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Future long-baseline experiments
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Optimizing L/E for neutrino oscillations

2
Am31L N E

L = 300 km 4F 2

* L/E=300km /0.6 GeV =500 km/GeV

* no matter effects; first oscillation maximum.

* use narrow width neutrino beam (off axis) with E < 1 GeV
* benefit from large mass

Water Cherenkov (T2K,HK)

L = 1300 km

e L/E=1300km/2.5 GeV =500 km/GeV (1%t max),
 L/E=1300km/0.8 GeV = 1700 km/GeV (2" max)

* matter effects; first and second oscillation maximum.
e use broad-band neutrino beam (on axis).

* need good energy reconstruction

Liquid argon (DUNE)
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Hyper-Kamiokande

Hyper-Kamiokande

Super-Kamiokande
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Hyper-Kamiokande

Electron
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An international project

JO U B L] | =R B[St e~ S =

| 8 countries, 82 institutes, ~390 people

As of June 2020
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An upgraded Near Detector

* An upgraded version of the current ND280
detector.

 Addition of a 1kt Cherenkov water detector at a
baseline of 1 km with vertical movement — PRISM
concept

UA1 Magnet Yoke




Hyper-Kamiokande to Korea?
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Deep Underground Neutrino Experiment

Sanford
Underground
Research
Facility

Fermilab

ve [ M=

I | ]
'VH -
Incoming beam:
100% muon neutrinos
- . s
I

1600 1400 1200 1000 800 600 400 200 0 km

Probability of detecting electron, muon and tau neutrinos
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DUNE — a global collaboration

1317 collaborators from
208 institutions in 33 countries (plus CERN)
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L/E = 500 km/GeV = L = 1300 km
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Proton Improvement Plan (PIP-Il)

* Goal: Deliver world-leading beam power to the
DUNE/LBNF neutrino programme while providing a
flexible platform for the future

— 1.2 MW to LBNF over 60-120 GeV,

— upgradable to 2.4 MW
e Scope

— 800-MeV SC Linac

— Modifications to Booster, Recycler, Main Injector
« Broad international effort

s | LeBr | RFQ | MEBT | =012 | =022 | p=047] p-061 | 032
4—» — ——p —D

162.5 MHz 325 MHz 650 MHz
0. 03 MeV 0.03 -10.3 MeV 10.3-185 MeV 185-800 MeV
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The Homestake Mine in 1889
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Hoist technology upgrade (Tardis?)
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* Experimental facilities at
1478 m (about 1 mile)
e Two vertical access shafts

1l
|

Davis Campus: . );A'i
vt - AL 4

* Majorana o | %7 N || new excavation for DUNE
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Testing the Rock Convey?r System at SURF
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Four cryostats filled with liquid argon

Each of the four cryostats contains 17,000 tons of liquid argon at 89 K (-184°C or -299°F)

-\.".‘;‘-, L

External Dimensions: 19 mx 18 m x 66 m

23
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Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground
Neutrino Experiment

4850 Level of
Sanford Underground
Research Facility
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Anode wire planes:
u vy

Liquid Argon TPC /
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A liguid-argon “Bubble Chamber”

Few mm resolution.
Excellent energy
measurement.

Excellent e-y separation.
Particle identification
through dE/dx, range,..
Timing through
scintillation light

¢ . - - - -
COSMIC DATA : RUN 4487 EVENT 104. January 12 2016. 1:18
Y ’

Q.‘O
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The invisible neutrino is
coming in here

Cosmic background

Color: number of
deposited drift
electrons

yope

Cosmic background

«

Cosmic background

Two showers with visible offset. from
origin: mightbe n°® ->y +y

Run 3493 Event 41075, October 23*¢, 2015

Wire number MANCHESTER



Horizontal Drift Detector (Module 1)
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CERNCOURIER | i tor
high-energy physics

Home | About | News | Features | Community | Viewpoint | Reviews | Archive | Past Issues | Jobs Q
FEATURE
ProtoDUNE revealed

15 February 2017 C O U R l ER

CERN makes rapid progress toward prototype DUNE detectors.

CERN Courier is evolving

Click here to find out more

Gold Suppliers

—JANIS FAGORa

FAGOR AUTOMATION

Latest Articles

Meet the Extremely Brilliant Source
Cosmic research poles apart

The tale of a billion-trillion protons
Viewpoint: Fixing gender in theory
The deepest clean lab in the world

Doubly-strange baryon observed in Japan

Inside Story: On the Courier’s new future

Outer vessel

MANCHESTER



CERN Neutrino Platform
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ProtoDUNE-Single Phase (HD)

Need to correct for
space charge effects!

Ticks (0.5 us)
Charge (ke)

800 =z ‘ I
Wire number MAN(JHEEIER




ProtoDUNE-Single Phase (HD)

Tormrmmon e mEme T 50648 @2018-11-02 20:32:06 UTC

— 10

Journal of Instrumentation

ProtoDUNE-SP (run 5145, event 27191)
OPEN ACCESS

First results on ProtoDUNE-SP liquid argon time projection
chamber performance from a beam test at the CERN Neutrino
Platform

B. Abi'2, A. Abed Abud?'1'8 R. Acciarri®’, M.A. Acero®, G. Adamov®®, M. Adamowski®!, D. Adams'’,
P. Adrien?!, M. Adinolfi'®, Z. Ahmad®2 + Show full author list

Published 3 December 2020 - ® 2020 CERN

Journal of Instrumentation, Volume 15, December 2020

Citation B. Abi et a/ 2020 JINST 15 P12004

:' L DL L I L L L T i MC' N '_
250— —
- PEBkgMC
- ¢ Data .
200— -
2 - MC ]
§ 150~ Entries 6520 | —|
i - Mean  2439| o
#* 100E StdDev 11.88| -
oF Data B
C Entries 3288 |
50 }_ Mean 2421 T
Std Dev  11.92 ]

h N

data/MC
—“NW AUy

£ t‘t".mﬂwmi"ﬂﬂ4f”¢;;; ye ‘+ ®

%40 20 30 40 50 6 70 80 e
Reconstructed Michel energy (MeV) -
o B e e ] = I ~
0 200 400 1200 1400

MANCH FSTER

38



Deep Underground Neutrino Experiment

Sanford
Underground
Research
Facility

Fermilab

ve [ M=

I | ]
'VH -
Incoming beam:
100% muon neutrinos
- . s
I

1600 1400 1200 1000 800 600 400 200 0 km

Probability of detecting electron, muon and tau neutrinos
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The PRISM Concept

107
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DUNE v, disappearance

* Rates for running for 7 years with both neutrinos and anti-neutrinos
* Excellent energy reconstruction crucial for broad band beam

800
E C DUNE v, Disappearance
by - sin%,, = 0.580
« 700F 2 s oy
o L Amg, =2.451 x 107 eV
o 6005 3.5 years (staged)
o —— Signal v, CC V
2 F v, cC M
o 500K [ NC
@ F . (v, + V) CC

(v.+v,) CC

400F
300 . 30
[} X DUNE v, Disappearance
200 o sin%,, = 0.580
& 300 Am2, = 2.451 x 10° eV?
100 5 B 3.5 years (staged)
B o - —— Signal v, CC
i rrwwn e mmmn D S0 O S £ 250 . v,cCo
1 2 3 4 5 6 7 8 o @ NC
Reconstructed Energy (GeV) w 200 . (. + v CC

(v.+v)CC

Run 3493 Event 27435, October 23rd, 2015

antl-vu

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
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Events per 0.25 GeV

DUNE v, disappearance/ v, appearance

300

2 F DUNE v, Appearance
O 160 Normal Ordering
] C 8cn =0, sin?26,, = 0.088
o - sin“p,, = 0.580
5 1401~ 3.5 y;zars (staged)
o r —— Signal (v, +V,) CC
-E 120+ @ Beam (v, +v,) CC
800 g f . Ne
- i @ 100 S (v, +v,) CC
- D-UNE v, Disappearance 100f (v:-l- v) CC
700F sm:()ﬂ =0.580 L -
5 AmZ, = 2.451 x 10° eV 80—
C 3.5 years (staged) C
6001~ —+ Signal v, CC V 60~
- . v, CC M g
500F Bl NC a0F
C R (v. + V) CC -
5 (v.+v,) CC L
400F 20

200

100

44

350 0 1 2 3 4 5 6 7
3 F DUNE v, Disappearance Reconstructed Energy (Ge
8 i sin®0,, = 0.580
g 300 AmZ, = 2.451 x 10° eV?
- 5 N 3.5 years (staged)
C o o —— Signal v, CC
S e e S e DU EE TN T F T 2 250 mv.CC
0 4 5 6 7 8 s | W NC
Reconstructed Energy (GeV) w 200:— - {&I;’;’gg
1501
- t [ ]
" anti-v,

Reconstructed Energy (GeV)

Events per 0.25 GeV

DUNE v, Appearance

Normal Ordering

8., =0, sin20,, = 0.088

sin®9,, = 0.580

3.5 years (staged)

—— Signal (v, + V,) CC

@8 Beam (v, + V) CC

[ NC

. (v, +v,)CC
(v.+v)CC
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V, appearance gives access to 0

sinz(A 31 — aL)

PG @7 sin® v SNt 2us == 55705 N
_ e
. : . sin(Ag; —aL) . sin(aL) a= j%
+S|n2vf3S|n2v{3 Sn 2\42 (Agl — aL) A31 al A 21 COS(A31—5) A 5 L

mé

. in(alL j = —=

+ COS V43 Sin? 2\425m6$1 )Agl Aij AE

v, CC spectrum at 1300 km, A m3 =2.4e-03 eV?
500

g, - sin®26,,=0,8 - n/a o1 E .
s 450 - Sin?20,,= 0.1,8, -2 § o % e dppearance amplltude
= — < .
el Sin?20,,=0.16,70 | depends simultaneously on
> 350 sin?20,; = 0.1,6_ /2 = ™
3 250 ’I ', // \ 18 effects —
Q [ | |
. 200“’ \ [ ooa *» Measurements of all four
1505 ) , possible in a single
100 0.02 .
il . experiment.

0

o &
’&
|

10

E_(GeV)
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V., appearance gives access to 0

sinz(A 31 — aL)

PG F 7St vgsin® 2ufs =570 % G N
_ e

. . . sin(Az —al), sin(al) a= ﬁ%
+HSIN2vB3 Sin2vf3 SN 2vfo =~ = A s — A 21 005(A 31~ ) A2 L

méa

. sin(aL ij = !

+ COS2 vfe,SlI’]2 24> a(.L )Agl AIJ 4E

v, CC spectrum at 1300 km, A m3 =2.4e-03 eV?
500

g, - sin®26,,=0,8 - n/a o1 E .
s 450 - Sin?20,,= 0.1,8, -2 § o % e dppearance amplltude
= — < .
el Sin?20,,=0.16,70 | depends simultaneously on
> 350 sin?20,; = 0.1,6_ /2 = ™
% 3003 I \ {“\ 0.06% Vi Kzg) cp and matter
3 s | || | 1 & effects —
O 2505’ } / \ 2 2
©, 200ft] | 004 * Measurements of all four
> l / | .

1505 NGy , possible in a single

100 f 0.02 .

il . experiment.
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10

E_(GeV)

MANCHESTER
1824

46




V., appearance gives access to 0

Gg Ne
sin(Az; —aL) . Ssin(aL) a= —p="

+8iN2v3SiN2v{3 Sin 2 A A 51 COS(A 31 — 2
V€3 13 \42 (A31 _ aL) 31 aL 21 S( 31 5) Amlzj L

+ c0S? V43 Sin? 2\/zsn;fL)A21 Aij = 4E

v, CC spectrum at 1300 km, A m3 =2.4e-03 eV?

- 500, \ 01 >
; = sin“26,,=0.5 - n/a = .
s 450 - Sin?20,,= 0.1,8, -2 § o % e dppearance amplltude
= 400 Lo 008 £ d ds si | |
s ) Sin?20,4 = 0.18 -0~ & epends simultaneously on
> 350 sin?20,; = 0.1,6_ /2 = ™
% 3003 I \ {"\ 0.06 g ’ K23’ cP and
*5 H [ | 7 § —
o 50 ’ | / \ .
©, 200f| ooa  * Measurements of all four
> l / | -

1505 NGy , possible in a single

100 f 0.02 .

il . experiment.
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V, appearance gives access to 0

sinz(A 31~ aL)

A y ) \23, ™., and

A 2D s 2 2
P(&! <& 7 sin® vd38in“ 2v{3 = A5
(A —al) _ _ GgNe
\ o . . sin(A3; —aL)  sin(aL) y a= 5
SiN2v53Sin 2v{3Sin 2v{> A3y A 21 COS(A 317 0)
(Azp —al) aL Am L
: sin(aL Aii =
+ COS° V43 SiN® 2v{> aEL )Agl '] AE
v, CC spectrum at 1300 km, Am3 = 2.4e-03 eV ?
500% \ /’\ sin22913=0,6cp= n/a 01 E .
0% / sin®20,-015 -n2 | & ° g . appearance amplitude
— (=] .
el / Sin?20,,=0.16,70 | depends simultaneously on
350 sin226,,=0.1,6 /2 =
g S
I <

v CC evis/GeV/10KT/MW. yr

300 N\ 70.06
= * ;
-2 ooa *» Measurements of all four
150 \ ] possible in a single
100 §\ 0.02 .
il A : experiment.

o Need to resolve degeneracies
E.(GeV) (e.g., MO vs. CP).
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Events per 0.25 GeV

Events per 0.25 GeV

v, appearance (MO/CP phase)

—— Normal Ordering DUNE v, Agpearance
d.p =0, sin“20,, = 0.088
s Invert i cp =T 13
nverted Ordering since,, = 0.580
140 3.5 years (staged)

—— Signal (v, + V) CC

120 8 Beam (v, +V,) CC
[ NC
B (v, +7,) CC

100 (v.+v) CC

80

60

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

DUNE v, Appearance
Normal Ordering
sin20,, = 0.088

sin’0,, = 0.580

3.5 years (staged)
—— Signal (v, + V) CC

160

140

120 8 Beam (v, +V,) CC
[ NC
B (v, +7,) CC

100 (v.+v) CC

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

Events per 0.25 GeV

Events per 0.25 GeV

DUNE v, Appearance
8ep =0, sin%20,, = 0.088
sin®9,, = 0.580

3.5 years (staged)

— Normal Ordering

= Inverted Ordering

60

H —— Signal (v, + V) CC
50 [ Beam (v, +V,) CC
[ NC
. (v, +v)CC
40 (v +v)CC

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

DUNE v, Appearance
Normal Ordering
sin20,, = 0.088
60 sin’,, = 0.580
3.5 years (staged)
—— Signal (v, + V) CC
50 @8 Beam (v, + V,) CC
[ NC
. (v, +v)CC
40 (v.+vJ)CC

70

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

variation with
mass ordering

variation with 6,
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DUNE Mass ordering and CPV

CPV sensitivity Mass ordering sensitivity
40
L DUNE Sensitivity =7 years (staged) - DUNE Sensitivity = 7 years (staged)
- All Systematics 10 years (staged) - All Systematics 10 years (staged)
1 0 — Normal Ordering m——— Median of Throws 35 — Normal Ordering === Median of Throws
- 3in22913 =0.088 + 0.003 1o: Variations of - sin22813 = 0.088 + 0.003 1q: Variations of
- a2 statistics, systematics, : a2 statistics, systematics,
- 0-4 <sin 623 < 0-6 and oscillation parameters 30 _—0-4 <sin 623 < 0-6 and oscillation parameters
8 [
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Hyper-Kamiokande CPV only

0 memer e e o e e
| Trae NS Known mass ordering
ST (external constraint)
Mass ordering either 6 | Atm
constrained by external - | + Beati
measurement or by 4t
atmospheric neutrinos |
2}
| Beam only
CLor  08r 05r -02r 00r 02r 055 081  Lon
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Sensitivity versus time

CPv sensitivity

12 —
. DUNE Sensitivity (Staged) _— 5, = -2
| All Systematics 50% of 8., values
Normal Ordering  75% of 3, values
I o Nominal Analysis
10 — SIN 2913 =0.088+0.003 ... 6,5, unconstrained o 1 O T I T T T | T T T | T T T | T T T |
L sin0,, = 0.580 unconstrained l!]. - Hyper-Kamiokande 5. =-90° att _
i OOO : T2K 2016 systematics P . s :
.E 8 MREEEEEELRCEERD Nominal systemlatics - . '_-‘ .
wn b mee-ee- Statistics only (no systematics) : -
()] ~ =
'g -
s 6
x -
(b} e
_9 B -
o 4r =
O B -
c = -
g | -
= 2 -
o ~ -
2 - -
3 w L I L L I 1 L I L L l 1 1 I 1 i
oIllIlllIlllllllllllllllllllll O
0 2 4 6 8 10 12 14 2028 2030 2032 2034 2036
Years Year

» Difficult to compare because of different assumptions about staging and startup
* Both experiments need to ramp up quickly — expected to start data taking at the end of the decade
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50

Supernova 1987A

in the Large Magellanic Cloud (55 kpc away)
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For comparison: the Milky Way is about 34 kpc across



50

SN1987A, about 24 neutrinos

S u pe rn Ova 1 987A observed, 3 hours before photons.
In the Large Magellanlc Cloud (55 Kpc away)
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For comparison: the Milky Way is about 34 kpc across



Supernova neutrinos in DUNE
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Supernova signal in DUNE

40 kton argon, 10 kpc
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6= * Neutrinos arrive before the light and can
5 trigger observation by optical telescopes.
4.5—
s & * Potentially a signal of 1000s of neutrinos in
Tas DUNE.
28 | e, » Signal will teach us both about neutrinos
107 10" 1 Time (seconds) and about the supernova mechanism.
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Neutrino physics at accelerators

* | have only been able to cover a small amount of the rich neutrino
physics programme at accelerators.

* These next-generation experiments will test the three-flavour
paradigm, provide precision measurements of the neutrino sector,
search for non-standard physics (sterile neutrinos, dark matter...),
and much more.

* This is complemented by an exciting non-accelerator physics
programme, studying solar, atmospheric, and supernova neutrinos.

» Please contact me (stefan.soldner-rembold@cern.ch) if you have
any questions.
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