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Neutrino scenario - Open questions

» Current knowledge of neutrino ‘misfit’
into the SM indicating physics BSM

* Neutrino oscillates

>TYHE STANDARD MODEL <

 Measure MH, CPV, and neutrino
- Neutrinos have mass and mix mixing parameters.

- Neutrino mass, nature and
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Sources of neutrinos

- Radioactive decays

* Nuclear reactions
(Solar, Reactors,
Supernova...)

 Particle collisions
(cosmic rays causing
atmospheric
neutrinos, neutrino
beam produces by
particle accelerators..)




DUNE'’s scientific goals

 Origin of matter
Discover what happened
after the big bang: Are
neutrinos the reason the
universe is made of matter?

* Unification of forces
Move closer to realizing
Einstein’s dream of a unifiec
theory of matter and energy

* Black hole formation
Use neutrinos to look into the
cosmos and watch the
formation of neutron stars
and black holes in real time

®
()
@

Primary science goals Ancillary science program

Beam neutrino

oscillations

Measure MH, CPV,
and neutrino mixing
parameters

Search for
proton decay

Supernova
neutrino
detection
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

DUNE experiment




DUNE experiment

Sanford

Underground
Research _ | gaeememeSESRE
Facility

Fermilab

Sanford Underground Research
Facility,
South Dakota

DUNE

&9\ THE UNIVERSITY ¥ ‘a
& fEDINBURGH | w(\w_.



LBNF Beam 2= Fermilab

* 60-120 GeV proton beam

* 1.2 MW, upgradeableto 2.4 MW |

 Horn-focused neutrino beam line |
optimized for CP violation
sensitivity.

* Neutrino (FHC) and antineutrino
(RHC) modes.

Main Injector .
Recycler Ring

1300 km =Vy

Neutrino

High-Energy
Neutrino

Experiments
nnnnnn

Unoscillated vs /125 MeV /m? /POT

10 0

< 1 2 3 4 5 6 7
&0,
,,g:,s, True v Energy (GeV)
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LBNF Beam 2= Fermilab




Near detector

* Primary purpose is to constrain systematic uncertainty for
long-baseline oscillation analysis as well as flux, cross-
section, and detector uncertainties.

* DUNE ND Conceptual Design Report (CDR) planned for
2019

* ‘DUNE ND design concept is an integrated system
composed of multiple detectors:

* Highly segmented LArTPC

* Magnetized multi-purpose tracker

* Electromagnetic calorimeter

* Muon chambers

* Conceptual design will preserve option to move ND for
off-axis measurements

Apex of Embankment
Max. Height = 60" +
Elevation 800+ MI-10 Point of Extraction
Near Detector Absorber Hall Target Hall Complex
Service Building Service Building (LBNF-20)
(LBNF-40) (LBNF-30)

Primary Beam
Service Building
(LBNF-5)

30 PRESENTATION
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Far detector (facilities)  Sanford

Research
Facility

J

4850 level (4300 mwe)
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Far detector (facilities)  33anford
- 4x10-kt (fiducial) liquid argon TPC modules: Eaecsﬁft ;Ch

 Single Phase
* Dual Phase , |
* Prob. Single Phase PPN

 Cryogenic facilities.
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CPA APA CPA APA

APA

Far detector (Single Phase)

\

L=
i
A

ook

Fiducial
volume

Foam Insulation

Concrete Liner

* Per 10kt 200 TPC
* Per 10kt 150 APA

3APA()

—— Dirift volume boundaries

APA
—— CPA

1APA ()
——

3

6 APA

2 APA ()

%jﬁ////

2 APA ()

* Wire pitch 4.7mm
scintillator
bars/APA

- PDS 12

3
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Far detector (Single Phase)

Anode Plane Assembly

< ‘l I‘
N \' \ - o 4
oy 4| X . p*
‘-l . _u -

12m Cathode Plane Assembly (2 CPA)

'''''''
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DUNE FD SP: Detection concept

TPC-wires

Readout &
3 wire planes I .
(APA) readout 2 .
anal MBI v

Induction »

Inductic.)n % {\

Collection SNV

Mesh |eeesrsssmsmmsransnsnnnnnssnsnsssasasnnnnd Time (tick) 2>
Anode wire planes:
Y
Liquid Argon TPC
m.i.p.ionization:
6000 e/mm
Cathode
Plane
TPC
Particles interact in the LAr
lonised electrons drifted towards the APA
-—
Egrife ~ 500V/cm time
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DUNE FD SP: Detection concept

TPC-wires

Run 3493 Event 41075, October 23, 2015

With the waveforms from the wire planes
precise 2D images can be reconstructed
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DUNE FD SP: Detection concept

PDS

Light Signal

Liquid Argon TPC
Anode Wire Planes
e gy [— uvy
Vi ‘
Cathode ’ 2
Plane b 4
, :

fit ik |
i .
Y (Up) il N
i

I Z (Beam) 2l e
D — // 2 aJ
Egrin ~ SOOV/cm | =X -
X (Drift) toI

PD bars inserted in the APA
Arapucas
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DUNE FD SP: Detection concept

PDS

Supernova Nucleon Atm. Beam
Bursts Decays Neutrinos Neutrinos
= fiducial volume X X
TOfor TPC drift correction X X X
sub-ms timing X
Triggering X X X
Direct calorimetry X X X
3D reconStrUCted traCkS Position Reconstruction X X
Michel e Detection X X
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Far detector (Dual Phase)

Anode deck

Dual Phase ,
b ' T 1 I P ——— Sigral FT chimreys with
> ; DAQ crates Field cage suspersion
chimreys

e

= iF = 3t = e " Electron

o e T Multiplier
AL T NN

T A ¥ \

/ [ 11 \ \\_Extraction

< Gnid

3 E
~N

DD | cuon

PMT

T.%z‘ time Liquid Argon
w

view 0

2 view collection
Anode

induction anode GND Tl :
SkV/em LEMup-1 KV b1 '
amplification 1 m I LE\\ I ‘
33 kV/em LEMoot-4.3 KV

extraction (vapor)
3 kV/em

LIQUID

extraction (liquid) di= 5 mm

|
g
l 5 mm
VAPOR

2 kV/em
Extr. Grid -6.8 Extraction grid
kV
drift
0.5 kV/em
electric field

(kV/em)
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Physics sensitivity

Oscillation
Supernova
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Oscillation SenS|t|V|ty

Reconstructed spectra based on
GEANT4 beam simulation, GENIE
event generator, and Fast MC using
detector response parameterized at
the single particle level

Efficiency tuned using hand scan
results

Order 1000 ve appearance events in

~7 years of equal running in neutrino
and antineutrino mode
Simultaneous fit to four spectra to
extract oscillation parameters
Systematics approximated using
normalization uncertainties

GLoBES configurations arXiv:
1606.09550

Events/0.25 GeV

Events/0.25 GeV
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DUNE v, appearance
3.5 years (staged)
Normal MH, 5.,=0

— Signal (v,+v,) CC
— Beam (v +v,) CC
—NC

— (V+v,) CC
— (v,#v,) CC
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30f
25f
20F

15f

DUNE v, appearance
3.5 years (staged)
Normal MH, §.,=0

— Signal (v,+v,) CC
— Beam (v, +v,) CC
—NC

— (V+v,) CC
— (v,#v,) CC

1
<E

1 2 3 4 5 6

Reconstructed Energy (GeV)

DUNE v, disappearance
3.5 years (staged)

— Signal v, CC

—NC

— (V.+v,) CC
V — Bkgdv, CC

ek

350

150F

100}

300
250}

200

50F

o=

DUNE v, disappearance
3.5 years (staged)

— Signalv, CC
— Bkgdv, CC
—NC

— (v4v)) CC

1 2 3 4 5 6 7 8

Reconstructed Energy (GeV)

Reconstructed Energy (GeV)

DUNE Conceptual Design Report (CDR) arXiv:1512.06148
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Oscillation: CP Violation Sensitivity

CP Violation Sensitivity
10¢

DUNE Sensitivity [
Normal Ordering
sin’20,, = 0.085 + 0.003

| 7 years (staged)

..
JUPETL L
.

3

c = |Ay?

0308060402 0 0204 0608

dcp/T
Width of band indicates
variation in possible central

values of 023

7 10 years (staged)
8,,: NuFit 2016 (90% C.L. range) =*=** sin0,, = 0.441 + 0.042

ol DUNE Sensitivity 7 years (staged)
N Normal Ordering ~—— 10 years (staged)
.50_1 05}-sin’e,, = 0.441 + 0.042 —— 15 years (staged)
90% C.L. (2d.o.f.) NuFit 2016 90% C.L.
0- 1 *  "True" Value

1

150 -100 50 0 50 100 150
d.p (degrees)

Simultaneous

measurement of neutrino

mixing angles and écp
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Oscillation: MH and octant sensitivity

Mass Hierarchy Sensitivity Octant Sensitivity
[ DUNE sensitivity [ 8 DUNE Sensitivity O .
7 years (staged) L 7 years (staged)
Normal Ordering - 1 oy tg d C No;mal Ordering - 10 years (staged)
sin%26,, = 0.085 + 0.003 years (staged) 7[sin"26,, = 0.085 + 0.003
8,,: NUFit 2016 (90% C.L. range) **-+* sin’0,, = 0.441 + 0.042 C (] nurit2016 0% c.L)
6
S
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q1 -0.8-0.6-04-02 0 0.2 04 06 08 1 0 035 04 045 05 055 06 0.65

Scp/T sin,,

Width of band indicates variation in possible  Width of band indicates variation in possible
central values of 6023 true value of écp
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Supernova sensitivity

Ve + 40Ar — & + 40K*

210"
3 Milky Way
° Ear'y alert g_m-z Galaxy edge, harder
% s Close SN, easy to trigger
g0 to trigger
« Supernova physics: & 1o LMC
core collapse mechanism, time evolution, 10°
cooling of supernova protostar, nucleosynthesis = g [==wemmrmremmwmmm !
of heavy nuclei, black hole formation .
10>8 l ‘ SN Probalbi\ity‘ ‘ ‘ l ‘ l l I ‘ ‘ ‘ I l ‘ ‘ l l l I
0 10 20 30 40

50
SN Distance, (kpc)
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Avg Fractional Energy from v, weighted by LAr/v,

Supernova sensitivity

ve + 40Ar — e + 40K*
* Neutrino physics: 40 kton argon, 10 kpe

£ 80k - : . : :
= = o) MHnfall,  Neutronization : Accretion : Cooling
flavour transformation in ¢ _ E™: - ;
Q - —— No oscillations
SN core/Earth, 2 gE | 4 Normal ordering
. qc) g ! —+— Inverted ordering
absolute mass, sterile, & s :
i 40
magnetic moment, =
i i : S0E T SO S B
axions, extra dimensions b | —
S — T I
10 = .
Enﬁﬁi' : R N B SR
SN Neutrino Signal ' 0.15 0.2 0.25
e Bl Eectrons Time (seconds)
é E - Gammas 50 Neutronization Accretion Cooling
= > .009
é 0.02— \:| Binding Energy (lost) 245 -
% E - Neutrons g‘m 007
£0.015— g
3 L - Protons % 006
° r 30 005
S o0t '
S r 25 004
% C 20 .003
go.oosi— 5 ' -
S .. | 10 o
% 10 20 30 40 50 60 1
True v, energy -0.02 0 0.02 0.04 0.06 0.08 01 02 03 04 05 123 45672809
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

protoDUNE

Benchmark the design
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protoDUNE

/4

The most complicated unboxing ever filmed! HUGE delivery at CERN!
https://www.youtube.com/watch?v=zDA0cc6W2yQ&feature=youtu.be

THE UNIVERSITY (\ a
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https://www.youtube.com/watch?v=zDA0cc6W2yQ&feature=youtu.be

prOtODUNE In the EHN1 at CERN

protoDUNE DualPhase

protoDUNE
SinglePhase

Wire Number
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Thank you!
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Backup




The DUNE Far Detector Interim Design Report
Volume 2: Single-Phase Module

Deep Underground Neutrino Experiment (DUNE)

https://arxiv.org/abs/1807.10334

https://arxiv.org/abs/1807.10327
https://arxiv.org/abs/1807.10340
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https://arxiv.org/abs/1807.10327
https://arxiv.org/abs/1807.10340
https://arxiv.org/abs/1807.10334
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Solar neutrino flux [cm? s

Solar neutrinos in DUNE

"Be [+ 6%]
...... .._pPep [i 10/0]
----- .l o
o B [+ 12%)]
/ :
— | ]
o hep [+ 30%]
| 1 1 1 1 M( E
10 N 10
Neutrino energy [MeV]

ARXIV:1812.02326

Events / 10 kT / day

N
o

-

107"

— B8 rate
— HEP rate
— total rate

2 4 6 8

10 12 14 16 18 20
E, [MeV]
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p— K+V

primary
inelastic scattering
non-interacting

L 1
0 50 100 150 200 250 300
Kaon Kinetic Energy (MeV)

inelastic scattering
non-interacting

i IR o 2
50 100 150 200 250 300
Kaon Kinetic Energy (MeV)

me

ADC

20 A

40+

60

80+

100+

1204

140 A

p+

20 40 60 80
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Data rates

0 b Operating Assumptions

T 10 e
o
g 30 PB/yr for 5.4 ms window (assuming no lossless compression)
9 Cosmics
T 1wt ———————
g 102 Beam
% 10% 8B solar Atmospherics Summal"v Table
E wql Event Type Data Volume PB/year Assumptions
10° he Beam-related Events 0.04 926 beam and 2000 dirt muons;
10 MeV threshold
1MeV 10MeV 100 MeV 1GeV in coincidence with beam time;
Energy (MeV) include 2800 accidental cosmics
Cosmics 10 10MeV threshold,
anti-coincident with beam time
Front-end calibration 0.004 Existing test-stand scheme
Atmospheric nus 0.007 CDR interaction rates
Solar vs 0.07 Upper limit assuming rate
above 4.5 MeV v energy
Radioactive source calibration 0.2 Source rate <10Hz;
single fragment readout; lossless readout,
4 times/year
Laser calibration 0.184 800,000 total laser pulses, lossy readout
Supernova candidates 1.4 100 seconds full readout,
average once per month
Random triggers 0.1 45 per day
Trigger primitives 8 All three wire planes;
12 bits per primitive word;
4 primitive quantities; **Ar-dominated
2 & rEnE DUVE



oise

MicroBooNE Before noise removal _
e =
4200 — E
3600
3000
3 =
: 2400, A
£
= 1800
1200/ =
600
500 1000 :1:500 2000
V wire No.
(@)
MicroBooNE After noise removal
=R 7
4200
3600
3000
g 7
; 2400 Wi
1800
1200
600 > R a1
“ \\ \ el
S i
500 1000 1500 2000
V wire No.
(b)

ADC from baseline

|
-
S

ENC/e™

2000 ENC (Gain = 25mV/fC, Tp = 2.0us) vs. Temperature
«2018-01-15 14:52:41
1750 X plane lowest noise = 398+50 e~
V plane lowest noise = 481+24 e~
1500 U plane lowest noise = 48
1250
1000 ’\\
750 J ,
500 1 ———H At / v TT0200 (K) |
H# 4 TT0201 (K)
» TT0202 (K)
250 L Il ENC of X plane o TT0203(K) |
Il ENC of V plane = TT0204 (K)
TT0205 (K)
Il ENC of U plane ; 10208 (0
0 - - v - ;
0 10 20 30 40 50 60 70 80
Time / hour

= =
o u
o o
Temperature / K

w
o

o

=50
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Data Source

Dectector Module:
TPC and PDS
Electronics.
(=1-10% of total
per DAQ fragment)

fiber

10 Gbps

\ e
Trigger Processor L Global Trigger
> )
v/ Farm } External+internal

Produce and send
per-channel trigger
primitives.

TPCand PDS
Trigger Primitive N\

Abi, NNN18

S Y N
Trigger algorithm candidate and includes External
Generator \ (beam) trigger and trigger command distribution

Buffers the full data stream
Waits for trigger decision (pre

Detector Module :
TPC and PDS ~ \Data Bufferin :Qd post trigger for SNB).

Read-out ‘ /| Data Select

Electronics ’\_'

Accept TPC and PDS [Tiggered DATA BACK-END DAQ .
data from Front-end Event Building ! 1/
Electronics )

Data Flow and Trigger Primitive Production -
for one front-end DAQ fragment (out-of <+60
Frontond Readow Fromend Comper \ ‘ Beam trigger
f hi i
(few machines per rag) (one machines per frag) Event Building for one DAQ parttion -
Data Receiver Tflg)g;; ETQES‘ (nominally, one detector module) LVL1 trigger Event Builder
Trigger Data Sink .
Primitive “Trigger Primitives Event Builder Instance farm + LVL2 trigger
Pipeline 0 GbpsNI (one per trigger command) Offline Disk Buffer GPS
Trigger Primitives + Data out J Primary DAQ Buffer _ [ Trigger Command (input) ouclsapcaray) Simon JM 8 farm
, t Fngaten) ) per detector module) 2 cavern
SNB buffering H RAM - , Fragment query oy + £
e o] ) O chyose Cal |[Timing | 5 i
H T Teceve ; 9| 5 Disk
S (TR = Wires system | 2 storage
N : \' DAQ Event Block m ps NIC - [=
—— . S [
Trigger Flow “Tér one DAQ partition (nominally, one detectormodule) Cold ne 1 \I Server
iy ' !
Ty s : \ . | wiB |- FPGA [ FELIX |
igger Candidate Processing Farm K N : electronics ' H
Trigger Primitives . A -of-band S|
Sl e S ' -
DAQ fragments) N ' ] T
T Module Trigger A Trigger Command H |
rigger N MTL)
Candidate N met o 1 1 SSD
Pipeline Trigger Candidates AN _ Trigger Command Scintillators ! !
—T (input from ETL unit and KA ~ H(fanout to all DAQ fragment 1 1
rigeer Candidates DAQ partition TCP farm) . FER machines) 1 1
(representing DAQ - 0 | |
partition activity) Trigeer Commands (output) |- - ' H (1 per APA)
> Photo ! PDS H FPGA: Field Programmable Gate Array
External Trigger Logic Unit ! ! (programmable chip)
(one for all FD) detectors I\ R/O /I DDR: Double Data Rate (memory)
MTL candidates e SSD: Solid State Drive
(fanin/fanout) SSP: SciPM Signal Processor
Beam trigger (input) WIB: Warm Interface Board
other external (input) FELIX: ATLAS-based PCl interface
I
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