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1. Introduction

Processes involving the top quark and the Higgs boson are of particular interest for the search
of new physics, because they provide direct access to the Yukawa coupling. The associated single
top and Higgs production provides a very important test for the Standard Model: although its
production rate is smaller at the LHC than the one for 𝑡𝑡𝐻 [1], it provides information not only on
the magnitude of the Yukawa coupling, but also on its relative sign to the coupling of the Higgs
boson to a 𝑊 boson. Since it is measured by experiments together with 𝑡𝑡𝐻, accurate theoretical
predictions need to be obtained with the same accuracy as the latter [2, 3].

Fixed order calculations at next-to-leading-order (NLO) QCD for single top and Higgs produc-
tion have been available for some time [4] and, recently, NLO QCD+EW results have been obtained
for all combined channels [5]. While NNLO results for such a process are technically out of reach,
already some results for approximate NNLO (aNNLO) in the 𝑡-channel have been reported [6, 7].
They account for contributions coming from soft gluon emission at NNLO. Such emission will lead
to logarithmic terms of the form 𝛼𝑛

𝑠 [log𝑚(1 − 𝜌̂)/(1 − 𝜌̂)]+, 𝑚 ≤ 2𝑛 − 1, appearing in the cross
section at all orders in 𝛼𝑠. In the work reported here, we aim to include the effects of such gluon
emission at all orders in 𝛼𝑠 by performing soft gluon resummation at the net-to-leading logarithmic
(NLL) accuracy, supplemented by O(𝛼𝑠) non-logarithmic terms. In order to develop the necessary
techniques, we focus first on the calculations for the 𝑠-channel 𝑡𝐻 production.

In the following we present results for resummed cross section in the invariant mass threshold,
i.e. 𝜌̂ = 𝑄2/𝑠 → 1 with 𝑄2 = (𝑝𝑡 + 𝑝𝐻 + 𝑝 𝑗)2, for a three-particle invariant mass kinematic
configuration using the Mellin-space approach.

2. Resummation at invariant mass threshold

The partonic resummed cross section at next-to-leading-logarithmic (NLL) accuracy in Mellin
space can be written as [8, 9]:

˜̂𝜎 (NLL)
𝑖 𝑗

= Tr
[
H𝑖 𝑗→𝑡𝐻𝑘 S𝑖 𝑗→𝑡𝐻𝑘

]
Δ𝑖Δ 𝑗𝐽𝑘 , (1)

where H𝑖 𝑗→𝑡𝐻𝑘 accounts for the hard dynamics and S𝑖 𝑗→𝑡𝐻𝑘 contains soft-wide angle emission
contributions, both of them being matrices in colour space. The soft-collinear emission from the
incoming parton 𝑖 ( 𝑗) is gathered in the incoming jet function Δ𝑖 (Δ 𝑗), while the corresponding
soft-collinear emission from the outgoing jet 𝑘 is gathered in the outgoing jet function 𝐽𝑘 . The
evolution of the soft function is driven by the soft anomalous dimension matrix, which at NLL
accuracy is only needed at one loop 𝚪(1) . For simplicity, we work in the colour basis where 𝚪(1) is
diagonal,

𝚪(1)
𝑅,𝐼𝐽

= 𝜆
(1)
𝐼

𝛿𝐼 𝐽 ,

with 𝜆 (1)
𝐼
the eigenvalues of𝚪(1) and 𝑅 denoting such basis. The one-loop soft anomalous dimension

matrix has been analytically calculated using a suitable 𝑠-channel colour basis and cross checked
against published results [6]. At NLL, one can then write the soft part in this basis as

S𝑅,𝐼𝐽 = S̃𝑅,𝐼𝐽 exp
[
log(1 − 2𝜆)
2𝜋𝑏0

((
𝜆
(1)
𝐼

)∗
+ 𝜆

(1)
𝐽

)]
. (2)
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The hard and soft functions can be both expanded perturbatively in powers of 𝛼𝑠: H𝑅 = H(0)
𝑅

+
𝛼𝑠

𝜋
H(1)

𝑅
+ . . . and S̃𝑅 = S̃(0)

𝑅
+ 𝛼𝑠

𝜋
S̃(1)
𝑅

+ . . . . To perform resummation at NLL accuracy, only the
lowest order terms are needed. The accuracy of the predictions can be improved beyond NLL by
including non-logarithmic contributions at O(𝛼𝑠), i.e. H(1) and S̃(1) . Considering the combination
of H𝑅 and S̃𝑅 only up to O (𝛼𝑠) - referred to as the C(1)

𝑅
coefficient - the product of hard and soft

matrices can be written as

H𝑅 S̃𝑅 = H(0)
𝑅

S̃(0)
𝑅

(
1 + 𝛼s

𝜋
C(1)

𝑅

)
. (3)

Taking into account such contributions leads to a cross section at the accuracy which we refer
to as “NLLwC”. The C(1)

𝑅
coefficient gathers, among others, contributions from one-loop virtual

corrections and hard-collinear contributions from the incoming and outgoing quark jets. With such
a contribution, the differential partonic cross section at the NLLwC accuracy can be expressed as

𝑑 ˜̂𝜎 (NLLwC)
𝑖 𝑗

𝑑𝑄2
(𝑁,𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R) = (4)

(H𝑅,𝐼𝐽 S̃𝑅,𝐽𝐼 ) (𝑄2, {𝑚2}, 𝜇2F, 𝜇
2
R, 𝛿)

× Δ𝑖 (𝑁 + 1, 𝑄2, 𝜇2F, 𝜇
2
R)Δ 𝑗 (𝑁 + 1, 𝑄2, 𝜇2F, 𝜇

2
R)

× 𝐽𝑘 (𝑁 + 1, 𝛿, 𝑄2, 𝜇2R) exp
[
log(1 − 2𝜆)
2𝜋𝑏0

((
𝜆
(1)
𝐽

)∗
+ 𝜆

(1)
𝐼

)]
.

We treat the final state 𝑏-quark as massless, and define a final state jet with jet radius 𝑅 in the
small cone approximation. We also consider two different cases concerning the treatment of the jet
mass, either treating it as massless (𝑝2

𝑗
= 0) or allowing it to be massive (𝑝2

𝑗
≠ 0) [9]. The exact

results for the H(0)
𝑅
, S̃(0)

𝑅
, C(1)

𝑅
, as well as the incoming and outgoing jet functions can be found in

[10].
The resummation-improved cross sections NLO+NLLwC are then obtained through the match-

ing procedure, i.e. the combination of fixed-order calculations and resummed results,

𝑑𝜎
(NLO+NLLwC)
ℎ1ℎ2

𝑑𝑄2
(𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R) =

𝑑𝜎
(NLO)
ℎ1ℎ2

𝑑𝑄2
(𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R) (5)

+
𝑑𝜎

(res−exp)
ℎ1ℎ2

𝑑𝑄2
(𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R)

with

𝑑𝜎
(res−exp)
ℎ1ℎ2

𝑑𝑄2
(𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R)=

∑︁
𝑖, 𝑗={𝑞,𝑞̄′ }

∫
C

𝑑𝑁

2𝜋𝑖
𝜌−𝑁 𝑓

(𝑁+1)
𝑖/ℎ1 (𝜇2F) 𝑓

(𝑁+1)
𝑗/ℎ2 (𝜇2F)

×

𝑑 ˜̂𝜎 (NLLwC)

𝑞𝑞̄′

𝑑𝑄2
(𝑁,𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R) −

𝑑 ˜̂𝜎 (NLLwC)
𝑞𝑞̄′

𝑑𝑄2
(𝑁,𝑄2, {𝑚2}, 𝜇2F, 𝜇

2
R) | (NLO)

 , (6)

where the last term in the brackets corresponds to the expansion of the resummed cross section
truncated at NLO. This subtraction is needed to avoid double counting in the matching procedure.
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3. Numerical results

We next present the numerical results for soft gluon resummation at NLO+NLLwC accuracy
for the 𝑠-channel of the associated single top and Higgs production at

√
𝑆 = 13 TeV, which were

obtained using 𝑚𝑡 = 173 GeV, 𝑚𝐻 = 125 GeV and PDF4LHC15 PDF sets [11–16]. NLO cross
sections and the one-loop virtual corrections - needed to implement the C(1) coefficient - have been
numerically obtained from aMC@NLO code [17]. The results have been computed taking the the
renormalization and factorization scales equal, i.e. 𝜇𝑅 = 𝜇𝐹 = 𝜇.

In Figure 1 we present invariant mass differential distributions for both jet treatments, showing
the NLO with the quark-gluon channel subtracted and the expanded resummed result NLLwC|NLO.
One can see that in general the results are close to each other, although for most of the range of the
spectra there is a slight overestimation by the NLLwC|NLO result. Our calculations also show the
importance of the power-subleading terms in 𝑁 , partly contributing to the numerical differences
beyond O(𝛼𝑠) for the two different jet treatments [10].
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Figure 1: Differential distributions in 𝑄 for massive (left plot) and massless (right plot) jets for 𝑅 = 0.6:
(top) absolute values of the NLO(no qg), NLLwC|NLO distributions and (bottom) ratios of NLLwC|NLO
and NLO(no qg) results to the LO predictions.

In Figure 2 we show the scale dependence of the total cross sections calculated with different
theoretical precision. From the big jump between LO and the rest of the results, one can notice the
importance of including higher order contributions, with NLO above 35% of the LO result for all
the range of 𝜇 considered. In line with the results shown in Figure 1, the overestimation is carried
over to the integrated results. The resummed results expanded up to NLO for the two different jet
treatments are in a very good agreement.

In Figure 3 we consider NLO+NLLwC and NLO total cross sections for several central scale
choices 𝜇 = 𝜇0. Additionally, we also study the dependence of the results on the scale 𝜇. One
can see that in comparison with the fixed order NLO predictions, the scale dependence is reduced
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Figure 2: Scale dependence of the total 𝑝𝑝 → 𝐻𝑡 𝑗 cross section for 𝑅 = 0.6 at the LO, NLO (with and
without the 𝑞𝑔 channel) and NLLwC|NLO accuracy with massive (M) and massless (m) final state jet.

for the individual matched results. Furthermore, the NLO+NLLwC results calculated for different
𝜇0 values are less spread than the corresponding NLO results. The spread for matched results
stays smaller even after taking into account differences having their origins in how the outgoing
jet is treated. This demonstrates the importance of soft gluon emission effects for the theoretical
predictions for the single top and Higgs production at the LHC.
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Figure 3: Scale dependence of the total 𝑝𝑝 → 𝐻𝑡 𝑗 cross section for 𝑅 = 0.6 at the NLO and NLO+NLLwC
accuracy for massive (left plot) and massless (right plot) jet treatment. Results are shown for three different
central scale choices 𝜇0 = 𝑄 (solid lines), 𝜇0 = 𝐻𝑇/2 (dashed lines), and 𝜇0 = 𝐻𝑇/6 (dashed-dotted lines).
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