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Let’s start at the beginning...

* “A very good place to start....”

| will begin with what our data “looks” like when it is
coming off the detector and how we put it together

- This step took awhile “to get right” for LArlAT and serves as the
corner stone for our analyses!

- This was also a way LArIAT stretched the structures of LArSoft
and artDAQ which protoDUNE should benefit from without
reinventing the wheel

* I'll then move into a high level overview of our
Inclusive pion analysis and delve into the weeds of
event selection and simulation as needed.

- Please stop me and ask guestions as things come up

- I'll do my best to answer, or get the guestion to the expert who
knows it best!



Caveat!

« Some of what | will show In this talk is still LArlAT internal

- In the interest of collaboration and transparency, we are lifting the
veill some now

- None of the numbers are final and should not be shared/transmitted
as the final answer

* Please don’t give a seminar quoting numbers you see here as LArIAT’s
performance!

 Any mistakes or problems In this talk are fully my own
and shouldn’t reflect the work of the LArIAT collaboration

- Blame me when things are unclear and/or don’'t make sense
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What our experiment looks like
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18 Detectors all read out in LArIAT DAQ

 Two Time of Flight detectors (Upstream /| Downstream)

« Two Cosmic Ray Paddles (Above and Below the TPC)

* Four Multi-Wire Proportional Chambers (MWPC)

 Two Aerogel Cerenkov Detectors

e Five LAr Light Detectors (3 SiPMs + 2 PMTSs)

« One Muon Range Stack (16 Scintillator Paddles)

e Two Beamline Paddles (Halo Veto + Punchthrough) 4
« One LArTPC (480 wire channels)
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“Digits”

A Punchthrough

PMTs + SiPMs

* Detector Digits
— Auxiliary Detector Digits (AuxDetDigits)
- Optical Detector Digits (OpDetPulses)
- TPC Raw Wire (RawDigits)
- Trigger Digits (TrigDigits)
 Fragments from the CAEN 1751
- TOF, Aerogel, LAr-Light Detectors, Beam Halo-Veto

 Fragments from the CAEN 1740
- LArTPC, Muon Range Stack

 Fragments from the MWPC Controller 5



What our data looks like when it comes out of the DAQ

Implemented in ACNET by deriving a delayed signal from $00

- >
t=20 0.27 1.3 5.65 T end of S§
$00 $21 $39 $36 $00+T next $OE]
I I | |
| | | Beam Spill |
| Digitizers enabled | End of readout actions
A
| | BEAMON | * readout devices for the
? last time
V1495 reset . close file
WUT EOS (reset) open new file

Digitizers reset Crate

controller

RESET 1495 START END readout
RESET WUT BEAMON BEAMON Qz?ster
START

ENABLE transistions in blue COSMICON END
DIGITIZERS COSMICON

END OF READOUT
RESET BEAMON COSMICON END OF READOUT
DIGITIZERS ENABLED

signals into MC7 in purple

 When we receive our beam, each 4+ second spill (along with the cosmic ray

data taking period), is recorded as one long series of data fragments from the
various readout

— The drift time of the TPC is 350 us, meaning you can have multiple drift windows in one spill

 Inside that one spill there are many triggers
- Each trigger is a predefined condition that causes the readout of of all the systems



Raw Data Structure

The LArSoft Line

Data Fragments (Spilll == SubRun1l) Data Fragments (Spill2 == SubRun2)
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Raw Data Structure
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There are 40 different “triggers” within
this one “data block”!
In order to make sense of this with LArlATsoft
we want to restructure the data
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Lining up our fragments

[ 1751 Data

[l 1740 pata
. MWPC Data

Clock Time

Clock reset at the beginning of the LArIAT Super-Cycle



Clock reset at the beginning of the LArIAT Super-Cycle

Lining up our fragments

[ 1751 Data
100 IR
I \“ Apply

. MWPC Data
. i Clock
Clock Time 1
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q
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Clock reset at the beginning of the LArIAT Super-Cycle

Slicing our data

[ 1751 Data

[l 1740 pata
. MWPC Data

Once we have lined up the
fragments, we divide the
associated detector readouts and
group them together (Slice) them

Into an “event” AT

than other experiments
(MINOS/Nova)

Clock Time
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Raw Data Structure

The LArSoft Line

Run 1
Spilll == SubRunl

Event # 1

Event # 2

Event # 3

Trigger # 0

- RawDigits

- OpDetPulses
- AuxDetDigit

(WCTrack)

- AuxDetDigit
(TOF)

- AuxDetDigit
(MURS)

Trigger # 1
- AuxDetDigit

(WCTrack)

- AuxDetDigit
(TOF)

- AuxDetDigit
(MURS)

- etc....

Trigger # 2

- RawDigits

- OpDetPulses
- AuxDetDigit
(WCTrk)

- AuxDetDigit

(TOF)

Event # 4

Event #5

Event # 6

Trigger # 0
- RawDigits
- OpDetPulses

- AuxDetDigit
(WCTrack)

- AuxDetDigit
(TOF)

- AuxDetDigit
(MURS)

Trigger # 1
- AuxDetDigit

(WCTrack)

- AuxDetDigit
(TOF)

- AuxDetDigit
(MURS)

- etc....

Trigger # 3

- RawDigits

- OpDetPulses
- AuxDetDigit
(WCTrack)

- AuxDetDigit
(TOF)

- AuxDetDigit
(MURS)
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Overview of the Pion Analysis Update




Event Selection
-  We begin by selecting raw data
Event Selection # of Events events which have a “Wire Chamber

Wire Crllze;(rir;?sr Track 68,083 Track” reconstructed

 There are two versions of the wire
chamber track

- Picky Tracks
* Requires clean hits in all four MWPC’s

- Non-Picky Tracks

* 3 out of 4 WC must have a hit in order to build
a track

* Plot shows WC-Track momentum for
this “super-sample” in the negative
polarlty beam
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Some thoughts on Wire Chamber Tracks

X 1 * For picky tracks we require
clean hits in all four MWPC'’s.
B = +92deg

richlane » We use the reconstructed
7 angles to determine the
tracks momentum

| M___ - Noise hits and clustering of the
view from above ; \ WG 42 hits in each MWPC are ther

things which limit the
reconstruction efficiency

* For non-picky tracks, we
allow WC 2 (before the
bending magnet) or WC3
(immidiately after the bending
maghnet) to be missing.

- We use the point in the mid-
plane, as extrapolated from the

leg of the track which has two
points, as our missing point

midplane

Ex: WC 3 missing
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Wire Chambers in MC

 While it is relatively straightforward to place Wire
Chamber objects as Auxillary Detectors (AuxDet) into the
GDML file, utilizing them in the MC production is nhon-
trivial
- This is still an area after >1 year of development we are working on

getting completely right

 Simulating detector responses is nhon-trival and | wish we

had started on that earlier

 Monte Carlo truth associations between the underlying
AuxDet info and Geant4 object are not what these AuxDet
objects were originally designed for

- (e.g. which wire in the Monte Carlo WC a MC patrticle passed by)
- Would be nice to have for efficiency and purity studies

* LArIAT continues to develop these tools

16



Event Selection

# of Events

Event Selection

Wire Chamber Track
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Time of Fl!ght Object 55 243
EXxists
collimator
\ Time of flight i range
f_ scintillators stack
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prﬂporttllonal Aerogel W punch-
chambers counter through veto

(MWPCs) Bending
dipole magnets

e We reconstruct a TOF

object if there are good
hits in the upstream and
downstream TOF

- Using slightly more
sophisticated pulse shape
fitting techniques we can get
our TOF resolution to ~0.5 ns

- Requires characterizing the

hits in our detectors separately
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TOF In MC

 This is another example of a relatively simple addition to
have the TOF as an AuxDet object, but not necessarily the
simplest thing to put into the reconstruction

 In order to treat MC-TOF the same as Data-TOF we have to
“fake” a detector pulse (derived from data) based on when
the Geant4 particle crossed the MC-TOF AuxDet

- The nuts and bolts of that detector pulse we fake and how we derive it
IS still something we are tweaking

TOF AuxDet’s .

18



Event Selection

Event Selection # of Events  These events are

Wire Chamber Track

Exists e
Time of FI|_ght Object 55,243
EXists
Events have hits inside
the TPC eSS
collimator
| \ Time of flight W range
| stack
- ——— | Cryostat

Cu target

ﬁ_ scintillators

Multi-wire

(MWPCs)

I ——
FJ - A L
Ly ]
' el

: 4 N [ & [—
proportional Aerogel
chambers counter

Bending
dipole magnets

K punch-
through veto

consistent with the trigger
object which requires %
WC had a hit in them and
the “BEAMON” condition
was true

We chose to use these
cuts to define our beam
sample because the
trigger object was still
being developed at the
time this analysis was first
put together

— Since then the trigger object
has reached stability and
gives sensible number
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Data Distributions

Beam-triggered through our various

Events 49,523 event selection criteria
Beamline Consistent for selecting “Good Pion
[ /u/e hypothesis .
1\(/)\/0 Ayﬂce%< sz<p 2000 MIeV Sees Candidate” events
10 ns < TOF < 30 ns i} -
At least one track  Since a full beamline MC
reconstructed in the 28,911 and MC_Beam“ne
first 2cm of the TPC . . ;
< 4 tracks in the first 19 117 reconstruction isn't
14 cm of the TPC ! ready to Jo....we do
Veto EM-Showers I I
< 3 tracks Wi2;7v 13,694 SPmethlng Sllghtly
length < 5 cm different for the MC
Unique match
bet\,\,gen WC and - I'll go through how we treat
TPC Track 3718 MC later
-4cm < AX < 6cm
-5ecm<AY<5cm 20

a<10°



Data Distributions

Beam-triggered through our various

or 49,523 event selection criteria
Beamline Consistent for selecting “Good Pion
[ /u/e hypothesis .
1\(/)\/0 /\Tﬂcei\k/< sz<p 2000 MIeV Candidate” events
10 ns < TOF < 30 ns i} -
AT SRR TS * Since a full beamline MC
reconstructed in the 28,911 and MC-Beamline

first 2cm of the TPC

1 1 )
< 4 tracks in the first reconstruction isn’'t

14 cm of the TPC LIl ready to Jo....we do
Veto EM-Showers I I
< 3 tracks with 13,694 SPmethlng Sllghtly
length < 5 cm different for the MC
Unique match
betwgen WC and - I'll go through how we treat
TPC Track 3718 MC later
-4cm < AX < 6cm
5ecm<AY<5cem 21

a<10°



TOF vs Momentum (Negative Polarity)

TOF vs WCTrack Momentum

LArIAT Preliminary LArIAT Prellmmary
100 [ T T T | T T T T | T T T T | T T T T | T T T T _] 30 T _|
- Entries 49523 N
So0E- Meanx 510.3 J =
- : - Meany 23.23 -
80 1iogipnis g e = -
SRR L L RMSx 249 3 _ 1 140
70 RMSy 6772 < |'| | I
= = [ N 3 —120
. 60— — — l| I|r| s
m - - ™ | 1ni .
“u'_':’ = = “u-_c’ 111 {100
o F - O .
= 40— I = | —180
= = 460
20 a = =
10F- = —
{] = 1 | | 1 | | 1 | | 1 | | | | | 1 | | 1 | | - 10 1 | | 1 | | 1 | 1 | 1 1 1 1 | 1 | | 1 1 :
0 500 1000 1500 2000 2500 (4] 500 1000 1500 2000 2500
WC Track Momentum (MeV) WC Track Momentum (MeV)

 We begin with an inclusive TOF vs WC-Track selection
which removes the satellite bunches in the beam line

Our anti-proton contamination is such a small fraction of
our beamline we don’t introduce much impurity

At this point pions, muons, and electrons are
Indistinguishable
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TOF vs Momentum (Posmve Polarity)
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* In positive polarity data we have to use a more
parametrized set of cuts due to the protons in our
beam
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Data Distributions
 This selection is to

help ensure that we

Beam-triggered 49,523
Events can match our WC-
Beamline Consistent -
Wl xlwle hypothesis 41 604 Track objectto a TPC
100 MeV < P, < 2000 MeV track which has not

10 ns < TOF < 30 ns

N loast one track had an interaction in
reconstructed in the 28,911 the intervening material
first 2cm of the TPC
< 4 tracks in the first 19117 - We extrapolate the WC-

14 cm of the TPC ’ Track object to the front
Veto EM-Showers face of the TPC

< 3 tracks with 13,694
length <5 cm

Unigue match
between WC and
TPC Track 3.718
-4 cm < AX < 6cm ’
-5ecm<AY<5cm
o< 10°
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Tracks in the TPC

TPC Front Face KEEP REJECT
: : 2¢cm THIS EVENT 2¢cm THIS EVENT
____________ PG SO B _
AY é : .
k_).x Beam directio Beam direct
E AX E dinate dinat

« x° * From single particle
m pion MC launched from
: 100 cm upstream of the
TPC, we can see that
- the majority have a
1 track reconstructed in
- E the first 2 cm of the TPC

— Qur data distribution also
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g shows we aren’t throwing
| .J B out that many events

Upmost spacepoint z position (cm)



Data Distributions
. LArIAT Run-1 had events
5 with a lot of pile up in it!

Beam-triggered

49,523 L .
Events - Accelerator division was still
Be/ar;nli/nehConsri]ste_nt learning how to tune our
w/ m/u/e hypothesis
100 MeV < P, < 2000 MeV 31,694 beam
10 ns < TOF <30 ns - We were still learning how to
At Ieatst oredt_ratt:rl: 26 911 request the kind of beam we
reconstructed in tne : .
first 2cm of the TPC could use for physics
< 4 tracks in the first 10117  This selection is designed
14 cm of the TPC ’
to cut down on the
Veto EM-Showers ,
< 3 tracks with 13,694 reconstruction
Uﬁ;’;’;”; rﬁ;:; i pathologies that come
between WC and from events lots of tracks
TPC Track 3,718 criss-crossing each other
-4 cm < AX < 6cm
-5cm<AY<5cm 26

a<10°



Number of tracks In Z <14 cm

oLAMAT Preliminary e THIS EVENT Ao THIS EVENT
n —=
i .
2 ;. 3
- o E
VI
* This cut captures the
majority of the events while
getting rid of large pile-up
 We showed that our selection
efficiency was largely
insensitive to this cut...so we .

called it good enough



Data Distributions
« Shower identification

Beam-triggered remains a place of

Events 49,523 development within the
Beamline Consistent LArTPC community...so
w/ mt/u/e hypothesis 31.694
100 MeV < P < 2000 MeV/ there was no tool to use

10ns < TOF <30 ns uout Of the boxn
At least one track
reconstructed in the 28,911 o
o T e Instead,_ to veto a large
< 4 tracks in the first 19 117 contamination of
14 cm of the TPC ’ shower events, we veto
Veto EM-Sh
< Stackewh 13,694 on the topology as seen
length <5 cm by utrackn
oique fatch reconstruction of
TPC Track 3718 showers
-4 cm < AX < 6cm
-5cm<AY<5cm 28

a<10°



Shower Rejection

* As | will show in upcoming .
slides, this cut does a nice ..
job of rejecting showers e e
from electrons and photons Loy 1
while not reducing the
sample of pions by very

much

Example Shower event veto’d

 There is work ongoing to
utilize the Aerogel detector

1000 +

to veto low momentum

electrons with greater

efficiency

KEEP REJECT
THIS EVENT THIS EVENT
—— Short track : - -
track length <5 cm - ———
~~
Track-like event Shower-like event

29
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Data Distributions
2 between the Wire Chamber

Beam-triggered

Events 49,523 track and the TPC track
Beamline Consistent before fo_llowmg th_at track
w/ wt/w/e hypothesis 31 694 for the pion analysis
100 MeV < P, <2000 MeV ’ : : .

10 ns < TOF < 30 ns - We deflne It su_ch that partl_cles
A lEee are ek which interact in the material
reconstructed in the 28,911 between WC4 and the front
first 2cm of the TPC face of the TPC won't be
< 4 tracks in the first 19.117 accepted

14 cm of the TPC

Veto EM-Showers * Having accurate

< 3 tracks with 13,694 reconstruction of your
length < 5 cm beamline tracks is essential
Unique match o
between WC and — This is still a cut where we
TPC Track loose the majority of our events
-4 cm < AX < 6cm
5ecm<AY<5cm 30

a<10°



WCITPC Matching

W

L. TPC Front Face

LAFrIAT Preliminary
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How LAFYIAT does MC

e At the time of writing, LArIAT does
not have a fully integrated

beamline MC physics.producers-generator z0: [-160] ]

— Although after a lot of work we are very
close to taking G4Beamline running it
through LArSoft and producing MC
AuxDetDigits and MC-Beamline objects

* To get around this we use single
particle Monte Carlo from just
upstream of WC4 to simulate the
beamline and to take into account
the energy loss due to the
upstream material of the TPC

- e.g. TOF Scintillator, titanium window,
cryostat, argon, etc....

555

z=-100 cm

T uon Range




LArIAT MC

* For all the pions that are simulated we plot the
end position of the pion

- We see some pions do interact in the upstream material

- We also can see that many pions do make their way into
the TPC and even some go straight through

Xf Ve Zf n MC Xf VA Zf n MC
LAFIAT Preliminary LAFIAT Preliminary
200 [T T | T T T T | T T T T | T T T T | [ T T- i T T T T ] T T | T T T T .| T T T T | T T T T T T T T | LT o T
- : . - . q — = . ' . o we . - —140
- : — L , "o _
150— — 60— -
: 0 - P - —120
100[— = K ' 5
.E. E E — -E- 40— .If._._ A 1 =100
< = x [ T
Y - - Y : . '
2 — R 2 I 1 i 1 -
E 0—_ _— E 20 [ : S0 |. B
o L — o L ; . I'h 1
s F ] = L dod _
i : . i 0o .'1. h ; Iu " —
-100— = n i el _
- . L L 1 ! _
- - L i E .o i
-150:— _: -20— ! . ]
_200:| T IR R S B R R R R R I T R R I I N B . 1 I| R BT r: |'I' L I| [ III L I'| L1
-100 0 100 200 300 400 -100 -50 0 50 100
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This is like an “eagle eye” view of the interactions 33



Energy loss upstream of the TPC

 We also use this information to estimate the
amount of energy (on average) pions lose prior to
entering the TPC

We get this information out of Geant4
Estimate this to be ~43 MeV

LA B B e e e S LArIAT Preliminary

7] _| T T T T | T T T
¥2 / ndf 319.3/17 =
Constant 3962 +22.3

220

Mean 431+0.1
Sigma 7.635 1 0.068

Gaussian Fit from
35 - 55 MeV

Primary Particle Yf (cmy)
1

L [ [ [ I P S C L1
20 40 60 80 100 120 -100 =50

0 50
Energy Loss Prior to Entering the TPC (MeV) Primary Particle Zf (cm)

This is like an “beam side” view of the interactions 34



Energy loss upstream of the TPC

Energy Loss Xvs Y
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Made from the ratio of the energy
loss at a given position divided by
200 the number of particles at that
position
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« Studies are also underway to better characterize this as a function
of position

» Cross-studies using stopping protons to validate the energy loss
mapping also in progress

- This is a good example of where protoDUNE could have some preliminary 35
studies done in advance of receiving beam that will make the analysis go faster



Defining the MC sample

Particle intersects the
TPC

At least one track
reconstructed in the
first 2cm of the TPC

< 4 tracks in the first
14cm of the TPC

Veto EM-Showers

Unique match between
“WC” and TPC track

Efficiency

78,753

69,241

68,903
67,170
58,483

73.3%

61,809

54,052

53,391
50,851
44,376

71.8%

109,590

102,702

102,701
102,428
98,391

89.9%

88,465

65,698

59,046
21,799
10,019

11.4%

26,521

2,111

2,101
1,054
663

2.5%

| define efficiency as the number of events that survive all the cuts divided
by the number of events which intersect the TPC

 We use this breakdown along with a fractional content of our beamline
from G4Beamline to get the content of or final sample

Beam Composition before cuts

T

€

Y

1L

-H"'_

P

48.4

40.9

8.5

2.2

0.035

0.007
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Data Distributions
|

- ' envies | a7 S
- Mean 550.2
Beam-triggered YE Undertow 0
EventS 491523 } 70;— ! | | Overflow 0 —é
Beamline Consistent st R E
w/ m/u/e hypothesis ¢z E | E
100 MeV < P, < 2000 MeV 31,694 @ LE E
10 ns < TOF < 30 ns 2oF- E
At least one track 10;}4 =
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Veto EM-Showers sample which we will use to
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ength <5cm
Unigue match * The three peak structure is an
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_458;}5206‘% 3,718 magnet configurations (i.e.
5cm< AY<5cm different momentum spectrum) z;
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Data Distributions
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g0 = 80~ MC Normalized to Data =
s0F- E = Ll MCNormalizedtoData
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Checks that need to be done!

 Tuning our calorimetry took quite a few iterations for LArIAT
- Had to deal with wire-by-wire charge response variations
* These were reduced in Run-Il with a hardware fix

- Tuning the MC using cross-muons and tuning the data using through going
cosmics

* While these two methods were made to agree independently, when we looked at beamline
data tracks and compared this to “beam-like” MC tracks we still had a discrepancy

 Also needed to ensure that lifetime measurements were
appropriately applied run-by-run from the data base
- Validation and bug hunting here took some time

- Having this machinary ready in advance would speed up your analysis

Track dEdX Track dEdX
22/ ndf 4753732 27 ndf 71.43/ 36
400F Prob 0.03797 = i 0.0003974
350:_ xlftrh 01. 171661 i%%ﬂ? 700:_ Width 0.1724 £ 0.0066 -
F il 3905 +9.7 aooi :"r':: 15?3559 g 4 '105‘2 Exampl e of cosmic
300 GSigma  0.2226 +0.0217 = GSigma  0.2013 + 0.0235 :
g so0f data with tuped
EEOOE Y 3100:— Y reconstruction
= Plane 0 B Plane 1 :
) S 00k calorimetry
1005_ s00f.  t constants
50;_ 100;— . . 39
E 41+ L A 0: .++. g N g T Pt L .
00 2 N MeVic nﬁ:‘[ 8 10 0 2 4 srax [Me\f!cnﬁ 8 10



Wire-By-Wire Corrections

dQ/dx MPV Relative Variation

dQ/dx MPV Relative Variation

Q
o - = —
£ F { AllRun 1 data 1,15
§1.15_— . +  Open Box data z r
o = 1. f = —
E — [1¥] 11—
o = | ja}
@ = - 5 =
51 o5 { \ gl 05
. T o |
g z 1 RCJRRE 2SNy e
z 1= ' ] > F :
o — = —
e _ =0.95-
<0.95 5 [
=i g F
£ O 09—
S 09 - e [
g F = 0.85F
= _F 0.85
0.85— =
: — II|III|III|III|III|III|III|III|III|III|III|III
= S S R T (NS S S S AN S S SO N N SRR W 0O 20 40 60 80 100 120 140 160 180 200 220 240
0 50 100 150 200 250 Wire Number

Wire Number

* A notable variation of the charge collected wire-by-wire
was observed during Run 1

 In order to mitigate the effect of this variation an Wire-
by-wire correction was derived and applied

- Note: we do calorimetry using the collection plane in this analysis

 Here we explore the impact the wire-by-wire correction
has on the analysis 0



Data Distributions

LAAAT Preliminary LAAAT Preliminary
[TT T T | TTTT | TTT1 | T TTT | T TTT | T TTT | T TTT | I TTT | T TT | rrr 9 - =TT T | LI | 1T TT | T T TT | T T TT | T TT | T T TT | IIIII
B LArlAT Run-I I LArlAT Run-I

100 N 100
—s— Data 7 —e— Data
soo 0 ™ MC — 80
____________ Data Fit: MPV =1.97 ¢ 0.17 B
80 — MG Fit: MPV = 1.80 ¢ 0.24 a 60

40

20

1

3 4
dE/dX (MeV / cm) dE/dX (MeV / cm)

The dE/dX distribution between data and MC are
shifted relative to one another

- This was the case in the W&C presentation
- The MC was scaled to the data

The first correction that will be applied is to scale the
dE/dX distribution

- Scale the MC up 8.6%
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5000_LIIIIII| IIIIIIII |IIII|IIII|IIII|IIIJ_
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Some other dE/dX distributions

 The dE/dX distributions for other MC samples from the

%10

4 5
Proton dE/dX (MeV/cm)

] 800

i 600

4 400

— 200

tracks matched to the “pseudo-WCtrack” in the MC

=10

T T T 1 1 1 17T | IIIIIIII | T T T | T T T | 1T 1T | 1T 17T
1200{— —
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0 [, LI T T TR R s etttk & &+
0 1 2 7 8

3 4 5
Kaon dE/dX (MeV/cm)

All of these will be
scaled as well by the
same 8.6% as
suggested by the data
on the previous page
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dE/dX Scaling

» Scale the MC samples dE/dX up by 8.6%

» There is still a shape difference

- Part of this is a remaining artifact of the wire-by-wire fluctuations
* Note: We average them out, but on any one event, there may still be a residual

- We take a systematic to cover this difference
» Other analyses (protons /| Kaons) working to improve this!

Matched Track dE/dX

LAAAT Preliminary
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Thin-Sliced TPC Method

* Generally the survival probability of a pion

traveling through a thin slab of argon is given by
PSurViva1: e_O”Z

Where oo IS the cross-section per nucleon and z Is
the depth of the slab and n Is the density

* The probability of the pion interacting is thus

P Interacting — 1 —P

where we measure the probability of interacting for
that thin slab as the ratio of the number of
Interacting pions to the number of incident pions

N
N

Survival

interactin —onz
E=Pp =1—e

Interacting »

Incident



Thin-Sliced TPC Method

 Thus you can extract the pion cross-section as a
function of energy as

PInteracting:1_(1_On6Z+'")

( E )N 1_ P _ 1 N interacting
O ~ nz Interacting — nz N
Incident

LAr Thin Slice (set by the wire pitch
LAFTPC (setby pitch)
Nscallere(l
/ (interacting particles)

> > A

: :-: NSur\r'n.red

> < 40 cm

> height
N

Wheren=pN, /A

\AARAAARZA

Beam Direction

* Using the granularity of the LArTPC, we can treat the
wire-to-wire spacing as a series of “thin-slab” targets if
we know the energy of the pion incident to that target
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t-Ar Event Selection

« Now we have a
" matched WC track and
TPC track

 \We calculate the
n-candidate's initial
Kinetic energy as

KE,=V p*+m’—m,—Ey,

Analyze the we take into account
ik reconstructed tracks energy loss due to
material upstream of the
TPC (argon, steel,
beamline detectors, e4£c)




t-Ar Interaction

 We have a wire chamber track (with an initial kinetic
energy) matched to a TPC track, we follow that TPC track
In slices

- 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 put that in our “non-
Interacting” histogram Interacting
nSpts

=KE.— Y dE/dX .X Pitch,

KE

Interaction

=0

Kinetic Energy (MeV)

Incident

. 47
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t-Ar Interaction

 We have a wire chamber track (with an initial kinetic
energy) matched to a TPC track, we follow that TPC track
In slices
- 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 put that in our “non-
Interacting” hishtgjgram Interacting

=KE.— Y dE/dX X Pitch,

KE

Interaction

=0

Kinetic Energy (MeV)

Incident

—
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t-Ar Interaction

 We have a wire chamber track (with an initial kinetic
energy) matched to a TPC track, we follow that TPC track
In slices

- 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 put that in our “non-
Interacting” his’;tg%ram Interacting

KE 1 1oracion=KE;— D dE [dX ;X Pitch,

=0

Kinetic Energy (MeV)

Incident

Kinetic Energy (MeV)
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t-Ar Interaction

 Now that we have a wire chamber track (with an initial
kinetic energy measured from the wire chambers)
matched to a TPC track, we follow that TPC track in slices

- Yes: Calculate the kinetic energy at this point and put that in our
“Interacting” histogram

* This is kinetic energy in put in both the interacting and incident histograms

Interacting

nSpts

KE =KE.— Y dE/dX X Pitch,

Interaction

=0

Kinetic Energy (MeV)

Incident

Kinetic Energy (MeV)
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t-Ar Interaction

 We repeat this process event-by-
event until we have gone through ,u.ceumn

EI | T | T T | T T | T T | T IE
our entire sample L
p 10 m Pion MC E
. e "l"l e EUD? MCMC -
3 LU T ectron |
Interacting 10 T o e 2
> HH#H Kaon MC 3
E 2 ety || e
- = 107 BT il I||.|w ?
2 solll|l WS Sl i _
2 il il _ =
[ ] g I w U 7
w
- il 1
il
- ol e E
Kinetic Energy (MeV) | ;
I | I | A I IR
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-
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=
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Example Background we are grappling with

e Pion capture IS an examp'e N dE/cX vs Residual Range - contained s s
process that sneaks its way into : “: piots from I. Nutini oy 2001

our inclusive cross-section that

dEdx (MeV/em)

we wish to remove.

- They tend to pile up at low kinetic
energy as well distorting our low

energy bins s

Residual Range

* Preliminary studies suggest
calorimetry may aIIOW us to veto PIDA value for primary tracks - after cuts - contained events (MC)

Il[]{:l
(cm)

these “interaction points” and 0

3699
8.113
4.503

I. Nutini _—

remove them from our

3

Plots from Mean
Interacting histogram

ks
o
o_llil| LN I]IIII| T I!IIII| 1 IIHIIl I

- Specifically the PIDA variable
appears promising

- We don’t want to throw out the whole | Hﬂw
track since the other parts of the track S R - W

are acceptable for the incident
histogram
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Known issues with the MC

e On the previous slide we are using reconstructed MC and
reconstructed data!

* To do a truth level comparisions, some “acrobatics” are required

For documentation’s sake, here is a description of the method.

. Find point of interaction or decay

. Slice truth track into 4 mm till the end. Find the point of intersection between

imaginary line at n*4 mm and truth track

Sum all SimIDEs within a ~cylinder of radius 3cm from track in slice

4. Find KE 1n each slice. If trj. pnt. exists in slice, use its KE.

If not, subtract SImIDE energy from last trj. pnt.

Fill histogram with the KE of each slice Interaction Histo.

6. If interact, fill histogram with ' Incident Histo.
the KE of end point

7. Use histograms to create

Cross section

W

hd

:k TPC Face
@
&
&
L
&
®
L g
*
o
®
®

Slide taken from D. Smith (BU)
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Known Issues with the MC

Slide taken from D. Smith (BU) LArG4 does not label all scatters.

-t
D..n-

d
<

To compare Data and MCReco XS,
need to understand and tag
unlabeled scatters

k.
=3

3

=]
_IIII| IIIIIIII| IIIIIIII| IIIIIIII| [ TTII

—
L=

-t

lllllllllllllllllllllllIII
0.6

a1 02 03 04 0.5

av 048

Plot represents the Sin( &) between ‘
two adjacent trajectory points in primary

truth track of entering kaons.

Frequent untagged scatters >10° (.17)

and several >45°(.71
71) 85° scatter LArG4 calls a Decay.

One solution:

You need to dig down all the way to the SimIDE’s and use the process label on
them instead of just accessing the Geant4 process associated with the
trajectory points
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More thoughts....

 No way to cover all aspects of this analysis in one talk

- Luckily all the LArIAT collaborators are really friendly people who
love their experiment and will happily talk to you for many hours
about their experience!

* LArIAT is In the process of writing the pion inclusive
analysis into a paper
- No spoilers today with seeing our near final cross-section ;-)

 We expect to have a reasonable statistics from 100
MeV - 1000 MeV

- Similar analysis for positive pions, protons, kaons, as well as
exclusive channels are well underway

- The inclusive analysis forged a wide path and found many
potholes that subsequent analyses are benefiting from

- protoDUNE can benefit from LArIAT’s experience and hopefully
extend the measurement
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