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First detection of solar neutrinos 1968: Homestake mine experiment (R. Davis)

v+3Cl— B~ +*Ar, YAr— ¥Cl (34 days, K-capture) e +°74r > v, +°7CI

E(neutrino)> 0.814 MeV
Tank with 390 m3 of C,Cl,

~1.5 Ar atoms/day produced by solar neutrinos 37Cl ~24% of natural Cl
Extracted every 3 months with a flux of N, g

Final state 37Cl excited emitting Augier electrons e/o x rays

Results compared to the neutrino flux predicted by
the Standard Solar Model (J. Bahcall)

> 1/3 of expected rate
Solar neutrinos deficit
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Interpretations:

I[N, Baheall] want to tell you an illustrative story about neutrine research ... One of the
miners came over fo our bench, said © “Hello, Dy, Davis, How s of going © You don' look foo
happy.” And, Hoy replied ; “"Well, [ don't know .0 om capturing tn my fank many fewer of
those neutrinos than this young man says 1 should be capturing.” The miner [ finally

satd ; “Newver mind, Dr. Dawvis, of has been o very cloudy swmimer here @ South Dakofa, 7

More seriously debated for long ... long time:

The trivial ones:

» The Homestake experiment, which is quite delicate, has some bias in the neutrino
detection

» The Standard Solar Model is not correct (neutrino flux depending on T2%1)

The fascinating one by Pontecorvo:
the Davis experiment and the SSM are both correct it is new

physics: neutrinos change their nature during their trip to the
earth

- Neutrino oscillations

Electronic neutrinos from the sun become muonic neutrinos
The energy of the muonic neutrinos is too low to allow for their
charged current interactions = neutrino disappearance

But neutrinos must be massive particles ...
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April 6, 1972

Prof. J.N.Bahecall

The Institute for Advanced Study
School of Natural Science
Princeton, New Jersey 08540, USA

Pontecorvo was predictive:
Dear Prof. Behcall, It took 30 years for the

Thank you very much for your letter and the abstract demonstration |
of the new Davis inwvestigation the numerical results of which
I did not know. It starts to be really interesting! It would
be nice if all this will end with something unexpected from
the point of view of partiecle phyaiecs. Unfortunately, it will
not be easy to demonstrate this, even i1f nature works that
way.
I will attend the Balaton meeting on neutrinos and
looldng forward to Sec you therec.

Yours sincerely,

r)) ;D_ﬂué_f,uw*——— —_—

B.Pontecorve



Neutrino 98 Conference in Takayama (June 1998)

First results from Super-Kamiokande on atmospheric neutrinos, &@¥s<
evidence of a zenith angle dependence of v, disappearance, v, in

agreement with expectations
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SK: Atmospheric neutrinos anomaly

2 400 FSub-GeV e-like 4 LSub-GeV pi-ike .
E ' i interpretable in terms of v, — v,
S o oscillations with a Am2 ~ a few 10-3 eV?
é | R .
) 3 5 o CL Kot ot o
% l te E o0% CL Kamiokands (subtm hi-GeV)
C CHOOZ six months
f before: no v,— v,
: oscillations, ©;3<11°
Neutrino oscillations start to be taken seriously as
explanation of the atmospheric neutrinos anomaly L

Super-K v, —v4
> Opens the campaign for long baseline experiments to | oscillation
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reproduce the phenomenon with accelerator neutrinos



MEUTRINOS FROM SUDBURY NEUTRINO OBSERVATORY (SNQ)
THE SUN OMTARID, CANADA,

FROTECTIMNG ROCK

Elactron-neutrinos .
Both electron neutrinos ‘];

alone and all three types of
neutrinos together give sig-
nals inthe haavy water tank.

are produced in the
solar core.
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Neutrino Reactions on Deuterium

Charged-Current &
Ve /.
® \Cierenkov electron

neutring deuteron \ @

@pmions
Neutral-Current
/:eutrino
. ®
neutrino deuteron \‘® neutron 2001 . SNO 1000 h e g e
Sroton ; tons of heavy water, sensitive o

neutral current reactions > measure the total
Elastic Scattering & neutrino flux independently from their flavor
®

. .< Cherenkov electron The total neutrino flux agrees with the SSM |
neutrino  electron ° ectron neutrinos change into other neutrino flavor
ti - Elect trinos change into oth 1 flavors

neutrino




Standard 3 v framework (ignoring LSND, Miniboone anomaly, Reactors anomaly, Cr source anomaly ...)

Two almost independent oscillations describing;
solar neutrinosiAm3, (7.6573%)10°eV?| and atmospheric neutrinosy{|Am3,| (2.407017) 1073 eV?

sin? 012 0304__*_88% SiIl2 923 050tggg
Solar neutrinos : ||'/ E~1,5 !(rr\l/ .M?Y. ;‘/EN?OO Km/ Gelv . Atmospheric neutrinos
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. 2
3 neutrino flavours mixing: SiN%s @ =e, i, T (flavor index)
favorite parametrization of U:

i=1,2,3 (massindex)
in terms of 3 mixing angles 6,, Z U= unitary mixing matrix

0,;0,; and one Dirac-like CP i
ci2  s12 0
—s512 ci2 0
0 0 1

phase 6 :
Slar v oscillations

1 0 0
U=UplUialUiz= |0 c23  s23
0 —s23 co3

Atmospheric v oscillations
C12C13 812013 Sq13€

_ X i . i
U= —812C23 — €12813823€ C12C23 — 812813823¢€ 13823
id id
812823 — C12813C23¢" —C12823 — 812813C23€""  C13C23

Bridge

where: s;j = sinfyj, ¢ij = cosb;;. 913,CP violation?



T2K off-axis beam (tuned for osc. max.)
v, Vv, appearance

First result on 6,5 (June 2011):

6 events observed, 1.5 events bck. > 25¢

March 8th 2012:
Daya Bay reactor anti-neutrinos
ve 2 Vv, (vedisappearance)

Sin?20,;=0.092 = 0.016(stat) = 0.005(syst)
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Fundamental questions related to a deeper description of physics and to the evolution of the universe

»Why are neutrino masses so small ?
»Why is the mixing matrix so different than the one of the quarks ?

»Which is the mass of the
lightest state

»Are neutrinos Majorana
particles ?

»Which is the hierarchy of the
mass eigenstates ?

»|s there CP violation in the
neutrino sector ?

CP violation in the neutrino sector can explain the
matter/antimatter asymmetry in the universe

An experimental program for the next 30
years (like for CP in quark sector):
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Key measurements of neutrino mixing via the study of v, =2v,oscillations:

Matter effect

Direct evidence for CP o, sin®20;3 o « .
violation must be o= ve) = s 923-“‘111 | B reading term
searched in with the 8.J0  AVein( AAYsin((1 — AVA
Sub_leadlng Vueve ‘f—(tm S1|( 4 }hlll(; / )hlll((l — 4 ) i ]
oscillation at the Am? SIop , ~ CP-terms
of the atmospheric +ﬂ./i(1——/i) cos(A)sin(AA) sin((1 — A)A)
neutrinos (Am?~ 103 2 o sin? 20

ev?) CPV +a? - 23;;;1} —1 Si112(AA_) Solar term

. . JCP — 1/ C‘.US 913 sin 2912 sin 2913 sin 2923

The same oscillation -

channel provides Iep = 1/8[cos 0¢ p)cos 13 sin 2015 sin 26013 sin 2093

infos on: o= A-r‘n.gl/Amm, A= Am%{—-————— E, dependence

* O3 A =2VE/Am3, = (E,/GeV)/11 For Earth’s crust.

« Matter effects and

mass hierarchy
« CP violation Large 013 - next steps accessible with standard beams !
To study this channel it is crucial to use a detector capable of
providing a very good measurement of electrons (electron 10
identification, background rejection) and energy resolution




CP asymmetry as a function of L/E

CP violation can be measured by comparing v and anti-v oscillation
probabilities in an asymmetry variable

A = P(L’ﬁ — L’D) — P(Eﬂ — L_"g) = P(v) - P(#) _ _Eiéf]ﬂﬂ]gcﬂtﬂgslﬁﬂ'ﬁjl
.96-m§115| 2 2 2 kdhigl™S - -
1f—sin T3 efysizsa(1 - 2673) | L/E
I Ma yer terms | " [~ NVANANE,
- C13813803(1 = 233) T A |
15t max T ‘w
Bure CP-term /# The -:*mwh:%ﬂg increases e

linearly with LIE

The amplitude of the pure CP term increases with L/E - this effectis
stronger at the second oscillation maximum.

Measurements at the second oscillation maximum are very important and
possible only with a detector with very good energy resolution

11



Matter effects and CP violation effects degeneracy

Matter effects on the

2012
oscillation probabilityatL . |
= 2300 km for v and anti-v S )
in the case of Normal "E
(NH) or Inverted (IH) L

hierarchy

lllllllll
.‘.Il llll.....i
+

Since CP violation is also

measured by comparing v PSRRI YT O s s e T e e
and anti-v oscillation = (G E, (62
probabilities matter effects L A e o T
mimic CP violation if the L=73%5km L=735km
mass hierarchy is not known Si(2,)= 015 sim2) =015
3 010 7 010
» CP terms Arréﬂ:’o 4 6 D
i Matter effect
« Itis needed to accurately I — =0 —Am,>0
measure and subtract the T o8 —5=m2 s —Am,<0
matter effects in order to '
look for CP

2 4 6 8 0% 2 4 6§ 8§ 10
Neutrino Energy (GeV) Neutrino Energy (GeV)

U.Uq;

L. Whitehead

 Matter effects dominate

around the first maximum 5



Effects on oscillation probabilities as a function of 6 CP

Once the mass hierarchy ~ CERN-Pyhasalmi: spectral information vy, —ve
IS determined, it is

possible to study the CP- *Normal mass h|erarchy L 2300 km
violation and determine Forf 1 G

the value of d by acp_o EREE 5 5 45"
measuring the v and anti-v oon 2 e o

oscillation probabilities o 006 "

. L]
0.02 gttt

wa® 1 1 1 1 1 ] 1 1 LT 1 1 1 1 1 1 i
2 3 4 5 6 7 8 9 10 it 2 3 4 5 6 7 8 9 10
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A lot of information is
contained in the shape

sin® (2013) = 0.09

around the first and second Fo FIY | .
maximum 2 of 2 o ;=180
CP-conserving ]
0.08 0.08 b
- Direct measurement of the oot 4 006
energy dependence (L/E oosfffri 004
behavior) induced by matter il | 002 ]
effects and CP-phase terms, oM Cel it ORAL Y s ]
independently for v and anti- E (GeV) E. (GeY)

v, by measurement of events
energy spectrum 13



The Water Cerenkov approach (extrapolation ~x25 of SK):

v’ Large water Cerenkov detector O(0.5 Mton), 140k 12” PMT

v" Low energy narrow beam (0.1-1 GeV) - just lepton reconstruction in QE events

v Short baseline (100-300 km) - no mass hierarchy determination (needs an
external input (atm. neutrinos, other experiments)

v" New beam needed ~1.2 MW

- Counting only experiment on neutrinos-antineutrinos asymmetry
» HyperKamiokande project in Japan
0.56 Mton, 99k PMT 20", new beam from
JPARC (295 km)

Hyper-K Overview

Total Volume 0.99 Megaton

Beam neutrinos, Supernovae neutrinos, e e

Search for proton decay gil::if\ll\o/ﬂgnn;e %.SzéMl\ltgc;So(,?'%é Mton % |0 compartments)
1 I Photo- 99,000 20”® PMTs for Inner Det.

9. Seeking for apprpval in 2016-2017, S ph?to-covel‘;g:)l ner Det

with expected start in ~2025 | 25,000 8'% PMTs for Outer Det.

55
~ Electrical Machinery, Room |

Mormal mass hierarchy

arXiv:1309.0184 [hep-ex]
arXiv:1412.4673 [hep-ex]

76% (58%) CP coverage 3o (50) if MH know
With 7.5 MW x 10E7 s exposure

-100 =50 100

14



Hyperk:

measurements in |
sub-GeV region

Appearance V mode

I .
L]
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— Total
— Signal v, =V, —— Signal vV, =V,
—— Signal V, —V,_
—— Beam V_+ 'v'_e
—— Beam: V,+V,

—— Signal vV, —V, 250
—— Beam V_+V, 200
—— Beam: V,+V,

Mostly « counting , 150
high statistics

experiment »
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Number of events/50 MeV
Number of events/50 MeV ||

! 1 1 i R —r—t—t— I —
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Reconstructed Energy E™° Reconstructed Energy E"* (GeV)
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< IIII|IIII|IIII|IIII|IIII|IIII|III

MH to be known to

avoid a systematic

bias Wrong sign beam ve/Ve
Systematic uncertainties based on: (VH=Ve €C) | appearance contamination
v T2K experience 3016 28 523
v WC ND 2,110 396 618

v’ study of atmospheric neutrinos control sample in FD

Uncertainty on the expected number of events at Hyper-K (%)

anti-v mode (T2K 2014)
VU Ve VU Ve VU
Flux&ND | 30 2.8 5.6 4.2 2 27 > total 3.3%
XSEC model [ [ 1. 1.5 2.0 14 [ 47) 50 uncertainty
Far Det. +FSI . .0 1.7 .| 37) 50 on nue rate
Total | 3.3 6.2 4.5 8 76




Fundamental questions to be addressed by the next generation of long-baseline
neutrino oscillations experiments:

a) The hierarchy of the mass eigenstates (normal, inverted ?)

b) Is there CP violation in the neutrino sector ?

= Both effects will be studied via the sub-leading numu—-> nue oscillation in the
atmospheric neutrinos sector and its spectral information and by looking at neutrinos
VS anti-neutrinos

= Need very long baseline and high intensity neutrino beams (>1000 km) shooting to
giant O(few 10kton) fine grained detectors capable of electron identification and good
energy resolution

= The determination of the mass hierarchy is needed in a first instance in order to
measure CP violation (otherwise its ignorance can severely bias the CP violation
measurement via the matter effects)

- Next neutrino program pursued jointly by Europe and USA are aiming at this
goals relying on the detector technology of the liquid argon time projection
chamber (LAr TPC)

16



Typical neutrino interactions events in fine grained detectors

Vy CC Event

MINOS
(sandwich of
2.54 cm
magnetized
steel and 1 cm
scintillator
plates)

ICARUS LAr
TPC
neutrino
interactions
from CNGS
beam

e 35Mm —s

..'.HJ|.||II..II|JJ|I||L.|“.]L.l]..lm. R

+ Long muon track +
hadranic activity at

vertex
v, CC event
with 7°
production
b >
JEL“ 3 ltomelc
‘ showers
|/ %\\1\
T i
..x'./. ’ \.,\\H sk PSRRI ’;‘,“‘
\‘\\ ' ‘pfimarvvenex
T s
Db dietin

NC Event

| e— 18 ——

+ Short showering
event, often diffuse

v, NC event with n°
production

b
\ \’ |
i \,"‘%

| | Y

T40 <crm

V. CC Event

Y — 23M ——s

+ Short event with
typical EM shower
profile

sinle miplectron 12, am)

E =641 03GeV
P=1210206elk

v, CC event"

~ ——

N

| Incoming
neutn

elirno




The Liquid Argon Time Projection Chamber (c

Homogeneous massive target and ionization
detector -> electronic bubble chamber

= 3D event reconstruction with ~1 mm resolution, surface
readout

= High resolution calorimetry (electromagnetic and hadronic
showers)

*Primary ionization in LAr: 1 m.i.p ~ 20000 e- on 3 mm

» Detection of UV scintillation light in Argon (5000
photons/mm @128 nm) to provide t = 0 signal of the event

—
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@
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Ideal detector for neutrino oscillations
Supernovae neutrinos and proton decay
Scintillation Light

Non-destructive
multiple readout
with induction
planes

1=t Induction

wirefscrean grid

2rd Induction wire
!;1 rl |:| I: w I|I|'i EIIIIII|II::I
Collection wire
grid (y view)

. Rubbia 1977)

Focussing optics.

ionizing track

E=1KV/em

«— equipotential

focussing &
~—sgcreening
I grid
E=5KV/iem
.\"L o—{=— induction wire
; piane
Screen wire

collection wire

=— plane
6
q g mm
Distance across the wire plane

z = drift time

Drift Field: 0.5-1 kV/cm
Drift time:
1.5ms/3m @1 kV/cm

(requiring < 0.1 ppb O, equiv. impurities)
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The T600 prototype (2007)

RN

iy | @ ICARUS T600

\|||“‘l‘!l!!ll!!!::r’

Charge collection electrodes

Firiii

R X 1 . X CGThOd e

T_Hv|

—800 —400 —200 200 400 600

Y (cm)
a) rock g) gap
b) hall B h) container
¢) neutron shield i) gas phase Ar
d) cables-electronics ) inactive LAr
b e) platforms k) active LAr

f) insulation



The induction signals

ICARUS: Edrift =500 V/cm, p = 3mm, d = 3mm, wire radius = 0.1mm
E,/Eq.i¢s = Es/E; > 1.4 > induction views transparency > 92%

* Electron drift velocity ~ 1.5bmm/us
- Typical grid transit time ~ 2-3 ps

, Induced current 4 Induced charge

B U
)
-

J

Drift ’rume Drift ‘rimz




Typical T600 m.i.p. signals

S~9 MY, N~2.1 mV (RMS)
l
\ ||l|

| [ f | [f || | i
-_:,J. |Pf4.,|| 'lll".rfll]l'lf fIH 1I4|, JILJ h ” | I ﬂ‘ |I|r\ n'” ”nlhwll'h |‘| ||. |||TF i

L Dllﬂ:\ Tmap !.;J:
Time Samples [x 300 ns]

Ind 2 S~9 MV, N~1.8 mV (RMS)

&
i

Dutput [MmV]

: I et g% ofa vubi M il §
l":J'.'nl.J'J,-!-]J"r'T.\;(: i '.H..lrlal I'_.'l f 'lilli.‘af-illl'r'rhlllj'ln iy L t'll IJr u' 1 1’1 \ l l f‘ ,Irlrrll ’IHI ink! It'"‘rll'l ]l‘ j
1 oF ERE 1 m |l

m-s-ﬁifsumum]
Collection P Al Collection
| S~21 MV, N~1.8 mV(RMS)

||*|1 L,u”” Iill |I'|"|| *n Li”" III‘I |L“H."'J|j|r|h'l II.’I'.:QJIhFI'Iq.J # 'I{'Il i IIWl.‘!i IH*‘ I I u,r' 'f I"i ',i1.|||"\1 fl*'-lr'llxiil\ll‘htl'i:fw

s:.

g

=0
Time Samgles [x 400 ns]

Example of tracks in single phase LAr TPC (ICARUS)
S/N ~ 10 collection view
S/N ~ 5 induction views




The liquid argon TPC as an electronic bubble chamber

« Large mass, homogeneous detector, low thresholds, exclusive final states
« Tracking + calorimetry (0.02 X0 sampling)
« Electron identification, n° rejection, particles identification with dE/dx

—> Neutrino physics (electron identification, reconstruction of event kinematics,

identification of exclusive states, excellent energy resolution from sub GeV to multi GeV)
- Supernovae neutrinos

—> Proton decay search (large mass, particles id.)

K'—uv

n

il =cv

L

Ty
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Total visible energy |

The liquid argon TPC as an electronic bubble chamber

Run 9927 Event 572: v,-CC CNGS event

30

Bjp[MeV] | cosx | cosy | cosz

2701.97 | 0069 |-0.040 |-0.997
520.82 | 0054 |-0.420 |-0.906
514.04 0001 | 0137 |-0.991

76.99 0.009 |-0.649 |0.761

56.98 0000 |-0.239 |-0.971

4.5 GeV 5\
1
r close-up of two e.m. showers k
Primary vertex Collection
) i
very long 1L (1), : -0"’:'
e.m.cascades(?), oo
0(3)
Secondary \'¥ / Track
vertex (B) | Tnduction2 | 1™
the longest ) :
track (B) is ap b 3 (p)
: o~ b ml) Sec.vtx. | 797
coming from i = x\ﬂ: |
STOEELHGQ kis(é)l : # Conver;ion dis:runces 5 () 313.9
Il Y 69cm, 23¢em 6 (K)
observed .

8

35.87 0414 |0793 |-0.44¢6
283.28 |-0.613 (0150 |-0.776
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Douplie-phase readad

ong ¢ q extraction of electrc
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Anode OV

2 mm Collection field 5 kV/cm
GAr Extraction field 2 kV/cm
lem - _Grid
LAr

Drift field 0.5-1 kV/cm

y pitch

effective gain

view 1

. CA . CA O @ >
. )
0 0 (O 010 ele U
0.5
80 __ “ resolution view 0 o4
: = resolution view 1 o -

60— 0.3
| ° effective gain / i
40} ) : o . i e 0.2

L resolution ~8% for both ¥iews
t [+ A
20} o ' 0.1
e S S = Sl
% m wm 3 36
LEM field [kV/cm]
X cm

0(500°000) holes

C. Cantini et al 2015 JINST 10 P03017

50 cm
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View 0: Event display (run 14456, event 8044) View 1: Event display (run 14456, event 8044) D ou b | e- p h ase p rot Otyp es
“S/N=100 - S/N=100

<
- 80cm

measuring real data events
since 6 years with active
volumes from 3 to 250 liters:

amplitude (ADC counts)
amplitude (ADC counts)

\,\{ : \ > 15 millions of cosmic events
3 B 1 collected in stable conditions

: S/IN~100 for m.i.p. achieved
- - starting from gain ~15
‘Collection B :
R R _'COIJOeCt!On' SEm 3x1x1 m3 setup at CERN

channel number channel number

cmig)

WA105 6x6x6 m3 setup will
start data taking in 2018

C¢

View X

i~
L

View y _

0
=
i
=
S
& g

amplitude (AD
[ (5]
=
=

[ ot Sy oo it st 70

- S/N=800

60 BO 100 120 140 &0 80 100 120 140
drift fima [ps) drift time (us)

Literature:
NIM A617 (2010) p188-192
NIM A641 (2011) p 48-57 )
JINST 7 (2012) P08026 achieved
JINST 8 (2013) P04012 gain ~200
JINST 9 (2014) P03017
JINST 10 (2015) P03017




LAGUNA-LBNO (2008-2014) 2 EU program, 14 Meur, >200 physicists, 6
Design Study years of work

—> Outcome: optimized configuration for a
LBL experiment studied in Europe (as
recommended by CERN, APPEC) with
associated technological developments,
innovative solutions and full costing

= Deliverables to the EC, outcome of the
design study, documented in
>4000 pages (0.5 GB)

= Study performed in collaboration with the [
EU industrial partners 3

= Final design study meeting in Helsinki
(24-28 August 2014)

—> Design to build an affordable large size
underground liquid argon TPC detector

= Precious input to define a joint program EU-USA (ELBNF)
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100% NG
atmosphere
loose insulation

=2.5m

Membrane

Load bearing
insulation under
inert atmosphere

=1m

Corner N
protection (TPS)

e

9%Ni plates

| | =1.8m

] 0.4am maxi

| (according to
#| BoR requirements)

I
[ imtegrated corner

protection (TPS)

5]

On-surface

Liquid Infra

Underground
Liquid Infra

I- v-I

{

Membrane-Tank Concept Desi

GST Membr(\te & Insulation Ii
11 omsb
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"&ST/REK T LNGC Technologies)

Decline (11km)
Pumping station (-640m)

Main Hoist (Timo shaft)

Return air outlet route (tbd)

Fresh airinlet (to -1430m) -

Pumping stations (>-640m)

Main service level at -1430m

Crusher (at -1440m) ==

n
§ST Tubular Structure & Deck Penetration
A 17

Old main shaft (to -500m)
Other old shafts
Old ore body (to -1050m)

Drift tunnels to ore areas

Outlet shafts, which not
necessary for LL

New mine ore body
(below -1050m)

T ———




Air Purge

pewm, = Construction/Installation

Design and detailed logistics of the construction steps
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Air Purge

And last but not least:

Double phase
detectors design
and integration

FE electronics and
DAQ

VHV

g

= Special construction materials and demands
Field cage, cathode, anode deck and feed-throughs

Scaffolding
Clean room
integration




LAGUNA-LBNO: Layout of the LAGUNA-LBNO

A very long baseline neutrino experiment observatory at Pyhasalmi o L
(-1400m) Sl

Available space for up to

CERN EOI June 2012 2x50 kton LAr + 50 kton LSc A
879°000 m?3 excavation <
Design to be finalised within >

LAGUNA-LBNO by =2014

224 physicists, 52 institutions
Physics program: :
= Determination of neutrino mass hierarchy [EESE L @FElE: e e | s
= Search for CP violation Q- . g D -«

= Proton decay

= Atmospheric and supernovae neutrinos

Far liquid Argon detector

anode & charge readout

LBNO Phase I:
® | Pyhasalmi [e=TeE1o][Xe)]
— guaranteeing fast

**Double phase LAr LEM
field cage TPC (GLACIER,2003)

5‘ (i85 (hep-ph/0402110,
: 1 B J.Phys.Conf.Ser. 171 (2009)
< Q 5
F‘""""‘\‘// unam blg uous mas ; 012020, NIM A 641 (2011)
°@F h|erarchy | 4857, JINST 7 (2012) P08026)
l.fl!,;"y SEsl;:nlh 3 ) . . s )
PR dctermination (>5c )8
K&mﬁn r.\mm-vf ijh? Lrnuania Pm;“o f{‘ ||qU|d argon
Ireland e = afy W Belarus i volume he|ght
e ® . Poland
. Baigun Germany .. A= =
i ik ' 20 kton double | Design based on
4 “‘““ o '" ph ase LAr TPC extensive experience
S 0 with smaller scale
CERN* Bugeria devices
Portugal 1 T Ankaes
igon,  Spain 2100 km from RAL, 1500 km from cathode bottom of tank & light

... DESY, and 1160 km from Protvino.

readout



http://cdsweb.cern.ch/record/1457543

LBNO physics strategy

« Select a very long baseline (2300km and optimized site for installation) to explore
the L/E pattern predicted by the 3 flavor mixing mechanism over the 1st and 2"
max.

« Staged experiment adjusting the beam and detector mass on the bases of the
findings of the first phase, most efficient use of resources:

 Phase | (LBNO20)
24 kton DLAR + SPS beam (700 kW, 400 GeV/c), 15E20 pot, 25% antinu
Guaranteed 5¢ MH determination +46% CP coverage at 3o + proton decay +
astroparticle physics

 Phase Il (LBNO70)
70 kton DLAR + HPPS beam (2 MW, 50 GeV/c) 30E21 pot, 25% antinu or
Protvino beam, 80% (65%) CP coverage at 3o (50) + proton decay +
astroparticle physics

« Complementarity to HyperK (numu vs anti-numu at first max, 300 km) = L/E
dependence at 2300 km, 25% antinumu. matter effects

» L/E pattern measurement releases requirements on systematic errors related to
the rate normalization at the first maximum

30

- Guarantee MH at 5¢ and incremental CP coverage satisfying the P5 requirements



What is observed in the detector: relevance of spectral informations

- 200 McV /2.

- entnics /.

v, CC spectrum for
neutrino run

ArT ' .
LArTPC *

= all electron-like events -

25c+22 pots - - -

_detector
LBNO
simulatio at

B , CCbeam
-\ CC misid

s B

entries /200 MeV / 2.25e+22 pots

c-:'. T T
L

1 2.3 4 5 6 7 8 9-10
Reco v energy (GeV)

HPPS beam, 30E+21 POT

Events / 200 MeWV

UABAN BARRY RALAN LALAE RARAN LN LRARE R RARRE AR
r P == all electron-ike events
i v, NH, 6“,-0k1n—24]:| . CCboam
I, GG misid
I ¢, NG # misid

vCCet e

2.25e422 pots

Cut on Erec
@ 2.5 GeV

entries /

2 3 4 56 7 8 9 1
Reco v energy (GeV)

ERARE AN RN RN AR
v, NH. Ew=0.m=24kt

5 6
Reco venergy (GeV)

AL RAARE RRAAS RARAI RARL
S all eleetron-like events -

I v, CC boam
I v, CC misid
[ v, NC o misid

vCCiT e

7 8

Reco v energy (GeV)

Events / 200 MeWV

— BCP =1

—Op=T

A g

Events at the 2" maximum

=3n2

I“ itﬂmmm............

o |-

6

8

10

24 kton, sin® 6,3 = 0.45

No cut
- 2.5 GeV cut

Reco v energy (GeV)

Studying CP at
only the first
oscillation
maximum results
in a strong loss
of sensitivity!
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Joint USA-Europe initiative for acommon long-baseline experiment
based on the liquid argon TPC technology at the LBNF facility

Very quick developments since July 2014:

= Top priority of the USA P5 committee (HEP strategy in the USA) May 2014
- Reformulation of the program

= APPEC Meeting on Neutrino Infrastructures Paris June 2014

\" International Meeting for Large Neutrino Infrastructures
ure )

= August 2014: creation of an Interim International
Executive Board (IIEB) for LBNF chaired by the
Fermilab Director N. Lockyer

January 2015: Presentation of the LOI to the FNAL PAC (LBNF (facility) + ELBNF
(experiment): 40 kton at Homestake (1300 km from FNAL), 1.2 MW beam upgradable to
2.4 MW, first 10 kton module in 2021

March 2015: Formalization of the collaboration (DUNE), writing of a Conceptual Design
Report (CDR) for the DOE “CD-1 refresh” review
July 14-16t 2015: Final CD1 review

September 2016 LBNF CD3a approval - start of funding for the facility preparation
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Merging on LBNO and LBNE in an international LBL program hosted in the USA based on
the “LHC model”

40 kton LAr target at 1300 km from FNAL at the Homestake mine (LBNO experience on
double-phase to achieve large mass), high precision near detector
1.2 MW (upgradeable to 2.4 MW) and neutrino beam with second max optimization a la

LBNO
-> Start of beam operations expected in 2026

Overall Experimental Layout (\

NEUTRINC

Fermilab

MEUTRIMO
PARTICGLE PREDUCTION
DETECTOR

L unpERGROUND
PARTILE
DETECTOR

high precision
near detector

Wide band, high purity beam with peak flux
at 2.5 GeV operating at ~1.2 MW and upgradeable

* four identical cryostats deep underground
* staged approach to four independent 10 kt LAr detector modules
* Single-phase and double-phase readout under consideration
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Cryostat 2 | CERN steel-frame cryostat

/

Inner dimension (liquid+gas):

- * L =6200m
Cryostat 1 Steel-Frame Cryostat 5 G
* H=1400m

‘'S — Tob Gi LAr = 17’432 tons (95% liquid)

_~ & Detector supports Design is being developed to
/(500 x 250) 2
accommodate both single-

and dual-phase detectors.

‘\
\, Outer structure

eeeeeee (300 x 125)

Horizontal belts "\, Vertical belts
(500 x 250) (1000 x 500)

Central Utility Cavern (Cryogenics) Cryostat 3 Cryostat 4 4-caverns , 4-10kton
modules layout at SURF
Signal chimneys with DAQ Field cage (HomZSTer)

uTCA crates suspension
chimneys

Double-phase 10kton
module design (based on
LAGUNA-LBNO and
WA105) presented in the
DUNE Conceptual Design
Report submitted for the
DOE CD-1 refresh

Cathode



DUNE science program (\

NEUTRINC

Focus on fundamental open questions in particle
physics and astroparticle physics — aim for discoveries

1) Neutrino & Antineutrino Oscillation Physics in Wide-Band
Beam - Appearance and Disappearance Signals

CPV in the leptonic sector
Neutrino Mass Hierarchy
FPrecise Oscillation Parameters
Testing the 3-flavour paradigm

2) Nucleon Decay Searches with Zero Background
Predicted by Grand Unified theories

3) Galactic Supernova Burst physics & astrophysics

Core collapse supernovae still not fully understood and
neutrinos are intimately involved




DUNE Oscillation Strategy

Measure neutrino spectra at 1300 km in a wide-band beam

+ Determine MH and 6,; octant, probe CPYV, test 3-flavor paradigm
and search for BSM effects (e.g. NSl) in a single experiment
- Long baseline:
- Matter effects are large ~ 40% E ~ few GeV
-  Wide-band beam:
Measure v, appearance and v, disappearance over range of energies
MH & CPV effects are separable

v,/ v, disappearance Ve / Vg appearance
s

DUKE % disappaarance [ 1, DUME v, appaarance DUNE v, appaarancs
150 kt-Myr v mode - i l. 150 mﬁh'.rey-r v mnds 150 whﬂ':'o-yr ¥ mode
sini)=0.45 — Syt O3 i i Mormal MM, 6 =0 Mormal MH, b ,=0

£ Bz, 0 . w0, )=0.45 {0, 1=0.15

E & B

—— [F#]CC
= COA Aeferssce Dexign
srery GBS Cusl g

£
B B ®

g

8

Evenisf.25 GeV

Evenisf.25 GaV

Evenisf.25 GeV
n

g

Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)

M.A.T. November 2016



Timescales: year zero = 2025

Rapidly reach scientifically interesting sensitivities:

- e.9g. In best-case scenario for Mass Hierarchy :
+ Reach 56 MH sensitivity with 20 — 30 kt.MW.year

‘ Discovery

- e.0. In best-case scenario for CPV (8cp = +n/2)
+ Reach 3o CPV sensitivity with 60 — 70 kt.MW.year

Strong evidence ‘ ~3-4 years

- e.0. In best-case scenario for CPV (8cp = +n/2)
« Reach 506 CPV sensitivity with 210 — 280 kt.MW.year

Discovery ‘ ~6-7 years

* Genuine potential for early physics discovery

M.A.T. November 2016



DUNE MH Sensitivity

¢ Normal Hierarchy

sin®2e,, = 0.085
sin’e,, = 0.45

200 40D 600 800 1000 1200 1400
Exposure (kt-MW-years)

Reference beam

T DUNE CPV Sensitivity

Normal Hierarchy C P

sin’28 , = 0.085

sin"f,, = 0.45

200 400 600 800 1000 1200 1400
Exposure (ki-MW-years)

- CDR Reference Design
h % Optimized Design

600 800 1000 1200 1400
Exposure (kt-MW-years)

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

Effect of beam optimization:
exposure time to reach a certain
significance

Sensitivities shown as a function
of exposure in kt-MW-yr’s.

40-kt x 10 yrs x 1.2 MW ~ 500
kt-MW-yr

Bands for different values of:

= MH: probability to reach a
certain significance

* Fraction of CP coverage

- Beam optimization process
being further pursued in DUNE
(Task force 2)
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Proton decay Simulated event

Exclusive channels,
(like p—=> K* + anti-v)
Particles ID in final state

Clean signature, very low
backgrounds

K decay chain of a K from a
Mode Lifetime (90%C.L.) neutrino interaction observed in
ICARUS

p—vK* >3x103% yrs

p—e'y, p—u'y >3x10%* yrs

p— K >3x103* yrs
kaon decay

n—e K* >3x103% yrs
muon deca

p—*K°, p—e*KO >1x1034 yrs

p—e*n® >1x1034 yrs

p— >0.8x103* yrs

n—e*r- >0.8x10%* yrs

wire no.
Expect =linear sensitivity improvement with exposure until 1000 ktonxyea >

200 kton/year (JHEP 0704 (2007) 041 - x10 sensitivity increase, comparable to HI§9




Supernova neutrinos

For a SN explosion at the distance of 5 kpc
(By.) = 11MeV, (Ep,) = 16MeV, (Ey,) = (Ep,) = 25MeV

Events:

ve 0Ar — e~ *°K* (Ey > 1.5 MeV) =23820

ve VAr — et 9CI* (Ey>7.48 MeV) =2420
v, VAr - v, + VAr* ~30440

— Uy € =1330

Infall Neutronization Accretion

About 10k neutrinos (v, + 49 Ar interaction)
observable in DUNE for a SN explosion in
our galaxy in a time window of 10s
(detailed observation of emission time
profile, neutronization burst, etc ..)

Events per bin

Possibility to distinguish neutrino/anti-
neutrinos and NC interactions with dual- s -
phase detectors (de-excitation photons) rime (seconds)




« Modular implementation of Single-Phase TPC
- Active volume: 2mx 14m x58m | fX
- 150 Anode Plane Assemblies (AFPA)
+  BmM high X 2.3m wide ss==

- 200 Cathode Plane Assemblies
« (Cathode @ -180 kV for 3.5m drift

Single-phase proto-DUNE (TDR submitted
to CERN SPSC October 2016)

CERN Neutrino Platform

Dual-Phase Single-Phase




Dual-Phase DUNE FD: 20 times replication of Dual-Phase ProtoDUNE
Dual-phase 10 kton (drifté&m — 12m) DUNE Conceptual Design Report, July 2015

FD module Active LAr mass:12.096 kton, fid mass:10.643 kton, N. of channels: 153600

—

= 80 CRP units

= 60 field shaping
rings

= 240 signal FT
chimneys

= 240 suspension
chimneys

= 180 PMTs

Signal chimneys with DAQ Field cage
uTCA crates suspension
chimneys

Field shaping ring -
= 153600 readout PMTs

o IES (180)

Cathode

Advantages of double-phase design:

Anode with 2 collection (X, Y) views (no induction views), no ambiguities

Strips pitch 3.125 mm, 3 m length

Tunable gain in gas phase (20-100), high S/N ratio for m.i.p. > 100, <100 KeV
threshold, min. purity requirement 3ms - operative margins vs purity, noise

Long drift projective geometry: reduced number of readout channels

No materials in the active volume

Accessible and replaceable cryogenic FE electronics, high bandwidth low cost
external uTCA digital electronics 42



Energy depositions seen at the single wire level for a 1 GeV electron simulated shower
(3.125 mm pitch)

1 GeV electron
Electrons

/ from brem. y B _1.0%

.:1-.
=
n
=3
®
D
8 !
&
(]
@
o
E
=

""[|||_H |
b \'||||H|

LA 1 ||||| |||
1 e'.

Electrons |

Eo 100 150
| < from brem.y

view 0: strip number

T R - Many tiny depositions at
the single wire level from
brem. photons which
contribute to the energy
reconstruction

m.i.p peak

- Importance of operating at low energy thresholds < 100 keV

- Do not consider only average value of m.i.p. peak for S/N but also under-fluctuations in
Landau width

A 10-20 MeV electron from a SNB event will brem. and be split in little per-wire depositions
For SNB is also very important to detect de-excitation gammas of 40K*(40CI") for neutrino(anti)
tagging —> Also pointing to relevance of reconstructing low energy depositions for SNB
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The LBNO-DEMO/WA105 experiment at CERN (approved in 2013) WA 105 ==
Micro TOA crates (12 = 1/20 of 20 kton LBNO detector

for charge signal
acquisition electronics

HV power supply
(- 300%V/-GO0KV/-1MV)

= S EEEEEWCL
—":l’—.—rf.‘... o ',,4 6x6x6m3 active volume, 300 ton , 7680 readout

LT S channels, LAr TPC (double phase+2-D collection
anode): DLAr
Exposure to charged hadrons, muons and electrons

beams (0.5-20(10) GeV/c)

Top iesulation cap

|

Reinforced concrete
outer vessel

GRPF-Pywood : Full-scale demonstrator of all innovative LAGUNA-

meion b LBNO technologies for a large LAr detector:
2nd barmer Bl " NG tank construction technique (with non
(evacusted PE) evacuated vessel)
= Purification system
= Long drift

» HV system 300-600 KV, large hanging field cage
= Large area double-phase charge readout

= Accessible FE and cheap readout electronics

= Long term stability of UV light readout

® Assess performance in reconstructing hadronic

showers (most demanding task in neutrino

interactions):

= Measurements in hadronic and electromagnetic
calorimetry and PID performance

= Full-scale software development, simulation and
reconstruction to be validated and improved

Installation in the CERN NA EHN1 extension, data taking in 2018
- Fundamental step for the construction of a large LAr detector a4



5 Gev "+ SImU|atI0n In 6X6X6m3 Physics program
- - o - " already outlined in
il N : the TDR:

= Em/hadronic
calorimetry

= Cross section
NEESIGEINERS

» 10 rejection at
secondary
vertices

= Systematics for
far detector

Hadronic showers
fully contained in
WA105

5]
=1
1]

amplitude (ADC counts)

Reconstructed pion
and neutrino
Interactions in DLAr

amplitude (ADC counts)

200 300

widnw 0 Sbrip numbser




History of Dual-Phase ProtoDUNE / WA105

LBNO-DEMO (WA105)

i'b.‘lm ® Untrsy st Glamgee E " o
L7 [ b * Lnimrtty atCain

* Hockplan Lid

Project started in 2013 (CERN RB
approval) following the submission
of LBNO Expression of Interest

ok
Eurape .\,“-'3" fu? asmal Lo
P % . AFEN-HH
A * Unkeerity of

Bucharesi

Collaborators from 10 countries
and 22 institutes

APt - CIRN | 13ch SPSC 3

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

March 31st, 2014
CERN-SPSC-2014-013
SPSC-TDR-004

Technical Design Report
for large-scale neutrino detectors prototyping
and phased performance assessment

in view of a long-baseline oscillation experiment

boration

TDR
submitted on 315t March 2014

(7 CERN-SPSC2015.013 / SPSC-SR158

Yo 3170372015

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN]
March|
Progress report on LENO-DEMO /WA105 (2015)

The WA 105 Collaboration

2015 Annual SPSC progress
report 31t March 2015
SPSC-SR-158

G. Balik, L. Brunetti, [. De Bonis, P.Del Ar

z. G. Deleglise,

N Geffray, ¥
CNRS/IN2PE, !

DUNE CDR, July 2015:
WA105 and Dual-phase
10 kton design

B Bourgu i, T Lamx.
I de Fisica d'Altes IFAE), Bellaterra (Barc rain
A Jipa, 1 Lazanu, M. Calin, C. Esam, O. Hist C. 1 BA
Faculty of Ph ity of Bucharest, T st
P Bourgeois, F. Dhival. 1. Efthymiopoulos. U Kose, G. Maire, D. Mladenov, M. N I
CERN, Genev witzerland

A.Blondel, Y. Karadzho nd E. Noah

University of Geneva, Section de Physique, DPNC, Geneva, Switzerland

and F.J.P. Soler

University of Glasgow, Glasgow, United Kingdom

R. Bayes

G.A. Nuijten
Rockplan Led., Helsinki, Finland

WA105 project MOU fully
signed, December 2015

Integration in DUNE project as DP-ProtoDUNE
December 2015; EOI call for ProtoDUNES, January 2016

CERN-SPSC-2014-013
SPSC-TDR-004(2014)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Yearly progress report on WA105/ProtoDUNE dualf

G. Balik, L. Brunetti, A, Chappuis, L De Bonis, G. Deleglise, C. D
D. Duchesnean, N.Geffroy, Y. Kar 7

LAPP, Université de Savoie,

votakis, I Pessard, and L.Z4

CNRS/IN2P3, An

B. Bourguille, 8. Bordoni, T.Lux, and F.Sa ez

2016 Annual SPSC progress
report, 71 April 2016
CERN-SPSC-2016-017

| SPSC-SR-184

Institut de Fisica d’Altes Energies (IFAE), Bellaterra (Barcelona), Spain

M.

CERN, Geneva, Switzerland

14, Finland

~ LBNC review June 2016
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Dual phase protoDUNE - WA105 6x6x6m?

Drift HV Signal feed- -
_, + : throughs ® ,,',l' :

system

CRP _
frame + [l

hanging « & =%
system

A N
“

R N

N

CRP s
readout &

7
planes .
“

-
N |

Ny

-k

7

4

Ny |

1l

Drift cage +
cathode plane

~‘~:‘-~ Nk _\;‘& ‘= ~'_‘4

(US contributions under discussion)

e I
Electronics ! ,
Cold

readout l] .

electronics

oo L)
Online E N =
computing ! =

Purity Nz
monitor S

Slow control
Cosmic tracker I]

Photon
Detectors



- Event size: drift window of

Dual phase liquid argon TPC
D d 4 7680 channels x 10000 samples = 146.8 MB

6x6x6 M3 active volume

X and Y charge collection strips
3.125 mm pitch, 3 m long ->7680 readout channels

Segmented anode
in gas phase with
dual phase

amplification

Drift coordinate
6m=4ms
sampling 2.5 MHZz
(400 ns), 12 bits

- 10000 sampleq
per drift window

M Cathode 6m
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The Dual-Phase ProtoDUNE/WA105 6x6x6 m3 detector is
built out of the same 3x3m2 Charge Readout Plane
units (CRP) foreseen for the 10 kton Dual-Phase DUNE
#1¥ Far Detector (same QA/QC and installation chains)

3x3m2 CRP

3m

WA105: 4 CR

1920 channels/CRP
Accessible cold electronics in chimney

10 kton: 80 CRP




WA105 Accessible cold front-end electronics and uTCA DAQ system 7680 ch

Full accessibility provided by the double-phase charge readout at the top of the detector

> Digital electronics at warm on the tank deck: » Cryogenic ASIC amplifiers (CMOS 0.35um)

* Architecture based on uTCA standard 16ch externally accessible:
1 crate/signal chimney, 640 channels/crate » Working at 110K at the bottom of the signal
- 12 uTCA crates, 10 AMC cards/crate, 64 ch/card chimneys

« Cards fixed to a plug accessible from outside
- Short cables capacitance, low noise at low T

FE cards mounted
on insertion
blades

ASICs 16 ch.
(CMOS 0.35 um)

Signal chimney



= Extension of North Area completed!

= Cryostat construction started - Available for
WA105 installation in April 2015

= Cryogenic system designed and
construction contract assigned

Jul | | Sep | | Jan | | Mar Apr Aug Dec | Jan | Feb | Mar | Apr
2016 2016 2017 2017 2017 |7 2017 |7 | 2017 | 2018 | 2018 | 2018 | 2018 > Beam data
crvostst = Detector
Start CHP assembly a':l:ess'hle ................................................ ins"'a”a"-ion

All CRPs expected to
assembled CRPs installed be comple‘red

Start cryogenic | Ready to start by Dec 2017
operation beam data

Ready for & cabled TCO & cryostat
installation sealed
Final design of Detector fully
detector elements installed and cabled

& detector taking
commissioning




3x1x1 catalyzing progress on 6x6x6 ms3:
Advanced state of

design, prototyping and

» Membrane vessel design and procurement production preparation

= Cryogenics

= Charge Readout Plane (CRP) detectors
= CRP structure and hanging system

= Feedthroughs

= HV and field cage

For many items huge
benefit from immediate
application of a smaller

= Charge readout FE electronics + digital electronics 3x1 prototype LAr-proto
= Light readout system + electronics (minimal size of RO unit
= DAQ and online processing in 6x6X6)

=  Slow Control

himneys and feedthroughs

v" Fully engineered versions of many
detector components with pre- _ |
production and direct implementation " | Steel outer-structure
(installation details and ancillary
services)

v’ First overview of the complete system
integration: set up full chains for QA,
construction, installation, commissioning P X '

v" Anticipate legal and practical aspects
related to procurement, costs and
schedule verification

v' Dedicated weekly meeting to follow up
construction progress




WA105 tests infrastructure in Building 182

structure
Clean room for LEM tests + - :
CRP production and assembly Loy SR NE
: | 4

3x1 cap

e~

structure

3x1x1 detector
Top-cap assembly
structure




Pilot detector: 3xIx1m? Detector construction completed !
ryogenic pump tower 3 point suspension feedthroughs Recent Completion Of Cryogenic and

warm gas system

" Wmnside cryostat: membrane

e | Signal feedthroughs

instrumentation feedthroughs |

top-cap




May-June 2016 CRP assembly and cold bath test with photogrammetry:




= Cryogenic and warm gas installation just
completed, system commissioning starting
= Detector filling in January




High voltage system for the drift field:

300 KV HV power supply already available

HV feedthrough already built and tested (nominal field
of 6x6x6) at 300 kV in a dedicated LAr cryostat and
deployed on 3x1x1 detector where it will operate at
lower field

The achievement of 300 kV is an important milestone

and world record.
300 kV HV feedthrough—>

Test setup of HV feedthrough

VFT INSERT IN THE ArDM CLONE D

HVFT

aesembly

¥ W =

<\
Wi\
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Design of the 3x3 m2 supporting frame of the LEM-anode sandwiches
(50x50 cm2) + feedthroughs for the 6x6x6

= Invar frame + decoupling mechanisms in assembly in order to ensure
planarity conditions (gravity, temperature gradient) over the 3x3 surface
which incorporate composite materials and ensure minimal dead space in
between CRPs

Executive design completed by November 2016

Integration of the grid of submerged
extraction wires in the frame minimizing dead
space in between CRPs. Tests for the wires
system design

AR

R Y

& Sas.

5 o
Ly s

CRP mechanical structure design:

Campaign of cold bath tests + photogrammetry
on differential effects in thermal contraction,
design of decoupling mechanism




Cryogenic FE electronics (R&D started in
2006):
Dual-slope ASICs final version

— 16 channels

— Double slope gain with “kink” at 400 fC

— 1200 fC dynamic range
(batch of 25 circuits) tested in January 2016,
fully satisfactory. Full production for 6x6x6
produced and purchased (700 chips).

FE-cards designed in 2016 together with chlmneys

warm flanges PCBs

20 FE cards (1280 channels) produced and
installed on 3x1x1 pilot detector at CERN

ENC[e-]=f(Cdet[pF])




Global uTCA DAQ architecture
integrated with « White Rabbit » (WR) Time and Trigger distribution network
+ White Rabbit slaves nodes in uTCA crates

WR system (time source, GM, trigger system, slaves) already produced for the 6x6x6)
Meinberg GPS _

3

WR Clock + Time + Trigger ___—70BRA LI CRE1]s113
p— GrandMaster
switch

“ Light
: / readout

Charge readout/

Digitized data

’ | White Rabbit

Clock + Tlu‘ime +

Trigger |

-~ Event Building PCs

5 10 GbE links + 2 spares 7 10“GbE, links + 1 spares

WR slave Trigger Sv o
Board NIM signal every 20 s

Bittware card 1 Bittware card 2 Beam Trigger counter
signal ~ 100 Hz !




Oscillateurlocal WTCA
Front 25v/ {125 MHz) Backplane
Panel 200 mA sl o
uUTCA DAQ system: _ oy | TR G
(R&D started in 2006) p——
= LDO 1.8V DRVDD 125 MHz (MCH2)
- Config _ {reikc]
& ADC Time (MCHL) TCLKB
L ADC 14 bits Cycl:lfii,:’ GX Time (MCH2) TCLKD
e el a - n Up to 40 MHz 1 8he (MCHL/MCHE)
64 channels AMC c_Ilgltlzatlon cards U T B e Lo be o e '
2-5'25 MHZ 12 bItS 10 GbE output & 3.3vana/3A VCeRAT 1.2 Y . 108hs AV MR »|[ Ports-11
14 I 2 _ VECPGM 1.8 ? 3av
: - =
. ] g A POWER Mz
Demonstrator card with 64 ADC J m H 3 F4 | sanpiies [~ | nen |
B ot B e £ E = 4 1sv
channels built and tested in 2015 for | Ef—futt s FOIL__S0 i 51
. ey . eane o - TCA
the definition of the final card G | Feven e o
1.8V /50 mA Reset {IN2P3])
Config \ ),

Purchase of main components of the
final cards by end of 2015 to equip the
entire 6x6x6

Final design of digitization AMCs: May
2016

20 cards produced by September
2016 to equip the 3x1x1

Production of remaining 100 FE and ,
UTCA cards for 6x6x6 under L e e ——

completion Time sync /

trigger

10 Gbit/s data R\ 44 f '



DAQ timing-trigger integration

uTCA crate of LRO

x12 Charge readout WR links

Trigger counter
Cosmic muon

S

Start of spill signal
(cable)

—
~~~
—
‘-
—

e
Sir>

External trigger plane
for cosmics

Crpate with NIM logic

PMTs
for light readout

PC with WR time stamping
Light readout WR |i card

Time stamps:

+ Beam trigger

« Start of spill

WR switch « External cosmic trigger

Beam triggers from SPS (optical links 1 Gbps) * Calibration pulses

Tertiary beam line ~100Hz
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WR is an evolution of the synchronization scheme Clack + ime
based on synchronous Ethernet + PTP which was

previously developed at IPML in 2008:

+ trigger data an

uTZA backplane
http://aniv.org/abs/0906. 2225
Typei.) _}

WR is accurate at sub-ns level, enough to align . / | Shelt WRslave L AME
the A00ns samp|es '\_j_'«'lel'nberg MASTER + WR switch + slave I"IO-dﬁ"; b
At the level of the charge readout DAQ is distributed . KT —>
the beam trigger timestamp. Meinberg GRS I Shelf WR slave - AME

MASTER CLOCK )
Trigger time info starts and closes the acquisition of GhE
the samples belonging to the drift window of an event MTR >
in each AMC (important when operating without 7S). | SheltWR slave U ANME

The beam trigger can be time-stamped on the PC
trigger board and be broadcasted 1o the microTCA WR Grand Master
crates via the WR time distribution network

Time and Trigger distribution

FWITCH b
]
WR-LEN slave
WTZA
Ehelf WER slave
PC WR slave TE
Trigzer board Light readout uTLA crate -

[gererates Nght t rigrers)

WRLEN

LTI White Rabbit uTCA slave node developed and produced for
6x6x6 (13 units)

Other parts of the chain (GPS receiver, WR grandmaster, trigger
time tagging card and PC) available as commercial components




Typical event signhature for ground surface Liquid Ar TPC operation

drift

A
The « belt conveyor » effect
+- 4 ms around the beam
trigger time

t=beam trigger - 2 ms t=beam trigger - reconstructed event
drift
A

t=beam trigger t=beam trigger + 2 ms reconstructed event
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Typical event signature for ground surface Liguid Ar TPC operation

For each beam trigger we can have on average 70 cosmics overlapped on the
drift window after the trigger (these cosmics may have interacted with the detector in the
4 ms before the trigger and in the 4 ms after the trigger - chopped tracks, “belt conveyor” effect

Time coordinate

—

T

T
2000

T T B
A}

IHIZI{]I I I]nl I Il;ﬂﬂ
View ) Channel #

T
kil

1 L
ELLI] fErl] A0

Yiew () Channel #

——
X coordinate

In-spill cosmics in charge data

Example of cosmics only event
(in one of the views)

* Red points are
reconstructed hits

* TPC is readout in 4 3x3m?
modules

» After track reconstruction:

» Attempt to correlate found
tracks with light data

* Remove CR background from
beam event

» Select a subsample of long

tracks for calibration purposes
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—> During spills it is needed a continuous digitization of the light in the +-4 ms around the

trigger time (the light signal is instantaneous and keeps memory of the real arrival time of
the cosmics)

- Sampling can be coarse up to 400 ns just to correlate to charge readout

Light readout electronics

Two modes of acquisition:

* External beam trigger to acquire +4ms around the spill
* Internal trigger from PARISROC2 ASIC to acquire short time segments

- Sum 16 samples at
. _ e 40MHz to get an effective
ISV i0AG LROpng 2.5 MHz sampling like for
s i "' =i the charge readout
e = B -z
= Tl =1
ASIC v = Fi
PARISROC2 |w - ,;Am'mi % The LRO card has to know
- . spill/out of spill
Out of spill it can define self-

triggering light triggers when “n”

] er da 3 ared .
Digitizer: nominally ~morv huffer connected to EPGA PMTs are over a certain
runs at 40 MHz, 14 bits Averased for = e of 4G - threshold and transmit its
reduce the data volume time-stamp over the WR
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Online processing and storage facility: internal bandwidth 20 GB/s, 1 PB
storage, 384 cores: key element for online analysis (removal of cosmics,
purity, gain, events filtering)

3F T . oo O - g
g v 1 -_ 15 disks servers R730xd 16 lames M630
w S n “ 2 metadata servers R630 16x24 = 384 cores
(Vi =) 8 -nu— g 1 config. server R430
" O '
S
R L % oy S —— :
10Gops 15 [ 2x 10 Gbps CERN
C.R. E Event building : | €€, |
| Twlo VlOkafatDnS | NI ———
: , = Mellanox ConnectX®-3 EN
gex . -
WSE3 o | S
ds 5 : g8
2ic | |
gznie e S e il Master switch
TOp of Compressed data. 10 Gbps :
= cryostat ~ ]
o2 E 6 = 60 Gbps 6+1 = 70 Gbps max _
= + 10 Gbps
o
w S s e v e, v _
b B LM_J, Hchmrge__d Fi— e |
9 'y I I PC - <—1Triggers:
s - | WR slave Counters
£ Trigger board
ul O Raw data charge Raw data : Iight CR
T LATr e

C.R. stands for Counting Room



=Design of online storage/processing DAQ back-end farm completed in
2016 (1PB, 300 cores, 20Gb/s data flow),

DELL-based solution . configuration

/storage servers : / configuration server :
* 15 R730XD (storage servers) including : \ * 1 R430 (configuration server)
* 16 disks 6To ‘ * 1 processor E5-2603 v3
* 32Go RAM * RAID H730
* 2 disks system RAID 1, 300 Go 10k * 2 hard disks 500 Go Nearline SAS 6 Gbps 7.2 == =
* 1 network card Intel X540 double port 10 GB * 16 Go DDR4 =—i'a
* 4 years extended guarantee (D+1 intervention) | * Ralls with management arm it 3
* 2 processors Intel Xeon E5-2609 v3 BT
* raid H730P - = .
* Rails with management arm | ==\=
\* double power supply , Seav b
Mmetadata servers {MDS) :
* 2 R630 (metadata servers), including ; |
* 2 disks 200 Go 55D SAS Mix Use MLC 12Gbfs
* 2 processors Intel Xeon E5-2630 v3
* 32Go DDR4
* RAID H730p
* network : Intel X540 2 ports 10 Gb Swuch ForcelD, S4820T {see next sllde)
* 4 years extended guarantee (D+1 intervention) * 48 x 10GbaseT ports
* Rails with management arm * 4 x 406G QSFP+ poris
~ *double power supply 1 *¥ 1w AC PSU
N \_*2fans 4

=Prototype already installed and operative for 3x1x1
Tests to finalise the architecture of final farm

Thanks to CERN/IT support for the procurement of the hardware

= 5 Storage servers 240 TB
= 3 QUAD CPU units - 300 cores



Tertiary beam on H2 beamline:

HZ'VLE beam“ne 1-12 GeV/c, momentum bite 5% (can be reduced
to 1% with integrated spectrometer
measurements)

QUADs : GPL + QPS
large aperture (200 mm)

gpeemeel = Mixed hadrons beam 1-12 GeV/c: pions,
aperture magnets - .
e kaons, protons + electrons contamination at

+ Baseline with

“standard” available A
beam instrumentation I OW en erg I eS

equipment

= Pure electron beams
= Parasitic muon halo
8 e - - O(100 M) beam triggers to be acquired in 2018
s at 100 Hz over 120 days

=g Low energy bea

Definition of beam line
iInstrumentation (TOF, triggers,

J ~ Cerenkov 2 common work also
| with single-phase group to define
{ and procure the missing

S m—
S

."."E hardware.

Integration of beam-line DAQ
with WA105 White-Rabbit time
distribution system

i Synergy with SP in definition of

beam window/beam plug in non
L active LAr volume 70

r—



Conclusions:

» The study of neutrinos provides fundamental information in particle physics, astrophysics and
cosmology. They are a window on the physics beyond the SM.

» Neutrinos are difficult particles to be studied and require to overcome strong experimental
challenges. The giant liquid-argon TPC technology which is envisaged by the joint US-EU
efforts provides also the capability for interesting observations of supernova neutrinos and
proton decay. The preparation of this next generation long-baseline experiment if a long term
process which has already more than 20 years of efforts behind and a solid intermediate
working plan supported by CERN

» The LAr TPC is a very interesting detector with a reach physics output. The dual-phase design
provides many appealing aspects in improving the detector performance and reducing its
construction costs. Long standing efforts have been spent in this direction during the last 10
years and are now culminating in a large scale implementation with the 6x6x6 detector
operation in the CERN North Area.

» The design of remaining aspects of the 6x6x6 has been completed. Some parts (electronics,
PMTs, HV) are already in production phase. The 300 kV milestone has been reached. Full
installation planning, driven by the EHNL1 infrastructure, has been developed for data taking in
April 2018. Beam requests have been submitted for 100M beam triggers obtainable over a
period of several months.

» The DP ProtoDUNE advanced state largely benefited of the preparation activities with the 3x1x1
pilot detector. We are looking forward to the DP ProtoDUNE detector exploitation with the

beamline in 2018 ! N



» Alast « anthropic-like » personal consideration from the last 25
years ;-)

Despite the fact that neutrinos are difficult particles to be studied, nature has
been kind to us so far:

« Somehow we have been lucky that the Am? among the 3 mass states are
such that the related solar and atmospheric oscillations are accessible with
experimental means on earth !

* We have been lucky that the large mixing angle MSW solution is the one
valid for solar neutrinos and again that 6,5 is large and just below the
CHOOZ limit.

Probably CP violation and the mass hierarchy will be the next steps
demonstrated by DUNE on a reasonable time scale ....
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Charge Readout Plane (CRP) 50x50 cm?LEM-Anode Sandwich (LAS)

50x50 cm2 LEM with zoom

o = =—smwm = s
L2 -~

~ Multilayer PCB anode
induction 5 kV/em I

|50x50 cme anode with zoom | ! ‘ U I LT_—‘J\
- X [ | § \ ‘
‘x amplification 30 kV/em I]éﬂ :y[ Dh )] D]D D‘ [ UL]D ) [}

I
DY

B4 -
extraction 2 kV/em | [ r I

il
I liquid

drift 0.5 kV/em \g

Extraction grid

" Component 50 x50 cm” Anode  50x 50 em® LEM Signal Suspension  readout strip
panels panels feddthrough  feddthrough  length (m)
DLAr 144 144 12 3 3

LAr-Proto 12 12 6 3 lord

3m readout units in 6x6

cables to signal feedthrough

LEM and anodes produced by ELTOS

LEM: 500 um holes spaced by 800
um, 40 um rim

Anodes: 2D collection views, 3.125
mm pitch, 150 pF/m




LEM geometry optimization (JINST 10 P03017):

- Tunable gain by adjusting the LEM HV
(up to 200 achieved)

[y
o
)

[y
TTTTT T T T

Hole diameter Hole layout

*— 500 um (k=0.830) E3 hexagonal (k=0.900)
+ 400 um (k=0.905) F o square (k=0.900) 3
& 300 um (k=0938) T

S/N for MIP

Anode geometry optimization JINST 9 P03017

Effective gain

—
(=]

L Thickness | I
| =1 mm (x=0.830)

E - 08mm (x=0789)
0.6 mm (k=0.710) ¥

)
)

2
S/N for MIP

Rim size

Effective gain
S

= 80 um (x=0.830)

—
o

@ 40 um (k=0.900) 1

| 1
40 45
E, [kV/cm]

Anode geometry optimization; 2 collection views, 3.125 mm pitch, 150 pF/m
- Equal charge sharing among the two views, independency on track azimuthal angle

.8

1 5:{‘1},:35‘ : k Mean 0.0073
35 <p<55 009
55 <j<75
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AQ /As, [fC/cm]
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-
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Clean room buffer design

CRB PLAN in EHNA1
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