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Overview

• CMS outer tracker upgrade for high luminosity
• Anatomy of tracker modules for upgrade
• DAQ for CMS HiLumi modules

• MUonE experiment test and deployment
• Physics case
• Measure
• Detector
• Data Acquisition
• Test beam results
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CMS outer tracker 
upgrade for high 

luminosity
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CMS outer tracker

• Hi-Lumi upgrade of LHC after LS3 (~2026)
• Peak Luminosity ~7.5x1034cm-2s-1

• Expected Pile-up ~200 
• Higher rates and radiation dose wrt Run3 
• New Magnets (11T) 
• Etc..

• Necessary upgrade of current tracker:
• leakage current or full depletion voltage

limitations à big part of current tracker will be 
inoperational

• Higher radiation level à upgraded tracker target: 
integrated luminosity of 3000 fb−1

• Efficient tracking + Higher pileup à Increase of 
granularity needed

• Contribution to level-1 trigger à selection of 
interesting physics at the first trigger stage is 
extremely challenging at high luminosity

CM
S Ph1 tracker

CM
S Ph2 tracker
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CMS outer tracker

• HL-LHC à higher collision rateà Most of 
charged particles have low pTà pT
selection at readout level in order to 
reduce the L1 tracking input data size

pT modules
• Two silicon sensors with small spacing in a 

module
• Flex hybrid in order to get data from both

sensors to one ASIC  à Select track
«stubs»

• Different sensor spacing for different
detector region

• Tunable correlation windows Inner Tracker
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CMS outer tracker

• PS Modules
• 3 different spacing : 1.6mm & 2.6mm & 4mm
• One strip sensor: 2.5cm x 100μm strips
• One macro Pixel sensor : 1.5mm x 100μm pixels
• Sensor dimension 5cm x 10 cm

• two column of 960 strips
• 32x960 pixels

• 2S Modules
• 2 different spacing : 1.8mm & 4mm
• 2 micro strip sensors with 5cm x 90μm 

strips
• Sensor dimension are 10cm x 10cm

• two column of 1016 strips
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DAQ for CMS modules

• Stubs: average position of the seed cluster + 
average position of the correlation cluster 
• L1 trigger
• 40 MHz readout
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• Hits: information on ALL the strips/pixel in a 
module (one bit per strip/pixel)
• Final DAQ
• 750 kHz readout



Involvement for DAQ chain

• Passage from test system (uDTC) to final readout system (DTC)
• From readout via optical + IPBus + computation in resident CPU à optical + computation in FPGAs in the 

board
• Transition of the calibration software for 2S modules à calibration SW for PS has just been deployed on the 

test system, time to transition also that!
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MUonE
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MUonE Physics case - Introduction

• Anomalous magnetic moment of a lepton as precison test for SM
• Can be (very) precisely calculated in SM framework
• But… it’s flavor dependent!

11

~µ = gµ
e~

2mµc
~s

<latexit sha1_base64="BrEZxt3Mvfd8Brklep4NURpAJhI=">AAACJHicbVC7TsNAEDzzDOEVoKQ5ESFRRXZAggYpgoYySASQ4ihaH5tw4s627taRIsu/wSfwFbRQ0SEKCvgWbCcFr2luNDOrvZ0gVtKS6747M7Nz8wuLlaXq8srq2nptY/PSRokR2BGRisx1ABaVDLFDkhRexwZBBwqvgrvTwr8aobEyCi9oHGNPwzCUAymAcqlfc/0RitTXSXY87JevPzAgUvRvAzBZ2tQTVWRl0Gb9Wt1tuCX4X+JNSZ1N0e7XPvybSCQaQxIKrO16bky9FAxJoTCr+onFGMQdDLGb0xA02l5aXpbx3cQCRTxGw6XipYjfJ1LQ1o51kCc10K397RXif143ocFRL5VhnBCGolhEUmG5yAoj88qQ30iDRFD8HLkMuQADRGgkByFyMck7rOZ9eL+v/0sumw1vv9E8P6i3TqbNVNg222F7zGOHrMXOWJt1mGD37JE9sWfnwXlxXp23SXTGmc5ssR9wPr8A9h2m/w==</latexit>
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gµ � 2
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• Electron
• ge-2 determined with high precision
• Sensitivity to new particles limited by a 

~(m/M)2 factor

• Muon
• Sensitivity to an higher mass region [GeV, TeV]
• State of art: 4σ discrepancy from SM prediction



State of the art
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FNAL g-2 Run1 results:



Present theoretical uncertainties
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Figure 1. Past and future g − 2 experiments testing various contributions. As New Physics ? we display the
deviation (aexp

µ − athe
µ )/aexp

µ . Arrows point to what is limiting theory precision presently: the Hadronic Vacuum
Polarization (HVP) and Hadronic Light-by-Light (HLbL) contributions.

Virtual effect form low energy hadronic excitations are the standard problem in elec-
troweak precision physics. At a certain level of precision predictions are hampered by non-
perturbative effects, which technically are not under desirable control on the theory side. For
the muon g − 2 the leading hadronic effects are related to the diagrams in figure 2 and concern

(a) Hadronic vacuum polarization (HVP) of order O(α2),O(α3),
(b) Hadronic light-by-light scattering (HLbL) of order O(α3),
(c) Hadronic effects in 2-loop hadronic electroweak (HEW) corrections of order sub–O(αGFm2

µ).
Light quark loops appear as non-perturbative hadronic “blobs”. The evaluation of the corresponding
non-perturbative effects relies on hadron production data in conjunction with Dispersion Relations
(DR), or on low energy effective modeling by the Resonance Lagrangian Approach (RLA), specifi-
cally by the Hidden Local Symmetry (HLS) model [4], or the Extended Nambu–Jona-Lasinio (ENJL)
model [5], large–Nc QCD inspired methods [6] and on lattice QCD. Different strategies apply for the
different kinds of contributions:

(a) HVP one evaluates via a dispersion integral over e+e− → hadrons data. Here 1 independent
amplitude is to be determined by one specific data set. Global fits based on the RLA (like HLS) allow
to improve the data-driven evaluations [7]. Lattice QCD is the ultimate tool to get QCD predictions
in future.

(b) HLbL so far has been evaluated by modeling via the Resonance Lagrangian Approach (RLA)
(chiral perturbation theory (CHPT) extended by vector meson dominance (VMD) in accord with chi-
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aμ
HLO: LO Hadronic contribution

• Traditionally computed via a dispersion integral using hadronic production cross sections in 
electron-positron annihilation at low energies

• QCD lactice calculation still not competitive
• …at least up to the FNAL g-2 results…
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Borsanyi, S., Fodor, Z., Guenther, J.N. et al.
Leading hadronic contribution to the muon magnetic moment from lattice QCD - Nature 593, 51–55 (2021).



Measuring aμ
HLO – how to

• MUonE: high precision measurement of aμ
HLO

• 160 GeV μ beam on e- target at CERN

• Hadronic contribution to the effective electromagnetic coupling, ∆𝜶had(q2) for space-
like squared four-momentum transfers q2 = t < 0, via scattering data
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Measuring aμ
HLO– how to
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• Experimental kinematic limit:
0 < -t < 0.161 GeV

or
0< x <0.93

• ~87% of the area  à extrapolated to 
100% with functional model of Δαhad (t) 



• Measure of the scattering angles precise tracking and at high rate
• Best solution: 2S modules from CMS

Measuring aμ
HLO– key element
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MUonE Detector
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MUonE DAQ chain
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CMS

MUonE



MUonE DAQ chain
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Data Structure from the 10 GB link
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• On the sink PC 1.2 GB raw files are saved
• Raw files structure:
• Decoding of raw data à different readable formats for analysers



MUonE – 2022 test beam setup

• *First time*: 6 modules readout at high 
intensity

• One completely equipped station + target 
à first possibility to reconstruct tracks and 
study MUonE capabilities and resolution

• Stress test for DAQ final system à 20 MHz 
muon beam ~ half of the expected rate in 
CMS for HiLumi
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Data Quality Monitoring 

• Deployment of DQM tools:
• Fast
• Interactive
• Keeping track of both firmware 

errors and hardware conditions
• With an eye on scalability for 

the future 
• In progress: adding fast 

reconstruction of tracks
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Offline analysis

• Firsts results from tracking of this year TB –
ended yesterday

• First simple tracking with just a single particle 
passing through the detector à estimate of 
residuals

• Results around what expected ~ 100 um 
resolution à preliminar! Alignment still to be 
done
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• First track reconstruction in 2D performed
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Offline analysis

• Firsts results from tracking of this year TB –
ended yesterday

• First simple tracking with just a single particle 
passing through the detector à estimate of 
residuals

• Results around what expected ~ 100 um 
resolution à preliminar! Alignment still to be 
done

• First track reconstruction in 2D performed
• You can recognize budget material

Position of the interaction vertex 
without target
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Plans for the next year

• Continuous work on passage from test DAQ system à final DAQ system. 
First step: transition of the whole calibration code for PS modules

• Analysis on test beam dataset:
• Alignment of the modules – never done still with stubs data stream
• Studies on track reconstruction algorithms
• Estimate of MUonE capability, resolution and extrapolation to sensitivity of the whole 

experiment
• Characterization of CMS 2S modules
• Characterization of failures in high intensity for DAQ firmware
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Backup
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Educational activities

• INFN School of Statistics 2022 [1]
• Standard Model at the LHC 2022 [2]
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https://agenda.infn.it/event/28039/
https://indico.cern.ch/event/1101427/


DAQ for CMS modules
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Key element
• The key elemet to achieve the precision required is the measure

of the scattering angles
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• Experimental needs:
o PID to separate electron and muon à ECAL + μ-filter
o Precise tracking for angles à Tracker
o Electron energy measurement to add redoundancy and reduce 

systematicsàECAL



DAQPath inclusion and testing
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https://arxiv.org/pdf/1911.08123.pdf


