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Neutrino mass Hierarche
deberminabion with PINGU

Antonio Marrone, Univ. of Bari, Italy

(based on a work in collaborakion wikth . Capozzi and E. Lisi, to appear soon)
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Neutrine Mixing
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(Oé, 6 ) Two Majorana phases (unobservable with oscillations)



Neubkrine Mass $pe&%rum
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Sumwmarizing our present knowledqge
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dSm?/10™ eV AM*/10” eV o/7 sin“0, , sin“e,, sin“e .,

l’armn('t(r Best fit lo error (%)
dm?/107? eV? (NH or IH) 7.54 & %

sin®012/10~" (NH or IH) 3.08 a4 %

Am?/107° eV? (NH) 2.43
Am?/107% eV? (IH) 2.38
sin® 013/107% (NH) 2.34
sin”013/10~ % (IH) 2.40
s-mi’e,;/m ' (NH) 4.37
sin® 023 /107" (IH) 4.55

§/m (NH) 1.39 .
()/“ 1.31 Slﬂé < O (at 90% CL)

3.0 %

¥5 %

11 % + ockant ndetk.

Still no nformation about the hierarchy




Neutrino mass hierarchy can be probed
by oscillation experiments through

Interference between
oscillation driven bj ::Am2

and oscillakions driven bj

“solar” §m2 (medium baseline reactors)

MSW effective neubtrine

herti :
WA 89 (MO&&QT’ @‘F{Qt&S) (Q\&MOSF? erLe M@M&\‘LM&S/LBL)

self-interaction induced collective oscillakions
+ MSW watter effects of Supernova neutrinos
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JUNO-Like experiment (~10° events in about § years)

(F. Capozzi, E. Lisi and A.M.Phys.Rev. D89 (2014) 013001)

One order of magnitude
reduction on the errors on
some oscillakion Farame&er

MB Reactors
Far Reactors
Geov

ALL

lo (7)) now
Am? 026 (3.0)

52 0.22 (2.6
Sin2 912 0‘14‘3 (5«4)

Baseline ~ £0 lkem

ijimt evenk spa&&rum
and iks tampomev\&s



NH
IH

Possible hierarchy discrimination
through interference effects in
the oscillakion Frob&biti&v

Spectrum/10° [MeV]
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Hierarchy discrimination ok
about 3.4 sigma (distance
bebtween a =1 and o= —1)
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Inverted M«—::ra\m:hj
Ruk crucial bto reduce as much as
Fmssibte svs&ama&cs and ko achieve

enerqgy resolution at 2-3% level 240 241 242 243 244 245 246

A m2,/10° [eV?]




Mass L«Le.ramkﬁ Aiseriminakion wikth LBL

T2K ——
NOVA
T2K + NOvA

sin (291 3)=0.1
sin (923)_0 3

NH up to ~ 30

depending on Ocp

-150-100 50 O 50 100 150
True acp

C.K Yung at ICFA Seminar October 26, 2014 (Beijing)



Neutrine Mass Hierarchy discrimination with
PING) (Precision IceCube Next Gremerabion Up?grade)

In-fill array for IceCube to
determine neutrine hierarchy
using atmospheric neutrinos
(energy threshold of few

GreV)

" ® IceCube ‘

40 new strings (&0 optical
module each) deployed in

the Deep Core region of the
IceCube array




Eimergj and Zenith Angle Resolution
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PINGU rate from the convolution of different ingredients

N(E,0) ~V(E,)®c(E,) R¢(E,0)xPE,OQR(E,,HI

E4fective volume T Abm. neutrinoe flux T Resolution

Cross seckion Oscillation prob&biu&j

Schematically (ideal case AN, ~ [V X 0 X ¢] o & P
of perfect resolution) a=p e T

Factorise kterms not
c&apemdiv\g own khe
WA SS hierarchv

P,u _ P/J ¢1/€ Pelu | ocC gbuup » ocC ¢1/6P
¢I/u occC ¢l/’u gcc ¢I/M

Combination of probabilities
depending on the hierarchy

P —p ¢V“P occ Qbyep occ ¢V“P
’ . ¢I/e He oyele; ¢1/ oyele; ¢1/e

Note: to get the actual rate —_— / dE dcos N,




0 =7/2 horizontal neubrines

Ul 9 =7 wverkical u,Pwoer.-song neubrinos

16 energy bins E, € [1,10"°] GeV
16 bins i O enin € [1/2, 7]

(choice motivated by the resolution

065 06 055

A OLV\SLQ and QV\QVS':,> 085 08 085

0O/

oV occ ¢y, (x10° s71)

Neutrino fluxes peaked at
the horizon (0 — 7/2)

As a function of energy
maximum for few GeV since

¢1/ ~ E,/_B g ~ EV
V ~ const above 10-18 GreV

V xoxeol, >V xoxde
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Impact of the resolution
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N{ (5 years)
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Define the Hierarchy Asymmetry as

NNH s NIH
5 (NJH + NH)

N-1 _
A =

Much of the asymmetry in the
region where the rate tends to
decrease (left upper part of the
plots)

Rote of electron-like event
glves an important contribution
to the hierarchy discrimination

Size of bins large enough to
resolve structures of the
asvmme&r:} tn the aMgi.e-*ehergj
ptame




Analysis strateqy

Identify all parameters on which the expected
rate depends Llinearly and treat them as pulls

Treat nonlinear parameters as free parameters

Check the results of the fit against Fmssclbt@.
WA INOWIA sk&pa errors that could worsen kthe
semsi&%%v to the k&eramkv

For inskance consider shape errors that can be Parame&rised as
polynomial in the energy-angle plane (u,p to the fourth deqree)



STATISTICAL ANALYSIS

Pull method as i Fogli et al., Phys.Rev.D66:053010,2002

2 k k
o2 = W U0, + cr e
2 L expt theor\ _—2 expt theor 1] Lt Z (|
Xcov — E (Rz — I )Uij (Rj - Rj ) / k
(¥]
Uncorrelabted and correlabed errors

, _
N e oRY
Xpull = Min Z ( : + Z&Z
k

{&r} p Uj

2 _ .2 2 2
Xcov = Xpull = Xobs + Xsys

Advantages of the pull method:
It allows

o a faster calculation when number of systematic errors increases
o to check the consistency of the fit

o to extract lots of informations on systematic errors



320 Observables
(16x10Ix(16x10) bins
11-39 S:jSEQMQEiﬁ Errors

Inputs of
the Ahaivsis

(6m2,sin? 012) = (7.54 x 107° eV2,0.308) fixed
Oscillakion
P&rameEQrs (Amza sin” 013) “Pamme.&n:ﬁ” linear errors
(0,8in% Oa3)  free
SjSEQMO\&EaﬂS (87 EO\TH& dﬁVlSi&j 3%
“No-shape” Vu/ Ve ‘ftavnr ratio A
‘No-shape” errors
P v/U rakio 6%
fn Normalisabion 15% |

(o %7 %) Ehergy resolution 10%

“Shoupi*." CTTOTS (05,05) Angular resolution 109

ap  Ehnergy scale 5%

. Linear, quadratic, cubic or quartic polynomial
‘?otj&\ommi. skape errors (2,5,9,14) coefficients

Shape distortion < 3%



Maximal Mixing case (sin?fa3 = 0.5)

Different cases with
increasing number
of systematics

(PRELIMINARY)

“v\c)msha!;?a" errors




Maximal Mixing case (sin’ 03 = 0.5)

Different cases with
increasing number
of systematics

“no-sha [ae” errors

*“sha\p@" errorTs IH TRUE
(enerqgy/angle resolution,
energy scale)




Maximal Mixing case (sin’ 03 = 0.5)

Different cases with
increasing number
of systematics

“sha Fae.” errors

+ poivmwmmi.
sha pe errors
(Linear)




Maximal Mixing case (sin’ 03 = 0.5)

Different cases with
increasing number
of systematics

+ Linear “shapa" errors

IH TRUE

+ poivmwmmi.
sha pe errors
(quadratic)




Nown-Maximal Mixing case (sin®fa3 = 0.4,0.6)

Adding poi\jv\omml .

| , NH TRUE
shape errors reduces 1+ polynomial errors
Ehe Hiarar&hsj samsi&iv&%v . \

After 10 years (in the worst

case) the reduction of the

sensitivity is of about 1 sigma
NH 40 — 30 15
IH 3.80 — 2.70 ) IH TRUE

+ pc:'i.tjm;mmi errors

Detailed studies of the
debtector needed ko exclude
such shape distortions




Ockank Oﬂf (92 3

If the hierarchy is known,
precision on a3 of few %

No informakion on CP phase

ALl values allowed even ok 1o 0.0 Lil
02 03 04 05 06 0.7 0.8

. 2
Sin 623

NH Erue

2.0

But f hierarchy is not
kiowi, i the IR onhe getbs
the wrong octant of a3

Also wrong value of §

NH true | |
0.0 Lt b
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. 2
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—— NH true
—— |H true

—_— —

The reconstructed value of
cie.pamds on the btrue 0,3 value
and on the hierarchy and ik can
be in the wrong octant

Hi,emrt:kv semsiﬁva&j and the krue
value (;)“F 923

Easy o discriminake Me_ramhmj
when @3 is large and in the
second ockank

(10 years of Data taking)



Conclusions

PINGU exploits matter effects in the
propagation of atmospheric neutrinos

PINGU is one of the most promising
@.xperimem& o determine Ehe neukrino
A SS kierartkv

Possible hierarchy diseriminakion ok a
level = 30 i a reasonable btime



