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Precision Tests of QED : g-2

• The precession frequency of the lepton spin in a magnetic field is 
controlled by the so-called g-factor (              )

• That can be compared with the cyclotron frequency

• Hence,  

• Precise measurement of g-2 is based on a clever way of measuring 
these frequency difference in a uniform magnetic field. 

Muon g-2: Review of Theory and Experiment 11

polarized muons of momentum 90 MeV/c were injected into a 6-meter long magnet

with a graded magnetic field. As the muons moved in almost circular orbits which

drifted transverse to the gradient, their spin vectors precessed with respect to their

momenta. The rate of spin precession is readily calculated. Assuming that !β · !B = 0,

the momentum vector of a muon undergoing cyclotron motion rotates with frequency

!ωC = −
q !B

mγ
. (13)

The spin precession relative to the momentum occurs at the difference frequency, ωa,

between the spin frequency in Equation 12 and the cyclotron frequency,

!ωa = !ωS − !ωC = −
(

g − 2

2

)
q !B

m
= −aµ

q !B

m
. (14)

The precession frequency ωa has the important property that it is independent of the

muon momentum. When the muons reached the end of the magnet, they were extracted
and their polarizations measured. The polarization measurement exploited the self-

analyzing property of the muon: more electrons are emitted opposite than along the

muon spin. For an ensemble of muons, ωa is the average observed frequency, and B is

the average magnetic field obtained by folding the muon distribution with the magnetic

field map.

The result from the first CERN experiment was[34] aµ+ = 0.001 145(22) (1.9%),

which can be compared with α/2π = 0.001 161 410 · · ·. With additional data this
technique resulted in the first observation of the effects of the (α/π)2 term in the QED

expansion[35].

The second CERN experiment used a muon storage ring operating at 1.28 GeV/c.

Vertical focusing was achieved with magnetic gradients in the storage-ring field. While

the use of magnetic gradients to focus a charged particle beam is quite common, it makes

a precision determination of the (average) magnetic field which enters into Equation 14
rather difficult for two reasons. Since the field is not uniform, information on where the

muons are in the storage ring is needed to correct the average field for the gradients

encountered. Also, the presence of gradient magnetic fields broadens the NMR line-

shape, which reduces the precision on the NMR measurement of the magnetic field.

A temporally narrow bunch of 1012 protons at 10.5 GeV/c from the CERN proton

synchrotron (PS) struck a target inside the storage ring, producing pions, a few of which
decay in such a way that their daughter muons are stored in the ring. A huge flux of

other hadrons was also produced, which presented a challenge to the decay electron

detection system. The electron detectors could only be placed in positions around the

ring well-removed from the production target, which limited their geometric coverage.

Of the pions which circulated in the ring for several turns and then decayed, only one in

a thousand produced a stored muon, resulting in about 100 stored muons per injected
proton bunch. The polarization of the stored muons was 26%[36].

In all of the experiments discussed in this review, the magnetic field was measured

by observing the Larmor frequency of stationary protons, ωp, in nuclear magnetic
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Figure 99: Tenth-order vertex diagrams. There are 12 672 diagrams in total, and they are divided into 32 gauge-invariant subsets over six super
sets. Typical diagrams of each subsets are shown as I(a)–(j), II(a)–(f), III(a)–(c), IV, V, and VI(a)–(k). There are 208 Set I diagrams (1 for I(a),
9 for I(b), 9 for I(c), 6 for I(d), 30 for I(e), 3 for I(f), 9 for I(g), 30 for I(h), 105 for I(i), and 6 for I(j)), 600 Set II diagrams (24 for II(a), 108 for
II(b), 36 for II(c), 180 for II(d), 180 for II(e), and 72 for II(f)), 1140 Set III diagrams (300 for III(a), 450 for III(b), and 390 for III(c)), 2072 Set IV
diagrams, 6354 Set V diagrams, and 2298 Set VI diagrams (36 for VI(a), 54 for VI(b), 144 for VI(c), 492 for VI(d), 48 for VI(e), 180 for VI(f),
480 for VI(g), 630 for VI(h), 60 for VI(i), 54 for VI(j), and 120 for VI(k)). The straight and wavy lines represent lepton and photon propagators,
respectively. The external photon vertex is omitted for simplicity and can be attached to one of the lepton propagators of the bottom straight line in
super sets I–V or the large ellipse in super set VI. Reprinted from Ref. [773].
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where Li2(z) is the dilogarithm and for |z| < 1,

Li2(z) = �
Z z

0

dt
t

log(1 � t) . (6.11)

For |z| > 1, the logarithm log(1 � z) is analytically continued and its principal value Log(1 � z) is instead used:

Log(1 � z) = log |1 � z| + iArg(1 � z) . (6.12)

For x = me/mµ < 1, the expansion is found to be

A(4)
2 (mµ/me) = �25
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is 2.747 5720(14) ⇥ 10�12 in total. The hadronic and electroweak corrections are ahad
e = 1.693(12) ⇥ 10�12 and

aEW
e = 0.03053(23)⇥10�12, respectively, both quoted from Refs. [27, 219].46 The obtained ↵�1(ae) is 0.104(43)⇥10�6

smaller than Eq. (6.26) and the discrepancy is 2.4�. When ↵(ae) is used to evaluate aQED
µ , one must keep in mind

that ↵(ae) and the theoretical formula Eq. (6.2) are strongly correlated with each other. The mass-independent terms
A(2n)

1 are common to the QED formulae for both ae and aµ. Even for the mass-dependent terms, the same computer
programs are used for numerical calculation just by changing loop-fermion masses.

6.5. QED contribution to aµ
Summing the terms in the perturbative QED expansion up to tenth order, we obtain the QED contribution to

the muon anomalous magnetic moment, as summarized in Table 18. The two possible choices for the fine-structure
constant, ↵(Cs) of Eq. (6.26) and ↵(ae) of Eq. (6.29), lead to

aQED
µ (↵(Cs)) = 116 584 718.931(7)(17)(6)(100)(23)[104] ⇥ 10�11 , (6.30)

aQED
µ (↵(ae)) = 116 584 718.842(7)(17)(6)(100)(28)[106] ⇥ 10�11 , (6.31)

where the uncertainties are due to the ⌧-lepton mass m⌧, the eighth-order QED, the tenth-order QED, the estimate of the
twelfth-order QED, the fine-structure constant ↵, and the sum in quadrature of all of these. Apart from the respective
input for ↵ and the lepton masses, these final values are based on the latest QED calculations from Refs. [33, 34],
which should be cited in any work that uses or quotes Eqs. (6.30) and (6.31). The di↵erence between Eq. (6.30)
and Eq. (6.31) is 0.09 ⇥ 10�11, so that we may use either one as far as comparison with the on-going experiments is
concerned.

46See also the recent evaluation in Ref. [7], ahad
e = 1.7030(77)⇥10�12, which is fully compatible but more precise. Both evaluations use aHLbL

e =
0.037(5)⇥10�12 [27, 219], whose central value is close to previous estimates, aHLbL

e = 0.035(10)⇥10�12 [475] and aHLbL
e = 0.039(13)⇥10�12 [476],

but in view of the relative accuracy that we quote in Eq. (4.92), its uncertainty may be underestimated.
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5 QED Loop Contributions 

See, for example,  Aoyama, Kinoshita, Nio’17, 



Muon g-2 factor

• The muon is a heavier cousin of the electron with a mass that is about 200 times 
larger.

• The muon g-2 factor is affected by the same corrections as the electron one, but also 
by the contribution of weak gauge bosons and heavy mesons in QCD,

4
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9/17/14B. Casey, muon g-27/29

Gnendiger, Stockinger, Stockinger-Kim 
PRD 88, 053005 (2013)

(G = longitudinal component of 
gauge boson)

(g  2) 
2

(EW )= 0.000000001536(10)

Calculated analytically to 2nd order and estimated out to 4th order
Recently updated to included measured value of the Higgs mass

This is 10-9 and the leading term is 10-3 so we call this a ppm correction

Very convenient way of thinking about different contributions:
New physics with weak scale masses and weak scale couplings naively 

gives a ppm level correction to muon g-2

The Program II:  Data driven light-by-light

• New detectors installed in KLOE-II to measure outgoing e+e- in two photon collisions

• Can measure transition form factors down to unprecedented q2

• This data can be used to verify the models used to calculate hadronic light-by-light

• Recent workshop held in Mianz produced a draft roadmap for a data driven 
approach to hLbL (arXiv:1407.4021)

• Projections for future improvement do not assume a reduction in uncertainty.  Only a 
more robust uncertainty.  

9/17/14B. Casey, muon g-215/29

Leading hadronic contribution

9/17/14B. Casey, muon g-28/29

2.2.1 Hadronic cont r ibut ion

Thehadronic contribut ion toaµ isabout 60 ppm of thetotal value. Thelowest-order diagram
shown in Fig. 3(a) dominates this contribut ion and its error, but the hadronic light-by-light
contribut ion Fig. 3(e) is also important. We discuss both of these contribut ions below.

Figure3: Thehadronic contribut ion to themuon anomaly, where thedominant contribut ion
comes from the lowest-order diagram (a). The hadronic light-by-light contribut ion is shown
in (e).

ISR

*

(a) (b) (c)

 

−e

+e
h

 

−e

+e
h

 
 

 

 

h

*

Figure 4: (a) The “cut” hadronic vacuum polarizat ion diagram; (b) The e+ e− annihilat ion
into hadrons; (c) Init ial state radiat ion accompanied by the production of hadrons.

The energy scale for the virtual hadrons is of order mµc2, well below the perturbat ive
region of QCD. However it can be calculated from the dispersion relat ion shown pictorially
in Fig. 4,

ahad;LOµ =
⇣↵mµ

3⇡

⌘2 Z 1

m2
⇡

ds
s2
K (s)R(s), where R ⌘ σtot (e+ e− ! hadrons)

σ(e+ e− ! µ+ µ− )
, (8)

using the measured cross sect ions for e+ e− ! hadrons as input, where K (s) is a kinemat ic
factor ranging from 0.4 at s = m2

⇡ to 0 at s = 1 (see Ref. [16]). This dispersion relat ion
relates the bare cross sect ion for e+ e− annihilat ion into hadrons to the hadronic vacuum
polarizat ion contribut ion to aµ. Because the integrand contains a factor of s− 2, the values
of R(s) at low energies (the ⇢resonance) dominate the determination of ahad;LOµ , however
at the level of precision needed, the data up to 2 GeV are very important. This is shown
in Fig. 5, where the left-hand chart gives the relat ive contribut ion to the integral for the
di↵erent energy regions, and the right-hand gives the contribut ion to the error squared on
the integral. Thecontribut ion isdominated by the two-pion final state, but other low-energy
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depends on the parameterization of the one- and two-loop results. Specifically, an accidental cancellation among the
three-loop corrections was observed in Ref. [35] if the two-loop result is parameterized in terms of GF ↵. In this case
the three-loop logarithms are numerically negligible. Hence,

aEW(�3)
µ = 0(0.20) ⇥ 10�11 , (7.15)

where the uncertainty estimate is from Ref. [35]. It corresponds to estimating the nonleading logarithmic three-loop
contributions to be below a percent of the two-loop contributions.

Summing up the previous numerical results of the one-loop contributions Eq. (7.1), the bosonic two-loop con-
tributions Eq. (7.12), the four fermionic two-loop contributions Eqs. (7.8), (7.9), (7.13), and (7.14), and the leading
three-loop logarithms Eq. (7.15), we obtain

aEW
µ = 153.6(1.0) ⇥ 10�11 , (7.16)

as already given in Eq. (7.3). This value is mainly based on Refs. [35, 36], which should be cited in any work that
uses or quotes Eq. (7.16). The result is illustrated in Fig. 103, which is an update of Fig. 5 from Ref. [36]. We
assess the final theory uncertainty of these contributions to be ±1.0 ⇥ 10�11, the estimate of Ref. [35] for the overall
hadronic uncertainty from the diagrams of Fig. 102b, which is now by far the dominant source of uncertainty of the
EW contributions. The uncertainty from unknown three-loop contributions and neglected two-loop terms suppressed
by M2

Z/m
2
t and (1� 4s2

W) is significantly smaller and the uncertainty due to the experimental uncertainty of the Higgs-
boson, W-boson, and top-quark masses is well below 10�12 and thus negligible.
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Figure 14: The ⇡+⇡� cross section from KLOE combination, BABAR, CMD-2, SND, and BESIII in the ⇢–! interference region [82]. Reprinted
from Ref. [82].
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Figure 15: Comparison of results for aHVP, LO
µ [⇡⇡], evaluated between 0.6 GeV and 0.9 GeV for the various experiments.

computed taking into account all the correlations between the measurements, for both the statistical and systematic
uncertainties. They show some systematic deviations from unity (Fig. 16) that are statistically significant and not
fully taken into account by the local scaling procedure [170], leading to what is likely an underestimated systematic
uncertainty in the combined result. Since these deviations largely cancel when integrating the spectrum, the integral
values are consistent [82]. These discrepancies are not present in the ratio between the KLOE-2012 and KLOE-2010
measurements, which is consistent with unity in the whole energy range (see Fig. 16).

Very recently the SND collaboration has presented their results at VEPP-2000 on the ⇡+⇡� channel [171] with
increased statistics and reduced systematic uncertainties (0.8%) compared to their analysis at VEPP-2M discussed
above. They perform a fit of the pion form factor using a vector-meson dominance (VMD) ansatz for the ⇢ reso-
nance together with ! and ⇢0 contributions. This description of their data is used to compare with existing data in
a convenient way. The resulting comparison ratios are shown in Fig. 17 separately for BABAR, KLOE-2008, and
KLOE-2010, and VEPP2M results from SND and CMD-2. While there are some small deviations from the latter two
results, more severe discrepancies are found with KLOE and BABAR. On the one hand, below 0.7 GeV both KLOE-
2008 and BABAR are higher than SND by 2–4%, while KLOE-2010 is more in agreement. On the other hand, above
0.7 GeV SND agrees well with BABAR, while both KLOE measurements are below by 2–3%. If these observations
could provide some hints for understanding the KLOE–BABAR discrepancy, it is clear that still more experimental
investigations with high precision are needed for further progress in this crucial ⇡+⇡� contribution. The new SND
results are not yet included in the data combinations discussed in this WP version, but will be added later after they
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Hadronic Vacuum Polarization  Contributions 
based on Data Driven Methods

e+e- hadronic cross section + dispersion relations
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Fermilab g-2 Experiment

Accurate determination of muon Spin precession
in a delicately uniform magnetic field
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The muon g-2 collaboration confirms the Brookhaven result. 
Deviation of 4.2 standard deviations from SM Expectations.

A very important result, that will be further tested in the coming years.

I. INTRODUCTION

The Standard Model (SM) of particle physics has built its reputation on decades of

measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the

mechanism that gives mass to the SM particles, with the possible exception of the neutrinos,

has been established. Nonetheless, we know that physics beyond the SM (BSM) is required

to explain the nature of dark matter (DM) and the source of the observed matter-antimatter

asymmetry. Furthermore, an understanding of some features of the SM such as the hierarchy

of the fermion masses or the stability of the electroweak vacuum, is lacking.

The direct discovery of new particles pointing towards new forces or new symmetries

in nature will be the most striking and conclusive evidence of BSM physics. However, it

may well be the case that BSM particles lie beyond our present experimental reach in mass

and/or interaction strength, and that clues for new physics may first come from results for

precision observables that depart from their SM expectations. With that in mind, since

the discovery of the Higgs boson, we are straining our resources and capabilities to measure

the properties of the Higgs boson to higher and higher accuracy, and flavor and electroweak

physics experiments at the LHC and elsewhere are pursuing a complementary broad program

of precision measurements. Breakthroughs in our understanding of what lies beyond the SM

could occur at any time.

Recently, new results of measurements involving muons have been reported. The LHCb

experiment has reported new values of the decay rate of B-mesons to a kaon and a pair

of muons compared to the decay into a kaon and electrons [3], providing evidence at the

3 �-level of the violation of lepton universality. This so-called RK anomaly joins the ranks

of previously reported anomalies involving heavy-flavor quarks such as the bottom quark

forward-backward asymmetry at LEP [4, 5], and measurements of meson decays at the LHC

and B-factories such as RK⇤ [6–8] and RD(⇤) [9–14]. The Fermilab Muon (g-2) experiment

has just reported a new measurement of the anomalous magnetic moment of the muon,

aµ ⌘ (gµ � 2) /2. The SM prediction of aµ is known with the remarkable relative precision

of 4 ⇥ 10�7, a
SM

µ
= 116 591 810(43) ⇥ 10�11 [15–35]. From the new Fermilab Muon (g-

2) experiment, the measured value is a
exp, FNAL

µ
= 116 592 040(54) ⇥ 10�11 [36], which

combined with the previous E821 result a
exp, E821

µ
= 116 592 089(63) ⇥ 10�11 [37], yields a

2

value a
exp

µ
= 116 592 061(41) ⇥ 10�11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to a
SM

µ
, which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e
�

! hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value a
HVP

µ
= 685.4(4.0)⇥10�10 [15, 20–26],

implying an uncertainty of 0.6 % in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then di↵er by 4.2 �,

�aµ ⌘ (aexp

µ
� a

SM

µ
) = (251 ± 59) ⇥ 10�11

. (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and R
K(⇤) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ�2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ � 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3
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µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3

Observe that the g-2 errors are mainly statistical ones.

arXiv:2104.03281
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Data accumulated so far

• Accumulated 7.4xBNL 
through run 3

• Full run 1 has ~1.2xBNL 
after Data Quality Cuts

• Improvements between
run1 and run 2/3 for:
– Better beam dynamics
– Reduced muon loss
– More stable

temperature

20
G. Venanzoni,  SIF, 16  Sett 2020

RUN1: March-July 2018, ~2x BNL (à 1.2 xBNL after data quality)
RUN2: March 2019 – July 2019 ~2x BNL 
RUN3: Nov 2019 – March 2020 ~3.2 x BNL



New physics ?  Too many possibilities. Marciano and Czarnecki, hep-ph/ 0102122

J. Liu,  N. McGinnis,  X. Wang, arXiv:1810.11028,  2110.14665

Φ

II. G-2 ANOMALIES FOR ELECTRON AND MUON

In our approach, the new physics only comes from the scalar sector, where a singlet light

complex scalar � solves both �ae/µ. We use the fact that the contributions to g � 2 of

scalars with scalar and pseudo-scalar coupling to leptons are of opposite sign. The pseudo-

scalar �I from � contributes only to �ae because of a global PQ-like symmetry and the

CP symmetry, while the CP-even scalar �R is responsible for the contributions to �aµ.

Therefore, the relative sign between �ae and �aµ has its origin from the CP properties of

scalars.

In the following we begin with a generic Yukawa coupling of a scalar to electron or

muon. To be specific, a scalar with both scalar and pseudo-scalar couplings to leptons,

S ¯̀(gR + igI�5) `, it can contribute to the anomalous magnetic dipole moment as [71, 72]

�a` =
1

8⇡2

Z
1

0

dx
(1� x)2 ((1 + x)g2

R
� (1� x)g2

I
)

(1� x)2 + x (mS/m`)
2

. (3)

However, if a real scalar has both non-zero scalar and pseudo-scalar couplings, gR and

gI , respectively, the CP is violated and lepton electric dipole moment will be generated.

To avoid this constraint, we require CP conservation that each scalar has either scalar or

pseudo-scalar couplings. In particular, we assume the presence of a pseudo-scalar �I that

couples to electron and a CP-even scalar which couples to muon as

Lint = ig
e

�I
�I ē�5e+ g

µ

�R
�Rµ̄µ. (4)

We show the parameter space for �ae/µ in Eq. (1) and Eq. (2) in Fig. 1 and the relevant

constraints for the couplings are added in the plot. For the coupling to electrons, using

electron beam, the beam dump experiments E137 [73], E141 [74], and Orsay [75] may produce

scalars via Bremsstrahlung-like process. The scalar would travel macroscopic distances and

decay back to electron pairs. The lack of observation of such events results in the orange

shaded exclusion region [67, 68] in Fig. 1 (a). The JLab experiment HPS [76] projection for

scalars [68] is plotted as a region bounded by the dot-dashed dark cyan line as well.

The BaBar collaboration searches for dark photons through the process e+e� ! �A
0 [77],

where A
0
! `

+
`
� decays democratically. Ref. [78] recasts the results and give constraints

for scalars via e
+
e
�
! �S, which is shown in green shaded region in Fig. 1 (a). In the BaBar

study, A0
! µ

+
µ
� channel is more sensitive than e

+
e
�. The constraint for scalar from [78]

5
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FIG. 1. The color shaded regions with solid boundary are excluded by current experiments, the

regions with dot-dashed boundaries are future projections. The black star corresponds to the

benchmark in Table. II. (a): The parameter space (ge
�I
,m�I ) for �ae and the constraints from

di↵erent experiments. The shaded orange region is from beam dump experiment [67, 68] and the

dot-dashed dark cyan contour area is from future projection for HPS [68, 76]. The collider limits

include shaded green region searching for e
+
e
�

! �� at BaBar [78], shaded purple region from

KLOE [81, 82] and Belle-II projection [68, 79] which is shown in dot-dashed green contour region.

(b): The parameter space (gµ
�R

, m�R) for �aµ and the constraints from collider searches. BaBar

search via e
+
e
�
! µ

+
µ
�
� is shown in the shaded green region [68, 84] and future projection for

Belle-II [84] is shown by the green dot-dashed contour. The ATLAS experiment has looked for

exotic Z decay Z ! 4µ at LHC Run-I, which has been re-casted for scalar mediator by Ref. [84]

, and the limits for both Run-I and HL-LHC are shown by shaded brown region and dot-dashed

brown contour. The CMS collaboration has studied a similar process at 13 TeV with an integrated

luminosity of 77.3 fb�1 , but required a dilepton resonance from two opposite-sign muons [86],

which leads to the exclusion of the red shaded region.

III. EFT MODEL WITH A LIGHT COMPLEX SCALAR

In this section, we demonstrate at the e↵ective field theory (EFT) level that a complex

scalar �, accompanied with some symmetry assumption can simultaneously solve the �ae

7

9

Scalar that couples to muons which induces a photon 
coupling. Cosmological bound in the 1MeV region may 

be avoided if φ is the source of neutrino masses
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-
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SN1987A
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Bounds on gauge bosons coupled to muons but not electrons or quarks

10

Constraints on Muon-specific light boson

Babar (and similar LHC) constraints may be avoided for
large masses, but the trident constraints remain powerful.

2

N N

µ+

µ�

�
�

k1
k2

p+

p�

q

k Z �

�

FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X

pol

|M1M2|
2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)

(k1 · p+)(q · k2)(q · p�)

A2
+

(k2 · p�)(q · k1)(q · p+)

B2

+
2(k1 · p+)(k2 · p�)(p+ · p�)

AB
�

(k2 · p�)(p+ · p�)(q · k1)

AB

�
(k1 · p+)(p+ · p�)(q · k2)

AB
�

(k1 · p+)(k2 · p�)(q · p�)

AB

+
(k1 · p+)(k2 · p+)(q · p�)

AB
+

(k1 · p�)(k2 · p�)(q · p+)

AB

�
(k1 · p+)(k2 · p�)(q · p+)

AB

!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0

k2 � m2

Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

Altmannshofer, Gori,
Pospelov, Yavin’14
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III. TINY (gµ � 2) MUON WOBBLE WITH SMALL |µ| IN THE MSSM

Supersymmetric extensions of the SM remain among the most compelling BSM scenar-

ios [84–86], not least because in supersymmetric theories the stability of the Higgs mass pa-

rameter under quantum corrections can be ensured. In minimal supersymmetric extensions

of the SM, the SM-like Higgs is naturally light [87–97] and the corrections to electroweak

precision as well as flavor observables tend to be small, leading to good agreement with

observations. Supersymmetric extensions can also lead to gauge coupling unification and

provide a natural DM candidate, namely the lightest neutralino.

In this section, we discuss the regions of parameter space of the Minimal Supersymmetric

Standard Model (MSSM) [84–86] where the (gµ�2) anomaly can be simultaneously realized

with a viable DM candidate. Related recent (but prior to the publication of the Fermilab

Muon (g-2) result) studies can, for example, be found in Refs. [44, 45, 98–100]. One crucial

di↵erence in the region of parameter space we study here compared to the very recent work

in Refs. [44, 45] is that we show how the experimentally observed value of aµ can be explained

in the MSSM together with a viable DM candidate for moderate (absolute) values of the

Higgsino mass parameter |µ| . 500 GeV. In this region of parameter space, a Bino-like

neutralino can be an excellent DM candidate if its (spin independent) direct detection cross

section is suppressed by the so-called blind spot cancellations [43], which require µ and the

Bino mass parameter, M1, to have opposite sign.

A. �aµ and Direct Dark Matter Detection Constraints

The MSSM contributions to aµ have been discussed extensively in the literature, see, for

example, Refs. [100–107]. The most important contributions arise via chargino-sneutrino

and neutralino-smuon loops, approximately described by [100]

a
e�±�evµ
µ

'
↵m

2

µ
µM2 tan �

4⇡ sin2
✓Wm

2

evµ

2

4
f�±

⇣
M

2

2
/m

2

evµ

⌘
� f�±

⇣
µ
2
/m

2

evµ

⌘

M
2

2
� µ2

3

5 , (2)

a
e�0�eµ
µ

'
↵m

2

µ
M1 (µ tan � � Aµ)

4⇡ cos2 ✓W

⇣
m

2

eµR
� m

2

eµL

⌘
"

f�0

�
M

2

1
/m

2

eµR

�

m
2

eµR

�
f�0

�
M

2

1
/m

2

eµL

�

m
2

eµL

#
, (3)

7

Supersymmetry
Barbieri, Maiani’82, Ellis et al’82, Grifols and Mendez’82
Moroi’95, Carena, Giudice, CW’95, Martin and Wells’00…

where M2 is the Wino mass parameter and m ef are the scalar particle ef masses, with the

loop functions

f�±(x) =
x
2
� 4x + 3 + 2 ln(x)

(1 � x)3
, (4)

f�0(x) =
x
2
� 1 � 2x ln(x)

(1 � x)3
; (5)

see Refs. [104, 107] for the full (one-loop) expressions. It is interesting to note that these two

contributions can be of the some order of magnitude: The chargino-sneutrino contribution is

proportional to Higgsino-Wino mixing which can be sizeable, but suppressed by the small-

ness of the Higgsino-sneutrino-muon coupling which is proportional to the muon Yukawa

coupling, / mµ tan �/v with the SM Higgs vacuum expectation value v. The neutralino-

smuon contribution, on the other hand, arises via muon-smuon-neutralino vertices which are

proportional to the gauge couplings, but is suppressed by the small smuon left-right mixing,

/ mµ(µ tan � � Aµ)/(m2

eµR
� m

2

eµL
). Regarding corrections beyond one-loop [108, 109], the

most relevant contribution is associated with corrections to the muon Yukawa coupling, �µ.

These corrections become relevant at large values of µ tan � and can be re-summed at all

orders of perturbation theory [110]. While these corrections lead to small modifications of

aµ, they do not change the overall dependence of �aµ on the masses of the supersymmetric

particles.

From Eqs. (2)–(3) we can observe that the sign of the MSSM contributions to aµ depend

sensitively on the relative signs of the gaugino masses M1 and M2 and the Higgsino mass

parameter µ. As we will discuss shortly, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ have

opposite signs. For this combinations of signs, the contribution from the neutralino-smuon

loop to aµ will be negative, a
e�0�eµ
µ

< 0. Since the measured value of aµ is larger than the

SM prediction by �aµ ' 25 ⇥ 10�10, we require the chargino-sneutrino contribution to be

positive and larger than the neutralino-smuon contribution. This can be realized if M2 has

the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan �, and assuming all weakly interacting sparticles

have masses of the same order, em, one obtains approximately

�aµ ' 1.3 ⇥ 10�9 tan � ⇥

✓
100 GeV

em

◆2

, (6)

8
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Compatibility of Dark Matter and g-2  Constraints for a representative 
example of a compressed spectrum. Stau co-annihilation is assumed

Baum, Carena, Shah and C.W., arXiv:2104.03302

Large hierarchy of values of μ between positive and
negative values of the Bino mass parameter is observed. 
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Benchmark Scenarios for negative

13

BMSM:   Muon co-annihilation,      BMST:    Stau co-annihilation
BMW :   Wino  co-annihilation,     BMH ;   Resonant s-channel annihilation via                                                                                 
a                                                            the lightest Higgs 

Baum, Carena, Shah and C.W., arXiv:2104.03302
µ⇥M1

BMSM BMST BMW BMH

M1 [GeV] -352 -258 -274 63

M2 [GeV] 400 310 310 700

µ [GeV] 690 475 500 470

M
1,2

L
[GeV] 360 320 350 750

M
3

L
[GeV] 500 320 350 750

M
1,2

R
[GeV] 360 320 350 750

M
3

R
[GeV] 500 320 350 750

MA [GeV] 2000 1800 1600 3000

tan� 60 40 35 65

BMSM BMST BMW BMH

m� [GeV] 350.2 255.3 271.4 61.0 (124.9)

m⌧̃1 [GeV] 414.4 264.2 305.3 709.5

mµ̃1 [GeV] 362.7 323.0 352.8 751.3

m⌫̃⌧ [GeV] 496.0 313.7 344.2 747.3

m⌫̃µ [GeV] 354.4 313.7 344.2 747.3

m
�
±
1
[GeV] 392.3 296.2 297.9 469.6

�aµ [10�9] 2.10 2.89 2.35 1.93

⌦DMh
2 0.121 0.116 0.124 0.121

�
SI
p [10�10 pb] 0.645 1.58 1.42 0.315

�
SD
p [10�6 pb] 1.03 5.11 4.23 3.01

�
SI
n [10�10 pb] 0.632 1.57 1.41 0.330

�
SD
n [10�6 pb] 0.882 4.10 3.42 2.34

TABLE I. Values of the MSSM parameters, mass spectrum and quantities relevant for DM and

(gµ � 2) for the case of Bino-like DM co-annihilating with light sleptons (BMSM), co-annihilating

with a light stau (BMST), co-annihilating with a Wino (BMW) and resonant s-channel annihilation

via the SM-like Higgs boson (BMH). For BMH we also provide the mass of the SM-like Higgs boson

mh between brackets.

Monte Carlo event generation to compare all production and decay channels for the neu-

tralinos, charginos and sleptons with the current LHC analyses [151–214]. Although most

of the relevant LHC analyses have been included in checkmate2, a few of the most recent

analyses are not yet implemented in this code. In these cases, we check the compatibility

of our points by using conservative estimates of the particle contributions to the di↵erent

search signals, as explained in Appendix A.

The scenarios presented below correspond to di↵erent origins of the observed DM relic

density and should serve as a guidance for experimental probes of the supersymmetric ex-

planation of the muon (g � 2).

• BMSM: A DM production scenario closely related to the relatively low masses of the

muon (neutrino) superpartners required to address the aµ-anomaly is co-annihilation

of the lightest neutralino with the light slepton states. The benchmark BMSM gives a

13

All this region of parameters may be tested by DM Direct Detection,  Higgs 
and SUSY particle searches. Region of positive μ admits solution with large 
Higgs and Higgsino mass parameters and remains more challenging. 



Solutions for large μ

14

See, for example, Chakraborty, Heinemeyer, Saha, 2104.03287
Cox et al.’2104.03290,  Ahmed et al, 2104.03491…

Comparison of ATLAS slepton mass limits with g-2 preferred regions



B-Anomalies
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New Physics in Rare b Decays

G

b
s

µ
+

µ
−

=
b

s

µ
+

µ
−

γ

W

t

+
NP

b
s

µ
+

µ
−

Anomalies in rare b decays could establish
a new scale in particle physics

⇤NP ⇠ 4⇡vp
|VtbV ⇤

ts
|

⇠ O(10TeV)

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 2 / 34

Relevant B transition amplitudes

Altmannshofer’21
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The Bs ! µ+µ� Branching Ratio

WA, Stangl 2103.13370; combination of LHCb 2108.09284, CMS 1910.12127, ATLAS 1812.03017
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ATLAS 2018
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full comb.

Gaussian comb.

SM prediction

⇠ 2� tension between SM and experiment

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 7 / 34

Altmannshofer, Stangl, arXiv: 2103.13370
Combination of LHCb 2108.09284, CMS 1910.12127,  ATLAS 1812.03017
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Lepton Flavor Universality Tests 2021

RK =
BR(B+ ! K

+µµ)
BR(B+ ! K+ee)

RK ⇤ =
BR(B0 ! K

⇤ 0µµ)
BR(B0 ! K ⇤ 0ee)

R
[1,6]
K

= 0.846+0.042
�0.039

+0.013
�0.012

R
[0.045,1.1]
K ⇤ = 0.66+0.11

�0.07 ± 0.03

R
[1.1,6]
K ⇤ = 0.69+0.11

�0.07 ± 0.05

RK update, LHCb 2103.11769
deviation by 3.1�

from the SM prediction

also: R
[0.1,6]
pK

= 0.86+0.14
�0.11 ± 0.05

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 15 / 34

Observed deviations
of the order of 2 to 3 σ

from SM predictions,
<latexit sha1_base64="wZjenJ3Oenr+t+FR18YB1Hi4sIQ="></latexit>

R[1,6]
K ⇠ R[1,6]

K⇤ ⇠ 1.0

R[0.045,1]
K⇤ ⇠ 0.9

Tests of Lepton Flavor Universality
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Fits of Pairs of Wilson Coefficients

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
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flavio
Bs ! µµ 1�

RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

WA, Stangl 2103.13370

C
bsµµ
9 (s̄�↵PLb)(µ̄�↵µ)

C
bsµµ
10 (s̄�↵PLb)(µ̄�↵�5µ)

LFU ratios prefer
non-standard C10, but large
degeneracy

Bs ! µ+µ� branching ratio
shows slight preference for
non-standard C10

b ! sµµ observables
prefer non-standard C9

best fit point

C
bsµµ
9 ' �0.63

C
bsµµ
10 ' +0.25

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 25 / 34

Altmannshofer, Stangl, arXiv: 2103.13370
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My Favorite Model

Z 0 based on gauging Lµ � L⌧ (He, Joshi, Lew, Volkas PRD 43, 22-24)

with effective flavor violating couplings to quarks
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

µ+

µ−

bL

sL

Q
Z ′

〈φ〉

〈φ〉

g′
g′YQbY ∗

Qs〈φ〉
2

2m2
Q

predicted Lepton
Universality Violation!

Q: heavy vectorlike fermions with mass ⇠ 1 � 10 TeV
�: scalar that breaks Lµ � L⌧

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 28 / 34

Altmannshofer, Gori, Pospelov,  Yavin,  arXiv:1403.1269

This new scalar may be visible at the LHC, two photons decays
Liu,  Wang, C.W.  arXiv: 1805.01476

Gauge Extension of the SM
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Probing the Z 0 Parameter Space

Neutrino Tridents

Bs mixing

(g � 2)µ

⌫e scattering

Z ! ``

Z ! 4µ

e+e� ! 4µ

WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765
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The two anomalies cannot be explained 
simultaneously in this vanilla scenario 

Distortions in q2 
spectrum in B decays 

2

N N

µ+

µ�

�
�

k1
k2

p+

p�

q

k Z �

�

FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X

pol

|M1M2|
2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)

(k1 · p+)(q · k2)(q · p�)

A2
+

(k2 · p�)(q · k1)(q · p+)

B2

+
2(k1 · p+)(k2 · p�)(p+ · p�)

AB
�

(k2 · p�)(p+ · p�)(q · k1)

AB

�
(k1 · p+)(p+ · p�)(q · k2)

AB
�

(k1 · p+)(k2 · p�)(q · p�)
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+
(k1 · p+)(k2 · p+)(q · p�)
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(k1 · p�)(k2 · p�)(q · p+)

AB

�
(k1 · p+)(k2 · p�)(q · p+)

AB

!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0

k2 � m2

Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

Ballett et al, arXiv:1902.08579
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Future Prospects for RK and RK ⇤

I LHCb and Belle II can
push uncertainties
down to few percent

I (can ATLAS and CMS
say something?)

I with sufficient
statistics, LFU of
angular distrib. can
be tested

Bifani et al. 1809.06229

I LHCb can cross check in other modes:

R� , RpK , ...

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 33 / 34
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R(D(⇤)) =
B(D(⇤)⌧⌫⌧ )

B(D(⇤)l⌫l)

In the Standard Model, this is a tree-level process
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Surprisingly large deviation of the
experimental values with respect to theoretical determinations

See also Bazavov et al, arXiv:2105.14019
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all the three fronts: the model-independent EFT analysis, the analysis within a simplified model for
a U1 leptoquark, and the phenomenology of the 4321 framework. In addition to important updates
of the experimental inputs on the low-energy side, the main innovative points of the present analysis
with respect to previous studies can be summarized as follows:

• In Section 2, we present for the first time a combined analysis of the semileptonic operators
involving tau leptons, at the pure EFT level, taking into account both sets of flavor anomalies,
collider constraints and �F = 2 bounds.

• In Section 3, we analyze and compare two benchmark scenarios for the right-handed couplings
of the U1 leptoquark to the third-generation fermions. We also relax and validate the hypothesis
of minimal breaking of the U(2)5 flavor symmetry for the subleading mixing terms involving
first-generation quarks. Most importantly, we update the analysis of the high-energy constraints
on the U1 leptoquark by taking into account ATLAS and CMS results with full Run-II statistics.

• The analysis in Section 4 takes into account, for the first time, complete NLO corrections in the
leptoquark coupling ↵4, which were computed in [56–58] within the non-universal 4321 model.
The latter play a key role in the predictions we obtain for B-meson mixing and the rare decay
B ! K⌫⌫̄. The O(↵4) corrections are also implemented for the first time in the analysis of the
G0 constraints from pp ! dijet and pp ! tt̄, which turn out to be the most relevant constraints
on the overall mass scale of the model, once recent ATLAS and CMS results are taken into
account.

2 EFT analysis of the B anomalies

2.1 Operator basis and general flavor structure

The goal of this section is to provide a general analysis of the flavor anomalies in terms of semileptonic
four-fermion operators. We start by analyzing the two sets of anomalies separately and then discuss
the consequences of a combined analysis within the EFT.

Rather than considering all possible dimension-6 operators that can describe a single set of mea-
surements, we focus on the operators which have been identified in previous studies as the relevant set
necessary for a combined explanation of both anomalies, once all constraints (including high-pT data,
electroweak precision tests and other flavor observables) are taken into account [43]. In practice, this
set coincides with the operators generated at the tree-level by the exchange of a spin-1 SU(2)L-singlet
leptoquark U1, i.e. (a contraction of color and SU(2)L indices between fermions inside parenthesis is
implied)

O
ij↵�
LL = (q̄ i

L�µ`
↵
L)(¯̀

�
L�

µq j
L) =

1

2

h
Q(1)

lq +Q(3)

lq

i�↵ij
,

O
ij↵�
LR = (q̄ i

L�µ`
↵
L)(ē

�
R�

µd j
R) = � 2

⇥
Q†

ledq

⇤�↵ij
,

O
ij↵�
RR = (d̄ i

R�µe
↵
R)(ē

�
R�

µd j
R) =

⇥
Qed

⇤�↵ij
,

(2.1)

where Q(1,3)
lq , Qledq and Qed are defined as in the so-called Warsaw basis [59] of dimension-6 SMEFT

operators built out of SM fields. We normalize the e↵ective Lagrangian describing the NP contribu-
tions as

L
NP

EFT = �
2

v2

h
C
ij↵�
LL O

ij↵�
LL + C

ij↵�
RR O

ij↵�
RR +

⇣
C
ij↵�
LR O

ij↵�
LR + h.c.

⌘i
, (2.2)

where v = (
p
2GF )�1/2

⇡ 246 GeV, and the Wilson coe�cients are inversely proportional to the
square of the NP scale ⇤. The coe�cients of the hermitian operators OLL and ORR satisfy the
relations

C
ji�↵
LL =

�
C
ij↵�
LL

�⇤
, C

ji�↵
RR =

�
C
ij↵�
RR

�⇤
. (2.3)

3

Figure 2.2: EFT constraints from the b ! c⌧ ⌫̄ anomalies. The solid blue ellipses denote the 1�,
2� and 3� intervals of the two-dimensional fit to RD and RD⇤ in the C

c
LL– C

c
LR plane (coe�cients

evaluated at ⇤ = 2 TeV). The dashed contours denote the fit results taking also the constraint from
B(B�

! ⌧ ⌫̄) into account, under the hypothesis of minimal U(2)5 breaking (i.e. for C
u
LL = C

c
LL,

C
u
LR = C

c
LR). The bands correspond to 1� regions. The red lines show the benchmark scenarios we

consider in our analysis.

Data analysis. At present, the observables constraining NP e↵ects in b ! c⌧ ⌫̄ transitions are the
LFU ratios RD and RD⇤ (defined in (B.4)), which can be used to probe the NP coe�cients Cc

LL and
C
c
LR. In the situation where we correlate b ! c⌧ ⌫̄ and b ! u⌧ ⌫̄ transitions via the flavor-symmetry

assumption in (2.18), also the branching ratio for the decay B�
! ⌧ ⌫̄ plays an important role. The

data used for the fit are reported in Table 2.2, while the explicit expressions of the various observables
in terms of the Wilson coe�cients are collected in Appendix B.

In Figure 2.2, we show the allowed regions for the coe�cients C
c
LL and C

c
LR obtained from the

measurements of RD, RD⇤ and B(B�
! ⌧ ⌫̄) (colored bands), where in the latter case we assume

the validity of the relations (2.18). The solid contour lines show the result of a fit to RD and RD⇤

only, while the dashed lines refer to a fit including also B(B�
! ⌧ ⌫̄) under the hypothesis of minimal

U(2)5 breaking. In the first case, which is more conservative, the significance of the NP hypothesis
compared to the SM case (two-parameter fit) is 3.2�. In the figure, we report the results in terms of
the e↵ective coe�cients Cc

LL,LR evaluated at the high scale ⇤ = 2 TeV. While RG evolution e↵ects are
negligible for Cc

LL, the mixed-chirality coe�cients Cc
LR exhibits a sizable scale variation due to QCD

corrections.
In Figure 2.2, we also show as red lines the relations C

c
LR = 0 and C

c
LR = �C

c
LL. The latter is

consistent with the expectation |C
i3⌧⌧
LR | = |C

i3⌧⌧
LL | that, in turn, is a natural benchmark for models

in which these two coe�cients are generated by the tree-level exchange of a Pati-Salam-like massive
leptoquark (see Section 3 for a detailed discussion). From the figure we draw the following conclusions:

• Without the inclusion of B(B�
! ⌧ ⌫̄), the present data are compatible with both C

c
LR = 0 and

C
c
LR = �C

c
LL, and likewise with any intermediate case.

• The inclusion of B(B�
! ⌧ ⌫̄) under the hypothesis of minimal U(2)5 breaking is perfectly

consistent with the other constraints. However, it slightly disfavors (by less than 2�) a scenario
where |C

c
LR| ⇡ |C

c
LL|.

9

Observable Experiment SM

{RD, RD⇤}
{0.337(30), 0.298(14)}

⇢ = �0.42
[86] {0.299(3), 0.258(5)} [87]

B(B�
! ⌧ ⌫̄) 1.09(24)⇥ 10�4 [88] 0.812(54)⇥ 10�4 [89]

Table 2.2: Experimental results and SM predictions for b ! c(u)⌧ ⌫̄ decays. In the first entry, we
provide the present combined experimental average, with ⇢ denoting the correlation among the two
observables.

approach the low-energy e↵ective Lagrangian for these transitions takes the form

Lb!ui⌧ ⌫̄ = �
4GF
p
2

X

i=1,2

⇣
Vib +
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Vik C
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� 2
3X
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Vik C
k3⌧⌧
LR (ūiLbR)(⌧̄R ⌫L)

�
.

(2.12)

We recall that the flavor basis for the NP operators is the down-quark and charged-lepton mass
basis, i.e.

qiL =

✓
V ⇤
ji u

j
L

diL

◆
, `iL =

✓
⌫iL
eiL

◆
. (2.13)

This implies that di↵erent Wilson coe�cients contribute to a given b ! ui transition. This is conve-
niently taken into account defining new coe�cients (for i = 1, 2)

C
ui
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33⌧⌧
LL


1 +
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✓
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C
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LL
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LL

Vud

Vis

◆�
, (2.14)

and similarly for C
ui
LR with LL ! LR everywhere, such that C

ui
LL and C

ui
LR are the only two e↵ec-

tive combinations appearing in b ! ui transitions. With these definitions, the low-energy e↵ective
Lagrangian reads

Lb!ui⌧⌫ = �
4GF
p
2

X

i=1,2

Vib

⇣
1 + C

ui
LL

⌘
(ūiL�µbL)(⌧̄L�

µ⌫L)� 2 Cui
LR (ūiLbR)(⌧̄R ⌫L)

�
. (2.15)

Under the generic assumption |C
13⌧⌧
LL,LR| ⌧ |C

23⌧⌧
LL,LR| stated in Section 2.1, the hierarchy of the

relevant CKM matrix elements implies that the coe�cients C
13⌧⌧
LL,LR play a negligible role in b ! c⌧ ⌫̄

transitions, while they might be relevant in b ! u⌧ ⌫̄ decays. Hence, in this generic case the NP e↵ects
in the two processes are not strictly correlated. Under the stronger assumption of a minimal breaking
of the U(2)5 flavor symmetry see Appendix A) we however expect that

C
13⌧⌧
LL

C23⌧⌧
LL

=
C
13⌧⌧
LR

C23⌧⌧
LR

=
V ⇤
td

V ⇤
ts
. (2.16)

This implies a complete correlation of the NP e↵ects in b ! c⌧ ⌫̄ and b ! u⌧ ⌫̄ transitions, i.e.

C
23⌧⌧
LL

C33⌧⌧
LL

Vis

Vib

✓
1 +

C
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LL

C23⌧⌧
LL

Vid

Vis

◆
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C
23⌧⌧
LL

C33⌧⌧
LL

V ⇤
tb

V ⇤
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, (2.17)

and similarly for the LR coe�cients. This in turn implies that

C
u
LL = C

c
LL , C

u
LR = C

c
LR . (2.18)
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Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert,  arXiv:2103.16558



Common Solution to the B-Anomalies ?

• Leptoquarks may provide appropriate solutions to the 
B-Anomalies. 

• For instance, the addition of an SU(2) triplet and singlet 
of charge -1/3 can contribute to these processes 
through the following amplitudes

26

2

b

⌧⌫

c�1 + �3 b

⌫ ⌫

b�1 � �3 s

`

�3

`

s

FIG. 1: Feynman diagrams contributing to b ! c⌧⌫, b ! s⌫⌫ and b ! s`` processes. Both LQs contribute to b ! c⌧⌫ and
b ! s⌫⌫ but only �3 to b ! s``. Note that with our assumption on the couplings to fermions, the LQs interfere constructively
(destructively) in b ! c⌧⌫ (b ! s⌫⌫).

deviation. Therefore, new particles added to the SM for
explaining R(D) and R(D⇤) cannot be very heavy and
must have sizable couplings. In the past, mainly three
kinds of models with the following new particles have
been proposed:

1. Charged Higgses [21, 48–52]

2. W 0 gauge bosons [11, 14, 53, 54]

3. Leptoquarks [9, 10, 12, 13, 15, 16, 19, 20, 42, 55–60]

Models with charged Higgses lead to (too) large e↵ects
in the total Bc lifetime [61] and, depending on the cou-
pling structure, can also be disfavored by the q2 distribu-
tion [62–64]. Interestingly, if the couplings of the charged
Higgs are chosen in such a way that they are compati-
ble with the measured q2 distribution, these models are
ruled out by direct searches [65].

Models with W 0 gauge bosons are also delicate because
they necessarily involve Z 0 bosons due to SU(2)L gauge
invariance. If the Z 0 width is not unnaturally large, these
models are again ruled out by direct searches [11, 65].

In models with leptoquarks generating left-handed vec-
tor operators the coupling structure should be aligned to
the bottom quark in order to avoid b ! s⌫⌫ bounds.
However, in this case the e↵ect in R(D) and R(D⇤) is
proportional to the small CKM element Vcb and large
third generation couplings are required to account for the
anomalies. These large third generation couplings lead
again to stringent bounds from direct LHC searches [65]
and electroweak precision observables [66]. In princi-
ple, these constraints can be avoided with right-handed
couplings [59] (including possibly right-handed neutri-
nos [16]). However, in such solutions no interference with
the SM appears and very large couplings, close to non-
perturbativity, are required.

As stated above, LHC bounds from ⌧⌧ searches can be
avoided in case of non-CKM suppressed leptoquark con-
tributions to R(D) and R(D⇤). However, for single scalar
leptoquark representations, this leads to unacceptably
large e↵ects in b ! s transitions [59]. Therefore, we pro-
pose a novel solution to the R(D(⇤)) problem in this ar-
ticle: we introduce two scalar leptoquarks with the same
mass M and the same coupling strength to quarks and
leptons; an SU(2)L singlet (�1) and an SU(2)L triplet
(�3) both with hypercharge Y = �2/3. Here, the crucial

observation is that �1 and �3 contribute with opposite
relative sign to R(D(⇤)) than to b ! s⌫⌫ processes such
that the e↵ect in R(D(⇤)) is doubled while the contribu-
tions in B ! K(⇤)⌫⌫ cancel at tree-level (see Fig. 1).
Therefore, the couplings to the second quark genera-
tion can be larger, non-CKM suppressed e↵ects R(D(⇤))
are possible and the required overall coupling strength
is much smaller such that the direct LHC bounds from
⌧⌧ searches are significantly weakened and the remaining
bounds from pair production of third generation LQs are
still below the TeV scale [67, 68]. Furthermore, this solu-
tion results in a simple rescaling of the SM contributions,
predicts naturally R(D)/R(D)SM = R(D⇤)/R(D⇤)SM
and leaves the q2 distribution unchanged. Adding cou-
plings to muons, we can also address the b ! sµµ anoma-
lies with a C9 = �C10 like contribution. Finally, adding
a (small) right-handed coupling of �1 one can in principle
explain aµ.
This article is structured as follows: in the next sec-

tion we will present the contributions of our model to
all relevant observables. Afterwards, we perform a phe-
nomenological analysis in Sec. III before we conclude.

II. MODEL AND OBSERVABLES

The scalar leptoquark singlet �1 and the triplet �3

couple to fermions in the following way:

L = �1L
fi Q

c
f i⌧2Li�

†
1 + �3L

fi Q
c
f i⌧2(⌧ · �3)

†Li + h.c. . (1)

As motivated in the introduction, we assume that both
leptoquarks have the same mass M . In addition, to can-
cel their e↵ect in b ! s⌫⌫ processes, we impose the dis-
crete symmetry

�L
jk ⌘ �1L

jk , �3L
jk = ei⇡j�L

jk , (2)

on the couplings to fermions. Note that for �1 there
is in principle an additional coupling �R

fiu
c
f `i�

†
1 allowed.

We will assume that this coupling is zero and neglect
its e↵ect till the discussion of aµ where small values of
�R
fi can be phenomenologically important due to mt/mµ

enhanced e↵ects. For our analysis we assume that the
couplings �L

fi are given in the down-quark basis. I.e. after

(the minus and plus sign indicate destructive/constructive interference)

Crivellin, Mueller, Ota, arXiv:1703.09226



Alternative explanations

• An SU(2) singlet vector like leptoquark, with hipercharge 4/3 
can lead to the common explanation of the B-anomalies.

• A model based on a custodial gauge extension of the SM,

        in warped extra dimensions, can also explain all B anomalies
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SU(3)c ⇥ SU(2)L ⇥ SU(2)R

Carena, Meguias, Quiros, CW, arXiv:1809.01107

See, for instance, Kumar, London, Watanabe, arXiv:1806.07403



• It can also be done within leptoquark models.

• There is a second option of leptoquarks, with charges (3, 2, 7/6), 
(3, 3, -1/3).   The first of these can couple to both right and left 
handed muons and contribute to g-2.

28

Common Solution to the B-Anomalies  and g-2 ?

bL

⌧R

!
2/3

cR

⌫L

b

µ
�

⇢
4/3

µ
�

s

Figure 2: Feynman diagrams for the dominant LQ contributions to the b ! c⌧
�
⌫̄ (left)

and b ! sµ
�
µ
+ (right) transitions.

approximation, as these off-diagonal terms are much smaller than the diagonal terms [101].

The ⇢
1/3 component of the S3 LQ can also contribute in principle to b ! c⌧ ⌫̄` via the

Wilson coefficient g
`

V
given by

g
`

V (µR = mS3) = � y3`(V
?
y)

?

23

8m
2

S3
GFVcb

. (3.15)

However, this contribution cannot accommodate R
D(?) as the relevant Yukawa couplings are

highly constrained from flavor physics. Any nonzero y2` is subject to D
0 � D̄

0 mixing and
must be small (cf. Section 5.5), while LHC limits constrain both y31 and y32 (cf. Section 6).
Furthermore, the product of the Yukawa couplings y2` and y3`0 is strongly constrained by
processes such as B ! K⌫⌫̄. It is also worth mentioning that one can induce Wilson
coefficient g`

V
of Eq. (3.15) proportional to y3`y

?

33
, in conjunction with CKM mixing. How-

ever, for ` = 3, this contribution has an opposite sign compared to the SM, and therefore
would require the new contribution to be twice as large as the SM one, bringing it to the
non-perturbative regime. For ` = 1 or 2, there is no interference with the SM term, which
would again require large non-perturbative values from the S3 contribution. Thus we shall
ignore these S3-induced contributions to R

D(?) . In Section 7.1, we have shown two best
fit values of the Yukawa coupling matrices. For these choices of Yukawa couplings, shown
in Eqs. (7.3) and (7.4), we get negligible contribution to g

`

V
= �5 ⇥ 10

�5 for Fit I and
g
`

V
= 6⇥ 10

�6 for Fit II from the S3 LQ, whereas the allowed 1� range to explain R
D(?) is

[0.072, 0.11]. Therefore, we will only focus on the R2 contribution to R
D(?) induced through

the Wilson coefficients g`
S

and g
`

T
. RD and RD? induced through the Wilson coefficients g`s

and g
`

T
at µR = mb with ⌫⌧ in the final state are approximately given by [102]

RD ' R
SM

D

�
1 + 1.54Re[g

⌧

S ] + 1.09 |g⌧S |2 + 1.04Re[g
⌧

T ] + 0.75 |g⌧T |2
�
, (3.16)

RD? ' R
SM

D?

�
1� 0.13Re[g

⌧

S ] + 0.05 |g⌧S |2 � 5.0Re[g
⌧

T ] + 16.27 |g⌧T |2
�
, (3.17)

where the numerical coefficients arise from the relevant form factors. These expressions
are applicable for ⌫e,µ final states as well, but by setting the Re[g⌧

S
] and Re[g⌧

T
] terms in

Eqs. (3.16) and (3.17) to zero. This is because the new physics and the SM contributions
interfere only when ⌫` = ⌫⌧ .

5
The running of gS is identical to that of the b-quark mass, see for e.g., Ref. [100].
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Figure 4: Chirally-enhanced contribution from the R2 LQ to the muon anomalous mag-
netic moment.

we have ignored terms proportional to m
2

`
/m

2

R2
in the loop integral. The loop functions

appearing in Eq. (4.1) are:

F2(xq) =
1

6(1� xq)
4

�
1� 6xq + 3x

2

q + 2x
3

q � 6x
2

q lnxq

�
, (4.2)

F3(xq) =
1

(1� xq)
3

�
1� x

2

q + 2xq lnxq

�
, (4.3)

F5(xq) =
1

6(1� xq)
4

�
2 + 3xq � 6x

2

q + x
3

q + 6xq lnxq

�
, (4.4)

F6(xq) =
1

(1� xq)
3

�
�3 + 4xq � x

2

q � 2 lnxq

�
. (4.5)

Note that the first term in Eq. (4.1) is the LQ contribution to the anomalous magnetic
moment without chiral enhancement, whereas the second term is the chirally-enhanced
one, which in our case will be proportional to the top-quark mass.

4.1 Difficulty with Explaining �ae

A discrepancy has also been reported in the anomalous magnetic moment of the electron,
denoted as �ae, with a somewhat lower significance of 2.4� [122]. The signs of �ae and �aµ

are opposite. We have investigated whether �ae can also also explained in our framework,
but found that the model does not admit a simultaneous explanation of both anomalies, as
introducing couplings of the type f↵e would lead to a chirally-enhanced contribution to the
decay µ ! e�, which is highly constrained. One can attempt to explain both anomalies by
simply avoiding chirally-enhanced `i ! `j� decays by adopting a redefinition of V ?

f
0 ⌘ f

0

in Eq. (2.6). However, one introduces VCKM in the down sector leading to strong constraints
arising from processes such as KL ! e

±
µ
⌥, KL ! `

+
`
�, and K � K̄ mixing.

A logical option to explain �ae would be to choose the Yukawa coupling f21 to be of
O(1), and rely on the charm-quark loop (proportional to f21f

0
21

), while being consistent
with all the flavor constraints and R

D(⇤) . However, it turns out that the required values of
the Yukawa couplings in this case have been excluded by the latest LHC dilepton constraints
on LQ Yukawa couplings and masses from the non-resonant t-channel process pp ! `

+
`
�.

These constraints are discussed later in Section 6, and are summarized in Fig. 8. Therefore,
simultaneous explanation of the electron and muon anomalous magnetic moments, together
with R

D(?) , is not possible in our setup. Thus, we focus on the parameter space required to

– 20 –

Babu, Buphal Dev, Jana, Thapa, arXiv:2009.01771

Typical leptoquark masses of the order of a few TeV,
that can be searched for at the HL-LHC



Conclusions
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The g-2 experiment at Fermilab and Flavor physics experiments, in 
particular LHCb have observed intriguing deviations of the SM 
predictions.

Although these measurement are unrelated, they both involve muons. 

The g-2 anomaly may be explained in simple extensions of the Standard 
Model, including light scalars, vector bosons and Supersymmetry.

The B physics anomalies demand a more complex field theoretical 
realization, but can be explained, for instance, within extended flavor 
dependent gauge sectors or leptoquarks. 

Leptoquarks can provide an explanation of all observed anomalies. 
However, their couplings must be carefully chosen.

These anomalies will be checked in the coming few years. Let’s hope 
that, if verified,  their resolution leads to advances in our understanding 
of Nature.
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Comments on the current  g-2 Anomaly

32

In a sense, the current discrepancy is between the experimental 
determination of g-2, supported by the Brookhaven and the Fermilab g-2 
experiments, and the e+e- hadronic cross section data.

All other factors are, I believe, under good control and the uncertainties are 
small.

In that sense, this anomaly should be taken very seriously.  It is difficult to 
imagine where something could have gone wrong, even taken into account 
the current tension in the hadronic cross section data (KLOE vs BABAR), 
that cannot lead to an explanation of the measured anomaly, and has already 
been taken into account in the systematic errors. 

The good thing is that the g-2 collaboration will reduce the error by a       
factor 2 by next summer and there will be further work on the theoretical 
estimates. 
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Lattice Computations

1. Lattice computations increase our confidence on the size and magnitude of      
the light by light contributions
2. In the computation of the hadronic vacuum polarization contributions, the 
BMW lattice collaboration finds results that reduce the tension with the g-2 
experimental data.  These results are hence in some tension with data driven 
evaluations.
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Comparison of BMW lattice computation
with data driven methods

Z. Fodor ‘ 21



 The Lattice results should be taking seriously  and are a triumph of  physics.

We should clearly wait for other lattice groups to corroborate the BMW result.

 HPV effects would have an impact on the variation of the fine structure constant, 
affecting precision measurements at Mz, and any correction from the current values 
should be limited to energies below 0.9 GeV, something that seems to be confirmed 
by the BMW study.   

Tension with data could be resolved by a large systematic error in the cross sections 
evaluation or by new physics contributing to them. Both possibilities look unlikely,  
but certainly not impossible.

It could also be resolved by some unaccounted systematic error in the lattice 
evaluations.  BMW provides a detailed account of their error estimates and it could 
be therefore double checked by other lattice groups.

35

Comments on the Lattice Evaluation

Crivellin et al, 2003.04886;  Kezhavarzi, Marciano, Pasera, Sirlin, arXiv: 2006.12666 



What would be the value of the hadronic cross sections 
necessary for compatibility with lattice values ?
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Figure 8: Comparison of the data sets and the shifted variants of the VFF,
relative to the central fit solution.

the other two any significant change in a⇡⇡µ
���1 GeV comes at the

price of huge increases in �2. These increases can be compared
to the well-known tension between individual e+e� data sets.
The central fit results of Ref. [8] reach a total �2 of 776 with
627 degrees of freedom. The tension is reflected by an error
inflation included in Eq. (18) of

p
�2/dof = 1.11. For the target

shift of �a⇡⇡µ
���1 GeV = 18.5 ⇥ 10�10, even scenario (3) leads to a

total �2 of 941.
The results in Figs. 7 and 8 show that to minimize the ef-

fect in the cross section, the changes mainly a↵ect the in-
elastic part of the VFF parameterization and thus energies
above the ⇡! threshold. In principle, these inelastic contribu-
tions could be further constrained by e+e� ! 2⇡ data above
1 GeV [81, 83, 103], ⌧ ! ⇡⇡⌫⌧ [104], and explicit input on
the inelastic channels, but this requires an extension of our dis-
persive formalism that will be left for future work. We remark
that any changes in the physics above 1 GeV will also have an
impact on �↵(5)

⇡⇡ (M2
Z), which is not yet accounted for here: the

higher in energy these changes are pushed, the higher the risk
to exacerbate tensions in the global electroweak fit [46–49].

7. Conclusions

In this Letter we examined the two-pion contribution to HVP
in view of recent hints from lattice-QCD calculations that its
contribution to the anomalous magnetic moment of the muon
could be much larger than obtained from e+e� ! hadrons
cross-section data, with most of the changes concentrated at low
energies. We relied on a dispersive representation of the pion
vector form factor and studied which of its parameters could
be varied without contradicting other low-energy observables
besides the e+e� ! 2⇡ cross section itself. We identified three
scenarios: (1) where only the elastic ⇡⇡ phase shift, or (2) where
only inelastic e↵ects, or (3) all parameters at the same time are
allowed to change, see Sect. 3 for more details. In these scenar-
ios, we then derived the correlations with the pion charge radius
and the hadronic running of the fine-structure constant.

We found that in scenario (1) the changes in the cross section
are mainly concentrated around the ⇢ resonance, amounting to a

�
�

2

1010 ⇥ a⇡⇡µ
���1 GeV

phase shifts
ck, N � 1 = 4

all parameters
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Figure 9: Increase in the �2 as a function of the fit output a⇡⇡µ
���1 GeV in the three

scenarios, excluding the contribution of the “lattice” input (since this depends
on the arbitrary uncertainty that acts as a weight, see Sect. 3).

relative e↵ect of up to 8%, see Figs. 7 and 8, while in scenarios
(2) and (3) the changes are more uniformly distributed over the
entire energy range, at a level around 4%. The first insight from
our analysis is thus that a largely uniform change in the cross
section is actually allowed by the constraints from analyticity,
unitarity, as well as low-energy hadron phenomenology. More-
over, this is the configuration that minimizes the discrepancy
with the data as one tries to increase a⇡⇡µ

���1 GeV while respecting
all constraints, but still even this scenario is in strong disagree-
ment with the e+e� ! 2⇡ data, see Fig. 9.

The correlations with the pion charge radius and the hadronic
running of the fine-structure constant are shown in Figs. 3 and 4,
respectively. One of our main conclusions is that in our frame-
work we can establish a firm correlation between a⇡⇡µ

���1 GeV
and �↵(5)

⇡⇡ (M2
Z): the required change in the former implies an

upward shift between 1.2 ⇥ 10�4 and 1.4 ⇥ 10�4 in the latter
for all scenarios. For the charge radius the correlation with
a⇡⇡µ
���1 GeV depends on the scenario, with the largest e↵ect aris-

ing in scenario (3), the one for which the change in the cross
section is minimized. A similar observation applies to the en-
tire space-like region, see Fig. 6. This opens the possibility
to challenge this scenario with future lattice-QCD calculations
of the pion charge radius as well as the space-like pion form
factor [86, 87]. Competitive constraints would require a preci-
sion around �hr2

⇡i = 0.005 fm2, a factor 3 below the sensitivity
of Ref. [87]. Similarly, a precision calculation of the P-wave
⇡⇡ phase shift would provide further independent constraints
on our dispersive representation, but here the precision goal of
��11(s0,1) = 2� would require significant advances over current
calculations.

To further improve the phenomenological determination of
the two-pion contribution to HVP, the most important future
development naturally concerns new e+e� ! 2⇡ data, with
BESIII [105, 106] and SND [107] supporting the results al-
ready included in the present analysis, and new data from
CMD-3 [108] forthcoming. As for direct lattice-QCD evalua-
tions of the HVP contribution, the results of Ref. [39] are being
scrutinized by other lattice collaborations, and more detailed

7

arXiv:2010.07943



Many other Solutions

• Axion light particles (beyond the naive one loop solution)

• Leptoquarks, for suitable arrangement of couplings

• Two Higgs doublet models, for certain arrangement of the 
Higgs mass splittings…

• Are any of these theories connected to a further 
understanding of physics at high energies ?

37



Rough Approximation

• If all weakly interacting supersymmetric particle masses were 
the same, and the gaugino masses had the same sign, then

• This implies that, for tanβ = 10,  particle masses of order 
250 GeV could explain the anomaly, while for  values of tanβ 
= 60 ( consistent with the unification of the top and bottom 
Yukawa) these particle masses could be of order 700 GeV.
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(�aµ)
SUSY ' 150⇥ 10�11

✓
100 GeV

mSUSY

◆2

tan�

value a
exp

µ
= 116 592 061(41) ⇥ 10�11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to a
SM

µ
, which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e
�

! hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value a
HVP

µ
= 685.4(4.0)⇥10�10 [15, 20–26],

implying an uncertainty of 0.6 % in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then di↵er by 4.2 �,

�aµ ⌘ (aexp

µ
� a

SM

µ
) = (251 ± 59) ⇥ 10�11

. (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and R
K(⇤) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ�2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ � 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 
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Negative values of μ : Much weaker direct spin-independent detection bounds

P. Huang, C.W.  1404.0392
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How Robust Are the SM Predictions for RK and RK ⇤?

R
K (⇤) = 1 + O

 
m

2
µ

q2

!
⇥
✓

1 + O
✓
⇤QCD

mb

◆
+ O (↵s)

◆
+ O

✓
↵em

⇡
log2

✓
m

2
e

m2
µ

◆◆

phase space
(tiny effect)

hadronic corrections
(tiny effect)

QED corrections
(soft and collinear
photon emission)

I QED corrections seem to be under control at the level of the total rate, given
the experimental cuts on e.g. the reconstructed B meson mass
Bordone, Isidori, Pattori 1605.07633, Isidori, Nabeebaccus, Zwicky 2009.00929

R
[1,6]
K

= 1.00 ± 0.01 , R
[1.1,6]
K ⇤ = 1.00 ± 0.01 , R

[0.045,1.1]
K ⇤ = 0.91 ± 0.03

I potentially larger QED effects at the differential level

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 17 / 34
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New Results From 12 Days Ago

New measurements of RK and RK ⇤ in the decays
B0 ! KS`+`� and B+ ! K ⇤+(! ⇡+KS)`+`�

Measurements are much more difficult because the KS is hard to detect

RKS
= 0.66+0.20

�0.14
+0.02
�0.04

RK ⇤ + = 0.70+0.18
�0.13

+0.03
�0.04

Large uncertainties, but both are ⇠ 1.5� below the SM prediction.

LHCb 2110.09501

Wolfgang Altmannshofer (UCSC) The State of the B Decay Anomalies October 31, 2021 16 / 34
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Model Independent New Physics Analysis

Hb!s

eff = �4GFp
2

VtbV
⇤
ts

e
2

16⇡2

X

i

⇣
CiOi + C

0
i O0

i

⌘

magnetic dipole operators semileptonic operators scalar operators

C
(′)
7

bR(L)

sL(R)

C
(′)
9,10

bL(R)

sL(R)

µL(R)

µL(R)

C
(′)
S,P

bR(L)

sL(R)

µR(L)

µL(R)

C
(0)
7 (s̄�µ⌫PR(L)b)F

µ⌫ , C
(0)
9 (s̄�µPL(R)b)(µ̄�µµ) , C

(0)
S
(s̄PR(L)b)(µ̄PL(R)µ)

C
(0)
10 (s̄�µPL(R)b)(µ̄�µ�5µ)

neglecting tensor operators and additional scalar operators
(they are dimension 8 in SMEFT: Alonso, Grinstein, Martin Camalich 1407.7044)
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Complementary Sensitivity

C7, C0
7 C9, C0

9 C10, C0
10 CS, C0

S

B ! (Xs, K ⇤)� F

Bs ! �� F

B ! (Xs, K , K ⇤) µ+µ� F F F ?

Bs ! � µ+µ� F F F ?

⇤b ! ⇤ µ+µ� F F F ?

Bs ! µ+µ� F F
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Main Contribution of Different Operators

Altmannshofer’21


