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The Standard Model

V. D. Barger et.al., Collider Physics (1996)



Drawbacks of the Standard Model

✦The Higgs mass instability problem in the Electroweak (EW) sector  

✦Existence of Dark Matter 

✦Masses of Neutrino

✦The Axion quality Problem      
        

                         ∝+ ...

✦The Strong CP Problem    
           

Neutron electric dipole moment <

From Exp.

;

Inclusion of quantum gravity ruins the    
solution to the Strong CP problem

V. D. Barger et.al., Collider Physics (1996)

A. Hook, PoS TASI2018

M. Bauer et. al., Lect.Notes Phys. (2019)

S.P. Martin, Adv.Ser.Direct.High Energy Phys. (2010)
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A BSM Scenario: Supersymmetry (SUSY) 

SUSY = SM + Superpartner with spin = spin(SM) ± 1/2 MINIMAL SUPERSYMMETRIC 
STANDARD MODEL (MSSM)
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STANDARD MODEL (MSSM)

SM 
Boson:

 W1, W2, W3 
B

Gluon
Higgs

Graviton

Fermion:
Wino
Bino

Gluino
Higgsino
Gravitino

SUPERPARTNER
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A BSM Scenario: Supersymmetry (SUSY) 

SUSY = SM + Superpartner with spin = spin(SM) ± 1/2 MINIMAL SUPERSYMMETRIC 
STANDARD MODEL (MSSM)

SM 
Boson:

 W1, W2, W3 
B

Gluon
Higgs

Graviton

Fermion:
Wino
Bino

Gluino
Higgsino
Gravitino

SUPERPARTNER

SM 
Fermion:
Quarks
Leptons

Boson:
Squarks
Sleptons

SUPERPARTNER

Main Motivation: Cancellation of Quadratic Divergence in Higgs Mass

Quadratic divergences must 
be canceled to stabilize the 

Higgs mass in the 
ultraviolet complete theory

                     ∝ 

                      ∝+ ...

H. Baer et. al., Cambridge University Press, 2006. 

S.P. Martin, Adv.Ser.Direct.High Energy Phys. (2010)
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Solutions to the SUSY μ problem

K. J. Bae, H. Baer, V. Barger, D. S., Phys. Rev. D 99 (2019) no.11, 115027
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Supersymmetry Breaking

BROKEN IN HIDDEN SECTOR 

SUPERSY MMETRY

H. Baer et. al., Cambridge University Press, 2006. 



Supersymmetry Breaking

BROKEN IN HIDDEN SECTOR 

● Gravity-Mediation

SUSY BREAKING EFFECTS MEDIATED TO VISIBLE SECTOR VIA:

● Anomaly-Mediation

● Gauge-Mediation

● Gaugino-Mediation
UNNATURAL

● Mirage-Mediation = Anomaly + Gravity Mediation

SUPERSY MMETRY

H. Baer et. al., Cambridge University Press, 2006. 



  

Typical Mass Spectra of Natural SUSY Models

H. Baer, V. Barger, S. Salam, D.S. and K. Sinha, Eur.Phys.J.ST 229 (2020) 21, 3085-3141



Dark Matter in SUSY

Dark matter = LSP from RPC SUSY+Axion

H. Baer, V. Barger, D. S., and X. Tata, Eur. Phys. J. C 78 (2018) 10, 838
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✦The Strong CP Problem    
           

Neutron electric dipole moment <

From Exp.

;

✦The Peccei-Quinn Solution      
         

Adding axion a  and a coupling  fa to the SM            L ⊃ (a/fa +        )                                      .                                              

Axion follows an anomalous symmetry (              ) :
                                                                                                                                      
                                                                                                                                      

Axion Potential:                                                                                             when <a> =  

       
 Neutron electric dipole moment                            0

                     

A. Hook, PoS TASI2018

R. D. Peccei et. al., Phys. Rev. Lett. (1977)

Strong CP Problem and its Solution
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Axion Quality Problem and its Solution

Harmless if suppressed 
by at least 1/mP

 8 M. Kamionkowski et. al. Phys. Lett. B 282 (1992) 137

Solution to Axion quality problem
Replace U(1)PQ  

global symmetry by 
a discrete symmetry 
as the fundamental 

symmetry and 
U(1)PQ arises 

accidentally from 
that discrete 

symmetry



MBGW Model

proposed by K.S. Babu, I. Gogoladze and K. Wang and seperately by S.P. Martin

Fundamental Symmetry: Z22 discrete gauge symmetry SOLVES AQP ! 
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MBGW Model

proposed by K.S. Babu, I. Gogoladze and K. Wang and seperately by S.P. Martin

Fundamental Symmetry: Z22 discrete gauge symmetry SOLVES AQP ! 

S. P. Martin, Phys. Rev. D 62 (2000) 095008

K. S. Babu, I. Gogoladze and K. Wang, Phys. Lett. B 560 (2003) 214.

SSB Terms

F-Terms

CHARGE ASSISGNMENTS INCONSISTENT WITH GUT

ORIGINATES FROM CONDENSATION OF A FIELD OF CHARGE 22e  → HIGHLY IMPLAUSIBLE
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Fundamental R Symmetries

Non-trivial R charge : +1 (simplest)

Superpotential: must carry R-charge 2 + nN for 
the L  to be invariant under ZN

 R ; (n = any integer)

These R-symmetries were shown to be anomaly-free and 
consistent with GUT

All terms in superpotential (W) must 
have R charge : 2 + 24n ( n = integer)

MBGW MODEL DOES NOT SOLVE AQP WITH ANY OF THESE R SYMMETRIES 

Lee et al. in arXiv : 1102.3595
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Radiative PQ breaking Scenarios

MSY MODEL

CCK MODEL

SPM MODEL

Murayama et. al. Phys. Lett. B 291 (1992) 418.

Choi et. al. Phys. Lett. B 403 (1997) 209.

Martin et. al. Phys. Rev. D 62 (2000) 095008.



Radiative PQ breaking Scenarios

MSY MODEL

CCK MODEL

SPM MODEL

DOES NOT SOLVE AQP WITH ANY R SYMMETRIES MENTIONED EARLIER

Murayama et. al. Phys. Lett. B 291 (1992) 418.

Choi et. al. Phys. Lett. B 403 (1997) 209.

Martin et. al. Phys. Rev. D 62 (2000) 095008.
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Hybrid SPM

H. Baer, V. Barger, and D. S., Phys. Lett. B 790 (2019) 58-63
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Kill Three Birds with One Stone

Solves the Axion-quality Problem 
because no terms with 
suppression less than            are 
allowed in the scalar potential

R-Parity Violating Operators

Dim-5 Proton Decay Operators

Added Advantages

H. Baer, V. Barger, and D. S., Phys. Lett. B 790 (2019) 58-63

Axion quality 
problem
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Cuts

< 0
H. Baer, V. Barger, D. S. and Xerxes Tata Phys. Rev. D 105 (2022) 9, 095017



Angle Cuts

H. Baer, V. Barger, D. S. and Xerxes Tata Phys. Rev. D 105 (2022) 9, 095017

Veto: φ1, φ2 > 0, 
φ1 + φ2 < π/2 

Veto: |φ1, 2| < π/10

Veto: Corner 
strips  
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C3-Cuts
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Cuts
C3-Cuts

H. Baer, V. Barger, D. S. and Xerxes Tata Phys. Rev. D 105 (2022) 9, 095017



Mass Reach

H. Baer, V. Barger, D. S. and Xerxes Tata Phys. Rev. D 105 (2022) 9, 095017



Mass Reach (nAMSB model)

H. Baer, V. Barger, J. Bolich, J. Dutta, D.S., ArXiv: 2408.03276 [hep-ph] 

C3-cuts C3-cuts

Model Line:                                                                                           



Higgsino Pair-Production at LHC

H. Baer, V. Barger, D. S. and Xerxes Tata Phys. Rev. D 105 (2022) 9, 095017

  Natural SUSY: Higgsinos at         = 14 TeV and      = 3 

Snowmass report in 2021



C.W. Chiang, S. Jana, D. S.  Phys. Rev. D 105 (2022) 5, 055014

Type - III Seesaw model: Associated 
production of 2nd/3rd generation Σ± and Σ0 

Type - II Seesaw model/ Georgi-Machacek 
model: Production of ∆±± via vector boson 
fusion

 Natural SUSY: Wino pair production

SUSY
TYPE-III

TYPE-II/GM

Same-Sign Diboson +



Same-Sign Diboson +

Type - III Seesaw model: Lightest exotic fermions 
(Σ±,0 ) at √s =27 TeV and L  = 15 ab−1 

Type - II Seesaw model/ Georgi-Machacek 
model: ∆±± at √s =27 TeV and L  = 15 ab−1 

 Natural SUSY: Winos at √s = 27 TeV and L  = 3 ab−1 

C.W. Chiang, S. Jana, D. S.  Phys. Rev. D 105 (2022) 5, 055014

SUSY TYPE-III

TYPE-II/GM



Model Line:  m0 = 5  TeV, m1/2= 1.2  TeV, tan β = 10,
                     μ = 250 GeV, mA = 2 TeV,
                     A0 =   -7 TeV to -9 TeV

Top squark searches

H. Baer, V. Barger, J. Dutta, D.S., K. Zhang, Phys.Rev.D 108 (2023) 7



Exploration of Parameter Space of Natural 
Supersymmetric models     

LHC Confronts SUSY

European strategy update report in 2018

H. Baer, V. Barger, J.S. Gainer, D. S., H. Serce Phys. Rev. D 98 (2018) 7, 075010

Higgsinos at HL-LHC

Gluinos and top squarks and winos at HE-LHC



  

Phenomenology

  Natural SUSY: Higgsinos at         = 14 TeV and      = 3 

         Natural SUSY: Winos at       = 27 TeV and L  = 3 ab−1  

Type - III Seesaw model: Lightest exotic fermions (Σ±,0 ) 
at s√  =27 TeV and L  = 15 ab 1−  

Type - II Seesaw model/ Georgi-Machacek model: 
∆±± at √s =27 TeV and  L  = 15 ab−1 

Natural SUSY: Stop and Gluinos at       = 27 TeV and L = 15 ab−1 
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No New 
Physics?

Our proposal: Study well-known observables to reveal New Physics 

New Physics: Light or Heavy?

SM 
Higgs

Current energy 
of LHC

BSM Particles 
(Theory)

Not in plan 
anymoreDiscovery of 

SM particles

Energy line of SM and BSM particles

Searches for new physics Future colliders

This work: Precise measurement of top quark observables



Light New Physics from 

The LHC, being a “top quark factory”, helps in precise measurement of various 
properties of the top quark

SM Process

Pair-production of top quarks with each 

top  t   decaying to   b   and     W±     
which further decays leptonically      

E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180

Invariant mass of the b -jet and the lepton (mb ℓ )



MSSM Process

Any BSM scenario with final state: opposite sign dileptons + 2  b  -jets +       

Pair-production of the lightest stop    , with each  

decaying to the lightest chargino       and b, and 

each       decaying to the lightest SUSY particle 

(LSP)        leptonically via a real or a virtual        

boson

Example: Minimal supersymmetric standard model (MSSM)

Several parameter space points generated 
using SPheno - 4.0.3 interfaced with          
SARAH -4.15.1

Targeted New Physics Scenario

E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180



Bounds from Experiments 
A new physics scenario should not be excluded by
experimental searches SPECIFICALLY designed for this scenario, AS WELL AS 

experimental searches NOT designed for this scenario
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Simulation

All the parameter space points are simulated with Pythia — 8.3 with PDF=NNPDF2.3 QCD+QED LO.

Cuts imposed (motivated by experimental papers)

Jet clustering: Anti-kT jet algorithm

Tech. Rep. ATLAS-CONF-2019-038 
M. Aaboud et. al. (ATLAS), Eur. Phys. J. C 78, 129 (2018)

A. M. Sirunyan et. al. (CMS), Eur. Phys. J. C 79, 368 (2019)   

From mb ℓ distribution : 

E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180



Benchmark Points

Values of     calculated using SModelS — 2.3.3Significance with        from ATLAS

DISCOVERY!!

Significance with       from ATLAS Significance with        from ATLAS 
E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180



Conclusion

Fundamental 
symmetry

1. Higgs Mass 
instability problem in 
EW sector

2. Strong CP Problem

3. Axion quality problem

4. Dark Matter

        SUSY          +         U(1)PQ

    (free of μ problem)            (free of AQP)

Axion 
Phenomenology
(not discussed 

here)

SUSY searches at LHC

Higgsino pair production,
                                          

                      
Top squark searches

LHC with √s > 13  TeV 

A thorough study of well-known/well-measured observable such as 
mb ℓ can hint towards new physics in the top-quark sample. 
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