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What's a testbeam experiment?



| TB Experiments in a Nutshell

“"Monte Carlo Truth” + Your Neutrino Experiment

Baby MINERvVA
o
@ @ é" LArIAT
D A

ProtoDUNE

Baby NOvA

Beam of KNOWN charged particles

Particle ID and momentum determination are performed
before the particle enters the detector!
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[et’s talk about the beam!
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Tertiary Lines
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| Beamline: Momentum & Identity
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Momentum Reconstruction e
Key ingredients 4 good

Hit position in 4 Wire Chambers momentum measurement (~2%):

(few mm resolution) + Magnets,

in first approximation: beamline geometry (survey data)

P BegyLesy

3.3(sin(0ps) — sin(fys)) know your magnetic field

calibrate
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| Beamline: Momentum & Identity
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| Beamline: Momentum & Identity
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| Beamline: Momentum & Identity
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Beamline: Momentum & Identity
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Beamline: Momentum & Identity
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| Beamline: Momentum & Identity
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Why do neutrino experiment need one
(or multiple) test beam experiments?



| Simplified view of v interaction

Outgoing lepton:

Incoming v:
CC: charged lepton
NC: neutral lepton
Energy: measure

Flavor unknown

Energy unknown

Mesons:
Final State
Interactions

Energy? Identity?

Need a very well calibrated

detector technology able to Outgoing nucleons:

Visible?
Energy?

characterize the v interaction

with the nucleus
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| Neutrinos & Testbeam Overlap

CERN-SPSC-2014-027/SPSC-EOI- 011 (2014).

Events / bin / 3.0x10%' POT (34 kt LArTPC)
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How can test beam experiments help?
A.K.A. what do we actually measure?



TB Recent Efforts

MINERvVA neutrino detector response measured with
test beam data

LArIAT

(LAYTPCs) are ideal detectors for precision
neutrino physics, These detectors, when lo-
cated deep underground, can also be used for mea-

quuld Argon Time Projection Chambers

Abstrict surements of proton decay, and astrophysical neu-
trinos. The technology must be completely devel-
I'lwe MINERvA collaboration operated a scaled-down replica of the solid scintil- oped, up to very large mass scales, and fully mas-

tered to construct and operate these detectors for
this physics program. As part of an integrated

lntor tracking and sampling calotinseter regions of the MINERvA detoctor in &

hadron test beam at the Fermilab Test Beam Facility. This article reports meen- plan of developing these detectors, BECUERLE mons
surements with samples of protons, phons, and edectrons from 0.35 10 20 GeV /¢ _

in the relevant energy ranges are now deemed as
woswentuni. The calorimetric response (0 protons, plons, and electrons ase ob- HOCOssAEY The LACIAT program aims to directly
tained from these data, A measurement of the parsmseter in Birks' law and an achiove these gonls by deploying LAYTPC detecs
estimate of the tracking effickncy are extracted from the proton sample. Onvrall tors In o dedicated ealibration test beam line at

Fermilab, The set of menssuromoents onvisaged horo

Nucl.Instrum.Meth. A789 (2015) 28-42 FERMILAB-PUB-14-268-E, 2014

ProtoDUNE NOVA

1.1 ProtoDUNE-SP in the context of DUNE/LBNF = Testbeam program addresses dominant
DXL ST o thee wngh-pie DUNE Far Dvtontin prototype that b smder cosmtrecthion and NOVA SYS'emO'iC errors
CRRS SPC o e 2043 (P P388). s e putie e by SPEC st 0 energy scale for muons, hadrons, EM showers
AR Tor P Dt st e CERN Deeetor o Beareh e St Compming o relative calibration
~—ry ;..".',-.f...'.v.‘:.'--_::_-:“..-.":.‘.“-.l...‘.'..;.l.“»'.‘;.'::.._'..‘..:.'.::‘.',"" T O "ghf/;cinﬁllmof response model
o Gt e i il (X716 Sed LA . & 5 s sopewtind B i Provides real (tagged) data for sophisticated
e LTI ':'1',.,,:,“ e I b machine learning particle ID algorithms
a0 e St S A behoe e LG g om0 5 the ond = Installation begins this summer
PRI gty the Ao of st of e singiephae DUNE (e dteetes bt~ | TOODUNE SP tdr o Data collection starts end of the calendar year
(DML cvmponents ot & L1 soule, with an extrapodation of abost 129 i sonad LA e
et < s 1734 mted Ll e e o povendind by the 14~ potetrpn Patricia Vahle. PAC Talk July 2018
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| TB Recent Efforts i

iquid Argon Time Projection Chambers
‘\ll _\' l-:l{\ ‘,\ nent l-i".' .l(~“-|~‘(”- |‘.'-\'"'“»\" Measure .‘l \\-” l| (LATTP('.\) are ideal detectors for ')'l"(‘i.\'n“
neutrino physics, These detectors, when lo-

s .N" 1 i
vest am data cated deep underground, can also be used for mea-

1) Model the Detector Response

2) Perform Detector/ Analysis R&D

3) Perform Physics Measurements to Reduce
Systematics Associated to v-nucleus
Interaction Models
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| TB Recent Efforts i

iquid Argon Time Projection Chambers
L(LArTI’(‘.\) are ideal detectors for precision
neutrino physics, These detectors, when lo-
cated deep underground, can also be used for mea-

MINERvVA neutrino detector response measured with
test beam data

4 1) Model the Detector Response
" MINERVA Testbeam

2) Perform Detector/ Analysis R&D

ProtoDUNE

3) Perform Physics Measurements to Reduce
Systematics Associated to v-nucleus
Interaction Models

LArIAT
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Model the detector response:
MINERvVA Testbeam example




| Scope of work

Determining the detector response to protons, pions & electrons

!

tune the MINERVA detector simulation, reduce detector systematics.

First MINERVA testbeam effort (low energy):

1) Measurement of Birk’s law parameters.

2) Compare the calorimetric response to protons, pions & electrons
between TB data and MC, assess the MC accuracy.

3) Study tracking efficiency for protons.

01/05/19 Elena Gramellini -- Fermilab 23



| Scope of work

Determining the detector response to protons, pions & electrons

!

tune the MINERVA detector simulation, reduce detector systematics.

First MINERVA testbeam effort (low energy):

1) Measurement of Birk’s law parameters.

2) Compare the calorimetric response to protons, pions & electrons
between TB data and MC, assess the MC accuracy.

3) Study tracking efficiency for protons.
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MINERVA TB: Set Up

Beam: Fermilab Test Beam Experiment T977

—— Target
/[ Collimator

Scintillator/absorber stack — High Momentum
."' ‘,' [—Upszream TOF Detector frame — '
»" ' I '
A | wer ' |
'\—"-,, ‘-~:~" v'l‘cz 'J\;. M 1 =
m16GeV - el o B wee | Small Bent
I . Dipole magnets ‘ 1
Y Downstream TOF e 4y High'Y
Baby MINERvVA
0.35 GeV GeV
Energy Range:

Match low E v run
Momentum Accuracy: 1-2% > 3D Hall probe + FEA of the magnets
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MINERVA TB: Set Up

Two Possible Configurations

Beam: Fermilab Test Beam Experiment T977 5' Tracker ECAL '3
Tm “
{—Collmator Scintillator/absorber stack — .
f [_Um"eamToF mmotﬁmj ‘ - T T I I
) »
, | wa l ] "
_____.[,:\__N‘_ we2 A R . mmmm 1
L ,',";“:-~___~ -.v ) . we3 »}.—.‘;_A’] H 8 4 0 U MD® M »n u P‘m:
m:16 GeV @R T wea | v
S (. H o
X oy e ————aA LIS £ | ECAL HCAL X
T_’Z \ / . yp } s é’* ’ 3
Dipole magnets ol lEEEEE __:‘ ;
Y Downstream TOF = =) »| H ;
Baby MINERvVA
L . . N 4 » N p'l."‘

Detector energy scale calibration based on light yield injection + through going p
tune the peak number of pe to be equivalent

between data and sim.

TE protons
last activity in plane 14

Stopping Proton technique
to cross check beam measurement

events per 0.01 GeV
¥

A
01 02 03 04 0,
proton kinetic energy (GeV)
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| MINERVA TB: Proton Calo Response

Event Selection: spatial and time coincidence with predicted beam trajectory
ask event the proton peak (+ 20% of the true mass)
reject beam-induced activity (spatial selection)

Energy Response: sum all calibrate energy measured in the scintillator within 150 ns
adjusted by a sample calorimetry factor (tracker # ECAL # HCAL)

Incoming Energy : KE measured in the beam

Relative to MC

10¢
s TE protons

TE protons

y

— B

< b -
o (5]
———— e - ¢

energy response / incoming energ
e -
F o
g &
.YT"YITYTY]’T"YV YYY‘[Y"TI’]’Y"Y"
!
!
!
!
s
!
b
s
X
5
i
3
!

energy response / incoming energy

0.95
0.90
02:..1...1...1...l...l..AJ.L‘l... o'as | 1 1 P N P P N Pan BN
© 02 04 06 08 10 12 14 02 04 06 08 10 12 14
proton kinetic energy (GeV) proton kinetic energy (GeV)
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| MINERVA TB: Proton Calo Response

Event Selection: spatial and time coincidence with predicted beam trajectory
ask event the proton peak (+ 20% of the true mass)

reject beam-induced activity (spatial selection)

Energy Response: sum all calibrate energy measured in the scintillator within 150 ns
adjusted by a sample calorimetry factor (tracker # ECAL # HCAL)

Incoming Energy : KE measured in the beam

©
o

E Nuclear
04 F effects.

03 F A resonance

0.2"..l..‘l...l..
02 04 06

°
3

1 A L 1 A L 1 1 1 1 1 1

0.8. 1.0 1.2. 1.4 04 06 08 10 12 14
proton kinetic energy (GeV) proton kinetic energy (GeV)

Relative to MC
1.0 ¢ 115
B TE protons ¢ 5 L TE protons
0.9 f Containment £ 1of
: . ( A0 -
§ ark g 1.05 |-
= 06f = 1.00
b3 : s
§ 0.5 1~ 0 [_
> 0.90 |-
g S
s s Iz _» a2 2 P 2 2 2 2 P

e
©
o
el B
»
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| MINERVA TB: Proton Calo Response

Event Selection: spatial and time coincidence with predicted beam trajectory
ask event the proton peak (+ 20% of the true mass)

reject beam-induced activity (spatial selection)

Energy Response: sum all calibrate energy measured in the scintillator within 150 ns
adjusted by a sample calorimetry factor (tracker # ECAL # HCAL)

Incoming Energy : KE measured in the beam

Systematics Budget

Scomres TE p EH p EH =7 EH =
Beam momentum 1.0% 1.9% 10200 10w
Benmline mass moded 0y oy <02 <02
Birks" parameter 20009 201w 1.2 10 1.0
Correlnted Inte notiviny LN} a6 N 1A
Femporature stabibiny L] 1.0 10 (N
Redative encrgy scale 06 0.6 o6 06
PMT sonlinearity 0y 0y 09 0.9
Event selection <02 <0.2 07 1.5
Crosstalk 0y 09 05 0.5
Statistical ~1.0 ~1.0 ~10 ~1 A
Total $3w2TE J4tw20% 20t 34% 2910 36%

04

y
ol - ol -
F o ol =l
8 & 2 &

7]’7771

°
3

TYIYYY

energy response / incoming energ
@
o«

e
@
o

Relative to MC

YYYIYVTI']'I'VY"

5
S
P R

TE protons

L a1 . o1 1 1 A 1

0.2

04 06 08 1.0 1.2 14
proton kinetic energy (GeV)
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MINERVA TB: Proton Tracking Eft

Tracking Efficiency: the prob that a proton will be reconstructed as a 3D track object

Important for measurements of neutrino differential cross sections with specific proton

and pion final states: if you can’t track the proton, you can’t count jt!

Efficiency depends

on tracking a]go. proton pion short tracker quasielastic short tracker

depth data mce data me
> 0 planes ( N 7 Ml 99 5192 ¢ 09 .04 Y

MINERVA usually > 9 p]«lll( S 99.8+0.1 % 99.5 0.2 7 99.94+0.1 %
requires 9+ planes 8 planes 962712 % 97.7£06 % | 968712 % 98.3+0.5 %
(long track) for v 6 and 7 planes | 91.1712 % 96.5£0.5 % | 93.5713 % 98.1+0.4 %

physics analyses...

01/05/19
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MINERVA TB: Proton Tracking Eft

Tracking Efficiency: the prob that a proton will be reconstructed as a 3D track object

Important for measurements of neutrino differential cross sections with specific proton

and pion final states: if you can’t track the proton, you can’f countjt!
Efficiency depends .
on tracklng a_]go proton pion short tracker quasielastic short tracker
depth data mce data me

> 9 planes 99.2*02 % 99.8+0.1 % | 99502 % 99.94+0.1 9
MINERVA usually > 9 l)] nes 99.2 03 99.8+0.1 % 99.5 0.2 )9.94+0.1 %
requires 9+ planes 8 planes 962712 % 977206 % | 968712 % 98.3+0.5 %
(long track) for v 6 and 7 planes 1 93.5% 17 % 98.1+0.4 %
physics analyses... |

Short tracks = lower proton energy: discrepancy between data and MC.
A data driven correction can be derived.
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I MINERVA TB: Proton Tracking Eft

Tracking Efficiency: the prob that a proton will be reconstructed as a 3D track object

Important for measurements of neutrino differential cross sectia
and pion final states:j

Efficiency depends
on tracking algo.

requires 9+ pla

(long track) for
physics analyses!

Short tracks = lower
A data driven correc
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| DUNE: the next big thing in v physics

International flagship HEP project: 4 x 10 kTon LArTPCs, 1 mile underground.

-----------

2 U 0 %

Largest LArTPC operated before 2018 was ICARUS (600 ton).
Moving from 0.6 kton to 4X10 kton requires a jump in size: brand new

engineering and technology solutions, careful detector
characterization, international partnership a la LHC.

How do we ensure DUNE will be successful?
From the technology point of view, we build

big scale prototypes.
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| protoDUNE

Prototyping production and

1 ?
installation procedures for DUNE Why in a testbeam?
Far Detector TDR.

Test-beam data help to
Validating design from perspective understand & calibrate

response of detector to different

of basic detector performance. ) .
particle species.

Demonstrating long term
operational stability of the detector

A calibrated beam provides a
stable benchmark to compare

LArTPC technology development: different detector choices

fine tuning & explore near/beyond e.g. light collection systems

current technological limits.
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| protoDUNE

o ; . WHEN
rototyping production an
installation procedures for DUNE THE PROTOTYPE

Far Detector TDR. MET
THE TESTBEAM...

Validating design from perspective
of basic detector performance.

Demonstrating long term PR
operational stability of the detector s

LArTPC technology development:

fine tuning & explore near/beyond
current technological limits.
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| Benchmark Light Collection Systems

3 different detectors on the same beam: comparison will provide inputs for
final DUNE light collection system

Double shift light guide (Indiana University)

| S\ oeee—w  Wavelength shifting plates + wavelength shifting
/ . ~ "7 light guide. Transport shifted light via total
‘ . internal reflection to readout.
Dip-coated light guide (MIT and Fermilab) e R
Acrylic dip-coated with TPB+toluene solution. /’”/ N et /;;{;"4
Same readout as Indiana light guide -~ —

ARAPUCA (Campinas University and Fermilab)

Novel idea: cover large areas maintaining spatial
resolution. Trap light in a high internal

reflectivity cell via a dichroic optical filter
deposited with 2 wavelength shifters

(p-Terphenyl on outer surface, TPB inside).

EEEE

01/05/19 Elena Gramellini -- Fermilab 37



| Solutions for a new scale detector )

AN
| —

- g—

A biased and quick list of my favorites: u

Test " wrapped” wires solution on 1:1 scale
(reduce number of electronic channels and allows all
electronics on top reduce dead space on the sides).

APA frame isolated from the cryostat, grounded through
power cables (avoid ground loops).
Proposed design change for next pDUNE iteration.

=i

wre—
w
- —

Resistive cathode to better control energy release in case
of discharge. 3 CPA positioned in the middle of the
cryostat: 180 kV, same as for DUNE

Field Cages: 12 ground planes with holes for LAr
circulation to ensures null field outside active volume,

instrumented to detect discharges
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| Solutions for a new scale detector )

AN
| —

- g—

A biased and quick list of my favorites: u

Test " wrapped” wires solution on 1:1 scale
(reduce number of electronic channels and allows all
electronics on top reduce dead space on the sides).

APA frame isolated from the cryostat, grounded through
power cables (avoid ground loops).
Proposed design change for next pDU

Resistive ca
of discharge
cryostat: 180

Field Cages:
circulation to

instrumented
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| ProtoDUNE & LArIAT: sister programs

11 m
800 ton

~1
21 Xoo
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| ProtoDUNE & LArIAT: sister programs

11 m
800 ton

~1m Thanks Rob & Flavio
-i 170 L For the pDUNE material
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| ProtoDUNE & LArIAT: sister programs

——
= . — -

11 m
800 ton

~1
2 Xl

LArIAT & ProtoDUNE Core Physics Goal: Measure Hadronic XS in LAr

LArIAT R&D: a smaller detector comes with more flexibility:
- Mesh cathode

- Light Detection: Reflector foils + sipms/pmts/arapuca

- Positive ion buildup studies

- Ditfferent Wire pitch (3 mm vs 4 mm vs 5 mm)

01/05/19 Elena Gramellini -- Fermilab 42



Physics Analyses Example:
Hadronic Interaction Cross Section

in LArIAT




| Cross Sections in the Grand Scheme

Hadronic XS affect v products both in their

, g
" : . .
MG i | g interaction with the nucleus and in their
3 P sl ls ° . .
‘ 51 e -2 propagation in the detector medium.
| - . ;i
S ’—‘:'q 3 . 2 + . | '-U .
P Tl 2 Pion XS
. - v.’m"‘;. ?
:— T e (L\?)
W@
)
e 3
: it =
{ ! 8
F | Y \'\f | N F 7,(“\"' i | =
f .\"\ i \\ .
% o
‘t " " § y L\- i
¢ ,' ‘.":‘\ . 'j.’“\ : ..
"‘;"\" ‘\\"' r'fq . \ -
4 " " LN\ \ 9 ',‘“ '\'-
‘;' \"!:_ Sl .‘TQZT ] SoEm i e Run 3472 Event 3172, October 22%, 2015
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| Cross Sections in the Grand Scheme

Hadronic XS affect v products both in their

, O
] |
/N i ‘ L | g interaction with the nucleus and in their
‘ N, fmge 2 propagation in the detector medium.
. . o ""» ! &
; a2 N . .- .
. T2 Pion XS:
. . n & Inthe energy range of 100-500 MeV, pion
» - . + Fe . o . .
2 . "%, - @ interactions are dominated by the
“w . )
E A resonance, and the 1t-Ar cross section is
SRNTS 7712 boosted... the topology of v events gets
Py L oSN & complicated & so does FSI!
" RN it &
v N ! ‘Y | YO
\ ‘\ 32,4
f .\ i \, 3
LN N ] No Ar data: Geant4 & v Event ['enerators
[ «, N A N use interpolation from lighter-heavier
. ‘. . \‘ - - 4 .*‘ ) .
/AN I AN nuclei...
o4t o L :"'ﬁ“\; N
i e NS T L) e N2
BRSNS The shape of the delta resonance changes as
Chtdtwean s tasow . afunction of the mass number.
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LArIAT LArTPC

LArIAT TPC: 47x40x90 ¢m3

2 Readout planes

240 wires / plane +/- 60°, 4mm pitch
Drift field =487 + 21 V/cm

Signal pre-amplification in cold
Signal-to-noise
(MIP pulse height / pedestal RMS)
Run-2: ~70:1 (ArgoNeuT ~15:1)

S

o7 BN

" Pulse sh'aping \

B and ampli ing

WirePlanes
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| LArTPC Key Features

‘ LAYIAT Data |
@ Drift time = Wy —
' '- / : K‘\ v — -:1,

Induction Collection
plane olane

LArIAT Data

Wire 74

7
o 100
. Wire 74 [SIA
J‘; Qo
o < ¥
60 . e 0

0 500 1000 1500 2000 7500 3000 0 500 1000 1500 2000 2500 3000
Time (ticks) Time (ticks)

ADC
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| LArTPC Key Features

‘ LAYIAT Data |

@ Drift time = . ~—— ]
A ANA A | ==

1/ ] i - —,"’lr

Induction Collection
plane olane

LArIAT Data

Bragg peak ‘

I’/
’ 4

K* — u+*— e* Candidate

Wire N
3D imaging with mm Calorimetry

. . . PID capabilities
space resolution information
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| LArIAT XS analyses in 4 simple steps:

1) Select the right particles in the beamline

2) Beamline-TPC Handshake
3) Apply the “thin slice method” (TSM)

4) Correct for Backgrounds and Reco effects
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| 1) Select the right particles in beamline

50

'llllilllll

40

30

I'll[llllll‘[l'

l 1 1 1

H ."\d

o v (,.._v.'

. '

l 11 l'l 1 1 | l

570 P -
=

o . _' 75} I;ArIAT prelzmmary
O ' .‘-:.‘--‘ ' -Run II

- EA

AN e ot '-:“?‘5"6' b vas Polurtty

102

10

_. N Entries

U
LA

10°E

LArIAT preliminary
7S RunlI
Possze Polarity

900 400 600 800 1000 1200 T E w0 60 a0 7200
Reconstructed Pz (MeV/c) Mass [MeV]
p [c<TOF, Keep
b (—l )| mi: Mass < 350 MeV/c2
K: 350 MeV/c2< Mass < 650 MeV/c¢2
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2) Beamline-TPC handshake

TPC FRONT FACE

Match definition

]

S T
. o'm' ; | track , by

x coordinate

y coomtinate

Beam direction - z coordinate

X

LArIAT Data LArIAT Data

...or if they are

showers x

LArIAT Data LArIAT Data
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| 2) Beamline-TPPC handshake

Match definition

Run-II Neg Pol

1. Events Reconstructed in Beamline 158396
2. Events with Plausible Trajectory 147468
3. Beamline 7~ /u~ /e~ Candidate 138481
4. Beamline K+ Candidate N.A

5. Events Surviving Pile Up Filter 108929
6. Events with WC2TPC Match 41757
7. Events Surviving Shower Filter 40841
8. Available Events For Cross Section 40841
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|Beamline candidates: what do we know?

LA7IAT Data Raw

... w
....
3 ....

We use the momentum measured by the WC to
calculate the candidate's initial kinetic energy as

kin - 2 2 - o
EFront Face ™ \/pBeam + mBeam M Beam ELoss

Eoss is the energy loss due to material upstream of the
TPC (argon, steel, beamline detectors)
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|Beam1ine candidates: what do we know?

LAYIAT Data Reco

- w
....

The K.E. at each point of the TPC track
is calculated by subtracting the track

deposited energy from the K.E. at the
TPC front face.

km km
Ej Iront Face E : EdCP 1

x10° LArIAT Prellmlnary

LArIAT Negatnlle Polarity 60»|\

<Data
-1 MC .
-Data Fit: MPV = 0.785 ¢ = 0.063 ]

j<i -
This key point of our measurement is ol
enabled by the extraordinary tracking : :
and calorimetry features of LArTPCs T R LT T TS a1

Energy beposited [MeV]
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| 3) TSM: a new spin on an old technique

The particle interaction probability through a
thin slice of Ar

Nscattered
P — Nlllt . 1 . )—UTOT n 6/\’ / (interacting particles)
Int — N — €
IIlC NSurvived
n =Arnumber density, Ny
~

Yyvyvy

YYVYYYYVYYVYY

oTot = cross section per Ar,

O0X =depth of the slice

Thin Target
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| 3) TSM: a new spin on an old technique

The particle interaction probability through a
thin slice of Ar

N, D
. nt )_O-TOT n O/Y /(t tgptl s)
PInt; — =1-—e

N Inc > =
: : Nsunived
OTot = cross section per Ar, - "
n = Ar number density, Niigen

O0X = depth of the slice

I Ny -
UTOT(E) ™~ nox NI t
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| 3) TSM: a new spin on an old technique

The particle interaction probability through a
thin slice of Ar

—oTOoT N 0 X

PInt: =1—e

oTot = cross section per Ar,
n = Ar number density,
O0X = depth of the slice

>

1 N Int Beam direction (2)

oror(E) ~ —== N,

We treat the wire-to-wire spacing as a series of “thin-slice” targets,
since we know the energy of the particle incident to each slice.
t
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| N Incident , N Interacting calculation

We follow the TPC track slice by slice Interacting
— The slice represents the distance
between each 3D point in the track

— For each slice we ask:
“Is this the end of the track?”

NO: Calculate the kinetic energy at this
point and fill the “incident” histogram

kin kln .
Ej Fron ¢ Face — E FE dep i Incident

j<i

Kinetic Energy (MeV)

Beamline Selected
K* candidate

Kinetic Energy (MeV)
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| N Incident , N Interacting calculation

We follow the TPC track slice by slice Interacting
— The slice represents the distance
between each 3D point in the track

— For each slice we ask:
“Is this the end of the track?”

NO: Calculate the kinetic energy at this
point and fill the “incident” histogram

kin kln .
Ej Fron ¢ Face — E FE dep i Incident

j<i

Kinetic Energy (MeV)

Beamline Selected
K* candidate

Kinetic Energy (MeV)
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I N Incident , N Interacting calculation

We follow the TPC track slice by slice Interacting
— The slice represents the distance
between each 3D point in the track

— For each slice we ask:
“Is this the end of the track?”

NO: Calculate the kinetic energy at this
point and fill the “incident” histogram

kin km .
Ej Fron ¢ Face — E FE dep i Incident

j<t

Kinetic Energy (MeV)

Beamline Selected
K* candidate

Kinetic Energy (MeV)
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I N Incident , N Interacting calculation

We follow the TPC track slice by slice Interacting
— The slice represents the distance
between each 3D point in the track

— For each slice we ask:
“Is this the end of the track?”

YES! Calculate the KE at this point and
fill both the “interacting” and “incident”
histograms

km km .
Ej Fron ¢ Face — E FE dep i Incident

j<t

Kinetic Energy (MeV)

Beamline Selected
K* candidate

Kinetic Energy (MeV)
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| N Incident , N Interacting calculation

Repeat for each WC to TPC Interacting
matched track

— We disregard any other activity
occurring in the detector

The black
track is followed

The llght blue Kinetic Energy (MeV)
track is not Incident
matched to WC

- The red stub is
ignored

The red tracks
do not belong to the
original track

Kinetic Energy (MeV)
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| 3) Thin-slice method

We take the ratio of the two histograms and calculate the
raw cross section

0, - ) l N{;lt(E)
ror( n 6X N (E;)

Inc

'115X

EEREEE

1|
Raw Cross-section (barns)

Kinetic Energy (MeV)
Kinetic Ene gy(M V)
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| 4) Correct for Background and Reco

We evaluate the background and the reconstruction effects
on the interacting and incident distributions separately

: 1 €™(E;) CEMC(E;) NEO'(E;)

Int

oror(Ei) = 1555 @ (E,) CrMC(E,) NIOT(E,)

Inc Inc

Cross-section (barns)

'115X

}}H}}

Kinetic Energy (MeV)
Kinetic Ene gy(M V)
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Slgnal TOPOIOg]‘eS Elastic Scattering Candidate

OTot = Oelastic T OinelasticT Oabs T+ e R s
O charge xcT O ri-prod

LArIAT Data
Charge Exchange Candidate

LA7IAT Data

s LA7IAT Data
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| Intrinsic and Beamline Backgrounds

n Decay Candidate

LArIAT Data

nt Capture Candidate

LArIAT Data

+ residual electrons & muons
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| Intrinsic and Beamline Backgrounds

Surviving Event Ratio

n-Capture and m-Decay occur mainly £
at rest: select particles with high g B Py I TPO
. . 80}
incoming momentum. E [ R
Beam Composition: Low Energy T
1
= 12000 a0}~ LH
= [ 1
S oonol k |
g 10000» . —— 200 L
n " PSuerere W [ \.\L\L\‘-‘
& 8000 .~ N L | Y PO TR v = = S DO
L R — 2 03 04 05 06 07 08 09 1
I Momentum Threshold [GeV/C]
6000 oy
: Assess beam composition and
4000} simulate contaminants
[ Low E Beam | High E Beam
! G4Pions 70.9 % 82.3 %
o Lo donds G4Muons 14.6 % 13.5 %
0 200 400 600 800 1000 Ao0 e wee move | G4Electrons 14.5 % 4.2 %
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| Intrinsic and Beamline Backgrounds

Surviving E

vent Ratio

n-Capture and m-Decay occur mainly § ' <
at rest: select particles with high g B ey n TP
. . 80}
incoming momentum. E l T
Beam Composition: High Energy T
1
2 I !
S so00f- -
g 5% 20
g 40001 : \\L\“\._,
- saaada ool e boooa by it rrrad o ae
~ ate Puay St 2 03 04 05 06 07 08 09 1
. Momentum Threshold [GeV/C)
3000} ..
: Assess beam composition and
2000} simulate contaminants
1ooo»: Low E Beam | High E Beam
i G4Pions 70.9 % 82.3 %
o Nt T PP PP O G4Muons 14.6 % 13.5 %
0 200 400 000 800 1000 trontm ® WO avict G4Electrons 14.5 % 4.2 %
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| XS Formula: how well do we know E; ?

ﬂ— 1 () CRYC(Ei) Ny
oror(Ei) = n 6X ent(E;) CvrMC( ) NI

nt

Inc nc
Fgice i = \/D? + m? —m — Eross —
slice j — PBeam ' Beam Beam Loss dep FF-j
7 I 2
(SESI""’J o (S[)B( am + (SELoss + 5E(lq) FI-j

WC4 DSTOF ‘:FZEEZZEZ:::::::::>

'
: : |
' -0 " "
® 19
SRR 4 3
- : 1
: '
]
4 '
~-ao .
\:;)L'//
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| XS Formula: how well do we know E; ?

™ 1 Inc( ) 017;11:10( ) NI
UTOT(E%')  noX 6Int( ) C‘II'MC( ) NI

Inc

nt

nc

_ 2 n
Esli(:cj - \/cham + Mpeam — M Beam — EL()ss - E(lcp FI-j

E 2 Total Energy Loss -- All Pions 60A
dep FF-j

— Alin

>
Q
=
< 8000 . -
<} —— n Missing Halo Paddle
& 7000 7 Hiting Halo Paddle
8 -
Z 6000}
o ETot
5000} niries 256974
4000! - Std Dev 5.609
20/ - ( PaddleMiss
o pBeam : daleMiss

3000}

n 24.58
Std Dev  3.262

PaddleHit
Entries 166939

2000}

1000}

C0 10 20 30 40 50 60 70 80 90 100
ss [MeV]
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| XS Formula: how well do we know E; ?

- 1 () CRYC(Ei) Ny
oror(Ei) = 5% elnt(F;) CrMC(E;) NO

Inc

nt

nc

— 2 2
ESIiCCj - \/chayn + chayn - mB(‘.’(l"l - EL()SS - Edcp FF-j

5 E 6 2 5 E2 ><| Ial T LI L LI II-IAIrIIA-rI PIrlelli'nlirl'alrly
slice j = PBeam + Loss . I;gglg Negative Polarity -60A ]
> B -1 MC ]

-Data Fit: MPV = 0.785 ¢ = 0.
- MC -Fit: MPV-=-0.784 ¢« 0.:062

>
[
=
0
=)
S
@
o
(2]
2
=}
c
w
]
@
N
©
1S
=
S
P4

25 3 3.5
Energy Deposited [MeV]
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| XS Formula: how well do we know E;?

w— 1 e (E) CR“(Ei) Ny
oror(Ei) = n 6X ent(E;) CvrMC’( ;) NI

Inc

nt

nc

] — N2 m 2 ” ” .
Esli(r(.‘j - \/p[}(,m,, + Mpeam — M Beam — El,().s-s - Ldep FF-j

+ 0 F?

+0E7 dep FF-j

(SEsli(t(.' j = ()1)

Beam Loss

Propagation to the cross section
Calculate Interacting and Incident Plots for 3 cases:

Ei, Ei+ OFE , Ei- OE
take ratio separately: 100% correlation

|
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| (70, Ar) XS Measurement

(r, Ar) Total Hadronic XS

o _ LAdATPreliminary - The 7t- total hadronic cross section
g : FTFP_BERT Geant4 Prediction True Angle > 5.0 Deg has been measured for the firSt time
Sos 1| L | on Argon in the 100-1050 MeV

Lro) E ——e—— Combined Datasets (Stat. ® Syst Unc.) kinetic energy range.

g £ T

&
l:'bl— __

With the exception of the highest KE
bins, the uncertainty is mostly
dominated by the systematics.

Agreement with Geant4 FTFP_BERT
predictions outside the A peak.

o(T) N 260 | 480 | 680 | 880 | '10ioo' | 112300 Hint tq a shape ditference, ground
Kinetic Energy Mev] . TOT exciting developments.
,?5 & Current update: data driven Eloss
© measurement, beam recalibration.
T inetic Energy MoV
01/05/19
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| (70, Ar) XS Measurement

(r, Ar) Total Hadronic XS

LAMIAT Preliminary - The 7t~ total hadronic cross section

T I 5 = = . .
S _ FTFP_BERT Geant4 Prediction True Angle > 5.0 Deg has been measured for the flrst tlme
3 S 1 R | on Argon in the 100-1050 MeV
8 E Combined Datasets (Stat. ©® Syst Unc.) kinetic energy range.
8 2— .............................................................................................................................................
o . . .
O With the exception of the highest KE

bins, the uncertainty is mostly
dominated by the systematics.

- RS IT | Agreement with Geant4 FTFP_BERT
e .. 1| S Pradictions outsideth & peak

The technique pioneered by LArIAT is also used in protoDUNE
for the (m,Ar), (p,Ar) and (K,Ar) cross section measurements

in inclusive and exclusive channels.
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| Conclusions

The What? Testbeam experiments for neutrinos are often a small
version of your v detector in a beam of known charged particles.

The Why? Scope of testbeam experiments is abating systematics for v
measurements...

The How? ...by characterizing the detector response, by prototyping
the feasibility of a project, by benchmarking detector solutions and by

performing physics measurements on the neutrino interaction
products.

The Who? Usually an understatfed group of young PhD and Postdocs.
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| Conclusions

The What? Testbeam experiments for neutrinos are often a small
version of your v detector in a beam of known charged particles.

The Why? Scope of testbeam experiments is abating systematics for v
measurements...

The How? ...by characterizing the detector response, by prototyping
the feasibility of a project, by benchmarking detector solutions and by

performing physics measurements on the neutrino interaction
products.

The Who? Usually an understatfed group of young PhD and Postdocs.

A tighter integration with v physics analyses would boost the
benefit that the neutrino community can gain from its testbeam
experiments.
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Thanks




XS Formula: Reconstruction Effects

o (E)= 1 017:111‘:40( )Ng;?T(E%)
T s Che ©(Ei) Ny (E3)

Interaction
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XS Formula: Reconstruction Effects

o (E)= 1 C&Q/IC( )Nifl?T(E’t)
T ng Che ©(Ei) Ny (E3)

Interaction
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XS Formula: Reconstruction Effects

P Cri© (B) NEOT(E)
rort® = s Crie(E:) NROT(E)

—

. -—-——-. e
Correct Interaction ID Rodonstivotatd Tk

Missed Interaction

—

Early Stop ———

Reconstructed Track oM

No sensitivity for angles <5 deg
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XS Formula: Reconstruction Effects

o () = ] Crat(B)) NEO™(Ey)
ror n o C'erC'( ) NTOT( E)

Inc Inc
6gnt - Nhﬁclco MC: " (E"C B Nhl‘:(‘t:lo ::: 'y
‘ N, True MC = N, T MO =
}1 A o e — "21 7| S S— M Corroction Inokdent 100A Stat Une

- E .

12 - : - EN Comacion Inteactng 100A Syt Unc 1.2 : - EN Comection Incident 100A Sywt Une
S eerreert B I [ 1| SIS PN
: : 3 : : : : : -

AlAAAlAAAlAAA

A A A A A A A A A A A A A A A A A A A A A l A A A l A A
0 200 400 600 800 1000 1200 GO 200 400 600 800 1000 1200
Kinetic Energy [MeV) Kinetic Energy [MeV)
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What angles are invisible to us?

Angular Resolution

a) Original Track
3D space points for WC2TPC matched Reco Track + line fit g 004 -
e N
- " — Pion Only MC
2 0.035)- ‘
N -
e [ —=— Data
E o003
b) Track Splitting + Gap 2 Dopt-guarfesoiac-Osta
First half space points ] m
Second half space points 9 0025 maﬂ 4
Gap Points ( 1 &d DGV 4527
.......OOOOOO.......
DegAngdarReschncrMC
0.02p+
Mean 4.506
StdDev 3.906
c) Fit of the halves 0.015
Fit first half space points
Fit Second half space points
0.01
W (&) OT._—.-T—.—.—-._
0.005
d) Definition of « G“"l““l“‘
0 5 10 15 20 25 30 35 40
a [Deg)
”/___9’}
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What angles are invisible to us?

(m,Ar) True Cross Section [barn]

Geant4 (r',Ar) True Cross Section Angular Resolution
6 B : : : g 0.04f
. :- ............................................................................. A" Angles ...... E - o P’on on'y m
N —— Angles > 4.5 Deg 2 0.035p-
1.4 [y— gy —m—m—m— —— Angles>5.0Deg [ % —=— Data
Angles > 9.5 Deg g 0.03
- an .
2 0'0257, StdDev  4.527
1 .
8 DegAngdarReschncridC
0.02 Mean 4.506
0.8 1! StdDev  3.906
0.015H
0.6 4
0.01f
-y 0.005
0'2 :—‘E ............................ g ............................ g IIIIIIIIIIIIIIIIIIIIIIIIIIII g ............................ g IIIIIIIIIIIIIIIIIIIIIIIIIIII § ...... 0 2.1 1 1 l 2 1 1 1 l | -
- ; : 0 5 10 15 20 25 30 35 40
; | i i i | @ [Deg)
0 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1

l
0 200 400 600 800 1000
Kinetic Energy [MeV]
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What angles are invisible to us?

(m,Ar) True Cross Section [barn]

Geant4 (n',Ar) True Cross Section

Percentage of Cross Section with Interaction Angle > 5 Deg

N == O RS S 5 " | =110
161 All Angles | oo ‘6‘ -
a —— Angles >4.5Deg [ 1.05—
1.4 [ —— Angles > 5.0 Deg """ C
i Angles >9.5Deg [ 1
L N S e B -
- 0.95
1 -
- 0.9~
0.8 C
- 0.85
0.8
- : : : 0.75F
02 J— H— SN N
0 C I 1 1 1 l 1 1 1 l 1 1 1 1 1 l 1 1 1 I
0 200 400 600 800 1000

Kinetic Energy [MeV]

200

400

: | | | | | | | | | | | | | | | | | | | | | | |
0.70

600

800 1000 1200
Kinetic Energy [MeV]
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XS Formula: Raw Count

U%BT(Ez')

1 elne([)

TMC
CInt

(£

B n 0X €Int(Ei)

C7rM C

Inc

(£

LArIAT Preliminar x10° LArIAT Preliminar
~ 3000 ~ 4007
[} —— - — .
s Raw -100A Data Stat Only g - Raw -100A Data Stat Only
8 Raw -100A Data Stat and Sys 8 350 IR W— ~—— Raw -100A Data Stat and Sys
@ 2500 @ -
o (o8 -
= MC 100A predicted pions b3 - - MC 100A predicted pions
5 L e
Zg 2000 llllll MC 100A predicted muons ZE E : = MC 100A predicted muons
MC 100A predicted electrons 250 :_ """""""""""""""""""""""""" % MC 100A predicted electrons
1500 )1 RS S — ——
150 :_ .................................................................................................
1000 - -
[0 EERU—G—1 R, S— E
5O e
0 ] I L] L] 1 I 0- 1 1 L._i ' 1 1 !
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Kinetic Energy [MeV] Kinetic Energy [MeV]
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XS Formula: Background Subtraction

U%BT(Ez') =

1 elne([)

Nie* (Ei)

n 60X elnt (Ez)

LArIAT Preliminary
< 3000 :
g i | —e— Raw -100A Data Stat Only
o
e} L Raw -100A Data Stat and Sys
j
o 2 SRS
g 500 - ;
@ - MC 100A predicted pions
;g : ——— MC 100A predicted muons
& 2000 o
i |, '
=—— MC 100A predicted electrons
= P

1500F

1000}

5001

.........................................................

] I L] L] 1 I
800 1000 1200
Kinetic Energy [MeV]

600

01/05/19

Elena Gramellini --

NTOT(E )

Inc

A.k.a. Pion Content

; \7:1M( bt
(v]m\l(( ) — Int ( )

\'T()T MC (E')

Int

_ \rl':;:)'l‘ MC (E ) B;Tn(t)T '\K‘(E,)
\l{nOl Me (bl)
v M(I(I‘:') - \rl’:uM( (I:,)
Inc i N ::)l MC (14,)

\'l!lf)l MC (L ) Blln((” MC (L,)
N TOT MC (F)

Inc
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XS Formula: Background Subtraction

a?{{,T(Ez-) =

Background Correction, Interacting

C:mmdng
.

S

]

1.2

0.6)-
0.4

0.2

Estimated = contert -100A
— MUONS X 1.2
— NS X

. EMpctrorn x 0.8

0.8 ’_éa Eg

Beam composition

€ (E;) Nie' ' (E3)
n 06X ént(E;) NTOT(E;)

Low E Beam | High E Beam
G4Pions 70.9 % 82.3 %
G4Muons 14.6 % 13.5 %
G4Electrons 14.5 % 4.2 %

i

01/05/19

1000 1200
Kinetic Energy [MeV]

Elena Gramellini --

Fermilab

+/-20% variation in electron
+/-20% variation in muon
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XS Formula: Background Subtraction
" L e (E) N (Ei)
7tor(Bi) = 5 elnt(E;) NITE)T(E)

Inc
Background Correction, Interacting Background Correction, Incident
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P1on smearing matrices

High Energy Beam Negative Pion

Smearing Matrix when right experiment identified
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Kaon Plots
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