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ABSTRACT: We investigate top quark pair production near the threshold where the pair
invariant mass M,; approaches 2m;, which provides sensitive observables to extract the top
quark mass m;. Using the effective field theory methods, we derive a factorization and
resummation formula for kinematic distributions in the threshold limit up to the next-to-
leading power, which resums higher order Coulomb corrections to all orders in the strong
coupling constant. Our formula is similar to those in the literature but differs in several
important aspects. We apply our formula to the M,; distribution, as well as to the double
differential cross section with respect to M,; and the rapidity of the ¢f pair. We find that the
resummation effects significantly increase the cross sections near the threshold, and lead
to predictions better compatible with experimental data than the fixed-order ones. We
demonstrate that incorporating resummation effects in the top quark mass determination
can shift the extracted value of m; by as large as 1.4 GeV. The shift is much larger than
the estimated uncertainties in previous experimental studies, and leads to a value of the
top quark pole mass more consistent with the current world average.
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1 Introduction

The top quark is the heaviest elementary particle in the Standard Model (SM). Its large
mass plays important roles in many frontiers of particle physics. In the SM, the top quark
mass my comes exclusively from the O(1) Yukawa coupling between the top quark and the
Higgs field. Therefore, the top quark is believed to be crucial to understand the electroweak
symmetry breaking and properties of the Higgs sector. For example, the stability of the
electroweak vacuum is quite sensitive to the top quark mass. The same is true for the
fine-tuning of the Higgs boson mass and the indirect constraints on new physics beyond
the SM. Consequently, precise measurement of the top quark mass is a highly important
quest of the Large Hadron Collider (LHC) and future high energy colliders.



Traditionally, the top quark mass is measured by reconstructing the top quark from its
decay products, and fitting the resulting invariant mass distribution against that generated
by Monte Carlo (MC) event generators. Such a mass is often referred to as the “MC mass”.
Thanks to the large amount of data collected by the ATLAS and CMS detectors at the LHC,
the precision for the measured MC mass has been greatly improved in recent years. The
current world average for the MC mass is given by mM® = 172.9 + 0.4 GeV [1]. Despite the
high precision of the experimental result, it turns out to be difficult to relate the MC mass
to a well-defined mass parameter in the Lagrangian of the associated quantum field theory
with a certain renormalization scheme (see, e.g., refs. [2, 3]). The difficulties are mostly
related to the fact that top quarks (and their decay products) are strongly-interacting
particles who may radiate additional gluons and quarks which end up as hadrons in the
detectors. These effects are described approximately by parton shower algorithms and
hadronization models in MC event generators. Both the perturbative and non-perturbative
aspects of the generators need to be carefully studied in order to relate the MC mass to a
field-theoretic mass. There have been ongoing researches on these issues [4-7], but no final
quantitative conclusion has been reached.

Instead of measuring the MC mass from the decay products of the top quark, it is
possible to directly extract a Lagrangian mass by comparing experimental measurements
and theoretical predictions for certain observables (e.g., total or differential cross sections of
scattering processes involving the top quark). For that purpose, not only the experimental
measurements, but also the theoretical predictions for these observables have to achieve
rather high accuracies in order to extract a relatively precise value of the top quark mass.
Such theoretical predictions necessarily involve higher order perturbative corrections. In
their calculations ultraviolet (UV) divergences appear at intermediate steps and one has
to adopt a renormalization scheme to arrive at finite predictions. The definition of the
Lagrangian mass therefore depends on the renormalization scheme. In practice, one often
employs the on-shell scheme or the modified minimal subtraction (MS) scheme. In the
on-shell scheme, one defines the so-called “pole mass” of the top quark in perturbation
theory.! This is the most widely used mass scheme in perturbative calculations for top
quark related scattering processes, and we will only discuss this mass definition in the
current work. The current world average for the top quark pole mass, extracted from cross
section measurements, is given by m?de = 173.1 0.9 GeV [1]. The value of the extracted
pole mass is rather close to the MC mass, and their exact relationship is an important
question to be addressed [4-7].

Following the above discussions, it is clear that to extract the top quark mass, one
needs to use observables that are strongly dependent on m;, and in the same time can
be experimentally measured and theoretically calculated with high precisions. An often
used observable is the ¢t pair invariant-mass distribution and related multi-differential cross
sections in the top quark pair production process [15, 16]. It can be easily anticipated that
the kinematic region most sensitive to m; is where the pair invariant mass M,; is near

!Note however that due to the strongly-interacting nature of the top quark, it actually has no pole mass
non-perturbatively. A related issue is the renormalon ambiguity of the perturbatively-defined top quark
pole mass [8-14].



the 2m; threshold. Precision theoretical predictions for this observable, especially in the
threshold region, are therefore highly demanded to achieve the goal of extracting the top
quark mass. A closely related observable ps (and similar ones) in ¢ + jet production was
employed in [17-21], where ps is defined as

2m0
v/ Sttj

where myg is an arbitrarily chosen scale of the order of m;, and s,; is the invariant mass

Ps = ’ (1'1)

of the top quark, the anti-top quark and the additional jet. It was shown in [17] that
the region most sensitive to m; is where p; is near its maximal value. In that region, the
tt invariant mass M,; is pushed to the 2m; threshold. Consequently, understanding the
threshold behavior of M,; is crucial also when using the ps variable to extract the top
quark mass.

In this work, we will investigate the M;; distribution in top quark pair production,
especially its behavior in the threshold region. The tt + jet production process will be
studied in a forthcoming article. In perturbation theory, the differential cross section re-
ceives corrections from both strong and electroweak (EW) interactions. One can therefore
organize the theoretical result as a double series in the strong coupling constant ag and
the fine-structure constant . We will mainly be concerned with strong-interaction con-
tributions described by quantum chromodynamics (QCD). It is possible to incorporate
EW effects in the future in a similar way as in [22-24]. In QCD, the current benchmark
of fixed-order calculations is at the level of next-to-next-to-leading order (NNLO) [25-33].
Upon the NNLO result, all-order resummation of soft logarithms [34-36] combined with
resummation of small-mass logarithms [37-39] up to the NNLL’ accuracy can be added
which improves the theoretical precision, particularly in the high M;; (a.k.a. boosted)
region. This results in the state-of-the-art QCD prediction at NNLO+NNLL’ [40].

The high precision theoretical predictions are compared to the experimental measure-
ments by the ATLAS and CMS collaborations at the 13 TeV LHC in, e.g., refs. [41-45].
Overall excellent agreement between theory and data is found in almost all phase space
regions. However, there exists an interesting discrepancy in the threshold region of the
M,z distribution found in both the lepton+jets and di-lepton data of the CMS experi-
ment [41, 43]. To see that more clearly, we show in figure 1 the CMS result in the di-lepton
channel [41] for the averaged M,; distribution in the [300, 380] GeV range, where the green
band reflects the combined statistical and systematical uncertainty of the experimental
measurement. The central values of various theoretical predictions (NNLO from [31, 33],
NNLO+EW from [24], and NNLO+NNLL' from [40]) are shown in comparison. It can be
seen that there exists a clear gap between the experimental and theoretical results. While
this is just a small discrepancy in a vast collection of observables which is normally not
very important, the threshold region of the M,; distribution is somewhat special since it is
strongly sensitive to the top quark mass. This can be easily observed from figure 1, where
we have shown theoretical predictions using two values of m;: 172.5 GeV (blue points) and
173.3 GeV (red points). Therefore, this small discrepancy has profound implications on
the top quark mass measurement. As a matter of fact, such a measurement using the data
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Figure 1. The averaged M;; distribution in the range [300, 380] GeV. The CMS result in the di-
lepton channel [41] is shown as the green band. The central-values of various theoretical predictions
are shown in comparison.

of [41] has already been performed in [16]. It is found that the extracted top quark pole mass
is around 171 GeV (with an uncertainty of about 0.7 GeV), which is significantly smaller
than the current world average meIe = 173.1£0.9 GeV and m}M® = 172.94 0.4 GeV.
The main driving force towards the lower value is exactly the mismatch between theory
and data in the threshold region M;; ~ 2m;. Note that ref. [16] has only used an inte-
grated luminosity of 35.9 fb~! compared to the full LHC Run 2 dataset of 150 fb=!. The
Run 3 of the LHC will further collect much more data in the near future. With the large
amount of tt events, future extractions of the top quark mass will have much smaller ex-
perimental uncertainties. One should therefore take this discrepancy seriously if it persists
in the future.

It is known that in the threshold region M;; ~ 2my, there is a class of higher-order con-
tributions not included in the current state-of-the-art QCD predictions of refs. [31, 38, 40].
They are of the form o /8™ where 8 = /1 — 4m? /M, 1:2{ is the speed of the top quark in the
tt rest frame. In the threshold region where the top and anti-top quarks are slowly moving
with respect to each other, one has § ~ 0, and the ol /8™ contributions are enhanced.
These corrections arise from exchanges of Coulomb-like gluons, and can be systematically
resummed to all orders in a, [46-50]. A physical effect of this resummation is that the
value of M,z can be lower than the 2m,; threshold, due to bound-state effects caused by the
virtual gluon exchanges. In ref. [16], the authors use the result of [50] to estimate that these
higher-order corrections will lead to a shift of +0.7 GeV to the extracted m;, which is of the
similar size of the total experimental uncertainty. However, there are a few concerns which
may invalidate the direct application of the result of [50]. First of all, ref. [50] only gives
numeric results for Mz > 335 GeV which does not fully cover the range M;; > 300 GeV



used in the experimental analysis. While the contributions below 335 GeV may not be very
important, it is best to be clarified quantitatively.? Secondly, the prediction of ref. [50] (as
well as the first bin of the experimental data) extends to M;; = 380 GeV, where § ~ 0.4
is not so small. One should therefore carefully treat the subleading-power contributions
in B in order not to introduce unrealistic corrections into the theoretical prediction. Last
but not least, on top of the small-3 threshold limit, ref. [50] also considers the “soft” limit
z=M EE/ § — 1, where V/§ is the center-of-mass energy of initial-state partons in the hard
scattering.® Given the high energy (13 TeV) of the LHC compared to 2m; ~ 345 GeV, it
is necessary to assess the validity of the z-soft limit in the current context.

The goal of this paper is two-fold. Firstly, we reexamine the three points raised above.
Our main findings can be summarized as following: 1) The contribution from the region
M7 € [300,335] GeV is about 4% of the integrated cross section in the bin [300,380] GeV,
which is non-negligible for current and future high precision measurements;* 2) It is nec-
essary to modify the resummation formula to take into account the subleading power cor-
rections such that the formula is valid up to M;; ~ 380 GeV; 3) The soft limit z — 1 does
not provide a reasonable approximation for the kinematic region of interest, therefore soft
resummation should either not be performed, or be applied very carefully. The second goal
of this paper is to combine the Coulomb resummation with the NNLO results of [31, 33], to
achieve the best prediction in the threshold region, and to extend the prediction to higher
M;; values. For that purpose, we need to modify the factorization formula of [47, 48, 50]
to deal with the dynamic renormalization and factorization scales used in the NNLO cal-
culation. We also need to calculate a new hard function with kinematic dependence which
is an essential ingredient in our factorization formula. Note that some of the results in this
work have already been presented in [57]. This paper aims at a more thorough analysis
with more technique details and more phenomenological results and discussions.

This paper is organized as follows. In section 2 we discuss the fixed-order QCD cor-
rections for the M,; distribution and derive the factorization and resummation formula
relevant in the threshold region. In section 3 we calculate the hard function which is an
essential ingredient in the factorization formula. We then use these analytic results to
perform numeric calculations and present the phenomenological results in section 4. We
summarize in section 5 and give additional details in the appendices.

2Note that the shape of the distribution below 2m; threshold strongly depends on the decay width I';
of the top quark.

3Later we will also study the behaviors of soft gluons in the 8 — 0 limit. To avoid confusion, we will refer
to the z — 1 soft limit as the z-soft limit, and refer to the  — 0 soft limit as the g-soft limit, respectively.

“However, we note that one should take this result with a grain of salt, since in this deeply-bounded
region the on-shell top quark approximation is no longer valid. It is therefore necessary to properly define
the variable Mz in terms of the decay products, consistently in both experimental and theoretical analyzes.
This requires the incorporation of electroweak effects into the framework [51-56].



2 Fixed-order results and factorization

2.1 Fixed-order results
In this work we consider the hadronic process
hi(Pr) + ha(P2) — t(pt) + t(pg) + X, (2.1)

where hq and ho are two incoming hadrons, while X} denotes all final-state particles except
the top quark and the anti-top quark. We are mainly interested in the invariant mass of
the ¢t pair, which is defined as

2 2
Mz = (pe+pe)”- (2.2)
In QCD factorization [58], the invariant-mass distribution can be written as a convolution
of partonic differential cross sections and non-perturbative parton luminosity functions:

d 6
i =X [ 5T [ a0 G et 23

where i,j € {q,q,g} denote partons within the colliding hadrons; z = MEE/§, T = MtQt—/s,

with /s and V/§ being the hadronic and partonic center-of-mass energies, respectively;
and gy is the factorization scale. The symbol © denotes a collection of extra kinematic
variables (other than m; and M;z) upon which py may depend. The functions ffi;(y, ptf)
are the parton luminosity functions defined by

La
Y

where f; /), is the parton distribution function (PDF) of the parton i in the hadron h. They
are non-perturbative objects which can be extracted from experimental data, and can be
obtained using, e.g., the program package LHAPDF [59].

The partonic differential cross sections can be calculated in perturbation theory. In
this work, we are concerned with QCD corrections to this quantity. At the leading order
(LO) in the strong coupling constant g, only the ¢g and gg channels give non-vanishing

contributions
645 2mBa(pr) CpCa
thgdchos 0, M3 o Cazs(cos0y) (1 —2),
7
d2&g(12) 2B (u,) [Cr (C% —4)Cr
- 3 |32 i 1- 2.
dM,; d cos 0, M3 2 Cgg,1(cosOy) + ” Cag8(cos )| 0(1—2), (2.5)

where p,- is the renormalization scale, 6; is the scattering angle of the top quark in the tt
rest frame (which coincides with the partonic center-of-mass frame at LO). The coefficient
functions c¢;j o, with o = 1, 8 labelling the color configuration of the ¢ system, are given by

1
Ccqg8(cosby) = 1 [2 - B%(1 = cos®6;)],

1
Cgg.1(c0301) = 201 — B2 cos? 6,)2 [4 —2(1—p*? —28*(1 — B%cos® O;) — (1 + B*cos® 6;)*
16 9
Cgq.8(COs0;) = 2¢gg.1(cos by) [5 - E(S — B%cos®6y)| , (2.6)



with

Am?
=\1= 37 (2.7)
M
Plugging eq. (2.5) into eq. (2.3), we obtain the LO hadronic differential cross sections
(0) 1 9
dogq 2rBag () CrCa
49 _ d 0 s \Mr ~ P )
dMz /_1 cos by sMy; 9 Cqq,8 (COS t) ﬁqq (7—7 ,LLf) )
0) 1 2 9
do 2nBag(pur) [Cr (C2 — 4)Cp
d]\ji{ = /_1 d cos 9,5 STt{ 372 ng,l(COS Qt) + AT cggyg(COS 69,5) ﬁgg(7-7 qu) .

(2.8)

At the next-to-leading order (NLO) and the next-to-next-to-leading order (NNLO) in
QCD, there are no analytic formulas for the partonic differential cross sections, and one
relies on numeric methods to perform the phase-space integrals as well as loop integrals
(at NNLO). The NLO results were calculated in [60-62], and can be obtained using the
program package MCFM [63]. The NNLO results were calculated in [25-33], and we obtain
the invariant-mass distribution from [31, 33, 64, 65].

Besides the above fixed-order QCD calculations, there are also results implementing
all-order resummation of certain classes of large logarithms [34-39] as well as electroweak
corrections [22, 23, 66-81]. We however do not incorporate them into our final predictions
in the current work. This can be done in the future straightforwardly using combination
methods similar as [24].

2.2 Factorization near threshold

In the threshold region M,; ~ 2my, higher order QCD corrections are enhanced by contribu-
tions of the form (as/B)" as well as o In 3, which arise from exchanges of Coulomb-type
gluons and soft gluons between the top and anti-top quarks. Using the method of regions,
we identify the following relevant momentum regions in the ¢¢ rest frame:

hard: k" ~ Mz,
potential: k° ~ M,z3?, k ~ M8,
soft: Kkt ~ Myf,
ultrasoft: k" ~ M52,
collinear: kH = (7; - k,n; -k, k1) ~ Mg(1, 5%, 3). (2.9)

Note that later we will also consider the ultrasoft region in the z — 1 limit, i.e., the z-soft

limit introduced in footnote 3 on page 5. That should not be confused with the [S-soft
m

limit here. In the last equation above, the light-like 4-vector n; is along the momentum

of each massless energetic parton in the initial and final states. The light-like 4-vectors n/'
satisfy n; -n; = 2. Later we will show that the collinear modes are irrelevant at the order
considered in this work. We nevertheless list them here for completeness.

The momentum modes in eq. (2.9) can be described in the language of effective field
theories (EFTs). The relevant EFT is potential non-relativistic QCD (pNRQCD) [82—

85], possibly supplemented by soft-collinear effective theory (SCET) [86-90]. The EFT



of pNRQCD describes interactions among potential, soft and ultrasoft fields, while SCET
describes interactions among ultrasoft and collinear fields. Both theories admit a power
expansion in the small parameter 5 < 1. In this work, we will consider the power expansion
up to the next-to-leading power (NLP). In order to resum the (as/3)™ terms up to all orders
in as, pPNRQCD adopts an additional power counting as ~ 3, such that all (as/3)" terms
are O(1) and are incorporated already at the leading power (LP).

We begin with the partonic differential cross section with respect to M tQ{

64
dM2

1 d' Py
= 5 3 [ Tt 6P~ 23 (2m) 6V o1 + 2= Py = Px)
X

4 4,
R R

X [M(i+j — tF+ X)|?, (2.10)

where the summation over final-state polarization and color indices and the average over
initial-state ones are understood. In the ¢t rest frame, the momenta of the top and anti-top
quarks are given by

M- H M.- 1
po b L e T (2.11)

2 9 P T 9

p

where v# = (1,0,0,0) and the relative momentum ¢* behaves as the potential mode in
eq. (2.9). The extra radiations X are generically counted as the hard mode in our setup,
since we count 1 —z=1—M E{/ § as an O(1) quantity. In other words, we do not consider
the limit z — 1 besides the threshold limit § — 0. The reason will be clear later.

In the 8 — 0 limit, the scattering amplitude in eq. (2.10) can be described in pNRQCD

up to the NLP as
M(i+j = tt+ X) = Cil ¢ (p1,p2, Py Px) (tayTao|907X[0) (2.12)

where the fields 1 and x are heavy quark fields in pNRQCD describing the top and anti-
top quarks, respectively; and C’Zl?f are Wilson coefficients which encode fluctuations at the
hard scale M. They receive contributions from both virtual exchanges and real emissions
of hard gluons. They depend on total momentum of the t¢ pair as well as the momenta of
other external particles. They also depend on the color indices of the external particles, in
particular, the color indices a1 and as of the top and anti-top quarks, which are contracted
with the corresponding indices of the operator matrix elements in eq. (2.12). The squared
amplitude in eq. (2.10) can then be expressed as

S - 2 1
|M(Z +7—= tt+X)| = ﬁcfjtgg(plvp2aptfa PX) Ogj?:;l(‘ﬁ(plap%Ptfa PX)
v

X <O’XT¢’ta3£a4> <ta1£a2wTX‘0> ) (2.13)

where the summation over polarization and color indices are understood, and the 1/Nj;
factor takes into account the average over initial states.



The contraction of color indices in eq. (2.13) can be simplified by inserting a complete
set of orthonormal color projectors P{O;} given by

1
P! = 30aa2dazas P3 =27¢  T¢ (2.14)

aiazazaq aila2azaq aijaz—"a4az’?

where a = 1, 8 denote the singlet and octet color configurations of the tf pair. We can now
define the hard functions as

2M2 AP,
Hijo(z, My, Qu, Y i pi) = 5o 3@22/ i 2 M2)§(P2 -~ Q%)

x6(Y;;=Y) (27T)45(4) (p1+p2—Piz—Px)

1 )
X Nip{ozz} C?jl,g(?(plap27ptf7PX)ngf)agd(phpQuPtt_)PX)7 (215)
ij

where Q7 and Y are the transverse momentum and the rapidity of the ¢ pair in the
initial-state center-of-mass frame, respectively. The reason for keeping their dependence
in the hard functions will be clear later. The hard functions can be calculated in per-
turbation theory, where both ultraviolet (UV) and infrared (IR) divergences appear. The
UV divergences are removed via renormalization. Part of the IR divergences cancels when
adding virtual and real contributions, while the remaining collinear divergences are ab-
sorbed into the PDFs. After these procedures, the hard functions develop dependencies on
the renormalization scale i, and the factorization scale py.

Plugging eqs. (2.13) and (2.15) into eq. (2.10), we find that the remaining integrals are
over p; and pj, or equivalently, over the potential-scaling relative momentum ¢* as given in
eq. (2.11). We can then define a potential function describing fluctuations of the potential,
soft and ultrasoft modes as

N d4pt d4p_
JU(E) = MEE/W(QTF)Z (2m)6(p} —m7) (2m)6(pF — m7) (2m)*6 (P — pr — pp)

X PLy (O ltagtay) (taytasl90TX[0) (2.16)
where E = M,;; — 2my represents the residue kinetic energy of the top and anti-top quarks

in the ¢t rest frame. The partonic differential cross section can then be written in the
factorized form up to the NLP:

dog;  16m2a2(pr) | Mg+ 2my
)
tht_ d@ Mt5t 2Mtt Z CZJ « COS t

X Hijo(z, My, Qr, Y, pir, Mf) J*(E)+0(8%), (2.17)

where the coefficient functions ¢;;, are included such that the leading order expansion of
the factorization formula coincides with the exact results in eq. (2.5). They are given in
eq. (2.6) for (ij,«) = (¢q,8), (99,1), (99, 8), and we choose ¢;; o = 1 for all other cases. The
kinematic variables contained in © include Q%, Y, as well as 6; and ¢; being the scattering
angle and the azimuthal angle of the top quark in the ¢t rest frame.



The formula (2.17) holds for rather generic choices of p, and jy. Near the threshold
Mz ~ 2my, it is reasonable to associate the scales to either m; or M,;. On the other
hand, we have in mind that our results can be extended to a much larger range of M,z
through a combination with fixed-order calculations [25-33] and with soft-gluon resumma-
tion calculations [36-39]. We will therefore also consider the scale choices adopted by those
calculations, where the scales are correlated with the variable

Hr = \Jpk, +m? + /o2 +mi, (2.18)

where pr; and pr; are the transverse momenta of the top and anti-top quarks in the initial-
state center-of-mass frame. The variable Hp is a (complicated) function of Mz, 0;, ¢¢, Qr
and Y. This is essentially the reason why we need to keep these variables unintegrated in
eq. (2.17), as collected in the symbol O.

2.3 Absence of additional structures up to NLP

At this point, it is worthwhile to briefly discuss the derivation of the factorization for-
mula (2.12). Such a factorization is straightforward if one could count all parton ex-
changes and radiations (except those within the t¢ system) as hard. In this case the only
EFT required to describe the process is pNRQCD, and hence the standard matching for-
mula (2.12). On the other hand, IR divergences appearing at higher orders in perturbation
theory may spoil this simple assumption. If that happens, one will need to utilize other
EFTs such as the SCET to describe, e.g., the collinear modes, and introduce new structures
into the factorization formula. In the following, we will show that such new structures are
not required at LP and NLP.

Besides the dynamics described by pNRQCD, the remaining IR divergences arise from
soft and/or collinear interactions. The strategy we are going to take is then to use SCET
(combined with pNRQCD) to analyze the behavior of the differential cross section in those
limits. At LP in f, the interactions of ultrasoft gluons with initial-state and final-state
partons are both governed by the eikonal approximation. The interactions among collinear
fields are the same as in the full QCD. The cancellation of soft divergences and final-state
collinear divergences therefore follows similarly as the KLN theorem [91, 92]. The remaining
initial-state collinear divergences can be absorbed into the PDF's through factorization [58].
Note that the above discussions apply to arbitrary orders in o at LP in 8. We will explicitly
demonstrate these cancellations through the calculation of the NLO hard functions in the
next section.

Using the EFT language, the ultrasoft and collinear interactions are described by the
LP Lagrangians of SCET and pNRQCD, written as

= (. . 1 . ﬁ 1
[’gCET(x) = E{Z} fn (ZTL - D, + gsh - Ays + Zmnlmlwru_> ggn - 5 Tr F#VF;ZLV
ne{n;
1
— 5 Tr F#:F;ﬁ , (2.19)

~10 -
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th
- / YT (a7 +7) (52) XITox (2, 7). (2.20)

where n# takes each of the light-like 4-vectors n}’ along initial-state and final-state massless
energetic partons; &, is the collinear quark field along the n direction; ¥ and x are Pauli
spinor fields annihilating the top quark and creating the anti-top quark, respectively; A,
(in the covariant derivative D,,) and A,s represent the collinear and ultrasoft gluon fields,
with F# (';S) their field strength tensors. The ultrasoft eikonal interactions are manifest in
the n - Ay terms in the above Lagrangians. One can perform the field redefinitions [88, 93]

Y(x) = Sy(x)o(x), x(x) = Su(2)x(z), (2.21)

such that these interactions do not appear explicitly in the LP Lagrangians, where S, (x)
and Si(z) are ultrasoft Wilson lines in the fundamental representation along the directions
implied by the subscripts, while Sj(x) are ultrasoft Wilson lines in the adjoint represen-
tation. These interactions reappear in the effective operators describing the tt produc-
tion process.

The partonic differential cross sections can then be decomposed into a hard sector
(containing Wilson coefficients from matching the full QCD to the EFT), a potential sector
(containing top and anti-top quarks as well as potential and soft modes), an ultrasoft
sector (containing the ultrasoft Wilson lines), and several collinear sectors (containing the
collinear fields along each of the incoming and outgoing energetic partons). Within each
sector, one needs to perform the well-known multipole expansion [89, 90] to have a uniform
power counting in 5. However, the only physical scale which may enter the ultrasoft sector
and the collinear sectors is given by the residue momentum p; + p2 — P;z, which is counted
as hard in our approach. As a result, the loop and phase-space integrals in the ultrasoft
sector and the collinear sectors become scaleless and vanish in dimensional regularization.
This effectively means that we do not need to consider them at LP in 3 to start with, and
hence the differential cross sections are factorized as in eq. (2.17).

At NLP in 8, we need to consider the subleading Lagrangians of pNRQCD and SCET,
as well as the subleading effective operators relevant for the process. The NLP pNRQCD
Lagrangians are given by [84, 85, 94]

E%&RQCD@) = _@N(x) gs T+ EuS(x07 0) ¥(x) — T( )9s T EUS<m07 6) x(), (2.22)
'C;l)If\IRQCD(:B) / I/JTT‘”ﬂ( 4O;W [al + 289 ln e”Em‘)} fpa (x x) (2.23)

where Efls = F0 are the chromoelectric components of the ultrasoft field strength tensor.
The coefficient a; was calculated in [95, 96] and is given by a; = 31C4/9 — 10N;/9 with
N light quark flavors. The one-loop coefficient By of the QCD S-function is Sy = (11Cy —
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4TrN;)/3. The NLP SCET Lagrangians are [86-90]

a ¢ v us ﬁ —
E%CET =&, (:v‘j_n ngsFWW,I) 545” + (n << n), (2.24)
Lo =T {n“F[}l,an [x AP FS, W (iDY, W )] W, } Tr {n#FMW APE WT}
+(nen), (2.25)
‘CéCCET = gnilan_WnQus +h.c. + (n Awd ﬁ) s (2.26)

where W, is the collinear Wilson line and ¢ is the ultrasoft quark field. It can be shown
that single insertions of EII)“NRQCD give rise to vanishing results due to angular momentum
conservation [93, 97, 98], while £i¢ 1 does not contribute due to baryon number conser-
vation. The terms in E;%RQCD involve subleading potentials between the top and anti-top
quarks. These contributions can be incorporated by upgrading the potential function J*(E)
to the NLO, which we will discuss in the next subsection.

Besides the NLP Lagrangians which describe the low-energy interactions in the EFTs,
we also need to consider the NLP effective operators describing the hard scattering pro-
cesses. These are constructed out of gauge-invariant building blocks of pNRQCD and
SCET fields, with the overall power counting of order ' (the LP operators are of order
B%). This extra power of 3 comes either from the collinear fields or from the fields in the
potential sector. Note that the ultrasoft mode scales as 52 and therefore cannot provide a
single power of 3. The new operators from the potential sector may lead to new potential
functions in addition to the LP one in eq. (2.16). For example, there could be contributions
from matrix elements of the form

O W |tastas) (tartas 11 9X0) . (2.27)

However, such terms have an odd parity and always lead to a vanishing result when inte-
grating over the phase space as in eq. (2.16). For the NLP operators in the collinear sector,
and for the single insertions of Eé%’gfr, the situation is quite similar. Only the transverse
component of a collinear momentum or a collinear gluon field can give rise to an order
B! contribution. In the NLP collinear functions (beam or jet functions), one therefore

generically encounters integrals similar as
[ a3 Gl @) X) (X0 o o (2.28)
X

where =, represents gauge-invariant building blocks of collinear fields, and 9 might be
replaced by :1:’1 or A’j_. Note that at NLP, such dependence on the transverse component
can only appear once. This kind of contributions either vanish trivially, or vanish after
phase-space integration. We therefore conclude that the factorization formula (2.17) is
not modified by NLP contributions, except that the potential function J(E) should be
calculated up to order S.
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2.4 The perturbative ingredients and resummation at NLP

The hard functions H;;, can be expanded in powers of the strong coupling a:

0, as(ur) 0
Hij o2, Myg, Qr, Y, i, pug) = Hfjfx iTT)Hfj)aJr (2.29)

Due to soft and collinear divergences, H;j, are singular (in terms of distributions) in both
the limits z — 1 and Q7 — 0. We work in dimensional regularization with the spacetime
dimension d = 4 — 2¢. The LO hard functions are simply given by

0

Héf;)g = hygsd(1 —2)8(Q5)8(v) = AL 50503 a0r)
H(O)1 =hgg16(1—2)3(Q%)6(Y) = w(s(l —2)5(Q%) 8(Y), (2.30)
HO = g 5(1 — 2) 5(Q%) 6(Y) = % 6:()1(ji(:)_ 29 501 - 2)8(Q%) 8(Y).

where we have kept the dependence on € which is needed for renormalization. The NLO
hard functions are much more complicated, and serve as one of the major new ingredients
of this work. We will discuss their calculation in the next section.

We now turn to the potential function J*(E), which can be related to the imaginary
part of the pNRQCD Green function G*(7,7; E) of the ¢t pair at origin [93]:

J*(E) =2ImG*(0,0; E) . (2.31)
Up to the NLP, the potential function can be written as
JYE) = JS(E) + JME) = 2Im G§(0,0; E) + 2Im G$(0,0; E) . (2.32)

The Green function can be obtained by solving a differential equation [84, 85, 99, 100]. It
depends on an additional (hard) scale other than E, which is usually chosen as my. It is
equally well to write the Green function in terms of M;; and E, which corresponds to a
reorganization of the power expansion in 3. Since M;; = 2my(1 + O(5?)), at NLP it is
sufficient to simply replace m; — M;;/2. We can then write the Green function as

= M2 —2F  as(ug)Dqy
GS(0,0:E) = 16’;{— ot [—QLJ—I—Z@ZJ()\)—I—QVE—l}},
S M2Dy02 ,
610.5:5) = -0 0y 14 (=00 ) 00 ] (2.39)

+ Bo [L?I+2LJ((1 = NP (A) = (N) —yE) +44F3(1,1,1,1;2,2,A51)
7T2
+ (=N (A) =21 =N (¥ (N) +7E) ¢ (A) — 3 =3¢ (N)+ (v(\) +’YE)2] } :

Here a; = 31C4/9 — 10N;/9, Dy = —CF, Dg = 1/(2N.), and

1 2MyuE as(p.g)Da
LJ:_m(_ 1 > A=14 Bl (2.34)
2 15 2\/—2E /M
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From the form of the logarithm, it appears that the natural choice of the potential scale .z
is \/2M;E. However, as E approaches zero, this scale enters the non-perturbative regime.
We therefore follow the prescription in [93, 98] to set a lower bound p$™ for the potential
scale It is set to be the solution to the equation u5" = Crmyas(p*), with a numeric value
Gt ~ 32 GeV. Finally, when E is small, the top quark width effect becomes important.
To deal with that we replace £ — E + iI'y, where I'; =~ 1.4 GeV.
Combining the hard functions and the potential functions and convoluting with the
parton luminosities, we define the NLP resummed hadronic differential cross section as

NLP / dz / deos Ht /271‘ d¢t /QT max /Ymax dy ]_67T ( ) Mtt+2mt
tht Yinax S Mt% 2Mtt

XY " cijalcosty) ffij (/2 mp) = szz (2, Myz,me, Qr, Y, iy pip ) +O(B%), - (2.35)

ij,0

with the NLP kernel

Qs My
KNP 2 Mg, Qe Y, e ig) = B (5 (B) + I () + 2L ph) o) (2.36)

In eq. (2.35), the integration domain of Q7 and Y is determined by

M (1 — M#(1
QT,max — ttQ(Z) s COSh( max) = tt( + Z) .
vz 272/ M2 + Q3.

It is evident that in the limit z — 1, where § — M2 pr

In practice, it is often useful to have the perturbative expansion of the NLP kernel for
E = Mgz—2m; > 0:

(2.37)

both @7 and Y must approach zero.

as(p
KSI&P(Z,MtEmuQTaKNme) A Z( s\Ur ) Z(Jngw (2.38)

where the coefficients for the first few orders are given by

(0) (0)
KZ] « Hij7a7
KZ(;L 27T2Da Mtt HZ(] 31+Hz(j 3)[ ,
K =4 Doy O) L on2p, 2 © _ 5
’Lja —5 ttHl]Oc+2 D, \/7[(50[/ _al)Hij,a_Hij,a] ’
3) _ 4x’D} Mtt .
VL 8 v

vonD, FMﬂLJT{[ﬂ1+2alﬁo+53(LJr—2Lr)} H{))\+ o) }
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8 M4 _ 2 /
== () wsasrtono ()

412 D% Mz
- WT <5 LJT{ [27T251 +67° Boar — 72385 +3m° B3 (L.yy — 2L7‘)] HZ(J L+2”250H }

M,
+7T2Da\/7LJr{ (251—253LJT) z(ylgl

+ 282+ 48101~ 48313, ~ 4801 L+ Bo Ly (6ﬁ§Lr—6ﬁoa1—ﬂl)}H$’L} (2.39)
where )
2ME
L=l == L, =, (2.40)
It It

We note that \/2E/M; = B+ O(B8%), and the above expansion makes the 1/43 corrections
explicit.

We still need to specify how to perform the integrations in eq. (2.35), and how to
compute the variable Hp in eq. (2.18). These are in general quite complicated, but are
simplified at NLP, where the extra radiation X satisfies P)Q( = 0. In this case the transverse
momenta of the top and anti-top quarks can be written as

1 . 2 . .
p%t =1 [(QT + MEE"" Q%ﬁsm@t cos ¢>t) + (Mtgﬁ sin 0, sin <;3t)2 ,

(2.41)

7t :
p——8

It is then straightforward to compute the variable H7 which enters the scales p, and piy.
The integrals in eq. (2.35) can now be performed numerically. The only subtlety is that
the NLP kernel KEI&P contains singular distributions involving z, Q7 and Y, which arise
from the NLO hard functions to be discussed in the next section.

2.5 Matching with fixed-order results

The resummed result of eq. (2.35) contains contributions enhanced by 1/5 or Inf to all
orders in a; at the NLP accuracy. It is possible to add back the S-power suppressed con-
tributions at NLO and NNLO to achieve a more precise prediction through a matching
procedure. This is straightforward given the fixed-order expansion eq. (2.38) of the resum-
mation formula. We define the n*LO differential cross sections (with k = 0,1,2,...) as

n*LO 1 1 2m Q% Yinax 2 2 _
do _ / % / d cos 9t / % / T, dQ% / dy 167 QS:E/LT) Mtt + 2mt
th[ r < -1 0 27 0 —Yimax S Mtf 2Mtf

1 M2 Qg by n
XY cijalcosbr) ffi(t/ 2 mp) = Mtt Z ( 3G ) K (2.42)

z
ij,0

Note that the n°LO cross section is exactly the same as the LO cross section (2.8) with our
choice of normalization in the resummation formula, while the n*LO cross sections provide
approximations to the exact N*LO results (with N!LO = NLO and N°LO = NNLO). The
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validity of these approximations is very important for applying the resummation, which we
will study numerically in section 4. At the moment, we just note that the difference
doNFLO  gm*LO

— 24

contains B-power suppressed contributions beyond NLP at N*¥LO, which are exactly what
we would like to incorporate through the matching procedure. The matching formula is
then simply given by

dU(N)NLOJrNLP doNLP da(n)nLO dJ(N)NLO

_ 9.44
M, AM; | dMy; | ddMy (2.44)

where nLO = n'LO and nnLO = n?LO as defined in eq. (2.42). The matched results at
NLO+NLP and NNLO+NLP precisions are then our main results in this paper, based on
which we will present our best predictions in section 4. Before going into that, we first
perform the calculation of the hard functions at NLO in the next section.

3 The hard functions at NLO

In this section, we discuss the calculation of the NLO hard functions, which were not
available in the literature. The hard functions receive contributions from both virtual gluon
exchanges and real emission subprocesses. We first consider one-loop virtual corrections
where no extra radiation is present. As a result they must be proportional to the tree-level
results in eq. (2.30). We generate the one-loop amplitudes using FeynArts [101], manipulate
them with FeynCalc [102-104], and reduce the relevant integrals to a set of master integrals
using Reduze2 [105]. The calculation of the master integrals is straightforward and we
collect the results in appendix A. Supplemented with the trivial one-body phase space
integral, the bare virtual contributions to the NLO hard functions can be written as

(1),V,bare 0
qq,1 -
(1),Vibare _ 77(0) 16 16Lp — 44+ 4N,  8L%, 44 4N,
qu’,S - qu’,S { T 3e2 3¢ T3 ENREN Ly
280 20N, 64In(2) 72
9 Tl 3.1
9 9 3 9 (3.1)
(1),V,bare _ 7(0) 12 12Ly o 44 1672
Hyg _Hgg,l(_eg_e_GLM_3+ 3 )
(1),Vibare _ 1,(0) 12 12Lp +6 9 8 2372
Hyg's _H9978<_62_€_6LM_6LM_3+ 6 /)’

where Lys = In(u?/M?2). Note that we have put in the numerical values of the color factors
Cr =4/3 and C4 = N, = 3 here and below for simplicity. The above results contain both
UV and IR divergences. The UV ones are removed by renormalization. We renormalize the
fields and the top quark mass in the on-shell scheme, and renormalize the strong coupling
in the MS scheme with the top quark integrated out and IN; = 5 active flavors. We collect
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the relevant renormalization constants in appendix A. After renormalization, we get the
UV-finite virtual contributions as follows:

1,V _
qu,l =0,
W)V .(0) 16 16Lp +42 8L3, 4N
qu’,8 - quﬁ[ 32 3¢ ) 8 — 3 Ly
184 20N, w2
—_— = In(2) + —
9 9 +8n()+9]’ (3:2)
1),V (0) 12 36Ly + 66 — 4N, o 44 1677
Hygi = Hygy ( T2 3¢ — 6Ly, 3 + 3 )
1),V 0) 12 36La + 84 — 4N, 5 8 2372
Hgg,S Hgg,8< T2 3¢ — 6Ly — 6Ly — 3 + 5 /-
We now turn to the real emission subprocesses
i(p1) +J(p2) = tt(P) + X (k). (33)

The sum over X in the definition eq. (2.15) of the hard function now involves integrating
over the momentum k. This leads to the two-body phase-space integral

0= [ e em)s () G om)o* (B - )
0 3
X §(Pf;—Q7)0 ( — %m ; ha ;) 2m)45 D (py + po — P — k). (3.4)

At NLO, the kinematic variables either do not appear in the Wilson coefficient in eq. (2.15),
or are fixed by the delta functions in eq. (3.4). Therefore the whole integral can be carried
out which leads to

&= U <u’2" )€1+Z§<cosh2(Y)—Mt2t(1+Z)2)

16701 —¢) \Q7/) MZ+Q% Az(MZ + Q%)
_ (4n) < 12 >€ 1+2z (Y = Ymax) + 6(Y + Yinax) (3.5)
167T(1 —¢) \ Q%) M2+ Q3 sinh(2Y7ax) ’ ’
where Yiax is a function of Q7 and z defined in eq. (2.37), satisfying
M(1 3 max 7
cosh(Yiax) = il +2) sinh(Yiax) = M (3.6)

2 2
Mtf + QT

2y/z\/ M2+ Q3

where again Q7 max is defined in eq. (2.37) as a function of z. Later we will often invoke
the value of Y.x at Qp = 0. It therefore deserves a separate symbol which we write as

1
Ymax,[) = Ymax(QT = 0) = _5 an, (37)
which satisfies
1-— 1 1 1-—
Sinh(Vinmeo) = ——2 1 cosh(Vimaeo) = —2 ) sinh(2¥imaro) = G =2 gy

2z 2z 22
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The Wilson coefficients in the definition (2.15) of the hard functions are divergent in the
limits 2z — 1 and Q7 — 0 which correspond to soft and collinear singularities. These
singularities are regularized in dimensional regularization by the factor of Q;% appearing
in eq. (3.5). In practice, it is useful to write

2\ € 2\ € QQmax 655 iy
(&T) :(ﬂ%) ( ng )42(1—2:) 2% (3.9)

One can then perform the expansion in € using

(1—z)126:—2166(1—2)+<1iz>+—26 Fnil__;)L+

1 oz \ 1 1 1 Q2
Q%(Q%,;X) :‘e‘w%”(cz%>*‘€<@%1“@%,;x>*+”" (310

where the plus-distributions and star-distributions satisfy

/01 dz [lnfl__)L fz) = /Odlnl(l__) [F(2) = ()],

Q% max 2 Q7 max dO2 2
/O d@%( Lo 91 ) F(Q3) = / O 9T @2y - f0)].

02 2 2 2
QT QT,max 0 QT QT,max

(3.11)

for some test functions f(z) and f(Q%).
It will be convenient to introduce the scattering angle 6 of the ¢t pair in the partonic
center-of-mass frame. It satisfies the relations

M1 —2) . 1. 1424 (1—2)cosb
=" "sinh. Y =2>1 . 3.12
Q@r 2y/z ST 2n1—|—z—(1—z)cost9 (3.12)
The inverse relation reads 14
z
y =cosf = 1 tanh(Y") . (3.13)
—z
Using the delta functions in eq. (3.5), it can be further expressed as
1
y=cosf == 1 t tanh(Yiax) - (3.14)
—z

It should be stressed that while there is a factor of 1 — 2z in the denominator above, the
value of y is well-defined in the limit z — 1. In fact, it is easy to see from eq. (3.8) that

y=cos L0 41, (3.15)

where the sign depends on the sign of Y = +Y},.x. We further introduce a few abbreviations
to shorten the expressions:

Y 1 5(Y B Ymax) + 5(Y + Ymax)
M2+ Q7 sinh(2Yjhax) ’
5§ax,0 = 5(Y - Ymax,(]) + 5(Y + YmaX,O) s
Mi(1+2)(1-2) [/ 1 1
_sY tt
o= M (LY (1Y
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The reason to include a factor of 1 — z in the last equation is that the combination of 6,
and (1/ QT)* will produce a singularity as z — 1 upon integration over Y and QT. This

can be easily seen from the integral

/Q%,max dQz [ @z \ ° 1 1 D(1—e)D(—¢) 517
0 Q% Q%,max QT max QT QT max 4T(1 = 2¢) | .

This singularity has to be cancelled by a corresponding factor of 1 — z in the numerator,
and we therefore include that factor explicitly here. This will help to identify the leading
singular terms in the z — 1 limit later.

The results of the hard functions will also involve the one-loop splitting functions

given by
1+ 22 3
PO(2) =20p | —=— + 251 —
8006 =20p [T 25+ ot -2,
1—=2 11 4
PO(2) = 4C i 1— 204 — STeN, )6(1 —
gg( ) A|:(12)++ 2 +Z( Z) + 3 A 3 F1iV] ( Z)7 (318)
PO (z) = 2Tp[2* + (1 - 2)?],
1+ (1—2)?
0 _
Péq)(z) = QCFf
We can now write the real emission contributions as
1), 2
T = = (12)22(142) B
1, |16 1/16 8 5 472 (0)
H = {36 - g Lu+14)+5 L%, +14LM+12+T Hy,

( +LM)ZP( )( ) qq86(QT)5maX0

16z 1-2 1 1—=2
o g2 () huesd@h) S

;—4[8(7+9y2)z—|—(1—|—y2)(19+13y2)(1— )2—5(1—y")(1- )} d(Qr,2),
2

_|_
(1)’3 1 1 4N; 9 4N; (0)

99,1

1
—<E+LM>ZPQ(2)( ) ggl(S(QT) max,0

+24z[<(1;z)2—22>1n;;+<1; ;\;) ] g1 8(Q7) Ginax.o

Z2 COS 4
288(1};2))/4) [9(1_y2)2(3+y2)2(1_2)6_16(1—y2)(61+492+7y4)(1—2)5

+8(529—343y° +107y* —5¢%) (1 — 2)* —32(281 - 14632 +9y*) (1— 2)?

+16(615—182y2—y4)(1—2)2—1152(5—y2)(1—z)+2304] d(Qr,2),
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1),R_ 12 N; 4N; (0)
Hgg,B —[62 (12LM+28—3 +6L 28—7 LM—|-12—|-7T Hgg78

1
— (6+LM>zP£](S)(Z) 99, 86(QT) 5max0

+242[<(1_zz)2z2>ln;_/§+<1iz ;\;) ] 99,8 0(Q7) nax.0

Z COS 4
1112405 (1—2) 43+

X [—15(3+y2)2(1—z)5+(713+46y2—39y4)(1—z)4—8(161—11y2)(1—z)3

+8(169—19y2)(1—z)2—720(1—2)—1—240} d(Qr,2),

(0) 2
2Pgq’ (2 1 z 2
qg, I: < LM+21112\/»+1> + 9 :| 6<QT) 5(Y+Ymax,0>
z(1-y)

1
3601+ 2) [ tanh () LT (1 )7 (1= 0)"] O M (1= Z)<QT>

n
[52Pg(1)<—1—LM+21112\/> > o2 } 5(Q%) (Y +Ymaxo0)
n

H
PO .
[W(‘?LMHI éf) ] 5(Q3)3(Y —Yinaxo)
1
+72(1+z)[1+tanh(y)]2 [2(1—.@) (1+y)(5+2y+y2)(1_z)4

—(1=9)(8—9y—63> —99>) (1 —2)> + (49429y+ 35y +15¢%) (1 — 2)?

—4(12+11y+9y2)(1—z)+52+12y} O e M2 (1~ z)(Q ) (3.19)
T

Combining the virtual contributions in eq. (3.2) and the real contributions in eq. (3.19),
the soft divergences cancel according to the KLN theorem. However, there are still collinear
divergences remaining. These divergences must be absorbed into the PDF's, which is equiv-
alent to adding the following counter-terms

12\
Hz(jllc - 5(@%) E (Z;) Z [5(Y - Ymax,O)P]g?) (Z) hik,a + 5(Y + YmaX,O)P].E?) (Z) hkj,a .
! k

(3.20)
Finally, we obtain the UV and IR finite NLO hard functions:

O _

Y
qq,1 — 27 (1+y ) (1+Z)5max7

292 20N, 52
Héé?s=<2ﬁoLM+9+81n<2>— Tty )H“’) —Ly2Pig)(2) hag s 0(QF) fmaxo

16z |1-=2 z 1 1-2
+3[2 —(1+2)In \f ( 1n2\/5>+] hag.s 0 (QF) Ginax,0
g BTz (1+7)(1941397) (1-2)° = 5(1-y") (1-2)° | d(Qr.2)

—90 —



44 1972
Hoy)y = (250LM—3+ 3 >Hg(g)1 Ly2Pyg) () hgg1 6(QF) a0

1—2)2 1— 11
+24z[<(zz)22)1n2\/§+<1_2 2\;) ] hgg1 6(QF) Oax0

Z2 COS 4
+288(1h+(;)/4) {9(1_y2)2(3+y2)2(1_z)6_ 16(1—y*) (61+4y* +7y")(1—-2)°

+8(529—343y° +107y* —5¢%) (1 — 2)* —32(281 - 14632 +9y*) (1 — 2)?

+16(615—182y2—y4)(1—2)2—1152(5—y2)(1—z)+2304] d(Qr,2),

28 2972
Hypy= <260LM+3+ - >H;g)8 2P (2) By 5 0(Q3) Yo

+24z[<u;z)2—z2>1n;;+<1iz ;\;) ] g9, 6(Q7) Bnaxc0

Z COS 4
M [( —y2)2(1—2)2—4(1—y2)(1—z)+4(3+y2)}

X [—15(3+y2)2(1—z)5+(713+46y2—39y4)(1—z)4—8(161—11y2)(1—z)3

+8(169—19y2)(1—2)2—720(1—2)—%240} d(Qr,z),

( Ly+2In f) ] 5(Q3)5(Y +Yinaxo)

z(1-y) 1
iy [+ (2P =) M (1) (QT)

qg, [
+
[ ng(q
qg 8
+

z

< Ls+2In \[>+5z} 5GBS +Yomeo)
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T
where Ly = ln(;ﬁc /M?2). The above expressions, when integrated over Q7 and Y as in

eq. (2.35), can be rewritten in terms of integrations over y. Namely, we may define ﬁij,a
as functions of y which satisfy

Q%,max Yimax
/0 dQ’%/ ay Hij,oz(vatfa QT7Y7 ,u’Ta/'Lf) f(Q%vY)

7Ymax
1
- / Ay g Moo o) FQRY) . (32)

for a test function f(Q%,Y), where on the right side one should understand that Q7 and
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Y are determined by y and z through eq. (3.12). It is straightforward to obtain fNIij@ from
the expressions of Hjj, eq. (2.30) and (3.21), by the following replacements:

d(1—y)+d(1+vy)

0(1—2)6(Q7)8(Y) — 8(1 - z) 5 ,

5(@%) 5(Y + YmaX,O) - 5(1 + y) )

Bt (1-2) (g7 ) = 7 [P0 (g + 5 @50 )

+0(—y) ((1 +1y)+ +q i ; +1In(2) 6(1 + y))] :
1—2z
oy = et (3.23)

To illustrate the idea, we give the results for the ¢g channel:

~ 2
aly (1+y%)22(1—2),

3.1 = 97
d(1—y)+0(1+y) :CACF d(1—y)+0(1+y)

77 (0

Hzgq,)g =hggsd(1—-2) 5 9 d(1—2) 5 ’
71 292 0N, 572\ -

Héq,)s = <2BO LM+?+81I1(2)— 9 _1_? (5(738

—LpzP(2) hegs [6(1—y) +6(1+y)]

g‘;’ [152_(1+Z)1n1\/_2§+2 <1121n i/_2>j>+:|hqq78 [5(1—y)+5(1+y)]

o7 BT (1497 (194 139°) (1 - 2)? 51—y (1~ 2)°|

. [e(y)<(1—1@/)++1iy>+9(_y) ((1+1@/)++1iy>} <1iz>+' (324

The results for the NLO hard functions serve as an important ingredient in the factor-

ization formula at NLP. Combining them with the other ingredients, we are now ready to
perform various numerical analyses, which is the main topic of the next section.

4 Numerical results and discussions

In this section, we use our resummation formula to carry out several numerical studies
and present phenomenologically relevant results. We will discuss in more detail the three
points raised in the Introduction concerning the difference between our result and the
result of ref. [50]. Throughout this section we take I'y = 1.4 GeV, use the NNPDF3.1
NNLO PDFs [106] with as(mz) = 0.118, and set the renormalization scale y, to be the
same as the factorization scale py. The default scale is chosen to be Hy /4, if not otherwise
stated. To estimate the scale uncertainties of the differential cross sections, the two scales
are varied simultaneously up and down by a factor of 2.
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Figure 2. Comparison between the exact NLO distribution (red band) and the NLO expansion
of our resummation formula (blue shaded band) in the range 340 GeV < M;; < 380 GeV at the
13 TeV LHC. The left plot shows the differential cross sections, while the right plot shows the NLO
corrections only.

4.1 Validity of the threshold approximation

Any factorization and resummation formula is only valid in kinematic regions where higher
order power corrections are small compared to the required accuracy. It is therefore nec-
essary to check the validity of the relevant approximation in the region of interest before
performing the resummation. One way to do that is to compare the fixed-order expan-
sion of the resummation formula against the exact perturbative results. In the region
of validity, the expansion should provide reasonable approximations to the exact results
order-by-order.

In this subsection we carry out the validity check of our resummation formula in the
region 300 GeV < M,z < 380 GeV at the 13 TeV LHC. This is straightforward since we
already have the fixed-order expansion of the resummation formula in eq. (2.42). We just
need to check whether the n*LO results are good approximations to the exact N*LO ones.
We first note that due to our normalization of the factorization formula eq. (2.17), the
nLO result (i.e., the first term in the fixed-order expansion) is precisely the same as the
exact LO one in eq. (2.8). The factorization formula of ref. [50], on the other hand, has
a different normalization than ours. Consequently, the first term of their expansion would
not be the same as the exact LO. The difference, of course, is formally power-suppressed
in 8, but it has significant impact on the validity of the formula when £ is not so small,
e.g., when M,z ~ 380 GeV.

We now proceed to perform the comparison at NLO. We show the exact NLO M,
distribution in the range [340-380] GeV in the left plot of figure 2 as the red band, while
the nL.O one from the expansion (labelled as “NLO § — 07”) is shown as the blue shaded
band. It can be clearly seen that the nLO result provides an excellent approximation to
the exact NLO one in the whole range, including scale variations. Since both the NLO and
nLO results include the common LO term, it is interesting to compare just the corrections
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Figure 3. Comparison of the exact NLO corrections (red band) with the approximate results in
the z — 1 limit (pink line in the left plot) and in the double limit § — 0 & 2z — 1 (green line in
the right plot). For the approximate results, only the central values are shown.

(i.e, the second term in the perturbative series). We show this comparison in the right
plot of figure 2. Again, the agreement is remarkable. The plot also shows clearly that the
deviation between the two results gradually increases from small 3 to larger 3, but remains
under-control even when M;; is as large as 380 GeV. The agreement we just observed is
a strong implication for the validity of the resummation formula eq. (2.17) in the region
of interest. We emphasize again that such an agreement is only possible due to the fact
that we have correctly taken into account the subleading-power contributions in S at LO
in ag. If we had used a different normalization factor, the agreement at the upper edge of
the region of interest would not be as good.

At this point, it is worthwhile to discuss the z-soft limit where z = Mfi/é — 1.
Such a limit in the context of the M;; distribution has been extensively studied in the
literature [34-36]. By taking this limit it is possible to resum logarithms of 1 — z to all
orders in «g, at the price that power corrections in 1 — z are neglected. As such, it can
be expected that this limit works better at larger values of M;; than the threshold region.
Furthermore, ref. [50] employed the double limit 5 — 0 and z — 1 to perform a soft gluon
resummation (on top of the Coulomb resummation), which neglects power corrections in
both # and 1—z. Given the high collision energy of the LHC compared to the values of M,z
we are considering (hence z is not necessarily close to 1), and the fact that 3 is not so small
at Mz ~ 380 GeV, one must carefully check the validity of such a double approximation
in the region of interest.

The NLO result in the z — 1 limit can be obtained from [36]. The result in the double
limit 8 — 0 and z — 1 can be obtained from our formula eq. (2.17) by further taking z — 1.
This amounts to keeping only the singular plus- and delta-distributions in the hard func-
tions, which is straightforward given their expressions in eq. (3.21). In this limit, only the
flavor-diagonal channels (i.e., the ¢g¢ and gg channels) contribute. We collect the relevant
analytic expressions in appendix B, and show the numeric results in figure 3. Note that for
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the approximate results only the central values are shown. In the left plot, we compare the
exact NLO corrections with that in the z-soft limit z — 1. We see that although the agree-
ment is not so good (as expected), the z-soft limit still captures a dominant portion of the
NLO corrections. This is a justification for the application of the soft gluon resummation
to this region as in [36, 38, 40]. On the other hand, the NLO corrections in the double limit
8 — 0 and z — 1 are shown in the right plot of figure 3. It is obvious that the double limit
does not provide a reasonable approximation at all. Therefore, the factorization formula
valid in the double limit cannot be applied to the region we are considering. Although
such a factorization formula can be used to resum certain logarithmic terms to all orders
in ag, they are not the dominant contributions and such a resummation may even lead to
incorrect estimation of higher order corrections. In other words, the power corrections in
1—z are not under-control in this situation and consequently the results cannot be trusted.
Based on the above observations, we do not perform the z-soft gluon resummation in the
B — 0 limit in our work, in contrast to [50].°

4.2 NLP resummation at 13 TeV LHC

Given the perfect agreement between the approximate (§ — 0) and exact results at NLO,
we will apply the small-8 resummation at NLP to the range 300 GeV < M,;; < 380 GeV at
the 13 TeV LHC. Our starting point is the matching formula eq. (2.44), which combines the
all-order resummation with the fixed-order results at NLO or NNLO. We will compare our
numeric predictions with the experimental data [41], and therefore we use m; = 172.5 GeV
in accordance. In this subsection and the subsequent ones, whenever we present numeric
results for a broader range of Mz, it should always be understood that the resummation
is only applied to M;; < 380 GeV. We have checked that the results are insensitive to
the exact point at which resummation is switched off. This should be clear from the
analyses below.

First of all, given the matching formula (2.44), it is interesting to ask in which region
the resummation effects (which are added onto the fixed-order results) are important. This
information is encoded in the correction term

daNLP do(®nLO

tht_ tht_

(4.1)

of eq. (2.44). The first term in the above difference contains all-order information in the
strong coupling. It is instructive to see its perturbative behavior order-by-order. This is
shown in the left plot of figure 4, up to the 5th order in agz. We see that the perturbative
expansion converges rather quickly for values of M;; not too close to the 2m; threshold.
However, in the threshold region, the perturbative behavior goes wild. While the LO
vanishes and the nLO approaches a constant value in the threshold limit M;; — 2m,, the

®Note however that ref. [50] implemented the z-soft limit in the Mellin space (where the z-soft limit
corresponds to N > 1 with N the Mellin moment) instead of the momentum space. It is known that
these two differ by terms suppressed by powers of 1 — z (or equivalently powers of 1/N). In the current
context where z is not so close to 1 (namely, N is not so large), this difference could actually be rather
big numerically.
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Figure 4. Left: the behaviors of the n*LO expansion (k = 0,1,2,3,4) of the NLP resummed
result. Right: the comparison between the NLP resummed result and the LP resummed, nLLO and
nnLO ones.

differential cross section becomes divergent starting from nnLO. The nnLO and n3LO
distributions are still integrable, but the n*LO one will give rise to infinite total cross
section if one integrates down to the threshold.® Such a breakdown of the perturbation
theory in the threshold region is a natural reflection of the (a,/3)" terms from Coulomb
gluon exchange.

The divergent behavior observed above is cured by the resummation. We show a
comparison between the NLP resummed result and its perturbative expansion in the right
plot of figure 4. We also show the LP resummed result for reference. The divergence in
the threshold region is replaced by a small peak in the NLP resummed distribution. One
can also observe that the NLP distribution extends below the 2m; threshold, where the
difference 2m; — M,; can be viewed as the binding energy of the ¢t “bound-state”. The
low-energy tail of the distribution is rather long, all the way down to M;; ~ 300 GeV.
This is due to the relatively large decay width of the top quark. On the other hand, we
have checked that the integrated cross section in the [300,380] GeV bin is insensitive to
I';. It is also clear that in and below the threshold region, the LP and NLP distributions
are rather similar, showing the good convergence of the power expansion in 5. Above the
threshold, the difference between the LP and NLP results are mainly induced by the O(as)
corrections including the NLO hard functions.

It is already evident from figure 4 that the resummation effects are only important
in and below the threshold region. As M,; increases, the nLO and nnL.O curves quickly
approach the NLP one, meaning that the NLP corrections defined by eq. (4.1) become
small with respect to the fixed-order results when M,; is far above the threshold. To see
this more clearly, we directly plot the correction terms doN*F — do™© and doNMP — go™nLO

®Note that the integrability of the n*LO distribution stems from the absence of the o2 /8% term [100]. Tt
was shown that an additional contribution proportional to §(3) needs to be added at this order to satisfy
the dispersion relation [107]. Such a contribution is automatically contained in the NLP resummed results.
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Figure 5. Differences between NLP and nLO (left), and between NLP and nnLO (right). These
represent the corrections induced by resummation upon the NLO and NNLO results.

of eq. (4.1) in figure 5. These quantify the corrections induced by resummation upon the
NLO and NNLO results. The plots make it clear that the resummation effects concentrate
in the region near and below the threshold, or more precisely, where M;; < 350 GeV.
In this region 8 < 0.17 and pNRQCD is perfectly applicable. On the other hand, for
M,;; > 350 GeV, the corrections are almost negligible. As a result, the NLO+NLP and
NNLO-+NLP predictions are dominated by the fixed-order terms away from the threshold.
This demonstrates that our resummation has not been applied to regions where subleading
corrections in 8 might be important, and makes our predictions more robust. Later on, we
will sometimes show predictions for a broader range of M;;, where resummation is switched
off beyond 380 GeV. From figure 5, it should be clear that the results are insensitive to
the exact switch-off point, as long as it is larger than ~ 360 GeV.

We are now ready to present the matched results combining the resummation and
fixed-order calculations, namely, the NLO+NLP and NNLO+NLP predictions. We show
the results for the absolute differential cross sections in figure 6, where the NLO and NNLO
results are also given for comparison. The uncertainties estimated from scale variations
are shown as the vertical bars. At central scales j, = py = Hrp/4, resummation effects
increase the cross section in the first bin by 13% with respect to NLO, and by 9% with
respect to NNLO. It should be noted that the uncertainty bar of the NNLO result does not
overlap with that of the NNLO+NLP one. This shows that scale variations alone cannot
faithfully account for the uncertainties of fixed-order calculations in this situation, due to
the fact that the Coulomb resummation is genuinely non-perturbative. After adding the
resummation effects, the NLO4+NLP and NNLO+NLP predictions become more consistent
with the CMS data than the fixed-order ones. This has significant impacts on the top quark
mass determination, as we will discuss in the next subsection.

The experimental collaborations often quote the normalized differential cross sections
(do/dMyz)/o in addition to the absolute ones, where o is the total cross section. Normal-
ization of the distribution has the benefit that part of the systematic uncertainties drops
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Figure 6. The NLO+NLP and NNLO+NLP predictions for the absolute M;; distribution against
the CMS data in the di-lepton channel [41]. Fixed-order results are shown for comparison. The left
plot shows the first bin Mz € [300, 380] GeV, while the right plot shows the full M7 range.
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Figure 7. The NLO+NLP and NNLO+NLP predictions for the normalized M,;; distribution in
the first bin M,z € [300, 380] GeV, against the CMS data in the di-lepton channel [41]. Fixed-order
results are shown for comparison.

out when taking the ratio. On the theoretical side, normalized differential cross sections
often exhibit smaller scale uncertainties as well. In figure 7, we show the NLO, NNLO,
NLO+NLP and NNLO+NLP predictions for the normalized differential cross section in
the first bin M;; € [300,380] GeV, in comparison with the CMS data [41]. We see that
indeed, the scale uncertainties of all predictions are significantly reduced compared to those
of the absolute differential cross sections of figure 6. We also find that the NLO and NNLO
results are rather close to each other. This shows that the NNLO correction to the nor-
malized distribution is not very large. On the other hand, the resummation still shows big
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the top quark pair in the threshold region. This plot corresponds to the first bin ([300,400] GeV)
in My; and four bins in Y;z. The NLO and NLO+NLP results are compared to the CMS data [16].

impact in this case: about 11% increase from NLO to NLO+NLP, and about 8% increase
from NNLO to NNLO+NLP. This demonstrates that our conclusions in the last paragraph
drawn from the absolute distribution remain unchanged when considering the normalized
differential cross sections.

So far we have only discussed the single differential cross section with respect to M;;.
Thanks to the full kinematic dependence of the hard functions, our framework is flexible
enough to be applied to double or triple differential cross sections, which were measured
and employed to fit the top quark mass in, e.g., ref. [16]. To illustrate the idea, we have
calculated the double differential cross sections with respect to M;; and the rapidity Y,z of
the top quark pair in the laboratory frame. This can be performed using the formula

dz T doij(z ,uf) Yoy VY
thtdYtt Z/ /d@ dM;; d© fim(VT/ze shp) Fina (VT 2 € YOOR

(4.2)
where the partonic differential cross sections can be obtained using eq. (2.17) as before. We
show the normalized double differential cross sections in the threshold region in figure 8,
compared with the CMS data from [16]. The plot corresponds to the first bin in M;;,
namely, M,; € [300,400] GeV, and contains four bins in Y;;. Again, the resummation effects
enhance the differential cross sections by about 7% with respect to the NLO, making the
theoretical predictions better consistent with experimental data. The increase here is not
as big as that observed in figure 7, mainly due to the larger size of the first M;; bin which
covers a broader range above the threshold.
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Figure 9. Top-quark-mass dependence of the absolute (left) and normalized (right) M; differential
cross sections in the threshold region. Only central values of the NLO and NLO+NLP results are
shown here. The NNLO and NNLO+NLP predictions at m; = 172.5 GeV are given for reference.

4.3 Influence on the top quark mass determination

In this subsection, we discuss the influence of our resummed result on the determination of
m; from kinematic distributions. Although we cannot repeat the experimental analyses in,
e.g., ref. [16], it is instructive to roughly estimate the impact of including the resummation
effects in the fitting procedure.

To determine the top quark mass from kinematic distributions, one collects a set
of observables {O;} which are theoretically functions of m;, but can be experimentally
measured without referring to a particular m; value. They can be the total cross section as
well as single, double and triple differential cross sections in each bin. For each observable
O;, one has a theoretical prediction O?H(mt) and an experimental measurement O?XP.
The top quark mass can then be determined by varying m; in the theoretical results and
requiring a best fit between the set {0 (m;)} and the set {OFXF}.7 It can be understood
that in such a procedure, the observables most sensitive to m; are the main driving force
to decide the outcome. These include, in particular, the M,; distribution near threshold
and related double/triple differential cross sections.

From the above description, it is clear that the outcome of the procedure strongly
depends on the theoretical predictions entering the fit. Especially, the theoretical inputs
for the m;-sensitive observables are of crucial importance. For illustration, we calculate the
averaged M,; differential cross sections in the range [300, 380] GeV using different top quark
masses. The results are shown as functions of m; in figure 9 for the absolute distribution
(left plot) and the normalized distribution (right plot). As expected, we observe a strong
(and nearly linear) dependence of the differential cross sections on m;, and a large horizontal
gap between the NLO and the NLO+NLP curves.

Ref. [16] has used the NLO predictions for the normalized differential cross sections to
fit the top quark mass, with the outcome m; ~ 171 GeV. From the horizontal dashed line

"This can be done in any mass renormalization scheme. We will only discuss the pole mass here.
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Figure 10. Left: Comparison between the exact NLO result and the approximate one in the § — 0
limit at the 8 TeV LHC; Right: The NLP resummed result against its fixed-order expansions at
the 8 TeV LHC.

in figure 9, one can see that the NLO result with m; = 171 GeV is roughly the same as the
NLO+NLP result with m; =~ 172.4 GeV. This 1.4 GeV shift caused by the threshold effects
is much more significant than that estimated in [16]. Given that the normalized NLO+NLP
and NNLO-+NLP results are rather close to each other, we expect a similar shift in the
outcome of the fit if one uses the NNLO+NLP result as the theoretical input. We have
also check that similar conclusions can be draw if the first bin is chosen as [300,400] GeV.
Therefore, we see that the impact of the resummation effects on the top mass fit is rather
concrete: the result of the fit should be much closer to the world average if one takes into
account the precision theoretical predictions for the threshold region.

4.4 Results at the 8 TeV LHC

The ATLAS and CMS collaborations have also performed measurements of the M;; distri-
bution at the center-of-mass energy /s = 8 TeV [108, 109]. No significant inconsistency
between theory and data was spotted in those measurements, which is at first sight con-
fusing. In this subsection, we show that the reason is simply due to the different choices
of bins in the 8 TeV measurements than the 13 TeV ones.

To begin with, we repeat the exercises we've done for the 13 TeV LHC. In the left
plot of figure 10 we compare the exact NLO distribution and the approximate one in the
B — 0 limit, while in the right plot we compare the NLP resummed distribution against
its fixed-order expansions. As expected, we observe similar behaviors as the 13 TeV case:
1) The approximate result agrees with the exact one rather well up to M;; ~ 380 GeV;
2) The resummed result regularizes the divergence near threshold, and tends to coincide
with fixed-order results far above the threshold. One can then conclude that our resum-
mation framework is reliable also for this case.

We now apply the resummation to the first bin of the experimental result in the
lepton+jets channel from the CMS collaboration [108], which is 345 GeV < M,y < 400 GeV.
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Figure 11. Normalized differential cross sections at NLO, NNLO, NLO+NLP and NNLO+NLP for
the range 345 GeV < M,z < 400 GeV at the 8 TeV LHC, in comparison with the experimental data
in the lepton+jets channel from the CMS collaboration [108]. The left plot uses m; = 173.3 GeV,

while the right one uses m; = 172.5 GeV. For the NNLO and NNLO+NLP results, only the central
values are shown.

Note that the lower edge has been chosen as 345 GeV instead of 300 GeV used in the 13 TeV
measurements. We already know from figure 5 that the resummation effects concentrate
in the region slightly below the 2m; threshold. Therefore, it can be expected that the
numeric impact of resummation should not be significant for this choice of bin. Indeed,
we show in figure 11 the NLO, NLO4+NLP, NNLO and NNLO-+NLP predictions for the
normalized differential cross sections in this bin. It can be seen that all calculations give
similar numeric results, and agree with the experimental data remarkably well.

On the other hand, if the experimental data extends to lower values of Mz, things will
be a bit different and the results will show some sensitivity to the threshold effects. Indeed,
in the same CMS paper [108] results in the di-lepton channel are also presented. Here for
the My; distribution, the first bin is chosen as [340, 380] GeV which contains a region slightly
below the threshold. We show the NLO and NLO+NLP predictions for such a bin choice
in figure 12. We do observe a slight deficit of the NLO result compared to the experimental
measurement. And a small correction from the resummation is also evident.

Had the experimental data extended further downwards, the sensitivity to the resum-
mation effects would be more obvious. In figure 13 we compare two choices of the lower
edge of the first bin in the M,z distribution, while keeping the upper edge at 400 GeV. The
left plot uses the same bin choice as the experimental data in the lepton+jets channel [108],
and is in fact an enlarged version of figure 11. We see that all 4 results are similar here. In
the right plot, we extend the bin down to 300 GeV. One immediately finds that resumma-
tion has a big impact on the normalized differential cross sections in this case. We suggest
that it is possible to experimentally verify the difference if one reanalyze the data in an
extended range of the invariant mass.
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Figure 12. Normalized differential cross sections at NLO and NLO+NLP for the range 340 GeV <
Mz < 380 GeV at the 8 TeV LHC, in comparison with the experimental data in the di-lepton
channel from the CMS collaboration [108].
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Figure 13. Normalized differential cross sections in the first bin with two choices of the lower
edge. Left: 345 GeV < M,;; < 400 GeV; Right: 300 GeV < M;; < 400 GeV. For the NNLO and
NNLO+NLP results, only the central values are shown.
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5 Summary

To summarize, we have investigated single and double differential cross sections for tt
production involving the pair invariant mass M,z, particularly in the threshold region M,;; ~
2my or B ~ 0. Theoretical predictions for these observables are rather sensitive to the
value of my, such that they can be used to extract the top quark mass from experimental
data. The existing experimental studies at the 13 TeV LHC have employed the fixed-order
calculations which did not take into account Coulomb effects of the form 1/5 and In 3 at
and below the threshold. In this paper, we have performed a comprehensive study of these
effects. Using the framework of effective field theories, we have derived a resummation
formula which allows for dynamic renormalization and factorization scales. Such scale
choices are often adopted in current theoretical calculations, including fixed-order ones
and those with all-order resummation of soft gluon effects. As an important ingredient
of our resummation formula, we have analytically calculated the hard functions up to the
next-to-leading order. This enables us to perform the resummation of the Coulomb effects
to all orders in oy at the next-to-leading power. We further combine our resummed results
with the NLO and NNLO calculations through a matching procedure. Our final predictions
therefore reach the precision of NLO+NLP or NNLO+NLP.

Our resummation formula is similar to those in the literature, but differs in several
important aspects. We have incorporated the leading-order coefficients with the exact
dependence on 3. As a result, the fixed-order expansion of our resummation formula
reproduces the exact LO differential cross section, and to a good approximation the NLO
one in the phase-space region of interest. Our resummation formula allows for dynamic
renormalization and factorization scales, which are necessary for the combination with the
existing NNLO results and for extending the prediction to a broader range of M;;. In our
formalism, we do not consider the soft limit z = M,;/§ — 1 upon the small-g limit, since we
have found that the double limit does not provide a reasonable approximation to the exact
result in the threshold region. All the above make our predictions concrete and reliable. In
particular, we have extensively checked that we have not introduced spurious corrections
in phase-space regions where the small-5 approximation might break down. Last but not
least, the full kinematic information contained in our resummation formula also enables us
to study double differential cross sections, which were not available in previous studies.

In our phenomenological studies, we have concentrated on single and double differential
cross sections which were employed by experimental groups to extract the top quark pole
mass. We find that for the range M;; € [300, 380] GeV at the 13 TeV LHC, the resumma-
tion effects increase the cross sections by about 13% with respect to NLO, and by about 9%
with respect to NNLO. The combined NLO+NLP and NNLO+NLP results show better
consistency with the experimental data. The resummation effects have a strong impact on
the top quark mass determination from the M,; distribution, and can change the result by
about 1.4 GeV, which is much larger than the estimated uncertainties in previous experi-
mental studies. The shifted top quark mass is much more consistent with the current world
average measured using other methods. We have also investigated the double differential
distribution in terms of M,; and the rapidity Y;; of the ¢ pair, and drawn similar conclu-
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sions. We therefore conclude that future experimental studies should include the Coulomb
effects at and below the threshold in order to consistently extract the top quark mass.

We have also performed numeric studies for the 8 TeV LHC. Due to the fact that the
experimental result does not cover the main portion of the phase-space below the threshold,
the resummation effects do not show a big impact if using the same choice of bins. However,
we have demonstrated that if one reanalyze the experimental data with an extended first
bin, the threshold effects should be visible in the normalized differential cross sections.

Our NNLO+NLP result can be further combined with the NNLO+NNLL’ result
of [36—40] to achieve the best prediction in the whole phase-space region. Inclusion of
electroweak effects can also be done similar as [24]. Our formalism can be applied to more
kinds of double and even triple differential cross sections in the future. It can be extended
to study the associated production of ¢t with an extra jet, which is also employed in the
top quark mass determination. With suitable modifications, it can be applied to tt + Z or
tt + H production as well. We leave these considerations for future investigations.

A Ingredients for the NLO hard functions

In this appendix we give the relevant ingredients entering the calculation of the NLO
hard functions. The hard functions correspond to the squared-amplitudes evaluated at the
threshold point M;; = 2m;. As a result, all the loop integrals need to be evaluated at that
point. Note that this is not equivalent to first evaluating the integrals generically (whose
results are well-known in the literature), and then taking the limit M;; — 2m;, due to the
1/8 and In(B) divergent behaviors of certain integrals.® For this reason, we explicitly list
the results in the following;:

1
I(e) = M2+ / dg) ———
t ¢ — m%
1 1

= -+t 7(1+2m(2) +0(e),
1

s
fale) = My /[dq] (4= p1)? (g + p2)”
2

1 7
:+i7r+2+e<4—|—2i7r—7r>+(9(62),
€

12

1
I3(e :M%f/d
3() tt [ C.I] q2 [(q_p1+pt>2_m%]
1 2 9
_6+2+e<4—12>+0(e ),

€) = Mo2+2e (‘12)2
Lale) = Mg /{dq] (g —p1)% (g +p2)? (¢ — p1+pe)? — mi]
3 1

= —— — (8T +19+2In(2)) + O(¢),

8These divergences are absent when directly evaluating the integrals at the threshold point. They
reappear in the Coulomb functions in the factorization formula eq. (2.17).
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€) = 44-2¢ 1
I5(0) = Mg /[dQ] ¢* (g —p1)? (g +p2)? [(qg — p1 + pe)? — m7]

i 2
——;42 —%—i—%—i—@(e),
o) — Nf2t2e 1
To(e) = Mg /[dq] (¢ —p)? (42 —mP) [(¢ — p1)? — mf]
2
= _% + 0(6) )
€) = 4+-2¢ 1
120 = M [ (e T
2
=5 -0,
o) — Nf2t2e 1
Tsle) = My /[dq] (¢> —m?) [(q — p1)? —mi] [(¢ — p1 — p2)? — m?]
7T2
- —? + 0(6) s
€) = 4_+26 1
fole) = My /[dq] (a—pe)? (@ = mi) [(a —p1)? = mf] [(¢ — p1 = p2)? — m]
:§—8+(’)(6), (A1)

where we have suppressed the +ie prescription in all propagators, and

(471')2_5 ddq

dq] = : A2
44 ie=E (27)d (A-2)
Up to the NLO, the various renormalization constants are given by
Z,=1+0(a?),
o \Vr)
T =1— SW Cr <6 + 3Ly +61n(2) +4> +0(a?),
(Ny)
Zo=1- jm Cr <€ + 3Ly + 61n(2) +4> +0(a?),
(Ny)
o 4 4 8 9
Zg = 1 — 47‘( TFNh <3€ + §LM + g 111(2)) + O(Oés),
(Ny)
Qs /80 2
Do, =1— = A.
a=1- B2 0), (43)

where By = (11C4 — 4TpNy)/3, and we have used Mz = 2my to convert all logarithms of
my to Lys. The above expressions are written in terms of the strong coupling constant «
with Ny = N; + N}, active flavors, where N; and NN}, are the number of light and heavy
quark flavors, respectively. In our case we have N; = 5 and N = 1. In practice, it is more
convenient to work with ag with IN; active flavors, i.e., with the top quark field integrated
out. This decoupling can be perform with the relation

ang) = CasagNl) , (A.4)
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where

(1)

o, =1+ O‘;T TNy [Lyr +210(2)] + O(a?). (A.5)

B The hard functions in the z-soft limit

Here we give the hard functions in the z-soft limit z — 1, which were used to produce
the results shown in the right plot of figure 3. These can be obtained from the full hard
functions in eq. (3.21) by keeping only the singular terms and dropping the regular terms
in the z-soft limit. Note that the abbreviation d(Qr,z), defined in eq. (3.16), is itself a
singular term, and in the other terms only the plus-distributions and delta-functions of
1 — z are singular. Therefore, the expressions of the hard functions in the z-soft limit read

4 2
. (7+ 9y )d

2
20N;  1lx ) H(O) (Qr. 2)

292
Hq%?&soft = (250 Ly + <5 T 81n(2) — oy

32 1 1—2 0
" {3 (1 -z In 2 > - Lqu(q,)soft(z)] hqgs 5(Q7) 5r¥ax,0 ;
+

1 44 Tr? 0 1
Hég?l,soft = <250 Ly — 3 + 3> Hég)l + B d(Qr, 2)
1 1—=2 0
+ {24 <1 — 2 In 9 >+ - prg(g,)soft(z)] hgg 5(Q%) (%ax,o )
(1) 28  5m? (0) 5(3 +1?)
Hgg,8,soft = | 260 Ly + ? + T Hg%g + T d(QT, Z)
loa (w2 2) C PO o) s s(Q2) Y, (B.1)
1—2 2 N f gg,soft 99,8 T) Ymax,0 » .

where the splitting functions in the z-soft limit are given by

2 3
Pég,)soft(z) = 2CF I: (1_2>+ + 55(1 — Z):| ;

Piorot(2) = 4Ca <1>+ + Bod(1 —=2). (B.2)

1—2

C The integrated coefficient and hard functions
If the renormalization scale y, and the factorization scale py only depend on my; and M,

one may perform the 4-fold integration over 6, ¢, QzT and Y in eq. (2.35) analytically. We
define the integrated coefficient functions as

_ B 1 2m d¢t
Cij,oo = d cos 0y or Cija(cosby) . (C.1)
1 0 s
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The results are

. 2+
Cqq,8 = Tp ;
2
_ p’\1, 1406
099712(1+P—2)ﬁ1n1_5—1—/37 (C.2)
B 16 1. 1+ 3 1. 148
= —[(24+2p—p*)=1 —2-2p|—=|6(1+p—p*)=1 —2-
oo 5[<+p RLTEL p] 5{6( o) ,
where p = 1 — 2. We define the integrated hard functions by
Q%,max 2 Yinax
Hij,oé(’z’MttT?lLLT?uf) E/(] dQT/Y dYHij,a(Z’Mtt_v QT?KMT?/“Lf)' (C3)
The LO results are
0
Hz(zq?l =0,
CuC
HO = hogs 61— 2) = “27E 51— 2)
0 Cp (C.4)
HO | = hgg18(1—2) = oy 0(1=2),
0 (C?% —4)COF
HO ¢ = hggs8(1—2) = AT 2).

The NLO results for the integrated hard functions were already obtained in [48]. There
was a small error in the result which has been pointed out in [49]. It is straightforward to
re-derive the results by integrating eq. (3.21). For completeness, we list the expressions in
the following:

M =280 hags (1 — 2) Las — 22 hgqs PO (2) Ly +

27 3 (1—2)4

256 [In(1 — 2) 16 1
1—2 n

1168 — 80N; — 4472 + 288 1n(2 128(2 2
N 68 — 80V, ™+ 88n()5(1_z)_ 8( +z+z)ln(1—z)
81 27
64(2 + 2 + 2?) 128 8(54 + 362 + 2322 — 523)
+ — In(z) + ,
27 27(1 — 2) 81
In(1 -2z
HY | =280 hgg1 (1 — 2) Loy — 22 hygy PO (2) Ly +2 [i_z)]
+
w11 ) 7 In(z)
— — )61 = 2) —22(2 — In(l—2)— —— |1
+<72 18)5( ?) = 2202 =24 2)In{l —2) 18(1—2)[ 1
—17 4192z — 2722 3 1 21 12922
n 7+ 19z Tz% 4+ 9z _ +85+ 0z + 392 ln(z)
9 12(1 — 2) 36(1+ z2)
N 20 + 122 — 5322 + 3323 _21+232
36 18(1 + 2)2”
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Figure 14. NLO+NLP results with alternative scale choices.

In(1—z 5 1
H;RS = 260 h9978 6(1 - Z) LM — 2z hgg,S Pg(g) (Z) Lf +5 l:g] — 4_1—
+

1—=2 (1—2)4
35 2572 58 In(z)
— 6(1—2) —52(2 — HIn(1 - ——
(36+288)( ?) =522 =2+ 29 In( Z)+3(1—z)[+1—z]
77+ 232 — 4522 + 1523 29 19 + 84z + 322
+ - - In(z)
6 (1-2) 6(1+ 2)3
N —338 + 242 — 1432% + 11523 N 15 — 472
24 6(1+2)2"
1 4(1 -z 22
H | = 2 hgg1 PO(2) [Ly —2In(1 — 2)] — % -5 In(2),

1
Hgs = = [hogs P (2) + hags P (2)] [Ly — 2In(1 — 2)]
8+ Tz + 1322 — 2423 2(28 4+ 472 — 1622)
" 9 * 18

In(z). (C.5)

D Results with alternative scale choices

So far we have used the dynamical scale choice p, ~ py ~ Hp/4 exclusively, which is
necessary to match with the NNLO results of [31, 33] and to make predictions for a wide
range of M, values up to a few TeV. If we restrict ourselves to the threshold region, other
scales choices are also reasonable. For example, one may let the scales correlated with Mz
or 2m;, which are expected to be numerically similar to Hr at low invariant masses. For
completeness, we take a sketchy glance at the NLO+NLP results with two different choices
of default scales: M;z/4 and m;/2. We show the outcome in figure 14. As expected, these
two results are in good agreement with the one using Hr /4 as the default scale.
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E Possible contributions at NNLP

While it is beyond the scope of the current paper, it is interesting to discuss possible
contributions at the next-to-next-to-leading power (NNLP). At this order, there can be
double insertions of the NLP Lagrangians and effective operators, as well as single insertions
of the NNLP ones. One of the complications here is that crosstalk among different sectors
through sub-leading ultrasoft interactions is activated, which cannot be removed by the
decoupling transformations of eq. (2.21). As an example, we consider the double insertion
of the NLP pNRQCD Lagrangian term E%)%RQCD, which contains ultrasoft interactions. In
particular, the double insertion of the first term in eq. (2.22) induces a new contribution
to the potential function with the matrix element

(OIT[xT(0)9(0) T (1) Z1(21) P (w2) Toth (w2)] [tagtas) (Faytay [0 ()X (0)]0) ,  (E.1)
and a new contribution to the soft function with the matrix element
(OIT[OL(0) (S} EusSu) (a1, 0) (S EusSy) (23, 0)] |X,) (X[ O5(0)]0) (E2)

where Oy is a product of ultrasoft Wilson lines. These two functions are convoluted to-
gether in momentum space due to their common dependence on the coordinates x; and xs.
As a result, the ultrasoft integrals are no longer scaleless and may have a non-zero contri-
bution. Note that similar contributions have also been discussed in the context of heavy
quarkonium fragmentation [110, 111]. It remains unknown whether this kind of corrections
persist when considering the full NNLP contributions, which is an interesting question for
future investigations.
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