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La Thuile ‘22

Perhaps I have been too much spot-on: will LQ also end up like SUSY?
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"Clean" observables… at least theory prediction wise

Now LFU in μ/e is established at ~5% level.

CMS result: 
suppressed axial 
contribution?

B-anomalies b → s µ+ µ-

The great wave off the coast 
of Kanagawa LHCb 
[2212.09152]

RK(*)



C9 = - C10
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B-anomalies b → s µ+ µ-

Including branching ratios & angular obs.
[Ciuchini et al 2212.10516]

[Greljo et al 2212.10497]

Tension between RK and Br’s+P5' if NP in muons only is assumed.

[see talks by N. Serra and B. Capdevila]
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B-anomalies b → s µ+ µ-

Including branching ratios & angular obs.
[Ciuchini et al 2212.10516]

[Greljo et al 2212.10497]

Tension between RK and Br’s+P5' if NP in muons only is assumed.

[2212.10497]

• LFU-violating component compatible with 
zero. 

• Possible universal new physics along C9: 
long-distance QCD (charm rescattering) effects 
are also aligned to C9 universal. 
 
More developments needed to establish this. 
(see e.g. [Gubernari et al. 2206.03797, Ciuchini et al 2212.10516] 
and Refs. therein)

IMO: taken at face value, this does not bode well for B-anomalies in bsμμ…

Allow also universal NP along C9:

[see talks by N. Serra and B. Capdevila]
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B-anomalies b → s µ+ µ-

One still well motivated 
New Physics contribution to C9 Universal

A large coupling to the τ induces an RG-enhanced 
lepton-flavor universal contribution proportional to C9u  

Bobeth et al. 1109.1826, Capdevila et al. 1712.01919, Crivellin et al. 1807.02068, 
Alguerò et al. 1903.09578, Cornella et al. 2001.04470, …

Allows a possible connection with R(D(*)):

Alguerò et al. 1903.09578

Ideas to test this in b→sμμ spectrum
Cornella et al. 2001.04470 Belle-II}

Relevant bounds for this effect: 
B → K(*) ν ν 
LFU tests in τ decays 
B → K(*) ττ  (future) 
p p → τ τ  
Z → τ τ
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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:
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• 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
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= 1.237± 0.053
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B-anomalies

[see talk by M. Bordone]
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~ 3σO(10%) enhancement from the SM amplitude

Requires a New Physics scale of

Low scale: tree-level mediator preferred
See e.g. [Iguro, Kitahara, Watanabe 2210.10751] 

for an updated operator analysis after LHCb’22

B-anomalies

[see talk by M. Bordone]
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Leptoquarks & B-anomalies
TL;DR version

• No need for the S3 scalar leptoquark. 
• Couplings to muons (and electrons) must now be very small: 

> no correlation anymore to τ → μ transitions 
• depending on the model, coupling to s quark not required:  

> possible no New Physics in b → s  (Bs mixing, B → K X, etc)
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LQ models for combined explanations of B-anomalies were mostly 
driven by the largest New Physics effect: R(D(*)). 

High-pT signatures didn’t change much. 
 

However…

Leptoquarks & B-anomalies
TL;DR version

• No need for the S3 scalar leptoquark. 
• Couplings to muons (and electrons) must now be very small: 

> no correlation anymore to τ → μ transitions 
• depending on the model, coupling to s quark not required:  

> possible no New Physics in b → s  (Bs mixing, B → K X, etc)
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LQ induce semileptonic @ tree level, 
4-quark & 4-lepton only at loop level.

Q

Q L

L

Leptoquarks and R(D(*))
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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 R(D(*))
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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.. 
>> Universal in μ vs. e

Leptoquarks and R(D(*))
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Deviations in semileptonic processes, 
strong bounds from ΔF=2 & CLFV processes.

TeV-scale leptoquark coupled mostly to 3rd (2nd) generation quarks 
large coupling to taus, negligible to e, μ

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.. 
>> Universal in μ vs. e

Leptoquarks and R(D(*))
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U1 = (3, 1, 2/3)

Vector
S1 = (3,̅ 1, 1/3)

Scalar

R2 = (3, 2, 7/6)

[see e.g. Angelescu et al. 2103.12504; Iguro et al. 2210.10751]

Leptoquarks and R(D(*))
Viable options

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; DM, Trifinopoulos, Venturini 

2106.15630; ETC…

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, 
DM 1706.07808; Di Luzio et al 1708.08450; 

Bordone et al. 1712.01368; Calibbi et al. ’17; 
Blanke, Crivellin ’18; Cornella et al 2103.16558; 

Angelescu et al 1808.08179; Aebisher et al. 
2210.13422; ETC …

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
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U1 vector leptoquark
[updated analysis in Aebisher et al. 2210.13422]

3rd gen 2nd gen RH

Fit to b→ cτν obs:
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U1 vector leptoquark
[updated analysis in Aebisher et al. 2210.13422]

3rd gen 2nd gen RH

Fit to b→ cτν obs:

Including high-pT bounds:

preferred

From pair prod.: MU ≳ 1.7 TeV
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U1 vector leptoquark
[updated analysis in Aebisher et al. 2210.13422]

3rd gen 2nd gen RH

Fit to b→ cτν obs:

The model has also the 
RG-induced contribution to C9U

Including high-pT bounds:

preferred

From pair prod.: MU ≳ 1.7 TeV
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U1 vector leptoquark
[updated analysis in Aebisher et al. 2210.13422]

3rd gen 2nd gen RH

Predictions:

LHC

Belle-II

Also expected effects in 
LFU from τ decays

95%CL, now

5 ab-1

50 ab-1

b→sττ [see talk by A. Glazov]
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S1 scalar leptoquark

DM, Gherardi, Trifinopoulos, Venturini 2003.12525, 2008.09548, 2106.15630

Global analysis of flavour+EWPT+LHC with full 1-loop matching.

No coupling to s quark required
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S1 scalar leptoquark

DM, Gherardi, Trifinopoulos, Venturini 2003.12525, 2008.09548, 2106.15630

Global analysis of flavour+EWPT+LHC with full 1-loop matching.

Expected effects in 
• LFU from τ decays 
• Drell-Yan pp→ττ 
• Z→ττ

With these coupligs, 
no contribution to 
b → s transitions

Fit updated from 2008.09548, 2106.15630

Very good fit

M1 = 1.5 TeV

HFLAV

No coupling to s quark required
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S1 scalar leptoquark
A possible underlying flavour structure?
Approximate flavour symmetry

Explicit breaking by light fermion Yukawas:

non-minimal breaking with VU1105.2296, 1203.4218, 1211.5085, 1506.01705, 1706.07808, 1909.02519
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S1 scalar leptoquark
A possible underlying flavour structure?
Approximate flavour symmetry

Explicit breaking by light fermion Yukawas:

non-minimal breaking with VU

LQ coupling should have this structure:

λ1Rcτ ~ εc ≪ 1 
λ1Rtτ ~ 1 
λ1Lbτ ~ 1

DM, Trifinopoulos, Venturini 2106.15630

1105.2296, 1203.4218, 1211.5085, 1506.01705, 1706.07808, 1909.02519
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S1 scalar leptoquark
A possible underlying flavour structure?

The coupling to tRτR does not enter flavour obs. 
It is constrained to be ≲ O(1) by Z→ττ:

Approximate flavour symmetry

Explicit breaking by light fermion Yukawas:

non-minimal breaking with VU

LQ coupling should have this structure:

λ1Rcτ ~ εc ≪ 1 
λ1Rtτ ~ 1 
λ1Lbτ ~ 1
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S1 scalar leptoquark
A possible underlying flavour structure?

The coupling to tRτR does not enter flavour obs. 
It is constrained to be ≲ O(1) by Z→ττ:

Approximate flavour symmetry

Explicit breaking by light fermion Yukawas:

non-minimal breaking with VU

LQ coupling should have this structure:

λ1Rcτ ~ εc ≪ 1 
λ1Rtτ ~ 1 
λ1Lbτ ~ 1

DM, Trifinopoulos, Venturini 2106.15630

|λ1Rcτ| < |λ1Rtτ|

Large coupling to charm preferred by the fit, a non-minimal U(2)5 is marginally compatible.

1105.2296, 1203.4218, 1211.5085, 1506.01705, 1706.07808, 1909.02519
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3rd gen LQ searches @ LHC

scalar MLQ ≳ 1.3 TeV vector MLQ ≳ 1.9 TeV

U1R̃2

PAS EXO-19-016 PAS EXO-19-016
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Do these mediators 
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? 

(EW hierarchy, flavour puzzle, dark matter, …)
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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 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
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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

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

[Gripaios 0910.1789; Gripaios Nardecchia, Renner 1412.1791; Buttazzo, Greljo, Isidori, D.M. 1706.07808; D.M. 1803.10972; Da Rold, Lamagna 2011.10061]

https://arxiv.org/abs/1803.10972
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A simple extension of the Minimal Composite Higgs model SO(5)/SO(4) can account for the S1 LQ:

A Minimal Composite Higgs + LQ Model
Gripaios 0910.1789

The only pNGBs are the Higgs and S1 LQ:

1

Couplings to fermions can arise either via partial compositeness 
or via fermion bilinears (with a flavour symmetry protection)

See [D.M. 1803.10972]

SU(4)PS

~
custodial
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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 gauge 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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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

[Fuentes-Martin, Stangl 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: 
- U1 LQ 
- heavy coloron 
- 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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Separating the generations: 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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Conclusions
The recent revision of LHCb results on RK(*) had a profound impact on all models addressing B-anomalies. 
NP couplings to muons now should be either suppressed or ~universal with electrons (former in LQ case). 
R(D(*)) remains an intriguing hint for New Physics close to the EW scale, albeit it is only a ~3σ deviation… 

Leptoquark models remain as the only reasonable solutions. 
Did not change much without RK(*), some got simpler: e.g. a single scalar LQ is enough. 

IMO the connection between B-anomalies and the hierarchy problem remain the most interesting possible 
path towards some UV completion. 

Of course, what we really need is new data! Looking forward to Belle-II and LHCb Run-2 results on R(D(*))!

Arigatou gozaimasu!
ありがとう ございます
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S1 - 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:
HighPT [2207.10756]

All these are used to build a 
global likelihood.
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