The Fermion Mass Hierarchy Problem

Raymond R. Volkas

ARC Centre of Excellence for Dark Matter Particle Physics (CDM)

The University of Melbourne

i
—

':" e
E =
Australian Government THE UNIVERSITY ﬁuf_t rali[an
ationa
i i 0 - -
Australian Research Council f A DE LAl D E Universi ty

MELBOURNE

SWIN
BUR

*NE#

SWINBURNE
UNIVERSITY OF
TECHNOLOGY

THE UNIVERSITY OF

SYDNEY

1B e

3 % 5

THE UNIVERSITY OF

WESTERN
AUSTRALIA

International Joint Workshop on the Standard Model and Beyond, 9-12 Dec 2025, National Taiwan University



One of Steven Weinberg’s last papers:

UTTG-10-19

Models of Lepton and Quark Masses

Steven Weinberg*
Theory Group, Department of Physics, University of Texas
Austin, TX, 78712

Abstract

A class of models is considered in which the masses only of the third gen-
eration of quarks and leptons arise in the tree approximation, while masses
for the second and first generations are produced respectively by one-loop
and two-loop radiative corrections. So far, for various reasons, these models
are not realistic.

Weinberg was using gauge bosons.
We are not so ambitious, fortunately!

In the Standard Model the masses of quarks and leptons take values
proportional to the coupling constants in the interaction of these fermions
with scalar fields, constants that in the context of this model are entirely
arbitrary. But the peculiar hierarchical pattern of lepton and quark masses
seems to call for a larger theory, in which in some leading approximation
the only quarks and leptons with non-zero mass are those of the third gen-
eration, the tau, top, and bottom, with the other lepton and quark masses
arising from some sort of radiative correction. Such theories were actively
considered[1] soon after the completion of the Standard Model, but interest
in this program seems to have lapsed subsequently|[2].

This paper will explore in detail a class of models of this sort, based
on a different symmetry group. These models are not realistic, for reasons
that will be spelled out later, but it is hoped that they may help to revive
interest in this program, and to lay out some of the methods and problems
that it confronts.

But we are more ambitious in another sense: not all 3 family fermions have tree-level masses.
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The agreement with the SM looks impressive on a log scale. But the error bars are not tiny.

How confident are we that the SM mechanism for fermion mass generation is correct?
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Theoretical questions:
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Why are most charged fermion masses much
smaller than the EW scale ?
Why are they also hierarchical?

Why are the neutrino masses so tiny?

Why do CKM and PMNS look so different?
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SM relation between Yukawa coupling constant and mass: )\f — \/§—f
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But if BSM effects contribute to masses this relation is generally broken.

Simple EFT argument (that | learned from Peter Cox):
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Radiative fermion mass generation

Motivated by m; <<\, except for the top quark.

One well-motivated scenario, but not the only one:

mMp m, M 1

v N y 1672 Masses generated at 1-loop level.

Smaller charged fermion masses at 2- or 3-loop level.

J

Explains m;<<v
and
hierarchies

Neutrino masses are much smaller. Various options a prioril.



mf [GPV]

103 |
10%
10"

109 f

1071}

_________________

Tree level @

1 loop

1 v

v

3 1672

v

1 (1672)2



Two analyses: M. Baker, P. Coxand RV, JHEP 04 (2021) 151 (b, t at 1-loop)
JHEP 05 (2021) 174 (p at 1-loop, g-2)

L. Stockdale and RV, arXiv:2511.08924 (b, T, c, vp;,. at 1-loop)

BCV analysis

Systematic classification of 1-loop models using exotic scalars and
vector-like fermions.

Assumptions: 1) EWSB by single Higgs doublet
2) Top quark mass as in SM
3) Exotic scalars have zero VEVs
)

4) Only treatband t

Requirement: softly broken symmetry to forbid SM Yukawas apart from top



Minimal 1-loop topologies
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Only show results for Class 1 in this talk.
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TABLE II: Quantum numbers of fields for Class I\r-lepton models. The last six lines list the

models containing only singlets and fundanintals under the SM gauge group.
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TABLE III: Quantum numbers of fields for Class 1 b-quark models. The last six lines list the
models containing only singlets and fundamentals under the SM gauge group.
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They are not proportional, unlike in the SM.

1
Flar,a) = Y5122 (21 z2 md = = 5 (md 4 —flomd )2+ 200
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n, 3 group theory factors
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Yes, you can combine models!

3 exotics
|

I |
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TABLE IV: Quantum numbers of the fields for the minimal Class 1 combined models. The last
two lines list the models containing only singlets and fundamentals under the SM gauge group.
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SV benchmark model (systematic classification underway)

Extension of BCV to generate charm and neutrino Dirac mass at 1-loop.

The tiny neutrino mass then due to seesaw mechanism but with
radiative Dirac mass.

c, v have +1/2 weak isospin, unlike b, T, so modified structure is necessary.



A benchmark model:
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mass eigenstates from admixtures of ¢ and the neutral component of n

h
|
|
|
(p |
1,2 L _
———— P12 -~ ~. P1,2
// ~ p ~
~ N\
// ‘\ ,/ \\
/ i
\
! | |
| p—X—p
fr————x—> > f1 fr—> % — fr

FIG. 1. Mass generation (left) and effective Yukawa coupling (right) diagrams for f = 7,v,,b, c at one loop after EWSB. For
7 and v, the virtual fermion « is 1, while a = x for b and c.
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Signal strength bounds from pp — h — bB, T+ EW scale stability, fine-tuning <1%
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FIG. 2. Theoretical and current 20 experimental constraints on the model for two benchmark slices of parameter space. Shaded
regions are excluded, except for the case of A > 100 where they are disfavoured.
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FIG. 4. Exclusion plot with "? as a dark matter candidate.
Blue dots are points for which the observed relic density is
reproduced, given a set value for m,.



Concluding thoughts

Radiative origin for lighter fermion masses cannot be excluded, just like
we cannot exclude that electrons are composite.

But future measurements can rule out some parameter space.

In principle, measurements could push the allowed parameter space into
less plausible regimes e.g. from naturalness.

Model-dependent direct production bounds from the LHC yet to be analysed.

A full model for all charged fermions and neutrinos is a work in progress.
There will be qualitatively new bounds from flavour observables. Already

have a (weak) bound from t—>ch.
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All 2-loop topologies
using exotic scalars

and fermions.
Stockdale MSc thesis.
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