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Seetalks by William and Felix in this session

Introductiono Looptree duality

Dual representatiorof one-loop integrals
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Characterizatiomf singularitiesvithLTD

Locationof IR singularitiesin the dual-space

A Analize the dual integration region. It is obtained as the positive energy
solution of then-shellcondition

G @)= a7 —m? +i0=0

A Forward (backward on-shell

Massivecase:hyperboloids
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Masslesscase: lightcones

Rodrigo et al, JHEP11(2014)013HEP02(2016)044JHEP08(2016)160, arXiv:1904.08389



Characterizatiomf singularitiesvithLTD

Locationof IR singularitiesin the dual-space

~

A Theapplicationof LTDconvertdoop-integralsinto PSonesintegrationover
forward light-cones

A Onlyforward-backwardinterferences
originatethresholdor IR poles (other
propagatordoecomesingular irthe
integratiordomain

A Forwardforward singularitiegancelamong
dual contributions

A Threshol@nd IRsingularitiesssociatedvith
finite regiong(i.e.containedn a compact
region)

A No thresholdor IR singularity at large loop
momentum

A Thisstructuresuggestiiowto performreal-virtualcombinatiohAlso, how to
overcome threshold singularities (integrable but numerically unstable)

Rodrigo et al, JHEP11(2014)013HEP02(2016)044JHEP08(2016)160, arXiv:1904.08389



Characterizatiomf singularitiesvithLTD

~ 6 [ Locationof IR singularitiesin the dual-space
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Characterizatiomf singularitiesvithLTD

Descriptionof thresholdsingularities@ 1-
A In generalthelocationof the singularitiess givenby the solutionsf

N5E =gy £ g5 + kjio= 0

with¢: onshelland kj; = q; — q; .
A We considethefollowingtestfunctions

(1) _ ~1 NS (o : : Up to 2on-shell states
Sij (2m) GD(q"” qﬂ) 0 (q@) * (Z < ‘7) (standardthresholdg

SY — o)1 2 a1) Gp(qiiqi) d (¢;) +perm.  Up to 3on-shellstates
ijk = (2m) Gplaian) Go(ai; ) 0 (4i) +p (@anomalouthresholds

i IMPORTANTThesingulastructuref scattering amplitudisslictatedoy
theirpropagatorsSo,theproposedestfunctionsire generaknougtio do a
properanalysi®f thresholdingularities

Rodrigo et al, arXiv:1904.08380¢pph



Characterizatiomf singularitiesvithLTD

~ 8 [ Descriptionof thresholdsingularities@ 1-
A Thesingulastructurelependsonthe separationramongmomenta

A Timelike separation(causalconnection:

kfz — (mj +m)* >0

Physicathresholdsingularitiesre originated
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Always +i0 !

The prescriptionis crucialto determinethe imaginary part: it is
always+i0 and correspond$o the usualFeynmarprescriptiohFor
thisconfigurationLTDand FTTgive equivalentdescriptions
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Characterizatiomf singularitiesvithLTD

~ 9 [ Descriptionof thresholdsingularities@ 1-
A Thesingulastructurelependsonthe separationramongmomenta

A Spacelike separation

IC;Z,L — (mj — m@-)z S 0

The duakprescriptiorchangesignwithinthe different contributions
whichallowsa perfectcancellatiorf any singulatehaviour

+ +
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Cancellationcodified

. 1 —\0
)\Jll_m OS@(j) =0 ((/\;; )) by multiple-cutsin FTT!!
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A Lightlike separation

It originatesIlRand thresholdsingularitieshat remainin a compact
region of the integrationdomain Thereis a partial cancellation
amongdual contributiondut IRmightremaith

& Rodrigo et al, arXiv:1904.0838%¢pph
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Characterizatiomf singularitiesvithLTD

Descriptionof thresholdsingularities@ 1-

~

A Anomalousthresholds causal (i.e. tirl&ke separateplsingularitiesriginated
by multiplgoropagatorgyoingon-shell

. 1 9(—]674@'0)9(]{2- — (m@ _'_mfr')2)
lim S\ = SRR
e 11 (CAF — 0k o)

Tijk = 8(1%)(1%)@;%)

A Intersectionsf two hyperboloidslead to the standard IR
andthresholdingularities

A Anomaloushresholdsare originated from the intersection

of two forward (backward and one backward (forward)
hyperboloids

A Thereare not singularitiesfor A" = A" = AL T— 0 1l

Rodrigo et al, arXiv:1904.08380¢pph



FDUapproach@ NLO

Realvirtual momentummapping
i Suppos@ne-loop scalarscatteringamplitudegivenby thetriangle(scalar

A
toy-model):
" MO (py. ps: po))
- ; ) = i 0 pq(D)
Virtual — l 1 P2: b3 - X = Re (M |M')
b IMDY (p1,pa;p3)) = —i g* BV (p1, pa, —p3)

P2
1->2 one-loop process 1->3 with unresolvedextra-parton

Add scalartree-levelcontributions/ithoneextra-particle consider
iInterferencderms

>

P2

P
A
Real - P MG (195,97 p3)) = —id /sl = Re (M IMY) = T
3 ir “gr
P
i Generatel->3 kinematicstartingfrom1->2 configuratiorplustheloop

A
threemomentun/ !
Rodrigo et al, JHEP02(2016)044; JHEP08(2016)160; JHEP10(2016)



FDUapproach@ NLO

Reatvirtual momentummapping

A Mapping of momentageneratel->3 real emissiokinematics3(external
on-shell momenta starting from the variables available in the dual
description ofl->2 virtual contribution2(external onshell momenta and
1 free threemomentum)

v Split the real phasepaceintot wo r e g i, 09 & n d,j)< y,@to sepatate
the possible collinear singularities

v Implement an optimized mapping in each region, to allow a fully local cancella
of IR singularities with those present in the dual terms
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Rodrigo et al, JHEP02(2016)044; JHEP08(2016)160; JHEP10(2016)
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FDUapproach@ NLO

Example massivescalarthreepoint function

We combine the dual contributions with the real terms (after applying the
proper mapping) to get the total decay rate in the scalarmogdel.

A The result agregzerfectlywith
standard DREG.

A Massless limitissmoothly
approached due to proper
treatment ofguastcollinear
configurations in thBV mapping
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FDUapproach@ NLO

Example vectorbosondecays

. . .. . _ & Total decay rate fa&
06l / vector particlento a pair

— ¥=ag . of massivguarks:
- T 4oum | A Agreement with the
-08r  — Z-»dd -_ standard DREG result
= | | A Smoothly achieves the
T -0 | massless limit
3 | | A Efficiennumerical
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FDUapproach@ NLO

Example Higgsdecayat NLO

06— —n A Total decay rate for Higgs
Into a pair of massive
guarks:

A Agreement with the
standard DREG result

A Smoothly achieves the
massless limit

A Local version of UV
counterterms
succesfully reproduces
the expected
behaviour

—— Analytical (DREG)

0.5]
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A Efficient numerical
Implementation

0.0 0.2 0.4 0.6 0.8

Rodrigo et al, JHEP10(2016)1¢



FDUapproach@ NLO

Finalremarks

i Thetotal decay-rate can beexpressedisingourelyfour-dimensional
integrands

i We recoverthetotal NLOcorrectionwhileavoiding dealing with DREG

A Main advantages

v Directnumericalimplementatio(integrablefunctiongor =0)

Finiteintegralfor s T Integrabilitywiths T 5 With FDU

IS true!
v No needof tensoreductionavoids the presenceof Gramdeterminants

whichcouldintroducenumericainstabilitiel

v Smoothtransitionto the massledamit(dueto the efficienttreatmeniof
guastcollinear configurations

v Mappedreal-contributionusedas afully local IRcountertermfor the
dual contributiorl

Rodrigo et al, JHEP10(2016)1¢



Conclusiorend perspectives
R

V

Looptree duality allows to treatirtual and realcontributions
simultaneously(loop measure expressed in Euclidean space

Physicainterpretationof IR/UVsingularitiesinloop integrals
More transparentescriptiorof thresholds

Combinedvirtual-real termsare integrable infour space
time dimensiong! FDU

Perspectives

A Automatiorof multilegprocesse& NLO pngoing 2-loop examples

i Extensioof thelocal IRiormalisnto NNLO » available!!! & e | tally
A Exploitsimplificationdueto easierasymptoti@xpansiong NNLO ¢ngoing

A Carefullcomparisowithotherschemes > OWorkstopThinkstamne e t i
UZH Zurich Sep. 2016
Eur.Phys.Q77 (2017) no.7, 471







LTD/FDWpproach multileg

Reatvirtual momentummapping (GENERAL)

A Realvirtual momentum mapping withmassiveparticles
A Consided theemitter, r theradiated particleand 2 the spectator

A Apply the PS partition and restrict to the only region whéreis
allowed (i.eR: = {y}, < miny,} )

A Propose the following mapping:

e __ o p
P ’ % Imposeon-shell
Pf" — (1 — 031) ﬁT + (1 — ’}”1) ;6‘5 — qf conditionsto determine
p;# = ;ﬁﬁ” + v ﬁg mapping parameters

with p; massles®ur-vectorduild usin¢p; (simplifythe expressions

A Express the loop thremmentum with the same parameterization used
describing the dual contributions!

Repeatin eachregionof the partitioné

Rodrigo et al, JHEP10(2016)1¢



LTD/FDWpproach renormalization

UV countertermsand localrenormalization

A LTDmusbe applied to deal withUV singularitiesby buildinglocal
versions of the usual UV counterterms.

A 1. Expandinternal propagators aroundtieUV pr opagat or O

1 = ! Becker, Reuschle, WeinzigHEP12(2010)013
g; —mi +10 Gorv — My + 10
2quy - sz\f + kfw — m? + ,u%w 2quv - ki v 2 -
X |1— ; 4 ( 3 ) Jro((q%v) 5/2)

Gt — 1y + 20 (atv — 1y +10)?

po2l

2: Apply LTD to get thdual representatiorfor the expanded UV
expression, andubtractit from thedual+real combinedntegrand

LTD extendedio deal with multiple poles
(useresidueformulato obtainthe dual representation

3

i 3: Takeintoaccountvave-function and vertex renormalizationconstants
(nottrivial inthe massivease!)

Rodrigo et al, JHEP10(2016)1¢



LTD/FDWpproach renormalization

UV countertermsand localrenormalization

i Seltenergycorrections witbn-shell renormalizationconditions
Sr(ph = M) =0

R

A Wavefunctiomrenormalizatioconstanfooth IR and UVpoles):

]

A Vertexrenormalizatiofonly UV):

po2l

Importantfeatures
A Integratedresultsaagrees with standard Usbunteiterms
A Smoothmasslesdimit!

Rodrigo et al, JHEP10(2016)1¢



