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ABSTRACT: Observables involving heavy quarks can be computed in perturbative QCD in
two different approximation schemes: either the quark mass dependence is fully retained, or
it is retained only where needed to regulate the collinear singularity. The two schemes have
different advantages and drawbacks. In particular, it is known that the structure of large
logarithms arising from soft emissions is different in the two approaches. We investigate the
origin of this difference in some detail, focussing on a few specific processes. We show that
it is related to the non-commutativity of the small-mass and soft-emission limits. Finally,
we perform the resummation of soft-emission logarithms to next-to-leading accuracy in the
case of Higgs decay into a bb pair, in the scheme in which the quark mass dependence is
fully accounted for.
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1 Introduction

Quarks appear in the Quantum Chromo-Dynamics (QCD) lagrangian in different species,
named flavours. From the point of view of strong interactions, different flavours are
distinguished purely on the basis of the value of their masses. It is therefore natural to
classify quark flavours according to their masses, compared to Aqcp. The masses of up,
down and strange quarks, relevant for ordinary matter, are much smaller than Agcp, and
can be taken to be zero for most applications in high-energy physics. At the opposite end
of the spectrum lies the top quark, with a mass of approximately 173 GeV. This value
is so large that the top quark lifetime is smaller than the typical time scale of hadron
formation; for this reason, the physics of processes involving top quarks requires a dedicated
treatment. Bottom (b) and charm (c¢) quarks are heavy, according to the definition given
above: their masses are approximately 4 GeV and 1.3 GeV respectively. Especially in the
case of b quarks, these values are close to the perturbative domain of QCD. Furthermore,
from the experimental viewpoint, the lifetime of B hadrons is long enough so that their
decays happen away from the interaction point. Dedicated b-tagging techniques [1, 2] that
exploit this property to identify B hadrons, or b jets, are widely used in collider experiments,
see e.g. [3—12]. The combinations of these facts allow us to compute theoretical predictions
in perturbative QCD and compare them with particle-level measurements, with confidence
that non-perturbative contributions, mostly due to the hadronisation processes, are genuine
power-corrections.

Processes involving b quarks are especially relevant in high energy physics, for a number
of reasons. In the context of LHC phenomenology, the Higgs boson decays primarily into b
quarks and, although this decay mode is challenging because of its large background, it plays
a central role in studies of electro-weak symmetry breaking. Furthermore, many aspects
of so-called flavour-physics can be scrutinised in the b sector and any definite statement
about the presence of intrinsic heavy-flavour component (mostly charm quarks) in the



proton requires precision calculations of perturbative cross-section involving heavy quarks.
It is also worth mentioning that, although strong interactions are flavour-blind, i.e. gluons
couple to quarks irrespectively of their mass, quark masses do affect emergent phenomena,
such as jet formation and their substructure. In this context, the most famous effect is the
so-called dead-cone, i.e. the fact that colour radiation around heavy quarks is suppressed [13].
Dedicated phenomenological strategies have been designed to expose and study this effect,
e.g. [14-16], which has been recently measured by the ALICE collaboration at the LHC [17].
Furthermore, the possibility of exploiting the imprint that quark masses leave on colour
correlations has been recently investigated in the context of b-tagging [18]. Moreover, the
fact that the bottom mass (and to some extent the charm mass) are in the perturbative
regime, may allow us to exploit them as a probe of the so-called hadronisation process, i.e.
the mechanism that binds quarks and gluons into colour-neutral hadrons. Finally, from a
theoretical point of view, QCD factorisation for heavy quarks has been proven for processes
with one hadron in the initial state [19] but it is known that problems arise when considering
hadron-hadron collisions at two loops and beyond (see [20] and references therein.)

As already mentioned, heavy-flavour production cross-sections can be calculated in
perturbative QCD because the mass of the b and ¢ quarks sets the value of the coupling in
the perturbative region and regulates collinear singularities. Two main strategies to perform
these calculations are usually employed. In the so-called massive scheme, the final-state
heavy quarks are considered as real, on-shell particles. The main advantage of the massive
scheme is that the kinematics of the heavy flavour is treated correctly, because the full
mass-dependence is retained. However, perturbative calculations with massive particles
are difficult at high orders. For instance, in proton collisions, heavy flavour production
is known at next-to-next-to-leading order (NNLO) [21-23]. The fixed-order precision can
be improved by various types of all-order calculations, e.g. threshold resummation [24],
high-energy resummation [25, 26] or even transverse momentum resummation [27]. The
inclusion of heavy-quark effects in general-purpose Monte Carlo parton showers is also an
area of active research, see e.g. [28-30].

The range of energies probed by collider experiments is typically much larger than the
heavy-flavour mass, making heavy-flavour production a multi-scale problem. Theoretical
predictions for these processes, even for inclusive observables, are plagued by logarithms
of ¢?/m?, where ¢ the square of the hard scale, that can spoil the behaviour of the
perturbative expansion. Therefore an alternative calculational framework is often employed.
This approach exploits fragmentation functions to resum these logarithmic corrections to
all orders. This is possible because these logarithmic corrections are related to collinear
dynamics, which would give rise to divergencies in a massless theory. It follows that, up to
corrections O (m2 / q2), heavy-flavour production cross-sections obey a factorisation theorem
and can be written as the convolution of process-dependent partonic (massless) coefficient
functions with universal heavy-flavour fragmentation functions. Fragmentation functions
obey DGLAP evolutions equations (with time-like splitting functions), which allow one
to resum the large logarithmic corrections we are discussing, in complete analogy to the
initial-state collinear factorisation theorem. Note that in this framework we essentially treat
the heavy flavour as a massless parton and its mass m only acts a regulator of collinear



singularities. For a recent review of theoretical and phenomenological results in heavy
flavour fragmentation, see [31] and references therein.

Virtues of the massive scheme and of fragmentation functions can be combined together
by matching the fixed-order calculation performed in the massive scheme, with the all-order
resummation of mass logarithms achieved by the fragmentation function approach [32—
38]. Heavy-quark fragmentation functions have also been studied using the framework of
Soft-Collinear Effective Theory (SCET), see for instance refs. [39, 40].

There is an important difference between standard parton distribution functions (PDFs)
and heavy-flavour fragmentation functions. The initial conditions for PDF are typically
given at a scale at o of the order of Aqcp and therefore in the non-perturbative domain,
while for heavy quark fragmentation functions they are assigned at po ~ my . > Aqcp.
Therefore, the initial-condition is perturbative and it can be determined by matching
the factorisation theorem with the massive scheme. The initial-condition for the b quark
fragmentation function was determined to NLO in QCD in refs. [41, 42] and to NNLO in
refs. [43, 44]. The initial condition of the evolution is, by definition, free of mass logarithms,
but, as it will be discussed in detail in the following, it is affected by soft logarithms,
that should be resummed to all-orders too [45, 46]. It turns out that the structure of soft
logarithms can significantly differ in the massive scheme and in the fragmentation function
approach and this difference depends both on the considered process and on the specific
observable that is computed. The main objective of this work is to clarify the origin of
this difference, which we believe has not been discussed in detail. Secondly, while explicit
soft-gluon resummation formulae exists in the fragmentation function framework, resummed
results that fully take into account the heavy quark mass do not appear, to the best of our
knowledge, in the literature.

The remainder of this paper is organised as follows. In section 2 we recall the basics
of the massive scheme and of the fragmentation function approach, using the decay of the
Higgs boson into a bb pair as an example. In section 3 we study the interplay between
the soft and the massless limit, considering not only the decay but also other processes
that are related by crossing symmetry. Finally, in section 4 we describe soft resummation
in the massive scheme at next-to-leading logarithmic (NLL) accuracy, before drawing our
conclusions in section 5. Details of the calculations are collected in the appendix.

2 Massive scheme vs fragmentation functions

To be definite, we focus on a specific process that allows us to highlight the different issues
we would like to discuss, while maintaining the calculations as simple as possible. We
consider the decay of the Higgs boson into a bb pair:

h(q) — b(p1) + b(p2), (2.1)

(momenta in brackets) which is of clear interest for LHC phenomenology and it is also related
to Z decay into heavy quarks, which was extensively studied at eTe™ colliders [47-52]. We
are interested in the differential decay rate for this process with respect to the dimensionless



ratio
_ 2p1-q
¢

(2.2)

In the centre-of-mass frame of the Higgs boson, z is fraction of the available energy (half
the Higgs mass) carried by the b-quark. The inclusive decay rate for this process is known
to N3LO [53], in the approximation in which one neglects the b quark mass.

The calculation of the x spectrum % can be performed in the massive scheme, by
taking into account the final-state quark mass m order by order in perturbation theory. At
LO the result is proportional to §(1 — x); the explicit NLO calculation will be performed in
the next section (see also the appendices for details). Within this approach, the dependence
of the x spectrum on the heavy quark mass is taken into account exactly at each order
in perturbation theory. On the other hand, contributions of order (as log %T)n, where kp
is the transverse momentum of emitted gluons with respect to the b quark momentum
directions, are only taken into account at a finite order in perturbation theory.

Such large contributions are resummed to all orders in the fragmentation function
approach. In this case, the x spectrum is given by

_FOZ/I dz ( ,Z;) D; (z,uQ,mQ)—FO(ﬂqf), (2.3)
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where G is the Fermi constant. The sum ¢ runs over all possible partons. In eq. (2.3), the
functions C; are related to the rate for the production of a massless parton: a gluon, a light
quark or antiquark, or a heavy quark, whose mass is however much smaller than ¢2, and acts
as a regulator of collinear divergences When higher order corrections are included. Collinear
singularities appear as powers of log T4 7 . Correspondingly, powers of C’; are systematically
neglected in the calculation of C;. The factorisation scale p is introduced to separate the
collinear region, where the transverse momentum kr of emitted partons with respect to
the emitting partons is much smaller than g, from the large-kr region. The contribution
of the collinear region, divergent as T(’;—; — 0, is subtracted from the partonic coefficient
functions, and absorbed in a redefinition of the fragmentation functions D;, analogously
to what happens to initial-state collinear contributions. Both the coefficient functions and
the fragmentation functions acquire a dependence on the arbitrary scale u. Fragmentation
functions are universal, in the sense that they do not depend on the specific process we
are considering, but only on the fragmenting parton. On the other hand, the coefficient
functions C; obviously depend on the process.

The convolution product that appears in eq. (2.3) is turned into an ordinary product
by Mellin transformation:

[(N,§) = 1“10/ dza™N™ 1dF Zc <N as,> D; (N,,uQ,mQ)+O(§), (2.5)



where éz and 15, indicate Mellin moments of coefficient functions and fragmentation

2
m?
la%]
functions is fixed by the requirement that the physical cross-section does not depend on the

functions, respectively, and we have defined £ = I The u? dependence of fragmentation

factorisation scale. One finds
,uz(;ldﬂﬁi (N, ug,mz) = %:fyij (N, Qg (,uz» ﬁj (N, ,uQ,mz) , (2.6)

the DGLAP evolution equations. Here +;; is a matrix of functions which can be extracted
order by order in perturbation theory from the calculation of perturbative cross sections.
The ;; play the role of anomalous dimensions; their inverse Mellin transforms are usually
called the time-like splitting functions. The solution of the differential equations (2.6)
is usually written [45] as the product of an evolution operator U and an array of initial
conditions D©):

D; (N, p2,m?) = 3" Uy (N 2, i) DS (N, o, i3, m?) (2.7)
J

where now U obeys eq. (2.6), with starting condition U;;(N, u3, u3) = d;;. As usual, by
choosing p2 = m? and p? = ¢?, powers of the large logarithm of m?/¢® are resummed to
all orders in the evolution factor, up to a given logarithmic accuracy, which is fixed by the
order of the perturbative evaluation of the anomalous dimensions. A detailed analysis of
the b quark fragmentation function in H — bb has been performed, for instance, in [54].

In order to determine the process-independent initial conditions, one chooses a process
for which the massless partonic coefficient functions and the massive-scheme quantity f‘(N ,€)
are known. Then D© can be found by substituting eq. (2.7) with = pg into eq. (2.5) and
by computing the f(N, €) in the £ — 0, i.e. m? < ¢?, limit.

This procedure was first followed at NLO [41]; the resulting order-as initial condition

is seen to grow as aglog? N at large N, which corresponds, in the physical space of energy
log(1—=2)
1—2

fraction, to a distribution of the form ag ( )+. This is the typical double logarithmic
behaviour arising from the region of soft and collinear emission by massless partons.
These large logarithmic corrections were later studied and resummed at all orders to NLL
accuracy in [45].

The appearance of the double-logarithmic behaviour of radiation from a massive parton
may appear as counter-intuitive: one would naively expect that no collinear logarithms
should appear, because of the finite quark mass, and therefore that the order—a§ Mellin-
transformed coefficient should display a single-logarithmic behaviour af log® N, eventually
multiplied by mass logarithms. We know, however, that Mellin moments of partonic
coefficient functions C; also display a double-logarithmic behaviour o log?* N to any order
in perturbation theory. Thus, double logarithms in the fragmentation functions might in
principle be compensated by analogous contributions in the coefficient functions, leaving

only single-logarithms appear in the physical observable f‘(N ,€).

!The absolute value of ¢* is not needed in the case of Higgs decay, where ¢® > 0; we will however keep
the same definition of £ in the following, when considering space-like configurations.



b(p2) b(p2)

Figure 1. Real-emission contributions to the decay of the Higgs boson into a bb pair at O (as). For

the calculation in the massive scheme we keep p? = p3 = m?.

We will see that this is not always the case: in some processes involving heavy quarks
the double-logarithmic structure survives in the physical spectrum f(N ,€), when computed
in the fragmentation function scheme. The reason is that in the fragmentation function
formalism the heavy quark mass is considered large with respect to Aqcp, so that the initial
condition for evolution can be computed perturbatively, but it is still small with respect
to the hard scale of the process. Therefore, the heavy quark is treated as massless as far
as radiation is concerned. In other words, the N — oo and & — 0 limits of T'(IV, £) do not
always commute.

The main purpose of this paper is making more rigorous these qualitative arguments,
by looking at simple examples that display the above variety of behaviours.

3 Soft limit and massless limit

In this section, we perform the explicit calculation of the differential decay rate % for
process (2.1) to O (as). Because we want to gain some understanding of the kinematics, we
find it more convenient to present our discussion in z space. We will perform the calculation
in the massive scheme and then study both the small mass limit, which is necessary in
order to achieve the factorisation of eq. (2.3), and the z — 1 limit, in order to probe the
soft (large N) region.

If we restrict our interest to the region x < 1, we only have to consider the emission of
a real gluon

h(q) = b(p1) + b(p2) + g(k), (3.1)

with p? = p3 = m?, and k> = 0. The corresponding Feynman diagrams are depicted
in figure 1. The calculation of the squared invariant amplitude is straightforward. In
order to obtain the differential decay rate, it proves convenient to perform the three-body

phase-space integrals in the reference frame in which po + k = 0. We find

C]2 l‘(l - x)/Bx

sin 6 df dz, (3.2)

where 6 is the angle between the quark and the antiquark 3-momenta. After the integration



over #, we obtain

1dlI' oaCr 1 x5,
Fodr = o m{(1—x)(1—x+§) -2 (1-2%) +46 (3 — 4z + 49)|
2B (1 —x)(x—28) 142246142048, x(1+ ) — 2
TS0 atro? 1—a Ing(l—,Bx)—%}’
(3.3)
where
4

which is the b-quark velocity in the Higgs rest frame. Equation (3.3) simplifies considerably
when all terms which are not singular in the limit £ — 1 are neglected. We find

1dr _ 204 [2{0 (8) 0

where have introduced, for later convenience, the (leading order) massive soft anoma-
lous dimension

ﬁ%@»:aﬂl+el L+ 1] (3.6

og —
2¢ 11—
Eq. (3.5) tells us that in the  — 1 limit at fixed &, i.e. at fixed mass of the heavy quark, the
O (ag) distribution exhibits a simple pole at = 1, which is mapped into a single logarithm
in Mellin space. Furthermore, for £ < 1, we obtain

1 dr asCr {QIOgﬁ 2
= — +
1—=x 1—=2x

L0 o ro(a-af)+o@). (3.7

This result matches naive expectations: a collinear logarithm multiplied by the soft singular-
ity of the unregularised DGLAP splitting function, at leading order, pyq(x) = 11Jff — %
We now take the point of view of a fragmentation function approach. In this case, we

first take the £ — 0 limit of eq. (3.3), in order to identify the mass logarithms. We find

dr’ C 1— 3 4
I}de = _% {pqq(w) log 3 2 z) + 1fg; J:;_ +(’)(€)}
asCr [log¢ log(l—z) 7 1
T WFL—H -z +41_x+0(§)+(9((1—a:)0)], (3.8)

where in the second line, we have performed the x — 1 limit after the £ — 0 limit.
Comparing egs. (3.7) and (3.8), we realise that they present a different logarithmic structure.
In the former case, we have simply the x — 1 singularity, times the collinear logarithm,

while in the latter case we have a richer structure. One of the contributions has the expected
lloif, but now a logarithmic enhancement of the form w also appears,

which is mapped into a double log N in Mellin space. Thus, the x — 1 and the £ — 0 limits

functional form

do not commute.



We would like to provide a physical interpretation of this mathematical fact. A first
hint to the solution to this puzzle comes from the coefficients of log & in the two expressions,
eq. (3.7) and eq. (3.8): there is a factor of two mismatch. It is as if the log(1—z) contribution
in the second line of eq. (3.8) is playing the role of a collinear (§) logarithm. In the following,
we shall see that this is indeed the case.

Let us reconsider the definition of our observable x. Four-momentum conservation
implies that a measurement of x fixes the invariant mass of the antiquark-gluon system

mjgz (p2+ k2 =(@q-—m)?=10—-z+¢). (3.9)

Thus, a measurement of x < 1 prevents the antiquark propagator in the second diagram
of figure 1 from going on its mass-shell. Indeed, in the limit of small masses, the x — 1
limit can be either associated to the emission of a soft gluon or to a gluon that is collinear
to the antiquark. In order to analyse the actual origin of the double logarithms, we have
to look instead at the quark propagator in the first diagram of figure 1. Because being
differential in x is equivalent to being differential in mil—), it proves convenient to perform
this analysis in the rest frame of the antiquark-gluon system. In this frame the gluon and
the quark energies (wy and wy,, respectively) are fixed and one has to perform only one
angular integration, e.g. over the angle 6 between the gluon and the quark directions. In
this frame, the denominator of the quark propagator reads

(p1+ k)2 —m? = 2w, wi(1 — B cos ), (3.10)
where 5
ZPg

fr= (3.11)

is the quark velocity in the antiquark-gluon rest frame, and 3, is defined in eq. (3.4).
We have

/11d0080_110 L+ 5
11— pBicosb B gl—ﬂl
r=26 a(l+8) - 2% 2

_ 1 —1
By B e(1- By 26 BE(1-u)

where in the last step we have taken the small mass limit. Thus, we now understand the

+0(¢), (3.12)

physical origin of the functional form of the result that one obtains if the & — 0 limit is
performed first. In this limit, collinear logarithms appear in two distinct ways: as explicit
logarithm of the quark mass m or as logarithms of 1 — x. Furthermore, we have explicitly
checked, by performing the calculations with different values for the quark and the antiquark
masses, that the mass appearing through the variable £ in eq. (3.8) is the quark one, while
the antiquark mass singularity is screened by the measurement of x.

The above considerations allow us to make a more general statement about the appear-
ance of double logarithms in processes with heavy quarks, in the small mass limit. We expect
this behaviour to arise if we look at a differential distribution which is directly related to
the invariant mass appearing in one of the propagators. In the case we have just considered,

we have indeed shown that being differential in x is equivalent to being differential in mz—,
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Figure 2. Real-emission contributions to the production of the Higgs boson in bb fusion at O ().

For the calculation in the massive scheme we keep p? = p3 = m?.

which is the virtuality of one of the propagators appearing in the scattering amplitude. Let
us now consider the differential distribution in x = (plz#)z, i.e. the invariant mass of the
bb system normalised to the squared Higgs mass. In this case, we do not expect any double
logarithmic behaviour in the small-mass limit because no propagator has that virtuality.

An explicit calculation gives

1dF_ OZSCF — 024 -2 . _ 2 1+ﬂ$:|
YR [2:1:/5 B+ (1+2% - 4¢ 85:c+165)1og1_63E : (3.13)
with Bz = /1 — 2. In the limit £ — 0 we obtain
1dl aCp (1+2%, & 2z
Todi ~  n <1_x1°gx+1_x>+0<f)
205Cp 1 4+ log & N
=— 1— 14
0O +o(-2)"), (3.14)

where in the second line, we have performed the limit £ — 1. Thus, as expected, in this case
we only have a single logarithmic enhancement for £ — 1, multiplied by a mass logarithm.
Furthermore, we note that in this case the £ — 1 and £ — 0 limits do commute.

We would like to test the understanding developed so far by studying other processes
that involve heavy flavours: the production of a Higgs boson in bb annihilation, and the
scattering of the Higgs off a b quark. The relevant amplitudes are obtained by the same
diagrams as in the case of Higgs decay, with initial and final states swapped in different
ways, and therefore the corresponding squared invariant amplitudes can be easily obtained
from the calculation of the previous section by crossing symmetry. The Higgs production
cross-section has been computed to N3LO accuracy in the massless 5-flavour scheme [55],
matched to NLO in the massive 4-flavour scheme [56].

We start by considering the parton-level Higgs production cross section at O (ag):

b(p1) + b(p2) = h(q) + g(k), (3.15)

retaining the full mass dependence. We consider the differential distribution in the dimen-

sionless ratio
e
T=—— 3.16
(1 + p2)? ( )
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Figure 3. Real-emission contributions to Higgs boson scattering off a b quark at O (ay). For the

calculation in the massive scheme we keep p? = p3 = m>.

which ranges between 0 and 1, and approaches 1 in the soft-radiation limit. As in the case
of Higgs decay, for 7 strictly smaller than 1 we only have to evaluate real-emission diagrams,
shown in figure 2, in four space-time dimensions. We find

idj_aSCF 1
oodr 7w BAZ(1-7)

where 8, = /1 — 4&7, and o¢ = %.

We now take the limits 7 — 1 and £ — 0 of this expression in different orders. Before
doing so, let us state our expectations. We are considering a process with ¢- and u-channel
propagators, while the measurement of 7 fixes the value of s, the invariant mass of the bb
system. Therefore, from the analysis performed above, we expect the two limits to commute
with no double-logarithmic structure appearing. Indeed, if we consider the limit £ — 0 of

eq. (3.17) first, we find

1do  asCp [ 27
L () log (7€) + O (¢
205Cr [ 1 +1
= O‘W a jiofg +0(©)+0(1-1)°) ] (3.18)

If we take the limits in the reversed order, we obtain

1do %vs(ggt(ﬁ)

oo dr T 1—7
20,Cp [1+1
- _ O‘W F [ ff’fﬁro((l—r)o) +O(§)}. (3.19)

We observe that the structure of the logarithmic singularities is the same in eq. (3.18) and
in eq. (3.19): no double logarithms appear and the two limits commute, in agreement with
our expectations.

Finally, we consider the real-emission corrections to the scattering of a Higgs boson off
a massive quark at NLO:

b(p1) + h(q) — b(p2) + g(k); (3.20)

~10 -



the relevant diagrams are shown in figure 3. Because now ¢ < 0, we define Q? = —¢?,
so that & = ﬁ;—;' = 8—5 > 0. The natural choice for the scaling variable in this case is the

Bjorken variable
Q? Q*
= = ) 3.21
P etk mE T Q@ (3:21)

We obtain

1 do ozSC'Fm 1+ :UB + 4¢xp(ax +2) + 165255'3 log 1+ 1y + 2828
- == B

oo dzp 21 (1 —2xB)n2,m 812 Nep + 2628

(1 —2p)*(4wp +3) + Eep(18xf — 52 + 34) + 2R (64 — 56xp) + 326%23
2(1 —2B)(1 — xB + £wB)*Nuyn

)

(3.22)

where o¢ = mV2Grm?Nen ,d we have introduced

3Q2
Neg = \/ 1 + 425, n=+1+4E. (3.23)

It is clear from eq. (3.21) that the limit xg — 1 corresponds to one of the propagators
going on-shell and so, in this case, we expect the xrg — 1 and £ — 0 not to commute, giving
rise to double logarithmic contributions if the massless limit is taken before the soft one.
Let us check this explicitly. If take the & — 0 first, we obtain:

L d sC drp +3
;oé - _a%pr [pqq(zB) log (¢zp(1 — zp)) + 2(:1613—;.@ + O(f)]
_ osCp [ logg log(l—=zp) 7 1 o
N T [1—:613 T 1—zp 4 5 +O(€)+O((1 B) )] , (3.24)

which has a double-logarithmic contribution. On the other hand, if we perform the g — 1
limit first, we get

1 do _ 20 [ () 0
UodZEB_ T [1_95}34-0(( B))

s

_ _QaSCF [1 + log & Lo ((1 _ HTB)O) L0 (5)} , (3.25)

1—xp

which has no soft double-logarithms.

4 Soft resummation with full mass dependence

The analysis of the previous sections led us to a better understanding of the origin of soft
double-logarithmic corrections that arise in heavy-flavour production, when the fragmenta-
tion function approach is employed. In ref. [45] the formalism for all-order resummation of
these contributions in the initial condition for the fragmentation function evolution was
presented, and explicitly applied to NLL accuracy. NNLL resummation was performed in
ref. [57], and recently in ref. [46]. However, it is also interesting to investigate, at least from

- 11 -



a theoretical point of view, the all-order resummation of soft logarithms in the massive
scheme. This is the subject of this section. We will consider the Higgs decay in a bb pair.

The differential distribution of the b quark energy fraction x is an example of process
with the so-called single-particle inclusive kinematics. Soft resummation in this class of
processes, even in the presence of massive external lines, was carried out a long time
ago [58].2 The main result of ref. [58] is a factorisation of the single-particle inclusive
cross section in terms of a process-dependent hard function, a universal soft function and
one jet function for each massless external parton. In our case the resummation formula
simplifies considerably, because no massless parton is involved, and therefore there are no
jet functions.

The resummed result of ref. [58], adapted to the process we are considering, reads

V-l g

T(N,&) = C(¢ as) e Jo 42 == o (B (1-2)%a?))

e (2242 ae(2242) ) 2
—fo/Ndf[ (o )Wéfff)t(ﬂH( (2 )) véiﬁt(ﬂ)JrO(aS)]

= <1 + %C’(l)(ﬁ) + 0O (a?)) e

ro(L). "

with N = Ne¥2. Note that we have grouped the hard and soft functions at their natural scale
in the process-dependent function C(§, i), while large-N logarithms are exponentiated.

In the last step of eq. (4.1), T'(N, €) is resummed to NLL accuracy, which amounts to
including the soft anomalous dimension to order a2, with two-loop running coupling, and
the function C'(§, as) expanded to order ag. To this logarithmic accuracy we therefore need

the three coefficients ’yigzt, ’Yéizt and C. The first-order coefficient of the soft anomalous

. . 0
dimension ’ys( o%t

from the calculation of gluon emission in the eikonal approximation, taking into account

is given in eq. (3.6). It is process-independent, and can also be obtained

that the emitting lines are massive:

) d372€k )
'Ys(ggt(ﬁ) = (—CF) hmf/MElk(m,m,k% (4.2)
T

where Eik(p1, p2, k) is the massive eikonal factor:

p1-Dp2 p% pg

pr-kpa-k 2(p1-k)2 2(py- k)2

Eik(pl’p27 k) =

2We thank Eric Laenen for pointing out to us this result.
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The next-to-leading order massive anomalous dimension was presented in [59]:

(1) K Ca 1. ,1-p 1-p
Vsoft = { +[31 1+ B+10 1—|—BC2:|
2 _
2 Pe, [Li (E — >+ log? {5+ }vﬁ?&(ﬁ)

1 1. 1-8 1, ,1—-8 (1+p22[ . [(1-p)?
+CFCA{Q+21°g1+5+31°g1+ﬂ 82 [_Ll?’((ﬂrﬁ)? o

(1+5%) 1-8.  (1+p)? 1. ,1-8 . ((1-8)?
T [log1+ﬁlog 15 61g1+6 L12<(1+B>2>1}, (4.4)

with K = Cy ( Cg) 5nf

The coefficient C) is 1nstead process-dependent, as it receives contributions from both

the end-point of the real emission and from the virtual corrections. The calculation is
presented in appendix A and the result is

(0)
0(1)(5):?{ 2%0(2(6) [_QIOg <1_M>+log§+log<1152>+1 —

82\ 1+82[1 1- 2 1-5

+L(B)2+L(B) log - ﬁ% 2 Q(Liz((ljﬁy)mQ((l_fg)Q))H, (4.5)

with L(8) = log 135.

It is interesting to study the small & behaviours of the resummation coefficients. For

+2L(5) <1

the soft anomalous dimension, we have
1 (8) = ~Crlogg +0 (),
CrK
Yoo (8) = —% log{ + O (50) : (4.6)

Thus, because the soft anomalous dimension appears in the exponent, eq. (4.1) provides a
partial resummation of mass (collinear) logarithms, in particular those with soft-enhanced
coefficients, which correspond to the soft part of DGLAP anomalous dimensions. However,
this resummation is only partial, even to lowest order in log &, because it does not include
hard collinear corrections.

As mentioned in section 1, results computed at fixed order in the strong coupling in
the massive scheme are usually combined to the all-order resummation of mass logarithms,
computed with the fragmentation function approach, in order achieve a more reliable
result. The same argument holds when the massive calculation is supplemented by soft
resummation. Therefore, one would like to match the resummed result in the massive
scheme eq. (4.1) not only to a fixed-order calculation in the same framework but also to a
fragmentation function calculation, ideally supplemented by soft resummation [45]. However,
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as discussed at length in this paper, the situation is problematic for the z distribution in
the Higgs decay process. The massless and soft limits do not commute and, as a result, the
logarithmic structure of soft resummation in the massive scheme and in the fragmentation
function approach is different: the fragmentation-function calculation has double logarithms
of N, while the massive-scheme result has only single logarithms. This prevents us from
straightforwardly matching the two calculations. It would be very interesting to study the
construction of a matching scheme that correctly accounts for mass effects, resummation of
collinear logarithms and soft logarithms, in both schemes, and to assess its relevance for
heavy flavour productions at colliders.

Finally, we note that the non-commutativity of the limits has rather spectacular
consequences also for the resummed expression in the massive scheme, eq. (4.1). In
particular if we consider the small £ limit of the resummation constant C®), we obtain

c(¢) = Cp (; log® & +log{ + O (go)) : (4.7)

which is double logarithmic and, therefore, in disagreement with DGLAP evolution! The
origin of this behaviour can be traced back to the definition of the plus distribution in the
massive-scheme calculation (see appendix A). We can say that double mass logarithms
in the soft limit of the massive calculation and double soft logarithms in fragmentation
functions are two sides of the same coin.

5 Conclusions and outlook

We have considered different observables in processes involving heavy quarks, with different
kinematics: the decay of the Higgs boson into a bb pair (H — bb), the production of the
Higgs in bb fusion (bb — H) and the scattering of a Higgs boson off a b quark (bH — b).
We have computed NLO corrections to these three processes, focussing on differential
distributions in dimensionless ratios that measure the departure from Born kinematics. All
calculations were performed retaining the full quark-mass dependence, in order to study
separately the massless limit and the soft limit. As expected, if we consider the soft limit
of the massive result, only single-logarithmic corrections arise, that can be interpreted as
soft logarithms. Furthermore, if we perform the m — 0 limit after soft limit, all three
processes show the same structure of logarithmically-enhanced contributions, namely a
mass logarithm times a soft singularity.

The situation radically changes if we reverse the order of the two limits. If we perform
the massless limit first, which is what is done in the fragmentation function approach,
and then the soft limit, the different processes give rise to distinct structures. In the
bb — H case, we find again the same factorised structure just described. However, in the
two other cases, the two limits do not commute, and double logarithmic contributions
appear. Although this structure was discovered many years ago [41], to the best of our
knowledge, a detail discussion of its origin was not present in the literature. Our analysis
has clarified that the origin of this behaviour can be traced back to the interplay between the
specific definition of the ratio observable and the structure of the quark propagators in the
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scattering amplitudes. For instance, in the H — bb case, the variable z, defined in eq. (2.2),
can be connected to the invariant mass of the recoiling gluon-antiquark system, and the
amplitude indeed features a propagator with this virtuality. Similarly, in the bH — b case,
xB, €q. (3.21), is linked to the virtuality of an s-channel propagator, while this is not the
case for 7, eq. (3.16), in the bb — H and for the variable z = (MZ# in H — bb. It would
interesting to revisit these studies using a different framework, such as soft-collinear effective
theories. Indeed, the subtle behaviour of the z — 1 limit has been pointed out both for
the perturbative contribution [39] and non-perturbative corrections [40]. One could further
study these aspects exploiting, for instance, the rich literature on resummation for boosted
top production [60-63], see also [64—67].

Finally, in section 4 we have focussed on one of the processes previously considered,
namely the decay of the Higgs boson. The all-order resummation of the soft-enhanced
contributions to this process can be found in the literature within the fragmentation
function approach, where double logarithms appear [45]. However, as shown in section 3
only single logarithms appear if the quark mass is fully retained. We have exploited results
from threshold resummation in single-particle inclusive kinematics [58] to perform the
resummation in the massive scheme at NLL. While this procedure correctly accounts for
large (single) logarithms of N, we have discovered that in this approach one also finds
double logarithms of the mass. We have traced back the origin of these contributions, which
are not compatible with the standard DGLAP picture, again to the non-commutativity of
the large- N and small-mass limits.

There are interesting phenomenological studies that one can imagine to carry out in the
near future. For instance, we have shown that the logarithmic structure that one obtains
in the fragmentation framework and in the massive scheme are not the same. It would be
interesting to see whether this leads to numerical differences at collider energies. Finally,
in the context of heavy-quark calculations, one usually combines the massive schemes
with the fragmentation one, in order to obtain better predictions. This is a well-defined
procedure, order by order in perturbation theory. However, if we want to supplement both
calculations with soft gluon resummation, which differs in the two cases, the merging of the
two become far from trivial. One would like to design an all-order matching scheme that
consistently takes into account both massive and fragmentation approaches. We leave this
to future work.
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A Calculation of the resummation constant C(%)

The process-dependent resummation constant C'!) that appears in eq. (4.1) can be obtained
by considering the large N limit of the Mellin transform of the NLO differential decay rate
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in the massive scheme:

SeMie) = lim |T _ 205 _(0) 1
P C (é) - ]\}gnoo |:F(N7£) <1 + T Vsoft(ﬁ) lOg N ) (Al)
where the limit of large IV is performed at fixed &.

In order to compute the Mellin transform f(N ,€) we have to extend our calculation of
the differential decay rate, in order to include the end-point contribution in z = 1. Thus,
we have to consider both real-emission and virtual corrections at one loop

dr  dr, dar)  qr@
— = . A2
dx dx + dx + dx ( )

Because the Born and the virtual contributions have support only for £ = 1, we can write

them as
dTl’y
— =Tud(1 —
e 00(1 — ),
dr)
=1M§a - A.
— 5(1— ), (4.3)

where I'Y) is the ultra-violet renormalised one-loop contribution. Following [68], we have
Yukawa coupling, and hence the b mass, in the on-shell scheme (writing the result in terms of
the running mass in MS scheme is straightforward). We employ dimensional regularisation
and therefore we perform our calculations in d = 4 — 2¢ dimensions. We obtain

(0) =2
V) _ asCFFé@{?’Ysoft(ﬁ) (i—HOg i )

27 Cg m2
1-5%2\ 1+p8%/(1 1—p2 /(1=
L e e L e (=
+L(B)2+L(B)log 1;ﬁ +§7r2> }
(A.4)

with 1?2 = 4wp?e™E. The superscript d indicates that the Born decay rate is computed in

d dimensions
4—d

(d) 7 4\ 7
d
ry’”=r . A.
0 0 9d—3p (—dgl) <q252> (A.5)

In order to explicitly cancel the remaining infra-red pole, we re-evaluate the real-emission
contribution in dimensional regularisation:

2
dr®) _ OésCFF(d) Je (x,ﬁ, %)
dz 0 (1—ax)tt2e’
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with

T (9: 3 qz> - V¢ V7 (1653°7)° (2,)1 72 <qz> -
€ ’ ’MQ 1653 (F (%-5)) (1_$+§)27€ T u2

y {8(1—x+§)2 [46(1—48)— (1—e) (a2 +1)+2x(4€ —¢)]

x—2€
7 (1 13 2?4
241 ,§7§—€7m
_ )3 22
—4{(1—3:)(5—5—3;(9—5))—1—2(1—x)2(3x(1—5)+45)}, (A.7)

with 9 Fy(a, b, c; z) the hypergeometric function. In order to isolate the delta contributions
we may expand eq. (A.6) for e — 0. We have

% (2,6, %
<1+F:> 5(1—:;:)+O‘5CFf (965 - )] (A.8)

@ 7 (L)t

1 dr 1
ode= r{ [ dw
2,/¢ dx 2,/€

We can expand the last term around ¢ = 0 to order ¥ using identity?

Je x,i,qiz 2
(1<_x)+) = 51— 1) [—f()(;@ + 1o(L8)log(1 ~2VE) — 5 L . (1,5, Z) L ]
+ ({0(_””"’51 +0(e). (A.9)

As expected, fo(1,€) = 275@,;(6) /Cr, ensuring the cancellation of the infrared singular-
ity that appears in eq. (A.4). Furthermore note that, @Fofol(fxf) corresponds to the
differential decay rate computed in eq. (3.3). Finally

1 d ¢\ 1 2@ [ (18 I
_Qdef8<1’€’u2>’ao_2{_ o |8\ Ta )i

B lﬂ;ﬁz [_QL(/B)—{—; <Liz (&ﬁﬁy) —Liz ((1_—4/56)2>ﬂ }
(A.10)

We note that, because

A 1 1
dx x — +:logﬁ—|—0 N/ (A.11)

3Note that fo (135, %) = fo(z,§).
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the constant CM)(€) is simply given by the coefficient of the §(1 — ) term in (A.9), times
Cr. Collecting the results in egs. (A.4), (A.8), (A.9) and (A.10), we find

1dr . Qg CFf[)(l",g)
where
¢ Sh(8 2 1- 52
C(l)(ﬁ)—;{—Qv gé )l—Qlog(l—\/1—62>+logTZQ—Hog( 1 )—1—1 -2
1-6%2\ 14521 1—/2 C(1-p
+2L(B)< 3 )—i— 3 2L(ﬁ)log< 1 >+2L(B)(l—logﬁ)+2ng (H)
1-— 2 1 4 —4
+L<5)2+L(ﬂ) log 2l8+§772_§ (Lig ((1+I85)2) —Lis ((1_5)2>>‘| },

(A.13)

which is the result reported in the text, eq. (4.5). Note that the dependence on p? disappears,
as expected.

Finally, we note that our result eq. (A.12) only makes sense at finite . Indeed, if we
take & — 0, fo(z,&) develops a log(1 — ) contribution, which makes the result ill-defined.
A well-defined expression in the limit & — 0 limit can be obtained by rewriting eq. (A.12) as

1dl

Qg

l1—=x

Cr (fO(x’g)L +A(6)8(1 —x)], (A.14)

where the constant A(&) can be determined, for instance, by integrating eq. (A.14), and
comparing the result to the known NLO decay rate [68, 69]. Interestingly, in the £ — 0 limit,
the coefficient of the delta function in eq. (A.14) exhibits a single logarithm, in accordance
with DGLAP evolution:

3
A() = Cr3logé + 0 (&), (A.15)
which is in contrast with the spurious double-logarithmic behaviour of CW| see eq. (4.7).
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