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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 — 7777, and into bottom-quark pair, h — bb, and the Higgs boson production
in association with top-quark pair, pp — t¢th [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 o (i — h) and the branching ratio of the decay mode BR(h — ff) to their
Standard Model (SM) values:

P o(i — h)BR(h — ff) )
Hif o(i — h)>MBR(h — )™

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

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

single Yukawa coupling Y} is modified, the relation is given by
i

T BRY, (k- 1)

(3)

7
For the h — p" i~ decay, the experiments report [1, 2, 4, 5]

po+,- = 121705 [CMS)], (4)
p,+,~ =12+0.6 [ATLAS],

with the average result [6]

- = 1.21+0.35. (5)

This can be translated into

0.92 <, < 1.25. (6)

For the h — c¢ decay, the experiments report |7, §]

fee = 77555 [CMS], (7)
gt = —9415 [ATLAS],
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which translate into the following 95% C.L. bounds:

1.1 < |k < 5.5 [CMS], (8)
|k./ky| < 4.5 [ATLAS].

At 1o, the CMS measurement translates into
k. =3.14+1.0. (9)
There are two important discoveries implicit in these measurements:

e 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.

e The charm-related measurement by ATLAS in Eq. (8) confirms that Y,/Y, < 1, in
accordance with the SM prediction that Y,/Y, = m,/m,.

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 [I-VI analyze the implications of the Iyt
measurements in various relevant BSM frameworks: The SMEFT in Section II, vector-like
leptons in Section 11, 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 y 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:

1

1
Lsyerr = Lsvm + Aodzs + =

e Ogeg+ ... (10)

Here, Lg); is the Lagrangian of the renormalizable SM. The operators O,_,, 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 A is the mass scale of the new degrees of freedom, and by assumption
A >
Beyond the dimension-four Yukawa interaction of the SM, the muon mass and Yukawa

coupling are modified by dimension-six terms:
_ 1 , .
Ly = YL, Prg + P(Xﬁ +iX})|®[*Ly, Pug + hoc.. (11)

Here, Ly, = (v, p)" is the left-handed SU(2) -doublet whose T5 = —1/2 member is the
muon mass eigenstate, up is the right-handed SU(2),-singlet muon mass eigenstate, and
® = (0 (v+h)/v2)" is the scalar SU(2); doublet in the unitary gauge. Without loss of

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

2 XM
Th, = L, (12)
2N Y,

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

my= U2\ (L TR+ (1 (13)

v _ Y LHATh+ 3(TH)? + 3(T1)? + 20TV
o — T = .
V2o Jar iy

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

(14 3TH)* +9(TH)°
(1+T8)° + (T4

(15)

+7:
Pty

Thus, Eq. (5) provides an allowed ring in the Th — T} 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,

|YB£M)| ~ TIH MM+M7 (16)
2x 1070 T (14 T2+ (T2~ 2
and to the electric dipole moment (EDM) of the electron:
|d£“) | N TIM _ Kot a7
Ix10*eem  (A+TH*+(TH? ~ 2 7
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FIG. 1. The allowed region in the T} — T}" plane.

where lef/}i* is the experimental upper bound on = Given the observed value of the
baryon asymmetry, Yo = (8.63 4 0.06) x 10" [6], a complex Yukawa coupling of the muon

can contribute at most (at the 1o level)
v/ ve> < 0.15. (18)

Given the experimental upper bound, |d"*| = 4.1 x 107°° € em [10] (see also [11]), a complex

Yukawa of the muon is at most a factor of
4% /dm] £0.15, (19)

below current experimental sensitivity.

The allowed range, which includes the SM value, t,+,~ = 1, puts a lower bound on
the scale of new physics that suppresses the dimension-six term. As long as Myt = 1is
within the experimental range, the point (7%, 7}) = (—0.5,0), corresponding to |T%| = 0.5,

is allowed, which implies

A
= X ! ~ 10 TeV, (20)
M ,max
VX \/ 2y, [T
where yEM = v2m, /v~ 6 x 107", Since |T|* oc 1/A*, small deviations from p,+,~ =1do

not change this bound significantly.



Names |SU(2);, x U(1)y rep’s 2M§((Cye)'u’u Ky, — 1=

E+E° (1) (1)+1 y,u‘Y,u,LEC|2 —259A;4 = _269\/#

LI 21+ @2 | 9ulViu!" |-209a, = +20gv,

L+ L% (2osp+ @i | vV, [* [+2094, = =209y,

T+ T° ( ) (3)0 2yu| up T | +259A# = "’259\/#
+(3)

T/+T/C ( )

2
3 +1 y“‘|YHLT/C _269A,u = _26gV,u

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

In our analysis so far we assumed no special flavor structure for Xp ;. Imposing minimal
flavor violation (MFV) implies that we expect X ; = O(y,) (and if we take MFV to imply
that that Yukawa spurion is the only souce of CP violation, X4 = 0). In this framework,
Th = O(v®/A?), and consequently the bound on A relaxes to A 2 v/ (- —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 (cy. ), In the presence of a single vector-like representation,
the corresponding (cy. ), 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:

V2m

(%

Y =

p £y UQ(CYE)/W. (21)

Each of the five vector-like representations modifies also the vector (gy,) and axial-vector
(9au) Z p e~ 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:

S S
59\/“ =9vu — gvl\,ﬁ 59Au =9au — QAI,\f- (22)
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Model Fields Ky — 1=

LI | L+ L°+E+E° | 2694, + X,|Ycp]
LIl |L'+L°+E+E°|-20gy, — X,|Y,p|
LII | L+ L4+ T +T° | =269y, — X,[Y,cp|
LIV L'+ L+ T +T"|—=26ga, + X ,|Y,rep/]

LV | L+ L°+T+T° | +20gy, + X, |Yiep|

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

We use |6, 13]
gvu = —0.0367 & 0.0023, g‘S/l\f = —0.0371 =+ 0.0003 (23)
ga, = —0.50120 £ 0.00054, gilxl = —0.50127 4+ 0.00020,

and obtain

dgy, = +0.0004 = 0.0023, dg4, = +0.00007 £ 0.00060. (24)

Combining Table I and Eq. (24), we learn that in these five models,
|k, — 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 dgy,,, 094, and
(k, — 1) constrain the combination X, Yy ,, where Yz , is the Yukawa coupling between

two vector-like leptons, and

X, = (0/m,)\/216g%, — 59%,] exp(io), (26)

and ¢ is a convention-independent phase.
Using the relations in Table II, and given that the allowed values of dgy,, and dg A, are
about two orders of magnitude smaller than the bounds on x, — 1, we obtain the following

approximate bound:

YF1F2 \/ |6g\2/,u - 59124,u| = 3 X 10_4 X |K’,u - 1|max ~ 8 X 10_57 (27>
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where we use the upper bound on «, — 1 from Eq. (6). Comparing Eq. (27) to Eq. (24), we
learn that, in the models defined in Table II, for Y, , > O0(0.03), the b — w1~ measurement

can be as constraining as measurements of Z — u* .

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

'uu*;f = Mr*r" (28)
For the h — 777~ decay, the experiments report [1, 14]

i+~ =0854+0.10 [CMS], (29)
o+ - =0.937013 [ATLAS],

with the average result

p+ = 0.88 £ 0.08, (30)

which translates into

K, = 0.935 % 0.045. (31)

In this framework, we can combine Eq. (5) with Eq. (30) to obtain
fyr - = 0.90 £ 0.08. (32)

Comparing Eq. (30) to Eq. (32), it is clear that the effect of the ft,+,~ measurement on the
constraints on the model parameters is minor.

In 2HDM with NFC, there are three convenient bases. The interaction basis (@, ®,),
where each fermion sector (u,d,e) couples to one of the two doublets, the Higgs basis
(Pyr, Py), defined via (Py,) = v and (P,) = 0, and the mass basis (P, Py ), where the
neutral CP-even members of the two doublets are the mass eigenstates h and H. The angle
B, defined via tan 8 = v, /vy, rotates from the interaction basis to the Higgs basis, while the
angle a 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 ®, and the lepton (e) sector couples to ®;.
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Fig. 2 gives the excluded region in the cos(f — «) — tan § plane, without (purple) and with
(purple plus pink) the muon constraint. We zoom in on the regions of cos(f — «) ~ 0 (the
decoupling limit) and cos( + a) =~ 0 (where the lepton Yukawa couplings are of opposite

sign to the SM values).

10} ' 8.0¢
5 5
E 7.5+
g : g
g1 ; g |
[ ! 7.0
0.5- ! _
, 6.5
0.1% ) ! ) 1] L . . ‘ ‘ ‘
-0.2 -0.1 0.0 0.1 0.2 0.26 0.28 0.30 0.32 0.34
cos(f-a) cos(B-a)

FIG. 2. The excluded region in the cos(8 — a) — tan § plane, in the lepton-specifc NFC model. The
purple-shaded region does not include the It 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, @5, couples dominantly to the third generation:

Ly = —Lpi(Y,0:30,3 + €;)®3Ep; + h.c., (33)
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where |€j;| < 1 (and similarly in the quark sectors). The second doublet, ®;,, couples to

only the first two generations:

Llo=— > LpY;?0,E, +he. (34)

1,7=1,2

The scalar potential is given by
Vo= | @ial + g3 g + (@585 + D) + Ay @iof* + Ag| Dy (35)
The VEVs, (®3) = vg and ($5) = vy4, are hierarchical:
tan B = v3 /vy > 1, 03 + Uiy = 07 (36)

The scalar spectrum is given by

2 2
2 2 nv
m  + =My = — y (37>
H
V1203
,u21}2 ,uQ(UZ . v2) 2
mi,H = AUty + A5 — 5 F (/\1?1%2 — Agvs + #) + (N2>27
V19U3 2'012'03

and the rotation angle from the (®,, ®3) basis to the (@, ®j) basis, a, is given by
Qmisﬁcﬁ

\/(m% —mj)® — 4mfl43§c§

(38)

tan 2o = —

Clearly, in this model, third generation fermions acquire their masses from interacting with
the ®4 field, while the first two generation fermions acquire their masses from interacting with
®,5. 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 p and, in particular,
m% > Av?, A\ vly, we are in the decoupling limit, and k=~ 1 for all fermions, including the
light generations. Indeed, it is straightforward to show that, in this limit, Eq. (38) implies
that s, ~ —cg, and then x, = —s,/csg ~ 1 and K, = ¢, /55 ~ 1.

The situation is different in the case that /\11120% > m%, Aov® [15]. Given the smallness
of C%, this hierarchy requires a very large \;. Ref. [15] argues that a natural embedding for

this setup is a strongly coupled theory like technicolor. Egs. (37) and (38) give
mi = 2\, (39)
my = 2)\1020% +m% > my,
8o = —(mA/mi)cs < ¢
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Consequently,

Huzmi/m?{<< 1. (40)

The lower bound in Eq. (6) implies that, in contrast to Eq. (40), s, ¥ 1 which, in the
context of this model, implies that /\12)202 % m?%, 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 ®, which has Yukawa couplings only
in the Y3’; entries, while the first two generations couple to ®', which has small Yukawa
couplings that break the [U(2)]” symmetry acting on the first two generations. Consequently,
the measurement of Myt is the first to probe the couplings of ®'. Yet, the effect of this
measurement on the allowed region in the cos(/5 — «) — tan 5 plane is small, as can be seen

in Fig. 3.

100/

50

10,

tan(g)

0.5

-04 -0.2 0.0 0.2 0.4
cos(B-a)
FIG. 3. The allowed region in the cos(f — «) — tan 3 plane, in 1B 2HDM model of Ref. [16]. When
adding the - 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.,
ofe\ "
‘a#[uk = CM# <?> LLHCD,uR + h.C., (41)
where c,,, is a dimensionless coefficient of O(1), A is a cut-off scale of O(TeV), and n,, is an

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

m

2n
v I
Y, =c,,(2n, +1) (\/§A) :

Given that, experimentally, neither k;, > 1, nor k. > 1, we assume that n, = n, = 0. Then,

K, = 2n, + 1, (43)
B (2n, +1)?
14 BResul(2ne+1)* = 1]

Given that m, > m,, we assume that n, < n,. Thus, the minimal enhancement of Iyt in

+7
Pt

this framework corresponds to n, =n, = 1:
> ) =~
Mn™ = 15003 %8

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

7.3.

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

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 VIID, in order to include the

top and charm data.

VII. IMPLICATIONS OF pu;

The measurement of pu.. suffers from low statistics. One should therefore be cautious
about the SM value of k. = 1 being outside the 95% C.L. interval. Of course, if, with higher
statistics, k. = 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.
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Names |SU(3)g x SU(2), x U(1)y rep’s QM)Q((CYu)cc Ke— 1=
Q+Q° (3,2)41/6 + (3,2)_1/6 yc|YQcR|2 +20g4. = =209y
Q" +Q" (3,2) 176 + (3,2) _7/6 yC’YQ”cR‘Z +2094c = =209y,
U+U° (3:1) 4273+ (3,1) a3 yc|YcLU°|2 +20g4. = +20gy.
U+ U (3,3) 1273+ (3,3) o3 YelY, gre 2 |=20g4, = —20gy.

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

A. The SMEFT

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

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

e The range of . in Eq. (8) corresponds to
A
VIXE

Thus, first, since k. = 1 is excluded, we obtain also an upper bound on the scale A

1.3 TeV < < 9.1 TeV. (44)

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

e The value of k. = 3 is within the allowed range. This value corresponds to a situation
where the contribution of the dimension-six term to m, dominates over the SM,

dimension-four contribution.

e Imposing MFV implies that we expect Xz = O(y,.). In this case, the scale of new
physics is required to be rather low, A < 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 I1I. We follow here the notations and analysis of Ref. [12].

Each of the four vector-like representations modifies also the vector (gy..) and axial-vector
(gac) Zcc 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
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Model Fields K,— 1=

Ul | Q+Q°+U+Y" | 42094, — X [Yger|
ULl | Q"+ Q" + U + U [+28gv. + X[V g
UL | Q+Q°+ U +U" | =20gy, + XY o]
UIV Q"+ Q" + U+ U | =269, — X [Yoyrey|

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

couplings as follows:

0gve = Gve — Gves  0Gac = Gac — Gac- (45)
We use [13]
Gve = +0.1873 £ 0.0070, ¢ = +0.19204 + 0.00023 (46)
Ao = +0.5034 £+ 0.0053, ¢SM = 1+0.50144 = 0.00020,
and obtain

5gve = —0.0037 £ 0.0070, g4, = +0.0020 = 0.0053. (47)

Combining Table III and Eq. (47), we learn that in these four models,
Ik, — 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 dgy., 094, and (k. — 1) constrain the combi-

nation X Yy g, where Yp, 5, is the Yukawa coupling of two vector-like up-quarks, and

X, = (v/me)\)2|0gv. — dgic exp(io), (49)

and ¢ is a convention-independent phase.
Using the relations in Table IV, and given that the allowed values of dgy. and dg,_are
about two orders of magnitude smaller than the bounds on k. — 1, we obtain the following

approximate bound:

YFng \/ |5g\2/c - 591246| 34 X 10_3 X |’€c - 1|max ~ 002a (50)
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where we use the upper bound on ., — 1 from Eq. (8). Comparing Eq. (50) to Eq. (47), we
learn that, in the models defined in Table IV, for Y r > O(1), the h — c¢ measurement
can be as constraining as measurements of Z — cc.

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

deviation from the SM with Y g 4/ 0G5, — 0g%e] ~ 4 x107*,

C. 2HDM with NFC

Common to all 2HDMs with NFC is the prediction that
Ke = Ky. (51)
For the tth production, the experiments report [1, 20, 21|

[z = 0941075 [CMS], (52)
pein = 1.2 £0.3 [ATLAS],

with the average result [6]

(i, = 1.10 £ 0.18, (53)

which translates into

Ky = 1.05 % 0.09. (54)

Taking the naive average of Eq. (9) and Eq. (54), we obtain
K, = 1.07 = 0.09. (55)

Comparing Eq. (54) to Eq. (55), it is clear that the effect of the p.; 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 yu + - [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

Kt = Sg—q T Cﬂ—a/tﬁ7 (56)
Ky = Kp = 385_q — 2C5_olg + Cs_a/ts,
Ke = 3S3_q — Cg_alp + 2¢5_0/1p,

/‘iu = 58[3_04 — 3cﬂ—at6 + 2cﬁ—a/tﬂ'

We learn that . and k, can be expressed in terms of s, and k,, and, consequently, the

former are predicted in terms of the latter:

1
Ke = 5(/@ +3k;) =2.0+0.2, (57)

1
Ky, = 5(3I€T + k) = 1.94 +£0.08.

While the value of k. ~ 2 is within the currently allowed range, the value of k, corresponds
to ju,+,- =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 — p*p~ and h — cé. These
measurements probe various BSM frameworks, where the SM relation between the Yukawa
coupling and the mass, y; = V2m /v, is violated for second generation fermions.

We obtain the following lessons from the f,+,~ = 1.21 £ 0.35 measurement:

e 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.

e 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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e 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.

+

e In 2HDMs with natural flavor conservation, constraints from h — 777 are only

slightly improved.

e 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 Myt = 1 remains within the allowed range.)

The CMS measurement of y, = 7.773% does not include the SM prediction, s, = 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;

e Within the SMEFT, the scale of new physics should be within the (10) range of 1.3—9.1
TeV.

e 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 Zc¢ coupling.

e In 2HDM models with NFC, the constraints on the top Yukawa coupling from p,, are

in ~ 20 tension with the u.; 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 ft,+,~ measurment now strongly supports
that this is indeed the dominant mechanism. For the charm quark, the p.; measurement still

leaves open the possibility that this is not the case.
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