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OUTLINE

® Motivation and State-of-the art
® Unitarity-based Methods vs Theory of Complex Functions
Analytic Techniques

Seminumerical Tools

SAMURAI

a tool for the seminumerical evaluation of one-loop amplitudes

Conclusion



WHY NLO ?

® Less Sensitivity to unphysical input scales (renormalization & factorization)
® first predictive normalization of observables at NLO
® more accurate estimates of backgrounds to new-physics

® confidence on cross-sections for precision measurements

More realistic process modeling

mitial state radiation
jet clustering

richer virtuality

Crossing path with other techniques

matching with resummed calculations

NLO parton showers



WHERE NLO ?

@ Front-line in Theoretical Particle Physics

@ LHC Phenomenology

“Hard” Scattering

proton

underlying event

outgoing parton

Signals:

Decays: H —VV (V. =y,W,Z)

PP — H+0,1,2 jets (Gluon Fusion)
PP — H+2jets (Weak Boson Fusion)
PP — H+1tt

PP—-H+W. Z

outgoing parton

underlying event

initial-state
radiation

final-state
radiation

Backgrounds:

e PP—1tt+0,1,2jets

e PP—-VV40,1,2jets

e PP—-V 40,1,2,3 jets

e PP—-VVV +0,1,2,3jets



WHERE NLO ?

@ Front-line in Theoretical Particle Physics

@ LHC Phenomenology

@ QFT Stucture

- ElectroWeak Symmetry Breaking: Higgs mechanism

- Beyond the Standard Model (SuSy, Dark Matter, ... )

- Unveiling the Iterative Structure of Scattering Amplitudes in gauge-Theory

Anastasiou, Bern, Dixon, Kosower
Bern, Dixon, Smirnov;

Bern, Czakon,Dixon, Kosower;
Beisar, Eden, Staudacher;
Drummond, Korchemsky, Sokatchev;
Brandhuber, Heslop, Travaglini;
Alday, Maldacena;

Roiban, Spradlin, Volovich;



WHERE NLO ?

@ Front-line in Theoretical Particle Physics

@ LHC Phenomenology

@ QFT Stucture

- ElectroWeak Symmetry Breaking: Higgs mechanism

- Beyond the Standard Model (SuSy, Dark Matter, .. .)

- Unveiling the lterative Structure of Scattering Amplitudes in gauge-Theory
- Exploring the Finiteness of Supergravity

Gravity Gauge Theory Gauge Theory

Bern, Dixon, Kosower, Perlestein, Rozowski, Roiban;
Bern, Bjerrum-Borh, Dunbar, Ita, Perkins, Risager;
Chalmers; Green, Vanhove, Russo;

Badger, Bjerrum-Borh, Vanhove,

Bern, Carrasco, Johanson;

Arkani-Hamed, Cachazo, Kaplan;



RECENT PROGRESS
>2—4 @NLO

e pp — tTbB [Bredenstein, Denner, Dittmaier, Pozzorini]
[Bevilacqua, Czakon, Papadopoulos, Worek]

pp — tT + 2jets [Bevilacqua, Czakon, Papadopoulos, Worek]

pp — bBbB (quark-initiated) [Binoth, Greiner, Guffanti, Reuter, Guillet, T. Reiter]

pp — W + 3jets [Berger, Bern Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosower, Maitre]
[Ellis, Zanderighi, Melnikov]

pp — Z+ 3jetS [Berger, Bern Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosower, Maitre]
o pp — WTWT 4 2jets [Melia, Melnikov, Rontsch, Zanderighi]

FERESSE @ NLOD e efe — Sjets [Frederix, Frixione, Melnikov, Zanderighi]

>2—5@NLO e pp— WH4jets [Berger, Bern Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosower, Maitre]

>... many 2 — 3 became available/refined

epp—VV-+ljet epp—V +bB epp—tT +1jet e pp—VVV eete” — Ty y o pp— H+2jet
[Kallweit, Uwer, Campbell, Binoth, Karg, Kauer, Sanguinetti, Ciccolini, Badger, Glover, P.M., Williams, Risager, Sofianatos,
Lazopoulos, Petriello, Campanario, Figy, Hankele, Oleari, Zeppenfeld, Ossola, Pittau, Wackeroth, Reina, Weinzierl, Schultze,
Actis, Van Hameren, Tramontano, ... ]

> some analytic results

e gg — gggg (QCD-virtual) Bern, Dixon, Dunbar, Kosower '96; ... (we are here) ...; Xiao, Yang, Zhu '08
e vy — YYYY (QED-virtual) Mahlon’ 96; Binoth, Gehrmann, Heinrich, PM. ’07

e pp — H+2jets (QCD-Virtual)
[Badger, Berger, Campbell, Del Duca, Dixon, Ellis, Glover, Risager, Sofianatos, Williams, Zanderighi, P.M.]

e ud — WbB (massive b-pair) [Badger, Campbell, Ellis]



e pp—tTbB

o [fh] pp — tthb + X
9000 ——r———————— Impact on ttH ATLAS studies: my; > 100 GeV
8000 F: NLO i
7000 1 ™bb,cut = 0P = 0.8 4
6000 | pr = o ] High sensitivity to scale choice
pr = &po
5000 F 1 A Aag :
00 . me = 172.6 GeV oLo 4s(u) . 78% uncertainty
0LO o (1)
3000
2000 q
..... ATLAS scale choice po = Eine /2 = my + myp/2
L

0
0.125 0.25 05 1 2 4 8

QCD dynamics of ttH/ttbb completely different

R P T TR

o [fb] pp — ttbb 4+ X
6000 T T T T T
LO e !
“000 NLO —— | Bad news for experiment: o,5; enhanced by
Y ) ) LO and NLO scale dependence of o35, factor 2.2 wrt LO ATLAS simulations
B PR = Mt /DT HPTH S
4000 | - ’ ] . N
3 = my PTHPT S £2 ariations around new central scale Otibh LO NLO NLO/LO
_ UR,F = Etnr/2 449 fb 751 fb 1.67
3000 F mbb > 100 GeV i 'U/(QJ - mt\/m y 3
’ PR F = Mt\/PT,bPT b 786 fb 978 fb 1.24
2000 i
ood news for theory: improved convergence
1000 F ¢(Partially) taken into account in Fat-Jet analysis!

0 1 1 1 1 1 i 3 1 ! r
0.125 0.25 0.5 1 2 4 8 [Bredenstein, Denner, Dittmaier, Pozzorini]




o pp—tT +2jets

For the evaluation of the NLO corrections, we have
used the CTEQ6M parton distribution functions with
NLO running of the strong coupling constant. At the
central scale g = my, we obtain

a [pb]

T = (106.94= 0.17) pby,

[Bevilacqua, Czakon, Papadopoulos, Worek]

FIG. 2: Scale dependence of the total cross section for pp —
ttjj + X at the LHC with pur = pur = £ - po where o = mq.
The blue dotted curve corresponds to the LO, the red solid to
the NLO result whereas the green dashed to the NLO result
with a jet veto of 50 GeV.

e ¢'e — Sjets

Lo
-1 -1
o 10 10" r \Lo
g 102 (g2 | ALEPH—— 7
B 0 2 1° istance between each pair of particles is used in the Durham jet algorithm
© -3 -3
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2min(E7, E7)
107 | | : : : 1 104 Yij = f (1 = @oE 91]) )
% | 4,_1—'_'_'_'_ (Elj |
8 05 R | +0.0041
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Figure 3: ALEPH LEP1 data compared to leading and next-to-leading order predictions in QCD,

without hadronization corrections. We use as(Mz) = 0.130 at the leading and as(Mz) = 0.118 at

the next-to-leading order in perturbative QCD. The renormalization scale is chosen to be 0.3M.

The uncertainty bands are obtained by considering the scale variation 0.15 Mz < pu < 0.6 Mz. [Frederix, Frixione, Melnikov, Zanderighi]
Solid lines refer to NLO QCD results evaluated with p = 0.3M .



e pp— Z+3jets

e pp— W +4jets

[Berger, Bern Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosower, Maitre]

20 40 80
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Vs = 1.96TeV — NLO parton
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FIG. 3: The Hr distribution for W~ + 4 jets.
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e pp— H+2jets

in the limit myg < 2my

[Campbell, Ellis, Williams]

500|_|||||||||||||llllllllllllllllllllllll T T T | T ||||||

Ellis, T
Higgs + 2 jets x 2.00

Ko = My = 160 GeV Vs = 1.96 TeV

1.00

® arXiv:0608194v2 was based on a semi-numerical minimal cuts

T l/llllll 7
1 |||||||

method of calculation of virtual corrections. Code 5 080
was never released. o
0.20
e now updated in arxiv:1001.4495 oo D -
(Campbell,Ellis,Williams), to use compact, analytic . NLO (solid) T~ 3
expressions for virtual amplitudes. 005 1,0 (dashed) CDF Higgs cuts ~ = <1
H H 11 |IIII|IIII|IIII|IIII|IIII|IIII|IIII| 1 1 1 1 | 1 1 11 |IIII
® Much faster code, obtainable in MCFMv5.7 or greater, 0020 YR — 20 0
. . ) B/ 1y
® ~bms per virtual point, (2.66GHz iMac, gfortran, no opt.) pt(jet) > 15 GeV, ‘Ujet’ < 2.5, Rjet,jet > 04,

e Fast enoug h to include H 199s decays’ such as Figure 1: Scale dependence for the Higgs + 2 jet cross section, with the Higgs decay into W~ (— pu~ 0)W T (— vet),
H _’WW'”_, lIvv at the Tevatron and using the a central scale ;1o = Mpy. Results are shown for the minimal set of cuts in Eq. (2)
' (upper curves) and for cuts that mimic the latest CDF H — WW™ analysis (lower curves).

[T ||||||||||||||||||||||||||||||||||| T T T T | T 1T 177 | TTTT] 5000 T T | T T T T T T T T T T T T
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1000 LO = gg~H+2j (min)
E _3 _ 1000
700%E —3 =)
E 3 - 500
~ E 3 3
£ soop- -3 2,
g E P 200
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F ] 100 = —
300 = _ s
C =M ] gg~H+R2j (search) 7
- My H 1 50 ]
200 — — — i
i N /I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-I 1 | 1111 ||||||||||||||||||||||||||||||| 1 1 1 1 | L1 1 1 | 1111 2'?0000 8000 10000 12000 14000
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w/ iy

pt(jet) > 40 GeV, ’njet| < 45, Rjet,jet >0.8. ’njl o nj2| > 4.2 ’ M1~ M2 <0 )




NLO BUILDING BLOCKS

o ‘H+H+>_<+>_<[ o |2=
o \>_<V>_</ + HH+>V_<[H +.../+ ......

Leading Order (LO) Next to Leading Order (NLO) ININT 150

M tree-graphs with (n+1)-partons >—<

& soft/collinear divergences

(ATALLY
- o vp... D
O v1rtual-graphs with n-partons >_4 i — / d”t D

& divergences from loop-integration

M extracting IR-singularities from both and combining them
™ phase-space slicing, subtractions, dipoles, antennas



FEYNMAN INTEGRALS COMPLEXITY
P1 D2

Y

/ d4=2e¢ om0 gp 0>
- (2m)i—< 2(0 — ky)?

(ﬁ — k1 — k2)2 ?+ k4)2

Passarino-Veltmann
reduction

ey

Rt

All-plus photon helicity-amplitude = -8 + O



Looking for Simplicity behind Complexity?



Looking for Simplicity behind Complexity?

Use simple tools!

source: Kolb



THE DAWN OF SIMPLICITY

e momentum of propagating particles

Parametrization in terms of the Isotropic Tetrads [Anderev, Bondarev]

by =X1 pu+X2 qu+x3 e, +xse, Pittau, de 'Aguila
Ossola, Papadopoulos, Pittau

! to— o=t
Euv = m (prV + quPv — €, & —E, 8 )
@® Spinor-notation
5, = PP _ (gl
)2 D ’ i 9]
+ _ {alvulp] __ {phlq]

€ E, =

H 2 “ )2 2



ONE-LOOP SCATTERING AMPLITUDES

e n-particle Scattering: 1+2 —3+4+...+n

e Reduction to a Scalar-Integral Basis Passarino-Veltman

------

|
o
o

------

e Known: [QCDLoop - AvH_OLO - GOLEM]

e Unknowns: c¢; are rational functions of external kinematic invariants

1 !
~ [ , = [ - (= [dPts—,
D1D2D3D4 D1D>D; DD,

E”Evfp
3 far et +c3]>+02@+c1 O
. 103

Q /de—



ANALYTIC UNITARITY-METHODS

Important for Phenomenology
® Crossing path with Numerical Methods

Important for understanding the structure of QFT

PROCESS-INDEPENDENT STRATEGY

3k Properties of the S-Matrix

e a general mathematical property: Analyticity of Scattering-Amplitudes
> Scattering Amplitudes are determined by their poles and branch-cuts

e a general physical property: Unitarity of Scattering-Amplitudes
> The residues at poles and branch-points are products of simpler amplitudes,
with lower number of particles and/or less loops




CUTTING RULES

e Discontinuity of Feynman Integrals Landau & Cutkosky

Cut Integral in the P{,-channel

I = d d, 6(4>(€1+€2—P12> 6<+>(£%) a<+>(£§)
i
2 5
=
i i
141
0o
2 5
siabadl |
i i
141
%
2 1

g
L
I
=
&
el
|

1



UNITARITY & CUTTING RULES

e Optical Theorem from Unitarity S=1+iT : S'S=1 = 2ImT=-i(T-T")=T'T

e One-loop Amplitude:

&
A;-IOODZ = C4 = 3 ]>< + ¢ >©< - Q
7 AN

) Discontinuity of Feynman Amplitudes Cutkosky-Veltman; Bern, Dixon, Dunbar & Kosower

2t { Al o) l W o=e T +e Pxte

1
on — shell condition : (P—me 1 10) — 6(&-2 —mlz) =12

Method > Matching the cuts of any amplitudes onto the cuts of Master Integrals
Advantage 1 1> iterative construction: one-loop amplitudes by sewing tree-level amplitudes

Advantage 2 > simplified input: tree-amplitudes vs Feynman graphs
tree-amplitudes are gauge-invariant on-shell quantities,
corresponding to sums of off-shell Feynman diagrams.



THE STRATEGY: GENERALISED UNITARITY

e One-loop Amplitude:

Cq

ra > +as(Ox +a ()

Replacing the original amplitude with simpler integrals fulfilling the same algebraic decomposition

N

C4

C4

C4

C4

Britto, Cachazo, Feng

Bern, Dixon, Dunbar, Kosower

: P.M.
gl Ca > Forde
: Bjerrum-Bohr, Dunbar, Perkins

Bern, Dixon, Dunbar, Kosower
Brandhuber, McNamara, Spence, Travaglini

i (G ]>< S Britto, Buchbinder, Cachazo, Feng, & P.M.

Anastasiou, Britto, Feng, Kunszt, P.M.
Forde; Badger

+C3 ]>< = )@( +C Q Glover, Williams
Britto, Feng

Britto, Mirabella



CUT-CONDITIONS

e Loop momentum decomposition

2 -
q2:p2:gi :():?,j:.ngji.q7 Cﬁﬂ:)q pﬂ+X2qﬂ—|—X3 8]—;—|—X4 Sﬂ)

e under Multiple On-shellness Conditions : ® On-shell condition
- the loop-momentum becomes complex ;
5 (e% - m§>

- some of its components (if not all) are frozen;
- the left over free components are integration-variable




CUT-CONDITIONS

e Loop momentum decomposition

2 i
q2:p2:gi :():{-jj:.p:gj:.q7 Cgﬂ:)(fl pﬂ+X2qﬂ—|—X3 8]—;—|—X4 Sﬂ)

e under Multiple On-shellness Conditions : ® On-shell condition
- the loop-momentum becomes complex ;
5 (z% - m§>

: : 4
- some of its components (if not all) are frozen;

- the left over free components are integration-variable

e Closer look at the Integrand Structure

Numerator and denominator of the n-particle cut-integrand are mutivariate-polynomials in (4 — n)
complex-variables:

P()Cl, 500 ,X4_n)

Q(xh ooc 7x4—n)

Cut, :?{ dxy...dxs_,

> Contour Integrals of Rational Functions ~ Integrals by partial fractioning

® Residue Theorem




QUADRUPLE-CUT

Britto, Cachazo, Feng (2004)
The discontinuity across the leading singularity, via quadruple cuts, is unique, and corresponds to
the coefficient of the master box

= Cgfliefe] X eeqemaeeean =

{0

e 4PLE-cutintegrand: I4(¢) = AT®® x AJ®® x Afee x Afe®

e Momentum-decomposition ansatz:@, =0 Pyt 0 g+ a3 <Q|Y2”|p] + oy MD

PO il X3 )5, s S o (S S
1— (KK2/Y) 1- (K2R3 /Y) ’

e Cut-conditions: D1 =D, =D3=D,=0 & coefficient constraints

e Solutions: £if = oy pu—+ 0 g+ 05 <q|v2y|p] tat @Ivzﬂlq]

L (¢5) + L(6-)

ClK||Ky|K3|Kg) = 2




TRIPLE-CUT

Forde (2008)

e 3ple-cut integrand: I3(¢) = A (¢) x Ay(£) x Az(£)

e Loop-Momentum decomposition:

q|vulP]

aa
[%Zmpﬁazqﬁr ha 1t2<p|Y2ﬂ|Q]]

Ty T w0 TP
e Cut-conditions: Dy =D, = D3 =0 = coefficient constraints
K%(Y—Kzz) Kzz(Y—Klz) 2 )
oy = , Oy= , y=(Ki-K)EVA, A=(Ki-K)+KiK;.
v’ - KiK; v’ —KiK;

Res,_ {13(€+) +I3(€)} Res,—o 3 (£F) + Res;—o. I (£7)
ClK, Ky, Ky = 5 - 2




NOVEL DOUBLE-CUT

L = [ate are) A @) = aqx )

e Change of Variables with special p and g :

M. (2009)

Py +4, =K, , 63_262_ = Ui=lc ipi=tcs gl
== =0, Denoa = —i
2p-q:2p-K:2q-KEK2;

K2 4 m? = m3 — /A2, mZ, m3)

caz RE
E.UJ — ﬂ( 2 + 2z qM + z E-I- L7 e ) e ,OK'u )\(K2,m%7m%) i (K2)2+(m%)2+(ma)2
14+ 22 —2K%m? — 2K?m2 — 2m2m?

massless case: p=0

e Simplified parametrization of the Phase-Space

/ 4% = (1— 2p) / / dz A dz it 1s an integral over the complex tangent bundle of
A+ 222 the Riemann Sphere

dz—
8Dz_ZO B )

dz N\ dz.

Generalised C’cmchy Formula  2miF(zy) =



EARLY ACHIEVEMENTS

Britto, Feng & P.M. (2006)
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¢ plus four parton amplitudes at one-loop

The helicity amplitudes for ¢ + 4g have been calculated,

H amplitude ¢ amplitude #1 amplitude

AMH, +, +,+, +) A(e, +, +, +, +) (Berger,Del Duca, Dixon) A(éT, +, +, +, +) (Badger,Glover)

AMH, —, +, +, +) A(é, —, 4+, +, +) (Berger,Del Duca, Dixon) AT, —, +, 4+, +) (Badger,Glover,Mastrolia,CW)
AMH, —, —, +,4) A(o, —, —, +, +) (Badger,Glover,Risager) .A(ci)T, —, —, +, +) (Badger,Glover,Risager)
AH, —, +, —, +) A(p, —, +, —, +) (Glover,Mastrolia, CW) A(¢>T, —, +, —, +) (Glover,Mastrolia,CW)

Whilst those with a quark pair and two gluons have also been calculated
(Q=17,a=27)

H amplitude ¢ amplitude ¢T amplitude

AH,Q,q,+, +) A(d,Q,q, +,+) (Berger,Del Duca, Dixon) A(qu ,Q,4q, +, +) (Badger,Campbell,Ellis,CW)
AMH,Q,q9,—,7 ) A(e,Q, q, —, —) (Badger,Campbell,Ellis,CW) A(qur ,Q,q, —, —) (Berger,Del Duca, Dixon)
AH,Q,q,+, —) A(¢,Q,q, +, —) (Dixon, Sofiantaos) A(¢T ,Q,d, +, —) (Dixon, Sofiantaos)
AH,Q,q,—,+) A(¢,Q,q, —, +) (Dixon, Sofiantaos) A(¢T ,Q,q, —, +) (Dixon, Sofiantaos)

The H(¢)qqQQ amplitudes have also been calculated, (iis, Giele, zanderighi; Dixon, Sofiantaos)
Those marked in red are the most complicated NMHV helicity amplitudes and are the
main topic of this talk.

Ciaran Williams (IPPP) H + 2 Radcor 12 /36

http://mctm.fnal.gov/
~10 ms/ps-point
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OPTICAL

e Geometric Phases

Simple Geometry

m—2 n—2

/d4(I) A*,tree Atree _

THEOREM & BERRY’S PHASE

PM. (2009)

Aharonov-Bohm effect

Magnetfelt

/?KF-Q’E:f F - dr,
= a%

Optical Theorem

—i [Aone—loop . A*,one—loop:| —

n—m m—n

2 Im{Aone—loop} ’

n—m

A*,tree Atree
(1—2p)//dz/\d2 m—2 T nod

(1+ 22)2

*,tree tree
m—2 An—>2

(1-20) fd[dz =

(1+ 22)?

\

-

\_

The double-cut is the flux of a 2-form.
The anholonomy phase shift is a
consequence of Stokes’ Theorem.

J




CAUCHY’S RESIDUE THEOREM @ WORK

Britto, Cachazo, Feng
Boxes

[

Forde
Triangles

Britto, Gachazo, Feng, Witten
Trees

L (holomorphic)

|

Global R.T. [ Generalised R.T. j

(multivariate holomorphic) (non-holomorphic)

| /e

Higher Loop Tadpoles ??? Bubbles
Leading Singularities (Gauss” Theorem) (Stokes’ T'heorem)
PM.

Arkani-Hamed, Cachazo, Cheung, Kaplan



SEMINUMERICAL IMPLEMENTATION
OF UNITARITY-BASED METHODS

® CutTools Rat. Term:
[Ossola, Papadopoulos, Pittau] Effective-Tree Rules

e pp — tT + 2jets [Bevilacqua, Czakon, Papadopoulos, Worek]

® BlackHat Rat. Term:
[Berger, Bern, Pixon, Febres Corder(?, Forde, Ita, Kosower, Maitre, Gleisberg]| D-dim Sr.li t.e-ll:n(;'n-shell '
S onE N Sietst o pp — Z 1 3jets o pp— W +4jets

® Rocket
[Giele, Zanderighi]

e pp — W+ 3jets [Ellis, Zanderighi, Melnikov]
o ¢cte” — Sjets [Frederix, Frixione, Melnikov, Zanderighi] \ Rat. Term:
D-dim Unitarity
® SAMURAI $ L —)

[Ossola, Reiter, Tramontano, PM.]
e pp — bBbB (quark-initiated) [Binoth, Greiner, Guffanti, Reuter, Guillet, T. Reiter]



SAMURAI ’

SCATTERING AMPLITUDES FROM UNITARITY-BASED
REDUCTION ALGORITHM AT THE INTEGRAND-LEVEL
Ossola, Reiter, Tramontano, & PM. (2010)



AT THE INTEGRAND LEVEL

e Reduction to a Scalar-Integral Basis Passarino-Veltman

-----

N %
CIERn = eitle
/ AN

------

d*q d*q d*q d*q
d*q A E / e / S
/ 94(q) & DoDD,Ds i DoD D, iz DyD, e D,

e Unknowns: c; are rational functions of external kinematic invariants
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AT THE INTEGRAND LEVEL

e Reduction to a Scalar-Integral Basis Passarino-Veltman

......

N %
CIERn = eitle
/ AN

......

d4q d4q d4q d4q
/ q4(9) & DyDD,D5 e DyD\D;, e DyD, | Dy

e Unknowns: c; are rational functions of external kinematic invariants

e At the Integrand-level il C3 C) C

A
9 # 5b.0.0.7 bobD, T DD T Dy

ca+ fa(q) i C‘.?Hrf.%(cl)Jr Cerfz(Cl)Jr @i == )
DyD1D;,Ds DyD 1D, DoyD; Dy

/d4q fa(q) :/ 4 /d4 /d4 fl
B0 VDA DOD D2 D0D1

Ao123(q) i Ao12(q) i A01(61)_|_ Ao(q)
DoDD,Ds DyD D, DyD; Dy

g —




OPP-INTEGRAND REDUCTION (IN A NUTSHELL)

Ossola, Papadopoulos, Pittau

e OPP-decomposition Ellis, Giele, Kunszt
N Giele, Kunszt, Melnikov
Dy...D,,_4
m—1 m—1
N(g) = E Aiyiiiniz(q) H D;
i0<i1<ip<i3 110,11 ,02,13
m—1 m—1
+ Y Aiiiia(q) || D
ip<i1<ip i#£i0,01,02
m—1 m—1
- E Aipi1(q) Il D;
in<iq 700,01
m—1 m—1
10 i#1g

e A(g) are known polynomials
e c; are the constant terms of A’s

> Fitting c¢; by numerical evaluating N(q) at different values of ¢ @ system inversion



® (g @ QU&dFUp'G-CUt: Dio = Dil = Di2 = Di3 =0

m—1
N(g) = Aiiinis(q) H D;

i#103l17123l3



® g @ Triple-cut: D;, =D; =D;, =0

m—1 m—1
Wi S 2 B s @) H D,
in<i1<ip<i3 i#£i0,11,02,03

m—1
= el H D,

i#i0,11,02



® g @ Double-cut: D; =D,

0 il
m—1 m—1
W@l & E Aigiriris(q) H D,
i0<i]<ip<i3 i#£i10,11,02,03
m—1 m—1
i E Ai()iliz(q) H Di
ip<t1<ip I#10,11,12
m—1

= byl D;

i 10,1



e g @ Single-cut: D;, =0

m—1 m—1

) D;

in<i1<ip<i3 i;ﬁlo,ll,lz,l3

m—1
) 1_[ D,

i#i()?il?iz

m—1

ip<i1<ip

m—1

m—1
E Aiyi (9) 71_[ D;
o

19<iy

Aiy(q)



e OPP-reduction Ossola, Papadopoulos, Pittau (2006)

From the knowledge of the multi-variate polynomial-structure of the Integrand, all n-point coefficients
can be determined by a system of polynomial equations.

Advantage > No integration required

Pitfall > Numerical System Inversion (A — 0)

e Improved Reduction with DFT Ossola, Papadopoulos, Pittau, & P.M. (2008)

Pu(x) =co+cix+ G R

> step 1: sample P,,(x) at (m+1) -points P — Eoea

ik
Xe= e D (k=0,...,m) .

> step 2: find ¢; from orthogonality (plane-waves):
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8-PHOTON IN QED

B )

— Analytic

+ double precision

reproducing Mahlon, (1993)

s? |M|/ad

1.5-108

1.0-108

5.0-107

A(————4++++)

[ + double precision

- X quadruple precision

+ 4+ o+ o+ ¢’:’m‘%¢w

NEW, confirming Badger et al. (2009)



Diagram Generation

Symbolic Manipulation

Code Generation

Numerical Evaluation

6-QUARK IN QCD

call numerator

10000 ¢ : . . |
i : double pole
single pole -
e 3 ,07— >30Gel/ 3
FORM [ | ; |< e
AR>0.8
100 ] |
haggies ] 31‘ U—‘
1 ! 1 1 ] HH H | H; H |
Samurai .18 16 i = - 7" . -

log, of pole mismatch normalized to IMBomI2



TENSORIAL DECOMPOSITION

Heinrich, Ossola, Reiter, Tramontano

® Dealing with unstable-points

R
Tensor Decomposition of N(q): numerical sampling Nig) = Y0 Gl
r=0
Numerical evaluation of Tensor integrals: Golem 95
7*(ps) v(p2)
p12 = (E,0,0,%E) pia=0 vanishing Gram determinant
P34 = (E,0,£Qsin 6, £Q cosh) p§74 =m? Q—0
7" (pa) 7(p1)
2-0 ’_‘l T T T T T T
é + Standard (double) X
& x Standard (quadruple) .
L5 "5 © Tensorial (double) N ]
1o b5 ]
<In Lego o o | I +|||||||| + |||/||||| .X | A Ly

0n-4 107-5 107-6 107-7 107-8 1029 107-10
detG ~ QA2

p—




SUMMARY: UNITARITY-BASED METHODS

Laght-bulbs were not invented by improving candles
T.W. Haensch

Jetty backgrounds at LHC demand quantitative control
NLO QCD results are mandatory

Novel methods for One-Loop Amplitudes based on Unitarity and Analiticity are
giving results

® Analytic Integration and Theory of Complex Functions

25
O

Integration by Series Expansion (Newton’s legacy)

251
y

® relevant for LHC-Phenomenology: H+2jets in gluon fusion (heavy-top limit)

O

relevant for unveiling hidden structures of QFT

® Seminumerical tool for NLO: CutTools, BlackHat, Rocket, ...
® SAMURALI: working within Diagrammatic & Unitarity-based approaches
® applied to: 4-, 6-, 8-photon; Drell-Yan; V+1jet; 3-, 6-gluon; 6-quark; W+2jets prod.

@® public Fortran library:
http://cern.ch/samurai
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e [ Clurrents

— @ Amplitudes
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CONCLUSIONS

......

A\
A;—Ioop: = C4 SR ]>< 5= G >©< —= (0]l Q
/7

......

A A

@ Feynman Diagrams 8 Improved Tensor Reduction
2 Cllrsents = Numerical Unitarity
— @ Amplitudes e & Analytic Unitarity

One-Loop amplitudes...

...out of bottleneck !?!




