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The Standard Model of particle physics and its description of nature have been recently challenged by a
series of precision measurements performed via different accelerator machines. Statistically significant
anomalies emerged when measuring the muon magnetic momentum, and very recently when deducing the
mass of the W boson. Here we consider a radiative extension of the Standard Model devised to be
sufficiently versatile to reconcile the various experimental results while further predicting the existence of
new bosons and fermions with a mass spectrum in the TeV energy scale. The resulting spectrum is,
therefore, within the energy reach of the proton-proton collisions at the LHC experiments at CERN.
The model investigated here allows us to interpolate between composite and elementary extensions of the
Standard Model with an emphasis on a new modified Yukawa sector that is needed to accommodate the
anomalies. Focusing on the radiative regime of the model, we introduce interesting search channels of
immediate impact for the ATLAS and CMS experimental programs such as the associate production of
Standard Model particles with either invisible or long-lived particles. We further show how to adapt earlier
supersymmetry-motivated searchers of new physics to constrain the spectrum and couplings of the new
scalars and fermions. Overall, the new physics template simultaneously accounts for the bulk of the
observed experimental anomalies while suggesting a wide spectrum of experimental signatures relevant for
the current LHC experiments.
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I. INTRODUCTION

In the first two decades of this millennium, increasing
experimental evidence of the existence of new physics (NP)
beyond the Standard Model (SM) has been accumulated.

Several standard deviations from the SM predictions have
been observed when determining the anomalous magnetic
moment (g − 2) of the muon by the E821 experiment [1] at
Brookhaven National Laboratory, and in the semileptonic
decays B → Dð�Þlν [2–4] and B → Kð�Þll [5] by the
BABAR, Belle, and LHCb Collaborations. These anomalies
have been confirmed by the most recent measurement
performed by the Muon g − 2 Collaboration at Fermilab [6]
and at flavor experiments [7,8]. Notably, the anomalies in
the semileptonic B meson decays emerge due to the
observed differences between the decay rates in different
lepton families, encoded in the ratios RKð�Þ and RDð�Þ . In the
third decade of this century, the CDF II Collaboration at
Fermilab offered an unexpected sign of new physics by
unveiling the high-precision measurement of the W boson
mass [9] from decade-old Tevatron data. The result is
7 standard deviations away from the SM prediction. Even
after taking into account higher-order corrections [10] and
the proper average with previous measurements [11,12],

*g.cacciapaglia@ip2i.in2p3.fr
†antimo.cagnotta@unina.it
‡rcalabrese@na.infn.it
§francesco.carnevali@unina.it
∥agostino.deiorio@unina.it
¶albertoorsomaria.iorio@unina.it
**smorisi@na.infn.it
††sannino@cp3.sdu.dk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 107, 055033 (2023)

2470-0010=2023=107(5)=055033(20) 055033-1 Published by the American Physical Society

https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0002-4363-3372
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0002-1187-5131
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.055033&domain=pdf&date_stamp=2023-03-21
https://doi.org/10.1103/PhysRevD.107.055033
https://doi.org/10.1103/PhysRevD.107.055033
https://doi.org/10.1103/PhysRevD.107.055033
https://doi.org/10.1103/PhysRevD.107.055033
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


which reduce the tension to a little less than 4 standard
deviations [12,13], this result clearly points toward a
tension with the SM [14–16]. The most recent LHCb
results [17,18] do, however, show a compatibility of RKð�Þ

with the SM within 2 standard deviations. All this evidence
[12] adds to long-standing indirect hints of NP, most
notably the dark matter problem, the origin of neutrino
masses that emerge from the observation of neutrino
oscillations, and the origin of the baryon asymmetry in
the Universe.
Models with additional fermions and scalars, which

couple to a single SM quark or lepton via new Yukawa-
like couplings not involving the SM Brout-Englert-Higgs
field, are prime candidates to explain the g − 2 anomalies
while taking into account the B meson data [19–25]. The
NP contributions arise at loop level, while additional
bounds come, most notably, from B0–B̄0 mixing and effects
on the Z and Higgs bosons couplings to muons. Such
models, depending on the quantum numbers of the new
states, can also contain a dark matter candidate [23]. A
model of this kind has been used in Ref. [26] as a template
interpolating perturbative models and strongly interacting
models, like technicolorlike ones and models of funda-
mental partial compositeness [27–29]. In the latter limit, the
multiplicity of the new fermions and scalars is due to a new
confining gauge interaction. The inclusion of the RDð�Þ

anomalies in this class of models requires further inves-
tigation, as loop effects can hardly compete with the tree-
level contribution to the B → Dð�Þlν decay processes in the
SM. Corrections to the W boson mass can also be
explained in the context of this model as coming from
additional fermion loops, providing additional constraints
on the new particles and couplings.
In this paper, we aim to describe the productions and

decays of the new families of bosons and fermions in
proton-proton collisions, in the conditions akin to the ones
provided by the Large Hadron Collider (LHC) and future
hadron collider projects. We will, in particular, estimate the
limits on the parameter space from current LHC searches
and identify promising new channels that deserve further
investigation and dedicated searches.
We focus on the radiative case, where the new fermions

and scalars can be directly produced. In the composite case,
they are confined in new meson and baryon states that need
to be studied at the LHC via their effective interactions.
This article is structured as follows: Section II gives a

brief overview of the framework following the notation
adopted in Ref. [26], establishing the terminology and the
assumptions made in the rest of the paper. Section III
describes the signatures that could arise in proton-proton
collisions, following different hypotheses on the mass
hierarchies and on the parameter range allowed by the
precision measurement constraints, while Sec. IV focuses
on describing in detail the phenomenological implications
at the LHC of one specific decay channel via the

reinterpretation of one existing search by the Compact
Muon Solenoid (CMS) experiment. Finally, Sec. V reviews
the constraints on the anomalies in the context of this model
and draws conclusions on the potential for future studies at
the LHC, before the conclusions in Sec. VI.

II. THEORETICAL FRAMEWORK

Following Ref. [26], the class of models described here
naturally interpolates between dynamical models of
electroweak symmetry breaking and perturbative models
where radiative corrections contribute to flavor observ-
ables. In the latter case, the new strong gauge symmetry is
demoted to a global one, acting on the new fermions and
scalars, hence simply counting their multiplicity. The main
contribution to anomalies, therefore, stems from loop
diagrams involving the new fermions and scalars. These
loops also contribute to the Yukawa couplings of the SM
fermions; hence, one can design models where light
fermion masses and flavor structures can be radiatively
generated [30]. In this work, we will consider a more
general scenario, where direct couplings of the SM fer-
mions to the Higgs boson are also present, and SM fermion
masses emerge from a combination of the tree-level
couplings and the loop contributions. For concreteness,
we will consider a model where the SM is extended by
means of a set of Dirac fermions, an SUð2ÞL doublet FL
and two SUð2ÞL singlets FN and FE, and two scalar fields
Sl and Sq. Their assigned quantum numbers are shown in
Table I. We can appreciate that the hypercharge of these
new fundamental particles is fixed once the parameter Y is
chosen. Integer values of Y for the radiative case are not
allowed, because they would lead to fractionally charged
elementary states, and jYj > 1=2 are not allowed because
they would not admit neutral particles.
In this paper we will focus our attention on the case

Y ¼ 1=2 [26].
The NP resides in the Yukawa sector of the theory by

means of the most general Yukawa Lagrangian involving
the new fermions that is also, by construction, invariant
under the global GTC symmetry. Besides kinetic terms and
masses for the new fermions and scalars, the SM
Lagrangian is complemented by the following set of
Yukawa-like interactions:

−LYuk;NP ¼ yijLL
iFLðSj

EÞ� þ yijEðEiÞcF c
NS

j
E

þ yijQQ
iFLðSjDÞ�

þ yijDðDiÞcF c
NS

j
D þ yijUðUiÞcF c

ES
j
D

þ
ffiffiffi
2

p
ðk↑FLF c

N þ k↓FEF c
LÞΦH þ H:c:; ð1Þ

where FL ¼ ðF↑
L;F

↓
LÞT with respect to SUð2ÞL while

Q;Uc;Dc; L; Ec are the SM fermions expressed in terms
of chiral left-handed spinors. Note also that the SM flavor
indices i, j are carried by the scalars. The field ΦH is the
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SM Higgs scalar doublet. The complete Lagrangian also
contains a generic scalar potential to complement the
usual SM Lagrangian. Also, the fields Rc transform as
the representation conjugated to R, for example,
Uc ¼ ð3̄; 1Þ−2=3. Further terms that violate GTC can be
added to Eq. (1), and they will be considered in a follow-
up work.
For the choice Y ¼ 1=2 we made in this analysis, the

electric charges of the new fermions and scalars are fixed, as
reported in Table I.We see thatSq has the same charge as up-

type quarks, while F↓
L and FE are neutral, and F↑

L and FN

carry positive charge. This implies, for instance, that Sj
q can

decay into an up-type quark plus a neutral heavy fermion or a
down-type quark and a heavy charged fermion. This will be
further explored in Sec. III, where a detailed description of
the experimental signatures will be given. The scalarsSj

l are
also neutral: Since, in the absence ofGTC-violating operators
the new fermions and scalars cannot decay into SM states,
we need the lightest state to be neutral and, therefore, act as a
potential dark matter candidate. Having fixed Y, the remain-
ing parameters of themodel are the Yukawamatrices yijQ;U;D,

yijL;E, the couplings k↑;↓, and the masses of the new scalars
and fermions.

III. SIGNATURES IN PROTON-PROTON
COLLISIONS

Constraints on NP scenarios coming from heavy meson
physics and electroweak (EW) precision measurements can
be complemented by direct searches at the LHC. In our
radiative model, the masses of the new fermions and scalars
are preferably above the EW scale, hence, spanning from a
few hundred GeV to a few TeV. As the fermions F and the
scalar Sl are colorless, their production at proton-proton
colliders will be very small. On the contrary, the Sq scalars
carry color charge; hence, they are produced via gluon and
quark fusion, gg → SqS�

q and qq̄ → SqS�
q in proton-proton

collisions via QCD interactions. Representative leading-
order Feynman diagrams for pair Sq production are shown
in Fig. 1. This kind of production mechanism has a limited

dependence on the parameters of the model. Since the color
charge and the spin of Sq are set, the pair production cross
section only depends on the massmSq

of the new boson and
on the multiplicity: namely, NTC and the number of light
families. Direct production of a single Sq boson accom-
panied by one FL or FE=FN fermion is also possible with
representative leading-order Feynman diagrams shown in
Fig. 2. In this case, a NP interaction vertex, e.g.,QSqFL, is
necessarily involved; hence, the parton-level cross section
depends on the details of the models and on the NP
couplings. In particular, left-handed production will depend
on the coupling yijQ, while right-handed production will

depend on yijU, y
ij
D.

This section will cover possible experimental signatures
coming from pair production of Sq bosons, and we will
focus on the minimal scenario where only one Sq family is
present (and all others are heavier). The experimental
signatures of Sq boson pairs produced at the LHC depend
on the decay chains allowed within the model. The
particular realization of the model described in Sec. II is
not fully determined by the precision measurements, which
are detailed in Appendix A. In fact, it is the mass of the
boson mSq

, the masses of both up-type and down-type
fermions mF↑

L
and mF↓

L
, the other fermions FE and FN , as

well as the coupling strengths that will determine the

FIG. 1. Representative leading-order Feynman diagrams for
pair Sq production.

TABLE I. Quantum numbers of the additional fermions F and scalars S as in Ref. [26]. Note that GTC is a global symmetry in our
scenario, while j ¼ 1, 2, 3 is a family index. The nomenclature follows the association of FE with the down-component of the doublet,
similar to electrons in the SM (and analogously for FN). Charges similar to the SM ones are obtained for Y ¼ −1=2, as shown in the last
column. In this paper, however, we will study the case Y ¼ 1=2, as shown in the second-to-last column.

GTC SUð3Þc SUð2ÞL Uð1ÞY QðY ¼ 1=2Þ QðY ¼ −1=2Þ

FL ¼
�

F↑
L

F↓
L

�
F 1 2 Y

�
þ1
0

� �
0
−1
�

FN
c F̄ 1 1 −Y − 1=2 −1 0

FE
c F̄ 1 1 −Y þ 1=2 0 1

Sj
l

F 1 1 Y − 1=2 0 −1
Sj
q F 3 1 Y þ 1=6 þ 2

3
− 1

3
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possible decays for the Sq bosons and the respective
branching fractions. We describe these final states in two
steps: In the first step, we address the direct decays of the
Sq boson, which depend on the coupling strengths, i.e., y

ij
Q,

yijU, and yijD, and on the difference in mass between Sq and
the fermions. In the second step, we will describe the
possible decay cascades and final states that can arise
depending on the mass hierarchy between the various
fermions F and Sl. In Sec. IV, we will describe the
example of one particular realization that can be used to
derive quantitative predictions at the LHC.

A. Decays of the Sq bosons and the flavor basis

To properly discuss the phenomenology stemming from
Sq pair production, we first need to bring the interactions in
Eq. (1) to the mass eigenstate basis. For the scalars, we can
assume without loss of generality that the mass matrices are
already diagonal; hence, selecting the lightest state consists
of fixing the index j in the couplings. In the heavy fermion
sector, instead, a mixing is generated by the couplings to
the Higgs k↑ and k↓. This mixing is proportional to the EW
scale versus the vectorlike mass of theF fermions; hence, it
is typically small. In the following, mainly for simplicity,
we will neglect mixing effects.
In the quark sector, instead, the flavor mixing cannot be

neglected as it plays a crucial role in determining the flavor
structure in the Sq coupling. The masses receive a con-
tribution both from a SM-like Yukawa coupling and from

loops of the new fermions and scalars, similar to the muon
mass sketched in Appendix A 1. Hence, the masses to be
diagonalized for up- and down-type quarks read

Mik
u ¼ ðySMu Þikvffiffiffi

2
p þNTC

X3
j¼1

ðyijQykjU Þ
16π2

k↑vffiffiffi
2

p FloopðMj
Sq
;massesÞ;

ð2Þ

Mik
d ¼ ðySMd Þikvffiffiffi

2
p þNTC

X3
j¼1

ðyijQykjD Þ
16π2

k↓vffiffiffi
2

p FloopðMj
Sq
;massesÞ:

ð3Þ

The diagonalization leading to the mass eigenstates, i.e.,
to the SM quarks, derives from a nontrivial interplay
between the SM-like Yukawas and the loop contributions.
In general, the flavor structure in the mass matrices is not
aligned to the one of the new couplings yQ;U;D. In the mass
eigenstate basis, the Yukawa couplings yQ;U;D are rotated
by unphysical rotation matrices, which cannot be measured
independently from the Yukawa couplings themselves.
In the following, we consider the matrices in the mass
eigenstate basis without changing the notation for simplic-
ity. Like in the SM, the only rotation matrix that is physical
is the Cabibbo-Kobayashi-Maskawa (CKM) one deriving
from a different rotation of the up and down components of
the left-handed fields. The couplings of Sj

q in the mass
eigenstate basis, therefore, read

quLF
↓
LðSj

qÞ� ⇒ yqjQ qu ¼ u; c; t; ð4Þ

qdLF
↑
LðSj

qÞ� ⇒
X
a

Vqay
aj
Q qd ¼ d; s; b; ð5Þ

qcuRFE
cSj

q ⇒ yqjU qu ¼ u; c; t; ð6Þ

qcdRFN
cSj

q ⇒ yqjD qd ¼ d; s; b; ð7Þ

where we follow the convention that the CKM rotation is
assigned to the couplings of the left-handed down-type
quarks.
The first step of the Sq decays is induced by the couplings

above, as illustrated in Fig. 3. In the following,wewill assume
that the couplings yQ are much larger than yU;D; hence, we
will only consider the decays in the upper diagrams, which
involve the doublet fermionsF↑

L andF↓
L. The reason for this

choice is twofold: On the one side, the products yQyU and
yQyD control the loop correction to the quarkmasses and they
need to be small for light quarks (see also discussion on the
muon mass); on the other hand, the constraints discussed in
Appendix A prefer larger contributions in the left-handed
sector. Henceforth, the partial decay widths of Sq into up- or
down-type quarks are given by

FIG. 2. Representative leading-order Feynman diagrams for Sq
plus F production.
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Γj
qu ≡ jyqjQ j2 ·

mSq
2
j
− ðmF↓

L
−mquÞ2

32π ·mSq
3
j

· ðmSq
2
j
−m2

F↓
L

−m2
quÞ;

ð8Þ

Γj
qd ≡

����
X

k
Vqky

kj
Q

����
2

·
mSq

2
j
− ðmF↑

L
−mqdÞ2

32π ·mSq
3
j

· ðmSq
2
j
−m2

F↑
L

−m2
qdÞ: ð9Þ

Defining the total width of Sj
q as

Γj ¼
X

qu¼u;c;t

Γj
qu þ

X
qd¼d;s;b

Γj
qd ; ð10Þ

the branching ratios into different quark flavors read

BRðqu;F↓
LÞ ¼

Γj
qu

Γj ; qu ¼ u; c; t; ð11Þ

BRðqd;F↑
LÞ ¼

Γj
qd

Γj ; qd ¼ d; s; b: ð12Þ

More general formulas, including all the mixing patterns, can
be obtained in a straightforward way.

B. Chain decays and detector signatures

The decay cascades of the FL, FE, and FN produced in
the decays of the Sq bosons depend on the respective
masses and the mass of Sl. For simplicity, in the following
discussion we will assume that FN and FE are heavier than

FL, as they do not appear in the decays following the left-

handed coupling dominance. In particular, if F↑
L is the

lightest particle of the model, it will not further decay and,
being charged, it will appear as a long-lived charged
particle (LLCP). We are implicitly assuming that it will
decay via a suppressed higher-order operator in SM states
(leptons) outside the detector, as it cannot be stable on

cosmological timescales. Instead, if F↓
L is the lightest

particle, being neutral it will result in missing momentum
and energy in the detector that we will henceforth shorten

as “MET.” Note also that the mass hierarchy between F↑
L

and F↓
L plays a crucial role: The heavier one will decay

into the lighter via a real or virtual W boson. In fact, the
two components of the doublet cannot be degenerate.
Reproducing the anomaly in the W mass measurement
requires a mass split of a few tens of GeV. Even if the mass
split vanishes at tree level (for k↑ ¼ k↓), one is induced by
EW loops, and it amounts to roughly 166 MeV in the large
mass limit [31], and it is enough to generate a prompt decay
of the heavier into the lightest (plus a charged pion) [32].
Finally, the neutral scalars Sj

l couple toFL via the coupling

yL; hence, if it is lighter than F
↑
L and F↓

L, the fermions will
decay into it, producing missing energy plus a lepton. We
assume that the lightest Sj

l can be stable and produce MET.
The possible decay chains of the fermions F↑

L and F↓
L

are described in the following, depending on the mass
ordering, and refer to Feynman diagrams shown in Figs. 3
and 4. We distinguish the following cases:
(1) mSl

> mF↑
L
; mF↓

L
: The fermions are the lightest

particles, but one fermion will decay into the other
plus a W boson, either virtual or real. States with
either MET or LLCPs are possible, depending on
which fermion is the lightest. Representative dia-
grams for this case are the ones in Figs. 3 and 4,
first row.

(2) mSl
< mF↑

L
; mF↓

L
: The neutral scalar Sl is the

lightest particle, and final states involve missing
energy from Sl plus at least one lepton, either
charged or neutral, from the NP vertex involving
Sl andFL. Representative diagrams for this case are
the ones in Fig. 4, second row.

(3) mSl
< mF↑

L
; mF↓

L
: The scalar Sl is the lightest

particle, and final states involve missing energy
from the Sl plus at least one lepton from from
the NP vertex involving the Sl and the FL or FN. In
this case, one fermion will decay in the other one
plus a W boson. Representative diagrams for this
case are the ones in Fig. 4, third row.

(4) mF↓
L
< mSl

< mF↑
L
or mF↑

L
< mSl

< mF↓
L
: In this

case, one of the fermions can decay into the Sl that
further cascades into the second type of fermion plus
a lepton, respectively, charged or neutral for the
two cases.

FIG. 3. Decay vertices for Sq bosons to left-handed (top panels)
or right-handed (bottom panels) new fermions and an up-type
(left panels) or down-type (right panels) quark.
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It is worthy of note that the difference in mass
between the up-type and down-type fermion jmF↑

L
−

mF↓
L
j needs to be sizeable and in the range of tens of

GeV in order to account for themW measurement, as shown
in Appendix A 5. Moreover, jmF↑

L
−mF↓

L
j < mW for the

largest part of the parameter space, so the W boson
produced in the decays will be virtual in most of the cases.
For most parameter choices, mSl

is significantly different
from mF↑

L
and mF↓

L
; therefore, scenario 4 from the above

list is also unlikely to occur.
Table II summarizes all possible decay chains depending

on the mass hierarchy.
Finally, a note for the Y ¼ −1=2 scenario: While the

diagrams are the same as the Y ¼ 1=2 case, the quantum
numbers of the particles are different, as reported in the last
column of Table I. This has the consequence that final states
still involve either MET or LLCPs, but in this case, an F↑

L

contributes to the MET, while an F↓
L or an Sl manifests as

a LLCP.

IV. CONSTRAINTS FROM LHC DIRECT
SEARCHES

In order to derive quantitative predictions for observable
quantities at the LHC, the model needs to be fully specified,
including the coupling structure and the mass hierarchy.
In the following, we first describe the scenarios with the
minimum number of parameters necessary for explaining
the anomalies in muon g − 2 and mW , while accounting for
the B meson sector constraints, then we describe the final
states and compare them to existing analyses at the LHC.We
focus on the scalars Sq, as discussed in the previous section,
which have the samequantumnumbers as the (right-handed)
stop in supersymmetry (SUSY); hence, we will focus on
SUSY searches that are very close to our expected signal.

A. Minimal scenarios

In the models described in Sec. II, only the left-handed
couplings to quarks are explicitly needed. The minimal
benchmark scenario therefore requires both right-handed
couplings to quarks being zero. Hence, our “minimal sce-
nario” consists of nonvanishing yijQ and yijL , while the other
Yukawas are negligible [33]. Furthermore, we will consider
only one of the Sq to be light, corresponding to preferential
couplings to the third generation of SM fermions.
In this section, we will consider this scenario where there

is only one value for j ¼ 3 to reflect that the lightest Sq
couples preferably to the third-generation quarks. The
constraint in the quark sector comes from the coupling
between mass eigenstates referred to as ðyQy†QÞbs in
Appendix A, which would hint at a preferential coupling
to second and third quark generation. A first so-called
“natural” minimal scenario (NMS), therefore, foresees
y13Q ¼ 0, y23Q ≠ 0, and y33Q ≠ 0. By using the Wolfenstein
parametrization for the CKM matrix, it is possible to
write the contributions coming from different mass eigen-
states as in powers of λ, and by neglecting λ4 terms,
one finds

FIG. 4. Decay vertices for Sq bosons to left-handed (top panels)
or right-handed (bottom panels) new fermions and an up-type
(left panels) or down-type (right panels) quark.

TABLE II. Description of the possible decays at the LHC depending on the mass hierarchy of the particles.

mSl
> mF↑

L
; mSl

> mF↓
L

mSl
< mF↑

L
; mSl

< mF↓
L

mF↓
L
< mSl

< mF↑
L

a mF↑
L
< mSl

< mF↓
L

a

mF↑
L
> mF↓

L
METþ u,

METþW þ d
METþ u,

METþW þ d,
METþ dþ l

METþ u,
METþ d,

METþ dþ l

NA

mF↓
L
> mF↑

L
LLCPþ d METþ u NA METþ uþ LLCPþ l

LLCPþ dþW METþW þ l METþ uþW þ LLCP

u,d are the up- or down-type quark of the ith family; l is the charged lepton; W is the W boson.
aLimited phase space: mF ≳ 1 TeV.
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ðyQy†QÞbs ≡
X3
i;k¼1

VbiðyQÞi3ðy†QÞ3kV†
ks

¼ Aλ2ðy33Q Þ2 þ y33Q y23Q þ Aλ2ðy23Q Þ2: ð13Þ

Another possibility we consider is the “democratic” min-
imal scenario (DMS), where all three couplings are differ-
ent. By neglecting orders λ3 or higher, one finds

ðyQy†QÞbs¼Aλ2ðy33Q Þ2þy33Q ðy23Q þλy13Q ÞþAλ2ðy23Q þλy13Q Þ2:
ð14Þ

It is noteworthy that, in the NMS, decays to first-generation
quarks will only be present via CKM mixing, hence
strongly suppressed. In the DMS, instead, coupling to
first-generation quarks will be present and not necessarily
small, and they contribute to the final states to consider
when obtaining constraints on the model. In the following,
we will make use of Eqs (13) and (14) in order to impose
the constraint on ðyQy†QÞbs from the B0 − B̄0 mass mixing
and derive the constraint on the branching fractions.
Table III summarizes the parameters in the considered

scenario.

B. Squarklike final states:
Quark pairs+missing energy

The particular final states that will be detected at a
hadron collider, like the LHC, depend on the decays that are
possible, and ultimately on the mass hierarchy of the new
particles, as described in Sec. III. If we consider as a
benchmark a simple scenario where mSl

> mF↑
L
,

mSl
> mF↓

L
, and mF↓

L
> mF↑

L
, then each Sq can decay

either to an up-type quark plus F↓
L, or a down-type quark

plus F↑
L. The latter further decays to F↓

L plus a virtual W
boson. Hence, the detector signatures for a single Sq decay,
as from Table II, are a heavy invisible particle manifesting
as a MET, plus either an up-type quark or a down-type
quark and a lepton-neutrino pair or quark-quark pair from
the virtual W boson. While there are not yet dedicated
analyses for this specific model at the LHC experiments,
the considered production and decay modes share signifi-
cant similarities with some SUSY scenarios. In particular,
production via strong interaction of an Sq pair, and its
decay to an invisible fermion plus a quark, shares several

similarities with a pair production of squarks, which then
further decay to quarks and neutralinos. We henceforth
make use of results from the LHC that explore such
signatures, in particular, Refs. [34,35].
For both theNMS andDMS, as at least y33Q and y23Q have to

be different from zero, both top quarks plusMETand charm
quarks plus MET final states need to be studied. The
experimental signature for charm and up quarks at the
LHC is not distinguishable at the moment, so they both
manifest as a jet of hadrons in the detector. The observable
quantities of interest in this case are the excluded cross
sections for the top quark pair plus neutralino production,
and the light quark pair plus neutralino production. It is
important to recall that, for the chosen value of the
hypercharge, the quantum numbers of the Sq boson are
the same as the one of a (right-handed) stop quark, while the

quantumnumbers ofF↓
L andF

↑
Lmatch those ofHiggsinos, a

neutralino and a chargino, respectively.
In order to constrain the production cross section of these

processes, we perform the reinterpretation of two analyses
studying in an exclusive way the production of quark pairs
plus missing energy in the final state. In Refs. [34,35], limits
on the cross section for pp → t̃t̃�, with t̃ → tχ0 or bχþ →
bWχ0 are derived, where following the SUSY notation t̃ is
the stop and χ0;þ are the neutralino and chargino, respec-
tively. In Ref. [34], exclusion limits are set on
pp → q̃q̃� → qq̄þ χ0χ0, with q being a u, d, s, or c quark.
The former limit can be used to put constraints on the

pp → SqSq
�, Sq → tF↓

L or Sq → bF↑
L production, and the

latter for pp → SqSq
� → cc̄þ F↓

LF
↓
L or pp → SqSq

� →

uūþ F↓
LF

↓
L.

The inclusive cross sections via strong interaction for
pp → SqSq

� are identical to the one for pp → t̃t̃� multiplied
by the number of Sq scalars in the model, i.e., NTC. In
particular, the excluded cross section values are taken as a
function of the mass of the stop (or light squark) and
neutralino, and interpreted as excluded values of the cross

section of an Sq and F↓
L with the same masses in the

F↓
L þ tðF↓

L þ c,F↓
L þ u) final state. In order to constrain

the model, different values of NTC as well as the coupling
strengths and branching ratios are considered. The
excluded cross sections, therefore, are evaluated as follows
from the SUSY searches:

TABLE III. Description of the minimal scenarios considered.

Minimal scenarios

Parameter Natural (NMS) Democratic (DMS)

Number of Sq 1 × NTC 1 × NTC
Couplings y13Q ¼ 0; y23Q ≠ 0; y33Q ≠ 0 y13Q ≠ y23Q ≠ y33Q
ðyQy†QÞbs Aλ2ðy33Q Þ2 þ y33Q y23Q þ Aλ2ðy23Q Þ2 Aλ2ðy33Q Þ2 þ y33Q ðy23Q þ λy13Q Þ þ Aλ2ðy23Q þ λy13Q Þ2
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σðSqSq
�;Sq → tF↓

L or Sq → bWF↑
L0Þ

¼ σðt̃t̃�; t̃ → tχ0 or t̃ → bWχ0Þ × NTC; ð15Þ

σðSqSq
�Þ × ðBRðc;F↓

LÞ þ BRðu;F↓
LÞÞ2

¼ σðq̃q̃�; q̃ → χ0Þ × NTC: ð16Þ

We recall that BRðu;F↓
LÞ is negligible in the NMS, while it

could be sizeable in the DMS.
The first results that can be extracted are the limits

on the σðSqSqÞ × BRðt;F↓
LÞ2 and σðSqSqÞ × BRðc;F↓

LÞ2
reported in Fig. 5. By use of Eq. (8), it is possible to
translate the upper limits on the branching ratio shown in
Fig. 5 to a constraint on y33Q , y32Q , and y31Q . However, in order
to extract constraints on the model, the flavor structure
needs to be defined. Once mSq

and mF↑
L
are set, Eqs. (A7),

(A10), and (A13) allow us to identify a unique value of
ðyQy†QÞbs. By exploiting the relations in Eqs. (13) and (14),
it is possible to identify a range for y33Q , y32Q . If all are

excluded, then the model for that combination of mSq
, mF ,

and NTC is excluded. Figure 6, left, shows the limit on
ðyQy†QÞbs as a function of NTC and mSq

, by keeping mF↓
L

fixed at 0.1 TeV. Finally, Fig. 6, right, shows the maximum
value ofmF↓

L
excluded as a function ofNTC andmSq

. Those

values allow us to strongly constrain the model for values
of mSq

in the 0.7 TeV range, but only larger NTC are
excluded for values of mSq

above 1 TeV.

C. Open channels

This reinterpretation can be extended by performing
analyses in different directions:

(i) The analyses used as a benchmark do not include
the potential case where the Sq pair decays to
tcþ F↓

LF
↓
L. While this signature might be more

challenging, this could help constrain the model
further.

(ii) The Sq leg with one LLCPþ b, s, or d quark is not
considered. This could lead to challenging but

FIG. 5. Limits on the mass of the new Sq boson vs NTC vs the branching ratio to ttðccÞ þ F↓
LF

↓
L in the ttðccÞ þ invisible decay

channel on the left (right).

FIG. 6. Limits on the mass of the new Sq boson vs NTC and vs the mixed coupling term ðyQy†QÞbs (left, mF↓
L
¼ 0.1 TeV), or vs the

mF↓
L
(right).
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well-identifiable final states with either two LLCP
plus two quarks, or one LLCP plus one quark and a
top or strange quark and MET.

(iii) No single production channel is considered. Further
studies are needed to determine whether single pro-
duction is relevant given the allowed coupling range.

(iv) Finally, this analysis only refers to the case
mSl

> F↑
L, mSl

> F↓
L in Table II, further channels

are open to study.

V. SUMMARY AND RESULTS

The constraints from the LHCmeasurements can be used
to derive information on the phase space available on cbLμL
and Δaμ by considering the relations in Eqs. (A5) and
(A13) when excluding the values of ðyQy†QÞbs reported in

the left panel of Fig. 6 and the values of mSq
and mF↓

L

reported in the right panel of Fig. 6. The limits are evaluated
for two different values of Δaμ: First, only dispersive
measurements from Refs. [6,36–56] are considered, then
the entire analysis is repeated by taking into account the
most recent values from lattice calculations as reported in
Ref. [57], and results are reported in the following. The
allowed values of ðyQy†QÞbs vs ðyLy†LÞμμ before and after the
application of LHC constraints for NTC ¼ 9 are reported in
Fig. 7. Constraints on cbLμL and Δaμ for a representative

value of the coupling of ðyQy†QÞbs ¼ 0.05 are reported in
Fig. 8. The black star illustrates the best fit for cblμL and
Δaμ, and the darker and lighter purple bands represent the
regions in agreement with the experimental values within 1
and 3 standard deviations, respectively.

FIG. 7. Allowed values of ðyQy†QÞbs vs ðyLy†LÞμμ before (dark blue) and after (azure) the application of constraints from the LHC. In the
left plot, values of Δaμ from dispersive measurements [6,36–56] are used, and in the right plot, lattice measurements [57] are used.

FIG. 8. Allowed values of cbLμL vs Δaμ before (dark green) and after (bright green) the application of constraints from the LHC. In the
left plot, values ofΔaμ from dispersive measurements [6,36–56] are used; in the right, plot lattice measurements [57] are used. The black
stars indicate the best fit for cbLμL and Δaμ; the dark and light violet lines depict the regions in agreement with the experimental values
within 1 and 3 standard deviations, respectively.
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The constraints obtained hold true for the cases where
jmF↑

L
−mF↓

L
j < mW and mSE > mF↑

L
; mF↓

L
. In other sce-

narios reported in Sec. III, such results only partially
constrain the model, as there is freedom for the Sq boson
to decay through different decay chains with respect to the
ones considered in Sec. IV. Dedicated analyses on proton-
proton collision data, searching for LLCPs, or MET plus
quarks and leptons, as described in Table II, would allow us
to detect the model’s signals for not-yet-excluded scenar-
ios. Even in the absence of a signal, an analysis similar to
the one presented in Sec. III can be applied to further
constrain the model.

VI. CONCLUSIONS

For the past decades, several extensions of the SM have
been put forward ranging from the time-honored minimal
supersymmetric version to composite and radiative real-
izations including extra dimensions. At the same time,
evidence is being accumulated experimentally indicating
the existence of new physics beyond the SM. The goal of
this work is to establish a phenomenological template
mimicking different models from radiative to composite,
depending on how the underlying dynamics is realized, and
show that it can also be adopted as an experimental
template of new physics by either suggesting new searches
or adapting earlier ones to either discover or constrain the
parameter space of the theory. Another crucial aspect is that
the model is sufficiently flexible to accommodate the
various observed SM anomalies.
Specifically, as a first step, we consider a radiative

extension of the SM that reconciles the various exper-
imental results while further predicting the existence of new
bosons and fermions with a mass spectrum in the TeV
energy scale. The resulting spectrum is, therefore, within
the reach of the LHC experiments. We suggest new
interesting search strategies including the associate pro-
duction of SM particles with invisible or long-lived charged
particles. We further show that it is possible to employ
earlier SUSY-inspired searches to constrain the spectrum
and couplings of the newly introduced particles. We also
check that the template is sufficiently rich to accommodate
the observed experimental anomalies while allowing for
new experimental signatures at the LHC.
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APPENDIX A: ANOMALIES AND HIGH-
PRECISION MEASUREMENT CONSTRAINTS

In this section, we list and review all the precision
measurements that significantly constrain the radiative
model. Besides the muon anomalies in RKð�Þ and g − 2,
we consider modifications of the Higgs coupling to muons,
B0 − B̄0 mass mixing, and the recent discrepancy in the W
boson mass measurement at CDF II. In each subsection, we
report how the radiative model affects the theoretical
estimation of each observable. In the last subsection, we
comment how mass splits in the new fermions could
explain the W boson mass value. The impact of these
bounds on collider searches will be discussed in the
following section.

1. Radiative muon mass and the Higgs coupling

The new Yukawa interactions in Eq. (1) contribute at
one-loop level to all SM fermion masses, in addition to the
SM-like Yukawa couplings. In fact, all masses could be
generated radiatively, except for the top quark one, whose
Yukawa coupling is of order one. In a general setup,
cancellations may occur between the tree-level coupling
and the loops; hence, one could have sizeable modifications
of the Higgs coupling to the fermions.
As we are interested in anomalies in the muon sector,

below we illustrate this effect for the muon. Schematically,
ignoring lepton flavor mixing terms, the muon mass will be
given by two competing terms:

mμ ¼
ySMμ vffiffiffi

2
p þ δmloop

μ ;

δmloop
μ ¼ NTC

ðyLyEÞμμ
16π2

k↑vffiffiffi
2

p FloopðmassesÞ; ðA1Þ

where Floop is an order one function of the mass para-
meters [30], and mμ is the measured muon mass. The
physical coupling of the Higgs boson to muons also
receives a correction with respect to the SM value given
schematically by

yeffμ ¼ySMμ

�
1þδmloop

μ

mμ
k2↑GloopðmassesÞ

�
; ySMμ ¼

ffiffiffi
2

p
mμ

v
;

ðA2Þ

where the function Gloop depends on the mass parameters.
Evidence for this coupling has been recently obtained at the
LHC Run-2 by the ATLAS and CMS Collaborations
[58,59]: Current data are consistent with the SM value
at the 43% level, while projections for the full run of the
LHC indicate that precision below 5% is achievable [60].
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Hence, the correction encoded in the second term in the
parentheses of Eq. (A2), proportional to δmloop

μ , must be
smaller than unity in absolute value.
If we allow for cancellations between the two terms in

Eq. (A1), large muon couplings to the new fermions and
scalars could generate δmloop

μ ≫ mμ, hence, dangerously
enhancing the correction to the muon Higgs coupling.
There are two ways out: The coupling k↑ could be small,
however suppressing the radiatively induced SM fermion
masses to be of the order of the muon mass for all down-
type fermions, or we could ask the product ðyLyEÞμμ to be
small for muons. Sizeable effects in muon physics are
preserved if yL is sizeable while yE is small, as also
preferred by RK (as we will see below). In this work,
we will follow the latter possibility. In summary, as long as
ðyLyEÞμμ ∼mμ=v via a small yE, the correction to the Higgs
coupling to muons is under control without affecting the
observables in the muon anomalies.

2. RK and RK� anomalies

The relevant effective Hamiltonian for B → Kð�Þll tran-
sitions is given by the following operators [22]:

Heff ¼ −
α

4π

4GFffiffiffi
2

p VtbV�
tsC

ij
LO

ij
L ; ðA3Þ

where

Oij
L ¼ ½s̄γμPLb�½l̄iγμð1 − γ5Þlj�≡Oij

9 −Oij
10: ðA4Þ

We recall that the operator with right-handed quarks is
absent in the SM, and it is disfavored as a NP origin of the
anomaly by data; hence, we will not consider it here. The
dimensionful Wilson coefficients are

cbLμL ¼ −
α

4π

4GFffiffiffi
2

p VtbV�
ts; cμμL ¼ −

Cμμ
L

ð36 TeVÞ2 ðA5Þ

that encode NP contributions in the muon final state. More
details on the effective Hamiltonian and notation for the

coefficients are reviewed in [12]. It is possible to rewrite the
RK ratio as follows:

RK ¼ jCSM
L þ ΔCμμ

L j2
jCSM

L j2 ; ðA6Þ

where CSM
L ≈ 8.64 (and we neglect the much smaller

contribution to right-handed leptons) [61] is the same for
muons and electrons. For RK�, a similar expression holds.
The one-loop diagrams stemming from the radiative model
in Eq. (1) are reported in Fig. 9. As we assume yL ≫ yE for
the muons, the relevant contributions are the one with left-
handed quarks. In Ref. [61] is reported the expression for
the Wilson coefficient for the model being examined:

cbLμL ¼ NTC

ðyLy†LÞμμðyQy†QÞbs
ð4πÞ2m2

FL
↑

1

4
Fðx; yÞ; ðA7Þ

where x ¼ m2
Sq
=m2

FL
↑ , y ¼ m2

Sl
=m2

FL
↑ , and the loop func-

tions expression is reported in Appendix C. Note that we
have neglected the mixing between the fermions F induced
by the k↑ coupling in Eq. (1).
To extract bounds on the model parameter space, we

impose the latest LHCb result, combining Runs 1 and 2
data given by [8]

RKjexp ¼ 0.846þ0.042
−0.039ðstatÞþ0.013

−0.012ðsystÞ ðA8Þ

in the q2 ¼ ½1.1; 6� GeV2 window. In practice, we require
0.807 < RK < 0.888 [12]. Note that RK� leads to similar
bounds, and we do not include it for simplicity.
In [12], the reader can find an in-depth model-indepen-

dent study of these anomalies.

3. B0 − B̄0 mass mixing

The contributions to the B0 − B̄0 mass mixing arise from
the diagrams at one-loop level shown in Fig. 10. The
dominant contributions are associated with the diagrams
with left-handed quarks. These contributions can be written
in terms of the following effective Hamiltonian [22]:

FIG. 9. Radiative contribution to the B → Kll transition that affects RK. In the right (left) panel is shown the contribution due to right-
(left-) handed quarks. The diagram that is used to compute the quantity cbLμL is the one on the left as yE ≪ yL.
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HBB̄
eff ¼ CBB̄½s̄αγμPLbα�½s̄βγμPLbβ�; ðA9Þ

where α and β are color indices. The NP contribution from
the radiative model under investigation is given by [61]

CNP
BB̄ ¼ NTC

ðyQy†QÞ2bs
ð4πÞ2m2

FL
↑

1

8
Fðx; xÞ; ðA10Þ

where the loop function is defined in Appendix C and
x ¼ m2

Sq
=m2

FL
↑ . It is possible to obtain constraints on the

Wilson coefficient CBB̄ in terms of the ratio [22]

RΔBs
¼ ΔMexp

Bs

ΔMSM
Bs

− 1 ¼ CNP
BB̄

CSM
BB̄

; ðA11Þ

where the SM prediction is CSM
BB̄ ð2MWÞ ≃ 8.2 ×

10−5 TeV−2 and the current bound on the NP contribution
reads CNP

BB̄ ∈ ½−2.8; 1.3� × 10−5 TeV−2 [22] at 3 standard
deviations.

4. Muon g− 2 anomaly

The new fermions and scalars contribute to the
anomalous magnetic moment of the muon via their
left-handed couplings yL, as shown by the left graph in
Fig. 11. Additionally, the model contains a contribution
proportional to the Yukawa coupling k↑, as shown by the
representative diagram in the right panel of Fig. 11. This
term will be proportional to the product of Yukawas

ðyLyEÞμμk↑, which also contributes to the muon mass, as
shown in Eq. (A1). The NP contribution can be computed
in terms of the following operator [22]:

H
aμ
eff ¼ −aμ

e
4mμ

½μ̄σμνμ�Fμν; ðA12Þ

where mμ is the muon mass and e is the electron charge.
The NP contribution to aμ is given by [61]

Δaμ¼
NTCm2

μ

ð4πÞ2m2

F↑
L

�ðyLyEÞμμk↑v
mμ

½2qSE
FLRðyÞþ2qFGLRðyÞ�

þðyLy†LÞμμ
�
2qSE

F7ðyÞþ2qF F̃7ðyÞ
	�

; ðA13Þ

where x ¼ m2
Sq
=m2

F↑
L

and y ¼ m2
Sl
=m2

F↑
L

. Here, qF and qSE

are the charges of F↑
L (qF ¼ −1) and Sl (qSE

¼ 0),
respectively. In our case, we have only the contribution
from F↑

L since Sl is neutral. The loop functions are
reported in Appendix C.
The main uncertainty on the SM prediction for aμ comes

from the hadronic contribution to the photon vacuum
polarization. Recent lattice results [57,62–64] are in tension
with data-driven approaches based on dispersion relations
[40–45,65]. In the numerical analysis, we consider NP
contributions in agreement with the lattice results [57]
Δaμ ¼ ð165� 60Þ × 10−11 or dispersion estimates
Δaμ ¼ ð251� 59Þ × 10−11 [6].

FIG. 10. Radiative contribution to the B − B̄ mixing. In the left (right) panel are shown the contributions with left- (right-) handed
quarks. As for RK, the dominant contribution comes from the operators with left-handed quarks.
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5. MW anomaly

Recently, the CDF II Collaboration at the Fermilab
Tevatron Collider reported a new estimation of the W
boson mass using a sample of approximately (4×106) W
bosons. In Ref. [66], it is reported that

MCDF
W ¼ 80433.5� 6.4stat � 6.9syst ¼ 80433.5� 9.4 MeV:

ðA14Þ

The theoretical prediction for the same quantity within the
SM, as reported in Ref. [67], is

Mth
W ¼ 80357� 4inputs � 4theory MeV: ðA15Þ

The theoretical estimation is obtained with a combination
of perturbative expansions and a set of high-precision
measurements of observables in the EW sector. The
uncertainty on such a quantity can be divided into two
components. One is related to the uncertainties of the
observables used, and the latter is related to higher-order
terms in the perturbative SM calculation. It can be easily
shown that

ΔMW jCDF ¼ MCDF
W −Mth

W ¼ 76� 11 MeV: ðA16Þ

This means that there is a 7 standard deviation discrepancy
between the CDF experimental measurement and the
theoretical estimation. Previous measurements summarized

in Table IV have a smaller accuracy and central values
closer to the SM prediction. Aweighted average should be
considered, however, with error increased by the

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ2=ndf

p
factor [67] to account for the large discrepancies among the
four measures. The result determined in [12] yields

MAVG
W ¼ 80409� 17 MeV: ðA17Þ

The deviation from the SM reduces to around 3 standard
deviations:

ΔMW jAVG ¼ MAVG
W −Mth

W ¼ 52� 18 MeV: ðA18Þ

It is possible to explain Eqs. (A14) or (A17) by
introducing beyond the SM physics as summarized in
[12]. The corrections from NP to theW boson mass can be
expressed via the following approximate formula [71]:

ΔMNP
W ≈ 300 MeVð1.43T − 0.86 SÞ; ðA19Þ

where T and S are the so-called EW oblique parameters
[72–74]. We use the definition of S and T shown in
Ref. [75] reported in the following:

FIG. 11. One-loop contributions to ðg − 2Þμ from the radiative model under investigation.

TABLE IV. Recent measurements of the W boson mass at colliders.

LEPþ TeVatron [68] ATLAS [69] LHCb [70] CDF-II [66]

Measurement 80385� 15 MeV 80370� 19 MeV 80354� 32 MeV 80433.5� 9.4 MeV
Pull from SM 28� 16 MeV 13� 19 MeV −3� 32 MeV 76� 11 MeV
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S ¼ −16π
Π3YðM2

ZÞ − Π3Yð0Þ
M2

Z
;

T ¼ 4π
Π11ð0Þ − Π33ð0Þ

s2Wc
2
WM

2
Z

; ðA20Þ

where sW ¼ sin θW and cW ¼ cos θW , θW being the
Weinberg angle defined at the scale μ ¼ MZ, Π3Y is the
vacuum polarization of one ispospin and one hypercharge
current, while Π11 and Π33 are the vacuum polarization of
the isospin currents. We illustrate the impact of the W
boson mass measurement on EW physics in Fig. 12, where
a red star indicates the SM prediction at one-loop level,
which corresponds to T ¼ S ¼ 0. The black dot marks the
observed value for the oblique parameters without includ-
ing the CDF result, corresponding to T ¼ 0.09� 0.14,
S ¼ 0.04� 0.11, with a covariance of ρ ¼ 0.92 [76]. The
dashed orange ellipse and the shaded orange ellipse
correspond, respectively, to the covariance ellipse drawn
at 1σ and 3σ of the oblique parameters measure. They
include several EW precision measurements, including the
W boson mass: To separate its impact, we show the
determination of T and S from separate sources. The light
yellow dashed lines and the yellow region correspond to the
bound originating from asymmetries measured at LEP
experiments and from the determination of sin2 θeffW . The
pink dashed line and the pink region is driven by the CDF
mass measurementMW jCDF within 1σ and 3σ, respectively.
The same reasoning applies to the light violet dashed lines
and light violet region, which are relative to the average
estimation MW jAVG. We remark that the new measurement
pushes the preferred region toward positive values of T
with respect to the SM and the old results. This is confirmed
by new EW fits that include the CDF result in the average
[14,15] or in replace of the old values [16]. Hence, the new

physics effect must be related to some breaking
of the custodial symmetry defined in the SM Higgs
sector.
In the radiative model under investigation, this effect

may dominantly arise from a mass difference between the
components of the doublet of fermions F↑

L and F↓
L, which

contribute at one-loop level to the W boson mass. In
Fig. 13, we show the relevant diagram for this correction.
This effect can be expressed in terms of the oblique
parameters in Eq. (A20), which take the following
expressions:

S ¼ NTC

6π



2ð4Y þ 3Þx1 þ 2ð−4Y þ 3Þx2 − 2Y ln

x1
x2

þ
��

3

2
þ 2Y

�
x1 þ Y

	
gðx1Þ þ

��
3

2
− 2Y

�
x2 − Y

	
gðx2Þ

�
;

T ¼ NTC

8πs2Wc
2
W
fðx1; x2Þ; ðA21Þ

where x1 ¼ ðmF↑
L
=MZÞ2, x2 ¼ ðmF↓

L
=MZÞ2, and

fðx1; x2Þ ¼
x1 þ x2

2
−

x1x2
x1 − x2

ln
x1
x2

;

gðxÞ ¼ −4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4x − 1

p
arctan

1ffiffiffiffiffiffiffiffiffiffiffiffiffi
4x − 1

p : ðA22Þ

For equal masses x1 ¼ x2, the contribution to T vanishes
as fðx; xÞ ¼ 0. This is clearly understood as such a mass
difference can only occur via breaking of the weak isospin,
which is generated by the mixing induced by the couplings

FIG. 12. In pink (violet) is shown the parameter space region
that is able to explain the ΔMW jCDF (ΔMW jAVG) within 3σ. The
black dot represents the experimental value of T and S, and the
orange ellipse is the corresponding covariance ellipse at 3σ. The
yellow region represents the bound originating from asymmetries
and determination of sin2 θeffW .

FIG. 13. Loop correction to W boson mass stemming from the
radiative model.
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k↑ ≠ k↓. Hence, the states running in the loop should be the
final mass eigenstates after diagonalization. The results in
Eq. (A21) are valid in the limit of small mixing.
In Fig. 14 on the left (right) panel, we show the

parameter space region that is able to explain ΔMW jCDF
(ΔMW jAVG) within 3σ for fixed values of NTC, correspond-
ing to different color shading. The dashed lines represent
the agreement within 1σ with the experimental measure-
ments. The plot investigates the dependence on the FL
mass versus the mass difference: The horizontal lines
correspond to mass splits equal to MW reported as a
reference. In the region above (below) the top (bottom)
line, decays among the two components are kinematically
open, hence allowing the on-shell decay

FL
↑ → W− þ FL

↓ðFL
↓ → Wþ þ FL

↑Þ: ðA23Þ

The plots show that, for NTC > 1, the mass splits are
required to be smaller than the W mass, but still sizeable.
Henceforth, the above decays can still occur via an off-shell
W boson.
If the isospin breaking in the fermion sector is too small,

the leading effect may arise at two-loop level, involving
the couplings yijQ with the third-generation quarks. The
mass difference between top and bottom already induces
a sizeable isospin violation, while the loop suppression
can be compensated by the large yQ couplings of the third-
generation quarks.

APPENDIX B: PARAMETER SPACE

Figures 15 and 16 show the available parameter space,
respectively, using the dispersive [6,36–56] and lattice [57]
Δaμ measurements, in the planes ðyQy†QÞbs vs ðyLy†LÞμμ,
ðyLy†EÞμμK vs ðyQy†QÞbs, and ðyLy†EÞμμK vs ðyLy†LÞμμ.

APPENDIX C: LOOP FUNCTIONS

In this section, we report the loop functions used in
Appendix A:

Fðx; yÞ ¼ 1

ð1 − xÞð1 − yÞ þ
x2 ln x

ð1 − xÞ2ðx − yÞ

þ y2 ln y
ð1 − yÞ2ðy − xÞ ;

Fðx; 1Þ ¼ Fð1; xÞ ¼ −1þ 4x − 3x2 þ 2x2 ln x
2ð−1þ xÞ3 ;

Fðx; xÞ ¼ 1 − x2 þ x ln x
ð1 − xÞ3 ;

Fð1; 1Þ ¼ 1

3
; ðC1Þ

F̃7ðyÞ ¼
F7ðy−1Þ

y
¼ 1 − 6yþ 3y2 þ 2y3 þ 6y2 ln y

12ð1 − yÞ4 ;

F̃7ð1Þ ¼
1

24
; ðC2Þ

GLRðyÞ ¼
1 − 4yþ 3y2 − 2y2 ln y

2ð1 − yÞ3 ;

GLRð1Þ ¼
1

3
; ðC3Þ

FLRðyÞ ¼ 1;

FLRð1Þ ¼
1

6
: ðC4Þ

Such functions were taken from [22,23] and adapted to
our case.

FIG. 14. In color is shown the parameter space that is able to compensate ΔMW from CDF II (left panel) and the average value shown
in Eq. (A18) (right panel). For each NTC, the bands represent the 3σ allowed region, while the dashed lines show the 1σ contour.
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FIG. 15. Parameter space for ðyQy†QÞbs vs ðyLy†LÞμμ (top), ðyLy†EÞμμK vs ðyQy†QÞbs (bottom left), and ðyLy†EÞμμK vs ðyLy†LÞμμ (bottom
right) using the dispersive Δaμ measurement [6,36–56].
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APPENDIX D: DIAGRAMS

1. Single Sq

FIG. 16. Parameter space for ðyQy†QÞbs vs ðyLy†LÞμμ (top), ðyLy†EÞμμK vs ðyQy†QÞbs (bottom left), and ðyLy†EÞμμK vs ðyLy†LÞμμ (bottom
right) using the lattice Δaμ measurement [57].
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