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Synopsis

Lecture 1 | @ Introduction
@ Neutrino Beams
©® Predicting the Beam Energy Spectrum

@ The MINOS Experiment

Lecture 2 | @ Measuring the Beam Spectrum in MINOS

® V. — Vi Disappearance in MINOS

@ V. — Ve Appearance in MINOS } ot oo
® Vi, — Ve Appearance in T2K pie
© Prospects/Conclusions

* Topics chosen to illustrate the main techniques/issues
* Not intended as a global review — far too little time
* Use MINOS as the main example

ISAPP, Varenna, August 2011 Mark Thomson 2



€@ Introduction

* Over the last two decade studies of Atmospheric and Solar Neutrinos
have established the existence of neutrino flavour oscillations

* Main advantage of solar/atmospheric experiments
 beam comes for free

* But you get what Nature gives

* Time for the physicists to take control...
* Intense (>100 kW) neutrino beams and long baseline experiments

BASIC IDEA

* Most experiments sample unoscillated neutrino beam close to
production and at a few hundred km when oscillations are apparent

Beam @$@$ @:>
=y @ o OF @ G G
@ T > few 100 km G G

« “Clean” neutrino experiments — control of systematic uncertainties
- Baseline/beam energy chosen to match for physics goals
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Preliminaries: thresholds

* Neutrino flavour potentially accessed through charged current weak interactions

* Neutrino colliders not yet foreseen... so always working with a fixed target

pl — (E\H 07 07 EV) p2 — (ma O, 07 O)
>

* Therefore centre-of-mass energy s = (E, + m)* — EZ = 2E,m + m*

* For reaction to be kinematically possible require

2 - 2E.m, + mz > m? 4 — 2FE,m, + m,zZ > m? + m12)
2 2
w w + 2
E, > (ﬂ) -1 % E, > n, mpynie
e~ v, ne 2 n p 2m,,
* For CC interactions with atomic electrons require
E,, >0 Ey, > 11GeV E,. > 3090GeV
* For CC interactions from neutrons require
Ey, >0 Ey, > 110MeV Ey. >3.5GeV
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Long Baseline Neutrino Experiments

* What can be done with long baseline neutrino experiments?

= in two flavour limit
Am [eV*]L[km]

) )
P(v; — v;) = 8in” 20;; sin” | 1.27 E[GeV]

* To observe muons in a detector need to be above threshold
= ~ GeV neutrinos

* Oscillation maximum at {7 Am [eV*]L[km] I

E[GeV] 2

E[GeV]
Am; [eV?]

L[km] ~

* For solar neutrino scale Am?, ~ 107*eV* would require a baseline
of order the Earth’s diameter

* For the atmospheric neutrino scale Am3, ~ 2.5 x 107 eV* scale
and ~1 GeV neutrinos, implies a baseline of a few 100 km
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* For Am3, ~2.5x107eV? and a baseline of 735 km (MINOS/CGNS)

Am; [eV]L[km]

P(v; = v;) = sin” 26;; sin* | 1.27

1.27Am3,[eV*]L[km] ~ 2.3

~

0.8

0.6

0.4

Survival Probability

0.2

E (GeV)

* Oscillation maximum at ~1.5 GeV

* Oscillations mostly occur below tau-production threshold

* Second oscillation maximum at ~0.5 GeV
» Cross-sections are low and experimentally very challenging
« Current experiments only “view” first oscillation maximum
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* Five main Long-baseline neutrino oscillation experiments

Experiment Run Peak E, | Baseline| Detector
K2K 1999-2004 | 1 GeV | 250 km |Water C 1°t Generation
NuMI/MINOS |2005-2011*| 3 GeV | 735 km |lron/Scint []
CNGS/Opera 2008- 17 GeV | 735 km | Emulsion =
T2K 2010- | 0.7 GeV| 295 km |Water C
NOvA (?) 2013(?)- |1.8 GeV| 810 km |Liq. Scint. |

- 2nd Generation

- 3 Generation

Main Experimental Goals:
* K2K : confirm atmospheric neutrino oscillations
* MINOS : precise measurement of |Am3;|*> (and 6,3 ) + shot at 03
* Opera : observe tau appearance in Vy < Vz oscillations
* T2K :observe V, <> V. oscillations and measurement of 013
* NOvA :Vy < Ve atalonger baseline (mass hierarchy)
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® Neutrino Beams

* Neutrino Beams for beginners
Smash high energy protons into a fixed target == hadrons

‘Now choose neutrinos or anti-neutrinos
- since neutrino cross sections are larger...

*Focus positive pions/kaons to produce a neutrino beam
‘Allow them to decay 77 — utv, + K — u*v, (BR~64%)

Gives a beam of “collimated” Vu

T

Magnetic — Absorber = rock
focussing
\%
s e Vu
: n I‘ O XA R R L R P > v‘LL Neutrino
Proton beam % — e, Decay tunnel > v beam
target - + + 3
7 T — UV

* Neutrino energy spectrum determined by decay kinematics and
magnetic focussing optics

* Beam is naturally rather pure: non v, backgrounds mostly from
ut — et vevy, Ki — ntfe v, Ki —» nt e v,
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Neutrino Beam Kinematics

v
* Consider a pion travelling along the z-axis in the lab. frame with velocity [ = -
*In the pion centre-of-mass frame it decays at an angle 6 to the 7' axis ¢

| my = E; + E”
* v * * * *
7 EZ=(m.-p'Y  (E'=p")
. & sy miApT=mlk = 2mapt+p”
—P at 7 9
o . My —my
P = 2M

* In the laboratory frame the neutrino four momentum is

( E Yy (y 0 0 v\ E* )
0 1 01 0 O 0
psind | | 0 O 1 O p*sin6*

. pcosf ) \Ly8 O O y J\ p*cosb* )

E =vE*(1 +Bcosd")
Ecos6 = yE*(cos 6" + B)

=
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* Which together with the inverse Lorentz transforms gives

E =yE*(1 + BcosO") (1)
Ecosf = yE*(cos 6" + B) (2)
E*=1E(l -"cos# (3)
E*cos!* =" E(cos! —#) (4)
* Using (1) and the expression for the neutrino energy in the pion lab frame gives
2 2
My — m“ % EJ‘E
L=y [l +Bcosb] with y=—F
2M M
m2 — 2
E = Eﬂ( i > M)[1 + Bcos O]
2mz

E = 0.43E,1[1 + Bcos 6]
* Along the beam axis E = (.43 Eﬂ%n + ] ~ 0.43E,

The neutrino energy spectrum follows that of the pion energy spectrum
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Maximum angle

* Note angle in laboratory frame is related to decay angle in pion rest frame

t -5 E =vE*(1 +Bcosf)
v

/*7 i py = E sin!”
e 6"\ oy ng_ _ Sing
/ G y(1 + B cos 6%)
M+
1

* Maximum angle in lab. Frame sinf = —

14 1
* Since the focussed pions will typically have multi-GeV scale energies !,x = —
A_)IB A_>IB
T Vi — s Vh
‘7 ‘> Z, .................................................... > > é
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Off-axis

* To get the dependence of the neutrino energy on angle with respect to beam

Sub (3) in (1): 1 =y*(1 — BcosH)(1 + Bcosb)

1
E =043E,1
2y2(1! BcosHh)

* Hence at small angles to the beam direction, the denominator becomes
2
Y (1 -Bcost) ~y* (1-p(1 - %))
=y (1! By +y°6°B/2
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Wide and Narrow Band Beams

E
* Writing v = — and assuming (3!

Mgy
1 E.
E, = 0.43E, =04
! 1+ 242 mﬁnﬁ+#2E§ (1)

* Differentiate with respect to the pion energy !
dE,  0.43m]

dE;, ~ (m} + 62E}) {(mi +0°ED) ! 20°E7}
n ! !

dE
* Hence = 0 at 02E m2 E 4
dE-
* At a particular angle, is a range of pion energies which /\
give almost the same neutrino energy ! dE S
|
* Now work out the neutrino energy at which —— dE =0 E,
2 1 :
FPEF=mF > !'= — =5 =InafE) subin(1)
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E_(GeV)
* On-axis: neutrino beam with spectrum of pions from the target F, = 0.43E

003
0

* Off-axis: neutrino beam peaked around a certain energy F, ~

ISAPP, Varenna, August 2011 Mark Thomson 14



Off-axis beams

* The off-axis flux at a particular angle can be higher than for an on-axis beam
= due to pion decay kinematics close when §* ~ /2

* The exact spectrum off-axis depends on the angle, and the pion spectrum
= e.g. in the NuMI Low Energy amd Medium Energy beams

1 | | RRRRE T RRRERRERRN | T RRRRE LI A
B i R + i
30 30 + + +
R +
' + +
2 25 . 3 Br A w
o N R
=4 = P +
52 f . sof rd ,
) (= - - E ++ 4
A « On|Axis g [ « On Axis .
< 5 -, -=--- 7 mrad off-axis o r - 7mrad off-axis 4]
‘Z‘ o UO - —— 14 mrad off-axis % i —— 14 mrad off-axis #
z - ---- 27 mrad off-axis z --—- 27 mrad off-axis ]
o 10 o 10
O Siad’
2 =8
- - L
5 5 F
0 ) B ey s

4 6

5
E, (GeV)

* Can obtain a narrow band high flux beam focussed on a particular energy
= only useful if you know where oscillations occur !
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Basic Design:

* 120 GeV protons extracted from
the MAIN INJECTOR in a single

turn (8.7 us)
* 2.4 second cycle time

* i.e.v beam “on” for 8.7 us every
2.4 seconds

Beam Intensity:
* 3x10'3 protons/pulse
* 0.35 MW on target

45 FERMILAB #98-765D
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Physics of Neutrino Targets

* Balance between several factors:
* want most primary protons to interact to maximize pion yield
= > 2 interaction lengths
* don’t want secondary pions to reinteract — would reduce yield of useful pions
= not much more than ~2 interaction lengths
= thin and long so secondary pions can escape from sides
* must survive 350 kW !
= needs active cooling (e.g. water cooled)
= segmented to reduce thermal stresses
= expect significant fatality rate (MINOS now on 6" target)

0.95m = 2\,

protons
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Magnetic Focussing

——

* Pions produced with finite p;

* Need to be focussed in notional beam direction

* Use parabolic neutrino horns

* Pulsed current of 200kA circulates around inner and outer
conductor

— —| |

( ®B
< I

T

* Azimuthal field in gap between the conductors is given by

PBd=ml = b=ty
2'r
* Fields are high, e.g. at lowest radius in NuMI horn B ~ 3T
* Transverse momentum kick depends on both B and distance traversed between
conductors.
* 1/r field + parabolic profile makes horn behave as a highly achromatic lens
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* In MINOS, focussing is achieved with a two horn system (T2K has three)
* By moving target position can vary energy spectrum (default = LE)

x10°
>~ F T 0T r—or—
s | Beam MC -
£0.05 - — Total —
S - —— Neck-Neck 1 0.14
= B Neck-Horn2 = - Beam MC —LE
;.20.04 B T Underfocused 7] 8 012 i
= - — Overfocused 80
e e Horn1-Neck = 010 B
<0.03 | 3
% i o5 0.08 1
O I >
D B ®0.06 .
..EO.OZ - 9
)
¢ I T 0.04f .
.. :
00.01F Wyl ]
2| 3
: ) 1 R e i 000_ .4\...|..‘[...l‘”[...m‘.[..,\”. =
0.00 Lt HaPhesnnngg. nn 0 b 4 6 8 10 12 14 16 18 20
0 5 10 15 20 25 30 Oso. dip Energy (GeV)

Energy (GeV)
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The NuMI v beam : |

SRS

e

Target Service MINOS To Soudan
Building Service
—Main Injector Buildin
protons @ ; ¢ Dy :
1]
er 1
unnel — :
arget Hall Beam Absorber Minos Hall
Muon Detectors Minos Near
Detector
0 64 128 256
e
METERS

Main Injector
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The NuMI v beam : i

Target Service — MINOS To Soudan
Building Service _\
—Main Injector Building |
protons . |

_ ‘__,_,.H_;Hg___——_%_i_ﬁ_ﬂ_;l_u_d—_,*—

—— e |

Beam Absorber ./~ Minos Hall -~/

Muon Detectors —  Minos Near —

Detector

uMI segmented graphite target with water cooling lines

ISAPP, Varenna, August 2011 Mark Thomson

21



The NuMI v beam : lli

Target Service MINOS To Soudan
Building 7 Service
~Main Injector Building
protons . _[ - |
— j =l

Carrier = e ee————— L
Tunnel ; Tt Ty
Target Hall /- Beam Absorber —/~ Minos Hall |

Muon Detectors

« Two focusing horns pulsed with 200 kA

« Toroidal Magnetic field B ~ I/r between the inner
and outer conductors

« Maximum field -3 T

Minos Near
Detector

—_— NI

=TI
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The NuMI v beam : IV

Target Service MINOS To Soudan
Building Service
protons jr'lain Injector Building —\r\j
i )
Carrier_\ Ko ———
Tunnel N J'l:+ e .

Minos Hall

Target Hall Beam Absorber
Muon Detectors Minos Near
Detector
Horn on mounting 0 64 128 256
Target Hall E_EMETERS

before shielding

a8 After shielding installation
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The NuMI v beam : V

Target Service —] MINOS To Soudan
Building Service W
—Main Injector Building —— |
protons i L |
N; —— —_— LJJ;L—E
Carrier—~ [f @ s } |
Tunnel J'|;+ T T — 1 @
Target Hall — Beam Absorber —/ Minos Hall -~ |
Muon Detectors Minos Near
Detector

675 m long decay pipe .
* Need long decay pipe: Dot XD
for a 5 GeV ot MN
yct ~ 200 m
* Steel decay pipe installed
and encased in 2-3 m of
concrete to protect
ground water

Madison
o
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Target Focusing Horns
120 GeV \ ‘4‘\}
protons ™ — i — -

oy
<

e

* Compare horn-on/horn-off

* Always have high energy component

= unfocussed part
* Horn-on: focussed peak

15 m

>4 < '
30 m 675 m

* Main background from
* Mainly high energy part from
= pear on-axis comononent

- Near Detector MC MINOS PRELIMINARY Py = L B A L =
@) T N L 455 v, Spectrum 3
c”n_ 5000% n Reconstructed in Fiducial | :E) 405_ v, Spectrum _E
© - —— Horn-On MC ] > 356 917 % 3
= - ] © - . : E
E 4000: — Horn-Off MC . = 30F ’ :’ t 3
53000} : g 25F 70% : v, E
i =, 20F 1.2% :v E
= 2000¢ . 08 15E ¢ 3
] - < 10E 0.1% : v, E
= 1000¢ =< 2 ]
(] N 1 > 5] —
KT P R e T S o ]
% 10 20 30 40 % 5 10 15 20 25 30
Neutrino Energy (GeV) Eie (GeV)
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® Understanding the beam

* How well is neutrino energy spectrum known ?
* Or more precisely how well is flux x cross section known
* Require:
= accurate simulation of neutrino flux from protons hitting target
= accurate simulation of (low energy) neutrino cross sections
* Both from external data:
= need pion pyand xg distribution
= need measurements of low energy neutrino cross sections

Total Neutrino CC Cross Section

/12
> = NEUGEN v3.5.0 Prediction
S |
C\l\
0.8
% oor ++ = Cross section uncertainties significant
L ol ~10 % in low energy region
NG Agw = Will improve with data from MINERVA
m 0.2F ?g:lt?
\ ¢ GCM — PS
b 1
0 2
10 1 10 10
E,(GeV)
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Hadron Production

* Neutrino flux depends on spectrum of pions coming off target
= energy spectrum (or equivalently Feynman x)
" pr spectrum

* QCD can model the hard process but not hadronisation

partons — hadrons
* Hadron cascade models (e.g. GEANT, Fluka, MARS) all tuned to data

P ! (X, pr)

* But data in relevant p;, xg region is relatively sparse

Near Detector - pions

1 | | ' ]
08 NEERES - 1| = p; and x; of pions which
=06 [, - h produce MINOS neutrino beam
. - A CEAcD .
S [iiiel e @ @O : . _
0.4 eas: AV -| = Earlier experimental
S PEEEEEEiiiiiil ® 00 00 O O i cross-section data
0.2 FweEReEEiiaiiiiiiiiiii-rO o B
n Caieacsamesiisiaastiiiia i Q0 0 0 T o
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Dedicated Hadron Production Experiments

HARP: CERN 2001-2002 MIPP: FNAL 2004-2006

Time of Flight

time-of-flight
scintillators

drift chambers

beam-muon - \\\
identifier - Py

HARP

PS 214

een Giang((ll

i electron
identifier

cosmics

TPC + RPCs in trigger wall

solenoid magnet}

threshold Cherenkov

dipole magnet

T9 beam - FTP + RPCs

p—)Ié (X, pr)

W
T O T T

Radius (cm)

()
T o T T T

= Measure particle type/spectrum off [
various targets o ' ]
= Results can be used to constrain MC ; oo
0 S S PR T SRR |
1 10 10°
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MC is never perfect...

* Can improve MC hadron production models

* But there will always be residual uncertainties

* Knowledge of predicted neutrino interaction rates limited by
flux uncertainties and cross section uncertainties

—

z n L L L Total Neutrino CC Cross Section
e B
- - Far Detector ] /1.2
8 70 E '" GNUMI v17 LE('1 Ocm 1 85kA) E > [ B NEUGEN v3.5.0 Prediction
= 60 - —+— FLUKA'05 LE(-10cm.185kA) ] 8 i
(@) C " —¥— MARS LE(-10cm.185KkA) ] N
&<) 50 o v E AN 08
- o ] E -
® C o -
> 40 ¢ 1 + 10 % variations 2 O
- . o0 06F
O 30 - E 3 f
% 0 1+ £15%variations | | ocome
S ogk = O o4f Docac
(O] - AT . — - % ITEP
> -k e = A CRS
L - *;}‘I.:,'vy A ~— A SKAT
o 10F e S e | ] o2t e
O = *_‘_:‘__=‘==I==z== A ~— [ ¢ GGM —PS
1 i | 1 1 J L 1 [ | 1 1 1 l 1 1 | ‘_¥ " b :
10 1 10 10
v, Energy [GeV
 Energy [GeV] E,(GeV)

Need to measure unoscillated neutrino spectrum
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4
¢
¢
¢

@:> @:> few 100 km @:> @:>

Near detector

Far detector

- MINOS

Two Detectors: functionally identical

or

Two Detectors: very different

* On- or off-axis beam ? )
= First and second generation (K2K,MINOS,CNGS): ON-AXIS - don’t know Am
» Third generation (T2K, NOVA) — OFF-AXIS - significant advantages

ISAPP, Varenna, August 2011 Mark Thomson 30



@ The MINOS experiment

*120 GeV protons extracted from the MAIN INJECTOR at Fermilab
« 3 x10"3 protons per pulse hit target == very intense beam — 0.3 MW on target

5 ﬁ A

Soudan Mine;
Minnesota

Target /-

g | ‘. *

| N

X
S \ i
2 P\ u"‘ ! 4
® "2 Enclosure ! :
Al I :
i {0 Tevatron
.\ Main Injecton ¥\ /
A ) 7
N
/ B <

Two detectors:

* 1000 ton, NEAR Detector at
L Fermilab: 1 km from beam

* 5400 ton FAR Detector, 720 m
underground in Soudan mine,
N. Minnesota: 735 km from beam
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MINOS in a Nutshelli

X Measure ratio of the neutrino energy spectrum in far detector
(oscillated) to that in the near detector (unoscillated)

v, spectrum

Near Detector
(unoscillated)

Far Detector
(oscillated)

Far/Near Ratio

1.4
Simulation g 1 2}
= “F Depth of
‘8’ g ———— { | minimum
S 0.8} -
% : sin220
3 0-6# /
o -
§ 0'4;_ + | Position of
O 0.2 min. =) Am?2
4 6 8 10 00

Visible energy (GeV)

2 4 6 8 10
Visible energy (GeV)

i‘( Two detectors vital to understand beam = precise measurements
Y% Leads to a significant cancellation of systematic biases
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The MINOS Detectors

Basic Technology:

* Steel-Scintillator sandwich : SAMPLING CALORIMETER

* Each plane consists of a 2.54 cm steel +1 cm scintillator

* Each scintillator plane divided into 192 x 4cm wide strips

* Alternate planes have orthogonal strip orientations (U and V)

steel

scintillator

T

orthogonal
orientations

of strips S

I‘I 1 | I | I{I | I | LT 1

/

L 1L/

+Scintillation light collected by
WLS fibre glued into groove
+Readout by multi-pixel PMTs

ISAPP, Varenna, August 2011 Mark Thomson 33



* 1 km from beam

* 1 kton total mass

* Same basic design as Far Detector
steel, scintillator, etc

* But some differences:
¢+ Faster electronics
¢+ Different PMTs (M64 vs M16)
+ Different triggering
¢+ Only partially instrumented
+ 282 planes of steel
+ 153 planes of scintillator
¢ (Rear part only used to track
muons)
* But the main difference is

EVENT RATE

* Multiple event interactions
per beam spill

* Separated using timing
+ spatial information
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ceg. Vyt+tN—-u +X Vu X

Example CC event:

Signal from
hadronic
shower

‘Reconstruct muon momentum + energy of hadronic system | F,, = EH + Ex
‘Energy Resolutions:

Date : 28 Jul 2005 Time:18:27:44 Run: 32461_7‘; Snarl : 110562 EventType : Beam Neutrino Candidate

trigger : SPILL IP

Hadronic: 55% E(GeV)
= 6% (range) 10% curvatur
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Neutrino Events in MINOS

* Only four classes of possible beam neutrino interactions in MINOS
v, Charged Current Neutral Current ve Charged Current v, Charged Current

IJ: Ol C T

Vu Iy e Vi

W Z W W
X X X X

* In the detector the expected event topologies are

X X | X
A A — é . ‘e Below threshold
. _

* Physics aims:

vV, disappearance Sterile neutrinos ! e appearance
Vi = Vi/Ve Vi = Vg Vi = Ve
2
Am3, I 013

* First stage of the event analysis is to identify the event types
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Event Identification

* Even in relatively coarse MINOS detector — signatures are fairly clear

v, CC NC v.CC

¢+ Clear muon track ¢+ Short + Compact EM shower
+ Hadronic activity at ¢+ Diffuse ¢+ +Hadronic activity
interaction vertex

* Vi, CC events particularly clear
* Vi CC events are central to analysis — can measure neutrino energy !
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* Now need to select the CC events in data
* Measure the beam spectrum
* Do the neutrino physics

And if my timing is roughly right that’s the topic of next lecture...
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