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We present a nontrivial correlation between the enhancement of the Higgs-fermion couplings and the
Higgs pair production cross section in two Higgs doublet models with a flavor symmetry, with implications
for LHC searches. This symmetry suppresses flavor-changing neutral couplings of the Higgs boson and
allows for a partial explanation of the hierarchy in the Yukawa sector. After taking into account the
constraints from electroweak precision measurements, Higgs coupling strength measurements, and
unitarity and perturbativity bounds, we identify an interesting region of parameter space leading to
enhanced Yukawa couplings as well as enhanced di-Higgs gluon fusion production at the LHC reach. This
effect is visible in both the resonant and nonresonant contributions to the Higgs pair production cross
section. We encourage dedicated searches based on differential distributions as a novel way to indirectly
probe enhanced Higgs couplings to light fermions.

DOI: 10.1103/PhysRevLett.121.021801

Introduction.—Probing the Higgs couplings to the first
and second generation fermions is one of the main
objectives of the Higgs program at the LHC. New physics
could induce very large deviations from the standard model
(SM) predictions, by changing the way the Higgs couples
to light fermions through higher dimensional operators

−L ¼ yff̄ϕf þ y0f
ϕ†ϕ

Λ2
f̄ϕf þO

�
1

Λ4

�
; ð1Þ

where ϕ denotes the Higgs doublet and f is an arbitrary
fermion. From Eq. (1) follows for the fermion mass
matrix

mf ¼
�
yf þ y0f

v2

2Λ2

�
vffiffiffi
2

p ; ð2Þ

while the couplings to the SM Higgs boson are given by

ghff ¼
�
yf þ 3y0f

v2

2Λ2

�
1ffiffiffi
2

p ¼ mf

v
þ y0fv

2ffiffiffi
2

p
Λ2

: ð3Þ

Enhancements of Higgs couplings to light fermions can be
induced if the last term in Eq. (3) becomes sizable with
respect to mf=v. This requires fine-tuning between yf and
y0f in order to recover the observed fermion masses. In
addition, Eq. (3) in general induces sizable flavor-changing
neutral currents (FCNCs) mediated by the Higgs boson,
due to the misalignment between fermion masses and
Higgs couplings, which requires additional fine-tuning to
fulfill the bounds from flavor observables [1]. An align-
ment of the couplings yf and yf0 at a high scale is not stable
under renormalization group evolution, because the SM
Yukawa coupling and the dimension six operator in Eq. (1)
run differently [2–4]. In addition, in some cases dimension
8 operators can have relevant effects [5,6].
In two Higgs doublet models (2HDMs) with a flavor

symmetry, the light fermion masses can be explained
through higher order operators, avoiding the need for the
very small Yukawa couplings in the SM. These higher
order operators introduce enhanced diagonal couplings
between the Higgs and the SM fermions. Moreover, the
structure of Higgs couplings to fermions are close to
minimal flavor violating, leading to suppressed FCNCs
[7,8]. In this Letter, we argue that in these models there
exists a strong correlation between maximally enhanced
Higgs couplings to fermions and an enhanced Higgs pair
production that can be probed at the LHC.
Several strategies to test light fermion Yukawa couplings

have been proposed, which are sensitive to enhanced
couplings present in the class of models discussed in this
Letter. In the case of muon and electron Yukawa couplings,
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direct measurements of h → μþμ− and h → eþe− yield the
strongest constraints [9–11]

jκμj < 2.1; jκej≲ 608; ð4Þ

where κf ¼ ghff=gSMhff. Direct measurements of the Higgs
couplings to light colored fermions are much more chal-
lenging. The strongest (yet indirect) bounds follow from a
combined fit to Higgs coupling strength measurements,
allowing only one Yukawa coupling to deviate at a time [12]

jκdj< 1270; jκuj< 1150; jκsj< 53; jκcj< 5: ð5Þ

More model-independent methods are inclusive measure-
ments ofh → cc̄ or associated production ofpp → hcþ hc̄,
which strongly depend on the c- and b-tagging efficiencies
[13–15]. Exclusive, radiative Higgs decays h → J=ψðϒÞγ
provide an alternative way to test charm (and bottom)
Yukawas and notably also to access their sign [16–19].
Measurements of the total width of the Higgs boson offer
another handle on individual Yukawa couplings [14], as well
as measurements of pT distributions in pp → h and
pp → hj [20,21]. A novel strategy based on measuring
the charge asymmetry in W�h has been proposed [12]. If
Higgs couplings to proton valence quarks and electrons are
simultaneously enhanced, even frequencies of atomic clocks
could be modified [22].
Formalism.—In 2HDMs, the SM singlet operator ϕ1ϕ2

can carry a flavor charge, such that for a given flavor the
SMYukawa coupling is replaced by a higher order operator

yff̄LϕfR → y0f

�
ϕ1ϕ2

Λ2

�
nf
f̄LϕifR; ð6Þ

in whichΛ is the suppression scale, ϕi is either ϕ1 or ϕ2 and
the integer nf depends on the flavor charge assigned to
fLϕifR and ϕ1ϕ2. As a consequence, the corresponding
fermion masses are given by

mf ¼ y0fε
nf

vffiffiffi
2

p ; ε ¼ v1v2
2Λ2

¼ tβ
1þ t2β

v2

2Λ2
; ð7Þ

with the vacuum expectation values hϕ1;2i ¼ v1;2 and
tβ ≡ v1=v2. For the right choice of flavor charges, the
hierarchy of SM fermion masses and mixing angles can be
explained by higher order operators [7,8]. In contrast to the
ansatz (1), lower dimensional operators can be forbidden
by these flavor charges. In the following, we will illustrate
our result based on the Lagrangian

LI
Y ∋ yuij

�
ϕ1ϕ2

Λ2

�
nuij

Q̄iϕ1uj þ ydij

�
ϕ†
1ϕ

†
2

Λ2

�
ndij

Q̄iϕ̃1dj

þ ylij

�
ϕ†
1ϕ

†
2

Λ2

�
nlij

L̄iϕ̃1lj þ H:c:; ð8Þ

which reduces to a 2HDM of type I in the limit nu, nd,
nl → 0. This expression can be readily extended to other
types of 2HDMs [8] and the discussion in the remainder of
the Letter holds independent of this choice. The Higgs
sector contains two neutral scalar mass eigenstates h, H,
one pseudoscalar A and one charged scalar H� and we
identify the lighter scalar mass eigenstate h with the
125 GeV resonance observed at the LHC. The couplings
between the scalars and the electroweak gauge bosons are
fixed as in any 2HDM to gφVV ¼ κφV2m

2
V=v, with κhV ¼

sβ−α; κHV ¼ cβ−α for V ¼ W�, Z, and we use the notation
sx ¼ sinðxÞ, cx ¼ cosðxÞ, and tx ¼ tanðxÞ. The couplings
between the scalars φ ¼ h, H, and SM fermions fLi;Ri

¼
PL;Rfi in the mass eigenbasis read

L ¼ gφfLi fRjφf̄Li
fRj

þ H:c:; ð9Þ

with a flavor index i, such that ui ¼ u, c, t, di ¼ d, s, b, and
li ¼ e, μ, τ. This induces flavor-diagonal couplings

gφfLi fRi ¼ κφfi
mfi

v
¼ ðgφfiðα; βÞ þ nfif

φðα; βÞÞmfi

v
; ð10Þ

and flavor off-diagonal couplings

gφfLi fRj ¼ fφðα; βÞ
�
Aij

mfj

v
−
mfi

v
Bij

�
: ð11Þ

The flavor universal functions in Eqs. (10) and (11) are
given by

ghfi ¼
cβ−α
tβ

þ sβ−α; gHfi ¼ cβ−α −
sβ−α
tβ

; ð12Þ

and

fhðα; βÞ ¼ cβ−α

�
1

tβ
− tβ

�
þ 2sβ−α; ð13Þ

fHðα; βÞ ¼ −sβ−α
�
1

tβ
− tβ

�
þ 2cβ−α: ð14Þ

Flavor off-diagonal couplings between the neutral scalars
and SM fermions are induced in Eq. (11) through the
matrices in flavor space A and B, whose entries are
proportional to the flavor charges of the corresponding
fermions that define the coefficients in Eq. (8). In general,
there are flavor charges of the fermion singlets afi , doublets
aQi

and aLi
, as well as those of the Higgs doublets a1 and

a2. We set the flavor charge of ϕ1ϕ2 to a1 þ a2 ¼ 1 by
fixing a2 ¼ 1 and a1 ¼ 0, such that

nuij ¼ aQi
−auj ; ndij ¼ aQi

−adj ; nlij ¼ aLi
−alj :

ð15Þ
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While these exponents depend on the relative charge
assignments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If all
flavor charges for a given type of fermions are equal, the
off-diagonal elements of these matrices vanish. Otherwise,
for couplings of the neutral scalars to up-type quarks
B ¼ U with off-diagonal elements

U12 ≈ ð1 − δau1au2 Þϵ
jau1−au2 j þ δau1au2 ϵ

jau3−au2 jþjau3−au1 j;

U13 ≈ ð1 − δau1au3 Þϵ
jau1−au3 j þ δau1au3 ϵ

jau2−au1 jþjau2−au3 j;

U23 ≈ ð1 − δau2au3 Þϵ
jau2−au3 j þ δau2au3 ϵ

jau1−au2 jþjau1−au3 j;

ð16Þ

and the same expressions hold for A ¼ Q with aui → aQi
.

For couplings between the neutral scalars and down-type
quarks A ¼ Q and B ¼ D, where the elements of D are
given by Eq. (16) for aui → adi. Finally, flavor off-diagonal
couplings between charged leptons and neutral scalars are
given by Eq. (11) with A ¼ C with the elements (16) for
aui → aLi

, and B ¼ E with the elements (16) for aui → ali.
These structures lead to flavor FCNCs, which are chirally
suppressed and proportional to powers of the ratio ε. The
flavor symmetry strongly constrains the Higgs potential

V ¼ μ21ϕ
†
1ϕ1 þ μ22ϕ

†
2ϕ2 þ ðμ23ϕ1ϕ2 þ H:c:Þ

þ λ1ðϕ†
1ϕ1Þ2 þ λ2ðϕ†

2ϕ2Þ2 þ λ3ðϕ†
1ϕ1Þðϕ†

2ϕ2Þ

þ λ4ðϕ1ϕ2Þðϕ†
2ϕ

†
1Þ þO

�
1

Λ2

�
: ð17Þ

The seven independent parameters μ21, μ
2
2, μ

2
3 and λ1, λ2, λ3,

λ4 can be exchanged for the vacuum expectation values v1
and v2, the physical masses mh, MH, MA, MH� , and the
mixing angle cβ−α. The coupling between the heavy scalar
H and two SM Higgs scalars h, as well as the triple Higgs
coupling can be expressed as [23,24]

gHhh ¼
cβ−α
v

½(1−fhðα;βÞsβ−α)ð3M2
A−2m2

h−M2
HÞ−M2

A�;
ð18Þ

ghhh ¼ −
3

v
½fhðα; βÞc2β−αðm2

h −M2
AÞ þm2

hsβ−α�: ð19Þ

Higgs pair production.—The main finding of our Letter
is that the parameter space for which the diagonal couplings
of the SM Higgs to fermions (10) are maximally enhanced
is directly correlated with an enhancement of the trilinear
couplings (18) and (19). This parameter space can be
identified with the region for which fhðα; βÞ ≫ 1, outside
of the decoupling limit cβ−α ¼ 0. For maximally enhanced
couplings, the mass of the heavy scalar H cannot be
arbitrarily large and resonant Higgs pair production is a

signal of this model. The correlation between the enhance-
ment of the Higgs couplings to SM fermions κhf and
BrðH → hhÞ is illustrated for MH ¼ MH� ¼ 550, MA ¼
450 GeV in Fig. 1. The color coding shows the dependence
of BrðH → hhÞ on cβ−α and tβ, and the dashed contours
correspond to constant jκhfj for nf ¼ 1. The correlation is
independent of the factor nf while nf > 1 leads to larger
enhancement factors, and holds throughout the parameter
space, apart from the limits cβ−α ≈ 0 and cβ−α ≈�1. The
latter case is strongly disfavored by SM Higgs coupling
strength measurements, and the correlation breaks down
due to the factor sβ−α in front of fhðα; βÞ in Eq. (18). The
limit cβ−α ¼ 0 is usually associated with the decoupling of
the heavy scalar states, for which ghhh ¼ −3m2

h=v takes on
its SM value and gHhh ¼ 0, while the enhancement of
Higgs couplings to fermions is fixed to κhfi ¼ 2nfi þ 1. The
decoupling limit corresponds to a large value of the
pseudoscalar massMA ≫ v, which is related to the spurion
μ3 ∝ MA that softly breaks the flavor symmetry assumed in
Eq. (8). At one loop, one expects this spurion to break the
structure of the matrices (16), inducing FCNCs propor-
tional to μ23=ð4πΛÞ2. Therefore, the relations we present
only hold if additional scalars are present below the TeV
scale, for which the parameter space cβ−α ≠ 0 is allowed.
We further stress that enhanced Higgs pair production is not
an unambiguous signal of enhanced Higgs-fermion cou-
plings, and models with an additional SM singlet scalar or a
2HDM without modified Yukawa couplings can lead to
modified nonresonant and resonant Higgs pair production
as well [25,26].
For larger values of tβ there is a suppression of

gluon-fusion production, σðgg → HÞ ∝ 1þ 1=t2β − ðκht Þ2,
where κht ≈ 1, which partially cancels the enhancement of
BrðH → hhÞ. However, since σðgg → hÞ ∝ ðκht Þ2, the cross

FIG. 1. The color coding shows the dependence of BrðH →
hhÞ on cβ−α and tβ for MH ¼ MH� ¼ 550, MA ¼ 450 GeV. The
dashed contours correspond to constant jκhfj for nf ¼ 1.
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section σðgg → h → hhÞ is unsuppressed for large values
of tβ resulting in a continuous correlation between κhf and
σðgg → hhÞ due to the nontrivial interplay between the
resonant and nonresonant Higgs pair production processes.
We illustrate this result in the left panel of Fig. 2, in which
the dotted (dashed) lines correspond to the contribution
from resonant (nonresonant) Higgs pair production in
gluon fusion. The solid line is the full σðgg → hhÞ in
the 2HDM in units of the SM value. We set
MH� ¼ MH ¼ 550, MA ¼ 450 GeV, and show values of
cβ−α ¼ −0.45ð−0.4Þ in green (blue) lines. Higgs coupling
strengths measurements and electroweak precision mea-
surements constrain large values of cβ−α, but do not exclude
the values considered here for a Yukawa sector of a 2HDM
of type I. In order to produce the signal, we use our own C++

implementation of the NLO QCD cross section for di-
Higgs production in the presence of a scalar singlet [25], in
the approximation where the exact mt-dependent form
factors are inserted into the mt → ∞ NLO calculation
[27]. Since the pseudoscalar and the charged Higgs do not
contribute, these results can be easily applied here. We use
the CT14NLO PDF from LHAPDF6 [28] as well as the C++

library QCDLoop [29] to evaluate the corresponding one-
loop integrals, neglecting small corrections from quark
initial states. Solid lines show the NLO results, while the
solid shaded lines mark the values of κf excluded by
perturbativity and unitarity constraints [30,31]. For a given
value of cβ−α a lower and an upper bound on κhf exist,
corresponding to small and large tβ, respectively, in both
cases leading to tension with perturbativity and unitarity
constraints.
The dotted (dashed) lines show the LO ratios for the

resonant (nonresonant) contribution. However, to a very
good approximation the NLO corrections factorize and
drop out of the ratio. For the values of κhf considered,

σðpp → hhÞ never exceeds the experimental bound on the
nonresonant Higgs pair production cross section [32]. The
values of κhf in Fig. 2 follow from fixing nf ¼ 1 and values
of Oð10Þ and larger are obtained for nf > 1. Note that the
correlation between σðpp → hhÞ and κhf is stronger for
vector boson fusion production, because there is no
suppression of σðpp → HÞ for tβ > 1 and σðqq → qqHÞ ∝
s2β−α. In the right panel of Fig. 2, the invariant mass
distribution for the different contributions to the signal
with cβ−α ¼ −0.45 are shown for three values of κhf andffiffiffi
s

p ¼ 13 TeV. As a consequence of the enhancement of
Higgs-fermion couplings, both nonresonant and resonant
contributions are enhanced. The relevance of the dσ=dmhh
distribution for both resonant [33] and nonresonant
contributions [34] to the Higgs pair production cross
section has long been emphasized [35–37]. Searches for
resonant di-Higgs production are sensitive to a peak in the
spectrum, which roughly excludes heavy scalar masses
MH ≲ 500 GeV, independent of fhðα; βÞ [38]. For larger
MH and sizable κhf, the interference between the different
contributions turns the broad resonance peak into a
shoulder in the dσ=dmhh distribution for the total cross
section, as shown by the blue line in the right panel of
Fig. 2. Whether current experimental resonance searches
can resolve such a structure strongly depends on the shape
of the invariant mass distribution [39]. We encourage a
dedicated analysis considering the corresponding dσ=dmhh
templates to maximize the sensitivity to features in the di-
Higgs invariant mass distribution from the simultaneous
enhancement of ghhh; gHhh, and κfh.
An explicit example.—We now consider a concrete

example for which the flavor charges of down-type quarks
and leptons vanish nli ¼ ndi ¼ 0 ∀ i, whereas the up
quarks carry charges nt ¼ 0, nc ¼ 1, nu ¼ 3 and we choose
all charges of the SUð2ÞL fermion doublets to be zero. As a

FIG. 2. Left: Cross section for Higgs pair production in units of the SM prediction as a function of κhf for cβ−α ¼ −0.45ð−0.4Þ and
MH ¼ MH� ¼ 550, MA ¼ 450 GeV in blue (green) at

ffiffiffi
s

p ¼ 13 TeV. Right: Invariant mass distribution for the different contributions
to the signal with cβ−α ¼ −0.45 and κhf ¼ 5 (blue), κhf ¼ 4 (green), and κhf ¼ 3 (red) at

ffiffiffi
s

p ¼ 13 TeV, respectively. Solid (dot-dashed)
lines correspond to the NLO (LO) calculation for the sum of the resonant and nonresonant production, while dotted (dashed) lines
correspond to the pure resonant (nonresonant) contributions.
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consequence, the top coupling to the SM Higgs h is
unchanged from its value in the 2HDM of type I, while
charm and up-quark couplings vary with tβ and cβ−α
according to Eq. (10). This leads to flavor-changing
couplings of the SM Higgs boson to up-type quarks
suppressed by powers of the ratio ε,

U ¼

0
B@

1 ε2 ε3

ε2 1 ε

ε3 ε 1

1
CA; Q ¼ 0: ð20Þ

In the up sector, the strongest constraints on FCNCs arise
from D − D̄ mixing. Because of the structure of Eq. (11),
the leading contribution to the Wilson coefficients entering
D − D̄ mixing are chirally suppressed and proportional to
U2
12 ¼ ε4. Assuming order one dimensionless coefficients,

the experimental limit leads to the constraint [40]

Im

�
fhðα; βÞ

mh

mc

v
ε2
�

2 ≲ 2 × 10−14; ð21Þ

where the less relevant contributions from the heavy
scalars have been neglected. For the maximal values
of fhðα; βÞ ≈ 10, this yields ε≲ 1=55. This example
would lead to a Higgs pair production cross section of
σðpp → hhÞ ≈ 50 × σSMðpp → hhÞ with enhancements of
the Higgs couplings to up quarks of κhu ¼ 10.2 and to charm
quarks of κhc ¼ 4, respectively. In principle, similar models
can be built with flavor charged leptons and down-type
quarks. The simultaneous enhancement of κτ or κb and
stronger flavor constraints lead to a more constrained
parameter space for such models.
Conclusions.—We report a nontrivial correlation

between an enhancement of Higgs couplings to light
fermions and enhanced resonant and nonresonant contri-
butions to the Higgs pair production cross section. Such a
correlation appears naturally in a class of models in which
Higgs-mediated flavor changing currents are suppressed by
a flavor symmetry. We show that even after imposing
perturbativity and unitarity bounds as well as constraints
from Higgs couplings strength measurements, the param-
eter space allowing for maximally enhanced Higgs-fermion
couplings entails a Higgs pair production cross section
exceeding the SM prediction by more than an order of
magnitude. Present searches partly probe this interesting
correlation, but dedicated LHC studies are required to
ultimately explore this idea and indirectly constrain signals
of new physics modifying light fermion Yukawa couplings.
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