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The Muon Anomalous Magnetic 
Moment



The muon magnetic moment
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Muon (g-2)

aexp
μ − atheo,SM

μ = (25.1 ± 5.9) × 10−10

Muon g-2 experiment at Fermilab 
aims at 4 x BNL precision •Aoyama et al ‘20

• Abi et al  PRL ‘21
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Figure 3: Feynman diagrams of SM contributions to aµ. The diagrams shown (from left to right) are the one-loop
QED diagram, the one-loop EW process involving Z-boson exchange, the leading-order HVP diagram and HLbL
contributions.

Besides the magnetic anomaly measurement, other physics studies of interest at the Fermilab experiment
include tests of Lorentz-symmetry and CPT-symmetry [39, 40]. The CPT-symmetry test can be performed
by comparing aµ from µ+ and µ� measurements, while Lorentz symmetry can be tested by searching for a
sidereal variation in the anomalous precession frequency of the muon.

3. Theoretical calculations of aµ

In this section, the SM value of the anomalous magnetic moment against which the experimental value [19]
is compared to will be reviewed. The SM prediction of the anomalous magnetic moment is determined from
the sum of all sectors of the SM:

aSM
µ

= aQED
µ

+ aEW
µ

+ aHVP
µ

+ aHLbL
µ

, (11)

where aQED
µ

are the QED contributions, aEW
µ

are the electro-weak (EW) contributions, aHVP
µ

are the hadronic

vacuum polarization (HVP) contributions and aHLbL
µ

are due to contributions from hadronic light-by-light
(HLbL) scattering. Examples of such processes are shown in Figure 3. The uncertainty of aSM

µ
is completely

dominated by the hadronic contributions due to the non-perturbative nature of the low energy strong
interaction. In recent years, aSM

µ
has been thoroughly scrutinized and reevaluated by The Muon g�2 Theory

Initiative [38], an international collaboration determined on providing a community-approved consensus for
the value of the theoretical prediction with an improved overall precision.

3.1. The QED contributions

The QED contributions to aµ include all contributions from leptons and photons alone and have been
fully calculated up to five-loop order. All contributions up to and including four-loop have been determined
and verified by di↵erent groups, from both numerical and analytical calculations (see [38] for more details).
The four-loop universal contribution has been impressively calculated analytically up to a precision of 1100
digits [42] and is consistent with the numerical determination [43]. The entire five-loop contribution, totaling
12,672 Feynman diagrams which are shown in Figure 4, has been fully calculated numerically [41, 44] with
independent cross-checks [45–48]. The value for the QED contributions is found to be

aQED
µ

= 116 584 718.931(104)⇥ 10�11 , (12)

where the given error is the quadrature sum of uncertainties due to the ⌧ -lepton mass, four-loop QED,
five-loop QED, an estimate of the six-loop QED [38, 41, 44] and the fine-structure constant ↵ [49].2

2This value for aQED
µ is obtained using the measurement of ↵ from caesium interferometry [49]. With the uncertainty of

aQED
µ dominated by the six-loop estimate [38, 41, 44], other choices for ↵ [8, 50] result in changes well within the quoted

uncertainty.
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QED EW HVP HLbL

Standard Model Contributions

LatticeData/Lattice

muon distribution averaged magnetic field is 56 ppb and for the field correction is 99 ppb for Run-1. A
summary of the uncertainties in Run-1 data analysis is provided in Table 3.

Quantity Correction (ppb) Uncertainty (ppb) Fermilab goal (ppb) J-PARC goal (ppb)
!a (statistical) - 434 100 450
!a (systematic) - 56 70 < 40

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

!p (systematic) - 56 70 56
Bk -27 37 - -
Bq -17 92 - -

Total systematic - 157 100 < 70
Fundamental constants - 25 - -

Total 544 462 140 < 460

Table 3: Values and uncertainties of the Run-1 data analysis compared to the Fermilab uncertainty goal [20]

The Run-1 result from the Fermilab Muon g � 2 collaboration [19, 30, 33, 37] gives

aFNAL
µ

= 116 592 040(54)⇥ 10�11 (0.46 ppm) . (9)

It exhibits a 3.3� tension with the value published by the Theory Initiative [38] that will be reviewed in
Section 3. After a statistically consistent combination with the final BNL result [18], the new experimental
average is

aEXP
µ

= 116 592 061(41)⇥ 10�11 (0.35 ppm) , (10)

and the tension is increased to 4.2�, as shown in Figure 2. A new analysis of the data from Run-2 and
Run-3 (amounting to ⇠ 3 times the Run-1 data) is expected to be completed within the next few years.
The uncertainty is expected to be roughly half of the Run-1, based on the following improvements achieved
after Run-1:

• Storage ring conditions: While Run-1 has 4 di↵erent storage ring conditions (electric quadrupole
and kicker HV settings), Run-2 and Run-3 each have only a single setting for the quadrupole HV
setting. Moreover, the kicker system was improved to withstand higher voltages for the second half
of Run-3 and, as a result, the stored beam is more centered compared to Run-1. It was also dis-
covered after Run-1 that two of the resistors connected to the electrostatic quadrupoles were faulty,
consequently a↵ecting the stability of the necessary beam focusing. Corresponding e↵ects from these
faulty resistors are comprehensively dealt with in the analysis of the Run-1 data. These resistors were
replaced and the beam stability for all following measurement periods was re-established.

• Stability and gradient of storage ring magnet temperature: After Run-1, a new set of NMR
probes at optimized locations were selected, improving the stability of the average magnetic field as
a function of time. Additionally, a larger-than-design heat load from various sub-systems prompted a
better temperature stabilization system of the experimental hall and insulation of the superconducting
magnet was installed during Run-2 to further reduce the temperature gradient around the azimuth
of the storage ring. During Run-3, a more stable experimental hall and superconducting magnet
temperature was achieved. Therefore, there was less variation in the magnetic field throughout Run-3
and the systematics related to the field tracking is reduced.

The Fermilab Muon g � 2 experiment has also completed the Run-4 data-taking campaign and the Run-5
data-taking has began in late 2021. There is also a possibility in performing the aµ measurement using
negative muons after 2022. This will require polarity switching of the beamline components and the storage
ring components.
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Contribution Value ⇥1011 References
HVP LO (e+e�) 6931(40) [10, 56–58, 60, 61]
HVP NLO (e+e�) �98.3(7) [10]
HVP NNLO (e+e�) 12.4(1) [62]
HVP LO (lattice, udsc) 7116(184) [77–83, 88, 111]
HLbL (phenomenology) 92(19) [89, 93, 97–107]
HLbL NLO (phenomenology) 2(1) [110]
HLbL (lattice, uds) 79(35) [108]
HLbL (phenomenology + lattice) 90(17) [89, 93, 97–108]
QED 116 584 718.931(104) [41, 44]
Electroweak 153.6(1.0) [51, 52]
HVP (e+e�, LO + NLO + NNLO) 6845(40) [10, 56–58, 60–62]
HLbL (phenomenology + lattice + NLO) 92(18) [89, 93, 97–108, 110]

Total SM Value 116 591 810(43) [10, 41, 44, 51, 52, 56–58, 60–62, 93, 97–102, 108, 110]

Table 6: Summary of the contributions to aSMµ . This table has been adapted from [38].

3.5. The SM prediction for aµ
The recommended value for the SM prediction of the muon’s anomalous magnetic moment is [38]

aSM
µ

= 116 591 810(43)⇥ 10�11 (0.37 ppm) . (22)

The various contributions used to reach this value6 are summarized in Table 6. The QED value is that
given in equation (12) and the EW contribution is that given in equation (13). For the HVP, as the lattice
evaluations are at present not precise enough to be comparable to those from dispersive approaches, the
recommended value is the merged result from data-driven analyses given in equation (15). For the HLbL
contributions, as the dispersive (equation (20)) and lattice (equation (21)) evaluations are in good agreement,
a weighted average of the two values is used to find a LO + NLO result of aLO+NLO,HLbL

µ
= 92(18)⇥ 10�11.

4. Constraints on BSM physics

The new result from the Fermilab Muon g � 2 experiment yields a value for �aµ that is larger than the
EW contributions to aµ and, therefore, provides a large constraint on several possible scenarios of physics
beyond the SM (BSM). In this section, we provide an overview of these models and refer the interested
readers to the references in [112, 113] for a more robust and extremely detailed discussion of the BSM
constraints coupled to �aµ reviewed here.

These models require some enhancement to be compatible with the large �aµ and include single field
extensions of the SM (e.g., dark photon, dark Z, two-Higgs doublet model (2HDM), scalar leptoquarks),
two-field extensions of the SM (e.g., vector-like leptons, scalar singlet plus fermion), three-field extensions
of the SM (e.g. two/one scalars plus one/two charged fermions and scalar/fermionic dark matter), various
supersymmetry (SUSY) scenarios and several other possibilities. Typically, models that resolve �aµ require
new states with masses . 1 TeV. However, connected results from the LHC and dark matter searches which
have not found SM signals have led to tensions in many models explaining the g � 2 discrepancy and have
constrained the possibilities of certain BSM scenarios further still. The interplay with ae is also interesting.
Should a negative �ae be realized, the resulting model would need to induce lepton flavor decoupling to
ensure overall contributions of di↵erent signs to ae and aµ. Dark photons, for example, lead to contributions
of a positive sign in both and could therefore increase the tension in ae.

aµ has properties that directly associate it with several SM observables and appropriate BSM models:
it is CP-conserving, flavor conserving, loop induced, and chirality flipping [113]. The latter, in particular,

6We remind the reader that whenever the value in equation (22) is used, the following original references should be cited: [10,
41, 44, 51, 52, 56–58, 60–62, 93, 97–102, 108, 110].
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Muon (g-2)
Muon coupling to magnetic field:

The (g − 2)µ experiment:

Coupling of muon to magnetic field : µ− µ− γ coupling

ū(p′)

[

γµF1(q
2) +

i

2mµ
σµνqνF2(q

2)

]

u(p)Aµ F2(0) = aµ
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Muon (g-2) in SUSY
SUSY contributions from Chargino, Sleptons 

and Neutralino

6

EW sector of MSSM

LHC searches

Indirect constraints
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standard, are not always promising, because the particles can be away from the LHC reach
without diminishing a virtue of the SUSY as a solution to the muon g − 2 anomaly. In
this letter, we investigate the LHC signatures assuming the mass hierarchy in Eq. (2),
with particular attention to the muon g − 2. We examine the direct productions of the
superparticles which are relevant for the muon g−2. 1 The ATLAS and CMS collaborations
respectively reported results of their searches for this production channel [19,20]. We will
apply the result by the ATLAS to the above scenario, and will see that these searches are
particularly important in the parameter regions where the muon g − 2 is explained.

In Sec. 2, the SUSY contributions to the muon g − 2 is reviewed, and the parameter
regions in which the discrepancy (1) is explained are clarified. The detailed mass spectra
and parameter spaces are introduced in Sec. 3, and relevant SUSY searches at the LHC
are summarized in Sec. 4. In Sec. 5, current LHC bounds on the muon g − 2 parameter
spaces are shown, and future prospects are discussed in Sec. 6. The last section is devoted
to the conclusion.

2 Muon g − 2

The SUSY contributions to the muon g − 2 are dominated by the chargino–sneutrino and
the neutralino–smuon loop diagrams. At the leading order of mW /msoft and tan β, where
msoft represents SUSY-breaking masses and the Higgsino mass µ, they are evaluated as [10]

∆aµ(W̃ , H̃, ν̃µ) =
α2

4π

m2
µ

M2µ
tan β · fC

(

M2
2

m2
ν̃

,
µ2

m2
ν̃

)

, (3)

∆aµ(W̃ , H̃, µ̃L) = −
α2

8π

m2
µ

M2µ
tan β · fN

(

M2
2

m2
µ̃L

,
µ2

m2
µ̃L

)

, (4)

∆aµ(B̃, H̃, µ̃L) =
αY

8π

m2
µ

M1µ
tan β · fN

(

M2
1

mµ̃L

,
µ2

mµ̃L

)

, (5)

∆aµ(B̃, H̃, µ̃R) = −
αY

4π

m2
µ

M1µ
tan β · fN

(

M2
1

m2
µ̃R

,
µ2

m2
µ̃R

)

, (6)

∆aµ(µ̃L, µ̃R, B̃) =
αY

4π

m2
µM1µ

m2
µ̃L

m2
µ̃R

tan β · fN

(

m2
µ̃L

M2
1

,
m2

µ̃R

M2
1

)

, (7)

where mµ is the muon mass, while αY and α2 are the fine structure constants of the SM
U(1)Y and the SU(2)L gauge symmetries, respectively. The loop functions are defined as2

fC(x, y) = xy

[

5− 3(x+ y) + xy

(x− 1)2(y − 1)2
−

2 log x

(x− y)(x− 1)3
+

2 log y

(x− y)(y − 1)3

]

, (8)

fN(x, y) = xy

[

−3 + x+ y + xy

(x− 1)2(y − 1)2
+

2x log x

(x− y)(x− 1)3
−

2y log y

(x− y)(y − 1)3

]

. (9)

They satisfy 0 ≤ fC,N (x, y) ≤ 1 and are monochromatically increasing for x > 0 and y > 0.
In the limit of degenerate masses, they satisfy fC(1, 1) = 1/2 and fN (1, 1) = 1/6. The
arguments in the left-hand side of Eqs. (3)–(7) show the superparticles which propagate

1Those superparticles can also be probed indirectly via the precision measurements [18].
2 The functions, fC and fN , are reduced from the functions, J5 and I4, in Ref. [10].
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Muon (g-2) in SUSY

• SUSY contributions from Chargino-Sneutrino and Smuon-Neutralino loop


• SM EW 1 loop : .                          MSSM , 1 loop : 

• SUSY can easily explain anomaly : upper limits on EW super partner masses 
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The W-boson Mass



Theoretical Prediction of W-mass

μ
νμ

ν̄e

e
M2

W (1 −
M2

W

M2
Z ) =

πα

2Gμ

(1 + Δr)
Gμ

One loop correction to the SM: 
Radiative corrections

comprise the direct searches at the LHC [39, 40], the DM relic abundance [41], the DM di-
rect detection experiments [42–44] together with the deviation on the value of the anomalous
magnetic moment of the muon.1

In Refs. [33–36] five di�erent scenarios were analyzed, classified by the mechanism that
has the main impact on the resulting LSP relic density. The scenarios di�er by the nature
of the Next-to-LSP (NLSP). They comprise ‰̃

±
1 -coannhiliation, l̃

±-coannihilation with either
“left-” or “right-handed” sleptons close in mass to the LSP (“case-L” and “case-R”, respec-
tively), wino DM, as well as higgsino DM. In the first three scenarios the full amount of DM
can be provided by the MSSM, whereas in the latter two cases the measured DM density
serves as an upper limit. Requiring Eq. (3) at the 2 ‡ level, together with the collider and
DM constraints, results in upper limits on the LSP masses at the level of ≥ 500 GeV to
≥ 600 GeV for all five scenarios. Corresponding upper limits on the mass of the NLSP are
obtained for only slightly higher mass values.

It is interesting to note that there is another EW high-precision observable that shows
a (slight) discrepancy between the experimental result and the SM prediction, namely the
mass of the W boson, MW . The experimental world average is [45]

M
exp
W

= 80.379 ± 0.012 GeV , (4)

whereas the SM predicts a value of

M
SM
W

= 80.353 ± 0.004 GeV . (5)

For the central value of M
SM
W

we use the implementation in the code FeynHiggs [46] (see be-
low for details), while the quoted theoretical uncertainty is based on an estimate of unknown
higher-order corrections [47] (in a comparison of the result in the here used on-shell scheme
with a result in the MS scheme a di�erence of 6 MeV was reported [48]). It is expected that
this uncertainty can be reduced to ≥ 0.001 GeV within the next decades, see Ref. [49, 50]
and references therein.

Concerning the MSSM, in Refs. [51–53] it was shown that EW SUSY particles alone,
provided that they are su�ciently light, can induce significant shifts in the M

MSSM
W

prediction
w.r.t. M

SM
W

(taking into account the then valid lower limits on the EW SUSY masses). Those
results motivate a combined analysis investigating whether the discrepancy in aµ as given
in Eq. (3) and the di�erence between the current value of M

exp
W

as given in Eq. (4) and
the SM prediction of Eq. (5) could arise from loop corrections of the same type of SUSY
particles. While many papers interpreted the observed (g ≠2)µ discrepancy of 4.2 ‡ in SUSY
models [33–36, 54–116], none of those papers analyzed MW in this context.

In the present paper we analyze the prediction of M
MSSM
W

in view of the new world average
of a

exp
µ

. We focus on the five MSSM scenarios presented in Refs. [33, 34], well motivated
by DM constraints and characterized by relatively light EW SUSY particles and a heavy
colored supersymmetric spectrum. Since the squarks and the gluino are assumed to be heavy
in those scenarios, in agreement with the experimental bounds from direct searches, they
yield a negligible contribution to M

MSSM
W

. All analyzed parameter points are in agreement
1In Refs. [33, 34] the previous experimental result based on Refs. [12, 13] was used, while Ref. [33] was

updated with the new world average on (g ≠ 2)µ in Ref. [35].

2

Experimental average 
w/o CDF-II result

PDG 2020

Δr = Δα (ln
Mf

MZ ) + Δρ(m2
t ) + Δrrem (ln

MH

MZ )

MSM
W = 80.357 ± 0.006 GeV



W-Mass at CDF-II
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Science 376, 170–176 (2022) 

MW |CDF−II = 80433 ± 9.4 (MeV)

MW |CDF+D0 = 80427 ± 8.9 (MeV)

MW |CDF+D0+LEP = 80424 ± 8.7 (MeV)

Tevatron at 1.96 TeV with 8.8 fb−1

MSM
W = 80.357 ± 0.006 GeV



One-loop contribution

✦ SM-like contributions of quark and leptons to gauge bosons self-energies.


✦ SUSY contributions of squarks and sleptons to gauge boson self-energies.


✦ SM contributions from the gauge and Higgs sector that contains the vertex and box 
diagrams.


✦ SUSY contributions from neutralinos and charginos in self-energies, vertex diagram and box 
diagram.

One loop contribution to  can be divided into four classes.Δr

We analyse the numerical results forMW for various scenarios in the unconstrained MSSM
and for SPS benchmark scenarios [34]. The dependence of the result on the complex phases
of the soft SUSY-breaking parameters is investigated. We estimate the remaining theoretical
uncertainties from unknown higher-order corrections.

The outline of the paper is as follows. In Sect. 2 the basic relations needed for the
prediction of MW are given and our conventions and notations for the different SUSY sectors
are defined. In Sect. 3 the complete one-loop result MW including the full phase dependence
of the complex MSSM parameters is obtained. The incorporation of all available higher-order
corrections in the SM and the MSSM is described. The numerical analysis is presented in
Sect. 4, where we also estimate the remaining theoretical uncertainties in the prediction for
MW . We conclude with Sect. 5.

2 Prediction for MW – basic entries

Muons decay to almost 100% into eνµν̄e [35]. Historically, this decay process was first de-
scribed within Fermi’s effective theory. The muon decay rate is related to Fermi’s constant,
Gµ, by the defining equation

Γµ =
G2

µm
5
µ

192π3
F (

m2
e

m2
µ

)

(

1 +
3

5

m2
µ

M2
W

)

(1 +∆QED), (1)

with F (x) = 1 − 8x − 12x2 ln x + 8x3 − x4. By convention, the QED corrections in the
effective theory, ∆QED, are included in eq. (1) as well as the (numerically insignificant) term
3m2

µ/(5M
2
W ) arising from the tree-level W propagator. The precise measurement of the muon

lifetime and the equivalently precise calculation of ∆QED [36, 37] thus provide the accurate
value

Gµ = (1.16637± 0.00001× 10−5) GeV−2. (2)

In the SM and in the MSSM, Gµ is determined as a function of the basic model parameters.
The corresponding relation can be written as follows,

Gµ√
2
=

e2

8
(

1− M2
W

M2
Z

)

M2
W

(1 +∆r). (3)

The quantity ∆r summarizes the non-QED quantum corrections, since QED quantum effects
are already included in the definition of Gµ according to eq. (1), which makes the evaluation
of ∆r insensitive to infrared divergences. ∆r depends on all the model parameters, which
enter through the virtual states of all particles in loop diagrams,

∆r = ∆r(MW ,MZ , mt,α,αs, . . . , X) (4)

with

X = MHSM (SM),

X = Mh,MH ,MA,MH±, tanβ,Mf̃ , Af , mχ̃0,±, . . . (MSSM),

2

We analyse the numerical results forMW for various scenarios in the unconstrained MSSM
and for SPS benchmark scenarios [34]. The dependence of the result on the complex phases
of the soft SUSY-breaking parameters is investigated. We estimate the remaining theoretical
uncertainties from unknown higher-order corrections.

The outline of the paper is as follows. In Sect. 2 the basic relations needed for the
prediction of MW are given and our conventions and notations for the different SUSY sectors
are defined. In Sect. 3 the complete one-loop result MW including the full phase dependence
of the complex MSSM parameters is obtained. The incorporation of all available higher-order
corrections in the SM and the MSSM is described. The numerical analysis is presented in
Sect. 4, where we also estimate the remaining theoretical uncertainties in the prediction for
MW . We conclude with Sect. 5.

2 Prediction for MW – basic entries
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with F (x) = 1 − 8x − 12x2 ln x + 8x3 − x4. By convention, the QED corrections in the
effective theory, ∆QED, are included in eq. (1) as well as the (numerically insignificant) term
3m2
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W ) arising from the tree-level W propagator. The precise measurement of the muon
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Figure 1: Generic lepton and quark one-loop diagram contributing to ∆r via gauge-boson
self-energies; V1, V2 = γ, Z,W±, f1, f2 = ν, l, u, d.
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Figure 2: Generic squark and slepton one-loop diagrams which contribute to ∆r via gauge-
boson self-energies; f̃ , f̃1, f̃2 = ν̃, l̃, ũ, d̃.
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Figure 3: Generic gauge-boson contributions to one-loop gauge-boson and fermion self-
energies entering ∆r (the same diagrams as in the SM). The labels l and ν in the fermion
self-energy diagram stand for electron, muon and the corresponding neutrinos.
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One-loop contribution
SM CONTRIBUTION

MSSM CONTRIBUTION

The physical masses are denoted as mχ̃0
1,2,3,4

and are obtained in a diagonalisation proce-
dure using the matrix Nχ̃0 .

N∗
χ̃0YN†

χ̃0 =









mχ̃0
1

0 0 0
0 mχ̃0

2
0 0

0 0 mχ̃0
3

0
0 0 0 mχ̃0

4









. (17)

At the two-loop level also the gluino enters the calculation of MW . In our calculation below
we will incorporate the full phase dependence of the complex parameters at the one-loop
level, while we neglect the explicit dependence on the complex phases beyond the one-loop
order. Accordingly, we take the soft SUSY-breaking parameter associated with the gluino
mass, M3 ≡ mg̃, which enters only at two-loop order, to be real.

3 Calculation of ∆r

Our aim is to obtain a maximally precise and general prediction for MW in the MSSM. So
far the one-loop result has been known only for the case of real SUSY parameters [24,25]. In
this section, we evaluate the complete one-loop result in the cMSSM with general, complex
parameters and describe the incorporation of higher-order terms.

3.1 Complete one-loop result in the complex MSSM

Evaluation of the full one-loop results requires renormalisation of the tree-level Lagrangian.
This introduces a set of one-loop counter terms, which contribute to the muon decay ampli-
tude, in addition to the genuine one-loop graphs. At one-loop order, ∆r can be expressed in
terms of the W boson self-energy, vertex corrections (“vertex”), box diagrams (“box”), and
counterterms for charge, mass, and field renormalisation as follows,

∆r(α) =
ΣWW

T (0)

M2
W

−
δM2

W

M2
W

+ 2
δe

e
−

c2w
s2w

(

δM2
Z

M2
Z

−
δM2

W

M2
W

)

+
1

2
δZe

L +
1

2
δZνe

L +
1

2
δZµ

L +
1

2
δZ

νµ
L + (vertex) + (box), (18)

where ΣT (q2) denotes the transverse part of a vector boson self-energy. The leading contribu-
tions to ∆r(α) arise from the renormalisation of the electric charge and the weak mixing angle
(the last two terms in the first line of eq. (18)). The former receives large fermionic contribu-
tions from the shift in the fine structure constant due to light fermions, ∆α ∝ log(mf/MZ),
a pure SM contribution. The latter involves the leading universal corrections induced by the
mass splitting between fields in an isospin doublet [43],

∆ρ =
ΣZZ

T (0)

M2
Z

−
ΣWW

T (0)

M2
W

. (19)

In the SM ∆ρ reduces to the well-known quadratic term in the top-quark mass if the masses of
the light fermions are neglected. In the MSSM ∆ρ receives additional sfermion contributions,
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Figure 5: Generic gauge-boson contributions to one-loop vertex and box diagrams entering
∆r (the same diagrams as in the SM). The labels l and ν in the vertex diagrams stand for
electron, muon and the corresponding neutrinos.
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Figure 7: Generic neutralino and chargino contributions to one-loop vertex and box diagrams
entering ∆r. The labels l, ν stand for electron, muon and their corresponding neutrinos, and
the labels l̃, ν̃ indicate their respective superpartners.

detailed discussion of this point can be found in Refs. [12, 13]). After this subtraction, all
external momenta and all lepton masses can be neglected in the vertex and box diagrams, so
that this set of Feynman diagrams reduces to one-loop vacuum integrals.

In order to obtain the relevant contributions to ∆r, the Born-level amplitude needs to
be factored out. This is straightforward for the SM vertex and box graphs and also for the
SUSY vertex corrections. Concerning the box contributions, diagrams like graph (3) of Fig. 5
directly yield a Born-like structure (after simplifying the Dirac chain using, for instance, the
Chisholm identity, γµγνγρ = −iεµνρσγσγ5 + gµνγρ − gµργν + gνργµ), i.e.

MBorn-like box = MBorn ·∆rbox. (22)
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Parameter Minimum Maximum
µ -2000 2000

M
Ẽ1,2,3

= M
L̃1,2,3

100 2000
M

Q̃1,2
= M

Ũ1,2
= M

D̃1,2
500 2000

M
Q̃3

100 2000
M

Ũ3
100 2000

M
D̃3

100 2000
Ae = Aµ = A⌧ -3 M

Ẽ
3 M

Ẽ

Au = Ad = Ac = As -3 M
Q̃12

3 M
Q̃12

Ab -3 max(M
Q̃3

, M
D̃3

) 3 max(M
Q̃3

, M
D̃3

)
At -3 max(M

Q̃3
, M

Ũ3
) 3 max(M

Q̃3
, M

Ũ3
)

tan � 1 60
M3 500 2000
MA 90 1000
M2 100 1000

Table 1: Parameter ranges considered in the scans. All parameters with mass dimension are
given in GeV.

e↵ective bottom-quark mass). For every parameter point we test whether it is allowed by
direct Higgs searches using the code HiggsBounds (version 4.0.0) [40–42]. This code tests
the compatibility of the MSSM points with the search limits from LEP, the Tevatron and
the LHC. Running HiggsBounds, we take into account the theoretical uncertainties on the
Higgs masses using the estimate provided by FeynHiggs.

Our results presented below improve on earlier results given in Ref. [17] in several re-
spects. We study here the impact of both the limits from the Higgs boson searches as well as
from the signal observed at about 125.6 GeV. Furthermore we investigate constraints from
present and possible future limits from searches for SUSY particles. On a more technical
level, our analysis incorporates the SUSY two-loop corrections of O(↵2

t
), O(↵t↵b), O(↵2

b
),

which were not included in the scan results presented previously, and we perform a more
detailed scan involving a larger number of sampling points.

5.3 Results for MW in the MSSM

In this section we study the MSSM prediction for MW , starting in Fig. 1 where MW is
displayed as a function of the top-quark mass, mt, in the SM and the MSSM. The green area
shows the MSSM parameter space that is allowed by HiggsBounds and the various other
constraints described in the previous subsection. It should be noted that in this plot only the
limits from the Higgs searches are considered as constraints on the MSSM parameter space,
not the observed signal at about 125.6 GeV (the latter will be discussed below). The region
where the MSSM prediction for MW overlaps with the one in the SM is indicated by the red
strip, where MSM

H
= 125.6 ± 0.7 GeV (corresponding roughly to the 2 � experimental error

on MH) has been used for the SM prediction. The left plot shows the results on a larger
scale, in order to indicate the possible range of the MSSM prediction, while the right plot is
a zoom into the parameter region of the MSSM near the experimental central values of MW
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Accordingly, the SM prediction for MW turns out to be below the current experimental
value, M exp

W
= 80.385 ± 0.015 GeV, by about 1.5 �. The dominant theoretical uncertainty of

the prediction for MW arises from the parametric uncertainty induced by the experimental
error in the measurement of the top-quark mass. An experimental error of 1 GeV on mt

causes a parametric uncertainty on MW of about 6 MeV, while the parametric uncertain-
ties induced by the current experimental error of the hadronic contribution to the shift in
the fine-structure constant, �↵had, and by the experimental error of MZ amount to about
2 MeV and 2.5 MeV, respectively. The uncertainty of the MW prediction caused by the ex-
perimental error of the Higgs mass �M exp

H
= 0.35 GeV is significantly smaller (⇠ 0.2 MeV).

The uncertainties from unknown higher-order corrections have been estimated to be around
4 MeV in the SM for a light Higgs boson (MSM

H
< 300 GeV) [74].

5.2 MSSM parameter scan: Scan ranges and constraints

The prediction for MW in the MSSM is a↵ected by additional theoretical uncertainties from
unknown higher-order corrections of SUSY type. While in the decoupling limit those addi-
tional uncertainties vanish, they can be important if some SUSY particles, in particular in
the scalar top and bottom sectors, are relatively light. The combined theoretical uncertainty
from unknown higher-order corrections of SM- and SUSY-type has been estimated (for the
MSSM with real parameters) in Refs. [17, 89] as �MW = (4.7 � 9.4) MeV, depending on the
SUSY mass scale.

In the following we will investigate the prediction for MW in the MSSM based on scans
of the MSSM parameters over a wide range (using flat distributions). We have performed
two versions of those random scans, one where the top-quark mass is kept fixed at mt =
173.2 GeV and one where also mt is allowed to vary in the scan. Both scans use initially
⇠ 5 ⇥ 106 points, and dedicated smaller scans have been performed in parameter regions
where the SUSY contributions to MW are relatively large. The scan ranges are given in
Table 1. We have assumed that the value of M1 is fixed by the one of M2 in terms of the
usual GUT relation, M1 = 5/3 s2w/c2w M2. As mentioned above, we restrict our numerical
analysis to the case of real parameters. We include CKM mixing, but the numerical e↵ect
turns out to be negligible (below 0.01 MeV in MW ). Possible flavor violation in the SUSY
sector [19] is neglected here. In order to avoid unphysical parameter regions and regions of
numerical instabilities we disregard parameter points for which FeynHiggs indicates a large
theoretical uncertainty in the evaluation of the Higgs mass predictions. We furthermore
exclude points where stop and sbottom masses are mass-degenerate within less than 0.1 GeV
causing numerical instabilities in the gluino corrections of O(↵↵s) to �⇢.

All MSSM points included in our results have the lightest neutralino as LSP and have
SUSY particle masses that pass the lower mass limits from direct searches at LEP. The Higgs
and SUSY masses are calculated from the MSSM input parameters using FeynHiggs (ver-
sion 2.9.4) [103–106]. In the SM and SUSY higher-order corrections, as listed in Sect. 4.2,
the bottom-quark mass has been renormalized in the on-shell scheme. Accordingly, in our
evaluation of MW the bottom-quark pole mass, mpole

b
, is used everywhere. This also applies

to the calculation of the sbottom masses from the MSSM input parameters, and we have
modified the corresponding routine in FeynHiggs accordingly (in the calculation of the sbot-
tom masses furthermore a �b [109–112] correction enters, which can be absorbed into an
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Figure 1: Prediction for MW as a function of mt. Left: The green region shows the
HiggsBounds allowed region for the MSSM MW prediction. It has been obtained by scan-
ning over the MSSM parameters as described in the text. The cuts mt̃2

/mt̃1
< 2.5 and

m
b̃2

/m
b̃1

< 2.5 are applied. The red strip indicates the overlap region of the SM and the
MSSM, with MSM

H
= 125.6 ± 0.7 GeV. The two arrows indicate the possible size of the

slepton and the chargino (and neutralino) contributions. Right: zoom into the most relevant
region, with the SM area omitted.

and mt. In order to obtain the MSSM prediction shown as the green band in Fig. 1 we have
imposed as an additional restriction a limit on the mass splittings in the stop and sbottom
sector, which has been implemented via the conditions mt̃2

/mt̃1
< 2.5 and m

b̃2
/m

b̃1
< 2.5.

If no such condition on the mass splittings in the stop and sbottom sector were imposed,
even larger values of MW (up to ⇠ 80.8 GeV) would be possible in the MSSM, see also
the discussion in Ref. [17]. Since this parameter region far above the experimental value of
MW is of little phenomenological interest, we will not consider it further here. While it is
well-known that a non-zero SUSY contribution tends to increase the prediction for MW as
compared to the SM case, close inspection of Fig. 1 reveals that there exists a small MSSM
(green) region below the overlap region between the MSSM and the SM (red), which is best
visible for the largest mt values. The reason for this feature lies in the fact that, as explained
above, the SM prediction is shown for the range MSM

H
= 125.6±0.7 GeV, while no restriction

from the signal observed in the Higgs searches has been applied to the MSSM parameter
space. As a consequence, the MSSM region (green) contains parameter points where the
lightest CP-even Higgs boson of the MSSM has a mass above the range allowed for MSM

H

(and below the upper bound on Mh in the MSSM, which increases with increasing mt). In
the decoupling region, where all superpartners are heavy, the MSSM prediction for MW in
this case corresponds to the prediction in the SM with a higher value of MSM

H
, which yields
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✓ The lightest electroweakinos and sleptons are important for both observables.


✓ Is there a correlation between the values assumed by muon (g-2) and MW in the MSSM?


✓ Assuming that the neutralino contributes to the observed DM relic density, is there a 
correlation with specific DM mechanisms?



Electroweak-MSSM



The MSSMThe Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

⇒ large uncolored / EW sector

Sven Heinemeyer – Snowmass meeting: Compressed Electroweak SUSY, 10/19/20 4



EW Gauginos

Neutralino

Chargino

B̃

W̃3

H0
u

H0
d

W̃±

H±
u/d

Masses and mixing are determined by U(1) and SU(2) gaugino masses  
,  and Higgs mass parameter .M1 M2 μ

MN =

M1 0 −MZ cβ sW MZ sβ sW

0 M2 MZ cβ cW −MZ sβ cW
−MZ cβ sW MZ cβ cW 0 −μ
MZ sβ sW −MZ sβ cW −μ 0

Chargino Mass Matrix

Neutralino Mass Matrix

MC =
M2 2MWcβ

2MWsβ μ

Four Parameters M1, M2, μ, tan β

LSP in RPC

DM

χ̃0
1

χ̃0
2

χ̃0
3

χ̃0
4

χ̃±
1

χ̃±
2

Mass

Diag.

Mass
Diag.



Sleptons

M2
L̃ = (m2

l + m2
LL mlXl

mlXl m2
l + m2

RR)
Slepton Mass Matrix

m2
LL = m2

L̃ + (I3L
l − Qf s2

w)M2
z c2β

m2
RR = m2

R̃ + Qf s2
wM2

z c2β

Xl = Al − μ(tan β)2I3L
l

Parameters M1, M2, μ, tan β , mL̃ , mR̃

ml̃1
∼ mLL ml̃2

∼ mRRFirst two gens.
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Constraints from DM and LHC 
searches on EW-MSSM



★ EW sector may be hiding the key to new physics.

★ Modest production cross section, mass bounds from the LHC comparably weak.


★ May show up elsewhere : DM experiments,   ..(g − 2)μ

Electroweak MSSM at LHC

20



EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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Relevant searches at the LHC

Proper recasting is important  checkMATE 

•Trilepton searches

13 TeV, 36 fb−1

ATLAS [1803.02762]

• Compressed spectra searches
ATLAS 1911.12606
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Relevant searches at the LHCEW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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Compressed

139 fb−1

36 fb −1

Proper recasting is important  checkMATE 

• Slepton pair production

ATLAS [1908.08215]

13 TeV, 139 fb−1

ATLAS 1911.12606

22



DM Constraints
EW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

DM relic density constraint

Some annihilation channels that could give right relic density :

There can be coannihilations with sparticles of slightly heavier masses:

16 / 21

EW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

DM direct detection

Relies on elastic scattering of LSP o↵ nuclei in a detector : nuclear
recoil energy is measured.

Interactions can be spin-dependent/independent.

Diagrams contributing to SI interactions

Diagrams contributing to SD interactions

17 / 21

Relic Density Direct Detection

A well-tempered bino-wino or bino-higgsino LSP is favorable for chargino co-annihilation while a bino 
dominated LSP will work for slepton co-annihilation. 



Classification based on DM nature
Relic 

Abundance

Correct abundance 
ΩDMh2 = 0.120 ± 0.001

Higgsino
Bino-Wino

under-abundant 
ΩDMh2 ≤ 0.120 ± 0.001

Bino (Slepton 
Co-ann  Case-L)

Bino (Slepton Co-
ann  Case-R)

Wino

under-abundant DM requirement follows the (g-2) preferred mass region.{



Analysis flow

GM2Calc

CheckMATE

SuSpect Spectrum generation

(g − 2)μ @ 2 loop

MicrOMEGAS DM observables

LHC  constraints

Δaμ = (25.1 ± 5.9) × 10−10

ΩCDMh2 = ( ≤ ) 0.120 ± 0.001

Direct detection SI bounds from XENON1T 

25

Muon (g-2)

Dark Matter Results

Correct (low) Relic abundance.



 

LHC searches recasting with CheckMATE

Event generation MG5_aMC@NLO

Showering and hadronization Pythia8

Delphes

SR definition and

 statistical evaluation

Detector effect

New analysis implementation 

Drees,  Dreiner, Schmeier, Tattersall, Kim ‘ 13

Kim, Schmeier, Tattersall, Rolbiecki ‘15

Dercks, Desai, Kim, Rolbiecki, Tattersall ‘16


• ATLAS [1803.02762]

• ATLAS [1803.02762]

• ATLAS [1908.08215]

EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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Most relevant in our case

And, Compressed spectra searches. 26

Trilepton searches

Dilepton searches



Bino-Wino Co-annihilation

Upper and lower bounds  from  and 
LHC searches ( including compressed 
spectrum) respectively.

(g − 2)μ

It is known [74–78] that a wino-like (higgsino-like) LSP fulfilling the relic density
constraint, Eq. (20), results in m‰̃0

1
≥ 2.9(1.1) TeV, which yields a SUSY spectrum too

heavy to fulfil the (g≠2)µ constraint. On the other hand, the possibility of mixed bino-
higgsino LSP is strongly constrained by the DD experiments, as discussed in Sect. 3.4.
Consequently, we are left with the bino or mixed bino-wino like LSP. We choose the
parameters according to,

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 1.1M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

100 GeV Æ ml̃L
Æ 1 TeV, ml̃R

= ml̃L
. (21)

Here we choose one soft SUSY-breaking parameter for all sleptons together. While
this choice should not have a relevant e�ect in the ‰̃

±
1 -coannihilation case, this have

an impact in the next case. In our scans we will see that the chosen lower and upper
limits are not reached by the points that meet all the experimental constraints. This
ensures that the chosen intervals indeed cover all the relevant parameter space.

l̃±
-coannihilation region

Another well-known mechanism to bring the relic density of the ‰̃
0
1 into agreement

with the experimental data is slepton coannihilation. As above we choose only one soft
SUSY-breaking parameter for all slepton generations. This links automatically, stau-
coannihilation and aµ, which in principle are unrelated, see, e.g., [37, 91]. However, to
keep the number of free parameters at a manageable level, we keep this restriction in
our analysis and leave the case with di�erent possible masses for di�erent generations
for future work. On the other hand, we cover the two distinct cases that either the
SU(2) doublet sleptons, or the singlet sleptons are close in mass to the LSP.
(B) Case-L: SU(2) doublet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 GeV Æ ml̃L
Æ 1.2M1, M1 Æ ml̃R

Æ 10M1 . (22)

(C) Case-R: SU(2) singlet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 GeV Æ ml̃R
Æ 1.2M1, M1 Æ ml̃L

Æ 10M1 . (23)

In all three scans we choose flat priors of the parameter space and generate O(107) points.
In particular in the Case-L up to six sleptons can be close in mass, the three charged

“left-handed” sleptons as well as their respective neutralinos. To give an idea of the still
present mass splitting we show in Fig. 2 the mass di�erence between the light smuon and
(left) the muon sneutrino, or (right) the light stau. In green we show the points fulfilling the
(g ≠ 2)µ constraint (Eq. (16)), in dark blue the points that additionally give the correct DM
relic density. The SU(2) relation enforces that the sneutrino is slightly lighter than the light

12

Bino-wino co-annihilation

27

(Correct abundance) 

NLSP mass upper bound around 750 GeV.

EUR.PHYS.J.C  81  (2021)  12,  1114  



Less no. of signal leptons.

•  Considerable BR for  ẽL(μ̃L) → χ̃±
1 νe(νμ)

• Slepton-pair production ( 2l + missing   ) 
provides important search channel 

→ ET

ATLAS  13 TeV limit

28

Additional LHC bounds come from slepton 
searches.

EUR.PHYS.J.C  81  (2021)  12,  1114  

Bino-Wino Co-annihilation



Slepton Co-annihilation: Case-L

                                                            Large

The left-sleptons and sneutrinos are close in 
mass to the LSP.  NLSP mass upper bound 

around 750 GeV.

29

(Correct abundance) 

EUR.PHYS.J.C  81  (2021)  12,  1114  



Slepton Co-annihilation: Case-L

(g ≠ 2)µ bound.

(a) (b)

Figure 8: The results of our parameter scan in the ‡SI
p ≠ m‰̃0

1
plane for the l̃±-coannihilation Case-L.

The color coding as in Fig. 4.

In Fig. 9 we show the results in the m‰̃0
1
-m‰̃±

1
plane with the same color coding as in Fig. 7.

The (g ≠ 2)µ limits on m‰̃0
1

become slightly stronger for larger chargino masses, as expected
from Eq. (19), and upper limits on the chargino mass are set at ≥ 3 TeV (≥ 2.5 TeV) for
the current (anticipated future) precision in aµ. The LHC limits cut away a lower wedge
going up to m‰̃±

1
<
≥ 600 GeV, driven by the bound in Eq. (5), shown as the red dashed line

in Fig. 1a. As in the ‰̃
±
1 -coannihilation case, also here the upper limit on m‰̃±

1
is strongly

reduced w.r.t. the “naive” application, which goes up to m‰̃±
1

<
≥ 1100 GeV for negligible

m‰̃0
1
. The reason for the weaker limit can be attributed to two factors. First, the significant

branching ratios of BR(‰̃±
1 æ ·̃1‹· ) and BR(‰̃0

2 æ ·̃1·) respectively, which are considered
to be absent in the ATLAS analysis. Second, the notably large branching ratio of ‰̃

0
2 to the

invisible modes ‰̃
0
2 æ ‹̃‹. Tab. 3 gives an idea of the relevant BRs of two sample points

taken from the parameter space of Case-L, with their mass spectra given in the same table.
This again emphasizes the importance of the recasting of the LHC searches that we have
applied.

The results for the l̃
±-coannihilation Case-L in the m‰̃0

1
-tan — plane are presented in

Fig. 10. The overall picture is similar to the ‰̃
±
1 -coannhiliation case shown above in Fig. 6.

Larger LSP masses are allowed for larger tan — values. On the other hand the combination
of small m‰̃0

1
and large tan — leads to a too large contribution to a

SUSY
µ and is thus excluded.

As in Fig. 6 we also show the limits from H/A searches at the LHC, where we set (as
above) m‰̃0

1
= MA/2, i.e. roughly to the requirement for A-pole annihilation, where points

above the black lines are experimentally excluded. In this case for the current (g ≠ 2)µ

limit substantially more points passing the (g ≠ 2)µ constraint “survive” below the black

20

, BR( χ̃0
2 → ν̃ν)

( 3l + missing   ) exclusion limit weakens ET

                                                            Large

ATLAS  13 TeV limit

30

(Correct abundance) 

Additional LHC bounds come from chargino 
plus heavier neutralino searches.

EUR.PHYS.J.C  81  (2021)  12,  1114  



Higgsino:

                                                            Large

31

Chargino-neutralino compressed spectrum 
searches are important in addition to slepton 

searches.

(Upper limit from relic abundance) 

EUR.PHYS.J.C  81  (2021)  12,  1069  FUTURE DIRECT DETECTION AND LHC CONSTRAINTS WILL 
BE IMPORTANT FOR THESE SCENARIOS.

Bino DM with l̃±-coannihilation region
(B) Case-L: SU(2) doublet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 Æ m
l̃L

Æ 1.2M1, M1 Æ m
l̃R

Æ 10M1 . (9)

(C) Case-R: SU(2) singlet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 Æ m
l̃R

Æ 1.2M1, M1 Æ m
l̃L

Æ 10M1 . (10)

(D) Higgsino DM

100 GeV Æ µ Æ 1.2 TeV , 1.1µ Æ M1 Æ 10µ ,

1.1µ Æ M2 Æ 10µ, 5 Æ tan — Æ 60,

100 GeV Æ m
l̃L

, m
l̃R

Æ 2 TeV . (11)

(E) Wino DM

100 GeV Æ M2 Æ 1.5 TeV , 1.1M2 Æ M1 Æ 10M2 ,

1.1M2 Æ µ Æ 10M2, 5 Æ tan — Æ 60,

100 GeV Æ m
l̃L

, m
l̃R

Æ 2 TeV . (12)

For each of the five scenarios a data sample of O(107) points was generated by scanning
randomly over the input parameter ranges specified above, using a flat prior for all param-
eters. Since we have assumed the colored SUSY sector to be heavy, the parameters of the
squark and gluino sectors are not varied in the scan (see above for the prescription that was
used for obtaining a prediction for the mass of the SM-like Higgs boson that is in agreement
with the experimental result). We have checked for our scan points that the contribution
from colored SUSY particles to M

MSSM
W

is indeed negligible.

3 Results
In the following we present the results for the scan points that are allowed by the experimental
and theoretical constraints specified in Sect. 2.2 in the five scenarios defined above. In
particular, the displayed scan points are in agreement with �aµ, as given in Eq. (3), at the 1
and 2 ‡ level.

In Fig. 1 we show in the �a
MSSM
µ

–MW plane the results for the five scenarios corre-
sponding to the l̃

±-coannihilation case-L and case-R, the ‰̃
±
1 -coannihilation case, the wino

7

Higgsino



Wino:

                                                            Large

32

Wino

Disappearing track searches are relevant in 
addition to slepton searches.

(Upper limit from relic abundance) 

EUR.PHYS.J.C  81  (2021)  12,  1069  FUTURE DIRECT DETECTION AND LHC CONSTRAINTS WILL 
BE IMPORTANT FOR THESE SCENARIOS.

Bino DM with l̃±-coannihilation region
(B) Case-L: SU(2) doublet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 Æ m
l̃L

Æ 1.2M1, M1 Æ m
l̃R

Æ 10M1 . (9)

(C) Case-R: SU(2) singlet

100 GeV Æ M1 Æ 1 TeV , M1 Æ M2 Æ 10M1 ,

1.1M1 Æ µ Æ 10M1, 5 Æ tan — Æ 60,

M1 Æ m
l̃R

Æ 1.2M1, M1 Æ m
l̃L

Æ 10M1 . (10)

(D) Higgsino DM

100 GeV Æ µ Æ 1.2 TeV , 1.1µ Æ M1 Æ 10µ ,

1.1µ Æ M2 Æ 10µ, 5 Æ tan — Æ 60,

100 GeV Æ m
l̃L

, m
l̃R

Æ 2 TeV . (11)

(E) Wino DM

100 GeV Æ M2 Æ 1.5 TeV , 1.1M2 Æ M1 Æ 10M2 ,

1.1M2 Æ µ Æ 10M2, 5 Æ tan — Æ 60,

100 GeV Æ m
l̃L

, m
l̃R

Æ 2 TeV . (12)

For each of the five scenarios a data sample of O(107) points was generated by scanning
randomly over the input parameter ranges specified above, using a flat prior for all param-
eters. Since we have assumed the colored SUSY sector to be heavy, the parameters of the
squark and gluino sectors are not varied in the scan (see above for the prescription that was
used for obtaining a prediction for the mass of the SM-like Higgs boson that is in agreement
with the experimental result). We have checked for our scan points that the contribution
from colored SUSY particles to M

MSSM
W

is indeed negligible.

3 Results
In the following we present the results for the scan points that are allowed by the experimental
and theoretical constraints specified in Sect. 2.2 in the five scenarios defined above. In
particular, the displayed scan points are in agreement with �aµ, as given in Eq. (3), at the 1
and 2 ‡ level.

In Fig. 1 we show in the �a
MSSM
µ

–MW plane the results for the five scenarios corre-
sponding to the l̃

±-coannihilation case-L and case-R, the ‰̃
±
1 -coannihilation case, the wino

7



Future prospects (under abundant DM)

  EUR.PHYS.J.C  81  (2021)  12,  1069  

Δaμ = (25.1 ± 5.9) × 10−10

ΩCDMh2 ≤ 0.120 ± 0.001

Direct detection SI bounds from 
XENON1T 

ILC- 1 TeV reach

Compressed Chargino-Neutralino spectrum 
at future lepton colliders has high hope. 

‘Wino and Higgsino Factory’

33

https://arxiv.org/abs/2112.01389
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Figure 1: Results for the five considered scenarios in the �aMSSM
µ –MW plane, where the prediction for

�aMSSM
µ has been evaluated with the code GM2Calc-1.7.5 [135]. The points for the l̃±-coannihilation

case-L and case-R, the ‰̃±
1 -coannihilation case, the wino and the higgsino case are shown in green, blue,

red, orange and violet, respectively. The vertical blue lines indicate the central value of �aµ as given
in Eq. (3) (solid) and its ±1 ‡ range (dashed). The displayed points are restricted to the ±2 ‡ range
of �aµ. The horizontal lines indicate the current central value for M exp

W
(solid green), the current

±1 ‡ uncertainties (green dashed) and the anticipated ILC ±1 ‡ (red dot-dashed) uncertainties. The
SM prediction is shown as a point for �aMSSM

µ = 0, while the gray band indicates the theoretical
uncertainty of the SM prediction for MW from unknown higher-order corrections.

and the higgsino case. The prediction for �a
MSSM
µ

has been evaluated with the code
GM2Calc-1.7.5 [135]. The vertical solid blue line indicates the value of �aµ as given in
Eq. (3), while its ±1 ‡ range is indicated by the blue dashed vertical lines. The displayed
points are restricted to the ±2 ‡ range of �aµ. The horizontal lines indicate the current
central value for M

exp
W

(solid green), the current ±1 ‡ uncertainties (green dashed) and the
anticipated ILC ±1 ‡ (red shaded) uncertainties. The SM prediction is shown in gray, in-
cluding the theoretical uncertainty from unknown higher-order corrections.

One can observe in all scenarios a lower limit on M
MSSM
W

that for small �a
MSSM
µ

, cor-
responding to heavy EW SUSY masses, recovers the SM prediction (within ≥ 1 MeV; this
o�set would be absent for even smaller values of �a

MSSM
µ

). The lower limit rises for increas-
ing �a

MSSM
µ

by up to ≥ 3 MeV. Thus, the relatively light SUSY particles that are required
for larger values of �a

MSSM
µ

give rise to a slight increase in the prediction for MW that is
independent of the variation of the other parameters in the scan. While this lower limit

8

100 200 300 400 500 600

m¬̃0
1

[GeV]

80.35

80.36

80.37

80.38

80.39

80.40

80.41

M
W

[G
eV

]

Mexp
W

+æ

°æ

M ILC
W

MSM
W

l̃ coann. case-L

l̃ coann. case-R

¬̃± coann. (B̃-W̃ )

¬̃± coann. (W̃ )

¬̃± coann. (H̃)

Figure 3: Results for the five scenarios in the m
‰̃

0
1
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Interpretation of muon (g-2) and MW

• Heavy EW masses corresponding to low  recovers the SM prediction, the decoupling limit.


• The scenario of Wino DM and slepton co-annihilation (case-L) can give rise to sizable contribution to 
MW upto 25 and 20 MeV respectively.

ΔaMSSM
μ

CDF-II = 80.433 +- 0.009
FeynHiggsv2.18.1
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Interpretation of muon (g-2) and MW

• Lightest chargino of mass  GeV in Wino DM case give rise to the largest value for  while left-
handed smuon less than 250 GeV is favored for slepton co-annihilation in consistent with muon (g-2), DM and 
LHC searches.


• For wino DM, the vertex and box diagram is important while for the sleptons the self-energy diagrams 
contributions are relevant.

mχ̃±
1

≤ 200 MMSSM
W

CDF-II = 80.433 +- 0.009
FeynHiggsv2.18.1



Conclusions
✤ It is possible to constrain the EW MSSM with the help of indirect constraints 

along with the direct collider limits.


✤ DM and muon (g-2) constraint put effective upper limit on EW SUSY NLSP 
masses while LHC limits restrict the mass ranges from below.


✤ LHC exclusion bound strongly depends on EW gaugino composition. Proper 
recasting of ATLAS/CMS analysis relaxes the existing bound.


✤ Searches at future lepton colliders i.e. ILC (1 TeV) will be conclusive.


✤ The light EW sector consistent with muon (g-2), DM and LHC can contribute to 
the W-mass up to maximum 25 MeV. The slepton coannihilation (case-L) and 
Wino DM scenario give the largest contribution to MW.


✤ If the W-mass anomaly persists in future with a substantially large deviation 
from the current PDG value, an analysis including the light stop/sbottom sector 
will be necessary.
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Thank You!

37



W-Mass and CDF-II Anomaly
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Figure 13: Measured value of mW compared to those from the ALEPH [61], DELPHI [62],
L3 [63], OPAL [64], CDF [10], D0 [11] and ATLAS [12] experiments. The current prediction of
mW from the global electroweak fit is also included.

10 Summary and Conclusion

This paper reports the first measurement of mW with the LHCb experiment. A data
sample of pp collisions at

p
s = 13TeV corresponding to an integrated luminosity of

1.7 fb�1 is analysed. The measurement is based on the shape of the pT distribution of
muons from W boson decays. A simultaneous fit of the q/pT distribution of W boson decay
candidates and of the �⇤ distribution of Z boson decay candidates is verified to reliably
determine mW . This method has reduced sensitivity to the uncertainties in modelling the
W boson transverse momentum distribution compared to previous determinations of mW

at hadron colliders. The following results are obtained

mW = 80362± 23stat ± 10exp ± 17theory ± 9PDFMeV,

mW = 80350± 23stat ± 10exp ± 17theory ± 12PDFMeV,

mW = 80351± 23stat ± 10exp ± 17theory ± 7PDFMeV,

with the NNPDF3.1, CT18 and MSHT20 PDF sets, respectively. The first uncertainty
is statistical, the second is due to experimental systematic uncertainties, and the third
and fourth are due to uncertainties in the theoretical modelling and the description of the
PDFs, respectively. Treating the three PDF sets equally results in the following arithmetic
average

mW = 80354± 23stat ± 10exp ± 17theory ± 9PDFMeV.
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Lattice result

Collaboration aLOHVP
µ (ud) aLOHVP

µ (s) aLOHVP
µ (c) aLOHVP

µ,disc aLOHVP
µ

LM-20 [84] 657(29) 52.8(7) 14.3(7) �11.2(4.0) 714 (30)
BMW-20 [85] 633.7(4.7) 53.4(1) 14.6(1) �18.6(2.0) 707.5 (5.5)

ETM-18/19 [76, 77] 629.1(13.7) 53.1(2.6) 14.75(56) - 692.1 (16.3)
Mainz/CLS-19 [78] 674(13) 54.5(2.5) 14.66(45) �23.2(5.0) 720.0 (15.9)
FHM-19 [79, 80] 637.8(8.8) - - �13(5) 699 (15)
PACS-19 [81] 673(14) 52.1(5) 11.7(1.6) - 737 (+15

�20)
RBC/UKQCD-18 [82] 649.7(15.0) 53.2(5) 14.3(7) �11.2(4.0) 717.4 (18.7)
BMW-17 [83] 647.6(19.2) 53.73(49) 14.74(16) �12.8(1.9) 711.1 (19.0)

Mainz/CLS-17 [86] 588.2(35.8) 51.1(1.7) 14.3(2) - 654 (+38
�39)

HPQCD-16 [87] 599.0(12.5) - - 0(9)(�) 667 (14)

Table 4: Lattice results for flavor-specific (ud,s,c,disc) contributions and the full evaluations of aLOHVP
µ [76–88].

Where available, these results include all necessary corrections (e.g., strong and QED isospin breaking corrections),
although these corrections are not explicitly stated here. The errors displayed are the statistical and systematic
uncertainties, added in quadrature. All results are given as aLOHVP

µ ⇥ 1010. The ETM18/19 [76, 77], Mainz/CLS-
19 [78], FHM-19 [79, 80], PACS-19 [81], RBC/UKQCD-18 [82] and BMW-17 [83] results in-between the dashed lines
are those included in the average of lattice results advocated in [38].

Figure 8: Results for (aSM
µ � aEXP

µ ) ⇥ 1010 when aLOHVP
µ is taken from various lattice [76–88] and data-driven [10,

57, 89, 90]. The filled dark blue circles are lattice results [76–83] that are included in the lattice average advocated
in [38], which is given indicated by the light-blue band. The unfilled dark blue circles are those results not included
in the average [84–88, 91]. The red squares show results from data-driven determinations of aLOHVP

µ , where filled
squares are those included in the merged data-driven result [10, 57] (given by the black square marker and grey
band) and unfilled squares are not [89, 90]. The purple triangle shows a hybrid result where noisy lattice data at very
short and long distances are replaced by e+e� ! hadrons cross section data [82]. The yellow band indicates the “no
new physics” scenario, where aLOHVP

µ results are large enough to bring the SM prediction of aµ into agreement with
experiment. The grey band in the center of this indicates the projected experimental uncertainty from the Fermilab
Muon g � 2 experiment. This figure has been adapted from [38, 92].
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