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plan

e at N?LO the calculation is split into four parts

o3 = GVVV) | S(RVV) 4 (RRV) | [ (RRR)

- / A%, M) 4+ / dd, 1 M)+ / d®,, 0 M), + / A®,, 13 MY,

e for each part identify gauge-invariant subsets based on lepton charges
(¢ for electron, @) for muon)

e for now ¢® Q)? (emission from e-line only) is enough ...
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(soft-only!) radiative phase space
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two methods

(1) FKS SUBTRACTION + DR

@ reproduce and isolate IR behaviour
from regions of the phase space where
(one or more) real photons are soft:

lim £ My = € M,

@® isolate IR-divergent behaviour from
virtual amplitudes™:

- Mg) :ewé - M;Z)f

© cancel analytically IR divergences and
then integrate numerically in d = 4
over the non-radiative phase space

(2) SLICING + m,

@ choose the resolution parameter for

the photon energy, ws, as slicing
parameter:

for E, < ws a real-emission
contribution is degenerate with the
one without the emitted photon

regulate IR divergences from virtual
amplitudes with a non-zero photon
mass, A\

integrate numerically the contributions
regrouped according to rule 1; for soft

regions use eikonal approximation™
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RRR

A& d&des &2 g 2 g2 222 M),

° @ apply distributions to isolate IR behaviour once per photon
1 -
sss = 1x 553(50) MO

1 - 1
hss = 3 x 552(&) d& (5—1>C & M’E&)—l

1 - 1 1
hhs = 3x 3 E(&e) d& d&o (a)c (f_2>c£% & Mglo-i)-Q
1 1 1

1
hhh = 1x gdgl déy dgs (a)c<£—2>c<§—3)c£%£§£§ﬂflff)+)3

° @ slice the phase space and keep the region where 3 photons are hard

0 vi
JS’y,h(wS) = Uo»z:;lgt»yh(wée)
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RRV

dedg &7 g2 22 m\Y,

e (1) use eikonal subtraction® when matrix elements are IR divergent

ss = 1x %é’%gc)Mﬁ})

1 . 1
hs = 2x 55(50) d& <—>c & Mfllll

&1
bho= 1% o dE 6 (;7) (é)cf% G M,
- giade(g) (g) 66 (MY M) =ur
e (2) sum over degenerate states with 2 real photons
Ooy,n(ws) = aéz;';igtyh()\,ws) + a?;yg;igt,yh()\,ws)
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RVV

de &7 g MY,

° @ keep isolating pieces until vegas can integrate them
s = Ix S E(EM
h = 1><—d§1(§) g M2,
= dg (5 ) £2 ( MBS —geoml), 52(56)/\4”“) = f4dl +d2

* (2) sum over degenerate states with 1 real photon

2y vi 1y virt 0 virt
Oy, n(ws) = Uojyys‘,/;li‘jyh(/\vws) + all;liyh()\,ws) + JQZ;IEVh()\,wS)
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VvV

M@

e (1) subtract soft pieces from before (eikonal subtraction builds up!)

T

3 4
e = [ <M7‘5” -y a Mﬁf‘”> = [awias
r=1 ’

° @ sum over degenerate states with O real photons

3y vi 2y vi 1yvi Oy vi
o0y n(ws) = Uﬂ'z;;lgtwh()‘) + ‘713;182}1()‘7 ws) + 023;132}1(%%) + ngg;l(r)tyh()"ws
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summing up

L4 @ [Engel, Signer, Ulrich, 1909.10244]

o® = @)+ 0P (&) + 06 + oy (c)
W) = [amrm®

1 /1
o (&) = / AP o <E) & M
1 /1 1
O'r(z?ii)-2(£c) = /d(I)jlth5 (g> (5_2) £ & M7(11—i)-2f
1 /1 1 1
0'7(’31)—3(£c> = /dfbfﬁgg (g> (5_2) §_3> 16983 Mﬂ’;{

0'(3) = UOfy,h(ws) + Ul'y,h(ws) + 0'2%}1((4}3) + 0'3%}1(0.)3)
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a check for FKS¢ (£ = 2)
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comparison FKS vs slicing: total xsec
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comparison FKS vs slicing: 6,
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(-1

conclusions

phase-space integration is done ...
e FKS’: (1) isolate IR behaviour, (2) cancel IR poles analytically before
integration, (3) integrate with exact matrix elements
® slicing: (1) split the radiative phase space into soft and hard regions, (2) use
eikonal approximation for soft regions, (3) integrate
... but don't forget about matrix elements!
¢ RRR is (hopefully) trivial
¢ we have discussed RRV (NTS stabilisation for 2 photons?)
® Tim will talk about RVV

® \/VV/V has been already discussed as well
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