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Neutrino-Nucleon Scattering

| S
* Charged - Current: W= exchange  Neutral - Current: Z° exchange
— Quasi-elastic Scattering: — Elastic Scattering:
(Target changes but no break up) (Target unchanged)
Vy+n—=uW +p VM+N%VM+N
— Nuclear Resonance Production: — Nuclear Resonance Production:
(Target goes to excited state) (Target goes to excited state)
v,+n—=u +p+a’ (N orA) v,+N—=v +N+x (N orA)
n+ m*
— Deep-Inelastic Scattering: — Deep-Inelastic Scattering
(Nucleon broken up) (Nucleon broken up)
v, + quark — u” + quark’ v, + quark — v + quark

Cross
section

Linear rise with energy

Resonance Production

Energy K. McFarland, INSS 2013

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 2



Scattering off Nuclei

* The fundamental theory allows a
complete calculation of
neutrino scattering from
quarks

* But those quarks are 1n nucleons
(PDFs), and those nucleons are in
a strongly interacting tangle

* Imagine calculating the
excitations of a pile of coupled
springs. Very hard in general.

To be discussed in 3™ lecture. ..

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 3



Summary for Neutrino

Interactions

e Total cross section proportional to neutrino energy

e Angular dependence because of v helicity and conservation of spin
— Consequence: neutrinos have higher cross section on matter than anti-v’s

e v-e scattering is the ONLY perfectly known cross section
— Everything else is more complicated: NEED BETTER THEORY PREDICTIONS!

e The higher the v energy, the more final state particles produced

— Those particles can produce backgrounds to your oscillation analysis!

0.1-10MeV
Reactor 0.1-10MeV
Atmosphere 0.1-1000GeV
Accelerator 0.1-100GeV

Ve (V5)
Anti-v,

veJrvM

0
v, %V,

or anti-

0
v, %V,

v-¢ or CCQE
CCQE

CCQE+RES
+DIS

CCQE+RES
+DIS

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments



Lecture II: Neutrino Detectors

e |ntroduction
— What are neutrino detector goals?
e Particle interactions in matter
e Energy loss by ionization
e Electromagnetic Showers
e Hadronic Showers
e Detectors

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 5



Oscillation Detector Goals

Am*L

e Identify flavor of neutrino P — sin? 26 sin>

— Need charged current events! 4FE

— Accelerator sources: Lepton ldentification (e,u,t)

e Measure neutrino energy

— Charged Current Quasi-elasticEvents VvV p —= [ n
e In principle, all you need is the =
lepton angle and energy (derive)
— Everything Else

e Need to measure energy of lepton and of X, where
X is the hadronic shower, the extra pion(s) that is

(are) made.. vIN — IX

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 6



Neutrino Oscillation Goals vs v Sources
B 000 e L NT—

= Sun (all v,)
— Neutrino energy too low to make wort
— For electron scattering, can use direction to the sun

e Reactors (all anti-v,)

— Neutrino energy too low to make wort

— Need to identify anti-v, only, can only get e energy
= Atmosphere (v, v, and anti-v,, anti-v, )

= Need to identify at least muons

" Get baseline from direction of outgoing e or u

= Conventional Beams (VW %V,)
— ldentify muon in final state

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 7



Detectors and Backgrounds...

e Depending on your detector, you may see
lots of things that look like signal but

aren’t...
Charged Current Neutral Currents
v e AY V\/ \&\/m _
\/ \/ g
Y i 7 or < Z or CW
€ e E\

Y'Y

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 8



Three kinds of particle signatures

[ I T—
(minimum ionizing)
i K
| ISAVAVAYAVAY
I rl.‘{f |~._\_:|\-J J
PA—""Y A p all electromagnetic

; ", / _."A: (l. Ir"u:’{,
hadron o o
~ v
(")‘}”IIHJ, o
AV L.-" \ / A
\ Avay hadronic shower

n,hadrons with and neutrons
e Three fundamentally different signatures

e (Question to you: how do you expect energy resolution to
change with energy for these three?

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 9



lonization Loss

Primary mechanism for
muon in energies of
modern neutrino
experiments

If a particle is too low to
start producing showers,
it will loose energy
through ionization

— For Hadron: range<hyr

— For Electron:
range<X,

Bethe-Bloch Equation
Typical value: 2MeV*cm?/g
X in units of g/cm?

Energy Loss Only f([3)

9-11 July 2014

t

7;,, 10 =

= -

g I

T
1 III lll I l
102 107 1 10 10°

p (GeV)
2 2.2
dE | 22 1 (120G T o 0
dx A/)’2 2 I’ 2

e (Can be used for Particle ID
in range of momentum

D. Harris, Fermilab: Neutrino Experiments 10



dE/dx in common detector materials

e These values determine

how long an event will be Material Minimum
in one’s detector fi‘)’(mzmg dE/
e Determines how big one’s (MeV/em)
near detector might need Liquid Argon 21
to be Water 2.0
e Example: T2K: to contain Steel 11.4
a 700MeV muon, need Scintillator (CH) | 1.9
350cm of water or Lead 12.7

scintillator, 65cm of steel

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 11



Electromagnetic Showers

N Y

\f ﬁ'._)I!.Hl"-_)l"“'k-al'.f_\ll-Jr‘-\ﬁ\.,l

e For electrons above the critical energy,
they will create photons through
Bremsstrahlung which then go on to
produce et*e” pairs

e Asthose produced e* and e”’s travel,
they also will create photons

e Eventually the energy of particles in
the shower goes below the critical
energy, then particles lose energy by
bremsstrahlung

800 MeV
Z +1.2

Ec =

9-11 July 2014

10 et al., Jo i.m::\ of Physics G 33, 1 (2006)
0. 125 j‘,al\\;‘.?l% ‘:-lm t'wr% Fl[‘u I.‘,w,‘[‘.‘. :]:r:xg:le‘z ‘UP_II ?l ]:'u"[[: D I[fw] ) ——
i of 30 GeV electron N
0.100 — of oo incident on iron  _]|
B ° [m] ® \O :
~ C o . o |
T 0,075 . Jeo -
g X -
— - ° “Energy \o ]
& 0.050 | o ‘Yo ]
y— B o -1
~ C o Photons . o ]
- o 1.6.8 i
0.025 [ " PN
C ° Electrons *en, Cg ]
N o ‘e Op
: | | |
OOOO | 1 1 1 | 1 1 1 | | 1 | | 1
0 5 10 15 20
t = depth in radiation lengths
longitudinal depth >
Shower Maximum:
.
Eo ;
tmaz = In E— T (2
C
C.=-0.5,C,=0.5

D. Harris, Fermilab: Neutrino Experiments

100

80

60

40

20

0

12

Number crossing plane



Radiation Length

B
e Radiation length (X,) defined as:

distance over which electrons e /
lose 1/e of their energy by radiation

e This also means that roughly, every \/\/\/
X, a electron will emit a photon
through bremsstrahlung

e Distance over which photons will Material X,
pair produce is related: A=9/7 X, (cm)
v 716.4A [ g } oA ”
Xo = _ — 5 1quid Argon
(7 28 ") Lem=
Z(Z 4+ 1)In(287/V2) Water 37
* Transverse EM shower development: | 176
determined by Moliere radius Stee 7
. 21.2 MeV Scintillator (CH) |42
Ry = Xo ‘
ke Lead 0.56

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments



Hadronic Showers

e Similar to electromagnetic showers, but different
underlying interaction means vital statistics are different

hadron

\ f'-, F P
YA (X
N Y ~:"'-z'"'._jru\"'~'
VLN, hadronic shower

n,hadrons with and neutrons

» Instead of a radiation length, now there is an interaction length,
A, , defined by the average distance a hadron travels before it
undergoes a strong (nuclear) interaction

« The catch: sometimes nt”’s are produced which decay to photons
which then proceed electromagnetically

* Another catch: sometimes neutrons are made in the shower,
which then may show no visible energy in detector
9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 14



Hadronic vs Electromagnetic Showers

T T TT—
* Radiation length always shorter than - S l—N’——Y =
interaction length ? '15GeVe 1
— EM showers are shorter - .
— EM showers more narrow e .
e Dependence on materials: T .
— Nuclear interaction probability f(A) e
— Radiation length is f(~A/Z?) T oy
o f—tcn
Material X, (cm) Anp(cm)
Liquid Argon 14 83.5 b) : 1 5 GeV 1
Water 37 83.6 _ N
Steel 1.76 17 Tt
Scintillator (CH) | 42 ~80 LTI T
Lead 0.56 17 T

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 15



Particles passing through material

B - N—
Particle Characteristic Length Dependence
Electrons Radiation length (X)) Log(E)
Hadrons Interaction length (A7) Log(E)
Muons dE/dx E
Taus Decays first yct=y87um
Material X, Ant(em) | dE/dx Density
(cm) (MeV/cm) | (g/cm?)
Liquid Argon 14 83.5 2.1 1.4
Water 37 83.6 2.0 1
Steel 1.76 17 11.4 7.87
Scintillator (CH) |42 ~80 1.9 1
Lead 0.56 17 12.7 11.4

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 16



Very Incomplete Survey of

Neutrino Detectors

e Cerenkov Detectors
— Water Cerenkov
— Heavy Water Cerenkov

e Scintillator Detectors
— Liquid Scintillator (Reactor Energies)
— Segmented scintillator

e Active/Passive Detectors
— Steel plus tracker

— Emulsion
— lce

e Liquid Argon TPC

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 17



For Each Detector

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

— Quasi-elastic Charged Current
— Inelastic Charged Current
— Neutral Currents

e Backgrounds
e Neutrino Energy Reconstruction
e What else do we want to know?

All detector questions are far from
answered!

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 18
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Cerenkov Light

As particles move faster than the speed of light in
that medium, they emit a “shock wave” of light

: % 1

; C n

: 6. =cos ' (1/n(A))
< 1 >
sl m

pthreshold — \/ > 1
particle | p (threshold) n —

o 660keV e For water, n(280-580nm)~1.33-6,
SO pthresholdzl'3>I<rnass

u 137MeV
" 175MeV e Threshold Angle: 42°
K 650MeV

e What is Threshold momentum for
p 1300MeV neutral pions?
9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 20




Cerenkov Analogy with Sound
LYNEY

e Whatis a sonic boom?

— Bang supersonigue, boom sonico, estampido sénico
— The noise that gets made when something goes faster than sound




Event Reconstruction in Cerenkov Detector

N o T——
e Vertex Point fit: time of flight should be as sharp as
possible

e Define set of in-time tubes
e Use Hough Transform to find rings

e Look for rings until
you’re done T Hough
’ \\ ransformation

e Particle ID ¢ b —

e Corrections to g
Vertex

e Energy Reconstruction
e Decay Electron Finding

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 22



Particle ID Using Cerenkov Light

From side

short track,
no multiple
scattering

electrons:
short track,
mult. scat.,
brems.

muons: ..:
- 15 . .
long track, % :E 3.3. g %2 Ring with

slows down

neutral pions:
2 electron-like
tracks

9-11 July 2014

Ring
0000y
.o°. °% Sharp
@ [ R.
e ° ng
Y S
®eooo®
° 0.30. ..
@
e °% Fuzzy
® . : ° Ring
@ ® [}
(] .... o® [
@
0@,
0o ::.o:'. Sharp Outer
o 2008”SS Fuzzy
0ce.2 20° Inner
Region
- e
% o......' i
e S ° :o. i ..
o o Two
,: 00 0® 2 FI:JZZ)/
° ° o A Rings
@ ..J... ®
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Super-Kamiokande detector

SUPERKAMICKANDE

AL LN 2

COGEC RAY RESTARCH UINISERETY OF TOXYD

50,000 ton water Cherenkov

N o = '," ~ Y +
et wAD: B . detector
o —— ] 2 i gy |
— == E S : n fiducial volume)
S 7 ==
'z, - —b-‘_—-—\_,
4;. ° ° an]] t
= -—- — e s r
I EEE ~ dete
3y : £ “"""--5‘:'4.-.';;
| : “--3-1 885=~-8- C
| - S : 1.’7_ ~detector
'\\’/,

MSEEN SEKKE



Solar Neutrinos in Super-K

B3sF————+—F———+—————7—+—7———

Super-Kamiokande
Run 1742 Ewvent 567835
96-05-31:19:27:14

Inner: 118 hits, 157 pE

[ Super-K Solar Neutrinos — 825 days

E=7.76 MeV
cos Ogyn = 0.986

D2

events/day/kton/bin

solar peak | |

Typical Solar

Neutrino Event background

0 500 1000 1500 2000 |
Hit Times (ns) D

-1 -D.5

. D D.S 1
cosine theta-sun

Recall that the v _-e cross section 1s much larger
than the v, .-e cross section!

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 25



e-like

2GeV

E v -3 CGn arimods rarwciie
«1m Al £33 -aase 1353412

- ——— o
- ——— -
- - —-
- — e — -
- - e —= X
= =g
oo -
fe = = o
DO -
L= =2 =
o B2
- 1o

neutrino
interaction

l-like

|- %

meiers

9-11 July 2014
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Neutrino Energy Reconstruction
N o TT—
e Given the quasi-elastic hypothesis, derive
an equation for the initial state neutrino
energy given only the final state lepton’s
momentum and direction with respect to
the incoming neutrino

e This is how Cerenkov detectors can
reconstruct quasi-elastic neutrino
Interactions

e Question: what happens for other final
states?

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 27



Backgrounds to Electron Neutrinos
in water Cerenkov

Super-Kamiokande

Run III3IIF Sub 1 Bv Zoz
PP_1O_=¢ :00: =e: 33

Incec: BEZS hitx, 1STin pX
Cntec: % hitx, T EX 1ot imel
Teigges ITO: w3
O wall: 3ITP.1 o
FC e—dixe. B = TILG .3 HeT o

Chn rge (=)
- >1S.0
* 13.1—-1S5

Visible

1, one is wt° backiround

Energy

2GeV:
One
Is

e e ST s S AL e
C‘lzarae (=] : Q ~ : One

Isa

Times {(ns)

one 18 v, Ssigna

Super-Kamicokande

Run 999333 =Sub 1 Ev 13
Po_1O_=¢ :00: ==:Oe

Inoes: 3001 hitx, 1T4P= pXE
Onter: 3 hitx, =T EXE 1ot irmed
Teigges IO: D3

I 5 s
= o.8—

s B

e 52

z

o =0 1000 1500 e

Courtesy Mark Messier

Times (ns)

e mon[emin] ki hie LLOI:L300 2003
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e Signal characteristics:

T heutrinos in Super-K

— high energy

— extra pions

— more spherically

300

200}
100}

0O ="02 04

symmetric due to decay

of heavy T

- Shaded: ]
- 1 signal MC '

-----

06 08

Phys. Rev. Lett. 110, 181802 (2013)

Clustered Sphericity
300¢ T T T T
250F
200F
150f
100F
sof (%
% B 10 15 20
Ring Candidates
9-11 July 2014

v, v,

Energy Threshold:
3.5 GeV

Super-Kamiokande
Run 000000 Sub 203 Ev 41

C. Walter, INSS 2012

D. Harris, Fermilab: Neutrino Experiments
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Heavy Water Cerenkov

SNO detector:
1kton of D,O

Deuterium allows 3
reactions

— Charged Current:
V+d=Pp+pt+e
e Onlyv,s can do this
e Threshold: 2.2MeV
— Neutral Current:
v+d=»p+n

¢ All neutrinos contribute
equally

e Threshold: 2.2MeV
— Elastic Scattering:
vV, +e DV te
* Morev,sthanv,
e Threshold: OMeV

g -
5 160F @
2 F 1
z 140 :
8 - :
S 120F :
> 120
2. 100F J
2 eoRlls 14 ]
» .0 :
S 80;" .""r.- -\...--..‘__., LA ¢
S S A S AP G ARAFEES et 42
E CC B : 1
40F
20 NCibkpdoentons - |
0: Bked
1 _ —Bkg
10 0.5 0.0 0.5 1.0
coseO
S 600 :
3] © -
< !
g 5001+ :
S r """
g -+
o400 "t
[84)]

o\ E
LA N N LU DL B B
5 6 7 8 9 10 11 12 13—20

L . Tett (MeV)
T = kinetic energy
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Oustanding Issues

Cerenkov Detectors

What is largest vessel that can be made? (48mx58mx250m?)

e What is highest energy regime that is possible, with better
electronics,photo-detectors, etc?

e Water Cerenkov clearly the cheapest per kton

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 31
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Anti-neutrinos in Scintillator

— +
V.+p—>e +n

Scintillator Oil alone: capture the
f : neutron on Hydrogen, make
2.2MeV gamma

Neutrino capture on Gd has
advantages (compared with that
on hydrogen):
v'Higher total gamma ray
energy (8 MeV)
v'Shorter neutron capture
time (~30 usec vs. ~200 usec)
=» Better signal to noise ratio

' X(A.Z)

Neutron capture time ~ 30usec
for typical 0,; experiments

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 1. Kajita, INSS 2013 33



Example: KAMLAND

1kton liquid scintillator
Viewed by 17inch PMTs (22%
coverage)

=» 300 photo-electrons /MeV

- Energy resolution = 6-7% /

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 34



Events in KAMLAND

o
e Have to collect all the light for energy measurement, no

direction available at these energies
Prompt event

Delayed event

KamLAND Event Display
Pun/Subrun/Event : 110/0/674708 KamL&ND Event Display
UT: Sat Feb 23 21:45:53 2002 Run/Subrun/Event : 110/0/674709
TimeStamp ! 469 UT; Sat Feb 23 21:45:53 2002
TimeStamp : 469792645216
TrigzerType ; O0x900 / Ox2
52/322,/428/ Time Difference 49.2 micro sec

HumHit/Hsum Nzum2/HumHL R @ 537/1 7551870

TriggerTupe : 0xal00 / Ox2
Time Difference 13,2 mzec
HumHi tANzumAlzum2/HumHi tA @
Total Charge : 772 {0}
(764} Total Charge : £81 (0)

tMax Charge (ch): 14.3 (138}

Hax Charge {ch}: 8.C7

601 E11 6

9-11 July 2014 D. Harris, Fermilab: Neutrino Experimen




v Energy Measurement in KAMLAND

P. . ~1-sin’26,sin’(Am} L/ 4E)-cos' 6,,sin’ 26, sin’ (Am;,L / 4E)

Vo —)l",

60

Efficiency (%)

250

200

Events / 0.425 MeV

9-11 July 2014

E,=E +E +0.8MeV

— E, is prompt energy (from e+): resolution is 10%/sqrt(E(MeV))

— E, is average neutron recoil energy (10keV)

100F
80F

40F

=s= Selection efficiency

TIHT]

III

150F
100F

50

S : —e— KamLAND data
R P e no oscillation
P ----- best-fit osci.
- i 5 : B accidental
C o e m “C(o,n)'®0
r : : vy, best-fit Geo V,
"1 —— best-fit osci. + BG
' + best-fit Geo V,

.....

E, (MeV)

Prompt recoil energy spectrum

Survival Probability

0.8

0.6

0.4

0.2

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

b b by by v by by s by a s by

P TETETATE AR

20 30 40 50 60 70 80
LyE, (km/MeV)

90 100

Phys.Rev.Lett. 100 (2008) 221803

D. Harris, Fermilab: Neutrino Experiments
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“Shorter Baseline” Reactor v

Detector Design
B |
Example: RENO (Other experiments have the similar designs)

v-target: Volume for v-

i - ., interaction
L\ Butter & ® | Gamma Catther L 0.1% Gd loaded liquid
0 ~ o > | scintillator (to detect neutrons)
| | Lz | _—"v-catcher: Extra-volume with
o ole » & & o\ pure liquid scintillator
\Esy
, s L ) Non-scintillating buffer: Mineral
" ‘EF By * _ Oil to Isolate PMTs from target
\ area
) 8
Veto region (water)

PMTs T. Kajita, INSS 2013
9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 37



Outstanding Issues for
Liquid Scintillator Detectors
I |
e How large can this kind of detector be made?
e Can the energy resolution for a larger detector size be

predicted?
— Can you really keep as much light as KAMLAND managed to keep?

e Goal: reactor neutrino experiment at high enough
baseline to see 2" order effects

oo =

>

Probability(V,—V,)

o O O o

N

sin?20,;=0.1
|Am,,2| = 2.5x103eV2

0
107! 10
Length (km) [at E~3MeV]|

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 38



Segmented Scintillator

Co—— 90 m

e PVC extrusions
— 17m tallx17m widex90m long

— 3.87 cm transverse, 6 cm wide in |
beam direction (more light)

— 17.5 m long vs. 48 ft (less light)

e All Ligquid Scintillator
— 85% scintillator, 15% PVC

Plane of vertical cells

Plane of horizontal cells

To Build:

Glue Planes of Extrusions together

Rotate them from horizontal to vertical

Fill Extrusions with Liquid Scintillator

Each box gets a WLS fiber loop (bent at far end)
Instrument WLS fibers with Advanced PhotoDiodes, repeat

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 39



320
310
300
290
280
270
260
250
240
230

<00

390

380

370

360

350

340

330

340

330

320

310

300

290

280

Scintillator Events (2GeV)

VM+A_> p+uw

W b 0 ]

N

uI|||l

2 1 L L 1 2 2 1 2 2 1 2 2 1 2
800 820 840 |00 920

2 1 2
840

[‘IIII‘IHI‘IIII‘IIII‘HII‘IIII‘HII‘H L RRCO R

PR | PR S S

“—38a0

1850

W b 0

2

1

-I|II‘II||‘IIII‘IIII‘IIII‘II]I\III

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

-O
-6

5
-3
3
2

1
l-o

§-

" 1 2 " 1 2 " 1 "
1240 1260 1280 1300

Particle 1D:
particularly “fuzzy” e’s

" 1 " " 1 2
1180 1200 1220

* 132

One unit 1s 4.9 cm (horizontal)

. long track, not fuzz aps in tracks ( w0 ?
4.0 cm (vertical) g y (W) gap (7’ ?)

large energy deposition (proton?)

40
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Detector Volume

* Scaling
detector
volume 1s
not trivial

9-11 July 2014



Energy Resolution

- S ’J" U 1% RvS LY
|J

TA ’ ‘*r all electrormagnetic u
= OF
- = — — o ——, N = samples
=20 f— _—MasS o.o9T.az E \/
18 ;—
i OE (electron) /XO
= C -

=
B E(electron) N

sk

e e Forv, CC events with a found

F .7 .., . electron track

-0_ 40 2002 0.1 -0 O 0.2 0.2 D Aa

(about 85%),

Measured — true energy the energy resolution is

divided by square root of true energy 10% / sqrt(E)

* 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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NOVA Data

Event Displays
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A. Norman, v2014
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Outstanding Issues

Segmented
Scintillator

e How cheaply can this be made?

e Can you make something this large out of
plastic?

e \What is best choice for readout?
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From Fully Active to Sampling

hadron

(minimum ionizing)

VN all electromagnetic

YV, hadronic shower
n,hadrons with and neutrons
e Advantages to Sampling: OF 1
— Cheaper readout costs E = N » N = samples
— Fewer readout channels
— Denser material can be used (SEE(:ajron) o< %
e More N, more interactions (hadron)
e Could combine emulsion with oL (electron) e Xo
readout E(electron) N
— Can use magnetized material! ?:j 1 1 1 = 1 1 1 1
e Disadvantages to Sampling §
— Loss of information =
— Particle ID is harder (except emulsion L% -

for taus in final state)

9-11 July 2014

D. Harris, Fermilab: Neutrino Experiments



Sampling calorimeters

|
=% ] . ) . ) ) )
High Z materials: Z R
8 8-. ,«/’ \
— mean smaller < {
showers, =2 ) / \
— more compact E T~
detector o — >
— Finer transverse XO or A INT
segmentation needed
Low Z materials: Material X, (cm) | Iyr Sampling (X,) | X, (g/
— more mass/X,(more (cm) cm?)
ir;‘jtsrsu"rfénte d plane] L.Argon | 14 83.5 [0.02 20
(ICARUYS)
— Coarser transverse
segmentation Steel 1.76 17 1.4 (MINOS) 14
— “big” events (harsh Scintillator | 42 ~80 0.13 (NOvA) |40
fiducial cuts for
containment) Lead 0.56 17 .2 (OPERA) 6
D. Harris, Fermilab: Neutrino Experiments 47
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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

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 48



MINQOS Event Topologies

th CC Event NC Event Ve CC Event

Courtesy Chris Smith, FNAL Seminar

* Long muon track + e Short showering * Short event with
hadronic activity at event, often diffuse typical EM shower
vertex profile

E Eshower Pu
Shower energy resolution: 55%/VE
Muon momentum resolution: 6% range; 13% curvature
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Indian Neutrino Observatory

e lLargest magnetized
detector: need cheaper
instrumentation

e Resistive plate chambers
(RPC) are answer

e Physics goals
— Atmospheric neutrinos

— Neutrino factory 56CM

neutrinos (high angle)
e 52 kton of steel
— 151 layers of 5.6cm iron
— 1.5T B field
— 30k RPC units (2mx2m)
— 3.9x10° channels

4CM

D. Indumathi, v2014
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17 August 2013

lce as Detector Medium

B
e |CECUBE:

1km3 volume
86 strings, 5160 PMTs

Need to be deep below surface
where ice is clear

17m spacing between 2 PMT’s
on one string

Smaller PMT spacing would
mean lower energy thresholds -

IceCube Lab

- - - - -
“ - - -
- - - - -

- - - s -

|

WL’_ Deep Core

Effol Tower
3Mm

Whitehorn, DPF 2013

Deborah Harris, Fermilab: Neutrino Physics Summary
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Event Signatures in Ice

e Muon Neutrino (data)
— <1°angular resolution

— Factor of 2 muon energy resolution

e Neutral Current or v, (data)
— 10° angular resolution (high energy)
— 15% deposited energy resolution

e v_(simulation)

Whitehorn, DPF 2013
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Lead-Emulsion Detector (OPERA)

e 1.2kT emulsion detector
— 146621 bricks, each 8.3kg
— 56 (Imm) Pb sheets

— 57 (300mm) FUJI emulsion
layers

— 2 (300mm) changeable sheets E 2 Al
(C S) vate :.::I:p:?:t’l(ng mmmf:nm Target Tracke

9_11 JUly 2014 D. H‘UI 119, 1 CIHITIHTUN,.: INCULTTTIV LANGCLHTTTICTHIWD



~dE/dx (MeV g™ cm®)

Particle ID in Emulsion

10

T IIIIIII

Illll

=20
e
= a0
WY
(N S ]
2 B
20

1

—_

10

10°
p (GeV)

- —
Grain density in emulsion is proportional to dE/dx

By measuring grain de
as a function of
the distance from

nsity

the stopping point,

particle identificatio
can be performed.

n

Test exposure (KEK) : 1.2 GeV/c pions and protons, 29 plates

one plate

] IIII‘H\I‘IIII‘IHI|IIH‘HH|IIH‘HII|IH

IZOI 25
pulse hight
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S0

—_

average of 29 pl

pions

ates

protons
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D. Harris, Fermilab: Neutrino Experiments

=0

54

Plots courtesy M. DeSerio



Muon Spectrometer w/RPC

Ap/p <20% ,
p <50 GeV/e
12 Fe slabs u_cr!arge
(5cn:)hick) Mis-id prob.
~ 0.1 +0.3%
2 cm gaps uidentiﬁcation:
ue > 95% (TT)
Drift tubes
Precision tracker: Inner Tracker:
6 planes of drift tubes 11 planes of RPC’s
diameter 38mm, length 8m 21 bakelite RPC’s (2.9x1.1m?) / plane
efficiency: ~99% (~1,500m?2 / spectrometer)
space resolution: ~300um pickup strips, pitch:
3.5cm (horizontal), 2.6cm (vertical)

RPC: gives digital information about track: has been suggested

for use in several “huge mass steel detectors” (Monolith)
9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments 55



First Tau Neutrino Detected
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Outstanding Issues

Sampling Detectors

e Any way to make these detectors cheaper?
— Cheaper absorber
— Cheaper readout

— Less segmentation
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Liquid Argon Time Projection Chamber

Readout planes: Q
s b 3 i A OIS e el 7

Edr‘ifT

A 4

A

! B

Preamplifier Shaping Amplifier

Low noise Q-amplifier P>— Continuous waveform
recording
oINGREDIENTS dE/dx(mip) = 2.1 MeV/cm
T=88K @ 1 bar
*VERY PURE ARGON Density: 1.4 g/cm3
¢STRONG ELECTRIC FIELD Xo=14cm

IINT =83cm

*SEVERAL PLANES OF WIRES

9-11 July 2014 D. Harris, Fermilab: Neutrino Experiments

Drift direction

Time
[E——

=)re

¥

Readout



ICARUS/MicroBooNE

e Active mass: 476 tons / 87 tons

e Wire spacing: 3mm (both)

e Electron drift distance: 1.5m/2.5m
e 54000 wires/10000 wires

e 74 PMT’s/ 30 PMT’s for scintillation
light from pure Argon (timing)

e |CARUS: <E >~ 20GeV, L=730km
— Took data in CNGS beamline

e MicroBooNE: <E >~0.8GeV, L=1km

— About to take data in MiniBooNE beamline
(BNB)

A. Guglielmi, v2010/ A. Szelc, v2014
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Examples of Liquid Argon Events
e Lots of information for every event...

D .
E..= 24+1 GeV e.m. shower
‘ (R RESer ,.15:1;,Q7~Gey/c o kil Bty
bty ! . SR : s Pefadrly o R d q singGIe p track
SRR PR 1 AP RS N B e cm

utrino  C. Farnese, v2014,
ICARUS
in CNGS beamline

.<—{{Scm—>

0 50 100 150 0
2000

A. Szelec, m
v2014,
Argoneut
in NuMI

Distance from start beamline

Distance from start
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n° identification in Liquid Argon

D
One photon

1200 —

converts to 2
electrons
before
showering, so
dE/dx for
photons is
higher...

- data

.......

800

600 —

400

200

Questions:

10
dE/dx [MeV/em)

What do you
expect for the
efficiency of
this cut for
electrons?

What about the
rejection
factor for
niV’s?

9-11 July 2014

D. Harris, Fermilab:

Neutrino Experiments

”“? I_Lnué;z

®  MC pair production

|  MCcompton

MC pair production ﬂ:\
Entries 4805 —
Mean  5.054 S
p RMS  1.066 (';
MC compton
Entries 150 o
Mean 2938 |72}
RMS 1258 g
<
&
@)
A. Szelc,
v2014,
Argoneut
in NuMI
beamline
62
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Oustanding Issues

B
Liquid Argon
Time Projection Chamber

e Can a magnetic field be applied

e How well can neutral currents be
rejected in practice?

e Can the electronics be put inside
the cryostat?

e How does the cost scale with
size?
— How large can one module be

made? S LR e &
— What is largest possible wire plane Several R&D Efforts world-wide
spacing? working to get >10kton detectors

“on the mass shell”
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Detector Summary

I S
Detector Largest Event by Event Ideal v
Technology Mass to Identification +/-2 | Energy

Date (kton) v, v, v, Range
LAR TPC 0.6 v v Not yet | huge
Water Cerenkov 50 v v <2GeV
Emulsion/Pb/Fe 0.27 4 v v > 5GeV
Scintillator++ 14 v v huge
Steel/Scint. 5.4 v v >5GeV

CAN DO THE IMPOSSIBLE

MAALLAPURAM SPECIAL GRADE TOMN PANCRAIAT

TE L el > : c
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Neutrino Experiments: Detectors

Exp’t v Energy | Detector

(GeV) Technology
MINOS 2-6 Steel Scintillator
MINERVA 1-20 Solid Scintillator
OPERA 15-25 Emulsion-Lead
MicroBooNE | 0.2-1.4 Liquid Argon TPC
ICARUS 15-25 Liquid Argon TPC
T2K 0.7 Water Cerenkov
NOvVA 2 Segmented Scintillator

Super-K

I I | | |I Illllllllllll

D. Harris, Fermilab: Neutrino Experiments
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