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LHC is …

 a hadron machine            QCD-based processes 
 a high-energy machine            complex processes 
 entering a high-precision phase            theory must follow 
 searching new physics            must control SM background 

 PDFs, resumation, parton shower, hadronization and … 
 … fixed order computations

High precision computation in QCD needed

Ambitious goal: Automatic NNLO QCD computations

 Loop computations and … 
 … cancellation of soft and collinear singularities this talk
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Well established subtraction schemes at NLO

 Antenna subtraction 
 CoLoRFul subtraction 
 Sector-improved residue subtraction 
 Nested soft-collinear subtraction 
 Local analytic sector subtraction 
 qT-slicing 
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 Projection to Born 
 Sector decomposition 
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Herzog

Many methods available at NNLO
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Structure of subtraction at NNLO
d�NNLO � d�NLO
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𝑉𝑉 and 𝑅𝑉 have poles in 𝛜, 𝑅𝑉 and 𝑅𝑅 diverge in phase space

Let’s insert counterterms !
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Wijjk : Si Cij Sij Cijk SCijk
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In each sector ”few” singular limits survive
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Wijjk : Si Cij Sij Cijk SCijk
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 Partition of phase space through sector functions RR =
X

i,j 6=i

X

k 6=i
l 6=i,k

RR Wijkl
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 Identify counterterms through IR limits
All 

limits 
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Counterterms for RR
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Counterterms for RR



⇣
1� L(1)

ij

⌘⇣
1� L(2)

ijkl

⌘
RR Wijkl =

h
RR� L(1)

ij RR� L(2)
ijklRR+ L(1)

ij L(2)
ijkl RR

i
Wijkl = finite

<latexit sha1_base64="nJdEJdrpYkMFtmDXRYUjuXl0l8w="></latexit>
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 Partition of phase space through sector functions RR =
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 Remapping of momenta

  to have momentum-conserving and on-sheel momenta in matrix 
elements of counterterms

  to have factorisation of (n+2) phase space
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Counterterms for RR

Barred limits = Limits + Remapping
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  to have momentum-conserving and on-sheel momenta in matrix 
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 Remapping of momenta        DELICATE !!!
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  carry the same symmetries as unbarred limits

to use sum rules of sector functions

Counterterms for RR

Barred limits = Limits + Remapping
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NESTED CATANI-SEYMOUR REMAPPINGS

 Remapping of momenta        DELICATE !!!
<latexit sha1_base64="7dJaAQLMCh5G5lX33zMBPbwAMrA="></latexit>

{k} ! {k̄}(abc) ! {k̄}(abc,def)

 Identify counterterms through IR limits
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sac + sbc
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ka ! w, y, z
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2
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⇤�✏
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Counterterms for RR
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sab = y s̄(abc)bc
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<latexit sha1_base64="gN3R017ijhX9mw9jhGiYkQdcNxs="></latexit>

scd = (1� y)s(abc)cd
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 Partition of phase space through sector functions RR =
X

i,j 6=i

X

k 6=i
l 6=i,k

RR Wijkl
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NESTED CATANI-SEYMOUR REMAPPINGS

 Remapping of momenta        DELICATE !!!
<latexit sha1_base64="7dJaAQLMCh5G5lX33zMBPbwAMrA="></latexit>

{k} ! {k̄}(abc) ! {k̄}(abc,def)

  simple phase-space factorisation

  simple expressions for invariants

Counterterms for RR

  flexible              freedom in choosing (abc,def)
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 Separate the phase space through sector functions RR =
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NESTED CATANI-SEYMOUR REMAPPINGS

 Remapping of momenta        DELICATE !!!
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{k} ! {k̄}(abc) ! {k̄}(abc,def)

  flexible              freedom in choosing (abc,def)

  simple phase-space factorisation

  simple expression for invariants

Counterterms for RR
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To give an idea …
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Si Si Sij RR = Si Sij RR

They coincide in the soft limit  Si
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Counterterms for RR

𝐾(12)                 21 barred limits

𝐾(2)                  11 barred limits

𝐾(1)                  3 barred limits
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Counterterms for RR

𝐾(12)                 21 barred limits

𝐾(2)                  11 barred limits

𝐾(1)                  3 barred limits

 We have verified analytically that

  Each barred limit carries the right symmetries

  RR + 𝐾(1) + 𝐾(2) + 𝐾(12)              no IR singularities                                                                               verified sector 
by sector



Integrated counterterms for RR
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  Integration of 𝐼(1) trivial 

  Integration of 𝐼(12) easy 

  Integration of 𝐼(2) feasible 
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I(2) = I(2)ss + I(2)hcc + I(2)hchc + I(2)hsc

ongoing



Integrated counterterms for RR
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  Integration of 𝐼(1) trivial 

  Integration of 𝐼(12) easy 

  Integration of 𝐼(2) feasible 
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I(2) = I(2)ss + I(2)hcc + I(2)hchc + I(2)hsc

work in progress
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Ī(j)
lm

 X

c 6=j,l
d 6=j,l,c

Js(s̄cd) B̄
(jlm)
cdlm + 2

X

c 6=j,m

Js(s̄cm) B̄(jlm)
cmlm

� 2CA

⇣
Js(s̄jl) + Js(s̄jm)� Js(s̄lm)

⌘
B̄(jlm)

lm

�

<latexit sha1_base64="RrOJz6nRdbTEl3Xm9qpWE/hxlCQ="></latexit>Z
d�rad,2 Sij RR = �fig�fjg

X

c 6=i,j
d 6=i,j,c


1

2

X

e 6=i,j,c,d
f 6=i,j,c,d,e

J (4)
s⌦s(s̄cd, s̄ef )B̄cdef + 2

X

e 6=i,j,c,d

J (3)
s⌦s(s̄cd, s̄ed)B̄cded

+ J (2)
s⌦s(s̄cd)B̄cdcd � CA J (gg)

ss (s̄cd)B̄cd

�

+ �{fifj}{qq̄}
X

c 6=i,j
d 6=i,j,c

TR J (qq̄)
ss (s̄cd)B̄cd

To give an idea …



Integrated counterterms for RR
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  RV + 𝐼(1)            no 𝛆 poles 
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Integrated counterterms for RR

 We have verified analytically that
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The counterterm 𝐾(𝑅𝑽) must satisfy

Counterterm for RV
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Counterterm for RV

 Partition of phase space through sector functions

 Identify counterterms through IR limits
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Counterterm for RV

 Partition of phase space through sector functions

 Identify counterterms through IR limits
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Counterterm for RV

 Separate the phase space through sector functions

 Identify counterterms through IR limits
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  Final check

   VV + 𝐼(2) - 𝐼(𝑅𝑽)            no 𝛆 poles ongoing
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