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= Exploration of

the solar interior

- fusion rates (pp,CNO)
- solar metallicity

“ Investigation of

neutrino oscillations

- 3-flavor oscillations

- matter effects

- non-standard phenomena

Michael Wurm (Mainz) Solar neutrino spectroscopy



Solar neutrino spectrum

* based on Standard Solar Model (SSM)
. . +p—> H+e'ty, tpte— Hitv,
(SSM uncertainties on flux) pUp= 1 p+p

99.8%’ 1 ‘0.2%

pt+*H—> *He+vy

85%

10°
' !

*He + *He — *He + 2p| |*He +*He —> Be+v | |*He+p —» *Hete'+ v,

1013
1012
10™
1010
10°
108
107
108
10°
10
108
10?

2 * 15%
p+p—->“H+e +v, b 0.016%
A 4 y

Be+e > Lit+v, Be+p— Bty
7Be (i?%) B-v

Li+p— 2°He B 52 Hete'ty,

Solar neutrino flux

107 1 10
Neutrino energy (MeV)

Michael Wurm (Mainz) Solar neutrino spectroscopy




Solar neutrino oscillations: MSW-LMA  JG|u

Solar neutrino oscillations are observed via v, survival probability:

@8 07F- . 2v/2Gr N E,
a - Am?
.vacc.lum £ 064 < cos 2015
oscillations 5 L
E<IMeV 8§ 05 1.,
g_ E 1— 5 sin 2912
S “AE A > 1| matter
S o3f 5 oscillations
5 T sin“ 012 | Ex5MeV
0.2—
0.1
0:I1 Lo ! L Lo |
10 1 10

neutrino energy E [MeV]

—> Three distinctive regions:
vacuum oscillations, transition region, matter-dominated oscillations
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Solar v experiments: Observational windows

1013
1012
10" =
1010
10°
108

7
107 8p (14 /0) HZO
106

108 ,
10 Chlorine

108
102

p+p—2H+ef +v,

Scintillator
op (£0-6%) "Be (+7%)

4 A%) pep (+1.2%)

3N (& | /—ﬁ\\
\

—

150 (& A%)

Illlq I II|T||| IIIIﬂ||‘ [T

Solar neutrino flux

Gallium

| | | I | Il 1 1 lllllll J

101 1 10
Neutrino energy (MeV)

= radiochemical: Gallium, Chlorine = integral measurements
= Water Cherenkov = directionality, high threshold
= Liquid Scintillator = sub-MeV threshold, lower target mass
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Spectroscopic measurement of P_(E) JG|u

v, flux measurement of spectral components allows to map out P,_(E):

sub-MeV region: Borexino >3MeV: SNO+Super-K

DI

o
V
T

o
o))

o
~

o
W

a_llIIIIIIIIIIII|III||IIII|III|III

survival probability Pee(E)
o
(6)]

o
N

o
—

1 10
neutrino energy E [MeV]

(=]
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BOREXINO detector layout JG|U

Active volume
270t of liquid scintillator (PC)
in nylon vessel of R=4.25 m

Fiducial volume: 100t
defined by software cut

J10}2242Q Jauug

.;""'lm

Inactive buffer volume
shielding of external y-rays

','.r' 4

ve aees

Yeaae

et aileile

LU o

My

a— Stainless steel sphere
radius: 6.85 m
2212 inward-facing PMTs

g B

Outer muon veto

2.1 kt of water, R=9m
208 PMTs
muon-Cherenkov veto

40422420 J24n0
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BOREXINO detector specifications JGU

= Solar neutrino detection -

4\
elastic ve-scattering

/‘; /[ a.u.]

N ve-scallen
» “¥

= Energy resolution
~500 p.e. per MeV
= AE/E~ 5% @ 1 MeV

" Energy threshold, , &
h R
instrumental: 250 keV
analysis: ~150 keV

= Spatial reconstruction
from photon time-of-flight \
> Ax~10cm @ 1 MeV a
—> fiducial volume cut 5
Eid . P

Michael Wurm (Mainz) Solar neutrino speciigoscopy photo: BOREXINO calibration 8



Background reduction

Borexino visible energy spectrum

105 [ Basic data selection
E 1. Raw spectrum
e £ om 2. Muon cut
Z - i 3. Fiducial Volume cut
) I
— 10 = H
~ E
72 -
= -
< 10F
o~ e y
S BY L Bem) uc(zy
SO 5 "y
3 i e,
~ E 1“C (B) ’:’s,._ «W &%
[75) [ ﬁ‘l' hecrd -
E B %? By b3 . i
5 B E: TSI
2 10§ = :
O -
1IIIIIIlIIIIIIIlIIIIIIlIIIIIIIIIlIIIIlIlE

100 200 300 400 500 600 700 800 900
Number of photoelectrons
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Fit of signal and background spectra to

(gum |
g 4\ the data spectrum to extract neutrino rates
.‘g = Primary requirement: radiopurity
L Po = Residual background level: ~1 (dayton)
\%ﬁ PP
\ n
o 3
e e
\ LI 8 C c fa

(] ]
| T

. : —a
62 04 06 08 10 @ ¢2 Eyis (MeV]
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BOREXINO low-energy results

pp analysis (2014) ’Be analysis (2007/11)

_ 2
;. 104 10 = Fit: x? / NDF = 92.46 / 95.00
= pp v N —— "Be:45.75+ 171
32 MG . —— %Kr: 33.03+2.02
§ 102 10 ——— 21984:39.10 + 145
, 210pg CNO v o —— 11C:28.99+0.25
] Synthetic M-
b 10 pile-up *Kr | - ——— 20y 684.46 = 120
= 1 "Be Z1Bi —— pp, pep, CNO (Fixed)
"g 10 7 ¥ i N
H : ::' s N
2 102 \\(\[ v \ -
\ AN AALAN A\ 1
103 " — 2 107 5
214ppy | -
104 PEPV v\ I B
10—5 TR Ll co b N Lo v Ly o | 1 |\Il| 10_2 ' | |\| \ |]\[\ml T T
150 200 250 300 350 400 450 500 550 200 400 600 800 1000 1200 1400 1600
Energy [keV] Energy [keV]
pep analysis (2011)
&~ After TEC veto pep: 3,33+ 0.57 24Py (fixed) —— '1C: 248+ 0.16
"Be: 483+ 1.7 'B (fixed) —— "°C:0.18+0.07
—_— 85,
1 Kr:199+20 External y: 2.52 £0.20 flux Pee' vac

20Bi: 53.9+ 2.4

pp | 0.62¢0.11

’Be | 0.51+0.07

2
10

Number of events [a.u.]
Illll | II|III|| | IIIIIII|L‘I lIIIIIII | II|UH‘|

pep | 0.62+0.17

1000 1200 1400 1600
Energy [keV]
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SNO and Super-Kamiokande

™~ ———
..........

b

>

LS i e
| |

T

A AN

‘ ///////}//////////4 Lﬁ 17.80 M D : i1 :

/////i'////// L o . |

§ /:/
A

oaang
[

LI )]

(ES) vy+e — vy +e”
(CC) I/e —I— d —> p _|_ p _|_ e_ ‘TO’thE%Wwaw

2015 NOBEL PRIZE IN PHYSICS

(NC) Vg -+ d — P +n + Ve Takaaki Kajita

Arthur B. McDonald
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New SK-1V analysis

spallation cut

S . ) Solar neutrino event selection
S cosmogenic i
@ isotopes = = Spallation cut: correlation to parent muons
[=
S L
()
kS
o
o) _
§ | " accidentals |
[ =

' | ' ' ' ' | '

5 10

distance to muon track [m]
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New SK-1V analysis

spallation cut

3 T ' '(1) Solar neutrino event selection
S cosmogenic -
@ isotopes = = Spallation cut: correlation to parent muons
c
[«)) . .
o ® Fiducial volume cut
©
@
o) .-__..
§ | " accidentals i
c
' | ' ' ' ' | '
5 10
distance to muon track [m]
fiducial volume cut -
N 025%
10 o
2
0.2 =
()
>
159
-5 !
-10 0.05
-15 0
0 50 100 150 200
r2[m?]
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New SK-1V analysis

spallation cut

— N T 7
:; cosmogenic (1) G
8 isotopes
[
[«))
>
()
©
@
o) .-__..
§ | " accidentals i
c
: | : ’ L : | . . ’
5 10
distance to muon track [m]
fiducial volume cut -
‘N >
10 0.25%
2
0.2 =
o
>
159
-5 !
-10 0.05
'15 0
0 50 100 150 200
r2[m?]
Michael Wurm

Solar neutrino spectroscopy

Solar neutrino event selection
= Spallation cut: correlation to parent muons
" Fiducial volume cut

= Multiple Scattering Goodness (MSG) W!
for low-energy gamma BG rejection

\

MSG

N\

e

15



New SK-1V analysis

spallation cut

Lo 1 1 ' '
:; cosmogenic (1) G
8 isotopes
c
[«))
> |
()
©
@
o) .-__..
§ | " accidentals i
c
' | ' ' | '
5 10
distance to muon track [m]
fiducial volume cut -
lﬁ.1o 025§ c
o 003r
25
0.2 q=) g
> >
159 Dp2}
_'(LJ L
5 &
I >
I} L
-10 0.05 01l
-15 0 I
0 50 100 150 200 [
r2[m2] oL
-1

Michael Wurm

reconstructed direction

Solar neutrino event selection
= Spallation cut: correlation to parent muons
" Fiducial volume cut

= Multiple Scattering Goodness (MSG) W!
for low-energy gamma BG rejection

\

= Directional fit
MSG

I T
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SK-1V electron recoil spectrum

ES data spectrum divided by SSM predicted shape for 8B-v’s = sensitive to P,.(E)

o
)
o1

IIIIIIIIIlIIllIIlIII!lIIll‘lTll}ll:l]J

o
(4

ratio

Data/MC (Unoscillated)
o 2
e (&)

sin?0,,

0.25

1 | 1 L L L | L
10 15

Recoil Electron Kinetic Energy [MeV]

0.2+

(6]
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SK-1V electron recoil spectrum

ES data spectrum divided by SSM predicted shape for 8B-v’s = sensitive to P,.(E)

50.55 -

e 0 | .

= 05 =

8 = -

MSG! new o 1 -

low-energy 30 i -

datfa points ¢ + -

S 04 —

8/ [ .

0.35 -

0.3 =

spectral - .

upturn 0.25 ]

sensitive - : .

to Amz _l I | | E | | I | | | | I | h
21 0.2=5 10 15

Recoil Electron Kinetic Energy [MeV]
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Current status of P__(E) from solar data JG|U

10
0)0-8 T T T T 7T T T LI B — T T T 1 T T T =10
n® pp Be pep . GNO °B ‘Hep - QNE
i 10" ©
i 107 <
] C
vacuumose| Lo %
oscillations s T
E<iMeV 0.5 ;
f 10
0.4 110*
f 1@ matter
03 | = o °
oo [N o™
0.2 110
: =
0.1 S
410
I 12
(IR= . L . L L e L L] 10
10 1 10

v Energy in MeV

= full agreement with basic MSW-LMA scenario
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Results on solar mixing parameters (1)

T T T T T
30 I | I

—> oscillation fit driven by P, measurement of high-energy 8B neutrinos

------------------------------------------ l--l—-l—ly--V-----—VA-V ol
it IR

20
1 II 1 llllll

L

L1 lI 1 1N 11 : 1 L1 1
Sin%(0,,)=0.0219:0.0014 =

1“ 1 L 1
B T T T T I
-sin’(©,,)=0.310+0.014  Am5,=(4.8+3) 10°eV?

1
N
(e

o,
(6)]
R RALE E R
mt
.

Michael Wurm

[N
HIESSSS
W
A

SNO+SK =
SNO

________
———————

o | 2
Ay,
20
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Results on solar mixing parameters (2) JGU

] [
X 83
< 6 |
4 20
2 - A
N I R S \ e
> sm( )—03163333 Am21_(754+g1g)1o ev2 sin (@13)—00219+ooo14 ]
ul,“’ 18 sm( ,)=0.308+0.014 Am21—(485 1%) 10°%eV? ‘
o 17 8in’(0,,)=0.307*381  Am3,=(7.49+313) 10%eV?
£ 16
(4] 15 L
£ 18
13 -
12
11
10 -
9 |
8 L
7 |
6
5 all solar
g KamLAND
5 combmed R ST
10 .. Ll 1y 1020, 30
0.1 0.2 0.3 0.4 05 2468
sin(8, ,) Ay?

=> Solar results still dominate 0,,, KamLAND results Am?,,
= Solar data: mixing parameters still dominated by SK+SNO
= +KamLAND: tension in the best-fit value for Am?2,,: 5x107 vs. 7x10- eV?
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Motivations to improve on P__(E)

= Resolve Am?,, inconsistency between solar and KamLAND data
= Better constrain P_.(E) in transition region

1 \

\ Borexino-data only

0.9
. pp PeEp
0.7

0.6

0.5

0.4

P (ve = ve)

0.3

lg
' | MSW-LMA
expectation

0.2

0.1

| | | | | | | | 1 | |
10° 10*

Energy (keV)

0

DN-HII‘|I|||||||||||||||||||I1I|||III‘||II|||II|||||

—
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Motivations to improve on P__(E)

= Resolve Am?,, inconsistency between solar and KamLAND data
= Better constrain P_.(E) in transition region = sensitivity to new physics?

1 \

- \l Borexino-data only
09—
B PP pep
0.7 f—
? 0.6 E_ e TBe o
Tm 0.5 ?—---------_--"---_‘---+.‘~~\ o BB
= = 1 B
o 0.4 :— |‘\ ~~— 'I'
03 NSI? el L | MSW-LMA
| - Steriles? expectation
02—
0.1 f—
0; L ] ] ] Lo
102 10° 10°
Energy (keV)
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How to improve?

= More accurate results on low-E data
Borexino Phase-2 data (4++ years)
o ultra-low background conditions

n efforts to reduce convection in target

0.9
08
07
06

05

P (ve — v,)

04

03

02

0.1

PP

—

Om—l-ll\|IIIIIIIIIIIIII|IIII|IHII|IIII|\III|\III|IIII

Michael Wurm Solar neutrino spectroscopy

Energy (keV)
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Borexino purification campaign (2010-12) JG\U

|

loop-mode purification

- extract at the bottom

- refill at the top

- try to keep re-mixing
inside low

2) water extraction
washing LS with
ultrapure water
- removes 210pp
—> adds 210Po?

BOREXINO
scintillator

target

1) nitrogen purging
bubbling LS with
ultra-pure nitrogen
- removes 8Kr

Michael Wurm Solar neutrino spectroscopy 25



Borexino radiopurity in Phase Il (pp-v) JGU

All rates given in counts

104 o 210pg (~1) per day and 100 tons
3 -1 ~
= 10 Bx-I: 660 > effectivel
. Bx-ll:  583+2 removed by
3 Synthetic Nz purging
S 10
g 1 210Bj (+1.5)
3 o Bx-l:  41#3
2 . Bx-ll: 278
O _
<, 107 \
o .
LLI
Mu'ln NV

10~

1L TR

— [ I I I | | | | | | | | I
107 100 200 300 400 500 600 700
Energy (keV)
Natural radioactivity: 238U  Bx-I: (5.3+0.5)x10%g/g
(decay chains broken)  232Th (3.840.8)x108g/g
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New thermal insulation for Borexino

slide by N. Rossi

Top

Borexino Insulation,
(Picture: Yury Suvorov)! =

d

Bottom

2015 Dec 9yh: insulation stop
2015 Jul 1st: Water loop OFF
2015 May 15: first insulation ring 18

—> stabilize temperature gradient to stop convection = BG stabilization (CNO/pep)
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How to improve?

= More accurate results on low-E data
Borexino Phase-2 data (4++ years)
o ultra-low background conditions

. . 1—
n efforts to reduce convection in target E
09
" Day/night modulation in 8B-v rate E
current SK data shows evidence ~ 065
: e > 08
—> provides sensitivity to Am?,, b
e C
E 0.4;—
0.33—
0.23—
0.13—
ot | . L
10? 10° 10
" Energy (keV)
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8B day/night-modulation and Am?,, JGU

MSW-LMA Day-Night-effect %\ﬁz
predicts re-generation of B electron v’s ‘\
when crossing the Earth matter potential

- size of effect depends on value of Am?,,

)
o
o

3 ‘day  night
©
'50.48 - 8
e | .
50 46 é | —+ | Ve > New SK-IV data
O i ——1= : :
(23 } | H;V T +kL = first evidence (30)
B i L } 1 L T _ :
So.44 - % i ] for non-zero effect
a)
_ _ = amplitude of asymmetry
04 - ey o favors lower solar Am?2,,
"z coso, over KamLAND value
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How to improve?

= More accurate results on low-E data
Borexino Phase-2 data (4++ years)
o ultra-low background conditions
n efforts to reduce convection in target

0.9

08

= Day/night modulation in B-v rate
current SK data shows evidence
—> provides sensitivity to Am?,,

07

06

05

04

P (ve — v,)

= Lower threshold on 2B neutrinos 03
in large liquid scintillator detectors 02
—> elastic scattering data to 2 MeV? o1

|IIIIIIIIIIIIII|IIII|IHII|1III|\III|\III|IIII

o
—
(=]
w
—_
(=]
r

=]
o FTTI

" Energy (keV)
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Low-threshold analyses of 2B neutrinos

8B electron recoil (ES) spectra of SK-IV, SNO and Borexino:

% - — SK-IV
@A — SNO-LETA
© B — BX
put _
) =
E 0.8 N
- —a— ++ ::_"_I_“_—il—_"__+_r+__+_ |
0.4_— ? | ‘ | - | '
0.2— ++
_l/ 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1

/O 2 4 6 8 10 12 14 16 18

recoil energy [MeV]
[3—5] MeV data
point of Borexino: - Upcoming large-scale detectors:

low statistics (100t) SNO+ (1kt), JUNO (20kt) , RENO-50 (18kt) ...
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How to improve?

= More accurate results on low-E data
Borexino Phase-2 data (4++ years)
o ultra-low background conditions
n efforts to reduce convection in target

0.9

08

= Day/night modulation in B-v rate
current SK data shows evidence
—> provides sensitivity to Am?,,

07

06

05

04

= Lower threshold on 2B neutrinos 03
in large liquid scintillator detectors 02
—> elastic scattering data to 2 MeV? o1

P (ve — v,)

o
—
(=]
w
—_
(=]
r

o
—
o FTTI

= Utilize Charged-Current detection Energy (keV)
for direct measurement of v energy,

e.g. via 3C or isotope loading (’Li etc.)
- water-based scintillator talk by Bob Svoboda
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Conclusions JG|U

= Solar neutrinos played important role in discovery of oscillations

= MSW-LMA vacuum and matter regions well understood,
but mild tension with KamLAND data

= New oscillation/neutrino physics might wait in the transition region!
—> several access ways:

o low-threshold (CC?) and day/night effect in 8B neutrinos
o pep-neutrino line

= Running detectors (Borexino, SK) are still able to contribute
" New detectors upcoming: SNO+, JUNO, ...

= Many new ideas:
o doped/directional scintillators: LENS, THEIA ...
o noble liquids: CLEAN (LNe), DARWIN (LXe), Argo (LAr) ...
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Backup slides
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New result on 0,

sz

sin%(©5)

Michael Wurm

g 3¢ " ! | T
6 ]
4 56 !
2 !
Ao D e —
0.2 _sin2(®12)=0.326té;gg‘; sin®( 13)I=0.010‘t8-_?,§£3 | N —I__
sin*(@,,)=0.310*34% .- -
'sin*(©,,)=0.309*3314 1L
0.1
- all solar 1
" KamLAND ]
. combined ]
. SBLRN 1
0.0 _L\ | N I I - 1 I | I - . I__]_J:jj&lzq 1 1 1 3(;
0.0 0.1 052 46 8
sin’(©4,) A
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CC detection of 8B on 13C

—— MSW-LMA prediction

—— Pg.=const

Event rate, arb. units
o
(@]
—
FN

0.01

0.008

0.006

0.004

0.002

I,\)O

4 6 8 10 12 14
Neutrino energy, MeV
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