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Neutrini Sterili

Molte estensioni del Modello Standard
comportano singoletti del suo gruppo di gauge

Neutrini sterili studiati in diversi contesti:

 GUT, modelli see-saw, leptogenesi

e TeV, produzione a LHC e impatto su EWPOs

e keV, candidati di dark matter

e eV, anomalie negli esperimenti di oscillazione SBL
e sub-eV, reattori LBL e neutrini solari

31/03/16 Antonio Palazzo, UNIBA & INFN 4



Neutrini sterili
leggeri

Grande interesse
nella comunita
scientifica
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Anomalie agli esperimenti short-baseline:
una review critica
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Le anomalie agli acceleratori SBL

(apparizione di v, in un fascio di v )
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Anomalie dei reattori e del gallio

(sparizione di v,)
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Mention et al. arXiv:1101:2755 [hep-ex] SAGE coll., PRC 73 (2006) 045805

Entrambe sono discrepanze nel rate totale

Sistematici ignoti potrebbero essere responsabili
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Nessuna sparizione SBL di v,
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Solo limiti superiori (sino ad ora)
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E l’ipotesi del neutrino sterile in grado di
spiegare simultaneamente tutte
le osservazioni effettuate nei tre canali?
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Come introdurre un neutrino sterile

schema 3+1
vs |Ugal ~ 1
vV, N
schema 3v \ 3
2
Ve oV, Vv, Am14 ~ 1 eV?
Amgtm V3 | I W |

AmZ V2 e — Vs,
I
so | v . ——
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Tensione apparizione/sparizione

341

Giunti
&
Laveder

amg, eV

arXiv:1107.1452

o * 4|Ue1|02_|2uu4|2 -
V= Ve pos!t!vo |Uoal U4l >0
Ve => vV, positivo U4l >0
v, -> v, negativo U4l ~0

1
sin? 20, ~ 1 sin? 20, sin? 20, ~ 4|Ue4|2|U,LL4|2
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Un problema “indecidibile”

1,2,30 contours Apparizione e sparizione
| compatibili solo a livello 20

Tuttavia, la loro combinazione
migliora di ben 60 il fit rispetto
al caso 3-flavor standard

Difficile prendere una
decisione sui neutrini sterili!

= DIS
P

— AP
— GlLo

]W Solo nuovi e pil sensibili
esperimenti potranno farlo ...
3v limit

Figure from Giunti & Zavanin, arXiv:1508:03172

31/03/16 Antonio Palazzo, UNIBA & INFN 13



La pistola fumante

Pattern di oscillazione (in energia e/o distanza)
Una opzione promettente: SOX a Borexino
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M. Pallavicini @ Neutrino 2012

Molti altri progetti in fase di studio
Una osservazione positiva di SOX sarebbe solo

I’inizio di una avventura nel mondo dei neutrini sterili! ...
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Neutrini sterili e CPV:
una nuova sfida per gli
esperimenti long-baseline
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Matrice di mixing nello schema 3+1

U=R34 Ry R4 R3 Ri3R 5
3v

~ S;; = sin 6;;
CZ S.s ~ Cois S (¥ ]

_ J 1] _ 1) 2]
Rij — [ ] Rz’j — [ = ] Cij = C0s 0;;

" " K Sij = Sij

3 angoli di mixing 6 3+3N
3v < 1 fase di Dirac 3+1 5 3 3+N § 1+2N
2 fasi di Majorana 3 2+N

In generale abbiamo piu sorgenti di CPV

¥}
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Una limitazione intrinseca degli SBL

Agli SBL le oscillazioni atm/sol sono trascurabili

£ om A1o ~0 oL Am?L
E  MeV Az ~0 ST

Impossibile osservare fenomeni di interferenza
tra la nuova frequenza (A, ~ 1) e le frequenze atm/sol

Questo e rilevante perché abbiamo bisogno
di osservare tali fenomeni per misurare
le nuove fasi di CP indotte dagli stati sterili

Gli esperimenti long-baseline (LBL) ci vengono incontro
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Esperimenti LBL: T2K & NOvA

J-PARC
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Probabilita di transizione in 3-flavor

(come misuriamo J)

PSV — PATM 4 PSOL 4 PINT

Vp—le

nel vuoto:

ATM _ 42 2 o2
P = 4554573 8in" A

SOL 4.2 2 2 2
P = 4012023512(04A)
pINT

= 8823813612623812(QA) sin A COS(A + 5C’P)

2

B Ams,

= 2
Am3,

_ AmglL

A
4E

PA™ Jeading = 0,5> 0

A~mn/2
a ~0.03

P'NT subleading > dipendenza da

PSOL trascurabile

Gli effetti di materia rompono
la degenerazione tra NH & IH

31/03/16

_E =0.6 GeV
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—— INT
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— best0,;
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0.15 0.2
sin 203
E IE T
< o.sF NH -
of amizo 3
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= - PDG2012 1o range
-1C .
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“050.5 E IH —f
oFf =
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Prime indicazioni su CPV & MH

T2K (v.+7,) & NOVA (v,)

31/ ononS|s TZK NOI/A & R’eoctors
1T \ =

v T T
0.5 |- = NH E
S = = LBL + Rea ]
13 = 1 F E
~ °F LBL e8| | E
- 90% {1 E — 68%
—0.5 Rea 1 E — oom
- ST \ [ R R

—1

I

0.5 |- 4 F H
) - 1 F ]
2 (O] R - -]
7V - 1 E .
—-0.5 | 4 B —
_1:”” S e
0 0.1 0.2 0.3 0.40 0.1 0.2 0.3 0.4
- 2 - 2
sin® 219,53 sin® 2193

A.P., arXiv: 1509.03148 to appear in PLB

- Lieve preferenza per CPV (90% C.L.)
- IH leggermente sfavorita rispetto a NH (90% C.L.)
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Probabilita di transizione nello schema 3+1

- Ay,>> 1 : oscillazioni veloci sono mediate
- Informazione su Am?,, persa (differentemente dagli SBL)

- Differentemente da SBL, interferenza di A, & A;; osservabile

Sq3 ™~ Sq4~ Sy, ¥ 015~ E
o = dm2/Am2 ~ 0.03 ~ €2
PATM ~ 4833i3 sin® A 0(82)
PIINT ~ 8323523023312612(0_4_?) sin A cos(A + 913) 0(83)

P;lg ~ PATM n PIINT i PIIINT

Sensibilita alla nuova fase di CP §,,
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Un nuovo termine di interferenza nello schema 3+1

N. Klop and A.P., PRD 91 073017 (R015)
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3v limit
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Impatto sul numero di eventi attesi

T2K Event Spectra NOvA Event Spectra

v, App. Events per 50 MeV bin
v, App. Events per 50 MeV bin

0.2 0.4 0.6 0.8 1.0 1.2 0.5 1.0 1.5 2.0 2.5 3.0 35

Reconstructed Energy [ GeV ] Reconstructed Energy [GeV]

Figura da Agarwalla, Chatterjee, Dasgupta, A.P., JHEP 02 (2016) 111
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Risultati dell’analisi nello schema 3+1

3v: T2K + NOVA (IH)
" T
0.5 F
s | A

LBL ggz
— 90%

— o} -
7T B —_— o 1
—0.5 - Rea "

B 687% 7

_1 L H‘H\\‘\\\f

0

0.1 0.2 0.3

. 2
sin® 2193

0.4

- Per d,, = -n/2 perfetto accordo tra LBL & Reattori

4y ononS|s IH 814 =35, = O 025

B

INVZE

E“‘w‘\““\““

0 0.1 02 03 0.40

sin® 29,;

0.1 02 03 0.4
[
sin® 2103

- Quindi la preferenza per NH svanisce nello schema 3+1

- Neutrini sterili -> fragilita dei LBL nella ricerca dellaMH ? ...
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T2K+NOvA: Potenziale di scoperta della MH

Agarwalla, Chatterjee, Dasgupta, A.P., JHEP 02 (2016) 111
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A XvH
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I/IIlIIIlIIIlIIIlII

-180
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015 (true) [degree] 015 (true) [degree]

Sostanziale deterioramento nello schema 3+1

31/03/16

Antonio Palazzo, UNIBA & INFN

25




DUNE: Potenziale di scoperta della MH

Agarwalla, Chatterjee, A.P., arXiv: 1603.03759

250 e . 250 P e
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Deterioramento ma sensibilita a livello di 40 preservata
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Fasi di CP: stato presente (dati esistenti)
NH IH

0.1 0.1 [ T

T2K + NOvA + Rea. ;TZK + NOvA + Rea.

" 2 [ 1 .
& 009 |- -| Normal Hierarchy 3 0.09 1 Inverted Hierarchy
N i 1 0 1 a2 = <2 =
~ ) ( s?, = s2, = 0.025 N \ | s =524 =0.025
£ o008 7_//\7 ‘G 0.08 J
0 - { ——68% c.L (1 dof) i | ——68%C.L. (1 dof)
i 1 — i 1 —o0%cL
0.07 | | Lo 90% C.L. 0.07 T N T
—_—

813 (1)

2. A

1 —05 0 05 f 008 009 0.1 -1 -05 0 05 I 0.08 009 0.1
. . 2
8,5 (1) sin? 21,5 814 (77) sin® 21,

- Simile sensibilita a §,;e d,,
- Questa informazione non puo essere estratta dagli SBL !
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Quale potrebbe essere lo stato futuro?

Agarwalla, Chatterjee, A.P., arXiv: 1603.03759
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T2K+NOVA: CPV discovery potential

Agarwalla, Chatterjee, Dasgupta, A.P., JHEP 02 (2016) 111
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Sostanziale deterioramento nello schema 3+1
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DUNE: CPV discovery potential

Agarwalla, Chatterjee, A.P., arXiv: 1603.03759

[ Band: Variation of 014 & d34 (true) | Band: Variation of 613 & 034 (true) f

Band: Variation of 63 & d14 (true) |

W 05 =9 |
W 65 = 30° |

=== 3y

013 (true)[degree] 014 (true)[degree]

034 (true)[degree]

- Sensibilita alla CPV §,;-indotta ridotta nello schema 3+1

- Potenziale sensibilita anche alle nuove fasi §,,ed;,

- Gerarchia nelle sensibilita: §,;>6,,>%;, per 6,,=60,,=60,,=9°
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Conclusioni

* Diverse anomalie osservate agli esperimenti SBL
suggeriscono I’esistenza di neutrini sterili leggeri

e Linterpretazione delle anomalie non é chiara

* Nuovi esperimenti SBL sono necessari. Essi daranno
presto nuove preziose informazioni

* | neutrini sterili sono sorgenti addizionali di CPV

e Gli esperimenti LBL (presenti e futuri) offrono
I'opportunita di studiare le nuove fasi di CPV
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Stiamo all’erta in vista di huove scoperte!

Gianini & Luzzati, Omaggio a Rossini, L'italiana in Algeri (1968)
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New-generaktion detectors confirm deficit

Daya Bay @ Neulrino 2014 & ICHEP 2014

. 12— , ———————7 - —————
= - Daya Bay
b i l R=0.947 £ 0.022
i -
g ' {1 - 1 H
™ I |
a "~ 71 [ t H i $
r |
A —e— Pravious data
0.8 — l —=— Daya Bay
B — World Average
i Previous average [ 1-0 Exp. Unc.
- R = 0.943 + 0.008 (exp.) £ -0 Flux Une.
06 M PR | N " M 2 MR | 2 N " . PR |

2

2 3
b b Di159ance (m)

Definitive results appeared 3 weeks ago on arXiv:1§0%.04233

However, the same detectors give us a warhing ...
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Understanding of rea. spectrum is incomplete

RENO ‘Dau_-)a Bou_-,

. pEvo . mmo
oooooo 3 20000 I !ﬁ_ Data
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g oa @ 15000(— * -
g X
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S oo o |
rs} = -
-0.0¢ N — -
o & 10000 |— - - Measured spectrum
2 - T is normalized to
5 o =  prediction for shape
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: ..
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1.2
s F o€
={ inty p | :‘(_:) 1 -1 e
g E=}
33 T D 1 = _ N AN .
sk 8 09
a 1 7 [+
DC-lll (n-Gd) Preliminary +‘\‘ o 0.8
Livetime: 467.90 days 1 é 3 'o
3 4 5 6 7 8 .
Visible Energy (MeV) Prompt Positron Energy (MeV)

Shoulder at 4-6 MeV observed in all the three experiments
Identical ok Near & Far sites: wot imputabl.a to new osc. physics

6,5 extraction is unaffected (based on near/far comparison)
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Discrepancy under active investigation

Hayes et al. Dwyer and Langford Hayes et al,
PRL 112,"2028601 (R014) PRL 7114, 012802 (2018)  arXiv:1806008%3 [ucl-th]
— Nonunique=[Z.r]0- Pﬁ 02 — Nuclear Calculation - JHEl;lkl“)g:-sl\ihieller uncert.
— Nonunique={X.r]1- ﬁ /S\ — B Conversion, Huber 2 oo ENDF/B-VIL1
= Nonunique=[L,r]2- | o02f % | // \ —— f Conversion, Mueller §1<15* o Dayabay
3 2 5
£ s 0
Enll W 0l \ 5117 //\ ]
= e 4
a 0.15 - ‘Q \ e ! .
2> 1.05 vt \ g 1051 L1 \ 7
© L - |
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09 | TN IR R 005 ] 1 @ 09; 1 ! ri 0 09—t 2‘ I ; I ;, I 5\ I g - ]
' Et(MeV) v E\,(Me\’) ’ Y : ; I I I Eprompt (MeV)

7 8
Antineutrino Energy [MeV]

e Systematics i reactor spectra not entirely under control
o Dissimilar resulks with kwo different nuclear databases

e Normalization & spec&mt issues wolt hecessarily related
¢ New SBL experiments heeded to shed Light on both issues
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Other pol:e.v\ﬁal. windows
owko sterile vs
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What solar exp. have to say on vs ?

A.P., Review for mMod., Phys. Lebt. A 2%, 1330004 (R013)
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o Solar + 8,5 reactors: | gin’f;, < 0.04 (90% C.L.)

e Bound indep, of reactor fluxes (KamLAND only shape)

o It constitutes the only robust information on JU 4P
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Information from aktmospheric v in IceCube

Smoling gun: Dip ot E ~ TeV due to MSW resonance
Nunokawa, Peres, Zuchanovich-Funchal PLB 562, 279 (2003)
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Figures from Esmaili & Smirnov JHEP 1312, o014 (2013)
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Impoct of a light sterile neutrino in p-decay

. 9 _ |2 2 2 2, .2 2 92 92 2 2 2 /2
[mﬁ—\/g |Uei|2m; —‘0120130147"1+312013014m2+513c14m3 )

Present: Mainz Fulure: KATRIN
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Kraus et al., arXiv:1105,1326 Formaggio & Barrett, arXiv:1105.1326
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Impact of a Light sterile in Ovzﬁ-decav

N
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Fiqure from Barry, Rodejohann, Zhang, JHEP 1107, 091 (2011)
See also Grirardi, Meroni, Petcov, JHEP 1311, 146 (2013)
Griunti and Zavanin, IHEP 1507, 171 (2018)
31/03/16
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What cosmology tells us?

Plancle (2018)

0.900
1 [H o885
0.870
0.855
0.840
0.825
-1 0.810
0.795

0.780

80

Small room for extra
relativistic content

e A "standard” eV sterile neubrino fu.LbJ thermalizes (AN = 1)

© AN = © requires a mechanism that prevents thermalization

o Several possibilities (lepton asymmetry, self-interactions, ...)
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The 3-flavor
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Fitting the reactor anomaly
with sterile vs

1 dof Ay? profile
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Mention et al,, PRD¥3 073006 (2011)
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CPV is a genuine 3-flavor effect

_ Ami L AgEEP(Va%VB)—P(ﬂa%DB)
o 4E
AS — —16J15 sin Asq sin Aq3 sin Az

J = Im[UaiUs UL USRI =T > €apy D €iji

Yy=€,un, T k::17273

Jis Farame&eriz.al:i.oh iv\clepe.v\dehk (Jarlskoq invariant)

In the standard Famme.&e.riz.a!:ion:

1
J = g sin 2912 sin 2923 sin 2(913 COS 613 sin o

. - No degenerate (v;v;) v
Conditions for CPV:  _ o 0, = (o, n/2) v

-8 £ (o, m) ?
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CPV and averaged oscillations
Agg = P(vq = v3) — P(Uy — V)

Agg — —162](1% sin Agl sin Alg sin Agg
S——

$ A=Ap~Ap>1| (sin®? A) = 1/2

Osc. averaged out bv finite £ resol.

teambe: | ATE £ 0| Gf st £ o)

The bottom Line is that f one of the three v, is o0 far
fyom the other kwo ones this does not erase CPV
(relevant for the 4vcase)
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Numerical examples of 4v probability

Transition Probability : NH, s,,* = s, = 0.025

Traonsition Probability : NH, s,,2 = s,,°> = 0.025
0.1 ————— —

—— numerical
—— analytical average

E, (GeV) E, (GeV) E, (GeV)
The fast oscillations get Different Line styles
averaged out due to the &
finite energy resolution Different values of 5,

The modifications induced by 5., are as large
as those induced by the s&angm' CP-phase 9,5

Completely analogous conclusions for NOvA
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Resulks of the 4v analysis (LBL,NH)

4y analysis: NH, s, = s,° = 0.025
[ T 1 F

3v: T2K + NOvA (NH) B
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- LBL combination more stable than T2K alone
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