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Supersymmetry



Supersymmetry

• bosons↔ fermions

• e.g. lepton↔ slepton, gluon↔ gluino ...

• broken at scale 𝑚0

•→ mass scale of superpartners of SM fermions



Motivations

Hierarchy problem: 𝑚𝐻 ll 𝑀Pl
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Dark matter Coupling unification

Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings α→1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be-
tween 750 GeV and 2.5 TeV,
and α3(mZ) is varied between
0.117 and 0.120.
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6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 → 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [113]. In the DRED method, all momentum integrals
are still performed in d = 4 → 2ε dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at
the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One
loop β-functions are always the same in these two schemes, but it is important to realize that the MS
scheme does violate supersymmetry, so that DR is preferred† from that point of view. (The NSVZ
scheme [118] also respects supersymmetry and has some very useful properties, but with a less obvious
connection to calculations of physical observables. It is also possible, but not always very practical, to

†Even the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [114]. Fortunately, this does not seem to
cause practical difficulties [115, 116]. See also ref. [117] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.
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PeV-scale mini-split SUSY

• Focus on:

• 𝑚0 ∼ 𝑚3/2 ∼ PeV

• 𝑚1/2 ∼ TeV

• Anomaly mediation [Randall, Sundrum; 1999][Giudice, Luty, Murayama; 1998]

• Consistent with LHC results (incl. 𝑚𝐻)

• Better handle on SUSY flavor/CP problems than weak-scale SUSY



Proton decay



Proton decay

> 2.4 × 1034 yrs > 5.9 × 1033 yrs



𝐵- and 𝐿-violation

• 𝐵, 𝐿: accidental symmetries of SM

• No renormalizable operators violating them

• Violated by ℒ ⊃ 1
Λ2 𝑢̄ ̄𝑒𝑢̄𝑑̄ etc.

• Λ: scale of new physics

• Sensitive up to GUT scale!



SUSY and proton decay



Proton decay in MSSM [Dine, Draper, Shepherd; 2013]

•𝑊 ⊃ 1
Λ𝑄𝑄𝑄𝐿 +

1
Λ𝑢̄ ̄𝑒𝑢̄𝑑̄

•→ℒMSSM ⊃ 1
Λ𝑢̄ ̄𝑒 ̃𝑢𝑅 ̃𝑑𝑅 etc.

• Mediated to SM via sparticles

•→ℒSM ⊃
𝑚1/2

𝑚2
0Λ

𝑢̄ ̄𝑒 ̃𝑢𝑅 ̃𝑑𝑅 etc.

𝑢

𝑒

𝑢

𝑑

̃𝑢𝑅
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̃𝑔



Proton decay in MSSM [Dine, Draper, Shepherd; 2013]

• Decay rate ∝ Λ−2

• cf. ∝ 𝑀−4
GUT for 𝑋 exchange in GUT

• Lifetime < 1030 yrs even for Λ = 𝑀Pl

• Violates Super-K bound

Q1: (How) can we extend proton lifetime?



Flavor puzzle





|𝑉 𝑖𝑗
CKM| |𝑈𝑖𝑗

PMNS|



Flavor symmetry



Example: Froggatt-Nielsen mechanism

• Idea: suppress unwanted operators with global U(1)FN symmetry

• Break it with ⟨Φ⟩w/ 𝑞Φ = 1

• 𝜖 ≔ ⟨Φ⟩
𝑀Pl

= 𝒪(0.1)

ℒ ⊃ 𝒪(1) × (Φ
(†)

𝑀Pl

)
|𝑞𝑞𝑖+𝑞𝑢̄𝑗 |

𝑞𝑖𝐻𝑢̄𝑗 +⋯

•With SUSY, chiral fields Φ± with 𝑞 = ±1 needed

• |⟨Φ+⟩| = |⟨Φ−⟩| for simplicity



all charges = 0 𝑞𝑢̄ = (8, 4, 1), 𝑞𝑑̄ = (6, 6, 6), 𝑞𝑞 = (5, 3, 0)
𝑞𝐿 = (2, 0, −1), 𝑞𝑒̄ = (10, 8, 5), 𝑞𝑁 = (0, 0, 0)



Too many possibilities [Ibe, Shirai, Watanabe; 2025]

𝑢̄ 𝑑̄ 𝑞 𝐿 ̄𝑒
8, 4, 1 6, 6, 6 5, 3, 0 7, 3, 0 5, 5, 4
6, 3, 1 4, 5, 4 3, 2, 0 2, 2, 0 3, 3, −10
7, 3, 1 5, 6, 5 4, 3, 0 10, 6, 4 1, 0, 0
4, 2, 0 3, 3, 3 3, 2, 0 3, −1, −5 −7, 8, 7
4, 2, 0 3, 3, 3 3, 2, 0 1, −6, −6 2, 1, −5
6, 3, 1 4, 5, 4 4, 2, 0 5, 2, 0 4, 4, 3
4, 2, 0 3, 4, 3 4, 3, 0 7, 5, 3 1, 0, 0
6, 3, 1 4, 5, 4 3, 2, 0 2, 1, −4 8, 7, −7
8, 4, 1 6, 6, 6 5, 3, 0 −2, −2, −4 −10, 9, 9
7, 3, 1 5, 6, 5 4, 3, 0 −9, −7, −4 −2, 0, 1
7, 3, 1 5, 6, 5 5, 3, 0 6, 2, 0 5, 5, 4
4, 2, 0 3, 3, 3 3, 2, 0 9, 1, −3 6, 5, −5
7, 3, 1 5, 6, 5 5, 3, 0 10, 6, 4 1, 1, 0
4, 2, −1 3, −10, 4 4, 4, 0 2, 2, −6 3, 3, −10
7, 4, 1 7, 5, 5 5, 3, 0 10, 7, 5 2, 0, −1
4, 2, 0 3, 4, 3 4, 3, 0 2, 2, −6 3, 3, −10
7, 3, 1 5, 6, 5 5, 3, 0 1, 3, 5 10, −9, −9
4, 2, 0 3, 3, 3 3, 2, 0 10, 0, −2 5, 4, −4
4, 2, 0 3, 4, 3 4, 3, 0 7, 5, 3 1, 0, 0
7, 3, 1 5, 6, 5 5, 3, 0 6, 2, 0 5, 5, 4

⋮
Q2: How to probe them?



Proton decay and Froggatt-Nielsen

• Flavor symmetry can also suppress proton decay:

𝑊eff =
𝒪(1)
Λ 𝜖 |𝑞𝑄𝑖+𝑞𝑄𝑗+𝑞𝑄𝑘+𝑞𝐿𝑙 |𝑄𝑖𝑄𝑗𝑄𝑘𝐿𝑙 +

𝒪(1)
Λ 𝜖 |𝑞𝑢̄𝑖+𝑞𝑒̄𝑗+𝑞𝑢̄𝑘+𝑞𝑑̄𝑙 |𝑢̄𝑖 ̄𝑒𝑗𝑢̄𝑘𝑑̄𝑙

• A1?: U(1)FN helps evade SK bound

• A2?: Decay mode(s) reflect the charge assignment

𝜖6 𝜖2



Proton lifetime in MSSM with U(1)FN



Calculation of lifetime

Λ = 1018 GeV Coefficients for 𝑄𝑄𝑄𝐿, 𝑢̄ ̄𝑒𝑢̄𝑑̄, Yukawa, soft masses
∝ 𝜖 |∑ 𝑞|

MSSM

𝑚0 = 106 GeV 𝑚1/2 : given by anomaly mediation

SM+gauginos

𝑚𝑍 = 90GeV

QED+QCD

SM gauge couplings

2GeV Matrix element from lattice→ proton decay rate



Results (Preliminary)



No charges

lifetime / yr
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Examples: flavor structure



Example 1 𝑞𝑢̄ = (7, 3, 0), 𝑞𝑑̄ = (5, 5, 4), 𝑞𝑄 = (5, 3, 0)
𝑞𝐿 = (2, 0, −1), 𝑞𝑒̄ = (9, 6, 4)
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Example 2 𝑞𝑢̄ = (6, 3, 0), 𝑞𝑑̄ = (5, 3, 3), 𝑞𝑄 = (6, 3, 0)
𝑞𝐿 = (5, 3, 3), 𝑞𝑒̄ = (6, 3, 0)
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Example 3 𝑞𝑢̄ = (7, 3, 1), 𝑞𝑑̄ = (4, 5, 4), 𝑞𝑄 = (5, 3, 0)
𝑞𝐿 = (10, −9, −9), 𝑞𝑒̄ = (−1, 4, 6)

lifetime / yr
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Summary

• (PeV-scale) SUSY is an attractive framework

• Issue: rapid proton decay

• U(1)FN flavor symmetry can explain the flavor structure of (MS)SM

• Issue: too many possible charge assignments

• Flavor symmetry may extend proton lifetime and save MSSM

• Proton decay can be a probe for the U(1)FN charges



Thank you!



Backup



Proton decay in SUSY SU(5)

Q: If SUSY catalyzes proton decay,

why is SUSY SU(5) viable (when non-SUSY SU(5) is not)?

A: The dimension-5 operator is generated by colored Higgsino exchange e.g.

̄𝑒

̃𝑢𝑅

𝑢̄

̃𝑑𝑅

𝐻̃𝐶
̃𝐻̄𝐶

whose coupling is suppressed by Yukawas and / or CKM mixing angles.
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