays will produce a single site deposit in the solar neutrino energy region.
However, despite most of the 222Rn induced events can be rejected, the residual contamination
represents a serious background: we estimated that 45 µBq/(100 tonne) of 222Rn contamination
would introduce a background rate equivalent to the expected solar neutrino signal. The overall
spectrum, including all the contaminations, is shown in figure 2.

3 Sensitivity study

The measurement of the rate of each solar neutrino component relies on the identification of
the individual spectral shapes. To study the sensitivity of a large LAr TPC we exploited a
toy Monte Carlo approach. The data sample was produced by generating the neutrino signal
and the background components discussed in the previous section, assuming a 400 tonne×yr
statistics. The data sample was generated for each metallicity model and for a given radon
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Figure 2: Components of the electron recoil energy spectrum, simulated for a 4 year exposure
of 100 tonnes of LAr (see legend), assuming a radon contamination in LAr of 100 µBq/(100
tonne) .

contamination, and then fitted with an analytical model. The procedure was repeated 10,000
times for each set of parameters. An example of fit is shown in figure 3

The cosmogenic spectrum was observed to be rather flat after the multiple scattering cut,
with the exception of the contribution from 32P, as shown in figure 3. Cosmogenics have been
then modeled with a linear energy function plus the beta shape from 32P. The systematics
associated to this model choice was deeply investigated and, as shown in reference [16], can be
assumed negligible.
The CNO spectral shape is similar to that of the low energy radon component. At radon
contamination levels above 200 µBq/(100 tonne), the fit shows a systematic deviation from the
central value of the simulated CNO component (SSM-LZ) by a few percent, implying that to
guarantee a correct CNO measurement, the radon activity must be reduced below this level.
No systematic deviations were observed for 7Be and pep, whose spectral shapes have clear
characteristic features.

4 Conclusions

The final results are summarized in figure 4. Assuming to be able to contain the radon contami-
nation below 200 µBq/(100 tonne), a LAr TPC with an exposure of 400 tonne×years exposure,
has the power to observe (>5 σ) CNO neutrinos and to measure 7Be and pep neutrinos with
a statistical accuracy of ∼2% and ∼10%, respectively. At the same time, the associated sys-
tematics connected to the definition of the fiducial volume and to the determination of the
energy scale were evaluated to be less than 1%, thanks to the exception resolution in the posi-
tion reconstruction and to the light yield, more than 10 times larger than in an organic liquid
scintillator (more details can be found here: [16]).
In conclusion, a large volume LAr TPC, designed for direct dark matter WIMP search, has also
the potential to experimentally observe the CNO neutrinos from the Sun, and, more in general,
to provide a rich set of physics results for solar neutrinos.
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The Jiangmen Underground Neutrino Observatory will aim for the determination of the
neutrino mass hierarchy with a medium baseline reactor νe oscillation experiment. With
its 20 kt liquid scintillator detector, it will also be sensitive to astrophysical low-energy
neutrinos. In case of a typical galactic core-collapse supernova, ∼ 5000 neutrino interac-
tions will be detected via the inverse beta decay alone. Moreover, a 3σ evidence for the
diffuse supernova neutrino background seems within reach after ten years of measurement.
The performance of the experiment’s solar neutrino program will decisively depend on the
achieved radiopurity and cosmogenic background rejection efficiency.

As underlined by the ongoing measurements of solar neutrinos by Borexino [1], the search
for the diffuse supernova neutrino background (DSNB) with Super-Kamiokande [2] or the
general waiting for the next core-collapse supernova (SN) after SN1987A [3] that provides
a neutrino signal, neutrino astrophysics is a vivid, interdisciplinary field in neutrino physics.
Measurements of astrophysical low-energy neutrinos by finished and still running experiments
already provided valuable information on the light neutral leptons and their extraterrestrial
sources. However, the answering of currently outstanding questions concerning SN neutrinos,
the DSNB or νe’s from the Sun requires neutrino observatories of the next generation. The
Jiangmen Underground Neutrino Observatory (JUNO) [4, 5], although under construction for
a different primary purpose, prepares to aid with their answering.

A brief overview of the main goal of JUNO and the design of its 20 kt liquid scintillator
detector is subject of Section 1. The use of the detector to collect a high-statistics neutrino
sample with energy, time and partial flavor information in case of a galactic core-collapse SN is
topic of Section 2. Besides the opportunity to learn more about the properties of neutrinos, such
a sample of SN-ν events will be a critical test for models of stellar collapses. The estimated
performance of JUNO to detect the predicted flux of low-energy neutrinos from past core-
collapse SNe, the DSNB, is covered in Section 3. Finally, Section 4 outlines a possible solar
neutrino program of JUNO.

1 The JUNO project

The JUNO project is an international undertaking centered on the construction of a 20kt liquid
scintillator neutrino detector in the south of China. Its primary goal is the determination of the
neutrino mass hierarchy (MH). This means to answer the question whether the third neutrino
mass eigenvalue m3 is larger (∆m2

31 and ∆m2
32 > 0; ∆m2

ij = m2
i −m2

j) or smaller (∆m2
31 and
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Figure 1: Design of the 20 kt liquid scintillator detector of JUNO. For details see [4, 5].

∆m2
32 < 0) than the other two mass eigenvalues m1 and m2, which are known to be separated

by ∆m2
21 > 0. To do so, a precise measurement of the hierarchy-dependent oscillatory fine

structure in the energy-dependent survival probability of reactor νe’s will be performed. Two
nuclear reactor complexes with about 53km distance to the detector will provide the νe flux of
interest. The measurement procedure requires an energy resolution of 3% at 1MeV in order to
discriminate the different hierarchy signatures (for details see [4]).

As usual for hydrocarbon-based detectors, the primary detection channel for the νe’s is
the inverse beta decay (IBD) on free protons: νe + p → e+ + n. The signature from the
coincidence of the prompt positron annihilation (on the order of nanoseconds) and the delayed
neutron capture (after about 200µs) allows for an efficient background rejection. With about
100k IBD events, the expected median MH sensitivity of JUNO alone is around 3σ. This
corresponds to six years of running with ten reactor cores and a total thermal reactor power
of 36GW.1 Taking into account external information with 1.5-1% precision on the modulus of
the atmospheric mass splitting ∆m2

µµ (a linear combination of ∆m2
21, ∆m2

31 and ∆m2
32), the

median sensitivity reaches 3.7-4.4σ [4]. Additionally, the high-statistics reactor νe measurement
will reduce the uncertainty on the underlying (effective) flavor oscillation parameters sin2 θ12,
∆m2

21 and |∆m2
ee| to sub-percent level [4].

The site for the new neutrino observatory is located close to Kaiping, about 150 km west
of Hong Kong and about 120km south-west from Guangzhou. With JUNO being a funded
project – and aiming for a start of data taking by 2020 – the first construction works for the
underground laboratory started at the beginning of 2015. It will have a rock overburden of
about 700m (∼ 1800mw.e.), leaving an atmospheric muon event rate on the order of 3 s−1 in
the detector.

Both the unprecedented liquid scintillator mass of 20 kt and the design requirements to reach
the energy resolution goal will make JUNO advance the liquid scintillator technology beyond the

1The total thermal reactor power at the start of data taking by 2020 will be 26.6GW.
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current state of the art. In the existing detector design, which is illustrated in Figure 1, the core
component of the detector is the LAB-based liquid scintillator as designated neutrino target. It
is contained in an acrylic sphere of 35.4m inner diameter. Surrounded by ultra-pure water, the
sphere is hold in place by a stainless-steel latticed shell with 40.1m inner diameter. The shell
also holds the inward-facing photosensors. About 17,000 photomultiplier tubes (PMTs) with 20 ”
diameter constitute the base system for the calorimetric energy measurement. Placed between
the large PMTs, around 34,000 additional PMTs with 3 ” diameter provide a second calorimetry
system and better timing for event position reconstruction. To reach the required energy
resolution in terms of photon–electron statistics, the design goal for the photoelectron (pe) yield
is about 1200 pe/MeV after non-uniformity corrections. This implies certain requirements for
the PMT photocathode coverage (≥ 75%), the maximum PMT quantum efficiency (≥ 35%) and
the liquid scintillator properties (attenuation length ≥ 20m at 430 nm wavelength). Moreover,
the energy resolution is also connected to a precise calibration of the energy scale, which must
be ensured in the presence of dark noise from the PMTs and the electronics as well as finite
vertex and PMT charge resolutions.

The described detector construct is submerged and anchored in a cylindrical water pool of
43.5m height and diameter. Equipped with about 2,000 PMTs of 20” diameter, the ultra-pure
water in the pool acts as Cherenkov-based atmospheric muon veto and as shielding against
external radiation. A tracker composed of plastic scintillator strips for downward-going muons
partially covers the pool on the top.

2 Neutrinos from a core-collapse supernova burst

The death of a massive star in a core-collapse SN is among the most violent phenomena in the
visible universe. Most of the energy released in a SN burst, about 3× 1053 erg, is carried away
by myriads of neutrinos and antineutrinos of all flavors. They are produced at the origin of
the final explosion, making the weakly interacting particles valuable messengers for information
directly from the star’s collapsing interior. The information they provide is complementary to
the one from the optical SN signal and can be gathered even if the SN’s visual appearance is
obscured by galactic dust.

A flavor, time and energy resolved neutrino burst signal from a core-collapse SN would
allow to test our current understanding of the dynamics inside a dying star (e.g., see [6]). In
particular, theoretical expectations regarding different stages of the cosmic event, like the νe
burst, the accretion phase and the cooling phase, or effects from (collective) neutrino flavor
oscillations could be probed. Both gravitational wave data and an abruptly ending SN-ν signal
could even indicate the formation of a black hole. As a consequence, the broad insights into
core-collapse physics offered by SN-ν’s sets the collection of a high-statistics sample of these
promising witnesses among the top priorities of neutrino astrophysics. Once operational, JUNO
will stand by for the next of only 1-3 expected low-energy neutrino bursts per century from a
galactic core-collapse SN.

Real-time detection of SN-ν’s with the liquid scintillator detector of JUNO will benefit from
the very good energy resolution, the large target mass and partial flavor information. As listed
in Table 10 of [4] for different SN-ν mean energies and a galactic core-collapse SN at a typical
distance of 10 kpc,2 between 4300 and 5700 SN-νe events are expected in the IBD channel alone
during the about 10 s lasting SN signal. However, the hydrocarbon-based target material offers

2Numbers are without flavor conversion effects.
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Figure 2: Left: Core-collapse SN probability (lower panel) based on different models and peak
IBD event rate (upper panel) as a function of the distance to the SN. The inlay in the upper
panel shows the expected peak IBD event rate specifically for Betelgeuse at 0.197±0.045kpc [8].
Right: Expected neutrino event rate in JUNO from the silicon burning stage of a massive 20M⊙
star at 0.2 kpc distance as a function of the time before the SN explosion. The drop in the event
rate after the silicon burned out gives information on the progenitor mass. Figures from [4].

additional opportunities for time-resolved detections of neutrino interactions: Charged current
(CC) reactions on carbon nuclei, νe +

12C → e+ + 12B and νe +
12C → e− + 12N, probe the νe

flux, but additionally give access to the νe component. One neutral current (NC) interaction
on carbon, ν (ν) + 12C → ν (ν) + 12C∗, and elastic scattering on electrons are sensitive to the
total neutrino flux. Even more NC events are expected to occur via elastic neutrino scattering
on free protons [7]. These interactions are detectable in liquid scintillator, but require that
the heavily quenched visible energy from the proton recoil is above the low-energy limit at
about 200 keV, which is imposed by background from intrinsic 14C decays. With 600 to 2000
expected events above this threshold, the elastic neutrino–proton scattering channel would have
the second highest statistics.

JUNO will be sensitive mostly to galactic SNe. The large number of events in JUNO at
such occasions provides detailed neutrino “light curve” spectra and allows to test core-collapse
SN models. Due to the high event rate during the 10 s SN-ν signal, background is no serious
concern. For SNe at larger distances R, the number of neutrino events decreases as 1/R2.
As an example, only about 200 events are expected from the 50 kpc distant Large Magellanic
Cloud where SN 1987A [3] exploded and produced the first and last measured SN-ν signal. The
objective not to miss the next galactic core-collapse SN also means that the JUNO detector
must not be “blinded” by neutrinos in case of a nearby incident. A particular close SN candidate
is the around 0.197kpc distant red supergiant Betelgeuse [8] with about 18 solar masses. If it
becomes a SN, the expected peak IBD rate in JUNO reaches about 108 s−1 (see upper panel
of Figure 2 left) for some tens of milliseconds roughly during the first 200ms of the SN signal.
This sets additional constrains for the design of the data acquisition.

Due to the capabilities of JUNO, the detector will surely become part of the Supernova
Early Warning System (SNEWS) [9]. For close progenitors, e.g., Betelgeuse, the ultimate pre-
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warning system is the detection of neutrinos from the short silicon-burning stage briefly before
the explosion, as illustrated in Figure 2 right. Besides the use of such pre-SN neutrinos to
verify stellar models, the sudden drop of the event rate when the silicon in the star burned out
contains information on the progenitor mass.

Neutrinos from SNe can be used to locate the cosmic incident even if the visual appearance
is obscured. One method relies on the study of the displacement between the IBD vertices from
the prompt positron signal and the delayed neutron capture, which is statistically related to
the original neutrino direction [10]. Assuming 5000 IBD events in JUNO, it is expected that
the sky coordinates of the galactic core-collapse SN can be measured with about 9◦ uncertainty,
perhaps even better.

3 Neutrinos from the diffuse supernova neutrino
background

The DSNB is the flux of neutrinos from past core-collapse SNe in the visible universe. Its
measurement would provide valuable information on the star formation rate, the average core-
collapse neutrino spectrum and the rate of failed SNe. So far, only upper limits on the flux
could be set by Super-Kamiokande [2].

The DSNB sensitivity forecast for JUNO adopted the practice for the physics study of the
Low Energy Neutrino Astronomy (LENA) project [11]. It relies on a parametric representation
of the isotropic DSNB flux, where important ingredients are the SN rate as a function of
red shift and the neutrino flux spectrum (for details see [4]). The latter was taken to be a
Maxwell-Boltzmann distribution, which introduced the average neutrino energy as parameter
with considered values between 12 and 21MeV. Taking flavor conversion effects into account,
it is assumed that the total energy release in neutrinos per core-collapse SN is distributed
evenly between neutrinos and antineutrinos of all flavors. Therefore, the IBD channel is used
to measure the νe component of the DSNB flux with the liquid scintillator detector of JUNO.

About 0.9 to 1.7 DSNB events per year are expected for JUNO in the analysis energy win-
dow from 11 to 30MeV after all cuts, depending on the average νe energy. Below the lower limit
of the visible energy window, the strong, irreducible background from reactor νe dominates.
At energies above the upper limit, CC interactions of atmospheric νe are the dominant back-
ground. Moreover, the NC interactions of atmospheric neutrinos above 8MeV can fake an IBD
signal: If a neutron knocked-out from carbon scatters on protons, a prompt signal signature
is created. The neutron capture subsequently makes the delayed signal. However, pulse shape
discrimination (PSD) for the light3 signal of the prompt event and the search for a disexcitation
of a left-behind 11C nucleus can help to reduce this challenging background inside the energy
range of interest. In fact, the PSD performance is decisive for the sensitivity to the DSNB. As
for LENA, a NC background rejection efficiency of 98.9% at the cost of 50% of the signal is
assumed. Due to the PSD and the energy cuts, backgrounds from cosmogenic isotopes and fast
neutrons can be neglected. Table 13 in [4] lists expected DSNB detection significances after ten
years of measurement with JUNO for different assumptions about the average neutrino energy
and systematic background uncertainties. For favored DSNB parameters, a 3σ evidence for
the DSNB signal seems within reach. As shown in Figure 3, a significant improvement of the

3The observed scintillation pulse shape of the liquid scintillator is different for traversing positrons and
protons.
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Figure 3: Predicted DSNB exclusion contour (90%C.L.; lower red line) if JUNO finds no DSNB
signal above background after ten years of measurement. The upper limit for the DSNB flux
normalization Φ0 (for details see [4]) is given as a function of the mean energy of the SN-
νe spectrum 〈Eνe

〉. For comparison, the upper limits from the Super-Kamiokande results
(upper blue line) presented in [2] are also shown. Figure from [4].

current upper limits on the DSNB flux from Super-Kamiokande [2] can be made if there is
no positive detection after ten years.4

4 Neutrinos from the Sun

Measurements of νe from the Sun, e.g., with SNO or Borexino [1], gave valuable insights into
the energy release processes in our home star. Moreover, they enabled the study of neutrino
flavor changes in surroundings with varying matter density, allowing first tests of predictions
from the MSW effect (e.g., see Figure 5 in [13]). Yet there are still open issues: The solar
metallicity, i.e., the composition of the Sun in terms of elements heavier than helium, is not
conclusively determined. None of current solar models with different metallicities and opaci-
ties is in full agreement with neutrino measurements and observations from helioseismology.
Moreover, looking at solar νe oscillations, the shape of the survival probability Pee(Eν) in the
transition from the matter-dominated region at higher energies to the vacuum-dominated region
at lower energies is not yet fixed. Especially the transition region around 3MeV is sensitive to
effects that can make Pee deviate from the MSW large mixing angle (LMA) prediction.

Solar-ν measurements with the liquid scintillator detector of JUNO will be performed via
elastic neutrino–electron-scattering as primary detection channel. They will benefit from the
very good energy resolution of the detector and the large target mass. Table 1 lists the expected
solar neutrino signal rates. However, for solar neutrino observations, the experiment needs

4The GADZOOKS! upgrade [12] of the water Cherenkov detector Super-Kamiokande plans to dissolve the
neutron absorber gadolinium in the 22.5 kt fiducial target mass. It is expected to increase the efficiency to tag
the final state IBD neutron to ∼ 80%, allowing to detect 3 to 5 DSNB νe events per year. For JUNO, this
makes GADZOOKS! a direct competitor in the quest for the first measurement of the DSNB.
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Neutrino flux Signal rate (counts / day / kton)
pp ν 1378
7Be-ν 517
pep ν 28
8B-ν 4.5
13N / 15O / 17F-ν 7.5 / 5.4 / 0.1

Table 1: Expected solar neutrino signal rates at JUNO. Data cited from [4].

to deal with radiopurity requirements that are more strict than for the MH measurement.
Two scenarios for low-energy solar neutrino detection, named baseline and ideal, are currently
assumed. They are summarized in Table 14 of [4]: The baseline case corresponds approximately
to the KamLAND solar phase purity level, yields a signal-to-background ratio of about 1:3
and makes the solar 7Be neutrino branch accessible. In the ideal case, which assumes the
Borexino phase-I purity level before 2010, the expected signal-to-background ratio is about
2:1, probably giving a solar 7Be neutrino signal rate about three times larger than the total of
all backgrounds.5

Besides the achievement of high radiopurity, an efficient rejection of cosmogenic background
from 11C and 10C decays is another important task. With the experiment’s overburden of
∼ 700m, about 1860 and 35 counts per day and kton are expected, respectively.

The focus of JUNO concerning solar neutrinos would be measurements of the 7Be-ν and
8B-ν fluxes. Together, the outcomes can help to break solar model ambiguities that cannot be
resolved alone with results for neutrino fluxes from the CNO cycle in the Sun (see Figure 42 and
Figure 43 in [4]). Moreover, a high-statistics measurement of the low-energy part of the 8B-ν
spectrum around 3MeV will probe the Pee transition region, allowing the search for deviations
from the MSW-LMA prediction.

Conclusions

JUNO aims to determine the neutrino MH by precisely measuring the oscillatory fine structure
in the survival probability of νe’s from nuclear reactors at a baseline length of 53 km. Once
data taking begins around 2020, the neutrino observatory will feature a 20 kt liquid scintillator
detector of unprecedented size and with a very good energy resolution. In case of a galactic
core-collapse SN at the benchmark distance of 10 kpc, about 5000 IBD events with energy,
time and partial flavor information will allow to test SN models. Concerning the DSNB, a 3σ
evidence seems within reach after 10 years of measurement. If no positive DSNB signal is found,
the current upper DSNB flux limits will be significantly improved. A solar neutrino program of
JUNO will decisively depend on the achieved radiopurity and cosmogenic background rejection
efficiency. The focus will likely be on 7Be-ν and 8B-ν measurements, which can help to shed
light on the solar metallicity / opacity problem and on the transition region of the solar νe
survival probability.

5JUNO will profit from Borexino expertise in terms of radiopurity.
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Nuclear processes are responsible for energy generation that makes stars shine, and for the
synthesis of the elements in stars and also play a decisive role in explaining the chemical
composition of the interstellar medium. Thermonuclear fusion reactions convert protons
into heavier elements from He to Fe. Deep underground in the Gran Sasso Laboratory
the key reactions of the proton-proton chain, the carbon-nitrogen-oxygen cycle and the
neon-sodium cycle have been studied down to the energies of astrophysical interest. The
latest results are reviewed, together with future developments of underground nuclear
astrophysics.

1 Nuclear astrophysics at Gran Sasso

At the Laboratory for Underground Nuclear Astrophysics (LUNA), in the Gran Sasso National
Laboratory, several cross sections have been measured in the past down to the energies of as-
trophysical interest [1, 2].
At low energy, the cross section of a charged particle induced reaction steeply drops with de-
creasing energy due to the Coulomb barrier. Generally, it has a very low value at the Gamow
Peak, the energy region where most reactions occur; this prevents a direct measurement in a
laboratory on the Earths surface, where the signal to background ratio is too small because of
cosmic ray interactions with detectors. The Gran Sasso underground facility is shielded against
cosmic rays by a rock cover (1400 m thick) equivalent to 3800 m water, suppressing the muon
and neutron flux by six and three orders of magnitude, respectively.
The measurement of the cross section for thermonuclear reactions require an experimental ap-
paratus composed of an accelerator, a target, and a detection system.
The LUNA 400 kV accelerator delivers a proton beam of 500 µA or an alpha beam of 300 µA
in the energy range of Ep−α = 50-400 keV. The ions can be sent into one of two different, beam
lines, thereby allowing the parallel installation of solid and gas target setups.
For nuclear reactions in which charged particles are emitted, silicon detectors are usually
adopted to make an in-beam measurement.
For nuclear reactions in which only γ-rays are emitted, the choice of the most suitable detec-
tor depends on the physical information desired. The 4π bismuth germanate (BGO) summing
crystal used at LUNA can reach an efficiency as high as 70% for a 7-MeV γ ray, thus allowing
the measurement of extremely low reaction yields. However, the BGO’s energy resolution is
very poor and does not allow measurements of cascades and branching ratios to different levels
because most of the γ-ray transitions are summed in a single peak. With a germanium detec-
tor, the efficiency decreases to the level of a few per mil, but the energy resolution is much
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better, allowing complex γ-ray cascades to be disentangled. Moreover, angular distribution
measurements can be made by placing the detector at different angles with respect to the ion
beam.

2 Reactions studied at LUNA in the last years:

2.1 17O(p,α)14N

This reaction plays an important role in the synthesis and abundance of key isotopes often
used to test nucleosynthesis models of classical novae, Asymptotic Giant Branch (AGB) and
post-AGB stars [3, 4, 5]. At energies of astrophysical interest its reaction rate is dominated [6]
by a narrow and isolated resonance at Ep=70 keV. This resonance has been studied several
times in the past, using both direct and indirect methods, as summarised in ref. [7]. However,
the picture painted in the literature is still not completely satisfying. The uncertainty in the
resonance strength is not negligible (≈20%). Furthermore, published strength values obtained
with direct measurements have all been retracted or reanalysed [7].
An experimental campaign aimed at measuring the Ep=70 keV resonance in 17O(p, α)14N has
been recently completed at the underground LUNA accelerator. The low background in the
underground environment has been exploited in order to carry out a direct investigation of
this weak (ωγ ≈ neV) resonance employing the thick-target yield technique. Protons have
been accelerated on a solid Ta2O5 target and alpha particles detected at backward angles using
an array of silicon detectors (Fig.1). The setup has been commissioned using the well-known
Ep=193 keV resonance in 17O(p, α)14N [8].
A clear peak has been observed at Ep=71.5 keV. The alpha peak from the Ep=70 keV resonance
appears where expected and has a signal significance higher than 5 sigma. Results of the
analysis indicate a resonance strength that is significantly higher than reported in previous
investigations. Because of the importance of this resonance [6], LUNA results is expected to
have significant astrophysical consequences in a number of scenarios.

2.2 22Ne(p,γ)23Na

The 22Ne(p,γ)23Na reaction is involved in the hydrogen burning neon-sodium (NeNa) cycle
which is active in Red Giant Branch stars (Gamow peak 30-100keV), Asymptotic Giant Branch
Stars (AGB), classical novae (Gamow peak 100-600keV) [9] as well as in type Ia supernovae [10]
and contributes to the nucleosynthesis of neon and sodium isotopes.
The 22Ne(p,γ)23Na is the NeNa cycle reaction with the most uncertain cross section. In the en-
ergy range relevant for astrophysics, the 22Ne(p,γ)23Na reaction rate was poorly known because
of the contribution of a large number of resonances, many of which were never observed directly
[11, 12], before the experiment performed at LUNA in 2015. The lowest-lying resonance with
a directly measured strength was the one at Elab

R =436keV [13]; for the resonances below that
energy, only upper limits were reported in the literature [14, 15, 16]. The mere existence of
several 23Na energy levels, e.g. the ones corresponding to the Ep = 215, 104, and 70 keV
resonances, is even doubted [17].
An experimental campaign structured in two phases has been started in 2013 to measure di-
rectly the resonance strength of several resonances below 400 keV. The data taking for the first
phase, with High Purity Germanium Detectors (HPGe), has been concluded and the results
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have been published in 2015 [18]. The data taking for the second phase, with BGO detectors,
has been recently accomplished, the data analysis is still on going.

Phase I: HPGe detectors

The setup consisted of two HPGe detectors, one at 90◦ with respect to the beam direction, and
the other one at 55◦ effective angle. The use of two high resolution detectors with well defined
solid angles allowed a measurement not only of the total resonance strength, but also of the
different branching ratios of the resonance decay. The two detectors were surrounded by a 4 cm
thick copper shielding and a 25 cm thick lead shielding in order to suppress the environmental
background [19].
The gamma detection efficiency has been determined in the energy range of interest for the
measurement (i.e. 440 keV<Eγ < 9.5MeV) with radioactive sources at the lower energies (7Be,
137Cs, 60Co and 88Y) and with the 14N(p,γ)15O nuclear reaction at the higher energies.
Enriched neon-22 gas has been used for the measurements; for each resonance the yield profile
as a function of the proton beam energy has been studied in 1-2 keV steps.
The resonances at Elab

R =156.2, 189.5 and 259.7 keV have been detected for the first time. In
Fig. 2 the spectrum of the Elab

R =156.2 keV resonance is shown together with the identified
23Na transitions. Also the background lines are shown. Detailed branching schemes have been
developed for the new resonances, and in two cases, even a coincidence analysis of the two
HPGe detectors has been possible. The thermonuclear reaction rate obtained with these new
LUNA results [18] is shown in Fig. 3 compared with previous rates reported in literature.

Phase II BGO detector

In phase II of the experiment, a high-luminosity 4π bismuth germanate summing crystal (BGO)
was used in order to address several low-energy resonances and the direct capture component, as
well. The typical γ-ray detection efficiency of 70% of this detector [20] enable either a positive
confirmation or a severe upper limit for the low-energy resonances that make up much of the
discrepancy between the Sallaska and NACRE reaction rates (fig. 3).
The efficiency of the new setup was measured by means of four radioactive sources (7Be, 137Cs,
60Co and 88Y) and the well known Ep=278 keV resonance of the 14N(p, γ)15O reaction.
During the whole 2015 the data taking of this phase has been completed. The non resonant
contribution to the S-factor has been measured in an energy range from 200 keV up to 360 keV
and the two purported resonances at 70 and 105 keV, for which only upper limits exist from
the HPGe phase, have been studied in detail.

2.3 Future project: LUNA-MV

In the last years LUNA obtained important achievements in experimental Nuclear Astrophysics,
mainly studying hydrogen burning reactions. In order to make a step forward and be able to
measure reactions belonging to the helium burning that are important at higher temperatures
in stars that ultimately means larger interaction energies, a higher voltage accelerator is neces-
sary. With this aim, a new project just started, the LUNA-MV, which foresees the installation
of a 3.5 MV machine in hall B of Gran Sasso Laboratories. The LUNA MV accelerator will
provide intense beams of H+, 4He+, 12C+ e 12C++ in the energy range: 200keV - 3.5MeV.
The accelerator will be built and tested by November 2017. Delivery at LNGS is scheduled for
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January 2018. Finally, by July 2018 the accelerator will be installed and tested in hall B.
The first five years of experimental program foresee the measurement of 14N(p,γ)15O, 13C(α,n)16O,
22Ne(α,n)25Mg and 12C+12C. Important achievements are expected soon.

2.4 Tables and figures

Figure 1: Picture of the target chamber used for the 17O(p,α)14N cross section measurement.
All silicon detectors are mounted. Protective foils are mounted on the inner dome in front of
each detector.

[keV]γE

1000 2000 3000 4000 5000 6000

C
o

u
n

ts

1

10

210

Run on resonance

Run off resonance

R->2391

6
5
5
3

R->3914

5
0
3
0

3914->0

2391->0

2391->440

440->0

214Bi

214Bi

40K

214Bi

214Bi

214Bi

22Na
214Pb

e+e-
7Be

Figure 2: (Color online) In red spectrum measured at Ep =162 keV, on top of the resonance at
156.2 keV. The off-resonance spectrum (in blue) is superimposed.
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Recent evidence for neutrinos in the PeV energy range from IceCube provides additional
motivation for the search for the most energetic Galactic accelerators. Gamma-ray astron-
omy is a sound strategy to reach this goal, providing the energy range beyond 10TeV can
be covered at a sufficient sensitivity level. The energy spectra of most known gamma-ray
emitters only reach up to few 10s of TeV. The HEGRA IACT installation reported evi-
dence for gamma-ray energies from the Crab Nebula as high as 80TeV. Uncovering their
spectral shape up to few 100s of TeV could answer the question whether some of these
objects are cosmic ray Pevatrons, i.e. Galactic PeV accelerators. Extending observations
beyond this energy range requires very large effective detector areas, as planned by the
TAIGA collaboration.
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1 Introduction

Ground based gamma-ray astronomy has rapidly evolved in the past decade, significantly af-
fecting our knowledge of the non-thermal universe. Imaging atmospheric Cherenkov telescopes
(IACT) led to a break-through with the first significant detection of gamma-rays in the TeV
energy range from the direction of the Crab Nebula [1]. Further innovations such as fast
high-resolution PMT cameras (CAT) and the stereoscopic detection technique (HEGRA) led
to currently existing instruments (H.E.S.S., MAGIC, and VERITAS). Today, more than 150
sources of very high energy (VHE, E>100GeV) gamma-rays are known [2].

Above 100 GeV, the stereoscopic imaging technique is the method of choice. Existing and
planned instruments, such as the Cherenkov Telescope Array CTA [3], are relying on the IACT
technique. Their optimal operation regime is typically located in the TeV energy range. The
total energy coverage spans from few 10s of TeV to 100TeV. Beyond these energies, at multi-TeV
to PeV energies, the gamma-ray universe is so far only poorly explored. Due to the powerlaw
shape of source spectra, the observable flux drops quickly with increasing energy. Much larger
sensitive areas than the ones from existing instruments are required for detection here.

While imaging air Cherenkov telescopes have proven to be the instruments of choice in
the GeV to TeV energy range, large detector areas are more easily accessed with the (non-
imaging) shower-front timing technique which also naturally provides large viewing angles.
The poor gamma-hadron separation power of shower front timing arrays can be compensated
by a combination with small imaging air Cherenkov telescopes. Such a new hybrid detector
concept is currently being implemented by the TAIGA collaboration in the Tunka-valley in
Siberia.

In the next section, the astrophysical motivation for multi-TeV to PeV astronomy is adressed.
Subsequently, the strategy pursued by the TAIGA collaboration to access this energy range is
described.

2 Astrophysics with ultra-high energy gamma-rays and

neutrinos

Observations in the multi-TeV energy range have a potential for discovery of new sources, and
are particularly important to measure the spectral shape of known gamma-ray sources in the
cutoff regime, where the objects reach their maximum acceleration energy. The accelerators of
cosmic rays up to the knee region of the cosmic ray spectrum, the Pevatrons, are especially in the
focus of observations in the multi-TeV to PeV range. The paradigm of charged Galactic cosmic
ray production is the scenario of acceleration in shock fronts at the boundaries of expanding
shells of supernova remnants (SNR). Nuclear scattering of the accelerated nuclei off the ambient
medium produce neutral and charged pions which subsequently decay into gamma-rays and
neutrinos at energies of about a factor 10 less than the primary cosmic ray particles (due to the
typical inelasticity of the hadronic interaction). A Pevatron accelerating charged cosmic ray
particles up to cutoff energies of 3PeV would produce hard gamma-ray and neutrino spectra
up to cutoff energies of roughly 300TeV.

While neutrinos from an astrophysical source are an unambiguous smoking-gun signature for
hadronic processes, this is not necessarily the case for gamma-rays. From few 10s of GeV up to
about 10 TeV, the origin of a gamma-ray signal is difficult to identify. Gamma-rays can also be
produced in leptonic scenarios, in which electrons scatter off low energy seed photons, boosting
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the photons up to TeV energies (Inverse Compton scattering). Above few 10s of TeV, the
inverse Compton effect becomes less efficient because of Klein-Nishina suppression, resulting in
soft spectra. As opposed to that, nucleonic gamma-ray production increases efficiency because
of increasing inelastic cross-sections, resulting in harder spectra. Therefore, the observation of
hard gamma-ray spectra in this energy regime would resolve the leptonic/hadronic ambiguity
and represent a smoking-gun signature of cosmic ray acceleration. The difference in leptonic
and hadronic spectra is illustrated qualitatively in Figure 1. Observations of the Galactic center
by H.E.S.S. [4], and recent evidence for astrophysical neutrinos from IceCube [5, 6] are further
motivation for a search for multi-TeV to PeV gamma-rays.

As reported in [6], the IceCube neutrinos were detected in the energy range from 100TeV to
about 1 PeV. The data are reported to be in favour of an astrophysical interpretation. Among
the 37 neutrino events detected by IceCube, 5 were speculated to be associated with extreme
Blazars by other authors [7]. Based on this tentative association, [8] have presented model cal-
culations for gamma-ray fluxes expected in a hadronic emission scenario and using the neutrino
events as flux constraints. The predicted fluxes (see Figure 1) are reaching their maximum
between 1 and 10PeV, a region so far not accessed by gamma-ray experiments.
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Figure 1: Extrapolations to the multi-
TeV regime: π0-decay spectrum (solid
curve, powerlaw with exponential cut-
off, no attenuation), inverse Compton
spectrum (dashed curve, double expo-
nential cutoff). Curves are scaled to
data from the H.E.S.S. Galactic plane
survey [9] (grey circles) and the Mi-
lagro source MGROJ1908+06 (black
square: Milagro [10], black circles:
H.E.S.S. [9]). Open circles: hypothet-
ical gamma-ray fluxes from Blazars
possibly associated with ν events [8].

While gamma-rays and neutrinos must both be produced in the same astrophysical envi-
ronments, their detection requires slightly different approaches on considerably different scales.
Gamma-rays from GeV to PeV energies can be detected on the ground via extended air shower
(EAS) detectors, which measure either the particles (scintillators, water Cherenkov detectors)
produced in electromagnetic interactions in the EAS, or their secondary Cherenkov light emis-
sion (IACTs, timing arrays). Neutrinos can be detected in large volume detectors via their neu-
tral current or charged current interaction with the ambient medium. While for both particle
types the detection methods mostly rely on the measurement of Cherenkov light emission from
secondary particles resulting from the interaction in the atmosphere or the detector medium,
the scale of the required instrumentation is much larger for neutrino detection due to the low
cross section of the weak interaction.

The much higher cross section of the electromagnetic interaction makes the detection of
gamma-rays possible on smaller scales. On the other hand and for the same reason, gamma-ray
fluxes can be strongly attenuated in astrophysical environments and during their propagation
to Earth. Gamma-rays can interact with photons from low energy photon fields and produce
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electron-positron pairs, therewith reducing the observable flux at Earth as compared to the
source intrinsic flux. The attenuation effect depends on the gamma-ray energy, the energy of the
low energy photon, and the distance travelled. The absorption of TeV gamma-rays from Active
Galactic Nuclei (AGN) has been extensively studied by Fermi-LAT and the current generation of
IACT experiments, providing limits on the density of the extragalactic background light (EBL)
in the wavelength range from 0.1µm to 5µm. Spectroscopy of nearby AGN in the energy range
from 5TeV to 50TeV would access the wavelength band from 5µm to 50µm. It was shown
by [11] that gamma-rays in this energy range from nearby AGN might undergo less absorption
by pair production than expected. Possible explanations for this effect could be mixing of
photons with light pseudoscalars or effects of breaking of Lorentz-invariance [12], which would
lead to a reduction in the effective cross-section for electron positron pair production due to a
modification of the kinematics of the interaction (see e.g. [13]).

In the ultra-high energy regime, the absorption effect is strong enough to be relevant also for
Galactic sources. [14] have shown that the dominant photon fields are the interstellar radiation
field (ISRF), and the cosmic microwave background (CMB). The strength of absorption by
pair production on the ISRF reaches a maximum at about 100TeV, and can vary from few
percent for nearby sources up to 50% for faraway sources (i.e. located inside the Galactic disk
at a distance of 20 kpc beyond the Galactic center). The absorption caused by the CMB is
maximal at about 3PeV, where more than 90% of the gamma-ray flux from a faraway Galactic
source is absorbed. Beyond 3PeV, the Galaxy becomes transparent to gamma-rays again. A
measurement of gamma-ray spectra modified by the absorption effect can provide an estimate
of the ISRF density. Since the CMB density is very well known, such a measurement up to PeV
energies could provide a new method to measure the distance of Galactic sources from their
spectral shape in the gamma-ray energy range.

3 Accessing the ultra-high energy gamma-ray regime

3.1 Detection techniques

The questions described above can be adressed by accessing the ultra-high energy gamma-ray
regime, i.e. energies beyond 10TeV and up to the PeV regime. While it is in principle possible
to reach energies beyond 100TeV with IACTs, the existing and planned instruments are limited
by their instrumented area, the large number of required channels per km2, and their dynamical
range. Even CTA will only be able to do spectroscopy beyond 100TeV by investing a significant
fraction of its available observation time. Considering a flux of only few photons per km2 per
hour even from the strongest gamma-ray sources, a very large intrumented area is obviously
the key to making spectroscopic studies at these energies.

Ground-based non-imaging EAS detectors measure the arrival-time distribution and density
of particles or photons on the ground. A high reconstruction quality (and thus sensitivity)
can be achieved using the density and arrival-time distribution of particles or photons on the
ground. While Milagro, HAWC [15], and LHAASO [16] mainly use charged particle detectors
to access the multi-TeV regime, the timing of the air shower front is best measured using the
Cherenkov photons emitted by the secondary air shower particles. Air Cherenkov timing-arrays
can provide an angular resolution of the order of 0.1◦ and relative energy resolution of better
than 15% (see, e.g. [17]), as compared to 1◦ and 100% for particle shower front sampling
techniques. However, the rejection of the predominant hadronic background is difficult using
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the timing-array technique alone. This is better achieved by IACTs, using the image shape for
hadron rejection.

3.2 HiSCORE

One concept to access the multi-TeV energy range with a very large area wide angle instrument
is the HiSCORE experiment [18]. HiSCORE consists of an array of timing stations, measuring
the air Cherenkov photon front emitted by the secondary particles in the EAS. A HiSCORE
detector station consists of four 8 inch photomultipliers (PMTs), each equipped with a 40 cm
Winston cone light concentrator, built from flexible segments of reflective foil sheets. The
light collection area per station is 0.5m2 and the solid angle covered is 0.6 sr. A picture of a
HiSCORE station is shown on the left side of Figure 2. The analog signals from the anodes and
the next to last dynode are digitized in the GHz regime using a custom developed readout board
based on the DRS 4 chip. Before readout, an analog summator board is dividing the analog
signals, and summing the anodes. The analog sum is used for triggering. The stations can be
manually tilted along the N-S axis in order to access different parts of the sky. A relative time
synchronization at sub-ns level is required over the full scale of the array. Two independent
time-calibration methods were successfully employed, reaching the required accuracy [19].

A first implementation of the HiSCORE concept was realized by the Tunka-HiSCORE group.
Today, the HiSCORE detector is operated as part of the TAIGA collaboration and consists of
28 HiSCORE timing stations distributed over an area of 0.25 km2 in the Tunka valley in Siberia.
The layout of the 28 station array is shown in Figure 2. An extension to a 0.6 km2 array and a
combination with an IACT is planned between 2016 and 2017. This combination is described
in the next section. First results from the HiSCORE timing array were presented recently and
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Figure 2: Left: Picture of a HiSCORE timing station. Right: Layout of the 28 HiSCORE
stations (Filled squares). The optical stations of Tunka-133 are shown as filled circles.

will be the subject of proceedings publications [20].
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3.3 TAIGA: combining imaging and timing

TAIGA [21, 22] stands for Tunka Advanced Instrument for cosmic ray and Gamma ray Astron-
omy. The TAIGA experiment is planning to combine the HiSCORE timing array with 10 small
sized imaging air Cherenkov telescopes. A first IACT is currently under construction on the
Tunka site.

A TAIGA IACT consists of a Davies-Cotton mirror dish with 34 mirror facets of a diameter
of 60 cm each. The mirror dish diameter will be 4.3m. A PMT camera is mounted at a focal
distance of 4.75m. The camera consists of 547 PMTs with a 0.36 ◦ field of view (foV) per pixel,
resulting in a total field of view of 9.72 ◦ in diameter. The PMTs will be arranged with a 30mm
center-to-center distance in 11 hexagonal rings around the central pixel. The expected energy
threshold for monoscopic events is 500GeV. Near the threshold and up to few 10s of TeV,
the IACTs will operate in stand alone mode, using the classical imaging technique, performing
monitoring observations of transient sources. Above few 10s of TeV and in the overlapping
part of the IACT foV with the larger foV of the HiSCORE timing array, the IACTs will
operate together with the timing array in a new promising hybrid operation mode. The timing
stations will trigger independently from the individual IACTs, and data will be merged using
synchronized (sub-ns) event time-stamps.

The basic idea for a combination of the imaging and timing techniques is to use the timing
array as estimator of the air shower core position and direction of the primary particle and to
provide these parameters to the IACT for improvement of the monoscopic image analysis. Since
a large instrumented area is the key aspect for reaching the multi-TeV range, the telescopes will
be placed at a distance of roughly 600m from each other. In this configuration all telescopes
will operate in monoscopic mode for zenith angles up to 60◦. Since the direction of the air
shower is not unambiguously known to a monoscopic IACT, the timing array will provide
this information, therewith allowing to reject a large fraction of isotropic hadronic background
events. Furthermore, the knowledge of the core impact position from the timing array will allow
to introduce the hybrid scaled width parameter, similarly to the classical stereoscopic mean
scaled width parameter used in standard imaging analyses based on the Hillas parameters.
This concept was previously described in [23, 24] and was also presented at this conference [25].
Using the hybrid scaled width and further gamma-hadron separation parameters based on the
IACT image analysis as well as the timing array, we expect to reach a gamma-hadron separation
quality factor of the order of 3-5. The hybrid imaging-timing point-source sensitivity of a
0.6 km2 TAIGA detector is estimated to reach a sensitivity of 5 · 10−13 erg cm−2 s−1 at 100TeV
after 200 h of observation time. The integral sensitivities to point sources for this, and a 5 km2

detector stage (after 1000h) are shown in Figure 3 and compared to the sensitivities from other
experiments. Already the upcoming 0.6 km2 array will significantly extend the spectra of known
sources into the multi-TeV regime.

4 Summary

While the field of gamma-ray astronomy has made tremendous progress over the past decades,
the observation window in the multi-TeV to PeV regime needs yet to be covered by sensitive
instruments. This energy range is the key to different astrophysical questions, aforemost the
question of the origin of cosmic rays and the localization of the highest energy Galactic accelera-
tors. Recent observations from H.E.S.S. and the IceCube neutrino events are further motivating
this search.
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Figure 3: Left: Integral flux survey sensitivities of TAIGA, combining timing array stations
with IACTs, for a 0.6 km2 array after 200 h of observation time (solid red line, requiring 5σ
and at least 10 gamma-rays) and a 5 km2 array after 1000h of observation time (dashed red
line). For comparison, further sensitivities are shown: CTA survey (grey area [26]), HAWC
([15] dash-dotted line), CTA pointed observations (large exposure on specific sources, dashed
grey). Data points as in Fig. 1. Right: Photograph of the first TAIGA IACT, shortly before
transportation to the Tunka valley.

The TAIGA collaboration is aiming at this goal, using a novel hybrid approach, combining
the air Cherenkov timing technique with the imaging technique. The upcoming 0.6 km2 stage
of TAIGA will for the first time allow to probe the ultra high energy gamma-ray regime at a
sensitivity level comparable to the sensitivity of existing instruments at lower energies.
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The Tunka Advanced International Gamma-ray and Cosmic ray Astrophysics (TAIGA)
project aims at observation of cosmic rays beyond 100 TeV and gamma rays above 1 TeV
via observation of the extensive air showers (EAS) caused in the atmosphere. Two com-
mon detection techniques are timing arrays and imaging air shower cherenkov telescopes
(IACT). Timing arrays yield good directional and energy reconstruction, but provide only
mediocre gamma-hadron-separation at their energy threshold. IACTs are good at separa-
tion, but since a stereoscopic view of a shower is needed for high reconstruction accuracy,
it is difficult to achieve the large effective areas needed for ultra high energy observations.

In this work we present the simulations performed to explore and optimize our IACT design
and the first steps towards hybrid reconstruction.
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1 Motivation

The highest energies in the gamma ray spectrum are a very interesting domain of cosmic
accelerators. Many kinds of sources have already been studied up to a range of tens of TeV,
but latest results from experiments like IceCube hint at the existence of sources accelerating
particles up to the PeV range, so-called Pevatrons. While the charged particles from such
sources are lost in the interstellar magnetic fields, they produce pions in the ambient medium
which subsequently decay into gamma-rays. These gammas carry less energy than the original
partice had (O(10) less), so a gamma ray source at >100TeV would be a Pevatron. For further
details on Pevatrons, see [1] (these proceedings).

The flux of gammas with such a high energy is low, making it necessary to instrument large
areas on the Earth’s surface to reach sufficiently large effective areas needed for sensitivity. This
paper presents a method to address this challenge.

2 A combination of known approaches

Two common and well-understood methods of observing the high energy gamma ray sky are
timing arrays and imaging air cherenkov teleskopes (IACTs).

Timing arrays sample the Cherenkov light front of EAS. Core position and direction of
incidence are calculated from the arrival time distribution of the air shower front. The com-
paratively low number of readout channels per km2 is an advantage for instrumenting the very
large areas needed for proper sensitivity.

IACT systems use two or more telescopes with (most often tesselated) mirrors and multi-
channel cameras to take images of the EAS. Using a Hillas-type image shape analysis[2], a good
distinction between EAS initiated by gammas and EAS caused by the proton background is
possible. The downside of this method is that a stereoscopic view of a shower is needed to
reconstruct impact core position and shower angle with sufficient accuracy. This sets an upper
limit to the spacing of the telescopes (about 300m) since at least two telescopes need to be inside
the Cherenkov light pool to get more than one shower image. Consequently, covering large aeras
with IACTs requires a large number of detection and readout channels per instrumented km2.

The idea behind the TAIGA project is to combine both techniques to use both their strengths
while compensating for their weaknesses. A timing array will determine arrival direction and
impact point of the air shower, which is then used to interpret the IACT camera image to
determine the nature of the EAS primary. Since the directional information is reconstructed by
the timing array, the need for stereoscopy does not apply and the spacing between the telescopes
can be doubled.

The TAIGA experiment will consist of the already deployed HiSCORE timing array and
custom designed IACTs.

HiSCORE stations contain 4 photomultiplier tubes (PMTs, 8”diameter) each, looking di-
rectly into the night sky through winston cones. 28 stations have been deployed at Tunka
Valley, Russia (51◦ 48’ 35” N, 103◦ 04’ 02” E, 675 m a.s.l.) with a spacing between 100m -
150m covering about 0.25 km2 and have been in operation since winter 2014. Further extension
is envisaged up to 3 km2.

The custom designed IACTs will be Davies-Cotton telescopes with a 4.3m tesselated mirror
dish, a focal length of 4.74m and a 540 PMT pixel camera with a field of view of 10◦ diameter.
These telescopes will be placed at a 600m spacing, a prototype is already in construction.
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3 Simulations

To evaluate the detector design, a Monte Carlo (MC) simulation was done in three steps.
First, the shower itself was simulated using CORSIKA-6990 [3](IACT option for generation of
Cherenkov light, hadronic interaction models QGSJET [4] and Gheisha [5]). The shower data
is then evaluated independently by the simulation routines for HiSCORE and for the IACTs.

Detection by HiSCORE is calculated with the sim score[6] code, a custom simulation soft-
ware based on the IACT package performing a full detector simulation including all response
functions. From the simulation of gamma-ray induced EAS, the resolution for core position,
incidence angle, and reconstructed energy is determined.

The IACT simulation is done with sim telarray[7] and performs a full raytracing of the
Cherenkov photons through the telescopes’ optics. This takes the telescope design properties
into account, e.g. mirror dish shape, mirror reflectivity and (mis-)alignment, camera size,
shadowing by masts and camera, and camera PMT efficiency. Last simulation step is the
addition of noise from NSB and the electronic parts.

After generation of camera images, sim telarray carries out the image cleaning and the
calculation of the Hillas parameters and, if more than one telescope triggered, stereoscopic re-
construction of direction, incidence angle, and energy, even though the stereoscopic evaluations
are not necessary for our studies.

The simulations presented in these proceedings are the IACT’s point spread function, which
is a property of the telescope design, and first insights into the quality of the gamma hadron
separation. Please note all results presented here are preliminary.

3.1 Point Spread Function (PSF)

Figure 1: IACT PSF for angles of 0◦-5◦ from the optical axis in 1D projection and in greyscale.
Vertical lines indicate each spot’s projected 86% range. Perfectly aligned mirrors are assumed.
The finger-like structures are an effect of the outermost mirror segments.

Simulation To evaluate the intended design of the IACTs, the sim telarray ray tracing rou-
tine was used to simulate light from an infinitly far away point source. The image of the source
in the camera plane is not perfect due the abberations from the mirrors, and the resulting in-
tensity distribution is called the PSF. To find the theoretical lower limit of the PSF, we assume
perfect mirrors, no misalignments and no NSB.
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the steepness of the curve is caused by
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The TAIGA IACTs are composed of 30 spherical mirror tiles (60 cm ø ) on a 4.75m ø
Davies-Cotton dish. To compare our results to a semi-analytical model prediction, one must
take note of the tesselation ratio, the ratio between the diameters of the individual mirror tile
(dtile) and the main dish (Ddish) :

α =
dtile
Ddish

(1)

The relative size of the individual mirror tiles is important since larger tiles contribute larger
abberation effects due to their spherical nature. TAIGA’s IACTs are designed with a tesselation
ratio of 0.13.

Figure 1 shows the image of the point source at different off-axis angles in the camera layer.
The PSF is significantly smaller than a single camera pixel even at an off-axis angle of 5◦ at
the assumption of perfect mirror alignment. The star-like shape of the spot is an effect of the
outermost mirror tiles.

The impact of the tesselation ratio on the PSF can be seen in Figure 2. The analytical
prediction by Schliesser and Mirzoyan[8] assumes a tesselation ratio of 0.03, meaning much
smaller mirror tiles as compared to the TAIGA telescopes (α = 0.13). The overall shape is
closer to the shape of the main dish, with less abberation effects from the rims of the individual
tiles.

For small angles, the minimal PSF of the TAIGA IACTs is not as good as expected from
the analytical predictions. With increasing angle however the TAIGA design shows a better
PSF than predicted from the 0.03 model. This is an expected and desired effect since TAIGA
IACTs are telescopes with a large field of view, so faithful imaging at large off-axis angles is
more important than reaching zero at the very center. Even at 5 ◦ off-axis, the TAIGA PSF
stays considerably smaller than the radius of the camera pixels (0.19◦), leaving enough room
for the deviations brought by a real setup.

Single mirror PSF measurement The MC results shown in Figure 1 represent the minimal
PSF possible under the assumption of perfect mirrors. Real mirrors have inaccuracies which will
add up and increase the overall PSF of the telescopes. To get an estimate on these inaccuracies,
the PSFs of several mirror tiles have been measured individually by placing a point-like light
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Figure 3: Scematic view of the single-mirror PSF measurement setup. To the left is the mirror,
to the right the light source and screen close to the focal point.

source in the focal distance of the mirror and determining the angular size of the reflected spot
(see Figure 3). For a perfect mirror, this spot should have the exact same dimensions as the
source, with any spread being the contribution of deviations from a perfect spherical shape.
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Since a spherical mirror reflects a light source back onto itself when the source is put at the
exact focal point, the measurements are done in a slight off-axis angle (<2◦). 28 TAIGA mirrors
have been measured in this procedure with all mirrors showing a PSF significantly smaller than
that of the full dish (for an example, see figure 4) while not varying much between each other.
Therefore, the chosen mirrors are suitable for use in the TAIGA IACTs.

3.2 Gamma Hadron Separation

The TAIGA IACTs are meant to improve the gamma hadron separation of the TAIGA array,
especially at its energy threshold at about 10-50 TeV[9]. To understand the range of improve-
ment, we first evaluate how powerful the IACTs are on their own. Since shower energy, impact
parameter and direction are derived from the timing array’s measurements, we can focus our
analysis of the IACT images on the primary.

The parameter with the greatest dependence on the nature of the shower primary is the
image width, calculated via the second moment of the amplitude distribution after image clean-
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Figure 5: Raw image width distribution for zenith showers with EEAS = 10-50 TeV . Dashed:
Gammas, dotted: Protons, Solid: Quality factor. Left: Differential distribution. The proton
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overlap much. Right: Cumulative distribution and Q for the width cut. If a cut is made on the
raw data, the maximum Q does not reach 1.6.

ing. This second moment depends mainly on the overall camera PMT amplitude (’size’), impact
parameter and the primary. The higher number of hadronic interactions in a hadron-induced
shower lead to a broader transversal momentum distribution of the particles in the shower,
which in turn increases the image width compared to gamma- or electron-induced showers as
seen in figure 5. A cut on the image width can separate gamma from hadron events. The cut
quality factor is defined by:

Q =
ǫγ√
ǫp

(2)

with

ǫi =
ni(w < wcut)

ni
, ǫi ∈ (γ, p) (3)

Even though the two distributions have different shapes, they still overlap strongly due to
variation in the impact parameter and image size. With a width cut on the raw data, only a
quality factor of Q=1.4 is reached. In order to improve the quality factor, each image width
is scaled to the expectancy value for the respective image size, impact parameter and zenith
angle. An exclusive gamma-only MC event data set was used to generate a lookup-table which
contains the width expectancy values.

In the final experiment, the selection of the correct lookup-table entry will be done with core
distance and zenith angle determined by the HiSCORE timing array. To give a first estimate
of the final separation quality, a Toy core simulation was performed (see Figure 6). To emulate
reconstruction by HiSCORE, the core position which is known from the MC is randomised with
the HiSCORE core position resolution, and the resulting value is used as the ’reconstructed’
core position when selecting the lookup table entry. This cuts on computing time since actually
simulating the showers in sim score is not necessary.

The value after scaling is called the Hybrid Scaled Width (HSCW):

6 Magellan Workshop 2016

MAIKE KUNNAS et al.

148 Magellan Workshop 2016



hscw
0 0.5 1 1.5 2 2.5

fr
ac

ti
o

n
 o

f 
ev

en
ts

0

0.01

0.02

0.03

0.04

0.05
Scaled width distribution

toy core gamma

toy core proton

hscw
0 0.5 1 1.5 2 2.5

fr
ac

ti
o

n
 o

f 
ev

en
ts

, q
u

al
it

y 
fa

ct
o

r

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
Scaled width distr., cumul.

toy core gamma

toy core proton

toy core quality factor
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HSCW =
wtel

wγ
MC(darray, sizetel)

(4)

Scaling the width makes the two distributions move apart, and now a cut on the HSCW
yields us Q∼1.9, which is not only better than an unscaled cut, but also better than the
HiSCORE-only separation at those. The timing array can achieve Q ∼ 1 at the threshold and
only starts to approach 2 at a hundred TeV.[10][9]

The blurring of the core position lowers the separation quality only little compared to the
direct use of the MC core position (∼ 1.9) even though HiSCORE’s core resolution is strongly
energy-dependent near the energy threshold.

4 Conclusion and Outlook

TAIGA’s combination of IACTs with timing arrays is a valid method of obtaining the large
areas needed to observe ultra high energy gamma rays. The design of the TAIGA telescopes will
provide suitable shower images as tested both by MC simulation and measurement of prototype
parts. Also, adding IACTs to a timing array will provide a possibility of rejecting the hadronic
background with a quality factor of 2.1 near the energy threshold, where the timing array alone
could not make a distinction.

The studies so far are not yet a full hybrid reconstruction. In the full reconstruction, the
directional information stored in the IACT images will also be taken into account to improve
the resolution of shower core position and incidence angle. Also the timing array signals do
contain information on the nature of the primary in the signal rise time, so for higher energies
the gamma hadron separation quality will be much better than 2.

Furthermore, the IACTs can be used to reduce the energy threshold.The timing array needs
4 stations with signal for a proper reconstruction, but a shower can also be reconstructed with
the IACT image and one station only. The combination also makes it possible to indirectly
increase the field of view of the telescopes. So far, shower images that are cut off by the edge
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of the camera are rejected because they are incomplete, but the shower information from the
timing array might allow to interpolate the shape of the full shower.
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MAGIC consists of two imaging air Cherenkov telescopes located at La Palma, Spain.
Since 12 years, the telescopes are performing scientific observations of gamma rays with
energies between 35GeV and 50TeV.

Scientific highlights from MAGIC concerning both galactic and extragalactic sources in
the context of multi-messenger astronomy are presented. Among these, measurements of
the TeV emission from Crab observations are shown. Also, the ultra-fast variability of
IC 310, which challenges jet emission models in AGNs, is discussed. Furthermore, the
detection of very-high-energy gamma-ray emission from two active galaxies, B0 218+357
and PKS1441+25, located at redshift of ∼0.94 is presented.

1 Introduction

Cosmic rays were discovered more than one hundred years ago by Victor Hess. Still, there is
an increasing research field connected to their nature, their origin, and their propagation. Due
to the deflection of the charged particles of the cosmic rays, e.g., by the magnetic fields of the
interstellar and the intergalactic medium they reach the Earth mostly isotropic.

Interactions of cosmic rays among themselves and/or with photon fields result in the pro-
duction of pions. These decay into neutral and charged muons, which themselves decay into
gamma rays and neutrinos, respectively. This means that the detection of gamma rays and
neutrinos from point sources can provide an unambiguous signature of the origin of the cosmic
rays. While the detection of neutrinos is more challenging, a large and rising number of sources
of gamma rays have already been discovered. While in the high-energy gamma-ray regime
20MeV . E . 100GeV, satellite-based instruments such as the Fermi- LAT instrument are
used, gamma-rays at higher energies (100GeV . E . 100TeV) are detected with ground-based
telescopes based on the Imaging Air Cherenkov Technique.

The Major Atmospheric Gamma Imaging Cherenkov Telescope (MAGIC) is a system of two
Imaging Air Cherenkov Telescopes (IACT) with a mirror dish diameter of 17m each, separated
by a distance of 85m. It is located at the Observatorio del Roque de los Muchachos on the
Canary island of La Palma, Spain, at an altitude of ∼2200m above sea level. The construction
of the first telescope, MAGIC-I, was completed in 2003 and it performs scientific observations
since 2004. In 2009, the second telescope, MAGIC-II, joined in. Since then, the two telescopes
are working together as a stereoscopic system which allows an improved performance in terms
of sensitivity and angular resolution, among other things. The energy range covered by MAGIC
overlaps with the accessible range of Fermi-LAT at low energies, starting at 50GeV (standard
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trigger) and reaching up to 50TeV. Some observations are also performed with a new digitalized
trigger technique and allows for measurements even below 50GeV [1].

The IACT technique is based on the production of air showers by highly energetic particles
in the Earth’s atmosphere. If a gamma-ray photon with more than 10MeV of energy enters the
atmosphere the production of an electron-positron pair dominates the absorption. Due to an
interaction with molecules in the air, secondary gamma rays are produced by Bremsstrahlung.
These secondaries again may produce e+e− pairs. The resulting electromagnetic cascade con-
tinues until the average energy reaches the value at which the losses due to ionization and
Bremsstrahlung are equal. The secondary electrons in those showers, if energetic enough, i.e.,
when moving faster than the speed of light in the atmosphere, can activate the emission of
Cherenkov photons in a cone with a small opening angle. Inside the Cherenkov light pool,
mirror telescopes can be placed in order to measure the Cherenkov light. The spectrum of this
light is mostly in the optical and ultra-violet range. The faint emission can be measured with
photo-multipliers as also done with MAGIC. Due to a short duration of the Cherenkov pulses,
a fast readout system needs to be connected with the telescope. Besides showers introduced
by gamma rays, showers induced by hadrons (e.g., protons) exist. Those showers form the
dominating background and hence are the limiting factor for ground-based gamma-ray astron-
omy. Typically, one gamma-ray event observed by an IACT telescope is hidden behind 1000
background events.

With this technique, MAGIC is able to achieve a sensitivity of 0.6% of the Crab Nebula
flux for a 5 σ detection in 50 h of observation in the best range at energies of E ∼ 400GeV.
The angular and energy resolution, both dependent on the energy, is 0.1◦ − 0.07◦ and 15–20%,
respectively. Details about the performance of MAGIC can be found in [2].

The scientific focus of MAGIC is set on the investigation of the gamma-ray emission from
galactic objects of various types as well as on active galactic nuclei and gamma-ray bursts as
extragalactic objects. Follow-up observations of gamma-ray bursts by MAGIC are reported in
[3]. Furthermore, MAGIC concentrates on the indirect measurements of dark matter [4, 5, 6] as
well as on setting constrains on the cosmic rays [7], the extragalactic background light [8], the
Lorentz invariance violation [9], and the intergalactic magnetic field. In this paper, only results
from galactic objects, active galactic nuclei, and follow-up observations of neutrino events are
being reviewed.

2 Galactic science

MAGIC observes a variety of galactic objects which are mostly in connection with the end
stages of stars, e.g., novae, supernova remnants, pulsars, and pulsar wind nebulae.

2.1 Crab Nebula and its pulsar

The Crab Nebula is the standard candle for the very-high-energy astrophysics at energies E >
50GeV. Although it is known to be a TeV emitter for a long time this pulsar wind nebula
is still of interest for current research. Recent MAGIC observations between October 2009
and April 2011 of 69 h revealed a spectrum ranging over the entire accessible energy range
over three decades in energy [10]. Together with Fermi-LAT data, these yielded the most

precise measurement of the inverse Compton peak of 53
+3stat+31syst
−3stat−13syst

GeV that is dominated by
systematic effects. Only a modified log-parabola function with an exponent of 2.5 instead of
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2 fits the obtained spectrum. It was found that a constant magnetic field model does not
reproduce the broadness of the inverse Compton peak. Most probably, this suggests that the
assumption of homogeneity of the magnet field inside the nebula is wrong. Three state-of-the-
art models were applied to the spectral energy distribution. A time-dependent 1D spectral
model is able to match the data with a magnetic field of 80µG. However, it fails to describe
the data when including the morphology of the nebula at higher frequencies.

Inside the nebula one finds the pulsar. The first detection of its pulsed gamma-ray emission
above 25GeV by a ground-based instrument was already achieved in 2008 by MAGIC [11].
After the accumulation of 320h of observations, a spectrum between 70GeV and 1.5TeV was
measured [12]. The pulse profile shows two narrow peaks which are synchronized with the ones
measured, e.g., by Fermi-LAT in the lower energy gamma-ray range. The spectra of pulse I and
II were found to follow different simple power-law indices, 3.2± 0.4 and 2.9± 0.2, respectively.
The pulsed TeV emission can not be produced by synchrotron-curvature radiation. Instead, the
inverse Compton process plays a dominating role at energies above 50GeV. Furthermore, all
current existing models fail to reproduce the observed narrowness of the peaks. The observation
poses strong constrains on the Lorentz factors of the electrons. A parent population of electrons
with γ > 5× 106 is needed. This suggests an inverse Compton scattering of low energy photons
as the emission and that the gamma-ray production region is located near by the light cylinder.

2.2 The supernova remnant W51C

In 2010 and 2011, MAGIC collected more than 50h of data from the region of W51 [13]. This
complex field hosts the supernova remnant W51C which interacts with molecular clouds in the
star forming region of W51B. Observations at other frequencies suggest a possible association
of a pulsar wind nebula with the remnant. Gamma rays were detected from W51 but it was not
clear if this emission is originating from the pulsar wind nebula, the supernova remnant shell,
and/or the molecular cloud. The spatial resolution of the measurements by MAGIC helped
to pinpoint the location of the gamma-ray emission. The skymaps show an extension at high
energies towards the pulsar. However, it was not possible to establish it as an independent
source. The contribution from the pulsar wind nebula was estimated to be ∼17% of the flux,
but the shocked cloud region is dominant at all energies.

Furthermore, the measured spectrum follows the high-energy points measured with Fermi-
LAT and ranges up to ∼ 5TeV with a simple-power law function. Modeling of the spectral
energy distribution is consistent with a hadronic origin of the gamma-ray emission. It was found
that an ongoing acceleration of ions in the interaction zone between the supernova remnant and
the cloud can explain the observations.

2.3 Novae and dwarf novae

The Fermi-LAT telescope detected gamma-rays at GeV energies from a few novae in the last
years. This emission can be interpreted in terms of the inverse Compton process of electrons
which are accelerated in shocks of novae. In the same manner, protons might be accelerated
to much higher energies under the same condition. This could produce a second gamma-ray
emission component in the spectra possibly at TeV energies.

For this reason, MAGIC performed follow-up observations of novae and dwarf novae [14].
One example is the observation of the classical novae V339Del in August and September 2013.
These measurements were triggered by an outburst found in the optical and GeV band. MAGIC
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did not detect a significant signal, but upper limits to the spectral energy distribution together
with the data points from Fermi-LAT limit the ratio of the proton-to-electron luminosity to be
Lp . 0.15Le in theoretical models.

3 Extragalactic science

The extragalactic gamma-ray sky currently counts ∼ 65 objects1. The parent population con-
sists of radio-loud active galactic nuclei with jets pointing towards the earth. Those objects are
called blazars and they are typically characterized by their strong variability in all wavelengths
and on all time scales. The so-called Doppler boosting effect plays an important role for the
interpretation of the emission of these objects. However, a handful of radio galaxies for which
the angle between the jet-axis and the line-of-sight is larger were discovered as well.

3.1 Black hole lightning from IC310

IC 310 is an active galaxy located in the outskirts of the Perseus cluster of galaxies at a cosmo-
logical redshift of z = 0.0189. Originally, this object was classified as a head-tail radio galaxy,
where the jets of the nucleus are being bend due to the movement of the galaxy through the
cluster. However, studies of the multi-wavelength emission showed several properties similar to
those of blazars as well as radio galaxies.

During an extensive multi-wavelength program in late 2012, MAGIC detected an exception-
ally bright TeV flare from IC 310 on one night reaching an average flux level of up to one Crab
above 1 TeV with a hard spectrum over two decades in energy [15]. The intra-night light curve
showed a series of strong outbursts with flux-doubling time scales as fast as a few minutes. The
fast variability constrains the size of the gamma-ray emission regime to be smaller than 20%
of the gravitational radius of its central black hole. Furthermore, very long baseline interfer-
ometry measurements in the radio band revealed a limit for the viewing angle of the active
galactic nucleus to be 10◦ . θ . 20◦. Thus, no strong Doppler boosting can be assumed in the
explanation of the gamma-ray production mechanism. This challenges the standard model for
gamma-ray emission of active galaxies being produced due to the acceleration of particles at
shocks in the jets. It was found that a magnetospheric model similar to those used to interpret
the gamma-ray emission from pulsars is able to explain the phenomena. Instead of having a
neutron star in the center of the magnetosphere, a rotating black hole exists. In this model, the
gamma rays are being produced by electromagnetic cascades, acceleration inside vacuum gaps,
emission via the inverse Compton, and curvature radiation processes.

3.2 Gravitationally lensed blazar S3 0218+35

S3 0218+35 is a blazar at a redshift of z = 0.944, the most distant and the only gravitationally
lensed gamma-ray emitting object of the very-high-energy sky today. The lensing galaxy is a
spiral galaxy and is located at the redshift of z = 0.68. In July 2014, Fermi-LAT observed
an outburst from this objects which triggered follow-up observations with MAGIC. This flare
happened during full moon time where MAGIC interrupts observations. However, previous
studies from the Fermi team as well as of the radio emission showed that the gravitationally
lensed signals splits into two components separated by 10-12 days. MAGIC observations were

1http://tevcat2.uchicago.edu/
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scheduled around the expected time of arrival of the trailing component. Thus, MAGIC detected
the object with a significance of more than 5 σ at ∼ 12 d after the flare seen by Fermi-LAT [16].

3.3 Quasar PKS1441+25

The second most distant active galaxy in the very-high-energy range is PKS1441+25, a flat-
spectrum radio quasar located at a redshift of z = 0.939. Similar to the detection of S3 0218+35,
the observations of PKS1441+25 were triggered by an outburst of the object measured with
the Fermi-LAT telescope in April 2015. MAGIC observed the object during April and May
2015, resulting in the detection of a signal of 25.5 σ in an energy range of 40–250GeV and a
variability time scale of 6.5±1.9d [17]. In addition, many telescopes in various frequency bands
performed observations, resulting in an excellent coverage of the multi-wavelength spectral
energy distribution for the object at different flux states. All observations together suggest a
subdivision of the high state into two distinct flux states. The theoretical interpretation of the
spectral energy distribution with an external Compton model yielded that the location of the
gamma-ray emitting region during the period of high activity is located in the jet but outside
the broad-line region, while the emitting region during the low activity is partially inside the
broad-line region.

4 Follow-up of neutrino events

As said before, the detection of neutrino emission from astronomical objects would certainly
contribute to the search of the origin of the cosmic rays. However, measuring a significant
neutrino excess especially from a point-source is challenging due to the much smaller cross
section for neutrino interaction. The IceCube Collaboration reported on the detection of 37
neutrino events between 30TeV and 2PeV, spread over both hemispheres and rejecting an
atmospheric origin at a 5.7 σ level [18]. However, most of these events have a large median
positional uncertainty of 10◦ to 20◦. Thus, IACT instruments with an angular resolution of the
order of ∼ 0.1◦ could provide follow-up gamma-ray observations for neutrino candidates and
transient neutrino events.

For this reason, IACT instruments, e.g., MAGIC have been receiving on-line triggers from
the IceCube Collaboration for a few years. A precedent case including the precursor of Ice-
Cube, AMANDA, is being reported in [19]. So far, no significant signal was found from such
observations but they are still crucial as they allow for performing of real-time multi-messenger
astronomy.

5 Summary

The last few years of scientific operation of the MAGIC telescopes were very successful, e.g.,
resulting in the detection of the most energetic pulsed emission from an astronomical object,
the measurement of gamma rays from active galactic nuclei in our neighborhood or from the
middle age of the universe, and ultra-fast variability giving new clues on particle acceleration.

The MAGIC team makes strong efforts in collaborating with many telescopes in all other
frequency ranges as well as the Cherenkov gamma-ray instruments VERITAS, H.E.S.S., FACT,
and HAWC. In addition, MAGIC performs follow-up observations of gravitational wave as well
as neutrino events.

Magellan Workshop 2016 5

RECENT RESULTS FROM THE MAGIC TELESCOPES

Magellan Workshop 2016 155



In the next years, MAGIC will continue to observe the very-high-energy gamma-ray sky
bridging the gap until the future Cherenkov Telescope Array, CTA, will start its operation. The
building of the first prototype of a 23m diameter Large Size Telescope for CTA has already
started in 2015 right next to the MAGIC site.
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[4] J. Aleksić et al., ApJ 710 634 (2010).
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Neutrino geoscience is a newly born interdisciplinary field having as its main aim determi-
nation of the Earth’s radiogenic heat through measurement of geoneutrinos: antineutrinos
released in decays of long-lived radioactive elements inside the Earth. In fact, such mea-
surements are a unique direct way how to pin-down this key element for many geophysical
and geochemical Earth’s models. The large–volume liquid scintillator detectors, originally
built to measure neutrinos or anti-neutrinos from other sources, are capable to detect
geoneutrinos, as it was demonstrated by KamLAND (Japan) and Borexino (Italy) experi-
ments. Several future projects as SNO+ or JUNO have geoneutrino measurements among
their scientific goals. This work covers the status-of-art of this new field, summarising its
potential in terms of geoscience, the status of existing experimental results, and future
prospects.

Figure 1: Energy spectrum of geoneutrinos. The dashed vertical line shows the energy threshold
of the IBD interaction: currently the only detection method for geoneutrinos.
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Figure 2: Schematic visualisation of the relations among the abundances and distributions
of radioactive elements inside the Earth, the geoneutrino flux, and the radiogenic heat, the
ultimate goal of geoneutrino measurements.

1 What are geoneutrinos and the main goal

Geoneutrinos are electron-flavour antineutrinos emitted in the β decays of long-lived radioactive
elements, called also the heat producing elements (HPE). Geoneutrinos are emitted along the
decay chains of 238U and 232Th and in the 40K decay:

238U →206 Pb + 8α+ 8e− + 6ν̄e + 51.7 MeV, (1)

232Th →208 Pb + 6α+ 4e− + 4ν̄e + 42.7 MeV, (2)

40K →40 Ca + e− + ν̄e + 1.31 MeV (BR 89.3%). (3)

Geoneutrino spectrum is shown in Fig. 1. Geoneutrinos are detected by the so called Inverse
Beta Decay (IBD) interaction:

ν̄e + p → e+ + n. (4)

Due to the 1.8MeV kinematic threshold of this reaction, only the high-energy tail of 238U and
232Th geoneutrinos can be detected, while all 40K geoneutrinos are below the threshold.

The main aim of geoneutrino studies is to determine the Earth’s radiogenic heat, espe-
cially the unknown contribution from the mantle. The mantle composition is quite unknown
with respect to the better-known crustal composition. Knowing the mass/abundances of HPE,
the radiogenic heat is directly determined. The geoneutrino studies are, however, complicated
through an unknown distribution of HPE, on which depends both the geoneutrino signal pre-
diction as well as the final interpretation of the measured geoneutrino flux, see Fig. 2. Due to
this, a close collaboration between neutrino physicists and geoscientists is strongly required in
order to exploit the potential of geoneutrinos to its maximum.
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Figure 3: A schematic profile of the Earth structure (from
http://www.homepages.ucl.ac.uk/ ucfbdxa/resint.htm).

2 The Earth and GeoSciences

The Earth was created in the process of accretion from undifferentiated material, to which
chondritic meteorites are believed to be the closest in composition and structure. The bodies
with a sufficient mass undergo the process of differentiation, e. g., a transformation from an
homogeneous object into a body with a layered structure. The metallic core (3500km radius)
was the first to separate from the silicate primordial mantle, which further differentiated into
the current mantle (3000km thickness) and the crust (5 to 75km). The Fe–Ni metallic core
with up to ∼10% admixture of lighter elements, has a temperatures range from 4100 to 5800K.
Its central part, inner core with the radius ∼1300km is solid due to high pressure. The 2200 km
thick outer core is liquid and has a key role in the geo–dynamo process generating the Earth’s
magnetic field. The D

′′
layer is a core–mantle boundary, a 200km thick seismic discontinuity of

unclear origin. The lower mantle (2000 km) with a temperature gradient from 600 to 3700K is
solid, but viscose on long time scales. It is involved in the convection driving the movement of
tectonic plates with a speed of a few centimetres per year. A transition zone in the depth of 400
- 600km is a seismic discontinuity due to mineral recrystallisation. The upper mantle contains
viscose asthenosphere on which are floating the lithospheric tectonic plates. These comprise
the uppermost, rigid part of the mantle and the crust of two types: oceanic and continental.
The continental crust (30 km average thickness) has the most complex history being the most
differentiated and heterogeneous, consisting of igneous, metamorphic, and sedimentary rocks.
The oceanic crust (5 - 10 km) is created along the mid–oceanic ridges, where the basaltic magma
differentiates from the partially melting mantle. A schematic profile of the Earth structure can
be found in Fig. 3.
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The HPE are so called refractory, lithophile elements: they bound to the lighter partially
melted liquid, leaving behind the HPE-depleted solid and denser residuum. Due to this mech-
anism, the HPE are strongly concentrated in the most complex continental crust (at the level
of few ppm in average) and present in sub-ppm concentrations in the oceanic crust. The HPE
concentration in the mantle is suppressed by few orders of magnitude and largely unknown.
Due to the chemical affinity to silicates, no HPE are expected to be present in the metallic core.

How do we get information about the deep Earth? Seismology studies the propagation of the
S and P seismic waves, providing the velocity and density profiles of the Earth. Geochemistry
studies the chemical composition of the Earth. The depth of accessible rock samples is limited
to the upper mantle. The global composition of the Bulk Silicate Earth (BSE) is derived
through geochemical modelling, considering the correlations in isotopic abundances in the solar
photosphere and in meteorites, as well as composition of the present day rocks. These BSE
models describe the composition of the Primitive Mantle, the Earth composition after the core
separation and before the crust-mantle differentiation. The estimates of the composition of the
present-day mantle can be derived as a difference between the mass abundances predicted by
the BSE models in the Primitive Mantle and those observed in the present crust. In this way,
the predictions of the U and Th mass abundances in the mantle are made. An overview of
different BSE models can be found for example in Šrámek et al. [1].

The Earth’s surface heat flux is estimated based on the measurements of temperature gradi-
ents along several thousands of drill holes around the globe. The most recent evaluation of these
data leads to the prediction of 47± 2TW predicted by Davies and Davies (2010) [2], consistent
with the estimation of Jaupart et al. (2007) [3]. The relative contribution of the radiogenic heat
from radioactive decays to this flux is not known and this is the key information which can be
pinned down by the geo-neutrino measurements. The geochemical, cosmochemical, and geody-
namical models predict the radiogenic heat of 20 ± 4, 11 ± 2, and 33 ± 3TW, respectively [1].
The crustal radiogenic power was recently evaluated by Huang et al. [4] as 6.8+1.4

−1.1TW. By
subtracting this contribution from the total radiogenic heat predicted by different BSE models,
the mantle radiogenic power can be as little as 3TW and as much as 23TW. To determine this
mantle contribution is one of the main goals and potentials of Neutrino Geoscience.

3 Geoneutrino detection

Geoneutrinos are detected by the large–volume liquid scintillator detectors placed in under-
ground laboratories, in order to shield them from the cosmic radiation. The target for the IBD
detection interaction shown in Eq. 4 are hydrogen nuclei from the hydrocarbon molecules of
organic liquid scintillator. In this process, a positron and a neutron are emitted as reaction
products. The positron promptly comes to rest and annihilates emitting two 511keV γ-rays,
yielding a prompt event, with a visible energy Eprompt, directly correlated with the incident
antineutrino energy Eν̄e :

Eprompt = Eν̄e − 0.784 MeV. (5)

The emitted neutron keeps initially the information about the ν̄e direction, but is typically
captured on protons only after quite a long time (τ = 200 - 250µs, depending on scintillator),
during which the directionality memory is lost in many scattering collisions. When the ther-
malised neutron is captured on proton, it gives a typical 2.22MeV de-excitation γ-ray, which
provides a coincident delayed event. The pairs of time and spatial coincidences between the
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Figure 4: KamLAND prompt energy spectrum of ν̄e events in the geoneutrino energy region.
Data together with the best-fit background and geo contributions are shown. Taken from [8].

prompt and the delayed signals offer a clean signature of ν̄e interactions, very different from
the νe scattering process used in the neutrino detection.

For a ∼3MeV antineutrino, the oscillation length is of ∼100km, small with respect to the
Earth’s radius of ∼6371km: the effect of the neutrino oscillation to the total neutrino flux is
well averaged. Considering also the local matter effects [5], the net effect of flavour oscillations
during the geo-neutrino propagation through the Earth is the average electron flavour survival
probability of ∼0.55 with a very small spectral distortion, negligible for the precision of the
current geo-neutrino experiments.

Typically, for the experimental sites built at the continental crust, about half of the total
geoneutrino signal comes from the local crust in the area of few hundreds of kilometers around
the detector [4]. In order to extract the mantle contribution from the measured geoneutrino
signal, it is necessary to be able to subtract the crustal contribution. This means, that the local
geology in the area of the experiment has to be known.

4 Latest geoneutrino measurements

Today, only two experiments succeeded to measure geoneutrinos: KamLAND [6, 7, 8] in
Kamioka mine in Japan and Borexino [9, 10, 11] in Gran Sasso underground laboratory in
Italy. KamLAND is a 1 kton liquid scintillator detector dedicated to the measurement of re-
actor antineutrinos, which provided one of the first proves of the existence of the phenomenon
of neutrino oscillations and the most precise measurement of the ∆m2

12 mass splitting [12].
Borexino is 280 ton liquid scintillator detector, originally built to measure low-energy (below
1MeV) solar neutrinos by means of elastic scattering off electrons. In contrast to IBD interac-
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Figure 5: Prompt light yield spectrum in photoelectrons (p.e.) of 77 antineutrino candidates
measured by Borexino and the best fit. 1MeV corresponds to ∼500p.e. Taken from [11].

tions (delayed coincidences), the measurement of singles puts more stringent requirements on
the detector radio-purity. Borexino detector reached extremely high levels of radio-purity and
produced unique results in solar neutrino spectroscopy [13]. Borexino geoneutrino measure-
ment is almost free of non-antineutrino background components, as random coincidences, (α,
n) interactions and cosmogenic events. In addition, no nuclear power plants are in operation in
Italy, further reducing the background for geoneutrino measurement.

The latest KamLAND result, 116+28
−27 geoneutrinos detected with 4.9× 1032 target-proton ×

year exposure, is from 2013 [8], including the period of low reactor antineutrino background after
the April 2011 Fukushima disaster. The measured signal is in agreement with expectations,
slightly disfavouring the geodynamical BSE models. The contribution of the local crust to the
total geoneutrino signal was studied in [5, 14].

The new Borexino update from 2015 [11] is shown in Fig. 5. Within the exposure of (5.5±
0.3)×1031 target-proton × year, 23.7+6.5

−5.7(stat)
+0.9
−0.6(sys) geoneutrino events have been detected.

The null observation of geoneutrinos has a probability of 3.6× 10−9 (5.9σ). The contribution
of the local crust to the total signal was studied in [15]. A geoneutrino signal from the mantle
is confirmed at 98% confidence level. The radiogenic heat production for U and Th from the
present best-fit result is restricted to the range 23 to 36 TW, taking into account the uncertainty
on the distribution of HPE inside the Earth.

5 Future prospects

In the near future, a possible update is expected from KamLAND, including more data with
low reactor antineutrino background. Borexino geoneutrino data-set will naturally end with the
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Figure 6: Example of a toy Monte Carlo for a possible 1-year geoneutrino measurement of
JUNO. The different spectral components are shown as they result from the fit; black line
shows the total sum for the best fit. The geoneutrino signal with Th/U fixed to chondritic
ratio is shown in red. The following colour code applies to the backgrounds: orange (reactor
antineutrinos), green (9Li - 8He), blue (accidental), small magenta (α, n). Taken from [17].

start of the SOX project at the end of 2017. Placing the strong 144Ce-144Pr antineutrino source
below the detector (in order to search for a hypothetical 1 eV2 sterile neutrino), will make it
impossible to measure geoneutrinos with its low rate of about 1 event every 2-3 months.

From the future projects, the SNO+ experiment, 1 kton liquid scintillator detector in Sud-
bury mine in Canada, should start its data taking soon, having geoneutrinos among its goals.
This is also the case of 50 kton liquid scintillator detector JUNO in Jiangmen, China, which
will start its data taking in 2020, towards determination of the neutrino mass hierarchy by
measurement of reactor antineutrinos with 53 km baseline. Inevitable disadvantage of the large
reactor antineutrino background and a relatively shallow depth, are both balanced by the de-
tector large size and an excellent energy resolution of 3% at 1MeV. The expected number
of geoneutrino events is about 400/year [16]. Figure 6 demonstrates a possible measurement
after 1 full year of data taking with the expected level of backgrounds [17]. Within the first
years, JUNO geoneutrino measurement can quickly exceed the precision of current geoneutrino
results.

A real breakthrough in this field would come with the proposed Hanohano [18] project in
Hawaii, a 10 kton movable detector placed underwater. Geological setting on the HPE-depleted
oceanic crust is an ideal location: the mantle contribution to the total geoneutrino flux would
be dominant and the principal goal of the geoneutrino measurements, determination of the
mantle signal, could be reached without the complication of the subtraction of the signal from
the local continental crust.

In conclusion it can be said, that the new field of Neutrino Geoscience has been born and an
inter-disciplinary community of physicists and geoscientists if developing. The first geoneutrino
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results confirm the feasibility of these measurements. The measured rates are in agreement
with the expectations, confirming that at this level of precision we have a good understanding
of our Earth. However, there is a potential to learn more about our planet from geoneutrinos:
and we should take this chance and invest in the next generation of the experiments providing
new more precise results.

For an interested reader, more comprehensive information about geoenutrinos can be found
in dedicated review articles, as for example [19, 20, 21].
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Observing the evolution of a supernova over several decades is unique. SN 1987A is the
only object where this has been possible in great detail and it has shown us some physics,
which we never had expected. Even now – after 10000 days – does SN 1987A provide new
surprises on its way to become a supernova remnant. We present here an overview of the
current status of the observations of SN 1987A with a focus on the evolution of the emission
from the circumstellar ring. SN 1987A can be detected at all electromagnetic wavelengths,
which gives us a complete picture of the energy sources and some of the radiation transfer.
There are several emission sites present in SN 1987A and we will present them in this
overview.

1 The first two decades of SN 1987A

As the only celestial source other than the Sun from which so far neutrinos have been observed,
SN 1987A has been an observational bonanza across the electromagnetic spectrum. It has
provided insights in the many different astrophysical topics including stellar evolution, core
collapse, nucleosynthesis, explosion physics and the interaction with surrounding material. The
early phases of SN 1987A have been summarised in several reviews [1, 2, 3, 4]. The most
important features are the evidence for the core collapse from the neutrino emission, the peculiar
progenitor star as a blue supergiant (observed before the explosion), the evidence for mixing
of elements within the explosion bringing some radioactive material to the surface very early
on and the interaction with circumstellar material, which quickly was identified as being non-
spherically distributed. In the following, the evidence for radioactive powering of the light
curve and energy input from long-lived isotopes like 57Co and 44Ti could be found. Molecule
formation could be observed directly through the emission of vibrational bands of CO and SiO
and dust formation in the inner ejecta could be observed through an increased decline of the
UV-optical-near-infrared (UVOIR) light curve and showed that the inner parts of the explosion
had cooled down dramatically. The circumstellar environment of SN 1987A could be imaged and
the surrounding torus identified. An outer ring system was also seen in narrow emission lines
and light echoes from interstellar dust sheets in the Large Magellanic Cloud became obvious
after some months. Over the years the supernova shock reaching the equatorial torus could be
observed through the increased luminosity of individual knots in the ring.

A particular feature of SN 1987A was its observability from the ground. Its position in the
Large Magellanic Cloud is close enough to the celestial south pole that it could be observed
all year from many southern observatories. Hence the supernova light curve is without major
gaps. If the SN would have been placed only a few degrees further north, we would have
lost the maximum phase and also several of the other interesting details of the supernova. Its

Magellan Workshop 2016 1Magellan Workshop 2016 165



proximity is, of course, the other characteristic which allows us to observe the supernova until
today throughout the electromagnetic spectrum. This is one of the reason that we could learn
so much from this single object.

The early light curve (see [4] for a figure which labels the various phases) displays all
the characteristics of a core-collapse supernova and some more. The shock breakout can be
inferred in the UV and the bluest bands as a decrease during the adiabatic expansion phase.
The bolometric light curve then rose to a peak within several weeks and ended in a ’plateau’
phase, which was extremely short due to the compact progenitor star. This is also the reason
why SN 1987A did not reach a peak luminosity comparable to other core-collapse supernovae.
After maximum the light curve settled into a steady decline, which followed the 56Co decay
time as all the energy generated in this radioactive decay was thermalised in the ejecta. After
about 400 days the light curve started to decline faster because some optical light was blocked
by dust and re-emitted in the mid-infrared (> 20µm) and was not observed from the ground.
Only after about 1000 days did the light curve settle onto a slower decline again as the emission
was powered by 57Co with a longer lifetime. After some 2000 days the light curve decline was
slowed even more due to the thermalisation of γ-rays from 44Ti. After about 2500 days the
emission from the ring was dominating over the ejecta by about a factor 10 in luminosity. This
ratio has steadily increased over the years due to the supernova ejecta interacting with the
stationary, dense equatorial torus. The supernova-ring interaction has been studied at many
wavelengths and has led to a steady increase in flux in all wavebands. It certainly has been the
dominating feature during the second decade of SN 1987A.

The second and third decade of SN 1987A are reviewed in [5]. Over the years five emission
sites from SN 1987A could be distinguished. The inner ejecta (sometimes referred to as ’debris’),
the stationary material in the circumstellar torus/ring, the shocked material in the torus, a
reverse shock between the inner ejecta and the torus, and light echoes from scattered supernova
light off interstellar dust sheets between SN 1987A and us. While the inner ejecta are powered
by the radioactive decays of elements synthesised in the explosion, the ring glowed originally due
recombination of stationary material ionised by the supernova shock breakout. The optical ring
emission started to dominate over the ejecta about 5 years after the explosion as it was fading
much more slowly than the ejecta. After 8 years a first ’hot spot’ on the ring was detected [6, 7]
and over the following years the ring brightness increased due to the outer supernova ejecta
colliding with inward protrusions of ring material, which was observed as a series of bright
knots (sometimes referred to as a ’pearl necklace’). The full ring evolution over the two decades
from 1994 to 2014 is shown in [8]. The ring brightening could also be observed in the radio [9]
and at X-ray energies [10] as the shocks from the fast-moving supernova ejecta and the nearly
stationary ring material built up. The X-ray emission had started to increase already earlier as
the shock was making its way through the dense material of an HII region created by the blue
supergiant inside the ring [11].

2 The inner ejecta

Theoretical models of core-collapse supernova predict non-symmetric explosions. The reason
are several hydrodynamic instabilities which are important for the neutrino-driven explosions
(e.g. [12]). However, it has been so far impossible to observe the geometry of supernova ejecta
directly. SN 1987A provided the possibility to obtain spatially resolved images of the inner
ejecta with the VLT and HST. Integral-field observations in the near-infrared showed that the
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extension of the inner ejecta as measured through the 1.64 µm line, which is probably a mixture
of [Si I] and [Fe II], was at an unexpected angle [13]. If the ring indeed is equatorial to the
progenitor star of SN 1987A, then in some models the explosion was expected to be along
the stellar poles and hence should be elongated orthogonal to the ring. The VLT SINFONI
observations showed that the ejecta lie mostly within the plane of the ring, i.e. inclined nearly 42
degrees [13]. Further studies confirmed this geometry, but also indicated a slight misalignment
of the two lobes relative to the centre [14]. The appearance in the Hα emission line at 10000
days after explosion is markedly different from the one in [Si I]. The Hα image shows a shell-like
structure with an emission hole near the centre, while the [Si I] image displays a filled, centrally
located emission.

The inner ejecta had been fading for many years as the energy input from the radioactive
decays was dwindling. However, [15] found that around 5500 days after explosion the ejecta
started to increase in brightness at optical wavelengths again. This is a rather unexpected
development as an extra energy source is needed. Radioactivity only provides diminishing
energy with time and radiation effects, e.g. changes in the opacity, are not expected at such
a late phase. It had to be external energy input and the X-ray radiation from the supernova
shock with the circumstellar ring was identified as the culprit. The X-rays penetrate back into
the inner ejecta and ionise the hydrogen creating the shell-like appearance. The silicon on the
other hand is still powered by the radioactive decay of 44Ti [15, 8].

Mid- and far-infrared measurements of SN 1987A were only enabled by the Spitzer and
Herschel satellites around 9000 days after explosion. These are typically combined with mil-
limetre wavelength observations from the ground. A large dust mass (up to half a solar mass)
was inferred from these late observations [16], which needs to be compared to the dust mea-
surement at 1150 days after the explosion (3 · 10−3M⊙; [17]). Over the 22 years between these
observations the refractory material must have formed the dust we observe today. Since ALMA
became operational, it observed he dust continuum emission [18] and vibrational transitions of
carbon monoxide (CO) and silicon oxide (SiO) [19]. The inner ejecta must be filled with cold
(<50 K) dust. Another molecule found in the inner ejecta is H2, which was observed after 6500
days [20]. It was predicted to be formed with CO and SiO, but was only recently detected in
the near infrared. It is concentrated towards the core of the ejecta similar to the [Si I]/[Fe II]
emission and most probably is heated by the radioactive decays.

The evolution of the inner ejecta is unclear. The X-rays will penetrate further into the
ejecta and the radioactive input will decrease continuously, although with a long (44Ti has a 60
year half-life) decay time. It will also expand in size and eventually will reach the circumstellar
ring.

3 The equatorial ring

SN 1987A is surrounded by a circumstellar ring, whose origin remains unclear. It could be the
remnant of a stellar merger shortly before explosion, but the details of such a scenario are not
resolved (e.g. [5]). It is clear from the mottled appearance with many individual hot spots that
the ring is not uniform. It rather seems that it is broken up into clumps and inward protrusions
due to some dynamic instability during the formation process. We can distinguish shocked and
unshocked gas in the ring. The emission from unshocked is coming from essentially stationary
material moving with ∼10 km s−1 and ionised through the soft X-rays from the shock. The
shocked gas has been ionised and accelerated to about >300 km s−1 by the supernova forward
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shock [21, 22, 23]. Some of the ionisation is so high that coronal lines, e.g. of [Fe XIV] are
observed. High-resolution spectroscopy, even if the ring cannot be not spatially resolved, hence
allows us to separate the different emission sites based on the observed velocities. In the near-
infrared integral-field spectroscopy has yielded both spatial and spectral information. In this
case the orientation of the ring could be determined by tracing the expanding ring on the sky
[24]. This confirmed the previous geometry derived from HST imaging [25, 26]. The ring is
inclined by 43 degrees with the northern part closer to us and a rotation out of the sky of
9 degrees with the eastern part slightly closer than the western ring. The systemic velocity
of the ring is 286.5 km s−1, which can be compared to the systemic velocity of the Large
Magellanic Cloud of 278 km s−1 [27].

The first ring region reached by the supernova shock was to the north-east at around 4000
days after explosion. The ring then brightened through the north and the east wrapping around
finally to the western part of the ring. This process took about 5 years [8]. The ring emission
was maximum shortly after 8000 days (in B and R filters) and started to decline thereafter.
This evolution is nicely traced by emission lines from the shocked gas, mostly Hα, [O III] 5007Å,
and coronal lines like [Fe XIV] 5303Å. The narrower lines from the unshocked gas, Hα, [O III]
and [N II] 6583Å, declined already after 7000 days. The peak is reached later with increasing
wavelength when observing into the infrared [28]. The fading of the ring is an indication that
the shock has now overrun most of the ring material and is moving beyond the ring. Based on
the fading of the individual emission lines the ring will become unobservable by around 2020
[8].

The optical peak brightness was reached at different times with the NE peaking around 6800
days and the SW only after 8500 days following roughly the time lag of the first appearance of
the spots. The brightest parts now are in the west and the spots in this region have on average
also reached a higher flux peak. Until today the ring emission is not been fully closed [14].

The ring is also observed in synchrotron emission at radio wavelengths. Here the shocks
accelerate the electrons in the magnetic field. The shocks can be directly seen in X-rays, where
the ring is resolved in Chandra observations [10]. Contrary to the optical the X-rays have not
peaked yet, which is an indication that the shock is still running through lower density material,
which does not radiate in the optical.

Recent HST observations have revealed new emission sites outside the equatorial ring [8].
The supernova forward shock has overrun the ring in several places and starts to interact with
clouds outside the ring. Projection effects also have to be taken into account as the ring is
inclined and we may see the shock outside the ring plane starting to interact with material
above (or below) the ring plane. Since the shock has been decelerated in the ring, parts in
other directions have now reached further out and eventually will start to interact with any
material in its way. In particular, we should be able to distinguish whether there is a continuous
connection between the inner and the outer rings and the shock should encounter such material.
It will reveal the gas distribution in the wider surroundings of the supernovae.

4 The reverse shock

A reverse shock has built up between the forward shock moving through the equatorial ring and
the inner ejecta. This is the outer ejecta catching up with the slowed down forward material
encountering the dense equatorial ring and other material in the predicted HII region [11]. The
reverse shock is characterised through high velocity (>10000 km s−1) hydrogen lines (Lyα, Hα,

4 Magellan Workshop 2016

BRUNO LEIBUNDGUT

168 Magellan Workshop 2016



Hβ), which emerge from the ionised ejecta flowing into the shock region, where material has
been decelerated behind the forward shock. SN 1987A has developed a strong reverse shock
around 1997 [6, 29] and its flux has increased continuously until 2009 (more than 9000 days
after explosion; [31, 32, 33]). A detailed description of the reverse shock in SN 1987A has
been provided in [30] for the location and by [33] describing the temporal evolution of the
spectral appearance. The direct imaging has provided evidence that the reverse shock emission
has been observed outside the equatorial ring plane towards the outer rings [30], which is an
indication that the SN shock has expanded into the hourglass shaped region connecting the
outer rings with the equatorial ring. This is further supported by the large observed velocity,
which indicates that there has to be flux outside the equatorial ring [8]. The outer ejecta appear
to be heated by X-rays coming from the shocks and display a very high ratio of Lyman-α to
Balmer-α emission, which leads to an increased Lyman-α flux. The flux evolution follows nearly
exactly the soft X-ray increase, which is a clear indication that the heating of the reverse shock
material is done through X-rays. An early prediction that the Hα emission from the reverse
shock will disappear by around 2014 due to the full ionisation of hydrogen before it reaches the
shock region [31] has not been confirmed, but there appears to be a flattening of the flux coming
from the reverse shock. This could mean that the reverse shock in the equatorial plane has
reached the intrusions from the inner ring [33]. The emission outside the equatorial ring will
increase in the coming years outlining the material distribution outside the equatorial plane
and mapping the mass loss history of the progenitor star of SN 1987A. Future observations
will map the evolution of the reverse shock in SN 1987A and hence the circumstellar matter
distribution around the supernova explosion.

5 The compact object

The neutrino signal from SN 1987A indicated the core collapse to a neutron star. However,
no signature of the neutron star or a possible black hole, if the neutron star due to fallback of
material not expelled in the explosion became unstable and collapsed further, has so far been
detected. A young neutron star is expected to rapidly lose energy as it spins down within a
magnetic field. A resulting pulsar wind nebula, similar to the one observed in the Crab nebula
should be expected, although the observed upper limits on the luminosity of a compact object
in SN 1987A is already below the one observed in the Crab.

The distance of SN 1987A makes it difficult to isolate a central compact object in X-rays and
at radio wavelengths from the ejecta, reverse shock and the ring interaction. The X-rays would
be the most promising wavelength region for the detection of the plasma ionised by the pulsar
wind. So far, no detection has been reported. Also, the synchrotron radiation could be detected
at radio frequencies. No central point source has been seen to date (e.g. [34, 35]). Emission at
optical wavelengths is difficult to detect as the dust, which formed in the inner ejecta (e.g. [18])
could block the line of site towards the centre. An attempt to detect UV continuum emission
between the many emission lines has been done some 10 years ago [36] setting the currently
strongest limits of less than 1.3 L⊙. The lack of a detection of the compact source means that
the magnetic field of the neutron star is fairly weak as a Crab-like plerion should have been
detected already.
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6 The future

SN 1987A continues its evolution towards a supernova remnant. The recent years have shown
surprises, like the formation of massive dust in the ejecta, the additional heating of the hydrogen
layers in the inner ejecta from the X-rays created in the shocks and the lack of emission from
the central compact object, which must have formed in the collapse. Several predictions on
how SN 1987A would evolve have been confirmed. Among them are the continued interaction
with the equatorial ring, the emission coming from outside the ring and the strengthening of
the reverse shock over the years. These also set the expectations on what the future will bring.
Foremost the ring will be overrun by the shock in a few years and its emission will start to drop.
The structure of the inner ejecta will be revealed further through the emission evolution due to
the different heating mechanisms. The reverse shock will start to weaken when it approaches
the ring in the equatorial plane, but will continue to map out the circumstellar structure outside
that plane. It will be interesting to see whether more dust is forming in the inner ejecta and
when the cold dust shell between the forward and reverse shocks will become detectable. The
search for the central compact object will continue and it will hopefully become observable in
the coming years.

There is still a lot in store for observers of SN 1987A. Eventually, this supernova will be
joined by other objects detected through their neutrino emission. The prospects are excellent
that we may be witnessing such an event in the not too distant future.
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27Amherst Center for Fundamental Interactions and Physics Department, University of Mas-
sachusetts, Amherst, MA 01003, USA
28Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany
29Physics and Astronomy Department, University of California Los Angeles (UCLA), Los An-
geles, California 90095, USA
30Institute of Physics and Excellence Cluster PRISMA, Johannes Gutenberg-Universität Mainz,
55099 Mainz, Germany

DOI: http://dx.doi.org/10.3204/DESY-PROC-2016-05/22

The SOX experiment investigates the existence of light sterile neutrinos. A solid signal
would mean the discovery of the first particles beyond the Standard Electroweak Model and
would have profound implications in our understanding of the Universe and of fundamental
particle physics. In case of a negative result, it is able to close a long standing debate
about the reality of the neutrino anomalies. The SOX experiment will use a 144Ce−144Pr
antineutrino generator placed 8.5 m below the Borexino liquid scintillator detector. In
view of the SOX experiment, a precise knowledge of the energy response and the spatial
reconstruction of the antineutrino events is very important. Consequently, a calibration
campaign of the Borexino detector is foreseen before the beginning of the SOX data taking.
This paper briefly reviews the techniques used for calibrate the Borexino detector.

1 Introduction

Although most of the collected neutrino experimental data are explainable within the three-
flavor oscillation model, some short-baseline neutrino experiment have reported results that
significantly deviates from the three active neutrino picture ([1, 2, 3, 4]), suggesting a possible
short distance oscillation between the three known neutrino states and one hypothetical new
state with a squared mass ∆m2

14 of about 1 eV 2. Due to constraints on Z boson coupling
asserted by LEP, this state would be sterile.

The SOX project aims to test the existence of light sterile neutrinos detecting the antineu-
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trino flux coming from a 150 kCi 144Ce −144 Pr source placed at short distance from the
Borexino liquid scintillator detector [5] (figure 1). Antineutrinos are detected inside Borexino
via inverse beta decay, thus with a negligible background [6]. Borexino will investigate short
distance neutrino oscillations in two ways. The first way is the standard disappearance tech-
nique (rate technique). Knowing the source activity and measuring the interaction rate, it is
possible to investigate the existence of the sterile neutrino state. The second way is based on an
oscillometry measurement within the detector volume (shape technique). Expected sensitivities
are shown in figure 2.

Figure 1: Schematic drawing of the Borexino
detector.

Figure 2: Neutrino anomaly region and fore-
seen sensitivity for SOX.

2 Motivation for a calibration campaign and Borexino
source insertion system

A good knowledge of the Borexino detector response is a key requirement for the SOX analysis.
Given the large dimensions of the detector, it is necessary to map the energy response and the
position reconstruction accuracy in the whole active volume. Since the energy of the incoming
antineutrino is reconstructed from the positron energy, the knowledge of the energy scale is
mandatory. Consequently, a Monte Carlo simulation code have been developed and the detector
response have been tested deploying radioactive sources in several positions (2008 and 2009
calibration campaigns [7]). These data are extremely useful in view of the SOX experiment.
Since the SOX and geoneutrino signals have the same features, calibration data acquired for
the geoneutrino analysis can be used also for SOX. Nevertheless, a new calibration campaign
is foreseen before the arrival of the SOX antineutrino source. These calibration data are of
extreme importance in understanding the detector behavior and to increase the reliability of
the SOX Monte Carlo simulation code. Since in the SOX analysis the cut efficiencies and the
sensitivity studies are performed analyzing the output of the simulations, having an accurate
simulation code is crucial for a proper data analysis.

Sources are inserted in Borexino by means of a series of hollow interconnecting rods in a 4′′

pipe connecting the top of the detector with the liquid scintillator (figure 1). One special rod has
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Figure 3: Left: picture shot by a CCD camera. The insertion system is visible and it is pointed
by the blue arrow. Right: vials used for gamma (top) and neutron (bottom) sources.

an hinge that allows the arm to bend up to 90◦ and thus reaching most of the detector’s active
zone. Since it is important to know the position of the inserted source, a source location system
have been developed. The system has to find the exact coordinate of the position in which
the source is deployed. This information is crucial for estimating the position reconstruction
accuracy. Consequently, seven CCD cameras look for the position of a red (wavelength about
630 nm) light diffuser attached close to the source (figure 3). The system is able to locate the
source within 1 cm. The wavelength of this light has been chosen so as not to be harmful to
the PMTs under HV.

3 Calibration campaign

3.1 Past calibration campaign

Gamma radioactive sources were dissolved in aqueous solution and contained in small quartz
vials. α and β radioactive sources (14C −222 Rn) were contained in a quartz vial as well but
scintillator was used as solvent. Table 1 shows all the sources used for calibration purpose.

A deep understanding of the detector response to the gamma sources is fundamental for the
SOX analysis since the energy deposit of the prompt event is due to both positron interaction
with matter and to positron-electron annihilation.

The 241Am−9 Be neutron source calibration was performed mainly for solar neutrino (8B)
and geoneutrino analyses. Nevertheless, they are of fundamental importance for SOX, since
the delayed event is due to neutron capture. In the 241Am −9 Be neutron source, neutrons
are produced in association with gammas, with a total energy releas of 4.44 MeV. Similarly
to the SOX signal, the 241Am−9 Be source provides a prompt and a delayed event (figure 4).
The prompt event is due to the gamma energy loss together with the signal of proton recoils
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Source Type E [MeV] Position Motivations Campaign
57Co γ 0.122 in IV volume Energy scale IV
139Ce γ 0.165 in IV volume Energy scale IV
203Hg γ 0.279 in IV volume Energy scale III
85Sr γ 0.514 z-axis + sphere R=3m Energy scale + FV III,IV
54Mn γ 0.834 along z-axis Energy scale III
65Zn γ 1.115 along z-axis Energy scale III
60Co γ 1.173, 1.332 along z-axis Energy scale III
40K γ 1.460 along z-axis Energy scale III

222Rn+14C β,γ 0-3.20 in IV volume FV+uniformity I-IV
α 5.5, 6.0, 7.4 in IV volume FV+uniformity

241Am9Be n 0-9 sphere R=4m Energy scale + FV II-IV
394 nm laser light - center PMT equalization IV

Table 1: Radioactive sources used during the Borexino internal calibration campaigns. The
radionuclides, energies and emitted particle types are shown in the first three columns. The
fourth column indicates the positions where the sources were deployed within the scintillator.
The main purposes for the individual source measurements are summarized in the fifth column.
The last column indicates in which campaign the sources have been deployed: I (October 2008),
II (January 2009), III (June 2009) and IV (Jul 2009). FV is the fiducial volume used in the solar
analysis [8], the corresponding sources were used to evaluate the event position reconstruction
performances.

due to interaction of neutron with the scintillator. Afterwards, neutrons thermalize in the
hydrogen-rich organic scintillator and are captured either on protons or carbon nuclei, emitting
characteristic 2.22 MeV and 4.95 MeV γ rays (figure 4). These γ rays produce a delayed signal
according to the neutron capture time of about 254 µs.

3.2 Next calibration campaign

Next calibration campaign will take place next fall just before the SOX source arrival. During
next calibration campaign both gamma and AmBe sources will be deployed inside Borexino.
This calibration will be very useful both for phase 2 solar neutrino analysis (precision measure-
ment of solar neutrino fluxes) and for SOX. Differently from old calibration campaigns, there
will be an extensive calibration with AmBe source, especially nearby the inner vessel. The
calibration points at large radii will be extremely important to study the neutron detection
efficiency at the border of the active zones.

4 Conclusions

The SOX experiment aims to investigate the existence of sterile neutrinos placing a high activity
144Ce−144Pr antineutrino source below the Borexino detector. Both a rate analysis and a shape
analysis are foreseen. For both the analyses, a deep understanding of the detector response is
necessary. In the past years, the detector have been calibrated deploying several sources in the
active volume. A new calibration campaign is foreseen for the end of this year, just before the
beginning of SOX data-tacking.
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Figure 4: Energy spectrum of the 241Am−9Be source. The spectrum is subdivided in neutron-
induced prompt signal (blue) and delayed signals (red).
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Cosmic-ray neutrons and muons can produce background in low-rate experiments due to
the production of long-lived radioisotopes during transport above ground. This kind of
background can be reduced by shielding the detector components during transport.
Cosmic-ray neutron and muon (µ+ and µ−) shielding simulations with the GEANT4 based
framework MaGe were done to estimate the shielding properties of water, plastic, soil, steel,
concrete, copper, LNGS rock and lead. The shielding power of cosmic-ray neutrons and
muon-induced neutrons as well as the total neutron fluxes at different shielding depths are
presented. Also the neutron backscattering effect was investigated and was found to be
significant.

1 Introduction

Cosmic-ray neutrons and muons which are produced in the Earth’s atmosphere can produce
background in low-rate experiments like 0νββ experiments. Any energy deposition near or
above the Q-value of the 0νββ decay is background for such experiments. Radioisotopes which
produce such energy depositions can be created by neutrons and muons via spallation, neutron
capture, (n,p) reaction etc. Also inelastic scattering where the nucleus is put into an excited
state can produce an energy deposition near or above the Q-value. Long-lived radioisotopes
with half-lives of many years are still present during measurements in an underground labora-
tory. This kind of background can be reduced by restricting the overall exposure to cosmic-ray
radiation and by shielding of the detector components during transport above ground.
To compare different possible shielding materials, cosmic-ray neutron and muon shielding sim-
ulations were done using the GEANT4 based framework MaGe [1] from the GERDA and
Majorana collaboration to estimate the shielding properties of plastic, water, soil, concrete,
LNGS rock [2], steel, copper and lead (see also [3]).
In the simulations, blocks from different shielding materials were exposed to neutrons, µ+ and
µ−. The number of neutrons and muons which leave the block at the other side are counted.
Since the particles scatter inside the material, particles can scatter back whichs leads to multiple
counting of particles. The investigation of the backscattering effect of neutrons is described in
section 2. In section 3, the results of the neutron simulations are discussed. The results of the
muon simulations are presented in section 4. Using the cosmic-ray neutron and muon-induced
neutron fluxes, the total neutron flux can be calculated for each material. These results are
shown in section 5.
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Figure 1: Illustration of the backscattering
effect.
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Figure 2: Ratio of neutrons counted inside a
block and neutrons leaving blocks with differ-
ent thicknesses.

Material Plastic Water Soil Steel

All neutrons 1.3552 ± 0.0006 1.4918 ± 0.0005 2.1718 ± 0.0005 5.340 ± 0.002
Downwards going neutrons 1.1370 ± 0.0005 1.1899 ± 0.0004 1.4723 ± 0.0004 2.9322 ± 0.0009
Upwards going neutrons 0.218 ± 0.001 0.3019 ± 0.0008 0.700 ± 0.001 2.408 ± 0.008

Table 1: Neutron flux inside a 20m block at a certain shielding depth divided by the neutron
flux behind a block with the corresponding thickness.

2 Backscattering effect

During particle transport in the simulation, the particle properties like momentum, energy
and position are only stored if a boundary is crossed. Usually it is not monitored how often
a particle crosses the same boundary. Therefore backscattering can lead to double or even
multiple counting of neutrons. This can lead to wrong shielding indices. To estimate the
fraction of backscattered neutrons, a 20m block, which is divided into 20 sub-blocks, was
simulated. The total neutron flux and the neutron flux pointing downwards are derived at
different shielding depths inside the block. These numbers are then compared to the number
of simulated neutrons leaving a block with the corresponding thickness. This is illustrated by
Fig. 1. The ratio between the number of neutrons between the 20m block and the block with
the corresponding thickness is a measure of backscattering and is shown in Fig. 2. Without
backscattering, the ratio would be one. The larger the ratio, the more neutrons scatter back.
From Fig. 2 it can be seen that backscattering does not depend on the depth. Therefore the
ratio can be obtained by averaging over all depths. The results are shown in Table 1. It
can clearly be seen that backscattering is larger for denser materials with higher average mass
number A like steel and that the backscattering effect is significant. Therefore one block for
each shielding thickness has to be simulated. Further, the material blocks need to be placed in
vacuum to avoid miscounting at the boundary of the block.
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Figure 3: Used neutron energy spectrum. Datapoints are taken from [4].

3 Neutron simulations

For each shielding depth and material one block was simulated. Neutrons are injected follow-
ing the energy spectrum shown in Fig. 3 measured by Gordon et al. [4]. Since the angular
distribution of cosmic-ray neutrons is not well known, also the effect of using different an-
gular distributions was investigated. For this purpose, a distribution where all neutrons are
going only vertically downwards and an isotropic distribution were chosen, since the on aver-
age penetrated distance is the smallest for the first distribution and the largest for the second
distribution. Also a distribution suggested by A. Nesterenok [5] for high-energetic cosmic-ray
neutrons (E ≥ 10MeV) reaching the ground

J(θ) = J0 exp[α(1 − cos θ)] with α = −2.5 (1)

was investigated. In Eq. 1, J0 is the flux in the vertical direction and θ is the nadir angle.
Figure 4 shows the energy spectra of cosmic-ray neutrons after penetrating steel blocks with
different thicknesses. Only vertically downwards going neutrons were injected. A shielding
thickness of 0 dm corresponds to the injected spectrum which is the Gordon spectrum shown
in Fig 3. During penetration, neutrons lose energy by scattering off shielding material nuclei.
Some neutrons are stopped, but also new neutrons and other particles are created. After a
certain depth, the shower reaches equilibrium. When equilibrium is reached, the shape of the
energy spectrum is not changing anymore and more particles are shielded than produced. In
Fig. 4, it can be seen that the equilibrium for steel is reached after 6 dm of shielding. The
depths at which equilibrium is reached is also listed in Table 2 for all simulated materials.
After the equilibrium is reached, the decreasing neutron flux with increasing shielding depth
can be described by a power law fit [6]:

y = 10sx+a (2)

with the shielding depth x, the neutron flux y(x), the shielding index s and a fit constant a.
Figure 5 shows the number of neutrons normalized to the number of arriving neutrons for
different shielding depths and materials. The results of the power law fits are shown in Table 2.
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Figure 4: Simulated neutron energy spectrum at different depths for steel. Only downwards
going neutrons were injected.

Material EQ depth Only downwards going neutrons Nesterenok Isotropic

Plastic < 0.1 −0.354± 0.003 −0.366± 0.002 −0.388 ± 0.005
Water < 0.1 −0.372± 0.003 −0.397± 0.007 −0.418 ± 0.005
Soil < 0.1 −0.57± 0.01 −0.584± 0.007 −0.611 ± 0.009

Concrete 0.1± 0.05 −0.822± 0.006 −0.855± 0.004 −0.91 ± 0.02
LNGS rock 0.6± 0.05 −0.850± 0.003 −0.897± 0.005 −0.961 ± 0.009

Steel 0.6± 0.05 −2.01± 0.02 −2.12± 0.02 −2.22 ± 0.03
Copper 0.7± 0.05 −2.10± 0.02 −2.15± 0.01 −2.22 ± 0.02
Lead 1.6± 0.05 −1.368± 0.009 −1.39± 0.01 −1.42 ± 0.01

Table 2: Shielding index s [1/m] for different materials and angular distributions (E≥ 0MeV).
The depth at which equilibrium of the shower is reached (EQ depth [m]) is also shown.

More neutrons are shielded if the shielding index is smaller. This is the case for denser materials
with higher mass number A. Comparing the shielding indices of different angular distributions
for the same material, it can be seen that the shielding indices of the isotropic distribution are
always the smallest and the shielding indices of the only vertically downwards going neutron
distribution is always larger. This can be explained by the fact that the on average penetrated
distance is larger for the isotropic distribution. It can also be seen that the difference of the
indices is smaller compared to the difference between different materials. This means that
the influence of the chosen material is much larger than the influence of the injection angular
distribution.

4 Magellan Workshop 2016

LAURA VANHOEFER et al.

184 Magellan Workshop 2016



shielding depth [m]
0 0.5 1 1.5 2 2.5 3 3.5 4

re
l. 

ne
ut

ro
n 

flu
x

-310

-210

-110

1

lead
copper
steel
LNGS rock
concrete
soil
water
plastic

 0MeV≥E 

Figure 5: Simulated neutron flux at different shielding depths normalized to the incoming
neutron flux for different materials. The angular distribution suggested by [5] (see Eq. 1) was
used.
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4 Muon simulations

For the muon simulations the measured energy spectrum of Rastin [7], which is shown in Fig 6,
was used as injection spectrum. Positive and negative charged muons were injected following
a cos2(θ) angular distribution. Figure 7 compares the energy spectra of µ+ and µ− after the
muons have penetrated 2m of copper. It can clearly be seen that the energy spectra of µ+ and
µ− are very similar. Also the number of muons at different shielding depths is the same which
is shown by Fig. 8. This is expected since they undergo similar reactions. The only difference
is that only µ− can undergo muon capture. Low energetic µ+ can only decay and can not be
captured.
Muons induce neutrons during penetration. The number of neutrons normalized to the number
of injected muons at different shielding depths is shown in Fig. 9. It can clearly be seen that the
number of muon induced neutrons differs for µ+ and µ−. More neutrons are induced by µ−.
From looking at Fig. 8 it is evident that this can not be explained by different muon shielding
properties, since the are the same for µ+ and µ−. The different amount of muon-induced
neutrons can be explained by the fact that neutrons are produced during muon capture which
only µ− can undergo. During muon decay, no neutrons are produced.
From Fig. 9 it can also be seen that the difference between µ+ and µ−-induced neutrons becomes
smaller at larger shielding depths, where the number of stopping muons is also smaller (see [8]).
Figure 10 compares the energy spectra of µ+ and µ−-induced neutrons. The spectra differ since
they are normalized with the number of induced neutrons which is smaller for µ+. The shape
of both energy spectra is similar up to a few MeV. Above few tens of MeV the differential fluxes
are the same for µ+ and µ−.
The power law fit of Eq. 2 was applied for depths at which the shower is in equilibrium. The
results are shown in Table 3. As expected the shielding indices for neutrons are smaller than the
shielding indices for muon-induced neutrons. Therefore the muon-induced neutron flux starts
to dominate the total neutron flux at larger shielding depths. Denser material with higher mass
number A shields cosmic-ray neutrons more efficiently, but also more neutrons are produced.
Therefore the total neutron flux has to be considered.
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Figure 9: Muon-induced neutrons normalized to the incoming muons at different shielding
depths for different materials.
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Material µ+ [m−1] µ− [m−1]
Plastic −0.0193± 0.0008 −0.0246± 0.0008
Water −0.021± 0.001 −0.0271± 0.0007
Soil −0.0264± 0.0009 −0.045± 0.001

Concrete −0.041± 0.008 −0.079± 0.004
LNGS rock −0.038± 0.006 −0.085± 0.003

Steel −0.046± 0.004 −0.065± 0.002
Copper −0.134± 0.005 −0.256± 0.003
Lead −0.122± 0.006 −0.238± 0.002

Table 3: Shielding index s for muon-induced neutrons in [1/m] (E≥ 0MeV).
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Figure 11: Neutron fluxes at different shielding depths for lead normalized to the incoming
cosmic-ray neutrons. All cosmic-ray neutrons were injected vertically downwards going.

5 Total neutron flux

Using the results of the cosmic-ray neutron and muon simulations, the total neutron flux can
be calculated. At sea-level, the ratio of neutrons to muons is 1:3 (see [9]). The muon charge
ratio is µ+/µ− ∼ 1.25 [10]. Therefore the neutron simulation results have to be weighted with
a factor of 0.25, the µ+ simulation results with a factor of 0.417 and the µ− simulation results
with a factor of 0.333 to get the total neutron flux.
Figure 11 shows the total neutron flux at different shielding depths of lead. Also the cosmic-
ray and the total muon-induced neutron fluxes are shown. At smaller shielding depths, the
total neutron flux is dominated by the cosmic-ray neutron flux. At larger depths, the flux is
dominated by the muon-induced neutron flux.
In Fig. 12, the total neutron fluxes behind different materials is shown. Figure 13 shows the flux
of neutrons with En ≥ 20MeV. It can be seen that the total flux is lowest behind a concrete
shielding. This is not the case for neutrons with an energy higher than 20MeV. There are less
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Figure 12: Total neutron flux at different shielding depths for different materials. The outgoing
neutrons were normalized to the incoming cosmic-ray neutrons which were distributed by Eq. 1.
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Figure 13: Total neutron flux at different shielding depths for different materials. The outgoing
neutrons were normalized to the incoming cosmic-ray neutrons which were distributed by Eq. 1.
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neutrons with En ≥ 20MeV after copper, lead or steel shielding. This shows that the best
choice of shielding material depends on the energy of neutrons which one likes to shield.

6 Conclusion

Cosmic-ray neutron and muons (µ+ and µ−) were simulated with the GEANT4 based frame-
work MaGe to get the shielding powers of cosmic-ray neutrons and muon-induced neutrons
for different shielding materials. More neutrons are induced by µ− than by µ+ due to muon
capture. This difference becomes smaller at larger shielding depths, since also the number of
stopping muons becomes smaller.
Denser material shields more cosmic-ray neutrons, but also more neutrons are induced. There-
fore the total neutron flux has to be calculated to compare different materials. The best choice
of shielding material depends on the energy of neutrons which one wants to be shielded.
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The Hamburg Observatory

After a small refreshment at the end of the second day, all participants were invited to make a trip to the
Hamburg Observatory.
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This contribution aims to provide an overview of the history of the Hamburg Observatory
from its early days up to the present. It highlights some of the notable individuals as
well as a select few projects that played major roles for astronomy and astrophysics in
Hamburg.

1 Introduction

During the Magellan Workshop 2016 in Hamburg its participants were invited to visit the Ham-
burger Sternwarte (=Hamburg Observatory). This article is intended to give a brief summary
of the century-long history of the observatory as well as some additional information on its cur-
rent instruments. While this by far is not the most detailled possible analysis of the institute’s
history, it hopefully provides our international visitors with a quick overview, especially since
most of the sources and literature so far are only available in German.

2 Establishment of the observatory

The history of the Hamburg Observatory does not begin in astronomical science but instead
in the very down-to-Earth business of surveying. The Swiss expert Johann Casper Homer was
conducting surveys of the Weser, Elbe and Eider rivers in northern Germany in the beginning
of the 19th century. As he tried to find suitable optical instruments to help his work, he met
with a certain Johann Georg Repsold, founder of a workshop for precision instruments and chief
of the Hamburg fire brigade, who was capable of providing valuable assistance in constructing
new surveying equipment. Repsold’s interest in optical instruments grew rapidly and quickly
led to an interest in astronomy. Thus he built his first own observatory in 1802, which he owned
and operated privately for several years before French occupation under Napoleon put an end
to it. [10]

Shortly after, in 1820, Repsold could convince the senate of Hamburg to grant permission
to build a new and larger observatory at the Millerntor, not far from the city centre. Initially
the observatory was again a private endeavour and was largely funded by being also working as
a navigators’ school. This is a very tight link between astronomy and seafaring, which would
continue to play a significant role in the history of the observatory for more than a century.
[10][11]

After Johann Georg Repsold, who had continued his work in the fire brigade of Hamburg,
died in the line of duty on January 14th 1830, the senate decided to keep the observatory and
officially opened it as a state intitute in 1833. Christian Carl Ludwig Rümker became the first
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Figure 1: The Millerntor observatory. [1]

director and using a Fraunhofer refractor telescope built by the Repsold workshops - which were
now operated by Repsold’s sons - he published a catalogue of stars, comets and asteroids which
earned him a gold medal from the Royal Society of London in 1854. When Rümker retired in
1857 he, too, was succeeded by his son, who faced a major challenge in modernising the aging
equipment of the observatory. [10]

In 1867 the observatory acquired a 26 cm refractor built on a modern equatorial mount
from the Repsold company. This telescope still exists and remains functional. Despite this the
observatory lost influence in Germany as Georg Rümker, contrary to trends of astronomy in
Germany, had little interest in studying galaxies and instead kept the research focus on comets,
asteroids and astrometry. [10][11]

3 Time ball

As already mentioned, there has always been a strong tie between astronomical observations
and maritime navigation in Hamburg. This is due to two reasons, which also formed two of the
major tasks for the observatory for a very long time: firstly, ships trying to fix their position
by means of the stars need sufficiently precise stellar charts to know the coordinates of bright
stars and consequently compare these to their own nightly observations. Secondly, to find their
current longitude, ships had to know the exact time of a reference point (like Greenwich or their
own homeport) indicated by a clock to be compared to the culmination of the sun or bright
stars.
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This method of determining one’s position in longitude was introduced by the Yorkshire-
born carpenter and tinkerer John Harrison who not only understood how knowing the time
at a reference point was the key to solving the longitude problem, but also managed to build
the first clocks that would provide this time aboard a ship with reasonable precision. Despite
many astronomers’ resistance - Sir Isaac Newton maintained up to his death in 1727 that it
was utterly impossible to build an accurate shipboard clock - it became a standard method of
navigation during the 19th century and again involved astronomers with the task of providing
precise time to ports, where ship captains would correct their shipboard clocks. [3]

In 1876 a time ball was erected in Hamburg. Figure 2 shows a technical drawing of the
structure. A roughly 2 m diameter leather ball was raised up in the tower and at precisely
12:00pm GMT, 12:43 local time, dropped back down to its original position, released by an
electric mechanism which was actuated via telegraph from the observatory. As the time ball
was located on top of a large storehouse, this visual signal could be made out from all over
the harbour, enabling the navigators and captains to adjust their own clocks. Today a fully
functional scale model built by Heinz-Otto Kult, who meticulously researched its history, is on
display at the Hamburg Observatory. [7]

Figure 2: Schematic drawing of the time ball.
The whole structure was located on top of a
warehouse. [1]

The main instrument used for the determina-
tion of time was the Meridian Circle, a type of
special telescope which does not traverse but
strictly looks along the North-South-Meridian
in variable altitude. The apparent movement
of the stars as induced by the rotation of
the Earth then makes stars pass through the
field of view at different times. Noting these
times and comparing them to stellar cata-
logues enables the observer to correct for er-
rors in the observatory’s own clocks, of which
several were in operation in a well insulated
room underneath the library. The advent of
widespread telephone and radio networks ren-
dered the time ball less and less important
after the turn of the century and in 1934 it
was finally demolished. Despite this the pre-
cise measurement of time remained a major
task for the observatory up to the 1960s, when
atomic clocks which allowed for even higher
precision than astronomic observations were
established. The Meridian Circle in Bergedorf
remained in use until the 1970s when it was
shipped to Australia to take part in observa-
tions in preparation for the Hipparcos space
mission. [4][5][7]
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4 Bergedorf

As has been noted before, the influence Hamburg Observatory had on the astronomical com-
munity declined during the second half of the 19th century. Besides the research focus shifting
away from general trends in Germany and Europe at the time and the fact that the observatory
was in need of modernising instruments and equipment, a major factor in this was the location.
The Millerntor site was located near the harbour, which sometimes hampered observations due
to vibrations and smoke from the increasing number of steam ships. Also from 1882 onward
Hamburg introduced electric street lighting which further worsened the observation conditions.
[10]

To combat these circumstances Georg Rümker and Richard Schorr, who in 1900 would
become the next director, drew up plans to move the entire observatory away from the city.
The navigation school had already split from the observatory in the 1860s for administrative
reasons. The current site in Bergedorf was chosen for its relatively high elevation of 40 m, its
distance from densely populated areas and the fact that the town of Bergedorf was already
connected to Hamburg via railway. After 1900 construction of several seperate buildings began
and new instruments were ordered, making Hamburg one of Europe’s largest observatories when
the Bergedorf site was officially opened in 1912. Among these instruments were a new Meridian
Circle, the Great Refractor measuring 60 cm in aperture and built by Respsold, the 1 m reflector
(Meterspiegel) built by Carl Zeiss and the Lippert Astrograph, a 34 cm refractor built by Carl
Zeiss and donated by the local merchant Eduard Lippert. Also the 26 cm Equatorial refractor
was moved from the old observatory. Each of these telescopes was housed in a seperate building
and could thus operate independently. This followed a new trend of keeping living quarters and
offices away from the telescopes to reduce air turbulence related to heating. [6][10][11]

Figure 3: The dome housing the Great Refractor during construction. [1]
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Figure 4: Arthur Arno Wachmann at the Lippert Astrograph. [1]

Now equipped with state-of-the-art equipment, Hamburg observatory gained new impor-
tance. In the 1920s multiple survey programmes began, among them the Bergedorfer Spektral-
durchmusterung (=Bergedorf spectral survey) by Schwassmann und Wachmann (seen in figure
4), who used the Lippert Astrograph to obtain spectra of more than 160,000 stars. Also the As-
tronomische Gesellschaft Katalog 2 (=Astronomical Society Catalogue 2), or AGK2 for short, a
major astrometric catalogue, saw significant contributions from Bergedorf, even though it could
not be published until 1951 due to the outbreak of the war. In 1920 also Walter Baade joined
the observatory. He started out observing comets, planets and asteroids but then, towards the
end of the 20s, became increasingly interested in the study of galaxies. [6][10]

In 1927 the probably most famous character arrived in Hamburg, when Bernhard Schmidt
accepted an offer by Schorr to repair a horizontal telescope that Schmidt had originally built.
This was a favour to Schmidt who had fallen on hard times and only received a small fee plus
free lodging at the observatory at first. He anyway quickly made himself indispensable as a
skilled optical engineer. [6][9][10]

During an expedition to the Philippines in 1929, in which both Baade and Schmidt partic-
ipated, Bernhard Schmidt conceived his most famous invention: trying to tackle the problem
of image abberations of telescopes with short focal lengths he first used a semi-spherical mir-
ror instead of the commonly found parabolic one. Then he counteracted the rising spherical
abberation by introducing an additional optical element. The Schmidt Corrector Plate was
an aspheric lens with convex and concave parts put in front of the mirror, at the center of
the mirror’s sphere shape. This lens was carefully shaped to counteract the abberation. The
following year a complete telescope based on Schmidt’s principle was built in Hamburg. The
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Figure 5: Bernhard Schmidt in his workshop at
Hamburg Observatory. [1]

Figure 6: The original
Schmidt telescope as seen in
1932. [1]

instrument, shown in figure 6, immediately was a resounding success. [2][9]

While Bernhard Schmidt himself died in 1935, telescopes of his design quickly became
popular in astronomy. The Palomar Observatory near San Diego opened in 1936 with an
18 in Schmidt camera. The Mount Wilson Observatory near Los Angeles began construction
of a 1.2 m Schmidt telescope. Walter Baade, who already had hoped to work at Mt Wilson
prior to joining the Hamburg Observatory moved to the United States in 1937, while financial
and organisational problems delayed Hamburg’s Great Schmidt Mirror until the outbreak of
the war. The instrument could only be built in 1954 and then was put to use on the new
AGK3 project, for which Bergedorf mapped most of the northern Sky. The 1.2 m Schmidt
Telescope was operated in Hamburg until 1969, when plans to move the telescope to Calar Alto
Observatory in Spain came up to make use of the more favourable weather there. [2][10][11]

The fact that Walter Baade, who had left Hamburg in 1937, had been Richard Schorr’s
favourite candidate as a successor meant that somebody else had to be named as next director.
There were several candidates and the decision was not very easy, as Schorr’s preference was
Otto Heckmann, who despite having joined the nazi party and successfully having used some of
their structures to further his own work in Göttingen, had fallen out of favour with the politics
due to his keen interest in cosmology and Einstein’s theory of relativity, which he officially
defended. Heckmann became director of the Hamburg Observatory in 1941 regardless. [10]

5 A word on ESO

Otto Heckmann as director of the Hamburg Observatory attended several international con-
ferences in the early 1950s. These conferences concerned themselves with finding ways to
strengthen astronomy and science in Europe in the economically difficult times. One promising
idea was to concentrate efforts throughout Europe by starting a joint observatory, thus splitting
the costs of building and operating it. [8][6]
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Figure 7: Otto Heckmann (r) at the Great Schmidt Mirror 1.2 m telescope. [1]

This idea, alongside the realisation that studying our own galaxy in detail would require a
large and advanced observatory in the southern hemisphere, led to the Leiden Declaration in
January 1954. This declaration states the intent of constructing a joint observatory including
a 3 m mirror telescope and a 1.2 m Schmidt camera in South Africa. It was signed by leading
astronomers from six countries (Heckmann and Unsöld from Germany, Burgeois from Belgium,
Couder and Danjon from France, Redman from the UK, Oort, Oosterhoff and van Rhijn from
the Netherlands, Lindblad, Lundmark and Malmquist from Sweden) and intended to gain more
support from their respective governments. [8]

Scouting for a suitable location started in late 1955 and soon extended to South America,
accounting for the troublesome political situation in South Africa. Finally, on October 5th
1962, the European Southern Observatory was founded. From the six countries involved in
the Leiden Declaration five became founding members - the United Kingdom did not join.
A month later Otto Heckmann was named as first director of ESO and offices for the newly
founded organisation were prepared in the town of Bergedorf, not very far form Hamburg
Observatory, where Heckmann remained director until 1968. By that time ESO required so
much of his attention, that Alfred Behr relieved him as director of the observatory. By this time
construction of the ESO site in La Silla, Chile was well advanced, two telescopes exceeding 1m
in aperture diameter were already installed. Later in the same year the journal Astronomy and
Astrophysics, which remains one of the most influental journals for the astrophysics community,
was founded with the help of ESO. [8][6][10]

Since Heckmann no longer had to divide his time between ESO and Bergedorf, the vicinity
of the headquarters to Hamburg Observatory wasn’t as much of an issue anymore from 1968
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Figure 8: The 1-metre Telescope was the first instrument to operate at the La Silla site. Its
first light was in the night of November 30th 1966. Image courtesy of ESO.

onwards. Also the old offices soon proved to be inadequate in size and plans for a new ESO site
in Europe were drawn up. The planning of the new buildings lasted until the late 1970s, when
finally construction began in Garching, near Munich, which not only allowed for much more
extensive buildings, but was also easier to reach for the ever increasing number of astronomers
from ever more European countries. When the Garching headquarters were finally inaugurated
in 1981 Belgium, Denmark, France, Germany, The Netherlands and Sweden were already part
of ESO; Italy and Switzerland joined shortly afterwards. [8]

While Otto Heckmann retired from the post of director general of ESO in 1970, his successor
at the Hamburg Observatory kept close ties to the international organisation. Observations from
Hamburg became less and less important, but Behr was involved in building instrumentation for
ESO, including a polarimeter. That concludes the era of major contributions of the Hamburg
Observatory to ESO, although of course scientists from Hamburg remain involved in projects
up until today. [8][6]

6 Hamburg Observatory today

Hamburg Observatory has been a part of the University of Hamburg since 1968. This resulted
in tremendous changes to the organisation of the observatory. Nowadays the majority of staff is
made up by students of the university who specialised their studies of physics towards astronomy
and astrophysics.

In 1969 Prof. Alfred Weigert joined the observatory and founded a workgroup concerned
with stellar evolution and the modelling of the interior of stars. Both of these topics remain
strong suits of the Hamburg Observatory up to the present, having expanded into two seperate
groups. Prof. Peter Hauschildt keeps expanding on the renowned stellar atmosphere simulation
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code PHOENIX while Prof. Robi Banarjee continues work on stellar evolution.

Soon after, in 1972, Prof. Heinrich Wendker founded his workgroup on extragalactic as-
trophysics and made efforts to extend observations to both radio and X-ray wavelengths, the
latter of which of course had to be conducted from space. The extragalactic work later devel-
oped into one of the major achievements of the 1980s, the Hamburg Quasar Survey, for which
photographic plates taken with the Great Schmidt Mirror at Calar Alto as part of the All
Sky Objective PrismSurvey were scanned and analysed with the help of computers. Work on
extragalactic astrophysics is still ongoing under direction of Prof. Marcus Brüggen and Prof.
Annalisa Bonafede, including the observatory’s involvement in the LOw Frequency ARray, LO-
FAR, which consists of more than 48 stations across all of Europe.

Observations in wavelengths ranging from infrared to X-rays continue both in utilising Berge-
dorf’s own telescopes and analysing data obtained at other observatories in the workgroup of
Prof. Jürgen Schmitt, who specialised in stellar activity as well as characterisation of exoplanets
through spectroscopy and photometry.

The work of Prof. Alfred Behr and others before him in designing new astronomical instru-
ments is currently being carried on by Prof. Günter Wiedemann, who especially concentrates
on spectroscopy and solar physics, as well as observations in optical and infrared wavelengths.
For these projects a seperate 70 cm telescope, designated G1, has recently been set up at Berge-
dorf.

The Great Schmidt Mirror, which was shipped to Spain, left Hamburg with an empty tele-
scope dome. In 1975 the new Oskar Lühning Teleskop commenced observations. The 1.2 m
mirror telescope remains the primary telescope for scientific observations in Hamburg today, in
no small part thanks to a major effort of modernising the control system. The whole telescope
is computer controlled, can be remotely operated and features modern CCD detectors since
2000.

Also in the mid-1970s the Lippert Astrograph underwent major changes and now features
a 60 cm aperture mirror, effectively matching the Great Refractor. The telescope is manually
controlled and can be used for both visual observations and camera exposures. While it’s only
used for scientific observations occasionally, it is used extensively for teaching purposes as well
as for public outreach.

The historic Great Refractor, the Meterspiegel 1 m mirror telescope and the Equatorial all
remain in varying degrees of restoration. The mirror telescope has widely been refurbished in
recent years. A project to restore the Great Refractor is currently in planning, as the telescope
itself is in fully operational condition, but the building around it and especially the dome
mechanics are in bad repair prohibiting any use of the instrument. The Equatorial is still
functional after almost 150 years, but has a seriously impaired field of view due to nearby trees.
All three of these instruments are in no scientific use anymore and are mostly of historic and
public interest today.
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Figure 1: Hamburg Observatory seen from the air in the late 1920s. Aerial photography was a
rare event and it was decided to open all domes for the occasion. Credit: Photographic Archive
of the Hamburg Observatory



Figure 2: The Great Refractor dome under construction in 1910. Credit: Photographic Archive
of the Hamburg Observatory



Figure 3: Construction work on the mount for the Great Refractor telescope in March 1910.
Credit: Photographic Archive of the Hamburg Observatory



Figure 4: Walter Baade inside the dome of the 1912-built 1m mirror telescope in Hamburg.
Credit: Photographic Archive of the Hamburg Observatory



Figure 5: The Beamtenwohnhaus (=Officials’ Quarters) in which up to four astronomers and
their families used to live. Despite ever improving connections to public transport and cars
becoming widespread, employees lodged here up until the mid-1980s. Today the building is
used as office space for the observatory. Credit: S. Dahmke



Figure 6: The Meridian Circle building today. The instrument built to determine the exact
time used to be one of the most important ones for the Hamburg Observatory, yet today the
building is empty. The telescope itself is currently stored in a museum in Munich. Credit: S.
Dahmke



Figure 7: The dome of the Oskar Lühning Teleskop. The 1.2m telescope is Hamburg’s primary
science telescope housed in a dome originally conceived for the Great Schmidt Mirror. Credit:
S. Dahmke



Figure 8: The ESO 1m Schmidt telescope which became operational in December 1971. Oscar
Pizarro is adjusting the plateholder. Credit: ESO



Figure 9: Painting of Bernhard Schmidt, inventor of the Schmidt Mirror, by Erik Schmidt.



Figure 10: Painting of Richard Schorr, Director of Hamburg Observatory from 1900 to 1941.
Credit: Hamburg Observatory



Figure 11: Painting of Prof. Otto Heckmann, Director of Hamburg Observatory from 1941 to
1968, ESO Director General from 1962 to 1969. Credit: ESO



Figure 12: On June 8-10 1963, ESO officials were the guestes of AURA on their property and
on June 10 gathered on Cerro Morado, discussing ESO prospects in Chile. On June 8 1963,
they undertook the trip on horseback to Tololo, where most of June 9 was spent for inspection
of the AURA site. From there, both groups went on June 10 to the neighbouring mountain
Morado on the AURA territory, south of Tololo; it was AURA’s suggestion that this mountain,
with its large surface and well tested, favourable observing conditions, might offer a suitable
location for the ESO Observatory. On the photograph, from left to right: Ch. Fehrenbach, O.
Heckmann, Sr Marchetti, J.H. Oort, N.U. Mayall, F.J. Edmondson and A.B. Muller. Credit:
ESO/F.K.Edmondson
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Figure 13: Map of the Magellan-Elcano voyage. Victoria, one of the original five ships, circum-
navigated the globe and returned to Spain 16 months after Magellan’s death. Credit: Atelier
Graphique



Figure 14: An anonymous painting of Ferdinand Magellan, 16th or 17th century (The Mariner’s
Museum Collection, Newport News, VA).



Figure 15: Photographic image of the Large Magellanic Cloud, before (left) and after (right)
the explosion of SN1987A. The supernova is visible on the right image just below the Tarantula
nebula, in the upper part of the irregular galaxy. Credit: ESO

Figure 16: Large Magellanic Cloud and Small Magellanic Cloud. Credit: ESO/S. Brunier



Figure 17: Image obtained with the ESO Schmidt Telescope of the Tarantula Nebula in the
Large Magellanic Cloud. Supernova 1987A is clearly visible as the very bright star in the middle
right. At the time of this image, the supernova was visible with the unaided eye. Credit: ESO



Figure 18: Solar flares. Credit: NASA



Figure 19: Exterior view of the Borexino detector located at Laboratori Nazionali del Gran
Sasso. Credit: Borexino collaboration



Figure 20: Interior view of the Borexino detector. Credit: Borexino collaboration



Figure 21: Hamburg in March of 2016. View over the Binnenalster. Credit: L. Vanhoefer
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Steure, mutiger Segler! Es mag der Witz dich verhöhnen,
Und der Schiffer am Steur senken die lässige Hand.
Immer, immer nach West! Dort muß die Küste sich zeigen,
Liegt sie doch deutlich und liegt schimmernd vor deinem Verstand.

Traue dem leitenden Gott und folge dem schweigenden Weltmeer,
Wär sie noch nicht, sie stieg jetzt aus den Fluten empor.
Mit dem Genius steht die Natur in ewigem Bunde,
Was der eine verspricht, leistet die andre gewiß.

- Kolumbus (Friedrich Schiller)

Steer, bold mariner, on! albeit witlings deride thee,
And the steersman drop idly his hand at the helm;
Ever, ever to westward! There must the coast be discovered,
If it but lie distinct, luminous lie in thy mind.

Trust to the God that leads thee, and follow the sea that is silent;
Did it not yet exist, now would it rise from the flood.
Nature with Genius stands united in league everlasting;
What is promised to one, surely the other performs.

- Columbus (by Friedrich Schiller, translated by Henry Wadsworth Longfellow)
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