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τ lepton

• Third generation of leptons

– Heaviest lepton ⇒ decays promptly

– Only lepton that can decay to quarks

• Mostly decays to different numbers of pions

– Difficult to reconstruct in a detector

– Large backgrounds from quark/gluon jets
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• Pathway to new forces via stronger couplings?

– The Standard Model (SM) has apparent Lepton
Flavor Universality (LFU): the charged leptons’
(e±, µ±, τ±) couplings through the weak interaction
have the same strength

– New Physics models predict stronger couplings to
higher generations: τ lepton, t and b quark

π0
π− π+

π+

Lepton Flavour Universality tests

• B anomalies: the BaBar, BELLE, and LHCb collaborations
report deviations between observation and SM prediction
→ if confirmed, evidence for New Physics

• CMS can also test LFU in b → cℓν decays

• Compare decay rates of rare semileptonic B-hadron decays

R(D∗) analysis

RD∗ =
Γ (B → D∗τ ν̄)

Γ (B → D∗µν̄)
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R(J/ψ) analysis

RJ/ψ =
Γ (Bc → J/ψτ ν̄)

Γ (Bc → J/ψµν̄)

c c
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• Challenges:

– Large backgrounds from (partially reconstructed) D(∗)
(s) mesons

– Poor reconstruction efficiency of low-momentum τ leptons

m

• Use machine learning for selecting the τ decay products
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Anomalous magnetic moment g− 2

• Magnetic moment µ = g q
2mS, with g ≈ 2.002

• Anomalous magnetic moment of leptons: aℓ =
(g−2)ℓ

2 ≈ 0.001

• Precision measurement of Standard Model

• Sensitivity to New Physics increases with lepton mass → τ !

• Current best measurement of aτ from DELPHI, using 1997-2000 data.

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.
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by modeling of the photon flux, nuclear form factors and
nucleon dissociation. Fortunately, these initial state ef-
fects are independent of QED process and final state. So,
experimentalists could use a control sample of �� ! ``
events to constrain these universal nuclear systemat-
ics or eliminate them in a ratio analysis with dileptons

�
(PbPb)
��!⌧⌧/�

(PbPb)
��!`` . Hadronic backgrounds are susceptible

to uncertainties from modeling the parton shower, but
are subdominant given S/B � 1 in our analyses.

IV. RESULTS & DISCUSSION

We now estimate the sensitivity of our analyses to
modified tau moments �a⌧ , �d⌧ . Assuming the observed
data correspond to the SM expectation, we calculate

�2 =
(SSM+BSM � SSM)2

B + SSM+BSM + (⇣sSSM+BSM)2 + (⇣bB)2
. (10)

Here, B is the background rate, and SSM (SSM+BSM)
is the signal yield assuming SM couplings (nonzero
�a⌧ , �d⌧ ). At L = 2 nb�1, we find SSM = 1280, B = 7.6
for SR1`1T before binning in p`T; SSM = 520, B = 15 for
SR1`2T; SSM = 370, B = 4 for SR1`3T. We denote the
relative signal (background) systematic uncertainties by
⇣s (⇣b) and study ⇣s = ⇣b 2 [5%, 10%] as benchmarks.
For simplicity, we assume identical ⇣s for all couplings,
and combine the four SRs (SR1`1T has two p`T bins) us-
ing �2 =

P
�2

SR assuming uncorrelated systematics. We
define the 68% CL (95% CL) regions as couplings satis-
fying �2 < 1 (�2 < 3.84). Appendix B details cutflows
for signals and backgrounds, and �2 distributions.

Figure 3 summarizes our projected a⌧ = apred
⌧, SM + �a⌧

constraints (green) compared with existing measure-
ments and predictions. Assuming the current dataset
L = 2 nb�1 with 10% systematics, we find �0.0080 <
a⌧ < 0.0046 at 68% CL, surpassing DELPHI preci-
sion [16] (blue) by a factor of three. Negative values of
�a⌧ are more di�cult to constrain given destructive in-
terference. We estimate prospects assuming halved sys-
tematics giving �0.0022 < a⌧ < 0.0037 (68% CL). A
tenfold dataset increase for the High Luminosity LHC
(HL-LHC) reduces this to �0.00044 < a⌧ < 0.0032 (68%
CL), an order of magnitude improvement beyond DEL-
PHI. Importantly, these advances start constraining the
sign of a⌧ and becomes comparable to the predicted SM
central value for the first time.

Such precision indirectly probes BSM physics. In na-
ture, compositeness can induce large and negative mag-
netic moments e.g. the neutron [17]. As a benchmark, we
fix C⌧B = �1, C⌧W = 0, �d⌧ = 0 in Eq. 3 to recast the
DELPHI limit into a 95% CL exclusion of ⇤ < 140 GeV.
The orange line in Fig. 3 shows 140 < ⇤ < 250 GeV,
where our 2 nb�1, 10% systematics proposal has 95% CL
sensitivity, surpassing DELPHI by 110 GeV. In suitable
ultraviolet completions of SMEFT with composite lep-
tons, one can interpret ⇤ as the confinement scale of tau

�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

FIG. 3. Summary of lepton anomalous magnetic moments
a` = (g` � 2)/2. Existing single-experiment measurements
of ae [1], aµ [6], and a⌧ [16] are in blue. Our benchmark
projections (green) assume 2 nb�1 and 20 nb�1 for 5% and
10% systematic uncertainties. For visual clarity, we inflate
1� error bars on ae (aµ) measurements by 109 (106), and 104

for the SM prediction apred
⌧ (orange) [18]. Collider constraints

have thick (thin) lines denoting 68% CL, 1� (95% CL, ⇠ 2�).
The SMEFT predictions [68, 69] from Eq. (4) with C⌧B = �1
displays BSM scales 140 < ⇤ < 250 GeV (thick orange).

substructure [15]. Nonetheless, our analyses are highly
model-independent and we defer sensitivity to other BSM
scenarios for future work. It would be interesting to cor-
relate a⌧ with models that simultaneously explain ten-
sions in ae and aµ [19–21] or B-physics lepton universal-
ity tests [22–26].

Lepton electric dipole moments are highly sup-
pressed in the SM, arising only at four-loop |dpred

⌧ | ⇠
(m⌧/me)|dpred

e | ⇠ 10�33 e cm [90]. Additional CP viola-
tion in the lepton sector can enhance this, such as neu-
trino mixing [91], or other BSM physics parameterized
by ' in Eq. 4. Our projected 95% CL sensitivity on d⌧ =
(e/m⌧ )�d⌧ is |d⌧ | < 3.4 ⇥ 10�17 e cm, assuming �a⌧ = 0
with 2 nb�1, 10% systematics. This is an order of mag-
nitude better than DELPHI |d⌧ | < 3.7⇥ 10�16 e cm [16]
and competitive with Belle [92].

Our proposal opens numerous avenues for extension.
Lowering lepton/track thresholds to increase statistics
would enable more optimized di↵erential or multivariate
analyses. Recently, ATLAS considered tracks matched
to lepton candidates failing quality requirements, allow-
ing ptrack

T (e/µ) > 1/2 GeV [44]. Moreover the 500 MeV
track threshold is conservative given ptrack

T > 100 MeV
is successfully used in ATLAS [51]. Reconstructing soft
calorimeter clusters could enable hadron/electron identi-
fication, or using neutral pions to improve tau momen-
tum resolution. Proposed timing detectors may o↵er
more robust particle identification in ATLAS/CMS [93]
while ALICE already has such capabilities [94]. Ultimate
a⌧ precision requires a coordinated worldwide program
led by LHC e↵orts combined with proton–lead collisions
at

p
sNN = 8.76 TeV, Relativistic Heavy Ion Collider

• Use “ultraperipheral” collisions of lead nuclei to find di-τ photo production

– Cross section and τ kinematics sensitive to aτ
– Cross section ∝ Z4, where Z = 82 for lead
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• Challenging to reconstruct low-momentum τ leptons

τ → π π π ντ

τ → µ νν ντ

Leptoquarks

• Leptoquarks (LQs) are hypothetical particles that interact with quarks & leptons

• Bosons with spin 0 (scalar) or 1 (vector), but have fractional charge and carry color
like quarks

• Coupling strengths λ vary between the generations of quarks and leptons

• Can explain the B anomalies through LFU violation
b c

B D(⇤)

⌫⌧

LQ

⌧
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• Created in high-energy proton collisions recorded by the CMS detector

• Look for excess of data over SM expectation in order to search for LQs
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• In case of no observation, constrain mass, cross section, and couplings
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• Some models also include interaction with dark matter to explain cosmological ob-
servations

Interested ?

Contribute, and acquire new skills & experiences:

• Study the Standard Model of Particle Physics, and New
Physics models

• Programming in python, C++, ROOT, ...

• Advanced analysis tools like multivariate analysis techniques
using neural networks, deep learning, ...

• Simulate and analyze proton & lead collision data from the
CMS detector

• Interact with physicists around the world via CERN

• Discuss, present, document & publish results

• Help to find New Physics, and advance our understanding
of the Universe

Contact Prof. Ben Kilminster at
ben.kilminster@physik.uzh.ch


