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Neutrinos: a golden field for astro-particle

physics

.l Over the last several years, neutrinos have been the origin of
many important discoveries

Masses are non-zero
Oscillations are analogous to the CKM quark mixing
Oscillations due to matter exist

.| Important discoveries may be ahead:

CP violation in the lepton sector (CPT ?)
Majorana or Dirac V'’s; V-less [-decay, V-masses
Sterile neutrinos

Right handed neutrinos and see-saw mechanisms

.l The astronomical importance of neutrinos from space 1is
immense, so is their role in the cosmic evolution.
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Anomalies:

experimental hints for sterile neutrinos

Some experiments show anomalies at small L/E which may be interpreted as
mixing of one or more sterile neutrinos with known states

LSND Collaboration,A.Aguilar
(1)Accellerator anomaly (3.8 0) et al. LSND

LSND/MiniBoone P(V = V ) and P(V = V) Collaboration Phys.Rev.D 64
H e M © 112007 (2001)

MiniBooNE Collaboration

A.Aguilar et al. (MiniBooNE

Collaboration) Phys.Rev.Lett.

(2)Gallium anomaly (2.8 0) 110 161801 (2013)

Calibration runs with radioactive sources at solar

radiochemical experiments Gallex/SAGE.
Deficit observed in neutrinos coming from °!Cr and °’Ar sources

(recently narrowed by Icarus/Opera/Minos down to a small region of
mass ~ leV?)

C. Giunti and M. Laveder,
Phys.Rev. C83, 065504 (2011),
arXiv:1006.3244 [hep-ph].

(3)Reactor antineutrino anomaly (2.5 0)

New calculations of reactor anti-neutrino spectra 5 A.Mueller et al. Phys.Rev.C
- increased the flux by about 3% 83, 054615 (2011)
effect of 6% on rate: R = 0.943+-0.023 I Sl GiE By
Phys.Rev.D83, 073006
(2011) ,

»x*Error on flux prediction ?
| (Reactor: unknown nuclear effects in reactor:
e.g. 5 MeV anomaly)
***Missing new physics (oscillations to one or more sterile)

(4)Some analysis of cosmological data
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Combining all indications and exclusions

The global picture

=% The measured anomalies
could be explained by a 4 10't
(& 5*"?) sterile neutrino *

reactors |

SBL

with Am* ~ eV? — B
o8 [
0 o™
10 T O I
N . Sy o
5 [ b 12
o -
. ! £ ally,
= Further running and new g1 !
: . + |
experiments are being planned to 1071} |
address this possibility £ 95% CL =]
10-° 10:= 10~

= Establishing the existence
of sterile neutrinos would
be a major result!

|U;af-1-|2

J.Kopp et al.,arXiv:1303.3011
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Sterile neutrino searches with sources

# To be sensitive to
Am?> ~ lev?

- Need a source with
E ~ 1-10 MeV
-» Located at a distance

Detector

= Neutrino source L~1-10m
# Detecting reaction
V + e -V + e
#% radioactive background - (1) Look for disappearance of V_
not possible to put the
source inside the

detector (2) Look for oscillation waves within the

ibl’lonocromatlc detector volume (oscillometry)
ow energy

emitted by the source

= Anti-neutrino source
# Detecting reaction
6+p->n+e+
#% very little background -

e Advantages of using nuclear decays:

- Intrinsicly pure Vv_ (or anti—Ve) beam

feasible to put the - Neutrino spectrum known very precisely

source inside the - Neutrino cross-sections in the ~MeV

detector region known more precisely than at ~GeV
# Continuum spectrum -» Neutrino flux known with high precision
# higher energy (~1.5 & level)
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http://arxiv.org/abs/1303.3011

Several papers and ideas

Technique Detector Sources Reaction Activity Reference
510y JHEP08(2013)038,
V+e >V + e 10MCi
SOX
(Borexino) 144 144 _ Phys. rlar(e);r Lett.
ce- P Ve = @ 100 kCi 201801
8.2 x 10 arxXiv:1205.4419,
® Li(ISODAR) V+poe+n v/sec arxiv:1312.0896
K LAND ArxXiv:1310.3857
. am -
Large Liquid 144Ce (CeLAND) V+poe+n 100 kCi (2011)
scintillator .
detectors lsog_ 144y B arXiv:1109.6036
Daya-Bay V+p->e'+n 500 kCi
Phys.Rev.D75
1
I ENS SiCr V + 115Tn - e- + !15gn* LoMCi 093006(2007)
8.2 x 10 arxXxiv:1310.3857
TONG 8 L,i (ISODAR) Vipoe+n v/ sec
arxXiv:1204.5379
51
Radiochemical BEST cr V + %Ga - e+ "Ge 3MCi
Phys. Rev. D85,
- ¥Ar ) 013009, (2012)
Bolometers Richochet V+N->V+N 5MCi
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Source physical parameters

Source Production T Decay Energy (MeV) | Heat
Technique (days) | mode (MeV) (W/kCi)
Irradiation of >°Cr in nuclear EC

SCr reactor 40 ¥y 320 KeV | 746 0.19
®, >5. 104 em 257! (10%)

37 Ar Irradiation in fast neutrons
reactors 50 EC 813 small

14Ce - pr | Chemical extraction from | 411 B~ <2.9975 7.6
spent nucelar fuel
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SOX: Short Distance Oscillation with the

BoreXino experiment

e The idea of making a neutrino or anti-neutrino source experiment with
BoreXino dates back to the birth of the project (1991)

N.G. Basov, V. B. Rozanov, JETP 42 (1985)

Borexino proposal, 1991 (Sr90)
J.N.Bahcall,P.I.Krastev,E.Lisi, Phys.Lett.B348:121-123,1995
N.Ferrari,G.Fiorentini,B.Ricci, Phys. Lett B 387, 1996 (Cr51)
I.R.Barabanov et al., Astrop. Phys. 8 (1997)

Gallex coll. PL B 420 (1998) 114 Done (Cr51)
A.Ianni,D.Montanino, Astrop. Phys. 10, 1999 (Cr51 and Sr90)
A.Ianni,D.Montanino,G.Scioscia, Eur. Phys. J C8, 1999 (Cr51 and Sr90)
SAGE coll. PRC 59 (1999) 2246 Done (Cr51 and Ar37)

SAGE coll. PRC 73 (2006) 045805

C.Grieb,J.Link,R.S.Raghavan, Phys.Rev.D75:093006,2007
V.N.Gravrin et al., arXiv: nucl-ex:1006.2103
C.Giunti,M.Laveder, Phys.Rev.D82:113009,2010
C.Giunti,M.Laveder, arXiv:1012.4356

#% SOX Proposal European Research Council 320873 - Feb. 2012 - APPROVED

and FINANCED
Original SOX proposal: °'Cr neutrino source OR !'*‘Ce anti-neutrino source

#% Jan. 2014: agreement between CEA and INFN and Borexino Collaboration
to merge the CELAND proposal with SOX

SOX-Ce using the '*‘Ce source proposed and developed by the CEA group
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The BOREXINO experiment

,_.
<
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vy

.|l Mainly a solar neutrino experiment:
\)e + e - \)e + e

Rate [counts / (day x 100 ton x 1 keV)]

P R R
1400 1600

in an organic liquid scintillator Encrgy [keN]

Residual signal energy spectrum

Ultra-low radioactive background obtained via
selection, shielding, and purifications

Low energy threshold, good energy resolution,
spatial recontruction, and pulse shape identif.

& receoils from pep v

Detection of ~ 500 pe/MeV
Energy resolution 0 _/E ~ 5% (@ 1MeV)

Counts / (day x 100 ton x 0.01 MeV)

Position resolution 0~ 10 cm (@ 1MeV)

1.6
Energy / MeV

./ But also anti-neutrinos (Geo, Reactors, SN) Sub-MeV neutrino detection
capability proved by the 'Be, pep,
PP solar neutrino detection down to
few cpd/100 ton

—+4— Data

Reactor neutrino

Best-fit U+Th with fixed chondritic ratio
Il U fit with free chondritic ratio

Th fit with free chondritic ratio

Anti-neutrino
detection
capability proved

by geo-neutrino
detection down to
a few background
events per Year
in 300 t

Events / 233 p.e. / 907 ton x year

g

Prompt Event Energy [p.e.]
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The BOREXINO detector

2212 8” ETL 9351
PMTs mounted inside the

BT e AT Water Tank
Two Nylon balloons 150 um ) _-“*Fia_'ﬂ;“‘f. (d=18 m, V = 2400 m?)

thick B R Shielding from y and n.
Inner Vessel B A " | Water Cerenkov detector

(8.5 m, V = 340 m’) : S R oo (Muon Veto) 208 PMTs
Filled with 278 tons of T e oy ¢ova °

scintillator

(PC @ 1.5 g/1 of PPO)
Inner Buffer (11.5 m)

Stainless Steel Sphere
(d= 13.7 m, Volume = 1340 m?)
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Borexino detection capabilities

./ Neutrinos

Compton-like on electrons:
Vv+e OV + e
Mono-energetic V_ produce
characteristic shoulder

Main background: 'Be solar V_

PRL 107,141302 (2011)

10

Event Rate [evt / (1000 keV x ton x day)]

I\\-u ) i |

1000 1200 1400 1600

10505 — 200 60

~ 45 cpd 100 t target Energy [keV]
'l Electron anti-neutrinos
Standard Reines-Cowan delayed »
coincidence technique (inverse f /f ; Delayed
decay on p) - p . S ey ~250 usec
Extremely small background V. @ -0 VI AT ST
- 4 geo-neutrinos ev/y in 300 t Prompt
- 9 reactor . ~1 ns,
- 0.4 random coincidence Ty "1 om
Y (511 KeV) g () e » V(511 KeV)
e+
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Location of source

Borexino
Water Tank

Manual winch
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Technology and logistics

To make a 100 kCi !*‘Ce anti neutrinO
generator (CeANG)
-» both technical and burocratic
challenge A

'|® Essentially a unique vendor

(Mayak, Russia) FUSE PA Mayak Reprocessing Facility \

— Unique plant to produce 100 kGi-acale of '*Ce 5

@® Many paper work for authorizations:
transportation, handling, storage..
(in Russia, France, Italy)

@® Many technical problems to be solved for:
© CeANG production
© CeANG transportation and biological shielding requirements
© Usage and insertion beneath Borexino
© High precision measurement of the activity and of the neutrino B flux

'@® Synergy between CEA and Borexino Collaboration

© CEA: source production and transportation

© INFN: site preparation and Borexino detector preparation

© CEA/INFN/TUM: High precision calorimetry

© Borexino Collaboration: high precision MC, data analysis, calibrations
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144Ce production

@ '“‘Ce Produced as “waste” in nuclear
cores

> 5.5% in fission prod. of U

» 3.7% in fission prod. of Pu

> 411 days lifetime G e -

@ Selection of best fuel at Cola NPP: 7%
Shorter cooling time < 2 y

Rall ¥ 2™

@ Delivery from Kola to Mayak:
TUK-6 container

@ Mayak received fresh fuel March 2015
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1440e extraction

-

@ Radiochemical plant

» Standard process
(PUREX) used to treat spent
nuclear fuel

Production of and separation
of CeO,

» Encapsulation of powder

» Activity measurement (7%)

@ Radioisotope Plant
» Source fabrication
» Certification ISO 9978
» Loading into W shield

» Loading into transportation
cask
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144Cce purification

@ Complexing agent displacement
chromatography for Rare Earths
Elements (REE)

@ Spent Nuclear Fuel

> Mayak: 100 t PUREX/year

» 1 ton of SNF (Kola plant)
» 13 kg REE
-» 32 g 'Ce (100 kCi)

Production:

-» Start now

-» Delivery Aug.-Oct 2016
S .Petersburg harbour

-» LNGS end of 2016

Stainless steel lining

Hot Cells for
Eluant Tank Conditioning 1440e;()f

heavy concrete

Feed
Tank
C1]|IC2|C3]|I|C4|C5
/P.
Separation

X Meeting, 15/05/2014
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144ce-14pr AntiNeutrino Generator (CeANG)

@ ve source 'IBD threshold

detected via V_+ p - e + n (Thr = 1.8 MeV)
e High IBD cross section - 3.7 PBgq activity
(< 5.5 PBQ)

e (e', n) detected in coincidence
- low background

Arbitrary Unit

144pyr

1st forbidden,
i non unique decay

'4Ce » “Pr + e + v_ -

TENEEN N BRI | I

WheanadamTaua
1 1 11

b l'fj I 0!5 J I‘; 1.5 25
iNd + e + v E, (MeV)
e
85.d
144 )
@ %‘Ce-1**Pr source Ce 3 TbkeV o\l ™
Pr R-<913keV
1%
e Aboundant fission product (5%) B-<2301keV
.
. 1 2185 keV
144Ce long-lived & low—QB(O.3 MeV) BH;??imw . 0.7%
- enough time to produce, transport, use ' ' :zws
keV
14pr short-lived & high—QB(3 MeV)
- V_ emitter above threshold 144Ng
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14Ce-14pr Antineutrino Generator
- specifications

@ Key:separation of Ce from

Steel flange

@ CeO, powder sealed

in a container
br Cables hole @ Container inserted
into a 19 cm thick
Thungsten shield

e in double
| capsule

@ Internal T ~ 500 °C;

surface T @ 20 cm ~ 80°C

valeurs des isothermes (°C)

5.23E+02
.B2E+02

.62E+02
.21E+02
+02

valeurs des isothermes (°C)

1.52E+02
1.51E+02
1.49E+02
1.48E+02
1.46E+02
1.44E+02
1.43E+02
1.41E+02
1.40E+02
1.38E+02
1.36E+02
1.35E+02
1.33B+02
1.32E+02
1.30E+02
1.28E+02
1.27E+02
1
1

1.22E+02
1.20E+02

(CeANG)

other REE with chromatography

Source

Production

Decay mode

Neutrino energy

Initial activity

Half life

Exposure
Fiducial mass

Oscillation
length

(Am? = 2 ev?)

Generator heat

l44ce/Pr

Extraction from
spent nuclear
fuel

B_

< 3 MeV
4x10*° Bqg
(100 kCi)

144Ce (285 d)
144Pr (17 min)

1-1.5 years
240 tons

< 3.6 m

7.6 W/kCi
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CeANG transportation From Mayak to Borexino

Norge | Suomi
" .fwn-w%w N (Finland)

i

Latvija

o U I New
’ I'basket

United
Kingdom

\ A L
\ Benapycb . »
(Belarus)  §

Y b

} e

<n

Ireland
Eire;

5 RS

|AEA Safety Standards
for protecting peaple and the environment

01— a:= Q

YkpaiHa
e~ (Ukraine)
sz2ag olucys r Regulations for the
<" Romania )(""" Safe Transport of
- (RomaniaJBRe~ Radioactive Material
i 2009 Edition
geaC .
- ~~Bbnrapus L3 J3MD AN
- (", J(Bulgaria) (Gegrdid) S
Portugal ¥ b, . Azor R
J Espana YEANGC S Q7 Safety Requirements
Y. (spain); (Greece) B STurkiye No. TS-R-1
> (Turkey) s b
( Lt SAN | ;
v N ."

RO (Duaea v N W-shielding

#% Mayak - St. Petersburg by train
# St. Petersburg -» Le Havre by boat
# Le Havre - Saclay - LNGS by truck

#% Container: TN MTR
24 t container for nuclear fuel (CEA)
* IZOTOP (Russia)

THE A, B AND C OF GRAN SASSO * AREVA (Main contractor, France)

Experiments at the Gran Sasso National * MIT (Italy) will handle the long

Laboratory are housed in and around three e i ; 3
huge halls carved deep inside the mountain, £z : journey
where they are shielded from cosmic rays

by 1,400 metres of rock.

Rome

Adriatic
coast
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Geometry: external source

source

@ The expected signal ditribution depends on
the geometry V(1) and from the flux ® (1)

42— R? 4 [2
_ o721 _
Va)_2wz<ﬁ T )

0.8

arbitrary units

I _tD _ A
@m:iﬁ%m(T)@_e<Tg

0.2

@ The event distribution is asymmetric even in
absence of oscillations

-J-J;J-Jll-J~J]--J--J-L-ll.JvJ-J.-JJ.JJvJ 4
300 400 500 600 700 BOO 900 1000 1100
distance from external source (cm)

@ The expected number of events interaction as a function of distance and run
time is

zwxuybzg):¢%¢u)va)awa,g)/qbﬂidEQZQdT

rn  dT

NuFACT 2015, Centro Brasileiro de Pesquisas Fisicas Chiara Ghiano, University of Genova - INFN 22




Disappearence and Waves

SOX is at the same time a disappearance
experiment and an oscillometry one

Analysis strategy:

@® Standard disappearence technique:
counts the events in the FV and compares the
count rate with the one expected from the
source activity AN
TIPSR
@® Rate + shape analysis i L
search for spatial oscillation

5 1.2TAm3,(eV?)L(m)

P.. =1 — sin?20,4sin

E(MeV) ”
|
Am3, ~ eV? (:GE
f(n) - - L ~m _
E~ MeV |_ - 5
H] - W
E. Non-o;cillated 144pp
150:— § :\i,,—spectrum
wavelenght shorter X =
han detector size and 100} E
bigger then

resolution

id L P | dd | L | M | n
400 500 600 700 800 200 1000
distance from source (cm)
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High precision calorimetry

Final sensitivity as disappearance
experiment depends crucially on:

Detector response: well known from
Borexino data

Fiducial volume (Calibration program in .-
2015)

Measurements of !“‘Ce [ spectrum, above
1.8 MeV (CEA)

,-Z'Activity - Calorimetric measurement will
‘reach 1% precision

* % X %

! (two measurements with different devices
:( ) Setup @ TUM/Genova
T vacuum tank water line
; Setup @ CEA ‘ g N -
Simulation of 1“Pr from nuclear database data ( \ :.Intermediate S copper heat
06 T T T T T ange —

5 ! : Temp. gauge exchanger
0s - g < A tung st.ate
I SR RO U 0 N OSSN Water . Thermal screen shield

~ ;r: = circulation o—>
L ; Z ; = ) |
2 43 L. i ] | B
¥ : el : ; X - . I~ Vessel for water
§ -l : i * pegt | circulation (3mm)
a% SRR - S IB‘:__ CelAND t
L= : = shielding O |
£ H . i i Water shielding L]
o1l _::': R ......; [ _.é,...__.. .....;......... ._..é,.__...._....__ input L f"\- — Multi |3YEF
i é é é R S—— valves, pressure gauge,
- - (NS R— N 3 turbo-pump, feedtroughs
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144Ce - SOX-CE sensitivity

3.7 Pbq '**Ce known at 1.5% and at 8.2 m from Borexino center

107

— shape-only
— rate-only

— rate+shape

"MCe - 10DKCi - 1.5y - 4.25m, 95% CL

rate only, o, = 1%
= rate +shape, o,=1% [ | anomalies, 95% CL
B anomalies, 99% CL % BestFit, PRD 88 073008 (2013)

1 L IIIIlJ] |

shape only, o, =inf.

|

] lJIIJJl

1 IlJJll.l

1

7

L

102

107

sin‘(26.,)
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.l These anomalies provide an exciting topic from the
experimental and theoretical point of view

.l Search for sterile neutrinos is challenging
-» these anomalies can be tested and either confirmed or
refuted within near future

Ll Strong anti-neutrino sources have excellent potential to
confirm or reject reactor and gallium anomalies

/A lot of experimental projects are foreseen to tackle this
point: several ideas on source experiments, only one approved

il Data taking with Sox-Ce in 2016 and first result in early
2017
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