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Abstract We present compact analytic formulas that des-
cribe the decay of colorless particles to both gg and gg final
states through next-to-next-to-leading order in perturbative
QCD in the context of the nested soft-collinear subtraction
scheme. In addition to their relevance for the description of
decays like V. — ¢q',V = Z, W, H — bb and H — gg,
these results provide an important building block for calcu-
lating NNLO QCD corrections to arbitrary processes at col-
liders within the nested soft-collinear subtraction scheme.
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1 Introduction

The development of an efficient and physically transpar-
ent subtraction scheme for next-to-next-to-leading order
(NNLO) computations in QCD is an important problem in
theoretical particle physics that attracted a lot of attention
recently [1-24,26-30]. However, among the many subtrac-
tion schemes that have been proposed, there is not a single
one that is generic, fully local and fully analytic (in a sense
that all the integrated subtraction terms are available in an
analytic form). Given the impressive practical successes of
many subtraction schemes in describing physical processes,
it is unclear whether or not locality and analyticity are truly
essential. However, we believe that it is useful to develop a
scheme that is general, physically transparent and efficient,
especially in view of the need to extend the functionality of
existing subtraction schemes beyond 2 — 2 processes for
forthcoming LHC applications.

In Ref. [30], we introduced the nested soft-collinear sub-
traction scheme. It is based on the idea of sector decomposi-
tion [10,11] but it relies heavily on the phenomenon of color
coherence in constructing soft and collinear approximations
to matrix elements. This subtraction scheme is local by con-
struction; however, initially, some subtraction terms were not
known analytically. Recently, this problem was solved for
both the double-soft [31] and triple-collinear [32] subtrac-
tion terms so that analytic results for all double-unresolved
subtraction terms are now available. Building on that, in
Ref. [33] we presented analytic results for the production of
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a color-singlet final state in hadron collisions obtained within
the nested soft-collinear subtraction scheme. In addition to
their phenomenological relevance, we view these results as
building blocks that should, eventually, allow us to describe
arbitrary hard processes at hadron colliders through NNLO
QCD. Typically, these building blocks are obtained by par-
titioning the phase space for a particular process in such a
way that only emissions off two hard particles at a time lead
to infra-red and collinear singularities when integration over
the phase space is attempted. These hard emittors can be both
in the initial or in the final state or one of them can be in the
initial and the other one in the final state. When looking at the
problem of constructing a subtraction scheme from this per-
spective, the results presented in Ref. [33] should facilitate
the description of the two initial-state emittors.

The goal of this paper is to take one further step towards the
application of the nested soft-collinear subtraction scheme to
the description of generic LHC processes by considering a
situation when the hard emittors are in the final state. An
important physical example of this situation is decays of col-
orless particles into a gg or gg final state. The NNLO QCD
results for the ¢g final state have already been used by us in
Ref. [34] to describe the decay of the Higgs boson into a mass-
less bb pair; however, we did not provide analytic formulas
for this final state in that reference. The goal of this paper is to
provide such formulas and to supplement them with the ana-
lytic results for decays of a color singlet into a gg final state.

Although, conceptually, the computation of NNLO QCD
corrections to the production and decay of a color singlet are
very similar, there are a few differences between the two that
are worth pointing out.

e In the case of the double-real corrections to the gg final
state we need to carefully separate unresolved gluons
from the resolved ones. This issue does not appear in
case of production where incoming particles are always
the hardest ones and their momenta are fixed.

e The computation of the integrated collinear counter-
terms requires modifications since, in the initial-state
case, the integrated collinear subtraction terms are func-
tions of fractions of the initial energy that a hard parton
carries into the hard process, while in case of the final-
state emissions one has to integrate over fractions of ener-
gies that are shared by partons in the collinear splitting.

e Construction of the double-collinear phase space, i.e. the
phase space appropriate for the description of a kinematic
situation where singularities occur when each unresolved
parton is emitted by a different emittor, is straightforward
in the production and non-trivial in the decay cases.

e Obviously, no renormalization of parton distribution
functions is needed to describe decay processes; for this
reason, cancellation of infra-red and collinear singulari-
ties works differently in the production and decay cases.

@ Springer

The rest of the paper is organized as follows. In Sect. 2 we
set the stage for the calculations described in the following
sections and introduce our notation. We then discuss in detail
the calculation of QCD corrections to H — gg decay to
explain our approach. In particular, in Sect. 3, we present the
computation of the NLO QCD corrections to the decay rate
H — gg.In Sect. 4 we discuss how to set up the calculation
of NNLO QCD corrections to H — gg decay and then
consider the H — 4g channel in detail. We present our final
results for the NNLO QCD corrections to the decay of a
color singlet to two gluons in Sect. 4 and to a gqg final state in
Sect. 5. We discuss the validation of our results in Sect. 6, and
conclude in Sect. 7. Many useful formulas and intermediate
results are collected in several appendices.

2 General considerations

We begin by describing common features of QCD correc-
tions to color singlet decays and by introducing notations
that we will use throughout the paper. We consider decays
of a color-singlet particle Q to quarks and gluons. Our goal
is to provide formulas that describe NNLO QCD corrections
to these decays at a fully-differential level. Specifically, we
study the decay process Q — f; f; + X, where {f;, f;} can
be either {g, g} or {g, q}. We first discuss the decays into the
gg final state since, compared to Q@ — ¢gq, the singularity
structure of the decay Q — gg is more complex. There-
fore, once the calculation of the NNLO QCD corrections to
0 — ggisunderstood, NNLO QCD correctionsto Q — g¢g
are easily established.

We write the perturbative expansion of the differential
decay rate as

dl' = dr't0 4 grNtO 4 gpNNLO 2.1)
The different contributions in Eq. (2.1) are obtained by inte-
grating various matrix elements squared over the phase space
of final state particles. To describe this integration in a com-

pact way, we introduce the notation analogous to our earlier
papers [30,33] and define

(Fm( 4. 24, .., ng)O(1, ... n)
N n
= oo [ TTnIen s o == p2 =+~ pw)
i=1

XIMICR (g, 2o, )OUPIL - pa)), 2.2)

where N is a symmetry factor for identical final-state parti-
cles, d = 4 — 2e is the space-time dimensionality,

-1
d Pi

[dfil = 551,

Q(Emax - Ei) (2'3)



Page 3 of 25 1013

Eur. Phys. J. C (2019) 79:1013

is the phase-space element for aparton f;, M"™¢(1 4, ..., ny,)
is the matrix element for the process

0 — filpy) + f2(p2) + -+ fa(pn), (2.4)

and O is a function that depends on partons’ energies and
angles. Furthermore, E 4 is an auxiliary parameter with the
dimension of energy that should be large enough to accom-
modate all events that are allowed by the energy-momentum
conservation constraints. Its relevance will become clear in
what follows. In the rest of this paper, we will use Epax =
mp /2. We note that the explicit constraint on the energy in
Eq. (2.3) breaks Lorentz invariance at intermediate stages of
the calculation; for this reason all energies in this paper are
defined in the rest frame of the decaying particle Q.

To describe contributions of loop-corrected processes, we
introduce similar quantities’

(FLV(lflszfz ..... nfn)O(l ,,,,, I’l))

N n
== [Tia10m 6 o =pi = p2 == p0)
X zm[MtreeMl—loop,*](lﬁ s 2/'2, ey nﬁl)O({pl, ey pn}),
(2.5)
and
(FLW(lfl,zfz,...,n od,....n))
= / ]_[[dﬁ](2n)d Dpg—pr—pa-+ = p)
x |:2§R[MtreeM2—loop,*] + |Ml—loop|2i|
x(1fs 245 oosng )OUPL, -y Pu})- (2.6)
Finally, we define
(Fx(1,2,...,n)O0(1,...,n))
= Y (Fx(p.2p.....n)00, .. 0), 27
1. f25e fn

where X = LM, LV, LVV and the sumruns over all allowed
final states. Using these notations, the three contributions to
the differential width Eq. (2.1) are written as

drio = (Fiv(1,2))s,
dr™O = (Fm(1,2,3))s + (Fiv(1,2))s,
drEO — (Fm(1, 2,3, 4))

+ (Fiv(1,2,3))5 + (FLvv (1, 2))s -

The symbol (---)s indicates that the integration over the
momenta of partons that are explicitly shown as arguments
of a function Fy is not performed, so that the right hand side

(2.8)

1" We note that in this paper we always work with UV-renormalized
amplitudes.

of Eq. (2.8) provides a fully-differential description of the
decay rate.

Starting from next-to-leading order, the individual terms
appearing on the right hand sides of Eq. (2.8) are infra-red
divergent and cannot be integrated in four dimensions when
taken separately. The goal of a subtraction scheme is to rear-
range them in the following way

NLO NLO NLO
dr™N-O = drjto, +drjto;,

drNEO = PN 4+ drgNY + Ty, (2.9)
(N)NLO

where dI’ are finite in four dimensions and con-
tain contr1but10ns from final states with at most i partons.
In Refs. [30,33] we explained how this can be done for
hadroproduction of color-singlet states. We now use a very
similar procedure to discuss color singlet decays.

Since the required computations are often quite similar,
we do not describe the calculational details if the results for
the decay follow easily from the ones for the production. To
this end, we note that a detailed introduction to our subtrac-
tion scheme can be found in Refs. [30,33] and we extensively
refer to these papers in what follows. In this paper, we high-
light differences between the computations required for the
production and decay cases and present formulas for color
singlet decay to either gg or ¢¢ final states. We begin with
the discussion of the NLO QCD corrections to H — gg.

3 Higgs decay to gluons: a NLO computation

We consider the NLO QCD contribution to the differential
decay rate of the Higgs boson to two gluons, H — gg.> We
use the notations introduced in the previous section to write

(FLM(lgv 2, 3g)>
+n g (Fm(lg, 2¢,39));

dFNLO

+(Fv(lg.29))5. (3.1)

where n s is the number of massless quarks. We consider
the three terms in Eq. (3.1) separately, starting with the real-
emission contribution Fpm(1g, 24, 3¢). The first step is to
identify all possible singularities that may appear in the com-
putation of that contribution and to partition the phase space
in such a way that for each partition only a small subset of
singularities is present.

An important consequence of any partitioning is the fact
that certain partons are identified as “hard”. This means that,
for a given partition, we should know exactly which partons
cannot produce infra-red singularities. Although there are
many ways to construct partitions, we find it convenient to use
scalar products of the gluons’ four-momenta s;; = 2p; - p;
and the energy-momentum conservation

2 Inthis section and in Sect. 4, we assume that the Higgs directly couples
to gluons through an effective vertex.

@ Springer



1013 Page 4 of 25 Eur. Phys. J. C (2019) 79:1013
ph=(p1+p2at+p3)’ = my =sno+siztss (32)  where we defined®
2 d"'p;
inside (FLm(1g, 2. 3,));- We then write (S3) = (ZCAgs’b)/ mewmax — E3)
(Fm(1g. 2. 3,)); P12
= (512 Fim(Lg, 24, 39))s + (F13Fim(Lg, 24, 3,)); (p1-p3)(p2- p3)
—€
(523 Fim(lg, 2. 3p)); » (3.3)  2Calay] (ﬁ) 1)
- 2 2
where we have introduced the notation §;; = s;;/ m%l We € ®
can use the symmetry of the matrix element and the phase x [1 + ez[Liz(l —n12) — ;2] 4 (’)(63)] . (3.8
space to rewrite this equation as
together with
(Fm(1g, 2. 39))s = 3 (S12Fm(l4. 24, 39));s - 3.4
o] = as(p)  eVE (3.9)

Thanks to the prefactor 517, gluons g; and g, on the right- Y2 T —e) '
hand side of Eq. (3.4) must be hard or “resolved” and the only
potentially unresolved parton is the gluon g3. This means that ~ and
the right-hand side of Eq. (3.4) is singular when g3 is soft
and when g3 is collinear to either g or g»; it is, however, not 1 — cos b

3 81 825 s s 771] = T (310)

singular when either g; or g, is soft or when g and g, are
collinear to each other.

We can follow the approach described in the context of
color singlet production [30,33] to extract singularities from
the right hand side of Eq. (3.4). We begin by considering the
soft contribution that arises when energy of the gluon g3, E3,
becomes small. We find

Jim |M2 (14, 24, 3¢)

P1- P2
(p1- p3)(p2- p3)
where C4 = N, = 3 is the SU(3) color factor and g5 j is
the bare strong coupling.

The factorization formula Eq. (3.5) allows us to extract
contributions of soft singularities from the decay rate. To
do so, we introduce the soft operator S3 that extracts the
most singular contributions in the soft limit from the matrix
element squared and the relevant phase space:

~2Cagl, M (14, 20),  (3.5)

(S3512 FLm(lg, 2. 3g)>5
. 1 l do(d)
= f [dfilldf12m)%

X (pg — p1 — p2) I MU (14, 2¢)
d= ps
2
X (2Cag;p) / me(Emax — E3)
P1- P2

X — 7 (3.6)
(p1-p3)(p2- p3)

Note that the function 0(Emax — E3) prevents the integral
over E3 from becoming unbounded from above. We rewrite
Eq. (3.6) as

((S3) Fim(lg, 20) )5, (3.7

W | =

(S3§12FLM(1gv 2, 3g)>5 =

@ Springer

We note that in the H — gg decay discussed here n1 = 1;
however, we do not use this fact right away and write Eq. (3.8)
in a more general way. The calculation that we just described
allows us to remove the soft singularity. We obtain

3(s12FLm(g. 24, 39))s

= ((83) Fim(lg. 29))s +3((T = S3)512 Fim(lg, 2, 39))s -
(3.11)

We note that, since the reduced matrix element does not
require further regularization, all singularities in the first
term on the rh.s. of Eq. (3.11) are explicit. The second
term there is free of soft singularities, but it still contains
collinear ones; these occur when n3; = (1 — cos631)/2 or
n32 = (1 — cos B33)/2 vanish. To isolate these singularities,
we partition the phase space in such a way that only one
of them can occur at a time. To this end, we introduce the
partition of unity
1 =0 + 0¥, (3.12)
such that(a)31 (I = S3)512FLm(lg, 24, 3g)>onlyhas collinear
singularitiesifn3; — Oand (¥ (I — $3)S12 FLm (14, 24, 35))
only has collinear singularities if 73, — 0. For example, one
can choose*

31 _ n32 ’ 32 _ n31 . (3.13)
31 + 132 31 + n32

3 We remind the reader that throughout this paper we will use Eqax =
mpy / 2.

4 Note that this choice is always well-defined because the configuration
p1llp21] p3 is kinematically not allowed.
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Introducing this angular partitioning, we write

((I - S3)§12FLM(1g7 2g7 3g)>3

2
= Z<w3i(1 — S3)s12Fm(lg, 2, 35')>

i=1

. (3.14)
and consider the two terms in the sum separately. We start
with the i = 1 term. Similarly to the soft case, we introduce
a C31 operator which extracts the corresponding collinear
singularity, and apply it to (0! (1 — S3)§12 FLm(1g, 24, 3,))-
We define C31 in such a way that it extracts the leading n3; —
0 singularity from (Fpm(...))s without acting on the phase-
space elements [df] . 3], see Ref. [33] for more details. We
find

<C31w31§12FLM(1gs 2, 3g)>8

1 1
=5 / A1 D (po — p2 — pi3)

2
E; )gsb (El) tree |2

x 2 Poo | — ) @ IMT2(13,, 2,).

<E1+E3 pi-p3 S8\ Eps &8

(3.15)
In Eq. (3.15), we defined
_En3
P13 = E_IPI» E;3=E| + E3, (3.16)

and denoted an on-shell gluon with momentum p;3 as 13.
The function Py, in Eq. (3.15) stands for the g* — gg
splitting function and we used the ®-sign to indicate its
spin-correlated product with the matrix element squared,
see Refs. [30,33] for details. In these references, we explic-
itly showed that at NLO spin correlations disappear after
azimuthal averaging. As the result, Eq. (3.15) becomes

(Ca10™ 512 (1. 24, 30)),

L / [dfi1ldf1dE; (27)'5@
2mpy 3!

X (po — p2 — p13) M2 (134, 2,)

o) T2(1 =€) (4E3/u?) "
e T'(1—2¢) Es

X <Pg8) <ﬂ) Q(Emax - ES)j| ,
E

13

(3.17)
where (ng> is the spin-averaged g* — gg splitting function

11—z Z
+
11—z

(Pgg) () =2Ca [ +z(1 - z)] . (3.18)

The term on the second line of Eq. (3.17) is very similar to
{FLm(14. 2,))s- To make this similarity explicit, we change

integration variables from £ and E3to E13andz = E1/E13.
We obtain

[dfi1E;*dE;

Ey=zE3, E3=(1—-2)E;3 =
Ey3

= [dfi3)z[z(1 — z)]fzeEl_fedz. (3.19)

We also rename f13 back to f; and obtain

(Ca10™ 512 Fina(1, 26 30)),
—€
1 [as] T2(1 —€) (4E?
= —(Fm(1,.2 RS RPN i
3<LM(g g)x[ e T(—20\ 2

1
X/Z[Z(l—z)]_ze(ng)(Z)dZ > s

Zmin 8

(3.20)

where E1 = mp /2 and we used the fact that the integration
over z starts at z = zmin = min{0, 1 — Epax/E1}. Since Emax
must be chosen in such a way that the whole phase space is
covered, Enax should be larger than Eq, Enax > Eq, for all
E1. This implies zmin = 0.

Repeating these steps for the soft-collinear term S3C3q,
we find

(3310512 Fin(lg. 2. 3g)>8

1
= g <FLM(1ga Zg))(;

los] T2(1 — €) [(m?, e, .
e T —20 \ 2 /(1—z)1+2f ¢
0

(3.21)
We use these results to write
(w1 = $)812Fim(1. 2. 30)),
= (€T = $30) x [Fn(1y.2,),
+((1 = Caw (1 = S5 Finle 26,39)
(3.22)

where (C31(I — S3)) follows from Eqs. (3.20, 3.21). We find

a2 -e (my\
(Ca1(I = $3)) = e Td-20 (7 V2,888

(3.23)

where yzzéq gg 1S @ particular case of a general anomalous
dimension defined as follows

@ Springer



1013 Page 6 of 25

Eur. Phys. J. C (2019) 79:1013

nk
Vi@).g—gg
1

=— / dz[z"g(l — ) f (D) P (2))

0

—2CAf ()1 — z)—l—kf]. (3.24)

We note that in the first term on the right hand side in
Eq. (3.22) all singularities are manifest and the reduced
matrix element does not require regularization, whereas the
second term is free of both soft and collinear singularities so
that it can be immediately integrated in four dimensions.

We deal with the w32 term in the partition of unity
Eq. (3.12) in a similar way. We obtain

<w32(1 — 83)s12FLm(1y, 2, 3g)>8
1
=3 (C(I — 83)) x (Fim(lg. 2,))

+{( = Caw (1 = )52 Fim(14. 2. 3p))

(3.25)
with
(Cn — $3))
_ @Fz(l —©) (ﬁ)6 2
e T'(1—=2e) \ u? 28788
= (C31(I — 83)) . (3.26)

We combine Eqs. (3.11, 3.23, 3.25) and obtain the follow-
ing result for the three-gluon contribution to Higgs boson
decay

(FLM(lg’zgv 3g)>5
= [(53> +2(Cs1(1 — Ss))} x (Fum(lg, 2¢))s

+3 Y (= Cae® (1 = S)Fi2Fim(l, 2. 39)
i=1,2

x
(3.27)
We note that, thanks to Bose symmetry, the two terms in the

sum in the last line in Eq. (3.27) are the same. Hence, we
write

(FLM(lg» 2g7 3g)>5

= |:(S3) +2(Ca1 (1 — 53))} x (FLm(lg. 2¢));

+6((1 = C3™ (I = STz Fim(l, 2¢.39))

(3.28)
This discussion implies that Bose symmetry can be efficiently
used to partition the phase space in such a way that identical

@ Springer

kinematic configurations of the three-gluon final states are
accounted for only once in the calculation; this removes the
original 1/3! symmetry factor.

Before combining this result with virtual corrections,
we consider the other real-emission term in Eq. (3.1),
nfe (FLM(lq, 2, 35)), that describes the decay H — (g* —
qq)g. Because (in this section) the ¢gg pair does not directly
couple to the Higgs boson, the singularity in this case is pro-
duced by the collinear splitting g* — ¢ggq. For this reason,
we do not need any partitioning. We repeat steps that led to
Eq. (3.22) and obtain’

ny(Fim(lg. 2¢.39))s
=ny (U — C3)FLm(g. 2. 33))s

2 —€
[as] T2(1 —€) [ my »
+np——ro o 5| Vigogq (FimUe 29

T(1—2e) \ u2
(3.29)
where
1
Vigaq = _de[Z(l — 0] Peg) @),
0
2z(1 —
(Peg) ) = T [1 - %} | o

We can now combine the H — ggg and H — ¢gq
decay channels and write the total real-emission contribution
to dI'NLO up to higher orders in €, as

(FLm(1, 2, 3))5
= (FLM(lgv 2, 3g)>5

m3\
+ng (FLM(lq’ 2, 3q)>8 = los] (M_IZ-I)
2C
FETa
2
+ygT(e) + 0(6))(FLM(1ga 2g))s

+6((1 = C3™ (1 = 512 Fian(l. 2¢.39)),
+np((I = C3n)Fm(ly, 2¢. 35))s - (3.31)
where we have defined

Vg(e) = yz%?g—)gg + nfylz,zgﬁqq(e) = Vg + eyé + 0(62)'
(3.32)

The two quantities y, and yg/ are given in Eq. (A.7).

> The extra factor of 2 comes from a mismatch between the symmetry
factors of (Fm (14, 2¢. 33)) and (FLm (14, 2,)).
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It remains to combine Eq. (3.31) with virtual corrections.
We follow Ref. [35] to separate the divergent and finite parts
of the one-loop amplitude and define

(Fv(1g, 2g))5 = <F1513(1g’ 2g)>8

—2[ag]cos(emr)Cy i—i—ﬁ
€2 Cue

4E1Eanin\ €
X<(T FLM(lgs 2g) s

8
(3.33)

where (Fn(1,, 2,)); is a finite remainder of the one-loop
H — gg amplitude, see Appendix A in Ref. [33] for details.
We combine Eq. (3.31) and Eq. (3.33), use 12 = 1 and
obtain a very simple result for the NLO QCD corrections to
H — gg decay. It reads

NLO
dFQ~>2

ay (1) 27 fi
== (2yg+TCA (Fim(lg, 20}, + (F (1. 2))

NLO
er—)S

= (U = C3))(60 (I = S3)§12 FLm(1. 2. 3,)
+nypFim g, 2¢,37)))s

s
8

(3.34)

where the two contributions are defined in Eq. (2.9).

We conclude this section by reminding the reader that the
NLO construction we just described is identical to the FKS
subtraction scheme [36,37]. In the next sections, we will
show how to generalize the FKS scheme to NNLO.

4 Higgs decay to gluons: a NNLO computation

In this section we generalize the discussion of the NLO QCD
corrections to the decay of a color singlet to the NNLO case.
We will follow Refs. [30,33] and perform subtractions of
soft and collinear divergences in an iterated manner, starting
from the soft ones. Many technical details are similar to the
production case described at length in the above references
and we do not discuss them here. Instead, we focus on the
peculiarities of the decay.

4.1 Double-real contribution

There are four different partonic final states that we have to
consider. They are @) 4 gluons, b) 2 gluons, 2 quarks, c¢) two
quark pairs of different flavors and d) two quark pairs of the
same flavor. We write

(Fim(1,2,3,4))s
= (FLM(lgv 2. 3¢, 45'))5 tny (FLM(lgv 2,34, 4é)>5

—1
+%) (FLm(lq. 241, 35.45));

+ny (FLM(lqv 24,33, 4‘?))5 :

In full analogy to the NLO case, we partition the phase space
in such a way that only a subset of partons are allowed to
become unresolved. In case of the NNLO contributions, two
partons can become unresolved simultaneously; we will sys-
tematically rename partons so that, eventually, the unresolved
partons are always referred to as f3 and fy.

We first consider the four-gluon channel,

“4.n

H — g(p1)g(p2)g(p3)g(p4), (4.2)

and introduce a partition of unity following what has already
been done at NLO

1 =512 + 813 + S14 + 523 + $24 + 534. 4.3)
We insert this partition inside the integrand for
(FLm(1g, 2, 3. 4g))5, use the symmetry of the phase space
and the matrix element and arrive at®

2mp (Fum(lg, 24, 3¢, 4))

4
- %/]‘[[dﬁ] Qm)?s@
’ i=1

4
X (PQ - Zm) D SIM(1. 2.3, 401

i=1 l;éj_l
/
=

1

4
X (pQ - Zm) §12 IM(1g, 2,35, 49>, (44)
i=1

[df;]1 2r)?s@

4
=1

The prefactor 515 ensures that no singularity arises in the
product §12 |[M(lg,2g,34,4,)|> when gluons 1 and 2
become either soft or collinear to each other. To proceed
further, we introduce an energy ordering for potentially-
unresolved gluons g3 and g4, use g3 <> g4 symmetry and
write

2mpy (Fum(lg, 24, 3¢, 49))

4
=5 [ Tz @nys®
i=1

4
x <PQ - ZP:’) S120(E3 — Ey)

i=1
X|M(lg, 24, 3¢, 402
= 12><(2mH)(<§1zFLM(1g, 2, 3g,4g)9(E3—E4)).(4-5)

6 In this subsection, the “tree” superscript on M is always assumed.
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We now consider the 2g2g final state. In principle, it con-
tains fewer singularities than the four-gluon final state. There-
fore, one may use a simpler partition of unity to single out
the potentially unresolved partons. However, to streamline
the bookkeeping, we find it convenient to use identical par-
titioning for all final states. Our starting point is then

2mpy (FLM(1g9 24,34, 45))

4
- %/H[dﬁ] Q2m)s@
’ i=1

4 4
x (PQ - Zm) D 5 IMg, 2, 34,4917,
i=1 i#j=1
(4.6)
where the partition of unity Eq. (4.3) has already been
employed. We note that the amplitude is symmetric with
respect to permutations of the two gluons, so that

(Mg, jg. koo 1)1 = | Mg, ig. kg 1)1 4.7

Furthermore, since in this amplitude the quark-antiquark
pair arises from gluon splitting, the amplitude squared
summed over quark and anti-quark polarizations satisfies
I/\/l(ig,jg,kq,lq)|2 = IM(ig,jg,lq,k,;)lz. We can use
these symmetries of the amplitude squared as well as the
symmetry of the phase space to re-write Eq. (4.6) in the fol-
lowing way

2mp (Fum(lg, 24, 34, 43))
1 4
_ . d g (d)
= 51 [ Tz s
i=1
4
X <PQ - ZP:’)
i=1
HIM(1g, g, 24,3917 + IM(2, 3¢, 14, 45) >

+|M(2gv4‘gv ]qs 3(])|2 + |M(3gv4g7 ]qs 2q)|2>

(4.8)
To proceed further, we introduce the energy ordering for the
two potentially unresolved partons f3 4 and use symmetries
of the amplitude to remove the factor 1/2 in the above equa-
tion. In cases when f3 and f are partons of a different type,
this requires us to combine the different contributions in a
particular way. As an example, consider the second and the
third term in Eq. (4.8). Relabelling parton momenta where
appropriate, we write

IM(Lg, 3¢, 24, 45) 1> + IM(lg, 4,24, 35) 1
= [IM(1g. 3. 24. 4 + IM(14, 4. 24. 3
+M(Lg, 4g. 24,31

@ Springer

HIM (1. 34,24, 49) P ]0(E3 — E4)
=2[IM(1g, 30,2, 49

+|M(1g,4g,2q,34)|2]9(E3 — Ey). (4.9)

Using these transformations, we obtain

4 4
= f [ [ @rys® (pQ - Zm) 0(Es — E4)
i=1 i=1

x512(IM(1g, 2,34, 4 1% + M1, 3¢, 24, 47)1?

HIM(1g, 4,24, 301> + IMQ2q, 3¢, 14, 45)1?

HIM 2, dg, 14, 3)1% + IM3Bg, 4g, 14, 29)1%),
(4.10)

which we can write as

(FLM(lga 2g7 3q» 4(]))
= 2<|:FLM(1g7 2¢,34,47) + FLm(lg, 3¢, 24, 43)
+ Fum(lg, 44,24, 35) + FLm(2g, 34, 14, 44)

+ FLm(2g, 44, 14, 35) + FLmBg, 44, 1y, Zq)]§129(E3 - E4)>-
@.11)

We note that the six terms in Eq. (4.11) have very different
singularity structures. For example, all the terms in Eq. (4.11)
that contain gluon g4 give rise to single soft singularities that
arise when E£4 — 0. In the remaining three terms, the energy
E4 is associated with an anti-quark and, therefore, these
terms are not singular in the single-soft limit. Similarly, the
collinear limit C4; corresponds to an (anti)quark and a gluon
becoming collinear in the first, second, fifth and sixth terms
in Eq. (4.11). However, the same limit describes a kinematic
configuration with two collinear gluons in the third term in
Eq. (4.11). Clearly, the two limiting cases result in different
splitting functions and different reduced matrix elements.

Finally, we turn to the four-quark channels, where we need
to make a further distinction between cases when quarks have
same or different flavors. If they are different, i.e. ¢ # ¢q’, we
write

-1
2my [%} <FLM(1q, qu, 3,;, 46’))

ngng—1) 4
— J : dg(d)
= /,Lll[dﬁ] @mr)’s

4

x(po — Y _ pi) IM(14. 24, 35. 4)1%. (4.12)
i=1

If the flavors are identical, we can use the same amplitude M

as for the different-flavor case, accounting for a permutation

of two identical particles. We write
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2my ny (Fum(1y, 24,33, 43))

4 4
= (;% / [ [tafi1 @m)?s@ (PQ - Zpi)
’ i=1 i=1

XIM(1q, 24, 35.45) — M(14. 24, 44, 35)1%.
(4.13)
We denote the interference term as
Int(1y, 24,35, 43)
= —2Re (M(lq, 24,35, 45)M* (14,24, 45, 3[7/)) ,
(4.14)

and write the complete four-quark contribution to the decay
rate, including both different and identical flavors, as

2mp (FOP(1,2,3,4))

w
_ 3 d o(d)
= fi]][dfl](zn) )

4
X <pQ - Zpl) |M(lq92q”3z}s4é’)|2

i=1

4
ny : ds(d)
+ /E[df,] 2n)ds

4
x (PQ —Zpi>1nt(1,2,3,4>. 4.15)
i=1
The interference term in Eq. (4.15) is not singular and can
be evaluated in four dimensions; for this reason we keep it
as it is. Moreover, the first term in that equation only pro-
duces singularities when either one or two gg pairs become
collinear. Despite this simplicity, we find it convenient to
treat the four-quark contributions Eq. (4.15) in the same way
as the two other channels that we discussed previously. To
this end, we insert the partition of unity Eq. (4.3) into the
integrands in Eq. (4.15), re-label partonic momenta, use the

symmetry of the amplitude squared

IMCiq, jgs kg, 117 = |Mdig, Ly, kg, ja)I

= Mk, jgsig. 1317, (4.16)

and obtain

2my (FO9(1,2,3,4))
4 4
= [ TTiam @os® (pQ = pi>
i=1 i=1

x 512(2|M<1q, 24,3540 + IM(14.34. 2. 4,;f)|2>

. 4
n ”in/l_[[dfl] (27‘[)‘15((1) <PQ — Zpi> Int(1,2, 3,4)
i=1 =1
4.17)

The prospective unresolved partons are f3 4. Similar to
other channels, we introduce the energy ordering E3 > Ej4
and again use the symmetry of the amplitude squared to sim-
plify the result. We obtain

4,
(F3P(1,2,3,4)
= s (F%N(14.24.37.4)
+2n?([FLM(1L]7 2q’s 3(?7 46’) + FLM(lq, 2(]/7 46, 3‘7/)

+Fim(lq. 3¢, 25, 45) 5120 (E3 — Ey)), (4.18)
where we have defined
ny <Fli[11\51(lq’ 24,35, 4@))
nr 1 4
=— |5 dfi1 2m)4s@
Z [zmH]/g[ fil )
4
X <PQ - Zm) Int(1, 2,3, 4). (4.19)
i=1

Upon combining all the channels, we obtain the final result
for the double-real contribution to the decay width. It reads

(Fim(1,2,3,4))s

= <§120(E3 — E4) x {IZFLM(lgs zg, 3g7 4‘g)

+ 2nf[FLM(1g, 2¢,34,45) + Fum(lg, 34,24, 43)
+ Frm(lg, 4¢, 24, 33) + FLm(2g, 3¢, 14, 43)

+ Zn?f[FLM(lq, 247,35, 45) + Fm(1q, 247, 45, 357)

+ Fum(lq, 34, 25, 4(1,)“ +np (14,24, 35, 4,,)> )
)

(4.20)

To illustrate how soft and collinear singularities are
extracted from the double-real emission contribution Eq.
(4.20), we focus on the four-gluon final state Fym(1g, 2, 3¢,
44). This contribution possesses the richest singularity struc-
ture yet, at the same time, it is one of the simplest as far as
the bookkeeping is concerned. After explaining how the sin-
gularities are extracted in this case, we present the results for
all channels in Sect. 4.4.

4.1.1 Double-soft contribution for H — gggg
Similar to the production case, we begin with the double-soft

limit that occurs when E3, E4 — 0. We follow Refs. [30,33]
and introduce an operator S that extracts the leading double-
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soft singularity from the product of the matrix element
squared and the phase space, and write

[=S+U-5). 421

The double-soft limit is computed in exactly the same way
as in the production case [30,33]. We find

12(SS512 Fim(lg, 24, 3¢, 49)0(E3 — Eg));

2 —2e
m
= [os]°C3 Ds (M—§’> (FLm(lg, 2¢)); . 4.22)
where [31]
De— 5 N 11
§ =26 T 1263
+1 16 11n2+1112
2\"9 12 "3 "
1 /217 11x%2 137 1, 53
(- ——— — —m2——In’2-"05
e\ 54 36 18 3 4
649 12572 131z* 434
—_— - +—1In2
81 216 720 27
1, 137, 22 5 275
—— 7?24+ —In?2+ —=In*2 - =—g.
g met gt g 12 %

(4.23)
We use Eq. (4.21) and write

12(512Fim(lg, 24, 3¢, 4¢)0 (E3 — Ex));

—2e
m2
= [o)? (M—’; CiDs (FLm(1g. 29));
+12((I = S)512Fim(lg. 2. 35, 40)0(E3 — Ey)); .
(4.24)

The term on the second line in Eq. (4.24) does not contain
double-soft singularities anymore but it still contains both
single-soft and collinear ones. We discuss how to extract
them in what follows.

4.1.2 Single-soft contribution

We need to extract the single-soft singularity from

12((1 = S)512 Fum(lg, 24, 3¢, 4)0(E3 — E)), (425

see Eq. (4.24). The soft limit of the amplitude squared reads
Sal M (1g, 24, 3¢, 49|

2 Pi-Dj
=g4Ca ),
(irelo.3 (pi - pa)(pj - p4)

XM (14,24, 30) 1%, (4.26)

@ Springer

where the sum runs over three i j-pairs, {1, 2}, {1, 3}, {2, 3}.
The gluon g4 decouples both from the hard matrix ele-
ment and the phase-space; hence, integration over its four-
momentum is identical to the NLO case except that the upper
boundary for the E4 integration is now E3. Repeating steps
analogous to what we discussed at NLO, we find

12(S4(1 — $)35120(E3 — Ea)Fim(lg, 2¢, 3¢, 4¢));

- 3<J§fg(1 — S35 Fv(ly. 2, 3g)>‘S , (4.27)
where
888 4E§ - Ca
T =lel\—5 ) =
X [ m12) K12+ (113)" K13 4+ (n23)"¢ K23},
(4.28)
and
(=€) i
Kij = m”lij 2F1(L 1,1 —€5 1 —nij)
=1+ € [Lia(l — nij) — &2] + O(). (4.29)

Equation (4.27) is free from soft singularities, but it
still contains collinear ones; these arise when the gluon g3
becomes collinear to gluon g; or gluon g;. We proceed as in
the NLO computation. Namely, we introduce a partition of
unity, use the symmetry of the process under the exchange
of gluons 1 and 2 and write

(7 = 5785512 Fim(1. 20.30),

=2(Ca107 (1 = $) 855 Fim(1. 24, 30)),

+ < D = Caye® (I = $3) T 51 Fum (1, 2. 3g)> :
i=1,2

B
(4.30)

All singularities are regulated in the second term on the r.h.s.
of Eq. (4.30). We now consider the first term on the r.h.s. of
Eq. (4.30). Taking the n3; — O limit in Jgfg, we obtain

4E2\ " ¢4
C31«]§fg = [as] <l$23> 2

_ a1 -eora+
X[2(f712) €K12+M(n31

—€
T'(1 - 2e6) ) ]

431

where we used

ra-era
lim Kijz ( 6) ( +€).

4.32

Since we have to apply the C3z; operator to 3
<J§fg(1 — S35 Fim(l g, 2. 3g)>8 and since the limit of
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Fim(1g, 2¢, 3) is identical to what we already discussed
in the NLO case, the computation proceeds similarly to the
NLO case. Note that since the (E%)_E prefactor in Jg, gives
an extra factor (1 — z)~2¢ the relevant anomalous dimen-
sion in this case is yzz,?;—>gg’ c.f. Eq. (3.24). The result of the
calculation reads

3<(1 — $3)J5 55 Fm(lg, 2, -”g))[S

2¢
lag]? [ p?
=t 5z ) &

H
M1 —e¢) THA—eTd+e
* [Fl(l 20 20 (1 = 36) ]

x foé»gg (FLM(lg’ 28)>5

- 3< DU = Ca)e¥ (I = $3)J§ 5 Fm(ly, 2, 3g>> :
i=1,2 $

(4.33)
‘We combine the different contributions and obtain
12((1 — $)S1aFim(lg. 2¢. 3¢, 40)0(E3 — Eg));
=12((I — Sp)(I — $)512Fim(ly. 2. 3. 45)0 (E3 — Ey));

3i b
+3 le((l — C3)™ (1 = )T Fin(1g. 2.30)),
=1,

2¢
los1? [ w2 2r4(1 —e)
2 PR
TS <m%[ Ca 21 —20 +

x sz,i'”gg <FLM(18’ 28)>5 .

M1 —erd+e
2I (1 — 3€)

(4.34)

In Eq. (4.34) the third and fourth lines are free from unreg-
ulated singularities whereas the second line contains unreg-
ulated collinear singularities that need to be extracted. We
explain how to do that in the next section.

4.1.3 Collinear singularities: general structure

Having regulated all the soft singularities, we are left with
only one contribution on the right hand side of Eq. (4.34),

12((1 = S)(I — $)S12Fim(ly. 2¢. 3¢, 40)0 (E3 — Eg))s
(4.35)

that still contains unregulated collinear singularities. To iso-
late and extract them, we need to introduce a partition of
unity

| = @34l 4 3242 4 3142 | 3241 (4.36)
where w3/ are functions of the partons’ emission angles.
These functions are constructed in such a way that a product

of w3"#/ with the matrix element squared has non-integrable
collinear singularities if gluon g3 is collinear to gluon g; or

gluon g4 is collinear to gluon g ;. The singularities that arise
when gluons g3 and g4 become collinear can only occur in
the partitions w>"#! and w3%42. Following Refs. [30,33], we
refer to w3'* and w32*? as the triple-collinear partitions
and w3#2 and w*!32 as the double-collinear partitions. A
possible choice for these functions is given in Appendix A.

The double-collinear partitions can be dealt with in a rel-
atively straightforward way since the collinear singularities
are clearly isolated. The only issue that we need to address
is the construction of a proper phase space for this contribu-
tion; we discuss how this can be done in Appendix B. For
the triple-collinear partitions, we need to order the emission
angles of gluons g3 and g4 and we refer to these orderings
as “sectors” that we label as a, b, ¢, d, see Refs. [30,33] for
details. Explicitly, we write

n31 n31
1 =9(7741 < 7)+9(7 < n41 <1731)

41 n41
+0 (7131 < 7) +0 (7 <M1 < n41>

=9@ L g® 4L g 4 9@ (4.37)

Once partitions and sectors are introduced, we can extract
the collinear limits from the decay rates following the proce-
dure already discussed for the production case [30,33]. Note,
however, that similar to the NLO computations discussed in
Sect. 3, we have to integrate the various splitting functions
appearing in the calculation over energies to obtain (gener-
alized) anomalous dimensions.

We now summarize the relevant steps for the extraction of
the collinear singularities, closely following the procedure
and notation of Ref. [30,33]. We introduce the short-hand
notation

G(1,2,3,4) =12(1 — ) — S4)512

Fim(lg, 2¢, 34, 40)0(E3 — Ed), (4.38)

and write
(G(1,2,3,4)s = (gs"“(l, 2,3, 4)>5

+ (gs,,ct (1’ 2, 3’ 4)>5 + <gsr,Cr(1, 2, 3, 4))5 .
(4.39)

In Eq. (4.39), we have introduced

e the soft-regulated, single-collinear contribution

(Gre1,2,3,4);

= > <[Csi[df3]+c4_,~[df4]}w3’?4fg(1,2,3,4>>

(ij)e(12.21} 8
+ 3 <[0(“>c4,-+9<”>c43+9<”>c3f+0(‘”C43}

ie{l,2}

x [df:lldflo™6(1,2,3,4)) (4.40)

s’
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e the soft-regulated triple- and double-collinear contribu-
tion, defined as

(Ger(1,2,3,4));

s <[e<a>[z ] 40P[1 = Cas] + 691 — O]
ie{l,2}

+0D[1 - 043]][dfg][df4]cc,~w3’*4fg(1, 2,3, 4)>
S
- Y (cucylanlidnieiga,2,3.e) ;

(ij)e{12,21}
4.41)

e and, finally, the soft-regulated collinear-regulated term

(Grer(1,2,3,4));

=Y <[9<a>[1 — Cyi] + 0PI — Ca3]

ie{l1,2}

+0O[1 — C3i] +0'D[1 - c43]]
x[df31ldf4][I — @] ¥ G (1, 2,3, 4)>

+ 2 (r-ei-cyl

(ij)e{12,21}

xo I [df11df416(1,2,3, 4>>

8

. (4.42)
8
We remind the reader that the notations in Eqs. (4.40, 4.41,
4.42) are such that collinear operators act on everything
that appears to the right of them. In particular, the nota-
tion (--- C[df;]---) implies that a particular collinear limit
should be taken in the phase-space element of the parton f;.
More details can be found in Refs. [30,33] where we show an
explicit parametrization of the emission angles for gluons g3
and g4 and define the action of collinear operators in terms
of this parametrization.
We discuss the terms (G (1, 2, 3, 4)) and (G (1, 2,

3, 4)) in the next two subsections. The term (G (1, 2, 3, 4))
is finite and can be immediately computed in four dimen-
sions. This point is again discussed in Refs. [30,33] in the
context of color singlet production. Since there is no concep-
tual difference between how this contribution is computed in
the production and decay cases, we won’t repeat the discus-
sion here.

4.1.4 Soft-regulated single-collinear contribution
To obtain an expression for the soft-regulated single-collinear

contribution (G (1, 2, 3,4)) in Eq. (4.40), we follow the
same steps as in the production case [30,33]. After a tedious

@ Springer

but otherwise straightforward computation we obtain’

(G (1,2, 3, 4)),

—€
_ Ll /o 4E} 2
= e 22 Vz.g—gg

(4E3/1) "~ (4E%/M2)6]

2¢
x(I — 53>[(1 — Co)ay !
—€
+(5) a- csl)cbiﬂ,f“}sleLM<1g, 2, 3g>>
8

2\ —€
4 L] <6 (E—g) (I - S)
e\ \n

(I = Can)[ng (1 = nan)€ ]y 51

tevele, ki )rur Fiy(lg, 2, 3g)}>
§

DAY (-
) (A, 29) J2——— 2
+ 62 m%{ ( LM( g g))g { F(l — 26)
5 24 )
22 2,888 2,888

[y e (B
T =2 (1 —¢)
'l —3¢)

u oM
|22 ) _oc, [ Yremes T Vag—es
Vz,8—g8Vz,8—> 28 A e

+2

42 [ (@ + 2 T @)

JJra-2ora-eo
—2C 44 |: I = 3¢) € ®bd:| Sg(€)
2 _ _ _
_ac, [1" (1—¢) T1=20I(—¢) _62906}
(1 —2e¢) 21=€r(1 - 3¢)

24 2
« Vig—g8 ~ Vig—sgs
Qe '

The anomalous dimensions y;,jg_> ¢g-thatappearinEq. (4.43),

are defined in Eq. (3.24) whereas y, (€), yg (€, k1) and &g (¢)

can be found in Refs. [30,33]. For completeness, we report

them in Appendix A, see Egs. (A.10, A.11, A.12). Finally,
24.r .

Vs.4— gg 18 defined as

7 We have used the 1 <> 2 symmetry to obtain this formula.
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29 371 2x?
24, _
Vegge = EC“ +Cae <H B T)
1559 2972
+Cpé? (1_6 Ty 24§3> + 0(63).

(4.44)

Note that, as a consequence of spin correlations, the result in
Eq. (4.43) contains a finite term r,r, Ffl\'/}[ This term should
be understood as the corresponding matrix element squared
where the polarization vector for the gluon g3 is taken to be
a particular four-vector r*. The precise form of the vector r
depends on the specific way in which the limit where gluons
g3 and g4 become collinear is approached. Since we use the
same parametrization of the triple-collinear phase space as in
Refs. [30,33], the explicit form of the vector r* can be taken
from these references. As an example, consider the w34
partition, where p3 is written as

pf; = E3(1, sin 631 cos ¢3, sin B3] sin g3, cosB31).  (4.45)

Here, 63 is the relative angle between the momenta of g1 and
g3. Upon parametrizing the collinear limit of g3 and g4 as
described in Refs. [30,33], we find the following expression
for the vector r*

r* = (0, — cos 031 cos @3, — cos B3 sin @3, sin631).  (4.46)

Similar to Refs. [30,33], damping factors with tildes in
Eq. (4.43) indicate the damping factors computed in respec-
tive collinear limits, e.g.

ay = lim o3
n41—>0

(4.47)

Finally, the two quantities ®,. »q in Eq. (4.43) are the only
entries where the explicit form of the damping factor appears
in the fully-unresolved part of the result. They read [30,33]

®ac=_<(1_c31)[ n2 ]~31.41 131

2 In —> + O(e),

2031132 2
Opg = —2<(1 ~Cap) [L} o3 B! >+ Oe).
2131132 I —n31
(4.48)

Taking the explicit expression for the partition functions
shown Appendix A, it is straightforward to obtain

2

Oue =1+In2+0(€), Opg =2 — % +0@). (4.49)

4.1.5 Soft-regulated triple- and double-collinear
contribution

We now discuss the triple- and double-collinear contribution
(G (1,2,3,4)) shown in Eq. (4.41). As indicated in the
previous section, this term includes all the double-unresolved
collinear contributions which arise when both gluons g3 4 are
collinear to either gluon g; or gluon g», as well as single-
collinear contributions where gluons g3 and g4 are collinear
to each other.

This contribution requires a non-trivial integration of the
triple-collinear splitting function over energies and angles of
particles that participate in the splitting. The relevant compu-
tation was performed in Ref. [32]. Using the results presented
there, we can write the final result for the soft-regulated triple-
and double-collinear contribution as

(QS”C’ (1,2,3, 4)>8

2e
ERNCA n 2
T\ Veg—ss

24 _ 2
_4c, ( 2.8—88 M"“)} (FLm(g, 2g)>a

2e

2¢
2 ﬂ 888
+los | =5 ) 2R%EE (Fuu(ly, 29));, (4.50)

my

where the first term on the right hand side comes from double-
collinear configurations and the second one from the triple-
collinear ones. The integral of the triple-collinear splitting
function, with soft and collinear singularities subtracted, is
denoted by R#88 in Eq. (4.50); it reads [32]

2 2
888 Ch (1895 N 7%  11In2
€ 216 36 36
2721n2 N 11In%2 &3
3 2 8
335 8372  Tlx*
cil -== -
* A( 8 144 1440

845In2 1877%In2  1691n2
08 T 36 13
257%2In%2 1761032  In*2
12 912

(1 12123 591n2¢3
—2Li4 [ = .
14 (2) + 3 + 1 >

4.2 Real-virtual contribution

4.51)

We now turn to the discussion of real-virtual contributions.
Their calculation is similar to the NLO case discussed in
Sect. 3. As in the previous section, we illustrate the most
important steps of the real-virtual calculation for the three-
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gluon final state. Similar to NLO, we introduce a phase-space
partitioning and write

(FLv(1g.2¢.30));
= 6(( = 3™ (1 = $)512Fiv (1, 2. 30)),

+3 <S3§12FLV(1gv 2, 3g))5

+6(C31(I — $3)512Fiv (1. 2¢. 30));s - (4.52)

We note that the 1 < 2 symmetry was used to simplify
Eq. (4.52). The first term on the right hand side of Eq. (4.52)
is fully regulated. The terms on the second line are soft and
collinear subtractions, which we now discuss.

The starting point for the calculation of the soft subtrac-
tion contribution is the factorization property of the one-loop
amplitude [38], that leads to

S3 [29{[/\4““(18, 24, 3g)M! TP (1, D 3g)]}

_ [ greVE ] 2Ca(p1 - p2)
Ll —e) | (p1-p3)(p2-p3)
X {[29t[/\/t‘ree(1g, 2 )M TIPH (1, 2]
_ @ (‘%(M)) |Mtree(1g’ 2g)|2:|

€ 27
[as] T5(1 — 31 +¢€)
€2 T2(1 —26)I'(1 + 2¢)

¢ (4p2\ "
) (773771177232> (M_;) |Mtree(1g,2g)|2}7 (4.53)

with

— LA

11 2
Bo=—Ca— zTgny.

G 3 (4.54)

The appearance of the By term in Eq. (4.53) is related to the
fact that we work with UV-renormalized amplitudes. Starting
from Eq. (4.53), we follow the discussion presented in Sect. 3
and obtain

3<S3§12FLV(1g’ zg’ 3g))8

2\€ 2,1 _
e, o] (u_) r2(-o

€2 \m?% ) T —2e)

€

2
C o (n2\
2 64 m%_l

1 -3 +e)
(1 —4e)I'(1 + 2¢)

X |:(FLV(1g’ 20)); — a <%) (FLm (1, Zg))s]

(4.55)

(Fm(1g. 29))s -
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Next we consider the collinear subtraction. At one-loop,
the collinear factorization of one-loop amplitudes leads
to [39]

Cs1 [m[M“@e(]g, 2g, 3) MITIPH(1, 2, 3g)]}

E,
X ng E_B
® [2m[M‘fee(13g, 2 )M TP (13, 2]

— @ <aS(M)> |Mtree(13g’ 2g)|2]

€ 2
r*a-era —i—e)q\
r(l—2¢)

E
x [(—m)—f Py (E—l‘3>] ® |IM™(13,, 2g>|2},
(4.56)

where 513 = 2p1 - p3 + i0. We remind the reader that the
notation “13,” indicates a gluon that has the same direction
as the gluon g but whose energy E;3 is given by Ej3 =
E1+ E3. Asin Sect. 3, the symbol ® in Eq. (4.56) indicates a
contraction of the one-loop spin-correlated splitting function
Pg(? with the relevant scattering amplitudes. The one-loop

 lgierE/T(1 = €)]
B P13

+ [og]

splitting function Pé%,) was computed in Ref. [39]; we report it
in Appendix A for convenience. We note that, at variance with
the production case, the splitting function Pg(él,) is manifestly
real for the decay kinematics. Following the same steps as in
the NLO calculation described in Sect. 3, we obtain

6(C31(I — S3)512Fiv(lg. 24.3¢));
€
_ o] (w7 T2 —e)
e \m% ) I'(1-2e)
X 2yz%é~>gg[<FLV(1gv 2g)>5

S (10)
_bo <a2: )(FLMag,zg))a}

€

ol *
e \n2

(1 =26 (1 —e)
T(1 — 3e)

1-1
YL O (Fim(ly, 29))s . (4.57)

In Eq. (4.57), yzl,gﬁ?i, is the one-loop anomalous dimen-
sion, analogous to y; ¢ ¢, Obtained by integrating ng;,)
in Eq. (4.56) over the energy fraction E;/E;3. Its explicit
expression is reported in Appendix A.

Finally, it is also convenient to explicitly extract the 1/e-
poles from the Fry terms in Eqs. (4.52, 4.55, 4.57). Their
structure is well-known [35] and we have already discussed
itin Refs. [30,33] using our notations. For completeness, we
report the relevant formulas below
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(FLV(]g’ 23'))5

2 €
= —2cos(em)[ay] (H_z) [ 2 /30}
my, € €

x (Fn(lg, 20)), + <FLﬁ$(1g, 2g)>8
(FLV(lg’ 2, 3g))3
= <F{f§(1g, 2,. 3g)>8 — cos(em)as]

(G2
€ € 512
2\ € 2\ €
+ (“—) + (“—) ] Fia(ly. 2. 3g>> .
813 8§23 $

In Eq. (4.58) the functions F&
and Sij = Zpi “pPj > 0.

(4.58)

are finite in four dimensions

4.3 Double-virtual corrections

The double-virtual contribution is identical to those in the
production case described in Refs. [30,33]. For convenience,
we report the relevant formulas here. Following Ref. [35], we
extract all the e-poles from the loop amplitudes and write

(FLVV(lgv 2g)>5
_ (asw)Z [ifz(e) Poi o

2 2
b (- 20) -
* <? * K) Ti—o

()
x FLM(lg,zg))ﬁ(“z: >Ilz(e>( V(e 20))

I12(2¢ )—l——}

fi fi
o (Fliy (L 200), + (1. 20)

(4.59)
where
[12(¢) = —2cos(en)
€VE 2\ €
| (£ e )
Ll —e) | \m? 62 €
with By defined in Eq. (4.54) and
67 nm? c 10
= _——— _ — n .
18 6) 4 9 KV
5 I ’3
H,=Ci (=
& A<12 144 2)
29 72\  Cpny 50
—Cans =+ = —. 4.61
AN (27+72)+ >t > (4.61)

Finally, we note that (F{¥(1,, 2,)) is defined in Eq. (3.33),
and (F{‘&V(lg, 2g)), <FI§22 (1, g)> are finite remainders, see
Appendix A in Ref. [33] for details.

4.4 Final result

The sum of the different contributions discussed in the pre-
vious sections gives a result that is finite in the € — 0 limit.
Repeating similar calculations for all the other partonic chan-
nels, we obtain the full NNLO QCD corrections to the decay
H — gg. We write the result as the sum of contributions
with different final state multiplicities, cf. Eq. (2.9)

drNNLO — qpNLO 4 qPNLO 4 arINED. (4.62)
The contribution of the four-parton final state reads
i
=y <[9<“) [1—Cu]+6P[1 - Ca3]
ie{1,2)
+ 091 - C3] +0D[1 - c43]}
x [dfslldfa[l — @] ¥ [1 = S4]
x [I = SS]Fum(1, 2, 3,4)>
B
S DN | T TN
(ij)ef12,21}
x [dfs1ldfa[1 = Sa][1 — S]Fm(1, 2, 3,4)> ,
8
(4.63)

where F1m(1, 2, 3, 4) is defined in Eq. (4.20). Similarly, the
three-parton contribution reads
drpnee = <@NLnggg [3512 FLm(1g, 2. 30)]

+ nf[@NLOquq SinFim(le, 24, 35)
+ @NLqugq SiuFim(14, 24, 33)

+ @NLOJqqg 3:12FLM(1q, 2(}» 3g)]>
8

+ YVkig <0NLO§12rﬂrU

x [3F{n(Lgs 26, 3¢) +np Fiy(1g. 25, 39)])s
(4.64)

where

Onto = (I = (1 = C31 = Co) (0™ +0) . (465)
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and

Jijk = j(]]k) + jﬁ) (4.66)

The functions J12) are defined as
‘7;;; =Ca [’ZU +Kis+ ’EB] + Bo In(m12113123),
J;,}E, =Cy [kn + /%13]

~ 3
+ Q2Cr — Cp)Ko3 + 2CF — CA)E In(n23)

Bo E>E3nianis 3 E3niams
PO [ 2223M2M3 ) ) 20 [ 21202713 )
+ 2 t E% + 4 AT E>Es

Jq(glé =Cy [E12 + /%23]

~ 3
+ (2Cr — Ca)K13 + 2CF — CA)E In(n13)
Bo E1E3n12n23 3 E3n12m23
PO (212302023 ) | 20 gy [ 22112023 )
+ 3 n E% + 1 Aln 1B
Tape =Ca [Ki3 + Kas]

~ 3
+ 2Cr — Co)K12+ 2CF — CA)E In(n12)

E\E 3 E3
+@]n< 1 217137123>+_CA1H< 377137]23),

2 E% 4 E\E>
(4.67)
and
2 ~; 31,41, (113
Tid =V +vj+ 7 =@y In (7)
E3 ~32,42, (123
x (y,- 1+2C;In E—1> ~ @35 n (7)

Es ~31,41 3
x <yj+2cj In E—2> - [‘03”4 "aa—n

~32.42 723
) ] =~ ,
T30 (4(1 - 7723)>:| T

where C; = Cr and C; = Cx. The various constants
and functions used in Egs. (4.67, 4.68) can be found in
Appendix A.

Finally, the two-parton contribution reads

(4.68)

NNLO
dFH—)Z

as (10
:< o ) <FLM(1g72g)>5
o o2 [63837 203n2+469n4
Al 324 12 720

2 4
2 (T o) 2, (L
(T 2) -2 (1)

11z? 7z 185943
m2(3+— - 22) -
+in < I ) 36
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o w? 1429 1172 N 203O
n — —_— J— pe— ()
w2 )\ 52 T s T 8) T g O

N llln2+n2 131 o
3 3 36 ) ™

5701 N 67372
81 216

—I—CAnf|:—

272 4923
—n2(3+=—)+2m?2+ —2
n <+ 9 >+ n“2+ 13
2 2
15
(2 (,,___)
mi )4 2
4l N 2322\
18 “"\36 3 bd
—27 w? 2043 w?
C T2 B
+an[4+6+3 nm%,]

2 1889 572 N 13ln w?
p2| 222 2 (A
1324 108 " 27 \m

s , 2 2
* (aé(:)> [27/3 + %CA} <FLﬁ\‘}(1g, 2g)>(S . (4.69)

where ©;; depends on the choice of the partition functions
and are given in Eqs. (4.48, 4.49).

5 Higgs decay to bb

In this section, we consider the second type of decays,
H — bb.® The calculation of NLO and NNLO correc-
tions proceeds along the same lines as before but is signifi-
cantly simpler. For this reason, we do not discuss it and just
report the results of the calculation. Although we consider the
H — bb process for definiteness, we stress that the formu-
las presented in this section can be applied verbatim to other
decays of color singlets to quarks,e.g. V — qq',V = Z, W.

The NLO computation in this case is simpler than for the
H — gg process discussed in Sect. 3 because, when the
Higgs boson decays into a bbg final state, singularities only
arise when the gluon becomes soft and/or collinear to one of
the b quarks; in other words, the b quarks must be hard. For
this reason, there is no need to introduce the §;-partitioning.
Repeating the NLO QCD calculation described in Sect. 3,
we then obtain

2
NLO __ as () , | 27
W2 =7, (qu+TCF

x (Fua(1, 29)), + (F% (15, 29))

8 We emphasize that in this section, the Higgs boson does not couple to

gluons but only to b-quarks. Furthermore, we assume that all quarks are
massless, despite the b-quark having a non-vanishing Yukawa coupling.
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dri; = (OntoFim(ls, 23.39)) (5.1)

where yé is given in Eq. (A.8) and Ff\l}(lb, 23) is a finite
virtual remainder analogous to Fry(l,,2,) in Eq. (3.33),
see Appendix A in Ref. [33] for its explicit definition.

At NNLO, we also do not require any additional partition-
ing except perhaps for the 4b final state that arises from the
prompt decay of the Higgs boson.” We show in Appendix
C that the contribution of this subprocess to the decay rate
can be written as a sum of two terms: a term that coincides
with the contribution of the decay H — bbqq, q # b, where
only b and b can be prompt and the g¢ pair originates from
gluon splitting, and an interference term. The first term can
be treated without any partitioning since the hard partons are
always the two b-quarks. The interference term has only a
triple-collinear singularity that maps onto the correspond-
ing splitting function. Its proper treatment is described in
Appendix C.

The NNLO contribution to H — bb decay is then com-
puted following the steps discussed in the previous sec-
tion. We write the NNLO contribution as a sum of “fixed-
multiplicity” terms ng’iLiO, i = 2,3,4. The four-parton
contribution reads

NNLO
dFH*)4

= > <[9(“>[1—C4,-]+

ie{l,2}

o® [I — C43]

+0O[I — C3] +0D[1 - c43]}

x [dfs1dfa1[I — @] ¥

x [I = S4][I — S]F, 2,3, 4)>
$
S DN | VSN TN B
(ij)e{12,21}
x [df3lldfal[I — S4][I — S]F(, 2,3, 4)> . (52
§
where now
F(1,2,3,4)
- [FLM(lb, 25, 3¢, 4¢) + s Fn(1p. 25 34, 45)
FFM(1,2,3, 4)]9(53 Ey), (5.3)

with F]‘j\t,l defined in Appendix C. The three-parton contribu-
tion reads

9 To avoid confusion, we emphasize that in the previous section a 4¢
final state originating from the decay H — (g* — ¢¢) (8" — qq)
was discussed whereas in this section we consider prompt decays to
fermions. For this reason, the 4b final state originates from e.g. H —
(b* — bbb) b etc.

NNLO
dFH—>3

A (,Uv)

== [<ONLqungLM(1b,2b, 3e)

e Ontorar i (16:25.39) |, (5:4)

where the function 7,4, is defined in Eq. (4.66) and yx,
can be found in Appendix A.
Finally, the two-parton contribution reads

NNLO
drH%Z

as(ﬂ) ’ 27[2 in
= ("507) (2 e i 29
+ (A (16, 25) + <FLﬁcZ(lb’2b)>5

S\
+ <a2: ) (FLm(1p, 25))

,[1081 6772 274 u?
Cy ———+—+9{3+1
16 3 m

6 my
x<f—n +12§3> ]

i 115441 297> 1lx* 22 n? 5
A5 1206 8 720 6
In*2 8 11x? g 213543 1
- n2(-+—-22)— —4Liy ( =
6 +n(3+ 9 2) 36 14(2)

2 2
" 2329 197
In{—|{—-——-13
i (m%) ( 108 72 C3>

N 111n2+rr2 131 ©
3 3 36 ) M

L 9929 N 572 2 8 N 272
N L 8, 2n°
A T 3779
oo g 8 g () (L2095
n n|—\||\——+—
18 m2, 54 36

(5.5)

n 23 2In2 6
36 3 bd | (>

where ©;; are defined in Eqgs. (4.48, 4.49).

6 Validation of results

In this section, we use the analytic formulas for the fully-
differential decay rates presented above to calculate the
NNLO QCD corrections to decays H — ggand H — bb.10
We compare these results with analytic formulas extracted
from Refs. [42-44] to validate our calculations.!!

10 For our implementation, we take all the non-trivial amplitudes from
Refs. [40,41].

11 We note that similar calculations have been discussed earlier [45—
62], see e.g. [63,64] for an exhaustive list of references.
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We begin with the decay process H — gg, which was
discussed in Sect. 4. We consider a Higgs boson of mass
mp = 125 GeV which couples to gluons through the effec-
tive Lagrangian

Lpgg = —HggHG' G, (6.1)
where in the MS scheme
)‘Hgg
. O 1+ SC 3C (()zs)
T 127w 2 AT 2 Py
1063 , 25, . 27,
144 AT 3 AT gE
4., 50 50, Cr
M e —2Cm,— 2, EF
R A T T Bt
2
WA\ (7 ., 11
{2 ) (2c2 = —CaCr+C
+n(mt2><4 A 2 ACF + Cfpny
2
x(52) +0<a3>}, (6.2)
27 :

with oy = o (1) being the renormalized coupling in a theory
with 5 massless flavors and v is the Higgs vacuum expectation
value, see e.g. Ref. [65]. For the numerical results presented
below, we use m; = 173.2 GeV.

For numerical checks, we split the width for the H — gg
decay into different color factors, which allows us to check
different partonic channels separately. We write

I'(H — gg)
=TLo(H — gg) +I'neo(H — gg)
+ PnnLo(H — gg) + O(a))

=T1Lo(H — gg) x |1+ (&) (CARm +nfR(1?)
2 Ca ng

o5 \? @ 2 2@ 5
+ (E> (CARCA +npRY + iR )|+ o),
(6.3)

where the LO decay width that has been factored out is given
by MLo(H — gg) = (as(1))?/(7273v?). The compari-
son between our results for the NLO and NNLO coefficients
R-2 and those presented in Ref. [42] is given in Table 1. We
present numerical results for a scale u = 2mpy, in order to
avoid accidental cancellations between the renormalization
scale u and the Higgs mass m g that happen for u = mpy.
We observe agreement well below the per mille level for all
coefficients.

We turn now to the decay H — bb. Again, we consider
a 125 GeV Higgs boson and five flavors of massless quarks,
which allows us to use the results presented in Sect. 5. The
Higgs couples to bottom quarks only, through a Yukawa inter-
action

@ Springer

Table 1 Comparison between numerical and analytic results for NLO
and NNLO color coefficients appearing in H — gg decay. The residual
Monte Carlo integration error is given in parentheses. See text for details

Color structure Numerical result Analytic result

R¢! 62.749 (3) 62.749
Ry ~3.2575 (2) ~3.0575
R 2806.2 (4) 2806.2
RY) —339.63 (1) —339.63
R:é) 7.4824 (1) 7.4824

Table 2 Comparison between numerical and analytic results for NLO
and NNLO color coefficients appearing in H — bb decay. The residual
Monte Carlo integration error is given in parentheses. See text for details

Color structure Numerical result Analytic result

s¢) 12,659 (2) 12.659
Ry 62.59 (1) 62.60

CF
S&he, 66.23 (1) 66.23

@
SE, —20.24 (1) —20.24

o ooz

Lyps = ——~Hbb. (6.4)

2

Once again, we write the result for the Higgs decay width
in terms of different 001011 structures, factoring out the LO
decay width I'Lo(H — bb) = 3y2my/(167),

['(H — bb)
=TLo(H — bl;) + I'nLo(H — bl;)
+ I'nnLo(H — bb) + O(er))

=TLo(H — bb) x _1 + (;—;) (CFS(CIF))

2
2 4 o)
+(52) <CFSC% +CaCrS,

+0()). 6.5)

Crny

—}-TRCanS(z) )

The comparison between the coefficients S(1*> obtained
from our numerical code and from the analytic formulas of
Ref. [44] are displayed in Table 2. Again, we use the scale
Wwr = 2mpy for this comparison. The agreement is consis-
tently below the per mille level across all color structures.
Finally, we compare exclusive jet rates for the H — bb
decay with those reported in Ref. [44]. To do so, we use the
JADE clustering algorithm with y.,; = 0.01 and the distance
measure defined as y;; = (p; + p j)z, and choose the scale
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u = mpy. We obtain

I'2j(H — bb) = To(H — bb)
x [1 —27.176(3) (;—;)

o \2 3
—1240.8(1) (E) } +0@@)
T3;(H — bb) = I'Lo(H — bb)
A
x [38.509(3) <Z>

2
+980.6(1) (;‘—;) } +0@))
T4;(H — bb) = 'Lo(H — bb)

o5 \2 3
x 376.785(8) <E) +O@).  (66)
We note that our results differ from those of Ref. [44] by
1-2%, which is consistent with the errors reported in that
reference. The sum of the jet rates gives the total decay rate
at the scale u = mpy

I'(H — bb) = '.o(H — bb)

x [1 +11.333(4) (;‘—;)

N\ 2
1116.6(2) (;‘—;) } + 0@, 6.7)

in excellent agreement with the analytic results at this scale

I'(H — bb) =T1Lo(H — bb)

X [1 +11.333 (;‘—;)

+116.6 (&)2} +O@@d). (6.8)
2

Clearly, the level of numerical precision achieved for the
NNLO coefficients in our calculation is excessive since for
phenomenological applications it is enough to know widths
with sub-percent accuracy. We note that to achieve this level
of numerical precision within our framework, one would typ-
ically require up to one CPU hour of computation time.

7 Conclusion

We presented analytic formulas that describe fully-differential
decays of color-singlet particles to gg and gg final states
through NNLO QCD. The results are obtained within the
nested soft-collinear subtracted scheme that we proposed
earlier in Ref. [30]. The results are remarkably compact and
simple to implement in a numerical code. We have validated
these results by computing the NNLO QCD corrections to
the H — gg and H — bb decay rates and comparing them

to independent numerical and analytic computations finding
per mille level agreement for observables that are known ana-
lytically. In addition to their phenomenological relevance for
decays of the Higgs boson and electroweak vector bosons,
such as H — gg, H — bb and V — ¢g, these results
provide an important building block for the extension of the
nested soft-collinear subtraction scheme which will make it
applicable for computations of NNLO QCD corrections to
arbitrary processes at hadron colliders.
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Appendix A: Auxiliary quantities
In this appendix, results for various quantities used in this

paper are summarized. We start with discussing the partition
functions. They read

3141 32742 ( n31 n41 )
w ot = 1+ + s (A.1)
dzdy d3g1  d3412
3,42 NM31741 ( n42 n32 )
wooTe = 1+ + , (A.2)
dsdy dza21 dz412
w31,42 _ n32N41 7743’ 32,41 _ 7)317)427743’ (A3)
dydadza12 dydadza21
where
di=34 =ni1 +ni2,  d3a21 = n43 + 032 + N41,
d3412 = n43 + 131 + n42, (A4)
and
Nij = (1 —COSQ,']')/2. (A.S)
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It is straightforward to check that these functions provide a
partition of unity

w34 3142 4 3241 _

+ w2 4w (A.6)
We now present formulas for the various anomalous

dimensions used in the main text. In our NLO discussion,

we used

2

= = —Cyy — — s
Ye = Bo ¢ Ca—3Trny

, 67 2m%\ 23
Ye=Cal5 ——5)— g Trny,

9 3 9 A7

(A.8)

At NNLO, we also introduced

oy
— n-’
3 R

el (1 272
Ve = TR

%,
2
g KU

Ca
Tow =75 T

7y =7y (A9)

Following [30,33], we defined
(€)= 11C 2
Yel€) = | ~Ca— RNy

137 2n? 26
I AN T A
823 1lx?
+62[ (— T 16;3> Ca

27 18
272 320 3
(T - 7) TRnfi| L0 (AL0)

- Cy 2
Vele, k1) =| — T + §TRnf

9 9

2
e(€) = [(—% T 1n(2)>
+ (g — %ln(2)> TRnf]
36 3
+e[ (_1541 N 1172 _In2) +4§3> c
216 18 6

(1032 +21n(2) Teny | +
4 9 Rt

7 20
+e[— ~Ca+ = Rnf} +0(e); (Al

L+ 9607 . 12572 n Tt Q)
€ -t —+ —+1In
324 216 45
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+g @ + —;“3)

746 57 4
T Z1Q)
81 108 3
272 14
e In(2) — ?;3 Trny |. (A.12)

In the “gluon-only” case, discussed in Sect. 4, one should set
ny = 0 in the above formulas.

We now discuss the one-loop gluon splitting function. It
reads [39]

PR () = = {z Fy(e.e,14+¢€1-2)

+(1 —2)Pa(e, e, 1+¢€,2)

T +ar( —e) [(L>
-z
() e
Z
ny—Call =€)
Mot -2006-

26) g/irl) nCW( )

(A.13)

Here, F7; is the hypergeometric function. We note that the

result for the splitting function Eq. (A.13) is written in the

conventional dimensional regularization scheme (CDR).
The splitting functions P;gv, ngv,new read

_ w z 1—z
Pgugv_zc/‘[_gi <1—z+ z )

+2(1 —e)z(1 - Z)Kijj_:| ;
pHv.new _

= —2Ca [l —2z(1 — 2)el k'],

(A.14)

with k| = k| /,/—ki. The transversal metric tensor giv
and the transversal vector k | are defined relative to the four-
momentum of the collinear gluon, in the standard way [38].
The d—dimensional spin averages of the splitting functions
give

(PMU(Z)> % 1 (2)
1-z2
=2CA[ +—+z(1—z)]
1—z z
v,new —§ v v, new
(P () = S P @
- —Cy [—1 —2d _Z)G] (A.15)
1—¢€

We use these results to construct the spin-averaged splitting
function Péfi,); we then integrate it over z to obtain the anoma-
lous dimension yi?ﬁ%% following a similar procedure to the
one described for the tree-level splitting function, see the
discussion leading to Eq. (3.24). We find
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I-loop __

Vi,g—gg =

11CE | Ch (134 4x?
6 €2 € 9 3

Le? 1013 44n2 Cany
a\7g~ 9 {3 6
el 2 (14635 33572 1067* 550
c _ _ _ Y
A\ 718 9 45 3 53
31 5
—ﬁcAnf + O(e%). (A.16)
Finally, the function Ia j reads
~ ' In2(E; /E;)
Kij = Lia(1 — n;;) + +
EiE; 2
—1In ( E% ) In(n;;) + 3 (A.17)

Appendix B: Double-collinear phase space

In this appendix we describe the parametrization of the
double-collinear phase space, which turns out to be some-
what convoluted in this case.!?

We consider the phase space integral

1= / [dfilld211d f31dfal(2m ) 6@

x(pH — P1 (B.1)

— P2 — p3 — p4),

with py at rest, py = (my, 6). Our goal is to write the
integration measure in Eq. (B.1) in such a way that the ener-
gies E3 4, the relative angle 613 between p; and p3 and the
relative angle between p» and p4, 64, are used as the integra-
tion variables. We first integrate over p; to remove (d — 1)
delta-functions

27
I = / (A

x8(my — E1 — E2(p1, p3, pa) — E3 — E4),  (B.2)

with E2(p1, p3, pa) = | p1+ P3+ pal. We then integrate over
E. It is difficult to use cos 64 as an independent variable,
since E» is fixed by momentum conservation and thus cos 624
is a function of E, and of E;. Instead, we parametrize the
measure in terms {E1, E3, E4, 111, 13, cos 013 4} where 1i; =
pi/|Pil and 013 4 is the angle between the vector pj3 = | p1 +
P3| and py,

CosOi3q = =1 iy, (B.3)
o pisl

12 We note that this issue is particular to 1 — 2 decays since in this
case the leading order kinematics is overconstrained. For more complex
processes, e.g. decays to more than two partons, | — N, N > 2, this
does not happen since one can always choose the angles of the two hard
emittors as independent variables.

The integral over E| removes the remaining delta function

/dE15(mH — E1 — Ex»(p1, p3, p4) — E3 — E4)
1

d0E,
1+ JdEq

(B.4)

where now all values of Ej should be evaluated at Ey = ET
which fulfils the §-function constraint in the above equation.
We obtain

1= [aniar b poe|B_ L s
. 44(2 )d2 Ex1y & |° '

JdE

We now compute 9E| We use
0E,

E3 = |p13 + pal?

= |pi3* + E2 + 2E4|p13] cos O13 4, (B.6)
and|p]3|2 E2+E2+2E1E3005913 to get
JE E E3cosf E
022 _ E1t B3C08013 [1 + =2 cos 913,4} . (B.7)
0E] E> [p13]

We can also rewrite the angle between vectors pi3 and py
through the angle between p; and p4. Indeed using

-

L JE
cosbi34 =n13-n4 = —=— N
[p13l
D ~ E4+ E;>cos0
_ P _ 24t By oSOy (B.8)
[P13] |p13]
in Eq. (B.7), we find
J0E> _ E{ + E3cosfO3 | Ei + EyE4cosbhy
0E] E> |p1312 '
(B.9)
Finally, we use |pn|2 |p24|2 E2 —l—E4 +2E2E4 cos By
and obtain
E E E 0
2 _ BT EsC0sOs b By cosbhl. (B.10)

IE, 1P131?

We now compute the energies E and E that are supposed
to be used in all the formulas. Squaring both sides of the
equation py — p1 — p3 = p2 + pa, we obtain

m3, —2my (Ey + E3) 4+ 2E1 E3(1 — cos 6;3)

=2E>E4(1 — cosbry). (B.11)

We further use the energy conservation equation Ey = mpy —
E| — E3 — E4 to find
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m%_, —2mygEy —2(myg — E3 — E4)E4(1 — cosbhy)
2[my — E3(1 — cos613) — E4(1 — cos6r4)]
(B.12)

Ef =

The energy E» is then obtained from energy conservation.
Finally, we write the phase space for parton f; in terms of
the angle 613 4

i = SEES cocb1 401 — cos? 015,92
=—2 _dcos — cos ,
4 20m) 13,4 13,4 13,4
(B.13)
To rewrite it in terms of 6,4, we use Eq. (B.8)
E4 + E cos 624)?
| —cos2Oi3q = 1— (E4 + *ZC(z)S 24)
[p13]
E2
= 2 (1 — cos? 924), (B.14)
|13l
where we applied the equality pi3 = — po4. The Jacobian

that originates from the variable change cos 6134 — cos 64
is computed employing Eq. (B.8) one more time. The result
reads

0 cos013.4
Jo= ——"—"
0 cos Oa4
0E 1
= — [?2+C08924—2 =
[p13l d cos B4 | P13
Es+ Eycostyy 9|p
_Lat Brcosha dlpul ] (B.15)
[P13l 0 cos b
To simplify it, we use
dpisl  dpisl IE:
0 cos by 0E; 0cosbOyy
E E 0 E
_ 1+ q3COS 13 L (B.16)
[P13] 9 costh

Next we employ energy conservation to write d £ /9 cos 64 =
—0dE1/0 cos b, and applying 9/0 cos 64 to both sides of
Eq. (B.11), we obtain

J0E _ E>
dcosbu ~ dcos 64
E)E,
- my — E3(1 —cos013) — E4(1 — cosb)

(B.17)

We use this result to write the Jacobian as

|P13]
Eq4
x 11—
myg — E3(1 —cos613) — E4(1 — cosbry)
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(Eq4 4+ Epcosbrq)(E1 + E3cosbr3)
X | cosbrg + =3 .
[p13l
(B.18)
Finally, applying
E2 + EyE4cos E? + E2E4cosf
4 E 42 4 . Ej 3 42 24’ (B.19)
[p13l [P13]
we obtain the final formula for the Jacobian
2
__5
[p13l
1
X
my — E3(1 —cosb13) — E4(1 — cosbhy)
|: (Ey + E4cos04)(E1 + E3 005613)i|
x| 1+ EINT) .
|p13l
(B.20)

The non-trivial factor present in Eq. (B.5) multiplied with
the Jacobian in Eq. (B.20) simplifies to

E;q 1
e 9E
E> 1+ ﬁ
_ E\E>
|p13l[mu — E3(1 — cos613) — E4(1 — cos 4)]

(B.21)

We employ this result to derive our final formula for the
phase-space integral that we use to describe double-collinear
contributions

dE4E; % e
I = /[df?,]md Ccos 924(1 — COS 924)

[Eng } " dQ1dQ3 .4

|p131? 4(2m)d-2
E\E,
X — .
|p13l[mu — E3(1 — cos613) — E4(1 — cos 624)]

(B.22)

The phase space for [d f3] is generated using the relative angle
between py and pj3 as a variable.

Appendix C: Prompt decays of the Higgs boson to bbbb
final states

In this appendix, we consider the prompt decay of the Higgs
boson'? to four h-quarks
H — bs+bg+bc+bp. (C.1)

13 We remind the reader that in this appendix we assume that the Higgs
boson only couples to b-quarks.
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(a) (b)

(c) (d)

Fig. 1 Diagrams for H — bbbb decay. The gluon emission off the bubble in Hbb vertex describes diagrams where the gluon is emitted from one

of the outgoing quark lines

There are four subamplitudes that contribute to this process;
they are shown in Fig. 1. The difference between these ampli-
tudes is in the fermion lines that originate from the Hbb
vertex and the ones that originate from the gluon splitting,
g* — bb. 1t is clear that b-quarks from the Hbb vertex are
hard, in a sense that they cannot produce infra-red singulari-
ties, whereas b-quarks from gluon splitting can be soft. Since
whether a given b-quark is hard or soft changes from diagram
to diagram, the extraction of singularities becomes intricate.
To overcome this problem we make use of the symmetries
of the H — bbbb decay. To this end, we write the matrix
element as the sum of four subamplitudes shown in Fig. 1

M=mg+mp+m.+my (C.2)

and square it. Introducing the notation m;; = 2Re(m imjf) to
describe interferences of subamplitudes, we obtain

2 2
IM|” = Z |m;|= + map + mge
i=a,....d

+Mmaq + Mpe + Mpg + Meq. (C.3)

The H — bbbb decay width reads

1
dTyp o W[de][de][dfc][de](Zﬂ)45(4)

X (PH — PA — PB — PC — PD)

2
X Z |mi|” +map + mge

i=a,....d

+ Mag + Mpe + Mpg +meyg (C.4)

In the squares of amplitudes, the choice of (potentially)
hard and soft fermions is unambiguous. We label the hard
momenta as 1 and 2 and the soft momenta as 3 and 4. Using
the symmetry of the phase space, we obtain

1

dry,) o Gyl dfsdfeNdfp)2m s
X (py—pa—ps—pc—pp) », Imil®
i=a,....d

4
= 2] [ldfi1em)*s“ (pu — p1 — p2 — p3 — pa)0
i=1

x (E3 — E4)lma(1p. 25, 35, 45) %, (C€5)
where we have included a factor of 4 for the four diagrams
and another factor of 2 for the energy ordering E3 > Ej4.Itis
straightforward to extract the various singularities from this
contribution; in fact the result is identical to the gg contribu-
tion to NNLO QCD corrections to H — bb decay.

The interference terms in Eq. (C.4) are more involved
since it is not possible to choose hard and soft momenta
unambiguously. Before discussing this, we note that since
helicities of massless quarks are conserved and since H —
bb and g* — bb produce quarks with different (same) helic-
ities, respectively, the interferences of diagrams (a) and (d)
myq as well as diagrams (b) and (c) mp, vanish. We then
classify the possible collinear divergences in the remaining
interference contributions. We find the following divergences
in various interference terms:

e there is a triple-collinear singularity in m,, when fp, fc
and fp are collinear;

e there is a triple-collinear singularity in m,. when f4, fc
and fp are collinear;

e there is a triple-collinear singularity in mpg when fa, fp
and fc are collinear;

e there is a triple-collinear singularity in m.q when f4, fp
and fp are collinear.

Out of these four interferences, only two are independent.
The relations are
mpq(Ap, By, Cp, Dj) = myc(Ap, D, Cp, Bj),

mea(Ap, Bjy, Cp, Di) = map(Cp, Bj, Ap, D). (C.6)

@ Springer



1013 Page 24 of 25 Eur. Phys. J. C (2019) 79:1013
Fig. 2 Interference 3 4
contributions for the triple
collinear limit 1|34 4 3
H-----=--- >< H--=---=----
1 1
2 2

We also note that

map(Ap, By, Cp, Dj) = map(Ap, Dj, Cp, Bp),

Mac(Ap, Bj, Cp, D) = mqc(Cp, B, Ap, D). (C7
Using these results, we can write
4
dlyy oc [ Jldfi12m)*s®
i=1
X (pH — p1 — p2 — p3 — p4)0(E3 — Ey)
x {2|ma(1b,2h,3b,4,,>|2
+map2p, 35, 1p, 45) + macBp, 2, 4p, 15)}-
(C.8)

By construction, c.f. Fig. 2, the interference contributions are
only singular in the limit when momenta of partons fi, f3
and f4 become collinear, whereas the non-interference term
has multiple singularities, including the double-soft one that
occurs when f3 and f4 become soft. We denote the interfer-
ence term as

(F(1,2,3,4))5

= (0(E3 — E9){map(2p. 35, 1p, 45) + macBp, 2, 4p. 15)})s.
(C.9)

and use this notation in the main text when we discuss the
computation of NNLO QCD contribution to Higgs decay to
two quarks in Sect. 5. The non-interference term in Eq. (C.8)
is accounted for as part of the n s-dependent contributions in
the NNLO QCD computation.
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