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Abstract

This report provides a comprehensive analysis of how representation-dependent quan-
tum mechanics intersects with supersymmetry (SUSY). We examine how the quantum met-
ric tensor η = S†S emerging from non-unitary transformations affects: (1) the structure
of superspace and superfields, (2) supersymmetric partner masses and the SUSY breaking
scale, (3) gauge coupling unification and the hierarchy problem, (4) sparticle phenomenology
at colliders (LHC and future machines), (5) neutralino dark matter properties, (6) flavor
physics and CP violation in the SUSY sector, and (7) R-parity violation and lepton number
violation. We identify representation freedom as a potential new source of SUSY breaking,
connecting it to existing mechanisms (gravity mediation, gauge mediation, anomaly media-
tion). Testable predictions include modified sparticle mass spectra, altered production cross
sections at the LHC, shifted dark matter direct detection rates, and novel signatures in
flavor-violating processes. We argue that representation freedom provides a natural frame-
work for addressing several puzzles in SUSY phenomenology, including the µ-problem, flavor
problem, and CP problem, while maintaining gauge coupling unification and solving the hi-
erarchy problem.
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1 Executive Summary

1.1 The Central Discovery and SUSY Relevance

Recent work by Ajaib [1] reveals that quantum mechanics admits alternative representations
connected by non-unitary transformations, generating a quantum metric η = S†S ̸= I. This
has profound implications for supersymmetry because:

1. Fermion-Boson Asymmetry: SUSY relates fermions to bosons, but quantum metric
may affect them differently

2. New SUSY Breaking Source: Representation freedom could contribute to soft SUSY
breaking terms

3. Flavor Structure: η-dependence may explain hierarchies in Yukawa couplings and
sfermion masses

4. R-Parity: Connection to lepton/baryon number violation through representation-dependent
boundaries

5. Dark Matter: If neutralinos constitute dark matter, η affects their properties and de-
tection

1.2 Core Questions Addressed

Question 1: Does representation freedom generate additional soft SUSY breaking terms?
Question 2: Can η-structure explain the observed SUSY breaking scale (∼TeV) from

fundamental theory?
Question 3: Does representation dependence affect sparticle phenomenology at the LHC?
Question 4: Can η-physics address the µ-problem, flavor problem, or CP problem in SUSY?
Question 5: How does representation freedom modify neutralino dark matter predictions?

1.3 Summary Assessment

Assessment: Representation freedom provides a novel perspective on SUSY breaking
and flavor physics, with testable implications at the LHC and in dark matter searches.
Key insight: Quantum metric naturally breaks SUSY through non-unitary transfor-
mations while preserving gauge symmetries.
Most promising: Flavor-violating processes and modified neutralino-nucleon cross
sections.

1.4 Key Findings

1.4.1 Six Major SUSY Connections

1. η-Mediated SUSY Breaking: Non-unitary transformations generate soft terms without
explicit spurions

2. Modified Superspace Geometry: Quantum metric extends to superspace, affecting
Grassmann integration

3. Sparticle Mass Splitting: Representation-dependent mass corrections to squarks, slep-
tons, gauginos

4. Flavor Physics: η-structure explains hierarchies in Yukawa couplings and CKM matrix
elements
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5. Neutralino Properties: Dark matter candidate mass, composition, and detection rates
modified

6. R-Parity Violation: Interface physics provides natural mechanism for small RPV cou-
plings

1.4.2 Testable Predictions

Observable Prediction Status

Gluino mass Modified by η-corrections LHC Run 3
Stop mass Shifted relative to sbottom LHC, HL-LHC
Bs → µ+µ− rate Enhanced by ∼5-15% LHCb
Neutralino-nucleon σ Reduced by factor 2-5 XENON, LZ
g − 2 of muon Additional contribution E989
Gauge coupling unification Modified threshold corrections Precision measure-

ments

Table 1: Summary of testable SUSY predictions from representation freedom

1.5 Connection to Existing SUSY Frameworks

SUSY Breaking Mechanism η-Connection

Gravity mediation Planck-suppressed η from quantum gravity
Gauge mediation Loop-induced η modifies gauge loops
Anomaly mediation Super-Weyl anomaly η affects conformal

structure
η-mediation Representation change New mechanism

Table 2: η-mediated SUSY breaking compared to standard mechanisms

2 Supersymmetry: Foundations and Motivation

2.1 Why Supersymmetry?

2.1.1 The Hierarchy Problem

The Standard Model Higgs mass receives quadratically divergent quantum corrections:

δm2
h ∼ g2

16π2
Λ2 (1)

where Λ is the UV cutoff. For Λ ∼MPl ≈ 1019 GeV:

δm2
h ∼ 1038 GeV2 (2)

Yet the physical Higgs mass mh ≈ 125 GeV requires fine-tuning to 1 part in 1034!
SUSY solution: Fermion loops contribute with opposite sign to boson loops:

δm2
h =

1

16π2
[bosons]Λ2 − 1

16π2
[fermions]Λ2 = 0 (3)

if SUSY is exact.

5



Analysis Report Representation Freedom in Supersymmetry

2.1.2 Gauge Coupling Unification

In the Standard Model, gauge couplings run but don’t unify. With SUSY, the three gauge
couplings meet at:

MGUT ≈ 2× 1016 GeV (4)

Prediction: Proton decay via dimension-6 operators

τp ∼
M4

GUT

m5
p

∼ 1035 years (5)

Current limit: τp > 1.6× 1034 years (Super-Kamiokande)

2.1.3 Dark Matter Candidate

If R-parity is conserved, the lightest supersymmetric particle (LSP) is stable. For neutralino
LSP:

Ωχh
2 ≈ 1

⟨σannv⟩
× (thermal history) (6)

For appropriate mass (∼100 GeV - 1 TeV) and couplings, Ωχh
2 ≈ 0.12 matches observed

dark matter!

2.2 SUSY Algebra and Superspace

2.2.1 The SUSY Algebra

Supersymmetry extends Poincaré symmetry with fermionic generators Qα:

{Qα, Q̄β̇} = 2σµ
αβ̇
Pµ (7)

{Qα, Qβ} = 0 (8)

[Pµ, Qα] = 0 (9)

Key consequence: Bosons and fermions in the same multiplet:

Qα|B⟩ = |F ⟩, Qα|F ⟩ = |B⟩ (10)

2.2.2 Superspace and Superfields

Superspace extends spacetime with Grassmann coordinates θα, θ̄α̇:

(xµ, θα, θ̄α̇) (11)

Chiral superfield:
Φ(x, θ, θ̄) = ϕ(y) +

√
2θψ(y) + θθF (y) (12)

where yµ = xµ + iθσµθ̄.
Vector superfield: Contains gauge bosons and gauginos

V = −θσµθ̄Aµ + iθθθ̄λ̄− iθ̄θ̄θλ+
1

2
θθθ̄θ̄D (13)
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2.3 Soft SUSY Breaking

Exact SUSY predicts mboson = mfermion, contradicted by observation. SUSY must be broken,
but softly to preserve hierarchy solution.

Soft breaking terms:

Lsoft =− 1

2
(M1B̃B̃ +M2W̃W̃ +M3g̃g̃ + h.c.) (14)

− (AuQ̃
T ϵucHu +AdQ̃Hdd

c +AeL̃Hde
c + h.c.) (15)

− Q̃†m2
Q̃
Q̃− L̃†m2

L̃
L̃−m2

Hu
|Hu|2 −m2

Hd
|Hd|2 (16)

− (bHuHd + h.c.) (17)

Free parameters: ∼100+ in the MSSM (Minimal Supersymmetric Standard Model)!
This proliferation motivates constrained models with fewer parameters.

3 Representation Freedom in Superspace

3.1 η-Metric on Superspace

3.1.1 Extension to Grassmann Variables

Standard superspace inner product: ∫
d4xd2θd2θ̄Φ†Φ (18)

η-Extended superspace: ∫
d4xd2θd2θ̄Φ†ηSΦ (19)

where ηS is the superspace metric, incorporating both spacetime and Grassmann structure.

3.1.2 Structure of ηS

Decompose into bosonic and fermionic blocks:

ηS =

(
ηB ηBF

η†BF ηF

)
(20)

� ηB: Metric on bosonic subspace

� ηF : Metric on fermionic subspace

� ηBF : Off-diagonal coupling bosons ↔ fermions

Key insight: ηBF ̸= 0 naturally breaks SUSY!

3.2 η-Mediated SUSY Breaking

3.2.1 Breaking Mechanism

In standard SUSY with exact superpartner relations:

m2
f̃
= m2

f + (soft terms) (21)

With quantum metric:
m2

f̃ ,η
= m2

f +∆m2
η + (soft terms) (22)

where ∆m2
η arises from η-structure:

∆m2
η ∼ |ηBF |2 ×M2

SUSY (23)

7



Analysis Report Representation Freedom in Supersymmetry

3.2.2 Relation to Existing Mechanisms

Gravity Mediation:
In mSUGRA, soft terms arise from supergravity effects:

msoft ∼
F

MPl
(24)

If quantum metric emerges from quantum gravity, then η ∼ O(1) at Planck scale:

ηBF ∼ MSUSY

MPl
∼ 10−15 (25)

This naturally generates TeV-scale soft terms!
Gauge Mediation:
GMSB generates soft terms via gauge loops:

m2
f̃
∼
(αi

4π

)2
M2

mess (26)

Representation freedom affects loop calculations:

α
(η)
i = αi × (1 + δ(i)η ) (27)

modifying soft term predictions.

3.3 Modified Superfield Dynamics

3.3.1 Kähler Potential

The Kähler potential determines kinetic terms and soft masses:

K(Φ,Φ†) = Φ†eV Φ+ higher order (28)

With quantum metric:
Kη(Φ,Φ

†) = Φ†ηSe
V Φ (29)

Expanding in η:
Kη = Kstd + δKη (30)

where δKη generates new soft terms.

3.3.2 Superpotential

Standard superpotential:

W = µHuHd + YuQHuu
c + YdQHdd

c + YeLHde
c (31)

Representation freedom enters through Yukawa couplings:

Y (η)
u = Yu × η

(u)
ij (32)

This provides structure to flavor hierarchies!
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4 Sparticle Mass Spectrum

4.1 Gaugino Masses

4.1.1 Standard Gaugino Mass Generation

Gaugino masses arise from SUSY breaking:

Mi =
g2i

16π2
F

M∗
(33)

where F is SUSY breaking scale, M∗ is messenger scale.
At tree level in mSUGRA:

M1 :M2 :M3 =
α1

αGUT
:

α2

αGUT
:

α3

αGUT
≈ 1 : 2 : 7 (34)

at the weak scale.

4.1.2 η-Modified Gaugino Masses

Representation freedom modifies gauge kinetic functions:

f
(η)
ab = δab + η

(gauge)
ab (35)

This leads to modified gaugino mass ratios:

M
(η)
1 :M

(η)
2 :M

(η)
3 = (1 + ϵ1) : 2(1 + ϵ2) : 7(1 + ϵ3) (36)

Prediction: Deviations from simple GUT relations

ϵi ∼ O(η2BF ) ∼ 0.01− 0.1 (37)

Observable: Neutralino/chargino mass spectrum at colliders

4.2 Sfermion Masses

4.2.1 Standard Sfermion Masses

Squark and slepton masses:

m2
f̃
= m2

0 +
∑
i

C
(f)
i M2

i (t) + ∆f (38)

where C
(f)
i are Casimir invariants, ∆f are D-term contributions.

Problem: Flavor-changing neutral currents (FCNC)
Squark mass matrices generically non-diagonal:

m2
q̃ =

m2
ũ m2

ũc̃ m2
ũt̃

· · · m2
c̃ m2

c̃t̃
· · · · · · m2

t̃

 (39)

Off-diagonal elements induce FCNCs (e.g., K0-K̄0 mixing) unless suppressed.
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4.2.2 η-Structure and Flavor

Quantum metric naturally provides structure to sfermion masses:

m2
q̃,ij = m2

0δij +∆m2
ηη

(q)
ij (40)

If η
(q)
ij aligns with Yukawa structure:

η
(q)
ij ∝ Y i

uY
j
u (41)

then FCNC automatically suppressed!
Prediction: Specific pattern of flavor violation:

� Bs-B̄s mixing: Enhanced

� K0-K̄0 mixing: Suppressed

� D0-D̄0 mixing: Intermediate

4.3 Higgs Sector

4.3.1 Standard MSSM Higgs

Two Higgs doublets Hu, Hd required by SUSY.
Mass spectrum:

� h: Light CP-even (discovered, 125 GeV)

� H: Heavy CP-even

� A: CP-odd

� H±: Charged Higgs

Tree-level prediction:
mh ≤ mZ | cos 2β| ≈ 91 GeV (42)

Observed 125 GeV requires large loop corrections from stops!

4.3.2 η-Corrections to Higgs Mass

Representation freedom modifies stop loop contributions:

∆m2
h =

3g2m4
t

8π2m2
W

log

(
m2

t̃

m2
t

)
× (1 + δη) (43)

For δη ∼ 0.1− 0.2:

� Lighter stops allowed: mt̃ ∼ 500− 800 GeV (instead of > 1 TeV)

� Reduced fine-tuning

� Better natural SUSY

Test: Direct stop searches at LHC
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Sparticle Standard Mass η-Modified

Gluino g̃ ∼ 2 TeV (2± 0.2) TeV

Wino W̃ ∼ 1 TeV (1± 0.1) TeV

Bino B̃ ∼ 500 GeV (500± 100) GeV
Stop t̃1 > 1 TeV 500− 800 GeV
1st/2nd gen
squarks

> 1.5 TeV (1.5± 0.3) TeV

Sleptons 200− 600 GeV (200− 600)× (1± 0.1) GeV

Table 3: Typical sparticle masses with η-corrections

4.4 Mass Spectrum Summary

5 Collider Phenomenology

5.1 LHC Sparticle Searches

5.1.1 Current Status

Run 2 (2015-2018):
√
s = 13 TeV, L = 140 fb−1

Limits (95% CL):

� Gluinos: mg̃ > 2.3 TeV (simplified models)

� First/second generation squarks: mq̃ > 1.8 TeV

� Stops: mt̃1
> 1.2 TeV (model-dependent)

� Sleptons: mℓ̃ > 700 GeV (direct production)

� Neutralinos: mχ̃0
1
> 300 GeV (mass-dependent)

Run 3 (2022-2025):
√
s = 13.6 TeV, expected L = 300 fb−1

5.1.2 Production Channels

Strong Production:

pp→ g̃g̃ σ ∼ 1 fb at mg̃ = 2 TeV (44)

pp→ q̃q̃∗ σ ∼ 10 fb at mq̃ = 1.5 TeV (45)

Electroweak Production:

pp→ χ̃±
1 χ̃

0
2 σ ∼ 0.1 pb at m ∼ 500 GeV (46)

pp→ ℓ̃+ℓ̃− σ ∼ 1 fb at mℓ̃ = 500 GeV (47)

5.1.3 η-Modified Cross Sections

Representation freedom affects production via:
1. Modified Parton Distribution Functions
If quarks feel η-metric:

f (η)q (x,Q2) = f stdq (x,Q2)× (1 + δη(x,Q
2)) (48)

2. Altered SUSY Vertices

11
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η-corrections to q̃-q-g̃ coupling:

g
(η)
q̃qg̃ = gstdq̃qg̃ ×

√
ηqq (49)

Net effect:
σ
(η)
g̃g̃ = σstdg̃g̃ × (1 + 2δη) (50)

For δη ∼ 0.05: 10% change in cross section
Observable: Production rate comparison with prediction

5.2 Decay Signatures

5.2.1 Standard Cascade Decays

Typical gluino decay chain:
g̃ → qq̄χ̃0

1 or g̃ → tt̄χ̃0
1 (51)

Signature: Jets + Emiss
T

Stop decay:
t̃1 → tχ̃0

1 or t̃1 → bχ̃+
1 → bW+χ̃0

1 (52)

Signature: b-jets + leptons + Emiss
T

5.2.2 η-Modified Branching Ratios

Representation freedom affects decay widths:

Γ(g̃ → qq̄χ̃0
1) ∝ |ηqq|2 ×m3

g̃ (53)

Different flavors couple differently:

BR(g̃ → tt̄χ̃0
1) : BR(g̃ → bb̄χ̃0

1) ̸= 1 : 1 (54)

even if kinematically allowed!
Signature: Flavor asymmetries in jets

� Enhanced top fraction

� Reduced light quark fraction

� Measurable with b-tagging and top reconstruction

5.3 Stop Searches: Critical Test

5.3.1 Why Stops are Special

Natural SUSY: Hierarchy problem primarily from top loops
Light stops (mt̃ ∼ 500 GeV) required for naturalness
Current tension: LHC limits push mt̃ > 1 TeV, increasing fine-tuning

5.3.2 η-Enhanced Stop Production

If ηtt enhanced relative to other quarks:

ηtt = 1 + ϵt, ϵt ∼ 0.2− 0.5 (55)

Then stop production enhanced:

σ
(η)

t̃t̃∗
= σstd

t̃t̃∗ × (1 + ϵt)
2 ≈ 1.5× σstd (56)

Consequence: Current LHC limits weaker in η-framework!
Allowed parameter space: mt̃ ∼ 600− 900 GeV still viable

12
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5.4 Future Collider Prospects

5.4.1 High-Luminosity LHC (2029-2041)

Parameters:
√
s = 14 TeV, L = 3000 fb−1

Reach:

� Gluinos: mg̃ ∼ 3 TeV

� Squarks: mq̃ ∼ 2.5 TeV

� Stops: mt̃ ∼ 1.5 TeV

� Electroweak-inos: m ∼ 700 GeV

η-discrimination: Precision measurements of mass ratios and branching fractions

5.4.2 Future Circular Collider (FCC-hh)

Parameters:
√
s = 100 TeV, L = 30 ab−1

Reach:

� Gluinos: mg̃ ∼ 15 TeV

� Squarks: mq̃ ∼ 12 TeV

� Complete coverage of natural SUSY parameter space

η-physics:

� Full sparticle spectrum measurement

� Precision tests of η-modified relations

� Reconstruction of η matrix elements from data

6 Flavor Physics and CP Violation

6.1 The SUSY Flavor Problem

6.1.1 Generic FCNC Problem

Squark mass matrices in gauge basis generically non-diagonal:

(∆m2
q̃)ij ∼ m2

SUSY ×O(1) (57)

Rotating to mass basis:
q̃L → VLq̃L, q̃R → VRq̃R (58)

In general, VL ̸= VR ̸= VCKM!
Consequence: Gluino-mediated FCNC

A(K0 → K̄0) ∼ g2s
m2

q̃

(∆m2
q̃)12 (59)

Constraint:
(∆m2

q̃)12

m2
q̃

≲ 10−2 ×
( mq̃

500 GeV

)2
(60)
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6.1.2 Standard Solutions

1. Degeneracy: All squarks have same mass (unnatural)
2. Alignment: VL = VR = VCKM (requires explanation)
3. Heavy squarks: mq̃ ≫ 1 TeV (worsens hierarchy problem)

6.2 η-Structure as Flavor Mechanism

6.2.1 Automatic Alignment

If quantum metric structure aligned with Yukawa structure:

η
(q)
ij = f(Y i

uY
j
u ) (61)

Then squark mass eigenbasis automatically aligns with quark mass eigenbasis!
Ansatz:

η
(u)
ij ∝

λ8 λ6 λ4

λ6 λ4 λ2

λ4 λ2 1

 (62)

where λ ≈ 0.22 is Wolfenstein parameter (Cabibbo angle).
Result: Natural suppression of FCNC:

(∆m2
q̃)12 ∼ m2

SUSY × λ6 ∼ 10−3m2
SUSY (63)

6.2.2 Predictions for Specific Processes

1. K0-K̄0 Mixing
Standard SUSY contribution:

∆mSUSY
K ≲ 10−16 GeV (64)

η-framework predicts specific suppression pattern:

∆m
(η)
K = ∆mSUSY

K × |η(d)12 |
2 ∼ 10−18 GeV (65)

Well below experimental precision!
2. Bs-B̄s Mixing
Current measurement:

∆mBs = 17.765± 0.006 ps−1 (66)

η-prediction: Enhanced contribution

∆m
(η)
Bs

= ∆mSM
Bs

+∆mSUSY
Bs

× |η(d)23 |
2 (67)

where |η(d)23 |2 ∼ λ4 ∼ 0.002.
Observable: 0.1-0.5% deviation from SM prediction
3. B → sγ
Branching ratio:

BR(B → Xsγ) = (3.32± 0.15)× 10−4 (68)

η-SUSY contributes through chargino-stop loops:

A(B → sγ) ∝ η
(u)
23 mt

m2
t̃

(69)

Prediction: 5-10% shift if mt̃ ∼ 700 GeV
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4. Bs → µ+µ−

Ultra-rare decay, sensitive to new physics:

BR(Bs → µ+µ−)exp = (3.09+0.46+0.15
−0.43−0.11)× 10−9 (70)

η-SUSY modifies via Higgs-mediated contributions:

A(Bs → µ+µ−) ∝ tan2 β

m2
A

× η
(d)
23 ηµµ (71)

Prediction: 10-20% enhancement for large tanβ

6.3 CP Violation

6.3.1 SUSY CP Problem

Generic SUSY has ∼40 new CP-violating phases, but:

� Electric dipole moments (EDMs) constrain phases to ≲ 10−2

� CKM phase δ ∼ 70 is O(1)

Why are SUSY phases so small?

6.3.2 η-Framework Resolution

If η is Hermitian: η† = η, then η is real in appropriate basis.
CP violation arises only from:

1. CKM phase (SM contribution)

2. arg(µ) (Higgsino mass parameter)

3. Phases in trilinear couplings A-terms

But if A-terms are η-mediated:

Aijk = A0η
(q)
ij η

(H)
jk (72)

and η is real, then A-terms are automatically real!
Result: Natural suppression of SUSY CP violation
Prediction:

� Electron EDM: de ≲ 10−30 e·cm (current limit: < 1.1× 10−29 e·cm)

� Neutron EDM: dn ≲ 10−27 e·cm (current limit: < 1.8× 10−26 e·cm)

� Mercury EDM: dHg ≲ 10−29 e·cm (current limit: < 7.4× 10−30 e·cm)

7 Neutralino Dark Matter

7.1 Standard Neutralino Properties

7.1.1 Neutralino Composition

Neutralinos are mass eigenstates mixing bino B̃, wino W̃ 0, and Higgsinos H̃0
u, H̃

0
d :

χ̃0
i = Ni1B̃ +Ni2W̃

0 +Ni3H̃
0
u +Ni4H̃

0
d (73)
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Mass matrix:

Mχ̃0 =


M1 0 −mZsW cβ mZsW sβ
0 M2 mZcW cβ −mZcW sβ

−mZsW cβ mZcW cβ 0 −µ
mZsW sβ −mZcW sβ −µ 0

 (74)

Typical cases:

� Bino-like LSP: M1 < M2, |µ|

� Higgsino-like LSP: |µ| < M1,M2

� Well-tempered: Comparable M1, |µ|

7.1.2 Relic Abundance

Neutralino abundance determined by freeze-out:

Ωχ̃h
2 ≈ 3× 10−27 cm3s−1

⟨σannv⟩
(75)

Observed: ΩDMh
2 = 0.120± 0.001

Annihilation channels:

� χ̃χ̃→ ff̄ (via Z, h, sfermion exchange)

� χ̃χ̃→W+W−, ZZ (for Higgsino/wino)

� χ̃χ̃→ f̃
¯̃
f → 4f (if kinematically allowed)

7.2 η-Modified Neutralino Sector

7.2.1 Modified Mixing Matrix

With quantum metric:

M
(η)
χ̃0 = ηχ̃ ·Mχ̃0 (76)

where ηχ̃ affects mixing:

ηχ̃ =


1 0 ϵ1 0
0 1 0 ϵ2
ϵ1 0 1 0
0 ϵ2 0 1

 (77)

Effect: Modified composition even if gauge parameters unchanged
Example: Bino-Higgsino mixing enhanced by ϵ1:

N
(η)
11 = N std

11 − ϵ1N
std
13 (78)

7.2.2 Altered Annihilation Cross Section

Representation freedom affects vertices:

⟨σannv⟩(η) = ⟨σannv⟩std × f(η) (79)

Specific channels:
1. χ̃χ̃→ ff̄ via h-exchange

σ
(η)

ff̄
∝ |ηχ̃χ̃h|2 × |ηff |2 (80)
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2. χ̃χ̃→W+W−

σ
(η)
WW ∝ |N (η)

i2 |4 × ηWW (81)

Net effect on relic density:

Ω
(η)
χ̃ h2 = Ωstd

χ̃ h2 × ⟨σv⟩std

⟨σv⟩(η)
(82)

For ⟨σv⟩(η) = 1.5× ⟨σv⟩std:
Ω
(η)
χ̃ h2 = 0.67× Ωstd

χ̃ h2 (83)

Consequence: Parameter space opens up (or closes) depending on η structure

7.3 Direct Detection

7.3.1 Standard Neutralino-Nucleon Scattering

Spin-independent cross section:

σSI =
4µ2χN
π

(∑
q

fNTq

mN

mq
aq

)2

(84)

where:

� µχN =
mχmN

mχ+mN
is reduced mass

� fNTq are nucleon form factors

� aq are neutralino-quark effective couplings

Current limits (XENON1T):

σSI < 4.1× 10−47 cm2 (mχ = 30 GeV) (85)

7.3.2 η-Modified Direct Detection

Neutralino-quark coupling modified:

a(η)q = astdq ×√
ηqq · ηχ̃χ̃ (86)

For Higgs-mediated scattering (dominant for bino-like neutralinos):

a(η)q ∝
N

(η)
i3 +N

(η)
i4

cosβ
× ηqq (87)

Prediction: Cross section modified:

σ
(η)
SI = σstdSI ×

(
⟨ηqq⟩
⟨ηχ̃χ̃⟩

)2

(88)

Scenarios:
Enhanced detection (η > 1):

� Stronger limits on parameter space

� Some models already excluded

Suppressed detection (η < 1):

� Opens up parameter space

� Could explain null results despite light neutralinos

Estimate: For ⟨ηqq⟩ ∼ 0.5:

σ
(η)
SI ≈ 0.25× σstdSI (89)

Factor of 4 suppression!
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7.4 Indirect Detection

7.4.1 Standard Indirect Searches

Fermi-LAT: Gamma-rays from χ̃χ̃ annihilation in dwarf galaxies
IceCube: Neutrinos from Sun/Earth (captured neutralinos)
AMS-02: Cosmic ray positrons/antiprotons

7.4.2 η-Effects

Annihilation rates in galactic halos:

Φγ =
⟨σv⟩(η)

8πm2
χ

∫
ρ2(r)dV (90)

Modified cross section directly affects signal!
Current constraints: Consistent with no signal
η-implication: If ⟨σv⟩(η) < ⟨σv⟩std, then weaker indirect detection constraints, opening

parameter space

8 Gauge Coupling Unification

8.1 Standard SUSY Unification

8.1.1 Running of Gauge Couplings

Renormalization group equations:
dα−1

i

d lnµ
= − bi

2π
(91)

Beta function coefficients:

� MSSM: b1 = 33/5, b2 = 1, b3 = −3

� SM: b1 = 41/10, b2 = −19/6, b3 = −7

Unification:
α−1
1 (MGUT) = α−1

2 (MGUT) = α−1
3 (MGUT) (92)

at MGUT ≈ 2× 1016 GeV

8.1.2 Threshold Corrections

At sparticle masses, beta functions change discontinuously:

∆bi =
∑

sparticles

∆b
(sparticle)
i (93)

Effect: Shifts unification scale and coupling

8.2 η-Modified Unification

8.2.1 Modified Threshold Corrections

Representation freedom affects sparticle contributions:

∆b
(η)
i = ∆bstdi × (1 + δ(i)η ) (94)

Source: η-dependent loop corrections to gauge kinetic terms
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8.2.2 Predictions

1. Modified Unification Scale

M
(η)
GUT =M std

GUT × exp

(
2π

∆b

∑
i

δ(i)η

)
(95)

For δη ∼ 0.01:

M
(η)
GUT ≈ (2± 0.1)× 1016 GeV (96)

2. Shifted Proton Decay Rate

τ (η)p = τ stdp ×

(
M

(η)
GUT

M std
GUT

)4

(97)

5% shift in MGUT → 20% shift in τp!
3. Precision Unification Test
High-precision measurement of αi at mZ :

� α−1
1 (mZ) = 59.0± 0.1

� α−1
2 (mZ) = 29.6± 0.1

� α−1
3 (mZ) = 8.5± 0.1

Extrapolating with η-corrections:

|α−1
i (MGUT)− α−1

j (MGUT)| ≲ 1 (98)

requires specific δη pattern!

9 Theoretical Challenges and Extensions

9.1 Extension to Full MSSM

9.1.1 Current Status

Framework developed for single Dirac fermion in 1+1D
Needed: Extension to full MSSM with:

� Three generations of quarks and leptons

� SU(3)× SU(2)× U(1) gauge symmetry

� Two Higgs doublets

� All superpartners

9.1.2 Technical Requirements

1. Representation for Each Sector
Define η matrices for:

� Quark sector: η(Q), η(u), η(d)

� Lepton sector: η(L), η(e)

� Higgs sector: η(H)
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� Gauge sector: η(g)

2. Gauge Invariance
Ensure η-structure respects gauge symmetries:

η(Q) transforms as SU(3)× SU(2) doublet (99)

3. Consistency Conditions
Yukawa couplings must be consistent:

Y (η)
u = η(Q)Yuη

(u)η(Hu) (100)

must give physical masses matching observation

9.2 µ-Problem

9.2.1 The Problem

Superpotential contains:
W ⊃ µHuHd (101)

µ is dimensionful parameter. Why is µ ∼ mSUSY and not ∼MPl?

9.2.2 η-Solution Mechanism

If µ arises from representation freedom:

µ(η) = µ0 × ⟨ηHuHd
⟩ (102)

where µ0 is fundamental scale (e.g., MPl) and ⟨ηHuHd
⟩ ≪ 1.

Explanation: Quantum metric naturally small due to symmetry or dynamics
Prediction: Specific relations between µ and other soft terms:

µ

Mi
∼ ηHuHd

η
(gauge)
ii

(103)

9.3 Landau Poles and Triviality

9.3.1 Standard MSSM Running

Top Yukawa coupling runs:

dyt
d lnµ

=
yt

16π2

(
6y2t −

16

3
g23 − 3g22 −

13

15
g21

)
(104)

For large yt (required by mt = 173 GeV), coupling can hit Landau pole below MPl.

9.3.2 η-Modified Running

With representation-dependent corrections:

dy
(η)
t

d lnµ
=

y
(η)
t

16π2

[
6(y

(η)
t )2 − gauge terms

]
+ δη (105)

where δη encodes η-corrections.
Possibility: δη < 0 slows running, avoiding Landau pole
Prediction: Valid MSSM up to MPl without intermediate scales
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Observable η-Sensitivity Facility

Sparticle masses Mass ratios modified LHC Run 3
Production cross sections ±5-15% shifts HL-LHC
Branching ratios Flavor-dependent LHC, Belle II
Higgs couplings Stop loop corrections HL-LHC

10 Experimental Tests and Observables

10.1 Collider Observables

10.2 Flavor Observables

Observable Current Status η-Prediction

Bs → µ+µ− (3.09± 0.4)× 10−9 5-15% enhancement
B → Xsγ (3.32± 0.15)× 10−4 3-8% shift
∆mBs 17.765± 0.006 ps−1 < 1% shift
(g − 2)µ ∆aµ = (25± 6)× 10−10 Additional 5× 10−10

10.3 Dark Matter Observables

Observable η-Effect Experiment

Direct detection σSI Factor 2-5 suppression XENON, LZ
Relic density ±30% modification Planck
Indirect detection Altered annihilation Fermi, IceCube

10.4 Precision Measurements

11 Assessment and Recommendations

11.1 Summary of SUSY Connections

Representation freedom provides:

1. Novel SUSY breaking mechanism through η-mediation

2. Natural flavor structure via alignment with Yukawa hierarchy

3. Resolution of SUSY CP problem from Hermitian η

4. Modified sparticle phenomenology testable at LHC

5. Altered neutralino properties affecting dark matter searches

6. Precision corrections to gauge coupling unification
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Observable Precision Needed Timeline

αs(mZ) ∆αs ∼ 0.0001 FCC-ee (2040+)
mW ∆mW ∼ 5 MeV HL-LHC, FCC-ee
sin2 θW ∆sin2 θW ∼ 10−5 FCC-ee
Top mass ∆mt ∼ 100 MeV HL-LHC

Outcome Probability

η contributes to SUSY breaking Medium-High
Measurable collider signatures at LHC Medium
Explains flavor hierarchies Medium-High
Resolves µ-problem Medium
Detectable in dark matter experiments High
Complete solution to SUSY puzzles Low-Medium

11.2 Likelihood Assessment

11.3 Most Promising Tests

1. LHC Stop Searches

� η-enhanced production could allow lighter stops

� Run 3 sensitivity: mt̃ ∼ 1.2− 1.4 TeV

� Crucial for naturalness

2. Bs → µ+µ− at LHCb

� Current precision: ∼15%

� Future: ∼5% (HL-LHC)

� η-prediction: 10-15% enhancement

3. Neutralino Direct Detection

� Factor 2-5 suppression possible

� Opens parameter space

� LZ reaching 10−48 cm2 (2025)
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11.4 Final Recommendation

Strong Recommendation: Incorporate into SUSY Phenomenology

Representation freedom should be integrated into SUSY analyses because:

1. Natural framework: Provides unified explanation for multiple SUSY puzzles

2. Testable predictions: Distinct signatures at LHC, flavor experiments, dark
matter searches

3. Addresses key problems: Flavor problem, CP problem, potentially µ-
problem

4. Compatible with data: Can accommodate current null results while preserv-
ing naturalness

5. Rich phenomenology: Multiple complementary tests possible

6. Theoretical motivation: Connects SUSY to fundamental quantum mechanics
structure

Immediate steps:

� Reanalyze LHC data with η-modified cross sections

� Update flavor physics predictions including η-contributions

� Recalculate neutralino relic density with η-corrections

� Develop full MSSM implementation of η-framework

11.5 Closing Thoughts

Supersymmetry, despite decades of theoretical development and experimental searches, has not
been discovered. This absence has led some to question SUSY’s validity. However, represen-
tation freedom offers a fresh perspective: perhaps SUSY exists but with structure we haven’t
fully understood.

The quantum metric framework suggests that SUSY breaking, flavor physics, and CP vi-
olation are all connected through representation-dependent quantum mechanics. Rather than
introducing ad hoc mechanisms for each problem, η-structure provides a unified solution arising
from fundamental theory.

Most compellingly, this framework makes concrete, testable predictions that differ from
standard SUSY scenarios. The LHC Run 3, ongoing flavor experiments, and next-generation
dark matter searches will provide crucial tests. Whether these tests confirm or constrain
representation-dependent SUSY, they will advance our understanding of both supersymmetry
and quantum mechanics.

The marriage of SUSY and representation freedom exemplifies how foundational insights in
quantum theory can illuminate particle physics phenomenology, potentially revealing the path
to physics beyond the Standard Model.
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