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Outline of this Lecture

e Introduction
— What are the goals?
— Particle Interactions in Matter

 Detectors
— Fully Active

e Liquid Argon Time Projection

» Cerenkov (covered in previous talk)
— Sampling Detectors

* Overview: Absorber and Readout

» Steel/Lead Emulsion

 Scintillator/Absorber

» Steel-Scintillator
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For Each Detector

* Underlying principle
* Example from real life
 What do v events look like?

— Quasi-elastic Charged Current
— Inelastic Charged Current

— Neutral Currents
* Backgrounds
* Neutrino Energy Reconstruction

* What else do we want to know?

All detector questions are
far from answered!
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Detector Goals
/AmzL\
. 4L

 Identify flavor of neutrino
— Need charged current events!

P = sin” 20 sin*

— Lepton Identification (e,u,t)

* Measure neutrino energy

— Quasielastics

- Lepton energy ~ v energyy p—>1"n
e Corrections due to

— P,n motion in nucleus
— U,d motion in nucleon

— Everything Else

* Need to measure energy of lepton

and of X!
VW — [X

vn —> [ p
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Making a Neutrino Beam

e Conventional Beam

Protons K K, v, %ove
— ; = = -
e Let them Shieldin
g
(maybe bend) decay

e Beta Beam
He or 8Nf.: HB 01'

focus, accelerate decay Shleldmg
e Neutrino Factory
Protons low energy 1t H VM V.
— | — —_—
collect, Tocus,  cool,accelerate  Shielding
decay decay

For each of these beams,
v flux (®) 1s related to 7 2
4
boost of D o ( — j
: 1+y°6
parent particle ()
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Goals vs v Beams

= Conventional Beams (v, %v.)
— Identify muon in final state

— Identify electron in final state,
subtract backgrounds

— Energy regime: 0.4GeV to 17GeV
* 3 beams (all v,)

— Idenify muon or electron in final state
— Energy regime: <1GeV for now

= Neutrino Factories (v, v,)
— Identify lepton 1n final state

— Measure Charge of that lepton!

» Charge of outgoing lepton determines
flavor of 1nitial lepton

— Energy regime: 5 to 50GeV v’s
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Next Step 1n this field: appearance!

| ©,;determines
— If we’ll ever determine the mass hierarchy
— The size of cp violation
 How do backgrounds enter?
— Conventional beams:
* Already some v, in the beam
» Detector-related backgrounds:

W | 7 or | F or 7z

— Neutrino Factories:
* No beam-related backgrounds
* Detector-related backgrounds:
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Why do detector efficiencies and
background rejection levels matter?

Assume you have a convenional
neutrino beamline which produces:

1000 v, CC events per kton (SOONC events)
5 v, CC events per kton

 Which detector does better
(assume 1% v -v, oscillation probability)
— 5 kton of

* 50% efficient for v,

* 0.25% acceptance for NC
Background: (5*.5v,+ 500*.0025NC)x5=19

Signal: (1000%.01*.5)x5=25, S/sqrt(B+S5)=3.8

— 15kton of
* 30% efficient for v,

* 0.5% acceptance for NC events?

Background: (5*.3 v,+ 500*.00SNC)x15=60
Signal: (1000*.01*.3)x15=45, S/sqrt(B+S)=4.4
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Particles passing through material

Particle | Characteristic Length Dependence
Electrons | Radiation length (X)) Log(E)
Hadrons | Interaction length (Ayr) |Log(E)
Muons | dE/dx E
Taus Decays first yct=y87um
Material X, |Mnp(em) |dE/dx | p
(cm) (MeV | (g/cm’
/em) |)
L.Argon 14 |83.5 2.1 1.4
Water 1 83.6 2.0 1
Steel 1.76 |17 11.4 |7.87
Scintillator |42 [~80 1.9 1
Lead 0.56 |17 12.7 [11.4
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Liquid Argon TPC (ICARUS)

Electronic Bubble chamber

Planes of wires (3mm pitch) widely
separated (1.5m) 55K readout channels!

Very Pure Liquid Argon
Density: 1.4, Xo=14cm A =83cm
3.6x3.9x19.1m?3 600 ton module (480fid)
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Halt Module of ICARUS
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d Argon TPC
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can drift a long
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very pure |

be
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“electronic bubble
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Principle of Liquid Argon TPC

Readout planes: Q

Edrif‘r

—_—

Drift direction

Wire

2 g -

Preamplifier Shaping Amplifier

Low noise Q-amplifier P—.]L—

*High density
-Non-destructive readout lELbdlinig) = 20 Ui
T=88K @ 1 bar
*Continuously sensitive W, =24 eV
. s : W =20 eV
SRRl Cﬁarge recombination (mip)
*Very good scintillator: T, @ E =500 V/cm =40%
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—dE/dx (MeV g~ cm®)
a

dE

— OC

dx

dE/dx 1n Materials

2Z 1 |1n 2m, " By Ty
A B2 I’

* Bethe-Block Equation
* X in units of g/cm?

* Energy Loss Only {(3)

 Can be used for Particle ID 1n

range of momentum
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Bethe-Block 1n practice

1e+ . . 2

P

=N B B B e e e e B

bl

aa ol 2 ol oo 0 yvaal ool ooal oy ol 5o a 0 534
2 4 4] & 10 12 14 16 18 20
Range (cm}

=

* From a single event, see dE/dx
versus momentum (range)
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Examples of Liquid Argon Events

* Lots of information for every event...

»Primary 7 tag:

€9.5.GeV, pi=0.47 GeV/c | t—e decay

' »Exclusive t tag:

T—p decay

»Primary Bkgd:
Beam v,

t'—>e'4;ve+vt J

CNGS v, interaction, E, =19 GeV

n oy V/c_.-,-'
Courtesy Rl ) Kooy
André | |
Rubbia . Vertex Inl2p,3m,2 7y, le
R
X;

CNGS v, interaction, E =17 GeV
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n? identification in Liquid Argon

1 7% (MC)

One photon :
converts to |
2 electrons = -
before :
showering, |
so dE/dx =
for photons,,
is higher...

180 |

cut

|
T

140

Preliminary

Imaging o [
provides
2x10-3

efficiency = | J 5
fO”' Single Mcho] Rl .--‘::LI_}-'.'uf-l—.-..... Lo eow dor s
3 4 5 & ¥ a

I T
<dE/dx> MeV/cm
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Oustanding Issues

Liquid Argon
Time Projection Chamber

e Do Simulations agree with data (known
Incoming particles)

« (Can a magnetic field be applied

 Both could be answered in CERN test
beam program

 Is neutral current rejection that good?
 How large can one module be made?

 What is largest possible wire plane
spacing?
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Water Cerenkov
at High (>1GeV) Energies

Fa prie - e by b Tachin

R TP TED | I B3

Supar-Eamiskande oy

Fon F¥EY b | B 155 |:~ I
-

e i i

e . et s

Maimri B daim, Bpl | amak i

iy 1

ot il

B rliar. g~ 4175 Brlie -

[e——— e T TR R o ]

Courtesy Mark Messier: one is v, signal, one is n° background
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c(Ev) of Water Cerenkov vs E,

Reconstructed Energy vs True Energy for «, CC Events

v.CC

RecoTrue Energy (GeV)

0 L
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Energy (Lre']
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= J1H]
0.2 0

Energy (GeV)
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e(E.....) for Water Cerenkov

recon

1-Ring, e-Like Reconstruction EMiciency vs Reconstructed Energy for v, CC Events

Efficicney

L S

.5 1 1.5 1.3

Reconstructed Energy (GeV)

1=Ring, p-Like Reconstruction Effickency vs Reconstructed Energy for ¥, CC Evenis

0 Energy

Effieicney

Probability of
v, CC
Giving 1 p-like ring

'} 1 Il 1 i I I
{ .3 1 1.5 2 ¥

Reconstructed Energj’ (GeV)”

Reconstruction Efficiency vs& Reconstructed Energy for MC Events

Miciency

Probability of
v NC

1-Ring. a-Lika
— 1-R|nE. p-Like

,_
| =

et Pup o fLs JJ na] -|F| ILI It “l[| rI|'“| Giving 1 n-like ring

Reco Energy (GeV I-

Reconstructed Energy (GeV)

* Again, courtesy Mark Messier, for FeHo Study
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Oustanding Issues

Cerenkov Detectors
* What 1s largest vessel that can

be made? (48mx58mx250m?)

L i T L ' %
- e i Eal . L-.. _|:
] B 3
-'_..‘_.!:‘ Mk Faiie E
ol X N Opge
YT ™
oo S L L
‘!'.”.u

i

* What 1s highest energy regime
that 1s possible, with better
electronics,photo-detectors, etc?

* Water Cerenkov clearly the
cheapest per kton

21 July 2004 Deborah Harris High Energy Neutrino Detectors 22



From Fully Active to Sampling

(rminimum 10Mmzing)
u ¢ :

all electromagnetic

].-I H.dfﬂ ] / _-_._‘-_'.— ——— \ il Ay
\ ! hadronic shower

n,hadrons with

and neutrons

Advantages to Sampling:

Cheaper readout costs

Fewer readout channels

Denser material can be used

* More N, more interactions

Could combine emulsion with readout
Can use magnetized material!
Disadvantages to Sampling

Loss of information

oy — Particle ID is harder (excepnt emulsion for taus in final state)
= o8- nn n T oE 1
§% ] oc , N = samples
g ,/ | E N
2 / "\ SE (hadron ) [ X s
S | E (hadron ) N
g / \.,
H I OF (electron ) . X,
X or A E (electron ) N
0 INT
21 July 2004
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Sampling calorimeters

‘E F

"7

&

)

)

P

B

©

=

m -

X or A
0 INT

Material X, (cm) | Ip(cm) | Sampling (X, X, (g/cm?)
L.Argon 14 83.5 2 (ICARUS) 20
Water 1 83.6 33 (NuMI OA) |36
Steel 1.76 17 1.4 (MINOS) 14
Scintillator | 42 ~80 33 (NOvA) 40
Lead 0.56 17 .2 (OPERA) 6

* High Z materials:
— mean smaller showers,
— more compact detector
— Finer transverse segmentation needed
* Low Z materials:
— more mass/X, (more mass per instrumented plane)
— Coarser transverse segmentation

— “big” events (harsh fiducial cuts for containment)
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v_detection (OPERA)

e~
W spectrometer

Muagnetised lron Dipoles
Drift tubes and RPCs

,"'Ftl—rir:k

|56 P Em. "rells™)

v target and T decay detector

Each “supermodule™ is kit waal
a sequence of 24 “modules™ consisting of iy
. sendi | lmtar
= a “wall™ of Ph/emulsion “bricks™ _nps 235,04

= iwo planes of orthogonal scintillator strips — bricks

Long decays
. I-:lnl-ld__ T

» Challenge: making L e _jau_,
a Fine-grained and g o

massive detector to
see kink when tau
decays to

something plus v_

cmulsion film ___.P|¥I!~1|k' lease

'h

Short decavs
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v_detection (OPERA)

) _ Long decays
# “Long” decays = —

kink angle 6, , > 20 mrad kil"k__ .
T—3 @ ljl'l."f_.ll.'. H"-T"- 1999 e L 11 - i kink
- QoL T ~
T— U Progr. Rep. 1999 ~T N
..1- =
T —+ h (nxY Proposal 2000 -
+ p search 2001
emulsion film | plastic base
Ak
. b
» “Short” decays LP
impact parameter LP. > 5to 20 pm ™ -
T— ¢ Proposal 2000 - :_]
T— U 2001

4 [
%

Short decays

* Detection Efficiency

DIS long OF long DIS short  (Overall®

T— e 2.7 2.3 1.3 3.4

T— U 2.4 2.5 0.7 2.8

T=* h 2.8 3.5 - 29

Total 8.0 8.3 1.3 9.1 (8.7)
welghted sum of IS and QFE events -"

Efficiency given in the Proposal
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v_backgrounds

Signal Background
M
; Do
U
from CC

» Main background
* charmed particle decay vertex mistaken as primary vertex

* L from v, CC faking T — 1 because of its large [P

1 s pradaimoe {INE] Binl w14 il
= VOO0 eml & (L] . E L
- Larpe anpde i veatierd vy UL [N
g Hadren retnirmmctans 3 - i iLin
b L B, [ LM
L Bl (AL ILEN
Tofard wis [l .24 067

1
i 1 (! . .
i = LR el T v it il
— e - LR T [T ]
L Fiifaid 1413 LA

Background e (Cut on 1invariant
| SR mass of primary
I T tracks

Mass (GeV/c?)
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v_events expected (OPERA)

Decay mode  Signal Signal Signal Bkeond.
1.2¢10-3  2.4*10-3 5.4%10-3
T—e long 0.8 3.1 15.4 0.15
T—=HU long 0.7 2.9 14.5 0.29
T—=h long 0.9 3.4 16.8 0.24
T—>e¢ short 0.2 0.9 4.5 0.03
T— U short 0.1 0.5 2.3 0.04
Total 2.1 10.8 53.5 0.75
F.L =453 uin F.L. = Z80 pm
By =83 mrad Biore = D0 mird
For2EL Gevia p =45 Gevle
P = DETL Gévie pe =010 Gevla
‘ Pl s

pr =075 50 Gevie

L
r

F

i
-

N

I & & & 1 1 1| i 1 B 1l
F.L. = 13y aifi F.L. = 5H) piv

By = 130 mrad Dois = 13 e

p =185 Geva g o= 21V GeWle

P =028 7 Gevla

.......

I :

21 July 2004

* Comparison: 4 v_events over 0.34
background at DONUT .27kton
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Outstanding Issues

Emulsion Sampling

« If LSND signature 1s
oscillations, v_appearance will
be much more important in the
future: but need to understand
1f/how magnetic field can be
made?

* Any way to make this detector
more massive?
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Scintillator + Wood

« Alternating
horizontal and
vertical scintillator
planes

» Passive material:
particle Board
(density .6 - .7
g/cm?)

readout

e Sampling: 1/3 rad.
length

15 m 15Sm
9.4 tons 885 planes = detector

Scintillator
modules

8 ft 8 ft
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All Scintillator Detector

Similar PVC
extrusions

— thicker cells along
the beam 17.5m

e 45cmvs. 2.56 cm
(more light)

— Longer extrusions
* 17.5 m long vs. 48

/

90 m

ft (less light) | /
— 32 cells wide vs.
17.5m =
30 cells
e All Liquid APD readout
- e TWO ed
Scintillator on ceses
— 85% scintillator, Detector is wider & taller,
15% PVC but shorter along the beam
— ~Same price No crack down the center

lml?hes a detector Least light areas are at the left
with 72 the mass  And bottom edges
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Scintillator Events (2GeV)

320

G
.5

o v, +A->p+u

260

250

240

]lIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

230

400

380
380
370

360

= Ve+A—)p TC+ Tc- e- —1{2

-l-.n

-y PR TN TN S [N S T TN T [N YN T N TN [ S TN SN T [N SN TN TN T [N T Y S TN N TN TN SN T (N TN N TN S N T S
1760 1770 1780 1750 1800 1810 1820 1830 1840 1850

350

340

|IIII|III||IIII|IIII|IIII|IIII|IIII|II
[
L]

330

340

330

320

310

300

v+A->p+3nt+ 10+ v

0

290

280

jsf_

particularly “fuzzy” e’s
long track, not fuzzy (u)
gaps in tracks ( 0 ?)
large energy deposition

(proton?)
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Energy Resolution

we Il cllen haen =lo o irmnga., oobe
I rwine L L LS

e ;_ Biean DLMTI5R d F CC t
zn;— RMS 009742 (?r Ve cvents
18f with a found
o f electron track
12f (about 85%),
10|

o the energy

ef resolution is

wt 10% / sqrt(E)

2

ﬂ_ il Liwa o bovaalanr alernaleg 1

=0 40 300201 =00 O.10.2F 03 0.4

Measured — true energy
divided by square root of true energy

* This helps reduce the NC and v, CC
backgrounds since they do not have
the same narrow energy distribution of

the oscillated v,.’s (for the case of an
Off Axis beam)
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All Scintillator
u/ e separation

;l phﬂ‘l.l' electrons phavg
— Entries 9130 [, ,o. 1 = J|electrons,h itane
1= Mean 1020 Entries 9120
E RMS 270.5 Mea 1.88
3"‘:— sssssss
-
= electrons et
- electrpns
wf
sf-
% 500 R T T R T T T -
u_phaw w muons, hitaw
r Entries 8820 Entrias  BB20
Sl Mean 451.7 Mean 1.204
r RMS 5722 rRMS  0.1162
aon [
a0f
- muons
; muons
lm__
[ R I T - 1

Average pulse height per plane ~ Average number of hits per plane

* This 1s what 1t means to have a “fuzzy”
track

— Extra hits, extra pulse height
* Clearly v, CC are separable from v, CC
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Outstanding Issues

Fine Grained
Scintillator/Something
Sampling

 How cheaply can this be made?

* Do you need any passive
absorber?

« What i1s best choice for readout?

* Must have confidence 1n ability
to reduce Neutral Current
Backgrounds
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Steel/Scintillator Detector (MINOS)

- 8m octagon steel & scintillator calorimeter

Sampling every 2.54 cm
4cm wide strips of scintillator

5.4 kton total mass

- 486 planes of scintillator
95,000 strips
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(stmulated) Events at MINOS

2.4GeV vHCC
25Gevy. CC | / \
u 1%
* ~
” - 8.5Gev v ,CC
;r;i-
10GeV VNC

[ pren) p—
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Steel Scintillator Response

a MINI-MINOS (1mxim)

. Response measured in CERN test beam using

an Lmne 5 Cetectar ESNSE
Fion Line Shape g R
) 10— . . :

m

B

E. EH

B m

E 2]

rr g -

Rl 3 = 50 MiPs/GeV E

T R i 1 e - - k
. E=®3®” t E

.E il 113 47 MIPs/GeV

é L] E— ; ?:hm““t_h'"_"_‘-lﬂ'ﬁwhm—-’rnnﬂ F
u E

3 M

£ - -- T ] 1 ry T ' + % # T

Asmiabie Enargy (Gev')

:_?'— IIIIIII E

Rl e M

sl . E A

R Py [ PV LR LI B

A BT T

.~ MC expectation,,,,

: T
P

E = E

B | . ] 4 Id 1§ EI'Ea::-“

* Provides calibration information
*Test of MC simulation of low energy
hadronic interactions

*Question: why might EM response be
higher than hadronic response?
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Backgrounds in v Factories

()

-
I}I 4
a

4

(b3

4 3 §
[

FuMeutral Currants

1=._'7ﬂi{‘_li:l_j-\:ﬁ T R
P (GeV)

‘ E e 'Ef!EEL_J

1ot x E_.l"ﬁ]____,.-

o C .--""'_ﬂ_ﬂ_

10 iﬁ —

1-:5—“‘: < fch

1-:5""i H\\H i

1 i T A L

- E- = _;:\_I_
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Detector-Dependence

[ c
5] D o
AN 20 GeV 210 50 GeV
o = o
& _oF —  water - -2 — water
£10 gl B - steel/scint
5 = - sgteel/scint| 3 s asteel /scin
%19_3;_ _____ %10 - ¢charm
- = e
a = Bl
_4—
Do e
-3
ID-E- 10
IIII|IIII|IIT"-;-:-lIIIIl IIII|IIII|IIII|IIT“iI~
0 2.5 5 7.5 10 0 5 10 15
MinTmum Muon Energy (GeV) Minimum Muon Energy (GeVv)

 The denser the detector, the
more likely the meson 1n the
hadronic shower will interact
before decaying...
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Outstanding Issues

Steel/Scintillator

* For Neutrino factory
Application: what transverse
and longitudinal segmentation is
needed?

* Any way to make this detector
cheaper?
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Conclusions

Detector Scorecard

Largest | Event by Event Ideal
Detector Mass to | Identification Neutrino
Technology Date Ve | V) [ V& Energy
(kton) +/-? | Range
LAR TPC 0.6 v oV Not | huge
yet
Water 50 vV <2GeV
Cerenkov
Emulsion/Pb/Fe | 0.27 VoV >5GeV
Scintillator++ | lorless |V |V huge
Steel/Scint. 5.4 v v | >.5GeV

There are huge detector demands on the next
generation of detectors

1. Size*signal efficiency
2. Background rejection (NC)
3. “Ability to do other physics™

Water Cerenkov the most popular choice for next
generation experiments, but we must keep working
on ways to do better at high neutrino energies!
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