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Abstract
There is now experimental evidence for Higgs boson decay into a pair of muons, and significant

constraints on the Higgs boson decay into a charm quark-antiquark pair. The data on Higgs

boson decays into second generation fermions probes various extensions of the Standard Model.

We analyze the implications for the Standard Model effective field theory (SMEFT), without and

with minimal flavor violation (MFV), for two Higgs doublet models (2HDM) with natural flavor

conservation (NFC), for models with vector-like fermions, and for specific models that predict

significant modifications of the Yukawa couplings to the light generations.
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I. INTRODUCTION

The ATLAS and CMS collaborations measured the decays of the Higgs boson into a tau-

lepton pair, h → τ+τ−, and into bottom-quark pair, h → bb̄, and the Higgs boson production

in association with top-quark pair, pp → tt̄h [1, 2]. These measurements constitute a

discovery of the mechanism that gives masses to the third generation fermions, as well as the

discovery of Yukawa interactions among elementary particles [3]. More recently, the ATLAS

and CMS experiments searched for the Higgs boson decays into second generation fermions.

The conventional way of reporting these measurements is by normalizing the production

cross-section σ(i → h) and the branching ratio of the decay mode BR(h → ff̄) to their

Standard Model (SM) values:

µi
f f̄ =

σ(i → h)BR(h → ff̄)

σ(i → h)SMBR(h → ff̄)SM
. (1)

One can interpret such measurement in terms of the Yukawa coupling modifier,

κf = Yf/Y
SM
f . (2)

Assuming that the production cross-section is not modified by new physics, and that only a

single Yukawa coupling Yf is modified, the relation is given by

µff̄ =
κ2
f

1 + BRSM
h→ff̄ (κ

2
f − 1)

. (3)

For the h → µ+µ− decay, the experiments report [1, 2, 4, 5]

µ
µ
+
µ
− = 1.21+0.45

−0.42 [CMS], (4)

µ
µ
+
µ
− = 1.2± 0.6 [ATLAS],

with the average result [6]

µ
µ
+
µ
− = 1.21± 0.35. (5)

This can be translated into

0.92 ≤ κµ ≤ 1.25. (6)

For the h → cc̄ decay, the experiments report [7, 8]

µcc̄ = 7.7+3.8
−3.5 [CMS], (7)

µV h
cc̄ = −9± 15 [ATLAS],
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which translate into the following 95% C.L. bounds:

1.1 < |κc| < 5.5 [CMS], (8)

|κc/κb| < 4.5 [ATLAS].

At 1σ, the CMS measurement translates into

κc = 3.1± 1.0. (9)

There are two important discoveries implicit in these measurements:

• The muon-related measurement by CMS in Eq. (4) confirms that the dominant source

of the muon mass is the Yukawa interaction with the field of the scalar h.

• The charm-related measurement by ATLAS in Eq. (8) confirms that Yc/Yb < 1, in

accordance with the SM prediction that Yc/Yb = mc/mb.

The measurements probe, however, also models that go beyond the SM (BSM). In this work,

we explore these implications.

The plan of this paper is as follows. Sections II-VI analyze the implications of the µ
µ
+
µ
−

measurements in various relevant BSM frameworks: The SMEFT in Section II, vector-like

leptons in Section III, two Higgs doublet models (2HDM) in Section IV, the Yukawa-less

first-two-generation model in Section V, and the Higgs-dependent Yukawa couplings model

in Section VI. Section VII studies the implications of µcc̄ for these models. Our conclusions

are summarized in Section VIII.

II. THE STANDARD MODEL EFFECTIVE FIELD THEORY (SMEFT)

The SM effective field theory (SMEFT) is the most general presentation of all BSM

frameworks where the new degrees of freedom are much heavier than the electroweak scale,

v ≈ 246 GeV. The SMEFT Lagrangian has the following form:

LSMEFT = LSM +
1

Λ
Od=5 +

1

Λ2Od=6 + . . . . (10)

Here, LSM is the Lagrangian of the renormalizable SM. The operators Od=n are made of

products of SM fields, of overall mass dimension n, contracted to a singlet of the SM gauge
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group. The scale Λ is the mass scale of the new degrees of freedom, and by assumption

Λ ≫ v.

Beyond the dimension-four Yukawa interaction of the SM, the muon mass and Yukawa

coupling are modified by dimension-six terms:

Lµ
Yuk = yµLLµΦµR +

1

Λ2 (X
µ
R + iXµ

I )|Φ|
2LLµΦµR + h.c.. (11)

Here, LLµ = (νµ µL)
T is the left-handed SU(2)L-doublet whose T3 = −1/2 member is the

muon mass eigenstate, µR is the right-handed SU(2)L-singlet muon mass eigenstate, and

Φ = (0 (v + h)/
√
2)T is the scalar SU(2)L doublet in the unitary gauge. Without loss of

generality,we take the dimensionless coupling yµ to be real. It is convenient to define

T µ
R,I =

v2

2Λ2

Xµ
R,I

yµ
. (12)

Then, the mass and the effective muon Yukawa coupling are given by

mµ =
yµv√
2

√
(1 + T µ

R)
2 + (T µ

I )
2, (13)

Yµ =
yµ√
2

1 + 4T µ
R + 3(T µ

R)
2 + 3(T µ

I )
2 + 2iT µ

I√
(1 + T µ

R)
2 + (T µ

I )
2

. (14)

With our assumptions above that the production cross-section is not modified from the SM,

that the muon Yukawa is the only one that is significnatly modified, neglecting the change in

the total Higgs width and the effect of dimension-eight terms, we obtain [9]

µ
µ
+
µ
− =

(1 + 3T µ
R)

2 + 9(T µ
I )

2

(1 + T µ
R)

2 + (T µ
I )

2 . (15)

Thus, Eq. (5) provides an allowed ring in the T µ
R − T µ

I plane, as shown in Fig. 1.

Ref. [9] estimated the upper bounds on the CP-violating contributions of the dimension-six

term to the baryon asymmetry of the universe,

|Y (µ)
B |

2× 10−11 ≈ T µ
I

(1 + T µ
R)

2 + (T µ
I )

2 ≤

√
µmax

µ
+
µ
−

2
, (16)

and to the electric dipole moment (EDM) of the electron:

|d(µ)e |
1× 10−30 e cm

≈ T µ
I

(1 + T µ
R)

2 + (T µ
I )

2 ≤

√
µmax

µ
+
µ
−

2
, (17)
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FIG. 1. The allowed region in the Tµ
R − Tµ

I plane.

where µmax

µ
+
µ
− is the experimental upper bound on µ

µ
+
µ
− . Given the observed value of the

baryon asymmetry, Y obs
B = (8.63± 0.06)× 10−11 [6], a complex Yukawa coupling of the muon

can contribute at most (at the 1σ level)

|Y (µ)
B /Y obs

B | ∼< 0.15. (18)

Given the experimental upper bound, |dmax
e | = 4.1×10−30 e cm [10] (see also [11]), a complex

Yukawa of the muon is at most a factor of

|d(µ)e /dmax
e | ∼< 0.15, (19)

below current experimental sensitivity.

The allowed range, which includes the SM value, µ
µ
+
µ
− = 1, puts a lower bound on

the scale of new physics that suppresses the dimension-six term. As long as µ
µ
+
µ
− = 1 is

within the experimental range, the point (T µ
R, T

µ
I ) = (−0.5, 0), corresponding to |T µ| = 0.5,

is allowed, which implies

Λ√
|Xµ| ∼

>
v√

2ySMµ |T µ,max|
≈ 10 TeV, (20)

where ySMµ =
√
2mµ/v ≈ 6× 10−4. Since |T |2 ∝ 1/Λ4, small deviations from µ

µ
+
µ
− = 1 do

not change this bound significantly.
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Names SU(2)L × U(1)Y rep’s 2M2
X(cYe

)µµ κµ − 1 =

E + Ec (1)−1 + (1)+1 yµ|YµLE
c |2 −2δgAµ = −2δgV µ

L+ Lc (2)−1/2 + (2)+1/2 yµ|YLµR
|2 −2δgAµ = +2δgV µ

L′ + L′c (2)−3/2 + (2)+3/2 yµ|YL′
µR

|2 +2δgAµ = −2δgV µ

T + T c (3)0 + (3)0 2yµ|YµLT
c |2 +2δgAµ = +2δgV µ

T ′ + T ′c (3)−1 + (3)+1 yµ|YµLT
′c |2 −2δgAµ = −2δgV µ

TABLE I. The leptonic vector-like representations. All fields are SU(3)C singlets.

In our analysis so far we assumed no special flavor structure for XR,I . Imposing minimal

flavor violation (MFV) implies that we expect Xµ
R,I = O(yµ) (and if we take MFV to imply

that that Yukawa spurion is the only souce of CP violation, Xµ
I = 0). In this framework,

T µ
R = O(v2/Λ2), and consequently the bound on Λ relaxes to Λ ∼> v/

√
(µmax

µ
+
µ
− − 1)/2 ∼

0.5 TeV.

III. VECTOR-LIKE LEPTONS

Vector-like leptons affect the Higgs Yukawa couplings to pairs of the SM leptons if there are

Yukawa terms involving a vector-like lepton and a SM lepton. There are five such vector-like

representations, presented in Table I. We follow here the notations and analysis of Ref. [12].

Taking the vector-like leptons to be much heavier than the electroweak scale, we integrate

out these fields. This leads to, among others, the dimension-six term of Eq. (11), with a

coefficient that we now denote by (cYe
)µµ. In the presence of a single vector-like representation,

the corresponding (cYe
)µµ is given in Table I. The dimension-six terms contribute to the mass

and the Yukawa coupling of the muon, and the relation between them is modified as follows:

Yµ =

√
2mµ

v
+ v2(cYe

)µµ. (21)

Each of the five vector-like representations modifies also the vector (gV µ) and axial-vector

(gAµ) Zµ+µ− couplings. This modification is related to the modification of the Yukawa

coupling as given in the fourth column ot Table I [12]. We denote the modifications of the Z

couplings as follows:

δgV µ = gV µ − gSMV µ , δgAµ = gAµ − gSMAµ . (22)
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Model Fields κµ − 1 =

LI L+ Lc + E + Ec −2δgAµ +Xµ|YLc
E |

LII L′ + L′c + E + Ec −2δgV µ −Xµ|YL′c
E |

LIII L+ Lc + T ′ + T ′c −2δgV µ −Xµ|YLc
T

′ |

LIV L′ + L′c + T ′ + T ′c −2δgAµ +Xµ|YL′c
T

′ |

LV L+ Lc + T + T c +2δgV µ +Xµ|YLc
T |

TABLE II. Models with pairs of leptonic vector-like representations. Xµ is defined in Eq. (26).

We use [6, 13]

gV µ = −0.0367± 0.0023, gSMV µ = −0.0371± 0.0003 (23)

gAµ = −0.50120± 0.00054, gSMAµ = −0.50127± 0.00020,

and obtain

δgV µ = +0.0004± 0.0023, δgAµ = +0.00007± 0.00060. (24)

Combining Table I and Eq. (24), we learn that in these five models,

|κµ − 1| ∼< 0.0013, (25)

two orders of magnitude below the experimental sensitivity, as reflected in Eq. (6).

A new ingredient is added in models that include two different vector-like representations

in each, where there is a Yukawa coupling involving these two vector-like fields. These five

models are presented in Table II. In these models, the experimental ranges of δgV µ, δgAµ and

(κµ − 1) constrain the combination XµYF1F2
, where YF1F2

is the Yukawa coupling between

two vector-like leptons, and

Xµ = (v/mµ)
√
2|δg2V µ − δg2Aµ| exp(iϕ), (26)

and ϕ is a convention-independent phase.

Using the relations in Table II, and given that the allowed values of δgV µ and δgAµ
are

about two orders of magnitude smaller than the bounds on κµ − 1, we obtain the following

approximate bound:

YF1F2

√
|δg2V µ − δg2Aµ| ∼< 3× 10−4 × |κµ − 1|max ∼ 8× 10−5, (27)
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where we use the upper bound on κµ − 1 from Eq. (6). Comparing Eq. (27) to Eq. (24), we

learn that, in the models defined in Table II, for YF1F2
> O(0.03), the h → µ+µ− measurement

can be as constraining as measurements of Z → µ+µ−.

IV. TWO HIGGS DOUBLET MODELS (2HDM)

We consider two Higgs doublet models (2HDM) with natural flavor conservation (NFC).

Common to all such models is the prediction that

µ
µ
+
µ
− = µ

τ
+
τ
− . (28)

For the h → τ+τ− decay, the experiments report [1, 14]

µ
τ
+
τ
− = 0.85± 0.10 [CMS], (29)

µ
τ
+
τ
− = 0.93+0.13

−0.12 [ATLAS],

with the average result

µ
τ
+
τ
− = 0.88± 0.08, (30)

which translates into

κτ = 0.935± 0.045. (31)

In this framework, we can combine Eq. (5) with Eq. (30) to obtain

µ
ℓ
+
ℓ
− = 0.90± 0.08. (32)

Comparing Eq. (30) to Eq. (32), it is clear that the effect of the µ
µ
+
µ
− measurement on the

constraints on the model parameters is minor.

In 2HDM with NFC, there are three convenient bases. The interaction basis (Φ1,Φ2),

where each fermion sector (u, d, e) couples to one of the two doublets, the Higgs basis

(ΦM ,ΦA), defined via ⟨ΦM⟩ = v and ⟨ΦA⟩ = 0, and the mass basis (Φh,ΦH), where the

neutral CP-even members of the two doublets are the mass eigenstates h and H. The angle

β, defined via tan β = v2/v1, rotates from the interaction basis to the Higgs basis, while the

angle α rotates from the interaction basis to the mass basis.

We demonstrate the smallness of the effect of the muon data in the lepton-specific type of

NFC, where the quark (u, d) sectors couple to Φ2 and the lepton (e) sector couples to Φ1.
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Fig. 2 gives the excluded region in the cos(β − α)− tan β plane, without (purple) and with

(purple plus pink) the muon constraint. We zoom in on the regions of cos(β − α) ≈ 0 (the

decoupling limit) and cos(β + α) ≈ 0 (where the lepton Yukawa couplings are of opposite

sign to the SM values).

-0.2 -0.1 0.0 0.1 0.2
0.1

0.5

1

5

10

cos(β - α)

ta
n
(β
)

0.26 0.28 0.30 0.32 0.34

6.5

7.0

7.5

8.0

cos(β - α)

ta
n
(β
)

FIG. 2. The excluded region in the cos(β − α)− tanβ plane, in the lepton-specifc NFC model. The

purple-shaded region does not include the µ
µ
+
µ
− measurement, while the pink-shaded region is

further excluded by this measurement.

V. THE YUKAWA-LESS FIRST-TWO-GENERATION MODEL

The Yukawa-less first-two-generation model of Ref. [15] was proposed, first, to demonstrate

that it is possible that the mechanism that generates the masses of the first two generation

fermions is different from the one that generates the masses of the third generation fermions,

second, to provide an explanation for the lightness of the first two generations and, third, to

demonstrate that it is possible that the two different mechanisms for fermion masses can be

manifest in measurements of the Higgs boson decays to the light generations.

Consider a 2HDM. One of the two doublets, Φ3, couples dominantly to the third generation:

LY
3 = −LLi(Yτδi3δj3 + ϵeij)Φ3ERj + h.c., (33)
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where |ϵeij| ≪ 1 (and similarly in the quark sectors). The second doublet, Φ12, couples to

only the first two generations:

LY
12 = −

∑
i,j=1,2

LLiY
e12
ij Φ12ERj + h.c.. (34)

The scalar potential is given by

V = µ2
1|Φ12|2 + µ2

2|Φ3|2 + µ2(Φ†
12Φ3 + h.c.) + λ1|Φ12|4 + λ2|Φ3|4. (35)

The VEVs, ⟨Φ3⟩ = v3 and ⟨Φ12⟩ = v12, are hierarchical:

tan β = v3/v12 ≫ 1, v23 + v212 = v2. (36)

The scalar spectrum is given by

m2

H
± = m2

A = − µ2v2

v12v3
, (37)

m2
h,H = λ1v

2
12 + λ2v

2
3 −

µ2v2

2v12v3
∓

√(
λ1v

2
12 − λ2v

2
3 +

µ2(v212 − v23)

2v12v3

)2

+ (µ2)2,

and the rotation angle from the (Φ12,Φ3) basis to the (Φh,ΦH) basis, α, is given by

tan 2α = −
2m2

Asβcβ√
(m2

H −m2
h)

2 − 4m4
As

2
βc

2
β

. (38)

Clearly, in this model, third generation fermions acquire their masses from interacting with

the Φ3 field, while the first two generation fermions acquire their masses from interacting with

Φ12. The question remains whether this situation will be manifest in the Yukawa couplings

of the lighter, CP-even neutral scalar h. In the limit of very large µ and, in particular,

m2
A ≫ λ2v

2, λ1v
2
12, we are in the decoupling limit, and κf ≃ 1 for all fermions, including the

light generations. Indeed, it is straightforward to show that, in this limit, Eq. (38) implies

that sα ≃ −cβ, and then κµ = −sα/cβ ≃ 1 and κτ = cα/sβ ≃ 1.

The situation is different in the case that λ1v
2c2β ≫ m2

A, λ2v
2 [15]. Given the smallness

of c2β, this hierarchy requires a very large λ1. Ref. [15] argues that a natural embedding for

this setup is a strongly coupled theory like technicolor. Eqs. (37) and (38) give

m2
h = 2λ2v

2, (39)

m2
H = 2λ1v

2c2β +m2
A ≫ m2

A,

sα = −(m2
A/m

2
H)cβ ≪ cβ.
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Consequently,

κµ ≈ m2
A/m

2
H ≪ 1. (40)

The lower bound in Eq. (6) implies that, in contrast to Eq. (40), κµ ̸≪ 1 which, in the

context of this model, implies that λ1v
2c2β ̸≫ m2

A, and the Yukawa-less first-two-generation

model is excluded.

Related models are the flavorful 2HDMs of Ref. [16]. In their Type 1B 2HDM, the

third generation fermions of all three sectors couple to Φ, which has Yukawa couplings only

in the Y f
33 entries, while the first two generations couple to Φ′, which has small Yukawa

couplings that break the [U(2)]5 symmetry acting on the first two generations. Consequently,

the measurement of µ
µ
+
µ
− is the first to probe the couplings of Φ′. Yet, the effect of this

measurement on the allowed region in the cos(β − α)− tan β plane is small, as can be seen

in Fig. 3.

-0.4 -0.2 0.0 0.2 0.4

0.5

1

5

10

50

100

cos(β - α)

ta
n
(β
)

FIG. 3. The allowed region in the cos(β − α)− tanβ plane, in 1B 2HDM model of Ref. [16]. When

adding the µ
µ
+
µ
− measurement to all previous measurements of Higgs couplings, the previously

allowed purple-shaded region is excluded, while the yellow-shaded region opens up. The grey region

remains unchanged.
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VI. HIGGS DEPENDENT YUKAWA COUPLINGS

The models of Refs. [17, 18] aim to explain the hierarchy in fermion masses by having the

light fermion masses dominated by higher order temrs, e.g.,

Lµ
Yuk = cµµ

(
Φ†Φ

Λ2

)nµ

LLµΦµR + h.c., (41)

where cµµ is a dimensionless coefficient of O(1), Λ is a cut-off scale of O(TeV), and nµ is an

integer ≥ 1. The muon mass and Yukawa coupling are given by

mµ = cµµ

(
v√
2Λ

)2nµ v√
2
, (42)

Yµ = cµµ(2nµ + 1)

(
v√
2Λ

)2nµ

.

Given that, experimentally, neither κb ≫ 1, nor κτ ≫ 1, we assume that nb = nτ = 0. Then,

κµ = 2nµ + 1, (43)

µ
µ
+
µ
− =

(2nµ + 1)2

1 + BRc,SM[(2nc + 1)2 − 1]
.

Given that mc ≫ mµ, we assume that nc ≤ nµ. Thus, the minimal enhancement of µ
µ
+
µ
− in

this framework corresponds to nµ = nc = 1:

µ
µ
+
µ
− ≥ 9

1 + 0.03× 8
≈ 7.3.

This value is clearly excluded by the experimental measurement of Eq. (5).

We conclude that the models of Higgs dependent Yukawa couplings of Refs. [17, 18] are

excluded by the measurement of µ
µ
+
µ
− .

Another model where the Yukawa couplings are Higgs-dependent is the 2HDM model of

Ref. [19]. We postpone the discussion of this model to Section VII D, in order to include the

top and charm data.

VII. IMPLICATIONS OF µcc̄

The measurement of µcc̄ suffers from low statistics. One should therefore be cautious

about the SM value of κc = 1 being outside the 95% C.L. interval. Of course, if, with higher

statistics, κc = 1 will be exlcuded with high enough C.L., it will have striking implications.

Here, however, we mention various implications for the BSM frameworks discussed in the

previous sections, taking Eq. (8) at face value.

12



Names SU(3)C × SU(2)L × U(1)Y rep’s 2M2
X(cYu

)cc κc − 1 =

Q+Qc (3, 2)+1/6 + (3̄, 2)−1/6 yc|YQcR
|2 +2δgAc = −2δgV c

Q′′ +Q′′c (3, 2)+7/6 + (3̄, 2)−7/6 yc|YQ′′
cR
|2 +2δgAc = −2δgV c

U + U c (3, 1)+2/3 + (3̄, 1)−2/3 yc|YcLUc |2 +2δgAc = +2δgV c

U ′ + U ′c (3, 3)+2/3 + (3̄, 3)−2/3 yc|YcLU ′c |2 −2δgAc = −2δgV c

TABLE III. The up-quark vector-like representations.

A. The SMEFT

We use notations similar to the discussion in section II (replacing µ with c). There are

several intriguing implications of the range of κc in Eq. (8):

• The range of κc in Eq. (8) corresponds to

1.3 TeV ∼<
Λ√
|Xc| ∼

< 9.1 TeV. (44)

Thus, first, since κc = 1 is excluded, we obtain also an upper bound on the scale Λ

and, second, the relevant new physics can be within the direct reach of the LHC.

• The value of κc = 3 is within the allowed range. This value corresponds to a situation

where the contribution of the dimension-six term to mc dominates over the SM,

dimension-four contribution.

• Imposing MFV implies that we expect Xc
R,I = O(yc). In this case, the scale of new

physics is required to be rather low, Λ ∼< 0.8 TeV.

B. Vector-like up-type quarks

There are four representations of vector-like up-quarks that allow a Yukawa coupling to

SM fields, presented in Table III. We follow here the notations and analysis of Ref. [12].

Each of the four vector-like representations modifies also the vector (gV c) and axial-vector

(gAc) Zcc̄ couplings. This modification is related to the modification of the Yukawa coupling

as given in the fourth column ot Table III [12]. We denote the modifications of the Z

13



Model Fields κc − 1 =

UI Q+Qc + U + Y c +2δgAc −Xc|YQc
U |

UII Q′′ +Q′′c + U + U c +2δgV c +Xc|YQ′′U
E
|

UIII Q+Qc + U ′ + U ′c −2δgV c +Xc|YQc
U

′ |

UIV Q′′ +Q′′c + U ′ + U ′c −2δgAc −Xc|YQ′′c
U

′ |

TABLE IV. Models with pairs of up-quark vector-like representations. Xc is defined in Eq. (49).

couplings as follows:

δgV c = gV c − gSMV c , δgAc = gAc − gSMAc . (45)

We use [13]

gV c = +0.1873± 0.0070, gSMV c = +0.19204± 0.00023 (46)

gAc = +0.5034± 0.0053, gSMAc = +0.50144± 0.00020,

and obtain

δgV c = −0.0037± 0.0070, δgAc = +0.0020± 0.0053. (47)

Combining Table III and Eq. (47), we learn that in these four models,

|κc − 1| ∼< 0.015, (48)

two orders of magnitude below the experimental sensitivity, as reflected in Eq. (8).

A new ingredient is added in models that include two different vector-like representations

in each, where there is a Yukawa coupling involving these two vector-like fields. These four

models are presented in Table IV.

In these models, the experimental ranges of δgV c, δgAc and (κc − 1) constrain the combi-

nation XcYF1F2
, where YF1F2

is the Yukawa coupling of two vector-like up-quarks, and

Xc = (v/mc)

√
2|δg2V c − δg2Ac| exp(iϕ), (49)

and ϕ is a convention-independent phase.

Using the relations in Table IV, and given that the allowed values of δgV c and δgAc
are

about two orders of magnitude smaller than the bounds on κc − 1, we obtain the following

approximate bound:

YF1F2

√
|δg2V c − δg2Ac| ∼< 4× 10−3 × |κc − 1|max ∼ 0.02, (50)
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where we use the upper bound on κc − 1 from Eq. (8). Comparing Eq. (50) to Eq. (47), we

learn that, in the models defined in Table IV, for YF1F2
> O(1), the h → cc̄ measurement

can be as constraining as measurements of Z → cc̄.

If κc − 1 > 0.1 is established, then the models with vector-like up-quarks can explain the

deviation from the SM with YF1F2

√
|δg2V c − δg2Ac| ∼ 4× 10−4.

C. 2HDM with NFC

Common to all 2HDMs with NFC is the prediction that

κc = κt. (51)

For the tt̄h production, the experiments report [1, 20, 21]

µtt̄h = 0.94+0.20
−0.19 [CMS], (52)

µtt̄h = 1.2± 0.3 [ATLAS],

with the average result [6]

µtt̄h = 1.10± 0.18, (53)

which translates into

κt = 1.05± 0.09. (54)

Taking the naive average of Eq. (9) and Eq. (54), we obtain

κu = 1.07± 0.09. (55)

Comparing Eq. (54) to Eq. (55), it is clear that the effect of the µcc̄ measurement on the

constraints on the model parameters is minor.

D. Models with significantly modified second generation Yukawa couplings

In the Yukawa-less first-two-generations model of Ref. [15], the Yukawa couplings of the

Higgs boson to the first two generations are strongly suppressed compared to their SM values.

In the Higgs-dependent Yukawa couplings models of Refs. [17, 18], the Yukawa couplings of

the Higgs boson to the first two generations are strongly enhanced compared to their SM
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values. As discussed in Sections V and VI, these two models are excluded by the experimental

value of µ
µ
+
µ
− [22]. Thus, we do not discuss them any further here.

Another model where the Yukawa couplings are Higgs-dependent is the 2HDM model of

Ref. [19]. In this model, we have

κt = sβ−α + cβ−α/tβ, (56)

κτ = κb = 3sβ−α − 2cβ−αtβ + cβ−α/tβ,

κc = 3sβ−α − cβ−αtβ + 2cβ−α/tβ,

κµ = 5sβ−α − 3cβ−αtβ + 2cβ−α/tβ.

We learn that κc and κµ can be expressed in terms of κt and κτ , and, consequently, the

former are predicted in terms of the latter:

κc =
1

2
(κτ + 3κt) = 2.0± 0.2, (57)

κµ =
1

2
(3κτ + κt) = 1.94± 0.08.

While the value of κc ∼ 2 is within the currently allowed range, the value of κµ corresponds

to µ
µ
+
µ
− = 3.5± 0.3, which is inconsistent with Eq. (5). We conclude that also this model is

excluded.

VIII. CONCLUSIONS

The ATLAS and CMS experiments at the LHC have been measuring branching ratios

of the Higgs boson decays into second generation fermions, h → µ+µ− and h → cc̄. These

measurements probe various BSM frameworks, where the SM relation between the Yukawa

coupling and the mass, yf =
√
2mf/v, is violated for second generation fermions.

We obtain the following lessons from the µ
µ
+
µ
− = 1.21± 0.35 measurement:

• Models where there is a strong suppression of the Higgs boson Yukawa coupling to

second generation fermions, such as the Yukawa-less first-two-generations model of

Ref. [15], are excluded.

• Models where there is a strong enhancement of the Higgs boson Yukawa coupling to

second generation fermions, such as the Higgs-dependent Yukawa couplings models

within either a single Higgs doublet [17, 18] or two Higgs doublets [19], are excluded.
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• In models where the SM fermion spectrum is extended by the addition of a single leptonic

vector-like representation, the Higgs boson decay constraints are not competitive with

the Z-boson decay constraints. In models with two vector-like representations, the two

sets of constraints are complementary.

• In 2HDMs with natural flavor conservation, constraints from h → τ+τ− are only

slightly improved.

• In the SMEFT, there is a lower bound on the scale that suppresses the relevant

dimension-six terms of order 10 TeV. (The bound will not get stronger with better

accuracy, as long as µ
µ
+
µ
− = 1 remains within the allowed range.)

The CMS measurement of µcc̄ = 7.7+3.8
−3.5 does not include the SM prediction, µcc̄ = 1,

within the 95% C.L. allowed range. Given the limited statistics, one should be cautious

about its interpretation. Taken at face value, we draw the following new lessons;

• Within the SMEFT, the scale of new physics should be within the (1σ) range of 1.3−9.1

TeV.

• In particular, models with two vector-like up-quark representations, can account from

enhancement of the charm Yukawa coupling, if the Yukawa coupling involving the

two vector-like representations is large enough, and with interesting implications for

modifications of the Zcc̄ coupling.

• In 2HDM models with NFC, the constraints on the top Yukawa coupling from µtt̄h are

in ∼ 2σ tension with the µcc̄ constraint.

One of the most intriguing open questions related to the Higgs boson has been whether

the second generation fermions acquire their masses through the Yukawa interaction with the

field of the observed scalar h. For the muon, the µ
µ
+
µ
− measurment now strongly supports

that this is indeed the dominant mechanism. For the charm quark, the µcc̄ measurement still

leaves open the possibility that this is not the case.
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