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MDMs and EDMs 

Maxim Pospelov
U of Minnesota and FTPI

Thursday: MDMs (Muon and electron g-2, theory and experiment).

Friday: EDMs (Electric Dipole Moments). 
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Thursday lecture
1. Introduction: different ways to look for new physics
2. Review of the Dirac equation, g = 2. Derivation of g - 2 = a/p  at one 
loop level. 
3. Main principles of the muon g-2 experiment (from a theorist’s 
perspective). 
4. Standard Model calculation of muon g-2. Crux of the matter – hadronic 
vacuum polarization. 
5. Sensitivity of muon g-2 to new physics. 
6. Electron g-2, determination of alpha
7. Potential way of reducing errors in the future. 
8. Other exotic effects with spins, so-called “Lorentz violation”, “axion 
wind”, and mass-spin coupling. 
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Anomalous magnetic moment:     Electric dipole moment:

• Induced by “any” interactions.

• The leading effect is large 
(~O(1) for hadrons, O(10-3) 
for leptons)

• Can be made into a precision 
tool if the accuracy of 
measurements is matched by 
accuracy of calculations

• Tilde flips E and B.

• Only CP-violating 
interactions induce it; very 
special, not common. 

• Is a precision tool 
“automatically” as SM (apart 
from strong CP caveat) does 
not induce large EDMs

Anomalous magnetic moment and 

EDM of an elementary fermion
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Late 1960s Lagrangian (before SM was formulated)

§ Pretty complicated, with every new phenomenon requiring ~ extra 
terms added by hand. 

§ What to do with resonances? (Notwithstanding beautiful flavor SU(3) 
symmetries uncovered in the 1960s.)  Quarks were not real.

§ Promising theoretical constructions were built using spontaneous 
symmetry breaking mechanism by Brout, Englert, Higgs et al, and 
applied to Glashow’s SU(2)*U(1) by Weinberg and Salam.
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SM Lagrangian as an EFT

*New orthodoxy*: Standard Model Lagrangian includes all terms of 
canonical dimension 4 and less, consistent with three generations of 
quarks and leptons and the SU(3)*SU(2)*U(1) gauge structure at 
classical and quantum levels. 

§ Higgs is finally discovered. Alternatives (e.g. strong coupling at a 
TeV) are mostly dead/severely constrained. 

§ CP violation in the quark sector comes CKM
§ Neutrinos contain intriguing clues (Masses and oscillations were not 

part of the 1967 Weinberg-Salam model). 
§ Problems: Strong CP problem, dark matter problem, neutrino mass 

problem, and more conceptual problems (gauge hierarchy).
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Typical BSM model-independent approach is to include all possible 
BSM operators + light new states explicitly. 

Higher dimensional operators include many terms, e.g. 

Light states and portal couplings also have great variety 

SM as an Effective Field Theory



How to look for New Physics ? 

1. High energy colliders.   

2. Precision measurements, especially when a symmetry is broken

3. Intensity frontier experiments where abnormal to SM appearance of 
FIPs (or sometimes disappearance, e.g. NA64) can be searched.

4. DM searches:     Atom + DM  à visible energy
DM + DM à visible energy

Precision g-2 of electrons and muons belongs to an interesting class of 
tools where we can measure & calculate same quantity to high precision. 
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Definition of g-factors

Consider a particle at rest, in the external magnetic field,

For electrons, we knew since 1920s that  H = +|e|/(2me) (B s ), and 
therefore 

    g = 2
(from now on we’ll switch to notations where e is positive, i.e. positron charge, and 
we will also use the system of units where hbar=c=1.) 

Other particles are trickier (gproton = 5.6, for example). 

The derivation of g=2 for electrons and positrons comes from the 
Dirac equation. Taus are cool but useless* for g-2  – too short lived. 
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Dirac Equation, v/c expansion, g=2
Let’s start from the Dirac equation for a free fermion:

We generalize it to include the EM field in the minimal way by 
promoting four-momentum operator to a covariant momentum:

(We keep c for now for the sake of 1/c expansion). Wave function y has 
a fast oscillation, and to remove it, we transform

Then, in bi-spinor components,                   , the Dirac equation is 
rewritten as
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Dirac Equation, v/c expansion, g=2
Using that mc2 is much larger than any other energy involved, we solve 
for c the second equation and substitute into first. 

Developing the product of two sigma-matrices,                              we get:

Then we get a familiar Schrodinger (Pauli) equation

Prediction of g = 2 is the second most famous prediction of Dirac eq. 
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Why muons and electrons? 

The main reason to use electrons and muons is the possibility of 
calculating 8 significant figures for muon g-2, and even more for 
electron!

Proton magnetic moment is measured extremely precisely, but theoretical 
calculation, state of the art lattice, is ~ few% at best

Dirac equation for nucleons
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Muon g-2 as a probe of New Physics

§ Muon anomalous magnetic moment (= (g-2)/2) belongs to a class 
of observables that do not break any exact or approximate 
symmetries of the SM (like CP or baryon number). Therefore, 
there are large contributions from all known forces within SM:

where “New Physics” contribution parametrizes a new contribution 
not accounted in standard calculations: 

Then the idea is to extract al
NP from measurement and theory by 

taking the difference: 
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Muon g-2 as a probe of New Physics
Of all particles muon is ideally suited for such purposes: 
§ Possible contribution from short-distances physics is likely to be 

enhanced relative to electron by (mµ/me)2. (And tau’s are useless 
because they do not live long enough). 

§ Leptons are elementary, and theoretical calculations can be carried 
out to high accuracy before running into problems with the 
complicated nature of strong interactions. (Same program is simply 
not possible with anomalous magnetic moments of neutrons or 
protons)

§ Nature itself “built in” the muon spin analyzer. The weak decays of 
muons break parity 100% and as a result the direction of the 
outgoing decay particle (electron or positron) is correlated with 
muon spin. + Muons are born polarized. 

§ 2011 theory: aµSM  theory = 116591828±49×10-11 

           aµexperiment = 116592089(63)×10-11 aµNP = (26.1±8)×10-10 
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Derivation of 1-loop QED result
Let’s calculate famous 1-loop g-2 correction using external field technique. 

We are looking for a finite in the UV correction to the effective Lagrangian

One-loop expression for it is:

Covariant momentum satisfies the following properties:

while the propagator in external field takes the following form: 

We’ve introduced ``fake” photon mass, mV , and of course at the end of the computation 
we should be able to take mV à0. The propagator can be expanded in Fs, and we need 
to retain 1st and 0th order of expansion.
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Derivation of 1-loop QED result
The first order of expansion is easy to evaluate, as we can immediately take P à p. We 
also make use of a very useful relation 

The integral encountered here can be tackled using standard Feynman parametrization

Using it, we can evaluate the loop integral
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Derivation of 1-loop QED result
Using the following identity, we simplify the gamma-matrix structure

With that, we have the following contribution from the first term of expansion in Fs :

It cannot be a full answer, as the result IR diverges as we take take mV à0. 

We need 0th order term, that upon the use of the eqs of motion also contribute to µ. 

Note that these are ``full” covariant P.  We are calculating in the first order in Fs       
and going to use the following relation

and one can show that the loop integral f(p2) can be calculated by taking P à p.



17

Derivation of 1-loop QED result
Using these relations we evaluate B, and we get the following contribution to the 
anomalous magnetic moment: 

Notice that it is also IR divergent. But now we need to combine A and B, and we get 
perfectly finite (and very much celebrated) result:

The last combination here is the Bohr magneton, and therefore anomalous magnetic 
moment in units of Bohr magneton is a/(2p). Correspondingly g - 2 = a/p. 

Notice that it is customary to introduce “a”, defined as  a = (g-2)/2 . 

This is a first brick in a long long theoretical road to obtain a to many significant 
figures!  
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Main principles of g-2 experiment

§ We need polarized muons. But remember that in p à µ weak 
decays, µ+ are born with their spins exactly opposite to their 
momentum. 

§ The weak decays of muons have a ``built-in” polarimetry: the 
direction of highest energy positrons are predominantly in the 
direction of muon spin. Therefore parity-asymmetric nature of 
weak interactions is used both at production and decay. 

§ Precession of spin relative to momentum is relatively slow and 
directly proportional to the anomalous magnetic moment.

§ We need to know A. how to achieve uniform O(ppm) level 
magnetic field, B. Measure its value rather precisely, C. Know the 
Larmor frequency of muons very precisely, D. Have lots of 
muons with roughly same direction of their spins. 
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Main principles of g-2 experiment

§ Both momentum and g=2 intrinsic magnetic moment precess at 
the same frequency wL. 

§ Precession of spin relative to the momentum in the storage ring is 
due to g-2 ≠ 0. It is in the same plane and a little faster.

§ The measurement is performed at “magic” g = 29.3 that minimizes 
the influence of electric field. 

§ Well-measured ratios of muon and proton magnetic moments is 
used as an additional input
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BNL E821 experiment

aµexperiment = 116592089(63)×10-11,

Consistent for positively and 
negatively charged muons
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Theoretical status of muon g-2, SM

The history of theoretical calculations goes very far in the past. Back 
to Schwinger’s result, aµ1-loop QED = a / (2 p)

Currently, the QED calculations are carried out to four-loop order, 

Electroweak calculations are also under control, 

    [the errors on EW and QED are well below 
    the discrepancy]
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Theoretical status of muon g-2

Hadronic contributions: A. vacuum polarization B. “light-by-light” 

For A. unitarity + analyticity comes to rescue: 

For B. some hadronic model calculations are necessary at this points 
(loops of heavy quarks + loops of light mesons, e.g. pions) 

Recent evaluations give   
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g * à hadrons cross section

From Hagiwara et al. (2011)
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Summary of the pre-2021 discrepancy

From Hagiwara et al. (2011)

There is a theoretical “deficit” of 3×10-9, and the tension is ~ 3.5 s
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What are the logical possibilities 
behind the discrepancy? 

1. Statistical fluctuation or unaccounted errors. Only one 
experimental group got the result [could be an error]. 

2. SM calculators could be overly optimistic about their error bars. 
After all, HVP is needed to O(1%) accuracy, and HLbL is 
calculated within models, not ab-initio QCD.  

3. Yet undiscovered “New Physics” supplies +3×10-9 . What kind 
of new physics could it be? 

Any combination of the above. 
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New experiment at Fermilab

“Repeat” of the BNL experiment with the same storage ring, but much 
enhanced intensities, and improved monitoring of the magnetic field. 

Goal: shrink the size of the experimental errors by a factor of ~4. 

+ New efforts for the lattice QCD calculations of hadronic 
LbL and vacuum polarization contribution.

+ Novel experiment at 
JPARC, to be built. 
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First results, 2021

Data published in 2021 more than doubles the number of events at 
BNL. Combined experimental error is down by ~Sqrt(2). A lot more 
progress is anticipated as the data sample will become 10 times 
larger.
Significance of the discrepancy between experiment and 
data-driven theory of muon g-2 extraction grew to 4.2 s 
But….

Measurement of the Positive Muon 
Anomalous Magnetic Moment to 
0.46 ppm
B. Abi et 
al. (Muon g−2 Collaboration)

Phys. Rev. Lett. 126, 141801 – 
Published 7 April 2021
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New g-2 results, 2023
§ Data taking have finished at 

Fermilab. Total sample O(5) 
times more data compared to 
Run I. BNL results confirmed 
and improved

§ New results are consistent with 
old. Experimental error shrank  
by a factor of 2.

§ Notice that this time around, 
the collaboration refrained 
from plotting theoretical 
predictions. 

2308.06230, g-2 collaboration
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Final g-2 results, 2026
§ Data taking are finished at 

Fermilab. Goals of the 
experiment are achieved.

§ New results are consistent with 
old. Experimental error shrank  
by a factor of ~ 4.

§ What is going on with 
theoretical interpretations? 

 

e-Print: 2606.17323 [hep-ex]
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the fast kicker magnets were measured in-situ with two
independent magnetometers, both based on Faraday ro-
tation in terbium gallium garnet crystals. One system
uses optical fibers to guide the laser light into the kicker
region. The second new system uses an open laser beam,
which enters the storage volume through a window, and
mirrors to guide the light. Two of the three kickers were
measured at several transverse positions. The measure-
ments from the two apparatus agree within uncertainties.
Measurements at a large radius (18mm) revealed trans-
verse variations of about a factor of two, which were in-
vestigated with additional measurements on a mock-up.
While the measurements close to the beam center are
consistent with earlier determinations, the new measure-
ments at a larger radial offset, together with improved
understanding of the transverse modeling of the result-
ing field perturbation, lead to a larger correction term
Bk than reported in Run-2/3. Driven by the observed
stronger transverse variation of the transient and uncer-
tainties in the transverse modeling, the total uncertainty
increased to 22 ppb compared to Run-2/3.

The correction presented in reference [19] for magnetic
field transients from vibrations in the ESQ system, Bq,
remains valid. The transverse distribution of this effect
was studied in more detail, and the assigned uncertainties
were corroborated.

FIG. 2. Azimuthally averaged magnetic field contours in units
of ppm overlaid in white on the time- and azimuthally aver-
aged muon distribution for the xyRF5 dataset.

Calculation of aµ — The values of ωa and ω̃′

p listed
in Tab. II for the four fit datasets, along with the cor-
rections from Eq. (1), form R′

µ. The R′

µ measurements
are statistically uncorrelated, while nearly all systematic
uncertainties are fully correlated. The table also lists the
combined Run-4/5/6 result and our earlier results, cor-
rected as noted below. The four fit datasets show good
consistency with a χ2 = 0.96 for 3 degrees of freedom,
which has a probability of 80%. No statistically signif-

icant correlations with magnet current, magnetic field,
field gradients, or time of day were observed.
We report R′

µ at Tr = 25 °C. This change from the ref-
erence temperature used in previous publications aligns
with both the CODATA standard and our actual mea-
surement conditions. Our previous R′

µ values were ad-
justed by −101 ppb to reflect this change in reference
temperature and external constants. The aµ values do
not change as a result of the Tr shift, though the exter-
nal CODATA constants have been updated.
The superior statistical power of this larger dataset,

along with additional dedicated measurements, enabled
further cross-checks of the Run-2/3 results. Three correc-
tions with corresponding uncertainty adjustments were
identified and applied when combined with the latest
dataset: the sensitivity of ωa to small, slow gain shifts
noted earlier, improved understanding of spatial depen-
dencies in the transient magnetic fields from kicker sys-
tem eddy currents, and a sign error correction in one
component of the Cdd correction. These corrections, de-
termined independently, happened to have the same sign
and combine to shift the Run-1 and Run-2/3 results by
50 ppb and 98 ppb, respectively, and result in a total sys-
tematic uncertainty of 78 ppb for the adjusted Run-2/3
result. The corrections were finalized before unblinding
the Run-4/5/6 results. The latest result agrees well with
the previous measurements.
The combined FNAL average, Run-1-6, with a total

uncertainty of 127 ppb, assumes fully correlated system-
atic uncertainties between the results.
Following Eq. 2, we determine the muon anomaly

aµ(Run-4/5/6) = 116 592 0710(162)→ 10−12 (139 ppb)

aµ(Run-1-6) = 116 592 0705(148)→ 10−12 (127 ppb),

for the full dataset, with the statistical, systematic, and
external parameter uncertainties combined in quadra-
ture. The combined experimental (exp) average, from
BNL E821 4 and Run-1-6, becomes

aµ(exp) = 116 592 0715(145)→ 10−12 (124 ppb).

Figure 3 shows the corresponding values.
The Muon g − 2 Theory Initiative has released an

updated SM value of aµ in their 2025 White Pa-
per (WP2025) [36], based on results from [5, 37–95],
which agrees with the measured average. The value
shifts considerably compared to their 2020 White Paper
(WP2020) [96], which is almost entirely due to the exclu-
sive use of new, published leading-order hadronic vacuum
polarization estimates based on lattice-QCD calculations.
The previous value in their WP2020 used experimental
e+e− → hadrons cross-section measurements from mul-
tiple experiments to evaluate this contribution based on

4 The adjusted R
′
µ(BNL) = 0.00370730154(172)stat.(102)syst con-

tributes 5.1% to the new experimental average.
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a
FNAL Run-1
µ = 116 592 0506(539)tot(506)stat(185)syst(26)ext → 10→12 (460 ppb),

a
FNAL Run-2/3
µ = 116 592 0701(253)tot(235)stat(91)syst(26)ext → 10→12 (210 ppb),

a
FNAL Run-4/5/6
µ = 116 592 0710(162)tot(133)stat(89)syst(26)ext → 10→12 (139 ppb),

a
FNAL
µ = 116 592 0705(148)tot(114)stat(91)syst(26)ext → 10→12 (127 ppb),

a
Exp
µ = 116 592 0715(145)tot(112)stat(88)syst(26)ext → 10→12 (124 ppb).

The total uncertainty is the sum in quadrature of the
statistical, systematic, and external-factor contributions.
These results are displayed in Fig. 35. Values of R↑

µ(Tr)
and aµ with extra digits to facilitate further calculations
without loss of precision due to rounding are provided in
the supplemental material.

FIG. 35. From top to bottom: experimental values of aµ

from BNL E821, Run-1, Run-2/3, this measurement Run-
4/5/6, the Fermilab Muon g→2 combined measurement Run-
1-6, and the combined experimental average (Exp. average).
The inner tick marks indicate the statistical contribution to
the total uncertainties.

X. CONSISTENCY CHECKS

To verify the stability and consistency of the aµ mea-
surement, extensive cross-checks of Rµ are performed
across various experimental conditions and dataset sub-
divisions.

The consistency of the extracted ωa values across the
noRF, xRF, xyRF5, xyRF6 datasets provides a particu-
larly stringent cross-check. The RF system substantially
modifies the beam dynamics, reducing the CBO ampli-
tude and muon loss rate each by approximately a factor of
five. Despite these large changes in the beam phase-space
evolution, the values of ωa remain statistically consistent
across all RF configurations, demonstrating that residual
CBO e!ects and loss-related distortions do not bias the
result at the achieved precision.

Within each of the main datasets, the data are also
divided into 5 groups according to each of the following
metrics: i) magnet current, ii) total weighted field, iii)
horizontal and vertical field gradients, iv) time of day,
and v) a random selection. The value of Rµ was com-

puted for each of these new datasets individually, and
no correlation was found between Rµ and any of these
variables.
In addition to the major dataset values of aµ detailed

in Section IX, the values of Rµ and aµ were calculated
for each lettered dataset. This enables a series of consis-
tency checks across a wide range of experimental condi-
tions. Figure 36 shows ωa vs. ωp for all major Fermilab
Muon g↑2 datasets along with the three published BNL
results, demonstrating consistency with a constant value
of Rµ across a significant range of magnetic field condi-
tions. The value of Rµ vs. the lettered sub-datasets for
two of the ωa analysis groups (G2 and L2) can be seen
in Figure 37. In this figure, excellent consistency is ob-
served across all lettered sub-datasets, with the possible
exception of lettered dataset 6K. Once this outlier was
identified, a thorough investigation of all experimental
parameters was conducted to ensure that no uncontrolled
changes in experimental conditions could have a!ected
the result. The next dataset, 6LMN [91], showed a rever-
sion to the mean, which indicated that this fluctuation
was not due to an ongoing change in experimental con-
ditions. The inclusion of lettered dataset 6K results in a
24 ppb shift in the value of Rµ in Run-4/5/6.
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FIG. 36. ωa vs. ωp for all major Fermilab g→2 datasets,
together with the three published results from BNL. The
dashed line indicates the world average value of Rµ and in-
tercepts y = 0. The ε

2/NDF of this combination is 12.27/13.
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FIG. 38. Comparison of the experimental value of aµ with
the Standard Model predictions.

evenly distributed final systematic uncertainties, no im-
mediate path exists to achieve another significant im-
provement in precision with this technique.

The initial phase of the J-PARC Muon g→ 2/EDM
experiment [20] anticipates a total precision of 400 ppb;
reaching O(100 ppb) precision, comparable to the FNAL
result, would require significant improvements in muon
yield and additional upgrades [154].

On the other hand, over the next few years, more
progress is expected in determining a

SM
µ . Additional

results are expected from the lattice evaluation of the
hadronic contribution to aµ, which will reduce the cur-
rent uncertainty to a level similar to the experimental
one. In parallel, several experiments are either review-
ing or analysing additional data on the e+e→ ↑ hadrons

cross section to pin down the current tension among the
di!erent results, evident in Fig. 38. This experimental
e!ort is complemented by theoretical work to clarify the
existing data through refined Monte Carlo event genera-
tors and the evaluation of missing higher-order radiative
corrections [155]. Of interest is the new measurement
expected from the Belle II experiment at KEK (Japan).
Belle II already published the e

+
e
→

↑ ω
+
ω
→
ω
0 chan-

nel [156] in the region 0.62–3.50 GeV using only part
of their collected data (191 fb→1) observing a cross sec-
tion that is 2.5ε larger than the one observed by BaBar.
However, the two-pion cross section, which is by far the
dominant contribution, is currently being analysed.

In parallel to the continuing e!orts to resolve the cur-

rent discrepancy in the s-channel e+e→ ↑ hadrons cross
section, a new experiment, MUonE [157, 158] is being
designed to take data at CERN. The experiment aims to
precisely measure muon-electron scattering to provide an
independent determination of the leading-order hadronic
contribution to the muon anomaly.
While the main objective of the Muon g→2 experi-

ment at FNAL, to measure the muon anomaly more than
four times more precisely than the BNL E821 experiment,
was achieved, the recorded data can be used to perform
searches for various BSM physics. The collaboration is
working to perform such analyses in three di!erent ar-
eas. First, a muon EDM, dµ, would tilt the spin preces-
sion plane, producing an up-down oscillation out of phase
with the g→2 precession. The analysis of the Run-2/3
dataset is expected to yield more than an order of mag-
nitude improvement over the existing BNL E821 limit of
|dµ| < 1.8↓10→19

e ·cm [159]. Second and third, searches
for CPT and Lorentz-violating physics and for ultra-light
muonphilic scalar and pseudo-scalar Dark Matter can-
didates are underway. Both e!ects would manifest as
modulations of aµ over time.
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Doubts creep in: lattice evaluation oh hadronic VP

Several Lattice QCD 
results point to a larger 
value for the HVP. 

There is no meaningful 
discrepancy between 
g-2 experiment and 
lattice determination of 
g-2. 

Are we ready to 
abandon data-driven 
method and switch to 
lattice when 1% 
accuracy is required? 

BMW collaboration, 2021
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Doubts grow: new Novosibirsk results (CMD-3)

(From M. Davier et al, 2023) 

• The reasons why CMD-3 results are considerably larger 
(compared to global errors) are not entirely clear. 

• They (CMD-3) are consistent with BMW lattice result. 

• This invites additional scrutiny for the ``radiative return” method 
of measuring hadron production cross section. 

• One can no longer claim ~5s discrepancy between theory and 
experiment for muon g-2. 
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Hadronic Vacuum Polarization contributions

• This is a master formula that allow to connect the Imaginary part 
of the vacuum polarization with the g-2 via integration with the 
kernel 

• It is easy to recognize that the kernel is indeed similar to a massive 
photon result (s = mV

2). Moreover, using massive photon formula 
and the decomposition Im P ~ S d(s - mVi

2) one can derive these 
formulae above. 

𝐾 𝑠 = $
!

"
𝑑𝑥

𝑥# 1 − 𝑥
𝑥# + 1 − 𝑥 𝑠/𝑚$#

𝑎$
HVP,LO =

𝛼
𝜋
$
%th

& 𝑑𝑠
𝑠 𝐾 𝑠

1
𝜋 ImΠ' 𝑠

𝜎 𝑒(𝑒) → hadrons =
16𝜋#𝛼#

𝑠
ImΠem 𝑠 .
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Estimates of Hadronic Polarization

This model gives
Recent lattice calculation gives 7132 (61) 10-11 

• While we need a high-precision result, we can still get a very good estimate 
following a simple model in 

Figure 2: Contribution, as a function of t to the di!erence, I(me) → I(mµ)
before the integral over t.

al. Nature 593, no.7857, 51-55 (2021) doi:10.1038/s41586-021-03418-1
[arXiv:2002.12347 [hep-lat]].

[3] F. V. Ignatov et al. [CMD-3], Phys. Rev. D 109, no.11, 112002 (2024)
doi:10.1103/PhysRevD.109.112002 [arXiv:2302.08834 [hep-ex]].

[4] D. Greynat and E. de Rafael, [arXiv:2311.11597 [hep-ph]].
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the momentum flowing through the photon line,

a
HVP

ω = m
2

ω →
ω

ε

∫ →

t0

dt

t

∫
1

0

dx
x
2(1↑ x)

m2

ωx
2 + t(1↑ x)

Im!had

ε
↓ m

2

ω

(
ω

ε

)2

I(m2

ω).

(1)
In this formula, t0 stands for the hadronic threshold, t0 = 4m2

ε, and integral
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Figure 1: Spectral function of the model, Im!had
ω in units of ω/ε as the func-

tion of t/GeV2. We plot separately the total (blue) and just the ϑ contribu-
tion (brown).

meson masses. Plotting this model spectral function we reproduce Ref. [4],
Fig. 1.

Using exactly this selection, and performing the double-integral numeri-
cally, we get:

I(m2

µ) = 1.192GeV→2; I(m2

e) = 1.365GeV→2;
I(m2

e)→ I(m2

µ)

I(m2
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= 0.127. (8)

How good is this model? Just to check a well-known answer from 2020 review,
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This is not a stupid number, as it is indeed close to a real answer. (In fact I
took the integral over t only to 1 GeV squared, but that does not a!ect the
conclusions much.)

3. Summary

We have seen, Eq. (8), that the HVP contributions to ae and aµ are closely
related. It means that if the su”cient accuracy on alpha and ae is achieved,
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Path forward?
• We need more work from lattice collaborations to scrutinize the BMW 

results. 

• The reasons behind large discrepancies between e.g. KLOE and 
CMD-3 experiments need to be understood. 

• More data on e+e- à hadrons from BELLE-II and BES-III are 
expected. More modelling of radiative corrections for ``radiative 
return” measurements will occur. 

• Could one use a new extensive tau data sample to improve on 
tàppn? 

• One could try to use alternative ways of measuring Phadr(t) using the 
secondary muon beam at CERN, scattering on electrons. MUonE 
experiment.

• Possibly new measurement with completely independent techniques 
can come from the JPARC muon g-2 experiment. 



35

New physics and muon g-2
Short distance contributions. Let’s distinguish between ``internal” and 
“external” (occurring on external muon wave function) chirality flips.

If cext is on the order of 1-loop coefficient,  e.g. aW/(4p) ,            
then Lext ~ mW, as we know that EW contribution ~ O(discrepancy). 
Thus, we either have to have a strongly-coupled theory in muon sector, 
or new physics at 100 GeV, both being unlikely propositions. 

Internal chirality flips could produce a larger result. We still need 
``Higgs insertion”, but the muon Yukawa suppression can be milder,

E.g. in SUSY models at large <Hu>/<Hd>= tanb ~ 50,  cint  can be 50 
times larger                                          . 300-500 GeV sleptons are ok
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New physics and muon g-2
Models with light particles.

Dark photons (pushes g-2 in the positive direction, reducing disrepancy) 

By now both visibly and invisibly decaying dark 
photons (e.g. to dark matter) are probed much 
below levels interesting for the muon g-2. 

In the “barely alive” category: Lµ-Lt gauge 
boson below the dimuon threshold. Invisible 
decay, hard to produce with e -.
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Electron g-2 and precision aEM

To test SM, one needs not only theoretical (g-2)e, but also 
independent determination of a. Currently, two results, with Rb and 
Cs recoil are discrepant (by a lot). 

More precise value of a is needed to realize full potential of (g-2)e

Completely different methods used, ``long lived” electrons in ground 
states of cyclotron trap, serving as self-magnetometers. 

2022 results

Upgrades coming
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What is ”atomic recoil” and why it is needed?
• The following chain of relations is important

𝛼# =
2𝑅&
𝑐

𝑚*
𝑚+

ℎ
𝑚*

𝛼# =
2𝑅&
𝑐

𝐴, 𝑋
𝐴, 𝑒

ℎ
𝑚*

.

• Ratio of masses are measured in a Penning trap with accuracy that is 
more than sufficient. Rydberg constant is measured via Hydrogen 
spectroscopy. 

• Accuracy on the ratio (h/mAtom) controls the accuracy of alpha. can be 
measured very precisely via absorption of photons of known fixed 
frequency by very cold atoms. Cs and Rb are the two best candidates.

• With on-going investment in the atomic interferometry (Fermilab, 
UK, CERN), there is a possibility for more accurate measurement of 
the fine structure constant.  
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Combining aµ and ae
• In the distant future, we could use one g-2 (e.g. electron) to extract 

HVP and substitute into another (muon). Let us see how it works:

• When the errors one a and ae become a factor of ~ 104 smaller than 
for muons, this becomes very useful because HPV is tiny for this 
quantity. The hadronic effects are the same and cancel out to ~ 85%. 

Lepton g → 2 non-universality of hadronic contributions and a sub-GeV window to

New Physics

Siyuan Li and Vladimir Pascalutsa
Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55128 Mainz, Germany

Maxim Pospelov
William I. Fine Theoretical Physics Institute,University of Minnesota, MN 55455, United States and
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We propose the linear combination of the anomalous magnetic moments of the muon and electron,

aµ→e → aµ ↑ (mµ/me)
2ae, as a natural low-energy window quantity that may directly probe the

current discrepancy between the data-driven and lattice-QCD evaluations of hadronic contributions.

The rescaling ensures an exact cancellation of the short-range e!ects, thereby improving the UV

behavior and bypassing a number of issues that arise in aµ or ae separately. The hadronic-vacuum-

polarization e!ect in aHVP

µ→e , together with its uncertainty, is reduced as compared to aHVP

µ by ↓ 85%.

This is promising for tests of New Physics, conditional to significant improvements in experimental

measurements of ae and ω. One can foresee the improvements in tests of New Physics with some

degree of flavor non-universality, as well as for the flavor-universal sub-GeV states.
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I. INTRODUCTION

The anomalous magnetic moments of the electron and
muon, ae and aµ, are some of the best-measured quan-
tities in physics [1, 2]. They also come out as a ba-
sic prediction of the Standard Model (SM), thus allow-
ing for its stringent precision test and New-Physics con-
straints [3–5]. The dominant theoretical uncertainty in
aµ comes from the leading-order (LO) hadronic vacuum
polarization (HVP) contribution, for which lattice-QCD
and data-driven determinations exhibit a persistent ten-
sion (as per 2025 White Paper of the ‘g → 2 Theory Ini-
tiative’ [6]).

Moreover, the datasets used in the data-driven evalua-
tions are not entirely consistent with one another, which

has led to the omission of this approach from the current
SM value altogether. While lattice-QCD calculations ap-
pear to be more robust, further improvements are still
needed in the evaluation of isospin-breaking e!ects and
systematic uncertainties, such as discretization errors.
In this paper, we propose to address these issues in

a combination of aµ and ae in which many systematic
e!ects cancel out. For an earlier discussion of using ae to
elucidate the hadronic contributions, see, e.g., Refs. [7–
9].

It is clear that the hadronic contribution to ae and
aµ are strongly correlated, but not exactly on the same
footing, since me is negligible with respect to hadronic
scales, such as ”QCD, while aµ is not. In other words, the
hadronic contributions to ae are purely short-range and
scale as m2

e/”
2

QCD
, whereas the scaling for aµ is more

complicated. If ae is to be utilized for constraining the
hadronic sector, we are inevitably led to consider the
(rescaled) di!erence:1

aµ→e ↑ aµ →
m2

µ

m2
e

ae. (1)

1 Alternatively, one can use:

ae→µ → ae ↑
m2

e

m2
µ

aµ,

which may be advantageous when looking at the entire aω, not
just the hadronic contributions. Also, ae→µ is positive-definite
whereas aµ→e = ↑(mµ/me)2ae→µ is negative, which may be an-
other reason for preferring the former. As long as the mass-ratio
uncertainty is negligible, using one or the other is equivalent.
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depicted in Fig. 3, leading to the well-known generic ex-
pression for the spectral function:

Im!(ωω)(s) =
ω

12

(
1→ 4m2

ω

s

) 3
2 |Fω(s)|2 ε(s→ 4m2

ω), (6)

which is the one-loop scalar-QED expression [26] aug-
mented with the pion electromagnetic form factor,
Fω(q2). In the VMD picture, the latter is essentially
described by the ϑ-meson exchange, as seen in Fig. 3.
A more systematic description can be obtained in ϖPT
supplemented by explicit vector-meson degrees of free-
dom, which would allow to better estimate the theoreti-
cal uncertainties. Our present analysis, however, is only
illustrative.

= + + · · ·

FIG. 3: Two-pion contribution to the HVP in the VMD
model. Blobs denote the pion electromagnetic form
factor, the dashed line the pion propagator, and the

double line the dressed ϑ-meson propagator.

Using the specific VMD model of Ref. [27], we obtain
the values in Table II, where they are compared to a
state-of-art data-driven evaluation [15]. Fig. 4 shows the
corresponding integrands, illustrating the large cancel-
lation between the muon and rescaled electron g → 2.
Sub-GeV contributions, such as the ϑ-meson resonance,
survive in aµ→e, while higher-energy contributions cancel
exactly.

The table shows a qualitative agreement between the
model and the data-driven evaluation. The agreement

FIG. 4: The integrand of aε(↑10→10) at ϱ+ϱ→ channel
for muon, rescaled electron and their di”erence µ→ e.

appears to be better for aµ→e than for aµ and ae individ-
ually. This may be due to a partial cancellation of some
of the isospin-breaking corrections, which are thusfar ab-
sent in the model calculation. In the following section we
briefly consider one such correction.

IV. PSEUDOSCALAR-MESON

CONTRIBUTION IN ωPT

The pseudoscalars (ϱ0, ς, ς↑) dominate the hadronic
light-by-light contribution (HLbL), as also prominently
appear in the isospin-breaking correction to the HVP
contribution. The corresponding diagrams are shown in
Fig. 5, where we focus on ϱ0; the other pseudoscalars
(including ALPs) can be treated analogously.

ϱ0

ϱ0

FIG. 5: Pseudoscalar-meson contribution to
light-by-light (left) and isospin-breaking HVP (right).

One problem with these diagrams is that the ϱφφ cou-
pling derives from the well-known Wess-Zumino-Witten
Lagrangian, which contains a dimension-5 operator,

L = → ω

4ϱfω
ϱ0Fµϑ F̃

µϑ , (7)

with ϱ0 the pseudoscalar field, and F , F̃ the electro-
magnetic field strength and its dual; fω ↓ 92.4 MeV
the pion-decay constant. This results in a ultraviolet
(UV) divergent contribution to g → 2. The divergence
can be ameliorated by inserting an empirical pion tran-
sition form factor (TFF) in the ϱφφ vertex4, but this
opens another set of issues, such as the implementation
of short-distance constraints [30–32].

Fortunately, this UV-divergence exactly cancels from
the combined quantity aµ→e, which allows us to consider
the ϖPT predictions as they are. Here we only consider
the ϱ0φ contribution via HVP, see Fig. 5 (right).
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Source aω
+ω→

µ (10→10) aω
+ω→

e (10→14) aω
+ω→

µ→e (10→10)

VMD model [27] 508.6 140.0 →90.0

KNT eval. [15] 503.46(1.91) 138.59(54) →89.1(4)a

a Obtained from previous two columns assuming 100% correlation.

TABLE II: The ω+ω→-channel contribution in a VMD model compared with a state-of-art data-driven evaluation.
The VMD results serve a qualitative purpose and no e!ort to estimate uncertainties is made here.

Substituting the corresponding expression for the spectral function, i.e.,

Im”(ω0ε)(s) =
ωε2

6

s

(4ω2fω)
2

(
1→

m2

ω0

s

)3

ϑ
(
s→m2

ω0

)
, (8)

into the dispersive representation (2), with the kernel (5), we obtain (for r = mµ/mω0):

aω
0ε

µ→e =
ε3m2

ω0

1728ω5 f2
ω r4

[
r2
(
4r4 + 81r2 + 66

)
→ 6↑

4r2 → 1

(
64r4 + 28r2 → 11

)
arccos

1

2r

→ 6(2r6 + 9r4 → 11) log r + 18(6r2 + 1)
(
log2 r + arccos2

1

2r

)]
(9a)

= →0.34(5)↓ 10→11 . (9b)

where in the resulting numerical value we include about 15% uncertainty representing an estimate of higher-order
contributions.

This value can be compared to the contribution to
muon alone [27, 33]:

aω
0ε

µ ↔ 1↓ 10→11. (10)

The latter quantity depends on some form of regulator,
for example, the empirical pion transition form factor.
Performing the same calculation for the electron (with
the TFF of Ref. [27]) and forming the combination, we
obtain

aω
0ε

µ→e(with TFF) ↔ →0.45↓ 10→11, (11)

which is comparable to the model-independent result
(9b), but far from being in perfect agreement.

It will be interesting to perform a similar comparison

4 In the ALP case, the divergence is renormalized by a local coun-
terterm (Wilson coe!cient), rendering the prediction dependent
on an unknown low-energy constant, which is then omitted in a
given renormalization scheme [17, 28, 29]. The same procedure
could in principle be implemented for the pion contributions in
ωPT; however, it obviously has less predictive power than using
an empirical TFF.

for the HLbL contribution, Fig. 5 (left), and see which
of the model-dependent predictions agrees better with
ϖPT. We leave this for future work.

V. ULTIMATE SENSITIVITY TO NEW

PHYSICS

One of the reasons the g → 2 of the muon attracted
so much attention is its potential sensitivity to the BSM
e!ects from, e.g., loop diagrams with exchange of new
particles. Clearly, any test of New Physics is limited by
the experimental accuracy of measurements and by aHVP

µ .
In this subsection we argue that aµ→e provide a deeper
reach into a parameter space of new physics compared to
aµ or ae separately. It is clear, however, that such test has
additional limitation. In particular, flavor-universal new
physics, parametrized by a contact dimension-5 operator,

Luniversal =
e

4#2

∑

ϑ=e,µ

mϑϱ̄ϑςµϖFµϖϱϑ, (12)

gives corrections to aϑ proportional to the square of the
mass, $aϑ ↗ m2

ϑ#
→2, and cancels out of aµ→e.
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Flavor universality, however, does not have to hold
exactly. In supersymmetric models, for example, the
masses of first and second generations of sleptons (su-
perpartners of electrons and muons) do not have to be
equal, resulting in a di!erent value of loop integrals,
which translates to two di!erent e!ective values of ” for
the muon and electron. In this case, the New Physics
correction to aµ→e can be written as

aBSM

µ→e = m2

µ

(
1

”2
µ

→ 1

”2
e

)
. (13)

A new gauge symmetry based on anomaly-free combi-
nations of the Standard Model charges, such as di!er-
ence between specific flavors, e.g., Lµ→Lω , will also pro-
vide non-universal contributions to aε. It is clear from
the preceding discussion that the ultimate sensitivity to
”→2

µ → ”→2

e in Eq. (13) is better than to ”→2

µ and ”→2

e

separately.

Next we address the universally coupled New Physics,
but with the mass scale much below the weak scale. As
an example, we take the so-called dark photon that cor-
rects aµ(e) at one loop [34–36]. The model is very simple
and UV-complete. Its low-energy limit contains only two
extra parameters:

Ld. ph. = →1

4
(Fµϑ)

2 → 1

4
(F ↑

µϑ)
2 +

1

2
m2

A→A↑ 2
µ

+
∑

ε

ω̄εεµ(iϑµ → eAµ → eϖA↑
µ)ωε. (14)

Corrections to the leptonic aµ(e) can be written as [35]

aA
→

ε =
ϱ

2ς
↑ ϖ2

ˆ
1

0

dx
2m2

εx
2(1→ x)

m2

εx
2 +m2

A→(1→ x)
. (15)

We note in passing that it is of course equivalent to using
a new delta-functional contribution in the polarization
operator, Im#(s) ↓ ϖ2φ(s → m2

A→), inside the dispersive
formula.

In the limit of mA→ ↔ mµ, Eq. (15) leads to the uni-
versal pattern of anomalous magnetic moments, aε ↓
m2

εm
→2

A→ , to which aµ→e is insensitive. However, the most
interesting part of the mass range corresponds to a sub-
GeV dark photons [34, 35], where the g→2 measurements
can be competitive with direct searches.

In order to demonstrate the ultimate constraining
power of aµ→e we are going to assume the following hy-
pothetical (i.e. distant future) scenario: i. Experiments
measuring aµ, ae, and ϱ become so precise that the ex-
perimental errors are negligible, ii. Likewise, non-QCD
errors (QED, EW contributions) are calculated to su$-

FIG. 6: Exclusion plot for the dark-photon parameters.
It is assumed that the only limitation comes from the

HVP error, and it is taken to be φaHVP

µ = 1.↑ 10→9 and
φaHVP

µ→e = 1.↑ 10→10 for illustration. Above colored lines
the parameter space would be excluded. It is easy to see
that aµ→e would provide a deeper reach into ϖ2 for all

mA→ < 1GeV.

ciently high order not to matter either, iii. Constraining
power of the g → 2 experiments is still limited by the
hadronic contributions, and HVP specifically. In other
words, we are assuming that the error is entirely con-
trolled by φaHVP

µ and φaHVP

e ↗ (me/mµ)2φaHVP

µ . These
errors are, of course, highly correlated, and it is reason-
able to posit that the hadronic error for aµ→e is one order
of magnitude smaller, φaHVP

µ→e ↗ 0.1φaHVP

µ due to the can-
cellations discussed above. In that hypothetical regime,
the constraints (or more precisely, sensitivity limits) on
the mixing angle of the dark photon can be substantially
improved, see Fig. 6.

This figure shows that the sub-GeV dark photons could
be better probed by aµ→e, conditional on experimental
improvement of ae and ϱ (as well as some theoretical
improvement of the high-order QED contributions) [37].
For mA→ > 1GeV, the flavor-universal contribution dom-
inates, aA

→

ε ↓ m2

εm
→2

A→ , and aµ→e is not adding sensitivity.
An equivalent re-statement of possible improvements us-
ing aµ→e can be formulated like this: one could extract
the main part of the hadronic corrections from the mea-
surement of aµ, and carry it over into the prediction of
ae, with small theoretical corrections calculated explic-
itly (mainly related to aHPV

µ→e ). Then the comparison of
experimental results for ae and ϱ with “aµ-informed”
theoretical value of ae would provide a stringent test of
the Standard Model.
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Understanding QCD via MDM
§ Magnetic dipole moments of baryons have always been a textbook 

example of constituent quark model successful predictions:
µn/µp = (4/3 µd - 1/3 µu)/(4/3 µu - 1/3 µd) =
(- 4/9 - 2/9 )/(8/9 + 1/9 ) = - 2/3 = -0.6666....
Experimental value: µn/µp = -0.685 (Same within 3 %.)
§ The magnitude is consistent with mQ ~ 300 MeV. 
§ Strange baryons magnetic moments fit these patterns as well, with a 

slightly higher mQ. 
§ Here is my ”prediction” based on this pattern for Lc :
µ (Lc ) = µc ~  2/3 * 1/(1.5) ~ 0.44
§ Magnetic moments (and other quantities) try to tell us that constituent 

quarks may be some emerging degrees of freedom. 
§ Measuring MDM of charged baryons with new ALADDIN proposal at 

CERN is very interesting and can test lattice QCD. 
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Nucleon MDMs in Naïve Quark Model
• Let us consider 3nonrelativistic quarks, same mass, confined to be in 

the s-wave, with their spins adding to ½. We will treat them as Dirac 
fermions. Let us look at the neutron first.

• All three quarks have to be in the color singlet combination, therefore 
the wavefunction is totally antisymmetric with respect to color 
indices. Due to identical nature of d-quarks, their spin in the s-wave 
have to add to 1, to satisfy Pauli principle. So, effectively, this is a 
spin 1 d-quark diaquark + spin ½ up quark à neutron spin. 

• |1/2,1/2〉 = 2/3 |1,1〉	|1/2,-1/2〉 - 1/3 |1,0〉	|1/2,1/2〉 

• Averaging µd sd
z + µu su

z with this wave function we get

• (µ/e) = 1/(2 mq). If mq = 1/3 mnucleon , then µn = - 2 Nucleon magneton.

In reality, it is -1.91. The model works unreasonably well !!! Why? 

µn = (4/3 µd - 1/3 µu ) = (- 4/9 - 2/9 )e (µ/e) = - 2/3 e (µ/e)



42

ALADDIN proposal at CERN

• In the past, magnetic moments of strange baryons was measured at Fermilab. 
Baryons come out polarized perpendicular to the collison plane. 

• Charmed baryons have a much shorter lifetime, but the boost at the LHC is much 
larger. Travel distance ~ O(10 cm)

• ALADDIN proposal seeks to exploit enormous magnetic fields in the rest frame of 
Lc that is channeled through a bent crystal.  We can test QCD/naïve QM predictions

• If successful, we could discuss tau MDM that is chaneled after being produced via 
the standard decay Ds à t n.

• Polarimetry is done via weak interaction decay Lc à p K p, sensitive to spin.
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“Exotic” topics 
• Nucleon/nuclear MDM cannot be calculated super-precisely. But they 

can be controlled super-precisely, and separated from MDM if the 
new effects do not scale as MDM

• Classic example – an EDM – topic of tomorrow’s lecture. 

• Interactions of spins with gradients of (pseudo)scalar fields can be 
very “visible” if fields are light and evolve on the time scales much 
longer than nuclear/atomic. 

• Precision measurements in this domain are known as searches of 
“Lorentz breaking”, clock comparison experiments, etc. 



Ultralight Frontier

44

Let us call by f, f1, f2, … - ultra-light scalar/vector fields. (Perhaps evolving on cosmic 
scales or perhaps oscillating around a minimum – contributing to the Wmatter). Let us 
represent SM field by an electron, and a nucleon. 

Interactions can be again be organized as “portals”:  ODSOSM. 

      

      

     
Scalar/vector fields can be e.g. ultralight DM, with mf as small as ~10-20 eV. In that 
case, it is tempting to use for the amplitude of oscillations (2rDM mf

-2)1/2. While 
observable effects are very intriguing, and can be looked at with e.g. atomic clocks, 
magnetometers, precision gravitational measurements including atomic interferometers, 
most models are technically unnatural (= unjustifiably light fields.) 

Torque on spin

Shift of atomic w + extra gr. force

Extra force

Shift of atomic w + extra gr. force
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Coherent spin force induced by “gravity” 

The strongest limits come from Hg201/Hg199 and Xe129/Xe131 
comparison. 

There are also limits from paramagnetic species (Jackson-Kimball’s 
work and earlier papers). 

Venema et al 1991, 
Zhang et al 2023
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Exotic muon spin force

Simplest case: coupling of muon spin to a vertical gradient of a scalar 
field created by nucleons of the Earth

With Y. Ema and T. Gao, 2308.01356 [hep-ph]

In the limit of a very light/massless mediator, this gives additional 
slowly varying field gradient that gives energy splitting for muon 
polarized up and down. This will correct the precession frequency of 
muons polarized in the plane perpendicular to a vertical. 
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Speculative size of the effect

In the limit of a very light/massless mediator, this gives additional 
slowly varying field gradient that gives energy splitting for muon 
polarized up and down. 

On the other hand, we speculate that muon spin precession frequency 
in the g-2 experiment, wa , needs to be “helped” by 

Seems small? But this is in the 100 Hz range compared to µHz-nHz 
sensitivity achieved with ordinary atomic spins. 
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Muon spin force inducing regular spin force
Effect arises at one- and two-loop level

One loop effect is sensitive to the EM fields inside the nucleus. Two-loop 
effect is sensitive to the n/p content of nuclear spin and quark spin 
content of n and p spin. 

Summary: 1. Nuclear model dependence is quite significant. 2. 
Regardless of that dependence, gP couplings at the level needed for g-2 
are robustly excluded. 3. Axial vector couplings are in tension by a factor 
of a ~ few, but nuclear/model uncertainties prevent us from placing a 
firm bound/excluding g-2 needed values. 
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Details of indirect constraints, one loop

Shell model + simplistic core polarization model give the following 
result: 

The recent Xe experiment [indirectly] excludes a needed size for gP  by 
three orders of magnitude. 
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Details of indirect constraints, two loops

Lattice/b-decays give

Using nuclear models of Xe129 and Xe131 (Klos et al) we get

which is not enough to exclude a g-2 possibility

An alternative way of testing muon spin force is needed!

Two-loop running is UV 
sensitive
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µSR type measurement
§ G-2 measurements are done in the strong magnetic field. There 

is no need in that if you want to test for an extra effect due to 
abnormal muon spin force. 

§ One needs to perform muon spin precession measurements of 
muons stopped in a non-magnetic material (e.g. liquid He), in 
the presence of a magnetometer, and at different values of 
magnetic field, 1 – 100 Gs. 

§ Ratio of muon spin precession frequency relative to 
magnetometer will change with the magnetic field
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Conclusions
1. Standard Model based on SU(3)*SU(2)*U(1) gauge group, three 

generations of fermions and one Higgs boson has been 
successfully validated in experiment. 

2. One way of probing the SM is to measure very precisely some 
quantities that we can calculate very well. Muon g-2 is an 
important example.

3. Current measurements of muon g-2 (BNL, Fermilab) point 
towards discrepancy at 5 s level if we stick to the 2020 
theoretical prediction. Could be a sign of new physics? However, 
latest lattice QCD evaluations and CMD-3 two-pion production 
cross sections results spell some doubt about reliability of 2020 
extraction of hadronic HVP. This become the main issue for the 
program of testing the SM with the muon g-2. 

4. Short-distance (EW scale and above) as well as light physics can 
provide ~ +2.5 in units of 10-9, but space for speculations shrinks 


