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ABSTRACT: We describe the calculation of the next-to-next-to-leading order (NNLO) QCD
corrections to three-jet production and related event shape observables in electron-positron
annihilation. Infrared singularities due to double real radiation at tree level and single real
radiation at one loop are subtracted from the full QCD matrix elements using antenna
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tion. Using this antenna subtraction method, we obtain numerically finite contributions
from five-parton and four-parton processes, and observe an explicit analytic cancellation
of infrared poles in the four-parton and three-parton contributions. All contributions are
implemented in a flexible parton-level event generator programme, allowing the numeri-
cal computation of any infrared-safe observable related to three-jet final states to NNLO
accuracy.
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1. Introduction

Among jet observables, the three-jet production rate in electron-positron annihilation plays
a very prominent role. The initial experimental observation of three-jet events at PE-
TRA [[[], in agreement with the theoretical prediction [P], provided first evidence for the
gluon, and thus strong support for the theory of Quantum Chromodynamics (QCD) [B].
Subsequently the three-jet rate and related event shape observables were used for the pre-
cise determination of the QCD coupling constant o (see for a review). Especially at
LEP, three-jet observables were measured to a very high precision and the error on the ex-
traction of a from these data is dominated by the uncertainty inherent in the theoretical
description of the jet observables. This description is at present based on a next-to-leading
order (NLO) calculation [ [[0], combined with next-to-leading logarithmic (NLL) resum-
mation [[L1, [[Z] and inclusion of power corrections [[[3]. The calculation of next-to-next-
to-leading order (NNLO), i.e. O(a3), corrections to the three-jet rate in e*e™ annihilation
has therefore been high on the list of priorities for a long time [[[4].



Besides its phenomenological importance, the three-jet rate has also served as a theo-
retical testing ground for the development of new techniques for higher order calculations
in QCD: both the subtraction [f], [[5, [[f] and the phase-space slicing [ methods for the
extraction of infrared singularities from NLO real radiation processes were developed in
the context of the first three-jet calculations. The systematic formulation of phase-space
slicing [fl] as well as the dipole subtraction [[0] method were also first demonstrated for
three-jet observables, before being applied to other processes.

Over the past years, many of the ingredients necessary for NNLO calculations of jet
observables have become available: two-loop corrections to all phenomenologically relevant
massless 2 — 2 [[7] and 1 — 3 [[I§, [9] reactions were computed already several years ago,
while one-loop 2 — 3 [R0] and 1 — 4 [RI] matrix elements are available for even longer.
Despite all ingredients being available in principle, until recently it was not possible to
perform NNLO calculations of any kind of exclusive observables, since techniques for the
extraction of multiple real radiation singularities at NNLO were not sufficiently developed.

Up to now, the only general method for handling this problem was the sector decom-
position technique [23, P for the treatment of real radiation singularities. Using this,
NNLO calculations of exclusive processes were performed for ete™ — 2j [24], Higgs pro-
duction [R§] and vector boson production [ at hadron colliders, as well as the QED
corrections to muon decay [27).

Furthermore, exploiting the specific kinematic features of the observable under con-
sideration, exclusive NNLO results were derived for the forward-backward asymmetry in
eTe” annihilation [Pg], for ete™ — 25 B9, BJ] and most recently for Higgs production at
hadron colliders [B1].

In the present paper, we employ a recently developed general technique for the treat-
ment of infrared singularities, antenna subtraction [BJ], to derive the NNLO corrections to
three-jet production in electron-positron annihilation. The first phenomenological applica-
tions of our results to the thrust distribution were documented earlier in [BJ].

The paper is structured as follows: in section [, we outline the perturbative calculation
of jet observables and summarise the antenna subtraction method used here. The imple-
mentation of this method requires phase space mappings, which are described in section [
All relevant tree-level, one-loop and two-loop matrix elements are listed in section [ Sec-
tion [ briefly summarises how the NLO corrections are implemented using antenna sub-
traction. Sections {2 contain the subtraction terms constructed for all colour factors
relevant in this calculation. The numerical implementation of all terms into a parton-level
event generator is described in section [[3. As a first example of the implementation, we
discuss the NNLO corrections to the thrust distribution in section [4. A summary and an
outlook on applications is given in section [LJ.

2. Perturbative calculation of jet observables in eTe~-annihilation

To obtain the perturbative corrections to a jet observable at a given order, all partonic mul-
tiplicity channels contributing to that order have to be summed. In general, each partonic
channel contains both ultraviolet and infrared (soft and collinear) singularities. The ul-



traviolet poles are removed by renormalisation, however for suitably inclusive observables,
the soft and collinear infrared poles cancel among each other when all partonic channels
are summed over [B4].

While infrared singularities from purely virtual corrections are obtained immediately
after integration over the loop momenta, their extraction is more involved for real emission
(or mixed real-virtual) contributions. Here, the infrared singularities only become explicit
after integrating the real radiation matrix elements over the phase space appropriate to the
jet observable under consideration. In general, this integration involves the (often iterative)
definition of the jet observable, such that an analytic integration is not feasible (and also
not appropriate). Instead, one would like to have a flexible method that can be easily
adapted to different jet observables or jet definitions.

Three types of approaches for this task have been developed so far. Phase-space
slicing techniques [, Pl, BJ] decompose the final state phase space into resolved regions,
which are integrated numerically and unresolved regions, which are integrated analytically.
The sector decomposition approach [23, divides the integration region into sectors
containing a single type of singularity each. Subsequently, the phase space integration
is expanded into distributions. In this approach, the coefficients of all infrared divergent
terms, as well as the finite remainder, can be computed numerically. Finally, subtraction
methods [, [§, [[f] extract infrared singularities of the real radiation contributions using
infrared subtraction terms. These terms are constructed such that they approximate the
full real radiation matrix elements in all singular limits while still being simple enough to
integrate analytically.

To specify the notation, we define the tree-level n-parton contribution to the m-jet
cross section (for tree level cross sections n = m; we leave n # m for later reference) in d
dimensions by,

1
do? =N ) " do,(py,. .. P @) g [Mn(pr, - o0)2 T (p1, -+, n).- (2.1)

n

the normalisation factor N includes all QCD-independent factors as well as the dependence
on the renormalised QCD coupling constant s, ), denotes the sum over all configurations
with n partons, d®,, is the phase space for an n-parton final state with total four-momentum
q" in d = 4 — 2¢ space-time dimensions,

dd_ 1pl dd_lpn

T 2B (2T T 2E,(2m)d T @m)*6Ug—pr = =pa),  (22)

dq)n(ph <oy Dnj q)

while 5, is a symmetry factor for identical partons in the final state. The jet function Jéff )

defines the procedure for building m jets out of n partons. The main property of J;,? ) is
that the jet observable defined above is collinear and infrared safe as explained in [[[0, B§.
In general Jéf ) contains 6 and Jd-functions. J}: ) can also represent the definition of the
n-parton contribution to an event shape observable related to m-jet final states.

|M.,|? denotes a squared, colour ordered tree-level n-parton matrix element. Contri-

butions to the squared matrix element which are subleading in the number of colours can



equally be treated in the same context, noting that these subleading terms yield configura-
tions where a certain number of essentially non-interacting particles are emitted between
a pair of hard radiators. By carrying out the colour algebra, it becomes evident that non-
ordered gluon emission inside a colour-ordered system is equivalent to photon emission off
the outside legs of the system [B7, Bg]. For simplicity, these subleading colour contributions
are also denoted as squared matrix elements | M.,,|?, although they often correspond purely
to interference terms between different amplitudes. The precise definition depends on the
number and types of particles involved in the process. However, all colour orderings are
summed over in ) with the appropriate colour weighting.

From (R.1), one obtains the leading order approximation to the m-jet cross section by
integration over the appropriate phase space.

doro :/ do? . (2.3)
d®,,

Depending on the jet function used, this cross section can still be differential in certain
kinematic quantities.

2.1 NLO antenna subtraction

At NLO, we consider the following m-jet cross section,

/ dUl%LO +/ dUKLO] . (24)
d(I)m+1 d(bm

The cross section doff;  has the same expression as the Born cross section do? (£11) above

R s
donro = / (donro — doxro) +
d¢°m+1

except that n — m 4+ 1, while dal‘\I/Lo is the one-loop virtual correction to the m-parton
Born cross section do®. The cross section deILO is a (preferably local) counter-term for
dJﬁLO. It has the same unintegrated singular behaviour as do_ll\?LO in all appropriate limits.
Their difference is free of divergences and can be integrated over the (m + 1)-parton phase
space numerically. The subtraction term dofmo has to be integrated analytically over all
singular regions of the (m + 1)-parton phase space. The resulting cross section added to
the virtual contribution yields an infrared finite result.

Several methods for constructing NLO subtraction terms systematically were proposed
in the literature [I5, Bg—[, [0, [6]. For some of these methods, extension to NNLO was
discussed [B2, 3, f2] and partly worked out. Up to now, the only method worked out in
full detail to NNLO is antenna subtraction [B9, fJ]. In our calculation of NNLO corrections
to three-jet observables, we used this method, which we briefly outline in the following.
The details of the method, and a full definition of the notation, can be found in [BJ.

The basic idea of the antenna subtraction approach is to construct the subtraction
terms from antenna functions which encapsulate all singular limits due to the emission
of unresolved partons between two colour-connected hard partons. This construction ex-
ploits the universal factorisation of both phase space and squared matrix elements in all
unresolved limits. The full antenna subtraction term is then constructed by summing
products of antenna functions with reduced matrix elements over all possible unresolved
configurations.



Figure 1: Illustration of NLO antenna factorisation representing the factorisation of both the
squared matrix elements and the (m + 1)-particle phase space. The term in square brackets repre-

sents both the antenna function X ?j  and the antenna phase space d®x, , .

At NLO, the antenna subtraction term thus reads:

1
dojro = N Z d®y41(p1s - - - ,pm+1§Q)57 (2.5)

m+1 m—+1
X Z X0 M1, D1, B - - s D)2 IS (D1, L B - - Pt1) -

J

The key ingredient is the phase space mapping which relates the original momenta
Di, Pj, i describing the two hard radiator partons ¢ and k and the emitted parton j to a
redefined on-shell set p;, px which are linear combinations of p;, p;, pr. The phase space
mapping yielding this redefinition is described in detail in section B below. With this
mapping,the phase space factorises,

Ay 1(P1s - -5 Pmr13q) = A@u(p1, - PI, DK - - - Pm13 Q) - APx,, (Dis P, PR B1 + PKc) -
(2.6)
The other elements of the subtraction term also depend on either the original mo-
menta p;, pj, pr or the redefined on-shell momenta pr, pr but not both. This enables the
subtraction term to completely factorise.

To be more specific, both the m-parton amplitude and the jet function J&m) depend
only on p1,...,p1,DK,---,Pm+1 i-e. on the redefined on-shell momenta pr,px. On the

other hand, the tree-level three-parton antenna function X @ij depends only on p;,p;, pk.
X%k describes all of the configurations (for this colour ordered amplitude) where parton
j is unresolved. It can be obtained from appropriately normalised tree-level three-parton
squared matrix elements. The antenna factorisation of squared matrix element and phase
space can be illustrated pictorially, as displayed in figure [l. Together particles ¢ and &k form
a colour connected hard antenna that radiates particle j. In doing so, the momenta of the
radiators change to form particles I and K. The type of particle may also change.

One can therefore carry out the integration over the antenna phase space appropriate
to p;, pj and p; analytically, exploiting the factorisation of the phase space of eq. (E’)I)
The NLO antenna phase space d®x;,, is proportional to the three-particle phase space, as
can be seen by using m = 2 in the above formula. For the analytic integration, we can



use (R.) to rewrite each of the subtraction terms in the form,

M| I A, / AP, X0 = [Mp|? TE d®y, Xy,

where | M, |?, ™ and d®,, depend only on p1,,...,p1, Pk, - - -, Pm+1 and d®x, ., and X?jk
depend only on p;, pj, pr. This integration is performed analytically in d dimensions, yield-
ing the integrated three-parton antenna function &j;, to make the infrared singularities
explicit and added directly to the one-loop m-particle contributions.

2.2 NNLO antenna subtraction

At NNLO, the m-jet production is induced by final states containing up to (m+2) partons,
including the one-loop virtual corrections to (m + 1)-parton final states. As at NLO, one
has to introduce subtraction terms for the (m + 1)- and (m + 2)-parton contributions.
Schematically the NNLO m-jet cross section reads,

_ R S S
donNLo = / (dUNNLo - d‘7NNLO) +/ doRnro
dq>m+2 q)er?
V1 VS,1 VS,1

+ / (dUNNLo —do NNLO) + / doxnLo

d®p, 41 d®mmt1
V,2

+/ doNNLo (2.7)

d®,,

where dafINLO denotes the real radiation subtraction term coinciding with the (m + 2)-
parton tree level cross section daf\?NLo in all singular limits. Likewise, da%ﬁ’ﬁo is the
one-loop virtual subtraction term coinciding with the one-loop (m+ 1)-parton cross section
dal‘\l/’l\lmo in all singular limits. Finally, the two-loop correction to the m-parton cross section
is denoted by dUKfILo-

At NNLO, individual antenna functions are obtained from normalised four-parton tree-
level and three-parton one-loop matrix elements. The full antenna subtraction term is then
constructed by summing products of antenna functions with reduced matrix elements over
all possible unresolved configurations.

In dcrf\qINLo, we have to distinguish four different types of unresolved configurations:
(a) One unresolved parton but the experimental observable selects only m jets;
(b) Two colour-connected unresolved partons (colour-connected);

(¢c) Two unresolved partons that are not colour connected but share a common radiator
(almost colour-unconnected);

d) Two unresolved partons that are well separated from each other in the colour chain
p p
(COIOUI‘—UDCOHHG‘Cted) .

Among those, configuration (a) is properly accounted for by a single tree-level three-parton
antenna function like used already at NLO. Configuration (b) requires a tree-level four-
parton antenna function (two unresolved partons emitted between a pair of hard partons)



Figure 2: [Illustration of NNLO antenna factorisation representing the factorisation of both the
squared matrix elements and the (m -+ 2)-particle phase space when the unresolved particles are
colour connected.

as shown in figure P, while (c) and (d) are accounted for by products of two tree-level
three-parton antenna functions. The subtraction terms for these configurations read:

s, 1
doyxro =N Z d®y42(p1s - - - ,pm+2;Q)57
m-+2 m+2
X [Z Xlojkz |Mm+1(p1> v 7ﬁ[7ﬁK7 R 7pm+2)|2
J
X‘]gnm—Fl)(pla"'aﬁIuﬁKa‘"7pm+2) ) (28)
S.b 1
doyxro =N Z d®y42(p1, - - - ,pm+2;Q)57
m+2 m+2
0 0 0
X [Z (XPwt — XX — XJuXiyz)
ik

X|Mm(p11 s 7]5]7]5[11 o 7pm+2)|2 J’r(nm)(pb s 725[7]5[/) cee 7pm+2) ; (29)

1
Sm+2

s
dogyio = —N Z d®p12(p1, - -+ Pmt2; )
m—+2

X [Z ng: 1139an |Mm(p1’ .. aﬁ[aﬁKaﬁM) cee apm+2)’2
j?l

Xjélm)(pla“ . 7]3175](75]\47" . 7pm+2)

+ Z Xlglm x?jK ‘Mm(plv s 75[’§K’ﬁM7 cee 7pm+2)|2
j7l

XJT(nm)(plv"'7§I7§K7ﬁMa~--7pm+2) ; (210)



Figure 3: Illustration of NNLO antenna factorisation representing the factorisation of both the
one-loop “squared” matrix elements (represented by the white blob) when the unresolved particles
are colour connected.

S,d 1
doxNpo = -N Z d®p2(p1, - P2 @) o
m+2 Sm+2

X Z ng; Xgop ’Mm(pla . 7ﬁ]7ﬁKa" . 7ﬁN7ﬁP7" . 7pm+2)|2
j,0

Xjﬁnm)(plw"7]31713Ka"'7]5N7ﬁpv"'7pm+2) . (211)
Again, the original momenta of the (m+2)-parton phase space are denoted by 4, j, . . ., while
the combined momenta obtained from a phase space mapping are labelled by I, J, . ... Only

the combined momenta appear in the jet function. The phase space mappings appropriate
to the different cases are described in detail in section Bl below. X%kl is a four-parton
antenna function, containing all configurations where partons j and k are unresolved,
while x?jk is a three-parton sub-antenna function containing only limits where parton j
is unresolved with respect to parton 4, but not limits where parton j is unresolved with
respect to parton k. The factorisation of the phase space is analogous to the factorisation
at NLO (R.6), such that integration of these antenna functions over the antenna phase
space amounts to inclusive three-particle or four-particle integrals [R2].

In single unresolved limits, the one-loop cross section daxi\lmo is described by the sum
of two terms [4]: a tree-level splitting function times a one-loop cross section and a one-
loop splitting function times a tree-level cross section. Consequently, the one-loop single
unresolved subtraction term daggﬁo is constructed from tree-level and one-loop three-
parton antenna functions, as sketched in figure |. Several other terms in doKﬁ’Llo cancel
with the results from the integration of terms in the double real radiation subtraction term
dalﬁNLO over the phase space appropriate to one of the unresolved partons, thus ensuring
the cancellation of all explicit infrared poles in the difference daf\?l\lmo — dango. Explicitly,
the one-loop single unresolved subtraction term is given by the sum of the three following
contributions:

VS,1, 1
donid =N Z A®pt1(p1s - - - s Pm1; Q)r
m4+1 m—+1

X Z _X’L%'k(sik)|Mm+1(p17"'7pi7pk7"'7pm+1)‘2
ik



X‘]?gv,m—i_l)(pl?'"7pi7pk7"'7pm+1) ) (212>

s 1
do KN’LI(’;) =N Z d‘I)mH(Pl,---,perl;Q)r (2.13)
m-+1 m+1

x Z [X]k IME (1B s s P D2 T (D1 - - BL PR - -+ Pl

+ Xzbk ‘Mm(plv o 7ﬁ[7ﬁK7 ... 7pm+1)|2 Jr(nm)(pl) .. 7ﬁ]7ﬁK) cee 7p’m+1) P

VS, 1
doynid =N Z d®41(p1s - - - 7pm+1;Q)Si
m41 m+1

[Z Jk S’Lk ZXnop ‘Mm(plv <o s DiyPhes - - - 7]5N7ﬁpa R 7pm+1)‘2
XJr(nm)(plu‘"7pi7pk7"‘7ﬁN7ﬁP7'"7pm+1) ) (214-)

In here, X}jk denotes a one-loop three-parton antenna function.

Finally, all remaining terms in dafINLO and do’l‘\]/lg’LlO have to be integrated over the
four-parton and three-parton antenna phase spaces. After integration, the infrared poles
are rendered explicit and cancel with the infrared pole terms in the two-loop squared matrix
element dUl‘\I/i\QILO'

The subtraction terms dafILO, dafINLO and daggfo require three different types of an-
tenna functions corresponding to the different pairs of hard partons forming the antenna:
quark-antiquark, quark-gluon and gluon-gluon antenna functions. In the past [B9, [0], NLO
antenna functions were constructed by imposing definite properties in all single unresolved
limits (two collinear limits and one soft limit for each antenna). This procedure turns out
to be impractical at NNLO, where each antenna function must have definite behaviours
in a large number of single and double unresolved limits. Instead, we derived these an-
tenna functions in a systematic manner from physical matrix elements known to possess
the correct limits. The quark-antiquark antenna functions can be obtained directly from
the eTe™ — 2j real radiation corrections at NLO and NNLO [R9. For quark-gluon and
gluon-gluon antenna functions, effective Lagrangians [[IH], f[f] are used to obtain tree-level
processes yielding a quark-gluon or gluon-gluon final state. The antenna functions are then
derived from the real radiation corrections to these processes. Quark-gluon antenna func-
tions were derived [[i7] from the purely QCD (i.e. non-supersymmetric) NLO and NNLO
corrections to the decay of a heavy neutralino into a massless gluino plus partons [[i5],
while gluon-gluon antenna functions [g] result from the QCD corrections to Higgs boson
decay into partons [if].

All tree-level three-parton and four-parton antenna functions and three-parton one-
loop antenna functions are listed in [BJ]. Their integration over the antenna phase space
amounts to performing inclusive infrared-divergent three-parton and four-parton phase

~-10 -



space integrals. Techniques for evaluating these integrals are described in [P, i9], and all
integrated antenna functions are documented in [BZ).

3. Phase space mappings

The subtraction terms for single and double unresolved configurations described in the
previous section involve the mapping of the momenta appearing in the antenna functions
into combined momenta, which appear in the reduced matrix elements and in the jet
function.

At NLO, one needs momentum mappings from three partons to two partons,
FO=2 - Api pj ory — {pr. b}
At NNLO, several further mappings are needed. First and foremost, one needs momentum
mappings from four partons to two partons,
FU=2: {pi g propi} — {Br. L}

In addition, repeated mappings from three partons to two partons are also required.
For the subtraction and phase space factorisation to work correctly, all mappings must
satisfy the following requirements (specified here for the example of F(4~2)):

1. momentum conservation: p; + pr, = p; + p; + pr + i

2. the new momenta should be on-shell: ]5% =0, ]5% = 0.

3. the new momenta should reduce to the appropriate original momenta in the exact
singular limits, e.g. p;r = p; + pj + Pk, Pr. = i in the (7, j, k) triple collinear limit.

4. the mapping should not introduce spurious singularities.

The momentum mappings we use follow largely those worked out in [[[0, [B3]. The
different types of mappings needed for our calculation are described in detail in the following
subsections.

3.1 Mapping for single unresolved configurations

In the single unresolved limit where parton j becomes unresolved and i,k are the hard

radiators, the momenta of the partons i, j, k are mapped to p; = (ij) and px = (kj) in the
following way:

Pr = Tp;+1rpj+zpg
pk=0-x)pi+(1—7r)pj+ (1 —2)pk,

where
T = ;{(1‘?0)51‘% —27“5‘4
2(s45 + Sik) ! !
2271 [(l—p)sik—Qrs‘}
2(sjk + Sik) ! Y

p2 14 4r(1 —1) 5585k '

SijkSik

- 11 —



The parameter r can be chosen conveniently, we use [i(]
Sik
Sij + Sjk

3.2 Mappings from five partons to three partons

In the construction of the subtraction terms for the five-parton channel, one encounters,
both the four-parton antenna functions (double unresolved limits), and products of two
three-parton antenna functions, which compensate for the single unresolved limits of the
double unresolved subtraction terms. The former require a 4 — 2 mapping, while the latter
require, in general, a 5 — 3 mapping affecting all momenta. Both types of mappings are
described in the following.

3.2.1 Double unresolved configurations

In the double unresolved limit where partons i, and i3 become unresolved and i1,i4 are
the hard radiators, the partons i1, ...,44 are mapped to the partons ji, jo with momenta

ﬁjl = (i1i2i3) s ﬁjz = (i4i3i2) . (32)
We will use the shorthand notation (B.2) extensively in the following, keeping in mind
however that p; and pj;, are linear combinations of all four original momenta with a

mapplng f(4*)2) : {pll y Pios Pig s p14} - {ﬁ]l ) ﬁjZ} given by

Dj1 = TPiy +T1Piy +T2Dis + 2 Piy

ﬁjz = (1 - x) Diy + (1 - rl)piz + (1 - r2)pi3 + (1 - Z)pi4 . (3'3)
Defining sg; = (pi,, + pi,)?, the coefficients are given by [[£]
523 + S24
mn=———
812 + S23 + S24
834
ro = ——————
813 + S23 + S34
1
T = $1234 — 71 (823 +2824) — 12 (823 + 2 534
2(s12 + S13 + S14) [( 2 ( ) ( )
812834 — S13524
RCRIDES e
514
! - (25 +2512) — 72 (523 + 2 515)
z = — pP) S1234 — 1 (523 S12) —Tr2(S23 513
2(814 + S94 + 834)
512534 — S13524
—(ry — rg) 2231 21872
S14
2
™M —T
p = [1 + (;72) A(812 834, 514 523, 513 S24)
514 51234
1
—l—{? (r1 (L —r2) +r2(1 —71))(S12534 + S13524 — 523514)
$14 51234

2

+4r1 (1 —71)s12824 + 4712 (1 —132) 813834}} ;

AMu, v,w) = u® 4+ v+ w? — 2(uwv + uw + vw) .
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i b = s i =lils

/?2 lh =13

i3 . T - jo = sl

) 15 unresolved Iy = Z-4"Z-’2 [, unresolved

ta 4,14 radiator l1, I3 radiators

i XO(iy, iz, i) W=t Y01y, 15,1y js = lu
Figure 4: fE(;5_)4_>3)(’L'1,i2,i3,i4,i5;j1,j2,j3)2 both combined partons (I; and I3) are radiators in

the second step, original parton i3 becomes unresolved.

3.2.2 Iteration of single unresolved configurations

The four-particle antennae X %kl contain by construction all colour-connected double un-
resolved limits of the (m + 2)-parton matrix element where partons j and k become un-
resolved. However, X?jkl can also become singular in single unresolved limits, where it
does not coincide with limits of the matrix element. These limits have to be subtracted as
indicated in eq. R.9 and as described in section 2.3 of [BZ]. In the limit where j becomes
unresolved between i and k, the four-particle antenna collapses to the three-particle an-
tenna X(4,j, k) and a three-particle “remainder matrix element” X°(I, K,I), which also
has the form of a three-particle antenna. If one of the partons I, K, [ becomes unresolved in
a second single emission, the resulting momenta in these limits coincide with those from a
double unresolved configuration as defined in subsection B.2.1 Therefore we need momen-
tum mappings corresponding to such a “two-step” emission in order to be able to subtract
the spurious singularities of the four-particle antennae X ?jkl.

As explained in section P.9 above and in [BZ], we have to distinguish between colour-
connected unresolved partons and almost colour-unconnected unresolved partons. If the
f(5~>4~>3) :

unresolved partons are colour-connected, we use the momentum mappings B.C

{Pir s Piss Pigs Pias Pis } — D11 Pl P> DLt — {ﬁjlaﬁjzvﬁjs}’ where the different types B,C
are described in more detail below. These two-step mappings first map the four partons
i1,...,14 making up the four-particle antenna to three “intermediate” partons lq,lo, 3, and
then map the three intermediate partons to two partons ji, jo. The fifth parton is = Iy = js

.7-"I(<5_>4_>3) , is needed

only acts as a spectator. An additional type of mapping, denoted by
for subtraction terms of two almost colour-unconnected unresolved partons, as defined in
eq. and in [BJ], and involves redefinitions of all five initial partons. All three mappings

are depicted in figures fHg.

In the first step, one of the partons {iy,i2,i3,i4} becomes unresolved. The momentum

i5 = ly is always unaffected by the mapping. The precise definition of the resulting momenta

f(5~>4ﬂ3) W

l1,12,13 depends on the mapping. In the first step of the two-step mapping Fp e
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11 = ZlAZ; J1=Ull3

/?2 Iy = i3z

13 . = = Jo = l;\l;
7 13 unresolved Iy = iy I3 unresolved

ta 4,13 radiator; l1, 15 radiators

s XO(i, s, i3) ly =15 YO(ly, 15, 15) J3=1l

Figure 5: fé5_'4_’3)(i1,ig,ig,i4,i5;j1,j2,j3): one of the combined partons (here l3) becomes un-
resolved between [; and [ in the second step.

i h=1i11p Js=1h
/Z'2 s = i3is _
— i3 . 7 - J1 =1l
) 15 unresolved Iy = iy [, unresolved
ta 4,13 radiator I3, 14 radiators -
2.5 Xo(il, 1'27 23) l4 = Yo(l3, 127 l4) j2 = l412
Figure 6: .7-}(?_)4_)3) (i1,12,1%3,14,15; J1,J2,J3): i3 is the shared hard radiator, iy = lo becomes

unresolved between I3 and l4 in the second step.

have

Iy = x1iy + ryin + 2104 = d1ig

lo =13

Is = (1— @) is+ (1 —r1)ia + (1 — 21) ia = iada

ly =5, (3.4)
while for the mappings }"é5_>4_>3) and .7:}({5_)4_3), the first step is of the form

1 = x1i1 + 1102+ 2113 = 1119

lo =14
I3 = (1—.’El)il+(1—T1)i2+(1—21)i35@;
ly =15 . (3.5)

The momentum 45 is always the unresolved one, denoted generically by i, in the following.

The two hard radiators denoted by i, and ¢; depend on the mapping. In .7-'](35_’4_)3), i

and i4 are the hard radiators, while in fg’ﬁzlﬁg) and .7-}({5%4%3), 71 and 13 are the hard

radiators.

Note that mappings of type C apply to all configurations where one of the combined
partons becomes unresolved in the second step, so they also include the cases where the
roles of l; and I3 are interchanged.

— 14 —



First step Second step

Mapping type | ity | ta,% | s ly lay lp ls
C i2 ’il,ig i4 l3 or ll (ll or lg), 12 l4

Table 1: Identification of the unresolved, radiator and spectator momenta for both steps of the

. (5—4—3)
momentum mappings Fg «

The coefficients 71, 1, 21 appearing in egs. (B.4) and (B.§) are given by eq. (B.J)),

Sub
rn = ——-"
Sau T Sub
! [(1 +p) 2 ]
T = ——— Squb — 2718
1 2($au+8ab) /0 aub 1 Sub
1
- la- —9 ]
21 2(5ub T Sab) [( p) Saub T1 Sau

(3.6)

SabSaub

1
)= [1 N 4r1(1—1r) sausub] ?

where now s, = (i, + ip)? etc.
In the second step, one of the intermediate partons {l1,l2, 3} becomes unresolved. The
resulting momenta ji, jo, j3 are defined as

jl :x2la+r2lu+22lb5l/;\l;
jo=(1—2)la+ (1 —ro)lu+ (1= 22) lp = Lyly
j3 :lTa

where again [, denotes the momentum which is unresolved in the second step, l4,[; are
the radiators and [, does not take part in the second recombination step. The coefficients
79, T2, z2 are defined analogously to eq. (B.6), where now s, = (I, + Iy)? etc.
The combination of antenna functions associated with the repeated unresolved singu-
larity is thus
XO(iay iy i)Y (lay Lus 1o) (3.9)

as indicated in figures [l where X° and Y generically stand for three-particle tree antenna
functions. The identification of the radiator and unresolved momenta i,,...,[l; for the

different mappings f](gsg ?:3) can be read off from table [] and is also illustrated in figures fI-

)
i

3.3 Decomposition of antenna functions into sub-antennae

The antenna phase space mappings require two uniquely identified hard radiator momenta
and an ordered emission of the unresolved partons.

With the antenna functions of [BZ], it is not always possible to uniquely identify the
hard momenta, especially if more than one final state parton is a gluon. Moreover, in the
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four-parton antenna functions (containing two unresolved partons) at subleading colour,
the emission is not colour-ordered. It was already outlined in [BJ] that in both these cases,
a further decomposition of the antenna functions into different sub-antennae configurations
is required.

The tree-level three-parton antenna functions D§(1,,34,4,) (quark-gluon-gluon) and
F9(1,,24,3,) (gluon-gluon-gluon) contain more than one antenna configuration, since each
gluon can become unresolved. Their decomposition was discussed in [BZ], it reads:

D3(1,3,4) = d3(1,3,4) + d§(1,4,3) , (3.10)
F3(1,2,3) = f5(1,3,2) + f3(3,2,1) + f3(2,1,3) (3.11)
with
1 (28254514 S14534 + 83 513514 , O 1
d3(1,3,4) = 134 34 = - O(e) ,(3.12
3( 5 9y ) 8%34 ( 513534 + 513 + S + 251347L 2534 + (E) ( )
01,3,2) = L (pftwtiz | sesis  sizen 8N Lo (3.13)
S 5393 513823 823 513 3

With this decomposition, the sub-antennae dg(i, J, k) and fg(z', J,k) contain only a soft
singularity associated with gluon j, and collinear singularities i || j and k || j, such that
¢ and k can be identified as hard radiators. Soft singularities associated with ¢ or k£ and
the collinear singularity 4 || &, which were present in the full antenna functions, are now
contained in different sub-antennae, obtained by permutations of the momenta. Therefore,
each sub-antenna can have a unique phase space mapping (i, j, k) — (ZT] ,E)

The one-loop three-parton antenna functions D3i(14,34,4,) (quark-gluon-gluon) and
F:,,l(lg, 24,34) (gluon-gluon-gluon) can be decomposed according to the same pattern, ex-
ploiting the fact that each can be written as a function proportional to its tree-level coun-
terpart plus a function which is not singular in any unresolved limit.

The decomposition of tree-level four-parton antenna functions is more involved, espe-
cially since both single and double unresolved limits have to be accounted for properly. It
turns out to be very useful to introduce the following combinations of three-parton antenna

functions:
Q3(1,3,2) = d3(1,3,2) — A3(1,3,2)
R%(1,3,2) = Q9(1,3,2) — Q3%(1,2,3)
S5(1,3,2) = Q3(1,3,2) + Q3(1,2,3) + E3(1,3,2) . (3.14)

None of these contains any soft limit or collinear 1 || i limit. Only Q9 and RJ contain a
2 || 3 limit, while S is also finite in this limit, owing to the A" = 1 supersymmetry relation
between the tree-level splitting functions,

quﬂg(z) + ngﬂg(z) = quHQ(Z) + quHQ(l — Z) . (3.15)

Among the tree-level four-parton antenna functions, only Ag(lq,39,4g,2q) (quark-
gluon-gluon-antiquark at subleading colour), DY(1,,34,4,,5,) (quark-gluon-gluon-gluon),
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E{(14,3,,47,5,) (quark-quark-antiquark-gluon at leading colour), F(14,2,,34,4,)
(gluon-gluon-gluon-gluon) as well as G9(1,, 3,4, 44,2,) and G9(1,,3,,44,2,) (gluon-quark-
antiquark-gluon at leading and subleading colour) must be decomposed into sub-antennae.
In the context of the three-jet calculation discussed here, F, G and G do not contribute
and will not be discussed further.

The decomposition of ]191(1(], 34,44,25) is needed because both gluons can become
collinear either with quark 1, or with antiquark 2;. The two possible phase space mappings
are of the F®—3) type described in section

(a): (1,3,4,2) — (134,243)  (b): (1,4,3,2) — (143,234)

each allow only gluons adjacent to quark or antiquark to become collinear. To disentangle
the different sub-antennae, it is sufficient to partial-fraction the antenna function in the
different collinear denominators, as done in [BJ. With these, we decompose

A(1,3,4,2) = AY ,(1,3,4,2) + A, (1,3,4,2), (3.16)
with

Af,(1,3,4,2) = a3(1,3,4,2) + af(2,4,3,1)
A275(1,3,4, 2) = Ag,a(1747372) ) (3.17)

where @} (i, j, k, 1) contains only singularities for i | j or k || [ and was defined in [B2]. With
this decomposition, Agja(l, 3,4,2) contains only 1 || 3 and 2 || 4 singularities, and can be
used with the (1,3,4,2) — (134,243) mapping. Since this decomposition is straightforward,
we refrain from spelling it out explicitly in the subtraction terms presented in subsequent
sections.

The leading-colour quark-quark-antiquark-gluon antenna function Eg(lq,3q/,4qz,5g)
contains limits where either the quark-antiquark pair (34,44 ) or the gluon 5, can become
soft. Since these limits yield different hard radiator partons, they can not be accounted for
in a single phase space mapping, but require two separate F©—3) mappings:

(a): (1,3,4,5) — (134,543),  (b): (1,5,4,3) — (154, 345).

By analysing the different triple and single collinear limits of EY, one finds the following
decomposition:

E9.(1,3,4,5) = BY(1,3,4,5) + EJ(5,4,3) Q3(1, (34), (54)) , (3.18)
E$,(1,3,4,5) = F{(1,3,4,5) — E} ,(1,3,4,5) . (3.19)
After this decomposition, Ega can be used with mapping (a) and Eib with mapping (b).

The above decomposition also ensures a well-defined behaviour in all double and single
unresolved limits (see [B2 for a definition of the splitting factors):

3 =04, —

0
EQ,(1,3,4,5) © —  S15(3,4) ,
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3.1 14.7,54—0 1
0 q' g9
E4,b<17 3,4, 5) 1;543(2’) 534 qu—*G(Z) )
14113,/ 1145 .
0 211°¢"11%gq —ident.
EJ,(1,3,4,5) =" PR ST (w, )
3q’H4q’”59
—

Eé(l],a(173747 5) +E4[1),b(173747 5) P543—>G(w7xay) ’

141154,3/ 114 1
AR G - Py—0(2) Py—c(y) , (3.20)
34515

Eib(l, 3,4,5)

E9y(1,3,4,5) = Sis BY(1,3,4),
3,114 1
Eg,a(173747 5) — Q quHG(Z) dg(17(34)75) +ang' )
0 3q/||4q/ 1 0
E4,b<173747 5) - Q quﬁG’(z) d3(1757 (34)> +ang. ,
1415 1
Eﬁ[l{b(l?374? 5) = % qu—’Q(Z) Eg((15)’374) ;
E4,b<1v 3,4, 5) - % qu*Q(z) E3(17 3, (45)) ) (3'21)

while all other limits are zero. It can be seen that only the triple collinear 3 || 4 || 5 and the
single collinear 3 || 4 limits receive contributions from both phase space mappings. This is
unavoidable, since both these limits match onto the double soft (3,,45) — 0 and the soft
54 limits, which belong to different mappings.

The decomposition of the quark-gluon-gluon-gluon antenna function Dg(lq, 39,44,5g),
is more involved, since any pair of two gluons can become soft. We consider four different
F6=3) mappings:

(a): (1,3,4,5) — (134,543) (b): (1,5,4,3) — (154, 345),
(¢): (1,3,5,4) — (135,453), (d): (1,5,3,4) — (153,435).

The numerous different double and single unresolved limits of this antenna function can be
disentangled very elegantly by repeatedly exploiting the N = 1 supersymmetry relation [B7]
among the different triple collinear splitting functions [B7, B5, pJ]. Using this relation, one
can show that the following left-over combination is finite in all single unresolved and
double unresolved limits:

Dg,l(173747 5) - D2(173747 5) - A2<173747 5) +A2(175747 3)

1 /- - .
_§ (Eg(la 3, 574) + Eg(la 9, 334)) + AZ(]_, 37 574)
—EY(1,5,4,3) + BY(1,5,4,3) + C{(1,4,5,3)
—E9(1,3,4,5) + B(1,3,4,5) + C{(1,4,3,5)
(

+A9(1,3,4) S2((13), (43),5) + A%(1,5,4) SO((15), (45), 3)

+A9(3,4,5)59(1, (54), (34)) | . (3.22)
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Starting from the terms in this expression, the following sub-antennae can be constructed:

DY ,(1,3,4,5) =

Dib(l, 3,4,5)
Dg{c(l, 3,4,5)

Dgyd(l, 3,4,5)

= Dj,(1,5,4,3) ,
=AY ,(1,3,5,4) —

%Dglu 3,4,5) + AY(1,3,4,5) — %E2(1,3,5,4)
431,345 <<13>< 3),5)

+54303,4,5) (5301, (5%), (34)) — RY(1, (54), (30)))
E§<5,4,3>@8 1, (54), (34)) — A3(1,3,4) E§((13), (43),5)
5

- ( ),

—A 17374) Qg((13)757 (43)) )
E9(1,5,4,3) + BY(1,5,4,3) + CY(1,4,5,3)
+E9(5,4,3)Q3(1, (54), (34)) + AY(1,3,4) E9((13), (4:9,);5)
+ag(1a 374) QS((l?’)? ( )) + a3(4> 5> 1) QS((15)7 37 (45)) )

;@

= D} .(1,5,4,3) . (3.23)

With this decomposition, each Dii contains only singularities appropriate to phase space
mapping (i). The sum of the ngi adds to DY:

DY, + D}, +D}.+D},;=D], (3.24)

such that only D{ must be integrated analytically over the antenna phase space.

The above decomposition disentangles the different double and single unresolved limits:

(
DY (1,3,4,5) + ng(1,3,4 5
(

DY (1,3,4,5) + Dg{d 1,3,4,5

Dg,a(lv 37 47 5)+D2,c(17 3’ 4’ 5)+D2,d(1a 35 47 5)

DY (1,3,4,5) + Dgyda, 3,4,5)

Dg,b(lv 37 47 5)+Dg,c(1v 3’ 47 5)+D2,d(1a 35 47 5)

3¢g—0 4(] —0

DY ,(1,3,4,5 S1345

4g—>0 55—0

DY ,(1,3,4,5 S1543

S134 S154

1
54;315(Z) - qu—>Q(1 - 2) )
515

44]154,34—0 1
T Srans(2) ;- Pu-a(2)

)
)
3¢g—0,54—0
) 09
) q||5g 34—0

14]|34,44—0 1
L Ssaz(z) P Py—q(2),

14]54,44—0 1
T 8351 (2) o Pig—q(2)

DY ,(1,3,4,5)

Dib(l, 3,4,5)

14]134,54—0 1
T Susis(z) s Pyy—q(l—2),

341/44,54—0 1
TR Sisas(2) o Pyg—ac(2)

Dg’a(1,3,4, 5) — " Puiiqw,x,y),
D3 ,(1,3,4,5) B Py g (w, @,y

24(1,3,4,5) ol |5 Prssq(w, z,y)
DY(1,3,4,5) L% pc cw,my)
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1
DY, (1,3,4,5) + DY, (1,3,4,5) "Il

513545
0 0 1qH5gv3gH4g 1
D4,b(1’3’4’ 5) +D4,d(1’3747 5) - S15834 PQQHQ(Z) PQQHG(y) )
DY,(1,3,4,5) = Sy dd(1,4,5)
DY.(1,3,4,5) + DY 4(1,3,4,5) Gy d(1,5,4)
DY, (1,3,4,5) = S5 d3(1,3,5)
DYy(1,3,4,5) = Saus d)(1,5,3)
DY,(1,3,4,5) = Sise d(1,4,3)
DY.(1,3,4,5) + DY 4(1,3,4,5) = Si5 d(1,3,4)
1
DY, (1,3,4,5) % — Piyo(a) d((13),4.5)
1
1
DY(13.45) Py q(2)d((15).4.3)
14115 1
Dg,d(1’3’47 5) - % ngQ(Z)dg((15),3,4),
1
DY,(1,3,4,5) nggﬁg(z)dgu, (34), 5)+ang.,
4 1
DS,(1,3,4,5) + D 4(1,3,4,5) % - Phya(2)d80,5, (34) +ang.
1
DY,(1,3,4,5) ‘b nggﬁg(z)dgu, (45),3)+ang.,
4,115 1
Dg,a(173747 5)+D2,c(1a3747 5) i{; % ggHG(Z)dg(l,& (45))—|—ang

(3.25)

All other limits are vanishing. It can be seen that certain limits are shared among several
antenna functions, which can be largely understood due to two reasons:

1. in a gluon-gluon collinear splitting, either gluon can become soft, and the gluon-gluon
splitting function is always shared between two sub-antennae, as in (B.10)), (B.11]) to
disentangle the two soft limits.

2. the unresolved emission of gluons 34 and 54 is shared between the mappings (c) and
(d) according to the decomposition of the non-ordered antenna function A}, which
distributes the soft limit of either gluon between both mappings.

3.4 Angular terms

The angular terms in the single unresolved limits are associated with a gluon splitting into
two gluons or into a quark-antiquark pair. They average to zero after integration over the
antenna phase space. To ensure numerical stability and reliability, this average has to take
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place within each phase space mapping. We have checked this to be the case for the above
decompositions of E} and D). The angular average in single collinear limits can be made
using the standard momentum parametrisation [[L0, for the 7 || j limit:

k:i nt kﬁ_ nH
With2pi‘p~:—L, pPP=n?>=0.
J z(1—2)

In this p* denotes the collinear momentum direction, and n* is an auxiliary vector. The
collinear limit is approached by sz_ — 0.

In the simple collinear i || j limit of the four-parton antenna functions X9 (i, j, k, 1),
one chooses n = py, to be one of the non-collinear momenta, such that the antenna function
can be expressed in terms of p, n, k; and p;. Expanding in k:i yields only non-vanishing
scalar products of the form p; - k. Expressing the integral over the antenna phase space
in the (p,n) centre-of-mass frame, the angular average can be carried out as

2 2
| k=0 o[ doeky =k BRI (g)
Higher powers of ki are not sufficiently singular to contribute to the collinear limit. Using
the above average, we could analytically verify the cancellation of angular terms within
each single phase space mapping, which is independent on the choice of the reference vector
My

An angular average is also required for the cancellation of 1/e-poles in the four-parton
one-loop subtraction terms in the N2 and N° colour factors. In either of these colour
factors, one finds that the difference dal‘\?’l\lmo — daxlgfo contains left-over poles of the form

L Xx0(1,4,2) YO(Ti, j, 20) 0 (13, 4, 33) {sie 8IS — s f—syf — ST+ s—E} (3.27)

€2 3\H Y 3 »Jo 3 »Jo Tij 2ij 1j 2j 142 12 ’
where X3 and Y3 are tree-level three-parton antenna functions. Expanding this in €, one
finds that only the 1/€2 poles cancel, while the 1/e-pole is as follows:

~ - ~ ~ 1 G S .85 .
X9(1,4,2) Y2 (13, j, 20)J$P (13, §, 20) - <10g Slsfﬁ — log ”“) . (3.28)
12 5142
The finite e-contribution from (B.2§) is also non-vanishing, and has precisely the form
required to ensure proper subtraction of all soft and collinear limits in dO-I‘\I/’I\llLO — dango.

To ensure full cancellation of the 1/e-poles, one has to show that (B.2§) vanishes already
after integration over the antenna phase space of (1,1,2), since all other momenta appear
in the jet definition. The second term in the bracket integrates just to a constant, since it
does not depend on (1,4,2), while the first term is a lot more tricky because it combines
integration momenta (1,2) with the fixed momentum j.

To carry out this integration, we work in a frame where the z-axis is defined by the
momenta (17) and (27). The momentum pj can be chosen in the (z, z)-plane. We fix p;
to be along the direction of p;;, the angle between p; and py (p;) is called ©2 (©;), and
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LO v* = qqg tree level

NLO v* — qqg one loop
Y= qqgg tree level
v —qqqq tree level

NNLO ~* —qqg two loop
Y —qqgyg one loop
¥* —4qqqq  one loop
Y*—=qqqqg tree level
Y*—=qqggg tree level
7 — 999 (one loop)?

Table 2: The partonic channels contributing to e™e™ — 3 jets.

the polar angle of py is ¢o. The antenna functions do not depend on the orientation of
the (1,4,2) phase space in the (1), (2¢) frame, and are therefore independent of ¢o. If
©2 > ©,, we boost along the z-direction to a frame where p; . = 0, while for ©; < ©;, we

boost to a frame where ps , = 0. This boost leaves the second term in (B.28) invariant:

S..85. . ,
log 224 — 1og EJZ,T = log Ej?T, (3.29)

812
whereas the first term becomes either (02 > 0;):

1 [ 51752 12 2(1 — sin ©Y, cos ¢})
- d / 1 J22) — 1 E/2 / d / 1 2 2
2 /0 92 log 512 8 Ly + 2m Jo 92 log 1 — cos ©)

= log (3.30)

or (02 < 9;):

1 o / 51552 2 1 o / / o /
o /. d¢s log o log Ej7r + 2 /. dgy log (2 (1 — cos ©) (1 — cos ¢y sin O7) )

= log Er (3.31)

h 9d

such that in either case the sum of both terms in (B.2§) exactly cancels after averaging
over ¢h.

4. Parton-level contributions to ete~ — 3 jets up to NNLO

Three-jet production at tree-level is induced by the decay of a virtual photon (or other
neutral gauge boson) into a quark-antiquark-gluon final state. At higher orders, this process
receives corrections from extra real or virtual particles. The individual partonic channels
that contribute through to NNLO are shown in table .

According to the structure of the coupling to the external vector boson, one distin-
guishes non-singlet and singlet contributions. The non-singlet contributions arise from
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the interference of amplitudes where the external gauge boson couples to the same quark
lines, while the pure singlet contribution is due to the interference of amplitudes where
the external gauge boson couples to different quark lines. Up to NLO, only non-singlet
contributions appear. It is only at NNLO, that the first non-vanishing singlet terms are
allowed. These appear in the tree-level v* — ¢§qqg process, the one-loop v* — ¢qgg
and v* — ¢ qqq processes and the two-loop v* — ¢ g process. All these processes yield
both non-singlet and singlet contributions. The v* — ggg process, which is mediated by a
closed quark loop, is entirely a singlet contribution. In four-jet observables at O(a?), the
singlet contributions were found to be extremely small [59]. Also, the singlet contribution
from three-gluon final states to three-jet observables was found to be negligible [p3].

Matrix elements and subtraction terms at NLO and NNLO can be naturally decom-
posed according to their colour structure. The cross section at NLO receives contributions
from three different colour factors:

donro = donpoN + donro,1/x + doNLONG - (4.1)

The NNLO contribution to the cross section receives contributions from seven different
colour factors:

donnro = donnpo,n2 + donnpo,no + donnpo,1/n2

+donnLo,Ne N + donnro,Ne N + donnLo vz + donNLoNg, - (4:2)

The first six terms in this equation are non-singlet contributions, the last term is the
numerically unimportant singlet contribution.

In the following, we list the matrix elements for the contributing partonic channels
shown in table B and discuss their structure.

4.1 Tree-level matrix elements for up to five partons

The tree-level amplitude Mqoq( p for a virtual photon to produce a quark-antiquark pair

and (n — 2)-gluons, "
7(9) = a(p)a(p2)g(ps) - - - 9(pn)

can be expressed as sum over the permutations of the colour ordered amplitude ./\/194’” of
the possible orderings for the gluon colour indices

ng(n72)g = ie(ﬂg)niQ Z (Tai ce Tan)l'lh MOAJL(plvp?n v 7pn7p2) . (43)
(4,...,k)EP(3,...,n)

The squared matrix elements for n = 3,...,5, summed over gluon polarisations, but
excluding symmetry factors for identical particles, are given by,

2

‘Ml?l?g‘ = N3 Ag(lqv 397 25) ’ (4.4>
2 . 1 -

‘Mgdgg‘ = Ny Z NAg(lqﬂngngzi) - NA2(1Q73974972Q) ) (4.5)

(4,5)€P(3,4)
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‘ qggg‘ 5 [ Z <N2Ag(1(big7jg7 kg7 2(?) - Ag<1qaig7jg7 kga 2(?))
(4,5,k)

€P(3,4,5)
N2 41
(+) AY(14, 34,44, 54, 27 )] (4.6)
N2
where,
n—2 2
Ny =dmra 3 e2 (¢2) "7 (V2 - 1) (MO, [ (4.7)
q
and
[MG]” =401 - )¢ (4.8)

The squared colour-ordered matrix elements A3, A and A} are given in [BJ]. For the five
parton case [p4],

2
Ao(lq,lg,]g,kg72 {M q‘ ’MAE) plapup]apkapQ) (49)
Ag(lquigv.jgvk972q) ‘Mglj‘ = ‘M%,5(plapi7pj7pkup2) (41())
2
+ M 5(p1, pis P P> 2) + MO 5 (01, Prs P P P2))|
2
A(1gvigs jo» gr 2q) | MO|* = > M5 pi s prep2)| (4.11)

(i,j.k)EP(3,...,5)

In the subleading colour contribution flo, gluon £ is effectively photon-like, while in the sub-
subleading colour contribution (also called Abelian contribution), A?, all three gluons are
effectively photon-like. Photon-like gluons do not couple to three- and four-gluon vertices,
and there are no simple collinear limits as any two photon-like gluons become collinear. As
a consequence, the only colour-connected pair in flg are the quark and antiquark.

The tree-level amplitude for

v () — a(p1)d(p2)d’ (p3)q (pa)
is given by

. 1
Mazrq = 1€19%0414200501 <5z1z45zm - N5i1i25i3i4) M 4(p1, P2, p3,14)

+(1 3,2 4), (4.12)

where 04, 4,044, indicates the quark flavours. The amplitude M%A(pl,pg, p3,p4) thus de-
notes the contribution from the ¢;go-pair coupling to the vector boson. The identical quark
amplitude is obtained

0o _
Mogeq = quq 7 —(2<4). (4.13)
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The resulting four-quark squared matrix elements, summed over final state quark
flavours and including symmetry factors are given by

}ng‘Q = Z ‘Mqéq’t? ’ + Z |Mq§q6‘2
4,9’ q

1
= Ny NFB2(1Q73Q74QJ 2@) - N (02(1Q7SQ74Q7 2‘?) + 02(257467 3q7 1q))

+Npy Bi(14, 3, 44, 2q)] : (4.14)

where

Bl(l)(lq’3q’4lﬁ 2(7) ‘ngf = ‘MOB,4(p1’p27p3ap4)‘23

2
C1(14,34,45,24) [Mog|” = —Re(M%A(m,pz,pz,p4)/\/l%f4(p1,p4,pam)), (4.15)

~ 2
Bi(14,3¢, 44, 2) | M| =Re<M%,4(p1,p2,ps,m)M%L(pg,m,phm)). (4.16)

Explicit expressions for Bff and Cff are given in [BZ. The last term, Bg, is proportional to
the charge weighted sum of the quark flavours, N, which for electromagnetic interactions
is given by,

(X €q)?
Np., = qf(; (4.17)
q 9

It is relevant only for observables where the final state quark charge can be determined.
There are four colour structures in the tree-level amplitude for

_

v*(q) — q(p1)a(p2)d' (p3)q (p4)9(ps)

which reads

_ 3
Myqgqg = i€19 \/§5q1q25q3q4

0, 1 0,
X | T}, Oisis M55 (D1, D2, D3, P4, P5) — NTﬁ%émMBfg, (1, P2, P3, P4, P5)

0,b 1 0,d
+T72%, 0010 MB 5(P1, P2, D3, P4, P5) — Nﬂiiﬁnm/\/lgﬁ(pbp%m, P4, Ds5)

+(1 = 3,24). (4.18)

The amplitude M%f% (p1, P2, P3, P4, p5) for x = a,...,d denotes the contribution from the
q1G2-pair coupling to the vector boson. Due to the colour decomposition, the following
relation holds between the leading and subleading colour amplitudes:

0, 0, 0,b
MBS (P1,p2,p3, P4, 05) = M5 (1,2, 03,4, 15) + M 5(p1, D2, p3, P4, Ps)
0 0,d
= MB7?5(p17p27p37p4?p5) +Mé75(p17p27p37p47p5) . (419)
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As before, the identical quark matrix element is obtained by permuting the antiquark
momenta,

MO

_ 0
O g =M, (2 < 4). (4.20)

qqqg
The squared matrix element, summed over flavours and including symmetry factors is
given by,

’nggf = Z |Mq<?q’ti’g
a,9

2
+ > | Mygegol’ (4.21)
q
= N [NNF (B9 (14,59, 473 347,20) + BY" (13,49 31,59, 23)

Np 0, 0,d 0,
—l——N <B5 c(1(1,59,25; 3q/,4q/)+B5 (14, 24; 3q/,5g,4q/)—235€(1q,2q; 3q/,4q/;5g)>
O N2 +]- ~O ~0
C5(1Q73Q74§759726>+ N2 (05(1(173117457 59a2(j)+05(2674673q75971q)>
50, . 10, . 10, .
—NNFy (Bs a(lqa5ga4z7’a3q’726)+35 (14,445 3¢5 59, 2g) — B3 e(1q74zi’73q’v2675g))

Npg~ (20, £0.d 50,
4Tﬂ/(B5 C(1q75ga21753q/74t7)+35 (1qv2653q’v5974q”)+35 e(1q>2r73 3q’74q”55g)> )

where for z = a,...,e

0, 2 0,
By "(...) [Mgg|” = IMB5(p1,p2,p3, pas 35) I, (4.22)

50 2 0 0
By*(...) [Mgg|” = Re (MB’fr,(php27p3,p4,p5)Méf5T(p37p4,p1,pzms)), (4.23)
and
0 012 _ 0,a 0,c,f
05(1(173(]’4(]’ 5ga2§) ’qu‘ = —2Re MB}5(pl7p2ap3ap4ap5)MBV5 (p17p4ap3ap27p5)

0,b 0,d,

+M (p1, P2, 3, P, ps) MBS (1, pas 3, 2, ps)
0, 0,d,

+MY% (p1, p2, 3, s ps) MBS (D3, p2. 1, pa, ps)

0,b 0,¢,
Jr/\/lm(pl,zoz,ps,294,1?5)/\/13‘,:5T (p3,p2,p1,p4,p5)> : (4.24)
~ 2 0 0
C(14,34,44, 54, 29) | M| = —Re(Mé;(pl,pg,pg,p4,p5)Méf§(p1,p4,p3,p2,p5)>- (4.25)

4.2 One-loop matrix elements for up to four partons

The renormalised one-loop amplitude Mqlqg for a virtual photon to produce a quark-
antiquark pair together with a single gluon,

7" (a) — a(p1)a(p2)g(ps)

contains a single colour structure such that

2
. g
Mgy = iev'2g (167r2> T}, M 3(p1,ps. p2) - (4.26)
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Unless stated otherwise, the renormalisation scale is set to u? = ¢°.

The interference of the one-loop amplitude with the three-parton tree-level ampli-
tude (.3) is given by

Qg 1x0
2Re (nglfanlqg> = N3 (%) A:(a : )(1q,3g,2¢7), (4.27)
where
AL (14,34,29) = <N [43(14,34, 27) + A3 (5123) A3(14, 34, 25)] (4.28)
1

=

- {A};(lq,Bg, 24) + Aj(s123) A3(14, 34, 25)} + NFA§(1q73972q)> :

where A}, A} and A} are given up to O(¢") in [BZ.
Moreover, the one-loop process v* — ggg also yields three-jet final states. Since this

process has no tree-level counterpart, it does only contribute at NNLO. Its amplitude can
be denoted as [p3]

2

. g

Mygq =i Z cqV'2g (167r2> d*%2% M, 3(p1, pa, p3) - (4.29)
q

The one-loop corrections to v* — 4 partons have been available for some time [R1].
The one-loop amplitude for

() — q(p1)a(p2)9(p3)g(pa)

contains two colour structures,

1 2 92
Myggq = €29 (167r2>

) ) 1 1 1,b
X [ ) (TT) 4, (NMA’fZ(Pl,pupj,m) = yMAaprpi vy p2)
(,5)€P(3,4)

1, >4 €q 1,
+NFMA,C4(p1>piapj7p2) + 1 MA:E4(p17pi7pjap2)>
1 a;a; 1,d
+§6 ! J5i1i2MA,4(p17p37p47p2) ) (430)
where
MY - M 4.31
A4(P1,P3,p4,p2) = M4 (p1,pa, p3, p2). (4.31)
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The “squared” matrix element is the interference between the tree-level and one-loop
amplitudes,

0, 1 2 41, .
‘quLquqgg‘ = N4 <27r) [ Z (N Ay (1gy4g, Jgr 29)
(1.5)€P(3,4)

ALy igs g 20) A NNEAY (1 g, or 20)+ N N Ai’euq,z‘g,jgaq))

1, “1.d 1 <1
— <A4a(1q,3g,49,2q) — A4 (1q,3g,4g,2q—) — WAZL (1q,3g,49,2§)

Np ~ N, ~
+WFA4117C(1Q739>49>26) + §7A1’6(1473974972Q)>] ) (4'32)
where for z = a,...,d,
A17aj 1 Y o — 17$ . . 071. . .
1 ( @ ’Lg,jg, |M ‘ = Re MAA(pl,pz,pjap2)MA74(p17pzap]7p2) ) (433>

A~4117x(1q7 397497 2!}) |M2(j‘ = Re (M}L{Z(php?np47p2)-/\;l?47;|‘4(p15p33p47p2)> ) (434)
and

~ 17 17 17
M4 (p1,p3, pas p2) = M (P1,p3, pas p2) + M5 (1, P4, p3, p2).- (4.35)

The renormalised singularity structure of the various contributions can be easily writ-
ten in terms of the tree-level squared matrix elements multiplied by combinations of infrared
singularity operators [pg], for which we use the notation defined in [B3]. Explicitly, we find

Poles(A* (Ly,ig, jy: 2)) = 2 (I<1><e,sm+1§1)<e, i)+ 155 (€,52) ) AY(Lay g, g 29), (4.36)

Poles(Ai’b( lg,ig,Jg,2q)) = (57312)A2(1q7ig7jg72§)a (4.37)
1 1 . .
Poles(Ay (1q,ig, jg> 27)) = ( (€ 510) 1) (e, 5i5) + 100 p(€532) ) A (L igs g 29),
(4.38)
Poles(Ay" (14,34, 44,27)) = (QIélg)(e, s31) + L) (e, s14) + 103 (€, 523) (4.39)
. ~
I (e, 13) + 10 (e,520) ) 4314, 3, 45, 24),
770163(/111!b(1q73g>4g>2z7)) = 21((;}7)(67312)142(1%39749:2@)7 (4.40)
Poles(Ay“(1q,34,49,27)) = <212,2 (€, 534) + L0 p(e,51a) + 10 (e, 523)
I (e s1s) + L (e, 324)> x AY(14,34. 44, 22), (4.41)

POZCS(Ai’d(lq,?’g?‘lg? 29)) = <QI¢(I}7)(67 s12) + 21%) (€, 834) — Ié?(e, s14) — If;lq)(e, $23)

~ID (e, s13) — 100 (e, 324)> x AY (14,34, 44, 22). (4.42)
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As at tree-level, the one-loop amplitude for

v (q) = q(p1)@(p2)q’ (p3)7 (pa)

contains two colour structures,

2
1 .o g 1,
Mquq/q/ =g (1671'2> 55]1(126113!14 |:5’ili45i3i2 <NMB?4(P1aP2,p37p4)

L ap 1
— N MBaP1,p2,p3,pa) + Ne MG (p1, p2, 3, pa)

1

1,d L,
—y Oiniz i <NMB,4(p1,p2,p3,p4) — yMBa (P p2,p3; pa)

+NFMEQ(p1,p27p3ap4)):| +(]‘ H3’2(_>4) ) (443)

where

1, 1, 1,b 1,d
M5 4(p1, P2, p3, pa) + My (1, P2, p3, pa) = ME ,(p1, P2, p3, 1) + ME(p1, p2, P3, pa).
(4.44)

As before, the identical quark matrix element is obtained by permuting the antiquark

momenta,

1 1
Myze5 = Mygeq — (2 4). (4.45)
Summing over flavours and including symmetry factors, we find that the “squared”

matrix element, is given by

Otasl | — 0,1 1
2 ‘M4q M4QI - Z 2 ‘Mqu’é’MQCM’Q’
o'
()
o

1,d IS Np 1,
_C4 (1(173(1a 4(?’ 2@) + WC4 6(1Q7 311’4@’ 2@) - Wczl f(1q7 311741?7 2@)

Np
WQ; 7(24,44,34: 1¢)

07T 1
+Z 2 ‘MQQ@MMW‘
q

q,q'

N,
NNFBiﬂ(l(b 31174177 21?) - WFBib(lih 3(174117 21?) + N??Bi’c(lq,?’q,‘lq» 2!?)

1d L,
_04 (257457 3Q7 lq) + WC4 6(21774177 3(17 1‘1) -

Nry

+NNF,vBi7a(1qa 3q7 4<i= 2«1) - N

By"(14,35,4,2) + NeNpo By (14,34, 45, 2q>] ,
(4.46)
where for z = a,b, c
By (14,34, 47, 25) ‘ngﬁ = Re (Mgﬁ(pl?p27p3,p4)M%,T4(p1,P2,P3,P4)) ;o (4.47)
By (1,34, 44,29) ‘ngf = Re (M}éi(pl,p2,p3,p4)M%T4(p37p4,p1,p2)) , (4.48)
and for x =d,e, f

2
Ciyx(1q53q74q77 2(1) ’Mg(jl = —Re (Mgﬁ(plvp2)p37p4)M%T4(pl)p4ap37p2)) . (4-49)
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Using the infrared singularity operators of [55], we can extract the singular contribu-
tions of the renormalised one-loop contribution as,

Poles(BY (14,34, 43, 2)) = 2 (145 (e, s14) + 143 (e, s29) ) BI(14 34,43, 24), (4.50)

Poles(Bi’b(lq, 3q,44.2g)) = 2 (212?(6, S14) — 21%)(6, s13) + 215]}1—)(6, S93) — 211(;]—)(6, S94)
I (e, 512) + 100 (e, 334)> x BY(14, 34,44, 22), (4.51)

Poles(Cy (14,34, 44,29)) = 2 (I((;q)(ﬁy s13) + Iélq) (€, 524)) Ci(14,34,47.29), (4.52)

Poles(CH(1q, 34, 44, 24)) = 2 (Ig;><e, s12) + 10 (€, s14) + 10 (€, s23) + 10 (€, s34)
I (e, s13) — I (e, 324)> x C9(14,34,42,24), (4.53)

Poles(BL* (14,34, 43 20)) = 2 (148 (e, 514) + 140 (e, 523) ) BY (14,34, 43, 29). (4.54)

Poles(BY" (14, 34, 45.27)) = 2 (215?@ $14) — 210 (e, s13) + 215 (€, 53) — 2153 (€, 524)

I (e, 512) + 100 (e, 334)) x BY(14, 34,44, 22) - (4.55)

4.3 Two-loop matrix elements for three partons

The renormalised two-loop amplitude Mq2 for a virtual photon to produce a quark-

a9
antiquark pair together with a single gluon,

v*(q) — q(p1)a(p2)g(ps)

contains a single colour structure such that

2 2
, g
Mgy = iev/2g ( ) T3, Mo 5(p1, 03, 02) - (4.56)

1672

At NNLO, there are two contributions. One from the interference of the two-loop and
tree-level amplitudes ([.J), the other from the square of the one-loop amplitudes given
in (£:24). These terms were computed in [I§] by reducing the large number of two-loop
Feynman integrals to a small number of master integrals, using integration-by-parts [pf
and Lorentz-invariance [p7] identities, solved using the Laporta algorithm [p§]. The relevant
master integrals (two-loop four-point functions with one off-shell leg) were then derived [p9]
from their differential equations [p7, Bd, B1].

The resulting virtual three-parton contributions are given by,

02 \ _ as\2 , (2x0)

9Re (ququqg) = N, (g) AP0, 3,2, (4.57)
Liasl ) _ as\2 (1x1)

Re (M, My, ) = Na (52) A8V (14:35,29). (4.58)
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Following [FJ], we organise the infrared pole structure of the NNLO contributions renor-
malised in the MS scheme in terms of the tree and renormalised one-loop amplitudes such
that,

2 Bo
pdw(Agwkhﬁmzﬂ+A§“%uﬁmza)=2[—(é%@» - 2L
_T(1=26) (B . )
v (6 + K) 150 (2¢) + ng)g] A3(14.34.29)
+2I,5,(6) AV (14,35, 2) (4.59)
Here,
1 . «a
I[(;]—)g(e) =N <I((]1])(6, 813) + I((llg) (6, 823>) — NI((IQ)(E’ 812)
+Np (Ig;{F(e, s13) + I (e, 323)) , (4.60)
with the individual I 1(31) defined in [BY| and
@ _ 7 589 Ux?\ (1. 41w
Hoag = 4eT(1—¢) [(4C3+ 432 72 T{72% T m
+ (=3¢ —3+”—2 S —gﬁﬁ NNp + B Ny 5 N2
5716 " 4 ) N2 18 ' 36 E 54 24) N T2t Pl

We denote the finite contributions as,

. 2%0 2%0), finit 2%0), finit 1 (2x0),finit
Finite(A7"" (1,35, 29)) = N2AZH M AGEOIE 4 o AT

(2x0),finite , INF ,(2x0), finite
+NNpA3 NN + WAS,NF/N

2 4(2x0),finit 4 (2x0), finit
+NEAS N2 "+ Npsy <N - N) Ay v (4.62)

. 1x1 1x1), finit 1x1), finit 1 (1x1),finit
onZtG(AgX )(1q,3g,2(j)) _ N2A( X )f'mze_f_Ag’lX )fzme_'_ﬁA( x1),finite

3,N2 3,1/N2
(1x1),finite | INF ,(1x1), finite
+NNpA;z yN + WA&NF/N
1x1), finit
+N§Aé ﬁg) finite (4.63)

Explicit formulae for the finite remainders have been given in [[I§]. These are expressed
in terms of one-dimensional and two-dimensional harmonic polylogarithms (HPLs and
2dHPLs) [63, b9, which are generalisations of the well-known Nielsen polylogarithms [3].
A numerical implementation, which is required for all practical applications, is available
for HPLs and 2dHPLs [B4].

Finally, a finite NNLO contribution arises from the squared one-loop amplitude (.29

for v* — ggg:
1x1 4 1x1), finite
C?E - )(19729739) = NF,’y (N - N> Cé,]\ip’).yf ¢ . (464)
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5. Construction of the NLO subtraction term

Three-jet production at the leading order is given by:

dofly = N3 d®3(p1, p2,13; ) AY(14, 34, 25) J§3)(p1,pz,p3) - (5.1)

This leading order cross section defines the normalisation for all higher order corrections
discussed in the following.

At NLO, the tree-level four-parton processes v* — qqgg, v* — qdq'q (non-identical
quarks) and v* — ¢gqq (identical quarks) yield three-jet final states. Only the two former
processes require subtraction, since the third process is infrared finite.

The four-parton real radiation contribution to the NLO cross section is

dofio = Nad®4(p1,...,pa;q)

N o 1 -
X{ Z Al(Lgy g, Jg 2q) — ﬁAg(lqv 3¢, 49, 2g) + NrBj(1g, 34,44, 29)
(i.7)€P(3,4)

1 4
N (C2(14, 34,44, 29) + C1 (24,44, 3¢, 1)) }J§ (1, pa) - (5.2)

The antenna subtraction term is then constructed as:

doNro = Nad®4(pi, ..., pa;q)
N . . TN 7N 3), — —
X{ 2 [2dg(lq’zg’fg)Ag((“)qv(ﬂ)gﬂq) T3 (P, Bjis p2)
(1.1)€P(3,4)

N o o . —
5 43241, o) A3 Ly, (), (20)) J5” (o1, B, )
1 . ~— . o —
“ON A3(1g,dg, 2q) AS((14),: dgs (20)5) ) (plupj,pm)]

+NF |:E3(1Q73q 74 )Ag(®q7®g,25) J{§3)(Is\1/3715;£’)7p2)

— 3 o
+E3(25, 3¢, 49) AY(1, (34),, (24),) J§ )(p1,p34,p24)] } : (5.3)
Integration of this subtraction term over the antenna phase spaces yields:

dojro = N3 (*) d®s(p1, .- .. p35q)
1 N
{ 5 'D3 s13) + D3(523)] — NA%(512) + 7F [5??(513) + 55)(823)]}

AY(14,34,24) J5” (p1, p2, p3) (5.4)
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Together with the virtual one-loop contribution to v* — qqg,

(6]
dokpo = N3 (§§> d¢30ﬁ»~'wZB§Q)J§$(prE7p3)

X <N [Aé(lqa?’gv%) +A%(5123)Ag(1qa3ga26)]

—_

N [Azl’)(lwgg?%) +A%(3123)Ag<1m?’972§)} + NFA:%(lq,?’g?zq)) , (55)

one obtains
Poles (deILO) + Poles (dO’%LO) =0, (5.6)

thus yielding an infrared-finite result.

6. Construction of the N2 colour factor

The N? colour factor receives contributions from five-parton tree-level v* — ¢gggg, four-
parton one-loop v* — gGgg and tree-level two-loop v* — ¢gg. The multiple gluon emissions
are colour-ordered, and the squared matrix elements do not contain interference amplitudes
between different orderings. In the loop contributions to this colour factor, non-planar
momentum arrangements are absent.

6.1 Five-parton contribution

At leading colour, the five parton contribution to three-jet final states arises from the colour-
ordered emission of three gluons in v* — ¢gggg. The matrix element for one ordering is:

2 ..
|M‘?‘739} = N5 N2A(5)(1Q7Zg)]g’kg72(j) . (61)

The real radiation contribution to the cross section is obtained by averaging over all possible
six orderings:

1 . 5

do_I]\T{NLO,NQ = N5 N2 dq)f)(pla'--apff);Q) g Z Ag(lquga]gakgaQQ)J?E )(pla'--apf.'))
" (i.5,k)EP(3,4,5)

1

= N5 N2d®5(p1,...,p5:q) 30

.. .o 5
Z [Ag(]-qu tg,]g> kgu 2(?) + Ag(]-Q) kgajg’ lg, 2@)] J:‘E )(p17 s 7p5) )
(4,7,k)€Pc(3,4,5)
(6.2)

where the second expression is obtained by restricting the summation to the three cyclic
permutations of the gluon momenta, while making the corresponding three non-cyclic per-
mutations explicit. The cyclic form (@) is more appropriate for the construction of the
real radiation subtraction term, since this form matches onto the full quark-gluon antenna
functions of [BZ, which have a cyclic ambiguity in their momentum arrangements.
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The real radiation subtraction term for this colour factor reads

1
dgﬁNLOJ\p = N5 N2 dq>5(p17 .-y D55 Q) ? Z {
" (i,,k)€Pc (3,4,5)

d3 (14, i, jg) AS((10) . (50) . kg, 24) J§4><m,ﬁ;,pk,p2>
+f£?(7;9a.j9’k 1Q7(Z.])ga(k.])
k

) 25 (ph%:ﬁ;;j?pQ)
+dg 2(]7kg7jg) 1q77/g7(j )ga( )
, 25
(i)

25

( ) (lez‘,ﬁﬁwpm%)
+d3(1q, kg, jg) o (1K) g1 g, 20) ISV (B, P i p2)
+13(kg, Jgrig) A (1, k.])g7(2.7) 7)

J
(k) 20) I8 (p1. Py Py 1)
+dg(267igng) Ag(lqakgu jl) ( ) )Jé (plvpk71,)}/i7]3\2/i)

—_~

+ (Dg,a(lfb ig,jg, kg) - dg(1Qa ig,jg) dg((ll)qa (ji)gv kg)
(Dg,b(1Q7Zg’Jg’ g) = f3(ig: dgs kg) d3(1q, (k) gs (i5)4)

—~—

=f
d

+<D27C(1q,z'g,jg,kg)

—_~—

??(ig,jg,kg)d%(lq,@*)g,@g>)A°<<1m> (kji) s 29) I3 (b1 Bigis p2)

—dY(1q, kg, jg) d3((1K),, <jk:>g,z'g>> AS((1k7) . (i) s 24) I (D13 Digies P2)

—d3(Lqig, jg) d3((10) . Ky, <ji>g>> AS((Lik) . (ki) 24) IS (i, Dkis D2)

+ (‘Dg,d(lm i97j97 kg)

—_~—

_dg(lfb kga]g) dg((lk)q, iga (]k)g)> Ag((lkl)qa (]Zk)gv 2@) J2§3) (ﬂ?%vl@)

+ (Dg,a(QQJ ig,jg, kg) - dg(2<b ig,jg) dg(<2l)q7 (ji)ga kg)

P

— 15 (ig: Jg kg) d9(24, (i) 5, <kj>g>> AY((29) , (kji) g 19) IS (Baig, Prjis 1)

+<D2,b( 0 igs Jgr kg) = 13 (igs Jgs kg )dg(zlJ7(kf3/)gv(ij)g)

—~

. PR I . P D 3), — ——
—d3 (24, kg, jg) d3((2K),, (k) m) AY((2K5) 4. (1K), 1g) ISP (D3 Digies 1)
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+ (Dic(?q,igdgy kg)

o~

—d8<2q,ig,jg>d8<(55q,kg,<76g>>AO<<2zk> (7K4) s 10) IS (Baiks Djkis 1)

+ (Dg,d<2fh igngv kg)

—~—

—d3(2q, kg, 3g) d3((2k) g, <jk>g)> AY((2Kki) . (jik) g0 1) IS (D3, By P1)

—~—

- (‘491(1% iga kgv 2‘7) - Ag(lfb ig? 2§)Ag((1i)qa kga (Qi)q)

—AY(Lq, kg, 29) AS((1k) . @7)) AY((1ik) .+ Go» (2k0) ) IS (Priks Dy, Pawa)

1 . — TN A —~
5Ly, g, o) A3(2q, Ky (1)) AS((14) 1, ()R, (2R)) 5™ (i, BGiows Do)
1 ) T T~ TOA o o
5882, kg 3)d (14,19, (7)) AS((10),. (3R)0) g, (20)) 57 (T, PGy D38

P

1 ) e - e -~
_idg(lthkghjg)dg(Qqazga(]k)g) Ag((lk)(p((.jk)l)g ( )(j) J{g )(plkap(]k)zaPQZ)

1 . — T . e
_§dg(2§7 Zg>]g)dg(1¢b kga (]Z) ) Ag((lk)qa ((]Z)k)gv (2Z)q) J?Es) (plkap(ji)kap%)

1 ) 3 —_ — /T\'_/ o o
5881y ig, G)dS((10),, g, (1)) AS(((10)R)s ((G0)R) 12 26) T5° (Biies PGk p2)

1 . . ; TUIN N (e
5881, kg ) d§ (k) g, (51 ) AR(((LR)E) 1, ((R)0)gs 20) T3 (Pi3iyis Biis P2)

—~—
—~—

588215, 3)d3(20) g, kg, (71)g) AY(La, (F0)R)g: ((200R)g) J5™ (b1, PGk Dz

52 kg, Jg) (2R g, TF),) A1 (D), ((2R00)g) 57 v, 55070 i)
5 AL g, 20)BCT1) B ) ARCDR), TR, (20) TS i 5 )
45881y, kg, 3o AR((TR) . i 24) AS((URND) g0 (), (20),) IS vt 5 75)
5 A9, kg, 2) (1R 1 g, 0) ASRN), 1) (2R) ) 57 v 5 50)
4581y, 30 AR by 26) AS((DR),, G0, (2R)g) 57 v 5 750)
5 ALy, 2)(20) . g ) AT (B, (D)) 57 i, s o)

—~—
—~—

1 . L — g .
5832 kg, ) A (Lo, g (20)g) A3((10), (G ., ((200) ) 57 (i, e Do)
= AO(lq,kg,z DA3((2K) i, Gg) AS((LR) 4. (7)o (2K)0) ) J5°) (51 B3, Biokys)

—_—

+5 d3( 32192 J9) A3 (L, kg, (20)7) AS((1R) ., (1) ., (200) ) J5¥ Bk, Bis P
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—~

- A3(1qvk972 VAS((1h) g igs (26)3) AS(((1R)D) g G, ((2)0)g) IS (Paiyss s Do)

5 A1, ig, 2) AY(10) K, (20)) AY((IIR) o ((2008)) Jé‘“’)(m,pj,m)}.

6.2 Four-parton contribution

The leading colour four-parton contribution comes from the one-loop correction to v* —
qq9g, where the gluonic emissions are colour-ordered. It reads

Qg
dagl\llLONQ N4N2< )dq’4(p17---,p4;Q)

x 5 Z Ay (gyig dgr 22) I3 (p1, P2, 3. pa), (6.3)
(4,5)€(3,4)

The one-loop single unresolved subtraction term for this colour factor is

Qg
dal‘\l/ngo y2 = NaN? ( ) d®4(p1,...,p4;q)
1 1 o 4
{ 3 ) [ng(sli) + gf:?(sij) + 5 D5(s25) | Al(1gy g, gr 29) T (1, pa)

+{2 | Blavigndo) [ANT0y: )y 2) + A1) A1) 7, 20)
(1,)€(3,4)

+d§< 0+ig53) AS((10): (57) 1, 29)
5 (DY(s15) + D(s,55)) Ui o) A1) Gy 22)

1 1 . TN T
+ (2773(810 + gfg(sz‘j) + gpg(slj) - Dg(slij)> d5(1q,ig, Jg) A3((14)y (51) 4 29)

2 —

q . - =
+bo log fdg(lq» ig, jg) A3((11), (41) 4, 24)
Lij

1/1 1 1 1
—3 <29§( 2G) ~ 5 Pa(s1is) + A5(s(555,) — 5D3(s25) + 5 D5(s15) — A§(512)>

d§(1g, g, 5g) AY((10),, (i) 1,2 )]J§3)(%7ﬁﬁ,pz)+(l<—>2)}

1 ~ . ~ .
5 X A 24800, (20
(4,5)€(3,4)

+ (A3 (s12) — AQ(s120)) AS(Lg, g, 24) AS((L0),, Gy (20),)

1 1 1
+3 (Ag(smi) — 5D3(sqm,) — 5 D5 (sg;) — As(s12) +

N

1
D3 (s15) + 293(823'))

AY(Lvig 20) AS((10) s gs (20),) | ISV (12 Pis ;) (6.4)
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6.3 Three-parton contribution

The three-parton contribution consists of the two-loop three-parton matrix element to-
gether with the integrated forms of the five-parton and four-parton subtraction terms,

s Vsl a2
dognro.ne T dognLonz: = N

x{ B (Dg(slg) + DS(SQS)) - % (Dg(sl?») - D§(523))2 - % (Ag(sw) - Ag(512) Ag(sw))

1 1 -

+5 Di(s13) + 3 Di(s23) — Aj(s12) | A3(14, 34,29
1

+5 (DS (s13) + DY (s23)) As(1g3g,24)

+% [Dg(slg) ((513)7° = (s123) ™) + D5(s23) ((528) ™ — (8123)_5)} A3(14, 3, 26)}0103 :

(6.5)
where we defined the three-parton normalisation factor
Qo 2
dos = N3 (ﬁ) d®3(p1, p2, p3; @) IS (p1, D2, p3) - (6.6)

Combining the infrared poles of this expression with the two loop matrix element, we
obtain the cancellation of all infrared poles in this colour factor,

Poles <dUI€INLO,N2) + Poles (dal‘\l/gio,NQ) + Poles (dol‘\l/i\ZILo,NQ) =0. (6.7)

7. Construction of the N° colour factor

The contribution for the NV colour factor to three-jet final states is more involved than all
other colour factors. It receives contributions from all partonic subprocesses: v* — gGggg
and v* — ¢gqqg at tree-level, v* — ¢qggg and v* — ¢gqq at one loop and v* — ¢gg at two
loops. All contributions contain a mixture of colour ordered and non-ordered emissions.

7.1 Five-parton contribution

The subleading colour N contribution of five-parton final states to three jet final states is

dUII\?NLo,NO = N5d®s5(p1,...,p55q) X

1 _
g (Ag(lqv 397497 597 26)

- Z Ag(lqaigajgakga2q)) +ég(1q73q74675g’2§)
(Z7j7k)ep(37475)

=, 5
+C(24, 44,34, 5, 1g) —C2 (14, 34, 44, 5y, 2q>] I (b1, ... ps)

L

31 Ag(lqv3974975972§)

= N5 d(I)5(p1; oo 7p57Q) X
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1 ~ .. ~
*5 E Ag(1q72g7]g75g72q) +Cg(1q73q74§7 59726)
(1,5)€P(3,4)

~ 5
+C2(24, 44,34 54: 1) — C2(14,3¢,43.54.29) | 13 (b1, ... ,ps) . (T.1)

where the symmetry factor in front of A2 is due to the inherent indistinguishability of
gluons. In flg, gluon (54) is effectively photon-like. It does not participate in any three-
gluon or four-gluon vertices, and there are no simple collinear limits as (i)4]|(5), and
(7)gl1(5)g-

The real radiation subtraction term for this colour factor is:

d‘71§INLO,N0 = N5 N° d®s5(p1,- .-, p559)

1 oG 4) ; ~ —
X{ ~5 Z {Ag(lq,Sg,Qq) A3((15) g, Jo» (25)q)<]:§ (15, pis js D25)
(4,5)€(3,4)

+dS(1,4,7) AY((10),, (ji)g: 59, 20) 15" (1 B, 5. D2)

+d3(2.4.9) ALy, 5g, (i) 1+ (27) ) I3 <p1,p5,57j,ﬁ;j>]

REl Z A3(1g:ig: 24) Ag((ll)q’ngkgv(Ql)q)Jgg )(Pli,Pjvpk,Pzi)
" (i,4,k)EPC(3,4,5)

_Ag(1Q7 5g7 3q) [Cg((ﬁ/)qa (3/\5/)(17463 2@) + 02(267463 (35)q7 (15)(1)} J3(4)(25137];§:”)7p47p2)

— A3(24,50,49) [ C3(14:34, (85); (25)g) + C2((@5) g (45)g, 34 1) 15 (01,3, 5., 75)

_5 Z (Ag(lq,Zg,]g,2q) _dg(1Q’Zg7]g) Ag((]‘z)q7(jz)g?2q)
(1.7)€(3,4)

—d3(2q, Jg1g) A3(Lgs (i) 4, (2J)q)> AY((1ig) 4. 5g, (241),) IS (D135 p5. Pay1)

1 — —

—= > | Adgig, By, 25) — A§(1g,dg, 25) AJ((14),, 5, (20),)
3 (i,)€(3,4)

—A3(14,5,24) A3((15),,,4q, <25>q)> AY((145) . Gy, (2i5),) I (bris. s, D3is)

(z‘ii(lq, 39,49, 24) — A(14 39, 29) A3((13),, 4, (23),)

[ e

_|_

—AY(1q, 49, 29) A((14),., 34, <54“>q>> AY((134),, 5. (234),) I (P13, 15, 231)

q?

—_~

— [C9(14, 34,44, 29) + CF (24,44, 34, 14)] AX((134),,,5,, (234),) J3”) (p131, s, D231)

1 o — TN T o —~
t3 . (dguq, igrg) AS((1),: 59, 29) AS((10)5), (i) (25)) J5”) (B(3iyss B 35)
(4,5)€(3,4)
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+d3(24, g i) A (1,54, (20)g) AS((15),, (i) > (23)5)) J5” (D15, B Pianys)

—_— e~/

—AY(Lq,ig, 29) AY((10), 5y, (20),) AY((10)5) g ((20)5)) T3 <m,m,pj>> } (7.2)

7.2 Four-parton contribution

The four-parton contribution comes from the subleading colour one-loop correction to
v* — gqgg, where the gluonic emissions are colour-ordered, from the leading colour one-
loop correction to v* — ¢ggg, where the gluonic emissions are not colour-ordered and from
the one-loop correction to the identical-flavour process v* — qgqq. It reads:

aS
dJKI\IILO yo = NaN° (g) d®4(p1, - - -, a3 q)
1 b “ 14
X{_ 2< Z Aﬁll’ q’lg’]gv ) Al (11173974972 ) A411 (1q73g74g72q)>
(4,4)€(3:4)
4
_Ci7d(1q7 3(]7467 2‘?) - Ci7d(2q74q7 BCI’ 1‘1)} Jé )(p17p27p3)p4)7 (73)

The one-loop single unresolved subtraction term for this colour factor is
Qs
2w

{; > [(;Dg(sli)‘l-ng(SQj)) AY(1q,ig, Jgs 27)

(4,7)€(3,4)

AoVt — N, NO (

NNLO,NO ) dq)4(p1>p27p3ap47q)

+A3(s12) AQ(1q, dg, Jg. 2 )]Jg( )(p1, 2, 3, Pa)

1 _
_5Ag(512)A2(1Q73974972Q)J§4)(pl7p2ap37p4)
+ (AS(s13) + AY(524)) (C3(Lg: 34,47 2) + CF (24,47, 3¢.19)) IS (p1. D2, p3. p4)
1 o [i To —~—
5 Z {_ [dg(lqvlgng) [Aé((ll)qa(ﬂ)gﬂq) +A%(81234)Ag((12)q,(jz)g,QQ)]
(1,5)€(3,4)

I (G5, By p2) + (1 2>} — A (1g,g: 24) AY((1) 1, gr (20)) J5” (B> by P)

— 414,19, 24) [AF((10) s (20)g) + Ab(51280) AS((T) i (20) )] 57 i, 30
— A3 (14,79, 29) AY((10) g, g (20)g) J5°) (P, s )

| B0 ) Als55,) AT )y 2087 G o) + 1 2)

— [AY(s12) — AY(s120)] AY(Lgyig, 29) AY((10), g (20)5) J§” (BT, by, D)

5 [P3Cs,) + DY) ] AS i 20) AT s (20),) IS, 750

- BDg(sm + 5D (s21) - Ag(slm)] A(1g,ig, 29) A3((10) o, (20)) J5” (B s, P31

1 1 1 1
+ [293(8(17)]-) + §Dg(8(27)j) — A3(s121) — 5173(%') - §Dg($2j) + A3 (s12)
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Ag(ltb igv 2@) Ag((li)qnjg) (2Z)q) J?E3) (ﬁapjaﬁ)

2
by 1og$Ag<1q,ig,2q> A%«mq,jg,<2@>Q>J§S>@,m@>} (7.4)

7.3 Three-parton contribution

The three parton contribution to the N° colour factor receives contributions from the three-
parton virtual two-loop correction and the integrated five-parton tree-level and four-parton
one-loop subtraction terms, which read
S VS, _ ny0
doxnro,nvo T dogpone = N

{ - [Aora) o+ A1) + 28512 + A8 o12) (PS5) + D 52)

A (s12) AL (s12) + Al (s12) + A%,(su)] A1, 30:22)

1 §
) (Dg(sl?)) + Dg(523)) Aé(ltp 3g: 27) — Ag(sli%) Aé(lqv 3g; 2)

b
—?O A (s12) ((s12) 7 = (s123) ™) A3(14, 3, 2@)}d03 - (7.5)

Combining the infrared poles of this expression with the two loop matrix element, we
obtain the cancellation of all infrared poles in this colour factor,

Poles (Aofr.o,n0 ) + Poles (do\niio yo) + Poles (AR vo) =0.  (7.6)

8. Construction of the 1/N? colour factor

The 1/N? colour factor receives contributions from five-parton tree-level v* — ¢gggg and
¥* — qqqqg, four-parton one-loop v* — qggg and v* — qqqq as well as tree-level two-loop
v* — qqg. The gluon emissions are all photon-like, not containing any gluon self-coupling.
The four-quark processes contribute through the identical-quark-only terms.

The construction of the subtraction terms for this colour factor was discussed in detail

in [69, B2
8.1 Five-parton contribution

Two different five-parton final states contribute at 1/N? to three-jet final states at NNLO:
v¥* — q@ggg and v* — ¢gqgg with identical quarks.
The NNLO radiation term appropriate for the three jet final state is given by
N,
R 5
donnroayne = 72 4®5(p1, - p530) (8.1)

1 - = 5
X gAg(1q73974975972q’)+20§(1Q72673q74®59) Jgs)(ph...,pg,),

where the symmetry factor in front of flg is due to the inherent indistinguishability of
gluons. The factor 2 in front of C’g arises from the fact that two different momentum
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arrangements contribute to the squared matrix element ([.21)). If the quarks and antiquarks
are not distinguished by the jet functions, these contribute equally.
The real radiation subtraction term for this colour factor is:

N,
‘]1‘71§11\1140,1/1v2 = Nié d®s(p1,-..,p559)
1 . 0, 7T . = 4) , — —
{31 Z [Ag(lqvlgﬂq) Ag((ll)qajgakga (QZ)q) J?E )(pli,Pj,PmPQi)
0,5, k€ PG (3,4,5)

<A4( a: g Jg, 2q) — AO( g: g, 2q) Ag((li)qajgv(2i)q)
_Ag<1‘bjg7 21?) Ag((lj)qv ig: (2.7)(1) )Ag((ll])q, k97 (2Zj)(j) J?E?’) (m7pk7]/)52—]/)
+2 |:Ag(11b5g72(7) Cg((l5)q>3q>4§7 (2/\5/)(7) J?E4)(pfi/57p3,p4ap/;5)

p157p2)p3 y
P35, P15 P4» D25

P » P2, P4, P35

—~ — — — —
—
=}
—~~
o
ot
SN—
_Q
—~
~
ot
SN—
<
[\"] [N}
<
S~— S~— S~— S~— \—/
ook'/\ cok‘/\ wk‘:g ook'/\ c.ok‘/\
/\ /\ A /\ /\

p45)
p25)
(535, D1+ D20 P5)
p35)
pa5)

p257p17p3 P45
+C9 (14, 34,43, 2) AY((134),,,5, (234),) J5” m,m,m)] } . (8.2)

The sum in the first contribution runs only over the three cyclic permutations of the gluon
momenta to prevent double counting of identical configurations obtained by interchange of
j and k.

8.2 Four-parton contribution

At one-loop, there are two contributions to the colour suppressed contribution proportional
to 1/N?2, one from the four quark final state and one from the two quark-two gluon final
state:

a0V ~ Na fas
ONNLO,1/N? — N2 \on

I 21 1, 4
{2|A4 (1!173g74g7217) +2C4e(1qa3q>4(77267)} J?E )(pl)-"7p4)7 (83)

) dq)4(p17 <oy D4y q)

where the origin of the symmetry factors is as in the real radiation five-parton contributions
of the previous section.
The corresponding subtraction term is:

4oV S Ny (as

NNLO,1/N2 — N2 27) d‘I’4(P17---,P4;C])

1 ~ .
X{ E Z |:_Ag(SIQ)Ag(lquga]ga2q)J3(4)(p17pi7pj7p2)

" i,jeP(3,4)
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+ (A%(lq, ig2) [A3((10), 4> (20)) + Ad(s1230) AL (1), o (20),)|
+A:1')<1Q7Z972Q)Ag((/1\5q7]97(/2\5(1))‘]?53)(15\1/27}7]7522)

A (512) A%y, 70, 20)AY((10) ., s (20) )T (s iy Do

+ 3(512) 3( VERE q) 3(( Z)q»]ga( Z)q) 3 (pllap]7p2l)

—2 [Ag(slz) + AJ(s14) + A3(s23) + A3 (s34) — AJ(s13) — «42(824)}

XCE(1Q73(17457 2q)J§4)(p17p37p4,p2)} . (84)

8.3 Three-parton contribution

The three-parton contribution consists of the two-loop three-parton matrix element to-
gether with the integrated forms of the five-parton and four-parton subtraction terms,

Vs, 1 1 - ~
doNnLo,1/v2 + 0101\INL10,1/N2 =Nz 5«42(512) +2C)(s12) + Az(s12) | A3(14,34,29)
—|—.Ag(813) A%(lq, 3, 2(7) }d0'3 . (8.5)

Combining the infrared poles of this expression with the two loop matrix element, we
obtain the cancellation of all infrared poles in this colour factor,

Poles (deINLOJ/N2> + Poles (dagflfoyl/NQ) 4 Poles (dal‘\l/ﬁLO,l/Nz) =0. (8.6)

9. Construction of the Nz IN colour factor

The colour factor Ng N receives contribution from the colour-ordered five-parton tree-level
process v* — qqq’'q g, the four-parton one-loop processes v* — qqq'q and v* — qqgg at
leading colour and from the two-loop three-parton process v* — ¢qg.

9.1 Five-parton contribution

The NNLO radiation term appropriate for the three jet final state is given by

dofixrongny = Ns NpN d®s5(py, . .., ps;q) (9.1)
X [Bga(lq, 5g; 4@’; 3q’7 2@) + Bg’b(lq, 4(;/; 3,1/7 597 2@) J§5) (pl, e ,p5),

The two terms represent the two colour orderings of the leading colour amplitude for
this process. Since the leading colour gq’'q’ g-antenna subtraction terms allows ¢ to represent
either a quark or an antiquark, both colour orderings are mixed together. Therefore, it is
not possible to construct a subtraction term for an individual contribution, but only for
their sum.
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The subtraction term for this contribution is

do¥nronyn = Ns NeN d®s(p1,. .., psiq) (9.2)
x{A3<1q,5g,4q>B4<<15> 3¢, (45) 1, 24) I (P15, p2, p3, PI5)

+Ag(3q’75972§) Bg(lqa(35)q’a4q’7(2 ) )‘]254)(]7171;;5’}5:\3%7])4)
+GY(54,34,44)A]
+G3 (54, 3y, 497 Al

+<E27a(1q, 3¢,4q,54)

G359 30, 47) dY(1,, (30),, <54>g>) AY(139),, (533),, 20)157 (5750, . )

(B0 30 4950) = 4301055, 49) BY(55) 3 (8),)

G055, ) (14, (50, (31, ) ) A5, (35, 20) 15" 5 o )
+<E2,a(QQ’ 46’73%59)

—GY(59, 3¢, 47) d3(24, (43),, <5~3>g>) AS(1,, (534),, (243),) 17 (b1 D3, o)

<E4b<2q,4q  B25y) — AY(By5,.20) E((25),.. 47 (35),,)

—G3(54, 3¢+ 4q) d3(24, (53) . (43)g)> AY(1, (435) ., (253),) 15 (pl,ﬁggg,@g)} .

9.2 Four-parton contribution

The four parton contribution to the Ny N colour factor reads:
dUNNLON n = NaNpN (2 ) d®4(p1, ..., paiq) (9.3)

1 a . . c . . 4
5 Z (Bi’ (1(172q’7](j’72t7)+A411’ (1qv7’gajga2t?)) JB( )(pla"'7p4)‘
(4,5)€(3,4)

The average over the permutations of the momenta (3) and (4) has to be made in both
contributions to this colour factor. In the one-loop correction to the v* — ¢¢’q'q final
state Bi’a, the secondary quark-antiquark pair has to be symmetrised, since the quark-
gluon antenna functions used in the one-loop subtraction terms do not distinguish quarks
and antiquarks. The summation over the two colour orderings of the one-loop correction
to the v* — ¢ggq final state A}f must be kept since the one-loop subtraction functions
appropriate to this term contain both orderings because of their cyclicity.
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The corresponding subtraction term is:

doxaionen = NiNeN (2 ) d®4(p1, ..., paiq) (9.4)
1 .. 4
X{ _5 Z [Ag(slj)+Ag(821):| Bg(lquqlv.jq’72(7) Jé )(p17"'7p4)
(i,4)€(3,4)
S G9(si5) AS(Lg.ig, gs 20) IS (o, )
(3,7)€(3,4)

+{ E3 Los 3¢, 4g) [AR((13), (43),29) + Ab(s1280) AS((13),, (43),,,29)|
+E3 (14,3, 47) AY((13) a®ga2@)
2 (D8s130) + DY(s,035)) BB (13 49) AY((13),, (48),,.2,)

+ (A5 (s13 +A3<814> DY(s134)) B3(1, 3¢, 49) AY(13),, (43),,24)

_l’_

—i—bolog E3(1q,3q,4 ) AY((13),,, (43),,2 )>J§)(ﬁ,@,p2)+(l<—>2)}

+ {; <D§(1q, 39, 49) AL(13) ., (43) 1, 24) + D3 (14, 34, 44) AS((13),, (43),.29)

+2g§(334) Dg(lqv 3g 49) Ag((lg)q) (43)9’ 26)

¢ SR
+bo,rlog - DR(1,,3,4,) A(13),. <43>g,2q>)J§3><zar3,ng,pz> +(1e 2>} :
9.3 Three-parton contribution

The three parton contribution to the Ngp N colour factor contains the three-parton vir-
tual two-loop correction and the integrated five-parton tree-level and four-parton one-loop
subtraction terms, which read

S7
de\gINLO,NFN + dUKNI}o,NFN =NpN (9.5)
1
X { [52(813) + &7 (s23) — I (D3 (513) €5 (s13) + DY (s23) E5(s23))

1 1 - 1 - 1
+ (DS (s13) €5 (s23) + DY(s23) £9(s13)) + 3 Di(s13) + 3 D3 (s23) + 5 &3 (s13)

1 1
+3 5%(523)} AY(14,34,29) + 3 (£9(s13) + €35 (s23)) As(lg,34,27)

1 A
(Dg (s13) + D5 (s23)) A3(1q,34.27)

|:D3 s13) ((s13) 7€ — (5123) %) + D (s23) ((s23) " — (8123)_6)} AS (14,34, 24)

"‘% {53?(313) ((513) 7 — (s123) ) + €5 (s23) ((s23) ™ — (8123)6)] A3(14,3,, 2@)}d03 _
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Combining the infrared poles of this expression with the two loop matrix element, we
obtain the cancellation of all infrared poles in this colour factor,

Poles (dO'NNLO Npn) + Poles (dgl‘\l/ngo N N) + Poles (dJNNLO NFN) 0. (9.6)

10. Construction of the Nr/N colour factor

The Np/N colour factor receives contributions from five-parton tree-level v* — ¢qq'q g,
four-parton one-loop v* — ¢Gq'q’ and v* — qggg at subleading colour as well as three-
parton two-loop v* — ggg. The gluon emissions are all photon-like.

This colour factor is part of the QED-type corrections. We described the construction
of the subtraction terms for this colour factor previously in [f€].

10.1 Five-parton contribution
The NNLO radiation term appropriate for the three jet final state is given by

Np
doliione/n = Ns S A5 (pr, .- p5ia) [Bg’c(lq,E)g,Qq; 3,40 (10.1)

B3 (14,2339, 5, 4gr) — 2 BY (14 2391, 493 5)| I (b )

Np 1 .
= N5qu)5(pl,---,P5;Q)§ Z [BE())’C(lqvf’ngti;Zq’vjq’)
(1.7)€(3,4)

0,d . . 0, o 5
+B5 (1q72q§ Zq’75g7]lj’) - 2B5 e(lq’2(j; lq’a]q/;5g):| J?E )(p17' . ap5)a

where the symmetrization over the momenta of the secondary quark-antiquark pair ex-
ploits the fact that the jet algorithm does not distinguish quarks and antiquarks. This
symmetrisation reduces the number of non-vanishing unresolved limits considerably, since
the interference term in Bg’e is odd under this interchange. As a result, the unresolved
structure of the symmetrised Bg’e equals the unresolved structure of Bg’c + Bg’d

The subtraction term reads:

N, 1
S al . E :
dO-NNLO7NF/N = N5 N d(I)5(pla"'7p57Q)§ {
(4,5)€(3,4)

—A3(1q. 54, 2) BY((15),. (25) . igr ) I3 (D13, 935, i, )
— Ay 5. Ggr) B (L, 24, (i5) 1, (75) ) IS (01, p2. s 05

1 N — —
{E v da) AN(5)gs (i) g, 5g: 20) I3 (B, P2, . p5) + (1= 2)

3 j
(B8 20— (B AT G 20) + (1 2} )
A

—~—

0((117) 4+ 59+ (270)g) J57) (0137 D2jis p3)

X

l\DM—l

( Lgsigrs Jgrs 5g) — A3 (igr 5g, dgr) ES (14, (i5)y, (j5)q’)>
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+5{ B0 i) AU (30054, 20) AYI)B),. (1) (D))
< Iy (e P2 77) + (1 2)}} (102

10.2 Four-parton contribution

The four parton contribution to the Np/N colour factor reads:

N o
Vi1 . F s .
dogNrone/n = N4 N (g) d®4(p1,...,p459)

1 Loy« 1, o
{ ) > <B4 (g igrs dar- 25) + 2C57 (14,7g, g 24)
(4,5)€(3,4)

+£1}f(1q, ig,Jgs 25)) } J§4) (p1,...,p1). (10.3)

Like in the Nrp N colour factor, the expression is symmetrised over the momenta (3) and
(4) to remove terms which are antisymmetric under charge conjugation, and can not be
accounted for properly by the quark-gluon antenna functions.

The corresponding subtraction term is:

VS,1 v Nr oras _
dogNLONg /N = N4W (g) d®4(p1,...,p459)

{ [AY(s12) + AY(s34)] BY(1g, 34, 47,20) TSV (pr1, .- pa)

£9(s13) + E9(s14) + €9 (s23) + 3 (s24)] AY(14, 34, 4g,25) I (1, pa)

B3 (143, 47) [ A3((13),, (43),, 2¢) + Ab(s1284) AS((13) ., (43),,,29)]

+Ag<s(’1§)2) Eg(llb 3¢/, 46/) Ag((lg)qv (43)ga 25)

+ | B3 (L0:3¢49) + AS(530) B9 (L4, 31,49 | A3((13),, <43>g,2q>)J§3><ﬁr3,mm>

+(1<—>2)}

1 . T T x .

5 X (A0 2 A e @) + [ A(14010,20)
(4.4)€(3,4)

45 (E8(510) + E8(15) + E3521) + E3(527)) 4314y, 2q>] A8((17) .y, (20),)

2
q . TN . Tom ~
Hbo,p log - A5(14,7g, 20) A3((17) o <2z>q>) Zx <ph-,p21-,pj>} (10.4)
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10.3 Three-parton contribution

The three parton contribution to the Np/N colour factor consists of the three-parton
virtual two-loop correction and the integrated five-parton tree-level and four-parton one-
loop subtraction terms, which read

S VS,1 _ Np
doRNLO,Np/N T AONNLO Np /N = N

X{ - [52(512) + %52(813) + %52(323) + %Ag(su) (€39 (s13) + €5 (s23))

1 ~ 1 -~ 1 ~
+Aj(s12) + 5 E3(s13) + 3 E3(s23)| A3(1q,34,29) — 3 (£9(s13) + E3(s23)) A3(14,34,24)

€

N b
—AQ(512) A3(14,34,2) — 1 A(s12) ((s12) ™ = (s123) ™) A%(lq,sgaq)}dag. (10.5)

Taking the infrared pole part of this expression, we obtain cancellation of all infrared
poles in this channel:

Vs, V,2
Poles (dof\?NLO’NF/N) + Poles (dUNNLO,NF/N> + Poles <dUNNLO,NF/N> =0. (10.6)

11. Construction of the N 1~2* colour factor

The N% colour factor receives contributions only from the four-parton one-loop process
~v* — qqq¢'q and from the three-parton two-loop process v* — qqg.
This colour factor is also part of the QED-type corrections, described previously in [@]

11.1 Four-parton contribution

The four-parton one-loop contribution to this colour factor is
Qs

dv,l :NN2<
g 4F27T

1, 4
NNLOL ) Aa(prs -, p13 @) By (14, 3y, 4, 20) S5 (o, o). (11.1)

This contribution is free of explicit infrared poles (as can be inferred from the absence of
a five-parton contribution to this colour structure).
The subtraction term corresponding to this contribution is

Qs

4oV 51 :NNQ(
7 4F27T

NNLO,N2

1
) d®4(p1,...,p45q) B {

2
A q —_—
(B3040 + b g S B (10,3, 49) ) AY(33) (53],

FEY(10.3,.49) AL((T3),, <43>g,2q>} 19 (53, 57, )

2
A q — —
+ [ <E§(2q, 3¢,4q) + bor log o E(24,3,, 4q/)> AS(14, (43),,(23),)
+E9(24, 3, 4g) Ak (14, (43),,(23) q)} I (py, pas, ;5;3,)} . (11.2)
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Although E’% and Aé contain explicit infrared poles, these cancel in their sum, as can be

seen from (5.16) and (6.32) of [BJ]. da;ﬁ}}o 2 1s therefore free of explicit infrared poles.
AV

11.2 Three-parton contribution

The three parton contribution to the N}% colour factor consists of the three-parton virtual
two-loop correction and the integrated four-parton one-loop subtraction term, which reads

VS, 1 A .
dUNNLo,N; = N B [ (531(313) + 59}(523)) A3(14,34,27) +

(£9(s13) + E9(s23)) A3(14,34,27) + boﬁ’F [5:?(813) ((513)7 = (5123)7°)

—{—5;?(823) ((823)_6 — (8123)_6) 1|Ag(1q, 39, 2(7)] dog . (11.3)

Combining the infrared poles of this expression with the two loop matrix element, we
obtain the cancellation of all infrared poles in this colour factor,

VS,1 V2
Poles (daNNLO’N%) + Poles <daNNLO’N%> =0. (11.4)

12. Construction of the Ng, colour factor

The Np, colour factor comes from the interference of amplitudes in which the external
vector boson couples to different quark lines. It receives contributions from five-parton tree-
level v* — qqq'q g, four-parton one-loop v* — qqq'q and v* — qggg as well as three-parton
two-loop v* — ggg and v* — ggg. This colour factor is absent in three-jet production at
NLO and four-jet production at LO because of Furry’s theorem [f], and its contribution
to four-jet production at NLO is numerically tiny [5J]. The numerical magnitude of this
term in the two-loop corrections to the three-parton channel is equally very small [[L§, F3].
A detailed discussion of this colour factor, and of the effects leading to its numerical
suppression is contained in [p2]. All partonic channels contributing to this colour factor
are individually finite.

In this section, we document this colour factor for completeness. Given that is numer-
ical impact can be safely expected to be negligible, we refrain from its implementation.

12.1 Five-parton contribution

The NNLO radiation term appropriate for the three jet final state is given by
dUII\?NLO,NFW = N5 Npy d®s(p1,...,ps55q) [ - N(Bg’“(lq, 5¢,473 3¢, 2:7)
50,0 . r0,¢e .
+B57 (14,443 3¢, 54, 2q) — Bs (1q746’73q’72675g)>
L 7 ~o, ~0,d
v (B (14,5523, ) + B (14, 23 31,54, )

+BY(14,24; 3¢, 4¢'; 5g))] J§5) (p1,....ps) - (12.1)
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Once symmetrised over the quark and antiquark momenta, this term can be integrated
safely without the need for an infrared subtraction. It is free from infrared singularities
associated with gluon 5, unresolved, since the corresponding four-parton tree-level term Bg
vanishes after symmetrisation over the quark and antiquark momenta. Double unresolved
singularities can not appear since there is no tree-level three-parton process proportional
to N, Fyy-

12.2 Four-parton contribution

The four parton contribution to the Np . colour factor reads:

V, (6%
df"lellLo,z\fR7 = N4 Npy (i) d®a(p1, ..., paiq) (12.2)
Ala T ~1p
X NB4 (1‘173(]’417’ 217) - NBAL (1(173(174(77 26)

o 1 - 4
+NA411’6(111?7‘9)JQ? 2(7) - NAéll,e(lqaggaélga 2(7)} Jé )(plv o 7p4)'

Terms which vanish under symmetrisation of the quark and antiquark momenta, arising
from Bi’c in ([.46]) have been omitted here. After this symmetrisation, all explicit infrared
poles present in individual terms in the above expression cancel. Moreover, ([12.2) is finite
in all single unresolved limits, such that no antenna subtraction is needed.

12.3 Three-parton contribution

The three-parton contribution to the Nr ., colour factor consists of the three-parton virtual
two-loop correction to v* — ¢gg [[§] and the one-loop squared correction to v* — ggg [bJ.
Both are individually finite, and were shown to be numerically tiny. Since no subtrac-
tions were carried out in the five-parton and four-parton channels, there are no integrated
subtraction terms in the three-parton channel.

13. Numerical implementation

Using the matrix elements and antenna subtraction terms derived in the previous sec-
tions, NNLO corrections to any infrared-safe three-jet observable in eTe™ annihilation (jet
cross section, event shape variable) can be computed numerically. We implemented this
numerical evaluation into a parton-level event generator program, which we name EERAD3.

This program is based on the program EERAD2 [BY], which computes four-jet production
at NLO. EERAD2 contained already the five-parton and four-parton matrix elements relevant
here, as well as the NLO-type subtraction terms daf\gﬂ(\lmo and daxlgfg .

The implementation contains three channels, classified by their partonic multiplicity:

e in the five-parton channel, we integrate

dofixLo — doNnLo - (13.1)
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Figure 7: Structure of the EERAD3 parton-level Monte Carlo event generator programme.

e in the four-parton channel, we integrate

V1 VS,1
doxnpo — donnLo - (13.2)

e in the three-parton channel, we integrate

V2 S VS
doniro + doRnro + doynio - (13.3)

The numerical integration over these channels is carried out by Monte Carlo methods using
the VEGAS [(7] implementation. The structure of the programme is displayed in figure [.
The phase space in the four-parton and five-parton channel is decomposed into wedges
which are constructed such that two of the invariants are smaller than any of the other
invariants. This decomposition allows an optimal generation of phase space points in
the unresolved limits. The full four-parton phase space is obtained by summing (a) 12
wedges with (s;5, i) smallest, plus (b) 3 wedges with (s;j,s;) smallest. To obtain the
full five-parton phase space, we sum (a) 30 wedges with (s;5, s;,) smallest, and (b) 15
wedges with (s;5, sk) smallest. The phase space integration in either channel is carried
out by integrating only over a single wedge of type (a) and a single wedge of type (b),
while summing the integrands appropriate to all wedges of the given type. In doing this
summation, we combine (in the exact unresolved limits) phase space points which are
related to each other by a rotation of the system of unresolved partons, thereby largely
cancelling the angular-dependent terms. In all colour factors containing angular-dependent
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terms, the combination of phase space wedges yields a substantial improvement of the
numerical stability of the results.

It was already demonstrated above that the integrands in the four-parton and three-
parton channel are free of explicit infrared poles. In the five-parton and four-parton chan-
nel, we tested the proper implementation of the subtraction by generating trajectories
of phase space points approaching a given single or double unresolved limit using the
RAMBO ] phase space generator. Along these trajectories, we observe that the antenna
subtraction terms converge towards the physical matrix elements, and that the cancella-
tions among individual contributions to the subtraction terms take place as expected in
the antenna subtraction method.

Moreover, we checked the correctness of the subtraction by introducing a lower cut
(slicing parameter) yo on all phase space variables, and observing that our results are
independent of this cut (provided it is chosen small enough). This behaviour indicates that
the subtraction terms ensure that the contribution of potentially singular regions of the
final state phase space does not contribute to the numerical integrals, but is accounted for
analytically.

14. Thrust distribution as an example

To illustrate the implementation and to study the numerical impact of the individual NNLO
contributions, we consider the thrust distribution. We already reported the NNLO results
on this event shape distribution in a previous paper [B3], where the phenomenological
implications are discussed in detail.

The thrust variable for a hadronic final state in e*e™ annihilation is defined as [p]

T = max (W) , (14.1)
AN

where p; denotes the three-momentum of particle ¢, with the sum running over all particles.
The unit vector 77 is varied to find the thrust direction 77 which maximises the expression
in parentheses on the right hand side.

It can be seen that a two-particle final state has fixed T' = 1, consequently the thrust
distribution receives its first non-trivial contribution from three-particle final states, which,
at order ay, correspond to three-parton final states. Therefore, both theoretically and
experimentally, the thrust distribution is closely related to three-jet production.

A study of the phenomenological implications of the NNLO corrections to the thrust
distribution was presented in [BJ], illustrating that the NNLO corrections amount to about
15% of the total result over the experimentally relevant range 0.02 < 1 —T < 0.3, and that
inclusion of these corrections results in a considerable stabilization of the renormalisation
scale dependence of the theoretical prediction. In the present context, we use the thrust
distribution only as an example to illustrate certain features of our calculation.

The three-jet rate and event shapes related to it can be expressed in perturbative QCD
by dimensionless coefficients. These coefficients depend, for non-singlet QCD corrections,
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only on the jet resolution parameter (respectively on the event shape variable). Typically,
one denotes these coefficients by A, B,C,... at LO, NLO, NNLO, etc.
The perturbative expansion of thrust distribution up to NNLO for renormalisation
scale 2 = s and o = a(s) is then given by
1 do <as>d/_l <as>2dB (as)3dC_’

=(—=)—= — — . 14.2
2w/ dT 27/ dT 2w/ dT ( )

ohad ﬁ -
Here we define the effective coefficients in terms of the perturbatively calculated coefficients
A, B and C, which are all normalised to the tree-level cross section

4
oo = SLO‘N €2 (14.3)
S
for ete™ — ¢g. Using
1430 (52)+ K (0‘5)2+(9( ) (14.4)
g =0 — -_— —_— (6% .
had 0 2 F o 2 o s ’

with (Crp = (N? —1)/(2N), C4 = N, Tg = 1/2 for N = 3 colours and N light quark
flavours)

1 3 123
Ky = Z |:—20%7 + CrCy <2 — 44C3> + CpTrNp (—22 + 16C3):| s (14'5)
we obtain:
A=A,
_ 3
_ 3 9

These coefficients depend only on the jet resolution parameter or the event shape variable
under consideration, and are independent of electroweak couplings, centre-of-mass energy
and renormalisation scale.

The above coefficients include only QCD corrections with non-singlet quark couplings.
At O(a?), these amount to the full corrections, while the O(a?) corrections also receive a
singlet contribution. As discussed above, this singlet contribution arises from the interfer-
ence of diagrams where the external gauge boson couples to different quark lines. In four-jet
observables at O(a?), these singlet contributions were found to be extremely small [F2).
Also, the singlet contribution from three-gluon final states to three-jet observables was
found to be negligible [F3].

We determine A, B,C from the perturbative contributions to the differential cross
section, normalised to the tree-level hadronic cross section:

dA 1 doro dB i doNLo dac i donNTLO

AT ~ oy dT ° dT ~ o dT dT ~ oy dT

(14.7)

For the determination of the non-singlet coefficients, it is sufficient to consider o for pure
photon exchange, since any electroweak coupling constant cancels out in the above ratio.
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Figure 8: Coeflicients of the leading order and next-to-leading order contributions to the thrust
distributions.
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Figure 9: Coefficient of the next-to-next-to-leading order contribution to the thrust distribution.

The LO and NLO coefficients A(T) and B(T') were computed in the literature long ago [f]-
B, [[d]. They are displayed for comparison in figure j.

The total NNLO coefficient C(T) is displayed in figure fl The six different colour factor
contributions to it are shown in figure [[0] It can be seen that the numerically dominant
contributions come from the N? and Ny N colour factors. The contributions of these
two colour factors are of opposite sign, with N? being of larger absolute magnitude, thus
resulting in a total positive result. Contributions at the 10% level of the total come from
the N}% and N colour factors, Np/N amounts to about 5%, while the most subleading
1/N? colour factor is below 1%.

To illustrate the independence of our results on 1g, we display the different colour factor
contributions to C'(T) as function of —In(1—7T) in figure [[1] for different values of the phase
space cut yo = 107°,1076,1077. By rescaling all phase space invariants to the total centre-
of-mass energy squared, yo becomes dimensionless. Since the value of (1—7T') determines the
typical scale of the smallest resolved invariant, one must require g to be several orders of
magnitude smaller than (1—7T") for the cancellation between matrix element and subtraction
term to be accurate. Figure [L1 shows very clearly that over the phenomenologically relevant

— 53 —



20000 L L L B B B RO 0 I I e s s B T

10000 -10000 —
N-N

0 Lo b b b N 20000 Lol b b
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
7500 LI L L L Y B BB 500 [T BEEBEEEEEE R
0 B ]
5000 i N ] 250 u NF/N ]
2500 - — 0 f .
o 250 -
2500 Covaa b b by 17 500 Choov b b Py 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
100 T [T T T T[T T [TT1TT] 6000 L L L L L BN AN
| i 2 ]
| i NF h
* . 4000 | j
0 L ]
] 2000 |- -
-100 — B ]

B 5 0

! 1UN? | : 1
200 Ll o b b ] 2000 Ll o b b
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
1-T 1-T

Figure 10: Different colour factor contributions to NNLO coefficient of the thrust distribution.

range, i.e. 0.02 < 1 — T or equivalently, —In(1 — T") < 4, our results do not depend on yjq.
As (1—T) approaches yp (starting at about (1—T7") ~ O(1000)yp), the calculation becomes
unreliable as expected. This behaviour can be understood to arise from the fact that the
subtraction terms converge to the full matrix element only once all unresolved invariants
are much smaller than any of the resolved invariants.

The numerical convergence of our calculation deteriorates for lower values of yg for two
reasons.

e the absolute magnitude of matrix elements and subtraction terms increases for de-
creasing yg both in the five-parton and four-parton channel. Consequently, numerical
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Figure 11: Dependence on phase space cut yg in different colour factors. We see that the results
are independent of yo for —In(1 — T') < 4, but, as explained in the text, differ at larger values of
—In(1-1T)

cancellations between matrix elements and subtraction terms happen over larger or-
ders of magnitude, thereby enhancing numerical rounding errors.

e the four-parton one-loop matrix elements start themselves to become numerically
unstable because of the presence of inverse Gram determinants, which can become
singular inside the integration region.

Therefore, for all phenomenological applications to the thrust distribution [B3], we
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choose yo = 107°. For applications to other event shapes, one expects a similar behaviour,
and one must first determine the value of yy required for reliable predictions in the phe-
nomenologically relevant range for that observable.

15. Conclusions and outlook

In this paper, we provide a detailed description of the calculation of NNLO QCD corrections
to three-jet production and related event shapes in electron-positron annihilation. At this
order, three-parton, four-parton and five-parton subprocesses contribute. The three-parton
and four-parton subprocesses contain explicit infrared singularities from loop corrections.
Four-parton and five-parton subprocesses contain singularities which only become explicit
after integrating the contributions over the phase space relevant to the three-jet final states.
Those singularities arise when one or two partons become unresolved (collinear or soft).
For an infrared-safe observable, adding together all infrared singularities, one observes a
complete cancellation, resulting in an infrared-finite result.

To implement the four-parton and five-parton processes in a numerical programme,
one has to devise a procedure for extracting the implicit infrared singularities from them.
We extract these singularities using subtraction terms which numerically subtract all in-
frared singularities from the five-parton and four-parton channels. The subtraction terms
are then integrated analytically and combined with the three-parton channel, where they
cancel all explicit infrared poles. The subtraction terms are derived using the antenna sub-
traction method, which is based on antenna functions encapsulating all unresolved partonic
radiation emitted from a pair of hard radiator partons.

Three-jet production at NNLO receives contributions from seven different colour fac-
tors. Among these, only the six colour factors of non-singlet configurations require subtrac-
tion, while the singlet colour factor is separately finite in all three partonic channels. We
describe the construction of the antenna subtraction terms for the six non-singlet colour
factors in detail, and demonstrate the cancellation of infrared poles.

All partonic channels have been implemented in a parton-level event generator pro-
gramme EERAD3, which can be used to compute any infrared-safe observable related to
three-jet final states in eTe™ annihilation. We devised various tests of the implementation,
demonstrating in particular the correct numerical cancellation between matrix elements
and subtraction terms and the independence on phase space restrictions deep inside the
subtraction regions.

We observe that the largest part of the NNLO correction is contained in the two
leading colour factors N? and Ny N. The remaining four colour factors yield corrections
at or below the ten per cent level.

First phenomenological results on the thrust distribution at NNLO were obtained
already in an earlier paper [B3. In the thrust distribution, the NNLO corrections amount
to about 15% of the total result. They are lower in magnitude than the NLO corrections,
indicating the perturbative stability of this observable. Inclusion of the NNLO corrections
considerably reduces the dependence of the result on the renormalisation scale.
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At LEP, a wide variety of QCD event shapes was measured to high precision [[f(].
The accurate extraction of the strong coupling constant o, from these data sets was up
to now limited by the theoretical uncertainty inherent to the available NLO calculations.
We expect that our new NNLO results will improve this situation considerably. Numerical
studies of other event shape variables and of the three-jet rate are ongoing, and will be
reported elsewhere.

On approaching the two-jet limit ((1—7) — 0 in the thrust distribution), one observes
that the perturbative fixed-order expansion starts to break down due to the emergence of
large logarithmic corrections at all orders in perturbation theory. By matching NLO calcu-
lations and NLL resummation of these logarithmic corrections [[L1], a reliable description of
distributions over the full kinematic range could be accomplished. Such a matching is also
possible at NNLO, where it requires the derivation of a number of new matching constants
for each event shape.

The subtraction terms derived here for ete™ — 3 jets at NNLO can be transcribed to
the crossed reactions ep — (2 + 1) jets and pp — V + 1 jet at NNLO without much mod-
ification. In these cases, which involve partons in the initial state [[I]], the same antenna
functions are used with different antenna phase spaces. To accomplish the above-mentioned
NNLO calculations therefore still requires the analytical integration of the relevant antenna
functions over the phase spaces relevant to their initial-state kinematics, which appears fea-
sible with present technology. NNLO calculations of other exclusive observables at hadron
colliders, such as pp — 2 jets, could also be carried out using the antenna subtraction
method by constructing their subtraction terms along the lines described here.
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Erratum

Our results on NNLO corrections to three-jet-like observables [[[1] were checked by two
subsequent studies: the calculation of all logarithmically enhanced contributions to the
thrust distribution by Becher and Schwartz [[Z], and an independent implementation of
our subtraction formulae by Weinzierl [7J].

These works uncovered numerical discrepancies in the two-jet limit of the observables
in two of the six colour factor contributions: N? and N°. In [7J], it was shown that the
origin of these discrepancies is in an oversubtraction of large-angle soft radiation. In this
erratum, we explain the corrected treatment of large-angle soft radiation and its numerical
implementation. We discuss the numerical impact of the correction terms.

The modifications concern only sections 3 (treatment of angular terms) and 14 (nu-

merical results).

3. Phase space mappings

3.3 Decomposition of antenna functions into sub-antennae

There were typographical errors in the decomposition of the D} antenna function into
sub-antennae, the correct decomposition reads

1 1~
DY ,(1,3,4,5) = ngl(1,3,4, 5) + A%(1,3,4,5) — =E{(1,3,5,4)

2
+A°(1 3,4) $9((13), (43),5)
+5A303,4,5) (5301, (5%), (39)) — RY(1, (54), (30)))
—E§(5 43)@3(1,(34),( 1)) — AY(1,3,4) BS((13), (43), 5)
7Ag(1a 3’ 4) Qg((l?’)? 5a (43))
DY ,(1,3,4,5) Oﬁa( .5,4,3
DY (1,3,4,5) = A} ,(1,3,5,4) — E§(1,5,4,3) + B{(1,5,4,3) + C1(1,4,5,3)
+E9(3,4,5)Q%(1, (54), (34)) + AY(1,3,4) E9((13), (43),5)

+ag(1’ 37 4) QS((13)7 (43)) + ag(47 57 1) Qg(@\g)v 37 (4/\5/» )
Dg,d(1¢3’47 5) = Dg,c(1’574a 3) . (323)

)
) —

Our numerical implementation contained already the correct formulae.

3.4 Angular terms

The angular terms in the single unresolved limits are associated with a gluon splitting into
two gluons or into a quark-antiquark pair. They average to zero after integration over
the antenna phase space. To ensure numerical stability and reliability, this average has
to take place within each phase space mapping. We have checked this to be the case for
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the decompositions of E and DY in (3.18), (3.23) of [[1]. The angular average in single
collinear limits can be made using the standard momentum parametrisation [10,51] for the

i || 7 limit:
kﬁ_ n# kﬁ_ nt
With2pi‘p':—i, pPP=n?=0
I z2(1—2)

In this p* denotes the collinear momentum direction, and n* is an auxiliary vector. The
collinear limit is approached by sz_ — 0.

In the simple collinear i || j limit of the four-parton antenna functions X (i, j, k, 1),
one chooses n = pg to be one of the non-collinear momenta, such that the antenna function
can be expressed in terms of p, n, k; and p;. Expanding in ki yields only non-vanishing
scalar products of the form p; - k. Expressing the integral over the antenna phase space
in the (p,n) centre-of-mass frame, the angular average can be carried out as

1o I o D PLT P

— d ki)=0 — d k)= ok B 3.27
o J, ¢(pr-k1)=0, o J, ¢ (pr-ki) I (3:27)

Higher powers of ki are not sufficiently singular to contribute to the collinear limit. Using
the above average, we could analytically verify the cancellation of angular terms within each
single phase space mapping, which is independent on the choice of the reference vector n,.
In the N2 and N° colour factor, the angular averaging is not sufficient to cancel the 1/e
poles in the four-parton one loop subtraction terms [[73]. As mentioned in [{1] in either of
these colour factors, the difference da]‘\/;]lv 1O~ da}\/,}g\}lLO contains left-over poles of the form
XYL, 2) V(TG 3 I (D0 B0) {52+ 55— s — sy — s s ). (3.28)
62 3\ Y 3 v J 3 v J 1ij 2ij 15 2j 1i2 12 ’
where X?? and Y30 are tree-level three-parton antenna functions. Contrary to statements
made in [, these terms do not appear in the colour factor Ng N in our implementation.
Furthermore, for these two colour factors the five-parton subtraction terms themselves
do introduce spurious limits from large angle soft radiation. The single soft limit of ¢ or k
in (6.3) in [[1] is non-vanishing. Instead, it yields (soft ):

1 . ~ o7
+ §dg(2, k, 5)AS(1, jik, 2k) [Su(j’f) +Syam ~ S@mige ~ S — Sz + SQij] + (1 2)
1 —
- 5148(1, k, 2)Ag((1k:),j, (2k)) [S(Tk/)ij + S(QAk/)ij — S(lAk/)z(Ek/) — S1ij — S2j + Sli2} (3.29)
with
Sype = 229 (3.30)
SabSbe

To account for this large angle soft radiation, a new subtraction term daf\‘,N 1o 1s intro-
duced. This term is added to the five-parton subtraction term daj?] ~NLo> and its integrated
form is subtracted from the four-parton subtraction term da]‘\/[}q\}lLO, cancelling the left -
over 1/e terms and adding new finite contributions to the four-parton and the five-parton
subtraction term.
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The new subtraction term daf\‘[ ~NLo contributes only in the IV 2 and NY colour factors.
Its contribution to N? reads:

1
doyyrone = Ns N2 d®s(p1, - .. p5; q) 31 2 {
" (i,5,k)EPc(3,4,5)
1
+3(Smiamm ~ S ~ Sum * 560 ~ Sadam + %)

xd3((14), kg (47) ) AS(((10)k),, ((F0)k) 45 29) T (B PGk 2)
1
*3 (S((/l_’?ﬁ)k(% = SamkGr ~ oG T OkGm P T S2k(17<7))

—_~—

<dY((1F) 3, i, (78),) AQ(((LR)) s ((G)0) > 20) IS (Bamyss Byis p2)

1
5 (S~ SE9i65 ~ SuGin T Sus ~ Su@y T Sii@)

< d((20) 3, kgr (1)) AS (L, (VR g0 (20)R)g) 52 (b1, DGR Poiye)

+

1
2 (S(@)/i)k@?)?) ~S@orim ~ SuGin T w6 ™ Swi@on T Slk@?))

—~—

< dY((2k) g g, (7)) AY(Las ((GR)D) > (2K)0),) TS (01 s Boiy)

1
3(%6515«% ~Smy ~ S@m T ws T T S(T)@“))

X AY((10), kg (20),) AY(LVR) s gs (200F) 1) T2 (Baims P DODE)

+ 5@ S @k@”k))

+

1
~5 (S~ Sam ~ S@m T Sa

X AY((TR), »ig, (2k) ;) AQ(((1K)i) . Go» (2K)i),) J§3><m,pjvm>}

(3.31)
The new contribution to the N five-parton subtraction term is:
dO-JIéINLO,NO = N5 NO d(I)g,(pl, .« ooy P5S q)
1
3 2 (S@w S~ S ~ 5w~ Sa + Smimm)
(4.9)€(3,4)
x AS((14) . 54, (20) ) AS(((10)5),. Gg» ((20)5),) IS ((aiyss Bonyss ;) (3.32)

These large-angle soft subtraction terms contain soft antenna functions of the form Sy
which is simply the eikonal factor for a soft gluon j emitted between hard partons a and c.
Those soft factors are associated with an antenna phase space mapping (i, j, k) — (I, K).
The hard momenta a, ¢ do not need to be equal to the hard momenta ¢, k in the antenna
phase space - they can be arbitrary on-shell momenta.

The integral of each of these soft antenna functions over the antenna phase space can
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be written as

Sac;ik: = /dq)Xiijaj

— F2(1 —6)66’y 2 1 1 — a1k
- e 28079 [ 2) |22 L n (2 Lig (- TeelK )|
(s1x) I'(1 - 3¢) < e> [ € 10 (Zaex) + e Liz < Tac,IK )}
(3.33)

where we have defined
SacSIK

Sal + Sax)(Ser + Sek)

So that the integration of the new N? subtraction terms reads

Lac,IK = ( (334)

(0%
/d(I)XijkdO.]IilfNLO,N2 = N4 N2 (ﬁ) d¢)4(p17"'7p4;Q) X

1
4 Z { (8(75@;13‘ = S1j15 = Sy, T G2 ~ Syt 512;1j)
(4,5)€(3,4)

. TN 7o 3), ~ ~
dg(qubg?]g) Ag((l@)q, (]Z)ga 2‘7)‘75(1 )(pli?pjiapQ) + (1 A 2)

- (5(1;)(’27);12 - S12;12 — 5@5].;12 + 82512 — Sa;)j;u + 51j;12)
AY(14,ig,29) A%((lz')q,jg,<2z'>q>J§3><zari,pj,m} (3.35)

while for the N° term the integration of the 5-parton contribution over the antenna phase
space yields
o
/dfbxijkdaji‘,NLo,No = Ny N° (T;) d®4(p1,p2, p3, P43 q)
1
5 Z (S(AliJ)j;12 + S(/Q\iJ)j;12 — S®®;12 — Slj;12 — ng;m + 512;12) (3.36)
(4,5)€(3,4)

14. Thrust distribution as an example

The terms of the form da]‘?, ~Lo have now been implemented in the five-parton and four-
parton contributions to the N2 and N colour factors. They lead to changes in the nu-
merical values of the NNLO coeflicients which are most pronounced in the approach to
the two-jet region. Becher and Schwartz [[2] have computed the logarithmically enhanced
terms which dominate the thrust distribution in the two-jet region using soft-collinear ef-
fective theory. They identified a disagreement with our original numerical results for the
thrust distribution [[1] in the two-jet region for these two colour factors. Our new results
are displayed in figures 9, 10 and 11, and are now in full agreement with the results obtained
in [[J]. Our numbers also agree with the results obtained in the implementation of [7J].
In the genuine three-jet region, which is relevant for precision phenomenology, the
changes have a minor numerical impact. The corrections to the NNLO N? and N° colour
factors also affect all other event shape distributions [[{4] in a similar manner; minor nu-
merical effects in the three-jet region, but more significant effects in the two-jet region.
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Figure 9: Coefficient of the next-to-next-to-leading order contribution to the thrust distribution.
Solid: corrected; dotted: result obtained in [[1].
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Figure 10: N2 and N° colour factor contributions to NNLO coefficient of the thrust distribution.
Solid: corrected; dotted: result obtained in [[1].
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Figure 11: Dependence on phase space cut yg in corrected N2 and N colour factors.
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