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Nuclear fusion in the Sun: the pp chain

Neutrino species are labeled after

1 4AH +2e — ‘He+2e" + 2Ue +26.7MeV the reaction in which it is emitted:
° Pp-neutrinos e« 7Be-neutrinos

pep .
——— . e 8B-peutrinos
2% p+e +p = H+v, RS
‘» B16 - Solar Model
%1012 pp [ 0.6%] xst\r/é%?):s J?)'uflr;al 835:202 (2017)
o, o, ~ 11
83.30% 2H+p i 3He+Y 16.70% 510
910" "Be [+ 6%]
*He +°He —>“He+2p‘ 0.12% | 3Hg 4+*He — "Be +y ‘ g 10° pep [+ 1%]
5108
‘ "Be+p = *B+y ‘ yel
Be D107
8 o
[7Be+e —TLi+v, 10° B [+ 12%]
10° |
4 /
10
| "Li+p — ‘He +‘He | -
|sBe' — ‘He +"He| 10%
1 A ‘ 1 - ‘
107 1 10
Neutrino energy (MeV)

~99% of the Sun energy 2



The CNO cycle

- C,N, and O act as catalyzers of the
same net reaction

- The CNO cycle has a strong
temperature dependence

N. Vinyoles et al.
pp [i 0.60/0] Astrophys. Journal 835:202 (2017)

- It becomes dominant for stars

heavier then the Sun "Be [+ 6%]

* In the Sun only about |-2% of pep [+ 19%]
Energy is produced by CNO cycle
- The 3 neutrino species (3N, 50, Bl 12
|

'7F) emitted by the CNO cycle
reactions have never been observed
so far.
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Why measure solar neutrinos?
Astrophysics

Original motivation of the first
experiments on solar v was to
test Standard Solar Model (SSM)

;IIIIIIIIIIIIIIIIIIII FEEEEEEEEEEEEEEEEEEEA

. Study of the details - : Solar neutrino
: of v flux - : problem :

Particle physics

Solar v experiments played a
major role in the discovery of
oscillations




Solar

neutrino detectors
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We learned a lot...

Global analysis of
oscillation data

8.5
* Confirmation of the basic energy production
mechanism in the Sun < 8
. K',E’ 7.5
e Solar Neutrino Problem was solved: =
5,
* Evidence of v oscillations

* |nteraction of v with matter MSW

____..but we are still measuring

Water Cherenkov:
Super-Kamiokande

Liquid scintillator:
Borexino
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Why still measure solar neutrinos? (1/2)

|. Particle Physics interest: confirm LMA-MSW

= P, should show aVacuum-to-
Matter transition

= Non Standard Interactions
could modify P_, in the
transition region

* Precise flux measurements of
single spectral components

= Measure 8B with low threshold

* Have good accuracy for the
lowest 8B energy bin
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Why still measure solar neutrinos? (2/2)

! 2.

Astrophysics interest: the metallicity puzzle

! indicates lower values of surface solar metallicity (LZ)

e Since 2001:a new 3D analysis of spectroscopic data from photosphere

e But solar models reproducing these new LZ values disagree with

helioseismology data

 B16.GSos v flux AGSS09met
0.010- __ B16-AGSS09met - (4

10 (o)

'~ Sound speed PP 5.98 (1+0.006) 6.03 (1:0.005) x 10 +0.8%

0.005 pep 1.44 (1£0.01) 1.46(1+0.009) x 108 +1.4%

: _ "Be 4.93 (1£0.06) 4.50 (1+0.06) x 107 -8.7%

0-0007 < ! 5.46 (1+0.12) 4.50 (1£0.12) x 108 -18%

‘ ‘ ‘ 13N 2.78 (10.15) 2.04 (1£0.14) x 108 -27%

00 02 R 0® *¢ 1 10 2.05 (1£0.17) |.44 (1£0.16) x 108 -24%

Solar v fluxes are potentially sensitive to the Sun metallicity




Stainless Steel Sphere:
e 2212 PMTs

« ~ 1000 m3buffer of pc+dmp
TR ¥R (light quenched)

w| Scintillator:
278 t PC+PPO (1.4 g/l)

Water Tank:
y and n shield

Nylon vessels: ’
(125 pm thick) “
Inner r:4.25 m

Outer r:5.50 m

u water C detector
208 PMTs in water
2100 m3

(radon barrier)

3800m w.e. of rock shielding
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Borexino data taking campaign [row

May May Oct. Jan
2007 20 I O 20 I I temperature 20 I 7

stabilization

J\ J1 J\ | ]

Y . | !
: Purification
Preparation Phase | Phase 2 Solar neutrinos CNO
Solar neutrinos * pp V: It observation (Nature 2014) Campaign

e seasonal modulation of 'Be v
(Astr.Phys. 92 (2017) 21)

e 7Bewv: |5t observation +
precise measurement
(5%); Day/Night
asymmetry;

* Comprehensive measurement of pp-
chain solar neutrinos:

Nature 562,505-510 (20138)
* more details pp, 'Be, pep: arXiV:1707.09279
* more details 8B: arXiV:1709.00756

NEW! E

* pep Vv : It observation;

e 8B v with low
threshold;

e CNO v :best limit;

6 cycles of water extraction



Borexino’s solar neutrino signals

Elastic scattering on electrons v, + e > v, + e-

Spectrum simulation

Total spectrum

10 I
— v(®B)=0.46 cpd/100 tons
—_— Be),,, = 1.968 cpd/100 tons
S ————— v('Be)_ =46.032 cpd/100 tons | Pep AV
2 ———— V(CNOV% 5.36 cpd/100 to
= B 2 s
x
» 107 J— 7B
5§ E ev
o =
2 g2
E

0 E PP V
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2 10° = e s
= E &
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200 400 600 800 1000 1200 1400 1600 1800 2000

Energy / keV

So, what we see is only the energy carried away by the electron,
NOT the total neutrino energy



The Borexino Energy spectrum

n 8

c 107 . :

= = 4C (B Basic data selection

s 107 E |. Raw spectrum

é 168 - | 2. Muon cut

= i/ 3. Fiducial Volume cut

N
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102 = ®Kr (B")
| 21085 (3 Exterpa
10 i:i 1 1 1 1 I 1 1 1 1 I 1 1 1 III(I 1 I) 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I l\‘LLJlJHl 1 I ] o 0 | R
O 100 200 300 400 500 600 700 800 900 1000
Npmts_dt1

Energy estimator: # of hit PMTs | MeV

12



Borexino performance

For each scintillation event Borexino records

-
"—— --~

Number of collected _ / G(E) 5%
photons Energy \\ =
[photoelectron yield ~ Neal _V . /

500 p.e./MeV]

‘——-—-
“\

/ G x)  10cm ™
Time of arrival each ‘ Position \ ( ) \/—
/

photons \ X

\ ~~~—_——’
Pulse-shape TN
. . . . § (0. ﬁ ﬁ+ J
discrimination " s

-_-——’




' New wide energy range analysis

(7p) [— [} [
810 ' : improved :
2 = , knowledge of |
{ D102 PP Be, pep energy :
2 = analysis analyses response overa |
= 10_3 = I ( > . I
= = (phase-I) wide energy I
10~ é_ : range (incl.u.cling :
= non linearities, I
10°° E- : non :
— 1 uniformities, ...) |
10° | '
= l
107 - : - - :
= e this analysis 5]

1 0—8 _E 1 : 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1| 9|O|-|2|9$OI kle\l/l 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :I 1 1 1 1 I
O (6] 0) 200 300 400 500 600 700 800 900 1000

Npmts_dt1
Data-set: Dec 14 201 |- May 21t 2016 Total exposure: 1291.51 days x 71.3 tons



C rate u+"C = u+""C +n
(28.5 % 0.5) / l ~250us
cpd/ 100t ~30min
"C—="B+e* +v, n+p—=d+¥,,,.

neutron
capture
point

New algorithm:
1C tagging efficiency (9214)%

~64% of exposure preserved

The likelihood that an event is ''C is computed from:
|. Space-time distance to the u -track

Number of events
)

2. Space-time distance to the neutron
and to the neutron-projection on the track

3. neutron multiplicity

4. Muon dE/dx
1 - - 1 100 200 300 400 500 600 I 700 800 I 900 1000
(in phase-1 we used a hard-cut based algorithm) N0 &g
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. Fight ''C: Pulse Shape Discrimination

Hit Emission Times (Run 8622, Event 272752)

\ F
''C decays 8 *! SO % 5 F)Ar’;':;:lat'°" vs
| g _Scintillation
The scintillation time profile is different for | ey e light decay
e” and e* for two reasons: i T S e e X
|. in 50% of the case e* annihilation is § Sl 2148
delayed by ortho-positronium g “Com
formation (t~3ns) .
2. e energy deposit is not point-like
because of the two annihilation -
gammas — | N B lLM]Hﬂ 1
e i

norm likelihood

|dentified a new pulse-shape variable: PS-Lx
[the normalized output likelihood of the position reconstruction algorithm]
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Multivariate fit
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Maximize a binned likelihood
through a multivariate approach
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| 14C (Bq/100t)  40.0%+2.0

iE

=

-8 8Kr 6.8%+1.8
g 210B; 17.541.9
‘; Ile 26.8+0.2
- 210pg 260.0+3.0
0

X Ext 90K 1.0+£0.6
jf Ext 214Bj 1.940.3
& Ext 208T| 3.30.1

238U (from 2'4Bi-Po) < 9.4 1020 g/g 95% C.L.
32T (from 2'2Bi-Po) < 5.7 1019 g/g 95% C.L.

Number of events\

Borexino Phase-|l backgrounds

factor 4.6 reduction with respect to Phase-|

—
Q

—
e

factor 2.3 reduction with respect to Phase-|

/ “‘\n\,,.v*”" Y

Borexino’s core is the
radio-cleanest spot on Earth:
over |10 orders of magnitude

below typical radioactivity levels

Phase | (2007-2010)
Phase Il (2012-2016)

I'IOO 200 300 400 500 600 700 800 900 1000

Npmts_dt1




' Whole ene

rgy range fit results

Borexino results

expected HZ

expected LZ

Uncertaincy

: Rates cpd/ 100t cpd/100t cpd/ 100t reduction
P p p
1 |pp 134 + 10%6_, 131.0 + 2.4 132.1 + 2.4 0.78
7Be(862+384 keV) 483 + 11704 478 + 29 437 + 2.6 0.57
pep (HZ-CNO) 2.43 036015 2.74 + 0.05 2.78 +0.05 0k
pep (LZ-CNO) 2.65 + 0.36*015 2.74 + 0.05 2.78 + 0.05 '
FI Borexino results expected HZ expected LZ T
uxes (cm2s7!) (cm2s!) (cm2s!) y
compare
PP (6.1 +0.5%03 ) 100 5.98 (1 0.006) 10'° | 6.03 (1% 0.005) 10'° Eo ou',).
7Be(862+384 keV) | (4.99 £ 0.13+097 Yy 10° |  4.93 (1 0.06) 10° 450 (1+ 0.06) 10° | previous
0.10
pep (HZ-CNO) (127 £ 0.19+008 | ) 108 [ 1.44 (1% 0.009) 108 1.46 (1% 0.009) 108 results)
pep (LZ-CNO) (1.39 £0.19*098 ) 108 | .44 (1% 0.009) 108 .46 (1+ 0.009) 108

Nature 562, 505-510 (2018)




Evidence of pep V signal

NSO T T T T T
4605 CNO fixed to LZ solar model E
Applying more stringent cuts on FV and on ;\ CNO fixed to HZ solar model //
! the pulse-shape variable PS_L,; we can 50?\ / ]
actually see the pep n shoulder! a0 \ // .
30/~ ]
N L \ / ]
400 500 /4 " 700 800 900 oo\ / -
e 7 45 L O R R B A B - / .
A0.16{ 210g; : \ / ]
SOl | | 7Be TS o " N4 :
2012# \‘ \ CNO - Ext. Bkg. O:\ AR
- - 1 (0] 1 2 3 4 5 6
§ 0.1+ ‘ T u ‘.‘ pep pep rate (cpd/100 t)
X 0.08= 1
© n ‘
£ 0.06 !
- i
e 0.04— IR . .
g o G e 50 evidence of pep signal
OB T e BT P, M| (iNCluding systematic errors)
1000 1250 1500 1750 2000 2250 2500

Energy (keV)
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°
PP pep
p+p —>2H +e++ve 99.76% 0.24% p+e-+p —)2H+Ve

’ "Li+p — “He +*He ‘

“Be” - ‘He +'He

From Borexino new flux
measurements:

R=0.18 £ 0.02

. A probe of solar fusion

The competition between pp-l and pp-ll
branches of the pp chain is given by the ratio:

2 d(’'Be)

B <3He + 4He> B
B (PHe+ He) ®(pp)—( Be)

R =

From the pp and ’Be fluxes it is possible to
determine the ratio R

An important experimental test of the solar
fusion

Theoretical predictions:
R(HZ)=0.18 £ 0.01
R(LZ)=0.16 + 0.01

21



Enlarged FV (most of scintillator)
Data of Phase I+11:2008 = 2016
Exposure:1.5 kt y

Fit of radial distributions in two energy

ranges: LE: 3.2-6MeV,,, IS KRN U RARRRRNRRE BN RRRNRENRNE R SRRSRES =
Mean Venergy:7.9 MeV 3 [ =i

H E: 6_ I 7MerIn % L Neutron captures n

[aV] 10 =

Mean V energy:9.9MeV 5 ¢ :

< L -

Rup= 00335998 (stat) B (syst) cpa/00t, 2 F .

Rup = 0.087F0:010 (stat) +0-905 (gyst) cpd/100t, 85

Ripinr = 0.22059018 (stat) T390 (syst) cpd /100 t. ok e o

I Updated ®B neutrino

flux

—k— Data
———— Model
—— ®B solar-v
———— Neutron captures
2957): bulk
— 2°°T): emanation
29571: surface

1

TTTIT

T

—
(=]
©

T |[IH||| T IllHHl T IIHHIl

10

counts /1494 d/ 227t/0.10 m

| IHHIIl | IIIHHl | IIHIHl | IIHHIT

Radius [m]

SuperKamiokande

2.345 £0.014 +0.036 x 106 cm=2 57!

Previous Bx

2.4 +0.4 x104 cm2s!

This measurement

2.55 +0.18 +0.07 x 106 cm-2 s-1




Global fit of all solar, Kamland
reactors, and new Borexino

results l

Jge = ﬂ =1.01=0.03
D(Be),,

Jr = ﬂ =0.93+0.02
DP(B)y,

5.5 x 10° i SSM-HZ

5.0x10%F

(em?2s™)

8 4.5x% 109

“Hint” towards High Metallicity?

LZ disfavoured at 96.6% C.L.
(BX only)

GLOBAL

Borexino

4.0x10%F SSM-LZ

3 x 108 4 x 108 5x 108 6 x 108 7 x108

@y (cm2s™)

* Note:only | o theorethical uncertainty

in the plot

* Important to reduce the theorethical
uncertainty



st Survival probability meas. by Borexino

Borexino only (assuming HZ-SSM)
* P.(pp)=0.57%0.09

pep
205 } « P_(’Be,862keV)=0.53+0.05

8B

Be

o

\‘
NEARENREEE

O

b -
i i

0.4 3 ¢ P.(pep)=0.43%0.11
L *oscillation parameters from: |.Esteban, MC.Gonzalez- ] e 8 — +
O-3E" Concha, M.Maltoni, | Martinez-Soler and T.Schwetz, journal E Pee ("B, 8.7MeV)=0.37£0.08
— of High Energy Physics 01 (2017) .
1 1 1 1 1 1 L1 I 1 1 1 1 1 1 1 1 I
0.2 1 10
Neutrino energy (MeV)

The whole pp-chain is measured by the same experiment!



Beyond solar neutrinos

e Neutrino magnetic moment, PR D96 (2017) 091103
e Geo-neutrinos, PR D 92,031101(R) (2015)

e Correlation with GRB, Astropart. Phys.86 (2017) ||
e Correlation with GW, Astrophys. . 850 (2017) 21

* SuperNova neutrinos

e Muons and cosmic backgrounds

NEW! 10y update

arXiv:1808.04207
(will appear on JCAP these days)



| Oyr muon modulation anaIyS|s

& a0
. o, 4600 — —— Borexino Muon Data

|6t May 2007 - 16t May 2017 g o |—s . aIMos:lIt Fit
: 9 2440 | | i 1‘ | U ” | | I
I,(t) = I, + 81, cos <?(t—t0)) °’ N' r‘ W | FREh AT |§|| M‘| || | };]“ |!f PN
RUWAL AT LA A N
T = (366.320.6) d b | ’ ’ | 'i
to = (1748+3.8)d. ¢ i " i W ]
§ o i'W | V |
\ June 25th T 2\ IM. M WMM m m W MM I //

6= 4 v v v oy vy )

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

51,“ — (58 9+1. 9) d™ 1 (1 36 £0. 04)% [check the paper for neutron modulation]
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Deviation from mean

-1

|Oyr muon modulation analysis

N ON D OO

N

0Ju|/201 4

" 1 "
Dec/2014

L 1 L
Jul/2015

" 1 "
Jan/2016

——— Experimental o.
Theoretical o,
2 Fit

Best Fit Value: r,, .

=0.11

+0.11

T -0.07

0.2 0.25 03
Atmospheric Kaon to Pion Ratio M

Modulation
in agreement
with
atmospheric
data.

allows to
measure kaon-
to-pion ratio...

+0.11

"k /x = 0. 115507

rK/rx = 0.149 £ 0.06

Error halved
on correlation
parameter,

..and
compare it
with
existing
measurem
ents

ALY (%)

10

— — Data

bt L |

— ;=0.90 = 0.02

1 2 3
AT, (%)
5
X 025~ e Borexino (this work) (p+A_ )
: « MINOS (p+A_ )
L @ IceCube (p+Aam)
oz~ v NA49 (Pb+Pb)
[ % STAR (Au+Au, K/x)
L m  E735 (p+p)
0.15— %
o - + oy
0.05—
[ \/g = (190 + 28) GeV
oL el |
10° 10°
Vs [GeV]
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- %
1=
MR

— Cosmic Muon Data

Ay

ﬁ

L~ muon

flux
only

&

4

10
Period [d]

99.5% C.L.
Temperature Data

LURRLLL B

LSRR LU R L | ]T T

not in T!

~

4

10
Period [d]

Average Muon Flux [d]

|Oyr muon modulation analysis

4360 :_ Borexino Muon Data
E Long-Term Modulation Ampl = (034i004)%
4350 —
43401—
4330—
4320 (<
43101— _
= Tiong=(8.25+0.82)yr
4300—
i | 1 | 1 | 1 | 1 | 1 | 1 I 1 | 1 | 1 |
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

[check the paper for a speculative investigation
on a possible correlation with the solar cycle]
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S .n!
Bas,

| What about measuring CNO?

\ ! N:S
_ « with this analysis we has set limits

—— pp/pep fixed to HZ model
25— ‘

20—

15—

Borexino result Expected HZ Expected LZ

10—

<8.1 95%C.L 4.91+0.56 3.62+0.37

CNO v cpd/100t ¥ cpd/100t cpd/100t 5

0 2 4 6 8 10 12 14 16
CNO rate (cpd/100ton)

e but can we make an actual observation?

 see next talk by Davide Basilico
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Conclusions

* We are approaching |2 years of Borexino running with:
> Unprecedented backgrounds
> A thorough calibration-tuned MC effort
> A new wide range multivariate fit strategy

e Borexino alone has performed the full spectroscopy of pp-chain
neutrinos

o 7Be flux at 2.5% uncertainty (stat+sys)

° 50 evidence of pep neutrinos

o test of Sun’s nuclear processes and its long term stability

e  Stay tuned for more results! Thank you /[or your attention!
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The Standard Solar Model(s): SSM

* Most recent Standard Solar Model (SSM) is named B16
*  N.Vinyoles et al., Astroph. Journ. 835 (2017) 202

e previous version was SFIl (2011)

* Model the evolution of the star from formation until now 4.57 10%

* assume equilibrium between gravitation and pressure
* Input:

* Solar Luminosity and Radius

* Homogeneous mixture of H, He and “heavy” elements: X. Y. ., Z. .
* Oyt :Pparameter entering in the description of the convection _ Dansiy (k)
» Cross sections for nuclear reactions (S factors) -
e Opacity
* Observables:
* Helioseismology T.m}i..-m

* Solar Neutrinos 33



Solar neutrinos on Earth

* Neutrino rate emitted by the Sun: N =
1.8 1038 v/s

* only electron flavor neutrinos
are produced in the Sun

* How many do reach the Earth?

2 neutrinos
produced per reaction

1 2L

4H +2¢ —"He+2e" +2u, +26.7 MeV

Luminosity of the Sun:
3.846 - 1026 Watt

— 6 x 1019%cm—2s~!

D, =~
“ 4nDg (Q — (Ey))

Distance Earth-Sun:
~ 101!
1.5 -100" m ~26.7 MeV

Energy released Energy carried away by v :
in the reaction: ~0.3MeV



-__'
S\

December =~

2
R(t) = Ro+ R [1+60082%(t—¢)]

count rate in ’Be region
[215,715]keV

Expected yearly modulation due to Earth’s orbit
eccentricity € = 1.67%

September

_.30d binning

1200 1400

Time [davs]

Confirmed
by Lomb-

Lomb-Scargle Power

Eccentricity € = (1.74 £ 0.45)% Scargle

Period T = (367 + 10) days
Phase ®@ = (-18 * 24) days

Borexino does indeed observe neutrinos from the Sun!

S = N LW kA U N

1.6 1.8

Frequency | 1/yecar]
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Radial distr. Pulse shape

Fit strategy (o gammas) 7 (1C)
] 7 /

L(¥)= lLsub (D) Ly (ﬂ') 'L, (9) LPS—LP,, ()

Maximize a binned likelihood

L Y
through__ a multivariate approach Energy
Monte Carlo Analytical
* Full simulation of energy loss, detector * Analytical model to link E to N .., Ny, N
geometry, optical PhOtOI‘lS (scintill_ & (including scintillation and Cherenkov light)
Cherenkov), PMTs & electronics response. e Models the E resolution

* Tuned with calibration data =» sub% accuracy *  Free fit parameters:
(Astrop. Phys. 97 (2018) 136 -159)

* Included known time variations of the
detector (vessel shape, PMT status)

* solar v and background rate

* 6 model parameters: Light Yield, 2
resolution param., position & width of

* Only free parameters: 219Po peak, start of the ''C spectrum

e solar v and background rate .

Possibility to descrive unknown time variations
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Example using the analytical fit

Zoom to the low energy region (200-830) keV

] 100 150 200 N"’ 250 300 350
! 2 I 1 1 1 I 1 I 1 | 1 1 1 | 1 1 1 | 1 1 1
10 __14¢ 210,
—_ 210 85
£ o PP Be Po —"Kr
Z 10
X
P A
S 1E
% =
% L
S 107
O e\
-‘UE) 2 ~ \\ I~
¢ 107\ ==
T, =
10_3 §_ 1 l 1 1 | 1 1 1 I 1 1 1 I \\ 1 1 1 I 1
300 400 500 600 700 800

Energy (keV)
Energy estimator: npmts_dt2
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Sources of systematic errors

Two methods to take into
account pile-up:

» Effects of non perfect
modelling of the detector
response;

* Uncertainty on theoretical
input spectra (2'°Bi)

™

85Kr constrained to be
<7.5¢pd/ 100t (95% C.L.) from
Kr-Rb delayed coincidences

pp ‘Be pep

Source of uncertainty -% +%| -% +%| -% +%
Fit method (analytical/ MC)|-1.2 1.2 -0.2 0.2 |-4.0 4.0
Choice of energy estimator |-2.5 25|-0.1 0.1]|-24 24
Pile-up modeling -25 051 0 0 0 0

Fit range and binning 30 301(-0.1 0.1] 1.0 1.0
Fit models (see text) -45 05]-1.0 02|-6.8 28
Inclusion of **Kr constraint | -22 22| 0 04]-32 0

Live Time -0.05 0.05(-0.05 0.05{-0.05 0.05
Scintillator density -0.05 0.05(-0.05 0.05{-0.05 0.05
Fiducial volume -1.1 06|-1.1 0.6]-1.1 0.6
Total systematics (%) 71 47 1-15 0.8(-9.0 5.6
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Improvement of the new analysis

Uncertainty
reduction
Phase | Phase |l Phase II
Phase 1
PP 144 + [3+10 134 £ 10*¢ 0.78
7Be(862keV) 46.0 £ |.5%1% . 463 £ [.1704 0.57
(HZ) 2.43 £ 0.36"%> ,,
pPep 3.1£0.6£0.3 0.61
(LZ) 2.65 + 0.36*%!° .,
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PSD (Ol / B ) Projection . - » T

0.2

Counts

E 10! e 0.15 10
(o] E 0.1 1;_ L . L | | ”l
. | R= 102 -0, 0 002 004 006 008 0.1
g E 0.05 3 Gun
g F = of ;
3 L s AT N
2 E 24Py (1) < e e e
R C - . 1
= F 0.03 B-like dat :
1
B 10 E -0.1 pep-v MC E
= -
= - 21413 W
% C Bi (B) -0.15 selected events
= -5
2 10 0.2 Il ISP I IPEFIPIT IPEPUPIT IPEPUPET PN PR e
EO 100 200 300 400 500 600 700 800 900 1000
el b b b b by s b by bvw g o by
0 100 200 300 400 500 600 700 800 900 N p
Time [ns]
10°
. — All data after basic selection cuts
10 — After fiducial cut
10° — After statistical subtraction of a‘s

<> Bin-by-bin statistical subtraction

10?

<> Formerly based on Gatti filter

<> Now improving with Multi-Layer-
Perceptron algorithm

Counts/(5 pe x day x 100 tons)

L L L 1 " L L 1 L L M 1 L L L L L L
[o] 200 400 600 800 1000
Photoelectrons [pe]

40



| «_,30
Limits on CNO v ol T oz
. —— pp/pep fixed to HZ mode
| [ | O = |
. : 20/ -
Problem: CNO is highly :EJ h 5% 15;
correlated to pep and 2'%Bi 10 = F
background B B
Strategy: constrain the ratio e 5
pplpep to 47.7¢1.2 - S el
* Include oscillations LMA-MSW 10 = = | CNO rate (cpd/100ton)
Toy MC study of the - injected CNO-HZ:  “y - |
" ) - (4910.56) cpd/100t ||
sensitivity: 95% CL is T Includi :
- cluding systematics B e oo S—
9 cpd/100t for LZ o 2 ae e 146 18 20
10 de/ 100t for HZ CNO rate (cnd/100 ton)
Previous limit (Phase I): Borexino result Expected HZ Expected LZ
7.9 cpd/100t CNO ¥ <8.1 95%C.L 4.91+0.56 3.62+0.37
(but with pep fixed!) cpd/100t v cpd/ 100t cpd/ 100t
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Calibration and Monte Carlo

* 0.2
L 0.22
! ° 2008-2011: 4internal + = °’H e
. . = T Data
d | external calibration i Number of Pmt hit (energy)
~— Positions of all runsw campaigns 0. 1208l C and Calibration source in the center
400 ® T - Inner Vessel
- e Veme © RN, neutrons, several
el SRR ' gammas
A ‘ e
200 (& 1 . .
: SR * 184 locations covering
“ ! 4
1 . L the whole Inner Vessel
0.0 F .ﬁ::a. iax P ‘.' . o . —_ o-af :
R * Tuning MC for position, ® ol J i ] i
R e /] energy and PSD Q i
‘: ah AA v = ;
-200ta A R AL [ A 2R, 1c ‘:5 o2 .
ass oé : EAosmligBe @ 4«'3‘ DATA and MC: 210pg peak energy ;
300§ anst ah :"Cco T -0.sf—1p various positions
ool “ * sssr o 63 inside the inner vessel 1
. ® 555,46577+99Co B! i i 1
Y SMn+OK | IR RS AU TS R
-l Astropart. Phys. 97 (2018) 136 e s ! S adius (m)
000510 15 20 25 30 35 40 45

distance from z axis (m) 42
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As neutrinos are massive, they can also have a MM
An EW term could show up in V -e scattering

dOem(T E Y — 7 12 12
e v) — o’
dTe ( Y ) 0 eff
Energy [keV] low energy
500 1000 1500 2500
10° E ' I r T ] ‘2‘°|‘3i L R L 7/ are
5 [ = sensitive

104 External backgroun
x o E == ka5 Be
2 r —— (Bo) ("Be. pp)
2 107 ; z{pl?j) magnetic moment
8 s /  \ vEpp) )magnetic moment
~— - vipep . .
x N VIONO) s Fit with
% 10 = .l i d.ff
S E \ { s | Irerent
—~ kbl
L o o values of
o : P
> h f | u
L ' eff

1 i |
NG

Limit on Neutrino Magnetic Moment

[effective as it refers to the
admixture of mass eigenstates
reaching Earth]

©

o,

A Likelihood

N

=}
o
OH\‘H\‘\H‘\H‘\H‘\H‘\H‘\H‘ TT

N
©
IS
-
o9
=
)
)
=N
@

likelihood
profile

[N

o
©

o
~

o
S

o

Yo < 2.8x10" p o at 90% C.L.
about 2x lower than phase-|
best limit for
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