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Neutrino Detectors Through a Biased Lens

e | had my first experience in detector physics with a liquid argon time
projection chamber, a dark matter experiment called DarkSide

® | came back to the world of detector physics as a postdoc at Fermilab,
working on both liquid & gaseous argon time projection chambers in the
context of DUNE and MicroBooNE, and I will continue in this world as a
faculty at Indiana University

® Also, I wrote a thesis on a novel approach to producing an intense beam of
neutrinos, an R&D experiment named MICE, which was a proof-of-
principle for building a future neutrino factory and a muon collider

® Bottom line & disclaimer: I’ll talk a lot about time projection chambers and
experiments that use accelerator neutrinos as a source!

2
T. A. Mohayai



To Detect Neutrinos

® Get them to interact first!
e But neutrinos rarely interact...
* The mean free path of a few GeV neutrino

about a Light year of lead

* Compared to a few GeV proton:

smaller than the length of an average human step
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What makes vs so rarely interacting

® Neutrinos are neutral & interact with nuclei only via the weak force
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Origin Stories

® Despite their ghostly nature, we’ve unveiled them from every corner!
e Can also make our own, e.g. reactor or accelerator Vs

e Generally, the chance of a v interacting, or v cross-section, increases with

increasing v energy Reminder: you learned about accelerator
heutrinos from Louise Suter!

-t
e

)
E - Extra-Galactic
c
._g 167 Galactic
3
D . 0 Accelerator
110
1 Atmospheric
8 10713 SuperNova
RQM‘-V\A.Q\“: 10®
asbropkjs:.cat -
sQurces
covered 102

SkirLe.v Li!

u will learn abouk yeactor
heulrinos from Bryce Little John!

-31
LU o TN Y 24 Y DY NP Y Y MY Y Y NPY Y Y IPY Y Y Y Y OOY Y O
10* 10?2 1 102 10* 10° 10° 10 102% 10" 10" 10"

G, Zeller Neutrino Energy (eV)
6




Some Essential Ingredients for v Detection

® Choice of neutrino sources and ultimately the detector technology depends
on the physics being pursued
* e.g. we use accelerator vs for v oscillation analyses & place two sets of

(almost identical) detectors, one near the source of neutrinos and one
some distance away

from LW&T"S Talk

Create ~100% Characterize beam

How many of the original flavor have
and how many of a new

flavor have
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target
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Some Essential Ingredients for v Detection

e Once the physics is defined, we build v detectors that:
» Put a lot of target material (large nuclei) in the path of Vs & have

good acceptance
* Can efficiently see outgoing particles from a neutrino interaction; we
don’t see the Vs directly!

ncrease the chances of Vs
interacting or the Vv cross section

we can only kiow i a v
interacted f we con see
what comes out

have o Lok of
heutrines or
thcrease bthe vV flux

make bhe wuclear
target heavy

# of Vs interacting % flux X cross section X targel X detector efficiency
bue should also determine what count of Vs we want
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Modes of Interactions

® Charged current

* Exchanges a W boson, produces a charged lepton of same flavor as v
® Neural current

*» Exchanges a Z boson, no charged leptons produced
® Other particles also get produced:

* Can be neutrons, protons, or hadrons (e.g. pions, kaons)
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Example of Charged Current Interactions
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To accurately infer information about the
neubrinos, we wank detectors that (as much as

possible) can see all the information
particles exiting a v interactions carry




Challenges

® ¢.g. from Louise Suter’s lecture: goal of
oscillation experiments is to measure
oscillation parameters at specific v energies

e The need to accurately reconstruct v energy Quasi-elastic, QE
amounts to using the kinematic info: X
* ¢.g. energy contributions from all the

particles exiting a v interaction, includes Vi \/ b
leptons, protons (or neutrons), hadrons ;
Resonance, RES'! P

® Scenarios where we will lack the right /:_AH<’K
calorimetric info: i ,

* In QE, one proton 1s below threshold
and/or not correctly reconstructed

*» In RES, a proton 1s misIDed as a pion

* The hadronic activity in DIS misIDed ..
or 1s below threshold

* Backgrounds can also mimic v interactions X

4 Inelastic, DIS



Impact on Oscillation Parameters

e To emphasize: v energy is incorrectly estimated if particles emerging from
a v interaction are unaccounted for

e A simple case study:
* Getting only 20% of the proton energy wrong, shown as Fake Data on the
plot, can have significant impacts on the measurements of the oscillation

parameters
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https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08008/pdf

Impact on Oscillation Parameters

Build debectors with Low thresholds,
excellent particle ID, excellent tracking,
ex«:ei.i.ev\f timing resolution (to reject
ba«ctzgrc}umds), measure charge (if

magnetized), mass, and momentum/enerqgy



https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08008/pdf

Quick Recap

e So far, we learned:

* If neutrinos interact in our detector, we won't see them directly! Have to
rely on the leptons, hadrons, nucleons emerging from a v interaction
(and it’s important to be able to see these emerging particles!)

® We also won'’t see the outgoing particles, directly! Have to rely on the
them losing energies in the detector medium via various processes
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Energy Loss Mechanisms — Charged Particles
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Energy Loss Mechanisms — Charged Particles
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Energy Loss Mechanisms — Charged Particles
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Energy Loss Mechanisms — Charged Particles
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Energy Loss Mechanisms — Charged Particles

! Charged Particles '
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Energy Loss Mechanisms — Charged Particles

Charged Particles
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Specifically, Heavy Charged Particles

e i.e. heavy charged leptons and hadrons, so not electrons
e In the 0.1-1000 Py range, they lose energy by ionization

» Described by the Bethe-Bloch relation

_d_E g KZZEL 1 i 2m662,62’72wmax B /82 s, (5(,6’7)
dx AB?% |2 IE; 2
e.9. in the case of a muon passing ] s )
through an abszgﬁhg ma‘!;gsm, dx is mﬁ«»&kk xfngé&kdz
the thiclon ki ki »
e thiclmess (ds) times iny of - §

makterial

dE/dx (the stopping power) therefore
has the units of MeV em? g

*note: Bethe-Bloch relation comsiders the average energy loss
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Specifically, Heavy Charged Particles

e i.e. heavy charged leptons and hadrons, so not electrons
e In the 0.1-1000 Py range, they lose energy by ionization

» Described by the Bethe-Bloch relation
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Specifically, Heavy Charged Particles

There are distinet subregions within the region where
Bethe-Bloch relation holds brue

a 1/f* dependence, particles a Ln(B) dependence, called the
lose more energy to lonization relativistic rise region where
as they slow down dE/dx plateaus
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Specifically, Heavy Charged Particles

e When Py > 1000 & radiative energy losses dominate, energy is lost

through other dominant processes, e.g. Bremsstrahlung
* Bethe-Bloch relation no longer holds
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What about Light Charged Particles

® aka electrons or positrons:
*» Bremsstrahlung is a dominant mechanism for energy loss for
electrons at energies above 10 MeV

Available on PDG WWW pages (http://pdg.1bl.gov)

T T T TTTT] T T TTTTT] T T TTTTT]
) —0.20
B . Lead ( Z =82) 7
B \ Critical energy ]
Elect S —
10 o \ (Eionization = Ebrems)
:><;CD Bremsstrahlung - 50
e (o
. 7 =
Eg N —O 10 =
— - \ i . T .
IL‘] \\Iomzallon -
05— Mgller (e)|  \ |
Bhabhh (¢™) —0.05
annihilation . — -
0 | | L1 11
| 1000

T. A. Mohayai



What about Light Charged Particles

® aka electrons or positrons:
*» Bremsstrahlung is a dominant mechanism for energy loss for
electrons at energies above 10 MeV
e Electrons travel 1 radiation length, X, before emitting a
Bremsstrahlung photon, after passing through many Xgs, it forms
an electromagnetic shower
* X, distance at which the particle's energy is reduced by 1/e, 63%

photons also form a
shower, travel 1X.
before pair produce

//;‘.

1X, 2 X, 3X,  4X,
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Particle ID using dE/dx & Particle Momentum

¢ Bottom line: to accurately infer incoming v, we rely on particles
losing energy as they exit a v interaction

¢ e.g. for a given momentum (in a given momentum range), different
particles with different masses will lose energy differently
» Use that to tell the particles apart, perform PID

Momentum = 0.647 GeV/c
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Measuring the Particle Momentum I

e Using curvature in a magnetic field:
* When a uniform transverse magnetic field 1s present, a particle
with momentum p bends by a radius R

particle track /\
L
R

R: bending radius
/2
B

* We solve for p using this relation:
{GeV
P

] =0.3 B[T] R[m]
C

B fleld is knowmn, radius is obtained by fitting a circle to

measurement points along the particle’s track
29



Measuring the Particle Momentum 11

¢ Using range: o
. 20000 r
» [f we can get a particle to stop 15000
in the detector, we can use range 5 |
to measure 1ts momentum 7 il ™H, liquid
_ = H
e c.g. what range would a 1 GeV/c & s ¢ ot
proton in Pb (with a density of & 200
o 100 & L
~11.3 g/cm3) have? From the S s0f
plot, R is range Y owf
10 &= .
5 f
2l /
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Measuring the Particle Momentum 11

¢ Using range: o
. 20000 r
» [f we can get a particle to stop 19000 .
in the detector, we can use range 500
to measure 1ts momentum 7 il ™H, liquid
e c.g. what range would a 1 GeV/c 8 s | v
proton in Pb (with a density of g =200
o 100 £
~11.3 g/cm3) have? From the S 50
plot, R 1s range Y o)
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How do we see particles using energy deposition

*disclaimer: only focusing on what’s relevant to accelerator
neutrine experiments

® Read out (ionization) electrons
* ¢.g. 1n gaseous or liquid time projection chambers

o wish-Llist: make sure drift electrons are not Lost (via attachment or
recombination), that they travel fast (minimized pile up), won't diffuse much
(meed excellent point resolution), and we produce enough of them

. incident

| particle field cage
cathode segmented
\ anode (pads)
| . (4 4
\ E=0
| 0_0,000 ® gas molecule
L= L ) () ’ .. .
o © (U ® ® ®ion
s o 00 /’..
1. ionisation 2. drift ® .Q\y\/ ® ol
_ 09 Ve\e electron
0y r ° E>0 -
o\ ¢ L8520 o0.% ¢
S 0048 Q?\OM
@\e ¢ diffusion ®—@ © ®
\ ® o000, Ve
¢\e C 4 E T~
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How do we see particles using energy deposition

*disclaimer: only focusing on what’s relevant to accelerator
neutrino experiments

e Read out (scintillation) light
* ¢.g. In detectors that use organic or 1n-organic scintillators as

their detecting medium, and in gaseous or liquid time projection

chambers example of a light readout system
photocathode

o dynode anode
scintillator

o -~ -
- - - - -
l" T a- T = -
I
‘\~ f
o
¥

&jpéaauj , there are

wavelength shifting from Yyour MOdﬁT‘M Fk sics, what
fibers embedded in the is the hWame of this ct?

scintillating material
that quide the signal to
Light readout systems
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How do we see particles using energy deposition

*disclaimer: only focusing on what’s relevant to accelerator
neutrino experiments

e Read out (scintillation) light
* ¢.g. In detectors that use organic or 1n-organic scintillators as
their detecting medium, and in gaseous or liquid time projection

chambers example of a light readout system
photocathode
o dynode anode
scintillator
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Liquid Argon Time Projection Chamber Example

(Anne Schukraft)
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Liquid Argon Time Projection Chamber Example

(Anne Schukraft)

lonization e-
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Liquid Argon Time Projection Chamber Example

(Anne Schukraft)

lonization e-
[ ]
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Liquid Argon Time Projection Chamber Example

(Anne Schukraft)

Cathode

T. A. Mohayai



Neutrino Detectors at Fermilab

e Most of the existing and future Fermilab experiments use time
projection chamber, TPC detector technologies & scintillators

’ ERVA
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Neutrino Detectors at Fermilab

e Most of the existing and future Fermilab experiments use time
projection chamber, TPC detector technologies & scintillators
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A History of Time Projection Chambers

® Everything started from Ernest Rutherford + Hans Geiger:
» Extended the scintillation signal count approach as done with Rutherford +
Geiger + Marsden setup Target, Gold foil

scintillation sighal
~ 1) count approm:h

\

Detecting ‘screen

Beam of o particles
* Adapted the technique from Townsend to amplify the ionization electron &

“electrically” count as

Townsend avalanche

e - ——\—l a(el‘ed‘ihg vessel /:
TULLTL o Do ,. . .
v . \‘ '/. [ ]
. I .. o
flr Iing tube readout .
\a ~1000 times more
I — electrons after
\ @ amplification
= electrometber

*3.5. Townsend, On the conduc&ivi&j of gases exposed to negative lons, Proc, Roy. Soc. 1 (sixth series, #2) (1901). Also in issues of June 1902; April, Sept., Nov., 1903,
£. Rutherford, FR.S., H. Geiger, An electrical method of counting the number of a-particles from radio-active substances, Proc. Roy, Soc. ¥1 (§46) (190%) 27 41
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A History of Time Projection Chambers

Townsend + Rutherford-Geiger Charpak et al. Nygren
1903 1908 1968-69 1976

next breakthroughs

* Invention of Multi-wire Proportional Chamber, MWPC by Georges Charpak:
* Amplification wires (“anode”) sandwiched between two cathode planes
* Signal read out is typically induced charge on the pads

> ToADC  avalainche farma&i.ov\ # readout

>

N
I I + +
o > induced signal 1 -
gets read out
|': To ADC @ @

1N '
 ToHVPS av\c}de wire set

T . .. to a PQSLEW@.
| J @\ otenkial
______________________________ %
\ /o.o\
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A History of Time Projection Chambers

Townsend + Rutherford-Geiger Charpak et al. Nygren
1903 1908 1968-69 1976

next breakthroughs

» Parallel to MWPC, invention of drift chamber by Georges Charpak et al.:
* Allowing ionization electrons to drift before reaching a MWPC — as much of a
high-res image of the tracks (minimized diffusion) transported over as large a
distance as possible (acceptance)

® Q;E.:g Q9 ® gas molecule . ;

o0 e 0 9. o ®ion 3

oo et el T drift
® o0 J\%\% ® ® electron 2 ,M anode

v, "‘\\.Q ~ E> X e ° _’/ anode wires
{ - < o »-® p. ‘\.—?Vd
diffusion‘\j!. 09 @ é\}t ®

o ..E. % o < > < >

* - low field region high field region

—» drift — gas amplification
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A History of Time Projection Chambers

Townsend + Rutherford-Geiger Charpak et al. Nygren
1903 1908 1968-69 1976

next breakthroughs

® Invention of Time Projection Chamber, TPC by David Nygren:
* B-field oriented || to E-field, readout chambers placed at the ends
* First large-scale realization in Positron Electron Project, PEP-4 TPC at SLAC:
» Pressurized gas medium @ 8.5 bar, excellent PID

- Endcap wires
incident p
\ particle field cage
\
\ segmente i)
anode (pads Q)
A ¥ 4

Ny N
Endcap wires //////&§

&

U \/>/\
< \/

\ @
Energy deposit per unit length (keV/cm)

.
///

Beam pipe

Momentum (GeV/c)
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A Gaseous Argon-based TPC for DUNE

A gaseous-Ar
based TPC

@ An elaborate near detector complex for DUNE includes a high pressure (similar
pressure to the PEP-4 TPC) gaseous argon time projection chamber (HPgTPC)
surrounded by a another detector component and a magnet

d



DUNE’s LArTPCs

® DUNE is a neutrino oscillation experiment (as introduced by Louise Suter!)
with two sets of detectors
* Far detectors are four LArTPC modules
* Near detector, in addition to a gaseous-Ar based TPC, includes a LArTPC

_Far Detectors Near Detectors

Deep Underground Neutrino Experiment

Sanford
Underground
Research
Facility

_______

ACCELERATOR

Incoming baam:
100%: muon neutrinos

1600 1400 1200 1000 800

Probability of detecting electron, muon and tau neutrinos



DUNE’s LArTPCs

Ligquid Argon Time Projection Chamber, LArTPC modules

Each module is abouk
the size of a Hamdvsize
Cargo shiy ( =

o

Detector located 1.5 kilometers
underground at Sanford Lab

Detector electronics —m8M8M88 >

Each module will be filled with 17,000 tons

of argon and cooled to minus 184°C



LArTPC and HPgTPC

® As you’ve already heard, gaseous TPCs, they are similar to a liquid argon
TPC, but can be magnetized & have a readout system that can be tuned to
multiply the original ionization electron by a certain factor, the larger the
factor, the lower the threshold of the detector
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LArTPC and HPgTPC

e Thanks to its low density medium (p, , /p.,. ® 85 for pressurized gas argon),

HPgTPC will have a lower detection threshold than a LArTPC:
* Leads to high sensitivity to low energy protons or pions
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LArTPC and HPgTPC

e Comparing the same neutrino interaction that results in 7 protons
»In HPgTPC, we can reconstruct low energy protons that escape detection
in a LArTPC, provides a data-driven constraint on uncertainties in
estimating the neutrino energy

DUNE's High Pressure gas TPC same simulated neutrine event with 7
protons in o LAYTPC

e
PKE=13 MeV) | #te.Z ey

from the DUNE software, GArSoft with end-
to-end reconstruction




LArTPC and HPgTPC

e Excellent PID capabilities:
» PEP-4-like:
» e.g. can be used to select v interactions with multiple sts in the final
states of the interaction
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Existing LArTPCs @ Fermilab

“MicroBaol

L]

T. A. Mohayai
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Existing LArTPCs @ Fermilab

Short-Baseline Neutrino Program at Fermilab

Target SBND MicroBooNE ICARUS

T. A. Mohayai



SBN Program Goal

e The MiniBooNE experiment, an experiment in the same v beam as the SBN program,
used Cherenkov detector technology and was filled with mineral oil
* Observed excess of electron events, but was unable to distinguish between electrons
and ys to determine the source of the excess

T. A. Mohayai



SBN Program Goal

e The MiniBooNE experiment, an experiment in the same v beam as the SBN program,

used Cherenkov detector technology and was filled with mineral oil
* Observed excess of electron events, but was unable to distinguish between electrons

and ys to determine the source of the excess
® SBN experiments rely on LArTPC technology which can more efficiently make the

distinction between electrons and photons
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\ B v NC: 0.9 . v, CC: 8.5
40 E Out. fid. vol.: 1.4 v, CCOnOp: 1.7
- 3 Ve 28.7
= Cosmic: 6.5 MiniBooNE [
vNC % 11.9 /s EXT:85
mm v, CCrn® 421 # BNB: 122
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http://indico.cern.ch/event/868940/contributions/3817128/attachments/2080524/3494451/Caratelli_ICHEP_MicroBooNE_LowEnergyExcess.pdf

SBN Program Goal

The impact of the choice of detector

technology becomes evident in the
example of the SBN detectors ot Fermilab

T. A. Mohayai


http://indico.cern.ch/event/868940/contributions/3817128/attachments/2080524/3494451/Caratelli_ICHEP_MicroBooNE_LowEnergyExcess.pdf

Neutrino Detectors at Fermilab

e Most of the existing and future Fermilab experiments use time
projection chamber, TPC detector technologies & scintillators
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Other Detector Technologies @ Fermilab

| m ] Elevation View
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Other Detector Technologies @ Fermilab

Electromagnetic shower i NOVA

what are we looking at, here?

1000

NOvA - FNAL E929
Z10?

Bun: 22712/50 = | E

Event: 564000 / — 10

UTC Sun Apr 10, 2016 1
10:36:21.098138360
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Other Detector Technologies @ Fermilab

Electromagnetic shower i NOVA

eleckron shower!

1000

NOvA - FNAL E929
Z10?

Bun: 22712/50 = | E

Event: 564000 / — 10

UTC Sun Apr 10, 2016 1
10:36:21.098138360
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A few things to remember

e We cannot see neutrinos directly, instead we rely on outgoing
particles losing energy via various processes in the detecting
medium:

» By extracting info such as energy loss per unit track length,
track curvature, and particle’s range, we can tell what type of
particle we saw and what its momentum or energy was,
thereby helping us determine the type and energy of the v

that interacted

¢ Depending on the physics that we’re after and what source of
neutrinos we want to see, we can build detectors that can
enable a very precise look into these neutrino interactions &
enable discovery-level physics:
*» Come build your favorite detector!

T. A. Mohayai



Questions are welcome!

contant: mtanaz@7fnal.gov
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Additional Slides
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