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What is g – 2 ?
• particles with spin S have a magnetic moment 𝝁

• obtain quantum corrections with
gyromagnetic factor / “g-factor” 𝒈 ≈ 2.002 32 for spin ½

⇒ anomalous magnetic moment 𝒂 = !"#
#
≈ 0.001 16
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What is g – 2 ?
• particles with spin S have a magnetic moment 𝝁

• obtain quantum corrections with
gyromagnetic factor / “g-factor” 𝒈 ≈ 2.002 32 for spin ½

⇒ anomalous magnetic moment 𝒂 = !"#
#
≈ 0.001 16

• measurements of (g – 2)e in Penning traps
are the “most precise in physics”

• measurements of (g – 2)𝝁 in storage rings are in
longstanding tension with theoretical computations
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What is g – 2 ?
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NLO correction (Schwinger)
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• particles with spin S have a magnetic moment 𝝁

• obtain quantum corrections with
gyromagnetic factor / “g-factor” 𝒈 ≈ 2.002 32 for spin ½

⇒ anomalous magnetic moment 𝒂 = !"#
#
≈ 0.001 16

• measurements of (g – 2)e in Penning traps
are the “most precise in physics”

• measurements of (g – 2)𝝁 in storage rings are in
longstanding tension with theoretical computations

• constraints on (g – 2)𝝉 in e+e– or PbPb collisions:
– DELPHI@LEP: –0.052 < 𝑎$ < 0.013 (95% CL)
– CMS HIN: –0.088 < 𝑎$ < 0.056 (68% CL)
– ATLAS HIN: –0.057 < 𝑎$ < 0.024 (95% CL)

• many BSMs predict enhancement for 𝝉 lepton
e.g. Yukawa-like coupling: %!

"

%#
" ≈ 280

⇒ probe for NP ?

world's best 
since 2004
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How can we measure tau g – 2 ?

5

⌧ ⌧

�

g � 2

• 𝑎! & electric dipole moment d𝜏 can be 
probed from 𝛾𝜏𝜏 vertex

• FSR 𝜏 → 𝜏𝛾 contains 1 𝛾𝜏𝜏 vertices (LEP)

• 𝛾𝛾 → 𝜏𝜏 process contains 2 𝛾𝜏𝜏 vertices

• contraints on electromagnetic moments 𝑎! & 𝑑! from form factors or SMEFT

• in the SM: 𝑑! ~ 10"#$	ecm via CP violation in CKM, but could be much larger in BSMs
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Photon-induced processes
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• collide charged particles at high energies
⇒ intense electromagnetic fields
⇒ photon-photon collisions

• cross section 𝜎 ∝ Z4

⇒ PbPb collisions enhanced w.r.t. pp

v ⇡ c

v ⇡ c Pb
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e+e– → e+e– 𝜏+𝜏–

(or e+e– → Z → 𝜏𝜏𝛾)

LEP: DELPHI, L3, ...
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𝜸𝜸 → 𝝉𝝉 in ultraperipheral PbPb collisions
• first observation of 𝛾𝛾 → 𝜏𝜏 in PbPb

by CMS & ATLAS in 2022

• pros:
– 𝜎 ∝ Z4 enhancement
– use “ultraperipheral” collision events
– clean channel: small backgrounds

• phase space m𝜏𝜏 ≲ 40 GeV

• CMS:
– 0.4 nb–1 collected in 2015
– final state: 𝜇𝜏h (3-prong 𝜏h)
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𝜸𝜸 → 𝝉𝝉 in pp
CMS-SMP-23-005
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𝜸𝜸 → 𝝉𝝉 in pp collisions

• cons:
– no 𝜎 ∝ Z4 enhancement
– large background
– high pileup
– soft signal ⇒ low acceptance

• pros w.r.t. PbPb:
– much larger data set: ~ O(108)
– much more sensitive to 𝒂𝝉 modifications:

expect large BSM enhancement
at high 𝜏 pT and m𝜏𝜏
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• 2 𝝉 leptons
– opposite charge sign
– back-to-back: Δ𝜙 ≈ 𝜋
– 𝜏 decays:                     𝜏𝜏 decays:

• 2 diffracted protons
– no hadronic activity

close to 𝜏𝜏 vertex

𝜸𝜸 → 𝝉𝝉 signature 
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𝜏+ → 𝜋+𝜋–𝜋+

𝜏– → 𝜇–

interactive

pileup 𝜸𝜸→ 𝝉𝝉

https://cms.cern/news/disclosing-quantum-corrections-electromagnetic-interactions-tau-leptons


interactive

𝜏+ → 𝜋+𝜋–𝜋+

𝜏– → 𝜇–

https://cms.cern/news/disclosing-quantum-corrections-electromagnetic-interactions-tau-leptons


interactive

𝜏+ → 𝜋+𝜋–𝜋+

𝜏– → 𝜇–
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Strategy for 𝜸𝜸 → 𝝉𝝉 in pp
• select events with opposite-sign 𝜏+𝜏–

– combine 4 𝝉𝝉 final states: e𝜇, e𝜏h, 𝜇𝜏h, 𝜏h𝜏h

– exclusivity cuts:
• back-to-back: acoplanarity 𝑨 = 1 − '(

)
< 0.015

• low activity around 𝜏𝜏 vertex: Ntracks = 0 or 1 in 0.1 cm window
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Strategy for 𝜸𝜸 → 𝝉𝝉 in pp
• select events with opposite-sign 𝜏+𝜏–

– combine 4 𝝉𝝉 final states: e𝜇, e𝜏h, 𝜇𝜏h, 𝜏h𝜏h

– exclusivity cuts:
• back-to-back: acoplanarity 𝑨 = 1 − '(

)
< 0.015

• low activity around 𝜏𝜏 vertex: Ntracks = 0 or 1 in 0.1 cm window

• measure corrections to simulation in 𝜇𝜇 events (Z → 𝜇𝜇, 𝛾𝛾 → 𝜇𝜇)
• measure 𝛾𝛾 → 𝜏𝜏 from observed 𝒎𝝉𝝉

𝐯𝐢𝐬 shape & yield:
– sensitive to 𝑚$$

./0 > 50 GeV (above e+e– & PbPb, m𝜏𝜏 ≲ 40 GeV)
– 𝑚$$

./0 ≲ 500 GeV to ensure unitarity in signal samples
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Track counting

derive obs. / sim. corrections in Z → 𝜇𝜇 events at Z peak, 𝑚&& −𝑚' < 15 GeV:

• pileup tracks: compare N()*+,-./ distributions in 0.1 cm z windows (far away from 𝜇𝜇 vertex)

• hard scattering tracks: compare N()*+,-01 distributions in 0.1 cm z window around 𝜇𝜇 vertex

µ�

µ+

0.1 cm

HS tracks

PU tracks



• signal samples only include elastic-elastic (ee) process generated by gammaUPC

• single-dissociative (sd) and double-dissociative (dd) processes not included
– have larger cross section
– can have an exclusive signature
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Elastic rescaling



• signal samples only include elastic-elastic (ee) process generated by gammaUPC

• single-dissociative (sd) and double-dissociative (dd) processes not included
– have larger cross section
– can have an exclusive signature

• estimate dissociative contributions (incl. higher-order corrections)
by rescaling elastic-elastic 𝛾𝛾 → 𝜇𝜇 signal in 𝜇𝜇 data

  ⇒ measure rescaling factor = 𝐞𝐞"𝐬𝐝"𝐝𝐝 123
𝐞𝐞 345
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• rescaling factor measured in m𝜇𝜇 distribution in 
dimuon events with A < 0.015 and Ntracks = 0 or 1

• inclusive background (mostly Drell–Yan)
– estimated from data in 3 ≤ Ntracks ≤ 7 region
– normalized to Z peak

• elastic 𝜸𝜸 → 𝝁𝝁/WW “signal” (simulated)
– contributes significantly m𝜇𝜇 > 150 GeV
– rescale to data to estimate nonelastic contribution
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• rescaling factor measured in m𝜇𝜇 distribution in 
dimuon events with A < 0.015 and Ntracks = 0 or 1

• inclusive background (mostly Drell–Yan)
– estimated from data in 3 ≤ Ntracks ≤ 7 region
– normalized to Z peak

• elastic 𝜸𝜸 → 𝝁𝝁/WW “signal” (simulated)
– contributes significantly m𝜇𝜇 > 150 GeV
– rescale to data to estimate nonelastic contribution

• fits:
– linear fit applied as nominal corrections to all 

elastic simulation (𝛾𝛾 → ee, 𝜇𝜇, 𝜏𝜏, WW)
– flat fit (~2.7) used to obtain uncertainty 

(conservative)
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𝜸𝜸 → 𝝉𝝉 RESULTS
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html
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• after maximum-likelihood 
fit to observed data

• assuming SM 𝑎' & 𝑑'
• signal clearly visible in 

high mvis(𝜏𝜏) bins
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SR with Ntracks = 1

• after maximum-likelihood 
fit to observed data

• assuming SM 𝑎' & 𝑑'
• lower signal efficiency, but

– still adds sensitivity
– allows for validation of 

background modeling
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• same selections as SR, but
– allowing Ntrack < 10
– mvis > 100 GeV

• combination of
– all 4 𝜏𝜏 channels
– all 3 data-taking years

• very nice modeling of Ntrack !

• signal clearly visible

Ntracks distributions
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SR with mvis > 100 GeV
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CMS
Supplementary

Total unc.
Stat only

First observation of 𝜸𝜸 → 𝝉𝝉 in pp collisions !

• combined observed significance of 5.3𝝈 
(6.5𝜎 expected) assuming SM 𝑎'
⇒ first observation of 𝛾𝛾 → 𝜏𝜏 in pp !

• combined signal strength
   r = 0.75 +0.21 –0.18
w.r.t. gammaUPC elastic prediction
× rescaling measured in 𝜇𝜇 data

• dominant systematic uncertainties:
– elastic rescaling to 𝛾𝛾 → 𝜏𝜏

– N()*+,-
./  corrections to Drell–Yan
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𝝉𝝉 channel Observed Expected
e𝜇 2.3𝜎 3.2𝜎
e𝜏h 3.0𝜎 2.1𝜎
𝜇𝜏h 2.1𝜎 3.9𝜎
𝜏h𝜏h 3.4𝜎 3.9𝜎

Combined 5.3𝜎 6.5𝜎

signal strength r18/07/2024 Izaak Neutelings



CONSTRAINTS ON 𝒂𝝉 & 𝒅𝝉
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


EFT interpretation to contrain 𝒂𝝉
• previous analyses used form factors (DELPHI, ATLAS, CMS),

but SMP-23-005 uses an SMEFT approach (equivalent for q2 → 0)

• deviations of 𝛿𝑎$ & 𝛿𝑑$ from the SM can be parametrized in terms 
of a BSM Lagrangian with dim-6 operators with NP scale Λ:

ℒ678 = >𝐿$𝜎9:𝜏;𝐻
𝐶$<
Λ#

𝐵9: +
𝐶$=
Λ#

𝑊9:

• contributions to 𝑎$ & 𝑑$ are linearly dependent on the complex
Wilson coefficients:

𝛿𝑎$ =
2𝑚$
𝑒

2𝑣
Λ#

Re cos 𝜃= 𝐶$< − sin 𝜃= 𝐶$=

𝛿𝑑$ =
2𝑣
Λ#

Im cos 𝜃= 𝐶$< − sin 𝜃= 𝐶$=

• scan 𝑎$ & 𝑑$ values in 𝛾𝛾 → 𝜏𝜏 signal samples
by scanning 𝐶$< and 𝐶$=	in matrix element reweighting
⇒ causes variations in the cross section and m𝜏𝜏 distribution

27

⌧ ⌧

�

CP violation in CKM:
𝑑#$% ≈ 10&'(	ecm

some BSMs predict:
𝑑# ≈ 10&)*	ecm

𝑎#$% ≈ 0.001	177

𝑎# =
𝑔–2
2
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https://arxiv.org/abs/hep-ex/0406010
https://arxiv.org/abs/2204.13478
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009/
http://www.arxiv.org/abs/1709.06492


How BSM in 𝒂𝝉 affects 𝜸𝜸 → 𝝉𝝉

• at m𝜏𝜏 > 100 GeV:
– cross section grows with m𝜏𝜏

– same direction for 𝛿𝑎' > 0 & 𝛿𝑎' < 0

• constrain 𝑎' by measuring the yield 
and m𝝉𝝉 distribution of 𝛾𝛾 → 𝜏𝜏

• pp data looks at m𝜏𝜏 > 50 GeV
⇒ better sensitivity than PbPb !

28

20
40
60
80

100
120
140
160
180
200

Ev
en

ts

50
100
150
200
250
300
350
400

Ev
en

ts

10
20
30
40
50
60
70
80
90

Ev
en

ts

20
40
60
80

100
120
140
160
180
200

Ev
en

ts

100 150 500

 (GeV)vism

0.5
1

1.5

O
bs

./E
xp

.

τSM a  = 0.008τa

50

100

150

200

250

300

Ev
en

ts

Observed ) + VV ττ →* (γZ/

 µµ →* γZ/ Jet mis-ID 

 ττ → γγ Uncertainty 

 (13 TeV)1−138 fb

CMS

 = 0tracksN, 
h
τµ

differences 
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with m𝜏𝜏
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0.005− 0 0.005
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∆
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 (68% CL)4− 10× 31−
+32 =  9τObs.: a

 (68% CL)4− 10× 43−
+41 =  12

τ
Exp.: a

Dirac
𝑎! = 0

Schwinger
𝑎! ≈ 0.00116

SM
𝑎! ≈ 0.00118

• fit all m𝜏𝜏 distributions

• scan likelihood over 𝑎'

• small 𝛾𝛾 → 𝜏𝜏 deficit observed
⇒ tighter contraint than expected

• but compatible with the SM

Schwinger: 𝒂𝝉 = 0.001 161 4
SM:      𝒂𝝉 = 0.001 177 21(5)
our result:  𝒂𝝉 = 0.0009 (32)

⇒ uncertainty ~3×Schwinger !

Constraints on 𝒂𝝉
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Constraints on 𝒂𝝉
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• SM:     𝒂𝝉 = 0.001 177 21(5)
• DELPHI:  𝒂𝝉 = –0.018 ± 0.017
• ATLAS: 𝒂𝝉 = −0.041 +0.012 –0.009
• CMS HIN: 𝒂𝝉 = 0.001 +0.055 –0.089
• our result: 𝒂𝝉 = 0.0009 +0.0032 –0.0031

~2.7x above SM,  >5x better than LEP !

world's best constraint (2004–2024)
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• SM:     d𝜏 ~ 10−37 ecm (due to CPV in CKM)
• Belle:    –1.85 < d𝜏 < 0.61 x 10–17 ecm (95%)
• our result: –1.70 < d𝜏 < 1.70 x 10–17 ecm (68%)

approaching Belle !
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recast results to make exclusion of 𝐶'0/Λ1 vs. 𝐶'2/Λ1:
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SUMMARY



Summary
• (g – 2)𝜏 has a strong potential to probe new physics
• ATLAS & CMS have put limits on 𝒂𝝉 using PbPb data

– enjoying from 𝜎 ∝ Z4 and clean signal

– sensitive to m𝜏𝜏 < 40 GeV
• new results in pp by CMS [SMP-23-005]:

– using exclusivity cuts on acoplanarity & Ntracks
– fitting shape and yield in m𝜏𝜏 > 50 GeV
– full Run-2 UL data analyzed in 4 𝜏𝜏 final states
– first observation of 𝛾𝛾 → 𝜏𝜏 process in pp (5.3𝜎)
– puts strongs constraints on

• 𝒂𝝉 = 0.0009":.::#<=:.::#3: > 5x better than LEP
⇒ 𝒈𝝉 = 2.0018":.::>3=:.::>?, i.e. 0.3% precision ! J

• d𝜏 < 1.7 x 10–17 ecm (68%): same order as Belle
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html
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Bigger picture
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Precision Proton Spectrometer

pp with forward proton tagging
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Object reconstruction & selection
• e: MVA WP80, pT > 15 GeV, |𝜂| < 2.5
• 𝝁: medium ID, medium isolation, pT > 10 GeV, |𝜂| < 2.4
• 𝝉h: HPS, pT > 30 GeV, |𝜂| < 2.3, DeepTau v2p1 (VSe, VSmu, VSjet),

four decay modes:

• MET: PFMET reconstruction
• tracks: charged PFCandidate collection in miniAOD, pT > 0.5 GeV, |𝜂| < 2.5
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Inclusive pre-selections
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


Exclusivity cuts
define signal regions based on exclusivity cuts

• acoplanarity 𝑨 = 1 − AB
C

– A < 0.015: >95% signal efficiency,
and <30% Drell–Yan efficiency

• Ntracks: count tracks with in 0.1 cm window around 𝜏𝜏 vertex

– 𝜏𝜏 vertex reconstructed as 𝑧!! =
<
3
𝑧!( + 𝑧!'

– two categories: Ntracks = 0 or 1: ≈75% signal efficiency, and 
reduces backgrounds (like Drell–Yan) by ~103
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CORRECTIONS
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html
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Corrections to simulation

modeling of observed data is not perfect
⇒ derive corrections in pure dimuon (𝝁𝝁) sample

1. acoplanarity in Drell–Yan

2. pileup tracks: N()*+,-
34  in all simulation

3. hard scattering tracks: N()*+,-
./ in Drell–Yan

4. nonelastic contributions of 𝛾𝛾 → ℓℓ simulation

Z → 𝝁𝝁

µ�

µ+

0.1 cm

HS tracks

PU tracks

42
from underlying event
(or initial-state radiation)

CMS-SMP-20-003

𝛾𝛾 → 𝜇𝜇

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-003/index.html


1. Acoplanarity corrections

• Drell–Yan generated by aMC@NLO
does not describe well
– Z boson pT

– acoplanarity A
• measure corrections in pure Z/𝛾* → 𝜇𝜇 sample

• apply correction as a function of
– acoplanarity A
– leading and subleading muon pT
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• use Z → 𝜇𝜇 events at Z peak, 𝑚55 −𝑚6 < 15 GeV

• count number of PU tracks in small z windows (far away from 𝜇𝜇 vertex)

• derive correction from obs. / sim. ratio as a function of z and N𝐭𝐫𝐚𝐜𝐤𝐬
44

z [cm]

µ

µ

�10�10 �9�9 �8�8 �7�7 �6�6 �5�5 �4�4 �3�3 �2�2 �1�1 00 11 22 33 44 55 66 77 88 99 1010

0.1 cm

zBS

�BS
z

1 cm 1 cm1 cm

zµµ

applied to all simulation

gaussian
= beamspot profile

2. N𝐭𝐫𝐚𝐜𝐤𝐬𝐏𝐔 corrections
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2. N𝐭𝐫𝐚𝐜𝐤𝐬𝐏𝐔 corrections
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applied to all simulation

2 beamspot widths
away from center

1 beamspot widths
away from center

center

𝑁"#$%&'() = 0 (~36%)
has correction ~0.95 derive

correction
from
Obs. / Sim.

𝑁"#$%&'() = 0 (~50%)
has correction ~0.95

𝑁"#$%&'() = 0 (~90%)
has correction ~1.0



3. N𝐭𝐫𝐚𝐜𝐤𝐬𝐇𝐒 correction
• use Z → 𝜇𝜇 events at Z peak

• count N𝐭𝐫𝐚𝐜𝐤𝐬 in signal window
(0.1 cm) around 𝜇𝜇 vertex

• separate Drell–Yan into bins of N𝐭𝐫𝐚𝐜𝐤𝐬𝐇𝐒

by gen-matching reco tracks
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HS tracks

PU tracks

applied to Drell–Yan, VV → 2ℓ2𝜈
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Drell-Yan (Z/𝛾* → 𝜇𝜇)
with initial-state radiation
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BC  
in signal window (0.1 cm)

N$%&'() = 0 has correction ~0.63
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Uncertainty
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 < 100 GeVvis, mµeAfter corrections

simulation describes 
observed data well
after these corrections !

• mvis(𝜏𝜏) < 100 GeV
(low signal efficiency)

• in all 𝜏𝜏 final states
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1. acoplanarity in Drell–Yan

2. pileup tracks: NOPQRS0TU  in all simulation

3. hard scattering tracks: NOPQRS0V7 in Drell–Yan



• signal samples only include elastic-elastic (ee) process generated by gammaUPC

• single-dissociative (sd) and double-dissociative (dd) processes not included
– have larger cross section
– can have an exclusive signature

• estimate dissociative contributions (incl. higher-order corrections)
by rescaling elastic-elastic 𝛾𝛾 → 𝜇𝜇 signal in 𝜇𝜇 data

  ⇒ measure rescaling factor = 𝐞𝐞"𝐬𝐝"𝐝𝐝 123
𝐞𝐞 345
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applied to photon-induced simulation (𝛾𝛾 → ℓℓ, WW)
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4. Elastic rescaling
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• rescaling factor measured in m𝜇𝜇 distribution in 
dimuon events with A < 0.015 and Ntracks = 0 or 1

• inclusive background (mostly Drell–Yan)
– estimated from data in 3 ≤ Ntracks ≤ 7 region
– normalized to Z peak

• elastic 𝜸𝜸 → 𝝁𝝁/WW “signal”
– contributes significantly m𝜇𝜇 > 150 GeV
– rescale to data to estimate nonelastic contribution

• fits:
– linear fit applied as nominal corrections to all 

elastic simulation (𝛾𝛾 → ee, 𝜇𝜇, 𝜏𝜏, WW)
– flat fit (~2.7) used to obtain uncertainty 

(conservative)
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rescaling factor = 𝐞𝐞"𝐬𝐝"𝐝𝐝 123
𝐞𝐞 345

 = %&'. ) *+,.
--⟶//, 11

4. Elastic rescaling applied to photon-induced simulation (𝛾𝛾 → ℓℓ, WW)

elastic 𝛾𝛾 → 𝜇𝜇

nonelastic
contribution“missing”

elastic 𝛾𝛾 → 𝜇𝜇
background

“missing” nonelastic contribution
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measured rescaling factor consistent with prediction 
by SuperChic generator within uncertainties!

• Measured: SF = 2.359 + 0.0032 × ,##
-./

• SuperChic: SF = 2.243 + 0.0026 × ,##
-./
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applied to photon-induced simulation (𝛾𝛾 → ℓℓ, WW)

elastic 𝛾𝛾 → 𝜇𝜇
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4. Elastic rescaling

https://superchic.hepforge.org

nonelastic
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elastic 𝛾𝛾 → 𝜇𝜇
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“missing” nonelastic contribution

https://superchic.hepforge.org/
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Beamspot smearing to pileup tracks
• simulated events have a fixed beamspot z position and width for a given era

• in data, beamspot z position and width are run-dependent

• to each simulated event, randomly assign a BS position 𝑧F*(*G1 & a BS width 𝜎F*(*G1 by 
sampling the BS distributions in data

• correct z position of the pileup tracks

– smear: 𝑧+H)) = 𝑧IJG1 +
K67
89

K:;<;
89 (𝑧 − 𝑧IJG1 )

– shift: 𝑧+H)) = 𝑧 + 𝑧F*(*
G1 − 𝑧IJG1

51

applied to all simulation



BACKGROUND ESTIMATION
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


⇡0⇡� ⇡+

⇡+

Backgrounds to 𝜸𝜸 → 𝝉𝝉 search

• MC simulation
– Drell–Yan (Z/𝛾* → ℓℓ): dominant at low mass
– exclusive 𝛾𝛾 → ee, 𝜇𝜇, WW production
– inclusive WW production (small)

• data-driven: misidentified hadronic jets
– j → 𝜏h: e𝜏h, 𝜇𝜏h & 𝜏h𝜏h channels
– j → e/𝜇: e𝜇 channels

18/07/2024 Izaak Neutelings 53

Z/�⇤

q

q

µ+

µ�

W

�

�

W�

W+

`

�

�

`�

`+

hadronic
𝜏h jet

hadronic
quark/gluon jet



j → 𝝉h mis-ID background estimation

• background from j → 𝜏h mis-IDs mostly include
QCD multijet and W + jets events

• estimated in a data-driven way

• measure “mis-ID rate” (MF) in several CRs

MF = 9 : → <4 =>??@? 𝐭𝐢𝐠𝐡𝐭 <4 EF G@HIJG@K@LM
9 : → <4 N>JO? 𝐭𝐢𝐠𝐡𝐭, QIM =>??@? 𝐥𝐨𝐨𝐬𝐞𝐫 <4 EF G@HIJG@K@LM

• as a function of 𝜏h pT & decay mode
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Corrections to j → 𝝉h MF in e𝝉h & 𝝁𝝉h

• MFs & corrections measured in separate CRs:
– W + jets: mT > 75 GeV
– QCD: SS, mT < 75 GeV

• fewer tracks lead to more isolated 𝜏h

⇒ higher fake rates
⇒ apply corrections as a function of Ntracks

• total fake rate “j → 𝜏h misidentification factors”:

55

<latexit sha1_base64="TULkhphTtUgusm0HcxFKoOpdzeM="></latexit>

MF = fW(mvis,mT)⇥MFW(p⌧hT ,DM⌧h)⇥ corrW(Ntracks,DM⌧h)

+
⇣
1� fW(mvis,mT)

⌘
⇥MFQCD(p

⌧h
T ,DM⌧h)⇥ corrQCD(Ntracks,DM⌧h)

corrW

jet is 4 times more likely to pass the tight 𝜏h ID 
criteria if there is no other track at the vertex 

SR-like: 𝑁012345 = 0, 1

18/07/2024 Izaak Neutelings



RESULTS
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


Uncertainty Process Magnitude
Luminosity All simulations 1.6%
DY cross section DY 2%
Inclusive diboson cross section WW, WZ, ZZ 5%
e ID, iso, trigger All simulations up to 2%
e ID low-Ntracks correction All simulations 1%
µ ID, iso, trigger All simulations <2%
th ID All simulations 1–5%
th trigger All simulations up to 5%
e ! th mis-ID Z/g⇤ ! ee and gg ! ee <10%
µ ! th ID Z/g⇤ ! µµ and gg ! µµ <10%
th energy scale All simulations <1.2%
e ! th energy scale Z/g⇤ ! ee and gg ! ee <5%
µ ! th energy scale Z/g⇤ ! µµ and gg ! µµ <1%
th ID low-Ntracks correction All simulations 2.1%
e ID low-Ntracks correction All simulations 2.0%
e ! th ID low-Ntracks correction Z/g⇤ ! ee and gg ! ee 22%
µ ! th ID low-Ntracks correction Z/g⇤ ! µµ and gg ! µµ 15%
NPU

tracks reweighting All simulations 2%
NHS

tracks reweighting DY and inclusive VV 1.5–6.5%
Acoplanarity correction DY 5%
DY extrapolation from Ntracks < 10 DY simulation 1.4–2.0%
µR, µ f DY simulation Shape
PDF DY simulation Shape
jet! th MF, extrapolation with pth

T jet! th mis-ID bkg. <50%
jet! th MF, Ntracks extrapolation (stat.) jet! th mis-ID bkg. 6–18%
jet! th MF, inversion of CR selection jet! th mis-ID bkg. <10%
jet! th MF, xQCD fraction jet! th mis-ID bkg. 9%
jet! th MF, Ntracks extrapolation (syst.) jet! th mis-ID bkg. <10%
jet! e/µ OS-to-SS (stat.) jet! e/µ mis-ID bkg. <20%
jet! e/µ OS-to-SS (syst.) jet! e/µ mis-ID bkg. 10%
jet! e/µ OS-to-SS Ntracks extrapolation jet! e/µ mis-ID bkg. 8%
Elastic rescaling (stat.) gg ! tt/µµ/ee, WW 1.3–3.7%
Elastic rescaling (syst., shape) gg ! tt/µµ/ee, WW Mass-dependent
Limited statistics All processes Bin-dependent
Pileup reweighting All simulations Event-dependent

Systematics

57

1− 0 1
θ∆)/0θ-θ(

Factorization scale (DY)
Pileup reweighting (2018)

]hτhτ corr. (stat.) [
tracks

 MF, Nhτ →j 
tracks mis-ID at low Nhτ→e

]hτ= 0, bin 4) [e
tracks

Bkg. stat. (N
]hτµ= 0, bin 3) [

tracks
Bkg. stat. (N

tracks mis-ID at low Nhτ→µ

]µTrigger [e

]hτµ corr. (syst.) [
tracks

 MF, Nhτ →j 
tracks ID at low Nhτ

 ID (syst.)hτ

]hτµ, hτ MF, QCD/W ratio [ehτ →j 

]hτhτ corr. (syst.) [
tracks

 MF, Nhτ →j 
]hτhτ MF, CR selection [hτ →j 

]hτµ, hτ MF, CR selection [ehτ →j 

]hτµ= 0, bin 4) [
tracks

Bkg. stat. (N
]hτhτ= 0, bin 3) [

tracks
Bkg. stat. (N

]hτµ corr. (stat.) [
tracks

 MF, Nhτ →j 
 corr. (DY, VV)HS

tracksN
Elastic rescaling (shape)

0.1− 0 0.1
µ∆

Fit  impactσ1 ±

CMS
0.18−
0.20+ = 0.75µ

 (13 TeV)1−138 fb



1− 0 1
θ∆)/0θ-θ(

Factorization scale (DY)
Pileup reweighting (2018)

]hτhτ corr. (stat.) [
tracks

 MF, Nhτ →j 
tracks mis-ID at low Nhτ→e

]hτ= 0, bin 4) [e
tracks

Bkg. stat. (N
]hτµ= 0, bin 3) [

tracks
Bkg. stat. (N

tracks mis-ID at low Nhτ→µ

]µTrigger [e

]hτµ corr. (syst.) [
tracks

 MF, Nhτ →j 
tracks ID at low Nhτ

 ID (syst.)hτ

]hτµ, hτ MF, QCD/W ratio [ehτ →j 

]hτhτ corr. (syst.) [
tracks

 MF, Nhτ →j 
]hτhτ MF, CR selection [hτ →j 

]hτµ, hτ MF, CR selection [ehτ →j 

]hτµ= 0, bin 4) [
tracks

Bkg. stat. (N
]hτhτ= 0, bin 3) [

tracks
Bkg. stat. (N

]hτµ corr. (stat.) [
tracks

 MF, Nhτ →j 
 corr. (DY, VV)HS

tracksN
Elastic rescaling (shape)

0.1− 0 0.1
µ∆

Fit  impactσ1 ±

CMS
0.18−
0.20+ = 0.75µ

 (13 TeV)1−138 fb

3−10

2−10

1−10

1

10

210

310

410

510

Ev
en

ts
 / 

G
eV

 (13 TeV)1−138 fbCMS Preliminary

Observed
 7)≤ track N≤Incl. bkg. (3 

 (elastic)µµ → γγ
 WW (elastic)→ γγ

Stat. unc.

 = 0trackA < 0.015, N

 0.035±Flat SF = 2.703 

GeV
µµm

 ×Lin. SF = 2.359 + 0.0034 

0

1

2

3

O
bs

. /
 E

xp
.

100 200 300 400 500 600 700 800
 [GeV]µµm

0

2

4

6

  
, W

W
µ
µ 

→ γγ
 B

kg
.

−
O

bs
. 

Flat fit Linear fit

58

rescaling of elastic simulation (𝛾𝛾 → ℓℓ, WW)
• use linear fit to estimate uncertainty
• dominant systematic

Leading systematics

𝑁01234567 correction in Drell–Yan
(~6.5% in Ntracks = 0)

Ntracks extrapolation to j → 𝜏h mis-ID rate
(up to ~20%)
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measurements mostly 
statistically limited !

breakdowns of 
likelihood profiles 
into stat. & syst.
components



Form factors vs. EFTs
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Figure 7: Total cross-section change as a function of anomalous magnetic moment and
as a function of electric dipole moment.

Dynal et al. (2020) arXiv:2002.05503DELPHI (2004) arXiv:hep-ex/0406010
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𝒂𝝉 comparisons
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�0.06 �0.05 �0.04 �0.03 �0.02 �0.01 0.00 0.01 0.02

a� = (g� � 2)/2

SMEFT apred
� , C�B = �1

SM apred
� (error bar ⇥ 104)

a� 20 nb�1, 5% syst

a� 2 nb�1, 5% syst

a� 2 nb�1, 10% syst

a� DELPHI04

aµ BNL06 (error bar ⇥ 106)

ae Harvard06 (error bar ⇥ 109)

� = 140 GeV � = 250 GeV

1� 2�
Beresford & Liu

Existing measurement

Theoretical prediction

PbPb ! Pb(�� ! �� )Pb (this work)
LHC

p
sNN = 5.02 TeV

Beresford, Liu (2020)
arXiv:1908.05180
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L3 1998
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1T-SRµ
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e-SRµ
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Expected

ATLAS
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0.21+
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0.11−
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ττ
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0.05+
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tot. Combined fit
stat.

( tot ) ( stat )
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ATLAS (2022) STDM-2019-19
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γττ → Z →ee 

γττ → Z →ee 

 from p)γ (ττ → γγ

PRL 131 (2023) 151803

PRL 131 (2023) 151802

EPJC 35 (2004) 159

PLB 434 (1998) 169

PLB 434 (1998) 188

This result

SM

Observed 68% CL 95% CL
 (13 TeV)1−138 fbCMS

https://arxiv.org/abs/1908.05180
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-19/


INTERPRETATION
CMS-SMP-23-005

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


Signal simulation
• elastic-elastic events are generated using gammaUPC 

generator with kt smearing (arXiv:2207.03012)
• charged form factors to correct the photon flux are used 

(recommended by gammaUPC authors)
• 𝑎! & 𝑑! interpretation using the EFT approach with the 

SMEFTsim package, simplifying with 𝐶!8 = 0:

𝛿𝑎! ∝
Re 𝐶!9
𝛬3

, 𝛿𝑑! ∝
Im 𝐶!9
𝛬3

• scan 𝑎! & 𝑑! values through matrix element reweighting
in two independent 1D grids of 100 points for 𝐶!9:

Re 𝐶!9 ∈ [−40,40],   Im 𝐶!9 ∈ [−40,40]
• varying 𝑎! or 𝑑! changes the cross section and m𝜏𝜏 distribution
• hadronized using Pythia 8.24, switching off multi-parton 

interaction
• result independent of choice of Λ, because 𝐶!9 and 𝐶!8

scale with Λ3, but we fix Λ = 2 TeV in event generation
63
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Form factors vs. EFTs
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• previous analyses (DELPHI, ATLAS, CMS), used form factors to 
parametrize the 𝛾𝜏𝜏 vertex:

Γ+(𝑞,) = 𝑖𝑒 𝐹)(𝑞,)𝛾+ +
1
2𝑚#

𝑖𝐹, 𝑞, + 𝐹' 𝑞, 𝛾- 𝜎+.𝑞.

• 𝐹)(𝑞,) parametrises the vector part of the electromagnetic current 
and is identified at zero-momentum transfer (𝑞, = 0) with the electric 
charge e, implying 𝐹)(0) = 1

• the asymptotic values of the form factors (𝑞, → 0) are the 
electromagnetic moments 𝑎# and 𝑑#:

𝑎# = 𝐹,(0)
𝑑# =

𝑒
2𝑚#

𝐹'(0)

• the virtualities of exchanged photons in 𝛾𝛾 → ℓℓ:
– PbPb UPC : 𝑄),,, ≲ 0.001 GeV,

– pp: 𝑄),,, ≲ 0.08 GeV,

– LEP e+e–: 𝑄),,, < 1 GeV,

• we use SMEFT model to parametrize deviations 𝑎# and 𝑑# from the 
SM can be parametrized in terms of a BSM Lagrangian with dim-6 
operators with NP scale Λ:

ℒ0$% = j𝐿#𝜎+.𝜏1𝐻
𝐶#2
Λ,

𝐵+. +
𝐶#3
Λ,

𝑊+.

• after symmetry breaking, using 𝐶#4 = cos 𝜃3 𝐶#2 − sin 𝜃3 𝐶#3:

ℒ0$% ⊃ ℒ##40$% = ̅𝜏5𝜎+.𝜏1
𝑣
2Λ,

𝐶#4𝐹+.

• 𝛾𝜏𝜏 vertex:

Γ+ 𝑞, = 𝑖𝑒𝛾+ −
2𝑣
Λ,

Re 𝐶#4 + 𝑖𝛾-Im 𝐶#4 𝜎+.𝑞.

• then 𝛿𝑎# & 𝛿𝑑# are linearly dependent through the complex Wilson 
coefficients:

𝛿𝑎# =
2𝑚#

𝑒
2𝑣
Λ,

Re 𝐶#4

𝛿𝑑# =
2𝑣
Λ,

Im 𝐶#4

in the SM Lagrangian electromagnetic moments arise from:

ℒ ⊃ ℒ##4 =
1
2
̅𝜏𝜎+. 𝑎#

𝑒
2𝑚#

− 𝑖𝑑#𝛾- 𝜏1𝐹+.
⌧ ⌧

�

see Dynal et al. [arXiv:2002.05503], gammaUPC [arXiv:2207.03012], Haisch et al. [arXiv:2307.14133]
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• measured 𝛾𝛾 → 𝜏𝜏 fiducial cross section 𝜎HL-MNF = 12.4"#.<=#.O fb

• fiducial cross section definition (using gen-level quantities and dressed leptons):
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Fiducial cross section definition similar to ATLAS STDM-2019-19
& CMS HIN-21-009 analyses

eµ eth µth thth

pe
T (GeV) > 15/24 > 25 — —

|he | < 2.5 < 2.5 — —
pµ

T (GeV) > 24/15 — > 21 —
|hµ | < 2.4 — < 2.4 —
pth

T (GeV) — > 30 > 30 > 40
|hth | — < 2.3 < 2.3 < 2.3
DR(`, ` 0) > 0.5 > 0.5 > 0.5 > 0.5
mT(e/µ,~pmiss

T ) [GeV ] — < 75 < 75 —
A < 0.015 < 0.015 < 0.015 < 0.015
mvis (GeV) < 500 < 500 < 500 < 500
Ntracks 0 0 0 0

Table 4 from CMS-SMP-23-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html


ELECTRON & MUON G – 2



Measurement of lepton g – 2
electron
• stable

• Penning traps
• ∆𝑎5 @ 0.13 ppt !

• agrees with SM 1 ppt

68

muon
• lifetime ~2.2×10–6 s

• cyclotrons
• ∆𝑎6 @ 0.20 ppm !

• tension with theory ?

tau
• lifetime ~2.9×10–13 s
• 𝛾𝛾 → 𝜏𝜏 process in 

colliders !
• limit by LEP ~20 times 

Schwinger term
• many BSMs predict 

enhancement
⇒ probe for NP ?

field [12]. The resulting motion of the electron is illustrated on the left-hand side of Fig. 3,
consisting of cyclotron (axial) motion induced by the magnetic (electric) field, and a slower
magnetron precession from the combined fields. A ‘magnetic bottle’ couples the cyclotron
and spin states to the axial motion which is detected via the image current induced in the
trapping electrodes by the electron’s motion.

Cyclotron

Axial

Magnetron

...

...

n=0

n=1

n=2

n=0

n=1

n=2

fc - 3δ/2

fc - δ/2

fc - 3δ/2

fs

fa
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Figure 3: Left: Electron motion inside a Penning trap. Right: The corresponding ladder
of cyclotron energy states for both spin states. See main text for description.

The corresponding energy spectrum is shown on the right-hand side of Fig. 3 — there
are two ladders of cyclotron states (quantum number n) for the spin up and down electron
states1. fc = qB/(2⇡mc) is the cyclotron frequency, fs = (g/2)qB/(2⇡mc) the spin-flip
frequency, and � is a small relativistic modification. For g = 2 we have fc = fs. Thus, a
measurement of the anomalous frequency fa = fs � fc + �/2 provides a direct measure of
ae:

a
(expt)
e = (fa � �/2)

2⇡mc

qB
= 1 159 652 180.73 (28)⇥ 10�12

. (8)

For more details on the experimental procedure the interested reader is directed to [13, 14].
The experimental and theoretical values are in very good agreement when ↵ is taken

from an independent experiment whose result does not rely on ae. Conversely, by assuming
the validity of the SM one can use the measured value of ae to deduce ↵. This yields a
result with an order of magnitude greater precision than is possible via other methods [15]:

↵
�1 = 137.035 999 084 (51). (9)

The comparison of the measured and calculated values of ae does not substantially
probe NP at high energy scales. It is anticipated that NP contributions to ae will be
around the size of the electroweak contribution (0.02973 (52) ⇥ 10�12 [16, 17]), which is
smaller than the overall uncertainty by an order of magnitude. Further improvement in the

1
Splitting into axial and magnetron levels is not shown.
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Status
  in 1972...
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The Current Status of the Lepton g Factors, A. Rich & J.C. Wesley (1972)
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.44.250

anomalous
magnetic moment

“radiative corrections”

𝑎!

𝑎&
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Measurement of electron g – 2 in Penning traps
arXiv:2209.13084

Penning trap

SM theory
+ 𝛼exp from atom recoil

field [12]. The resulting motion of the electron is illustrated on the left-hand side of Fig. 3,
consisting of cyclotron (axial) motion induced by the magnetic (electric) field, and a slower
magnetron precession from the combined fields. A ‘magnetic bottle’ couples the cyclotron
and spin states to the axial motion which is detected via the image current induced in the
trapping electrodes by the electron’s motion.
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Figure 3: Left: Electron motion inside a Penning trap. Right: The corresponding ladder
of cyclotron energy states for both spin states. See main text for description.

The corresponding energy spectrum is shown on the right-hand side of Fig. 3 — there
are two ladders of cyclotron states (quantum number n) for the spin up and down electron
states1. fc = qB/(2⇡mc) is the cyclotron frequency, fs = (g/2)qB/(2⇡mc) the spin-flip
frequency, and � is a small relativistic modification. For g = 2 we have fc = fs. Thus, a
measurement of the anomalous frequency fa = fs � fc + �/2 provides a direct measure of
ae:

a
(expt)
e = (fa � �/2)

2⇡mc

qB
= 1 159 652 180.73 (28)⇥ 10�12

. (8)

For more details on the experimental procedure the interested reader is directed to [13, 14].
The experimental and theoretical values are in very good agreement when ↵ is taken

from an independent experiment whose result does not rely on ae. Conversely, by assuming
the validity of the SM one can use the measured value of ae to deduce ↵. This yields a
result with an order of magnitude greater precision than is possible via other methods [15]:

↵
�1 = 137.035 999 084 (51). (9)

The comparison of the measured and calculated values of ae does not substantially
probe NP at high energy scales. It is anticipated that NP contributions to ae will be
around the size of the electroweak contribution (0.02973 (52) ⇥ 10�12 [16, 17]), which is
smaller than the overall uncertainty by an order of magnitude. Further improvement in the

1
Splitting into axial and magnetron levels is not shown.
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FIG. 3. (Color online) Lowest cyclotron and spin levels of an
electron in a Penning trap.

deduced by use of the Brown-Gabrielse invariance theorem
[31],

(νc)2 = (ν̄c)2 + (ν̄z)2 + (ν̄m)2. (9)

The three measurable eigenfrequencies on the right include the
cyclotron frequency ν̄c for the quantum cyclotron motion we
have been discussing. The second measurable eigenfrequency
is the axial oscillation frequency ν̄z for the nearly harmonic,
classical electron motion along the direction of the magnetic
field. The third measurable eigenfrequency is the magnetron
oscillation frequency for the classical magnetron motion along
the circular orbit for which the electric field from the trap
electrodes cancels the motional electric field (so the total radial
Lorentz force vanishes).

The invariance theorem applies for a perfect Penning trap,
but also in the presence of the unavoidable imperfection shifts
of the eigenfrequencies for a real trap. This theorem, together
with the well-defined hierarchy of trap eigenfrequencies,
ν̄c ! ν̄z ! ν̄m ! δ, yields an approximate expression that is
sufficient at our accuracy. We thus determine the electron g/2
using

g

2
= ν̄c + ν̄a

νc

" 1 +
ν̄a − ν̄2

z /(2f̄c)
f̄c + 3δ/2 + ν̄2

z /(2f̄c)
+ #gcav

2
. (10)

The two frequencies that must be measured to the highest
precision are the cyclotron and anomaly transition frequencies,

f̄c ≡ ν̄c − 3
2
δ, (11)

ν̄a ≡ g

2
νc − ν̄c, (12)

shown in Fig. 3. A lower precision measurement of the axial
frequency ν̄z is also required, as is a cavity shift #gcav/2 (from
the interaction of the cyclotron motion and the trap cavity,
discussed in Sec. V).

III. EXPERIMENTAL REALIZATION

A. Cylindrical Penning trap

A cylindrical Penning trap (Fig. 4) is the key device that
makes these measurements possible. It was invented [6] and
demonstrated [7] to provide boundary conditions that produce
a controllable and understandable radiation field within the trap
cavity. Spontaneous emission can be significantly inhibited
at the same time as corresponding shifts of the electron’s
oscillation frequencies are avoided. The latter has not been
possible [32] with the hyperbolic Penning traps of earlier

top endcap
electrode

compensation
electrode

compensation
electrode

field emission
point

bottom endcap
electrode

nickel
rings

microwave inlet

ring electrode

quartz
spacer

trap cavity electron

0.5 cm

FIG. 4. (Color) Section view of the cylindrical Penning trap cav-
ity used to confine a single electron and inhibit spontaneous emission.
The electrodes facing the electron are cylindrically symmetric except
for the compensation electrodes, each of which are split vertically in
half. Microwaves with a 2 mm wavelength enter the trap through the
squeezed tube that is the microwave inlet.

experiments [4], which have electrodes approximating the
equipotentials of an electrostatic quadrupole.

The first function of the trap electrodes is to produce
a very good approximation to an electrostatic quadrupole
potential. This requires careful choice of the relative geometry
of the electrodes [6]. The electrodes of the cylindrical trap
are symmetric under rotations about the center axis (ẑ), which
is parallel to the spatially uniform magnetic field (B ẑ). The
potential applied between the endcap electrodes and the ring
electrode provides the basic trapping potential and sets the
axial frequency ν̄z of the nearly harmonic oscillation of the
electron parallel to the magnetic field. (See Table I for typical
parameters and frequencies.) The potential applied to the
compensation electrodes is adjusted to tune the shape of the
potential, to make the oscillation as harmonic as possible.
The tuning does not change ν̄z very much owing to an
orthogonalization [6,33] that arises from the geometry choice.
What we found was that one electron could be observed within
a cylindrical Penning trap with as good or better signal-to-noise
ratio than was realized in hyperbolic Penning traps.

B. Radiation field in a cylindrical trap

The second function of the trap electrodes is to form
a microwave cavity whose radiation properties are well
understood and controlled. The resonant radiation modes of
a perfect right circular cylinder are the familiar transverse
electric (TE) and transverse magnetic (TM) radiation modes
for such a geometry. In the real trap cavity, the perturbation
caused by the small space between the electrodes is minimized
by the use of “choke flanges”—small channels that tend to
reflect the radiation leaking out of the trap back to cancel itself,
and thus to minimize the losses from the trap. The measured
radiation modes (Fig. 10) are close enough to the calculated
frequencies for a perfect cylindrical cavity that we have been

052122-3

g

2
= 1 + C2

⇣↵
⇡

⌘
+ C4

⇣↵
⇡

⌘2
+ C6

⇣↵
⇡

⌘3
+ . . .+ aµ,⌧ + ahad + aweak

<latexit sha1_base64="srvpAi3tpmnN/aunKFCn0TWKvxE="></latexit>

• oscillate electron in 
nonuniform E field, 
but uniform B field

• measure resonance 
frequencies

0.13 ppt !

0.11 ppb !

atom recoil
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Measurement of muon g – 2 in cyclotrons

• muon lifetime ~ 2.2 𝜇s
⇒ use cyclotrons

• spin precesses faster than momentum
in cyclotron magnetic field:
Larmor precession 𝜔S > cyclotron oscillation 𝜔C

• measure oscillation in 𝜇+ → e+

energy spectrum

!a = !S � !C

=
g � 2

2

e

mµ
B

⇠ 230 kHz

<latexit sha1_base64="SgN83XTROzQuDZ1+qKvMv/KOCks="></latexit>
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Quick history: Muon g – 2

• CERN:
– 1961: ~0.2%
– 1979: ~7.30 ppm

• BNL:
– 1999: ~1.30 ppm
– 2001: ~0.54 ppm

⇒ discrepancy with theory !

• FNAL:
– 2021: ~0.46 ppm
– 2023: ~0.20 ppm

⇒ still tension

72

discrepancy !

G. Venanzoni
CERN, 2021

arXiv:2308.06230, 
slides, recording
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