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Flavour anomalies? 

2

b → sℓℓ b → cτν (g − 2)μ

b → cudi
See talk by Ferlewicz & Gubernari 
& Lenz
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Flavour anomalies? 

I) An experimental glitch II) A clue to address the 
known open questions?

III) A discovery of a next 
big puzzle?

3

b → sℓℓ b → cτν (g − 2)μ

Flavour puzzle, Higgs mass, Charge quantisation, … 



Scenario I

(*) Very personal and selective.  
Not a review! 

Apologies for missing citations.
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 Flavour Symmetries in the IR1)
Admir Greljo | Close-out: the Legacy of Flavour Anomalies 

• The exact and approximate accidental symmetries carefully revisited

5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [258]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [259–262]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

Physics Briefing Book, 1910.11775

b → sℓℓ

• Consistency game 
Explain the anomalies while passing other tests of accidental symmetries

MFV
D’Ambrosio, Giudice, Isidori, Strumia; 
hep-ph/0207036 

• SMEFT: 2499  
operators ( )

• Strong constraints of those which 
violate accidental symmetries

dim[𝒪] = 6
ΔB = 0

See talk by Renner & Craik

b → cτν
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• MFV doesn’t work well for  anomalies!
• Other flavour symmetries and their breaking patterns to be explored
• The winner in the quark sector:  !
• Several options in the leptonic sector…

B

U(2)3 •  suggested 
before the anomalies
U(2)3 Talk by Isidori

Talk by Marzocca
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AG, Thomsen, Palavric; 2203.09561

(*) Terms relevant for the high-  physics: Top, Higgs & electroweakpT

 Flavour Symmetries in the IR1)
Admir Greljo | Close-out: the Legacy of Flavour Anomalies 

Faroughy, Isidori, Wilsch, Yamamoto; 2005.05366

Impact: The LHC EFT WG asked for the flavour structure compatible with  anomaliesB

• MFV doesn’t work well for  anomalies!
• Other flavour symmetries and their breaking patterns to be explored
• The winner in the quark sector:  !
• Several options in the leptonic sector…

B

U(2)3 •  suggested 
before the anomalies
U(2)3 Talk by Isidori

Talk by Marzocca

Charting the space of SMEFT with flavour symmetries
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 Non-universal gauge interactions2)
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SU(3)×SU(2)×U(1) e τ

These three (families) of particles 
seems to be “identical copies” 
but for their mass ... 

 γ, g, W, Z

μ

That's exactly the same (misleading) argument we use to infer LFU...

The SM quantum numbers of the three families could be an “accidental” low-
energy property: the different families may well have a very different behavior 
at high energies, as signaled by their different mass 

e+ p+

We would conclude that these two particles are
 “identical copies” but for their mass ... 

γ

U(1)Q

Suppose we could test matter only with long wave-length photons...

G. Isidori –  BSM hopes from flavor physics & possible implications                  Higgs Hunting 2018, Paris, July 2018 

Introduction [more about LFU violations]

Universality of gauge interactions: 
Only a low-energy property?

Far apart at short distances!

See talk by Isidori

PS1 × PS2 × PS3

SMD
ec

on
str

uc
tio

n

Bordone, Cornella, Fuentes-Martin, Isidori; 1712.01368
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• Series of hierarchical SSBs  
 Flavour hierarchies⟹

Multi-scale flavour

Bordone, Cornella, Fuentes-Martin, Isidori; 1712.01368
2

FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
/⇤2

12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.

See talk by Isidori

 Non-universal gauge interactions2)
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• Series of hierarchical SSBs  
 Flavour hierarchies⟹

Fuentes-Martin et al; 2203.01952

Multi-scale flavour

Flavour as a topological defect

• 5D warped compactification 
 Flavour + Higgs⟹

Dvali & Shifman, '00

Higgs and SU(4)-breaking fields
with oppositely-peaked profiles,
leading to the desired flavor
pattern for masses & anomalies

Fuentes-Martin, Stangl '20
Fuentes-Martin, GI, Lizana, Selimovic, Stefanek '22

Flavor ↔  special position
(topological defect) in an extra
(compact) space-like dimension

Bordone, Cornella, GI, Javier-Fuentes '17

Fuentes-Martin, GI, 
Pages, Stefanek '22

Anarchic neutrino masses via inverse see-saw mechanism

“Holographic” Higgs from appropriate choice of bulk/brane gauge symm.  
[ Gbulk-23 = SU(4)3×SU(3)1,2×U(1)×SO(5)      GIR = SU(3)c×U(1)B-L×SO(4) ]

UV completions: 4321 & beyond

G. Isidori –  Toward UV complete models                                          Beyond the Flavour Anomalies III – April 2022 

Light Higgs as pseudo Goldstone

Agashe, Contino, Pomarol '05

An ambitious attempt to construct a full theory of flavor has been obtained
embedding (a variation of the) Pati-Salam gauge group into an extra-dimensional
construction:

Bordone, Cornella, Fuentes-Martin, Isidori; 1712.01368
2

FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
/⇤2

12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.

See talk by Isidori

 Non-universal gauge interactions2)
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Bordone, Cornella, Fuentes-Martin, Isidori; 1712.01368
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FIG. 2. Complete GW spectrum, which we term the Triglav signature, following from three FOPTs in the PS
3 model. See

Section III C for details.

Z
0 gauge boson. The decomposition of ⌃ under the un-

broken SU(3) is 4 = 3 + 1, with the entire complex 3
and the imaginary part of 1 containing the leptoquark
and Z

0 goldstones, respectively. The remaining degree of
freedom Re⌃4 ⌘ �/

p
2 is a massive radial mode. The

full finite-temperature e↵ective potential for � is

Ve↵(g, �, v, �, T ) = V0 + VCW + VT 6=0 , (3)

where tree level potential V0 is

V0(�, v, �) = �
1

2
�v

2
�

2 +
�

4
�

4
. (4)

The one-loop Coleman-Weinberg correction VCW is

VCW (g, �, v, �) =
X

b

nb
m

4
b(�)

64⇡2

✓
ln

m
2
b(�)

µ
2
R

� Ca

◆
, (5)

which we have written here in Landau gauge using the
MS renormalization scheme which gives Ca = 3/2 (5/6)
for scalars (gauge bosons). The sum on b is over all
bosons which have a �-dependent mass and nb is the
total number of degrees of freedom of the boson. The
final piece VT 6=0 is the finite temperature correction to
the potential

VT 6=0(g, �, v, �, T ) =
T

4

2⇡2

X

b

nb Jb

✓
m

2
b(�) + ⇧b(T )

T 2

◆
,

(6)
which includes a correction from resummed Daisy dia-
grams. The thermal function Jb(x2), the �-dependent
masses mb(�), and the Debye masses ⇧b(T ) are all given
in the supplemental material. As we will show later, in
the PS

3 model with g ⇠ O(1) and small �, VT 6=0 nat-
urally induces a thermal barrier which leads to a strong
FOPT.

The subsequent SU(4) transitions at the scales ⇤II and
⇤IV are modeled by the more complicated breaking pat-
tern SU(4) ⇥ SU(3)0

! SU(3) which is presented in the
supplemental material [89] .

B. Numerical Procedure

The GW spectrum from a FOPT is described by four
parameters [2, 90–92]. These are the nucleation tempera-
ture Tn which describes the onset of the phase transition,
the strength ↵, the inverse timescale �, and the bubble
wall velocity vw. While the full calculation of the bubble
wall velocity is beyond the scope of this work, for illustra-
tion we simply assume that vw ⇠ 1 [93]. The remaining
parameters we compute from the e↵ective potential in
Eq. (3) using the CosmoTransitions [94] package, the
results of which we have confirmed using our own code
based on the method of Ref. [95]. Thus, for a given set of
model parameters g, �, v we compute the corresponding
GW parameters ↵, �, Tn which allows us to obtain the
GW spectrum from a template function extracted from
lattice simulation [96–98]. We then are able to perform
a standard signal-to-noise ratio (SNR) analysis to deter-
mine the detectability of the signal, see e.g. Ref. [99].
More details can be found in the supplemental material.

C. Results

We show in Fig. 2 a benchmark multi-peaked GW sig-
nal where the first two transitions would be detectable in
ET/CE and the final TeV scale phase transition would
be detectable in LISA. Remarkably, the predicted PS

3

symmetry breaking scales (Fig. 1) correspond to peak

Stochastic gravitational wave radiation with 
the characteristic three-peaked signature.

Gravitational Imprints of Flavor Hierarchies

Admir Greljo,1, ⇤ Toby Opferkuch,1, † and Ben A. Stefanek2, ‡

1Theoretical Physics Department, CERN, 1211 Geneva, Switzerland
2PRISMA Cluster of Excellence and Mainz Institute for Theoretical Physics,

Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany
(Dated: April 17, 2020)

The mass hierarchy among the three generations of quarks and charged leptons is one of the
greatest mysteries in particle physics. In various flavor models, the origin of this phenomenon is
attributed to a series of hierarchical spontaneous symmetry breakings, most of which are beyond
the reach of particle colliders. We point out that the observation of a multi-peaked stochastic
gravitational wave signal from a series of cosmological phase transitions could well be a unique
probe of the mechanism behind flavor hierarchies. To illustrate this point, we show how near future
ground- and space-based gravitational wave observatories could detect up to three peaks in the
recently proposed PS

3 model.

I. INTRODUCTION

The first direct detection of gravitational waves
(GW) [1] was a stunning confirmation of the theory of
general relativity and marked the discovery of the only
messenger via which the universe can be probed back to
the Planck era. To take advantage of this unique win-
dow into the universe, the next few decades will see a
plethora of ground- and space-based gravitational wave
observatories being built across twelve decades in fre-
quency [2–9]. In addition to what can be learned on the
astrophysical front, this experimental e↵ort o↵ers an im-
mense opportunity to probe fundamental physics in the
early universe. Indeed, many particle physics processes
that produce a stochastic gravitational wave background
have already been identified, such as the primordial spec-
trum expected from inflation [10–12], violent first order
phase transitions (FOPTs) [13–38], cosmic strings [39–
42], non-perturbative particle production [43–49], pri-
mordial black holes [50–52], etc. Many of these processes
are expected to produce a GW spectrum with a single
peak, with the notable exception being the nearly scale-
invariant spectrum from inflation.

Not as frequently discussed is the possibility of ob-
serving a multi-peaked gravitational wave signal, in ei-
ther single or multiple experiments, and what such a
signal might tell us about open puzzles in fundamental
physics. One intriguing possibility is that a multi-peaked
signal could come from a series of sequential FOPTs. As
the peak frequency of the GW spectrum from a first or-
der phase transition is set by the vacuum expectation
value (VEV) in the broken phase, the observation of
a multi-peaked signal could contain information about
the scales of multiple spontaneous symmetry breakings
(SSBs), with the first breaking giving the highest fre-
quency peak and the last the lowest.

⇤ admir.greljo@cern.ch
† toby.opferkuch@cern.ch
‡ bstefan@uni-mainz.de

A longstanding question within fundamental physics is
that of the flavor puzzle, which refers to why the Stan-
dard Model (SM) fermion Yukawa couplings are spread
over so many orders of magnitude, with a top quark
Yukawa that is O(1) but an electron Yukawa which is
five orders of magnitude smaller. Just the quark sector
alone has a hierarchy which covers 4-5 decades and also
contains the puzzle of why the CKM mixing matrix is
close to identity.

It has been proposed that the flavor hierarchies could
be generated via a series of hierarchical SSBs [53–63].
These types of models typically associate flavor with a
fundamental gauge symmetry at high energies. The SM
fermion masses and mixings are then generated via spon-
taneous breaking of this gauge symmetry, usually in sev-
eral steps. The aforementioned models are compatible
with the lowest SSB occurring at the TeV scale, which
is highly motivated as it is the scale currently being
probed at colliders (perhaps also in order to explain flavor
anomalies [64–72]). Interestingly enough, if this break-
ing occurs via a strongly FOPT, the resulting GW signal
is in the sensitivity range of upcoming space-based in-
terferometers such as LISA. Moreover, the higher break-
ings associated with light family mass generation may
produce GW in the range of future ground-based inter-
ferometers such as Einstein Telescope (ET) and Cosmic
Explorer (CE). Such a scenario would lead to a spectac-
ular signature involving a multi-peaked GW signal, the
peak frequencies of which contain information about the
flavor hierarchies, spread across future GW experiments
covering four decades of frequency space. This separation
in frequency can be roughly seen by taking the geometric
mean of the quark masses of each family,

p
mtmb :

p
msmc :

p
mumd

1 : 10�2 : 10�4

f
�1
LISA : . . . : f

�1
ET .

To further develop this idea, we will take the PS
3 model

of Ref. [63] as a concrete example in what follows, though
the concept generalizes to many models which solve the
flavor puzzle through a series of hierarchical SSBs.

AG, Opferkuch, Stefanek; 1910.02014

• Novel connections  
GW astronomy & Flavour physics

2

FIG. 1. Schematic view of the Pati-Salam Cubed model de-

tailed in Section II. The horizontal dotted lines represent the

energy scales at which phase transitions occur. Indicated be-

tween the lines are the gauge symmetry of the corresponding

phase. Phase transitions marked with red arrows lead to po-

tentially sizeable stochastic GW signature (See Section III).

PS
3 model of Ref. [4] as a concrete example in what fol-

lows, though the idea generalizes to any series of related
SSBs that produce strongly first-order phase transitions.

II. MODEL EXAMPLE: PATI-SALAM CUBED

As a prototype example, we focus on the PS
3 model

first introduced in Ref. [4]. Here, the original Pati-Salam
gauge group is deconstructed to three sites PS

3
⌘ PS1⇥

PS2 ⇥PS3 where each copy acts on one family of the SM
fermions. In particular, the entire SM family, including
the right-handed neutrino, fits into two left- and right-

chiral multiplets,  (i)
L ⌘ (4,2,1)i and  (i)

R ⌘ (4,1,2)i,

embedding left-handed quark and lepton doublets, Q
(i)
L

and L
(i)
L , and right-handed singlets u

(i)
R , ⌫

(i)
R , d

(i)
R and e

(i)
R ,

respectively. The label i = 1, 2, 3 denotes the correspond-
ing gauge group PSi ⌘ [SU(4) ⇥ SU(2)L ⇥ SU(2)R]i.

The model undergoes through a series of spontaneous
symmetry breakings occurring at di↵erent energy scales
as illustrated in Fig. 1. The first breaking (after infla-
tion) is triggered by the vev of ⌃1 which is 4 of SU(4)1.1

The subsequent breakings to the diagonal subgroups of
neighbouring sites is achieved by the appropriate scalar
link fields in bifundamental representations, �L,R

ij and
⌦ij . More specifically, �ij ’s are in 2 of the correspond-
ing SU(2)i and 2̄ of SU(2)j , while similarly, ⌦ij is

1
We propose a slight variation of the original model breaking

[SU(2)R]1 before inflation e↵ectively solving the monopole prob-

lem of low-scale PS models []. PS0
1 in Fig. 1 is defined as

[SU(4) ⇥ SU(2)L ⇥ U(1)]1.

(4,2,1)i ⇥ (4̄, 2̄,1)j . Finally, the Higgs fields live at the
third site, H3 ⌘ (1,2, 2̄)3.

The higher-dimensional formulation of the model, in
which PS

3 emerges in four space-time dimensions, can
justify small scalar quartic couplings, which is crucial to
ensure hierarchical vevs and, at the same time, induce
strong first-order phase transition as shown later.

Below the scale ⇤II, the unbroken phase of the the-
ory, SM1+2 ⇥PS3, leads to an approximate U(2) flavour
symmetry observed in the SM at low-energies. The lower
bound on this scale, ⇤II & 103 TeV, follows from strin-
gent limits on flavour changing neutral currents (FCNC)
induced by the heavy gauge bosons coupling first two gen-
erations []. At this level, Yukawa interactions are only

allowed for the third family, L �  ̄(3)
L H3 

(3)
R , predict-

ing vanishing light-fermion masses and the CKM matrix
equal to identity. (The smallness of the tau neutrino mass
is achieved by the inverse seesaw mechanism [5].) The
perturbation to this picture is obtained by the higher-
dimensional operators

L23 =
1

⇤III
 ̄(2)

L ⌦23H3 
(3)
R + h.c. ,

L12 =
1

⇤2
II

 ̄(k)
L �L

k3H3�
R
3l 

(l)
R + h.c. ,

(1)

after the link fields acquire vevs. The leading U(2) break-
ing spurion, following from the first term, generates the
mixing of the 3rd and light families, |Vts| ⇠ h⌦23i /⇤23.
The light fermion masses are instead due to the second
term, yc ⇠

⌦
�L

23

↵ ⌦
�R

32

↵
/⇤2

12. The UV completion of
the e↵ective operators in Eq. (1) has been discussed in
Refs. [4, 5]. We assume the scales generating the oper-
ators to coincide with the preceding symmetry breaking
scales, ⇤III ⇠ h�23i and ⇤II ⇠ h�12i, respectively. From
here, it follows that the four-step breaking, i) 104 TeV,
ii) 103 TeV, iii) 102 TeV, and iv) 1 TeV, is well com-
patible with the observed pattern of fermion masses and
mixings at low-energies.2

As we will show later, the three SU(4) phase tran-
sitions naturally induce the stochastic GW signature
within the reach of next-generation interferometers.

III. GRAVITATIONAL WAVE CALCULATION

A. Toy Model

We follow standard techniques for computing the GW
spectra from first-order phase transitions [refs]. For con-
creteness, we calculate in a toy “4 to 3” model where
SU(4) is broken to SU(3) by the VEV of a complex scalar

2
Another independent argument to keep the first two SSBs close

to the bounds implied by FCNC is the avoid large tuning of the

Higgs mass which is only partially screened from the two sites.
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G
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Allanach, Gripaios, Tooby-Smith; 2104.14555

Assumption: 
SM +  Weyl fermions3νR
48 = 16 × 3

• Classification of anomaly-free semisimple algebras containing the SM

(Partial) Unification

• Novel ‘GUTs’ beyond the universal ,  or PS SU(5) SO(10)

Bordone et al; 1712.01368• A prime example is G = PS1 × PS2 × PS3
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G = SU(4) × Sp(6) × Sp(6) 4

a. Exact proton stability — The protection of
baryon number by � goes beyond just banning the di-
quark operators. Viewed from the low-energy EFT with
only SM fields (the SMEFT), quarks are the only fields
that carry charge mod 9 under �. In fact, because [q]�
is never divisible by 3, it is at least order 9 in �. It
immediately follows that

�B = 0 (mod 3) (15)

to all orders in the SMEFT. As a result, baryon number–
violating decays of the proton, the lightest baryon, are
kinematically forbidden and complete stability of the pro-
ton is guaranteed.

Other baryon number–violating processes are in prin-
ciple possible through �B = 3 operators, somewhat rem-
iniscent of sphalerons. However, these processes require
e↵ective operators with nine quarks and at least one lep-
ton, which start at dimension 15 in the SMEFT.

We emphasize that our mechanism for protecting the
proton stability at all-orders is much stronger than in
the generic SMEFT, for which proton decay can occur
at dimension 6. The same is true when comparing with
model extensions à la Pati-Salam [80–95] interpreted as
EFTs [96]. The protection in our model is guaranteed
by the remnant discrete gauge symmetry in the IR. Cru-
cially, it is insensitive to whatever physics might be lurk-
ing at higher energy scales.

b. Accidental lepton flavor conservation — The
muon selection rule, unlike protection of baryon num-
ber, is not enshrined by �-invariance in the IR. In par-
ticular, the leptoquark operators qS`i are �-invariant,
despite not being U(1)X -invariant, for all three lepton
flavours. This suggests that higher-order operators cou-
pling the leptoquarks to electrons and taus are allowed in
the U(1)X -invariant e↵ective theory, which could come
from even heavier dynamics integrated out at a scale
⇤ > vX . Rather, after the breaking of U(1)X ! �, muon
number remains as an accidental, and thus approximate,
symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 cou-
plings to the other lepton families: schematically,
1
⇤2�e⌧�

⇤
µ qS1/3`1,3 and

1
⇤2�e⌧�

⇤
µ uS1e1,3. Moreover, there

are dimension-6 corrections of the form 1
⇤2��

¯̀
iHej to the

charged lepton Yukawa matrix, populating the four ze-
roes in (4). For example, µ ! e�, mediated by the S1

exchange, is related to the (g�2)µ anomaly by a factor of
✏
2
X where ✏X := vX/⇤. The stringent experimental limit
on BR(µ ! e�) [97] requires ✏X . 10�2 or so [98, 99],
meaning that a modest scale separation is su�cient to
suppress LFV processes to a level compatible with cur-
rent bounds. Conversely, it is possible to introduce the
next layer of NP safely below the Planck scale even if
we take vX ⇠ 1011TeV to naturally accommodate light
neutrinos in a seesaw with order-1 couplings.

c. Dark Matter — The discrete gauge symmetry �
can be used to stabilise WIMP dark matter [100–107].
To make the dark matter, �, stable, its charge should be
such that all operators involving one � field and arbitrary

SU(12) � SU(2)L � SU(2)R
UV

IR

SU(9) � SU(2)L � SU(2)R � U(1)B�L � SU(3)�

SU(3) � SU(2)L � U(1)Y � �9(18)

SU(3) � SU(2)L � U(1)Y � U(1)X

Muoquarks

Right-handed neutrinosvX

TeV

FIG. 1. Tentative gauge–flavour unification scenario. See
Section IV for details.

other light fields should be forbidden. Since all colour-
singlet operators have � charge equal to 0 (mod 3), the
DM is automatically stabilized if [�]� 6= 0 (mod 3)—for
example, if [�]� = 1, coming from (say) the minimal unit
of U(1)X charge in the UV model.

IV. DEEPER INTO THE UV: UNIFICATION

To conclude, we tentatively discuss how the GSM ⇥

U(1)X muoquark modelcould be embedded inside a uni-
fied semi-simple gauge theory deeper in the UV. The
starting point is to realise that U(1)Y ⇥ U(1)X can
be embedded inside SU(2)R ⇥ U(1)B�L ⇥ U(1)Z , where
Z = X�3m(B�L). U(1)Z can in turn be embedded in-
side an SU(3)lepton flavour symmetry that acts on lepton
families, which we promote to a gauge symmetry. One
can also unify SU(3)c with an SU(3)quark flavour symme-
try acting on the quarks into an SU(9)quark colour-flavour
unified gauge symmetry. At this point, the gauge sym-
metry is SU(9)quark ⇥ SU(3)lepton ⇥ SU(2)L ⇥ SU(2)R ⇥

U(1)B�L. This can be embedded inside the semi-simple
gauge group

GCF := SU(12)⇥ SU(2)L ⇥ SU(2)R , (16)

which was identified in [108] and discussed in [109].
The group GCF can be viewed as an extension of the

Pati–Salam gauge group [110], whereby colour and fam-
ily quantum numbers are unified. Remarkably, all three
families of SM+3⌫R fermions are packaged into two UV
fermion fields,  L ⇠ (12,2,1) and  R ⇠ (12,1,2). The
muoquarks descend from scalars transforming in the rep-
resentations (78,3,1) and (66,1,1) of the unified gauge
group, while the scalar fields �e⌧,µ responsible for Majo-
rana neutrino masses and for breaking U(1)X ! � can
sit in an (78,1,3). A hierarchical breaking of SU(9)quark
can also give a UV explanation of the global U(2)q quark

Color flavour unification

Aside:
Deconstructed gauge groups have 
been used in flavour model 
building e.g. 𝐺 = ς𝑖

3 𝑃𝑆𝑖 for B-
anomalies + fermion masses.

Here, “gauge-flavour unification” 
provides a natural 4d explanation 
of such a flavour-deconstructed 
gauge symmetry.

23

Taken from Davighi

Davighi, AG, Thomsen; 2202.05275

G = SU(12) × SU(2) × SU(2)

Fresh ideas to be carefully explored 
irrespective of  anomalies!B
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Lepton non-universal U(1)

• Selection rules for leptoquarks and deriving accidental U(1)3 AG, Soreq, Stangl, Thomsen, 
Zupan; 2107.07518

Allanach, Davighi, Melville; 1812.04602
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a. Exact proton stability — The protection of
baryon number by � goes beyond just banning the di-
quark operators. Viewed from the low-energy EFT with
only SM fields (the SMEFT), quarks are the only fields
that carry charge mod 9 under �. In fact, because [q]�
is never divisible by 3, it is at least order 9 in �. It
immediately follows that

�B = 0 (mod 3) (15)

to all orders in the SMEFT. As a result, baryon number–
violating decays of the proton, the lightest baryon, are
kinematically forbidden and complete stability of the pro-
ton is guaranteed.

Other baryon number–violating processes are in prin-
ciple possible through �B = 3 operators, somewhat rem-
iniscent of sphalerons. However, these processes require
e↵ective operators with nine quarks and at least one lep-
ton, which start at dimension 15 in the SMEFT.

We emphasize that our mechanism for protecting the
proton stability at all-orders is much stronger than in
the generic SMEFT, for which proton decay can occur
at dimension 6. The same is true when comparing with
model extensions à la Pati-Salam [80–95] interpreted as
EFTs [96]. The protection in our model is guaranteed
by the remnant discrete gauge symmetry in the IR. Cru-
cially, it is insensitive to whatever physics might be lurk-
ing at higher energy scales.

b. Accidental lepton flavor conservation — The
muon selection rule, unlike protection of baryon num-
ber, is not enshrined by �-invariance in the IR. In par-
ticular, the leptoquark operators qS`i are �-invariant,
despite not being U(1)X -invariant, for all three lepton
flavours. This suggests that higher-order operators cou-
pling the leptoquarks to electrons and taus are allowed in
the U(1)X -invariant e↵ective theory, which could come
from even heavier dynamics integrated out at a scale
⇤ > vX . Rather, after the breaking of U(1)X ! �, muon
number remains as an accidental, and thus approximate,
symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 cou-
plings to the other lepton families: schematically,
1
⇤2�e⌧�

⇤
µ qS1/3`1,3 and

1
⇤2�e⌧�

⇤
µ uS1e1,3. Moreover, there

are dimension-6 corrections of the form 1
⇤2��

¯̀
iHej to the

charged lepton Yukawa matrix, populating the four ze-
roes in (4). For example, µ ! e�, mediated by the S1

exchange, is related to the (g�2)µ anomaly by a factor of
✏
2
X where ✏X := vX/⇤. The stringent experimental limit
on BR(µ ! e�) [97] requires ✏X . 10�2 or so [98, 99],
meaning that a modest scale separation is su�cient to
suppress LFV processes to a level compatible with cur-
rent bounds. Conversely, it is possible to introduce the
next layer of NP safely below the Planck scale even if
we take vX ⇠ 1011TeV to naturally accommodate light
neutrinos in a seesaw with order-1 couplings.

c. Dark Matter — The discrete gauge symmetry �
can be used to stabilise WIMP dark matter [100–107].
To make the dark matter, �, stable, its charge should be
such that all operators involving one � field and arbitrary

SU(12) � SU(2)L � SU(2)R
UV

IR

SU(9) � SU(2)L � SU(2)R � U(1)B�L � SU(3)�

SU(3) � SU(2)L � U(1)Y � �9(18)

SU(3) � SU(2)L � U(1)Y � U(1)X

Muoquarks

Right-handed neutrinosvX

TeV

FIG. 1. Tentative gauge–flavour unification scenario. See
Section IV for details.

other light fields should be forbidden. Since all colour-
singlet operators have � charge equal to 0 (mod 3), the
DM is automatically stabilized if [�]� 6= 0 (mod 3)—for
example, if [�]� = 1, coming from (say) the minimal unit
of U(1)X charge in the UV model.

IV. DEEPER INTO THE UV: UNIFICATION

To conclude, we tentatively discuss how the GSM ⇥

U(1)X muoquark modelcould be embedded inside a uni-
fied semi-simple gauge theory deeper in the UV. The
starting point is to realise that U(1)Y ⇥ U(1)X can
be embedded inside SU(2)R ⇥ U(1)B�L ⇥ U(1)Z , where
Z = X�3m(B�L). U(1)Z can in turn be embedded in-
side an SU(3)lepton flavour symmetry that acts on lepton
families, which we promote to a gauge symmetry. One
can also unify SU(3)c with an SU(3)quark flavour symme-
try acting on the quarks into an SU(9)quark colour-flavour
unified gauge symmetry. At this point, the gauge sym-
metry is SU(9)quark ⇥ SU(3)lepton ⇥ SU(2)L ⇥ SU(2)R ⇥

U(1)B�L. This can be embedded inside the semi-simple
gauge group

GCF := SU(12)⇥ SU(2)L ⇥ SU(2)R , (16)

which was identified in [108] and discussed in [109].
The group GCF can be viewed as an extension of the

Pati–Salam gauge group [110], whereby colour and fam-
ily quantum numbers are unified. Remarkably, all three
families of SM+3⌫R fermions are packaged into two UV
fermion fields,  L ⇠ (12,2,1) and  R ⇠ (12,1,2). The
muoquarks descend from scalars transforming in the rep-
resentations (78,3,1) and (66,1,1) of the unified gauge
group, while the scalar fields �e⌧,µ responsible for Majo-
rana neutrino masses and for breaking U(1)X ! � can
sit in an (78,1,3). A hierarchical breaking of SU(9)quark
can also give a UV explanation of the global U(2)q quark

Novel mechanism  
Exact proton stability!  
(to all orders in the SMEFT)
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Because these charges are non-trivial multiples of the fun-
damental unit of U(1)X charge, there remains an unbro-
ken discrete subgroup � ⇢ U(1)X acting on matter in
the IR, which in our case remarkably protects baryon
number. Such a discrete gauge symmetry imposes IR se-
lection rules that are exact, holding to all orders in the
EFT expansion.

Here we determine the remnant symmetry � in our
model and some of its striking consequences. The group
� is isomorphic to the cyclic group Zk, where3

k =gcd
�
[�e⌧ ]X , [�µ]X

�

=gcd
�
6m� 2n, 6m+ n

�
= gcd

�
3n, 6m+ n

�
.

(6)

The � ⇠= Zk charge of the �B = 1 inducing diquark
operator qS⇤

q, for any quark and leptoquark fields, is

[qS⇤
q]� ⌘ �2n (mod k) . (7)

This diquark operator is invariant under � i↵ [qS⇤
q]X 2

kZ, or, equivalently,

k = gcd([qS⇤
q]X , k) = gcd(3n, 6m+ n,�2n)

= gcd(n, 6m).
(8)

If n /2 3Z, (8) is automatically satisfied. Thus, for models
with n /2 3Z, diquark operators are not banned by �-
invariance in the IR and, so, are expected to arise at
some order in the EFT expansion.

Continuing, we henceforth restrict to n 2 3Z. Writing
n = 3n0, our formula (6) for k reduces to

k = 3gcd
�
3n0

, 2(m� n
0)
�
. (9)

We distinguish two further subcases. For ‘subcase A’,
consider m 6⌘ n

0 (mod 3), gcd(3, n0
� m) = 1. Then

(9) yields k = 3gcd(n0
, 2m) = gcd(n, 6m), satisfying

condition (8) for �-invariance of the diquark operators.
For ‘subcase B’, we have m ⌘ n

0 (mod 3). Defining
r := m (mod 3), clearly r = 0 is inconsistent with the
assumption gcd(m, n) = 1, so we have r 2 {1, 2}. We
parametrize m = 3a + r and n

0 = 3b + r for integers a

and b. One finds

k = 9gcd
�
3b+ r, 2(a� b)

�
⌘ 0 (mod 9) . (10)

On the other hand, the RHS of (8) reduces to

gcd
�
n, 6m

�
= 3gcd

�
3b+ r, 6a+ 2r

�
6⌘ 0 (mod 9) . (11)

It follows that condition (8) cannot be satisfied in this
case. This covers all cases for (m, n).

From this brief arithmetical excursion, we conclude
that the troublesome diquark operator is banned by �

3
Here and throughout, we use the notation [A]G to denote the

charge of A under an Abelian symmetryG (with ‘X’ abbreviating

‘U(1)X ’ in this context).

b+ r (mod 2) � ` q S qS` qS
⇤
q

0 Z18 9(b� a) 3a+ r 6a+ 8r 0 12r
1 Z9 0 3a+ r 6a+ 8r 0 3r

TABLE II. Charges under the remnant discrete symmetry
�. Here q and ` refers to any of the quark and lepton fields,
respectively, and S refers to either S1 or S3. The parameter
r 2 {1, 2}, while a and b can be any integers satisfying the
second line of (12).

gauge invariance only for the subset of U(1)X models
defined in (2) parametrized by

(m, n) =
�
3a+ r, 9b+ 3r

�
, for r 2 {1, 2},

(a, b) 2 Z2
, and gcd

�
3a+ r, b� a

�
= 1 .

(12)

The condition on a and b in the second line, which evades
a simple parametrization, is simply to ensure that m and
n label unique UV theories.
We proceed to consider the family of U(1)X mod-

els (12). We emphasize that, since �e⌧ and �µ are �-
singlets, no number of scalar insertions in the EFT can
make a �-invariant diquark operator. To our knowledge,
this mechanism for banning B-violating operators using
a remnant discrete gauge symmetry that derives from a
flavour–non-universal U(1)X gauge symmetry at a high
scale, is novel. It is therefore worth exploring in more
detail.
First, as both m and n are necessarily non-zero, it is

not enough to consider only B � L or only the lepton-
flavoured factor; both are required to construct a model
whose remnant symmetry exactly stabilizes the proton.
Next, for the particular class of models (12), we can de-
termine the remnant symmetry � explicitly. Substituting
the ‘uniqueness condition’ gcd(m, n) = 1 into (10), we
find that

k = 9gcd
�
2, b+ r

�
. (13)

We conclude that

� ⇠=

⇢Z9, for b+ r 2 2Z+ 1

Z18, for b+ r 2 2Z
. (14)

We record the charges of the lepton, quark, and lep-
toquark fields, as well as the leptoquark and diquark
operators, in Table II. The � charges of SM fermions
are flavour-universal, despite coming from a flavour-
dependent U(1)X symmetry in the UV. While this might
seem surprising, it had to be the case—after all, the rem-
nant � gauge symmetry remains exact at all energies,4

and, so, if the � charges were flavour-dependent, one
could not realise the complete PMNS matrix.

4
The Z9(18) symmetry is not broken by electroweak symmetry

breaking or QCD condensation and persists to the deep IR.

2

final section, we sketch a successful quark-lepton unifica-
tion model that embeds our toy muquark model inside
a semi-simple gauge theory, to gain better insights and
pave the way towards the ultraviolet.

II. THE UV MODEL

Introducing scalar leptoquarks S3/1 with gauge quan-
tum numbers (3̄,3/1)1/3 under GSM := SU(3)c ⇥

SU(2)L ⇥U(1)Y and interactions

L � �
ij
3 q

c
iS3`j + �

ij
L q

c
iS1`j + �

ij
Ru

c
iS1ej + H.c. (1)

provides a well-known simplified model for the flavour
anomalies [55–68]. Either leptoquark might be there to
address a subset of data: only the weak triplet (singlet)
is needed for the b ! s`

+
`
� (�aµ) anomalies. However,

since the two indicated mass scales and the flavour struc-
tures of the couplings are compatible, it is appealing to
consider both states together.

For our lepton-flavoured U(1)X , we start by consid-
ering the most general class of anomaly-free, quark-
universal, vector-like2 U(1) extensions of the SM gauge
group [69–71] that i) are consistent with the ‘muoquark
conditions’ of [48]; ii) restrict to the case where two lep-
ton charges coincide, which allows for a dense neutrino
Majorana mass matrix using only one or two U(1)X -
breaking scalars; and iii) do not require additional chiral
fermions beyond the SM + 3⌫R. Up to normalisation,
this class is parametrized by two coprime integers m and
n 6= 0:

X = 3m(B � L)� n (2Lµ � Le � L⌧ ) , gcd(m,n) = 1.
(2)

The model of [47] is equivalent to the case (m,n) = (1, 3),
ergo X / B � 3Lµ. In addition to the U(1)X gauge
field Xµ, we introduce two SM singlet �e⌧ and �µ with
U(1)X charges, which acquire vacuum expectation values
(VEVs) at a high scale. Both the SM fields and S1/3 are
charged under U(1)X .

At the renormalisable level, such muoquarks furnish
examples of new physics models in which quark flavour
violation is linear [72] (thus rank-one [73]),

�
ij
3 = ↵

i
3�

j2
, �

ij
L,R = ↵

i
L,R�

j2
. (3)

The vectors ↵i
3,L,R that encode their couplings to quarks

are, however, arbitrary in quark flavour space. Follow-
ing [47], it is natural for ↵

i
3,L,R to be consistent with

the approximate U(2)q ⇥ U(2)u ⇥ U(2)d flavour symme-
try observed in the quark Yukawa interactions with the
Higgs [74] (see also [75]). A global flavour fit [47] shows

2
It is convenient to restrict to vector-like lepton charges to ensure

that renormalisable Yukawa couplings are permitted for all three

charged leptons.

Fields U(1)X
Quarks qi, ui, di m

Electrons and taus `1,3, e1,3, ⌫1,3 n� 3m

Muons `2, e2, ⌫2 �2n� 3m

Higgs H 0

Leptoquarks S3, S1 2m+ 2n

Scalars �e⌧ 6m� 2n
�µ 6m+ n

TABLE I. Field content of the charged leptoquark model.

plenty of parameter space to fit both sets of anoma-
lies simultaneously, consistent with complementary di-
rect searches at the LHC. Moreover, the minimal set of
couplings can be consistently extrapolated to the Planck
scale without developing Landau poles [47].
While all the quark Yukawa couplings are permitted

at the renormalisable level, the charged lepton Yukawa
matrix has texture

Ye ⇠

0

@
⇥ 0 ⇥

0 ⇥ 0
⇥ 0 ⇥

1

A . (4)

This means that the charged lepton rotation matrices,
that take us from the gauge eigenbasis to the mass basis,
only act within the electron-tau subspace. Therefore the
S3/1 leptoquarks remain coupled only to muons in the
lepton mass basis as per (3).
The neutrinos have a Yukawa coupling matrix Y⌫ with

a similar structure to (4), which gives mass contribu-
tions set by the electroweak scale v. However, by design
�e⌧ and �µ act as Majorons: Majorana mass terms for
the right-handed neutrinos are generated by the U(1)X -
breaking VEVs of �e⌧ and �µ, both assumed to be of
order vX , through their Yukawa interactions

L � ⌫̄
i c
R ⌫

j
R(⇠

ij
e⌧�e⌧ + ⇠

ij
µ �µ) =)

M⌫

vX
⇠

0

@
⇥ ⇥ ⇥

⇥ 0 ⇥

⇥ ⇥ ⇥

1

A .

(5)
This structure can accommodate all the data pertinent to
neutrino masses and mixings [76–78], since it reduces to
the two-zero minor structure of type D

R
1 [79] by setting

some entries to zero. In the special case (m, n) = (1, 3),
i.e. X / B � 3Lµ, studied in Ref. [47], the scalar �e⌧

decouples and four of the entries in M
R
⌫ are populated by

bare mass terms, whose dimensionful coe�cients have to
coincide with the scale vX to fit the data well. Similarly,
for (m, n) = (1, �6), corresponding to X / B + 3Lµ �

3Le � 3L⌧ , the �µ scalar decouples.

III. THE IR: DISCRETE GAUGE SYMMETRY

The U(1)X gauge symmetry is broken by the VEVs
of �e⌧ and �µ, whose charges are uniquely fixed so as
to produce a dense neutrino Majorana mass matrix (5).
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a. Exact proton stability — The protection of
baryon number by � goes beyond just banning the di-
quark operators. Viewed from the low-energy EFT with
only SM fields (the SMEFT), quarks are the only fields
that carry charge mod 9 under �. In fact, because [q]�
is never divisible by 3, it is at least order 9 in �. It
immediately follows that

�B = 0 (mod 3) (15)

to all orders in the SMEFT. As a result, baryon number–
violating decays of the proton, the lightest baryon, are
kinematically forbidden and complete stability of the pro-
ton is guaranteed.

Other baryon number–violating processes are in prin-
ciple possible through �B = 3 operators, somewhat rem-
iniscent of sphalerons. However, these processes require
e↵ective operators with nine quarks and at least one lep-
ton, which start at dimension 15 in the SMEFT.

We emphasize that our mechanism for protecting the
proton stability at all-orders is much stronger than in
the generic SMEFT, for which proton decay can occur
at dimension 6. The same is true when comparing with
model extensions à la Pati-Salam [80–95] interpreted as
EFTs [96]. The protection in our model is guaranteed
by the remnant discrete gauge symmetry in the IR. Cru-
cially, it is insensitive to whatever physics might be lurk-
ing at higher energy scales.

b. Accidental lepton flavor conservation — The
muon selection rule, unlike protection of baryon num-
ber, is not enshrined by �-invariance in the IR. In par-
ticular, the leptoquark operators qS`i are �-invariant,
despite not being U(1)X -invariant, for all three lepton
flavours. This suggests that higher-order operators cou-
pling the leptoquarks to electrons and taus are allowed in
the U(1)X -invariant e↵ective theory, which could come
from even heavier dynamics integrated out at a scale
⇤ > vX . Rather, after the breaking of U(1)X ! �, muon
number remains as an accidental, and thus approximate,
symmetry in the IR.

Sure enough, both leptoquarks have dimension-6 cou-
plings to the other lepton families: schematically,
1
⇤2�e⌧�

⇤
µ qS1/3`1,3 and

1
⇤2�e⌧�

⇤
µ uS1e1,3. Moreover, there

are dimension-6 corrections of the form 1
⇤2��

¯̀
iHej to the

charged lepton Yukawa matrix, populating the four ze-
roes in (4). For example, µ ! e�, mediated by the S1

exchange, is related to the (g�2)µ anomaly by a factor of
✏
2
X where ✏X := vX/⇤. The stringent experimental limit
on BR(µ ! e�) [97] requires ✏X . 10�2 or so [98, 99],
meaning that a modest scale separation is su�cient to
suppress LFV processes to a level compatible with cur-
rent bounds. Conversely, it is possible to introduce the
next layer of NP safely below the Planck scale even if
we take vX ⇠ 1011TeV to naturally accommodate light
neutrinos in a seesaw with order-1 couplings.

c. Dark Matter — The discrete gauge symmetry �
can be used to stabilise WIMP dark matter [100–107].
To make the dark matter, �, stable, its charge should be
such that all operators involving one � field and arbitrary

SU(12) � SU(2)L � SU(2)R
UV

IR

SU(9) � SU(2)L � SU(2)R � U(1)B�L � SU(3)�

SU(3) � SU(2)L � U(1)Y � �9(18)

SU(3) � SU(2)L � U(1)Y � U(1)X

Muoquarks

Right-handed neutrinosvX

TeV

FIG. 1. Tentative gauge–flavour unification scenario. See
Section IV for details.

other light fields should be forbidden. Since all colour-
singlet operators have � charge equal to 0 (mod 3), the
DM is automatically stabilized if [�]� 6= 0 (mod 3)—for
example, if [�]� = 1, coming from (say) the minimal unit
of U(1)X charge in the UV model.

IV. DEEPER INTO THE UV: UNIFICATION

To conclude, we tentatively discuss how the GSM ⇥

U(1)X muoquark modelcould be embedded inside a uni-
fied semi-simple gauge theory deeper in the UV. The
starting point is to realise that U(1)Y ⇥ U(1)X can
be embedded inside SU(2)R ⇥ U(1)B�L ⇥ U(1)Z , where
Z = X�3m(B�L). U(1)Z can in turn be embedded in-
side an SU(3)lepton flavour symmetry that acts on lepton
families, which we promote to a gauge symmetry. One
can also unify SU(3)c with an SU(3)quark flavour symme-
try acting on the quarks into an SU(9)quark colour-flavour
unified gauge symmetry. At this point, the gauge sym-
metry is SU(9)quark ⇥ SU(3)lepton ⇥ SU(2)L ⇥ SU(2)R ⇥

U(1)B�L. This can be embedded inside the semi-simple
gauge group

GCF := SU(12)⇥ SU(2)L ⇥ SU(2)R , (16)

which was identified in [108] and discussed in [109].
The group GCF can be viewed as an extension of the

Pati–Salam gauge group [110], whereby colour and fam-
ily quantum numbers are unified. Remarkably, all three
families of SM+3⌫R fermions are packaged into two UV
fermion fields,  L ⇠ (12,2,1) and  R ⇠ (12,1,2). The
muoquarks descend from scalars transforming in the rep-
resentations (78,3,1) and (66,1,1) of the unified gauge
group, while the scalar fields �e⌧,µ responsible for Majo-
rana neutrino masses and for breaking U(1)X ! � can
sit in an (78,1,3). A hierarchical breaking of SU(9)quark
can also give a UV explanation of the global U(2)q quark

p decay sphaleronn ↔ n̄

Lepton non-universal

Similar mechanisms shortly after : 
Koren; 2204.01741,  

Wang, Wan, You; 2204.08393

See talk by ZupanLepton non-universal U(1)

 Non-universal gauge interactions2)

Altmannshofer et all, 1403.1269, 1406.2332• The prime example: U(1)Lμ−Lτ

• Classification of anomaly-free  extensionsU(1)

• Selection rules for leptoquarks and deriving accidental U(1)3 AG, Soreq, Stangl, Thomsen, 
Zupan; 2107.07518

Allanach, Davighi, Melville; 1812.04602
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 TeV-scale Leptoquarks3)
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[Phys.Rept. 641 (2016) 1-68] 
Doršner, Fajfer, AG, Kamenik, Košnik

qi lα

LQ

is by now outdated!

- Tree-level , 
- Loop-suppressed  and ,  
- -enhanced .

2q2ℓ
4q 4ℓ

mt (g − 2)μ

See talk by Becirevic & Marzocca

The leptoquark renaissance 
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Quark-Lepton Unification

Two flourishing model-building directions at the TeV-scale

• Variations of the original 
Pati-Salam idea

e.g. Di Luzio, AG, Nardecchia; 1708.08450
SU(4) × SU(3)′� × SU(2)L × U(1)′�

The Composite Higgs 

• If Higgs was a ,  
LQ would be a , …

π
K

e.g. Marzocca; 1803.10972

Fuentes-Martin, Stangl; 2004.11376
Gripaios, Nardecchia, Renner; 1412.1791AG, Stefanek; 1802.04274

 TeV-scale Leptoquarks3)

[Phys.Rept. 641 (2016) 1-68] 
Doršner, Fajfer, AG, Kamenik, Košnik

qi lα

LQ

is by now outdated!

- Tree-level , 
- Loop-suppressed  and ,  
- -enhanced .

2q2ℓ
4q 4ℓ

mt (g − 2)μ

See talk by Becirevic & Marzocca

The leptoquark renaissance 
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 Flavour Physics in High-  Tails4) pT
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A wealth of information for flavour physics, 
complementary to hadron decays.

pp → ℓ+
α ℓ−

β ( j), …

See talk by Becirevic



↵ |✏↵↵
Vi

|
|✏↵↵

SLL,RR
(µ)| |✏↵↵

TL,R
(µ)|

µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

e 13 (3.9) 15 (4.5) 32 (9.5) 6.5 (2.0) 5.2 (1.6)

µ 7.0 (3.4) 8.1 (3.9) 17 (8.3) 3.5 (1.7) 2.8 (1.4)

⌧ 25 (12) 29 (13) 60 (28) 14 (6.6) 11 (5.2)

Table 6. 95% CL limits on the neutral-current WCs from pp ! e
↵
ē
↵ at the LHC, with i =

LL,RR,LR,RL. We also show in parenthesis the naive projections of the expected limits for the HL-
LHC (3 ab�1), assuming that the error will be statistically dominated.

Figure 4. Exclusion limits at 95% CL on c ! u`
+
`
� transitions in the (✏eeVi

, ✏
µµ
Vi

) plane, where i =
LL,RR,LR,RL. The region outside the red contour is excluded by D meson decays, while the region
outside the blue contour is excluded by high-pT LHC.

chiral enhancement in D ! `
+
`
� compared to the corresponding SM contribution. Furthermore,

the c ! u⌧
+
⌧
� transition is only accessible at high-pT , since the corresponding low-energy decays

are kinematically forbidden. Similar conclusions have been reached in the LFV channels [48].
Namely, the high-pT bounds on the µe channel are stronger than those from low-energy, with
the exception of the scalar operators, while for ⌧e and ⌧µ channels, high-pT tails offer the only
available limits.

Concerning the possible caveats to the high-pT limits, there are two major differences with
respect to the discussion for charge currents in Section 4.3. Firstly, the c ! u`

+
`
� SM amplitude

is extremely suppressed, as mentioned before. Thus, the dimension-8 interference with the SM
is negligible and unable to affect the leading dimension-6 squared contribution, even though the
two are formally of the same order in the EFT expansion. Nonetheless, semileptonic operators
with flavor-diagonal quark couplings which negatively interfere with the SM background can be
used to tune a (partial) cancellation between NP contributions in the tails. Secondly, most UV

– 20 –

Fuentes-Martin, AG, Camalich, Ruiz-Alvarez; 
2003.12421 (JHEP)

ℒNP ≈
ϵℓℓ

V

15 TeV
(ūRγμcR)(ℓ̄RγμℓR)

• Tiny SM rates:  
short-distance contribution negligible (efficient GIM suppression), long-distance dominated

• Already strong experimental upper limits:

• Null test of the SM sensitive to New Physics

BR(D0 → μ+μ−) ≲ 6 × 10−9

BR(D0 → μ+μ−) ∼ 𝒪(10−13)

Example: Rare  decaysc → uℓ+ℓ−
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 Flavour Physics in High-  Tails4) pT
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p p

u c̄

ℓ+ ℓ−

Systematic exploration needed!

LHCb, 1305.5059



Scenario II

(*) Very personal and selective.  
Not a review! 

Apologies for missing citations.
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• IF  anomalies are genuine new physics effect  
 Major Revolution in HEP

b → sℓ+ℓ−

⟹

ℒ ⊃
1

(40 TeV)2
(s̄LγμbL) (μ̄LγμμL)

E

E

E

E

4-fermion 
scattering at 
E ≫ vEW

𝒜 ∼
E2

(40 TeV)2
 Violation of perturbative 

unitary 
⟹

≲ 100 TeV

Observational evidence! 
Stronger than the EW naturalness!

Di Luzio, Nardecchia; 1706.01868

See talk by Capdevila et al

New mass scale?

• A bright long-term future for collider physics!
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Neutrino oscillations, Dark Matter, Baryon 
asymmetry, Inflation, etc could be a physics of 
a very high (or different) energy scale

See talk by Descotes Genon
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Low-  roadmappT

1. : Only ? LH or vectorial? Universal contribution?

2. : Yes or No?  
If yes,  TeV,  preferred, . Eg .

3. : Yes or No? Leptonic .

4.  & :  
 prediction. If large ,  again.

5. : Test , also in 

6. LFV in  decays: Leptonic flavour, e.g.  vs 

7. cLFV ( ),  LFU, , EDMs, EWPO:  and  pole physics, …

b → sℓℓ μ

b → cτν
Λ ≲ 10 U(2)ℓ gτ ≫ gμ LQ → τb

(g − 2)μ U(1)3

b → sνν b → sττ
SU(2)L ≫ 10 % U(2)ℓ

b → dℓℓ(νν) U(2)q s → dνν

b U(2)ℓ U(1)3

ei → ej τ ΔF = 2 Z W
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Altmannshofer and McCann 

Tilquin and Mohan 

Pardinas and Jung; Mathad and Smith; Bernlocher

Matias, Nabeebaccus, Reboud, 
Schune, Coutinho, Hadavizadeh, 
Inguglia, Amhis, Owen, Serra

Chislett and Hagelstein



The high-  targetspT
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• : Tree-levelb → sℓℓ

Scalar LQ
Vector LQ
Z′�
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Vector LQ
Z′�
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Class I

gτ ≫ gμ

gτ ≲ gμ
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• Loop-level mediators  0.1 TeV and  few TeV≳ ≲
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High-  LHCpT
• Resonances and tails in:  

- ,  
- ,  
- ,  
- …

ττ(b)
τν(b)
μμ(b)

8. Results 29
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Expected 95% expected
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Figure 11: Expected and observed 95% CL upper limits on gU in the VLQ BM 1 (left) and 2
(right) scenarios, in a mass range of 1  mU  5 TeV. The expected median of the exclusion
limit in the absence of signal is shown by the dashed line. The dark and bright grey bands
indicate the central 68 and 95% intervals of the expected exclusion limit. The observed excluded
parameter space is indicated by the coloured blue area. For both scenarios, the 95% confidence
interval for the preferred region from the global fit of the low-energy observables presented in
Ref. [73] is also shown by the green shaded area.

unknown effect of higher-order corrections as discussed in Ref. [154]. Assuming a flat Bayesian
prior, mh is allowed to take any value within these boundaries. For the interpretation this is
taken into account by simulating the h signal at the observed hobs mass. For h production,
gluon fusion (ggh), b associated production (bbh), VBF, and Vh production are taken into ac-
count, and all cross sections and the branching fraction into t leptons are scaled according to
the MSSM predictions. To remove any dependencies of these predictions on the exact value
of mh, they are scaled to the expectation for mh = 125.38 GeV, following the prescription of
Ref. [80]. For A and H production, gluon fusion (ggA, ggH) and b associated production
(bbA, bbH) are taken into account.

All kinematic distributions are modelled within the accuracies discussed in Section 6.4. In par-
ticular, the pT spectra of ggH and ggA production are modelled as a function of tan b for each
tested value of mA, resulting in softer progression for increasing values of tan b. In the high-
mass no b-tag categories the h signal is expected to be negligible. It is therefore dropped from
the signal templates. A summary of the association of signals to the templates used for signal
extraction is given in Table 7. To interpolate the simulated mass points to the exact predicted
values of mH and mA a linear template morphing algorithm, as described in Ref. [155], is used.

Table 7: Contribution of MSSM signals to the mtot
T and NN output function template distribu-

tions used for signal extraction for the interpretation of the data in MSSM benchmark scenarios.

Signal processes
Categories ggh, bbh, VBF, Vh ggH/ggA, bbH/bbA
No b-tag mtt < 250 GeV X X
No b-tag mtt � 250 GeV — X
B-tag X X
Control regions X —

CMS PAS HIG-21-001

Faroughy, AG, Kamenik; 1609.07138

• Leptoquark searches

Novel mechanism  
Resonant LQ production

pp → Φ

Buonocore, Haisch, Nason, 
Tramontano, Zanderighi; 2005.06475
Haisch,Polesello; 2012.11474
AG, Selimovic; 2012.02092

@Greljo 2017

AG, Marzocca; 1704.09015

AG, Camalich, Ruiz-Alvarez; 1811.07920
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b

b̄

U1

⌧�

⌧+

Figure 2: Diagram for the production of a pair of t leptons via the t-channel exchange of a
leptoquark U1.

53], compositeness scenarios [54, 55], and R-parity violating supersymmetry [9–11, 56–62]. In
recent years there has been a renewed interest in leptoquark models as a means of explain-
ing various anomalies observed by a number of B-physics experiments [63, 64], most notably
the apparent violation of lepton flavour universality in neutral current (NC) [65] and charged
current (CC) [66–72] B-meson decays. Models that contain a TeV-scale vector leptoquark (U1),
characterized by its quantum numbers (SU(3)C, SU(2)L, U(1)Y) = (3, 1, 2/3), are particularly
appealing as they can explain both NC and CC anomalies at the same time [64, 73].

The Lagrangian for the U1 coupling to SM fermions is given by [73]

LU =
gU
p

2
Uµ

h
bia

L (q̄
i
Lgµla

L) + bia
R (d̄

i
Rgµea

R)
i
+ h.c., (1)

with the coupling constant gU, where bL and bR are left- and right-handed coupling matrices,
which are assumed to have the structure:

bL =

0

@
0 0 bdt

L
0 b

sµ
L bst

L
0 b

bµ
L bbt

L

1

A , bR =

0

@
0 0 0
0 0 0
0 0 bbt

R

1

A . (2)

The normalisation of gU is chosen to give bbt
L = 1. Two benchmark scenarios are considered,

with different assumptions made about the value of bbt
R . In the first benchmark scenario (“VLQ

BM 1”) bbt
R is taken to be zero. In the second benchmark scenario (“VLQ BM 2”) bbt

R is taken to
be -1, which corresponds to a Pati–Salam-like [47, 74] U1 leptoquark. The bst

L couplings are set
to their best fit values from global fits to the low-energy observables presented in Ref. [73], as
summarized in Table 1. The bdt

L , b
sµ
L , and b

bµ
L couplings are small and have negligible influence

on the tt signature and therefore have been set to zero.

If the mass of U1 (mU) is sufficiently small it will contribute to the tt spectrum via pair pro-
duction with each U1 subsequently decaying to qt pairs. For larger mU the pair production
cross section is suppressed by the momentum transfer of the initial state partons in the inter-
action vertex squared. In this case the dominant contribution to the tt spectrum is via the
t-channel exchange of U1 in the bb̄ initial state as illustrated in Fig. 2, with subdominant con-
tributions from the equivalent bs̄, sb̄, and ss̄ initiated processes. In our analysis we target the
kinematic region of mU & 1 TeV, motivated by the experimental exclusion limits on mU by di-
rect searches, e.g. in Ref. [42]. The contribution to the tt spectrum from U1 pair production
is negligible in this case and we therefore consider only nonresonant production through the
t-channel exchange.

Marzocca, Min, Son; 2008.07541

Afik et al; 1805.11402, 1912.00425
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1 Introduction
We present a search for vector-like leptons (VLLs), considering the mass range 500–1050 GeV,
in the context of the 4321 model [1, 2]. The 4321 model is a UV-complete model that extends
the standard model (SM) gauge groups to a larger SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 group. It
is motivated by the B anomalies, recent measurements of B hadron decays that are in tension
with the SM. This particularly concerns R(D*) and R(K) measurements [3–5], which provide
evidence for lepton nonuniversality.

The 4321 model gives a possible explanation for these flavour-nonuniversal results, while si-
multaneously respecting many other measurements that are in good agreement with the SM
expectations and lepton universality [6–9]. Here, we search for pair production of the lightest
new particles in this model, the vector-like leptons.

The VLLs come in doublets with one charged VLL, E, and one neutral VLL, N. For the model
to explain the B anomalies while also remaining consistent with other measurements, the mass
of the VLLs cannot be too large. In particular, requiring compatibility with the measured R(D*)
anomaly and with measurements of Bs-Bs mixing suggests that the VLL mass should not be
more than a few TeV [10].

The VLLs can be produced via electroweak production, and their couplings to the SM W and
Z bosons, or through interactions with a new Z’ boson in the 4321 model. In this note, we con-
sider only electroweak production, and ignore potential contributions from the Z’. Examples
of Feynman diagrams showing the electroweak pair production of VLLs, as well as a diagram
of the VLL decay, are shown in Fig. 1.

q'

q

W±
N

E
L l3

U

q3

q̄3

Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams, L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their
interactions with the vector leptoquark, U. These decays are primarily to third-generation lep-
tons and quarks.

The VLLs decay, via an intermediate leptoquark, U, to two quarks and one lepton. Because
of the flavour nonuniversal couplings of the leptoquark, which make it a good candidate to
explain the B anomalies, the decays are expected to be almost entirely to third-generation
fermions. For each second-generation fermion, approximately an order of magnitude suppres-
sion in the branching fraction is expected, and even larger suppressions are expected for any
first-generation fermion.

The analysis selection is driven by the highly flavour-asymmetric final states produced in the
VLL decays. Given the expectation of two third-generation quarks in every VLL decay, we
search for pairs of VLLs by selecting events with a high b jet multiplicity. These events are
further categorized by the number of t leptons. For each t multiplicity, dedicated selections
are made to divide the category into a signal-enriched region and one or multiple background-
enriched control regions. Table 1 shows the t multiplicity categories and the decay modes of
the different VLL pairs that contribute to each category. While topologies with electrons or
muons in the final state (coming from top quark decays) are possible, we focus on only the
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Figure 4: Expected and observed 95% confidence level upper limits on the electroweak vector-
like lepton cross section times branching fraction, combining the 2017 and 2018 data and all th
multiplicity channels combined.

related to the difference between data and simulation in the th fake factors. All of these were
found to give substantially similar results to the main result presented here.

One change to the analysis model was made after unblinding since it is believed to be a more
accurate statistical model, regardless of the data. At the time of unblinding, a simpler model
of the fake factors and their uncertainties was used. This model did not fully propagate the
correlations in fake factors, and did not account for possible differences in the fake factors
between the derivation region and the main fit. The expected limits for the previous model
were somehwat lower, but within the central 68% interval of the model presented here. The
observed limits were also somewhat lower, but shifted less that the expected limits, and the
observed signal significance for the old model were approximately 10% larger.

10 Summary
The first search for vector-like leptons in the context of the 4321 model has been presented, us-
ing proton-proton collision data collected with the CMS detector at

p
s = 13 TeV, correspond-

ing to an integrated luminosity of 96.5 fb�1. The probed model consists of an extension of the
standard model with an SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥U(1)0 gauge sector that can provide a com-
bined explanation to multiple anomalies observed in B hadron decays, which point to lepton
flavour nonuniversality. In the model, a leptoquark is predicted as the primary source of lepton
flavour violation while the UV-completion predicts additional vector-like fermion families. In
particular, vector-like leptons are investigated by their coupling to standard model fermions

The CMS quote: 
“The observed excess is consistent 
with the presence of VLLs in the 
context of the 4321 model, and the 
excess of events over the background-
only hypothesis corresponds to a 
significance of .”2.8σ

Di Luzio, Fuentes-Martin, AG, 
Nardecchia, Renner; 1708.08450
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Benchmark spectrum

Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
g4 = 3.5, v3 = 1.75, v1 = 1.2 TeV and v15 = 0.3 TeV, which fixes the masses of g0µ, Uµ and Z 0

µ,
while MQ = 1.6 TeV, ML = 0.85 TeV, sq3 = 0.79, s`3 = 0.81 and sq2 = 0.3, which sets the fermionic
masses. (Right panel) Normalized V fLfL couplings of the g0 (red) and Z 0 (blue) to left-handed
fermions as a function of the sin ✓L. Solid, dotted and dashed lines are for the light-light, light-heavy

and heavy-heavy combinations, respectively. The coupling normalizations are, g4gs
g3

for g0 to quarks,

and
p
3g4gY

6
p
2g1

(
p
3g4gY

�2
p
2g1

) for the Z 0 to quarks (leptons).

V ff interactions are practically flavour diagonal, except for the leptoquark couplings to fermionic
partners described by the W matrix. The couplings to right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These inter-
actions are worked out in Eqs. (A.48) to (A.53). To illustrate the main implications, in Fig. 8 (right
panel) we show the normalized V fLfL couplings for Z 0 and g0 as a function of sin ✓L, valid for any
of the left-handed mixing angles. Solid, dotted and dashed lines represent couplings to light-light,
light-heavy and heavy-heavy combinations, where labels light and heavy denote a SM fermion and
its partner, respectively. Red color is for g0 couplings (#) normalized as L � # g4gs

g3
 q�

µT a q g0aµ ,

while blue is for Z 0 couplings (#) normalized as L � #
p
3g4gY
6
p
2g1

�
 q�

µ q � 3 `�
µ `

�
Z 0
µ . It

is worth noting that sizable couplings to SM fermions are generated only for large mixing angles.
In practice, the third family mixings, sq3 and s`3 , typically control the decay channels of new
resonances, while sq2 (= sq1) is relevant for their production mechanisms in pp collisions.

New fermions

The main features of the fermion spectrum are controlled by the fermion mass mixing constraints
discussed in Sec. 4.1. Relevant facts for the high-pT discussion are the following: i) the compo-
nents of an SU(2)L doublet are practically degenerate, ii) partners of the first two families are
close in mass, iii) a partner of the third SM family is always heavier than the partners of the first
two, and iv) lepton partners are typically lighter than quark partners as required by consistency
with loop-induced �F = 2 observables, see Sec. 4.3.
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• Explicit models: 
The  model4321

High-  LHCpT

Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured multi-
lepton + multi-jet final state signature.

third family, t, b, ⌧ and ⌫⌧ . Thus, the signature in the detector contains multiple jets and leptons
and is rich with b-tags, hadronic ⌧ -tags, etc. While the extraction of precise limits requires a
dedicated experimental analysis, we estimate the potential sensitivity in the current and near-future
datasets, by comparing with the existing R-parity conserving (RPC) and R-parity violating (RPV)
supersymmetry (SUSY) searches.

Using 36 fb�1 of 13 TeV pp collision data, the ATLAS collaboration has searched for sig-
natures involving multiple b-jets, high missing transverse momentum and either (at least) three
isolated leptons, or two isolated same-sign leptons [121]. Following this general selection, the
upper limits are set on the signal regions based on the number of b-jets, jets, leptons and Emiss

T
,

which are then interpreted in terms of simplified SUSY benchmarks. As an example, pair produc-
tion of gluinos, each decaying to a top pair and a neutralino, can be qualitatively compared to our
pp ! N2N2 ! (tt⌫)(tt⌫). Interpreting naively the exclusion limits, that is, neglecting any differ-
ences in acceptances between our model and the SUSY benchmarks, we conclude that the signal
rate for this process is . 5 fb. This search is already starting to probe the interesting parameter
space, see Fig. 14 (top right panel). Another relevant RPC example involves pair production of
stops, each decaying to t, W± and neutralino, and sets an upper limit on the cross section . 10 fb.
Finally, the limit from RPV searches on gluino pair production, where each decays to tbj, implies
an upper limit of . 15 fb.

In addition to these final states, the 4321 model predicts even more exotic multi-lepton plus
multi-jet signatures due to cascade decays among particles shown in Fig. 8 (left panel). An example
of such process is illustrated in Fig. 16. In this example, a pair of vector-like quarks is created by an
s-channel coloron, and one of them decays to vector-like lepton which eventually decays to three
SM fermions. The final state contains 3q3 + 5`3, or 5q3 + 3`3, where q3 = t, b and `3 = ⌫⌧ , ⌧ .

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a dedicated
experimental effort.
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FCC-hh versus MuC
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Figure 7. Discovery reach at 5� for the Lµ �L⌧ model. The fit to NCBAs is imposed everywhere,
Eq. (5.6). The regions excluded by Bs mixing and neutrino trident production are colored in light
blue and red, respectively. The light gray region requires ✏ > 1 to fit b ! sµµ anomalies, while the
dark gray region has �Z0/MZ0 > 0.25. The present LHC bounds [110] exclude at 95%CL the region
inside the thick black lines. For future colliders, the discoverable region is the one on the side of the
line where the corresponding label has been drawn.
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Figure 8. Discovery reach at 5� for the S3 leptoquark. The fit to NCBAs is imposed everywhere,
Eq. (6.4). In the grey region the perturbative limit �S3/MS3 < 0.25 is violated. For future colliders,
the discoverable region is the one on the side of the line where the corresponding label has been
drawn.

In the following analysis, the fit to the NCBAs is imposed in order to relate the two couplings
via

�bµ�sµ = �8.4⇥ 10�4

✓
MS3

TeV

◆2✓ �C
µ

9

�0.73

◆
. (6.4)

The total decay width of S3 in the limit of vanishing fermion masses is given by

�S3 =
|ybµ|

2 + |ysµ|
2

8⇡
MS3 . (6.5)

The perturbative limit �S3/MS3 < 0.25 is considered, as previously.
In Fig. 8, one can find the present LHC bounds from high-pT di-muon tails [110] and

leptoquark pair production5 as well as a collection of the 5� discovery reach for the future
colliders. Firstly, we observe the the HL-LHC will only marginally improve the current
limits. Moreover, FCC-hh will explore most of the parameter space, nevertheless a fraction
of it for MS3 & 9.5 TeV (due to leptoquark pair production) and inbetween the purple lines
(due to pp ! µµ) will still remain beyond its reach, this corresponds to values �bµ ⇡ �sµ

once Eq. (6.4) is imposed, which minimise the contribution in pp ! µµ. At a MuC, even at
3 TeV the obtained discovery reach for the µµ ! jj channel are comparable to those of the

5
For the pair production channel at hadron colliders, we employed the results of the analysis in Ref. [71].
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FCC-hh versus MuC
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Figure 4. Sensitivity reach (95%CL) for the (s̄L�↵bL)(µ̄L�
↵
µL) contact interaction as function

of the upper cut on the final-state invariant mass, compared to the value required to fit NCBAs
(dashed orange line).

Figure 5. Sensitivity reach (95%CL) for the (b̄L�↵bL)(µ̄L�
↵
µL) contact interaction as function of

the upper cut on the final-state invariant mass. Solid (dashed) lines represent the limit for positive
(negative) values of Cbb. The orange dotted and dashed lines shows reference values in relation to
the NCBAs fit, with or without a 1/Vts enhancement of the bb operator compared to the bs one,
respectively.
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Flavour anomalies

2012 - 202X

Obituary I: 
 
Died tragically due to overlooked 
systematics. Contributed to the 
development of new consistency tests 
at low- and high- , revisited the flavour 
structure of the SMEFT, and ignited 
novel model-building ideas about non-
universal gauge extensions, multi-scale 
flavour, accidental symmetries, etc. 

pT

29

Obituary II: 
 

A noble death only to give birth to a 
new physics beyond the Standard 

Model close to the electroweak scale. In 
their short lifetime, they manage to 

shake the world of particle physics. Their 
death marks the beginning of a new era.  
They secured the well-being of collider 

physics in the century to come.


