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• Consider  sans YukawaℒSM

Table 3: Higgs decays: The SM predictions for the branching ratios, and the experimental µ values

Mode BRSM µexperiment Comments
bb̄ 0.58 0.98± 0.20

WW
⇤ 0.21 0.99± 0.15 3-body

gg 0.09 loop
⌧
+
⌧
� 0.06 1.09± 0.23

ZZ
⇤ 0.03 1.17± 0.23 3-body

cc̄ 0.03
�� 0.002 1.14± 0.14 loop

– Neutrinos are massless, m⌫ = 0.

The last prediction is, however, violated in Nature. Neutrino flavor transitions are observed, implying
that at least two of the neutrino masses are different from zero.

Accidental symmetries are broken by higher-dimensional (non-renormalizable) terms. Two exam-
ples are the following:

– At dimension five,
z
⌫

ij

⇤ LiLj�� terms break U(1)e ⇥ U(1)µ ⇥ U(1)⌧ .
– At dimension six, yijkl

⇤2 QiQjQkLl terms break U(1)B .

Thus, given that m⌫ 6= 0, we learn that the SM is, at best, a good low energy effective field theory.
In the absence of the Yukawa matrices, LYuk = 0, the SM has a large U(3)5 global symmetry:

G
SM
global(Y

u,d,e = 0) = SU(3)3q ⇥ SU(3)2
`
⇥ U(1)5 , (48)

where

SU(3)3q = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D ,

SU(3)2
`

= SU(3)L ⇥ SU(3)E ,

U(1)5 = U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ U(1)E . (49)

Out of the five U(1) charges, three can be identified with baryon number (B), lepton number (L) and
hypercharge (Y ), which are respected by the Yukawa interactions. The two remaining U(1) groups can
be identified with the PQ symmetry whereby the Higgs and DR, ER fields have opposite charges, and
with a global rotation of ER only.

The point that is important for our purposes is that Lkin respects the non-Abelian flavor symmetry
SU(3)3q ⇥ SU(3)2

`
, under which

QL ! VQQL , UR ! VUUR , DR ! VDDR , LL ! VLLL , ER ! VEER , (50)

where the Vi are unitary matrices. The Yukawa interactions (12) break the global symmetry into the
subgroup of Eq. (47). (Of course, the gauged U(1)Y also remains a good symmetry.) Thus, the transfor-
mations of Eq. (50) are not a symmetry of LSM. Instead, they correspond to a change of the interaction
basis. These observations also offer an alternative way of defining flavor physics: it refers to interac-
tions that break the SU(3)5 symmetry (50). Thus, the term “flavor violation” is often used to describe
processes or parameters that break the symmetry.
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• Yukawa sector

−ℒYuk = q̄Yu H̃U + q̄YdHD + l̄YeHE

• Consider  sans YukawaℒSM

Table 3: Higgs decays: The SM predictions for the branching ratios, and the experimental µ values
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WW
⇤ 0.21 0.99± 0.15 3-body

gg 0.09 loop
⌧
+
⌧
� 0.06 1.09± 0.23

ZZ
⇤ 0.03 1.17± 0.23 3-body

cc̄ 0.03
�� 0.002 1.14± 0.14 loop

– Neutrinos are massless, m⌫ = 0.

The last prediction is, however, violated in Nature. Neutrino flavor transitions are observed, implying
that at least two of the neutrino masses are different from zero.

Accidental symmetries are broken by higher-dimensional (non-renormalizable) terms. Two exam-
ples are the following:

– At dimension five,
z
⌫

ij

⇤ LiLj�� terms break U(1)e ⇥ U(1)µ ⇥ U(1)⌧ .
– At dimension six, yijkl

⇤2 QiQjQkLl terms break U(1)B .

Thus, given that m⌫ 6= 0, we learn that the SM is, at best, a good low energy effective field theory.
In the absence of the Yukawa matrices, LYuk = 0, the SM has a large U(3)5 global symmetry:

G
SM
global(Y

u,d,e = 0) = SU(3)3q ⇥ SU(3)2
`
⇥ U(1)5 , (48)

where

SU(3)3q = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D ,
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`

= SU(3)L ⇥ SU(3)E ,

U(1)5 = U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ U(1)E . (49)

Out of the five U(1) charges, three can be identified with baryon number (B), lepton number (L) and
hypercharge (Y ), which are respected by the Yukawa interactions. The two remaining U(1) groups can
be identified with the PQ symmetry whereby the Higgs and DR, ER fields have opposite charges, and
with a global rotation of ER only.

The point that is important for our purposes is that Lkin respects the non-Abelian flavor symmetry
SU(3)3q ⇥ SU(3)2

`
, under which

QL ! VQQL , UR ! VUUR , DR ! VDDR , LL ! VLLL , ER ! VEER , (50)

where the Vi are unitary matrices. The Yukawa interactions (12) break the global symmetry into the
subgroup of Eq. (47). (Of course, the gauged U(1)Y also remains a good symmetry.) Thus, the transfor-
mations of Eq. (50) are not a symmetry of LSM. Instead, they correspond to a change of the interaction
basis. These observations also offer an alternative way of defining flavor physics: it refers to interac-
tions that break the SU(3)5 symmetry (50). Thus, the term “flavor violation” is often used to describe
processes or parameters that break the symmetry.
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• Yukawa sector

−ℒYuk = q̄Yu H̃U + q̄YdHD + l̄YeHE

• The breaking spurions

Yu = (3,3̄,1,1,1) Yd = (3,1,3̄,1,1) Ye = (1,1,1,3,3̄)

• Consider  sans YukawaℒSM

Table 3: Higgs decays: The SM predictions for the branching ratios, and the experimental µ values
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WW
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ZZ
⇤ 0.03 1.17± 0.23 3-body
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�� 0.002 1.14± 0.14 loop

– Neutrinos are massless, m⌫ = 0.

The last prediction is, however, violated in Nature. Neutrino flavor transitions are observed, implying
that at least two of the neutrino masses are different from zero.

Accidental symmetries are broken by higher-dimensional (non-renormalizable) terms. Two exam-
ples are the following:

– At dimension five,
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⌫

ij

⇤ LiLj�� terms break U(1)e ⇥ U(1)µ ⇥ U(1)⌧ .
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⇤2 QiQjQkLl terms break U(1)B .

Thus, given that m⌫ 6= 0, we learn that the SM is, at best, a good low energy effective field theory.
In the absence of the Yukawa matrices, LYuk = 0, the SM has a large U(3)5 global symmetry:
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Out of the five U(1) charges, three can be identified with baryon number (B), lepton number (L) and
hypercharge (Y ), which are respected by the Yukawa interactions. The two remaining U(1) groups can
be identified with the PQ symmetry whereby the Higgs and DR, ER fields have opposite charges, and
with a global rotation of ER only.

The point that is important for our purposes is that Lkin respects the non-Abelian flavor symmetry
SU(3)3q ⇥ SU(3)2
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, under which
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where the Vi are unitary matrices. The Yukawa interactions (12) break the global symmetry into the
subgroup of Eq. (47). (Of course, the gauged U(1)Y also remains a good symmetry.) Thus, the transfor-
mations of Eq. (50) are not a symmetry of LSM. Instead, they correspond to a change of the interaction
basis. These observations also offer an alternative way of defining flavor physics: it refers to interac-
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processes or parameters that break the symmetry.
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• Yukawa sector

−ℒYuk = q̄Yu H̃U + q̄YdHD + l̄YeHE

2.3.4 Yukawa interactions
The Yukawa interactions are given by

LYuk = � h

v
(me eL eR +mµ µL µR +m⌧ ⌧L ⌧R

+mu uL uR +mc cL cR +mt tL tR +md dL dR +ms sL sR +mb bL bR + h.c.
�

.

To see that the Higgs boson couples diagonally to the quark mass eigenstates, let us start from an
arbitrary interaction basis:

hDLY
d
DR = hDL(V

†
dL
VdL)Y

d(V †
dR

VdR)DR

= h(DLV
†
dL
)(VdLY

d
V

†
dR

)(VdRDR)

= h(dL sL bL)Ŷ
d(dR sR bR)

T
. (46)

We conclude that the Higgs couplings to the fermion mass eigenstates have the following features:

1. Diagonality.

2. Non-universality.

3. Proportionality to the fermion masses: the heavier the fermion, the stronger the coupling. The
factor of proportionality is m /v.

Thus, the Higgs boson decay is dominated by the heaviest particle which can be pair-produced in
the decay. For mh ⇠ 125 GeV, this is the bottom quark. Indeed, the SM predicts the following branching
ratios quoted in Table 3 for the leading decay modes. The following comments are in order with regard
to the predicted branching ratios:

1. From the seven branching ratios, three (b, ⌧, c) stand for two-body tree-level decays. Thus, at tree
level, the respective branching ratios obey BR

b̄b
: BR⌧+⌧� : BRcc̄ = 3m2

b
: m2

⌧ : 3m2
c . QCD

radiative corrections somewhat suppress the two modes with the quark final states (b, c) compared
to one with the lepton final state (⌧ ).

2. The WW
⇤ and ZZ

⇤ modes stand for the three-body tree-level decays, where one of the vector
bosons is on-shell and the other off-shell.

3. The Higgs boson does not have a tree-level coupling to gluons since it carries no color (and the
gluons have no mass). The decay into final gluons proceeds via loop diagrams. The dominant
contribution comes from the top-quark loop.

4. Similarly, the Higgs decays into final two photons via loop diagrams with small (BR�� ⇠ 0.002),
but observable, rate. The dominant contributions come from the W and the top-quark loops which
interfere destructively.

Experimentally, the decays into final ZZ
⇤, WW

⇤, ��, bb̄ and ⌧
+
⌧
� have been established.

2.4 Global symmetries

The SM has an accidental global symmetry:

G
SM
global(Y

u,d,e 6= 0) = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧ . (47)

This symmetry leads to various testable predictions. Here are a few examples:

– The proton must not decay, e.g. p ! e
+
⇡ is forbidden.

– FCNC decays of charged leptons must not occur, e.g. µ ! e� is forbidden.
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• The birth of flavor physics

[Success: No proton decay, no cLFV]

• The breaking spurions

Yu = (3,3̄,1,1,1) Yd = (3,1,3̄,1,1) Ye = (1,1,1,3,3̄)

• Consider  sans YukawaℒSM

Table 3: Higgs decays: The SM predictions for the branching ratios, and the experimental µ values
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– Neutrinos are massless, m⌫ = 0.

The last prediction is, however, violated in Nature. Neutrino flavor transitions are observed, implying
that at least two of the neutrino masses are different from zero.
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z
⌫

ij

⇤ LiLj�� terms break U(1)e ⇥ U(1)µ ⇥ U(1)⌧ .
– At dimension six, yijkl

⇤2 QiQjQkLl terms break U(1)B .

Thus, given that m⌫ 6= 0, we learn that the SM is, at best, a good low energy effective field theory.
In the absence of the Yukawa matrices, LYuk = 0, the SM has a large U(3)5 global symmetry:
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global(Y

u,d,e = 0) = SU(3)3q ⇥ SU(3)2
`
⇥ U(1)5 , (48)

where
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`

= SU(3)L ⇥ SU(3)E ,

U(1)5 = U(1)B ⇥ U(1)L ⇥ U(1)Y ⇥ U(1)PQ ⇥ U(1)E . (49)

Out of the five U(1) charges, three can be identified with baryon number (B), lepton number (L) and
hypercharge (Y ), which are respected by the Yukawa interactions. The two remaining U(1) groups can
be identified with the PQ symmetry whereby the Higgs and DR, ER fields have opposite charges, and
with a global rotation of ER only.

The point that is important for our purposes is that Lkin respects the non-Abelian flavor symmetry
SU(3)3q ⇥ SU(3)2

`
, under which

QL ! VQQL , UR ! VUUR , DR ! VDDR , LL ! VLLL , ER ! VEER , (50)

where the Vi are unitary matrices. The Yukawa interactions (12) break the global symmetry into the
subgroup of Eq. (47). (Of course, the gauged U(1)Y also remains a good symmetry.) Thus, the transfor-
mations of Eq. (50) are not a symmetry of LSM. Instead, they correspond to a change of the interaction
basis. These observations also offer an alternative way of defining flavor physics: it refers to interac-
tions that break the SU(3)5 symmetry (50). Thus, the term “flavor violation” is often used to describe
processes or parameters that break the symmetry.
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Flavor physics of the Higgs Boson

H0 → v + h
2.3.4 Yukawa interactions
The Yukawa interactions are given by

LYuk = � h

v
(me eL eR +mµ µL µR +m⌧ ⌧L ⌧R

+mu uL uR +mc cL cR +mt tL tR +md dL dR +ms sL sR +mb bL bR + h.c.
�

.

To see that the Higgs boson couples diagonally to the quark mass eigenstates, let us start from an
arbitrary interaction basis:

hDLY
d
DR = hDL(V

†
dL
VdL)Y

d(V †
dR

VdR)DR

= h(DLV
†
dL
)(VdLY

d
V

†
dR

)(VdRDR)

= h(dL sL bL)Ŷ
d(dR sR bR)

T
. (46)

We conclude that the Higgs couplings to the fermion mass eigenstates have the following features:

1. Diagonality.

2. Non-universality.

3. Proportionality to the fermion masses: the heavier the fermion, the stronger the coupling. The
factor of proportionality is m /v.

Thus, the Higgs boson decay is dominated by the heaviest particle which can be pair-produced in
the decay. For mh ⇠ 125 GeV, this is the bottom quark. Indeed, the SM predicts the following branching
ratios quoted in Table 3 for the leading decay modes. The following comments are in order with regard
to the predicted branching ratios:

1. From the seven branching ratios, three (b, ⌧, c) stand for two-body tree-level decays. Thus, at tree
level, the respective branching ratios obey BR

b̄b
: BR⌧+⌧� : BRcc̄ = 3m2

b
: m2

⌧ : 3m2
c . QCD

radiative corrections somewhat suppress the two modes with the quark final states (b, c) compared
to one with the lepton final state (⌧ ).

2. The WW
⇤ and ZZ

⇤ modes stand for the three-body tree-level decays, where one of the vector
bosons is on-shell and the other off-shell.

3. The Higgs boson does not have a tree-level coupling to gluons since it carries no color (and the
gluons have no mass). The decay into final gluons proceeds via loop diagrams. The dominant
contribution comes from the top-quark loop.

4. Similarly, the Higgs decays into final two photons via loop diagrams with small (BR�� ⇠ 0.002),
but observable, rate. The dominant contributions come from the W and the top-quark loops which
interfere destructively.

Experimentally, the decays into final ZZ
⇤, WW

⇤, ��, bb̄ and ⌧
+
⌧
� have been established.

2.4 Global symmetries

The SM has an accidental global symmetry:

G
SM
global(Y

u,d,e 6= 0) = U(1)B ⇥ U(1)e ⇥ U(1)µ ⇥ U(1)⌧ . (47)

This symmetry leads to various testable predictions. Here are a few examples:

– The proton must not decay, e.g. p ! e
+
⇡ is forbidden.

– FCNC decays of charged leptons must not occur, e.g. µ ! e� is forbidden.
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• In the SM
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Fig. 2: The Feynman diagrams for flavour conserving couplings of quarks to photon, Z boson, gluon and the
Higgs (the first three diagrams), and the flavour changing coupling to the W (the last diagram). The 3⇥ 3 matrices
are visual representations of couplings in the generation space, with couplings to �, Z, g flavour universal, the
couplings to the Higgs flavour diagonal but not universal, and the couplings to W flavour changing and hierarhical.

A conventional parametrization of the CKM matrix is [14]

VCKM =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0

�s12 c12 0
0 0 1

1

A

=

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A ,

(21)

where cij ⌘ cos ✓ij , sij ⌘ sin ✓ij , so that the CKM matrix is a product of three rotations with one phase
inserted in the matrix describing the ✓13 rotation. Experimentally, we observe that ✓12 � ✓23 � ✓13,
while � ⇠ O(1).

As the side benefit of the counting of physical parameters we just performed, we also understand
that the flavour breaking due to the Yukawa matrices is as given in Eq. (14). In more detail, if we were
to take nonzero just a single Yukawa coupling matrix at the time, the breaking pattern is

– since Y` 6/ 1: U(3)L ⇥U(3)` ! U(1)e ⇥U(1)µ ⇥U(1)⌧ , i.e., the charged lepton family numbers,
– since Yu 6/ 1: U(3)Q ⇥ U(3)u ! U(1)u ⇥ U(1)c ⇥ U(1)t, i.e., the up-quark family numbers,
– since Yd 6/ 1: U(3)Q ⇥ U(3)d ! U(1)d ⇥ U(1)s ⇥ U(1)b, i.e., the down-quark family number,
– since [Yd, Yu] 6= 0: U(1)6q ! U(1)B , i.e., the above quark U(1)’s further break to a global baryon

number.

Note that the final U(1)’s are composed both from the U(1) factors in the original [U(3) = SU(3) ⇥
U(1)]’s, as well as from the t3 and t8 generators of the SU(3)’s. In particular, not all of the U(1) factors
in Gflavour get broken by the Yukawas. The Gflavour contains five U(1) factors, which can be chosen to
be U(1)5 = U(1)Y ⇥ U(1)B ⇥ U(1)L ⇥ U(1)PQ ⇥ U(1)`R . The U(1)Y is the hypercharge group,
which is gauged, while B and L are the global baryon and lepton numbers. These are not broken by
LYukawa. The remaining two global U(1)’s can be taken to be the Peccei-Quinn symmetry U(1)PQ (H
and di

R
, `i

R
have opposite charges, all others zero), while under U(1)`R only `i

R
is charged. The U(1)PQ

is broken by Yu 6= 0, and U(1)`R by Y` 6= 0. Had we included neutrino masses in the discussion, these
would furthermore break the separate lepton numbers to a common lepton number, U(1)L, if the neutrino
masses are Dirac, while Majorana masses also break U(1)L, see appendix A.

2.5 The flavour violation as seen in the mass basis
The main message of the discussion so far is: in the SM the flavour structure (flavour breaking) resides in
the Yukawa sector of the SM Lagrangian, Eq. (13). If the Yukawa couplings were vanishingly small, the
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• Beyond the SM
New sources of flavour and (or) EWS breaking would 
change these predictions!

Flavor physics of the Higgs Boson
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• Beyond the SM

• 2HDM example

−ℒYuk = f̄ Yf
i HiF

Add another Higgs doublet  where Hi i = 1,2

Mf = Yf
1v1 + Yf

2v2

h = h 1 cos α + h 2 sin α

Flavor physics of the Higgs Boson

New sources of flavour and (or) EWS breaking would 
change these predictions!

In general, the Higgs boson can have couplings that are neither 
proportional to the mass matrix nor diagonal, nor CP conserving.
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• Beyond the SM

• 2HDM example • SM EFT example

−ℒYuk = f̄ Yf
i HiF

Add another Higgs doublet  where Hi i = 1,2

Mf = Yf
1v1 + Yf

2v2

h = h 1 cos α + h 2 sin α

Add a dim-6 SM EFT correction

−ℒYuk = f̄ Yf
1HF + 1

Λ2 f̄ Yf
2HF H†H

Mf ∝ Yf
1 + Yf

2
v2

Λ2 h : Yf
1 + 3 Yf

2
v2

Λ2

Flavor physics of the Higgs Boson

New sources of flavour and (or) EWS breaking would 
change these predictions!

In general, the Higgs boson can have couplings that are neither 
proportional to the mass matrix nor diagonal, nor CP conserving.
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Fig. 2: The Feynman diagrams for flavour conserving couplings of quarks to photon, Z boson, gluon and the
Higgs (the first three diagrams), and the flavour changing coupling to the W (the last diagram). The 3⇥ 3 matrices
are visual representations of couplings in the generation space, with couplings to �, Z, g flavour universal, the
couplings to the Higgs flavour diagonal but not universal, and the couplings to W flavour changing and hierarhical.

A conventional parametrization of the CKM matrix is [14]

VCKM =

0

@
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1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0

�s12 c12 0
0 0 1

1

A

=

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13
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A ,

(21)

where cij ⌘ cos ✓ij , sij ⌘ sin ✓ij , so that the CKM matrix is a product of three rotations with one phase
inserted in the matrix describing the ✓13 rotation. Experimentally, we observe that ✓12 � ✓23 � ✓13,
while � ⇠ O(1).

As the side benefit of the counting of physical parameters we just performed, we also understand
that the flavour breaking due to the Yukawa matrices is as given in Eq. (14). In more detail, if we were
to take nonzero just a single Yukawa coupling matrix at the time, the breaking pattern is

– since Y` 6/ 1: U(3)L ⇥U(3)` ! U(1)e ⇥U(1)µ ⇥U(1)⌧ , i.e., the charged lepton family numbers,
– since Yu 6/ 1: U(3)Q ⇥ U(3)u ! U(1)u ⇥ U(1)c ⇥ U(1)t, i.e., the up-quark family numbers,
– since Yd 6/ 1: U(3)Q ⇥ U(3)d ! U(1)d ⇥ U(1)s ⇥ U(1)b, i.e., the down-quark family number,
– since [Yd, Yu] 6= 0: U(1)6q ! U(1)B , i.e., the above quark U(1)’s further break to a global baryon

number.

Note that the final U(1)’s are composed both from the U(1) factors in the original [U(3) = SU(3) ⇥
U(1)]’s, as well as from the t3 and t8 generators of the SU(3)’s. In particular, not all of the U(1) factors
in Gflavour get broken by the Yukawas. The Gflavour contains five U(1) factors, which can be chosen to
be U(1)5 = U(1)Y ⇥ U(1)B ⇥ U(1)L ⇥ U(1)PQ ⇥ U(1)`R . The U(1)Y is the hypercharge group,
which is gauged, while B and L are the global baryon and lepton numbers. These are not broken by
LYukawa. The remaining two global U(1)’s can be taken to be the Peccei-Quinn symmetry U(1)PQ (H
and di

R
, `i

R
have opposite charges, all others zero), while under U(1)`R only `i

R
is charged. The U(1)PQ

is broken by Yu 6= 0, and U(1)`R by Y` 6= 0. Had we included neutrino masses in the discussion, these
would furthermore break the separate lepton numbers to a common lepton number, U(1)L, if the neutrino
masses are Dirac, while Majorana masses also break U(1)L, see appendix A.

2.5 The flavour violation as seen in the mass basis
The main message of the discussion so far is: in the SM the flavour structure (flavour breaking) resides in
the Yukawa sector of the SM Lagrangian, Eq. (13). If the Yukawa couplings were vanishingly small, the
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1482, 1485, 1487, 1489, 1503])

t = 1.43 ± 0.23, b = 0.60 ± 0.18, c . 6.2, (IV.6.13)

s < 65, d < 1.4 · 103, u < 3.0 · 103, (IV.6.14)

⌧ = 0.88 ± 0.13, µ = 0.2+1.2
�0.2, e . 630. (IV.6.15)

Here, t,b,c,s,d,u,⌧ constraints have been obtained by allowing BSM particles to modify the h ! gg
and h ! �� couplings, i.e. �g,� were floated, while assuming that there are no new decay channels,
BRBSM = 0. The µ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, �g,� were set to zero. The upper bounds on c,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on ⌧µ, µ⌧ , ⌧e, e⌧

are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h ! ⌧µ [1507, 1508].

In the rest of the section we review the expected sizes of i in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h ! ⌧µ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, f , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/⇤2, where ⇤ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),

LEFT =
Y 0

u

⇤2 Q̄LHcuR(H†H) +
Y 0

d

⇤2 Q̄LHdR(H†H) +
Y 0

`

⇤2 L̄LH`R(H†H) + h.c. , (IV.6.16)

which correct the SM Yukawa interactions, YuQ̄LHcuR + YdQ̄LHdR + Y`L̄LH`R. Here ⇤ is the NP
scale and Hc = i�2H

⇤. The fermion mass matrices and Yukawa couplings after EWSB are

Mf =
v

p
2

⇣
Yf + Y 0

f
v2

2⇤2

⌘
, yf = Yf + 3Y 0

f
v2

2⇤2 , f = u, d, ` . (IV.6.17)

Because Yf and Y 0
f appear in two different combinations in Mf and in the physical Higgs Yukawa

couplings, yf , the two, in general, cannot be made diagonal in the same basis and will lead to flavour-
violating Higgs boson couplings.
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t = 1.43 ± 0.23, b = 0.60 ± 0.18, c . 6.2, (IV.6.13)

s < 65, d < 1.4 · 103, u < 3.0 · 103, (IV.6.14)

⌧ = 0.88 ± 0.13, µ = 0.2+1.2
�0.2, e . 630. (IV.6.15)

Here, t,b,c,s,d,u,⌧ constraints have been obtained by allowing BSM particles to modify the h ! gg
and h ! �� couplings, i.e. �g,� were floated, while assuming that there are no new decay channels,
BRBSM = 0. The µ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, �g,� were set to zero. The upper bounds on c,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on ⌧µ, µ⌧ , ⌧e, e⌧

are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h ! ⌧µ [1507, 1508].

In the rest of the section we review the expected sizes of i in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h ! ⌧µ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, f , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/⇤2, where ⇤ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),

LEFT =
Y 0

u

⇤2 Q̄LHcuR(H†H) +
Y 0

d

⇤2 Q̄LHdR(H†H) +
Y 0

`

⇤2 L̄LH`R(H†H) + h.c. , (IV.6.16)

which correct the SM Yukawa interactions, YuQ̄LHcuR + YdQ̄LHdR + Y`L̄LH`R. Here ⇤ is the NP
scale and Hc = i�2H

⇤. The fermion mass matrices and Yukawa couplings after EWSB are

Mf =
v

p
2

⇣
Yf + Y 0

f
v2

2⇤2

⌘
, yf = Yf + 3Y 0

f
v2

2⇤2 , f = u, d, ` . (IV.6.17)

Because Yf and Y 0
f appear in two different combinations in Mf and in the physical Higgs Yukawa

couplings, yf , the two, in general, cannot be made diagonal in the same basis and will lead to flavour-
violating Higgs boson couplings.
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s < 65, d < 1.4 · 103, u < 3.0 · 103, (IV.6.14)

⌧ = 0.88 ± 0.13, µ = 0.2+1.2
�0.2, e . 630. (IV.6.15)

Here, t,b,c,s,d,u,⌧ constraints have been obtained by allowing BSM particles to modify the h ! gg
and h ! �� couplings, i.e. �g,� were floated, while assuming that there are no new decay channels,
BRBSM = 0. The µ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, �g,� were set to zero. The upper bounds on c,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on ⌧µ, µ⌧ , ⌧e, e⌧

are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h ! ⌧µ [1507, 1508].

In the rest of the section we review the expected sizes of i in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h ! ⌧µ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, f , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/⇤2, where ⇤ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),
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⇤2 Q̄LHcuR(H†H) +
Y 0

d

⇤2 Q̄LHdR(H†H) +
Y 0

`

⇤2 L̄LH`R(H†H) + h.c. , (IV.6.16)

which correct the SM Yukawa interactions, YuQ̄LHcuR + YdQ̄LHdR + Y`L̄LH`R. Here ⇤ is the NP
scale and Hc = i�2H

⇤. The fermion mass matrices and Yukawa couplings after EWSB are

Mf =
v

p
2

⇣
Yf + Y 0

f
v2

2⇤2

⌘
, yf = Yf + 3Y 0

f
v2

2⇤2 , f = u, d, ` . (IV.6.17)

Because Yf and Y 0
f appear in two different combinations in Mf and in the physical Higgs Yukawa

couplings, yf , the two, in general, cannot be made diagonal in the same basis and will lead to flavour-
violating Higgs boson couplings.
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Here, t,b,c,s,d,u,⌧ constraints have been obtained by allowing BSM particles to modify the h ! gg
and h ! �� couplings, i.e. �g,� were floated, while assuming that there are no new decay channels,
BRBSM = 0. The µ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, �g,� were set to zero. The upper bounds on c,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on ⌧µ, µ⌧ , ⌧e, e⌧

are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h ! ⌧µ [1507, 1508].

In the rest of the section we review the expected sizes of i in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h ! ⌧µ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, f , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/⇤2, where ⇤ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),
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which correct the SM Yukawa interactions, YuQ̄LHcuR + YdQ̄LHdR + Y`L̄LH`R. Here ⇤ is the NP
scale and Hc = i�2H

⇤. The fermion mass matrices and Yukawa couplings after EWSB are
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⌘
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Because Yf and Y 0
f appear in two different combinations in Mf and in the physical Higgs Yukawa

couplings, yf , the two, in general, cannot be made diagonal in the same basis and will lead to flavour-
violating Higgs boson couplings.
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and h ! �� couplings, i.e. �g,� were floated, while assuming that there are no new decay channels,
BRBSM = 0. The µ,e were required to be non-negative and, in addition, when obtaining the respective
bounds, �g,� were set to zero. The upper bounds on c,s,d,u roughly correspond to the size of the SM
bottom Yukawa coupling and are thus much bigger than the corresponding SM Yukawa couplings. The
upper bounds can be saturated only if one allows for large cancellations between the contribution to
fermion masses from the Higgs vev and an equally large but opposite in sign contribution from NP. We
will show that in models of NP motivated by the hierarchy problem, the effects of NP are generically
well below these bounds.

The CP-violating flavour-diagonal Yukawa couplings, ̃f , are well constrained from bounds on
the electric dipole moments (EDMs) [637–639] under the assumption of no other contribution to EDMs
beyond the Higgs contributions. The flavour violating Yukawa couplings are well constrained by the
low-energy flavour-changing neutral current measurements [1490, 1504, 1505]. A notable exception are
the flavour-violating couplings involving a tau lepton. The strongest constraints on ⌧µ, µ⌧ , ⌧e, e⌧

are thus from direct searches of flavour-violating Higgs boson decays at the LHC [1506, 1507]. This is
especially interesting in light of a potential hint of a signal in h ! ⌧µ [1507, 1508].

In the rest of the section we review the expected sizes of i in popular models of weak scale
NP, some of them motivated by the hierarchy problem. At the end of the section we also discuss the
implications of a potential nonzero Br(h ! ⌧µ) close to the present experimental upper bound [1506].

IV.6.2.c.i Modified Yukawa couplings and electroweak New Physics
Tables 165, 166, and 167, adapted from [1509–1513], summarize the predictions for the effective
Yukawa couplings, f , in the Standard Model, multi-Higgs-doublet models (MHDM) with natural flavour
conservation (NFC) [1193,1194], the MSSM at tree level, a single Higgs doublet with a Froggat-Nielsen
mechanism (FN) [1514], the Giudice-Lebedev model of quark masses modified to 2HDM (GL2) [1515],
NP models with minimal flavour violation (MFV) [700], Randall-Sundrum models (RS) [1516], and
models with a composite Higgs where Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [769, 770,
772,1517]. The flavour-violating couplings in the above set of NP models are collected in Tables 168 and
169. Next, we briefly discuss each of the above models, and show that the effects are either suppressed
by 1/⇤2, where ⇤ is the NP scale, or are proportional to the mixing angles with the extra scalars.

Dimension-Six Operators with Minimal Flavour Violation (MFV). We first assume that there is a
mass gap between the SM and NP. Integrating out the NP states leads to dimension six operators (after
absorbing the modifications of kinetic terms using equations of motion [1518]),
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• Exclusive Higgs decays to mesons: 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1.2 ± 0.6, ATLAS 2007.07830.

1.2 ± 0.4, CMS CMS-PAS-HIG-19-006.

The observation at the end of Run 3?

https://arxiv.org/abs/2007.07830
https://arxiv.org/abs/2007.07830
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and similarly for the down quarks. If the strong sector is CP violating, then ̃u,d
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large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y⇤ ⇠ 4⇡, and these resonances are relatively light, M⇤ ⇠ 4⇡v ⇠ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., �q

L,3 ⇠ �u
R,3 ⇠ 1). In the anarchic flavour scenario, one expects the remaining quarks to

be mostly elementary (so the remaining �i ⌧ 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.

IV.6.2.c.ii Models with large flavour-violating Higgs boson decays

In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
dictions share several common features. If the scale of NP is well above the weak scale, ⇤ � v, the
deviations from the SM expectations become increasingly small.

Flavour-violating Higgs Yukawa couplings to quarks are significantly constrained by meson mix-
ing constraints [1490, 1504]. If the tree-level Higgs exchange is the dominant NP contribution, the con-
straints from D� D̄, Bd � B̄d, Bs � B̄s and K � K̄ mixing translate to Br(h ! cū+uc̄) < 3.7⇥10�6,
Br(h ! bd̄ + db̄) < 1.7 ⇥ 10�5, Br(h ! bs̄ + sb̄) < 1.3 ⇥ 10�3, and Br(h ! sd̄ + ds̄) < 4.2 ⇥ 10�7

at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h ! b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the

flavour-violating top decays at the LHC, t ! hc, hu, giving
q

2
tc + 2

ct < 0.13 and
q

2
tu + 2
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[1569–1571].The D � D̄ mixing also constrains combinations of the couplings, |utct|, |tutc| <

7.6 ⇥ 10�3, |tuct|, |uttc| < 2.2 ⇥ 10�3, |utcttutc|
1/2 < 0.9 ⇥ 10�3 [1490].

Similarly, the flavour-violating Yukawa couplings involving the ⌧ lepton are relatively loosely
constrained. The most stringent constraints come from direct searches for h ! ⌧µ, ⌧e at the LHC [1506–

1508], giving
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µ⌧ < 3.6 ⇥ 10�3 [1508],
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e⌧ < 2.4 ⇥ 10�3 [1506]. These numbers

should be compared to the indirect constraints from searches for ⌧ ! µ� and ⌧ ! e�:
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2
⌧µ + 2

µ⌧ <

0.016,
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2
⌧e + 2

e⌧ < 0.014 [1490, 1504].

In contrast, the most stringent constraint on µe is due to µ ! e�, giving
q

2
µe + 2

eµ < 3.6 ⇥

10�6 [1490] to be compared with the bound from the direct search h ! eµ which is two orders of

magnitude less stringent,
q

2
⌧e + 2

e⌧ < 5.4 ⇥ 10�4 [1506].
The bounds from indirect constraints also limit the relative sizes of h ! ⌧µ and h ! ⌧e branching

ratios. Since µ ! e� and µ ! e conversion provide complementary information on the relevant Yukawa
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ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
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large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y⇤ ⇠ 4⇡, and these resonances are relatively light, M⇤ ⇠ 4⇡v ⇠ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., �q

L,3 ⇠ �u
R,3 ⇠ 1). In the anarchic flavour scenario, one expects the remaining quarks to

be mostly elementary (so the remaining �i ⌧ 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.
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In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
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at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h ! b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
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The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the
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1/2 < 0.9 ⇥ 10�3 [1490].
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constrained. The most stringent constraints come from direct searches for h ! ⌧µ, ⌧e at the LHC [1506–

1508], giving
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In contrast, the most stringent constraint on µe is due to µ ! e�, giving
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2
µe + 2

eµ < 3.6 ⇥

10�6 [1490] to be compared with the bound from the direct search h ! eµ which is two orders of

magnitude less stringent,
q

2
⌧e + 2

e⌧ < 5.4 ⇥ 10�4 [1506].
The bounds from indirect constraints also limit the relative sizes of h ! ⌧µ and h ! ⌧e branching

ratios. Since µ ! e� and µ ! e conversion provide complementary information on the relevant Yukawa
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large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y⇤ ⇠ 4⇡, and these resonances are relatively light, M⇤ ⇠ 4⇡v ⇠ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., �q

L,3 ⇠ �u
R,3 ⇠ 1). In the anarchic flavour scenario, one expects the remaining quarks to

be mostly elementary (so the remaining �i ⌧ 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.

IV.6.2.c.ii Models with large flavour-violating Higgs boson decays

In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
dictions share several common features. If the scale of NP is well above the weak scale, ⇤ � v, the
deviations from the SM expectations become increasingly small.

Flavour-violating Higgs Yukawa couplings to quarks are significantly constrained by meson mix-
ing constraints [1490, 1504]. If the tree-level Higgs exchange is the dominant NP contribution, the con-
straints from D� D̄, Bd � B̄d, Bs � B̄s and K � K̄ mixing translate to Br(h ! cū+uc̄) < 3.7⇥10�6,
Br(h ! bd̄ + db̄) < 1.7 ⇥ 10�5, Br(h ! bs̄ + sb̄) < 1.3 ⇥ 10�3, and Br(h ! sd̄ + ds̄) < 4.2 ⇥ 10�7

at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h ! b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the

flavour-violating top decays at the LHC, t ! hc, hu, giving
q

2
tc + 2

ct < 0.13 and
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2
tu + 2

ut < 0.13

[1569–1571].The D � D̄ mixing also constrains combinations of the couplings, |utct|, |tutc| <

7.6 ⇥ 10�3, |tuct|, |uttc| < 2.2 ⇥ 10�3, |utcttutc|
1/2 < 0.9 ⇥ 10�3 [1490].

Similarly, the flavour-violating Yukawa couplings involving the ⌧ lepton are relatively loosely
constrained. The most stringent constraints come from direct searches for h ! ⌧µ, ⌧e at the LHC [1506–

1508], giving
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In contrast, the most stringent constraint on µe is due to µ ! e�, giving
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magnitude less stringent,
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The bounds from indirect constraints also limit the relative sizes of h ! ⌧µ and h ! ⌧e branching

ratios. Since µ ! e� and µ ! e conversion provide complementary information on the relevant Yukawa
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large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y⇤ ⇠ 4⇡, and these resonances are relatively light, M⇤ ⇠ 4⇡v ⇠ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., �q

L,3 ⇠ �u
R,3 ⇠ 1). In the anarchic flavour scenario, one expects the remaining quarks to

be mostly elementary (so the remaining �i ⌧ 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.

IV.6.2.c.ii Models with large flavour-violating Higgs boson decays

In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
dictions share several common features. If the scale of NP is well above the weak scale, ⇤ � v, the
deviations from the SM expectations become increasingly small.

Flavour-violating Higgs Yukawa couplings to quarks are significantly constrained by meson mix-
ing constraints [1490, 1504]. If the tree-level Higgs exchange is the dominant NP contribution, the con-
straints from D� D̄, Bd � B̄d, Bs � B̄s and K � K̄ mixing translate to Br(h ! cū+uc̄) < 3.7⇥10�6,
Br(h ! bd̄ + db̄) < 1.7 ⇥ 10�5, Br(h ! bs̄ + sb̄) < 1.3 ⇥ 10�3, and Br(h ! sd̄ + ds̄) < 4.2 ⇥ 10�7

at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h ! b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the

flavour-violating top decays at the LHC, t ! hc, hu, giving
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ct < 0.13 and
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[1569–1571].The D � D̄ mixing also constrains combinations of the couplings, |utct|, |tutc| <

7.6 ⇥ 10�3, |tuct|, |uttc| < 2.2 ⇥ 10�3, |utcttutc|
1/2 < 0.9 ⇥ 10�3 [1490].

Similarly, the flavour-violating Yukawa couplings involving the ⌧ lepton are relatively loosely
constrained. The most stringent constraints come from direct searches for h ! ⌧µ, ⌧e at the LHC [1506–

1508], giving
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large for the quarks with a large composite component if the Higgs is strongly coupled to the vector
resonances, y⇤ ⇠ 4⇡, and these resonances are relatively light, M⇤ ⇠ 4⇡v ⇠ 3 TeV. The left-handed
top and bottom, as well as the right-handed top, are expected to be composite, explaining the large top
mass (i.e., �q

L,3 ⇠ �u
R,3 ⇠ 1). In the anarchic flavour scenario, one expects the remaining quarks to

be mostly elementary (so the remaining �i ⌧ 1). If there is some underlying flavour alignment, it
is also possible that the light quarks are composite. This is most easily achieved in the right-handed
sector [1558, 1562, 1563].

In the case of the lepton sector, if we assume that there are no hierarchies in the composite sec-
tor [1564] (see also [1565–1568]), then the NP effects in the flavour diagonal and off-diagonal Yukawas
are negligible. For this reason, we do not report them in Tabs. 167 and 170.

IV.6.2.c.ii Models with large flavour-violating Higgs boson decays

In Section IV.6.2.c.i we explored the modifications of Higgs Yukawa couplings in a number of popular
NP models, some of which are motivated by the hierarchy problem. The deviations from the SM pre-
dictions share several common features. If the scale of NP is well above the weak scale, ⇤ � v, the
deviations from the SM expectations become increasingly small.

Flavour-violating Higgs Yukawa couplings to quarks are significantly constrained by meson mix-
ing constraints [1490, 1504]. If the tree-level Higgs exchange is the dominant NP contribution, the con-
straints from D� D̄, Bd � B̄d, Bs � B̄s and K � K̄ mixing translate to Br(h ! cū+uc̄) < 3.7⇥10�6,
Br(h ! bd̄ + db̄) < 1.7 ⇥ 10�5, Br(h ! bs̄ + sb̄) < 1.3 ⇥ 10�3, and Br(h ! sd̄ + ds̄) < 4.2 ⇥ 10�7

at 95% C.L., respectively. These branching ratios are too small to be experimentally searched for, with
the possible exception of h ! b̄s + bs̄. The indirect bounds can be relaxed to per-cent-level branching
ratios only if there is substantial cancellation between the flavour-violating Higgs exchange and other NP
contributions to the mixing amplitude.

The flavour-violating couplings of the Higgs involving top quarks, tc,tu and ct,ut, are more
loosely constrained experimentally. The most important constraints come from direct searches for the
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implies stringent constraints on h → μe

CMS 1712.07173 

Br(h → τμ) < 0.25 %
Br(h → τe) < 0.61 %

ATLAS 1907.06131

Br(h → τμ) < 0.28 %
Br(h → τe) < 0.47 %

[For New Physics Models Facing Lepton Flavor Violating Higgs Decays at the Percent Level see 1502.07784]
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Hot topic in flavour physics: Muon Anomalies

The Muon g-2, Fermilab, 2104.03281LHCb, CERN, 2103.11769

3.1 σ

b → sμμ
b → see

(g −2)μ



 

SUB eSUl2lc UHH UMB3hm
Qu 3 2 46 113

I 2 42 0 3,0
Ur 3 I 213 113

dr 3 l Yz 113

Vr 1 I 0 0 3,0
er I I I 0 3,0
H 1 2 42 0

OI 1 I 0 3

Sz I 3 113 813
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• SM x  gauge symmetryU(1)B−3Lμ

SM Muon force

Muoquark

AG, Stangl, Thomsen, 2103.13991

A model of Muon Anomalies
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A model of Muon Anomalies

AG, Stangl, Thomsen, 2103.13991
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* Minimal type-I seesaw 
for the neutrino masses

A model of Muon Anomalies

AG, Stangl, Thomsen, 2103.13991
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SM Muon force

Muoquark
ℒ ⊃ QL L(2)

L S3

A model of Muon Anomalies

AG, Stangl, Thomsen, 2103.13991



Muon force

6

Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.
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FIG. 3. Allowed parameter space for the light X solution to
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small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2
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sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.
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Beyond the EFT: h→ γγ, gg and S, T from LQ
Gherardi, DM, Venturini 2008.09548; Crivellin, Muller, Saturnino 2006.10758

1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in ⌧ vs. light leptons, R(D(⇤)) = Br(B !
D(⇤)⌧⌫)/Br(B ! D(⇤)`⌫) (where ` = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(⇤)) =
Br(B ! K(⇤)µµ)/Br(B ! K(⇤)ee) [12–15],

• deviations in di↵erential angular distributions of the B ! K⇤µ+µ� decay, as well
as in several branching ratios of b ! sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g � 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out
and have been the focus of a large amount of theoretical and experimental e↵ort. In
all cases, large theory e↵orts for improving the SM predictions (often very challenging)
have been undertaken, and several experimental endeavours and analyses have been set
up for confirming, disproving, or providing cross-checks, for the anomalies. Indeed, new
measurements scheduled to appear within the next few years are expected to clarify the
nature of all these anomalies. A confirmation for the presence of new physics in any one
of these observables would of course be revolutionary in our understanding of physics at
the TeV scale.

For the same reasons, an equally large e↵ort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
the leading radiative e↵ect [24–27], however since the logarithm is often just of O(1),
finite contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand,
scalar leptoquarks can be considered as self-consistent simplified models, and all observ-
ables can be computed precisely in terms of the LQ couplings and masses. A particularly
promising set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and

3

S3 = (3̄,3, 1/3) representations.1 Several works have been dedicated to study their phe-
nomenology. The S1 leptoquark has been considered as possible mediator for all anoma-
lies [32–41], with varying degree of success. S3, instead, has long been recognized to be a
very good candidate to address the deviations in the b ! sµµ transition [42–49]. Finally,
the combination of both leptoquarks has been considered as a good combined explanation
of charged and neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) com-
pletions have been proposed in terms of a composite Higgs model [52], combining flavour
anomalies with a solution to the Higgs hierarchy problem, as well as in the framework of
asymptotically safe quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant e↵ects, and is not suitable to be systemati-
cally generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on e↵ective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1+S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coe�cients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. Ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to di↵erent UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ⇡ 1 TeV scale, see e.g. Refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions
to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ
) or O(m2

EW
/M2

LQ
) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former e↵ects are completely negligible, the latter are ⇠ 1% for TeV-
scale leptoquarks, which do not a↵ect the results in any sizeable way, given present day
precision in the observables.2

Our goal is to find interesting scenarios, within the S1+S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we
first aim to quantify how well each leptoquark can address which set of anomalies, then we

1We show the representations under the SM gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y
2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables
under consideration.
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B-anomalies and aμ motivate the scalar LQ pair

Their potential couplings to the Higgs  
can be probed by Higgs and EW physics

discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In Sec. 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in Sec. 3 and a discussion on future prospects can be found in
Sec. 4. We conclude in Sec. 5. In App. A we describe in details the LQ contributions to
all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 �M2

1
|S1|2 �M2

3
|S3|2+

+
�
(�1L)i↵q̄

c

i
✏`↵ + (�1R)i↵ū

c

i
e↵
�
S1 + (�3L)i↵q̄

c

i
✏�I`↵S

I

3
+ h.c.+

� �H1|H|2|S1|2 � �H3|H|2|SI

3
|2 �

⇣
�H13(H

†�IH)SI†
3
S1 + h.c.

⌘
+

� �✏H3i✏
IJK(H†�IH)SJ†

3
SK

3
,

(2.1)

where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is

Dµ� =
�
@µ + ig0Y�Bµ + ig(t�

2
)IW I

µ
+ igs(t

�

3
)AGA

µ

�
�, (2.2)

for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where

qi =

✓
V ⇤
ji
uj

L

di
L

◆
, `↵ =

✓
⌫↵

L

e↵
L

◆
, (2.3)

and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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lq
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, (2.4)

[Ceu]
(0)

↵�ij
=

�1R ⇤
i↵

�1R

j�

2M2

1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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allows to probe heavy new physics. Loop contributions to other couplings, which arise at
tree-level in the SM, are instead too small to have a sizeable impact. We thus consider
the combined fit of Higgs couplings in the -framework where only � and g are left free,
and a constraint on �/�SM(Z�) = 2

g
2

Z�
, which is however still not precisely measured,

see Table 5. The approximate contributions to these parameters in our model are given
by (details in App. A.13)

g � 1 = �(3.51�H3 + 1.17�H1)⇥ 10�2/m2 ,

� � 1 = �(2.32�H3 + 0.66�✏H3 � 0.11�H1)⇥ 10�2/m2 ,

Z� � 1 = �(1.89�H3 + 0.23�✏H3 � 0.033�H1)⇥ 10�2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (�H1,�H3) and (�H13,�✏H3) planes
are shown in Fig. 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can be
put on both �H13 and �✏H3 (right panel). This comes mainly from the contribution to
the T̂ parameter, Eq. (3.12), which is quadratic in the two couplings and thus allows to
constrain both at the same time. The �H1 and �H3 couplings, instead, are constrained
mainly from their contribution to the h�� and hgg couplings, Eq. (3.13). We see that with
present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on �H1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable e↵ect on the limits shown in the right panel, since those are
dominated by the constraint on the T parameter, which will instead improve substantially
from measurements on the Z pole at FCC-ee. A more detailed analysis of FCC prospects
are however beyond the scope of this paper.

3.6 Comparing with literature

In recent months the S1+S3 model at one-loop accuracy has been studied in Refs. [55,56]
for what regards the flavour anomalies, while Ref. [57] studied electroweak and Higgs
limits on the leptoquark-Higgs couplings. Given the similarity of the goals with out work,
we discuss in this Section the main di↵erences. The most important lies in the approach
used to calculate radiative leptoquark contributions to observables. While previous works
employed direct computations of leptoquark loop contributions to the desired low-energy
amplitudes, in this work we use an EFT approach, whereby the only model-dependent
part of the computation is the one-loop matching to the SMEFT. As argued in the intro-
duction, we believe such an approach has several advantages, the most important being
the automatic inclusion of all new physics e↵ects to all observables at leading order in
1/M2

LQ
expansion and to one-loop accuracy: there is indeed no need to simplify the com-

putation neglecting given terms or couplings, for example all electroweak corrections are
included automatically in our computation.8

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in
order to simplify the presentation, all contributions are kept in the numerical analysis.
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Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.
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where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings
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Ŝ =
↵

4s2
W

S = �g2Ncv2YS3

48⇡2

�✏H3

M2

3

⇡ �5.4⇥ 10�5�✏H3/m
2 ,

T̂ = ↵T =
Ncv2�2

✏H3

48⇡2M2

3

+
Ncv2

16⇡2
|�H13|2

M4

1
�M4

3
� 2M2

1
M2

3
logM2

1
/M2

3

(M2

1
�M2

3
)3

=

⇡ 3.8⇥ 10�4�2

✏H3
/m2 + 3.8⇥ 10�4|�H13|2/m2 ,

(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings

22

Mainly from T̂: Mainly from Higgs:

Observable Measurement Reference

S 0.04± 0.08 [117]
T 0.08± 0.07 (⇢S,T = 0.92) [117]
g 1.00± 0.06 [118]
� 1.03± 0.07 (⇢�,g = �0.44) [118]

�/�SM(Z�) 2.0+1.0

�0.9
(ATLAS) [119]

�/�SM(Z�) < 3.9 @ 95% CL (CMS) [120]

Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

the LQ model, we obtain (see App. A.13 for details)
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1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in ⌧ vs. light leptons, R(D(⇤)) = Br(B !
D(⇤)⌧⌫)/Br(B ! D(⇤)`⌫) (where ` = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(⇤)) =
Br(B ! K(⇤)µµ)/Br(B ! K(⇤)ee) [12–15],

• deviations in di↵erential angular distributions of the B ! K⇤µ+µ� decay, as well
as in several branching ratios of b ! sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g � 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out
and have been the focus of a large amount of theoretical and experimental e↵ort. In
all cases, large theory e↵orts for improving the SM predictions (often very challenging)
have been undertaken, and several experimental endeavours and analyses have been set
up for confirming, disproving, or providing cross-checks, for the anomalies. Indeed, new
measurements scheduled to appear within the next few years are expected to clarify the
nature of all these anomalies. A confirmation for the presence of new physics in any one
of these observables would of course be revolutionary in our understanding of physics at
the TeV scale.

For the same reasons, an equally large e↵ort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
the leading radiative e↵ect [24–27], however since the logarithm is often just of O(1),
finite contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand,
scalar leptoquarks can be considered as self-consistent simplified models, and all observ-
ables can be computed precisely in terms of the LQ couplings and masses. A particularly
promising set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and

3

S3 = (3̄,3, 1/3) representations.1 Several works have been dedicated to study their phe-
nomenology. The S1 leptoquark has been considered as possible mediator for all anoma-
lies [32–41], with varying degree of success. S3, instead, has long been recognized to be a
very good candidate to address the deviations in the b ! sµµ transition [42–49]. Finally,
the combination of both leptoquarks has been considered as a good combined explanation
of charged and neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) com-
pletions have been proposed in terms of a composite Higgs model [52], combining flavour
anomalies with a solution to the Higgs hierarchy problem, as well as in the framework of
asymptotically safe quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant e↵ects, and is not suitable to be systemati-
cally generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on e↵ective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1+S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coe�cients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. Ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to di↵erent UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ⇡ 1 TeV scale, see e.g. Refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions
to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ
) or O(m2

EW
/M2

LQ
) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former e↵ects are completely negligible, the latter are ⇠ 1% for TeV-
scale leptoquarks, which do not a↵ect the results in any sizeable way, given present day
precision in the observables.2

Our goal is to find interesting scenarios, within the S1+S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we
first aim to quantify how well each leptoquark can address which set of anomalies, then we

1We show the representations under the SM gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y
2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables
under consideration.
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B-anomalies and aμ motivate the scalar LQ pair

Their potential couplings to the Higgs  
can be probed by Higgs and EW physics

discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In Sec. 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in Sec. 3 and a discussion on future prospects can be found in
Sec. 4. We conclude in Sec. 5. In App. A we describe in details the LQ contributions to
all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 �M2

1
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3
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(2.1)

where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is

Dµ� =
�
@µ + ig0Y�Bµ + ig(t�

2
)IW I

µ
+ igs(t

�

3
)AGA

µ

�
�, (2.2)

for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where

qi =

✓
V ⇤
ji
uj

L

di
L

◆
, `↵ =

✓
⌫↵

L

e↵
L

◆
, (2.3)

and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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allows to probe heavy new physics. Loop contributions to other couplings, which arise at
tree-level in the SM, are instead too small to have a sizeable impact. We thus consider
the combined fit of Higgs couplings in the -framework where only � and g are left free,
and a constraint on �/�SM(Z�) = 2

g
2

Z�
, which is however still not precisely measured,

see Table 5. The approximate contributions to these parameters in our model are given
by (details in App. A.13)

g � 1 = �(3.51�H3 + 1.17�H1)⇥ 10�2/m2 ,

� � 1 = �(2.32�H3 + 0.66�✏H3 � 0.11�H1)⇥ 10�2/m2 ,

Z� � 1 = �(1.89�H3 + 0.23�✏H3 � 0.033�H1)⇥ 10�2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (�H1,�H3) and (�H13,�✏H3) planes
are shown in Fig. 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can be
put on both �H13 and �✏H3 (right panel). This comes mainly from the contribution to
the T̂ parameter, Eq. (3.12), which is quadratic in the two couplings and thus allows to
constrain both at the same time. The �H1 and �H3 couplings, instead, are constrained
mainly from their contribution to the h�� and hgg couplings, Eq. (3.13). We see that with
present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on �H1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable e↵ect on the limits shown in the right panel, since those are
dominated by the constraint on the T parameter, which will instead improve substantially
from measurements on the Z pole at FCC-ee. A more detailed analysis of FCC prospects
are however beyond the scope of this paper.

3.6 Comparing with literature

In recent months the S1+S3 model at one-loop accuracy has been studied in Refs. [55,56]
for what regards the flavour anomalies, while Ref. [57] studied electroweak and Higgs
limits on the leptoquark-Higgs couplings. Given the similarity of the goals with out work,
we discuss in this Section the main di↵erences. The most important lies in the approach
used to calculate radiative leptoquark contributions to observables. While previous works
employed direct computations of leptoquark loop contributions to the desired low-energy
amplitudes, in this work we use an EFT approach, whereby the only model-dependent
part of the computation is the one-loop matching to the SMEFT. As argued in the intro-
duction, we believe such an approach has several advantages, the most important being
the automatic inclusion of all new physics e↵ects to all observables at leading order in
1/M2

LQ
expansion and to one-loop accuracy: there is indeed no need to simplify the com-

putation neglecting given terms or couplings, for example all electroweak corrections are
included automatically in our computation.8

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in
order to simplify the presentation, all contributions are kept in the numerical analysis.
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Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.
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where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings
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1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of physical
phenomena in a wide range of energies and scales. Despite no direct evidence for new
physics emerged in direct searches at the LHC, for several years now some low energy
measurements continue to show significant deviations from the respective SM predictions,
which fuel the hope that some New Physics (NP) might be lurking somewhere at the TeV
scale. The most significant and robust deviations, that we take into account in this work,
are the following:

• deviations from the SM predictions in the lepton flavour universality (LFU) ra-
tios of semileptonic B-meson decays in ⌧ vs. light leptons, R(D(⇤)) = Br(B !
D(⇤)⌧⌫)/Br(B ! D(⇤)`⌫) (where ` = µ, e) [1–11],

• a deficiency in LFU ratios of rare B decays in muons vs. electrons, R(K(⇤)) =
Br(B ! K(⇤)µµ)/Br(B ! K(⇤)ee) [12–15],

• deviations in di↵erential angular distributions of the B ! K⇤µ+µ� decay, as well
as in several branching ratios of b ! sµµ processes [16–21],

• a longstanding deviation from the SM prediction in the muon anomalous magnetic
moment (g � 2)µ [22, 23].

While also other measurements show deviations from the SM, those above stand out
and have been the focus of a large amount of theoretical and experimental e↵ort. In
all cases, large theory e↵orts for improving the SM predictions (often very challenging)
have been undertaken, and several experimental endeavours and analyses have been set
up for confirming, disproving, or providing cross-checks, for the anomalies. Indeed, new
measurements scheduled to appear within the next few years are expected to clarify the
nature of all these anomalies. A confirmation for the presence of new physics in any one
of these observables would of course be revolutionary in our understanding of physics at
the TeV scale.

For the same reasons, an equally large e↵ort has been put into finding possible new
physics explanations. In case of the B anomalies, leptoquarks (LQ) at the TeV scale
can provide good explanations, even combining neutral and charged-current anomalies.
If they couple to both left and right-handed muons, also the muon anomalous magnetic
moment could be addressed. In all scenarios, in order to find a good explanation it is
necessary to consider the constraints imposed by a large set of observables generated both
at tree-level and radiatively. In some cases, renormalization group evolution (RGE) of the
operators generated at the matching scale down to the scale of the observables represent
the leading radiative e↵ect [24–27], however since the logarithm is often just of O(1),
finite contributions can have a relevant impact.

In case of vector leptoquarks, such finite terms are calculable only in ultraviolet-
complete models, thus making the analysis necessarily model-dependent (see e.g. [28–31]
for analyses of specific gauge models of lepton-quark unification). On the other hand,
scalar leptoquarks can be considered as self-consistent simplified models, and all observ-
ables can be computed precisely in terms of the LQ couplings and masses. A particularly
promising set of LQ to address the observed anomalies are the S1 = (3̄,1, 1/3) and

3

S3 = (3̄,3, 1/3) representations.1 Several works have been dedicated to study their phe-
nomenology. The S1 leptoquark has been considered as possible mediator for all anoma-
lies [32–41], with varying degree of success. S3, instead, has long been recognized to be a
very good candidate to address the deviations in the b ! sµµ transition [42–49]. Finally,
the combination of both leptoquarks has been considered as a good combined explanation
of charged and neutral-current B-anomalies [50, 51] and possible ultraviolet (UV) com-
pletions have been proposed in terms of a composite Higgs model [52], combining flavour
anomalies with a solution to the Higgs hierarchy problem, as well as in the framework of
asymptotically safe quantum gravity [53].

More recently, one-loop computations of several observables in this model have been
published [54–57]. The approach adopted in these works is to compute directly in the
model the dominant one-loop contributions to the desired observables. This methodology
is however prone to missing possible relevant e↵ects, and is not suitable to be systemati-
cally generalizable.

In this work we aim to perform a complete one-loop analysis of the S1 + S3 model,
focussed at addressing the anomalies listed above, while being consistent with all relevant
experimental constraints. We adopt an approach based on e↵ective field theories (EFT),
leveraging on our previous work [58] where the complete one-loop matching of the S1+S3

model to gauge-invariant dimension-six operators of the SMEFT, in the Warsaw basis [59],
is presented. The EFT approach is designed to factorize the UV-dependent part of the
problem, i.e. the UV matching, from the purely low-energy one. The latter involves RGE
of the EFT coe�cients to the energy scale of the observables and the computation of the
observables at one-loop, within the EFT, see e.g. Ref. [60] for a simpler case of a scalar
singlet. As we shall describe, most of these steps are already available in the literature
in complete generality. The complete one-loop UV matching, done manually as in [58],
requires a substantial amount of work, however it is possible to proceed systematically
without neglecting terms. Furthermore, this step is expected to become automatised in
the near future. This will facilitate extending this work to include more observables, or to
apply it to di↵erent UV models. In case of leptoquarks and low-energy observables, the
use of EFT approaches is even more justified by the collider bounds from LHC, which put
lower bounds on leptoquark masses close to the ⇡ 1 TeV scale, see e.g. Refs. [52, 56] for
recent reviews of pair production searches of S1 and S3. Truncating the EFT expansion
at dimension-six implies an implicit uncertainty in the evaluation of the NP contributions
to observables, due to missing higher-dimension operators, that can be estimated being of
O(E2/M2

LQ
) or O(m2

EW
/M2

LQ
) compared to the corresponding dimension-six contribution,

where E is the typical energy of the process under consideration and mEW an electroweak-
scale mass. While former e↵ects are completely negligible, the latter are ⇠ 1% for TeV-
scale leptoquarks, which do not a↵ect the results in any sizeable way, given present day
precision in the observables.2

Our goal is to find interesting scenarios, within the S1+S3 setup, capable of addressing
one or more of the anomalies listed above, find the preferred region in parameter space,
and discuss the most important experimental constraints in each case. Specifically, we
first aim to quantify how well each leptoquark can address which set of anomalies, then we

1We show the representations under the SM gauge group SU(3)c ⇥ SU(2)L ⇥ U(1)Y
2Dimension-eight terms could be relevant if they generate at tree-level an observable that is instead

loop-induced at dimension-six. This, however, does not happen in this UV model for the observables
under consideration.
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B-anomalies and aμ motivate the scalar LQ pair

Their potential couplings to the Higgs  
can be probed by Higgs and EW physics

discuss combined explanations with both leptoquarks. Thanks to the complete one-loop
matching, we also discuss limits on leptoquark couplings to the SM Higgs boson, arising
from electroweak precision data and Higgs measurements.

In Sec. 2 we present the S1 + S3 model, the methodology employed in the analysis,
and present the list of all observables included in the fit, including a discussion of the
relevant collider bounds, particularly those from Drell-Yan. The results for all scenarios
considered are collected in Sec. 3 and a discussion on future prospects can be found in
Sec. 4. We conclude in Sec. 5. In App. A we describe in details the LQ contributions to
all the observables considered.

2 Setup

The Lagrangian for the two leptoquarks is the following

LLQ = |DµS1|2 + |DµS3|2 �M2

1
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3
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(2.1)

where ✏ = i�2, �H1,�H3,�✏H3 2 R, (�1L)i↵, (�1R)i↵, (�3L)i↵,�H13 2 C. We assume baryon
and lepton number conservation3 and we neglected quartic self-interactions between lep-
toquarks. The convention used for covariant derivatives is

Dµ� =
�
@µ + ig0Y�Bµ + ig(t�

2
)IW I

µ
+ igs(t

�

3
)AGA

µ

�
�, (2.2)

for a generic field � charged under the SM gauge group. We denote SM quark and
lepton fields by qi, ui, di, `↵, and e↵, while the Higgs doublet is H. We adopt latin
letters (i, j, k, . . . ) for quark flavor indices and greek letters (↵, �, �, . . . ) for lepton
flavor indices. We work in the down-quark and charged-lepton mass eigenstate basis,
where

qi =

✓
V ⇤
ji
uj

L

di
L

◆
, `↵ =

✓
⌫↵

L

e↵
L

◆
, (2.3)

and V is the CKM matrix. Except for the sign of gauge couplings, here and in the
following we use the same notation specified in [58].

Integrating out at tree-level the two LQ, the following semileptonic operators are
generated:
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1

.

The complete one-loop matching between the UV theory and the SMEFT in the Warsaw
basis, as well as the definitions for the e↵ective operators, are reported in [58].

3See Ref. [49] for an explicit setup forbidding baryon-violating couplings of S3 in a gauge model.
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allows to probe heavy new physics. Loop contributions to other couplings, which arise at
tree-level in the SM, are instead too small to have a sizeable impact. We thus consider
the combined fit of Higgs couplings in the -framework where only � and g are left free,
and a constraint on �/�SM(Z�) = 2

g
2

Z�
, which is however still not precisely measured,

see Table 5. The approximate contributions to these parameters in our model are given
by (details in App. A.13)

g � 1 = �(3.51�H3 + 1.17�H1)⇥ 10�2/m2 ,

� � 1 = �(2.32�H3 + 0.66�✏H3 � 0.11�H1)⇥ 10�2/m2 ,

Z� � 1 = �(1.89�H3 + 0.23�✏H3 � 0.033�H1)⇥ 10�2/m2 .

(3.13)

Analogously to what presented above for flavour observables, we combine Higgs cou-
plings and oblique constraints in a global likelihood. From this we find the maximum
likelihood point and construct the 68, 95, and 99% CL regions in planes of two couplings,
where the other two are marginalised. The results in the (�H1,�H3) and (�H13,�✏H3) planes
are shown in Fig. 7 for M1 = M3 = 1 TeV. We observe that a limit of about 1.5 can be
put on both �H13 and �✏H3 (right panel). This comes mainly from the contribution to
the T̂ parameter, Eq. (3.12), which is quadratic in the two couplings and thus allows to
constrain both at the same time. The �H1 and �H3 couplings, instead, are constrained
mainly from their contribution to the h�� and hgg couplings, Eq. (3.13). We see that with
present experimental accuracy the limits are still rather weak, and there is an approximate
flat direction which doesn’t allow to put any relevant bound on �H1.

This situation will marginally improve with the more precise Higgs measurements from
HL-LHC [123]. The future expected 95%CL contours are shown as dashed blue lines. This
however has no appreciable e↵ect on the limits shown in the right panel, since those are
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In recent months the S1+S3 model at one-loop accuracy has been studied in Refs. [55,56]
for what regards the flavour anomalies, while Ref. [57] studied electroweak and Higgs
limits on the leptoquark-Higgs couplings. Given the similarity of the goals with out work,
we discuss in this Section the main di↵erences. The most important lies in the approach
used to calculate radiative leptoquark contributions to observables. While previous works
employed direct computations of leptoquark loop contributions to the desired low-energy
amplitudes, in this work we use an EFT approach, whereby the only model-dependent
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the automatic inclusion of all new physics e↵ects to all observables at leading order in
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LQ
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putation neglecting given terms or couplings, for example all electroweak corrections are
included automatically in our computation.8

8While in the approximate semi-analytical expressions we might neglect some sub-leading terms, in
order to simplify the presentation, all contributions are kept in the numerical analysis.
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Observable Measurement Reference

S 0.04± 0.08 [117]
T 0.08± 0.07 (⇢S,T = 0.92) [117]
g 1.00± 0.06 [118]
� 1.03± 0.07 (⇢�,g = �0.44) [118]

�/�SM(Z�) 2.0+1.0

�0.9
(ATLAS) [119]

�/�SM(Z�) < 3.9 @ 95% CL (CMS) [120]

Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

the LQ model, we obtain (see App. A.13 for details)
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where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings
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Ŝ =
↵

4s2
W

S = �g2Ncv2YS3

48⇡2

�✏H3

M2

3

⇡ �5.4⇥ 10�5�✏H3/m
2 ,

T̂ = ↵T =
Ncv2�2

✏H3

48⇡2M2

3

+
Ncv2

16⇡2
|�H13|2

M4

1
�M4

3
� 2M2

1
M2

3
logM2

1
/M2

3

(M2

1
�M2

3
)3

=

⇡ 3.8⇥ 10�4�2

✏H3
/m2 + 3.8⇥ 10�4|�H13|2/m2 ,

(3.12)

where in the numerical expressions for simplicity we fixed M1 = M3 = m TeV. The
contributions to Y , W , and Z are instead at, or below, the 10�6 level and thus completely
negligible given the present experimental precision. The constraints on S and T from [117]
are reported in Table 5. The contribution to the T parameter from the �H13 coupling has
been also studied in [40], albeit not in the EFT approach. We checked that we agree once
the EFT limit is taken into account.

The LQ couplings to the Higgs also generate at one-loop contributions to hgg, h��,
and hZ� couplings. Since these are also loop-generated in the SM, the percent-level
precision presently available for the Higgs couplings to photons and gluons couplings

22

Mainly from T̂: Mainly from Higgs:

Observable Measurement Reference

S 0.04± 0.08 [117]
T 0.08± 0.07 (⇢S,T = 0.92) [117]
g 1.00± 0.06 [118]
� 1.03± 0.07 (⇢�,g = �0.44) [118]

�/�SM(Z�) 2.0+1.0

�0.9
(ATLAS) [119]

�/�SM(Z�) < 3.9 @ 95% CL (CMS) [120]

Table 5: Bosonic observables for the LQ potential couplings.

Figure 7: Limits on LQ potential couplings from oblique corrections and Higgs measurements.
In each panel, the other two couplings have been marginalised. The black point represents the
best-fit point while the dashed blue contours are the prospects for 95%CL limits after HL-LHC.

the LQ model, we obtain (see App. A.13 for details)
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the renormalization group running down to the meson
scale as well as the intermediate matching to the low-
energy EFT [83–87] thanks to the wilson [88] package.
It further uses flavio [89] to compute a large list of
electroweak-scale and low-energy precision observables,
including charged LFV and LFU, magnetic moments,
neutral meson mixings, semileptonic and rare meson de-
cays, etc. The full list of observables included in the
initial version of smelli can be found in the appendix
of [81], but this list has been extended [90], and we refer
to [91] for the up-to-date version. We update the mea-
surements included in smelli and take into account the
most recent results for RK [35] and (g�2)µ [36] as well as
the current world average of BR(Bs,d ! µµ) from [92],
which includes the most recent LHCb measurement [93].
With this setup, we are now in position to perform a
global fit in the parameter space of our model.

Shown in Fig. 1 is the preferred region in the ⌘
3L
3 ver-

sus ⌘
1L
3 = ⌘

1R
3 plane for M1 = M3 = 3TeV. We take

⌘̃
1R = 0, as loop-induced contributions from the heavy

right-handed neutrinos are expected to be negligible in
the fit. Muon anomalies clearly prefer the parameter
space far away from the SM limit ⌘

x

3 = 0. The best fit
point is (⌘3L

3 , ⌘
1L
3 = ⌘

1R
3 ) ' (0.43, 0.12) with a ��

2
' 62

compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [94] and
M1 & 1.4 TeV [95], while the final reach of HL-LHC is
projected in [96]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [97]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ

�

since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ

� [98].
When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ

+
µ

�, but none of the
complementary observables listed above receive a large
pull.

B. Symmetry breaking

Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [99] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
gX = 0.1 and mass mX = 3TeV. The high-pT dimuon

FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

(0, 0, 1) ⌘1R
3 . The muoquark masses are set to M1 = M3 =

3 TeV.

tails [97] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [97]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX

or 14TeV for the benchmark point. Taking M
2
1,3 > 0

and small cross-quartic couplings, guarantees that S1,3

do not develop a VEV, and the part of the scalar poten-
tial relevant for symmetry-breaking is

VH� = �µ
2
H

|H|
2

� µ
2
�|�|

2 + 1
2�H |H|

4

+ 1
4��|�|

4 + ��H |�|
2
|H|

2
. (3)

We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [97].

• From  we have  and .(g −2)μ g X ∼10−4 mX ∈ [10,200] MeV

6

Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.

FIG. 3. Allowed parameter space for the light X solution to
the (g � 2)µ anomaly in the U(1)B�3Lµ

model. The shaded
regions are excluded by various experiments, while the region
between the black lines is preferred by (g � 2)µ. The upper
(lower) plot uses kinetic mixing "BX = gX ("BX = gX/10).

small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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the renormalization group running down to the meson
scale as well as the intermediate matching to the low-
energy EFT [83–87] thanks to the wilson [88] package.
It further uses flavio [89] to compute a large list of
electroweak-scale and low-energy precision observables,
including charged LFV and LFU, magnetic moments,
neutral meson mixings, semileptonic and rare meson de-
cays, etc. The full list of observables included in the
initial version of smelli can be found in the appendix
of [81], but this list has been extended [90], and we refer
to [91] for the up-to-date version. We update the mea-
surements included in smelli and take into account the
most recent results for RK [35] and (g�2)µ [36] as well as
the current world average of BR(Bs,d ! µµ) from [92],
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compared to the SM point. The current limits from di-
rect searches at the LHC are M3 & 1.7 TeV [94] and
M1 & 1.4 TeV [95], while the final reach of HL-LHC is
projected in [96]. The indirect e↵ects in the high-pT lep-
ton tails are also beyond the HL-LHC projections for the
best fit couplings [97]. The change in the mass is accom-
modated by an approximate linear change in the cou-
plings keeping the same low-energy Wilson coe�cients.
However, the finite naturalness of the Higgs mass and
muon Yukawa, disfavors heavier muoquarks, as discussed
later.

While in principle both muoquarks contribute to all
anomalies, there is a clear factorization, namely S1 dom-
inates in the (g � 2)µ thanks to the chiral enhancement
from the top quark, whereas S3 dominates in b ! sµ

+
µ
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since it gives a tree-level contribution unlike S1. The
U(2) flavor structure provides su�cient suppression in all
other complementary processes such as KL ! µ

+
µ
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When varying the O(1) coe�cients in front of the spuri-
ons we find the same goodness of fit: the best fit region is
shifted to accommodate for b ! sµ
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µ

�, but none of the
complementary observables listed above receive a large
pull.
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Heavy vector resonances with couplings to both quarks
and leptons have been extensively searched for at the
LHC. The most recent ATLAS 13TeV search with
139 fb�1 of data [99] reports the exclusions on the cou-
plings as a function of the mass in their Fig. 4 (b). A
viable benchmark example in our case is gauge coupling
gX = 0.1 and mass mX = 3TeV. The high-pT dimuon

FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
⌘3L
i = (Vtd, Vts, 1) ⌘3L

3 , ⌘1L
i = (Vtd, Vts, 1) ⌘1L

3 , and ⌘1R
i =

(0, 0, 1) ⌘1R
3 . The muoquark masses are set to M1 = M3 =

3 TeV.

tails [97] set an upper limit on gX/mX for large mX .
In the opposite limit, the bounds are avoided when gX

is small enough (see Fig. 5 of [97]). It is, however, al-
ways possible to take the decoupling limit, namely large
mX and small gX , without conflicting the muoquark so-
lution of muon anomalies. We expect X to have negligi-
ble e↵ects in flavor physics through suppressed penguins,
which decouple in the same limit.1

The symmetry breaking scalar � develops a VEV
h�i = v� related to the X mass by v� =

p
2mX/3gX
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We can directly relate the potential parameters for the
Higgs VEV v = hHi; v�; the masses of the radial modes
mh, m�; and the mixing angle, which has to satisfy ✓ ⌧ 1

1 A U(1)B�3Lµ
model with vector-like quarks and X as the main

mediator of b ! sµ
+
µ
� anomaly cannot reconcile the Bs meson-

mixing constraints with the high-pT dimuon tails [97].

• Mixing between real scalars  and .h ϕ

• From  we have  and .(g −2)μ g X ∼10−4 mX ∈ [10,200] MeV

X → νμν̄μ
ϕ → XX

h → inv
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Type A Type B Type C

RK(⇤) , b ! sµµ S3 S3 heavy X

(g � 2)µ S1/R2 light X S1/R2

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)X gauge groups. For each model class, a field respon-
sible for addressing a corresponding anomaly, is listed. The
an R2 muoquark with SM charges (3, 2, 7/6) can be used as
an alternative to S1 for addressing the (g � 2)µ.

III. ALTERNATIVE MODELS

We now turn our focus to alternative models for the
muon and B-decay anomalies, in some of which the
U(1)B�3Lµ

symmetry is exchanged for other U(1)X sym-
metries. These models o↵er di↵erent scenarios of phe-
nomenological interest.

A. The scenarios for muon anomalies

U(1)B�3Lµ
is only one example of many possible

lepton-flavored gauge extensions of the SM, under which
leptoquarks become muoquarks. Variations of the model
can use di↵erent choices of U(1)X symmetry to ensure
the leptoquarks coupling exclusively to second genera-
tion leptons and fall into three classes shown in Table I
based on what mediators are responsible for the RK(⇤)

and (g � 2)µ anomalies. Below we give some specific ex-
amples of these variations:

Type A — As a showcase example, we trade the
U(1)B�3Lµ

for a U(1)Lµ�L⌧
gauge symmetry to obtain an

extension of the leptoquark model of Ref. [71]. The lepto-
quarks are assigned charge �1 under the symmetry, such
that they still couple exclusively to 2nd generation lep-
tons. The minimal type-I seesaw realization of the neu-
trino mass with the U(1)Lµ�L⌧

-breaking scalar of charge
+1 predicts the two-zero minor structure CR, which
shows some tension in fitting ✓23 and

P
i
m⌫i

[76], thus
more elaborate model building may be needed [133].4

The muoquark solution of the muon anomalies dis-
cussed above applies equally to this model. The main
phenomenological di↵erence is that the gauge vector X

does not couple to quarks and is less constrained at col-
liders. Thus, the X field can more easily elude cur-
rent experimental bound (see Fig. 2 of [43]). For exam-
ple, constraints from neutrino trident production requires
mX & 60 (200) GeV for gX ⇠ 0.1 (0.3). Again, X and �
can simply be decoupled in the limit of the large v� and

4 We will not explore these constructions in any detail here but
merely reiterate the point that a charge-1 scalar is poten-
tially problematic since it enables a baryon-number-violating
dimension-5 operator.

FIG. 3. Allowed parameter space for the light X solution to
the (g � 2)µ anomaly in the U(1)B�3Lµ

model. The shaded
regions are excluded by various experiments, while the region
between the black lines is preferred by (g � 2)µ. The upper
(lower) plot uses kinetic mixing "BX = gX ("BX = gX/10).

small gauge coupling. This scenario belongs to Type A
class of models as explained in Table I.
Type B — A second avenue to address (g �2)µ arises

in this model, invoking a light U(1)Lµ�L⌧
gauge boson X

as a mediator running in the loop [40, 43, 134]. The dis-
crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
Borexino [43, 44]. In fact, even the future DUNE experi-
ment is not expected to cover the entire window [44]. In
this scenario, S1 is entirely superfluous to the anomalies
and can be removed from the model altogether. Addi-
tionally, the small allowed region for X mass and cou-
plings gives a sharp prediction for the U(1)Lµ�L⌧

sector.
We have checked that the small gauge coupling and as-
sociated small kinetic mixing are stable under radiative
corrections. The RK(⇤) anomaly in this scenario is still
explained by a tree-level mediation of S3, and with a
similar allowed parameter space as before.

The U(1)Lµ�L⌧
-breaking VEV, v�, is given as v� =

p
2mX/|q�|gX ⇠ 60 GeV/|q�| while the cross-quartic

coupling induces mixing between real scalars h and �.
This scenario has a chance to leave observable imprints
in the overall Higgs couplings or in the invisible Higgs
decays (h ! XX) if the cross quartic in Eq. (3) is large
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gauge boson X
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crepancy between the experiment and the SM prediction
can be resolved with mX ⇠ 20 MeV and gauge coupling
gX ⇠ 5 · 10�4, nestling snugly in the window allowed
by current experimental constraints, such as CCFR and
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ment is not expected to cover the entire window [44]. In
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and can be removed from the model altogether. Addi-
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-breaking VEV, v�, is given as v� =
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• This scenario has a chance to leave observable imprints in the overall Higgs 
couplings or in the invisible Higgs decays.

g X :

λΦ :

λΦH, λΦ



Conclusions

• Flavor physics of the Higgs Boson is a rich subject

• Flavor anomalies: Model specific predictions for Higgs physics

• Diagonal couplings

• Off-diagonal couplings

• CP violation
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