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Why A Muon Collider?

e New physics is somewhere

e Maybe not at LHC

e Want an energy-frontier candidate

e Also want to be able to do precision physics

e The muon collider is the only machine capable of both

e |[t's also a compact machine, similar in size to Fermilab campus
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Okay, What's The Catch?

e “If something sounds too good to
be true, it probably is”
e There are several significant
challenges
o Mainly derived from muon
ifetime
o Long due to highly virtual W,
out still only 2 s
e How do you get a beam of muons?
o Not easy!
e How does a detector environment
deal with a bath of high energy
decay products?
o Also non-trivial!




A Starting Point For
Experimentalists :

e Designing a detector is hard!
o Many choices to make
o Lots of things to consider and
then optimize
e |t can be helpful to have a starting
place
e For us that was the CLIC detector

wat

Credit: CLIC



MAIA, Some Historical Context

e CLIC detector
o Optimized for lepton collider
e MAIA (3 TeV)
o Take the CLIC geometry exactly
as our starting point
e MAIA (10 TeV)
o Larger energy scale — Larger
detector
o Everything got scaled up
proportionally
e Took software directly from CLIC
along the way
o Necessitates validation of
everything! credit CHE 7
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WVIAIA Detector Concept
O W Wiuon Collider
' simuiatior

e Muon Accelerated Instrumented
Apparatus
e One of the main detector concepts
for a 10 TeV muon collider
o Based off of CLIC detector
design
e An “ATLAS-like” detector
o Solenoid inside the
calorimeters
e Active development community
o New paper pushed to arXiv as
of July 8™, 2026
o O(30) members, many Yk ,, St o
undergrads and early grads SIEEIS 5 He3 e 123

......
T .I'.,'."
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https://arxiv.org/pdf/2502.00181

MAIA, The Detector

Muon System

Cal

ECal

Solenoid

Tracker

Interaction Point




MAIA, The ECal

e Very HGCAL-like
e Based on CLIC
design and scaled

ECal up for increased
energy
Cell Type Si-W
Cell Size 51x51mm
Sensor Thickness 0.5 mm
Absorber Thickness 2.2 mm
Number of Layers 310
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What Software Should You

Use?

e As per our lepton collider heritage,
we use PandoraPFA
e Pandora is a Particle Flow
Algorithm
o Similar idea to the CMS Particle
Flow Algorithm
o Lightweight! Maps well to
design stage
e We have to validate along the way

Credit: PandoraPFA Group
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Particle Flow: A Crash Course

Input Calo Hits + Tracks Clustering Topological Association

)

TI’?.Ck. Cluster , Photon Tagging Charged Particle Tagging
Association/Merging

Particles! (PFOs)

12



Photon Reco: A Case Study

| Inoet - al Hits + Ssach - | C ust i n Topological Association
l | I |

)

.A. ‘ |IH :I B 'H f\ g : Charged Particle Tagging
\ A

Track Cluster
Association/Merging

Particles! (PF
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Anthropology With The

e As an example of
this mode of work,
let’s take a look at
this file

e Broad
understanding of
what the purpose
was

o |nputs to a
classifier

o Are these good
choices?

Likelihood File

EﬁEnergyBins:lZﬁlNEnergyBins:
<EnergyBinLowerEdges=6 0.2 8.5 1 1.5 2.5 5 1@ 28 35 58 75 </EnergyBinLowerEdges>
<NSignalEvents>342750 231582 226866 158061 214870 283666 225134 137309 53395 17326 12851 10768</NSignalEvents=
<NBackgroundEvents=1207972 376650 137168 48517 44217 41720 26614 14750 6395 2152 1368 582</NBackgroundEvents=
=PhotonSigPeakRms @8>

<NBinsX>58</NBinsX>

<XLow=0</XLow=

<¥High=>5</XHigh=>

<BinContents>0.0 0.0 0.0 6.71043034282e-05 0.0026754194019 0.0207673231218 0.0974762946754 0.175600291758 0.0909992706054 0.107460247994 0.09877228300511 0.0660598103574 0.0579752005835 0.0485280816922 0.0
415609044493 0.0347133479212 0.0286285922684 0.8239299781182 0.8203967906637 ©.0169715536105 0.0140627279358 0.0115711159737 0.00941502552881 0.00787162654996 0.00666666666667 6.00520787746171 6.0041137855579
9 §.00350692924872 0.00274544128373 0.00240116703136 0.00172720641867 0.00157840991977 0.00119912472648 ©.000997811816193 0.000933625091174 0.00072355944566 ©0.000554339897885 0.000504741064916 ©0.0003997082421
59 0.00835594456601 0.080274252370532 0.008245076586433 0.800224653537564 0.000224653537564 0.000163384390956 0.000122538293217 0.000107950401167 0.000134208606856 B.75273522976e-05 7.00218818381e-05 7.585703
865792-05 0.0</BinContents=>
</PhotonSigPeakRms 8>
=PhotonBkgPeakRms 8>

<NBinsX=50</NBinsX=>

<XLow=B</XLow=

<XHigh=5</XHigh=>

<BinContents=0.€ 0.0 0.0 2.56628464898e-05 0.000857635773015 0.007569711886074 0.04936289914 ©.139273095734 0.0690653425742 0.114611928891 0.102792945532 0.0746788832854 0.076726944002 0.0584632756388 0.04
99862579596 0.0418445129523 0.0345049386562 0.0271372184123 0.022925200253 0.0193224677393 0.0161758716262 0.0134696830721 0.0114042378466 0.00941495332673 0.00792733606408 0.00671042044021 0.08575096111499 0
.00495044587126 0.00427824485998 ©.00365654170792 0.00315321878322 0.00281132344127 0.00251247545473 0.00221942230449 ©.0019528598345 0.00170285403966 0.00157785114225 0.00140400605312 0.001318739176687 0.0011
6476209713 0.00102154685705 0.000906477964721 0.000796376074942 ©.000770713228452 0.000682062850132 0.000664750507462 0.000581139297931 0.00053395277374 0.000490905418338 0.000453652899230 0.0008392393201167 0
.B</BinContents>
=/PhotonBkgPeakRms_@>
=PhotonsigPeakRms 1>

<NBinsX>58</NBinsX>

<XLow=0</XLow=

<¥High=5</XHigh=>

<BinContents>0.0 0.0 0.0 ©.000138179996718 0.000984532476617 0.0042188080248 0.0158906996226 0.0357324835264 0.0600780716981 0.0852613761 0.106454733097 ©.116541872857 ©0.114136677289 0.100685718234 0.0804
A78037153 0.0634375728684 0.0477714157404 0.0360131616447 0.0265823768687 0.020040417649 0.0150184383933 0.0116028015994 0.00879602041609 0.00724581357791 0.00608799198556 6.00519902237652 0.00416267240114 0.0
0360131616447 0.00312200430085 0.00260814743806 ©.00254337556459 0.00210292682506 0.0016927049598 ©.001541576058839 0.00143361746595 0.00123066559577 0.00103203185049 6.90102771372559 6.000820443730514 0.00070
3854358283 0.00059158311095 0.000569992486463 0.000496584363206 0.000483629988514 0.00042317623995 0.008302268742821 0.000336813742001 0.000246133119154 0.00022022436977 0.000189997495488 0.0008198633745282 6.
@</BinContents=
</PhotonSigPeakRms 1>
<PhotonBkgPeakRms 1>

<NBinsX=50</NBinsX=>

<XLow>B</XLow>

<XHigh=5</XHigh=>

<BinContents=0.€ 0.0 5.30996946768e-06 0.000517722023098 0.002121332860234 0.0058064516129 0.0171146315943 0.0343130227001 0.0452754546661 0.0637966281694 0.0732430638524 0.07765564848 0.0785477233506 0.07
38298154786 0.068209212797 0.0683557679543 0.0525421478826 0.0454241338112 0.0392273994425 0.8339333598832 0.0288623390416 0.0250896057348 0.0215505110846 0.0169061462897 6.0160414177618 0.0143183326696 0.012
3324940887 0.0106172839506 0.00926855170583 0.00802336386566 0.00728793309438 0.00624717907872 0.060561529271207 0.00500464622328 0.00442585955131 0.00413912120005 ©.00356829948228 0.00343289526085 0.002872693
48281 0.88257533519182 0.00234966148945 0.08218239745121 0.00204699322079 0.00186645426739 0.00168326032125 £.00145493163414 0.0014522766494]1 0.00135935218372 0.0012159830081 0.00812239479623 0.001067303863 0.
@</BinContents=>
=/PhotonBkgPeakRms 1=
=PhotonsigPeakRms 2>

<NBinsX>58</NBinsX>

<XLow=0</XLow=

<XHigh=5</XHigh>

<BinContents>0.0 0.0 0.0 2.2039441785e-05 9.25656554971e-05 0.000431973058986 0.00189539199351 0.0040288099583 0.0101469589978 0.024027399434 0.0498576252061 0.0855791524512 9.11847522326 0.137931642467 0
.134299542461 0.1163021343 0.0901986194494 0.0666340482928 0.0458728941313 0.06314855465341 0.62138760743082 0.0148369522097 0.0106450503822 0.00744051554662 0.00559801821339 0.00418749393915 0.00319571905863 0
.00243315437367 0.00210697063465 0.00157802403181 0.00130032706532 0.000960919661827 0.000916840778257 ©.000837498787831 0.000661183253551 0.000656775365194 0.000476051942556 0.000533354491197 0.0004628282774
85 0.008365854733631 0.000343815291846 0.000282104854848 0.000299736408276 0.000224802306207 0.000198354976065 0.000158683980852 0.00013223665071 0.000154276092495 0.000123420873996 0.000127828762353 9.256565
54971e-85 0.0</BinContents>
</PhotonSigPeakRms 2>
<PhotonBkgPeakRms 2>

<NBinsX=50</NBinsX=>

<XLow>B</XLow>

<XHigh=5</XHigh=>
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https://github.com/aidangardnerokearny/SteeringMacros/blob/master/PandoraSettings/PandoraLikelihoodData12EBin.xml

What Are These Variables?

e We can write a simple
script to print out the . o,

Long. Profile Start

contents of this file 8 o

e This spits out a bunch

of histograms that look ~ °*
ike this T ey | Sretisisszss v o A
o S0 g < R RN Gy

e Doing this effectively el S i RMS Ratio

. 2o T Wuon Collider 2 ] 2002
Kicks the can down the 2%
0O o.2F A 0.35 E 00.01
r 0.3 - 0.01
rod d 0.15F 0.25 : 0.01
i . 0.0
J o C 0.2 r
o We know what's in ] oo
. . 0.055— & ' 0.00
this file, but not ; _
. 0 02 ""04 06 08 1 01" 12141618 2 22 2.4 2.6 2.8 3 B2 4 E 10 12 14 16 18 20
Wh at |t d OeS Fraction of energy in shower peak Peak RMS / overall cluster RMS Minimum distance to nearest track [mm]
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Electromagnetic Showers The

Pandora Way

e Focusing in on the way we
construct emag showers, we need
to understand the process of
deriving our inputs to the classifier

e Specifically how do we measure
how “shower-like"” a given cluster

IS?
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I“‘
”‘:“‘“ .
. .
AR se’ o
4% ¢% oo
%ottt
Q"“‘ “‘
XX s
A e
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- L]
‘: ‘I‘ / \
! -
’ffl“ ------ LY 3
.O‘ llllll " T ay
'.. ------------ ““
n
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‘epuunumnnn!
...
?
.
?

Thank you Jullian for the graphic
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Handllng Showers

hree step process

1) Reconstruct the energy deposition

of your shower

Energy deposit / bin

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

Muon Collider—]
Photon GunE = 24 GeV -

Measured

—10 20 3 a0
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Handllng Showers

hree step process
1) Reconstruct the energy deposition

of your shower
2) Use total energy to construct a

theoretical profile

20
\' ]

E = 100.0 GeV




Handllng Showers

hree step process
1) Reconstruct the energy deposition

of your shower

2) Use total energy to constructa 3 *F prton Gt 35 6ot -
theoretical profile 5 “E . OGS
3) Compare these two curves and _ G E
return a profile discrepancy score & 081: :
e | am going to refer to this as X ol E
0.4 — o —

0.25—:_- W, e vected _

| P S resroohve oiss SOV

50
Depth (X)
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e | et's consider the electron case

e Electron identification employs a
N

d

mple-cut based identification

oproach

e Intheir case; a X of < 0.6 s
required

Pandora Default Electron ID

Profile Discrepancy In Other
Cases

Variable

Value

Max inner layer

Max energy

5 GeV

Max profile start

4.5

Max profile discrepancy

0.6

Max E/p residual

0.2
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What Are These Variabl

Redux.

e Peak RMS
o How big is the
shower at its peak?
e Profile Start
o Where in the
calorimeter does
the shower begin?
e Profile Discrepancy
o How “ideal” is this
shower?

>
=
g 0.18 Signal )
(D)
()

Peak RMS

0.2F Muon Collider E

0.16 Background

O0 05 1 15 2 25 3 35 45 5

Transverse RMS at shower peak [cm]

Peak Energy Fraction

0.25~

" Muon Collider -

Density

0.2F

0.15F

0.1

0.05F

O:I P R — P o
0 0.2 0.4 0.6 0.8 1
Fraction of energy in shower peak

Long. Profile Start

i A;Iucl)n .(mlllic.let!

0o 2 4 6 8 10
Shower start layer

RMS Ratio

Muon Collider

1 12141618 2 22242628 3
Peak RMS / overall cluster RMS

Long. Profile Discr.

uon Collider

0 01 02 03 04 05 06 0.7 08
Longitudinal profile discrepancy

Min Track Distance

Muon Collider

. y 5 |
0 2 4 6 8 10 12 14 16 18 20
Minimum distance to nearest track [mm]
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What Are These Variabl
Redux.

Peak RMS Long. Profile Start Long. Profile Discr.

*? Muon Collider E *? Mucl)n .Colllic.let! ; uon Collider
2 0.1 signal ) @ 0.4 .
() (]
. ea ( Energy Fra Ctlon A 0.16 Background A 0.35
0.14 0.3
- 0.1
o How much energyis
0.08 '
. 0.15
in the peak? 0. :
. 0.0 0.05 _
® RMS Ratlo © 05 115 2 25 3 35 4 45 5 e T 0001 02 03 04 05 0.6 0.7 08
. | . h . Transverse RMS at shower peak [cm] Shower start layer Longitudinal profile discrepancy
O
H OW CIrcuiar Is t 1S Peak Energy Fraction RMS Ratio Min Track Distance
0.25_—I L .M.uo’1 CEolI.idérI . Muon Collider 3 "? 0.02 Muon Colllder'E

object?

Density

C 0.0

. 0.2F 00.01
e Distance-to-track 001
; 0.0
o |s there a track
C 0.00

0.05F 0.00 3

Nnea rby7 : : 0.00 —

. 00 =02 04 06 08 1 O 2 141618 2 5054583583 02 46810 12 14 16 18 20

® A | passed |nt0 6' Fraction of energy in shower peak Peak RMS / overall cluster RMS Minimum distance to nearest track [mm]

dimensional classifier to
tag photons 22



What Does This Approach Look
Like in Practice?

e For a given cluster we
a.Calculate all the relevant
variables
b.Pass these variables to the
classifier
c.Tag as a photon based on
output
e With a rigorous understanding of
this process, we can ask the
guestion...

log(S / B)

log(S / B)

Peak RMS

Fraction of energy in shower peak

log(S/B)

log(S/B)

Long. Profile Start Long. Profile Discr.
1: a T
of 2,
3 S
_1-—
b
o
£

Longitudinal profile discrepancy

Min Track Distance

16H o LR
14F o
12F [=)) -
10F T o
8 i
6f s
aF [
2F oF
0;‘ - ' E

2B Y T E N S T T T =

1 1.5 2 2.5 3 0 5 10 15 20

Peak RMS / overall cluster RMS Minimum distance to nearest track [mm]
Energy bin

0-0.2 GeV 0.2-0.5 GeV 0.5-1 GeV
1-1.5 GeV 1.5-2.5 GeV 2.5-5 GeV
5-10 GeV 10-20 GeV 20-35 GeV
35-50 GeV == 50-75 GeV == >75 GeV
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Does This Approach Make
Sense?

e Sure
e But what does this approach mean for us in the context of a muon collider

environment?
e More specifically, what sorts of issues arise in reconstruction because of our detector

choices?
e g

24



The Solenoid

e We have a big solenoid in the
middle of our detector

e Designed to shield the calorimeters
from BIB

e Would be reasonable to expect
that this material also gets in the
way of things we want

o E.g. photons
e This would be a big issue

A dedicated feasibility study is required for the solenoid. In these studies, we have as-
sumed a 5T magnet with an inner radius of 150 cm simulated as a region of high-density
materials, aluminum and steel. The feasibility of such a magnet needs to be evaluated,
particularly given the sensitivity of the calorimetry to the amount of material in the mag-
net. A more realistic model of such a large high-field magnet should incorporate radiation

tolerance requirements, and the structural and material design must be able to handle the

large mechanical stresses from the field.

MAIA Detector Concept

Muon Collider
Simulation

EM Calorimeter

Solenoid
Silicon Tracker

- Vertex Detector

Inner Tracker

Quter Tracker

T

Muon System

Interaction Point
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The Solenoid

Let's return to our profile curve
An eye test says that these two do

g I IMulon ICo}Iidcler E
nOt agree ?g)_ 0.06:— PhOtonGunEY=25GeV_:
Let's focus in on this corner 5 F ™ :
Can see that the measured curve s b i fu :

- - _5 0.04— _'. "‘ _:
has nonzero energy depositionat0 ¢ | /= :
Could the solenoid be causing this? O :

0.02- : -
: Mean measured B
---------- Mean expected ]
| Bl L T lasinninninnin ol

10 20 30 40 50
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The Solenoid

e How do we test this?

e GO to magical simulation land
where all things are possible

e Replace the solenoid material with
vacuum

e Repeat the simulation and
compare

e What do we see?

Vacuum

27



What Do We See?

he curve start behavior in
guestion disappears!

o Still some disagreement, but a
good first step

0.06(—
0.05F

0.04f

Fractional energy deposit / bin

0.03F :
0.02F -

0.01f

o
O

T I T T T T I )
Muon Collider -
Photon GunE v 25 GeV —

Mean measured

Mean expected i
susndnndnndandandanduninnisn .J—

40
Depth (XO)
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What Do We See?

he curve start behavior in

guestion disappears!
o Still some disagreement, but a
good first step

e Our energy reconsturction gets a
lot worse!

o The vacuum has a lovely 25
GeV peak while the actual
geometry does not

Mormalised entries / bin

o
—

—
P

0.0

Muon Collider

Photon Gun £, = 25 GeV

Energy [GeV]

I
30

29




What Do We See?

he curve start behavior in |
guestion disappears! | Muon Collider

o Still some disagreement, buta . e BN 6
good first step |

e Our energy reconsturction gets a
lot worse!

o The vacuum has a lovely 25
GeV peak while the actual
geometry does not

e Our profile discrepancy scores also -
get worse! '

0.3 -

©
N

Normalised entries / bin

.Nomlnal
o Keeping in mind the ~0.6 break R | W vacuum
point 2 : 4
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What About The Other Offset?

he measured curves appears to
be overestimating the energy

c
o ' | ' ' ' ' | ' ' ' ' | ' ' ' ' | ' ' ' ' I o
o We suspect this is due to z F Muon Collider -
S 0.06— Photon GunE ,= 25 GeV —
: : :
potential material effects S b e :
: : : 5 005 1 5/4% b
e Working on confirming source of 5 [ iif% :
@®© = = . .
: : S 004 :: -
this behavior g F i w :
T 0.03F =
002— -
E n 3 :"c, Mean measured i
0.01: 3 N
Cog N 0 mmmmmns Mean expected -
s PRl e AP
OO 10 20 30 40

Depth (xo)

31



Some Tentative Conclusions

e Pandora is a particle flow algorithm optimized for lepton collider environments

e We understand the photon reconstruction process
o Calculate shower variables each cluster
o Pass clusters into six-dimensional classifier for tagging

e Can confidently say that our solenoid is causing us to lose energy in photon showers
o Additionally causes us to identify showers as “less ideal”

32



Some Tentative Next Steps

e Looking to add 6 dependence to samples
o Seeking to understand the way path length effects the noted reconstruction issues
e Digging into the nitty-gritty of how Pandora calculates everything
o We suspect there might be a mismatch in the material properties we hand Pandora
and what it actually does with them
e How do we fix this?
o Is there a generic MC-based calibration technique we can use?
= E.g; at some generic 8 and E, results in a calibrated E
o Failing that, looking at how ATLAS handles this sort of problem
= A Presampler!
e Longer term: What background sources should we consider for our classifier?
o The training data came to us prepackagec
o We'll need to remake it, but with what?
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Electron Reconstruction Efficiency
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Electron Reconstruction Efficiency
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Electron Reconstruction Efficiency

VALA Detector Concept

—
I

—a— PandoraPFOs with
PDGID = 11

Efficiency
i

=k

Efficiency of Pandora IDing PFOs as electrons. Denominator: total # of truth
electrons, pT > 10 GeV. Numerator: Number of PFOs with PDGID == 11, pT > 2 GeV.
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Electron Reconstruction Efficiency

In| <0.9 — barrel

|n| =1 — transition
region

1.5<|n| <24 —
endcap

~38%

<10%

60-80%

5 A Detector Concept
Simulation, no BIB
Nl <2.4

—e— PandoraPFOs with
PDGID = 11

t

W

3t

Efficiency of Pandora IDing PFOs as electrons. Denominator: total # of truth
electrons, pT > 10 GeV. Numerator: Number of PFOs with PDGID == 11, pT > 2 GeV.
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Electron Reconstruction Efficiency

MAIA Detector Concept
Muon Collider

m— \fartex Detector

=== |nner Tracker
Quter Tracker

e Solenoid

m— ECAL

m— HCAL

=== Muon Detector

m— MNozzle

In| <0.9 — barrel ~38%

|n| =1 — transition

: <10%
region

HCAL Endcap

1.5<|n| <2.4—

60-80%
endcap




Electron Reconstruction Efficiency

Pandora’s Default Electron ID

A Detector Concept

Simulation, no BIB

Nl <2.4

Variable Value —e— PandoraPFOs with

FDGID =11

Efficiency

Max inner layer 4

t

Max energy > GeV | + ++++++

Max profile start 4.5
Efficiency of Pandora IDing PFOs as electrons. Denominator: total # of truth
Max E/p residual 0.2 electrons, pT > 10 GeV. Numerator: Number of PFOs with PDGID == 11, pT > 2 GeV.
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Electron Reconstruction Efficiency

Detector Concept

Muon Collider
Simulation, no BIB
Nl <2.4

—
I

—e— PandoraPFOs with
PDGID = 11

Efficiency
i

=k

Efficiency of Pandora IDing PFOs as electrons. Denominator: total # of truth
electrons, pT > 10 GeV. Numerator: Number of PFOs with PDGID == 11, pT > 2 GeV.
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What is being reconstructed?

44



What is being reconstructed?
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What is being reconstructed?

ector Cancept
S|mUIat|ﬂn, no BIB Electron
nl < 2.4 —=— Pion
Neutron
Photon
—e— Nothing Reconstructed

wn
e
-
)
>
(1N
e
o
-
he
-]
O
C
| -
L

Electron gun sample, with leading PFO being plotted. The names “pion”,
“neutron” etc are named based on what Pandora id the PFOs as, not what is
actually there.
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Why is this happening?

e |n Pandora particle flow, there is | ectr Goncept
. | Simulation, no BIB Electron
no set pion ID

nl < 2.4 —=— Pion
Neutron
—»— Photon
—e— Nothing Reconstructed

wn
e
-
)
>
(1N
e
o
-
he
-]
O
C
| -
L

Electron gun sample, with leading PFO being plotted. The names “pion”, “neutron”
etc are named based on what Pandora id the PFOs as, not what is actually there.
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pions
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Electron gun sample, with leading PFO being plotted. The names “pion”, “neutron”
etc are named based on what Pandora id the PFOs as, not what is actually there.
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Why is this happening?

e |n Pandora particle flow, there is
no set pion ID

e The flow:
o Muons and electrons are
reconstructed
o All other charged particles
are identified as charged
pions
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Electron gun sample, with leading PFO being plotted. The names “pion”, “neutron”
etc are named based on what Pandora id the PFOs as, not what is actually there.
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Electron and Pion Discrimination

e Charged particles that
ionize as they pass through
the detector

e | eaves hits in the tracker
that form tracks

e Shower in the calorimeters
producing clusters
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Electron and Pion Discrimination

e Charged particles that
ionize as they pass through
the detector

e | eaves hits in the tracker
that form tracks

e Shower in the calorimeters
producing clusters

e Electrons interact
electromagnetically + lose energy
through bremsstrahlung.

e Pions interact via the strong force
and undergo nuclear interactions,
which produces secondary
hadrons

e The scale for electrons is the
radiation length (X,) while for pions
it's the nuclear interaction length
(A), which is much longer
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Electron and Pion Discrimination
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is the
radiation length (Xo) while for pions
it's the nuclear interaction length
(A), which is much longer
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Energy Reconstruction

e Cluster energy is used multiple
times during particle
reconstruction:

o EM vs hadronic decision

o Track + cluster association
and cluster merging

o Track momentum and
cluster energy association




Calibration, Pandora’s Way

e MAIA has a sampling calorimeter, meaning
calibration is needed to convert the measured
signal back to the true particle energy
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Calibration, Pandora’s Way

e MAIA has a sampling calorimeter, meaning
calibration is needed to convert the measured
signal back to the true particle energy

e Pandora originally used a global scale factor to
calibrate electromagnetic energy
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Calibration, Pandora’s Way

e MAIA has a sampling calorimeter, meaning
calibration is needed to convert the measured
signal back to the true particle energy

e Pandora originally used a global scale factor to
calibrate electromagnetic energy

R | Is th
aw Cluster — >the energy ——3» | Calibration factor is 1.38
energy EM?
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What Does This Mean?
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What Does This Tell Us?
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Energy and Theta Dependent Calibrations

MAIA Detector Concept
Muon Collider

Vertex Detector
Inner Tracker
Quter Tracker
e Solenoid
m— ECAL
m— HCAL
=== Muon Detector
m— Nozzle

Nozzle




Energy and Theta Dependent Calibrations

MAIA Detector Concept
o Muon Collider

Depending on where in theta the
particle is, it traverses through
more or less material




Energy and Theta Dependent Calibrations

MAIA Detector Concept
o Muon Collider

Depending on where in theta the
particle is, it traverses through
more or less material

The fraction of the shower we
measure changes with the energy
of the particle




Particle gun
sample

Calibration Factors

Looping through each event

Get energy and theta. Split

—> energy into respective HCAL

and ECAL ratios
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Calibration Factors

This shows how the energy needs

Looping through each event to be scaled!

Particle gun Get energy and theta. Split
—> energy into respective HCAL Compute truth energy/

sample and ECAL ratios reconstructed energy

64



Calibration Factors

This shows how the energy needs

Looping through each event to be scaled!

Get energy and theta. Split

Particle gun
5 —> energy into respective HCAL Compute truth energy/
and ECAL ratios reconstructed energy

sample

Put this ratio For each bin, take the median

into a theta and of the ratio. This is now the
energy bin scale factor for that bin!
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Calibration Factors

This shows how the energy needs
to be scaled!

Looping through each event

Get energy and theta. Split

Particle gun
5 —> energy into respective HCAL Compute truth energy/
and ECAL ratios reconstructed energy

sample

Put this ratio For each bin, take the median Scale factors are stored
into a theta and of the ratio. This is now the and handed to Pandora
energy bin scale factor for that bin! during reconstruction
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Calibration Scale

ECAL calibration scale

Yy
@
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@

 theta [rad]

By using calibration factors during particle reconstruction, it allows for energy to be reconstructed
more accurately. This calibration is trained on photons.
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Results of Calibration

A way to tell if energy is closer to the expected value is by studying the E/p. For electrons, the E/p
should be approximately 1.
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Results of Calibration

Simulation, no BIB

0-50 GeV

A way to tell if energy is closer to the expected value is by studying the E/p. For electrons, the E/p
should be approximately 1.
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Results of Calibration

Simulation, no BIB
nl <2.4

0-50 GeV 0-50 GeV

A way to tell if energy is closer to the expected value is by studying the E/p. For electrons, the E/p
should be approximately 1.
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Results of Calibration

Simula

A way to tell if energy is closer to the expected value is by studying the E/p. For electrons, the E/p
should be approximately 1.
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Components of Electron PFOs
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Components of Electron PFOs
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Components of Electron PFOs

ectar Gaoncept
Simulation, no BIB
ml < 2.4
SelectedTracks

=
Q
—
Q@
Q
=
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LL

77.9% efficiency TOT e Jeting electron tracks.
Denominator: truth electron with E > 10 GeV, |n| < 2.4.
Numerator: tracks within AR < 0.2 of the truth, E > 2 GeV, [n| < 2.4.
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Components of Electron PFOs
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Components of Electron PFOs
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Components of Electron PFOs

ector Concept

Simulation, no BIB
nl <24

PandoraClusters

Efficiency

Efficiency of reconstr ers, with an efficiency of
99.5% Denominator: truth electron with E>10 GeV, [n| < 2.4. Numerator:
a cluster with E > 10 GeV, In| < 2.4, within AR < 0.2 of the truth electron.
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In Order to Reconstruct Electrons PFOs
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Electron PFOs

ector GConcept
Simulation, no BIB

nl < 2.4 1
PandoraPFOs (PDGID=11,
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Initial electron reconstruction is low, at 36.8%. The fact that reconstruction efficiency is low when we
have 99.5% cluster efficiency and 77.9% track efficiency tells us it is Pandora’s electron ID failing.
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Electron and Pion Discrimination

Muon System
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Electron and Pion Discrimination
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HCAL Fraction

e EM showers start developing by 1 Xo,
and the ECAL is ~32 Xo

. Pions develop around 1 nuclear
interaction length, which is ~ 28 Xo.
. The ECAL is ~1.1 A thick

To discriminate between electrons and

pions, we can calculate the fraction of

energy deposited in the HCAL for each,
and use that to make a cut.

ECAL

Charged Pion
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HCAL Fraction

Muon Collider:

Simulation, no EIB

Truth E: 35-50 GeV —— Pions
’ cut value

Electrons

o
2
=
c
w
o
@
N
©
£
o
=z

107" 1
HCAL fraction

Raw HCAL energy / (raw ECAL + raw HCAL energy). This is summed over all PFO clusters.

From this plot, HCAL fraction cut will be 0.001

84



RMS

e EM shower width is set by the Moliere

radius, which is ~9 mm in tungsten, O(x-O
o wider in the actual ECAL due to Si 2t
o Hadronic shower width is set by
nuclear interactions and secondary Electron
production, a much larger scale
‘\*\:: o Charged Pion
Peak RMS

To discriminate between electrons and
pions, we can calculate the RMS of the
showers and make a cut.

Peak RMS

ECAL



RMS

Muon Collider
Simulation, no BIB

Truth E: 35-50 GeV —— Pions
: cut value

Electrons

)
2
=

-
L
o

)
N
©

<

o
=

shower RMS [mm

Energy-weighted transverse spread [mm] of the hits in the leading cluster around the cluster axis

From this plot, the RMS cut will be 26mm
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Shower Start Depth

e An electron starts showering within the S
first Xo yo 3

e A pion travels ~28 X, before its first >
nuclear interaction Electron

Charged Pion

To discriminate between electrons and
pions, we can calculate the shower start
depth and determine a cut.

ECAL

Function of Xo



Shower Start Depth

Muon Collider

Simulation, noBIB !

Truth E: 35-50 GeV — Pion gun
E cut value

Electron gun

Fraction of PFQOs

",
<

12 14 16 18

orofile start

Depth [Xo] at which the shower begins, found by sliding an expected EM profile along the layer-by-layer ECAL
energy deposits until the showers best match — the same algorithm Pandora uses.

From this plot, the shower start cut will be at 7 X,
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New Electron ID

Highest pT charged PFO in ) Compute cluster shape

E>10GeVand |[n| <24
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New Electron ID

Highest pT charged PFO in ) Compute cluster shape

E>10GeVand |[n| <24

HCAL Fraction < 0.001?
Shower RMS < 26mm?

Shower starts <7 Xo
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Highest pT charged PFO in
event

E>10GeVand |[n| <24

ID as electron!

New Electron ID

Compute cluster shape
q p . p
variables

lYes

No
HCAL Fraction < 0.0017? —
lYes
No
Shower RMS < 26mm? —
lYes
Yes NG
44— Shower starts <7 X —

Not ID as electron
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Results

ﬁ'ﬂlul;};f}ﬂ- no BIB HCAL frac

—=— 4 shower RMS

Efficiency

+ shower start

From a combination of calibration and cuts that discriminate between electrons
and pions, electron reconstruction efficiency is now 68.9%
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Results

actar Goncept
Simulation, no BIB

ml <2.4 Pandora PDGID =11

Efficiency

—#— Al cuts for new electron
ID + calibration

+++

¢ Py

The PFOs ID as electrons with the updated electron ID + calibration show an
improvement from 36.9% to 68.9% reconstruction efficiency.

94



Conclusions + Future Work

e EM shower and electron
reconstruction are improved but
not complete
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Conclusions + Future Work

e EM shower and electron
reconstruction are improved but
not complete

e Next Steps:

o Once Aidan is done optimizing
how showers develop in MAIA, |
can use the updated shower
profile discrepancy variable for
electrons

o Improved tracking efficiency

will a

identi

SO improve electron
fication
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Conclusions + Future Work

e EM shower and electron
reconstruction are improved but
not complete

e Next Steps:

o Once Aidan is done optimizing
how showers develop in MAIA, |
can use the updated shower
profile discrepancy variable for
electrons

o Improved tracking efficiency

will a

identi

SO improve electron
fication

e This is all very much a work in
progress. Using machine learning

could be helpful in the future, but we

have one goal for now
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CLIC Detector

https://arxiv.org/pdf/1802.06008

Solenoid magnet
B=4T,R.in=3.4m

Fine grained calorimetry used for F{?turn yoke (iron)
Particle Flow Analysis with detectors for

A=1+7.5 i muon ID
i

114 m

Fig. 2: Top view of CLIC detector model
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CLICdet

https://cds.cern.ch/record/2254048/files/CLICdp-Note-2017-001.pdf

Table 1: Comparison of key parameters of the different CLIC detector concepts. CLIC_ILD and
CLIC_SiD values are taken from the CDR [3]. The inner radius of the electromagnetic calori-
meter (ECAL) is given by the smallest distance of the calorimeter to the main detector axis. For
the hadronic calorimeter (HCAL), materials are given separately for the barrel and the endcap.

Concept CLICdet CLIC_ILD CLIC_SiD

Vertex inner radius [mm)] 31 31 27
Tracker technology Silicon  TPC/Silicon Silicon
Tracker half length [m] 2.2 2.3 1.5
Tracker outer radius [m] 1.5 1.8 1.3
ECAL absorber W \\ w
ECAL X, 22 23 23
ECAL barrel r;, [m] 1.5 1.8 1.3
ECAL barrel Ar [mm] 202 172 139
ECAL endcap z.,;, [m] 2.31 2.45 1.66
ECAL endcap Az [mm] 202 172 139
HCAL absorber barrel /endcap Fe/Fe W /Fe W/ Fe
HCAL A; 7.5 7.5 7.5
HCAL barrel r;, [m] 1.74 2.06 1.45
HCAL barrel Ar [mm)] 1590 1238 1177
HCAL endcap z,;, [m] 2.45 2.65 1.80
HCAL endcap Az [mm] 1590 1590 1595
Solenoid field [T] 4 4 5
Solenoid bore radius [m] 3.5 3.4 2.7
Solenoid length [m] 8.3 8.3 6.5
Overall height [m] 12.9 14.0 14.0
Overall length [m] 11.4 12.8 12.8
Overall weight [t] 8100 10800 12500
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ECAL for CLICdet

https://cds.cern.ch/record/2254048/files/CLICdp-Note-2017-001.pdf

Table 11: ECAL layout as implemented in the simulation model.

The ECAL segmentation as implemented in the simulation model is given in Table 12, and shown in
Figure 22. Note that the ECAL starts with an absorber layer, followed by a sensor/electronics layer, and

ECAL barrel r;, [mm]
ECAL barrel r,,,, [mm]
ECAL barrel z,,, [mm]

ECAL endcap/plug z,;, [mm]
ECAL endcap/plug z,,,x [mm]
ECAL endcap rp,;, [mm]
ECAL endcap rp,,, [mm]

ECAL plug r,;, [mm]
ECAL plug r,,,, [mm]

1500
1702
2210
2307
2509
410
1700
260
380

o on. The last element in the ECAL stack is a sensor/electronics layer.

able 12: Parameters for the ECAL segmentation as implemented in the simulation model, with a total

of 40 SiW layers.
Function
absorber

Insulator

Connectivity

Sensor
Space
PCB
Space
Insulator

Material

tungsten alloy

G10

mixed (86% Cu)

silicon
air

mixed (82% Cu)
air
G10

Total between W plates
Total SiW layer

Layer thickness [mm]

1.90

0.15
0.10
0.50
0.10
1.30
0.25
0.75

3.15
5.05
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olenoid for CLICdet

https://cds.cern.ch/record/2254048/files/CLICdp-Note-2017-001.pdf

Table 15: CLICdet solenoid main parameters

Solenoid central field [T] 4.0 Nominal current [kA] 20
Maximum field on conductor [T] 4.6 Total ampere-turns solenoid [MAt] 29.8
Inductance [H] 11.6

Colil inner radius [mm] 3649 Stored energy [GJ] 2.32
Coil outer radius [mm)] 3993 Stored energy per unit of cold mass [kJ/kg] 12.9
Coil length [mm] 7800

Table 16: Description of the coil elements as implemented in the simulation model. For all elements
the material, the longitudinal extent in one half of the detector z,,;,/ma.x and the radial extent

"min/max are given.

Material

Steel
Vacuum
Aluminium
Vacuum
Steel
Vacuum
Steel
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	Electron and Pion Discrimination
	Similarities
	Differences
	Shower development is dependent on energy, so the natural first step is to check if energy is calibrated correctly
	Electrons interact electromagnetically + lose energy through bremsstrahlung.
	Pions interact via the strong force and undergo nuclear interactions, which produces secondary hadrons
	The scale for electrons is the radiation length (X₀) while for pions it's the nuclear interaction length (λ), which is much longer
	Charged particles that ionize as they pass through the detector
	Leaves hits in the tracker that form tracks
	Shower in the calorimeters producing clusters


	Energy Reconstruction
	Cluster energy is used multiple times during particle  reconstruction:
	EM vs hadronic decision
	Track + cluster association and cluster merging
	Track momentum and cluster energy association
	Is the cluster energy being calibrated correctly?
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	Calibration, Pandora’s Way
	MAIA has a sampling calorimeter, meaning calibration is needed to convert the measured signal back to the true particle energy
	Pandora originally used a global scale factor to calibrate electromagnetic energy
	Calibration factor is 1.38


	What Does This Mean?
	Regardless of the position or energy of the particle, if it was identified as EM it would be multiplied by 1.38

	What Does This Tell Us?
	If cluster energy is scaled incorrectly, Pandora is going to mis-reconstruct the energy and misidentify the particle.
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	Calibration Factors
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	Particle gun sample
	Compute truth energy/ reconstructed energy
	For each bin, take the median of the ratio. This is now the scale factor for that bin!
	Put this ratio into a theta and energy bin
	Scale factors are stored and handed to Pandora during reconstruction

	Calibration Scale
	Results of Calibration
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	Results of Calibration
	Before calibration
	After calibration
	Now that energy is more accurately reconstructed, we can focus on optimizing how electrons are identified
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	Components of Electron PFOs
	In Order to Reconstruct Electrons PFOs
	1) The electron track and cluster need to be correctly associated 2) Classified by Pandora as an electron through a series of variables

	Electron PFOs
	Since electron energy is commonly mis-IDed as charged pions, we can use shower-based cuts to discriminate between the two, and therefore identify more electrons
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	Electron and Pion Discrimination
	Imagine a slice cut out of the detector
	HCAL
	ECAL
	We are going to zoom in on the calorimeters, with the goal of visualizing the 3 cuts we will make.
	HCAL
	ECAL



	HCAL Fraction
	EM showers start developing by 1 X₀, and the ECAL is ~32 X₀
	Pions develop around 1 nuclear interaction length, which is ~ 28 X₀.
	The ECAL is  ~1.1 λ thick
	To discriminate between electrons and pions, we can calculate the fraction of energy deposited in the HCAL for each, and use that to make a cut.

	HCAL Fraction
	From this plot, HCAL fraction cut will be 0.001

	RMS
	HCAL
	ECAL
	EM shower width is set by the Molière radius, which is ~9 mm in tungsten,
	wider in the actual ECAL due to Si
	Hadronic shower width is set by nuclear interactions and secondary production, a much larger scale
	To discriminate between electrons and pions, we can calculate the RMS of the showers and make a cut.

	RMS
	From this plot, the RMS cut will be 26mm

	Shower Start Depth
	HCAL
	ECAL
	Function of X₀
	An electron starts showering within the first X₀
	A pion travels ~28 X₀ before its first nuclear interaction
	To discriminate between electrons and pions, we can calculate the shower start depth and determine a cut.
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	Shower Start Depth
	These cuts can be used to discriminate between electrons and pions
	From this plot, the shower start cut will be at 7 X₀


	New Electron ID
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	New Electron ID
	Results
	From a combination of calibration and cuts that discriminate between electrons and pions, electron reconstruction efficiency is now 68.9%

	Results
	= 11
	The PFOs ID as electrons with the updated electron ID + calibration show an improvement from 36.9% to 68.9% reconstruction efficiency.
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	Next Steps:
	Once Aidan is done optimizing how showers develop in MAIA, I can use the updated shower profile discrepancy variable for electrons
	Improved tracking efficiency will also improve electron identification
	This is all very much a work in progress. Using machine learning could be helpful in the future, but we have one goal for now

	Conclusions + Future Work
	Validate the detector, physics, and reconstruction algorithms. Understand what is fundamentally happening
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