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Ealy Colliders
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ModernPhenomenology

vixm ynofficial global Higgs signal plot LHC +Tevatront LEP - Dec 2011
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ModernPhenomenology
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we needprecisetheay predictionsfor "Expected” !



The Standad Model

The Standard Model Ea ]
Fermions ‘Bosons
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important concepts:

I local gaugetheay SU(2) U(1) SU(3).
I renamalizability

I perturbation theay



Strong Interactions

basicprinciplesof Quantum Chromo-Dynamics(QCD):

I asymptoticfreedom: coupling (Q?) !

July 2009

» Deep Inelastic Seattering
* ¢ Aunihilation
¥ Quarkonia

S. Bethke

=QCD a,(My)=0.1184 + 0.0007

1

10 Q[GEV] 100

Ofor Q%! 1

constituents of hadrons (quarks and gluons)
can be considered as freely interacting at
high energies (i.e. short distances)

I factorisation: systematicsepaation of long-distancee ects
(non-perturbative) and shat-distance crosssections(\hard
scattering™)



factorisation

_ .2 2y A L .Q% Q% 2
pp! X = fa(xe; )fo(x2; ) ab(P1; P2; 5 o s( 7))
a;b;c f r

Der x(z: §) + O( =Q)
fa; fp: parton distribution functions (from ts to data)

"ap: partonic hard scatteringcrosssection

| calculableorder by order in perturbationtheay |

Dar x (Z, fz) deSCfibinqhe nal state eg. fragmentation function, jet observable etc.



Perturbativeexpansion

expansionn strong coupling s:

M= oK) MO ()M BN ()
-dependencecomesfrom truncation of perturbative series
calculationat n-th order:

d"M=din( %= 0( 1)

truncation of perturbative seriesat LO

) large renamalisation/factarisation scaledependence



shatcomingsof leadingorder predictions

2jet to 3jet transition parameter Y3
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example:

3-jet observable
in e" e annihilation

[A. Gehrmann-De Ridder,
T. Gehrmann, N. Glover, GH '09]
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Shatcomingsof LeadingOrderPredictions

d®?¢/dM/dY [pb/GeV]
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[Anastasiouet al. 04]
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IdentifyingNew Physicsat HadronColliders

mass peak

Signal
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IdentifyingNew Physicsat HadronColliders

I peak: easy backgroundscan be measured

I shape: hard
needsignal/backgroundshagesfrom theay
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IdentifyingNew Physicsat HadronColliders

I peak: easy backgroundscan be measured

I shape: hard
needsignal/backgroundshapesfrom theay

I rate eg. 11 w*w ). veryhard (counting experiment)
needboth shape and normalisationfrom theary



exampleheavySUSY paticles




exampleheavySUSY paticles
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multi-particle nal states

I to establishsignalsof New Physics
I to measuremodel parameters

LeadingOrderis not su cient !

I at LHC: typically multi-particle nal states

) calculationsof higherordersincreasinglydi cult



multi-particle nal states

I to establishsignalsof New Physics
I to measuremodel parameters

LeadingOrderis not su cient !

I at LHC: typically multi-particle nal states

) calculationsof higherordersincreasinglydi cult

I examplefor time scaleto add one parton:
pp! 2jetsat NLO (4-point proces$: Ellis/Sexton 1986
pp! 3jetsat NLO (5-point); Bernet al, Kunsztet al '93-95
pp! 4jetsat NLO (6-point): not yet available



ingredientdor m-particle observablat NLO

virtual part (one-loop integrals): % w»% wg

Ao = A= 2+ A= + AY)

dV Re AYJAYo W’/@ %

real radiation part soft/collinear emissionof masslessparticles

) needsubtractionterms
R

) ing d S= A=2 A=+ A(r)
2 3
Z h Z
NLO — d R E d S z
| m+1 {Z cancel poles | 2{z-}
numerically

analytically -
I {z -3

numerically



NLO calculations

exploit modular structure

TreeModules One-Lmp Module IR Modules

JA Loj2 2 Re(A LO yA NLO ;Virt ) | integrated IR subtraction terms

jA NLO;reanZ

| soft/collinear subtraction terms |




NLO calculations

exploit modular structure

TreeModules One-Lmp Module IR Modules
JA Loj2 2 Re(A LO yA NLO ;Vil’t ) | integrated IR subtraction terms
6

jA NLO;reanZ

| soft/collinear subtraction terms |

| hasbeenbottleneckso far |




One-lmp methads
basicallytwo categaies:
I methads basedon Feynmandiagrams

I + integrals with lesslegs
—
7000

non-trivial tensor structure scala 6-point function

j@/ = bi ﬁ/ e factorial growth in complexity
i=1 Nj

reductionto setof basisintegrals(4-, 3- and 2-point funcs.)

A=C4j:< +C3<[+C2 @7+C19> + R



One-lmp methads

I "unitarity based™:

P R

cuts

A= dPS + R

I useanalyticity structureto composeloop amplitudesfrom cuts

I ecient for coe cients of boxes,triangles,bubbles
(usecutsin D = 4)

I cut conditionsleadto systemsof equationswhich can be
SOlvednUmerica”y[OPP method, ossola, Papadopulos, Pittau]

I obtaining rational terms R needsD 6 4



Progressmonita

LesHouchesNLO wishlistfor LHC, Status 2007

process status

(V2fzZ;W; g)

1.pp! VVjet WW jet:
Dittmaier, Kallweit, Uwer;
Camptell, Ellis, Zanderighi;
Binoth, Guillet, Karg, Kauer, Sanguinetti

2.pp! VVV 277
Lazomulos, Melnikov, Petriello

3.pp! tthb

4. pp! tt+ 2jets

5. pp! VVbb

6. pp! VV + 2jets

7.pp! V + 3jets

8. pp! bbbb

9. pp! A4jets

10. EW correctionsto W,Z prod.




StatusLesHouches2009

pp! WW jet Dittmaier/Kallw eit/lUw er; Campbell/Ellis/Zanderighi
Binoth/Guillet/Ka rg/Kauer/Sanguinetti

pp! ZZjet Binoth/Gleisb erg/Karg/Kauer/Sanguinetti; Dittmaier/Kallw eit

pp! ttbb Bredenstein/Denner/Dittmaier/P ozzaini;
Bevilacqua/Czakon/P apadopoulos/Pittau/W orek

pp! tt+ 2jets Bevilacqua/Czakon/P apadopoulos/W orek

pp! zZz2Zz Lazopoulos/Melnik ov/P etriello; Hankele/Zeppenfeld

pp! VVV Binoth/Ossola/P apadopoulos/ Pittau; Zeppenfeld et al.

pp! VVbb

pp! W jet Campanaio/Englert/Spanno wsky/Zeppenfeld

pp! VV + 2jets VBF: Bozzi/J ager/Oleari/Zepp enfeld, VBFNLO coll.

pp! W + 3jets BlackHat coll.; Ellis/Giele/Kunszt/Melnik ov/Zanderighi

pp! Z+ 3jets BlackHat collaboration

qq! bbbb Binoth/Greiner/Gu anti/Guillet/Reiter/Reuter

done partial results leading colour only




Now

pp! W*W bb Denner,Dittmaier, Kallweit, Pozzaini '10;
Bevilacqua,Czalon, van Hameren,Papadomulos, Worek '11

pp! W=Z + 4jets BlackHat collaboration '10/'11
pp! W=Z= + 3jets BlackHat collaboration '09/'10
pp! tt+2 jets Bevilacqua,Czalon, Papadopul., Worek '10

pp! ttbb BredensteinDenner,Dittmaier, Pozzaini '09;
Bevilacqua,Czalon, Papadomulos, Worek '09

pp! W j Campanaio, Englert, Rauch,Zeppenfeld'11
pp! W*WT*jj Melia, Melnikov, Rontsch,Zanderighi'10
pp! W*W jj Melia, Melnikov, Rontsch,Zanderighi'11
pp! 4b Binoth et al '09; Greiner,Gu anti, Reiter, Reuter
11

NGluon(N < 14) Badger,Biedermann,Uwer 11 (ubic)
e*e | b5 jets Frederix, Frixione, Melnikov, Zanderighi'10



Now

pp! W*W bb Denner,Dittmaier, Kallweit, Pozzaini '10;
Bevilacqua,Czalon, van Hameren,Papadomulos, Worek '11

pp! W=Z + 4jets BlackHat collaboration '10/'11
pp! W=Z= + 3jets BlackHat collaboration '09/'10
pp! tt+2 jets Bevilacqua,Czalon, Papadopul., Worek '10

pp! ttbb BredensteinDenner,Dittmaier, Pozzaini '09;
Bevilacqua,Czalon, Papadomulos, Worek '09

pp! W j Campanaio, Englert, Rauch,Zeppenfeld'11
pp! W*WT*jj Melia, Melnikov, Rontsch,Zanderighi'10
pp! W*W jj Melia, Melnikov, Rontsch,Zanderighi'11
pp! 4b Binoth et al '09; Greiner,Gu anti, Reiter, Reuter
11

NGluon(N < 14) Badger,Biedermann,Uwer 11 (ubic)
e*e | b5 jets Frederix, Frixione, Melnikov, Zanderighi'10
| also: BIG advancesn automation|




AutomatedNLO Tools

One-loop

FeynArts/FormCalc/LoopTools (pubiicy Thomas Hahn et al

GRACE Fujimoto et al.

Helac-NLO @ubiic) Bevilacqua, Czakon, van Hameren, Papadopoulos, Pittau, Worek
MadLoop/ aMC @ NLQuirschi Frederix Frixione, Gazelli Maltoni Pittau

uses CULTOOIS (public)  [0ssola, Papadopouios, Pittau] and MAdFKS
GOoSampubiicy Cullen, Greiner, GH, Luisoni, Mastrolia, Ossola, Reiter, Tramontano
Samuraiublic) [Mastrolia, Ossola, Reiter, Tramontanol,

gOlem95(pub|ic) [Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers]
dedicatedprogramsalsoinvolve high level of automation

Denner, Dittmaier, Pozzaini et al, VBFNLO coll., Blackhat, Rocket, MCFM, ..



AutomatedNLO Tools

One-loop

FeynArts/FormCalc/LoopTools (pubiicy Thomas Hahn et al

GRACE Fujimoto et al.

Helac-NLO @ubiic) Bevilacqua, Czakon, van Hameren, Papadopoulos, Pittau, Worek
MadLoop/ aMC @ NLQuirschi Frederix Frixione, Gazelli Maltoni Pittau

uses CULTOOIS (public)  [0ssola, Papadopouios, Pittau] and MAdFKS
GOoSampubiicy Cullen, Greiner, GH, Luisoni, Mastrolia, Ossola, Reiter, Tramontano
Samuraiublic) [Mastrolia, Ossola, Reiter, Tramontanol,

gOlem95(pub|ic) [Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers]
dedicatedprogramsalsoinvolve high level of automation

Denner, Dittmaier, Pozzaini et al, VBFNLO coll., Blackhat, Rocket, MCFM, ..

automation of subtractionfor IR divergentreal radiation

MadDipole rrederix, Greiner, Gehrmann 08

TevJet seymour Tevin 08

AutoDipole Hasegava, Moch, Uwer 08,09
Helac-Phegas:akon, papadopouios, worek 09: polarized
MadFKS Frederix, Frixione, Maltoni, Stelzer 09



Golem-SamurgiGoSam)
http://p rojects.hepfoge.ag/gosam/

arXiv: 1111.6534hep-ph]



Golem-SamurgiGoSam)

GeneralOne-oop Evaluata of Matrix elements&
Scattering Amplitudesfrom Unitarity basedReductionAt Integrandlevel

[ Cullen,Greiner,GH, Luisoni, Mastrolia, Ossola,Reiter, Tramontana]

I algebaic generationof D-dimensionaintegrandsbasedon
Feynmandiagrams
I QCD,EW, BSM
I usesQGraf nogueiral, FeynRulespunr et a, Form/Spinney
[Vermaseren/Cullenet al], HaggieSreier t0 generateintegrands



Golem-SamurgiGoSam)

GeneralOne-oop Evaluata of Matrix elements&
Scattering Amplitudesfrom Unitarity basedReductionAt Integrandlevel

[ Cullen,Greiner,GH, Luisoni, Mastrolia, Ossola,Reiter, Tramontana]

I algebaic generationof D-dimensionaintegrandsbasedon
Feynmandiagrams
I QCD,EW, BSM
I usesQGraf nogueiral, FeynRulespunr et a, Form/Spinney
[Vermaseren/Cullenet al], HaggieSreier t0 generateintegrands

I reductionby D-dimensionalextensionof cut-basedmethad
options:
OPP-type reduction
[Ossola, Papadopoulos, Pittau; Ellis, Giele, Kunszt, Melnikov]
traditional tensa reduction (using golem95library)
tensaial reductionat integrandlevelGH, Ossola, Reiter, Tramontano '10



Golem-SamurgiGoSam)

GeneralOne-oop Evaluata of Matrix elements&
Scattering Amplitudesfrom Unitarity basedReductionAt Integrandlevel

[ Cullen,Greiner,GH, Luisoni, Mastrolia, Ossola,Reiter, Tramontana]

I algebaic generationof D-dimensionaintegrandsbasedon
Feynmandiagrams
I QCD, EW, BSM
I usesQGraf nogueiral, FeynRulespunr et a, Form/Spinney
[Vermaseren/Cullenet al], HaggieSreier t0 generateintegrands
I reductionby D-dimensionalextensionof cut-basedmethad
options:
OPP-type reduction
[Ossola, Papadopoulos, Pittau; Ellis, Giele, Kunszt, Melnikov]
traditional tensa reduction (using golem95library)
tensaial reductionat integrandlevelGH, Ossola, Reiter, Tramontano '10
I interfacewith existingtools for real radiation
(MadGraph/MadEvent,Sherpa,Powheg,. . .)






Golem-Samurai

usage:

I edit "input card"

| gosam.p process.in
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Golem-Samurai

usage:

I edit "input card"

| gosam.y process.in

I make doc) documentationand diagrampictures
I make source) source les

I make compile) fully compiledcode






Exampleud! W W¥sc! e o * sc

NLO samplediagrams






Exampleud! W W¥sc! e o * sc

code generation:



Exampleud! W W¥sc! e o * sc

result compaed with
Melia, Melnikov, Rontsch,ZanderighiMMRZ) 1104.2327hep-ph]

NLO/LO | GoSam | MMRZ
1=2 -5.333333333 | -5.333333
1= 7.5870504959 | 7.587051

nite -15.915751119 -15.91575



Tested5- or 6-point processes

I ud! W*ss! e' gss

I ud! W*gg! e egg

I dd! Zgg! e'e gg

Il ud! W*bb! e' bb alsowith massiveb's
I !

I qq! bbbb

I gg! bbbb

I ud! W*W*sc! e" ot sc

I uu! W*W cc! e * cc

I ud! W*W sc! e ot sc

I ud! W*g! e" g EW carections
I plusalarge numberof 2! 2 processes



golem95integrallibrary

Example:production of a
heavyneutral MSSM Higgs
and a bb pair with unstable
particles (squaks, neutralinos)

in the loop
N ™ \/
)
1
I
real masse complexmasses

containedin golem95Clibrary: 1101.5595hep-ph]

Binoth, Cullen, Guillet, GH, Kleinschmidt, Pilon, Reiter, Rodgers

http://p rojects.hepfoge.ag/ goem/95/



Options

reduction:
I samuraj samplingof groupsof diagrams
I samuraj samplingof individual diagrams
I tensaial reconstruction+ samurai
I tensa reductionwith golem95
I samurai+ tensa reductionwith golem95if
reconstructionfails
I tensaial reconstructionwith PJRy [V.Yundin]
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reconstructionfails
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scala integral libraries: optionally
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I QCDLoop Ellis, Zanderighi

I OneLOoOpA. van Hameren



Options

reduction:

I samuraj samplingof groupsof diagrams

I samuraj samplingof individual diagrams

I tensaial reconstruction+ samurai

I tensa reductionwith golem95

I samurai+ tensa reductionwith golem95if

reconstructionfails

I tensaial reconstructionwith PJRy [V.Yundin]
scala integral libraries: optionally

I golem95CCullenet al., link to LoopTools[T.Hahn] possible

I QCDLoop Ellis, Zanderighi

I OneLOoOpA. van Hameren
renamalisation/regulaisation schemes:

I 't Hooft/V eltman

I DRED (dimensionalreduction)

I CDR (conventionaldimensionakegulaisation)

I on-shell(masscounterterms for massivequarks)



RationalParts

A=C4j:( +C3<[+C2 4074-(:19) + R

two categaies: R = Ry + Ry [Ossola,Papadomulos, Pittau]
N(a) = (@) + N(@; %); 2= g9 ° =62 2

d°k N(q; %)

Rs> =
2 (2 )*Dg:::Dp 1




RationalParts

A=C4j:< +C3<[+C2 4074-(:19) + R

two categaies: R = Ry + Ry [Ossola,Papadomulos, Pittau]
N(a) = (@) + N(@; %); 2= g9 ° =62 2

d°k N(g; %)
(2 )*Dg:::Dp 1

R2:

Golem-Samurabd ers di erent optionsfor calculationof Ry

I implicit: 2 termsare kept in the numerata and reducedat
runtime

I explicit: 2 terms are reducedanalytically

I only: only the R, term is kept in the nal result

(does not require any additional libraries)

I o: all 2termsare setto zero



Interface

I standad interfaceto real radiation programs
(Binoth LesHouchesAccad) implemented
I testedwith Sherpaand Powheg
I examplepp! W+jet [gures by G. Luisoni,J. Archibald]

12 T

) F T T -
=3 - . st - J
= - + . ]
e w0l leet.plofl jet >
o ==
- LHC @ 7 TeV g 3
BT o
— + GoSam+Sherpa E —
e —— MCFM+Sherpa ]
C - .
2[— - 4
C " i
C T 7
0f— e U
(] I | | | -
E 0%5 —— Gosam (only erro)
£ o
] SN [ b e ] HI E
S 005 T w* A,%AIMHVHMHT I
Z 01
5SS 100 50 200 750 300 350

P, (GeV)



Interface

I standad interfaceto real radiation programs
(Binoth LesHouchesAccad) implemented
I testedwith Sherpaand Powheg

I examplepp! W+jet [gures by G. Luisoni,J.
= (I T T T |
[=% — . . p—
= *E W+1 jet: h of 1 jet =
” o
oo — A
100 — ,Ww*igﬁ‘ —
- A o e 3
80 L H —]
C —ﬁ:{ﬁ ***m ]
- il S —
60 [ — :,+ m*b,g; -
o 3 3
ol —}— GoSam+Sherpa d::kd: 3
o LHC @ 7 TeV —— MCFM+Sherpa ., O
[ ]
20 — =1
E Preliminary 3
0
¢ o1 I —+— MCFM - GoSam
E 0'03 'i’f‘”“"*} ;];f"'fff 3 fipk ';,‘i‘[.’{;«.»%x'i‘ITTH‘wa~,
§ ops £ PITTTEEEEANE LR TN é
z 01 I ‘
Qo -015
2 02
-3 2 1 0 1 2 3

Archibald]



ExampleMSSM:pp! 9 9

NLO SUSY-QCDcarections

&

10
% 10— %ﬁ
o N
-é B # $§ NLO
] s bk \
zZ [ ok [ Jw
pa ¥
= L
E 6 $ !
= [ L
s F %§
4? ¥ X
- &
21— e
B *
P P R R B M ——— b
0 200 400 600 800 1000 1200 1400 1600

m(N11,N12) [GeV]

gure by G. Cullen,N. Greiner






NNLO

I full NNLO crosssections:

e* e : partonic eventgenerate program EERAD3
for 3-jet observabledn e* e annihilation
[A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, GH '07]

[S. Weinzierl '08/'09]



NNLO

I full NNLO crosssections:

I e"e : patonic eventgenerate program EERAD3
for 3-jet observabledn e* e annihilation
[A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, GH '07]
[S. Weinzierl '08/'09]
i hadroniccollisions:
I onecolour-neutral nal state particle (W/Z, Higg9
Anastasiou, Dixon, Melnikov, Petriello; Grazzini, Catani, DeFlorian, Cieri, Ferrera
Iott, W'W , | V+jet, dijet underconstruction
I di erent methaods for doublereal radiation

I antennasubtraction Gehrmann-DeRidder, Gehrmann, Glover '05

! DIpOle-lIkE subtraction crazzini, catani, DeFlorian; Trocsanyi, Somogyi et al.

I secta decomstition Binoth, GH '00, Anastasiou, Melnikov, Petriello ‘03

I FKS+secta decommsition czaion '10/11, Boughezal, Melnikov, Petriello 11



Secto Decompmsition

I allowsto extract UV and IR singulaities from (dimensionally
regulated)parameterintegralsin an automatedway

I producesa Laurentseriesin

| coe cients are nite parameterintegrals
) integrate numerically

I canbe appliedto multi-loop integralsand phasespace
integrals



Secto Decompmsition

public programs:
I secto_decommsition (usesGinac) sogner, weinzier 07
I FIESTA (usesMathematica) A. smimov, v.Smimov,M. Tentyukov ‘08
I SecDec(usesMathematica and Fortran/C) uon carer, GH 10

‘http://p rojects.hepfoge.og/secdec

limitation until recently:
multi-scaleintegralslimited to Euclideanregion
(e.g. no thresholds)

extensionof SecDecto generalkinematicsunderconstruction

method: contourintegrationin complexplane
S. Borowka, J. Cater, GH



basicsof sects decompsition

X

() X t

- 1 1
= dx dyx h e y) MO 9 Oy ]

@) @
subst. (1) y = xz (2) x = yz to remapto unit cube
Z, Z,
= dxx 1! dz(1+2z) ?
Z,

L dzz ' (1+2)*

0 0

singulaities are disentangled number of integralsdoubled



SecDec

SecDecl.0: [J. Cater, GH]
programfor the automatednumericalevaluationof

I multi-loop integrals

( DN Ve W 1 XN yN (L+1) D=2
G = Oy () dy ' - @ X) —EN b=
j=1 11 i= =1

I generalmulti-dimensionalparameterintegrals
(e.g. phasespaceintegral9

z z F (S13;23)
d ®jvE}? dsizdszs 550 ———
7 S13+ S3

! . F(xy)

. dx dy x X+ y




SecDec

| dir ectory loopor general |

| subdirectory; e:g graph

M athematica output
graph :out

FortranorC + +

f unctions :

polestructure= :f
polestructure= :c

param:input
Template:m
=launch
makeFU:pl
decompose:pl
¥
subtractions
expansion
subexp:pl
compilation
 launch
integration

executabks

+

epstothdi]=point[i]:out

BASES

CUBA

results:pl

graph[point]f ull:res




userinput:
parameter.input:



userinput:
template graph.m:



masterintegralsfor 3-loop form factors






2-loop examplewith threshold

P126 - Finite, real part, m"2=1 P126 - Finite, imaginary part, m"2=1
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Summay and Outlook

I automationis necessy to haveNLO predictionsasa
standad at LHC

l GoIem/Samurai(GoSam)‘ is a powerful and exible

automatedtool for one-loop multi-leg amplitudes
I not limited to Standad Model
I numericallyrobust dueto stability test and rescuesystems
I standad interfaceto real radiation programs(BLHA)
I GoSamis publicly availableat

http://p rojects.hepfoge.ag/gosam/

I usefulbeyond one loop: program availableat
http://p rojects.hepfoge.ag/secdec/






Numericalstability

severaldetectionand rescuesystems

I local/global N = Ny test: usedecompmsition of numerata
function after coe cients havebeendetermined:

X 1 vy 1
N(q) = ik m(Q) Dy +
i<<m h&i;j;k;;m
X 1 y1 X 1 Y1
+ ik~ () Dn + ijk (01) Dp +
<<’ h&i;j;k; i<<k h6i;j;k
X 1 y1 X 1 y1
+ ij (d) Dp + i(d)  Dn
i<j hei;j i h6i

and compae with original numerato for

I local: compaisononly for speci ¢ cuts
I global: compae full numerata function at arbitrary g values
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Numericalstability

I local/global N = Nygc test

I poletest

I power test: checkcertain combinationsof coe cients which
shouldsumto zeroif reconstructionwas successful
(e.g. if power of integration momentumis higherthan in original
function)

I tensaial reconstruction
rewrite numerato function as a linea combinationof tensas

R
N(q) = C...9,:::q,
r:OX
Cp:0, q, = ¢l (@)'(02)2(0s)"(qa)
(i1;isizsia)™ 1

determinethe coe cients by samplingq



Tensoial reconstruction

advantages:

tensa basisavoidsnumericalinstabilitiesdueto vanishing
Gramdeterminants(as the latter occur in the reductionto a
scala basis)

"rescue-system":unstablepoints will be reprocessed
automatically usingtensaial decompmsition + tensa
integralsfrom golem95



Tensoial reconstruction

further advantage:

I reconstructedtensa integrandcan be usedas input for the
"standard" reduction(more e cient, askinematicinformation is
alreadystored in the tensaial coe cients, disentanglegpart of
integranddependingon the loop momentafrom dependenceon
kinematicinvariants)

I ) "hybrid method": evenfor stable phasespacepoints,
feedingthe reconstructediensa integrandto the reduction
canimprove the timings.

# Lines| Time ratio \hybrid"/standard
N Rank= 4 Rank= 6

1 13 1.6
10 11 14
100 0.51 0.85

1000 0.30 0.59

10000 0.27 0.55




Numericalstability

Example:massles$ermion loop with two light-like and two

massiveegs
P2 = (E;0,0; E)
psa = (E;0; Qsin; Qcos) P

E

M2+ Q2; p3, = M?

detG = 32E* Q?sir? "
investigate limit Q%! 0

s

/p4



Numericalstability

2.0 = T
)
S -+  standard (double)
a Standard (quadruple)
15F8 =  Tensorial (double) = +
g -
1.0 = e
g .
. . . . . . .
= } } t t } f
c o, 4
51 IPRLCie s
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i .t i
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} } } } i s }
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105 ] +m++ﬂ+****+"w“ E|
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o ;
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. . . . . . .
10 10° 10° 107 108 10° 1010

m? det Gdet S




