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What did the Flavour Anomalies 
teach us?
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Run-2 LHCb analysis (9fb-1) showed a 3.1σ 
deviation in RK. [2103.11769] 
LHCb is now performing a combined measurement 
of RK & RK* with the same dataset.

 
Wild rumours suggest that this new analysis now 
finds SM-like values for both observables… 
 
Is the RK anomaly going away?

Hopefully soon we will see this update.
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Run-2 LHCb analysis (9fb-1) showed a 3.1σ 
deviation in RK. [2103.11769] 
LHCb is now performing a combined measurement 
of RK & RK* with the same dataset.

 
Wild rumours suggest that this new analysis now 
finds SM-like values for both observables… 
 
Is the RK anomaly going away?

Hopefully soon we will see this update.

Meanwhile we can ask…
Was this all for naught?


In the worst-case scenario, what did we (or better, I) learn from the Flavour Anomalies?
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1 - Judging anomalies
Why working on anomalies at all?

A physicist’s job is to understand Nature in a mathematical model, using the scientific method.

An anomaly is just an experimental phenomenon we do not understand, it is thus worthwhile to try to 
gain insight and obtain a possible explanation, with correlated predictions to be tested experimentally.

… it is a lot of fun.
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gain insight and obtain a possible explanation, with correlated predictions to be tested experimentally.

… it is a lot of fun.

Our time is limited and “anomalies” are abundant. 
How does one choose?

… but which one(s)?

- Field of interest

- Statistical significance

- Theoretical and experimental “robustness”

- Viability of a New Physics explanation +  “beauty”

- Personal priors, biases, intuition, …
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The anomaly 
traffic lights

stat exp th bsm
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Muon g-2
Main Th. uncertainty in 
HVP LO contribution:

TH initiative WP 2006.04822

FNAL '21 + BNL '04

4.2σ or 1.6σ ??

Borsanyi et al. Nature 2021,

2002.12347

Borsanyi et al.

aμexp   = (116592061 ± 41)×10-11


aμTHin  = (116591810 ± 43)×10-11


aμBMW= (116591954 ± 55)×10-11
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HVP via dispersion relations:

K(s): kernel function

Some discrepancies are present in the cross 
section data from different experiments.

In the WP of the g-2 theory initiative [2006.04822] 
a conservative combination was performed.
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HVP via lattice calculations (convolution of 
the Euclidean current-current correlator)
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HVP LO contribution:
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Windows Approach for LQCD [1801.07224, 2206.06582, 2206.15084, 2207.04765]

[2206.15084]
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HVP via lattice calculations (convolution of 
the Euclidean current-current correlator)
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B-anomalies
b → c τ ν̅τ

Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:

b

c
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Vcb
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Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GF
p
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )

Tree-level SM process 
with Vcb suppression.
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2 - Combining them

Two anomalies are better than one [cit.]

If several anomalies can be coherently explained in a single unified framework, 
with interesting correlations arising among them, 

they become collectively more interesting as possible NP signals.



Altmannshofer and Stangl [2103.13370]

9

Coherent EFT interpretation
b → s µ+ µ-b → c τ ν̅τ

2210.13422 
~4σ



Altmannshofer and Stangl [2103.13370]

New Physics mainly coupled 
to the 3rd generation.   

R(D(*)) anomalies drive most 
new physics requirements

9

Coherent EFT interpretation
b → s µ+ µ-b → c τ ν̅τ

2210.13422 
~4σ
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LQ induce semileptonic @ tree level, 
4-quark & 4-lepton only at loop level.

Q

Q L

L

Leptoquarks and B-anomalies
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Deviations in semileptonic processes,

strong bounds from ΔF=2 & CLFV processes.

LQ induce semileptonic @ tree level, 
4-quark & 4-lepton only at loop level.

Q

Q L

L

Leptoquarks and B-anomalies
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Deviations in semileptonic processes,

strong bounds from ΔF=2 & CLFV processes.

LQ induce semileptonic @ tree level, 
4-quark & 4-lepton only at loop level.

Q

Q L

L

>> Very strong bounds on LQ couplings to 1st generation fermions, e.g. KL → μ e, etc..

Leptoquarks and B-anomalies
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Deviations in semileptonic processes,

strong bounds from ΔF=2 & CLFV processes.

To address both B-anomalies:

TeV-scale leptoquark coupled to 3rd and 2nd generation
g(3rd) > g(2nd)  > g(1st)

LQ induce semileptonic @ tree level, 
4-quark & 4-lepton only at loop level.

Q

Q L

L

>> Very strong bounds on LQ couplings to 1st generation fermions, e.g. KL → μ e, etc..

Leptoquarks and B-anomalies
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U1 = (3, 1, 2/3),
Vector Leptoquark

S1 = (3,̅ 1, 1/3),

S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks
R2 = (3, 2, 7/6),

S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

R2  
S3

Leptoquarks and B-anomalies
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U1 = (3, 1, 2/3),
Vector Leptoquark

S1 = (3,̅ 1, 1/3),

S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks
R2 = (3, 2, 7/6),

S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

R2  
S3

TeV-scale leptoquark coupled to 3rd and 2nd generation
g(3rd) > g(2nd)  > g(1st)

Leptoquarks and B-anomalies
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S1 and S3 - contributions to anomalies
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Global fit 
with all relevant 
flavour, 
EW, and collider 
constraints. 
(details in backup)

V. Gherardi, E. Venturini, D.M. [2008.09548]

https://arxiv.org/abs/2008.09548
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Predictions!
Better to be wrong than “not even wrong”
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Predictions

Large effects are also expected in b → s τ τ and b → s τ µ transitions, as well as in µ → e:

Belle-II Belle-II

LHCbLHCb

The large couplings to τ imply signatures in DY tails of pp→ τ τ,

deviations in τ LFU tests and τ → µ LFV tests (Belle-II).

Also Bs-mixing and B→ K* ν ν ̅are close to present bounds.

Typical for all models
addressing R(D(*))

b → s τ µ

b 
→

 s 
τ 
τ

[2008.09548]
DM, Trifinopoulos, Venturini [2106.15630]

µ → e

https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
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Near Future Prospects in Flavour

Belle-II will be able to completely test R(D(*)) with 5ab-1.


Measuring R(K(*)) with 3% precision requires 50ab-1.


Discover SM value of B0 → K*0 ν ν̅ with ~5ab-1. 


Bound on Br(τ → µ γ (3 µ) ) will improve by a factor of 6 (60).

      

[T. Mori ICHEP 2022]

today:
μ → e LFVBelle-II
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3rd gen LQ searches

scalar MLQ ≳ 1.3 TeV vector MLQ ≳ 1.9 TeV

U1R̃2

PAS EXO-19-016 PAS EXO-19-016
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High-pT tails

Crossing 
symmetry

Drell-Yan tailMeson decays If  mEW < Eµµ ≪ MNP 
we can use an 
EFT approach

[Greljo, DM 1704.09015]

B

D(*)

τ

νb

c

Crossing 
symmetry

ν      

τ      
b

c

Drell-Yan tail

τ      
  

  τ      

[Faroughy, Greljo, Kamenik 
1609.07138]

Now also a public tool:

HighpT:


[2207.10714, 
2207.10756 ]

[Greljo, Camalich, Ruiz-Alvarez 1811.07920]

[DM, Min, Son, 2008.07541]
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High-pT tails

The EFT contributions to the amplitude 
grow with the energy, compared to the SM.

 

EFT enhancement in high-pT tails

SM

E ≫ mEW
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Lessons Learned (part 1)

Broadening of 
experimental analyses

• Broader range of processes studied to test 
b → s (d) ℓ ℓ and b → c (u) τ ν transitions.


• Renewed focus on LFU ratios (also at high-pT)!

• Development of a leptoquark search program at ATLAS and CMS

• Interest in high-pT tails at LHC: SMEFT, simplified models. 

These are some of the most interesting searches to look for from HL-LHC.
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Lessons Learned (part 1)

Broadening of 
experimental analyses

• Broader range of processes studied to test 
b → s (d) ℓ ℓ and b → c (u) τ ν transitions.


• Renewed focus on LFU ratios (also at high-pT)!

• Development of a leptoquark search program at ATLAS and CMS

• Interest in high-pT tails at LHC: SMEFT, simplified models. 

These are some of the most interesting searches to look for from HL-LHC.

• Improvements in SM understanding of hadronic matrix elements

• Renaissance of leptoquarks as possible BSM scenarios

• New Physics models built around (vs against) flavour

SM theory improvements and

BSM perspectives



20

3 - Do they help us address SM problems?

How do these leptoquarks fit in a bigger picture?

Are they involved in answers to the big puzzles of the Standard Model?
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From Leptoquarks to the Higgs, and back

From B-anomalies

MLQ ~ TeV

g(3rd) > g(2nd)  > g(1st)

Hierarchical couplings to SM fermions
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From B-anomalies

MLQ ~ TeV

g(3rd) > g(2nd)  > g(1st)

Hierarchical couplings to SM fermions

MBSM ≲ TeV

Higgs & EW hierarchy
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Hierarchical Yukawa couplings
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From Leptoquarks to the Higgs, and back

From B-anomalies

MLQ ~ TeV

g(3rd) > g(2nd)  > g(1st)

Hierarchical couplings to SM fermions

MBSM ≲ TeV

Higgs & EW hierarchy

y(3rd) > y(2nd)  > y(1st)

Hierarchical Yukawa couplings

LQ from same UV responsible for the EW scale,

connection between LQ couplings and Yukawa couplings.
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Scalar LQ & Higgs: both pseudo-Goldstones?
In Composite Higgs models the Higgs arises as a pseudo-Goldstone (pNGB) 
of a spontaneously broken global symmetry G → H of a TeV-scale strong sector

Elementary
GSM 

q, u, d, l, e

STRONG
GHC       ΨHC

G
H

G → H

Spontaneous global symmetry breaking 
at the f ~ 1 TeV scale One obtains naturally

mPNGB ≪ MResonances
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Scalar LQ & Higgs: both pseudo-Goldstones?
Scalar LQs could arise as pNGB together with the Higgs 
from the same G/H of the strong sector.

• a pair of scalar leptoquarks, S1 = (3̄,1, 1/3) and S3 = (3̄,3, 1/3),

where I show the representation under the SM gauge group GSM = SU(3)c ⇥ SU(2)w ⇥

U(1)Y .
Going beyond simplified models, embedding these leptoquarks (LQ) in a more com-

plete theory can o↵er further insight and new correlations with di↵erent observables, such
as direct searches of other particles predicted by the UV theory. A first observation to be
made when thinking about possible UV realisations is that the mass scale of the lepto-
quarks required to fit the B-physics anomalies is close to ⇠ 1 TeV, which corresponds also
to the scale where new physics related to the electroweak hierarchy problem is supposed
to be. This coincidence of scales is a strong motivation to look for UV theories which
address both issues in a coherent manner.

Some examples of embedding the vector LQ Uµ
1 in a more complete theory have

been presented in the literature. For example, it can be recognised as one of the heavy
gauge bosons in Pati-Salam unification, or variations thereof [46–50]. In these scenar-
ios, however, the naturalness problem remains unaddressed. Alternatively, Uµ

1 could
arise as a composite vector resonance of a new strongly coupled sector lying at the TeV
scale [33, 51, 52], from which also the Higgs boson arises as a pseudo-Nambu-Goldstone
boson (pNGB), as in composite Higgs models. In all these scenarios other states, such as
neutral or color-octet vectors, are necessarily present with a mass close to the LQ one.
They usually generate undesired too large e↵ects in �F = 2 processes and direct searches,
inducing some tension in the models. The problem can be summarised as the fact that
the mass scale of the other resonances contributing significantly to flavour is naturally at
the same scale as the vector LQ: mV LQ ⇠ ⇤.

The scalar leptoquarks S1 and S3, on the other hand, can be naturally lighter than
the other states in the theory if they arise as pNGB of some spontaneously broken global
symmetry of a new strongly coupled sector:

mSLQ ⌧ ⇤ . (1.1)

This splitting naturally explains why the e↵ects of the scalar leptoquarks in flavour ob-
servables are the leading ones. This idea was explored in Refs. [53,54] in an e↵ective field
theory (EFT) approach, where however only the neutral-current anomalies were consid-
ered. In such a setup it is natural to consider also the Higgs boson as a pNGB of the same
dynamics, thereby realising a composite Higgs model [55,56] and addressing the natural-
ness problem of the electroweak scale. The S1 and S3 LQs have already been considered,
also separately, as possible mediators for either the neutral- or charged-current anomalies
(or both) in Refs. [24, 28, 31, 34,37, 38,45,53,54, 57–60].

Following this route, in this work I present a natural model able to address at the same
time both the charged- and neutral-current B-physics anomalies via the exchange of the
S1 and S3 scalar leptoquarks. They arise as pNGB, together with the Higgs boson, from
a new strongly coupled sector at the ⇠ 10 TeV scale. Rather than employing an EFT-like
approach, in order to be more predictive and to provide a more realistic and UV-complete
setup I also specify the strong dynamics as a four-dimensional fermionic confining gauge
theory [61–69]. This puts strong constraints on the viable global symmetry-breaking
patterns, therefore on the low-energy chiral Lagrangian.

4

-  Higgs

M

-  Λ ~ gρ f ~ 10 TeV
other resonances

-  f
- mpNGB ~ O(1) TeV

Leptoquarks

Gap

[Gripaios 0910.1789, Gripaios, Nardecchia, Renner 1412.1791]

Having the same origin, it is expected that LQ couplings 
have same structure as Higgs Yukawa couplings:

possible connection with flavour structure

Low-energy phenomenology dominated by the LQs

Little 
hierarchy 
problem
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A Fundamental Composite Higgs + LQ Model
D.M. 1803.10972

2 An explicit model

Point 6 of the list above suggests to consider the case of complex representations. This
also has the advantage that, introducing vectorlike fermions, the model is automatically
safe from anomalies. The Higgs sector of this model has already been studied in [6].

As sketched already in [1], and in analogy with [7], we add a new non-abelian gauge
group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and a vectorlike
set of fermions in the fundamental of this new gauge group and charged under the SM
group as well. In particular, the extra matter content considered in this work is classified
in the following representations under SU(NHC)⇥ SU(3)c ⇥ SU(2)w ⇥ U(1)Y :

 L = (NHC,1,2)YL
,  Q = (NHC,3,2)YL� 1

3
,

 N = (NHC,1,1)YL+
1
2
,

 E = (NHC,1,1)YL� 1
2
,

(1)

where we use the Dirac notation for the fermions. The kinetic term of the Lagrangian for
the theory above ⇤HC reads

LHC = �
1

4

X

X=HC,c,w,Y

FX
µ⌫F

Xµ⌫ +
X

j=L,N,E,Q

 ̄ji�
µDµ j , (2)

whereDµ = @µ�igHCtaAa
µ�i

P
x2c,w,Y gSMx tx

SM
ASM,x

µ and ta are the generators of SU(NHC)
in the fundamental representation while tx

SM
are the generators of the SM gauge groups.

To this Lagrangian one should also add the ✓ terms for QCD and for the HC group. The
former experimentally has to be very small while the latter might induce new sources
of CP violation and might also address the strong CP problem [8]. We will not pursue
further this point in the following.

As will be clear below, the fields  L,  N , and  E are required in order to have a Higgs
as a pNGB, after the theory condenses, as well as custodial symmetry. This setup as a
fundamental composite Higgs model was studied in Ref. [6] and is the minimal one for
a theory with HC fermions in a complex representation of GHC . Finally, the field  Q is
required in order to have also the scalar leptoquarks S1 and S3 as pNGBs.1 Even though
an extension of the matter content in Eq. (1) to a complete copy of the SM multiplets is
tempting, for the sake of minimality we will keep only the strictly necessary fields, as well
as leaving YL free.

Since we need the HC gauge interaction to confine at the scale ⇤HC , we should require
it to be asymptotically free in the ultraviolet. In App. B we show that, with the field
content in Eq. (1), this is true for any NHC � 2. Also, we show that, depending on YL

1Note that another solution, with same number of flavors, could be obtained by substituting  Q with:
 U = (NHC,3,1)YU +  T = (NHC,1,3)YU+ 1

3
, in which case the LQs are given by S3 ⇠ ( ̄U T ),

S1 ⇠ ( ̄U E,N ). In the following we will consider only the case described in the main text, since it is
more minimal in the sense of requiring less representations.

5

Gauge group:

Extra vectorlike 
fermions charged 
under SU(NHC):

SU(NHC) confines at ΛHC ~ 10 TeV

"HyperColor"

SU(NHC) SU(3)c SU(2)w U(1)Y
 L NHC 1 2 YL

 N NHC 1 1 YL + 1/2
 E NHC 1 1 YL � 1/2
 Q NHC 3 2 YL � 1/3

Table 1: Extra Dirac fermions charged under the hypercolor SU(NHC) gauge group. YL is a
free parameter.

The structure of the paper is as follows. In Section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields.
In Section 3 I discuss the way by which elementary fermions couple to the composite
sector, thereby generating the Higgs Yukawa and leptoquark couplings. These couplings,
together with SM gauge interactions and fermion masses break explicitly the global sym-
metry of the strong sector. This generates a scalar potential for the pNGB, which is
studied in Section 4. This potential is responsible for the Higgs non-vanishing vacuum ex-
pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.

2 A fundamental Composite Higgs Model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale ⇤ ⇠ TeV. Furthermore,
the splitting mh ⌧ ⇤, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [55,56], in close analogy to
the pions in QCD.

Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.

2.1 The explicit model

As sketched already in Ref. [45], and in analogy with Refs. [27, 67, 68], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(NHC) ⇥ SU(3)c ⇥ SU(2)w ⇥

U(1)Y , is shown in Table 1. The kinetic term of the Lagrangian for the theory above ⇤HC

5

QCD-like!!
For similar constructions see:

Shmaltz et al 1006.1356,

Vecchi 1506.00623,

Ma, Cacciapaglia 1508.07014



24

A Fundamental Composite Higgs + LQ Model
D.M. 1803.10972

2 An explicit model

Point 6 of the list above suggests to consider the case of complex representations. This
also has the advantage that, introducing vectorlike fermions, the model is automatically
safe from anomalies. The Higgs sector of this model has already been studied in [6].

As sketched already in [1], and in analogy with [7], we add a new non-abelian gauge
group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and a vectorlike
set of fermions in the fundamental of this new gauge group and charged under the SM
group as well. In particular, the extra matter content considered in this work is classified
in the following representations under SU(NHC)⇥ SU(3)c ⇥ SU(2)w ⇥ U(1)Y :

 L = (NHC,1,2)YL
,  Q = (NHC,3,2)YL� 1

3
,

 N = (NHC,1,1)YL+
1
2
,

 E = (NHC,1,1)YL� 1
2
,

(1)

where we use the Dirac notation for the fermions. The kinetic term of the Lagrangian for
the theory above ⇤HC reads

LHC = �
1

4

X

X=HC,c,w,Y

FX
µ⌫F

Xµ⌫ +
X

j=L,N,E,Q

 ̄ji�
µDµ j , (2)

whereDµ = @µ�igHCtaAa
µ�i

P
x2c,w,Y gSMx tx

SM
ASM,x

µ and ta are the generators of SU(NHC)
in the fundamental representation while tx

SM
are the generators of the SM gauge groups.

To this Lagrangian one should also add the ✓ terms for QCD and for the HC group. The
former experimentally has to be very small while the latter might induce new sources
of CP violation and might also address the strong CP problem [8]. We will not pursue
further this point in the following.
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fundamental composite Higgs model was studied in Ref. [6] and is the minimal one for
a theory with HC fermions in a complex representation of GHC . Finally, the field  Q is
required in order to have also the scalar leptoquarks S1 and S3 as pNGBs.1 Even though
an extension of the matter content in Eq. (1) to a complete copy of the SM multiplets is
tempting, for the sake of minimality we will keep only the strictly necessary fields, as well
as leaving YL free.

Since we need the HC gauge interaction to confine at the scale ⇤HC , we should require
it to be asymptotically free in the ultraviolet. In App. B we show that, with the field
content in Eq. (1), this is true for any NHC � 2. Also, we show that, depending on YL
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pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.

2 A fundamental Composite Higgs Model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale ⇤ ⇠ TeV. Furthermore,
the splitting mh ⌧ ⇤, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [55,56], in close analogy to
the pions in QCD.

Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.

2.1 The explicit model

As sketched already in Ref. [45], and in analogy with Refs. [27, 67, 68], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and
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QCD-like!!
For similar constructions see:

Shmaltz et al 1006.1356,

Vecchi 1506.00623,
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  f  ~ 1TeV
Approximate global symmetry, spontaneously broken (as chiral symm. in QCD)

G = SU(10)L × SU(10)R × U(1)V H = SU(10)V × U(1)V

and NHC , the SM gauge couplings can be kept to be perturbative up to the Planck scale.
However, it should be kept in mind that the need to introduce some new dynamics slightly
above the scale ⇤HC , in order to generate the top Yukawa and the leptoquark couplings,
is expected to alter the RG evolution of the gauge couplings.

2.1 Condensate and pNGBs

This theory is expected to form a condensate [9–11]

h ̄i ji = �B0f
2�ij . (3)

Since the total number of flavors is 10, in the absence of SM gauging and other explicit
breakings the global symmetry group of the theory is G = SU(10)L ⇥ SU(10)R ⇥ U(1)X ,
spontaneously broken to the diagonal subgroup H = SU(10)D⇥U(1)X . This spontaneous
symmetry breaking generates a set of 99 (real) pseudo Nambu-Goldstone bosons (pNGB)
transforming in the adjoint of SU(10)D. Under GSM = SU(3)c⇥SU(2)w⇥U(1)Y they are
arranged in the following irreps:

valence irrep. valence irrep. d.o.f.
H1 = ( ̄L N) (1,2)1/2 Hc

2
= ( ̄L E) (1,2)�1/2 4 + 4

!± = ( ̄N E) (1,1)�1 ⇧L = ( ̄L�a L) (1,3)0 2 + 3
S1 = ( ̄Q L) (3̄,1)1/3 S3 = ( ̄Q�a L) (3̄,3)1/3 6 + 18
R̃2 = ( ̄Q E) (3̄,2)�1/6 T2 = ( ̄Q N) (3̄,2)5/6 12 + 12
⇡̃1 = ( ̄QTA Q) (8,1)0 ⇡̃3 = ( ̄QTA�a Q) (8,3)0 8 + 24
⇧Q = ( ̄Q�a Q) (1,3)0 ⌘i = 3⇥ ( ̄i i) (1,1)0 3 + 3

. (4)

In particular, we see that the pNGB include two Higgs doublets H1,2 as well as the two
leptoquarks S1,3.

All the pNGB can be described in terms of the matrix U [�(x)],

U [�(x)] = exp

✓
2i
�↵(x)

f
T ↵

◆
, (5)

where f is the NGB decay constant and T ↵ are the SU(10) generators normalised as
Tr[T ↵T �] = 1

2
�↵�. The complete list is provided in App. A.1. The pNGB matrix U

transforms under G as U ! gLUg†R. The connection between the basis of pNGB fields �↵

and the one into SM irreducible representations is given in App. A.3.
In order to estimate the size of various operators in the low energy chiral Lagrangian,

we assume NDA power counting [12] opportunely extended to the fermion sector (see
e.g. [13]):

L
e↵

⇠ ⇤2f 2

✓
⇤

4⇡f

◆2L ✓�a

f

◆E� ✓gVµ

⇤

◆EV
✓

 
p
⇤f

◆E ✓@µ
⇤

◆d ✓�, m̃

⇤

◆� ✓gf

⇤

◆2µ

, (6)
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A Fundamental Composite Higgs + LQ Model
D.M. 1803.10972

2 An explicit model

Point 6 of the list above suggests to consider the case of complex representations. This
also has the advantage that, introducing vectorlike fermions, the model is automatically
safe from anomalies. The Higgs sector of this model has already been studied in [6].

As sketched already in [1], and in analogy with [7], we add a new non-abelian gauge
group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and a vectorlike
set of fermions in the fundamental of this new gauge group and charged under the SM
group as well. In particular, the extra matter content considered in this work is classified
in the following representations under SU(NHC)⇥ SU(3)c ⇥ SU(2)w ⇥ U(1)Y :

 L = (NHC,1,2)YL
,  Q = (NHC,3,2)YL� 1

3
,

 N = (NHC,1,1)YL+
1
2
,

 E = (NHC,1,1)YL� 1
2
,

(1)

where we use the Dirac notation for the fermions. The kinetic term of the Lagrangian for
the theory above ⇤HC reads

LHC = �
1

4

X

X=HC,c,w,Y

FX
µ⌫F

Xµ⌫ +
X

j=L,N,E,Q

 ̄ji�
µDµ j , (2)

whereDµ = @µ�igHCtaAa
µ�i

P
x2c,w,Y gSMx tx

SM
ASM,x

µ and ta are the generators of SU(NHC)
in the fundamental representation while tx

SM
are the generators of the SM gauge groups.

To this Lagrangian one should also add the ✓ terms for QCD and for the HC group. The
former experimentally has to be very small while the latter might induce new sources
of CP violation and might also address the strong CP problem [8]. We will not pursue
further this point in the following.

As will be clear below, the fields  L,  N , and  E are required in order to have a Higgs
as a pNGB, after the theory condenses, as well as custodial symmetry. This setup as a
fundamental composite Higgs model was studied in Ref. [6] and is the minimal one for
a theory with HC fermions in a complex representation of GHC . Finally, the field  Q is
required in order to have also the scalar leptoquarks S1 and S3 as pNGBs.1 Even though
an extension of the matter content in Eq. (1) to a complete copy of the SM multiplets is
tempting, for the sake of minimality we will keep only the strictly necessary fields, as well
as leaving YL free.

Since we need the HC gauge interaction to confine at the scale ⇤HC , we should require
it to be asymptotically free in the ultraviolet. In App. B we show that, with the field
content in Eq. (1), this is true for any NHC � 2. Also, we show that, depending on YL

1Note that another solution, with same number of flavors, could be obtained by substituting  Q with:
 U = (NHC,3,1)YU +  T = (NHC,1,3)YU+ 1

3
, in which case the LQs are given by S3 ⇠ ( ̄U T ),

S1 ⇠ ( ̄U E,N ). In the following we will consider only the case described in the main text, since it is
more minimal in the sense of requiring less representations.

5

Gauge group:

Extra vectorlike 
fermions charged 
under SU(NHC):

SU(NHC) confines at ΛHC ~ 10 TeV

"HyperColor"

SU(NHC) SU(3)c SU(2)w U(1)Y
 L NHC 1 2 YL

 N NHC 1 1 YL + 1/2
 E NHC 1 1 YL � 1/2
 Q NHC 3 2 YL � 1/3

Table 1: Extra Dirac fermions charged under the hypercolor SU(NHC) gauge group. YL is a
free parameter.

The structure of the paper is as follows. In Section 2 I introduce the specific fun-
damental Composite Higgs model, its global symmetries and the low-energy pNGB field
content, which includes two Higgs doublets and the two scalar LQ among other fields.
In Section 3 I discuss the way by which elementary fermions couple to the composite
sector, thereby generating the Higgs Yukawa and leptoquark couplings. These couplings,
together with SM gauge interactions and fermion masses break explicitly the global sym-
metry of the strong sector. This generates a scalar potential for the pNGB, which is
studied in Section 4. This potential is responsible for the Higgs non-vanishing vacuum ex-
pectation value (vev) and for electroweak symmetry breaking (EWSB), Section 4.4. The
flavour phenomenology arising from the LQ couplings to fermions, including the fit to
the B-physics anomalies, is studied in Section 5. The most interesting collider signatures,
as well as the present limits from direct searches, are presented in Section 6. Finally, I
conclude in Section 7.

2 A fundamental Composite Higgs Model

The naturalness problem of the electroweak scale can be solved by assuming that the Higgs
boson is a composite state of a new strong dynamics at a scale ⇤ ⇠ TeV. Furthermore,
the splitting mh ⌧ ⇤, required by phenomenological constraints, can be naturally realised
if the Higgs arises as a pseudo Nambu-Goldstone boson from the spontaneous breaking
of an (approximate) global symmetry of the strong dynamics [55,56], in close analogy to
the pions in QCD.

Extending this idea to include the scalar leptoquarks S1 and S3, I construct a fermionic
fundamental description of a composite model, from which both the scalar LQ and the
Higgs arise as pNGBs. See App. A for a general discussion on the requirements such a
UV setup should satisfy.

2.1 The explicit model

As sketched already in Ref. [45], and in analogy with Refs. [27, 67, 68], I add a new non-
abelian gauge group GHC = SU(NHC), assumed to confine at a scale ⇤HC ⇠ 10 TeV, and
a vectorlike set of fermions in the fundamental (and anti-fundamental) representation of
this new gauge group and charged under the SM group as well. The extra matter content
considered in this work, classified in representations of SU(NHC) ⇥ SU(3)c ⇥ SU(2)w ⇥

U(1)Y , is shown in Table 1. The kinetic term of the Lagrangian for the theory above ⇤HC

5

QCD-like!!
For similar constructions see:

Shmaltz et al 1006.1356,

Vecchi 1506.00623,

Ma, Cacciapaglia 1508.07014

  f  ~ 1TeV
Approximate global symmetry, spontaneously broken (as chiral symm. in QCD)

G = SU(10)L × SU(10)R × U(1)V H = SU(10)V × U(1)V

and NHC , the SM gauge couplings can be kept to be perturbative up to the Planck scale.
However, it should be kept in mind that the need to introduce some new dynamics slightly
above the scale ⇤HC , in order to generate the top Yukawa and the leptoquark couplings,
is expected to alter the RG evolution of the gauge couplings.

2.1 Condensate and pNGBs

This theory is expected to form a condensate [9–11]

h ̄i ji = �B0f
2�ij . (3)

Since the total number of flavors is 10, in the absence of SM gauging and other explicit
breakings the global symmetry group of the theory is G = SU(10)L ⇥ SU(10)R ⇥ U(1)X ,
spontaneously broken to the diagonal subgroup H = SU(10)D⇥U(1)X . This spontaneous
symmetry breaking generates a set of 99 (real) pseudo Nambu-Goldstone bosons (pNGB)
transforming in the adjoint of SU(10)D. Under GSM = SU(3)c⇥SU(2)w⇥U(1)Y they are
arranged in the following irreps:

valence irrep. valence irrep. d.o.f.
H1 = ( ̄L N) (1,2)1/2 Hc

2
= ( ̄L E) (1,2)�1/2 4 + 4

!± = ( ̄N E) (1,1)�1 ⇧L = ( ̄L�a L) (1,3)0 2 + 3
S1 = ( ̄Q L) (3̄,1)1/3 S3 = ( ̄Q�a L) (3̄,3)1/3 6 + 18
R̃2 = ( ̄Q E) (3̄,2)�1/6 T2 = ( ̄Q N) (3̄,2)5/6 12 + 12
⇡̃1 = ( ̄QTA Q) (8,1)0 ⇡̃3 = ( ̄QTA�a Q) (8,3)0 8 + 24
⇧Q = ( ̄Q�a Q) (1,3)0 ⌘i = 3⇥ ( ̄i i) (1,1)0 3 + 3

. (4)

In particular, we see that the pNGB include two Higgs doublets H1,2 as well as the two
leptoquarks S1,3.

All the pNGB can be described in terms of the matrix U [�(x)],

U [�(x)] = exp

✓
2i
�↵(x)

f
T ↵

◆
, (5)

where f is the NGB decay constant and T ↵ are the SU(10) generators normalised as
Tr[T ↵T �] = 1

2
�↵�. The complete list is provided in App. A.1. The pNGB matrix U

transforms under G as U ! gLUg†R. The connection between the basis of pNGB fields �↵

and the one into SM irreducible representations is given in App. A.3.
In order to estimate the size of various operators in the low energy chiral Lagrangian,

we assume NDA power counting [12] opportunely extended to the fermion sector (see
e.g. [13]):

L
e↵

⇠ ⇤2f 2

✓
⇤

4⇡f

◆2L ✓�a

f

◆E� ✓gVµ

⇤

◆EV
✓

 
p
⇤f

◆E ✓@µ
⇤

◆d ✓�, m̃

⇤

◆� ✓gf

⇤

◆2µ

, (6)

6

The Higgs and leptoquarks arise together as pNGB: close partners.

Yukawas and LQ couplings from the same origin → possible U(2)5 flavour structure
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Vector Leptoquark

Needs to couple not universally to SM fermions:

U1 = (3, 1, 2/3)

SU(4) × SU(3)' × SU(2)L × U(1) → SU(3)c × SU(2)L × U(1)Y4321 models:

SM fermions have different embedding between SU(4) and SU(3)’, or mix with vectorlike fermions.

Di Luzio et al 1708.08450; 
Bordone et al. 1712.01368; 
Calibbi et al. ’17; Blanke, 
Crivellin ’18; Cornella et al 

2103.16558
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Vector Leptoquark

Needs to couple not universally to SM fermions:

U1 = (3, 1, 2/3)

SU(4) × SU(3)' × SU(2)L × U(1) → SU(3)c × SU(2)L × U(1)Y4321 models:

SM fermions have different embedding between SU(4) and SU(3)’, or mix with vectorlike fermions.

Di Luzio et al 1708.08450; 
Bordone et al. 1712.01368; 
Calibbi et al. ’17; Blanke, 
Crivellin ’18; Cornella et al 

2103.16558

From SU(4) × SU(3)' → SU(3)c    one gets:
U1 = (3, 1, 2/3)

G' = (8, 1, 0)

Z' = (1, 1, 0)

Vector LQ

Coloron

Z’

FCNC @ tree-level+ 
strong collider bounds

… result in several years of challenging model building…
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Composite Higgs + Vector LQ

Vector leptoquark from composite model

[2004.11376]

2

FIG. 1. Moose diagrams for the EW sector (left) and the 43(2)1 model (right). Following the notation in [49], we draw a solid
circle when the entire global symmetry is gauged, and a dashed circle when a subgroup is. The solid lines represent sigma
models that break the symmetries to which they are attached down to the diagonal subgroups. The U(1)X gauge factor in
4321 models is the diagonal combination of U(1)R and U(1)0 symmetries.

global symmetry to the diagonal SU(2)V subgroup. The
three resulting NGBs become would-be NGB due to the
partial gauging of the global symmetry. In the SM, all
three generators of SU(2)L and the diagonal generator
T 3

R
of SU(2)R are gauged (see Figure 1).1. Hence, the

global symmetry breaking leads to the breaking of the
EW gauge group, SU(2)L⇥U(1)Y , down to the diagonal
U(1)em electromagnetic subgroup, and the three NGBs
become the longitudinal polarizations of the three mas-
sive vector bosons W±

µ
and Zµ.

Likewise, in the limit of vanishing gauge and Yukawa
couplings, 4321 models have an additional SU(4) ⇥
SU(4)0 global symmetry that is spontaneously broken
to the diagonal SU(4)D by the vev of a bi-fundamental
scalar, producing 15 NGBs. Also in this case, the global
symmetry is partially gauged. More precisely, the full
SU(4) group and the SU(3)0⇥U(1)0 subgroup of SU(4)0

is gauged (see Figure 1). The global symmetry breaking
leads to the breaking of the SU(4)⇥SU(3)0⇥U(1)0 gauge
group to its diagonal subgroup SU(3)D ⇥ U(1)D, which
is identified with QCD times (part of) hypercharge. As
a result, all 15 NGBs become the longitudinal polariza-
tions of massive vector bosons: the coloron (a hyper-
charge neutral octet of SU(3)c), the U1 leptoquark, and
the SM neutral Z 0. The coloron and the Z 0 have the gluon
and hypercharge gauge bosons as massless partners. In
this regard, they are analogous to the SM Z, which has
the photon as a massless partner. The leptoquark trans-
forms in the (anti-)fundamental of the unbroken gauge
group and does not have a massless partner. It is thus
analogous to the SM W , which is charged under the un-
broken electromagnetic gauge group and does not have a
massless partner either.

As it is well known, QCD with Nf quark flavors has
an SU(Nf )L ⇥ SU(Nf )R global symmetry that is spon-
taneously broken to its diagonal SU(Nf )V subgroup. In

1
Actually, what is gauged in the SM is the linear combination Y =

T
3

R +
1

2
XB�L, where Y is the hypercharge generator and XB�L

is the generator of the baryon minus lepton number symmetry,

cf. Figure 2

this case, the breaking is not induced by the vev of a
scalar field, but by the quark condensate that forms af-
ter QCD becomes strongly coupled. While the scale of
this breaking is far too low to explain the observedW and
Z masses, it inspired the idea that a scaled-up version of
QCD, known as technicolor [50–52], could be responsible
for EW symmetry breaking. After the discovery of the
Higgs boson, traditional technicolor was excluded. How-
ever, a technicolor-like breaking is still possible for the
4321 symmetry.
Given the apparent coincidence of scales between com-

posite Higgs models and the B anomalies, and the fact
that both seem to benefit from the same underlying flavor
symmetries, we entertain the possibility of having both
4321 and EW symmetries broken by the same strongly-
coupled “hypercolor” (HC) group. Our construction re-
sembles a generalization of technicolor for the 4321 sym-
metry breaking, while the EW symmetry is broken by
the vev of a composite Higgs arising as a pNGB of the
same strong dynamics. Since we provide a description of
the fundamental HC Lagrangian, such a Higgs is usually
referred to as “fundamental composite Higgs” [53] to dis-
tinguish it from other constructions, like the holographic
composite Higgs [54].
The outline of this letter is as follows: In Section II,

we introduce the 4321 models and define our conventions.
The idea of a technicolor-like breaking of the 4321 sym-
metry is developed in Section III, while Section IV is
devoted to the discussion of the composite Higgs sector.
We conclude in Section V.

II. THE 4321 MODEL(S)

A. Gauge sector

The 4321 models are defined by the gauge group
G4321 ⌘ SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)X . We denote
the respective gauge fields by HA

µ
, Ca

µ
, W I

µ
and B0

µ
, and

the gauge couplings by g4, g3, gL and g1, with indices A =
1, . . . , 15, a = 1, . . . , 8 and I = 1, 2, 3. The group struc-

SU(4)’

15 eaten NGB:

- heavy coloron

- U1 LQ

- Z’

SU(4)D

MU ~ g4 fζ

For the Composite Higgs part:

6 pNGB:

- Higgs doublet

- 2 singlets

The vector U1 LQ gets mass from the strong sector, 
as W,Z bosons do in technicolor.
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Vector leptoquark UV models: PS3

Flavour hierarchy  ↔  Hierarchy of scales (RG stable)

Accidental approximate U(2)5 at low energy!

This picture can be embedded in a warped 5D compactification

EW hierarchy problem can be addressed 
by adding a further Planck brane.

The vector U1 LQ comes from a UV structure (Pati-Salam)3,

where each fermion generation is charged under its own Pati-Salam gauge group: 
Lepton-Flavour-Universality is an emergent feature at low energies (like Parity in the SM).
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Lessons Learned (part 2)

Model building

• Challenging model building to have large flavour violation at few TeV, 
consistently with all flavour + collider bounds.


• The hierarchy problem can still be addressed with TeV-scale New Physics

• NP models do not necessarily have to satisfy our minimality criteria: the SM is non minimal!

• Addressing flavour pushed to develop new ideas, e.g. PS3

Broadening of 
experimental analyses

• Broader range of processes studied to test 
b → s (d) ℓ ℓ and b → c (u) τ ν transitions.


• Renewed focus on LFU ratios (also at high-pT)!

• Development of a leptoquark search program at ATLAS and CMS

• Interest in high-pT tails at LHC: SMEFT, simplified models: 

These are some of the most interesting searches to look at from HL-LHC.

• Improvements in SM understanding of hadronic matrix elements

• Renaissance of leptoquarks as possible BSM scenarios

• New Physics models built around (vs against) flavour

SM theory improvements and

BSM perspectives
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Conclusions

Still too early to conclude anything…
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Conclusions

Still too early to conclude anything…

better…

Questions?
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Cabibbo Angle Anomaly
Unitarity of the first row of the CKM matrix:

Neglecting the very small Vub: 

SGPR 1807.10197,

Belfatto, Beradze, Berezhiani 1906.02714,

Grossmann, Passermar, Schacht 1911.07821

[plot credit: Benedetta Belfatto]

[see also 2207.02507, 2208.11707]

~3σ

stat exp th bsm
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Cabibbo Angle Anomaly
Unitarity of the first row of the CKM matrix:

Neglecting the very small Vub: 

SGPR 1807.10197,

Belfatto, Beradze, Berezhiani 1906.02714,

Grossmann, Passermar, Schacht 1911.07821

[plot credit: Benedetta Belfatto]

[see also 2207.02507, 2208.11707]

~3σ
Possible New Physics scenarios:

- four fermion operators in   d → u e ν 

- four fermion operator in     µ → e ν ν 

- modified  W → µ ν  or  W → u d  couplings

- vectorlike quarks, rescaling of GF vs Gμ, …

See [2207.02507] for review on possible UV models

stat exp th bsm
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S1 and S3 - global analysis
Using the complete one-loop matching to 
SMEFT, we include in our analysis the 
following observables.

Observable Experimental bounds

Z boson couplings App. A.12
�gZ

µL
(0.3± 1.1)10�3 [99]

�gZ
µR

(0.2± 1.3)10�3 [99]
�gZ

⌧L
(�0.11± 0.61)10�3 [99]

�gZ
⌧R

(0.66± 0.65)10�3 [99]
�gZ

bL
(2.9± 1.6)10�3 [99]

�gZ
cR

(�3.3± 5.1)10�3 [99]
N⌫ 2.9963± 0.0074 [100]

Table 3: Limits on the deviations in Z boson couplings to fermions from LEP I.

observables), both at tree-level or one-loop level. Therefore, to quantify how the S1,3

model can consistently explain the observed anomalies, one should take into account a set
of low-energy data as complete as possible. In Tables 1, 2, and 3, we show the list of low-
energy observables that we analyze, together with their SM predictions and experimental
bounds.

In App. A, these low-energy observables are discussed in length. We will explicitly
show, as functions of the parameters of the S1,3 model, tree-level contributions together
with dominant one-loop e↵ects, while in the numerical analysis the full set of one-loop cor-
rections is considered. Some of the considered observables vanish or are flavor-suppressed
at tree-level, for example meson-mixing �F = 2 processes, ⌧ ! 3µ and ⌧ ! µ� LFV
interactions or ⌧ ! µ�(⌘, ⌘0) decay; in such cases the inclusion of one-loop contributions
is relevant and might bring non negligible changes in a global fit of the low-energy data.

From the observables listed above, and their expression in terms of the parameters of
the model, LQ couplings and masses, we build a global likelihood as:

�2 logL ⌘ �2(�x,Mx) =
X

i

(Oi(�x,Mx)� µi)
2

�2

i

, (2.6)

where Oi(�x,Mx) is the expression of the observable as function of the model parameters,
µi its experimental central value, and �i the uncertainty. These are all discussed in
App. A. From the �2 built in this way, in each scenario considered we obtain the maximum
likelihood point by minimizing the �2, which we use to compute the ��2 ⌘ �2 � �2

min
.

This allows us to obtain the 68, 95, and 99% CL regions. In the Standard Model limit we
get a �2

SM
= 101.0, for 50 observables.

For each scenario we get the CL regions in the plane of two real couplings, by profiling
the likelihood over all the other couplings. We are often also interested in the values
of some observables corresponding to these CL regions. To obtain this, we perform a
numerical scan over all the parameter space5 and select only the points with a ��2 less
than the one corresponding to 68 and 95%CL. The points obtained in this way also

5For each numerical scan we collected O(104) benchmark points. For our more complex models (i.e.
with up to ten parameters), this is quite demanding from the computational point of view; in order to
e�ciently scan the high-dimensional parameter spaces, we employ a Markov Chain Monte Carlo algorithm
(Hastings-Metropolis) for the generation of trial points.

9

Drell-Yan

[1808.08179]

All these are used to build a 
global likelihood.
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S1 and S3 — only LH couplings

→  Cannot fit (g-2)μ

R(D(*))
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Plots updated w.r.t. [v3:2008.09548]

b → s µµ

very good fit of 
B-anomalies

(see backup slides for a S1+S3 scenario that 
addresses also the muon magnetic moment)
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S1 and S3 — only LH couplings
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Figure 5: Result from the fit in the S1 + S3
(LH) model, with only left-handed couplings. In

the upper panels we show the preferred regions in the planes of two couplings, where the two
not shown are profiled over. The dashed lines show, for illustrative purposes, 2� limits from
individual observables where the other couplings are fixed at the best-fit point (black dot). In
the lower panels we show where the preferred region is mapped in the planes of the neutral and
charged-current anomalies.

masses (thus larger required couplings) since the deviation in R(D(⇤)) scales as �2/M2

while the contribution to meson mixing goes as �4/M2.
We also point out that the parameter-region preferred by the fit is compatible with
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�s↵ = cU(2)Vts�b↵, with cU(2) an O(1) complex parameter, see e.g. [51] and references
therein. The case with |cU(2)| = 1 is shown with grey dashed lines in the upper panels.

In the lower two panels we show how the preferred regions in parameter space maps
into the anomalous B-decay observables. As can be seen, it is possible to reproduce them
within 1�. The best-fit point, for M1 = M3 = 1 TeV, is found for
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~

cU(2) = 1

e.g. 3 - 5

See also Buttazzo, Greljo, Isidori, D.M. 1706.07808

(see backup slides for a S1+S3 scenario that 
addresses also the muon magnetic moment)
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S1 and S3 : R(K(*)) + R(D(*)) + (g-2)μ
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Figure 6: Result from the fit in the S1 + S3
(all) model, aimed at addressing all anomalies (see

description in the text).
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R(D(*))

(g-2)µ

No a-priori flavour structure imposed

Very good fit of all anomalies!

b → s ℓ ℓ
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Coupling with SM fermions from 4-fermion operators

L4�Fermi ⇠
c  

⇤2
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1

Yukawas &

LQ couplings

+ approximate U(2)5 flavor symmetry to protect from unwanted flavor violation

G = SU(10)L × SU(10)R × U(1)V H = SU(10)V × U(1)V

resulting massless eigenvalues (i.e. the SM fermions) are partially composite, and a cou-
pling with the Higgs is obtained [93]. On the one hand, this setup usually requires light
composite fermionic top partners [94–96] as well as partners for each SM fermion. On the
other hand, in models with a fundamental fermionic description of the HC sector these
composite fermions are baryonic resonances, which are expected to have a mass near ⇤HC ,
far too heavy to be viable top partners in a partial compositeness setup. Furthermore,
devising a UV completion of this mechanism has proven to be challenging.3

For all these reasons, I assume instead that the bilinears of SM fermions couple to
scalar operators of the strong sector, which at low energy are interpolated by pNGB
fields such as the Higgses or the leptoquarks, as in original Technicolor models [100,101]:
L ⇠

P
 y  ̄SM SMO. These couplings can arise from four-fermion operators with two

SM and two HC-charged fermions:

L4�Fermi ⇠
c  
⇤d�1

t

 ̄SM SM ̄ 
E.⇤HC

�! ⇠ c  f

✓
⇤HC

⇤t

◆d�1

 ̄SM SM
�

f
, (3.1)

where the scaling dimension of the scalar operator ( ̄ ) is given by d = 3 � �, where
� > 0 is the anomalous dimension of the operator. At the scale ⇤t some dynamics
should be responsible for generating these operators. A sizeable part of the Technicolor
(TC) literature focussed on the study of such a dynamics: Extended TC, Walking TC,
etc.. See e.g. Refs. [102, 103] for reviews of this topic and a list of references. For
this first exploration of the model I take a bottom-up approach and do not discuss UV
completions of these operators, leaving it for a future dedicated analysis. Using simply
the NDA estimate of Eq. (2.8) with E4f = 1 one obtains that the final Yukawa coupling
is y � ⇠ O(1).

One of the main problems of such a setup is due to the fact that the dynamics respon-
sible for generating these operators is also likely to produce four-fermion operators of the
form

L4�Fermi �
c  
⇤2

t

 ̄SM SM  ̄SM SM +
c  
⇤2

t

 ̄  ̄ . (3.2)

The e↵ect of ( )4 operators is to generate further e↵ective contributions to the pNGB
masses in Eq. (4.1). Since these pNGB should be heavy enough to pass the phenomeno-
logical constraints, this is not an unwanted feature. On the contrary, if they generate
large enough masses for the singlets pNGBs, it could be possible to eliminate the need of
fundamental HC fermion masses. The ( SM)4 operators, instead, could generate danger-
ous e↵ects in flavour physics (particularly in meson-antimeson mixing and lepton flavour
violating processes).

If the strong sector is close to an interactive IR conformal fixed point above the scale
⇤HC , a sizeable value of the anomalous dimension � could allow to increase the gap
between ⇤HC and ⇤t, thus suppressing the flavour-violating operators. See e.g. Refs. [61,
71, 72] for modern realisations of this idea and for a discussion of the problems one may
encounter in this approach.

3Possible 4d UV completion of the partial compositeness scenario have been obtained by introducing
extra elementary HC-colored scalars [40,86,93] or in a supersymmetric setup [97,98]. Partial composite-
ness also arises naturally in extra-dimensional holographic Higgs models [99].

9

Like QCD pions, the pNGB are composite states of HC-fermion bilinears:

and NHC , the SM gauge couplings can be kept to be perturbative up to the Planck scale.
However, it should be kept in mind that the need to introduce some new dynamics slightly
above the scale ⇤HC , in order to generate the top Yukawa and the leptoquark couplings,
is expected to alter the RG evolution of the gauge couplings.

2.1 Condensate and pNGBs

This theory is expected to form a condensate [9–11]

h ̄i ji = �B0f
2�ij . (3)

Since the total number of flavors is 10, in the absence of SM gauging and other explicit
breakings the global symmetry group of the theory is G = SU(10)L ⇥ SU(10)R ⇥ U(1)X ,
spontaneously broken to the diagonal subgroup H = SU(10)D⇥U(1)X . This spontaneous
symmetry breaking generates a set of 99 (real) pseudo Nambu-Goldstone bosons (pNGB)
transforming in the adjoint of SU(10)D. Under GSM = SU(3)c⇥SU(2)w⇥U(1)Y they are
arranged in the following irreps:

valence irrep. valence irrep. d.o.f.
H1 = ( ̄L N) (1,2)1/2 Hc

2
= ( ̄L E) (1,2)�1/2 4 + 4

!± = ( ̄N E) (1,1)�1 ⇧L = ( ̄L�a L) (1,3)0 2 + 3
S1 = ( ̄Q L) (3̄,1)1/3 S3 = ( ̄Q�a L) (3̄,3)1/3 6 + 18
R̃2 = ( ̄Q E) (3̄,2)�1/6 T2 = ( ̄Q N) (3̄,2)5/6 12 + 12
⇡̃1 = ( ̄QTA Q) (8,1)0 ⇡̃3 = ( ̄QTA�a Q) (8,3)0 8 + 24
⇧Q = ( ̄Q�a Q) (1,3)0 ⌘i = 3⇥ ( ̄i i) (1,1)0 3 + 3

. (4)

In particular, we see that the pNGB include two Higgs doublets H1,2 as well as the two
leptoquarks S1,3.

All the pNGB can be described in terms of the matrix U [�(x)],

U [�(x)] = exp

✓
2i
�↵(x)

f
T ↵

◆
, (5)

where f is the NGB decay constant and T ↵ are the SU(10) generators normalised as
Tr[T ↵T �] = 1

2
�↵�. The complete list is provided in App. A.1. The pNGB matrix U

transforms under G as U ! gLUg†R. The connection between the basis of pNGB fields �↵

and the one into SM irreducible representations is given in App. A.3.
In order to estimate the size of various operators in the low energy chiral Lagrangian,

we assume NDA power counting [12] opportunely extended to the fermion sector (see
e.g. [13]):

L
e↵

⇠ ⇤2f 2

✓
⇤

4⇡f

◆2L ✓�a

f

◆E� ✓gVµ
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◆EV
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p
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◆E ✓@µ
⇤
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⇤

◆� ✓gf

⇤

◆2µ

, (6)
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Singlet and Triplet LQ:        S1 ~ (3,1)-1/3   +   S1 ~ (3,3)-1/3

Two Higgs doublets:           HSM ,  H̃2   ~ (1,2)1/2

Several states are present at the TeV scale as pNGB, including
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and compositeness scales. Also, in this case ΛHC could be generated by the soft breaking

of the conformal symmetry due to the HC-fermion masses, thus potentially explaining dy-

namically the approximate coincidence between ΛHC and mΨ. Perturbative computations

suggest that for GHC = SU(3) the strong dynamics has a strongly coupled IR fixed point in

the window 9 ≤ NF ≤ 16 [68], which includes this setup. See also refs. [74–81] for lattice

studies for different values of the number of flavours.

2.2 Condensate and pNGBs

This theory is expected to form a condensate [82–84]

〈Ψ̄iΨj〉 = −B0f
2δij , (2.4)

where B0 is a non-perturbative constant (see e.g. refs. [85, 86] for the QCD case), which

in the QCD case is approximately given by B0 ≈ 20f . For NHC = 3 and NF = 10 also the

condition quoted in ref. [87] for the condensate to form is satisfied.

This condensate spontaneously breaks the global symmetry G, eq. (2.2), to the diagonal

subgroup

G = SU(10)L × SU(10)R ×U(1)HB → H = SU(10)D ×U(1)HB , (2.5)

generating a set of 99 real pNGBs transforming in the adjoint of SU(10)D. They can be

described in terms of the matrix U(φ) ≡ u(φ)2,

U [φ(x)] = exp

(
2i
φα(x)

f
Tα
)
, (2.6)

transforming under (gL, gR) ∈ G as U → gRUg†L [88, 89]. In the expression above, f is the

NGB decay constant and Tα are the SU(10) generators normalised as Tr[TαT β ] = 1
2δ
αβ .

The complete list of generators and the SM embedding is detailed in appendix C.1. The

pNGBs are arranged into representations of GSM = SU(3)c × SU(2)w × U(1)Y as (see

appendix C.2 for details):

valence irrep. valence irrep. d.o.f.

H1 ∼ iσ2(Ψ̄LΨN ) (1,2)1/2 H2 ∼ (Ψ̄EΨL) (1,2)1/2 4 + 4

S1 ∼ (Ψ̄QΨL) (3̄,1)1/3 S3 ∼ (Ψ̄QσaΨL) (3̄,3)1/3 6 + 18

ω± ∼ (Ψ̄NΨE) (1,1)−1 ΠL ∼ (Ψ̄LσaΨL) (1,3)0 2 + 3

R̃2 ∼ (Ψ̄EΨQ) (3,2)1/6 T2 ∼ (Ψ̄QΨN ) (3̄,2)5/6 12 + 12

π̃1 ∼ (Ψ̄QTAΨQ) (8,1)0 π̃3 ∼ (Ψ̄QTAσaΨQ) (8,3)0 8 + 24

ΠQ ∼ (Ψ̄QσaΨQ) (1,3)0 ηi ∼ 3× cai (Ψ̄aΨa) (1,1)0 3 + 3

. (2.7)

These include two Higgs doublets H1,2 as well as the two leptoquarks S1,3. A general

bottom-up study of composite Higgs models with two Higgs doublets can be found in

ref. [90].

– 5 –
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Figure 1: Example of a possible spectrum of the theory.

6 Collider phenomenology

In this section I present the phenomenological aspects of the model more relevant for LHC
new physics searches.

6.1 Possible spectrum

While the non-perturbative character of the dynamics underlying the model does not allow
to make precise predictions for the spectrum of the theory, one can use the pNGB potential
and NDA estimates detailed in Section 4 to sketch what a typical pNGB spectrum might
be like.

For definitiveness in the following I fix

⇠ = 0.05 (f = 1.1 TeV) , (6.1)

corresponding to ⇤HC ⇠ 13 TeV. In the simplifying limit mE = mL, Eq. (4.21) relates
the Higgs mass and ⇠ to the mass of the first two singlets m⌘1,2 =

p
2B0mL = 790 GeV.

Using the QCD value B0 ⇡ 20f , one gets mL ⇡ 14 GeV. The third singlet mass is m⌘3 =

m⌘1,2

q
3+2mQ/mL

5 , which can be larger than the other two for mQ > mL, reaching 1 TeV

for mQ ⇡ 2.5mL. The mass of the heavy Higgses before EWSB is given by Eq. (4.23),
mH̃2

⇠ 1.9 TeV. For the other pNGBs I combine the contributions from the HC-fermion
masses, Eq. (4.1), and from the SM gauging, Eq. (4.10). In the case of the S1,3 leptoquarks
I also take into account the contribution from the four-fermion operators, Eq. (4.12),
assumed to be negative. All the other composite resonances (composite vectors, scalars,
HC-baryons, etc.) are expected to be near the ⇤HC scale, i.e. above 10 TeV. Finally, the
sector responsible for generating the four-fermion operators is expected to be not too far
above that scale, unless the theory enters a conformal window above ⇤HC . The resulting
spectrum is sketched in Fig. 1. The reader should keep in mind that this must be taken
with a grain of salt, since O(1) deviations from NDA are expected.

In the limit of unbroken EW symmetry, ✓ ! 0, the only pNGB which mix with each
other are the two singlets ⌘2 and ⌘3, Eq. (4.3), where the mixing is proportional to the
HC fermion mass di↵erence mE�mL. For ✓ > 0, also a small mixing between the ⇧0

L and
the ⌘1 singlet arises, proportional to / (cwg2w � cY g2Y ) sin

2 ✓, as well as between S1, 13
and

S3, 13
(proportionally to / cY g2Y (1� cos ✓)) and between R̃2, 13

and T2, 13
(proportionally to

/ cwg2w(1�cos ✓)). With the specific choice of keeping only the pseudo-scalar combination
in the HC bilinears in the four-fermion operators, no other mixing terms is present. In
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2.2 Condensate and pNGBs

This theory is expected to form a condensate [81–83]

h ̄i ji = �B0f
2�ij , (2.4)

where B0 is a non-perturbative constant (see e.g. Refs. [84,85] for the QCD case), which
in the QCD case is approximately given by B0 ⇡ 20f . For NHC = 3 and NF = 10 also
the condition quoted in Ref. [86] for the condensate to form is satisfied.

This condensate spontaneously breaks the global symmetry G, Eq. (2.2), to the diag-
onal subgroup

G = SU(10)L ⇥ SU(10)R ⇥ U(1)HB ! H = SU(10)D ⇥ U(1)HB , (2.5)

generating a set of 99 real pNGBs transforming in the adjoint of SU(10)D. They can be
described in terms of the matrix U(�) ⌘ u(�)2,

U [�(x)] = exp

✓
2i
�↵(x)

f
T ↵

◆
, (2.6)

transforming under (gL, gR) 2 G as U ! gRUg†L [87,88]. In the expression above, f is the
NGB decay constant and T ↵ are the SU(10) generators normalised as Tr[T ↵T �] = 1

2�
↵�.

The complete list of generators and the SM embedding is detailed in App. C.1. The
pNGBs are arranged into representations of GSM = SU(3)c ⇥ SU(2)w ⇥ U(1)Y as (see
App. C.2 for details):

valence irrep. valence irrep. d.o.f.
H1 ⇠ i�2( ̄L N) (1,2)1/2 H2 ⇠ ( ̄E L) (1,2)1/2 4 + 4
S1 ⇠ ( ̄Q L) (3̄,1)1/3 S3 ⇠ ( ̄Q�a L) (3̄,3)1/3 6 + 18
!±

⇠ ( ̄N E) (1,1)�1 ⇧L ⇠ ( ̄L�a L) (1,3)0 2 + 3
R̃2 ⇠ ( ̄E Q) (3,2)1/6 T2 ⇠ ( ̄Q N) (3̄,2)5/6 12 + 12
⇡̃1 ⇠ ( ̄QTA Q) (8,1)0 ⇡̃3 ⇠ ( ̄QTA�a Q) (8,3)0 8 + 24
⇧Q ⇠ ( ̄Q�a Q) (1,3)0 ⌘i ⇠ 3⇥ cai ( ̄a a) (1,1)0 3 + 3

. (2.7)

These include two Higgs doublets H1,2 as well as the two leptoquarks S1,3. A general
bottom-up study of composite Higgs models with two Higgs doublets can be found in
Ref. [89].

In order to estimate the size of various operators in the low energy chiral Lagrangian, I
assume näıve dymensional analysis (NDA) as the power counting scheme [90], opportunely
extended to the fermion sector (see e.g. Ref. [91]):

L
e↵

⇠ ⇤2f 2

✓
⇤

4⇡f

◆2L ✓�a

f

◆E� ✓gVµ

⇤

◆EV
✓

 
p
⇤f

◆E ✓@µ
⇤

◆d ⇣m 

⇤

⌘�✓gf

⇤

◆2µ ✓g f

⇤

◆E4f

,

(2.8)
where ⇤ ⇠ g⇤f ⇠ 4⇡f , L counts the loop level at which the operator is generated, E�,V, 

count the insertions of pions, elementary SM gauge bosons and fermions, d counts the
derivatives and � the mass insertions. Finally, µ � 0 takes into account if some operator
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4.1 Potential from the HC fermion masses

The contribution to the pNGB potential from the explicit breaking due to the HC fermion
masses is controlled by the spurion M and the leading chiral operator describing this is
given in Eq. (2.9). Upon expanding U in powers of pNGBs one gets the mass terms which,
for the non-singlets pNGB is

m2
( ̄i j)

= B0(mi +mj) , (4.1)

where i, j = Q,L,N,E represent the valence fundamental HC fermion constituting the
pNGB, according to Eq. (2.7). I recall that mN = mE to avoid custodial symmetry
breaking. In particular, the contribution to the two Higgs doublets mass is

Vm = �
f 2

4
Tr[U †�+ �†U ] � B0(mE +mL)(|H1|

2 + |H2|
2) . (4.2)

In order to obtain the singlets masses one needs the expression of the 3 Cartan generators
of SU(10)D transforming as singlets of GSM . They are given in Appendix C, Eq. (C.9).
In the unbroken EW symmetry limit one gets:

m2
⌘1 = 2B0mE , M2

⌘2,⌘3 =

0

@ B0(mE +mL) �

q
3
5B0(mE �mL)

�

q
3
5B0(mE �mL)

1
5B0(3mE + 3mL + 4mQ)

1

A , (4.3)

where in general ⌘2 and ⌘3 mix with each other. For mE = mL the mixing vanishes and:

m2
⌘1 = m2

⌘2 = 2B0mL , m2
⌘3 =

2

5
B0(3mL + 2mQ) . (4.4)

Since this is the only contribution to the three singlets masses, the fundamental HC-
fermion masses are required in order to make them heavy enough to pass phenomenological
bounds (discussed in Section 6.3). A possible alternative could be if a su�ciently large
contribution is generated via the 1

⇤2
t

 4 operators as mentioned in Section 3. The e↵ect of

these operators in the potential has been briefly considered in Ref. [61], where it is argued
to be suppressed.

4.2 Potential from the SM gauging

The explicit breaking of the global symmetry G due to the gauging of the SM subgroup is
analogous to the one due to the QED gauging in the QCD chiral Lagrangian, responsible
for the ⇡± - ⇡0 mass splitting. It can be described in terms of spurions, defined from the
SM gauge interactions of the HC fermion currents, Eq. (2.1):

LHC � gsG
A
µJ

A
s,µ + gwW

i
µJ

i
w,µ + gYBµJ

Y
µ =

�
GA

µG
↵
s,A +W i

µG
↵
w,i +BµG

↵
Y

�
J↵
µ , (4.5)

where J↵
µ =  ̄L�µT ↵

L L+ ̄R�µT ↵
R R, T ↵

L,R are the generators of G, and the various G↵
X are

the spurions. They represent the embedding of the SM gauging within G (see App. C.1
for the explicit expression). One can define the generators associated with a given SM
gauge field as the combinations:

G
L,R
s,A ⌘ G

↵
s,AT

↵
L,R , G

L,R
w,i ⌘ G

↵
w,iT

↵
L,R , G

L,R
Y ⌘ G

↵
Y T

↵
L,R . (4.6)
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Their transformation properties under SU(10)L ⇥ SU(10)R are

G
L,R
X ! gL,R G

L,R
X g†L,R . (4.7)

Since the HC theory is vectorlike, the left and right spurions are identical. The leading
operator in the chiral Lagrangian built with these spurions is

VG = �
3f 2⇤2

HC

16⇡2

X

X

cXTr
⇥
G
L
XUG

R
XU

†⇤ = 3⇤2
HC

16⇡2

X

i,↵

cig
2
iC

i
2(�

↵) (�↵)2 +O(�3) , (4.8)

where the sum is over the three SM gauge groups, i = s, w, Y , ci are non-perturbativeO(1)
coe�cients, and C i

2(⇡
↵) is the Casimir of the pNGB �↵ under the SM gauge group i.7 The

coe�cients in front of the operator are estimated from Eq. (2.8) with L = 1 and µ = 1,
since it arises from one loop and requires insertions of symmetry-breaking spurions. Since
the coe�cients cl are expected to be positive [108], these terms give positive contributions
to the pNGBs mass squared. In the case of the Higgses one has

VG �
3⇤2

HC

8⇡2

✓
3

4
cwg

2
w +

1

4
cY g

2
Y

◆�
|H1|

2 + |H2|
2
�
+ . . . (4.9)

For all the pNGB irreps this corresponds numerically, up to O(1) factors, to:

�m2
! ⇡ (0.05⇤HC)

2 , �m2
H1,2

⇡ (0.08⇤HC)
2 , �m2

⇧L,Q
⇡ (0.13⇤HC)

2 ,

�m2
S1

⇡ (0.17⇤HC)
2 , �m2

S3
⇡ (0.21⇤HC)

2 . �m2
R̃2,T2

⇡ (0.19⇤HC)
2 .

�m2
⇡̃1

⇡ (0.26⇤HC)
2 , �m2

⇡̃3
⇡ (0.28⇤HC)

2 ,

(4.10)

For ⇤HC ⇡ 10 TeV it is immediate to read the numerical value of these contributions,
ranging from ⇡ 500 GeV for the !± state to ⇡ 2.8 TeV for the ⇡̃3.

4.3 Potential from the four-fermion operators

The last explicit symmetry-breaking terms to be discussed are due to the four-fermion
operators of Eqs. (3.11,3.20), responsible for the SM Yukawa and leptoquark couplings.
Since their e↵ect on pNGB masses is proportional to the coupling itself, the leading
contribution is due to the top quark and the LQ coupling to 3rd generation fermions.

The e↵ects on the pNGB potential from these breaking terms can be traced with the
spurions introduced in Eqs. (3.12,3.21). The leading chiral operator generated from the
top Yukawa, with its NDA estimate, is

Vt = �
y2tNcf 2⇤2

HC

16⇡2
ct
X

i

����
1

2
p
2
Tr

⇥
(�i

H1
��i

H2
)(U � U †)

⇤����
2

� �
cty2tNc⇤2

HC

16⇡2
|H1 �H2|

2 +O(�3)

(4.11)

7C2(F) =
N

2�1
2N for the fundamental and C2(Adj) = N for the adjoint of SU(N), while it corresponds

to Y 2 under U(1)Y .
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For ⇤HC ⇡ 10 TeV it is immediate to read the numerical value of these contributions,
ranging from ⇡ 500 GeV for the !± state to ⇡ 2.8 TeV for the ⇡̃3.

4.3 Potential from the four-fermion operators

The last explicit symmetry-breaking terms to be discussed are due to the four-fermion
operators of Eqs. (3.11,3.20), responsible for the SM Yukawa and leptoquark couplings.
Since their e↵ect on pNGB masses is proportional to the coupling itself, the leading
contribution is due to the top quark and the LQ coupling to 3rd generation fermions.

The e↵ects on the pNGB potential from these breaking terms can be traced with the
spurions introduced in Eqs. (3.12,3.21). The leading chiral operator generated from the
top Yukawa, with its NDA estimate, is

Vt = �
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where ct is an O(1) non-perturbative coe�cient and yt is the top Yukawa coupling. The
1/2

p
2 factor depends on the spurion’s normalisation. Although in this case the sign

is not fixed, a simple one-loop computation suggests that it could be negative. This is
also required to successfully obtain EWSB. Similar terms arise also from the S1 and S3

leptoquarks couplings to SM fermions:

VLQ = �
(c1g21 + cu1g

u2
1 )f 2⇤2

HC

16⇡2

����
1

2
p
2
Tr

⇥
�a

S1
(U � U †)

⇤����
2

�
c3g23f

2⇤2
HC

16⇡2

����
1

2
p
2
Tr

h
�A,a

S3
(U � U †)

i����
2

� �
(c1g21 + cu1g

u2
1 )⇤2

HC

8⇡2
|S1|

2
�

c3g23⇤
2
HC

8⇡2
|S3|

2 +O(�3) , (4.12)

where also c(u)1,3 ⇠ O(1). Since the (positive) SM gauging contribution to the square pNGB
masses is smaller for the Higgs than for the leptoquarks, it is reasonable to expect that
these potentially negative terms due to SM fermion loops would be more important for
the Higgs than for the LQ, providing a good EWSB.

4.4 Electroweak Symmetry Breaking and Higgs mass

For what concerns the dynamics of EWSB, this model reduces to the SU(4)L⇥SU(4)R !

SU(4)D case studied in Ref. [68]. In fact, neither the LQ nor the other pNGB with valence
 Q HC-fermion enter in any aspect of EWSB. For this reason I can refer to [68] for most
of this discussion, of which I summarise here only the main aspects.

In the notation used until here, the two Higgs doublets,H1,2 = (H+
1,2, H

0
1,2)

T , are related
directly to the valence HC fermions and embedded in the pNGB matrix U ⌘ exp(i⇧) as
(see App. C for this definition)

⇧4⇥4(H) =

p
2

f

0

BB@

0 0 H0⇤
1 H+

2

0 0 �H�
1 H0

2

H0
1 �H+

1 0 0
H�

2 H0⇤
2 0 0

1

CCA , (4.13)

where I focussed only on the lower 4 ⇥ 4 block and set to zero the other fields. A more
convenient basis in the two Higgs doublets for studying EWSB is the one adopted in
Ref. [68]:

H1 =
iH̃1 + H̃2

p
2

, H2 =
�iH̃1 + H̃2

p
2

. (4.14)

Under PH one has H̃1 ! H̃1 and H̃2 ! �H̃2. In this notation the field which takes the
vev is hH̃1i = (0, vh/

p
2)T , corresponding to ✓ = vh/

p
2f in Eq. (2.10). Indeed, since the

negative top quark loop contribution to the Higgs potential, Eq. (4.11), is exactly along
the direction |H1 �H2|

2 = 2|H̃1|
2, this is the field which takes a vev. The physical fields

from the two Higgs doublets are

H̃1 =

✓
G+,

vh + h+ iG0

p
2

◆T

, H̃2 =

✓
H+,

h2 + iA0
p
2

◆T

, (4.15)

where G±,0 are those eaten by the SM W± and Z bosons, h is the physical SM-like
125 GeV Higgs as well as the only one which couples linearly to the EW gauge bosons.
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1,2, H

0
1,2)

T , are related
directly to the valence HC fermions and embedded in the pNGB matrix U ⌘ exp(i⇧) as
(see App. C for this definition)

⇧4⇥4(H) =

p
2

f

0

BB@

0 0 H0⇤
1 H+

2

0 0 �H�
1 H0

2

H0
1 �H+

1 0 0
H�

2 H0⇤
2 0 0

1

CCA , (4.13)

where I focussed only on the lower 4 ⇥ 4 block and set to zero the other fields. A more
convenient basis in the two Higgs doublets for studying EWSB is the one adopted in
Ref. [68]:

H1 =
iH̃1 + H̃2

p
2

, H2 =
�iH̃1 + H̃2

p
2

. (4.14)

Under PH one has H̃1 ! H̃1 and H̃2 ! �H̃2. In this notation the field which takes the
vev is hH̃1i = (0, vh/

p
2)T , corresponding to ✓ = vh/

p
2f in Eq. (2.10). Indeed, since the

negative top quark loop contribution to the Higgs potential, Eq. (4.11), is exactly along
the direction |H1 �H2|

2 = 2|H̃1|
2, this is the field which takes a vev. The physical fields

from the two Higgs doublets are

H̃1 =

✓
G+,

vh + h+ iG0

p
2

◆T

, H̃2 =

✓
H+,

h2 + iA0
p
2

◆T

, (4.15)

where G±,0 are those eaten by the SM W± and Z bosons, h is the physical SM-like
125 GeV Higgs as well as the only one which couples linearly to the EW gauge bosons.
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Their transformation properties under SU(10)L ⇥ SU(10)R are

G
L,R
X ! gL,R G

L,R
X g†L,R . (4.7)

Since the HC theory is vectorlike, the left and right spurions are identical. The leading
operator in the chiral Lagrangian built with these spurions is

VG = �
3f 2⇤2

HC

16⇡2

X

X

cXTr
⇥
G
L
XUG

R
XU

†⇤ = 3⇤2
HC

16⇡2

X

i,↵

cig
2
iC

i
2(�

↵) (�↵)2 +O(�3) , (4.8)

where the sum is over the three SM gauge groups, i = s, w, Y , ci are non-perturbativeO(1)
coe�cients, and C i

2(⇡
↵) is the Casimir of the pNGB �↵ under the SM gauge group i.7 The

coe�cients in front of the operator are estimated from Eq. (2.8) with L = 1 and µ = 1,
since it arises from one loop and requires insertions of symmetry-breaking spurions. Since
the coe�cients cl are expected to be positive [108], these terms give positive contributions
to the pNGBs mass squared. In the case of the Higgses one has

VG �
3⇤2

HC

8⇡2

✓
3

4
cwg

2
w +

1

4
cY g

2
Y

◆�
|H1|

2 + |H2|
2
�
+ . . . (4.9)

For all the pNGB irreps this corresponds numerically, up to O(1) factors, to:

�m2
! ⇡ (0.05⇤HC)

2 , �m2
H1,2

⇡ (0.08⇤HC)
2 , �m2

⇧L,Q
⇡ (0.13⇤HC)

2 ,

�m2
S1

⇡ (0.17⇤HC)
2 , �m2

S3
⇡ (0.21⇤HC)

2 . �m2
R̃2,T2

⇡ (0.19⇤HC)
2 .

�m2
⇡̃1

⇡ (0.26⇤HC)
2 , �m2

⇡̃3
⇡ (0.28⇤HC)

2 ,

(4.10)

For ⇤HC ⇡ 10 TeV it is immediate to read the numerical value of these contributions,
ranging from ⇡ 500 GeV for the !± state to ⇡ 2.8 TeV for the ⇡̃3.

4.3 Potential from the four-fermion operators

The last explicit symmetry-breaking terms to be discussed are due to the four-fermion
operators of Eqs. (3.11,3.20), responsible for the SM Yukawa and leptoquark couplings.
Since their e↵ect on pNGB masses is proportional to the coupling itself, the leading
contribution is due to the top quark and the LQ coupling to 3rd generation fermions.

The e↵ects on the pNGB potential from these breaking terms can be traced with the
spurions introduced in Eqs. (3.12,3.21). The leading chiral operator generated from the
top Yukawa, with its NDA estimate, is

Vt = �
y2tNcf 2⇤2

HC

16⇡2
ct
X

i

����
1

2
p
2
Tr

⇥
(�i

H1
��i

H2
)(U � U †)

⇤����
2

� �
cty2tNc⇤2

HC

16⇡2
|H1 �H2|

2 +O(�3)

(4.11)

7C2(F) =
N

2�1
2N for the fundamental and C2(Adj) = N for the adjoint of SU(N), while it corresponds

to Y 2 under U(1)Y .

16

NDA + spurion analysis

The pNGB potential arises at 1-loop from all the explicit breaking terms

pNGB spectrum: example

Scalar Potential: NDA + symmetry
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