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Outline

Brief recap of MSSM 

Latest status of the LHC searches for EW SUSY… 

… and muon g-2 

Results 

Summary



EW MSSM



MSSM particle content 

‣ Charginos/ neutralinos 

‣ Sleptons

Uncolored EW sector 



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

May show up elsewhere : DM 
experiments,   

Some interesting excesses

(g − 2)μ

EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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Electroweak MSSM

EW sector may be hiding key to new physics! 



 

Soft Breaking Terms 

WMSSM = ūYuQHu − d̄YdQHd − ēYeLHd + μHuHd

ℒMSSM
soft = −

1
2 (M3g̃g̃ + M2W̃W̃ + M1B̃B̃ + c . c)

−( ˜̄u au Q̃Hu − ˜̄d ad Q̃Hd − ˜̄e ae L̃Hd + c . c)
−Q̃†m2

Q Q̃ − L̃† m2
L L̃ − ˜̄u m2

ū ˜̄u† − ˜̄d m2
d̄

˜̄d† − ˜̄e m2
ē ˜̄e†

− m2
Hu

H*u Hu − m2
Hd

H*d Hd − (bHuHd + c . c)

MSSM Superpotential



Neutralinos
Gauge eigenstate basis

MN =

M1 0 −MZ cβ sW MZ sβ sW

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

Parameters M1, M2, μ, tan β

(B̃, W̃0
3, H̃0

u, H0
d)

Mass diagonalisation : N*MÑN−1 = (mχ̃0
1
, mχ̃0

2
, mχ̃0

3
, mχ̃0

4
)

Tree level neutralino mass matrix 



Gauge eigenstate basis

MN =

M1 0 −MZ cβ sW MZ sβ sW

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

(B̃, W̃0
3, H̃0

u, H0
d)

Tree level neutralino mass matrix 

Rp ≡ (−1)3(B−L)+2S

Neutralinos

N*MÑN−1 = (mχ̃0
1
, mχ̃0

2
, mχ̃0

3
, mχ̃0

4
)

DM candidate

Parameters M1, M2, μ, tan β



Charginos 
Gauge eigenstate basis

Parameters M2, μ, tan β

(W̃±, H̃±
u/d)

Mass diagonalisation : U*MÑV−1 = (mχ̃±
1
, mχ̃±

2
)

Tree level chargino mass matrix 

MC =
M2 2MWcβ

2MWsβ μ



Sleptons

M2
L̃ = (m2

l + m2
LL mlXl

mlXl m2
l + m2

RR)
m2

LL = m2
L̃ + (I3L

l − Qls2
w)M2

z c2β

m2
RR = m2

R̃ + Qls2
wM2

z c2β

Xl = Al − μ(tan β)2I3L
l

mL̃ , mR̃, μ, tan β

ml̃1
∼ mLL ml̃2

∼ mRRFirst two gens.

Parameters 

Tree level slepton mass matrix 



EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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LHC searches

Monojet searches
- Pair production of DM

Multilepton + missing ET

- Decay via sleptons

- Decay via gauge/Higgs bosons ( on-shell)

- Decay via gauge bosons ( off-shell)

Mass splitting

Disappearing/displaced track searches

- Decay via pions ( mass splitting ~ 100 MeV)



LHC searches
EW sector of MSSM

LHC searches

Indirect constraints

Searches at the LHC
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Compressed

139 fb−1

36 fb −1

Slepton pair production
ATLAS [1908.08215]

13 TeV, 139 fb−1

ATLAS 1911.12606



What did the LHC exclude ?

Impressive exclusion bounds for winos   ‣ EW triplets 

‣ Large mass splitting



What did the LHC exclude ?

- Small visible energy makes the searches challenging in the 
"compressed" region

-

mχ̃0
1

∼ mχ̃±
1

∼ mχ̃0
2- Higgsino : 



Caution! Simplified models

Specific assumptions 

- Pure Wino decaying to pure bino

- 100% BR

Relax these assumptions and 
the limits change!

Limits must be recast to be imposed on real  parameter space 



Recasting with CM

 CheckMATE  

Event 
generation Mg5aMC_nlo

Showering and Pythia8

Delphes

SR definition and
 statistical evaluation

Detector 

Drees,  Dreiner, Schmeier, Tattersall, Kim ‘ 13 
Kim, Schmeier, Tattersall, Rolbiecki ‘15 
Dercks, Desai, Kim, Rolbiecki, Tattersall ‘16 

Testing models  against LHC analyses

- Signal events calculated for each SR

-  

- For the best SR,   excluded!

r =
S − 1.96 × ΔS

S95
exp

r > 1



What did the LHC actually exclude ?

2402.01392

pMSSM scan with decoupled colored 
sector and sleptons



What did the LHC actually exclude ?

excluded!

pMSSM scan with decoupled colored 
sector and sleptons

2402.01392



Much of MSSM parameter space still unexplored 
(even below ~ 1 TeV)

"Simplified SUSY models" are not really SUSY 

To mitigate : Recast, reinterpret 

Generic lessons

LHC has not ruled out SUSY.  

But when will it discover SUSY ? 



2402.01888

1911.12606

Excesses ? 

2106.01676

2l + Emiss
T

3l + Emiss
T

2l/3l + Emiss
T

≳ 3l + Emiss
T

Wino/Bino 
Δm ≡ mχ̃0

2
− mχ̃0

1
∼ 20 GeV



Excesses ? 

2111.06296- searches with heavy sleptons : deficit in observed vs expected exclusion 

2l + Emiss
T

3l + Emiss
T

2l/3l + Emiss
T

Higgsino

2106.01676

Δm ≡ mχ̃0
2
− mχ̃0

1
∼ 8 − 20 GeV



Excesses ? 

2311.17149

Δm ≡ mχ̃0
2
− mχ̃0

1
≲ 20GeV

Higgsino

Agin, Fuks, Goodsell, Murphy 



Possible scenarios

Wino/Bino DM with chargino coannihilation.

Relic density 100% saturated

M1 ≈ M2 < < μ

Higgsino DM with chargino coannihilation.

Relic density partially saturated

μ < < M1, M2

mχ̃0
2

≈ mχ̃±
1

Δm ≡ mχ̃0
2
− mχ̃0

1
∼ 20 GeV



Muon (g-2) in MSSM



Muon (g-2) anomaly

aexp
μ − atheo,SM

μ = (24.9 ± 4.8) × 10−10

Aoyama et al ‘20

Talk by Thomas Teubner, FPCP 2024
Final result from Fermilab in 2025



Muon (g-2) anomaly

Talk by Thomas Teubner, FPCP 2024

SM uncertainty dominated by 

HVP contribution

New theory WP expected soon !



Muon (g-2) anomaly

Talk by Thomas Teubner, FPCP 2024

Tensions between WP and 

CMD-3,BMW

New theory WP expected soon !



Muon (g-2) in MSSM

SM EW 1 loop : .                          MSSM , 1 loop :  

 

α
π

m2
μ

M2
W

α
π

m2
μ

M2
SUSY

× tanβ

We need very light BSM particles   
OR 

 enhancement from couplings

ΔaBSM
μ ∼ ΔaSM,EW ⋅ ( m2

W

m2
BSM ) ⋅ ( gBSM

gSM )m2
BSM

MSSM can easily explain anomaly ! tan β ∈ [5 − 60] → mSUSY ∈ [200 − 600] GeV



ΔaSUSY
μ = ΔaWHL

μ + ΔaBHL
μ + ΔaBHR

μ + ΔaBLR
μ
BLRBHL

γ

ΔaWHL
μ (M2, μ, ml̃L

) =
αW

8π
m2

μ

M2μ
tan β ⋅ fW({m})

ΔaBHR
μ (M1, μ, ml̃R

) = −
αY

8π
m2

μ

M1μ
tan β ⋅ fN({m})

ΔaBHL
μ (M1, μ, ml̃L

) =
αY

8π
m2

μ

M1μ
tan β ⋅ fN({m})BHL M1, μ, ml̃L

ΔaBLR
μ (M1, ml̃L

, ml̃R
; μ) =

αY

4π
m2

μM1μ
m2

μL
m2

μR

tan β ⋅ fBLR({m})BLR M1, ml̃L
, ml̃R

[Borrowed from Kazuki Sakurai]



Summary of g-2 in MSSM

ΔaWHL
μ (M2, μ, ml̃L

)

ΔaBHR
μ (M1, μ, ml̃R

)

ΔaBHL
μ (M1, μ, ml̃L

)BHL M1, μ, ml̃L

ΔaBLR
μ (M1, ml̃L

, ml̃R
; μ)BLR M1, ml̃L

, ml̃R

ΔaSUSY
μ = ΔaWHL

μ + ΔaBHL
μ + ΔaBHR

μ + ΔaBLR
μ
BLRBHL

Higgsino, one gaugino, one slepton all must be light:

⇨ LHC constraint with large ET 

gaugino-Higgsino mixing ⇨ DM direct detection

Bino and both L and R sleptons must be light:

⇨ LHC constraint with large ET 

⇨ Bino abundance

⇨ Charged LSP,  Vacuum stability

Ωχ̃0
1

< ΩDM
large

30 [Borrowed from Kazuki Sakurai]



Results



Analysis flow

GM2Calc

CheckMATE

SuSpect Spectrum generation

(g − 2)μ @ 2 loop

MicrOMEGAS DM observables

LHC  constraints

Δaμ = (24.9 ± 4.8) × 10−10

ΩCDMh2 = 0.120 ± 0.001

Direct detection SI bounds from LZ 

Squarks and gluinos decoupled



DM choices
Bino/wino DM with chargino coannihilation

-  (Relic density 100% satisfied)M1 ∼ M2 < μ

-  (Relic density 100% satisfied)M1 ∼ ml̃ < M2, μ

-  (underabundant upto ~ 1 TeV)μ < M1, M2

-  (underabundant upto ~ 3 TeV)M2 < M1, μ

Bino DM with slepton coannihilation

Higgsino DM

Wino DM

m(N)LSP ≲ 650 (700) GeV

m(N)LSP ≲ 550 (600) GeV

m(N)LSP ≲ 500 GeV

m(N)LSP ≲ 600 GeV

Muon g-2 @ 5σ

MC, Heinemeyer, Saha’ 20/21Bino/higgsino DM : tension between DM & g-2



Wino/Bino(+) DM

Upper and lower bounds  from  and 

LHC searches

(g − 2)μ

MC, Heinemeyer, Saha, Schappacher’ 22



Less no. of signal leptons.

- Considerable BR for  ẽL(μ̃L) → χ̃±
1 νl

- Slepton-pair production ( 2l + missing   ) 

provides important search channel .

→ ET

Green :  but not DM, LHC(g − 2)μ

Blue :  + DM, but not LHC(g − 2)μ

Red : all

ATLAS : ẽL(μ̃L) → χ̃0
1l

Wino/Bino(+) DM



Wino/Bino(+) DM

MC, Heinemeyer, Saha, Schappacher’ 22MC, Heinemeyer, Saha, Schappacher’ 22

New LZ bound partially covers the 

parameter space 

2410.17036



Wino/Bino(+) DM



Many good points at Δm ≈ 20 GeV

Parameter scan range

Wino/Bino (+) : M1 × M2 > 0

Only points with : ml̃ > mχ̃0
2

Wino/Bino(+) excess

Excesses do not overlap well



Wino/Bino(+) excess

DD can be complementary 

New LZ bound partially covers the 

parameter space 
2410.17036



Wino/Bino(+) excess

Cross section roughly in the correct range 

considering the difference between expected and 

observed limits

NLO+NLL Resummino



Wino/Bino(-) DM

Parameter scan range

Wino/Bino (-) : M1 × M2 < 0

Only points with : ml̃ > mχ̃0
2

Many good points at Δm ≈ 25 GeV

ATLAS and CMS overlap better



Wino/Bino(-) DM

DD can be complementary LHC cross section in the right range



ΩCDMh2 ≤ 0.122

Higgsino(+) DM

Parameter scan range

Under-abundant upto ~ 1 TeV

Compressed spectra with mχ̃0
1

∼ mχ̃±
1

∼ mχ̃0
2

 doublet favored by naturalnessSU(2)L

Higgsino(+) : μ × M1 > 0



Higgsino(+) DM

Compressed spectra searches most important. 

 GeV  Disappearing track searches 

not sensitive

Δm ∼ 𝒪(10) →

mχ̃0
1

∼ mχ̃±
1

∼ mχ̃0
2

Direct detection cuts away higher Δm

Higgsino(+) : μ × M1 > 0

Drees, Ghaffari ‘21



Higgsino(+) DM

Direct detection cuts away higher 

Higgsino(+) : μ × M1 > 0

Δm

With LZ 2022 ml̃ > mχ̃0
2



Higgsino(-) DM

Cancellation possible for 

SI scattering amplitude

μ × M1 < 0

within the first term : Bino LSP 

between h and H exchange : light MH ≈ MA

Huang, Wagner’14, Baum et al ‘23



Higgsino(-) DM

Parameter scan range

Higgsino(-) : μ × M1 < 0

Additional Constraints  
Flavor physics  

Non-standard Higgs searches

M1 < 0We take 

Original motivation : g-2



Higgsino(-) DM Higgsino(-) : μ × M1 < 0

 GeV, MA ≲ 500 tan β ≲ 2

Additional Constraints  

Flavor physics  

Non-standard Higgs searches



Higgsino(-) DM

Δm still too low to explain “excesses”



Higgsino(-) DM

 : motivation g-2M1 < 0

Martin, 2403.19598Higgsino(-) : μ × M1 < 0

Alternatively, μ < 0

SD constraints restrict Δm



Future collider prospects
Wino/Bino (+) : M1 × M2 > 0

MC, Heinemeyer, Saha, Schappacher’ 20



Future collider prospects

Berggren’ 20



Summary
Much of MSSM parameter space still unexplored (even below ~ 1 TeV)

"Simplified SUSY models" are not really SUSY. Proper recasting required.

New muon g-2 result (Theory & experiment) upcoming. Independently at J-PARC, MuonE.

Small excesses in ATLAS +CMS soft lepton searches : "Compressed" region needs better sensitivity.

LHC has not ruled out SUSY.  

But when will it discover SUSY ?  

- VBF searches, ML-based triggers/cuts

Soon!



Thank You!



Extra



Chargino Co-annihilation



DM ConstraintsEW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

DM relic density constraint

Some annihilation channels that could give right relic density :

There can be coannihilations with sparticles of slightly heavier masses:

16 / 21

EW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

DM direct detection

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

Interactions can be spin-dependent/independent.

Diagrams contributing to SI interactions

Diagrams contributing to SD interactions

17 / 21

Relic Density Direct Detection

A well-tempered bino-wino or bino-higgsino LSP            Chargino coannihilation

Bino - dominated LSP  Slepton coannihilation



LHC searches
- Disappearing track searches

Higgsino

Wino

CMS-EXO-19-010

χ̃±
1 → π±χ̃0

1

Δm ∼ 100 MeV

Finite lifetime, decay 
within detector 

Fukuda, Nagata, Otono, Shirai ‘17



W-mass in MSSM
- Pure slepton loops contribute 

only via the self energies

- Mixed slepton/chargino/
neutralino contributions enter 
via vertex and box diagrams



Possibility of A-pole annihilation
Current  limit(g − 2)μ

Black contour : simplified application of  H/A → τ+τ− A-pole annihilation strongly constrained

Bagnaschi et al. ‘18

aμ ∼
tan β
m2

EW

mχ̃0
1

=
MA

2

M125
h ( χ̃) Benchmark scenario



EW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

(g � 2)µ

Large discrepancy from the SM (more than 3�):

a
exp

µ � a
SM

µ = (28.02± 7.37)⇥ 10�10.
Keshavarzi, Nomura, Teubner ’19

Important probe for new physics. �al
al

⇠ m
2

l
⇤2 .

SM contributions : QED, weak, hadronic vacuum polarization,
hadronic light by light scattering.

QED : complete calculation upto 5 loops. EW : two loops.
Aoyama, Hayakawa, Kinoshita, Nio ’17, Ishikawa, Nakazawa, Yasu ’18,

Heinemeyer, Stökinger, Weiglein ’04

Uncertainty dominated by non-perturbative, hadronic sector.

had
µ

�

� �

11 / 21





Highest mass points
Current  limit(g − 2)μ

Anticipated future  limit(g − 2)μ

Points  satisfying                 , DM and LHC constraints , masses in GeV.(g − 2)μ



ū(p′￼)[γμF1(q2) +
i

2mμ
σμνqνF2(q2)]u(p)Aμ

F2(0) = aμ

aμ =
gμ − 2

2



EW sector of MSSM

LHC searches

Indirect constraints

(g � 2)µ
DM relic density

DM direct detection

SUSY contributions to (g � 2)µ

�aµ(W̃ , H̃, ⌫̃µ) ' 15 ⇥ 10�9
✓
tan�

10

◆✓
(100GeV)2

M2µ

◆✓
fC

1/2

◆
,

�aµ(W̃ , H̃, µ̃L) ' �2.5 ⇥ 10�9
✓
tan�

10

◆✓
(100GeV)2

M2µ

◆✓
fN

1/6

◆
,

�aµ(B̃, H̃, µ̃L) ' 0.76⇥ 10�9
✓
tan�

10

◆✓
(100GeV)2

M1µ

◆✓
fN

1/6

◆
,

�aµ(B̃, H̃, µ̃R) ' �1.5 ⇥ 10�9
✓
tan�

10

◆✓
(100GeV)2

M1µ

◆✓
fN

1/6

◆
,

�aµ(µ̃L, µ̃R, B̃) ' 1.5 ⇥ 10�9
✓
tan�

10

◆ 
(100GeV)2

m
2
µ̃L

m
2
µ̃R

/M1µ

!✓
fN

1/6

◆
.

Endo, Hamaguchi, Iwamoto, Yoshinaga’13

14 / 21





tanβ enhancement in SUSY

SM:

SUSY:

mμ = Yμ⟨Hd⟩ tan β ≡
⟨Hu⟩
⟨Hd⟩

µR µLν̃µ

H̃+
d W̃+

H̃+
u W̃+

×vu

∝ µ for µ → ∞

µL µRµ̃L µ̃R

B̃

×vu

∆a1Lµ (WHL) =
g2
2

8π2

m2
µM2

m4
L

µ tan β Fa

(

M2
2

m2
L

,
µ2

m2
L

)

−
g2
2

16π2

m2
µM2

m4
L

µ tanβ Fb

(

M2
2

m2
L

,
µ2

m2
L

)

,

∆a1Lµ (BHL) =
g2
1

16π2

m2
µM1

m4
L

µ tanβ Fb

(

M2
1

m2
L

,
µ2

m2
L

)

,

∆a1Lµ (BHR) = −
g2
1

8π2

m2
µM1

m4
R

µ tan β Fb

(

M2
1

m2
R

,
µ2

m2
R

)

,

∆a1Lµ (BLR) =
g2
1

8π2

m2
µ

M3
1

µ tan β Fb

(

m2
L

M2
1

,
m2

R

M2
1

)

.

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
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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

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


