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The Standard Model (SM)

The SM is a highly successful theory and has been tested rigorously.

The SM is based on the gauge symmetry groups of strong nuclear
force, weak nuclear force and electromagnetic force i.e
SU(3)c × SU(2)L × U(1)Y .

SU(3)c −→ QCD part.

SU(2)L × U(1)Y −→ Electroweak part.
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Shortcomings of the SM

In the SM neutrinos are massless.

No dark matter (non-baryonic) candidate.

Gauge hierarchy problem (δm2
h ∝ Λ2).

Electric charge is not fully quantized.

Non-unification of gauge couplings.
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Grand Unified Theories (GUTs)

Unification of SM gauge couplings (MGUT ∼ 1016 GeV).

Unification of matter/quark-lepton multiplets.

Electric charge quantization.

Seesaw physics / neutrino oscillations.

Quark-Lepton mass relations.1

1See Pre-SUSY-2021 lectures by I. Gogoladze.
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Supersymmetry (SUSY):

Arguably the most compelling extension of the Standard
Model.

Relates fermions to bosons and vice versa.

Resolves the gauge hierarchy problem.

Predicts mh ≤ 135 GeV.

Provides cold dark matter candidate (LSP).

Predicts new particles and thereby enables unification of the
SM gauge couplings.

Part of supersting theory thus SUSY is a bridge between the
low energy phenomenology and high-energy fundamental
physics.
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Gauge Coupling Unification in SUSY
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The Minimal Supersymmetric Standard Model (MSSM)

h,H,A,H±

R = (−1)3(B−L)+2S , R=1 (particles), R=-1 (sparticles)

χ̃0
1 = N11B̃ + N12W̃

0 + N13H̃
0
u + N14H̃

0
d , Neutralino LSP. This is

prime DM candidate.
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SUSY Phenomenology

SUSY is a broken symmetry (me 6= mẽ)

We have to break SUSY by introducing soft supersymmtery
breaking terms (SSB)

MSSM+SSB more than 100 parameters

SUSY is broken in the hidden sector, and then SUSY breaking
is mediated to the SM observable sector (MSSM) via gravity
mediation, anomaly mediation, guage mediation 2

2see Pre-SUSY-2021 lectures by S. Martin and X.Tata
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Where is SUSY?

After Run-1 and Run-2 LHC SUSY searches show no evidence
of SUSY particles

Bounds on SUSY particle masses are getting higher and
higher and thus providing strong constraints

Low mass bounds on gluino (2.3 TeV), first two generation
squarks (1.9 TeV), stop (1.25 TeV) and sbottom (1.5 TeV)

Hint for Electroweak Fine Tuning problem. 3

3for successful solutions see T. Leggett, T. Li, J. A. Maxin, D. V.
Nanopoulos and J. W. Walker, PLB 740, 66 (2015), G. Du, T. Li, D. V.
Nanopoulos and SR PRD 92, no. 2, 025038 (2015), T. Li, SR and X. C. Wang,
PRD 93, no.11, 115014 (2016) and references there in.
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SUSY GUTS

The gauge coupling unification strongly suggests GUTs

Can we probe the SUSY GUTs at the future pp colliders and
other experiments even if there does exist the SUSY EWFT
problem?

If yes, what is the center-of-mass energy of the future pp
collider needed?

In this study, with the grand desert hypothesis from the EW
scale to the GUT scale, we show that SUSY GUTs with
MGUT ≥ 1.0× 1016 GeV can be probed at the future pp
colliders.

For the SUSY GUTs with MGUT ≥ 1.0× 1016 GeV, we study
the upper bounds on the gaugino and sfermion masses.

10 / 24



GUTs and Proton Decay

In GUTs, the well know prediction is the D=6 proton decay
p → e+π0

τp(e+π0) ' 1.0× 1034 ×
(

2.5

AR

)2

×
(

0.04

αGUT

)2

×
(

MX/Y

1.0× 1016 GeV

)4

years4 .

4J. Hisano, arXiv:hep -ph /0004266 [hep -ph].
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GUTs and Proton Decay

The current lower limit on the proton lifetime from the
Super-Kamiokande experiment is τp > 1.6× 1034 years.

Thus, we obtain MX/Y ≥ 1.0× 1016 GeV.

At the future Hyper-Kamiokande experiment, we can probe
the proton lifetime at least above 1.0× 1035 years

And to be more precise, the GUTs with
MX/Y ≤ 2.0× 1016 GeV is within the reach of the future
Hyper-Kamiokande experiment.

Because MX/Y ≤ MGUT, we obtain that the GUTs with
MGUT ≤ 2.0× 1016 GeV is within the reach of the future
Hyper-Kamiokande experiment.

We shall consider MGUT ≤ 1.0× 1016 GeV in this study to
remain conservative.
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Discovery reach of 100 TeV pp Colliders for SUSY Particles

The SUSY searches at the 100 TeV pp colliders have been done. @
the integrated luminosity 30 ab−1 the discovery mass ranges are

Wino via Bino decay ∼ 6.5 TeV

Gluino g̃ via heavy flavor decay ∼11 TeV

Gluino g̃ via light flavor decay ∼ 17 TeV

First two generation squarks q̃ ∼ 14 TeV

Stop ∼ 11 TeV

If g̃ and q̃ are similar in mass ∼ 20 TeV
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Constraints

We use the following constraints in our study

mh = 123− 127 GeV,

mg̃ ≥ 2.2 TeV,

0.8× 10−9 ≤ BR(Bs → µ+µ−) ≤ 6.2× 10−9 (2σ),

2.99× 10−4 ≤ BR(b → sγ) ≤ 3.87× 10−4 (2σ),

0.15 ≤ BR(Bu → τντ )MSSM

BR(Bu → τντ )SM
≤ 2.41 (3σ),

0.114 ≤ ΩCDMh2(Planck) ≤ 0.126 (5σ).
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Gravity Mediated Supersymmetry Breaking:
mSUGRA/CMSSM

We perform the random scans for the following mSUGRA/CMSSM
parameter space using ISAJET 7.85

0 ≤M0 ≤ 90TeV,

0 ≤M1/2 ≤ 30TeV,

−3 ≤A0/M0 ≤ 3,

2 ≤ tanβ ≤ 60

We consider µ > 0 and mt = 173.2GeV
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mSUGRA/CMSSM-Scanning Results

Gray points are consistent with the REWSB and LSP neutralino. Orange points satisfy the mass bounds and the

constraints from rare B−meson decays. Green points are a subset of orange points and satisfy

MGUT & 1 × 1016 GeV.
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mSUGRA/CMSSM-Scanning Results

The color coding for gray, orange, and green points is the same as the Fig.1. Left: plot in the mg̃ and M1/2 plane.

Red (tan β > 7.5) and blue (tan β < 7.5) points are subset of green points and represent solutions which satisfy

the Planck 5σ bound. Right: plot in the first two generation squark mass mq̃ and M0 plane. Red (tan β > 9) and

blue (tan β < 9) points are subset of green points and represent solutions which satisfy the Planck 5σ bound..
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Anomaly Mediated Supersymmetry Breaking: AMSB

We perform the random scans for the following minimal AMSB
(mAMSB) parameter space using ISAJET 7.85

1TeV ≤M0 ≤ 75TeV,

100TeV ≤M3/2 ≤ 300TeV,

2 ≤ tanβ ≤ 60

We consider µ > 0 and mt = 173.2GeV
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mAMSB-Scanning Results

Gray points are consistent with the REWSB and LSP neutralino. Orange points satisfy the mass bounds and the

constraints from rare B−meson decays. Green points are a subset of orange points and satisfy

MGUT & 1 × 1016 GeV.
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Guage Mediated Supersymmetry Breaking: GMSB

We perform the random scans for the following minimal GMSB
(mGMSB) parameter space using the SPheno 4.0.4 package
generated with SARAH 4.14.3

5× 105 GeV ≤Λ ≤ 107 TeV,

2× Λ ≤Mmess ≤ 1015 GeV,

2 ≤ tanβ ≤ 60

We consider µ > 0 and mt = 173.2GeV
To preserve the gauge coupling unification, we consider the
messenger fields which form the complete GUT multiplets. For
simplicity, we introduce one pair of the messenger fields in the 5
and 5 representations of SU(5), i.e., Nmess = 1.
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Estimation of MGUT in GMSB

We take a benchmark point from the mSUGRA/CMSSM
scenario with MGUT very close to 1× 1016 GeV.
With a specially modified version of the ISAJET, we define
α−1

12 (Q) ≡ α−1
1 (Q)− α−1

2 (Q), and make a plot of α−1
12 (Q)

from the Renormalization Group Equation (RGE) running of
three guage couplings from MGUT to the weak scale MW as
functions of renormalization scale Q.
We then fit the α−1

12 (Q) curve by a polynomial function f (Q)
via Mathematica.
For any point at the messenger scale Mmess , we calculate
α−1

1 (Mmess) and α−1
2 (Mmess) via the codes SARAH 4.14.3

and Sphenov4.0.4. We use Spheno to do these calculations
since it can compute and output the SM gauge couplings at
the Mmess .
For α−1

1 (Mmess)− α−1
2 (Mmess) > f (Mmess) and

α−1
1 (Mmess)− α−1

2 (Mmess) < f (Mmess), we obtain
MGUT > 1× 1016 GeV and MGUT < 1× 1016 GeV.
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mGMSB-Scanning Results

Gray points are consistent with the REWSB and LSP neutralino. Orange points satisfy the mass bounds and the

constraints from rare B−meson decays. Green points are a subset of orange points and satisfy

MGUT & 1 × 1016 GeV.
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Summary

Gauge coupling unification in the SSMs strong suggests the
GUTs

Considering the grand desert hypothesis from the EW scale to
GUT scale, we showed that the supersymmetric GUTs can be
probed at the future pp colliders and Hyper-Kamiokande
experiment.

We showed that the SUSY GUTs with anomaly and gauge
mediated supersymmetry breakings are well within the reaches
of the future 100 TeV pp colliders such as the FCChh and
SppC

The SUSY GUTs with gravity mediated supersymmetry
breaking can be probed at the future 160 TeV pp collider
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Thank You
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