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1.  JUNO in 1 slide; 

2.  JUNO and solar neutrinos; 

3.  JUNO and geoneutrinos; 

4.  Diffuse SN neutrinos in JUNO; 
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•  the	  site	  opening	  ceremony	  
on	  January	  9th	  2015;	  

•  to	  start	  DAQ	  in	  2020;	  
•  20	  kton	  of	  liquid	  
scin3llator	  700	  m	  deep;	  

•  3%	  energy	  resolu3on	  @	  1	  
MeV;	  

•  main	  physics	  goal	  is	  to	  
dis3nguish	  between	  the	  
normal	  and	  inverted	  mass	  
hierarchy;	  

•  Other	  physics	  goals:	  
ü  Geoneutrinos;	  
ü Solar	  neutrinos;	  
ü DSN	  @	  SN	  neutrinos;	  
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Why to measure solar ν’s today ? 

Neutrino Physics:  
•  MSW-LMA scenario is our current understanding of solar ν 

oscillations, but there is still room for exotic models  (Pee versus 
energy); 

•  tension between best Δm2 from solar and from KamLAND 
antineutrinos 

5 

Solar Physics:  
•  metallicity problem: Low and High Metallicity models predict 

different neutrino fluxes! 
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FIG. 81. Comparison of the �

2-profile for �m

2

21

obtained by the analysis of all available solar data without (left) and with
(right) the Borexino contribution, after marginalization over tan2

✓

12

and sin2

✓

13

.

beryllium is very weak and the best values for fBe and fB

are found to be fBe = 0.76+0.22
�0.21 and fB = 0.90+0.02

�0.02. This
is due to the fact that 7Be flux is very poorly constrained
by any solar experiment other than Borexino.

Once the Borexino current measurements are included,
the situation significantly improves and the best fit are
fBe = 0.95+0.05

�0.04, and fB = 0.90+0.02
�0.02 corresponding to the

neutrino fluxes �Be = (4.75+0.26
�0.22) ⇥ 109 cm�2 s�1, and

�B = (5.02+0.17
�0.19)⇥ 106 cm�2 s�1 respectively.

For fB, the best fit value obtained with the two data
sets does not change significantly since the 8B flux is
mainly determined by the results of the SNO and Super-
Kamiokande experiments.

The best fit for the oscillation parameters are found
to be �m2

21 = 7.50+0.17
�0.23 ⇥ 10�5 eV2, and tan2 ✓12 =

0.452+0.029
�0.034, fully compatible with those obtained by fix-

ing all the fluxes to the standard solar model predictions
(Section XXVI.3). In this specific analysis, ✓13 is as-
sumed equal to 0.

It is interesting to compare the result of the global
analysis on solar–with Borexino plus KamLAND results,
with the theoretical expectations for fBe and fB. From
Fig. 82 it is clear that the actual neutrino data cannot
discriminate between the low/high–metallicity hypothe-
ses in the solar model: both the 1� theoretical range of
low/high–metallicity models lies in the 3� allowed region
by the current solar plus KamLAND data.

At present, no experimental results help to disentan-
gle between the two metallicity scenarios: the theoretical
error on 7Be and 8B neutrinos is of the order of their
experimental precision. An improvement in the determi-
nation of the di↵erent solar parameters is needed.

XXVII. THE NEUTRINO SURVIVAL
PROBABILITY

Solar neutrino oscillations are characterized by the sur-
vival probability P

3⌫
ee (defined in Section XXVI with the

HIGH-Met (GS08) 
LOW-Met (AGSS09) 

SHP11 SSM (± 1σ): 

Allowed regions: 
68.27% C.L. 
95.45% C.L. 
99.73% C.L. 

FIG. 82. The 1� theoretical range of high (red) and low (blue)
metallicity Standard Solar Model for f

Be

and f

B

, compared
to the 1� (light pink), 2� (light green), and 3� (light blue)
allowed regions by the global analysis of solar-with Borexino
plus KamLAND results. The theoretical correlation factors
are taken from [82].

relation 89) of electron neutrinos produced in the Sun
reaching the detector on Earth. P

3⌫
ee depends on the os-

cillation parameters and on the neutrino energy. In the
MSW–LMA model it shows specific features related to
the matter e↵ects taking place while the neutrinos travel
inside the Sun (MSW). These e↵ects influence the propa-
gation of ⌫e and ⌫x di↵erently, as the scattering probabil-
ity of ⌫e o↵ electrons is larger than that of ⌫x due to CC
interactions. The e↵ective Hamiltonian depends on the
electron density ne in the Sun and, considering the case
in which the propagation of neutrinos in the Sun satisfies
proper hypothesis of adiabaticity, the resulting survival
probability (formula 89) does not depend on details of
the Sun density profile and is well approximated by the
following simple form [92]:

High	  	  
metallicty	  
SSM	  

Low	  	  
metallicty	  
SSM	  

Solar	  +	  KamLAND	  
	  	  	  	  	  Data	  

=	  	  
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Figure 6-2: (a) On the left, the expected singles spectra at Juno with the radio purity assumption
10�16g/g for 238U and 232Th, 10�17g/g for 40K and 14C. (b) On the right, assuming a background
level one order of magnitude better for U/Th and for 40K/14C.

6.5 8B solar neutrinos: motivation

For what concerns the impact on the metallicity problem of a further improved measurement of
8B neutrino flux, one could repeat essentially the same considerations done for the 7Be case. It
is worthwhile to notice that, as shown in Figure 6-3, even in case the values of the CNO neutrino
fluxes were accurately extracted in future by experiments like Borexino or SNO+, the additional
measurement with increased accuracy of at least one of the two fluxes of 8B and 7Be would be
useful, also to break the degeneracy between metallicity and opacity.

Figure 6-3: Comparison between the theoretical predictions for the values of the 8B (x axis) and
13N +15 O (y axis) neutrino fluxes derived from di↵erent versions of the SSM (high Z in blue, low
Z in red and low Z with increased opacity in dashed light blue. The shaded grey vertical region
represents the 1� region compatible with present data for 8B neutrinos. From [46]. See also [47, 48].

A measurement of the 8B solar neutrinos with an high resolution in energy, would be relevant
also to test the stability of the standard oscillation paradigm with the LMA solution. A first example
is given by the study of the day-night asymmetry. The outcome of the recent SK analysis [27],
which found a value of ADN di↵erent from zero at 2.7� and an even more robust hint combining
the SK and SNO data: Afit

DN = (�2, 9± 1.0(stat + syst))%, goes in the right direction, but it still

8

Low	  	  
Metallicty	  SSM	  

High	  	  
Metallicty	  SSM	  

High	  	  
Metallicty	  SSM	  +	  	  
increased	  opacity	  

All	  solar	  8B	  data	  
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A global three flavour analysis, including all the solar neutrino experiments and KamLAND
data and assuming CPT invariance, gives the following values for the mixing angles and the di↵er-
ence of the squared mass eigenvalues (assuming for the fluxes the values predicted by the high Z
version of SSM) [32]: tan2 ✓12 = 0.457+0.038

�0.025 ; sin
2 ✓13 = 0.023+0.014

�0.018 ;�m2
21 = 7.50+0.18

�0.21 ⇥ 10�5 eV2 .
Very similar results have been obtained recently in other global analyses of all neutrino data per-
formed in the three flavors pattern [38, 39, 27] and in similar works published in 2012 [40, 41, 42].
The measured values of the neutrino fluxes produced in the di↵erent phases of the pp chain and
of the CNO bicycle are consistent with the Standard Solar Model, but unfortunately they do not
allow yet to solve the metallicity problem [43], discriminating between the di↵erent (high Z and
low Z) versions of this model, because most of the experimental results fall somehow in the middle
between the high and the low Z predictions and moreover the uncertainties are still too high. In
order to operate this discrimination, a future experimental challenge would be an even more accu-
rate determination of the 8B and 7Be fluxes, combined with the measurement of CNO neutrinos.
Here we focus the attention on the aspects of the solar metallicity problem that can be studied at
JUNO experiment.

6.3 Juno observables and capabilities

In water Čerenkov and liquid scintillator experiments, the solar neutrinos of all flavours are detected
by means of their elastic scattering o↵ electrons:

⌫e,µ,⌧ + e� ! ⌫e,µ,⌧ + e� . (6.1)

Only a fraction of the neutrino energy is transferred to the electron, therefore the electron recoil
spectrum is continuous even in the case of mono energetic neutrinos. The table 6-1 lists the expected
rates in 100 t of detector for the neutrinos emitted in the pp chain and in the CNO cycle, using
the most recent version [25] of the high Z solar model predictions (GS98) and the MSW-LMA
oscillation parameters 4.

Source Rate [cpd/1kt]

pp 1337
7Be [line 0.384 MeV] 19
7Be [line 0.862 MeV] 475
pep 28
8B 4.5
13N 25
15O 28
17F 0.7

Table 6-1: The expected solar neutrino rate in 1 kt of LAB scintillator (Ne = 3.381 ⇥ 1032),
expressed in counts per day. See table II in [32] and references within.

The emission of scintillation light is isotropic and any information about the initial direc-
tion of solar neutrinos is lost. Neutrino-induced events in a liquid scintillator are thus intrinsically
indistinguishable on an event-by-event basis from the background due to � or � decays. Some back-
grounds are taggable, as radioactive decays from delayed coincidences, muons and events produced

4A similar evaluation could, of course, be performed assuming for the fluxes the values obtained in the low Z
version of the SSM [20, 21].
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JUNO expected rates from solar neutrinos 

The	  latest	  High	  Metallicity	  SSM	  predicion	  

Background	  levels	  cri3cal:	  
use	  Borexino	  experience!	  
	  
requiring	  at	  least	  5	  m	  
distance	  from	  PMTs	  to	  fight	  
external	  background-‐	  
reduced	  FV	  
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Radio-Isotope Concentration or Flux
Name Source Typical Required
14C intrinsic in LAB ⇠ 10�12 g/g ⇠ 10�18 g/g
238U dust, metallic 10�5 - 10�6 g/g < 10�16 g/g
232Th
7Be cosmogenic ⇠ 3 · 10�2 Bq/t < 10�6 Bq/t
40K dust, PPO ⇠ 2 · 10�6 g/g (dust) < 10�18 g/g
210Po surface cont. < 7 c/d/t

from 222Rn
222Rn emanation from 10 Bq/l air, water < 10 cpd/100t

materials, rock 100-1000 Bq/kg rock
39Ar air, cosmogenic 17 mBq/m3 (air) < 1 cpd/100t
85Kr air, nuclear weapon ⇠ 1 Bq/m3 (air) < 1 cpd/100t

Table 6-2: The required background levels [16].

tags/statistical cuts can identify typically ⇡ 90% of the background from U/Th chains and 85Kr
decay. Other backgrounds for the detection of 7Be neutrinos are the 210Bi (from 210Pb dissolved
in the scintillator) and 210Po non in equilibrium with the 238U chain.

Figure 6-2(a) shows the expected singles spectra at Juno with radio purity assumption of
10�16g/g for 238U and 232Th, 10�17g/g for 40K and 14C. In this simulation the energy resolution
is assumed to be �(E) = 3% ⇥

p
E, E in MeV. Only beta and gamma decays are considered in

calculating the singles spectrum, in the assumption that the alpha-decay events can be statistically
subtracted with high precision, using the pulse shape discrimination (PSD). For 238U and 232Th
decay events, secular equilibrium is assumed along the decay chains and no subtraction of the
identified backgrounds of U/Th chains is applied. The only non-equilibrium isotope considered is
210Pb (and the subsequent 210Bi decay) which has a 22-year half life and breaks out of secular
equilibrium due to Rn contamination. We assumed that the external gamma background can be
removed with fiducial volume cuts and that, with FADC waveform analysis, pile-up events can be
largely removed. The 39Ar, two orders of magnitude lower than 85Kr (as it is in air) and the reactor
⌫̄e elastics scattering rate, estimated to be only about 0.5 /day/kt, are neglected in the calculation.
Figure 6-2(b) shows the expected singles spectra at Juno with an ideal radio purity assumption of
10�17g/g for 238U and 232Th, 10�18g/g for 40K and 14C. The 7Be spectrum clearly stands out all
backgrounds.

In the assumption that the required background levels will be achieved, the high rate will
permit a measurement of the 7Be flux with very high accuracy. JUNO’s high energy resolution
even makes it possible to observe pp solar neutrinos.

It exists a window from approximately 160 keV to 230 keV where the pp neutrino flux dominates
the singles spectra. It manifests itself as a rising edge above the 7Be solar neutrino spectrum. In
this low energy region, the largest source of background is 14C, intrinsic to the liquid scintillator,
and its pile-up events. The observation of pp-neutrinos requires a good pulse shape discrimination
to remove low energy quenched alpha events, a clean removal of pile-up events, as well as good
understanding of low energy noise events.

7

The background levels required in JUNO  
for solar neutrino measurements < 1 MeV 
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Figure 6-2: (a) On the left, the expected singles spectra at Juno with the radio purity assumption
10�16g/g for 238U and 232Th, 10�17g/g for 40K and 14C. (b) On the right, assuming a background
level one order of magnitude better for U/Th and for 40K/14C.

6.5 8B solar neutrinos: motivation

For what concerns the impact on the metallicity problem of a further improved measurement of
8B neutrino flux, one could repeat essentially the same considerations done for the 7Be case. It
is worthwhile to notice that, as shown in Figure 6-3, even in case the values of the CNO neutrino
fluxes were accurately extracted in future by experiments like Borexino or SNO+, the additional
measurement with increased accuracy of at least one of the two fluxes of 8B and 7Be would be
useful, also to break the degeneracy between metallicity and opacity.

Figure 6-3: Comparison between the theoretical predictions for the values of the 8B (x axis) and
13N +15 O (y axis) neutrino fluxes derived from di↵erent versions of the SSM (high Z in blue, low
Z in red and low Z with increased opacity in dashed light blue. The shaded grey vertical region
represents the 1� region compatible with present data for 8B neutrinos. From [46]. See also [47, 48].

A measurement of the 8B solar neutrinos with an high resolution in energy, would be relevant
also to test the stability of the standard oscillation paradigm with the LMA solution. A first example
is given by the study of the day-night asymmetry. The outcome of the recent SK analysis [27],
which found a value of ADN di↵erent from zero at 2.7� and an even more robust hint combining
the SK and SNO data: Afit

DN = (�2, 9± 1.0(stat + syst))%, goes in the right direction, but it still

8

Expected	  JUNO	  β + γ spectrum	  (assumed α’s	  sta3s3cally	  subtracted),	  	  
solar	  neutrinos	  +	  backgrounds	  
10-‐16	  g/g/	  238U	  and	  232Th,	  10-‐17	  g/g	  40K	  and	  14C,	  85Kr	  500	  cpd/kton,	  210Pb	  5x10-‐24	  g/
g	  	  	  
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Figure 6-2: (a) On the left, the expected singles spectra at Juno with the radio purity assumption
10�16g/g for 238U and 232Th, 10�17g/g for 40K and 14C. (b) On the right, assuming a background
level one order of magnitude better for U/Th and for 40K/14C.

6.5 8B solar neutrinos: motivation

For what concerns the impact on the metallicity problem of a further improved measurement of
8B neutrino flux, one could repeat essentially the same considerations done for the 7Be case. It
is worthwhile to notice that, as shown in Figure 6-3, even in case the values of the CNO neutrino
fluxes were accurately extracted in future by experiments like Borexino or SNO+, the additional
measurement with increased accuracy of at least one of the two fluxes of 8B and 7Be would be
useful, also to break the degeneracy between metallicity and opacity.

Figure 6-3: Comparison between the theoretical predictions for the values of the 8B (x axis) and
13N +15 O (y axis) neutrino fluxes derived from di↵erent versions of the SSM (high Z in blue, low
Z in red and low Z with increased opacity in dashed light blue. The shaded grey vertical region
represents the 1� region compatible with present data for 8B neutrinos. From [46]. See also [47, 48].

A measurement of the 8B solar neutrinos with an high resolution in energy, would be relevant
also to test the stability of the standard oscillation paradigm with the LMA solution. A first example
is given by the study of the day-night asymmetry. The outcome of the recent SK analysis [27],
which found a value of ADN di↵erent from zero at 2.7� and an even more robust hint combining
the SK and SNO data: Afit

DN = (�2, 9± 1.0(stat + syst))%, goes in the right direction, but it still

8

Expected	  JUNO	  β + γ spectrum	  (assumed α’s	  sta3s3cally	  subtracted),	  	  
solar	  neutrinos	  +	  REDUCED	  backgrounds	  	  
10-‐17	  g/g/	  238U	  and	  232Th,	  10-‐18	  g/g	  40K	  and	  14C,	  85Kr	  100	  cpd/kton,	  210Pb	  1x10-‐24	  g/g	  	  	  
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IF	  these	  background	  levels	  will	  be	  obtained,	  
then	  JUNO	  can	  with	  its	  	  

ü  high	  sta3s3cs	  	  
ü  excellent	  energy	  resolu3on	  measure	  

•  7Be	  solar	  neutrinos	  with	  improved	  precision	  (currently,	  5%	  precision	  from	  Borexino)	  
•  	  pp	  solar	  neutrinos,	  since	  it	  can	  beier	  dis3nguish	  beier	  between	  14C	  and	  its	  pile-‐up	  (FADCs	  

in	  JUNO!)	  and	  pp	  (currently,	  Borexino	  measured	  pp	  in	  2014)	  
•  Neutrino	  magne3c	  moment	  at	  low	  energies	  
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this interesting region. In addition, a precise determination
of the 7Be flux combined with existing results from radio-
chemical experiments [1,2] yields improved constraints on
the pp and CNO solar neutrino fluxes.

The Borexino experiment at Gran Sasso [10] detects
neutrinos through the neutrino-electron elastic scattering
interaction on a !278 metric ton liquid scintillator
target. The low energy backgrounds in the detector have
been suppressed to unprecedented levels [11], making
Borexino the first experiment capable of making spectrally
resolved measurements of solar neutrinos at energies be-
low 1 MeV. We have previously reported a direct measure-
ment of the 7Be solar neutrino flux with combined
statistical and systematic errors of 10% [12]. Following a
campaign of detector calibrations and a fourfold increase
in solar neutrino exposure, we present here a new 7Be
neutrino flux measurement with a total uncertainty less
than 5%. For the first time, the experimental uncertainty
is smaller than the uncertainty in the Standard Solar Model
(‘‘SSM’’) prediction of the 7Be neutrino flux [13,14].

The new result is based on the analysis of 740.7 live-
days (after cuts) of data which were recorded in the period
from May 16, 2007 to May 8, 2010, and which correspond
to a 153:6 ton " yr fiducial exposure.

The experimental signature of 7Be neutrino interactions
in Borexino is a Compton-like shoulder at !660 keV. Fits
to the spectrum of observed event energies are used to
distinguish between this neutrino scattering feature and
backgrounds from radioactive decays [12]. Two indepen-
dent fit methods were used, one which is Monte Carlo
based and one which uses an analytic description of the
detector response. In both methods, the weights for the 7Be
neutrino signal and the main radioactive background com-
ponents (85Kr, 210Po, 210Bi, and 11C) were left as free
parameters in the fit, while the contributions of the pp,
pep, CNO, and 8B solar neutrinos were fixed to the SSM-
predicted rates assuming MSW neutrino oscillations with
tan2!12 ¼ 0:47þ0:05

%0:04 and !m2
12 ¼ ð7:6' 0:2Þ ) 10%5 eV2

[15]. The impact of fixing these fluxes was evaluated and
included as a systematic uncertainty. The rates of 222Rn,
218Po, and 214Pb surviving the cuts were fixed using the
measured rate of 214Bi-214Po delayed coincidence events.
The Monte Carlo method also includes external "-ray
background, which makes it possible to extend the fit range
in this method to higher energies. The energy scale and
resolution were floated in the analytic fits, while the
Monte Carlo approach automatically incorporates the si-
mulated energy response of the detector.

The stability of each fit method was studied by repeating
the fits with slightly varied fit characteristics (e.g., fit range
and histogram binning) and different methods of data
preparation. The latter included changing the method
used to estimate the event energies, and varying the pulse
shape analysis (‘‘PSA’’) technique [16] used to remove
210Po and other # events between a highly efficient

statistical subtraction method [12] and a cut-based tech-
nique which removes a fraction of the # events with a very
small loss of$ events. The example spectra shown in Fig. 1
illustrate the stability of our fit procedure; the 8B neutrino
and 214Pb, 222Rn, and 218Po background spectra are small
on the scale of the plots and are not shown. The results of
these and other fits using different permutations of the fit
characteristics and data preparation techniques described
above were averaged to obtain the central values reported
in Table I; the spread between the results is included in the
systematic uncertainty.
The main systematic uncertainties in our measurement

of the 7Be interaction rate are listed in Table II. The
dominant contributions come from the determination of
the fiducial volume, our understanding of the detector
energy response, and the variation between the results of

Energy [keV]
200 400 600 800 1000 1200 1400 1600

 d
ay

)]
×

 to
n 

×
E

ve
nt

 R
at

e 
[e

vt
 / 

(1
00

0 
ke

V
 

-210

-110

1

10

210
/NDF = 141/1382χFit:

 1.5±Be: 45.5 .7

 1.7±Kr: 34.8 .85

 1.5±Bi: 41.5 .210

 0.2±C: 28.9 .11

 9.8±Po: 656.0 .210

 0.7±External: 4.5 
pp, pep, CNO (Fixed)

Energy [keV]
200 400 600 800 1000 1200 1400 1600

 d
ay

)]
×

 to
n 

×
E

ve
nt

 R
at

e 
[e

vt
 / 

(1
00

0 
ke

V
 

-210

-110

1

10

210
/NDF = 99/952χFit:

 1.9±Be: 47.0 .7

 3.2±Kr: 24.6 .85

 2.6±Bi: 40.6 .210

 0.4±C: 28.0 .11

pp, pep, CNO (Fixed)

FIG. 1 (color). Two example fitted spectra; the fit results in the
legends have units [counts=ðday " 100 tonÞ]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the # events have been removed
using a PSA cut, and in which the event energies were estimated
using the number of photons detected by the PMT array. Bottom:
An analytic fit over the 290–1270 keV energy region to a
spectrum obtained with statistical # subtraction and in which
the event energies were estimated using the total charge col-
lected by the PMTarray. In all cases the fitted event rates refer to
the total rate of each species, independent of the fit energy
window.
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Borexino	  measuerements	  of	  pp	  and	  7Be	  neutrinos	  
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Isotope Decay Type Q-Value Life time Yield [56, 57] Rate
[MeV] 10�7 (µ g/cm2)�1 [cpd/ kt]

11C �+ 2.0 29.4min 467 1.8 · 103
10C �+ 3.7 27.8 s 14.1 54
11Be �� 11.5 19.9 s 0.59 2.3

Table 6-3: List of the cosmogenic radioisotopes with life times above 2 s (see footnote).

necessary [58], reducing the fiducial mass to 8.9 kt.
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Figure 6-4: The simulated background spectra for the cosmogenics isotopes 11C, 10C and 11Be (see
footnote). Furthermore, the expected 8B (⌫ � e) spectrum is shown for comparison. A reduction
of 10C should be possible by TFC (see text).

Besides intrinsic background, another background is caused by cosmogenic isotopes, which
are produced in-situ by spallation reactions of cosmic muons on carbon nuclei. The short lived
cosmogenic isotopes (⌧ ⇠ 1 s) can be e�ciently suppressed if a volume with 1m radius around
each traversing muon is vetoed for 6.5 s. The remaining cosmogenic radioisotopes are 11C (�+,
⌧ = 29.4min), 10C (�+, ⌧ = 27.8 s) and 11Be (��, ⌧ = 19.9 s) (see table 6-3 )6. Due to the long
life time, an e�cient suppression of 11C is not possible and therefore the 8B spectrum can not be
measured below 3MeV. As 10C is usually produced with at least one neutron, a reduction of this

6The expected cosmogenic rates given in table 6-3 and in figure 6-4 are scaled from Fluka simulations for Borex-
ino [56]. The muon rate in Juno detector (20ktons) is assumed to be 5Hz, taking into account the multi-muons events
(bundles).
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cosmogenic isotopes (⌧ ⇠ 1 s) can be e�ciently suppressed if a volume with 1m radius around
each traversing muon is vetoed for 6.5 s. The remaining cosmogenic radioisotopes are 11C (�+,
⌧ = 29.4min), 10C (�+, ⌧ = 27.8 s) and 11Be (��, ⌧ = 19.9 s) (see table 6-3 )6. Due to the long
life time, an e�cient suppression of 11C is not possible and therefore the 8B spectrum can not be
measured below 3MeV. As 10C is usually produced with at least one neutron, a reduction of this

6The expected cosmogenic rates given in table 6-3 and in figure 6-4 are scaled from Fluka simulations for Borex-
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Towards	  8B	  solar	  neutrinos	  in	  JUNO…..	  
Long	  lived	  cosmogenic	  background,	  
JUNO	  is	  only	  700	  m	  deep	  
	  
External	  background	  (2.6	  MeV	  208Tl	  
gammas	  from	  PMTs),	  thus	  reduced	  
FV	  ~9	  kton	  
	  
Reactor	  an3neutrino	  scaiering:	  
at	  %	  level	  @	  3	  MeV,	  sta3s3cal	  
subtrac3on	  with	  high	  precision	  
	  
Internal	  208Tl	  β + γ up	  to	  5	  MeV	  
(Bx:	  can	  be	  small,	  212Bi-‐212Po	  tagging	  
and	  stat.	  subtrac3on)	  

Long	  lived	  cosmogenic	  background	  vs	  8B	  	  
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Geoneutrinos ���
antineutrinos from the decay of 238U, 232Th,40K in the Earth	


17	  

Main goal: determine the contribution of the radiogenic heat to the total surface heat flux, 
which is an important margin, test, and input at the same time for many geophysical and 
geochemical models of the Earth; 
 

Further goals: tests and discrimination among geological models, study of the mantle 
homogeneity, insights to the processes of Earth’formation…..  

Abundance of radioactive elements fixes the amount of radiogenic heat (nuclear physics); 
Mass and distribution of radiogenic elements à geoneutrino flux (cca 106 cm-2 s-1); 
From measured geoneutrino flux to radiogenic heat…. 

++→+ enpν

Eν > 1.8 MeV 

• 	  	  	  “prompt	  signal”	  
e+:	  	  	  energy	  loss	  +	  annihila3on	  
	  	  
•  “delayed	  signal”	  
neutron	  capture	  on	  protons	  	  
aner	  thermaliza3on	  	  2.2	  γ	


1.8 MeV 

40K  
below  
threshold 
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Geoneutrino experimental results 

KamLand (Japan) 
 

•  The very first investigation in 2005 
     (Nature 436 (2005) 499): CL < 2 sigma; 
 

•  Update in PRL 100 (2008):   
      73 +- 27 geo events 
 

•  high exposure: 99.997 CL 
observation in 2011  

     (Gando et al, Nature Geoscience 1205) 
      106 +29 

– 28 geonu events detected;  
     (March 2002 – April 2009) 
     3.49 x 1032 target-proton year 
 

•  PRD 88 (2013) 033001 
    116 +28 

– 27 geonu events detected;  
     (March 2002 – November 2012) 
     4.9 x 1032 target-proton year 
     0-hypothesis @ 2 x 10-6 

 

 Borexino (Italy) 
 

•  small exposure but low 
background level:  

     observation at 99.997 CL in 2010     
      (Bellini et al, PLB 687): 
9.9 +4.1 

– 3.4 geonu events detected; 
(December 2007 – December 2009) 
Exposure 1.5 x 1031 target-proton 
year 
 
•   PLB 722 (2013) 295–300: 
    14.3 +- 4.4 geonu events;  
     (December 2007 – August 2012) 
     3.69 x 1031 target-proton year 
     after cuts  
     0-hypothesis @ 6 x 10-6 
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Solar and geo neutrinos, Torino, November 28, 2014 
  

Livia  Ludhova -  INFN Milano, Italy 
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‣Analysis : Energy Spectrum (0.9-2.6 MeV)
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the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (α, n) interactions were
evaluated according to the same methods as described in [3].

During the purification campaigns some radon did enter the
detector. The 222Rn has τ = 5.52 days and within several days
the correlated backgrounds disappear leaving in the detector the
corresponding amount of 210Pb. These transition periods are not
used for solar-ν studies, but, with special care can be used for
ν̄e studies. The 214Bi(β)–214Po(α) delayed coincidence has a time
constant very close to the neutron capture time in PC. The α parti-
cles emitted by the 214Po usually show a visible energy well below
the neutron capture energy window. However, in 1.04 × 10−4 or
in 6 × 10−7 of cases, the 214Po decays to excited states of 210Pb
and the α is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the γ of the same energy produces more light with respect to an
α particle [22]. Therefore, for these (α + γ ) decay branches the
observed light yield is higher with respect to pure α decays and
is very close to the neutron capture energy window. We have ob-
served such candidates restricted to the purification periods, hav-
ing the corresponding increased Q delayed and positive (α-like) Gatti
parameter. In order to suppress this background to negligible lev-
els during the purification periods, we have increased (with respect
to [3]) the lower limit on Q delayed to 860 p.e. and applied a slight
Gatti cut on the delayed candidate as described above.

We have identified 46 golden anti-neutrino candidates passing
all the selection criteria described above, having uniform spatial
and time distributions. All prompt events of these golden candi-
dates have a negative G parameter, confirming that they are not
due to α’s or fast protons. The total number of the expected back-
ground is (0.70 ± 0.18) events (see Table 2). The achieved signal-
to-background ratio of ∼65 is high due to the extreme radio-purity
of Borexino scintillator and high efficiency of the detector shield-
ing.

In the energy region Q prompt > 1300 p.e., above the end-point
of the geo-neutrino spectrum, we observe 21 candidates, while the
expected background as in Table 2 is (0.24 ± 0.13) events. In this
energy window, we expect (39.9 ± 2.7) and (22.0 ± 1.6) reactor-
ν̄e events without and with oscillations, respectively. The expected
survival probability is therefore (55.1 ± 5.5)%, a value almost con-
stant for distances Lr > 300 km. We recall that for Borexino the
closest reactor is at 416 km and the mean weighted distance is
1200 km. We conclude that our measurement of reactor ν̄e ’s in
terms of number of events is statistically in agreement with the
expected signal in the presence of neutrino oscillations. The ratio
of the measured number of events due to reactor ν̄e ’s with respect
to the expected non-oscillated number of events is (52.0 ± 12.0)%.

We have performed an unbinned maximal likelihood fit of the
light yield spectrum of our prompt candidates. The weights of
the geo-neutrino (Th/U mass ratio fixed to the chondritic value of
3.9 [28]) and the reactor anti-neutrino spectral components were
left as free fit parameters. The main background components were
restricted within ±1σ around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (α,n) background we have used an MC
spectrum. For the 9Li and 8He background we have used an MC
spectrum as well which is in agreement with the measured spec-
trum of 148 events satisfying our selection cuts as observed within
a 2 s time interval after muons passing the scintillator.

Our best fit values are Ngeo = (14.3 ± 4.4) events and Nreact =
31.2+7.0

−6.1 events, corresponding to signals Sgeo = (38.8±12.0) TNU2

2 1 TNU = 1 Terrestrial Neutrino Unit = 1 event/year /1032 protons.

Fig. 1. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit. The yellow area isolates the contribution of the geo-ν̄e in the
total signal. Dashed red line/orange area: reactor-ν̄e signal from the fit. Dashed blue
line: geo-ν̄e signal resulting from the fit. The contribution of background from Ta-
ble 2 is almost negligible and is shown by the small red filled area in the lower left
part. The conversion from p.e. to energy is approximately 500 p.e./MeV. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

Fig. 2. The 68.27, 95.45, and 99.73% C.L. contour plots for the geo-neutrino and the
reactor anti-neutrino signal rates expressed in TNU units. The black point indicates
the best fit values. The dashed vertical lines are the 1σ expectation band for Srea .
The horizontal dashed lines show the extremes of the expectations for different BSE
models (see Fig. 3 and relative details in text).

and Sreact = 84.5+19.3
−16.9 TNU. The measured geo-neutrino signal cor-

responds to overall ν̄e fluxes from U and Th decay chains of
φ(U ) = (2.4 ± 0.7) × 106 cm−2 s−1 and φ(Th) = (2.0 ± 0.6) ×
106 cm−2 s−1, considering the cross section of the detection in-
teraction (Eq. (1)) from [14]. From the lnL profile, the null geo-
neutrino measurement has a probability of 6 × 10−6. The data and
the best fit are shown in Fig. 1, while Fig. 2 shows the 68.27, 95.45,
and 99.73% C.L. contours for the geo-neutrino and the reactor anti-
neutrino signals in comparison to expectations. The signal from the
reactors is in full agreement with the expectations of (33.3 ± 2.4)
events in the presence of neutrino oscillations.

A contribution of the local crust (LOC) to the total geo-neutrino
signal, based on the local 3D geology around the LNGS laboratory,
was carefully estimated in [32] as Sgeo(LOC) = (9.7±1.3) TNU. The
contribution from the Rest Of the Crust (ROC), based on the recent
calculation by Huang et al. [33], results in the geo-neutrino sig-
nal from the crust (LOC + ROC) of Sgeo(Crust) = (23.4 ± 2.8) TNU.
Subtracting the estimated crustal components from the Borexino

Reactor  

Geo  

14.3 +- 4.4 geonu  

Borexino	  

Reactor  

Geo  . Phys. Lett. B 722 (2013) 295-300 	  

KamLAND	  
	  

116	  +28	  –	  27	  geonu	  	  

. Phys. Rev. D 88 (2013) 033001 	  
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Figure 8-2: Result of a single toy Monte Carlo for 1-year measurement with fixed chondritic Th/U
mass ratio; the bottom plot is in logarithmic scale to show background shapes. The data points
show the energy spectrum of prompt candidates of events passing IBD selection cuts. The di↵erent
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 (↵, n). The flat contribution visible in the lower plot is due to fast
neutron background.
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Simulated JUNO antineutrino spectrum (prompt energy)���
and the best fit  	


Reactors	  

Geoneutrinos	  
U+Th	  with	  fixed	  chondri3c	  ra3on	  

•  1	  toy	  MC;	  
•  Full	  1	  year	  aner	  cuts;	  
•  FV	  18.35	  kton	  (17.2	  m	  radial	  cut)	  
•  80%	  detec3on	  efficiency;	  
•  3%	  @	  1	  MeV	  energy	  resolu3on	  

9Li	  –	  8He	  

Accidentals	  
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Table 8-4: Signal and backgrounds considered in the geoneutrino sensitivity study: the number of
expected events for all components contributing to the IBD spectrum in the 0.7 - 12 MeV energy
region of the prompt signal. We have assumed 80% antineutrino detection e�ciency and 17.2m
radial cut (18.35 kton of liquid scintillator, 12.85⇥ 1032 target protons).

Source Events/year
Geoneutrinos 408± 60
U chain 311± 55
Th chain 92± 37
Reactors 16100± 900
Fast neutrons 3.65± 3.65
9Li - 8He 657± 130
13C(↵, n)16O 18.2± 9.1
Accidental coincidences 401± 4

8.7.1 Geoneutrino signal assuming chondritic mass Th/U ratio

We have simulated several thousands of possible JUNO geoneutrino measurements by means of
a toy Monte Carlo. In each simulation, we have attributed to each spectral component a rate
randomly extracted from Gaussian distributions according to Tab. 8-4. We have used theoretical
spectral shapes for geoneutrinos; Th and U components were summed in a proportion according
to chondritic mass Th/U ratio of 3.9. The method of calculation of reactor antineutrino spectrum
was described in Sec. 8.5. For non-antineutrino backgrounds (accidental coincidences, (↵, n), 9Li -
8He) we have used spectral shapes as they have been measured in Daya Bay. For fast neutrons, we
have used a simple flat spectral shape. The possible precision of geoneutrino measurement under
these conditions was evaluated for 1, 3, 5, and 10 years of full live time after cuts (we recall that
muon-veto cut will require 17% lost of real DAQ time).

Figure 8-2 shows one of the possible total spectra (geoneutrinos and backgrounds) as simulated
assuming a data taking period of one year (full livetime after cuts), with Th/U fixed at the chondritic
value. After the generation, the data are fit with the same spectral components used in the
data generation. The amplitudes of geoneutrino and reactor antineutrino components are kept as
free fit parameters, while the non-antineutrino background components are constrained to their
expectation value within ±1� range.

This procedure was then repeated 10000 times, as demonstrated in Fig. 8-3. The upper left plot
shows the number of geoneutrino events randomly generated in each simulation; the Gaussian fit is
compatible with the values from the first input of Tab. 8-4. The upper right plot is the distribution
of the absolute number of reconstructed geoneutrino events for 91% of all fits. The remaining 9%
has been excluded, since geoneutrino events are wrongly attributed to reactor antineutrinos: this
systematic e↵ect is described below. The goodness of the procedure can be appreciated by the
third plot, showing the distribution of ratios, calculated for each simulation, between the number
of geoneutrinos reconstructed by the fit and the true number of generated events.

Figure 8-4 shows the distribution of the ratios of the reconstructed/generated number of events
for geoneutrinos versus reactor antineutrinos for 1 year lifetime after cuts. The fit returns the values
compatible with the number of generated events in about 91%. In about 9% of all simulations,
geoneutrino events are attributed to reactor antineutrinos. This possible systematic e↵ect can be

9

Input for simulations: signal & background rates ���
���
	
 •  aner	  cuts	  and	  vetos;	  

•  FV	  18.35	  kton	  (17.2	  m	  radial	  cut)	  
•  80%	  detec3on	  efficiency;	  

Expected	  signal	  
see	  talk	  of	  	  
Fabio	  Mantovani	  

Fixed	  chondri3c	  Th/
U	  mass	  ra3o	  of	  3.9	  
(signal	  Th/U	  ~0.27)	  

Daya	  Bay	  	  
spectral	  shapes	  
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Figure 8-2: Result of a single toy Monte Carlo for 1-year measurement with fixed chondritic Th/U
mass ratio; the bottom plot is in logarithmic scale to show background shapes. The data points
show the energy spectrum of prompt candidates of events passing IBD selection cuts. The di↵erent
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 (↵, n). The flat contribution visible in the lower plot is due to fast
neutron background.
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Table 8-3: Main non antineutrino background components assumed in the geo-neutrino sensitivity
study: the rates are intended as number of events per live time after all cuts and they refer to a
fiducial volume of 18.35 ktons (radial cut of R = 17.2m); we recall that the muon cut induces a
17% loss of live time; the options of acrylic vessel and ballon have been compared in the (↵, n)
background evaluation.

Background type Rate after IBD+ Uncertainty Uncertainty
muon cuts in Rate in Shape
[events/day] [%] [%]

9Li - 8He 1.8 20 10
Fast neutrons 0.01 100 20
Accidental events 1.1 1 negl.
13C(↵, n)16O (acrylic vessel) 0.05 50 50
13C(↵, n)16O (ballon) 0.01 50 50

and the unknown stage of burn-up in each of them. This error represents the variance of a uniform
distribution, assumed for di↵erent signals calculated with the sets of power fractions available in
the literature.

The uncertainty due to �
i

(E
⌫̄e) energy spectra is very conservatively quoted as 3.4%, the

di↵erence in the expected signal if the �
i

(E
⌫̄e) spectra are parametrized as in [20].

The uncertainty due to the thermal power P
r

is conservatively assumed to be 2%. This takes
into account both the uncertainty on the nominal thermal power of the nuclear core (see e.g. ref.
[21]) and the fact that the Load Factors reported in the IAEA database refer to the Electrical
Power and not to the Thermal one.

The e↵ect of the uncertainties of oscillation parameters is calculated by varying each parameter
one at the time in the 1� range and assuming an uniform distribution of the obtained signals; note
that the dominant contribution arises from the (1, 2) sector.

In conclusion, the expected reactor antineutrino signal is (1569 ± 88)TNU. The matter e↵ect
in the neutrino-oscillation mechanism represents an additional increase of +1.1% with respect to
the vacuum oscillation. Furthermore, the contribution of antineutrinos emitted from spent nuclear
fuel (SNF) can be considered as +1.9% signal increase [24].

8.6 Non antineutrino background

The coincidence tag used in the ⌫̄
e

-detection is a very powerful tool in background suppression.
Nevertheless, the event rate expected from geo-neutrino interactions is quite small (few hundreds of
events/year) and a number of non antineutrino background events faking geo-neutrino interactions
has to be properly accounted for in the sensitivity study.

A detailed description of expected background in Juno is given elsewhere. Here we briefly
summarise the most relevant backgrounds for the geo-neutrino analysis. They can be divided into
three main categories:

• Cosmic-muons spallation products, namely:

–

9Li and 8He isotopes decaying in (� + neutron) branches perfectly mimicking antineu-
trino interactions;

7

 Non-antineutrino background rates in 0.7 – 12 MeV 	


Reactors	  
Geoneutrinos	  

9Li	  –	  8He	  

Accidentals	  

1	  year	  aner	  cuts	  
	  in	  LOG-‐scale	  
18/35	  kton	  

Fast	  neutrons	  
(α,n)	  

Cosmogenic production, 
veto along muon tracks etc.. 
Reduced Li-He bgr from 80  
To 1.8 events/day,  
BUT 17% dead time 

(β + neutron decays) 
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Figure 8-3: The three plots demonstrate the procedure of the sensitivity study to measure geoneutri-
nos in JUNO. In particular, the capability of the fit to reproduce the correct number of geoneutrino
events (fixed ratio U/Th ratio) after 1 year live time after all cuts. Ten thousand simulations and
fits have been performed: the upper left plot shows the distribution of the number of generated
geoneutrino events, while the upper right plot the distribution of fit results. Finally, the lower
plot gives the distribution of the ratio between reconstructed and generated number events. Mote
details in the text.
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Figure 8-4: This plot shows the distribution of the ratios of the reconstructed/generated number
of events for geoneutrinos versus reactor antineutrinos . The fit returns the values compatible with
the number of generated events in about 91%. In about 9% of all simulations, geoneutrino events
are attributed to reactor antineutrinos. This systematic e↵ect can be recognised and treated, as
discussed in the text.
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recognised in real data by an extremely small geoneutrino signal accompanied by about 2� increase
of the reactor signal (with respect to the expectation value and its precision). In such case, the
fit has to be performed with the constrained number of reactor antineutrinos and this will enable
better reconstruction of the geoneutrino signal.

The sensitivity to correctly reconstruct the geoneutrino signal in those successful (91% of total)
cases is discussed by coming back to the lower part of Fig. 8-3. As it can be seen, the ratio between
reconstructed and generated geoneutrino events is centred at about 0.96, thus systematically shifted
to lower values by about 4% with respect to an ideal case of being centred at 1. Considering the
width of this distribution, one can say that we expect an error of about 17% for the geoneutrino
measurement considering the fixed U/Th ratio in one year of JUNO data (after cuts).

The distributions of the ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-5. The -4%
systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-3) is mostly
due to the correlation with reactor antineutrino background: 0.1% overestimation of the reactor
background corresponds to 4% decrease in the reconstructed geoneutrino signal. Being correlated,
the (↵, n) background tends to be overestimates while 9Li - 8He background underestimated.
Background due to the accidental coincidences is well reconstructed.

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text. From this analysis we have excluded 9% of total
simulations when geoneutrino events are attributed to reactor antineutrino signal, details in the
text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.01± 0.32 0.79± 0.66
3 0.96± 0.10 1.03± 0.19 0.80± 0.37
5 0.96± 0.08 1.03± 0.15 0.80± 0.30
10 0.96± 0.06 1.03± 0.11 0.80± 0.21

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

In this section we describe the study of potential to measure individually the U and Th contribu-
tions. The same study as described in Sec. 8.7.1 has been repeated, but this time the constraint
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Figure 8-5: Distributions of the ratios between reconstructed and generated number events for 1
year lifetime simulations, considering fixed Th/U ratio. Top left: reactor antineutrinos. Top right:
(↵, n) background. Bottom left: 9Li - 8He events, Bottom right: accidental coincidences.
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Figure 8-6: Result of a single toy Monte Carlo for 10-year measurement with Th and U components
left free and independent. The data points show the energy spectrum of prompt candidates of events
passing IBD selection cuts. The di↵erent spectral components are shown as they result from the
fit; black line shows the total sum for the best fit. The U and Th signal are shown in red and
black areas, respectively. The following colour code applies to the backgrounds: orange (reactor
antineutrinos), green (9Li - 8He), blue (accidental), small magenta (↵, n).
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recognised in real data by an extremely small geoneutrino signal accompanied by about 2� increase
of the reactor signal (with respect to the expectation value and its precision). In such case, the
fit has to be performed with the constrained number of reactor antineutrinos and this will enable
better reconstruction of the geoneutrino signal.

The sensitivity to correctly reconstruct the geoneutrino signal in those successful (91% of total)
cases is discussed by coming back to the lower part of Fig. 8-3. As it can be seen, the ratio between
reconstructed and generated geoneutrino events is centred at about 0.96, thus systematically shifted
to lower values by about 4% with respect to an ideal case of being centred at 1. Considering the
width of this distribution, one can say that we expect an error of about 17% for the geoneutrino
measurement considering the fixed U/Th ratio in one year of JUNO data (after cuts).

The distributions of the ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-5. The -4%
systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-3) is mostly
due to the correlation with reactor antineutrino background: 0.1% overestimation of the reactor
background corresponds to 4% decrease in the reconstructed geoneutrino signal. Being correlated,
the (↵, n) background tends to be overestimates while 9Li - 8He background underestimated.
Background due to the accidental coincidences is well reconstructed.

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text. From this analysis we have excluded 9% of total
simulations when geoneutrino events are attributed to reactor antineutrino signal, details in the
text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.01± 0.32 0.79± 0.66
3 0.96± 0.10 1.03± 0.19 0.80± 0.37
5 0.96± 0.08 1.03± 0.15 0.80± 0.30
10 0.96± 0.06 1.03± 0.11 0.80± 0.21

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

In this section we describe the study of potential to measure individually the U and Th contribu-
tions. The same study as described in Sec. 8.7.1 has been repeated, but this time the constraint
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recognised in real data by an extremely small geoneutrino signal accompanied by about 2� increase
of the reactor signal (with respect to the expectation value and its precision). In such case, the
fit has to be performed with the constrained number of reactor antineutrinos and this will enable
better reconstruction of the geoneutrino signal.

The sensitivity to correctly reconstruct the geoneutrino signal in those successful (91% of total)
cases is discussed by coming back to the lower part of Fig. 8-3. As it can be seen, the ratio between
reconstructed and generated geoneutrino events is centred at about 0.96, thus systematically shifted
to lower values by about 4% with respect to an ideal case of being centred at 1. Considering the
width of this distribution, one can say that we expect an error of about 17% for the geoneutrino
measurement considering the fixed U/Th ratio in one year of JUNO data (after cuts).

The distributions of the ratios between reconstructed and generated number events for reactor
antineutrinos and for (↵, n), 9Li - 8He, and accidental backgrounds are shown in Fig. 8-5. The -4%
systematic shift in the reconstruction of geoneutrino signal (see lower part of Fig. 8-3) is mostly
due to the correlation with reactor antineutrino background: 0.1% overestimation of the reactor
background corresponds to 4% decrease in the reconstructed geoneutrino signal. Being correlated,
the (↵, n) background tends to be overestimates while 9Li - 8He background underestimated.
Background due to the accidental coincidences is well reconstructed.

Table 8-5: Precision of the reconstruction of geoneutrino signal, as it can be obtained in 1, 3, 5, and
10 years of lifetime, after cuts. Di↵erent columns refer to the measurement of geoneutrino signal
with fixed Th/U ratio, and U and Th signals fit as free and independent components. The given
numbers are the position and RMS of the Gaussian fit to the distribution of the ratios between the
number of reconstructed and generated events. It can be seen that while the RMS is decreasing
with longer data acquisition time, there are some systematic e↵ects which do not depend on the
acquired statistics and are described in text. From this analysis we have excluded 9% of total
simulations when geoneutrino events are attributed to reactor antineutrino signal, details in the
text.

Number of years U + Th (fixed chondritic Th/U ratio) U (free) Th (free)
1 0.96± 0.17 1.01± 0.32 0.79± 0.66
3 0.96± 0.10 1.03± 0.19 0.80± 0.37
5 0.96± 0.08 1.03± 0.15 0.80± 0.30
10 0.96± 0.06 1.03± 0.11 0.80± 0.21

This analysis has been repeated also for 3, 5, and 10 years of lifetime (after cuts). The precision
of the geoneutrino measurement with fixed Th/U ratio is summarised in the 2nd column of Tab 8-5.
As it can be seen, the -4% systematic shift in the reconstruction of the geoneutrino signal remains
also for long data taking periods. The width of the distributions of the reconstructed/generated
number of geoneutrino events decreases, and thus the statistical error on the measurement decreases
with higher statistics, as expected. With 1, 3, 5, and 10 years of data, this error amounts to 17,
10, 8, and 6%, respectively.

8.7.2 Potential to measure Th/U ratio

In this section we describe the study of potential to measure individually the U and Th contribu-
tions. The same study as described in Sec. 8.7.1 has been repeated, but this time the constraint

10

Precision	  of	  the	  reconstruc-on	  of	  the	  	  
U	  and	  Th	  signals	  

•  1	  year	  poor	  precision	  but	  the	  RMS	  improves	  with	  sta3s3cs;	  
•  Systema3c	  1-‐3%	  overes3ma3on	  of	  the	  U	  signal;	  
•  Systema3c	  20%	  underes3ma3on	  of	  the	  Th	  signal;	  
•  Systema3cs	  is	  due	  to	  the	  correla3ons;	  
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Figure 8-7: Correlations between the ratios of reconstructed-to-generated number of events in
5 years of lifetime (after cuts): Top left: U versus reactors antineutrinos. Top right: Th vs reactor
antineutrinos. Bottom left: Th versus U. Bottom right: Th versus (↵, n) background. From this
analysis we have excluded 9% of total simulations when geoneutrino events are attributed to reactor
antineutrino signal, details in the text.
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Correla-ons	  in	  5	  years	  live-me…..	  

U	  signal	  is	  more	  correlated	  with	  	  
reactors……	   …	  than	  Th	  signal	  

U	  and	  Th	  
signals	  	  
are	  correlated	  

(α,n)	  is	  not	  
strongly	  	  
correlated	  with	  
Th	  (U)	  
but	  it	  is	  
correlated	  with	  
Li-‐He	  
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Figure 8-8: Distribution of the ratio reconstructed-to-generated U/Th ratio for 3 years of lifetime
after cuts. From this analysis we have excluded ⇠9% of total simulations when geoneutrino events
are attributed to reactor antineutrino signal. In addition, 1.6% of remaining simulations results in
zero Th contribution and is also not plot here.

20

on the Th/U chondritic ratio has been removed and we allowed independent contributions from
the two main natural radioactive chains. The Th and U signal has been generated from Gaussian
distributions according to Tab. 8-4. As an example, Fig. 8-6 shows the spectrum that could be
obtained in 10 years of the JUNO data (after cuts).

For the total geoneutrino signal, thus the sum of the Th + U components, almost identical
correlation with the reactor antineutrino background is observed as it was described in Sec. 8.7.1.
That is, there is about 9% probability that the geoneutrino signal is attributed to reactor an-
tineutrino signal; in such case, the fit has to be performed with the constrained number of reactor
antineutrinos and this will enable better reconstruction of the geoneutrino signal. Below, we de-
scribe the precision of the remaining 91% of total cases, when the fit returns values compatible
with the number of generated events.

The precision of the free U and Th signal measurements for 1, 3, 5, and 10 years of lifetime are
summarised in the 3rd and 4th columns of Tab 8-5, respectively. One can then appreciate that one
year of measurement would imply a big statistical error on the estimates of both U and Th, while
the situation would improve with time. On the other hand, a systematic bias, 3% overestimation
of the U signal and 20% underestimation of the Th signal does not depend on the accumulated
statistics. This is due to the correlations among di↵erent spectral components, as it is demonstrated
on Fig. 8-7 for 5 years of lifetime after cuts. The correlation between U and reactor antineutrinos
is stronger than between Th and reactor antineutrinos (top plots). The correlation between U and
Th is quite strong (bottom left). The (↵, n) background gets overestimated but is not strongly
correlated with Th (and neither U), as it is shown on the bottom right plot, but it is correlated
with 9Li - 8He background.

We have then studied how well we can reconstruct the U/Th ratio. Figure 8-8 shows the
asymmetric distribution of the ratio reconstructed-to-generated U/Th ratio for 3 years of lifetime
after cuts. From this analysis we have excluded ⇠9% of total simulations when geoneutrino events
are attributed to reactor antineutrino signal. In addition, 1.6% of remaining simulations results in
zero Th contribution and is not plot here. Table 8-6 parametrizes such distributions for 1, 3, 5, and
10 years of lifetime after cuts and gives position of the peak, left and right RMS. The last column
shows the fraction of fits in which Th component converges to zero. We can see, that at least few
years of lifetime are required in order to measure the Th/U ratio.

Table 8-6: Parametrisation of asymmetric distributions of the reconstructed-to-generated U/Th
ratio for 1, 3, 5, and 10 years of lifetime after cuts (see example on Fig. 8-8). Di↵erent columns give
the position of the peak, left and right RMS. The last column shows the fraction of fits in which
Th component converges to zero. From this analysis we have excluded ⇠9% of total simulations
when geoneutrino events are attributed to reactor antineutrino signal.

Number of years Peak position Left RMS Right RMS Fits with Th(fit) = 0
[%]

1 0.66 0.18 2.6 7.0
3 0.92 0.18 2.2 1.6
5 1.0 0.15 1.7 0.5
10 1.1 0.14 1.2 0.2

11

Reconstruc-on	  of	  U/Th	  ra-o	  

U/Th	  signal	  ra3o:	  fit	  /	  generated	  aner	  3%	  years	  

From	  this	  plot	  excluded:	  
9%	  of	  fits	  when	  geo	  is	  aiributed	  to	  reactors	  
and	  1.6%	  of	  fits	  when	  Th	  converges	  to	  0	  
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Reactor Background
Atmo. CC Background
Atmo. NC Background

>=12 MeVνDSNB <E
>=15 MeVνDSNB <E
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DSNB	  

reactor	  

atm	  CC	  

atm	  NC	  

JUNO	  expected	  spectrum	  

§  inverse	  beta	  decay,	  rate:	  3-‐6	  yr-‐1	  	  
§  irreducible	  backgrounds:	  reactor	  ν‘s	  and	  atm.	  ν	  CC	  reac3ons	  
§  Atm	  NC	  and	  fast	  neutron‘s:	  cylindrical	  shielding	  and	  pulse-‐shape	  discrimina3on	  	  

observa-on	  window:	  11-‐28	  MeV	  
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Expected	  Sensi-vity	  a_er	  PSD	  

à	  Signal-to-Background ratio better than 1 �
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JUNO	  discovery	  poten-al	  (10	  years)	  
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Conclusions	  &	  outlook	  

•  the	  first	  20	  kton	  liquid	  scin3llator	  detector	  will	  be	  constructed;	  
•  the	  DAQ	  is	  expected	  for	  2020;	  
•  main	  goal:	  mass	  hierarchy	  and	  precision	  measurement	  of	  oscilla3on	  

parameters;	  

•  If	  low	  background	  levels:	  measurement	  of	  7Be,	  pp	  and	  8B	  neutrinos	  

possible;	  	  

•  Poten3al	  to	  measure	  geoneutrinos	  with	  a	  	  beier	  precision	  than	  exis3ng	  

results;	  

•  Poten3al	  to	  measure	  DSN	  and	  SN	  neutrinos;	  

INFN	  with	  its	  experience	  in	  liquid	  scin-llator	  techniuqe	  should	  take	  part	  in	  this	  game	  
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15	  years	  of	  work	  in	  one	  slide	  

37 

Radio-Isotope Concentration or Flux Strategy for Reduction Final 
Name Source Typical Required Hardware Software Achieved 

µ cosmic ~ 200 s-1 m-2  
@ sea level < 10-10 s-1 m-2 underground 

water Cerenkov detector 
Pulse shape 

analysis 
< 10-10 

eff. > 0.9992 

γ rock water fid. vol. negligible 

γ PMTs, SSS buffer fid. vol. negligible 
14C intrinsic PC ~10-12 g/g ~10-18 g/g selection threshold ~ 2 10-18 g/g 

238U 
232Th dust, metallic 10-5-10-6 g/g < 10-16 g/g 

distillation, W.E., 
filtration, mat. selection, 

cleanliness 

tagging,  
α/β 

1.6±0.1 10-17 g/g 
5.1±1 10-18 g/g 

7Be cosmogenic ~3 10-2 Bq/t < 10-6 Bq/t distillation -- not seen 

40K dust, PPO ~2. 10-6 g/g (dust) < 10-18 g/g distillation,W.E. -- not seen 

210Po surface cont.  
from 222Rn < 1 c/d/t distillation, W.E., 

filtration, cleanliness fit May ’07: 70 c/d/t 
Jan ’10: ~1 c/d/t 

222Rn emanation from 
materials, rock 

10 Bq/l air, water 
100-1000 Bq rock < 10 cpd 100 t N2 stripping 

cleanliness 
tagging,  
α/β < 1 cpd 100 t 

39Ar air, cosmogenic 17 mBq/m3 (air) < 1 cpd 100 t N2 stripping fit << 85Kr 

85Kr air, nuclear 
weapons ~ 1 Bq/m3 (air) < 1 cpd 100 t N2 stripping fit 30 ± 5 cpd/100 t 
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SuperKamiokande:Day-night variation of 8B flux  

Neutrino 20143rd June, 2014
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SK-I/II/III/IV Combine Day/Night Asymmetry

17

Δm221 dependence

sin2θ12=0.311, sin2θ13=0.025
1σ KamLAND1σ Solar

SK-I,II,III,IV best fit

expected
2.8σ2.9σ3.0σ ✓ differ from zero 

by 2.9~3.0σ
✓agree with expect 

by 1.0σ

✓ differ from zero 
by more than 2.8σ
✓agree with expect 

by 1.3σDay/Night asymmetry
(straight calculation)

Solar region

KamLAND region

preliminary



Livia	  Ludhova	  for	  JUNO	  collabora3on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INFN	  	  What’s	  Next,	  Padova	  December	  2nd,	  2014	  39 

1

1

10

210

310

410

510
Sum

�8B 
�7Be 

CNO+210Bi
�pep 

39Ar
40K
85Kr
210Po
14C
U chain
Th chain

SNO+ Sensitivity

(pp dependent on 14C, 85Kr)
( CNO dependent on 210Bi)

• 1 year livetime

• 50% fiducial volume (negligible external bkg)

• Assuming Borexino-level purification levels

pep 8B 7Be pp CNO
1 yr
2 yr

9% 7.5% 4% ~ a
few % ~ 15 %

6.5% 5.4% 2.8%
~ a

few % ~ 15 %

8B spectrum 
99.8% 214Bi,    
90% 208Tl 
rejection

pp
14C

85Kr
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No Oscillation 

No Oscillation 

Oscillated 

Oscillated 

Geoneutrinos  Reactor antineutrinos at LNGS 

3 MeV antineutrino ..  
Oscillation length of ~100 km 
 

for geoneutrinos we can use average survival probability of  0.551 + 0.015 (Fiorentini et al 
2012), but for reactor  antineutrinos  not! 

Effect of neutrino oscillations	
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Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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Borexino	  only	  2014	  	  
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13C(α,n)16O 
1)  Isotopic abundance of 13C: 1.1%  
2) 210Po contamination: APo~ 12 cpd/ton 



Livia	  Ludhova	  for	  JUNO	  collabora3on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INFN	  	  What’s	  Next,	  Padova	  December	  2nd,	  2014	  Livia	  Ludhova	  for	  JUNO	  collabora3on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  INFN	  	  What’s	  Next,	  Padova	  December	  2nd,	  2014	  

JUNO	  cavern	  
(ρ=21.5m)	  

FV	  cut	  for	  fast	  neutrons	  (FN)	  
(ρ=13.5m)	  

FN	  veto	  regions	  

ρ	  

Fiducial	  volume	  
13.7	  kt	  of	  LAB	  

(r<17.5m	  &	  ρ<13.5m)	  

r	  

FN	  Water	  Pool	  Shape	  

Fiducial	  volume	  cut	  
§  addi3onal	  shielding: 	  4	  mwe	  
§  FN	  rate	  reduc3on: 	  x	  500 	  	  
§  Mass	  reduc3on: 	  x	  1.5	  

à	  FN	  events	  in	  target: 	  19	  yr-‐1	  

à	  Cylindrical	  shape	  of	  water	  pool	  is	  	  	  	  	  	  	  	  
	  	  	  	  	  crucial	  for	  shielding	  inclined	  µ	  tracks	  
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based on LENA �
MC study�

�
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Background	  measurements	  in	  KamLAND	  

Primary	  backgrounds	  for	  11	  ÷	  28	  MeV:	  
§  fast	  neutrons	  
§  atmospheric	  neutrino	  NC	  reac3ons	  
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Atmospheric	  Neutrinos:	  NC	  Background	  

40%	  of	  events	  can	  be	  tagged	  by	  the	  decay	  of	  the	  final	  state	  isotope:	  

à taggable �
à  stable�
à  stable�
à too fast �
à  stable�
à  stable�
à  stable�
à too fast �
à  stable�
à too long�
à taggable �

à	  NC	  background	  also	  removed	  by	  Pulse	  Shape	  Discrimina-on	  
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