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Introduction A\‘("

a locally subtract and add back soft and collinear singularities

dofl = <[d/€45}FLM({P}; 4, 5)>

B <[dk45] (1-0) F> + <[dk45]OFLM> .

regulated term subtraction term

a fully regulated contributions are ready for numerical integration
a two genuinely double-unresolved subtraction terms

Ips = <[d/€45]$FLM> , Itc = <[dk45]éreg@1FLM>

m singular limits of F,,, factorize matrix elements and decouple
infrared-safe observables
= analytic cancellation of poles and efficient evaluation of the finite
parts of integrated subtraction terms
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Factorization for double-soft gluons AT

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

$2E4—>0, Es — 0, By~ E5

(NLO)? Born-like ME

- CA Z §(pi7pj) k47 k5) ‘MSJ)
i.j F—yy color-correlated

a several kinematic configurations of radiating partons i, j
@ massless or massive
a arbitrary angle or aligned a back-to-back
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Factorization for double-soft gluons AT

® non-abelian part is an intricate scalar function,e.g. massless case

N 2
S(pis ;s ks ks) 5| @ ﬁ 4.
_ (A —e) [(pi-ka)pj-ks)+i<j] i
(ka-ks)®  (pi-kas)(p; - kas)
_ (pi - pj)? [2 lpi - ka)(pj - ks) +i ¢ j]}
2(pi - ka)(pj - ks)(pi - ks)(p; - ka) (pi - kas) () - kas)

(pi - pj) 2 2 _ 1

2(ky - ks) [(Pz‘ “ka)(pj - ks) * (pj - ka)(pi - ks)  (pi - kas)(pj - kas)

[(pi - ka)(p; - ks) + i <> 5]
) (4 "o K)oy k) (i K)o k@) } ’

kas = ks + ks

_|_
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Triple-collinear gluon emission AT

@C1:p1a— 0, p1s = 0, p1a ~ p15 ~ pas, pij =1 —n;n; [Catani,Grazzini '99]

2
ks Ky ks
5 ks
m n

2

1 Pyi,g5.01 (514, 815, 545, 24, 25) % ‘M (ElJrE‘lJFEE”pl )
° (514 + 515 + 545)2 Ey ’

Born-like ME

a two distinct configurations for the splitting

a final-state — Born process fully decouples in suitable parameterization
m initial-state — Born process still depends on total radiated energy
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Phase-space integration AT
m two double-unresolved subtraction terms,
universal functions of Born kinematics for generic NNLO contributions
Ips = <[d/€45} g,f/ufs (pj.p kg, ks) x FLM({p} > ~ 1/64
Ja,f5.fr ({511} {zi})

s11

1 = {jakil0: © < Euar((E oo p})) ) ~ 1

® emission phase-space (energy-ordering and cut-off = not LI)

[dkas]) = dEs5(Ea5)' > Ooc By i B 47 Qs

a perform angular integrals suitable for a straightforward integration in «

1
- P o
/ d”/dg% K(ny,ns,z, {p}) K= {Smmf;’zf‘”fr}
0

745
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Reverse unitarity IT
a introduce constrained momenta
A4ty = 2272 6T (k) (ki - N — ;) d%; ., N =(1,0)
on-shell fixed energy
a then write J-functions as propagators [Anastasiou, Melnikov '02]

s 1
(27”)5(9’)_)&2“0 @2 —i0

a finally

A%, d%%ks K (kq, ks, ,
= /dQ45 K(n4an57m7{p}):/ - > l)( SRk {p})
cut

where

Dcut = [kz]c [k‘4 -N — 334]0 [k’g]c [k‘5 - N — 1‘5]0
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Multi-loop techniques T

m reduce to master integrals I using IBP identities [Chetyrkin,Tkachov '81]

d d
O_/dd [ v ] #/M:R(e,w))xﬂe,w)
]‘_[DO‘1 Dcut N——

red. coeff.

m use reduction relations to derive closed system of DEQ [Kotikov '90]

0

872921 = 7’;1(6,])2, N )I

m for rational i, the e-expanded solution can be expressed in GPLs

Guale) = [ -2 Galw) . Gyyle) = 1. Golo) =In1 ~ /o)

u—a

@ boundary conditions have to be determined by evaluating I in an
appropriate limit
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Massless double-soft subtraction term AT

® 19 MI I, functions of z = E5/E, , sin®6 = n;; = (1 — n;n;)/2

d d 1
IDs—/ /d kadhs 5 :1/ dz R(e,2,0) x I(e, 2,6) ~ 1/c*
Cut

€ Jo
=G(e,z,0)~1/e2

m DEQ for I contains a square root \/(1 — 2)2sin? § + 4z, rationalize

(1 —tcosd)(cosd —t)

z— —
tsin® é

a after careful e-expansion, integrate only DEQ in ¢
dI = [Afft(e,t., 8) dt + Ms(e, t, ) da] % I

and express result in terms of rational functions an G 5)(t)
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Massless double-soft subtraction term AT
a expand MI I in the limit z — 0 as functions of 6, e.g. I3(e, 2, )
. dd-1Qy5
lim 5
220 14 + 2m15]” 124 + 2025]
_ 5.\2 —(1+2¢)
= 16(1—2¢)" x {(1+6)(2+€)(1—26)

oIy [{1,2}, {3 + €};sin §]

—9¢ (142 €
+ [sin” 4] 2 6((1+_ 262) T(146)T(1—e)- (1 — esin®§ — [cos® J] )
. -1 _. (1+2¢) . —1—¢ (1+ 2¢)
_ 25 1 —. ( 2 _
[sin®é] 2 =30 It + [sin? 4] I'l—¢)T'(1+¢) =20
92— (14 2e¢) . -1 I
— [sln 5] F(l - 6) F(l + 6) 6(1 — 26) — [51112 5] P ;
—e IF 22 5172 [Sin2 5]
+ z m [sm 5] (1+ 1 (1+36+662)) +O(zg) .
I'(1+¢) F3(1 — 2¢)
h Ir =
WheTe Ir = r1 39121 — o)
Introduction Factorization of ME Computational setup Results

1017 23.01.2020



Massless double-soft subtraction term AT
a splitintegrand

Gle, z,0) = G™5(c, 2, 8) + G5"2(c, 2, §)

m obtain G518 (e, 2,0) ~ 27 172G (e, §) from the limit I(z ~ 0),
® construct G™8(e, ¢, §) from full solution, which contains Ggs) (%)

1—sind

1 cos & G R 5

= Tpg = - / dt G™&8(t) — 02(62 )
cos d €
v

w final result consists of G (5) (1222) and Gg(s) (cos §) up to weight
four with entries drawn from

{ai [COS(‘S)} Jas [COS(‘S)(?’ - COSQ(‘S))] s [cos(8)] , cos(8)E1, 0, il}

atr(u) =utiv1—u?
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Massless double-soft subtraction term

(4 (-844 + 33 \[P1172))/(27 ep) - (2 (-820 + 33 \[Pi1°2))/(27 ep) + ( 11 (62 + E~(-2 I delta) + E(2 I delta)) GNIO, a61, 11°2)/(12 ep) - ( 32 GN[O, ab1, 11°3)/ep - (16 GN[O, az1, 11°3)/ep

+ (33 (6+E"(-2 T delta) + E*(2 T delta)) GN[a62, a61, 11°2)/ep + ( 12 G[a62, a61, 11°3)/ep - Gl[ad1, a61, 112 (-(176/(3 ep)) - (16 GN[ab1, aZt, 11)/ep - ( 16 GN[a62, aZi, 11)/ep)

- ON[ad2, a61, 1172 (-(176/(3 ep)) - (16 GN[a6l, aZi, 1])/ep - ( 16 GN[a62, azi, 11)/ep) - GN[a62, a6,  11°2 ((33 (6 + E"(-2 T delta) + E"(2 I delta)))/(2 ep)

+ (12 GNIa62, az1, 11)/ep)- (11 (6 + E*(-2 I delta) + E°(2 T delta)) GN[O, 0, a61, 21)/(6 ep) + ( E~(-2 I delta) (11 - 486 E"(2 I delta) - 1162 E(4 I delta)

“(6 T delta) + 11 E*(8 T delta)) GN[O, 0, a61, 2)/( 3 (1 + E"(2 I delt))2 ep) + ( 14 (19 + 50 E"(2 I delta) + 19 E"(4 I delta)) GNIO, O, azi, 21)/( 3 (1 + E"(2 T delta))"2 ep)

(88 GNIO, a4l, a6l, 2))/ep + ( 88 GNIO, a42, ab1, 21)/ep - (77 (6 + E"(-2 I delta) + E*(2 I delta)) GN[O, a62, a61, 21)/( 6 ep) - ((726 + 77 E"(-2 I delta)

+ 77 E°(2 T delta)) GNIO, 4/C 2+ E"(-2 I delta) + E°(2 T delta)), 1, 21)/(6 ep)+ ( 88 G[ad1, 0, a61, 2])/ep - (176 Gilad1, ad1, a6i, 21)/(3 ep) - ( 176 GN[adl, ad2, a1, 21)/(3 ep)

- (88 G[ad1, a62, 261, 21)/( 3 ep) + (88 GN[ad2, 0, abl, 2))/ep - (176 GN[ad2, ad1, a6l, 2))/( 3 ep) - (176 GN[ad2, a42, a61, 2])/(3 ep) - ( 88 GH[ad2, a62, a6l, 21)/(3 ep)

+ (220 GN[a62, 0, 261, 2])/(3 ep) - ( 88 GN[a62, 241, a61, 2))/(3 ep) - (88 GN[a62, 242, a61, 21)/(3 ep) + GN[a31, a61, 1] (~((16 GN[a42, a61, 11°2)/ep)

+ alfag2, asl, 1) ((16 GN[a61, a61, 11)/ep + (16 GN[a62, a61, 11)/ep) - ( 16 GN[adl, 0, a6i, 2])/ep + (16 GN[adl, adl, asi, 2))/ep

+ (16 GN[ad1, 242, 261, 2])/ep - (16 GN[ad2, O, a61, 2])/ep + ( 16 GN[ad2, ad1, a1, 2])/ep + (16 GN[a42, ad2, a61, 2)/ep + ( 16 GN[a61, 0, 261, 2])/ep

- (16 GN[a61, a1, 261, 2])/ep - ( 16 GN[a61, 242, a61, 2))/ep + (16 GN[a62, O, a61, 2))/ep - ( 16 GN[a62, adl, a61, 2])/ep - (16 GN[a62, ad2, 261, 2])/ep)

+ ON[a32, a61, 1] (-((16 GN[ad2, a1, 1]°2)/ep) +  GN[ad2, a61, 1) ((16 GN[a61, 261, 11)/ep + (16 GN[a62, 261, 11)/ep) - ( 16 GN[ad1, O, a6t, 2])/ep

+ (16 G[ad, ad1, 61, 2)/ep + (16 GN[ad1, 242, 261, 2])/ep - (16 GN[ad2, O, a61, 2])/ep + ( 16 GN[a42, ad, a1, 21)/ep + (16 GN[a42, ad2, a61, 2])/ep

+ (16 GNLa1, 0, a61, 2])/ep - (16 GN[a61, adl, a61, 2])/ep - ( 16 GN[a61, a42, ab1, 21)/ep + (16 GN[aG2, O, a61, 2])/ep - ( 16 cumez, adt, abt, 21)/ep

- (16 GN[a62, ad2, a61, 2])/ep) - GN[a31, a61, 1] (GN[a42, ab1, 11 (-((16 GN[ad2, aZ1, 11)/ep) + (16 GN[a61, aZ1, 11)/ep + ( Gli[a62, azt, 11)/ep)

T Ci6 Guadt, 0, s21, F1)/ep (16 GNladt, adl, 421, 21%/ep + (16 Giladl, ad2, 421, 21>/ep - (16 GNLat2, O, a1, 23)/ap + (16 GN[ad2, 341, azt, 21)/ep

+ (16 GN[ad2, a2, aZi, 2])/ep + (16 GN[a61, 0, azt, 2)/ep - ( 16 GN[a6l, ad1, az1, 2))/ep - (16 GN[aG1, ad2, a1, 21)/ep + ( 16 GN[a62, 0, aZi, 21)/ep

Jue cu[m, adt, azt, 2)/ep - (16 GN[a62, ad2, azi, 21)/ep) - GN[a32, a61, 1] (GN[a42, a1, 11 (-((16 GN[ad2, azt, 11)/ep) + (16 GN[a61, azi, 11)/ep

6 GN[a62, azi, 11)/ep) - (16 GN[ad1, O, azi, 2)/ep + (16 GN[adl, adl, azi, 21)/ep + (16 GN[adl, ad2, az1, 21)/ep - ( 16 GN[ad2, 0, aZi, 2)/ep

Lae cu[m ad1, azi, 2)/ep + (16 GN[a42, ad2, azi, 21)/ep + (16 GNIabl, O, aZi, 2])/ep - ( 16 GN[a61, ad1, aZi, 2])/ep - (16 G[a61, 242, aZi, 21)/ep

+ (16 GN[a2, 0, aZi, 2))/ep - (16 GN[a62, adl, azi, 2))/ep - ( 16 GN[a62, a42, azi, 21)/ep) + (44 GN[a62, 262, a61, 21)/(3 ep) - GN[a62, a61, 1] (-((5442 + 368 E"(-2 I delta)
+368 E°(2 T delta) - 33 E°(-4 T delta) - 33 E"(4 I delta))/(24 ep)) + (11 (6 + E"(-2 T delta) + E°(2 I delta)) GN[a62, a1, 11)/( 2 ep) + (8 GNIO, adl, azi, 2))/ep

+ (8 GNI0, 242, a7, 2])/ep - ( 16 GN[0, a61, aZi, 2))/ep - (16 GN[0, a62, aZi, 2])/ep - ( 72 GN[ad1, O, aZt, 21)/ep + (32 Gladl, adl, az1, 2])/ep

+ (32 GNlad1, a2, aZi, 2])/ep + (40 GN[ad1, 261, azi, 2])/ep + ( 40 GN[adl, 262, aZ1, 2))/ep - (72 GN[a42, O, aZ1, 2])/ep + ( 32 GN[ad2, ad1, aZ1, 2])/ep

+ (32 GN[a42, 242, aZ1, 2])/ep + ( 40 GN[a&2, 261, azi, 2])/ep + (40 GN[ad2, 262, az1, 2])/ep + ( 64 GN[a61, O, az1, 2])/ep - (40 GN[ab1, adl, aZ1, 2])/ep

- (40 GN[a1, a2, aZi, 2])/ep - (24 GN[a61, 261, azi, 2])/ep - ( 24 GN[a61, a62, aZ1, 2))/ep + (64 GN[a62, O, aZ1, 2])/ep - ( 40 GN[a62, ad1, aZ1, 2))/ep

- (40 GN[a62, ad2, aZ1, 2])/ep - ( 24 GN[a62, 261, azi, 2])/ep - (24 GN[a62, 262, az1, 2))/ep) - ( 16 GN[O, O, ad1, a1, 3])/ep + (16 GN[O, 0,adt, aZ1, 3])/ep

- (16 GN[0, 0, 242, a61, 3])/ep + (16 GN[0, 0, 242, azi, 3])/ep - ( 80 GN[0, O, abt, ab1, 31)/ep + (80 GNIO, O, a6, a1, 31)/ep - ( 80 GN[0, 0, a62, a61, 31)/ep

+ (80 GN[O, 0, a62, aZ1, 3])/ep + ( 8 GN[0, a1, 0, a61, 31)/ep - (8 GN[O, ad1, O, aZt, 3])/ep - ( 16 GN[O, adl, a21, ab1, 31)/ep + (16 GNIO, adt, a21, aZ1, 3])/

- (16 GN[O, ad1, 222, 261, 31)/ep + (16 GNIO, ad1, 22, aZt, 31)/ep + ( 16 GNIO, ad1, ad1, ab1, 31)/ep - (16 GNIO, adt, adl, a1, 31)/ep + ( 16 GN[0, ad1, a2, 261, 31)/ep

- (16 GNIO, ad1, 242, aZi, 31)/ep - ( 8 GNIO, ad1, a61, abt, 31)/ep + (8 GNIO, adl, abl, aZ1, 31)/ep - ( 8 GNIO, adt, a62, a61, 31)/ep + (8 GN[O, adl, a62, aZi, 31)/ep

+ (8 GNIO, ad2, 0, a61, 31)/ep - (8 GN[O, a2, 0, aZt, 31)/ep - ( 16 GNIO, ad2, a21, abt, 31)/ep + (16 GNIO, a42, a21, aZ1, 31)/ep - ( 16 GN[O, ad2, 22, a61, 31)/ep

+ (16 GNIO, ad2, 222, aZt, 31)/ep + ( 16 GNIO, 42, adl, ab1, 31)/ep - (16 GNIO, a42, adt, azi, 31)/ep + ( 16 GNIO, ad2, ad2, a61, 31)/ep - (16 GN[O, ad2, 242, azi, 31)/ep

- (8 GNIO, ad2, 261, a61, 31)/ep + (8 GN[O, ad2, a61, azt, 31)/ep - ( 8 GNIO, a42, a62, a61, 31)/ep + (8 GNIO, ad2, a62, aZ1, 31)/ep - ( 72 GNIO, a61, 0, a61, 31)/ep

+ (72 GNIO, 61, 0, aZ1, 31)/ep + ( 16 GN[O, a61, a21, a61, 31)/ep - (16 GNIO, ab1, a21, aZi, 3])/ep + ( 16 GNIO, a61, a22, 261, 31)/ep - (16 GNIO, 261, a22, azi, 31)/ep

+ (56 GN[O, a1, a61, 261, 31)/ep - (56 GN[O, a61, a6l, azi, 31)/ep + ( 120 GNIO, abl, a62, a61, 31)/ep - ( 120 GNIO, a6, 62, aZ1, 31)/ep - (136 GN[O, a62, 0, a61, 31)/ep

+ (136 GN[O, 62, 0, aZi, 31)/ep + (16 GN[O, a62, a21, a6l, 31)/ep - ( 16 GNIO, a62, a2i, azi, 31)/ep + (16 GNIO, a62, a22, a61, 31)/ep - ( 16 GN[O, a62, 222, azi, 31)/ep

+ (120 GN[O, 62, a61, a61, 31)/ep - ( 120 GHIO, 262, a61, az1, 3))/ep + (56 GNIO, a62, a62, a61, 31)/ep - ( 56 GNIO, a62, a62, aZi, 31)/ep + (24 Gilad1, 0, 0, a61, 3])/ep

- (24 GN[adt, 0, 0, aZi, 3])/ep + (16 GN[ad1, O, a31, a61, 3])/ep - ( 16 GN[adl, O, a31, aZ1, 31)/ep + (16 GN[adl, O, a32, 261, 31)/ep - ( 16 G[adl, 0, 232, az1, 3])/ep

- (16 GN[ad1, 0, a1, 261, 31)/ep + ( 16 GN[a&1, 0, adl, azt, 3))/ep - (16 GN[adl, O, a42, a61, 3])/ep + ( 16 GN[adl, 0, a42, aZ1, 3])/ep - (24 Gli[adl, O, 261, 261, 3])/ep

(24 GN[ad1, O, a6, az1, 31)/ep - (88 GN[adl, 0, a62, a61, 3])/ep + ( 88 Gi[adl, O, 262, azi, 31)/ep - (48 GN[ad1, adi, O, a61, 3])/ep + ( 48 GN[ad1, adl, 0, aZ1, 3])/ep
(16 GN[ad1, ad1, a21, 61, 3))/ep - ( 16 GN[adl, adl, 21, aZi, 3))/ep + ( 16 GN[ad1, adl, a22, ab1, 31)/ep - ( 16 GN[ad1, adl, a22, aZ1, 3])/ep - ( 16 G[adl, at1, 231, 261, 3])/ep
(16 GN[ad1, ad1, a31, a1, 31)/ep - ( 16 GN[adl, adl, 32, 261, 31)/ep + ( 16 Gli[ad1, adl, a32, az1, 31)/ep + ( 48 GN[ad1, adl, a61, a61, 31)/ep - ( 48 Gladl, a1, 261, azi, 31)/ep
(48 GN[ad1, ad1, a62, a1, 3])/ep - ( 48 Gi[adl, adl, 62, aZi, 31)/ep - ( 48 GN[ad1, ad2, O, a61, 3])/ep + (48 GN[adi, a42, 0, az1, 31)/ep + ( 16 G[adl, ad2, 21, 261, 31)/ep
(16 GN[ad1, a42, a21, a1, 31)/ep + ( 16 GN[adl, ad2, 22, a61, 31)/ep - ( 16 GN[adl, ad2, a22, aZt, 31)/ep - ( 16 GN[ad1, ad2, 31, a61, 31)/ep + ( 16 Gladl, 242, 231, azt, 31)/ep
(16 GN[ad1, a42, a32, 61, 31)/ep + ( 16 GN[adi, 242, a32, aZt, 31)/ep + ( 48 GN[adl, a42, ab1, a6, 31)/ep - ( 48 GN[adl, ad2, a61, aZi, 31)/ep + ( 48 Gli[adl, ad2, a62, a1, 31)/ep

- (48 GN[ad1, ad2, a62, aZi, 31)/ep - ( 40 GN[adl, a61, O, ab1, 31)/ep + (40 GN[adi, ab1, 0, az1, 31)/ep - ( 16 GN[adl, a1, a21, a61, 31)/ep + ( 16 GN[ad1, a61, a2t, aZt, 31)/ep
(16 GN[ad1, ab1, a22, a61, 31)/ep + ( 16 GN[adl, a61, a22, aZi, 31)/ep + ( 16 GN[adl, a61, adt, abt, 31)/ep - ( 16 GN[ad1, ab1, adi, aZ1, 31)/ep + ( 16 GN[adl, a61, 242, a61, 31)/ep
(16 GN[ad1, ab1, ad2, az1, 31)/ep + ( 40 GN[adi, 261, a61, a61, 31)/ep - ( 40 GN[adl, ab1, a61, azi, 31)/ep - ( 24 GN[adl, a1, a62, a61, 31)/ep + ( 24 Gli[adl, a61, a62, azi, 31)/ep
(24 GN[ad1, a62, 0, a61, 31)/ep - (24 GN[adl, a62, 0, aZ1, 31)/ep - ( 16 G[ad1, a62, a21, a6l, 31)/ep + (16 GNladl, a62, a21, azi, 31)/ep - (16 GN[adl, a62, 22, abl, 31)/ep
(16 GN[ad1, a62, a22, aZ1, 31)/ep + ( 16 GN[adl, a62, ad1, a61, 31)/ep - ( 16 GN[adl, a62, adl, azi, 31)/ep + ( 16 GN[adl, a62, ad2, a61, 31)/ep - ( 16 GN[adl, a62, 242, azi, 31)/ep
(24 GN[adl, a62, a61, a1, 31)/ep + ( 24 GN[adl, 62, a61, azi, 31)/ep + ( 40 GN[adl, a62, a62, a6i, 31)/ep - ( 40 GN[adl, a62, a62, aZi, 31)/ep + (24 GN[ad2, 0, 0, a61, 31)/ep
( 24 GN[a42, 0, 0, azi, 3])/ep + (16 GN[a42, 0, 231, a61, 31)/ep - ( 16 GN[ad2, 0, a31, azi, 31)/ep + (16 GN[a2, 0, a32, a61, 31)/ep - ( 16 GN[ad2, 0, a32, aZl, 31)/ep
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Introduction

[e]

m simplifies from several kB of text-file by symbol calculus

T — (2B [g,.zrtl B {

[m,(#] +In?(s?) — Th.(«‘) + T1u2 -
6 E

1
z

+

i3(s?) + 2Lig(c?) + <2h1(~2) 4

i (;m(« )4 —)ln (s?) (

7%“77m 27£r27&1n7+

+4G((—1.0 0,1}:5%) = 7G ({0,1,0,1}; 5%) +¥Ch(2/})

2 1 _
+ “m( SR + 2Lig(¢?) — 14Lig(s?) + 4Lig (1+~2

2
+ 2Li
"(H

11 2.
+ T]L,A«-H

l) +Lis(1—s*) + [wlu(ﬁ; —dIn(1+5%)

[14 In(c?) + 2In(s?) + 41n (1 + 5%) + %] Lis(s?)

%) — ALiy(c*)Lip(—5?) + [7111((,2)11(\1)

+ 41n(c?)Lig(—s?) + 2

32— ';JT.QLHH[ 72 — 41n(c? )1n(3)]x
1
In? (» ) In’ (lﬂ+a ) _ W) Hhm")fﬂ}

— In*(s%) 757 +

Lig(~s?) + 2150

+1n?(s%) [7 n?(c?) + 1—‘1 In(c?) +

+Gs [Eln(.&) 11In(c?) + Zlu(l +5%) = 5 In2 7] +1In(s?)x

n? 2 L, 11, 137 208
— 2 - —x? —
[ In(e?) + 572 ger® b 2 - S

g

|

o
Nl

1 14
™"

: .
S >+ﬂm>—°“+o()}
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Massless double-soft subtraction term AT
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. W[ 1 @y 72 1
a1y b+ [t { - s

P
18

_ %u,(&) ¥ Lin(c?) [7 LI z} 71,.%&1 S+ In?(s?) [ - 3‘ In(¢)

—glnpr—}ﬂns)[——m‘z—Empr = +&} 9

[Caola, MD, Frellesvig, Melnikov '18]
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Triple collinear subtraction term T

m consider initial- and final-state splittings for arbitrary flavors f4fs f.
a four Ml I as functions of w; = E;/F i = 4,5.
= apply transformation 7" into e-homogeneous form [Henn "13]

. o 7
I=TJ] = —J=c ). Mo g
Y y_yoeAyy—yo

a find T" via algorithmic approach [Lee '15], applied sequentially in both
variables

= A= {w4,w4 — 1l ws,ws — 1, w4 + w5, wq + ws — 1}

m compute one boundary condition in the limit wy = ws =w — 0

I, ~ / €45 =41n(2) + ¢ (”2 - 41112(2)) +0O(e)
2 wl2—mn1 - (ng+mns)) 6
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Triple collinear subtraction term T

a decoupling final-state energy parameterization

1
M = ITC—/ dzidzs Oreg 01— r1— 11a2RTJ

{w w5} = 1— 2 — 2129
~1/e

a solve DEQ such that J consists of Gg(,,)(22) ,Gs(22).
Allows for a straightforward integration in -

1 — I 1 — T
= {Gﬁ(z1)(1)’Gﬁ(m1) (:ﬁ) ’GF( 1 ) }

a move variable to the argument (iteratively form lower to higher weight)

11—z ! 0 1-t
GR(I1)< o ) :/O dt {atGR(t <t)] + const
~—_———

weight n—1

weight n

a example )
G_11/a1,1/2 (/21 —1) = (3 — %G—l(l“l) —2G_110(z1) = G_1,00(71)
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Triple collinear subtraction term

m emission of two collinear gluons off a final-state quark

. 1 1015 19¢s 9 11 1,
7999 — 0. 0n d 2| - 2 el 71 — —1In(2) + =7“In(2
% AF{[ U0 16 T e - ) + 1)
2981 25¢ 13 11972 17374 In*(2)
oL (1/2 - = -
{ 48 (/2 + 55 - e - =g 480 12
176 ) 1, 5 1247 161
In 1 2 In ———1In —7In(2
5 @ - 36 (2) = 5™ In(2) — 755 (@) + 5= In(2)
31 9 1 715 Tt
CaHi-|= -2 n(2) + -7 In(2 — +16 -
v F{ [ -2+ g1+ gr )] + |32 + 166z -
63, o0 T ooy, 17 2
16111 (2) i In“(2) + 3 In(2) + 7 In(2)
[MD,Melnikov '19]
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Conclusion

a Analytic computation of the two double-unresolved subtraction terms

a double-soft: massless radiators at an arbitrary angle;
a triple-collinear: arbitrary flavors, initial- and final-state splittings;
a double-soft: two massive radiators in back-to-back alignment.

Using reverse unitarity makes the problem amenable to well-known
loop-techniques such as IBP reduction and differential equations.

m appear in double-real NNLO corrections to generic processes, i.e.
they are part of the analytic and fully-differential formulation of
m color-singlet production [Caola,Melnikov,Roentsch '19];
m color-singlet decay [Caola,Melnikov,Roentsch "19];
m deep-inelastic scattering [Asteriadis,Caola,Melnikov,Roentsch *19];

which are building blocks for arbitrary processes. [c.f. K. Asteriadis talk]
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Conclusion A {

——

a Analytic computation of the two double-unresolved subtraction terms
a double-soft: massless radiators at an arbitrary angle;
a triple-collinear: arbitrary flavors, initial- and final-state splittings;
a double-soft: two massive radiators in back-to-back alignment.
Using reverse unitarity makes the problem amenable to well-known
loop-techniques such as IBP reduction and differential equations.

m appear in double-real NNLO corrections to generic processes, i.e.
they are part of the analytic and fully-differential formulation of
m color-singlet production [Caola,Melnikov,Roentsch '19];
m color-singlet decay [Caola,Melnikov,Roentsch "19];
m deep-inelastic scattering [Asteriadis,Caola,Melnikov,Roentsch *19];

which are building blocks for arbitrary processes. [c.f. K. Asteriadis talk]

Thanks!
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