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ORCA: OciIIation Resrch
with Cosmics in the Abyss

KM3NeT: ARCA & ORCA

ARCA - TeV-PeV neutrino astronomy

ORCA - neutrino mass ordering with
few-GeV atmospheric neutrinos

ARCA: Astroparticle Research

with Cosmics in the Abyss
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ARCA & ORCA detectors

Digital Optical Detection
Module (DOM) Unit (DU)

S ~36m (ARCA)

31 x 3”-PMTs ~om (ORCA}

(19%, 124)

cable
to shore



Detector construction status ORCA

* Main cable repair in October 2018

* Three successful deployments in 2019

* 9 months continued data taking with 1 DU

* 4 months continued data taking with 4 DUs

* One more deployment planned in Nov 2019 (+2 DUs)
* Double number of DUs planned in 2020
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Real data — atmospheric muon

* Example: down-going atmospheric muon passing close to DU
event=9693, run=2974, #hits=126, cos(zenith_reco0)=0.997
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e Most detected photons arrive ‘on-time’ due to
the large scattering length in deep-sea water



Real data — neutrino candidates

* Example: up-going neutrino candidate
event=1668, run=2974, #hits=26, cos(zenith_reco)=-0.469

DU 2
51803— expected arrival time for direct
'M 5 160 Cherenkov photons based on
g *8'1405 track reconstruction ° °
) = -
g 3 120F el
w £ 100 <
= S, 80F * .
= - )
N 4 < 2 60 ° ©
o [ 40— :
: ~ - @ o
= \\ 20 - 0. o
D O e
e _o0E- | | B Icos(zerliith_reclo) =—0.|469
ORCA1 -400 -200 0 2000 400 600 800 _ 1000

time [ns]
e Most detected photons arrive ‘on-time’ due to
the large scattering length in deep-sea water



Real data — selected neutrino sample
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Real data — neutrino candidate with 4 DUs

 July 2019, seen on all 4 DUs
e estimated energy 30-40 GeV

event=51105, run=5690, #hits=188, cos(zenith_reco)=-0.951
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Determining the NMH with atmospheric v’s

Relative difference in event numbers between normal and inverted
hierarchy (N,;-Nyy)/Nyy
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Sensitivity for Neutrino mass ordering

Sensitivity to distinguish between normal and inverted
hierarchy:
~3 ¢ in 3 years (median sensitivity)
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Measurement of Am5, and sin?8,3

Competitive measurements of Am%z (2-3%) and sin“6,5 (4-10 %)
Interesting results already with few lines after 1 year
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Unitarity check : T appearance

KM3NeT Preliminary

vEC normalisation
—
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7 Detection Units!
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Long baseline ideas in Europe

» After shutdown of LBNO some years of reflection
* Two projects emerged

ESS

/ ‘V‘;> NEUTRINO
ejb Sb SUPER BEAM

crust

upper mantle

13



D, . Ccost
b European Spallation Source

Target station

Neutron facility vy whereneutons SPALLATIO
n:gv::j: t?\respower are emitted and led SPALLATION
p to neutron beam SOURCE

to accelerate the
protons.

(equivalent to SNS)

guides.

where protons \ - Y sample preparation.

Superconducting
linear accelerator 3 Laboratory for
are accelerated.

vrROBOOF

woOUOSOFH

ESS Data Management and
Software Centre, Niels Bohr
Institute at the University of
Copenhagen.

Instrument hall
/ with instruments
— — ( ) for different
. I : measurements.

Data management Instrument, where
centre, where the neutrons scatter
experimental data is off the sample, hitting
gathered, analysed detectors and generating
and disseminated. experimental data.

under construction phase
(~1.85 B€ facility)



ESS
@b; )é) NEUTRINO
L ) SUPER BEAM

2009

Decision: ESS will
be built in Lund

2003

First European design .
effort of ESS completed '

ESS schedule

2014
Construction work
starts on the site

2012
ESS Design Update
phase complete

2019
First neutrons on ;
instruments

ccosE

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

2025
ESS construction
complete

o




ESS

DI, Ceost
Having access to a
powerful proton beam...

What can we do with:
* 5 MW power

e 2 GeVener oroton
gy beam TL;physics

. - p » Tt v
14 Hz repetition rate -»-o: K-»OI} % E

target  padronic collector 7T —> LW+ V
* 10' protons/pulse (focusing) petector
e >2 7x1023 conventional neutrino (super) beam

protons/year



EUROPEAN COOPERATION
SUPER BEAM IN SCIENCE AND TECHNOLOGY

ESSvSB v energy distribution
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N, (x1019)/m? % | N, (x1019)/m? | % at 100 km from
Iiﬂ 396 97.9 11 1.6 the target, per
Uy, 6.6 1.6 206 94.5 year (in absence
Ve 1.9 0.5 0.04 0.01 11

of oscillations)

78 0.02 0.005 1.1 0.5

(Nucl. Phys. B 885 (2014) 127)
M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 17



Far detector @ 400-500km e
2nd gscillation maximum

MEMPHYS like Cherenkov (arlv: Rep-ox MO0
detector

(MEgaton Mass PHY Sics
studied by LAGUNA)

100 m

* 500 kt fiducial volume
(~2xHyperK, 1/16 ORCA)
e Readout: ~240k 8’ PMTs

* 30% optical coverage

M. Dracos, [IPHC-IN2P3/CNRS/UNISTRA 18



/Vi) CcosE
635 S SUPER BEAM 'Y th f d t t N SCIENCE AND TECHNOLOGY
c
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Below v production, almost only QE events, not suffering too much by n® background.

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA
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@ CcosE

EUROPEAN COOPERATION
SUPER BEAM IN SCIENCE AND TECHNOLOGY

2nd Oscillation max. coverage

XYY

0.20

S=—1/2

2nd ggcillation max.

|~ well covered by the ESS
| neutrino spectrum

0.15H

. 0.1080

:/ 1t oscillation max.

0.6 1.0

E (GeV)

M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 20



ESS
6"; 7&) NEUTRINO
L ) SUPER BEAM

— 2/8 yrs V/V

———= 5/5yrs v/v

-150 -100 -50 O 50 100 150

* little dependence on mass hierarchy,
 Ocpcoverage at 5 o0 C.L. up to 60%,

* &¢paccuracy down to 6° at 0° and 180°
(absence of CPV for these two values),

* not yet optimized facility,

* 5/10% systematic errors on signal/background.

Physics Performance

ccosE

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY
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M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 21



Protvino to ORCA — key numbers
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Proton radiography

U-70
1-100
70 GeV|— —1100 Mev

U-1.5
—1.3GeV

—URAL -30
30 MeV

[svo ][Fops N [HYPERION] [Radio-biclogy
T T 3

~‘\ \ Exp. Hall
By =

= orle’

1 1 I
[sPiN] |[ISTRA4| [RAMPEX (SPASCHARM)|

[TNF-Atas| [VES] [mis-ITEP]

Linear accelerator Ural-30 25.3 30 MeV

Linear accelerator I-100 79.4 100 MeV
Synchrotron U-1.5 99.16 1.32 GeV
Synchrotron U-70 1483.7 50-70 GeV

Operated by NRC «Kurchatov Institute» — Institute for High Energy Physics (IHEP), Protvino



Possible Beam Layou
Bend of proton beam in: I |

t.‘.v

horizontal plane —21.7°
vertical plane —11.89

~ 90 m of 1.6 T magn. field 3
WD Yogi

5

" Beam dump

.»,"\ - | —~—tl -
! < . )

, M -
) 2% . ’

-~

Near detector
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Possible Beam layout

* Depth profile of beam and various underground halls

Target hall —9x12x24 m (WxHxL)
Absorber hall —6x12x12 m (WxHxL)
Near Detector hall — 9x12x36 m (WxHxL)

1BV Hall

Near Detector Hall Absorber Hall Target Hall Water-Saturated Horizons
90m deep 63m deep 30m deep
Muon Absorber Region Decay Pipe Tunnel CT(T[) =8m > 7 GeV = 400m

120m long 180m long



Neutrino Flux

* Very clean beam in leading flavour
e 1% (3%) (anti-)neutrino contamination

* Sub-percent v, contamination
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Phased approach — Phase 1

* ORCA : 1 building block

e 115 detection units, performance as in Lol

e Accelerator : moderate intensity upgrade
* Neutrino beam line to ORCA

2 1013 protons per pulse

New ion injection scheme (H) : x3

Double cycling frequency : 9s = 4.5s : x2

8 months per year operation

8 10%° protons on target per year

Intensity : 90kW cost : 100 MEuro
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Event numbers — Neutrino Beam

2.4 10%° p.o.t (3years @ 90kW)

Events / 0.2 GeV
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Event numbers — Neutrino Beam

2.4 10%° p.o.t. (3years @ 90kW)
Inverted Hierarchy ( ©,3=45°)
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______________________________ v beam, 2.4 -10®° POT, 10 |_._.
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NMH determination

* ORCA detector, 3 year with 90kW neutrino beam

—
o

E Protvinoto ORCA ©  vibeam, 2.4 x 10 PAT

6CP

Sy

NMO sensitivity [o]
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Phased approach — Phase ||

e Densified ORCA (~5x more photocathode area)
 Example : 10x denser but half as big
e Particle ID via Cherenkov ring fuzziness becomes possible
* Particle ID improves as shorter muon tracks can be seen

* More low energy events as detection threshold decreases
* Better energy resolution

e Accelerator : 450 kW
* 4 10%° protons on target per year
* 10 protons per pulse
* Repetition cycle 5 sec
* 8 months per year operation

* Needs replacement of injector system
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Decree from Russian President

YKA3

MPE3UEHTA POCCHUNCKON ®EIEPALIUU

O Mepax 1o pa3sBUTHIO CHHXPOTPOHHBIX M HEHTPOHHBIX
HCC/IeJOBAHUIT M HCCIeI0BATE/IbCKOI HH(PACTPYKTYpPbI
B Poccniickoii ®exepaum

{2 KAHLENSPHA )=
A A JpesuzieHT

X opdickoit Denepaunu  B.Ilytun
Mockga, Kpeminb
25 mions 2019 rona
Ne 356

Proton radiography/

U-70
£100
70 GeVf— 7/100 MeV
U-15
—1.3 GeV
—URAL -30
30 MeV
[oka] [svo ][Fops N, [HYPERION] [Radio-biology
{ ) T
Exp. Hall
| —— e \
bld.2a ‘ﬁz /

1 1 i
[sPiN] |[isTRA4| [RAMPEX (SPASCHARM)|

|TNF-Atas| [vES] [mis-ITEP]

Issued 25/07/2019

Reactor PIC at S.Petersburg
* commissioning

Synchrotron source at Novosibirsk
* construction

Synchrotron source at Kurchatov
Institute, Moscow

e upgrade

Neutron spallation source at IHEP,
Protvino

* Prototype & 1.5GeV booster

Synchrotron source at Far East
* R&D
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CPV discovery sensitivity [0]

CP measurement — precision

e 450 kW, 3 / 10 years, 10x denser ORCA but 2x smaller

* High precision measurement possible

10 "~ Protvino to Super-ORCA : - :
- NO, §,,=45% |[— Super-ORCA 40102 POT (50 % v, 50% V)
B ---= Super-ORCA, 12*10%° POT (50% v, 50% V)
8 - Super-ORCA 12*10%° POT (100% v)
i -.=. ORCA, 12*10% POT (100% v)
6l 7 N N T N i~

~ N\ 40% o~ \

=

45 = Protvino to;Super:ORCA _ ' ' i i
40END: 8,,=45° _[— Super-ORCA, 40° 107 POT (50 % v, 50% V)|
- «ss= Super-ORCA, 12* 102° POT (50% v, 50% V)
35 .. Super-ORCA, 12*10° POT(100% v)
30F .
25F e
20 i +
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% 02 04 06 08 12 14 16 18 2
8true/
cp

33



Tagged Neutrino Beam Experiment
(ANR Mathieu Perrin-Terrin CPPM)

« Standard Long Base Line (LBL) Experiment

v statistics VS performances

Neutrino flux ORCA : 8Mton Ereso 30 %
known on average DUNE : 40kTon Ereso 10 %
L 2 v o;“ozéo — Neutrino
— 7 3 10%v,/s
Fast Extraction ’ O(107)km \ Detector
10* p/Sus ~10 n/Sus

« Tagged LBL, the Next Generation of Experiment?

Clock and Trigge
mand 4 == roger

spectrometers i
P M-V / v, ~a 0, _—

— 108v./s Neutrino
Slow Extraction . O(107)km T Detector
10 p/1 ~1012 o
p/10s 0~ s Reach larger statistics as
Each v is reconstructed: performances are less
Flavour known w/o ambiguity demanding (E,0 3k4nown)

Energy resolution <1 % TagP20: 8Mton Ereso 1 %



How to make a Neutrino Tagger
(ANR Mathieu Perrin-Terrin CPPM)
Muon

« A miniature is already running: NA62! Spectrometer

2] GTK: @
| Pion Spectrometer -t Tl\\\m

YA aTK1 GTK3

T T T T T T T T T ! T
150 200 250
7 Iml

GTK : 10° part/sec NuTag for P20 : 10'* part/sec
1. sensor: 3x6cm larger sensor [>x10]

1.
2. 300um x 300um pixels 2. smaller pixels (30x30um) [x100]
3. pixel time reso 130 ps 3. better pixel time reso (30 ps)
4.
5.

Sensor 3x601m 4 3 stations >3 stations

5. fluence (10™ n, /cm?/y) fluence (10 n./cm?/y)

Individually 2,3,5 are doable but all together is challenging!



Conclusion

)
I e (7 l
¢ ORCA construction - successful take-off
. ﬁ)étector corﬁ@letion forégeen for 2024
" Various early physncs results much, earlier (2021)
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Rate [HZz]

Ratio

Real data - Muon Depth Dependence
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# PMT-hits

Photon detection in (Super) ORCA

e 150 (muon), 130 (e/m), 70 (hadron) PMTs hit per GeV
80 (e/m), 50 (hadron) Optical modules hit per GeV
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Super ORCA performance

* Exploit fuzziness of Cherenkov rings

* Even at 1 GeV leading lepton ring well visible

dUTI

—r
<
N

Number of detected photons
= )

T IIIIIIII T T TTTTIT

l

T T ETTTI

KM3NeT/Super-ORCA preliminary

—— electrons @ 1GeV
—— muons @ 1GeV

facing 3inch-PMT at 50m with -20ns<tres<20ns
100 electron/muon events
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How to make ORCA 10x denser ?

* One example:
* Vertical spacing 9m =2 3m
* New LOM design ?

e Different structure ?
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How to make ORCA 10x denser ?

* Horizontal spacing 23m =2
13m

* Deployment security
* Drag lines with ROV

* More complex structure than
vertical lines ?

e OM curtain ?
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The OMEGA project proposal

« New high intensity linac |5 y Lu-400
and booster synchrotron ‘.g v AD pulsed to UNK
= neutron rng
(35 GeV) > t | source
o
. 1.1 MW proton beam g
« High-intensity spallation
neutron source LB neutriny YU-35
beam line 1-100
« 450 kW power at 70 GeV
using existing U-70 U-70 B
synchrotron medium-energ SRR
hadron physics
« Along baseline neutrino . v
igh-energy '—
beam ha?dron physics experimental hall
main gate I
C t t perimeter of technical site
onstruction
estimate 8 yr N.E. Tyurin et al, Facility for intense hadron beams (letter of intent),

News and Problems of Fundamental Physics 2 (9), 2010,

http://exwww.ihep.su/ihep/journal/IHEP-2-2010.pdf s



Cost estimates
Table extracted from the OMEGA project Lol

Ne  Object (milli(?nofl:bIBS) (aFI:?JF%X)
1 Linac LU-400 7200 180
2 RCPSU-3.5 10 100 250
3 Neutrino channel 1500 40
4 Near Neutrino Detector 1000 25
5 Neutron source (target station T1) 8 400 210
6 Neutron research set-ups 1500 40
7 Injection from U-3.5to U-70 800
8 Target stations T2 and T3 800 20
9 Infrastructure 700 17
10 Total 32 000 800

Using 2013 exchange rate 40:1
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Measurement precision

* 1% energy resolution and negligible systematic
energy shape uncertainty due to tagging

 Ultimate precision for large CP violation

s — Protvino to Super;:ORCA preliminary | i ;
40 -NO: 923‘45 _|—normal 40*10°" POT (50% v, 50% v

.- normal 12*10* POT
— Nu-tagging, Evis>0.8, 40* 10” POT |
- nu tagglng EV|s>0 8, 8*1020 POT
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ORCA1L: True neutrino energy

e Detection threshold: ~few GeV

c 10°E
£ £ KM3NeT preliminary selected events
%) — ORCA1 simulation, 125.3 days — atm. neutrinos
(e — —_
o RN — v, +Vv,CC
"q—) \(;L;cilla\{ttion —Vu + V“ CC
© 10 v.+Vv.CC
AR VNG
2 } BN Simulation
vuCC:50 L [T B
Ve CC. 8.3 E _‘
101_‘J:|||||||||||||.;-j||||||||||||||...|....
O 0.5 1 1.5 2 2.5 3 3.5 4 45

log10(Ev/GeV)
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Indirect Dark Matter detection

Gravitationally trapped relic WIMPs (Sun) annihilate and resulting products are measured.

[ORCA 115 (5 years), ANTARES (2007-2012), IceCube (2011-2014), SK (1996-2012), PICO (2016—2017)] [ORCA 115 (5 years), ANTARES (2007-2012), IceCube (2011-2014), SK (1996-2012), PICO (2016—2017)]
" — ' PR ' 102 S ' A B T
L \ KM3NeT Preliminary g KM3NeT Preliminar ]
1077 PICO C:iF:) \ IIceCubeb_El: F PICO-60 G:Fs) y P
E?/ | 1073 | § N S
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= - ] 3 SKibl Lf
2 k_—\Eerm:s WA -
s | EI,_ 10—5 ........................................................................
r g%
§ s SKW*Ww s §
; M v
>© 0 I T ek =
_\/ |IceCube T*r‘] 1
10—5 10_8, o : I ; T . . ..H.i B
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Mwime [GeV] Mwime [GeV]
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Supernova detection

~10 MeV supernova neutrinos cannot be resolved individually
Detection of Galactic supernovae by enhanced coincidence rates

KM3NeT preliminary

102
® ARCA background . .
ORCA background KM3NeT prellmmary
27 M, at 10 kpc
10* 5 11 M, at 10 kpc . . .
- 5 sigma discovery distance ARCA+ORCA, 27 Mo
ARCA, 27 MO
100 100 - ORCA, 27 MO
_ ® — ARCA+ORCA, 11 Mo
z © ARCA, 11 MO
2 . £ 501 ORCA, 11 MO
g as ()
= 0
3 2,
@
(9]
1072 e <
©
° O
® . “é
10734 o 101
(7]
5 4
1074 L— ' | ' ! ; ,
4 5 6 7 8 9 10
Multiplicity 3 5 10 15 20 25 30
Number of coincident (~10 ns) PMTs on DOM distance [kpc]

o Neutrino energy can be resolved
At >= 6 coincidences per DOM, Time resolution allows sensitivity to SASI

SN signal exceeds background. SNEWSs and real-time alerts



Super ORCA performance

* Flat acceptance down to ~1 GeV
* Particle ID better than 95% down to 1 GeV
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Systematic Uncertainties

* P2S0

Parameter prior
N, 1 40.05
N, N,
N 140.10
Nxc 140.05
013 (8.51 £0.15)°
B3 (45.0 £ 2.0)°

Am3, [1073 eV?]
ParticlelD skew
Fycae Overall
FEscale €/t skew
FEscale had /e skew

2.5 £0.05
1 £0.10
1 £0.03
1 £0.03
1 £0.03
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fraction of o

Which baseline?

CPV (Nucl. Phys. B 885 (2014) 127)
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Candidate active mines
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sin?29 = 0.1; 8,5 = n/4; 10 years of running

ESSvSB 500 kt tank at 540 km.

ESSvSB 500 kt tank at 360 km.

ESSvSB 250 kt tank at 540 km
and 250 kt tank at 360 km.

12,

940 km + 360 km

— Pratvino to ORCA / Super-ORCA, [ —— gper.0Rca, 4010%° POT] |
- 4Mton, v beam, NO, 6,.=45° ! = Super-ORCA, 12"10%° POT|
B - preilmlnary - ) | mwamaa ORCA, 12x1020 POT

—
N

—
o

(o]

CPV discovery sensitivity [c]

Enrigue Fernandez Martinez
private communication

R. Tsenov, https://indico.cern.ch/event/740296



CPV performance comparison between ESSnuSB, DUNE and Hyper-K
assuming 3% systematic errors for ESSnuSB in line with the other two.

ESSvSB 500 kt tank at 540 km.

12,

540 km + 360 km

ESSvSB 500 kt tank at 360 km.

Abcp (degrees)

25/

T2HK 6¢p = 11/2

— N
&) o

-
o

~ T ‘f 0 g T ESSvSB 250 kt tank at 540 km

and 250 kt tank at 360 km.
Daegu, 30/08/2019 6CP M. Dracos, IPHC-IN2P3/CNRS/UNISTRA 54




Garpenbesg ]

(540 km)

3ction of Ocp

(E. Martinez-Fernandez)
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My personal opinion:
these scenarios are too optimistic 2
for all facilities
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Systematic errors

SB BB NF
Systematics Opt. Def. Cons. | Opt. Def. Cons. | Opt. Def. Cons.
Fiducial volume ND 0.2% 0.5%N 1% ] 0.2% 0.5% 1% | 0.2% 0.5% 1%
Fiducial volume FD 1% 2.5% 5% | 1% 2.5% 5% | 1% 2.5% 5%
(incl. near-far extrap.)
Flux error signal v 5% 75% | 10% | 1% 2%  2.5% | 0.1% 0.5% 1%
[Flux error background v | 10% 15% | 20% correlated correlated
Flux error signal o 10%  15% | 20% | 1% 2% 2.5% | 0.1% 0.5% 1%
Flux error background 7 | 20%  30% | 40% correlated correlated
Background uncertainty | 5% 7.5% | 10% | 5% 7.5% 10% | 10% 15%  20%
Cross secs X eff. QE! 10% 15% | 20% | 10% 15%  20% | 10% 15%  20%
Cross secs x eff. REST | 10% 15% | 20% | 10% 15%  20% | 10% 15%  20%
Cross secs x eff. DIST 5% 7.5% | 10% | 5% 7.5%  10% | 5% 7.5%  10%
Effec. ratio v, /v, QE* | 3.5% 11% - | 35% 11% = - - -
Effec. ratio v./v, RES* | 2.7% 5.4% - 1 27% 5.4% = = = =
Effec. ratio v, /v, DIS* | 2.5% 5.1% - 1 25% 51% = - - =
Matter density 1% 2%/ 5% | 1% 2% 5% 1% 2% 5%
Phys. Rev. D §7 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]
Daegu, 30/08/2019 M. Dracos, IPHC-IN2ZP3/CNRS/UNISTRA 56



Comparisons

L U P s R R L
- Normal Hierarchy 5% sys.

= T2HK
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Comparison using the same systematic errors
Phys. Rev. D 87 (2013) 3, 033004 [arXiv:1209.5973 [hep-ph]]
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Proton Accelerator Complex Protvino

RFQ DTL URAL30

14 P

Main PS
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