ERLANGEN CENTRE
FOR ASTROPARTICLE
PHYSICS

ICHEP 2014 Valencia

LA

D\ o4
ORCA (Oscillation Research with Cosmics in the Abyss): ., —

a feasibility study of measuring the neutrino mass hierarchy with
an underwater Cherenkov detector within the KM3NeT framework
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Measuring the neutrino mass hierarchy with atmospheric neutrinos ORCA: an undersea neutrino Cherenkov detector within the KM3NeT framework
The values of all neutrino oscillation parameters can be extracted from ORCA is building on expertise of the KM3NeT Collaboration, which aims at
global fits of now available data with a precision better than 15%. The A A the deployment of a multi-km?3 neutrino telescope in the Mediterranean to
largest uncertainty remains on 6,; and its octant. The relatively large value My? = —  s— - M) perform high-energy (TeV-PeV) neutrino astronomy: m==) falk by P. Piattelli
. . . . . o — 2
of 85 (which drives the v, <= v, oscillation) is beneflmal for the i - same detection principle: Cherenkov light emitted by secondary particles
determln.atlor) of the remaining unknown_ neutrino pellrameters. the Yalue of A, oroduced by the neutrino interaction
the CP-violating phase 6¢p and the neutrino mass hierarchy (NMH: normal - same technology and detector design (instrumented lines anchored at
or inverted, see right plot). m,2 the seabed and supporting multi-PMT digital optical modules)
Standard strategy for NMH determination: probe v, €-> v, oscillation M2 == — e— —— 32 mm) poster by T. Chiarusi
in presence of matter effects which allows to resolve the sign of Am?,;: NORMAL INVERTED - denser array to lower the energy threshold to ~GeV neutrino energies
The oscillation enhancement is maximal at the resonant energy: e e i -l speeing Zne [neld Illee 15y eeplepimei CoilgEnsics s
~ 31 E,.. = few GeV for Earth matter density: A modest reference detector was
E..~30GeV/p[gcm] res ;
good prospects for atmospheric neutrinos ! used for the first stages of the - ¢
, o8 o ewees feasibility study: - . _ The proposed ORCA detector
1_ mNHEoR | | | g.’:.”f:f Bk [Fgy = 0 M) =, =0 Yy o 1) ¢ 50 strings, 20m spaced 4°§ . S ot The collaboration now proposes to build a
' VI """"""""" T 1 — > other ingredients are needed to create a % 20 DOM/string, 6m spaced ZZ: LT detector of 115 strings with 18 optical
e difference in the number of events for IH vs. NH: . _ g modules each. For the same spacing as that
- : : . ¢ Instrumented volume: 20 .
L4 - (anti-)neutrino cross-section: g, = 20 , e L of the reference detector, this corresponds to
oaf- of - atmospheric v, & v, (anti-)neutrino fluxes X 70° X 114 X pee, = 1.8 Mt sof- L an effective mass of 3.75 Mt.
: e LY e - matter effects in the Earth (different baseli S a0 | o
CEREm e, T e e matter effects in the Earth (different baselines) * ~1%o of Cherenkov light is detected S P PSR PR P P ST This proposed detector can be built with an
N v (N'H- NINH) / (NNHY 12 x(m investment budget of 40 M€.
s o (N™- NTF) 7 (NFF) ] - 3 Muon channel (<10 Mt*yr) | Full optimization is planed to be performed on basis of an over-dense
2 == Muon channel (~10 Mt"yr) &, "B o = . Y - detector with different optical module masking options. :
«— perfect detector -, L . . - 25%E,; 06:0.5Vm/E, —os Track reconstruction
ub ~33k v and T events | Distinctive pattern in energy E, and zenith 6, 2l o ] ] ] — —— _—
L in energy range 3<E/GeV< 20 | oscillograms showing the difference for NH - ., Simulation Event topologies - Likelihood maximization based on the hit time
1o | andIH. - o - atmospheric v, + v, (+anti) flux: Bartol flux, s« * i+ r_eS|duaIs a_nd_ Iengt_h estimation on basis of
o= b 1 wof- oz Agrawal et al. PRD 53, (1996) 1314, first/last emission points
e I-s Main challenges: -~ = i - neutrino interaction: GENIE, Andreopoulos v v had 4 Track-like - Identification of hits belonging to the hadronic
e ... M, - NH/H difference intrinsically small e e e e  oe et al. Nucl. Instrum. Meth. A614 (2010), 87-104. T % shower and re-estimation of the vertex position
TN R AT Re 0e A e M M e - intrinsic event-by-event fluctuations cost . : dlch S K
HONNHY 7 /NN - oscillograms blurred by limited energy and (NIH- NNH) / (NNHY1/2 - particie propagation and Lherenkovlig Shower reconstruction
s M (N™- N™) 7 (NNF) 4 angular accuracy $ °F P emission: GEANTA4, Agostinelli et al. Nucl. AN had s had
- ©-Electron channel (~10 Mt*yr) | . : v ,.r Electron channel (~10 Mt*yr)| Instr. and Meth. A506 (2003), 250-303. - T - Vertex: likelihood maximization based on hit
- os - But: electron channel more robust against o Ly, v i _ ) _ _
16;_perfeCt detector o detector resolution effects - 25% EV; 0:0.5 ‘/m/EV - down-going atmospheric muon back- i had had ! time residuals (assumlng spherlcal ShOWGF)
“E ~27k d ~10k t 2L e g
- in enevrzsr;ange 3<\/E/e(§2\r}<s 20 e i3 oo ground based on parameterizations, 77, Shower-like - Direction: likelihood maximization based on
ol . 5 Lo Carminatl et al., Comput. Fhys. Commun. 179 " (cascade) the probability that detected hits have been
E . [Eo smearing (detector resolution) "B -. ) 200 e created by a certain shower hypothesis
6 -2 ’ - 12 - i 40 .
= s £ y 023053(; gsckgrgg& f{.mK dei?gl'afggl)Z/PMT - Energy: counting the number of DOMs which
\ 2 e 08 07 08 05 o4 03wz oo See also E. Akhmedov et a/., JHEP 02 (2073); 082 '1”Iio{glll:o{allIiOIJIII:OI'éHlOI'éIIlol";lllo"é”:o"é”:&'{ cos; / \ 2 1 me-co have at IeaSt one SeleCted Slgnal-“ke hlt
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Current P erformances Muon channel (track-like): Sensitivity study
_ _ Semi-contained events (i.e. with reconstructed vertex inside the instrumented Mton X vears
Zenith resolutions volume) selected with a quality criterion on the track fit provide good angular y
| Reconstructed vertex inside the instrumented volume | Upqoina events Delta Zenith Resolution (premium events) dccuracy. median A0 better than 10° for E, 2 5 GeV. A
pgoing I . : [ )
= T «  medianAo®,,,  (Intrinsic Angle) % 257 The muon energy estimation is most reliable when an additional containment 01 2 3 45 6 7 8 9 10 11 12 13
S Aot nusra e/ S o KM3NeT/ORCA PRELIMINARY condition is imposed on the full muon track, ensuring that most of the Cherenkov 5 . . .
& 144 — <& 20 = Median light is detectable. Using the reconstructed muon energy as an neutrino Combined  x
§ b E g I 16% & 84% Quantiles energy estimator, a median resolution of 35% can be reached at 10 GeV. Cascades X
CEJ Eo . E 15:_ Studles are OngO|ng tO evaluate the energy depOS|ted |n the hadI’OﬂIC Shower |n 8 4 k- TraCkS X O S OO OO ASTT P ...............................
op Muon channel - - Electron channel order to improve the neutrino energy determination. O v
8- ¢ 1 = . TSN I DO N S S N N— ]
S . R ! | Electron channel (shower-like): 2 3
6_ 1., . E & T1ell Energy and direction resolution have been evaluated on upgoing v, CC events, CED
4 R R R NE - Ttetessllail HH where most of the Cherenkov light is contained in the instrumented volume 7 22 S N e S S — ]
dE e e T R R R RN R RN R (‘premium events'). Under these optimistic assumptions, the median A8 is S
T T " " Rumeckwced | betterthan10%andthe energy resolution better than ~30% for E,25GeV. | g | o —* .
= x
Energy resolutions Statistical method 0
% cemicontaneaevenisIER AR quantles Er;jrgy Resolution (premium events) The performance of ORCA to the NMH determination is assessed by means of a 0 05 1 15 5 5 9 35
3 18%—-- ------ aran contained events: 16% - 84% quantiles | .. f 3 E KM3NeT/ORCA PRELIMINARY I I likelihood ratio test: \ Y }
u_,‘z I . arnnn contained events: median value .' ;"":"E 5 — m edian 5 s | |
b SR st ; 25E ,1\,,6;&847 o H A log (LMax) = E log P(data | eNH’NH) - log P(data | B'H. IH) Years of operatlop with proposed ORCA detector
14§KM3N6T/ORCA ...... .- ........ ............ = 3 20:_ ° o Quantiles A o (115 Strmgs, 18 DOMS/Strmg)
12EPRELIMINARY e g ™ 2 f ] l | where OMH = maximum-likelihood estimates for the mixing parameters
10E : : S - o : %’ 151
8 < soF- HIH For each toy dataset generated with a given hierarchy, the mixing parameters _(I_:I?veats t ity studv d t vet take int "
ot — - { II are fitted with either IH or NH and the log-likelihood ratio is computed. The oevZ?a:}IS:‘lm}llJr?cueréiniss&n;oiz stheiolz Snaccecr(t):igty
4 T T e o RN S . ............ —] - . . . . . . . . g - -
o Muon channel - S ; Electron channel ST the. S d.|s-t nbUt.K.)nS.IS used fo compute ine S|gn.|f|cance. - NC events
i R R R DR PO P DO O IR : ) The study does include some misidentification rates based on MC studies. _ altered resolution for misidentified events
¢ 2 4 & & W0 12 w16 éus(Gev";o Neutrino Energy [GeV] Note that 8., and Amzlarge can be fitted from data. - atmospheric muon background contamination
& J
Muon background rejection capabilities 4 Impact of systematics N A neutrino beam to ORCA ? )
The main physical background comes from down-going atmospheric muons Besides intrinsic detector capabilities, other 5+~ = =~ w0 Counting events related to a neutrino .
misreconstructed as upgoing, mimicking a v, CC event. Preliminary studies sources of uncertainties can spoil the NMH § mcLrio beam of given flavour can increase the & |
show that the muon contamination (Cp) can be reduced efficiently by cuts on measurement by biases in the statistical & *f e sensitivity of ORCA to the NMH even with a ™}
the reconstruction parameters, maintaining a high neutrino signal efficiency: distributions that may result in a degraded ., moderate capability of flavour identification. 15(,of
- track fit quality parameter: _ discrimination power or wrong hierarchy 40_ et In the appearance channel v, > v, and for 3
A> -4.5to -4 determination. 7 a typical v, beam in the energy range of 2-8 "R\
- reconstructed vertex position: 10% -45 ~10k ~1k Several studies have addressed the impact 20— — GeV, an optimal separation between NH ol
R<75m 1% 40 ~9k 90 of systematic errors and identified the most . .. and IH is found for cos6=0.2, i.e. a baseline :
' critical among them. 20 40 5020 -0 0 1D 20030 4020 of 2600 km. The oscillation probabilities are

D. Franco et al., JHEP 04 (2013) 008 only marginally affected by the value of &.p

+» Earth density profile (PREM model): negligible impact o2
! S‘OC‘*C"T‘:M ., [Eesti © Google maps :;' .
5 'OF oy T 3 | < Atmospheric neutrino fluxes: B e Foe
07 B 1 N . ) - moderate impact of the shape uncertainties S ewa - @ o
— = . = Zo . . . e . . ingdom e 2.
S Fo R<75 m (solid) = _ - overall normalization uncertainty can be mitigated by anchoring the fit at E,>20 GeV na Benapycs 2
v 10 %_ ................................................... T : ?g ) ° . . . . . it ae;%z;:;a&::éggma)nd - 5)%!:'5’3) / harkey 8 0.1
c £ ] “*Neutrino interaction cross-sections: T i R B
3 CE. o T, Prat G - different uncertainties for neutrinos and anti-neutrinos B g Ot B & oy |
5 10— i e | ATMS: B AT s S R - other measurements, e.g. from MINERVA, will likely reduce these uncertainties p G O Rominis o
= g : : ; ' P Atms. Vv , €.4. J y Bidcey ¢/ I‘;i”ﬁ:ﬁ::‘)' ' jcps,;j.(Rofnar:,i)_ i
@ = : s : ; L ; " . . . g : T : aiy) Sy TR Black S e
B 100 e [ ALL MC \ “*Oscillation parameters: significant impact of uncertainties in atmospheric sector = o ey HEDEET
= E E E : 51' : 150 2 . i 1 7a spafa Nagol dac il s B Agzrtg-ngn
2 .eL.....Cumulative A% T T | | (Am?,5e 823, B43), in particular 6,5 octant, while solar sector and &, have small impact — — = S
© E  distribution | N 3 ) A beam with a suitable baseline could be
2 B : : : : [ 7] 50F <1v d|> 1 ici 2 I
=ERT .  ——_ . - < A 5 ORCA can improve on precision of Am?, ., 6,; through global fit procedure ! built from IHEP in Protvino (near MosCow, [ Chamel | Tracks Ni | Trck 1| Cacades N [ Cascade
S F = & =° . ) _ ? [No oscil 26315 —
S s T CO S I T I N . — - Russia) towards ORCA, with a baseline of |[[Sign 8990 8735 [134-1547 | 350519
= s I = . L Mi 232-329 47-79 132 1280
O 10-1 _I E l - | - I - | - - - | 3 : | l - | - : -100: _ 2588 km. Assumlng NpOt z 1.5*1021 Wlthln a Vrlsreco 324-332 351_355 978-9698 1057-1068
-7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 150/~ NC 1092 1092 3640 3640
_2085""‘.."""‘|...._H.|...m..|..H few years, a 7o measurement of the BG Total | 1655-1745 | 1494-1522 | 5944-5964 | 5977-5988
\ oo s 00500 0™ o 200/ 923 [deg] 16* 0.6 0.4 0.3 hierarchy can be achieved (30 with 3-4% [[Toul 10645-10736 | 10229-10257 | 7099-7491 | 6338-6496
* Capozzi et al. systematic uncertainty on event rates).
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