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1 Introduction

Precision in calculations of cross sections for hard-scattering processes requires the inclusion
of higher-order QCD corrections. A particular class of these corrections arises from the
emission of soft gluons. These soft radiative corrections can be formally resummed [1-5]
to all orders in the strong coupling after taking Mellin moments or Laplace transforms of
the cross section and using its factorization properties, and the resummed cross section
can be used as a generator of fixed-order corrections. Soft-gluon resummation has been
successfully developed and applied to processes with massive final states, such as top-quark
pair production [3-8], because the cross section receives large contributions from soft-gluon
emission near partonic threshold due to the large mass. In all these processes, the soft-gluon
corrections are numerically dominant and account for the overwhelming majority of the
complete corrections at higher orders.

For processes with complex color flows, such as top production, one does not yet have all
the ingredients necessary to calculate the complete set of soft-gluon corrections at next-to-
next-to-next-to-leading order (N3LO). For processes with trivial color flow, and in particular
with colorless (e.g. electroweak) final states, the N3LO soft-gluon corrections are known in
fully inclusive kinematics [9-11]. However, complete N3LO soft-gluon contributions have not
yet been calculated for a partonic process in single-particle-inclusive (1PI) kinematics. In this
paper we provide explicit analytical results for the complete soft-gluon corrections through
N3LO for 1PI partonic processes with no color in the final state. As a concrete application,
we employ these results to compute higher-order QCD corrections for charged-Higgs pair
production in the Two-Higgs-Doublet Model (2HDM) using 1PI kinematics.

In this work we present the most precise predictions for quark-induced production of
HTH~ at the LHC, that occurs through diagrams of Drell-Yan type, in the 2HDM by
computing the total cross section and the charged-Higgs rapidity distribution for this process
at approximate next-to-next-to-leading order (aNNLO) and approximate N*LO (aN®LO) in
QCD. Results at aNNLO are derived by adding the second-order soft-plus-virtual corrections



to the full next-to-leading order (NLO) QCD calculation, while aN3LO results are obtained
by further adding the third-order soft-gluon corrections.

The 2HDM represents one of the simplest extensions of the Standard Model Higgs
sector, introducing an additional SU(2);, Higgs doublet. This model gives rise to a very
rich phenomenology due to its extended Higgs sector (for a review see [12] and references
therein). The model predicts the existence of three neutral scalar bosons (h, H, and A) and
a pair of charged Higgs bosons (HT and H™).

The dominant production channel for the charged Higgs at the Large Hadron Col-
lider (LHC) is in association with a top quark pp — ¢t H~, for which soft-gluon corrections
were calculated in refs. [13-15], followed by the associated production with a W boson
pp — HYW™ (see [16] for soft-gluon corrections), and pair production pp - HTH~. In
this work we focus on the last process, which can occur at leading order (LO) through
quark-antiquark annihilation (¢¢ — HTH ™) [17-19] and gluon fusion (99 — HTH ™) [20-
24]. In the case of light quarks in the initial state, the pair production of charged Higgs
bosons is of Drell-Yan type, with the exchange of a photon and a Z boson in the s-channel.
NLO QCD corrections for this channel have been computed in the 2HDM and the Minimal
Supersymmetric Standard Model (MSSM) in [17, 19]. In the case of bottom quarks in the
initial states, there are additional diagrams that account for the exchange of a neutral Higgs
boson in the s-channel and a top quark in the ¢-channel. The NLO QCD corrections to
bb — HTH~ have been computed in [18, 19]. The charged-Higgs pair production through
gluon fusion is a one-loop process already at LO and it has been computed in the 2HDM
and the MSSM in [20-24].

In models like the type II 2HDM, the quark-antiquark annihilation process qq — H™H ™
is the dominant channel for low values of tan [, which is the ratio of the vacuum expectation
values for the two doublets. On the other hand, for large values of tan 3, the gg and bb
channels have cross sections which are enhanced by a tan? 5 factor, and this can compensate
for the loop suppression or the small bottom-quark parton densities and can make these
channels dominant, as shown in [19]. However, recent studies showed that, for type II 2DHM
with softly broken Z symmetry, the size of cos(3 — a) has to be lower than O(10~2) and
that low values of tan  are favored [25-28]. Therefore, the calculations presented in this
work are particularly relevant for those scenarios.

The paper is organized as follows. In section 2, we describe the soft-gluon resummation
formalism and provide explicit analytical results for the soft-gluon corrections through N3LO
in 1PI kinematics for processes with colorless final states. In section 3 we introduce the
Two-Higgs-Doublet model and apply the resummation formalism of section 2 to charged-
Higgs pair production. In section 4, we present numerical results for the total cross section
through aN3LO at LHC energies. In section 5, we present results for the charged-Higgs
rapidity distribution for two representative masses of the charged Higgs boson. We conclude
in section 6.

2 Soft-gluon corrections at N3LO in 1PI kinematics

In this section, we discuss the resummation formalism that we use for the calculation of
soft-gluon corrections in 1PI kinematics for partonic processes with colorless final states, e.g.



with electroweak final-state particles, such as H* H~ production. The origin of the soft-gluon
corrections is from the emission of soft (i.e. low-energy) gluons from the initial state partons,
which result in partial cancellations of infrared divergences between real-emission and virtual
diagrams close to partonic threshold. We derive the resummed cross section via Laplace
transforms, factorization, and renormalization-group evolution. We then provide explicit
analytical results for the soft-gluon corrections through N3LO.

We consider first leading-order partonic processes of the form

q(pa) +a(py) = A(p1) + B(p2), (2.1)

where ¢ and ¢ are quarks and antiquarks in the protons, and A and B are a pair of
colorless particles, each of mass m (e.g. HT H™), with particle A the observed particle in
1PI kinematics. We will also discuss later the changes needed in the analytical expressions if
we instead have gluons in the initial state, i.e. processes gg — AB, or if the two final-state
particles have different masses, m4 and mp. We define s = (pg + pp)?, t1 = (pa — p1)? — m?,
u1 = (pp—p1)? —m?, as well as a partonic threshold variable s4 = s+t +u1 = (p2+py)* —m?,
with p, the momentum of an additional gluon in the final state. Near partonic threshold p, — 0
and, thus, s4 — 0. The soft-gluon corrections appear in the perturbative series as logarithms
of s4, i.e. [(lnk(54/m2))/34]+, with 0 < k < 2n — 1 at nth order in the strong coupling, a.

The resummation of soft-gluon corrections is a consequence of the factorization properties
of the (in general, differential) cross section under Laplace transforms in 1PI kinematics. We
first write the differential hadronic cross section, do,,— 4B, as a convolution of the differential
partonic cross section, d&,q 4B, with the parton distribution functions (pdf), ¢4/, and ¢g/,, as

doppsan =Y /dxa dzy ¢g/p(Ta, F) Og/p(Th, or) dGgg—AB(S4, HF) (2.2)
q,9

where pp is the factorization scale, and x,, x; are momentum fractions of partons ¢, ¢,
respectively, in the colliding protons. We also define the hadron-level variables S = (P, + P;)?,
Ty = (P, — p1)? — m?, Uy = (P, — p1)? — m?, where P, and P, denote the momenta of the
colliding protons, and Sy = S + 11 + Uy. Since p, = z,P, and p, = xpP,, we have the
relations s = x2S, t1 = x,11, u1 = xpUq, and
MM w) ) (2.3)
We then consider the parton-parton cross section dogg— ap, which is of the same form
as eq. (2.2) but with incoming partons instead of hadrons [3-5],

d0ggs45(51) = / A5 iy 64)q(Ta) baa() dBgzraB(54) (2.4)
and we define its Laplace transform as

S ds
i ?4 e N5/ do ey ap(Sy) . (2.5)

Using the expression for S4/S in eq. (2.3), we can rewrite the Laplace transform, eq. (2.5),

d&qtiﬁAB(N) =

of the parton-parton cross section in eq. (2.4) as

~ ! — -z ! — -z Sds —INS4/8 JAa
dégga5(N)= /0 drge” )Gy (24) /0 dape N0 gy ) | =2 e g, ap(s4)

=04/q(Na) $g/q(Ny) d& g5 4B(N), (2.6)
where N, = N(—uy/s) and N, = N(—t1/s).
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Next, we introduce a refactorization of the cross section via new functions Hyz 5,
Seg—ABs Yq/q Yi/q [3-5]. The hard function Hgy5,4p is purely short-distance and infrared
safe while the soft function Sy ap describes the emission of noncollinear soft gluons. The
coupling of the soft gluons to the partons in the hard-scattering process is described by
eikonal (Wilson) lines, i.e. ordered exponentials of the gauge field. The functions ,,, and
hg/q differ from the pdf ¢4/, and ¢/, and they describe collinear emission from the incoming
partons [1, 3-5]. The refactorized form of the cross section [5, 29] is then

dO'quAB = /dwa dwy, dwg ¢q/q (wa) %Z)q/q(wb)

w t
XHyg54B Sq5—AB ( S\/>> < —wg + wa + wb1> (2.7)

HE S

where the w’s are dimensionless weights, with w, and wy for ¢/, and /4, respectively,
and wg for Sy, 4p. The argument in the delta function of eq. (2.7) arises from rewriting
eq. (2.3) in terms of the new weights [5], as

S, u t
f :ws—wagl —wbgl. (2.8)

After taking a Laplace transform of eq. (2.7), we have

1 1
dGygaB(N) = /O dwq e N )y 1o (wa) /O dwy e N g o (wy)

1 B Wer/S
X qug)AB/ dwg e Vs SqG—AB < 5\[>
0 nr

= ﬁq/q(Na) &q/q(Nb) HygaB gq(j%AB (]\i) . (2.9)

All N-dependence has now been absorbed into the functions 1/;(1 g0 1;@/@, and S.
Comparing egs. (2.6) and (2.9), we get an expression for the hard-scattering partonic
cross section in Laplace transform space,

Z%q/q(Na) ?Q/J(Nw
¢q/q(Na) %/é(Nb)

The resummed differential cross section in Laplace-transform space is derived from the

dbggaB(N) =

~ S
HyGAB Seg—AB (&;) : (2.10)

renormalization-group evolution of @q Ja/ <Z~>q et @q/(j/ QNSq—/q, and S'qq_> AB in eq. (2.10), and it
is given by the expression [1-5]

res \/gd
d&ygap(N) = exp|Ey(No)+Eg(Ny)] exp [2 / o 2 (Yagg (Nas s (1) +g/7 (N s (1) )

X Hygap (@5 (V) Segoan (as (Vs/N)) . (2.11)

In the first exponential of eq. (2.11), we have

/ dz Nl—_l : {/1(1_2)2 %Aq (as(As)) + Dy [as((l —~ z)zs)}} . (212)



with an analogous expression for Fj (Nb) [1]. The ﬁrst integrand in eq. (2.12) has the
perturbative expansion A, = (as/w) + (as/m)%A )+ (as/w)?’Ags) + ---. The first term
in this expansion is A((Il) = Cr [1], where Cr = (NC2 —1)/(2N,) and N, = 3 is the number
of colors. The second term, A(gz), is given by [2, 30]

67 G
AP = ( ) 2.1
CrCal36 7 ISCan’ (2.13)

where C4 = N, and ny is the number of light-quark flavors (in the next section we will set
ny =5 for H"H~ production). Finally, the third term, A((]?’), is given by [31]

245 67, 11, 11 G
- cr (8-S B o) i ($4)
Algg "3 Tt gh) T (Tgp T
209 5 7 n%
+ CrpCany <—432 + ECQ — 12(3) — Cpm. (2.14)

Here and below (o = 72/6, (3 = 1.202056903 - - -, {4 = ©*/90, and (5 = 1.036927755 - --. The
corresponding expressions for processes with gluons in the initial state (i.e. g9 — AB) are
given at these perturbative orders by A( - = (C4/CF)A qn), where n = 1,2, 3.

The second integrand in eq. (2.12) can be expanded as D, = (as/Tr)D((J ) (as/w)QDc(f) +
(as/ 7r)3D¢(13) + ---. In Feynman gauge, the one-loop term Dél) = 0, while at two loops [32]

101 11 7T (2
(2) — el it — 2
D, CFCA( 5 + CQ-F C3) + Cpny (27 3) , (2.15)

and at three loops [9]
297029 = 6139 2509 187

11
o0 o)
¢ = OrCa\ " Jaeme T e 2T 216 T G T 2% 736
31313 1837 155 23
+CrCany (23328 - 648 2= g C“)

+ Chny G;;; - % - *C:a - C4) + Cpn} ( % *Cz + 4§3> . (2.16)
The corresponding expressions for processes with gluons in the initial state are given at these
perturbative orders by Dé(,n) = (CA/C’F)D((J"), where n = 1,2, 3.

In the second exponent of eq. (2.11), the quantity -, /q 18 the moment-space anomalous
dimension of the MS density ¢/, [33-37] which can be expressed as 7,/4(N) = —A4In N +,,
and similarly for 75/4. The parton anomalous dimension can be expanded as v, = (as/ W)'y(gl) +

(as/ﬂ)%/éz) + -+ with ’y(gl) = 3CFp/4 and

17 G2

+ Cz—Cs) Can< + ) (2.17)

3
() e
= C%? < Cz + C3> + CpCy ( B

For gluons, we have 'yg = fo/4, where fy = 11C4/3 — 2ny/3 is the coefficient of the first
term in the perturbative expansion of the § function [38, 39], and

7® = CA< + C3>—n <(1;+ch> (2.18)



By expanding eq. (2.11) to fixed order and inverting back to momentum space, we can
calculate the soft-gluon corrections completely through N3LO. The Born differential cross
section at partonic level can be written as

d2 (q)ﬁ\AB

e = F£_>AB 5(s4), (2.19)

where the specific form of Ffé . 4p depends on the process (see the next section for H™H ™ pro-

duction). If we perturbatively expand Hygap = H(q)_>A3+(Oés/7T) ah +(as/m)H H? o+

qq—AB qq—AB
-, and SygsaB = quz)—mB + (as/ﬂ)sélleAB + (s /)2 é?—)AB +---, then we have FB Wi AB =
7O 5@
qq—AB ~qq—AB"

The NLO soft-plus-virtual corrections are given by

2~ (1)
d O—q(jﬁAB _ B as(MR)
dt duy 99—=AB

{63 D1 (84) + co D0(84) +c1 5(84)} (2.20)

where pp is the renormalization scale and

k
Di(s4) = lW] . (2.21)
+

The coefficients of the D;(s4) and Dy(s4) terms in eq. (2.20) are, respectively,

S

1
c3 =4CF and cg=—-2CFfIn (ilnul) —2Cf In < > i (2.22)

The coefficient of the §(s4) term is
—t uy tiug (1) 1y
= Cp In? ( ) + Cp In? ( 5 ) + {C’F In <4> — 27, } In +Vi, (2.23)
m? m m s

_ (gD (0) (0)
where Vi= (H q—AB Sqq%AB + qu%AB qq%AB
loop virtual corrections. For Drell-Yan type processes with quark-antiquark annihilation,
such as HTH~ production, V; is given by the expression V) = 2Cp(—2 + (2) [40-42]. For
gluon-initiated processes, we replace Cr by C4 in eqs. (2.22) and (2.23), and we use the

corresponding Vi (for example, see [43, 44] for the NLO virtual corrections for gg — H).

) JEB ui—Ap 1s the contribution from the one-



The NNLO soft-plus-virtual corrections are given by

d2 (gq)—>AB
dtl du1
o (p 1 3 Bo
Fq—>AB 7(7 7) {2 3 D3(s4) + [20362 - 403} Do(s4)
+ |eser + C% — Cgcg 6—62 — BoCrln ( ) + 4A( )] 1(s4)
2 ,u,R
4+ |cocy — (ac3en + C363 + %62 In (MSR>

S (24)- e (1) - (3) ¢
() s (s

O e R E))

(o) () () Son (3) e ()

() () 3 (- () () )

—_ (7@ (0) (0) 2 1) : :
Where‘/?_(qu—>ABSq(j—>AB+Hq—)ABSqq—>AB+qu—>AB qq—)AB)/ i—Ap is the contri-
bution from the virtual two-loop corrections. For Drell-Yan type processes with quark-

antiquark annihilation, such as HtH~ production, V5 is given by the expression [45]

511 35 1535 37 7 3
Vo = 0127 (64 — *(2 *CS + %) + CrCy <—192 + 3@ + 1@3 - 20<22)

+ Cpny (127 ~ *CQ C?’) . (2.25)

For processes gg — AB, we replace in eq. (2.24) all explicit appearances of Cr by C4, and
we also use the corresponding expressions for Ay, Dy, 74, c3, c2, and c; as detailed above,
as well as the appropriate expressions for V; and Va (for example, see [46] for the NNLO
virtual corrections for gg — H).



The N3LO soft-gluon corrections are given by

~(3)
d2 qqﬁAB
dt1 duy
ad(ur) f1 5 5
= Fyian 3 {803 Ds(s4) + [80§02 246350} Dy(s4)

2 1 2 3 BO ,U2 (2)

+ (e3¢5 + 50361 — CQC3 1263 - *500362 — BoCrec3In ,u + 463A D3(84)

R

3 1, By
+ [2030201 + 202 3ac3es + C3C3 - eat 50C203

+ (3C2 — Bo) (_/8406 — @CFI <,u2 > + 2A( )> CF@ — 303X1] D2(84)

R

15
- G

ey - 3 - _o, _@, i @
5203 50(303 + BoCacsca + (2¢1 — 5Cacs) 2 Crln +2A§

1
+ {2030% + c%cl — CQC%Cl — 5(2630% + 5(30%02 + CQ c3

4 ,uR
2
+ (/80 - 202)X1 + c3Xo + 414((13) + CF%? In? (@) — 2ﬁoA((]2) In (ltg)

HR KR
+CFﬁ1 (MR> L Op 51 (tﬂz})
™m

D1 (s4)

1 .2 15 ) 5
+ [2@0% + 3Cs03 — *C4C§C2 — 20(363 + (ac3er + 2Csesc + ZC220§C2 — (ac3c201 — %Cg
Bo 1
+ 1368 ( 5Cscs — 8(3c2 — 6C3c3 + 3C201)

+ (4¢3c3 — 3(2c2) (-iocz — @CFI <MF> + 242 )>
NR

2 _ _ 2
+ (Caes — 1) X1 + 2 X — @CF <1n2 (21) + In? (?)) In (’MR>
m m s

cln H% Bﬁjln<2)hﬂ<ﬂﬁ>
- 7CF ( 2 (;1’521) + In? ( — )) Y} Do (s4) (2.26)

where

X = %@%—%cl<s> %012Qn) %012hﬁ>

2 2
n 2A(2) In tlﬂ . 2D(2) BOC In2 tr 4 2A(2) In HE , (2.27)
q m4 q S 7

S



2
XOZVQ‘%VE‘ <2C3+431C403+@c ln< >+ﬁ°< 3—@@@—@@@1 <§>
HR

saa- i () 2 o ~com ()] ()
<f;z‘:>m(§ )+ e () + o (55)
o ) ) o ()

e e () e ()

1 2 2
2 (2) 2 (HE ) _ 1.2 KR
6 (et 804 [m <u2) " ( § )]

R

S

2 2
< A By ¢ CF’B1> t1u1 <MR + DPgoln (Mz%) —2A® 1 (Mp) +2D®
S S
Cr 2 t1 3 Bo 2) o (—t1 9 [ UL
L (m ) +1n ( )} T (CFBO +4AS ) [m <m2> +1In (mQ)]
2 3 tiuy
+ (80P — 240 ) n <m4) (2.29)

with 81 = 34C%/3 — 2Cpny — 10Cans/3 [47-49] the coefficient of the second term in
the perturbative expansion of the 8 function. For processes gg — AB, we replace in
egs. (2.26), (2.27), (2.28), and (2.29) all explicit appearances of Cr by Cy4, and we use the
corresponding expressions for Ay, Dy, 74, c3, c2, and ¢ as detailed above, as well as the
appropriate expressions for Vi and V5.

Finally, we consider the more general case where the observed particle A has mass my,
which is different from the mass mp of the other final-state particle B. In that case, we
simply replace m by m 4 everywhere it appears explicitly in egs. (2.21) through (2.29), and we
also redefine and use t; =t — m% and u; = u — m% everywhere. With these simple changes
all the expressions above can be used for the more general case of unequal masses.

It is worth emphasizing that the expressions for the higher-order soft-gluon corrections
presented in this section are universal and can be applied to any electroweak production
process that occurs through quark-antiquark annihilation or gluon-gluon fusion. The only
process-dependent parts are encoded into the virtual correction terms Vi and Vs, which
depend on the specific process. For example, explicit expressions of those terms for various
electroweak processes can be found in [11].

3 Charged Higgs pair production in the 2HDM

In this section we discuss the production of a charged Higgs pair via quark-antiquark
annihilation in the 2HDM that occurs through diagrams of Drell-Yan type. For concreteness,
we consider a CP-conserving type II 2HDM with a softly-broken Zs symmetry defined by the
transformations ®; — ®; and $o — —P5, where ®; and Po are the two Higgs doublets. In
this model, the Higgs doublet ®; is responsible for the Yukawa interactions that generate
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Figure 1. LO Feynman diagrams for quark-induced H™H~ production at the LHC.

masses for the down-type quarks and charged leptons, while ®5 is responsible for the Yukawa
interactions that generate masses for the up-type quarks. The Higgs potential is given by:

A A
VoupMm = m%‘@l‘Q + m%|<1>2|2 — m%Q((I)];(I)Q + @;@1) + ?1|<I)1‘4 + ?2‘(132‘4

3| ®1 2| Do + Ny |®] B [? + %[(@{%)2 + (09,)Y, (3.1)
where all the masses (mq, mg, mi2) and quartic couplings (A1, A2, A3, A4, A5) are taken to
be real in order to avoid CP violation. After electroweak symmetry breaking, this model
predicts the existence of three neutral scalar fields (two CP-even states h and H, and a
CP-odd state A) and a pair of charged Higgs bosons H*. The eight parameters of the
scalar Higgs potential in eq. (3.1) are usually rewritten in terms of more physical ones: a
common choice is to consider the electroweak vacuum expectation value v = 246 GeV, the
four Higgs masses my, mp, ma, mg+, the tangent tan 3, the cosine cos(f — «), and the
discrete symmetry soft-breaking term mqs (for more details see section III of [50]). For this
particular model, recent studies [25-28] showed that the size of cos(f — «) has to be lower
than O(1072) and that low values of tan 3 are favored.

As already mentioned, charged-Higgs pair production is a process that can occur through
quark-antiquark annihilation and gluon-fusion channels. In this work we consider only quark-
induced production which is the dominant production mechanism at low tan 3 values [19].
Leading-order Feynman diagrams for quark-induced production are shown in figure 1. In
the case of light quarks in the initial state, we have diagrams of Drell-Yan type where the
production of a pair of charged Higgs bosons occurs through the exchange of a photon and a
Z boson in the s-channel (left diagram of figure 1). In the case of bottom quarks, in addition
to Drell-Yan type diagrams, the production of charged Higgs bosons also occurs through
the exchange of the CP-even neutral Higgs bosons (h, H) in the s-channel (middle diagram
of figure 1) and the top-quark in the ¢-channel (right diagram of figure 1). These extra
diagrams might interfere with Drell-Yan type ones and introduce some dependence on the
scalar potential parameters tan 3, cos(f — «) and m%?

In this work, we consider only Drell-Yan type production of a pair of charged Higgs
bosons in the 5-flavor scheme where we include also a massless bottom quark in the initial
state. In this way, our HH ™~ production process depends only on the mass of the final-state
charged Higgs and is independent of the other 2HDM scalar potential parameters, like tan 3,
cos(B — a), and m?2,. In considering the total contribution of both light and heavy quarks

,10,



in the initial state, we are neglecting some bottom-quark contributions (middle and right
diagrams of figure 1), which might give a sizable contribution, depending on the specific
values of the Higgs potential parameters. However, for small values of tan § favored by recent
fits, i.e. 2 < tan 8 < 4, these contributions are of the order of 2-3% at LO and NLO, as
also shown in [19], which are smaller than the aNNLO corrections for the Drell-Yan type
processes and within the theoretical uncertainty of our calculation obtained from scale and
pdf variation. We would like to emphasize that the goal of this section is to provide the
most precise prediction for processes that occur through Drell-Yan type diagrams, which for
light quarks represent their complete contribution. Providing the total bb contribution, which
depends on the values of several Higgs potential parameters, is beyond the scope of this paper.

Therefore, the quantity F q]g- _, 4p entering in the Born differential cross section in eq. (2.19)
computed using Drell-Yan type diagrams is given by

B 1 ?rimy, i + miﬁ (t1 + uq)
ui—HTH~ 167s2 27m§v (mlz/v —m%)2(m% — s)%s?

X [128m§v + 17m%s? — 32mS,(8m% + 5) — dm¥m%s(20m% + Ts)
+ 4miy (32mY + 28mYs + 552)} (3.2)
for up-type quarks, while for down-type quarks we have

FB _ 1 0427'('2m% t1up + m%H (tl + ul)
dd—H*H~ 16ms? 27my, (md, —m%)2(m% — s)2s?
2

X [32m%v + 5mys® + 16mfy (—4mZ + s) — 8miymys(my + 2s)

+ dmiy (8mY — 2m%s + 557)] . (3.3)

These expressions are used in eq. (2.19) to compute the Born cross section, and in egs. (2.20),
(2.24), and (2.26) to derive the higher-order soft-gluon corrections through N3LO.

4 Total cross sections for H+ H~ production at the LHC

In this section we present results for the total cross section of charged-Higgs pair production
via quark-antiquark annihilation q¢ — HTH ™~ at the LHC, for two center-of-mass energies,
namely 13 TeV and 13.6 TeV. As already discussed in the previous section, this cross section
depends only on my+ and is independent of the other Higgs potential parameters. In our
calculation we work in the 5-flavor scheme and we include the bottom quark in the initial
state, which is taken to be massless. Lower bounds on the mass of the charged Higgs of
the order of 570-800 GeV have been obtained in ref. [51]. In light of these constraints, the
charged-Higgs mass is taken here to vary between 500 and 1500 GeV. Lower values of m g+
are excluded, while higher values, although allowed, are not considered because they give
very small cross sections. The complete LO and NLO QCD results are calculated using
MADGRAPH5 AMC@NLO [52] and an ad hoc UFO model for the CP-conserving type IT 2HDM,
which can be found at [53]. We take myy = 80.377 GeV, my = 91.1876 GeV, and a~! = 127.9.
We use the same MSHT20 aN3LO pdf set [54] for computing results at every perturbative
order, in order to show how each order in the series contributes to the aN3LO cross section.

— 11 —



pp->H H  cross section VS=13 TeV
MSHT20 aN’LO pdf p=m,.
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Figure 2. The total cross sections at LO, NLO, aNNLO, and aN3LO for ¢qg — HTH~ production
in pp collisions at 13 TeV energy with up = ur = mg+ using MSHT20 aN3LO pdf. The inset plot
displays the NLO/LO, aNNLO/LO, and aN3LO/LO K-factors.

For the total cross section, the central results are obtained by setting the factorization
and renormalization scales both equal to mg+. Scale uncertainties are obtained by varying
independently pg and pp between my+ /2 and 2m g+, and pdf uncertainties are also computed.
The cross sections at aNNLO are computed by adding the second-order soft-plus-virtual
QCD corrections to the complete NLO result. The third-order soft-gluon corrections are
further added to derive the result at aN3LO.

In figure 2 and figure 3 we show the total cross section for H™H~ production at the LHC
with 13 TeV and 13.6 TeV energy, respectively. These plots show the central value, obtained
with p = my+ (where p = ug = pur), of the LO, NLO, aNNLO, and aN3LO cross sections
as a function of the mass of the charged Higgs boson. The inset plots display the K-factors
of the higher-order cross sections relative to the LO result. At each perturbative order, we
find that the K-factors slowly increase with increasing charged-Higgs mass. For instance, at
both 13 TeV and 13.6 TeV, the NLO K-factor varies from 1.15 for mg+ = 500 GeV to 1.20 for
mp+ = 1500 GeV. The NNLO soft-plus-virtual corrections provide an additional 5% to 6%
increase, and the N3LO soft-gluon corrections give a further 0.5% to 0.6% increase. Thus,
the aN3LO K-factor varies from 1.21 for my+ = 500 GeV to 1.26 for my+ = 1500 GeV.

In table 1 and table 2 we present some numerical values for the total cross section
of HYH~ production in proton-proton collisions, with a center-of-mass energy of 13 TeV
and 13.6 TeV, respectively. These cross sections are shown for select charged-Higgs masses,
namely 600, 800, 1000, and 1200 GeV. They are calculated at LO, NLO, aNNLO, and aN3LO
and they are shown together with scale and pdf uncertainties. We want to stress that the
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pp-> H H cross section  VS=13.6 TeV
MSHT20 aN’LO pdf p=m, -
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Figure 3. The total cross sections at LO, NLO, aNNLO, and aN3LO for ¢q¢ — H*H~ production in
pp collisions at 13.6 TeV energy with ur = pr = mg+ using MSHT20 aN3LO pdf. The inset plot
displays the NLO/LO, aNNLO/LO, and aN3LO/LO K-factors.

pp — HTH™ cross section via quark-antiquark annihilation at 13 TeV
mpy+ (GeV) o LO (fb) o NLO (fb) o aNNLO (fb) o aN?LO (fb)
00 | Ol | oawSIRNN | omrimomn | omsuoi
800 | 0039370005 o015 | 004545501 0001 | 0047655005 000t | 0-0478%55665 0 horo
1000 | 0-00988*556096 " 0.00040 | 0-01155™ 550038 “o0.00057 | 0-01207 556015 “o.00060 | 0-01212%5 56065 0.00060
1200 | 0.0027975:66630 “0.0001s | 0-00329™0:5001 “o.00051 | 0-00344 0566036600052 | 0-00345 056001 *0:0003

Table 1. The total cross section for pp — HTH™ via quark-antiquark annihilation at LO, NLO,
aNNLO, and aN3LO at the LHC with v/S = 13 TeV and MSHT20 aN3LO pdf. The central results
are for up = pr = mpy+ and are shown together with scale and pdf uncertainties.

pp — HTH™ cross section via quark-antiquark annihilation at 13.6 TeV
my+ (GeV) o LO (fb) o NLO (fb) o aNNLO (fb) o aN3LO (fb)
600 0-2158:015 0007 0-2475506 0,007 025970002 0.008 026075 502 0,008
800 | 00463700033 00017 | 00534700018 00030 | 00559750003 0001 | 0-05627 500650 0031
1000 | 0.0120*G56:1 00006 | 0-01407G000s 00007 | 0-01467 0000 06007 | 0-0147 G500 5 600r
1200 | 000350006038 "0 o025 | 0-00413¥000015 0 50036 | 0-00431 70666056 00036 | 0-004327 55606 *6 66036

Table 2. The total cross section for pp — HTH~ via quark-antiquark annihilation at LO, NLO,
aNNLO, and aN3LO at the LHC with v/S = 13.6 TeV and MSHT20 aN®LO pdf. The central results
are for up = ur = my+ and are shown together with scale and pdf uncertainties.
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soft-gluon corrections are numerically dominant. The result derived with only NLO soft-gluon
corrections differs from the exact NLO cross section by only around one percent or less for
the masses and energies considered here. Furthermore, the aNNLO result would change
by only 2 per mille if we did not include the §(s4) terms (i.e. the virtual corrections) at
NNLO; the soft-gluon corrections are numerically by far the dominant contribution to the
higher-order QCD corrections.

As shown in table 1 for the results at 13 TeV energy, the scale uncertainty at LO is
large and is reduced significantly at NLO. The higher-order soft-plus-virtual corrections at
NNLO decrease the uncertainty even more. Finally, the addition of the N3LO soft-gluon
corrections further decreases this uncertainty for larger charged-Higgs masses but not for
smaller ones. The pdf uncertainty varies from about +3% for a mass of 600 GeV to 7% for
a 1200 GeV mass, at each perturbative order. The results in table 2 at 13.6 TeV energy show
similar behavior for the scale uncertainty at different perturbative orders. Also in this case,
the pdf uncertainty varies at each perturbative order from about +3% for mgy+ = 600 GeV
to 6% for my+ = 1200 GeV.

Regarding pdf uncertainties, we can see that, for both center-of-mass energies, they
increase with increasing mass of the charged Higgs boson. Moreover, they become bigger than
the scale ones already at NLO and therefore, starting at that order, they should be considered
the dominant source of theoretical uncertainty. As argued in [54], with the use of aN3LO pdf,
the factorisation scale variation is already contained within the predicted pdf uncertainties.

It is also interesting to study the relative contributions of the different logarithmic
powers to the higher-order corrections. As an example, we consider a charged-Higgs mass
of 600 GeV and an energy of 13.6 TeV. Setting ur = pr = mpy+ and using the notation
of eq. (2.21), the NNLO corrections from the D3 terms alone are 0.0134 fb, from the Ds
terms plus the Dy terms they are 0.0189 fb, from D3 + Dy + Dy they are 0.0150 fb, and
from D3 + Dy + Dy + Dy they are 0.0118 fb. By further adding the NNLO 4(s4) terms, we
get the final NNLO soft-plus-virtual correction of 0.0123 fb. Thus, we see that the virtual
contribution to the NNLO soft-plus-virtual corrections is small, and the soft-gluon corrections
alone are dominant. We also see that the leading-logarithmic contribution (i.e. from D3)
alone is quite close to the complete soft-plus-virtual contribution at NNLO.

For the N3LO soft-gluon contributions, again with a 600 GeV charged-Higgs mass at
13.6 TeV energy, we find a contribution of 0.00993 fb from the Dj5 terms alone, 0.0176 fb from
Ds 4 Dy, 0.0155fb from D5 + Dy + D3, 0.00898 b from D5 + Dy + D3 + Ds, 0.00200 from
Ds 4+ Dy + D3 + Do + Dy, and finally 0.00133 fb from D5 4+ Dy + D3 + Do + Dy + Dy which is
the total N®LO soft-gluon correction. Thus, at N3LO, the leading-logarithmic contribution
(i.e. from Dj) is very different from the complete soft-gluon correction, in contrast to what
we found above for the NNLO corrections. We also see that the N3LO soft-gluon corrections
are an order of magnitude smaller than those at NNLO.

As mentioned in the previous section, for small values of tan 3, the additional contributions
from bb — H+H~ are rather small and less than the aNNLO corrections of the Drell-Yan type
qq@ — HTH~ diagrams. One can calculate these bb contributions at NLO for any choice of the
Higgs-potential parameters, and then add them to our aN3LO result for the Drell-Yan type ¢
contributions. For example, for tan 5 = 3, my+ = 600 GeV, my = 400 GeV, cos(f — a) =0,
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Figure 4. The rapidity distribution of the H' with a mass of 600 GeV at LO, NLO, aNNLO, and
aN3LO for qg — H+TH~ production in pp collisions at 13.6 TeV energy with up = g = mpy+ using
MSHT20 aN3LO pdf. The inset plot displays the NLO/LO, aNNLO/LO, and aN3*LO/LO K-factors.

and my2 = 0GeV, the missing bb contribution at 13 TeV energy is 0.0035fb. Looking at
the first line of table 1, we see that this is much smaller than the aNNLO corrections of
0.011 fb for ¢q as well as the total uncertainty of the overall ¢ cross section. Adding the bb
contribution to the aN3LO ¢g cross section gives a total of 0.232fb. Clearly, in this case it is
not necessary to calculate the aNNLO and aN®LO corrections for the bb contribution since
they would be much smaller than the precision of the numbers displayed.

5 Charged-Higgs rapidity distributions

As the formalism presented in section 2 indicates, soft-gluon resummation is derived not only
for total cross sections but also for differential distributions. In this section we present results
for the charged-Higgs rapidity distribution in H+H~ production at the LHC with 13.6 TeV
center-of-mass energy, for two specific charged-Higgs masses, namely m+ = 600 GeV and
mpg+ = 800 GeV. Again, we use MADGRAPH5 AMC@NLO [52] for the complete NLO results
to which we add the second-order soft-plus-virtual corrections to derive aNNLO distributions.
The third-order soft-gluon corrections are also added in order to derive results at aN3LO.

In figure 4, we plot the central (1 = my+) results at LO, NLO, aNNLO, and aN3LO for
the H™ rapidity distribution in H™H~ production at 13.6 TeV LHC energy with MSHT20
aN3LO pdf, for my+ equal to 600 GeV. The K-factors relative to the LO results are shown in
the inset plot. The enhancement from the aNNLO soft-plus-virtual corrections is significant
while the aN3LO soft-gluon contribution is smaller than 1% in the rapidity range shown in
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pp>HH H rapidity distribution \S=13.6 TeV
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Figure 5. The rapidity distribution of the H' with a mass of 800 GeV at LO, NLO, aNNLO, and
aN3LO for qg — H+TH~ production in pp collisions at 13.6 TeV energy with up = g = mpy+ using
MSHT20 aN3LO pdf. The inset plot displays the NLO/LO, aNNLO/LO, and aN3*LO/LO K-factors.

the figure, similar to the total cross section case. We see that the K-factors are relatively flat
for central values of the charged-Higgs rapidity, but they begin to grow for rapidities larger
than 1. We also note that the distribution becomes very small for rapidity values above 2.

Regarding the theoretical uncertainties from scale variation, we note that they are
essentially the same as those for the total cross section in the rapidity range plotted, and
only become bigger at very large rapidities, where the numerical value of the distribution
is very small. As for the total cross section, the higher-order corrections reduce the scale
dependence. The pdf uncertainties are also similar to those of the total cross section, around
3%, in the rapidity range shown in the plot, but they increase at larger rapidities.

In figure 5, we plot the central (1 = my+) results at LO, NLO, aNNLO, and aN3LO for
the H™ rapidity distribution in H*H ™~ production at 13.6 TeV LHC energy with MSHT20
aN3LO pdf, for my+ = 800 GeV. Although the numerical values for the distribution are
much smaller than those found with the smaller mass in figure 4, the K-factors relative to
the LO results in the inset plot show a similar pattern, i.e. they are relatively flat for central
values of the charged-Higgs rapidity but begin to grow for rapidities larger than 1. Also,
the theoretical uncertainties from scale variation are again essentially the same as those for
the total cross section in the rapidity range plotted, and only become bigger at very large
rapidities, where the distribution is negligible. Finally, the pdf uncertainties are also similar
to those of the total cross section for an 800 GeV mass, around 4%, in the rapidity range
shown in the plot, but they increase at larger rapidities.
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6 Conclusions

In this paper we have presented the first calculation of the complete soft-gluon corrections in
the production of colorless final states through N3LO in single-particle-inclusive kinematics.
We have derived the detailed analytical expressions for these corrections and, as a concrete
application, we have used our results to study higher-order QCD corrections for the production
of a charged Higgs pair (H+H ™~ production) at the LHC via quark-antiquark annihilation
in the 2HDM. This calculation is particularly relevant for type II 2HDM, where the value
of tan B is constrained by experiments to be small and the quark-antiquark annihilation
production mechanism is indeed the dominant channel for such small values of tan f3.

We have computed cross sections at aNNLO by adding the second-order soft-plus-virtual
QCD corrections to the complete NLO result, and at aN3LO by further adding the third-order
soft-gluon corrections. Our results show that the NLO corrections increase the LO cross
section by 15% to 20% for charged-Higgs masses in the range from 500 to 1500 GeV, with
the exact numbers depending on the collision energy and the charged-Higgs mass, while the
NNLO soft-plus-virtual corrections provide an additional 5% to 6% increase. The N3LO
soft-gluon corrections provide a further increase of 0.5% to 0.6%. In general, the soft-gluon
corrections are by far the dominant contribution to the higher-order QCD corrections. For
instance, the exact NLO cross section differs by only around one percent or less from the
one with NLO soft-gluon corrections alone, and the aNNLO result would change by only 2
per mille if we did not include the virtual corrections at NNLO. For the total cross section,
we find that the theoretical uncertainties from scale variation get substantially reduced by
going to higher orders.

We have also computed aNNLO and aN3LO charged-Higgs rapidity distributions at the
LHC with 13.6 TeV center-of-mass energy, for two representative masses, namely my+ =
600 GeV and m g+ = 800 GeV. We found that the enhancement from the aNNLO soft-plus-
virtual corrections is significant while the aN3LO soft-gluon contribution is smaller, similar
to the total cross section case. The K-factors are relatively flat for central values of the
charged-Higgs rapidity, but begin to grow for rapidities larger than one. The theoretical
uncertainties from scale variation and from the pdf are basically the same as those of the total
cross section for rapidities less than two, where the rapidity distribution is not negligible.

Finally, we want to emphasize that this work opens the way for using soft-gluon corrections
through N3LO in single-particle-inclusive kinematics to calculate more precise predictions of
production rates of colorless final states in hadron-hadron collisions, both in the Standard
Model and beyond.
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