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Scattering amplitudes
• In general we do not know how to compute amplitudes exactly.

➡ Need to resort to perturbation theory.

↵s = coupling constant

= + + + . . .

➡ Each diagram translates into an analytic formula.

• In principle: can compute anything we like.

➡ Precision increases with the number of terms we compute.
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Scattering amplitudes
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➡ 1 loop: usually doable.
➡ 2 loop: some           and           . 2 ! 2
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Infrared singularities
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Individually divergent, but sum is fi

• Next-to-LO (NLO):

• Next-to-next-to-LO (NNLO):

Virtual Real

• Leading order (LO):



Computer algebra
• The computation of multi-loop amplitudes leads to large analytic 

expressions.
➡ Typically handled with computer algebra programs 

(Mathematica, FORM,…)
➡ Connections to IAL.

• Prelimnary work:

➡ ANATAR: A Mathematica package to generate multi-loop 
amplitudes and to manipulate them. [CD, Mukherjee, Vasques]

➡ EllipticPolyLogTools: A Mathematica package to manipulate 
a certain class of special functions. [Baur, Broedel, CD, to appear]



SMEFT

• We focus on the renormalisation of the QCD sector of SMEFT:

2 The QCD sector of the SMEFT

This paper is part of a sequence of works aiming at the two-loop renormalisation of the

QCD sector of the SMEFT with dimension-six operators added. More specifically, we

consider the theory defined by the Lagrangian collecting the CP-conserving dimension-six

operators of the SMEFT that only involve quark and gluon fields,

LQCD,6 = LQCD +
c0G
!2

OG +
nu∑

i,j=1

c0,ijuG

!2
O

ij
uG +

nd∑

i,j=1

c0,ijdG

!2
O

ij
dG +

∑

n

c04qn
!2

O4qn , (2.1)

where LQCD is the SM QCD Lagrangian with nf = nu + nd = 6 di”erent quark flavours

(nu = 3 and nd = 3 are the number of up and down-type quarks, respectively), ! is the

SMEFT scale, and c0G, c
0,ij
uG , c0,ijdG and c04qn are the bare Wilson coe#cients. This Lagrangian

defines the appropriate setting to study the impact of the SMEFT on the renormalisation

of quark and gluon fields and masses, as well as of the strong coupling constant. We now

describe the dimension-six operators we consider in eq. (2.1).

The operator OG is the unique CP-even operator of dimension six that only involves

gluon fields,

OG = fabcG0aω
µ G0bε

ω G0cµ
ε , (2.2)

where fabc are the SU(N) structure constants and G0a
µω is the (bare) gluon field strength

tensor,

G0a
µω = ωµG

0a
ω → ωωG

0a
µ → g0s f

abcG0b
µ G0c

ω , (2.3)

with G0a
µ and g0s the bare gluon field and bare strong coupling, respectively.

The chromomagnetic operators in the SMEFT are defined as

Õ
ij
uG = iQ

0
iT

aεµω ϑ̃u0Rj G
0a
µω + h.c. , 1 ↑ i, j ↑ nu ,

Õ
ij
dG = iQ

0
iT

aεµωϑ d0Rj G
0a
µω + h.c. , 1 ↑ i, j ↑ nd ,

(2.4)

where Q0
i are the bare left-handed quark doublets, u0Ri and d0Ri are the bare right-handed

quark singlets and ϑ is the SM Higgs doublet, with ϑ̃ = iϖ2ϑ→. Moreover, εµω = 1
2 [ϱ

µ, ϱω ]

and T a are the generators of the fundamental representation SU(N), normalised according

to Tr
(
T aT b

)
= 1

2ς
ab. After electroweak symmetry breaking, these operators lead to the

following dimension-five operators,

O
ij
uG =

iv
↓
2
u0iT

aεµωu0j G
0a
µω , 1 ↑ i, j ↑ nu ,

O
ij
dG =

iv
↓
2
d
0
iT

aεµωd0j G
0a
µω , 1 ↑ i, j ↑ nd ,

(2.5)

where v is the vacuum expectation value (vev) of the SM Higgs field, and u0i and d0i are

the bare up- and down-type bare quark fields, respectively.

Whilst chromomagnetic dipole operators exist for all flavours at dimension six, typi-

cally a flavour symmetry is employed which restricts the number of operators considered
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in any SMEFT analysis. A popular choice is a U(2)q → U(2)u → U(2)d flavour symmetry,

motivated by a Minimal Flavour Violation ansatz, which excludes chirality flipping bilin-

ears in the first two generations, and thus forbids the flavour diagonal dipole operators of

eq. (2.5) for i, j ↑= 3 [39].

Finally, the operators O4qn involve four quark fields. The flavour assumption restricts

the number of four-fermion operators allowed. From a phenomenological standpoint, how-

ever, not all four-fermion operators allowed by the flavour assumption are equally relevant.

In particular, once we consider current constraints from experimental measurements, four-

fermion operators with four heavy quark fields are the least constrained ones. Thus, they

are particularly interesting from a phenomenological point of view. Motivated by this ar-

gument, and also to have a manageable number of operators, we will focus on the following

class of four-quark operators involving only third-generation quarks:

O
(1)
QQ =

1

2
(QωµQ)(QωµQ) ,

O
(8)
QQ =

1

2
(QωµTAQ)(QωµT

AQ) ,





(LL)(LL)

O
(1)
Qt = (QωµQ)(t̄RωµtR) ,

O
(8)
Qt = (QωµTAQ)(t̄RωµT

AtR) ,

O
(1)
Qb = (QωµQ)(b̄RωµbR) ,

O
(8)
Qb = (QωµTAQ)(b̄RωµT

AbR) ,






(LL)(RR)

Ott = (t̄Rω
µtR)(t̄RωµtR) ,

Obb = (b̄Rω
µbR)(b̄RωµbR) ,

O
(1)
tb = (t̄Rω

µtR)(b̄RωµbR) ,

O
(8)
tb = (t̄Rω

µTAtR)(b̄RωµT
AbR) ,






(RR)(RR)

O
(1)
QtQb = (Q

I
tR)εIJ(Q

J
bR) + h.c. ,

O
(8)
QtQb = (Q

I
TAtR)εIJ(Q

J
TAbR) + h.c. ,




 (LR)(LR) (2.6)

where we have introduced the shorthand notation {Q, tR, bR}1 for the bare SM quark

fields of the third generation {Q0
3, u

0
R3, d

0
R3}, respectively, and εIJ is the Levi-Civita tensor

with two indices. This choice of basis in eq. (2.6) di!ers from the Warsaw basis [4] by

the choice of the (LL)(LL) operators. In particular, for the colour-singlet operator we

have O
(1)
QQ = 1

2(O
(1),Warsaw
qq )3333, while the colour octet operator O

(8)
QQ replaces the triplet

operator O(3),Warsaw
qq . The choice of basis in eq. (2.6) reproduces the conventions of ref. [39]

at leading order. We underline that beyond tree-level the definition of the basis becomes

subtle, and for example, defining the octet operator as the octet structure itself, or as a

linear combination of a singlet and a triplet operators, will lead to di!erent results, because

they di!er by an evanescent operator. We will further discuss these subtleties in section

4.2, where we also comment on the impact of the rest of the four-fermion operators on the

1To simplify the notation in eq. (2.6), we omit the superscript 0 denoting bare quantities.
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SMEFT
• Preliminary work:

➡ Renormalisation of the fi
[CD, Vasques, Ventura, Vryonidou]

• Next step: Compute top-pair production at two loops in the 
SMEFT. [CD, Ventura, Vryonidou]

• Possible project discussed with F. Maltoni: SMEFT corrections 
to gluon-fusion from Higgs potential.



Possible projects
• Connections with IAL: Computer algebra, …

• Loop computations and SMEFT:

➡ Focus on what is needed for phenomenological-relevant 
computations.

➡ RGEs? 

➡ Specifi

➡ Loop computations relevant to RA2?


