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Since there is no fundamental charged scalar boson in the Standard Model (SM) of particle physics then
the discovery of each charged scalar boson would clearly represent an instant evidence of physics beyond
the SM. In this regard, searching for charged Higgs bosons is unique and have been the center of attention
of colliders such as the CERN LHC. In the present work, we study a proposed channel to search for heavy
charged Higgses at the current and future colliders. In this channel we study the scaled-energy distribution
of bottom-flavored mesons (B) inclusively produced in heavy charged Higgs decay, i.e., Hþ→ tb̄→BþX.
This study is performed within the framework of two Higgs doublet model using the general-mass variable-
flavor-number scheme where the b-quark mass is preserved from the beginning. Our results will be
compared with the ones calculated in the zero-mass variable-flavor-number scheme where the zero mass
approximation is adopted for the bottom quark. We find that most reliable predictions can be achieved
through the massive scheme.
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I. INTRODUCTION

The recent measurement of the W-boson mass reported
by CDF-II Collaboration [1] is significantly heavier than
that of the SM prediction; 7σ standard deviations away
from the SM prediction. In order to explain this anomaly
the addition of extra fields seems inevitable; therefore, it
could be a window towards new physics beyond the SM.
Various models beyond the SM such as two Higgs doublet
model (2HDM) have been employed so far to interpret this
anomaly. These new models have basically been created to
solve many remaining open questions in the SM. In many
extensions of the SM such as the 2HDMs [2] (minimal
extensions of the SM) the Higgs sector of model is typically
extended by adding an extra doublet of complex Higgs
fields. In the 2HDM, after spontaneous symmetry breaking
two scalar Higgs doublets (H1 and H2) yield three physical
neutral Higgs bosons (h, H, A) and a pair of charged Higgs
bosons H� [3]. The lightest CP-even Higgs boson h can
align with the properties of SM. Note that, in the 2HDMs
after imposing a discrete symmetry which gives natural
flavor conservation the 2HDMs can be classified into four
categories—Type I, II, III, and IV—according to the
couplings of doublets to the fermions. The minimal super-
symmetric standard model (MSSM) [4] is one of the most
popular and very well-studied scenarios in the theories
beyond the SMwhere one doublet couples to up quarks and

the other to down quarks and charged leptons. It predicts
rich and various phenomenology which is testable in
colliders, and also its Higgs sector is a Type-II 2HDM
which provides elegant solutions to some of the short
comings of the SM.
Since, there is no fundamental charged scalar boson in

the SM then the discovery of each charged scalar boson
shows an instant evidence of physics beyond the SM.
Charged scalar Higgs bosons could be lighter or heavier
than the top quark. Although, the results of the CMS [5]
and ATLAS [6] Collaborations at the CERN large hadron
collider (LHC) have excluded a large region in the MSSM
mH� − tan β parameter space for mH� ¼ 80–160 GeV
corresponding to the entire range of tan β up to 60.
Here, tan β shows the ratio of vacuum expectation values
of the neutral components of the two Higgs doublets. This
exclusion means that there is no much chance to find light
charged Higgs bosons (mH� ≤ mt) in the MSSM frame-
work and all efforts should concentrate on probing the
heavy ones, i.e., mH� > mt. It should be noted that, a
general 2HDM framework with flavor-changing neutral
currents (FCNCs) controlled under some structures in the
Yukawa matrices can still allow a light charged Higgs, see
Refs. [7–9]. Very recent experimental results confirm a
light charged Higgs boson with a mass of around
130 GeV [10].
In many models, a heavy charged Higgs boson is

predicted to decay predominantly either to a tau and its
associated neutrino or to a top and a bottom quark*mmoosavi@yazd.ac.ir
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(Hþ → tb̄) where the top quark itself decays to Wþ boson.
Also, the created bottom quark finally hadronizes to
produce observable hadrons such as, in the most probable
case, bottom-flavored hadrons B. At colliders, B-hadrons
could be identified by a displaced decay vertex associated
with charged lepton tracks. The decay channel Hþ → tb̄
have been studied by the ATLAS and CMS Collaborations
in proton-proton collisions at the center-of-mass energies
of 8 [11] and 13 TeV [12–14] so a small excluded region in
the MSSMmH� − tan β parameter space has been reported.
In other words, large regions in the parameter space are still
allowed and corresponding searches are in progress.
In our previous work [15], using the scenario of 2HDM

we have studied the energy spectrum of bottom-flavored
mesons B inclusively produced in the decay of charged
Higgs bosons, i.e., Hþ → tb̄ð→ Bþ jetsÞ. For this study,
we simply worked in the massless scheme or zero-mass
variable-flavor-number (ZM-VFN) scheme where the mass
of the b-quark is set to zero from the beginning. There has
been shown that in the limit of vanishing bottom quark
mass the results in all classes of 2HDM scenario are the
same. In the present work, using the general-mass variable-
flavor-number (GM-VFN) scheme where the b-quark mass
is preserved (mb ≠ 0) we will improve our previous results
and show that the effect of b-quark mass is not ignorable for
all values of mH� and tan β and leads to very different
model-dependent results for the energy spectrum of B-
mesons. To describe the b-quark hadronization process
(b → Bþ jets) we apply the nonperturbative fragmentation
functions that are obtained through a global fit to e−eþ data
from CERN LEP1 and SLAC SLC, exploiting their
universality and scaling violations.
This paper is organized as follows. In Sec. II we briefly

describe the scenario of 2HDM and present the parton-level
expressions for the next-to-leading order (NLO) QCD
corrections to the tree-level rate of Hþ → tb̄ in the
fixed-flavor-number scheme (FFNs). In Sec. III the GM-
VFN scheme is described by introducing the nonperturba-
tive fragmentation functions ðb; gÞ → b. In Sec. III our
hadron-level results will be presented by working in
the GM-VFN scheme. In Sec. IV our conclusions are
summarized.

II. PARTON LEVEL RESULTS FOR H + → tb̄

A. Born-level rate

In order to obtain the energy spectrum of B-hadrons
inclusively produced in heavy charged Higgs decay, i.e.,
Hþ → tb̄ → Bþ X, we first need to have the QCD
radiative corrections to the differential partial decay width
of the processHþ→b̄t, i.e., dΓ̃iðHþ→tb̄ðþgÞÞ=dxiði¼b;gÞ
where xi stands for the scaled-energy of b-quarks or gluons.
Radiation of real gluon occurs at NLO approximation. For
this purpose we work in the 2HDM (Types I and II with
natural flavor conservation) where the vacuum expectation

values of the doublets H1 and H2 give masses to the down-
type and up-type quarks, respectively. The vacuum expect-
ation values of H1 and H2, i.e., v1 and v2, are related to the
Fermi constant as v21 þ v22 ¼ ð ffiffiffi

2
p

GFÞ−1 and their ratio is a
free parameter which is parametrized as tan β ¼ v2=v1.
A relevant linear combination of the charged components
of H1 and H2 also creates the physical charged Higgs
Hþ: Hþ ¼ cos βHþ

2 − sin βHþ
1 .

It should be noted that, in a general model with two
Higgs doublets, the generic Higgs coupling to all quarks
should be restricted. This restriction is for avoiding tree-
level FCNC. Therefore, there are generally two possibilities
for the two Higgs doublets (H1 and H2) for coupling to the
fermions (leptons and quarks). In the first possibility, which
is usually called Model I, one of the doublets (H1) couples
to all the bosons and the other one (H2) couples to all the
quarks, as in the SM. In this scenario the Yukawa couplings
between the charged Higgs boson and the top quark is
given by [16]

LI ¼
gW

2
ffiffiffi
2

p
mW

Vtb cot βfHþt̄½mtð1 − γ5Þ

−mbð1þ γ5Þ�bg þ H:c:; ð1Þ

where Vtb is the CKM matrix element and gW is the weak-
coupling factor.
In the second approach, named Model II, the doublet H2

couples to the right chiral up-type quarks and the doublet
H1 couples to the right chiral down-type ones. In this
model, the interaction Lagrangian reads

LII ¼
gW

2
ffiffiffi
2

p
mW

VtbfHþ t̄½mt cot βð1 − γ5Þ

þmb tan βð1þ γ5Þ�bg þ H:c: ð2Þ

At the Born-level approximation, the amplitude for the
process Hþ → tb̄ is parametrized as M0 ¼ vbðaþ bγ5Þūt.
In the rest frame of the charged Higgs boson, the tree-level
decay width is given by

Γ̃0 ¼
NcmH

8π
λ
1
2ð1; R; yÞ½2ða2 þ b2ÞðS − RÞ

− 2ða2 − b2Þ
ffiffiffiffiffiffi
Ry

p
�; ð3Þ

where, Nc¼3 is a color factor and λðx;y;zÞ¼ðx−y−zÞ2−
4yz is theKällén function. In the above equation, we defined:
R ¼ ðmb=mH�Þ2, y ¼ ðmt=mH�Þ2 and S ¼ ð1þ R − yÞ=2,
for simplicity. This tree-level decay width is in complete
agreement with the result presented in Ref. [17] and in the
limit of vanishing bottom quark mass it was discussed in our
previous work [15].
Considering the Born-level amplitude and the interaction

Lagrangian (1) and (2) for the coupling factors in Model I,
one has
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a2 þ b2 ¼
ffiffiffi
2

p
jVtbj2GFðm2

t þm2
bÞ cot2 β;

a2 − b2 ¼ −2
ffiffiffi
2

p
jVtbj2GFðmbmtÞ cot2 β; ð4Þ

so the same in Model II read as

a2 þ b2 ¼
ffiffiffi
2

p
jVtbj2GFðm2

t cot2 β þm2
b tan

2 βÞ;
a2 − b2 ¼ 2

ffiffiffi
2

p
jVtbj2GFðmbmtÞ: ð5Þ

In the following, the technical detail of our calculation
for the OðαsÞ QCD radiative corrections to the tree-level
decay rate of Hþ → b̄t is explained using dimensional
regularization approach to regularize all divergences. For
this calculation, we apply fixed-flavor-number scheme
(FFNs) where mb ≠ 0 is considered.

B. Virtual radiative corrections

Generally, the virtual radiative corrections to the tbHþ
vertex consists of both ultraviolet (UV) and infrared (IR)
divergences. These UV and IR singularities arise from the
hard and soft virtual gluon radiations, respectively. There
are different schemes for the renormalization of physical
quantities. In this work we adopt the on shell mass-
renormalization approach and to regularize all singularities
we apply the dimensional regularization scheme in which
D ¼ 4 − 2ϵ is adopted for the dimension of spacetime.
Then, all singularities appear as ϵUV or ϵIR.
First, for simplify, we define our kinematic variables as

S ¼ 1

2
ð1þ R − yÞ;

β ¼
ffiffiffiffi
R

p

S
;

Q ¼ S
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

q
;

η ¼ S − Rffiffiffiffiffiffi
Ry

p ;

xs ¼
Qþ R − Sffiffiffiffiffiffi

Ry
p ; ð6Þ

where, as before, the scaled masses y ¼ m2
t =m2

H� and
R ¼ m2

b=m
2
H� are defined. Considering these notations

the Born-level decay width (3) is simplified as

Γ̃0 ¼
NcQmH�

2π
½ða2 þ b2ÞðS − RÞ − ða2 − b2Þ

ffiffiffiffiffiffi
Ry

p
�: ð7Þ

To determine the energy spectrum of B-mesons pro-
duced in the decay mode Hþ → b̄tðþgÞ → Bþ X we need
to have the quantities dΓ̃i=dxiði ¼ b; gÞ where

xi ¼
Ei

Emax
b

¼ Ei

SmH�
: ð8Þ

Here, xi stands for the scaled energy of partons (b-quark
or gluon) so that xb ranges as β ≤ xb ≤ 1.
The contribution of virtual gluon radiation into the

differential decay width dΓ̃b=dxb reads

dΓ̃vir
b

dxb
¼ Q

8πmH�
jMvirj2δð1 − xbÞ: ð9Þ

Here, jMvirj2 ¼ Nc
P

SpinðM†
0Mloop þM†

loopM0Þ whereM0

is the amplitude at the Born level. In Fig. 1(b), the Feynman
diagrams contributing to the virtual corrections are shown.
The corresponding renormalized amplitude is written as

Mloop ¼ vbðΛct þ ΛlÞūt; ð10Þ

whereΛl arises from the one-loop vertex correction andΛct
includes a combination of wave function renormalization
and vertex counterterm. The latter is expressed as [18–21]

Λct ¼ ðaþ bÞ
�
δZb

2
þ δZt

2
−
δmt

mt

�
1þ γ5

2

þ ða − bÞ
�
δZb

2
þ δZt

2
−
δmb

mb

�
1 − γ5
2

; ð11Þ

where, the wave function and the mass renormalization
constants of top and bottom quarks are given by

H
t

b

g

(a)

(b)

(c)

+

FIG. 1. NLO Feynman diagrams for heavy charged Higgs
decay: (a) Lowest-order contribution; (b) vertex correction and
combination of wave function renormalization and vertex coun-
terterm; (c) final-state radiation.
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δmq

mq
¼αsðμRÞ

4π
CF

�
3

ϵUV
−3γEþ3ln

4πμ2F
m2

q
þ4

�
;

δZq¼−
αsðμRÞ
4π

CF

�
1

ϵUV
þ 2

ϵIR
−3γEþ3ln

4πμ2F
m2

q
þ4

�
; ð12Þ

where, γE ¼ 0.577216 � � � is the Euler constant, αsðμÞ is the
strong coupling constant and CF ¼ ðN2

c − 1Þ=ð2NcÞ ¼ 4=3
for Nc ¼ 3 quark colors. Moreover, μF and μR are the
factorization and renormalization scales, respectively,
which are arbitrarily set as μR ¼ μF ¼ mH� .
In addition, the real part of vertex correction reads

Λl¼Nc
αsm2

H�

π
CF½ða2−b2Þ

ffiffiffiffiffiffi
Ry

p
Gþþða2þb2ÞG−�; ð13Þ

where

Gþ ¼ 4m2
H�ðS − RÞC0ðm2

b; m
2
t ; m2

H� ; m2
b; 0; m

2
t Þ

− B0ðm2
b; 0; m

2
bÞ − 2B0ðm2

H� ; m2
b; m

2
t Þ

− B0ðm2
t ; 0; m2

t Þ þ 2;

G− ¼ −4m2
H�ðR − SÞ2C0ðm2

b; m
2
t ; m2

H� ; m2
b; 0; m

2
t Þ

þ ð1 − yÞB0ðm2
b; 0; m

2
bÞ − ðRþ yÞB0ðm2

H� ; m2
b; m

2
t Þ

þ ð1 − RÞB0ðm2
t ; 0; m2

t Þ þ 2ðR − SÞ: ð14Þ

Here, the functions B0 and C0 are the Passarino-Veltman
two-point and three-point integrals, see Ref. [22]. After
summing up all contributions arising from virtual correc-
tions the UV singularities are canceled but the IR singu-
larities are remaining which are labeled by ϵ from now on.
Finally, the virtual differential decay rate reads

dΓ̃vir
b

dxb
¼ Γ̃0

αsðμRÞ
2π

CFδð1 − xbÞ
�
−2þ ð1 − 2SÞ lnR

y

þ 1

a2 − b2 − ða2 þ b2Þη
�
3abη ln

R
y
þ 2Q ln xs

R − S
½ða2 þ b2ÞηðRþ yÞ − 2ða2 − b2ÞðR − SÞ�

�

− 2

�
1 −

R − S
Q

ln xs

��
ln

4πμ2F
mtmb

− γE þ 1

ϵ

�

þ S − R
Q

�
2Li2

�
1 −

mb

mt
xs

�
þ 2Li2

�
1 −

mt

mb
xs

�
−
π2

3
− ln2xs þ

1

4
ln2

R
y
þ 4 ln xs lnð1 − x2sÞ þ 2Li2ðx2sÞ

��
; ð15Þ

where, Li2ðxÞ ¼ −
R
x
0 ðdt=tÞ lnð1 − tÞ is the Spence func-

tion and in the Model I one has

ab ¼ GFffiffiffi
2

p jVtbj2ðm2
t −m2

bÞ cot2 β; ð16Þ

and in Model II, it reads

ab ¼ GFffiffiffi
2

p jVtbj2ðm2
t cot2 β −m2

b tan
2 βÞ: ð17Þ

C. Real gluon-radiative corrections

Real gluon radiative corrections are necessary to remove
all remaining IR singularities. Considering the two
Feynman diagrams shown in Fig. 1(c), the OðαsÞ real
gluon emission amplitude reads

Mreal ¼ gsTavðpb; sbÞ
�
−
mt þ pt þ pg

2pt · pg
þ pb þ pg −mb

2pb · pg

�

× γμða1þ bγ5Þūðpt; stÞϵ⋆μðpg; rÞ; ð18Þ

where, the generators Ta are related to the Gell-Mann
matrices and ϵðpg; rÞ shows the polarization vector of

emitted real gluon with the spin r and four-momentum
pg. Note that, in the massive scheme the IR divergences
arise from the soft real gluon emissions while when the
b-quark mass is set to zero (massless scheme), the collinear
singularities appear too (see our previous work [15]).
According to the dimensional regularization scheme the

differential decay rate of process Hþ → tb̄g is given by

dΓ̃real ¼ μ2ð4−DÞ
F

2mH�
jMrealj2dPSðpt; pb; pg; pHþÞ; ð19Þ

where, the phase space element dPS is expressed as

dD−1p⃗b

2Eb

dD−1p⃗t

2Et

dD−1p⃗g

2Eg
ð2πÞ3−2DδD

�
pH −

X
g;b;t

pf

�
: ð20Þ

To compute the real differential decay rate dΓ̃real
b =dxb

one should fix the b-quark momentum in Eq. (19) and
integrates over the energy of gluon xg which ranges as

ð1−xbÞð1−Sxb−HÞ
1þR−2Sxb

≤ xg ≤
ð1−xbÞð1−SxbþHÞ

1þR−2Sxb
; ð21Þ
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where H ¼ S
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2b − β2

q
. When integrating over the phase

space of the process, terms of the form ð1 − xbÞ−1−2ϵ will
appear in the rate dΓ̃real

b =dxb which are due to the radiation
of soft gluon. Therefore, the following prescription intro-
duced in Ref. [23] is applied

ðxb − βÞ2ϵ
ð1 − xbÞ1þ2ϵ ¼ −

1

2ϵ
δð1 − xbÞ þ

1

ð1 − xbÞþ
þOðϵÞ; ð22Þ

where the plus description of a function is defined asR
1
0 ðfðxÞÞþhðxÞdx ¼ R

1
0 fðxÞ½hðxÞ − hð1Þ�dx.

D. Parton-level results of dΓ̃i=dxi in FFN scheme

Ignoring the details, by summation of the tree-level, the
virtual and real gluon radiative contributions one obtains
the following analytical result for the differential decay rate
of Hþ → tb̄,

1

Γ̃0

dΓ̃b

dxb
¼ δð1− xbÞþ

CFαsðμRÞ
2π

�
δð1− xbÞ

�
ðy−RÞ lnRþ 2ð1þSÞ lnyþS−R

2Q
ln2

R
y
− lnð8Q2Þ

þ 1

ηða2þb2Þ− ða2−b2Þ
�
−3abη ln

R
y
þ 2Q lnxs

�
2ða2−b2Þþ ða2þb2ÞRþ yffiffiffiffiffiffi

Ry
p

��

þ 2ðS−RÞ
Q

�
Li2

�
1−

mb

mt
xs

�
þLi2

�
1−

mt

mb
xs

�
−Li2ð1− x2sÞ− lnxs−

1

2
ln2

mbxs
mt

�
þ 2

�
1þS−R

Q
lnxs

�
ln
1þ β

1− β

�

þ a2þb2

a2 −b2− ηða2þb2Þ
�
4
a2−b2

a2þb2
×
Q−S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2b − β2

q
Qð1− xbÞ

−
4η

1− xb
þ

2Sη
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2b − β2

q
QðR−SÞð1þR− 2SxbÞ2

�
S3ð1− xbÞð10− 3xbÞ

þ 2y2ðy− 1Þ
1− xb

−S2xbð9y− 7ÞþS2ð17y− 7Þ− 2Sy
1− xb

½4− 5yþ 4xbðy−1Þ�
��

þ 2

Qða2−b2 − ða2þb2ÞηÞ

× ln
R−Sðxb −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2b − β2

q
Þ

R−Sðxbþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2b −β2

q
Þ

�
R−Sxb
ð1− xbÞþ

ða2−b2Þþa2þb2ffiffiffiffiffiffi
Ry

p
�
S2ð1þ xbÞ

2
þR2þS2x2b−RSð1þ xbÞ

ð1− xbÞþ

���
: ð23Þ

Since, bottom-flavored hadrons can also be produced
from the fragmentation of real gluons emitted at NLO then
to have the most accurate energy spectrum of B-mesons we
have to consider the contribution of gluon fragmentation as
well. Then we also need the differential decay rate dΓ̃g=dxg
in the FFN scheme where xg ¼ Eg=ðSmH�Þ, as in Eq. (8), is
the scaled-energy fraction of the real gluon emitted. Note

that, the contribution of gluon splitting is significant at the
low energy of observed B-hadrons and decreases the size of
decay rate at the threshold (see Refs. [24–26]). In order to
calculate the dΓ̃g=dxg, in Eq. (19) we integrate over the
momentum of bottom quark by fixing the momentum of
gluon in the phase space. By ignoring more details, this
contribution reads

1

Γ̃0

dΓ̃g

dxg
¼ CFαsðμRÞ

2πQxg

�
−4Sð1 − xgÞF þ 1

ðR − SÞðb2 − a2 þ ηða2 þ b2ÞÞ ½2ða
2 − b2ÞðS − RÞðR − Sþ SxgÞ

þ ηða2 þ b2Þð2R2 þ 2RSðxg − 2Þ þ S2ðx2g − 2xg þ 2ÞÞ�

×

�
ln
1 − F
1þ F

− ln
xg − Sxg½1þ xg þ ðxg − 1ÞF�
xg − Sxg½1þ xg − ðxg − 1ÞF�

��
; ð24Þ

where F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2ð1 − 2SxgÞ=ð1 − xgÞ2

q
.

III. GM-VFN SCHEME

Since, the proposed channel to search for heavy charged
Higgs bosons is to study the energy spectrum of B-mesons
inclusively produced in the decaymodeHþ→ tb̄ð→Bþ jetsÞ

then we need to calculate the partial decay width of
this process differential in xB, i.e., dΓ=dxB. Here, xB ¼
EB=ðSmH�Þ is the scaled energy fraction of the B-meson,
as in Eq. (8). In the charged Higgs rest frame, the energy of
B-meson is EB ¼ pH · pB=mH� so it ranges as mB ≤ EB ≤
½m2

H� þm2
B −m2

t �=ð2mH�Þ. In the case of gluon splitting it
ranges as mB ≤ EB ≤ ½m2

H� þm2
B − ðmb þmtÞ2�=ð2mH�Þ.
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The key tool to calculated the energy distribution ofB-meson
is the factorization theorem of QCD [27]. According to that,
theB-meson energy spectrum is obtained by the convolution
of parton-level spectrum (Hþ → b̄tþ g) with the nonper-
turbative fragmentation function DB

i ðz; μFÞ, i.e.,

dΓ
dxB

¼
X
i¼b;g

Z
xmax
i

xmin
i

dxi
xi

dΓGM
i

dxi
ðμR; μFÞDB

i

�
xB
xi

; μF

�
; ð25Þ

where, dΓGM
i =dxi is the differential decay width of the

processHþ → b̄t in the GM-VFN scheme. In the following,
evaluation of the quantity dΓGM

i ðμR; μFÞ=dxi is discussed in
detail.
In our previous work [15], we computed the quantity

dΓ̂NLO
i ðHþ → b̄tÞ=dxiði ¼ b; gÞ in the massless or zero-

mass variable-flavor-number scheme where mb ¼ 0 was
adopted from the beginning. Our result for Γ̂ðHþ → b̄tÞ,
after integrating dΓ̂ðHþ → b̄tÞ=dxb over 0 ≤ xb ≤ 1, was
found to be in complete agreement with the one presented
in Ref. [17]. However, the massless scheme makes the
calculations so simple but leads to waste all information on
the mb-dependence of dΓ̂i=dxi. In the massive scheme,
mb ≠ 0 only sets the initial scale μiniF ¼ OðmbÞ of
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution equations [28].
In the previous section we employed the FFN scheme,

which contains of full mb dependence, and computed the
massive results which are presented for the first time. In the
FFN scheme, the large logarithmic singularities of the form
αs lnR ¼ αs lnðm2

b=m
2
H�Þ spoil the convergence of pertur-

bative expansion when mb → 0 [see Eq. (23)]. The GM-
VFN scheme is an elaborate approach which is designed for
resuming the large logarithmic terms in mb. This aim is
achieved by introducing suitable subtraction terms in the
NLO FFN expressions of dΓ̃i=dxi. In conclusion, the NLO
results at the massless scheme are exactly recovered in the
limit mb → 0. Following Refs. [29,30], the subtraction
terms are constructed as

1

Γ0

dΓSub
i

dxi
¼ lim

mb→0

1

Γ̃0

dΓ̃FFN
i

dxi
−

1

Γ̂0

dΓ̂ZM
i

dxi
: ð26Þ

Therefore, by subtracting the subtraction terms from the
FFN results the GM-VFN differential decay rates are
obtained as

1

Γ0

dΓGM
i

dxi
¼ 1

Γ̃0

dΓ̃FFN
i

dxi
−

1

Γ0

dΓSub
i

dxi
: ð27Þ

By taking the limit R → 0≡mb → 0 in Eqs. (23) and
(24), we obtain the following subtraction terms

1

Γ0

dΓSub
b

dxb
¼ −

αsðμRÞ
2π

CF

×

�
1þ x2b
1 − xb

½lnRþ 2 lnð1 − xbÞ þ 1�
�

þ
; ð28Þ

1

Γ0

dΓSub
g

dxg
¼−

αsðμRÞ
2π

CF

�
1þð1−xgÞ2

xg

×

�
lnR− ln

4Sð1−xgÞ
xg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−2Sxg

p
�
þð2−xgÞ2

2xg

�
: ð29Þ

The subtraction terms are universal [27,31] and Eq. (28)
coincides with the perturbative FF of the transition b → b
[24,31]. It should be noted that, the correctness of our
calculations could be confirmed by two facts; all singu-
larities of parton level at NLO are being removed and the
universal subtraction term (28) is extracted. Although, in
our previous work [15] we have shown that our analytical
result for dΓ̂NLOðHþ → b̄tÞ=dxb at the massless scheme
after integrating dΓ̂ðHþ → b̄tÞ=dxb over 0 ≤ xb ≤ 1 was in
complete agreement with the one presented in Ref. [17].

IV. NUMERICAL ANALYSIS

In this section we present our phenomenological pre-
dictions for the energy spectrum of B-mesons inclusively
produced in the decay of heavy charged Higgs bosons.
In the context of 2HDMs, various searches for the signature
Hþ → tb̄ have been done by the CERN ATLAS and
CMS Collaborations in proton-proton collisions at the
center-of-mass energies of 8 TeV and 13 TeV [11–13].
As a review, Fig. 7 in Ref. [12] shows the excluded
parameter space in the MSSM scenarios where the
excluded maximum value of tan β is 0.88 for
0.20 < mH� < 0.55 TeV. The same searches have been
carried out by ATLAS Collaboration at

ffiffiffi
s

p ¼ 13 TeV [32]
which have excluded mH� ≈ 300–900 GeV for a very low
tan β region, i.e., tan β ≈ 0.5–1.7. Also, for large values of
tan β > 44ð60Þ, the value mH� ≈ 300ð366Þ GeV is
excluded. Nevertheless, a definitive search over the mH� −
tan β parameter space is a program that still has to be
carried out by the LHC experiments and future colliders.
Throughout this work, we restrict ourselves to the

allowed regions of the mH� − tan β parameter space evalu-
ated by the CMS experiments, see Fig. 7 in Ref. [12].
For the input parameters, we adopt the values GF¼
1.16637×10−5GeV−2, mt¼172.98GeV, mb ¼ 4.90 GeV,
mB ¼ 5.279 GeV, and jVtbj ¼ 0.999152 [33]. Taking
mH� ¼ 500 GeV and tan β ¼ 6, for the Born-level decay
rates in the massless and massive schemes one has
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Γ̃GM
0 ¼ 0.635 ðModel IÞ;

Γ̃GM
0 ¼ 1.283 ðModel IIÞ;

Γ̂ZM
0 ¼ 0.634 ðboth modelsÞ: ð30Þ

Note that, in spite of the fact that mb ≪ mt, in Model II the
contribution m2

b tan
2 β (the left-chiral coupling term) in the

combination a2 þ b2 (5) can not always be ignored in
comparison to the term m2

t cot2 β (the right-chiral coupling
term) when tan β is large. While, in Model I (4) the termm2

b
can always be ignored in comparison to the termm2

t . This is
why one has Γ̃GM;I

0 ≈ Γ̃ZM
0 in Eq. (30) while Γ̃GM;II

0 ≈ 2Γ̃ZM
0 .

In next step, to predict the energy spectrum of B-mesons
we back to the relation (25). Considering this equation,
we also need the nonperturbative fragmentation functions
DB

i ði ¼ b; gÞ describing the hadronization processes
ðb; gÞ → B. For these transitions, we use the realistic non-
perturbative fragmentation functions ofB-meson determined
at NLO through a global fit to electron-positron annihilation
data presented by ALEPH [34] and OPAL [35] at CERN
LEP1 and by SLD [36] at SLAC SLC. In literature, different
phenomenological models have been proposed to describe
the hadronization mechanism. Among them, the power
model Dbðz; μiniF Þ ¼ Nzαð1 − zÞβ is well established. In
Ref. [37], we have extracted the free parameters of this
model for the fragmentations of all light and heavy partons
into B-meson at the initial scale μiniF ¼ 4.5 GeV. Our fit for
the b → B splitting yieldedN ¼ 2575.014, α ¼ 15.424, and
β ¼ 2.394. The fragmentation function of gluon is generally
assumed to be zero at the initial scale and is generated via the
DGLAP evolution equations [28]. In Refs. [21,38], we have
showed that the contribution of g → B transition in dΓ=dxB

is negative and considerable only in the low-xB region. For
larger values of xB the result is practically governed by the
b → B transition.
In Figs. 2 and 4 our predictions for the energy spectrum

of B-mesons are presented by plotting dΓ=dxB versus xB in
Model I and II, respectively. For this study we fixed
tan β ¼ 2 and the different values of heavy charged
Higgs masses are considered, i.e., mH� ¼ 200, 300, and
400 GeV. The B-meson mass is responsible for the thresh-
olds at xB ¼ 0.19 (for mH� ¼ 200 GeV), xB ¼ 0.07 (for
mHþ ¼ 300 GeV), and xB ¼ 0.056 (for mH� ¼ 400 GeV).
As is seen, by increasing the Higgs boson mass the
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FIG. 2. The xB spectrum in heavy charged Higgs decay
(Hþ → BX) in the massive scheme (or GM-VFNs) for Model
I, taking tan β ¼ 2 and mH� ¼ 200, 300, and 400 GeV.
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FIG. 3. dΓðHþ → BXÞ=dxB versus xB in the GM-VFN scheme
for Model I taking mH� ¼ 200 GeV and tan β ¼ 1, 3, and 6.
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FIG. 4. As in Fig. 2 but for Model II.
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size of partial decay width increases. In Figs. 3 and 5, the
same studies have been done by fixing the Higgs mass
(mH� ¼ 200 GeV) and taking different values of tan β ¼ 1,
3, and 6. It can be seen that when tan β increases the size of
decay rate decreases and the peak position is shifted
towards higher values of xB.
In Figs. 6 and 7, the energy spectrum of B-meson is

compared in the GM-VFN (mb ≠ 0) and ZM-VFN (mb ¼ 0)
schemes, using tan β ¼ 1, 6, and mH� ¼ 200 GeV. As it is
observed from Fig. 6, the results of both models in the GM-
VFN scheme and the one in the ZM-VFN scheme are
approximately the same. But Fig. 7 (with tan β ¼ 6) shows

that the energy spectrum of B-meson in the ZM- and GM-
VFN schemes (Model I) are approximately the same while
the one in GM-VFNs for Model II is completely different.
In Figs. 8 and 9 we have studied the xB spectrum in the
massless and massive schemes using tan β ¼ 2, 6, and
mH� ¼ 500 GeV. It is seen that for heavier Higgses the
results obtained in the massive scheme are completely
different with the one obtained in the ZM-VFN scheme.
In other words, the massless approximation does not always
work well and most reliable predictions are made at NLO in
the GM-VFN scheme. Generally, the results for energy
spectrum of B-meson in the 2HDM are extremely model
dependent.
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FIG. 5. As in Fig. 3 but for Model II.
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FIG. 6. The xB spectrum in the decay modeHþ → BX at NLO.
The GM-VFNs results in the two models (I and II) are compared
to the one in the ZM-VFN scheme. Here, we fixed mH� ¼
200 GeV and tan β ¼ 1.
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FIG. 7. As in Fig. 6 but for mH� ¼ 200 GeV and tan β ¼ 6.

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ZM-VFNS

GM-VFNS (Model I)

H+ → B+X

(tanβ=2 , mH=500 GeV)

GM-VFNS (Model II)

xB

dΓ
/d

x B
[G

eV
]

FIG. 8. As in Figs. 6 and 7, but taking mH� ¼ 500 GeV and
tan β ¼ 2.
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V. CONCLUSIONS

Despite of all successes of the ordinary SM it can not be
a theory of everything since there are still many unsolved
questions that this model dose not have definite replies for
them. To solve the remaining problems many theories
have been suggested so among them the most important
ones are those based on the supersymmetry. These theories
often include an extended Higgs sector which lead to
appear new elementary particles. As an example, in the
theory of minimal supersymmetry five Higgs particles are
created; three neutral bosons and two charged bosons H�.
The discovery of each of them would be an immediate
evidence of new physics beyond the standard model. By
this explanation, searches for light or heavy charged Higgs
bosons (lighter or heavier than the top quark) are strongly
motivated and these have been main goals of many high
energy colliders in recent years. However, no explicit
evidence has been yet found. With respect to the searches
done by the CMS and ATLAS Collaborations a large
region in the MSSM mH� − tan β parameter space has
been excluded. Then, it seems that most efforts have to
concentrate on probing heavy charged Higgs bosons.

These scalar heavy bosons are anticipated to decay
predominantly either to a tau or a top quark. Although,
the second decay mode, i.e.,Hþ → tb̄, suffers from a large
multijet background but it dominates in the region of
heavy masses.
In our previous work [15], through the 2HDM we

studied the dominant decay channel Hþ → tb̄ðþgÞ fol-
lowed by the hadronization process ðb; gÞ → B. For this
study we evaluated the distribution in the scaled energy
(xB) of B-mesons which would be of particular interest at
the LHC and future colliders to search for charged Higgs
bosons. To this aim we worked in the ZM-VFN scheme
where the b-quark mass is ignored from the beginning and
showed that results are the same in both Type-I and Type-II
scenarios (Models I and II). Although this scheme makes
calculations so simple but it leads to spoil all information
on themb dependence of B-hadron spectrum. In the present
work, we studied the same decay channel but in the GM-
VFN scheme in which the b-quark mass is preserved from
the beginning. We first computed an analytic expression for
the NLO radiative corrections to the differential decay
width of charged Higgs bosons at the parton level, i.e.,
dΓ̃NLO

i ðHþ → b̄tÞ=dxiði ¼ b; gÞ. In the following, using
the nonperturbative fragmentation functions of ðb; gÞ → B
the xB spectrum is predicted. Our results showed that for
lighter Higgses (mH� ≈ 200 GeV) and small values of tan β
the massive results for two models are the same and
coincide with the one in the massless scheme. But in the
general case the massive results for two models and the one
evaluated in the massless scheme are completely different,
specifically, when mH� is large.
Our analysis is expected to make a contribution to the

LHC searches for charged Higgses. Moreover, a compari-
son between future measurements of xB spectrum and the
presented predictions will be important for our under-
standing of the Higgs coupling in 2HDM and new physics
beyond the SM. Our analysis can be extended to the
production of other hadrons such as pions, kaons, and
protons, etc., for which one needs the corresponding
fragmentation functions ðb; gÞ → π=K=P=Dþ presented
in Refs. [39–44].
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