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• 3800 m.w.e shielding against cosmic rays at LNGS 
• active volume ~300 ton of liquid scintillator 
• ~900 ton of ultra-pure buffer liquid 
• 2212 PMTs detecting the scintillation light  
• water Cherenkov veto equipped with 208 PMTs

TAUP 2017, 26th July 2017
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Figure 6: The trigger e�ciency as a function of the average number
of detected PMT hits. For each point, the average number of hits
was obtained from the calibration shown in Fig. 5. The fit function
is an error function with standard deviation computed assuming exact
Poisson statistics. The fit mean value is 25.7, in very good agreement
with the nominal triggering threshold of K = 25.

We then performed again a similar scan, this time446

avoiding to trigger Borexino with the pulse sent to the447

BTB but just leaving the standard Borexino trigger func-448

tion as in normal physics run. The detection e�ciency449

for a given laser intensity is then defined as a fraction450

of the fired laser pulses (counted by a scaler) which ac-451

tually gave a DAQ trigger. For each laser intensity, the452

average number of PMT hits was obtained from the cal-453

ibration shown in Fig. 5. The resulting trigger e�ciency454

as a function of the mean number of PMT hits is shown455

in Fig. 6. The fit function is an error function with stan-456

dard deviation computed assuming exact Poisson statis-457

tics. The fit mean value is 25.7, in a very good agree-458

ment with the nominal triggering threshold set during459

the measurement to K = 25. The curve clearly shows460

that the triggering e�ciency is e↵ectively one when the461

number of fired PMTs is above 40, corresponding ap-462

proximately to a deposited energy of 80 keV.463

The trigger e�ciency measurement shown in Fig. 6464

was done without applying any correction due to the465

number of dead channels. The correction is time–466

dependent and is normally done for data analysis, as467

later described in Section 9. This correction is not rel-468

evant here, being the purpose of this test to show that469

the triggering logic was working properly, and that the470

triggering e�ciency can be safely assumed to be 1 for471

all energies of interest for this paper. The number of live472

PMTs in a run is always at least 80% of the total, so even473

applying a correction, the e↵ective threshold raises from474

about 40 to about 50, well below the physics region of475

interest to this paper.476

The trigger e�ciency at higher energy (514 keV) was477

also studied with the 85Sr calibration source as reported478

in [27] and was again found to be well compatible with479

1. However, the uncertainty in the activity of the cal-480

ibration sources was too large to use those tests as a481

definitive proof of the good behavior of the triggering482

system.483

A software code (called clustering algorithm) iden-484

tifies within the gate the group of hits that belong to a485

single scintillation event (here called cluster). The clus-486

ter duration is typically 1.5 µs long, although di↵erent487

values have been used for some analysis. Fast radioac-488

tive decays or random coincidence events detected in a489

single trigger gate are separated by this clustering al-490

gorithm. Delayed coincidences separated by more than491

the gate width are detected in two separate events (DAQ492

triggers). Fig. 7 shows an event with two clusters.493

The readout sequence can also be activated by the494

OD through a dedicated triggering system firing when495

at least six PMTs detect light within a time window of496

150 ns. Regardless of the trigger type, the data from497

both the Inner and Outer Detectors are always recorded.498

A dedicated trigger was developed for cosmogenic neu-499

tron detection. After each muon passing and triggering500

both the OD and the ID, a 1.6 ms wide acquisition gate501

is opened, regardless of the neutron presence. This du-502

ration is su�cient since it corresponds to more than six503

times the neutron capture time. Neutrons are searched504

for as clusters in this dedicated long trigger as well as505

clusters within the muon gate itself. The dead–time be-506

tween the muon and neutron trigger is (150 50) ns. To507

test the neutron detection e�ciency a 500 MHz wave-508

form digitizer (CAEN v 1731) is fed with the analogue509

sum of all the signal of the ID PMTs properly attenu-510
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Figure 7: An example of data collected in an acquisition gate which
shows an event with two well separated clusters.
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Borexino’s strategy ( PRD 89 112007 (2014) )
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• Very low energy threshold (~100 keV) and good 
energy resolution ~ 5% @ 1MeV 

• Pulse shape α/β, β+/β- but no directionality 
• Need of superb radio-purity against β/γ 

backgrounds 
• Strategy: spectral fit of event energy spectrum 
• Requirement: accurate understanding of 

detector’s response

ν

Scintillation 
(dominating)

e- 
~3-5mm

Cerenkov 
(minor) 

Solar neutrino spectrum

Borexino energy spectrum (simulation)
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Borexino’s timeline and results
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purifications 1

2007 2010 2012 2017

purifications 2 

and calibrationsPhase-I Phase-2

SOX

Phys. Rev. Lett. 107, 141302 (2011)

Phys. Rev. Lett. 108, 051302 (2012)

Nature 512, 383-386 (28 August 2014)

2018

calibrations

5.9σ detection of geoneutrinos, 
signal from the mantle at 98% C.L 
( Phys. Rev. D 92, 031101 (2015) )

not only solar neutrinos…

search for rare processes 
(e.g. electron decay Phys. 

Rev. Lett. 115, 231802 (2015))

TAUP 2017, 26th July 2017Phys.Rev.D82:033006 (2010)

First Precision Measurement of 
Be7 solar neutrino flux

First direct detection of pep 
solar neutrinos

First realtime direction of 
pp solar neutrinos

Lowest energy threshold 
B8 neutrino detection

limit on Neutrino Magnetic Moment
see L. Ludhova's talk on Monday 

“Limiting the effective magnetic moment 
of Solar neutrinos with the Borexino 

detector”



What’s left for Phase 2?
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• Model the detector more accurately in order to measure pp, pep and Be7 

simultaneously on the whole energy scale for the purest Phase 2 data set

• Two approaches: analytical modeling and Monte Carlo simulation  

• See Gemma Testera’s talk tomorrow “Solar Neutrinos: Overview and New Results 

from Borexino” for exciting new results!

Poster 83:  Analytical response function for the Borexino solar neutrino analysis” by Dr. Z. Bagdasarian 
Poster 108: “GPU based spectral-fitter for Borexino solar neutrino analysis” by X. Ding

Poster 82: “Data selection strategy for the solar neutrino analysis with Borexino” by S. Caprioli 

this talk!

purifications 1

2007 2010 2012 2017

purifications 2 

and calibrationsPhase-I Phase-2

SOX

2018

calibrations

not possible in 
the past!



The Monte Carlo simulation
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Ab initio simulation of the detector response: 
1. energy loss of charged particles 
2. optical photon production, wavelength shifting and 

propagation 
3. custom simulation of the electronics response of the 

detector

Tracking code Electronics 
simulation Reconstruction

Geant4 based. It simulates all the 
physical processes until the hit of 

optical photons on PMTs for various 
classes of events  

Custom C++ software. It simulates 
the Borexino DAQ system 

(calibrations, trigger, noise, broken 
PMTs…) on a 6h time base (1 run)

Borexino 
reconstruction 
software (C++)

8TAUP 2017, 26th July 2017

“The Monte Carlo simulation of the Borexino detector” 
arXiv:1704.02291, submitted to Astroparticle Physics

data



Optical processes and 
electronics simulation

S. Marcocci  

Detailed simulation (based on independent measurements) of: 
• scintillation and Cerenkov 
• single photon propagation 
• absorption and reemission in scintillator and buffer 
• weekly based effective quantum efficiency variations

9TAUP 2017, 26th July 2017
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Detailed simulation of the electronics: 
• event by event channel status simulation 
• run and weekly based calibrations 
• crucial to properly simulate the detector 

over years
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“The Monte Carlo simulation of the Borexino detector” 
arXiv:1704.02291, submitted to Astroparticle Physics



Calibrations and Monte Carlo tuning
• Tuning and validation require a well planned calibration campaign 

with both internal and external sources (JINST 7 (2012) P10018) 
1. many positions in the inner vessel to map the light 

collection and detector response in the volume 
2. many gamma sources in the center to tune the energy 

scale and time response 
3. external sources to study external backgrounds 

• New calibrations in view of the SOX experiment

S. Marcocci  10

Absorption 

Lengths

Material 

Reflectivity

β scintillation times
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(light yield, quenching and Cherenkov)
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1% accuracy on light collection, energy and time responses
“The Monte Carlo simulation of the Borexino detector” 

arXiv:1704.02291, submitted to Astroparticle Physics

Poster 75: “Calibration campaign of the Borexino detector for the 
search of sterile neutrinos with SOX” by Dr. L. Collica

Number of hits

many 
iterations!



Not only Borexino…
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Experiment Mass Physics investigation Status Reference

Chooz 5 t LS+Gd (0.1%) + 107 t LS ⌫ oscillations past [19]

KamLAND 1 kt LS ⌫ oscillations past [20]

Karmen 56 t +Gd foils ⌫ oscillations past [21]

LSND 167 t LS ⌫ oscillations past [22]

Palo Verde 11 t LS+Gd (0.1%) ⌫ oscillations past [23]

Borexino 278 t LS ⌫ oscillations ongoing [24]

Daya Bay 20 t LS+Gd (0.1%) + 20 t LS ⌫ oscillations ongoing [25]

Double Chooz 8 t LS+Gd (0.1%) + 18 t+80 t LS ⌫ oscillations ongoing [26]

Reno 16 t LS+Gd (0.1%) + 30 t LS ⌫ oscillations ongoing [27]

LENS 125 t LS+In (8%) ⌫ oscillations future [28]

Juno 20 kt LS ⌫ oscillations future [29]

Reno-50 18 kt LS ⌫ oscillations future [30]

KamLAND-Zen 13 t LS+Xe (2.9%) + 1 kt LS 0⌫�� decay ongoing [31]

SNO+ 780 t LS+Te (0.5%) 0⌫�� decay commissioning [32]

LVD 1.8 kt LS SN ⌫ ongoing [33]

Nucifer 0.75 t LS+Gd (0.2%) reactor monitoring ongoing [34]

Neos 1 t LS+Gd (0.5%) sterile ⌫ ongoing [35]

Neutrino-4 0.35 t LS+Gd (0.1%) sterile ⌫ ongoing [36]

Prospect 3–13 t LS+6Li sterile ⌫ ongoing [37]

Stereo 1.8 t LS+Gd (0.2%) sterile ⌫ commissioning [38]

SOX 278 t LS sterile ⌫ future [17]

Dark Side-50 30 t LS+TMB (5%) DM veto ongoing [39]

Dark Side-20k ⇠250 t LS+TMB (20%) DM veto future [40]

LZ 20.8 t LS+Gd (0.1%) DM veto future [41]

SABRE 2 t LS DM veto future [42]

TABLE I. Compilation of past, present and future liquid scintillator based experiments excluding Borexino. In the table, “LS”
stands for liquid scintillator, “Gd” (gadolinium) and “TMB” (trimethilborate) are used for enhancing neutron captures, “In”
is the chemical element indium, “DM” signifies dark matter, “SN” stands for supernova and 0⌫�� for neutrino-less double beta
decay.

a small amount (5 g/l)1 of DMP (dimethylphthalate,
C

6

H
4

(COOCH
3

)
2

) as a light quencher added to further
reduce the scintillation yield of pure PC [43].

The 2212 internal PMTs (8” ETL 9351, formerly
Thorn EMI) mounted on the inner side of the SSS de-
tect the scintillation light. In order to enhance the pho-
ton detection e�ciency, 1828 PMTs out of the total 2212
were equipped with aluminum optical concentrators [44].
Their field of view is designed to collect all scintillation
photons incident under an angle of less than �max = 44�,
corresponding to scintillator signals from within the inner
vessel. Photons hitting the concentrator surfaces with
angles greater than �max are reflected back into the de-
tector.

A 18 m in diameter, 16.9 m height domed cylinder filled

1 The DMP concentration was 5 g/l at the beginning of data tak-
ing. After the discovery of a tiny leak in the inner vessel, the
concentration was reduced to 2.8 g/l in order to decrease the
pressure di↵erence between the inner vessel and the bu↵er.

by ultra-pure water contains the SSS and acts both as ra-
diation shielding and as Čerenkov detector (outer detec-
tor) for identifying and vetoing cosmic muons. For this
purpose, 208 additional PMTs are mounted on the outer
side of the SSS and on the water tank floor. A detailed
description of the detector, of the electronics, and of the
purification plants used to prepare the scintillator and fill
the detector can be found in Ref. [24] and Ref. [45]. The
muon detector design and performances are detailed in
Ref. [46].

Solar neutrinos are detected through their elastic scat-
tering on electrons. The measurement of di↵erent solar
neutrino components is possible through a fit of the elec-
tron recoil energy spectrum (see the top right panel of
Fig. 1), aiming at disentangling the contribution of solar
neutrinos and that of background signals [47].

Anti-neutrinos (⌫̄e) are detected via inverse � decay:

⌫̄e + p ! e

+ + n, (1)

with a threshold of 1.806 MeV. The positron promptly
comes to rest in the liquid scintillator and annihilates

table shamelessly stolen from: 
“The Monte Carlo simulation of the Borexino detector” 

arXiv:1704.02291, submitted to Astroparticle Physics

Many present and future 
experiments are large liquid 

scintillator detectors 

Some dark matter 
detectors have liquid 

scintillator vetoes 

The methods developed in 
Borexino is applicable to 
this whole category of 

detectors



External background
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• External gammas coming from PMTs and stainless steel 
sphere are crucial for “high energy” measurements 

• Brute force approach is not possible: shielding of ~10 
• Importance biasing technique implemented in Borexino 

Monte Carlo (customization of a standard Geant4 feature) 
• Three steps of simulation: 

1. Propagation of gammas with variance reduction 

2. Calculation of visible energy deposited at each step 
3. Standard tracking simulation of optical photons

12

successfully 
working very 
proficiently!
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every time a photon 
crosses a boundary, it 
is split with a 
probability of In+1/In

Number of shells and relative 
importance to be tuned to 
optimize the performance TAUP 2017, 26th July 2017“The Monte Carlo simulation of the Borexino detector” 

arXiv:1704.02291, submitted to Astroparticle Physics

External 
gammas



External background: validation on calibrations
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• The ratio of full absorption peak and Compton 
shoulder depends on the source position and the 
simulation can reproduce it 

• There is no new parameter tuned to get 
agreement. These plots contemporarily validate: 

1. the external background simulation method 
2. the energy scale tuning 
3. the light collection simulation
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N1 N2 N3 N4 N5 N6 N7 S3 S5 S7

X [m] 2.63 4.16 5.93 6.53 6.07 4.37 2.55 -6.00 -6.06 -2.21

Y [m] -0.62 -0.81 -1.44 -1.65 -1.08 -0.80 -0.43 0.98 1.02 -0.27

Z [m] 6.29 5.39 3.11 1.24 -2.99 -5.22 -6.34 3.15 -3.03 -6.48

Table 1: The Cartesian coordinates of the 228Th source positions in the usual Borexino 
reference frame, recovered by W.Maneschg.

The DATA/MC comparison
In order to check the agreement between the data and the Monte Carlo, the decay 
of 208Tl, placed in all of the listed above positions, has been simulated. The received
spectra have been compared to the data runs indicated in Table 2.

DATA/MC COMPARISON                                                                                                     2/17

Figure 1: Illustration of the 228Th source positions, by
W.Maneschg.

TAUP 2017, 26th July 2017

Number of hits



External gammas 
degraded in the 

buffer but reaching 
the inner core

Low energy response: pileup modeling

S. Marcocci  14

• event pileup is a crucial background for low energy analysis 
• in Borexino, it is mostly C14 overlapping with itself 
• in previous analysis, a data driven method allowed to predict the pileup contribution 
• now, the simulation can answer the question: what are the pileup events made of?

Nature 512, 383-386 
(28 August 2014)

C14 
External background 
Dark rate

MC fit of random trigger events
External gammas 

in the buffer

The efficient external background simulation was 
crucial for understanding the pileup composition

TAUP 2017, 26th July 2017



Monte Carlo pileup production

S. Marcocci  15

Tracking code

Electronics 
simulation

vertex1

dt

Reconstruction

vertex2

single events

pileup events

TAUP 2017, 26th July 2017

• need to know the pileup-ing 
components 

• Emin is the increase in the 
energy estimator due to the 
addition of the second vertex 

“The Monte Carlo simulation of the Borexino detector” 
arXiv:1704.02291, submitted to Astroparticle Physics
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use data to measure pileup 
components with a fixed Emin…

…and validate for different Emin’s!
not a fit not a fit



PDF production and fit validation
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• The Monte Carlo is used to produce the PDF of each spectral 
component (ν or background) 

• The simulation follows event by event the real status of the detector for the 
validated data 

• The simulated events undergo the same cuts as real data

TAUP 2017, 26th July 2017

The Monte Carlo PDFs 
allow to develop the final 

fit strategy, study the 
sensitivity, correlation 

patterns and 
systematics… 

…and to perform the 
final fit!
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Check out Gemma Testera’s talk tomorrow morning  
“Solar Neutrinos: Overview and New Results from Borexino” !!

WARNING: spoiler!
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• The Borexino Monte Carlo is an ab initio simulation of 

• charged particle energy loss in the scintillator 

• light production/optical propagation 

• electronics effects and real time detector status 

• The data/MC agreement is better than 1% for all relevant quantities 

• Borexino’s approach is general, and applicable to all liquid scintillator detectors 

• Importance biasing allows to get an efficient and precise external 
background simulation 

• A new calibration campaign at the end of 2017 will allow to further improve in 
view of the SOX experiment

Conclusions/Outlook

TAUP 2017, 26th July 2017
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Backup

TAUP 2017, 26th July 2017



Variance reduction methods
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• Goal: reduce computing time for obtaining sufficient precision 
• Random walk sampling modification: 

• sample “important” particles at expenses of “unimportant” ones 
• Many variance reduction techniques: 

• Geometry based 
• Physics based 
• Energy (cutoff) based 

• Need to clearly understand the problem in order to pick the best 
biasing technique for a given application 

Geant4 offers a set of standard tools allowing to bias geometry and/or 
physics

TAUP 2017, 26th July 2017



External background simulation
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3 steps of simulation

BIASING

ENERGY DEPOSITS

STD SIMULATION

gammas are propagated through the 
geometry with the biased method. 

Information on each interaction is stored

interaction vertexes from the previous step 
are reconstructed. The energy deposits for 

each vertex are simulated (no light!) 
according to their probability 

standard Geant4 simulation with the tracking 
of optical photons 

TAUP 2017, 26th July 2017
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Borexino calibrations ( JINST 7 (2012) P10018 )

TAUP 2017, 26th July 2017

  

Figure 6. CCD image of the Borexino inner detector showing the insertion arm during an internal calibration.
The diffuser for the location of the source is visible in red close to the center of the detector. To take this
picture lights were turned on for illustration purposes. During normal calibration activities they would be
off.

operations, photos are only taken when the DAQ has been stopped (but with the PMT high voltage
still on).

A total of eight 50 W quartz-halogen lights, split into two independently wired banks, are
installed in each camera housing to illuminate the detector for vessel monitoring. As a safety
precaution, the lights are enabled with a key switch; the switch also disables the PMT high voltage.
This interlock method ensures that the PMTs will never be exposed to the intense halogen light
while the high voltage is on. The camera control box also contains a timer circuit which shuts the
lights off after two seconds to prevent excessive heating of the housing.

The source location system must comply with the stringent radiopurity requirements of the
Borexino apparatus. In particular, since the system components are installed on the SSS, we have
ensured that their activity is low in comparison with the other sources of external background
located at the same radial distance, like the PMTs, the light concentrators and the SSS itself. The
238U and 232Th concentration in the location system was measured to be negligible in comparison
with that of the PMTs [14]. The contamination of 40K was found to be higher than in the PMTs by
about 85%. This was considered acceptable, since it accounts for a relatively small fraction (9%)
of the total external background rate in Borexino.

Image Reconstruction Triangulation of the diffuser is achieved by projecting a ray in space from
each camera to the diffuser, and then finding the intersection of the seven rays. In order to find a ray

– 9 –

Source Type E [MeV] Position Motivations Campaign
57Co g 0.122 in IV volume Energy scale IV
139Ce g 0.165 in IV volume Energy scale IV
203Hg g 0.279 in IV volume Energy scale III
85Sr g 0.514 z-axis + sphere R=3 m Energy scale + FV III,IV

54Mn g 0.834 along z-axis Energy scale III
65Zn g 1.115 along z-axis Energy scale III
60Co g 1.173, 1.332 along z-axis Energy scale III
40K g 1.460 along z-axis Energy scale III

222Rn+14C b ,g 0-3.20 in IV volume FV+uniformity I-IV
a 5.5, 6.0, 7.4 in IV volume FV+uniformity

241Am9Be n 0-9 sphere R=4 m 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), see text
for more details.

Figure 9. The 203Hg g source that was deployed in June, 2009. The spherical vial is made of quartz, whereas
the neck is a graded transition from quartz to Pyrex. The rounded bulge in the neck is a safety feature to
prevent the source from slipping out. Source retention is provided via the two independent wrappings with
thin-gauge stainless steel wire.

With the exceptions of the neutron and laser sources, the sources were dissolved in either
Borexino scintillator or water and sealed within 1” diameter quartz vials with a total volume of
⇠6 ml. The neck of the vial had a graded transition to Pyrex glass for sealing purposes. After
loading the vial with a radioisotope, the vial was frozen in liquid nitrogen, evacuated and flame-

– 12 –

Figure 2. Schematic view of the source deployment system: the main figure shows the glovebox and Inner
Vessel, together with the pipe connecting them. The inset to the right shows a zoomed view of the glovebox.
In order to reach the desired location, the hinge is positioned and the system is lowered vertically into the
detector. In the next step, the tether tube (red line) is withdrawn until the hinge bends to the chosen angle.
To establish the azimuthal position in f the rods are simply rotated ±180� – procedural limitations prohibit
rotation by more than 180� in either direction. To retract the source, the procedure is reversed.

Hardware Each of the insertion rods (3.8 cm⇥100 cm) is equipped with special couplers at both
ends. The rods also contain a ballast wire which is sized to make the rods almost neutrally buoyant
when immersed in the Borexino scintillator. A hinge in the lever arm prevents any motion over
90�, and can be used in place of any normal rod in order to facilitate longer lever arms. Figure 3

– 5 –

Figure 12. A map of the locations where sources were deployed during the four internal calibration cam-
paigns. The horizontal axis corresponds to the distance from the vertical z-axis. In total, the sources were
deployed in over 200 locations. Several points illustrated in the picture were also repeated at different f
coordinates. The red line indicates the shape of the inner vessel on January 22, 2010.

– 18 –
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Be7 neutrinos 

Montecarlo fit, without Po210 
removal

Analytical fit, with α/β 
statistical subtraction

862 keV Be7 neutrinos flux result

Phys. Rev. Lett. 107, 141302

Adn = 0.001 ± 0.012 (stat) ± 0.007 (syst)

Absence of day-
night asymmetry on 

Be7 flux

LOW
LMA

Physics Letters B 707 (2012) 22-26
23TAUP 2017, 26th July 2017
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As expected in the presence of the seasonal modu-
lation signal (Fig. 11a and 11c), we observe a narrow
peak centered on the expected frequency (f = 1/T =
2.73⇥10�3 day�1), while in the case of the null hypothesis
this spectral component remains almost flat, featuring an
amplitude comparable with other background IMFs that
are present at higher frequencies. The power is an order
of magnitude lower than the signal case (Fig. 11b).

Applying equation 10, we compute the average param-
eters shown in Tab.1 for the simulated and real data. The
results are in agreement with the expected seasonal mod-
ulation.

Simulated Data Data
T [year] 0.95± 0.02 0.96± 0.05
" 0.0155± 0.0025 0.0168± 0.0031
� [day] �12± 11 14± 22

Table 1: Period, eccentricity and phase of the solar neutrino sea-

sonal modulation flux. The results from data are in agreement

with the Monte Carlo results.

Based on the comparison of the power spectrum and the
parameters resulting from the zero-modulation MC data
sets we conclude the presence of a seasonal modulation.

We have calculated a �

2-map varying both the phase
and modulation amplitude of the sinusoidal function with
respect to the average IMF obtained over the complete
1000 noise regenerations. The �

2-contours are displayed
in Fig. 12, where we assumed the standard deviation of
the IMFs from the average curve to equal 1�-uncertainties
divided by the number of time bins minus one.

4. Summary

Four years of Borexino Phase-II data have been analyzed
searching for the expected annual modulation of the 7Be
solar neutrino interaction rate induced by the eccentricity
of the Earth’s orbit around the Sun.

Both the detector and the data have shown remarkable
stability throughout the entire Phase-II period, allowing
for the clear emergence of the annual periodicity of the
signal.

Three analysis methods were employed: an analytical fit
to event rate, a Lomb-Scargle periodogram and an Empir-
ical Mode Decomposition analysis. Results obtained with
all three methods are consistent with the presence of an
annual modulation of the detected 7Be solar neutrino in-
teraction rate. Amplitude and phase of the modulation
are consistent with that expected from the eccentric rev-
olution of the Earth around the Sun, proving the solar
origin of the low energy neutrinos detected in Borexino.
The absence of an annual modulation is rejected with a
99.99% C.L.. The direct fit to the event rate yields an
eccentricity of ✏ = (1.74± 0.45)%, while the Lomb-Scargle
method identifies a clear spectral maximum at the period
T=1 year. The EMD method provides a powerful and
independent confirmation of these results.
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Be7 solar neutrinos - annual modulation

• Absence of annual modulation rejected at 
99.99% C.L 

• eccentricity = (1.74±0.45)% 
• period = 1 year 
• “Seasonal modulation of the Be7 solar 

neutrino rate in Borexino”, Astroparticle 
Physics, Volume 92, 2017, Pages 21-29, 
ISSN 0927-6505 24TAUP 2017, 26th July 2017
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Figure 3: Measured monthly event rate [cpd/100 ton] relative to the
average rate of �-like events passing selection cuts. Data from di↵er-
ent years are cumulated. The line is the expected variation according
to eq. 2, parametrizing the e↵ect of the Earth’s orbit around the Sun.
Time bins are 30.43 days long.

3.1. Fit to the Event Rate

Due to Earth’s orbital eccentricity (✏ = 0.0167), the
total count rate is expected to vary as

R(t) = R

0

+R


1 + ✏ cos

2⇡

T

(t� �)

�
2

(2)

where T is the period (one year), � is the phase relative to
the perihelion, R is the average neutrino interaction rate
and R

0

is the time independent background rate. This
formalism is consistent with the MSW solution in which
are no additional time modulations, at the 7Be energies
[24].

In this approach, the event rate as a function of the
time is fit with the function defined in equation 2. Fig-
ure 3 shows the folded, monthly event rate relative to the
average rate measured in Borexino, with t = 0, 365 repre-
senting perihelia. Data from the same months in successive
years are added into the same bin. Having normalized to 1
the overall mean value, the data are compared with Eq. 2
and show good agreement with a yearly modulation with
the expected amplitude and phase. The no modulation hy-
pothesis is excluded at 3.91 � (99.99% C.L.) by comparing
the �

2 obtained with and without an annual periodicity.
To extract the modulation parameters, we perform a �

2

fit of the data with 30.43-day bins, without folding multi-
ple years on top of each other. Figure 4 shows the event
rate (in cpd/100 ton) along with the best fit. From [2], the
expected neutrino average rate in this energy range is ⇠32
cpd/100 ton. The fit returns an average neutrino rate of
R = 33 ± 3 (cpd/100 ton), within 1� of the expected one
(�2

/ndof = 0.68, ndof = 42). The best-fit eccentricity is
✏ = 0.0174 ± 0.0045, which corresponds to an amplitude
of the modulation of (7.1± 1.9)%, and the best-fit period
is T = 367 ± 10 days. Both values are in agreement with

the expected values of 6.7% and of T = 365.25 days. The
fit returns a phase of � = �18± 24 days. The robustness
of the fit has been studied by varying the bin size between
7 and 30 days, by shifting the energy range for selected
events, and with and without ↵ � � mlp ine�ciency. Fit
results are found not to vary greatly and are all in agree-
ment with the expected modulation due to the Earth’s or-
bit eccentricity. The resulting systematic uncertainty on
the eccentricity is 10%.
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Figure 4: Measured rate of �-like events passing selection cuts in
30.43-days long bins starting from Dec 11, 2011. The red line is
resulting function from the fit with the Eq. 2.

3.2. The Lomb-Scargle method

The second approach uses the Lomb-Scargle method.
This extension of the Fourier Transform is well suited for
our conditions since it can treat data sets that are not
evenly distributed in time. In the Lomb-Scargle formalism,
the Normalized Spectral Power Density, P (f), also known
as the Lomb-Scargle periodogram and derived for N data
points (R

1

. . . Rj . . . RN ) at specific times tj , is evaluated
and plotted for each frequency f as:

P (f) =
1

2�2

( ⇥
⌃j(Rj �R) cos!(tj � ⌧)

⇤
2

⌃j cos2 !(tj � ⌧)

+

⇥
⌃j(Rj �R) sin!(tj � ⌧)

⇤
2

⌃j sin
2

!(tj � ⌧)

)
(3)
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nique. The virtue of the latter technique is its sensitivity to
transient modulations embedded in time series, emerging
from analyzing data features with more than just standard
reference sinusoidal functions.

The analysis reported here analyzes the Borexino Phase-
II dataset, described in Sec. 2, by employing both the
Lomb-Scargle and an updated version of the EMD tech-
niques. Two independent sections of this paper describe
the methods of each approach and their respective results
(Sec. 3.2 and Sec. 3.3). For completeness, we have also
carried out a search of the annual modulation directly
in the time domain, using a straightforward analytical fit
(Sec. 3.1). All analysis methods clearly confirm the pres-
ence of an annual modulation of the 7Be solar neutrino
interaction rate in Borexino and show no signs of other
periodic time variations.

2. The data set

The data of Borexino Phase-II are used for this analysis
(1456 astronomical days of data). Compared to Borex-
ino Phase-I, background levels have been substantially re-
duced by an extensive purification campaign that took
place during 2010 and 2011. Of particular importance for
this study is the reduction of the 85Kr and 210Bi concen-
trations, both backgrounds in 7Be region. Data taking has
seen only occasional, minor interruptions due to detector
maintenance.

2.1. Event selection

A set of cuts described in [12] has been applied on an
event-by-event basis to remove backgrounds and non phys-
ical events. In particular, muons and spallation events
within 300 ms of parent muons, time-correlated events
(214Bi-214Po), and noise events are identified and removed.
In addition, events featuring vertices reconstructed outside
a Fiducial Volume (FV) are rejected. Recoil electrons from
the elastic scattering of 7Be-⌫’s are selected by restricting
the analysis to the energy region ⇠215-715 keV (115�380
Npe). In this range, the major backgrounds are the ↵ de-
cays of 210Po and the � decays of 210Bi and 85Kr. The 5.3
MeV ↵’s appear as a peak at ⇠450 keV (after quenching)
in the energy spectrum (red line in Fig. 1). The �’s define
a continuous spectrum beneath the 7Be recoil spectrum
(blue line in Fig. 1). The time stability of the background
was studied to factor out any influence on the annual mod-
ulation search. Two major changes were implemented for
this search from that with Borexino Phase-I data and de-
scribed below: the FV (Sec. 2.1.1) was redefined and an
enhanced method for the rejection of 210Po ↵ background
was developed (Sec. 2.1.2).

2.1.1. Fiducial Volume Selection

We define a FV of 98.6 ton by combining a spherical
cut of R = 3 m radius at the center of the detector with
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Figure 1: Energy spectrum in number of photoelectrons for events
selected in the FV (red line). The blue spectrum are the events
with mlp parameter > 0.98. A small residue of 210Po events is still
present. The vertical lines define the analysis energy window.

two paraboloidal cuts at the nylon vessel poles to reject �-
rays from the Inner Vessel end-cap support hardware and
plumbing.

The excluded paraboloids have di↵erent dimensions to
remove the local background. The paraboloids are defined
as R(✓) = d/cos

n
✓, where ✓ is the angle with z-axis and d

is the distance from the detector center to the paraboloid
vertex. The top paraboloid is defined by d=250 cm and
n=12 whitch corresponds to an aperture of 54 cm of radius;
the bottom one by d=-240 cm and n=4 which corresponds
to a larger aperture of 91 cm of radius.

2.1.2. 210Po Rejection
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Figure 2: Distribution of mlp variable for ↵ (red) and � (blue) events
obtained by tagging the 214Bi-214Po time coincidences.

210Po in the scintillator constitutes a background for the
search of time-varying signals because of its decay half-life
of 138 days. In general ↵-backgrounds and �-events in

3
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First evidence of pep neutrinos

pep neutrinos flux CNO neutrinos flux limit

Δχ2 profile with free pep and CNO

ν pep Δχ2 profile

Physical Review Letters 108, 051302 (2012) Physical Review Letters 108, 051302 (2012)

25TAUP 2017, 26th July 2017



S. Marcocci  

First real time measurement of pp neutrinos

pp neutrinos flux

Nature 512, 383-386 (28 August 2014)

26TAUP 2017, 26th July 2017



Not only solar neutrinos…

27S. Marcocci  Borexino - solar neutrinos

5.9σ detection of 
geo-neutrinos 

through inverse beta 
decay 

geo-neutrino signal 
from the mantle  

obtained at 98% C.L

Phys. Rev. D 92, 
031101 (2015)

Phys. Rev. Lett. 
115, 231802 
(2015)

search for electron decay through

Borexino limit

2 orders of magnitude better than 
the previous limit

Phys. Rev. D 92, 
031101 (2015)

TAUP 2017, 26th July 2017
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SOX: Short Distance Oscillations with BoreXinoDETECTION MECHANISM

ICHEP 2016, Chicago, August 4th     Birgit Neumair (TU Munich)

L

➤ Inverse Beta Decay (IBD): νe + p        e+ + n 
•  e+: E & L info about νe  
•   n: coincidence in time and space 

➤ background free 

ν

➤ PMTs collect scintillation light 
➤ energy E     (5% @ 1MeV) 

time of flight 
➤ position L   (10cm @ 1MeV) 

➤ measurement of count rate: N(E,L)

4

~(100-150) kCi 144Ce-144Pr 
anti-neutrino source 
(Q~3MeV>1.8MeV)

IBD detection is 
background free 
in Borexino

POWER MEASUREMENT

➤ Measurement of heat extracted by a water flow:       P ~ ṁ · ∆T 
➤ initial power ~ 1kW 
➤ 2 calorimeters in preparation

ICHEP 2016, Chicago, August 4th     Birgit Neumair (TU Munich)

TUM/Genova Calorimeter CEA Calorimeter

T sensors

water 
loop          

shielding          

multilayer 
insulator         

water 
vessel         

vacuum vessel 
thermalization circuit

12

High precision (<1%) 
calorimetry for source 
activity determination

SOURCE SHIELDING AND TRANSPORTATION

shielding: 
➤ attenuation factor for 2.2MeV-γ: >1012  
➤ density: 18.5 g/cm3 
➤ manufactured at Xiamen Ltd., China

ICHEP 2016, Chicago, August 4th     Birgit Neumair (TU Munich)

60
cm

54cm

transportation: 
➤ few boarder crossings 
➤ total transportation time 

less than 3 weeks

9

TAUP 2017, 26th July 2017

Poster 125 “The INFN-TUM 
calorimeter for the sterile neutrino 
hunt” by Dr. L. Di Noto
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SOX: Short Distance Oscillations with BorexinoSENSITIVITY
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Analysis in: 
➤ rate 

precise knowledge of 
• activity 
• neutrino spectrum  
• fiducial volume 

➤ shape 
no dependence on 
systematics in scale 

➤ rate + shape 
combination

6TAUP 2017, 26th July 2017

Poster 118: “Search of sterile 
neutrinos with SOX: Monte 
Carlo studies of the experiment 
sensitivity and systematic 
effects related to the position 
reconstruction” by D. Basilico

Poster 60: “Thermal 
management and modeling for 
precision measurements in 
Borexino’s SOX and solar 
neutrino spectroscopy 
programs” by Dr. D. Bravo

Talk tomorrow by T. Lasserre: 
“Search for light sterile neutrinos 
with the CeSOX experiment”



The Borexino challenge
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• Expected ~50 events/day on 100ton of liquid scintillator from Be7 
neutrinos


 -> ~ 6 10-9 Bq/kg 
• But 

• Natural water is ~10 Bq/Kg in 238U, 232Th and 40K

• Air is ~10 Bq/m3 in 39Ar, 85Kr and 222Rn

• Typical rock is ~100-1000 Bq/m3 in 238U, 232Th and 40K


Borexino’s scintillator must be 9/10 orders of magnitude less 
radioactive than anything on Earth!

TAUP 2017, 26th July 2017


