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Motivation

CAPTAIN 1s 7-ton LAr TPC to 5tucl9 interaction of Ar with neutrons and low energy
neutrinos.

Whg?

In the light of the DUNE (Deep Unclerground Neutrino Experiment) future 40 kton LAF
TR 15 essential to measure interaction cross-sections for interaction of neutrons and
neutrinos with Ar that are currentlg unknown

DUNE goals — use neutrino oscillations to:
e Determine the neutrino mass ordering
e Measure lepton CP-violation phase

e Execute unclergrouncl Ph]gsics program: Gletec’cion o{: galactic~core suPemovae
neutrinos, search For nucleon decay
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The longest baseline to be built and likely the largest neutrino collaboration (~1000 already)
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Expectations in Case of NMO and IM
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Expected event rates for measurements:
500, MO and Oscillations

* Measurements (6cp MO, 0,4, 8;5) rely on analysis of 4 combined samples
(oPtimizecl beam, 56% LBNF up’cime, 6 =0, 0,,=45° NuFIT parameters, fast MC det. response):

v mode / 150 kt-MW-yr vu disappearance

Signal events (NH / IH) 945 (521) 7929 s
Wrong-sign signal (NH /IH) 13 (26) 511 =
Beam ve background 204 - i

NC background 17 76 §

Other background 22 29 ;

%
Signal events (NH / IH) 168 (438) 2639 3
Wrong-sign signal (NH /IH) 47 (28) 1525 E
Beam ve background 105 - :

NC background 9 41 ZD:

Other background 13 18 2



Unoscillated v,s / GeV / m?/ Year

Neutrino spectra in DUNE

| ong baseline: Matter effects are large ~ 40%
g g

Wide-band beam: Measure Veappearance and vV, disappearance over range of
energies: MO & CPV effects are separable.
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Dependence of CP Violation on MO

. 56nsitivit9 to CPV after 300 kt~MW~3rs
e Software comciguration available on arXiV: 1606.09550

e Bands rel:)resent range of beam comcigurations
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DUNE: CPV and MO sensitivity

. Sensitivity to MO as:

« function of exposure in kton~MW~9rs and
* Fraction of 6.5 values with given sensitivity or

greater.
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Lifetime Sensitivity (90% CL)

Nucleon Decay Sensitivity

v Proton clecag — test oF baryon number conservation.

=
o

—
o

-
o

v Mag explain matter-antimatter asgmmetry.

v Many accessible modes, including SUSY favored: P2 KN
v’ Sensitive, bk% free searches thanks to imaging,
dE/dx and ca orimetry in LAr TPC.

W
(63}

w
o
T T T TTT

DUNE CDR
DUNE — assumes 40kt after 4 yrs*
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*Actual Plan IS 8yrs to reach 40kt;




Supernovae Neutrino Burst Detection

About 99% of the gravitational bincling energy of the Proto~neutron star goes into neutrinos 2 few
thousand events expected for galactic: SN

*Contrary to water/LS

, 40 — | 407c*
Dominant [REOCCOS: ve+ TAr — e” + 7K Detectors — antinu dominate

LAr uniquelg sensitive to CC current electron neutrino interactions and neutronization process at “30ms.
Elastic event — may Fve clirectionalitg.

Expect 2-3 core-co apse supernovae in the Milk9 Wag per century = 3500 neutrinos in DUNE for SNe
DUNE CDR

o Infall Neutronization Accretion Cooling
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FD technology - Liquid Argon Time
Projection Chamber

Induction/
Collection Planes

| | |
20 40 60

Drift Distance (cm)

| | |

e LAr TPC: excellent tracking and calorime‘my

Time (us)
% /\L | U
|
T \/ l 1V

" o ' » - - 1 | ] Y
| ‘Current \/
' S Out of Wire
/ E-field o

Induction
(small, bipolar)

Induction
(small, bipolar)

Collection
(large, unipolar)

. High resolution, 3D reconstruction — chargecl Particles ionize Ar; electrons drift to anode wires

(“ms) for Xy coordinate; drift time — z coordinate

* Ar scintillation light (“ns) detected bg Photon detectors — Provides s =



Why use LArTPCs
for neutrino physics?

e Dense target for neutrino interactions

. Aml:)le jonization/ scintillation for detection

30 cm Run 3493 Event 27435, October 23rd, 2015

- Good egiciencg and background rejection

. Good e/ gamma seParation = imPortant for
electron neutrino appearance searches

. Ve CC Event ~ NC Event

13




DUNE Physics Requivements

e DUNE utilizes a broad-band neutrino beam — must reconstruct the true neutrino

energy based on visible Particles to succeed:

« Oscillations de!:)encl on true neutrino energgl

. Critical to unclerstand the correlation between true and reconstructecl neutrino
energy — especiallg any differences between neutrinos and anti-neutrinos

DUNE Neutrino Energy Spectrum

n 500(-

Ar

100F

700f

600

400
300

200}

DUNE true
neutrino energy

spectrum |

Reconstructed
neutrino energy
without neutrons

1 1 1 1 1 1 1 1 1
6 8 10 12
Neutrino energy (GeV)

10°

10

Outgoing energy in neutrons

= Energy into neutrons

from neutrino
interactions

Energy mto neutrons
from anti-neutring
Interactions

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Missing energy (GeV)




DUNE Physics Challenges —

. Cha”engcs: "

* Neutron event signatures in Ar; # and E of emitted neutrons in nu int. with Ar
unknown

. Higher~energ9 neutron-induced processes that could be backgrouncls to e nu
appearance, e.g, +OAr(n,®) *OAr™ not measured
* Neutron Procluction oj; sPa”a’cion Proclucts on Ar unknown

e CC ancl NC cross sections in the neutrino energg range relevant For supernova
neutrino detection not measured (onlg theoretical Preclictions available)

n

« Correlation between true neutrino energy and visible energy for eventsin the
neutrino energy range relevant for supernova neutrino defection unknown

o How can CAPTAIN, and its prototype mini~-CAPTAIN detector, /76//0?

=2 Aeplogment of LAr TPCs in a wide energy neutron beam at LANL and
5ubsequent deploqment inthe stopped pion source for low energy neutrno run



CAPTAIN - and MiniCAPTAIN

CAPTAIN - Crgogenic APParatus for Precision Tests of Argon Interactions with Neutrinos

. Liquid argon TPC detector: WORK DECK VME CRATES
e Portable and evacuable crgostat TOP HEAD : A /
= = ’ BAFFLE S
* 5tons of instrumented lxquxcl argon ASSEMBLY T
e TPC: - '

. Hexagonal Prism, I mvertical upwarcl drift
(E=500V/cm,vy=1.6 mm/us)
e 2001 channels (667/ Plane) ;5 mm Pitch and wire spacing

L aser calibration sgstem
115in

Photon detection system :
TPC ASSEMBLY / |

ST

DEWAR ACCESS PORTS

Mini-CAPTAIN (mC): a smaller prototype detector, yet large LIQUID ARGON VOLUME

VACUUM JACKET \ & ) - =
enough to make interesting Phgsics measurements: |‘ 49/-210 4"
e 0.4 tons of instrumented LAr & 30 cm of vertical quarcl drift =




CAPTAIN Hardware Status

. Mang components used in Mini-CAPTAIN will be utilized for
CAPTAIN, but some are still missing;

« All electronics has been tested as Part of Mini-CAPTAIN’s

commissioning

.« Recirculation sgstem for lic]uicl argon Puriicication is in hand
and installed on Mini-CAPTAIN (switcn from gas to |iqui<ﬂ

recirculation)

* Some wire Plane and field cage comPonents are in i‘iancl; wire

Planes and full TPC have not been assembled

. Crgostat nas been built and pressure tested
. Mo‘corizecl oPtical iceecltnrougn For the laser sgstem

(coml:)uten—contro”ecl laser alignment) fabricated



Mini-CAPTAIN Status

o Built as a prototype for CAPTAIN, but
f iR

due to its ar%e size > excellent
oPPortunitg or Phgsics running

ey couple of engineering and one Phgsics
runs In the Past two years:

. lic]uicl nitrogen fill to test electronics and
ERE

* test cryogenic and Purhcication system,
DAQ evelopment, laser system testing

e installation of gas (now changecl to
liquicb recirculation system, integration
with muon sgstem

* more de\/elopment omc electronics ancl
recirculation sgstem




Mini-CAPTAIN Detector

400~i<g instrumented mass of quuid argon — 2-tons of total iiquicl argon

Hexagonal TPC, 5-mm wire l:)itcii, 1000~channels, 0.5-meter al:)othem, 52~-cm height

Field cage generates 500-V/cm electric field — electrons drift quarcl
Photomultiplier Tube-based Photon detection system (PDS) for time-—oi:»—ﬂight

266 nm NclYag laser sgstem and laser Positioningsgs’cem for accurate laser beam Positioning

400 mJ
43ns
87 MW

985 GW/cm”2
2.33eV




Mini-CAPTAIN in neutron beam

e Mini-CAPTAIN utilizes neutron beam at Los Alamos Neutron flux at WNR_4FP15R
Neutron Science Center (LANSCE) at LANL

e Initial run — one week in I:ebruarg 2016

e Data had limited qualit9 (goocl Photon cletection, BUT
short tracks)

particlesMeV/sr/p
=)

/

o
T r%.l

/

IIIIII llllfl IIIIII
(
|

o Nextrun — two weeks in Julg 2017
o Will utilize laser calibration to cross-check Pur:t9 via laser il \
induced tracks across the detector 10¢ - | | 1 “'\,l
Ev oo Lo v b v by vy byvon by beov v M g as
Planned measurements: 0 1% 200 %0 40 %00 600 00 oy (MeV)

. Higlﬁ intensit9 neutrons: a single clag of runningwi” Produce years worth of neutron sPa”ation events

e |ow-intensit hi H-energg neutrons: aclclress neutron energy reconstruction For DUNE
}::jj stuclgin the signature of neutrons of known kinetic energy (bg time~oF~1qight): the multiplicitg and
| entitg of the visible Particles in the final state and their kinematic Properties.

*  Low-intensity low-energy neutrons: !clenti@ing de-excitation events in LAr,
k= studg n*OAr =2 ntPAr® to gain insight into iclenthcging NC interactions

of supernova neutrinos nT°Ar > ntoAr®™



Neutron Flux at mini-CAPTAIN

Neutron flux at WNR_4FP15R

<
10 ms
625 us
<>

|1 1

1.8 us

particles/MeV/sr/p

T T T T T T T RN ERE B
500 600 700 800

Energy (MeV)

S L Ll Ll
0 100 200 300 400

20 MeV neutron mean free Path in LAr ~ 25 cm -> almost all neutrons will interact

No more than few neutrons,/ drift time (200 pus for Mini-CAPTAIN)

Achieved !33 narrowing the shutterjaws thanks to their weclge—-like shape along the beam direction
The Incoming Hux will be measured using a ~lcm thick scintillator + PMT

e Thin enough to intercept ~ 1 neutron in 100
e Thick enough to obtain an overall 5% statistical accuracy in 1 mnute at® n/macrol:)ulse



Mini-CAPTAIN Neutron
Run Setup

. hlsin{g time-of-
igh techniqueis,
correlate a visible
interaction in mC
with a neutron O
a sPechCic inetic

energg.

L}
<
h.
LI
- i

]
§ARS

N |
=11y

 Photon detection
sgstem and scint.

counter usecl For
TOF.

Electronics and DAQ
LAr purification system
LAr cryogenic system 22




Outcomes of the February 2016
neutrvon run - PPDS

e 16 I-inch PMTs immersed in LA, ?acing the TPC up to observe scintillation in LAr.
o« Excellent PerFormance of 15 out of 16 PMTs in the PDS — gooc] enouglﬂ for to-

. Adequate time resolution to observe gamma Peak in TOF spec’trum.

Detected light signal

h_tof_prompt

£ Entries 27128 ” .
10° = ;”&Z” ;;i-g ’52150: WWWMW
(&) F
e i
2100
10° = E
20501 Example pulse from one
C of 16 PMTs
2000—
10 = E
1950
1 b o
[ECRLERCAEEDEE LG 5 3 75 3 35

0 100 200 300 400 500 600 700 800 900 1000 t (us)
tof (ns)



e Outcomes of the February
2016 neutron run - TPC

Oxggen and water <1 PPB

, Event 6307.99: Gadbrated charge on U wires Event 6307.99: Galbrated charge on U wres
requnrec‘, but OXYgen Sensor . N
stopped working efore the : |4
run above | Ppb lnitia”g, Ar fill e .00 ESoSsiiee e
geberm. :
LAr purity not acleq uateto T . ;;T;ATAL*ML
see tracks across the whole Z 3
drift distance Vo ok - ==
Electrons lifetime measured :
from data ~ 20 ms e M= e
Event 6907.99: Calirated charge on X wires Event 6307.39: Calbrated charge on X wires
Need “200 ms lifetime to see - f 1E
ionization produced nearthe ~ | ==
cathode PEane — 1 PPB of - ~ = =t
oxygen and water 3 | _ 3




Improvements toward July 2017 neutron
run with mC

 New in~|iquid Puriﬁcation system installed in APril 2017 — a similar system was used to achieve 5m driftina

ditferent detector.
« Added 186 more PMTs to the toP of the TPC to ligl'lt collection egiciencg for low energy n-Ar int-s.

e Added laser calibration sgstem for in-situ calibration of the tracks (laser calibration Peﬁcormecl ) years

ago cluring commissioning, but not in the beam run).

e Added laser Posi‘cioning sgstem to mC field cage on the outside.
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CAPTAIN Future

« CAPTAINwas scheduled to run at Fermilab in their medium and low energy
neutrino beams — but the program was terminated in late SPring 2016.

* As an altemative) we have been investigatil? oPPortunities to run at the
SPaHation Neutron Source (SNS) at Oakri ge national lab.

* Provides intense neutrino beam from stoPPecJ Pion source in the energy

range of interest for supernovae neutrino detection.

Goal: Studg neutrino~argon interactions in the
( u, energy range relevantfor supernova detection
» / Cross sections have never been measured in this
’J BEAM .-+]~, S —._il"_l"'

VvV, ] 7
r 2

Intensity
Intensity

| energy range and have /arge theoretical
a* uncertainties.

AW > | Measure the neutrino~argon xsec to about 10%

0 s00 1000 1500 2000 ] 20 40 60
Time, nscc fmergy, MeY for neutrino energies of O(10) MeV.
Figure 1. Time and energy distributions for different neutrino flavors produced Test thC abllltg @) ClCtCCtiﬂ g SNe Wlth LAr
at the SNS. arxiv.org/pdf/0807.2801 detectors (triggering, timing) .




Summary and OutlooR

« DUNE will Provicle the most coml:)relﬂensive measurement of CP-violation angle
and mass orcleringf and will have unique detection abilities for supernovae
neutrinos and nucleon clecag.

e If not determined bcncore, DUNE will measure MO with 50 C.L. bg ZOH2;

 However, crucial to this program IS:

 accurate reconstruction of true neutrino energy based on visible Particles including
neutrons.

» Measurement of neutrino-Ar interaction c~s in the low energy range, known onlg
theoretica”g at this Point) and important for supernovae neutrino measurement.

e Mini-CAFPTAIN Is In unique Position to characterize neutron interactions in Ar
with Julg 2017 run.

e CAPTAIN will measure neutrino-Ar xsec at 10% and validate abilitg of Ar TPC
to detect neutrinos in the supernovae neutrino energy range.
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. DePutg Spokesperson: Clark McGrew (Stong Brook)



