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1. Motivation
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Fig. 1.2. The Higgs boson couplings to fermions and gauge bosons and the Higgs self-couplings in the SM. The normalization factors of the
Feynman rules are also displayed.

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later. The vacuum
expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
decay
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We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

1H H (q2) =
i

q2 � M2
H + i✏

. (1.31)

Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by

1
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are

Higgs couplings in the SM are well defined, 
associated with the masses.
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Fig. 1.1. The potential V of the scalar field � in the case µ2 > 0 (left) and µ2 < 0 (right).

In turn, for µ2 < 0, the neutral component of the doublet field � will develop a vacuum expectation value [the vev
should not be in the charged direction to preserve U(1)QED]

h�i0 ⌘ h0|�|0i =

 
0
v

p
2

!

with v =

✓
�

µ2

�

◆1/2

. (1.16)

One can then make the following exercise:
– write the field � in terms of four fields ✓1,2,3(x) and H(x) at first order:
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– make a gauge transformation on this field to move to the unitary gauge in which only physical particles are left in
the Lagrangian
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– then fully expand the term |(Dµ�)|2 of the Lagrangian, to obtain LS :
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– define the new fields W ±
µ and Zµ [Aµ is the field orthogonal to Zµ]:
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– and pick up the terms which are bilinear in the fields W ±, Z , A:
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The W and Z bosons have acquired masses, while the photon is still massless
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1
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Thus, we have achieved (half of) our goal: by spontaneously breaking the symmetry SU(2)L⇥U(1)Y ! U(1)Q, three
Goldstone bosons have been absorbed by the W ± and Z bosons to form their longitudinal components and to get their
masses. Since the U(1)Q symmetry is still unbroken, the photon which is its generator, remains massless as it should
be.
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Fig. 1.2. The Higgs boson couplings to fermions and gauge bosons and the Higgs self-couplings in the SM. The normalization factors of the
Feynman rules are also displayed.

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later. The vacuum
expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
decay
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We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

1H H (q2) =
i
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H + i✏

. (1.31)

Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by

1
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are
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Thus, we have achieved (half of) our goal: by spontaneously breaking the symmetry SU(2)L⇥U(1)Y ! U(1)Q, three
Goldstone bosons have been absorbed by the W ± and Z bosons to form their longitudinal components and to get their
masses. Since the U(1)Q symmetry is still unbroken, the photon which is its generator, remains massless as it should
be.
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This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later. The vacuum
expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
decay
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We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

1H H (q2) =
i

q2 � M2
H + i✏

. (1.31)

Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are
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expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
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We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by
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i
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Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are
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The couplings involving a single Higgs boson 
are measured to be SM-like.
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Fig. 1.2. The Higgs boson couplings to fermions and gauge bosons and the Higgs self-couplings in the SM. The normalization factors of the
Feynman rules are also displayed.

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later. The vacuum
expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
decay

MW =
1
2

g2v =

 p
2g2

8Gµ

!1/2

) v =
1

(
p

2Gµ)1/2
' 246 GeV. (1.30)

We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

1H H (q2) =
i

q2 � M2
H + i✏

. (1.31)

Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by

1
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V V (q) =
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are
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We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by
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Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are

Trilinear Higgs coupling is the first target 
among unmeasured couplings.
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Fig. 1.2. The Higgs boson couplings to fermions and gauge bosons and the Higgs self-couplings in the SM. The normalization factors of the
Feynman rules are also displayed.

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later. The vacuum
expectation value v is fixed in terms of the W boson mass MW or the Fermi constant Gµ determined from muon
decay

MW =
1
2

g2v =

 p
2g2

8Gµ

!1/2

) v =
1

(
p

2Gµ)1/2
' 246 GeV. (1.30)

We will see in the course of this review that it will be appropriate to use the Fermi coupling constant Gµ to describe the
couplings of the Higgs boson, as some higher-order effects are effectively absorbed in this way. The Higgs couplings
to fermions, massive gauge bosons as well as the self-couplings, are given in Fig. 1.2 using both v and Gµ. This
general form of the couplings will be useful when discussing the Higgs properties in extensions of the SM.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

1H H (q2) =
i

q2 � M2
H + i✏

. (1.31)

Finally, let us make a few comments on the Goldstone bosons. In the unitary gauge, the physical spectrum of the
SM is clear: besides the fermions and the massless photon [and gluons], we have the massive V = W ± and Z bosons
and the Goldstones do not appear. The propagators of the vector bosons in this gauge are given by

1
µ⌫
V V (q) =

�i

q2 � M2
V + i✏

"

gµ⌫
�

qµq⌫

M2
V

#
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
the photon is simply �igµ⌫/q2], while the second term, / qµq⌫ , corresponds to the propagation of the longitudinal
component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
the renormalization program very difficult to carry out, as the latter usually makes use of four-momentum power
counting analyses of the loop diagrams. It is more convenient to work in R⇠ gauges where gauge fixing terms are
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The first term, / gµ⌫ , corresponds to the propagation of the transverse component of the V boson [the propagator of
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component which, as can be seen, does not vanish / 1/q2 at high energies. This terms lead to very complicated
cancellations in the invariant amplitudes involving the exchange of V bosons at high energies and, even worse, make
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DiHiggs process via gluon fusion at the LHC 
has the best chance to probe 𝜅𝜆.Introduction Channels Combination SM HH H self-coupling Resonant Conclusion

Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

Production cross-section small:

‡SM = 33.41 fb at
Ô

s = 13 TeV
(for mH = 125.09 GeV, at NNLO and including NNLL corrections

and NLO finite top-quark mass e�ects)
Phys. Rev. Lett. 117 (2016) 012001 10.23731/CYRM-2017-002 LHCHXSWGHH

o Potential non-resonant BSM enhancements
(in this report: modified trilinear Higgs self-coupling strength)

o Benchmark BSM resonance
hypotheses:
o Randall-Sundrum graviton

G æ HH (spin=2)
o S æ HH (spin=0)

2/19

Higgs boson self-couplingHiggs-fermion Yukawa coupling

Resonant production



Dedicated searches for the diHiggs process 
have been performed by ATLAS and CMS.

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM

ggF(pp ! HH) from the bb̄⌧+⌧�, bb̄bb̄, bb̄��, W
+
W

�
W
+
W

�, W
+
W

��� and bb̄W
+
W

� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [50] with the NNPDF 2.3 LO [55] PDF set, together with P����� 8.2 [56] for
the showering model using the A14 tune [57]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
actual � values set in the event generator. The two sets of distributions are found to be in agreement. This
procedure assumes that higher order QCD corrections on the di�erential cross-section as a function of
mHH are independent of �. The reweighted NLO signal sample is used to compute the signal acceptance
and the kinematic distributions for di�erent values of �.

This letter presents � results for the first time in the bb̄bb̄ and bb̄⌧+⌧� final states and incorporates the
previously published result for the bb̄�� final state. The � analyses closely follow the SM HH search,
with some exceptions which are discussed below for each final state.

• In the bb̄bb̄ final state, the same analysis selection and final discriminant are used in the �-scan
analysis and in the SM HH search. The distribution of the final discriminant mHH is shown in
Figure 3(a), where, with the exception of a small excess in the region around 280 GeV [38], good
agreement between data and the expected background is observed. The shape of the mHH distribution
has a strong dependence on �, and the signal acceptance varies by a factor 2.5 over the probed range

7

ATLAS,1906.02025 CMS, 2011.12373



Destructive interference suppresses the 
diHiggs signal rate in the SM.

energy theorem (LET) [47]. The theorem can be formulated
using the background field method in terms of the traces
of the mass matrices of colored objects, which eliminates
the need to diagonalize complicated mass matrices [48].
The low energy theorem can be extended to double Higgs
production, where new features arise [34]. In models with
extended fermion sectors (for example, in little Higgs
models [49–55]) there are contributions to double Higgs
production containing more than one flavor of fermion
[56]. These diagrams contain axial couplings to the Higgs
boson which are nondiagonal in the fermion states and we
demonstrate how these effects can be included using a low
energy theorem. Low energy theorems are extremely useful
for single Higgs production and generally give estimates of
the total cross section which are quite accurate. For double
Higgs production, however, the low energy theorems pro-
vide an estimate of the total rate which typically disagrees
with the exact rate by 50% or more. The low energy theorem
does not reproduce kinematic distributions accurately, but
instead predicts high energy tails which are not present in
the full theory [57].

In this paper, we study the effects of heavy colored
fermions on the gluon fusion double Higgs production rate
and show that agreement with single Higgs production
requires the double Higgs rate to be close to that of the
Standard Model. We demonstrate how this can be under-
stood in terms of the effective operator approach of Ref. [36]
and discuss the limitations of the low energy theorem for
gg ! HH. Interestingly, composite Higgs models and little
Higgs models receive potentially large corrections to the
gg ! HH process from the nonrenormalizable operator
t!tHH. The observation of such a large effect would be a
‘‘smoking gun’’ signal for such models [33,34,45].

II. DOUBLE HIGGS PRODUCTION

A. The Standard Model

In the Standard Model, double Higgs production from
a gluon-gluon initial state arises from the Feynman
diagrams shown in Fig. 1. The result is sensitive to
new colored objects (fermions or scalars) in the loops
and to the Higgs trilinear self-coupling. The amplitude
for ga;!ðp1Þgb;"ðp2Þ ! Hðp3ÞHðp4Þ is

A!"
ab ¼ #s

8$v2 %ab½P!"
1 ðp1; p2ÞF1ðs; t; u; m2

t Þ

þ P!"
2 ðp1; p2; p3ÞF2ðs; t; u; m2

t Þ&; (1)

where P1 and P2 are the orthogonal projectors onto the
spin-0 and spin-2 states respectively,

P!"
1 ðp1; p2Þ ¼ g!" ' p"

1p
!
2

p1 ( p2
;

P!"
2 ðp1; p2; p3Þ ¼ g!" þ 2

sp2
T

ðm2
Hp

"
1p

!
2 ' 2p1:p3p

!
2 p

"
3

' 2p2:p3p
"
1p

!
3 þ sp!

3 p
"
3Þ; (2)

s, t, and u are the partonic Mandelstam variables,

s ¼ ðp1 þ p2Þ2;
t ¼ ðp1 ' p3Þ2;
u ¼ ðp2 ' p3Þ2;

(3)

pT is the transverse momentum of the Higgs particle,

p2
T ¼ ut'm4

H

s
; (4)

and v ¼ ð
ffiffiffi
2

p
GFÞ'1=2 ¼ 246 GeV. The functions F1 and

F2 are known analytically [37,38]. Finally, the partonic
cross section is given by

d&̂ðgg ! HHÞ
dt

¼ #2
s

215$3v4

jF1ðs; t; u; m2
t Þj2 þ jF2ðs; t; u; m2

t Þj2
s2

; (5)

where we included the factor of 1
2 for identical particles

in the final state.
In the Standard Model, the chiral fermions are

c i
L ¼ uiL

diL

 !
; uiR; diR; (6)

where i ¼ 1, 2, 3 is a generation index and the Lagrangian
describing the quark masses is

'LSM
M ¼

X

i

'd
i
!c i
L"diR þ 'u

i
!c i
L
~"uiR þ H:c: (7)

Here " ¼ ð(þ;(0ÞT is the Higgs doublet, ~" ¼ i&2"
)

and (0 ¼ vþHffiffi
2

p . Note that in the Standard Model the

Higgs couplings 'u;d
i are purely scalar. In the following

we will focus on the third generation quarks and use the
standard notation u3 ¼ t, d3 ¼ b, with 'd

3 * '1 and
'u
3 * '2.

FIG. 1. Feynman diagrams for gg ! HH in the Standard Model.

S. DAWSON, E. FURLAN, AND I. LEWIS PHYSICAL REVIEW D 87, 014007 (2013)

014007-2

In the Standard Model, the dominant contributions come from top quark loops. Analytic expansion of the amplitudes in
the limit m2

t ! s yields the leading terms

F1ðs; t; u; m2
t Þ $ Ftri

1 ðs; t; u; m2
t Þ þ Fbox

1 ðs; t; u;m2
t Þ;
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"
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m6
t
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;
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3
s
!
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20

m2
H

m2
t
þ 90m4

H ' 28m2
Hsþ 12s2 ' 13p2
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840m4
t

þO
"
s3

m6
t
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;

F2ðs; t; u; m2
t Þ ¼ ' 11

45
s
p2
T

m2
t

!
1þ 62m2

H ' 5s

154m2
t

þO
"
s2

m4
t

#$
:

(8)

The leading terms in the inverse top mass expansion of
Eq. (8) are called the ‘‘low energy theorem’’ result and give
the mt-independent amplitudes [37,38]

F1ðs; t; u; m2
t ÞjLET !

"
' 4

3
þ 4m2

H

s'm2
H

#
s;

F2ðs; t; u; m2
t ÞjLET ! 0:

(9)

From Eq. (8), we can clearly see that the triangle diagram
has no angular dependence and only makes an s-wave
contribution. This result is expected since the triangle dia-
gram has a triple-scalar coupling, which has no angular

momentum dependence. For the box diagrams, at the lowest
order in Fbox

2 there is angular momentum dependence
reflected in p2

T , which is expected from the spin-2 initial
state and spin-0 final state. At Oðm'4

t Þ in Fbox
1 there is also

an angular momentum dependent piece proportional to p2
T .

Since the initial and final states for the F1 contribution are
both spin-0, this is a somewhat surprising result. To gain
insight into the angular dependence of Fbox

1 and further
insight into Fbox

2 , the functions can be decomposed into

Wigner d-functions, djsi;sf , where j is the total angular

momentum and si (sf) is the initial (final) state spin:
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154m2
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d22;0ð!Þ:

(10)

Here ! is the angle between an initial state gluon and final
state Higgs,

t ¼ m2
H ' s

4
ð1' " cos!Þ and " ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1' 4m2

H

s

s
: (11)

In Fbox
1 , we can see the expected spin-0 s-wave component,

d00;0, and an additional spin-0 d-wave component, d20;0, at
Oðm'4

t Þ. The s-wave and d-wave components are orthogo-
nal. Hence any angular independent observables, such as
total cross section and invariant mass distribution, are
independent of the p2

T component of Fbox
1 up to Oðm'8

t Þ.
Finally, Fbox

2 is wholly dependent on the initial state spin-2
d-wave function d22;0, as expected from Eq. (1).

In Fig. 2, we compare the total cross section for double
Higgs production at different orders in the large mass
expansion against the exact result,1 as a function of the
center of mass energy in pp collisions. We use the CT10
next-to-leading order (NLO) parton distribution functions

8 10 12 14 16 18 20
√S (TeV)

0.6

0.8

1

1.2

1.4

1.6 σO(1/mt
2
)/σExact

σLET/σExact

pp→HH, mH = 125 GeV
CT10 NLO PDFs

µ = 2 mH

µ = MHH = √s

FIG. 2 (color online). Double Higgs production cross section
as a function of the hadronic center of mass energy

ffiffiffi
S

p
in the

infinite top mass approximation, LET, (solid lines) and retaining
the Oð s

m2
t
Þ corrections (dashed lines), normalized to the exact

result. The black (red) curves choose as the renormalization and
factorization scales # ¼ 2mH (# ¼ MHH ¼ ffiffiffi

s
p

).

1The exact result always includes the contributions from both
the top and bottom quarks.
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Box Triangle
LET (Low Energy Theorem): �hhh
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2. Driving question





If the diHiggs rate is larger than the SM prediction,  
can we tell the NP origin?



For illustrative purpose, we make 2 
assumptions.

1. Hij = 1 for all SM particles.

2.
�

�SM
(gg ! HH) = 3.

<latexit sha1_base64="GvChDJR0Ns6URg589Zg731qsmbU="></latexit>



There are 3 kinds of NP effects on the diHiggs 
process via gluon fusion.

1. New �

2. New spin-0 or spin-2 particle

3. New colored fermions

<latexit sha1_base64="N8kK8bab9BRV1QJ/x1ozzIKxwew="></latexit>

� = �0.5, 5.5

for
�

�SM
(gg ! HH) = 3

<latexit sha1_base64="IIgnF423EYcHYWO98glVfXPG1Ko="></latexit>



There are 3 kinds of NP effects on the diHiggs 
process via gluon fusion.

1. New �

2. New spin-0 or spin-2 particle

3. New colored fermions
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There are 3 kinds of NP effects on the diHiggs 
process via gluon fusion.

1. New �

2. New spin-0 or spin-2 particle

3. New colored fermions
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(Narrow) resonances can be identified through 
2D bump hunt.

1. New �

2. New spin-0 or spin-2 particle

3. New colored fermions

<latexit sha1_base64="N8kK8bab9BRV1QJ/x1ozzIKxwew="></latexit>

Nick McColl, LP2019, 08.06.2019

Search strategy: 2D bump hunt

�10

1

10

210

310

410

Ev
en

ts
 / 

10
0 

G
eV

 (13 TeV)-135.9 fbCMSSupplementary

All categories

 HH) = 2 pb→(X Βσ

Data
Sim. stat. unc.
tt W+jets

Multijet Other SM
spin-01 TeV X spin-02.5 TeV X

1000 1500 2000 2500 3000 3500 4000
 [GeV]HHm

0.5
1

1.5
D

at
a 

/ s
im

.0

100

200

300

400

500

600

Ev
en

ts
 / 

6 
G

eV

 (13 TeV)-135.9 fb

CMS
All categories

 HH) = 2 pb→(X Βσ

Data
Sim. stat. unc.
tt W+jets

Multijet Other SM
spin-01 TeV X spin-02.5 TeV X

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5
1

1.5

D
at

a 
/ s

im
.

bbbb bbττ bbWW*
Main bkg Multĳet V+jets and tt tt

(arXiv:1904.04193)

H→bb mass Resonance mass  
Signal Peak at mH Peak at mX

Bkg. Smooth at mH Smoothly falling

Now: review two modeling approaches

In all channels: -

- -
- - - -

Nick McColl, LP2019, 08.06.2019

Search strategy: 2D bump hunt

�10

1

10

210

310

410

Ev
en

ts
 / 

10
0 

G
eV

 (13 TeV)-135.9 fbCMSSupplementary

All categories

 HH) = 2 pb→(X Βσ

Data
Sim. stat. unc.
tt W+jets

Multijet Other SM
spin-01 TeV X spin-02.5 TeV X

1000 1500 2000 2500 3000 3500 4000
 [GeV]HHm

0.5
1

1.5

D
at

a 
/ s

im
.0

100

200

300

400

500

600

Ev
en

ts
 / 

6 
G

eV

 (13 TeV)-135.9 fb

CMS
All categories

 HH) = 2 pb→(X Βσ

Data
Sim. stat. unc.
tt W+jets

Multijet Other SM
spin-01 TeV X spin-02.5 TeV X

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5
1

1.5

D
at

a 
/ s

im
.

bbbb bbττ bbWW*
Main bkg Multĳet V+jets and tt tt

(arXiv:1904.04193)

H→bb mass Resonance mass  
Signal Peak at mH Peak at mX

Bkg. Smooth at mH Smoothly falling

Now: review two modeling approaches

In all channels: -

- -
- - - -



If the non-resonant diHiggs rate is large,  
can we distinguish anomalous 𝜅𝜆 from the loop-

induced effects?



Such a large loop 
effect?



2. 2HDM with VLQs 
for σ/σSM=3



We consider the type-II 2HDM with softly 
broken Z2 symmetry and CP invariance.

which determine m11 and m22 as

m2
11 = m2

12 tan β − v2

2

(
λ1 cos

2 β + λ345 sin
2 β

)
, (8)

m2
22 = m2

12 cot β − v2

2

(
λ2 sin

2 β + λ345 cos
2 β

)
,

Therefore, 8 parameters are

(
m2

11,m
2
22,m12,λ1,λ2,λ3,λ4,λ5

)
→ (v, tan β,m12,λ1,λ2,λ3,λ4,λ5) . (9)

With two complex scalar SU(2) doublets there are eight fields:

Φa =




φ+
a

va + ρa + iηa√
2



 , a = 1, 2. (10)

With the above minimum, the mass terms for the charged scalars are given by

Vφ± mass =
[
m2

12 − (λ4 + λ5)v1v2
] (

φ−
1 , φ−

2

)




v2
v1

−1

−1
v1
v2







 φ+
1

φ+
2



 . (11)

There is a zero eigenvalue corresponding to the charged Goldstone boson G± which gets

eaten by the W±. The mass-squared of the ‘charged Higgs’ is

m2
H+ =

m2
12

cos β sin β
− (λ4 + λ5)v

2. (12)

The mass terms for the pseudoscalars are given by

Vηmass =
1

2

m2
A

v21 + v22

(
η1, η2

)


 v22 −v1v2

−v1v2 v21







 η1

η2



 . (13)

One eigenvalue is zero, which corresponds to a pseudoscalar Goldstone mode. The mass-

squared of the physical pseudoscalar is

m2
A =

m2
12

cos β sin β
− 2λ5v

2. (14)

Note that, when m2
12 = 0 and λ5 = 0, the pseudoscalar becomes massless. This is due to

the existence, in that limit, of an additional global U(1) symmetry which is spontaneously

broken.

3

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ
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V ⇠V u d � ⇠�

alignment 1 0 1 1 1 0

EWS
t
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t
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2t�

t
2
�
+1

1 -1
t
2
�
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2
�
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t�
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h
2(M

2
H
�2M

2
)

3m
2
h

� 4
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i

Table 1: In the type-II 2HDM, the coupling modifiers of the SM particles to the CP-even
neutral Higgs bosons, h and H, in the alignment limit and the EWS. Here ⇠j = giiH/giihSM

and M
2 ⌘ m

2

12
/(s�c�).

CP -even scalars (a light h and a heavy H), one CP -odd scalar A, and two charged Higgs
bosons H

± [26]. These mass eigenstates are related with the weak eigenstates as
 
h1

h2

!
= R(↵)

 
H

h

!
,

 
w

±
1

w
±
2

!
= R(�)

 
G

±

H
±

!
,

 
⌘1

⌘2

!
= R(�)

 
G

0

A

!
, (3.5)

where G
± and G

0 are the Goldstone bosons, and the rotation matrix R(✓) is

R(✓) =
 
c✓ �s✓

s✓ c✓

!
. (3.6)

The SM Higgs boson is a linear combination of h and H, such as

hSM = s��↵h+ c��↵H. (3.7)

In order to show the importance of the correlation with the single Higgs production
rate, we consider not only the alignment limit where h behaves exactly the same as hSM

but also the exact wrong sign (EWS) limit that ensure |f | = 1 [? ? ]:

alignment: � � ↵ =
⇡

2
; (3.8)

EWS: � + ↵ =
⇡

2
.

Since both limits in Eq. (3.8) relate the mixing angle ↵ and �, all of the Higgs couplings of
the SM particles to h and H are written in terms of t� , as shown in Table 1. Note that for
t� � 1, the EWS accommodates |i| ' 1 and ⇠V,� ' 0 to leading order4. In both limits,
therefore, the H resonance production of a Higgs boson pair is negligible in both alignment
and EWS limits.

The Yukawa Lagrangian for the VLQs is

�LYuk = MQQQ +MUUU +MDDD +

h
YDQ�1D + YUQ e�2U

+

3X

i,j=1

⇣
Y

ij

u QL,i
e�2uR,j + Y

ij

d
QL,i�1dR,j + Y

ij

`
LL�1`R,j

⌘
+ h.c.

i
, (3.9)

4
we use the freedom of M2

to ignore ⇠�.
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We also introduce both doublets and singlets 
of VLQs.

where i = 1, 2, and v1,2 is the nonzero VEV of �1,2. The electroweak symmetry breaking

occurs by the nonzero VEV of v =
p

v
2
1 + v

2
2 = 246 GeV, which motivates the parametriza-

tion t� = v2/v1 in the simplified notation of sx = sinx, cx = cos x, and tx = tan x. The

fermion sector of the SM is also extended by introducing SU(2) doublet VLFs and SU(2)

singlet VLFs as follows:

VLF doublet : QL =

 
U
0
L

D
0
L

!
, QR =

 
U
0
R

D
0
R

!
,

VLF singlets : UL, UR, DL, DR . (2.2)

Note that U
(0) (D(0)) collectively denote the up-type (down-type) fermion.

In order to avoid flavor changing neutral current (FCNC) at tree level, we introduce a

discrete Z2 symmetry, under which �1 ! �1 and �2 ! ��2 [? ? ]. The Z2 parities of �1

and �2 dictate the scalar potential to be

V� = m
2
11�

†
1�1 + m

2
22�

†
2�2 � m

2
12(�

†
1�2 + H.c.)

+
1

2
�1(�

†
1�1)

2 +
1

2
�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
1

2
�5

h
(�†

1�2)
2 + H.c.

i
, (2.3)

where we allow softly broken Z2 parity but maintain the CP invariance. Five physical

Higgs bosons (the light CP-even scalar h at a mass of 125 GeV, the heavy CP-even scalar

H, the CP-odd pseudoscalar A, and two charged Higgs bosons H
±) are related with the

weak eigenstates via

 
h1

h2

!
= R(↵)

 
H

h

!
,

 
⌘1

⌘2

!
= R(�)

 
z
0

A

!
,

 
w

±
1

w
±
2

!
= R(�)

 
w

±

H
±

!
, (2.4)

where z
0 and w

± are the Goldstone bosons eaten by the Z and W bosons, respectively.

The rotation matrix R(✓) is

R(✓) =

 
c✓ �s✓

s✓ c✓

!
. (2.5)

The SM Higgs field is a linear combination of h and H through hSM = s��↵h + c��↵H.

Because the observed Higgs boson at a mass of 125 GeV is very SM-like, we take the

alignment limit of

� � ↵ =
⇡

2
(alignment limit) . (2.6)

The fermions sector can have a variety of Z2 parities. For the SM fermions, we fix

QL ! QL and LL ! LL under the Z2 symmetry, leaving four di↵erent choices for Z2

parities for the right-handed SM fermion fields: There are type-I, type-II, type-X, and

– 2 –

Crucial to allow the Higgs Yukawa couplings
<latexit sha1_base64="ni8pj+duyV2Bg3O0ob01KD2YbxU="></latexit><latexit sha1_base64="ni8pj+duyV2Bg3O0ob01KD2YbxU="></latexit><latexit sha1_base64="ni8pj+duyV2Bg3O0ob01KD2YbxU="></latexit><latexit sha1_base64="ni8pj+duyV2Bg3O0ob01KD2YbxU="></latexit>



Yukawa interactions yield two VLQ mixing 
angles, and 4 VLQ mass eigenstates.

SM QL, LL uR dR, `R

type-I + � �

VLF QL,R UL,R DL,R

type-II + � +

Table 1: The Z2 parities of the SM fermions and VLFs.

type-Y. In our model, however, there are additional vector-like fermions as shown in Table

, which need not have the same Z2 parity with the SM fermions. Since our main purpose is

to explore how large Br(H±
! W

±
�/H

±
Z

0) can be, we consider type-I-II, where the SM

fermions are assigned in type-I while the VEFs are in type-II as shown in Table 1. Since

the VLF can have Dirac mass terms without report to the Higgs VEV, we have

�LYuk = MFQQ + MUUU + MDDD +
h
YDF̄�1D + YU F̄ e�2U + h.c.

i
, (2.7)

where e� = i⌧2�⇤ and we take the simplified assumption of Y
L

U = Y
R

U ⌘ YU and Y
L

D =

Y
R

D ⌘ YD.

To be removed!

F̄�1D = �U
0
DH

+
s� +

1
p

2
D

0
D [Hc↵ + vc� � hs↵ � iAs� ] , (2.8)

�
F̄�1D

�†
= �DU

0
H

�
s� +

1
p

2
DD

0 [Hc↵ + vc� � hs↵ + iAs� ] ,

F̄ e�2U = �D
0
UH

�
c� +

1
p

2
U
0
U (hc↵ + Hs↵ + vs� � iAc�) ,

⇣
F̄ e�2U

⌘†
= �UD

0
H

+
c� +

1
p

2
UU

0 (hc↵ + Hs↵ + vs� + iAc�) ,

The Yukawa couplings of the SM fermions and VLFs in the weak eigenstates

are parameterized by

�LYuk =
X

f=u,d,`

mf

v

⇣
f f̄fh + ⇠

f

H
f̄fH � i⇠

f

A
f̄�5fA

⌘
(2.9)

�

(p
2

v
ū

⇣
mu⇠

u

APL + md⇠
d

APR

⌘
dH

+ + h.c.

)

+
X

F=U ,D

YF
p

2

⇥�
⇠
F
h

h + ⇠
F
HH

� �
F̄

0
F + F̄F

0�
� i⇠

A

FA
�
F̄

0
F � F̄F

0�⇤

�

n⇣
YD⇠

D
A U

0
D + YU⇠

U
A UD

0
⌘

H
+ + h.c.

o
, .
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SM QL, LL uR dR, `R

type-I + � �
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type-II + � +
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type-Y. In our model, however, there are additional vector-like fermions as shown in Table

, which need not have the same Z2 parity with the SM fermions. Since our main purpose is

to explore how large Br(H±
! W

±
�/H

±
Z

0) can be, we consider type-I-II, where the SM

fermions are assigned in type-I while the VEFs are in type-II as shown in Table 1. Since

the VLF can have Dirac mass terms without report to the Higgs VEV, we have

�LYuk = MFQQ + MUUU + MDDD +
h
YDQ�1D + YUQ e�2U + h.c.

i
, (2.7)

where e� = i⌧2�⇤ and we take the simplified assumption of Y
L

U = Y
R
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L

D =
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R
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DH

+
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The Yukawa couplings of the SM fermions and VLFs in the weak eigenstates

are parameterized by

�LYuk =
X
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v

⇣
f f̄fh + ⇠

f

H
f̄fH � i⇠

f
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f̄�5fA

⌘
(2.9)

�
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2

v
ū

⇣
mu⇠

u

APL + md⇠
d
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⌘
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+ + h.c.

)

+
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⇥�
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F
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HH

� �
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In our type-I-II model, the normalized Yukawa couplings are

f = 1, ⇠
H

f
= �

1

t�
, ⇠

u

A = �⇠
d

A = �⇠
`

A = �
1

t�
, (2.10)

⇠
D
h

= �s↵, ⇠
U
h

= c↵, ⇠
D
H = c↵, ⇠

U
H = s↵, ⇠

D
A = s� , ⇠

U
A = c�

Two VEVs of v1 and v2 additionally contribute to the VLF masses, leading to the

mass matrices MD and MU in the basis of (D0
,D) and (U 0

,U), respectively:

MD =

 
MQ

1p
2
YDvc�

1p
2
YDvc� MD

!
, MU =

 
MQ

1p
2
YUvs�

1p
2
YUvs� MU

!
. (2.11)

Note that in the large t� limit where c� ⌧ 1 and s� ⇡ 1, the o↵-diagonal terms of

MD are suppressed. With the VLF rotation matrices R(✓F ), the VLF mass matrices are

diagonalized like R(✓F )MFRT (✓F ) = diag(MF1 , MF2) for F = U ,D. Then, the mass

eigenstates of the VLQs are obtained as

 
D1

D2

!
= R(✓D)

 
D

0

D

!
,

 
U1

U2

!
= R(✓U )

 
U
0

U

!
. (2.12)

When ✓U ,D ⌧ 1, U1 and D1 are doubetlike ones while U2 and D2 are singletlike ones. The

VLF mixing angles satisfy

s2D =

p
2YDvc�

MD2 � MD1

, s2U =

p
2YUvs�

MU2 � MU1

. (2.13)

Here and in what follows, we use sU = s✓U for notational simplicity.

In terms of mass eigenstates of VLQs, the Yukawa Lagrangian is

�LYuk =
X

F

X

i,j

hX

�

y
�

FiFj
�F̄iFj � iy

A

FiFj
A
�
F̄iFj � F̄jFi

� i
(2.14)

+
X

i,j

h
y
H

+

UiDj
H

+
U iDj + h.c.

i

where F = U ,D, i, j = 1, 2, and � = h, H. In our type-I-II model, the normalized Yukawa

couplings are

f = 1, ⇠
H

f
= �

1

t�
, ⇠

u

A = �⇠
d

A = �⇠
`

A = �
1

t�
, (2.15)

⇠
D
h

= �s↵, ⇠
U
h

= c↵, ⇠
D
H = c↵, ⇠

U
H = s↵, ⇠

D
A = s� , ⇠

U
A = c�

The explicit expression of the Yukawa couplings with neutral Higgs bosons are

y
�

F1F1
= �y

�

F2F2
= �

1
p

2
YF⇠

F
�

s2F , y
�

F1F2
= y

�

F2F1
=

1
p

2
YF⇠

F
�

c2F , (2.16)

y
A

FiFi
= 0, y

A

F1F2
= �y

A

F2F1
= YF⇠

F
A/

p
2,
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Fi = U1,U2,D1,D2
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Constraint 1: Single Higgs data

r?2`2 z0 �M/ w± �`2 i?2 :QH/biQM2 #QbQMb iQ #2 2�i2M #v i?2 Z �M/ W #QbQMb- `2bT2+iBp2HvX
h?2 `Qi�iBQM K�i`Bt R(θ) Bb

R(θ) =
(
cθ −sθ
sθ cθ

)
. UkX9V

q2 +QMbB/2` i?2 MQ`K�H b+2M�`BQ r?2`2 i?2 Q#b2`p2/ >B;;b #QbQM Bb i?2 HB;?i2` *S@2p2M
h- �Hi?Qm;? i?2 Qi?2` b+2M�`BQ rBi? MH = 125 GeV Bb biBHH �HHQr2/ #v i?2 >B;;b T`2+BbBQM
/�i� (kR- kk)X

h?2 umF�r� +QmTHBM;b �`2 /Bz2`2Mi �++Q`/BM; iQ i?2 Z2 T�`Biv Q7 i?2 72`KBQMbX q2 }t
i?�i QL → QL �M/ LL → LL mM/2` i?2 Z2 bvKK2i`v- r?2`2 QL �M/ LL �`2 i?2 H27i@?�M/2/
[m�`F �M/ H2TiQM /Qm#H2ib- `2bT2+iBp2HvX h?2M 2�+? `B;?i@?�M/2/ 72`KBQM }2H/ QMHv +QmTH2b
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1. Alignment limit: SM-like Higgs sector 

2. Wrong-sign limit: extended Higgs sector
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∑
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Q2
fN

f
Cκf = 0, UkXRRV
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∑
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Qf (T
f
3 )LN
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≡ ξu, ξHd = ξAd = tβ ≡ ξd. UkXRkV

�M BKK2/B�i2 +QM+2`M Bb i?�i i?2 umF�r� +QmTHBM;b Q7 b′ �M/ τ ′ rBi? H �M/ A- T`QTQ`iBQM�H
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Correlation with the single Higgs rate is crucial 
in allowing σ/σSM=3.

Strong correlation

Introduction Channels Combination SM HH H self-coupling Resonant Conclusion

Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

Production cross-section small:

‡SM = 33.41 fb at
Ô

s = 13 TeV
(for mH = 125.09 GeV, at NNLO and including NNLL corrections

and NLO finite top-quark mass e�ects)
Phys. Rev. Lett. 117 (2016) 012001 10.23731/CYRM-2017-002 LHCHXSWGHH

o Potential non-resonant BSM enhancements
(in this report: modified trilinear Higgs self-coupling strength)

o Benchmark BSM resonance
hypotheses:
o Randall-Sundrum graviton

G æ HH (spin=2)
o S æ HH (spin=0)

2/19

Higgs boson self-couplingHiggs-fermion Yukawa coupling

Resonant production



To avoid strong correlation with the single 
Higgs rate, we take the wrong-sign limit.
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Alignment Limit

As shown in Eqs. (22) and (26), the contributions from the box diagrams in both limits

are constructive to the SM contribution. Moreover, �⇤ is proportional to the quadratic

or quartic terms of the VLQ mass di↵erence �M : we need sizable �M to enhance the

di-Higgs production rate. In the alignment limit, large �M also increases �4 and thus the

contribution to the single-Higgs production rate. In the EWS limit, however, �4 is negligible

because of the relation of y
h

UiUi
= �y

h

DiDi
: see Eq. (19).

FIG. 2. The VLQ-2HDM prediction of the di-Higgs production rate and various constraints on

(�4, �⇤) in the alignment (left panel) and EWS (right panel) limits. We set t� = 5. The blue

contours denote �NP/�SM(gg ! hh) by assuming �
0
⇤ = 0. The red scatter dots are allowed by the

electroweak oblique parameters at 2�, the direct LHC search bounds on the VLQ masses, and the

perturbativity of the Yukawa coupling. The red lines are the results of the zero-T̂ ansatz. The

grey regions are excluded by the current measurement on the Higgs coupling modifier g at 2�.

The correlations between the di-Higgs production rate and other constraints are summa-

rized in Fig. 2. Over the parameter space (�4, �⇤), we present the contours of �NP/�SM(gg ! hh)

(blue lines) in the VLQ-2HDM for the alignment limit (left panel) and EWS limit (right

panel) with �
0
⇤ = 0 and t� = 5. As can be seen from the slopes of the contours, �NP/�SM

depends more sensitively on �⇤ than �4. This is attributed to the larger coe�cients of �⇤

and �
2

⇤ than those of �4 and �
2

�
in Eqs. (22) and (23). The constraints from the electroweak

oblique parameter T̂ along with the LHC direct searches for the VLQ and the perturbativity

of Yukawa couplings are shown by the scatter plots. The red dots are allowed by the oblique

parameter T̂ at 2� [259], through scanning the parameters over the following range:

MU1,2 , MD1,2 > 600 GeV, ȲU(⌘ YUs�), ȲD(⌘ YDc�) < 4⇡ . (27)

Additionally, we present the results of the zero-T̂ ansatz by red lines. Finally we show the

12
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Constraint 2: Peskin-Takeuchi oblique 
parameters

Here Div = 1/✏ + ln 4⇡ � �✏ is the divergence term in the dimensional regularization and µ

is the renormalization scale. The vectorlike nature of new fermions makes T̂ depend only

on ⇧̃V , defined by

⇧̃V = ⇧̃V+A + ⇧̃V�A. (3.9)

T̂ in our model becomes

T̂ =
g
2
Nf

16⇡2m2
W


2s

2
Uc

2
U ⇧̃V (MU1 , MU2 , 0) + 2s

2
Dc

2
D⇧̃V (MD1 , MD2 , 0)

�2c
2
Uc

2
D⇧̃V (MU1 , MD1 , 0) � 2s

2
Us

2
D⇧̃V (MU2 , MD2 , 0)

�2c
2
Us

2
D⇧̃V (MU1 , MD2 , 0) � 2s

2
Uc

2
D⇧̃V (MU2 , MD1 , 0)

�
, (3.10)

where NC = 3 (1) for VLQ (VLL).

MU1=MD1=600GeV,
MU2=MD2=1200GeV,
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Figure 1: The allowed region of (✓U , ✓D) at 2� by the electroweak oblique parameter T .

We set MU1 = MD1 = 600 GeV and MU1 = MD1 = 1.2 TeV.

There exists a special parameter setup for ⇧̃V = 0, when the new fermions in the

loop have the same mass. This feature can be clearly seen from the values of the vacuum

polarizations for identical fermion masses (ma = mb) as

lim
ma!mb

⇧̃V+A(0) = �m
2
a


Div + ln

✓
µ
2

m2
a

◆�
= � lim

ma!mb

⇧̃V�A(0). (3.11)

As the mass di↵erence among the fermions in the loop increases, each self-energy amplitude

in Eq.(3.10) is practically proportional to the mass di↵erence. The observed smallness of

T̂ usually prefers very degenerate new fermions. As shall be shown, however, the crucial

condition for the enhancement of Br(H±
! W

±
�) is sizable mass di↵erence between the

– 8 –

up-type and down-type VLFs, which looks contradict to the T̂ constraint. Here comes the

advantage of our model where both SU(2)L doublet and singlet VLFs are introduced. If

there is only one type of VLF multiplet, QL for example, only the third term in Eq. (3.10)

exists: we need very degenerate U1 and D2. With vectorlike SU(2)L doublet and singlet

fermions, we have a doubled fermion spectrum for each fermion generation, U1, U2, D1,

and D2. The contribution to ⇧W3W3(0) from the VLFs with the same charge (the first two

terms in Eq. (3.10) can cancel that to ⇧W+W�(0) (the last four terms in Eq. (3.10). And

we find that this cancellation occurs when ✓U ⇡ ✓D. In Fig. 1, we show the 2� allowed

region of (✓U , ✓D) by the electroweak oblique parameter T for MU1 = MD1 = 600 GeV and

MU1 = MD1 = 1.2 TeV. For non-negligible mixing like ✓U ,D & 0.1, the degeneracy is highly

requires. In conclusion, we find that the following simple ansatz naturally leads to T̂ = 0:

MU1 = MD1 , MU2 = MD2 , ✓U = ✓D. (3.12)

3.4 Benchmark parameters for the numerical analysis

Considering all the constraints described above, we take the following parameters for our

benchmark:

MU1 = MD1 =

(
600 GeV or 1.3 TeV, for VLQ;

300 GeV, for VLL,
(3.13)

(QU , QD) =

(
(5/3, 2/3), (2/3,�1/3), (�1/3,�4/3) for VLQ;

(0,�1) , for VLL,
(3.14)

�M ⌘ MU2 � MU1 = MD2 � MD1 ⇢ [0, 1.5] TeV

✓U = ✓D = 0.2 , (3.15)

where QX is the electric charges of the particle X. Note that our ansatz in Eq. (3.12)

relates the up-type Yukawa coupling YU with the down-type Yukawa coupling YD as

YD = YU t� , (3.16)

which can be clearly seen from Eq. (2.13).

4 Loop induced Decay of the charged Higgs boson

In the 2HDM, the charged Higgs mainly decays into ⌧⌫ for MH+ . mt (low mass region)

and into tb̄ for MH± & mt (high mass region). Since there is no tree-level coupling of

H
±
W

⌥
� and H

±
W

⌥
Z within the 2HDM, the decays of H

±
! W

±
�/W

±
Z) in the 2HDM

without VLFs occur through t and b loop diagrams, of which the branching ratios are

at most order of 10�4 for t� = 10. Searching for the charged Higgs through these decay

channels seems impractical. With VLFs, the decay of H
+

! W
+
V

0 (V 0 = �, Z) has

– 9 –

Ansatz



Our benchmark

2� exclusion region (grey areas) by the current Higgs precision data of g = 1.03+0.07

�0.06
[155]

The alignment and EWS limits exhibit very di↵erent behaviors. In the alignment limit,

the result of the zero-T̂ ansatz (red line) shows a strong correlation of �⇤ ⇡ ��4. In addition,

all of the red dots are closely gathered around the zero-T̂ ansatz line. A large �⇤ inevitably

leads to a large �4, which is severely limited by the single-Higgs production rate such as

|�4| . 0.1. In the alignment limit, therefore, the current LHC Higgs precision data permit

at most 20% increase in the di-Higgs production rate. In the EWS limit, the zero-T̂ ansatz

(red line) guarantees �4 ' 0 so that the constraint from g becomes negligible. Relaxing

the T̂ constraint within 2� (red dots) allows much wider spread of the allowed parameter

points in (�4, �⇤), quite far from the red line.

On account of the overall features in Fig. 2, we take the following benchmark point in

the EWS limit for our basic assumption �NP/�SM(gg ! hh) ' 3:

benchmark: � + ↵ =
⇡

2
, t� = 5, (28)

M1 = 600 GeV, �M = 900 GeV, ✓ = 0.6.

We find that the contributions from U2 and D2 are negligible, below ⇠ 1%.

Now we show the Mhh (left panel) and p
h

T
(right panel) distributions of the di-Higgs

process at the 14 TeV LHC in Fig. 3. We consider the VLQ-2HDM with full calculations

of the form factors (black solid line), the VLQ-2HDM with the LET approximation (black

dotted line), the SM with � = 5.5 (yellow long dashed line) and the SM with � = �0.5

(orange dashed line). As a reference, we also present the SM results (blue solid line).

All of the results are at the parton level with the NNLO K-factor K = 1.85 [222, 260–263].

Obviously, the Mhh and p
h

T
distributions in di↵erent NP models show meaningful di↵erences.

For � = �0.5, both Mhh and p
h

T
distributions slightly shift toward lower region, compared

with those in the SM. If � = 5.5, the shift is also to the left but much more significant

such that the peak positions in both distributions move about 100 GeV. In the VLQ-2HDM,

both di↵erential cross sections decrease much slowly as Mhh or p
h

T
increases. It is because the

box diagrams from VLQs, which mainly enhance the di-Higgs process, do not have the 1/ŝ

suppression at the amplitude level as in Eq. (4). Most of all, we do see the threshold e↵ects

appear as the bump structures at the positions Mhh ' 2M1 and p
h

T
' M1. Furthermore, the

bumps lift both distributions up in the high-Mhh and high-pT regions. Note that if we use

the approximated form factors for the VLQ-2HDM (black dotted lines), the bump structures
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4. Results



Distinction is possible through kinematic 
distributions.
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FIG. 3. The distributions of the invariant mass of of the Higgs-boson pair (left panel) and those of

the transverse momentum of of one of the Higgs bosons (right panel) for the parton level gg ! hh

process at the 14 TeV LHC. We consider the VLQ-2HDM with full calculations of the form factors

(black solid line), the VLQ-2HDM with the low energy theorem approximation (black dotted line),

the SM (blue solid line), the SM with � = 5.5 (brown long dashed line) and � = �0.5 (orange

dashed line). For the VLQ-2HDM, we use the benchmark point in Eq. (28).

disappear.

In order to show the di↵erences quantitatively, we calculate the ratio of the di-Higgs

production cross section after p
h

T
> 300 GeV cut to their corresponding total cross section:

�(gg ! hh; ph
T

> 300 GeV)

�tot(gg ! hh)
=

8
>>>>><

>>>>>:

6.1%, (SM)

14.5%, (VLQ-2HDM)

3.2%, (� = �0.5)

1.2%. (� = 5.5)

(29)

The results clearly show that only the VLQ-2HDM events considerably survive after the

high p
h

T
cut. In order to quantitatively claim that this is a smoking-gun signature of the

VLQ contributions to the di-Higgs process, full background simulation for the background

subtraction is necessary. Since it is beyond the scope of this paper, we resort to the back-

ground studies of the di-Higgs process in Ref. [221, 264]: all of the SM backgrounds yield

lower p
h

T
distributions than the SM di-Higgs process (see Fig. 4 in Ref. [221]) and thus almost

all of the backgrounds disappear after the cut of p
h

T
> 400 GeV and MHh > 800 GeV (see

Figs. 7 and 17 in Ref. [264]). Very hard p
h

T
cut is expected to suppress the SM backgrounds
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(1) Bump structures: The positions of two 
bumps are related.
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(2) Slow fall in high MHH and pT regions.
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FIG. 3. The distributions of the invariant mass of of the Higgs-boson pair (left panel) and those of

the transverse momentum of of one of the Higgs bosons (right panel) for the parton level gg ! hh

process at the 14 TeV LHC. We consider the VLQ-2HDM with full calculations of the form factors

(black solid line), the VLQ-2HDM with the low energy theorem approximation (black dotted line),

the SM (blue solid line), the SM with � = 5.5 (brown long dashed line) and � = �0.5 (orange

dashed line). For the VLQ-2HDM, we use the benchmark point in Eq. (28).
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In order to show the di↵erences quantitatively, we calculate the ratio of the di-Higgs

production cross section after p
h
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> 300 GeV cut to their corresponding total cross section:
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The results clearly show that only the VLQ-2HDM events considerably survive after the

high p
h

T
cut. In order to quantitatively claim that this is a smoking-gun signature of the

VLQ contributions to the di-Higgs process, full background simulation for the background

subtraction is necessary. Since it is beyond the scope of this paper, we resort to the back-

ground studies of the di-Higgs process in Ref. [221, 264]: all of the SM backgrounds yield

lower p
h

T
distributions than the SM di-Higgs process (see Fig. 4 in Ref. [221]) and thus almost

all of the backgrounds disappear after the cut of p
h

T
> 400 GeV and MHh > 800 GeV (see

Figs. 7 and 17 in Ref. [264]). Very hard p
h

T
cut is expected to suppress the SM backgrounds
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Loop-induced signal have more data in high 
pT region.



• at least 4 b jets with pT > 40 GeV and |⌘b| < 2.5

• Two di-b-jet systems with �R < 1.5.
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Key HH decay channels

HH branching fractions

Searches in three channels with 
Large branching fractions

Strong discrimination between signal 
and bkg.


Will show a new combination 
(arXiv: 1906.00057)


Of two channels:

X→HH→bbbb (JHEP 01 (2019) 040,             
Phys. Lett. B 781 (2018) 244) 

X→HH→bbττ (JHEP 11 (2018) 172)


And a new result 
In the X→HH→bbWW* channel 


(arXiv:1904.04193)
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Shall the characteristic features remain after 
the full simulation?

4b mode



The answer is yes!
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FIG. 5. The expected number of events, after the basic selection, as a function of the transverse

momentum of the leading dijet (left panel) and the invariant mass of four leading b-jets (right

panel) for gg ! hh ! bb̄bb̄ at the 14 TeV LHC with the total integrated luminosity L = 3000

fb�1. The distributions are for the VLQ-2HDM (black line), the SM (red), the SM with � = �0.5

(blue), and � = 5.5 (green).

e↵ects of the VLQs are visible at the reconstruction level. We can clearly see two bump-like

structures in both p
bb(lead)

T
and M4b distributions, peaked at p

bb(lead)

T
⇠ M1 and M4b ⇠ 2M1,

with a minor smearing e↵ect due to the detector angularity. Since the two peak positions

are closely related, a study of the correlation between the two observables will be extremely

useful to probe new VLQs in the di-Higgs process.

Motivated by the correlated bumps in the p
bb(lead)

T
and M4b distributions, we study the

double di↵erential cross sections in some key variables. In Fig. 6, we show one as a function

of the transverse momentum of the leading dijet and the transverse momentum of the sub-

leading dijet, d
2
�/dp

bb(lead)

T
dp

bb(sub)

T
, in units of fb/GeV2. We consider the SM (upper left),

the VLQ-2HDM (upper right), the SM with � = �0.5 (lower left) and � = 5.5 (lower

right). The generic correlation of p
bb(lead)

T
' p

bb(sub)

T
, originated from the back-to-back motion

of two Higgs bosons, is common for all four models. The main di↵erence is the kinematic

area corresponding to sizable d
2
�/dp

bb(lead)

T
dp

bb(sub)

T
, which is the largest for the VLQ-2HDM

and the smallest for the case of � = 5.5. In the region of p
bb(lead,sub)

T
> 400 GeV, only the

VLQ-2HDM accommodates d
2
�/dp

bb(lead)

T
dp

bb(sub)

T
& 10�2 fb/GeV2. This unique feature is

very useful for discriminating the VLQ-2HDM.
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B. bb̄�� final state

For the analysis of the bb̄�� final state of the di-Higgs process, we follow the ATLAS

reports [301, 302]. For the photon identification e�ciency ✏�, we fit to the ATLAS simulation

results and obtain the following dependence of ✏� on the photon transverse momentum p
�

T
:

✏� = 0.888 ⇤ tanh

✓
0.01275

p
�

T

GeV

◆
. (30)

The probabilities for a jet and an electron to fake a photon, the photon fake rates, are

Pj!� = 5 ⇥ 10�4 and Pe!� = 2% (5%) in the barrel (endcap) region [301]. For the b tagging

e�ciency, we have adopted the dependence of ✏b on the transverse momentum and rapidity

of the b-jet in Fig. 7(b) of Ref. [303]. The misidentification probability of the charm quark

jet as the b-jet, Pc!b, depends not only on the b-tagging e�ciency but also the transverse
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SM VLQ

Double differential cross sections show the 
difference more clearly.
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B. bb̄�� final state

For the analysis of the bb̄�� final state of the di-Higgs process, we follow the ATLAS

reports [301, 302]. For the photon identification e�ciency ✏�, we fit to the ATLAS simulation

results and obtain the following dependence of ✏� on the photon transverse momentum p
�

T
:

✏� = 0.888 ⇤ tanh

✓
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p
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◆
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The probabilities for a jet and an electron to fake a photon, the photon fake rates, are

Pj!� = 5 ⇥ 10�4 and Pe!� = 2% (5%) in the barrel (endcap) region [301]. For the b tagging

e�ciency, we have adopted the dependence of ✏b on the transverse momentum and rapidity

of the b-jet in Fig. 7(b) of Ref. [303]. The misidentification probability of the charm quark

jet as the b-jet, Pc!b, depends not only on the b-tagging e�ciency but also the transverse
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B. bb̄�� final state

For the analysis of the bb̄�� final state of the di-Higgs process, we follow the ATLAS

reports [301, 302]. For the photon identification e�ciency ✏�, we fit to the ATLAS simulation

results and obtain the following dependence of ✏� on the photon transverse momentum p
�

T
:

✏� = 0.888 ⇤ tanh

✓
0.01275

p
�
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GeV

◆
. (30)

The probabilities for a jet and an electron to fake a photon, the photon fake rates, are

Pj!� = 5 ⇥ 10�4 and Pe!� = 2% (5%) in the barrel (endcap) region [301]. For the b tagging

e�ciency, we have adopted the dependence of ✏b on the transverse momentum and rapidity

of the b-jet in Fig. 7(b) of Ref. [303]. The misidentification probability of the charm quark

jet as the b-jet, Pc!b, depends not only on the b-tagging e�ciency but also the transverse
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B. bb̄�� final state

For the analysis of the bb̄�� final state of the di-Higgs process, we follow the ATLAS

reports [301, 302]. For the photon identification e�ciency ✏�, we fit to the ATLAS simulation

results and obtain the following dependence of ✏� on the photon transverse momentum p
�

T
:

✏� = 0.888 ⇤ tanh

✓
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◆
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The probabilities for a jet and an electron to fake a photon, the photon fake rates, are

Pj!� = 5 ⇥ 10�4 and Pe!� = 2% (5%) in the barrel (endcap) region [301]. For the b tagging

e�ciency, we have adopted the dependence of ✏b on the transverse momentum and rapidity

of the b-jet in Fig. 7(b) of Ref. [303]. The misidentification probability of the charm quark

jet as the b-jet, Pc!b, depends not only on the b-tagging e�ciency but also the transverse
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B. bb̄�� final state

For the analysis of the bb̄�� final state of the di-Higgs process, we follow the ATLAS

reports [301, 302]. For the photon identification e�ciency ✏�, we fit to the ATLAS simulation

results and obtain the following dependence of ✏� on the photon transverse momentum p
�

T
:

✏� = 0.888 ⇤ tanh
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The probabilities for a jet and an electron to fake a photon, the photon fake rates, are

Pj!� = 5 ⇥ 10�4 and Pe!� = 2% (5%) in the barrel (endcap) region [301]. For the b tagging

e�ciency, we have adopted the dependence of ✏b on the transverse momentum and rapidity

of the b-jet in Fig. 7(b) of Ref. [303]. The misidentification probability of the charm quark

jet as the b-jet, Pc!b, depends not only on the b-tagging e�ciency but also the transverse
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Clear difference: loop effects around high M(4b) and 
pT(b)

VLQ𝜅𝜆 = 5.5



• Unique features of the loop-induced effects 
on the non-resonant diHiggs process


• Correlated bumps in M(hh) and pT(h)

• mostly in high M(HH) and pT(H)

5. Conclusions


