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Limiting the effective magnetic moment of
solar neutrinos with the Borexino detector
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Outline

1. Borexino and solar neutrinos
2. (Bffective) Neutrino Magnetic Moment (NMM)
3. New Borexino analysis and results

4. Comparison to other results on NMM
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Borexino at <) JULICH
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photo: BOREXINO calibration
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Borexino solar time-line <’Y.'°H

PHASE |

_—
2007 2010 2012 2017 2018

Solar neutrinos
Be [1-3]
8B [4]
pep [5]
CNO limit [5]

References:

1] PRL 101 (2008) 091302.
2] PLB 658 (2008) 101-108.
3] PRL 07 (2011) 14130.

4] PRD 82 (2010) 0330086.
5] PRL 108 (2012) 051302.
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Borexino solar time-line <’Y.'°H

PHASE | Purification
——

2007 2010 2012 2017 2018
Solar neutrinos %Kr: 30 to 6 cpd/

‘Be [1-3] 100 tons

8B [4] 210Bj: 41 to 17

pep [5] cpd/100 tons

CNO limit [5] 2?Th/28U 10"° g/g

References:

1] PRL 101 (2008) 091302.
2] PLB 658 (2008) 101-108.
3] PRL 07 (2011) 14130.

4] PRD 82 (2010) 033006.
5] PRL 108 (2012) 051302.
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Borexino solar time-line <’Y.'°H

PHASE | Purification PHASE II
 -— 5
2007 2010 2012 2017 2018
Solar neutrinos 85Kr: 30 to 6 cpd/ Solar neutrinos
Be [1-3] 100 tons pp [6]
8B [4] 210Bj: 41 to 17
pep [5] cpd/100 tons

CNO limit [5] 2?Th/28U 10"° g/g

References:

1] PRL 101 (2008) 091302.
2] PLB 658 (2008) 101-108.
3] PRL 07 (2011) 14130.

4] PRD 82 (2010) 033006.
5] PRL 108 (2012) 051302.
6] Nature 512 (2014) 383.
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Borexino solar time-line < JULICH

PHASE | Purification PHASE I SOX
ﬁ
2007 2010 2012 2017 2018
Solar neutrinos 8Kr: 30 to 6 cpd/ Solar neutrinos 144Ce/

Be [1-3] 100 tons pp [6] 144pr anti-
8B [4] 210Bi: 41 to 17 nu
pep [5] cpd/100 tons source
CNO limit [5] *?Th/*®U 10"°g/g (sterile
nu
References: search)
[1] PRL 101 (2008) 091302. [7]

[2] PLB 658 (2008) 101-108.
[3] PRL 07 (2011) 14130.
[4] PRD 82 (2010) 033006.
[5] PRL 108 (2012) 051302.
[6] Nature 512 (2014) 383.
[7] JHEP 1308 (2013) 038.
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Borexino solar time-line < JULICH

PHASE | Purification PHASE II SOX
2007 2010 2012 2017 2018
Solar neutrinos 85Kr: 30 to 6 cpd/ Solar neutrinos 144Ce/

"Be [1-3] 100 tons pp [6] 144Pr anti-
8B [4] 210Bj: 41 to 17 nu
pep [5] cpd/100 tons source
CNO limit [5] 2Th/2%U 109 g/g A NEW (sterile
nu
References: The first spectral fit from (0.186 — 2.97) MeV!| search)
[1] PRL 101 (2008) 091302. -
[2] PLB 658 (2008) 101-108. SIMULTANEOUS MEASUREMENT OF [7]
[3] PRL 07 (2011) 14130. pp, ‘Be, pep neutrinos
[4] PRD 82 (2010) 033006.

[5] PRL 108 (2012) 051302.
[6] Nature 512 (2014) 383. See talk G. Testera on Thursday!

[7] JHEP 1308 (2013) 038.
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Detecting solar neutrinos < 12-SH

Production

1. Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle,

sub-dominant CNO neutrinos) in the solar core as electron-flavour

2. Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours
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Detecting solar neutrinos < 12-SH

Production

1. Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle,

sub-dominant CNO neutrinos) in the solar core as electron-flavour

2. Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours

Neutral current _Detection through Charged current
_ elastic scattering off electrons y _
e . Ve:vwvr e e
\ @ 1-2 MeV for electron flavour: o ~1044 cm? /
\"\ _________________ W _____ /
/ for u,t flavours, o is ~6 x smaller \
2 -
e VerVurV d_O') _ 2GFme|: 2 4 2 (1 B 1)2 _ meT] B Ve
( dT ) - 8L T 8R E, SL8R E2
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Detecting solar neutrinos < 12-SH

Production

1. Solar neutrinos are produced along nuclear fusion reactions (dominant pp-cycle,

sub-dominant CNO neutrinos) in the solar core as electron-flavour

2. Undergoing MSW-LMA oscillations, they arrive on Earth as a mixture of all flavours

Neutral current i DeteCtlo"fl through Charged current
_ elastic scattering off electrons y ,
e . VesViVe e e

\ @ 1-2 MeV for electron flavour: ¢ ~1044 cm? /

oz o T T T TR W
/ for u,t flavours, o is ~6 x smaller \
2 .
e VerVurV d_O') _ 2GFme|: 2 4 2 (1 B l)z _ meT] B Ve
( dT ) - 8L T 8R E, SL8R E2

Analysis: measurement of interaction rates

1. Constructing energy spectra of ¢“good events” reconstructed in the fiducial volume
R. Spectral fit with signal (pp, “Be, pep, CNO solar neutrinos) + background (14C + pile

up, 8%Kr,*10Po, #10Bj, 11C, external bgr.) components

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
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Example of a spectral fit

PRL 101, 091302 (2008) PHYSICAL REVIEW LETTERS 29 AUGUST 2008

Direct Measurement of the "Be Solar Neutrino Flux with 192 Days of Borexino Data

210pg(q,
™ (o) — Fit: %*/NDF = 55/60
S 102 — 'Be: 49 + 3 cpd/100 tons
py — 219Bj+CNO: 20+ 2 cpd/100 tons
= — 85Kr: 29 + 4 cpd/100 tons
X — 11C: 24 +1 cpd/100 tons
= 10
': Mono-energetic “‘Be(867 keV) neutrinos:
> : Compton-like edge of scattered electrons
£
o 1 - 11C R+
= = %y x = _
:\é = /rr . = O ‘
5 10° g =
(&) 2108i
2
10 1 1 I '} 1 1L I 1 1 1 1L I 1 1 1 I 1 1 1 I 1L 1 1 I 1

400 600 800 1000 1200 1400 1600
Energy [keV]
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Neutrino magnetic moment (NMM)

Minimal extension of the Standard Model

1. Discovery of the neutrino oscillations implies non-zero neutrino mass

2. Neutrino magnetic moment ., is proportional to the neutrinos mass m,

3m.G g 19 [ T ug = Bohr magneton
Hy = 2—\/—mu,uB ~ 3.2 x 10 (1 V) KB G ¢ = Fermi coupling constant
A2 © m, = electron mass
h
3. Considering the current limits on m,: i, < 1L Ug HB = 4;mq

That is 7-8 orders of magnitude less than the current experimental limits

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
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Neutrino magnetic moment (NMM)

Minimal extension of the Standard Model

1. Discovery of the neutrino oscillations implies non-zero neutrino mass

2. Neutrino magnetic moment ., is proportional to the neutrinos mass m,

3m.G g 19 [ T ug = Bohr magneton
Hy = 2—\/—mu,uB ~ 3.2 x 10 (1 V) KB G ¢ = Fermi coupling constant
A2 © m, = electron mass
h
3. Considering the current limits on m,: i, < 1L Ug HB = 4;mq

That is 7-8 orders of magnitude less than the current experimental limits

Further extension of the Standard Model && New Physics

1. n, proportional to the mass of charge leptons, not proportional to the mass of neutrino

2. In such extensions:

expectations reach the levels of the current experimental limits
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o (e-v scattering) with NMM > 0 4 1YL!H

+ In addition to the weak-interaction term oy, W
e appeas an addtonal secie o] YD) Her =X 107 g
ew, Proportionatto ' v(pp), Uesr = O
1 1 - ‘
d;T (Te, Ey) =7 7’8 szf <Te - Eu) %250_ ]
rp,=1.818 x 1013 cm (electron radius) g 2004 |
* U for a mixture of mass eigenstates £
- 1-photon exchange + v flips helicity (WI g 5.
and EM terms do not interfere) 2
« For T,<<E,: 0g7s ~ 1/T_, the spectrum of 3 |
the scattered electron is influenced mostly at 1007
low energies. 1
504 |
’"Be-v: strong change of the shape Difference 1.
MAJOR SENSITIVTY TO NMM for pp shapes  0-

_ 200 300 400 500 600 700 800
pp-v: the change of the shape is almost Energy, keV

equivalent to the change of only normalization
CONSTRAINING PP FLUX HELPS!
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Borexino Phase-1 and effective NMM < JULICh

Since i) solar neutrinos arriving at Earth are an incoherent admixture of
mass eigenstates and ii) NMM is intrinsic to mass eigenstates, the NMM

limits obtained on solar neutrinos represent an effective value typical

for a certain flavour composition Wers

week ending

PRL 101, 091302 (2008) PHYSICAL REVIEW LETTERS 29 AUGUST 2008

Direct Measurement of the “Be Solar Neutrino Flux with 192 Days of Borexino Data

— Fit: %?%/NDF = 55/60
— "Be: 49 + 3 cpd/100 tons
— 21°Bj+CNO: 20+ 2 cpd/100 tons

::‘:gr;Q;t:z(/igg(i;zr;s Pha;se I d&ta (200 7'2008)
' 192 days only
“Be spectrum

Uere < 5.4 X101,
(90% C.L>)

102

10

10

Counts/ (10 keV x day x 100 tons)

102

A l I I A I l I l
400

600 800 1000 1200 1400 1600
Energy [keV]
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Example of a Phase 2 fit % )0LicH

206 457 702 966 1253  Energy [keV] 2300 2970
ﬂp ~ For updated results on solar
10* s 2%Po (a)  neutrino interaction rates, see
ﬁE“C v(pp) ‘ talk G. Testera on Thursday!
1 A4
103 _l .': V(7Be)
= 4

N

Events / (day X 100 tons X 1 npe)

102 n
::"J‘- i \
- P*. ] piath o
- ; | I"'r- “ i Ii'l:]i!uul"' ‘ ik iy
10 = ‘ W'l‘- M TN
E :

TR

1 : 'E: ::.‘: E&; E‘E W, i ‘ 8 .1|,||II itk “ .l | | I I | | I I | | I O | | [Ls . 0 I
100 200 300 400 500 600 700 800 900
Number of triggered PMTs in 230 ns
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bata tOWards a new NIMM limit

1. Background reduction: *19Bi: factor ~2 and 8¢Kr: factor ~5
correlation with these backgrounds are critical for the sensitivity to u,

&. Increased statistics: 192 days -> 1291 days

Analysis
3. Extended energy range of the fit covering pp-v & "Be-v & pep-v
(from 260-1670 keV to 186 - 970 keV)

4. Improved data selection algorithm see poster S. Caprioli!

5. Better understanding of the detector response function both in the
low- and in the high-energy region: specific resolution parameters,

Cherenkov light contribution...  gee poster Z. Ba gdasarian!

6. Treatment of the pile-up (mostly 4C-14C) in the fit of the low energy
part of the spectrum (synthetic pile-up, convolution with random-data
spectrum, energy estimators in a constant time)

7. Improved Geant-4 based Monte Carlo simulation
arxiv:1704.02291 and see talk S. Marcocci on Wednesday'!
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Constraints from radiochemical experiments ==

SAGE + Gallex/GNO combined data , Phys. Rev. C 80 (2009) 1
CC-interaction: v, + "'Ga — "'Ge + e (Ey,> 233 keV includes pp-v, only e-flavour)

CONSTRAIN ON INTEGRAL v-RATE R, NOT SENSITIVE TO NMM
R=) R :Z@/ 5O (E)Pec(E)o(E)dE = Z(I) < 0P >=66.1£3.1SNU

Ein SNU = solar neutrino unit =
q -36
E.... neutrino enepgy 10-°% captures/ atom/second

i...runs through the species of solar neutrinos (pp, “Be, pep, CNO, B)
®..... Standard Solar Model (SSM) predictions for neutrino fluxes
s;(E)....solar neutrino spectral shape

P..(E)...solar electron-neutrino survival probability

o(E)...”! Ga-reaction cross section

Radiochemical constraint applied to Borexino takes the form:

RP™ ca 8 ~4% .. mostly d :
_ r~4% ... y due to Ga-o(E)
Z RSSM R =66.1+3.1+0p+0rv Sy ~2% ...Borexino FV selection

7
R,%2...Gallium experiments expected rates, re-estimated using updated oscillation
parameters [Esteban et al. 201 7]
R.B*/R,SSM. .. ratio of corresponding rates measured in Borexino and predicted in the
SSM (usmg the same SSM as for R,%®

Livia Ludnova. Limiting bite effeciive mageiic morment of solar neutrinos with the Borexino detecior TAUF 2017, Sudbury
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NEW - ITIMLM results from Phase 8 < 1YL'°H

Data selection:
Fiducial volume: R <3.021 m, |[z| <1.67 m

Profiling p with og,, for pp & Be

© 1.8F :
Muon, #14Bi-*14Po, and noise suppression 8 I
Free fit parameters: solar-v (pp, "Be) and % 160 :
backgrounds (85Kr,?10Po, ?10Bi, 11C, external X )
bgr.), response parameters (light yield, *1°Po <« 14 ,:n.ﬁj:u... u’eff <
position and width, 1'C edge (R x 511 keV), 2 RS : 1
energy resolution parameters) 1.2r° 2.8 x10 " ‘uy
Constrained parameters: 14C, pile up o
Fixed parameters: pep-, CNO-, 8B-v rates U O
Systematics: treatment of pile-up, energy 5 .:; o .\ {12/2011-05/2016
estimators, pep and CNO constraints with LZ 0'8_}. R 1291 days
and HZ SSM 0 6: 90% cht Al
Without radiochemical constraint e
Uerr< 4.0 X 101y (90% C.L.) 0'4’:'7.:’*::%::’~:::"~:::’~:::'§
With radiochemical constraint 021, "
Hett = 2'6.X 107 g (99% L) oLLia bt i rad L
adding systematics o 1 2 3 4 5 6 7
-11
U‘eff< 208 XIO MB (90% c.L.) ueff [X 10'11 l'LB]

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector

TAUP 2017, Sudbury
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W Fit with p, = 2.8 X101y, < K

226 Energy [keV] 457 702 966 1253 1567 1916 2970
| ! | | b
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Events / (day x 100 tons X 1 npe)
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Limits on NMM

NEW

of flavour states

Wese =P U2 + (1 - P%V) (COS®05 u*, + SIN=65 u*)

P, = P53 =:5in%0,. + cos*0,;P?
P?v = gin®0, , sin?(Am-=,, L/4E)

» Individual contribution of
each flavour state is positive,
so the limit on each
contribution can be obtained
by setting other two
contributions to zero

 since sin?0,, depends on the
MH, we quote for the NMM
limts the most conservative
case

Assuming
LMA-MSW

P2 for pp- and “Be-v is the same

(Dec 2011- May 2016)
1291 days

90% C.L.
from p .. < 8.8 x10 1 py:
U< 4.8 X101y,
u,< 6.4 x10 1 ug
u.< 6.8 x10 1,

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
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Conclusions and comparison to other results

Borexio has set a new upper limit on the effective NMM
Uere < 8.8 X101, (90% C.L.),
using constraints on the sum of the solar neutrino fluxes implied by
the radiochemical gallium experiments.

Experiment/authors Source of neutrinos x 1011 pg
90% C.L.

GEMMA reactor anti-v, U< &.9
[Phys. Part. Nucl. Lett. 10 (2013) 139]

TEXONO [PRD. 75 (2007) 012001] reactor anti-v, Wye< 7 4
Raffelt & Dearborn [PRD 37 (1988) 2] astrophysical sources ~0.1
Arcea-Diaz et al. [Astrop. Ph. 2015 1] (red giants cooling)

SuperK: [PRL 93 (2004) 021802] solar 8B-v above 5 MeV Wegr < 36

+ combined other solar + W< 11

KamLAND et

Borexino: [PRL 101 (2008) 091302] solar "Be-v Wesr < 5.4

Borexino solar pp- and “Be-v Ueps< .8

will be on arXive on Wednesday

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
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ﬁack'-u,p slides
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Caiias et al. based on Borexino Reer < 5.4
[PLB 753 (2016) 191 + Add. in B7585 (2016) 568] data €

Physics Letters B 757 (2016) 568

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

EI.SEVIER www.elsevier.com/locate/physletb

Addendum

Addendum to “Updating neutrino magnetic moment constraints”
[Phys. Lett. B 753 (2016) 191-198]

B.C. Cafias?, 0.G. Miranda®*, A. Parada®, M. Tortola€, JW.F. Valle ¢

2 Departamento de Rsica, Centro de Investigacion y de Estudios Avanzados del IPN, Apdo. Postal 14-740, 07000 Mexico, DF, Mexico

b Universided Santiago de Cali, Cempus Pampalinda, Calle 5 No. 6200, 760001, Sentiago de Cali, Colombia

€ AHEP Group, Institut de Fisica Corpuscular - CS.LC/Universitat de Velencia, Perc Cientific de Paterne, (/Catedratico José Beltrdn, 2, E-46980 Patema (Valéncia),
Spain

ARTICLE INFO

Article history:
Available online 4 April 2016

After the publication of this work we noticed that the uncertainties in the considered backgrounds in Borexino may affect our reported
limit on the neutrino magnetic moment from Borexino data. Indeed, we have found that a more precise treatment of the uncertainties
in the total normalization of these backgrounds results in a weaker sensitivity on the neutrino magnetic moment. This point will be
hopefully improved in the near future thanks to the purification processes carried out in the second phase of the Borexino experiment.
Meanwhile, however, we think it would be more reliable to adopt the bound on the neutrino magnetic moment reported by Borexino:
My <5.4x 107" g [1]. In this case, our Fig. (3) should be replaced by the new version shown below (see Fig. 1). There, we have added
a new region obtained by allowing the free normalization of backgrounds in Borexino. The grey region, in contrast, has been obtained for
fixed normalization of the backgrounds in Borexino. We thank Gianpaolo Bellini from the Borexino Collaboration for pointing out this issue.
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of mass eigen-states

NEW

2 £ = Z | Z 1k Ax(Ey. L))?. A, = probability amplitu@e of the k-
~ mass state at the scattering point

Generally, complicated interference terms in mass-eigenstates basis.
For the case of solar neutrinos, incoherent mixture of solar neutrinos

Dirac case: (i ;; = P pi) + Py usy + P puzs  PY = |Ai(E, L)

Majorana
aJ /‘szf P (ﬂ12 ‘|‘,U13)+P2 (ﬂ21+#23)+P (#31_'_#32)

case:
NMM is a 3x3 matrix p,_; (Dec 2011- May 2016)
Dirac case: 1291 days
only diagonal elements x1011u; [90% C.L.]
Majorana case: from p < 2.8
CPT: diagonal elements = 0 Ui;<3.4;u,,<58.1;u,;,<18.7
Mij = Wi Uo<8.8; u3<3.4;u,3<5.0

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
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pp-v analysis: constraining “C-pilep

Synthetic pile-up: overlap uncorrelated data with regular events

15t cluster
causing trigger 230 ns

I
| ‘ Uncorrelated
\After-pulsing | datgl

Trigger gate start

Trigger gate end

Raw data overimposed and
the whole lov-level reconstruction repeated

Result (spectral shape + rate) used to constrain pile-up in the final fit
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