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We evaluate the amplitudes in terms of a Laurent series in the dimensional regulator to the
order required for future next-to-next-to-next-to-leading order (N3LO) calculations. The
coefficients of the Laurent series are given in terms of harmonic polylogarithms that can
readily be evaluated numerically. We present our findings in the conventional dimensional
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1 Introduction

The Large Hadron Collider (LHC) provides us with the opportunity to test our under-
standing of fundamental physics at unprecedented energies. Of particular importance are
processes that shed light on the structure of strong interactions. Scattering processes in-
volving the strong interaction often result in the production of sprays of collimated hadrons
— so-called jets. One of the most prominent examples of such an observable is the pro-
duction cross section for two jets at the LHC. This process can be measured to astounding
precision [1-3]. To draw conclusions about the fundamental interactions we require equally
precise predictions for such scattering observables.

The observables associated with the production of two jets were computed at next-to-
leading order (NLO) [4-7] and even at NNLO [8-11] in perturbative QCD. The importance
of this process and the wealth of data collected by the LHC is inspiring to go beyond the
existing accuracy and perform a calculation at N3LO in QCD perturbation theory. The key
ingredients for this formidable goal are virtual four point amplitudes of massless, on-shell
QCD partons. In particular, working in dimensional regularisation in the modified minimal
subtraction scheme it is necessary to obtain tree level, 1-loop, 2-loop and 3-loop amplitudes
to 6t", 4% 27 and 0 order in the dimensional regulator, respectively. It is the goal of
this article to provide the foundation of such a computation by obtaining all required
amplitudes to the desired power in the dimensional regulator through NNLO. Previous
results for these scattering amplitudes were obtained to lower power in the dimensional



regulator in refs. [12-24]. Very recently, the four-gluon amplitude at three-loop level in the
planar limit in Pure-Yang Mills theory is computed in ref. [25].

In this article, we compute all relevant four-point amplitudes for the scattering of on-
shell, massless QCD partons up to two loops. In particular we consider the scattering
processes

99 = 99,
99 — 99,
qq9 — qq,
94 — QQ. (1.1)

Here, g are gluons, and ¢, Q) represent quarks of different flavours. All further scattering
processes can be obtained by crossing parton momenta. We explain this procedure in detail.

In our computation we apply dimensional regularisation in the MS scheme. This means
extending the space time dimension to d = 4 — 2¢ to regulate infrared and ultraviolet
divergences. There are several variants of this regularisation scheme mainly differing by
the number of assigned polarisation to massless gauge bosons. In conventional dimensional
regularisation (CDR), one assigns 2 —2¢ polarisation states to all internal as well as external
gluons. In the helicity approach, external gluons are associated with 2 physical polarisation
states and some freedom exists regarding internal, virtual gluons. In 't Hooft Veltman (HV)
scheme [26], virtual gluons are assigned 2 — 2¢ polarisations whereas in four dimensional
helicity (FDH) [27] they are assigned exactly two polarisations degree of freedom. We derive
our amplitudes using projection operators and our results are valid for arbitrary space time
dimension as in CDR. Furthermore, we relate our results to HV scheme amplitudes and
present them making use of the spinor-helicity formalism [28-30]. In order to convert
amplitudes in the HV scheme to the FDH scheme see for example ref. [31].

The structure of ultraviolet, infrared and collinear singularities of massless QCD scat-
tering amplitudes is well understood [32-39]. We briefly review this structure and verify
that our amplitudes adhere to these universal principles. As a consequence of our compu-
tation, it is now possible to predict all poles in the dimensional regulator appearing in the
equivalent three loop, four point amplitudes for massless parton scattering.

The main result of this article are analytic formulae for all four parton scattering
amplitudes in massless QCD to second order in the strong coupling. We present this results
in electronic form as supplementary material and together with the arXiv submission of
this article. The basic building blocks of the amplitudes are well known functions —
so-called harmonic polylogarithms (HPLs) [40] that are described briefly below.

The paper is organised as follows. In section 2, we discuss the basic ingredients of our
computation. In section 3, the four-gluon amplitude is described. The quark-gluon scat-
tering amplitude is discussed in the next section 4. In section 5, the four-quark amplitudes
with identical as well as different flavours are discussed. The ultraviolet renormalisation,
along with the infrared factorisation, is discussed in section 6. The consistency checks
which are performed to ensure the correctness of the results are tabulated in section 7. We
conclude in section 8.



2 Setup

In this section, we discuss the basic ingredients for our computation of scattering amplitudes
of four massless particles in massless QCD. We label the momenta of the four scattering

particles by p1,...,ps and regard all of them as incoming. Let us define the following
abbreviations
sij = (pi +pj)° for (N
Diy.ip, = Piy T+ Diy - (2.1)

At four points with only massless external legs momentum conservation dictates that

p1+p2+p3+ps =0,
S12 + s13 + s23 = 0. (2.2)

Exploiting momentum conservation we can express all our amplitudes by one dimensionless
ratio x and absorb all the dependence on the energy dimension into the variable s.

s = $12, g =21 (2.3)
512
For convenience we set s = 1 as it can be easily reconstructed by dimensional analysis.
Furthermore, for the purpose of this article we assume that = € [0, 1] which corresponds to
a region of physical 2 — 2 scattering.
We perform a perturbative expansion of our amplitudes in the strong coupling constant.
The bare strong coupling constant is related to the renormalised strong coupling constant by

a _ & e (),
T 1672 47 ’
2
g
= . 2.4
R 6n2 (24)

Here, ¢ is the dimensional regulator introduced through d = 4 — 2¢ with the space-time
dimension d, and ap is the renormalised strong coupling constant. The Euler-Mascheroni
constant is denoted by vg and the renormalisation scale is denoted by u. For most of the
article we work in conventional dimensional regularisation (CDR) assigning 2 — 2¢ polari-
sations to each gluon (internal and external). In our computation we assume ny massless
quark flavours. We furthermore choose ;2 = s as a convenient scale to represent our am-
plitudes. The renormalisation factor Z is discussed in section 6. We furthermore introduce
the expansion paramter a = arZ. With this our amplitudes can be written as

00 —i€
Ax(s,z,6) =Y d (2> AD (2, ¢). (2.5)
i=0 H
Here, X represents the particles that are scattering. For example, X = ggqq indicates
an amplitude where two gluons with momenta p; and po are scattering with a quark and
anti-quark with momenta ps and p4, respectively.



Figure 1. Example of a leading order Feynman diagram for the scattering process of four gluons.

In order to compute all required amplitudes we start by generating the necessary
Feynman diagrams using QGRAF [41]. We then perform colour and spinor algebra using
private C++ code. We project all Lorentz, spinor and colour structures to scalar amplitudes
using projectors, see for example refs. [42-44]. Subsequently, we reduce the resulting loop
integrands to a basis of so-called master integrals by means of the Laporta algorithm [45]
implemented in a private code. In a complementary implementation, a set of in-house
routines written in symbolic manipulating program FORM [46, 47| is utilised to perform the
spinor and colour algebra. Then all the scalar loop integrals are reduced to a set of master
integrals using integration-by-parts [48, 49] identities with the help of publicly available
programs LiteRed [50, 51] along with Mint [52] and FIRES5 [53]. We then compute all
required master integrals as a Laurent expansion in the dimensional regulator using the
method of differential equations [54-57]. In particular we use the same basis of integrals
as was used for the computation of refs. [58, 59]. Inserting the master integrals into our
reduced amplitudes we obtain our final results. We represent our amplitudes in a particular
basis of colour structures and Lorentz or spinor structures that we detail below.

We will express our result for amplitudes at different orders in the coupling expanded
in the dimensional regulator in terms of harmonic poly-logarithms (HPLs) [40]. HPLs are
defined by

H(by_1,...,b1;2), b €{0,—1,1}.

(2.6)
We refer to = as the argument of a HPL and to the b; as its indices. If the right-most

Ny bbby [ d
H(by, ..., by;x) = (—1)2(bal >/0 .

indices are zero, the HPL would be divergent and we work with the regulated definition
1 n
H(0,...,0;2) = - log" (). (2.7)
n!

The HPLs are widely used in the literature and their properties are well understood, see
for example refs. [60-65].

3 The four-gluon amplitude

The amplitude for the scattering of four gluons can be decomposed into different colour
and Lorentz tensors. We begin by introducing our basis of tensor structures.



In order to define colour tensors with adjoint colour indices we introduce traces of
fundamental generators T7;. We abbreviate

tr(TYT2TSTY) = tr(1234). (3.1)
The vector of colour structures that we will use to express the amplitude is given by

tr(1234) + tr(1432)
tr(1243) + tr(1342)
tr(1423) 4 tr(1324)

Cosag™ """ = tr(12)tr(34) ' (3:2)
tr(13)tr(24)
tr(14)tr(23)

The Feynman integrand for our amplitude is a Lorentz tensor contracted with polari-
sation vectors €' (p;). In order to represent the Lorentz tensor we make an ansatz in terms
of all pf and g##i. Since we are considering an amplitude with four external gluons, our
ansatz has tensor rank four. This yields in full generality 138 independent coefficients. To
restrict ourselves to the physical subspace of the amplitude we choose a light-like axial
gauge (see for example ref. [43]) with the gauge conditions

€ Pip = € Pi-1,u = 0. (3.3)

We identify pi = p/. In this gauge, the polarisation sum that has to be carried out to
Y Do Py gaug p

obtain squared matrix elements takes the form

2
i,0—

polarisations

Effectively, this polarisation sum annihilates every vector p!’ or p!' | in the amplitude. Only
polarisations transverse to the two chosen vectors survive. We can anticipate the projection
that would be performed when interfering the amplitude with its complex conjugate to
produce squared matrix elements. We do so by replacing

2

Sii—1

e = |g" - (Pipi_y — ool y) | e (3.5)
in our ansatz for the general amplitude. This procedure effectively annihilates all but 20
tensor structures in our ansatz. After simple orthogonality checks we find that only 10 of
the remaining structures are linearly independent. In order to represent those ten physical

structures we define " u
1
_ Py pisi-1 P

Pl = (3.6)
Sji  Sii—18ji  Sii—1
and
ot psi1s 208 pY_isii 2pPpYsiq_
v i—15°5—1,8 i—1j—1°7,t i Pjoj—1i—1
Gy =g" — + +
Si,i—154,5—1 S4,i—155,5—1 S4,i—155,5—1
Hv y Heooy Ko v Hv oy
+2pi Pi1Sji-t  20i4p7  20ipiy 2P5Pj1 2P aPj (3.7)
S4,i—155,5—1 Sii—1 Sii—1 Sj.5—1 Sj,5—1



They satisfy separately our gauge conditions:

Pipip = Plipi-1,, =0,

GH Pijy = G#'Vpifl,,u =0",

Gu Pjv G i Pi-1v = = 0H. (38)
We use the above definitions to define the 10 tensors as

G5 G
G
G’fff GZ:Q’
Gy P P
T:’,uupa — G!IL??P2V4P402 . (3‘9)
9999 Gi Poy gy
Gys PisPry
G5 Py Pj
G PiaPs)
Pla P54 P4 Pl

We decompose the four gluon scattering amplitude as

Agggg = €ay (P1)€q, (P2)€g, (P3)eq, (m)«@é‘,ﬁé“ﬁﬁéa

= ¢! (p1)el, (p2)el, (p3)el, (pa) Z Zc;;;;‘2“3“4Tﬁm gass Sy (3.10)
i=1 j=1

We refer to the coefficients Agg’;g as scalar amplitude coefficients. Here, € (p) is a polari-

sation vector with adjoint colour index a corresponding to the gluon with momentum p.

Alternative to the representation of our amplitude introduced in eq. (3.10), it is useful
to decompose our amplitude into different components according to the helicities of the
external gluons. We can achieve this by projecting to two-dimensional external helicity
states and by using the spinor-helicity framework (see for example ref. [66]). Note, that
the change of the dimension of external polarisation implies a change in the regularisation
scheme used in the computation from CDR to HV scheme. The four-gluon scattering
amplitude can then be written in this scheme as

_ 1,a41a2a304 1, ] 1 (3,]
Agggg = €a1 €az€asCas 2: 2:69999 hggggAgggg : (3.11)
i=1 j=1

In the above equation the €% now simply label the colour of an external gluon. The 16
helicity configurations are represented by the following structures,

g ) e8] (4)R1)B1] (13)[21)[41] (34)[21] (23)[31][43] (14)(23)[31)*

HIE (12)(34)7 (12)(13)[41)7 (12)(14)[31]" (12)[43]” (13)(34)[32]" (13)2(32][41]
(23)[41] (23)(34)[31] (13)[32)[43] (14)[32] (13)*[21][43] (13)(14)[21]
(14)[32]" (13)[32][43] " (23)(34)[31]" (23)[41]" (12)(34)[31]>" (12)[31][41]
(12)[43] (12)(14)[31] (13)(23)[43] (14)(23) (3.12)
(34)[21]" (13)[21][41] " (34)[31][32] " [32][41]



Figure 2. Example of a leading order Feynman diagram for the scattering process of two gluons
and two quarks.

The above helicity structures correspond to positive (4) or negative (-) helicity as in

ﬁgggg ~em— e e e e e e (313)
+——— ==t =+t =+ + ==+ + —+,+ + +—, + + ++}.

Here, the i** sign in each element of the list correspond to the helicity of the parton with
momentum p;. The scalar coefficients of the amplitudes in the helicity basis can be written
as a linear combination of the CDR amplitudes

10
AL L) = Z Te D R-shelicity, jh Ak (3.14)
k=1

We provide the above transformation matrix Topr—helicity and Agggg in electronic form
as supplementary material and together with the arXiv submission of this article. Note,
that only 8 of the scalar helicity amplitudes are independent due to charge conjugation
symmetry. The projection from CDR to HV is thus not invertible.

4 The two-gluon and two-quark amplitudes

The amplitude for the scattering of two gluons and two quarks can be decomposed into
colour and Lorentz tensor structures. The basis of colour structures for the amplitudes for
the scattering of two gluons and two quarks can be brought in the form

g 52'41'3
= . a a
Cg9q97 = 1_’7;421'5 i5}i3 : (41)
aq az
iqis™ isi3
To derive the Lorentz tensor structures to represent our amplitude we begin with the
following considerations. In order to remove unphysical redundancies similar to the four

gluon scattering case we work in a gauge where

€(p1)-p1 = €(p1)-p2 = €(p2).p1 = €(p2).p2 = 0. (4.2)

Owing to the momentum conservation we have u(p3)p,u(ps) = —u(p3)p,u(ps). Applying
this identity and exploiting the restrictions imposed by the gauge choice we find that we



can choose the following spinor and Lorentz structures as a basis to represent our amplitude

'
174
plgi
ngqq_ p1(P£P§_PfP§_PfP§+PfPf) . (4.3)

V! (P§¥ — PY)
V1 (Py — Py)

Here, we use the definitions
T = s1o9"p 7" + 25137"DY + 25237 Py
—4p, (pY'PY + pi'ps + pips) ,
2
g1’ = 9" = s+ pd),
2
o B + I N L Oy
Yi= plm(pl Ph) s
Piu = S12pf - SQiP/f - Slipg . (4.4)

With this we may finally write the amplitude as

3 5
Aggaq = €i (P52 (p2) D Dt (Pa) i "5 10q T s (p3) Ay (4.5)
i=1 j=1

Furthermore, we may decompose our amplitude in components that correspond to
different helicities of the external particles. In this decomposition, we write

_ a1 as; i,a1a2 1(4,5)
Aggeq = € €®20"0" chb4b3,ggqq ggqqugqfi' (4.6)
=1 j=1

The vectors 5% and v® carry the colour indices of the external anti-quark and quark. The
individual helicity structures are given by

T {(14H21H3H (13)[21][41] (23)(24)[31] (23)(24)[41] (14)[32][42]
99499 >

(12 ’ (12) ’ (13) ’ (14) ’ [41] ’
(13)(14)[42] (12)(14)[31] (12)(13)[41] (47)
24y 7 [21 7 [21] ' '
The above helicity structures correspond to positive and negative helicities as in
hggag ~ {— — —+,— = +—, =+ =+, =+ +—,+ — =+, + — +—,+ + —+,+ + +—}.
(4.8)

Here, the i** sign in each element of the list correspond to the helicity of the parton
with momentum p;. Similarly to eq. (3.14) in the case of the four gluon amplitude, the
scalar amplitude coefficients in the spinor-helicity representation can be written as a linear
combination of the CDR amplitude coefficients. We provide this linear relation in electronic
form as supplementary material and together with the arXiv submission of this article.
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Figure 3. Leading order Feynman diagram for the scattering process of four quarks.

Our scalar four particle amplitude is constructed such that if we consider the scattering
kinematics of p; po — p3 ps all HPLs are real and the variable € [0, 1]. Of course, this is
not the only scattering process of a pair of quarks and gluons that can be considered. To
obtain for example the amplitudes for the scattering of a quark and a gluon into a quark
and a gluon we have to consider the kinematics of p; p3 — p2 p4. While the permutation of
external momenta in the tensor structures in eq. (4.3) and eq. (4.7) is trivial analytically
continuing the HPLs in the scalar amplitudes is not. How to perform this analytic continu-
ation was discussed for example in ref. [59] and we provide a brief summary in appendix A.

5 Four-quark amplitude

In the case of scattering amplitudes of four quarks we have to distinguish the case where
all four quarks have the same flavour or two pairs of different flavours are scattering. We
refer to the scattering amplitude of the latter case as A ;95. The former amplitude can
then be expressed as

Agaqz(p1,p2, 03, 01) = Agqqo(P1, 2,3, P4) — Auq0q (P15 Pas p3; p2)- (5.1)

In the above equation we explicitly wrote the dependence of the amplitudes on the momenta
to illustrate which momenta have to be exchanged in order to satisfy the relation.

The amplitude for the scattering of two quark- and anti-quark pairs of different flavours
can be decomposed into colour and Lorentz structures as

A9
quQ Z Z cquQ quQ quQ (52)
=1 j=1
In order to define the colour factors cfqu o and spinor structures T? __ in the above equa-

tion, we find it convenient to decompose a spinor u{(p) with a fundamental colour index a
and spinor index i into two factors

ui (p) = ui(p)v”. (5.3)

The purpose of the vector v® is purely to label the colour of the external quark and wu;(p) is
a four component spinor. The basis of colour structures for the amplitudes can be brought

in the form

o 0" 00,05V X 0394540, v (5.4)
qqQQ 71 5a1a4va4 X @agéasazvaz



The spinor structures can be written in terms of the following basis.

u(p2)pyulp1) x u(pa)p,u(ps)
u(p2) v u(p1) x w(pa)ypuu(ps)
B u(p2)p,yH v ulpr) X w(pa)p, yuyvu(ps)
Toaq0 = U(p2)YH "y u(pr) X w(pa)vuvvypu(ps) : (5.5)
U(p2)p vy Py ulpr) X (pa)p, Vv v You(ps)
w(p2) Y*Y YPYT Y u(p1) X W(pa) VYo Yp Yo Yru(ps)

Depending on the loop order we require more and more - matrices between the spinors.
Specifically, to express the L- loop amplitude 2L — 1 y-matrices are maximally required as
soon as L > 2 (see for example ref. [23]).

Furthermore, we may decompose our amplitude in components that correspond to
different helicities of the external particles. We find

(J)
Ao = Z;Z; 73QQ quQ quQ (5.6)
i=1 j

Here the helicity basis is spanned by

haaaa = {<14><<12§>>[31] (14)[32], (23)[41], %11]”43]} (5.7)

The above helicity structures correspond to positive and negative helicities as in
hegoo ~ {— + =+, —++—,+ — —+,+ — +-}. (5.8)

Here, the i** sign in each element of the list correspond to the helicity of the parton
with momentum p;. Similarly to eq. (3.14) in the case of the four gluon amplitude, the
scalar amplitude coefficients in the spinor-helicity representation can be written as a linear
combination of the CDR amplitude coefficients. We provide this linear relation in electronic
form as supplementary material and together with the arXiv submission of this article.

The variables in our amplitudes are chosen such that in the kinematic region of scat-
tering particles with momenta p; and ps into particles with momenta p3 and p4 all HPLs
are real and our variable z € [0,1]. However, this is just one particular case of scatter-
ing two quarks of each other and we may consider any permutation of momenta to cover
all possible four quark scattering processes. While obtaining such a permutation on the
spinor structures of eq. (5.5) and eq. (5.7) is relatively simple the analytic continuation of
the HPLs in our scalar amplitude coefficients is non-trivial. How such an analytic contin-
uation can be obtained was discussed for example in ref. [59] and we outline it explicitly
for convenience in appendix A.

6 Ultraviolet and infrared structure

In this section, we review the structure of the poles in the dimensional regulator appearing
in the four-point scattering amplitudes. The coeflicients of the poles are well understood

~10 -



and can be expressed at least up to third order as products of known, universal factors and
lower loop amplitudes. Singularities arise due to soft (infrared) or collinear divergences of
the loop integrands or due to ultraviolet (infinite momentum) divergences. The possibility
to derive the poles of an amplitude by direct computation serves as a stringent test of our
computation. Not surprisingly we find agreement of our amplitudes with the structure of
singularities outlined below.

Ultraviolet divergences in massless QCD scattering amplitudes can be universally reab-
sorbed into a renormalisation of the strong coupling constant. The renormalisation factor
Z can be derived by regarding the renormalisation group equation for ar (eq. (2.4)):

9 2 2
= _ ) 1
alog(ﬂg)a;z(u ) = —ear(p”) + arpf (6.1)
The g-function is related to the renormalisation factor Z by
dlog(Z) >
6:_72611% aZ Bl 62
log(?) ; f (6.2)

Solving the above evolution equation we can derive

arBo +ad <,3§ . 51) g (2B2€* + 781 Boe + 653)

Z =1 —=
+ € R 6e3

+0(a}).  (6.3)

e 2

The QCD S-function coefficients are currently known to five-loop order [67, 68]. We only
require the first two for the purposes of this article which read

1 /11 2
Bo=—+ <CA - nf) ;

4\ 3 3
1 /34 10
B = 7% <3C3l — KCAnf — QCan> . (6'4)

The quadratic Casimirs in adjoint and fundamental representations are denoted by C4 = n.
and Cr = (n? —1)/2n., respectively.

In general, a renormalised amplitude for the scattering of n massless, SU(n.) colour
charged fields in dimensional regularisation can be written as

An({pi}, €) = Zu({pi}, O AL ({pi}. ). (6.5)

Here Afl({pz}) represents a finite hard amplitude depending on the momenta p;, colours
and spins of the external states. The factor Z, ({p;}, €) is universal and contains all infrared
divergences [32-39]. To indicate an operator in colour space we use bold letters. Z,,({p;},€)
is given explicitly by the exponential

1o dy? 2 2
Zu({pi}.) = Peap{ —1 [ ST (nida an®) . (6.6)
The soft anomalous dimension for n fields is then given by

Ln({pi}, 12, ar) = TP ({pi}, 12, ar) + A({piju})- (6.7)

- 11 -



The first term on the right-hand side of the above equation corresponds to radiation from
colour dipoles

: 1
T (i ar) = —velam) 30T T 1og<
i#]

)+HZW aR). (6.8)

The operator T; is commonly referred to as colour charge operator. The action of such
a colour charge operator on a scattering amplitude is given by regarding its action on
individual spinors or polarisation vectors contracted with an amplitude

T;'l o 52(1%)-'4;: = fabcﬁb (pz) 1, C
T o Aj yujb(pi) = Aj s Tpeu, e(pi)- (6.9)

Here, f2%€ is SU(n,) structure constant and Ty is a fundamental generator. We introduce
the abbreviation

Z T; T, log< 3”), Do = Zn: T; - T;. (6.10)

1>j=1 i>j5=1

v is the cusp anomalous dimension and ; are the anomalous dimensions associated with
the external fields. The second term on the right hand side of eq. (6.7) allows for soft
radiation that relates more than two colour charged partons. The correction to the dipole
formula [38, 39] starts at third order in the coupling constant, and will therefore not be
needed in the present paper.

With this we now know the entire dependence of I',, on the artificial scale p?. Specif-
ically, ', depends on 2 only via a single logarithm and indirectly via ar. Carrying out
the p2-integral explicitly we find

u? du? i ( ) ,y(l) n 751)
—= nl ({pi = D —1 A1
3 T en() = o | S Do~ LD+ S0 (6.11)
(1) (2) (1) (2) n 1) (2
2 /BO'YC Ve BO'YC Ve BO’Y] Y 3
D — — D —~— |I .
Taon ( 3265 3262) 0t ( 16¢2 166) * JZ:; ( & e ) +Olar)
Here, we expanded the anomalous dimensions in the strong coupling constant.
agr) =Y ap ), vilar) = al ). (6.12)
i=1 i=1

The first two terms in the expansion of the cusp anomalous dimensions are given by

67 1 5
72 = Cy ( - @) - g (6.13)
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The first two terms in the expansion of the collinear anomalous dimensions are given by

1, 1
m_ M, 1
79 Rt

3
7(51) = _ZCFa

173 1172 ¢ 8 2 1
@ (-2 = 38 ) L oung (= — ) +=C
g A< 108+288+8)+ An\o7 " 1aa) TRUFM

961 1172 13 3 7w 3¢
2 — _ 0 2953 2( 2 0 958
Vg CACF< %61 96 + 3 ) +CF< + )

65 w2

7 Checks on results

We perform a number of consistency checks on the scattering amplitudes to ensure the
correctness of our result.

e As described in section 2, all amplitudes were generated by two independent calcu-
lational setups.

e All four-point scattering amplitudes exhibit the universal infrared structures pre-
dicted by eq. (6.6). This serves as the most stringent check on our results.

e The four-gluon helicity amplitudes are consistent with the existing results computed
in ref. [17] to O(e”). Moreover, interfering the CDR amplitude with its tree level
equivalent reproduces correctly the results of ref. [15].

e We explicitly checked that only 4 helicity amplitudes (++++,—+++, — —++,—+
—+) for four gluon scattering are independent (as dictated by Bose, parity and time-
reversal symmetry).

e The one-loop U(1) decoupling identity [69] for the four-gluon amplitude is satisfied.
This identity states that the double trace coefficients of the pure gauge part of the
four-gluon amplitude for any helicity configuration should be related to the corre-
sponding single trace elements through

. . . 2 . . .
4,5,1) _ 5.5,1) _ 6,5,1) _ 1,5,1 2,4,1 3,5,1
Alg(gg]g ) = Alg(gg]g ) = Alg(ggjg ) = e (Alg(gg]g )+ Alg(gg]g )+ Alg(ggg )> : (7.1)

In the above equation, the quantity qu(giéé’k) is defined through

i a s aNk ik
A = 7= 2 (g) Agges™ (7.2)
k=0

where A;LE]%) is introduced in eq. (3.11).



Moreover, in ref. [70], more general group theory constraints are discussed which
are also verified for the two-loop helicity amplitudes. In order to present those, we
rewrite the ny independent part of the four gluon amplitude in eq. (3.11) as

16 oo L%

Agggg = €o1€az€as€ ZZZZH’“ amgimonaarpi () pigkam (7 g
9999 ay-a2-a3*-a4 gggg 9999 \ 4 9999 :

1=1 j=1k=0m=0

16 oo 557

k+
k—2m—1 z ,01a20304 1,7 Qs 1(3,5,k 2m+1)
+€al‘faz‘fazsftME :E :E : § : Ne 9999 P99q in ’Agygg

i=4 j=1k=0 m=0

The constraints take the form

, 7‘772’2
Z Agggg ’

1(1,5,2,0) 2 1(4,5,2,1)
6 Z A!]QQQ Agggg

/(i 7],2,2 1((i+4) modulo 6,7,2,1) _ .

Agggg + Agggg = independent of 7. (7.4)

e We find complete agreement with ref. [18] for the one- and two-loop helicity ampli-
tudes for the two-gluon and two-quark channel.

e We find that one- and two-loop helicity amplitudes for four-quark scattering with two
different flavours are in agreement with the existing results computed in ref. [19].

Note that in the aforementioned references [17-19], the finite remainder is defined
through subtraction operators which are different from the ones used in this article
at O(e"). The difference is taken into account while performing the comparison.

8 Conclusions

As a main result of this article, we provide the scalar amplitude coefficients of the four-
particle scattering amplitudes in CDR as supplementary material and together with the
arXiv submission of the article. We include the LO, NLO and NNLO coefficients computed
to sixth, fourth and second power in the Laurent expansion in the dimensional regulator re-
spectively in machine readable form. Furthermore, we include the transformation matrices
T pR—helicity to easily extract the amplitudes coefficients in the spinor-helicity basis.

Our result represents the first step towards a computation of three-loop, four-parton
scattering amplitudes in QCD. In particular, our results can be used to predict the infrared
and collinear pole structure of such three loop amplitudes. Furthermore, they are a neces-
sary ingredient to obtain a suitable ultraviolet, infrared and collinear subtraction term for
future cross section computations.

Terms beyond the finite order in the dimensional regulator are obtained in this article
for the first time. Beyond their application to future collider phenomenology these terms
may serve as analytic data for the analysis of QCD scattering amplitudes, such as the Regge
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limit. Our amplitudes are represented in the form of widely used harmonic polylogarithms
in a uniform notation which makes their application and analysis simple.

With this work we have taken a very first step towards the formidable task of computing
one of the most crucial collider processes — the production of two hadronic jets — to third
order in QCD perturbation theory.
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A Permutation of external momenta

The results for the four point scattering amplitude of this paper are presented such that in
the particular kinematic region of particles with momenta p; and p, scattering into particles
p3 and p4 all HPLs are real valued and the evaluation of our amplitudes is straight forward.
However, this particular scattering region is not the only scattering region of interest.
For example, relating our amplitudes to the case of particles with momentum p; and ps
scattering into particles with momentum po and p4 is non-trivial. Consequently, it is useful
to describe how such a relation can be achieved. Mainly we have to concern ourselves
with the transformation of HPLs from one scattering region to the other. How this can
be achieved was described for example in ref. [59] but we find it convenient to outline the
basic steps here.
First, it is prudent to recall that all our L-loop amplitudes have a pre-factor

—Le
(jj;) =1— Lelog <2122> + O(é%). (A.1)
Naturally, this pre-factor needs to be taken into account when permutaions of external
legs are performed. Furthermore, it is necessary to restore the correct energy dimension
of the scalar amplitudes since we chose for convenience s19 = 1 in our results. While the
permutation of external legs is obvious for tensor and helicity structures, this is not the case
for the analytic functions appearing in our amplitudes. Let us first consider the permutation
where momentum p; and ps are exchanged. This leaves the Mandelstam invariant sio
invariant and exchanges s13 and ss3 and replaces + — 1 — x. In the scattering region
we used to define our amplitudes both s13 and so3 are negative and no branch cut of our
amplitude is crossed by performing this permutation. Transforming the HPLs can be done
by standard methods (see for example ref. [65]) and does not introduce new imaginary parts.

If we consider scattering kinematics where a Mandelstam invariant changes its sign (for
example s12 < 0) we need to analytically continue the HPLs of our amplitudes. To achieve
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this we may attribute an infinitesimally small imaginary part to each Lorentz invariant
scalar product of momenta:

S12 — S12 — iO, (AQ)
S$13 — S13 — iO,

S93 — So3 — 0.

However, in our calculation we applied the relation sis 4+ s13 + so3 = 0 which arises due to
momentum conservation. As a consequence the above assignment cannot be done uniquely
and it is ambiguous which infinitesimal phase should be attributed to the variable x. For

example, consider two different possibilities of thinking about the polynomial 1 — .

1.

l—gp=-B70 _ %8 4y, (A.3)
512 — 10 512
2. 0
1—z=1487"_1 %8 4 (A.4)
512 — 10 5192

In the above equations the sign of the infinitesimal imaginary part differs, which demon-
strates the problematic ambiguity. To perform an analytic continuation from one scattering
region to another after having applied the momentum conservation identity we need to add
another bit of information. The branch cuts of our scattering amplitude are located at kine-
matic points where Mandelstam invariants vanish. If we can manifest the branch cuts of
our amplitude in terms of explicit logarithms we can easily identify the argument of these
logarithms as being ratios of Mandelstam invariants. We discuss how this can be achieved
at hands of a specific example below.

We consider the permutation of momenta ps <+ p3. We find that our variable x changes:

e iEp)® o (iAp) 1 (A.5)

(p1 + p2)? (p1+p3)?  y
In the new, desired scattering region p; ps — p2 ps we find y € [0, 1]. However, we need to
be careful when transforming the logarithmic branch cuts of our amplitude.

log(si2 —i0) — log(s13 —i0) = log(si2 —i0) + log (ﬂ) —am
12 —

= log(si2 —i0) + log (y) — im.

—s13 +140 .
log(z) = log (823_18) — —log(y) + 2im.
—5823 + 10 :
log(1 — ) = log (:9123—10> — log(1 —y) — log(y) + im. (A.6)

All branch points of our amplitudes are located at x =0, x = 1 and z = co. As we can see
from the above equations all three branch cuts are crossed when the desired permutation
is performed. This complicates the transformation of HPLs and we discuss our solution in
the following. Our amplitudes are comprised of HPLs and consequently only one branch
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cut can be made manifest in terms of explicit logarithms at a time. In particular, this can
be achieved by shuffle identities of the HPL’s such as

H(ay,...,a2,0,z) = H(ay,...,a2,x)log(z) — H(0,an,...,a2,z) — -+ — H(ap,...,0,a2,x)

(A.7)
or generalisations thereof, that make branch cuts (here at x = 0) explicit. In order to
perform the permutation corresponding to the exchange of momenta py <+ p3 we proceed
in three sequential steps. In each of the steps only one branch cut at t =0 or x = 1 is
crossed. This implies that we may use shuffle identities to make the branch cut in our
amplitude explicit and that the transformation of the remaining HPLs at each step does
not introduce any imaginary parts. The three steps are given by the following.

1. Analytically continue into a scattering region where s}, > 0, s{3 > 0 and s5; < 0 and
define 2’ = —x.

log(s12 — i0) — log(s}y — i0).
log(z) — log(a') + im.
log(1 — z) — log(1 + a'). (A.8)

2. Permute the external momenta py <+ p3 and introduce z” = %

log(shy — i0) — log(sfy — i0) + log (z") — ir.
log(2') — —log(z").
log(1 + 2') — log(1 + z”) — log(2"). (A.9)

3. Analytically continue into a scattering region where s/ > 0, s{5 < 0 and s43 < 0 and

define 2" = —2".

log(s}y —i0) — log (s —i0).

log(z") — log(z") — im.
log(1 + ") — log(1 — 2"). (A.10)

Having completed the three transformations we performed the desired permutation and
may drop the ’ labels for convenience.

Finally, we note that any other permutation of external legs can simply be a sequence
of the two example permutations outlined above. With this we showed how to obtain the
four-point scattering amplitude for any scattering kinematics starting from the amplitudes
provided in this article.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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