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Interference Effects in Di-Higgs Production: gg à S à HH

Models with additional singlets open a door for strong first order phase transitions

Singlet extension of the SM can serve as a benchmark, challenging to test at colliders
• Consider case of Spontaneous Z2 breaking 
• Find that interference effect can enhance di-Higgs production up to 40%, 

improving LHC reach

xx

x
scalar singlet with a Z

2

symmetry. The scalar potential of the model can be written as
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where � is the SM doublet 1 and s represents the new real singlet field. In the above, we

adopt the conventional normalization for the couplings of the SM doublets and match the

other couplings with the singlet with identical normalization. We allow for spontaneous

Z
2

breaking with the singlet s acquiring a vacuum expectation value (vev) vs, since this

case allows for interesting collider phenomenology of interference e↵ects. As we shall show

later, the (on-shell) interference e↵ects commonly exist for loop-induced processes in BSM

phenomenology and it is the focus of this paper. The CP even neutral component h of the

Higgs doublet field � mixes with the real singlet scalar s, defining the new mass eigenstates
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where ✓ is the mixing angle between these fields. The five free parameters in Equation 2.1

can be traded by the two boundary conditions

mH = 125 GeV, v = 246 GeV (2.3)

and the three “physical” parameters,

mS , tan�(⌘ vs
v
), and sin ✓, (2.4)

where tan� characterizes the ratio between the vevs of the doublet and the singlet scalar

fields, respectively.

As a result, the parameters in the scalar potential in Equation 2.1 can be expressed as

functions of these new parameters,
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Observe that the condition of spontaneous symmetry breaking implies that dimensionful

quantities µ2 and µ2

s can be directly expressed in terms of the original quartic couplings and

the vevs,
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1 �T = (G+, 1p
2
(h+ iG0 + v)), where G±,0 are the Goldstone modes.
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Parameters in the potential can be traded by 

mH =125 GeV, v=246 GeV 

mS, tanβ(=vs/v), sinθ, 

L ⊃ λHHHH3 +λSHHSH2. 

x

as
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Figure 3. The phenomenlogically interesting trilinear scalar couplings, normalized by the SM doublet
vev v, ��HHH/v and ��SHH/v as a function of the singlet-like scalar mass mS and the mixing angle
sin ✓ shown in magenta and dark green contours, respectively. The left and right panels correspond
to tan� = 1 and 10, respectively. The gray shaded region is disallowed by vacuum stability and
perturbative unitarity arguments, while the brown shaded regions are disallowed by EWPO.

In Figure 3, we show the values of trilinear couplings between mass eigenstates, ��HHH/v

and ��SHH/v in green and magenta curves, as a function of the heavy singlet-like scalar mass

mS and the singlet-doublet mixing angle sin ✓ for tan� = 1 (left panel) and tan� = 10 (right

panel). We can observe that the trilinear coupling of the SM-like Higgs remains insensitive

to the singlet mass and receives moderate modifications with respect to its SM value. On the

other hand, the trilinear �SHH that determines the rate of the heavy scalar decay into Higgs

pairs is quite sensitive to the precise value of the singlet-like scalar mass and the mixing angle

sin ✓.

The heavy singlet mixing with the SM Higgs will induce a global shift on all the SM-like

Higgs couplings. While this mixing does not change the SM branching ratios, the production

rates of the Higgs boson will be reduced by a factor cos2 ✓. The Higgs boson data from

LHC at 7 and 8 TeV sets a constraint of | sin ✓| < 0.36 at 95% C.L., independently of the

singlet mass. The HL-LHC projection increases this limit very mildly due to the dominant

e↵ect from systematic and theory uncertainties. In addition, the current limit is driven
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spontaneous symmetry breaking defines μ2 and μ2
S

in terms of the original quartic couplings & the vevs

Besides  singlet-doublet mixing governed by sin θ, di-Higgs final states are characterized 
by two trilinear coupling:



Interference Effects in Di-Higgs Production: gg à S à hh

Models with additional singlets open a door for a strong first order phase transition

Singlet extension of the SM can serve as a benchmark, challenging to test at colliders

M.C. Z. Liu and M. Riembau. ‘18
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• Background real
• Re. Int.– from the real part of the propagator:
at parton level no contribution to the rate 
è shift the mass peak. [When convoluting with PDF, 
may generate residual contribution to signal rate]

Di-Higgs Production and Interference effects
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Iint

Im. Int.–from the imaginary 
part of propagator 

Iin BC &"#$&01$∗ = cMNO |cQRO∗ |sin(V"#$ − V01$)

When phase V"#$ − V01$ (strong phase) is none-zero, there 
is a new interference effect that cannot be neglected 



Imaginary parts contributing to the Interference effects

Background real

Real Interference from the real part of the propagator and real part of loop function 
(shifts the mass peak; no contribution to the signal rate besides residual effect of PDF’s)

Im. Interference from the imaginary part of propagator  with imaginary part of loop function 
(rare case, changes signal rate)

Triangle loop function

Once above the threshold, 
imaginary piece increases 
and real piece decreases.

SM Higgs
real & slowly varying

p
⌧ =

p
ŝ/2mf

Phase of the loop function

x



Strong phase in the loop functions

Relative strong phase (yellow curve) allows for a non-vanishing interference 
effect between the singlet resonance diagram and the SM box diagram. 

The solid, dotted, and dashed curves correspond to 
scattering angles of 0, 0.5 and 1, respectively



Logarithmic to see other components;
Dashed represent destructive interference;
Dark blue, unique on-shell constructive interference

Interference Line shape



Logarithmic to see other components;
Dashed represent destructive interference;
Dark blue, unique on-shell constructive interference

Interference Line shape



Relevance of the on-shell interference

Relative size of the on-shell interference
effect w.r.t. the resonant BW signal,
averaged over scattering angle [-0.5,0.5]

For different parameters, it could be up to
40% below 1 TeV or increase even 
further for heavier singlet masses.

Interference effect could play an important role in the pheno and further 
determination of model parameters if the heavy scalar is discovered. 



Relevance of the on-shell interference

Based on the pp à HHà bbγγ, analysis [arXiv:1502.00539] we perform a differential
analysis of the lineshapes:

• Black/red lines, w/wo interference effect;
• Purple shaded region, 1st Order Phase Transition (FOPT) through an EFT analysis
• Correct inclusion of the interference effect extends the sensitivity in FOPT region

M.C. Z. Liu and M. Riembau. ‘18



Correlation between enhanced Higgs-fermion couplings and di-Higgs production 
in 2HDM w/ flavour symmetry (2HDFM)

Bauer, MC, Carmona (1801.00363) 
Di-Higgs Production as a signal of Enhanced Yukawa couplings

2

More model-independent methods are inclusive mea-
surements of h ! cc̄ or associated production of
pp ! hc + hc̄, which strongly depend on the c� and
b�tagging e�ciencies [13–15]. Exclusive, radiative Higgs
decays h ! J/ (⌥)� 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 o↵er 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
�1�2 can carry a flavour charge, such that for a given
flavour the SM Yukawa coupling is replaced by a higher
order operator

yf f̄L�fR ! y0
f

✓
�1�2
⇤2

◆nf

f̄L�ifR , (6)

in which ⇤ is the suppression scale, �i is either �1 or �2
and the integer nf depends on the flavor charge assigned
to fL�ifR and �1�2. As a consequence, the correspond-
ing fermion masses are given by

mf = y0
f "
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vp
2
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v1v2
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1 + t2�
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2⇤2
, (7)

with the vacuum expectation values h�1,2i = v1,2 and
t� ⌘ 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 3 yu

ij

✓
�1�2
⇤2

◆nuij

Q̄i�1 uj + yd
ij

✓
�†1�

†
2

⇤2

◆ndij

Q̄i�̃1 dj

+ y`
ij

✓
�†1�

†
2

⇤2

◆n`ij

L̄i�̃1 `j + h.c. , (8)

which reduces to a 2HDM of type I in the limit
nu, nd, n` ! 0. This expression can be readily extended
to other types of 2HDMs [8] and the discussion in
the remainder of the paper 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 g'V V = 'V 2 m2

V /v, with hV = s��↵ , HV = c��↵

for V = W±, Z, and we use the notation sx = sin(x),

cx = cos(x) and tx = tan(x). The couplings between the
scalars ' = h, H and SM fermions fLi,Ri = PL,Rfi in
the mass eigenbasis read

L = g'fLifRj
' f̄LifRj + h.c. (9)

with a flavor index i, such that ui = u, c, t, di = d, s, b
and `i = e, µ, ⌧ . This induces flavor-diagonal couplings
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The flavor universal functions in (10) and (11) are given
by
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Flavor o↵-diagonal couplings between the neutral scalars
and SM fermions are induced in (11) through the ma-
trices in flavor space A and B, whose entries are propor-
tional to the flavor charges of the corresponding fermions
that define the coe�cients in (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 �1�2 to a1 + a2 = 1 by fixing
a2 = 1 and a1 = 0, such that

nuij= aQi � auj , ndij= aQi � adj , n`ij= aLi � a`j . (15)

While these exponents depend on the relative charge as-
signments 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 o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
)✏|au1�au3| + �au1au3

✏|au2�au1|+|au2�au3| ,

U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
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3M2
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⇥
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A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 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 corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 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 c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor 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 [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
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f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
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⇤
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ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 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 corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 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 c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor 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 [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵
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⇤
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ghhh = �3
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⇥
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A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 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 corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 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 c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor 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 [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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Br(H ! hh) on c��↵ and t� for MH = MH± = 550
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
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⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 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 corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 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 c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor 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 [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 2: Left: Cross section for Higgs pair production in units of the SM prediction as a function of h
f for

c��↵ = �0.45 (�0.4) and MH = MH± = 550 GeV, MA = 450 GeV in blue (green) at
p

s = 13 TeV. Right: Invariant
mass distribution for the di↵erent contributions to the signal with c��↵ = �0.45 and h

f = 5 (blue), h
f = 4 (green)

and h
f = 3 (red) at

p
s = 13 TeV, respectively. Solid (dot-dashed) lines correspond to the NLO (LO) calculation for

the sum of the resonant and non-resonant production, while dotted (dashed) lines correspond to the pure resonant
(non-resonant) contributions.

charged Higgs do not contribute, these results can be
easily applied here. We use the CT14NLO PDF from
LHAPDF6 [33] as well as the C++ library QCDLoop [34]
to evaluate the corresponding one-loop integrals, neglect-
ing small corrections from quark initial states. Solid lines
show the NLO results, while the solid shaded lines mark
the values of f excluded by perturbativity and unitar-
ity constraints [23, 37]. For a given value of c��↵ a lower
and an upper bound on h

f exist, corresponding to small
and large t� , respectively, in both cases leading to tension
with perturbativity and unitarity constraints.

The dotted (dashed) lines show the LO ratios for
the resonant (non-resonant) contribution. However,
to a very good approximation the NLO corrections
factorize and drop out of the ratio. For the values of h

f

considered, �(pp ! hh) never exceeds the experimental
bound on the non-resonant Higgs pair production cross
section [38]. The values of h

f in Fig. 2 follow from fixing
nf = 1 and values of O(10) and larger are obtained for
nf > 1. Note that the correlation between �(pp ! hh)
and h

f is stronger for vector boson fusion production,
because there is no suppression of �(pp ! H) for t� > 1
and �(qq ! qqH) / s2��↵. In the right panel of Fig. 2,
the invariant mass distribution for the di↵erent contri-
butions to the signal with c��↵ = �0.45 are shown for
three values of h

f and
p

s = 13 TeV. As a consequence
of the enhancement of Higgs-fermion couplings, both
non-resonant and resonant contributions are enhanced.
The relevance of the d�/dmhh distribution for both
resonant [24] and non-resonant contributions [25] to
the Higgs pair production cross-section has long been
emphasized [26–28]. 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 fh(↵, �) [29]. For larger MH

and sizable h
f , the interference between the di↵erent

contributions turns the broad resonance peak into a
shoulder in the d�/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 [40].
We encourage a dedicated analysis considering the
corresponding d�/dmhh templates to maximize the
sensitivity to features in the di-Higgs invariant mass
distribution from the simultaneous enhancement of
ghhh, gHhh and f

h.

An Explicit Example. We now consider a con-
crete example for which the flavour charges of down-type
quarks and leptons vanish n`i = ndi = 0 8 i, whereas
the up quarks carry charges nt = 0, nc = 1, nu = 3 and
we choose all charges of the SU(2)L fermion doublets to
be zero. As a 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 t� and
c��↵ according to (10). This leads to flavour-changing
couplings of the SM Higgs to up-type quarks suppressed
by powers of the ratio ",

U =

0

@
1 "2 "3

"2 1 "
"3 " 1

1

A , Q = 0 . (20)



The 125 GeV Higgs precision measurements call for a significant degree 
of alignment, with important implications for additional Higgs bosons 
searches

Outlook

Phase shift between SM and new physics can have important 
implications
• Enhance LHC sensitivity to simple models with a strong first order phase

transition

Also relevant for
• 2HDFMs with enhanced light quark Higgs couplings
• Novel on-shell info on Higgs total width
• Performing scalar resonant searches above the top threshold


