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The Fermilab Short Baseline Program

The Fermilab 3 detectors in the neutrino beam from the 8GeV Booster
Short Baseline (Epeak ~ SOOMGV)
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Physics Goals

LAr1-ND, 6.6e+20 POT (100m)
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The Fermilab
SIS Search for new oscillation phenomena

Program and

Detectors with MULTIPLE detectors/baselines!
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PhySiCS Goa IS see talk by A. Palazzo 2/11

The Fermilab And with better neutrino imaging technology:
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SBN/DUNE Technology: The Single Phase Liquid
Argon TPC see talk by J. Asaadi 2/11
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SBN/DUNE Technology: The Single Phase Liquid
Argon TPC see talk by J. Asaadi 2/11
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SBN Detector Parameters:

[ Detector Component [ SBND [ MicroBooNE [ ICARUS@SBN ]
TPC Active Volume 4X4X5m 2.5 X 2.3 X 10.4m 3.6 X 3.9 X 19.6 m
TPC Active Mass 112 89 476
TPC Drift Time 1.28 ms 1.6 ms 0.95 ms
LArTPC (at 500V /cm E-field)
Technology TPC Wire Orientation 0° (collection), £60° (induction)
Wire/plane spacing 3mm 3mm 3mm
Number of wires 11264 8192 53248
Nominal Drift HV 100 kV 128 kV 75 kV
Analog readout electronics cold CMOS cold CMOS warm
Digital readout electronics ADC cold, FPGA cold warm warm
Light collection 120 8” PMTs 32 8" PMTs 360 8" PMTs
& scint. bars
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LArTPC
Technology
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Modular TPC design with large
anode plane assemblies

Test scintillator bar photon
detector design

Cold electronics readout chain
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see talk by S. Gao 2/11




LArTPC Signal Formation

The Fermilab e ) ]
Short Baseline In a LArTPC ionization charges drifts towards the wire planes. Charge

P’Segt':gofs"d is induced on the U and V planes as the charge drifts towards and
away from the plane. Most of the charge is collected on the Y plane.
A MIP produces around 14,000 electrons in a 3mm cell

Mary Bishai
Brookhaven
National Lab

LArTPC
Technology



LArTPC Signal Processing cee talk by M. Mooney 2/11

Ul (Aol In order to extract the charge distribution arriving at the planes from
Short Baseline

Program and the measured current on the wire, the field response must be
D
stectors deconvoluted:
1D Data-inspired Responses 2D Garfield Responses 2D Garfield Responses
) | o) ‘é - —U (i V plane
National Lab 20415 U(.Ind.) 0.05- ::”
8 0.1 —V (ind.) _R;
5 —W (col.) —R,
< o oF
i -0.05F
—1-30-20-10 0 10 -30-20-10 0 10 -30-20 -10 ('I)'imlzo(us)

Time (us) Time (us)

The signals on the induction plane are 2-3x smaller than the collection
planes and highly dependent on track angle. The charge passing
through the plane induces charge on MULTIPLE wires.

Deconvolution has to be in 2-D. Noise needs to be v. low to enable
deconvolution of induction plane signals particularly for tracks L wire.

10/34



see talk by M. Mooney 2/11

The Fermilab U plane signal processing
Short Baseline

Program and

Detectors MicroBooNE Preliminar
After noise removal After 1-D deconvolution _After 2-D deconvolution
750
/
7
600| ‘

Signal
Processing

Time [us]
g
’ 4

g

20 40 60 80 100
Wire [3 mm spacing]



see talk by M. Mooney 2/11

The Fermilab V plane signal processing
Short Baseline

Program and

Detectors MicroBooNE Preliminar
After noise removal After 1-D deconvolution _After 2-D deconvolution
750
600|
Signal
Pr%cdessing ?w
v
£
=
300
150,
° 20

20 40 60 80 100
Wire [3 mm spacing]

12/34



Basic Noise Theory: Sources of Noise in ICs

The Fermilab . . . . . . .
Short Baseline m The series “white” noise in the input transistor described by a

P'Sft':;“tofs”d spectral density, e, in V/+/Hz, which can be calculated by a
simple approximate formula as: e2=4kp TR,

Cold Electronics

2 ~2
e, Ci,
tp
——

series white

ENC? =~

ENC: Equivalent Noise Charge. tj,: shaper peaking time.
Cin: sum of detector, cable and preamp input capacitances.

Af: Measurement constant for 1/f noise 0(10—13)v2
13/34



Basic Noise Theory: Sources of Noise in ICs

The Fermilab . . . . . . .
Short Baseline m The series “white” noise in the input transistor described by a

P'Sft':;“tofs”d spectral density, e, in V/+/Hz, which can be calculated by a
simple approximate formula as: e2=4kp TR,

m The low frequency series noise < 1/f due to charge trapping
and de-trapping in the input transistor.
for t, > 1us, the 1/f noise is dominant

Cold Electronics

2 ~2

e, C;
ENC®’~ " 4 7CiAf
tp ——
S—— series 1/f

series white

ENC: Equivalent Noise Charge. t,: shaper peaking time.
Cin: sum of detector, cable and preamp input capacitances.

Af: Measurement constant for 1/f noise 0(10—13)v2
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Basic Noise Theory: Sources of Noise in ICs

The Fermilab . . . . . R .
Short Baseline m The series “white” noise in the input transistor described by a

P’Sft':;:ofs”d spectral density, e, in V/+/Hz, which can be calculated by a
" simple approximate formula as: e2=4kp TR,
: m The low frequency series noise < 1/f due to charge trapping
and de-trapping in the input transistor.

for t, > 1us, the 1/f noise is dominant

m The “f parallel” noise which arises from thermal fluctuations in
the dielectric components such as the circuit boards. Appears as
a series 1/f noise component in addition to transistor 1/f.

Cold Electronics

2 ~2

e,C;
ENC?* =~ “=in 4 xClAf
tp ——
S—— series 1/f

series white

ENC: Equivalent Noise Charge. t,: shaper peaking time.
Cin: sum of detector, cable and preamp input capacitances.

Af: Measurement constant for 1/f noise C)(10_13)V2
15/34



The Fermilab . . . . . R .
Short Baseline m The series “white” noise in the input transistor described by a

P’Sft':;:ofs”d spectral density, e, in V/+/Hz, which can be calculated by a
simple approximate formula as: e2=4kp TR,

Y EY
: m The low frequency series noise < 1/f due to charge trapping
and de-trapping in the input transistor.

for t, > 1us, the 1/f noise is dominant

m The “f parallel” noise which arises from thermal fluctuations in
the dielectric components such as the circuit boards. Appears as
a series 1/f noise component in addition to transistor 1/f.

Cold Electronics

m The parallel “white” noise due to the transistor bias current and
wire bias resistors

22
e,C;
ENC?~ "“in 4 7CJAr +  qlot,
t, —— ——"
S—— series 1/f parallel white

series white

ENC: Equivalent Noise Charge. t,: shaper peaking time.
Cin: sum of detector, cable and preamp input capacitances.

Af: Measurement constant for 1/f noise C)(10_13)V2
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see talk by S. Gao 2/11

The Fermilab T =300K T=77K
Short Baseline J i i i T ’ " i i "
L=180nm, W=1mm (20um x 50) L=180nm, W=1mm (20um x 50)
P el ~ B g V,_=400mV, T=300K ~ ' V,_=400mV, T=77K
Detectors E o T . F\)’Vt
E F 5, vt e x\\/\“”w ! NMOS ]
> 5 > —
= " dd_// —s—NMOS ¥ " - -
é . 4 1,=3.2ma (iC=1) é 1,=3.2mA (IC=3)
S oL . S oL ]
B 10 —e—PMOS s 0°F . pmos
S 1.=0.7mA (IC=1) 9 1.=0.7mA (IC=0.3)
g o - 2
@ —fitcurve @ —fit curve
3 100 s 8 100} i )
s 0F 3 Lhite
. | CMOs018 = . | cMoso018
100 L i . . L . a 10" L e - - - - - ;
100 100 10° 10 10° 10° /10‘ 10° 100 100 10 100 100 10° /10’ 10
@it Elsiiss Frequency Mzl 1 3nV/Hz/2 Frequency [H2] g g5n\//Hz1/2

For SBND,sBooNE, DUNE an analog
front-end ASIC with preamplifier and
shaper operated in LAr reduces noise.
4 gain settings: 4.7, 7.8, 14, 25 mV/fC
4 t, settings: 0.5, 1.0, 2.0, 3.0 us
Shaping time good for noise

matches detector response ve = 1.6mm/us

6.0 mm
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see talk by S. Gao 2/11

SThhe F;rmi:_ab Cold CMOS Analog ASIC for uBooNE and SBND:
ort Baseline
Program and

Detectors 1800 " L *
1600 —&—T=300K
—e—T=77K
1400 -

C,=220pF
1200 -

1000 | =955 .
!

measured

ENC (electrons r.m.s.)
[« 2]
o o
o o
——

400 - simulated whole front-end

Cold Electronics 200 - simulated input MOSFET -
0 | | |
0 1 2 3

Peaking Time (us)

Reduce Cj, by mounting cold electronics directly on TPC wire frame.

For uBooNE: C;, =~ 25pF + IS%XLWire
~

= ENC is O(400) electrons for longest wire (4.7m) at t, = 2us

circuit boards

18/34



TPC noise readout during filling

Time Dependence
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The Fermilab
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Detectors

Detector Status

Cryogenics commisioning:

¢ Four stages: (1) purge (2) cool-down (3) LAr fill (4) recirculation

and purification — operating at least 2-3 times design purity!

0; Contamination of Gaseous Argon During Purge

Average Cryostat Temperature

9 tanker
truck fills

- s

o 70 ppm O, £ 210}
T X 260-
£ ¢ 20 ~
s & 220, >
tu £ 20! S A
Zw ¥ 150 > .
20 ppb O, 160 -
© 20- \ 1404

o 2ol

E=sEsE: 10!
e 31001 0 20201 T 520201 o 7201
e T = TNeroBooNE o
e s 0

| 02 (0)
[ s g werrc s s || | °7 40 ppt O,
5 o g o o P a8 |
¥ @ P T 0¥ @ e o )
o o o o8 o 8 - S T |
BT ST ST e Oy fom St of Fetraton
=

84

Cryostat operated w/o evacuation. e lifetime > 6 ms achieved quickly
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MicroBooNE Detector Statu

The Fermilab BNB Performance
Short Baseline FY16 Integrated Beam to Booster Neutrino Beam

Program and s
Detectors m actual — 'y
(3.3x10% PQT)

/(lf NuMI dialed down)

/ (expectation)
_ AN

Integrated Protons (1e18)

50 projected
® (1.1x10% PQT)
o 4 ; ; h ;
Nov-2015  Jan-2006  Mar20l6  May-2006 M08 Seo-2016
m Fiscal Year 16 Integrared Eeam to Booster Neutri 18
B Measured Cosmic Rate (Beam-Off)
1.7 4 BNB Trigger Data (Beam-On) [4.51E18 POT]
16

Detector Status

5 ++
foa
14 % *+*

Fractional Flash Count per 0.15 is
with respect to Cosmic Background

13
12
1.1 & + -

b 3 LS L
L ey = *M +s W%ﬁ
0% 3 T 5 7 B 9 10

E 6
Time with respect to the BNB Trigger Time [1:s] 21 /34



MicroBooNE Detector Status: Operational Oct '15

The Fermilab

Short Baseline

Program and
Detectors

First neutrino images

Mary Bishai
Brookhaven
National Lab

Detector Status

Run 3493 Event 41075, October 23*, 2015



see talk by M. Mooney 2/11

Summary of Excess Noise
The Fermilab

Short Baseline
Program and 10"
Detectors

||+ Cathode Hy Harmanic noise Dominant sources of noise are:

Coherent noise (10-30 kHz) from
the low-voltage filter outside the
st oe cryostat supplying the ASICs on

the front-end mother board

Magnitude

WTEWTWN‘D‘SE‘ T Odd harmonics of 36 kHz traced to
01 02 03 04 05 06 07 08 09 ripple in the drift HV pOWer supply

Frequency (MHz)

MicroBooNE Preliminary
Software noise filter removed the excess TPC noise from raw wire signals :

Noise U \% Y
e (4.7m) | (4.7m) | (2.3m)
Performance ENC (e rms) before s. filter | 1600 1400 660

ENC (e rms) after s. filter 430 420 330

Oct '16: Hardware fixes implemented for LV filter and HV supply.

Removed ~ 70% of the unfiltered noise 23 /34



The Fermilab
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Physics Results

selection

Fully automated v,, CC

Selection|l

Selection | Selection Il -
3 -
g I eficencyof CCQE
Vertexreco: pandorau Vertexreca: pmtrack o] . p—
E MicroBooNE simulation I ficiency of CCRes
imi efficiency of CCDIS
2 1flsh ithz 50 PEnside the prelminary ¥
beam window i
" Trackmust be flsh matched i
(70cminz) }
)
-
L L | L
500 1000 1500 2000 250
Py [MeV]
Longest track must be Muttiplicity = 1 Multiplicity 2 2 .
ch i e e Selection Il
{B0cming) /\ @ T T T T T T T
‘I § 900 ——4— Data: Beam On- Beam Off
penaty ‘ Mukiicey =2 Mutiicy>2 i i Simulation:
. 5 800 B sclected v,CCbkgd
S 700 ' bkgd
Al eventspass =z B . v, bkgd
600 [
500 - Gosmic bkgd
[ v, CC true vertex Out of FV bkgd
400|
300 MicroBooNE
200| preliminary
100) =
- E
— 1 1 1 -
100 200 300 400 500 600 700 800 600 1000
Track Length (cm)
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The Fermilab

MicroBooNE Data [Run, Event] — [4592, 2722]

: = 298 -
Short Baseline 128 D .
nBooNE Boo
—
Program and —== » 206 e K =
D 12
etectors
B 124 . 294 .
g £ £ e
= S 8292
g £ % g
2 = = [ 2}
N 5 < 120 = P
i »
|
- 116 “
116 286
o COSMIC DATA : Run 4487 Event 8 COSMIC DATA : Run 4487 Event 104
766 768 770 712 714 716 778 314 316 318 320 322 324 326 576 978 980 982 984 986 988 990
X (drift) [cm] Z (beam) [cm] Z (beam) [cm]
Reconstructed Michel Energy Spectrum
0.05

Monte Carlo Reconstructed Energy Spectrum
#  Reconstructed Energy Spectrum from Data

Fully automated reconstruction
using collection plane signal only

°

g

Michel electrons identified by a
Bragg peak and a kink in the track.

Physics Results

Fraction of Reconstructed Events

2

Energy calibration based on charge
injection calibration signal. .

s
=

L

W

MicroBooNE PRELIMINARY

10

0 50 60
Energy [MeV (preliminary calibration) |
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Preliminary 79 reconstruction

The Fermilab MicroBooNE /’ MicroBooNE
5 ot s sty 21 s ety )

Short Baseline

Program and

Detectors Zé
- 4 b BN .
p,gh,wm/ / O » iy \
— Run 5975, Event 4262 — Run 5975, Event 4262 - . | Run 5075, Event 4262

Induction Plane Induction Plane 1 Collection Plane.

1
MicroBooNE ||

E
sze nrsasna by 2 |
i

TABLE I: Event-per-event reconstructed shower properties for our two reconstruction passes. These include the
collected energy, E©Y, the angle between the two showers, 0. and the reconstructed diphoton masses. These values
also contain uncertainties discussed in the text.

(Run, Subrun, Event) Shonwer B, B ko, Oy = 00 oy £ Oy
| ’ Reconstruction [MeV*] [MeV] F [MeV*]
(6145, 16, 814) 3D-Based 62 +22 50+ 21 120+ 14 105 £28
2D-Based 58 + 20 61+ 21 11245 99425
(6058, 94, 4706) 3D-Based 05434 41£15 103 £ 14 07 +27
2D-Based 94+ 33 41414 BT +5 85422
IHiEts R (6055, 177, 8877) 3D-Based 61+23 5520 156 = 14 116 = 30
2D-Based 63422 54410 13445 107 +£27
(5075, 85, 4262) 3D-Based 117 £ 42 96 + 35 8114 138 £40
2D-Based - - - -

26/
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The Fermilab
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Detectors

Physics Results

Lots more results from MicroBooNE

See public notes page
MicroBooNE Public Notes Page

Back to the Publications Page

© 7/4/16 MICROBOONE-NOTE-1019-PUB
Convolutional Neural Networks Applied to Neutrino Events in a Liquid Argon Time Projection Chamber

© 714116 MICROBOONE-NOTE-1017-PUB
A Method to Extract the Charge Distribution Arriving at the TPC Wire Planes in MicroBooNE

© 7/4/16 MICROBOONE-NOTE-1016-PUB
Noise and Filtering in the. TPC

© 7/4/16 MICROBOONE-NOTE-1015-PUB
‘The Pandora multi-algorithm approach to automated pattern recogni

n in LAr TPC detectors

© 7/4/16 MICROBOONE-NOTE-1014-PUB

A Comparison of Monte-Carlo Simulations and Data from MicroBooNE
© 7/4/16 MICROBOONE-NOTE-1013-PUB

MicroBooNE Detector Stabilty

© 7/4/16 MICROBOONE-NOTE-1012-PUB
D of 3D Shower on Data

© 714116 MICROBOONE-NOTE-1010-PUB
Selection and kinematic properties of numu charged-current inclusive events in SE19 POT of MicroBooNE data

© 7/1/16 MICROBOONE-NOTE-1008-PUB
Michel Electron Reconstruction Using the MicroBooNE LAITPC Cosmic Data
© 5/3/16 MICROBOONE-NOTE-1006-PUB
Study Towards an Event Selection for Neutral Current Inclusive Single Pi0 Production in MicroBooNE

© 5/30/16 MICROBOONE-NOTE.
Cosmic Shielding Studies at MicroBooNE

© 11/6/15 MICROBOONE-NOTE-1004-PUB
MC y for an early numu charg inclusive analysis with MicroBooNE

© 5/29/16 MICROBOONE-NOTE-1003-PUB
e

and Drift Electron Lifetime in the MicroBooNE Experiment

© 11/2/15 MICROBOONE-NOTE-1002-PUB
First neutrino interactions observed with the MicroBooNE Liquid-Argon TPC detector

27 /34
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Near Detector Status

The Fermilab

Short Baseline

Program and
Detectors

o ”M T"W‘ ‘
o i i !

Like ICARUS
nd
icROBooNE

SBND Status

| Cryostat | | Cosmic Ray Tagger |

6 10/25/16 LBNC Meeting | SBN Synergies Short Baseline Neutrino
B e e
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SBND Status - o
. USwinding prototype

1 10/20/2016 Ting Miao | SBN PMG
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The Short Baseline Near Detector Status

The Fermilab

Short Baseline Near Detector Timeline

Program and

Detectors Phase I: Construct & Install Phase lI:

Operaftions

TPC Electronics Design, Fabrication, Delivery
Cryostat D!ﬁy,iﬁrinlinn, Delivery
Cr'ngpnlmlxm, Fdriﬂlnn Delivery

Crvmnlﬁ
installation |

deieics| [l

: Cold Commission -

G o 3 © G A A A " ]
NG o o o o o o % o o o
SBND Status va 2® ® 28 a® s s 2® W " A
O I o e N > > >
August1 Timeline — Calendar year

25 10725116 LBNC Meeting | SBN Synergies




ICARUS@SBN

Ul [l ICARUS TPC refurbishment at CERN

Short Baseline —
Program and "y ”/ /
Detectors 3 ulum " Y/

o —_——
A

(SHApING Electrodes
— (durigg.installation)

ICARUS@SBN . .
New low-noise warm electronics developed at INFN see talk by G. Meng 2/11



ICARUS@SBN

The Fermilab ICARUS buildings at Fermilab

Short Baseline

Program and
Detectors

June 2016
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ICARUS@SBN

The Fermilab

Short Baseline Far Detector Timeline

Program and

Detectors
W Phase I: Construct & Install |

‘ Phase |- Operations

Warm Vessel Design & Procurement

Cryogenics Design, Fabrication, Delivery

ICARUS@SBN

August1 Timeline — Calendar year

24 102516 LBNC Mesting | SBN Synergies Short B"nlimcﬂu'l%
-

i
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Summary and Conclusions

e Fermilad m MicroBooNE has been taking data since Oct '15:

FgEm o m Record beam intensity - integrated > 3 x 102 p.o.t
m Stable running with drift HV of 70kV with electron
lifetime of > 6Gms.

m After hardware fixes in Oct '16, noise performance is
at expectation and significantly improved over
previous generation of massive LArTPC.

m New sophisticated signal processing techniques
coupled with low noise due to cold electronics have
enabled extraction of induction plane images with
unprecedented fidelity.

m Fully 3-D reconstructed v events and 15t data results.

m SBND TPC and field cage construction is proceeding on
schedule. Cold ADC ASIC still needs work.

m ICARUS refurbishment at CERN and new membrane cryostat
being built. Building at Fermilab also proceeding on schedule.

SBND/ICARUS begin operations end of 2018

Summary
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