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Leptoquark is the new SUSY
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Why?

A clear trend…
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Leptoquark Renaissance 
Deviations observed in semileptonic processes, 

strong bounds from ΔF=2 & CLFV processes.

LQ induce semileptonic @ tree level, 
4-quark & 4-fermion only at loop level.
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From dilepton spectra at high pT  
Atlas and CMS 2018-2021

Example R2

2103.12504





Combining two scalar LQ’s

see 2203.10111 for R2 + R2  [plus an extra R2 to capture  (g-2)! ]



1806.05689Scenario with R2 & S3 Leptoquarks 





Next week on arXiv…
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NB: New ATLAS data

2111.04748, 2112.14604
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Right now, bounds deduced from pp → " # at high pT not very restrictive



Interesting pheno, ex.

R2 & S3 

2103.16558
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Other observables next week on arXiv… 

cf. U1 



14

Phenomenology of S1 and S3

S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

Crivellin et al. 1703.09226; Buttazzo, Greljo, Isidori, 
DM 1706.07808; D.M. 1803.10972; Arnan et al 

1901.06315; Bigaran et al. 1906.01870; Crivellin et al. 
1912.04224; Saad 2005.04352; V. Gherardi, E. 

Venturini, D.M. 2003.12525, 2008.09548; Bordone, 
Catà, Feldmann, Mandal 2010.03297; Crivellin et al. 

2010.06593, 2101.07811; S. Trifinopoulos, E. 
Venturini, D.M. [2106.15630]; ETC…

1) Match SM + S1+S3 to SMEFT @ 1-loop 
(SMEFT RGE, SMEFT-LEFT 1-loop matching, LEFT RGE already done in literature)
V. Gherardi, E. Venturini, D.M. [2003.12525] [Alonso, Jenkins, Manohar, Trott ’13]

[Dekens, Stoffer 1908.05295]
[Jenkins, Manohar, Stoffer 1711.05270]

2) Global analysis of B-anomalies + all relevant observables
V. Gherardi, E. Venturini, D.M. [2008.09548]

3) Include 1st gen couplings and study Kaon & µ → e 
observables assuming U(2)5 flavor symmetry.
S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/2106.15630
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Two benchmark scenarios:

λ1R = 0

Only LH

LH + RH

MS1,3 ~ 1 TeV

S1 and S3 - benchmarks
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S1 and S3 — only LH couplings

→  Cannot fit (g-2)μ
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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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b → s µµ

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

the relations between couplings predicted by a minimally-broken U(2)5 flavor symmetry,
�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

S1 + S3
(LH)

��
best-fit

:
�3L

b⌧
⇡ 0.47, �3L

s⌧
⇡ �0.13, �3L
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⇡ 0.13.

(3.9)
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The relation between couplings to 
s-quark and b-quark is compatible 
with a U(2)5 flavour symmetry, 
that would predict:

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.
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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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A hint for a flavor struture: U(2)5
In first approximation only the 3rd generation couples to the Higgs.

In this case the theory enjoys a U(2)5 global symmetry

We perform a �2 fit, thus defining the likelihood as

�2 logL ⌘ �2(�x,Mx) =
X

i

(Oi(�x,Mx)� µi)
2

�2
i

, (3)

where Oi(�x,Mx) is the expression of the observable as function of the model parameters,
µi its central measured value, and �i the associated standard deviation, that are shown in
App. A and in [1]. In the analysis presented in this paper, 71 observables are taken into
account, for which, within the SM, the �2 is �2

SM = 99.67. The confidence regions for any
couple of fitted parameters, discussed in the following sections, are obtained profiling over
the others. Plots showing confidence regions and correlations for observables will also be
presented; they are obtained with a numerical scan, with points sample of O(104) size,
over the parameter space, performed with a Markov Chain Monte Carlo algorithm.

3 Scalar leptoquarks and U(2)5 flavor symmetry

In the limit where only third generaton fermions are massive, the SM enjoys the global
flavor symmetry [?,?,?]

GF = U(2)q ⇥ U(2)` ⇥ U(2)u ⇥ U(2)d ⇥ U(2)e . (4)

Masses of the first two generations of fermions and their mixing break this symmetry.
In the quark sector the largest breaking is of size ✏ ⇡ yt|Vts| ⇡ 0.04 [5]. Formally, the
symmetry breaking terms in the Yukawa matrices can be described in terms of spurions
transforming under representations ofGF . The minimal set of spurions that can reproduce
the observed masses and mixing angles is 2

Vq ⇠ (2,1,1,1,1) , V` ⇠ (1,2,1,1,1) ,

�u ⇠ (2,1, 2̄,1,1) , �d ⇠ (2,1, 1̄,2,1) , �e ⇠ (1,2, 1̄,1,2) .
(5)

In terms of these spurions the SM Yukawa matrices can be written as

Yu(d) = yt(b)

✓
�u(d) xt(b)Vq

0 1

◆
, Ye = y⌧

✓
�e x⌧V`

0 1

◆
, (6)

with xt,b,⌧ are O(1) complex numbers.
In the context of the B-anomalies, this flavour symmetry was introduced as a possi-

ble explanation for the lepton-flavour universality breaking hints, that point to largest
e↵ects for ⌧ leptons, smaller for muons, and even smaller for electrons. Furthermore, it

2Strictly speaking V` is not required in the SM, since in absence of neutrino masses lepton mixing is
unphysical. It is however usually added for symmetry with the quark sector and, in our case, because it
is required in order to address the R(K(⇤)) anomalies, which requires |V`| ⇠ O(0.1) [].

6

Barbieri et al. [1105.2296, 1203.4218, 1211.5085] 

The minimal breaking of this symmetry to reproduce the SM Yukawas is described by a set of spurions:

VqΔu,d

10    0
Yu,d ~

VℓΔe

10    0
Ye ~

Diagonalizing quark masses, the  Vq doublet spurion is fixed to be
See also Fuentes-Martin, Isidori, Pagès, Yamamoto [1909.02519] κq ~ O(1)
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Vq*

1Vℓ

Vℓ×λ1(3)L ~

Applying the same symmetry assumptions to the leptoquark couplings to SM fermions we get a structure:

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

dL

sL

bL

eL μL τL

i.e. 

The leptoquark couplings to first generations 
are now fixed in terms of couplings 

to the second generation:

Exact relations
(selection rules)

We can now correlate Kaon physics observables to B-anomalies!

: rotation diagonalizing electrons and muon masses

x1(3):  O(1) arbitrary complex parameters.

: leptonic doublet spurion

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

or

11311 yo
sellUtd 11 Vell Xi

V4Xii seVevts He VeUts Xi Vts
til Seve til Ve y

Se sin de

Ve

Arbitrary parameters}

U(2)5 flavour symmetry and leptoquarks

Vq*
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Global analysis with U(2)5
We perform a global fit in the U(2)5 flavour structure.

Vℓ ~ 0.1, |se| ≲ 0.02

S. Trifinopoulos, E. Venturini, D.M. [2106.15630]

The parameters are consistent with the symmetry: all x’s are O(1),

Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.

Therefore, the reason for the inability of the U(2)5-symmetric scenario to address
charged-current anomalies must be found in first-generation constraints, specifically Kaon
physics. Indeed, this can be seen in the first row of Fig. 1, where we observe that the
bounds from K+ ! ⇡+⌫̄⌫, Eq. (15), and ✏K (i.e. ImC1

K
), Eq. (16), in combination with

the constraints on �1,3 from Z ! ⌧̄ ⌧ , Eq. (17), don’t allow the fit to enter the region
preferred by R(D(⇤)), due to the precise relations between couplings to the first and the
second generation, derived from the flavour structure, i.e. Eq. (10). We also observe from
Fig. 1 that values V` ⇡ 0.1 and |se| . 0.02 are preferred, while all the x’s can be of O(1).

Regarding Kaon physics observables, from the bottom row of Fig. 2 we see that
B(K+ ! ⇡+⌫̄⌫) can take all values corrently allowed by the NA62 bound [?] (we show
with vertical lines the best-fit and the ±1� intervals) and therefore any future update on
this observable will put further strong constraints on this scenario. Furthermore, since
the phase in s ! d⌫⌫ is fixed by the corresponding CKM phase, Eq. (15), a linear rela-
tion between this mode and B(KL ! ⇡0⌫̄⌫) is obtained, with values ⇠ 10�10 also for the
latter. This implies that also the end of stage-I of the KOTO experiment won’t be able
to reach the sensitivity to test this model (brown horizontal dotted line). However, the
future sensitivity goals by NA62 (10% [?]) and KOTO at phase-II, or KLEVER, (20% [?])
would be able to completely test this scenario (purple ellipse).

10

R(D(*)) instead can only be addressed at 2σ:

Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.
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latter. This implies that also the end of stage-I of the KOTO experiment won’t be able
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10

b→ sμμ can be addressed:

https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/2106.15630
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This is due to the combination of the constraints from Z→ττ and K+→π+ νν
Global analysis with U(2)5

Z→ττ
Z→ττ

R(D (* ))
K+→π+ νν

K+→π+ νν

R(D
( *) )

setup, deferring for details to App. A:

�R(D(⇤))

R(D(⇤))SM
⇡ v2

✓
1.09

|�1|2(1� x1⇤
q
V ⇤
tb
)

2M2
1

� 1.02
|�3|2(1� x3⇤

q
V ⇤
tb
)

2M2
3

◆
, (11)

�Csbµµ

9 = ��Csbµµ

10 ⇡ ⇡p
2GF↵Vtb

|�3|2|V`|2x3
`
x3⇤
q`

M2
3

, (12)

�Cdsµµ

9 = ��Cdsµµ

10 ⇡ ⇡p
2GF↵

|�3|2|V`|2|x3
q`
|2

M2
3

, (13)

⇥
LV LL

⌫d

⇤
⌫⌧⌫⌧ sb

⇡ V ⇤
ts

✓ |�1|2x1⇤
q

2M2
1

+
|�3|2x3⇤

q

2M2
3

◆
, (14)

⇥
LV LL

⌫d

⇤
⌫⌧⌫⌧ds

⇡ V ⇤
td
Vts

✓ |�1|2|x1
q
|2

2M2
1

+
|�3|2|x3

q
|2

2M2
3

◆
, (15)

C1
K

⇡ V ⇤
ts
Vtd

128⇡2

✓ |�1|4|x1
q
|4

M2
3

+ 5
|�3|4|x3

q
|4

M2
3

+
|�1|2|�3|2|x1

q
|2|x3

q
|2 logM2

3/M
2
1

M2
3 �M2

1

◆
,(16)

103�gZ
⌧L

⇡ 0.59
|�1|2

M2
1/ TeV2 + 0.80

|�1|2

M2
1/ TeV2 , (17)

where
⇥
LV LL

⌫d

⇤
⌫⌧⌫⌧didj

are the Wilson coe�cients (WCs) of the low-energy operators

(⌫̄⌧�µ⌫⌧ )(d̄iL�
µdj

L
), C1

K
is the coe�cient of the (s̄�µPLd)2 operator, and �gZ

⌧L
describes the

deviation in the Z couplings to ⌧L.
The leading contribution to s ! dµµ transitions has a phase fixed to be equal to the

SM one, so no large e↵ect in KS ! µµ can be expected. Analogously, also in s ! d⌫⌫ the
NP coe�cients have the same phase as in the SM, since the x coe�cients enter with the
absolute value squared. This implies that no cancellation between the two leptoquarks
can take place in this channel and that we expect a linear relation between KL ! ⇡0⌫⌫
and K+ ! ⇡+⌫⌫, independently on the phases of the couplings. Similar considerations
apply for all s ! d transitions. On the other hand, non-trivial phases can appear in
b ! s transitions and a mild cancellation can alleviate the B ! K(⇤)⌫⌫ bound [31]. Since
real couplings are favored by the B-anomalies and since in any case the phases in Kaon
physics observables are fixed by the U(2)5 flavor structure, in our numerical analysis we
only consider real values for all parameters.

3.1 Analysis and discussion

Using the global likelihood we find the following best-fit point in parameter space, where
the x’s are allowed to vary in the range |x| < 5, while �1(3), V` > 0. Fixing M1 = M3 =
1.1 TeV we get:

best-fit U(2)5 :
�1 ⇡ 0.79 , �3 ⇡ 0.73 , V` ⇡ 0.069 , se ⇡ �3.6⇥ 10�5 ,
x1
q
⇡ �0.98 , x3

q
⇡ 1.6 , x3

`
⇡ 3.8 , x3

q`
⇡ �2.0 .

(18)

8

K+→π+ νν
R(D(*))

Z→ττ

Since S1 does not mediate di ! dj ¯̀↵`� at tree level, its contributions proportional
to x1

`
and x1

q`
do not give rise to sizeable e↵ects in any observable. For this reason, to

simplify the numerical scan we fix them to be equal to 1.3

We provide here some simplified expressions for the most relevant New Physics e↵ects
in this setup, deferring for details to App. ??:
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where
⇥
LV LL
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⇤
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are theWilson coe�cients of the low-energy operators (⌫̄⌧�µ⌫⌧ )(d̄iL�
µdj

L
).

We see that the leading contribution to s ! dµµ transitions has a phase fixed to
be equal to the SM one, so no large e↵ect in KS ! µµ can be expected. Analogously,
also in s ! d⌫⌫ the new physics coe�cients have the same phase as in the SM, since
the x coe�cients enter with the absolute value squared. We thus expect a linear relation
between KL ! ⇡0⌫⌫ and K+ ! ⇡+⌫⌫, independently on the phases of the couplings. The
same is true for all s ! d transitions. On the other hand, non-trivial phases can appear
in b ! s transitions. Since real couplings are favored by the B-anomalies and since in any
case the phases in Kaon physics observables are fixed by the U(2)5 flavour structure, in
our analysis we only consider real values for all parameters.

3.1 Analysis and discussion

Using the global likelihood presented in Section 2.1 we find the following best-fit point in
parameter space, where the x’s are allowed to vary in the range |x| < 5, while �1(3), V` > 0.

3We checked that, as expected, if left free these parameters have an almost uniform distribution in
the whole range.
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Leading effect in Kaon physics
Dominated by tau neutrinos, due to largest couplings.

Figure 2: Results of a parameter scan in the U(2)5 scenario. The green (yellow) points are
within the 68% (95%) CL from the best-fit point.

Therefore, the reason for the inability of the U(2)5-symmetric scenario to address
charged-current anomalies must be found in first-generation constraints, specifically Kaon
physics. Indeed, this can be seen in the first row of Fig. 1, where we observe that the
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The phase of NP contribution is fixed to be SM-like:

As consequence, the KL→π0 mode is fully correlated and 
below the KOTO stage-I final sensitivity.

Since S1 does not mediate di ! dj ¯̀↵`� at tree level, its contributions proportional
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do not give rise to sizeable e↵ects in any observable. For this reason, to
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in this setup, deferring for details to App. ??:
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also in s ! d⌫⌫ the new physics coe�cients have the same phase as in the SM, since
the x coe�cients enter with the absolute value squared. We thus expect a linear relation
between KL ! ⇡0⌫⌫ and K+ ! ⇡+⌫⌫, independently on the phases of the couplings. The
same is true for all s ! d transitions. On the other hand, non-trivial phases can appear
in b ! s transitions. Since real couplings are favored by the B-anomalies and since in any
case the phases in Kaon physics observables are fixed by the U(2)5 flavour structure, in
our analysis we only consider real values for all parameters.

3.1 Analysis and discussion

Using the global likelihood presented in Section 2.1 we find the following best-fit point in
parameter space, where the x’s are allowed to vary in the range |x| < 5, while �1(3), V` > 0.
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The NA62 bound is already very constraining for this setup, 
future updated will put even more tension with R(D(*)), 
or eventually a signal could be observed.

G
N

S1+S3, U(2)5

see also: Bordone, Buttazzo, Isidori, Monnard [1705.10729], 
Borsato, Gligorov, Guadagnoli, Martinez Santos, Sumensari [1808.02006], 
Fajfer, Kosnik, Vale-Silva [1802.00786]

The correlation in the full model is stronger than just in EFT.

K → π ν ν
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Predictions
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). 

Large effects are also expected in b → s τ τ and b → s τ μ transitions:

Belle-II Belle-II

LHCbLHCb
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S1, S3 & mW 
The two LQ have potential couplings to the Higgs, these contribute to the EW oblique params S and T

S1+S3 model
�H13

��H3

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
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95%CL
99%CLM1=M3=1TeV
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�H13

� �
H
3

New EW fit: De Blas, Pierini, Reina, Silvestrini 2204.04204 
taking the CDF mW measurement at face value

They can fit the 
anomaly with ~1TeV 
masses and O(1) 
couplings

V. Gherardi, E. Venturini, D.M. [2008.09548] See also 1910.03877, 2006.10758 and 2204.03996

SM

S1-S3 mixing only S3

Could these LQ address the mW discrepancy recently claimed by CDF?  Yes!

https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2008.09548
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Discussion points

• All combined explanations of B-anomalies predict possible large effects in

Belle-II: τ LFU,  τ → µ γ,  τ → 3 µ
High-energy tails of pp → τ τ, τ νATLAS, CMS:

b → s τ τ,  b → s τ µ

• If couplings to 1st gen are U(2)-like, then expect also possible effects in:

NA62, KOTO: K → π ν ν
Mu3e, MEG, Mu2e, COMET: µ → 3 e,  µ → 3 γ,  µ → e conversion

• Simplified models aim to provide coherent explanations of observed anomalies with 
minimal set of couplings, compatibly with all existent constraints. 
Many predictions are typically derived

• To LHCb:  is RK(*) < 1 ?

• UV completions typically aim at solving also other outstanding SM puzzles (more model dependence):

Unification [S3 + R2 > SU(5); U1 > Pati Salam],  EW hierarchy problem [S1 + S3 > Comp. Higgs.]
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Backup



Embedding to SU(5) GUT



Eg. baryons

2106.09610



Eg. baryons

2201.03497
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From data to theories
UV theory

Simplified Models

EFT interpretation

Experimental Data

Assume MNP ≫ Eexp  (or MNP ≫ mEW) 
> some correlations among observables, little model dependence

Physical (pseudo-)observables 
> only basic assumptions, very minimal model dependence

Assume specific mediators 
> more correlations, loops, bounds from direct searches

Full-fledged UV theories, typically many states, symmetries, etc.. 
> Correlates pheno of different states
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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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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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μ → e conversion
μ→e conversion in gold nuclei sets the 
strongest constraint on se.

COMET and Mu2e will push this bound to ~10-16, 
while Mu3e at PSI will push the limit on Br(μ→3e) to ~10-16.

These will set much 
stronger bounds on se, 
or could see a New 
Physics effect.

Naive expectation would be se ∼ √ (me/mµ)~ O(10-2)
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S1 and S3 - contributions to anomalies
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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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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


