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* Neutrinos & their sources
» Accelerator Neutrino Beams
« Beamline components
* On-Axis vs Off-Axis neutrino detectors

* Long & short baseline experiments

« Challenges of Neutrino Beams
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Standard Model of Particle Physics

All ordinary matter is made from up quarks,

Standard Model of Elementary Particles
down quarks, and electrons

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1] 1l
s (<221 e | (=msrcoe |6 =\ (o oove *There are three copies, or generations, of
@ @ |-® || @ |- H quarks and leptons
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Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1] 1l
mass = =2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeV/c?
@ '@ I @ @ |- H . )
i Sl top el filGas The other group of particles in the Standard Model are
e (e ([ 2 bosons: particles with integer spin
% -% -% 0
% d » % b 1 p
down strange bottom photon * Force carriers
~=0.511 MeV/c? ~=105.66 MeV/c? ~1.7768 GeV/c* ~91.19 GeV/c? Stro n g fo rCe
@ IF® '@ || @
electron muon tau Z boson EleCtromagnetiC force
<2.2eVic? <0.17 MeV/c? <18.2 MeV/c? ~80.39 GeV/c?
Yo |- W [ @ || W
Weak force
lect t
neutrino ) {_ neutrino J | neutrino J || W PosON
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i Neutrinos are fundamental
What Are Neutrinos? (Cannot be divided into any smaller

pieces, no internal structure )

The Standard Model [ icies

Q I
‘= . i . s
2 Quantum i Neutrinos are leptons e
g ‘ g‘;‘ﬁ;f(g-ics *| § * Do not feel strong force (no color)
§ /,-ff’ 'Y Ve g Or e|ectr0mag netIC fOrCe (no FACT: about 65 million neutrinos pass
E :" Ch a rg e ) through Yt'il\r thumbnail every second.
Electro- * Interact Only Weakly 100 trillion neutrinos pass througk
Weak your body every second!!!
'?‘; e P Symmetry 12 :
= v<—@\ Breaking * 102 of neutrinos pass through us
o
(Higgs) - every second — come from sun
w*, Z° .
tl € « Would need a light year (10'3 kms)
T Quantum d é— of lead to have a 50% chance of
S /e ) |Chromo- s interactin
31 : : ® ,,-: Dynamics b g
i « There are a billion neutrinos for

each atom in Universe — sheer

quantity implies their significance .
2& Fermilab
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What Are Neutrinos?

Vv \Y

In SM: @-» momentum .@’ momentum
* Neutrinos are massless
* Move with speed of light ~§— spin — Spin
* Always left-handed : \

(opposite for antineutrinos) Neutrino Antineutrino

(left-handed) (right-handed)
% 44— Neutrinos have a fixed chirality
left-handed right-han
neutrino neutrino
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Neutrmo Sources

7

Natural sources

We get them free of cost, we have no
say in where they came from

Artificial sources

Intense sources, we can control timing,
sometimes energy
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Solar

Big bang

Radioactive sources

Reactors

Atmospheric

Supernova

/- Accelerators /

Beta beams

*High energy neutrino from
astrophysical sources

Geoneutrinos .....

2= Fermilab


https://www.mpi-hd.mpg.de/manitop/Neutrino/sheets/Lecture3_SS21.pdf

Pauli Postulated Neutrinos

» Radioactivity: Nucleus emits particle due to nuclear instability

« While studying the beta decay, the energy did not seem to be conserved in beta decay?
* We know energy is always conserved
* In 1930, Pauli postulated the neutrino

Dear Radioactive Ladies and Gentlemen,

I have done a terrible thing.
I have postulated a particle that cannot be detected

25 Fermilab
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First Accelerator Neutrino Beam

* In 1957, Brookhaven AGS and CERN PSfirst  p+ Be »>n*+ X, nt— ut v
accelerators intense enough to make v beam

« 1962: Lederman, Steinberger, Swartz v + N- W + X (Phys.Rev.Lett. 9, 36 (1962))
propose experiment to see H

proton i
beam  target proton accelerator T e
I ) i ! ; u——),h.-—'-"" —

/ detector -
steel shield spark chamber

pi-meson - -
beam e :

The accelerator, the NeUtiing e . gt " e
beam and the detector

Part of the circular accelerator in ‘ it v T il ||ﬂ|“|“"'
Brookhaven, in which the protons . 0% =I| "

were accelerated. The pi-mesons (1), A "RE

which were produced in the proton P, e, Mg
collisions with the target, tleuqhinto concrete
muons (j1) and neutrinos (:.). e 13

m thick steel shield stops all the
particles except the WY penetrntilg
neutrinos. A very small fraction of the
neutrinos react in the detector and

.,

Schwartz
Lederman

give rise to muons, which are then

. Steinberger . - ohserved in the spark chamber.
1988 Nobel prize for the neutrino beam method and Based an 3 crawing In Sclentic Amerkcan,
ard <

the demonstration of the doublet structure of leptons
through the discovery of the muon neutrino

25 Fermilab
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First Accelerator Neutrino Beryllium
Beam

Steel Shield

Spark Chamber

5.5 m concrete on floor and roof to Protons Pions

reduce cosmic muons

>

few muons +
muon?) neutrinos

some decay to
muons+(muon?)
neutrino

Interactions observed in a 10-ton
Al spark chamber behind steel
shield

If these neutrinos are muon
neutrinos, they should only Saw lots of....

Saw none of...
produce muons, not electrons Bo Luaue 10 &

i
|

|
I
|l

2= Fermilab

Electrons produce distinct shower,
muons produce nice tracks

«| | 1
i
EED L |
| A
| |
| | »#4
h
| @I
11 I

|
\
il
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First Neutrino Beam

Signal: Some pions decay into muon + (muon) neutrino
Why not electron + neutrino?

Hint: Chirality
In SM, neutrinos are always LH, and antineutrinos are always RH - a f n decay (i rest frame) \
consequence of them being almost massless
s =) -

P-4 “ — 0

LH neutrino ° e RH antineutrino k Ve e J
h p *Pions are spin-0, in pion rest frame,
h have momentum p=0

*To conserve momentum, neutrino and
electron must be emitted in opposite
directions

Think, Pair, Share your answer:

4o —Ari

25 Fermilab
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https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link
https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link

First Neutrino Beam

Signal: Some pions decay into muon + (muon) neutrino
Why not electron + neutrino?

Hint: Chirality
In SM, neutrinos are always LH, and antineutrinos are always RH - a
consequence of them being almost massless

» « S
LH neutrino ° e RH antineutrino
h h p

mdecay (i rest frame)

Only LH Muons must be produced! | ., -

S
— 100% polarized beam! 4T @ IJT’ p
M
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r m decay (i rest frame) \
=) & s

— Q>

" ©

*Pions are spin-0, in pion rest frame,

have momentum p=0

*To conserve momentum, neutrino and

electron must be emitted in opposite
directions
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Accelerator Neutrino Beams

>

>

>

>

>
>

M+

13

Smash high-power proton beam onto a target— produces a spray of hadrons (mostly pions)
Focus either ©* or 7~ using magnetic lenses — focusing horns

Allow pions (and kaons) to decay n* — u vu : need a long decay tunnel

Gives an approximately collimated v, beam

Magnetic * __ Absorber = rock

. T
focussing
ZZ T PPRPPPPPPY » VIJ
> —— n__|_ p iiittiniessseeennzzziiI 1T IS v‘u Neutrino
Proton beam %_ e, Decay tunnel beam
-

target

Neutrino energy spectrum determined by decay kinematics & magnetic focusing optics
Beam is mostly v, but % level backgrounds arise from
- e, v, K- ntev, K.—=m ey,

25 Fermilab
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Fermilab Accelerator Complex

14

Main Injector

Recycler Ring

Short Baseline Neutrino:
ICARUS, SBND, ANNIE

Low-Energy \\

Switchyard: Low. Ene
MTest, Mcenter, xperiments
(SpinQuest) < = Neurino.
’ t Muon Experiments
' 7. Long Baseline Neutrino:
gi‘,?t:é,’n"‘;‘ NOVA, (LBNF/DUNE)
Facility
400MeV woon T
lon Source Experiments
nt 35keV Muon Campus:
s g-2,(Mu2e)
2& Fermilab
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Example: Nulvil at Fermilab
Neutrinos (v —> Nu) at the Main Injector

> Intense muon-neutrino beam directed towards Minnesota

» Main Injector supplies 25 — 50 trillion 120GeV protons
every 1.33 seconds

» Operating regularly at 700kW

Each pulse produces about 104 v,

~ 20,000,000 Pulses per year

» Direct beam 3° down
Near Detector: 980 tons Far Detector: 5400 tons

beams Beam is 10s of kilometers wide at exit
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Beam Power

16

S —_
w 120
O
E ;100
3 ; 80
= i
C iq
()]
E 40
o 20
>
0.2 04 ’(l]".i?ne[s] 0.8 1.0 1.2
Time [s]
eNFE
P =
T

Reducing T -> increased P

MI/RR: Faster Ramp for
Increased Beam Power
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* Implemented 1.133s ramp -> 6% beam
power increase at same intensity
» Working on 1.067s ramp -> 12% beam power
increase
» Current record of 959 kW hourly average set
May 22nd, 2023
* At 1.067s, this would be > TMW!

1000
900
800

)

W)

Beam Power per calendar hour (k

HEESE IR LA B PO
12/19/14  03/08/16 05/28/17

2¥ Fermilab
https://indico.fnal.gov/event/59656/contributions/269378/



NuMI Overview

Target Service MINOS To Soudan
Building Service
~Main Injector Building———\
g:r Y. S — nal
Carrier R = e ;Decay ripe [
Tunnel 2 b/ s “??77: ==
farget Hall Beam Absorber // Minos Hall |

250 m

uon Detectors —”  Minos Near —
Detector

2= Fermilab
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https://arxiv.org/pdf/hep-ex/0412052.pdf



NuMI Overview

Target Station

Horns
Protons \|[Target

#1

Muon Monitors

Protons hit target
7* produced

Absorber 1 l l s
\"t\\.. ‘\.;\)‘ WA S RN
Decay Pipe ut /\—/ :.:\\‘\. : \g‘\- ‘ X
I'/’ { at .E M\‘\ SN
" 3 AN
. ¢ f -~
) N
+ P
Lt AW o
/ R “\\
Hadron Monitor Rk

magnetic horn to focus &*

Layout of target core

Budal Fins ~ Winged Fins
(Alignment)  (Baffle Effect
|

a
Water

Supply/Return

(Aluminum)

18 5117124 Sudeshna | USPAS 2024 JULY

7" decay to p*vinlong evacuated pipe

left-over hadrons shower in hadron absorber
rock shield ranges out p*
v beam travels through earth to experiment

Nominal beam position at target core
is near upper end of fin
First two fins are used for beam position
measurement
Next four fins have a thick graphite cylinder around
top of fin — winged fin
Rest of target core has 44 rounded rectangular
target fin
Dimensions of fin : balance between pion
production yield & thermal stress on fin

2& Fermilab



NuMI Overview: Focus o 1
T fStation Decay Pipe ut )\ . \:Q‘-

. Horns f X y_ :‘P\‘\\ it
Two focusing horns pulsed o q : S
with 200 kA L. : =
« Maximum field ~3 T : ., R 4
Protons hit target Vil -5
n* produced Hadron Monitor Rock]

Azimuthal magnetic field between
inner and outer conductors

9§§-df=y01 - g Hl,

2ntr

Momentum kick depends on B and
distance traversed between conductors.

1/r field + parabolic profile makes horn
behave as a highly achromatic lens

19 5117124 Sudeshna | USPAS 2024 JULY

Muon Monitors

magnetic horn to focus ®*

7* decay to p*vin long evacuated pipe
left-over hadrons shower in hadron absorber
rock shield ranges out p*

Sl

v beam travels through earth to experiment

R

--- 1%, 5000 MeV/c

Hon current flow (FHC)
--- n1*,10000 MeV/c  --- nmt*, 20000 MeV/c --- 1, 10000 MeVic =~

https://arxiv.org/pdf/2305.08695.pdf
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Horns in General ..

T}
Want to focus as many particles as / ’_'2::,
possible and cancel as much .
background: —y

*» Make n(K) decay parallel to the
beam direction.

» Deflect unwanted particles.

Pions diverge from the target with a typical angle:

O ~ pr/pz = (pr)/p = 280MeV /pr = 2 /v «—

Neutrinos from pion decay ~ 1/ vy .

Average incident angle for pions into horn | 9in ~ (pT>/p

& Fermilab
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Important to correct




Conical Horns

proton

Focuses all momenta of a given sign for a given
angle of pion into horn.

It produces a broad band beam

21 5117124 Sudeshna | USPAS 2024 JULY

AB Bx ol x
P 27T p
A focused pion is one in which
Bout =0
A = gin « Pathlength should grow
linearly with radius of
pol x (pr) entrance into the horn.
— = This implies a cone-
2m pr p shaped horn geometry,
. ( > 27 where pathlength
T = Pr OIT increases as particles

https://Iss.fnal.gov/archive/other/kopp.p‘cﬁ

move towards wider end
of horn

Momentum cancels out
of the final equation,
implying this is a broad-
band beam

2= Fermilab



Parabolic Horns

target

proton

With a parabolic shaped horn inner
conductor, horn behaves like a lens (p
kick proportional to distance from axis),

with a focal length proportional to
momentum

22 5117124 Sudeshna | USPAS 2024 JULY

Parabolic horn whose inner conductor follows a curve z = ar?, with
parabolic parameter a in cm™’

Bx Ix
pT kick of any horn results in a change in angle of Af = = ’ul_

D 2nr p

where x = 2ar? is the pathlength through the horn (for a parabolic
conductor on either side of the neck)

Setting AB = 0,y — 6, = Byt — 1/,
a point source located a distance | = f (focal length) upstream of
target is focused like a lens if B,y = 0

s
poal

f= p.

2= Fermilab



Parabolic Horns

Two differences with conical horn:

(1)parabolic horn works for all angles (within limit of small
angle approximation), not just “most likely angle” 6,, = (p1 )/p

(2) single parabolic horn has a strong chromatic dependence
(focal length depends directly on particle momentum p)

2= Fermilab
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Multi-Horn System

- 1
|B| oc -
T
/
Horn 2 (‘\ o B
i Wi oS
nt, Kt — N\ /
— I ‘\g'/ ™
TR HQ\ ] ;
protons — T ® N
AT — NS
(‘\ Loxr ||
"
I
Dicie 06 B & Lrewr
2= Fermilab
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https:/Iss.fnal.gov/archive/other/kopp.pdf



Question

25

Compare horn on/horn off

Always have high-energy
component
Horn on: focused peak

Why high energy tails?

Think, Pair, Share your answer:

fQRYNWWYd9IoEMCDOL LYBCqIABVV TiaM0ledit?usp=drive.lin}

5/117/24
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Near Detector MC MINOS PRELIMINARY

—

ﬂ

Reconstructed in Fiducial -
= Horn-On MC
= Horn-0Off MC

410 20 30 40
Neutrino Energy (GeV)
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https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link
https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link

Moving Target

« By moving target position can vary

energy spectrum

Question
° HOW? T
« Hint: Slide22 f= poal

Think, Pair, Share your answer:

D.

26 5/117/24
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it?

0.014

© o
o o
—_—
[SE N

Flux/GeV/m%10%°POT
o o o
o o o
R 8 §

=

0.002

\%

_n‘l s e o Ty T —— ;
0000274 & 8 10 12 14 16 18 20

R

o

- Beam MC —LE .
—ME

- —HE .

Energy (GeV)

FIGURE 2. Neutrino energy spectra achieved at a distance of 1040 m from the NuMI target with the
horns separated by 10 m and the target inside the first horn (LE), or retracted 1 m (ME) or 2.5 m (HE).
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https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link
https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link

NuMI Overview: Decay Pipe, Muon Monitors, Near Detector

Monitors tertiary muons
Pions/Kaons decay from 1 & K decays
into neutrinos (among

other particles)

| | Muon Monitors
. - Absorber - ¥ :
| | \ Sy | By | By
Target Station . Decay Pipe u NS PN P AN 5
Bianes 4 { Tt & U ==HHF ==l =
Protons |Target $ Vi M I
> — b S HH [~ SRR
- : - - v\ ~ Tl e S
=l o = ey e | [
- ”+ + L NS o T‘\,*\
a . - -, i—-qQ '}.‘g :\\\\- N\ -DW
Protons hit target . /70 B B B \:‘
nt* produced Hadron .\[o{mor Roxk & Rock ~
magnetic horn to focus &* 7

x* decay to p*vinlong evacuqt.ed pipe
left-over hadronfshower in hadron absorber
rogk shield ranges out p*
7 v beam travels through earth to experiment

.

7
Monitors remnant hadrons at end of decay pipe

25 Fermilab
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NuMI Overview: Near Detector e
2:: \v,-frl:tjj)::.leus cross section. \

« Two distinct detectors are supplied by a A: acceptance.
common neutrino beam P: oscillation probability. \

«  Oscillation probability : MSATiCerastar P )

P— Ny Ay o} / i\ \ Far detector
BRAVVAVIVAY - -
N1 = ¢ch1 N2 = Pq)zcsA2

Absorber Muon Monitors
l — annn®® = -'
M '-':'.‘ . LA
I

i e p Mnerval | MINOS

Main Injector

Hadron Monitor 12m 18m 240m

Resulting neutrino beam passes through & reaches Near Detector

25 Fermilab
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Multiple Experiments in NuMIl Beamline

Long-baseline oscillation experiments

mixing

' . "
» Near Detector at Fermilab y >

Far Detector at Soudan ) ND
Underground Lab, MN /

Compare Near and Far
measurements to study neutrino

The MINOS+ Concept M N0}

» Long-baseline neutrino oscillation experiment

» Measure NuMI Neutrino beam
energy and flavor composition
\ with two detectors over 735 km

\ ® L/E ~ 500 km/GeV

2kt
2km from source

Fermilab

MINOS/MINOS+, Neut

29 5/117/24

NOVA is a designed to answer
the next generation of v
questions

Mass Hierarchy

v; dominant coupling
(6,5 octant)
CPV in v sector

Tests of 3-flavor mixing

Supernovae V’s

vama

Sudeshna | USPAS 2024 JULY

Neutrino scattering experiments

ﬁ ArgoNeuT in the NuMI beam line

First LATPC in a low (1-10 GeV) energy
neutrino beam.

Acquired 1.35 x 10* POT, mainly in v,
mode

Designed as a test experiment.

But obtaining physics results!

ArgoNeuT tech-paper:
JINST 7 (2012) P10019
j ) esien mede :: G Anb-anetioo Mode ,m { R
] [ Hometocn 1€ :~cmrmﬂ ¢ 1 -
1‘ 5 eorcig e o
e Rt | <E>-36(9 ) Gev| | i
in g 9 g |
4 1 e ALLLLLLLLLLY
L i e

i The MINERVA detector provides a fine-grained view of

neutrino-nucleus interactions

)
Nocies Taget Region
L

e

2= Fermilab



JPARC Neutrino Facility
Pl n°: et

0

-----------

-

« J-PARC beam: Ev ~ 600 MeV
* 295m baseline

* ND: ND280 (off-axis)

* INGRID (on-axis)

* FD: 25kt water Cherenkov % Bé N
° (SuperK) INGRID (left): Off-axis detector (right)

\Y u—>Ve

e T F—

NEUTRINO BEAM

. 295 km

1
FTF :
. : 3F Fermilab
30 5117/24 Sudeshna | USPAS 2024 JULY Slide courtesy: Roxanne Guenette
Harvard University



On-Axis vs Off-Axis

*Low-energy pion spectrum w
for MINOS (On-Axis) ; S e

" o
MINOS:Far Detecton\.

*Medium-energy pion
spectrum for NOvA (14 mrad
Off-Axis)

*On-axis (detector on
axis of neutrino beam)
*Off-axis (detector a few
degrees off beam axis)

5

/ .“ ‘y\ ‘/‘ ;
{ \ a
) \
b ) B '
| | Kfi"}
o

m - ;\‘-*“f\,—/”'/

e ;

JE H
3¢ Fermilab
31 5117124 Sudeshna | USPAS 2024 JULY https://indico.cern.ch/event/598397/attachments/1406107/2148459/Neutrinos_Lecture2_Cambridg
e.pdf




(*) quantities refer to pion rest frame

On-Axis vs Off-Axis
’8 v
Pt m-m
0* o ZI p 2mn

For On-Axis  |E, ~ 0.43E,

Reduced neutrino flux
0.03 But some advantages...

For Off-Axis EV / GCV — 0 Yyhat?

Hint: on-axis neutrino spectrum
follows pion

Think, Pair, Share your answer:

2% Fermilab

32 5117124 Sudeshna | USPAS 2024 JULY https://indico.cern.ch/event/598397/attachments/1406107/2148459/Neutrinos_Lecture2_Cambridg
e.pdf

? =dri


https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link
https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link

On-Axis vs Off-Axis

0 1 2 3 4 5 6
E, (GeV)
First oscillation max

33 5/117/24

I + +

2> e
S} . +
o | o
° L e
=20 r 0?‘ +
8 i i - | ++ i
(= | i" - i
A ' « On Axis + ]
< Lo i -- 7mrad off-axis 4]
= i . — 14 mrad off-axis i
z [ { --—- 27 mrad off-axis
8 10 I i
>=-

S f

oL O S T S S D

Sudeshna | USPAS 2024 JULY

Medium-energy pion spectrum for NOvA
(Off-Axis)

How does NOvA off-axis help?

Think, Pair, Share your answer:

o —Ari

2= Fermilab


https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link
https://docs.google.com/document/d/1jR2OlR-pM-ifQRYnWWYd9oEMcDOLuYBCqIA6VVTj8M0/edit?usp=drive_link

Long Baseline

 Oscillations occur in L/E

- Starting with a v, orv,

* v, — v, :survival probability — looking at disappearance

* v, — v, : dominant oscillation — but mostly below threshold

* v, = V. :sub-dominant (rare) — appearance

- e.9. baseline = 735 km
1

15t osc.
maximum

Tau
production
threshold

Survigal Probability

v 4

2" osc.
maximum

E (GeV) F .

3¢ Fermilab

34 5117124 Sudeshna | USPAS 2024 JULY https://indico.cern.ch/event/598397/attachments/1406107/2148459/Neutrinos_Lecture2_Cambridg
- o e.pdf



Long Baseline

« L and E of experiment can be chosen to match a specific region of oscillation probability

 |n two-flavor approximation:

Am’,[eV?]L[km]
P(vy — vg) = sin®(26) sin” | 1.27 E.[GoV]
: _— : 2 2
+ First oscillation maximum at: ;- caplev-IClam], o wd  Likm] = —— . E\[GeV]
' E[GeV] 2 254 Am’[eV?)
« T2K baseline 295 km
* NOvA baseline 810 km
 Upcoming DUNE baseline 1300 km
* DUNE 1st oscillation maximum (~2.5 GeV),
2 oscillation maximum (~0.8 GeV)
4% Fermilab
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Long Baseline (continued..)

Experiment Run Peak E, Baseline On-Axis?  Detector

MINOS(+) 2005-2015

T2K 2010-
NOvVA 2014-
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3 GeV 735 km On-Axis Iron/Scint

0.7 GeV 295 km Off-Axis  Water C
2 GeV 810 km Off-Axis Lig. Scint.

Jt :

3¢ Fermilab
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e.pdf



LBNF (Long Basellne Neutrino Facility)/DUNE (Deep Underground Neutrino Experiment)
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The T2K experiment

295 km

Conventional “horn-magnet-focused” v beam

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

Mt.lkenoyama
1,360m

TZ/R\

Near Detector

295km

§ o=

280m 120m

30GeV Protons on a graphite target
daughter n* 2> p*+v, (> p+v,)

the far detector direction

5/117/24

Low-energy narrow-band beam

Anti-neutrino production by inverse polarity
First application of Off-Axis(OA) beam: 2.0~2.5° wrt.

peak tuned to oscillation maximum
Small high-energy tail: reduce inelastic bkgs

Sudeshna | USPAS 2024 JULY

Oscillation
Maximum

sin’20,, = 1.0
Am?, =2.4x 107 eV?

vl

it OA 0.0°
%% 0A2.0°
SNOA 2.5°

2= Fermilab



Booster Neutrino Beam (BNB)

« Uses 8 GeV beam from the Fermilab Booster,
operating since 2002

» — Up to ~ 30 kW of beam (5e12 ppp)

« Beryllium target integrated with single focusing horn

« Services a suite of experiments at Fermilab: the
Short Baseline Neutrino (SBN) program
(MiniBooNE, SciBooNE, MicroBooNE, SBND,
ICARUS)

L

ICARUS FAR Detector

N BNB horn

2= Fermilab
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Challenges

* Proton beams

« Targets

* Horns / focusing
* Precision

* Instrumentation

« Hadroproduction Modeling &
Experiments

 Radiation Protection
« Radionuclide handling
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Replaced NuMI Horn summer 2015 due to failed strapline

— First 700 kW capable horn, in service since Sept.
2013, accumulated ~ 27 million pulses

Failure was due to fatigue, likely enhance by vibrations

4%



