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Muon anomalous magnetic moment : g-2

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

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

V. COMPUTING aμ AND CONCLUSIONS

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

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

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

p measurements, and hence for the ratios
R0

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

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

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

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

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

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

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

the temperature in the experimental hall have led to greater

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

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

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

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

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

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

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

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)

141801-7

QED EW
Hadronic vacuum 
polarization (HPV)

Hadronic light- 
By-light (Hlbl)

FNAL Muon g-2 Experiment (PRL.126.141801)

aμSM= 116591810(43) x 10-11

aμFNAL = 116592040(54) x 10-11

aμ = (g-2)/2

aμEXP— aμSM = (251 ± 59) x 10-11 
4.2σ discrepancy !

Theory
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lattice QCD (BMW)
Standard Model

The latest lattice result for HVP 
reduces tension…[BMW, Nature 2021] 

1.5σ

(In the White Paper analysis, HVP is 
estimated by the phenomenological 
method.)

BMW HVP causes additional tension in
e-e+ → 2π cross section observation…

White Paper

[Colangelo et.al. arXiv:2010.07943]



New Physics Explanation ?

aμEXP— aμSM = (251 ± 59) x 10-11 

NP
aμNP = O(100) x 10-11 

New physics with

can explain the discrepancy !μμ

cf.

aμEW = 153.6(1.0) x 10-11 

Electroweak loop contribution :

New physics within a TeV range can explain the deviation !

Supersymmetry (SUSY) ? 



SUSY explanation of g-2 is no more easy…

SUSY
aμSUSY = O(100) x 10-11 

requires SUSY particles within a TeVμμ

Tree-level quartic term: One-loop log enhanced:

-λ =
1
4
(g2

1 + g2
2) cos2 2β

2

Observed Higgs boson mass mh = 125.15 ± 0.17 GeV requires 

m2
h ∼ m2

Z +
3y2

t m2
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4π2
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m2
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t

mSUSY = multi-TeV range 
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Figure 1: The predicted Higgs mass and aµ in the minimal GMSB. For each value of tan �, we vary
FZ/AZ and Mmess 2 [104, 1016] GeV. The vertical and the horizontal shaded regions correspond to
the observed values of the Higgs boson mass and aµ, respectively. For the Higgs mass constraint,
we include the theoretical uncertainty of the prediction of the Higgs mass.

coupling constants at the GUT scale, MGUT. The index a = 1, 2, 3 corresponds to the MSSM gauge

groups, U(1)Y , SU(2)L, and SU(3)c, respectively. ↵a are corresponding fine structure constants. C�

2

are the quadratic Casimir invariants of the representations r�
a
, and Q

�

Y
is the U(1)Y charges of the

scalar field �. We have assumed FZ/kA
2

Z
⌧ 1. The SUSY breaking trilinear A-terms vanish at the

messenger scale. The mediated SUSY breaking masses are independent of the coupling constant k

at the leading order.1 We call Eqs. (2.3) and (2.4) the GUT relation.

In Fig. 1, we show the predicted Higgs boson mass and aµ in the minimal GMSB for N5 = 1

(left) and N5 = 5 (right). In the figure, we vary FZ/AZ and Mmess 2 [104, 1016] GeV for a given

tan �. In our analysis, we have used the programs SOFTSUSY 4.1.10 [49] to estimate the SUSY

mass spectrum, FeynHiggs 2.18.0 [50] for the Higgs mass calculation, and GM2Calc 1.7.5 [51]

for the aµ estimation. In our analysis, we adopt the PDG average of the top mass measurement

mt = 172.76 ± 0.30GeV [52]. The Higgs mass is measured as mh = 124.97 ± 0.24GeV by the

ATLAS collaboration [53] and mh = 125.38± 0.16GeV by the CMS collaboration [54]. In addition

to the experimental error of the Higgs mass measurement, there are theoretical uncertainties of the

Higgs mass estimation originated from missing higher-order corrections and the experimental and

the theoretical errors of the top mass (see e.g., Ref. [55]). In this analysis, we assume the theoretical

uncertainty of the Higgs mass boson is 1GeV.

As the figures show, aµ|SUSY is below 10�10 when the Higgs boson mass is mh ' 125GeV. Thus,

we find that the minimal GMSB fails to explain aµ and the Higgs boson mass simultaneously. Note

that the ratio between the slepton masses and the squark masses deviates from the GUT relation

1The k dependence of the soft masses appears in higher order terms, O
�
F

2
Z
/k

2
A

4
Z

�
, at the messenger scale.

The soft masses also has a logarithmic dependence on k through the messenger mass, Mmess = kAZ .

3

SUSY explanation of g-2 is no more easy…

In conventional SUSY (here we assume gauge mediation)

JHEP 07 (2021) 098  MI et. al.

g-2 and mh  cannot be explained simultaneously…
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SUSY explanation of g-2 is no more easy…

Closer Look :
aμSUSY = O(100) x 10-11 requires 

SUSY partners of the muon and the weak bosons within a TeV

mh = 125.15 ± 0.17 GeV requires 
SUSY partners of the top quark in the multi-TeV

Can we make consider models with
mstop ~ 10TeV
msmuon, mwino, mBino, mHiggsino < TeV ?

Naive models end up with too large CP violation…

Here, we have assumed |kD,LFZ0/A
2

ZD,L
| ⌧ 1. With the violation of the GUT relation, it is possible

to explain aµ and the observed Higgs boson mass simultaneously by taking |⇤D

GMSB
| � |⇤L

GMSB
| (see

e.g., Ref. [61]).2

The GUT violating messenger interactions, however, introduce new sources of CP violation.

Unlike the messenger coupling in Eq (2.1), we can not eliminate all of the complex phases of the

parameters in Eq. (2.5) by field redefinitions. As a result, there is a relative phase of O(1) between

⇤D

GMSB
and ⇤L

GMSB
, which propagates to the gaugino masses and B through the renormalization

group (RG) equations. Once the gaugino masses and B have relative phases of O(1), the resultant

soft parameters can induce the non-vanishing electric dipole moments (EDMs). In particular, the

electron EDM, de, is roughly correlated with aµ

����
de

e

���� ⇠
1

2

me

m2
µ

⇥ aµ|SUSY ⇠ 10�24 cm⇥

✓
aµ|SUSY

2⇥ 10�9

◆
, (2.12)

where e is the QED coupling constant and me is the electron mass.3 By comparing this equation

with the current upper bound on the electron EDM given by ACME [62],
����
de

e

���� < 1.1⇥ 10�29 cm , (2.13)

we see that an accidental tuning is required.

3 CP-Safe GMSB without GUT Relation

In the above discussion, we have found that:

• GUT violating messenger coupling is required to explain the aµ and the Higgs mass simultane-

ously

• Naive GUT violation of the messenger coupling ends up with a too large electron EDM.

In this section, we propose a model of the GUT violating messenger sector which avoids the CP

violating phases.

3.1 Alignment of CP phases

To avoid the unwanted CP phases in the GUT violating messenger coupling, let us introduce two

independent SUSY breaking fields, ZD and ZL. As we will see shortly, they obtain the VEVs of

hZDi = AZD + FZD✓
2
, (3.1)

hZLi = AZL + FZL✓
2
. (3.2)

2For successful model, the Higgs soft masses squared also require additional sources other than GMSB. We will
discuss this point in the next section.

3When either the Bino or the Wino decouples from the SUSY contributions to aµ, the gaugino mass contribution
to the EDM can be suppressed if we can tune the complex phases of µ and B.
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Electron EDM : 

Experimental constraint  :
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Muon g − 2 in Gauge Mediation without SUSY CP Problem 
Masahiro Ibe, Shin Kobayashi, Yuhei Nakayama, Satoshi Shirai

JHEP 07 (2021) 098 

Our model achieves : 
mstop ~ 10TeV
msmuon, mwino, mBino, mHiggsino < TeV 
No serious CP violation without fine-tuning

aμSUSY = O(100) x 10-11 is achieved 

mh = 125.15 ± 0.17 GeV is achieved 

No SUSY CP problem  ( ← Highly Non-Trivial ! )
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Figure 5: The current collider constraints on the Higgsino-Wino system. The orange lines show the
rough upper limits on the left-handed slepton mass to explain the observed aµ.

measurement and the SM signature estimation at the LHC. At present, we cannot get a reliable

constraint from the precision measurement at the LHC.

In Fig. 5, we show the current LHC and LEP chargino constraints on the plane of the Wino

and Higgsino mass parameters M2 and µ with tan � = 40. We show the excluded regions by the

disappearing charged track in green, soft di-lepton in blue and tri-lepton in red.

In the present model, the dominant contributions to aµ|SUSY come from the left-handed slepton-

Wino-Higgsino loops. Thus, for given M2, µ and tan �, we can predict the left-handed slepton mass

to explain aµ. In Fig. 5, we also show the rough upper limit on the left-handed slepton mass to

explain the observed aµ by the Higgsino-Wino contribution at the one-loop level. The figure shows

that the LHC constraint, m˜̀
L
> 660GeV, favors the Higgsino-Wino mass within 100GeV–600GeV.

5.2 Scalar lepton constraint

To explain aµ, the scalar leptons should also be light. In the present model, the left-handed slepton

is typically lighter than the right-handed slepton since ⇤L

GMSB
⌧ ⇤D

GMSB
. Therefore the constraint on

the left-handed sleptons is relevant for the present model, where the left-handed sleptons dominantly

decay into the Wino-like chargino and neutralino.

If the Wino is the NLSP, we can directly apply the constraint on simplified model of ˜̀
L !

`�̃
0

1
(` = e, µ) provided by the ATLAS [119]. In this model, the ATLAS searches for the di-leptons

from the process pp ! ˜̀+ ˜̀� ! `
+
`
�
�̃
0

1
�̃
0

1
are relevant. If the mass of �̃0

1
is less than around 300GeV,

the current upper bound on the cross section of the slepton pair production in the simplified model

is around 0.3 fb.

In the case of ˜̀
L, ⌫̃ and Wino system, the sneutrino production also contributes the di-lepton

signature, as the sneutrino can decay into the charged Wino with a charged lepton. The branching

fractions are BF(˜̀� ! W̃
�
⌫) = 2BF(˜̀� ! W̃

0
`
�), and BF(⌫̃ ! W̃

+
`
�) = 2BF(⌫̃ ! W̃

0
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The model can be tested 

SUGRA effects also induce testable 
             Electron EDM,  Lepton Flavor Violations

LHC SUSY searches,  ILC250 (virtual SUSY contribution)
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakinos e�0
2 e�±1 with initial-state

radiation ( j), (b) VBF production of electroweakinos e�0
2 e�±1 , and (c) slepton pair (èè) production in association with

initial-state radiation ( j). The higgsino simplified model also considers e�0
2 e�0

1 and e�+1 e��1 production.

scenarios typically have very low cross-sections, but can complement the sensitivity of qq̄ annihilation
modes that dominate the inclusive higgsino and wino/bino cross-sections, especially for LSP masses above
a few hundred GeV [25]. An example of such a process is illustrated in Figure 1(b). The kinematic cuto�
of the m`` distribution is also used as the primary discriminant in this scenario, along with the presence of
two forward jets consistent with a VBF production mode.

The fourth scenario assumes the presence of scalar partners of the SM leptons (slepton, è) that are
slightly heavier than a bino-like LSP. Such models can explain dark-matter thermal-relic densities through
coannihilation channels, as well as the muon g � 2 anomaly [26, 27]. This process is illustrated in
Figure 1(c). This scenario exploits the relationship between the lepton momenta and the missing transverse
momentum through the stransverse mass, mT2 [28, 29], which exhibits a kinematic endpoint similar to that
for m`` in electroweakino decays.

Events with two same-flavor opposite-charge leptons (electrons or muons), significant missing transverse
momentum of size Emiss

T , and hadronic activity are selected for all scenarios. Signal regions (SRs) are
defined by placing additional requirements on a number of kinematic variables. The dominant SM
backgrounds are either estimated with in situ techniques or constrained using data control regions (CRs)
that enter into a simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m``

distribution (for electroweakinos) or the mT2 distribution (for sleptons).

Constraints on these compressed scenarios were first established at LEP [30–40]. The lower bounds on
direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for �m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and higgsino-like cross-sections [41].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound
of m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ) [34]. Recent papers from the CMS [42–44] and
ATLAS [45] collaborations have extended the LEP limits for a range of mass splittings.

This paper extends previous LHC results by increasing the integrated luminosity, extending the search with
additional channels, and exploiting improvements in detector calibration and performance. The dedicated
search for production via VBF is also added and the event selection was reoptimized and uses techniques
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1 Introduction

Supersymmetry (SUSY) [1–6] predicts new particles that have identical quantum numbers to their Standard
Model (SM) partners with the exception of spin, with SM fermions having bosonic partners and SM
bosons having fermionic partners. The neutralinos e�0

1,2,3,4 and charginos e�±1,2 are collectively referred to as
electroweakinos, where the subscripts indicate increasing electroweakino mass. The electroweakino states
are formed via a mixing of the SUSY partners of the electroweak gauge fields, the bino for the U(1)Y , the
winos for the SU(2)L fields, and the higgsinos for the Higgs field.

In the minimal supersymmetric extension of the SM (MSSM) [7, 8], M1, M2 and µ, are the mass parameters
for the bino, wino, and higgsino states, respectively. In scenarios with large values of the ratio of the
vacuum expectation value of the two Higgs fields, tan(�), the phenomenology of the electroweakinos is
driven by these three mass parameters. If the e�0

1 is stable, e.g. as the lightest supersymmetric particle
(LSP) in R-parity-conserving SUSY models [9], it is a viable dark-matter candidate [10, 11].

This note presents a search targeting the direct pair production of the lightest chargino (e�±1 ) and the next-to-
lightest neutralino (e�0

2 ), with e�±1 and e�0
2 decaying into e�0

1 via a W boson and a Z boson (WZ-mediated)
or via a W boson and a Higgs boson (Wh-mediated), as illustrated in Figure 1. The analysis focuses on
final state signatures with exactly three light-flavour charged leptons - electrons or muons - and missing
transverse momentum p

miss
T of magnitude Emiss

T , where one lepton originates from a leptonic decay of a W
boson and two leptons come from the decay of a Z or Higgs boson. Additional jets originating from the
presence of initial-state radiation (ISR) are considered, and enhance the missing transverse momentum
signature component.

The signatures are inspired by a scenario where mass parameters |M1 | < |M2 | ⌧ |µ| are assumed such
that the produced electroweakinos have a wino and/or bino nature, with the e�±1 and e�0

2 being wino
dominated, and the e�0

1 LSP being bino dominated. Such hierarchy is typically predicted by either a class of
models in the framework of gaugino mass unification at the GUT scale (including mSUGRA [12, 13] and
cMSSM [14]), or MSSM parameter space explaining the possible discrepancy between the measured muon
anomalous magnetic moment and its SM predictions [15–17]. When the mass splitting between e�±1 and e�0

1
is 15-30 GeV, this hierarchy is also motivated by the fact that the LSP naturally can be a thermal-relic
dark-matter candidate that was depleted in the early universe through co-annihilation processes to match
the observed dark-matter density [18–23]. This scenario, often referred to as the bino-wino coannihilation
dark-matter scenario in the literature, is poorly constrained by dark-matter direct-detection experiments,
and collider searches constitute the only direct probe for |µ| > 800 GeV [22].
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Figure 1: Diagrams of the targeted simplified models: �̃±1 �̃
0
2 pair production with subsequent decays into two �̃0

1 ,
via leptonically decaying W , Z and Higgs bosons, three leptons and a neutrino. Diagrams are shown for (left)
intermediate WZ (W⇤Z⇤) as well as (right) intermediate Wh.
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This paper targets two production processes, the electroweak production of charginos and neutralinos,
and the strong production of gluinos where charginos are produced during the cascade decay of the
gluino, as shown in Figure 1. In both scenarios, the chargino is long-lived and reconstructed from energy
deposits in the ATLAS pixel detector. For the electroweak production process, a high momentum jet from
initial-state-radiation (ISR) is required to ensure significant missing transverse momentum allowing to
trigger on the events. The final state selections of the electroweak and strong production channels are
characterised by at least one and at least four jets, respectively, large missing transverse momentum, and at
least one disappearing track with large transverse momentum.
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Figure 1: Example diagrams for the electroweak (a) and strong (b) production channel signal models. The signal
signature consists of a long-lived chargino, missing transverse momentum and quarks or gluons, which are observed
as jets, and which originate from initial state radiation (a) or in the cascade decay of the gluino (b).

Previous searches for long-lived charginos resulting in a disappearing track signature were performed by
ATLAS [14, 15] using 36.1 fb�1 of proton-proton collision data at a center-of-mass energy of

p
s = 13 TeV.

The previous ATLAS results benefited from the inclusion of the innermost pixel tracking layer installed at a
radius of approximately 33 mm during the LHC long shutdown between Run 1 and Run 2. The extra layer
of pixel detector allowed the previous analysis to reconstruct shorter tracks than the Run-1 analysis [16] and
to improve sensitivity to shorter chargino lifetimes. The previous ATLAS results excluded pure winos up
to chargino masses of 460 GeV and pure higgsinos up to chargino masses of 152 GeV. For the production
of gluinos, gluino masses were excluded up to 1.64 TeV for an assumed chargino mass of 460 GeV and
0.2 ns lifetime. The CMS Collaboration has searched for long-lived charginos [17] using 101 fb�1 of data
at a center-of-mass energy of

p
s = 13 TeV, excluding charginos in the wino-like models for masses below

884 (474) GeV for a lifetime of 3 (0.2) ns.

In this paper, the sensitivity to charginos with natural wino and higgsino lifetimes is significantly improved
due to the increase in the dataset luminosity and additional track quality criteria that enhance the rejection
of dominant backgrounds.

The paper is structured as follows. A brief overview of the ATLAS detector is given in Section 2. Section 3
provides details about the data samples, trigger, and simulated signal processes used in this analysis. The
reconstruction algorithms and event selection are presented in Sections 4 and 5 respectively. Backgrounds
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Cosmology is terribly complicated…


