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 We have well established methods at NLO: 

 Understand their basic features 

 Try to find a simpler subtraction at NLO, by merging them 

 Then generalize to NNLO
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Structure of subtraction at NLO
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= IRC safe observable

= observable computed with m-body kinematicsXm
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 Introduce counterterms K and their integral I

 V+I is finite in 𝛜, R-K converges in phase space integration

 V has explicit poles in 𝛜, R diverges in phase space integration



Some notations
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= rescaled energy of particle    in CM frame

= angle between    and    in CM frame
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 In the following we consider massless QCD just in final state



Primary IRC limits at NLO
 Soft limit:
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Primary IRC limits at NLO
 Collinear limit:
Sudakov parametrization

a = i, j
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Derived IRC limits at NLO
 Soft-collinear limit:
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<latexit sha1_base64="wy3hnH5suloH2F4hohyJwGEndQQ="></latexit><latexit sha1_base64="wy3hnH5suloH2F4hohyJwGEndQQ="></latexit><latexit sha1_base64="wy3hnH5suloH2F4hohyJwGEndQQ="></latexit><latexit sha1_base64="wy3hnH5suloH2F4hohyJwGEndQQ="></latexit>

skl
siksil

�!
Cij

O(1) if k, l 6= j
<latexit sha1_base64="Jy+wlb9ZA4Uq2TdYUzeKj9w4l7c="></latexit><latexit sha1_base64="Jy+wlb9ZA4Uq2TdYUzeKj9w4l7c="></latexit><latexit sha1_base64="Jy+wlb9ZA4Uq2TdYUzeKj9w4l7c="></latexit><latexit sha1_base64="Jy+wlb9ZA4Uq2TdYUzeKj9w4l7c="></latexit>

sjl
sijsil

�!
Cij

1

sij

zj
zi

skj
siksij

�!
Cij

1

sij

zj
zi

<latexit sha1_base64="VgnVaVB9yd97mlVwJBokIA5nktA="></latexit><latexit sha1_base64="VgnVaVB9yd97mlVwJBokIA5nktA="></latexit><latexit sha1_base64="VgnVaVB9yd97mlVwJBokIA5nktA="></latexit><latexit sha1_base64="VgnVaVB9yd97mlVwJBokIA5nktA="></latexit>

Si Cij R({k}) = Cij Si R({k}) = G1
2Cfj

sij

zj
zi

B({k}/i) �fig
<latexit sha1_base64="d4Vd+zxgZ77ESk4ukrBJwLfqXI0="></latexit><latexit sha1_base64="lwHJ5MzX/wkVp6jxDuzEVb+mAHw="></latexit><latexit sha1_base64="lwHJ5MzX/wkVp6jxDuzEVb+mAHw="></latexit><latexit sha1_base64="Ka6eieWIzfmH8JjxsFZYsmBRtNU="></latexit>



FKS subtraction procedure
 Divide the phase space through sector functions 

�ij =
1

Ei wij
=

sqj
sij

<latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit>

Wij =
�ij

�
<latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit>

� =
X

i,j 6=i

�ij

<latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="ouo67hwEkJCpqg8N2Gjd9z6o7aM="></latexit><latexit sha1_base64="yUWD4RK+OgfampHOpvadRzFVh6M="></latexit><latexit sha1_base64="yUWD4RK+OgfampHOpvadRzFVh6M="></latexit><latexit sha1_base64="r96mbjxkDUn//E1rE7qcV3ZfKjo="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit>

 Basic properties:

Si Wij =
1

wijP
j0 6=i

1
wij0

<latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit>

X

j 6=i

Si Wij = 1

<latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit>

Cij Wij =
Ej

Ei + Ej
<latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit>

Cij Wij +Cij Wji = 1
<latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit>

X

i,j 6=i

Wij = 1

<latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit>

Si Cij Wij = Cij Si Wij = 1
<latexit sha1_base64="2GD+RuewtxGKtdYwakIfi9E7KsA="></latexit><latexit sha1_base64="mm6T8qSgQb7orScXQNjMJxRvWhs="></latexit><latexit sha1_base64="mm6T8qSgQb7orScXQNjMJxRvWhs="></latexit><latexit sha1_base64="EjOYxueFmQYe9BCC0GiVx9FSbzk="></latexit>



FKS subtraction procedure

 Divide the phase space through sector functions 

 Each sector reparametrized differently 

G =
(4⇡)✏�2

⇡1/2�(1/2� ✏)
.

<latexit sha1_base64="iv7g28SwXzVP6heelMPaOoDJgCM="></latexit><latexit sha1_base64="iv7g28SwXzVP6heelMPaOoDJgCM="></latexit><latexit sha1_base64="iv7g28SwXzVP6heelMPaOoDJgCM="></latexit><latexit sha1_base64="iv7g28SwXzVP6heelMPaOoDJgCM="></latexit>

Z
d�1(s, ⇣; Ei, wij ,�) = Gs1�✏

Z ⇡

0
d� sin�2✏�

Z ⇣

0
dEi

Z 1

0
dwij


E2
i (⇣ � Ei)2wij(1� wij)

⇣2(1� Eiwij)2

��✏ Ei(⇣ � Ei)
⇣(1� Eiwij)2

<latexit sha1_base64="gklm29N1h+WTyTTQe6DXglIaFz4="></latexit><latexit sha1_base64="gklm29N1h+WTyTTQe6DXglIaFz4="></latexit><latexit sha1_base64="gklm29N1h+WTyTTQe6DXglIaFz4="></latexit><latexit sha1_base64="gklm29N1h+WTyTTQe6DXglIaFz4="></latexit>

Wij
<latexit sha1_base64="mA1lb/ojJ9eKJBXoLVdXfuFd09k="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="+tbUsGAuMMm/n+W9GvE+3wyn2YI="></latexit>

Sector

d�n+1({k}) = d�n({k̄}/i/j , k̄)d�1(s, ⇣; Ei, wij ,�)
<latexit sha1_base64="ZVdXv7Z8oX1YDTvM7oMtMU+qeR8="></latexit><latexit sha1_base64="ZVdXv7Z8oX1YDTvM7oMtMU+qeR8="></latexit><latexit sha1_base64="ZVdXv7Z8oX1YDTvM7oMtMU+qeR8="></latexit><latexit sha1_base64="ZVdXv7Z8oX1YDTvM7oMtMU+qeR8="></latexit>

⇣ =
2k̄ ·q
s

<latexit sha1_base64="Q2Ru+hBuzYZ5Kx9q1t9h6HLq5VI="></latexit><latexit sha1_base64="Q2Ru+hBuzYZ5Kx9q1t9h6HLq5VI="></latexit><latexit sha1_base64="Q2Ru+hBuzYZ5Kx9q1t9h6HLq5VI="></latexit><latexit sha1_base64="Q2Ru+hBuzYZ5Kx9q1t9h6HLq5VI="></latexit>



FKS subtraction procedure

 Divide the phase space through sector functions 

 Each sector reparametrized differently 

 Identify counterterms through parametrization 

E1�2✏
i w�✏

ij R = E�1�2✏
i w�1�✏

ij [E2
i wijR]

=

"
� 1

2✏
�(Ei) +

✓
1

Ei
� 2✏

ln Ei
Ei

◆

+

#"
�1

✏
�(wij) +

✓
1

wij

◆

+

#
[E2

i wijR]
<latexit sha1_base64="JUWDBtx3iNt6tzfzP9Fbet69BzQ="></latexit><latexit sha1_base64="JUWDBtx3iNt6tzfzP9Fbet69BzQ="></latexit><latexit sha1_base64="JUWDBtx3iNt6tzfzP9Fbet69BzQ="></latexit><latexit sha1_base64="JUWDBtx3iNt6tzfzP9Fbet69BzQ="></latexit>

 Terms containing 𝛅’s          I �Xn
<latexit sha1_base64="7sc41NQAD23m+Ne/rO0yXmcGxNQ="></latexit><latexit sha1_base64="IUtUbedZC29cXSPin/bbA8LOZwY="></latexit><latexit sha1_base64="IUtUbedZC29cXSPin/bbA8LOZwY="></latexit><latexit sha1_base64="GXBRy3gy0OHIaGFATYA7l2clADQ="></latexit>

 Remaining term           R �Xn+1 �K �Xn
<latexit sha1_base64="m0siAyakNsWO7CO9MyUZMqOskaI="></latexit><latexit sha1_base64="V1BaUUCDcgsFKI0gH3CSABBlQC4="></latexit><latexit sha1_base64="V1BaUUCDcgsFKI0gH3CSABBlQC4="></latexit><latexit sha1_base64="mPePcg8+neWDwu4WaeqeO+94YdI="></latexit>

Wij
<latexit sha1_base64="mA1lb/ojJ9eKJBXoLVdXfuFd09k="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="+tbUsGAuMMm/n+W9GvE+3wyn2YI="></latexit>

Sector



FKS subtraction procedure

 Divide the phase space through sector functions 

 Each sector reparametrized differently 

 Identify counterterms through parametrization 

 Integrate analytically after getting rid of sector functions

X

i,j 6=i

�(wij)Wij =
X

i,j>i

�(wij) (Wij +Wji)

=
X

i,j>i

�(wij) Cij (Wij +Wji)| {z }
1

<latexit sha1_base64="e9moOGvjEL5cPymDSCRA1irDIwo="></latexit><latexit sha1_base64="e9moOGvjEL5cPymDSCRA1irDIwo="></latexit><latexit sha1_base64="e9moOGvjEL5cPymDSCRA1irDIwo="></latexit><latexit sha1_base64="e9moOGvjEL5cPymDSCRA1irDIwo="></latexit>

X

i,j 6=i

�(Ei)Wij =
X

i

�(Ei)
X

j 6=i

Si Wij

| {z }
1

<latexit sha1_base64="9wUkHLF5EtsuoG5RVRIOmWn2RcU="></latexit><latexit sha1_base64="9wUkHLF5EtsuoG5RVRIOmWn2RcU="></latexit><latexit sha1_base64="9wUkHLF5EtsuoG5RVRIOmWn2RcU="></latexit><latexit sha1_base64="9wUkHLF5EtsuoG5RVRIOmWn2RcU="></latexit>



FKS subtraction procedure

 Divide the phase space through sector functions 

 Each sector reparametrized differently 

 Identify counterterms through parametrization 

 Integrate analytically after getting rid of sector functions

 The integration of some counterterms can be non trivial:
Z

d�1

X

j

K(soft)
ij ⇠

X

kl

Z
d⌦̄i

1� cos ✓̄kl
(1� cos ✓̄ki)(1� cos✓̄il)

<latexit sha1_base64="ynnY5vPTFpTpg2uH0sOdrhYjcEU="></latexit><latexit sha1_base64="ynnY5vPTFpTpg2uH0sOdrhYjcEU="></latexit><latexit sha1_base64="ynnY5vPTFpTpg2uH0sOdrhYjcEU="></latexit><latexit sha1_base64="ynnY5vPTFpTpg2uH0sOdrhYjcEU="></latexit>

  Sector parametrization not always optimal 

  Can one do something simpler?



CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 



CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 

 Counterterms written as sum of terms 

k̄µ = kµi + kµj � sij
sik + sjk

kµk
<latexit sha1_base64="ezsCR9PZHmwmt7KLAIwTIyFtHAY="></latexit><latexit sha1_base64="ezsCR9PZHmwmt7KLAIwTIyFtHAY="></latexit><latexit sha1_base64="ezsCR9PZHmwmt7KLAIwTIyFtHAY="></latexit><latexit sha1_base64="ezsCR9PZHmwmt7KLAIwTIyFtHAY="></latexit>

r̄µ =
sijk

sik + sjk
kµk

<latexit sha1_base64="LQQdQAXyIUDCzdyHc46AZcmCVHk="></latexit><latexit sha1_base64="LQQdQAXyIUDCzdyHc46AZcmCVHk="></latexit><latexit sha1_base64="LQQdQAXyIUDCzdyHc46AZcmCVHk="></latexit><latexit sha1_base64="LQQdQAXyIUDCzdyHc46AZcmCVHk="></latexit>

K =
X

pairs ij

X

k 6=i,j

Kijk

<latexit sha1_base64="+Fgdgi8TX386hpHJ/t0Q9U/12B4="></latexit><latexit sha1_base64="+Fgdgi8TX386hpHJ/t0Q9U/12B4="></latexit><latexit sha1_base64="+Fgdgi8TX386hpHJ/t0Q9U/12B4="></latexit><latexit sha1_base64="+Fgdgi8TX386hpHJ/t0Q9U/12B4="></latexit>

          and          need to reproduce both soft and collinear limits:

Kijk({k}) =
G1

sij

h
V [ij]kB[ij]k({k}/i/j/k, k̄, r̄) + V [ij]k

µ⌫ Bµ⌫
[ij]k({k}/i/j/k, k̄, r̄)

i

<latexit sha1_base64="PWx/eYbeOsR1pgQIb+1XZRAwkj4="></latexit><latexit sha1_base64="WNrlTHR/Ta38tIbpL1vLLsK+GAM="></latexit><latexit sha1_base64="WNrlTHR/Ta38tIbpL1vLLsK+GAM="></latexit><latexit sha1_base64="Cq1jJcEjdSHwhQTvkfKDm673p1U="></latexit>

Cij V
[ij]k
µ⌫ Bµ⌫

[ij]k = �Qµ⌫
ij Bµ⌫

<latexit sha1_base64="W52WmABW6iroWEFUYv4J2dZww7s="></latexit><latexit sha1_base64="y15e+R+tYX1rhfRquugObB4c9d8="></latexit><latexit sha1_base64="y15e+R+tYX1rhfRquugObB4c9d8="></latexit><latexit sha1_base64="03p9qcZxSRd/OU4dpUVrHzXZ1Lg="></latexit>

Cij V
[ij]kB[ij]k = �Pij B

<latexit sha1_base64="GYzKKfKOuQbTEtRcp0NRjIBcVF0="></latexit><latexit sha1_base64="vAzd/4I+gwoilzA62pnIlBNS/jY="></latexit><latexit sha1_base64="vAzd/4I+gwoilzA62pnIlBNS/jY="></latexit><latexit sha1_base64="+wgtRsvRTy7hKEU6AXRSHWfkRBc="></latexit>

Si V
[ij]k =

sjk
sij + sik

<latexit sha1_base64="QSbu2xo688B8a03uh1NzHAZ/Pms="></latexit><latexit sha1_base64="33J8mVJ7HPWM0Nv2Z3PpUNz2bpU="></latexit><latexit sha1_base64="33J8mVJ7HPWM0Nv2Z3PpUNz2bpU="></latexit><latexit sha1_base64="89e33l+Ph0+XieOYzJRqLKQKAdw="></latexit>

Si V
[ij]k
µ⌫ = 0

<latexit sha1_base64="EdOZy51imch+x1iXpGj41UmRb4c="></latexit><latexit sha1_base64="o87tgM40vqjlk0b+Nf93M10VyEc="></latexit><latexit sha1_base64="o87tgM40vqjlk0b+Nf93M10VyEc="></latexit><latexit sha1_base64="PbrdNbPg5q9GF8F6ocX8zd3r7fk="></latexit>

V [ij]k
µ⌫

<latexit sha1_base64="mx+EPtk8Qfqt+TGKrsngXhGWwE4="></latexit><latexit sha1_base64="QbEaUWfPhoseQyV/tw1e33HAsyk="></latexit><latexit sha1_base64="QbEaUWfPhoseQyV/tw1e33HAsyk="></latexit><latexit sha1_base64="0GUpMLhBbExPJSn/1hb1aSHaU6A="></latexit>

V [ij]k
<latexit sha1_base64="c/0fq7oQoIN8L36OI21zvsPyLFk="></latexit><latexit sha1_base64="ajy3B4m++NETvK4mGqK3TfYr1dM="></latexit><latexit sha1_base64="ajy3B4m++NETvK4mGqK3TfYr1dM="></latexit><latexit sha1_base64="PyZjecI4m4P7ebI8dzth9ZJIXHw="></latexit>



CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

Z
d�1(p

2; y, z,�) = G (p2)1�✏

Z ⇡

0
d� sin�2✏�

Z 1

0
dy

Z 1

0
dz

⇥
y z(1� y)2(1� z)

⇤�✏
(1� y)

<latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit>

d�n+1({k}) = d�n({k}/i/j/k, k̄, r̄)d�1(p
2; y, z,�)

<latexit sha1_base64="yvJHQ02atLlRPhQ1wGypxbQyOsQ="></latexit><latexit sha1_base64="yvJHQ02atLlRPhQ1wGypxbQyOsQ="></latexit><latexit sha1_base64="yvJHQ02atLlRPhQ1wGypxbQyOsQ="></latexit><latexit sha1_base64="yvJHQ02atLlRPhQ1wGypxbQyOsQ="></latexit>

p2 = (ki + kj + kk)
2 = (k̄ + r̄)2

<latexit sha1_base64="sgFacz1r4/tiWJxAqfw3i3z57Ik="></latexit><latexit sha1_base64="sgFacz1r4/tiWJxAqfw3i3z57Ik="></latexit><latexit sha1_base64="sgFacz1r4/tiWJxAqfw3i3z57Ik="></latexit><latexit sha1_base64="sgFacz1r4/tiWJxAqfw3i3z57Ik="></latexit>

z =
sik

sik + sjk
<latexit sha1_base64="LKYZNTOTecAeiv2gcDaRyffgkPg="></latexit><latexit sha1_base64="LKYZNTOTecAeiv2gcDaRyffgkPg="></latexit><latexit sha1_base64="LKYZNTOTecAeiv2gcDaRyffgkPg="></latexit><latexit sha1_base64="LKYZNTOTecAeiv2gcDaRyffgkPg="></latexit>

y =
sij
p2

<latexit sha1_base64="+RognX5UjOwm5LBlZ7BdpJ7I7uE="></latexit><latexit sha1_base64="+RognX5UjOwm5LBlZ7BdpJ7I7uE="></latexit><latexit sha1_base64="+RognX5UjOwm5LBlZ7BdpJ7I7uE="></latexit><latexit sha1_base64="+RognX5UjOwm5LBlZ7BdpJ7I7uE="></latexit>



CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term

 Integration can be non trivial if counterterms are complicated

 Can one introduce simpler counterterms?



FKS subtraction procedure

 Divide the phase space through sector functions 

 Phase space reparametrized differently for each sector 

 Identify counterterms through reparametrization 

 Integrate analytically after getting rid of sector functions

CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term



FKS subtraction procedure

 Divide the phase space through sector functions 

 Phase space reparametrized differently for each sector 

 Identify counterterms through reparametrization 

 Integrate analytically after getting rid of sector functions

CS subtraction procedure

 Counterterms mimic the IRC behaviour in all phase space 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term



A “minimal” subtraction procedure at NLO
 Divide the phase space through sector functions 

�ij =
1

Ei wij
=

sqj
sij

<latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit><latexit sha1_base64="SFGUcqfdR43H9UWEje160p1cx2E="></latexit>

 Basic properties:

Si Wij =
1

wijP
j0 6=i

1
wij0

<latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit><latexit sha1_base64="SAg4v1gSRkGVWsizx3WG62ESvNo="></latexit>

X

j 6=i

Si Wij = 1

<latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit><latexit sha1_base64="dBV/EbmTDWiSflkYbYSkNbmCPMc="></latexit>

Cij Wij =
Ej

Ei + Ej
<latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit><latexit sha1_base64="hYsMQYIivpqhp0ipN5v5uBnxU/w="></latexit>

Cij Wij +Cij Wji = 1
<latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit><latexit sha1_base64="urigAOuyEAlxgrZ4cw9zFejm3MY="></latexit>

Wij =
�ij

�
<latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit><latexit sha1_base64="ieELzuKh9Q12tl7+s85+JjgDSn0="></latexit>

� =
X

i,j 6=i

�ij

<latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="ouo67hwEkJCpqg8N2Gjd9z6o7aM="></latexit><latexit sha1_base64="yUWD4RK+OgfampHOpvadRzFVh6M="></latexit><latexit sha1_base64="yUWD4RK+OgfampHOpvadRzFVh6M="></latexit><latexit sha1_base64="r96mbjxkDUn//E1rE7qcV3ZfKjo="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit><latexit sha1_base64="O9+w9WeXyuvx+nOQ1tykuIKwVyU="></latexit>

X

i,j 6=i

Wij = 1

<latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit><latexit sha1_base64="NxV22fMpCiTpFzJmz3TkDUA64fs="></latexit>

Si Cij Wij = Cij Si Wij = 1
<latexit sha1_base64="2GD+RuewtxGKtdYwakIfi9E7KsA="></latexit><latexit sha1_base64="mm6T8qSgQb7orScXQNjMJxRvWhs="></latexit><latexit sha1_base64="mm6T8qSgQb7orScXQNjMJxRvWhs="></latexit><latexit sha1_base64="EjOYxueFmQYe9BCC0GiVx9FSbzk="></latexit>



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

Wij
<latexit sha1_base64="mA1lb/ojJ9eKJBXoLVdXfuFd09k="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="KEUKkC0OCDaev/5geSZFNObf+fo="></latexit><latexit sha1_base64="+tbUsGAuMMm/n+W9GvE+3wyn2YI="></latexit>

Sector Si
<latexit sha1_base64="5qx2KmfA9ttvpxAdTvzn0mcTj5k="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="cXCXBUMl4n3TvqkAfydQhDKyXAQ="></latexit>

Cij
<latexit sha1_base64="xIJ0yRq2BhDseoIEpSLMeZtuMyE="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="YTrxwRQVE+wG4etv6s1ApAJkxmI="></latexit>

and          commute

(1� Si)(1�Cij)R
<latexit sha1_base64="nPS7Ijl3cP4gaON6c0Ays7vcgzs="></latexit><latexit sha1_base64="RC4P4EoyGb6RrTfaSWKOZYK9wqM="></latexit><latexit sha1_base64="RC4P4EoyGb6RrTfaSWKOZYK9wqM="></latexit><latexit sha1_base64="8fN+wh4UMBSyZvtU+oBb0fwd/94="></latexit>

finite

Counterterm

Can we define the counterterms as                                                        ?

Momenta in             and               do not satisfy mass-shell condition and 

 and          are the same as           and             with physical momentaC̄ijR
<latexit sha1_base64="XmzI7bZHr3+ITsmThmkK9acCmBQ="></latexit><latexit sha1_base64="0wWZSfcYbA9UcF4F1Glm68cvFwk="></latexit><latexit sha1_base64="0wWZSfcYbA9UcF4F1Glm68cvFwk="></latexit><latexit sha1_base64="w4yA3BXw3E+x1VvLCZvl4mU6mUQ="></latexit>

SiR
<latexit sha1_base64="f9KT9w29xtkk4IqSCD+doaRn+8U="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="HC22ptwa0VTOTuwoiuVwOitYD9w="></latexit>

CijR
<latexit sha1_base64="mBs6DeLLmjRq4tGA3qd6n/gFx1I="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="VIH9nAVaiSuTRy5jFmaTAC2KtmU="></latexit>

S̄iR
<latexit sha1_base64="beS7axSE1yt+yfDXeayndeliHAI="></latexit><latexit sha1_base64="zjudFSQDTY/5pmy97W+Yv7XjE+g="></latexit><latexit sha1_base64="zjudFSQDTY/5pmy97W+Yv7XjE+g="></latexit><latexit sha1_base64="Af9xoyNrL5ncaAG/YijWpT43xPM="></latexit>

SiR
<latexit sha1_base64="f9KT9w29xtkk4IqSCD+doaRn+8U="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="HC22ptwa0VTOTuwoiuVwOitYD9w="></latexit>

CijR
<latexit sha1_base64="mBs6DeLLmjRq4tGA3qd6n/gFx1I="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="VIH9nAVaiSuTRy5jFmaTAC2KtmU="></latexit>

Candidate for      

A “minimal” subtraction procedure at NLO

Kij =
h
1� (1�S̄i)(1�C̄ij)

i
R =

h
S̄i + C̄ij(1�S̄i)

i
R

<latexit sha1_base64="Md3HsWve2t6TwfMuU7S0CAjeryA="></latexit><latexit sha1_base64="XYOLJEm6zxyz9quv0pt1dEP2nPQ="></latexit><latexit sha1_base64="XYOLJEm6zxyz9quv0pt1dEP2nPQ="></latexit><latexit sha1_base64="PjXRl5XbA/qyJuKdMa+kUlXCHZ0="></latexit>

Kij =
h
1� (1�Si)(1�Cij)

i
R

<latexit sha1_base64="Dht+KZgGntmVbS8w/TDOEYDKoz0="></latexit><latexit sha1_base64="srRN0HLwFRAvOpulH2MmRJuQYd8="></latexit><latexit sha1_base64="srRN0HLwFRAvOpulH2MmRJuQYd8="></latexit><latexit sha1_base64="vq5cJ+MrhzaLiQmmG67cIZD3OF8="></latexit>

R�Kij
<latexit sha1_base64="jQwtmOZl328a7pMnEWnO9LoqiHc="></latexit><latexit sha1_base64="JR1Vztz7VZScOO72i4Jgh3g/glM="></latexit><latexit sha1_base64="JR1Vztz7VZScOO72i4Jgh3g/glM="></latexit><latexit sha1_base64="MxIDSliF9Hh32leGNspRaUlLoqU="></latexit>

finite(R�Kij)Wij
<latexit sha1_base64="XMZw1GtrSV7/6QuB8EscYJf3Ems="></latexit><latexit sha1_base64="kEKM2A23SSP0mpW5aHCKDTqJjHQ="></latexit><latexit sha1_base64="kEKM2A23SSP0mpW5aHCKDTqJjHQ="></latexit><latexit sha1_base64="3dGivP1ZoYe/KKMs7IgU7rOSKM4="></latexit>

momenta conservation 



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

k̄µabc = kµa + kµb � sab
sac + sbc

kµc
<latexit sha1_base64="WHT1bhbqbpvWaPgRMhf2xlpMqC4="></latexit><latexit sha1_base64="WHT1bhbqbpvWaPgRMhf2xlpMqC4="></latexit><latexit sha1_base64="WHT1bhbqbpvWaPgRMhf2xlpMqC4="></latexit><latexit sha1_base64="WHT1bhbqbpvWaPgRMhf2xlpMqC4="></latexit>

 and             are the same as            and             ,C̄ijR
<latexit sha1_base64="XmzI7bZHr3+ITsmThmkK9acCmBQ="></latexit><latexit sha1_base64="0wWZSfcYbA9UcF4F1Glm68cvFwk="></latexit><latexit sha1_base64="0wWZSfcYbA9UcF4F1Glm68cvFwk="></latexit><latexit sha1_base64="w4yA3BXw3E+x1VvLCZvl4mU6mUQ="></latexit>

SiR
<latexit sha1_base64="f9KT9w29xtkk4IqSCD+doaRn+8U="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="hq9A2PV0TLqYt6oc3LxT9u2yiSk="></latexit><latexit sha1_base64="HC22ptwa0VTOTuwoiuVwOitYD9w="></latexit>

CijR
<latexit sha1_base64="mBs6DeLLmjRq4tGA3qd6n/gFx1I="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="c8ipEJE1ZxYp32PXorNIqCkZHHw="></latexit><latexit sha1_base64="VIH9nAVaiSuTRy5jFmaTAC2KtmU="></latexit>

S̄iR
<latexit sha1_base64="beS7axSE1yt+yfDXeayndeliHAI="></latexit><latexit sha1_base64="zjudFSQDTY/5pmy97W+Yv7XjE+g="></latexit><latexit sha1_base64="zjudFSQDTY/5pmy97W+Yv7XjE+g="></latexit><latexit sha1_base64="Af9xoyNrL5ncaAG/YijWpT43xPM="></latexit>

S̄i R({k}) = �G1

X

k 6=i, l 6=i

skl
siksil

Bkl({k}/i/k/l , k̄ikl, r̄ikl)
<latexit sha1_base64="fgF2k8u4pljMlefhPtQFj6oaeOs="></latexit><latexit sha1_base64="EoF5l0FEprqhCVKriEL4JPxgmxI="></latexit><latexit sha1_base64="EoF5l0FEprqhCVKriEL4JPxgmxI="></latexit><latexit sha1_base64="rmMQqeui1abhHYqTMx38GO2elm0="></latexit>

r̄µabc =
sabc

sac + sbc
kµc

<latexit sha1_base64="ohoyLNIHndk4zFontxpKmxcAjws="></latexit><latexit sha1_base64="ohoyLNIHndk4zFontxpKmxcAjws="></latexit><latexit sha1_base64="ohoyLNIHndk4zFontxpKmxcAjws="></latexit><latexit sha1_base64="ohoyLNIHndk4zFontxpKmxcAjws="></latexit>

C̄ij R({k}) = G1

sij

h
PijB({k}/i/j/r, k̄ijr, r̄ijr)� Qµ⌫

ij Bµ⌫({k}/i/j/r, k̄ijr, r̄ijr)
i

<latexit sha1_base64="Q/W3zSdti0BQujeF0wolRt/WGhg="></latexit><latexit sha1_base64="Z1quiPHtsZ9CHQ6AIdirN7T75vI="></latexit><latexit sha1_base64="Z1quiPHtsZ9CHQ6AIdirN7T75vI="></latexit><latexit sha1_base64="aK3G2mvHABfJkJJFSC8wwBAe9zU="></latexit>

A “minimal” subtraction procedure at NLO

with momenta  satisfying on-shell condition and momenta conservation



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

Z
d�1(p

2; y, z,�) = G (p2)1�✏

Z ⇡

0
d� sin�2✏�

Z 1

0
dy

Z 1

0
dz

⇥
y z(1� y)2(1� z)

⇤�✏
(1� y)

<latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit><latexit sha1_base64="ZykLsYzIol+tN4TLwvmXlC4na78="></latexit>

S̄iR
<latexit sha1_base64="IP9zNJfemQYEJuxo9HKBoS8kKCI="></latexit><latexit sha1_base64="an4f0Tanvh1v8Eak25s/RfPbNvk="></latexit><latexit sha1_base64="an4f0Tanvh1v8Eak25s/RfPbNvk="></latexit><latexit sha1_base64="wTyedSOazuxndPYJuN1Km5bv8DE="></latexit>

C̄ij(1�S̄i)R
<latexit sha1_base64="PDLSKs0GoYCmJVE+JgObwFZmiMs="></latexit><latexit sha1_base64="+4EwNPXY/eyB9rauqYBQz3QFSHg="></latexit><latexit sha1_base64="+4EwNPXY/eyB9rauqYBQz3QFSHg="></latexit><latexit sha1_base64="tdEb8SXPlI+6pNS98hppwrpcvns="></latexit>

a, b, c = i, k, l
<latexit sha1_base64="oEzJ7zbWX52xEc8pTPcqhL+xMks="></latexit><latexit sha1_base64="oEzJ7zbWX52xEc8pTPcqhL+xMks="></latexit><latexit sha1_base64="oEzJ7zbWX52xEc8pTPcqhL+xMks="></latexit><latexit sha1_base64="oEzJ7zbWX52xEc8pTPcqhL+xMks="></latexit>

a, b, c = i, j, r
<latexit sha1_base64="Hn6MPJozVCLzqf3T8FyJVk9pqjc="></latexit><latexit sha1_base64="Hn6MPJozVCLzqf3T8FyJVk9pqjc="></latexit><latexit sha1_base64="Hn6MPJozVCLzqf3T8FyJVk9pqjc="></latexit><latexit sha1_base64="Hn6MPJozVCLzqf3T8FyJVk9pqjc="></latexit>

d�n+1({k}) = d�n({k}/a/b/c, k̄abc, r̄abc)d�1(p
2; y, z,�)

<latexit sha1_base64="c4DxdrAMVYqElDaRdIeTmncMxTI="></latexit><latexit sha1_base64="c4DxdrAMVYqElDaRdIeTmncMxTI="></latexit><latexit sha1_base64="c4DxdrAMVYqElDaRdIeTmncMxTI="></latexit><latexit sha1_base64="c4DxdrAMVYqElDaRdIeTmncMxTI="></latexit>

p2 = (ka + kb + kc)
2 = (k̄abc + r̄abc)

2
<latexit sha1_base64="xqVCog9h1bCIb2lomPLbe6io16g="></latexit><latexit sha1_base64="xqVCog9h1bCIb2lomPLbe6io16g="></latexit><latexit sha1_base64="xqVCog9h1bCIb2lomPLbe6io16g="></latexit><latexit sha1_base64="xqVCog9h1bCIb2lomPLbe6io16g="></latexit>

z =
sac

sac + sbc
<latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="6H6i9hZweU3AQ9JD+pWyfmWbgZ4="></latexit><latexit sha1_base64="jkkfmeCpJ8tGuMlWYxNTd/ySAEo="></latexit><latexit sha1_base64="jkkfmeCpJ8tGuMlWYxNTd/ySAEo="></latexit><latexit sha1_base64="2ejEAWteK0h6ZXxIacnH3YorlMU="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit><latexit sha1_base64="izc5fs449WKJnHbLLQtgHc6UXls="></latexit>

y =
sab
p2

<latexit sha1_base64="aMPPL4MSlUwHP54PwfiqCXa01Ds="></latexit><latexit sha1_base64="aMPPL4MSlUwHP54PwfiqCXa01Ds="></latexit><latexit sha1_base64="aMPPL4MSlUwHP54PwfiqCXa01Ds="></latexit><latexit sha1_base64="aMPPL4MSlUwHP54PwfiqCXa01Ds="></latexit>

Bkl term
<latexit sha1_base64="pg+sPNWuvr20dlx/8itSRn386KU="></latexit><latexit sha1_base64="pg+sPNWuvr20dlx/8itSRn386KU="></latexit><latexit sha1_base64="pg+sPNWuvr20dlx/8itSRn386KU="></latexit><latexit sha1_base64="pg+sPNWuvr20dlx/8itSRn386KU="></latexit>

A “minimal” subtraction procedure at NLO



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term after getting rid of the sector functions

A “minimal” subtraction procedure at NLO

X

i,j 6=i

C̄ij(1�S̄i)RWij =
X

i,j 6=i

C̄ij RCijWij �
X

i,j 6=i

C̄ijS̄i R CijSiWij| {z }
1

=
X

i,j>i

C̄ij R Cij (Wij +Wji)| {z }
1

�
X

i,j 6=i

C̄ijS̄i R

=
X

i,j>i

C̄ij(1�S̄i�S̄j)R
<latexit sha1_base64="fnfykeLLvvak8wbciC6TNfwPgKs="></latexit><latexit sha1_base64="fnfykeLLvvak8wbciC6TNfwPgKs="></latexit><latexit sha1_base64="fnfykeLLvvak8wbciC6TNfwPgKs="></latexit><latexit sha1_base64="fnfykeLLvvak8wbciC6TNfwPgKs="></latexit>

X

i,j 6=i

S̄i RWij =
X

i

S̄i R
X

j 6=i

Si Wij

| {z }
1

<latexit sha1_base64="hxXCtlHri9b5lnx+/jO4qHgEpgM="></latexit><latexit sha1_base64="hxXCtlHri9b5lnx+/jO4qHgEpgM="></latexit><latexit sha1_base64="hxXCtlHri9b5lnx+/jO4qHgEpgM="></latexit><latexit sha1_base64="hxXCtlHri9b5lnx+/jO4qHgEpgM="></latexit>

I =
X

i,j 6=i

Z
d�1

h
S̄i + C̄ij(1�S̄i)

i
RWij

<latexit sha1_base64="sJD3bc/9QDe9hxIqNTru+hbmzSE="></latexit><latexit sha1_base64="xOeGUN5cRk1W18+uX/meGDr4TaM="></latexit><latexit sha1_base64="xOeGUN5cRk1W18+uX/meGDr4TaM="></latexit><latexit sha1_base64="5i8EhRCNeHDu6z2ULuRYI7nYkCI="></latexit>



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term after getting rid of the sector functions

Z
d�1S̄iR = �G1

X

k 6=i, l 6=i

Bkl

Z
d�1

skl
siksil

<latexit sha1_base64="T28frzlDh1E4wBoFwJPN9svED/s="></latexit><latexit sha1_base64="EYopaIO/i7I2WV59cWaQ4KYBC4Y="></latexit><latexit sha1_base64="EYopaIO/i7I2WV59cWaQ4KYBC4Y="></latexit><latexit sha1_base64="tOFva9DosL5Sq2ntWa59wpi0GOo="></latexit>

Z
d�1

skl
siksil

= G (p2)1�✏

Z ⇡

0
d� sin�2✏�

Z 1

0
dy

Z 1

0
dz

⇥
y z(1�y)2(1�z)

⇤�✏
(1�y)

1�z

y z

= G (p2)1�✏B(
1

2
,
1

2
� ✏)B(�✏, 2� 2✏)B(�✏,�✏)
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A “minimal” subtraction procedure at NLO
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 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

 Integrate analytically each term after getting rid of the sector functions

A “minimal” subtraction procedure at NLO
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Structure of subtraction at NNLO
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 Counterterms K(1), K(12), K(2), K(RV) and their integrals I(1), I(12), I(2), I(RV)

VV and VR have poles in 𝛜, VR and RR diverge in phase space

(V + I(2) + I(RV)), (RV + I(1)) and (K(RV) - I(12)) are finite in 𝛜

(RR-K(1)-K(12)-K(2)), (RV-K(RV)) and (I(1)+I(12)) converge in phase space



Primary IRC limits at NNLO
 Single soft limit
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 Single collinear limit

 Double soft limit:

Limit on the double real matrix element:
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Primary IRC limits at NNLO

 Double collinear limit:
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 Divide the phase space through sector functions 

 Single soft and single collinear limits
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A “minimal” subtraction procedure at NNLO
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 Divide the phase space through sector functions 
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 Double soft and double collinear limits
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�ijkl =
1

(Ei)↵(wij)�
1

(Ek + �kjEi)wkl
<latexit sha1_base64="Vt8l9zGwWyKaBO5PKaj3r72ZLVo="></latexit><latexit sha1_base64="Vt8l9zGwWyKaBO5PKaj3r72ZLVo="></latexit><latexit sha1_base64="Vt8l9zGwWyKaBO5PKaj3r72ZLVo="></latexit><latexit sha1_base64="Vt8l9zGwWyKaBO5PKaj3r72ZLVo="></latexit>

A “minimal” subtraction procedure at NNLO

Cijk (Wikkj +Wijkj) + (perm. of i, j, k) = 1
<latexit sha1_base64="f6BejSQU/Ix1kAUjvJW5FLCEMEE="></latexit><latexit sha1_base64="f6BejSQU/Ix1kAUjvJW5FLCEMEE="></latexit><latexit sha1_base64="f6BejSQU/Ix1kAUjvJW5FLCEMEE="></latexit><latexit sha1_base64="f6BejSQU/Ix1kAUjvJW5FLCEMEE="></latexit>

SikCijk(Wikkj+Wijkj+Wkiij+Wkjij) = CijkSik(Wikkj+Wijkj+Wkiij+Wkjij) = 1
<latexit sha1_base64="qxKyXOuzEP56jV+6XwOKyAaNEjo="></latexit><latexit sha1_base64="qxKyXOuzEP56jV+6XwOKyAaNEjo="></latexit><latexit sha1_base64="qxKyXOuzEP56jV+6XwOKyAaNEjo="></latexit><latexit sha1_base64="qxKyXOuzEP56jV+6XwOKyAaNEjo="></latexit>



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

Sector Si
<latexit sha1_base64="5qx2KmfA9ttvpxAdTvzn0mcTj5k="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="cXCXBUMl4n3TvqkAfydQhDKyXAQ="></latexit>

Cij
<latexit sha1_base64="xIJ0yRq2BhDseoIEpSLMeZtuMyE="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="YTrxwRQVE+wG4etv6s1ApAJkxmI="></latexit>

,         ,         and           commute

finite

Counterterms

Cijk
<latexit sha1_base64="Xz5AnYpmFR6q8ULEqO49e9Eyb5c="></latexit><latexit sha1_base64="RkwTCjXQuLhrSEm9CFQ65b3GFZs="></latexit><latexit sha1_base64="RkwTCjXQuLhrSEm9CFQ65b3GFZs="></latexit><latexit sha1_base64="mEptd5d6hwqbn1vRFdJwVM0dsKY="></latexit>

(1� Si)(1�Cij)(1� Sik)(1�Cijk)RR
<latexit sha1_base64="DxTwnSXPUrFDCvQAfD3B00YtZ4M="></latexit><latexit sha1_base64="3FyXs5dmIRcxgt/YEAhb35MSTVA="></latexit><latexit sha1_base64="3FyXs5dmIRcxgt/YEAhb35MSTVA="></latexit><latexit sha1_base64="47zfUldOTp4FN5LLYUguUMK0L8A="></latexit>

Wijkj
<latexit sha1_base64="vwV8CktwarUG0O9hBkPUgNAMgns="></latexit><latexit sha1_base64="X3J74qXX3kcJO+zsMCMmZmlxsm0="></latexit><latexit sha1_base64="X3J74qXX3kcJO+zsMCMmZmlxsm0="></latexit><latexit sha1_base64="1ZqAcObyliovHn7sBVWITpzOQIY="></latexit>

Sik
<latexit sha1_base64="sijmpwEc9MNuNxeqJVE4/x1liZs="></latexit><latexit sha1_base64="7wYNsXwP2VgF1FPMfRd+lmcN3Og="></latexit><latexit sha1_base64="7wYNsXwP2VgF1FPMfRd+lmcN3Og="></latexit><latexit sha1_base64="71oCDOMKfbQEI8uOHXj/IHExAZg="></latexit>

A “minimal” subtraction procedure at NNLO

K(2)
ijkj =

h
S̄ik + C̄ijk(1� S̄ik)

i
RR

<latexit sha1_base64="De3Kvt+1VMbV1RKeBdpMQZdPyng="></latexit><latexit sha1_base64="HVbkYuRX1nrqRUeIOH9eeUmoS70="></latexit><latexit sha1_base64="HVbkYuRX1nrqRUeIOH9eeUmoS70="></latexit><latexit sha1_base64="Du0/5DUWcazVmrSdAmYa5otVsV4="></latexit>

K(12)
ijkj = �

h
S̄i + C̄ij(1� S̄i)

ih
S̄ik + C̄ijk(1� S̄ik)

i
RR

<latexit sha1_base64="9dr+iAWu1I9/EaavP22FqjYbDIU="></latexit><latexit sha1_base64="BYyrprvuY6vGR1pLmixx8OMo21c="></latexit><latexit sha1_base64="BYyrprvuY6vGR1pLmixx8OMo21c="></latexit><latexit sha1_base64="xyMWo9C5lUQ0VHqtnXw3jk0YtVg="></latexit>

K(1)
ijkj =

h
S̄i + C̄ij(1�S̄i)

i
RR

<latexit sha1_base64="Sp7/zNQuQF/N8HuU6f42NH0eN6g="></latexit><latexit sha1_base64="SoR/c9Le7HEP+di0wlx1S6NxjHc="></latexit><latexit sha1_base64="SoR/c9Le7HEP+di0wlx1S6NxjHc="></latexit><latexit sha1_base64="skHX3lOzoIm1HFhK7LeRWfoEbQk="></latexit>

h
RR�K(2)

ijkj�K(12)
ijkj �K(1)

ijkj

i
Wijkj

<latexit sha1_base64="956vhbxU198JiossmXa3sdG2gdY="></latexit><latexit sha1_base64="AB51vqgQ0vOybADAIDKOh2A3rFc="></latexit><latexit sha1_base64="AB51vqgQ0vOybADAIDKOh2A3rFc="></latexit><latexit sha1_base64="WkkB95Onkspz3LJ1ZoFC3aXRfkA="></latexit>

finite

K(RV)
ij =

h
S̄i + C̄ij(1�S̄i)

i
RV

<latexit sha1_base64="k9NRbePnUX516EbpZ46iD2pJkN4="></latexit><latexit sha1_base64="PiaT8wBqTi/s1Zu4FoRiyfb2QQk="></latexit><latexit sha1_base64="PiaT8wBqTi/s1Zu4FoRiyfb2QQk="></latexit><latexit sha1_base64="CDV6cBeOHliaSG/J4etm2K1sOgY="></latexit>



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

Sector Si
<latexit sha1_base64="5qx2KmfA9ttvpxAdTvzn0mcTj5k="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="zPK3edUv9dNtbZRXCvH8+eBzItU="></latexit><latexit sha1_base64="cXCXBUMl4n3TvqkAfydQhDKyXAQ="></latexit>

Cij
<latexit sha1_base64="xIJ0yRq2BhDseoIEpSLMeZtuMyE="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="QKAW0t6uSMJ19r6btrsrTAD7dPI="></latexit><latexit sha1_base64="YTrxwRQVE+wG4etv6s1ApAJkxmI="></latexit>

,         and          commute

finite

Wijkl
<latexit sha1_base64="bHZlfyvL3OFLoB1an1E3nbMRGik="></latexit><latexit sha1_base64="7BpNExRD4GMF/nK1pyVAQemivo0="></latexit><latexit sha1_base64="7BpNExRD4GMF/nK1pyVAQemivo0="></latexit><latexit sha1_base64="MLv//0v8+dd9SshQEFtie0Ydor8="></latexit>

Sik
<latexit sha1_base64="sijmpwEc9MNuNxeqJVE4/x1liZs="></latexit><latexit sha1_base64="7wYNsXwP2VgF1FPMfRd+lmcN3Og="></latexit><latexit sha1_base64="7wYNsXwP2VgF1FPMfRd+lmcN3Og="></latexit><latexit sha1_base64="71oCDOMKfbQEI8uOHXj/IHExAZg="></latexit>

(1� Si)(1�Cij)(1� Sik)RR
<latexit sha1_base64="4kv4tT4HuU9jO121yHmi4G5aM/o="></latexit><latexit sha1_base64="h7mnsJXDP0RIpyUKfiM1kIoU8t8="></latexit><latexit sha1_base64="h7mnsJXDP0RIpyUKfiM1kIoU8t8="></latexit><latexit sha1_base64="CbPA/PAqT1+Ftj1tZ4f+2P9RUFY="></latexit>

A “minimal” subtraction procedure at NNLO

K(2)
ijkl = S̄ik RR

<latexit sha1_base64="fpDiM8+hfuMaYe96swRa14IHSkA="></latexit><latexit sha1_base64="5l2tSvZAX/gY4pw0RTKE2tyD/Fg="></latexit><latexit sha1_base64="5l2tSvZAX/gY4pw0RTKE2tyD/Fg="></latexit><latexit sha1_base64="uKwb+CSYcO8FLVOGk0rsLDGBr3I="></latexit>

K(12)
ijkl = �

h
S̄i + C̄ij(1� S̄i)

i
S̄ik RR

<latexit sha1_base64="OJe/qkC+lMQIxf9g9gWM374MBd0="></latexit><latexit sha1_base64="cZwNZjVrxMmlDkn5Kdx6L98gckw="></latexit><latexit sha1_base64="cZwNZjVrxMmlDkn5Kdx6L98gckw="></latexit><latexit sha1_base64="DB7XIgz568dJYdgQIxJLeKw6YQ8="></latexit>

K(1)
ijkl =

h
S̄i + C̄ij(1�S̄i)

i
RR

<latexit sha1_base64="Fr+fzmHVjNlBBnLDIKq9UJamKEE=">AAAbv3icrVlfj9vGEWeStknUP3HSt94LrwfD58Z2xLsAyUsA+3RNA9h3uUg+O8DxLCzJFbXiX5Er+wSCQD9D0U/Ub9Fv0Nf2E3RmKUrkzp7thwgwTe3vN7OzszOzszovj0Uph8N/f/DhR7/69W8+/uTTwW9/9/s/fHbn8y9elNmq8Pmln8VZ8bPHSh6LlF9KIWP+c15wlngxf+lFI8RfvuZFKbL0uVzn/DphYSpmwmcShqZ33K </latexit><latexit sha1_base64="ArXB8VoBoW40Q+PiWO17NqJgc34=">AAAbv3icrVltb9tGElZ7L+3pXppe79P5C31GEKdNcqJdoP1yQGL5egUSu64UJwVMR1iSK2rFV5GrxALBP1H0F92/uH/Qr3e/4GaWIkXurJN8qIAw1D7PzM7OzszOym4WiUKORv/54MNf/fo3v/3o498Nf/+HP/7pkzuf/vlFka5zj196aZTmP7is4JFI+KUUMuI/ZDlnsRvxl244Rvzla54XIk2ey03Gr2MWJGIuPCZhaHbHeT </latexit><latexit sha1_base64="ArXB8VoBoW40Q+PiWO17NqJgc34=">AAAbv3icrVltb9tGElZ7L+3pXppe79P5C31GEKdNcqJdoP1yQGL5egUSu64UJwVMR1iSK2rFV5GrxALBP1H0F92/uH/Qr3e/4GaWIkXurJN8qIAw1D7PzM7OzszOym4WiUKORv/54MNf/fo3v/3o498Nf/+HP/7pkzuf/vlFka5zj196aZTmP7is4JFI+KUUMuI/ZDlnsRvxl244Rvzla54XIk2ey03Gr2MWJGIuPCZhaHbHeT </latexit><latexit sha1_base64="ogSj3X76+FgJLGvwEZ+/VhAqEhE=">AAAbv3icrVlfc9vGEWf+NE3ZNnGSt+oFqsZjubFdQspM8pIZW1TSzNhSFNKyMyPInANwBI/4S+Boi4PBl+u36DfIa/sJunsgQOD2ZPshnBF0uN9v9/b2dvfuSDeLRCFHo/988OFHH//hkz9++qfhn//y188+v/PFly+KdJ17/NJLozT/1WUFj0TCL6WQEf81yzmL3Yi/dMMx4i9f87wQafJcbjJ+HbMgEXPhMQldszvO01kplm </latexit>

finite
h
RR�K(2)

ijkl�K(12)
ijkl �K(1)

ijkl

i
Wijkl

<latexit sha1_base64="JMLf+x0URi9mXR+5/8BHBa59/CU="></latexit><latexit sha1_base64="6K1cAQBbBtDrzF8eWO21uwjTuCA="></latexit><latexit sha1_base64="6K1cAQBbBtDrzF8eWO21uwjTuCA="></latexit><latexit sha1_base64="COJHFYe84RotEz0d26urzDTyraE="></latexit>

Counterterms

K(RV)
ij =

h
S̄i + C̄ij(1�S̄i)

i
RV

<latexit sha1_base64="k9NRbePnUX516EbpZ46iD2pJkN4=">AAAbwHicrVlfc9vGEUfSfynbtE77Vr1A1XgsJ7ZLSplJXjrjiEqaGVuKQlpyZgSZcwCO4BF/CRxtqRjM9DNk+o36KfoR8pp8geweCBC4Pcl+CGcMg/f77d7e3u7eHuVmkSjkcPj/997/1a9/89vfffD7wR/++OGf/nzvo79cFOk69/i5l0Zp/p3LCh6JhJ9LISP+XZZzFrsRf+mGY8RfvuZ5IdLkhbzJ+FXMgkTMhcckDM3uXT2blWJZvSodd27vTy4eVs7u4J8D50gEl7bjslwB0wpYlf3JdmRcKbn9kbP72NnViA9tlL+aXMzu7Q2fDNXHpi+jzcve08/++/1/LMs6m330t2eOn3rrmCfSi1hRXI6GmbwqWS6FF/Fq4KwLnjEvZAG/hNeExby4KpUfKvs+jPj2PM3hXyJtNdqVKFlcFDexC8yYyUWhYzho </latexit><latexit sha1_base64="PiaT8wBqTi/s1Zu4FoRiyfb2QQk=">AAAbwHicrVlfc9vGEWf+tE3ZtHGSPkUvUDQey4ntklJmkpfMOKKaZMaWopCWnBlB5hyAI3jEXwJHWwwGXyKTb9RP0W/QvrZfILsHAgRuT7IfwhnD4P1+u7e3t7u3RzlpKHI5GPz7rbffefcPf/zTe3/u/+X9v/7tgzsffnSRJ6vM5eduEibZTw7LeShifi6FDPlPacZZ5IT8uROMEH/+kme5SOJncp3yq4j5sZgJl0kYmt65ejItxKJ8UdjOzNofX9wv7d3+1337SPiXlu2wTAGTElil9fl2ZFQquf2hvfvQ3tWI9y2UvxpfTO/sDR4N1MeiL8PNy97jL3/9Zf3xf/5+Nv3wkye2l7iriMfSDVmeXw4HqbwqWCaFG/Kyb69ynjI3YD6/hNeYRTy/KpQfSusujHjWLMngXywtNdqWKFiU5+vIAWbE5DzXMRw0 </latexit><latexit sha1_base64="PiaT8wBqTi/s1Zu4FoRiyfb2QQk=">AAAbwHicrVlfc9vGEWf+tE3ZtHGSPkUvUDQey4ntklJmkpfMOKKaZMaWopCWnBlB5hyAI3jEXwJHWwwGXyKTb9RP0W/QvrZfILsHAgRuT7IfwhnD4P1+u7e3t7u3RzlpKHI5GPz7rbffefcPf/zTe3/u/+X9v/7tgzsffnSRJ6vM5eduEibZTw7LeShifi6FDPlPacZZ5IT8uROMEH/+kme5SOJncp3yq4j5sZgJl0kYmt65ejItxKJ8UdjOzNofX9wv7d3+1337SPiXlu2wTAGTElil9fl2ZFQquf2hvfvQ3tWI9y2UvxpfTO/sDR4N1MeiL8PNy97jL3/9Zf3xf/5+Nv3wkye2l7iriMfSDVmeXw4HqbwqWCaFG/Kyb69ynjI3YD6/hNeYRTy/KpQfSusujHjWLMngXywtNdqWKFiU5+vIAWbE5DzXMRw0 </latexit><latexit sha1_base64="CDV6cBeOHliaSG/J4etm2K1sOgY=">AAAbwHicrVnbcts2EFXvrXpL27f6ha4nE6dNUsnuTPvSmdRyLzOJXVeKnc6YjgYkIQriVSSU2OXw6/oV/YS+tj/QXVCkSCzs5KGaMQ3inF0sFrsLQHLSUORyMPjrtdffePOtt995973++x98+NHHtz759CxPVpnLT90kTLLfHZbzUMT8VAoZ8t/TjLPICflTJxgh/vQ5z3KRxE/kVcovIubHYiZcJqFreuvi0bQQi/JZYTsza3d8dre0t/vf9+0D4Z9btsMyBUxKYJXWV5ueUankdof29n17WyPetVD+Ynw2vbUzeDBQH4s2huvGTm/9OZl+8vkj20vcVcRj6YYsz8+Hg1ReFCyTwg152bdXOU+ZGzCfn0MzZhHPLwrlh9K6DT2eNUsy+IulpXrbEgWL8vwqcoAZMTnPdQw7Tdj5Ss6+uyhEnK4kj91qoNkq </latexit>



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

C̄ijk RR({k}) = G2

s2ijk

h
Pijk B({k}/i/j/k/r, k̄ijkr, r̄ijkr)�Qµ⌫

ijk Bµ⌫({k}/i/j/k/r, k̄ijkr, r̄ijkr)
i

<latexit sha1_base64="sjWfI9GrLs9PjMnYKVMoMZCYTzk="></latexit><latexit sha1_base64="nOQ9E9Qk/JWrvtbn3Wl+6KKMnxI="></latexit><latexit sha1_base64="nOQ9E9Qk/JWrvtbn3Wl+6KKMnxI="></latexit><latexit sha1_base64="uU74vsFMDt+qSix/3YNVwuC++/k="></latexit>

r̄µabcd =
sabcd

sad + sbd + scd
kµd

<latexit sha1_base64="I+TH80+5whqtwE6r/FQkFTlrRWk="></latexit><latexit sha1_base64="I+TH80+5whqtwE6r/FQkFTlrRWk="></latexit><latexit sha1_base64="I+TH80+5whqtwE6r/FQkFTlrRWk="></latexit><latexit sha1_base64="I+TH80+5whqtwE6r/FQkFTlrRWk="></latexit>

k̄µabcd = kµa + kµb + kµc � sabc
sad + sbd + scd

kµd
<latexit sha1_base64="OmnjGeIJqJq9WwM8sHZrjju2JtU="></latexit><latexit sha1_base64="OmnjGeIJqJq9WwM8sHZrjju2JtU="></latexit><latexit sha1_base64="OmnjGeIJqJq9WwM8sHZrjju2JtU="></latexit><latexit sha1_base64="OmnjGeIJqJq9WwM8sHZrjju2JtU="></latexit>

S̄ik RR({k}) = G2

 X

l 6=i,k
m 6=i,k

IlmBlm({k}/i/k/l /m, k̄iklm, r̄iklm)

+
1

2

X

l1 6=i,k
m1 6=i,k

I(i)
lm

X

l2 6=i,k
m2 6=i,k

I(k)
l0m0Blm,l0m0({k}/i/l /m/k/l 0 /m0 , k̄ilm, r̄ilm, k̄kl0m0 , r̄kl0m0)

�

<latexit sha1_base64="UOWL6y28R9fpyG3kPVFB4+v6RsQ="></latexit><latexit sha1_base64="UOWL6y28R9fpyG3kPVFB4+v6RsQ="></latexit><latexit sha1_base64="UOWL6y28R9fpyG3kPVFB4+v6RsQ="></latexit><latexit sha1_base64="UOWL6y28R9fpyG3kPVFB4+v6RsQ="></latexit>

A “minimal” subtraction procedure at NNLO



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

S̄ikRR
<latexit sha1_base64="M0I4r0thHphPcuY9VnHQ79P4HY4="></latexit><latexit sha1_base64="15qRWSNdvFII1B/pc6m99uA5a2s="></latexit><latexit sha1_base64="15qRWSNdvFII1B/pc6m99uA5a2s="></latexit><latexit sha1_base64="k7dP2jWNBD4I5i9UAbUnutR/5eI="></latexit>

p2k = (kk + km0 + kl0)
2 = (k̄im0l0 + r̄km0l0)

2
<latexit sha1_base64="xLh1OERP+L9sm/92zvUiDz1P85c="></latexit><latexit sha1_base64="xLh1OERP+L9sm/92zvUiDz1P85c="></latexit><latexit sha1_base64="xLh1OERP+L9sm/92zvUiDz1P85c="></latexit><latexit sha1_base64="xLh1OERP+L9sm/92zvUiDz1P85c="></latexit>

p2i = (ki + km + kl)
2 = (k̄iml + r̄kml)

2
<latexit sha1_base64="BQk2tUBC+cLUf0+zDnnyZbxhWZc="></latexit><latexit sha1_base64="BQk2tUBC+cLUf0+zDnnyZbxhWZc="></latexit><latexit sha1_base64="BQk2tUBC+cLUf0+zDnnyZbxhWZc="></latexit><latexit sha1_base64="BQk2tUBC+cLUf0+zDnnyZbxhWZc="></latexit>

Blm,l0m0 term
<latexit sha1_base64="0ALq/+UdZe9ak0Ak63cs2UEa3LM="></latexit><latexit sha1_base64="0ALq/+UdZe9ak0Ak63cs2UEa3LM="></latexit><latexit sha1_base64="0ALq/+UdZe9ak0Ak63cs2UEa3LM="></latexit><latexit sha1_base64="0ALq/+UdZe9ak0Ak63cs2UEa3LM="></latexit>

d�n+2({k}) = d�n({k}/i/l /m/k/l /m0 , k̄ilm, r̄ilm, k̄kl0m0 , r̄kl0m0)d�1(p
2
i ; y, z,�)d�1(p

2
k; y

0, z0,�0)
<latexit sha1_base64="dYmmG4dkAW0W/bC+SxPk/77ShWI="></latexit><latexit sha1_base64="dYmmG4dkAW0W/bC+SxPk/77ShWI="></latexit><latexit sha1_base64="dYmmG4dkAW0W/bC+SxPk/77ShWI="></latexit><latexit sha1_base64="dYmmG4dkAW0W/bC+SxPk/77ShWI="></latexit>

A “minimal” subtraction procedure at NNLO



 Divide the phase space through sector functions 

 Identify counterterms through IRC kernels 

 Counterterms written as sum of terms 

 Phase space reparametrized differently for each term of the sum 

S̄ikRR
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Proof of concept
              NNLO contribution to the total cross section for TR CF
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 Known exact NNLO results: Hamberg, van Neerven, Matsuura 1991  
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Proof of concept
 We integrate the known limits              and  
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 And we get the 2-unresolved integrated counterterm: 



Proof of concept
 From the explicit expression of RV se get for              :
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 Analytical cancellation of poles in the subtracted VV:

V V + I(2) + I(RV) = B
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 NNLO corrections with the subtraction …

 … compared with the analytical result
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Leading Outlook

 Complete the distributions

 Complete the computation of final state counterterms

 Compute counterterms with initial state hadrons

 Consider the massive case

Still work in progress …

Next-to-Leading Outlook

Next-to-Next-to-Leading Outlook
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                 and                    disappear from the subtraction procedure
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Many subtraction methods available at NNLO

 Antenna subtraction 

 STRIPPER (Sector-improved residue subtraction) 

 Colourful subtraction  

 qT-slicing 

 N-jettiness slicing 

 Projection to Born 

 Sector decomposition 

 ℇ-prescription

Gehrmann De Ridder, Gehrmann, Glover, Heinrich, et al.

Czakon, Mitov, et al.; Boughezal, Caola, Melnikov, Petriello, et al.

Frixione, Grazzini

Del Duca, Duhr, Kardos, Somogyi, Troscanyi, et al.

Catani, Grazzini, et al.

Anastasiou, Binoth, et al.

Boughezal, Petriello, et al.

Cacciari, Salam, Zanderighi, et al.


