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We discuss charm associated production of the pseudoscalar Higgs boson h00 in the Maximally CP
symmetric Model’ (MCPM’). In our analysis we assume mh00 ¼ 95.4 GeV, which corresponds to an
enhancement observed by the CMS collaboration in the γγ channel. As discussed recently, the MCPM’ is
consistent with the CMS enhancement. In this model the h00 Higgs boson of this mass decays dominantly
into cc̄ jets. The cross section for the associated h00 production in pp → h00cc̄ is found to be almost as big as
that for the Drell-Yan (DY) cc̄ → h00 production, much larger than that for two-gluon fusion gg → h00. Since
in the MCPM’ the dominant h00 decay is into the cc̄ channel we have to deal with the pp → cc̄cc̄ process
with c and c̄ jets. In addition to the signal processes, we have sizeable single parton scattering (SPS) and
double parton scattering (DPS) nonresonant background. In our analysis we include diagrams of gluon-
gluon fusion gg → h00 which lead to the cc̄cc̄ final state. We discuss also the possible role of the reaction
pp → h00h00. Assuming 100% c and c̄ jet tagging we discuss in detail how to improve the signal-to-
background ratio. Our analysis shows promising resonance-like enhancements and relatively large cross
sections in the cc̄cc̄ channel within the MCPM’. In an Appendix we discuss the total cross section for h00

production at the LHC. We also compare distributions for the reactions pp → h00X and pp → ZX with h00

and Z decaying to cc̄ and μþμ−. We hope that the LHC collaborations will in the future perform the
experimental studies corresponding to the theoretical studies discussed here.

DOI: 10.1103/3ktg-ps6y

I. INTRODUCTION

In this paper we are studying consequences of the model
Maximally CP symmetric Model’ (MCPM’), which was
introduced in [1]. TheMCPM’ is a two-Higgs-doublet model
(2HDM) that, in our view, exhibits several noteworthy
features when compared with experimental observations.
The basis of the MCPM’ is the maximally CP symmetric
two-Higgs-doublet model, MCPM, which was introduced in
[2] and a short description of it is given in [3]. TheMCPMhas
four generalized CP (GCP) symmetries: see Table 1 of [1].
These symmetries lead to highly constrained Yukawa inter-
actions. In the strict symmetry limit only the third generation
fermions, τ, t,b, aremassive and they couple to the first Higgs

doublet φ1. The fermions μ, c, s of the second family are
massless and couple to the second Higgs doublet φ2. The
fermions e, u, d are uncoupled to the Higgs bosons.
Phenomenological predictions/estimates in the MCPM have
been worked out in [2–6]. However, clearly the highly
symmetricMCPMcan only be an approximate representation
of what is observed in nature. Therefore, in [1] a realistic
model, theMCPM’, was constructed. The key idea there was
to generate masses for fermions of the second and first family
by effective interactions originating from integratingout high-
mass particles having suitable couplings. In this way, masses
for all fermions except neutrinos were generated. That is, in
the MCPM’ we work with massless neutrinos which should
be alright for the reactions which we want to study. In
addition, electroweak symmetry breaking (EWSB) and a
realistic, nontrivial, Cabibbo-Kobayashi-Maskawa (CKM)
matrix are generated in the MCPM’.
In the MCPM’, as in any 2HDM, we have five Higgs

bosons which we denote as follows:

neutral bosons∶ ρ0; h0; h00; ð1:1Þ
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charged boson pair∶ H�: ð1:2Þ

The ρ0 behaves very much like the Standard-Model (SM)
Higgs boson. Therefore, we set [7]

mρ0 ¼ 125.20� 0.11 GeV: ð1:3Þ

The Higgs bosons h0 and h00 have a scalar and pseudoscalar
coupling to fermions, respectively. The main coupling of h0
and h00 is to charm quarks; see (A.81) of [1]. The couplings
of the Higgs bosons of the MCPM’ among themselves and
to gauge bosons are as in the MCPM and are listed in
Appendix A of [4]. The Yukawa couplings of the Higgs
bosons in the MCPM’ are given in Appendix A of [1]; see
(A50)–(A58) and (A81) there.
In order to make the present article more self-contained

we reproduce here the main steps in the construction of the
MCPM and the MCPM’; see [1,2]. The MCPM is a 2HDM
which has as symmetries four generalized CP transforma-
tions, CPg’s. For the Higgs fields φi (i ¼ 1, 2) these read
generically as follows

CPg∶ φiðxÞ → Wijφ
�
jðx0Þ; ð1:4Þ

with

x ¼ ðx0; xÞT; x0 ¼ ðx0;−xÞT: ð1:5Þ

For the MCPM the basic symmetry is CPðiÞ
g with

W ¼ ϵ ¼
�

0 1

−1 0

�
: ð1:6Þ

Requiring this symmetry for the Higgs part of the
Lagrangian entails for this part automatically three more

symmetries of the type CPðiiÞ
g with

W ¼ σ3; 12; σ1: ð1:7Þ

Here σa (a ¼ 1, 2, 3) are the Pauli matrices.
In [2] it was shown that the extension of the above four

CPg’s to the fermion sector required at least two fermion
generations. For two generations the following was found.
Requiring absence of flavor-changing neutral currents and
of mass degeneracies between corresponding fermion
doublets only one solution was obtained: one generation
massive and one generation massless. The two generations
were identified as the third ðτ; ντ; t; bÞ and the second
ðμ; νμ; c; sÞ ones in the model. The first generation
ðe; νe; u; dÞ was left uncoupled to the Higgs fields and
neutrino masses were set to zero. The main feature of this
solution was that the fermions ðτ; t; bÞ coupled only to the
first Higgs doublet φ1 with couplings proportional to the
masses ðmτ; mt; mbÞ. The fermions of the second gener-
ation ðμ; c; sÞ only coupled to the second Higgs doublet φ2,
but with couplings again proportional ðmτ; mt; mbÞ. In the
strict symmetry limit the masses of the second and the first
fermion families are all zero. Clearly, this is, at best, a first
approximation to what is observed in nature. Therefore, in
[1] a mechanism was proposed with which masses for these
fermions could be introduced. The idea was to introduce
fields of very high mass with suitable couplings. Integrating
out these fields the authors of [1] could obtain realistic
masses for all fermions. As unexpected bonus, this inte-
grating out could produce electroweak symmetry breaking
(EWSB) and a realistic Cabibbo-Kobayashi-Maskawa
(CKM) matrix. The resulting theory was called MCPM0.
As basis for the present paper we reproduce here the
Yukawa-interaction part of the MCPM0 Lagrangian after
EWSB (see (A55) and (A81) in [1])

LYuk¼−
�X

l

mll̄lþ
X
q

mqq̄q

��
1þ ρ0

v0

�
þh0

�
mτ

v0
μ̄μþmt

v0
c̄cþmb

v0
s̄s

�
þh00

�
i
mτ

v0
μ̄γ5μ− i

mt

v0
c̄γ5cþ i

mb

v0
s̄γ5s

�

þHþ
�

mτffiffiffi
2

p
v0

ν̄μð1þ γ5Þμ−
mtffiffiffi
2

p
v0

c̄ð1− γ5ÞðV21dþV22sþV23bÞþ
mbffiffiffi
2

p
v0

ðūV12þ c̄V22þ t̄V32Þð1þ γ5Þs
�

þH−
�

mτffiffiffi
2

p
v0

μ̄ð1− γ5Þνμ−
mtffiffiffi
2

p
v0

ðV�
21d̄þV�

22s̄þV�
23b̄Þð1þ γ5Þcþ

mbffiffiffi
2

p
v0

s̄ð1− γ5ÞðV�
12uþV�

22cþV�
32tÞ

�
: ð1:8Þ

Here v0 is the usual Higgs vacuum-expectation value,

v0 ¼ 246 GeV; ð1:9Þ

and V ¼ ðVijÞ is the CKM matrix. Note that the main
coupling of the Higgs bosons h0 and h00 is to charm quarks
with coupling strength

mt

v0
¼ 0.703: ð1:10Þ

This is comparable to the electromagnetic coupling of the α
particle:

2e ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
4παem

p
¼ 0.606: ð1:11Þ
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In [1] predictions of the MCPM’ were worked out
concerning the following reaction at the LHC

pþ p → ðh00 → γγÞ þ X: ð1:12Þ

The comparison with the CMS results [8], where a possible
γγ signal at 95.4 GeV was reported, is quite encouraging.
Therefore, in [1] tentatively the mass of the h00 boson was
set to

mh00 ¼ 95.4 GeV: ð1:13Þ

In [1] also the leptonic decays of the mesons D� and D�
s

were studied. It was shown that the contributions of the
charged Higgs bosonsH� of the MCPM’ lead to deviations
from the predictions of the Standard Model (SM). From
comparison with experiment it was concluded that the H�
mass mH� should be around 300 GeV.
Encouraged by all these findings we make in the present

paper a study of the process

pþ p → ðh00 → cþ c̄Þ þ cþ c̄þ X: ð1:14Þ

That is, we consider h00 production together with a charm-
anticharm quark pair plus a remainder X. Note that h00 →
cþ c̄ is the dominant decay channel of h00. The final state in
(1.14) contains two cc̄ pairs. Of course this final state

pþ p → cþ c̄þ cþ c̄þ X ð1:15Þ

can also be produced in the SM. An example of a diagram
contributing to (1.14) is shown in Fig. 1(a). In total there are
24 diagrams at tree level for (1.14). An example of a
background SM diagram is shown in Fig. 1(b). Note that in
the calculation of the amplitude of (1.15) in the MCPM’
we have to take into account all the SM diagrams from
QCD and in addition the diagrams which are specific for
the MCPM’.
In the reaction (1.14) we have two charm and two

anticharm jets. Due to the resonance h00 we expect that in

experiment one should find an enhancement in the cc̄ mass
distribution atmh00 . Such a study would profit enormously if
charm tagging can be realized, a challenging task at the
LHC. However, it has been shown to be feasible. ATLAS,
for instance, reports a charm-tagging efficiency of about
30% [9].

II. RESULTS: GENERALITIES AND INTEGRATED
CROSS SECTIONS

Wewant to show our results for the calculation of charm-
quark production, cc̄cc̄, in proton–proton collisions at the
LHC. We compare the predictions of the MCPM’ versus
those of the SM. We employ the MadGraph5 Monte-Carlo
event generator to simulate the events [10]. The MCPM has
been implemented in MadGraph5 [6]. We extend this imple-
mentation by adding the effective gluon-gluon-h00 inter-
action. The h00 boson coupling to the gluons (and photons)
is only possible via loops. The calculation of this effective
interaction is presented in Appendix A.
For the process of associated h00 charm production we

adopt for the center-of-mass energy the current LHC value
of

ffiffiffi
s

p ¼ 13.6 TeV. The mass of the pseudoscalar h00 boson
is chosen to match the possible resonance observed at
CMS, that is, mh00 ¼ 95.4 GeV, (1.13). The total width of
the h00 boson has been calculated in [4] giving, for the
chosen mass value

Γh00 ¼ 5.76 GeV: ð2:1Þ

For the parton densities we use the set MSHT20lo_as130
[11], the factorization and the renormalization scales are set
to μF ¼ μR ¼ 95.4 GeV.
Our first study concerns the total cross section for the

reaction

pþ p → h00 þ cþ c̄þ X: ð2:2Þ

Here we consider all tree-level diagrams of the MCPM’
giving a boson h00 plus a cc̄ quark-antiquark pair. In
addition we consider the diagrams of Fig. 2. In these

FIG. 1. (a) Example of a diagram for charm-associated production of the h00 boson which decays into a cc̄ pair. (b) Example of a SM
diagram contributing to the background.
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diagrams the boson h00 couples to the gluons via a
fermion loop.
From the tree-level diagrams (see Fig. 1(a) for an

example) we find

σtotðpþ p → h00 þ cþ c̄þ XÞjtree ¼ 5433.0 pb: ð2:3Þ

The diagrams with the effective h00GG coupling (Fig. 2)
give

σtotðpþ p → h00 þ cþ c̄þ XÞjh00GG ¼ 80.2 pb: ð2:4Þ

Taking together all diagrams of (2.3) and (2.4) we get

σtotðpþ p → h00 þ cþ c̄þ XÞjSPS ¼ 5517.1 pb: ð2:5Þ

We calculated the total cross section (2.5) in a separate run
of our programs. The number given here is not exactly the
sum of (2.3) plus (2.4), due to interference effects between
diagrams of the type of Figs. 1(a) and 2.
Despite the large number of gluons available in pp-

collisions we find that the diagrams of Fig. 2 contribute
only at the per-cent level to the total cross section. There are
also other diagrams with the effective h00GG vertex. An
example is given in Fig. 3. This type of diagrams is really
part of the Drell-Yan reaction where two gluons fuse to
give h00. At

ffiffiffi
s

p ¼ 13 TeV the total cross section
σðpþ p → h00 þ XÞjGG was found to be 210.2 pb. The
fragmentation with a cc̄ pair certainly is only a small part of

this and the corresponding total cross section is estimated to
be at most at the per-cent level of the cross section of (2.3).
The numbers for the cross sections in (2.3), (2.4), and

(2.5) have been obtained in the collinear method using only
single parton scattering (SPS) contributions. Of course,
there are also double parton scattering (DPS) contributions
possible. Using the methods for DPS as explained in
Sec. III C below we find the following total cross sections:

σtotðpþ p → h00 þ cþ c̄þ XÞjDPS ¼ 6159.16 pb: ð2:6Þ

Adding the SPS result (2.5) we get

σtotðpþp→h00 þcþ c̄þXÞjSPSþDPS¼11676.26 pb: ð2:7Þ

FIG. 2. (a)–(d) examples of diagrams for pp → h00cc̄X where the boson h00 couples to gluons via a fermionic loop. This is described by
the effective h00GG coupling derived in Appendix A.

FIG. 3. Example of diagram for pp → h00cc̄X where the cc̄ pair
comes from the fragmentation of one proton remnant.
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III. DISTRIBUTIONS

Now we come to the distributions for the reactions (1.14)
and (1.15). The c and c̄ quarks in these reactions will
manifest themselves as c and c̄ jets. Therefore, we will now
specify the cuts which we apply at parton level in order to
obtain distributions which should be also valid at the jet
level. In the following we assume that the c and c̄ jets are
identified by flavor-tagging. We are aware of the fact that
this is a tough requirement for experimental analyses. But,
as already mentioned, prospects to achieve this are quite
good [9,12].

A. Cuts

In the generation of the events we apply at parton level
the following cuts to all jets, that is, to the final state quarks

ΔR > 0.4; jηj < 5.0; pT > 20 GeV: ð3:1Þ

Here, ΔR is defined as

ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

q
ð3:2Þ

with Δϕ and Δη the differences of the azimuthal angles ϕ
and pseudorapidities η of the members of a quark pair. The
transverse momentum of a quark is denoted by pT. The pT
cut in (3.1) eliminates events where jets are produced near
the proton beams. The ΔR cut allows the experimentalists
to select spatially separated jets in the detector.
Furthermore, a Breit-Wigner factor is set defining on-
shellness of the h00 boson around its mass, which is chosen
as the standard value of 15 times its width. We follow here
the MadGraph5 documentation, giving these well established
minimal cut values. Later we shall apply additional cuts to
enhance the significance of the MCPM’ signal over the
Standard Model background.

B. Cross sections for p+ p → h00 + c+ c̄+X
with h00 → c+ c̄

We study first the signal process

pþ p → h00 þ cþ c̄þ X with h00 → cþ c̄: ð3:3Þ

The h00 boson couples in particular to the charm quarks with
a coupling strength proportional to the top-quark mass.
This is a special feature of the MCPM’—eventually
originating from the underlying CP symmetry; see (1.8)
and [1]. With the application of the cuts as outlined in
Sec. III A we find a total cross section of

σðpþ p → ðh00 → cc̄Þ þ cþ c̄þ XÞjwith cuts ¼ 99.2 pb:

ð3:4Þ

Next we study various differential cross sections of this
process. Figure 4 presents the differential distributions as a
function of the transverse momentum of the c quark (or c̄
antiquark). In Fig. 4(a) we show separately the contribu-
tions from charm quarks originating from the decay of the
h00 boson (long dashed histogram) and those associated
with the accompanying charm quarks (dashed histogram).
In Fig. 4(b) we display the distributions without distin-
guishing the origin of the charm quarks. Two histograms
are shown: one corresponds to the case where the c quarks
and c̄ antiquarks are not sorted by their transverse momen-
tum (solid histogram), while the other represents the
distribution of the leading charm quark (or leading anti-
charm quark), i.e., the one with the highest pT . The
transverse momentum distributions of the jets from h00
decay in Fig. 4(a) and of the leading jets in Fig. 4(b) exhibit
a maximum around 45 GeV ≈mh00=2. This is expected
from the h00 production and its decay to cc̄ and corresponds
to the Jacobian peak.
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FIG. 4. Distribution of the transverse momentum of c quark (or c̄ antiquark) in the reaction (3.3). (a) The contributions from charm
quarks originating from the decay of the h00 boson (long dashed) and those associated with the accompanying charm quarks (dashed).
(b) The distributions without distinguishing the origin of the charm quarks. The solid histogram corresponds to the case where the c
quarks and c̄ antiquarks are not sorted by their transverse momentum, while the long dashed histogram represents the distribution of the
leading pT charm quark (or anticharm quark).
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In a similar manner, we also present the differential
distributions as functions of ΔR and the invariant mass
Mcc̄, as shown in Figs. 5 and 6, respectively. For the
production of the final state cc̄cc̄ in (3.3), the possible cc̄
pairs can be formed by quarks and antiquarks originating
from the decay of the h00, by associated charm quarks, or by
combinations where one quark comes from the decay and
the other is an associated quark. In Figs. 5(a) and 6(a) we
show these three different contributions separately. On the
other hand, in Figs. 5(b) and 6(b) we present combined
distributions for cc̄ pairs without (solid histograms) and
with pT ordering (long dashed histograms). The so-called
leading pair is defined as the pair formed by the charm
quark with the highest transverse momentum (leading c-jet)
and the anticharm quark with the highest transverse
momentum (leading c̄-jet). The ΔR distribution for the
leading pair in Fig. 5(b) is less smeared and more con-
centrated in the rapidity range between 2 and 3.5, compared
to the distribution without pT ordering. This may be

advantageous in the context of maximizing the signal-to-
background ratio. Similarly, the invariant mass distribution
for the leading pair in Fig. 6(b) also appears more favorable
in this regard. In this case, a higher peak is observed
compared to the distribution obtained without sorting the
pairs by transverse momentum.

C. Cross sections for p+ p → c+ c̄+ c+ c̄+X

So far we have given in Figs. 4–6 distributions generated
from the signal process (3.3). In reality, experimentalists
can only select the process, where two c quarks and two c̄
antiquarks are produced

pþ p → cþ c̄þ cþ c̄þ X: ð3:5Þ

This reaction gets contributions from the signal process
(3.3) but also from the SM; see Fig. 1(b) for an example.
For the SM contribution we take only the QCD processes

0 1 2 3 4 5 6 7

-pair)cR   (c�

5

10

15

20

25

30

35

40

   
[p

b]
R

�d
�d

 Xc) cc c (h''pp =13.6 TeVs
MCPM'

pair from h'' decay (long dashed)

associated pair (dashed)

mixed pair (long dash-dotted)

0 1 2 3 4 5 6 7

-pair)cR   (c�

20

40

60

80

100

   
[p

b]
R

�d
�d

 Xc) cc c (h''pp =13.6 TeVs
MCPM'

leading pair (long dashed)

pairs w/o ordering (solid)

FIG. 5. ΔR distribution of the cc̄ pair in the reaction (3.3). (a) The contributions corresponding to cc̄ pairs formed by quarks and
antiquarks originating from the decay of the h00 (long dashed), by associated charm quarks (dashed), or by combinations where one
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origin of the charm quarks. The solid histogram corresponds to the case where the cc̄ pair is formed by quarks and antiquarks not sorted
by their transverse momentum, while the long dashed histogram represents the distribution of the leading cc̄ pair.
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FIG. 6. (a) and (b) the same as in Fig. 5 but for the invariant mass Mcc̄ distribution.
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into account. We study the process (3.5) in the MCPM’ and
compare to the Standard Model result. It should be noted
that the QCD diagrams appearing in the Standard Model
are likewise present in the MCPM’.
We find with the standard cuts (3.1) from the single

parton scattering (SPS) calculation a total cross section in
the SM of

σSM;totðpþ p → cþ c̄þ cþ c̄þ XÞjSPS ¼ 1327.3 pb:

ð3:6Þ
For the MCPM’ we find

σMCPM0;totðpþ p → cþ c̄þ cþ c̄þ XÞjSPS ¼ 1421.7 pb:

ð3:7Þ
Thus, we find an enhanced cross section in the MCPM’
compared to the SM result. However, in our opinion, the
difference is not large enough to be used to judge about the

presence or absence of the h00 contribution. In the following
we will therefore explore the Mcc̄-distribution.
In Fig. 7 we present the differential cross sections as a

function of the cc̄-pair invariant mass Mcc̄. Specifically,
Fig. 7(a) shows the invariant mass distribution calculated
for the cc̄ pair without pT-ordering, whereas Fig. 7(b)
displays the distribution for the leading cc̄ pair. In both
panels we see a clear resonance enhancement correspond-
ing to the h00 in the MCPM’ distribution. But a comparison
of both plots clearly demonstrates that the variable defined
for studying the leading pair is more advantageous, yield-
ing larger cross sections in the signal region.
Figure 8 presents the double-differential cross sections

for the collinear SM SPS calculations as a function of
logarithm of the longitudinal momentum fractions x1, x2 of
the protons carried by initial partons [Fig. 8(a)], and as a
function of logarithm of the longitudinal momentum
fraction x ¼ x1 or x2 carried by one initial state parton
and the invariant mass of the leading pair Mcc̄ [Fig. 8(b)].
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These distributions illustrate the kinematical characteristics
of the studied process (3.5) at the center-of-mass energy of
13.6 TeV, including the applied selection cuts (3.1). We
observe that the maximum of the cross section for this
process is concentrated in the region 10−2 ≲ x≲ 10−1,
which indicates that the probed longitudinal momentum
fractions are relatively large. In the region of an invariant
mass close to the signal, such values also dominate.
Figure 9 presents a comparison of SM calculations for

dσ=dMcc̄ obtained using different theoretical approaches.
The production of the cc̄cc̄ final state within the Standard
Model has been thoroughly analyzed in [13–15], where
both single-parton scattering (SPS) and double-parton
scattering (DPS) mechanisms were considered. In the
present study, we adopt the same theoretical frameworks
and computational setup. The corresponding numerical
results here are obtained using the KATIE Monte Carlo
event generator [16], employing both the collinear and kT-
factorization approaches.1 For the unintegrated (transverse
momentum dependent) parton distribution functions
(uPDFs), we use the PB-LO-2020-set1 model [17],
obtained within the parton-branching method [18], as well
as the widely adopted Kimber-Martin-Ryskin (KMR)
model [19,20], constructed with the strong-ordering con-
dition and by using the MSHT20lo_as130 collinear PDFs
as input. These two models can be reliably used in the
probed kinematical domain, since they are based on the
DGLAP evolution equations. The use of distributions
specifically designed for small values of x (as is the case
in most of the literature) may not be fully justified in this
region. In the case of DPS, we follow a commonly used
uncorrelated factorized ansatz [21–24], taking as effective
cross section σeff ¼ 15 mb. This is a value extracted from

experimental analyses of various processes at different
kinematic configurations (for recent results see, e.g., [25–
28]). The kT-factorization approach with the PB-LO-2020-
set1 uPDFs yields smaller cross sections in the signal
region compared to the collinear calculations [see Fig. 9(a)].
In contrast, the calculations performed within the KMR
uPDFs yield higher cross sections and result in distri-
butions that are very close to those obtained in the
collinear approach [see Fig. 9(b)]. Moreover, as evident
from the figure, the contribution from the double parton
scattering (DPS) mechanism is significantly lower than
that of the standard single parton scattering (SPS)
process. In the signal region the DPS effect is around
15% of the SPS cross section.
For the final state cþ c̄þ cþ c̄þ X, the DPS cross

section is largely driven by the production of two inde-
pendent cc̄ pairs through Standard Model (QCD) mecha-
nisms. This dominance reflects the large SPS cross section
for single cc̄-pair production. The DPS contributions
specific to the MCPM’, such as those involving the double
production of h00 bosons or the mixed production of an h00
and a cc̄ pair, are found to be strongly suppressed. Using
the KMR unintegrated parton distributions and applying
the standard kinematic cuts given in Eq. (3.1), the total DPS
cross section for the production of two cc̄ pairs within the
Standard Model is

σSM;totðpþ p → cþ c̄þ cþ c̄þ XÞjDPS ¼ 193.80 pb:

ð3:8Þ

In comparison, the DPS contributions calculated within the
MCPM’ give the following difference to the SM result

σMCPM0-SM;totðpþ p → cþ c̄þ cþ c̄þ XÞjDPS ¼ 2.74 pb:

ð3:9Þ
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FIG. 9. A comparison of SM calculations for the dσ=dMcc̄ from the reaction (3.5). We show the results obtained using LO collinear
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1We have checked numerically, that the results from MadGraph
are consistent with those obtained using the KATIE generator in
the collinear mode.
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Thus, the MCPM’-specific DPS effects contribute at the
level of only about 1%–2% to the total MCPM’ DPS cross
section. However, in the region of the signal peak, the
MCPM’-SM contributions reach up to about 15% of the
dominant SM DPS component.
In Fig. 10 we show the corresponding effect of including

the DPS contribution on the shape and the normalization of
the predicted distributions. The DPS contribution slightly
reduces the signal-to-background (S=B) ratio. However, as
will be shown in the following, imposing extra cuts, in
particular on the leading jets transverse momenta, makes
the relative DPS contribution even smaller—but not
negligible.
As can be seen in Figs. 9(a) and 9(b) it is remarkable that

for Mcc̄ ≲ 50 GeV the SM SPS results using the kT-
factorization approach give a much higher cross section
than the leading order collinear calculations. The origin is
kinematical: off-shell initial partons carry finite transverse

momentum[seeFig. 11(a)], so the four-quark systemacquires
nonzero total transverse momentum already at leading-order,
which enlarges the available phase space and preferentially
populates the low-mass region [see Fig. 11(b)]. However, in
the present paper we are mainly interested in the region
80 < Mcc̄ < 110 GeV. There, the SM SPS calculations
shown in Fig. 9b give compatible results.
In the following we discuss two-dimensional correlations

and variations of the cuts of (3.1) with the aim of finding
suitable regimes where the h00 signal is larger than for the
standard cut values (3.1). Note that here and in the following
our h00 signal should be understood as the MCPM’ signal
produced by the h00 boson. The peaks which we show are for
the leading cc̄ pairs which do not come exclusively from the
h00 decay. Also contributions of cðc̄Þ from h00 decays together
with c̄ðcÞ associated quark can contribute. Thus, for exam-
ple, one should not try to estimate the width of the h00 boson
directly from these peaks.

1. Two dimensional correlations

In this section, we investigate two-dimensional correla-
tion distributions for the SM, the MCPM’, and the signal
MCPM’-SM. These are subsequently used to propose
additional kinematic cuts aimed at enhancing the S=B
ratio. We can observe from Fig. 12(c) a clear enhancement
at Mcc̄ ≈ 95 GeV in the signal MCPM’-SM distribution.
We also see that in the signal region Mcc̄ ≈ 95 GeV the
MCPM’-SM distribution is mostly concentrated in the
region of leading jets 30 < pT < 60 GeV. In contrast,
from Figs. 12(a) and 12(b) we observe that the background
distributions give a significant contribution in the region of
20 < pT < 30 GeV. Therefore, it is reasonable to consider
applying an extra cut of pT > 30 GeV (for both, leading c-
quark and leading c̄-antiquark), which should enhance the
signal-to-background ratio without a significant loss of
signal. On the other hand, imposing an upper limit on the
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transverse momentum does not appear to be useful. The
effect of applying such an additional lower cut on leading
charm and anticharm jet transverse momenta is presented in
Fig. 13. There we show separately predictions for two
cases. In Fig. 13(a) the distributions for MCPM’, SM, and
MCPM’-SM are calculated using only the SPS mecha-
nisms. In Fig. 13(b) the DPS contributions are also
included. The corresponding relative S=B ratios at the
signal peak are found to be 55% and 47%, respectively. The
DPS contribution reduces the ratio, however, in both cases
the numbers are slightly enhanced compared to the ones
obtained with the basic cuts (3.1), where the counterpart
numbers are 52% and 45%.
Figure 14 presents kinematical correlations between the

invariant mass of the leading cc̄-pair and the leading pair
ΔR. Here again Figs. 14(a), 14(b), and 14(c) correspond to
the MCPM’, to the SM, and to MCPM’-SM, respectively.
These distributions were computed after applying cuts on
the transverse momenta of the leading jets. The analysis of

these distributions indicates a potential benefit in enhancing
the signal-to-background ratio by applying an upper limit
on ΔR (3.2), specifically ΔR < 3.0. Rejection of ΔR > 3.0
excludes back-to-back configurations in the azimuthal
angle between leading c and c̄ jets. The corresponding
effect of the ΔR < 3.0 limitation on the invariant mass
distribution of the leading cc̄-pair for the MCPM’, the SM,
and the difference MCPM’-SM, is shown in Fig. 15. Here
the S=B ratio values are only slightly larger than above and
reach values of 63% (SPS only) and 55% (DPS inlcuded).
Figure 16 shows kinematical correlations between the

invariant mass of the leading cc̄-pair and the leading pair
Δη. The distributions were calculated under the condition
that the jets forming the leading cc̄ pair satisfy pT >
30 GeV and ΔR < 3.0. We observe that the MCPM’-SM
signal [Fig. 16(c)] is more concentrated at lower values of
Δη compared to the SM background [Fig. 16(b)].
Therefore, imposing a constraint of jΔηj < 1.2 may lead
to a further improvement in the signal-to-background ratio.
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The effect of the cuts requiring for the leading cc̄-pair jets
pT > 30 GeV, ΔR < 3.0, and jΔηj < 1.2 is shown in
Fig. 17. Here we see that these cuts increase the S=B
ratios significantly to the level of 73% (SPS only) and 63%
(DPS included).

2. Optimizing cuts

We are interested in optimized cuts which give the
highest significance of the process (3.3), that is, pþ p →
h00cc̄X with subsequent decay h00 → cc̄, with respect to the
Standard Model background. We vary various cuts and
compute the significance in order to detect the optimal cut
values.
For this optimization we vary (1) the minimal pT

required for each quark of the leading pair, (2) the maximal
pT of each quark of the leading pair, (3) the minimal ΔR of
the leading pair and (4) the minimal pseudorapidity of each
quark forming the leading pair. This optimization is done
varying these four parameters within a large range. For each

chosen set of the four parameters, the significance is
computed. The significance is here the number of signal
events given by events originating from pþ p → h00 þ cþ
c̄þ X with h00 → cc̄ divided by the square root of the sum
of the number of signal events and the number of SM
background events pþ p → cþ c̄þ cþ c̄þ X. We find
numerically in this four-dimensional search for the best
significance the following optimized cut values:

20 GeV < pT < 242 GeV; ΔR > 1.278;

jηj > 0.1 ð3:10Þ

Applying these optimized cuts (3.10) we compute the
differential cross section with respect to the invariant mass
of the leading charm pair. This differential cross section is
shown in Fig. 18. Comparing Figs. 18 and 7(b) we see
almost the same results with very similar S=B ratios.
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IV. CONCLUSIONS

In the present paper we have worked out further
consequences of the model MCPM’ for experiments at
the LHC. The MCPM’ is a two-Higgs-doublet model
(2HDM) which has been introduced in [1]. The Higgs
sector of the MCPM’contains, as in any 2HDM, three
neutral Higgs bosons (ρ0; h0; h00) and a charged pair (H�).
The CP-symmetry relations forming the basis of the
MCPM’ fix the couplings of these Higgs bosons to the
fermions to a large extent. The ρ0 couples to the fermions
like the SM Higgs particle. The bosons h0 and h00 couple
mainly to charm quarks in a scalar and pseudoscalar way,
respectively. The corresponding coupling constants are,
however, proportional to the top-quark mass; see (1.8).
In [1] the MCPM’ was compared to the results for γγ

production from [8] where a possible enhancement at
Mγγ ¼ 95.4 GeV was reported. Choosing the mass of
the pseudoscalar boson h00 of the MCPM’ at this value
compatibility of the MCPM’ with the results of [8] was
found.
This gave us the motivation to look for further exper-

imental consequences at the LHC of a possible h00 pseu-
doscalar Higgs boson with the properties dictated by the
MCPM’. We have studied here in detail the production of
the h00 associated with a charm-anticharm pair,

pþ p → h00 þ cþ c̄þ X: ð4:1Þ

According to theory the h00 boson of mass 95.4 GeV decays
to nearly 100% to h00 → cþ c̄. Thus the final state at the
LHC is

pþ p → cþ c̄þ cþ c̄þ X: ð4:2Þ

Of course, this final state can also be populated by SM
processes.
Our main findings are as follows. The total cross section

for (4.1) is large, of the order of 12 nb [see (2.7)]. This has
to be compared to the Drell-Yan cross section [see (B6)]

σtotðpþ p → h00 þ XÞjDY ≈ 15 nb: ð4:3Þ

We assumed that the c and c̄ jets can be tagged. We
introduced suitable cuts which should make measurement
of the charm and anticharm jets in the reaction (4.2)
possible. A main requirement was to consider the leading
charm and anticharm jets, that is, those with the largest pT .
The probability of these jets to come from the h00 decay is
high. With suitable cuts we found that the distribution in the
invariant mass of the leading c and c̄ jets, Mcc̄, shows a
resonancelike structure at the h00 mass. With very stringent
cuts we get with the SPSþ DPS calculation from Fig. 17
(b) a signal cross section at the peak of the resonance of

dσ
dMcc̄

				
MCPM0-SM

≈ 2.4 pb=GeV ð4:4Þ

over a background from the SM of

dσ
dMcc̄

				
SM

≈ 3.8 pb=GeV: ð4:5Þ

We have taken into account contributions driven by the
effective h00GG coupling. However, the corresponding
cross sections have been found to be much smaller than
those obtained within the standard tree-level diagrams. We
have also discussed the reaction pþ p → h00 þ h00 þ X
with both h00 decaying to cþ c̄. However, the correspond-
ing cross section is found to be negligible.
One may ask about the chances to observe our effects at

the LHC. With the high-luminosity option expected to be
realized 2030 onward one expects to obtain for each of the
large experiments an integrated luminosity of L ¼ 3 ×
105 pb−1 per year. In the ideal case of 100% efficiency and
charm tagging, one would obtain event yields correspond-
ing to the MCPM’ distributions shown in Fig. 17b,
amounting to a total number of events of the order of
Oð108Þ per year. For the window 90 GeV < Mcc̄ <
100 GeV one should obtain 13.0 × 106 mln events in
the SM and 17.8 × 106 events in the MCPM0. In this
idealized case one could confirm the MCPM0 result with a
high significance. This is due to the resonance form of our
signal which is on top of the continuum.
To summarize: we have carefully analyzed the cross

section for the pþ p → cþ c̄þ cþ c̄þ X reaction. In
addition to the signal process pþ p → ðh00 → cþ c̄Þþ
cþ c̄þ X, there are sizeable nonresonant backgrounds,
corresponding to the single-parton scattering and double-
parton scattering mechanisms giving the same cþ c̄þ cþ
c̄þ X final state. In our paper we have assumed 100%
charm tagging. We have calculated the distributions of the
invariant mass of the leading cc̄ quark pair in the MCPM’
applying appropriate kinematical cuts. Our analysis has
shown relatively large cross sections and promising reso-
nancelike enhancements within the MCPM’ with respect to
the SM results. We hope that our present study will be
helpful to verify or reject the hypothesis that the enhance-
ment observed by the CMS collaboration at Mγγ ¼
95.4 GeV is due to the h00 boson of the MCPM’.
On the experimental side the identification of c and c̄ jets

is improving (see [29–31]). For example, the LHCb
collaboration has measured the cross section for cc̄ dijets
[32] (see also [33]). The CMS and ATLAS would need to
perform their own analyses including jet missidentification
probabilities. We would like to invite the LHC collabora-
tions—ATLAS, CMS, LHCb, and ALICE [34]—to per-
form in the future experimental studies corresponding to
our theoretical studies discussed here.
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APPENDIX A: PARTIAL DECAY WIDTH h00 INTO
A GLUON PAIR AND THE EFFECTIVE h00-

GLUON-GLUON INTERACTION

We now determine the effective h00-gluon-gluon inter-
action. This interaction has no tree-level contribution but
arises from a triangle quark loop. Based on this interaction,
we get in particular contributions to the process pþ p →
h00 þ cþ c̄þ X via gluon-gluon fusion; see Fig. 2. We
estimate that for a mass mh00 ∼ 95.4 GeV in proton-proton
collisions, with a center-of-mass energy of 13.6 TeV, the
corresponding Bjorken-x for the gluons is about 0.007.
Gluon densities in the protons are known to be very high at
low Bjorken-x. On the other hand, the coupling of a gluon
pair to the h00 boson is loop suppressed, with the dominant
contribution arising from the charm-quark loop. In the
following, we use the γ-matrix conventions of [35] and the
Levi-Civita symbol with the normalization ε0123 ¼ 1.
We shall first calculate the matrix elements for the decay

of h00 → GG and the production GG → h00. We have

h00ðkÞ → Gðp1; ε1; aÞ þ Gðp2; ε2; bÞ; ðA1Þ

and

Gðp1; ε1; aÞ þ Gðp2; ε2; bÞ → h00ðkÞ; ðA2Þ

where k; p1; p2 with k ¼ p1 þ p2 are the momenta of the
particles, and ε1;2, a, b are the polarization vectors and
color indices of the gluons, respectively. From CPT
invariance we have

hGðp1; ε1; aÞ; Gðp2; ε2; bÞjTjh00ðkÞi
¼ hh00ðkÞjTjGðp1;−ε�1; aÞ; Gðp2;−ε�2; bÞi: ðA3Þ

At one loop level we have in the MCPM’ for (A1) the
diagrams shown in Fig. 19. The evaluation of the diagrams
of Fig. 19 is straightforward using the h00qq̄ couplings
from (1.8)

iΓðh00ccÞðk1; k2Þ ¼
mt

v0
γ5;

iΓðh00ssÞðk1; k2Þ ¼ −
mb

v0
γ5;

v0 ¼ 246 GeV: ðA4Þ

Here v0 is the standard Higgs vacuum-expectation value.
We get

hGðp1; ε1; aÞ; Gðp2; ε2; bÞjTjh00ðkÞi

¼ δab ·
2αs
π

·
1

m2
h00
εμνρσε�1με

�
2νp1ρp2σ

×

�
mtmc

v0
f

�
4m2

c

m2
h00

�
−
mbms

v0
f

�
4m2

s

m2
h00

��
; ðA5Þ

where

fðzÞ¼

8><
>:
−1

4

�
ln


1þ ffiffiffiffiffiffi

1−z
p

1−
ffiffiffiffiffiffi
1−z

p
�
− iπ

�
2

; for 0<z< 1;

½arcsinð ffiffiffiffiffiffiffi
1=z

p Þ�2; for z≥ 1:

ðA6Þ

In (A6), the positive values for the square roots have to
be taken.
Now we shall construct an effective h00-gluon-gluon

coupling

Lðh00GGÞ
eff ðxÞ ¼ Ch00GGh00ðxÞGa

μνðxÞG̃aμνðxÞ; ðA7Þ

where

G̃aμνðxÞ ¼ 1

2
εμνρσGa

ρσðxÞ;

which we require to reproduce the result (A5). In (A7),
G̃aμνðxÞ is the gluonic dual field-strength tensor, and Ch00GG

FIG. 19. Diagrams at one-loop level for the decay h00 → GG (A1), with the quarks q ¼ c and q ¼ s in the loop.
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is a complex constant which we determine below. From
(A7) we get

hGðp1; ε1; aÞ; Gðp2; ε2; bÞjTjh00ðkÞieff
¼ δab · 4Ch00GG · εμνρσε�1με

�
2νp1ρp2σ: ðA8Þ

Comparing with (A5), we find

Ch00GG ¼ αs
2π

·
1

m2
h00

�
mtmc

v0
f

�
4m2

c

m2
h00

�
−
mbms

v0
f

�
4m2

s

m2
h00

��
:

ðA9Þ

With the mass values for the quarks listed in [7] and
αs ¼ 0.12, we find numerically:

Ch00GG ¼ ð−3.01þ i2.53Þ × 10−5 GeV−1: ðA10Þ

APPENDIX B: DIGRESSION ON TOTAL CROSS
SECTIONS AND COMPARISON OF h00 AND Z

DISTRIBUTIONS

Now we want to calculate the total cross section for h00
production, composed of the cross sections for the Drell-Yan
process with cc̄ fusion and theGG fusion process discussed
in (37) and (38) of [1] and the process (1.14) here. For this we
shall first make some general considerations.
In the Drell-Yan (DY) process we consider c and c̄ from

the wave functions of the two protons, respectively, which
fuse to giveh00.One type of diagramscontributing is shown in
Fig. 20: two gluons split into c and c̄ which fuse to give h00.
The wave functions, respectively the distribution func-

tions, of the protons are evolved up to a certain scale and
then folded with the hard cross section for cc̄ → h00. We
take the relevant scales, the factorization scale μF and the
renormalization scale μR, to be

μF ¼ μR ¼ mh00 ¼ 95.4 GeV: ðB1Þ

This follows the recommendations of [36]. The evolution of
the proton wave function can also be considered as follows

in a simple physical picture; see [37,38] and also Secs. 19.2
and 19.3 of [39]. As we increase the energy of the pp
collision we increase the temporal resolution. Fluctuations
with higher and higher transverse momenta have to be
included in the effective proton wave functions. Thus, in
Fig. 20 c and c̄ quarks with transverse momenta

pT ≤ pT;soft;max ðB2Þ

should be considered as part of the proton wave functions.
Now we come to the reaction (1.14), for which the

relevant diagrams are shown in Fig. 21. They are essentially
the same as in Fig. 20, but now with a different partition of
soft and hard parts. Here two gluons of the proton wave
functions initiate the hard process

Gþ G → cþ c̄þ h00: ðB3Þ

Clearly, to avoid double counting, we must require

pT; p0
T > pT;hard;min; ðB4Þ

with

pT;hard;min ≥ pT;soft;max: ðB5Þ

Ideally we should have the equality in (B5) and we should
be able to shift the border value to some extent freely.
Below we compare the obtained integrated cross sections

of (2.3)–(2.7) for associated h00 þ cc̄ production to the
corresponding total cross sections for h00 production (see,
e.g., numbers given in (37) and (38) of [1] forffiffiffi
s

p ¼ 13 TeV). For the current LHC energy
ffiffiffi
s

p ¼
13.6 TeV and with the MSHT20lo_as130 PDFs, we find

σtotðpþ p → h00 þ XÞjDY ¼ 14716.2 pb: ðB6Þ

σtotðpþ p → h00 þ XÞjGG ¼ 247.7 pb: ðB7Þ

for the Drell-Yan process and GG fusion, respectively.
These numbers are obtained in the full phase space, i.e.,
without imposing any cuts on h00 transverse momentum.

FIG. 20. A contribution to the Drell-Yan process cc̄ → h00.
FIG. 21. Partition of soft and hard parts in a diagram contrib-
uting to the reaction (1.14).
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The cross sections (B6) and (B7) differ somewhat from
those given in (37) and (38) of [1] for

ffiffiffi
s

p ¼ 13 TeV

σtotðpþ p → h00 þ XÞjDY ¼ 17874.5 pb: ðB8Þ

σtotðpþ p → h00 þ XÞjGG ¼ 210.2 pb: ðB9Þ

We have checked that this difference is mainly due to the
use of different PDFs, not primarily due to the slightly
different c.m. energy. For our present paper the main
observation is that the cross section for associated h00 þ
cc̄ production (2.7) is large, around 78% of the h00 cross
section [(B6) plus (B7)].
Comparing (B6) and (B8) we see that we have an

uncertainty of this cross section of the order of 20% due
to the PDF uncertainty. We note that these cross sections
were calculated with the SPS collinear method. Now we
want to give a number for the total h00 production cross
section, summing up the contributions from DY, GG and
associated h00 production; see (B6), (B7), and (2.7). As we
discussed above in this Appendix there is the possible
danger of the double counting. In order to avoid this one
would have to calculate all cross sections with some kT-
factorization approach. But, as we see from Fig. 9, various
of these approaches give rather different results. Also the
SPS cross sections have an uncertainty of around 20% as
we have seen. Thus, at the moment we think that the best
estimate which we can give for the total h00 cross section is
to add the results of DY (B6), GG (B7), and associated h00
production (2.7). In this way we get a total cross section for
h00 production and cross section times branching ratio for
h00 → γγ for

ffiffiffi
s

p ¼ 13.6 TeV as follows:

σtotðpþ p → h00 þ XÞ ¼ 26640.16 pb: ðB10Þ

The uncertainty of this number is estimated to be around
20%. With the branching ratio Bðh00 → γγÞ as calculated in

Eq. (28) of [1],

Bðh00 → γγÞ ¼ 5.66 × 10−7; ðB11Þ

we get

σtotðpþ p → h00 þ XÞ × Bðh00 → γγÞ ¼ 1.51 × 10−2 pb:

ðB12Þ

We find it interesting to compare the DY cross
section (B6) to the cross section for the production of
the Z boson with its subsequent decay to cþ c̄

pþ p → ðZ → cþ c̄Þ þ X: ðB13Þ

From [7] we have

mZ ¼ 91.1880� 0.0020 GeV;

ΓZ ¼ 2.4955� 0.0023 GeV;

BðZ → cþ c̄Þ ¼ ð12.03� 0.21Þ × 10−2: ðB14Þ

The massmZ is close to themh00 mass (1.13). With the same
methods as we calculated (B6) we find

σtotðpþ p → Z þ XÞjDY ¼ 45752.7 pb: ðB15Þ

σtotðpþ p → Z þ XÞjDY × BðZ → cþ c̄Þ ¼ 5490.3 pb:

ðB16Þ

Thus, the cross section for the reaction (B13) is much
smaller than that of (B6). Note that h00 boson of mass (1.13)
is predicted to decay to nearly 100% to cc̄; see Fig. 8 of [4].
Here we show the distributions in the longitudinal momen-
tum k3 and rapidity y of the h00 in (B6) and the Z in (B13);
see Figs. 22(a) and 22(b), respectively.

(a) (b)

FIG. 22. Distribution of (a) the longitudinal momentum k3, and (b) the rapidity y of h00 in (B6) and of Z in (B13).
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These distributions are not directly observable but have
to be reconstructed from the distribution of the cc̄ pairs.
The invariant mass of the pairs Mcc̄ is a superposition of
two Breit-Wigner distributions around the nominal values
of the masses of h00 and Z.
In Fig. 23 we show the distribution of Mcc̄. Two peaks

for the h00 and the Z are clearly visible. Figure 23(a)
corresponds to the calculations for the full phase-space,
while Fig. 23(b) represents results obtained within the jyj <
2.5 requirement (which is equivalent to jk3j≲ 650 GeV).
The corresponding QCD cc̄-background in the invariant-
mass region around the two signal peaks is approximately
two orders of magnitude larger and, therefore, it is not
shown in the figure. Note that all these distributions are
calculated at the parton level. In the real world the momenta
of c and c̄ have to be obtained from the corresponding jet
momenta. This certainly will introduce a smearing of the
distributions.

Finally we compare the distributions for the reactions

pþ p → ðh00 → μþμ−Þ þ X; ðB17Þ

and

pþ p → ðZ → μþμ−Þ þ X: ðB18Þ
From Eq. (3.2) and Table 2 of [4] we get for the h00 mass
(1.5) the branching ratio of h00 → μþμ− as

Bðh00 → μþμ−Þ ¼ 3.44 × 10−5: ðB19Þ
The branching ratio Z → μþμ− is according to [7]

BðZ → μþμ−Þ ¼ ð3.3662� 0.0066Þ × 10−2: ðB20Þ
In Fig. 24, we present the analog of Fig. 22 for the reactions
(B17) and (B18). We observe that, in the μþμ− channel, the

(a) (b)

FIG. 23. The distributions ofMcc̄ for h00 production in Eq. (B6) and for Z production in Eq. (B13), obtained (a) in the full phase space
and (b) with the requirement jyj < 2.5.

(a) (b)

FIG. 24. Distribution of: (a) the longitudinal momentum k3, and (b) the rapidity y of h00 in (B17) and of Z in (B18).
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contribution from Z production exceeds that from h00 by
approximately three orders of magnitude, reflecting the
relative difference between the corresponding branching
fractions given in (B19) and (B20). Consequently, in this
channel the invariant-mass spectrum is entirely dominated
by Z-boson production (see Fig. 25).
In Fig. 26 we compare associated h00 production (1.14)

and the corresponding associated Z production

pþ p → ðZ → cþ c̄Þ þ cþ c̄þ X: ðB21Þ
We see that with the cuts (3.1) the contribution of (B21)

is much smaller than that of our signal process (1.14).

APPENDIX C: DOUBLE h00 PRODUCTION

Here we study the reaction

pðpaÞ þ pðpbÞ → h00ðk1Þ þ h00ðk2Þ þ X; ðC1Þ

that is, double h00 production. This reaction can be due to a
single-parton process [Fig. 27(a)] and a double-parton
process [Fig. 27(b)].
The h00 decays to nearly 100% to cc̄ for a mass value

mh00 ¼ 95.4 GeV; see Fig. 8 of [4]. Therefore, the reaction
(C1) will result in the final state cc̄cc̄X and contribute to the
general final states in (2.2) and (3.5).
In our calculation for (C1), we shall restrict ourselves to

the diagrams of Fig. 27(a) with charm-quark fusion
(q ¼ c), since the coupling of h00 to c quarks is much
bigger than to s quarks; see (1.8). We calculate first the
reaction

cðq1Þ þ c̄ðq2Þ → h00ðk1Þ þ h00ðk2Þ: ðC2Þ

We set

ŝ ¼ ðq1 þ q2Þ2 ¼ ðk1 þ k2Þ2;
t̂ ¼ ðq1 − k1Þ2 ¼ ðq2 − k2Þ2;
û ¼ ðq1 − k2Þ2 ¼ ðq2 − k1Þ2: ðC3Þ

A straightforward calculation gives for the transition rate
of (C2) with V the normalization volume

dΓ½cðq1Þ þ c̄ðq2Þ → h00ðk1Þ þ h00ðk2Þ�

¼ 1

V
·

1

2q012q
0
2

· ð2πÞ4δð4Þðk1 þ k2 − q1 − q2Þ

×
d3k1

ð2πÞ32k01
·

d3k2
ð2πÞ32k02

· Fðq1; q2; k1; k2Þ; ðC4Þ

where

Fðq1; q2; k1; k2Þ ¼
1

6

�
mt

v0

�
4
�

1

t̂ −m2
c
−

1

û −m2
c

�
2

× ½t̂ ûþŝm2
c − ðm2

h00 þm2
cÞ2�: ðC5Þ

Now we use this result as input for a standard Drell–
Yan type calculation of the diagram of Fig. 27(a); see,
for instance, Ch. 18.5 of [39]. The result reads as
follows:

FIG. 25. The distributions of Mμþμ− for Z production in
Eq. (B18) obtained in the full phase space.

FIG. 26. The same as in Fig. 7(b) but here the extra contribution
from the reaction (B21) is also shown (green solid histogram).
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dσ½pðpaÞ þ pðpbÞ → h00ðk1Þ þ h00ðk2Þ þ X� ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

s − 4m2
p

r
d3k1

ð2πÞ32k01
d3k2

ð2πÞ32k02
×

�Z
1

0

dx1

Z
1

0

dx2N
p
c ðx1ÞNp

c̄ ðx2Þð2πÞ4δð4Þðk1 þ k2 − x1pa − x2pbÞ
1

ŝ
Fðx1pa; x2pb; k1; k2Þ

þ
Z

1

0

dx1

Z
1

0

dx2N
p
c̄ ðx1ÞNp

c ðx2Þð2πÞ4δð4Þðk1 þ k2 − x1pa − x2pbÞ
1

ŝ
Fðx2pb; x1pa; k1; k2Þ

�
: ðC6Þ

Here Np
c ðxÞ, Np

c̄ ðxÞ are the c and c̄ quark distribution
functions of the proton and

s ¼ ðpa þ pbÞ2 ðC7Þ

is the total c.m. energy squared. The total cross section is
obtained by integrating in (C6) over k1 and k2 taking the
statistical factor 1=2 for the two identical h00 bosons into

account. This gives for
ffiffiffi
s

p ¼ 13.6 TeV

σtotðpþ p → h00 þ h00 þ XÞ ¼ 1.11 pb: ðC8Þ

Compared to the cross section which we found in (2.5) this
is very small and can be neglected. For the double
scattering process of Fig. 27(b) we expect also a small
result compared to (2.5).
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