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• ATLAS Muon Spectrometer in Run-3


• Muon Reconstruction in ATLAS
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• Measuring Muon Momentum Scale and Resolution in Run-3 Data
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ATLAS in Run-3

• Data-taking in Run-3 has been proceeding smoothly


• The 2022 dataset is important for adjusting our reconstruction and 
calibrations for Run-3 conditions
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ATLAS Muon Spectrometer
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ATLAS Detector

Gas detectors 
provide triggering 

and precision 
measurements in 

the barrel and 
endcap

Toroidal magnets 
provide bending 
power of ~3 T⋅m 
in the barrel and 

~6 T⋅m in the 
endcap
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TGCs

ATLAS Muon Spectrometer

• Drift tube 
chambers (MDT) 
provide precision 
measurements in 
the barrel and the 
endcap


• Resistive plate 
chambers (RPC) 
provide triggering 
in the barrel

Thin-gap 
chambers (TGC) 
provide triggering 
in the endcap
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TGCs

MS Upgrades

• Drift tube 
chambers (MDT) 
provide precision 
measurements in 
the barrel and the 
endcap


• Resistive plate 
chambers (RPC) 
provide triggering 
in the barrel

• Thin-gap 
chambers 
(TGC) provide 
triggering in 
the endcap

N
SW

New for Run-3: upgrade of the Small Wheels to handle higher luminosities with better 
spatial resolution and improved triggering

BIS7/8

New for Run-3: upgrade of the BIS 7 and 8 chambers to include RPCs for triggering and 
small-tube MDTs for better high-rate performance
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New Small Wheel

New for Run-3: upgrade of the Small Wheels to handle higher luminosities with better 
spatial resolution and improved triggering
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• sTGC detectors provide triggering 
• 4 planes on each side of a sector 
•Similar to old TGCs but smaller strips 
can handle higher rates 

• 1 mrad resolution for the reconstructed 
segment angle in the trigger

•MicroMega detectors 
•Eight total planes in each sector 
•High-precision detectors that can 
handle higher rates than MDTs 

•Expect <100 μm precision per plane
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BIS7/8
• Covers half of the 1.0<|η|<1.3 region (the small sectors 

only)

- This region has similar particle fluxes to that covered by the NSW


• Provides trigger coverage with RPC triplets

- New RPC version reduces time resolution from 1 ns to 0.4 ns

- Also improved spatial resolution


• To make space for RPCs, switch to smaller MDTs

- Half the radius of currently used MDTs, will improve performance at 

higher luminosity


• Also serves as a pilot project for the Phase II upgrade of 
the MS barrel

- The first barrel layer will be replaced by a similar sMDT+RPC layout
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Muon Reconstruction

  

TGCs

N
SW

BIS7/8

• Segments are reconstructed in each layer of the MS

- Including trigger hits for information about the phi plane

— MS Segments 
…. ID tracks

Dec 6, 2015Tony Tong (Harvard) 5

From MS Hits to Segments

From Hits to Segments—Road Search
• Cannot fit all the combinatorics 
of the hits; simply too many of 
them and will take too long.  

• Current MDT hit rate, from 
Alex’s talk, is ~ 3000 MDT hits 
per event. 

• Therefore, a segment seeding 
procedure is necessary: a 
preselection on hits are done, 
and only these “roads” will be 
fitted to make segments.
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Muon Reconstruction

  

TGCs

N
SW

BIS7/8

• MS Tracks are reconstructed from the segments

- Including a beam-spot constraint and energy loss from the calorimeters

— MS Segments 
…. ID tracks 
— MS Tracks

• Minimum of two 
segments 
required


• Additional hits 
can be added 
during the fit
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TGCs

Muon Reconstruction

N
SW

BIS7/8

• Combined tracks are built from MS tracks and ID tracks

- A complementary inside-out algorithm matches ID tracks and segments

— MS Segments 
…. ID tracks 
— MS Tracks 
— Combined Tracks

• Muons can be 
reconstructed 
without a 
combined track


• Trades efficiency 
for purity, not 
considered in this 
talk
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Run-3 Muon Reconstruction Efficiency

• Efficiency is for reconstructing muons that pass the Medium quality criteria

- Mainly having to do with the number of hits in precise detectors

- At least two layers with precision hits required


‣ For now, the NSW is not counted as such in data, leading to loss of efficiency wrt MC
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Correcting for Charge-Dependent Effects

• Residual misalignment can induce charge-dependent effects on momentum 
measurement

- So-called weak modes in the ID may not be corrected by global minimization of χ2 residuals

- Residual uncertainty in the MS alignment can be up to 120-130 μm


• Correction is obtained by minimizing the variance of mμμ for Z bosons
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ATLAS DRAFT

The precision of the muon momentum reconstruction can be further improved with a dedicated correction272

procedure accounting for the ID weak modes and MS alignment system uncertainties, which would273

otherwise degrade the momentum resolution. The charge-dependent bias can be approximated as:274

@

?̂

=
@

?

+ @ · XB, (1)

where @ = ±1 is the charge of the muon, ? and ?̂ are the corrected and uncorrected momentum of the275

muon, respectively, and XB is the strength of the bias. This parametrisation forms the basis for developing a276

correction to the data, recovering the residual bias and improving the momentum resolution.277

To estimate (and later correct) the bias, the large sample of / ! `` decays is used. The mass of the278

dimuon system, <``, can be expressed as a function of the positively and negatively charged muons279

transverse momenta ?
+
T and ?

�
T, respectively:280

<
2
`` = 2 · ?+T?�T · (cosh(�[) � cos(�q)), (2)

where �[ and �q are the di�erences in the pseudorapidity and azimuthal angles of the two leptons. The281

bias is parametrised as a function of a grid of 48⇥48 equal-sized [–q detector regions, a granularity282

chosen to ensure that the measurement is not a�ected by large statistical fluctuations while still correctly283

reflecting local biases or deformations. This high granularity allows for using the transverse momentum284

?T in the measurement in place of ?, which is needed when comparing ID and MS results, since the285

two sub-detectors have di�erent bending planes due to their respective magnet systems. Combining the286

previous two equations, the biased invariant mass <̂2
`` can be expressed as:287

<̂
2
`` =

<
2
``

(1 + XB?
+
T) (1 � XB?

�
T)

. (3)

Assuming the bias is small, Equation 3 can be approximated as:288

<
2
`` = <̂

2
`` (1 + XB ([, q)?+T � XB ([, q)?�T). (4)

The charge-dependent biases do not impact the average dimuon mass over all detector regions, but only289

broaden the resolution of the / ! `` peak. Thus, the reconstructed invariant mass <`` distribution290

defined in Equation 4 is sensitive to the bias through its impact on the variance of the distribution. The291

values for the sagitta biases X̂B ([, q) are evaluated by minimising the variance of the invariant mass292

distributions; then, the biased momentum of the muon ?̂T is corrected using the following equation:293

?T =
?̂T

1 � @X̂B ([, q) ?̂T

. (5)

Finally, the updated ?T values are used to recalculate the invariant mass distribution and a new iteration is294

then started. Given the large number of degrees of freedom induced by the dependence of the biases on [295

and q, a direct solution of the equation becomes impractical. Instead, an iterative approach is chosen. At296

each iteration the values of X̂B ([, q) obtained from the previous iteration are used as an input to ?̂T of the297

next.298
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Momentum Calibration

• Simulated muon momentum resolution is smeared (Δr terms) to match data

- Accounts for energy loss fluctuations, multiple scattering, intrinsic detector resolution, 

etc.


• Simulated muon momentum scale is corrected (s terms) to match data

- Accounts for potential errors in simulation of energy loss, magnetic field, etc.


• Δr and s values are obtained from fits to mμμ distribution of Z and J/Ψ 
events

- Separately for large and small sectors, and in η bins

- Z backgrounds are simulated, J/Ψ are taken from data

ATLAS DRAFT

is described as:386

?
Cor,Det
T =

?
MC,Det
T +

1Õ
==0

B
Det
= ([, q)

⇣
?

MC,Det
T

⌘=

1 +
2Õ

<=0
�ADet

< ([, q)
⇣
?

MC,Det
T

⌘<�1
6<

, (8)387

where ?
MC,Det
T is the uncorrected transverse momentum in simulation, 6< are normally distributed random388

variables with zero mean and unit width, and the terms �ADet
< ([, q) and B

Det
= ([, q) describe the momentum389

resolution smearing and scale corrections respectively, applied in a specific ([, q) detector region. A390

possible B
Det
2 ([, q) term in the numerator is neglected because it would model e�ects already corrected in391

data with the procedure described in Section 5.1.392

The corrections described in Equation 8 are defined in [–q detector regions homogeneous in detector393

technology and performance. All corrections are divided into 18 pseudorapidity regions. In addition, the394

CB and MS corrections are divided into two q bins separating the two types of MS sectors: those that395

include the magnet coils (small sectors) and those between two coils (large sectors). The small and large396

MS sectors employ independent alignment techniques and cover detector areas with di�erent material397

distribution, leading to scale and resolution di�erences.398

The numerator of Equation 8 describes the momentum scales. The BDet
1 ([, q) term corrects for inaccuracy in399

the description of the magnetic field integral and the dimension of the detector in the direction perpendicular400

to the magnetic field. The B
Det
0 ([, q) term models the e�ect on the CB and MS momentum from the401

inaccuracy in the simulation of the energy loss in the calorimeter and other materials between the interaction402

point and the exit of the MS. As the energy loss between the interaction point and the ID is negligible,403

B
ID
0 ([) is set to zero [7].404

The denominator of Equation 8 describes the momentum smearing that broadens the relative ?T resolution405

in simulation, f(?T)/?T, to properly describe the data. The corrections to the resolution assume that the406

relative ?T resolution can be parameterized as follows:407

f(?T)
?T

= A0/?T � A1 � A2 · ?T, (9)

with � denoting a sum in quadrature. In Equation 9, the first term (A0) accounts mainly for fluctuations408

of the energy loss in the traversed material; the second term (A1) accounts mainly for multiple scattering,409

uncertainties related to and inhomogeneities within the modelling of the local magnetic field, and length-410

scale radial expansions of the detector layers; and the third term (A2) mainly describes intrinsic resolution411

e�ects caused by the spatial resolution of the hit measurements and residual misalignment between the412

di�erent detector elements. The energy loss term has a negligible impact on the muon resolution in the413

momentum range considered in this paper, and therefore �ADet
0 is set to zero.414

In a second step, to cross check the validity of the corrections obtained directly for the CB tracks, the415

corrected combined momenta from ID and MS measurements ?
Corr ID+MS
T is also obtained by combining416

the ID and MS corrected momenta with a weighted average:417

?
Cor,ID+MS
T = 5 · ?Cor,ID

T + (1 � 5 ) · ?Cor, MS
T . (10)

The weight 5 is calculated by solving the following linear equation:418

?
MC,CB
T = 5 · ?MC,ID

T + (1 � 5 ) · ?MC, MS
T , (11)
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Muon Momentum Scale in Run-3

• Again, only Medium quality muons are considered

- The NSW is again not considered as a precision station while it is being commissioned


• Calibration constants are derived from Run-3 data

- Sagitta bias correction is not applied to data, not enough events to derive it yet


• Good data-MC agreement is observed

MUON-2022-02
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Muon Momentum Resolution in Run-3

• Good data-MC agreement observed for resolution


• As well as in the overlap region between J/Ψ and Z


• Large uncertainty due to low stats
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Summary

• ATLAS muon reconstruction is working well in Run-3


• Commissioning of the NSW is ongoing


• Preliminary momentum calibration derived


• Expect to reach Run-2 levels of performance with sufficient events

- Scale uncertainty less than .05% (.1%) for Z (J/Ψ)

- Resolution uncertainty less than 1.5% (2%) for Z (J/Ψ)
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Backup



• NSW detectors are taking data, commissioning 
is ongoing

- Time alignment

- Detector alignment

- DAQ and software issues

NSW Performance
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Muon Calibration Uncertainties
• Systematic uncertainties include possible biases on the method and 

uncertainties in the background estimation


• The main uncertainty on the scale arises from performing the calibration using 
only Z or J/Ψ decays, instead of combining both

- This accounts for extrapolation to pT values away from the peak


• The main uncertainty on the resolution arises from varying the pT ranges used 
in the fit


• Other sources of uncertainty include the choice of mμμ range and binning, the 
kinematic reweighting applies to the simulated Z boson events, and the 
parameterization of the J/Ψ background


