
(a) (b)

(c) (d)

Figure 6: Distribution of hadronic-interaction vertex candidates in |⌘| < 2.4 and |z| < 400 mm for data and the
Pythia 8 MC simulation with the updated geometry model. (a), (b) The x–y view zooming-in to the beam pipe,
IPT, IBL staves and IST, and (c), (d) of the pixel detector. Some di↵erences between the data and the Pythia 8 MC
simulation, observed at the position of some of the cooling pipes in the next-to-innermost layer (PIX1), are due to
mis-modelling of the coolant fluids, as discussed in Ref. [9].

6.1 Radial and pseudorapidity regions

For the hadronic interaction and photon conversion analyses, the measurable ID volumes are divided into
several groups by radii, which are referred to hereafter as radial regions. Table 3 lists the radial regions.
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• UChicago group studying tracking performance

• Isaac: occupancy with timing & pointing requirements 

• Noah: Tracking efficiency & fake rates 

• Leo: pT and impact parameter resolution


• pT and impact parameter resolution results surprisingly good 

• w/o BIB so far


• Goal of these slides: cross-check expected & observed performance

• Derive expected resolutions from first principles (1705.10150)

• Compare to 3 TeV - Towards a muon collider paper

2

Intro

https://arxiv.org/abs/1705.10150
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3 TeV performance 2303.08533 

We’re using the same detector geometry (including B-field) 

so we should observe the same performance


Will focus on θ=90° for simplicity

σ(ΔpT/pT) ~ 0.3-0.5% σ(d0) ~ 3-20 µm

https://arxiv.org/abs/2303.08533
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Tracker geometry reminder

Fig. 7: View of the tracking detector projected on Z�R (left) and transverse plane (right). The transverse
plane view is zoomed into the Vertex Detector to demonstrate the double-layer arrangement.
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 = 60pstσMuons from IP: 

 = 30pstσMuons from IP: 

BIB:  Inner + Outer Tracker

BIB:  Vertex Detector

=1.5TeVs

Muon Collider
Simulation

Fig. 8: Comparison of hit-time distributions in the Tracking Detector between BIB particles (solid lines)
and signal muons (filled areas) corrected by the time of flight of a photon from the IP, taking into account
time resolution of each sub-detector.

4 Detector Simulation Software
Full simulation of a single µ

+
µ
� collision event involves several stages:

1. generation of all stable particles entering the detector;
2. simulation of their interaction with the passive and sensitive material of the detector;
3. simulation of the detector’s response to these interactions;
4. application of data-processing and object-reconstruction algorithms that would happen in a real

experiment.

The first stage of generating stable input particles is handled by standalone software, such as
Monte Carlo event generators for the µ

+
µ
� interaction and FLUKA or MARS15 for the BIB particles.

The rest of the simulation process is performed inside the iLCSoft framework [63] previously used by
the CLIC experiment [64] and now forked for developments of Muon Collider studies [65]. Particle
interactions with the detector material are simulated in GEANT4 [55], while detector response and event
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B=3.57 T

(a) (b)

Figure 4: Transverse (a) and longitudinal (b) views of the innermost region of the tracking
detectors. In the left panel, one can visualise the four concentric cylindrical double-layers
of the VXD and the innermost layer of the IT. These appear also in the right panel along
with the four double-layer VXD endcap disks and the second layer of the IT.

The simulation of the BIB is a crucial element to assess the power of the presented
search. The muon decay products and the products of their interaction with the ma-
chine elements can reach the interaction region and the detectors. The BIB simulation
has been performed for machines with a centre of mass energy of

p
s = 1.5 TeV and

p
s = 125 GeV [75–79]. The composition, flux, and energy spectra of the BIB surviving

the shielding and entering the detector depend on the machine configuration and collision
energy. The most important BIB property is that it is composed of low-energy particles.
For

p
s = 1.5 TeV collisions the BIB mostly consists of O(1) MeV photons and electrons

and O(100) MeV hadrons; and is characterised by a broad arrival time in the detector. The
particle and hit multiplicity was observed to mildly decrease with increasing centre of mass
energy [77]. While the energy deposition in the detector by the BIB could increase at higher
collision energies, the analysis presented in this work is only sensitive to the hit multiplicity
that affects tracking. For this reason, in the absence of a dedicated BIB simulation at the
centre of mass energies used in this study, the simulated events with

p
s = 1.5 TeV were

taken as a conservative estimate of the BIB.
Monte Carlo samples were used to predict the expected backgrounds from SM processes

and to model the signal scenarios under consideration. Signal and background processes
were generated with MadGraph5_aMC@NLO 2.8.2 [80] interfaced to Pythia 8.244 [81]
for the parton showering and hadronisation. The matrix element calculation was performed
at tree level and includes the emission of up to one additional photon for all the relevant
samples.

– 9 –

Vertex Detector Inner Tracker Outer Tracker
cell size 25x25 µm2 50 µm x 1 mm 50 µm x 10 mm

thickness 50 µm 100 µm 100 µm
σt 30 ps 60 ps 60 ps

Pixel doublet layers

2303.08533 

https://arxiv.org/abs/2303.08533
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L = 1.5 m

B = 3.5 T

5

Radius of Curvature & Sagitta

pT 

(GeV)

radius 

(m) 

sagitta 

(mm)

1 0.9 295
10 9.3 30
100 93 3

1000 934 0.3

Looper if pT < 0.8 GeV 

Particles follow a helical trajectory in solenoidal field

First sanity check: getting a feel for radius of curvature and sagitta 

x

y

R =
pT

0.3 ⋅ B

R

s

s ≈
L2

8R
=

0.3 BL2

8 pT

L

Radius of curvature

Sagitta Track Length 
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Incident particles scatter in detector material 

Scattering adds a random component to particle’s path


Angular dispersion modeled by Gaussian 

6

Multiple scattering

θ0 =
13.4.F7/c

βp
q

√
d

X0
. 	���


5IF UIJDLOFTT PG UIF EFUFDUPS JT HJWFO CZ d BOE UIF SBEJBUJPO MFOHUI PG UIF NBUFSJBM VTFE JT HJWFO CZ

X0� .VMUJQMF TDBUUFSJOH MJNJUT UIF QSFDJTJPO XJUI XIJDI XF DBO NFBTVSF B QBSUJDMFؠT NPNFOUVN BOE

JNQBDU QBSBNFUFST
 CFDBVTF UIF DIBSHFE QBSUJDMFؠT USBKFDUPSZ XJMM EFWJBUF GSPN B IFMJY� 'PS UIJT SFBTPO


JU JT JNQPSUBOU UP NJOJNJ[F UIF BNPVOU PG NBUFSJBM VTFE JO EFUFDUPST�

����� .ঘখ঎গঝঞখ ছ঎জঘকঞঝ঒ঘগ

5IF QSFDJTJPO PG UIF TBHJUUB NFBTVSFNFOU
 σs
 JT SFMBUFE UP UIF OVNCFS PG QPTJUJPO NFBTVSFNFOUT

NBEF BMPOH UIF DIBSHFE QBSUJDMFؠT USBKFDUPSZ
 UIF SFTPMVUJPO PG FBDI QPJOU NFBTVSFNFOU
 BT XFMM BT FG�

GFDUT GSPNNVMUJQMF TDBUUFSJOH� $PNCJOJOH BMM PG UIFTF F୭GFDUT
 UIF SFTPMVUJPO PG USBOTWFSTF NPNFOUVN

NFBTVSFNFOU GPS B QBSUJDMF XJUI VOJU FMFDUSJD DIBSHF JT HJWFO CZ UIF (MVDLTUFSO GPSNVMB

σp5

p5
=

( p5
0.3

σQPJOU

BL2

)√ 720

N + 4
⊕

(σp5

p5

)

MS
. 	���


5IF USBDL p5 JT NFBTVSFE JO (F7� 5IF VODFSUBJOUZ PO BO JOEJWJEVBM QPJOU NFBTVSFNFOU JO NFUFST

JT HJWFO CZ σQPJOU� 5IF NBHOFUJD ୮ୢFME TUSFOHUI JO 5FTMB JT B
 BOE L JT USBDL MFOHUI JO NFUFST� 5IJT

GPSNVMB BTTVNFT N 
 UIF OVNCFS PG QPJOU NFBTVSFNFOUT JT MBSHF� 5IF NBHOFUJD ୮ୢFME TUSFOHUI BOE

MPOH QBUI MFOHUI BSF EPNJOBUJOH UFSNT JO UIFNFBTVSFNFOU QSFDJTJPO JO DPNQBSJTPO UP UIF OVNCFS PG

NFBTVSFNFOUT� 5IF NVMUJQMF TDBUUFSJOH DPOUSJCVUJPO UP UIF NPNFOUVN SFTPMVUJPO JT HJWFO CZ

��

d/X0 =#radiation lengths
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Material Budget
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Momentum Resolution

Depends on two factors


Error on sagitta measurement Multiple Scattering

• Tracker length, L = 1.5 m 

• B-field = 3.5 T

• Hit resolution σpoint (m) ~ 8 µm


• single hit resolution = pitch/√12

• with multiple hits per cluster  

~0.8 pitch/√12

• Number of measurements, N


• Doublets as separate layers = 14

• Doublets as single layers = 10

• Velocity, β = 1

• Number of radiation lengths 


• (x/sinθ)/X0 = 0.1 for particle 
with pT = ∞ at η=0


• CN = combinatoric factor

• = 2.5 for N = 3

• = 1.3 for infinite 

• Lets call it 1.5

(
σpT

pT
)MS

=
0.0136

0.3 β BL
x /sin θ

X0
CN(

σpT

pT
)sagitta

=
pT

0.3
σpoint

BL2

720
N + 4
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Momentum Resolution

σ(pT) / pT

pT (GeV) Sagitta

Term

MS 
Term

Total 
Exp

Total 
Obs

1 0.00002 0.004 0.004 0.005

10 0.00019 0.003 0.003 0.003

100 0.00187 0.003 0.004 0.003

1000 0.01874 0.003 0.019 -

pT (GeV)
σ(

p T
)/p

T

0

0.005

0.01

0.015

0.02

0.025

0 200 400 600 800 1000

First term
MS term
Total exp

Expected results agree with measured resolution @3 TeV

Need to test for pT > 200 GeV to validate first term
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Impact parameter resolution

Here just focus on the pixel detector

x

y

rpv
d0

(σp5

p5

)

MS
=

0.0136

0.3 β BL

√
(N − 1)x/TJOθ

X0

√
CN , 	���


XIFSFL JT UIF MFOHUI PG UIF USBDLFS
 BOE (x/TJOθ)
X0

JT UIF UPUBMNBUFSJBM UIJDLOFTT USBWFSTFE CZ B QBSUJDMF


JO VOJUT PG UIF SBEJBUJPO MFOHUI� CN JT B DPNCJOBUPSJD GBDUPS XIJDI EFQFOET PO UIF OVNCFS PG QPJOU

NFBTVSFNFOUT� 'PS UISFF NFBTVSFNFOUT CN = 2.5
 XIJMF GPS BO JO୮ୢOJUF OVNCFS PG NFBTVSFNFOUT

CN = 1.33�

����� *খঙঊঌঝ ঙঊছঊখ঎ঝ঎ছ ছ঎জঘকঞঝ঒ঘগ

"OPUIFS JNQPSUBOU DPNQPOFOU PG EFUFDUPS EFTJHO JT UIF OFFE UP JEFOUJGZ EFDBZT PG IFBWZ MFQUPOT

BOE RVBSLT
 XIJDI BSF EJTQMBDFE GSPN UIF JOUFSBDUJPO QPJOU� 5BV MFQUPOT
 b�IBESPOT
 BOE c�IBESPOT

BMM IBWF MJGFUJNFT PG BQQSPYJNBUFMZ τ ∼ 1 QT� %FQFOEJOH PO UIF NPNFOUB PG UIFTF QBSUJDMFT QSPEVDFE

BU UIF -)$
 UIFTF QBSUJDMFT EFDBZ XJUI MFOHUI TDBMFT PO UIF PSEFS PG UFOT PG NJDSPOT UP NJMMJNFUFST


BDDPSEJOH UP FRVBUJPO ���� *O PSEFS UP SFDPOTUSVDU TFDPOEBSZ WFSUJDFT GSPN UIF EFDBZ QSPEVDUT PG UIFTF

QBSUJDMFT
 BO JNQBDU QBSBNFUFS SFTPMVUJPO PG 10 UP 20 µN JT SFRVJSFE�

5IF SFTPMVUJPO PG UIF JNQBDU QBSBNFUFS JO UIF USBOTWFSTF QMBOF
 d0
 JT HJWFO CZ

σd0 ≈
σQPJOU√

N

√

1 +
12(N − 1)

(N + 1)

( r

L

)2
⊕ θ0 rpv

√
N(2N − 1)

6(N − 1)2
. 	���


5IF ୮ୢSTU UFSN SFTVMUT GSPN UIF FYUSBQPMBUJPOPG UIF USBDL GSPNUIF USBDLFS UP UIFQSJNBSZ WFSUFY� 5IF

JNQBDU QBSBNFUFS SFTPMVUJPO JT SPVHIMZ QSPQPSUJPOBM UP UIF SBUJP PG UIF FYUSBQPMBUJPO EJTUBODF r UP UIF

USBDLFS MFOHUIL� 5IF FYUSBQPMBUJPO EJTUBODF JT EF୮ୢOFE BT UIF EJTUBODF CFUXFFO UIF ୮ୢSTU NFBTVSFNFOU

��

L

• First term

• σpoint (m) ~6 µm

• r = 30 mm

• L = 70 mm

• N = 8


• Radiation lengths 

• x/X0=0.02 

Error due to extrapolation Multiple Scattering
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Impact parameter resolution

σ(d0) (µm)

pT 
(GeV)

First 
term

MS 
term

Total 
exp

Total 
Obs

1 3.9 37 37 20

10 3.9 3.6 5.4 6

100 3.9 0.36 4.0 3

1000 3.9 0.036 3.9 -

Agrees fairly well with observed resolution @3 TeV
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• Cross-checked expected tracking performance with measured 
performance @3 TeV


• First principles calculations in good agreement with observation for 
1-100 GeV muons


• Need to test pT > 100 GeV up to 1 TeV

12

Conclusions


