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I present approximate next-to-next-to-leading-order (aNNLO) total and differential cross sections for
charged Higgs production in association with a top quark at LHC energies. The aNNLO results for the
process bg — tH™ are derived from next-to-next-to-leading-logarithm (NNLL) resummation of soft-gluon
corrections. Scale and parton-distribution uncertainties for the cross sections are shown. The top-quark
transverse-momentum and rapidity distributions are also calculated.
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I. INTRODUCTION

The Higgs sector of the standard model and its exten-
sions is a focus of particle physics theoretical and exper-
imental programs. In two-Higgs-doublet models, such as
the minimal supersymmetric standard model, one Higgs
doublet gives mass to the up-type fermions while the other
to the down-type fermions. The ratio of the vacuum
expectation values for the two doublets is denoted by
tan . Among the five Higgs particles in such models there
are two charged Higgs bosons, H" and H™.

QCD and SUSY-QCD corrections for the associated
production of a charged Higgs boson and a top quark
via the partonic process bg — tH~ have been calculated
through next-to-leading order (NLO) in Refs. [1-9]. The
NLO corrections provide a substantial enhancement of the
cross section and they reduce the scale dependence.

An important class of radiative corrections comes from
soft-gluon emission. Near partonic threshold for the pro-
duction of the tH~ final state these soft-gluon logarithmic
corrections are dominant and large; thus, their inclusion is
necessary to extend the precision of the theoretical pre-
dictions beyond NLO.

Higher-order soft-gluon corrections for tH~ production
were calculated in Refs. [10-15]. It was shown in Ref. [11]
that at NLO the soft-gluon corrections approximate very well
the exact NLO result, the difference being of the order of only
a few percent. This proves the importance and numerical
dominance of the soft-gluon corrections and is in agreement
with similar observations for other top-quark processes (see
e.g. [14,15]). Thus, we expect that at next-to-next-to-leading
order (NNLO) the soft-gluon corrections will also approxi-
mate future exact results very well (this expectation has been
validated for related top production processes [15]).

The approximate NNLO (aNNLO) corrections were
first derived from next-to-leading-logarithm (NLL) resum-
mation in [10,11] and later improved with next-to-next-
to-leading-logarithm (NNLL) resummation in [14]. The
aNNLO corrections are significant and they further
enhance the cross section.
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There have been ongoing active searches for charged
Higgs bosons, first at the Tevatron [16,17] and more
recently at the LHC [18,19]. The increase in the expected
theoretical cross section should be taken into account in
these searches and in the setting of limits for charged Higgs
production in association with a top quark.

In the next section we provide some theoretical dis-
cussion and results for the soft-gluon corrections in tH~
production. In Sec. III we present total cross sections for
tH~ production at LHC energies, with various choices of
charged Higgs mass as well as tan 8, noting that the cross
sections for 7H™ production are the same. In Sec. IV we
present the top-quark transverse-momentum and rapidity
distributions in this process. We conclude in Sec. V.

II. SOFT-GLUON CORRECTIONS
FOR tH~ PRODUCTION

We study tH~ production in collisions of protons A and
B. The leading-order (LO) diagrams for bg — tH™ are
shown in Fig. 1. The hadronic kinematical variables for
the process A(p4) + B(pg) — t(p,) + H (py-) are S =
(pa+pp)* T = (ps—p))*,and U = (pp — p,)°. For the
partonic reaction b(p,) + g(p,) = t(p,) + H (py-). the
partonic kinematical variables are s = (p, + p,)?, t =
(pp—po)?, and u= (p,—p,)* with p, =x;p, and

Py =Xpp. We also define the threshold variable

54 =8+ 1t+u—m?—m}, where my- is the charged

Higgs mass and m, is the top quark mass. Note that s,

) H~ g t

FIG. 1. Leading-order diagrams for bg — tH™.
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measures any additional radiation and it vanishes at
partonic threshold.
The double-differential LO  cross

d*605 ™M [ (didu) = FY9™ 5(s,) where

section 1S

byt _ 7% ((mitan®f + mZcop) (s +1t—m3-
Lo 1252m3,sin6),, 2s
= w3 4w (1= m2) + s(u—md)
s(u—mg)
_mi(u—mpy —s5/2) + su/2 2.1
(u —mz)? ’ '

where a = e?/(4r), a is the strong coupling, 6,, is the
weak-mixing angle, myy is the W boson mass, and m,, is the
b-quark mass which is taken to be zero everywhere except
in the m3 tan® # term.

The perturbative nth-order soft-gluon corrections
appear as logarithmic plus-distribution enhancements,
(In*(s4/m3-)/s4),, with 0 <k <2n—1. These correc-
tions can be derived from resummation, starting with the
factorization properties of the cross section in moment
space. We write moments of the partonic cross section
6(N) = [(dsy4/s)e N*/*5(s,), with N the moment varia-
ble. Logarithms of s, in the physical cross section give rise
to logarithms of N in moment space, and those logarithms
of N exponentiate.

The factorized expression for the moment-space partonic
cross section in n = 4 — ¢ dimensions is

I (N.0) = O (a 0) 5 ()

with u the scale. Here the hard function H*9~""" involves
contributions from the amplitude of the process and its
complex conjugate, while S”9~"" is the soft function for
noncollinear soft-gluon emission and it represents the
coupling of soft gluons to the partons in the scattering.

The product of the hard and soft functions in Eq. (2.2) is
independent of the gauge and the factorization scale, and its
evolution results in the exponentiation of logarithms of N.
The soft function S?9~"H" requires renormalization and thus
its N-dependence can be resummed via renormalization
group evolution. We have

bg—tH™ bg—tH™ bg—tH~
Sbgrz — Z' 9= qu—»tH Z 9=

(2.3)

by—tH~
where S, """ is the unrenormalized function, and Z

1s a renormalization constant.
Thus, SP9~H"  gatisfies the
equation

bg—tH~

renormalization-group
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0 0 b - -ybg—tH™
_ g—tH™ _ _» qbg—tH g—1t
<ﬂaﬂ+ﬂ(gs,e) )S 28 I )

dg;
(2.4)

In the above equation ¢? =4zra; f(g,.€) = —g,e/2+B(9;)
where f(g) is the QCD beta function f(g,) = udg,/du;
and Flgg_" " is the soft anomalous dimension that controls
the evolution of the soft function S?9~*#":

B deg—»tH‘ ~
Fbg—»tH _ S Z_l bg—tH ) 7.
L@ (25)
Writing 97" = (as/zz)l“_(gl) + (as/ﬂ)2r(sz) T we
have [14]
2 2
(1) mp —1 1 Cy m; —u
'y’ =Cp|l —1In 2.6
Voeln() - 5 () e
and
(2) 67 &Y _ 5 r{ (1-¢5)
Iy = |Cal -2 ) — 12 CrC
s {A<362 g/|ts HerCaTy
(2.7)

where Cp = (N2 —1)/(2N,) and C4 = N,, with N, =3
the number of colors, and n; =5 is the number of light-
quark flavors.

The resummed cross section in moment space is derived
from the renormalization-group evolution of the hard and
soft functions in the factorized cross section, Eq. (2.2), and
is given by:

~bg—tH™
resummcd

—exp [ZE }HWH (@ (v/5)

o (o (5)

X exp { /ﬁw v 02‘21“”9*’” (as(ﬂ))} (2.8)

where the first exponent resums soft and collinear radiation
from the incoming bottom quark and gluon, and the second
exponent resums noncollinear soft-gluon emission (see
[14] for more details).

The resummed cross section in moment space can be
expanded in powers of the strong coupling and inverted
back to momentum space, thus providing approximate
results for the higher-order corrections from soft-gluon
emission. The aNNLO soft-gluon corrections in the
double-differential partonic cross section, d?6/(dtdu),
can be written as
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~(2)bg—>tH™
dzoé(lN)NiO[ —_ bg—tH™ a_% §3 C(z) lnk(s4/m%1’) (2 9)
dtdu Lo V3 —0 k S4 +

where the superscript “(2)” in 6 and C ,(<2> indicates that these

are second-order corrections in the strong coupling. The
leading aNNLO coefficient, ng), depends only on color
factors: C) = 2(Cp 4 Cy)%

The subleading coefficients C<22), ng), and C(()Z) are in
general functions of s, ¢, u, my-, m,, and the factorization
scale pp, and—in the case of C(l2> and Céz)—also the
renormalization scale pg. These coefficients have been
determined from one-loop [10,11] and two-loop [14]
calculations. The next-to-leading coefficient is

2 2
2) my—t myg-—u
C =(Cp+C,)L3Ck|21 ) Y A )
2 =Gt A){ [ <mf> ( iy ) }

2y 2
Yo [m(mz’ >+2ln<mH2 >]
m;—u my-

(2.10)

where ) = (11C,4 — 2ny)/3. The expressions for C(lz) and
C62> are much longer [14]. With NLL resummation [10,11]

we can calculate all aNNLO coefficients except C(()z), which
can only be fully determined by NNLL resummation [14].
The one-loop soft anomalous dimension, Fgl), contributes

to all subleading coefficients, while the two-loop soft

anomalous dimension, F(Sz), contributes to Cf)z).

The hadronic differential cross section can be calculated
via a convolution of the partonic cross section with parton
distribution functions (pdf). The double-differential cross

bg->tH atLHC aNNLO tanf=10 p=m,

o (pb)

. |..'~L.~|\. . L
800 1000 1400
m (GeV)

s P |
400

s P |
600

1200

-4 PR
10500
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section with respect to the top-quark transverse momentum,
pr, and rapidity, Y, is given by

do 1 S4max .X'IXZS
=2 d dsy———
ey =2 [ e [ s gt
d26bg—>tH’
_ 2.11
dtdu ( )

where Ty =T —m? = —/S(m? + p2)'/?e”Y, Uy = U -
le = _\/E(mlz + p%)l/ZeY, X2min = (m%{‘ - T)/(S+ Ul)’
Samax = X2(S+U) +T —mb, x; = (54 —m? +m% —
U ) /(x2S +T,); and ¢ denotes the pdf. The trans-
verse-momentum and rapidity distributions as well as the
total cross section can be obtained by appropriate integra-
tions over this double-differential cross section.

III. tH~ TOTAL CROSS SECTIONS

We continue with results for the total cross sections for
charged Higgs production in association with a top quark
via the partonic process bg — tH~ at LHC energies. The
results we present are for tH~ production; the cross sections
for 7H" production are identical. We use the MMHT2014
[20] NNLO pdf for all our numerical results in this paper.

In Fig. 2 we plot the total cross sections at aNNLO for
tH™~ production as functions of charged Higgs mass at 7, 8,
13, and 14 TeV energies at the LHC. The left plot shows the
results with tanf = 10 while the right plot shows the
corresponding results with tan = 30. The scales are set
equal to the charged Higgs mass. Since the tan # depend-
ence is simply given by the (m? tan? f + m? cot® ) factor
in Eq. (2.1), one can easily rescale the results to any desired
tan # value. We note that the cross sections decrease over
three orders of magnitude as the charged Higgs mass is
increased from 200 GeV to 1500 GeV.

bg->tH atLHC aNNLO tanf=30 p=m,

o (pb)

S '~
| T | is

s P |
400

s P | tea
600

800 1000 1200 1400
m (GeV)

-4 PR
10500

FIG. 2. Total aNNLO cross sections for tH~ production at 7, 8, 13, and 14 TeV LHC energy with (left) tanf = 10 and (right)

tan # = 30.
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TABLE 1. The aNNLO tH~ production cross section in fb
in pp collisions at the LHC with /S =7, 8, 13, and 14 TeV.
We set tan f = 30 and y = my-, and we use the MMHT2014
NNLO pdf [20].

aNNLO rH~ cross section with tan# = 30 at LHC (fb)

mpg- (GeV) 7 TeV 8 TeV 13 TeV 14 TeV
200 198 299 1148 1382
400 28.0 45.5 217 269
600 5.58 9.70 56.4 71.7
800 1.38 2.57 18.1 23.5
1000 0.393 0.782 6.62 8.81

In Table I we provide some numbers for the total cross
sections for selected values of charged Higgs mass at
LHC energies of 7, 8, 13, and 14 TeV. The values are for
tan # = 30 and scale y = my-.

bg->tH at LHC K-factor 13 TeV
4 T T T
I central
- ———- scale
L3 == scale+pdf ]
o t
Z
-~ 1.2
Q
—
4
4
S 11
£ h
P B B SR SRR B B
200 400 600 800 1000 1200 1400
mH,(GeV)
FIG. 3.

14 TeV LHC energies.

bg->tH at LHC top py aNNLO tanf=30 m/ =300 GeV
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FIG. 4.
my- = 300 GeV and (right) my- = 800 GeV.
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In Fig. 3 we plot the aNNLO/NLO ratios, i.e. K factors,
for the total cross sections for tH~ production as functions
of charged Higgs mass. The tan # dependence of course
cancels out in K factors. The left plot displays results at
13 TeV LHC energy. The line labeled as ‘“central” is with
the scales set equal to the charged Higgs mass. The lines
labeled as ““scale” show the variation when the scales in the
aNNLO cross section are varied by a factor of two (but
the NLO denominator is always kept at scale y = my-).
The lines labeled as “scale 4 pdf” show the total uncer-
tainty including scale variation plus uncertainties from the
NNLO parton distribution functions as given by [20]. We
see that the K factors are sizable, indicating significant
contributions of 15% to 20%—depending on the charged
Higgs mass—from the central aNNLO corrections. The
right plot shows the central K factors at 7, 8, 13, and
14 TeV LHC energies. The K factors are larger at the

bg->tH at LHC K-factor p=my;-
L4 T T
[ 14 TeV
F ———- 13TeV
3 == 8 TeV .
N s 7TeV
o [
E‘ [
~1.2F
o 't
’J -
Z L
Zz 1
S E
1_ —
P B B RS B B I
200 400 600 800 1000 1200 1400

m (GeV)

aNNLO/NLO K-factors for the total cross section for tH~ production at (left) 13 TeV LHC energy and (right) 7, 8, 13, and

bg->tH at LHC top py aNNLO tanf=30 m/ =800 GeV
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aNNLO top-quark p; distributions, do/dpy, in tH™~ production with tan # = 30 at 7, 8, 13, and 14 TeV LHC energy with (left)
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bg->tH at LHC aNNLO  m; =300 GeV

top py

0.006

l/o do/dp, (GeV')
o
8
E

0.002
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top p. (GeV)

FIG. 5.
(left) mpy- = 300 GeV and (right) my- = 800 GeV.

smaller LHC energies, since then the process is closer to
partonic threshold.

We note that scale variation is supposed to give an
indication of theoretical uncertainty due to higher-order
missing terms. Of course for an approximate calculation
there is also uncertainty due to the approximation; however,
there is no independent way to calculate that. The comparison
to fixed-order results when those are available can indicate the
effectiveness of the approximation both for the central scale
choice and for the scale variation. Since at NLO the soft-gluon
approximation works very well for tH~ production, this
would indicate that the scale variation at aNNLO is an
adequate representation of the theoretical uncertainty.
Again, this has been shown to be a valid assumption from
related studies of top-antitop production [15]. At NLO both
the central result and the scale variation were very similar
between exact and approximate results for that process, and
the expectation was that this would also hold at NNLO.
This expectation was indeed valid as proven later by the

bg>tH atLHC topp,  K-factor m, =300 GeV
B 7 1
125k .
i 14 TeV 1
C ——— I3TeV
Q L —-— 8TeV
E 12+ -—--= TTeV -
@]
3
% 1.15
1.1 -_ —
oS v v N R

L
200 300 400
top p; (GeV)
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bg->tH at LHC top pp  aNNLO m, =800 GeV

0.006

0.004

l/o do/dp, (GeV')

0.002

200 300 400
top p. (GeV)

0 100

aNNLO top-quark normalized py distributions, (1/¢)de/dpy, in tH™ production at 7, 8, 13, and 14 TeV LHC energy with

comparison of central results and scale variation between
exact NNLO and aNNLO predictions as discussed in [15].

IV. TOP-QUARK p; AND
RAPIDITY DISTRIBUTIONS

We continue with a presentation of differential
distributions in #H~ production, in particular the top-quark
transverse-momentum and rapidity distributions.

In Fig. 4 we plot the top-quark transverse-momentum
distributions, do/dpy, at aNNLO with tan # = 30 for 7, 8,
13, and 14 TeV LHC energies. The left plot uses my- =
300 GeV and the right plot uses my- = 800 GeV. One can
derive results for any value of tanf with appropriate
rescaling. For my- = 300 GeV the distributions peak at
pr values of around 75 GeV and drop by two orders of
magnitude at a py of 400 GeV. For my- = 800 GeV the
distributions are much smaller due to the very heavy
final state.

bg->tH at LHC K-factor m, =800 GeV

top p;.

125k

=
0
T T

aNNLO /NLO
o

Lif

loSb——v v v

top p; (GeV)

FIG. 6. The aNNLO/NLO K-factors for the top-quark p; distributions, do/dpy, in tH~ production at 7, 8, 13, and 14 TeV LHC

energy with (left) my- = 300 GeV and (right) my- = 800 GeV.
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bg->tH at LHC top rapidity aNNLO tanf=30 m,; =300 GeV

4. e —————————

0.3 14 TeV -
+ ——— 13TeV 1

-—-— 8TeV

do/d|Y] (pb)
T

0.1

FIG. 7.
(left) my- = 300 GeV and (right) my- = 800 GeV.
aNNLO

bg->tH at LHC top rapidity m, =300 GeV

0.8 T

o
=

1/c do/d|Y]
2

o
o

1.5
top |Y|

FIG. 8.
with (left) my- = 300 GeV and (right) my- = 800 GeV.

In Fig. 5 we plot the normalized top-quark transverse-
momentum distributions, (1/6)do/dpy, at aNNLO for
LHC energies. The left plot is with my- = 300 GeV and
the right plot is with my- = 800 GeV. The use of nor-
malized distributions removes the tan# dependence and
minimizes the dependence on the pdf. The dependence on
the charged Higgs mass is also milder for the normalized
distributions. We note that at lower LHC energies the
normalized top pr distribution is somewhat smaller at large
pr than it is at higher energies, as expected.

Figure 6 shows the aNNLO/NLO ratios, i.e. K factors,
for the top-quark transverse-momentum distributions at
LHC energies. The left plot has my- = 300 GeV and the
right plot has my- = 800 GeV. The aNNLO contributions
are clearly seen to be quite significant, around 15% for
most pr values when my- = 300 GeV. Again, the tanf
dependence cancels out in the K factors.
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bg->tH at LHC top rapidity aNNLO tanB=30 m,; =800 GeV

1411 3 e e e

0.01

do/d|Y] (pb)

0.005

aNNLO top-quark rapidity distributions, de/d|Y|, in tH~ production with tan # = 30 at 7, 8, 13, and 14 TeV LHC energy with

bg->tH at LHC top rapidity = aNNLO m,.=800 GeV

08 T

o
=

1/c do/d|Y]
2

0.2

1.5
top |Y|

aNNLO top-quark normalized rapidity distributions, (1/6)ds/d|Y|, in tH~ production at 7, 8, 13, and 14 TeV LHC energy

In Fig. 7 we plot the top-quark rapidity distributions,
do/d|Y|, at aNNLO with tan # = 30 for 7, 8, 13, and 14 TeV
LHC energies. The left plot uses my- = 300 GeV and the
right plot uses my- =800 GeV. The distributions at 800 GeV
mass are of course much smaller. As before, one can derive
results for any value of tan # with appropriate rescaling.

In Fig. 8 we plot the normalized top-quark rapidity
distributions, (1/0)dos/d|Y|, at aNNLO for LHC energies.
The left plot is with my- = 300 GeV and the right plot is
with my- = 800 GeV. We note that at lower energies
the normalized top rapidity distribution is smaller at large
absolute values of | Y| than it is at higher energies, as expected.

Figure 9 shows the aNNLO/NLO ratios, i.e. K factors,
for the top-quark rapidity distributions at LHC energies.
The left plot has mpy- = 300 GeV and the right plot has
mpy- = 800 GeV. The aNNLO contributions are quite sig-
nificant, especially at large rapidity. At 7 TeV LHC energy
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bg->tH at LHC top rapidity K-factor ~ m,; =300 GeV
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bg->tH at LHC top rapidity K-factor ~ m, ;=800 GeV

P e B L L

13F
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G

aNNLO /NLO
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105 L !
top |Y]

FIG.9. The aNNLO/NLO K-factors for the top-quark rapidity distributions, do/d|Y|, in tH~ production at 7, 8, 13, and 14 TeV LHC

energy with (left) my- = 300 GeV and (right) my- = 800 GeV.

and 800 GeV mass, the aNNLO corrections are 40%
at |Y| = 3.

V. CONCLUSIONS

I have presented aNNLO results for charged Higgs
production in association with a top quark via the partonic
process bg — tH~. Total cross sections and top-quark py
and rapidity distributions have been calculated at LHC
energies. The NNLO soft-gluon contributions are important
and provide significant enhancements of the total cross
sections. Uncertainties due to scale variations and due to
the parton distribution functions have also been presented.

The top-quark differential distributions in transverse
momentum and rapidity also receive significant enhance-
ments from soft-gluon contributions. The corrections are
particularly large at large rapidity values.

The aNNLO corrections need to be included in theo-
retical predictions for total cross sections and differential
distributions in order to provide more precision in the
search for charged Higgs bosons.
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