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(g-2)μ anomaly

[L. Lellouch, Moriond 2022 EW]

atheo
μ = 0.00 1165 91 810 (43)

aexp
μ = 0.00 1165 92 061 (41)
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μ − atheo

μ ≃ (25 ± 6) × 10−10 ≃ 𝒪 (ΔaSM,EW
μ ) ≃ ΔaBSM

μ ?
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[Muon g-2, Phys. Rev. Lett. 126, 141801]
[T. Aoyama et al., , Phys. Rep. 887, 1 (2020)]
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Motivation
Many BSM scenarios can explain the (g-2)μ  anomaly

Supersymmetry is particularly motivated, because it offers:

Leptoquarks, Z’, 2HDM, axion, … 

Coupling Unification, Radiative EWSB, Baryogenesis, DM, …

However, simple SUSY scenarios are heavily constrained by existing 
experimental results…

Which SUSY scenarios are phenomenologically viable?
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Can phenomenologically 
viable SUSY explain (g-2)μ?
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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.
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ΔaSUSY
μ ≃
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(g-2)μ in MSSM has a tension with:
DM Direct Detection

(Bino-like) DM overproduction

lepton + large ETmiss @ LHC

Vacuum stability (for BLR) 

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

} consequence of stable neutralino

What changes if neutralino is unstable?
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R-parity violation scenario
WRPV = λ′ ′ ijkUc

i Dc
j Dc

k + λijkLiLjEc
k + λ′ ijkLiQjDc

k + κiLiHu

Simultaneous violation of both B and L leads to a rapid proton decay

We introduce only UDD operator with 

(g-2)μ doesn’t change wrt. MSSM

Neutralino LSP decays to 3 (anti)quarks

λ′ ′ 112 ≠ 0

B L L L
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GMSB scenario

We assume almost massless gravitino LSP ( 1 GeV)

(g-2)μ doesn’t change much wrt. MSSM

If neutralino is NLSP then totally excluded -> slepton/
sneutrino/stau NLSP

mG̃ ≤

In GMSB, light gravitino LSP is motivated by naturallness

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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G̃
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Xsoft
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0,±
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τ̃1/ν̃ G̃

τ/ν

W̃ / H̃ 0,±

τ/ν

G̃

γ, Z, hXsoft

Xsoft

W̃ / H̃
0,±

χ̃0
1

χ̃0
1 G̃

γ, Z, h

W̃ / H̃ 0,±

 NLSP:χ̃0
1

γ + Emiss
T /l+l− soft lepton/tau



methodology

Morskie Oko, Tatra, 
Poland



R. Masełek Corfu Summer Institute 2022/09/05

Analysis

LHC constraintsaSUSY
μ DM abundance σ χ̃0

1
SI

M1, M2, μ, ml̃L
, ml̃R

, tan β

GM2Calc, CheckMATE2, MicrOmegas …MC  
simulations

constraints 

1. Select one of the 4 loop diagrams (WHL, BHL, BHR, BLR) 
2. Take 3 relevant masses to be O(100GeV) and other 2 very large 
3. Then the diagram dominates  
4. Vary 2 masses and relate/fix the third -> 2D plane scan

ΔaSUSY
μ
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List of all recasted LHC analyses



Beach in Dębki, Poland

results



R. Masełek Corfu Summer Institute 2022/09/05

MSSM, WHLμ 

compressed 
mass spectrum WHL 

dominates
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MSSM, WHLμ 

1σ agreement

2σ agreementaSUSY
μ > aexp

μ

aexp
μ
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DM  
overabundance

MSSM, WHLμ 
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CMS l+l-
[2012.08600]

ATLAS soft-l
[1911.12606]

ATLAS DT
[2201.02472]

MSSM, WHLμ 

pp → W̃+,0W̃−,0

W̃± → l±ν̃
W̃0 → l±l̃∓

 
 
 

Wino-like LSP excluded 
up to 

mχ±
1

− mχ0
1

∼ 𝒪(100 MeV)
cτχ̃±

1
∼ 𝒪(1 cm)

χ±
1 → χ0

1 + X±
soft

M2 ∼ 760 GeV

 
 
 

slepton decays to 
higgsino LSP  
are very soft (20 GeV)

pp → W̃+,0W̃−,0

W± → l±ν̃
W0 → l±l̃∓

 
 

ξ̃ξ̃′ → (l+η̃)(l−η̃′ )
ξ̃ ≡ l̃ / ν̃
η̃ ≡ χ̃±

1 / χ̃0
1
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XENON1T
[1805.12562]

MSSM, WHLμ 
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Whole (g-2)μ relevant  
region will be probed in 
the near future!

MSSM, WHLμ 
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[Kitahara, Yoshinaga 13]; [Endo, Hamaguchi, Kitahara, Yoshinaga 13]

μ /TeV, M1 /GeV

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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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
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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
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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.

7

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.

7

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.

7



R. Masełek Corfu Summer Institute 2022/09/05

MSSM with stable neutralino



R. Masełek Corfu Summer Institute 2022/09/05

MSSM with stable neutralino

UDD RPV



R. Masełek Corfu Summer Institute 2022/09/05

GMSB with slepton/sneutrino/stau NLPS

UDD RPV



R. Masełek Corfu Summer Institute 2022/09/05

Summary
There is a 4.2σ discrepancy for (g-2)μ between experiment and SM prediction

SUSY can explain (g-2)μ, but:

 is LSP and stable  constraint from large 

  constraint from DM-DD experiments

slepton and Bino are light  DM overproduction

If  is not stable LSP, DM constraints go away, and LHC signature changes:

RPV with UDD     LHC constraints from multijet + lepton

Gravitino LSP with  NLSP    (g-2)μ region excluded by  channel

Gravitino LSP with  NLSP   LHC constraints from soft lepton/tau

χ̃0
1 ⟹ Emiss

T

|μ | ≈ M1 (M2) ⟹

⟹

χ̃0
1

⟹

χ̃0
1 ⟹ γ + Emiss

T

l̃/ν̃/τ̃ ⟹
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Tension between experiment and white paper SM 
calculations

aexp
μ − aSM

μ = (25 ± 6) × 10−10 ∼ 𝒪 (ΔaSM,EW
μ )

We need very light BSM particles OR enhancement from coupling

ΔaBSM
μ ∼ ΔaSM,EW

μ ⋅ ( m2
W

m2
BSM ) ⋅ coupling
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ΔaSUSY
μ = ΔaWHL

μ +ΔaBHL
μ +ΔaBHR

μ +ΔaBLR
μ

ΔaWHL
μ (M2, μ, ml̃L

) = +
αW

8π
m2

μ

μM2
tan β ⋅ fWHL(m)

ΔaBHL
μ (M1, μ, ml̃L

) = +
αY

8π
m2

μ

μM1
tan β ⋅ fBHL(m)

ΔaBHR
μ (M1, μ, ml̃R

) = −
αY

8π
m2

μ

μM1
tan β ⋅ fBHR(m)

μL μRμ̃R

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

[K.Sakurai, Corfu 2021]
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ΔaSUSY
μ = ΔaWHL

μ +ΔaBHL
μ +ΔaBHR

μ +ΔaBLR
μ

ΔaBLR
μ (M1, ml̃L

, ml̃R
; μ) = +

αY

4π
m2

μ
μM1

m2
μ̃L

m2
μ̃R

tan β ⋅ fBLR(m)

M2
τ̃ ∼ (

m2
τ̃R

Yτμ ⟨Hu⟩
Yτμ ⟨Hu⟩ m2

τ̃L
)

large μ needed

Stau mass squared becomes too small or even negative!

charge breaking vacuum: 

LEP bound: 

stau LSP: 

vacuum (meta-)stability

m2
τ̃1

> 0

mτ̃1
> 81.9 GeV

mτ̃1
> mχ̃0

1

Constraints on staus:

[K.Sakurai, Corfu 2021]

 [Kitahara, Yoshinga 13]
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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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CMS l+l- [2004.05153]
ATLAS soft-l [1911.12606]
ATLAS DT [2201.02472]

XENON1T [1805.12562]
CMS multilepton [1709.05406]

ATLAS multijet+l [2106.09609]

ATLAS jets +ETmiss  

 [ATLAS-CONF-2019-040]

CMS multilepton
[1709.05406]

CMS soft l+l-
[1801.01846]

MSSM RPV GMSB
WHLμ
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CMS l+l- [2004.05153]

XENON1T [1805.12562]
CMS multilepton [1709.05406]

ATLAS multijet+l [2106.09609]

MSSM RPV GMSB
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ATLAS 
[1911.06660]

τ+τ−

ATLAS soft-l [1911.12606] ATLAS soft-l [1712.08119]
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XENON1T [1805.12562]
CMS multilepton [1709.05406]

ATLAS multijet+l [2106.09609]

CMS multilepton
[1709.05406]

MSSM RPV GMSB
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ATLAS 
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τ+τ−
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XENON1T [1805.12562]
CMS multilepton

[1709.05406]

MSSM RPV GMSB
BLR50

CMS l+l- [2004.05153]

LEP stau mass bond
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XENON1T [1805.12562]
CMS multilepton

[1709.05406]

MSSM RPV GMSB
BLR10

CMS l+l- [2004.05153]

LEP stau mass bond
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CMS l+l- [2004.05153]

XENON1T [1805.12562]

MSSM RPV
BHLL

ATLAS soft-l [1911.12606]
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CMS l+l- [2004.05153]

XENON1T [1805.12562]

MSSM RPV
BHRL

CMS multilepton [1709.05406]
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Figure 5: Allowed values of the OS stop mass reproducing mh = 125 GeV as a function of the stop mixing, with
tan� = 20, µ = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 2� experimental uncertainty from the top mass. The wiggle around the positive maximal
mixing point is due to the physical threshold when mt̃ crosses M3 +mt.

renormalization scale—even if the on-shell squark masses are positive, the DR stop mass becomes
highly sensitive to the renormalization scale when the gluino is more than a factor of 2÷3 above
it, which results in an instability of the estimate of the Higgs mass. What is happening is that
the physical on-shell squark masses becomes tuned and highly sensitive to the soft parameters.
The situation is similar to trying to compute the Higgs mass in terms of the soft parameter m2

Hu

instead of the on-shell (tuned) EW vev v.

All these problems disappear in the OS scheme, the gluino decouples up to a physical log
correction [16], there are no tachyons since the physical OS masses are given as input and larger
hierarchies can be introduced safely within the SUSY spectrum (with the usual caveat that large
logarithms may require resummation). Besides, the input masses are directly the physical quan-
tities to be compared with experiments.

For these reasons we also performed our computation in the OS scheme. Fig. 5 shows an
application of such calculation. It corresponds to the region of allowed OS stop masses (taken
degenerate in this case) which reproduces the observed Higgs mass for di↵erent At-terms. Our
definition of At in the on-shell scheme, eq. (27), is di↵erent from the usual one, this explains why
the point of maximal mixing is not at Xt/mt̃ ' 2. In the spirit of natural SUSY [46–48] we kept
the higgsino light at 300 GeV while the gauginos and first generation squarks safely above collider

14
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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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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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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
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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

which, in practice, means that they are heavier than stops and gluinos. The limits obtained
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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.

11

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%

9
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into Eq. (4), which leads to
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�4 ,

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
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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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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
! � eG) =

s
2
W

s
2
W

+ c
2
W

�
1�

m
2
Z

m
2
fW

�4 ,

BR(fW 0
! Z eG) = 1� BR(fW 0

! � eG). (7)

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

�(eh0
1 ! Z eG)

�(eh0
1 ! h eG)

'

|c� + s�|
2
⇣
1�m

2
Z
/m

2
eh0
1

⌘4

|c� � s�|
2
⇣
1�m

2
h
/m

2
eh0
1

⌘4 . (8)

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

6

Figure 2: Branching ratios to gravitino.

or large tan � regime are roughly given by

m
2
h

⇠ (m2
Hu

+ |µ|
2)

| {z }
tree

�
3y2

t

8⇡2
m

2
stop log

⇤

Q| {z }
1�loop

�
g
2
3y

2
t

4⇡4
|M3|

2
⇣
log

⇤

Q

⌘2

| {z }
2�loop

, (9)

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

SUSY (g-2)μ 
incompatible 
with LHC
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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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the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
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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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Gravitino LSP

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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[(massless) gravitino LSP + neutralino NLSP] cannot explain muon g-2

Unlike MSSM, in gravitino LSP, one cannot hide high pT decay products and ETmiss by 
making mass spectrum compressed. 
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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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Gravitino LSP with slepton NLSP
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<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>

}  NLSPẽR, μ̃R, τ̃R

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

}  NLSPτ̃1
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