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SM WP20 prediction from the TI White Paper (0.37 ppm)

➤ Uncertainty dominated by hadronic contributions, now  δ HVP > δ HLbLA. El-Khadra JETP 07 April 2021

Muon g-2: SM contributions
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aµ = aµ(QED) + aµ(Weak) + aµ(Hadronic)
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from HVP, HLbL

stat err dominant

Introduction
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Measurement of the PosiKve Muon Anomalous MagneKc Moment to 0.46 ppm
[Phys. Rev. LeS. 126 (2021) 14, 141801]

• Unblinding of Run 1 analyses:
25 February ’21

• FNAL confirms BNL

• Release of result:
7 April ’21

• As of today, PRL has 136
citations, most of them BSM

• Run 1 is only 6% of total 
expected statistics 

➤ But what about the Standard Model prediction? 

Data-driven evaluations of aμ
HVP:

Introduction, basics and main features

Thomas Teubner 

• Introduction
• Basic ingredients & main features
• Status of input data
• Methodology & differences of global compilations used in the WP20

(g-2) Days 2021 31st May 2021

SM WP20 prediction from the TI White Paper (0.37 ppm)
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• There are many BSM scenarios that can explain the (g-2)μ anomaly:

Leptoquarks, Z’, VLL, 2HDM, axion, ..

• Supersymmetry is particularly motivated since it offers: 

Coupling Unification,  Radiative EWSB,  Baryogenesis,  DM, …

• There are many studies on SUSY g-2 already:

Motivation

[Athrona, Balazsa, Jacoba, Kotlarskic, Stockingerc, Stockinger-Kim]; [Chakraborti, 
Heinemeyer, Saha]; [Endo,Hamaguchi,Iwamoto,Kitahara]; [Cox, Han, Yanagida]; 
[Baum, Carena, Shah, Wagner]; [Badziak, KS]; [Hagiwara,Ma,Mukhopadhyay’18], …

• Most studies assume the neutralino is the Lightest SUSY Particle (LSP) and stable. 

Q:  What happens if neutralino is unstable?  (e.g. RPV,  Gravitino LSP)

A:  DM constraints go away, but LHC constraints change.  How? 
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Figure 1: One-loop diagrams representing SUSY contribution to (g � 2)µ. Each diagram is labelled by
the name corresponding to sparticles taking part in it, e.g. BHL is a diagram involving Bino, Higgsino and
left-handed slepton. The red dots represent the interactions responsible for the tan� enhancement.

where µ is the Higgsino mass parameter, tan� ⌘ hH
0
ui/hH

0

d
i is the ratio of the vacuum expectation

values of the two Higgs doublets, and M1, M2, m̃lL and m̃lR are the soft SUSY breaking masses
for the Bino (U(1)Y gaugino), the Wino (SU(2)L gaugino), the left-handed slepton doublet and
the right-handed slepton singlet, respectively. To reduce the number of free parameters we adopt
the universal slepton mass assumption: m̃l1 = m̃l2 = m̃l3 ⌘ m̃lL and m̃eR = m̃µR = m̃⌧R ⌘ m̃lR .
With this assumption, the model can evade the strong constraints from lepton-flavour violating
(LFV) processes such as µ ! e�. Strictly speaking, the universal slepton mass assumption is not
necessary to avoid the LFV constraints. It is su�cient to assume that the charged slepton mass
matrices, mlL and mlR , are diagonal in the same basis in which the charged lepton mass matrix is
diagonal. However, in realistic scenarios, the lepton Yukawa matrix, Ye, is not diagonal at the scale
at which the SUSY breaking is mediated to the MSSM sector. In this case, even if the mediation
mechanism provides diagonal slepton mass matrices, order one o↵-diagonal entries are generated
below the electroweak scale when the lepton mass matrix is diagonalised, unless the slepton masses
are universal (mlL ,mlR / diag(1, 1, 1)) [77]. In almost all known, viable SUSY breaking scenarios,
the slepton masses are generated in a degenerate form.\5 In this paper, we are interested in those
standard scenarios and restrict ourselves to the cases where the slepton masses are universal, with
an exception which we discuss at the end of section 5.2. We also assume for simplicity that the
SUSY-breaking parameters and µ are real and do not contribute to the CP violating observables.\6

For large or moderate values of tan� (5 . tan� . 50), the one-loop SUSY contribution is
approximated by [48]

a
SUSY

µ ' a
WHL

µ + a
BHL

µ + a
BHR

µ + a
BLR

µ . (2.2)

In the mass-insertion approximation, each term on the right-hand side is represented by the re-

\5An interesting exception is the Higgs mediation scenario [78, 79], in which mlL / Y †
e Ye and mlR / YeY

†
e , and

the slepton and lepton mass matrices can be simultaneously diagonalised in the same basis.
\6Again, such an assumption is not required once we allow the possibility of cancellation among the imaginary

parts of various parameters. However, we do not consider such a contrived case and simply adopt real parameters.

4

ΔaSUSY
μ ≃

+ + +
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χ̃0
1

H̃u /H̃d

W̃/B̃

χ̃0
1 q

q

h

Large gaugino-Higgsino mixing leads to a 
large cross-section for DM Direct Detection:

tension 
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ΔaSUSY
μ ≃
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(
m2

τ̃R
Yτμ⟨Hu⟩

Yτμ⟨Hu⟩ m2
τ̃L

)(τ̃ mass matrix) ∼

❖ Bino has very small annihilation cross-section

⇨  Tend to produce too much DM tension 

- charge breaking vacuum:  m2stau1 > 0 

- LEP bound:  mstau1  > 90 GeV

- stau LSP:  mstau1  > mneutralino1

- Vacuum (meta-)stability

❖ Large off-diagonal term in stau mass matrix:
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SUSY g-2 has a tension with:

- DM Direct Detection


- (Bino-like) DM overproduction


- lepton + large ETmiss @ LHC


- Vacuum stability (for BLR) 
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} consequence of stable neutralino

How the situation improves / 
deteriorates if neutralino is 
unstable?7



R. Masełek 26-05-2022

Analysis

LHC constraintsaSUSY
μ DM abundance σ χ̃0

1
SI

MODEL POINTS
M1, M2, μ, ml̃L

, ml̃R
, tan β

GM2Calc, CheckMATE2, MicrOmegas …MC  
simulations

constraints 

M1 : Bino mass
M2 : Wino mass

μ : Higgsino mass

ml̃L
≡ m̃ ν̃e

= m̃ ν̃μ
= m̃ ν̃τ

= m̃ ẽL
= m̃ μ̃L

= m̃ τ̃L

ml̃R
≡ m̃ 2

ẽR
= m̃ 2

μ̃R
= m̃ 2

τ̃R

tan β ≡ ⟨Hu⟩/⟨Hd⟩

Analysis
Model Parameters: (5 masses + tanβ)
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Name E/TeV L/fb�1 Description

atlas 1604 01306 13 3.2 Monophoton
atlas 1605 09318 13 3.3 3 b-jets + 0-1 lepton + MET
atlas 1609 01599 13 36 Monophoton
atlas 1704 03848 13 36 Monophoton

atlas conf 2015 082 13 3.2 2 leptons (Z) + jets + MET
atlas conf 2016 013 13 3.2 1 lepton + jets (4 tops, VVL quarks)
atlas conf 2016 050 13 13.3 1 lepton + (b) jets + MET
atlas conf 2016 054 13 13.3 1 lepton + (b) jets + MET
atlas conf 2016 076 13 13.3 2 lepton + jets + MET
atlas conf 2016 096 13 13.3 Multi-lepton + MET
atlas conf 2017 060 13 36 Monojet
atlas conf 2016 066 13 13.3 Photons, jets and MET
atlas 1712 08119 13 36 soft leptons (compressed EWKinos)
atlas 1712 02332 13 36 squarks and gluinos, 0 lepton, 2-6 jets
atlas 1709 04183 13 36 Jets + MET (stops)
atlas 1802 03158 13 36 search for GMSB with photons
atlas 1708 07875 13 36 EWKino search with taus and MET
atlas 1706 03731 13 36 Multilepton + Jets + MET (RPC and RPV)
atlas 1908 08215 13 36 2 leptons + MET (EWKinos)
atlas 1909 08457 13 139 SS lepton + MET (squark, gluino)

atlas conf 2019 040 13 139 Jets + MET (squark, gluino)
atlas conf 2019 020 13 139 3 leptons (EWKino)
atlas 1803 02762 13 36 2 or 3 leptons (EWKino)

atlas conf 2018 041 13 80 Multi-b-jets (stops, sbottoms)
atlas 2101 01629 13 139 1 lepton + jets + MET

atlas conf 2020 048 13 139 Monojet
atlas 2004 14060 13 139 tt̄ + MET
atlas 1908 03122 13 139 Higgs bosons + b-jets + MET
atlas 2103 11684 13 139 4 or more leptons (RPV, GMSB)
atlas 2106 09609 13 139 Multijets + leptons (RPV)
atlas 1911 06660 13 139 Search for Direct Stau Production

Table 7: List of 13 TeV ATLAS analyses available in CheckMATE and which have been validated
against published experimental results.

Name E/TeV L/fb�1 Description

cms pas sus 15 011 13 2.2 2 leptons + jets + MET
cms sus 16 039 13 35.9 electrowekinos in multilepton final state
cms sus 16 025 13 12.9 electroweakino and stop compressed spectra
cms sus 16 048 13 35.9 two soft opposite sign leptons

Table 8: List of 13 TeV CMS analyses available in CheckMATE and which have been validated
against published experimental results.
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atlas 1712 08119 13 36 soft leptons (compressed EWKinos)
atlas 1712 02332 13 36 squarks and gluinos, 0 lepton, 2-6 jets
atlas 1709 04183 13 36 Jets + MET (stops)
atlas 1802 03158 13 36 search for GMSB with photons
atlas 1708 07875 13 36 EWKino search with taus and MET
atlas 1706 03731 13 36 Multilepton + Jets + MET (RPC and RPV)
atlas 1908 08215 13 36 2 leptons + MET (EWKinos)
atlas 1909 08457 13 139 SS lepton + MET (squark, gluino)

atlas conf 2019 040 13 139 Jets + MET (squark, gluino)
atlas conf 2019 020 13 139 3 leptons (EWKino)
atlas 1803 02762 13 36 2 or 3 leptons (EWKino)

atlas conf 2018 041 13 80 Multi-b-jets (stops, sbottoms)
atlas 2101 01629 13 139 1 lepton + jets + MET

atlas conf 2020 048 13 139 Monojet
atlas 2004 14060 13 139 tt̄ + MET
atlas 1908 03122 13 139 Higgs bosons + b-jets + MET
atlas 2103 11684 13 139 4 or more leptons (RPV, GMSB)
atlas 2106 09609 13 139 Multijets + leptons (RPV)
atlas 1911 06660 13 139 Search for Direct Stau Production

Table 7: List of 13 TeV ATLAS analyses available in CheckMATE and which have been validated
against published experimental results.

Name E/TeV L/fb�1 Description

cms pas sus 15 011 13 2.2 2 leptons + jets + MET
cms sus 16 039 13 35.9 electrowekinos in multilepton final state
cms sus 16 025 13 12.9 electroweakino and stop compressed spectra
cms sus 16 048 13 35.9 two soft opposite sign leptons

Table 8: List of 13 TeV CMS analyses available in CheckMATE and which have been validated
against published experimental results.
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Name E/TeV L/fb�1 Description

atlas 1308 1841 8 20.3 0 lepton + � 7 jets + MET
atlas 1308 2631 8 20.1 0 leptons + 2 b-jets + MET
atlas 1402 7029 8 20.3 3 leptons + MET (chargino+neutralino)
atlas 1403 4853 8 20.3 2 leptons + MET (direct stop)
atlas 1403 5222 8 20.3 stop production with Z boson and b-jets
atlas 1404 2500 8 20.3 Same sign dilepton or 3 lepton
atlas 1405 7875 8 20.3 0 lepton + 2-6 jets + MET
atlas 1407 0583 8 20.3 ATLAS, 1 lepton + (b-)jets + MET (stop)
atlas 1407 0608 8 20.3 Monojet or charm jet (stop)
atlas 1411 1559 8 20.3 monophoton plus MET
atlas 1501 07110 8 20.3 1 lepton + 125GeV Higgs + MET
atlas 1502 01518 8 20.3 Monojet + MET
atlas 1503 03290 8 20.3 2 leptons + jets + MET
atlas 1506 08616 8 20.3 di-lepton and 2b-jets + lepton
atlas 1507 05493 8 20.3 photonic signatures of gauge-mediated SUSY

atlas conf 2012 104 8 20.3 1 lepton + � 4 jets + MET
atlas conf 2013 024 8 20.3 0 leptons + 6 (2 b-)jets + MET
atlas conf 2013 049 8 20.3 2 leptons + MET
atlas conf 2013 061 8 20.3 0-1 leptons + � 3 b-jets + MET
atlas conf 2013 089 8 20.3 2 leptons (razor)
atlas conf 2015 004 8 20.3 invisible Higgs decay in VBF
atlas 1403 5294 8 20.3 2 leptons + MET, (SUSY electroweak)

atlas higg 2013 03 8 20.3 2 leptons + MET, (invisible Higgs)
atlas 1502 05686 8 20.3 search for massive sparticles decaying to many jets

Table 9: List of 8 TeV ATLAS analyses available in CheckMATE and which have been validated
against published experimental results.

Name E/TeV L/fb�1 Description

cms 1303 2985 8 11.7 ↵T + b-jets
cms 1408 3583 8 19.7 monojet + MET
cms 1502 06031 8 19.4 2 leptons, jets, MET (only on-Z)
cms 1504 03198 8 19.7 1 lepton, � 3 jets, � 1 b-jet, MET (DM + 2 top)
cms sus 13 016 8 19.5 OS lepton 3+ b-tags

Table 10: List of 8 TeV CMS analyses available in CheckMATE and which have been validated
against published experimental results.
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similarly to the discussions in Ref. [19].
Apart from the Bino–smuon diagrams, there are other one-loop contributions to

the muon g − 2. The Bino–Higgsino–smuon contribution can be ! O(10−10) when
the Higgsinos are light due to the vacuum stability bound (Sec. 3.2). It is included
in the numerical analysis for completeness.2 On the other hand, the chargino–muon
sneutrino contributions are less than O(10−11) for M2 > 10TeV, i.e., negligible.

In Fig. 2, contours of the SUSY contributions to the muon g− 2 are shown. The
horizontal and vertical axises are the lightest smuon mass, mµ̃1

, and µ, respectively.
The parameters are set as M1 = mµ̃L

= mµ̃R
, tan β = 40 and Msoft = 30TeV. In the

orange (yellow) regions, the SUSY contributions explain the muon g−2 discrepancy
(1) at the 1σ (2σ) level. It is found that they are enhanced by large µ, and the smuon
masses can be 1TeV for µ = O(10 − 100) TeV. This is contrasted to the chargino–
muon sneutrino contributions to the muon g− 2, where µ is favored to be small [10].
On the other hand, detailed dependences on the superparticle mass spectrum are
determined by the loop function (5) and the vacuum stability condition. They will
be discussed in the next subsection.

3.2 Vacuum stability

As shown in Sec. 3.1, the Bino–smuon contribution to the muon g−2 is enhanced by
a large left-right mixing of the smuon. However, too large mixing spoils the stability
of the electroweak vacuum. The trilinear coupling of the sleptons and the SM-like
Higgs boson is given by

V "
1√
2v

m2
!̃LR

#̃∗L#̃Rh
0 + h.c.

= −
m!√

2v(1 +∆!)
µ tanβ · #̃∗L#̃Rh0 + h.c., (13)

where v " 174GeV is the Higgs VEV. As the trilinear coupling increases, disastrous
charge-breaking minima in the scalar potential become deeper, and our electroweak
vacuum could decay to them. By requiring that the lifetime of the electroweak
vacuum should be longer than the age of the Universe, m2

!̃LR
is constrained.

The vacuum stability conditions have been studied. The fitting formula of the
stability condition is obtained as

∣

∣

∣
m2

!̃LR

∣

∣

∣
≤ η!

[

1.01× 102GeV
√

m!̃L
m!̃R

+ 1.01× 102GeV(m!̃L
+ 1.03m!̃R

)

−2.27×104GeV2 +
2.97× 106GeV3

m!̃L
+m!̃R

− 1.14× 108GeV4

(

1

m2
!̃L

+
0.983

m2
!̃R

)

]

. (14)

2 This contribution can dominate the SUSY contributions to the muon g − 2, when µ is small
while decoupling the Wino. Since they are enhanced only by tanβ, superparticles are required to
be light to explain (1). They are detectable in colliders. In particular, the Higgsino production can
be significant.
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Figure 4: Results for MSSM BLR50 (upper row) and BLR10 (lower row) planes. Plots on the left hand side
show parameter regions and appropriate experimental constraints. Region of parameter space allowed by
the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two
sigma agreement respectively. Hatched region is excluded by dark matter abundance criterion. Red shaded
region is excluded by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].
Expected exclusion range by future DDMD experiments is also shown with appropriately labelled contours.
Plots on the right hand side of the figure show Bino mass (blue) and µ parameter (dashed black) values,
which are implicitly fixed by other parameters.

6 Baryonic R-parity violation

In the previous section, we have shown the SUSY (g � 2)µ regions are severely constrained by
overproduction of relic neutralinos, DMDD experiments, and LHC searches in the large-/p

T
channel.

These constraints are a direct consequence of the assumption that �̃0

1
is the LSP and stable. If �̃0

1

is the LSP but unstable, the limits from �̃
0

1
overproduction and DMDD experiments are entirely

avoided and the /p
T

signature at the LHC will not be available. On the other hand, the SUSY
contribution to (g � 2)µ is basically una↵ected unless the new particle or the operator introduced
to permit the �̃

0

1
decay give large contribution to (g � 2)µ.
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Unstable Neutralino

Gravitino LSP

We study 2 example-scenarios with unstable neutralino

(general GMSB)
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Figure 1: Diagrams for models of neutralino/chargino production (upper left), GMSB neu-
tralino pair production with ZZ (upper right) and ZH bosons (lower left) in the final state,
and direct slepton pair production (lower right). In the first GMSB neutralino pair production
model, the ec0

1 is assumed to decay exclusively into a Z boson, while in the latter, the ZH final
state is accompanied by the ZZ final state with 50% branching fractions of the ec0

1 decaying into
an H or a Z boson. Only ZH and ZZ final states are taken into account in the analysis, since the
contribution of the HH topology to our signal regions is expected to be negligible. Such models
predict the SUSY particles to be produced via EW interactions, with limited if any production
of accompanying quarks in the final state.
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Figure 2: Diagram for GMSB gluino (eg) pair production (left), where each eg decays into a pair
of quarks and a neutralino. The neutralino then decays to a Z boson and an LSP. Diagrams for
sbottom eb (center) and squark eq (right) pair production are also shown. Such models feature a
mass edge from the decay of a ec0

2 via an intermediate slepton, è. In the central diagram, a pair
of b quarks is present in the final state. In these models we assume a fixed ec0

1 mass of 100 GeV,
while the mass of the slepton is taken to be equidistant from the masses of the two neutralinos.
Only the lightest eb mass eigenstate, eb1, is assumed to be involved in the models considered. All
these models assume strong production of SUSY particles and predict an abundance of quarks
in the final state.

This paper is organized as follows. Section 2 provides a brief description of the CMS detector,
while Section 3 describes the datasets, triggers and object reconstruction in CMS. Section 4
describes the event selection criteria and the SRs used in the search, while the estimation of
the SM background contribution is described in Section 5. Section 6 describes the fit to the m``
distribution, used to extract a possible edge-like signal. The results of the search are described
in Section 7, and are interpreted in terms of constraints on the cross sections of the SMS models,
as described in Section 8. Finally, a summary of the analysis is given in Section 9.
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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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Figure 6: Results for RPV BHLµ (upper left), BHLL (upper right), BHRµ (middle left), BHRR (middle
right), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space allowed by the latest
aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two sigma
agreement respectively. Blue and red shaded regions are excluded by LHC constraints. Dark blue shaded
area is excluded by LEP stau mass bound [13].

19

Figure 4: Results for MSSM BLR50 (upper row) and BLR10 (lower row) planes. Plots on the left hand side
show parameter regions and appropriate experimental constraints. Region of parameter space allowed by
the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two
sigma agreement respectively. Hatched region is excluded by dark matter abundance criterion. Red shaded
region is excluded by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].
Expected exclusion range by future DDMD experiments is also shown with appropriately labelled contours.
Plots on the right hand side of the figure show Bino mass (blue) and µ parameter (dashed black) values,
which are implicitly fixed by other parameters.

6 Baryonic R-parity violation

In the previous section, we have shown the SUSY (g � 2)µ regions are severely constrained by
overproduction of relic neutralinos, DMDD experiments, and LHC searches in the large-/p

T
channel.

These constraints are a direct consequence of the assumption that �̃0

1
is the LSP and stable. If �̃0

1

is the LSP but unstable, the limits from �̃
0

1
overproduction and DMDD experiments are entirely

avoided and the /p
T

signature at the LHC will not be available. On the other hand, the SUSY
contribution to (g � 2)µ is basically una↵ected unless the new particle or the operator introduced
to permit the �̃

0

1
decay give large contribution to (g � 2)µ.

16

BLR dominated plane

stau LEP limit

UDD RPV stable neutralino

UDD RPV
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8.2 Interpretations of the results using simplified SUSY models 29

 [GeV]0
1
χ∼

m
100 200 300 400 500 600 700 800 900

 [p
b]

2
B 

σ

3−10

2−10

1−10

1

10

210

310
G~ Z → 0

1
χ∼, soft + X0

1
χ∼ 0

1
χ∼ → 

±0,

j
χ∼ ±0,

i
χ∼ →pp 

) = 100%G~ Z → 0
1
χ∼(B

 = 1 GeVG~m

0
1
χ∼

 m≈ ±
1
χ∼

 m≈ 0
2
χ∼

m

 (13 TeV)-1137 fbCMS

Observed limit (95% CL)

Median expected limit

68% expected

95% expected

±0,
j
χ∼ ±0,

i
χ∼ →pp 

theory, NLO+NLLσ

 [GeV]0
1
χ∼

m
200 300 400 500 600 700 800 900

 [p
b]

2
B 

σ

3−10

2−10

1−10

1

10

210

310
G~ H → 0

1
χ∼ or G~ Z → 0

1
χ∼, soft + X0

1
χ∼ 0

1
χ∼ → 

±0,

j
χ∼ ±0,

i
χ∼ →pp 

) = 50%G~ H → 0
1
χ∼(B) = G~ Z → 0

1
χ∼(B

 = 1 GeVG~m

0
1
χ∼

 m≈ ±
1
χ∼

 m≈ 0
2
χ∼

m

 (13 TeV)-1137 fbCMS

Observed limit (95% CL)

Median expected limit

68% expected

95% expected

±0,
j
χ∼ ±0,

i
χ∼ →pp 

theory, NLO+NLLσ

Figure 12: Production cross section upper limits at 95% CL as a function of the ec0
1 mass, for

a model of EW ec0
1 pair production, where either (left) both ec0

1 decay into a Z boson with a
100% branching fraction (B), or (right) each ec0

1 can decay to a Z or an H with equal probability.
The model assumes the production of mass-degenerate neutralinos and charginos that decay
into ec0

1 possibly emitting soft particles, labeled as Xsoft. The magenta curve shows the theo-
retical production cross section with its uncertainty. The solid (dashed) black line represents
the observed (median expected) exclusion. The inner green (outer yellow) band indicates the
region containing 68 (95)% of the distribution of limits expected under the background-only
hypothesis.
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scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 9 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
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Figure 1: Diagrams for models of neutralino/chargino production (upper left), GMSB neu-
tralino pair production with ZZ (upper right) and ZH bosons (lower left) in the final state,
and direct slepton pair production (lower right). In the first GMSB neutralino pair production
model, the ec0

1 is assumed to decay exclusively into a Z boson, while in the latter, the ZH final
state is accompanied by the ZZ final state with 50% branching fractions of the ec0

1 decaying into
an H or a Z boson. Only ZH and ZZ final states are taken into account in the analysis, since the
contribution of the HH topology to our signal regions is expected to be negligible. Such models
predict the SUSY particles to be produced via EW interactions, with limited if any production
of accompanying quarks in the final state.
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Figure 2: Diagram for GMSB gluino (eg) pair production (left), where each eg decays into a pair
of quarks and a neutralino. The neutralino then decays to a Z boson and an LSP. Diagrams for
sbottom eb (center) and squark eq (right) pair production are also shown. Such models feature a
mass edge from the decay of a ec0

2 via an intermediate slepton, è. In the central diagram, a pair
of b quarks is present in the final state. In these models we assume a fixed ec0

1 mass of 100 GeV,
while the mass of the slepton is taken to be equidistant from the masses of the two neutralinos.
Only the lightest eb mass eigenstate, eb1, is assumed to be involved in the models considered. All
these models assume strong production of SUSY particles and predict an abundance of quarks
in the final state.

This paper is organized as follows. Section 2 provides a brief description of the CMS detector,
while Section 3 describes the datasets, triggers and object reconstruction in CMS. Section 4
describes the event selection criteria and the SRs used in the search, while the estimation of
the SM background contribution is described in Section 5. Section 6 describes the fit to the m``
distribution, used to extract a possible edge-like signal. The results of the search are described
in Section 7, and are interpreted in terms of constraints on the cross sections of the SMS models,
as described in Section 8. Finally, a summary of the analysis is given in Section 9.
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We assume a massless gravitino (m < 1GeV) and prompt neutralino decay.
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Appendix B LHC constraints on the neutralino NLSP scenario

Analysis E/TeV L/fb�1 Final State Colour

CMS `
+
`
� [27] 13 137

[Z eG][Z eG] Blue

[Z eG][h eG] Green

CMS �+/ET [55] 13 35.9
[� eG][Z(h) eG] Red

[� eG][� eG] + jets Magenta

Table 11: Analyses in CheckMATE which are relevant for GMSB scenario with neutralino NLSP.

Figure 8: All considered planes for GMSB scenario with neutralino NLSP. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to
one and two sigma agreement respectively. Blue, green, red and magenta shaded regions are excluded by
LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].
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and direct slepton pair production (lower right). In the first GMSB neutralino pair production
model, the ec0

1 is assumed to decay exclusively into a Z boson, while in the latter, the ZH final
state is accompanied by the ZZ final state with 50% branching fractions of the ec0

1 decaying into
an H or a Z boson. Only ZH and ZZ final states are taken into account in the analysis, since the
contribution of the HH topology to our signal regions is expected to be negligible. Such models
predict the SUSY particles to be produced via EW interactions, with limited if any production
of accompanying quarks in the final state.

p

p q̃

q̃

χ̃0
2

χ̃0
2

Z(∗)

˜"

q
f

f

χ̃0
1

χ̃0
1

"−
"+

q

Figure 2: Diagram for GMSB gluino (eg) pair production (left), where each eg decays into a pair
of quarks and a neutralino. The neutralino then decays to a Z boson and an LSP. Diagrams for
sbottom eb (center) and squark eq (right) pair production are also shown. Such models feature a
mass edge from the decay of a ec0

2 via an intermediate slepton, è. In the central diagram, a pair
of b quarks is present in the final state. In these models we assume a fixed ec0

1 mass of 100 GeV,
while the mass of the slepton is taken to be equidistant from the masses of the two neutralinos.
Only the lightest eb mass eigenstate, eb1, is assumed to be involved in the models considered. All
these models assume strong production of SUSY particles and predict an abundance of quarks
in the final state.

This paper is organized as follows. Section 2 provides a brief description of the CMS detector,
while Section 3 describes the datasets, triggers and object reconstruction in CMS. Section 4
describes the event selection criteria and the SRs used in the search, while the estimation of
the SM background contribution is described in Section 5. Section 6 describes the fit to the m``
distribution, used to extract a possible edge-like signal. The results of the search are described
in Section 7, and are interpreted in terms of constraints on the cross sections of the SMS models,
as described in Section 8. Finally, a summary of the analysis is given in Section 9.

h̃0,±, W̃0,±

h̃0,±, W̃ 0,±

G̃
<latexit sha1_base64="YnmwpB740lHsf2yyh+VNgDA+H08=">AAAB9HicZVBdSwJBFJ21L7Mvq8dehkToSXZXUXuTeqhHg/wAV2R29qqDsx/MzBoi/o2egoLotT/TU/+m2dUi68CFwzn3cu89bsSZVKb5aWQ2Nre2d7K7ub39g8Oj/PFJW4axoNCiIQ9F1yUSOAugpZji0I0EEN/l0HEn14nfmYKQLAzu1SyCvk9GARsySpSWHOeBeaAY9wDfDPIFs3RZr9qVKjZLplmzbCshdq1SrmBLKwkKaIXmIP/heCGNfQgU5UTKnmVGqj8nQjHKYZFzYgkRoRMygp6mAfFB9ufpzQtc1IqHh6HQFSicqr8n5sSXcua7utMnaiz/eon44xXXVqlhvT9nQRQrCOhy0zDmWIU4SQB7TABVfKYJoYLpYzEdE0Go0jnl0hSq6av4P/lOoW2XrHLJvjMLjatVHll0hs7RBbJQDTXQLWqiFqIoQo/oGb0YU+PJeDXelq0ZYzVzitZgvH8BmliR7A==</latexit>

G̃
<latexit sha1_base64="YnmwpB740lHsf2yyh+VNgDA+H08=">AAAB9HicZVBdSwJBFJ21L7Mvq8dehkToSXZXUXuTeqhHg/wAV2R29qqDsx/MzBoi/o2egoLotT/TU/+m2dUi68CFwzn3cu89bsSZVKb5aWQ2Nre2d7K7ub39g8Oj/PFJW4axoNCiIQ9F1yUSOAugpZji0I0EEN/l0HEn14nfmYKQLAzu1SyCvk9GARsySpSWHOeBeaAY9wDfDPIFs3RZr9qVKjZLplmzbCshdq1SrmBLKwkKaIXmIP/heCGNfQgU5UTKnmVGqj8nQjHKYZFzYgkRoRMygp6mAfFB9ufpzQtc1IqHh6HQFSicqr8n5sSXcua7utMnaiz/eon44xXXVqlhvT9nQRQrCOhy0zDmWIU4SQB7TABVfKYJoYLpYzEdE0Go0jnl0hSq6av4P/lOoW2XrHLJvjMLjatVHll0hs7RBbJQDTXQLWqiFqIoQo/oGb0YU+PJeDXelq0ZYzVzitZgvH8BmliR7A==</latexit>

γ, Z, h

γ, Z, h20



Gravitino LSP with slepton NLSP

(M2 vs μ) with m̃lL = min(M2, μ) + 20 GeV ⟹ mlL = min(M2, μ) − 20 GeV

WHL plane:

(M1 vs μ) with m̃lL = min(M1, μ) + 20 GeV ⟹ mlL = min(M2, μ) − 20 GeV

BHL plane:

(M1 vs μ) with m̃lR = min(M1, |μ | ) + 20 GeV ⟹ mlR = min(M1, μ) − 20 GeV
BHR plane:

(m̃lL vs m̃lR) with M1 = mτ̃1
− 20 GeV ⟹ M1 = mτ̃1

+ 20 GeV

BLR plane:

G̃

γ, Z, hXsoft

Xsoft

W̃ / H̃
0,±

χ̃0
1

χ̃0
1 G̃

γ, Z, h

W̃ / H̃ 0,±

 NLSP:χ̃0
1

G̃

Xsoft

Xsoft

W̃ / H̃
0,±

τ̃1/ν̃

τ̃1/ν̃ G̃

τ/ν

W̃ / H̃ 0,±

 NLSP:τ̃1/ν̃

τ/ν

<latexit sha1_base64="JIdBHV4Nym9sQ3JB612Gpady9rg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UvVrVu7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB6CEjW0=</latexit>

}  NLSPν̃L

<latexit sha1_base64="JIdBHV4Nym9sQ3JB612Gpady9rg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UvVrVu7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB6CEjW0=</latexit>
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Figure 7: Results for GMSB with NLSP di↵erent from neutralino: WHLµ (upper left), BHLµ (upper
right), BHRµ (middle), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to
one and two sigma agreement respectively. Blue, orange, purple and magenta shaded regions are excluded
by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].

We first look at the WHLµ plane shown in the top left panel of Fig. 7. In the plot the blue and
orange shaded regions are excluded at 95 % CL by the CMS multilepton [38] and CMS soft `+`� [56]
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Figure 2: Results for MSSM WHLµ (left) and WHLL (right) planes. Region of parameter space allowed
by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and
two sigma agreement respectively. Orange shaded region corresponds to aµ bigger than experimental value
by more than 2 sigma. Hatched region is excluded by dark matter abundance criterion. Blue and red shaded
regions are excluded by LHC constraints. Light grey shaded area is excluded by Xenon1T experiment.
Expected exclusion range by future DDMD experiments is also shown with appropriately labelled contours.

The regions that can be probed by the future DMDD experiments are also shown in Fig. 2. In
the WHLµ plane, the area between two green (blue) dashed lines are sensitive to PandaX-4t [31]
(LZ [32] and XENONnT [33]). Also, the area below the magenta dashed line can be explored by
ARGO [34]. In the WHLL plane, the region above the green, blue and magenta dashed lines can
be probed by the PandaX-4t, LZ as well as XENONnT and ARGO, respectively. One can see that
almost entire (g� 2)µ region in the WHLL plane will be tested in the future DMDD experiments.

Constraints from direct BSM searches at the LHC are also visible in Fig. 2. The red shaded
area corresponds to the 95% CL excluded region estimated using the slepton simplified model limit
published in the CMS `

+
`
� analysis [27] (see Table 3). On the other hand, the blue shaded area

indicates the 95% CL exclusion obtained from the published limit for a compressed slepton scenario
given in the ATLAS soft-` analysis [29]. We find that only these two constraints provide 95% CL
exclusions on the WHL parameter planes, although other potentially relevant constraints listed in
Table 3 are also included in our analysis.

In the WHLµ plane we see that the region with µ . M2 . 1TeV is excluded by the CMS `
+
`
�

analysis. In this region, the main SUSY processes are pp ! fW+,0fW�,0 followed by e.g. fW±
! `

±
⌫̃

and fW 0
! `

± ˜̀⌥, which contribute to the dilepton plus /ET signal region targeted in this analysis.
Note that since m̃lL = µ+ 20 GeV in this region, the decay products of the slepton/sneutrino into
the Higgsino-like LSP are too soft and may be neglected for this analysis. On the other side of the
diagonal dotted line, we do not see the corresponding excluded region with M2 . µ for the Higgsino
production, pp ! eH+,0 eH�,0. This is because the Higgsino production cross-section is smaller than
the Wino and the main decay is given by eH±,0

! hfW±,0, producing much less leptons.
The exclusion from the ATLAS soft-` analysis can be seen in the regions with (i) µ . 250 GeV

and (ii) M2 . 220 GeV, excluding the M2 ⇠ µ region. In these areas, the relevant SUSY process is
⇠̃⇠̃

0
! (`+⌘̃)(`�⌘̃0) where ⇠̃

(0) = (˜̀ or ⌫̃) is a left-handed slepton doublet and ⌘̃
(0) = (�̃±

1
or �̃0

1/2) is

dominantly Higgsino- and Wino-like in regions (i) and (ii), respectively. Although the typical mass
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Figure 3: Results for MSSM BHLµ (upper left), BHLL (upper right), BHRµ (lower left) and BHRR

(lower right) planes. Region of parameter space allowed by the latest aµ experimental results [4] is depicted
with green and yellow bands, corresponding to one and two sigma agreement respectively. Hatched region
is excluded by dark matter abundance criterion. Purple and red shaded regions are excluded by LHC
constraints. Light grey shaded area is excluded by Xenon1T experiment. Expected exclusion range by
future DDMD experiments is also shown with appropriately labelled contours.

Since µ and M1 are fixed implicitly at each point in the BLR planes, we show, in the right
panels of Fig. 4, contours of µ (black dashed in TeV) and M1 (blue solid in GeV). As can be seen,
M1, which is correlated with m⌧̃1 , is insensitive to tan�. This is because both m⌧̃1 and the vacuum
stability depends on the combination µ · tan�, and change of tan� is compensated by that of µ.
This also explains that from tan� = 50 to 10, the value of µ is changed by a factor of 5, as can be
checked by comparing the top right and bottom right plots in Fig. 4.

We finally comment on the LHC constraint on the BLR scenario. As can be seen, the whole
(g � 2)µ region is excluded by the limit coming from the slepton simplified model bounds in CMS
`
+
`
� analysis. Although the Higgsino production can give a non-negligible contribution in the

bottom left region of the BLR50 plane, the main process contributing to the exclusion is pp ! ˜̀+ ˜̀�

followed by ˜̀± ! `
±
�̃
0

1
, which is identical to the process targeted in CMS `

+
`
� analysis.
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Figure 4: Results for MSSM BLR50 (upper row) and BLR10 (lower row) planes. Plots on the left hand side
show parameter regions and appropriate experimental constraints. Region of parameter space allowed by
the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two
sigma agreement respectively. Hatched region is excluded by dark matter abundance criterion. Red shaded
region is excluded by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].
Expected exclusion range by future DDMD experiments is also shown with appropriately labelled contours.
Plots on the right hand side of the figure show Bino mass (blue) and µ parameter (dashed black) values,
which are implicitly fixed by other parameters.

6 Baryonic R-parity violation

In the previous section, we have shown the SUSY (g � 2)µ regions are severely constrained by
overproduction of relic neutralinos, DMDD experiments, and LHC searches in the large-/p

T
channel.

These constraints are a direct consequence of the assumption that �̃0

1
is the LSP and stable. If �̃0

1

is the LSP but unstable, the limits from �̃
0

1
overproduction and DMDD experiments are entirely

avoided and the /p
T

signature at the LHC will not be available. On the other hand, the SUSY
contribution to (g � 2)µ is basically una↵ected unless the new particle or the operator introduced
to permit the �̃

0

1
decay give large contribution to (g � 2)µ.
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Figure 7: Results for GMSB with NLSP di↵erent from neutralino: WHLµ (upper left), BHLµ (upper
right), BHRµ (middle), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to
one and two sigma agreement respectively. Blue, orange, purple and magenta shaded regions are excluded
by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].

We first look at the WHLµ plane shown in the top left panel of Fig. 7. In the plot the blue and
orange shaded regions are excluded at 95 % CL by the CMS multilepton [38] and CMS soft `+`� [56]
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Figure 5: Results for RPV WHLµ (left) and WHLL (right) planes. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corre-
sponding to one and two sigma agreement respectively. Orange shaded region corresponds to aµ

bigger than experimental value by more than 2 sigma. Red, green and blue shaded regions are
excluded by LHC constraints.

The left panel of Fig. 5 shows the WHLµ plane. As in the previous plots, the green and yellow
regions correspond to the areas where the predicted (g � 2)µ agrees with the experimental value
within the 1- and 2-� accuracy, respectively. On the other hand, the red, blue and green shaded
regions correspond to the 95 % CL exclusions obtained from ATLAS multijet+` [37], CMS multi-
lepton [38] and ATLAS jets+/ET [39] analyses, respectively. Due to the R-parity violating UDD

operator, the LSP neutralino decays into three (anti-)quarks. The constraints from the neutralino
overproduction and DM direct detection experiments are absent unlike the stable neutralino case.

For M2 > |µ|, ATLAS multijet+` (red) and CMS multilepton (blue) analyses exclude Wino
production followed by W̃

±,0
! `

±
⌘̃ (⌘̃ = ˜̀, ⌫̃) and ⌘̃ ! `/⌫ + jets. In the opposite case, |µ| > M2,

Wino and Higgsino are significantly mixed, and the production of heavier electroweakinos, �̃heavy,
significantly contributes to the exclusion. The �̃heavy can decay to many di↵erent modes, e.g., into
�̃light+X with X = h, Z,W

± and l3 l̃3 pairs with l3 = (⌧, ⌫⌧ ) and l̃3 = (⌧̃ , ⌫̃⌧ ). In the region excluded
by ATLAS jets+/ET (green), Higgsino production dominantly contributes. Higgsinos decay mainly
into the Higgs boson and one of the Wino states, leaving many jets in the final state. Comparing
the RPV WHLµ plane with the same plane in the stable neutralino (Fig. 2 left), we see that the
neutralino decay via the UDD operator provides wider allowed region for the (g�2)µ. In particular,
the regions around (a) M2 ⇠ 250 GeV, µ ⇠ 1.5 TeV and (b) M2 ⇠ 1.5 TeV, µ ⇠ 250 GeV are only
allowed for the RPV case.

In the WHLL plane shown in the right of Fig. 5, the lower half of the diagonal dotted line is
essentially identical to the corresponding region in the WHLµ plane. The new region displayed in
the upper left of the dotted line is, as can be seen, excluded by the ATLAS multijet+` (red). In
this region, Wino and Higgsino are substantially mixed in the mass eigenstates. The exclusion is
mainly driven by the pair production of �̃heavy, which ends up into soft lepton(s) plus multijet final
state, where the leptons are originated from the �̃heavy decay via an o↵-shell W (Z) boson.

The top and middle panels of Fig. 6 display the BHL and BHR planes, respectively. In the
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Figure 6: Results for RPV BHLµ (upper left), BHLL (upper right), BHRµ (middle left), BHRR (middle
right), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space allowed by the latest
aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two sigma
agreement respectively. Blue and red shaded regions are excluded by LHC constraints. Dark blue shaded
area is excluded by LEP stau mass bound [13].
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right), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space allowed by the latest
aµ experimental results [4] is depicted with green and yellow bands, corresponding to one and two sigma
agreement respectively. Blue and red shaded regions are excluded by LHC constraints. Dark blue shaded
area is excluded by LEP stau mass bound [13].
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Summary
• SUSY might be a solution to the (g-2)μ anomaly 

- slepton-gaugino-Higgsino are light     stringent constraint from DM-DD detection⟹

25

- LR slepton and Bino are light     Bino overproduction⟹

- stable LSP      LHC constraints from large  searchχ̃0
1 ⟹ ET

• If  is not stable LSP, DM constraints go away, and LHC signature changes. χ̃0
1

- ①  RPV with UDD     LHC constraints from multĳet + lepton⟹

- ②  Gravitino LSP with  NLSP    (g-2)μ region excluded by  channelχ̃0
1 ⟹ γ + ET

- ③  Gravitino LSP with non  NLSP   LHC constraints from soft lepton/tauχ̃0
1 ⟹

Explanation for (g-2)μ anomaly is possible for the scenarios ① and ③
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Parameter planes definition

For GMSB we modify the planes to ensure that slepton/stau/sneutrino is the NLSP.
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atheo
μ = 0.00 1165 91 810 (43)
aexp

μ = 0.00 1165 92 061 (41)

aexp
μ − atheo

μ ≃ (25 ± 6) × 10−10

QED HVP EW

∼ 𝒪 (ΔaSM,EW
μ )

• The deviation is size of the EW correction in SM:

• We need very light BSM particles  OR  enhancement from couplings

ΔaBSM
μ ∼ ΔaSM,EW ⋅ ( m2

W

m2
BSM ) ⋅ ( gBSM

gSM )m2
BSM

<latexit sha1_base64="6T7c7JwzLsyyZfT+am6OAWVvEfs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ3fSK1fcqjsDWSZeTiqQo94rf3X7MUsjrpBJakzHcxP0M6pRMMknpW5qeELZiA54x1JFI278bHbphJxYpU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TKkmRKzZfFKaSYEymb5O+0JyhHFtCmRb2VsKGVFOGNpySDcFbfHmZNM+q3mX1/P6iUrvJ4yjCERzDKXhwBTW4gzo0gEEIz/AKb87IeXHenY95a8HJZw7hD5zPH6EojW8=</latexit>

}
𝒪(1)
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• (g-2) operator requires chirality flip:

Chiral (tanβ) enhancement in SUSY

SM:

ℒeff ∋ iãμ ⋅ ψ̄LσμνψRFμν

30

ãSM
μ ∝ Yμ⟨H⟩ = mμ

⃗μ = g ( e
2m ) ⃗s

aμ =
(g − 2)

2
≡ mμãμ
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Chiral (tanβ) enhancement in SUSY
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tanβ enhancement in MSSM via µ and gaugino mass absent in MRSSM

most often: WHL dominates by far

BLR: unique, linear in µ

other contributions only important if Wino"Bino and µ̃L,R very split see M. Endo, K.

Hamaguchi, S. Iwamoto and K. Yanagi ’17

Note: linear tanβ and µ enhancement saturates, lim→∞ exists Bach, Park, DS, Stöckinger-Kim

’15, M. Endo, K. Hamaguchi, T. Kitahara and T. Yoshinaga ’13

Dominik Stöckinger Briefly some general remarks, then general MSSM 5/26

⟨Hu⟩
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ℒeff ∋ iãμ ⋅ ψ̄LσμνψRFμν

⃗μ = g ( e
2m ) ⃗s

aμ =
(g − 2)
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≡ mμãμ
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⟨Hu⟩

tan β ∈ [5 − 60]

ΔaBSM
μ ∼ ΔaSM,EW ⋅ ( m2

W

m2
BSM ) ⋅ tan β

m2
SUSYm2
SUSY

mSUSY ∈ [200 − 600] GeV
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ãSM
μ ∝ Yμ⟨H⟩ = mμ

ΔãSUSY
μ ∝ Yμ ⟨Hu⟩ = mμ ⋅ tan β

ℒeff ∋ iãμ ⋅ ψ̄LσμνψRFμν

⃗μ = g ( e
2m ) ⃗s

aμ =
(g − 2)

2
≡ mμãμ

γ



M1 : Bino mass

M2 : Wino mass

μ : Higgsino mass

ml̃L
≡ m̃ ν̃e

= m̃ ν̃μ
= m̃ ν̃τ

= m̃ ẽL
= m̃ μ̃L

= m̃ τ̃L

ml̃R
≡ m̃ 2

ẽR
= m̃ 2

μ̃R
= m̃ 2

τ̃R

no LFV due to universal soft masses: avoid strong constraint from µ → e γ

• Due to strong LHC constraints, we decouple coloured SUSY particles (they do 
not contribute to (g-2)μ anyway).

• aμSUSY depends on 5 mass parameters and tanβ : 

tan β ≡ ⟨Hu⟩/⟨Hd⟩
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⟨Hu⟩

B̃

B̃

ΔaWHL
μ (M2, μ, ml̃L

) =
αW

8π
m2

μ

M2μ
tan β ⋅ fW({m})

M1 : Bino (B̃) mass
M2 : Wino (W̃ ) mass

μ : Higgsino (H̃u, H̃d) mass
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μL μRμ̃R
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h

Large gaugino-Higgsino mixing leads to a 
large cross-section for DM Direct Detection:
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⟨Hu⟩

ΔaSUSY
μ = ΔaWHL

μ + ΔaBHL
μ + ΔaBHR

μ + ΔaBLR
μ
BLRBHL
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μ ⋅ ⟨Hu⟩

large μ needed

Constraints:

(
m2

τ̃R
Yτμ⟨Hu⟩

Yτμ⟨Hu⟩ m2
τ̃L

)(τ̃ mass matrix) ∼

❖ Stau mass2 becomes negative or too small!
- charge breaking vacuum:  m2stau1 > 0 

- LEP bound:  mstau1  > 90 GeV

- stau LSP:  mstau1  > mneutralino1

- Vacuum (meta-)stability:

❖ Overproduction of Bino-like neutralinos in the early universe:

similarly to the discussions in Ref. [19].
Apart from the Bino–smuon diagrams, there are other one-loop contributions to

the muon g − 2. The Bino–Higgsino–smuon contribution can be ! O(10−10) when
the Higgsinos are light due to the vacuum stability bound (Sec. 3.2). It is included
in the numerical analysis for completeness.2 On the other hand, the chargino–muon
sneutrino contributions are less than O(10−11) for M2 > 10TeV, i.e., negligible.

In Fig. 2, contours of the SUSY contributions to the muon g− 2 are shown. The
horizontal and vertical axises are the lightest smuon mass, mµ̃1

, and µ, respectively.
The parameters are set as M1 = mµ̃L

= mµ̃R
, tan β = 40 and Msoft = 30TeV. In the

orange (yellow) regions, the SUSY contributions explain the muon g−2 discrepancy
(1) at the 1σ (2σ) level. It is found that they are enhanced by large µ, and the smuon
masses can be 1TeV for µ = O(10 − 100) TeV. This is contrasted to the chargino–
muon sneutrino contributions to the muon g− 2, where µ is favored to be small [10].
On the other hand, detailed dependences on the superparticle mass spectrum are
determined by the loop function (5) and the vacuum stability condition. They will
be discussed in the next subsection.

3.2 Vacuum stability

As shown in Sec. 3.1, the Bino–smuon contribution to the muon g−2 is enhanced by
a large left-right mixing of the smuon. However, too large mixing spoils the stability
of the electroweak vacuum. The trilinear coupling of the sleptons and the SM-like
Higgs boson is given by

V "
1√
2v

m2
!̃LR

#̃∗L#̃Rh
0 + h.c.

= −
m!√

2v(1 +∆!)
µ tanβ · #̃∗L#̃Rh0 + h.c., (13)

where v " 174GeV is the Higgs VEV. As the trilinear coupling increases, disastrous
charge-breaking minima in the scalar potential become deeper, and our electroweak
vacuum could decay to them. By requiring that the lifetime of the electroweak
vacuum should be longer than the age of the Universe, m2

!̃LR
is constrained.

The vacuum stability conditions have been studied. The fitting formula of the
stability condition is obtained as

∣

∣

∣
m2

!̃LR

∣

∣

∣
≤ η!

[

1.01× 102GeV
√

m!̃L
m!̃R

+ 1.01× 102GeV(m!̃L
+ 1.03m!̃R

)

−2.27×104GeV2 +
2.97× 106GeV3

m!̃L
+m!̃R

− 1.14× 108GeV4

(

1

m2
!̃L

+
0.983

m2
!̃R

)

]

. (14)

2 This contribution can dominate the SUSY contributions to the muon g − 2, when µ is small
while decoupling the Wino. Since they are enhanced only by tanβ, superparticles are required to
be light to explain (1). They are detectable in colliders. In particular, the Higgsino production can
be significant.
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while decoupling the Wino. Since they are enhanced only by tanβ, superparticles are required to
be light to explain (1). They are detectable in colliders. In particular, the Higgsino production can
be significant.
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slepton-coannihilation needed ⇨  mslepton ~ mBino

[Kitahara, Yoshinaga 13]; [Endo, Hamaguchi, Kitahara, Yoshinaga 13]
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Unstable Neutralino (Gravitino, RPV)
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Higgsino, one gaugino, one slepton all must be light:

gaugino-Higgsino mixing ⇨ DM direct detection

Bino and both L and R sleptons must be light:
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R-Parity Violation; UDD

small �00 couplings is dominated by the box diagrams involving W bosons and top quarks

in the internal lines. We find that, for low mass values, this contribution scales with the

squark mass in an intermediate fashion between linear and quadratic, because of the finite

top mass e↵ects. These e↵ects largely vanish for squark masses above O(1TeV) and we then

recover the scaling with �00·�00

m2
q̃
. The supersymmetrized version of the W boxes, i.e. boxes

with internal charginos, are also contributing with a scaling of �00·�00

m2
q̃
. However their impact

w.r.t. the W boxes is always reduced. At large values of the couplings and for light squarks,

the purely ŪD̄D̄-mediated diagrams appear to be the most relevant, scaling with (�00·�00)2

m2
q̃

— in analogy to the slepton box-diagrams with non-vanishing LQD̄ coupling — so that

the bounds on �00
· �00 show a roughly linear dependence with the squark mass. Then, for

both large |�00
· �00

| and heavier quarks, the W -mediated diagrams and these purely ŪD̄D̄

boxes can be of comparable magnitude, hence lead to interference structures. This interplay

between various contributions brings about a non-trivial mass dependence of the bounds on

the �00 couplings, with both constructive as well as destructive e↵ects between the individual

amplitudes. The plots for negative �00
·�00 couplings perfectly illustrate this fact, in particular

in the case of �Ms. Beyond this interference regime, at su�ciently large squark masses, the

contribution from the UDD box with an internal W-line eventually supersedes the pure UDD

amplitude.

Since the bounds on the individual coupling combinations do not scale with a simple power

law in mq̃R , we refrain from showing approximate expressions as we did in the scenarios with

flavor-violation of LQD̄-type.

In Fig. 7, by contrast, the choice of non-vanishing �00 couplings does not allow for internal

(s)top lines. Thus the RpV-diagrams with mixed W/squark or chargino/quark internal lines

are suppressed, and the scaling of the limits from meson-oscillation parameters is closer to

linear. In addition, the 2� bounds are somewhat milder than in the previous case and roughly

symmetrical for positive and negative �00
· �00 products. Thus, in this case, we extract the

approximate bounds on Ū1D̄iD̄j coupling pairs:

8
>>><

>>>:

|�00
112�

00
123| . 2.8 ⇥ 10�2

⇣
ms̃R,ũR
1TeV

⌘
,

|�00
112�

00
113| . 1.2 ⇥ 10�1

⇣md̃R,ũR
1TeV

⌘
,

|�00
113�

00
123| . 3.6 ⇥ 10�2

⇣mb̃R,ũR
1TeV

⌘
,

(4.11)

Given that the scaling of the bounds on �00
· �00 pairs decidedly depends on the specific

choice of couplings, we refrain from showing a compilation table as Table 2 for the LQD̄

couplings, since it would only be representative of a specific SUSY spectrum.
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•Automatically get extra terms
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Lepton Number Violating Baryon Num. Viol.

•Do you only consider WMSSM or include some or all of WRPV?

•Problem: proton decay
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• Most generic superpotential compatible with gauge sym. is: W = WMSSM + WRPV

PROTON DECAY
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• UDD and LQD operators lead a rapid proton decay:

needs some symmetry to protect the proton stability
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• Allowing both B and L violation leads to a rapid proton decay:

p+ → π0e+

• We introduce only the UDD operator with: λ′ ′ 112 ≠ 0

- LHC signature is the most challenging:                         
no leptons, no b-jets in the neutralino decay

- Constraint from K0-K0bar mixing can easily be satisfied:

[1810.08228]
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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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Figure 1: Examples of signal diagrams for the simplified RPV models considered in this article. Cases where both of
the gluinos (or the stops) decay in the same way are also considered, and j̃

±
1 j̃

0
2 pair production is also considered for

the higgsino LSP type. For simplicity particles and anti-particles are shown using the same symbols, omitting the
anti-particle notation.

2 Signal models

Simulated signal events from five SUSY benchmark simplified models (representative production diagrams
shown in Figure 1) are used to guide the analysis selections and to estimate the expected signal yields
for di�erent signal-mass hypotheses used to interpret the analysis results. In all models considered, the
RPV couplings and the SUSY particle masses are chosen to ensure prompt decays of the SUSY particles.
Scenarios that could result in long-lived SUSY particles are not covered in this article but are widely
studied in ATLAS [35, 36]. The supersymmetric particle content of the models is the partner of the SM
gluon (gluino), the partner of the right-handed top quark (stop), and electroweakinos. The electroweakinos
(j̃0

1 , j̃0
2 and j̃

±
1 ) are massive fermions resulting from the mixing between the partners of SM electroweak

and Higgs bosons.1 Three di�erent possibilities for the electroweakino composition are tested: pure bino,
pure wino or pure higgsino. In all cases the lightest neutralino (j̃0

1) is the LSP. When considering a wino
(higgsino) LSP, the corresponding chargino j̃

±
1 (and second neutralino j̃

0
2) is assumed to be e�ectively

mass degenerate with the LSP, as predicted by theory [37, 38], and is considered in both the production
and decay processes. The gluino and stop branching ratios, as well as the electroweakino production
cross-section, are determined by the nature of the electroweakino. Table 1 summarizes the gluino and
stop branching ratios, and shows example cross-sections for direct electroweakino production [39–43],

1 In SUSY, the Higgs sector is enriched by the presence of an additional complex doublet.

3

• There exist ATLAS and CMS analyses sensitive to such final states:

CMS [1709.05406]
12

Table 9: Definition of the aggregated regions for multilepton and two SS dilepton final states.

Bin Final state Definition
1 2 SS leptons 0 jets, MT > 100 GeV and p

miss
T > 140 GeV

2 2 SS leptons 1 jet , MT < 100 GeV, p
``
T < 100 GeV and p

miss
T > 200 GeV

3 3 light leptons MT > 120 GeV and p
miss
T > 200 GeV

4 3 light leptons p
miss
T > 250 GeV

5 2 light leptons and 1 tau MT2(`1, t) > 50 GeV and p
miss
T > 200 GeV

6 1 light lepton and 2 taus MT2(`, t1) > 50 GeV and p
miss
T > 200 GeV

7 1 light lepton and 2 taus p
miss
T > 75 GeV

8 more than 3 leptons p
miss
T > 200 GeV

6 Backgrounds

The SM backgrounds leading to the final states under consideration can be divided into the
following categories:

• WZ or Wg⇤ production: When both W and Z or g⇤ bosons decay leptonically, these
events produce the same signature as the new physics scenarios targeted by this
analysis: three energetic and isolated leptons and a sizable p

miss
T due to a neutrino

from the W boson decay. This source is by far the dominant background in the
searches with three e or µ, including an OSSF dilepton pair. A SS dilepton signature
may also be produced when the W boson is accompanied by a g⇤ or off-shell Z
boson, when one of the leptons from the Z or g⇤ decay fails the applied selection
criteria (such as a Z boson mass veto or a minimum pT requirement on a vetoed
lepton), or when the Z boson decays to t leptons yielding a semileptonic (one t
decays hadronically and one decays to leptons) final state.

• Nonprompt e, µ, and t h: Depending on the lepton multiplicity, this background is
dominated by W+jets (especially in the SS dilepton regions), tt, or Drell–Yan pro-
cesses. This category contributes the largest background contribution in the trilep-
ton search regions, either that contain a th candidate, or that do not contain an OSSF
pair.

• External and internal conversions: These processes contribute to the SS dilepton or
trilepton final state when the production of a W or a Z boson is accompanied by ra-
diation of an initial- or final-state photon and this photon undergoes an asymmetric
internal or external conversion in which one of the leptons has very low pT. This soft
lepton has a high probability of failing the selection criteria of the analysis, leading
to a reconstructed two- (in case of a W boson) or three-lepton (in case of a Z boson)
final state. This background mostly contributes to categories with an OSSF pair and
to final states with two SS leptons.

• Rare SM processes with multiple prompt leptons: Rare SM processes that yield a SS
lepton pair or three or more leptons include multiboson production (two or more
bosons, including any combination of W, Z, H, or a prompt g), single-boson pro-
duction in association with a tt pair, and double parton scattering. Some of these
processes have a very small production rate, and are in some cases further sup-
pressed by the b jet veto. The contribution of such processes is estimated from MC
simulation.

• Electron charge misidentification: A background from charge misidentification arises
from events with an OS pair of isolated eµ or ee in which the charge of one of the
electrons is misreconstructed. In most cases, this arises from severe bremsstrahlung
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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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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

3

ℓ
ν

39



Gravitino LSP
Gravitino LSP

δMB ∝ MSUSY ln
( ΛUV

MSUSY

)

<latexit sha1_base64="RQuKEBtYIQrWBu1J5uVjT8e1YpE="></latexit>

Figure 7.4: Contributions to the MSSM gaugino
masses in gauge-mediated supersymmetry breaking
models come from one-loop graphs involving virtual
messenger particles.

B̃, W̃ , g̃

〈FS〉

〈S〉

The first line in eq. (7.7.8) represents supersymmetric mass terms that go along with eq. (7.7.3), while
the second line consists of soft supersymmetry-breaking masses. The complex scalar messengers !, !
thus obtain a squared-mass matrix equal to:

(
|y2〈S〉|2 −y∗2〈F ∗

S〉
−y2〈FS〉 |y2〈S〉|2

)
(7.7.9)

with squared mass eigenvalues |y2〈S〉|2 ± |y2〈FS〉|. In just the same way, the scalars q, q get squared
masses |y3〈S〉|2 ± |y3〈FS〉|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

!, ! : m2
fermions = |y2〈S〉|2 , m2

scalars = |y2〈S〉|2 ± |y2〈FS〉| , (7.7.10)

q, q : m2
fermions = |y3〈S〉|2 , m2

scalars = |y3〈S〉|2 ± |y3〈FS〉| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for 〈FS〉 $= 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and !, ! messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [166] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ 〈FS〉/〈S〉 . (7.7.13)

(Note that if 〈FS〉 were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI〈S〉 for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
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• Gauge mediation: SUSY breaking field 
(singlet)

messenger field 
(gauged)

integrating out Φ at 
the scale Λ = <S>

m3/2 =
FS√
3MP
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(gluino mass)

Fine-tuning:
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gluino mass  
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• In the gauge-mediated SUSY breaking (GMSB) scenario, light gravitino is motivated by 
naturalness:

δm2
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In the left panel of Figure 1 we plot contours of a fixed neutralino lifetime c⌧e�0
1
= 1mm in

the gravitino-neutralino mass plane. The three contours correspond to the lightest neu-
tralino which is predominantly bino (red-solid), wino (blue-dashed) and higgsino (pink-
dotted-dashed). The prompt region (c⌧e�0

1
< 1mm) is located above contours (the top-left

part of the plots), allowing fairly light gravitinos with m3/2 . 5 eV–1 keV for neutralinos
lighter than O(1)TeV. It justifies our assumption that the gravitino can be treated as a
massless particle in dealing with its kinematics at colliders and we conveniently fix m3/2 to
1 eV throughout our analysis. The right panel of Figure 1 recasts the calculation in the
⇤–mNLSP plane, where ⇤ is the messenger scale and assuming 0.01F

⇤ = 1TeV.
The branching ratio of the bino-like neutralino can be obtained by substituting N1i = �1i
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• The decay rate of the NLSP neutralino into the gravitino can be calculated.  For light 
gravitinos ( < 10-100 eV ), the neutralino decays are prompt. 
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Figure 2. Branching ratios to gravitino.

In the large tan β and heavy h̃01 limit, these mode will have the equal branching ratio of

50%, though the h̃01 → ZG̃ mode is generally favoured due to the difference in phase-space

and tan β effect.

In figure 2 we show the branching ratios of different classes of the NLSP. For binos the

dominant decay mode is to the photon, regardless of its mass. For light winos photonic

decay mode dominate as well, however for the heavier winos the dominant decay mode is to

Z boson. Finally higgsinos decay either to the Higgs boson or Z boson, and for higgsinos

heavier than 200GeV either decay mode has a similar share.

2.3 Naturalness

One of the motivations for a light gravitino is to relax the apparent fine-tuning in the

Higgs sector. In the leading-log approximation, the Higgs mass-squared parameters in a

moderate or large tan β regime are roughly given by

m2
h ∼ (m2

Hu
+ |µ|2)

︸ ︷︷ ︸
tree

− 3y2t
8π2

m2
stop log

Λ

Q︸ ︷︷ ︸
1-loop

− g23y
2
t

4π4
|M3|2

(
log

Λ

Q

)2

︸ ︷︷ ︸
2-loop

, (2.8)

where Q is the electroweak symmetry breaking scale and Λ is the messenger scale of SUSY

breaking. The first, second and third terms come from tree, one-loop and two-loop level,

and are sensitive to the higgsino mass (µ), the stop mass (mstop) and the gluino mass

(M3), respectively. In our analysis we take all the mass parameters real and positive for

simplicity. It is clear that the small µ is crucial for naturalness. From the above formula

it is also evident that the second and third terms can be made not-too-large by taking Λ

to be small. The right panel of figure 1 shows the region of (mχ̃0
1
, Λ) that is consistent

with the prompt decay requirement cτχ̃0
1
! 1mm. One can see that our prompt decay

requirement is consistent with the region Λ ! 100–1000TeV, where the fine-tuning can be

largely relaxed for given µ, mstop and M3.

In particular, for a meaningful estimation of the contributions from each of the three

terms in eq. (2.8) we have to specify the value of µ. Therefore, we will discuss the impact of

the gravitino LSP on the fine-tuning problem only for the higgsino-like neutralino case. In

the other two cases, we have assumed that higgsinos are irrelevant for the collider signatures
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Figure 3: The exclusion plots in the stop model, Sec. 4.1. The left column with electroweakino
as the LSP and the right column with gravitino LSP. From top to bottom: bino, wino and higgsino
case. Only the most constraining analyses are shown.
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vides very strong limits compared to other analyses. Finally the atlas_1802_03158 analysis
searches for the production of electroweakinos, squarks and gluinos that subsequently decay
to photons and gravitinos. The final state signature is in this case at least one isolated
photon and large missing energy.

4 Results: the LHC limits

Our presentation of the exclusion limits is organised in the following way. For each of the
three models: stop, gluino and stop-gluino we dedicate a separate subsection. There we
specify to models for which the strongly produced particles are accompanied by di↵erent
classes of electroweakinos: bino, wino or higgsino, and finally we compare exclusions for the
case with the electroweakino or gravitino LSP.

4.1 Stop simplified model

We start the analysis of the LHC constraints by looking at the simplified model with stops
and electroweakinos. The pattern of stop decays will crucially depend on the nature of
electroweakinos. Gluinos are assumed to be heavy, meg & 2.5 TeV , which is well above the
current limits.

In the simplest scenario, when m eB ⌧ mfW ,meh, the lightest neutralino is predominantly
composed of the bino. The only available decay mode is:

stop-bino : et1 ! te�0
1 (BR = 100%), (10)

provided mt̃1
> mt +m�̃

0
1
. In the following analysis we assume that this relation is satisfied.

Otherwise, t̃1 may decay into bW �̃
0
1, bjj�̃

0
1 or c�̃0

1 depending on the mass spectrum and the
parameters.

In the wino-like neutralino scenario, the lightest stop will decay though its t̃L component
into the winos. There are two possible decay modes and in the limit of heavy et1, we have,

stop-wino : et1 ! bfW+ (BR ' 2/3)

et1 ! tfW 0 (BR ' 1/3). (11)

For smaller stop mass, the phase-space factor becomes important, which further favours the
et1 ! bfW+ mode. In particular, for met1 < mfW +mt, the the top-quark decay mode vanishes

and BR(et1 ! bfW+) = 100%.
In the higgsino scenario there are three competing stop decay modes:

stop-higgsino : et1 ! teh0
1 (BR ' 25%)

et1 ! beh+ (BR ' 50%)

et1 ! teh0
2 (BR ' 25%) (12)

where the branching ratios are in themet1 � meh limit. On the other hand, for lighter stops the
et1 ! beh+ mode is preferred due to larger phase-space. In particular BR(et1 ! beh+) = 100%
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into Eq. (4), which leads to
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BR( eB ! Z eG) = 1� Br( eB ! � eG) ,

BR( eB ! h eG) = 0 . (6)

Numerically, the e�0
1 ! � eG mode dominates the Z-boson mode for any bino mass. In

particular in the limit mZ/m eB ! 0, they approach BR( eB ! � eG) ! c
2
W

' 0.77 and

BR( eB ! Z eG) ! s
2
W

' 0.23. Therefore the models are mainly constrained by the analysis
targeting photon final states as we will see later.

For the wino-like NLSP the branching ratio of fW 0 is obtained by taking N1i = �2i in
Eq. (4), which gives

BR(fW 0
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Compared to the bino-like neutralino, the branching ratio to the photon final state is sup-
pressed by the weak mixing angle squared, s2

W
, and the Z-boson mode is dominant for winos

heavier than me�0
1
& 200GeV. In the limit mZ/mfW ! 0, they approach BR(fW 0

! � eG) !

s
2
W

' 0.23 and BR(fW 0
! Z eG) ! s

2
W

' 0.77.
The higgsino-like neutralino, eh0

1, decays into eG and a Higgs or Z boson. The branching
ratios are calculated with N13 = �N14 = 1/

p
2 and N11 = N12 = 0 following Eq. (4). It is

easy to see that BR(eh0
1 ! � eG) = 0 and
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In the large tan � and heavy eh0
1 limit, these mode will have the equal branching ratio of 50%,

though the eh0
1 ! Z eG mode is generally favoured due to the di↵erence in phase-space and

tan � e↵ect.
In Figure 2 we show the branching ratios of di↵erent classes of the NLSP. For binos the

dominant decay mode is to the photon, regardless of its mass. For light winos photonic
decay mode dominate as well, however for the heavier winos the dominant decay mode is to
Z boson. Finally higgsinos decay either to the Higgs boson or Z boson, and for higgsinos
heavier than 200 GeV either decay mode has a similar share.

2.3 Naturalness

One of the motivations for a light gravitino is to relax the apparent fine-tuning in the Higgs
sector. In the leading-log approximation, the Higgs mass-squared parameters in a moderate
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where Q is the electroweak symmetry breaking scale and ⇤ is the messenger scale of SUSY
breaking. The first, second and third terms come from tree, one-loop and two-loop level,
and are sensitive to the higgsino mass (µ), the stop mass (mstop) and the gluino mass (M3),
respectively. In our analysis we take all the mass parameters real and positive for simplicity.
It is clear that the small µ is crucial for naturalness. From the above formula it is also evident
that the second and third terms can be made not-too-large by taking ⇤ to be small. The
right panel of Fig. 1 shows the region of (me�0

1
, ⇤) that is consistent with the prompt decay

requirement c⌧e�0
1
. 1mm. One can see that our prompt decay requirement is consistent

with the region ⇤ . 100–1000TeV, where the fine-tuning can be largely relaxed for given µ,
mstop and M3.

In particular, for a meaningful estimation of the contributions from each of the three
terms in Eq. (9) we have to specify the value of µ. Therefore, we will discuss the impact of
the gravitino LSP on the fine-tuning problem only for the higgsino-like neutralino case. In
the other two cases, we have assumed that higgsinos are irrelevant for the collider signatures
which, in practice, means that they are heavier than stops and gluinos. The limits obtained
for stops and gluinos depend on this assumption. The first term in Eq. (9) is then the most
important one irrespectively of the value of ⇤.\6

3 Recasting LHC analyses

We confront our simplified models with various ATLAS and CMS analyses searching for
beyond the Standard Model. For each analysed model we generate a grid of points each

\6One can of course relax this assumption and assume that higgsino is just heavier that the NLSP. The
analysis has then to be repeated with more signatures taken into account and would lead to slightly weaker
bounds on the stop and gluino masses, as a function of the assumed higgsino mass. Given that the obtained
bounds are similar for all three simplified models, the discussion of the fine tuning issue just for the third
model illustrates well the di↵erence between the neutralino and gravitino LSP scenarios.
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Figure 12: Production cross section upper limits at 95% CL as a function of the ec0
1 mass, for

a model of EW ec0
1 pair production, where either (left) both ec0

1 decay into a Z boson with a
100% branching fraction (B), or (right) each ec0

1 can decay to a Z or an H with equal probability.
The model assumes the production of mass-degenerate neutralinos and charginos that decay
into ec0

1 possibly emitting soft particles, labeled as Xsoft. The magenta curve shows the theo-
retical production cross section with its uncertainty. The solid (dashed) black line represents
the observed (median expected) exclusion. The inner green (outer yellow) band indicates the
region containing 68 (95)% of the distribution of limits expected under the background-only
hypothesis.
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• Higgsino, Wino direct production excluded up to ~ 700GeV 

• SUSY g-2 requires Higgsino or Wino with m < 600 GeV
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Figure 7: Observed upper cross section limit at 95% CL for the EWK GGM signal in the wino-
bino mass plane. The thick lines represent the observed (black) and expected (red) exclusion
contours, where the phase space closer to the diagonal is excluded by the analysis. The thin
dotted red curves indicate the region containing 68% of the distribution of limits expected
under the background-only hypothesis. The thin solid black curves show the change in the
observed limit due to variation of the signal cross sections within their theoretical uncertainties.
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Figure 8: Observed (black) and expected (red) upper cross section limits as a function of the
NLSP mass for the TChiWg (left) and TChiNg (right) model together with the corresponding
theoretical cross section (blue). The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The solid blue lines represent the theoretical uncertainty in the
signal cross section.

scenarios T5gg and T5Wg represent the gluino pair production with two photons and one
photon and one W boson in the final state, respectively. The cross section limits and exclusion
contours are shown in Fig. 9 in the eg � ec0

1/ec±
1 mass plane. This search can exclude gluino

masses of up to 2100 (2000) GeV in the T5gg (T5Wg) scenario. The limit gets weaker at low
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Figure 1: Diagrams for models of neutralino/chargino production (upper left), GMSB neu-
tralino pair production with ZZ (upper right) and ZH bosons (lower left) in the final state,
and direct slepton pair production (lower right). In the first GMSB neutralino pair production
model, the ec0

1 is assumed to decay exclusively into a Z boson, while in the latter, the ZH final
state is accompanied by the ZZ final state with 50% branching fractions of the ec0

1 decaying into
an H or a Z boson. Only ZH and ZZ final states are taken into account in the analysis, since the
contribution of the HH topology to our signal regions is expected to be negligible. Such models
predict the SUSY particles to be produced via EW interactions, with limited if any production
of accompanying quarks in the final state.
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Figure 2: Diagram for GMSB gluino (eg) pair production (left), where each eg decays into a pair
of quarks and a neutralino. The neutralino then decays to a Z boson and an LSP. Diagrams for
sbottom eb (center) and squark eq (right) pair production are also shown. Such models feature a
mass edge from the decay of a ec0

2 via an intermediate slepton, è. In the central diagram, a pair
of b quarks is present in the final state. In these models we assume a fixed ec0

1 mass of 100 GeV,
while the mass of the slepton is taken to be equidistant from the masses of the two neutralinos.
Only the lightest eb mass eigenstate, eb1, is assumed to be involved in the models considered. All
these models assume strong production of SUSY particles and predict an abundance of quarks
in the final state.

This paper is organized as follows. Section 2 provides a brief description of the CMS detector,
while Section 3 describes the datasets, triggers and object reconstruction in CMS. Section 4
describes the event selection criteria and the SRs used in the search, while the estimation of
the SM background contribution is described in Section 5. Section 6 describes the fit to the m``
distribution, used to extract a possible edge-like signal. The results of the search are described
in Section 7, and are interpreted in terms of constraints on the cross sections of the SMS models,
as described in Section 8. Finally, a summary of the analysis is given in Section 9.
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Analysis Framework

SUSY g-2: GM2Calc 1-loop + leading 2-loop [Eur.Phys.J. C76 (2016) no.2, 62]

Neutralino abundance, Direct Detection: MicrOMEGAs [2003.08621]

Decay of SUSY particles: SUSY-HIT [hep-ph/0609292]

LHC constraints:

- MSSM: ① Mapping simplified model limits to the model point (σ BR)

- Gravitino LSP:

- RPV:

Both ① and ②

② Pythia 8  + CheckMATE 2 [1907.09874], [1611.09856]
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Figure 1: One-loop diagrams representing SUSY contribution to (g � 2)µ. Each diagram is labelled by
the name corresponding to sparticles taking part in it, e.g. BHL is a diagram involving Bino, Higgsino and
left-handed slepton. The red dots represent the interactions responsible for the tan� enhancement.

For large or moderate values of tan� (5 . tan� . 50), the one-loop SUSY contribution is
approximated by [50]
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where each term in the right-hand side, yielded by the respective diagram in Fig. 1, is given by
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and m⌫̃µ , mµ̃L , mµ̃R , and mµ are the pole masses of ⌫̃µ, µ̃L, µ̃R, and the muon, respectively. If
all SUSY particles have the same mass, the a

WHL
µ is an order of magnitude larger than the other

contributions. We define our parameter planes based on the four 1-loop contributions described
above, while our numerical calculation include the leading 2-loop contributions implemented in
GM2Calc [51].

2.1 Parameter planes

Since there are six parameters in the problem, exploration and visualization of the whole parameter
space are challenging. In this paper, we instead define eight two-dimensional parameter planes
motivated by the above one-loop contributions and systematically study the interplay between
a
SUSY
µ and the other phenomenological constraints. As aSUSY

µ at the one-loop level is proportional
to tan�, we take tan� = 50 as the default value in order to maximise the SUSY contributions and
specify three of the remaining five parameters to define two-dimensional parameter spaces.
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Table 1: The parameter planes and choices of the other parameters.
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because a
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LHC have placed stringent lower bounds on the masses of the coloured SUSY particles [52–54].
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among the five (cf. Eq. (2.1)) are set as light as O(100)GeV and the remaining two are set heavier,
so that one of the four contributions in Eq. (2.3) dominates. We prepare two planes, which result
in di↵erent collider phenomenology, for each of the four scenarios. In these parameter planes the
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the gravitino can be lighter than �̃
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plus large missing transverse momentum (Emiss
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) signature. In order to avoid emergence of high-pT
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relative sign between µ and Mi (i = 1, 2, 3) is physical. We take Mi > 0 throughout the paper.
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Figure 7: Results for GMSB with NLSP di↵erent from neutralino: WHLµ (upper left), BHLµ (upper
right), BHRµ (middle), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to
one and two sigma agreement respectively. Blue, orange, purple and magenta shaded regions are excluded
by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [55].

pair production followed by eH0
! ⌧ ⌧̃L and eH±

! ⌧ ⌫̃L. The purple region in the bottom left corner
of the plot is excluded by the ATLAS soft-` analysis. In this region, soft leptons arise from the
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We first look at the WHLµ plane shown in the top left panel of Fig. 7. In the plot the blue and
orange shaded regions are excluded at 95 % CL by the CMS multilepton [38] and CMS soft `+`� [56]
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Figure 1: One-loop diagrams representing SUSY contribution to (g � 2)µ. Each diagram is labelled by
the name corresponding to sparticles taking part in it, e.g. BHL is a diagram involving Bino, Higgsino and
left-handed slepton. The red dots represent the interactions responsible for the tan� enhancement. [It may
be better, in WHL diagram, to include the neutral diagram because it yields the fN term in
Eq.2.3a.] [( Done] [What does the red-color mean?]

where each term in the right-hand side, yielded by the respective diagram in Fig. 1, is given by
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The functions fC and fN are given by

fC(x, y) = xy
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and m⌫̃µ , mµ̃L , mµ̃R , and mµ are the pole masses of ⌫̃µ, µ̃L, µ̃R, and the muon, respectively. If
all SUSY particles have the same mass, the a

WHL
µ is an order of magnitude larger than the other

contributions.
[I think we should briefly discuss the 2 loop contributions.]

2.1 Parameter planes

Since there are six parameters in the problem, exploration and visualization of the whole parameter
space are challenging. In this paper, we instead define eight two-dimensional parameter planes
motivated by the above one-loop contributions and systematically study the interplay between
a
SUSY
µ and the other phenomenological constraints. As aSUSY

µ at the one-loop level is proportional
to tan�, we take tan� = 50 as the default value in order to maximise the SUSY contributions and
specify three of the remaining five parameters to define two-dimensional parameter spaces.

We set the masses of gluinos, squarks, and heavy Higgs bosons arbitrary large in our analysis
because a

SUSY
µ at the one-loop level is independent of their mass and recent SUSY searches at the

LHC have placed stringent lower bounds on the masses of the coloured SUSY particles [REF].
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Figure 7: Results for GMSB with NLSP di↵erent from neutralino: WHLµ (upper left), BHLµ (upper
right), BHRµ (middle), BLR50 (lower left) and BLR10 (lower right) planes. Region of parameter space
allowed by the latest aµ experimental results [4] is depicted with green and yellow bands, corresponding to
one and two sigma agreement respectively. Blue, orange, purple and magenta shaded regions are excluded
by LHC constraints. Dark blue shaded area is excluded by LEP stau mass bound [13].

We first look at the WHLµ plane shown in the top left panel of Fig. 7. In the plot the blue and
orange shaded regions are excluded at 95 % CL by the CMS multilepton [38] and CMS soft `+`� [56]
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