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Disclaimer

I am giving an overview of a subset of neutrino detectors, with more emphasis on

neutrino detectors at Fermilab (sorry if your favorite experiment 1s missing)!

I am also giving an overview of detection techniques relevant to the subset of

detectors that I cover.
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Big Picture — Why Study Neutrinos

Matter and anti-matter were produced in equal quantities at big bang, but,

today, we live in a matter-dominated universe

image credit: NASA
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Big Picture — Why Study Neutrinos

@ To have a matter dominated universe, matter and anti-matter must behave differently
* In specific, Charge-parity, CP symmetry must be violated

e If neutrinos violate CP, they could be the key to explaining the matter-antimatter
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A Quick Recap of Neutrinos

e Neutrinos are neutral leptons and have 3 types/flavors:

Muon flavor
H- Tau flavor
W & @ @
m,= 106 MeV
m~= 1.8 GeV
C. Patrick

»Generally, produced along with or interact to produce a charged lepton

vs interact to produce a charged lepton

v, produced along with a u = e- T
S AR (u AN
<4 — — — —p u —— - -
VTN VeI Ve

See ]\17‘4“;’ k M gSSie’” s Talk See Adi Ashkenazi’s Talk on
on [Neutrino sources Neutrino Cross Sections
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A Quick Recap of Neutrinos

e 3 definite, non-zero mass states (unlike the standard model neutrinos which
are massless):

» Each mass state 1s a mix of the 3 neutrinos
Vi Vi Vi Vi Vu Vi

r'

A

Mass state v 1 Mass state Va2 Mass state V;
C. Patrick

#» Because of this mixing, neutrinos oscillate
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More about Neutrino Interactions

e Neutrinos don’t interact appreciably with another constituent of matter
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More about Neutrino Interactions

e Neutrinos don’t interact appreciably with another constituent of matter
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More about Neutrino Interactions

e We can only detect a neutrino if it interacts in our detectors:
» Build a massive detector that is also highly efficient
» [T producing the neutrinos artificially, produce a lot of them (refer
to M. Messier’s talk for more 1nfo)

Naws x M T [ 6(E,) o(E,) e(E,) dE,

neutrino’ flux detector %fﬁciency

j

Cross section

detector mass

exposure tir!e :
neutrino
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More about Neutrino Interactions

e And when the neutrinos are able to interact in our detector
» We still don’t directly see them!!
» Have to rely on the outgoing charged particles
» We also don’t see the outgoing charged particles, directly!
» Have to rely on charged particles losing energies in the detector
medium via various processes

neutrino charged current interactions

E o —
V—”"(u Ve”""( W”"‘(

7 X X

neutrino neutral current interactions

’ye/t

Viferr X

See Adi Ashkenazi’s Talk on Neutrino Cross Sections "




Charged Particle Interactions — Inelastic Collisions with Atomic Electrons

e One process by which charged particles lose energy in detectors 1s
inelastic collisions with atomic nuclei:
» When energy of charged particle is larger than electron binding
energy, it can ionize the atom & knock out the electron
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» Sometimes the knocked out electron can have enough kinetic
energy to further ionize the surrounding atoms (delta rays)

» When the energy of charged particle 1s not larger than electron
binding energy, excitation can occur — when the atom de-excites,
photon (light) is released
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Ionization Energy Loss

mean 1onization energy loss for a heavy charged particle, €.g2. muon
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Ionization Energy Loss

e Used as a common particle identification approach
e Particles with different masses at various momentum values lose
different amount of 1onization energy loss

<dE/dx> (keV/cm)
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Other Relevant Charged Particle Interactions

e Cherenkov radiation:

» Photons released at an angle 0 when the particle’s velocity 1s larger
than the speed of light in the detecting medium — similar to a sonic
boom from an airplane that goes faster than the speed of sound

* Number of photons is dependent on the angle, N  sin?(6)

Super-Kamiokande event display
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Other Relevant Charged Particle Interactions

e Bremsstrahlung:
» When photons are emitted from a charged particle scattering in
electric field of a nucleus
» Dependent on detecting material, it 1s the dominant energy loss
process for electrons in energies between 10 and 100 MeV

Available on PDG WWW pages (http://pdg.lbl.gov)
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Other Relevant Charged Particle Interactions
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How to Reconstruct Charged Particles in Detectors

e We can reconstruct the momentum of charged particles

» In magnetized detector, we can reconstruct momentum and charge
of particles using the magnetic field

p|GeV/c| = 0.3B[Tp[m]
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Neutrino Detectors at Fermilab

e Most past, current, and future Fermilab experiments use heavy
targets 1n their detectors

Carbon Liquid Argon

‘ ERVA
7 Q ICARUS

Carbon,
iron, lead,
helium,
water

MicroBooNE

MiniBooNE

DUNE

Liquid and Gaseous
40Kton Argon, carbon




Neutrino Detectors at Fermilab

e Most past, current, and future Fermilab experiments use heavy
targets in their detectors and most are time projection chambers

Carbon Liquid Argon
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How Time Projection Chambers Started

e J.S. Townsend:
# Signal amplification via secondary 1onization electron-ion pairs™
e Ernest Rutherford + Hans Geiger:
#» Extended the scintillation signal count approach as done with Rutherford +

Geiger + Marsden setup Target, Gold foil

\

Detecting ‘screen

Beam of o particles Encyclopedia of Science Townsend
. . avalanche
*» Adapted Townsend’s technique to “electrically” count as —
, ®
s detecting vessel o
-\_l ‘ = @ ®.
N amplification wire S e ...
Vam T B e
fir mgtul;e .\ readout 1000 times more
\ original ionization ' P electrons after
® g amplification
= [ ¥
- O(%A ___.)‘ %_i electrome<t6>r

E. Rutherford, F.R.S., H. Geiger, An electrical method of counting the number of a-particles from radio-active substances, Proc. Roy. Soc. 81 (546) (1908) 27.

J.S. Townsend, On the conductivity of gases exposed to negative ions, Proc. Roy. Soc. 1 (sixth series, #2) (1901). Also in issues of June 1902; April, Sept., Nov., 1903. 20
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How Time Projection Chambers Started

Townsend + Rutherford-Geiger Charpak et al. N{gren
1903 1908 1968-69 76

next breakthroughs

s Invention of Multi-wire Proportional Chamber, MWPC by Georges Charpak
et al.:
* Amplification wires (“anode”) sandwiched between two cathode planes
* Signal read out 1s typically induced charge on the pads

- = avalanche formation & readout

induced —

._ar\-—‘ P Jl’

charge Z, £ = /
= -

~ j\// Jbljv/ I }induced

charge
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How Time Projection Chambers Started

Townsend + Rutherford-Geiger Charpak et al. Nfrgren
1903 1908 1968-69 76

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)

E=0
P "" 'Y @ gas molecule :
@ ‘C ‘: .3\. ® ®ion 5
000t %y T drift
o o0 J\%\,'. o e clectron ° .M anOde
(J (] E>0 - ® —’/
N0 %8 o0.%¢h S
difésior;\ g! ./Q.\/'\Q. e
o ..E....\.\‘.“\ < > < >
! = low field region ~high field region
—» drift — gas amplification
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How Time Projection Chambers Started

Townsend + Rutherford-Geiger Charpak et al. N{éren
1903 1908 1968-69 76

next breakthroughs

e Invention of Time Projection Chamber, TPC by David Nygren:
»B-field oriented Il to E-field, readout chambers placed at the ends
*Reduced diffusion & simultaneous (multiplicity) reco of particle type,
momentum & position in full 3D space
 First large-scale realization in Positron Electron Project, PEP-4 TPC at SLAC:
» Pressurized gas medium @ 8.5 bar, excellent PID

N En wir
incident o )
\ particle field cage
“ segmente ®
anode (pads 2
» h LY

Energy deposit per unit length (keV/cm)

Beam pipe

Momentum (GeV/c)
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Liquid Argon Time Projection Chambers
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Liquid Argon Time Projection Chambers
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Liquid Argon Time Projection Chambers

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

DUNE Far Detector

Facility
and cryogenic

sportsystems  Includes qul,lld
Argon TPC Modules

One of four
detector modules of the
Deep Underground
Neutrino Experiment

4850 Level of
Sanford Underground
Research Facility

e e e i
1 =

DUNE Near Detector

Includes 2 TPCs both
with Ar as their target
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Gaseous Argon Time Projection Chamber

e DUNE ND-GAr Key design features:
» Has a High Pressure Gas Argon TPC (HPgTPC) at its core; will be a
copy of ALICE TPC
» Actually uses Ar-CH4 90-10 gas mixture instead of pure Ar (97% Ar
interactions) at 10 atm & 1s surrounded by calorimeter and magnet

H.V.,(-100 kV)
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Charged Particle Track

Ionization Electron Drift
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Gaseous Argon Time Projection Chamber

e ND-GAr simulated event display of a ve CC interaction using an end-to-end
simulation and reconstruction software, GArSoft
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Example of Detector R&D

@ Mainly in the context of ND-GAr
e Optimize the mobility/drift velocity of the ionization electrons:
* Need for highest possible drift velocity to prevent pile up
* Slowest drift velocity in pure Ar, add admixtures (e.g. CHsor CO») to Ar to increase
the drift velocity

14_| T T T

12F

pd
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0O — l1,00(; — l2,00(3 - fl?»,OO(I) - ;I,OOCI) - I5,000
E (V/cm)

From D. Bortoletto’s talk:

https://indico.cern.ch/event/318529/attachments/61283

7/843122/daniela_l3.pdf
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o
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o

Drift velocity (cm/us)
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https://indico.cern.ch/event/318529/attachments/612837/843122/daniela_l3.pdf
https://indico.cern.ch/event/318529/attachments/612837/843122/daniela_l3.pdf

Example of Detector R&D

® Minimize diffusion:

» High diffusion degrades spatial resolution — similar to drift velocity, soln is to add

admixtures/quenching gases
* Pure Ar has highest diffusion
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Sauli, F. “Gaseous Radiation Detectors: Fundamentals
and Applications,” Cambridge: Cambridge University
Press. doi:10.1017/CB0O9781107337701.006
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We Build Test Stands and Prototypes

T. A. Mohayai



Aim of the Test Stand

® Maximize amplification gain and the output signal (gain as the figure of merit for
testing the operation of the chambers before their use in ND-GAr):
* Pressure affects the gain — gain goes down as pressure goes up
* Since amplification gain scales linearly with anode voltage scales, need higher
anode voltage to compensate for lower gain at higher pressure

H.V,(-100 kV)

-——T"

Charged Particle Track

Ionization Electron Drift

Cathode Plane (0V)
Anode Plane (+1.3kV)
(cathode) Pad Plane (0V)

Induced
> ‘\ Charge
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Segmented Scintillation Detectors

ooad ...

Steel Shield
Scintillator Veto Wall

Side HCAL

Side ECAL
c
A=)
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g g 8.3 tons total 2
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(Muon Spectrometer)
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- Top view
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deposited charge

_ sepwg

w0 - Top view

Beam direction

Color denotes
- Side view deposited charge

HOvA - FNAL ES29
-

1

a2 ® L]
L] ]

ai AW



Summary and Conclusion

e We cannot observe neutrinos directly in our

detectors

» We have to rely on outgoing charged particles

»Even the charged particles have to undergo extra
processes for our detectors to detect them

» These processes mainly include 10nization energy
loss, scintillation, and bremsstrahlung

» Our detectors make use of these processes to detect
neutrinos

» Various detector technologies are used to be able to
detect neutrinos; I have covered a subset of them
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Thank You!
Questions are welcome!

contant: mtanaz@tnal.gov
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Additional Slides
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A subset of currently-running or previously operation Gas TPCs

lover the years, various gas mixtures and pressures were used |

Y

Parameter/Experiment PEP4 TRIUMF TOPAZ AIEPH DELFPHI STAR ALICE?
Operation 1982/1984 1982/1983 1987 1989 1989 2000 2009
Inner/Quter radius (m) 0.2/1.0 ~ 0.15/0.50 0.38/1.1 0.35/1.8 0.35/1.4 0.5/2.0 0.85/2.5
Max. driftlength (L/2) (m) 1 0.34 1.1 2.2 1.34 21 2.5
Magnetic field (T) 0.4/1.325 0.9 1 1.5 1.23 0.25/0.5 0.5
Gas : Ar/CH,4 Ar/CH,4 Ar/CH, Ar/CH, Ar/CH, Ar/CH, Ne /CO,/ N,

Mixture 80720 80/20 90/10 91/9 80/20 90/10 90/ 10/ 5

Pressure (atm) 8.5 1 35 1 1 1 1
Drift field (kV ecm™! atm™!) 0.088 0.25 0.1 0.11 0.15 0.14 0.4
Electron drift velocity (cm us™) 5 7 5.3 5 6.69 5.45 2.7
wt (see section 2.2.1.3) 0.2/0.7 2 1.5 7 5 1.15/2.3 <1
Pads: Size w x L (mm x mm) 7.5x175 (5.3-64) x 19 (9-11) x 12 6.2 x 30 ~Tx7 285 x11.5 4x75

6.2 x 19.5 6 x 10/15
Max. no. 3D points 15—straight 12 10—Tlinear 9+ 12—-circular  16—circular 13 + 32—straight 63 + 64 + 32
dE/dx: Max. no. samples/track 183 12 175 148 + 196 192 13+32 63 +64+32
Sample size (mm atm); w or p 4 x 8.5; wires  6.35; wires 4 x 3.5; wires  4; wires 4; wires 11.5+19.5; pads 7.5+ 10+ 15; pads
Gas amplification 1000 50 000 3000-5000 5000 3000/1100 20000
Gap a—p; a—c; c—gate” 4:4;8 6 4:4: 8 4:4; 6 4:4; 6 2:2:6/4;4:,6 2:2:3/3;3;3
Pitch a—a; cathode; gate 4;1;1 4;1;1 4;1;2 4;1;1 4,1;1/4;1; 1 2.5;2.5;1.5
Pulse sampling (MHz/no. samples) 10/455, CCD only 1 digitiz., ADC  10/455,CCD 11/512, FADC 14/300, FADC 9.6/400 5-10/500-1000, ADC
Gating® >1984 c.ontr. 2>1983 o.ontr. 0. on tr. synchr. cl.wo.tr static o.on tr. o.on tr.
Pads, total number 15000 7800 8200 41000 20000 137000 560000
Performance
Axy (pum)-best/typ. 130-200 200/ 185/230 170/200-450 180/190-280 300-600 spec:800-1100
Axy, (um)-best/typ. 160-260 3000 335/900 500-1700 900 500-1200 spec:1100-1250
Two-track separation (mm), T /L 20 25 15 15 8-13/30
ap/p* (GeV/c)~! : TPC alone; high p  0.0065 0.015 0.0012 0.005 0.006 spec:0.005
dE/dx (%) Single tracks/ in jets 27140 4.4/ 44/ 5.7M1.4 7.4/7.6 spec:4.9/6.8
Comments a in single PCs chevron pads  circular pad rows circular pad rows No field wires No field wires
strong E x B effect >3000 tracks <20 000 tracks
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E’::F-, best fit E’::F-, true / degrees
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Gain at 1 atm

~90% Ar : 10% CO ,: X% O,

M 10.0us/ Delay:0.00s
: T T ] LI B L B B B I L B S
10 | Curr 70.0kpts
e N
O
~ 1 -
s =
C Fall = =+
% Delay = -40.00ns T@L = -44.00ns
oc 1 0_1 == = B e e e e e
— =
C o
QE) =
ol ]
= 10 ] E
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m =
_.'.-'_, B -1 atm -2 atm
—3 | =3 atm —4 atm _
< 1 0 E — 2 atm —; a:m =
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B PYB OltZ 94im —10am 1 MEASURE Pk-Pk[1]=3.08Y
1 0—4 v oy by by by Source Ve Statistics All Measure
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0, (PPM)

e Also corrected for preamp gain and electron attachment in gain = N/N so

N = actually number of measured electron-1on pairs after corrections
=N_/(G, e*), o = attachment rate & Ortec preamp gain (G )

raw
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Test Stand at Fermilab

ABsol
m§‘s‘HEE

e Recent set up with pressure-rated components
e Purge lines help rapidly remove impurities
e Monitoring H O in addition to O, impurities to account for e-attachmer

W
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FHC Mode, Optimized DUNE flux (Oct 2017), GENIE v2.12.10
Event Category Events/Ton-year Event Category Events/Ton-year

al V total
v, CC tot 2.54E+06 Vv, CCto 2 43E+02
v, NC total 1.69E+02 V, NC total 9.83E+01
2.5x10° T T T i — 3.5x107 T i —
v CC —FHC : - v CC - FHC : S
!__,lf___,_,___”__! —— CCRES 3x10° 1 !__,lf___,_,___”__! —— CCRES
2x10° 7 — CCQE — CCQE
< —— CCCoh <, 2.5x103 —— CCCoh
% 13x%10° 1 % 2x10°
E c {:g_ 1.5x10% 1
g 10 2
z g
5x10% 1
5x%102 1
00.0 2.5 5.0 75 100 125 150 175 2&-.0 00.0 2.5 5.0 75 100 125 150 175 200
E, [GeV] E, [GeV]

e As an independent magnetized tracker:

= vV-interactions on a gaseous Ar target
44
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@ More on step 1 — I am biased to talk about 1onization electron-ion pair production:
» Primary pair liberated from the Coulombic interactions between the particle and
the molecules of the detecting medium
* Secondary pair liberated if the primary electron (called 0-electron) has enough
energy to further liberate more electron-ion pairs

e i ) Amp

Drifting charges

due to electric field

A
7

N
7

N

anode

Anode

[e.g. wire or plang]
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e Reference design:
® 3 superconducting Helmholtz & a pair of trim/bucking (added for field
uniformity) coils
m Achieves 0.5 T central field
e Meets requirements:
® Uniformity in central field + minimized fringe field
® Maximized acceptance for particles exiting LArTPC ND e
s Minimized mass (X)) 31Tk,

0.56 o

AR - \

0.54, ................... 3N SR S ........................... JU S 45 SN U RO

0-52, ................... , \ ................................. , ................................. ................................ , ..................
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@

T. A. Mohayai



FHC Mode, Optimized DUNE flux (Oct 2017), GENIE v2.12.10
Event Category Events/Ton-year Event Category Events/Ton-year

v, CC total 3.62E+04 V, CC total 8.62E+03
v, NC total 6.05E+01 V. NC total 9.83E+01
1.2x107 T T T ——" 4,5x%10? "wli ikl ikt .
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e As an independent magnetized tracker:

= vV-interactions on a gaseous Ar target
47
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e > 90% efficiency for tracks with p > 40 MeV/c
® As momentum T so does the efficiency
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e Sign-tagging capability illustrated for e- and e+
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e As an independent magnetized tracker:
= Full 47t coverage
» Nearly 1dentical acceptance as FD

T. A. Mohayai



e Need to understand discrepancies between event generators at lower energies
m Lower detection threshold (than in LAr) in HPgTPC is critical for this
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® S0, how low is the threshold for 10 atm GAr?
@ Range of a 5 MeV proton: 3 cm!

m Ranges of less heavily ionizing particles (;t, u, €) >> proton range

e Assuming a 5 MeV detection threshold 1s conservative; may be able to go even lower
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