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N&] experiment demands for more accurate predictions: ~ —A(s,m2,m2)/s < t < 0
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Outline

- Loop amplitudes computation

- Integration-by-parts and differential equations for loop integrals

- Results for NNLO pe-scattering

- Conclusions and outlook



Multiloop amplitudes

- Diagrammatic approach to scattering amplitudes in perturbation theory:

MO (py, ... ,pN):nfhgi(ph.“ o) M >@< :E:
- >'_{?_>§< ﬂ—l—many more

- Amplitude expressed in terms of scalar Feynman integrals:

M(e 3237 Zak Sij, € Ik(82]7 )

1
d g2 2 |
Tr(sij,€) /lld q; T Ty D, =(;—m?), a; €Z

- Different techniques to extract ax(s;;, €):

- Integral decomposition (projection into form factors)

_ g Ossola, Papadopoulus, Pittau (07) Ellis,Giele Kunszt (08), Mastrolia, Ossola (11), Zhang (12)
Integrand deoompOSItlon Mastrolia, Mirabella, Ossola, Peraro (12) Mastrolia, Peraro, AP (16), ...
- Generalised and numerical unltarlty Bern, Dixon, Dunbar, Kosower (94), Cachazo, Svrcek, Witten (04),
Britto, Cachzao, Feng (05), ...
Ita (15), Abreu, Febres Cordero, Ita, Jaquier, Page (17), ...



Integration-by-parts

- Feynman integrals in DR obey Integration-by-Parts identities:

U

12
0 v
din—< a : a >:Ov UZE{Q;’?,}?Z}
J ez (G

o .
Chetyrkin, Tkachov (81)

- IBPs generate identities between different Feynman integrals Zj(s;;, €)

p? [ dYg d%q
G _/ DiD, _/ (¢> —m?)2[(q — p)? — m?]

d—3 d4q B d— 2 d%q
(p? —4m?) | Di1Ds  2m?(p? — 4m?) D1

_d=3 /N d-2
W —d4m?) \ ) (P - dm?)

- IBPs produce huge overdetermined systems. Solved through the Laporta algorithm

- Reduction automatised in several public codes: AIR (anastasiou, Lazopoulos 04), FIRE (smirnov

08), Reduze (Studerus 10, + von Manteuffel 12), LiteRed (Lee 12), Kira (Maierhoefer, Usovitsch, Uber 17)



Integration-by-parts

- All Feynman integrals expressed in terms of a finite number of master integrals

3237 Zb Sij, € fk 3@]7)

- Loop amplitude reduced to a linear combination of the master integrals:

Ngraph

MO (pr,... pN) Z Gi(p1,--- ,PN) \a‘mplitude projection

M (si5,6) = ar(sij, €)In(sij, €) IBPs
k \

M(f) Swv

2

Cn(Sija fk Sij4 € )
n=1

- Typical two-loop case: hundreds of diagrams reduced to dozens of master integrals

- Analytic evaluation of the master integrals:

- direct integration (Feynman parameters, Mellin-Barnes) smirnov (99), Tausk (99), Czakon (06),

A.V. Smirnoyv, V.A. Smirnov (09)

- indirect techniques (difference equations, differential equations)

Laporta (00)-(01),
Lee A.V. Smirnov, V.A. Smirnov (10)




Differential equations method

- Master integrals fi(si;, €) form a basis of the vector space of Feynman integrals

32]7 Zb Sij, € fk 3@]7)

- Master integrals fulfil 15t order coupled differential equations in the kinematic invariants:

- Differentiate fx(sij,€) w.r.t. s;;
- 0f1(si;,€) belongs to the space spanned byfz (f1, fo, .-, fn)
- Use IBPs to express Jfx(si;, €) in terms of the master integrals

o - B

(95-- (Smnae) :Aij(smna ) (Smna ) Kotikov (91) Remiddi (97),
(¥} Gehrmann, Remiddi (00)

- Aij(smn, €) is block-triangular and has rational dependence on S, and ¢

- The system can be solved bottom-up: previously determined integrals enter the
inhomogeneous part of the DEQ



Differential equations method

- Determination of the solution with exact dependence on e generally not possibile

- But we are interested in the Laurent expansion of the integrals around € ~ 0 :

©. @)

f(@e)= Y [P (@) T = {s;;/m?}

k:_nl.p. .
- Expand the DEQs and obtain chained equations for the coefficients / ") (z)

- Conjecture: suppose we have a DEQ of the form

— — — —

df (7, e) = ed A(X)f(Z, ) = 0,f(T,e) =€0;AT)f(Z,¢)

Henn (13)

- The DEQs for /¥ (¥) decouple order-by-order in €:
df ®(7) = dA@) D (@)

-System solved by matrix multiplication (n;.,. = 0)




GGeneral solution

- In the optimal case, the kinematic matrix of the DEQs is in dlog-form:

df (%) = edA(Z) f(2) dA(Z) =) Mdlogn; (i)

1=1 Henn (13)

- Refers to such system as canonical: if such a basis is found, the determination of the
solution is algorithmic

- The letters of the alphabet 1); and the coefficient matrices M; encode all information
on the general solution

- The entries of Py (x) are written in terms of Chen iterated integrals

.....

el = / g7 (1) .. gl (1) dty ... dty
0<t1<...<t,. <1

: (1, 11)

d

g7 (1) = - 1og i (1(1)
Chen (77)
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Generalised polylogarithms

- If the alphabet is rational we can factor it and integrate on a piecewise linear path:

YA
mp m 1
() = ] (5 —wj) = A@) = E P, @)
— _ Ly — Wy
-The solution is expressed in terms of generalised polylogarithms: S
X
L 1
G(Wp; x) :/ dt G(Wdp—1;t), n>0
0 t — w1
1 Goncharov (98)-(01),
~ . . Remiddi Vermaseren (00),
G(Ona .I’) __' logn X, Gehrmann Remiddi (01),
Uz Vollinga Weinzierl (05)

- GPLs are well known functions in particle physics: analyticity properties and algebraic
structure under complete control

- Accurate automatised numerical evaluation is available (GiNaC)



Boundary conditions

- General solution must be complemented with suitable boundary conditions

- Few integrals are know analytically in the initial PS-point: external input

- The presence of unphysical singularities in the DEQs gives internal information on
the boundary terms

- If 17; Is a pseudo-threshold :

lim M f(Z,€) =0
1n; —0

- All-order (retarded) relation between boundary constants

- eg.at Oe):  fl)(z) = /dAf(O)( o) + F(Z)

lim F(Z) ~ lim, / dlog M, FO (%) = lim M; fO(Z) =0
ni— ~y

1n; —0 1n; —0



Finding the canonical form

- Change of basis of master integrals : f(Z, ¢) = B(Z, €)§(Z, €)
0if(Z,€) = QAT ) f(T,e) = 0,§(T,e) = (B~'AB + B '0;B) §(7, e)
- Ansatz: start from DEQs linear in €:

(‘)J(f, E) S (AQ,Z(f) + EAL@'(Q_Z))) g(f, E)

- If we find a matrix solution of the DEQs at ¢ = 0:
- We can rotate the master integrals to canonical basis:

0;4(Z,¢) = (B™'(AQ + €Ag)B + B~ '9/B) §(
U

A

0;G(T,€) = eAg(T)g(Z, €)




Magnus exponential method

- 1storder homogeneous matrix differential equation: Argeri, Di Vita, Mastrolia et al (14)
0.B(x) = Ag(x)B(x)
- The (approximate) solution written in terms of the Magnus exponential

B(z) = ¢2AI@) = 1 1 O[A](z) + %Q[AO](x) QlA](z) + ...

— ZQn[AO]<x)
Q [Ao]( ) /dxl A() 5131)
/d$1 /dwg Ao £E1 A() $2
Qs[Ao] ( / dzy / dis / s [Ao(21), o). Ao (2s)]1+[Bo(3). [Ao(x2). Ag ()]

- If Q,[Ap|(z) = 0 for n > nmax, Magnus exponential exact solution of the DEQs at ¢ = (
- Use it to rotate the DEQs to canonical form:

O f(x,€) = [Ag + eAq]f(z, €) Flx, €) = e2Bl@) g(g ¢
Gz, €) = eePtPol p e CAol gy )




Canonical systems

- Magnus exponential applied to several multiloop multiscale problems:

TWO |OOp QED VerteX Argeri, Di Vita, Mastrolia et al (14)
Three-loop three jet production, H+jet (EFT) bivita, Mastrolia, Schubert et al (14)

Two-loop mixed EW-QCD corrections to Drell-Yan gonciani, Di vita, Mastrolia, et al (16)

Two loop mixed EW-QCD to WWH, WWZ(y") i vita, Mastrolia, AP et al (17)
Two loop pe-scattering in QED mastrolia, Passera, AP et al (17)

- Several other strategies for finding canonical forms are available:

Basis with unit leading singularity Henn (13)
Bottom-up construction of rational change of basisGehrmann, von Manteutfel, Tancredi et at (14)
Reduction to fuchsian form and eigenvalue normalisation Lee (15), Lee and Smirnov (16)

Factorisation of the Picard-Fuchs operator adams, chaubey, Weinzieri (17)

- Publicly available codes: Canonica, Fuchsia, Epsilon

- Extension of e-factorised basis beyond multiple polylogarithms
- Maximal Unitarity cuts of Feynman integrals sonciani, Del Duca, Freliesvig et al (16),

AP and Tancredi (16), A.P. and Tancredi (17)

- Transcendental change of basis adams, weinzieri (18)



ue: one-loop virtual corrections

- NLO virtual contributions:

T 1 Is 1y 1s Zs
€ e e e e e e e e e e e
I X B::Z j I I
2 M M % X M 2 M % X M X

- Define one-loop integral family (includes Z2,73,75) :

P2, Ps Dy = k% —m?
1 — 2
no ng — /ddkl D™ D2 s [yn4 D2 (kl _|_ pl) 2 e ~~ O
~ S D3 = (k1 + p1 + p2)
1
P P4 Dy = (kl —I—p4)2

- Use IBPs to determine a basis of master integrals:

pP3  p p; P2 P3 P2 3 T
Aot =( e g e I

‘°“ P1 Ps pq P4




Differential equations

P3  p P3 P3 2 P3 T
fs,t,m?,€) <X76>®<’EE7EK,E )
P4 p4 Pa

P4 P1 Pa P1

- Combine kinematical variables in two dimensionless parameters:

s t _ (1-y)°
_—— :x) _—— =
m? m? Yy

- Derive systems of DEQs in z and v :
aﬂﬁf(xv Y 6) — [AO,CC (xv y) Bl eAl,ﬂU(xa y) f(:l?, Y, 6)
6’yf(:v, Y, 6) — [Ao,y(ﬂf, y) il EAl,y(aja y) _)(le, Y, 6)

- Use Magnus exponential to find a (matrix) solution at ¢ = 0:

10 0 0

0:B(x,y) = Ag »(x,y) B(x,y) , 0 —1/s 0 0 0

B(s.t — 0o o -1/t 0 0

OyB(z,y) = Ag y(z,y) B(x,y) (8,8,m7) 0 0 0 1/t —dm?) 0
0o 0 0 0 1/(s —m?)t




Differential equations ||

- New basis of master integrals

P2 P3 P2 P3 P2 P3 P2 Ps3 P2 3 T
o 17 2
G(s,t,m? e) =B f :( EXa —3€><___>< ; teii, 6\/t(t4m2% e“(s —m?)t >

P4 P4 P P4 p1 Pa P1 Pa Pa4

P1

fulfils canonical DEQs:
0;d(,y, €) = €Ay (z,y)F(x, y, €)

- The total differential is in dlog-form:

dg(xz,y,e) =edA(x,y)g(z,y,€) dA =M;dlog () + Madlog (1 + x) + Mzd log (y)
+ Mydlog (1 +y) + Msd log (1 — y)
+ Mgd log (z + y) + Mrdlog (1 + zy)

0 0 0 0 0 0 0 0 0 0 00 0 0 0 00 0 0 0
01 0 0 0 1 -2 0 0 0 00 0 0 0 00 0 0 0
Mi=|00000|, Mo=|0o 0o 00 o, Mg=1|0 0 1 0 0 My =|0 00 0 o],
00 0 0 0 0 0 0 0 0 1 0 -1 0 0 00 0 2 0
00 0 0 0 2 4 0 0 -2 1 2 0 0 0 0 0 0 0 0
O 0 0O 0 o0 o 0 0 0 o0 o 0 0 0 0
0 0 0 0 O o o0 0 0 0 0 0 0 0 O
|\/|5(0 0 -2 0 0), MG(O 0 0 0 0),|\/I7(0 0 0 oo)
00 0 -2 0 0 0 0 0 0 0 0 0 0 0
00 2 0 -2 1 -2 -1 -1 1 1 -2 -1 1 1



Boundary conditions

- General solution written in terms of iterated integrals

—

g(x,y,e) = {1+e/dA+e2/dAdA+e3/
8 8

WdAdAdAJr ..}go(e) 7 k times

- Boundary constants g,(¢) determined independently

external input:

P2 3 P2 P3
— )2\ ¢
€ X =1 —te EZ_ (<1 yy) ) (1= Ge® —2¢3€° + O (€h))
P1 Pa P1 Pa

s—0

regularity at pseudo-thresholds: e.g. lm _S€>C>< — 0

S%O,t—>4m2,sz—t—>m2/2 P1 P4

Final result suitable for analytic continuation and numerical evaluation:

P2

(s — m?)t

P1

=2 + (G(—1;2) + G(0;y) — 2G(1;9)) €
pe T (=5 +2G(—1;2)(2G(1;y) — G(0;9))) € + O(€’)



ve: two-loop virtual corrections

- NNLO virtual corrections: two-loop four-point diagrams

3
e e (& e e e e e (& e
ﬂ ﬂﬂ )@( Eii;z
H H H H I T 0 I p 1
Tg T T3 Ty T

- Add crossing-related diagrams and known vertex and self-energy corrections

- (Part of) these integrals enter:
BhaBha scattering in QED

Gehrmann, Remiddi (01), Bonciani, Mastrolia, Remiddi (04), ...

Bonciani, Ferroglia (08),

tt prOdUCtion in QCD Asatrian, Greub, Pecjak 08, Beneke, Huber, Li (09), ...

heavy'tO'Iight quark decay in QCD Bonciani, Ferroglia Gehrmann et al (08)-(09)-(11)-(13), ...



Two-loop planar integrals
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- I1- 15 define the integral family F1

e%éiee:gﬂijﬂf(
I L= T p p> T 0

—— 1

DI DI D D DI D DR DR Do * S Z

Dy =ki—-m? Dy=ki—-m* Dz=(ki+p1)? Di=ka+m)?
Ds = (k1 + p1 + p2)?, = (ko +p1 +p2)?, D7= (k1 —ka2)?,
Dg = (ky +p4)?, Dg = (ko + p4)*

- 34 master integrals identified from IBP’s

P3 P2 P3 Pz: :Ps Pz%

Pa P1 Pa p1 P4 P1 Pa P1

l 3

E[m P2 P3 Pzzim Pz%

Pa P1 P4 p1 Pa P1 Pa P1

7 8 9 10

>@<

P3 P2

=

Pa P4

6

P3 Pz: :P3
Pa

P4 P1

2: :Ps Pz: :Pa Pz: :Ps Pzz Zps P2 P3 P2

P4 P1

; ;Pa Pz; ;Ps P2 P3 Pz%

P4 P1 P4 P1 P4 P1 P4 P1

P2

/ E : :
P1 Pa P1 Pa P1 P4 P1
Tas Tar Tas

p2  (k+p)® 3 Pz: :P3 Pz:("1+P1+P2):P3 P2

P1

P4 P1 Pa P1 P4 P1

P3 P2 3 P2

Pa P

7—

P4 P1

18

P3 P2

J;E];E

P4 P1
(k+p*  P3 P2 P3
Pa P1 Pa
T29 Ts0

K

H,



Two-loop planar integrals
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- Ts - Ty define the integral family F2

1% 1% % 1%
T6 T7
(& e € e
H H 0 H
Tg TQ

1

dk; ks

ni no ns n4g ns ne nr nsg ng
D7 D32 D33 DY D D¢ DY DE® D

n; € Z

Dy =ki—m? Dy=ki—m? Ds=(k1+p1)° Dys=(k2+p1+p2)?
Ds = (ky — k2)?, Dg= (ko +p1)? D7= (ki +p1+p2)?,

- 42 master integrals identified from IBP’s

- F1 and F2 have 65 distinct Mis

P3 szps PZEZP:a leps P2 P3

P4 P P4 P1
Ta

P2 P3 P>§P3 PZX P3 Pzﬂpa P2
P1 P4 P1 P4 P1 P4 P1 P4 P4 P4 P1
% % : :Pz P2: :Ps Pz: :Ps Pz: :
Pa P1 Pa P1 Pa P4 P4 P1 P4 P1
Pa P1 Pa P1 Pa P1 P4 P1 P4 P1
; :Ps PzEm P2 P3 P3 P2 P3 P2
P4 P1 P4 P1 Pa P1 Pa Pq Pa P1
P2 /73 P2 3 P2 P3 P2 P3 P2 P3 P2
P1 Pa P1 P4 P1 Pa P4 P4 P1 P4 P1
T31 Ta2
Pz; ips P2 Kﬁs Pz: :Ps Pz: (kr+pa)® :Ps Pz:(" -pif* "’:Ps
P1 P4 P1

Tar Tas



Differential equations

- I[dentify a set of pre-canonical integrals for F1 and F2

aﬂ?f(xvya 6) — [AO,x(xvy) -+ eAl,CB(xay): f(xvya 6) S

—

ayf(.il’}, Y 6) — [Ao,y(ﬂf, y) T éAl,y(CEa y) f(.fli’, Y, 6) m?

- Use Magnus exponential to obtain a canonical system of DEQs

dg(z,y,e) = edA(z,y)g(x,y, €)

dA =M d log (z) + Madlog (1 + z) + Mzdlog (1 — z) + Mydlog (y)
+ Msdlog (1 + y) + Mgdlog (1 — y) + Mrdlog (z + y)
+ Msdlog (1 + zy) + Modlog (1 — y — zy + y?)

- Integrate the DEQs in terms of GPLs

- Fix boundary conditions




Boundary conditions

- Boundary for F1 given by 8 input integrals
and regularity at pseudo-thresholds :

- Input integrals

- Reqgularity at s — ()

- Regularity at ¢ — 4m”?
- Regularity at

- Regularity at

- Regularity at s — —m”

- Combinations of constant GPLs fitted to (:
(PSLQ):

—59¢ = 72 (G(—1;1)2—2G(0,—(—1)é-1)—2G( (—1)3; 1))—21@,(;(—1;1)
;1)

OJ\M

—G(-1;1)* — 18 G(0,0,0, —(—1)3;1) — 18 G(0, 0,0, (—1)
+12G(0,0,—(~1)3, —1;1) + 12G(0,0, (~1)3, —1;1)

F12G(0,—(~1)3, -1, —1;1) + 12G(0, (—=1)3, -1, —1; 1) + 24 G(0,0,0,2; 1)

p

P1

P3 P2 P3 Pz%m P2 P3 P2
P4 P1 P4 P1§P4 P1 Pa P1 P4 P1

2

]Zpa P2 p3 Pzgps P2 P3 P2 p3 Pz: :

Pa P1 P4 p1 Pa P1 P4 P1 Pa P1

: :P3 Pz: :Ps Pz: :Pa sz Epa P2 P3 P2

P4 P1 P4 P1 P4 P1 P4 P1 P4 P1

?<3 ,,><3 ,,% : ,,ZE( l;f

P2

P1

T2s

P4 P1 P4 P1 P4 P1 P4 P P4 P1

P3 P2 P3 P3 P2 (ke+pr)? :) P3
P4 P1 P4 P1 Pa P1 Pa P1 Pa P1 Pa
P2 (k+p)® 3 Pz: :P3 Pz:(" P P):P3 Pz: :

P1
Tt



Boundary conditions

- Boundary for F2 given by 9 input integrals X E

and regularity at pseudo-thresholds :

- Input integrals

- Reqgularity at s — ()

P3 P2

P4 P1

P3 szps Pz]ipa PzEP?J P2 P3

P4 P1

P4 P1

Ta

>§P$ P2%P3 P2 P3 PzEP:s Pz%

P4 P1 P4 P4 P4 P1

- Regularity at ¢ — 0 ym pzy”s ”ZK”S szm PZKM pzpi

- Regularity at

- Regularity at

P4 P1

P3 P2

Pa P1

P4 P1

P4 P1 Pa P1 Pa P1

P3 P2 P3 P2 P3 P2 P3 P2

- Regularity at s — —m” >Q( >Q( >>< E)>< K pi

P4 P1

P4 P4 P4 P4 P4 P

- Regularity at s — 20 —m? — v/=1/4m? — /2 &}: j;( ff E(

25

P2

Pa p1

26

Pa P1

P4 P4 P4 P1 P4 P1

P3 P2 P3 P2 P3 I’z%J % X

=

Tor

gl

P4 P1
Ts2

P4 P1

P4 P1 P4 P4 P4 P1

P2 1 ips P2 P3 P2KP3 Pz: :Ps Pz: Uer+pa)® :Ps Pz:(" -pi)? "':Ps

P
Ta7

P4 P1
Tss



Numerical evaluation

- Numerical evaluation with GiNaC validated against SecDeC

- Euclidean kinematics : |m° =1, s = —1/2, t = —4/3

P2 Ps
\ [ 4 0.9722833780002695  2.2577379083718387  0.6831983770352587
~ T 0l + 3 + 2 -
€ € € €
o b, — 16.738573400402935 + O(e)
P2 _P3
~0.30898470618790586 B 0.13117172678776337 B 1.6429065516247423
B €3 €2 €
— 6.8582633086260625 + O(¢)
P Pa

-Physicalregion: |m* =1,5s=5/2,t = —1/2

P§ 73
L 32 n 1.2849833364496313 — i6.515895874145223 N 14.616286362308317 + ¢1.2893222586216164
27e4 €3 €2
3.7044754877481445 + 119.653338134527136
P Pa + + + (31.933312628027124 + i51.70714567127463) 4+ O(¢)
€
P2— _P3

B 0.9241962407465936 B 0.20971796688521188 + ¢7.742528320901192
€3 €2

24.805385023064197 — 9.913936271553196
P ps  + : + (41.399867536999416 + 164.54738285675748) + O(e)

€




pe: two-loop non-planar integrals

- A single non-planar integral family is missing :

Mastrolia, AP, Schubert, in progress

1
DY Dy Dy Dy Dy Dge D& DE* Dy

&Ek/l(i;l\l_f/z n, € Z

T Dy = (k1) —=m? Da=(k2)>—m? Ds=(k1+p1)>, Dis=(ka+p1)’
2 2 2
7 o) D5 = (k1 +p1 +p2)°, Dg= (k2 +p1+p2)°, Dr= (k1 —k2)",
Tho Ds = (ks +p1+p2+p3)°, Dg= (k1 —ka+ps)°,
- ] [ ] [ ] ,
- 44 master mtegrals identified from IBP’s
P3 P3 Pz%m P2 P3 p2 P3 P2 P2 3 Pz%:ﬁ P1\ \}’3 P1 p3 M} N
Pa P1 Pa p1 Pa P1 P4 P1 P4 Pa Pa P1 P4 P1 P2 Pa P2 Pa P2 Pa P2
Ts Te Tas T30
P2 P3 p2 P3 p2 P3 p2 P3 P1 P3 p1 3 P 3 P1% % % :’3 R
P4 P1 P4 Pa P1 Pa P1 P4 P2 Pa P2 Pa P2 Pa P2 Pa P2 Pa P2 Pa P1 Pa P1 Pa
Tz Ti Tz Ts1 T3a T36
Ps, 3 Pa, P3 p; Ps3 p2 P2 P3 Pz Gep)®  P3 Pp (ke P3 Pa (ketprepe® P3 P2 3 P2 (ke 3
P2 P1 P2 P1 P1 P4 P P4 P4 P4 P1 P1 Pa P1 Pa P1 Pa P1 Pa P1 Pa P1 P4
T3 Tis Ta7 Tas Ta9
P2 P3 Pz; ;Ps Pz; ;Ps P2 P3 P2 P3 Pz%J P2 (kitps)*-m* D3 Po tkepd(ke-m) Dg
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Differential equations

- Pre-canonical basis has been identified

az (Zaya 6) — [AO,Z(Zay) + EAl,z(zay)} ]?(Z, Y, E) ) _ (1 _y)2 t _ (1 _y)2
Oy f(2,y,€) = [Aoy(2,y) + iy (2,9)] flz,y6) |

- Canonical system of DEQs achieved through Magnus method
dg(z,y,€) = ed A(z,y)g(z,y, €)

- The alphabet contains 12 polynomial letters

dA =M dlog (y) + Madlog (1 + y) + Misdlog (1 — y) + Mydlog (z) + Msd log (1 + x)
+ Mgdlog (1 — x) + Mydlog (y + 2) + Mgdlog (y — z) + Mgdlog (v — 2°)
+ Miodlog (1 —y +y° — 2%) + Miydlog (1 — 3y + y° + 2°) + Miadlog (y* — 2° + yz* — y?2%)

- General solution expressed in terms of GPLs

- Ongoing boundary fixing




Conclusions

- The computation of the NNLO virtual corrections to pe-scattering requires the
evaluation of previously unknown master integrals

- Canonical system of DEQs for all masters integrals obtained through the Magnus
exponential method

- All integrals written in terms of generalised polylogarithms

- Boundary constants fixed by demanding the regularity of the master integrals at
pseudo-thresholds

- All planar integrals have been computed and checked against SecDec



Outlook

- The non-planar integrals will be completed soon

- Crosscheck with recent numerical determination in 7. — had Liu, ma,wang 17

- Master integrals plugged in the amplitude decomposition to get analytical
expression of M) (+ renormalization) see Torres’ talk

- [M"Y*and real-virtual contributions can be computed with GoSam see Greiner’s talk

- All ingredient must be combined within a subtraction framework (m. # 0 effects?)



