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Stein wirft Schatten  Sonnig
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Stein ist nicht zu sehen Nebel ! German Rod rlgo
Stein schwingt ~ Windig
Stein hipft auf und ab  Erdbeben
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The loop-tree duality theorem (Catani et al. 2006]

One-loop integrals (or scattering amplitudes in any relativistic, local and unitary
QFT) represented by a linear combination of N single-cut phase-space integrals

/HGF qi) = 2/5 @) || Golai;a;)

JFe

0(q;) = 127 0(qs0) (g2 — m?) sets internal line on-shell, positive energy mode

dual propagator, k;; = q¢; — ¢

1
Gp(¢i; ¢5) = :
’ q]z—m?—zOnka-
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The loop-tree duality theorem (Catani et al. 2008

One-loop integrals (or scattering amplitudes in any relativistic, local and unitary
QFT) represented as a linear combination of N single-cut phase-space integrals

/HGF qi) = 2/5 @) || Golai;a;)

J#i

0(q;) = 127 0(qs0) (g2 — m?) sets internal line on-shell, positive energy mode

1
GD (Qi; q) — . dual propagator, kji =q; — q;
’ q]z—m?—zOnka-
LTD realised by modifying the customary +i0 prescription of the Feynman
propagators, it compensates for the absence of multiple-cut contributions that

appear in the Feynman Tree Theorem
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The loop-tree duality theorem (Catani et al. 2008

One-loop integrals (or scattering amplitudes in any relativistic, local and unitary
QFT) represented as a linear combination of N single-cut phase-space integrals

[[Gr(a)==>_ [ ) ]]Cpla;a)
J I

J7i

0(q;) = 127 0(qs0) (g2 — m?) sets internal line on-shell, positive energy mode

1
Gp(qisq;) = :
’ q]z—m?—zOnka-
LTD realised by modifying the customary +i0 prescription of the Feynman
propagators, it compensates for the absence of multiple-cut contributions that

appear in the Feynman Tree Theorem

dual propagator, k;; = q¢; — ¢

Lorentz-covariant dual prescription with 17 a future-like vector; only the sign matters
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The loop-tree duality theorem (Catani et al. 2008

One-loop integrals (or scattering amplitudes in any relativistic, local and unitary
QFT) represented as a linear combination of N single-cut phase-space integrals

/HGF ;) = 2/5 @) | | Go(a 4j)

J7i

0(qi) = 121 0(qs0) 6(q? — mf) sets internal line on-shell, positive energy mode

1
G ivq7) = dual propagator, k.. = qi — q;
D(q QJ) qu _m? —zOnkﬂ 71 j 7

LTD realised by modifying the customary +i0 prescription of the Feynman
propagators, it compensates for the absence of multiple-cut contributions that
appear in the Feynman Tree Theorem

Lorentz-covariant dual prescription with 17 a future-like vector; only the sign matters

best choice n* = (1,0) : energy component integrated out, remaining integration in
Euclidean space

G. Rodrigo © pcaencia

OCHOA



@ The dual loop integrand becomes
singular when subsets (>=2) of internal
propagators go on-shell

set this propagator
on-shell
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4+ Threshold singularities occur
when a second propagator gets
on-shell: consistent with
Cutkosky

energy of the on-shell
propagator smaller than
the energy of the emitted
particles
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4+ Threshold singularities occur
when a second propagator gets
on-shell: consistent with
Cutkosky

4+ |t becomes collinear (soft)
when a single massless particle
is emitted

energy of the on-shell
propagator smaller than
the energy of the emitted
particles
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4+ Virtual particle emitted and
absorbed

4+ Indeed free of singularities
4+ Expected to be suppressed

4+ |f it is not sufficiently

suppressed, we renormalise
energy of the on-shell

4+ The bulk of the physics is in propagator larger than
the “low” energy region of the the energy of the
loop momentum emitted particles
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Momentum mappmg multi-leg

Motivated by the factorlsatlon properties of QCD: assuming qz on-shell,
and close to collinear with pz ,we define the momentum mapping

j28

pl =4,
2
o 7 n L <Qz_pz)
pl=p'—¢'+a;pt!, = ,
Lo Y 2p (g — i)
p) =1 —a)pl, pr=p,, k#ij

All the primed momenta (real process) on-shell and momentum conservation
p,f-L is the emitter, p? the spectator needed to absorb momentum recoll

Quasi-collinear configurations can also be conveniently mapped such that
the massless limit is smooth
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UV renormalisation: local subtraction

Expand propagators and numerators around a UV propagator [Weinzierl et al.]

1 2quvy - ki + k2 —m?2 + 2 2quv - ki)?
Gr(q) = — 5 : [1— qov 5 R Fuv | 2(CIUV2 ) 5|+
quy — poy + 10 quy — Boy + 10 (¢Gv — 1oy +10)
quv = ¢ + kuv ki =q — quv

and adjust subleading terms to subtract only the pole ( MS scheme), or to
define any other renormalisation scheme. For the scalar two point function

Icnt _ / 1
vy ¢ (QIQJV - M%V +10)?

Dual representation needs to deal with multiple poles [Bierenbaum et al.]

< (+) _ 2 2 -
rent — / d(quv) duv,0 = \/qUV + pgy — 0
— 2
J4 2 (+) )
(qUV’O Hernandez-Pinto, Sborlini, GR, JHEP 1602, 044

Integration on the UV on-shell hyperboloid: loop three-momentum
unconstrained, but loop contributions suppressed for loop

energies larger than uyv
G. Rodrigo ¢ 'EXCEI%E)NCIA



LTD unsubtraction: multi-leg

Sborlini, Driencourt-Mangin, Hernandez-Pinto, GR, JHEP 1608, 160

The dual representation of the renormalised loop cross-section: one single
integral in the loop three-momentum

[ a0t = [ [ 2Re M1 MG ) - MELGlawn))
A partition of the real phase-space
Y Ri{plnir) =1

The real contribution mapped to the Born kinematics + loop three-momentum

/N+1 oy, = / / 5 i) Ra(0})) Mo ()

{ritn+1—= (g APK}N)
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IR singularities and mapping regions: 1 — 2
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dual cancellation

/1,2
@ physicsis in a region of the loop momentum
which is of the size of the hard scale
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LTD unsubtraction: NNLO

At NNLO

oNNLO / doZH + / doV + / o'
N N+1 N+2

where the VV contribution reads

dgg\)/:/l?/ZZ[ZRe(Mg\?)lME\Qz>(5(Qi,QJ’))>

2 4]

N

+ (MY (6(a:) MY (3(g;))) | O}

Need the RV and RR contributions mapped to the Born kinematics + the
two independent loop three-momenta

Known two-loop amplitudes not suitable: requires LTD unintegrated
representation
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LTD at two-loops and beyond

Iterative application of LTD at higher orders

Grlow) =Y Grlq) , Gplar) =Y 0(a:) ] Gplaiia)

1EQ 1EQL JF£1
At one loop:

GF<041) = — GD(Oél)
161 el
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LTD at two-loops and beyond

Iterative application of LTD at higher orders

Grlow) =Y Grlq) , Gplar) =Y 0(a:) ] Gplaiia)

1EQ 1EQL JF£1
At one loop:

Gr(an) =— [ Gp(a)
161 el

At two-loops:

/ GF(OélUCMQUOég)
b1 J o

a1 as /el /gQ Gr(a) GD(OAQ/T as)

(Gsz) Gp(as) + Gp(az) Grlas) + Gr(as) GD<a3>>

two cuts v/ C—GD(OQ U as) —Gp(—asUay)
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LTD at two-loops and beyond

Iterative application of LTD at higher orders

Grlow) =Y Grlq) , Gplar) =Y 0(a:) ] Gplaiia)

1€ 1EQ) JF£1

At two-loops:

/61 5 GF(OélUOQUCYZS):/el /£2{Gp(a2)GD(a1Ua3)
Gr(—a2Ua1)Gplas) — Gr(ar) Gp(ag) GD(Q3)}

AN

With a number of cuts equal to the
number of loops the loop amplitude
opens to a tree-level like object
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Massless sunrise two-loop

Bierenbaum et al., 2010

L(z)(plaPQ):/ / 5@1)5(52){GF(el+52+p1)—|—GF(51+€2—p1)+GF(f1—fz—pl)
0, Jo,

+ 06y + L2+ p1) + (01 + £ —Pl)}

L® (p1,p2) = dr /

0(¢2) {[(52 +p1)? +140]7¢ (e + 1)
Lo

+ [(l2 — p1)? +i0] ¢ [€"*7 — 0((£2 — p1)?) O((£2 — p1)o) (7€ — 1)] }

q2
g3 L@ (p1,po) = —Ga(—p? —i0) 2

D1 D2 G — [(—1+26)T(1—¢)°
0 7 (4m)42¢ (3 — 3e)
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Planar diagrams at two loops

q1,i-1 s S

aj q1i = Y1+ p1
o . GgN+1 — o
s g7 =4 +l+Dp1;
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Dual amplitude tfor H — v~ at two loops

Driencourt-Mangin, Sborlini, Torres-Bobadilla, GR

Simplest two loop amplitude: proof of concept for other amplitudes
with higher multiplicities

Well known numerically/analytically, however, known amplitude not
suitable within LTD/FDU, requires unintegrated amplitude

IBP would modify the local behaviour of the integrand: not suitable

Dual propagators are linear in the loop momenta: tensor reduction
simpler (reduction to master integrals not necessary)

For Higgs on-shell below threshold: dual prescriptions can be
ignored, numerical integration stable

Universality also holds at two-loops ?
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Dual amplitude for H — v~

Driencourt-Mangin,GR, Sborlini, EPJC 2018

Universality and compactness of the dual representation. In four
space-time dimensions after local renormalization

A(l £) _ 312/ 1 g(+) N g(+) . 2(20 - p13)?
=1 e L2659 \ g\ () 51y — (20 p12 —10)?

d1.0 d2.0
M2 3
(f) Uy «f)] ) _ 2. 2.
X C + C 40 =\ A + m3; — 10
@ ) /
P1

The flavour of the internal particles is encoded
by two scalar coefficients

S12. 3512 D12 = = q1
f C;];) S12
~ _— pr— 1 2 3
287 g4 . ( oz )
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Dual amplitude tfor H — v~ at two loops

Driencourt-Mangin, Sborlini, Torres-Bobadilla, GR

Below threshold

AP ({p;}) :/e e N(glafm{pi}){GD(Oél)GD(OQ)GF(%)

Grar) Gp(—az) Gplas) + Gplar) Grlaz) GD<a3>}

There are 22 double cuts (although 7 cuts obtained from 1<->2)
Self-energy insertions in internal lines introduce double poles

Massless snail diagrams: integrate to zero but relevant to achieve
universality

Integrand expressions in terms of O(20) scalar coefficients

soon to be published

G. Rodrigo
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Conclusions

First attempts towards LTD/FDU at NNLO

IBP not suitable because it modifies the local behaviour of the
integrand

First results for the LTD representation of the f1 — 7y
two-loop amplitude with different internal flavours: scalar, top
quark, and W boson.

Compact integrand expressions with similar functional form in
terms of flavour dependent O(20) scalar coefficients

proof-of-concept for other processes with higher multiplicities.
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