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- ps are significantly slower than other beam particles. They cannot be efficiently suppressed by
the time window cut used to reduce prompt background.
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Motivation

Channel | Mu2e Run I

SES y 24 x 10716

Cosmics 0.046 £ 0.010 (stat) = 0.009 (syst)

DIO 0.038 4 0.002 (stat) 902> (syst)
[ Antiprotons 0.010 = 0.003 (stat) = 0.010 (syst)

RPC in-time 0.010 £ 0.002 (stat) "g905 (Syst)

RPC out-of-time ({ = 1071%) | (1.2£0.1 (stat) *32 (syst)) x 1073

RMC <24x1078

Decays in flight <2x1073

Beam electrons <1x1073

Total | 0.105 = 0.032

Background summary in the optimised signal momentum and time window
103.6<p<104.90 MeV/c and 640< T0<1650 ns*

- p produced by the pW interactions in the PS can annihilate in the ST producing signal-like ¢"s.

- ps are significantly slower than other beam particles. They cannot be efficiently suppressed by
the time window cut used to reduce prompt background.

- Absorber elements placed at entrance and center of the TS to suppress the p background.

- The estimated p background for Run 1is 0.01 = 0.003(stat) £ 0.010(sys?)*.
The systematic error is dominated by the uncertainty on the production cross section at 8 GeV/c
proton momentum.

*Mu2e Collaboration MDPI Universe 2023 https://doi.org/10.3390/universe9010054 e .
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Motivation

- pp annihilation at the ST can produce e s by 7’ — yy decays followed by y — e"e™
and 7= — pu U decays followed by ¢4~ decays.

-In 10* pp annihilation events, only ~0.15% of the events contain single e tracks with
> 20 straw hits and momentum in 90-110 MeV/c range.

- pp annihilation at rest in the ST can also produce events with > 1 track with p ~ 100
MeV/c for each track.

40

ptarg ptarg
Entries 1486 || Entries 110
Mean 163.6 | Mean 79.61
Std Dev 99.64 (| Std Dev 62.57
Underflow 536 || Underflow 29
Overflow 28 || Overflow 0
Integral 922 | Integral 81
Skewness  1.054 || Skewness 2.103

35
30
25

Ne—perMeV - 1 20
Nmulti—tmck 500

!llIIlllIIIIIIIIIIIIIIIIIIIIIII

red: e~
e L[ 4 blue: multi-tracks

11 L1 11 L1 1 1 11 1
0 50 100 150 200 250 300 350 400 450 500
Momentum (MeV/c)

2= Fermilab



Motivation

- pp annihilation at the ST can produce e s by 7’ — yy decays followed by y — e"e™
and 7= — pu U decays followed by ¢4~ decays.

-In 10* pp annihilation events, only ~0.15% of the events contain single e tracks with
> 20 straw hits and momentum in 90-110 MeV/c range.

- pp annihilation at rest in the ST can also produce events with > 1 track with p ~ 100
MeV/c for each track.

ptarg ptarg
Entries 1486 || Entries 110
Mean 163.6 | Mean 79.61
Std Dev 99.64 || Std Dev 62.57
Underflow 536 || Underflow 29
Overflow 28 || Overflow 0
Integral 922 | Integral 81
Skewness  1.054 || Skewness 2.103

Ne—perMeV - 1 20
Nmulti—tmck 500

!lllllIIIIIIIIIIIIIIIIIIIIIIIII

red: e~
He o g L[ 4 blue: multi-tracks

11 1 11 1
0 50 100 150 200 250 300 350 400 450 500
Momentum (MeV/c)

Goal: Identify and reconstruct the multi-track final state events and get an estimate of the CE
like events by rescaling the ratio of the two final states.
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Recap (Nov ’22 Collaboration Meeting DocDB: 43975)
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Recap (Nov ’22 Collaboration Meeting DocDB: 43975)

- Developed the ¢ClusterFinder algorithm.
First attempt to reconstruct multi-track events, tracks simultaneous in time.
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- Developed the ¢ClusterFinder algorithm.
First attempt to reconstruct multi-track events tracks simultaneous in time.
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- Tested with single interaction pp annihilation events.

Eveot: 1000:000000: 256
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Recap (Nov ’22 Collaboration Meeting DocDB: 43975)

- Developed the ¢ClusterFinder algorithm.
First attempt to reconstruct multi-track events, tracks simultaneous in time.
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- Tested with single interaction pp annihilation events.

Eveot: 1000:000000: 256
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- The default algorithms to flag background hits and TimeClustering trained
for efficient CE search, did not work well for tracks from pp annihilation.
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Recap (Apr '23 Collaboration Meeting DocDB: 45256)
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Recap (Apr '23 Collaboration Meeting DocDB: 45256)

. Generated 10* pp annihilation + 1BB and 2BB pileup data samples respectively.
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Recap (Apr '23 Collaboration Meeting DocDB: 45256)

. Generated 10* pp annihilation + 1BB and 2BB pileup data samples respectively.

. Tested and compared the performance of the new algorithms (DeltaFinder?,
TZClusterFinder** and the ¢gClusterFinder) with the default Offline reconstruction.

XY view, Default reconstruction XY view, New reconstruction
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Recap (Apr '23 Collaboration Meeting DocDB: 45256)

. Generated 10* pp annihilation + 1BB and 2BB pileup data samples respectively.

. Tested and compared the performance of the new algorithms (DeltaFinder?,
TZClusterFinder** and the ¢gClusterFinder) with the default Offline reconstruction.

XY view, Default reconstruction XY view, New reconstruction
Dataset 0 BB 1BB 2 BB
No. Of events > 0 track > 1 track > 0 track > 1 track > (0 track > 1 track
with
Default reco 1272 58 1089 46 1046 39
New reco 1734 113 1579 97 1465 81
Improvement x 1.4 X 2 x1.4 x 2.1 x1.4 X 2
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Recap (Oct '23 Collaboration Meeting DocDB: 46676)
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Recap (Oct '23 Collaboration Meeting DocDB: 46676)

- Moved to KinKal track fitting. Number of events with > 2 reconstructed tracks
from pp annihilation increased by ~15% using KinKal with respect to BTrk.
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- Estimated the contribution of DIO background to the multi-track event signature.
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- Moved to KinKal track fitting. Number of events with > 2 reconstructed tracks
from pp annihilation increased by ~15% using KinKal with respect to BTrk.

- Estimated the contribution of DIO background to the multi-track event signature.

« Currently, we are studying the contribution from Cosmics to multi-track events.
We created a strip from the CRY4 low dataset which is manageable in size and
useful for most studies.
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Contribution of DIO to multi-track events

* https://github.com/Mu2e/Offline/blob/main/ConditionsService/data/heeck_finer binning 2016_szafron.tbl .
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Contribution of DIO to multi-track events

o NPOT/pulse = 16 X 107, Nﬂ‘StOpS/POT == 159 X 10_3 => N'u = 254 X 104
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Contribution of DIO to multi-track events

o NPOT/pulse = 16 X 107, Nﬂ‘StOpS/POT == 159 X 10_3 => N'u = 254 X 104

—stops/pulse
« 39% of stopped muons Decay in Orbit (DIO) => =~ 10* DIO per event

. ForRun 1: Nppr =29 % 10", N, =4.6 X 10'® => Np;p = 4.6 x10'°x 0.39 = 1.8 x 10'°
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Contribution of DIO to multi-track events

- Assuming a track reconstruction efficiency of ~ 0.1 (from SU2020 studies)

Nrecorpiossomevie = 06.24 x 1072 = 0.6624
NRec02D10>85MeV/c ~ 1.067 X 10_4
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- Assuming a track reconstruction efficiency of ~ 0.1 (from SU2020 studies)

Nrecorpiossomevie = 06.24 x 1072 = 0.6624
NRec02D10>85MeV/c ~ 1.067 X 10_4

« Assuming a uniform DIQO distribution in time and same efficiency of reconstruction
for multi track events as single tracks:

NReco2D10>80MeVieAr<200ns = 0.132 :
NRec02D10>85MeV/cAt<200nS ~2Xx10
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Contribution of DIO to multi-track events

- Assuming a track reconstruction efficiency of ~ 0.1 (from SU2020 studies)

Nrecorpiossomevie = 06.24 x 1072 = 0.6624
NRec02D10>85MeV/c ~ 1.067 X 10_4

« Assuming a uniform DIQO distribution in time and same efficiency of reconstruction
for multi track events as single tracks:

NReco2D10>80MeVieAr<200ns = 0.132 :
NRec02D10>85MeV/cAt<200nS ~2Xx10

* Thus, if one asks for the track to have at least 85 MeV/c momentum then the
probability of a two DIO tracks event is negligible.
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Cosmics Dataset

- The current CRY4 Lo dataset (MDC2020Datasets) has a p,, ,, cut at 500 MeV/c. The strip was CE-
biased.
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Total size: 4T
Event count: 692,979,476
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- The current CRY4 Lo dataset (MDC2020Datasets) has a p,, ,, cut at 500 MeV/c. The strip was CE-
biased.

+ The parent CRY Lo datasets are huge. Most of those events are not particularly useful.

+ Parent dataset: dts.mu2e.CosmicCRY.010722.art (Stage 2 Low)
File count: 90,685
Total size: 4T
Event count: 692,979,476

+ We created a new filter module to generate a dataset manageable in size and useful for most
studies.

If (p < 1 GeV/c and number of “hit” stations > 3 and NHits > 8), save the event.
Else if (p > 1 GeV/c and Nhits > 8) save the event.
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Cosmics Dataset

- The current CRY4 Lo dataset (MDC2020Datasets) has a p,, ,, cut at 500 MeV/c. The strip was CE-
biased.

+ The parent CRY Lo datasets are huge. Most of those events are not particularly useful.

+ Parent dataset: dts.mu2e.CosmicCRY.010722.art (Stage 2 Low)
File count: 90,685
Total size: 4T
Event count: 692,979,476

+ We created a new filter module to generate a dataset manageable in size and useful for most
studies.

If (p < 1 GeV/c and number of “hit” stations > 3 and NHits > 8), save the event.
Else if (p > 1 GeV/c and Nhits > 8) save the event.

« About 5% of the events pass the filter.

« The new CRY lo dataset can be found:

samweb list-files --summary "dh.dataset=dts.mu2e.cry4lb0s31r0000.pbar2m.art"
File count: 1000

Total size: 249751538458 (200GB)

Event count: 18007806
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Cosmics Dataset

- We generated the Cosmics (CRY Lo) + 1BB dataset as well.

2= Fermilab


https://mu2e-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=38507&filename=main.pdf&version=1

10

Cosmics Dataset

- We generated the Cosmics (CRY Lo) + 1BB dataset as well.

- Faced some issues like the absence of SimEfficiency Table for Run 2701. Solved by creating
a .txt file with the mixing efficiency numbers and pointed to it in the fcl file (docdb.38507).
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Cosmics Dataset

- We generated the Cosmics (CRY Lo) + 1BB dataset as well.

- Faced some issues like the absence of SimEfficiency Table for Run 2701. Solved by creating

a .txt file with the mixing efficiency numbers and pointed to it in the fcl file (docdb.38507).

- The mixed dataset would have been very large in size (30 TB). So, we applied tighter

selection cuts:

At least one particle must satisfy: 50 < p < 250 MeV/c, NHitStations > 4, NDigis > 10.
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10

Cosmics Dataset

- We generated the Cosmics (CRY Lo) + 1BB dataset as well.

- Faced some issues like the absence of SimEfficiency Table for Run 2701. Solved by creating
a .txt file with the mixing efficiency numbers and pointed to it in the fcl file (docdb.38507).

- The mixed dataset would have been very large in size (30 TB). So, we applied tighter
selection cuts:

At least one particle must satisfy: 50 < p < 250 MeV/c, NHitStations > 4, NDigis > 10.

« The 1BB mixed CRY4 Lo dataset can be found:

samweb list-files --summary "dh.dataset=dig.mu2e.cry4lb1s41r0000.pbar2m.art"
File count: 498

Total size: 1803711346022
Event count: 1014574
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Cosmics Dataset: An oversampling issue
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Cosmics Dataset: An oversampling issue

 Ran reconstruction on some of the Cosmics + 1BB digi files.
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Cosmics Dataset: An oversampling issue

 Ran reconstruction on some of the Cosmics + 1BB digi files.

« Observed a bump in the 210-220 MeV/c momentum range of reconstructed
tracks.
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Cosmics Dataset: An oversampling issue

 Ran reconstruction on some of the Cosmics + 1BB digi files.

« Observed a bump in the 210-220 MeV/c momentum range of reconstructed
tracks.

« We noticed that most of these tracks have 20 < nStrawhits < 30.

1400 nactv 1200— nactv 200~ nactv
C Entries 33436 = Entries 25069 E Entries 4310
12001~ Mean 49.99 1000— Mean 54.01 800 Mean 25.55
C Std Dev 17.34 C Std Dev 15.24 200E Std Dev 2.995
C C 00 -
1000 — Underflow 0 - Underflow 0 E Underflow 0
- Overflow 0 800 __ Overflow 0 600 — Overflow 0
800 — Integral  3.344e+04 = Integral 2.507e+04 = Integral 4310
C Skewness  0.3607 600 — Skewness 0.4957 500~ Skewness 0.4498
600~ C 400
o 400— 300
400— C E
E - 200
- 200— E
200[— n E
C C 100 =
ol PPN RPN T [) . L T 05... sl b b e L b Lo L Ly
140 160 180 200 20 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
NHits > 20 NHits > 30 20 < NHits <30
asoof p_2 - P2 400 E— p2
E Entries 33436 2500 — Entries 25069 E Entries 4310
= - Mean 118.7 E Mean 132.8
E . c 350 —
3000 — Mean ;goag - Std Dev 36.69 E StdDev  48.64
= Std Dev . 2000 Underflow 0 300 Underflow 0
2500 Underflow 0 - Overtlow 100 = Overflow 85
= Overflow 264 r Integral  2.497e+04 250 Integral 4225
2000 Integral  3.317e+04 1500 — Skewness 2568 E Skewness 1.106
E Skewness 2.281 C 200
1500 — - E
E 1000{— 150
1000~ - 100~
E 500 — =
500 — C 50 —
=R PR T P i . | | | I | | | 1 0:...1...1..........
0 50 100 150 200 250 800 350 400 . 450 500 %" '56 " To0 150 200 250 300 550 400 450 500 50 100 150 200 250 300 350 400 450 500
Momentum (Mev/c) Momentum (Mev/c) Momentum (Mev/c)

2% Fermilab



12

Cosmics Dataset: An oversampling issue
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Cosmics Dataset: An oversampling issue

* This is an event with a cosmic muon entering from the back, not interacting
with the Calorimeter and making about 20-30 hits in the Tracker.

« Such an event occurs about 30-50 times every ~15000 events or so.

+nan ns
‘ +nan ns
+nhan ns
+nan ns
+nan ns
+nan ns

SimParticle:compressDigiMCs:

Courtesy: Y. Oksuzian
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Multi-track events from Cosmics
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Multi-track events from Cosmics
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Multi-track events from Cosmics

« Observed hundreds of events with a duplicate track.
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Multi-track events from Cosmics

- Observed hundreds of events with a duplicate track.

« Most of the Cosmics multi-track events are:

(1) Cosmic muons interacting with the calorimeter disk, producing an e /e~ which
first travels upstream towards the ST and then returns back.

(2) Cosmic muons interacting with the ST, producing ¢™’s and e ’s.

14 3¢ Fermilab
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Cosmics v/s pp annihilation multi-track events

- Only events with > 1 track considered. Each track with p > 80 MeV/c and nHits > 20 and

y?ldof < 5.

- The E/p distribution of the reconstructed tracks from Cosmics is centred around 0.8. Most

are e-/e+ tracks.

- The E/p distribution of the reconstructed tracks from pp annihilation at the ST is centred
around 0.4. Most of the tracks here are pions and muons.

- A selection cut of E/p < 0.6 should help to eliminate many of the tracks from Cosmics.

0.1

0.08

0.06

0.04

0.02

Hist/trk_2: track E/P

IIIIIIIIIIIII|III|I

ep

Entries 110
Mean 0.4269
Std Dev 0.1568
Underflow 0.2791
Overflow 0
Integral 1
Skewness  1.021

ep

Entries 1275
Mean 0.7909
Std Dev 0.1961
Underflow 1.043
Overflow 0.08167
Integral 1

Skewness —0.4196

Red: Cosmics
Blue: p
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2= Fermilab



16

Summary

- We have developed new algorithms to reconstruct multi-track events.

- The topology of a multi-track pp annihilation event is very different from a CE
event.

2= Fermilab



16

Summary

- We have developed new algorithms to reconstruct multi-track events.

- The topology of a multi-track pp annihilation event is very different from a CE
event.

- Using the new reconstruction sequence number of events with > 2 tracks
increased by ~ X 2.1 for the pp annihilation events.
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Summary

- We have developed new algorithms to reconstruct multi-track events.

- The topology of a multi-track pp annihilation event is very different from a CE
event.

- Using the new reconstruction sequence number of events with > 2 tracks
increased by ~ X 2.1 for the pp annihilation events.

N, e~perMeV > 1
reco

_ We obtained< ~ TO for single interaction pp annihilation

multi—track
events in Mu2e. We plan to improve this ratio further.
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Summary

- We have developed new algorithms to reconstruct multi-track events.

- The topology of a multi-track pp annihilation event is very different from a CE
event.

- Using the new reconstruction sequence number of events with > 2 tracks
increased by ~ X 2.1 for the pp annihilation events.

Ne—perMeV 1 ) ] ] _ o
~ —— for single interaction pp annihilation
multi—track / yeco 40
events in Mu2e. We plan to improve this ratio further.

. We obtained <

- If we consider each track to have p > 80 MeV/c, then the number of two-track
events from DIO for Run 1 is estimated to be 0.132 events.

At p > 85 MeV/c per track it goes down further to ~ 2 X 107 events.
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Summary

- We have developed new algorithms to reconstruct multi-track events.

- The topology of a multi-track pp annihilation event is very different from a CE
event.

- Using the new reconstruction sequence number of events with > 2 tracks
increased by ~ X 2.1 for the pp annihilation events.

N, e~perMeV > 1
reco

_ We obtained< ~ TO for single interaction pp annihilation

multi—track
events in Mu2e. We plan to improve this ratio further.

- If we consider each track to have p > 80 MeV/c, then the number of two-track
events from DIO for Run 1 is estimated to be 0.132 events.

At p > 85 MeV/c per track it goes down further to ~ 2 X 107 events.

« Next task: Estimate the contribution of Cosmics to the multi-track event
signature expected from the p background.
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Extra slides
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Pbar1b0 Event 1210:0:246 (E/p > 0.8)

3-D view: e- and e+ tracks

Event:  1210:000001: 246 St e 20 08:29:10 023

41Q

,_Hé\l\i\l\é\Hél\\%\\\é\\\i\\\%\\

1000

Time v/s z



Default Mu2e Offline v/s New Reconstruction workflow

CombineStrawHits
ComboHitCollection

TimeClusterFinder CalTimePeakFinder
TimeClusterCollection TimeClusterCollection
RobustHelixFinder CalHelixFinder

HelixSeedCollection HelixSeedCollection

v

MergeHelices

HelixSeedCollection

v

KSFDmu
KalSeedCollection

¢
KFFDmu
KalSeedCollection

Default reconstruction chain

CombineStrawHits
ComboHitCollection

.

TZClusterFinder
TimeClusterCollection
\/ CalTimePeakFinder
PhiClusterFinder TimeClusterCollection
TimeClusterCollection l
v

RobustHelixFinder CalHelixFinder

HelixSeedCollection HeIixSeedICoIIection
|

v

MergeHelices
HelixSeedCollection

v

KSFDmu

KalSeedCollection

v

KFFDmu

KalSeedCollection

New Reconstruction chain using the DeltaFinder, TZFinder and
PhiClusterFinder
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A¢ distribution for single interaction pp annihilation events

« The events with two output time clusters after the PhiClusterFinder stage were used
to fill the above histogram.

A¢=¢1_¢2

. Studying the A¢ distributions we decided to set a A¢

win = 1.9 rad cut to select
events for the two tracks per event reconstruction.
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A¢ distribution for single interaction pp annihilation events

25

delphi

20

Entries 225
Mean 2.183
Std Dev 0.6283
Underflow 0
Overflow 0

15

10

IIII|IIII|IIII|IIII|IIII|

pp data sample (10* generated events)

Ag

. 85

« The events with two output time clusters after the PhiClusterFinder stage were used

to fill the above histogram.

A¢=¢1_¢2

. Studying the A¢ distributions we decided to set a A¢
events for the two tracks per event reconstruction.

min

= 1.5 rad cut to select
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A¢ comparison between pp and conversion ¢~ events

* The events with two output time clusters
after the PhiClusterFinder stage were used
to fill the above histogram.

A¢=¢1—¢2

- Studying the A¢ distributions we decided to
seta Ag,,., = 1.5 rad cut to select events
for the two tracks per event reconstruction.

Event : 931, A¢p = 1.5 rad

Event : 3361, A¢ = 3.05 rad
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A¢ comparison between pp and conversion ¢~ events

25 delphi

Entries 225
Mean 2.183
Std Dev 0.6283
Underflow 0
Overflow 0

20

15

10

. 85

[S)
=)
2]
-
-
(4]
n
N
o
w

pp data sample (10* generated events)

* The events with two output time clusters
after the PhiClusterFinder stage were used 1 -
to fill the above histogram. TS

Ap =, — b,

. Studying the A¢ distributions we decided to , ‘
seta A¢ . = 1.5 rad cut to select events T AT

min e e ) B e R

for the two tracks per event reconstruction.

Event : 931, A¢p = 1.5 rad Event : 3361, A¢ = 3.05 rad
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A¢ comparison between pp and conversion ¢~ events

il Entries — 225 a4 — deftaphi
C M’;:n 2165 - Entries 9
- Std Dev 0.6283 35— léntzag 1.181
20— | Underflow 0 F i 0.7025
r Overflow 0 F
g 3
15:_ 2.55—
: .
10— =
: L] 1.5:—
B E
5_— C
00_ ols 1 15 2 2|5 ; ' '_3_.5 00_ '0!5' ' 1I ' 1.Is' ; 2!5 :Ia 35
A A¢
pp data sample (10* generated events) Conversion e- data sample (10* generated events)
* The events with two output time clusters
after the PhiClusterFinder stage were used 1 -
to fill the above histogram. T :
|
Ap =¢,— ¢, E | { /
- Studying the A¢ distributions we decided to R : o
seta Ag, ;, = 1.5 rad cut to select events A
for the two tracks per event reconstruction.
Event : 931, A¢p = 1.5 rad Event : 3361, A¢ = 3.05 rad
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Results with the single interaction pp annihilation at the ST events

Events with 0 1 2 3 4 5
Sim 7405 2159 381 50 4 1
TimeCluster 7913 1871 194 14 7 1
Helix 8287 1596 110 2
Track 8702 1250 46
pp data with default Offline workflow
Events with 0 1 2 3 4 5
Sim 7405 2159 381 50 4 1
TimeCluster 7913 1871 194 14 7 1
Phi 8036 1685 244 23 10 1 i
Helix 8349 1 -7
Track 8791 : 2 ] 3

pp data with FIgBkgHitsf -> TimeCIus;%terFinderDmu -> New PhiCusterFinder -> HelixFinder

vbuibgodundidi:

Events with o 1 2 3 4 >=5 S
Sim 7406 2159 381 50 4 1 ~Muon —Pon —Tmek ;- l\;luo;. n—- Pion ;;eli;;T;ac; o
1z 7120 2564 : 284 23 4
Phi 7276 2229 i 416 47 27 5 . .
: : 3-D and 2-D XY, tZ displays of an event with two r nstructed track
Helix 7677 2007 i 289 23 4 ’ play o reconstructed tracks
Track 8187 Y| 1680V 128 4 4 1

pp data with DeltaFinder -> TZFinder -> New PhiCusterFinder -> HelixFinder

. Tested on 10* pure pp annihilation events.

+ A sim particle is defined as a particle making at least 20 straw hits in the Tracker and having a momentum > 40 MeV/c. In this
sample, there are 381 events with two particles each.

* The tables compare the number of events at each stage of reconstruction using the default and new chains of reconstruction

* The number of events with two helices increased from 110 to 289, number of events with two reconstructed tracks per event
increased from 46 to 128 with the new reconstruction chain.
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SimParticles

300 ptir_0 i nsth C nsth
= Entries 5423 140 Enties 5423 - Entries 2989
250F- Mean 176.2 Mean 28.45 100— Mean 43.41
- StdDev  117.9 120 StdDev  21.85 - StdDev  18.52
- Underflow 826 - Underflow 0 8 C Underflow 0
200— Overflow 0 100 — Overflow 9 - Overflow 9
- Integral 4597 C Integral 5414 r Integral 2980
1505_ Skewness 1.869 80 :_ Skewness 1.231 60_— Skewness 1.621
- 60 S— C
100— C o
C 40— C
505 20 :_ 20 C
C 0:...... P Do Lot atat lotcion Lo 1 | 1u ol Uy v 1y 1y 1T 00 0 s oot lotcton Lo o1 | 16y
0 700 500 300 200 500 600 200 800 900 1000 20 40 60 80 100 120 140 160 180 200 0 2 40 60 80 100 120 140 160 180 21
Momentum(MeV/c) at VD 13 N straw hits N straw hits
. . . - (L = time
* 2150 events with 1 sim particle e e e Bt o3
having > 20 straw hits - b E Dndonow 0
- 22 140F- oo 5304
* 364 events with 2 sim particles each ~ "f P 1201~ Stowness 1748
having > 20 straw hits 800 E
C 80—
. . . 600— E
* 50 events with 3 sim particles. = S0
400 — =
- 40—
* But only 1252 events pass the TC 200/ 20
filter of the standard TPR trigger =S N U PN P P T A S - J I R T I T T T T )

path.

PDG code

Time (ns)



At between the tracks of two-track events

. Given here are the At distributions for two-track

final state pp annihilation events where each

reconstructed track has a momentum > 80 MeV/

C.

- Tracks from the same pp interaction could be
close in time, but could also be up to 100 ns

apart.

» The events with track hits separated in time
make different time clusters.

B hi

5M— Entries 90
- Mean —-0.3369
B Std Dev 30.74
B Underflow 0
B Overflow 0

41— Integral 90
B Skewness 0.08578
: Kurtosis —0.3363

; h V

2 —

: |/

0 C 1 1 1 I 1 1 n |_| 1 n 1 | I 1 1 1 I 1 1 1 I 1 1 1 1 1 H 1 N 1 HI 1 I 1 1

-100 -80 -60 -40 -20 0 20 40 60 80 100

At (pp + 1BB pile-up events)

24

= h1
B Entries 98
r Mean -0.9187
- Std Dev 34.19
S Underflow 0
- Overflow 0
- Integral 98
a— Skewness -0.1712
3
2
1 __ L
0 B 1 1 1 H 1 1 H 1 1 1 I il HIH 1 1 1 I 1 1 1 I/ 1 1 1 H H I} 1 HI H H I 1 1 1
-100 -80 -60 -40 -20 0 20 40 60 80 100
At (Pure pp events)
B hi
5 Entries 67
B Mean -3.69
- Std Dev 33.85
B Underflow 0
41— Overflow 0
B Integral 67
L Skewness 0.1755
3 — p—
o—
11— U
C HIHI HlH |_H_| |WH|NHN
—q 00 -80 -60 —40 -20 0 20 40 60 80 100

At (pp + 2BB pile-up events)



Some examples of two-track events with large A7 between the particle tracks

Event: 527

At = 63ns
track 1 = u™, track 2 = u—

Event: 676

i ‘ I
l'

-.m‘mum«b«mMJ&W

At = 32ns
track 1=y ,track 2 = yu— XY view

pp annihilation event with two reconstructed tracks
Green = Muon, in 3-D view
Red = Reconstructed track in 2-D view
25



Comparing single interaction pp annihilation with CE events

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

IIIIIIIllll|IIIIIII|III[IIIIIII

g
|

o
o

Total momentum

hi
Entri 3378 o h3
Mean. 102.7 0.08— Entries 3378
Std Dev 4327 - Mean 81.05
Ovadion 0 0.07 StdDev  6.705
Integral 0.2 E Underflow g
Skewness 0.5621 0.06— ﬁ)\;l:g;]glw 05
h2 E y )
Entries 1910 0.05 :_ Skewnes:t‘OAO 1998
Std Dev S - Eves 7909
Underflow 0 0.04 — Mean 78.13
Overflow 0 - Std Dev 19.12
Integral 0.2 0.03— Underllow 0
Skewness 1.539 - Overflow 0.0002619
-y Integral 05
0.02 :_ Skewness  -0.1964
0.01
| | | 00:. s T e S I B )
1 T T 1 1Jd | 4 1 1 14 1 1
350 400 450 500 Transverse Momentum (MeV/c)
Total Momentum (MeV/c)
= = Transverse momentum
- Entries 3378
3 Mean 0.7986
C Std Dev 0.1596
= Underflow 0
25— Overflow 0
- Integral 10
C Skewness  -17.35
- h2
C Entries 1910
15— Mean 1.396
C Std Dev 0.7501
C Underflow 0
1= Overflow 0
- Integral 10
= Skewness 1.475 .
SE — Conversion electron
o_l 1 1 Il L1l I 111 II 111 ]I 11 l ™ — II == II Ll — pp annlhllatlon
0 0.5 1.5 25 3 35 4 45
tan(dip)

tan(A)

+ Given here are all the reconstructed tracks with no quality cuts.
- Most of the reconstructed tracks from pp annihilation are pions and muons, as expected.
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pp annihilation + pileup data samples

= htemp e 2 htemp
500 — Entries 10000 — Entries 10000
o Mean 1038 - Mean 2426
- Std Dev 783.5 knad 55 Std Dev 1727
400~ Underflow 0 ~ Underflow 0
B 0
_ Overflow 0 — Overflow
N Integral 1e+04 00— Integral 1e+04
%00 Skewness 1.842 B Skewness 1.668
200 |—
200 -
100 100
0 T T T R T S S S AR SR L1 | PRI R R T I S 0 1 |  W— - 1 | - 1 PR TR
0 1000 2000 3000 4000 5000 6000 0 2000 4000 6000 8000 10000 12000
HeaderBlock.fNStrawHits HeaderBlock.fNStrawHits
Number of Straw Hits Number of Straw Hits
pp + 1BB data sample pp + 2BB data sample

- We have generated 10% pp annihilation + 1BB and 2BB pileup data samples respectively.

* The fcl files and dataset locations can be found at https://github.com/Mu2e/pbar2m.

- The number of straw hits and combo hits per event are as expected for a data sample with
pile-up.
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https://github.com/Mu2e/pbar2m

SU2020 DIO Reconstruction Sensitivity

p_dio_MC L
Entries 1665199 4+
-] Mean 102.2 (b)++++++ .................
Std Dev 2.865 4+, ++
Underflow 0 +t
| Overflow O foeememeeieiee 2 OSSOSO
Integral 8.326 +
Skewness-0.09366 + +

0.18

0.17

Track Reconstruction Sensitivity

0.16

0.15

IIIIIIIIIIII!IIIIIIIII

014 +_ ..................................................................................................................................................

|
97 98 99 100 101 102 103 104 105 106 107
Generated Momentum[MeV/c]

Track reconstruction efficiency, defined as the ratio of the number of single
electron events with tracks passing all selections over the number of
generated events, is a function of the track momentum



