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The standard approach to perform perturbative calculation in QCD relies
in the application of the subtraction formalism. There are several variants
of the subtraction method at NLO, which involve:

o Treat separately real and virtual contributions.

@ Computational difficulty related with the final-state phase-space of
the different contributions.

@ Building counter-terms.
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An alternative to elude the introduction of IR counter-terms, it's the
application of the loop—tree duality (LTD).

@ The LTD theorem establishes a direct connection among loop and
phase-space integrals.

@ Dual integrals and real-radiation contributions exhibit a similar
structure, and can be combined at integrand level.

To build a complete loop-tree duality representation of the cross section, it
is crucial to include the renormalised self-energy correction, what implies
calculate the renormalization constants.
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Review of the loop-tree duality

Considering a generic N- particle scalar one-loop integral,

L(l) (plv' va /H GF (q’ !

1€

ol

over Feynman propagators Gr (g;) = (g7 — m? + 10)71 , wWhere it's
corresponding dual representation is

L (py, o ) = — Z/Eg(qi) [T Go(aiq)-

i€ny jeal,jyéi
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Review of the loop-tree duality

The corresponding dual representation is

LY (py,oopy) ==Y /ég(qi) IT Go(aiq).

i€y Jeay, j#i

-1
Gp (giiq;) = (qj2 — mj2 — 107 - kj,-) are dual propagators.
i,j€war ={1,2 .., N} label the internal lines.

The sign of prescription 10 depends on k;; = g; — g;.

m; and q; , = (qo,y, q,-), masses and momenta of the internal lines.
qi={+ki,ki=p1+---+piand ky = 0.

£ is the loop momentum.
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Review of the loop-tree duality

On the other hand

where d = 4 — 2¢, and
0 (qi) = 2110 (qip) 6 (qf —m7),

is used to set the internal lines on-shell in

LD (pr,opy) = = Y ut? [T Go(aig).

i€aq ) JEw,jF£I

where 0 (gj o) restricts the integration domain to g0 > 0.

Norma Selomit Ramirez Uribe QCD-LTD




Photon self-energy

The photon one-loop self energy has the form,

ddt J+ ¢+ m ft+m
== [ G ™ [le‘”” ((/z+p>—m> o (1 n%)] |

In the massless approx, relabelling ¢ = g1, ¢+ p = g and contracting,

165 qi- Q2
I(p°) = —8(1l—€) sty € .
() RN CEr L =
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Loop-Tree Duality

Applying the LTD to the integral I1 (p2) ,

2y 8(l—e)u* 3(q1) 9P _ da)pa 92
I (P ) - (d—1)p? eO fé 2q1-p+p2—10 f( —2q2-p+p>+10

Taking the parametrization

pll - (pOIO) ’ CI,V - pogi,o (11 2 Vi (1 - Vi)ei,Lv 1-— 2Vi> ’

_ 2° (1—¢) e d [‘:1,0] d[vi] C%,o d [62,0] d[v,] C%,o
(p*) = _(d—l)p2yge [/ 1428 o — _/ 1—28,4+10

€—2 2\ —€
d [6/,0] = 1E4(71t)—e) (4].52> C:gedglo and d [V,'] = (V,' (1 — V;))ie dV,'.
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Loop-Tree Duality

Explore the behavior of I1 (p2).

o Integrating on vi, v € [0,1], ;0,850 € [0, w) and expanding on
series around € we have

4w? + log (1 + 2w — 10) + log (1 — 2w +10)
e [— 572 +O0(e)] .

o Integrating on vi, v» € [0,1], &1 9,8, € [w, ) and expanding on
series around € we have

2
, ) 5—37+317T—|—3Iog<—10—f—n>

|~ 122 36772

+ O (e)

° On the finite region, we find a four dimensional realization
dgy 0453
67r2 0 ) dvy fw 1+21§0 01(1)0 [1+ log (‘:2 ) (v (v) +(1=w)6(1—w))]
85,0485
+6? fo dva fw = 22(;91 5 [1+log ( 0) (V26 (v2) + (1 =v2)d(1—w))].
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Quark self-energy

In massless, the quark self energy has the form,

% (p) = pZ (P%) -
We have that

W () = G [0 lay?) [-1D3, (1)] ) 5o (2 + ).

(2m)
Multiplying 4p*%, (p?) by % and taking the trace of both sides,
_ 1 p-l
>, (p?) = —u 2 (2—2¢ Cpg2/(1—|—>.
( ) I ( ) 0 , q%qg p2
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Loop-Tree Duality

Applying the LTD to the integral X, (p2) , we have

—2p-q2+p>+10

14+
%y (p?) =2u7¢ (1 —€) Crgg [fe zpql(ﬂjzo) = i Hape ] :

Taking the same parametrisation, we get

e 1—|—2(;‘1 010 1-28, o+10

5, (pz) _ _ 23(1—€)Crag? |:f d[glo] (5104‘51 0) . f d[CQ,O]d[V2]§§,0:| .
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Loop-Tree Duality

Explore the behavior of %, (p2).

o Integrating on vi, vz € [0,1], ;0,850 € [0, w) and expanding on
series around € we have

—log (1 +2w —10) — log (1 — 2w + 10
g [Flestir20 ) g ) o).

o Integrating on vi, v € [0,1], §; 9,85 € [w,00) and expanding on
series around € we have

—1+7+log[1—(2w—10)*] +log (—10— £
& [_ 7 T 1672 ( ) +0(e )]

@ Also we get a four dimensional representation for the finite region:
2 &y 048 o (14¢€
o fo dvi fy —1f+21g°10 lolo) [1+1log (61 0) [vi6 (v1) + (1 —v1) 6 (1= w)]]
2 di, o4
oy fy v f 250 (14 tog (83) [v2d () + (1—v2) 6 (1~ w)]]
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Gluon self-energy

Gluon propagator receives contributions from:
1‘>--‘\
N
@ The fermion-loop is the same as in the photon propagator with just

including the color factor ns, and the replace of ey by go.
@ The contribution to the gluon-loop is

1 di¢ N 1 N
IT; g —szAg2 / _— = *CAg2 —2€ —,
(M) = =15 Ca0 eri@a 2" )i @g

where N = d ((2£+p)2 +(0—p)+ (£+2p)2) —2(20 +p)-

(L—p)—2(L+p)-(L+2p)+2(L+2p) - ({—p).
@ The ghost contribution is

d0 qi- g q-q
1) zchgZ/ —5—5 = —Cagop :
(2), °J en)? a3 o) g
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Loop-Tree Duality

Applying the LTD,

_ 1 2 8 (q1) M 5 (q2) N
()i = =3 Cagon™ U( o' i

¢ q1+P)2— 2—p)2+10

with

N = 6(d—1)(qi+p-q+p°) and

Ny = 6(d—1)(gg—p-q+p’),
then
(M), =

Cap’gl G10)dlvi](G10+61 d[&r0]d[v2](620—€

—12(d —1) Aypgfo f [10]1+21§101$0 to) +f 2,0 226201?0 30)
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Loop-Tree Duality

Explore the behavior of (I—Il)Z.

o Integrating on vi, v € [0,1], ;0,850 € [0, w) and expanding on
series around € we have
9 [4(02 — log (14 2w — 10) — log (1 — 2w + 10)

2 2,2
2CAp & 16722 +O(6)] :

o Integrating on vi, v € [0,1], §; 9,5 € [w,o0) and expanding on
series around € we have

—4-12w?+37+3 log[1—(2w—10)*]+3 log ( —10— £~
_%CAngg [_16;26 + 4872 ( ) +0(e)|-

@ The four dimensional representation for the finite region:

0 Cagép® 1 w d€1 4% o(14C 2
g Cagp’ 1 gy [ Sattialiholy 4 iog (3 )
w 920480 (1-20)

X [6 () + (1—v1) 8 (1= w)]] — $48E [ dv, [ 20220
[1+log (&3,0) [v26 (v2) + (1= v2) 6 (1 — wo)]].
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Loop-Tree Duality

The ghost contribution is given by

_ S(q)qi-p 5(q)p-
I1 [ 2€C 2 o ,
( 2)y H A80 £2p'q1+P2—10 Z—QP'QQ-FPZ-FZO

4Cags P’ /d 10 d [v] ﬁ,o _ / d [820] d[v2] ‘3{%,0
u2e 1+28,4—10 1-20,,+10 |
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Loop-Tree Duality

Explore the behavior of (HQ)Z.

o Integrating on v1, v, € [0, 1], 8101820 € [0, w) and expanding on
series around € we have

4w? +log (1 — 2w +10) + log (1 + 2w — 10)

[ 12872 +0(e)]-

e Integrating on vi, v2 € [0,1], §; 9,85 € [w,o0) and expanding on
series around € we have ,
4Cs 02 p2 1 —2+4w2+7+|og[1—(2w—10)2]+log(—10—f—n)
A80P” | T28n2e 128722

4Cagip’

+ O (e)

@ The four dimensional representation for the finite region:

Cagip® (1 gy [ 9otis 11 1 log (£2) [vid () + (1 — )8 (1—w)]]

1672 28,10
Cag? p? dé, A3
P85 Jy dva [y 1385 [L+log (83,) [v26 (v2) + (1= v2) (1= wa)]].

05/17 17 / 19
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The possibility to performing purely four dimensional implementations
could lead to

@ Major improvements in the computation of higher-order corrections in
QFT.

@ Allows a better understanding of the mathematical structures behind
scattering amplitudes.

@ LTD let to perform an integrand-level combination of real and virtual
terms, which leads to a fully local cancellation of singularities, allows
to implement the calculation without making use of DREG and shows
the nature of the singularities.

The next step in order to build a full four dimensional representation, is to
build a UV-counterterm in order to cancel locally the UV-divergence.
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