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GasTPCs Exploring a Wide Range of Physics

® What you have heard about so far:
* Rare event searches, dark matter
* Coherent elastic neutrino-nucleus scattering (CEVNS)
® What you will hear in this talk:
* A high-pressure gas-argon time projection chamber, a first of its kind for
precision studies of neutrino oscillations!

First large-scale realization of TPCs was in Positron Electron Project,
PEP-4 TPC at SLAC, a high pressure TPC in a collider
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GasTPCs Exploring a Wide Range of Physics

® What you have heard about so far:
* Rare event searches, dark matter
* Coherent elastic neutrino-nucleus scattering (CEVNS)
® What you will hear in this talk:
* A high-pressure gas-argon time projection chamber, a first of its kind for
precision studies of neutrino oscillations!

our R&ED endeavors offer ?Mergies ACYOSS

diverse communities, including a Lot of the
commumnities participating in this workshop
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Neubrino Oscillations

Vu survival

g Y
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Ve appeaumv\ce

® Neutrino oscillations considered one of the strongest pieces of
evidence of BSM physics
* Modeled with various parameters, mixing angle, 0;;, mass splitting

squared term, Am?;;, CP violating term, dcp, baseline, L, and
neutrino energy, E,

simplified 2 flavor probability, e.q. v
appearance probability, ‘F’(vu—vvs

sin?(260) sin?(1.27Am2,L/E)
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Neubrino Oscillation Parameters

NUFIT 5.2 (2022)

Normal Ordering (best fit)

bfp 1o 3o range
sin? 012 0.808F 5 0.270 — 0.341
612/° 334170 31.31 — 35.74
sin? fa3 0.57270:053 0.406 — 0.620
023 /° 491779 39.6 — 51.9
sin? 6,3 0.0220319-:99056  0,02029 — 0.02391
013/° 8.5410-11 8.19 — 8.89
Scp/° 197152 108 — 404
2
mA_Z”z;Q 7411221 6.82 — 8.03
Am%e +0.028
e | T201lIghs 42428 - 42597
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Remaining Onldnhowsns

¢ Do neutrinos violate CP symmetry, 6cp# 0?

e Three independent mixing angles 0.3, 013, 012 measured to ~3%
eIs 0, =45°? Implies new symmetry, v, = v, 1n v3

5AH1221, Am?3; known to ~1-3%

e Mass ordering/sign of Am?s;, 1s unknown

normal ordering inverted ordering
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Challenges in Neubrino Oscillation Experiments

@ Oscillation probabilities cannot be directly extracted by comparing near and
far observables:
» Combination of detector effects with flux & v interaction cross sections

near de&ac_&or/s far cie.&et:?:qr/s

Ny (Ereco) < (@B, )lo(E))|e P(v, — v.)

NE,,#(ETEEQ) x ®(E,) o(E,) €

precisely determine neutrino flux, neukrino inkeraction
_cross section, detector efficiencies

T

use high—rerformamce detectors, complete
theoretical models, and external data
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Neubrino Interaction Cross—secltions

e Neutrino interactions (e.g. in heavy nuclear targets) are complicated:
* Particles may re-interact before exiting the nucleus & the visible particles
may not fully represent the initial kinematics of the incoming neutrino
e Neutrino event generators contain many models to describe neutrino
interactions but are not yet complete, detector thresholds can also be limited
* Introduces uncertainties in neutrino energy reconstruction and neutrino event
rate estimation which need to be constrained
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vy i O* W ’ ‘g ,
Free Inltlal Nuclear Extra Nuclear Final State

Nucleon State Effects Interactions (FSI)
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Effect on Oscillation Parameters

e Getting the hadron count and energy correctly is critical for a future
oscillation experiment like DUNE
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® Case study: an illustration of the effect of getting only 20% of the proton
energy wrong
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https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08008/pdf

Uncertainties from Existing Oscillation Experiments

® Cross sections/neutrino interaction model uncertainties from existing
experiments are dominant
® A future precision neutrino oscillation experiment needs to do better!

T2K https://doi.org/10.1038/s41586-020-2177-0
Type of Uncertainty v.[v. Candidate Relative Uncertainty (%)
Super-K Detector Model 1.5
Pion Final State Interaction and Rescattering Model 1.6
Neutrino Production and Interaction Model Constrained by ND280 Data 2.7
Electron Neutrino and Antineutrino Interaction Model 3.0
Nucleon Removal Energy in Interaction Model 3.7
Modeling of Neutral Current Interactions with Single v Production 1.5
Modeling of Other Neutral Current Interactions 0.2
Total Systematic Uncertainty 6.0

NOVA  https:/doi.org/10.1103/PhysRevLett.123.151803

ve Signal v. Bkg. v, Signal 7. Bkg.
Source (%) (%) (%) (%)
ICross-sections +4.7/-5.8 +3.6/-3.4 +3.2/-4.2 +3.0/-2.9 |
Detector model +3.7/-3.9 +1.3/-0.8 +0.6/-0.6 +3.7/-2.6
ND/FD diffs. +3.4/-3.4 +2.6/-2.9 +4.3/-4.3 +2.8/-2.8
Calibration +2.1/-3.2 +3.5/-3.9 +1.5/-1.7 +2.9/-0.5
Others +1.6/-1.6 +1.5/-1.5 +1.4/-1.2 +1.0/-1.0
Total ¥7.4/-85 +5.6/-6.2 +5.8/-6.4 +6.3/-4.9

T. A. Mohayai



https://doi.org/10.1103/PhysRevLett.123.151803
https://doi.org/10.1038/s41586-020-2177-0

DUNE, a Future Precision Neulrino Oscillation Experiment

® Key components:
* 1.2 MW, upgradable to 2.4 MW high-intensity, wide-band neutrino beam
* 40 kT liquid Argon time projection chamber, LArTPC far detector, FD
* Near detectors, ND, includes a LAr¥TPC, and for Phase II of DUNE a
Gaseous-argon based TPC

40 T LArTPC for detector modules Wear detector comple

Sanford Underground
Research Facility
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DUNE Phase 11

e Phase II of DUNE will include upgrades to ND, FD, and beam to enable
the ultimate 50 sensitivity to CP violation

e But only ND upgrade specifically targets systematics
* Largest bias observed without an ND upgrade

B Phase I

Phase II: no FD upgrade

- Phase |

I phase I Phase i

Phase lI: no beam upgrade

. Phase |

Phase II: no ND upgrade

. Phase |

DUNE Collaboration, A, A. Abud ek al. in 2022 Snowmass
Summer Study. 3, 2022, arXiv:2203.06100 [hep-ex]

T. A. Mohayai



Near Detector Upgrade for DUNE Phase II

The Phase I nuon spec:?:rome&er
will be replaced bj ND-CFAT in
DUNE Phase 11

S

ESm,

v-Beam

® ND-GAr, a magnetized. High Pressure ( 10 atm) Gas Argon TPC (HPgTPC)
surrounded by ECAL will be the DUNE ND Phase IT upgrade
* Energy threshold detector lower than a LAr¥TPC

= 1A h: DEEP UNDERGROUND -
':AJ - EXPERIMENT T. A. MOhayal



Impact of a Low Threshold Detector

® [ower threshold of HPgTPC compared with a LArTPC leads to a data-
driven constraint on uncertainties in neutrino energy estimation

ND-GrAr's HPQTPC

same simulabted neubrino evenk
with 7 pro&ov\s in a LArTPC

fyom the ND-GrAr software, GArSoft
with end-to-end reconskruckion
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Impact of a Low Threshold Detector

e The low energy threshold of HPgTPC also allows DUNE to be more
sensitive to low energy hadrons where neutrino interaction models are

at odds, helping to resolve these disagreements

HPQTPC gives access ko thnaccessible
reqgions of proton energy thanks to

its low enerqy threshold
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A Wealth of Neubrino Interaction Data

® Using high-pressure gas-argon as detecting medium allows for an independent
sample of v-interactions on argon and constrains the cross-section systematic

uncertainties to the level needed by the oscillation analysis

1 kow fiducial mass for 1
ar of v-mode running
with a 1.2MW Beam Power

A detailed view of the v-interaction vertex

Event class |Number of events per ton-year o \
v, CC 1.6 x 10° AL - Rzt |
7, CC 7.1 x 10 A 2 \
ve + Ve CC 2.9 x 10*

NC total 5.5 x 10° _ Al

v, CCOm 5.9 x 10° I ok

v, CClr* 4.1 x 10° e

v, CC1lr® 1.6 x 10° Pt N

v, CC2r 2.1 x 10° \

v, CC3m 9.2 x 10* DUNE DHPG";@,.!L-A'

vy CC other 1.8 x 10° ooz ot | | P, | /)

|\ A\—toamuon.
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Superb PID for Neulrino Interaction Measurements

e dE/dx resolution: 0.8 keV/cm
® Excellent PID combined with low threshold feature allows ND-GAr to help
with correctly identifying neutrino interactions that have pions in the final

state of the neutrino interaction

A& /dx-based PID will be

<dE/dx> (keV/cm)
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BSM Reach

® In addition to precise measurements of neutrino-argon cross sections, ND-GAr
also enables a rich BSM physics program in DUNE, e.g. rare events such as:
* Neutrino tridents
* Heavy neutral leptons, HNL
* Anomalous Tau neutrinos
* Light dark matter
* Heavy axions

EWPD

~ CMS

106 88
—— DUNE-PRISM

- on-axis only

=== no background

Bobh “DUNE-PRISM”
s & “on-axis only”
Cr include the ND-GAF
Qe

10—8_

10—10 ]

. 5.5 x 10! pot, v-mode 90% CL, 1dof

10_ T T

101 10° 10* 102
HNL mass [GeV]

M. Breitbach, L. Buohocore, C. Frugiuele, 2, Kopp and L. Mitbnacht, Searching for
physics beyond the standard model in an off-axis dune near detector, 2102.033%3
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: CE TPC ¥y

Single Drift Option

® On-going R&D thrusts of HPgTPC:
* TPC amplification, options include acquired ALICE MWPC, GEMs
* TPC readout, options include SAMPA, LArPix, SiPMs, LAPPDs
* (Gas mixture optimizations

T. A. Mohayai



RED Efforts - TPC Amplification

® MWPCs in the context of re-purposed ALICE chambers
* Two efforts in US and UK completed a pressure scan of the chambers

Fermilab Test Stand, housing an IROC, also

mamed, GOAT Now re—bmnd.ms Eo GORG
al Hoi.i.owa Test Stand, housing an s

C, recently movec\ ko kerm:,i.o\b Test
Beam, V\ow named TOAD

oxd
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R&ED Efforts - TPC Amplification

® MWPCs in the context of re-purposed ALICE chambers
* Two efforts in US and UK completed a pressure scan of the chambers
* Chambers able to maintain their gain with increasing pressure

£ 4000 mbarA
(1] ® 3500 mbarA .
O] ¢ 3000 mbarA_Aug 1 DUNE work i progress  —e— 1atm
(7)) ¢ 3000 mbarA 1 ”
@ L A GOAT Measurements —e— 2 atm
(O] ¢ 2250 mbarA —&— 3 atm
® 2000 mbarA ',.ﬁ
B 1750 mbarA & —8— 4 atm
* 1500 mbarA ! —8— 5 atm
v 1250 mbarA ﬁ
A 1000 mbarA : / 6 atm
5 10 — )& &— 7 atm
o ,‘ﬁ' 8 atm
10 atm
»
&
! #
f /
@g‘ £
. 102 7
- | ‘ A. @é&chila-*/ankles 1TM
| 1 l 1 ! | l | 1 1 1 l 1 l | 1 1 1 T T T T T T T T T
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Anode Voltage (V)

anode voltage [V]

https://dot.org/10.4F550/arXiv.2 305,05 %22
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RED Efforts - TPC Amplification & Gas Mixture Choices

® MWPCs in the context of re-purposed ALICE chambers
* Two efforts in US and UK completed a pressure scan of the chambers
* Chambers able to maintain their gain with increasing pressure
* Using an Ar-CH, mixture, chambers can operate at a gain of 1k with an
anode voltage below 3kV

—&— Ar-CH4 98-2

—&— Ar-CH4 96-4

—&— Ar-CH4 92-8
Ar-CO2 90-10

| DUNE work i progress
. G OAT Measurements
107 T Daka ot 10 akm

102 4

I I | | I I I |
2600 2800 3000 3200 3400 3600 3800 4000
anode voltage [V]
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R&ED Efforts - Gas Mixture Choices

e Reference gas is argon-based with 10% CH, admixture (97% of

interactions on Ar) but can be optimized:
* Choice of admixture to optimize the drift velocity and improve spatial
resolution (diffusion)

T I I I I I I I I T T ™ T T T T T T T T T

T
35 = 12001~ = 95% Ar + 3% CF, + 2% iCH,, ~ E/P =40 Vicmibar 7
90% Ne + 10% CO, 1100~ - 7 @275Vviem, 1atm + 11 bar Ar-CH, 7
3r @ 400 V/cm, 1 atm — 1000 - 809 Nat 105 B —10 bar Ar-CH, =
; - " > 2 1 bar Ar-C_H, i
o f E/P = 40 Vicm/bar | 000 = @ 400 Viem; 1 atm 10 bar Ar-G,H,
- ' +1 bar Ar-CH, E 800 1= ... Thermallimit @ 10 bar 11 bar Ar-C,H, ]
= L —10 bar Ar-CH, =z 700 |7 —10 bar Ar-C,H, .
g 1 bar Ar-CH, g 600 - ',"':y, |
= i 10barA-CH, | 5 500k g, s -
> 1.5 .-1barAr—CaHa © 400 l"I"','."'lllll..lllll'.'l"'lll ||||||||||||||||||||||||||||| ]
—10barAr-CH, | |+ o iiihrrmmrbnnnnniaay
. - T 300 | _ .
ﬁw 200 — & - —
05 i — 100 L LTI T ————————— = . _ |
0 | | | | | | | | | | 1
0— , ' ' ' ' 0 10 20 30 40 50 60 70 80 90 100

0O 10 20 30 40 50 60 70 80 90 100

C_H, fraction (%
C,H, fraction (%) * ¥ fon (%)

P. Hamacher-Baumann et al., Phys. Rev. D 102, 033005 (o20)
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R&ED Efforts - Gas Mixture Choices

e Reference gas is argon-based with 10% CH, admixture (97% of

interactions on Ar) but can be optimized:
* Choice of admixture to optimize the drift velocity and improve spatial

resolution (diffusion)

* Maximize gas gain, while minimizing gas electrical breakdown
Ar/CH4 (90%/10%)

10°
= A 1mm
> ® 5mm
c = 10 mm
% 1041 Pyboltz-Meek
3 PyBoltz-Townsend
©
()
| -
(an]
©

3]

o 10
(@)]
©
=
o
>

102

10! 102 103 10*
Pressure-Length (torr-cm)

Norman, L. et al. Dielectric strength of noble and quenched gases for high pressure time
projection chambers. Eur. Phys. 2 C 82, 52 (2022)

Projected Breakdown Voltage at 10 bar, 1 cm (kV)

Ar Xe Ar-CF4 Ar-CHys Ar-COq COs CF4
Townsend 52.6 75.4 61.7 63.9 68.6 129.5 179.7
Meek 69.9 98.9 72.1 80.3 87.3 171.2 212.2
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R&ED Efforts - Gas Mixture Choices

e Reference gas is argon-based with 10% CH, admixture (97% of

interactions on Ar) but can be optimized:

* Choice of admixture to optimize the drift velocity and improve spatial
resolution (diffusion)

* Maximize gas gain, while minimizing gas electrical breakdown

* Ability to operate with a hydrogen-rich gas mixture to probe more
fundamental neutrino interactions on hydrogen

10— T T T
i [—CH, (10 bar) i
: C,Hs (10 bar) I P A P P

— 102 E_.é.---Gaseous Ar (10 bar) ................ ....... 4,»' ...... =
g ;f--LiquidAr [ H HE H 4 H HE H 3
o - i |—Polystyrene
[@)] B T :
% 10 b o LS SN S SEA 0 O N
c 3 E
c X
S X
e L
o 1 R O e s 2

107" L=

1 10 10°
Proton Kinetic Energy (MeV)

P. Hamacher-Baumanin et al., ‘ths. Rev. D 102, 033008 (2020)
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R&D Efforts - TPC Amplification

e Other options being considered are GEMs, testing them at high pressure
requires R&D
* On-going efforts include a series of calibration tests at Fermilab as part of
the GORG effort (continuation of TM’s New Initiatives award) and at
Indiana University, aimed at scanning gain at various pressure set points
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R&D Efforts - TPC Amplification

e Other options being considered are GEMs, testing them at high pressure

requires R&D

* On-going efforts include a series of calibration tests at Fermilab as part of

the GORG effort (continuation of TM’s New Initiatives award) and at

Indiana University, aimed at scanning gain at various pressure set points
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R&D Efforts - TPC Amplification

e Other options being considered are GEMs, testing them at high pressure
requires R&D
* On-going efforts include a series of calibration tests at Fermilab as part of
the GORG effort (continuation of TM’s New Initiatives award) and at
Indiana University, aimed at scanning gain at various pressure set points
® ThickGEMs are also being considered, led by Liverpool

T. A. Mohayai m



R&ED Efforts - TPC Readout

® Beam prototype, TOAD, is scheduled to make a full slice test of the ALICE-
based SAMPA cards

e Will also evaluate the long-term operation of ALICE chambers in a beam

® The prototype is in Fermilab Test Beam and a full chain of DAQ and
electronics are being installed and tested :

pl.ace;d inside the
vgssem
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R&ED Efforts - TPC Readout & Gas Mixture Choices

e Another key part of the R&D is the ability to read out both light and charge
* Light readout is instrumental for background suppression & triggering
* Options include SiPMs or LAPPDs

® Choosing an admixture/dopant that will not quench the scintillation signal
also crucial
* Initial studies carried out at IGFAE focuses on CF4

RF bucket

) [ »
<« Ll | >

I 10us ~200us spill structure

»

P

I Jk w charge readout

»
»

st )
I optical readout

»
>
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7

® The DUNE ND-GATr’s unique design includes [
highly capable components that enable: B oace 11: o ND upgrade
* DUNE to reach a 5o sensitivity to CP . g
violation after ~5 years of running T 45_. Phase
* Examining v-Ar interactions up close to :if' L g
establish a robust constraint on systematics. : /
&
® A wide range of detector R&D efforts are 17 S0% of 2 values
underway to build this highly capable gas- TR PP PO
based argon detector: Years

* Besides R&D on the acquired ALICE
MWPCs, we are exploring various new
detector R&D areas, including MPGDs and
light readout

* Our R&D endeavors offer synergies across
diverse communities, and we welcome
participation from new institutions!
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W (KE=1.84 Gev) | ==
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