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1 Introduction

We review and revise the phenomenology of the scalar portal — a gauge singlet scalar

particle S that couples to the Higgs boson and can play a role of a mediator between

the Standard model and a dark sector (see e.g. [1–3]) or be involved in the cosmological

inflation [4–6]. We focus here on the mass range . 10 GeV (see however section 2.2 for a

discussion of larger masses).

The interaction of the S particle with the Standard model particles is similar to the

interaction of a light Higgs boson but is suppressed by a small mixing angle θ. Namely,

the Lagrangian of the scalar portal is

L = LSM +
1

2
∂µS∂

µS + (α1S + α2S
2)(H†H)− m2

S

2
S2. (1.1)

After the electroweak symmetry breaking the Higgs doublet gains a non-zero vacuum ex-

pectation value v. As a result, the SHH interaction (1.1) provides a mass mixing between

S and the Higgs boson h. Transforming the Higgs field into the mass basis, h → h + θS,

one arrives at the following interaction of S with the SM fermions and gauge bosons:

LS
SM = −θmf

v
Sf̄f + 2θ

m2
W

v
SW+W− + θ

m2
Z

v
SZ2 + α

(

1

4v
S2h2 +

1

2
S2h

)

, (1.2)

where α ≡ 2α2v. These interactions also mediate effective couplings of the scalar to pho-

tons, gluons, and flavor changing quark operators, see figure 1. Additionally, the effective

proton-scalar interaction that originates from the interaction of scalars with quarks and

gluons (see figure 2) will also be relevant for our analysis. The effective Lagrangian for

these interactions is discussed in appendix A.

Searches for light scalars have been previously performed by CHARM, LHCb and

Belle [7, 8], CMS [9] and ATLAS [10, 11] experiments. Significant progress in searching

for light scalars can be achieved by the proposed and planned intensity-frontier experi-

ments SHiP [12–14], CODEX-b [15], MATHUSLA [16–21], FASER [22–24], SeaQuest [25],

NA62 [26–28], DUNE [29].

The phenomenology of light GeV-like scalars has been studied in [1, 5, 8, 30–33], and

in [34–43] in the context of a light Higgs boson. However, in the literature, there are still

conflicting results, both for the scalar production and decay. In this work, we reanalyze

the phenomenology of light scalars and present the results in the form directly suitable for

experimental sensitivity estimates.

2 Scalar production

2.1 Mixing with the Higgs boson

In this section, we will discuss the scalar production channels that are defined by the mixing

between a scalar and the Higgs boson.

In proton-proton or proton-nucleus collisions, a scalar particle: (a) can be emitted

by the proton, (b) produced from photon-photon, gluon-gluon or quark-antiquark fusion
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γ

γ
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f

f

(a)

S

G

G

q

q

q

(b)

Ui/Di

Dk/Uk

Uj/DjW

S

(c)

Figure 1. Examples of effective interactions of the scalar with photons (a), gluons (b), and flavor

changing quark operators (c). (See appendix A for details.)

S
p

p

Figure 2. An example of a diagram for the effective interaction of a proton with a scalar, see

appendix A.2 for details.

in proton-proton or proton-nucleus interactions or (c) produced in the decay of the sec-

ondary particles, see figure 3. Let us compare these three types of the scalar production

mechanisms depending on the collision energy and the scalar mass. In the following we will

present the results for three referent proton-proton center-of-mass energies:
√
spp ≈ 16 GeV

(corresponding to the beam energy of the DUNE experiment),
√
spp ≈ 28 GeV (SHiP) and

√
spp = 13 TeV (LHC).
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qj

S
qi

X

X ′

(c)

Figure 3. Example diagrams for the main production channels of a scalar S production in proton-

nucleus collisions: proton bremsstrahlung (a), photon and gluon fusion (b), decay of secondary

mesons (c).
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Experiment DUNE SHiP LHC

(
√
spp = 16 GeV) (

√
spp = 28 GeV) (

√
spp = 13 TeV)

WGG(mS = 2 GeV) 1.2 · 103 1.4 · 103 6.2 · 1010

WGG(mS = 5 GeV) 1.5 · 10−1 7.9 3.9 · 1010

Table 1. Factors WGG (see eq. (2.2)) for the DUNE, SHiP and LHC experiments.

The proton bremsstrahlung (the case (a)): is a process of a scalar emission by a pro-

ton in proton-proton interaction. For small masses of scalars, mS < 1GeV, this is a usual

bremsstrahlung process described by elastic nucleon-scalar interaction with a coupling con-

stant θgSNN ∼ θmp/v, see appendix A.2. However, the probability of elastic interaction

decreases with the scalar mass and we need to take into account inelastic processes. The

probability for the bremsstrahlung is

Pbrem = θ2g2SNNPbrem(mS , spp), (2.1)

where Pbrem is a proton bremsstrahlung probability for the case θ = gSNN = 1 (see ap-

pendix D). This quantity varies from 10−2 for DUNE and SHiP to 10−1 for the LHC, see

appendix D.1

For the case (b) we have to distinguish photon-photon fusion that can occur for an

arbitrary transferred momentum and, therefore, an arbitrary scalar mass (as electromag-

netic interaction is long-range), and gluons or quark-antiquarks fusion (the so-called deep

inelastic scattering processes (DIS)), which is effective only for mS & 1 GeV. The scalar

production in the DIS process can be estimated as PDIS = (σDIS,G+σDIS,q)/σpp, where σpp
is the total proton-proton cross section and σDIS,X is the cross section of scalar production

in the DIS process,

σDIS,G ∼ θ2α2
s(mS)m

2
S

sppv2
WGG(mS , spp), σDIS,q ∼

θ2m2
q

sppv2
Wqq̄(mS , spp). (2.2)

Here,
√
spp is the center-of-mass energy of colliding protons andWXX given by eq. (C.11) is

a dimensionless combinatorial factor that, roughly, counts the number of the parton pairs

in two protons that can make a scalar. The values of WXX factors for some scalar masses

and experimental energies are given in table 1. In figure 4 we show the ratio between cross

sections of gluon-gluon and quark-antiquark fusion. We see that quark fusion is relevant

only for low scalar masses, while for mS & 2GeV the gluon fusion dominates for all collision

energies considered.

In the case of the production of a scalar in photon fusion, the most interesting process

is the coherent scattering on the whole nucleus, as its cross section is enhanced by a factor

Z2, where Z is the charge of the nucleus. The electromagnetic process p+Z → p+Z + S

involves the effective Sγγ vertex proportional to θαEM, see appendix A.1. The probability

of the process is Pγ fus = σγ fus/σpZ , where the fusion cross section σγ fus has a structure

1In this estimate we neglect possible effects of QCD scalar resonances that could significantly enhance

scalar production for some scalar masses.
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1
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1000
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σ DIS,
G

/σ DIS
,q

Figure 4. The ratio of cross sections of the scalar production in deep inelastic scattering via gluon

and quark fusion. The dashed line corresponds to a ratio equal to unity. “LHC”, “SHiP” and

“DUNE” denote correspondingly the results for the proton-proton center-of-mass energies
√
spp =

13 TeV,
√
spp = 28 GeV and

√
spp = 16 GeV.

similar to that of gluon fusion (2.2):

σγ fus ∼ 10−2 θ
2Z2α4

EMm
2
S

v2spZ
Wcoh, (2.3)

where
√
spZ is the CM energy of the proton and nucleus, and Wcoh given by eq. (E.8) is

a dimensionless combinatorial factor that counts the number of pair of photons that can

form a scalar. It ranges from 106 for the DUNE energies to 1014 for the LHC energies.

Let us compare the probabilities of photon fusion and proton bremsstrahlung,

Pγ fus

Pbrem
∼ 10−2 Z2

spZσpZ

α4
EM

g2SNN

m2
S

v2
Wcoh

Pbrem
∼ (2.4)

∼ 10−15 (100 GeV)2

spp

Z2

A1.77

(

mS

1 GeV

)2 Wcoh

Pbrem
. 10−4 (2.5)

for all three energies considered. Here we used spZ ≈ Aspp, where A is the nucleus mass

number. The proton-nucleus cross section σpZ weakly depends on energy and can be

estimated as σpZ ≃ 50 mb A0.77 [44, 45]. This ratio is smaller than 10−4 for all energies

and scalar masses of interest. Next, comparing the probabilities of the production in photon

fusion and in DIS, we obtain

Pγ fus

PDIS
∼ Z2α4

EM

α2
s

spp
spZ

σpp
σpZ

Wcoh

WDIS
∼ 10−8 Z2

A1.77

Wcoh

WDIS
. 10−4, (2.6)

where we used that spZ/spp ≈ A and Wcoh/WDIS . 1 for all three energies considered, see

appendix E. The proton-proton cross section also depends on the energy weakly, and we

can estimate σpZ/σpp ∼ A0.77 (see appendix D).

We conclude that the scalar production in photon fusion is always sub-dominant for

the considered mass range of scalar masses and beam energies.
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Let us now compare gluon fusion and proton bremsstrahlung with the production

from secondary mesons (type (c)). The latter can be roughly estimated using “inclusive

production”, i.e. production from the decay of a free heavy quark, without taking into

account that in reality this quark is a part of different mesons with different masses. This

is only an order of magnitude estimate that breaks down for mS & mq − ΛQCD, so it can

be used only for D and B mesons. We will see however that such an estimate is sufficient

to conclude that for the energies of SHiP and LHC the production from mesons dominates

and we need to study it in more details (see more detailed analysis below).

The inclusive branching BRincl(XQi → XQjS) can be estimated using the correspond-

ing quark level process Qi → QjS. To minimize QCD uncertainty we follow [16, 43] and

estimate the inclusive branching ratio as

BRincl(XQi → XQjS) ≃
Γ(Qi → QjS)

Γ(Qi → Q′eν̄e)
× BRincl(X → XQ′eν̄e), (2.7)

where Γ(Qi → Q′eν̄e) is the semileptonic decay width of a quark Qi calculated using the

Fermi theory and BRincl(X → XQ′eν̄e) is the experimentally measured inclusive branching

ratio. As both the quark decay widths in (2.7) get the QCD corrections, their total effect

in (2.7) is expected to be minimal [43]

For D and B mesons decays the inclusive production probabilities are [19, 43]

PD ∼ 2χcc̄ × BR(c→ Su) ∼ 6 · 10−11 θ2χcc̄

(

1− m2
S

m2
c

)2

, (2.8)

PB ∼ 2χbb̄ × BR(b→ Ss) ∼ 13 θ2χbb̄

(

1− m2
S

m2
b

)2

, (2.9)

where χqq̄ is the production fraction of the qq̄ pair in pp collisions, see table 2. The

difference in 10−11 orders of magnitude is mostly coming from (mb/mt)
4 ∼ 10−7 and

|Vub|2/|Vts|2 ∼ 10−2 (see appendix A.3 for details). In fact for D mesons the leptonic decay

D → Seν with BR(D → Seν) ∼ 5 · 10−9θ2 is more important than (2.8), see appendix B.3

for details. We see that the production from D mesons may be important only if the number

of B mesons is suppressed by 109 times, which is possible only if the center-of-mass energy

of p-p collisions is close to the bb̄ pair production threshold.

Let us compare the production from B mesons with the production from proton

bremsstrahlung and DIS. Using eqs. (2.1), (2.2) and (2.9) for masses of scalar below b

quark kinematic threshold we get

Pbrem

PB
∼ g2SNN

BR(b→ Ss)

Pbrem

χbb̄

∼ 10−7Pbrem

χbb̄

, (2.10)

PDIS

PB
∼ 10−6 1

sppσpp

(

mS

1 GeV

)2WGG(mS , spp)

χbb̄

. (2.11)

The ratios (2.11) and (2.10) depend on the center-of-mass energy of the experiment

(see tables 1 and 2).

We conclude that for the experiments with high beam energies, like SHiP or LHC,

the most relevant production channel is a production of scalars from secondary mesons.

– 6 –
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Experiment DUNE SHiP LHC

(
√
spp = 16 GeV) (

√
spp = 28 GeV) (

√
spp = 13 TeV)

χcc̄ 1.0 · 10−4 3.9 · 10−3 2.9 · 10−2

χbb̄ 1.0 · 10−10 2.7 · 10−7 8.6 · 10−3

Table 2. Production fractions of the qq̄ pair, χqq̄ = σqq̄/σpp, for the DUNE, SHiP and LHC

experiments. We took the production fractions for the DUNE and SHiP experiments from [46, 47].

To estimate the production fractions for the LHC, we calculated the total cross section of B and

D production using FONLL [48] and took the total cross section of the pp collisions at the LHC

energies from [44].

0 1 2 3 4 5
0.01

0.05

0.10

0.50

1

5

Scalar mass [GeV]

B
r B

→S+
X
s
/d
/θ2 K

+

K
*
2

K
*

K1

K0
*π+

Total

Inclusive

Figure 5. Branching ratios of the 2-body decays B+ → SXs/d, where Xq is a hadron that contains

a quark q. By the K∗ channel, we denote the sum of the branching ratios for K∗(892), K∗(1410),

K∗(1680) final states, by K∗
0 — for K∗

0 (700), K
∗
0 (1430), and by K1 — for K1(1270), K1(1400).

The “Inclusive” line corresponds to the branching ratio (2.7) obtained using the free quark model.

For experiments with smaller energies like, e.g., DUNE the dominant channel is the direct

production of scalars in proton bremsstrahlung and in DIS.

Production from decays of different mesons. Let us discuss the production of scalars

from decays of mesons in more details. The calculation of branching ratios for two-body

decays of mesons is summarized in appendix B.2. Above we made an estimate for the cases

of D and B mesons that are the most efficient production channels for larger masses of S.

Instead, for scalar masses mS < mK − mπ the main production channel is the decay of

kaons, K → Sπ, see table 3 with the relevant information about these production channels.

Numerically, the branching ratio of the production from kaons is suppressed by 3 orders of

magnitude in comparison to the branching ratio of the production from B mesons, but for

the considered energies the number of kaons is at least 103 times larger than the number

of B mesons.

For scalar masses mK − mπ < mS < mB the main scalar production channel from

hadrons is the production from B mesons. Inclusive estimate at the quark level, that we

– 7 –
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Process BR(mS = 0)/θ2 Closing mass [GeV] Appendix

K± → Sπ± 1.7 · 10−3 0.350 F.1.1

K0
L → Sπ0 7 · 10−3 0.360 F.1.1

B± → SK±
1 (1270) (9.1+3.6

−4.0) · 10−1 3.82 F.2.2

B± → SK∗,±
0 (700) 7.6 · 10−1 4.27 F.1.2

B± → SK∗,±(892) (4.7+0.9
−0.8) · 10−1 4.29 F.2.1

B± → SK± (4.3+1.1
−1.0) · 10−1 4.79 F.1.1

B± → SK∗,±
2 (1430) 3.0 · 10−1 3.85 F.3

B± → SK∗,±(1410) (2.1+0.6
−1.1) · 10−1 3.57 F.2.1

B± → SK∗,±(1680) (1.3+0.5
−0.4) · 10−1 3.26 F.2.1

B± → SK∗,±
0 (1430) 8.1 · 10−2 3.82 F.1.2

B± → SK±
1 (1400) (1.6+0.6

−1.1) · 10−2 2.28 F.2.2

B± → Sπ± (1.3+0.3
−0.3) · 10−2 5.14 F.1.1

Table 3. Properties of the main production channels of a scalar S from kaons and B mesons through

the mixing with the Higgs boson. First column: decay channels; Second column: branching ratios of

2-body meson decays evaluated at mS = 0 using formula (B.9) and normalized by θ2. For B mesons

the numerical values are given for B± mesons; in the case of B0 meson all the given branching ratios

should be multiplied by a factor of 0.93 that comes from the difference in total decay widths of B±

and B0 mesons [44]. Uncertainties (where available) follow from uncertainties in meson transition

form-factors; Third column: effective closing mass, i.e. a mass of a scalar at which the branching

ratio of the channel decreases by a factor of 10; Fourth column: a reference to the appendix with

details about form-factors used.

made above (see eq. (2.9)), contains an unknown QCD uncertainty and completely breaks

down for scalar masses mb −mS ≃ ΛQCD. Below we discuss therefore decays of different

mesons containing the b quark B → Xs/dS. We consider kaon and its resonances as the

final states Xs:

• Pseudoscalar meson K;

• Scalar mesons K∗
0 (700),K

∗
0 (1430) (here assuming that K∗

0 (700) is a di-quark state);

• Vector mesons K∗(892),K∗(1410),K∗(1680);

• Axial-vector mesons K1(1270),K1(1400);

• Tensor meson K∗
2 (1430).

We also consider the meson Xd = π. Although the rate of the corresponding process

B → πS is suppressed in comparison to the rate of B → XsS, it may be important since

it has the largest kinematic threshold mS . mB −mπ.

We calculate the branching ratios BR(B+ → Xs/dS) at mS ≪ mK using eq. (B.9)

and give the results in table 3. The main uncertainty of this approach is related to form

factors describing meson transitions XQi → X ′
Qj

, see appendix F for details. They are

calculated theoretically using approaches of light cone fum rules and covariant quark model,

– 8 –
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P
/θ2

DUNE ( s = 16 GeV)

1 2 3 4 5 6

10
-11
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-10
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-9
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-6

Scalar mass [GeV]

P
/θ2

SHiP ( s = 28 GeV)
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0.001

0.100
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P
/θ2

LHC ( s = 13 TeV)

Figure 6. The probabilities of a scalar production in proton bremsstrahlung process (2.1) (solid

lines), DIS process (2.2) (dotted lines) and decays of B mesons (dashed lines) versus the scalar

mass. “LHC”, “SHiP” and “DUNE” denote correspondingly results for the proton-proton center-

of-mass energies
√
spp = 13 TeV,

√
spp = 28 GeV and

√
spp = 16 GeV. The gray line corresponds

to the extrapolation of the bremsstrahlung production probability assuming unit value of the proton

elastic form-factor, see text for details.

and indirectly fixed using experimental data on rare mesons decays [49–53]. The errors

given in table 3 result from uncertainties in the meson transition form-factors FBXs/d
(see

appendix F). Since FBXs/d
are the same for B+ and B0 mesons, the branching ratios

BR(B0 → X ′0S) differ from BR(B0 → X0
s/dS) only by the factor ΓB+/ΓB0 ≈ 0.93.

The values of the branching ratios for the processes B → KS, B → K∗S are found to

be in good agreement with results from the literature [31, 32]. We conclude that the most

efficient production channels of light scalars with mS . 3 GeV are decays B → K∗
0S, B →

K1S and B → K∗S; the channel B → KS, considered previously in the literature, is

sub-dominant.

Summing over all final K states, in the limit mS ≪ mB for the total branching ratio

we have

BR(B → SXs) ≡
∑

Xs

BR(B → SXs) ≈ 3.3+0.8
−0.7 θ

2. (2.12)

Using the estimate (2.9), for the ratio of the central value of the branching ratio (2.12) and

the inclusive branching ratio at mS ≪ mB we find

BR(B → SXs)/BRincl(B → SXs) ≈ 0.5. (2.13)

– 9 –
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S

(a)

q̄j

h

qi

X

S

S

qj

h

qi

X

X ′

S

S

(b)

Figure 7. Diagrams for the production channels of a scalar S through a quartic coupling: decay

of the Higgs boson (a), decays of mesons (b).

Provided that the inclusive estimate of the branching ration has a large uncertainty, we

believe that eq. (2.13) suggests that we have taken into account all main decay channels of

this type.

Our results are summarized in table 3 and figure 5. We have found that the channels

with K∗, K∗
0 and K1 give the main contribution to the production branching ratio for small

scalar masses mS . 3 GeV, while for larger masses the main channel is decay to K. The

comparison between the probability of the production from mesons and our estimates for

bremsstrahlung and DIS for three center of mass energies are shown in figure 6.

2.2 Quartic coupling

Above we discussed the production of scalars only through the mixing with the Higgs

boson. One more interaction term in the Lagrangian (1.2),

Lquartic =
α

2
S2h, (2.14)

(the so-called “quartic coupling” that originates from the term S2H†H in the La-

grangian (1.1)) affects the production of scalars from decays of mesons and opens an

additional production channel — production from Higgs boson decays, see figure 7.

– 10 –
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The production from the Higgs boson (case (a)) can be important for high-energy

experiments like LHC. The branching ratio is

BR(h→ SS) =
α2|pS |

16πm2
hΓh

≈ 2.0 · 10−2
( α

1 GeV

)2

√

1− 4m2
S

m2
h

, (2.15)

where pS is a momentum of a scalar in the rest frame of the Higgs boson and we used

the SM decay width of the Higgs boson Γh ≈ 4MeV [54]. If the decay length of the

scalar is large enough cγτS & 1 m this decay channel manifests itself at ATLAS and CMS

experiments as an invisible Higgs boson decay. The invisible Higgs decay is constrained at

CMS [9], the 2σ upper bound is

BR(h→ invis.) < 0.19. (2.16)

This puts an upper bound α < 3.1GeV for the scalar masses mS < mh/2.

The production probability Ph→SS = χh × BR(h → SS), where χh is a production

fraction of the Higgs bosons. Comparing with the production from B mesons for a scalar

mass below the B threshold estimated by the inclusive production (2.9) we get

Ph→SS

PB
∼ 10−3 1

θ2

(

α

1 GeV

)2 χh

χbb̄

∼ 10−10 1

θ2

(

α

1 GeV

)2

, (2.17)

where we used χh ∼ 10−9 for the LHC energy [55] and χbb̄ ∼ 10−2 (see table 2).

Also, the quartic coupling generates new channels of scalar production in meson decays

(case (b)). In addition to the processX → X ′S shown in figure 3(c) the quartic coupling en-

ables also additional processesX → SS andX → X ′SS shown in figure 7(b) [1, 31, 56–59].

First, let us make a simple comparison between the branching ratios for the scalar

production from mesons in the case of mixing with the Higgs boson and quartic coupling.

Comparing Feynman diagrams in figures 3(c) and 7(b) we see that for the case mS ≪ mX

BR(X → X ′SS)

BR(X → X ′S)
∼α

2m2
X

θ2m4
h

∼ 10−9 1

θ2

( α

1 GeV

)2
(

mX

1 GeV

)2

, (2.18)

BR(X → SS)

BR(X → X ′S)
∼α

2f2X
θ2m4

h

∼ 10−9 1

θ2

(

α

1 GeV

)2( fX
1 GeV

)2

, (2.19)

where fX is a meson’s decay constant (see appendix G).

The channel X → X ′SS is very similar to the channel X → X ′S from figure 3(c). By

the same reasons, this process is strongly suppressed for D-mesons and is efficient only for

kaons and B mesons.

The decay X → SS is possible only for K0, D0, B0 and B0
s due to conservation

of charges. The production from D0 mesons is strongly suppressed by the same reason

as above (small Yukawa constant and CKM elements in the effective interaction, see ap-

pendix A.3).

Our results for the branching ratio of the scalar production from mesons decays in

the case of the quartic coupling are presented in table 4 and in figure 8, the formulas for

the branching ratios and details of calculations are given in appendix G. The results are

shown for the value of coupling constant α = 1GeV which corresponds to the Higgs boson

branching ratio BR(h→ SS) ≈ 0.02 (see eq. (2.15)).
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Process BR(mS = 0) Closing mass [GeV] Appendix

K0
L → SS 4.4 · 10−13 0.252 G

K0
L → SSπ0 6.6 · 10−15 0.140 F.1.1

K± → SSπ± 1.4 · 10−15 0.136 F.1.1

K0
S → SS 7.8 · 10−16 0.252 G

K0
S → SSπ0 1.2 · 10−17 0.140 F.1.1

Bs → SS 4.0 · 10−10 2.670 G

B± → SSK± 1.4 · 10−10 1.998 F.1.1

B± → SSK∗,±
0 (700) 1.2 · 10−10 1.621 F.1.2

B± → SSK±
1 (1270) (1.2+0.5

−0.5) · 10−10 1.478 F.2.2

B± → SSK∗,±(892) 9.1 · 10−11 1.701 F.2.1

B± → SSK∗,±
0 (1430) 3.5 · 10−11 1.621 F.1.2

B± → SSK∗,±(1410) (1.9+0.6
−0.5) · 10−11 1.358 F.2.1

B± → SSK∗,±
2 (1430) 2.5 · 10−11 1.499 F.3

B0 → SS 1.1 · 10−11 2.624 G

B± → SSK∗,±(1680) (9.9+0.4
−0.3) · 10−12 1.240 F.2.1

B± → SSπ± (4.7+1.2
−1.1) · 10−12 2.149 F.1.1

B± → SSK±
1 (1400) (7.3+0.3

−0.3) · 10−13 1.545 F.2.2

Table 4. Properties of the main production channels of a scalar S from kaons and B mesons

through quartic coupling (2.14). First column: decay channels; Second column: branching ratios

of 2-body meson decays evaluated at mS = 0 and α = 1 GeV, see eqs. (G.7), (G.8). For B mesons

the numerical values are given for B± mesons; in the case of decays of B0 mesons, all the given

branching ratios should be multiplied by a factor 0.93 that comes from the difference in total decay

widths of B± and B0 mesons [44]. Uncertainties (where available) follow from uncertainties in

meson transition form-factors; Third column: effective closing mass, i.e. a mass of a scalar at which

the branching ratio of the channel decreases by a factor of 10. Fourth column: a reference to

appendix with details about form-factors used.

3 Scalar decays

The main decay channels of the scalar are decays into photons, leptons and hadrons, see

appendix H. In the mass range mS . 2mπ the scalar decays into photons, electrons and

muons, see appendix H.1.

For masses small enough compared to the cutoff ΛQCD ≈ 1 GeV, ChPT (Chiral Per-

turbation Theory) can be used to predict the decay width into pions [34]. For masses of

order mS & ΛQCD a method making use of dispersion relations was employed in [35–37]

to compute hadronic decay rates. As it was pointed out in [33] and later in [30], the reli-

ability of the dispersion relation method is questionable for mS & 1 GeV because of lack

of the experimental data on meson scattering at high energies and unknown contribution

of scalar hadronic resonances, which provides significant theoretical uncertainties. To have

a concrete benchmark — although in the light of the above the result should be taken

with a grain of salt — we use the decay width into pions and kaons from [32], see figure 9,
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B
r(
B
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S
)

B
+ → K

+SS

B
+ → K

*
2SS

B
+ → K

*SS

B
+ → K1SS

B
+ → K0

*SS

B
+ → π+SS

B
+ → Xs/dSS, total

Bs → SS

B0 → SS

Figure 8. Branching ratios of decays B+ → SSXs/d and B → SS, where Xq is a hadron that

contains a quark q, versus the scalar mass. By the K∗ channel, we denote the sum of the branching

ratios for K∗(892), K∗(1410), K∗(1680) final states, by K∗
0 — for K∗

0 (700), K
∗
0 (1430), and by K1

— for K1(1270), K1(1400). The values of the branching ratios are given at α = 1 GeV.

which combines the next-to-leading order ChPT with the analysis of dispersion relations

for the recent experimental data. For the ratio of the decay widths into neutral and charged

mesons we have

ΓS→π0π0/ΓS→π+π− = 1/2, ΓS→K0K̄0/ΓS→K+K− = 1. (3.1)

For scalar masses above f0(1370) the channel S → 4π becomes important and should

be taken into account [60]. The decay width of this channel is currently not known; its

contribution can be approximated by a toy-model formula [32]

Γmulti-meson = Cθ2m3
Sβ2π, β2π =

√

1− (4mπ)2/m2
S , (3.2)

where a dimensional constant C is chosen so that the total decay width is continuous at

large mS that will be described by perturbation QCD, see figure 10.

FormS ≥ Λpert
S ≃ 2−4GeV hadronic decays of a scalar can be described perturbatively

using decays into quarks and gluons, see appendix H.2. Currently, the value of Λpert
S is

not known because of lack of knowledge about scalar resonances which can mix with S

and enhance the scalar decay width. In [32] the value of Λpert
S is set to 2 GeV, in [5] it

is Λpert
S = 2.5 GeV, while in [19] its value is Λpert

S = 2mD. This scale certainly should

above the mass of the heaviest known scalar resonance f0(1710), so in this work we choose

Λpert
S = 2GeV.

The summary of branching ratios of various decay channels of the scalar and the total

lifetime of the scalar is shown in figure 10.
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Figure 9. The ratio of the decay widths of a light scalar into pions, kaons and into muons

obtained in [32]. We summed over all final meson states, i.e. for decays into pions we summed over

π+π−, π0π0. A peak in the decay width corresponding to the channel S → ππ around mS ≃ 1 GeV

is caused by the narrow f0(980) resonance.

Channel Open, MeV Rel. from, MeV Rel. to, MeV Max BR, % Formula

S → 2γ 0 0 1.02 100 (H.2)

S → e+e− 1.02 1.02 212 ≈ 100 (H.1)

S → µ+µ− 211 211 and 1668 564 and 2527 ≈ 100 (H.1)

S → π+π− 279 280 1163 65.5 Figure 9

S → 2π0 270 280 1163 32.8 Figure 9

S → K+K− 987 996 Λpert
S = 2000 36.8 Figure 9

S → K0K̄0 995 1004 Λpert
S = 2000 36.8 Figure 9

S → 4π 550 1210 Λpert
S = 2000 52.4 (3.2)

S → GG 275 Λpert
S = 2000 4178 68.6 (H.10)

S → ss̄ 990 Λpert
S = 2000 3807 42.5 (H.3)

S → τ+τ− 3560 3608 — 45.7 (H.1)

S → cc̄ 3740 3797 — 50.6 (H.3)

Table 5. Relevant scalar decay channels. Only channels with the branching ratio above 1% covering

the scalar mass range up to 10GeV are shown. The gray line corresponds to the fake multi-meson

channel, see discussion in text. Columns : (1) the scalar decay channel. (2) The scalar mass at

which the channel opens; (3) The scalar mass starting from which the channel becomes relevant

(contributes larger than 10%); (4) The scalar mass above which the channel contributes less than

10%; “—” means that the channel is still relevant at mS = 10GeV; (5) The maximal branching

ratio of the channel for mS < 10GeV; (6) Reference to the formula (or figure in case of decays into

pions and kaons) for the decay width of the channel.
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Figure 10. Left panel: branching ratios of decays of a scalar S as a function of its mass. For decays

into hadrons up to mS = 2 GeV we used results from [32], while for decays into hadrons in the mass

rangemS > 2 GeV we used perturbative decays into quarks and gluons (see section H.2). In order to

match these two regimes, we added a toy-model contribution to the total decay width that imitates

multi-meson decay channels, see eq. (3.2). Right panel: the lifetime of a scalar S as a function of

its mass with the mixing angle θ2 = 1. Solid blue line denotes the lifetime calculated using decays

into leptons, kaons and pions from [32] and fictitious multi-meson channel, see eq. (3.2), while

solid red line — the lifetime obtained using decays into quarks and gluons within the framework

of perturbative QCD. The filled gray regions on the plot correspond to the domain of the scalar

masses for which there are significant theoretical uncertainties in hadronic decays.

4 Conclusion

In this paper, we have reviewed and revised the phenomenology of the scalar portal, a

simple extension of the Standard Model with a scalar S that is not charged under the

SM gauge group, for masses of scalar mS . 10GeV. We considered three examples of

experimental setup that correspond to DUNE (with proton-proton center of mass energy
√
spp ≈ 16GeV), SHiP (

√
spp ≈ 28GeV) and LHC based experiments (

√
spp = 13TeV).

Interactions of a scalar S with the Standard Model can be induced by the mixing with

the Higgs boson and the interaction Sh2 (the “quartic coupling”), see Lagrangian (1.1).

The mixing with the Higgs boson is relevant for a scalar production and decay, while the

quartic coupling could be important only for the scalar production.

For the scalar production through the mixing with the Higgs boson, we have explicitly

compared decays of secondary mesons, proton bremsstrahlung, photon-photon fusion, and

deep inelastic scattering. For the energy of the SHiP experiment, the most relevant pro-

duction channel is the production in decays of secondary mesons, specifically kaons and B

mesons. For smaller energies (corresponding in our examples to the DUNE experiment) the

situation is more complicated, and direct production channels from p−p collisions (proton

bremsstrahlung, deep inelastic scattering) give the main contribution to the production of

scalars, see figure 6.

Our results for various channels of the scalar production from mesons via mixing with

the Higgs boson are summarized in table 3 and in figure 5. The results for decays B → KS,

B → K∗(892)S agree with the references [1, 2, 5, 8, 31, 32], while other decay channels

have not been studied in these papers.
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Figure 11. Diagrams of the interaction of the scalar S with photons and gluons.

For the LHC based experiments, an important contribution to the production of scalars

is given by the production in decays of Higgs bosons that may be possible due to non-zero

quartic coupling. This production channel, when allowed by the energy of an experiment,

allows to search for scalars that are heavier than B mesons. It may also significantly

increase the experimental sensitivity in the region of the lower bound of the sensitivity

curve, where production through the mixing with the Higgs boson is less efficient.

Also the quartic coupling gives rise to meson decay channels X → SS and X → X ′SS

that are important for scalar masses mS . mB/2. Our results for these channels are

presented in table 4 and in figure 8.

The description of scalar decays is significantly affected by two theoretical uncertain-

ties: (i) the decay width of a scalar into mesons like S → ππ and S → KK (that may be

uncertain more than by an order of magnitude for masses of a scalar around 1GeV) and (ii)

the uncertainty in the scale Λpert
S at which perturbative QCD description can be used. As

a benchmark, for decays into mesons we use results of [32] and choose Λpert
s = 2 GeV, but

we stress that the correct result is not really known for such masses. The main properties

of scalar decays are summarized in table 5 and figure 10.
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A Effective interactions

A.1 Photons and gluons

The effective lagrangian of the interaction of S with photons and gluons is generated by

the diagrams 11. It reads

L = θSCSγγ
αEM

4πv
FγFµνF

µν + θSCSGG
αs

4πv
FG

∑

a

Ga
µνG

µν,a. (A.1)

Here the effective vertices Fγ , FG are [5, 61]

Fγ =
∑

l=e,µ,τ

Fl +Nc

∑

q

Fq + FW , FG =
∑

q

Fq, (A.2)
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Figure 12. Dependence of the photon and gluon loop factors (A.2) on the scalar mass.

where

Ff (lf ) = −2lf (1 + (1− lf )x
2(lf )),

FW = 2 + 3lW (1 + (2− lW )x2(lW )), lX = 4m2
X/m

2
S , (A.3)

and

x(l) =



















arctan

(

1√
l − 1

)

, l > 1,

1

2

(

π + i ln

[

1 +
√
1− l

1−
√
1− l

])

, l < 1

(A.4)

Their behavior in dependence on the scalar mass is shown in figure 12. The values of the

constants CSGG and CSγγ vary in the literature. Namely, in [5] they are CSγγ = 1, CSGG =

1/
√
8. From the other side, in [61] predicts |CSγγ | = 1/2, |CSGG| = 1/4. Calculating

the decay branching ratio of the Higgs boson into two photons, we found that the value

CSγγ = 1/2 is consistent with experimental results for the signal strength of the process

p + p → h + X, h → γγ [62].2 The gluon loop factor in the triangle diagram 11 differs

from the photon loop factor by the factor tr[tata] =
1
2 , where ta is the QCD gauge group

generators, and therefore CSgg = 1/4.

A.2 Nucleons

Consider the low-energy interaction Lagrangian between the nucleons N and the scalar:

LSNN = gSNNθSN̄N (A.5)

The coupling gSNN is defined as

gSNN ≡ 1

v
lim
p→p′

〈N(p)|
∑

q

mq q̄q|N(p′)〉 ≡ 1

v
〈N |

∑

q

mq q̄q|N〉, (A.6)

2We used the Higgs boson decay width Γh,SM = 4 MeV.

– 17 –



J
H
E
P
1
1
(
2
0
1
9
)
1
6
2

where the shorthand notation 〈N | . . . |N〉 ≡ limp→p′〈N(p)| . . . |N(p′)〉 was used. The ap-

plicability of the effective interaction (A.5) is m2
S . r−2

N ≃ 1 GeV2. Above this scale the

elastic SNN vertex competes with the inelastic processes on partonic level and hence it

is suppressed.

For energy scales of order of the nucleon mass, the u, d, s quarks are light, while the

c, b, t quarks are heavy. Therefore, the latter can contribute to the effective coupling (A.6)

only through effective interactions involving the lighs quarks and gluons. The latter can

be obtained using the heavy quarks expansion [63, 64]. Keeping only the leading 1/mqheavy

term, for the effective interaction operator we obtain [65]

∑

q=c,b,t

mq q̄q → −nheavy ·
αs

12π
Ga

µνG
µν,a +O

(

1

m2
qheavy

)

. (A.7)

Here αs is the QCD interaction constant evaluated on the scale of the hadronic mass, Ga
µν

is the gluon strength tensor and nheavy = 3 is the number of the heavy quarks. Therefore,

in the leading order of 1/mqheavy expansion the coupling (A.6) takes the form [65, 66]

gSNN =
θ

v
〈N |

∑

q=u,d,s

mq q̄q − nheavy
αs

12π
Ga

µνG
µν,a|N〉. (A.8)

The last expression we can written in terms of the nucleon mass mN ,

mN ≡ 〈N |θµµ|N〉, (A.9)

where θµµ is the trace of the stress-energy tensor in the QCD [65]

θµµ =
∑

q=u,d,s

mq q̄q +
βs
4αs

Ga
µνG

µν,a, (A.10)

where βs is the QCD β function,

βs = −
(

9− 2

3
nheavy

)

α2
s

2π
, (A.11)

in the leading order by αs. Therefore, we get [65, 66]

gSNN =
2

9

mN

v

(

1 +
7

2

∑

q=u,d,s

mq

mN
〈N |q̄q|N〉

)

. (A.12)

The numerical value is gSNN ≈ 1.2 · 10−3 [67].

In order to incorporate effects of non-zero momentum transfer q2 in the SNN vertex,

we need to take into account an scalar nucleon form-factor FN,S(q
2):

gSNN → gSNNFN,S(q
2), FN,S(0) = 1. (A.13)

We have not found any paper discussing the form-factor FN,S . From general ground we

expect that it incorporates a mixing with scalar resonances f0 which causes peaks at q2 =

m2
f0
. For large momentum transfers FN,S should vanish.
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Figure 13. Diagrams of the production of the scalar S in flavor changing quarks transitions in the

unitary gauge.

ξij ξds ξuc ξdb ξsb

Value 3.3 · 10−6 1.4 · 10−9 7.9 · 10−5 3.6 · 10−4

Table 6. Numerical values of ξij constants in effective Lagrangian (A.14).

A.3 Flavor changing effective Lagrangian

A light scalar S can be produced from a hadron via flavor changing quarks transitions (see

diagrams in figure 13). The flavor changing amplitude was calculated using different tech-

niques in many papers [38–43]. The corresponding effective Lagrangian of flavor changing

quark interactions with the S particle is

LSqq
eff = θ

S

v

∑

i,j

ξijmQj Q̄iPRQj + h.c., (A.14)

where Qi and Qj are both upper or lower quarks and PR ≡ (1 + γ5)/2 is a projector on

the right chiral state. The effective coupling ξij is defined as

ξij =
3GF

√
2

16π2

∑

k

V ∗
kim

2
kVkj , (A.15)

where Qk are the lower quarks if Qi and Qj are the upper and vice versa, Vij are the

elements of the CKM matrix, and GF is the Fermi constant. One power of the quark mass

in the expression for ξ comes from the hq̄q coupling, while another one comes from the

helicity flip on the quark line in the diagrams in figure 13. Because of such behavior, the

quark transition generated by the Lagrangian (A.14) is more probable for lower quarks

than for upper ones, since the former goes through the virtual top quark. Numerical values

of some of ξij constants are given in table 6.

B Scalar production from mesons

In the scalar production from hadron decays, the main contribution comes from the lightest

hadrons in each flavor, which are mesons.3 The list of the main hadron candidates is the

3Indeed, if X is the lightest hadron in the family, it could decay only through weak interaction, so it

has small decay width ΓX (in comparison to hadrons that could decay through electromagnetic or strong
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following (the information is given in the format “Hadron name (quark contents, mass in

MeV)”):

• s-mesons K−(sū, 494), K0
S,L(sd̄, 498);

• c-mesons D0(cū, 1865), D+(cd̄, 1870), Ds(cs̄, 1968), J/ψ(cc̄, 3097);

• b-mesons B−(bū, 5279), B0(bd̄, 5280), Bs(bs̄, 5367), Bc(bc̄, 6276), Υ(bb̄, 9460).

The production of a scalar from mesons is possible through the flavor changing neutral

current A.3, so the production from Ds, J/ψ, Bs, Bc and Υ mesons does not have any

advantage with respect to the production from D0, D+, B− and B0, while their amount

at any experiment is significantly lower. Therefore, we will discuss below only production

from later mesons.

B.1 Inclusive production

The decay widths for the processes Qi → QjS, Qi → Q′eν̄e are

ΓQi→Qj+S =
|MQi→QjS |2

8πmb

|pS |
mb

≈ |ξbs|2
m3

b

(

1− m2
S

m2
b

)2

32πv2
θ2, (B.1)

ΓQi→Qk+e+ν̄e =
1

(2π)3

∫ m2
Qi

m2
Qk

dsQke

∫ seν,max

seν,min

dseν
|MQi→Qk+e+ν̄e |2

32m3
Qi

≈
G2

F |VQiQk
|2m5

Qi

192π3
× f(mQk

/mQi), (B.2)

where pS is the S particle momentum at the rest frame of the meson X,

|pS | =

√

(m2
X − (mS +mX′)2)((m2

X − (mS −mX′)2)

2mX
, (B.3)

the integration limits are

seν,min = 0, seν,max = m2
Qi

+m2
Qi

− sQke −
m2

Qi
m2

Qk

sQke
, (B.4)

and

f(mQk
/mQi) =

(

1− 8
m2

Qk

m2
Qi

− 24
m4

Qk

m4
Qi

ln

(

mQk

mQi

)

+ 8
m6

Qk

m6
Qi

−
m8

Qk

m8
Qi

)

≈ 1/2 (B.5)

is the phase space factor.

interactions). The probability of light scalar production from hadron is inversely proportional to hadron

decay width thus the light scalar production from the lightest hadrons is the most efficient.
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B.2 Scalar production in two-body mesons decays

Let us consider exclusive 2-body decay of a meson

XQi → X ′
Qj

+ S, (B.6)

corresponding to the transition Qi → Qj +S. Here and below, XQ denotes a meson which

contains a quark Q.

The Feynman diagram of the process is shown in figure 3(c). Using the La-

grangian (A.14), for the matrix element we have

M(XQi → SX ′
Qj

) =
θ

2

mQi

v
× ξij ×MXX′(m2

S), (B.7)

where

MXX′((pX − pX′)2) ≡ 〈X ′(pX′)|Q̄i(1 + γ5)Qj |X(pX)〉 (B.8)

is the matrix element of the transition XQi → X ′
Qj

. Expressions for these matrix elements

for different initial and final mesons are given in appendix F. So, we can calculate the

branching fraction of the corresponding process by the formula [44]

BR(XQi → X ′
Qj

+ S) =
1

ΓX
θ2

|ξij |2m2
Qi
|MXX′(m2

S)|2

32πv2
|pS |
m2

X

, (B.9)

where ΓX is the decay width of the meson X. We use the lifetimes of mesons from [44].

For the kaons, the only possible 2-body decay is the process

K → π + S (B.10)

There are 3 types of the kaons — K±,K0
L,K

0
S . Although the decay width for each of them

is by given by the same loop factor, ξsd, the branching ratios differ. The first reason is that

these kaons have different decay widths. The second reason is that the K0
S is approximately

the CP -even eigenstate. Therefore the decay K0
S → πS is proportional to the CKM CP -

violating phase and is strongly suppressed [41]. Further we assume that the corresponding

branching ratio vanishes. See table 3 for the branching ratios of K0
L,K

±.

B.3 Scalar production in leptonic decays of mesons

Consider the process X → Seν. Its branching ratio is [68, 69]

BR(X → Seν) =

√
2GFm

4
X

96π2m2
µ(1−m2

µ/m
2
h)

2
× BR(X → µν)

(

7

9

)2

f

(

m2
S

m2
X

)

, (B.11)

where f(x) = (1−8x+x2)(1−x2)−12x2lnx. The values of the branching ratios for different

types of the mesons are shown in table 7. However, although for theD this channel enhances

the production in ≃ O(100) times, the production from D is still sub-dominant.
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Meson BR(h→ Seν)/f (x) θ2

D → Seν 5.2 · 10−9

K → Seν 4.1 · 10−8

B → Seν < 7.4 · 10−10

Table 7. Branching ratios of 3-body meson decay. From experimental data we have only upper

bound on the BR(B → µν), so we put upper bound on B → Seν decay.

p

p

G

G
S

p

p

q

q̄
S

Figure 14. The diagrams of the production of the scalar in deep inelastic scattering.

C DIS

The scalar production in the DIS is driven by the interaction with the quarks and gluons:

L = Sθ
∑

q

mq

v
q̄q + θ

Sαs

16πv
FG(mS)G

a
µνG

µν,a, (C.1)

where FG is a loop factor being of order of |FG|2 ≃ 10−20 for the scalars in the mass range

mS . 10 GeV (see appendix A.1). Processes of the scalar production in DIS are quark

and gluon fusions:

q + q̄ → S, G+G→ S (C.2)

Corresponding diagrams are shown in figure 14 and the matrix elements are

M(GG→ S) = 4
FG(mS)αs

16π

θ

v
[(kµ2 · kν1 )− gµν(k1 · k2)]ǫµ(k1)ǫν(k2), (C.3)

iM(qq̄ → S) = v(k2)

(−iθmq

v

)

u(k1). (C.4)

The differential cross section is given by

dσ(sY Y ) =
(2π)4

4

|M(Y Y → S)|2
√

(k1 · k2)2
dΦ(k1 + k2, pS) =

π|M(Y Y → S)|2
m2

S

δ(sY Y −m2
S), (C.5)
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where Y denotes a quark/antiquark or a gluon, |M(GG→ S)|2 is the squared matrix

element averaged over gluon or quark polarizations and

dΦ(k1 + k2, pS) = δ4(k1 + k2 − pS)
d3pS

(2π)32Es
. (C.6)

The hard cross sections for the gluon and quark fusions are thus

σG(sGG) = δ(sGG −m2
S)

|FG(mS)|2α2
sθ

2m2
S

128πv2
, (C.7)

σq(sqq) =
π

m2
S

δ(sqq −m2
S)
θ2m2

q

2v2
m2

S . (C.8)

Using hard cross sections (C.8) and (C.7), one can calculate the total cross section of the

production in DIS as

σDIS,Y = gY

∫

σY (s)fY1
(
√
sY1Y2

, x1)fY2
(
√
sY1Y2

, x2)dx1dx2. (C.9)

Here, fY (Q, x) is the parton distribution function (pdf) of the parton Y carrying the

momentum fraction x at the scale Q. gq = 2, gG = 1; gq is a combinatorial factor tak-

ing into account that the quark/antiquark producing a scalar can be stored in both of

colliding protons.

The result is

σDIS,q(s) =
π

m2
S

θ2m2
qm

2
S

2v2s
×Wqq̄, σDIS,G(s) = θ2

|FG(mS)|2α2
s(mS)m

2
S

128πsv2
×WGG. (C.10)

Here, s denotes the pp CM energy, mq is the MS quark mass at the scale mS , and

WXX(s,mS) ≡
∫ 1

m2
S/s

dx

x
fX(mS , x)fX

(

mS ,
m2

S

sx

)

(C.11)

is the partonic weight of the process. Since the partonic model breaks down at scales

Q . 1 GeV, the description of the scalar production in DIS presented in this section is

valid only for scalars with masses mS & 1 GeV. For numerical estimates we have used

LHAPDF package [70] with CT10NLO pdf set [71].

The main contribution to the DIS cross section comes from gluons. To see this, let us

compare the gluon cross section σDIS,G with the s-quark cross section σDIS,S , which is the

largest quark cross section.4 Their ratio is

σDIS,G

σDIS,s
≈ 0.6

(

αs(mS)

0.4

)2 |FG(mS)|2
20

×
(

mS

1 GeV

)2WGG

Wss
. (C.12)

The product |FG|2α2
s changes with mS relatively slowly, and therefore the ratio (C.12) is

determined by the product (mS/1 GeV)2WGG/Wss. It is larger than one for the masses

mS & 2 GeV in broad CM energy range, see figure 4.

4Indeed, the quark cross sections are proportional to the Yukawa constant squared y2
q , and the large

ratio (ys/yu,d)
2 compensates smaller partonic weight Wss/Wu,d.
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Figure 15. A diagram of the production of a scalar in the proton bremsstrahlung process.

Having the cross sections (C.10), we calculate the DIS probability as

PDIS =

∑

q σDIS,q + σDIS,G

σpp
, (C.13)

where for the total proton-proton cross section σpp we used the data from [44].

D Scalar production in proton bremsstrahlung

A scalar S can be produced through the SNN vertex (see section A.2) in proton-proton

bremsstrahlung process

p+ p→ S +X, (D.1)

with the diagram of the process shown in figure 15. Corresponding probability can be

estimated using generalized Weizsacker-Williams method, allowing to express the cross

section of the given process by the cross section of its sub-process [72–78]. Namely, let us

denote the momentum of the incoming proton in the rest frame of the target proton by

pp, the fraction of pp carried by S as z and the transverse momentum of S as pT . Then,

under conditions

p2T
4p2p

≪ z(1− z)2,
m2

S

4p2p
≪ z(1− z),

m2
p

4p2p
≪ (1− z)2

z
(D.2)

the differential production cross section of S production can be written as (see ap-

pendix D.1)

dσbrem ≈ σppt(s
′)× Pp→pS(pT , z)dp

2
Tdz, (D.3)

where we denoted a target proton as pt, σppt is the total p-p cross section, s′ = 2mppp(1−
z) + 2m2

p and the differential splitting probability of the proton to emit a scalar is

Pp→pS(pT , z) ≈ |FpS(m
2
S)|2

g2SNNθ
2

8π2
z

m2
p(2− z)2 + p2T

(m2
pz

2 +m2
S(1− z) + p2T )

2
, (D.4)

with gSNN being low-energy proton-scalar coupling, and FpS the scalar-proton form-factor,

see appendix A.2.
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Figure 16. Proton-proton total cross section as a function of the center of mass energy
√
spp.

For the total pp cross section we use experimental fit

σpp(s) = Z +B ln2
(

s

s0

)

+ C1

(

s1
s

)η1

− C2

(

s1
s

)η2

, (D.5)

where Z = 35.45 mb, B = 0.308 mb, C1 = 42.53 mb, C2 = 33.34 mb,
√
s0 = 5.38 GeV,√

s1 = 1 GeV, η1 = 0.458 and η2 = 0.545 [44]. This cross section is shown in figure 16,

where we see that it is almost constant for a wide range of energies.

The total cross section can be written in the form

σbrem = g2SNNθ
2|FpS(m

2
S)|2σpp(s)Pbrem(s,mS), (D.6)

where

Pbrem(s,mS) =
1

g2SNNθ
2

∫

dp2TdzPp→pS(pT , z)
σpp(s

′)

σpp(s)
. (D.7)

The domain of the definition of pT and z is determined by the conditions (D.2). For

definiteness, we fix the domain of integration by the requirement

m2
S(1− z) +m2

pz
2 + p2T

4p2pz(1− z)2
< 0.1. (D.8)

The probability of a scalar production in proton bremsstrahlung is

Pbrem =
σbrem
σpp(s)

≈ g2SNNθ
2|FpS(m

2
S)|2Pbrem(s,mS), (D.9)

where s is the CM energy of two protons. We show its dependence on the scalar mass and

the incoming beam energy in figure 17.

D.1 Splitting probability derivation

Following the approach described in [72], let us consider the process (D.1) within the old-

fashioned perturbation theory. The corresponding diagrams are shown in figure 18. The
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Figure 17. The probability of the production of a scalar S in bremsstrahlung process versus the

scalar mass.

p

p′

pt

S

X

a)

p

p′

pt

S

X

b)

Figure 18. The lowest order old-fashioned perturbation theory diagrams for the bremsstrahlung

process (D.1). Vertical dotted lines denote the intermediate states.

matrix element has the form Vppt→SX = Va + Vb, where

Va =
Mp→p′SMp′pt→X

2Ep′(Ep′ + ES − Ep)

∣

∣

∣

∣

pp′=pp−pS

, Vb =
Mpt→p′XMp′p→S

2Ep′(Ep + Ep′ − ES)

∣

∣

∣

∣

pp′=pp−pS

. (D.10)

Here, M denotes Lorentz-invariant amplitude of the processes. There exists a kinematic

domain at which |Mb| ≪ |Ma|. Namely, let us consider an ultrarelativistic incoming p,

and write the 4-momenta of p, S and intermediate p′ as

Pµ
p =

(

pp +
m2

p

p2p
,0, pp

)

, (D.11)

Pµ
S =

(

ppz +
p2T +m2

S

2ppz
,pT , zpp

)

, (D.12)

Pµ
p′ =

(

(1− z)pp +
m2

p + p2T
2pp(1− z)

,−pT , (1− z)pp

)

, (D.13)
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Figure 19. Diagrams the bremsstrahlung process (D.1) (left) and its sub-process ppt → X de-

scribing a proton-proton collision (right).

where pT is a transverse momentum of S and z is a fraction of a parallel momentum carried

by S. Then the energy denominators in (D.10) are

∆Ea = Ep′ + ES − Ep ≈
p2T + (1− z)m2

S + z2m2
p

2ppz(1− z)
, ∆Eb = Ep + Ep′ − ES ≈ 2pp(1− z).

(D.14)

Assuming that ∆Ea ≪ ∆Eb we can neglect the matrix element Vb.

Once we neglect Vb, it is possible to relate the differential cross section of the pro-

cess (D.1) to the total pp scattering cross section. Indeed, let us consider a corresponding

process ppt → X, which is a sub-process of (D.1) obtained by removing the in p line and

out S line, see figure 19. The matrix element for this process is simply

Vppt→S = Mppt→X . (D.15)

Using (D.10), (D.15), for the corresponding differential cross sections we obtain

dσppt→SX =
1

4EpEpt

|Mp→p′S |2|Mp′pt→X |2
(2Ep′)2(Ep′ + ES − Ep)2

× (2π)4δ(4)

(

pp + ppt − pS −
∑

X

pX

)

d3pS

(2π)32ES
×
∏

X

d3pX

(2π)32EX
, (D.16)

dσp′pt→X =
1

4Ep′Ept

|Mp′pt→X |2 × (2π)4δ(4)

(

pp′ + ppt −
∑

X

pX

)

∏

X

d3pX

(2π)32EX
(D.17)

Neglecting the difference in the energy conservation arguments in the delta-functions that

are of order O(m2
p/S/p

2
p, p

2
T /p

2
p), we can relate these two cross sections as

dσppt→SX = dPp→p′S(z, pT )dσp′pt→X(pT , z), (D.18)

where we introduced differential splitting probability dPp→p′S :

dPp→p′S(pT , z) ≡ 2
|Mp→p′S |2

4EpEp′(Ep′ + ES − Ep)2
d3pS

(2π)32ES
. (D.19)

Here a factor of 2 is combinatorial factor taking into account that a scalar can be produced

from both the legs of colliding protons.
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Figure 20. A diagram of the production of a scalar in photon fusion.

Integrating the differential cross section (D.18) over the momenta of the final states

particles X and summing over all possible sets {X}, we finally arrive at

dσppt→SX ≈ Pp→p′S(z, pT )dp
2
Tdzσpp(s

′), (D.20)

where s′ ≈ 2mppp(1− z) + 2m2
p,
5 and σpp(s

′) is the total proton-proton cross section.

Let us now find explicit expression for the splitting probability (D.19). Using the

expressions (D.2), we find

d3pS

(2π)32ES
≈ dp2Tdz

16π2z
, |Mp→pS |2 ≈ 2g2SNNθ

2|FpS(m
2
S)|2(m2

p + (Pp · Pp′)). (D.21)

Finally, we arrive at

Pp→p′S ≈ g2SNNθ
2|FpS(m

2
S)|2

8π2
z

m2
p(2− z)2 + p2T

(m2
pz

2 +m2
S(1− z) + p2T )

2
. (D.22)

E Scalar production in photon fusion

A scalar can be produced elastically in pp collisions through the Sγγ vertex (see ap-

pendix A.1). The production process is

p+ Z → p+ Z + S, (E.1)

with the corresponding diagram shown in figure 20. To find the number of produced

scalars in the photon fusion, we will use the equivalent photon approximation (EPA),

which provides a convenient framework for studying processes involving photons emitted

from fast-moving charges [79–81]. The basic idea of the EPA is a replacement of the charged

particle Y in the initial and final state, that interacts through the virtual photon carrying

the virtuality q and the fraction of charge’s energy x, by the almost real photon with a

distribution nY (x; q
2) that depends on the type of the charged particle, see figure 21. The

magnitude of the momentum transfer carried by the virtual photon can be approximated as

q2 ≈ q2t + x2m2
Y

1− x
, (E.2)

5Here we neglected the pT dependence in σpp.
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Figure 21. The idea of the equivalent photon approximation. If a charge with the momentum k,

emitting the virtual photon with the virtuality q, is ultrarelativistic, then the cross section of the

process (a) can be expressed in terms of the cross section of the process (b). The remained effect

of the charge is the distribution function ncharge(x, q
2), where x is the energy fraction carried by

photon.

where qt is the transverse component of the spatial momentum of the photon with respect

to the spatial momentum of the particle Y , and mY is the mass of Y . Conditions for

validity of the EPA are x ≪ 1 and qt . xmY [81]. The distribution nY (x, q
2
t ) of the

emitted photons can be described by

nY (x; q
2
t ) =

αEM

2π

1 + (1− x)2

x(q2t + x2m2
X)

[

q2t
q2t + x2m2

Y

DY (q
2) +

x2

2
CY (q

2)

]

, (E.3)

where C(q2), D(y2) are appropriate form-factors. We take the proton and nucleus form-

factors from [81].

Within the EPA, we approximate the cross section of the process (E.1) by

σpZ→SpZ =

∫

dx1dx2d~q
2
1td~q

2
2tγp(q

2
1t, x1)γZ(q

2
2t, x2)σγγ→S(sγγ). (E.4)

Here

σγγ→S(sγγ) =
π

m2
S

|Fγ(mS)|2α2
EMθ

2m4
S

256π2v2
δ(sγγ −m2

S) ≡
1

x1
Σγγ

δ
(

x2 − m2
S

x1spZ

)

x1spY
, (E.5)

where sγγ = (q1 + q2)
2 ≈ 4x1x2E

CM
p ECM

Y ≈ x1x2spY , and

Σγγ = θ2
|Fγ |2α2

EMm
2
S

256πv2spZ
. (E.6)

Let us discuss the boundaries of integration in eq. (E.4). Following [81], for the upper

limit of q we choose qmax = 1 GeV for the maximal virtuality of a photon emitter by

the proton and qmax = 4.49/R1 for a photon emitted by the nucleus. Using (E.2), we

get xp,max ≈ 0.63, xZ,max = 0.018. The lower bound on q, it is given by the kinematic
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Figure 22. The production probabilities of the scalar in photon fusion process versus the scalar

mass. We consider Mo nucleus (Z = 42, A = 96).

threshold for the S particle production. For the nucleus, there is additional constraint

q2 & r−2
s , where rs ≃ 10 keV is the inverse radius of the electron shell (at larger scales the

nucleus is screened by electrons).

Substituting the photon fusion cross section (E.5) into (E.4), for the pZ cross section

we get

σpZ→pZS = Z2α2
EMΣγγ ×Wcoh, (E.7)

where

Wγ fusion =
(2π)2

Z2α2
EM

∫ q1t,max

0
q1t dq1t

∫ q2t,max

0
q2t dq2t

×
∫ x1,max

m2
S

x2,maxspZ

dx1
x1

γp(x1, q1t)γZ

(

m2
S

x1spZ
, q2t

)

(E.8)

is the integrated form-factor. Here we simplified the integration domain for pt assuming

q1t,max, q2t,max = 1 GeV, since the integrand is nonzero only in some region of parameters

within the integration area, and therefore by increasing of integration limits we will not

affect the result.

The production probability is calculated using the cross section (E.7) as

Pγ fusion =
σpZ→pZS

σpZ
, (E.9)

where σpZ ≈ 53 A0.77 mb is the total pZ cross section, with A being the mass number of

the nucleus target [45].

The dependence of Pγ fusion on the scalar mass and collision energy is shown in figure 22.
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F Form-factors for the flavor changing neutral current meson decays

Consider matrix elements

MP=P ′

XX′ = 〈X ′(pX′)|Q̄jQi|X(pX)〉, MP 6=P ′

XX′ = 〈X ′(pX′)|Q̄jγ5Qi|X(pX)〉 (F.1)

describing transitions of mesons X(Qi) → X ′(Qj) in the case of the same and opposite

parities P , P ′ correspondingly. These matrix elements can be related to the matrix elements

Mµ
XX′ ≡ 〈X ′(pX′)|Q̄iγ

µQj |X(pX)〉, Mµ5
XX′ ≡ 〈X ′(pX′)|Q̄iγ

µγ5Qj |X(pX)〉 (F.2)

describing the weak charged current mediating mesons transition X → X ′. To derive the

relation, we follow [82] in which a relation for pseudoscalar transition X ′ was obtained. We

generalize this approach to the arbitrary final-state meson. We first notice that

MP=P ′

XX′ ≡ 1

mQi −MQj

〈X ′(pX′)|Q̄j/pQQi|X(pX)〉, (F.3)

MP 6=P ′

XX′ ≡ 1

mQi +mQj

〈X ′(pX′)|Q̄jγ5/pQQi|X(pX)〉, (F.4)

where pµQ ≡ pµQi
− pµQj

and we used the Dirac equation for free quarks. Using then the

identity

Q̄j/pQQi ≡ P̂µQ̄jγ
µQi ≡ [P̂µ, Q̄jγ

µQi], (F.5)

where P̂µ ≡ i∂µ is the momentum operator, we find

MP=P ′

XX′ =
1

mQi −mQj

〈X ′(pX′)|[P̂µ, Q̄jγ
µQi]|X(pX)〉 (F.6)

= − 1

mQi −mQj

(pX − pX′)µ〈X ′(pX′)|Q̄jγ
µQi|X(pX)〉 ≡ − 1

mQi −mQj

qµMµ,

where qµ ≡ pX′µ − pXµ; for deriving the expression we have acted by P̂µ on the meson

states |X〉, |X ′〉. Similarly, for P 6= P ′ we find

MP 6=P ′

XX′ = − 1

mQi +mQj

qµM5
XXµ (F.7)

Further we will assume that X is a pseudoscalar, and therefore transitions in pseudoscalar,

pseudovector mesons X ′ are parity even, while transitions in scalar, vector and tensor

mesons are parity odd.

F.1 Scalar and pseudoscalar final meson state

F.1.1 Pseudoscalar

In the case of the pseudoscalar meson, X ′ = P , we have [83]

Mµ
XP = 〈P (pP )|Q̄iγ

µQj |X(pX)〉

=

[

(pX + pP )
µ − m2

X −m2
P

q2
qµ
]

fXP
1 (q2) +

m2
X −m2

P

q2
qµfXP

0 (q2), (F.8)

where q = pX − pP .
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X,P B+/0,K+/0 B+/0, π+/0 K,π

mX
fit, GeV 6.16 6.16 ∞
FXP
0 0.33± 0.04 0.258± 0.031 0.96

Table 8. Values of the parameters in the form-factor (F.11) for different X,P . We use [50, 84].

Contracting it with qµ, we obtain

qµM
µ
XP = (m2

X −m2
P )f

XP
0 (q2) (F.9)

Therefore

MXP =
m2

X −m2
P

mQj −mQi

fXP
0 (q2) (F.10)

We take the expression for the form-factor fXP
0 (q2) from [50]:

fXP
0 (q2) =

FXP
0

1− q2/(mX
fit)

2
(F.11)

The values of the parameters mX
fit, F

XP
0 for different X,P are summarized in table 8.

F.1.2 Scalar

For the scalar meson X ′ = S̃ we have [52]

Mµ

XS̃
= −i

[

(pX + pS̃)
µ − qµ

]

fXS̃
+ (q2) (F.12)

(here we used f+(q
2) = −f−(q2) in eq. (6) of [52]). Similarly to the case h′ = P ,

MXS̃ = i
m2

X −m2
S̃
− q2

mQj +mQi

fXS̃
+ (q2). (F.13)

Consider the transition B → K∗
0S. There is an open question whether hypothetical

K∗
0 (700) is a state formed by two or four quarks, see, e.g. [85], discussions in [52, 86]

and references therein. We assume that K∗
0 (700) is a di-quark state and K∗

0 (1430) is its

excited state. There are no experimentally observed decays B → K∗
0 (700)X, and there-

fore there is quite large theoretical uncertainty in determination of the form-factors (see

a discussion in [87]). We will use [52], where there are results for B → K∗
0 (700) and

B → K∗
0 (1430), and the results for the latter are in good agreement with the experimental

data for B → K∗
0 (1430)η

′ decay.

We fit the q2 dependence of f
BK∗

0
+ from [52] by the standard pole-like function that is

used in the literature discussing the B → K∗
0 transitions (see, e.g., [86]):

f
BK∗

0
+ (q2) =

F
BK∗

0

0

1− a q2

m2
B
+ b

(

q2

m2
B

)2 , (F.14)

where mB = 5.3 GeV is the mass of the B+ meson. The fit parameters are given in table 9.
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S̃ FBS̃
0 a b

K∗
0 (700) 0.46 1.6 1.35

K∗
0 (1430) 0.17 4.4 6.4

Table 9. Values of the parameters in the form-factor (F.14) for B = B+, S̃ = K∗0
0 (700), K∗

0 (1430).

We used [52].

F.2 Vector and pseudovector final meson state

F.2.1 Vector

For the vector final state, X ′ = V , we have [49, 83]

〈V (pV )|Q̄iγ
µγ5Qj |X(pX)〉 =(mX +mV )ǫ

µ∗(pV )A1(q
2)

− (ǫ∗(pV ) · q)(pX + pV )
µ A2(q

2)

mX +mV

− 2mV
ǫ∗(pV ) · q

q2
qµ(A3(q

2)−A0(q
2)), (F.15)

〈V (pV )|Q̄iγ
µQj |X(pX)〉 = 2V (q2)

mX +mV
iǫµνρσǫ∗ν(pV )pX,ρpV,σ, (F.16)

where ǫµ(pV ) is the polarization vector of the vector meson, and Ai, V are the form-factors.

The form-factor A3 is related to A1 and A2 as

A3(q
2) =

mX +mV

2mV
A1(q

2)− mX −mV

2mV
A2(q

2) (F.17)

Contracting (F.15) and (F.16) with qµ, we obtain that the vector part of the matrix element

vanishes, while for the axial-vector part we find

MXV = 〈V (pV )|Q̄iγ5Qj |X(pX)〉 = −(ǫ∗(pV ) · pX)

mQi +mQj

2mVA
XV
0 (q2), (F.18)

where we used the relation (F.17). Consider a scalar product (ǫ∗(pV ) ·pX) in the rest frame

of the meson X. In this case only longitudinal polarization of ǫ∗µ(pV ) contributes. Using

ǫL,∗µ (pV ) =
(

|pV |
mV

, pV

|pV |
EV
mV

)

we obtain

MXV = − 2mX |pV |
mQi +mQj

A0(q
2) (F.19)

For the case B → K∗(892), we follow [49] and parametrize the form-factor as

A
BK∗(892)
0 (q2) =

r1
1− q2/m2

R

+
r2

1− q2/(mA0

fit )
2
. (F.20)

The values of parameters are given in table 10.

For the case B → V = K∗(1410),K∗(1680), we use an expression for the form-

factors [53, 88]:

ABV
0 (q2) =

(

1− 2m2
V

m2
B +m2

V − q2

)

ξ||(q
2) +

mV

mB
ξ⊥(q

2), (F.21)
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V r1 r2 mR, GeV mfit, GeV ABV
0 (0)

K∗(892) 1.364 −0.99 m+
B

√
36.8 0.374+0.033

−0.033

Table 10. Values of the parameters in the vector form-factor (F.20) from [49].

V ξ⊥(0) ξ||(0) ABV
0 (0)

K∗(1410) 0.28+0.04
−0.04 0.22+0.03

−0.03 0.3+0.036
−0.036

K∗(1680) 0.24+0.05
−0.05 0.18+0.03

−0.03 0.22+0.04
−0.04

Table 11. Values of the parameters in the vector form-factors (F.21) from [53, 88].

where

ξ⊥/||(q
2) =

ξ⊥/||(0)

1− q2/m2
B

(F.22)

The values of the parameters are given in table 11.

F.2.2 Pseudo-vector

For the pseudo-vector mesons, X ′ = A, the expansion of the matrix elements is similar

to (F.15), (F.16), but the expressions for the vector and axial-vector matrix elements are

interchanged [89, 90],

〈A(pA)|Q̄iγ
µQj |X(pX)〉 =(mX +mA)ǫ

µ∗(pA)V1(q
2)

− (ǫ∗(pA) · q)(pX + pA)
µ V2(q

2)

mX +mA

− 2mA
ǫ∗(pA) · q

q2
qµ(V3(q

2)− V0(q
2)), (F.23)

〈A(pA)|Q̄iγ
µγ5Qj |X(pX)〉 = 2A(q2)

mX +mA
iǫµνρσǫ∗ν(pA)pX,ρpA,σ, (F.24)

with the same relation between Vi as for Ai in the case of vector mesons (F.17). We

therefore obtain

MXA =
2mX |pA|
mQj −mQi

V XA
0 (q2), (F.25)

We will consider two lightest pseudo-vector resonances K1(1270),K1(1400), each of

which is the mixture of unphysical K1A and K1B states [89],

(

|K1(1270)〉
|K1(1400)〉

)

=

(

sin(θK1
) cos(θK1

)

cos(θK1
) − sin(θK1

)

)(

|K1A〉
|K1B〉

)

, (F.26)

The form-factors V BK1

0 can be related to the form-factors V
A/B
0 of the K1A,K1B as

V
BK1(1270)
0 (q2) =

1

mK1(1270)

[

sin(θK1
)mK1A

V A
0 (q2) + cos(θK1

)mK1B
V B
0 (q2)

]

, (F.27)

V
BK1(1400)
0 (q2) =

1

mK1(1400)

[

cos(θK1
)mK1A

V A
0 (q2)− sin(θK1

)mK1B
V B
0 (q2)

]

, (F.28)
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FA
0 FB

0 aA aB bA bB

0.22+0.04
−0.04 −0.45+0.12

−0.08 2.4 1.34 1.78 0.69

Table 12. Values of the parameters in the vector form-factors (F.29) from [89].

θK1
mK1A

mK1B
V

BK1(1270)
0 (0) V

BK1(1400)
0 (0)

−34◦ ± 13◦ 1.31 GeV 1.34 GeV −0.52+0.13
−0.09 −0.07+0.033

−0.012

Table 13. Values of the parameters in the vector form-factors (F.27), (F.28) from [89].

where

V
A/B
0 (q2) =

F
A/B
0

1− aA/B
q2

m2
B
+ bA/B

(

q2

m2
B

)2 . (F.29)

The values of all relevant parameters are given in tables 12, 13.

F.3 Tensor final meson state

For the tensor meson, X ′ = T , the expansion of the matrix element is [51, 91]

〈T (pT )|Q̄iγ
µγ5Qj |X(pX)〉 =(mX +mT )ǫ

µ∗,s
T (pT )A1(q

2)

− (ǫ∗,sT (pT ) · q)(pX + pT )
µ A2(q

2)

mX +mT

− 2mT
ǫ∗,sT (pT ) · q

q2
qµ(A3(q

2)−A0(q
2)) (F.30)

Here, ǫsTµ(pT ) is a vector defined by

ǫsTµ(pT ) ≡
1

mX
ǫsµν(pT )p

ν
X , (F.31)

with ǫsµν being the polarization tensor of T satisfying pµǫ
µν,s(p) = 0 and ǫµν,s = ǫνµ,s,

ǫµ, s
µ = 0. For particular polarizations s = ±2,±1, 0 we have [91]

ǫ±2
Tµ = 0, ǫ±1

Tµ =
1

mh

√
2
(ǫ0 · pX)ǫ±1

µ , ǫ0Tµ =

√

2

3

ǫ0 · pX
mX

ǫ0µ, (F.32)

where

ǫ±1
µ =

1√
2
(0,∓1, i, 0), ǫ0µ =

1

mT
(|pT |, 0, 0, ET ). (F.33)

Repeating the same procedure as in the previous section, we find that to qµM
µ,s
XT contributes

only the polarization s = 0, and therefore

MXT = − qµM
µ,0
XT

mQi +mQj

= − 1

mQi +mQj

√

2

3

mX |pT |2
mT

2AXT
0 (q2). (F.34)

The parametrization of the form-factor AXT
0 is [51, 91]

AXT
0 (q2) =

FXT
0

(

1− q2

m2
X

)

(

1− aT
q2

m2
X
+ bT

(

q2

m2
X

)2
) (F.35)

For the transition B → K∗
2 (1430) we use the values F

BK∗

2

0 = 0.23, aT = 1.23, bT = 0.76

from [51].
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Meson X B0 Bs K0

fX , GeV 0.19 0.23 0.16

Table 14. Values of meson decay constants. We use [92] and references therein.

G Production from mesons through quartic coupling

The quartic coupling

Lquartic =
α

2
hS2 (G.1)

generates new production channels from the mesons

XQi → X ′
Qj
SS, X → SS, (G.2)

that are described by Feynman diagrams in figure 7(b).

The matrix element for decays XQi → X ′
Qj
SS can be written in terms of the matrix

element MXX′ of hadronic transitions given by eq. (B.8):

M(XQi → X ′
Qj
SS) ≈ α

m2
h

mQi

2v
ξijMXX′(q2), (G.3)

where q2 is invariant mass of scalars pair, MXX′(q2) is the matrix element of hadronic

transitions XQi → X ′
Qj

given by eq. (B.8).

The matrix element for a process XQiQj → SS can be expressed in terms of the decay

constant fX of the meson X. Namely, fX is defined by

〈0|Q̄iγµγ5Qj |X(p)〉 ≡ ifXpµ (G.4)

Contracting it with pµ and using the same trick as in eq. (F.6), we obtain

〈0|Q̄iγ5Qj |X(p)〉 ≡ − ifXm
2
X

mQi −mQj

(G.5)

Therefore, the matrix element M(XQiQj → SS) is

M(XQiQj → SS) =
mQiξij
2vm2

h

〈0|Q̄iγ5Qj |X(p)〉 ≈ i
αfXm

2
X

2vm2
h

ξij , (G.6)

The values of fX are summarized in table 14. For the decay width of the process XQiQj →
SS we find

Γ(XQiQj → SS) =
m3

X

v2
|ξij |2f2Xα2

128πm4
h

√

1− 4m2
S

m2
X

(G.7)

The decay width for the process XQi → X ′
Qj
SS can be calculated using the formulas from

appendices B.1. Namely, we have

ΓXQi
→X′

Qj
SS =

|ξij |2m2
Qi
α2

512π3m3
Xv

2m4
h

∫ (mX−mX′ )2

4m2
S

|MXX′(q2)|2
√

(E∗
2)

2−m2
S

√

(E∗
3)

2−|m2
X′dq

2,

(G.8)

where q2 is the squared invariant mass of two scalars, and

E∗
2 =

√

q2

2
, E∗

3 =
m2

X − q2 −m2
X′

2
√

q2
(G.9)
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H Decays of a scalar

H.1 Decay into leptons and photons

The decay width of the S particle into leptons pair simply follows from the Lagrangian (1.1)

and reads

Γ(S → l+l−) =
θ2y2fmS

8π
β3l , (H.1)

where βl =
(

1− 4m2
l

m2
S

)1/2
. The decay width into photons is

Γ(S → γγ) = |Fγ(mS)|2
(

αEM

8π

)2 θ2m3
S

8πv2
, (H.2)

Where Fγ is given by eq. (A.2).

H.2 Decays into quarks and gluons

The decay width into quarks in leading order in αs can be obtained directly from the

Lagrangian (1.1); the QCD corrections were obtained in [93]. In order to take into account

the quark hadronization, we follow [12, 32, 94] and use the mass of the lightest hadron mMq

containing quark q instead of the quark mass mq in the kinematical factors. The result is

Γ(S → q̄q) = Nc

θ2mSm
2
q(mS)

8πv2

(

1−
4m2

Mq

m2
S

)3/2
(

1 + ∆QCD +∆t

)

, (H.3)

where Mq = K for the s quark and D for c quark, the factor Nc = 3 stays for the number

of the QCD colors,

∆QCD =5.67
αs(mS)

π
+ (35.94− 1.36Nf )

(

αs(mS)

π

)2

+ (164.14− 25.77Nf + 0.259N2
f )

(

αs(mS)

π

)3

, (H.4)

∆t =

(

αs(mS)

π

)2
(

1.57− 2

3
log

m2
S

m2
t

+
1

9
log2

m2
q(mS)

m2
S

)

, (H.5)

and the running mass [93] mq(mS) is given by

mq(mS) = mq(Q)
c(αs(mS)/π)

c(αs(Q)/π)
, (H.6)

with the coefficient c, which is equal to

c(x) =

(

9

2
x

)4/9

(1 + 0.895x+ 1.371x2 + 1.952x3), for ms < mS < mc, (H.7)

c(x) =

(

25

6
x

)12/25

(1 + 1.014x+ 1.389x2 + 1.091x3), for mc < mS < mb, (H.8)

c(x) =

(

23

6
x

)12/23

(1 + 1.175x+ 1.501x2 + 0.1725x3), for mb < mS < mt. (H.9)

We use the MS-mass at Q = 2 GeV scale [95]: mc = 1.23 GeV and ms = 0.0924 GeV.
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For decays into gluons, using the effective couplings (C.1), summing over all gluon

species (which gives a factor of 8) and including QCD corrections, we obtain [93]

Γ(S → GG) = |FG(mS)|2
(

αs

4π

)2 θ2m3
S

8πv2

(

1 +
m2

t

8v2π2

)

, (H.10)

Where FG is given by eq. (A.2).
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